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I N T R O D U C T I O N  

1. O v e r v i e w  

The Review of Particle Physics and the abbreviated 
version, the Particle Physics Booklet, are reviews of the 
field of Particle Physics. This complete Review includes a 
compilation/evaluation of data on particle properties, called 
the "Particle Listings." These Listings include 2000 new 
measurements from 610 papers, in addition to the 16,800 
measurements from 4850 papers that first appeared in 
previous editions. 

Both books include Summary Tables with our best values 
and limits for particle properties such as masses, widths or 
lifetimes, and branching fractions, as well as an extensive 
summary of searches for hypothetical particles. In addition, 
we give a long section of "Reviews, Tables, and Plots" on a 
wide variety of theoretical and experimental topics, a quick 
reference for the practicing particle physicist. 

The Review and the Booklet are published in even- 
numbered years. This edition is an updating through 
December 1999 (and, in some areas, well into 2000). As 
described in the section "Using Particle Physics Databases" 
following this introduction, the content of this Review is 
available on the World-Wide Web, and is updated between 
printed editions (h t tp  : / / pdg .  l b l .  gov/).  

The Summary Tables give our best values of the 
properties of the particles we consider to be well established, 
a summary of search limits for hypothetical particles, and a 
summary of experimental tests of conservation laws. 

The Particle Listings contain all the data. used to get the 
values given in the Summary Tables. Other measurements 
considered recent enough or important enough to mention, 
but which for one reason or another are not used to get 
the best values, appear separately just beneath the data we 
do use for the Summary Tables. The Particle Listings also 
give information on unconfirmed particles and on particle 
searches, as well as short "reviews" on subjects of particular 
interest or controversy. 

The Particle Listings were once an archive of all 
published data on particle properties. This is no longer 
possible because of the large quantity of data. We refer 
interested readers to earlier editions for data now considered 
to be obsolete. 

We organize the particles into six categories: 
Gauge and Higgs bosons 
Leptons 
Quarks 
Mesons 
Baryons 
Searches for monopoles, 

supersymmetry, compositeness, etc. 
The last category only includes searches for particles that 
do not belong to the previous groups; searches for heavy 
charged leptons and massive neutrinos, by contrast, are with 
the leptons. 

In Sec. 2 of this Introduction, we list the main areas of 
responsibility of the authors, and also list our large number 
of consultants, without whom we would not have been 
able to produce this Review. In Sec. 3, we mention briefly 
the naming scheme for hadrons. In Sec. 4, we discuss our 
procedures for choosing among measurements of particle 

properties and for obtaining best values of the properties 
from the measurements. 

The accuracy and usefulness of this Review depend in 
large part on interaction between its users and the authors. 
We appreciate comments, criticisms, and suggestions 
for improvements of any kind. Please send them to the 
appropriate author, according to the list of responsibilities 
in Sec. 2 below, or to the LBNL addresses below. 

To order a copy of the Review or the Particle Physics 
Booklet from North and South America, Australia, and the 
Far East, write to 

Particle Data Group, MS 50-308 
Lawrence Berkeley National Laboratory 
Berkeley, CA 94720, USA 

or send e-mail to PDO~LBL. OOV. 

To order more than one copy of the Review or booklet, 
write to 

c/o Anne Fleming 
Tech.nical Information Division, MS 50B-4206 
Lawrence Berkeley National Laboratory 
Berkeley, CA 94720, USA 

or send e-mail to ASFLEMING~LBL. GOV. 

Prom all other areas, write to 
CERN Scientific Information Service 
CH-1211 Geneva 23 
Switzerland 

or send e-mail to LIBDESK~CERN. CH. 

or via the W W W  from CERN 
(http:/ /www. cern.  c h / l i b r a r y )  

Publications 

2. Authors  and consul tants  

The authors' main areas of responsibility are shown 
below: 
* Asterisk indicates the person to contact with questions or 
comments 

Gauge and Higgs 

7 
Gluons 
Graviton 
w,z  
Higgs bosons 
Heavy bosons 

bosons 

D.E. Groom* 
R.M. Barnett,* A.V. Manohar 
D.E. Groom* 
C. Caso,* A. Gurtu* 
K. Hikasa, M.L. Mangano* 
C. Kolda,* M. Tanabashi, T.G. Trippe* 

Axions 

Leptons 

Neutrinos 

e ,#  
/)T~ T 

Quarks 

Quarks 
Top quark 
b I 

Free quark 

M.L. Mangano,* H. Murayama, K.A. Olive 

M. Goodman, D.E. Groom,* 
K. Nakamura, K.A. Olive, A. Piepke, 
P. Vogel 

C. Grab, D.E. Groom* 
D.E. Groom, K.G. Hayes, K. M6nig* 

R.M. Barnett,* A.V. Manohar 
J.L. Feng, K. Hagiwara, T.G. Trippe* 
J.L. Feng, K. Hagiwara, T.G. Trippe* 
D.E. Groom* 
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Mesons 
7r, ~? C. Grab, D.E. Groom,* C.G. Wohl 
Unstable mesons M. Aguilar-Benitez, C. Amsler, M. Doser,* 

K (stable) 
D (stable) 
B (stable) 

Baryons 
Stable baryons 
Unstable baryons 

S. Eidelman, J.J. Hern~ndez, A. Masoni, 
S. Navas, M. Roos, N.A. TSrnqvist 

G. Conforto, T.G. Trippe* 
P.R. Burchat, C.G. Wohl* 
L. Gibbons, K. Honscheid, W.-M. Yao* 

C. Grab, C.G. Wohl* 
C.G. Wohl,* R.L. Workman 

Charmed baryons P.R. Burchat, C.G. Wohl* 
Bottom baryons L. Gibbons, K. Honscheid, W.-M. Yao* 

Miscellaneous searches 
Monopole 
Supersymmetry 

Technicolor 
Compositeness 
WIMPs and Other 

D.E. Groom* 
M.L. Mangano,* H. Murayama, K.A. Ohve, 

L. Pape 
C. Kolda,* T.G. Trippe* 
C.D. Carone, M. Tanabashi, T.G. Trippe* 
J.L. Feng, K. Hikasa, K.A. Olive, 

T.G. Trippe* 

Reviews, tables, figures, and formulae 
R.M. Barnett, D.E. Groom,* T.G. Trippe, C.G. Wohl, 
W.-M. Yao 

Technical support 

B. Armstrong,* J.L. Casas Serradilla, B.B. Filimonov, 
P.S. Gee, S.B. Lugovsky, S. Mankov 

The Particle Data Group benefits greatly from the 
assistance of some 700 physicists who are asked to verify 
every piece of data entered into this Review. Of special value 
is the advice of the PDG Advisory Committee which meets 
annually and thoroughly reviews all aspects of our operation. 
The members of the 1999 committee were: 

P. Bloch (CERN), Chair 
A. Ali (DESY) 
T. Kondo (KEK) 
P. Kreitz (SLAC) 
Z. Kunszt (ETH Zurich) 
J. LoSecco (Notre Dame) 

We have especially relied on the expertise of the following 
people for advice on particular topics: 

�9 L. Addis (SLAC) 
�9 S.I. Alekhin (COMPAS Group, IHEP, Serpukhov) 
�9 A. Ah (DESY) 
�9 J. Annala (Fermilab) 
�9 T. Appelquist (Yale University) 
�9 M. Artuso (Syracuse University) 
�9 R. Bailey (CERN) 
�9 A.R. Barker (University of Colorado) 
�9 T. Barnes (University of Tennessee) 
�9 J.-L. Basdevant (University of Paris) 
�9 M. Battaylia (University of Helsinki) 
�9 M. Berg (University of Texas) 
�9 E: Berger (ANL) 

�9 S. Bethke (CERN) 
�9 I.I. Bigi (Notre Dame University) 
�9 S. Bilenky (Joint Inst. for Nuclear Research, Dubna) 
�9 M. Bilhng (Cornell University) 
�9 E. Blucher (University of Chicago) 
�9 R.A. Briere (Harvard University) 
�9 D. Bryman (TRIUMF) 
�9 A. Buras (Tech. University of Munich) 
�9 S.V. Burdin (Budker Inst. of Nuclear Physics) 
�9 M. Carena (Fermilab) 
�9 S. Catani (CERN) 
�9 D. Chakraborty (SUNY, Stony Brook) 
�9 M. Chanowitz (LBNL) 
�9 M. Chertok (Texas A&M University) 
�9 R. Clare (MIT) 
�9 E.D. Commins (University of California, Berkeley) 
�9 J. Conway (Rutgers University) 
�9 G. Cowan (University of Siegen) 
�9 P. Coyle (CPP, Marseitle) 
�9 R.L. Crawford (Glasgow) 
�9 R.H. Dalitz (Oxford University) 
�9 S.E. Deustua (LBNL) 
�9 L. Di Ciaccio (Rome University) 
�9 S. Dittmaier (CERN) 
�9 J. Donoghue (University of Massachusetts, Amherst) 
�9 R.K. Ellis (Fermilab) 
�9 J. Ellison (University of California, Riverside) 
�9 A. Falk (Johns Hopkins University) 
�9 A. Favara (Cahfornia Institute of Technology) 
�9 T. Feldmann (RWTH Aachen) 
�9 T. Ferbel (Rochester University) 
�9 R. Fleischer (DESY) 
�9 G. Fogli (University of Bari) 
�9 S.J. Freedman (LBNL) 
�9 H. Fritzsch (University of Munich) 
�9 F. Gabbiani (Duke University) 
�9 J.-F. Genat (LPHNE, Paris) 
�9 A. Goldhaber (Stony Brook) 
�9 A. Goussiou (SUNY, Stony Brook) 
�9 H. Greenlee (Fermilab) 
�9 J.-F. Grivax (INPNP, Univeristy of Paris, Sud) 
�9 E.M. Gullikson (LBNL) 
�9 R. Hagstrom (ANL) 
�9 L. Hall (LBNL) 
�9 F. Halzen (University of Wisconsin) 
�9 D.L. Hartill (Cornell University) 
�9 R. Harris (Fermilab) 
�9 W.C. Haxton (University of Washington) 
�9 J. Hewett (SLAC) 
�9 J. Huston (Michigan State University ) 
�9 J. Imazato (KEK) 
�9 G. Isidori (INFN, Frascati) 
�9 P.M. Ivanov (Budker Inst. of Nuclear Physics) 
�9 Yu.M. Ivanov (Petersburg Nuclear Physics Inst.) 
�9 F. James (CERN) 
�9 P. Janot (CERN) 
�9 T. Junk (Carleton University) 
�9 J.A. Kadyk (LBNL) 
�9 R.W. Kenney (LBNL) 
�9 B. Klima (Fermilab) 
�9 I. Koop (Budker Inst. of Nuclear Physics) 
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�9 P.P. Krokovny (Budker Inst. of Nuclear Physics) 
�9 S. Kurokawa (KEK) 
�9 M. Lancaster (Bristol University) 
�9 G. Landsberg (Brown University) 
�9 K. Lane (Boston University) 
�9 P. Lefevre (CERN) 
�9 S. Loucatos (Saclay) 
�9 J. Lykken (FNAL) 
�9 G.R. Lynch (LBNL) 
�9 W.C. Martin (NIST) 
�9 P. Meyers (Princeton University) 
�9 A. Milsztajn (DAPNIA, Saclay) 
�9 P.J. Mohr (NIST) 
�9 D. Morgan (Rutherford Appleton Lab) 
�9 H.-G. Moser (Max-Planck-Inst. fiir Physik, Miinchen) 
�9 H.N. Nelson (University of California at Santa Barbara) 
�9 Y. Nir (Weizmann Institutute) 
�9 H. O'Connell (SLAC) 
�9 F. Paige (Brookhaven National Lab) 
�9 V. Parkhomchuk (Budker Inst. of Nuclear Physics) 
�9 F. Parodi (University of Genova) 
�9 R. Partridge (Brown University) 
�9 M. Paulini (LBNL) 
�9 R. Peccei (University of California, Los Angeles) 
�9 M.R. Pennington (University of Durham) 
�9 E. Perevedentsev (Budker Inst. of Nuclear Physics) 
�9 N. Phinney (SLAC) 
�9 B.V.P. Polishchuk (COMPAS Group, IHEP, Serpukhov) 
�9 H.B. Prosper (Florida State University) 
�9 I. Protopopov (Budker Inst. of Nuclear Physics) 
�9 J. Qian (Michigan University) 
�9 A. Quadt (CERN) 
�9 J. Richman (University of California, Santa Barbara) 
�9 T. Rizzo (SLAC) 
�9 B.L. Roberts (Boston University) 
�9 R.G.H. Robertson (University of Washington) 
�9 B.P. Roe (Univeristy of Michigan) 
�9 R. Roser (Fermilab) 
�9 J.L. Rosner (University of Chicago) 
�9 P. Roudeau (LAL, Orsay) 
�9 G. Rudolph (University of Innsbruck) 
�9 V. Ruhtmann-Kleider (DAPNIA, CEA-Saclay) 
�9 O. Schneider (CERN) 
�9 J. Seeman (SLAC) 
�9 Yu. Shatunov (Budker Inst. of Nuclear Physics) 
�9 C. Shepherd-Themistocleous (Carleton University) 
�9 M. Shochet (University of Chicago) 
�9 A. Sirlin (New York University) 
�9 T. Stelzer (University of Illinois, Urbana) 
�9 S.L. Stone (Syracuse University) 
�9 S.I. Striganov (COMPAS Group, IHEP, Serpukhov) 
�9 Yu. G. Stroganov (COMPAS Group, IHEP, Serpukhov) 
�9 M. Strovink (LBNL) 
�9 C.W. Stubbs (University of Washington) 
�9 M. Swartz (Johns Hopkins University) 
�9 B.N. Taylor (NIST) 
�9 K.A. Ter-Martirosian (Moscow, ITEP) 
�9 J.L. Tonry (University of Hawaii) 
�9 W. Venus (RAL) 
�9 G. Vignola (Frascati) 
�9 C. Wagner (CERN) 

�9 H. Wahl (CERN) 
�9 A. Warburton (Cornell University) 
�9 C. Weiser (CERN) 
�9 M. Whalley (University of Durham) 
�9 M. White (Harvard University 
�9 C.M. Will (Washington U., St. Louis) 
�9 F. Willeke (DESY) 
�9 G. Wilson (DESY) 
�9 C. Woody (Brookhaven National Lab) 
�9 M.P. Worah (LBNL) 
�9 M. Zeller (Yale University) 
�9 P. Zerwas (DESY) 
�9 C. Zhang (IHEP, Beijing) 

3. N a m i n g  scheme  for h a d r o n s  

We introduced in the 1986 edition [2] a new naming 
scheme for the hadrons. Changes from older terminology 
affected mainly the heavier mesons made of u, d, and s 
quarks. Otherwise, the only important change to known 
hadrons was that the F + became the D~. None of the 
lightest pseudoscalar or vector mesons changed names, nor 
did the c~ or bb mesons (we do, however, now use Xc for the 
c~ X states), nor did any of the established baryons. The 
Summary Tables give both the new and old names whenever 
a change has occurred. 

The scheme is described in "Naming Scheme for 
Hadrons" (p. 84) of this Review. 

We give here our conventions on type-setting style. 
Particle symbols are italic (or slanted) characters: e - ,  p, 
A, r ~ KL, D +, b. Charge is indicated by a superscript: 
B - ,  A ++. Charge is not normally indicated for p, n, or 
the quarks, and is optional for neutral isosinglets: ~? or ~0. 
Antiparticles and particles are distinguished by charge for 
charged leptons and mesons: T +, K - .  Otherwise, distinct 

antiparticles are indicated by a bar (overline): ~t,, t, P, ~0 ,  

and ~ +  (the antiparticle of the Z - ) .  

4. P r o c e d u r e s  

4.1. S e l e c t i o n  a n d  t r e a t m e n t  o f  data: The Particle 
Listings contain all relevant data known to us that are 
published in journals. With very few exceptions, we do not 
include results from preprints or conference reports. Nor do 
we include data that are of historical importance only (the 
Listings are not an archival record). We search every volume 
of 20 journals through our cutoff date for relevant data. We 
also include later published papers that are sent to us by the 
authors (or others). 

In the Particle Listings, we clearly separate measure- 
ments that are used to calculate or estimate values given 
in the Summary Tables from measurements that  are not 
used. We give explanatory comments in many such cases. 
Among the reasons a measurement might be excluded are 
the following: 

�9 It is superseded by or included in later results. 
�9 No error is given. 
�9 It involves assumptions we question. 
�9 It has a poor signal-to-noise ratio, low statistical 

significance, or is otherwise of poorer quality than other 
data available. 

�9 It is clearly inconsistent with other results that  appear 
to be more reliable. Usually we then state the criterion, 
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which sometimes is quite subjective, for selecting "more 
reliable" data for averaging. See Sec. 4. 

�9 It is not independent of other results. 
�9 It is not the best limit (see below). 
�9 It is quoted from a preprint or a conference report. 

In some cases, none of the measurements is entirely 
reliable and no average is calculated. For example, the 
masses of many of the baryon resonances, obtained from 
partial-wave analyses, are quoted as estimated ranges 
thought to probably include the true values, rather than as 
averages with errors. This is discussed in the Baryon Particle 
Listings. 

For upper limits, we normally quote in the Summary 
Tables the strongest limit. We do not average or combine 
upper limits except in a very few cases where they may be 
re-expressed as measured numbers with Ganssian errors. 

As is customary, we assume that  particle and antiparticle 
share the same spin, mass, and mean life. The Tests of 
Conservation Laws table, following the Summary Tables, 
lists tests of C P T  as well as other conservation laws. 

We use the following indicators in the Particle Listings 
to tell how we get values from the tabulated measurements: 

�9 OUR AVERAGE--From a weighted average of selected 
data. 

�9 OUR FIT--From a constrained or overdetermined multi- 
parameter fit of selected data. 

�9 OUR EVALUATION--Not from a direct measurement, but 
evaluated from measurements of related quantities. 

�9 OUR ESTIMATE--Based on the observed range of the 
data. Not from a formal statistical procedure. 

�9 OUR LIMIT--For special cases where the limit is evaluated 
by us from measured ratios or other data. Not from a 
direct measurement. 

An experimentalist who sees indications of a particle will 
of course want to know what has been seen in that region 
in the past. Hence we include in the Particle Listings all 
reported states that, in our opinion, have sufficient statistical 
merit and that have not been disproved by more reliable 
data. However, we promote to the Summary Tables only 
those states that we feel are well established. This judgment 
is, of course, somewhat subjective and no precise criteria can 
be given. For more detailed discussions, see the minireviews 
in the Particle Listings. 

4.2. A v e r a g e s  a n d  fits: We divide this discussion 
on obtaining averages and errors into three sections: 
(1) treatment of errors; (2') unconstrained averaging; 
(3) constrained fits. 

4.2.1. Treatment of errors: In what follows, the "error" 
6x means that  the range x + 5x is intended to be a 68.3% 
confidence interval about the central value x. We treat 
this error as if it were Ganssiau. Thus when the error is 
Gauss• 5x is the usual one standard deviation ( la) .  Many 
experimenters now give statistical and systematic errors 
separately, in which case we usually quote both errors, with 
the statistical error first. For averages and fits, we then add 
the the two errors in quadrature and use this combined error 
for 5x. 

When experimenters quote asymmetric errors (6x) + 
and (6x)-  for a measurement x, the error that we use 
for that measurement in making an average or a fit with 

other measurements is a continuous function of these three 
quantities. When the resultant average or fit 5 is less than 
x - (6x)- ,  we use (Sx)-; when it is greater than x + (6x) +, we 
use (6x) +. In between, the error we use is a linear function 
of x. Since the errors we use are functions of the result, we 
iterate to get the final result. Asymmetric output errors are 
determined from the input errors assuming a linear relation 
between the input and output quantities. 

In fitting or averaging, we usually do not include 
correlations between different measurements, but  we try 
to select data in such a way as to reduce correlations. 
Correlated errors are, however, treated explicitly when there 
are a number of results of the form Ai • ai • A that have 
identical systematic errors A. In this case, one can first 
average the Ai • cri and then combine the resulting statistical 
error with A. One obtains, however, the same result by 
averaging Ai • (a? + A2) 1/2, where Ai = aiA[~(1/a2)]  1/2 

Z ~ J ' 

This procedure has the advantage that, with the modified 
systematic errors Ai, each measurement may be treated 
as independent and averaged in the usual way with other 
data. Therefore, when appropriate, we adopt this procedure. 
We tabulate A and invoke an automated procedure that 
computes A• before averaging and we include a note saying 
that there are common systematic errors. 

Another common case of correlated errors occurs when 
experimenters measure two quantities and then quote the 
two and their difference, e.g., ml ,  m2, and A = m2 - ml .  
We cannot enter all of ma, m2 and A into a constrained fit 
because they are not independent. In some cases, it is a good 
approximation to ignore the quantity with the largest error 
and put the other two into the fit. However, in some cases 
correlations are such that the errors on ml ,  m2 and A are 
comparable and none of the three values can be ignored. In 
this case, we put all three values into the fit and invoke an 
automated procedure to increase the errors prior to fitting 
such that the three quantities can be treated as independent 
measurements in the constrained fit. We include a note 
saying that this has been done. 

4.2.2. Unconstrained averaging: To average data, we use 
a standard weighted least-squares procedure and in some 
cases, discussed below, increase the errors with a "scale 
factor." We begin by assuming that  measurements of a given 
quantity are uncorrelated, and calculate a weighted average 
and error as 

~ ~,~ • ( Z ~ ) - 1 / 2  , O) 

where 

w~ = V ( S x ~ )  2 . 

Here xi and 6x~ are the value and error reported by the 
i th experiment, and the sums run over the N experiments. 
We then calculate X 2 = ~ wi(5 - xi) 2 and compare it 
with N - 1, which is the expectation value of X 2 if the 
measurements are from a Gaussian distribution. 

If X2/(N - 1) is less than or equal to 1, and there are no 
known problems with the data, we accept the results. 

If X 2 / ( N  - 1) is very large, we may choose not to use the 
average at all. Alternatively, we may quote the calculated 
average, but  then make an educated guess of the error, a 
conservative estimate designed to take into account known 
problems with the data. 
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Finally, if X2/(N -- 1) is greater than 1, but  not greatly 
so, we still average the data,  but  then also do the following: 

(a) We increase our quoted error, 65 in Eq. (1), by a 
scale factor S defined as 

s = [ x 2 / ( N  - 1)] 1/2 . (2) 

Our reasoning is as follows. The large value of the X 2 is 
likely to be due to underestimation of errors in at least one 
of the experiments. Not knowing which of the errors are 
underestimated,  we assume they are all underest imated by 
the same factor S. If we scale up all the input errors by this 
factor, the X 2 becomes N - 1, and of course the output  error 
65 scales up by the same factor. See Ref. 3. 

When combining da ta  with widely varying errors, we 
modify this procedure slightly. We evaluate S using only the 
experiments with smaller errors. Our cutoff or ceiling on 6xi 
is arbi trar i ly chosen to be 

6o = 3N 1/2 6~ , 

where 65 is the unscaled error of the mean of all the 
experiments. Our reasoning is that  although the low- 
precision experiments have litt le influence on the values 
and 65, they can make significant contributions to the X 2, 
and the contribution of the high-precision experiments thus 
tends to be obscured. Note tha t  if each experiment has the 
same error 6xi, then 65 is ~x i /N  1/2, so each 6xi is well 
below the cutoff. (More often, however, we simply exclude 
measurements with relatively large errors from averages and 
fits: new, precise da ta  chase out old, imprecise data.)  

Our scaling procedure has the property that  if there 
are two values with comparable errors separated by much 
more than their s tated errors (with or without a number of 
other values of lower accuracy), the scaled-up error 6 5 is 
approximately half the interval between the two discrepant 
values. 

We emphasize that  our scaling procedure for errors in 
no way affects central values. And if you wish to recover the 
unscaled error 65, simply divide the quoted error by S. 

(b) If the number M of experiments with an error smaller 
than 50 is at least three, and if X2/(M - 1) is greater than 
1.25, we show in the Particle Listings an ideogram of the 
data. Figure 1 is an example. Sometimes one or two da ta  
points lie apar t  from the main body; other times the da ta  
split into two or more groups. We extract  no numbers from 
these ideograms; they are simply visual aids, which the 
reader may use as he or she sees fit. 

Each measurement in an ideogram is represented by 
a Gaussian with a central value xi, error 6xi, and area 
proport ional  to 1/6xi. The choice of 1/6xi for the area is 
somewhat arbitrary.  Wi th  this choice, the center of gravity 
of the ideogram corresponds to an average that  uses weights 
1/6xi rather  than the (1/~xi) 2 actually used in the averages. 
This may be appropriate  when some of the experiments 
have seriously underest imated systematic errors. However, 
since for this choice of area the height of the Gaussian for 
each measurement is proport ional  to (1/6xi) 2, the peak 
position of the ideogram will often favor the high-precision 
measurements at least as much as does the least-squares 
average. See our 1986 edition [2] for a detailed discussion of 
the use of ideograms. 

F i g u r e  1: A typical ideogram. The arrow at the top 
shows the position of the weighted average, while the 
width of the shaded pa t te rn  shows the error in the 
average after scaling by the factor S. The column 
on the right gives the X 2 contribution of each of the 
experiments. Note that  the next-to-last  experiment,  
denoted by the incomplete error flag (_1_), is not used 
in the calculation of S (see the text). 

4.2.3.  Constrained]its: Except for trivial  cases, all 
branching ratios and rate measurements are analyzed by 
making a simultaneous least-squares fit to all the da ta  and 
extracting the part ial  decay fractions Pi, the par t ia l  widths 
Fi, the full width P (or mean life), and the associated error 
matrix. 

Assume, for example, that  a s tate has m par t ia l  decay 
fractions Pi, where ~ Pi = 1. These have been measured 
in Nr different ratios Rr,  where, e.g., R1 = P1/P2, R2 
= P1/P3, etc. [We can handle any ratio R of the form 

ai P i / ~  ~i Pi, where ai and fli are constants,  usually 1 or 
0. The forms R = PiPj and R = (p~pj)l/2 are also allowed.] 
Further assume that  each ratio R has been measured by Nk 
experiments (we designate each experiment with a subscript 
k, e.g., Rlk).  We then find the best  values of the fractions Pi 
by minimizing the X 2 as a function of the m - 1 independent 
parameters:  

(3)  
r = l  k = l  

where the R~k are the measured values and Rr are the fitted 
values of the branching ratios. 

In addition to the fitted values Pi ,  we calculate an error 
matr ix  (6Pi 6Pi). We tabulate  the diagonal elements of 
6 f f  i = (6 Pi 6 Pi) 1/2 (except tha t  some errors are scaled 
as discussed below). In the Particle Listings, we give the 
complete correlation matrix; we also calculate the fitted 
value of each ratio, for comparison with the input  data,  
and list it  above the relevant input, along with a simple 
unconstrained average of the same input. 

Three comments on the example above: 
(1) There was no connection assumed between mea- 

surements of the full width and the branching ratios. But 
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often we also have information on partial widths Fi as well 
as the total width F. In this case we must introduce F 
as a parameter in the fit, along with the Pi, and we give 
correlation matrices for the widths in the Particle Listings. 

(2) We do not allow for correlations between input 
data. We do try to pick those ratios and widths that are as 
independent and as close to the original data as possible. 
When one experiment measures all the branching fractions 
and constrains their sum to be one, we leave one of them 
(usually the least well-determined one) out of the fit to make 
the set of input data more nearly independent. 

(3) We calculate scale factors for both the RT and 
Pi when the measurements for any R give a larger-than- 
expected contribution to the X 2. According to Eq. (3), the 
double sum for X 2 is first summed over experiments k -= 1 
to N~, leaving a single sum over ratios X 2 = ~ X 2. One 
is tempted to define a scale factor for the ratio r as S, 2 = 

2 2 Xr/(Xr)" However, since (Xr 2) is not a fixed quantity (it is 
somewhere between Nk and Nk-1), we do not know how to 
evaluate this expression. Instead we define 

= Nk ~ (6nTk) 2 - (6R~) 2 ' (4) 

where 6Rr is the fitted error for ratio r. With this definition 
the expected value of Sff is one. 

The fit is redone using errors for the branching ratios 
that are scaled by the larger of S~ and unity, from which new 
and often larger errors 5ff~ are obtained. The scale factors 

we finally list in such cases are defined by Si = 5Pi/6Pi.  
However, in line with our policy of not letting S affect the 
central values, we give the values of ffi obtained from the 
original (unscaled) fit. 

There is one special case in which the errors that are 
obtained by the preceding procedure may be changed. When 
a fitted branching ratio (or rate) Pi  turns out to be less than 
three standard deviations (~ff~) from zero, a new smaller 

error (6ff[~) - is calculated on the low side by requiring 

the area under the Gaussian between ffl - (6ff~l)_ and ffi 
to be 68.3% of the area between zero and Pi.  A similar 
correction is made for branching fractions that are within 
three standard deviations of one. This keeps the quoted 
errors from overlapping the boundary of the physical region. 

4.3. Discussion: The problem of averaging data con- 
taining discrepant values is nicely discussed by Taylor in 
Ref. 4. He considers a number of algorithms that attempt 
to incorporate inconsistent data into a meaningful average. 
However, it is difficult to develop a procedure that handles 
simultaneously in a reasonable way two basic types of sit- 
uations: (a) data that  lie apart from the main body of the 
data are incorrect (contain unreported errors); and (b) the 
opposite--it  is the main body of data that  is incorrect. 
Unfortunately, as Taylor shows, case (b) is not infrequent. 
He concludes that the choice of procedure is less significant 
than the initial choice of data to include or exclude. 

We place much emphasis on this choice of data. Often we 
solicit the help of outside experts (consultants). Sometimes, 
however, it is simply impossible to determine which of 
a set of discrepant measurements are correct. Our scale- 
factor technique is an at tempt to address this ignorance by 
increasing the error. In effect, we are saying that present 
experiments do not allow a precise determination of this 

quantity because of unresolvable discrepancies, and one 
must await further measurements. The reader is warned of 
this situation by the size of the scale factor, and if he or 
she desires can go back to the literature (via the Particle 
Listings) and redo the average with a different choice of data. 

Our situation is less severe than most of the cases Taylor 
considers, such as estimates of the fundamental constants 
like h, etc. Most of the errors in his case are dominated by 
systematic effects. For our data, statistical errors are often 
at least as large as systematic errors, and statistical errors 
are usually easier to estimate. A notable exception occurs in 
partial-wave analyses, where different techniques applied to 
the same data yield different results. In this case, as stated 
earlier, we often do not make an average but just quote a 
range of values. 

A brief history of early Particle Data Group averages 
is given in Ref. 3. Figure 2 shows some histories of our 
values of a few particle properties. Sometimes large changes 
occur. These usually reflect the introduction of significant 
new data or the discarding of older data. Older data are 
discarded in favor of newer data when it is felt that  the newer 
data have smaller systematic errors, or have more checks 
on systematic errors, or have made corrections unknown 
at the time of the older experiments, or simply have much 
smaller errors. Sometimes, the scale factor becomes large 
near the time at which a large jump takes place, reflecting 
the uncertainty introduced by the new and inconsistent data. 
By and large, however, a full scan of our history plots shows 
a dull progression toward greater precision at central values 
quite consistent with the first data points shown. 

We conclude that the reliability of the combination of 
experimental data and our averaging procedures is usually 
good, but it is important to be aware that fluctuations 
outside of the quoted errors can and do occur. 
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O N L I N E  P A R T I C L E  P H Y S I C S  I N F O R M A T I O N  

Revised April 2000 by P. Kreitz (SLAC). 

The purpose of this list is to organize a broad set of online 
catalogs, databases,  directories, World-Wide Web (WWW) pages, etc., 
that  are of value to the particle physics community. This compilation 
is prescreened and highly selective. It a t tempts  to describe the scope, 
size, and organization of the resources so that  efficient choices can 
be made amongs t  many sites which may appear similar. Because this 
list mus t  be fixed in print, it is important  to consult the updated 
version of this compilation which includes newly added resources and 
hypertext  links to more complete information at: 

http ://www. slac. stanford, edu/library/pdg/ 

In this edition, a resource is excluded if it provides information 
primarily of interest to one institution. In the case where there are 
multiple resources covering similar material,  an a t tempt  has been 
made in the annotat ion to identify the particular s t rength of each 
source. Databases  and resources focusing primarily on accelerator 
physics have been excluded in deference to the excellent compilation at 
the World Wide Web Virtual Library of Beam Physics and Accelerator 
Technology: 

http ://www. slac. stanford, edu/grp/arb/dhw/dpb/w3vl/w3, html 

My thanks  to Bet ty Armstrong,  Particle Data  Group, Molly 
Moss, SLAC Library, Rich Dominiak, SLAC Library, and the many 
particle physics Web site and database maintainers who have all 
given me their generous assistance. Please send suggestions, additions, 
changes, ideas for category groupings, exclusions, etc., by e-mail to 
pkreitz@slac, stanford, edu. 

1. P a r t i c l e s  &: P r o p e r t i e s  D a t a :  

�9 REVIEW OF PARTICLE PHYSICS (RPP): A biennial compre- 
hensive review summarizing much of the known data  about the 
field of Particle Physics produced by the international Particle 
Data  Group (PDG). Includes a compilation/evaluation of da ta  
on particle properties, summary  tables with best values and 
limits for particle properties, extensive summaries  of searches for 
hypothetical particles, and a long section of reviews, tables, and 
plots on a wide variety of theoretical and experimental topics 
of interest to particle and astrophysicists. The linked table of 
contents provides access to particle listings, reviews, summary  
tables, errata, indices, etc. The current printed version is Eur. 
Phys.  J. C15,  1 (2000). Maintained at: 

http : //pdg. ibl. gov/ 

�9 PARTICLE PHYSICS BOOKLET:  A pocket-sized booklet 
containing the Summary  Tables and abbreviated versions of some 
of the other sections of the full Review of Particle Physics. This is 
extracted from the most  recent edition of the full RPP. Contains 
images in an easy-to-read print useful for classroom studies. The 
last edition was July 1998 and the next edition will be August  
2000. Until  the new edition is published and available via the Web, 
students,  teachers, and researchers should use the full RPP:  

http ://pdg. ibl.gov/ 

�9 COMPUTER-RE ADAB L E  FILES: Currently available from the 
PDG: Tables of masses,  widths, and PDG Monte Carlo particle 
numbers  and cross-section data, including hadronic total and elastic 
cross sections vs laboratory momenta,  and total center-of-mass 
energy. Check out the Pa lm Pilot version of the table of masses, 
widths, and PDG Monte Carlo particle numbers.  This version will 
be updated in the Summer  of even-numbered years coinciding with 
the production of the Review o/Particle Properties: 

http : //pdg. ibl. gov/comput er_read, html 

�9 PARTICLE PHYSICS DATA SYSTEM: Contains an indexed 
bibliography of experimental particle physics (1895 - 1995) and 
computerized numerical data extracted from publications. The 
Web interfaces permit t ing simple searching for numerical da ta  
on observables in reactions and for compilations of integrated 
cross-section data  are still under construction. Maintained by the 
COMPAS group at ItIEP: 

http : / / p d g .  Ibl. gov/ppds 

�9 HEPDATA: Reaction Data  Database: A part of the HEPDATA 
databases at University of D u r h a m / R A L ,  this database is compiled 
by the Durham Database Group (UK) with help from the 
COMPAS Group (Russia) for the PDG. Contains numerical values 
of HEP reaction data  such as total and differential cross sections, 
fragmentation functions, s tructure functions, and polarization 
measurements  from a wide range of experiments.  Updated at 
regular intervals and contains links to precompiled reviewed da ta  
such as 'Structure Functions in DIS', 'Single Photon  Product ion in 
Hadronic Interactions' ,  and 'Drell-Yan Cross-Sections': 

http ://durpdg. dur. ac. uk/HEPDATA/REAC 

�9 NIST Physics Laboratory: This unit  of the National Inst i tute  
of Standards and Technology provides measurement  services 
and research for electronic, optical, and radiation technologies. 
Two sub-pages, one on Physical Reference Data  and another on 
Constants,  Units  &: Uncertainty are extremely useful. Additional 
links to other physical properties and data  of tangential  interest to 
particle physics are also available from this page: 

http ://physics. hist. gov/ 

2.  C o l l a b o r a t i o n s  8z E x p e r i m e n t s :  

�9 EXPERIMENTS Database: Contains more than  2,000 experiments  
in elementary particle physics covering past, current, and proposed 
experiments in both accelerator and non-accelerator physics. 
Simple searches by: participant; title; experiment number;  
institution; date approved; accelerator; or detector; return a result 
that  fully describes the experiment,  including a complete list of 
authors,  title, description of the experiment 's  goals and methods,  
a list of resulting journal  articles, and a link to the experiment 's  
Web page if available: 

http ://www. slat. stanford, edu/spires/experiment s / 

�9 EXPERIMENTS ONLINE: Current Experiments  in Particle 
Physics: A list of almost 500 current experiments with active home 
pages. This list is abstracted from the EXPERIMENTS Database  
and links back to it for more complete information. Accelerator 
experiments are organized by institution, machine, and experiment 
name. Non-accelerator experiments are alphabetical by name: 

http ://www. slac. stanford, edu/spire s/experiment s / 

online_exp, html 

�9 HIGH ENERGY PHYSICS EXPERIMENTS:  A HEPiC page 
providing links to collaboration Web pages. Collaborations are 
arranged alphabetically by name or number  under 15 major  
laboratories or in a catch-all group labeled 'Other ' :  

http ://www .hey. net/experiment s/all.sit es .html 

3. C o n f e r e n c e s :  

�9 CONFERENCES: Contains conferences, schools, and meetings 
of interest to high-energy physics and related fields. Searchable 
SPIRES database produced by the SLAC, DESY, CERN, and 
KEK libraries with 9,000 listings covering 1973 to 2002+. Search 
or browse by title, acronym, date, location. Includes information 
about published proceedings, links to submit ted papers from the 
SPIRES-HEP database, and links to the conference website when 
available. New feature permits  searches by day, month,  quarter,  or 
year: 

http ://www. slac. stanford, edu/spires/conf erences, html 

�9 CONFERENCES AND CONFERENCES: (Subtitled: There Are 
Too Many Conferences!): Lists over a hundred current and future 
meetings in many fields of physics. This  Web page provides 
a complete list of all conferences in ASCII or specialized lists 
arranged by topic: particle, quantum,  condensed mat ter ,  classical, 
mathemat ical  or interdisciplinary physics are provided. Includes 
links to the conference Web page and the contact: 

http ://www.physics' umd ' edu/r~176176 er/c~ html 
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�9 CONFERENCES,  WORKSHOPS AND SCHOOLS: Maintained 
by the PhysicsWeb, this site contains several hundred entries 
for current national  and regional physics meetings worldwide. 
Searchable by sub-discipline or by free text words. Provides a Web 
form and email address for adding a conference. Automatically 
uploads new entries to the EPS EurophysNet meeting list: 

http ://physiceweb. org/TIPTOP/FORUM/CONF/ 

�9 EUROPHYSICS MEETINGS LIST: Maintained by the European 
Physical Society, this international list of links to other conference 
lists is organized alphabetically by name of the organization, 
inst i tut ion or other group providing a particular list of conferences. 
Useful for searching by organization and for providing access to 
meetings and conferences that  are of peripheral interest: 

http : / / epswww, epf I. ch/conf/urls, html 

�9 HEP Events: A list maintained by CERN of approximately 100 
upcoming conferences, schools, workshops, seminars, and symposia 
of interest to high-energy physics. Usefully organized by type of 
meeting, e.g.: school, workshop: 

http ://www. cern. ch/Physics/Event s 

4. C u r r e n t  N o t i c e s  gr A n n o u n c e m e n t  S e r v i c e s :  

�9 SUBMIT EVENTS: PhysicsWeb Calendar: Maintained by The 
Internet Pilot to Physics. Provides a Web form for adding a 
conference and automatical ly uploads new entries to the EPS 
EurophysNet  meeting list. Directions on the top-level page enable 
you to sign up to receive weekly email notification of new 
conferences and deadlines: 

http ://physicsweb. org/event s/newconf ent ry. phtml 

�9 CONFNEWS & WEBNEWS: Provides a system for broadcasting 
a conference or job opening to "a large number of physicists world- 
wide." For further information, e-maih yskim�9 

�9 E-PRINT ARCHIVES LISTSERV NOTICES: The LANL-based 
E-Print Archives provides daily notices of preprints in the fields of 
physics, mathematics, nonlinear sciences~ and computer sciences 
which have been submitted to the archives as full text electronic 
documents.  Use the Web-accessible listings: 

ht tp ://xxx. lanl.gov/ 

or subscribe: 

http ://xxx. lanl. gov/help/subscribe 

�9 NEW EXPERIMENTS Announcement: Submit information about 
a new particle physics experiment to the SPIRES EXPERIMENTS 
Database or modify an older entry using the form at: 

http ://www. elac. stanford, edu/spiree/experiment e/ 

submit, html 

�9 SPIRES NEW CONFERENCES IN PARTICLE PHYSICS: Use 
this form, or send email or a fax to submit  information about a 
conference of value to the field of particle physics: 

http : //www. slat. stanford, edu/spires/coal erence s / 

add_conference .html 

Note: Use the library pages in Section 5.3 below to find additional 
announcement  lists for recently received preprints, books, and 
proceedings. Use the online journal links in Section 7 below for journal 
table of contents. 

5. D i r e c t o r i e s :  

5.1. D i r e c t o r i e s - - R e s e a r c h  Institutions: 
�9 CERN RESEARCH INSTITUTES: Contains HEP Inst i tutes  

used in the CERN Library catalog. Provides almost  a thousand 
addresses, and, where available, the following: phone and fax 
numbers; e-mail addresses; active Web links; and information 
about the inst i tut ion's  physics program. Provides free text 
searching and result sorting by organization, country, or town: 

http ://weblib. cern. ch/Home/HEPInst itut es/ 

�9 HEP INSTITUTIONS ONLINE: Active links to the home pages 
of more than  800 HEP-related insti tutions with Web servers. 
Maintained by SLAC. Listed by country, and then alphabetically 
by institution: 

http ://www. slat. st aniord, edu/epires/inst itut ions/ 

onl ine_ins t itut ions. html 

�9 INSTITUTIONS: Database of over 6,000 high-energy physics 
institutes, laboratories, and university depar tments  in which some 
research on particle physics is performed. Covers six continents 
and almost one hundred countries. Searchable by name, acronym, 
location, etc. Provides address, phone and fax numbers,  e-mail 
address, and Web links where available. Has pointers to the recent 
HEP papers from that  institution. Maintained by SLAC and 
DESY libraries: 

http ://www. slac. st anford, edu/spiree/institutions/ 

�9 PHYSICSWEB LINKS: SEARCH DEPARTMENTS: A useful 
database of web links to the home pages of physics departments 
worldwide. Searchable by field of research, country, or by a 
combination of both. Results vary since information is dependent 
upon submission by the insti tutions or by individual depar tments  
from a university: 

http ://phys icsweb, org/re sources/dsear ch. phtml 

�9 WWW VIRTUAL LIBRARY--HIGH ENERGY PHYSICS WEB 
SITES: An alphabetical listing of particle physics web sites 
maintained at CERN. Provides links to the inst i tut ion 's  Web 
pages. Somewhat difficult to use because entries are listed by 
institutional acronym or by short name: 

http ://www. cern. ch/Physic s/HEP .html 

5 . 2 .  D i r e c t o r i e s - - P e o p l e :  
�9 HEPNAMES: Searchable worldwide database of 37,000 e-mail 

addresses of people associated with particle physics, synchrotron 
radiation, and related fields: 

http ://www. slac. stamford, edu/spire s/hepname s / 

�9 HEP VIRTUAL PHONEBOOK: A list of links to phonebooks and 
directories of high-energy physics sites and collaborations around 
the world. Very useful if you know the place or group and are 
trying to find a particular individual. Maintained by HEPiC: 

http ://www. hep.net/sit ee/directoriee .html 

�9 US-HEPFOLK: A searchable database of almost 3,500 physicists 
from 155 U.S. institutions based on a survey conducted in 1997. 
Searchable by first or last name, by affiliation, and/or by email 
address. Also provides some interesting demographic plots of the 
survey data: 

http ://pdg. Ibl. gov/us-hepf olk/index, html 
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5 .3 .  Direc tor i e s - -L ibrar i e s :  
�9 Argonne National Lab Library: 

http ://www. library, anl. gov/library/services, html 

�9 Berkeley Lab (LBNL) Library: 

http ://www-library. ibl. gov/ 

�9 Brookhaven National Lab Library: 

http ://inform. bnl. gov/KESLIB/reslib .html 

�9 (CERN) European Organization for Nuclear Research Library: 

http ://library. cern. ch/ 

�9 Deutsches Elektronen-Synchrotron (DESY) Library: 

http ://www-library. desy. de/ 

�9 Fermilab Library: 

http : //fnalpubs. fnal. gov/ 

�9 Jefferson Lab Library: 

http ://www. j lab. org/div_dept/admin/library/ 

�9 (KEK) National Laboratory for High Energy Physics Library: 

http : //www- i ib. kek. j p/publib, html 

�9 Lawrence Livermore National Laboratory Library: 

http ://www. llnl. gov/t id/Library, html 

�9 Los Alamos National Laboratory Library: 

http : //lib-www. lanl. gov/ 

�9 Oak Ridge National Laboratory Library: 

http : //www. ornl. gov/Library/l ibr ary-home, html 

�9 Sandia National Laboratory Library: 

http ://www. sandia, gov/l ibrary, htm 

�9 Stanford Linear Accelerator Center Library: 

http ://www. slac. stanford, edu/library 

5 .4 .  Direc to r i e s - -Pub l i s he r s :  
�9 COMPANIES/PUBLISHERS: Contains 50 links to institutions, 

societies, or companies involved in supplying physics-related 
information: 

http ://phys icsweb, org/TIPTOP/paw/paw, phtml 

?k=Companies/Publishers&t=k&f =i 

�9 DIRECTORY OF PUBLISHERS AND VENDORS: Outstanding 
and comprehensive directory of web links to publishers. Additional 
lists include publishers' email addresses and a directory of 
science book reviews on the web. Publisher and vendor lists 
are searchable alphabetically or by subject areas: Science, 
Mathematics, and Technology Publishers; Biomedical Publishers; 
Computer Publishers; Engineering Publishers; General Publishers; 
Natural History Publishers, and University Presses: 

ht tp ://www. library, vanderbilt, edu/law/acqs/pubr, html 

5 .5 .  D i r e c t o r i e s - - S c h o l a r l y  Societ ies:  
�9 American Association for the Advancement of Science: 

h t t p  ://www. aaas .  o rg /  

�9 American Association of Physics Teachers: 

http ://www. aapt.org/ 

�9 American Astronomical Society: 

h t t p  ://www. aas .  org 

�9 American Institute of Physics: 

http ://www. aip. org/ 

�9 American Mathematical Society: 

http ://www. ams. org/ 

�9 American Physics] Society: 

http ://www. aps. org 

�9 European Physical Society: 

http ://epswww. epfl. ch/ 

�9 IEEE Nuclear and Plasma Sciences Society: 

http ://hibp?. e cse. rpi. edu/~cormor/ieee/nps s. html 

�9 Institute of Physics: 

http ://www. lop. org/ 

�9 PHYSICSWEB LINKS: SOCIETIES/PHYSICAL: Contains 141 
links to societies involved in the physical sciences. Organized by 
country with some entries containing a small annotation describing 
the society's focus: 

http ://physicsweb. org/resources/paw .phtml?k= 

So ciet ies/PhysicalRo=count ry&t =k&f =i 

�9 RESOURCES OF SCHOLARLY SOCIETIES--PHYSICS: Alpha- 
betical list of several hundred scholarly societies with links to 
their websites. Includes acronyms and indicates when a website 
contains both its native language and an English-language version. 
Maintained by the University of Waterloo: 

http ://www. lib. uwaterloo, ca/societ y/physic s~oc. html 

6. E - P r i n t s / P r e - P r i n t s ,  P a p e r s ,  ~z R e p o r t s :  

�9 CERN ARTICLES & PREPRINTS: The CERN Library's database 
which contains records of more than 200,000 (CERN and non- 
CERN) articles, preprints, theses, CERN Yellow reports, technical 
notes, Grey Books, and official committee documents held by 
the Library or the Archives. Provides access to full text of the 
document and to the references when available: 

http ://weblib. cern. ch/Home/Library_Cat alogue/ 

Art icles_and_Preprint s/ 

�9 HEP DATABASE (SPIRES): Contains over 415,000 bibliographic 
summaries for particle physics e-prints, journal articles, preprints, 
reports, conferences papers, and theses, eta Covers 1974 to the 
present with substantial older materials added. Updated daily 
with links to electronic texts (e.g. from LANL, CERN, KEK, 
and other HEP servers). Searchable by all authors and authors'  
affiliations, title, topic, report number, citation (footnotes), e-print 
archive number, date, journal, etc. A joint project of the SLAC 
and DESY libraries with the collaboration of Fermilab, Durham 
(UK), KEK, Kyoto, and many other research institutions and 
scholarly societies such as the APS: 

http ://www. slac. stanford, edu/spires/hep/ 
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�9 KISS (KEK Information Service System) for Preprints: KEK 
Library preprint  and technical report database. Contains biblio- 
graphic records of preprints and technical reports held in the KEK 
library with links to the full text images of more than 100,000 
papers scanned from their worldwide collection of preprints: 

http ://www-lib. kek. jp/KISS/kiss_prepri, html 

�9 arXive.org E-PRINT ARCHIVE: An automated  electronic 
repository of physics, mathemat ics ,  computer,  and nonlinear 
science preprints. Used heavily by the sub-disciplines of high- 
energy physics. Began with a core set of archives in 1991. Provides 
access to the full text of the electronic versions of these preprints. 
Permits  searching by author,  title, and keyword in abstract.  Allows 
limiting by subfield archive or by date. Has over 15 mirror sites 
around the world. Papers are sent electronically to the archives by 
authors: 

http ://xxx. lanl. gov 

�9 PARTICLE PHYSICS DATA SYSTEM--PPDS: A search in- 
terface to the bibliography of the print publication A Guide to 
Experimental Elementary Particle Physics Literature (LBL-90). 
This  bibliography covers the published literature of theoretical and 
experimented particle physics from 1895 to 1995: 

http ://pdg. ibl.gov/ppds 

�9 PPF:  PREPRINTS  IN PARTICLES AND FIELDS: A weekly 
listing averaging 250 new preprints in particle physics and related 
fields. Contains bibliographic listings for and, in the Web version, 
full text links to, the new preprints received by and cataloged into 
the SPIRES High-Energy Physics (HEP) database. Includes tha t  
week's titles from the LANL e-print archives as well as preprints 
and articles received from other sources. Directions for subscribing 
to an email version can be found on the page listing the most  
recent week's preprints: 

http ://www. slac. st anf ord. edu/library/document s/newppf, html 

7. P a r t i c l e  P h y s i c s  J o u r n a l s  &: R e v i e w s :  

7 . 1 .  O n l i n e  J o u r n a l s  and Tables of  Contents:  
Please note, some of these journals,  publishers, and reviews may limit 
access to subscribers. If you encounter access problems, check with 
your inst i tut ion 's  library. 

�9 Advances in Theoretical and Mathematical  Physics: Bimonthly 
electronic and hard copy publication. Table of contents has links 
to LANL E-Print  Archives where papers for this journal  are 
submitted:  

http ://www. intlpress, com/j ournals/ATMP/ 

�9 American Journal  of Physics: A monthly publication of the 
American Association of Physics Teachers on instructional and 
cultural aspects of physical science: 

http ://ojps. alp. org/ajp 

�9 Applied Physics Letters: Weekly publication of short (3 pages 
maximum)  articles: 

http://ojps, alp. org/aplo/ 

�9 Astrophysical Journal: Published three t imes a month  by the 
American Astronomical Society. See also AAS entry under Journal  
Publishers (below): 

http ://WWW. journals, uchicago, edu/ApJ/ 

�9 Classical and Quan t um Gravity: Published 24 times a year by 
IOP: 

http ://www. iop.org/Journals/cq 

�9 European Physical Journal A: Hadrons and Nuclei: This monthly 
journal merges II Nuovo Cimento A and Zeitschrift fur Physik A: 

http://link, springer, de/link/service/j ournals/ 

10050/index. htm 

�9 European Physical Journal  C: Particles and Fields: This  twice 
monthly journal is the successor to Zeitschrift fur Physik C: 

http ://link. springer, de/link/service/journals/ 

10052/index .htm 

�9 Journal of High Energy Physics: Electronic and print available. 
Like ATMP, this is an electronically-run journed. It accepts email 
submission notices and 'fetches' the submit ted paper from the 
LANL E-print archives: 

http ://jhep. sissa, it/ 

�9 Journal  of Physics G: Nuclear and Particle Physics: Monthly, 
published by IOP: 

http : llwww, lop. org/Journals/j g 

�9 Journal of the Physical Society of Japan: 3PSJ Online: Monthly, 
online since 1993: 

http ://wwwsoc.nacsis. ac. j p/jps/jpsj/index.html 

�9 Modern Physics Letters A: Published 40 t imes a year, this contains 
research papers in gravitation, cosmology, nuclear physics, and 
particles and fields. Brief Review section for short reports on new 
findings and developments: 

http ://www. wspc. com. sg/j ournal s/mpla/mpla .html 

�9 Modern Physics Letters B: Published 40 times a year, this contains 
research papers in condensed mat ter  physics, statistical physics, 
applied physics and High Tc Superconductivity. Brief Review 
section for short reports on new findings and developments: 

http ://www. wspc. com. sg/j ournal slmplb/mplb, html 

�9 New Journal  of Physics: Funded by article charges from authors  of 
published papers, NJP is available in a free, electronic form: 

h t t p  ://www. n j p .  org/ 

�9 Nuclear Ins t ruments  and Methods in Physics Research A: 
Accelerators, Spectrometers, Detectors, and Associated Equipment:  
Published approximately 36 times per year, this journal  focuses on 
instrumentat ion and large scale facilities: 

http ://www. elsevier, nl/locat e/aims 

�9 Nuclear Physics A: Nuclear and Hadronic Physics: 

http ://www. elsevier, nl/inca/publicat ions / 

store151015/711/5/ 

�9 Nuclear Physics B: Particle Physics, Field Theory, Statistical 
Systems, and Mathematical  Physics: 

http ://www. el sevier, nl/inca/publ icat ions/ 

store/8/O/5/7/I/6/ 

�9 Nuclear Physics B: Proceedings Supplement: Publishes proceedings 
of international conferences and topical meetings in high-energy 
physics and related areas: 

http ://www. elsevier .nl/inca/publicat ions/ 

store/5/O/5/7/1/7/ 

�9 Physical Review D: Particles, Fields, Gravitation, and Cosmology: 
Published 24 times a year: 

http ://prd. aps. org/ 

�9 Physical Review Special Topics - Accelerators and Beams: A 
peer-reviewed electronic journal freely available from the APS: 

h t t p  : / / p r s t - a b .  aps .  o r g /  

�9 Physics Letters B: Nuclear and Particle Physics: Published weekly: 

h t t p  ://www. e l s e v i e r . n l / l o c a t e / p l b  

�9 Physics--Uspekhi:  English edition of Uspekhi Fizicheskikh Nauk: 

http ://urn. ioc. ac. ru/ 

�9 Progress in Particle and Nuclear Physics: Published four t imes 
a year. Many, but  not all, articles are at a level suitable for the 
general nuclear and particle physicist: 

http ://www. elsevier, nl/locate/ppartnuclphys 
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7 . 2 .  J o u r n a l s  - Direc tor ies :  

�9 DESY Library Electronic Journals: Use this Web page for up- 
to-date links to electronic journals of interest to particle physics. 
Contains a broader list than  is included in this compilation: 

http : //www-library. desy. de/el jnl .html 

�9 Electronic Journals: A directory of over 900 science, technology, 
and engineering journals online compiled by the University of 
Buffalo's Science and Engineering Library: 

http ://ublib .buffalo. edu/libraries/unit s/sel/ 

collect ions/ej ournal2, html 

7 . 3 .  J o u r n a l s  - P u b l i s h e r s  ~ Repos i to r i e s :  

�9 AAS: NASA Astrophysics Data  System: Provides free electronic 
access to back issues of the Astrophysical Journal, Astrophysical 
Journal Letters, and the Astrophysical Journal Supplement Series 
through the end of 1996. The NASA ADS is in the process of 
scanning more back issues and will eventually make the complete 
ApJ available: 

http ://adswww. harvard, edu/ 

�9 AIP JOURNAL CENTER: The American Institute of Physics' 
top-level page for their electronic journals may be found at: 

http ://www. alp. org/oj s/service, html 

�9 AMERICAN PHYSICAL SOCIETY: The top-level page for the 
APS research journals is: 

http : / / p u b l i s h .  aps. org/ 

�9 ELSEVIER SCIENCE: This website enables browsing Elsevier- 
published journals by subject field. Selecting 'physics'  and 
publication type ' journals '  returns an intermediate page with links 
organized by the first letter of the name of the journal. Thus  one 
mus t  select "A" to retrieve a list of all of Elsevier's physics-related 
journals beginning with that  letter. A somewhat inefficient way to 
search what Elsevier offers: 

http ://www. elsevier, nl/homepage/ 

�9 EUROPEAN PHYSICAL SOCIETY: Their journals are handled 
by various publishers but may be reached from this top-level page: 

http ://epswww. epfl. ch/pub/index, html 

�9 INSTITUTE OF PHYSICS: Journals: Information: A list of the 
IOP journals organized by subject. A page organized by title is 
also available linked to this page: 

http : //www. lop. org/Journals/jnlsubj 

�9 SPRINGER PU-BLISHING: Physics: This link provides a list of 
Springer journals covering topics of interest to physicists. Small 
bullets containing the letter 'E '  beside each t i t le  indicate which 
journals are electronic: 

http ://link. springer, de/ol/pol/all, htm 

7.4. R e v i e w  Pub l i ca t ions :  
�9 Net Advance of Physics: A free electronic service providing review 

articles and tutorials in an encyclopedic format. Covers all areas 
of physics. Includes e-prints, book announcements,  full text of 
electronic books, and other resources with hypertext  links when 
available. Welcomes contributions of original review articles: 

http : / /web .  mit. edu/af s/athena, mit. edu/ 

user/r/e/redingtn/www/netadv/welcome, html 

�9 Physics Reports: A review section for Physics Letters A and 
Physics Letters B. Each report deals with one subject. The reviews 
are specialized in nature, more extensive than a literature survey 
but  normally less than  book length: 

http ://www. elsevier, nl/locat e/physrep 

�9 Reviews of Modern Physics: Published quarterly. Includes tradi- 
tional scholarly reviews and shorter colloquium papers intended 

to describe recent research of interest to a broad audience of 
physicists: 

http ://www. phys. washington, edu/~rmp/Weleome, html 

8. Particle Physics Education Sites: 

8 . 1 .  Par t i c l e  P h y s i c s  Educa t ion :  G e ne ra l  S i tes :  
�9 Argonne National Laboratory Gee Whiz!: Includes links to other 

interesting and publically-aceessible information such as the Rube 
Goldberg Machine Contest; Arts  in Science; and the parts  of the 
movie 'Chain Reaction'  that  were filmed at Argonne: 

http : //www. anl. gov/0PA/geewhiz, htm 

�9 Brookhaven National Laboratory: Science Museum Programs: 

ht tp : //ww1~. pubaf, bnl. gov/bnl_nnuseum, htm 

�9 Contemporary Physics Education Project (CPEP): Provides 
charts, brochures, Web links~ and classroom activities. Online 
interactive courses include: Partiele Adventure; Fusion - Physics 
of a Fundamental Energy Source; and Nuclear Science ABC's: 

http ://www. cpepweb, org/ 

�9 Center for Particle Astrophysics in Berkeley: Excellent source for 
online demos aimed at middle school students (modifiable for other 
levels). Online demonstrat ions include: Air-Powered Rockets; 
Desktop Stars; Lunar  Topography, Ping Pong Ball Launcher; 
Potato Power; Solar Systeml and more to come. Each includes 
an introduction, teacher and student  worksheets, and a list of 
materials needed: 

http ://cfpa. berkeley, edu/Educ ation/DEMOS/DEMOS, html 

�9 Fermilab: Education and Outreach Resources for Particle Physi- 
cists: Outstanding collection of resources from the 'grandmother '  
of all physics lab educational programs. Sections are organized for 
students and educators by grade level and for general visitors: 

http ://www-ed. fnal. gov/trc/phys_resc, html_res c. html 

�9 Stanford Linear Accelerator Center: This Virtual Visitor 's Center 
website explains basic particle physics, linear and synchrotron 
accelerators, and the experiments conducted at SLAC. Aimed 
at the general public, as well as at s tudents  and teachers: 
http ://www2. slac. stanford, edu/vvc/home, html 

8 . 2 .  Par t i c l e  P h y s i c s  Educa t ion :  M e t a - S i t e s :  
�9 ESTEEM: The Depar tment  of Energy's  exciting and visually 

appealing meta-site for Education in Science, Technology, Energy, 
Engineering, and Math. Organized both textually and graphically 
as a 'city'.  Users can explore resources by source (energy and 
science museums),  by subject (windmills, 'playground' ,  virtual 
experiments, computers),  or by targeted audience (university, 
middle, or elementary students).  Provides excellent links to many 
other sites: 

http ://www. s andia, gov/ESTEEM/home, html 

�9 Physical Science: Educational Hotlists: Created by the outs tanding 
Franklin Inst i tute  Science Museum, these hotlists contain a 
prescreened list of resources for science educators, s tudents,  and 
enthusiasts.  The criteria for inclusion is that  a site s t imulates 
creative thinking and learning bout  science. The  excellent Physical 
Science list contains useful links for physics, physicists, optics, 
material  science, applied design and engineering, sites for museums,  
'doing science,' and inventors and engineers: 

http : / / s i n .  ft. edu/tfi/hot list s/hot list s .html 

�9 PhysicsEd: Physics Education Resources: From a group renowned 
for doing research on physics education. Provides links to courses 
and topics; curriculum development; resources for demonstrations; 
software; research and projects in physics education; textbooks; 
journals and newsletters; email discussion groups; reference 
resources; organizations and companies; FAQ's; and links to much 
more: 

http://www-hpcc, astro, washington, edu/s cied/physics .html 
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8 .3 .  Part ic le  Ph ys i c s  Educat ion:  
A s k - a - S c i e n t i s t  Si tes:  

�9 Ask A Scientist: Questions are answered by volunteer scientists 
throughout  the world. Service provided by the Newton BBS 
through Argonne National Lab. Submission form permits very 
specific age information to be included with the question so that  
the answer can be targeted to the questioner 's level of knowledge: 

http ://newton. dep. anl. gov/aasquest, htm 

�9 How Things Work: The author  of the popular How Things Work: 
the Physics of Everyday Life has created a site that  functions 
as a virtual 'radio call-in program'.  Submit questions about how 
something works or consult the 60 pages of most  recent questions 
which are searchable by date, topic, or keyword: 

http : //howthingswork. virginia, edu 

�9 Mad Scientist's Network: Ask A Question: Responds to hundreds 
of questions a week. Be sure to check out their extensive archive 
of answered questions: 

http ://www .madsci. org/submit .html 

�9 The Science Club: An excellent compilation of places to ask 
science questions. Organized by 'general '  sites and then by sites 
that  specialize in specific subjects or professions: 

http ://www .halcyon. com/sciclub/kidquest .html 

8 .4 .  Part ic le  Phys i c s  Educat ion:  
Exper iments ,  D e m o s ,  & Fun 

�9 Albert Einstein Online: A meta-Einstein site with links to dozens 
of resources by and about  this scientist. Organized into Overviews; 
Moments  (recollections of Einstein by others); Physics; Writings; 
Quotes; Pictures; and Miscellaneous: 

http ://www. westegg, com/einstein/ 

�9 Deep Space: Remote  Access Astronomy Project: This project 
(RAAP) was developed as a supplement for high school, college or 
advanced placement physics courses to enable students to combine 
theory with observation by working with satellite imaging data  
and a Remotely Operated Telescope. The labs are available as 
PostScript and .doc files. Classes should also obtain the 180 page 
curriculum and image processing manual  available for $15.00 plus 
shipping: 

http : //www. deepspace, ucsb. edu/rot, htm 

�9 The Edible/Inedible Experiments  Archive of the Mad Scientist 
Network: Astronomy, Mathematics ,  and Physics are included 
in the scientific fields covered. Each experiment uses common 
materials and identifies whether the experiment is edible, inedible, 
or 'partially drinkable', or 'not all that  edible' (!?) categories: 

http ://www. madsci, org/experiments/ 

�9 Pages of Light: From Fermi National Accelerator Laboratory, a 
delightful collection of pages explaining light at the advanced 
placement high school level or above: 

http : //www. fnal. gov/pub/light / 

�9 The Particle Adventure: An interactive tour of particle physics 
and the inner workings of the a tom for the general public, s tudents 
and teachers. Available in five languages: 

http ://Part icleAdventur e. org/ 

�9 Physics Around the World's Educational Section: Contains several 
useful links to collections of resources particularly the sections 
covering: Hands-On Experiments;  Exercises and Problems; and 
Demonstrations.  Targeted to the university level: 

http ://phys icsweb, org/TIPTOP/paw/ 

�9 Science for the Millennium: Expo Web: Aimed at diverse 
audiences, this site focuses chiefly on astronomy, astrophysics, 
advanced computation,  and virtual environments to showcase 
recent advances in these fields. The content is deep and the site 
is well-designed, permit t ing hierarchical and serendipitous use. 
Maintained by NCSA with significant help from the Electronic 
Visualization Laboratory: 

http ://www .ncsa .uiuc. edu/Cyberia/Expo/ 

inf ormat ion-pavi I ion. html 

�9 The Virtual Laboratory: Physics Applets: Maintained by the 
University of Oregon's Physics Department. A series of experiments 
using Java applets that are targeted to non-majors physics classes 
which have no physical lab sections. The experiments provide 
conceptual interfaces to the equations of physics and represent 
interaction with data that simulates a real physics experiment. 
Includes: Astrophysics applets; Energy and Environment applets; 
Mechanics applets; Thermodynamics applets; and the beginnings 
of some general tools such as a whiteboard to create a gif image 
of a particular applet's output for submitting as a homework 
assignment: 

http://j ersey, uoregon, edu/vlab/index, html 

9.  S o f t w a r e  D i r e c t o r i e s :  

�9 CERNLIB: CERN P R O G R A M  LIBRARY: A large collection of 
general purpose libraries and modules offered in both source code 
and object code forms from the CERN central computing division. 
Provides programs applicable to a wide range of physics research 
problems such as general mathematics ,  da ta  analysis, detectors 
simulation, data-handling,  etc. Also includes links to commercial, 
free, and other software: 

http ://wwwinf o. cern. ch/asd/index, html 

�9 FREEHEP:  A collection of software and information about 
software useful in high-energy physics. Searching can be done by 
title, subject, date acquired, date updated,  or by browsing an 
alphabetical list of all packages: 

http ://www. slac. stanford, edu/f ind/f hmain .html 

�9 FERMILAB Software Tools Program: Software repository of 
Fermilab-developed software packages of value to the HEP 
community. Permits  searching for packages by title or subject,  by 
browsing FTP  site, and by recent acquisitions: 

http ://www. fnal. gov/fermitools/ 

�9 HEPIC: Software & Tools Used in HEP Research: A meta-level site 
with links to other sites of HEP-related software and computing 
tools: 

http ://www. hep. net/resources/software, html 

�9 INTERNET PILOT TO PHYSICS: COMPUTING: The section 
on computing contains links to separate Web listings of: software 
archives; hands-on experiments; graphics 8g visualization; parallel 
computing; Java applets; and computing centers: 

http ://physicsweb. org/TIPTOP/paw/ 

�9 LIFECYCLE GLOBAL HYPERTEXT: Originally developed for 
managing ALEPH's massive programming code, this is a Web- 
based template system that publishes all documents from the 
software lifecycle including diagrams and code and automatically 
cross references the information. It can be configured to present 
Web output and to integrate both internal and external links. 
Excellent system for accessing massive amounts of complex code: 

http ://light. cern. ch/ 



20 Online particle physics information 

10. S p e c i a l i z e d  S u b j e c t  P a g e s :  

10 .1 .  Subject Pages-Applied 
�9 Nanotechnology: A selective set of links providing recent news, 

introductory-level explanations, web videos, bibliographies of 
books and articles, conferences, events, and an excellent list of 
links to other sites: 

http ://www. zyvex, com/nano/ 

�9 Sean Morgan's Nanotechnology Pages: A large compilation that 
must be browsed to discover all it's gems. Includes News; 
Molecular Nanotechnology, Scanning Probe Microscopy; Molecular 
Modeling; Nanoelectronics and Micromachining; Nanotechnology 
Mailing Lists; Electronic Magazines and Journals on MNT; and 
a Nanotechnology Timeline. Each list includes articles, books, 
conferences, and more: 

http ://www. lucifer, com/~sean/Nano, html 

10.2.  Subject Pages-Concepts 8I Theories 
�9 The Official String Theory Web Site: Outstanding compilation of 

information about string theory includes: an introductory section 
on theory; cosmology; links to other sites; experiments testing 
string theory; black holes; a directory of people working on string 
theory; and a discussion forum. Many of the explanations are very 
accessible to an advanced high school level: 

http ://superstringtheory. com/ 

�9 Relativity: Bookmarks: Presents an almost overwhelming number 
of worldwide links. Topical divisions include: university sites; 
experimental gravitation projects; relativity-related journals and 
databases; historical relativity; popular relativity; visualization; 
relativistic raytracing; elementary, intermediate, and advanced 
relativity; workshops; courses and seminars; astrophysical and 
black hole relativity; computational; symbolic; quantum; applied; 
and philosophical: 

http ://physics. syr. edu/research/relat ivity/ 

RELATIVITY.html 

�9 Relativity on the World Wide Web: An excellent set of pages 
offering links and written information about relativity. Organized 
into: popular science sites; visualization sites; web tutorials; 
observational and experimental evidence and rebuttals; course 
work (divided into undergraduate and graduate levels); software; 
research frontiers; and further reading: 

http ://www. math. washington, edu/~hillman/ 

relativity, html 

10.3.  Subject Pages-Particles 
�9 Neutrino Website: John Bahcall has compiled links to: technical 

and popular articles books; Hubble Space Telescope and other 
images; models; viewgraphs; cross-section data; software; and 
more. The place to begin researching neutrinos at a graduate 
student level and beyond: 

http ://www. sns. ias. edu/~j nb/ 
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GAUGE AND HIGGS BOSONS 

= 0,1(1 - )  I(J PC) I 

M a s s m <  2 x 1 0  -16 eV 
Cha rgeq<  5 x 1 0  -30 e 

Mean life ~- = Stable 

= 0 ( I - )  I(d P) 

Mass m = 0 [al 

SU(3) color octet 

d = 1  

Charge= •  
Mass m = 80.419 4- 0.056 GeV 

m z - m w = 10.76 • 0.05 GeV 
row+ - m w_ = - 0 . 2 •  
Full width F = 2.12 4- 0.05 GeV 

<Ncharged > = 19.3 • 0.4 

W- modes are charge conju$ates of the modes below. 

P 
W + DECJ~Y MODES Fraction ( r i / r )  Confidence level (MeV/c) 

~#/:P" [b] (10.56• 0.14)% 

e+u (10.66/: 0.20) % 
p,+u (10.49/= 0.29) % 
T+,  '.' (10.4 /: 0,4 )%  
hadrons (68.5 /: 0.6 )% 

40205 
40205 
40185 

Gauge & Higgs Boson 
~+7 

cX 

c~ 

invisible [c] 
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Summary Table 

IZI 

< 7 x 10 -5 

< 13 x 10 -3 

(35 • 4 )% 
(32 +13 

-11 ) % 
(1.4 - 2.8 )% 

J = l  

Charge = 0 
Mass m = 91.1882 i 0.0022 GeV [d] 

Full width F = 2.4952 • 0.0026 GeV 
F ( f + t  - )  = 84.057 • 0.099 MeV [b] 

F(invisible) = 499.4 -t- 1.7 MeV [e] 

F(hadrons) = 1743.8 • 2.2 MeV 

r ( . + . - ) / r ( e +  e-)  = O.9999 • 0.0032 
F 0 - + T - ) / F ( e  + e - )  = 1.0012 • 0.0036 [f] 

Average charged multiplicity 

(N~b~,g~> = 21.o7 • 0.11 

Couplings to leptons 

gt V = -0.03795 • 0.00071 
g ~  = -0.50145 • 0.00030 
g'e = 0.53 • 0.09 

g% = 0.502 • 0.017 

Asymmetry parameters [g] 

A e = 0 .152•  ( S =  1.2) 
At, = 0.102 • 0.034 
A r = 0.141 • 0.006 

A c = 0.66 • 0.11 
A b = 0.91 • 0.05 

Charge asymmetry (%) at Z pole 

A(Ot) 1.82 + 0.11 
FB ---- 

A(FOB u) = 4 • 7 
AfOS) 
FB = 9 . 8 •  

A(OC) FB = 7.01 • 0.45 

A(Ob) = 10.03 • 0.22 FB 

Z DECAY MODES Fraction ( r i / r )  

95% 40205 
95% 

e + e -  
#+/~-- 

T• - 

t+ t- 
invisible 
hadrons 

(u~+c~)/2 
( d'd+ s~+ b'b)/3 
C~ 

bb 
bbbb 
gEE 

~r~ 
7/7 
w7 
n'(958)7 

77  

7 7 7  
7F + W:F 
p• W:F 

J/~[1S)X 
r  
XcI(1P)X 
Xc2(1P)X 
?'(15) X + T ( 2 5 )  X 

+ T(35) X 
T(lS)X 
T(2s)x 
T(JS)X 

(P~ /N o) x 

Scale factor/ p 
Confidence level (MeV/c) 

3.367 • ) % 

3.367 • )% 

3.371 :hO.O09 ) % 

[b] 3.3688• % 

20.02 • ) % 
69.89 +0.07 ) % 

'10.i • ) % 
16.6 • ) % 
11.68 • ) % 
15.13 • ) % 
4.2 +1.6 ) x 10 -4  

< 1.1 % 
< 5.2 x 10 -5 

< 5.1 • 10 -5  

< 6.5 x 10 - 4  

< 4~2 x 10 - 5  

< 5.2 x 10 - 5  

< i.o x lO -5  
[h] < ? x lO -5  
[hi < 8.3 x 10 -5  

( 3,51 -I-0,23 ) x 10 - 3  
--0.25 

( 1.60 • ) x 10 - 3  

( 2.9 • ) x 10 - 3  

< 3.2 • 10 - 3  

( 1.0 /:0.5 ) x 10 - 4  

< 4.4 x 10 - 5  

< 1,39 x 10 - 4  

< 9.4 x 10 - 5  

(20.7 •  ) % 

CL-95% 
CL=95% 
CL--95% 
CL=95% 
CL--95% 

CL=95% 
CL=95% 
CL=95% 
CL--95% 

S=l.l 

CL=90% 

CL:95% 
CL=95~ 
CL=95% 

45594 

45593 

45559 

45593 

45592 

45590 

45588 

45594 

45594 

10139 

10114 



22 

Gauge & Higgs Boson Summary Table 
D+X (12.2 • )% - 
D*(2010)• X {h] (11.4 • )% - 

Bs 0 X seen - 

Bc  + X searched for -- 

a n o m a l o u s  " 7 +  hadrons  [ i ]  < 3.2 x 10 - 3  CL--95% - 

e + e -  7 [/] < 5.2 x 10 - 4  CL=95% 45594 

/~+/~-- ' ) '  [ i] < 5.6 x 10 - 4  CL-95% 45593 

r + i"-- 7 [ i ]  < 7.3 x 10 - 4  CL-95% 45559 

~ + ~ - ' ~ 7  [ j ]  < 6.8 x 10 - 6  CL=95% 

qq77 ~] < 5.5 x 10 -6 CL-95% 

~77 [ / ]  < 3.1 x 10 -6 CL:95% 45594 

e• ~ LF [hi < 1.7 x 10 -6 CL=95% 45593 

e'-T T LF [hi < 9.8 x 10 -6 CL-95% 45576 

11,4- T T LF [hi < 1.2 x 10 -5 CL--95% 45576 

pe L,B < 1,8 x 10 - 5  CL=95% - 

pp. L,B < 1.8 x 10 - 6  CL=95% - 

J Higss Bosons - -  H ~ and H • Searches for J 

/-~ M a s s m >  95.3GeV, C L = 9 5 %  

/~1 in Supersymmetric Models (m/~ 1 <m~) 
M a s s m >  82.6GeV, C L = 9 5 %  

Axions (A ~ and Other I 
Very Light Bosons, Searches for 

The standard Peccei-Quinn axion is ruled out. Variants with reduced 
couplings or much smaller masses are constrained by various data. The 
Particle Listings in the full Review contain a Note discussing axion 
searches. 

The best limit for the haft-life of neutrinoless double beta decay with 
Majoron emission is > 7.2 x 1024 years (CL = 90%). 

NOTES 

In this Summary Table: 

When a quantity has "(S = . . , ) "  to its right, the error on the quantity has 
been enlarged by the "scale factor" S, defined as S = ~ - 1), where N 
is the number of measurements used in calculating the quantity. We do this 
when S > i ,  which often indicates that the measurements are inconsistent. 
When S > 1.25, we also show in the Particle Listings an ideogram of the 
measurements. For more about S, see the Introduction. 

A decay momentum p is given for each decay mode. For a 2-body decay, p is 
the momentum of each decay product in the rest frame of the decaying particle. 

A ~ Pseudoscalar Higgs Boson in Supersymmetric Models [k] 
M a s s m >  84.1GeV, C L = 9 5 %  tan#>1 

H "J= Mass m >  69.0GeV, C L =  95% 

See the Particle Listings for a Note giving details of Higgs 
Bosons. 

I Heavy Bosons Other Than I 
Higgs Bosons, Searches for I 

Additional W Borons 
W R - -  right-handed W 

Mass m > 715 GeV, CL = 90% (electroweak fit) 
W t with standard couplings decaying to ev, #v  

M a s s m >  720GeV, C L = 9 5 %  

Additional Z Bosons 
i 

ZSM with standard couplings 
Mass m > 690 GeV, CL = 95% (p~ direct search) 
Mass m > 898 GeV, CL = 95% (electroweak fit) 

ZLR of SU(~)LxSU(2)RXU(1 ) 
(with EL = ER) 
Mass m > 630 GeV, CL = 95% (p# direct search) 
Mass m > 564 GeV, CL = 95% (electroweak fit) 

Z x of S0(10) -~ SU(S)xU(1)x (with gx=e/coSew) 
Mass m > 595 GeV, CL = 95% (p~ direct search) 
Mass m > 545 GeV, CL = 95% (etectroweak fit) 

Z~ of E6 -~ SO(10)xU(1)e (with ge=e/cosew) 
Mass m > 590 GeV, CL = 95% (p# direct search) 
Mass m > 294 GeV, CL = 95% (electroweak fit) 

Z~I of E 6 -~ SU(3)xSU(2)xU(1)xU(1)v (with Ev=e/cosSw) 
Mass m > 620 GeV, CL = 95% (p~ direct search) 
Mass m > 365 GeV, CL = 95% (electroweak fit) 

Scalar Leptoquarks 
Mass m > 225 GeV, CL = 95% (1st generation, pair prod.) 
Mass m > 200 GeV, CL = 95% (1st gener., single prod.) 
Mass m > 202 GeV, CL : 95% (2nd gener., pair prod.) 
Mass m > 73 GeV, CL = 95% (2nd gener., single prod.) 
Mass m > 99 GeV, CL = 95% (3rd gener., pair prod.) 

(See the Particle Listings for assumptions on leptoquark quan- 
tum numbers and branching fractions.) 

For a 3-or-more-body decay, p is the largest momentum any of the products 
can have in this frame. 

[a] Theoretical value. A mass as large as a few MeV may not be precluded. 

[hi l indicates each type of lepton (e,/~, and 1"), not sum over them. 

[c] This represents the width for the decay of the W boson into a charged 
particle with momentum below detectability, p< 200 MeV. 

[d] The Z-boson mass listed here corresponds to a Breit-Wigner resonance 
parameter. It lies approximately 34 MeV above the real part of the posi- 
tion of the pole (in the energy-squared plane) in the Z-boson propagator. 

[e] This partial width takes into account Z decays into v~ and any other 
possible undetected modes. 

I f ]  This ratio has not been corrected for the r mass. 

[g] Here A =- 2EVgA/(g2V+g2A). 
[h] The value is for the sum of the charge states or particle/antiparticle 

states indicated. 

[[J See the Z Particle Listings for the 7 energy range used in this measure- 
meat. 

[j] For m ~  = (60 _-E 5) GeV. 

[k] The limits assume no invisible decays. 
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Lepton Summary Table 
I I  Weak anomalous magnetic dipole moment 

LEPTONS Re(% w) < 4.5 x 10 -3,  CL = 90% 

Im(c~ w) < 9 . 9 x 1 0  -3 ,CL=90% 

J = �89 Decay parameters 

Mass m = 0.510998902 • 0.000000021 MeV See the r Particle Listings for a note concerning r-decay parameters. 
= (5.485799110 • 0.000000012) • 10 -4  u 

(me+ - m e _ ) / m <  8 x  10 -9  , C L = 9 0 %  

lee+ + ~ e - I / e  < 4 • 10 - 8  
Magnetic moment # = 1.001159652187 • 0.000000000004 #B 

(ge + - ge-)  / gaverage = (--0.5 • 2.1) x 10 -12 
Electric dipole moment d = (0.18 • 0.16) • 10 -26 ecru 
Mean l i f e r  > 4 . 2 x  1024yr, s  

J=�89 
Mass m = 105.658357 =1= 0.000005 MeV 

= 0.1134289168 • 0.0000000034 u 
Mean life r = (2.19703 • 0.00004) • 10 -6  s 

r # + / r # _  = 1.00002:1:0.00008 
cr = 658.654 m 

Magnetic moment # = 1.0011659160 • 0.0000000006 eE/2m# 
(g#+ - g#- )  / gaverage = ( - 2 . 6  • 1.6) x 10 -8  

Electric dipole moment d = (3.7 • 3.4) x 10 -19 ecm 

Decay parameters [b] 

p = 0.7518 • 0.0026 
~/= -0 .007  • 0.013 

= 0.749 • 0.004 
cP# = 1.003 • 0.008 [c] 

~Pp6/p > 0.99682, CL = 90% [el 

~' = 1.00 • 0 . 0 4  

{ "  = 0.7 • 0.4 
~/A = (0 • 4) x 10 -3 
(~'/A = (0 • 4) x 10 -3  

f l / A =  ( 4 •  x 1 0  -3  
f l ' IA = (2 • 6) x 10 -3 

= 0.02 • 0.08 

#+ modes are charge conjugates of the modes below. 

P 
# -  DECAY MODES Fraction ( r i / r )  Confidence level (MeV/e) 

e--~eU ~ ~ 100% 

e-~eVp7 [d] (1.4• % 
e-~eU#e+e - [el (3.4• x 10 -5 

Lepton Family number (LF) violating modes 
e-Ve~ p LF [f] < 1.2 % 
e- 7 LF < 1.2 x 10 -11 
e -e+  e - LF < 1.0 x 10 -12 
e - 2 7  LF < 7.2 x 10 -11 

53 

53 
53 

90% 53 

90% 53 
90% 53 
90% 53 

El J=�89 

Mass m = 1777.03+g:~ 0 MeV 

Mean life r = (290.6 • 1.1) x 10 -15 s 

Cr = 87 .1 1  #m 
Magnetic moment anomaly > -0 .052  and < 0.058, EL = 95% 
Electric dipole moment d >  -3 .1  and < 3.1 • 10 -16 ecm, EL = 

95% 

Weak dipole moment 
Re(d w) < 0 .56 •  -17 ecm, C L = 9 5 %  
Im(d w) < 1.5x 10 -17 ecru, E L =  95% 

pr(e or/~) = 0.747 • 0.009 
pr(e)  = 0.749 • 0 . 0 1 1  

pr(/~) = 0.752 • 0.021 

~r(e or #) = 0.997 • 0.032 
~T(e) = 0.996 • 0.044 
C0,) = 1.o46 • 0.065 
~ r ( e  or p) = 0 . 0 1 1  • 0.031 

7/r(/~) = -0 .013 • 0.097 
(~f,)r(e or ,u,) = 0.746 • 0.023 

( 6 ( ) r ( e )  = 0.735 • 0.030 
( 6 { ) r ( # )  = 0.774 • 0.043 
~r(Tr) = 0.992 • 0.046 
( r ( p )  = 0.998 • 0.010 
( r ( a l )  = 0.998 • 0.077 
( r (a l l  hadronic modes) = 1.000 • 0.008 

r + modes are charge conjugates of the modes below. "h •  stands for 
�9 • or K • "t" stands for e or #. "Neutral" means neutral hadron whose 
decay products include 3"s and/or ~0's. 

Scale factor/ p 
r--  DECAY MODES Fraction ( i- i /r) Confidence level (MeV/c) 

Modes with one charged particle 
particle- _> 0 neutrals >_ OKOLVr 

( " l -prong")  
particle- _> 0 neutrals > 0 K ~  

/~ /-I# Vr 

e Pe YT 
e-Dedr7 

h- > 0 neutrals _>OKI 0 p r 

h-  >_ OK 0 v r 

h- v r 

~r- v r [gl 

K -  vT [gl 
h -  > 1 neutralsv r 

h -  ~TO vr 
~r- 7r ~ v r [gl 
x -  ~0 non-p(770)v r 
K -  7r ~ v r [g] 

h -  >_ 2~r 0 v r 

h -  2~r ~ v r 

h -  2~r 0 v r (ex.K O) 
~ -  27rOvr (ex.K~ [gl 
7r- 2aO vr (ex.K~ 

scalar 
~r- 2~ 0 Vr (ex.K~ 

.4e 10'r(ex K0)[,] 
h -  _> 37r ~ vr 

h -  37r0 W 
7r- 37r~ (ex.K 0) [g] 

K-31rOur(ex.K O, [g] 
~) 

h -  47r0 vr (ex.K 0) 

h -  4x~176 [g] 

K -  >_ O~r 0 > _ O K  0 V r  

K -  >_I(~T 0 or K o) v r 

(84.71• % 

(85.32:[:0.t3) % 
[g] (17.37• 0.07) % 
[el ( 3.6 • ) •  - 3  

[g] (17.83,0.06) % 
[e] (1.75• % 

(49.51• 0.15) % 
(12.35• % 
(11.79• % 
(11.09 • % 
(6.99• x 10 -3  
(36.88 • 0.17) % 
(25.86• % 
(25.40• % 
( 3.0 • ) x  10 - 3  

( 4 . 5 4 •  x 10 - 3  

(10.73• % 
(9.36+0.14) % 
(9.19• % 
(9.13• % 

< 9 x 10 -3  

< 7 x 10 -3  

6.0 • ) x 10 -4 
1.37• 0.11) % 
1.21 • % 
1.08 • 0.i0) % 

3.9 _+22:13 )• lo- '  

1.6 • ) x 10 -3  

lo 1o~ )• 10-3 

1.58• % 
8,8 • ) x 10 -3 

S=1.2 

S=1.2 

S=1.2 
S=1.4 
S-1.4 
S=1.4 

S=1.2 
S=1.1 
S=1.1 

S=1.2 
S--1.2 
S=1.2 
S=1.2 

CL=95% 

CL--95% 

S=1.1 
S=I.I 
S=1.I 

885 

889 

B83 

820 

878 

878 

814 

852 

796 

836 

765 
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Lepton Summary Table 
Modes with K~ 

K 0 (particles)- v r 
h - K  0 >_0 neutrals >oKOvr  

h--KO v, 
3T-- KO UT 
~r-~O 

(non- K* (892 ) -  ) v r 

K -  K~ vr 
K- ~ 0 > O~rO v~ 
h- K~ ~rO vr 

/F- K0 ~T0 pr 

K ~  p -  v r 
K -  KO ~O vT 

~r-K 0 >_ ].~rOur 

~r- KO ~r0 ~r0//r 
K -  K ~ ~r 0 ~r 0 v r 

~r- KO'KO v r  

; r -  KO~ KO~ VT 
l r -  KUs KUt vT 

~r- K ~  ;r0 v r  
o 0 o ~ - K # K s ~  Vr 

K u KO~rOv ~ -  S L r 
K ~ h + h -  h -  > 0 neutrals v~ 

KO h+ h-  h - u r  

(1.714-0,06) % S-1.1 
(1.674-0,06) % 5_1.I  

(1,064-0.05) % 5 : i , 2  
[gl ( 9.0 • ) x 10 -3 S=1.1 

< 1,7 x 10 -3  CL=95% 

[E] 1.55• x 10 - 3  
3,12• x 10 - 3  

5,3 /=0.4 ) x 10 -3 
[g] 3,0 4-0.4 ) x 10 -3  

2,2 • ) x 10 - 3  

[g] 1.57• x lO -3 
3,2 • ) x 10 -3  
2.6 4-2,4 ) • 10 - 4  
1,6 x 10 - 4  

[g] 1194-0.20) x 10 - 3  
3.0 4-0.5 ) x 10 - 4  

6.0 4-L0 ) • 10 -4  

3.1 4-2.3 ) x 10 -4  
< 2.0 x 10 -4  

( 3] 4-1.2 ) x 10 -4 

< 1.7 x 10 _3 

( 2.3 • )x 10 -4 

CL-95% 
5=1.2 
5=1.2 

5=1.2 

CL=95% 

C L = 9 5 %  

812 

812 

737 

794 

685 

682 

Modes with three charged particles 
h - h - h  + >_ 0neut. vT("3-prong") (15,18• s=1.2 

h-  h -  h + > 0 neutrals v r (1458• % 5:1,2 
(ex.K O ~ 7r+~ - )  

~r- ~r+~r - > O neutrals v r (14.494-0.14} % 
h -  h -  h + v r  (9374-0.10) % 5=I . I  

h -  h -  h + v~ (ex, K ~  (9,o14-O.lO) % 5=1.1 
h-  h-  h + v~ (ex .K~  (9.564-0.10) % 5=1.1 
~T-- 7f • 11"--/Jr ( 9.494- 0,11) % S : I . I  

; r -  ~r + ~r- v r (ex.K ~ (9.184.0.11) % 5=1.1 
~r- ~+ ~r- v. (ex.K~ < 2.4 % CL=95% 

nomaxial vector 
~r-~r+~r-Vr(ex.K~ [g] 9,134-0.11)% 5=1.1 
h -  h -  h + _> 1 neutrals v~ 5,174-0.11) % 5=1.2 
h-  h -  h + > 1 neutrals ~r (ex. 4.97• % 5=1,2 

K o ~ ~r+~r-) 

h-  h-  h + ~o Vr 4.49 4- 0.08) % 
h-  h-- h + r ~  (ex.K 0) 4.30• % 
h-  h -  h4-~rOvT (ex. K 0, w) 2.584-0.08) % 
7[-  "if• 71"-- ~r 0/Jr 4.32 + 0.08) % 

~r- ~r § ~r- ;,r ~ vr (ex.K ~ 4,20&0,08) % 
~r- ~r+ ~-- ~r0 Vr (ex.K0,w)  [g] 2.47 • % 
h-h-h+2;TOUT 5.4 4-0.4 ) x 10 - 3  

h - h - h + 2 ~ ~  O) 5.3 4-0.4 ) x 10 - 3  
h - h - h + 2 ~ r O v ~ ( e x . K ~  [g] 1.1 4-0.4 ) •  -3  

h - h - h  + > 3;r~ [g] 1.3 +0.8 - -  - 0 . 7  ) x 10 - 3  5=13 

h -  h -  h + 3~ 0 ur 2.9 4-0,8 ) x 10 - 4  

K -  h + h -  > 0 neutrals v r 0.5 i0,5 ) x 10 -3 5=1.4 
K-h+~r -v r (ex .K  0) 4.3 • ) x 1 0  - 3  S=1.5 
K -  h + r -  ~0 Vr (ex.K 0) 1.074-0.22) x 10 -3 
K-~T+~F - >_ 0 neutrals v r 4.4 4-0.5 ) x  10 - 3  5=1,4 
K - , a -+ / r  - > 3.4 4-0.5 ) x l 0  -3  5=1.4 

O~r 0 v r (ex.K 0) 
K - ~ + ~ r - v r  ( 3.2 4-0.5 ) x l 0  -3  5=1.5 

K - ~ + ~ - V r ( e x . K  O) [g] ( 2.7 4-0.5 ) x l 0  - 3  5--1.5 
K - ~ r + ~ r - ~ r ~  (1.204-0.25) x 10 - 3  
K - ~ r +  ~r-~rev~ (ex .K 0) ( 6.7 4,2.4 ) x 10 -4  

K- r+~ -~~176  [g] ( 5.0 4-2,4 ) x l 0  -4  

K-~r+K - _>0neut, Vr < 9 x l 0  - 4  CL=95% - 

K -  K+:r - >_ 0 neut. Vr (2,01+0.23) • 10 - 3  

K -  K+lr--Ur [El (1.614-0.18) x 10 -3 685 
K-K+~r-~r~ r [g] ( 4.0 • ) x l 0  - 4  -- 

K- K + K- >_ 0 neut. v r < 2.1 x 10 -3 CL=95% -- 

K -  K + K -  ~JT <'. 1.9 • 10 - 4  CL=90% -- 

~ -  K+~r - > 0 neut, v r < 2.5 x 10 - 3  CL=95% -- 
e- e-  e + Pe vr ( 2.8 • 1.5 ) • tO - 5  889 

~-- e- e +'~# U r < 3.6 x 10 -5 CL=90% 885 

Modes with five charged particles 
3h-  2h + > 0 neutrals vr ( 9,9 4-0.7 ) x 10 - 4  

<ex. ~ - *  ,~-~+) 
("5-prong") 

3h-2h+vr (ex .K  ~ [g] ( 7.0 • ) x l 0  -4 
3h-2h+~r~ O) [g] ( 2.2 • ) x 10 -4 

3h-2h+2~rOvr < 1.1 x l o  -4  

Miscellaneous other allowed modes 
( 5 ~ ) - v ,  
4h-3h + _> 0 neutrals vr 

("7-prong") 
X -  ( S = -  l ) v  r 
K*(892)- > 0(h 0 # KOs)Uz 
K*(892)- _> 0 neutrals u T 

K*(892)- u r 
K*(892) ~ K-  > 0 neutrals Pr 

K* (892) 0 K -  u~ 
K*(892)~ - _> 0 neutrals v r 

K*(892) 0 ~r- u~ 
(R*(892) ~r)- u~ --, 

7r- ~%r~  v~_ 
Kt (1270)-  v~ 
El(t400)- v, 

K*(1410) -u  r 

K~(1430)- v r 
K~(1430)- u r 

7/~-  It0 v r  
r/Tr- 7r0 ~T0 U~ 

rl K -  v r 

~7 K *  ( 8 9 2 ) -  u,  
rl K -  TrO v r  

~1 ~ 0  7r-  v r 

r/~r~-Tr-Tr - > 0 neutrals v r 

l lzr- lr+ Tr- u r 
r l a l ( 1 2 6 0 ) - v  r --~ t i l t - p O u r  

rlrlTr- vT 

~ ~t Tr - ~r 0 u T 
n'(958) ~ -  v ,  
n'(958) ~ -  ~o v~ 

eK-v~ 
fl (1285);r- u r 

fl (1285) l r -  v~- ---* 
wr- z-+ ~- Vr 

~(13oo)- , . - *  (p,)- , . -~ 
(3~r)- v. r 

7r(1300)- v r 

((~)s-~ve ~)- v, - ~  

(3.)- .~ 
h - w  >_ 0 neutrals v r  

h - w ~  
h-w~rOv.r 
h -  w 27r 0 Vr 

( 7.9 4-0.7 ) x  10 - 3  
< 2,4 x 10 -6 

2.89• % 
1.94• % 
1.334-0,13) % 
1.29 +o.o5} % 
3.2 4,1.4 ) x 10 -3 

2.1 • ) x 10 - 3  
3.8 :h1.7 ) x 10 -3  

2.2 4-0.5 ) x 10 - 3  

1.0 4-0,4 ) x 10 - 3  

4.7 • ) x 10 - 3  

1.7 4,2.6 ) • 10 _3 

15 _+I:o 4 ) • ~o-3 
5 x 10 - 4  

3 X I0 - 3  

1.4 X 10 - 4  

[g] 1.7`4• x 10 - 3  
1.4 • ) x 10 - 4  

[El 2.7 4-0,6 ) x 10 - 4  

2.9 • ) x 10 - 4  
1.0 • ) x 10 - 4  

2,2 4-0.7 ) x 10 - 4  
< 3 x 10 - 3  

( 3.4 • ) x  10 - 4  

< 33 X 10 - 4  

< l . l  • 10 - 4  

< 2.0 x 10 -4 

< 7.4 x 10 -5 

< 8,0 x 10 -5 

< 2.0 x 10 -4 
< 6.7' x 10 - 5  

( 5.8 • )x 10 -4 

( 1,9 • ) x 1o -4 

< 1,0 x 10 -4 

< 1.9 • 10 -4 

(2.36• % 
[El (1.93• % 
[g] ( 4.3 • ) x 10 - 3  

( 1.9 4-0.8 ) x 10 - 4  

CL:90% 

CL=90% 

S=1.1 

S=1.7 

CL=95% 

CL=95% 

CL=95% 

CL=90% 

CL=90% 
CL:95% 
CL=95% 
CL:90% 
CL=90% 
CL=90% 
CL:90% 

CL=90% 

CL--90% 

Lepton Family number (LF), Lepton number (L), 
or Baryon number (B) violating modes 

(In the modes below, t means a sum over e and # modes) 
L means lepton number violation (e.g. r -  ~ e + r - r - ) ,  Following 
common usage, LF means lepton family violation and not lepton number 
violation (e.g. r -  ~ e -  ~+ ~ - ) .  B means baryon number violation. 

e - 3 '  

e--~T 0 
p-- ~0 

e -  K ~ 
# -  K o 

e - / /  
~ . - r /  

e -  ,o 0 
/~- po 

e -  K * ( 8 9 2 )  ~ 
/~- K* (892)  0 

e - ~ * ( 8 9 2 )  ~ 
# - K * ( 8 9 2 )  0 

e - r  

7 r - q  

665 

539 

653 

433 
335 

317 

7`98 
778 
746 
720 

637 
559 

585 

LF < 2.7 x 10 - 6  CL=90% 888 

LF < 1.1 x 10 - 5  CL=90% 885 
LF < 3.7 x 10 - 6  CL=90% 883 

LF < 4.0 x 10 - 6  CL=90% 880 
LF < 1.3 • 10 - 3  CL=90% 819 
LF < 1.0 x 10 - 3  CL=90% 815 
LF < 8.2 • 10 -6  CL=90% 804 
LF < 9.6 x i0 -'6 CL=90% 800 

LF < 2,0 x 10 - 6  CL=90% 722 
iF < 63 x 10 - 6  EL=90% 718 
iF < 5.1 • 10 -5 CL~90% 663 

iF < 7,5 • 10 - 6  CL=90% 657' 
LF < 7.4 x 10 - 6  CL=90% 663 

LF < 7`.5 x 10 - 6  CL=90% 657 
LF < 6.9 x 10 - 6  CL=90% 596 

LF < 7.0 x 10 - 6  CL=90% 590 
L < 2.8 x 10 - 4  CL=90% 883 



R- 7r 0 L 
e-e+e - LF 
e - u +  p. - LF 
e+ l~ ~ LF 
# - e r e  - LF 

# +  e -  e -  LF 

#-#+#- LF 
e-  7r+ w - LF 
e + ~r ~T L 
IJ,- l'r + lr - L F 
# + ~ - ~ T -  L 

e -  ~T + K -  LF 
e -  ~r- K + LF 
e+Tr - K -  L 
e -  K + K -  LF 
e + K - K  - L 

# -  ~+ K- LF 

t~ ~r K + L F 
# + ~ r -  K -  L 

# -  K + K -  LF 
# + K - K -  L 
e- 7r 0 7r 0 L F 
# -  7r 0 lr 0 L F 

e -  Til 1 LF 

e -  TrO ~ L F 

l~- ~rO ~l LF 

p3` L,B 
p l r  0 L,B 
p2~T 0 L,B 

p~  L,B 
p~rO~l L,B 

e-  light boson LF 
# -  light boson LF 

< 3.7 x 10 -4 CL=90% 878 
< 2.9 x 10 -6  CL-90% 888 
< 1.8 x 10 -6 CL-90% 882 
< 1.5 x 10 -6 CL=90% 882 
< 1.7 x 10 -6 CL-90% 885 

< 1.5 x 10 -6 CL=90% 885 

< 1,9 X 10 -6 CL=90% 873 
< 2.2 x 10 -6 CL--90% 877 
< 1.9 x 10 -6 CL--90% 877 
< 8.2 x 10 -6 CL=90% 866 
< 3.4 x 10 -6 Ct-90% 866 
< 6.4 • 10 -6 CL-90% 814 
< 3.8 • 10 -6 CL-90% 814 
< 2.1 x 10 -6 CL=90% 814 
< 6.0 x 10 -6 CL=90% 739 
< 3.8 • 10 -6 CL=90% 739 
< 7.5 x 10 -6 CL_90% 800 
< 7.4 x 10 -6 CL-90% 800 
< 73 x 10 -6 CL-90% 800 
< 1.5 x 10 -5 CL=90% 699 
< 6.0 x 10 -6 CL=90% 699 
< 6.5 x 10 -6 CL=90% 878 
< 1.4 x 10 -5 CL=90% 867 
< 3.5 x 10 -5 CL=90% 700 
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< 6.0 x 10 -5 CL--90% 654 
< 2.4 x 10 -5 CL=90% 798 
< 2.2 • 10 -5 CL=90% 784 
< 3.5 • 10 -6 CL=90% 641 
< 1.5 x 10 -5 CL=90% 632 
< 3.3 • 10 -5 CL-90% - 
< 8.9 x 10 -6 CL=90% 476 
< 2.7 x 10 -5 CL=90% - 
< 2.7 x 10 -3 CL-95% - 
< 5 x 10 -3 CL=95% - 

I Massive Neutrinos and I 
Lepton Mixing, Searches for 

For excited leptons, see Compositeness Limits below. 

See the Particle Listings for a Note "Neutrino Mass" giving details of 
neutrinos, masses, mixing, and the status of experimental searches. 

There is now rather convincing evidence that neutrinos have nonzero 
mass from the apparent observation of neutrino oscillations, where the 
neutrinos come from ~ (or K)  -~ # -~ e decays in the atmosphere; the 
mesons are produced in cosmic-ray cascades. 

Stable Neutral Heavy Lepton Mass Limits 
Mass m > 45.0 GeV, CL -- 95% (Dirac) 

I Heavy Charged Lepton Searches I 

Mass m > 39.5 GeV, CL = 95% (Majorana) 

Neutral Heavy Lepton Mass Umits 

M a s s m >  83.3GeV, C L = 9 5 %  
(Dirac v L coupling to e, /~, ~-; conservative case(r)) 

M a s s m >  73.5GeV, C L = 9 5 %  
(Majorana e L coupling to e, /4 *; conservative case(r)) 

Solar Neutrinos 

Detectors using gallium (E v ~ 0.2 MeV), chlorine (E v ~ 0.8 MeV), 

L • - charged lepton 

M a s s m >  92.4GeV, C L = 9 5 % [ h ]  my ~ 0 

and (Zerenkov effect in water (E v ~ 7 MeV) measure significantly 
lower neutrino rates than are predicted from solar models. The deficit 
in the solar neutrino flux compared with solar model calculations 
could be explained by oscillations with Am 2 <_ 10 - s  eV 2 causing 
the disappearance of v e. 

Atmospheric Neutrinos 

Underground detectors observing neutrinos produced by cosmic rays 
in the atmosphere have measured a ~,#/v e ratio much less than ex- 
pected and also a deficiency of upward going z,# compared to down- 
ward. This could be explained by oscillations leading to the disap- 
pearance of ~# with Am 2 ~ 10 -3 to 0.1 eV 2. This is presently the 
best evidence for neutrino mass. 

u oscillation: ]~e ~ ~Te (0 = mixing angle) 
Am 2 < 7 • 10 -4 eV 2, CL = 90% (if sin22e = 1) 

L • - stable charged heavy lepton 

M a s s m >  93.5GeV, C L = 9 5 %  

I Neutrin~ I 
See the Particle Listings for a Note "Neutrino Mass" giving details of 
neutrinos, masses, mixing, and the status of experimental searches. 

Mass m < 3 eV Interpretation of tritium beta decay experi- 
ments is complicated by anomalies near the endpoint, and the 
limits are not without ambiguity. 

Mean life/mass, ~-/m~, e > 7 x 109 s/eV (solar) 

Mean life/mass, Time, e > 300 s/eV, CL = 90% (reactor) 
Magnetic moment p < 1.5 x 10 -1~ #B,  CL = 90% 

Mass m <  0.19 MeV, C L =  90%[i1 
Mean life/mass, T/my# > 15.4 s/eV, CL = 90% 

Magnetic moment # < 7.4 • 10 - l ~  #B, CL = 90% 

Mass m <  18.2 MeV, C L = 9 5 % U ]  
Magnetic moment/~ < 5.4 • 10 -7 #B, CL = 90% 
Electric dipole moment d < 5.2 x 10 -17 ecm, CL = 95% 

I Number of Light Neutrino Types I 

(including v e, ~#, and ~) 

Number N = 2.994 • 0.012 (Standard Model fits to LEP data) 
Number N = 3.00 • 0.06 (Direct measurement of invisible Z 

width) 

sin22e < 0.02, CL = 90% (if A(m 2) is large) 

u oscillation: % (ZT~) --, ue (we) (any combination) 
Am 2 < 0.075eV 2, C L = 9 0 %  (if sin228 = 1) 
sin22# < 1.8 x 10 -3, CL = 90% (if A(m 2) is large) 

NOTES 

In this Summary Table: 

When a quantity has "(S = . . . ) "  to its right, the error on the quantity has 
been enlarged by the "scale factor" S, defined as S = ~ - 1), where N 
is the number of measurements used in calculating the quantity. We do this 
when S > 1, which often indicates that the measurements are inconsistent. 
When S > 1.25, we also show in the Particle Listings an ideogram of the 
measurements. For more about S, see the Introduction. 

A decay momentum p is given for each decay mode. For a 2-body decay, p is 
the momentum of each decay product in the rest frame of the decaying particle. 
For a 3-or-more-body decay, p is the largest momentum any of the products 
can have in this frame. 

[a] This is the best "electron disappearance" limit. The best limit for the 
mode e-  -~ ~'3' is > 2.35 • 1025 yr (CL=68%). 

[b] See the "Note on Muon Decay Parameters" in the p Particle Listings for 
definitions and details. 

[c] P# is the longitudinal polarization of the muon from pion decay. In 
standard V - A  theory, P~ = 1 and p = 6 = 3/4. 

[d] This only includes events with the 3' energy > 10 MeV. Since the e-  ~e v~ 

and e-~eV#3 , modes cannot be clearly separated, we regard the latter 
mode as a subset of the former. 

[e] See the relevant Particle Listings for the energy limits used in this mea- 
surement. 

i f ]  A test of additive vs. multiplicative lepton family number conservation. 

[E] Basis mode for the T. 

[hi L ~ mass limit depends on decay assumptions; see the Full Listings. 

[i] Assumes z, 2 is the dominant mass eigenstate. 

[]] Assumes v 3 is the dominant mass eigenstate. 
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QUARKS 
The u-, d-, and s-quark masses are estimates of so-called "current- 
quark masses," in a mass-independent subtraction scheme such as 
MS at a scale # ..~ 2 GeV. The c- and b-quark masses are estimated 
from charmonium, bottomonium, D, and B masses. They are the 
"running" masses in the MS scheme. These can be different from 
the heavy quark masses obtained in potential models. 

E] I( jP) = zrz+~ 

M a s s m =  l t o 5 M e V [ a ]  Charge= ~ e I z=+ �89  
mu/m d = 0.2 to 0.8 

l ~ 1  I(jP) = l f14-~ 2~2 ) 

Mass m = 3 t o 9  M e V [  a] Charge = - ~  e I z = -  �89 
ms/m d = 17 tO 25 

-~ = (mu+md)/2 = 2.5 to 6 MeV 

El i(:P): o(�89 
Mass m = 75 to 170 MeV [a] Charge = - � 89  e Strangeness = - 1  

(ms - (mu + md)/2)/(md - mu) = 34 to 51 

B 

t DECAY MODES 

I(J P) = 0(�89 + )  

Charge = ~ e Top = +1 

Mass m = 174.3 4- 5.1 GeV (direct observation of top events) 
Mass m = = 168.2+~146 GeV (Standard Model electroweak fit) 

p 
Fraction (l'i/F) Confidence level (MeV/c) 

Wb 
s [b,c] ( 9.4• % 
TvTb 

7q(q=u,c) [d] < 3.2 % 

A T =  1 weak neutral current (TI) modes 

95% 

F I  I(JP) = 0(�89 + )  

Mass m = 1.15 to 1.35 GeV Charge = ~ e Charm = +1 

Zq(q=u,c) 7-1 [e] < 33 % 95% - 

I bt (4 u~ Generation) Quark, Searches for I 
Mass m > 199 GeV, CL = 95% (p~, neutral-current decays) 
Mass m > 128 GeV, CL = 95% (p~, charged-current decays) 
Mass m > 46.0 GeV, CL = 95% (e + e - ,  all decays) 

F ~  = 0(�89 +) I(J P) 

Mass m = 4.0 to 4.4 GeV C h a r g e = - � 8 9  e Bo t t om- - - -1  

I Free Quark Searches I 
All searches since 1977 have had negative results. 

NOTES 

[a] The ratios mu/m d and ms/m d are extracted from pion and kaon masses 
using chiral symmetry. The estimates of u and d masses are not without 
controversy and remain under active investigation. Within the literature 
there are even suggestions that the u quark could be essentially massless. 
The s-quark mass is estimated from SU(3) splittings in hadron masses. 

[b] l means e or # decay mode, not the sum over them. 

[c] Assumes lepton universality and W-decay acceptance. 

[d]This limit is for r ( t  -~ 7q)/r(t -~ Wb). 
[e] This limit is for r ( t  ~ Zq)/r(t  --~ Wb). 
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LIGHT UNFLAVORED MESONS 
(S=C=B--O) 

For / = 1 (~r, b, p, a): ud, (u-~-dd) / . /2 ,  d-d; 
f o r l  = 0  (rl, rl', h, h ' ,w, 4, f, f ' ) :  Cl(UU + dd) 4- c2($~ ) 

IG ( j  P) = 1 - ( 0 - )  

Mass m = 139.57018 • 0.00035 MeV (S = 1,2) 

Mean life T = (2.6033 :~ 0.0005) x t0  -8  s iS = 1.2) 

c r  = 7.8045 m 

x :1: ~ t'J=v3f form factors [a] 

F V = 0.017 �9 0.008 

FA = 0.0116 • 0.0016 (S = 1.3) 
R -  0 nKQ+0.009 

. . . . .  -0.008 

~r- modes are charge conjugates of the modes below. 

II 

P 
Ir + DECAY MODES Fraction ( r i / r )  Confidence level (MeV/c) 
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30 

30 

70 
70 
4 

70 
70 

30 
30 
30 

p,+/,'/j [b] D9.98770 4- 0.00004) % 

/4+ 1,'/~7 [c] 2.00 :::0.25 ) x 10 - 4  

e+Ue [b] 1.230 ::s ) x 10 - 4  
e+Ue3" [c] 1.61 ::=0.23 ) x 10 -7  

e+l/e~r 0 1.025 • ) x 10 - 8  
e + v e e + e  - 3.2 /:0.5 ) x 10 - 9  
e+Z,'eU~ < 5 x 10 - 6  90% 

Lepton Family number (LF) or Lepton number (L) violating modes 
P'+Pe L [d] < 1.5 x 10 - 3  90% 
p,+v e LF [d} < 8.0 x 10 - 3  90% 
#-e+e+u LF < 1.6 x 10 - 6  90% 

FI IG(J PC) = 0 + ( 0 -  +) 

Mass m = 547.30 • 0.12 MeV 

Full width r =  1 , 1 8 •  0 . 1 1 k e V [ f ]  ( S =  1.8) 

C-nonconserving decay parameters 

7r+Tr-~r 0 Left-right asymmetry = (0.09 • 0.17) x 10 - 2  

7r+Tr-~r 0 Sextant asymmetry = (0.18 • 0.16) x 10 - 2  

7r+Tr-Tr 0 Quadrant asymmetry = ( - 0 . 1 7  • 0.17) • 10 - 2  

~+7r-3`  Left-r ight asymmetry = (0.9 • 0.4) • 10 - 2  

~ r + ~ - 7  f l  (D-wave) = 0.05 • 0.06 (S = 1.5) 

Dalitz plot parameter 
~~176176 c~ = - 0 .039  • 0.015 

Scale factor/ p 
DECAY MODES Fraction ( r i / r )  Confidence level (MeV/c) 

Neutral modes 
neutral modes (71.6 • ) % s=1.2 - 

23' If] (39.33• % S=l.1 274 
370 (32.24:50.29) % S-1.2 178 
~r023' ( 7.1 +1.4 ) x I0 -4 257 

other neutral modes < 2.8 % CL=90% - 

C h a r l ~  modes 
charged modes (28.3 4-0.4 )% 5=1.2 - 

/r + ~r- ~r 0 (23.0 4-0.4 ) % S=1.2 173 
7r+ ~r-- 3` ( 4,754-0.11)% S--1.1 235 
e + e - 3 '  ( 4.9 4-1.1 ) • 10 - 3  274 
/~+/~-3'  ( 3.1 4-0.4 ) x 10 - 4  252 
e + e -  < 7.7 x 10 - 5  CL=90% 274 
#+#- ( 5.8 4-0.8 )xlO -6 252 

~+~r-e+e - ( 1.3 4-1,2 ) x 10 -3 235 
--0.8 

Ir + 7- 23' < 2.1 • 10 -3 235 

~+7r-/[03' < 6 • 10 -4 CL--90% 173 

~[0/~+/~- 7 < 3 x 10 -6 CL-gO% 210 

r• iG( jPC)  - 4-) 1 - ( 0  

Mass m = 134.9766 • 0.0006 MeV (S = 1.1) 
m~r• - m~o = 4.5936 ~: 0.0005 MeV 
Mean l i f e r  = ( 8 . 4 •  0.6) x 10 -17 s (S = 3.0) 

c~- = 25.1 nm 
Scale factor/ 

:r 0 DECAY MODES 
P 

Fraction ( r i / r )  Confidence level (MeV/c) 

27 (98.798 • % 5=1.1 67 
e + e - 3 '  (1.198• % S=1.1 67 

3'positronium ( 1.82 • ) x 10 - 9  67 
e + e + e - e  - ( 3.14 • ) x 10 - 5  67 
e+e  - ( 6.2 • ) x l O  - 8  67 

Cha~e conjugation (C),  Parity (P) ,  
CharKe conjugaUon x Parity (CP), or 

Lepton Family number (LF) violating modes 
lr +' I f-  P, CP < 3.3 x 10 - 4  CL=90% 235 
Ir 0 Ir 0 P, CP < 4.3 x 10 -4 CL=90% - 

33' C < 5 x 10 - 4  CL=95% 274 
7rOe+e - C [g} < 4 x 10 -5 CL=90% 257 

7rO/~+/~ - C [g] < 5 x 10 -6 CL=90% 210 

I ~+ e- + t~- e + LF < 6 x 10 - 6  CL=90% 263 

l 
43' < 2 x 10 - 8  CL=90% 67 
u~  [e] < 8,3 x 10 - 7  CL=90% 67 

Ue~ e < 1.7 x 10 - 6  CL--90% 67 
zJ#~# < 3.1 x 10 -6  CL=90% 67 

UT~ r < 2.1 x 10 -6  CL=90% 67 

Charge conjugation (C)  or Lepton Family number (LF)  violating modes 
33' C < 3.1 x 10 - 8  CL=90% 67 
#+e- 4- e-# + LF < 1.72 • -8 CL=90% 26 

Mass m =  (400-1200) MeV 
Full width r = (600-1000) MeV 

ro(4OO--120o ) DECAY MODES Fraction ( r i / r )  p (MeV/c) 

/r 7r dominant 

7 7  seen 
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I p ( 7 7 0 )  [/] I IG( jPC) = 1+ (1  - - )  

M a s s m =  769.3 4- 0.8 MeV ( 5 = 2 . 1 )  
Full width r = 150.2 4- 0.8 MeV 
Fee = 6.77 4- 0.32 keV 

Scale factor/ p 
/1(770) DECAY MODES Fraction ( r i / r )  Confidence level (MeV/c) 

7/7/ ~ 100 % 358 

p(no) �9 decays 
7/1"4. 7 ( 4.5 4.0.5 ) x 10 - 4  S=2.2 372 
7/4. ~/ < 6 x 10 -3 CL=84% 146 
7/4. 7/4. ~T-- 7/0 < 2.0 X 10 -3 CL=84% 249 

p('no) o decays 
7/+7/-7 ( 9,9 4.1.6 ) x l 0  - 3  358 
7/07 ( 6.8 4.1.7 ) x 10 -4 372 

f/7 ( 2.4 +0.8 ) x 10 - 4  S=1.6 189 --0.9 
/~+#-- [j] (4.604.0.28) x 10 -5 369 

e + e -  [j'] (4.494.0.22) x 10 - 5  384 
7/+ 7/- 7/0 < 1.2 x 10 -4 Ci=90% 319 

7/+~r ( 1.8 4.0.9 )xlO -5 246 
7/+/r-- ~..0 7/0 < 4 x 10 - 5  CL=90% 252 

IG(j PC) = 0-(1 - - )  

Mass m = 782.57 -I- 0.12 MeV (S = 1,8) 
Full width F = 8.44 4- 0.09 MeV 

Fee = 0.60 4- 0.02 keV 

Scale factor/ p 
~(782) DECAY MODES Fraction ( r i / r )  Confidence level (MeV/c) 

7/+7/--7/0 (88.8 4.0.7 ) % 327 
7/03' 8.5 4.0.5 )% 379 
7/+ 7/-- 2.21 + 0.30) % 365 

neutrals (exc lud ing7/~ 5.3 +8.7 -3 .5  ) x 10 - 3  

7/7 6.5 4-1.0 ) x 10 -4 199 

7/~ e- 5.9 4-1.9 ) x 10 -4 379 
7 / 0 # + ~ -  9,6 4.2.3 ) x 10 - 5  349 
e + e  - 7,074.0,19) x 10 - 5  5=1,1 391 
7/+7/-7/07/0 < 2 % CL=90% 261 
7r + 7/-- 3' < 3.6 x 10 - 3  CL=95% 365 
Ir + 7/- 7/+ 7/-- < 1 x 10 - 3  CL=90% 256 
7/07/07 7.2 4.2.5 ) x 10 - 5  367 
~ + # - -  < 1.8 x 10 - 4  CL=90% 376 
33' < 1.9 x 10 - 4  CL=95% 391 

Charge conjugat ion (C)  violat ing m o d e s  

f/7/0 c < 1 x 10 - 3  CL=90% 162 
37/0 C < 3 x 10 - 4  CL=90% 329 

IG(jPC ) = 0 + ( 0 -  +)  

Mass m = 957.78 4- 0.14 MeV 

Full width F = 0.202 4- 0.016 MeV (S = 1.3) 

Scale factor/ 
~(gras) DECAY MODES Fraction ( r i / r )  Confidence level 

P 
(MeV/c) 

7/+7/--/'/ (44.3 4.1.5 )% S=l.2 232 
p~  non- (29.5 4.1.0 ) % S=l.2 169 

resonant 7/+ ~r- 3') 
~T07/0g (20.9 • )% S=1.2 239 
u)7 (3.03--0.31) % 160 
77 (2.124.0.14) % S=l.3 479 
37/0 (1.564.0.26) x 10 - 3  430 

/~+/~-- 3` (1.044.0.26) x 10 -4 467 
7/+ 7/-- 7/0 < 5 % CL=90% 427 
7/0p0 < 4 % CL=90% 118 
7/+ 7/+ 7/ 7/ < 1 % CL=90% 372 
~+  7/+ 7/-- 7/-- neutrals < 1 % CL=95% 
'It + 7/+ 7/-- "/I--- ~0 < 1 % Ct=90% 298 
6/r < 1 % CL=90% 189 
= + 7 / -  e+ e - < 6 x l O  - 3  CL=90% 458 
7f077 < 8 x 10 -4 CL=90% 469 

47/0 < 5 x 10 - 4  CL=90% 379 
e + e- < 2,1 x 10 -7  CL=90% 479 

C h a r l ~ c o ~ u r ,  d'Jon (C),Padty(P), 
L e p t o n ~ m l ~  n u m b e r ( L F ) v i o l a t i n g  m o d e s  

7f+7/- P.CP < 2 % 
~07/0 P.CP < 9 x 10 -4 

7e+e - C < 9 x 10 -4 
7/0e + e-  C [g] < 1.4 x 10 -3 
~/e+e - c [g]< 2.4 xlO -3 
37 C < 1.0 x 10 -4 
# + # -  7/o c [ g ] <  6.0 x l O  - 5  
# + # - ~ /  C [g] < i s  x lO - 5  
e# LF < 4.7 x 10 - 4  

CL=90% 
CL=90% 
CL=90% 
CL=90% 
CL=90% 
CL=90% 
CL=90% 
CL=90% 
CL=90% 

458 
459 

469 
322 
479 
445 
274 

I f0 (c j80)  Ik] I IG( jPC) = 0 + ( 0  + + )  

Mass m = 980 4- 10 MeV 
Full width r = 40 to 100 MeV 

f0(980) DECAY MODES Fraction ( r i / r )  p ( M eV/c) 

7/7/ dominant 470 
K K  seen - 

=10(980) [k} I IG(jPC) = 1 - ( 0 + + )  

M a s s . = 9 8 4 . 8 4 -  1.4MeV ( S =  1.7) 

Full width F = 50 to 100 MeV 

a0(gao ) DECAY MODES Fraction ( r i / r )  p (MeV/c) 

77~1" dominant 321 
K K  seen - 
9' 7 seen 492 

I6(j PC) = 0 - ( I - - )  

Mass m = 1019.417 4- 0.014 MeV (S = 1.8) 

Full width F = 4.458 + 0.032 MeV 

Scale factor/ p 
4(1020) DECAY MODES Fraction ( r / j r )  Confidence level (MeV/c) 

K + K  - 
o o KLK S 

pTr + ~+7/-7/0 
717 

e+e  - 
# + / ~ -  

~ e + e -  

wT/0 

w3` 

P7 
~+ ~-.). 

f0(980)7 
7/~ 7r~ 7 
7/+ 7 r - / r+  7/-  
7/+ 7 /+ / r -  ;T- 7/0 
7/Oe+ e- 

~~ 
ao(980)7 

I/'(958)7 

# + # - 7  
P77 

(49.2 ::EO.7 ) % S=1.2 
(33.8 :t:0.6 ) % $=1.2  

(15.5 +0.6 )% s=1.4 
1.2974.0.033) % S=1.2 
1.26 4.0.10 ) • 10 - 3  
2.91 4-0.07 ) x 10 - 4  S=1.2 
3.7 4.0,5 ) x 10 - 4  

1.3 + 0 . 8  ) • 1 0 - 4  
-0,6 

7.5 4.1,4 ) x 10 - 5  
4.8 4.2.0 ) x 10 - 5  

< 5 % CL=84% 
< 1.2 x 10 - 5  CL=90% 

( 4.1 4.1,3 x 10 -5  
( 3.4 4.0,4 x 10 - 4  
( 1,08 4.0.19 x 10 - 4  

< 8.7 x 10 -4  CL=90% 
< 1.5 x 10 -4  CL=95% 
< 1.2 x 10 - 4  CL=90% 

( 8.6 4.1.8 x 10 - 5  
< 5 x 10 - 3  CL=90% 

( 6,7 +3.5 ) x 10 - 5  --3.1 
< 2 x 10 - 5  CL=90% 

(1 ,4  4.0.5 ) x 1 0  - 5  
< 5 x 10 - 4  CL=90% 
< 3 x 10 - 4  CL=90% 

127 
110 

363 
501 
510 
499 

363 

490 

210 
219 
490 

39 
492 
410 
341 
501 
346 
36 

I h1(1170) I IG(J PC) = 0 - ( 1  + - )  

Mass m = 1170 4- 20 MeV 
Full width F = 360 -I- 40 MeV 

h1(1170 ) DECAY MODES Fraction ( l ' i /F) p (MeV/c) 

p7/ seen 310 



J b1(1235) J IG(J PC) = 1 + ( 1  + - )  

M a s s m =  1229.5 4- 3.2 MeV ( S = 1 . 6 )  
Full width F =  1 4 2 •  MeV ( S =  1.2) 

p 
b1(1235 ) DECAY MODES Fraction ( r i / r )  Confidence level (MeV/c) 

UP ~1" dominant 348 
[DIS ampli tude ratio = 0.29 4- 0.04] 

7r+-'y (1.6+-0.4) x 10 - 3  608 
f /p  seen - 
~r + / r  + 7r - / r  0 < 50 % 84% 536 
( K K ) •  ~r 0 < 8 % 90% 248 
K 0 K 0/r+- < 6 % 90% 238 

K~  K ~ . +  < 2  % 90% 238 
~ r  < 1.5 % 84% 146 

J a 1 ( 1 2 6 0 )  [t] J I6(j PC) = 1 - ( 1  + +) 

Mass m -- 1230 ~c 40 MeV [m] 

Full width F = 250 to 600 MeV 

a1(1260 ) DECAY MODES Fraction ( r i / r )  p (MeV/c) 

( p'K ) S-wave seen - 
(p~T)D_wave seen - 
(p(1450)  ~T )S-wave seen - 
(p(14-50) ~r )D-wave seen 
o" 71" see n - 
f0(980) ~r not seen - 

f0(1370) ~r seen - 
f2(1270) ~r seen - 
K K * ( 8 9 2 )  +C.C. seen - 

~r(13OO)~r not seen - 
~r 7 seen 607 

J f2(1270) J I6(J PC) = 0+(2 + +) 

Mass m = 1275.4 4- 1.2 MeV 
Full width r - 18~ ~+3.4 MeV (S = 1.5) - -  ~ ~  

Scale factor/ 
f2(1270) DECAY MODES Fraction ( r i / r )  Confidence level 

P 
4 MeV/c) 

~Tr 

7r + 7r- 2~r 0 

K~ 
2~+ 2~r- 

4~ 0 

3"7 
~/';,c ';r 
K~ K-~r+ + c.c. 
e + e- 

484. 7 +2.4 -1.3 )% 
7.1 _+~:~ ) ~  

4.6 ::0.5 ) %  
2.8 +-0.4 )% 
4.5 +-1,0 ) x 10 - 3  
3.0 • ) • 10 - 3  
1,41+-0.13) • 10 - 5  

< 8 • 10 - 3  
< 3.4 • 10 - 3  
< 9 • 10 - 9  

S=1.3 622 

S=1.3 562 

S=2.8 403 
S=1.2 559 
S=2.4 327 

564 
637 

CL=9S% 475 
CL=9S% 293 
CL=90% 637 

J f1(1285) J IG(j PC) = 0 + ( 1  + + )  

M a s s m =  1281.9 4- 0.6 MeV ( S =  1.7) 
Full width F = 2 4 . 0 •  1 . 2 M e V  ( S =  1.4) 

Scale factor/ p 
f1(12116) DECAY MODES Fraction (F//F) Confidence level (MeV/c) 

4,~ 433.1_+ 12:1) ~ s=1.3 s63 

~o ~o ~+ ~.- 422.o_+ ]:24 ) ~ s=1.3 566 

2~r+ 2~- (11.0_+ 0:7) % s=1.3 563 

p 09T+?r- 411.0_+ 017 ) % S=1.3 340 

4~r 0 < 7 x 10 - 4  CL=90% 568 
l??rlr 452 +-16 ) % 479 

ao(980)~r [ ignoring ao(980 ) --~ 436 4- 7 ) % 234 

Tur~r [excluding ao(980)~r ] 416 4- 7 ) % 
KK'~r ( 9.0+- 0.4)% S=1.1 308 

K K * ( 8 9 2 )  not seen - 
,~p0 ( S.5+- 1.3)% S=2.8 410 

~7 ( 7.4+- 2.6) x 10 - 4  236 
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16(jPC ) = 0 + ( 0 -  + )  

Mass m = 1297.0 4- 2.8 MeV 
Full width F = 53 4- 6 MeV 

II(I~JS) DECAY MODES Fraction ( l ' i /F) p (MeV/c) 

T/~1- + ~r - seen 408 
a0(980 ) lr seen 245 
T/~-0 ./r 0 seen - 

~/(TrTr)s.wave seen - 

IG(j PC) = 1 - (0 -  +) 

Mass m = 1300 4- 100 MeV [m] 
Full width F = 200 to 600 MeV 

Ir(1300) DECAY MODES Fraction ( r i / r )  p (MeV/c) 

p l r  seen 406 
~r (~rlr)s_wave seen -- 

J a2(1320) J IG(j PC) : 1--(2 + + )  

Mass m =1318.0 4- 0.6 MeV (S= 1.1) 
Full width i- = 107 4- 5 MeV [m] 

Scale factor/ p 
a2{1320 ) DECAY MODES Fraction (F i / r )  Confidence level (MeV/c) 

p~" 470.1 +2.7) % S=1.2 419 
T/Tr (14.5+-1.2) % 535 
uJ ~__;T (10.6+-3.2) % S=1.3 362 
K K (4.9+-0.8) % 437 
T/'(958)~r (Sm3~Omg) X 10 - ~  287 
~+-7 (2.8+-0.6) x 10 - 3  652 
"y')" (9.4+-0.7) x 10 - 6  659 
/r +T r  ~T < 8 % CL=90% 621 
e + e -  < 2.3 x 10 - 7  CL=90% 659 

J f0(1370)[k] J I6(jPC) = 0+(0 + +) 

Mass m = 1200 to 1500 MeV 
Full width r = 200 to 5oo MeV 

f0(1370) DECAY MODES Fraction (Q/r) p (MeV/c) 

~r/r seen 
4~ seen 

4/r 0 seen 
27r + 27r- seen 
~r + 71"- 27r 0 seen 
2(~r~r)s_wave seen 

//7/ seen 
K K  seen 
~' 3' seen 
e + e -  not seen 

J fi(1420) [n] J / G ( j P C )  = 0+ (1  + +) 

Mass m =1426.3 4-1.1MeV (S=1.3) 
Full width F = 55.5 4- 2.9 MeV 

f-].(1420) DECAY MODES Fraction ( r i / r )  p (MeV/c) 

K K T :  dominant 439 
KK'*(892) + c.c. dominant 155 

f/~" 7i" possibly seen 571 
r seen - 

J ~(1420) [o] J I6(J Pc) = 0-(I - - )  
Mass m = 1419 4- 31 MeV 
Full width F = 174 4- 60 MeV 

u(1420) DECAY MODES Fraction (Fi/F) p (MeV/c) 

p/r  dominant 488 
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I ~(1440) [P] I IG(jPC) = 0+(0 - +)  

Mass m -- 1400-  1470 MeV [m] 

Full width F =  50 - 80 MeV [m] 

~(1440) DECAY MODES Fraction (r i /r)  
K K / r  seen 
KK*(892)  + c.c. seen 
~TrTr seen 

ao (980) ~ seen 
7/(Tr~r)s_wave seen 

f0 (980) ~7 seen 

4~r seen 

p (MeV/c) 

I 10(1450) I I6(jPC) = 1 - ( 0  + + )  

Mass m = 1474 4- 19 MeV 
Full width r = 265 4- 13 MeV 

a0(1450 ) DECAY MODES Fraction (r/iF) p (MeV/c) 

~ seen 613 

~ ' ( 9 5 8 )  seen 392 
K K  seen 530 

I p (1450 )  [q] I IG(JPC) = 1+(1 - - )  

Mass m = 1465 • 25 MeV [m] 
Full width r = 310 4- 60 MeV [m] 

P 
p(1r DECAY MODES Fraction ( r i / r )  Confidence level (MeV/c) 

I w(1650) ['] I was ~(1600) IG(jPC) = 0-(I - - )  

M a s s m =  1649 4- 24 MeV ( 5 = 2 . 3 )  
Full width F = 2 2 0 4 -  35MeV (S = 1.6) 

1~(1650) DECAYMODES Fraction ( r i / r )  p (MeV/c) 

p~  seen 637 
u ) ~  seen 601 
e+e  - seen 824 

I d3(1670)  I IG(j PC) = 0 - ( 3  - - )  

Mass m = 1667 4- 4 MeV 
Full width F = 168 • 10 MeV [m] 

~j(1670) DECAY MODES Fraction ( r i / r )  p ( M eV/c) 

p~r seen 647 
w~r?r seen 614 

~(1235)7r  possibly seen 359 

I ~r2(1670) I IG(jPC) = 
Mass m = 1670 • 20 MeV [m] 

1-(2 - +) 

/r/r seen 7]9 
47r seen 665 

oJTr <2,0 % 95% 512 
e + e -  seen 732 
~p <4 % 317 
a2(1320)/r not seen - 

~Tr <1 % 358 
K K  <1.6 x 10 - 3  95% 541 

Full width F = 2 5 9 •  11 MeV[m]  ( S =  1.5) 

~r2(16"/0 ) DECAY MODES Fraction ( r i / r )  
P 

Confidence level (MeV/c) 

3;T (95.8• 1.4) % 
f2(1270) ~r (56.2 • % 
pIT (31 ,1,4 ) % 

cr~r (13 .1.6 ) % 
fo(1370)';,r (8.7,1,3.4) % 

K K * ( 8 9 2 ) +  c.c. (4,2+1.4)  % 
wp  (2.7•  % 
p(1450)~" < 3.6 x 10 - 3  
b1(1235)';r < 1.9 x 10 -3 

I t0(1500) [r] I I6(jPC) = 0+(0 + +) 

M a s s m =  1500 4-10 MeV ( S = 1 . 3 )  
Full width F = 112 • 10 MeV 

f O ( I ~ )  DECAY MODES Fraction (rdr) p (MeV/c) 

r/T/(958) seen - 
T//) seen 513 

4~ seen 

4/r 0 seen 690 

2~ + 27r- seen 686 

/F 7r seen 

7F + ~r- seen 737 
2~ 0 seen 738 

K K  seen 563 

I f~(1525) I IG(jPC) = 0+(2 + +)  

Mass m = 1525 4- 5 MeV [m] 
Full width r = 76 + 10 MeV [m] 

ft2(1525 ) DECAY MODES Fraction ( r i / r )  p (MeV/c) 

K K  (08.8 .1.3.1 )% 
~/T/ (10.3 ,1,3.1 )% 
?r~T ( 8.2 ,1,1.5 ) x 10 - 3  

")'7 (1.32,1,0.21) x 10 -6  

581 
531 
750 
763 

IG(j PC) = 0-(1 - -) 

Mass m = 1680 • 20 MeV [m] 

Full width r = 150 • 50 MeV [m] 

97.7% 
97,7% 

806 

325 

649 

453 

~(1680) DECAY MODES Fraction ( r i / r )  p (MeV/c) 

K (892) + c.c. dominant 463 
K } K T r  seen 620 

K K seen 681 
e + e -  seen 840 
UJ 7r~r not seen 622 

I p3(1690) I IG(jPC) = 1+{3 - -) 

Mass m = 1691 4- 5 MeV [m] 
Full width F= 161• MeV [m] (S=I,5) 

1~j(1690) DECAY MODES Fraction ( r i / r )  

4/1" (71.1 .1. 1.9 )% 
";r'• "a+ ?r -- ~ 0 (67 .1.22 )% 
wTr (16 ,1, 6 )% 

/ i '~_ (23.6 ,1, 1.3 )% 
KK~ ( 3.0 ,1, 1.2 )% 
K K  ( 1.58-1- 0.26)% 
~'/7r + ~ -  seen 
p(770) ~ seen 

P 
Scale factor (MeV/c) 

788 
788 
656 
834 
628 

1.2 686 
728 



[q] I IG(jPC) = 1+(1 - - )  
i 

Mass m = 1700 • 20 MeV [m] (F/p ~ and 7r+~r - modes) 
Full width F = 240 • 60 MeV [m] (r/p 0 and IT+Tr- modes) 

~1700) DECAY MODES Fraction ( r / / r )  p (MeV/c) 

#?lr 7r dominant 640 
pO IT + IT-- large 640 
p• 7r-F ,/i.0 large 642 

2(IT+ 7r-) large 792 
7r+ "/r-- seen 838 
IT-- IT0 seen 839 
KK*(892)  + C.C. seen 479 
f/p seen 533 
a2(1320)Tr not seen - 
K K  seen 692 
e + e -  seen 850 
IT0 w seen 662 

I ~(1710) [t] I IG(jPC) = 0+(0 + + )  

M a s s m =  1 7 1 5 •  ( S = 1 . 1 )  
Full width F = 125 • 12 MeV 

f0(1710) DECAY MODES Fraction ( r i / r )  p (MeV/c) 

K K  seen 690 
~ seen 648 

ITw seen 837 

i6(jPC ) - +) 1 - ( 0  

M a s s m =  1801•  13 MeV ( S =  1.9) 
Full width F = 210 • 15 MeV 

lr(1~100) DECAY MODES Fraction (r i/F) p (MeV/c) 

IT+ I t  ~T seen - 
f0 (980) I t -  seen 623 
fO ( 1 3 7 0 )  IT - seen - 

piT- not seen 728 
F/F/7r - seen - 

ao (980) ~/ seen 459 
fo (1500) IT - seen 240 

T/r/r (958) IT- seen - 
K~(1430) K -  seen - 
K*(892) K -  not seen 560 

J ~ ( 1 8 5 0 )  J IG(j PC) = 0 - ( 3 -  - )  

Mass m = 1854 • 7 MeV 
Full width F = R~+28 MeV (S = 1.2) v .  -23 

~3(1850) DECAY MODES Fraction (F;/F) p ( M eV/c) 

K K  seen 785 
K K *  (892) + c.c. seen 602 

31 

Meson Summary Table 

I f2(2010)  I IG(jPC) = 0+(2 + + )  

m = 2011_ +60 Mass MeV 
Full width F = 202 • 60 MeV 

~(2010) DECAY MODES Fraction ( r i / r )  p (MeV/c) 

a~ seen 

I a4(2040) I IG(J PC) = 1 - ( 4  + + )  

Mass m = 2014 • 15 MeV 
Full width F = 361 • 50 MeV 

,14(2040 ) DECAY MODES Fraction ( r i / r )  p (MeV/c) 

KK- seen 892 
IT+ I T -  IT0 seen - 
~/IT0 seen 941 

I f4(2050)  I IG(JPC) = 0+(4  + + )  

M a s s m = 2 0 3 4 •  ( S =  1.6) 
Full width F =  2 2 2 •  19 MeV ( S =  1.8) 

f4(20SO) DECAY MODES Fraction (Fi/F) p (MeV/c) 

w~ (26 +6 )% 
ITIT (17.0=1=1.5) % 

K K  (6.8_+314) x 10 -3  

/'//7 (2.1 i0.8)  x 10 -3 
4IT ~ < 1.2 % 
a 2(1320) 7r seen 

658 , 
1012 

895 

863 
977 

I f2(2300) I IG(jPC) = 0+(2 + + )  

Mass m = 2297 • 28 MeV 
Full width F = 149 • 40 MeV 

f2(2300) DECAY MODES Fraction (ri/r) p (MeV/c) 

(~ (~ seen 529 

I fa(2340) I IG(jPC) = 0+(2 + + )  

Mass m = 2339 • 60 MeV 
Full width F = 319+88 MeV 

~(2340) DECAY MODES Fraction (o/r) p (MeV/c) 

~<~ seen 573 
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STRANGE MESONS 
(S=+I,C=B=O) 

K + = u~,K ~  d ~ , ~ ~  K -  =~s, similarly forK*'s 

r ~  = �89 I (J  P) 

Mass m = 493.677 =E 0.016 MeV [u] (S = 2.8) 

Mean life T = (1.2386 + 0.0024) X 10 - 8  S (S = 2.0) 

CT = 3.713 m 

Slope parameter/1" iv] 

(See Particle Listings for quadratic coefficients) 

K + --~ 7r+Tr+Tr - = - 0 . 2 1 5 4  -I- 0.0035 (S = 1.4) 

K - ~  ;T--;T--Tr+=--0.217-1-0.007 ( S = 2 . 5 )  

K • _~ ~•  = 0.652 • 0.031 (S = 2.7) 

K • decay form factors [a,w] 

Ke+ 3 A+ = 0.0276 • 0.0021 

K + A+ = 0 . 0 3 1 •  ( S = 1 . 6 )  p3 

+ A o = 0 . 0 0 6 •  ( S = 1 . 6 )  K#3 

K+3 Irs/r+l = 0.084 • 0.023 (S = 1.2) 

Ke~ (fT/r+ I = 0.38 + O. l l  (S = 1.1) 
K + IrT/r+l = 0.02 -I- 0.12 p3 

K + --+ e '+Ve7 F A + F v : 0.148 • 0.010 
K + -~ I~+U#7 I F A +  FV < 0.23, E L = 9 0 %  

K + -~ e+Ue7 F A -  F v < 0.49 

K +  ~ # + u ~ 7  F A -  F v l = - 2 . 2 t o 0 . 3  

K -  modes are charge conjugates of the modes below. 

Scale factor/ p 
K + DECAY MODES Fraction (Fi/F) Confidence level (MeV/c) 

#+~,# 
e + u e 
~,l, ;TO 

;T'+ ;T+ ;T-- 
;T+ ~0 ;,r0 
;T0#+U# 

+ 
Called K.3.  

;Toe+~ e 
Called K+3. 

;TO ~0 e + z, e 
;T+ ~r- e+ Ue 
~+ ~r -#+  ul~ 
;TO ;TO ~rO e+ Ue 
#+ u#vP 

e+ UeU~ 
# + u # e + e  - 

e + v e e + e  - 

e+ Ue#+ l ~- 
#+ Upl~+ # - 

#+u#7 
~+ ~r~ 
x+;T~ 
~-+ ;T+ Ir- 7 

It+ ~r0;T0 7 

;T~ u#7  
;TOe+ue7 
;T0 e+ UeT(SD) 
;TO;rOe+ue7 
~+77 
;T+ 37 

(63.51+0.18) % S=1.3 236 

(1.55• x 10 - 5  247 
(21.16:h 0.14) % S=1.1 205 

5.59• % S=1.8 125 
1.73• % S=1.2 133 
3.18• % S=1.5 215 

(4.82• % 

( 2.1 • ) x 10 - 5  
(3.91• x 10 - 5  
( 1.4 • ) x  10 - 5  

< 3.5 x 10 - 6  
< 6.0 x 10 - 6  

< 6 x 10 - 5  
1.3 +0.4 ) x 10 - 7  

3.0 +3.0 ) x 10 - 8  
-1.5 

< 5 x 10 - 7  
< 4.1 x 10 - 7  

ix,Y] 5.50• • 10 - 3  

ix,Y] 2.75• x 10 - 4  
[y,z] 1.8 • ) x 10 -5 
ix, y] 1.04• x 10 - 4  

ix, y] 76 _+~:05 ) x 10-8 
ix,Y] < 6.1 x 10 - 5  

ix, Y] (2.62• x 10 - 4  
[aa] < 6.3 x 10 - 5  

< 5 x 10 -6 
[y] (1.10• x 10 - 6  
[y] < 1.0 x 10 - 4  

S=1.3 228 

206 
2O3 
151 

CL=90% 135 
CL=90% 236 

CL--90% 247 
236 

247 

CL=90% 
CL=90% 

CL=90% 

CL=90% 
CL=90% 

CL=90% 

185 

236 

205 
205 
125 

133 

215 

228 
228 
2o6 
227 
227 

Lepton Family number (LF), Lepton number (L), A S =  ZIO (SO) 
violat ing modes, or A S  = 1 weak neutral current (51) modes 

:r 11" + e -  U e SQ < 1.2 x 10 - 8  CL=90% 203 
~ ' + ; T + # - ~ p  SQ < 3.0 x 10 - 6  CL=95% 151 

~+ e+e  - $1 (2.88• • 10 - 7  227 
;T+,u.+,u. - $1 ( 7.6 • ) x  10 - 8  S=3.4 172 

,~+,,~ 31 ( 1.6 _+~:~ ) • 10-10 227 

p.-- 11e "l" e "l" LF < 2.0 x 10 - 8  CL=90% 236 

p.+ z: e LF [d] < 4 x 10 - 3  CL=90% 236 
x '+ p.+ e -  LF < 2,1 x 10 -10 CL=90% 214 
;T+~-e  + LF < 7 x 10 - 9  CL=90% 214 
71"-p.+ e + L < 7 x 10 - 9  CL=90% 214 
;T- e + e + L < 1.0 x 10 - 8  CL=90% 227 
i r  + L [d] < 1.5 x 10 - 4  CL=90% 172 
# + ~ e  L [d] < 3.3 x 10 - 3  CL=90% 236 
;T0 e+~e  L < 3 x 10 -3  Ct=90% 228 

r ~  = �89 I (J  P) 

50% K s, 50% K t 
Mass m = 497.672 + 0.031 MeV 

mKo - mK~ = 3 . 9 9 5 •  ( S = 1 . 1 )  

ImKo _ mRol / maverag e < 10-18 [bb] 

T-violation parameters in K ~  ~ mixing [w] 

Asymmetry A T in K ~  -0 mixing = (6.6 + 1.6) • 10 - 3  

CPT-violation parameters in K ~  ;0 mixing [w] 

Re A = (2.9 -I- 2.7) • 10 - 4  

Im A = ( - 0 . 8  • 3.1) • 10 - 3  

= �89 1(2 P) 

Mean life ~- = (0.8935 • 0.0008) x 10 -10 s 

or  = 2.6786 cm 

CP-violation parameters [ccl 

Im0 /+_o )  = - 0 . 0 0 2  • 0.009 

Im0/ooo) = - 0 . 0 5  + 0.13 

Scale factor/ p 
J~$ DECAY MODES Fraction ( r i / r )  Confidence level (MeV/c) 

~r + ;T- (68.61• % S=1.2 206 
/r0 ;T0 (31.39+0.28) % S=1.2 209 
7r+~r--7 [x, dd] (1.78• • 10 - 3  206 
7~ ( 2.4 • ) x 10 - 6  249 

/r+/r--;T 0 ( 3.2 +1.2 --1.0 ) x 10 - 7  133 

3;T 0 < 1.4 x 10 - 5  CL:90% 139 

;r• lee] { 7.2 • ) x l 0  - 4  229 

/15  = 1 weak neutral current (51) modes 
#+lJ. - $1 < 3.2 x 10 -7  CL=90% 225 
�9 + e -  S1 < 1.4 x 10 -7  CL=90% 249 
1r e + e -  $1 < 1.1 x 10 -6  CL=90% 231 

I(J P) = �89 

mKL -- InKs = (0.5300 + 0.0012) x 1010 ~ S - 1  

= (3.489 -I- 0.008) X 10 -12 MeV 

Mean l i f e T = ( 5 . 1 7 + 0 . 0 4 )  x 10 - 8 s  ( S =  1.1) 
cr = 15.51 m 

Slope parameter lr  [v) 

(See Particle Listings for quadratic coefficients) 

K o _ ~  ;T+;T-;T0 =0.678+0.008 (S=1.5) 



g/. decay form factors [w] 
Ke03 )~+ = 0.0288 4- 0.0015 (S = 1.3) 

K~ A+ = 0.034 4- 0.005 (S = 2.3) 

KO 3 A 0 = 0 . 0 2 5 4 - 0 . 0 0 6  ( S = 2 . 3 )  

K,~ 1~=/41 < 0.04, CL = 68% 
K~~ IfT/f+l < 0.23, CL = 68% 
K% l~/f+l - 0.12 4- 0.12 
K L -~ e+e-3':  o K. = -0.33:1:0.05 

CP-violation parameters [co] 
6 = (0.327 4- 0.012)% 

I~ooI -- (2.262 4- 0.017) x 10 -3 

In+-I = (2.270:1: 0.017) x 10 -3 

I '/oo/%-I = 0.9936 4- 0.0014 ['q (S = 1.6) 

~'/~ = (2.14- 0.5) x10 -3 [ f f ]  i S--1.6)  

r  = (43.3 4- 0.5) ~ 

~oo = (43.2 + 1.0) ~ 

~oo - ~ + -  = ( -o .1  4- 0.8) ~ 

CP asymmetry A in KL 0 -~ l r + T r - e + e  - = (13.6 • 2.8)% 

] f o r  K [ --* I r+Tr -  7r 0 = 0.0011 4- 0.0008 

f f o r  K ~ -~ ~+~r -Tr  ~ "= 0.004 4- 0.006 

I~+-~I-- (2.35 4- oo7) x lO-3 
~ + - 7  = (44 4- 4) ~ 

J 
Ic+_=l/e < o.3, CL = 90% 

AS = - A O  in ~ decay 
Re x = - 0.002 • 0.006 
Im x = 0.0012 4- 0.0019 

K0L DECAY MODES Fraction ( r i / r )  
Scale factor/ p 

Confidence level (MeV/c) 

370 421.13 +0.27 ) % S=1.1 139 
~+ / r -T r  0 (12.55 • )%  S:1.7 133 
7r'l-#~:up [ee] (27.18 +0,25 ) % 5=1.1 216 

Called K~ . 
~+e~FUe [ee] (38.78 +0.28 ) % 5=1.1 229 

Called Ke~ . 
23' ( 5.06 +0.15 ) x 10 - 4  249 
33' < 2.4 x 10 - 7  CL=90% 249 
7023' [gg] ( 1.68 • ) x 10 - 6  231 
~ 0 x + e T p  [ee] ( 5.18 +0,29 ) x 10 - 5  207 
/ l r # a t o m ) u  ( 1.o6 +0.11 ) x  10 - 7  - 

lr~'em Ve3" [x, ee,gg] ( 3,62 +0.26 --0.21 ) • 10--3 229 

~ + ~ . . 3 '  ( 5 7  +~:~ ) •  - 

"K + ":,r-- 3" [x,gg] ( 4.61 +0,14 ) x 10 - 5  206 
~0Ti'03' < 5.6 • 10 - 6  209 
/z+/4-3 '  ( 3.25 +0.28 ) x 10 - 7  225 
e + e-3' 410,0 • ) x 10 - 6  S=1.5 249 
e+e -3 ' 3 '  [gg] 46.9 +1.0 ) x l 0  - 7  249 
;T~ + e -  < 7,1 x 10 - 7  Ct=90% 

Charge conjugation x Parity (CP, CPV) or Lepton Family number (LF) 
violating modes, or ~S = 1 weak neutral current ($I) modes 

lr+Tr - CPV (2.056+0.033) x 10 - 3  206 
1r0;r 0 CPV ( 9.27 • ) x 10 - 4  209 
# + # -  $1 ( 7,15 • ) x  10 - 9  225 

e + e- S1 ( 9 Jr 46 ) x 10 -12 249 

7r+Tr-e+e - 51 [gg] ( 3.5 +0.6 ) x 10 - 7  206 

# + # - e + e  - S,Z (2 .9  +_~]7 ) x l O - - 9  225 

e + e - e + e  - 51 ( 4.1 +0,8 ) x 10 - 8  S=1.2 249 
"KOt~+Ir - CP, S1[hh] < 5.1 x 10 - 9  CL=90% 177 
T~  - CP, SI[hh] < 4,3 x 10 - 9  CL=90% 231 
~rOu~ CP, SI [fi] < 5.9 x 10 - 7  CL=90% 231 
e+/J. ~ LF [ee] < 4.7 x 10-12CL=90% 238 
e+ e+ #=l.~R= LF [eel < 6.1 x 10 - 9  CL=90% - 
x ~  m LF [ee] < 6.2 x 10 - 9  CL=90% - 
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M e s o n  S u m m a r y  T a b l e  

I K"(892) I = 
K*(892) • mass m = 891.66 + 0.26 MeV 
K* (892)  ~ mass m = 896.10 • 0.27 MeV (S = 1.4) 
K* (892)  • full width r = 50.8 4- 0.9 MeV 
K* (892)  ~ full width r = 50.7 • 0.6 MeV (S = 1.1) 

P 
K*(892) DECAY MODES Fraction ( r i / r )  Confidence level (MeV/c) 

K ~  ~ 100 % 291 
K03' ( 2,30+0.20) • 10 - 3  310 
K+3' ( 9.9 +0.9 ) •  - 4  309 
K ~  < 7 • 10 - 4  95% 224 

I K1(1270) I I(JP) = �89 

Mass m = 1273 4- 7 MeV [m] 
Full width r = 90 :I: 20 MeV [m] 

K1(1270 ) DECAY MODES Fraction ( r i / r )  p (MeV/c) 

K p  442 4-6 )% 
K~i1430)Tr (28 •  )% 

K*(892)~r 416 +5 )% 
K~ (11.0• % 
K f0(1370) (3.0+2.0) % 

76 

301 

I K1(1400) I I(JP) = �89 
Mass rn = 1402 4- 7 MeV 
Full width r =  174 4- 1 3 M e V  ( S =  1.6) 

/(1(1400 ) DECAY MODES Fraction ( r i / r )  p (MeV/c) 

K*(892)~r  
K p  
K fo(1370) 
K~ 
K~(1430)~r 

I K*(1410) I 

(94 •  )% 
(3 .0•  % 
(2 .0•  % 
4 1.0+1.0) % 
not seen 

i 

I(J P) = �89 

M a s s m = 1 4 1 4 •  15 MeV ( S =  1.3) 
Full width F = 2 3 2 •  ( S =  1.1) 

K*(1410) DECAY MODES 

401 
298 

205 

P 
Fraction ( r / / r )  Confidence level (MeV/c) 

K*(892)~r 
K~r 
K p  

> 40 % 95% 408 
(6 .6•  % 611 

< 7 % 95% 309 

I K~(1430) ~] I I(JP) = �89176 

Mass m --  1412 4- 6 MeV 
Full width r - -  294 4- 23 MeV 

K~(1430) DECAY MODES Fraction (r i /r)  p (MeV/c) 

K / r  (93+10) % 621 

I K ; (1430)  I I(JP) = �89 

K~(1430)  "~ mass m -- 1425.6 4- 1.5 MeV (S --  1.1) 
K.~(1430) 0 mass m -- 1432.4 4- 1.3 MeV 

K~(1430)  + full width r = 98.5 • 2,7 MeV (S = 1.1) 
K~(1430)  ~ full width r - -  109 4- 5 MeV (S -- 1.9) 

Scale factor/ p 
K~(1430) DECAY MODES Fraction ( r i / r )  Confidence level (MeV/c) 

K / r  449.9+1.2) % 622 
K*  (892) '/r 424,7 • 13) % 423 
K*(892)~r l r  413.4+2.2) % 375 
K p  (8 .7•  % S=1.2 331 
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Meson Summary Table 
Kw (2.9--0.8) % 
K+7 (2.4:50.5) xlO -3 

KT/ (1.5+314) x 10 -3 

K ~ r  < 7.2 x 10 -4 
K~  < 9 x lO -4 

I K*(1680) I I(JP) = �89 

S=1.1 

S=1.3 

CL=95% 
CL=90% 

319 
627 

492 

110 
631 

CHARMED MESONS 
(c= +z) 

D + = cd, D o = c~, ~o  = ~u, D -  = ~d, similarly for D*'s 

I(J P) = { (0- )  

II 
M a s s m =  1 7 1 7 •  ( S =  1.4) 
Full width F = 3 2 2 •  110MeV ( S = 4 . 2 )  

K*(1680) DECAY MODES Fraction ( r i / r )  p ( M eV/c) 

K~r (38.7--2.5) % 

Kp (31.4-+24h 7) % 

K*(892) ~r (29.9-+2:~) % 

I K2(1770)[kk] I ;(JP) = {(2-)  
Mass m = 1773 • 8 MeV 
Full width F = 186 • 14 MeV 

779 

571 

615 

E2(1770 ) DECAY MODES Fraction ( r i / r )  p (MeV/c) 

K?TTr 
K~ (1430) 7r dominant 287 
K* (892) ~ seen 653 
K f2(1270 ) seen - 

Mass m =  1869.3• MeV ( S = 1 . 1 )  
Mean life 7" = (1.051 • 0.013) x 10 -12 s 

cr = 315 pm 

c-quark decays 
r (c  --~ @+anything)/r(c -~ anything) = 0.095 • 0,009 [ram] 

CP-violation decay-rate asymmetries 
Acp(K + K -  7r--) = - 0,017 + 0.027 
Acp(K • K *~ = -0 .02 • 0.05 
Acp(@Tr-- ) = -0.014 • 0.033 
Acp(~+~:-~: • = -0.02 • 0.04 

D + ---, K* (892)~  form factors 

r v = 1.82 • 0.09 
r 2 = 0.78 • 0.07 
r3 = 0.0 • 0.4 
FL/F T = 1.14 • 0.08 
r+/r_ = 0.21 • 0.04 (S = 1.3) 

D -  modes are charge conjugates of the modes below. 

Scale factor/ p 
K~  seen 441 
K~ seen 608 

I K ; ( 1 7 8 0 )  I l(J P) = { ( 3 - )  

M a s s m =  1776• 7 MeV ( S =  1.1) 
Full width F = 1 5 9 •  ( S = 1 . 3 )  

p 
K~(17ao) DECAY MODES Fraction ( r l / r )  Confidence level (MeV/c) 

Kp (31 "- 9 ) % 612 
K*(892)Tr (20 • 5 )% 6,51 
K~r (18.0-- 1.0) % 810 
KT/ (30 --13 )% 71s 
K~(1430) 7r < 16 % 95~ 284 

I K 2 ( 1 8 2 0 ) [ " ] 1  I(JP) = �89 

Mass m = 1816 • 13 MeV 
Full width r = 276 • 35 MeV 

K2(11120 } DECAY MODES Fraction ( r i / r )  p (MeV/c) 

K,~(1430) 7r seen 325 
K* (892) 7r seen 680 
K f2(1270 ) seen 186 
Kc~ seen 638 

I K~,(2045) I I(JP) = {(4+) 
Massm--  2045+ 9 MeV ( 5 =  1.1) 
Full width r = 198 • 30 MeV 

K~(2045) DECAY MODES Fraction (Fi/F) p ( M eV/c) 

KTr (9.9 • % 958 
K*(892)lr lr (9 • )% 800 
K*(892)~r~Tr (7 /:5 )% 764 
pKx (5.7 • 3.2) % 742 
wK~ (5.0• % 736 
~K~- (2.8'-1.4) % 591 
@K*(892) (1.4"-ox) % 363 

D + DECAY MODES Fraction ( r i / r )  Confidence level (MeV/c) 

e+anything 
K-anything 
K~ + K~ 
K + anything 
~/ anything 

Inclusive modes 
(17.2 • 1.9 )% 
(24.2 • 2.8 )% 
(s9 :5 7 ) % 
( 5.8 • 1.4 )% 

[nn} < 13 % 

Leptonic and semileptonic modes 
( 8 --+17 ) x 10 -4 

[oo] (6.0:5 0.8 )% 
(6.7 • 0.9 )% 

( 7.0 + 3.0 )% - 2.0 

( 4.1 + 0.9 )% - 0.7 
( 3.2:5 0.33)% 

S=1,4 

CL=90% 

~+ ~ 932 

~ t+ vt 
e + Ve B08 

~0/i,+ U~, 865 

K-/r + e + v e 863 

K*  (892) 0 e + v e 720 
x B ( K * ~  K-Tr  +) 

K-~r  + e + v  e nonresonant < 7 x 10 -3 CL=90% 863 
K-x+l~+Up ( 3.2 • 0.4 )% S=1.1 851 

K*(892)~ ( 2.9:5 0.4 )% 715 
x B(K *0--~ K - ~  +) 

K-Tr+l~+U~, nonresonant ( 2.7 -- 1.1 )xlO -3 851 
(K*(892) 7r)0 e+ Ue < 1.2 % CL=90% 714 
(KlrTr)~ < 9 x l0  -3 CL=90% 846 
K-Tr+TrO#+up < 1.4 x 10 -3 CL=90% 825 
"KO~+P l [pp] ( 3.1 • 1.5 ) x l 0  -3 930 

Fractions of some of the following modes with resonances have already 
appeared above as submodes of particular charged-particle modes. 

K-*(892)~ [oo] ( 4.7 i 0.4 )% 
K*(892) 0 e + u e ( 4.8 • 03 ) % 720 
K*(892)0#+u# ( 4,4:5 0.6 )% S=l.l 715 

K1(1270)~ v# < 3.5 % CL=95% 493 
K*(1410)O#+vp < 2.7 % CL=95% 389 
K'~(1430)~ < 8 xlO -3 CL=95% 374 
pOe+ue ( 2.2 • 0.8 } x l 0  -3 776 
p0/~+p/~ ( 2.7 • 0.7 ) x l 0  -3 772 

~e+Ue < 2.09 % CL=90% 657 
(~JJ,+ U# < 3.72 % CL=90% 651 
~7~+tll < 5 x l 0  -3 CL~90% 
r/'(958)#+u# < 9 xl0 -3 CL=90% 684 



K -  ~+ ;T+ [qq] 
K *  (892) 0/r + 

x B ( K  *0 --* K - ~ r  + )  

K~ (1430)~ + 

x B(K*(1430) ~  K- ;T +) 
g*(1680)~ ~r + 

x B(g*(iB80)O--~ K-;T 4") 
K -  ~r4" 7r 4" nonresonant 

"~0 ;T + ,RO [qq] 
~0 p+ 

K *  (892) 0 ~r + 
x B(g*0 -~ K%r 0) 

~+ ~r ~ nonresonant 
K-  ~r + ;T+ ;T O [qq] 

K* (B92) 0 p+ total 
x B ( K  * 0 - ~  K - ~  + )  

K1(1400)0 ;T + 
x B(KI(1400) 0--~ K- ;T+"a  0 )  

K- p+ ~r + total 
K- p+ ;T+ 3-body 

~ *  (892)0 ;T+ ;TO total  

x B ( K  *~ - *  K - ~ ' + )  
K *  (892) 0 ~r + ~r ~ 3-body 

x B ( g  *~ -~ K -  ;T+) 
K * ( 8 9 2 ) -  ~r + ;T+ 3-body 

x B ( K * -  -~ K - ; T  0) 

K -  ;T+ ;T+ ~r ~ nonresonant [rr] 
~o ~+ ;T+ ~r- [qq] 

g o  a1(1260)+ 

x B(a1(1260)+ -~ ;T+;T+;T-)  
K1(1400)  0 ~r + 

x B(K'1(1400) 0 - ~  gO;T+;T- )  

K * ( 8 9 2 ) -  ;T+ ~r + 3-body 
x B ( K * -  -~ ~O;T - )  

n o  pO ;T+ tota l  
~ o  pO ~r + 3-body 

~ o  ~r + ;T+ ;T- nonresonant 
K -  ;T+ ;T+ ;T+ ~r- [qq] 

K *  (892) 0 ~+  ~r + ;T- 
x B ( K  * ~  K - ; T  + )  

~ *  (892)0 po ~r + 

x B(K *~  K- ;T +) 
"K* (892) 0 ;T+ ;T+ ;T- no- p 

x B ( K  *0 --* K - ; T  + )  
K -p0 ;T+ ;T  + 

K -  ;T+ ~r + ~+ ;T- nonresonant 

K -  ;T+ ;T+ ;T%r0 

g o  ;T+ ;T4. ;T- ;TO 

K~ ;T+ 7r4" 7[+ ;T ;T 
K -  ;T+;T+ ;T+ ;T- ~r o 
~o ~o K + 
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Meson Summary Table 
Hadronic modes with a K or K K K 

2.894. 0.26) % 
9.0 4- 0.6 )% 
1.27• 0,13) % 

2.3 4- 0.3 )% 

3.7 4- 0.8 ) x  10 -3  

8.5 • 0.8 )% 
9.7 4- 3.0 )% 
6.6 4. 2.5 )% 
6.3 • 0.4 )x 10 - 3  

1,3 4- 1.1 )% 
6.4 4- 1.1 ) %  

1.4 4- 0.9 ) %  

2.2 4- 0.6 )% 

3.1 • 1.1 )% 
1.1 • 0.4 )% 
4.5 • 0.9 )% 

2.8 • 0.9 )% 

7 ::t= 3 ) x l 0  - 3  

1.2 4- 0,6 )% 
7.0 4- 0.9 )% 
4.0 • 0.9 ) %  

2.2 4- 0,6 )% 

1.4 • 0.6 ) %  

S=1.1 

5=1.1 

862 
845 
712 

368 

65 

845 
845 
680 
712 

845 
816 
423 

390 

616 

616 
687 

687 

688 

816 
814 
328 

390 

688 

K~(1430)  0 ;T+ 

K* (1680)%r  + 
g *  (892)0 ;T+ ;T0 total  

~ ' ,  (892)0 ~+  ;To 3-body 

K * ( 8 9 2 ) -  ;T+ ~r + 3-body 
K -  p+ ;T+ total  

K -  p+ 7r + 3-body 
~ o  po ;T+ total  

~OpO ;T+ 3-body 

go fo (98o) ;T + 
K *  (892) 0 ;T+ ;T+ ~r- 

~ *  (892)0 pO ~+  

K* (892)  0 ~+  ;T+ ~r- no-p 
K-pO; r+Tr  + 

'a" + ;T0 

;T+ ; T + x -  
po;T+ 
~r + ~r + ;T- nonresonant 

;T+ ?r4"/r- 7r 0 

'q;T+ x B(r/-- ,  :,r+;T-;T ~ 
w-a -+ x B(~ --, 7r+;T-;T ~ 

~r+  7r+ 7r+ ~ r -  ;T - 

;T+/r+ ;T+ ;T- 7r- 7r 0 

[ - ]  

3.7 • 0.4 )% 

1.43• 0.30) % 
6.7 • 1.4 )% 
4.2 • 1.4 )% 
2+0 • 0.9 )% 
3.1 • 1 . 1 %  
1.1 ~ 0.4 
4.2 • 0,9 
5 • 5 

< 5 
( 8 . 1  4- 3.4 

( 2.9 4- 1.7 
- -  1.5 

( 4.3 4- 1.7 
( 3.1 4- 0.9 

Plonlc modes 

% 

% CL-90% 
x 10 -3 

x 10 - 3  CL=90% 
x 10 - 3  5=1.7 

x 10 - 3  5--1.8 

x 10 -3  
x 10 -3 

368 

65 
687 
687 
688 
616 
616 
614 
614 
461 
642 

242 

642 
529 

2,5 4- 0.7 ) x  10 - 3  925 
3.6 4- 0.4 ) x  10 - 3  908 
1.054- 0.31) x 10 - 3  769 
2.2 • 0.4 ) x  10 - 3  908 

119 ~ ~ :) ) % 882 

6.9 4- 1.4 ) x  10 -4  B48 
6 x 10 -3 CL=90% 764 

2.1 4- 0.4 ) x 10 -3 845 

2.9 4- 2.9 ) x  10 -3 799 
- 2 , 0  

Fractions of some of the following modes with resonances have already 
appeared above as submodes of particular charged-particle modes. 

r/';T-'- ( 3.0 • 0.6 ) x  10 - 3  848 
pOlr+ ( 1.05• 0.31) x 10 - 3  769 
u,';T + < 7 x 10 - 3  CL=90% 764 
~p4, < 7 x 10 - 3  CL=90% 658 

7/(958)7r + ( 5.0 • 1.0 ) x  10 - 3  680 
r / (958)p  + < 5 x 10 - 3  CL=90% 355 

4.2 4- o .9 )% 
5 • 5 
8 4- 4 
7.2 4- 1,0 
5.4 • 2,3 

( 1.9 4- 1.1 
- 1.0 

( 2.9 4- 1.1 

( 3.1 4- 0.9 
< 2.3 

2.2 4, 5.0 
- 0.9 

5.4 + 3.0 
- 1.4 

8 • 7 
2.0 • 1.8 
1.8 • 0.8 

x 10 -3  
x 10 -3  
x 10 - 3  
x 10 - 3  

x 10 - 3  

x 10 -3  

x 10 - 3  
x 10 - 3  CL=90% 

% 

% 

X 10 - 4  
x 10 -3 
% 

D 
614 Hadronic modes with a K K  pair 
614 K4"K0  ( 7.4 • 1.0 ) x  10 - 3  
814 K 4" K-  ;T+ [qq] ( 8.7 • 0.7 ) x 10 - 3  
712 q~'/r + X B(~b ~ K + K - )  ( 3,0 4- 0,3 ) x 10 -3 
642 K + g * ( 8 9 2 )  0 ( 2.8 • 0.4 ) x  10 - 3  

x B(K *0-~ K - ~  +) 
K + K -  ~r + nonresonant ( 4.5 • 0,9 ) x 10 -3  

242 KO~O~+  

642 K * ( 8 9 2 ) + K 0  ( 2.1 • 1.o )% 
x B ( K  * + - ~  KO;T +) 

K + K -  ;T+ ;T0 
529 ~r+;T0 x B(~--* K+K - )  ( 1 . 1 •  
772 ~p4" X B(@-~ K+K -)  < 7 x l 0  - 3  EL=90% 

775 K + K -  ;T+ ;TO non-r ( 1.5 + 0.7 ) % 
- 0.6 

773 K +  ~O,K+,lr - < 2 % CL=90% 

714 K~ + ( 1.0 4- 0.6 )% 
718 K*(892)4" ' /~*(892) ~ ( 1.2 • 0,5 )% 
548 x B2(K *+ -~ K0 / r  + )  

K~ *~ < 73 x lO  - 3  CL=90% 

792 
744 
647 
610 

744 
741 
611 

682 
619 
268 

682 

678 
678 
273 

678 

Fractions of some of the following modes with resonances have already 
appeared above as submodes of particular charged-particle modes. 

gOp+  ( 6.6 4- 2,5 )% 

K~ ( 8.o 4- 1.7 )% 
K ~  < 3 x 10 - 3  CL=90% 
K*(892)0;T + ( 1.9o4- o,19) % 
K * ( 8 9 2 ) ~  [rr] ( 2.1 4- 1.3 % 

g *  (892)0 p+ 5-wave [rr] ( 1,6 

K*(892)~ + P-wave < I 
K*(892) 0 p+ D-wave (lO 
K * ( 8 9 2 ) ~  + D-wave Iongitu- < 7 

dinal 
K1(1270)0 ;T + < 7 
K1(1400)0 ;T + ( 4.9 
K*(141O)0;T + < 7 

+ 1.6 % 
x 10 -3  CL-90% 

4- 7 x 10 - 3  
x 10 - 3  CL=90% 

x 10 - 3  CL=90% 

4- 1 . 2 ) %  
x 10 - 3  CL=90% 

680 
328 
199 
712 
423 
423 
423 
423 
423 

407 
390 
382 

K+ K-~+~r+~  - 
q~Tr + 7r4-/r- < 1 x 10 - 3  EL=90% 

x B(r K + K - )  
K+K-Tr+Tr+~r-nonresonant < 3 % EL-90% 

600 
565 

600 

Fractions of the following modes with resonances have already appeared 
above as submodes of particular charged-particle modes. 

~;T+ ( 6.1 • 0,6 ) x  10 - 3  647 
~;T4-?r 0 ( 2.3 • 1.0 )% 619 

(~p+ < 1.4 % CL=90% 268 
(~T+;T4";T - < 2 X 10 -3  CL=90% 565 
K + ~ * ( 8 9 2 )  ~ ( 4.2 • 0.8 )•  10 -3 61o 
K*(892)+K ~ ( 3.2 • 1.5 )% 611 
K*(892)+K*(892) ~ ( 2.6 • 1.1 )% 273 
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Meson Summary Table 
Doubly Cabibbo suppressed (DC) modes, 

A C =  1 w e a k  neutral current (C1) modes, or 
Lepton Family number (LF) or Lepton number (L) violating modes 

K + / r + / r  - DC ( 6.8 • 1.5 ) x 10 -4 845 
K+p 0 OC ( 2.5 • 1.2 ) x  10 -4  681 
K*(892)~ + DC ( 3.6 • 1.6 )X 10 -4  712 
K+~r+/r-nonresonant DC ( 2.4 • 1.2 ) x l 0  -4  845 

K + K + K -  DC < 1.4 x 10 -4  CL=90% 550 
(~K + DC < 1.3 x 10 -4  CL=90% 527 

~r + e + e -  C1 < 5.2 x 10 -5  CL=90% 929 
"/r + # + # -  C1 < 1.5 x 10 -5  EL:90% 917 
p+#+#- CI < 5.6 x 10 -4 CL=90% 759 

K + e + e -  [s5] < 2.0 x 10 - 4  CL=90% 869 
K+#+#  - [ss] < 4.4 x 10 -5  CL=90% 856 
7r + e• :t- LF [ee I < 3.4 x 10 -5  CL=90% 926 
K + e •  LF [ee] < 6,8 x 10 -5  CL=90% 866 
~r- e + e + L < 9.6 x 10 -5  CL=90% 929 
~ r - # + # +  L < 1.7 x 10 -5  EL=90% 917 
7"('- e + #+ L < 5.0 x 10 -5 CL=90% 926 

p-#+#+ L < 5,6 x 10 -4 CL=90% 759 

K -  e + e + i < 1.2 x 10 -4  CL=90% 869 
K - / ~ + #  + L < 1.2 x 10 -4  CL=90% 856 
K -  e + #+  L < 1.3 x 10 - 4  CL=90% 866 
K * ( 8 9 2 ) - # + #  + L < 8.5 x 10 -4  CL=90% 703 

l(J P) = �89 

Massm-- 1864.5+0.5 MeV ( S = 1.1) 
roD• - mDo = 4.79+ 0.10 MeV (S = 1.1) 
Mean life ~- = (0.4126 • 0.0028) • 10 -12 s 

cr = 123.7 #m 
Imoo - mDo ] < 7 • 1010 ~. s -1 ,  CL = 9 5 %  [it] 

(ro• - roo)Iroo:  -0.116 < a r l r  < 0.020, CL = 95% [tt] 

F ( K + s  (via D ~  < 0.005, CL = 90% 

F(K+~r - (v ia  ~ ~  < 4.1 x 10 -4, CL = 95% 

CP-violation decay-rate asymmetries 

Acp(K + K - )  = 0.026 :E 0.035 
Adp(/r+Tr -) = -0.05 �9 0.08 

Acp(K~ = -0.03 -4- 0.09 
Acp(K~176 ) = -0 .018  ~E 0.030 
Acp(K=~r ~) = 0.02 + 0.20 

~0 modes are charge conjugates of the modes below. 

Scale factor/ p 
D O DECAY MODES Fraction (Fi/F) Confidence level (MeV/c) 

Indudve m o d e s  
e+anything (6.75/:0.29) % - 
#+anything ( 6.6 • )% - 
K -  anything (53 • ) % S=1.3 -- 
K~ + K~ (42 /:5 ) % 

K+anything ( 3.4 +~ )% - 

~/ anything [nnl < 13 % CL=90% - 

Semileptonic modes 
K-s  [ooJ (3.47• % S=1.3 867 

K-e+ue (3.64• % 867 
K-#+IJI j  (3,22• % 863 

K-~rOe+ue ( 1.5 +~:53 )% 061 

~ ~  ( 20 _+~:~ )~ 9oo 

K * ( 8 9 2 ) -  e + u e (1.35/:0.22) % 719 
X B ( K * -  - *  K ~  

K -  :r :r #+  //# < 1,2 x 10 -3  CL=90% 821 

( K * ( 8 9 2 ) / r ) - # + u ,  < 1.4 x 10 -3 CL=90% 693 

~r-e+~e ( 3.7 • ) x l 0  -3  927 

A fraction of the following resonance mode has already appeared above as 
a submode of a charged-particle mode. 

K* (892 ) -  e + u e (2.02/:0.33) % 719 

K -  ~T + 
~0 ~0 

K0 ;T+/r-  
~-0p0 

~o fo(980) 
x B( f  0 --* / r+Tr-)  

~-0 f2 (1270) 
x B ( f  2 --* ~+Tr - )  

~o  fo (1370) 
x B( f  0 ~  7r+Ir - )  

K*(892)-~T + 
x B(K*- --~ ~0/r-) 

K~(1430)-  7r + 
x B(K~(1430)-  -~. K01r - )  

K'0 ~r+ 7r- nonresonant 
K-Tr+~O 

K-p+  
K*(892) -  7r + 

x B ( K * -  -~ K - / r 0 )  
~*(892)o/rO 

x B(K *0 --, K- / r  +) 
K -  ~r+ Tr ~ nonresonant 

KO 7tO;r0 
K*(S92)0/r 0 

x B(K*O--* K~176 
K-~ 7r0 ~r0 nonresonant 

K-Tr+ x+ ~r- 
K -  7r + po total 

K -  x + pO 3-body 
K* (892)~  0 

x B (K  * 0 - ~  K-/r  +) 
K -  a1(1260) + 

x B(al(1260) + -, /r+Tr+/r -) 

K*(892) 0/r + ~ -  total 
x B ( K * 0 - ~  K - / r  +)  
K *  (892) 0 / r+ / r -  3-body 

x B('K *0 -~ K - / r  +) 
K 1 (1270)- 7r + [rr] 

x B ( K l ( 1 2 7 0 ) - - *  K-Tr+~r - )  
K -  7r+ 7r+/r - nonresonant 

KO ~ + / r -  7tO 
KOT/ x B@/-~ ~r+x-~r 0) 
# ~  x B(~ -~ ~+~-Tr ~ 
K*(892)- p+ 

x B ( K * -  -~ ~ o ~ - )  
K'(B92)~ 0 

x B ( ~  *~ -* ~%o)  
K 1 (1270)- / r  + 

x B(K l (1270) -  - ,  K'~176 
K*(892) ~ + ~r- 3-body 

x B(K*0 -~ K0/ r~  
-~0 ~r + ~r-/r ~ non resonant 

K -  ~r + ~r ~ ~o 
K -  ~r+ ~r+ ~r- ~ro 

~* (892) 0/r + ~r- ;T O 

x B (K  *0- - ,  K - ~  +) 
g*(892)0~/ 

x B (K  * 0 - ~  K - / r  +)  
x B(~/-~ ~r+~r-~r O) 

K--~T+U~ X B(u~ --+ / r + x - / r  0) 
-K* (892)~ up 

x B (K  .0 ---* K -  ~r +) 
x B(o.'--, 7r+~r-~r 0) 

'K'O ~+ x + / r -  ~ - 
~0  ~-+ ~ -  ~0/tO (~0) 

~OK+ K -  
~ O C x  B(~--*  K + K  - )  
~o K + K -  non-~ 

KO k,O ~0 
5 " S " S  

K+ K -  K-~r + 
K + K -  ~%r o 

Hadronic modes with a K or ~ K K  
( 3 . 8 3 •  % 
(2.11• % 

{qq] ( 5.4 •  
(1.21• 
( 3.0 • 

( 2.4 / :0 .9  

( 4.3 •  

( 3.4 •  

( 6.4 / :1 ,6  

% 
% 
x 10 -3  

x 10 -3  

x 10 -3  

% 

x 10 -3  

(1.47/:0.24) % 
[qq] (13.9 +0.9 )% 

(10.8 + 1 . 0  )% 
( 1.7 • )% 

( 2.1 • )% 

( 6.9 • ) • lO -3  

( 1.1 • )% 

?.g /:2.0 ) • 10 -3  
[qq] 7.49• % 

6.3 / :0 .4  ) %  
4,7 •  ) • 10 - 3  
9,8 •  ) x 10 -3 

3.6 • ) % 

1.5 /:0.4 )% 

9.5 • ) • lO -3  

3.6 • ) • lO -3  

1.74• % 
[w] (1o.o • )% 

1,6 •  ) • 10 -3  
1.9 -I-0.4 ) %  
4.1 •  ) %  

4.9 •  ) • 10 -3  

[rr] 5.1 • ) X 10 -3 

4.8 4-1.1 ) • 10 -3 

2.1 • ) % 
(15 •  )% 

4.0 •  ) %  
1.2 • )% 

2.9 • ) • lO -3  

2,7 •  ) % 
7 •  ) • 10 -3  

( 5.8 •  ) • 10 - 3  

(10.6 +7 .3  ) %  
- 3 . 0  

( 9.4 •  ) x 10 - 3  
( 4.3 • )• 10 -3 

( 5.1 •  ) • 10 - 3  

( 8,3 •  ) x 10 - 4  

( 2.1 •  ) x 10 - 4  

( z2 -+~i~ ) •  lO-3 

S=l.1 
S=1.2 

S=1.3 

861 
860 
842 
676 
549 

263 

711 

364 

842 
844 
678 
711 

709 

844 
843 
709 

843 
812 
612 
612 
418 

327 

683 

603 

483 

812 
812 
772 
670 
422 

418 

483 

683 

812 
815 
771 
641 

580 

605 
406 

768 

771 

544 
520 
544 
538 

434 

435 



Fractions of many of the following modes with resonances have already 
appeared above as submodes of particular charged-particle modes. (Modes 
for which there are only upper limits and K*(892) p submodes only appear 
below.) 

~ o  pO 

K - p +  

~o ~,(958) 
~o fo (980) 
~o~ 
K -  a1(1260) + 
~ 0  a1(1260) ~ 
-~o f2(1270) 
K -  82(1320) + 
K ~  fo(1370) 
K*  (892) -  ~r + 
R* (892) 0 ~r ~ 
K *  (892) ~ ~r + ~r- total  

K *  (892) 0 ~r + ~r- 3-body 
K -  ~r + pO total  

K -  ~r + pO 3-body 
K * ( 8 9 2 ) ~  0 

~* (892)o  po transverse 
~ ,  (892)0 pO S-wave 
~ ,  (892)0 pO 5-wave long. 
~ ,  (892)0 pO P-wave 
~ ,  (892)0 pO D-wave 

K*  (892) -  p+ 
K *  (892 ) -  p+ longitudinal 
K*  (892 ) -  p+ transverse 
K*  (892) -  p+ P-wave 

K -  ~ +  f0(980) 
K *  (892) 0 f0 (980) 

K1(1270) -  ~r + 
K1(1400) -  ~r + 
KI (1400) 0 ~r ~ 
K * ( 1 4 1 0 ) -  ~+ 
K~(1430) -  ~r + 

K~(1430) -  ~r + 
R~(1430)0 ~0 

K* (892)  0 ~r + ~r- ~r 0 
~ *  (892) 07/ 

K -  ~r+~: 
K*(892)~ 

K -  ~r + fi'(958) 
K *  (892)~ q'(958) 

( 7.0 • ) x 10 - 3  772 
(1.21• % 676 
(10.8 • ) % S=1.2 678 
( 2.1 • )% 670 
(1.71• % 565 
( 5.7 •  ) x  10 - 3  549 
( 8.6 • ) x  lO - 3  520 
( 7.3 •  )% 327 

< 1.9 % CL=90% 322 
( 4.1 • ) x 10 - 3  263 

< 2 x 10 - 3  CL:90% 197 
6.9 • ) x 10 - 3  
5.0 • ) % 5:1.2 711 

Meson Summ 

3.1 • ) % 709 
2.2 • )% 603 
1.42• % 683 
6.3 • )% 612 
4.7 • ) x 10 - 3  612 
1.46• % 418 
1,5 • ) % 418 
2,8 • ) % 418 

< 3 x 10 - 3  CL:90% 418 
< 3 x 10 - 3  CL:90% 418 

( 1.9 • )% 418 
( 6.1 • )% 422 
( 2.9 • )% 422 
( 3,2 • )% 422 

< 1.5 % CL:90% 422 
< 1.1 % CL:90% 459 
< 7 • 10 -3  CL=90% - 

[rr] (1.06• % 403 
< 12 % CL=90% 386 
< 3.7 % CL:90% 387 
< 1.2 % CL:90% 378 

K O  ~-o . o  S,~S,, < 5.9 x l 0  - 4  
K + K - ~ + ~  - [uu] ( 2.50•215 - 3  

r  x B ( r  K + K  - )  (5 .3  •  - 4  
cpO x B ( r  K + K  - )  ( 3.0 • ) x l 0  - 4  

K + K - p ~  ( 9.0 • ) x 10 - 4  
K*(892)~ [w] < 5 x 10 - 4  

• B (K  * 0 - ~  K + ~  - )  
K* (892)OK*(892)  0 ( 6 •  ) • 10 - 4  

X B 2 ( K * 0 - *  K+~r  - )  

K +  K -  ~r+~r- non-~b 
K + K -  ~ +  ~r- nonresonant < 8 • 10 - 4  

KOK0"/r+?r - ( 6.8 • ) x 10 - 3  

K+K-~ r+~ r -~ r  ~ ( 3.1 • ) x l O  - 3  

37 

ary Ta ble 

(1.04• % 
< 8 • 10 - 3  

< 4 x 10 . 3  

( 1.8 •  )% 
( 1.9 • )% 
( 3.0 • )% 
( 1.1 •  ) %  
( 7.0 ~-1.8 ) • 10 - 3  

< 1.0 x 10 - 3  

Pionic modes 
~T-t- ~r - 1.52• • 10 -3  
wO'/FO 8.4 -t-2.2 ) • 10 - 4  

~+ ; r - - ; r  0 16 • )% 
~ r + ~ r + ~ r - ~ ' -  7.3 • ) • 10 - 3  
w •  0 1.9 • )% 
~r+~T+~T+7~ /r 71" 4.0 •  ) x l 0  - 4  

Hadronic modes with a K~' pair 
K + K -  (4.25• x 10 - 3  
K 0 K  O ( 6.5 •  ) x  10 - 4  
KOK-~r + ( 6.4 • ) x l 0  - 3  

K* (892 )  0 K  0 < 1.1 x lO - 3  
x B ( K  * 0 - ~  K-~r  +) 

K * ( 8 9 2 ) + K  - ( 2.3 • ) x lO - 3  
x B ( K  * + - - ,  K%r  + )  

K ~  ( 2.3 • ) x 10 - 3  
K O K + ~ r -  ( 5.o • ) x l O  - 3  

K * ( 8 9 2 ) 0 K  0 < 5 • 10 - 4  
x B ( K  *0 --~ K+~r  - )  

K * ( 8 9 2 ) -  K + ( 1.2 • ) x 10 - 3  
x B ( K * -  -~ ~ o v - )  

~ 0  K + ~r-nonresonant ( 3.8 + 2.3 ) x 10 - 3  -1.9 
K + K - ~ r  ~ ( 1.3 • ) • 10 - 3  

CL=90% 

364 

CL=90% 367 

CL=90% 363 

641 
580 
505 
406 
479 

CL=90% 99 

922 
922 

S=2.7 907 
879 
844 
795 

791 
5=1.2 788 
S=1.1 739 

CL=90% 605 

610 

739 
739 

CL=90% 605 

610 

739 

742 

739 

676 
614 
260 
309 
528 

257 

676 
676 
673 
600 

K + t - P t ( v i a  9 0) C2M < 1.7 x 10 - 4  CL=90% - 
K + ~ -  DC (1.46• x 10 - 4  861 
K + 7r- (via 9 ~ C2M < 1.6 x 10 - 5  CL=95% 861 
K + ~r- 7r + ~ -  DC ( 1.9 • ) x 10 - 4  812 
K + T r - T r + ~ - ( v i a D  ~ C2M < 4 x l 0  - 4  CL=90% 812 
K + T r - o r  < 1.0 x 10 - 3  CL=90% - 

K + 7r- 7r + ~r- (via 9 0 )  
# - a n y t h i n g  (via 9 ~ C2M < 4 x 10 - 4  CL=90% - 
e + e-  C1 < 6.2 x 10 - 6  CL=90% 932 
IZ+p, - C1 < 4.1 x 10 - 6  CL=90% 926 
~r 0 e + e -  C1 < 4.5 x 10 - 5  CL=90% 927 
~.0/~+/~- C1 < 1.8 • 10 - 4  CL=90% 915 

T/e+e - C1 < 1.1 x l 0  - 4  CL=90% 852 
TI~+I~ - C1 < 5.3 x 10 - 4  CL=90% 838 
p0 e § e -  C1 < 1.0 • 10 - 4  CL=90% 773 
p0 /~+ / j -  CI < 2.3 • 10 - 4  CL=90% 756 
o) e + e-  C1 < 1.8 • 10 - 4  CL=90% 768 
o)p,'}-~ - C1 < 8.3 • 10 - 4  CL=90% 751 
~e + e-  C1 < 5.2 • 10 - 5  CL=90% 654 
~p,+ p,- C1 < 4.1 x 10 - 4  CL=90% 631 

e + e-  [ss] < 1.1 x 10 - 4  CL=90% 866 
I~+/J,- [ss] < 2.6 x 10 - 4  CL=90% 852 

K* (892)  0 e + e -  [ss] < 1.4 x 10 - 4  CL=90% 717 
K * ( 8 9 2 ) ~  - [ss] < 1.18 x 10 - 3  CL=90% 698 
�9 It + 7r--'K 0 I ~+ p-- C1 < 8.1 x 10 - 4  CL=90% 863 
p+ e ~ LF [ee] < 8.1 x 10 - 6  CL=90% 929 
7r~177 ~ LF lee] < 8.6 x 10 - 5  CL=90% 924 
~e • i ~:F LF [eel < 1.0 • 10 - 4  CL~90% 848 
,o 0 @• ~T- LF [eel < 4.9 • 10 - 5  CL=90% 769 
we • ~ :  LF lee] < 1.2 x 10 - 4  CL=90% 764 
~e • i ~:F LF lee] < 3.4 • 10 - 5  CL=90% 648 
-~0 e-F ~ :  LF [ee I < 1.0 x 10 - 4  CL=90% 862 
K * ( 8 9 2 ) ~ 1 7 7  :F LF [ee] < 1.0 x 10 - 4  CL=90% 712 

Fractions of most of the following modes with resonances have already 
appeared above as submodes of particular charged-particle modes. 

K*(892) ~ 0 < 1.6 x 10 -3 CL=90% 605 
K*(892) + K- ( 3.5 • ) x 10 -3 610 
K * ( 8 9 2 ) 0 K  0 < 8 • 10 - 4  CL=90% 605 
K * ( 8 9 2 ) - K  + ( 1.8 • } x 10 -3  610 
~;r  0 < 1.4 • 10 - 3  CL=90% 644 
~T/ < 2.8 • 10 - 3  CL=90% 489 
(~0J < 2,1 • 10 - 3  CL=90% 239 
(~/r+ ~r - (1.07• x 10 - 3  614 

~po (6  • )• 260 
~Tr + ~ -  3-body ( 7 •  ) • 10 - 4  614 

K * ( O 9 2 ) ~  - c.c. [vv] < 7 x 10 - 4  CL=90% - 
K * ( 8 9 2 ) ~  0 ( 1~4 -0 .5  ) x 10 - 3  257 

Radiative modes 
p0,}, < 2.4 • 10 - 4  CL=90% 773 
~"7 < 2.4 x 10 - 4  CL=90% 768 
~ 7  < 1.9 x 10 - 4  CL=90% 654 
K* (892 )0~  < 7.6 • 10 - 4  CL=90% 717 

Doubly Cabibbo suppressed (DC) modes, 
AC = 2 focbidden via mixing (C2M) modes. 
AC = 1 weak neutral current (C1) modes, or 
Lepton Family number (LF) violating modes 
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Meson Summary Table 
I D*(2007)~ I I(J P) = �89 

/, J, P need confirmation. 

Mass m = 2006.7 4- 0.5 MeV (S = 1.1) 
mD,o -- mDo = 142.12 4- 0.07 MeV 
Full width F < 2.1 MeV, C L = 9 0 %  

D*(2007) 0 modes are charge conjugates of modes below. 

D*(2007) 0 DECAY MODES Fraction ( r i / r )  

D0/r 0 (61.9• % 
0 0 7  (38.1• % 

I D~177 I I(JP) = �89 
I, J, P need confirmation. 

M a s s m =  2010.0 4- 0.5 MeV ( S =  1.1) 

mD,(2010)+ - mo+ = 140.64 4- 0.10 MeV (S = 1.1) 
mD,(2OlO) + - mDo = 145.436 4- 0.016 MeV 
Full width r < 0.131 MeV, CL = 90% 

D*(2010)- modes are charge conjugates of the modes below. 

D'(2010) :E DECAY MODES Fraction ( r i / r )  

D~ ~ + (67.7• % 
D+~  ~ (30.7• % 
0 + 7  ( 1.6• 

J D1(2420)0 J I(JP) = { ( 1 + )  
I, _/, P need confirmation. 

Mass m =  2422.2 4- 1 .8MeV ( S = 1 . 2 )  
1R ~+4.6 Full width F = . . . .  -3.5 MeV 

~1(2420)0 modes are charge conjugates of modes below. 

p ( M eV/c) 

43 
137 

p (MeV/c) 

39 
38 

136 

D1(2420} 0 DECAY MODES Fraction ( r / / r )  p (MeV/c) 

1 CHARMED, STRANGE MESONS 
(c=s= 

D + = c~, D;- = ~s, similarly for D; 's  

= o (o - )  I(d P) 

M a s s m =  1968.6 4- 0.6 MeV ( 5 = 1 . 1 )  
mo~ - mD• = 99.2 4- 0 .5MeV ( S =  1.1) 

Mean life ~- = +O.OLO (0.496_0.009) x 10 -12  S 
c r  = 148.6/~m 

D + form factors 

r 2 = 1,60 4- 0.24 
r v = 1.92 • 0.32 
I - jE  T = 0.72 4- 0.18 

Branching fractions for modes with a resonance in the final state include 
all the decay modes of the resonance. Ds- modes are charge conjugates 
of the modes below. 

D-  + DECAY MODES Fraction (r~/r) 

D*(2010) + ~r- seen 355 
D + ~r- not seen 474 

I D;(2460)~ I I(JP) = �89 

JP = 2 + assignment strongly favored (ALBRECHT 89B). 

M a s s m =  2458.9 4- 2.0 MeV ( S =  1.2) 
Full width r = 23 4- 5 MeV 

D~(2460) 0 modes are charge conjugates of modes below. 

D~(241~) 0 DECAY MODES Fraction ( r i / r )  p (MeV/c) 

503 
387 

p (MeV/c) 

D + ~r- seen 
D*(2010) + ~r- seen 

I D;(2460)•  I I(JP) = �89 

JP = 2 + assignment strongly favored (ALBRECHT 89B). 
M a s s m =  2 4 5 9 i 4 M e V  ( S =  1.7) 

mD~(2460) • -- mD~(2460) o = 0.9 4- 3.3 MeV (S = 1.1) 

Full width r = 25+~  MeV 

D~(2460)- modes are charge conjugates of modes below. 

D~(2460) + DECAY MODES Fraction (Fi/F) 

D ~ ~+  seen 508 
O*0~ + seen 390 

II 

Scale factor/ p 
Confidence level (MeV/c) 

Inclusive modes 
K - a n y t h i n g  (13 +{4 
K~ + K~ (39 • 

K+  anything (20 +{8 
non- K-Kanyth ing (04 • ) % 

e+anything ( 8 _+ 56 )% 

r anything (18 _+{5 7% 

Leptonic and semileptonic modes 
#+ / /#  ( 4.6 • 1.9 ) x  10 - 3  

r+t~r ( 7 • 4 ) % 
r [~]  (2.o • o.5)% 
r/t+uz + T/(958)t+vt [ww]  ( 3.5 • 1.0 ) % 

f / t+ tJ l  ( 2.6 • 0,7 )% 
~I(958)~+/~ t ( 8,9 • 3.4 ) x  10 - 3  

Hadronic modes with a KK pair (including from a ~) 
K+K 0 3.6 + 1.1 )% 

4.4 4- 1.2 )% 
3.6 • 0.9 )% 
3,3 • 0,9 )% 
1.8 • 0.8 )% 
7 • 4 ) x l O  - 3  

1.5 • 1.9 ) x 10 - 3  
9 • 4 ) •  - 3  

( 4.3 • 1.4 )% 

(9 •  )% 
( 6.7 • 2.3 )% 

< 2,6 % 
< 9 % 
< 2.8 % 

( 4.3 • 1.5 )% 
(5.8 • 2.5)% 

< 2.9 % 
( 8.3 • 3.3 ) x  10 - 3  
( 1.18• 0.357 % 
( 3.0 + 3.0 ) x  10 - 3  

- 2,0 

)% 
)% 
7% 

K + K -  fr + [qq] 
r  [x~] 
K+K*(892) 0 [xx] 
f0 (980) 7r + [xx] 
K+ 'K~(1430)  0 [xx} 

f0(1710) ;r+ -~ K + K - T r +  [YY] 
K + K -  7r + nonresonant 

K~  ~ 0  ~r + 
K*  (892) + ~ 0  [xx] 

K + K -  ~+ 7r ~ 

~p+ [~x] 
~ r  + Ir 0 3-body [xx] 

K+  K -  ;r+Tr0 non-r 
K + ~ % + T r -  
KO K-Tr+ ~+ 

K*(892)+K*(892)  0 [xx] 
K ~ K-  ~r + lr + non-K *+ ~ , o  

K+ K -  lr+ ~r+ Tr- 
~ +  ~+ ~ -  [xx] 
K + K -~ r+ ; r+~ r  - non-~ 

S=1.3 

Hadronic modes without K's 
~ + = + = -  ( 1.o + 0,4 )% 

p0/r + < 8 • 10 - 4  

f0(980)Tr + [xx] ( 1.8 • 0.0 )% 
f2(1270)~ + [xx I ( 2.3 + 1.3 ) x  10 - 3  
fo(1500)Tr + -~ l r + T r - ~  + [zz] ( 2.8 • 1.6 ) x 1 0  - 3  
r + 7r + ~r- nonresonant < 2.0 x 10 - 3  

~+ ?r+ ?r- ~r 0 < 12 % 

,7~ + [xx] ( 1.7 • 0.5 )% 
w~ + [xx] (2.8 • 1.1 )xlo -3 

981 
182 

850 

S=l.l 805 

712 

682 

S=1.3 732 

186 

204 

805 

802 
683 

748 

687 

407 

CL=90% 687 
CL=90% 748 
CL=90% 744 

744 
412 

CL=90% 744 
673 
640 

673 

S=1.2 959 
CL=90% 827 

S=1.7 732 
559 
391 

CL--90% 959 
CL=90% 935 

902 
822 



/r +'a "+ 7i" + / r - / r -  ( 6.9 • 3.0 ) x 10 - 3  899 
71" + 11 -+ t r - / r  071" 0 - -  902 

'r/p + [xx] (10.8 • 3.1 )% 727 
r/Tr+~T03-body [xx] < 4 % CL=90% 886 

/r + / r  + 1T + 7- - / r - - / r  0 ( 4.9 • 3.2 ) % 856 
~/'(958)7r + {xx] ( 3.9 • 1.0 )% 743 

Ir + lr + ir + I t -  l r -  l r  0 7r 0 - -  803 
r / ( 958 )p  + {xx] (10.1 • 2.8 )% 470 
~/'(958)Tr+Tr03-body [xx] < 1.4 % CL=90% 720 

Modes with one or three K's 
K 0/r + < 8 x lo - 3  CL-90% 916 
K+T r+ l r  - ( 1.o + 0.4 )% 900 

K + p  0 < 2.9 x 10 - 3  EL=90% 747 
K*(892)07r + [xx] ( 63 :E 2.8 ) • 10 - 3  773 

K + K  + K -  < 6 x 10 - 4  CL=90% 628 
~)K + [xx] < 5 x 10 - 4  CL=90% 607 

A C =  1 weak neutral current ( C I )  modes, or 
Lepton number (L) violating modes 

;'r + e + e- [ss] < 2.7 x 10 - 4  CL=90% 979 
E + p,+ It,-- [ss] < 1.4 x 10 - 4  EL=90% 968 
K + e + e- C1 < 1.6 x 10 - 3  CL=90% 922 
K -t 11, + p.- C1 < 1.4 x 10 -4  CL=90% 909 
K * ( 8 9 2 ) + # + #  - Cl < 1.4 x I0 -3 CL=90% 765 
7r + e • LF [ee] < 6.1 x 10 - 4  CL-90% 976 
K +e•  ~ LF [ee] < 6.3 x 10 - 4  CL=90% 919 
~r- e + e + L < 6.9 x 10 - 4  CL=90% 979 
/ r - - # + #  + L < 8.2 x 10 - 5  CL-90% 968 
/r-- e +,u, + L < 7.3 x 10 - 4  CL=90% 976 
K -  e + e + L < 6.3 • 10 - 4  CL=90% 922 
K - # + #  + L < 1.8 x 10 - 4  CL=90% 909 
K - e + #  + L < 6.8 x 10 - 4  CL=90% 919 
K * ( 8 9 2 ) - # + / ~  + L < 1.4 x 10 - 3  CL=90% 765 

r ~  l(JP) = 0(? ?) 
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BOTTOM(B=+I)MESONS II 
B + = ub, B ~ = db, ~o  = d b ,  B -  = ~b,  similarly for B* 's  

B-particle organization I 
Many measurements of  B decays involve admixtures of  B 
hadrons. Previously we arbitrari ly included such admixtures 
in the B • section, but because of  their importance we have 
created two new sections: "B•  0 Admix ture"  for 7"(45) 

results and "B+/B~176 Admix tu re"  for results 
at higher energies. Most inclusive decay branching fractions 
are found in the Admix ture  sections. B ~  ~ mixing data are 
found in the B ~ section, while Bs-B s ~  --o mixing data and B- 
B mixing data for a B~ ~ admixture are found in the Bs 0 

section. CP-violation data are found in the B ~ section, b- 
baryons are found near the end of  the Baryon section. 

The organization of  the B sections is now as follows, where 
bullets indicate particle sections and brackets indicate re- 

views. 

�9 B + 

mass, mean life 

branching fractions 
�9 B 0 

mass, mean life 

branching fractions 

polarization in B ~ decay 

B ~  ~ mixing 

CP violation 

JP is natural, width and decay modes consistent wi th 1 - .  

Mass m = 2112.4 4- 0.7 MeV ( S = 1 . 1 )  
mD~:L - rno~ = 143.8 4- 0.4 MeV 

Full width r < 1 . 9MeV ,  C L = 9 0 %  

D ; -  modes are charge conjugates of the modes below. 

�9 + DECAY MODES Fraction ( r i / r )  D s 

D+'y  (94.24-2.5) % 
+ 0 D s 7r (5.8• % 

I Dn(2536)• I /(JP) = 0(1+)  
J, P need conf i rmat ion. 

Mass m = 2535.35 4- 0,34 4- 0.5 MeV 
Full width r < 2 . 3 M e V ,  C L = 9 0 %  

D51(2536)- modes are charge conjugates of the modes below. 

Ds1(2536)+ DECAY MODES Fraction ( r i / r )  

p (MeV/c)  

139 

48 

p (MeV/c) 

D* (2010) + K ~ seen 15o 
D* (2007) 0 K + seen 169 
D + K 0 not seen 382 
D 0 K + not seen 392 
O~ + ~ possibly seen 389 

I Da](2573)• I I ( JP )  = 0(??) 

JP is natural, width and decay modes consistent with 2 + . 

Mass m = 2573.5 + 1.7 MeV 
Full width r = 15_+4 s MeV 

Dgj(2573 ) -  modes are charge conjugates of the modes below. 

Fraction ( r i / r )  Djjr(2573) + DECAY MODES p ( M eV/c) 

D O K + seen 436 
D* (2007) 0 K + not seen 245 

�9 B • B ~ Admixtures 

branching fractions 

�9 B•176176 Admixtures 

mean life 

production fractions 

branching fractions 

�9 B* 

mass 

�9 B~ 
mass, mean life 

branching fractions 

polarization in Bs 0 decay 

B ~  0 mixing 

B - B  mixing (admixture of B 0' B 0) 

mass, mean life 

branching fractions 

At end of  Baryon Listings: 

�9 A b 
mass, mean life 

branching fractions 

�9 b-baryon Admix ture  

mean life 

branching fractions 
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= �89 I (J  P) 

I ,  J, P need confirmation. Quantum numbers shown are quark-model 
predictions. 

Mass rnB~ = 5279.0 4- 0.5 MeV 

Mean life r B •  = (1,653 4- 0.028) x 10 -12 s 

Cr = 496 #m 

B -  modes are charge conjugates of the modes below. Modes which do not 
identify the charge state of the B are listed in the B4-/B 0 A D M I X T U R E  
section. 

The branching fractions listed below assume 50% B0B 0 and 50% B + B-  
production at the T(4S). We have attempted to bring older measurements 
up to date by rescaling their assumed T(4S) production ratio to 50:50 
and their assumed D, Ds, D*, and ~ branching ratios to current values 
whenever this would affect our averages and best limits significantly. 

Indentation is used to indicate a subchannel of a previous reaction. All 
resonant subchannels have been corrected for resonance branching frac- 
tions to the final state so the sum of the subchannel branching fractions 
can exceed that of the final state. 

Scale factor/ 
B + DECAY M O D E S  

p 
Fraction ( r i / r )  Confidence level (MeV/c) 

S e m i l e p t o n i c  and  leptonic  m o d e s  
t + u t a n y t h i n g  [pp] (lO.2 • )% 

-DOt+el. [pp] ( 2.154-0.22)% 
9 * ( 2 0 0 7 ) ~  [pp] ( 5.3 ::0.8 )% -- 
D l ( 2 4 2 0 ) ~  ( 6.6 4-1.6 ) x  10 - 3  
9 ~ ( 2 4 6 0 ) 0 [ + v t  < 8 x 10 - 3  CL=90% 

tr~ < 2.2 x 10 -3  CL=90% 2638 
~ t  + t,,~ [pp] < 2.1 x 10 - 4  CL=90% 
pO~,+~ t [pp] < 2.1 x 10 - 4  CL=90% - 

e + I,' e < 1,5 x 10 - 5  CL=90% 2639 
/z +z)# < 2.1 x 10 - 5  CL-90% 2638 

T + t-' T < 5.7 x 10 - 4  CL=90% 2340 
e+b'e7 < 2.0 x 10 -4 CL=90% - 

/~+,u#7 < 5.2 x 10 - 5  CL=90% 

D, D*, or D s m o d e s  
~ 0  ~r + 
9op+ 
9 0 K + 
901r+~+ 7r - 

~ o  ~r+ ~r+ ~r- nonreson ant 
9o~+po 

D 0 a1(1260) + 

D * ( 2 0 1 0 ) -  l r + l r  + 

D-~r+Tr  + 

D* (2007)%r  + 
D*(2010)+  7r ~ 
D * ( 2 0 0 7 ) ~  + 
D*  (2007) o 7r + ~r + 7r- 

D*  (2007)0 a1(1260) + 
D * ( 2 0 1 0 ) -  7r + ~-+ 7r 0 
D*(2010)-~r+ ~r+ :r+ ~ - 
D [  (2420) 0 ~-+ 

D; '(2420)0 p + 

9~(2460)0 ~r + 

9~(2460)0p  + 
9 o  D + 

9 ~ D~ + 

9 * ( 2 0 0 7 ) 0 0  + 

9 * (2007 )  0 O~ + 

9 * ( 2 0 0 7 )  0 O*(2010)  + 

D ~  D*(2010)  + + 
9 * ( 2 0 0 7 )  0 D + 

9 O D +  
+ o 0 s ~r 

5.3:50.5 ) x 10 - 3  
1 .34•  % 

2.9:50.8 ) x 10 - 4  
1.1:50.4 )% 
5 4-4 ) x 10 - 3  
4.2 4-3.0 ) x 10 - 3  
5 :54 ) x 10 - 3  
2.1 4-0,6 ) x 10 -3 

< 1.4 X 10 -3 

( 4.6 4-0,4 ) x 10 -3 
< 1,7 x 10 -4 

(1.554-0.31) % 
( 9.4 4-2,6 ) x  10 -3  
( 1.9 4-0.5 )% 
( 1.5 4-0.7 )% 

< 1 % 
( 1.5 • ) x 1o - 3  

< 1.4 x 10 -3  

< 1.3 x 10 -3  

< 4.7 x 10 - 3  

( 1.3 4-0.4 )% 

( 9 4-4 ) x 10 - 3  

( 1.2 4-0.5 ) %  

( 2.7 4-1.0 )% 

< 1.1 % 
< 1.3 % 

< 6.7 x 10 -3  

< 2.0 x 10 - 4  

2308 
2238 

2289 
2289 
2209 
2123 
2247 

EL=90% 2299 
2256 

CL=90% 2254 
2183 
2236 
2062 
2235 

CL=90% 2217 
S=1.3 2081 

CL=90% 1997 

CL=90% 2064 

CL=90% 1979 

1815 

1734 

1737 

1650 

CL=90% 
CL=90% 

CL=90% 
CL=90% 2270 

D*s + ~0 
p+, ,~ 

s 0 
D; + p ~ 

D*s+ ~o 
D + al (1260) 0 

Ds + a I (1260) 0 

o~q, 
D;+r 
O,+~o 
o;+~ o 
0,+~*(892) o 
D : + K * ( 8 9 2 )  0 

D~- 7r + K + 

D*s-~+ K+ 
D s lr + K* (892)  + 

D ; -  ~r + K* (892)  + 

J/~b(15) K + 
J/~,(15) K + ~ + E  - 
J/~;(15) K*(892)  + 
J/Vp(lS)Tr + 
J/VJ(15)p + 
J /~ (15 )  a1(1260) + 
,~(25) K + 
~b(25) K*(892) + 
tb(2S) K + = +  7r- 

Xcl ( 1 P )  K + 
Xcl(1P) K*(892) + 

KOTr + 
K+~r o 

7/' K + 
7 /K* (892 )  + 
7/K + 
r /K* (892)  + 

• K  + 

w K *  (892) + 
K*  (892) o ~r + 
K* (892)  + ;T 0 

K + ~r- ~r + nonresonant 
K -  ~+ ~r + nonresonant 
K I (1400)  0 ~r + 
K~ (1430) 0 lr + 
K+ pO 
KO p+ 
K* (892 )+  ~r+ ~r - 

K * ( 8 9 2 ) + p  ~ 
K1(1400)+p 0 
K~(1430)+p  0 
K+ -~0  

K + K -  ~r + nonresonant 
K + K+Tr - nonresonant 
K + K*(892)  0 
K + K -  K + 

K+r  
K + K -  K + nonresonant 

K*(892)  + K + K -  
K*(892)+~b 

K1(1400) + 
K~(1430) + 

K + f0(980) 

K* (892)+~ , 

< 3.3 x 10 - 4  

< 5 • 10 - 4  

< 8 • 10 - 4  

< 4 x 10 - 4  

< 5 x 10 - 4  

< 5 x 10 - 4  

< 7 x 10 -4  

< 2.2 x 10 - 3  

< 1,6 x 10 - 3  

< 3.2 x 10 - 4  

< 4 • 10 - 4  

< 1.1 • 10 - 3  

< 1.1 x 10 - 3  

< 5 x 10 - 4  

< 4 • 10 - 4  

< 8 x 10 - 4  

< 1.2 x 10 - 3  

< 6 x 10 - 3  

< 8 x 10 - 3  

Charmonium m o d e s  
(10.0 -}-1.0 ) • 10 - 4  
( 1,4 +o.6 ) x  10 - 3  
(1.484-0.27) x 10 - 3  
( 5.1 4-13 ) x lO - s  

< 7.7 x 10 - 4  
< 1.2 x 10 - 3  

( 5.8:51.0 ) x  10 - 4  

< 3.0 x 10 - 3  
( 1,9 4-1.2 ) •  10 - 3  
( 1.0 4-0.4 ) x 10 - 3  

< 2.1 x 10 - 3  

K o r  K *  m o d e s  
( 2.3 4-1.1 ) x  10 - 5  

< 1.6 x 10 - 5  
( 6.5 4-1.7 )x 10 - 5  

< 1.3 • 10 - 4  

< 1.4 • 10 -5 

< 3.0 x 10 - 5  

( 1.5 +0.7 - -0 .6  ) x 10 - 5  

< 8.7 x 10 - 5  
< 4.1 x 10 -5 

< 9.9 • 10 -5 

< 2.8 x 10 - 5  
< 5.6 • 10 - 5  

< 2.6 x 10 -3 

< 6.8 • 10 -4 

< 1,9 x 10 -5 

< 4.8 x 10 - 5  
< i . I  • 10 - 3  

< 9,0 x 10 - 4  
< 7.8 x 10 -4  
< 1.5 X 10 -3 

< 2.1 x 10 -5 

< 7.5 x 10 - 5  
< 8.79 x 10 - 5  

< 1.29 • 10 -4  
< 2.0 x 10 -4  
< 5 x 10 - 6  
< 3.8 x 10 - 5  

< 1.6 x 10 - 3  

< 4.1 x I0 - 5  

< 1.1 x 10 -3  
< 3.4 x 10 -3  

< 8 x 10 - 5  

5.7:53.3 ) x 10 - 5  

CL=90% 

CL=90% 

CL=90% 

CL=90% 

CL=90% 

CL~90% 

CL=90% 

CL=90% 

CL=90% 

CL=90% 

CL-90% 

CL=90% 

CL=90% 

CL=90% 

CL=90% 

CL=90% 

CL=90% 

CL=90% 

CL=90% 

CL=90% 
CL=90% 

CL=90% 

CL=90% 

CL=90% 

CL=90% 
CL=90% 
CL=90% 

CL=90% 
CL=90% 
CL=90% 
CL=90% 
CL=90% 
CL=90% 
CL=90% 

CL=90% 
CL=90% 
CL=90% 
CL=90% 
CL=90% 
CL=90% 

CL=90% 
CL=9O% 
CL=90% 
CL=90% 
CL=90% 
CL=90% 
CL=90% 
CL=90% 
CL=90% 
CL=90% 
CL=90% 

CL=90% 

2214 

2235 

2177 

2198 

2139 

2195 

2136 

2079 

2014 

2141 

2079 

2241 

2184 

2171 

2110 

2222 

2164 

2137 

2075 

1683 
1612 
1571 
1727 
1613 
1414 
1284 
1115 
909 

1411 
1265 

2614 
2615 
2528 
2472 
2587 
2534 

2561 
2562 
2609 

2451 
2443 

2559 
2559 
2556 
2505 
2389 
2382 

2592 

2522 
2516 
2516 
2466 
2460 
2339 
2332 

2524 
2564 



K1(1270)+7 < 7.3 x 10 -3 CL=90% 2486 

K1(1400) +7 < 2.2 x 10 -3 CL=90% 2453 

K~(1430) +7 < 1.4 x 10 -3 CL=90% 2447 

K*(1680)+7 < 1.9 x 10 -3 EL=90% 2361 

K~(1780)+7 < 5.5 x 10 -3 CL=90% 2343 

K ~ ( 2 0 4 5 ) + 7  < 9.9 x 10 - 3  CL=90% 2243 

Ught unflavored meson modes 
1[+/r  0 < 2.0 x 10 - 5  CL=90% 2636 

/r + 1[+ ~ ' -  < 1.3 x 10 - 4  CL=90% 2630 

pO 7r + < 43  x 10 - 5  CL=90% 2582 

~+ fo(980) < 1,4 x 10 -4 CL=90% 2547 

1[+ f2(1270)  < 2.4 x 10 - 4  EL=90% 2483 

1[+ 7r- Ir + nonresonant < 4.1 x 10 -5 CL=90% - 
1[+ ~r 0/r  0 < 8.9 x 10 - 4  CL=90% 2631 

p+~r 0 < 7.7 x 10 - 5  CL=90% 2582 

7[ +/r-- 7r +';T0 < 4.0 x 10 - 3  EL=90% 2621 

p+pO < 1.0 x 10 - 3  EL=90% 2525 

al(1260)+~r 0 < 1,7 x 10 -3 CL=90% 2494 

a1(1260)01r + < 9.0 x 10 -4 CL=90% 2494 

{.,.,'/r + < 2.3 x 10 -5 CL-90% 2580 

u2p + < 6.1 x 10 - 5  EL=90% - 

T/7r + < 1.5 x 10 - 5  CL=90% 2609 

T / l [  + < 3.1 x 10 - 5  CL=90% 2550 

f l ip+ < 4.7 x 10 - 5  CL=90% 2493 

rlp+ < 3.2 x 10 -5 CL=90% 2554 

<~Ir + < 5 x 10 - 6  CL=90% - 

C p +  < 1.6 x 10 - 5  - 

l f+ l r+ ' l r+~"  ~T < 8.6 x l 0  - 4  CL=90% 2608 

pOa1(1260)+  < 6.2 x 10 - 4  CL=90% 2434 

p 0 a 2 ( 1 3 2 0 ) +  < 7.2 x 10 - 4  CL=90% 2411 

1[+ ~r + / r  + ~ -  ~'-- lT 0 < 6.3 x 10 - 3  CL=90% 2592 

a1 (1260 )+  a1(1260)  0 < 1.3 % CL=90% 2335 

Charged particle (h 'l:) modes 

h • = K • or ~r • 

h + / r  0 ( 1.6 +0.7 ) x l O - 5  
-0.6 

~Jh + 2.50 x 10 -5 

Baryon modes 
p ~ r  + < 1.6 x 10 - 4  CL=90% 2439 

p ~ r  + nonresonant  < 5.3 x 10 - 5  CL=90% - 

p-p~T + 1[+ n--- < 5.2 x 10 - 4  EL=90% 2369 

p~K+nonresonant < 8.9 x 10 - 5  CL=90% - 

p A  < 2.6 x 10 - 6  CL=90% 2430 

p-A'K+'K - < 2,0 x 10 - 4  CL=90% 2367 

~ 0  p < 3.8 x I0 -4 CL=90% 2402 

.4++~ < 1.5 x 10 -4 EL=90% 2402 

A c p ~ T +  ( 6.2 •  )xl0 -4 

Ac pTr+' r  < 3.12 x 10 - 3  CL=90% 

AcPTr+~+Ir- < 1.46 x 10 - 3  EL=90% 

Ac P1[+1[+' i r - l r  0 < 1.34 % CL=90% 
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F ~  l(J P) �89 

I, J, P need confirmation. Quantum numbers shown are quark-model 
predictions. 

Mass mBo = 5279.4 + 0.5 MeV 

mBo -- mB• = 0.33 • 0.28 MeV (S = 1.1) 
Mean life ~'B0 = (1.548 • 0.032) x 10 -12 s 

or = 464 #m 
'TB+/-rBO = 1.060 • 0.029 (average of direct and inferred) 
"rB+/'rso = 1.062 + 0.029 (direct measurements) 

n Q~+0.15 (inferred from branching fractions) TB+/'rBO ---- . . . .  --0.12 

BO-~ ~ mixing parameters 

Xd = 0.174 + 0.009 
AmBo = mBo H -- mBo L = (0.472 + 0 .017)  x 1012 T~ S - 1  

X d = AmBO/['BO = 0.730 • 0 ,029 

CP violation parameters 

Re(CBO)/(l+l~Bol 2) = 0.002 • 0.007 
sin(2~) = 0.9 • 0.4 

~0 modes are charge conjugates of the modes below. Reactions indicate 
the weak decay vertex and do not include mixing. Modes which do not 
identify the charge state of the B are fsted in the B•  0 ADMIXTURE 
section. 

The branching fractions listed below assume 50% B0B  0 and 50% B + B -  
production at the T(45).  We have attempted to bring older measurements 
up to date by rescaling their assumed T(4S) production ratio to 50:50 
and their assumed D, D s, D*, and ~b branching ratios to current values 
whenever this would affect our averages and best limits significantly. 

Indentation is used to indicate a subchannel of a previous reaction. All 
resonant subchannels have been corrected for resonance branching frac- 
tions to the final state so the sum of the subchannel branching fractions 
can exceed that of the final state. 

Scale factor/ p 
B 0 DECAY MODES Fraction ( r i / r )  Confidence level (MeV/c) 

t+utanything [PP] (10.8 • )% 
D - l + u t  [PPl ( 2.10• 
D*(2010)-  ~+ ut [PP} (4 .60•  % 

p-~,+lJ t [pp] ( 2.6 _+016 } x l O  - 4  

~ r - t + u t  ( 1.8 •  ) x 10 - 4  

Inclusive modes 
K+ anything (78 •  ) %  

D, D*, or D s modes 
D- 'K  + ( 3.0 •  ) x l 0  - 3  

O - p  + ( 7,9 •  ) x  10 - 3  
9 0/r  + 1 [ -  < 1.6 x 10 - 3  

D * ( 2 0 1 0 ) -  ~r + 2.76• x 10 - 3  

D-1[+' t r+ ' l r  - 8.0 • xl0 -3 

( D - ~ + ~ r + ~  - )  nonresonant  3.9 •  x 10 - 3  

2306 

2236 

CL=90% 2301 

2254 

2287 

2287 

Lepton Family number (LF) or Lepton number (L) violating modes, or 
ZIB --  1 weak neutral current (81) modes 

~+ e + e -  81 < 3.9 x 10 - 3  CL=90% 

~+#+,u , -  B1 < 9.1 x 10 - 3  CL=90% 

K + e + e -  81 < 6 x 10 - 5  EL=90% 

K+IJ,+p, - B1 < 5.2 x l 0  - 6  EL=90% 

K * ( 8 9 2 )  + e + e -  81 < 6.9 x 10 - 4  EL=90% 

K * ( 8 9 2 ) + # + #  - B1 < 1.2 x 10 - 3  CL=90% 

lr + e + # -  LF < 6.4 x 10 - 3  CL=90% 

~+ e - # +  LF < 6.4 x 10 - 3  CL=90% 

K+e+p ,  - LF < 6.4 x 10 - 3  CL=90% 

K + e- I ~+ LF < 6.4 x 10 - 3  CL=90% 

1['- e + e + L < 3.9 x 10 - 3  CL=90% 

~'-- /,r /J+ L < 9.1 x 10 - 3  EL=90% 

I r -  e+ p, + LF < 6.4 x l O  - 3  CL=90% 

K -  e + e + L < 3.9 x 10 - 3  EL=90% 

K - # + #  + L < 9.1 x l 0  - 3  EL=90% 

K - e + #  + LF < 6.4 x l O  - 3  EL-90% 

2638 

2633 

2616 

2612 

2564 

2560 

2637 

2637 

2615 

2615 

2638 

2633 

2637 

2616 

2612 

2615 

D - / r + , o  0 1.1 •  x 10 - 3  2207 

D-a1(1260) + 6.0 •  x 10 - 3  2121 

D*(2010)-1[+~ ~ 1.5 •  % 2247 

D*(2010)-p + 6.8 • x 10 -3 2181 
D * ( 2 0 1 0 ) - ~ + ~ + ~  - 7.6 •  x 10 - 3  S=1.4 2235 

(D*(2010)-Tr+~+1[  - )  non- 0.0 •  x 10 - 3  2235 

resonant 
D*(2010)-1[+p 0 ( 5.7 • ) x 10 -3 2151 

D*(2010)- a1(1260) + (1.30• % 2061 
D*(2010)-1 [+1[+1[ - I r  ~ ( 3.5 •  ) %  2218 

D ~ ( 2 4 6 0 ) - 7 r  + < 2.2 x 10 - 3  EL=90% 2064 

D ~ ( 2 4 6 0 ) - p  + < 4.9 • 10 - 3  CL=90% 1979 

D -  D + < 1.2 x 10 - 3  EL=90% 

D - D  + ( 8.0 •  ) x l O  -3 1812 

0* (2010) -D  + ( 9.6 • ) x  10 -3 1735 

D-D's+ ( 1.0 •  ) %  1731 

D * ( 2 0 1 0 ) - D ;  + ( 2.0 • ) %  1649 

Ds + 1 [ -  < 2.8 x 10 - 4  EL=90% 2270 

D=s + ' / r -  < 5 x 10 - 4  CL=90% 2214 

O+sp - < 7 x 10 - 4  EL=90% 2198 

D ;  + p -  < 8 x 10 - 4  CL=90% 2139 
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D + al  ( 1 2 6 0 ) -  

D; + a 1 ( 1 2 6 0 ) -  

D ;  K + 

D* s -  K + 
D~- K * ( 8 9 2 )  + 

D ~ -  K * ( 8 9 2 )  + 

D~" ~r + K ~ 
D ~ -  ~r + K ~ 

D~- ~r + K * ( 8 9 2 )  ~ 

D*~- ~r + K * ( 8 9 2 )  ~ 
~ ~r o 
~ o  p0 

~ 0  ~/ 

DOoj 

~ *  (2007)0 ;TO 

D * ( 2 0 0 7 ) ~  ~ 

D * ( 2 0 0 7 ) ~  T/ 

D *  (2007)  0 ~'  

D *  (2007)~  

O * ( 2 0 1 0 )  + D * ( 2 0 1 0 ) -  

O * ( 2 0 1 0 )  + D -  
0(*)o~(*)o 

J/%b(1S) K ~ 
J/~(IS) K + ~r- 

J/~(I5) K * ( 8 9 2 )  0 

J/~(lS)~ ~ 
J/@(]s)v 
J/~b(IS)p 0 
J/~(lS)~ 
r  K ~ 
~b(25) K + ~r- 

~ ( 2 S )  K *  (892)  0 

Xc1(1P) K ~ 
• (1 P) K* (892)  0 

K + ~ r  - 

K o ~r o 

~ / K  0 

q ' K * ( 8 9 2 )  ~ 

~ / K * ( 8 9 2 )  ~ 
~,K o 

w K  o 

w K *  (892)  0 

K + K  - 
K o ~o 
K + p  - 

K o pO 

K ~  fo (980)  

K * ( 8 9 2 )  + ~r-  

K * ( 8 9 2 ) ~  0 

K ~ ( 1 4 3 0 )  + ~r-  

KOK+ K - 
K~ $ 
K-~ r+  ;,r+ ~r - 
K * ( 8 9 2 ) ~  ~r - 

K*(892)~ 0 

K * ( 8 9 2 ) ~  fo(980)  

/(1 (1400)  + ~ -  
K -  a I (1260) + 

K*(892) 0 K + K- 
K * ( 8 9 2 )  ~ 

K l ( 1 4 0 0 ) ~  ~ 

K1(1400)% 
K~(14~0)~ ~ 
K~(1430) 0 

K * ( 8 9 2 ) 0 7  

< 2.6 x 10 - 3  CL=90% 2079 

< 2.2 x 10 - 3  CL=90% 2014 

< 2.4 x 10 - 4  CL=90% 2242 

< 1.7 x 10 -4  CL=90% 2185 

< 9.9 x 10 -4  EL=90% 2172 

< 1,1 x 10 -3  EL=90% 2112 

< 5 x 10 -3  EL=90% 2221 

< 3.1 • 10 - 3  EL=90% 2164 

< 4 x 10 - 3  CL=90% 2136 

< 2.0 x 10 - 3  CL=90% 2074 

< 1,2 x 10 - 4  CL=90% 2308 

< 3,9 x 10 - 4  CL=90% 2238 

< 1.3 x 10 - 4  CL=90% 2274 

< 9,4 X 10 - 4  CL=90% 2198 

< 5.1 • 10 - 4  CL=90% 2235 

< 4.4 x 10 - 4  CL=90% 2256 

< 5.6 x 10 -4  CL=90% 2183 

< 2.6 x 10 -4  CL=90% 2220 

< 1.4 X 10 -3 CL=90% 2141 

< 7.4 X i0 -4 CL=90% 2180 

( 6.2 +4.1 -3 .1  ) x 10 - 4  1711 

< 1.8 x 10 -3 CL=90% 1790 

< 2.7 % CL=90% - 

Charmonium modes 
( 8.9 - -1 .2  ) x  10 - 4  1683 

( 1,2 --0,6 ) x  10 - 3  1652 

(1 ,50•  x 10 - 3  ]570 

< 5,8 x 10 - 5  CL=90% 1728 

< 1.2 x 10 ~3 CL=90% 1672 

< 2.5 x 10 -4 CL=90% 1614 

< 2.7 x 10 - 4  CL=90% 1609 

< 8 x 10 -4  CL=90% 1283 

< 1 x 10 - 3  CL=90% 1238 

( 9.3 --2.3 )x 10 -4  1113 

< 2.7 x 10 -3  CL-90% 1411 

< 2.1 x 10 -3  CL=90% 1263 

K or K* modes 
( 13 +0.5 -0 .4  ) x 10 - 5  2615 

< 4,1 x 10 - 5  EL=90% 2614 

( 4.7 + 2 . 8  --2,2 ) x 10 . 5  2528 

< 3.9 x 10 - 5  EL=90% 2472 

< 3.0 x 10 - 5  CL=90% 2534 

< 3.3 • 10 -5  CL=90% 2593 

< 5.7 x 10 - 5  CL=90% - 

< 2.3 x 10 - 5  CL=90% - 

< 4.3 x 10 - 6  CL=90% 2593 

< 1.7 x 10 . 5  CL=90% 2592 

< 3.5 x 10 - 5  CL=90% 2559 

< 3.9 x 10 - 5  CL=90% 2559 

< 3.6 x 10 - 4  CL=90% 2523 

< 7.2 x 10 - 5  CL=90% 2562 

< 2.8 x 10 - 5  CL=90% 2562 

< 2.6 x 10 - 3  CL-90% 2445 

< 1.3 x 10 - 3  CL=90% 2522 

< 3.1 x 10 - 5  CL=90% 2516 

[aaa] < 2.3 x 10 - 4  CL=90% 2600 

< 1.4 x 10 -3  CL=90% 2556 

< 4.6 x 10 -4  CL=90% 2504 

< 1.7 x 10 - 4  CL:90% 2467 

< 1.1 • 10 - 3  CL=90% 2451 

[aaa] < 2.3 x 10 - 4  CL=90% 2471 

< 6.1 x 10 - 4  CL=90% 2466 

< 2.1 x 10 - 5  CL:90% 2459 

< 3.0 x 10 - 3  CL=90% 2389 

< 5.0 x 10 - 3  CL=90% 2339 

< 1.1 x 10 - 3  CL=90% 2380 

< 1.4 x 10 -3 CL=90% 2330 

( 4.0 +1.9 )x 10 -5 2564 

K 1 ( 1 2 7 0 ) ~  

K 1 ( 1 4 0 0 ) ~  
K~(1430)0'7 
K*(1680)07 

K~(1780)07 

K,~ (2045)0 7 

< 7.0 x 10 - 3  CL--90% 2486 

< 4.3 X 10 - 3  CL=90% 2453 

< 4,0 • 10 -4  CL=90% 2445 

< 2.0 • 10 - 3  CL=90% 2361 

< 1,0 % CL=90% 2343 

< 4.3 x 10 - 3  CL=90% 2244 

LIl~t unflavored meson modes 
/ r+  ,/r - 
~T07r 0 
r//r o 

7/t 7r 0 

~/l pO 

oJfi 
ojfi I 

~pO 

b2~9 
~o 

@po 

It+ ~- ~r 0 

polo 
p=~ ~r-- 

~ r + / r -  i f + / r  - 
pO po 

a1(1260)q: ~r + 

a2(1320)  q: ~ +  
/ r+ / r -  /to /r 0 

p+ p-  
a 1 ( 1 2 6 0 ) ~  0 
~ r  0 

~ + / r +  ~r-  ~1-- 7r0 

a l ( 1 2 6 0 ) + p  - 
al (1260)0 pO 

7r+ 7r+ ~r+ ~--- ~ -  ; r -  
a1(1260) + a 1 ( 1 2 6 0 ) -  

7r+ ~ + / r +  ~r- ~r- ~ -  ~r 0 

p~ 
p ~ r + ~  - 
p~';,r- 
~A 
.aozo 
A + + ~ - -  

~ - -  z~++ 
A c  p~ r+T r -  
~ - p  

A~- pTr 0 

~ -  p~r+ ~r- ~r o 
~ -  pTr+ ~ -  7r+ 7r - 

< 1.5 x 10 - 5  CL=90% 2636 

< 9.3 x 10 - 6  CL=90% 2636 

< 8 • 10 - 6  CL=90% 2609 

< 1.8 • 10 . 5  CL=90% 2582 

< 1.1 x 10 - 5  CL=90% 2551 

< 4,7 • 10 - 5  CL=90% 2460 

< 2.7 x 10 - 5  CL=90% 2522 

< 2.3 • 10 - 5  CL-90% 2493 

< 1.3 x 10 - 5  CL=90% 2554 

< 1.2 • 10 - 5  CL=90% - 

< 6.0 x 10 - 5  CL=90% - 

< 1.1 x 10 - 5  CL=90% 

< 1.9 • 10 - 5  CL--90% - 

< 5 • 10 - 6  EL=90% -- 

< 9 • 10 - 6  EL=90% - 

< 3.1 x 10 - 5  CL:90% -- 

< 13 • 10 - 5  EL=90% - 

< 2.1 • 10 - 5  CL=90% - 

< 1.2 • 10 - 5  CL-90% 2435 

< 7,2 • 10 - 4  CL=90% 2631 

< 2.4 x 10 - 5  CL=90% 2582 

[eel < 8.8 • 10 - 5  EL=90% 2582 

< 2.3 • 10 - 4  EL=90% 2621 

< 2.8 • 10 - 4  EL=90% 2525 

[eel < 4.9 x 10 - 4  CL=90% 2494 

lee] < 3.0 x 10 - 4  CL=90% 2473 

< 3.1 • 10 - 3  CL=90% 2622 

< 2.2 • 10 - 3  CL=90% 2525 

< 1.1 x 10 - 3  CL-90% 2494 

< 1.4 x 10 - 5  CL-90% 2580 

< 9.0 x 10 - 3  CL=90% 2609 

< 3.4 x 10 - 3  CL-90% 2434 

< 2.4 x 10 - 3  CL=90% 2434 

< 3.0 x 10 - 3  CL=90% 2592 

< 2.8 x 10 - 3  CL=90% 2336 

< 1.1 % CL=90% 2572 

Baryon modes 
< 7,0 x 10 - 6  CL--90% 2467 

< 2.5 x 10 - 4  CL=90% 2406 

< 1.3 x 10 - 5  CL=90% 2401 

< 3.9 x 10 - 6  EL=90% - 

< 1.5 x 10 - 3  CL=90% 2334 

< 1,1 • I0 - 4  EL=90% 2334 

< 1.0 • 10 - 3  CL=90% 1839 

( 1.3 =E0.6 ) x  10 - 3  

< 2.1 x 10 - 4  EL=90% 2021 

< 5.9 x 10 - 4  CL=9O% - 

< 5.07 x 10 - 3  CL=90% - 

< 2.74 x 10 - 3  CL=90% --  

Lepton Family number (LF) violating modes, or 
&B = I weak neutral current (BI) modes 

7 7  
e + e  - 
# + # -  

K ~ e + e -  
K O # + #  - 

K * ( 8 9 2 )  0 e + e -  

K * (892)  0 ,u. + # -  

K * ( 8 9 2 )  ~ u ~  
e--/z T 

e--,1-T 

p- -  ..rzF 

< 3.9 x 10 - 5  CL=90% 2640 

81 < 5,9 • 10 - 6  CL=90% 2640 

B1 < 6.8 x 10 -7 CL=90% 2637 

81 < 3.0 x 10 - 4  CL=90% 2616 

81 < 3.6 x 10 - 4  CL=90% 2612 

81 < 2.9 • 10 - 4  CL=90% 2564 

BI < 4.0 x 10 - 6  CL=90% 2559 

B1 < 1.0 x 10 - 3  EL=90% 2244 

LF {eel < 3.5 x 10 - 6  CL--90% 2639 

LF [eel < 5.3 x 10 - 4  CL=90% 2341 

LF [ee] < 8.3 • 10 - 4  CL=90% 2339 
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I B• ADMIXTURE I 

The branching fraction measurements are for an admixture of B mesons at 
the T(45). The values quoted assume that B(T(4S) -~ BB) = 100%. 

For inclusive branching fractions, e.g.. B ~ D4- anything, the treatment 
of multiple D's in the final state must be defined. One possiblity would be 
to count the number of events with one-oPmore D's and divide by the total 
number of B's. Another possibility would be to count the total number of 
D's and divide by the total number of B'S, which is the definition of average 
multiplicity. The two definitions are identical when only one of the specified 
particles is allowed in the final state. Even though the "one-or-more" 
definition seems sensible, for p~actical reasons inclusive branching fractions 
are almost always measured using the multiplicity definition. For heavy 
final state particles, authors call their results inclusive branching fractions 
while for light particles some authors call their results multiplicities. In the 
B sections, we list all results as inclusive branching fractions, adopting a 
multiplicity definition. This means that inclusive branching fractions can 
exceed 100% and that inclusive partial widths can exceed total widths, 
just as inclusive cross sections can exceed total cross sections. 

modes are charge conjugates of the modes below. Reactions indicate 
the weak decay vertex and do not include mixing. 

Scale factor/ 
B DECAY MODES 

P 
Fraction ( r i / r )  Confidence level (MeV/c) 

Semileptonlc and leptonlc modes 
B -~ e+z, eanything [bbb] (10.414-0.29) % S=1.2 

B -~ ~e+z ,  eanything < 1.6 x 10 - 3  CL=90% 
B -~ #+upanything [bbb] 10.3 4-0.5 )% 

B -~ t+etanything [pp, bbb] 10.454-0.21) % 
B -*  D- t+utany th ing  [pp] 2.7 4-0.8 ) % 
B --* D~  [pp] 7.0 • ) % 
B ~ -D**~.+u l [pp, ccc] 2.7 4-0.7 ) % 

B ~ D 1 ( 2 4 2 0 ) t + v t a n y  - 7.4 4-1.6 ) x 10 - 3  
thing 

B ~ D~t+utanything + 2.3 4-0.4 ) % 
D* ~r~ + v l anything 

B -~ D~(2460) t+~ , tany  - < 6.5 x 10 - 3  CL=95% 

Charmonium modes 
B -~ J/~b(15)anything 1.15• % 

B ~ J/~(1S)(direct) any- 8.0 4-0.8 ) x 10 - 3  
thing 

B -~ ~b(2S)anything 3.5 4-0.5 ) x IO - 3  
B -~ Xcl(1P)anything 4.2 4-0.7 ) x 10 - 3  

B --* Xcl(1P)(direct) any- 3.7 • ) x 10 - 3  
thing 

B -~ Xc2(1P)anything < 3.8 x 10 - 3  CL=90% 
B --* % ( I S ) a n y t h i n g  < 9 x 10 - 3  eL=90% 

K or K* modes 
[ee] 78.9 • )% 

66 •  ) % 
13 •  )% 
64 4-4 ) % 
18 • ) % 
14.6 • ) % 

< 4.1 x 10 - 4  CL=90% 
< 8.3 x 10 - 4  CL=90% 

< 1.2 x 10 - 3  CL=90% 
< 3.0 x 10 - 3  CL=90% 

< 1.0 x 10 - 3  CL=90% 

( 2.3 • ) x 10 - 4  
< 6.8 % CL--90% 
< 4.4 x 10 - 4  CL=90% 

( 6.2 +2.1 ) x 10 - 4  
-2.6 

B --* K4-anything 

B -~ K+any th i ng  
B --+ K - a n y t h i n g  

B -~ K ~ 1 7 6  [ee] 
B -~ K* (892 ) •  
B--+ K * ( 8 9 2 ) ~ 1 7 6  - [ee] 

thing 
B - ~  K1(1400)~ 
e - -+  K~(1430)3, 

B - - ,  K2(1770)-7 
B-~ K;(1780)~ 
e - ~  K~(2045)~, 

B - ~  b - *  ~gluon 
B -~ T/anything 

B --+ T/~anything 

B - *  lr4- anything 
B --* ~/anything 
B -~ po anything 

B -~ ~ anything 
B --* ~b anything 

B - ~  q~K*(892) 

Light unflavored meson modes 

th ing 
B ~ D * - T r + l + u l a n y  - ( 1.oo4-o.34)% 

thing 
B -~ D~-~+utanyth ing [pp] < 9 x lO - 3  CL=90% 

B --~ D~g+L, tK+any  - [pp] < 6 x lO - 3  CL=90% 
thing 

B ~ D ~ + v t K ~  [pp] < 9 x lO - 3  CL=9O% 

B - ~  K+ e+ ulanything [pp] ( 6.0 4-0.5 )% 
B -~ K - l+u lany th ing  [pp] ( lO :1:4 ) x 1 0  - 3  
B - ~  K~176 [pp] ( 4.4 4-0.5)% 

D, D' ,  or D s modes 
B - - ,  D4-anything ( 24.1 4-1.9 )% 
B ~ D ~ 1 7 6  ( 63.5 :t:2.9 ) % S=1.1 
B -+ D* (2010) •  ( 22.7 4-1.6 ) % 
B -~ D*(2007)~ ( 26.0 4-2.7 ) % 
B - ~  D~any th ing  [ee] ( 10.0 4-2.5 )% 

B -~ D ( * ) D ( * )  K ~ + [ee, ddd] ( 7.1 +2:7 ) % 

D ( * ) ~ ( * ) K  • 
b ~ c~s ( 22 4-4 ) % 
B -~ Ds ( * )D ( * )  [ee, ddd] ( 4.9 • ) % 
B - *  D* D*(2010)4- [ee] < 5.9 x 10 - 3  CL=90% 
B - ~  DD*(2010)4-+ D'D4- [ee]< 5.5 x l 0  - 3  CL=90% 
e ---* D O • [ee] < 3.1 x 10 - 3  CL=90% 

B - - '  D~(*)•177 [ee, ddd] ( 9 +_5 )% 

e --~ 

B - ~  

B - ~  

B - ~  

B - ~  

B 

B 

B 

x 

• 

- B _ _ ,  

_ B - - ,  
B - - ,  

- B - - *  

- e - - +  

- B _ _ _ ,  

[ee, eee] (358 4-7 )% 
( 176 4-1.6 )% 
( 21 4-5 )% 

< 81 % EL-90% 
( 35 4-0.7 )% S=1.8 

< 2.2 x 10 . 5  EL=90% 

Baryon modes 
A~anyth ing  ( 6.4 4-1.1 )% 

A~- e +anyth ing  < 3.2 x 10 - 3  CL=90% 

AcPany th ing  ( 3.6 4-0.7 ) % 

"AcPe+Ve < 1.5 x 10 - 3  CL=90% 

~ -  anything ( 4.2:1:2.4 x 10 -3 

~ - a n y t h i n g  < 9,6 x 10 - 3  CL=90% 

~_any th i ng  ( 4.6 4-2.4 x 10 - 3  

~__~N(N=porn )  < 1.5 x l 0  - 3  EL=90% 

--~.anything ( 1.4 4-0.5 x 10 - 4  
B(-O-~ --~+) 
- -+any th ing  4.5 +1.3 -1.2 x 10 -4 

B(_--c + --, - - - , . , r + , + )  

p / ~ a n y t h i n g  [ee l 
p /~ (d i rec t )  anything [ee] 
A / A a n y t h i n g  [ee] 
- - - / ~ +  anything [ee] 
baryons anything 
p~anyth ing 
A~ /-Apanything [eel 
AAanyth ing < 

Lepton Family number (LF) violat ing modes or 
AB = 1 weak neutral current (BJ) modes 

B ~ D"(2010)'), < 1.1 x 10 - 3  CL=90% 

B -*  D +Tr- ,  D's+ 7r-, [ee] < 5 x 10 - 4  CL=90% 

o,+p- o;+ p o,+ 30 
o;+3o, o+~, o;§ 
D + p 0  D ;+pO,  + D s W, 

D;+ ~ 
B ~ Ds1(2536) +anyth ing  < 9.5 x 10 -3  CL=90% 

- B --~ e + e - s  
- B ---* # + # - s  

B -~ e4-#~s 

8.0 4-0.4 )% 
S.5 4-0.5 ) % 
4.0 4-0.5 ) % 
2.7 4-0.6 ) x 10 - 3  
6.8 •  ) % 
2.474-0.23) % 
2.5 • ) % 
5 x 10 - 3  CL=90% 

B1 < 5.7 x 10 - 5  CL=90% 
B1 < 5.0 x 10 - 5  CL=90% 
LF < 2.2 x 10 - 5  CL=90% 
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I B•176176 A D M I X T U R E  I 

These measurements are for an admixture of  bot tom particles at high 
energy (LEP, Tevatron, SpaS). 

Mean life r = (1.564 4. 0.014) x 10 -12 s 
Mean life T = (1.72 4, 0.10) x 10 -12 s Charged b-hadron 

admixture 
Mean life T -- (1.58 4, 0.14) x 10 -12 s Neutral b-hadron ad- 

mixture 

"/'charged b-hadron/Tneutral b-hadron = 1.09 4, 0.13 I~Tbl/%,~ = - 0 0 0 1  4, 0.014 

The branching fraction measurements are for an admixture of B mesons 
and baryons at energies above the T(4S). Only the highest energy results 
(LEP, Tevatron, SpaS) are used in the branching fraction averages. In 
the following, we assume that the production fractions are the same at 
the LEP and at the Tevatron. 

For inclusive branching fractions, e.g., B ~ D • anything, the treatment 
of multiple D's in the final state must be defined. One possiblity would be 
to count the number of events with one-or-more D's and divide by the total 
number of B's. Another possibility would be to count the total number of 
D's and divide by the total number of B's, which is the definition of average 
multiplicity. The two definitions are identical when only one of the specified 
particles is allowed in the final state. Even though the "one-or-more" 
definition seems sensible, for practical reasons inclusive branching fractions 
are almost always measured using the multiplicity definition. For heavy 
final state particles, authors call their results inclusive branching fractions 
while for light particles some authors call their results multiplicities. In the 
B sections, we list all results as inclusive branching fractions, adopting a 
multiplicity definition. This means that inclusive branching fractions can 
exceed 100% and that inclusive partial widths can exceed total widths, 
just as inclusive cross sections can exceed total cross sections. 

The modes below are listed for a b initial state, bmodes are their charge 
conjugates. Reactions indicate the weak decay vertex and do not include 
mixing. 

Scale factor/ 
DECAY MODES Fraction (Fi/F) Confidence level 

P 
(MeV/c) 

P R O D U C T I O N  FRACTIONS 

The production fractions for weakly decaying b-hadrons at high energy 
have been calculated from the best values of mean lives, mixing param- 
eters, and branching fractions in this edition by the LEP B Oscillation 
Working Group as described in the note "Production and Decay of b- 
Flavored Hadrons" in the B ~c Particle Listings. Values assume 

B ( b ~  e +) = e ( b - -  B 0) 
B(b ~ B +)  -t- B(b ~ B 0) § ~ B 0) -F B(b ~ b-baryon) = 100 %. 

The notation for production fractions varies in the literature (fd, dBO, 

Charmed meson and baryon modes 
D~ ( 60.5 ~: 3.2 )% 

D O Ds• anything 

D :F D ~  anything 

-~o D O anything 

D O D • anything 

D •  D:F anything 
D -  anything 
D*(2010)  + anything 
D 1(2420) 0 anything 

D*(2010)  :F D ~  anything 

D O D*(2010)  • anything 

D* (2010) + D T anything 

[eel ( 9.1+_~:~)% 
[ee] ( 4.0 _+ 2:3 )%  

[ee] ( 5.1 + 2.0 _ 1 . 8 )  % 

[eel ( 27_+~:o 8 ) %  
[eel < 9 

( 23.7 �9 2.3 )%  
( 17.3 ~: 2.0 )%  
( 5.0 :E 1.5 )%  

[ee] ( 3.3 + 1.6 _ L 3 ) %  

[ee] ( 3.0 + 1.1 _ 0 . 9 ) %  

[ee] ( 2.5 + 1.2 
_ 1.o)  % 

x 10 - 3  CL=90% 

K or K *  modes 

K • anything 
K 0 anything 

~+  anything 
~o anything 

p / ~ a n y t h i n g  

charged anything 

hadron + hadron-  

char, less 

A / A a n y t h i n g  
b-baryon anything 

( 3.1 d: 1.1 ) x 10 - 4  
( 74  • 6 )%  
( 29.0 �9 2.9 )% 

Pion modes 
(397 ~: 21 ) % 

[eee] (278 ~:60 ) % 

Baryon modes 
( 13.1 ~: 1.1 )%  

Other  modes 
[eee] (497 4,-7 )%  

( 1.7 + 1.o ) x  1o - s  - 0.7 
( 7 :t:21 ) x l O  - 3  

Baryon modes 
( s.9 :L o . 6 ) %  
( 10.2 ~ 2.8 )%  

f(b ~ ~0), Br(b ~ ~0)). We use our own branching fraction notation 
here, B(~ ~ B0). A B  = 1 weak neutral current (131) modes 

#+#-anything B1 < 3.2 • 10 - 4  CL=90% 
B + ( 38.9 • 1.3 )%  - 
B ~ ( 38.9 • 1.3 )%  - 
Bs ~ ( 10.7 • 1.4 )%  - 
b-baryon ( 11.6 • 2.0 )% - 
B C - -  _ 

DECAY MODES 

Semileptonic and leptonic modes 
=,anything ( 23.1 • 1.5 )% - 

l += , lany th ing  LOp] ( 10.73:1: 0.18)% s=1.1 - 
e+ueany th ing  ( 10.86• 0.35) % - 

# +  =,~anything ( 10.95 + 0.29, o/ - 0.25/ /o 
D-t+=,tanything LOp] ( 2.02• 0.29)% - 
D~ LOp] ( 6.6 • 0.6 )%  - 
O*-s Lop] ( 2.76:t: 0.29) % 
-~j t+ utanything [pp, fff] seen 

O~ t+  utanything [pp, fff] seen 

D~(2460)  0 ~+ v t anything seen 

D~(2460 ) -  s =,l anything seen 

char , less t-Pt LOp] ( 1.7 • 0.6 ) x 10 - 3  
T+=,Tanything ( 2.6 • 0.4 )%  

~ - - *  l - ~ t a n y t h i n g  LOp] ( 0.3 • 0.4 )%  

I ( J  P) = } ( 1 - )  

I, J, P need conf irmation. Quantum numbers shown are quark-model 
predictions. 

Mass m B, = 5325.0 4. 0.6 MeV 
roB, -- m B = 45.78 4- 0.35 MeV 

B ~ DECAY MODES Fraction ( r i / r )  p (MeV/c) 

B "~ dominant 46 

D*(2010)• [~] ( 1.2 • 0.4 )% 
D~(2460)~ ( 4.7 ~ 2.7 )% 
~sanything ( 18 :1: s )% 
Acanything ( 9.7 • 2.9 )% 
~/canything [eee] (117 ~: 4 )% 

Char ,  on• modes 
J/~(1S)anything ( 1.16• 0.10) % 
~(2S)anything ( 4.8 ~: 2.4 ) x 10 - 3  
Xcl(1P)anything ( 1.8 ~: 0.5 )% 



II B O T T O M ,  S T R A N G E  M E S O N S  
(B= -I-1, S= :F1) 

es  ~ = sb, ~ = ~b, similarly for B; 'S 

I(J P) = 0 ( 0 - )  
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I ,  J, P need confirmation. Quantum numbers shown are quark-model 
predictions. 

Mass m o -- 5369.6 • 2.4 MeV 
B s 

Mean life r -- (1.493 • 0.062) x 10 -12 s 

CT = 448 Fm 

B~ mixing parameters 

XB at high energy -- fdXd+fsXs -- 0.118 • 0.005 
A m  o = m o  - m o  > 1 0 . 6 x 1 0 1 2 T ~ s  - 1 , C L = 9 5 %  

B s BsH BsL 
Xs = AmeolrBo > 15.7, CL = 95~ 

Xs > 0.4980, CL = 95% 

These branching fractions all scale with B(b ~ B0), the LEP Bs0 pro- 

duction fraction. The first four were evaluated using B(b ~ B 0) = 

(10.7 4- 1.4)% and the rest assume B(b ~ B 0) = 12%. 

The branching fraction B(Bs0 ~ D~l+vlanything) is not a pure mea- 

surement since the measured product branching fraction B(b ~ BsO ) x 

B(Bs0 ~ D~t+vlanything ) was used to determine B(b ~ Bs0 ), as 
described in the note on "Production and Decay of b-Flavored Hadrons." 

P 

B~S DECAY MODES Fraction ( r i / r )  Confidence level (MeV/c) 

D~- anything (92 +31 )% 

D;  t+ ulanything [~g]  ( 8.1 4. 2.4)% 

D;" 7r + < 13 % 2321 

Ds (*) + Ds (*)-  < 21.8 % 90% 
J/~(15)r ( 9.3 ~ 3.3) x 1o -4  159o 
J/'r 0 < 1.2 x 10 - 3  90% 1788 

J/'C(1S)rl < 3.8 x 10 - 3  90% 1735 
~(2S) q~ seen 1122 
~'+ ~ -  < 1.7 x 10 - 4  98% 1122 
~'0/r0 < 2.1 x 10 - 4  90% 2861 
~T 0 < 1.0 x 10 - 3  90% 2655 
//T/ < 1.5 • 10 - 3  90% 2628 
7r + K -  < 2.1 x 10 - 4  90% 2660 
K + K -  < 5.9 x 10 - 5  90% 2639 
p p  < 5.9 x 10 - 5  90% 2515 
"Y7 < 1.48 x 10 - 4  90% 2685 
~' f  < 7 x 10 - 4  90% 2588 

Lepton Family number (LF)  violating modes or 
A B  = 1 weak neutral current ( B 1 )  modes 

~+#- B1 < 2.0 x 10 - 6  90% 2682 
e + e -  B1 < 5.4 x 10 - 5  90% 2864 
e + p,~: LF lee] < 6.1 x 10 - 6  90% 2864 
~u '#  B1 < 5.4 x 10 - 3  90% - -  

II B O T T O M ,  C H A R M E D  M E s o N s  
(B-- C=-I-1) 

B + -- cb, B c = "~b, similarly for Bc'S 
ill 

rEi I(J P) = 0 ( 0 - )  

I, J, P need confirmation. 
Quantum numbers shown are quark-model predicitions. 

Mass m = 6.4 • 0.4 GeV 

Mean life = (0.461~:~) • 10 -12 5 

B~- modes are charge conjugates of the modes below. 

P 
B + DECAY MODES Fraction ( r i / r )  Confidence level (MeV/c) 

J/~(1S)s [hhh] (5.2+~:~) x 10 - 5  

J/~(1S)~ + [hhh] < 8.2 x 10 - s  90% - 
J/'~,(1S)Tr+Tr+~r - [hhh] < 5.7 x 10 - 4  90% - 

J/~(15)a1(1260 ) [hhh] < 1.2 x 10 . 3  90% - 
D * ( 2 0 1 0 ) + D  0 [hhh] < 6.2 x 10 - 3  90% - 
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II   M sor,,s II 
i G ( j P C  ) = 0 + ( 0 -  +)  

M a s s m = 2 9 7 9 . 8 •  (S=1 .9 )  
Full width F = 13 ~+3.8 MeV "~ -3 .2  

P 
RC(I$) DECAY MODES Fraction ( r i / r )  Confidence level (MeV/c) 

Decays Involving hadmnic resonances 
r / (958)~r?r  (4.1 •  % 1319 

pp (2.6 •  % 1275 

K*(892) ~ K -  ~r + + c.c.  (2.o •  % 1273 

K*(892)K*(892) (8.5 •  x 10 - 3  1193 

q ~  (?.1 • x 10 - 3  1086 

a0(980) ~ < 2 % 90% 1323 

a2(1320)  ~ < 2 % 90% 1193 

K*(892)K+ c.c. < 1.28 % 90% 1307 

f2 (1270)'r/ < t.1 % 90% 1142 
Cd(d < 3.1 X 10 - 3  90% 1268 

Decays into stable hadrons 
K K ~ r  (5.5 • % 1378 

~77FTr (4.9 • % 1425 

~+ ~- K + K -  (2.0 +0.7~ o/ 1342 _0.6 ) /o 

2(K + K- )  (2.1 • % lO53 
2 ( / r + I r  - )  (1.2 •  % 1457 

p ~  (1.2 •  x 10 - 3  1157 

K K ' q  < 3,1 % 90% 1262 

~r+~r-p~ < 1.2 % 90% 1023 

AA < 2 x 10 -3  90% 987 

Radiative decays 
71' (3.0 • x 10 - 4  1489 

I J/d/(1S) I IG(jPC) = 0-(1 - - )  

Mass m = 3096.87 • 0.04 MeV 
Full width F = 87 • 5 keY 
Fee = 5.26 • 0.37 key 

Scale factor/ p 
J/@(1S) DECAY MODES Fraction ( r i / r )  Confidence level (MeV/c) 

hadrons (87.7 •  ) %  - 

vir tual ' ) '  --* hadrons 07.0 •  ) %  -- 

e + e -  (5.93• % 1548 

/~+ll~-- (5.88• % 1545 

Decays invo lv ing h a d r o n i c  r e s o n a n c e s  

p ~  
p0 ~r0 

a2(1320)p 
Cd 'K+ "K-F ?r :r 

(~p 71-+ 7f - 

~ f2(1270) 
K*(892)~ + r 
~K* (892)K+  c.c. 
K + K* (892)- + c.c. 
K~ ~ + c.c. 
K1(1400) • K m 
Ld ~-0 ~-0 

b~(1235)• �9 
K • K O ~T 

b 1 (1235) 0 ~r 0 
~K* (892)K+ c.c. 
~ K K  

~f0(1710)-~ ~ K K  
r 
,~(1232)++ ~ r  - 

@KF 
@fo(1710) ~ @KK 

p~w 
-4(1232) ++ ~ (1232) - -  
Z'(1385)- ~(1385) + (or c.c.) 
p~ / (958)  
~f~(1525) 

1.27• % 

4.2 • ) x 10 - 3  

1.09• 0.22) % 

8,5 •  x 10 - 3  

7.2 •  x i0 -3  

4.3 •  X 10 -3  

6.7 •  • 10 - 3  

5.3 •  x 10 - 3  

5.0 •  x 10 - 3  

4.2 •  x 10 -3 

3.8 •  x 10 - 3  

3.4 •  • 10 - 3  

[ee] 3.0 •  x 10 -3  

[eel 2.9 •  • 10 -3 

2.3 • x 10 - 3  

2.04• X 10 - 3  

1,9 • • 10 -3 

4.8 •  • 10 -4  

1.60• X 10 -3  

1.6 •  ) X 10 -3  

1.58• • 10 -3  

1.48• X 10 -3  

3.6 • ) • 10 -4  

1.30• X 10 - 3  

1.10• • 10 - 3  

lee]  1.03• x 10 - 3  

9 •  ) x 10 - 4  

8 •  ) x 10 - 4  

5=1.3 

5=1.7 

S:2.7 

1449 

1449 

1125 

1392 

1435 

1143 

1005 

1098 

1373 

1371 

1436 

1299 

1210 

1299 

969 

1268 

B78 

1318 

1030 

1394 

1179 

875 

769 

938 

692 

596 

871 

r ~+ 7c- 

w fl (1420) 

--(1530)- _-=+ 
p K-X(1385) ~ 
Ld~ 0 

r162 
r f0(980) 
-(153o)O-O 
X(1385)-X + (or c.c.) 
r f1(1285) 

~v'(958) 
f0(980) 

~d(958) 
p#~ 
a2(1320)• ~m 
K K ~ ( 1 4 3 0 )  + c.c. 

K1(1270)  • K m 

K ~ ( 1 4 3 0 ) ~  K ~ ( 1 4 3 0 )  0 

K * ( 8 9 2 ) ~  ~ 

~ f2(1270) 

PPP 
~(144o) -~ ~ 
~f~(z525) 
Z(1385)0A 
.4(1232)+~ 
x o ~  
@=o 

2(,K+ ~ - ) , a  -0 

3(.;,r + .a-- ) .K0 
7r+ ~ -  7r 0 

7r+ Tr-~rO K+ K - 
4(~+~-)~ ~ 
7r+ Tr- K +  K - 
K -K Tr 
p-~Tr+~r - 

2(~+ 7r-) 
3(~ + ~-) 
#nTr +/F-- 
xo~o 
2(:,r+~r-) K+ K - 
p~Tr+ r-~r 0 
P~ 
PP~I 
p#~r- 

AA 
p~r ~ 
A~-  ~+ (or c.c.) 
p K - A  
2(K + K - )  
p K - ~  o 

K + K  - 
AATr o 

I('+ ~T- Ko~Ko, 
A X +  c.c. 

0 0 KsK 5 

~nr 
77r+ ; r  21r0 

1'rpr 7r 

3 '7 / (1440) - - *  7 K K T r  

? r / (1440 )  --~ 1"7p 0 

,77/(1440) -~ 1'Tt~• - 

7PP 
7 ~ ( 1 8 7 0 )  --~ 7 1 r + ~ r -  

~n'(958) 
7 2 ~ +  2 r r -  
1" K+  K-~r+  ~ - 
1' f4 (2050) 
1'cdw 

[ee] 

[eq 

8.0 •  

7.2 •  

6.8 •  

6.5 •  

5.9 •  

5.1 •  

4.2 •  

3.3 •  

3.2 •  

3.2 •  

3,1 •  

2.6 •  

• 10 - 4  

x 10 - 4  

x 10 - 4  

• 10 - 4  

x 10 - 4  

• 10 - 4  

x 10 - 4  

x 10 - 4  

x 10 - 4  

• 10 - 4  

• 10 - 4  

• 10 - 4  

1,93• x 10 -4  

1.67• x 10 -4  

1.4 • ) • 10 -4  

1.05+0.18) x 10 -4  

4,5 i l . 5  ) x 10 - 5  

[eel < 4.3 x 10 -3  

< 4.0 x 10 - 3  

< 3.0 x 10 - 3  

< 2.9 X 10 -3 

< 5 x 10 - 4  

< 3.7 x 10 - 4  

< 3.1 x 10 - 4  

< 2,5 x 10 - 4  

< 2.2 x 10 - 4  

< 2 x 10 - 4  

< 1 x 10 - 4  

< 9 x 10 -5  

< 6.8 x 10 - 6  

Decays into stable hadrons 
3,37• % 

2.9 +0.6 ) % 

1.50• 0,20} % 

1.20• % 
9.0 •  ) • 10 - 3  

7.2 •  ) x 10 - 3  

6.1 •  ) x 10 - 3  

6,0 •  ) • 10 - 3  

4.0 •  ) x 10 - 3  

4.0 •  ) • 10 - 3  

4 •  ) x 10 - 3  

1,27• • 10 - 3  

3.1 •  ) x l O  - 3  

[iii] 2.3 •  ) x 10 - 3  

212•  • 10 - 3  

2.09• x 10 - 3  

2.00• x 10 - 3  

2,2 •  ) x 10 - 3  

1,8 •  ) x 10 - 3  

1,30• x 10 - 3  

1.09• x 10 - 3  

[ee] 1.06• • 10 - 3  

8.9 •  ) x 10 - 4  

7.0 •  ) x 10 - 4  

2.9 •  ) • 10 - 4  

2,37• • 10 - 4  

2.2 •  ) • 10 - 4  

1,47• x 10 - 4  

1.88• x 10 - 4  

1.5 x 10 - 4  

5,2 x 10 - 6  

Radiative decays 
1.3 •  ) % 

8.3 • ) x 10 -3 

6.1 •  ) x 10 - 3  

[p] 9.1 • ) x lO -4 
6.4 •  ) x 10 - 5  

3,0 •  ) x 10 - 4  

4.5 •  ) x 10 - 3  

6.2 •  ) x 10 - 4  

4,31• x 10 - 3  

2.8 •  ) X I0 -3  

2.1 4-0,6 ) • 10 -3  

2.7 • ) x 10 -3  

1.59+0.33) • 10 -3 

S=1.4 

S=1.9 

S=1.1 

CL=90% 

CL=90% 

CL=90% 

CL=90% 

CL=90% 

CL=90% 

CL=90% 

CL=90% 

CL-90% 

CL=90% 

CL=90% 

CL=90% 

CL=90% 

S=L3  

S=1.9 

S=1.8 

S=I.1 

CL=90% 

CL=90% 

S=1.9 

1365 

1114 

1062 

1320 

597 

645 

1447 

1192 

1182 

6O8 

857 

1032 

1398 

1279 

1271 

1283 

527 

1263 

1159 

588 

1263 

1036 

779 

946 

1003 

911 

1100 

1032 

1377 

1496 

1433 

1533 

1368 

1345 

1407 

1440 

1107 

1517 

1466 

1106 

992 

1320 

1033 

1232 

948 

1174 

1231 

81B 

1074 

1176 

945 

876 

1131 

820 

1468 

998 

1542 

1466 

1032 

1466 

116 

1518 

1487 

1223 

1223 

1343 

1400 

1517 

874 

1337 



"},q(1440) ~ 7pOp ~ 
3' f2(1270) 

"}'f0(1710) ~ 7 K K  

")'f1(1420) --~ 7 K K *  
7 f1(1285) 
~f1(1510)-~ ~ r + ~  - 
7 f ~ ( 1 5 2 5 )  

7 f2(1950 ) --~ 
7 K * ( B 9 2 ) K * ( 8 9 2 )  

7 K * ( a 9 2 ) K * ( 8 9 2 )  

"),p~ 

7q(2225)  
7r / (1760) --* 7p~ p ~ 
,),~r 0 
~ p ~ * + , -  

'7"7 
~A7 
3~ 
7 fJ(2220) 

7 fJ (2220)  -~ 7 * *  
~ f j ( 2 2 2 0 ) - - ~  7 K K  

7 f J ( 2 2 2 0 ) - - ,  "TPP 
~fo(15oo) 
,),e+ e - 

1.7:50.4 ) x 10 - 3  S=1.3 1223 

1.38:50.14) x 10 - 3  1286 

8.5 +~:2 ) • lO-4 s=1.2 lO75 
8.6 +0.8 ) x 10 - 4  1500 
8.3 +1.5 ) • 10 - 4  1220 
6.1:50.9 ) x 10 -4 1283 

4.5:51.2 ) • 10 -4 

4m7 t~:~ ) X 10 -4 1173 

7 . 0 : 5 2 . 2  ) x 10 - 4  

4.0:51,3 ) x 10 - 3  

4.0 +1.2 ) x 10 - 4  S=2.1 1166 
3.8 +1,0 ) x 10 - 4  1232 

2.9 -I-0.6 ) x 10 - 4  834 

1.3 +0.9 ) x 10 - 4  1048 
3.9 +1.3 ) x 10 - 5  1546 
7.9 x 10 - 4  CL=90% 1107 
5 x 10 - 4  CL--90% 1548 

< 1.3 x 10 - 4  CL=90% 1074 
< 5.5 x 10 -5 CL=90% 1548 

> 2.50 x 10 -3 CL-99.9% - 

( 8 :54 ) x 10 - 5  

( 8.1 +3.0 ) x 1o - 5  
( 1.5 4-0.8 )x 10 -5 

<( 5.7 +0.8 )x 10 -4 1184 

( 8.8 + 1 , 4  ) x  10 - 3  
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I Xco(1P) I 
Mass m --  3415.0 • 0.8 MeV 

Full width r = 14 Q+2.6 MeV " - - 2 . 3  

Xc0(1P)  DECAY MODES 

IG(J PC) = 0+(0 + +) 

iG(jPC ) = 0+(2 + +) 

Mass m = 3556.18 ~: 0.13 MeV 

Full width F = 2.00 • 0.18 MeV 

Scale factor/ p 
XC2(1P) DECAY MODES Fraction ( r i / r )  Confidence level (MeV/c) 

2( / r+ 7r - ) 

~ + . - K + K  - 
3(.+ ~-)  
p0 ~F + ,n._ 

K + K *  (892) 0 ;r- + c.c. 

7r+ , - 
K + K  - 
K + K - K + K  - 

o o K s K  s 
P~ 
J / '~( lS)  7r + * -  ~r 0 
K ~  K+ , -  + c.c. 

-rJ/~(lS) 
77 

Hadronic decays 
( 1.2 + 0 3  % 
(10 :54 x 10 - 3  

9.2 +2.2 x 10 - 3  
7 :k4 x 10 - 3  
4.8 ~2 .8  • 10 - 3  

1.4 + 0 . 6  x 10 - 3  

2.0 +0.8 x 10 - 3  

1.52+0.25 x 10 - 3  
8.1 +1 .9  x 10 - 4  
1.5 + 0 . 4  • 10 - 3  
6.1 +2.3 x 10 - 4  

9.8 + 1 . 0  x I0 - 5  

< 1.5 % 
< 1.06 x I0 -3 

Radiative decays 

(13.5 +1.1 )% 
( 1.6 +0.5 ) • 10 - 4  

S=2.2 1751 

S=2.0 1656 
1707 

1683 
1601 

S=1.5 1410 

1773 

1708 

1510 

CL=90% 185 

CL=90% 

I e ( J  PC) = 0 - ( 1  - - )  

Mass m = 3685.96 + 0,09 MeV 

Full width F = 2 7 7 •  ( S = 1 . 1 )  

Fee = 2.12 • 0,18 keV 

430 

1778 

Scale factor/ p 
Fraction ( r i / r )  Confidence level (MeV/c) 

Hadronic decays 

r  DECAY MODES Fraction (r i / r )  
hadrons 

v i r tua l7  --~ hadrons 
(98.10:5/:0.30) % 

( 2.9 +0.4 )% 
2( .+~- )  
. + . - K + K  - 
poct+. -  
3 ( . + .  - ) 
K + K *  (892) 07r-  + C.C. 
;T:5*-- 

K + K  - 
7r+ , - p - ~  
K + K - K + K  - 

o o K s K  $ 

K ~  + c.c. 

P~ 

7J/~)(15) 
77 

(2.0 +0.9 ) % 
(1.8 + 0 . 6  ) % 
(1.6 +0.5 ) % 
(1.24+o.22) % 
(1.2 +0.4 % 
(5.0 +0.7 x 10 - 3  

(5.9 + 0 . 9  x 10 - 3  

(1.8 +0.9 x i0  - 3  

(2.1 4-0.5 x I0 -3 
(2.0 +0.6 x 10 - 3  

(9 -t-5 x 10 - 4  
< 7.1 x 10 - 4  

(2.2 + 1 3  x 10 - 4  

Radiative decays 
(6.6:51.8 x 10 - 3  
(2.7 :bl.9 x 10 - 4  

S=2.7 1679 
S=1.9 1580 

1608 
1633 
1522 

1702 
1635 

S-1.6 1320 

CL=90% 

S=2.1 1427 

303 
1708 

I Xcl(1P) I I G ( j P C )  = 0 + ( 1  + + )  

Mass m = 3510.51 • 0.12 MeV 

Full width r = 0.88 • 0.14 MeV 

p 
XCl(1P) DECAY MODES Fraction ( r i / r )  Scale factor (MeV/c) 

Hadronlc  decays 
6.3• x 10 - 3  

5.6+2.6) x 10 - 3  
4.9+1.2) • 10 - 3  
3.9+3.5) • 10 - 3  
3.2• • 10 - 3  
2.5+0.8) • 10 - 3  

5.4+2.1) • 10 - 4  
4.2:5L9) x 10 - 4  
8.2+1.3) • 10 - 5  

< 2.1 x 10 - 3  

Radiat ive  decays 

(27.3+1.6) % 

1683 
2.2 1727 

1.1 1632 
1659 
1576 

1381 

1.2 1483 

3( .+~- )  
2 ( * + *  - )  
~r+ Tr- K+  K - 
pO ~r+ , -  

K + K - * ( 8 9 2 ) ~  - + c.c. 

K~ K + * -  
, + , - p ~  

K + K - K + K  - 
p-~ 

~ + , -  + K + K  - 

e + e -  

J / ~)(1S) anything 
J/~b(15) neutrals 

J/~(]S)~+ ~- 
J /O(1S)*~  ~T 0 
J/~(is), 
J/~'(1S)* 0 

3(:T + 7r - )  :r 
2(7r + : rr-)  :rr 0 

wf2(1270) 
pa2(1320) 

. +  IT- K+ K - 
K*(B92)K~,(1430) 0 

K1(1270) + K:F 

K + ' K * ( 8 9 2 ) ~  + r 
bl  ~ 7r :F 

2(7r + ~r-) 
p O , + , -  

~P 
3(~+ ~-)  
~pTr ~ 

K+K - 

, +  Tr-Tf 0 
pTr 

7r + ~T - 
A-A 
KI(1400) + K:F 

K + K -  , o  

K + K * ( 8 9 2 )  - + c.c. 
@f~(1525) 

( 8.8 +1 .3  ) x  10 - 3  

(1.o3+o.35) % 

Decays into J/'@(15)and anyth ing  

(55 +5 % 
(23.1 +2.3 % 

(31.0 + 2 . 8  % 

(18.2 •  % 

( 2.7 + 0 . 4  % 
( 9.7 +2.1 x 10 - 4  

Hadronic decays 

( 3.5 +1.6 ) x lO - 3  
( 3.0 + 0 . 8  ) x  lO - 3  

< 1.7 x 10 - 4  

< 2.3 x 10 - 4  
( 1.6 + 0 . 4  ) x 10 - 3  

< 1.2 x 10 - 4  

1.00+0.28) x 10 - 3  
8.0 •  x 10 - 4  

6.7 

5.2 

4.5 

4.2 
1.9 

1.5 
1.4 + 0 . 5  

1.0 +0.7 

8 + 5  
< 8.3 

( 8  + 5  
< 4 
< 3.1 
< 2 
< 2.96 

< 5.4 
< 4.5 

+2.5 X 10 - 4  

•  x 10 - 4  

+ 1 . 0  X 10 - 4  

+1.5 X 10 - 4  
• x 10 - 4  
+ 1 . 0  , X 10 - 4  

x 10 - 4  

, x 10 - 4  

x 10 - 5  
• 10-5 

) • 10 - 5  
• 10 - 4  
• 10 - 4  

x 10 - 4  
x 10 -5 
x 10 -5 
x 10 -5 

Scale factor/ p 
Confidence level (MeV/c) 

1843 
1840 

477 

481 
S=1.6 200 

527 

1746 
1799 

CL=90% 

CL=90% 
1726 

CL=90% 

1491 
1673 

1817 

1751 
1586 
1774 
1543 
1776 

1830 
CL=90% 1760 

1838 
CL--90% 1467 
CL=90% 
CL=90% 1285 
CL=90% 1754 

CL=90% 1698 
CL=90% 

?J /~(1S)  389 
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3`Xco(1P) ( 9.3 •  ) %  
3`Xcl(1P) ( e.7 +0.B )% 
3`Xc2(1P) ( 7.8 • )% 
3`r/c(15 ) ( 2.8 4-0.6 ) x 10 -3 
3`~/'(958) ( 1,5 • ) x 10 - 4  

3'7 < 9 x 10 -5  

3'7 < 1.6 x 10 - 4  
3'7/(1440) ----, 7KK~ < 1.2 x 10 - 4  

CL=90% 
CL=90% 
CL=90% 

I r  I IG(jPC) = 0- (1  - - )  

Mass m = 3769.9 4- 2,5 MeV (S=1 .8 )  
Full width F = 2 3 . 6 4 - 2 . 7 M e V  ( 5 = 1 . 1 )  
Fee = 0 . 2 6 •  (S=1 .2 )  

261 
171 
127 
639 

1719 

1802 
1843 
1569 

P 
~($'rto) DECAY MODES Fraction ( l ' i / r )  Scale factor (MeV/c) 

D D dominant 242 
e + e -  (1.12• x 10 - 5  1.2 1885 

I r u#} I :(:PC) = o-(1 - - )  
Mass rn = 4040 4- 10 MeV 

Full width F = 52 4- 10 MeV 
Fee = 0.75 4- 0.15 key 

@(4040) DECAY MODES Fraction ( r i / r )  p (MeV/c) 

e + e  - (1.4• x 10 - 5  2020 
D 0 D  ~ seen 777 
D*  (2007) 0 9 0 + C.C. seen 578 

D*  (2007) 0 D* (2007) 0 seen 232 

I ~b(4160) [/J/] I IG(jPC) = 0 - ( I  - - )  

Mass m = 4159:5 20 MeV 
Full width F = 78 + 20 MeV 
Fee = 0.77 :I: 0.23 keY 

@(4160) DECAY MODES Fraction ( r i / r )  

e+e - (lO• • 10 - 6  

I •(4415) Fi/] I IG(J PC) = 0 - ( 1  - - )  

Mass m = 4415 4- 6 MeV 

Full width F=434-15MeV iS=1.8) 
Fee = 0.47 • 0.10 keY 

p ( M eV/c) 

2079 

r DECAY MODES Fraction ( rdr)  p (MeV/c) 

had rons dominant 
e + e -  (1.1• x 10 - 5  2207 

II II 
. . ~  IG(j Pc) = 0- (1  - - )  

Mass m = 9460.30 + 0,26 MeV (S = 3.3) 
Full width F = 52.5 • 1.8 keV 
Fee = 1,32 4- 0.05 keY 

P 
T(16) DECAY MODES Fraction ( r i / r )  Confidence level (MeV/c) 

12 n7+0.14~ ,/ T + T  - , . . ._0.161 ,o 4384 

e + e -  (2.38• 0.11) % 4730 
/~+/~-  (2.48 • 0.06) % 4729 

Hadronlc decays 
J/@(1S)anything (1.1 • ) x 10 - 3  4223 
p/r < 2 x 10 - 4  90% 4698 

~T + / r -  < 5 x 10 - 4  90% 4728 
K + K -  < 5 x 10 - 4  90% 4704 
p ~  < 5 x 10 - 4  90% 4636 
1T0/r+~T - < 1.84 x 10 - 5  90% - -  

Radiative decays 
(6.3 • ) x 10 - 5  
(1.7 • ) x 10 - 5  
(7.0 • ) x lO -4 
(5.4 • ) • 10 - 4  
(7.4 • X 10 - 4  
(2.9 .4-0.9 x 10 - 4  
(2.5 • X 10 - 4  
(2.5 • x 10 - 4  
(2.4 -I-1.2 x 10 - 4  
(1.5 • x 10 - 4  
(4 +6 x 10 - 5  
(2.0 • x 10 - 5  

< 1.3 x 10 - 3  

< 3.5 x 10 - 4  
< 1.4 x 10 - 4  

(8 4-4 x 10 - 5  

< 8.2 x 10 - 5  
< 2.6 x 10 - 4  
< 2 x 10 - 4  
< 1.5 x 10 - 5  
< 3 X 10 - 3  

< 3 x 10 - 5  

3` 7r0 ~r 0 

3` 2 h +  2 h  - 

3` 3h + 3 h -  
3`4h+4h - 
3` x + 7r- K + K-  
3`2~r+ 27r - 

7 3 7r+ 37r- 
3̀ 2~r + 27r- K + K- 
7~r+~r -  p ~  
7 2 ~r+ 27r- p~ 
3 ` 2 K + 2 K  - 

3'7f(958) 
77/ 
3'f~(1525) 
3' f2(1270) 
3`7(1440) 
3`fo(1710)-~ 3 'KK 
3' fo(2200) --* 3' K + K -  
3' fJ(2220) --* 3"K+K - 
3`T/(2225)--~ 7 ~  
3`X 

X = pseudoscalar with m< 7.2 GeV) 
3`XX < 1 

X X  = vectors with m< 3.1 GeV) 
x 10 - 3  

4720 
4703 
4679 
4686 
4720 

4703 
4658 
4604 

4563 
4601 

90% 4682 
90% 4714 

90% 4607 

4644 
90% 4624 

90% 4576 
90% 4475 
90% 4469 
90% 4469 

90% 

90% 

I Xb0(1P) [kkk] I /G(jPC) = 0+(0 + +)  
J needs confirmation. 

Mass m = 9859.9 + 1.0 MeV 
P 

Xb0(1P) DECAY MODES Fraction (Fi/F) Confidence level (MeV/c) 

3` T ( I S )  <6% 90% 391 

I Xbl(1P) [kkk] I IG(j PC) = 0+(1+ +) 

J needs confirmation. 

Mass m = 9892.7 -I- 0.6 MeV (S -- 1.1) 

Xbl(1P) DECAY MODES Fraction ( r f / r )  p (MeV/c) 

3` ? ' ( 1 5 )  (35• % 422 

I Xb2(1P) [k,k] I I6(j PC) = 0+(2 + +) 
J needs confirmation. 

Massm= 9912.6+0.5 MeV (S--1.1) 

Xi~(1P) DECAY MODES Fraction (Fi/F) p (MeV/c) 

'7 T(IS) (22• % 443 



- ~  IG(J PC) = 0 - (1  - - )  

Mass m = 10.02326 • 0.00031 GeV 
Full width r- = 44 4- 7 keY 
Fee = 0.520 4- 0.032 keY 

P 
"/(25) DECAY MODES Fraction ( r t / r )  Confidence level (MeV/c) 

T( lS)Tr+x  - (18.8:1:0.6 ) % 475 

T(1S)~r%r 0 ( 9.0 ~:0.8 )% 480 

r + r  - ( 1.7:1=1.6 )% 4686 
#+/~- (1.31:1:0.21) % 5011 
e + e  - (1.18~:0.20) % 5012 
T(1S)Tr ~ < 1.1 x 10 -3 90% 531 
T(1S)r I < 2 x 10 -3 90% 127 
J/~)(1S)anything < 6 x 10 -3 90% 4533 

Radiative decays 
"TXbl(1P) ( 6.8 4.0.7 )% 131 
"TXb2(1P) ( 7.0 =t=0.6 )% 110 
7Xbo(1P) ( 3.8 =I=0.6 )% 162 
3'f0(1710) < 5.9 x 10 -4 90% 4866 
7f~(1525) < 5.3 x 10 -4 90% 4896 
3,f2(1270) < 2.41 x 10 -4 90% 4931 

I Xb0(2P) [*kk] I IG(j PC) = 0+(0+ +) 
J needs confirmation. 

Mass m = 10.2321 • 0.0006 GeV 

X~(2P) DECAY MODES Fraction ( r i / r )  p (MeV/c) 

")" T(2S) (4.64.2.1) % 210 
3, T( lS)  (9 4.6 ) x l 0  -3 746 

I X b l ( 2 P )  [kkk] I I6(jPC) = 0+(1 + + )  
J needs confirmation. 

Mass m = 10,2552 4- 0.0005 GeV 

mxH(2p) -- mxbo(2P ) : 23.5 4- 1.0 MeV 

p 
Xbl(2P) DECAY MODES Fraction (I-t/r) Scale factor (MeV/c) 

?T(2S) (21 +4 )% 1.5 229 
~ T(I$) ( 8.5:1:1.3)% 1.3 764 

I X~(2p ) [kkk] I IG(jPC) = 0+(2 + + )  
J needs confirmation. 

Mass m = 10.2685 4- 0.0004 GeV 

mxa2(2P ) - mxH(2p) = 13.5 4- 0.6 MeV 

Xb2(2P) DECAY MODES Fraction ( r i / r )  p ( M eV/c) 

T(25) (16.24.2.4) % 242 
~r T( IS)  (7.1• % 776 

IG(J PC) = 0 - (1  - - )  

Mass m = 10.3552 4- 0.0005 GeV 
Full width r = 26.3 4- 3.5 keV 

Scale factor/ p 
1"(35) DECAY MODES Fraction ( r / / r )  Confidence level (MeV/c) 

T(2S)anything (10.6 4-0.8 )% 296 
T (2$ )~+x  - ( 2.8 • )% S=2.2 177 
T(2S)~r~ ~ (2.004.0.32) % 190 
T(25)'~')" ( 5.0 4-0.7 )% 327 

T(1S)~ + ~r- ( 4,48-!-0.21} % 814 
T(15)lr0~ 0 (2.064.0.28) % 816 
T(1S)T/ < 2.2 x 10 -3 CL=90% - 
/z+/~ - (1.814.0.17) % 5177 
e + e-  seen 5177 
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~/Xb2(2P) (11.4 4.0,8 ) % S=1.3 87 
"YXbl(2P) (11.3 4.0,6 )% 100 
"YXb0(2P) ( 5.4 4.0,6 )% S=1.1 123 

I T(4s) I 
or "/'(10580) IG(jPC) = 0 - (1  - - )  

Mass m = 10.5800 4- 0.0035 GeV 
Full width r =  14 4 -5MeV  ( S =  1.7) 
Fee -- 0.248 4- 0.031 keY (S = 1.3) 

P 
1"(45) DECAY MODES Fraction ( r i / r )  Confidence level (MeV/c) 

B B  > 96 % 
non-BB < 4 % 

e+e - (2,8+0.7) x 10 -5 
J/~b(3097)anything (2.2+0.7) x 10 -3 
D *+anything + c.c. < 7.4 % 
~anything < 2.3 x 10 -3 
T(1S)anything < 4 x 10 -3 

T (1S )~+~  - < 1.2 ;<10 -4 
T(2S) ~T+ 7r - < 3.9 • -4 

95% 
95% - 

5290 

90% 5099 
90% 5240 
90% 1053 
90% 
90% 

I T(10860) I I6(J PC) = 0 - (1  - - )  

Mass m = 10.865 4- 0,008 GeV (S = 1.1) 
Full width I- = 110 • 13 MeV 
Fee = 0.31 4- 0.07keY ( S = 1 . 3 )  

T(10860) DECAY MODES Fraction (rilr) p (MeV/c) 

e+e - (2.8+o.7} x 10 -6 5432 

I T(11020) I IG(J PC) = 0 - ( i  - - )  

Mass m = 11.019 4- 0.008 GeV 
Full width r = 79 4- 16 MeV 
Fee = 0.130 4- 0.030 keY 

T(11020) DECAY MODES Fraction (r~ir) p (MeV/c) 

e + e -  (1.6• x 10 -6 5509 

NOTES 

In this Summary Table: 

When a quantity has "(S . . . .  )" to its right, the error on the quantity has 
been enlarged by the "scale factor" S, defined as S = ~ 1), where 
N is the number of measurements used in calculating the quantity. We 
do this when S > i ,  which often indicates that the measurements are incon- 
sistent. When S > 1.25, we also show in the Particle Listings an ideogram of 
the measurements. For more about S, see the Introduction. 

A decay momentum p is given for each decay mode. For a 2-body decay, p is 
the momentum of each decay product in the rest frame of the decaying 
particle. For a 3-or-more-body decay, p is the largest momentum any of the 
products can have in this frame. 

[a] See the "Note on ~r + ~ t ~- L,3" and K • --, g• u3' Form Factors" in the 
7t • Particle Listings for definitions and details. 

[b] Measurements of r(e+ Ve)/r(~+ ~.) always include decays with 3"s, and 

measurements of r (e + ='e'r) and r (#  + u~3,) never include low-energy ?'s. 
Therefore, since no clean separation is possible, we consider the modes 
with 3"s to be subreactions of the modes without them, and let [ r (e + re) 
+ r(~+~.)]Irtota, = 100%. 

[c] See the 7t • Particle Listings for the energy limits used in this measure- 
ment; low-energy 7's are not included. 
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[d] Derived from an analysis of neutrino-oscillation experiments. 

[e] Astrophysical and cosmological arguments give limits of order 10-13; see 
the ~r ~ Particle Listings. 

[ f ]  See the "Note on the Decay Width F(T/ -~ "f~')" in our 1994 edition, 
Phys. Rev. DS0, 1 August 1994, Part I, p. 1451. 

[E] C parity forbids this to occur as a single-photon process. 

[h] See the "Note on scalar mesons" in the fo(1370) Particle Listings. The 
interpretation of this entry as a particle is controversial. 

[f] See the "Note on p(770)" in the p(770) Particle Listings. 

[./] The e + e-  branching fraction is from e + e -  --~ ~r + 7r- experiments only. 
The ~p  interference is then due to ~p  mixing only, and is expected to 
be small. If e# universality holds, r (p 0 --, /~+#-)  = F(p 0 --~ e+e - )  
• 0.99785. 

[k] See the "Note on scalar mesons" in the f0(1370) Particle Listings. [If] 

[f] See the "Note on a1(1260)" in the a1(1260 ) Particle Listings. 

[m] This is only an educated guess; the error given is larger than the error on [ram] 
the average of the published values. See the Particle Listings for details. 

In] See the "Note on the f1(1420)" in the fl(1440) Particle Listings. 

[o] See also the ~(1650) Particle Listings. 

[p] See the "Note on the 7(1440)" in the 7(1440) Particle Listings. 

[q] See the "Note on the p(1450) and the p(1700)" in the p(1700) Particle 
Listings. 

[r] See the "Note on non-q~ mesons" in the Particle Listings (see the index [pp] 
for the page number). [qq] 

Is] See also the ~(1420) Particle Listings. 

It] See the "Note on fo(1710)" in the fo(1710) Particle Listings. 
[u] See the note in the K :I: Particle Listings. [rr] 
[v] The definition of the slope parameter Eof  the K --* 3~r Dalitz plot is as 

follows (see also "Note on Dalitz Plot Parameters for K --* 3~r Decays" [ss] 
in the K -  Particle Listings): 

IMI = + g(s  - So)/m2r + + . . . .  [tt] 

[w] For more details and definitions of parameters see the Particle Listings. [uu] 
[x] Most of this radiative mode, the low-momentum 3' part, is also included 

in the parent mode listed without 3"s. 

[y] See the K + Particle Listings for the energy limits used in this measure- [vv] 
ment. 

[z] Direct-emission branching fraction. [ww] 
[aa] Structure-dependent part. 

[bb] Derived from measured values of ~+_, ~o0, 171, Im~o - m~l ,  and [xx] 
TK~, as described in the introduction to "Tests of Conservation Laws." 

Lvy] 
[cc] The CP-violation parameters are defined as follows (see also "Note on 

CP Violation in K s --, 3~r" and "Note on CP Violation in K ~ Decay" 
in the Particle Listings): [zz] 

[ft'] ct/~ is derived from ]7oo/r/+_l measurements using theoretical input on 
phases. 

[EE] See the K ~ Particle Listings for the energy limits used in this measure- 
ment. 

[hh] Allowed by higher-order electroweak interactions. 

[ii] Violates CP in leading order. Test of direct CP violation since the in- 
direct CP-violating and CP-conserving contributions are expected to be 
suppressed. 

~ ]  See the "Note on fo(1370)" in the f0(1370) Particle Listings and in the 
1994 edition. 

[kk] See the note in the L(1770) Particle Listings in Reviews of Modern 
Physics 56 No. 2 Pt. I1 (1984), p. $200. See also the "Note on K2(1770 ) 
and the/(2(1820)" in the K2(1770 ) Particle Listings. 

See the "Note on K2(1770 ) and the K2(1820)" in the K2(1770 ) Particle 
Listings. 

This result applies to Z ~ ---* cs decays only. Here t + is an average (not 
a sum) of e + and #+ decays. 

[nn] This is a weighted average of D :1: (44%) and D O (56%) branching frac- 
tions. See "D+andD ~ -~ (7/anything) / (total D + and DO) '' under 
"D + Branching Ratios" in the Particle Listings. 

[oo] This value averages the e + and #+ branching fractions, after making a 
small phase-space adjustment to the/~+ fraction to be able to use it as 
an e + fraction; hence our t + here is really an e +, 

An t indicates an e or a/~ mode, not a sum over these modes. 

The branching fraction for this mode may differ from the sum of the 
submodes that contribute to it, due to interference effects. See the 
relevant papers in the Particle Listings. 

The two experiments measuring this fraction are in serious disagreement. 
See the Particle Listings. 

This mode is not a useful test for a A C = I  weak neutral current because 
both quarks must change flavor in this decay. 

This D~ O limit is inferred from the D~ ~ mixing ratio F(K+Tr - (via 
D~ / F(K-7r +) near the end of the D o Listings. 

The experiments on the division of this charge mode amongst its sub- 
modes disagree, and the submode branching fractions here add up to 
considerably more than the charged-mode fraction. 

However, these upper limits are in serious disagreement with values ob- 
tained in another experiment. 

For now, we average together measurements of the X e + r, e and X/~+ vp 
branching fractions. This is the average, not the sum. 
This branching fraction includes all the decay modes of the final-state 
resonance. 

This value includes only K + K -  decays of the f0(1710), because branch- 
ing fractions of this resonance are not known. 

This value includes only 7r + 7r- decays of the fo(]500), because branching 
fractions of this resonance are not known. A(K 0 ..-* ~r+ Tr - )  

7 + - =  17+_]e'~+- A(KO S-~ ~+=_) ~ + ~' 

700 = 17Dole i~| A(Ko ~ ~%o) - - c - 2 ~  ~ 

A(K o _~ ~%0) 

r (K o -~ ~ - t + v ) -  r (K o -~ l r + l - v )  
~ =  

r (K  ~ -~ ~ - t + v )  + r (K  ~ -~ ~r+ t -~)  ' 

I-(Ko ~ ~+~-~rO)CP viol 
Im(7+_o) 2 = 

r (K o _., ~+~-~o)  

im(~/0oo)2 = r (K~-~  ~%r%r ~ 
r(KiO __, ~o~o~0) 

[aaa] B ~ and B ~ contributions not separated. Limit is on weighted average of 
the two decay rates. 

[bbb] These values are model dependent. See 'Note on Sernileptonic Decays' 
in the B + Particle Listings. 

[ccc] D** stands for the sum of the 0(1 1P1) , 0(1 3Po) , O(13p1), O(1 3P2), 
s and 0(2151) resonances. 

[ddd] D(*)D(*) stands for the sum of D ' D * ,  D 'D ,  DD*, and D ~ .  

[eee] Inclusive branching fractions have a multiplicity definition and can be 
greater than 100%. 

[fff] Dj represents an unresolved mixture of pseudoscalar and tensor D** (P- 
wave) states. 

[g&E] Not a pure measurement. See note at head of B 0 Decay Modes. 

[hhh] Not a pure branching ratio, it is the fraction (F i /F )xB(~  --, Be). 
where for the last two relations CPT is assumed valid, Le., Re(7+_o) 
0 and Re(700o) -~ 0. 

[dd] See the K 0 Particle Listings for the energy limits used in this measure- 
ment. 

[ee] The value is for the sum of the charge states or particle/antiparticle 
states indicated. 

[iii] Includes p~Tr + 7r-~ and excludes PPT, pp~u, p-~' .  
[jjj] jPC known by production in e+e - via single photon annihilation. I (3 

is not known; interpretation of this state as a single resonance is unclear 
because of the expectation of substantial threshold effects in this energy 
region. 

[kkk] Spectroscopic labeling for these states is theoretical, pending experimen- 
tal information. 
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Meson Summary Table 
See also the table of suggested q~ quark-model assignments in the Quark Model section. 
�9 Indicates particles that appear in the preceding Meson Summary Table. We do not regard 

the other entries as being established. 
Indicates that the value of J given is preferred, but needs confirmation. 

�9 ~ •  

�9 ~0 
� 9  
�9 6(400-1200) 
�9 p(770) 
�9 w(782) 
�9 fl'(958) 

�9 6(980) 
�9 ao(980) 
�9 @(1020) 
�9 hl(l170 ) 

�9 bi(1235) 

�9 a1(1260) 
�9 6(1270) 
�9 6(1285) 
�9 fl(1295) 
�9 ~(1300) 
�9 a2(1320) 
�9 ~(1370) 

h~(1380) 
~i(1400) 

�9 6(1420) 
�9 w(1420) 
6(143o) 

�9 .(144o) 

�9 ao(1450) 
�9 p(1450) 

�9 6(1500) 

6(1510) 
�9 f~(1525) 

6(1565) 
~1(1600) 
X(1600) 
a1(1640) 
6(1640) 
7/2(1645) 

�9 w(1650) 
x(165o) 
a2(1660) 

�9 w3(1670) 

LIGHT UNFLAVORED 
(s = c = B = o) 

IG ( J PC) 

i -  (0-) �9 7r2(1670 ) 
1-(0 - +) �9 ~(1680) 
0+(0 - +) �9 p3(1690) 
0+(0 + +) �9 p(1700) 
I+(i--) �9 fo(1710) 

0-(1 - - )  a2(1750) 
0+(0 - +) 7/(1760) 
o+(o + +) X(lrrS) 
1-(0 + + )  �9 ~(1800) 
0-(i - - )  6(1810) 
0-(1 + - )  �9 ~3(1850) 
I+(I + --) 7/2(1870 ) 
I - ( i  + +) X(1910) 

0+(2 + +) 6(1950) 
o+(1 + +) x(2ooo) 
0+(0 - +) �9 f2(2010) 
1-(0 - +) 6(2020) 
1-(2 + +) �9 a4(2040) 
0+(0 + +) �9 f4(2050) 
?--(i + -) f0(2060) 
1--(1 - +) 7r2(2100) 
0+(1 + +) f2(2150) 
0-(1 - - )  p(2150) 
0+(2 + +) f0(2200) 
0+(0 - +) fj(2220) 
1-(o++) 
1+(1 - - )  7/(2225) 
0+(0 + +) p3(2250) 
0+(1 + +) �9 f2(2300) 
0+(2 + +) f4(2300) 
0+(2 + +) �9 f2(2340) 
1-(1 - +) p5(2350) 
2+(2 + +) a6(2450) 

Io ( j Pc) 

1-(2 - +) 
0- (1  - - )  
1+(3 - - )  
1+(1 - -)  
o+(o + +) 
1-(2 + +  ) 
o+(o - +) 
1 - ( ?  - +)  
1- (o  - +)  
0+(2 + +) 
o- (3  - - )  
0+(2 - +) 
0+(77+) 
0+(2 + +  ) 
1-(? ?+) 
0+(2 + +) 
o+(o + +) 
1-(4 + + )  
0+(4 + +) 
o+(o++) 
1-(2 - +) 
o+(2++) 
i + ( i  - - )  
o+(o + +) 
0+(2 + + 

or4 + + )  
o+(o - +) 
1+(3 - )  
0+(2 + +) 
0+(4 + +) 
o+(2 + +) 
1+(5 - -) 

1-(6 + + )  

STRANGE 
(S= • C= e=0)  

I(JP) 

�9 K + 1 /2(0- )  
�9 K 0 1 /2(0- )  
�9 K~ 1/2(0- )  
�9 K0L 1/2(0- )  
�9 K*(892) 1/2(1-) 
�9 /<1(1270) 1/2(1 +) 

�9 K1(1400 ) 1/2(1 +)  
�9 K*(1410) 1 /2(1- )  
�9 K~(1430) 1/2(0 +) 

�9 K~(1430) 1/2(2 +) 
K(1460) 1/2(0-) 
K2(1580) i/2(2-) 

K(1630) 1/2(7 ? ) 
K1(1650) 1/2(1 + ) 

�9 K*(1680) 1/2(1-) 
�9 K2(1770) 1/2(2-) 
�9 K;(1780) 1/2(3-) 
�9 /<2(1820) 1/2(2-) 

K(1830) 1/2(0-) 
K~(1950) 1/2(0 + ) 
K~(1980) 1/2(2 + ) 

�9 K~(2045) 1/2(4 +) 
K2(2250) 1/2(2-) 
/<3(2320) 1/2(3 +) 
K;(2380) 1/2(5-) 
/<4(2500 ) 1/2(4-) 
K(3100) ??(???) 

CHARMED 
( c =  • 

�9 D + 1 /2(0- )  
�9 D O 1 /2(0- )  
�9 D*(2007) ~ 1/2(1-) 

BOTTOM 
(B = =1=1) 

1o(j Pc) 

�9 B + 1 /2 (0 - )  
�9 B ~ 1 /2 (0 - )  
�9 B~ /B  ~ ADMIXTURE 
�9 B•176 

ADMIXTURE 
* B* 1 /2 (1- )  

B_~(5732) ?(77) 

BOTTOM, STRANGE 
(B= • S= TI) 

�9 8~ o(o-1 
B; 0(1-) 
B;j(5850) 7(7 7 ) 

BOTTOM, CHARMED 
( e  = c = •  

�9 B~ 0(0-1 

CC 

�9 ~/c(1S) 0+(0 - +) 
�9 JI%6(1S) 0-(1 - - )  
�9 Xco(1P) 0+(0 + +) 
�9  Cl(1P) o77 +) 

hc(IP) ?'(?") 
�9 Xc2(1P) 0+(2 + +) 

7/c(25 ) ??(??+) 
�9 ~(2s)  o - ( 1  - - )  
�9 %6(3770) 0-(1 - - )  
%6(3836) 0-(2 - - )  

�9 %6(4040) O-(1 - - )  
�9 %6(4160) 0-( i  - - )  
�9 %6(4415) 0-(1 - - )  

b~ 

1+(1++)  
o+(2 + +) 
0+(2 - +) 
o-(1 - - )  
o - ( F - )  
1-(2 + +  ) 
0 - ( 3  - -) 

~(2510) 0+(6 + +  ) 
X(3250) ??(???) 

OTHER LIGHT UNFLAVORED 
(S = C = B = 0) 

e+e-(1100-2200) ??(1 - - )  
NN(1100-3600) 
X(1900-3600) 

�9 D*(2010) ~ 1 /2(1- )  
�9 D1(2420) 0 1/2(1 +) 

D1(2420) • 1/2(7 ?) 
�9 B~(2460) ~ 1/2(2 + ) 
�9 D~(2460) + 1/2(2 +) 

D*(2640) • 1/2(? 7 ) 

CHARMED, STRANGE 
(c=s= • 

�9 D~ 0(0- )  
�9 B; • 0(? 7) 
�9 Ds1(2536) ~ 0(1 +) 
�9 O,j(2573) ~ 0(? ?) 

�9 r( lS)  o - ( 1 - - )  
�9 Xbo(1P) 0+(0 + +) 
�9 XbI(1P) 0+(1 + +) 
�9 Xb2(1P) 0+(2 + +) 
�9 r(2s) o - ( 1 - - )  
�9 Xbo(2P) 0+(0 * +) 
�9 Xbl(2P) 0+(1 + +) 
�9 Xb2(2P) 0+(2 + +) 
�9 r(3s) o- (1 - - )  
�9 r ( 4 s )  o -  (1 - - )  
�9 ?'(10860) 0 - ( i - - )  
�9 T(11020) 0 - ( 1 - - )  

NON-q~ CANDIDATES 

NON-q~ CANDIDATES 
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Baryon Summary Table 
This short table gives the name, the quantum numbers (where known), and the status of baryons in the Review. Only the baryons with 3- 
or 4-star status are included in the main Baryon Summary Table. Due to insufficient data or uncertain interpretation, the other entries in the 
short table are not established as baryons. The names with masses are of baryons that decay strongly. See our 1986 edition (Physics Letters 
170B) for listings of evidence for Z baryons (KN resonances). 

p, n Pl l  ****  
N(1440) Pll  * ***  
N(1520) D13 ****  
N(1535) 511 * * * *  

N(1650) 511 **** 

N(1675) D15 **** 
N(1680) FlS **** 
N(1700) O13 *** 
N(1710) Pll ***  
N(1720) P13 ****  
N(1900) PI3 ** 
N(1990) F]7 ** 
N(2000) FIs ** 
N(2080) D13 ** 
N(2090) 511 * 
N(2100) Pn * 
N(2190) 6"17 ****  
N(2200) DIS ** 
N(2220) H19 ****  
N(2250) 6"19 **** 
N(2600) I i ,n ***  
N(2700) /<143 ** 

A(1232) P33 ****  
A(1600) /:'33 ***  
A(1620) 531 ****  
A(1700) D33 ****  
a(175o) &1 * 
/%(1900) 531 ** 
A(1905) F35 **** 
A(1910) P31 **** 
�9 4,(1920) P33 *** 
,4(1930) D35 ***  
,4(1940) /)33 * 
A(1950) F37 **** 
A(2000) F3s ** 
~(2150) 531 * 
A(2200) G37 * 
Z3.(2300) /-/39 ** 
A(2350) /935 * 
A(2390) F37 * 

A(2400) 639 ** 
A(2420) H3,n ****  
A(2750) ~,13 ** 
A(2950) K3,1s ** 

A POl * * * *  

A(1405) 5ol ****  
A(1520) 003 ****  
A(1600) P01 *** 
A(1670) 501 **** 
A(1690) 003 * * * *  

A(1800) 5oi ***  
A(1810) POl ***  
A(1820) Fos ****  
A(1830) Do5 ****  
A(1890) '~ **** 
A(2000) * 
A(2020) Fo7 * 
A(2100) 6"07 ****  
A(2110) F0s *** 
A(2325) Do3 * 
A(2350) /-/09 *** 
A(2585) ** 

Z +,Z ~  ****  
Z'(1385) P13 ****  
Z(1480) * 
Z(1560) ** 
Z(1580) D13 ** 
Z(1620) Sll ** 
Z(1660) Pl l  ***  
Z'(1670) D13 ****  
Z(1690) ** 
X(1750) 511 *** 
Z(1770) Pn * 
E(1775) Dis ****  
Z(1840) P13 * 
E(1880) Pn ** 
E(1915) F15 **** 
Z-(1940) /913 *** 

X(2000) 511 * 
X(2030) F17 ****  
Z(2070) FlS * 
,E(2080) P13 ** 
r(21oo) GI~ * 
•(2250) *** 
Z'(2455) ** 
Z-(2620) ** 
z(3ooo) * 

Z(3170) * 

:0 :- * * * *  
- , - Pn 
--(1530) P13 ****  
.=--(1620) * 
--(1690) ***  
--(1820) D13 *** 
--(1950) ***  
5(2030) ***  
--(2120) * 
--(2250) ** 
--(2370) ** 
-(2500) * 

.('2- **** 

Q(2250)- ***  
Q(2380)- ** 
.(2(2470)- ** 

A:  * * * *  

Ar + *** 
Ac(2625) + ***  
Xr * * * *  
Xc(2520 ) ***  
=+ ~0 *** 
--C ' --C 
=I+ =t0 * * *  
--C i--C 

_--c(2645) ***  
=c(2815) ***  
_Q~ ***  

AO ***  
_-0 --- , 
--b, --b 
b-baryon ADMIXTURE 

****  Existence is certain, and properties are at least fairly well explored. 

*** Existence ranges from very likely to certain, but further confirmation is desirable and/or 
quantum numbers, branching fractions, etc. are not well determined. 

** Evidence of existence is only fair. 

* Evidence of existence is poor. 



II N BARYONS 
( S =  O, I =  1/2) 

p, N +-- uud; n, N ~  udd 

12] ~(:P) = �89189 
Mass rn = 938.27200 4- 0.00004 MeV [a] 

= 1.00727646688 4- 0.00000000013 u 

Imp - m # I / m  p < 5 x 10 -7 [bl 

I mo ll( o) = 0.99999999991 4- 0.00000000009 
Iqp+q~]/e < 5 x  10 -7 [b] 

Iqp + qel/e < 1.0 x 10 -21 [c] 
Magnetic moment # = 2.792847337 + 0.000000029 #N 
(p,p + # ~ ) / # p  = ( - 2 . 6 4 - 2 . 9 )  x 1 0  -3 
Electric dipole moment d = ( - 4  4- 6) x 10 -23 ecru 
Electric polarizability - = c~ (12,1 4- 0.9) x 10 -4 fm 3 
Magnetic polarizability ~ = (2.1 4- 0.9) x 10 -4 fm 3 
Mean life ~- > 1.6 x 1025 years (independent of mode) 

> 1031 to 1033 years [d] (mode dependent) 

Below, for N decays, p and n distinguish proton and neutron partial life- 
times. See also the "Note on Nucleon Decay" in our 1994 edition (Phys. 
Rev. D ~ ,  1673) for a short review. 

The "partial mean life" limits tabulated here are the limits on "r/B i, where 
is the total mean life and B i is the branching fraction for the mode in 

question. 

Partial mean life p 
p DECAY MODES (1030 years) Confidence level (MeV/c) 

Antilepton + meson 
N --, e + ~r > 158 (n), > 1600 (p) 90% 459 

N --~ /~+Tr > 100 (n), > 473 (p) 90% 453 
N -+ uTr > 112 (n), > 25 (p) 90% 459 

p --* e+ f/ > 313 90% 309 
p --~ /J,+~ > 126 90% 296 
n --~ 1-'// > 158 90% 310 
N -~ e + p > 217 (n), > 75 (p) 90% 153 
N --~ / z+p  > 228 (n), > 110 (p) 90% 119 
N --* u p  > 19 (n), > 162 (p) 90% 153 
p -~ e+~  > 107 90% 142 
p "--* #+~d > 117 90% 104 
n --~ UC~ > 108 90% 144 
N --~ e + K > 17 (n), > 150 (p) 90% 337 

p ~ e + K~ > 76 90% 337 

p --* e + K0 L > 44 90% 337 

N -~ # +  K > 26 (n), > 120 (p) 90% 326 
p -~ #+ K ~ > 64 90'/, 326 
p -~  # +  K0 L > 44 90% 326 

N -~ u K > 86 (n), > 670 (p) 90% 339 
p --* e + K*(892) ~ > 84 90% 45 

N --* uK*(892) >TS (n), >51 (p) 90% 45 

Antilepton + mesons 
p "-~ e + ~+ ~r- > 82 90% 448 

p _, e + ~r 0~0 > 147 90% 449 

n --~ e + ;T-- Cr 0 > 52 90% 449 

p --* # +  7r + "R- > 133 90% 425 
p --~ #+ 'R 0"4" 0 > 101 90% 427 

n --* # +  ' / r -  ~f0 > 74 90% 427 

n -~ e+ K~ - >18 90% 319 

Lepton + meson 
n -~ e- ~r + > 65 90% 459 
n --* #-- ;T + > 49 90% 453 
n --~ e -  p+  > 62 90% 154 
n ~ p - p +  > 7  90% 120 
n ---* e -  K + > 32 90% 340 
n --* #- K + > 57 90% 330 
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Baryon Summary Table 
lepton + mesons 

p -'~ e- 7r + 7r + > 30 90% 448 
n --* e- E+ ~r 0 > 29 90% 449 

p -'* / r  Ir + / r  + > 17 90% 425 
n ~ # -  ~r + ;TO > 34 90% 427 

p "-~ e - ~ r +  K + >75 90% 320 
p --~ I~- ~ +  K + > 245 90% 279 

Antllepton + photon(s) 
p ~ e + "), > 670 90% 469 

P --~ /~+ 7 > 478 90% 463 
n ~ u 7 > 28 90% 470 
p --~ e + ~ 7  > 100 90% 469 
n --~ UT~ > 219 90% 470 

Three (or more) leptons 
p --* e + e + e- > 793 90% 469 
p --* e + p + #  - > 359 90% 457 
p--* e+uu >17 90% 469 

n --~ e + e- u > 257 90% 470 
n --* #+ e -  v > 83 90% 464 
n --~ # +  # -  U > 79 90% 458 
p --+ /z + e + e- > 529 90% 464 

p- -~  /r  # - >675 90% 439 

p ' - ~  I~+UU >21 90% 463 
p --~ e - p + #  + > 6 90% 457 
n --~ 3/' > 0.0005 90% 470 

Inclusive modes 
N -~ e § anything > 0.6 (n, p) 90% - 
N --* #+anything >12 (n, p) 9o% - 
N ~ e+~-~ > 0.6 (n, p) 90% - 

A B  = 2 dinucleon modes 

The following are lifetime limits per iron nucleus. 

p p  --* ~r+ Tr + >0.7 90% 
p n  .-~ ~r+~r 0 > 2  90% 

nn --~ 7r+~r - > 03 90% 
nn ---) ~T0;r 0 > 3.4 90% 

p p  --~ e + e + >5.8 90% 
p p  .-+ e+ # + >3,6 90% 
p p  --~ p +  # +  >1.7 90% 
p n  -~ e + ~  > 2.8 90% 
p n  -~ # + ~  > 1.6 90% 
n n --~ Ue~ e > 0.000012 90% 
nn -~ u . ~  > 0.000006 90% 

DECAY MODES 

Partial mean life 
DECAY MODES (years) Confidence level 

P 
(MeV/c) 

~-~ e-~/ >7xlO 5 

P--* #-7 > 5x104 
~--~ e-;T 0 >4x105 
~__~ #-~0 >5x104 

p--~ e-7~ >2x104 

~-+ /~-~ >8x103 

~_~ e- K~ > 900 

# - K ~  > 4 x 1 0 3  

e- K ~  > 9 x 103 

# -  K~ > 7 x 103 

p--~ e-~? >2x104 

P--+ #--'Y7 >2X 104 

"p --, e -  p >200 
--~ e- o) > 200 
--* e -  K*(892) 0 > 1 x 103 

90% 469 
9O% 463 

90% 459 
90% 453 

90% 309 
90% 296 
9O% 337 

90% 326 

90% 337 

90% 326 

90% 469 

90% 463 
90% 153 

90% 142 
90% 141 
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n DECAY MODES 

I( jP) = l f1+1 

Mass m = 939.86533 + 0.00004 MeV [a] 
= 1.00866491578 "1" 0.00000000055 u 

m n -  mp = 1.2933318 -t- 0.0000005 MeV 
= 0.0013884489 ,1. 0.0000000006 u 

Meanl i feT =886.7,1. 1.9s ( S = 1 . 2 )  
CT = 2.658 X 108 km 

Mas moment # = - 1.9130427 .1. 0,0000005 #N 
Electric dipole moment d < 0.63 x 10 -25 ecm, CL = 90% 
Electric polarizability e = +o.19 (0.98_0.23) x 10 -3 fm 3 (S = 1.1) 
Charge q = ( -0 .4  ,1. 1.1) x 10 -21 e 
Mean n~-oscillation time > 8.6 • 107 s, CL = 90% (free n) 

> 1.2 x 108 s, CL = 90% [e] (bound n) 

Decay parameters [f] 
Pe-~e gA/EV = --1,2670 ,1. 0.0035 (S = 1.9) 

" A = -0 , I162 ,1. 0.0013 (S = 1.8) 
" B = 0.983 .1. 0.004 
" a = -0,102 + 0.005 
" /PAV = (180.07:5 0.18) ~ [g] 
" D =  (-0.5:5 1,4) x I0 -3 

p 
Fraction (Fi/F) Confidence level (MeV/c) 

pe- Pe 100 % 1.19 

Charge conservation (Q) violating mode 
pPe~e O < 8 x 10 -27  68% 1.29 

I N(1440) Pll I I (JP) = 1,1+, ~ J 

Breit-Wigner mass = 1430 to 1470 (~  1440) MeV 
Breit-Wigner full width = 250 to 450 (~  350) MeV 

/)beam = 0.61 GeV/c 4~X 2 = 31.0 mb 
Re(pole position) = 1345 to 1385 (= 1365) MeV 
-21m(pole position) = 160 to 260 (,~ 210) MeV 

N(1440) DECAY MODES Fraction (ri/r) p ( M eV/c) 

N ~T 60-70 % 397 

N~ ~ 30-40 % 342 
Z~T 20-30 % 143 

Np <8 % 1 
/=0 N ( 7rTr)s_wave 5-10 % 

p~' 0.035-0.048 % 414 
p ? ,  he l i c i t y= l / 2  0.035-0.048 % 414 

n-~ 0.009-0.032 % 413 
n"f, hel ic i ty=l/2 0.000-0.o32 % 413 

I N(1520) 013 I I (JP) = �89 

Breit-Wigner mass = 1515 to 1530 (.~ 1520) MeV 
Breit-Wigner full width = 110 to 135 (=  120) MeV 

Pbeam : 0.74 GeV/c 4~X 2 = 23.5 mb 
Re(pole position) = 1505 to 1515 (~  1510) MeV 
-21m(pole position) = 110 to 120 (~ 115) MeV 

N(1520) DECAY MODES Fraction ( r i / r )  p (MeV/c) 

N~r 5o-60 % 456 
N~TTr 4o-5o % 41o 

A/r  15-25 % 228 

N p 15-25 % f 
I=0 

N (~T'K)S_wave <8 % 
p?  0.46-0.56 % 470 

p,),, hel ic i ty=l /2 0,001-0.034 % 470 
p?, helicity=3/2 0.44-0.53 % 470 

n-y 0.30-0.53 % 470 
n-),, he l i c i t y= l / 2  0.04-0.10 % 470 
n3', helicity=3/2 0.25-0.45 % 470 

I N(1535) ,~.1 I / (JP) = �89189 

Breit-Wigner mass = 1520 to 1555 (~  1535) MeV 
Breit-Wigner full width = 100 to 250 (~  150) MeV 

,Obeam : 0.76 GeV/c 4/rX 2 = 22.5 mb 
Re(pole position) = 1495 to 1515 (=  1505) MeV 
-21m(pole position) = 90 to 250 (~  170) MeV 

N(1535) DECAY MODES Fraction ( rd r )  p (MeV/c) 

NTr 35-55 % 467 
NT/ 30-55 % 182 
N~Tr 1-]0 % 422 

ATr <1% 242 
Np <4 % f 

I=0 N (~Tr)S_wave <3 % - 
N(1440)Tr <7 % $ 

P7 0.z5-o.35 % 4ai 
PT, hel ic i ty=l/2 0.15-0.35 % 481 

n'), 0,004-0.29 % 480 
n3', hel ic i ty=l /2 0.004-0.29 % 480 

I N(1650) 511 I I(JP) = �89189 

Breit-Wigner mass = 1640 to 1680 (~ 1650) MeV 
Breit-Wigner full width = 145 to 190 (~ 150) MeV 

Pbeam --"- 0.96 GeV/c 4~rX 2 = 16.4 mb 
Re(pole position) = 1640 to 1680 (~ 1660) MeV 
-21m(pole position) = 150 to 170 (~ 160) MeV 

N(16Se) DECAY MODES Fraction (Fi/F) p (Mev/c) 

N ~T 55-90 % 547 
Nr/ 3-1o % 346 
AK 3-11% 161 
N ~  10-20 % 511 

z~ 7r 1-7 % 344 

Np 4-12 % t 
I=0  N (TrTr)S-wave <4 % - 

N(1440) ~r < 5 % 147 
p"f  0.04-0.16 % 550 

P3', hel ic i ty=l/2 0.04-0.18 % 558 
n')' 0,003-0.17 % 557 

n T ,  he l i c i t y= l / 2  0.003-0.17 % 557 

I N (1675)  D i s  ! I(JP) = �89 

Breit-Wigner mass = 1670 to 1685 (~ 1675) MeV 
Breit-Wigner full width = 140 to 180 (~ 150) MeV 

Pbeam : 1.01 GeV./c 4~TX 2 = 15.4 mb 
Re(pole position) : 1655 to 1665 (~ 1660) MeV 
-21m(pole position) : 125 to 155 (~ 140) MeV 

N(167S) DECAY MODES Fraction ( r i / r )  p (MeV/c) 

N ~r 40-50 % 563 

A K <1% 209 
N~rTr 50-60 % 529 

A ~- 50-60 % 364 

Np < 1-3 % t 
p~f 0,004-0.023 % 575 

p~,, hel ic i ty=l/2 0,0-0.015 % 575 
P'7, he l ic i ty=3/2 0.0-0,011% 575 

n 7 0.02-0.12 % 574 
n'7, he l i c i t y= l / 2  0.006-0.046 % 574 
n 7,  he l ic i ty=3/2 O.Ol-O.O8 % 574 



I N(1680) Fz8 I I ( jP )  = 1(5+) 2 ~  

Breit-Wigner mass = 1675 to 1690 (~ 1680) MeV 
Breit-Wigner full width = 120 to 140 (~  130) MeV 

Pbearn = 1.01 GeV/c 4~rX 2 = 15.2 mb 
Re(pole position) = 1665 to 1675 (~  1670) MeV 
-2Ira(pole position) = 105 to 135 (= 120) MeV 

N(1680) DECAY MODES Fraction (rl/r) p (MeV/c) 

N~r 60-70 % 567 
N~r~r 30-40 % 532 

Z~';T 5-15 % 369 
Np 3-15 % i 

I=0 N (~)S_wave 5-20 % - 
p'y 0.21-0.32 % 578 

p,'f, hel ici ty=l/2 o.oo1-0.o11% 578 
p~', helicity=3/2 0.20-0.32 % 578 

nQ, 0.021-0.046 % 577 
n'),, hel icity=I/2 0.004-0.029 % 577 
n"/, helicity=3/2 0.01-0.024 % 577 

I N(1700) s I I(JP) = �89 

Breit-Wigner mass = 1650 to 1750 (~  1700) MeV 
Breit-Wigner full width = 50 to 150 (~  100) MeV 

Pbearn = 1.05 GeV/c 4=~ 2 = 14.5 mb 
Re(pole position) = 1630 to 1730 (~ 1680) MeV 
-2Ira(pole position) = 50 to 150 (~  100) MeV 

N(1100) DECAY MODES Fraction (ri/r) p (MeV/c) 

N~r 5-15 % 580 
A K <3 % 250 
N ~r 7r 85-95 % 547 

Np <35 % f 
p"/ O.Ol-O.05 % 591 

p~,, hel ic i ty=l/2 0.0-0.024 % 591 
p,y, helicity=3/2 0.002-0.026 % 591 

n"t' 0.01-0.13 % 590 
n, 7, hel ic i ty=l/2 0.0-0.09 % 590 
n~/, helicity=3/2 o.ol-o.o5 % 590 

I N(1710) Pl l  I I ( jP)  = 1,1+~ 

Breit-Wigner mass = 1680 to 1740 (~ 1710) MeV 
Breit-Wigner full width = 50 to 250 (~ 100) MeV 

Pbeam = 1.07 GeV/c 47rX 2 = 14.2 mb 
Re(pole position) = ~,670 to 1770 (,,~ 1720) MeV 
-2Ira(pole position) = 80 to 380 (~  230) MeV 

N(1710) DECAY MODES Fraction (ri/r) 
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p (MeV/c) 

I N(1720) P13 I I ( jP)  = 1,3+~ 

Breit-Wigner mass = 1650 to 1750 (~  1720) MeV 
Breit-Wigner full width = 100 to 200 (~  150) MeV 

~eam = 1.09 GeV/c 4~r,X 2 = 13.9 mb 
Re(pole position) = 1650 to 1750 (~  ]700) MeV 
-21re(pole position) = 110 to 390 (=  250) MeV 

N(1720) DECAY MODES Fraction ( r i / r )  p (MeV/c) 

N~r 10-2o % 594 
A K 1-15 % 278 
N/r;T >70 % 561 

Np 70-85 % 104 
p'y 0.003-0.10 % 604 

p~f, hel ic i ty=l/2 0.003-0.08 % 604 
p~f, helicity=3/2 o.ool-o.o3 % 604 

n? 0.002-0.39 % 603 
n?, hel ici ty=I/2 o.0-0,002 % 603 
n 7, helicity=3/2 o.ool-0.39 % 603 

I N(2190) G17 I I (JP) = �89189 
Breit-Wigner mass = 2100 to 2200 (~  2190) MeV 
Breit-Wigner full width = 350 to 550 (~  450) MeV 

,Obeam = 2.07 GeV/c 4~r~ 2 = 6.21 mb 
Re(pole position) = 1950 to 2150 (~  2050) MeV 
-2Ira(pole position) = 350 to 550 (=  450) MeV 

/I/(2190) DECAY MODES Fraction (Fi/F) p (MeV/c) 

N~ 10-20% 888 

I N(2220) H19 I I ( jP )  : 119+~ 2~2 ; 

Breit-Wigner mass = 2180 to 2310 (~  2220) MeV 
Breit-Wigner full width = 320 to 550 (~  400) MeV 

Pbearn = 2.14 GeV/c 47r~ 2 = 5.97 mb 
Re(pole position) = 2100 to 2240 (~  2170) MeV 
-21m(pole position) = 370 to 570 (~  470) MeV 

N(2220) DECAY MODES Fraction (ri/r) p ( M eV/c) 

N~ 10-20% 905 

N~r 10-20 % 587 
A K 5-25 % 264 
N~/r 40-90 % 554 

Z~,Tr 15-40 % 393 
Np 5-25 % 4B 

I=0 N (~r~r) S-wave 1 0-40 % - 
p? 0.002-0.05% 598 

P3', hel ici ty=l/2 o.o02-o.05% 598 
/1"/ 0.0-0.02% 597 

n~', hel ici ty=l/2 0.0-0.02% 597 

I N(2250) G19 I I (JP) = �89 
Breit-Wigner mass = 2170 to 2310 (~  2250) MeV 
Breit-Wigner full width = 290 to 470 (~  400) MeV 

/:)beam ----- 2.21 GeV/c 411"X 2 = 5.74 mb 
Re(pole position) = 2080 to 2200 (~  2140) MeV 
-21m(pole position) = 280 to 680 (~  480) MeV 

N(~SO) DECAY MODES Fraction ( r ] / r )  p (MeV/c) 

N~ 5-15% 923 

I N (2600 )  /1,11 I I ( jP)  = 1 /11-~  

Breit-Wigner mass = 2550 to 2750 (~  2600) MeV 
Breit-Wigner full width = 500 to 800 (~  650) MeV 

/:)beam = 3.12 GeV/c 47rX 2 = 3.86 mb 

N(2600) DECAY MODES Fraction (ritr) p (MeV/c) 

N~ 5-10% 1126 



56 
Baryon Summary Table 

BARYONS 
(S = 0, I =  3/2) 

A + +  = uuu, Z~ + = uud, AO = udd, A -  = ddd 

I Z~(1232) P ~  I I (JP)  = 3 '~+~ 

Breit-Wigner mass (mixed charges) -- 1230 to 1234 (~ 1232) 
MeV 

Breit-Wigner full width (mixed charges) = 115 to 125 (~ 120) 
MeV 
Pbeam = 0.30 GeV/c 4~'~ 2 = 94.8 mb 

Re(pole position) = ]209 to 1211 (~ 1210) MeV 
-2Ira(pole position) = 98 to 102 (~ 100) MeV 

Z1(1232) DECAY MODES Fraction (ri/r) 

II 

p (MeV/c) 

N~r >99 % 227 

N7 0.52-0.60 % 259 
NT, helicity=l/2 0,11-0.13 % 259 
NT, helicity=3/2 0.41-0.47 % 259 

I I : 
Breit-Wigner mass = 1550 to 1700 (~ 1600) MeV 
Breit-Wigner full width = 250 to 450 (~ 350) MeV 

#beam = 0.87 GeV/c 4~~ 2 = 18.6 mb 
Re(pole position) = 1500 to 1700 (~ 1600) MeV 
-2Ira(pole position) = 200 to 400 (= 300) MeV 

4(1600) DECAY MODES Fraction (r i /r)  p (MeV/c) 

N~r 10-25 % 512 
N~r~r 75-90 % 473 

A ~r 40-70 % 301 

Np <25 % t 
N(1440)~r 10-35 % 74 

N7 0.001-0.02 % 525 
NT, helicity=l/2 0.0-0.02 % 525 
N 7, helicity=3/2 0,001-0.005 % 525 

I Z~(1620) 53]. I /(JP) = ~(�89 

Breit-Wigner mass = 1615 to 1675 (= 1620) MeV 
Breit-Wigner full width = 120 to 180 (~ 150) MeV 

Pbeam = 0.91 GeV/c 4xX 2 = 17.7 mb 
Re(pole position) = 1580 to 1620 (~ 1600) MeV 
-2Ira(pole position) = 100 to 130 (~ 115) MeV 

4(1620) DECAY MODES Fraction (r i /r)  p {MeV/c) 

N ~r 20-30 % 526 
N ~r ~r 7O-80 % 488 

Z~ ~ 30-80 % 318 
Np 7-25 % t 

N7 0,004-0.044 % 538 
NT, helicity=l/2 0.004-0.044 % 538 

J A(1700) D ~  I /(JP) = ~(~- )  

Breit-Wigner mass = 1670 to 1770 (~ 1700) MeV 
Breit-Wigner full width = 200 to 400 (~ 300) MeV 

Pbeam = 1.05 GeV/c 47r~ 2 = 14.5 mb 
Re(pole position) = 1620 to 1700 (~ 1660) MeV 
-21m(pole position) = 150 to 250 (~ 200) MeV 

A(1700) DECAY MODES Fraction (ri/r) p (MeV/c) 

NTr 10-20 % 580 
N / r ~  80-90 % 547 

Z~Tr 30-60 % 385 

Np 30-55 % t 
N7 0.12-0.26 % 591 

N?,  helicity=l/2 o.o8-o.16 % 591 
N-y, helicity=3/2 0.025-0.12 '4 591 

I ~ (1905)  F35 I I ( j P )  = 3,-5+-~ 2,2 s 

Breit-Wigner mass = 1870 to 1920 (~ 1905) MeV 
Breit-Wigner full width = 280 to 440 (= 350) MeV 

Pbearn = 1.45 GeV/c 47r~ 2 = 9.62 mb 
Re(pole position) -- 1800 to 1860 (= 1830) MeV 
-2Ira(pole position) = 230 to 330 (~ 280) MeV 

�9 1,(1~) DECAY MODES Fraction (r i / r )  p ( MeV/c} 

N ~  5-15 % 713 
Nx~r 85-95 % 687 

Z~ ~r < 25 % 542 
Np >60 % 421 

N-y O.Ol-O.O3 % 721 
N')', helicity=l/2 0.0-0.1% 721 
N 7, helicity=3/2 0.004-0.03 % 721 

I ~(1910) P31 I I(jP) = 3,1+, 2,2 s 

Breit-Wigner mass = 1870 to 1920 (~ 1910) MeV 
Breit-Wigner full width = 190 to 270 (~ 250) MeV 

Pbeam = 1.46 GeV/c 47rX 2 = 9.54 mb 
Re(pole position) = 1830 to 1880 (~ 1855) MeV 
-2Ira(pole position) -- 200 to 500 (~ 350) MeV 

A(1910) DECAY MODES Fraction (ri/r) p (MeV/c) 

N :r 15-30 % 716 
N~' 0.0-0.2 % 725 

N3,, helicity=l/2 0.0-0.2 % 725 

[ ~ (1920)  P~I I / ( jP )  = 3,3+~ 2,2 / 

Breit-Wigner mass = 1900 to 1970 (~ 1920) MeV 
Breit-Wigner full width = 150 to 300 (~ 200) MeV 

Poeam = 1.48 GeV/c 47r~ 2 = 9.37 mb 
Re(pole position) = 1850 to 1950 (~ 1900) MeV 
-2Ira(pole position) = 200 to 400 (~ 300) MeV 

4(1920) DECAY MODES Fraction (ri/r) p (MeV/c) 

N ~r 5-20 % 722 

I A(1930) D ~  I I(JP) = ~(~ - )  

Breit-Wigner mass = 1920 to 1970 (~ 1930) MeV 
Breit-Wigner full width = 250 to 450 (~-, 350) MeV 

Pbeam = 1.50 GeV/c 47r~ 2 = 9.21 mb 
Re(pole position) = 1840 to 1940 (~ 1890) MeV 
-2Ira(pole position) = 200 to 300 (~ 250) MeV 

4(1930) DECAY MODES Fraction (Fi/F) p (MeV/c) 

NTr 10-20 % 729 
N 7  0.0-0.02 % 737 

N 7, helidty=l/2 0.0-0 01% 737 
NT, helidty=3/2 0.0-0.01% 737 

I ~(1950) F37 I l(je) __ 3 ~ 7 + ~  2~2 ) 

Breit-Wigner mass = 1940 to 1960 (~ 1950) MeV 
Breit-Wigner full width = 290 to 350 (~ 300) MeV 

Pbeam = 1.54 GeV/c 4~X 2 = 8.91 mb 
Re(pole position) = 1880 to 1890 (~ 1885) MeV 
-2Ira(pole position) -- 210 to 270 (~ 240) MeV 

A(lt~O) DECAY MODES Fraction (ri/r) p (MeV/c) 

N ~" 35-40 % 741 
N~rTr 716 

A 7r 20-30 % 574 

N,o <10 % 469 
N ~  0.08-0.13 % 749 

N~,, helicity=l/2 0 03-0,085 % 749 
N~,, helicity--3/2 0.05-0.075 % 749 



I A(2420)  H3'111 I ( jP) = ~,11+, ~- v'm'F y 

Breit-Wigner mass --- 2300 to 2500 (~ 2420) MeV 
Breit-Wigner full width = 300 to 500 (~ 400) MeV 

Pbeam = 2.64 GeV/c 4~rX 2 = 4.68 mb 
Re(pole position) = 2260 to 2400 (= 2330) MeV 
-2Ira(pole position) = 350 to 750 (~ 550) MeV 

~,(2420) DECAY MODES Fraction (r i /r)  p (MeV/c) 

N~r 5-15 % 1023 

,'! BARYONS 
(S= -Z, I =  0) 

A ~ = uds 

I(J P) = 0(�89 +) 

Mass m = 1115.683 4- 0.006 MeV 
(mA-- mTt ) / m A = (-0.1 4- 1.1) x10 -5 (S=1.6) 
Mean life T = (2.632 4- 0.020) x 10 -10 s (S = 1.6) 

Cr = 7.89 cm 
Magnetic moment # = -0.613 4, 0.004/~N 
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I A(1600) POl I I(JP) = 0(�89 

Mass m = 1560 to 1700 (~ 1600) MeV 
Full width F = 50 to 250 (~ 150) MeV 

Pbeam ---- 0.58 GeV/c 41rX 2 --- 41.6 mb 

A(1600) DECAY MODES Fraction (Fi/F) p (MeV/c) 

NK 15-30% 343 
~ '~  10-60% 336 

I A(1670) 5Ol I /(JP) = 0(�89 

Mass m -- 1660 to 1680 (~ 1670) MeV 
Full width F = 25 to 50 (~ 35) MeV 

Pbeam = 0.74 GeV/c 4~rX 2 = 28.5 mb 

A(1670) DECAY MODES Fraction ( r i / r )  p ( M eV/c) 

N K  15-25% 414 
_F~ 20-60% 393 
A~ 15-35% 64 

I A(1690) s I l(J P) = 0(~-) 

Electric dipole moment d < 1.5 x 10 -16 ecru, CL = 95% 

Decay parameters 

p~-  e_ = 0.642:5 0.013 
" ~ _  = ( - 6 . 5  • 3.5) ~ 

" 7- = 0.76 [h] 
" ~ _  = (8 • 4) ~ [hi 

n~r 0 (x o = +0.65 4- 0.05 
Pe-~e EA/EV = -0.718 4. 0.015 [f] 

A DECAY MODES Fraction ( r i / r )  

p ~ -  (63.9 • ) % 
n~ 0 (35.8 • ) % 
n 7 (1.75• x 10 - 3  
p~r- 7 [ i ]( 8.4 • ) x l O  - 4  
pe-~  e (8.32• x 10 - 4  
pp,-Pp (1.57• x 10 - 4  

I A(1405) 5011 I(JP) = 0(�89 
Mass m = 1406 + 4 MeV 
Full width F = 50.0 4- 2.0 MeV 

Below KN threshold 

~140S) DECAY MODES Fraction ( r i / r )  

p ( M eV/c) 

101 
104 
102 
101 
163 
131 

p (MeV/c) 

~ x  100% 152 

I A(zs2O) Dos I J(Je) = 0(}-)  

Mass m = 1519.5 4- 1.0 MeV [J] 
Full width r = 15.6 4- 1.0 MeV Pl 

/:)beam = 0.39 GeV/c 4/rX 2 = 82.8 mb 

A(1520) DECAY MODES Fraction ( r / / r )  p (MeV/c) 

NK 45 i 1% 244 
~'/r 42 • 1% 267 
A~/ r  10 • 1% 252 
~-~/r'R 0.9 • 0.1% 152 

A 7 0.8 • 0.2% 351 

Mass m = 1685 to 1695 (~ 1690) MeV 
Full width r = 50 to 70 (~ 60) MeV 

Pbeam = 0.78 GeV/c 4~)~ 2 = 26.1 mb 

A(1690) DECAY MODES Fraction ( r i / r )  p ( M eV/c) 

N K  20-30% 433 
~ ' ~  20-40% 409 
A ~  ~ 25% 415 
~ ~  ~ 20 % 350 

I A(1800) SOl I I(J P) = 0(�89 

Mass m = 1720 to 1850 (= 1800) MeV 
Full width r = 200 to 400 (~ 300) MeV 

Poeam = 1.01 GeV /c  4~rX 2 = 17.5 mb 

A(IlI00) DECAY MODES Fraction (r i /r)  p ( M eV/c) 

A(1810) DECAY MODES Fraction ( r i / r )  p (MeV/c) 

N K  20-50 % 537 
~ w  10-40% 501 
(1385) ~ seen 356 

N K*  (892) 30-60 % i 

i I I(JP) = 0(~+) 
Mass m = 1815 to 1825 (~ 1820) MeV 
Full width F = 70 to 90 (= 80) MeV 

/)beam = 1,06 GeV/c 4~rX 2 = 16.5 mb 

A{1820) DECAY MODES Fraction (r i /r)  p (MeV/c) 

NK s8-65% 848 
~ 8-14% 508 
Z(1385)~ 5-10% 362 

I A(1810) Poz I I(JP) = 0(�89 

Mass m = 1750 to 1850 (~ 1810) MeV 
Full width F = 50 to 250 (~ 150) MeV 

Pbeam = 1.04 GeV /c  47rX 2 = 17.0 mb 

NK 25-40% 528 
Z '~  seen 493 
Z(1385) ~ seen 345 
NK* (892) seen t 
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I A (1830 )  Dos I l(J P) ---  0(~-) 

Mass m = 1810 to 1830 (~  1880) MeV 
Full width F = 60 to 110 (~  95) MeV 

Pbeam = 1.08 GeV/c 4rX 2 = 16.0 mb 

A(III30) DECAYMODES Fraction ( r i / r )  

N K  3-]o % 
~'~ 35-75 % 
Z(1385)~r >iS % 

I A(1890) Po31 I(JP) = 0(~+) 

Mass m = 1850 to 1910 (~ 1890) MeV 
Full width F = 60 to 200 (~ i00) MeV 

Pbeam = 1.21 GeV/c 47rX 2 = 13.6 mb 

A(1890) DECAY MODES Fraction ( r i / r )  

N K  20-35 % 
~" ~ 3-1o % 
Z'(_11385) ~r seen 
N K* (892) seen 

I A(2100) G07 I I(J P) = 0(�89 

Mass m = 2090 to 2110 (~  2100) MeV 
Full width F = 100 to 250 (~  200) MeV 

Pbeam ---- 1.68 GeV/c 4~-X 2 = 8.68 mb 

p (MeV/c) 

553 
51S 
371 

p (MeV/c) 

599 
559 
42O 
233 

A(2100) DECAY MODES Fraction (ri/r) p (MeV/c) 
N K  25-35 % 751 
Z'~ ~ 5 % 704 
A~ <3 % 617 
E K <3 % 483 
AoJ <8 % 443 
NK*(892) lO-2O % S14 

I A(2110) Fos I I(JP) = 0(s+) 

Mass m = 2090 to 2140 (~  2110) MeV 
Full width F = 150 to 250 (~  200) MeV 

Pbeam : 1.70 GeV/c 4/r/~ 2 = 8.53 mb 

,4(2110) DECAY MODES Fraction ( r i / r )  p (MeV/c) 
/v'K 5-25% 757 
~'~ 10-40 % 711 
Aw seen 455 
Z(1385) r seen 589 
NK* (892) 10-60 % 524 

I A(2350) Hog I I(JP) = 0(3+) 

Mass m = 2340 to 2370 (~  2350) MeV 

Full width F = 100 to 250 (~  150) MeV 
Pbearn = 2.29 GeV/c 4"zr~[ 2 = 5.85 mb 

A(2350) DECAY MODES Fraction (Q/r) p (MeV/c) 

II  BARYONS (S=--1, I=  1) 
E + = uus, Z ~  uds, Z -  =dds 

N K  ~ 12 % 915 
~Tr ~ 10 % 867 

r ~  i(JP) 1(�89 + ) 

Mass m = 1189.37 4- 0,07 MeV (S = 2,2) 
Mean life r = (0.8018 4- 0.0026) x 10 -1~ s 

or = 2.404 cm 

( rE+  - ~ ' r - )  I rE+  = (-0.6 4- 1.2) x 10 -3 
Magnetic moment p = 2.458 :h 0.010 PN (S = 2.1) 
r ( r  + -~ n Z + ~ ) / r ( z - - *  nZ -~ )  < 0.043 

Decay parameters 
N QRN + 0'017 P ;T0 D0 = --~ . . . .  --0,015 

" r = (36 4- 34) ~ 
" 1'0 ---- 0.16 [h] 
" A o = (187 4- 6) o [h] 

n~ + ~+ = 0.068 4- 0.013 
" r = ( 1 6 7 4 - 2 0 )  o ( S = 1 . 1 )  

" I '+ = -0 .97  [h] 
" a §  = ( - 7 3 + 1 ~ )  ~ [hi 

p1' c% = -0 .76  4- 0.08 

p 
E 4" DECAY MODES Fraction (Fi/F) Confidence level (MeV/c) 
p,~O (51.57 4- 0.30) % 
n/r + (48.314-0.30) % 
p1' (1.234-0.05) x 10 -3  
m r + 7  [/] ( 4.5 4-0.5 ) x 10 -4 
Ae+ue ( 2.0 4-0.5 ) x  lO -5  

&S = AQ (SQ) violating modes or 
A 5  = I weak neutral current (51) modes 

ne+ue SQ < 5 x 10 -6  
np +v# SQ < 3.0 x 10 -5  
pe +e- Sl < z x lO -6  

90% 
90% 

189 
185 
225 
185 
71 

224 
202 

225 

I(J P) = 1(�89 + )  

Mass m = 1192.642 4- 0.024 MeV 
mz-_ - mEo = 4.807 4- 0.035 MeV (S = 1.1) 
men - mA = 76.959 =I= 0.023 MeV 
Mean life r = (7.4 4- 0.7) x 10 -20 s 

CT = 2.22 X 10 - n m  
Transition magnetic moment = 1.8  4- o o 8 . N  

E 0 DEO~Y MODES 
p 

Fraction ( r i / r )  Confidence level (MeV/c) 

A1' 
A1'1' 
A e +  e - [kl 

]00 % 74 
< 3 % 90% 74 

5 x 10 -3 74 
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I ( J  P )  = I ( �89 + )  

Mass m = 1197.449 4- 0.030 MeV (S = 1.2) 

m ,  Z _  - m E +  = 8 . 0 8 4 - 0 . 0 8  MeV ( S =  1.9) 
m E _ - m A = 81.766 4- 0.030 MeV (S = 1.2) 
Mean l i f e r  = (1.479 4-0.011 ) x 1 0  - 1 ~  (S = 1.3) 

I Z(1750) $11 I ;(JP) = 1(�89 

Mass m = 1730 to 1800 (~  1750) MeV 
Full width F = 60 to 160 (~  90) MeV 

Pbearn ---- 0.91 GeV/c 4n-~ 2 = 20.7 mb 

cr = 4.434 cm 
Magnetic moment/~ = -1.160 4- 0.025 #N 

Decay parameters 
ncr- c~_ = -0.068 • 0.008 

" ~_  = (10 4- 15) ~ 

" 7- = 0.98 D] 
A___--_ +12o (249_  120 ) [h] 

he-'De EA/EV ---- 0.340 4- 0.017 [f] 

f 2 ( 0 ) / f l ( 0 )  = 0.97 4- 0.14 
" D = 0.11 4- 0.10 

Ae-Pe EV/EA = 0.01 4- 0.10 [f] (S = 1.5) 

" E W M / E A  = 2.4 4- 1.7 [f] 

E-- DECAY MODES 

(S = 1.7) 

t7 ? l -  
n~r- 7 

ne v e 
n #  up. 

A e - ' ~  e 

l Z(1385) P13 l 

E(1750) DECAY MODES Fraction (r#r) p (MeV/c) 

N K  10-40 % 486 
An- seen 507 
~Tn- <8% 455 
Z~ 15-55% 81 

J Z(1775) ~5 J l(J P) = 1 ( ~ - )  

Mass m = 1770 to 1780 (~  1775) MeV 
Full width F = 105 to 135 (~  120) MeV 

Pbeam = 0.96 GeV/c MrX 2 = 19.0 mb 

E(1775) DECAY MODES Fraction ( r i / r )  p (MeV/c) 

Fraction ( r i / r )  p (MeV/c) N K  37-43% 508 

(99.848/:0.005) % 193 An- 14-20% 525 
[i]( 4,6 • ) x l 0  - 4  193 ~Tr 2-5% 474 

(1,017/:0.034) • 10 - 3  230 Z(1385)n-  8-12% 324 
( 4.5 /:0.4 ) • 10 - 4  210 A(1520);r  17-23% 198 

( 5.73 =s ) x 10 - 5  79 

I(J P) = 1(3+ ) 

Z(1385)+mass m = 1382.8 4- 0.4 MeV (S = 2.0) 
Z(1385) ~ mass m = 1383.7 4- 1.0 MeV (S = 1.4) 
Z(1385)-mass m = 1387.2 4- 0,5 MeV (S = 2.2) 
Z(1385)+full width F = 35.8 4- 0.8 MeV 
Z(1385) ~ full width F = 36 4- 5 MeV 
Z(1385)-ful l  width F = 39.4 4- 2.1 MeV (S = 1.7) 

Below K N  threshold 

p (MeV/c) E(1385) DECAY MODES Fraction (Fi/F) 

An- 88/:2 % 208 
E~F 12/:2 % 127 

J Z(1660) Pn J ;(JP) : 1(�89 +) 

Mass m = 1630 to 1690 (~  1660) MeV 
Full width F = 40 to 200 (~  100) MeV 

/:)beam = 0.72 GeV/c 4n-)~ 2 = 29.9 mb 

X(1660) DECAY MODES Fraction ( r i / r )  p (MeV/c) 

N K  10-30 % 405 
An- seen 439 
~ ~  seen 385 

J Z(1670) D13 J K: P) = 1(3-) 
Mass m = 1665 to 1685 (~ 1670) MeV 
Full width F = 40 to 80 (~  60) MeV 

Pbeam : 0.74 GeV/c 4n-X 2 = 28,5 mb 

p (MeV/c) Z(1670) DECAY MODES Fraction ( r i / r )  

J Z(1915) Fls J l(J P) = 1(5+) 

Mass m =  1900 to 1935 (~ 1915) MeV 
Full width F = 80 to 160 ( ~  120) MeV 

Pbeam = 1.26 GeV /c  4n-)~ 2 = 12.8 mb 

Fraction ( r i / r )  Z(1915) DECAY MODES p (MeV/c) 

N K  5-15 % 618 
An- seen 622 
~T'n- seen 577 
Z(1385)n- <5 % 440 

J ~'(1940) D1_3 J l(J P) = I(.~-) 

Mass m = 1900 to 1950 (~  1940) MeV 
Full width F = 150 to 300 (~  220) MeV 

Pbeam ---- 1,32 GeV/c 4n-I 2 = 12.1 mb 

JE(1940) DECAY MODES Fraction ( r i l r )  p (MeV/c) 

NK" <20 % 637 
An- seen 639 

~g" "/I- seen 594 
Z(1385)n-  seen 460 
A(1520) n- seen 354 
A(1232)K seen 410 
NK*  (892) seen 320 

Z(2030) 671 , (p) :  1({+) 
Mass m = 2025 to 2040 (~ 2030) MeV 
Full width F = 150 to 200 (~  180) MeV 

Pbeam = 1.52 GeV/c 4n-,~ 2 = 9.93 mb 

NK 7-13 % 414 
An- 5-15 % 447 
~T-Tr 30-60 % 393 

~(2030) DECAY MODES Fraction (ri/r) p ( M eV/c) 

N K  17-23 % 702 
An- 17-23 % 700 
Fn- 5-10 % 657 
--- K <2 % 412 
E(1385)~ s-15 % 529 
A(1520). 10-20 % 430 
A(1232)K 10-2o % 498 

N K *  (892) <5 % 438 
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E ( 2 2 5 0 )  [ I(d P) = 1(? ?) 

Mass m = 2210 to 2280 ( ~  2250) MeV 
Full width I- = 60 to 150 ( ~  100) MeV 

Pbeam = 2.04 GeV/c  4*rX 2 = 6.76 mb 

E(2250) DECAY MODES Fraction ( r i / r )  p (MeV/c) 

N K  <1o % 851 
A/r seen 842 
~T'/r seen 803 

(5=-2,1=1/2) 
E ~  uss, - - -  =dss 

171 I(J P) = � 8 9 1 8 9  

P is not yet measured; + is the quark model prediction. 

Mass m = 1314.83 • 0.20 MeV 
m=_ - m_-o = 6.48 • 0.24 MeV 
Mean life r = (2.90 • 0.09) • 10 - l ~  s 

cr = 8.71 cm 
Magnetic moment # = - 1.250 • 0.014 FN 

Decay parameters 

Aa -~ a = - 0 . 4 1 1  • 0.022 (S = 2.1) 
" r  ( 2 1 •  12) ~ 
" -~ = 0.85 (hi 

,, A = (218+~)  ~ D] 

A 7 a = 0.4 • 0.4 
E07 c~ = 0.20 • 0.32 

Scale factor/ p 
=--0 DECAY MODES Fraction ( r i / r )  Confidence level (MeV/c) 

ATf 0 (99.51• % S=1.2 135 

A7 (1.18• x 10 -3 S=2.0 184 

E~ ( 3.5 • ) x  10 - 3  117 
Z+e-Pe ( 2.7 • ) x  I0 -4 120 

[+~--~# < I.I x 10 -3 CL=90% 64 

AS = AQ (SQ) violating modes or 
AS = 2 forbidden (52) modes 

~-- e + v e SO < 9 x 10 -4 EL=90% 112 

,~- ~+ ~p SO < 9 x 10 -4 CL=90% 49 

plr-- $2 < 4 • 10 _5 CL=90% 299 

pe-P  e 52 < 1.3 x 10 -3 323 
plz--~# S2 < 1.3 x 10 - 3  309 

I T I  I( jP) = l r 1 + ~  
2 ~  J 

P is not yet measured; + is the quark model prediction. 

Mass m = 1321.31 • 0.13 MeV 
Mean life r = (1.639 • 0.015) x 10 -10 s 

Cr = 4.91 cm 
Magnetic moment/* = -0.6507 • 0.0025 #N 

Decay parameters 

A~r- a = -0.456 :k 0.014 (S = 1.8) 
" r = (4 • 4) ~ 
" 7 = 0.89 [h] 
,, A = (188 • 8) ~ [h] 

Ae-Ve EA/EV = -0.25 • 0.05 if] 

-=- DECAY MODES 
P 

Fraction ( r i / r )  Confidence level (MeV/c) 

A~- 

Z- 7 
A e - F  e 

A # - F #  

ZOe-~e 
zo#-~# 

_--0e-~e 

(99.887 • 0.035) % 139 
( 1.27 =1=0.23 ) x  10 - 4  118 
( 5.63 • ) x 10 - 4  190 

( 3 s  _+~:~ ) • lO-4 163 

( 8.7 • ) • 10 - 5  122 
< 8 • 10 - 4  90% 70 

< 2,3 • 10 -3 90% 6 

AS = 2 forbidden (52) modes 
n;T'-- 52 < 1,9 x 10 - 5  90% 303 

n e - U  e 52 < 3.2 x 10 - 3  90% 327 

nl ~-  ~# 52 < 1.5 % 90% 314 

p~ lr 52 < 4 x 10 - 4  90% 223 
p~- e-~e 52 < 4 x 10 -4  90% 304 
p~r # u~, 52 < 4 x 10 - 4  90% 250 

p/~ # L < 4 x 10 - 4  90% 272 

I 5 ( 1 5 3 0 )  P13 I i ( jP) = 1 , 3 + ,  

--(1530) 0 mass m = 1531.80 • 0.32 MeV (S = 1.3) 
_=(1530)-mass m = 1535.0 =E 0.6 MeV 
_--(1530) 0 full width F = 9.1 • 0.5 MeV 
--(1530)-ful l  width F = Q a+1"7 MeV * " - - 1 . 9  

P 
_--(1530) DECAY MODES Fraction (Fi/F) Confidence level (MeV/c) 

----~ I 00  % 152 
- - 7  <4 % 90% 200 

i ( j p  ) = �89 

Mass m = 1690 • 10 MeV [/] 
Full width F < 30 MeV 

--(1690) DECAY MODES Fraction ( r i / r )  p ( M eV/c) 

A K  seen 240 

E K  seen 51 
----~ seen - 
-------~+/r-- possibly seen 214 

J - - (1820)  D13 J / (JP) = � 8 9  

Mass m = 1823 • 5 MeV [/] 
Full width F - 24 +15 MeV D'] - -10  

E(1820) DECAY MODES Fraction ( I ' i /F)  p ( M eV/c) 

A-K large 400 

~ K  small 320 
---'/r small 413 
--(1530) ;r small 234 

i _--(.,o, I ,,,P) = 
Mass m = 1950 • 15 MeV U] 
Full width F = 60 • 20 MeV [J] 

---(1950) DECAY MODES Fraction (rz/r) p ( M eV/c) 

AK- seen 522 
~ K  possibly seen 460 
_--~ seen 518 

I--(2030) I I(JP) = �89 >- ~?) 

Mass m = 2025 • 5 MeV [/] 
Full width I- = 20 +15 MeV [/] 

_---(2030) DECAY MODES Fraction ( r i / r )  p (MeV/c) 

A K  ~ 20 % 509 
Z K  ~ 00 % 533 
--:~ small 573 
E(1530)  7r small 421 
A K / r  small 501 
_T'KTr small 430 
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f2 BARYONS 
(S=-3, I=01 

.(7- : SSS 

r ~  I( JP ) 0( 34- ) 

JP is not yet measured; } +  is the quark model prediction. 

Mass m = 1672.45 4- 0.29 MeV 

(m R_ - m~+)  / m#_  = ( - 1  4- 8) x 10 - 5  

Mean life T = (0.821 4- 0.011) x 10 - l ~  s 

cr  = 2.461 cm 

(T n_ - T~+) / T~2_ = -0.0024, 0.040 
Magnetic moment p = - 2 . 0 2  4- 0.05 #N 

Decay parameters 

A K -  ~ = - 0 . 0 2 6  + 0,023 

�89 = - 0 . 0 0 4  4- 0.040 

--0;r- c~ = 0.09 4- 0.14 

E - T r  ~ c~ = 0.05 4- 0.21 

II 

P 
I2 -  DECAY MODES Fraction ( r i / r )  Confidence level (MeV/c) 

(67.89:0.7) % 211 
(23.69:0.7) % 294 

8.69:0.4) % 290 

4 ~+3.4~ .~_1.3 ~ • 10 -4  190 

6 4 +5"1~ �9 --2.0] x 10 -4 17 

5.64-2.8) x 10 - 3  319 

AK-  
~_01r-- 
_=-- ~0 

-__---;r+ ~ - 

---(1530)o ~-- 

: 0 e - ~  e 

CHARMED (C=+1) [I 

Ac+ DECAY MODES 

I(J P) = 0(�89 + )  

J is not welt measured; �89 is the quark-model prediction. 

Mass m -- 2284.9 4- 0.6 MeV 

Mean life T = (0.206 4- 0.012) x 10 -12 s 

cr = 61.8 #m 

Decay asymmetry parameters 

ATr + c~ = - 0 . 9 8  4- 0.19 

Z + 7r ~ c~ = - 0 . 4 5  :t= 0.32 
A~+ul a -- n P.o +0'11 

-- - -  . . . .  -0.07 

all branching fractions of the A + are measured relative to the Nearly 

p K -  7r + mode, but there are no model-independent measurements of this 
fraction. We explain how we arrive at our value of B(A + branching 

p K -  ~+) in a Note at the beginning of the branching-ratio measurements 
in the Listings. When this branching fraction is eventually well determined, 
all the other branching fractions will slide up or down proportionally as the 
true value differs from the value we use here. 

Scale factor/ p 
Fraction ( r i / r )  Confidence level (MeV/c) 

Hadronic modes with a p and one K 

-=~- 7 < 4 .6  x lO -4  90% 314  

A S  = 2 forbidden (52) modes 
A~- 52 < 1.9 x 10 -4 90% 449 

I ~2(2250)- I I(JP) = 0(??) 

Mass m = 2252 4- 9 MeV 

Full width r = 55 4- 18 MeV 

~(2250)-- DECAY MODES Fraction ( r i / r )  p (MeV/c) 

5 -  lr + K -  seen 531 
5(1530)  0 K -  seen 437 

p~0 2.3 i 0.6 

p K -  7r + [I] 5.o + 1.3 
p K * ( 8 9 2 )  ~ [m] 1.6 • o.s 
A(1232) ++ K -  B.6 9:3.0 
A(1520)Tr + [m] 5.9 4- 2.1 
pK-Tr+nonresonan t  2.8 9:0.8 

pK~ 3,3 ~ 1,o 
p K ~  1.2 9:0.4 
p'-K'~ 2.6 9:0.7 
pK-rr+rr  ~ 3.4 9 :1 .0  

p K * ( 8 9 2 ) - T r  + [m] 1.1 i 0.5 

p (K-/r+)nonresonant/I -0 3.6 + 1.2 
A ( ] 2 3 2 )  K* (892)  seen 

pK-rr+rr+~ - ( 1.1 4- 0.8 
pK-:,r+:,rOs, r 0 ( 8 • 4 
p K -  ~r + ~07r 07r o ( 5.0 9:3.4 

Hadronic modes with a p and zero 
plr+lr - ( 3.5 4- 2.0 

pf0(980) [m] ( 2.8 9:1.9 
plr+Ir+~ n- ( 1.8 9:1,2 

p K + K  - ( 2.3 9:0.9 
p~b [m] ( 1.2 9:0.5 

% 872 
% 822 
% 681 
• 10 - 3  709 
• 10 - 3  626 

% 822 
% 822 
% 56.7 

% 753 
% 758 

) % 579 
) % 7s0 

416 
) x 10 - 3  670 
) x 10 - 3  676 

) x 10 - 3  573 

or two K's 
) x 10 -3 926 
) x 10 -3  621 
) x 10 -3 851 
) x I0 -3 615 
) • 10 -3 589 
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ATr + 

A 7r + 7r ~ 

Ap + 

A 7r + 7r + ~r- 

A~r+ ~l 

z (1385 )  + n 
A K + ~  o 
ZOTr + 
Z +  ~r 0 
Z+~/  

Z+~ r+  ~r- 
z + p o  

~ -  7r+ 7r + 
~'0 ~r + ~r0 
~0  ~r + ~r,4, ~r- 
~+~r+~r -~ r  0 

--Y+0~ 

~ +  ~r+ ~f+ ~T ~r 

Z + K + K -  

Z + K + ~r- 

--OK+ 

- - -  K + ~r + 
- - (1530)~ K + 

At. + u l 

A e + Pe 
A #+ u~ 

e + anything 
pe + anything 
p anything 

p anything (no A) 
n anything 

n anything (no A) 
A anything 
Z.4. anything 

p#+ l~- 
[ - i ~ +  #+ 

Hadronic modes with a hyperon 
( 9.0 -4- 2,8 ) x  10 -3 

( 3.6 -4- 1.3 )% 
< 5 % CL=95% 

3.3 4- 1.0 )% 
1.8 -4- 0.6 )% 

[m] 8.5 4- 3.3 ) x  10 - 3  
6.0 4- 2.1 ) •  10 - 3  
9.9 -4- 3.2 ) x  10 - 3  
1.00• 0.34) % 
5.5 4- 2.3 ) x 10 -3  

3.4 -4- 1,0 )% 
< 1.4 % CL=95% 

( 1.0 -4- 0.8 )% 

( 1.8 -4- 0.8 )% 
( 1.1 -4- 0.4 )% 

[m] ( 2.7 -4- 1.0 )%  

(3o_+~:~ ~1o-3 
( 3.5 -4- 1.2 x I0 -3  

[m] (3.5 -4- 1.~ x l o  - 3  

( ? _4- 46 x 10 - 3  

( 33 -4- 1.4 x I0 -3 
( 4,9 -4- 1.7 x 10 -3 

[m] ( 2.6 • 1.0 • 10 - 3  

Semlleptonic modes 
[n] ( 2.0 4- 0.6 % 

( 2.1 -4- 0.6 % 
( 2.0 -4- 0.7 )% 

Inclusive modes 
( 4.5 -4- 1.7 )% 
( 1.8 -4- 09 )% 
(50 .4.16 )% 
(12 • ) % 
(50 ,4,16 )%  
(29 ,4,17 ) % 
(35 ,4,11 ) % 5=1.4 

[o1 (lO -4- s )% 

A C =  1 weak neutral current (C1) modes, or 
Lepton number (L) violating modes 

C1 < 3.4 x 10 -4  CL=90% 
L < 7,0 x 10 -4 CL--90% 

J Ac(2593) + J I(J P) = 0(�89 

The spin-parity fol lows f rom the fact that Zc(2455)~r decays, with 
l itt le available phase space, are dominant.  

Mass m = 2593.9 4- 0.8 MeV 

m -  mA+ = 308.9 4- 0.6 MeV ( S =  1.1) 

Ful] width +2  0 r = 3.6_113 MeV 

Ac+ ~ and its submode Zc(2455)Ir - -  the latter just barely - -  are the 

only strong decays allowed to an excited Ac+ having this mass; and the 
submode seems to dominate. 

Ac(2593)+ DECAY MODES Fraction (ri/r) 

863 
843 
638 
806 
690 
569 
441 
824 
826 
712 
803 
578 
798 
802 
762 
766 
568 

707 

346 
292 

668 

652 
564 
471 

870 
866 

936 
011 

p ( M eV/c) 

A~ "a'-- "a-- [p] ~ 67 % 124 
-Fc(2455)++ 7r- 24 -4- 7 % 17 
-Fc(2455)~ 7r+ 24 -4- 7 % 23 
A + ~ +  ~r- 3-body 10 -4- 10 % 124 

A~ ",T O not seen 261 

A~ "i not seen 290 

J Ac(2625) J l(J P) = 0(~-) 

J P has not been measured; ,~-  is the quark-model prediction. 

M a s s m =  2626.6 4- 0.8 MeV ( S =  1.2) 

m -  mAC + = 3 4 1 . 7 4 - 0 . 6  MeV (S = 1.6) 

Full width F < 1.9 MeV, C L = 9 0 %  

A c- 7r ~ and its submode Z(2455)~r are the only strong decays allowed to 
+ having this mass. an excited A c 

p 
Ac(2625)'t" DECAY MODES Fraction (Fi/F) Confidence level (MeV/c) 

At%r+ ~ -  [p] -~6Z% 184 
~Fc(2455)++ ~r- <5 90% 100 
Ec(2455)~ ~r + <S 90% 101 
A + 7r + ~r- 3-body large lO4 

A + / r  0 not seen 293 

Ac + "f not seen 319 

J E c(2455) J l(J P) = 1(�89 +)  

JP has not been measured; �89 is the quark-model prediction. 

Ec(2455)++mass m = 2452.8 4- 0.6 MeV 
Zc(2455)  + mass m = 2453.6 4- 0.9 MeV 
-Fc(2455)~ mass m = 2452.2 • 0.6 MeV 

m z + +  - mA+ = 167.87 4- 0.19 MeV 

m z +  - mA+ = 168,7 4- 0.6 MeV 

m~o c - mAc+ = 167.30 4- 0.20 MeV 

ms - mzo  c = 0.57 4- 0.23 MeV 

mE+  - m~co = 1.4 4- 0.6 MeV 

Ac+ ~r is the only strong decay allowed to a Zc having this mass, 

~Ec(24~5 ) DECAY MODES Fraction ( r i / r )  

Ac+'lIF ,~. 100 % 

J Ec(2520)  J I(J P) = i(.~ + )  

JP has not been measured; ] +  is the quark-model prediction. 

Zc (2520)++mass  m = 2519.4 4- 1.5 MeV 
-Fc(2520)~ mass m = 2517.5 4- 1.4 MeV 

m_~c(2s2o)++ - mA+ = 234.5 4- 1.4 MeV 

m~c(2520) o - mA+ = 232.6 4- 1.3 MeV 

mz-c(252o)+ + - mzc(252o) o -- 1.9 4- 1.7 MeV 

~-c(2520)++ful I  width r = 18 4- 5 MeV 

~-c(2520) ~ full width F = 13 4- 5 MeV 

Ac+~ is the only strong decay allowed to a Z c having this mass. 

~c(2520) DECAY MODES Fraction ( r i / r )  

Ac + Ir ~ lOO % 

p (MeV/c) 

90 

180 

p (MeV/c) 



F ~  I(JP) = �89189 

JP has not been measured; �89 is the quark-model prediction. 

Mass m = 2466.3 • 1.4 MeV 
Mean life T = +o.o6 (0.33_0.04) x 10 -12 s 

c r = 98 #m 

NO absolute branching fractions have been measured, The following are 
branching ratios relative to .T-- ~r + 7r +.  

P 
--4" DECAY MODES Fraction ( r / / r )  Confidence level (MeV/c) --C 
A K -  7r + 7r + [q] 0,584-0.18 785 

A-K'* (892)~ sT + [m,q] <0.29 90% 603 
2"(1385) + K- lr + [m,q] <0.41 90% 677 

_F+ K -  7r + [q] 1.184-o.31 809 
Z + K * ( 8 9 2 )  0 [m,q] 0.924-0.30 654 

~0  K -  ST+ ST+ [q] 0.494-0.26 734 
E~ + [q] o.554-o.16 B76 
.-----/1"4- ST+ [q] .~. 1.0 850 

E(1530)~  sT + [m,q] <0.2 90% 749 
_-oST+ sT0 [q} 2.344-0.68 855 
--0 sT+ sT+ sT- [q] 1.744-0.50 817 

E~ e [q] 2.3 +0.7 -0.9 883 

pK-ST + [q] 0.20 4-0.05 - 
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I ( jP)=  l r 1 + ~  2t2 J 

JP has not been measured; �89 is the quark-model prediction. 

Mass m = 2471.8 • 1.4 MeV 

m=o - m=+ = 5.5 • 1.8 MeV 
-c  - c  

Mean life T = +0.023 (0.098_0,015) x 10 -12 S 

or = 29 #m 

DECAY MODES Fraction (F/ i f )  p (MeV/c) 

A g  o seen 
A g  o 7r + ST- seen 

A K -  ST+ 7r + 7r- seen 
--=-/r + seen 
-~-  ST+ ~'+ ~ -  seen 
p K -  K'*(892) 0 seen 
-(2-- K + seen 

------ e + ~u e seen 
_--- 2 + anything seen 

r ~  I(jP) = 1 [ 1 + ~  

JP has not been measured; �89 is the quark-model prediction. 

Mass m = 2574.1 • 3.3 MeV 

m=,+ - m=+ = 107.8 • 3.0 MeV 
-c  - c  

The ---~;+-'=--c-- mass difference is too small for any strong decay to occur. 

907 
788 
704 
876 
817 
408 
523 
883 

.--,44- DECAY MODES Fraction (ri/r) -C 
_-+ 
-- c "/ seen 

I(jP) = ]. r 1+,. 2t~ / 

JP has not been measured; �89  is the  quark-model prediction. 

Mass m = 2578.8 • 3.2 MeV 

m_-,o - m=o = 107.0 • 2.9 MeV 
- c  - c  

The --tO _ _=0 mass difference is too small for any strong decay to occur. 
L 

=--~c DECAY MODES Fraction (F/ i f )  p ( M eV/c) 

---0 - c ~Y seen 105 

J -~(2~5) J ~(:P) = 1,3+, 2 t~  J 

JP has not been measured; ~ +  is the quark-model prediction. 

_---c(2645) + mass m = 2647.4 • 2.0 MeV (S = 1.2) 

_=c(2645) ~ mass m = 2644.5 • 1.8 MeV 

m-__c(2645)+ - m=o : 175.6 • 1.4 MeV (S = 1.7) 
- c  

m-c(2645)o -- m=+ = 178.2 • 1,1 MeV -c  

_---c(2645) + full width r < 3.1 MeV, CL = 90% 

-c (2645)  0 full width F < 5.5 MeV, CL -- 90% 

-=c ~r is the only strong decay allowed to a ---c resonance having this mass. 

_--C(2645) DECAYMODES Fraction (Q/F) p (MeV/c) 

-----0 c Ir + seen 103 

---+ - seen 107 --cST 

J ---c(2815) J I ( JP )  = �89 

JP has not been measured; ~ -  is the quark-model prediction. 

--c(2815) + mass m = 2814.9 =E 1.8 MeV 

_--c(2815) ~ mass m = 2819.0 • 2.5 MeV 

m-c(28t5)+ - rn=+ = 348.6 • 1.2 MeV 
- c  

m.__-c(2815)o - m=o = 347.2 • 2.1 MeV 
-c  

--c(2815) + full width F < 3.5 MeV, CL = 90% 

__=c(2815) ~ full width r < 6.5 MeV, CL = 90% 

The ---c~r~r modes are consistent with being entirely via ---c(2645)~. 

---c(2815) DECAY MODES Fraction (F i i f )  p (MeV/c) 

= +  + :T- seen 196 --CTF 
-----0 C 7F + ST-- seen 193 

- ~  = 0(�89 I(J P) 

JP has not been measured; �89 is the quark-model prediction. 

M a s s m =  2 7 0 4 •  4 M e V  (S = 1.8) 

Mean life ~- = (0.064 • 0.020) x 10 -12 s 

or  = 19 #m 

p (MeV/c) 

106 

n o DECAY MODES Fraction ( r i f t )  p ( M eV/c) 

~-+ K -  K -  "a + seen 697 
---- K-  sT+ 7r + seen 838 
~"~- ST + seen 821 
_Q- ST- ST+ ST+ seen 759 
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Baryon 

II 
Summary Table 

BOTTOM BARYONS 
(B = -1) 

AOb = udb, -=0 b = usb, =-b = dsb 

I(J P) = 0(�89 + )  

II 
NOTES 

This Summary Table only includes established baryons. The Particle Listings 
include evidence for other baryons. The masses, widths, and branching fractions 
for the resonances in this Table are Breit-Wigner parameters, but pole positions 
are also given for most of the N and A resonances. 

For most of the resonances, the parameters come from various partial-wave 
analyses of more or less the same sets of data, and it is not appropriate to 
treat the results of the analyses as independent or to average them together. 

l (J P) not yet measured; 0(�89 + )  is the quark model prediction. 

M a s s m = 5 6 2 4 •  ( S =  1.8) 
Mean life T = (1.229 • 0.080) • 10 -12 s 

cT = 368 #m 

These branching fractions are actually an average over weakly decaying 
b-baryons weighted by their production rates in Z decay (or high-energy 
p~), branching ratios, and detection efliciencies. They scale with the LEP 
b-baryon production fraction B(b ~ b-baryon) and are evaluated for our 
value B(b ~ b-baryon) = (11.6 ~ 2.0)%. 

The branching fractions B(b-baryon ~ Al-~lanything ) and B(A0 b 

A~+l-~anythin~;) are not pure measurements because the underlying 
measured products of these with B(b ~ b-baryon) were used to determine 
B(b ~ b-baryon), as described in the note "Production and Decay of 
b-Flavored Hadrons." 

P 
A0~. DECAY MODES Fraction ( r i / r )  Confidence level (MeV/c) 

J/~(15)A (4.7/:2.8) x 10 -4 
Ac 4-/r- seen 

Ac + a I (1260) - seen 
A+g-Ptanything [r] (7.9:k 1.9) % 
p / r -  < 5.0 x 10 -5 
p K -  < 5.o x ]o -5 

90% 
90% 

1744 
2345 

2156 

2732 
2711 

I b-baryon A D M I X T U R E  (Ab, Eb,  ~,  ~)  I 

Mean life T = (1.208 • 0.051) x 10 -12 s 

These branching fractions are actually an average over weakly decaying 
b-baryons weighted by their production rates in Z decay (or high-energy 
p#), branching ratios, and detection effidencies. They scale with the LEP 
b-baryon production fraction B(b ~ b-baryon) and are evaluated for our 
value B(b ~ b-baryon) = (11.6 ~ 2.0)%. 

The branching fractions B(b-baryon ~ At-~tanything ) and B(A0 b 

A~t-Planything ) are not pure measurements because the underlying 
measured products of these with B(b ~ b-baryon) were used to determine 
B(b ~ b-baryon), as described in the note "Production and Decay of 
b-Flavored Hadrons." 

b-baryon ADMIXTURE (Ab,--b,Eb,.Qb) Fraction ( r i / r )  p(MeV/c) 

p/~-~anything ( 4.2 4- ~:8)% 

pt~tanyth ing ( 4.1/= 1.0) % 
panything (Sl :}:17 ) % 
At-P,,anything ( 2.7/_ 0.8)% 
A/Aanyth ing (28 + 7 )% 
- - - s  ( 4.8+ 1.3) x 10 -3 

Furthermore, the systematic errors on the results are not well understood. 
Thus, we usually only give ranges for the parameters. We then also give a best 
guess for the mass (as part of the name of the resonance) and for the width. 
The Note on N and .4 Resonances and the Note on A and Z Resonances in 
the Particle Listings review the partial-wave analyses. 

When a quantity has "(S . . . .  )" to its right, the error on the quantity has 
been enlarged by the "scale factor" S, defined as S = ~ 2 - / ( N  - 1), where N 
is the number of measurements used in calculating the quantity. We do this 
when S > 1, which often indicates that the measurements are inconsistent. 
When S > 1.25, we also show in the Particle Listings an ideogram of the 
measurements. For more about S, see the Introduction. 

A decay momentum p is given for each decay mode. For a 2-body decay, p is 
the momentum of each decay product in the rest frame of the decaying particle. 
For a 3-or-more-body decay, p is the largest momentum any of the products can 
have in this frame. For any resonance, the nominal mass is used in calculating 
p. A dagger ( " t ' )  in this column indicates that the mode is forbidden when 
the nominal masses of resonances are used, but is in fact allowed due to the 
nonzero widths of the resonances. 

[a]The masses of the p and n are most precisely known in u (unified 
atomic mass units). The conversion factor to MeV, 1 u = 931.494013 • 
0.000037 MeV, is less well known than are the masses in u. 

[b] These two results are not independent, and both use the more precise 
measurement of l~/m~I/(q~Im~). 

[c] The limit is from neutrality-of-matter experiments; it assumes qn = qp + 
qe. See also the charge of the neutron. 

[d] The first limit is geochemical and independent of decay mode. The 
second entry, a rough range of limits, assumes the dominant decay modes 
are among those investigated. For antiprotons the best limit, inferred 
from the observation of cosmic ray ~'s is r ~  > 107 yr, the cosmic-ray 
storage time, but this limit depends on a number of assumptions. The 
best direct observation of stored antiprotons gives ~-p/B(~ -~ e - 7 )  
> 7 x 105 yr. 

[e] There is some controversy about whether nuclear physics and model 
dependence complicate the analysis for bound neutrons (from which the 
best limit comes). The first limit here is from reactor experiments with 
free neutrons, 

[ f ]  The parameters gA, gv, and EWM for semileptonic modes are defined by 
Bf[%~(EV + EAT5) 4- i(o~WM/mBi) crA~ qV]Bi, and ~AV is defined by 
EA/EV = IEA/EVl eN~Av. See the "Note on Baryon Decay Parameters" 
in the neutron Particle Listings. 

[g] Time-reversal invariance requires this to be 0 ~ or 180 ~ 

[h] The decay parameters 3' and A are calculated from a and ~ using 

7 =  ~ c o s q ~ ,  tanA = 1 ~ s i n ~ .  

See the "Note on Baryon Decay Parameters" in the neutron Particle List- 
ings. 

[(] See the Listings for the pion momentum range used in this measurement. 

[j'] The error given here is only an educated guess. It is larger than the error 
on the weighted average of the published values. 

[k] A theoretical value using QED. 

[I] See the "Note on A + Branching Fractions" in the Branching Fractions 

of the A + Particle Listings. 

[m] This branching fraction includes all the decay modes of the final-state 
resonance. 

[n] An ~ indicates an e or a # mode, not a sum over these modes. 

[o] The value is for the sum of the charge states or particle/antiparticle 
states indicated. 

[p] Assuming isospin conservation, so that the other third is A + 7r~ ~ 

[q] No absolute branching fractions have been measured. The following are 
branching ratios relative to - - -7r  + 7r +. 

Jr] Not a pure measurement. See note at head of A ~ Decay Modes. 



SEARCHES FOR 
MONOPOLES, 

SUPERSYMMETRY, 
TECHNICOLOR, 

COMPOSITENESS, etc. 

I Magnetic Monopole Searches I 
Isolated supermassive monopole candidate events have not been con- 
firmed. The most sensitive experiments obtain negative results. 

Best cosmic-ray supermassive monopole flux limit: 
< 1.0 x I0-15 cm-2s r - l s  - I  for 1.I x I 0 -4  < /3  < 0.1 

I Supersymmetric Particle Searches I 

Limits are based on the Minimal Supersymmetric Standard Model. 

Assumptions include: 1) ~o (or ~) is lightest supersymmetric particle; 

2) R-parity is conserved; 3)With the excepton of t" and b, all scalar 
quarks are assumed to be degenerate in mass and m~R = m~! L. 4) Limits 

for sleptons refer to the ~R states. 

See the Particle Listings for a Note giving details of supersymmetry. 

~o __ neutralinos (mixtures of ~, ~o, and ~o) 

Mass m~o > 32.5 GeV, CL = 95% 
x1 

[tan/3' > 0.7, m-o - m~o > 5 GeV] 
X2 Xl 

Mass m-o > 55.9 GeV, CL = 95% 
x2 

[tan/~ > 1.5, m-o - m-o > 10 GeV] 
~2 X1 

Mass m~o > 106.6 GeV, CL = 95% 
x3 

[tanfl > 1.5, m-o - m-o > 10 GeV] 
X2 X1 

~ - -  charginos (mixtures of ~ : I :  and h/~) 

Mass m~9 > 67.7 GeV, CL = 95% 

[tan~l > 0.7, m~c ~ - m-Oxl > 3 GeV] 

- -  scalar electron (selectron) 

Mass m > 87.1 GeV, CL = 95% [m~eR-m~o > 5GeV] 

- -  scalar muon (smuon) 

Mass m > 82.3 GeV, CL = 95% [miiR-m~o > 3 GeV] 

F - -  scalar tau (stau) 

M a s s m >  81.0GeV, C L = 9 5 %  [m~- R -  m-o >8GeV]  
x1 

- -  scalar quark (squark) 

These limits include the effects of cascade decays, evaluated 
assuming a fixed value of the parameters/~ and tan~. The 
limits are weakly sensitive to these parameters over much of 
parameter space. Limits assume GUT relations between gaug- 
ino masses and the gauge coupling. 

M a s s m >  250GeV, C L = 9 5 %  [ tan /3=2 , /~  <0, A = 0 ]  

- -  scalar bottom (sbottom) 

Mass m none 40-75 GeV, CL = 95% 
[b ---* b,~ 0. all 8 b, m~ - m-o >10 GeV] 
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t" - -  scalar top (stop) 

Mass m >  86.4GeV, C L = 9 5 %  
[ t  -~ t,~l 0, all St, m- t - m-o >5 GeV] xl  

- -  gluino 

There is some controversy on whether gluinos in a low-mass 
window (1 ~ mr  ~ 5 GeV) are excluded or not. See the 
Supersymmetry ~istings for details. 

The limits summarised here refere to the high-mass region 
(m~ ~ 5 GeV), and include the effects of cascade decays, eval- 
uated assuming a fixed value of the parameters/~ and tan/~. 
The limits are weakly sensitive to these parameters over much 
of parameter space. Limits assume GUT relations between 
gaugino masses and the gauge coupling, 

Mass m >  190GeV, C L =  95% [ t a n / ~ = 2 , #  <0, A =  0] 
Mass m > 260 GeV, CL = 95% [m~=m~,tan~'=2,/L <0,A=0]  

I Technicolor I 
Searches for a color-octet techni-p constrain its mass to be greater than 
260 to 480 GeV, depending on allowed decay channels. Similar bounds 
exist on the color-octet techni-w. 

I ~176176176176 c~176176176 I s.r ,o 
Scale Limits A for Contact Interactions 
(the lowest d!mensional interactions with four fermions) 

If the Lagrangian has the form 

2A 2 

(with E2/4~r set equal to I) ,  then we define A - A~L. For the 
full definitions and for other forms, see the Note in the Listings 
on Searches for Quark and Lepton Compositeness in the full Re- 
view and the original literature. 

A+L(eeee) > 3.5 TeV 

ALL(eeee ) > 3.8 TeV 

A~L(ee~) > 4.5 TeV 

ALL(eetzlz ) > 4.7 TeV 

A+L(ee'rT) > 3.9 TeV 

ALL(eeTT ) > 4,0 TeV 

^L+L(~) > 5.3 TeV 
A L L ( ~ e l  ) > 5.5 TeV 

A+L(eeqq) > 5.4 TeV 

ALL(eeqq ) > 6.2 TeV 

A~L(eebb) > 5.6 TeV 

A[L(eebb ) > 4.9 TeV 

A+L(t~p.qq ) > 2.9 TeV 

A[L(l~l~qq ) > 4.2 TeV 

A~R(~.~e#e ) > 3.1 TeV, 

A+L(qqqq) > 2.7 TeV, 

ALL(qqqq ) > 2.4 TeV, 

A+L(uuqq) > 5.0 TeV, 

ALL(~'vqq ) > 5.4 TeV, 

CL = 95% 

CL = 95% 

CL = 95% 

CL = 95% 

CL = 95% 

CL = 95% 

CL = 95% 

CL = 95% 

CL = 95% 

CL = 95% 

CL = 95% 

CL = 95% 

CL = 95% 

CL = 95% 

CL = 90% 

CL = 95% 

CL = 95% 

CL = 95% 

CL = 95% 
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Excited Leptons 

The limits from g*+t*- do not depend on ,~ (where A is the 
g~* transition coupling). The A-dependent limits assume chiral 
coupling, except for the third limit for e* which is for nonchira] 
coupling. For chiral coupling, this limit corresponds to A; = v~. 

e *• - -  excited electron 

Mass m > 90.7 GeV, CL = 95% (from e*+e * - )  
Mass m = none 30-200 GeV, CL = 95% (from ep ~ e 'X )  
Massm> 91GeV, CL=95% 
Massm> 306GeV, CL=95% 

/~*• - -  excited muon 

Massm> 90.7GeV, CL=95% 
Massm> 91GeV, CL= 95% 

r *+ - -  excited tau 

Massm> 89.TGeV, CL=95% 
Massm> 90GeV, CL=95% 

(if A z > I )  
(if ,~ = 1) 

(from #*+#* - )  
(if Az > 1) 

(from r *+ r * - )  
(if A z > 0.18) 

u* - -  excited neutrino 

Mass m > 90.0 GeV, CL = 95% (from u*~'*) 
Massm> 91GeV, CL=95% (if,~z > i) 
Mass m = none 40-96 GeV, CL = 95% (from ep -~ u* X) 

q* - -  excited quark 

Mass m > 45.6 GeV, CL = 95% (from q*~*) 
Massm> 88GeV, CL=95% ( i fAz > I )  
Massm> 570GeV, CL=95% ( p ~  q 'X)  

Color Sextet and Octet Particles 

Color Sextet Quarks (q6) 

Mass m > 84 GeV, CL = 95% (Stable q6) 

Color Octet Charged Leptons (gs) 

Mass m > 86 GeV, CL = 95% (Stable t8) 

Color Octet Neutrinos (us) 

Massm> 110GeV, CL=90% (u 8 ~  ug) 



T E S T S  O F  C O N S E R V A T I O N  L A W S  

Revised by L. Wolfenstein and T.G. Trippe, May 2000. 

In keeping with the current interest in tests of conservation laws, 
we collect together a Table of experimental limits on all weak and 
electromagnetic decays, mass differences, and moments, and on 
a few reactions, whose observation would violate conservation 
laws. The Table is given only in the full Review of Particle 
Physics, not in the Particle Physics Booklet. For the benefit of 
Booklet readers, we include the best limits from the Table in 
the following text. Limits in this text are for CL=90% unless 
otherwise specified. The Table is in two parts: "Discrete Space- 
Time Symmetries," i.e., C, P,  T, CP ,  and CPT;  and "Number 
Conservation Laws," i.e., lepton, baryon, hadronic flavor, and 
charge conservation. The references for these data can be found 
in the the Particle Listings in the Review. A discussion of these 
tests follows. 

C P T  I N V A R I A N C E  

General principles of relativistic field theory require invariance 
under the combined transformation C P T .  The simplest tests of 
C P T  invariance are the equality of the masses and lifetimes of a 
particle and its antiparticle. The best test comes from the limit 

on the mass difference between K ~ and ~0 .  Any such difference 
contributes to the CP-violat ing parameter  r Assuming C P T  
invariance, r the phase of �9 should be very close to 44 ~ (See 
the review "CP Violation" in this edition.) In contrast, if the 

entire source of C P  violation in K ~ decays were a K ~ _ ~ 0  mass 
difference, Ce would be 44 ~ + 90 ~ 
Assuming that  there is no other source of C P T  violation than 
this mass difference, it is possible to deduce tha t  [1] 

2(mg~ - mgo)I~1 (~r  + 1r -- r 
m~o - m go ~ sin r ' 

where r = 43.5 ~ with an uncertainty of less than 0.1% Using 
our best values of the CP-violat ion parameters, we get I(m~0 - 

mgo)/mKo I <_ 10 - l s  at CL=95%. Limits can also be placed on 
specific CPT-violating decay amplitudes. Given the small value 
of (1 - Iz]00/~+_t), the value of r - r  provides a measure of 
C P T  violation in K ~ ---+ 27r decay. Results from CERN [1] and 
Fermilab [2] indicate no CPT-violating effect. 

C P  A N D  T I N V A R I A N C E  

Given C P T  invariance, C P  violation and T violation are equiv- 
alent. So far most of the evidence for C P  or T violation comes 
from the measurements of 7/+_, ~/00, ~/+-~, the semileptonic de- 
cay charge asymmetry for KL, and the decay plane asymmetry 
in g L ---* 7r+r-e+e - ,  e.g., I~?+_l = IA(K ~ -~ r+Tr- ) /A(g~  
---* r+zr-) l  = (2.285 4- 0.019) • 10 -3 and [ r ( g  ~ ~ . - e + v )  - 
F(K ~ -~ ~r+e-P)]/[sum] = (0.333 + 0.014)%. There is also a 
measurement from CPLEAR of the difference between the oscil- 
lation probabilities of K ~ ~ ~ o  and ~ 0  ---, K0 [3]. In the Stan- 
dard Model, much larger effects are expected in B decays and the 
first measurement of the CP-violat ing parameter  sin 2~3 at Fer- 
milab gives a value of 0.9 + 0.4. Other searches for C P  or T vio- 
lation involve effects tha t  are expected to be unobservable in the 
Standard Model. The most sensitive are probably the searches 
for an electric dipole moment of the neutron, measured to be 
< 6 • 10 -26 ecm,  and the electron (0.18+0.16)  • 10 -26 e cm. 
A nonzero value requires bo th  P and T violation. 

67 

Tests of Conservation Laws 
C O N S E R V A T I O N  O F  L E P T O N  N U M B E R S  

Present experimental evidence and the s tandard electroweak 
theory are consistent with the absolute conservation of three 
separate lepton numbers: electron number  Le, muon number  
L~,, and tau number Lf. Searches for violations are of the fol- 
lowing types: 

a) AL = 2 for one  t y p e  of  c h a r g e d  l e p t o n .  The best limit 
comes from the search for neutrinoless double beta  decay (Z, A) 

(Z + 2, A) + e -  + e - .  The best laboratory limit is tl/2 > 
1.6 x 1025 yr (CL=90%) for 76Ge. 

b)  C o n v e r s i o n  of  one  c h a r g e d - l e p t o n  t y p e  t o  a n o t h e r .  
For purely leptonic processes, the best limits are on # ---* e~ 
and # ---* 3e, measured as F(Iz ~ eT)/F(p ---*all) < 1.2 • 10 -11 
and F(# ~ 3e) /F(#  --o all) < 1.0 • 10 -12. For semileptonic 
processes, the best limit comes from the coherent conversion 
process in a muonic atom, # - +  (Z, A) ---* e -  + (Z, A), mea- 
sured as r ( p - T i  ~ e - T i ) / F ( p - T i  ~ all) < 4 x 10 -12. Of 
special interest is the case in which the hadronic flavor also 
changes, as in KL ~ e# and K + ~ r + e - #  +, measured as 
F(KL ~ e#) /P(KL ~ all) < 4.7 • 10 -12 and F ( K  + -~ 
r + e - ~ + ) / F ( K  + ~ all) < 2.1 x 10 -1~ Limits on the conversion 
of ~- into e or # are found in r decay and are much less str ingent 
than those for # ~ e conversion, e.g., F(T --~ #7)/P(~- --~ all) < 
1.1 • 10 -6 and F(T ---* eT)/r(~- ~ all) < 2.7 • 10 -6. 

c) C o n v e r s i o n  of  one  t y p e  of  c h a r g e d  l e p t o n  i n to  a n o t h e r  
t y p e  of  c h a r g e d  a n t i l e p t o n .  The case most studied is # -  + 
(Z, A) ~ e + + (Z - 2, A), the strongest limit being P ( # - T i  ---* 
e+Ca)/F(#-Ti --* all) < 3.6 • I0 -II. 

d) Neutrino oscillations. If neutrinos have mass, then it is 
expected even in the standard electroweak theory that the lep- 
ton numbers are not separately conserved, as a consequence of 
lepton mixing analogous to Cabibbo quark mixing. However, in 
this case lepton-number-violating processes such as # --~ e~/are 
expected to have extremely small probability. For small neu- 
trino masses, the lepton-number violation would be observed 
first in neutrino oscillations, which have been the subject of 
extensive experimental searches. For example, searches for Fe 
disappearance, which we label as Pe ~ Pe, give measured limits 
A(m 2) < 7 • 10 -4 eV 2 for sin2(2~) = 1, and sin2(20) < 0.02 
for large A(m2), where 0 is the neutrino mixing angle. Possible 
evidence for mixing has come from two sources. The deficit in 
the solar neutrino flux compared with solar model calculations 
could be explained by oscillations with A(m 2) _< 10 -4 eV 2 caus- 
ing the disappearance of ue. In addition, underground detectors 
observing neutrinos produced by cosmic rays in the atmosphere 
have measured a u~/u~ ratio much less than expected and have 
also found a factor of 2 deficiency of upward going uu compared 
to downward. This provides compelling evidence for u# disap- 
pearance, for which the most probable explanation is u~ --+ u~ 
oscillations with nearly maximal mixing and A (m 2) of the order 
0.001-0.01 eV 2. 

C O N S E R V A T I O N  O F  H A D R O N I C  F L A V O R S  

In strong and electromagnetic interactions, hadronic flavor 
is conserved, i.e. the conversion of a quark of one flavor 
(d, u, s, c, b, t) into a quark of another flavor is forbidden. In 
the Standard Model, the weak interactions violate these conser- 
vation laws in a manner described by the Cabibbo-Kobayashi- 
Maskawa mixing (see the section "Cabibbo-Kobayashi-Maskawa 
Mixing Matrix"). The way in which these conservation laws are 
violated is tested as follows: 
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Tests of Conservation Laws 
a) / k S = / k Q  ru le .  In the strangeness-changing semileptonic 
decay of strange particles, the strangeness change equals the 
change in charge of the hadrons. Tests come from limits on 
decay rates such as F (~  + --* ne+u) /F(~  + ---* all) < 5 x 10 -6, 
and from a detailed analysis of KL ~ 7roy, which yields the 
parameter  x, measured to be (Re x, Im x) = (-0.002 4- 0.006, 
-0.0012 • 0.0019). Corresponding rules are A C  = / k Q  a n d / k B  
= / k Q .  

b) C h a n g e  o f  flavor by two  u n i t s .  In the Standard Model 
this occurs only in second-order weak interactions. The classic 

example is AS = 2 via K ~ - ~ 0  mixing, which is directly mea- 
sured by m ( K s ) -  m ( g L )  = (3.489 • 0.008) • 10 -12 MeV. There 

is now evidence for B ~ - ~0  mixing (/kB = 2), with the corre- 
sponding mass difference between the eigenstates (rnB~ - mB~) 

= (0.730 • 0.029)FB0 = (3.11 4-0.11) • 10 -1~ MeV, and for 
0 ~ - �9 B s - B  a mixing, with (mso -mBo ) > 16FBo or > 7 • 10 -9 MeV 

�9 H s L  

(CL=95%). For D ~  ~ mixing reDO n - -moo < 5 • 10 - H  MeV; 

the value in the Standard Model is expected to be much small 
than this. 
c) F l a v o r - c h a n g i n g  n e u t r a l  c u r r e n t s .  In the Standard 
Model the neutral-current interactions do not change flavor. The 
low rate F(KL ~ U+U-)/r(KL -~ all) = (7.2•  • 10 -9 puts 
limits on such interactions; the nonzero value for this rate is 
a t t r ibuted to a combination of the weak and electromagnetic 
interactions. The best test should come from K + ---* 7r+uP, 
which occurs in the Standard Model only as a second-order weak 
process with a branching fraction of (0.4 to 1.2)• -~~ Re- 
cent results, including observation of one event, yields F (K + 
7r+uF)/r(K + ~ all) = (1.5_+3: 4) • 10 -1~ [5]. Limits for charm- 
changing or bot tom-changing neutral  currents are much less 
stringent: r ( D  0 --. # + # - ) / F ( D  ~ ~ all) < 4 • 10 -6 and 
r ( B  ~ --, p + p - ) / r ( B  ~ --, all) < 7 • 10 -~. One canno t  isolate 
flavor-changing neutral current (FCNC) effects in non leptonic 
decays. For example, the FCNC transit ion s ~ d + (~ + u) is 
equivalent to the charged-current transition s ~ u + (~ + d). 
Tests for FCNC are therefore limited to hadron decays into lep- 
ton pairs. Such decays are expected only in second-order in the 
electroweak coupling in the Standard Model. 
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I TESTS OF DISCRETE SPACE-TIME SYMMETRIES I 

CHARGE CONJUGATION (C) INVARIANCE 

F(~r 0 ~ 33,)/rtota I <3.1 x 10 - 8 ,  CL = 90% 
~/ C-nonconserving decay parameters 

x + x - ~ r  0 left-right asymmetry (0.09 • 0.17) x 10 - 2  
parameter 

7 r + T r - x  0 sextant asymmetry (0.18 • 0.16) x 10 - 2  
parameter 

~§  0 quadrant asymmetry ( - 0 .17  • 0.17) x 10 _2  
parameter 

~+  ~r- ~f left-right asymmetry (0.9 • 0.4) x 10 - 2  
parameter 

�9 + ~ - 3 '  parameter ~ (D-wave) 0.05 • 0.06 (S = 1.5) 

F(r/ ~ 33,)/Froth I <5 • 10 - 4 ,  CL -- 95% 

F ( ~  r 0 e + e - ) / r t o t a  I [a] < 4 x 1 0  - 5  , C L = 9 0 %  

F(~/ ~ ~0 ,u+ /~- ) / l ' to ta  I [a] <5 x 10 - 6 ,  CL = 90% 

F(w(782) ~ 7/~r0)/Ftota I <1 • 10 - 3 ,  CL - 90% 

F(w(782) ~ 3~0)/Ftotal <3  • 10 - 4 ,  CL - 90% 

F(~1(958) ~ ~e+  e - ) /F to ta  I <9  • 10 - 4 ,  CL = 90% 

F(T/~(958) ~ ~ O e + e - ) / r t o t a l  [a] <1.4 x 10 - 3 ,  CL = 90% 

F(n~(958) ~ n e + e - ) / F t o t a  I [a] <2.4 • 10 - 3 ,  CL = 90% 

r(7/t(958) ~ 3"y)/Ftota I <1.0 • 10 - 4 ,  CL = 90% 

F(7/'(958) ~ ,u+#-TrO)/Ftota I [a] <6.0 x 10 - 5 ,  CL = 90% 

F(r/~(958) ~ p+p -~q ) / r t o ta  I [a] <1.5 x 10 - 5 ,  CL = 90% 

PARITY (P) INVARIANCE 

e electric dipole moment 
/~ electric dipole moment 

electric dipole moment (dT) 

F(~/ ~ ~ + ~ - ) / r t o t a  I 
r (n  ~ r0~r0) / r tota I 
F(v~(958) ~ x + T r - ) / r t o t a  I 
F(v~(g58) ~ 7 r O ~ O ) / r t o t a  I 

p electric dipole moment 
n electric dipole moment d n 

A electric dipole moment 

(0.18 • 0.16) x 10 -26 ecm 

(3.7 • 3.4) x 10 -19 ecm 

> --3.1 and < 3.1 x 10 -16 ecru, 
CL = 95% 

<3.3 X 10 - 4 ,  CL = 90% 

<4.3 • 10 - 4 ,  CL = 90% 

<2 x 10 - 2 ,  CL - 90% 

<9 x 10 - 4 ,  CL -- 90% 

( - 4  • 6) x 10 - 2 3  ecru 

<0.63 X 10 - 2 5  ecm, CL -- 90% 

<1.5 x 10 - 1 6  ecru, CL = 95% 

TIME REVERSAL (T) INVARIANCE 

Limits on e,/~, ~', p, n, and A electric dipole moments under Pari ty 
Invariance above are also tests of  T ime Reversal Invariance. 

p decay parameters 
transverse e + polarization normal to 0.007 :E 0.023 

plane of # spin, e § momentum 
a l /A  (0 • 4) x 10 - 3  

~'tA (2 • 6) x 10 - 3  
Im(~) in K • decay (from transverse /~ pol.) -0 .014  • 0.014 #3 
asymmetry A T in K 0 - K  0 mixing (6.6 • 1.6) x 10 - 3  

Im(~) in KO 3 decay (from transverse /~ pol.) -0 .007 • 0.026 

n ~ p e - v  decay parameters 
~AV, phase o f g  A relative to g V  [b] (180.07" • 0.18) ~ 
triple correlation coefficient D ( - 0 . 5  • 1.4) x 10 - 3  

triple correlation coefficient D for Z ' -  ~ 0.11 • 0.10 
n o -  D e 

Unless otherwise stated, limits are given at the 90% confidence level, while errors are given 
as - 1  standard deviation. 



CP INVARIANCE 

<0.56 x 10 -17 ecm, CL = 95% 

<1.5 x I0 -17 ecm, Ct = 95% 

<3.3 x 10 -4 ,  CL - 90% 

<4.3 x 10 -4 ,  CL = 90% 

<2 x 10 - 2 ,  CL = 90% 

<9 x I0 -4 ,  CL = 90% 

(0.07 4- 0.12)% 
(o.o 4, 0.6)% 
(0.9 4- 3.3)% 
(-o.7 4- 0.5)% 

-0 ,002 4" 0.009 

-0 .05  4- 0.13 

0.0011 4- 0.0008 

<0.3, CL = 90% 

[c] <5.1 x I0  - 9 ,  CL = 90% 

[c] <4,3 • 10 - 9 ,  CL - 90% 

[d] <5.9 x 10 - 7 ,  CL = 90% 

-0 .017 4- 0.027 

--0.02 4- 0.05 

--0.014 4" 0.033 

-0 .02  4- 0.04 

0.026 • 0.035 

- 0 . 0 5  4- 0.08 

-- 0.03 4" 0.09 

-0 .018 • 0.030 

0.02 4- 0.20 

0.002 4- 0.007 

0,9 4- 0.4 
-0 .03  4" 0.06 

-0.004 4- 0,040 

Tests of Conservation 

Re(d w) 

Im(d w) 

r(n ~ ~ + ~ - ) l r t o t a  I 
r(~ ~ ~0~0) / r to ta  I 

r(t/(95B) ~ ~ + ~ - - ) / r t o t a  I 
r(r/(g5B) ~ ~0~r0)/rtota I 

K + ~ ~r4-~r+;~r- rate difference/average 
K + ~ ~r4"~rO~ 0 rate difference/average 
K4- ~ ~r4-~r0~ rate difference/average 

(r - ~ , - )  I ( ~ +  4-8.r_)forK4- 

Im(~/+_0) = Im(A(K 0 ~ ~r-I-~r-= 0, CP- 
violating) / A(K 0 ~ ~r+~r--~r0)) 

Im(r/000) = Im(A(K 0 
~0xOx0)/A(KL0 ~ =0~0~0)) 

linear coefficient j for K 0 ~ ~r4- ~r- ~r 0 

I<~-_~1f~ for Ko ~ . + . - ~  

F(K 0 ~ ~r0/~+p-)/rtota I 

F(K0 L ~ ~ r0e+e - ) / r t o ta l  

r(.O ~ ~o.~)/rtota ~ 
Acp(K+ K-~r4- ) in D4- ~ K+ K - ~  4" 
Acp(K4-K*O ) in D + ~ K + K  *0, D -  

K -  K *0 
ACp(r ) in D + ~ r 

Acp(~+~-~r4- ) in D4- ~ ~r+~r-~r 4- 

A c p ( K + K -  ) in DO, D 0 ~ K + K  - 
Acp(~+~r- ) in D 0, ~0  ~ ~+~T-  

Acp(KO@ ) in O 0, ~0 ~ KO@ 

A c p ( K  ~ ~r 0) in D 0, ~0  ~ K0 S ~-0 

Acp(K4-~r~ ) in D O ~ K+;,r  - ,  ~0  

K -  ~+ 
Re(~BO)/(I+i~BOI 2) 

Parameters for B 0 ~ J/r S 

sin(2fl) 

[~_(A) + %(~)} I [(,_(A) - ~,+(~)] 
[e(J'2- ~ A K - ) + a ( ~  + ~ AK4-)]I2 

CPT INVARIANCE 

( m w +  - mw_  ) / maverage 

(me+ -- me_ ) / maverage 

Iqe+ + qe-l l  e 
(%+ - % - )  I gaverage 

(r/~+ - T / _ )  / 1-averag e 

(g#+ - g / j - )  / 8average 

(mTr + - m r _  ) / maverage 

(~'~r+ - r T r - )  / raverage 

(mK+ - mK_ ) / maverage 

(TK+ -- T K _  ) / r a v e r a g e  
K4- ~ /~4"u/~ rate difference/average 

K + ~ ~4,7r0 rate difference/average 

linK 0 - m~o I / maverage 

CPT-violation parameters in K0 -K  ~ 0  mixing 
real part of A 
imaginary part of A 

phase difference @00 - ~ + -  

Imp-m~ltmp 

I~ + ~pl/e 
(.p + .~) I .p 
(m n - mff ) /  m n 
(m A - m~) / m A 

(~A - ~)I~A 
(TE+ -- ~ - )  I ~'E+ 

(~z+ + ~- ) /~ ' z+  
(m-_  - m~+)  / m - _  

(~=- - T~+)l~E- 
( ~ = -  + " ~ + )  I I ~ ' - -  I 

(mQ_ - m ~ + )  / m R_ 

(~2- - ~ + )  1 ~ -  

69  

Laws 

[f] 
[g] 

['I 

[hl 

--0.002 4- 0,007 

<8 X i0 -9, CL = 90% 

<4 x 10 -8 

(--0.5 • 2.1) x 10 -12 

(2 4- 8) x lO -8  

( - 2 . 6  4- 1,6) x 10 - 8  

(2 4- 5) x 10 - 4  

(6 4- 7) x 10 -4 

( - 0 . 6  4- 1.8) x 10 - 4  

(0.11 4, 0.09)% (S -- 1.2) 

(-o.5 4- 0.4)% 
(0.8 • 1.2)% 
<10-18 

(2.9 4- 2.7) x 10 -4  

( - 0 . 8  4. 3.1) x 10 . 3  

(-o.1 4. 0.8) ~ 
<5 x 10 - 7  

(-9 4- 9) x 10 -11  

<5 x 10 - 7  

(--2.6 4, 2.9) x 10 - 3  

(9 4- 5) x lO - 5  
(-o.1 4, 1.1) x lO -8  (s _ 1.6) 

0.04 4- 0.09 

(--0.8 4- 1.2) x 10 - 3  

0.014 4, 0.015 

(1.1 4, 2.7) x 10 - 4  

0.02 4, 0.18 

+0.01 ~: 0.05 

( - 1  4, 8) x io - s  

-0 .002 4- 0.040 

CP VIOLATION OBSERVED 

charge asymmetry in K03 decays 

~(~) = [ r ( ~ - # + . ~ )  

- r(~+ ~ -  p~)]lsum 
~(e) = [r(~-  e + Ve) 

_ r(~+ e-  ~e)]Isum 
parameters for K 0 ~ 2~ decay 

I.ooi = IA( K~ ~ 2~0) / 
A(K~. 2~~ 

I~+-I = IA( K~ ~ ~ + ~ - )  / 
A(K 0 -- , c - ~ - ) l  

~'I~ ~ Re(<'/<) - (1-1.00I~+_1)t3 
~+_, phase of r/+_ 

(f00, phase of ~00 

CP asymmetry A in K 0 ~ 7r + ~r- e + e -  

parameters for K 0 ~ :,r + ~r- 7 decay 

In+-~l = IA( K0 ~ : + ' - ~ ' ,  Cp 
violat ing)/A(K~ ~ ~§ 

r = phase of 7/4-_ 7 

F(K0 L ~ ~-+Tr-) /Ftota I 

F(K 0 ~ ~O~0)/Ftota I 

(0.304 4- 0.025)% 

(0.333 4- 0.014)% 

(2.262 • 0.017) x 10 - 3  

(2.276 4- 0.017) x 10 - 3  

[e] (2.1 4- 0.5) x 10 - 3  (S = 1.6) 

(433 4- 0.5) ~ 

(43.2 4- 1.0) ~ 

(13.6 4- 2.8)% 

(235 4, 0.07) x 10 - 3  

(44 4" 4) ~ 

(2.056 4- 0,033) x 10 -3 

(9.27 4- 0.19) x 10 -4 

Unless otherwise stated, limits are given at the 90% confidence level, while errors are given 
as •  standard deviation, 

I T E S T S  O F  N U M B E R  C O N S E R V A T I O N  L A W S  I 

LEPTON FAMILY NUMBER 

Lepton family number conservation means separate conservation 
of each o f L  e,L#,  L r .  

F(Z ~ e + # T ) / F t o t a l  

F(Z ~ e4"r-F) /Ftota I 

F(Z ~ # - - T T ) / F t o t a  I 

limit on ,u-- ~ e-- conversion 
(7(#--32S ~ e - 3 2 S )  / 

or(#-  328 ~ v#32p  *)  

or(p-  Ti ~ e -  Ti)  / 
o'(#- Ti ~ capture) 

~r(#-- Pb ~ e-- Pb) / 

r Pb ~ capture) 

limit on muonium ~ antimuonium 
conversion Rg = G C / G F 

r ( . - ~  e -  Ue ~-/~)/rtota I 
F(/~- ~ e - 7 ) / F t o t a  I 

F ( # -  ~ e - e + e - ) / F t o t a  I 

F(/~- ~ e -27 ) /F to ta  I 

F ( T - - ~  e-- .~)/Ftota I 

F ( T - ~  # -  7) /Ftota I 
F ( T -  ~ e -  ~0)/Ftota I 

F ( T -  ~ #--~r0)/Ftota I 

F ( T -  ~ e -  K0)/ I - tota I 

F ( r -  ~ # -  K0)/Ftota l  

r ( r -  ~ e -  ~/)/Ftota I 
F ( T -  ~ # -  rl)/Ftota I 

F ( r -  ~ e-pO)/Ftota I 

[i] <1,7 x 10 - 6 ,  CL = 95% 

[/] <9.8 • I0 -6, CL _ 95% 

[i] <1.2 • 10 - 5 ,  CL = 95% 

<7 x 10 -11 ,  CL - 90% 

<4.3 x 10 - 1 2 ,  CL = 90% 

<4.6 • 10 -11, CL = 90% 

<0.0030, Ct  - 90% 

[j] <1.2 x 10 - 2 ,  CL = 90% 

<1.2 x i0  - 11 ,  CL - 90% 

< I . 0  x 10 -12 ,  CL = 90% 

<7.2 x I0 -II, CL = 90% 

<2.7 • 10 -6, CL = 90% 

<1.1 • I0 -6, CL = 90% 

<3.7 x I0 -6, CL = 90% 

<4.0 x 10 -6 ,  CL = 90% 

<1.3 • 10 -3 ,  CL - 90% 

<1.0 x 10 -3 ,  CL = 90% 

<8.2 x 10 -6 ,  CL = 90% 

<9.6 x 10 -6 ,  CL = 90% 

<2.0 x 10 - 6 ,  CL = 90% 
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Tests of Conservation 
r ( T - ~  #--pO)/rtota I 
r (~ - -  ~ e -  K* (892)0) / r to ta  I 

r ( r -  ~ p -  K* (B92)0) / r to ta  I 

r ( ~ -  ~ e - E * ( 8 9 2 ) 0 ) / r t o t a  I 

r ( T - - ~  # - ' K * ( 8 9 2 ) 0 ) / r t o t a  I 

r ( z -  ~ e -  @)/rtota I 

r (T- -  ~ # - ~ ) / r t o t a  I 

F(T-- ~ e - e + e - ) / r t o t a  I 

F(T-- ~ e - # + # - ) / r t o t a  I 

r ( r - -  ~ e+ p - p - ) / r t o t a  I 
F(T-- ~ ,u-  e + e - ) / r t o t a  I 

r ( T -  ~ # + e - e - ) / r t o t a  I 

r ( , - -  # -  # +  # - ) / r t o t a  I 
r (T- -  ~ e - ~ r + ~ r - ) / r t o t a  I 

r ( T - - - -  # - ~ r + ~ r - ) / r t o t a  I 

F(T-- ~ e - ~ r + K - ) / r t o t a  I 
F ( T - - ~  e = K + ) / r t o t a  I 

r (~- -  ~ e -  K + K - ) / r t o t a  I 

F(T-- ~ / * - - ~ + K - - ) / r t o t a  I 

r (T - -  ~ #--  ~'-- K + ) / r t o t a  I 

F(T-- ~ # -  K + K - ) / r t o t a  I 

r (~- -  ~ e - ~ ~ 1 7 6  
F(T-- ~ #- -~0~0) / r to ta  I 

r ( T - - ~  e -  n~/)/r tota I 

F(T-- ~ # - , ,F / ) / r t o ta  I 
F(T-- ~ e--~r0~/)/rtota I 

r (T- -  ~ # - ~ r 0 ~ ) / r t o t a  I 

F ( T -  ~ e - l i g h t  boson)/rtota I 

F ( T -  ~ # - l i g h t  boson)/Ftota I 

Laws 
<6.3 x 10 - 6 ,  CL = 90% 

<5.1 x 10 - 6 ,  CL = 90% 

<7.5 x 10 - 6 ,  CL • 90% 

<7.4 x 10 - 6 ,  CL = 90% 

<7.5 x I0 -6, CL = 90% 

<6.9 x 10 -6, CL - 90% 

<7.0 x 10 -6, CL = 90% 

<2.9 x 10 -6 CL - 90% 

<1.6 x 10 -6 CL = 90% 

<1.5 x 10 -6 CL : 90% 

<1.7 x 10 -6  CL -- 90% 

<1.5 • 10 _6  CL = 90% 

<1.9 X 10 -6 CL = 90% 

<2.2 x 10 -6 CL = 90% 

<8.2 x 10 -6 EL - 90% 

<6.4 x 10 - 6  CL = 90% 

<3.8 x 10 -6  CL : 90% 

<6.0 x I0 - 6  CL = 90% 

<7.5 x 10 - 6  CL = 90% 

<7.4 x 10 - 6  CL -- 90% 

<1.5 x I0 -5 CL : 90% 

<6.5 x 10 - 6  EL - 90% 

<1,4 x 10 - 5  CL = 90% 

<3.5 x 10 - 5  CL • 90% 

<6.0 x 10 - 5  CL = 90% 

<2.4 x 10 - 5  CL = 90% 

<2.2 x 10 - 5  CL = 90% 

<2.7 x 10 - 3  CL = 95% 

<5 x 10 - 3 ,  CL - 95% 
u-flavor nonconservation via mixing from reactor and accelator experiments . 
(For other lepton mixing, see the Particle Listings. In particular, there is now compelling 
evidence from SuperKamiokande for the disappearance of ~p, for which the most probable 

interpretation is ~#-u~. mixing with A m  2 = 0.001-0.01 eV 2 and sin22e ~ 1.) 

<7 x 10 - 4  eV 2, CL : 90% 

<0.02, CL : 90% 

Pe ~ ~e 
A(m2)  for sin2(2e) : 1 
sin2(28) for "Large" A (m 2) 

A (m 2) for sin2(28) = 1 <0.77 eV 2, CL : 90% 
sin2(2e) for "Large" Zl(m 2) <0.21, CL -- 90% 

Ue ~ PT 
sin2(28) for "Large" A(m2)  <0.7, CL : 90% 

D,(m 2) for sin2(28) = 1 <0.09 eV 2, CL = 90% 
sin2(2e) for "Large" ~ ( m  2) <3.0 x 10 - 3 ,  CL = 90% 

A(m2)  for sin2(26 ') : 1 <0.14 eV 2, CL : 90% 

sin2(2e) for "Large" A(m 2) <0.004, CL = 95% 

A(m2) for sin2(28) : 1 <0.075 eV 2, CL : 90% 

sin2(2e) for "Large" ~ ( m  2) <1.8 x 10 - 3 ,  CL = 90% 

A(m 2) for sin2(2e) = 1 <1.1 eV 2, CL = 90% 
sin2(28) for "Large" Z~(m 2) <0.0012, CL = 90% 

Z~(m 2) for sin2(2e) = 1 <2.2 eV 2, CL _ 90% 

sin2(28) for "Large" ~ ( m  2) <4.4 x 10 - 2 ,  CL = 90% 

,'.(~,) ~ , 'T( , ' r )  

A ( m  2) for sin2(28) : 1 <1.5 eV 2, CL : 90% 
sin2(2e) for "Large" ~ ( m  2) <8 x 10 - 3 ,  EL = 90% 

~'e 7~ ~e 
~.(m 2) for sin2(28) = 1 <0.18 eV 2, CL = 90% 
sin2(28) for "Large" ~,(m 2) <7  x 10 - 2 ,  CL = 90% 

A(m 2) for sin2(28) : 1 <0.23 or >1500 eV 2 
sin2(2e) for A (m 2) = 100eV 2 [k] <0,02, CL = 90% 

A(m 2) for sin2(28) _ 1 <7  or >1200 eV 2 
sin2(28) for 190 eV 2 < A ( m  2) < [I] <0.02, EL : 90% 

320 eV 2 
r(~r + ~ # + ~ e ) / r t o t a l  [m] <8.0 x 10 - 3 ,  CL = 90% 

r(~r + ~ # -  e+ e+ ~,)/rtota I <1.6 x 10 - 6 ,  CL = 90% 

r(~r 0 ~ / ~ + e -  + e - p + ) / r t o t a  I <1.72 x 10 - 8 ,  CL = 90% 

r(~ ~ # + e -  + # -  e + ) / r t o t a  I <6 x 10 - 6 ,  CL = 90% 

r(~/(950) ~ e#) / r to ta  I 

F(K + ~ #-ue+e+)/rtota I 
F(K + ~ l *+Ue)/r total  
F(K + ~ ~ r + p + e - - ) / r t o t a  I 

F(K + ~ T + p . - e + ) / r t o t a  I 

F(KL0 ~ e•  

F(K o ~ e ~ e •  I 

F(K 0 . ~0# •  

F(D + ~ ~ + e •  I 

F(D + ~ K+e•  
r ( D  o ~ #•  I 
r ( D  0 - -  7r 0 e • I 

F(D 0 ~ ~e •  

F(D 0 ~ p0e•  I 

r ( D  0 ~ we•  I 

r ( D  0 ~ ~ e •  I 

r ( D  0 ~ ~-0 e • #: ] : ) / r tota l  

F(D 0 ~ ~ ' - * (892)08•  

F(D + ~ ~r+e• 

r(os+ ~ K+e•  I 
F(B + ~ ~ + e + # - - ) / r t o t a  I 

F(B + ~ ~ r + e - # + ) / r t o t a  I 

F (B+ ~ K + e + F - ) / r t o t a  I 
r ( B  + ~ K + e - # + ) / r t o t a  I 
I - (B+ ~ ~ r - e + p + ) / r t o t a  ! 

F(B + ~ K -  e+p+) / r to ta  I 
F(B o ~ e•  

F(B 0 ~ e •  

F(B 0 ~ p •  I 
F(B ~ e • p T  s) / r to ta  I 

r (B~ ~ ~ e~:#T) / r to ta l  

<4.7 x 10 - 4 ,  EL = 90% 

<2.0 x 10 - 8 ,  CL = 90% 

[m] <4 x 10 -3, CL : 90% 

< 2 , 1  x i0 - I 0 ,  CL : 90% 

<7 • 10 - 9 ,  CL = 90% 

[i] <4.7 x 10 -12 ,  CL : 90% 

[/] <6.1 x I0 -9, CL : 90% 

[i] <6.2 x 10 -9, CL -- 90% 

[i] <3.4 x 10 - 5 ,  CL : 90% 

[i] <6.8 x 10 -5, CL : 90% 

[i] <8.1 x 10 - 6 ,  CL = 90% 

[i] <8.6 x 10 -5,  CL : 90% 

[i] <i.0 x 10 - 4 ,  CL : 90% 

[i] <4.9 x 10 -5, CL : 90% 

[i] <1.2 x 10 - 4 ,  CL -- 90% 

[i] <3.4 x 10 - 5 ,  CL -- 90% 

[i] <1,0 x 10 - 4 ,  CL = 90% 

[i] <1.0 x 10 -4, CL : 90% 

[i] <6.1 x 10 -4, CL = 90% 

[/] <63 x i0 -4, EL : 90% 

<6.4 x 10 -3, CL = 90% 

<6.4 x I0 -3, CL • 90% 

<6.4 x I0 -3, CL = 90% 

<6.4 • 10 -3, CL = 90% 

<6.4 x 10 -3, CL : 90% 

<6.4 x 10 -3, CL : 90% 

[il <3.5 x 10 - 6 ,  CL = 90% 

[/] <5.3 x 10 - 4 ,  CL = 90% 

[~ <8.3 x ]0 - 4 ,  CL = 90% 

<2.2 x 10 - 8 ,  CL = 90% 

[i] <6.1 x 10 - 6 ,  CL = 90% 

TOTAL LEPTON NUMBER 

Violat ion of total  lepton number conservation also implies violat ion 

Unless otherwise stated, limits are given at the 90% confidence level, while errors are given 
as •  standard deviation. 

of  lepton family number conservation. 

F(Z ~ pe)/r tota I 
r ( z  ~ p/~)/rtota I 
limit on # -  ~ e + conversion 

o-(#--325 ~ e+328i  * )  / 
~ ( # -  325 ~ r, p 3 2 p  *)  

cr(#-1271 ~ e+127Sb*)  / 
e- (p-  1271 ~ anything) 

~ ( p -  Ti ~ e + Ca) / 
o ' (# -  Ti ~ capture) 

r ( r -  ~ 7 r - 7 ) / r t o t a  I 

r (~ - -  ~ ~ - ~ ~  I 

F(T-- ~ e+~- -T r - - ) / r t o ta  I 

F(T-- ~ #+~ r - - l r - - ) / r t o ta  I 

r(~--- ~ e + T r - K - ) / r t o t a  I 
F ( T -  ~ e + K -  K - ) / r t o t a  I 

F(T-- ~ p + ~ r - - K - - ) / r t 0 t a  I 

I-(T-- ~ # +  K -  K - ) / r t o t a  I 

r (~ - -  ~ ~1,) / r tota I 
r (~ - -  ~ ~ r 0 ) / r t o t a  I 

F(T-- ~ p2~r0)/r tota I 

F(T- ~ ~ t ) / r t o t a  I 

r ( T - - ~  ~ 0  v ) / r t o ta  I 

"e -~ (Pe)L 
~ A ( m  2) for sin2(28) = 1 
~2sin2(2~) for "Large" A (m 2) 

(~/',(m 2) for sin2(2e) = 1 
~2sin2(28) for "Large" A ( m  2) 

r(~-+ ~ p+Ue) / r to ta  I 
r ( K  + ~ ~ - ~ + e + ) / r t o t a  I 

r ( K +  ~ ~ r - e + e + ) / r t o t a  I 

r ( K  + ~ 7 r - ,~+ .~+) / r to ta  I 

F(K + ~ # + ~ e ) / r t o t a l  
F(K + ~ 7rOe+ue)/rtota I 

<i.8 x 10 -6,  CL - 95% 

< 1 . 8  x 10 -6, CL = 95% 

< 9  x 10 -10, CL - 90% 

<3 x 10 -10, CL = 90%o 

<3.6 x 10 -II, CL = 90% 

<2.8 x 10 - 4 ,  CL = 90% 

<3,7 x 10 - 4 ,  CL = 90% 

<1.9 x 10 -6, CL = 90% 

<3.4 x 10 -6, CL = 90% 

<2.1 x 10 -6, CL = 90% 

<3.8 X 10 -6, CL = 90% 

<7.0 x 10 - 6 ,  CL = 90% 

<6,0 x 10 - 6 ,  CL = 90% 

<3.5 x 10 - 6 ,  CL - 90% 

<1,5 x 10 - 5 ,  CL = 90% 

<3.3 x I0 - 5 ,  CL = 90% 

<B.9 x 10 - 6 ,  CL = 90% 

<2.7 x 10 - 5 ,  CL = 90% 

<0.14 eV 2, CL = 90% 

<0.032, CL - 90% 

<0.16 eV 2, CL : 90% 

<0.001, CL = 90% 
[m] <1.5 x 10 - 3 ,  CL = 90% 

<7 x 10 - 9 ,  CL = 90% 

<1.0 x 10 -8, CL : 90% 

[m] <1.5 x I0 -4, CL : 90% 

[m] <3.3 x 10 -3, CL : 90% 

<3 x 10 -3, CL = 90% 



F(D + ~ ~ r - e + e + ) / r t o t a  I 

F(D + ~ ~ r - / J+ / J+ ) /F to ta  I 

r ( D +  ~ ~ r - e + / J + ) / r t o t a  I 

F(D + ~ p - / J + / J + ) / r t o t a  I 

F(D + ~ K - e + e + ) / F t o t a  I 
F(D + ~ K - # + # 4 - ) / r t o t a  I 
F(D + ~ K -  e + # + ) / F t o t a  I 

F(O + ~ K * ( 8 9 2 ) - # + p + } / r t o t a  I 

F(Ds4- ~ = - e + e + ) / F t o t a  I 

F(Ds4- ~ ~ r - / j 4 - / j + ) / F t o t a  I 

F(Ds+ ~ ~ r - e + / J + ) / F t o t a  I 

F(D + ~ K -  e + e + ) / F t o t a  I 

F(D + ~ K - # + # + ) / F t o t a  I 

F(Ds4- ~ K -  e + / J + ) / F t o t a  I 

F(D + ~ K * ( 8 9 2 ) - p + / J 4 - ) / r t o t a  I 

F(B + ~ ~ r - e + e + ) / F t o t a  I 

F(B + ~ ~ r - p + p + ) / F t o t a  I 

F(B + ~ K -  e + e+ ) /F to ta  I 

F(B + ~ K - # + / J + ) / r t o t a  I 

r ( - -  ~ p # - # - ) / F t o t a  I 
F(A + ~ 2 " -  # +  # + ) / F t o t a  I 

r(z ~ pe)/Ftota I 
r ( z  ~ p#) t r to ta  I 
F ( T - ~  p ' ) . ) / r tota I 

r ( r -  ~ # ~ 0 ) / r t o t a  I 

F ( T -  ~ #2~r0) / r to ta  I 

F ( T - ~  # r / ) / r t o ta  I 

r ( T - ~  # ~ 0  ~ ) / r to ta  I 

p mean life 

Tests of Conservation 
<9.6 x 10 - 5  CL = 90% 

<1.7 x 10 - 5  CL = 90% 

<5.0 x 10 - 5  CL = 90% 

<5.6 x 10 - 4  C t  -- 90% 

<1.2 x 10 -4 Ct  = 90% 

<1.2 x 10 - 4  CL = 90% 

<1.3 x 10 - 4  Ct  -- 90% 

<8.5 x 10 - 4  CL = 90% 

<6.9 x 10 - 4  EL = 90% 

<8.2 x 10 - 5  EL = 90% 

<7.3 x 10 - 4  CL - 90% 

<6.3 x 10 - 4  CL = 90% 

<1.8 x 10 -4  CL -- 90% 

<6.8 x 10 - 4  CL = 90% 

<1.4 x 10 - 3  CL -- 90% 

<3.9 x 10 -3  CL -- 90% 

<9.1 x 10 - 3  EL = 90% 

<3.9 x 10 - 3  CL - 90% 

<9.1 x 10 -3  CL - 90% 

<4 x 10 -4  CL - 90% 

<7,0 x 10 - 4  CL - 90% 

AS = 2 FORBIDDEN 

Al lowed in second-order weak interact ions.  

r ( - 8  ~ p = - ) / r t o t a l  

r ( - 8  ~ p e - ~ e ) / r t o t a  I 
F(E o ~ p / J - ~ # ) / F t o t a  I 

F ( E -  ~ m r - ) / F t o t a  I 

F ( - - -  ~ n e - P e ) / r t o t a  I 
r ( z -  ~ n / J - ~ # ) / F t o t a  I 

F ( - - -  ~ p ~ r - ~ t - ) / F t o t a  I 

r (_---  ~ p~r -  e - ~ e ) / F t o t a  I 

r (_---  ~ p ~ r - / J - # # ) / F t o t a  I 

F ( f 2 -  ~ A ~ - ) / r t o t a  I 

<4 x 10 -5 ,  CL = 90% 

<1.3 x 10 - 3  

<1.3 x 10 -3  

<1.9 x 10 -5 ,  CL = 90% 

<3.2 x 10 - 3 ,  CL = 90% 

<1.5 x 10 - 2 ,  CL = 90% 

<4  x 10 - 4 ,  CL - 90% 

< 4  x 10 - 4 ,  CL = 90% 

< 4  x 10 - 4 ,  CL = 90% 

<1.9 x 10 - 4 ,  EL = 90% 

AS = 2 VIA MIXING 

Al lowed in second-order weak interact ions,  e.g. mix ing.  

mK7 - mKo 

mKo - mKo 

BARYON NUMBER 

<1.8 x 10 - 6 ,  CL = 95% 

<1.8 x 10 -6, CL = 95% 

<3.5 x 10 - 6 ,  CL = 90% 

<1.5 x 10 -5,  CL - 90% 

<3.3 • 10 -5,  ,EL = 90% 

<8.9 x 10 -6, EL = 90% 

<2.7 x I0  - 5 ,  EL -- 90% 

>1.6 x 1025 years 
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Laws 

A C =  2 VIA MIXING 

(0.5300 4= 0.0012) x 1010 h S - 1  

(3.489 4- 0.008) x 10 - 1 2  MeV 

Al lowed in second-order weak interact ions,  e.g. mix ing.  

[p] <7  x 1010 F~ s - 1 ,  CL = 95% 

<0.005, CL = 90% 

<4.1 x 10 - 4 ,  CL - 95% 

<1.7  x 10 - 4 ,  CL = 90% 

<1.6  x 10 - 5 ,  EL = 95% 

I m oo 1 - reDO I 

r (K+ t -  ~t(via ~O)) l r (K-  e+ ,D 
r ( K §  (via ~ O ) ) l r ( K - . + )  

F(D 0 ~ K §  D 0 ) ) t r t o t a  I 

F(D 0 ~ K- l -T r - (v ia  D0) ) tF to ta  I 

A few examples of proton or bound neutron decay follow. For l imits on many other nucleon 
decay channels, see the Baryon Summary Table. 
T(N ~ e+~) 

r(N ~ /J+Tr) 

"r( N ~ e+ K) 

�9 ( N ~  ~+K)  

l imit on nfi oscillations (free n) 

limit on n~ oscillations (bound n) 

> 158 (n). > 1600 (p) x 1030 years, 
CL - 90% 

> 100 (n), > 473 (p) x 1030 years, 
CL = 90% 

> 17 (n), > 150 (p) x 1030 years, 
CL - 90% 

> 26 (n), > 120 (p) x 1030 years, 
CL = 90% 

>0.86 x 108 s, EL = 90% 

[n] >1.2 x 108 s, CL - 90% 

ELECTRIC CHARGE (Q) 

e -  mean life / branching fraction [o] >4.2 x 1024 yr, CL = 68% 

F(n ~ p~,ePe)/rtotal <8 x 10 - 2 7 ,  CL = 68% 

AS = A Q  RULE 

Vio la t ions allowed in second-order weak interact ions.  

r ( K  + ~ ~ r + ~ + e - U e ) / l ' t o t a  I <1.2 x 10 - 5 ,  CL = 90% 

F(K + ~ = + T r + # - P / J ) / F t o t a  I <3.0 x i 0  - 6 ,  CL -- 95% 

x =  A ( K  0 ~ 7r- t +  u ) /A (K  0 ~ 7r-- t.+ v) = A ( A S = - A Q ) t A ( A S = A Q )  
real part of x 

imaginary part of  x 

r ( z  + ~ n ~ + u ) t r ( z - -  ~ n t - ~ )  

r(z+ ~ ne-+-~,e)/rtotal 
r(z+ ~ n#+u/J ) / r to ta  I 

F(E 0 ~ Z ' -  e + ~,e)/Ftotal 

r ( z  0 * z -  #+  u#) /F to ta  I 

--0.002 4- 0.006 

0.0012 4- 0.0019 

<0.043 

<5  x 10 - 6 ,  CL = 90% 

<3.0 x 10 -5 ,  CL = 90% 

<9 x 10 - 4 ,  CL = 90=/0 

<9  x 10 - 4 ,  CL = 90% 

o Unless otherwise stated, l imits are given at the 9 0 ~  confidence level, while errors are given 
as 4-1 standard deviation. 

F(D 0 ~ K + ~r-  ~r + ~r- (via D0) ) /F to ta  I 

F(D 0 ~ /J -anyth ing (via D 0 ) ) / r t o t a  I 

<4 x 10 -4 ,  CL = 90% 

<4 x 10 -4 ,  CL = 90% 

A B  = 2 V I A  M I X I N G  

Al lowed in second-order weak interact ions,  e.g. mixing.  

Xd 
AmBO = mBHO -- roBe L 

x d = AmBo/FBo 
X B  at high energy 

,~mBo s -- mBosH - mBOsL 

x, = AmBTtr Bo 

Xs 

0.174 4- 0.009 

(0.472 4- 0.017) x 1012 A s - 1  

0.730 4- 0,029 

0.118 4- 0.005 

>10.6 x 1012 T~ S - 1 ,  CL = 95% 

>15.7, CL = 95=/o 

>0.4980, CL = 95% 

/ IS  = 1 WEAK NEUTRAL CURRENT FORBIDDEN 

Allowed by higher-order e lectroweak interact ions.  

F (K  + ~ 7 r + e + e - ) / r t o t a  I 

F (K  + ~ = + / j + a - ) / r t o t a  I 

r ( K  + ~ 7 r + u u ) / r t o t a  I 

r ( K  o ~ # + # - ) / F t o t a  I 

F (K  o ~ e+ e - ) / r t o t a  I 

r ( K  0 ~ ~ r 0 e + e - ) / r t o t a  I 

F (K  0 .  # + # - ) / r t o t a  I 

F (K  0 ~ e + e - ) / r t o t a  I 

F (K  0 ~ = +  = -  e + e - ) / F t o t a  I 

F (K  0 ~ # + # - e + e - ) / F t o t a  I 

F (K  0 ~ e + e -  e + e - ) / r t o t a  I 

r ( K  0 . 7 r 0 ~ . + a - ) / r t o t a l  

F(K0 L ~ ~ r 0 e + e - ) / r t o t a  I 

F (K  0 ~ ~ 0 u ~ ) / r t o t a  I 

F (X  + ~ p e + e - ) / r t o t a  I 

(2.88 4- 0.13) x 10 - 7  

(7.6 :{- 2.1) x 10 - 8  (S - 3.4) 

(15_+~:~) x lo-lO 
<3.2 x 10 - 7 ,  EL = 90% 

<1,4 x 10 - 7 ,  EL -- 90% 

<1.1 X 10 - 6 ,  CL = 90% 

(7.15 9= 0.16) x l0  - 9  

( 9  + 6 )  x 10 - 1 2  

[q] (3.5 4- 0.6) x 10 - 7  

(2 9-+~:~) • 10-9 
(4.1 4- 0.5) x 10 - 5  (S = 1.2) 

<5.1 x 10 - 9 ,  CL - 90% 

<4.3 x 10 - 9 ,  EL = 90% 

<5.9 x 10 - 7 ,  CL - 90% 

<7  x 10 - 6  
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Tests of Conservation Laws 
A C  = 1 WEAK NEUTRAL CURRENT FORBIDDEN 

Allowed by higher-order electroweak interactions. 

r (D + ~ ~r+e+e- ) / r to ta  I <5.2 x 10 -5 ,  CL = 
r(D + ~ 7r+/J+/J-) / r tota I <1.5 x 10 -5 ,  CL - 
F(D + ~ p+/~+/~-) / r tota I <5.6 x 10 -4 ,  CL = 
r (D 0 ~ e+e - ) / r t o ta  I <6.2 x 10 -6 ,  CL = 

r (D ~ ~ /~+#- ) / r to ta  I <4.1 x 10 -6 ,  CL = 
F(D 0 ~ ~0e+e- ) / r t o ta l  <4 .5x10  _5 , C L =  
F(D 0 ~ ~r0/J+/~-)/Ftota I <1.8 x 10 -4 ,  CL - 
F(D 0 ~ r/e+ e - ) / r to ta  I <1.1 x 10 -4 ,  CL = 
F(D 0 ~ T/#+ # - ) / r t o ta  I <5.3 x 10 -4 ,  CL - 
F(D 0 ~ pOe+e-)/Ftotal <1.0 x 10 -4 ,  CL - 
F(D 0 ~ p0#+/~-) /Ftota I <2.3 x 10 -4 ,  CL = 

r (D 0 ~ ~e+e- ) /F to ta  I <I.8 x 10 -4 ,  CL - 
F(D 0 ~ ~/L+/=-) / r to ta I <8.3 x 10 -4 ,  EL = 
F(D 0 ~ q~e+e-)/r tota I <5.2 x 10 -5 ,  CL = 
F(D 0 ~ (~#+#-) /Ftota I <4.1 x 10 -4 ,  EL = 
F(D 0 ~ 7r+~T--Tr0/~+/~--)/Ftota I <8.1 x 10 -4 ,  EL = 

F(Ds4- ~ K+ e+ e-)/Ftota I <1.6 x 10 -3 ,  CL = 

F(D + ~ K+/~+/=-)/Ftota I <1.4 x 10 -4 ,  CL = 

F(Ds4- ~ K* {892)+ ,~+#- ) / r to ta  I <1.4 x 10 -3 ,  CL = 

F(A + ~ p,~+ #-) /Ftota I <3.4 x 10 -4 ,  EL = 

90% 
90% 
90% 
90% 
90% 
90% 
90% 
90% 
90% 
90% 
90% 
90% 
90% 
90% 
90% 
90% 
90% 

90% 

90% 

90% 

A B  = 1 WEAK NEUTRAL CURRENT FORBIDDEN 

Allowed by higher-order electroweak interactions. 

F(B + ~ ~ + e + e - ) / r t o t a  I <3.9 x 10 -3 ,  CL - 90% 
F(B + ~ ~ + # + # - ) / l ' t o t a  I <9.1 x 10 -3 ,  CL = 90% 
F(B + ~ K+ e+ e-)/Ftota I <6 x 10 -5 ,  CL - 90% 
I-(B + ~ K+#+ /~ - ) / r t o t a  I <5.2 x 10 -6 ,  CL = 90% 

F(B + ~ K*(892)+e+e-)/r tota I 
r (B + ~ K * (892 )+#+# - ) / r t o t a  I 
F(B 0 ~ e+e-) /F to ta  I 
F(B 0 ~ /~+/~-)/Ftota I 
F(B 0 ~ KOe+e-)/rtota I 
F(B 0 ~ K0#+/J-- ) / r to ta I 
F(B 0 ~ K*(892)0e + e - ) / r t o t a  I 
r (B 0 ~ K*(892)0#+#-) /Ftota l  
F(B o ~ K*(B92)0u~)/Ftota I 

F(B ~ e+e-s)/Ftota I 
F(B ~ #+ #-s)/r tota 1 
F(b ~ p,+/z-anything)/Ftota I 
r(Bso ~ /~+#- ) / r to ta  I 

F(B 0 ~  e+e - ) / r t o ta  I 

r (B 0 ~ ~v~)/Ftota I 

<6.9 x 10 -4 ,  CL -- 90% 
<1.2 x 10 -3 ,  CL = 90% 
<5.9 x 10 -6 ,  CL = 90% 
<6.8 x 10 -7 ,  CL = 90% 
<3.0 x 10 -4 ,  CL - 90% 
<3.6 x 10 -4 ,  CL - 90% 
<2.9 x 10 -4 ,  CL = 90% 
<4.0 x 10 -6 ,  CL - 90% 
<1.0 x 10 -3 ,  EL = 90% 
<5.7 x 10 -5 ,  CL - 90% 
<5.8 x 10 -5 ,  CL = 90% 
<3.2 • 10 -4, CL = 90% 
<2.0 x 10 -6 ,  EL = 90% 

<5.4 x 10 -5 ,  EL - 90% 

<5.4 x 10 -3 ,  CL = 90% 

A T =  1 W E A K  NEUTRAL CURRENT FORBIDDEN 

Allowed by higher-order electroweak interactions. 

r ( t  ~ Zq(q=u,c))/rtota I [r] <33 x 1o -2 ,  CL = 95% 

NOTES 

In this Summary Table: 

When a quanti ty has "(S . . . .  )"  to its right, the error on the quant i ty  has 
been enlarged by the "scale factor" S, defined as S = V ' - ~ / ( N  - 1), where N 
is the number of measurements used in calculating the quantity. We do this 
when S > I ,  which often indicates that  the measurements are inconsistent. 
When S > 1.25, we also show in the Particle Listings an ideogram of the 
measurements. For more about S, see the Introduction. 

[a] C parity forbids this to occur as a single-photon process. 

[b] Time-reversal invariance requires this to be 0 ~ or 180 ~ 

[c] Allowed by higher-order electroweak interactions. 

[d] Violates CP in leading order. Test of  direct CP violation since the in- 
direct CP-violat ing and CP-conserving contr ibut ions are expected to be 
suppressed. 

[el ~i/~ is derived f rom Ir/0o/~7+_ I measurements using theoretical input on 
phases. 

[ f ]  Neglecting photon channels. See, e.g., A. Pais and S.B. Treiman, Phys. 
Rev. D12, 2744 (:1975). 

[El Derived f rom measured values of  ~ + _ ,  boo, Ir/1 , ImKt - mK~l, and 

TK~, as described in the introduct ion to "Tests of  Conservation Laws." 

[hi These two results are not independent, and both use the more precise 
measurement of  ]q~/m~I / (qp/mp) .  

[i] The value is for the sum of the charge states or part ic le/ant ipart ic le 
states indicated. 

[j'] A test of  additive vs. mult ipl icat ive lepton family number conservation. 

[k] n ( ~  2) = 100 eV 2 

[I] 190 eV 2 < A ( m  2) < 320 eV 2. 

[m] Derived f rom an analysis of neutrino-oscil lation experiments. 

[n] There is some controversy about whether nuclear physics and model 
dependence complicate the analysis for bound neutrons ( f rom which the 
best l imit  comes). The first l imit  here is f rom reactor experiments with 
free neutrons. 

[o] This is the best "electron disappearance" l imit.  The best l imit  for the 
mode e -  -~ z,3' is > 2.35 x 1025 yr (CL=68%) .  

[p] This D1-D 2 ~  0 l imit  is inferred f rom the D ~  0 mix ing ratio F(K+Tr  - (via 

~ 0 ) )  / F ( K - ~ r + )  near the end of the D O Listings. 

[q] See the K t  ~ Particle Listings for the energy limits used in this measure- 
ment. 

[r] This l imit  is for F( t  --~ Z q ) / F ( t  -~ Wb). 

Unless otherwise stated, limits are given at the 90% confidence level, while errors are given 
as :El standard deviation. 
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1. P H Y S I C A L  C O N S T A N T S  

Table  1.1. Reviewed 2000 by P.J. Mohr and B.N. Taylor (NIST). Based mainly on the "CODATA Recommended Values of the Fundamental  
Physical Constants: 1998" by P.J. Mohr and B.N. Taylor, J. Phys. Chem. Ref. Data  28, 1713 (1999) and Rev. Mod. Phys. 72,351 (2000). The 
last group of constants (beginning with the Fermi coupling constant) comes from the Part icle Data  Group. The figures in parentheses after the 
values give the 1-standard-deviation uncertainties in the last digits; the corresponding uncertainties in parts per billion (ppb) are given in the 
last column. This set of constants (aside from the last group) is recommended for international  use by CODATA (the Committee on Data  for 
Science and Technology). The full 1998 CODATA set of constants may be found at h t t p : / / p h y s i c s  . n i s t  . g o v / c o n s t a n t s  

Q u a n t i t y  S y m b o l ,  e q u a t i o n  V a l u e  U n c e r t a i n t y  ( p p b )  

speed of light in vacuum c 
Planck constant h 
Planck constant, reduced h = h / 2~r 

electron charge magnitude e 
conversion constant hc 
conversion constant (hc) 2 

299 792 458 m s -1 exact* 
6.626 068 76(52)• T M  J s 78 
1.054 571 596(82)• T M  J s 78 

= 6.582 118 89(26)• -22 MeV s 39 
1.602 176 462(63)x10 - :9  C = 4.803 204 20(19)x10 -1~ esu 39, 39 
197.326 960 2(77) MeV fm 39 
0.389 379 292(30) GeV 2 mbarn 78 

electron mass me 0.510 998 902(21) MeV/c 2 = 9.109 381 88(72)x 10 -31 kg 40, 79 
proton mass mp 938.271 998(38) MeV/c 2 = 1.672 621 58(13)x 10 -27 kg 40, 79 

- 1.007 276 466 88(13) u = 1836.152 667 5(39) me 0.13, 2.1 
deuteron mass m d 1875.612 762(75) MeV/c 2 40 
unified atomic mass unit (u) (mass 12C atom)/12 = (1 g) / (N A mol) 931.494 013(37) MeV/c 2 = 1.660 538 73(13)x10 -27 kg 40, 79 

permit t ivi ty  of free space e0 = 1/#0 c2 8.854 187 817 .. .  x 10 -12 F m -1 exact 
permeabil i ty of free space #0 4n • 10 -7 N A -2 = 12.566 370 614 . . .  x 10 -7 N A -2 exact 

fine-structure constant c~ = e2/4~reohc 7.297 352 533(27)x 10 -3 = 1/137.035 999 76(50) t 3.7,3.7 

classical electron radius re - e2/47re0me c2 2.817 940 285(31)x 10 -15 m 11 
(e -  Compton wavelength)/2n ~e = h/mec = rec~ -1 3.861 592 642(28)x10 -13 m 7.3 
Bohr radius (mnucleus = oo) aoc = 4~rcoh2/mee 2 = reo~ -2 0.529 177 208 3(19)x10 -10 m 3.7 
wavelength of 1 eV/c particle hc/e 1.239 841 857(49)x10 6 m 39 
Rydberg energy heRoo = mee4/2(4reo)2h 2 = mec2c~2/2 13.605 691 72(53) eV 39 
Thomson cross section aT = 8~rr2/3 0.665 245 854(15) barn 22 

Bohr magneton #B = eh/2me 5.788 381 749(43)x 10 -11 MeV T -1 7.3 
nuclear magneton pt N = eh/2mp 3.152 451 238(24)x 10 -14 MeV T -1 7.6 

electron cyclotron freq./field Weycl/B = e/me 1.758 820 174(71)x1011 tad s -1 T -1 40 

proton cyclotron freq./field wP c ' / B  = e/mp 9.578 834 08(38)x 107 tad s -1 T -1 40 y ,  

gravi tat ional  constants G N 

standard grav. accel., sea level gn 

6.673(10)x10 - n m  3 kg -1 s-2 
= 6.707(10)x 10 -39 hc (GeV/c2) -2  

9.806 65 m s -2 

1.5 x 106 
1.5 x 106 

exact 

Avogadro constant N A 
Boltzmann constant k 

molar volume, ideal gas at STP 
Wien displacement law constant 
Stefan-Boltzmann constant 

6.022 141 99(47)x1023 mo1-1 79 
1.380 650 3(24)x10 -23 J K -1 1700 

= 8.617 342(15)• -5 eV K -1 1700 
NAk(273.15 K)/(101 325 Pa) 22.413 996(39)x 10 -3 m 3 mo1-1 1700 
b = AmaxT 2.897 768 6(51)x10 -3 m K 1700 
a = r2k4/60h3c2 5.670 400(40)• -8 W m -2 K -4 7000 

Fermi coupling constant** GF/(hc) 3 1.166 39(1) x 10 -5 GeV -2 9000 

weak-mixing angle sin 2 ~(Mz) (~g) 0.23117(16) tt 7 • 105 
W ~= boson mass m w  80.419(56) GeV/c 2 7 x 105 
Z 0 boson mass m z  91.1882(22) GeV/c 2 2.4 x 104 
strong coupling constant a s ( m z )  0.1185(20) 1.7 x 107 

n = 3.141 592 653 589 793 238 e = 2.718 281 828 459 045 235 V = 0.577 215 664 901 532 861 

l in -= 0 .0254  m 1 G =  10 -4 T l e V = 1 . 6 0 2  176 462(63) x 10 -19 J k T a t  3 0 0 K =  [38.681 686(67)] -1 eV 

1 /~ = 0.1 nm 1 dyne = 10 -5 N 1 eV/c 2 = 1.782 661 731(70) x 10 -36 kg 0 ~ -= 273.15 K 

l b a r n - - 1 0  - 2 8 m  2 1 ergo- 10 -7 J 2.997 924 58•  109 e s u = l  C 1 atmosphere -= 760 Torr ~ 1 0 1  3 2 5 P a  

* The meter is the length of the path traveled by light in vacuum during a time interval of 1/299 792 458 of a second. 
t At Q2 = 0. At Q2 ~ m 2 the value is approximately 1/128. 

t Absolute lab measurements of GN have been made only on scales of 1 mm to 1 m. 
** See the discussion in Sec. 10, "Electroweak model and constraints on new physics." 
tt The corresponding sin 2 0 for the effective angle is 0.23147(16). 
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Table 2.1. Revised 2000 by D.E. Groom (LBNL). The figures in parentheses after some values give the one-standard deviation uncertainties in 
the last digit(s). Physical constants are from Res 1. While every effort has been made to obtain the most accurate current values of the listed 
quantities, the table does not represent a critical review or adjustment of the constants, and is not intended as a primary reference. 

Quantity Symbol, equation Value Reference, footnote 

speed of light c 
Newtonian gravitational constant GN 
astronomical unit (mean @-| distance) au 
tropical year (equinox to equinox) (2001.0) yr 
sidereal year (fixed star to fixed star) (2001.0) 
mean sidereal day (2001.0) 
Jansky Jy 

299 792 458 m s -1 defined2 
6.673(10) • 10 -11 m 3 kg -1 s -2 3 
149 597 870 660(20) m 4, 5 
31 556 925.2 s 4 
31 558 149.8 s 4 
23 h 56 TM 04s090 53 4 
10 26 W m -2 Hz -1 

Planck mass 

parsec (1 AU/1 arc sec) 
light year (deprecated unit) 
Schwarzschild radius of the Sun 
solar mass 
solar equatorial radius 
solar luminosity 
Schwarzschild radius of the Earth 
Earth mass 
Earth mean equatorial radius 

X/~  / C N 

pc 
ly 
2GNM| 2 
M| 
R| 
L| 
2GNMr 2 
Me 
Re 

1.2210(9) • 1019 GeV/c 2 1 
=2.176 7(16) x 10 -8 kg 

3.085 677 580 7(4) x 1016 m =  3.262...ly 6 
0.3066.. .  pc = 0 . 9 4 6 1 . . . x  1016 m 
2.953250 08 km 7 
1.988 9(30) x 1030 kg 8 
6.961 • 108m 4 
(3.846 • 0.008) x 1026W 9 
4.43502811mm 10 
5.974(9) x 1024 kg 11 
6.378 140 • 10~  4 

luminosity conversion L 

flux conversion 3 

3.02 x 1028 x 10 -0.4 Mbol W 

(Mbo I = absolute bolometric magnitude 
= bolometric magnitude at 10 pc) 

2.52 x 10 -8 x 10 -0.4 mbol W m -2 

(mbol = apparent bolometric magnitude) 

12 

~omabove  

v 9 around center of Galaxy Oo 220(20) km s -1 13 
solar distance from galactic center Ro 8.0(5) kpc 14 

Hubble expansion rate t 

normalized Hubble expansion rate t 

critical density of the universe t 

H0 

h0 
Pc = 3H~/8ZCGN 

local disk density P disk 
local halo density P halo 
pressureless matter density of the universe t 12M ~ PM/Pc 
scaled cosmological constant~ ft A ~ Ac2/3H~ 

scale factor for cosmological constant t c2/3H 2 
~M -F ~A - - ' ' .  [21] ~tot [21] 
age of the universe t t O 
cosmic background radiation (CBR) temperature t TO 
solar velocity with respect to CBR 
energy density of CBR P7 

energy density of relativistic particles (CBR + v) PR 

number density of CBR photons 
entropy density/Boltzmann constant 

n. 7 
s/k 

100 ho km s 1 Mpc-1 
= ho • (9.778 13 Gyr) -1 15 

1.15 (0.71 :k 0,07)X0,95 16, 17 
2.775 366 27 X 1011 h 2 M| -3 

= 1.879(3) x 10-29-h02 g c m  -3 
= 1.053 9(16) x 10 -5 h02 GeV cm -3 

3-12 x l0  24 g era-3 ~ 2-7 GeV/c 2 cm -3 18 
2-13 x l 0  -25 g c m  -3 ~ 0.1-0.7 GeV/c2cm -3 19 
0.15 ~ ~M ~ 0.45 16, 20 
0.6 ~ ~A ~ 0.8 16 
2.853 x 1051 h~ 2 m 2 
see footnote 22 
12-18 Gyr 16 
2.725 + 0.001 K 23, 24 
369.3 :k 2.5 km s -1 24, 25 
4.641 7 x 10 -34 (T/2.725) r g cm 3 12, 24 

= 0.260 38 (T/2.725) 4 eV cm -3 
7.804 2 • 10 -34 (T/2.725) 4 g cm -3 12, 24 

= 0.437 78 (T/2.725) 4 eV cm -3 
410.50 (T/2.725) 3 cm -3 12, 24 
2 889.2 (T/2.725) 3 cm -3 12 

t Subscript 0 indicates present-day values. 
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3. I N T E R N A T I O N A L  S Y S T E M  OF U N I T S  (SI) 
See "The International System of Units (SI)," NIST Special Publication 330, B.N. Taylor, ed. (USGPO, Washington, DC, 1991); and "Guide for 
the Use of the International System of Units (SI)," NIST Special Publication 811, 1995 edition, B.N. Taylor (USGPO, Washington, DC, 1995). 

Physical  Name 

quan t i ty  of uni t  Symbol  

Base units 

length 

mass 

time 

electric current 

thermodynamic 
temperature 

amount of substance 

luminous intensity 

meter 

kilogram 

second 

ampere 

kelvin 

mole 

candela 

m 

kg 

S 

A 

K 

mol 

cd 

Derived units with special names 

plane angle 

solid angle 

frequency 

energy 

force 

pressure 

power 

electric charge 

electric potential 

electric resistance 

electric conductance 

electric capacitance 

magnetic flux 

inductance 

magnetic flux density 

luminous flux 

illuminanee 

celsius temperature 

activity (of a 
radioactive source)* 

absorbed dose (of 
ionizing radiation)* 

dose equivalent* 

radian 

steradian 

hertz 

joule 

newton 

pascal 

watt 

coulomb 

volt 

ohm 

siemens 

farad 

weber 

henry 

tesla 

lumen 

lux 

degree celsius 

becquerel 

gray 

sievert 

tad 

sr 

Hz 

J 

N 

Pa 

W 

C 

V 

S 

F 

Wb 

H 

T 

lm 

lx 

~ 

Bq 

Gy 

Sv 

SI prefixes 

1024 yotta (Y) 

1021 zetta (Z) 

1018 exa (E) 

1015 peta (P) 

1012 tera (T) 

109 giga (G) 

106 mega (M) 

103 kilo (k) 

102 hecto (h) 

10 deca (da) 

10 -1 deei (d) 

10 -2 centi (c) 

10 -3 milli (m) 

10 -6 micro (#) 

10 -9 nano (n) 

10 -12 "pico (p) 

10 -15 femto (f) 

10 - i s  atto (a) 

10 -21 zepto (z) 

10 -24 yocto (y) 

*See our section 25, on "Radioactivity and radiation protection," p. 186. 
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4. P E R I O D I C  TABLE OF T H E  E L E M E N T S  
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5. E L E C T R O N I C  S T R U C T U R E  OF T H E  E L E M E N T S  

Tab le  5.1. Reviewed 1999 by W.C. Martin (NIST). The electronic configurations and the ionization energies (except for a few newer values, 
marked with an *) are taken from "Atomic Spectroscopy," W.C. Martin and W.L. Wiese, in Atomic, Molecular, and Optical Physics Reference 
Book, G.W.F. Drake, ed., Amer. Inst. Phys.,  1995. The electron configuration for, say, iron indicates an argon electronic core (see argon) plus 
six 3d electrons and two 4s electrons. The ionization energy is the least energy necessary to remove to infinity one electron from an atom of the 
element. 

Ground Ionization 
Electron configuration state energy 

Element (3d 5 = five 3d electrons, etc.) 2S+tLj (eV) 

1 H Hydrogen l s  2St~ 2 13.5984 
2 He Helium ls  2 1S o 24.5874 

3 Li Li thium (He) 2s 2S1/2 5.3917 

4 Be Beryllium (He) 2s 2 1 So 9.3227 
5 B Boron (He) 2s 2 2p 2P1/2 8.2980 

6 C Carbon (He) 2s 2 2p 2 3P 0 11.2603 
7 N Nitrogen (He) 2s 2 2p 3 4S3/2 14.5341 

8 O Oxygen (He) 2s 2 2p 4 3p2 13.6181 
9 F Fluorine (He) 2s 2 2p 5 2P3/2 17.4228 

10 Ne Neon (He) 2s 2 2p 6 1S o 21.5646 

11 Na Sodium (Ne)3s 2S1/2 5.1391 

12 Mg Magnesium (Ne)3s 2 1So 7.6462 
13 A1 Aluminum (Ne) 3s 2 3p 2P1/2 5.9858 

14 Si Silicon (Ne) 3s 2 3p 2 3p0 8.1517 
15 P Phosphorus (Ne) 3s 2 3p 3 4S3/2 10.4867 

16 S Sulfur (Ne) 3s 2 3p 4 3 P  2 10.3600 

17 C1 Chlorine (Ne) 3s 2 3p 5 2P3/2 12.9676 

18 Ar Argon (Ne) 3s 2 3p 6 1S o 15.7596 

19 K Potass ium (Ar) 4s 2St~ 2 4.3407 

20 Ca Calcium (Ar) 4s 2 1S 0 6.1132 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

21 Sc Scandium (At) 3d 4s 2 T 2D3/2 6.5615 

22 Ti T i tan ium (Ar) 3d 2 4s 2 r e 3F2 6.8281 
23 V Vanadium (At) 3d 3 4s 2 a 1 4F3/2 6.7463 

24 Cr Chromium (Ar) 3d 5 4s n e 7S3 6.7665 
25 Mn Manganese (At) 3d 5 4s 2 s m 6S5/2 7.4340 

i 
26 Fe Iron (Ar) 3d 6 4s 2 t e 5D4 7.9024 
27 Co Cobalt (Ar) 3d 7 4s 2 i n 4F9/2 7.8810 

28 Ni Nickel (Ar) 3d s 4s 2 o t 3F4 7.6398 
29 Cu Copper (At) 3dl~ n s 2S1/2 7.7264 

30 Zn Zinc (At) 3d 104s 2 1 So 9.3942 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

31 Ga Gallium (At) 3dl~ 2 4p 2P1/2 5.9993 

32 Ge Germanium (At) 3dl~ 2 4p 2 3P 0 7.8994 
33 As Arsenic (Ar) 3dl~ 2 4p 3 453/2 9.7886 

34 Se Selenium (Ar) 3dl~ 2 4p 4 3,~ 9.7524 
35 Br Bromine (At) 3dl~ 2 4p 5 2P3/2 11.8138 

36 Kr Krypton (At) 3d104s 2 4p 6 1S0 13.9996 

37 Rb Rubidium (Kr) 5s 2SI/2 4.1771 

38 Sr Strontium (Kr) 5s 2 1 So 5.6949 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

39 Y Yt t r ium (Kr) 4d 5s 2 T 2D3/2 6.2171 

40 Zr Zirconium (Kr) 4d 2 5s 2 r 3F2 6.6339 
e 

41 Nb Niobium (Kr) 4d 4 5s a 1 6D1/2 6.7589 

42 Mo Molybdenum (Kr) 4d 5 58 n e 7S3 7.0924 
43 Tc Technetium (Kr) 4d 5 5s 2 s i m 6S5/2 7.28 
44 Ru Ruthen ium (Kr) 4d 7 5s t e 5F5 7.3605 
45 Rh Rhodium (Kr) 4d 8 5s i n 4F9/2 7.4589 

46 Pd Pal ladium (Kr) 4d 1~ o t 1 SO 8.3369 
47 Ag Silver (Kr) 4d 1~ 5s n s 2S1/2 7.5762* 

48 Cd Cadmium (Kr) 4d 105s 2 1 SO 8.9938 
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49 In Indium (Kr)4dl05s 2 5p 2P1/2 5.7864 
50 Sn Tin (Kr) 4dl~ 5p 2 3P 0 7.3439 
51 Sb Antimony (Kr)4dl~ 2 5p 3 4S3/2 8.6084 
52 Te Tellurium (Kr) 4dl~ 2 5p 4 3p2 9.0096 
53 I Iodine (Kr)4dl~ 5p 5 2P3/2 10.4513 
54 Xe Xenon (Kr) 4dl~ 5s 2 5p 6 1S 0 12.1298 

55 Cs Cesium (Xe) 6S 2S1/2 3.8939 
56 Ba Barium (Xe) 632 1S o 5.2117 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

57 La Lanthanum (Xe) 5d 6s 2 2D3/2 5.5770 
58 Ce Cerium (Xe)4f  5d 6s 2 1G4 5.5387 
59 Pr  Praseodymium (Xe)4f  3 6s 2 L 4/9/2 5.464 
60 Nd Neodymium (Xe)4f  4 6s 2 a 514 5.5250 
61 Pm Promethium (Xe) 4]5 6s 2 n 6H5/2 5.58 
62 Sm Samarium (Xe) 4]  6 6s 2 t 7Fo 5.6436 
63 Eu Europium (Xe)4]7 6s 2 h 8S7/2 5.6704 

64 Gd Gadolinium (Xe)4f  7 5d 6s 2 a 9D 2 6.1498" 
65 Tb Terbium (Xe) 4f  9 6s 2 n i 6H15/2 5.8638 
66 Dy Dysprosium (Xe) 4f  10 6s 2 d 5I 8 5.9389 
67 Ho Holmium (Xe) 4f  11 6s 2 e 4115/2 6.0215 
68 Er Erbium (Xe)4f 12 6s 2 s 3H 6 6.1077 
69 Tm Thulium (Xe} 4f  13 6s 2 2F7/2 6.1843 
70 Yb Ytterbium (Xe)4f 14 6s 2 1S o 6.2542 
71 Lu Lutetium (Xe) 4f145d 6s 2 2D3/2 5.4259 

72 Hf Hafnium (Xe)4f145d 2 6s 2 T 3F 2 6.8251 
73 Ta Tantalum (Xe)4f145d3 6s 2 r e 4F3/2 7.5496 
74 W Tungsten (Xe)4f145d4 6s 2 a 1 5D0 7.8640 
75 Re Rhenium (Xe)4f145d5 6s 2 n e 6S5/2 7.8335 

76 Os Osmium (Xe)4f145d6 6s 2 s m 5D 4 8.4382* 
i e 4F9/2 8.9670* 77 Ir Iridium (Xe)4fZ45d7 6s2 t 

78 P t  Platinum (Xe) 4f145d9 6s i n 3D3 8.9587 
t 9.2255 79 Au Gold (Xe)4f145dl~ o 2S1/2 

80 Hg Mercury (Xe)4f145dl~ 2 n s 1S0 10.4375 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

81 T[ Thallium (Xe)4f145dl~ 6p 2P1/2 6.1082 
82 Pb  Lead (Xe)4f145dl~ 2 6p 2 3P 0 7.4167 
83 Bi Bismuth (Xe)4f145dl~ 2 6p 3 4S3/2 7.2855* 
84 Po Polonium (Xe)4f145dlO6s2 6p 4 3P 2 8.4167 
85 At Astatine (Xe)4f145dl~ 2 6p 5 2P3/2 
86 Rn Radon (Xe)4f145dl~ 2 6p 6 1S 0 10.7485 

87 Fr Francium (Rn) 7s 2S1/2 4.0727 
88 Ra Radium (Rn) 7s 2 1 So 5.2784 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

89 Ac Actinium (Rn) 6d 7s 2 2D3/2 5.17 
90 Th Thorium (Rn) 6d 2 7s 2 3F 2 6.3067 
91 Pa Protactinium (Rn)Sf 2 6d 7s 2 A 4Kll/2 5.89 
92 U Uranium (Rn)5f 3 6d 7s 2 c 5L 6 6.1941 
93 Np Neptunium (Rn)5f 4 6d 7s 2 t 6Lll/2 6.2657 
94 Pu Plutonium (Rn)5f6 7s 2 i 7F 0 6.0262 
95 Am Americium (Ru)5f7 7s 2 n 8S7/2 5.9738 

i 
96 Cm Curium (Ra)5f  7 6d 7s 2 d 9D 2 5.9915" 
97 Bk Berkelium (Rn)5f9 7s2 e 6H15/2 6.1979" 
98 Cf Californium (Rn)5f 10 7s2 s 518 6.2817" 
99 Es Einsteinium (Rn)5f 11 7s 2 4115/2 6.42 

100 Fm Fermium (Rn)5f 12 7s 2 3H 6 6.50 
101 Md Mendelevium (Rn)5f 13 7s 2 2F7/2 6.58 
102 No Nobelium (Rn)Sf 14 7s 2 1S 0 6.65 
103 Lr Lawrencium (Rn)5f 14 7s 2 7p? 2P1/2 ? 

104 Rf Rutherfordium (Rn)Sf146d 2 7s2? 3F2? 6.0? 
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6. A T O M I C  A N D  N U C L E A R  P R O P E R T I E S  OF M A T E R I A L S  

Table 6.1. Revised May 2000 by D.E. Groom (LBNL). Gases are evaluated at 20~ and 1 atm (in parentheses) or at STP [square brackets]. 
Densities and refractive indices without parentheses or brackets are for solids or liquids, or are for cryogenic liquids at the indicated boiling 
point (BP) at 1 atm. Refractive indices are evaluated at the sodium D line. Data for compounds and mixtures are from Refs. 1 and 2. Futher 
materials and properties are given in Ref. 3. 

Material Z A (Z/A) Nuclear a Nuclear a dE/dxlmi n b Radiation length c Density Liquid Refractive 

collision interaction / MeV ~ X0 {g/cm 3} boiling index n 

length )~T length )~I ( g/cm 2 j {g/cm 2} (cm} ({g/g} point at ((n - 1)x 10 6 

{g/cm 2} {g/cm 2} for gas) 1 atm(K) for gas) 

H2 gas 1 1.00794 0.99212 43,3 50.8 (4,103) 61.28 d 
H2 liquid 1 1.00794 0.99212 43.3 50.8 4,034 61.28 d 
D2 1 2.0140 0.49652 45.7 54.7 (2.052) 122.4 
He 2 4.002602 0.49968 49.9 65.1 (1.937) 94.32 
Li 3 6.941 0.43221 54.6 73.4 1.639 82.76 
Be 4 9.012182 0.44384 55.8 75.2 1.594 65.19 

(731000) (0,0838)[0.0899] [139.2] 
866 0.0708 20,39 1.112 
724 0.16910.179] �9 23.65 1.128 [138] 
756 0.124910.1786] 4,224 1.024 [34.9] 
155 0.534 

35.28 1.848 

C 6 12.011 0.49954 60.2 86.3 1.745 42.70 18.8 2.265 e __ 
N2 7 14.00674 0.49976 61.4 87.8 (1.825) 37.99 47.1 0.807311.250] 77.36 1.205 [298] 
02 8 15.9994 0.50002 63.2 91.0 (1.801) 34.24 30.0 1.14111.428] 90.18 1.22 [296] 
F2 9 18.9984032 0.47372 65.5 95.3 (1.675) 32.93 21.85 1.50711.696] 85.24 [195] 
Ne 10 20.1797 0.49555 66.1 96.6 (1.724) 28.94 24.0 1.20410,9005] 27.09 1.092 [67.1] 
Al 13 26.981539 0.48181 70.6 106.4 1.615 24.01 8.9 2.70 - -  
Si 14 28.0855 0.49848 70.6 106.0 1.664 21.82 9.36 2.33 3.95 
Ar 18 39.948 0.45059 76.4 117.2 (1.519) 19.55 14.0 1.39611.782]  87.28 1.233 [283] 
Ti 22 47.867 0.45948 79.9 124.9 1.476 16.17 3.56 4.54 - -  

Fe 26 55.845 0.46556 82.8 131.9 1.451 13.84 1.76 7.87 - -  
Cu 29 63.546 0.45636 85.6 134.9 1.403 12.86 1.43 8.96 - -  
Ge 32 72.61 0.44071 88.3 140.5 1.371 12.25 2.30 5.323 - -  
Sn 50 118.710 0.42120 100.2 163 1.264 8.82 1.21 7.31 - -  
Xe 54 131.29 0.41130 102.8 169 (1.255) 8.48 2.87 2.953[5.858] 165.1 I701] 
W 74 183.84 0.40250 110.3 185 1,145 6.76 0.35 19.3 - -  
Pt 78 195.08 0.39984 113.3 189.7 1.129 6.54 0.305 21.45 - -  
Pb 82 207.2 0.39575 116.2 194 1.123 6.37 0.56 11.35 - -  
U 92 238.0289 0.38651 117.0 199 1.082 6.00 ~0.32 ~18.95 - -  

Air, (20~ 1 atm.), [STP] 0.49919 62.0 90.0 (1.815) 36.66 [30420] (1.205)[1.2931] 78.8 (273) [293] 
H20 0.55509 60.1 83.6 1.991 36.08 36.1 1.00 373.15 1.33 
C02 gas 0.49989 62.4 89.7 (1.819) 36.2 [18310] [1.977] [410] 
C02 solid (dry ice) 0.49989 62.4 89.7 1.787 36.2 23.2 1.563 sublimes - -  
Shielding concrete I 0.50274 67.4 99.9 1.711 26.7 10.7 2.5 - -  
SiO2 (fused quartz) 0.49926 66.5 97.4 1.699 27.05 12.3 2.20 g 1.458 
Dimethyl ether, (CH3)20 0.54778 59.4 82.9 - -  38.89 - -  - -  248.7 - -  

Methane, CH4 0.62333 54.8 73.4 (2.417) 46.22 [64850] 0.422410.717] 111.7 [444] 
Ethane, C2H6 0.59861 55.8 75.7 (2.304) 45.47 [ 3 4 0 3 5 ]  0.509(1.356) h 184.5 (1.038) h 
Propane, C3H8 0.58962 56.2 76.5 (2.262) 45.20 - -  (1.879) 231.1 - -  
Isobutane, (CH3)2CHCH3 0.58496 56.4 77.0 (2.239) 45.07 [16930] [2.67] 261.42 [1900] 
Octane, liquid, CH3(CH2)6CHa 0.57778 56.7 77.7 2.123 44.86 63.8 0.703 398.8 1.397 
Paraffin wax, CH3(CH2)n,~23CH 3 0.57275 56.9 78.2 2.087 44.71 48.1 0.93 

Nylon, type 6 i 0.54790 58.5 81.5 1.974 41.84 36.7 1.14 - -  
Polycarbonate (Lexan) j 0.52697 59.5 83.9 1.886 41.46 34.6 1.20 - -  
Polyethylene terephthlate (Mylar) k 0.52037 60.2 85.7 1.848 39.95 28.7 1.39 
Polyethylene I 0.57034 57.0 78.4 2.076 44.64 ~ - , 4 7 . 9  0.92-0.95 - -  
Polyimide film (Kapton) m 0.51264 60.3 85.8 1.820 40.56 28.6 1.42 - -  
Lucite, Plexiglas n 0.53937 59.3 83.0 1.929 40.49 ~34.4 1.16-1.20 ~1.49 
Polystyrene, scintillator o 0.53768 58.5 81.9 1.936 43.72 42.4 1.032 1.581 
Polytetrafluoroethylene (Teflon) P 0.47992 64.2 93.0 1.671 34.84 15.8 2.20 - -  
Polyvinyltolulene, scintillator q 0.54155 58.3 81.5 1.956 43.83 42.5 1.032 - -  

Alumiunm oxide (Al203) 0.49038 67,0 98.9 1,647 19.27 4.85 3,97 1.761 
Barium fluoride (BaF2) 0.42207 92.0 145 1.303 9.91 2.05 4.89 1.56 
Bismuth germanate (BGO) r 0.42065 98.2 157 1.251 7.97 1.12 7.1 2.15 
Cesium iodide (CsI) 0.41569 102 167 1.243 8.39 1.85 4.53 1.80 
Lithium fluoride (LiF) 0.46262 62.2 88.2 1.614 39.25 14.91 2.632 1.392 
Sodium fluoride (NaF) 0.47632 66.9 98.3 1.69 29.87 11.68 2.558 1.336 
Sodium iodide (NaI) 0.42697 94.6 151 1.305 9.49 2.59 3.67 1.775 

Silica Aerogel s 0.52019 64 92 1.83 29.83 ~150 0.1 0.3 1.0+0.25p 
NEMA G10 plate t 62.6 90.2 1.87 33.0 19.4 1.7 - -  
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Material Dielectric Young's Coeff. of Specific Electrical Thermal  

constant  (n = e/e0) modulus thermal heat  resistivity conductivity 

0 is ( n -1 )x l06  [106 psi] expansion [cal/g-~ [#aein(@~ [cal/cm-~ 

for gas [10-6cm/cm-~ 

H2 (253.9) . . . . .  

He (64) . . . . .  
Li - -  - -  56 0.86 8,55(0 ~ 0.17 
Be - -  37 12.4 0,436 5.885(0 ~ ) 0.38 

C - -  0.7 0.6-4.3 0.165 1375(0 ~ ) 0.057 
N: (548.5) . . . . .  

02 (495) . . . . .  

N e  (127) . . . . .  

A] - -  10 23.9 0.215 2.65(20 ~ 0.53 

Si i i . 9  16 2.8-7.3 0.162 - -  0.20 

Ar (517) . . . . .  

Ti - -  16.8 8.5 0.126 50(0 ~ - -  

Fe - -  28.5 11.7 0.11 9.71(20 ~ 0.18 
Cu - -  16 16.5 0.092 1.67(20 ~ ) 0.94 
Ge 16.0 - -  5.75 0.073 - -  0.14 
Sn - -  6 20 0.052 11.5(20 ~ ) 0.16 
X e  . . . . . .  

W - -  50 4.4 0.032 5.5(20 ~ ) 0.48 
P t  - -  21 8.9 0.032 9.83(0 ~ 0.17 
Pb - -  2.6 29.3 0.038 20.65(200 ) 0.083 
U - -  - -  36.1 0.028 29(20 o ) 0.064 

1. R.M. Sternheimer, M J .  Berger, and S.M. Seltzer, Atomic Data  and Nuclear Data  Tables 30, 261-271 (1984). 

2. S.M. Seltzer and M.J. Berger, Int. J. Appl. Radiat. 33, 1189-1218 (1982). 

3. D.E. Groom, N.V. Mokhov, and S.I. Striganov, "Muon stopping-power and range tables," Atomic Data  and Nuclear Data  Tables, to be 
published (2000). 

4. S.M. Seltzer and M.J. Berger, Int. J. Appl. Radiat.  35 ,665  (1984) and 
http ://physics .nist. gov/PhysRef Dat a/St ar/Text/c ont ent s. html. 

a. O'T, A T and .~I are energy dependent. Values quoted apply to high energy range, where energy dependence is weak. Mean free pa th  between 
collisions (AT) or inelastic interactions (AI) , calculated from A - t  = N A ~ wj  a d lAd, where N is Avogadro's number  and wj is the weight 
fraction of the j t h  element in the element, compound, or mixture. O'tota I at 80-240 GeV for neutrons (~, ~r for protons) from Mur thy  et al., 
Nucl. Phys. B92,  269 (1975). This scales approximately as A 0"77. O'inelasti c = Otota 1 - O'elasti c - O'quasielastic ; for neutrons at 60-375 GeV 
from Roberts et al., Nucl. Phys.  B159,  56 (1979). For protons and other particles, see Carroll et al., Phys. Lett. 80B,  319 (1979); note that  
~rl(p) ~ ~ri(n ), cr I scales approximately as A ~ 

b. For minimum-ionizing muons (results are very slightly different for other particles). Minimum d E / d x  from Ref. 3, using density effect 
correction coefficients from Ref. 1. For electrons and positrons see Ref. 4. Ionization energy loss is discussed in See. 23. 

c. From Y.S. Tsai, Rev. Mod. Phys. 46, 815 (1974); X0 data  for all elements up to uranium are given. Corrections for molecular binding 
applied for H2 and D2. For atomic H, X0 = 63.05 g/cin 2. 

d. For molecular hydrogen (deuterium). For atomic H, X0 = 63.047 g cm -2. 

e. For pure graphite; industrial graphite density may vary 2.1-2.3 g / cm 3. 

f.  Standard shielding blocks, typical composition 02 52%, Si 32.5%, Ca 6%, Na 1.5%, Fe 2%, A1 4%, plus reinforcing iron bars. The 
at tenuation length, g - 115 i 5 g / cm 2, is also valid for ear th (typical p = 2.15), from CERN-LRL RHEL Shielding exp., UCRL-17841 
(1968). 

g. For typical fused quartz. The specific gravity of crystalline quartz is 2.64. 

h. Solid ethane density at -60~  gaseous refractive index at 0~ 546 m m  pressure. 

i. Nylon, Type 6, (Ntt(CH2)sCO)n 

j. Polycarbonate (Lexan), (C16H1403)n 

k. Polyethylene terephthlate, monomer,  C5H402 

I. Polyethylene, monomer CH2 =CH2 

m. Polymide film (Kapton), (C22HloN2Os)n 

n. Polymethylmethacralate,  monomer CH2 =C(CHa)CO2CH3 

o. Polystyrene, monomer CsHsCH=CH2 

p. Teflon, monomer  CF2 =CF2 

q. Polyvinyltolulene, monomer 2-CH3C6H4CH=CH2 

r. Bismuth germanate (BGO), (Bi203)2(GeO2)3 

s. n(SiO2) + 2n(H20)  used in Cerenkov counters, p = density in g / cm 3. From M. Cantin et al., Nucl. Instrum. Methods 118, 177 (1974). 

t. G10-plate, typically 60% SiO2 and 40% epoxy. 
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7 .  E L E C T R O M A G N E T I C  R E L A T I O N S  

Quant i ty  Gaussian CGS SI 

Conversion factors: 

Charge: 2.997 924 58 x 109 esu = 1 C = 1 A s 

Potential:  (1/299.792 458) statvolt  (ergs/esu)  = 1 V = 1 J C -1 

Magnetic field: 104 gauss = 104 dyne/esu  = 1 T = 1 N A - l m  -1  

Lorentzforce:  F : q ( E + V  x B )  F : q ( E + v x B )  
c 

Maxwell equations: V .  D : 4 r p  
V x H -  1 0 D  _ 47rj 

c Ot c 
V . B = 0  

1 0B 
V •  = o  

V , D : p  
0 D  

V x H - - ~ -  = J  

V . B = 0  
0B 

V x E + ~ -  : 0  

Const i tut ive relations: D = E + 4 7 r P ,  H = B - 4 ~ r M  D : e 0 E + P ,  H = B / # 0 - M  

Linear media: D : e E ,  H = B / #  D = e E ,  H : B / / ~  

Permit ivi ty  of free space: 1 e0 = 8.854 187 . . .  • 10 - i 2  F m - i  

Permeabil i ty of free space: 1 #0 : 47r x 10 -7  N A -2  

Fields from potentials: 

Static potentials: 
(coulomb gauge) 

1 0 A  
E = - V V  - - - -  

c 0t 
B = V x A  

qA : [ p ( r ' )  d3x, v TM V 
,~ J I t -  r'l 

charges  

Relativistic t ransformations:  
(v is the velocity of the 
pr imed frame as seen 
in the unpr imed frame) 

OA 
E = - V V  - - -  

Ot 
B = V x A  

1 ~-, qi _ 4 ~ e O /  p(r' ) d3x, 
V = 4re0 chaZ-~rgesri 

1 /  I d t  1 [ J(r') d3x, 
A : c  I r - r ' l  - c J ~  

Ell = E H 

E 2 : ~(E• + -lv • B) 
e 

Bil = Bll 

B 2 = -~(B• - -iv • El 
c 

# 0 /  Ids  _ /~0 [ J(r') d3x, 
A = ~ I~-  r'l 4~ J I r -  r' I 

Eli = Ell 

E ~  : - r ( E •  + v x B) 

Bil = Bll 
1 - - -  xE) B~_ = ~ ( B •  c2V 

1 
1 = c  2 x 10 -7  N A  -2  = 8 . 9 8 7 5 5 . . . x  109 m F  - i  ; #0 _ 1 0 - 7 N A  -2  ; c - - -  - 2 . 9 9 7 9 2 4  5 8 x 1 0 8  m s  -1  

4~re0 4~r x/'#0e0 
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7 .1 .  I m p e d a n c e s  ( S I  u n i t s )  

p = resistivity at room temperature in 10 -8  l ]  m :  

1.7 for Cu ~ 5.5 for W 
2.4 for Au ~ 73 for SS 304 
2.8 for A1 ~ 100 for Nichrome 

(A1 alloys may have double the A1 value.) 

For alternating currents, instantaneous current I, voltage V, 
angular frequency w: 

V = Vo e jwt = Z I  . (7.1) 

Impedance of self-inductance L: Z = jwL  , 

Impedance of capacitance C: Z = 1/ jwC . 

Impedance of free space: Z - ~ = 376.7 f~ . 

High-frequency surface impedance of a good conductor: 

Z - ( 1 +  j)  p where 5 = skin depth ; , 

~ = ~  6 . 6 c m  
~ for Cu . 

(7.2) 

(7.3) 

7.2 .  C a p a c i t a n c e  C a n d  i n d u c t a n c e  L p e r  u n i t  
l e n g t h  ( S I  u n i t s )  [ n e g l i g i b l e  s k i n  d e p t h ]  

Flat rectangular plates of width w, separated by d << w with linear 
medium (e,#) between: 

w d O = ~ - j ;  ~ = ~  ; (7.4) 

e/e0 = 2 to 6 for plastics; 4 to 8 for porcelain, glasses; (7.5) 

# /#0  -~ 1 . ( 7 . 6 )  

Coaxial cable of inner radius r l ,  outer radius r2: 

2~r e # 
0 = In (r2/rt) ; L = ~ In ( r2 / r l )  . (7.7) 

Transmission lines (no loss): 

Impedance: Z = V/-~/C . (7.8) 

Velocity: v = 1 / L V / ~  = 1/,ffi-e . (7.9) 

7 .3 .  S y n c h r o t r o n  r a d i a t i o n  ( C G S  u n i t s )  

For a particle of charge e, velocity v = ~c, and energy E = 7mc 2, 
traveling in a circular orbit of radius R, the classical energy loss per 
revolution 5E is 

5E = 47r e 2 /33 @ (7.10) 
y ~  

For high*energy electrons or positrons (/3 ~ 1), this becomes 

~E (in MeV) ~ 0.0885 [E(in GeV)]4/R(in m ) .  (7.11) 

For 7 >> 1, the energy radiated per revolution into the photon energy 
interval d(hw) is 

where a = e2/hc is the fine-structure constant  and 

373c 
w e =  2R (7.13) 

is the critical frequency. The normalized function F(y) is 

9 
F(y) = ~-~vf3y K5/3(x) dx ,  (7.14) 

where Ks~ 3 (x) is a modified Bessel function of the third kind. For 
electrons or positrons, 

hwc (in keV) ~ 2.22 [E(in GeV)]3/R(in m) . (7.15) 

Fig. 7.1 shows F(y) over the important  range of y. 

0.6 . . . . . . . .  I . . . . . . . .  I 

0.5 

0.4 

~ 0.3 

0.2 

0.1 

0.0 
0.01 10 

. . . . . . .  I . . . . . . . .  I 
0.1 1.0 

Y 

F i g u r e  7.1: The normalized synchrotron radiation spec t rum F(y). 

F o r 7 > > l  a n d w < < W c ,  

dI .~ 3.3a(~vR/c)l/3 , (7.16) 
d(hw) 

whereas for 
7 > > 1  and~v~>3wc, 

dI 3f~ [ w '1 /2  -~/~,c [ 55Wc ] 
d(hw) ~ V 2 -  a 7  ~-cc) e 1 +  ~ -  + . . . .  (7.17) 

The radiation is confined to angles < 1/7  relative to the instantaneous 
direction of motion. The mean number  of photons emit ted per 
revolution is 

5~r N~ = ~ 7 ,  (71s) 

and the mean  energy per photon is 

8 
(hw} = I - - ~ N ~ c  . (7.19) 

When ( ~ }  > O(E),  quan tum corrections are important .  

See J.D. Jackson, Classical Electrodynamics, 2 nd edition (John Wiley 
& Sons, New York, 1975) for more formulae and details. In his book, 
Jackson uses a definition of wc that  is twice as large as the customary 
one given above. 

s~ F(~/~c) d ( ~ )  , (7.12) d I =  "-~a 7 



84 8.  N a m i n g  s c h e m e  f o r  hadrons  

8. N A M I N G  S C H E M E  F O R  H A D R O N S  

Maintained 2000 by M. Roos (University of Finland) and C.G. Wohl 
(LBNL). 

8 . 1 .  I n t r o d u c t i o n  

We introduced in the 1986 edition [1] a new naming scheme for the 
hadrons. Changes from older terminology affected mainly the heavier 
mesons made of the light (u, d, and s) quarks. Old and new names 
were listed alongside until 1994. Names also change from edition to 
edition because some characteristic like mass  or spin changes. The 
Summary  Tables give both the new and old names whenever a change 
occurred. 

8 . 2 .  " N e u t r a l - f l a v o r "  m e s o n s  ( S = C = B : T = O )  

Table 8.1 shows the names for mesons having the strangeness 
and all heavy-flavor quan tum numbers  equal to zero. The scheme is 
designed for all ordinary non-exotic mesons, but it will work for many 
exotic types too, if needed. 

Tab le  8.1: Symbols for mesons with the strangeness and all 
heavy-flavor quan tum numbers  equal to zero. 

0_--! 1 + -  1 - -  0 ++ 
j P C  = 2 + 3 + -  2 - -  1 ++ 

: : : 

q~content  2S+ILj  = l ( L e v e n ) j  l (Lodd)d  3(Leven)d 3 (Lodd) j  

ud, u ~ - d d ,  d~ ( I = 1 )  ~ b p a 

d d + u ~  } ( I = 0 )  ~,~'  h,h '  w , r  f , f '  
and/or  s~ 
c~ ~c hc Ct Xc 
bb ~b hb T Xb 
tt  ~Tt ht 0 Xt 

tThe J / r  remains the J / r  

First, we assign names to those states with quan tum numbers 
compatible with being q~ states. The rows of the Table give the 
possible q~ content. The columns give the possible pari ty/charge- 
conjugation states, 

P C  = - + ,  + - ,  - - ,  and + +  ; 

these combinations correspond one-to-one with the angular -momentum 
state 2S+IL j  of the q~ system being 

I(L even)j ,  I(L odd) j ,  3(L even)j ,  or 3(L odd)d . 

Here S, L, and J are the spin, orbital, and total angular momenta  of 
the q~ system. The quan tum numbers are related by 

P = ( - 1 )  L+I, C = ( - 1 )  L+S, and G parity = ( - 1 )  L+S+I, 

where of course the C quan tum number  is only relevant to neutral  
mesons. 

The entries in the Table give the meson names. The spin J is added 
as a subscript except for pseudoscalar and vector mesons, a n d  the 
mass  is added in parentheses for mesons that  decay strongly. However, 
for the lightest meson resonances, we omit the mass. 

Measurements  of the mass,  quark content (where relevant), and 
quan tum numbers  I,  J ,  P ,  and C (or G) of a meson thus fix its 
symbol. Conversely, these properties may be inferred unambiguously 
from the symbol. 

If the main symbol cannot be assigned because the quan tum 
numbers  axe unknown, X is used. Sometimes it is not known whether 
a meson is mainly the isospin-0 mix of u~ and dd or is mainly sZ 
A prime (or pair w, r may be used to distinguish two such mixing 
states. 

We follow custom and use spectroscopic names such as T(1S) as the 
primary name for most  of those r T, and ) states whose spectroscopic 
identity is known. We use the form T(9460) as an alternative, and as 
the primary name when the spectroscopic identity is not known. 

Names are assigned for t t  mesons, although the top quark is 
evidently so heavy that  it is expected to decay too rapidly for bound 
states to form. 

Gluonium states or other mesons that  are not q~ states are, if 
the quantum numbers are not exotic, to be named just  as are the 
q~ mesons. Such states will probably be difficult to distinguish from 
q~ states and will likely mix with them, and we make no a t t empt  to 
distinguish those "mostly gluonium" from those "mostly q~." 

An "exotic" meson with j P C  quan tum numbers  that  a q~ 
system cannot have, namely j P C  = 0 - - , 0  + - , 1 - + , 2 + -  3 - + , . . . ,  
would use the same symbol as does an ordinary meson with all 
the same quan tum numbers  as the exotic meson except for the 
C parity. But  then the J subscript may still distinguish it; for 
example, an isospin-0 1 - +  meson could be denoted wl. 

8 . 3 .  M e s o n s  w i t h  n o n z e r o  S ,  C ,  B ,  a n d / o r  T 

Since the strangeness or a heavy flavor of these mesons is nonzero, 
none of them are eigenstates of charge conjugation, and in each of 
them one of the quarks is heavier than  the other. The rules are: 

1. The main symbol is an upper-case italic letter indicating the 
heavier quark as follows: 

s ---* K c ---, D b ~ -B t --* T . 

We use the convention that  the flavor and the charge of a quark 
have the same sign. Thus  the strangeness of the s quark is 
negative, the charm of the c quark is positive, and the bo t tom 
of the b quark is negative. In addition, /3 of the u and d 
quarks are positive and negative, respectively. The effect of this 
convention is as follows: Any flavor carried by a charged meson 
has the same sign as its charge. Thus  the K +, D +, and B + have 
positive strangeness, charm, and bottom, respectively, and all 
have positive /3. The D $  has  positive charm and strangeness. 
Furthermore, the A(flavor) = AQ rule, best known for the kaons, 
applies to every flavor. 

2. If the lighter quark is not a u or a d quark, its identity is given 
by a subscript. The Ds + is an example. 

3. If the spin,parity is in the "normal" series, J P  = 0 +, 1 - ,  2+, .. ., 
a superscript "*" is added. 

4. The spin is added as a subscript except for pseudoscalax or vector 
mesons. 

8 . 4 .  B a r y o n s  

The symbols N, A, A, Z,  ~ ,  and f2 used for more than  30 years 
for the baryons made of light quarks (u, d, and s quarks) tell the 
isospin and quark content, and the same information is conveyed by 
the symbols used for the baryons containing one or more heavy quarks 
(c and b quarks). The rules are: 

1. Baryons with three u and/or  d quarks are N ' s  (isospin 1/2) or 
A 's  (isospin 3/2). 

2. Baryons with two u and/or  d quarks are A's (isospin 0) or • 's  
(isospin 1). If the third quark is a c, b, or t quark, its identity is 
given by a subscript. 

3. Baryons with one u or d quark are ~ ' s  (isospin 1/2). One or two 
subscripts are used if one or both of the remaining quarks are 
heavy: thus -~c, ~cc, ~b, etc.* 

4. Baryons with no u or d quarks are f2's (isospin 0), and subscripts  
indicate any heavy-quaxk content. 

5. A baryon that  decays strongly has its mass  as part of its name.  
Thus p, E - ,  I2-,  A +, etc., but A(1232) ~ 57(1385)-, ~c(2645) +, 
etc. 

In short, the number  of u plus d quarks together with the isospin 
determine the main symbol, and subscripts indicate any content of 
heavy quarks. A s always has isospin 1, an f2 always has isospin 0, 
etc. 

F o o t n o t e  and Reference :  

* Sometimes a prime is necessary to distinguish two ~c'S in the 
same SU(n) multiplet. See the "Note on Charmed Baryons" in 
the Charmed Baryon Listings. 

1. Particle Data  Group: M. Aguilar-Benitez et al., Phys.  Lett.  170B 
(1986). 



9. Q u a n t u m  e h r o m o d y n a m i c s  85 

9. Q U A N T U M  C H R O M O D Y N A M I C S  

9 . 1 .  T h e  Q C D  L a g r a n g i a n  

Revised September 1999 by I. Hinchiiffe (LBNL). 

Quan tum Chromodynamies  (QCD), the gauge field theory which 
describes the strong interactions of colored quarks and gluons, is one 
of the components  of the SU(3)•  Standard Model. A 
quark of specific flavor (such as a charm quark) comes in 3 colors; 
gluons come in eight colors; hadrons are color-singlet combinations 
of quarks, anti-quarks, and gluons. The Lagrangian describing the 
interactions of quarks and gluons is (up to gauge-fixing terms) 

- - - 1 F ( ~ )  F ( a ) ~  + i --i LQCD - 4 ,v  Z C q  7 ~ (D~)ij cJ 
q 

- Z mq ~iq Cqi, (9.1) 
q 

F (a) = O, Any - Ou A~ § gs fabc Ab ACv, (9.2) 

Ag. 
~,3 A a (9.3) ( D # ) i j  = ~i j  O# -- igs A.~ 2 # ' 

a 

where gs is the QCD coupling constant,  and the fabc are the structure 
constants of the SU(3) algebra (the ~ matrices and values for fabc can 
be found in "SU(3) Isoscalar Factors and Representation Matrices," 
Sec. 32 of this Review). The r are the 4-component Dirac spinors 
associated with each quark field of (3) color i and flavor q, and the 
A~(x) are the (8) Yang-Mills (gluon) fields. A complete list of the 
Feynman rules which derive from this Lagrangian,  together with some 
useful color-algebra identities, can be found in Ref. 1. 

The principle of "asymptotic freedom" (see below) determines that  
the renormalized QCD coupling is small only at high energies, and 
it is only in this domain tha t  high-precision tes ts - -s imi lar  to those 
in QED--can  be performed using perturbat ion theory. Nonetheless, 
there has been in recent years much progress in understanding and 
quantifying the predictions of QCD in the nonperturbative domain, for 
example, in soft hadronic processes and on the lattice [2]. This short 
review will concentrate on QCD at short distances (large momen tum 
transfers), where perturbat ion theory is the s tandard tool. It will 
discuss the processes that  are used to determine the coupling constant 
of QCD. Other recent reviews of the coupling constant measurements  
may be consulted for a different perspective [3,4]. 

9 . 2 .  T h e  Q C D  c o u p l i n g  a n d  r e n o r m a l i z a t i o n  s c h e m e  

The renormalization scale dependence of the effective QCD coupling 
as = g~/4r is controlled by the ~-function: 

Iz O# -- 2~r as - &  a3 - ~  as4 . . . .  , (9.4a) 

2 
/30 = 11 - ~ n !  , (9.4b) 

19 
~1 : 51 -- ~ - n f  , (9.4c) 

5033 325n2 
~2 = 2857 - - -9--ny § ~ - . f ;  (9.4d) 

where n!  is the number  of quarks with mass less than  the energy 
scale ~. The expression for the next term in this series (~3) can be 
found in Ref. 5. In solving this differential equation for as ,  a constan;  
of integration is introduced. This  constant  is the one fundamental  
constant of QCD that  must  be determined from experiment. The most  
sensible choice for this constant is the value of c~s at a fixed-reference 
scale /z o. It has become standard to choose ~o = M z .  It is also 
convenient to introduce the dimensional parameter  A, since this 
provides a parameterization of the # dependence of as .  The definition 
of A is arbitrary. One way to define it (adopted here) is to write a 
solution of Eq. (9.4) as an expansion in inverse powers of In (/~2): 

4~ [ 2~I In [ln(~2/A2)] 4~12 
a,(#) : ~0 In (~u2/A2) Ll ~2 in (#2/A2) b f~04 in2(~2/A2) 

x ( ( l n  [ l n ( # 2 / A 2 ) ] - 1 ) 2 §  f~} ~ ) ]  . (9.58) 

The last term in this expansion is 

( l n  2 [ln (#2/A2)1 
o \ i - ~  / ' (9.5b) 

and is usually neglected in the definition of A. We choose to include 
it. For a fixed value of as (Mz ) ,  the inclusion of this te rm shifts the 
value of A by ~ 15 MeV. This  solution illustrates the asymptotic 
freedom property: as --* 0 as p -~ oc. 

Consider a "typical" QCD cross section which, when calculated 
perturbatively, s tarts  at O(as) :  

o" = A1 as § A2 a 2 + ""  �9 (9.6) 

The coefficients A1, A2 come from calculating the appropriate Feynman 
diagrams. In performing such calculations, various divergences arise, 
and these must  be regulated in a consistent way. This requires a 
particular renormalization scheme (RS). The most  commonly used one 
is the modified minimal  subtract ion ( ~ )  scheme [6]. This  involves 
continuing momen tum integrals from 4 to 4-2e dimensions, and then 
subtract ing off the resulting 1/e poles and also (In 4 r  - 7E), which 
is another artifact of continuing the dimension. (Here 7E is the 
Euler-Mascheroni constant.) To preserve the dimensionless nature  of 
the coupling, a mass  scale ~ must  also be introduced: g --~ ~eg. The 
finite coefficients Ai (i >_ 2) thus obtained depend implicitly on the 
renormalization convention used and explicitly on the scale ~. 

The first two coefficients (~0,fll) in Eq. (9.4) are independent of 
the choice of RS's. In contrast, the coefficients of t e rms  proportional 
to a~ for n > 3 are RS-dependent. The form given above for f12 is in 
the ~ scheme. 

The fundamental  theorem of RS dependence is straightforward. 
Physical quantities, in particular the cross section, calculated to all 
orders in perturbat ion theory, do not depend on the RS. It follows that  
a t runcated series does exhibit RS dependence. In practice, QCD cross 
sections are known to leading order (LO), or to next-to-leading order 
(NLO), or in a few cases, to next-to-next-to-leading order (NNLO); 
and it is only the latter two cases, which have reduced RS dependence, 
timt are useful for precision tests. At NLO the RS dependence is 
completely given by one condition which can be taken to be the value 
of the renormalization scale #. At NNLO this is not sufficient, and 
# is no longer equivalent to a choice of scheme; both mus t  now be 
specified. One, therefore, has to address the question of what is the 
"best" choice for ~ within a given scheme, usually ~ .  There is no 
definite answer to this quest ion--higher-order corrections do not "fix" 
the scale, rather they render the theoretical predictions less sensitive 
to its variation. 

One should expect that  choosing a scale ~ characteristic of the 
typical energy scale (E) in the process would be most  appropriate. 
In general, a poor choice of scale generates terms of order In ( E l # )  
in the Ai's. Various methods  have been proposed including choosing 
the scale for which the next-to-leading-order correction vanishes 
("Fastest Apparent  Convergence [7]'); the scale for which the next-to- 
leading-order prediction is s tat ionary [8], (i.e., the value of # where 
da/d# -- 0); or the scale dictated by the effective charge scheme [9] or 
'y the BLM scheme [10]. By comparing the values of as  tha t  different 
~asonable schemes give, an est imate of theoretical errors can be 

obtained. It has also been suggested to replace the perturbat ion series 
by its Pade approximant [11]. Results  obtained using this method  
have, in certain cases, a reduced scale dependence [12,13]. One can 
also a t tempt  to determine the  scale from data  by allowing it to vary 
and using a fit to determine it. This method can allow a determination 
of the error due to the scale choice and can give more confidence in 
the end result [14]. In many of the cases discussed below this scale 
uncertainty is the dominant  error. 

An important  corollary is that  if the higher-order corrections are 
naturally small, then the additional uncertainties introduced by the # 
dependence are likely to be small. There are some processes, however, 
for which the choice of scheme can influence the extracted value of 
as (Mz) .  There is no resolution to this problem other than  to try to 
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calculate even more terms in the perturbat ion series. It is important  
to note that ,  since the perturbat ion series is an asymptotic expansion, 
there is a limit to the precision with which any theoretical quanti ty can 
be calculated. In some processes, the highest-order perturbative terms 
may be comparable in size to nonperturbative corrections (sometimes 
called higher-twist or renormalon effects, for a discussion see [15]); an 
est imate of these terms and their uncertainties is required if a value of 
as  is to be extracted. 

Cases occur where there is more than one large scale, say Pl  and 
#2. In these cases, terms appear of the form log(#l//~2). If the ratio 
~tl/#2 is large, these logari thms can render naive perturbat ion theory 
unreliable and a modified perturbat ion expansion that  takes these 
terms into account must  be used. A few examples are discussed below. 

In the cases where the higher-order corrections to a process are 
known and are large, some caution should be exercised when quoting 
the value of as .  In what follows, we will a t tempt  to indicate the size 
of the theoretical uncertainties on the extracted value of ors. There 
are two simple ways to determine this error. First, we can estimate it 
by comparing the  value of as(/Z) obtained by fitting data  using the 
QCD formula to highest known order in as ,  and then comparing it 
with the value obtained using the next-to-highest-order formula (/~ is 
chosen as the typical energy scale in the process). The corresponding 
A's are then obtained by evolving as(~t) to It = MZ using Eq. (9.4) to 
the same order in as  as the fit. Alternatively, we can vary the value 
of # over a reasonable range, extracting a value of A for each choice of 
~t. This method  is by its nature imprecise, since "reasonable" involves 
a subjective judgment .  In either case, if the perturbation series is well 
behaved, the resulting error on as(Mz)  will be small. 

In the above discussion we have ignored quark-mass effects, i.e., we 
have assumed an idealized si tuation where quarks of mass  greater than 
# are neglected completely. In this picture, the ~-function coefficients 
change by discrete amounts  as flavor thresholds (a quark of mass  M)  
are crossed when integrating the differential equation for as.  Now 
imagine an experiment at energy scale #; for example, this could be 
e+e - --* hadrons at center-of-mass energy p. If # >> M,  the mass  
M is negligible and the process is well described by QCD with n I 
massless flavors and its parameter  a(nl )  up to terms of order M2/l t  2. 
Conversely if # << M,  the heavy quark plays no role and the process is 
well described by QCD with nl  - 1 massless flavors and its parameter  
a (n f_ l )  up to terms of order t i2/M 2. If p ~ M,  the effects of the 

quark mass  are process-dependent and cannot be absorbed into the 
running coupling. The values of o((hI) and a ( h I - i )  are related so 
tha t  a physical quanti ty calculated in both "theories" gives the same 
result [16]. This implies 

o~(nf)(M ) = (~(nI_I)(M) - 7-2~2 a~n/_I ) (M)  (9.7) 

which is almost  identical to the naive result a(nl ) (M ) = el(nI_I)(M ). 
Here M is the mass  of the value of the running quark mass  defined 
in the ~-g scheme (see the note on "Quark Masses" in the Particle 
Listings for more details), i.e., where M~-g(M) = M.  

It also follows that ,  for a relationship such as Eq. (9.5) to remain 
valid for all values of / / ,  A must  also change as flavor thresholds are 
crossed, the value corresponds to an effective number  of massless 

quarks: A --+ A (%') [16,17]. The formulae are given in the previous 
edition of this review. 

An alternative matching procedure can be used [18]. This  
procedure requires the equality O~s(li)(ni ) = Ots(IA) (hi - l )  for # = M. 
This matching  is somewhat  arbitrary; a different relation between 
A (nf) and A (h I - l )  would result i f #  = M/2  were used. In practice, the 
differences between these procedures are very small, h (5) = 200 MeV 
corresponds to A (4) = 289 MeV in the scheme of Ref. 18 and 
A {4) = 280 MeV in the scheme we adopt. Note that  the differences 
between A(5) and A(4) are numerically very significant. 

Data  from deep-inelastic scattering are in a range of energy where 
the bo t tom quark is not readily excited, and hence, these experiments 

quote A t ~  s . Most da ta  from PEP,  PETRA,  TRISTAN, LEP, and 

SLC quote a value of At~-~ s since these da ta  are in an energy range 

where the bot tom quark is light compared to the available energy. We 

have converted it to htM--gJ s as required. A few measurements ,  including 
the lattice gauge theory values from the J r  system, and from r decay 

are at sufficiently low energy tha t  At~-~J s is appropriate. 

In order to compare the values of as from various experiments,  
they must  be evolved using the renormalization group to a common 
scale. For convenience, this is taken to be the mass  of the Z bosom 
This evolution uses third-order per turbat ion theory and can introduce 
additional errors particularly if extrapolation from very small  scales 
is used. The variation in the charm and bot tom quark masses 
(m b = 4.3 :i= 0.2 GeV and mc = 1.3 + 0.3 GeV are used) can also 
introduce errors. These result in a fixed value of C~s(2 GeV) giving 
an uncertainty in as (Mz)  = +0.001 if only perturbat ive evolution is 
used. There could be additional errors from nonperturbat ive effects 
that  enter at low energy. 

9 . 3 .  Q C D  i n  d e e p - i n e l a s t i c  s c a t t e r i n g  

The original and still one of the most  powerful quanti tat ive tests of 
perturbative QCD is the breaking of Bjorken scaling in deep-inelastic 
lepton-hadron scattering. In the leading-logarithm approximation,  
the measured structure functions Fi(x, Q2) are related to the quark 
distribution functions qi(x, Q2) according to the naive par ton model, 
by the formulae in "Cross-section Formulae for Specific Processes," 
Sec. 35 of this Review. (In that  section, ql is denoted by the notat ion 
fq). In describing the way in which scaling is broken in QCD, it is 
convenient to define nonsinglet and singlet quark distributions: 

FNS = qi - qj FS  = ~-~(qi + "qi) �9 (9.8) 
i 

The nonsinglet s tructure functions have nonzero values of flavor 
quan tum numbers  such as isospin or baryon number.  The variation 
with Q2 of these is described by the so-called DGLAP equations [19,20]: 

Q2 o F g s  _ as(IQI) pqq �9 FNS (9.9a) 
2~r 

- -  2r \ paq pgg ] G (9.9b) 

where * denotes a convolution integral: 

f *  9 = Y f(y)  g . (9.10) 

The leading-order Altarelli-Parisi [20] split t ing functions are 

4 [  l + x 2  1 
P q q  = "3 [(1 - x ) + j  + 26(1 - x) , (9.11a) 

1 
: + (1 - , (9.11b) 

r ] 

4 [  .1 + (1 - x)2 ] (9.11c) 
pgq = 5 __ , 

p g g = 6  + x ( 1 - x ) + ~ +  xL j 

nl 
- - ~ - 6 ( 1  - x )  . (9.11d) 

Here the gluon distribution G(x,Q 2) has been introduced and 
1/(1 - x)+ means  

~oldx f (x)  ~o 1 f ( x ) -  f ( l )  - d x  ( 9 . 1 2 )  
(1 - x)+ (1 x) 

The precision of contemporary experimental data demands that 
higher-order corrections also be included [21]. The above results are 
for massless quarks. At low Q2 values, there are also impor tan t  
"higher-twist" (HT) contributions of the form: 

F(HT)(x, Q 21 
Fi(x, Q 2) = Fi(iT) (z ,Q 2) ~ " + . . . .  (9.13) 

Q2 
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Leading twist (LT) indicates a term whose behavior is predicted by 
perturbative QCD. These corrections are numerically important  only 
for Q2<O(few GeV 2) except for x very close to 1. At very large 
values of x perturbative corrections proportional to log(1 - x) can 
become important  [22]. 

A detailed review of the current s ta tus  of the experimental  da ta  can 
be found, for example, in Refs. [23-26], and only a brief summary  will 
be presented here. We shall only include determinations of h from the 
recently published results; the earlier editions of this Review should 
be consulted for the earlier data. Data  now exist from HERA at much 
smaller values of x than  the fixed-target data. They provide valuable 
information about the shape of the ant• and gluon distribution 
functions at x ~ 10 -4  [27]. 

From Eq. (9.9), it is clear tha t  a nonsinglet structure function 
offers in principle the most  precise test  of the theory, since the Q2 
evolution is independent of the unmeasured gluon distribution. The 
CCFR collaboration fit to the Gross-Llewellyn Smith sum rule [28] 
which is known to order a 3 [29,30](Estimates of the order a 4 term are 
available [31]) 

(9.14) 311- (1+ a.58  + 19.0  

where the higher-twist contribution A H T  is est imated to be 
(0.09 + 0.045)/Q 2 in Refs. [29,32] and to be somewhat  smaller 
by Ref. 33. The CCFR collaboration [35], combines their da ta  
with that  from other experiments [36] and gives as (V~ GeV) = 
0.28 + 0.035 ( e x p t . ) +  0.05 (sys)+~176 5 (theory). The error from 
higher-twist terms (assumed to be A H T  = 0.05 + 0.05) dominates 
the theoretical error. If the higher twist result of Ref. 33 is used, the 
central value increases to 0.31 in agreement with the fit of [37]. This 
value corresponds to as (Mz)  = 0.118 + 0.011. 

Measurements involving singlet-dominated structure functions, such 
as F2, result in measurements  of as  and the gluon structure function. 
A full next-to-leading-order fit combining date from SLAC [38], 
BCDMS [39], E665 [40] and HERA [27] has been performed by 
Ref. 41. These authors  extend the analysis to next-to-next-to-leading 
order (NNLO). In this case the full theoretical calculation is not 
available as not all the three loop anomalous dimensions are known; 
their analysis uses moments  of s tructure functions and is restricted 
to those moments  where the full calculation is available [21,42,37]. 
The NNLO result is o~s(Mz) = 0.1172 + 0.0017 (expt.) + 0.0017 (sys). 
Here the first error is a combination of statistical and systematic 
experimental errors, and the second error is due to the uncertainties 
in the quark masses, higher twist and target mass  corrections, and 
errors from the gluon distribution. If only a next-to-leading-order fit is 
performed then the value decreases to o~,(Mz) = 0.116 indicating that  
the theoretical results are stable. Scale uncertainties are not included. 
This result is consistent with earlier determinations [43,44,45]. The 
second of these authors  est imated the scale uncertainty at +0.004 
when a NLO fit was used. The error of Ref. 41 should be increased 
to take account of the possible scale error. We will therefore use 
as(Mz)  = 0.1172 :i= 0.0045 in the final average. 

The spin-dependent structure functions, measured in polarized 
lepton-nucleon scattering, can also be used to test QCD and 
to determine as .  Here the values of Q2 ~ 2.5 GeV 2 are small, 
particularly for the E143 data  [49], and higher-twist corrections are 
important.  A fit [46] using the measured spin dependent structure 
functions for several experiments themselves from Refs. [48,49] gives 
as(Mz)  = 0.121-4- 0.002(expt.) :t: 0.006(theory and syst.). Data  from 
HERMES [50] are not included in this fit; they are consistent with the 
older data. as  can also be determined from the Bjorken sum rule [51]; 

n ~ + 0 . 0 1 0 .  consistent with an earlier a fit gives [47] as (Mz)  . . . . . . .  0.024, 
determination [52], the larger error being due to the extrapolation 
into the (unmeasured) small x region. Theoretically, the sum rule 
is preferable as the perturbative QCD result is known to higher 
order and these terms are important  at the low Q2 involved. It has 
been shown that  the theoretical errors associated with the choice of 
scale are considerably reduced by the use of Pade approximants  [12] 

which results in c~s(1.7 GeV) = 0.328 + 0.03(expt.) + 0.025(theory) 
0 11 ~+0'003 . . . .  0.003(theory). No corresponding to as (Mz)  = . u 0.o05texp~. ) ~= 

error is included from the extrapolation into the region of x tha t  is 
unmeasured.  Should data  become available at smaller values of x so 
that  this extrapolation could be more tightly constrained, the sum 
rule method could provide the best determination of as;  the result 
from the structure functions themselves is used in the average. 

At very small values of x and Q2, the x and Q2 dependence 
of the structure functions is predicted by perturbative QCD [53]. 
Here terms to all orders in as  ln(1/x) are summed.  The data  from 
HERA [27] on F~P(x, Q2) can be fitted to this form [54], including 
the NLO terms which are required to fix the Q2 scale. The data  
are dominated by 4 GeV 2 < Q2 < 100 GeV 2. The  fit [55] using H1 
data  [56] gives as (Mz)  : 0.122 +0.004 (expt.) +0.009 (theory). (The 
theoretical error is taken from Ref. 54.) The dominant  part  of the 
theoretical error is from the scale dependence; errors from terms that  
are suppressed by 1/log(1/x) in the quark sector are included [57] 
while those from the gluon sector are not. 

Typically, A is extracted from the deep inelastic scattering da ta  
by parameter• the parton densities in a simple analytic way 
at some Q02, evolving to higher Q2 using the next-to-leading-order 
evolution equations, and fitting globally to the measured structure 

functions to obtain AtM--Ag~ s . Thus,  an important  by-product of such 
studies is the extraction of pat ton densities at a fixed-reference value 
of Q02. These can then be evolved in Q2 and used as input for 
phenomenological studies in hadron-hadron collisions (see below). 
To avoid having to evolve from the s tar t ing Q02 value each time, a 
parton density is required; it is useful to have available a simple 
analytic approximation to the densities valid over a range of x and Q2 
values. A package is available from the CERN computer  library that  
includes an exhaustive set of fits [58]. Most  of these fits are obsolete. 
In using a parameterization to predict event rates, a next-to-leading 
order fit must  be used if the process being calculated is known to 
next-to-leading order in QCD perturbat ion theory. In such a case, 
there is an additional scheme dependence; this scheme dependence is 
reflected in the O(as )  corrections that  appear in the relations between 
the structure functions and the quark distribution functions. There 
are two common schemes: a deep-inelastic scheme where there are no 
order as  corrections in the formula for F2(x,Q 2) and the minimal  
subtraction scheme. It is important  when these next-to-leading order 
fits are used in other processes (see below), tha t  the  same scheme 
is used in the calculation of the partonic rates. Most current sets 
of pat ton distributions are obtained using fits to all relevant event 
data  [59]. In particular, da ta  from purely hadronic initial s tates 
are used as they can provide important  constraints on the gluon 
distributions. 

9 . 4 .  Q C D  i n  d e c a y s  o f  t h e  r l e p t o n  

The semi-leptonic branching ratio of the tau (r  ---* vr + hadrons, 
Rr )  is an inclusive quantity. It is related to the contribution of 
hadrons to the imaginary part  of the W self energy (H(s)). It is 
sensitive to a range of energies since it involves an integral 

Rr ~jo/m~ dS - ~_~)2..., Im(H(s) )  . 

Since the scale involved is low, one must  take into account 
nonperturbative (higher-twist) contributions which are suppressed by 
powers of the T mass.  

Here a, b, and c are dimensionless constants  and m is a light quark 
mass.  The term of order 1/m~ is a kinematical effect due to the light 
quark masses and is consequently very small. The nonperturbat ive 
terms are est imated using sum rules [60]. In total, they are est imated 
to be -0 .014  + 0.005 [61,62]. This est imate relies on there being no 
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Figure 9.1: Summary  of the values of as(Mz) and A (5) from 
various processes. The values shown indicate the process and 
the measured value of as  extrapolated up to # = Mz.  The error 
shown is the total error including theoretical uncertainties. 

term of order A2/m 2 (no te  that  as(mr)Tr (0.5mrGeV)2~./ The a, b, 

and c can be determined from the da ta  [63] by fitting to moments  
of the II(s) and separately to the final s tates accessed by the vector 
and axial parts  of the W coupling. The values so extracted [64,65] are 
consistent with the theoretical estimates. If the nonperturbative terms 
are omit ted from the fit, the extracted value of as(mr) decreases by 

0.02. 

For as(mr) = 0.35 the perturbative series for Rr  is R~ 
3.058(1 + 0.112 + 0.064 + 0.036). The size (estimated error) of the 
nonperturbative term is 20% (7%) of the size of the order a 3 term. 
The perturbat ion series is not very well convergent; if the order a 3 
te rm is omitted, the extracted value of a s ( m r )  increases by 0.05. The 
order as  4 te rm has  been est imated [111] and a t tempts  made to resum 
the entire series [67,68]. These est imates can be used to obtain an 
est imate of the errors due to these unknown terms [69,70]. We assign 
an uncertainty of • to a s ( m r )  from these sources. 

Rr  can be extracted from the semi-leptonic branching ratio from 
the relation Rr  = 1/(B(T --* euF) -- 1.97256; where B(T --* euP) is 
measured directly or extracted from the lifetime, the muon mass,  and 
the muon lifetime assuming universality of lepton couplings. Using 
the average lifetime of 290.0 • 1.2 fs and a r mass  of 1777.05 • 0.29 
MeV from the PDG fit gives RT = 3.655 4-0.023. The direct 
measurement  of B(T --* eu~) can be combined with B(T --* #uF) to 
give B(7 -o euF) = 0.1783 • 0.0007 which gives Rr  = 3.636 • 0.021. 
Averaging these yields a s ( m r )  = 0.351 • 0.008 using the experimental 
error alone. We assign a theoretical error equal to 40% of the 
contribution from the order a 3 te rm and all of the nonperturbative 
contributions. This  then gives a s ( m r )  = 0.35 • 0.03 for the final 
result. This  corresponds to as(Mz) = 0.121 • 0.003. 

9 . 5 .  Q C D  i n  h i g h - e n e r g y  h a d r o n  c o l l i s i o n s  

There are many ways in which perturbative QCD can be tested in 
high-energy hadron colliders. The quantitative tests are only useful 
if the process in question has  been calculated beyond leading order 
in QCD perturbat ion theory. The production of hadrons with large 
transverse m o m e n t u m  in hadron-hadron collisions provides a direct 
probe of the scattering of quarks and gluons: qq --+ qq, qg --* qg, 
gg --* gg, etc. Higher-order QCD calculations of the jet rates [71] and 
shapes are in impressive agreement with da ta  [72]. This agreement 
has led to the proposal that  these data  could be used to provide a 
determination of as  [73]. A set of structure functions is assumed and 

Tevatron collider data  are fitted over a very large range of transverse 
momenta,  to the QCD prediction for the underlying scattering process 
that  depends on as .  The evolution of the coupling over this energy 
range (40 to 250 GeV) is therefore tested in the analysis. CDF obtains 
as(Mz) = 0.1129 • 0.0001 (stat.) 4- 0.0085 (syst.) [74]. Est imat ion of 
the theoretical errors is not straightforward. The structure functions 
used depend implicitly on as  and an iteration procedure must  be 
used to obtain a consistent result; different sets of structure functions 
yield different correlations between the two values of as .  I est imate 
an uncertainty of 4-0.005 from examining the fits. Ref. 73 est imates 
the error from unknown higher order QCD corrections to be 4-0.005. 
Combining these then gives, c~8(Mz) = 0.113 • 0.011. Data  are 
also available on the angular distribution of jets; these are also in 
agreement with QCD expectations [75,76]. 

QCD corrections to Drell-Yan type cross sections (i.e., the 
production in hadron collisions by quaxk-antiquaxk annihilation of 
lepton pairs of invariant mass  Q from virtual photons, or of real W or 
Z bosons), are known [77]. These O(as) QCD corrections are sizable 
at small values of Q. The correction to W and Z production, as 
measured in p,~ collisions at V~ = 0.63 TeV and ~ = 1.8 TeV, is of 
order 30%. The NNLO corrections to this process are known [78]. 

The production of W and Z bosons and photons at large transverse 
momen tum can also be used to test  QCD. The leading-order QCD 
subprocesses are q~ --) 7g and qg ---* 7q. If the par ton distributions 
are taken from other processes and a value of as  assumed, then an 
absolute prediction is obtained. Conversely, the da ta  can be used to 
extract information on quark and gluon distributions and on the value 
of as .  The next-to-leading-order QCD corrections are known [79,80] 
(for photons), and for W/Z  production [81], and so a precision test  
is possible. Data  exist on photon production from the CDF and DO 
collaborations [82,83] and from fixed target experiments [84]. Detailed 
comparisons with QCD predictions [85] may  indicate an excess of 
the da ta  over the theoretical prediction at low value of transverse 
momenta,  al though other authors  [86] find smaller excesses. 

The UA2 collaboration [87] extracted a value of as(Mw) = 0.123 • 
a(W + l jet)  

0.018(star.) • 0.017(syst.) from the measured ratio R W = 
a(W + 0jet)" 

The result depends on the algori thm used to define a jet,  and the 
dominant  systematic errors due to fragmentat ion and corrections for 
underlying events (the former causes jet energy to be lost, the latter 
causes it to be increased) are connected to the algorithm. There is 
also dependence on the parton distribution functions, and hence, 
a8 appears explicitly in the formula for RW, and implicitly in the 
distribution functions. This  result is not used in the final average. 
Data  from CDF and DO on the W Pt distribution [89] are in agreement 
with QCD but are not able to determine as  with sufficient precision 
to have any weight in a global average. 

In the region of low Pt, fixed order per turbat ion theory is not 
applicable; one must  sum terms of order a n lnn(pt/Mw) [88]. Da ta  
from DO [90] on the Pt distribution of Z bosons agree well with these 
predictions. 

The production rates of b quarks in p~ have been used to determine 
c~s [91]. The next-to-leading-order QCD production processes [921 have 
been used. By selecting events where the b quarks axe back-to-back in 
azimuth, the next-to-leading-order calculation can be used to compare 
rates to the measured value and a value of as extracted. The errors 
are dominated by the measurement  errors, the choice of ~ and M,  
and uncertainties in the choice of structure functions. The last were 
est imated by varying the structure functions used. The result is 
a M - +0.009 s( z)  - 0.113_0.013. 
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9 .6 .  Q C D  i n  h e a v y - q u a r k o n i u m  d e c a y  

Under the assumpt ion that  the hadronic and leptonic decay widths 
of heavy QQ resonances can be factorized into a nonperturbative 
par t - -dependent  on the confining po ten t ia l - -and  a calculable pertur- 
bative part, the ratios of partial decay widths allow measurements  of 
as at the heavy-quark mass  scale. The most  precise data  come from 
the decay widths of the 1 - -  J / r  and T resonances. The total 
decay width of the T is predicted by perturbative QCD [93] 

F(T --'* hadrons) 
R u ( T ) -  ~-(~-~--~-~_) 

= 10( ~r2 - 9)a3(M) 

97rae2m 

• [ I + ~ ( - 1 9 . 4 + ~ ( 1 . 1 6 2 + l n ( ~ M T ) ) )  ] (9.16) 

Data are available for the T, T ~, T",  and J / r  The result 
is very sensitive to a8 and the da ta  are sufficiently precise 
(R~(T) = 32.5 4- 0.9) [94] that  the theoretical errors will dominate. 
There are theoretical corrections to this simple formula due to the 
relativistic nature of the QQ system; v2/c 2 ~ 0.1 for the T. They are 
more severe for the J/~b. There are also nonperturbative corrections 
of the form A2/M~; again these are more severe for the J / r  A fit to 
T, T I, and T "  [95] gives c~a(Mz) = 0.113 4- 0.001 (expt.). The results 
from each state separately and also from the J / r  are consistent with 
each other. There is an uncertainty of order 4-0.005 from the choice 
of scale; the error f r o m  V2/C 2 corrections is a little larger. The ratio 

T ---* 7gg 
of widths ~ has been measured by the CLEO collaboration 

who use it to determine c~s(9.45 GeV) = 0.163 4- 0.002 4- 0.014 [97] 
which corresponds to a s ( M z )  = 0.110 • 0.001 4- 0.007. The error 
is dominated by theoretical uncertainties associated with the scale 
choice. The theoretical uncertainties due to the production of 
photons in fragmentat ion [96] are small [97]. Higher order QCD 
calculations of the photon energy distribution are available [98]; 
this distribution could now be used to further test the theory. The 
width F(T --* e+e - )  can also be used to determine a8 by using 

a(e+ e - ---* bb) 
moments of the quanti ty Rb(s ) ---- a (e+e_  --~ # + / _ )  defined by 

Rb(s) [99]. At large values of n, Mn is dominated by M n =  f g  s-W4y 
F(T --~ e+e-).  Higher order corrections are available and the method 
gives [100] as(rob) = 0.220 4- 0.027. The dominant  error is theoretical 
and is dominated by the choice of scale and by uncertainties in Coulomb 
corrections. It corresponds to a s ( M z )  = 0.119 4- 0.008. These various 
T measurements can be combined and give a s ( M z )  = 0.114 4- 0.008. 

9 .7 .  P e r t u r b a t i v e  Q C D  i n  e + e  - c o l l i s i o n s  

The total cross section for e+e - --* hadrons is obtained (at low 
values of x/~) by multiplying the muon-pair  cross section by the factor 
R = 3Eqe~. The higher-order QCD corrections to tb, is quanti ty have 
been calculated, and the results can be expressed in terms of the 
factor: 

R = R  (~ 1 +  a-Zs + C 2  + C 3  + . . .  , (9.17) 
7f 

where C2 = 1.411 and C3 = -12 .8  [101]. 

R (0) can be obtained from the formula for d~/dfl  for e+e - ~ f f  
by integrating over ft. The formula is given in Sec. 35.2 of this Review. 
This result is only correct in the zero-quark-mass limit. The O(as) 
corrections are also known for massive quarks [102]. The principal 
advantage of determining as  from R in e~-e- annihilation is tha t  there 
is no dependence on fragmentation models, jet  algorithms, etc. 

A measurement  by CLEO [103] at x/~ = 10.52 GeV yields 
as(10.52 GeV) = 0.20 4- 0.01 4- 0.06, which corresponds to a s ( M z )  = 
0.13 4- 0.005 4- 0.03. A comparison of the theoretical prediction 
of Eq. (9.17) (corrected for the b-quark mass),  with all the 
available data at values of x/~ between 20 and 65 GeV, gives [104] 

as(35 GeV) = 0.146 4-0.030 . The size of the order a 3 term 
is of order 40% of tha t  of the order as  2 and 3% of the  order 
as .  If the order a 3 te rm is not included, a fit to the da ta  yields 
as  (34 GeV) = 0.1424-0.03, indicating tha t  the theoretical uncertainty 
is smaller than  the experimental  error. 

Measurements  of the ratio of hadronic to leptonic width of the Z 
at LEP and SLC, Fh/r~  probe, the same quanti ty as R. Using the 
average of Fh/F ~ = 20.783 4- 0.029 gives a s ( M z )  = 0.123 :k 0.004 [105]. 
There are theoretical errors arising from the values of top-quark and 
Higgs masses which enter due to electroweak corrections to the Z 
width and from the choice of scale. 

While this method has  small theoretical uncertainties from QCD 
itself, it relies sensitively on the electroweak couplings of the Z 
to quarks [106]. The presence of new physics which changes these 
couplings via electroweak radiative corrections would invalidate the 
value of as (Mz) .  However, given the excellent agreement [107] of the 
many  measurements  at the Z, there is no reason not to use the value 
of as(Mg)  = 0.1192 4- 0.0028 4- O.O02(scale) from the global fits of 
the various precision measurements  at LEP/SLC and the W and top 
masses in the world average (see the section on "Electroweak model 
and constraints on new physics," Sec. 10 of this Review). 

An alternative method of determining as in e+e - annihilat ion is 
from measuring quantities that  are sensitive to the relative rates of 
two-, three-, and four-jet events. A review should be consulted for 
more details [108] of the issues mentioned briefly here. In addition to 
simply counting jets, there are many  possible choices of such "shape 
variables"', thrust  [109], energy-energy correlations [110], average jet  
mass,  etc. All of these are infrared safe, which means  they can be 
reliably calculated in per turbat ion theory. The s tar t ing point for all 
these quantities is the multijet  cross section. For example, at order 
as ,  for the process e+e - ---, qqg: [111] 

1 _ _ a ~  _ 2a, ~ + ~ (9 .18 )  
3 ~  (1 - X l ) ( 1  - ~2 )  ' dzldx2 

2Ei 
( 9 . 1 9 )  

where xi are the center-of-mass energy fractions of the finM-state 
(massless) quarks. A distribution in a "three-jet" variable, such as 
those listed above, is obtained by integrating this differential cross 
section over an appropriate phase space region for a fixed value of 
the variable. The order a 2 corrections to this process have been 
computed,  as well as the 4-jet final s tates such as e+e - ---* qqgg [112]. 

There are many methods  used by the e+e - experimental  groups 
to determine as  from the event topology. The jet-counting algorithm, 
originally introduced by the JADE collaboration [113], has been used 
by many other groups. Here, particles of momen ta  Pi and pj are 
combined into a pseudo-particle of m o m e n t u m  Pi d- pj if the invariant 
mass  of the pair is less than  y0x/~. The process is then  iterated until  
no more pairs of particles or pseudo-particles remain. The remaining 
number  is then defined to be the number  of jets in the event, and 
can be compared to the QCD prediction. The Durham algori thm is 
slightly different: in computing the mass  of a pair of partons, it uses 
M 2 = 2min(E12, E22)(1 - cos8~j) for partons of energies Ei and Ej  
separated by angle 0ij [114]. 

There are theoretical ambiguities in the way this process is carried 
out. Quarks and gluons are massless, whereas the observed hadrons 
are not, so that  the massive jets tha t  result from this scheme 
cannot be compared directly to the massless jets of per turbat ive 
QCD. Different recombination schemes have been tried, for example 
combining 3-momenta  and then rescaling the energy of the cluster 
so that  it remains massless. These schemes result in the same da ta  
giving a slightly different values [115,116] of as. These differences 
can be used to determine a systematic error. In addition, since what 
is observed are hadrons rather than  quarks and gluons, a model is 
needed to describe the evolution of a partonic final s ta te  into one 
involving hadrons, so that  detector corrections can be applied. The  
QCD matr ix  elements are combined with a pat ton-fragmentat ion 
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model. This model can then be used to correct the data  for a direct 
comparison with the parton calculation. The different hadronization 
models that  are used [117-120] model the dynamics tha t  are controlled 
by nonperturbative QCD effects which we cannot yet calculate. The 
fragmentat ion parameters  of these Monte Carlos are tuned to get 
agreement with the observed data. The differences between these 
models contribute to the systematic  errors. The systematic errors 
from recombination schemes and fragmentat ion effects dominate over 
the statistical and other errors of the LEP/SLD experiments. 

The scale M at which as(M) is to be evaluated is not clear. 
The invariant mass  of a typical jet  (or SvQ-~) is probably a more 
appropriate choice than  the e+e - center-of-mass energy. While there 
is no justification for doing so, if the value is allowed to float in the 
fit to the data,  the fit improves and the da ta  tend to prefer values 
of order vfs/10 GeV for some variables [116,121[; the exact value 
depends on the variable tha t  is fitted. 

The perturbative QCD formulae can break down in special 
kinematical configurations. For example, the thrust  (T) distribution 
contains terms of the type a8 ln2(1 - T). The higher orders in the 
perturbat ion expansion contain terms of order as  n lnrn(1 - T). For 
T ~ 1 (the region populated by 2-jet events), the perturbat ion 
expansion is unreliable. The terms with n _< m can be summed to all 
orders in as  [122]. H the jet recombination methods  are used higher- 
order terms involve as  n lnm(y0), these too can be resummed [123]. The 
resummed results give better  agreement with the da ta  at large values 
of T. Some caution should be exercised in using these resummed 
results because of the possibility of overcounting; the showering 
Monte Carlos that  are used for the fragmentation corrections also 
generate some of these leading-log corrections. Different schemes for 
combining the order a 2 and the resummations  are available [124]. 
These different schemes result in shifts in as  of order • The use 
of the resummed results improves the agreement between the data  and 
the theory. An average of the recent results at the Z resonance from 
SLD [116], OPAL [125], L3 [126], ALEPH [127], and DELPHI [128], 
using the combined a 2 and resummat ion fitting to a large set of shape 
variables, gives a s ( M z )  - 0.122 • 0.007. The errors in the values 
of c~s(Mz) from these shape variables are totally dominated by the 
theoretical uncertainties associated with the choice of scale, and the 
effects of hadronization Monte Carlos on the different quantities fitted. 

Similar studies on event shapes have been undertaken at lower 
energies at TRISTAN, P E P / P E T R A ,  and CLEO. A combined result 
from various shape parameters  by the TOPAZ collaboration gives 
as(58 GeV) = 0.125 • 0.009, using the fixed order QCD result, 
and as(58 GeV) = 0.132 • 0.008 (corresponding to as(Mz) = 
0.123 =k 0.007), using the same method as in the SLD and LEP 
average [129]. The measurements  of event shapes at P E P / P E T R A  are 
summarized in earlier editions of this note. A recent reevaluation of 
the JADE data  [130] obtained using resummed QCD results and by 
averaging over several shape variables gives as(35 GeY) - n 1A~+0.012 - -  ~ . . . .  -0.007' 
An analysis by the TP C  group [131] gives a8(29 GeV) -- 0.160:k0.012, 
using the same method as TOPAZ. This value corresponds to 
as(Mz) -- 0.131 • 0.010 

The CLEO collaboration fits to the order 02 results for the two 
jet fraction at v ~  = 10.53 GeV, and obtains c~s(10.93 GeV) = 
0.164 • 0.004 (expt.) • 0.014 (theory) ]132]. The dominant  systematic 
error arises from the choice of scale (/z), and is determined from the 
range of as  that  results from fit with # = 10.53 GeV, and a fit where 
# is allowed to vary to get the lowest X 2. The latter results in # = 1.2 
GeV. Since t h e q u o t e d  result corresponds to as(1.2 GeV) -- 0.35, it is 
by no means  clear that  the perturbative QCD expression is reliable 
and the resulting error should, therefore, be treated with caution. A 
fit to many  different variables as is done in the LEP/SLC analyses 
would give added confidence to the quoted error. 

Recently studies have been carried out at energies between 
~130 GeV [133] and ~189 GeV [134]. These can be combined to give 
as(130 GeV) = 0.114 • 0.008 and c~s(189 GeV) = 0.1104 • 0.005. 
The dominant  errors are theoretical and systematic and, as most  of 
these are in common at the two energies. These data  and those at the 

Z resonance provide clear confirmation of the expected decrease in as  
as the energy is increased. 

Since the errors in the event shape measurements  are dominant ly 
systematic,  and are common to the experiments,  the results from 
P E P / P E T R A ,  TRISTAN, LEP, SLC, and CLEO are combined to give 
as(Mz) = 0.121 • 0.007. All of the experiments are consistent with 
this average and, taken together, provide verification of the running of 
the coupling constant  with energy. 

Est imates  are available for the nonperturbative corrections to the 
mean value of 1 - T [136]. These are of order 1/E and involve a single 
parameter  to be determined from experiment. These corrections can 
then be used as an alternative to those modeled by the fragmentat ion 
Monte-Carlos. The DELPHI collaboration [135] uses da ta  up to the Z 
mass  from many experiments and determines as (Mz)  = 0.119 • 0.006, 
the error being dominated by the choice of scale. The value is also 
determined by a fit to a second variable (the mean  jet mass); while the 
extracted values of as(Mz) are consistent with each other, the values 
of the non perturbative parameter  are not. The analysis is useful as 
one can directly determine the size of the 1/E corrections; they are 
approximately 20% (50%) of the perturbative result at v ~  -- 91(11) 
GeV. 

9 . 8 .  S e a l i n g  v i o l a t i o n s  i n  f r a g m e n t a t i o n  f u n c t i o n s  

Measurements  of the fragmentation function di(z,E), (the 
probability that  a hadron of type i be produced with energy zE in 
e+e - collisions at V~ = 2E) can be used to determine as .  As in 
the case of scaling violations in s tructure functions, QCD predicts 
only the E dependence. Hence, measurements  at different energies 
are needed to extract a value of c~s. Because the QCD evolution 
mixes the fragmentation functions for each quark flavor with the 
gluon fragmentation function, it is necessary to determine each of 
these before as  can be extracted. The ALEPH collaboration has 
used data  from energies ranging from v ~  -- 22 GeV to V~ = 91 
GeV. A flavor tag is used to discriminate between different quark 
species, and the longitudinal and transverse cross sections are 
used to extract the gluon fragmentat ion function [137]. The result 
obtained is as(Mz) = 0.126 • 0.007 (expt.) • 0.006 (theory) [138]. 
The theory error is due mainly to the choice of scale. The OPAL 
collaboration [139] has also extracted the separate fragmentat ion 
functions. DELPHI [140] has also performed a similar analysis 
using data  from other experiments at lower energy with the result 
as(Mz) = 0.124•177 (theory). Thelarger  theoret icalerror is  
due to the larger range of scales that  were used in the fit. These results 
can be combined to give as(Mz) = 0.125 • 0.005 4- 0.008 (theory). 

9 . 9 .  P h o t o n  s t r u c t u r e  f u n c t i o n s  

e+e - can also be used to s tudy photon-photon interactions, which 
can be used to measure the s tructure function of a photon [141], by 
selecting events of the type e+ e - ---* e+ e - + hadrons which proceeds 
via two photon scattering. If events are selected where one of the 
photons is almost on mass  shell and the other has a large invariant 
mass  Q, then the latter probes the photon structure function at scale 
Q; the process is analogous to deep inelastic scattering where a highly 
virtual photon is used to probe the proton structure. This process 
was included in earlier versions of this Review which can be consulted 

)r details on older measurements  [142-145]. A recent review of the 
da ta  can be found in Ref. 146. Data  have become available from 
LEP [147-150] and from TRISTAN [151,152] which extend the range 
of Q2 to of order 300 GeV 2 and x as low as 2 x 10-3and show 
Q2 dependence of the structure function that  is consistent with 
QCD expectations. Experiments  at HERA can also probe the  photon 
structure function by looking at jet  production in 7P collisions; this  is 
analogous to the jet production in hadron-hadron collisions which is 
sensitive to hadron structure functions. The data  [153] are consistent 
with theoretical models [154]. 
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9 . 1 0 .  J e t  r a t e s  i n  e p  collisions 

At lowest order in as ,  the ep scattering process produces a final 
state of (1+1) jets, one from the proton fragment and the other from 
the quark knocked out by the process e + quark ~ e + quark. At 
next order in C~s, a gluon can be radiated, and hence a (2+1) jet final 
state produced. By comparing the rates for these (1+1) and (2+1) jet 
processes, a value of C~s can be obtained. A NLO QCD calculation is 
available [155]. The basic methodology is similar to that  used in the 
jet counting experiments in e+e - annihilation discussed above. Unlike 
those measurements,  the ones in ep scattering are not at a fixed value 
of Q2. In addition to the systematic errors associated with the jet 
definitions, there are additional ones since the structure functions enter 
into the rate calculations. Results  from HI [156] and ZEUS [157] can 
be combined to give as(Mz) =- 0.118 -4- 0.0015 ( s t a t . ) � 9  0.009 (syst.). 
The contributions to the systematic errors from experimental effects 
(mainly the haxlronic energy scale) are comparable to the theoretical 
ones arising from scale choice, s tructure functions, and jet definitions. 
The theoretical errors are common to the two measurements;  therefore, 
we have not reduced the systematic error after forming the average. 

9 . 1 1 .  Q C D  i n  d i f f r a c t i v e  e v e n t s  

In approximately 10% of the deep-inelastic scattering events at 
HERA a rapidity gap is observed [158]; that  is events are seen 
where there are almost no hadrons produced in the direction of the 
incident proton. This was unexpected; QCD based models of the 
final state predicted tha t  the rapidity interval between the quark that  
is hit by the electron and the proton remnant  should be populated 
approximately evenly by the hadrons. Similar phenomena have been 
observed at the Tevatron in W and jet production. For a review see 
Ref. 159. 

9 . 1 2 .  L a t t i c e  Q C D  

Lattice gauge theory calculations can be used to calculate, 
using non-perturbative methods,  a physical quanti ty that  can be 
measured experimentally. The value of this quanti ty can then be 
used to determine the QCD coupling that  enters in the calculation. 
For a review of the methodology see Ref. 160. For example, the 
energy levels of a QQ system can be determined and then used 
to extract as.  The masses of the QQ states depend only on the 
quark mass and on c~s. A limitation is that  calculations cannot be 
performed for three light quark flavors. Results are available for 
zero (n! = 0, quenched approximation) and two light flavors, which 
allow extrapolation to three. The  coupling constant so extracted 
is in a lattice renormalization scheme, and must  be converted 
to the ~ scheme for comparison with other results. Using the 
mass differences of T and T t and T" and Xb, Davies et al. [161] 
extract a value of C~s(Mz) = 0.1174 =i: 0.0024. A similar result with 
larger errors is reported by [162], where results are consistent with 
a s (Mz)  = 0.111 4- 0.006. The SESAM collaboration [163] uses the 
T and T ~ and Xb masses to obtain as(Mz) = 0.1118 + 0.0017 
using Wilson fermions. These authors  point out that  their result is 
more than 3a from that  of Davies et al. which uses Kogut-Susskind 
fermions. A combination of the results from quenched [164] and 
(n I = 2) [165] gives as(Mz) = 0.116 5= 0.003 [166]. Calculations [167] 
using the strength of the force between two heavy quarks computed 
in the quenched approximation obtains a value of as (5  GeV) that  is 
consistent with these results. There have also been investigations of 
the running of as [168]. These show remarkable agreement with the 
two loop perturbative result of Eq. (9.5). 

There are several sources of error in these est imates of as(Mz). 
The experimental error associated with the measurements  of the 
particle masses is negligible. The conversion from the lattice coupling 
constant to the ~ constant is obtained using a perturbative expansion 
where one coupling expanded as a power series in the other. This 
series is only known to second order. A third order calculation exists 
only from the n$ = 0 case [169]. Its inclusion leads to a shift in 
the extracted value of as(Mz) of +0.002. Other theoretical errors 
arising from the limited statistics of the Monte-Carlo calculation, 
extrapolation in n f,  and corrections for light quark masses are smaller 
than this. 

The result of averaging [163,161,164] gives with a more conservative 
error as(Mz) = 0.115 4- 0.003. This will be used in the average. 

0.4[ ' ' ' ' ' ' " ]  ' ' ' ' '  ' ' ' 1  

0.3 

as(~) 
0.2 

0.1 

0 o ~  
2 5 10 20 50 100 200 

p. (GeV)  

F i g u r e  9.2: Summary  of the values of c~s(#) at the values of 
# where they are measured. The lines show the central values 
and the 4-1a limits of our average. The figure clearly shows the 
decrease in c~s(#) with increasing #. The data  are, in increasing 
order of #, T width, deep inelastic scattering, T decays, e+e - 
event rate at 25 GeV, event shapes at TRISTAN, Z width, e+e - 
event shapes of MZ, 135, and 189 GeV. 

9 . 1 3 .  Conclusions 

The need for brevity has meant  that  many other important  topics 
in QCD phenomenology have had to be omitted from this review. One 
should mention in particular the s tudy of exclusive processes (form 
factors, elastic scattering, . . . ) ,  the behavior of quarks and gluons in 
nuclei, the spin properties of the theory, and QCD effects in hadron 
spectroscopy. 

We have focused on those high-energy processes which currently 
offer the most quanti tat ive tests of perturbat ive QCD. Figure 9.1 
shows the values of as(Mg) deduced from the various experiments.  
Figure 9.2 shows the values and the values of Q where they are 
measured. This figure clearly shows the experimental evidence for the 
variation of as (Q)  with Q. 

An average of the values in Fig. 9.1 gives as (Mz)  = 0.1181, with 
a total X 2 of 3.8 for twelve fitted points, showing good consistency 
among the data. The error on the average, assuming tha t  all of the 
errors in the contributing results are uncorrelated, is • and 
may be an underestimate.  Almost  all of the values used in the average 
are dominated by systematic,  usually theoretical, errors. Only some 
of these, notably from the choice of scale, are correlated. The average 
is not dominated by a single measurement;  there are several results 
with comparable small errors: these are the ones from r decay, lattice 
gauge theory, deep inelastic scattering, and the Z ~ width. We quote 
our average value as as(Mz) = 0.1181 4- 0.002, which corresponds 
to A(5) +25 = 208_23 MeV using Eq. (9.5a). Future experiments  can be 
expected to improve the measurements  of c~s somewhat.  Precision at 
the 1% level may be achievable if the systematic  and theoretical errors 
can be reduced [170]. 

The value of C~s at any scale corresponding to our average can be ob- 
t ained from http ://www-theory. Ibl. gov/~ianh/alpha/alpha, html 
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10.1 Introduction 
10.2 Renormalization and radiative corrections 
10.3 Cross-section and asymmetry  formulas 
10.4 W and Z decays 
10.5 Experimental  results 
10.6 Constraints on new physics 

1 0 . 1 .  I n t r o d u c t i o n  

The standard electroweak model is based on the gauge group [1] 
SU(2) x U(1), with gauge bosons W~, i = 1,2,3, and B~ for 
the SU(2) and U(1) factors, respectively, and the corresponding 
gauge coupling constants g and gk The left-handed fermion fields 

r = q 

under SU(2), where d~ =- ~'~q Vii dj, and V is the Cabibbo-Kobayashi- 
Maskawa mixing matrix.  (Constraints  on V are discussed in the 
section on the Cabibbo-Kobayashi-Maskawa mixing matrix.)  The 
right-handed fields are SU(2) singlets. In the minimal  model there are 

three fermion families and a single complex Higgs doublet 4~ - r �9 

After spontaneous symmetry  breaking the Lagrangian for the 
fermion fields is 

( gm, H~2Mw ] "LfF = Z r i O -  mi - r 
i 

2~2" ~. ~' 7" (1 - 75)(T + W 2 + T- W/) ,r 

-eZqir ' a r  
i 

g Z r  7~(gO - g~475) ~bl Z , .  (10.1) 
2 cos~w i 

OW - tan-l(gl/g) is the weak angle; e = gsinO W is the positron 
electric charge; and A =- BcosO W + W3sinOw is the (massless) 
photon field. W =t= =- (W 1 ~= iW2)/v/2  and Z - - B  sin Ow + W3 cos 0w 
are the massive charged and neutral  weak boson fields, respectively. 
T + and T -  are the weak isospin raising and lowering operators. The 
vector and axial vector couplings are 

gv =t3L(1) - 2qi sin20W , (10.2a) 

gi A =t3L(i) , (10.2b) 

where t35(i ) is the weak isospin of fermion i (+1 /2  for ui and vi; 
- 1 / 2  for dl and el) and qi is the charge o f r  in units ofe .  

The second term in -~F represents the charged-current weak 
interaction [2]. For example, the coupling of a W to an electron and a 
neutrino is 

e 

2WT, nO,,  (10.3) 

For momenta  small compared to MW, this term gives rise to 
the effective four-fermion interaction with the Fermi constant 
given (at tree level, i.e., lowest order in perturbat ion theory) by 
GF/V~ = g2/8M~v. C P  violation is incorporated in the Standard 
Model by a single observable phase in V/j. The third term in -~F 
describes electromagnetic interactions (QED), and the last is the weak 
neutral-current interaction. 

In Eq. (10.1), mi is the mass  of the i th fermion r For the quarks 
these are the current masses. For the light quarks, as described 
in the Particle Listings, mu ~ 1-5 MeV, m d  ~ 3-9 MeV, and 
ms ~ 75-170 MeV. These are running ~ masses evaluated at the 
scale # = 2 GeV. (In this section we denote quantities defined in 
the ~ scheme by a caret; the exception is the strong coupling 
constant, as ,  which will always correspond to the ~ definition 
and where the caret will be dropped.) For the heavier quarks, 

mc(#  = me) ~ 1.15-1.35 GeV and ~b(#  = ~b)  ~ 4.0-4.4 GeV. The 
average of the recent CDF [4] and DO [5] values for the top quark 
"pole" mass  is mt = 174.3 + 5.1 GeV. We will use this value for mt 
(together with M H = 100 GeV) for the numerical values quoted in 
Sec. 10.2-See. 10.4. See "The Note on Quark Masses" in the Particle 
Listings for more information. 

H is the physical neutral  Higgs scalar which is the only remaining 
part of r after spontaneous symmetry  breaking. The Yukawa coupling 
of H to r which is flavor diagonal in the minimal  model is g m i / 2 M  W. 
In nonminimal  models there are additional charged and neutral  scalar 
Higgs particles [6]. 

1 0 . 2 .  R e n o r m a l i z a t i o n  a n d  r a d i a t i v e  c o r r e c t i o n s  

The Standard Model has three parameters  (not counting the Higgs 
boson mass,  MH, and the fermion masses and mixings). A particularly 
useful set is: 

(a) The fine structure constant a = 1/137.0359895(61), deter- 
mined from the quan tum Hall effect. In most  electroweak- 
renormalization schemes, it is convenient to define a running a 
dependent on the energy scale of the process, with a -1  ~ 137 ap- 
propriate at very low energy. (The running has also been observed 
directly. [7]) For scales above a few hundred MeV this introduces 
an uncertainty due to the low-energy hadronic contribution to 
vacuum polarization. In the modified minimal  subtract ion ( ~ )  
scheme [8] (used for this Review), and with as (Mz)  = 0.120 for 
the QCD coupling at Mz,  one has ~(m~-) -1  = 133.5135:0.026 and 
~(Mz)  - t  = 127.934 5= 0.027 [9]. The non-lineax as  dependence 
of 8~(Mz) and the resulting correlation with the input  variable 
as, is fully taken into account in the fits. The uncertainty is 
from e+e - annihilation data  below 1.8 GeV [10], from uneal- 
eulated higher order perturbative and non-perturhat ive QCD 
corrections, and from the ~ quark masses,  me(me) = 1.31 :t: 0.07 
and ~b(s = 4.24-4-0.11 [9]. Such a short distance mass  
definition (unlike the pole mass) is free from non-perturbative 
and renormalon uncertainties. Various recent evaluations of the 
contributions of the five light quark flavors, A ~(5) to the 

~had ' 
C~ 

conventional (on-shell) QED coupling, c~(Mz) - 1 - Aa ' are 

summarized in Table 10.1. Most of the older results relied on 
e+e - ---* hadrons cross-section measurements  up to energies of 
40 GeV which were somewhat  higher than  the QCD prediction, 
suggested stronger running,  and were less precise. The most  
recent results assume the validity of perturbat ive QCD (PQCD) 
at scales of 1.8 GeV and above (outside of resonance regions), 
and are in very good agreement with each other. They imply 
higher central values for the extracted M H by O(20 GeV). On 
the other hand, the upper limits for M H are all similar due to a 
compensation of the latter effect and the higher precision. Fur- 
ther improvement of this dominant  theoretical uncertainty in the 
interpretation of precision data  will require better measurements  
of the cross-section for e+e - ---* hadrons at low energy. 

(b) The Fermi constant,  GF = 1.16637(1) • 10 -5  GeV -2,  determined 
from the muon lifetime formula [22,23], 

G2m 5192. 3 (me 2 ~ ( 53 m~M~v ) r ; - '  _ F 1 +  

where 

C 2  - _ _  

and 

or(m/z)_ 1 = ~  1 2 l n ( m t ~  + 1 
-- ~n ~ m e  J ~ "~ 136.  

F(x)  : 1 - 8x + S x  3 - x 4 - 12x2 l nx  , (10.4b) 

156815 518 ,  2 - ~65 6 7 .  4 5 3 .  2 In(2) (10.4c) 
5184 81 ;(3)+720 + 6 ' 

(10Ad) 
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Table  10.1: Recent evaluations of the on-shell A a ~ , ~ ( M z ) .  
For better comparison we adjusted central values and errors to 
correspond to a common and fixed value of a s ( M z )  = 0.120. 
References quoting results without the top quark decoupled 
are converted to the five flavor definition. Ref. [20] uses 
AQC D = 380 • 60 MeV; for the conversion we assumed 
a s ( M r )  = 0.118 -4- 0.003. 

Reference Result Comment 

Martin&Zeppenfeld [11] 0.02744 :k 0.00036 PQCD forvG > 3 GeV 

Eidelman&Jegerlehner [12] 0.02803 + 0.00065 PQCD forv~ > 40 GeV 

Geshkenbein&Morgunov [13] 0.02780 -4- 0.00006 (9((~s) resonance model 

Burkhardt&Pietrzyk [14] 0.0280 • 0.0007 PQCD forvf~ > 46 GeV 

Swartz [15] 0.02754 • 0.00046 use of fitting function 

Alemany, Davier, Hhcker [16] 0.02816 • 0.00062 includes r decay data 

Krasnikov&Rodenberg [17] 0.02737 • 0.00039 PQCD forvf~ > 2.3 GeV 

Davier&Hhcker [10] 0.02784 • 0.00022 PQCD forvf~ > 1.8 GeV 

K/ihn&Steinh . . . . .  [18] 0.02778 • 0.00016 complete O(c~ 2) 

Erler [9] 0.02779 • 0.00020 converted from ~ scheme 

Davier&Hhcker [19] 0.02770 • 0.00015 use of QCD sum rules 

Groote et al. [20] 0.02787 • 0.00032 use of QCD sum rules 

Jegerlehner [21} 0.02778 • 0.00024 converted from 
MOM scheme 

The O(a  2) corrections to /~ decay have been completed 
recently [23]. The remaining uncertainty in G F  is from the 
experimental input. 

(c) The Z boson mass, M Z  = 91.1872 =: 0.0021 GeV, determined 
from the Z lineshape scan at LEP 1 [24]. 

With these inputs, sin 20w can be calculated when values for mt 
and M H are given; conversely (as is done at present), M H can be 
constrained by sin 2 0 W. The value of sin 2 0 W is extracted from Z pole 
observables, the W mass, and neutral-current processes [25], and 
depends on the renormalization prescription. There are a number of 
popular schemes [27-32] leading to values which differ by small factors 
depending on m t  and MH.  The notation for these schemes is shown 
in Table 10.2. Discussion of the schemes follows the table. 

Table  10.2: Notations used to indicate 
the various schemes discussed in the text. 
Each definition of sin 0 W leads to values 
that differ by small factors depending on 
m t  and MH.  

Scheme Notation 

On-shell s w  = sin0w 

NOV SMz  = sin0 W 

M-'$ ~'Z = sin 0 W 

M-~ N D  SND = sin O W 

Effective angle s /  = sin OW 

(i) The on-shell scheme [27] promotes the tree-level formula sin 2 0 w = 
1 - M ~ v / M  2 to a definition of the renormalized sin 2 0 W to all 

orders in perturbation theory, i.e., sin 20w ---* S2w =- 1 _ Mw/Mz.2 2 
This scheme is simple conceptually. However, M W is known much 
less precisely than M Z and in practice one extracts S~v from M Z 
alone using 

A0 
M W  - S w ( 1  - Ar) 1/2 ' (10.5a) 

M W  
i z - , (10.5b) 

cW 

where c w  =- cos0w, Ao = (Tra/v f2GF)  1/2 = 37.2805(2) GeV, 
and Ar includes the radiative corrections relating c~, c~(Mz) , 
GF,  M W ,  and MZ.  One finds Ar ~ A t 0 -  p d t a n 2 0 w ,  
where Ar0 = 1 - c ~ / ~ ( M z )  = 0.0664(2) is due to the running 
of (~ and Pt : 3 G F m 2 t / 8 v ~ r  2 = 0.00952(m~/174.3 GeV) 2 
represents the dominant (quadratic) mt dependence. There are 
additional contributions to Ar from bosonic loops, including 
those which depend logarithmically on M H. One has Ar = 
0.0350 =F 0.0019 • 0.0002, where the second uncertainty is from 
c~(Mz). Thus the value of S~v extracted from M z includes an 
uncertainty (=F0.0006) from the currently allowed range of mr. 

(ii) A more precisely determined quantity s 2 Mz can be obtained from 

M Z by removing the (mr, M H )  dependent term from Ar [28], i.e., 

2 2 ~rc~(Mz) 
S M z C M z  ---- v f ~ G F  M ~ . (10.6) 

Using c~(Mz) -1 = 128.92 -4- 0.03 yields s 2 = 0.23105 ~ 0.00008. MZ 
The small uncertainty in s 2 compared to other schemes is Mz 
because most of the m t  dependence has been removed by 
definition. However, the m t  uncertainty reemerges when other 
quantities (e.g., M w  or other Z pole observables) are predicted 
in terms of M Z. 

Both 8 2 and s 2 depend not only on the gauge couplings Mz 
but also on the spontaneous-symmetry breaking, and both 
definitions are awkward in the presence of any extension of the 
Standard Model which perturbs the value of M z (or M W ) .  Other 
definitions are motivated by the tree-level coupling constant 
definition Ow = t a n -  l (gt / g ). 

( i i i)  In particular, the modified minimal subtraction (Eg) scheme 
introduces the quantity sin 2 8w(~)  -- ~,2(#)/[~2(#) + ~,2( , ) ] ,  
where the couplings ~ and ~ are defined by modified minimal 
subtraction and the scale ~ is conveniently chosen to be M z  
for electroweak processes. The value of ~2 = sin 2 ~ w ( M z )  

extracted from M z is less sensitive than S~v to mt (by a factor 

of tan 2 Ow) , and is less sensitive to most types of new physics 
than 8 2 or s 2 It is also very useful for comparing with 

M Z ' 

the predictions of grand unification. There are actually several 
variant definitions of sin 2 ~ w ( M z ) ,  differing according to whether 
or how finite a I n ( m r ~ M r )  terms are decoupled (subtracted from 
the couplings). One cannot entirely decouple the a l n ( m t / M z )  
terms from all elcctroweak quantities because m t  >> mb breaks 
SU(2) symmetry. The scheme that will be adopted here decouples 
the ct I n ( m r ~ M r )  terms from the ~ / -  Z mixing [8,29], essentially 
eliminating any l n ( m t / M z )  dependence in the formulae for 
asymmetries at the Z pole when written in terms of ~-2. (A 
similar definition is used for ~.) The various definitions are 
related by 

~2 Z = c ( m t , M H ) s  2 = ' ~ ( m t , M H ) S 2 M z  , (10.7) 

where c = 1.0371 -4- 0.0021 and ~ = 1.0004 T 0.0007. The 
quadratic mt dependence is given by c ~ 1 + p ~ / t a n  2 0 W and 

~ 1 - p t / (1  - tan 2 Ow), respectively. The expressions for M W 
and M Z in the ~g scheme are 

Ao 
M W  - ~'z(1 - Ar 'w) 1/2 ' (10.8a) 

M w  
M Z - .fil/2~ z , (10.85) 

and one predicts AF w = 0.0695 + 0.0001 + 0.0002. A~" W has no 
quadratic m t  dependence, because shifts in M W are absorbed 
into the observed GF,  so that the error in AF W is dominated 
by Aro = 1 -  a / ~ ( M z )  , which induces the second quoted 
uncertainty. The quadratic mt dependence has been shifted into 
"fi ~ 1 + Pt, where including bosonic loops, ~ = 1.0107 :i: 0.0006. 

( iv)  A variant ~g quantity s '2 D (used in the 1992 edition of this 
Review) does not decouple the a l n ( m t / M z )  terms [30]. It is 
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related to 3-2 by 

~ ' 2 = ~ ' 2 D / ( l + ~ d )  , (lO.9a) 

d :  5 ~ ' 2 -  ( 1 +  ) l n M z  87r ] '  

Thus,  ~-2 _ ~-2 D ~ -0.0002 for mt  = 174.3 GeV. 

(v) Yet another definition, the effective angle [31,32] ~} for Z coupling 
to fermion f ,  is described in Sec. 10.3. 

Experiments are now at such a level of precision that  complete 
O(a) radiative corrections must  be applied. For neutral-current and 
Z pole processes, these corrections are conveniently divided into two 
classes: 

1. QED diagrams involving the emission of real photons or the 
exchange of virtual photons in loops, but not including vacuum 
polarization diagrams. These graphs often yield finite and gauge- 
invariant contributions to observable processes. However, they 
are dependent on energies, experimental  cuts, etc., and must  be 
calculated individually for each experiment. 

2. Electroweak corrections, including 77, 7Z ,  Z Z ,  and W W  vacuum 
polarization diagrams, as well as vertex corrections, box graphs, 
etc., involving virtual W's  and Z's.  Many of these corrections 
are absorbed into the renormalized Fermi constant defined in 
Eq. (10.4). Others modify the tree-level expressions for Z pole 
observables and neutral-current amplitudes in several ways [25]. 
One-loop corrections are included for all processes. In addition, 
certain two-loop corrections are also important .  In particular, 
two-loop corrections involving the top-quark modify Pt in fi, At ,  
and elsewhere by 

Pt --~ pt[1 + R (MH,  mt)Pt/3] . (10.10) 

R(MH,  mt)  is best described as an expansion in 2 2 M z / m  t . The 
unsuppressed terms were first obtained in Ref. 33, and are 
known analytically [34]. Contributions suppressed by M2/m2t 
were studied in Ref. 35 with the help of small and large Higgs 
mass expansions, which can be interpolated. These contributions 
are about as large as the leading ones in Refs. 33 and 34. A 
subset of the relevant two-loop diagrams has also been calculated 
numerically without any heavy mass  expansion [36]. This serves 
as a valuable check on the M H dependence of the leading terms 
obtained in Refs. 33-35. The difference turned out to be small. 
For M H above its lower direct limit, - 1 7  < R < -12 .  Mixed 
QCD-electroweak loops of order a a , , m  2 [37] and aa2m2t [38] 
increase the predicted value of mt by 6%. This is, however, almost 
entirely an artifact of using the pole mass  definition for mr. 
The equivalent corrections when using the ~ definition ~ t ( ~ t )  
increase mt by less than  0.5%. The leading electroweak [33,34] 
and mixed [39] two-loop terms are also known for the Z ---* bb 
vertex, but not the respective subleading ones. O(aas)-ver tex  
corrections involving massless quarks have been obtained in 
Ref. [40]. Since they add coherently, the resulting effect is sizable, 
and shifts the extracted a s ( M z )  by ~ +0.0007. Corrections of 
the same order to Z ~ bb decays have also been completed [41]. 

Throughout  this Review we utilize electroweak radiative corrections 
from the program GAPP, which works entirely in the ~-g scheme, and 
which is independent of the package ZFITTER. 

1 0 . 3 .  C r o s s - s e c t i o n  a n d  a s y m m e t r y  f o r m u l a s  

It is convenient to write the four-fermion interactions relevant to 
v-hadron, v-e, and parity violating e-hadron neutral-current processes 
in a form that  is valid in an arbitrary gauge theory (assuming massless 
left-handed neutrinos). One has 

_ ~vHadron = G_..~F D "~# (1 - 75)v 
v~ 

• E [ eL(i) "qi 7 . (  1 - 75)ql + eR(i) qi 7#(1 + 75)qi] , (10.11) 
i 

_ ~ve GF = ~ P,~ 7"u(1 - 75)u,u E 71~(g~  e - g~leTS)e (10.12) 

(for ve-e or Pc-e, the charged-currant contribution must  be included), 
and 

_ . ~ e H a d r o n  _ GF 

q,+c2, 7. (lO.13) 
i 

(One must  add the parity-conserving QED contribution.) 

gve , and Cij axe The Standard Model expressions for eL,R(i), V,A 
ve and the other quantities are given in Table 10.3. Note, that  gV, A 

coefficients of effective four-fermi operators, which differ from the 
quantities defined in Eq. (10.2) in the radiative corrections and in the 
presence of possible physics beyond the Standard Model. 

A precise determination of the on-shell s ~ ,  which depends only 
very weakly on mt and MH, is obtained from deep inelastic neutrino 
scattering from (approximately) isoscalax targets [421. The ratio 

N C ,  CC of neutral- to charged-current cross-sections has Rv -- OyN lavN 
been measured to 1% accuracy by the CDHS [43] and CHARM [44] 
collaborations at CERN, and the CCFR [45] collaboration at Fermilab 
has obtained an even more precise result, so it is important  to obtain 

aNC /~  CC to comparable theoretical expressions for Rv and R~- = DN / ~N 
accuracy. Fortunately, most  of the uncertainties from the s trong 
interactions and neutrino spectra cancel in the ratio. The largest 
theoretical uncertainty is associated with the c-threshold, which 
mainly affects a CC. Using the slow rescaling prescription [46] the 
central value of sin 2 0w from CCFR varies as 0.0111(me [GeV] - 1.31), 
where me is the effective mass  which is numerically close to the 
mass  ~c(fftc), but  their exact relation is unknown at higher orders. 
For me = 1.31-4-0.24 GeV (determined from v-induced dimuon 
production [47]) this contributes -4-0.003 to the total uncertainty 
A sin 20W ~ +0.004. (The experimental  uncertainty is also • 
This uncertainty largely cancels, however, in the Paschos-Wolfenstein 
ratio [48], 

NC NC 
R - ~ -- ~165 (10.14) aCC CC " 

vN -- OyN 

It was measured recently by the NuTeV collaboration [49] for the 
first time, and required a high-intensity and high-energy anti-neutrino 
beam. 

A simple zeroth-order approximation is 

Rv : g2  L + g2 r (10.15a) 

P~v = g2 + g_~ (10.15b) 
r 

R -  : g~, - g2 (10.15e) 

where 

1 _ s i n 2 O w +  5 g2 _ eL(U)2 + eL(d)2 ~ 2 -~ sin 4 8 W , (10.16a) 

5 . 4 
g2R= _ e n ( u )  2 + e R ( d )  2 ~ ~ s m  8W , (10.16b) 

~CC]~CC is the ratio of P and v charged-current cross- and r - ~ N  ~ v N  
sections, which can be measured directly. (In the simple paxton model, 

1 ignoring hadron energy cuts, r ~ (1 + e)/(1 + ~e), where e ~ 0.125 
is the ratio of the fraction of the nucleon's m o m e n t u m  carried by 
antiquaxks to that  carried by quarks.) In practice, Eq. (10.15) mus t  
be corrected for quark mixing, quark sea effects, c-quark threshold 
effects, nonisoscalaxity, W - Z propagator differences, the finite 
muon mass,  QED and electroweak radiative corrections. Details of 
the neutrino spectra, experimental  cuts, x and Q2 dependence of 
structure functions, and longitudinal s tructure functions enter only 
at the level of these corrections and therefore lead to very small  
uncertainties. The CCFR group quotes S~v = 0.2236 4-0.0041 for 
(rot, MH) = (175, 150) GeV with very little sensitivity to (mr, MH).  
The NuTeV collaboration finds s 2 = 0.2253-r using the 
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Tab le  10.3: Standard Model expressions for the neutral-current 
parameters  for u-hadron, u-e, and e-hadron processes. At tree 
level, p = a = 1, A = 0. If radiative corrections are included, 
puNNC = 1.0083, ~vN((Q 2) = - 1 0  GeV 2) = 0.9980, "~vN((Q 2) = 
- 3 5  GeV ~) = 0.9965, AuL = --0.0031, )'all = --0.0025, and 
AdR = 2AuR = 7.5 • 10 -5.  For u-e scattering, P,e = 1.0129 and 
~ue = 0.9967 (at (Q2) = 0.). For atomic parity violation and the 
SLAC polarized electron experiment,  pteq = 0.9878, peq = 1.0008, 

~' ~ = 1.0300, Ald - 2 A t u  = 3.7 x 10 -5,  i~eq = 1 . 0 0 2 6 ,  ~eq = 
A2u = -0,0121 and A2d = 0.0026. The dominant  mt  dependence 
is given by p ~ 1 + p t ,  while ~ ~ 1 (M-~) or n ~ 1 + p t / t a n 2 0 w  
(on-shell). 

Quant i ty  Standard Model Expression 

_NC {1 ~ ~2 )  4- AuL 
eL(l~) PuN k2  -- 3 uN 

,L (d  ) NC 1^  ~2 )  +A d  L 

\ 2 / 

Clu Peq - "b ~ e q  + "~lu 

same reference values. Combining all of the precise deep-inelastic 
measurements ,  one obtains S~v = 0.2253 :k 0.0021. 

The laboratory cross-section for u~e -+ v~e or P~e ---* Pue elastic 
scattering is 

d~ _ G2FmeEu 

dy 2~r 

[+ re:i= ve~2q+ ve ~e~2/1  ~2 
• [I, gv  gA)  [gv T g a  ) I - -y)  

_(g~e2 _ 9uAe2)Y me] (10.17) -25-~ j ' 

where the upper (lower) sign refers to u~(V~), and y =_ E e / E ,  (which 
runs from 0 to (1 + me/2E~)  -1)  is the ratio of the kinetic energy of 
the recoil electron to the incident u or ~ energy. For E~ >> me this 
yields a total cross-section 

] 2 ,  [(gV q- gA ) + "~(gV qz gu4e) 2 . (10.18) 

The most  accurate leptonic measurements  [50-52] of sin 20 W are 
from the ratio R =- o'uue/O-yue in which many of the systematic 
uncertainties cancel. Radiative corrections (other than  mt effects) 
are small compared to the precision of present experiments and 
have negligible effect on the extracted sin 2 0 W. The most  precise 
experiment (CHARM II) [52] determined not only sin 2 0 W but g~e.A 
as well. The cross-sections for Ue-e and ~e-e may  be obtained from 
Eq. (10.17) by replacing 9UVe, A by gUVe, A + 1, where the 1 is due to the 
charged-current contribution. 

The SLAC polarized-electron experiment [53] measured the 
parity-violating asymmet ry  

A - aR - a__L , (10.19) 
(7 R q- O- L 

w h e r e  O'R, L iS the cross-section for the deep-inelastic scattering of 
a right- or left-handed electron: eR,LN ---* eX. In the quark parton 
model 

A 1 - (1 - y)2 
: a l  "4- a2 1 -~- (1  -- y )2  ' ( 1 0 . 2 0 )  

where Q2 > 0 is the m o m e n t u m  transfer and y is the fractional energy 
transfer from the electron to the hadrons. For the deuteron or other 
isoscalar targets, one has, neglecting the s-quark and antiquarks,  

3G F 1 5 s i n 2 0 w  ) a l _  5~/~Tra (Clu  ~ C l d )  ~ 3GF - 

(lO.21a) 
3GF ~ ( s i n20w - i )  (10.21b) 

There are now precise experiments measuring atomic parity 
violation [54] in cesium (at the 0.4% level) [55], thal l ium [56], 
lead [57], and bismuth [58]. The uncertainties associated with 
atomic wave functions are quite small for cesium [59J, and have 
been reduced recently to about 0A% [60]. In the past,  the semi- 
empirical vMue of the tensor polarizability added another  source of 
theoretical uncertainty [61]. The ratio of the off-diagonal hyperfine 
amplitude to the polarizability has now been measured directly by 
the Boulder group [60]. Combined with the precisely known hyperfine 
amplitude [62] one finds excellent agreement with the earlier results, 
reducing the overall theory uncertainty to only 0.5% (while slightly 
increasing the experimental error). The theoretical uncertainties are 
3% for thal l ium [63] but  larger for the other atoms.  For heavy a toms 
one determines the "weak charge" 

Q w  = - 2  [Clu (2Z + N)  + Cld(Z + 2N)] 

Z(1 - 4 sin 20w)  - g . (10.22) 

The recent Boulder experiment in cesium also observed the parity- 
violating weak corrections to the nuclear electromagnetic vertex (the 
anapole moment  [64]). 

In the future it should be possible to reduce the theoretical 
wave function uncertainties by taking the ratios of parity violation 
in different isotopes [54,65]. There would still be some residual 
uncertainties from differences in the neutron charge radii, however [66]. 

The forward-backward asymmetry  for e+e - -~ t+g - ,  g = # or T, is 
defined as 

o- F -- o- B 
AFB --= , (10.23) 

o" F + o" B 

where O'F(O'B ) is the cross-section for g -  to travel forward (backward) 
with respect to the e -  direction. AFB and R, the total cross-section 
relative to pure QED, are given by 

R = F1 , (10.24) 

AFB = 3F2/4F1 , (10.25) 

where 

 1026a) F1 = 1 - 2~0 g v  g v  cos~R + ~ g v  

= 4 2 e g e e (10.26b) F2 - 2 x 0 g ~ 4 g ~  COS(~R + X o g A g A g v g v  , 

Mzrz  (10.27) 
t an6  R =  M ~  - s ' 

G F s M  2 
z 

2 2 X0 2 v ~ r a  [(M 2 _ s)2 + izrz] i/2 ' (10.28) 

and vfs is the CM energy. Eq. (10.26) is valid at tree level. If the  
da ta  is radiatively corrected for QED effects (as described above), 
then the remaining electroweak corrections can be incorporated [67,68] 
(in an approximation adequate for existing PEP, PETRA,  and 
TRISTAN data, which are well below the Z pole) by replacing X0 by 
X(s) = (1 + Pt)XO(S)a/a(s), where a(s )  is the running QED coupling, 
and evaluating gv in the ~ scheme. Formulas for e+e - --~ hadrons 
may be found in Ref. 69. 
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At LEP and SLC, there are high-precision measurements  of various 
Z pole observables [70-78]. These include the Z mass  and total 
width, Fz ,  and partial widths F( .ff)  for Z ~ f ]  where fermion 
f = e, #, ~', hadrons, b, or c. It is convenient to use the variables 
M z ,  r z ,  Re - r ( h a d ) / r ( e + e - ) ,  %ad -- 1 2 ~ r r ( e + e - ) r ( h a d ) / M ~ r ~ ,  
Rb = r(b~)/r(had), and Rc = r(c~)/r(had), most of which are 
weakly correlated experimentally. (F(had) is the partial width into 
hadrons.) O(a  3) QED corrections introduce a large anticorrelation 
(-28%) between F z and ahad, while the anticorrelation between 
R b and Rc ( -14%)  is smaller than  previously. R e is insensitive 
to mt except for the Z ---* bb vertex and final state corrections 
and the implicit dependence through sin 2 0 W. Thus  it is especially 
useful for constraining as.  The width for invisible decays [24], 
F(inv) = F Z - 3F(t+e - )  - F(had) = 498.8 4- 1.5 MeV, can be used 
to determine the number  of  neutrino flavors much lighter than  
MZ/2,  Nv = r(inv)/Vth~~ = 2.983 4- 0.009 for (mt, MH) = 
(174.3,100) GeV. 

There are also measurements  of various Z pole asymmetries.  These 
include the polarization or left-right asymmetry  

o- L - -  o- R 
ALR -- - -  , (10.29) 

o" L "4- o" R 

where O'L(O-R) is the cross-section for a left-(right)-handed incident 
electron. ALR has been measured precisely by the SLD collaboration 
at the SLC [71,72], and has  the advantages of being extremely 
sensitive to sin 2 0w and that  systematic uncertainties largely cancel. 
In addition, the SLD collaboration has extracted the final-state 
couplings A b, Ac [24,73], As [74], At ,  and A~ [72,75] from left-right 
forward-barkward asymmetries,  using 

AFB(f'~ = IY]LF -- afLB -- aIRF "-- ~IRB 3 A 
I I I = 4  I ,  (10.30) 

LR k ) O']LF q- o-ZB q- O'RF -4- O'RB 

where, for example, trLF is the cross-section for a left-handed incident 
electron to produce a fermion f traveling in the forward hemisphere. 
Similarly, Ar is measured at LEP [24,76] through the negative total 
r polarization, 7~r, and Ae is extracted from the angular  distribution 
of "Pr. An equation such as (10.30) assumes that  initial state QED 
corrections, photon exchange, 7 - Z interference, the tiny electroweak 
boxes, and corrections for v ~  # M z are removed from the data, 
leaving the pure electroweak asymmetries.  This allows the use of 
effective tree-level expressions, 

where 

and 

ALR = AePe , (10.31) 

3 A Ae + Pe (10.32) 
AFB = ~ I l + PeAe ' 

- I  - I  
2gv g A 

AI  - -~2 + ~fA 2 ' (10.33) 

-glV = V / ~  ~3L(t(f) -- 2qfgf  sin 2 0W) , (10.33b) 

gIA = v~ t(I)3L " (10.33c) 

Pe is the initial e -  polarization, so that  the second equality in 
Eq. (10.30) is reproduced for Pe = 1, and the Z pole forward-backward 

asymmetries at LEP (Pe = 0) are given by A(~ = ~AeA!  where 

I = e, /z, r ,  b, c, s [77], and q, and where A(F0~ ) refers to the 
hadronic charge asymmetry.  Corrections for t-channel exchange and 

sir-channel interference cause A ( ~  ) to be strongly anticorrelated 
with Re (-36%).  The initial state coupling, Ae, is also determined 
through the left-right charge asymmetry  [78] and in polarized Bhabba 
scattering at the SLC [72,75]. 

The electroweak-radiative corrections have been absorbed into 
corrections Pl - 1 and tr - 1, which depend on the fermion f and on 
t h e  renormalization scheme. In the on-shell scheme, the quadratic mt 
dependence is given by Pl ~ 1 + pt, a] ~ 1 + pt/  tan 2 0w, while in ~ ,  

4 ~Pt). In the ~ scheme P'/ ~ R I  ~ l , f ~  R b ~ l +  
the normalization is changed according to GFM2/2V'2rc ~ ~/4"~2"d2 z .  
(If one continues to normalize ampli tudes by GFM}/2V '2n ,  as in the 
1996 edition of this Review, then P'I contains an additional factor 
of ~.) In practice, additional bosonic and fermionic loops, vertex 
corrections, leading higher order contributions, etc., must  be included. 
For example, in the ~ scheme one has Pe : 0.9979, Re : 1.0013, 
fib : 0.9866 and Rb = 1.0068. It is convenient to define an effective 

angle ~} - sin 2 ~Wl  -- "~I~2Z = ~lS~v, in terms of which JV and g/A 

are given by V ~  t imes their tree-level formulae. Because ff~ is very 
,(0,~) 

small, not only AOLR = Ae, "'FB'~(O't)' and "Pr, but  also A ( ~  ), AFB , 
A(0,~) FB , and the hadronic asymmetr ies  are mainly sensitive to ~ .  One 
finds that  9~! ( f  ~ b) is almost  independent of (mt,  MH),  so tha t  one 
can write 

~2 ~ ~-~ + 0.00029. (10.34) 

Thus,  the asymmetries  determine values of ~2 and ~ almost 
independent of mr, while the Ws for the other schemes are mt 
dependent. 

The Z boson properties are extracted assuming the Standard 
Model expressions for the 3' - Z interference terms. These have also 
been tested experimentally by performing more general fits [79] to 
the LEP data  obtained at CM energies of about  91, 130, and 172 
GeV. Assuming family universality this approach introduces three 
additional parameters relative to the  s tandard fit [76], 

�9 tot ~e had ?had ~ ~tvgv = 0.14 + 0.14 , (10.35a) 

jtot e e e ~ gvgY = 0.004 + 0.012,  (10.35b) 

jfb e e e ~ gAgA = 0.780 4- 0.013,  (10.35c) 

where the first two parameters  describe the 3' - Z interference 
contribution to the total hadronic and leptonic cross-sections, and 
the third to the leptonic forward-backward asymmetries.  The results 
in Eq. (10.35) are in good agreement with the Standard Model 
expectations [76], 0.22, 0.004, and 0.799, respectively. This is a 
valuable test of the Standard Model; but  it should be cautioned 
that  new physics is not expected to be described by this set of 
parameters,  since (i) they do not account for extra  interactions beyond 
the s tandard weak neutral current, and (ii) the photonic ampli tude 
remains fixed to its Standard Model value. 

As another test, s trong constraints on anomalous triple gauge 
couplings were obtained at LEP 2 above the W + W  - threshold and 
by DO at the Tevatron. While there are a total of 14 independent 
couplings, one can use SU(2) • U(1) gauge invariance, discrete 
symmetries,  and LEP 1 constraints to reduce the number  of triple 
gauge couplings to three. Each coupling is extracted from the da ta  by 
setting the other two to zero (the SM value). Including the run at CM 
energy of 189 GeV, LEP 2 quotes the results [24], 

A~.~ n n~+0.079 (10.36a) 
: . . . . .  -0.075 ' 

Ag z = --0.010 4- 0.033,  (10.36b) 

)~.y O n'~7 +0.035 (10.36c) 
= --~ . . . .  - 0 . 0 3 6  ' 

in excellent agreement with Standard Model expectations. Eq. (10.36a) 
can be used to rule out Kaluza-Klein theories which predict 
A~;~ = - 3  [80]. In addition, the first direct limits on anomalous 
quartic gauge couplings were obtained by OPAL [81] through 
measurements  of the W + W - 7  cross-section and of acoplanar photon 
pair events. 

The CLEO collaboration [82] reported a precise measurement  of 
the flavor changing transition b -~ s7. The result for the branching 
fraction is 

B(b ---* 87) = (3.37 4- 0.37 4- 0.34 4- n 04 +~ 4- 0.38) • 10 . 4  (10.37) . . . .  - - 0 . 1 6  

where the first three errors are the quoted statistical,  systematical ,  and 
model uncertainties, respectively. The fourth uncertainty accounts for 
the extrapolation from the finite photon energy cutoff (2.1 GeV) to the 
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full theoretical branching ratio [83], and the last one is our estimate 
of the theory uncertainty (excluding parametric errors such as from 
~s). It is advantageous to normalize the result with respect to the 
semi-leptonic branching fraction [84,85], B(b ---* cell) = 0.1034 4- 0.0046, 
yielding 

B(b ~ s"/) +0.75 
R - B(b ---* ceu) - (3"26-0"68) x 10 - a  , (10.38) 

and to use the variable l n R  = -5 .73  4- 0.22 in electroweak fits to 
assure an approximately Ganssian error [86]. This measurement  is to 
be compared to the next-to-leading order calculations of Refs. 85,87. 

The present world average of the muon anomalous magnetic 
moment  is 

exp : g~ - 2 = (116592300 4- 840) x 10 -11 (10.39) 
a# 2 

while the est imated SM electroweak contribution [88], a Ew = 

(151 4- 4) x 10 -11, is much smaller than  the uncertainty. However, a 
new experiment at BNL is expected to reduce the experimental error to 
4-40 x 10 -11 or better. The limiting factor will then be the uncertainty 
from the hadronie contribution [19], a had = (6924 4- 62) x 10 -11, 
which has recently been est imated with the help of r decay data  
and finite-energy QCD sum rule techniques. This result constitutes 
a major  improvement over previous ones which had more than  twice 
the uncertainty [12]. It would be important  to verify it, and reduce 
the error even further to meet the experimental  precision. Additional 
hadronic uncertainties are induced by the light-by-light scattering 
contribution [89], a LBLS = ( - 9 2  4- 32) x 10 -11, and other subleading 

hadronic contributions [90], a .  ~)  = ( -100  4- 6) x 10 -11. The 

SM prediction is 

a utheory = (116591596 4- 67) x 10 11 . (10.40) 

With  the anticipated accuracy at BNL it will be possible to explore 
new physics (specifically supersymmetry  in the large tanf l  region [91D 
up to energies of 5 TeV and more. If greater precision is achieved, it 

had will be important  to properly correlate the theoretical error on a .  

with the one in A a  (5) had' 

1 0 . 4 .  W a n d  Z d e c a y s  

The partial decay width for gauge bosons to decay into massless 
fermions f l ] 2  is 

I ' (W + --~ e+~,e) = GFMI~v 6v/~r ~ 226.5 + 0.3 MeV , (10.41a) 

F (W + --* ul-dj) = C G F M 3  IVij[ ~ ~ (7074-1)II,~jl 2 MeV (10.41b) 

+ (10 41c/ r ( z  -~ r  - 6 ~  

[ 00.3 • 0.2 MeV (ug), 167.24 4- 0.08 MeV (,P),  

~ 383.1 4- 0.2 MeV (43),_ 84.01 4- 0.05 MeV (e+e- ) ,  

[ 375.9 == 0.1 MeV (bb). 

For leptons C = 1, while for quarks C = 3(1 + a s ( M v ) / ~ r  + 

1.409c~/7r 2 - 12.77c~/w3), where the 3 is due to color and the 

factor in parentheses represents the universal part  of the QCD 
corrections [92] for massless quarks [93]. The Z --* f ]  widths contain 
a number  of additional corrections: universal (non-singlet) top-mass 
contributions [94]; fermion mass effects and further QCD corrections 
proportional to -~2/M2X [95] which are different for vector and 7aql z)  
axial-vector partial widths; and singlet contributions start ing from 
two-loop order which are large, strongly top-mass dependent, family 
universal, and flavor non-universal [96]. All QCD effects are known 
and included up to three loop order. The QED factor 1 + 3~q~/4~,  

as well as two-loop cms and c~ 2 self-energy corrections [97] are also 
included. Working in the on-shell scheme, i.e., expressing the widths 

in terms of GFM~v,Z,  incorporates the largest radiative corrections 
from the running QED coupling [27,98]. Electroweak corrections to 
the Z widths are then incorporated by replacing gV,  Ai2 by ~i2V.A. 
Hence, in the on-sheU scheme the Z widths are proportional to 
Pi ~ 1 + p~. The ~g  normalization accounts also for the leading 
electroweak corrections [31]. There is additional (negative) quadrat ic  
mt  dependence in the Z --* bb vertex corrections [99] which causes 
F(bb) to decrease with mr. The dominant  effect is to mult iply F(bb) 

m 2 
1 -2  _ 1 ~  + 51_). In by the vertex correction 1 + ~Pbb, where 5Pb~ 0 ( 2 M ~  

practice, the corrections are included in Pb and ab, as discussed before. 

For 3 fermion families the total widths are predicted to be 

Fz  ~ 2.4963 4- 0.0012 GeV , 

r w  ~ 2.0927 4- 0.0025 GeV . 

(10.42) 
(10.43) 

We have assumed a , ( M z )  = 0.1200. An uncertainty in as  of 
4-0.0028 introduces an additional uncertainty of 0.1% in the hadronic 
widths, corresponding to 4-1.4 MeV in Fz .  These predictions are to be 
compared with the experimental results F z = 2.4944 4- 0.0024 GeV [24] 
and P W = 2.06 4- 0.05 GeV [100]. 

1 0 . 5 .  E x p e r i m e n t a l  r e s u l t s  

The values of the principal Z pole observables are listed 
in Table 10.4, along with the Standard Model predictions for 
M Z = 91.1870+0.0021 GeV, M H - a~+57 GeV, m t  -- 172.94-4.6 GeV, 

- ~v_38 
c~s(Mz)  = 0.1192 :t= 0.0028, and ~ ( M z )  -1  = 127.938 4- 0.027 

(~c~ (5) ~ 0.02776/- 0.00020). Note, that  the values of the Z pole had 
observables (as well a s ' M w )  differ from those in the Particle Listings 
because they include recent preliminary results [24,72]. The values 
and predictions of M w  [24,101]; the Q w  for cesium [55,60] and 
thall ium [56]; deep inelastic [43-45,49] and vo-e scattering [50-52]; 
and the b --* 87 observable [82] are also listed. The  agreement is very 

a(~ and Qw(Cs) ,  deviate by good. Even the largest discrepancies, " F B  
only 2.3 a. The hadronic peak cross-section, ahad, the AOLR from 
hadronic final states,  and the R u result by the CHARM collaboration 
deviate by 1.7 ~; all the other observables agree with the Standard 
Model prediction at the 1.5 a level or better. Other observables like 
Rb = r(bb) /F(had)  and Re = F(c~)/F(had) which showed significant 
deviations in the past,  are now in reasonable agreement. In particular, 
R b whose measured value deviated as much as 3.7 a from the Standard 
Model prediction is now only 0.9 cr (0.3%) high. 

~(0,b) 
Ab can be extracted from " 'FB when Ae = 0.1497 + 0.0016 is 

taken from a fit to leptonic asymmetr ies  (using lepton universality), 
and combined with the measurement  at the SLC. The result, 
A b = 0.892 4- 0.016, is 2.7 a below the Standard Model prediet ionJ 
However, it would be extremely difficult to account for this nearly 
5% deviation by new physics radiative corrections since a 25% 
correction to ~b would be necessary to account for the central value 
of A b. If this deviation is due to new physics, it is most  likely of 
tree-level type affecting preferentially the third generation. It seems 
difficult, however, to simultaneously account for Rb, which has been 
measured on the Z peak, off-peak [103], and recently at LEP 2 [24]). 

A(b) = 0.44 4- 0.12 has also been measured at LEP 2 [24], and found FB 
to be 1.2 cr below the Standard Model prediction (0.58). 

The left-right asymmetry,  AOLR = 0.15108 4- 0.00218 [72], based on 
all hadronic da ta  from 1992-1998 has moved closer to the Standard 
Model expectation of 0.1475 4- 0.0013 than previous values. The  
combined value of At  = 0.1512 4- 0.0020 from SLD (using lepton-family 
universality) is still 1.8 ~r above the Standard Model prediction; but  
there is now only a minor experimental  difference of ~ 1.2 a between 
this SLD value and the LEP value, A~ = 0.1471 + 0.0026, obtained 

, t(~ Ae(79r), and Ar (Pr ) ,  again assuming universality. from a fit to "'FB , 

f Alternatively, one can use A t = 0.1471 4- 0.0026, which is from 
LEP alone and in excellent agreement with the Standard Model, 
and obtain A b = 0.904 + 0.018 which is 1.7 ~r low. This illustrates 
that  some of the discrepancy is related to the one in ALR.  
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Table  10.4: Principal Z-pole and other recent observables, 
compared with the Standard Model predictions for the ~lobal 
best fit values M z = 91.1870 5= 0.0021 GeV, M g -= 98_+58 GeV, 
mt = 172.9 5= 4.6 GeV, a s ( M z )  = 0.1192 + 0.0028, and 
~ (Mz)  -1 = 127.938 5= 0.027. The LEP averages of the ALEPH, 
DELPHI, L3, and OPAL results include common systematic 
errors and correlations [24,76]. The heavy flavour results of 
LEP and SLD are based on common inputs and correlated, as 

well [73]. z2/~(~ is the effective angle extracted from the ol~.~FB J 
hadronic charge asymmetry.  The values of F(g+e- ) ,  F(had), 
and F(inv) are not independent of Fz ,  the Re, and aha d. The 
first M w value is from CDF, UA2, and DO [101] while the 
second one is from LEP 2 [24]. The first M W and M z  are 
correlated, but  the  effect is negligible due to the tiny M z  error. 
The three values of Ae are (i) from ALR for hadronic final 
states [71]; (ii) from ALR for leptonic final states and from 
polarized Bhabba scattering [75]; and (iii) from the angular 
distribution of the T polarization. The two Ar values are from 
SLD and the total 7 polarization, respectively. The two values 
of R v from deep-inelastic scattering (DIS) are from CDHS [43] 
and CHARM [44], respectively; similarly, nu (proportional to 
R ~) is from CCFR [45]. The two values for gVe V,A are from 
CHARM II [52] and the world average. The second errors in Q w  
and DIS are theoretical. In the Standard Model predictions, the 
uncertainty is from MZ, MH, mr, ~ ( M z )  -1 ,  and as, and their 
correlations have been accounted for. The errors in FZ, F(had), 
Re, and O-ha d are largely dominated by the uncertainty in as.  

Quantity Value Standard Model Pull 

mt [GeV] 174.3 5= 5.1 172.9 5= 4.6 0.3 

M W [GeV] 80.448 5= 0.062 80.378 5= 0.020 1.1 

80.350 5= 0.056 -0.5 

M z [GeV] 91.1872 5= 0.0021 91.1870 5= 0.0021 O.1 

F z [GeV] 2.4944 5= 0.0024 2.4956 5= 0.0016 -0 .5  

F(had) [GeV] 1.7439 5= 0.0020 1.7422 5= 0.0015 - -  

F(inv) [MeV] 498.8 5= 1.5 501.65 5= 0.15 - -  

F(g+g - )  [MeV] 83.96 4- 0.09 84.00 • 0.03 - -  

O'ha d [nb] 41.544 + 0.037 41.480 4- 0.014 1.7 

Re 20,803 2:0,049 20.740 5= 0,018 1.3 

Rt* 20.786 5= 0.033 20.741 5= 0.018 1.4 

Rr 20.764 5= 0.045 20.786 5= 0.018 -0 .5  

R b 0.21642 2:0.00073 0.2158 5= 0.0002 0.9 

Re 0.1674 5= 0.0038 0.1723 5= 0.0001 -1 .3  
A(0,e) FB 0.0145 2:0.0024 0.0163 5= 0.0003 --0.8 

A(0,t*) 0.0167 5= 0.0013 0.3 

~B 0.0188 5= 0.0017 1.5 ,r) 

~tu,b) 0.0988 5= 0.0020 0.10345= 0.0009 -2 .3  
�9 "FB 
A~ )'^ 0.0692 5= 0.0037 0.0739 5= 0.0007 -1 .3  

A ~  ) -  0.0976 5= 0.0114 0.1035 5= 0.0009 -0 .5  
.~2/A(0,q) "~ t \ ~ F B  ~ 0.2321 5= 0.0010 0,2315 5= 0,0002 0.6 

Despite these discrepancies the goodness of the fit to all data  is 
reasonable with a x2/d.o.f.  = 42/37. The probability of a larger X 2 
is 27%. The observables in Table 10.4, as well as some other less 
precise observables, are used in the global fits described below. The 
correlations on the LEP lineshape, the LEP/SLD heavy flavor, and 
the deep inelastic scattering observables, are included. There are 
also small correlations between some of the SLD measurements ,  and 
between the two observables from the T polarization at LEP, which 
have not been fully investigated, yet. 

The data  allow a simultaneous determination of MH, mr, sin 2 0w, 

/ A n  (5) is also allowed to float and the strong coupling a s ( M z ) .  ~ had 
in the fits, subject to the theoretical constraints [9] described in 

T a b l e  10.4: (continued) 

Quanti ty Value Standard Model Pull  

Ae 0.15108 2:0.00218 0.1475 5= 0.0013 1.7 

0.1558 5= 0.0064 1.3 

0.1483 5= 0.0051 0.2 

At, 0.137 5= 0.016 - 0 . 7  

Ar 0.142 5= 0.016 - 0 . 3  

0.1425 :k 0.0044 -1 .1  

A b 0.911 5= 0.025 0.9348 5= 0.0001 -1 .0  

Ac 0.630 5= 0.026 0.6679 5= 0.0006 -1 .5  

As 0.85 5= 0.09 0.9357 5= 0.0001 - 1 . 0  

R -  0.2277 5= 0.0021 5= 0.0007 0.2299 5= 0.0002 - 1 . 0  

n v 0.5820 5= 0.0027 5= 0.0031 0.5831 5= 0.0004 - 0 . 3  

R L' 0.3096 5= 0.0033 5= 0.0028 0.3091 5= 0.0002 0.1 

0.3021 4- 0.0031 5= 0.0026 - 1 . 7  

g~e -0 .035 5= 0.017 -0 .0397 5= 0.0003 - -  

-0.041 5= 0.015 -0 .1  

gUAe --0.503 4- 0.017 --0.5064 5= 0.O001 - -  

--0.507 5= 0.014 0.0 

Qw(Cs)  -72.06 5= 0.28 5= 0.34 -73 .09  5= 0.03 2.3 

Qw(T1) - 1 1 4 . 8 + 1 . 2 5 = 3 . 4  -116 ,75 :0 .1  0.5 
~ 9~ +0"75 2 1~; +0"21 . . . . .  0.08 • 10--3 . . . .  -0.20 • 10 -3  0.1 

T a b l e  10.5:  Values of ^2s z ,  Sw,2 as ,  and M H [in GeV] for various 
(combinations of) observables. Unless indicated otherwise, the 
top quark mass,  mt  = 174.3 5= 5.1 GeV, is used as an additional 
constraint in the fits. The (~) symbol indicates a fixed parameter.  

Data  ~2 z s~v a s ( M z )  M H 

All data 0.23117(16) 0.2230(4) 0.1192(28) 98+~ 
All da ta  (incl. as )  0.23116(16) 0.2230(4) 0.1184(12) ~ ~--37 

All indirect (no rot) 0.23114(17) 0.2232(5) 0.1190(28) aQ+s0 v-_33 
Z pole (no mr) 0.23120(18) 0.2233(6) 0.1191(28) 77-1-1~ " ' - 3 8  
LEP 1 (no mr) 0.23156(23) 0.2240(7) 0.1208(30) lad+Z70 *vv_95 
SLD + MZ 0.23070(28) 0.2220(6) 0.1200 (t) 4n+38 - -22  
A(b,c) FB 5= MZ 0.23204(34) 0.2251(9) 0.1200 (t) 51a+521 ~-258 

R~-1-112 M w + M z 0.23107(42) 0.2227(9) 0.1200 (t) ""-60 

M z 0.23115(18) 0.2229(6) 0.1200 (~) 100 (t) 

O w  0.2269(18) 0.2186(19) 0.1200 (t) 100 (t)  

DIS (isoscalar) 0.2335(22) 0.2252(21) 0.1200 (~) 100 (~) 

SLAC eD 0.222(18) 0.213(19) 0.1200 (f) 100 (~) 

elastic vt*(V~)e 0.229(8) 0.221(8) 0.1200 (t) 100 (I) 

elastic vt*(Vfi~)p 0.211(32) 0.203(32) 0.1200 (~) 100 (~) 

Sec. 10.2.) a s  is determined mainly from Re, r z ,  and Crhad, and is 
only weakly correlated with the other variables. The global fit to all 
data, including the CDF/DO value, mt = 174.3 5= 5.1 GeV, yields 

M H = 98_+~87 G e V ,  

m t =  172.9 5= 4.6 GeV , 

~ = 0.23117 5= 0.00016, 

a s ( M z )  = 0.1192 2: 0.0028. (10.44) 

In the on-shell scheme one has S~v = 0.22302 5= 0.00040, the larger 
error due to the stronger sensitivity to rot, while the corresponding 
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effective angle is related by Eq. (10.34), i.e., ~2 = 0.23147 + 0.00016. 
In all fits, the errors include full statistical, systematic,  and 
theoretical uncertainties. The  ~'~ (~2) error reflects the error on 
~ = 0.23151 :i: 0.00017 from a fit to the Z pole asymmetries.  

The weak mixing angle can be determined from Z pole observables, 
MW, and from a variety of neutral-current processes spanning a very 
wide Q2 range. The results (for the older low-energy neutral-current 
da ta  see [25,26] ) shown in Table 10.5, are in reasonable agreement with 
each other, indicating the quanti tat ive success of the Standard Model. 
The largest discrepancy is the value ~'~ = 0.23204 + 0.00034 from 
the forward-backward asymmetr ies  into bot tom and charm quarks 
combined with M z ,  which is 2.6 a above the value 0.23117 :i= 0.00016 
from the global fit to all data. Similarly, the SLD asymmetries,  when 
combined with MZ, yield ~'~ = 0.23070 - 0.00028, which is 1.7 ~ low. 
The new value of Q w  from atomic parity violation corresponds (for 
M H = 100 GeV) to ~'~ = 0.2269 + 0.0018, which is 2.4 cr low. 

The extracted value of a s ( M z )  is based on a formula with 
negligible theoretical uncertainty (• in as (M z ) )  if one assumes 
the exact validity of the Standard Model. It is in excellent agreement 
with other precise values, such as 0.1202 + 0.0027 (ALEPH) and 
0.1219 =k 0.0020 (OPAL) from r decays [104], 0.120 • 0.005 from jet- 
event shapes in e+c - annihilation, 0.119 • 0.002 (exp) • 0.004 (scale) 
from deep-inelastic scattering [105], and 0.1174 + 0.0024 (bb) [106] 
and 0.116 • 0.003 (c~) [107] from lattice calculations of quarkonium 
spectra. The results from the r lifetime have been converted from 

the 3-flavor definition, c~3)(mr) = 0.334 • 0.022 (ALEPH) and 

c~!3)(m~) = 0.348 • 0.021 (OPAL), to the 5-flavor definition at the 
Z scale using the four-loop QCD /3-function [108] with three-loop 
matching [109]. We note, that  this introduces an asymmetric  error 
(the lower error bar being larger), and that  the quoted OPAL 

error for a~5)(Mz) is slightly underest imated given their result 

for ot!3)(mv). For more details, see our Section 9 on "Quan tum 
Chromodynamics"  in this Review. The average a s ( M z )  obtained 
from Section 9 when ignoring the precision measurements  discussed 
in this Section is 0.1182 • 0.0013. We use this value as an external 
constraint for the second fit in Table 10.5. The resulting value, 
a s ( M z )  = 0.1184 • 0.0012, can be regarded as the present world 
average. One should keep in mind, however, that  the Z lineshape 
value of as is very sensitive to many types of new physics. 

The  da ta  indicate a preference for a small Higgs mass. There 
is a strong correlation between the quadratic mt and logarithmic 
M H terms in ~ in all of the indirect data  except for the Z --* bb 
vertex. Therefore, observables (other than  Rb) which favor mt  values 
higher than  the Tevatron range favor lower values of MH. This 
effect is enhanced by Rb, which has little direct M H dependence 
but  favors the lower end of the Tevatron mt range. M W has 
additional MH dependence through AFW which is not coupled 
to m~ effects. The strongest individual pulls towards smaller M H 
are from M w  and AOLR. The difference in )/2 for the global fit is 
AX2 = x2(MH = 1000 GeV) _ Xmln2 = 30.4. Hence, the data  favor a 
small value of M H, as in supersymmetric  extensions of the Standard 
Model, and mt  on the lower side of the Tevatron range. The central 

Q.~+57 value of the  global fit result, MH = ~ - 3 s  GeV, is close to the present 
kinematic reach at  LEP 2, and slightly above the direct lower bound, 
M H >_ 95.2 GeV (95% CL) [110]. 

The 90% central confidence range from all precision data  is 

42 GeV _< M H <_ 201 GeV.  

Including the results of the direct searches as an extra contribution to 
the likelihood function drives the 95% upper limit to MH <_ 231 GeV. 
As two further refinements, we account for (i) theoretical uncertainties 
from uncalculated higher order contributions by allowing the T 
parameter  (see next subsection) subject to the constraint T = 0 • 0.02, 
(ii) the MH dependence of the correlation matr ix  which gives slightly 
more weight to lower Higgs masses [112]. The resulting limits at 95 
(90, 99)% CL are 

MH <_ 235 (205, 306) G e V ,  

respectively. The extraction of MH from the precision data  depends 
strongly on the value used for a ( M z ) .  Upper limits, however, are more 
robust due to two compensat ing effects: the older results indicated 
more QED running and were less precise, yielding MH distributions 
which were broader with centers shifted to smaller values. 

One can also carry out a fit to the indirect da ta  alone, i.e., 
without including the value, m t =  174.3 -4- 5.1 GeV, observed directly 
by CDF and DO. (The indirect prediction is for the MS mass,  

+ 9  1 mr(mr)  = 158.7_7:0 GeV, which is in the end converted to the pole 
mass  using a BLM optimized [113] version of the two-loop perturbat ive 
QCD formula [114]; this should correspond approximately to the 
kinematic mass  extracted from the collider events.) One obtains 

168 9+9"6 GeV, with little change in the sin 20 W and as  rtlt = " '-7.4 
values, in remarkable agreement with the direct CDF/D~) value. The 
central M H value of this fit (see the third line of Table 10.5) is 
below the direct lower bound; keeping M H = 100 GeV fixed results 
in m t =  172.2 :k 4.0 GeV in even better agreement. The  relations 
between M H and mt  for various observables are shown in Fig. 10.1. 

F i g u r e  10.1" One-standard-deviation (39.35%) uncertainties in 
M H as a function of mt for various inputs,  and the 90% CL 
region (Ax2 = 4.605) allowed by all data. a s ( M z )  = 0.120 is 
assumed except for the fit to all data. The 95% direct lower 
limit from LEP 2 is also shown. 

Using c~(Mz) and ~'~ as inputs,  one can predict a s ( M z )  assuming 
grand unification. One predicts [115] a s ( M z )  = 0.130• for 
the simplest theories based on the minimal  supersymmetr ic  extension 
of the Standard Model, where the first (second) uncertainty is from 
the inputs (thresholds). This is slightly larger, but  consistent with the 
experimental  a~(Mg) = 0.1192 -4- 0.0028 from the Z lineshape, and 
with the world average 0.1184-i-0.0012. Nonsupersymmetr ic  unified 
theories predict the low value a s ( M z )  = 0.073+0.001 +0.001. See also 
the note on "Low-Energy Supersymmetry" in the Particle Listings. 

One can also determine the radiative correction parameters  
Ar: from the global fit one obtains Ar  = 0.0354 4-0.0012 and 
A~" W = 0.0694 + 0.0004. M W measurements  [24,101] (when combined 
with MZ) are equivalent to measurements  of Ar  = 0.0345 -4- 0.0025, 
in excellent agreement with the result from all indirect data, 
Ar  = 0.0357 + 0.0014. Fig. 10.2 shows the 1 cr contours in the 
M W - mt plane from the direct and indirect determinations,  as well 
as the combined 90% CL region. The indirect determination uses M z  
from LEP 1 as input, which is defined assuming an s-dependent decay 
width. M W then corresponds to the s-dependent width definition, as 
well, and can be directly compared with the results from the Tevatron 
and LEP 2 which have been obtained using the  same definition. The 
difference to a constant  width definition is formally only of O(a2), but 
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is strongly enhanced since the decay channels add up coherently. It is 
about 34 MeV for M z and 27 MeV for MW.  The residual difference 
between working consistently with one or the other definition is 
about 3 MeV, i.e., of typical size for non-enhanced (and generally 
uncalculated) O(a  2) corrections. 

F i g u r e  1 0 . 2 :  One-standard-deviation (39.35%) region in M W 
as a function of mt for the direct and indirect data,  and the 9070 
CL region (Ax2 = 4.605) allowed by all data. The Standard 
Model prediction as a function of M H is also indicated. The 
widths of the Mft  bands reflect the theoretical uncertainty from 
a (Mz)  for a s ( M z )  = 0.120. 

Most of the parameters  relevant to u-hadron, ~'-e, e-hadron, and 
e+e - processes are determined uniquely and precisely from the data  
in "model independent" fits (i.e., fits which allow for an arbitrary 
electroweak gauge theory). The values for the parameters defined in 
Eqs. (10.11)-(10.13) are given in Table 10.6 along with the predictions 
of the Standard Model. The agreement is reasonable. The low-energy 
e+e - results are difficult to present in a model-independent way 
because Z propagator effects are non-negligible at TRISTAN, PETRA,  
and PEP energies. However, assuming e-I~-r universality, the lepton 
asymmetries imply [69] 4(g~) 2 = 0.99 • 0.05, in good agreement with 
the Standard Model prediction ~- 1. 

The results presented here are generally in reasonable agreement 
with the ones obtained by the LEP Electroweak Working Group [24,76]. 
We obtain slightly higher best fit values for as  and MH. We could 
trace most of the differences to be due to (i) the inclusion of recent 
higher order radiative corrections, in particular, the leading O(a 4) 
contribution to hadronic Z decays [111]; (ii) a different evaluation 
of a ( M z )  [9]; (iii) slightly different data  sets; and (iv) scheme 
dependences. Taking into account these differences, the agreement is 
excellent. 

1 0 . 6 .  C o n s t r a i n t s  o n  n e w  p h y s i c s  

The Z pole, W mass,  and neutral-current da ta  can be used to 
search for and set limits on deviations from the Standard Model. In 
particular, the combination of these indirect da ta  with the direct CDF 
and DO value for m~ allows to set stringent limits on new physics. 
We will mainly discuss the effects of exotic particles (with heavy 
masses Mnew >> MZ in an expansion in Mz/Mnew)  on the gauge 
boson self-energies. (Brief remarks are made on new physics which is 
not of this type.) Most of the effects on precision measurements  can 
be described by three gauge self-energy parameters  S, T, and U. We 
will define these, as well as related parameters,  such as P0, el, and ~'i, 

to arise from new physics only. I.e., they are equal to zero (P0 = 1) 
exactly in the Standard Model, and do not include any contributions 

Tab le  10.6: Values of the model-independent neutral-current 
parameters,  compared with the Standard Model predictions for 
the global best fit values M z = 91.1870 • 0.0021 GeV, MH = 
98+3857 GeV, mt = 172.9 • 4.6 GeV, c~,(Mz) -- 0.1192 • 0.0028, 

and ~ ( M z )  -1 = 127.938 • 0.027. There is a second g"ve, A 
solution, given approximately by g~e ~ gvAe ' which is eliminated 
by e+e - data  under the assumption that  the neutral  current 
is dominated by the exchange of a single Z. The eL, as well 
as the eR, are strongly correlated and non-Gauss• so that  
for implementat ions we recommend the para~mtrization using 
gi and ~i :: tan-l[ei(u)/ei(d)],  i = L or R. 0R is only weakly 
correlated with the gl, while the correlation coefficient between 
~R and 0L is 0.27. 

Experimental  Standard Model 
Quanti ty Value Prediction Correlation 

eL(u ) 0.330 • 0.3459• 

eL(d) -0 .439 • --0.4291=1=0.0002 non- 

eR(u ) --0.176 +0.014 --0.1550• Gauss• 
--0.006 

eR(d ) --0.023 +0.070 0.0776 
- -0 .047 

g~ 0.3020• 0.30384-0.0003 0.32 -0 .39  

g 2 0.0315• 0.0301 -0 .10  

0L 2.50 • 2.4631• 

0 R 4.58 +0.40 5.1765 - 0 . 2 7  

g~z e -0.041 • -0.0397• -0 .04  

9~ e -0 .507 • -0.5064• 

Clu -0.211 • -0.1886• -0 .9996 -0 .78  

Cld 0.359 • 0.3413• 0.78 
1 C2u - ~C2d -0 .04  • -0.0491• 

from mt  or MH, which are treated separately. Our t rea tment  differs 
from most  of the original papers. 

Many extensions of the Standard Model are described by the P0 
parameter,  

--  2 2 ^ 2  PO = M w  / ( M ~  C z P) , (10.45) 

which describes new sources of SU(2) breaking that  cannot be 
accounted for by the Standard Model Higgs doublet or mt effects. 
In the presence of P0 # 1, Eq. (10.45) generalizes Eq. (10.8b), 
while Eq. (10.8a) remains unchanged. Provided tha t  the new 
physics which yields P0 # 1 is a small  per turbat ion which does not 
significantly affect the radiative corrections, P0 can be regarded as 
a phenomenological parameter  which multiplies GF in Eqs. (10.11)- 
(10.13), (10.28), and F z in Eq. (10.41). There is enough data  to 
determine PO, MH,  mr, and as ,  simultaneously. From the global fit, 

0 a Q Q R + 0 . 0 0 1 1  (10.46) 
PO = . . . . . .  - 0 . 0 0 0 6  ' 

95 GeV < M H < 211 G e V ,  (10.47) 

mt = 173.64- 4.9 GeV , (10.48) 

a s ( M z )  = 0.1194 - 0.0028 , (10.49) 

where the lower limit on MH is the direct search bound. (If the direct 
+ 0 . 0 0 1 3  73+125 and P0 = 0.9995_0.0009). limit is ignored one obtains M H = " ' - 3 6  

The error bar in Eq. (10.46) is highly asymmetric:  at the 2 cr level one 
+ 0 . 0 0 3 4  has Po = 0.9998-010o12 and M H < I002 GeV. Clearly, in the presence 

of Po upper limits on M H become very weak. 

The result in Eq. (I0.46) is in remarkable agreement with the 
Standard Model expectation, P0 = 1. It can be used to constrain 
higher-dimensional Higgs representations to have vacuum expectation 
values of less than  a few percent of those of the doublets. Indeed, the 
relation between M W and M z is modified if there are Higgs multiplets 
with weak isospin > 1/2 with significant vacuum expectation values. 
In order to calculate to higher orders in such theories one must  define 
a set of four fundamental  renormalized parameters which one may 
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conveniently choose to be a,  GF, Mz ,  and MW, since MW and M z  
are directly measurable. Then  ~'~ and PO can be considered dependent 
parameters.  

Eq. (10.46) can also be used to constrain other types of new 
physics. For example, nondegenerate multiplets of heavy fermions or 
scalars break the vector part  of weak SU(2) and lead to a decrease in 

the value of M z / M  W. A nondegenerate SU(2) doublet (~ )  yields a 

positive contribution to Po [116] of 

CGF 
8v/~r2.Am2 (10.50) 

where 

4ra12m22 rolL > (ml  -- m2) 2 (10.51) 
Am 2-m~+m~- ra 2_m221n~22 - 

and C = 1 (3) for color singlets (triplets). Thus,  in the presence of 
such multiplets, one has 

3GF Z Ci 2 
8x/~r 2 . - ~ A m i  = p 0 - 1 ,  (10.52) 

i 

where the sum includes fourth-family quark or lepton doublets, (~;) 
E 0 

or (E - ) ,  and scalar doublets such as (i) in supersymmetry  (in the 
absence of L - R mixing). This implies 

z T C i  Am~ _< (100 GeV) 2 (10.53) 
i 

at 95% CL. The  corresponding constraints on nondegenerate squark 
and slepton doublets are even stronger, Am~ _4 (69 GeV) 2. This is 
due to the MSSM Higgs mass  bound, mh0 < 150 GeV, and the strong 
correlation between mho and P0 (81%). 

Nondegenerate multiplets usually imply P0 > 1. Similarly, heavy 
Z ~ bosons decrease the prediction for MZ due to mixing and 
generally lead to PO > 1 [117]. On the other hand,  additional Higgs 
doublets which participate in spontaneous symmetry  breaking [118], 
heavy lepton doublets involving Majorana neutrinos [119], and the 
vacuum expectation values of Higgs triplets or higher-dimensional 
representations can contribute to P0 with either sign. Allowing for the 
presence of heavy degenerate chiral multiplets (the S parameter,  to 
be discussed below) affects the determination of PO from the data, at 
present leading to a smaller value (for fixed MH). 

A number  of authors  [120-125] have considered the general effects 
on neutral  current and Z and W boson observables of various types of 
heavy (i.e., Mnew >> MZ) physics which contribute to the W and Z 
self-energies but  which do not have any direct coupling to the ordinary 
fermions. In addition to nondegenerate multiplets, which break the 
vector part  of weak SU(2), these include heavy degenerate multiplets 
of chiral fermions which break the axial generators. The effects of one 
degenerate chiral doublet are small, but  in technicolor theories there 
may be many  chiral doublets and therefore significant effects [120]. 

Such effects can be described by just  three parameters,  S, T, and 
U at the (electroweak) one loop level. (Three additional parameters 
are needed if the new physics scale is comparable to M z ]126].) T is 
proportional to the difference between the W and Z self-energies at 
Q2 = 0 (i.e., vector SU(2)-breaking), while S (S + U) is associated 
with the difference between the Z (W) self-energy at Q2 _ M 2 and 

- z ,w 
Q2 = 0 (axial SU(2)-breaking). Denoting the contributions of new 
physics to the various self-energies by Hinj ew, we have 

new new 
~ ( M z ) T  -= HWW(0) I I z z  (0) 

M 2  M 2  , (10.54a) 

~(Mz)  ~ new 2 new HZZ (Mz) - HZZ (0) 
4 ~ 2 " ~  ~ ~ M~ 

~2 z ~ ~ . ~ w ~ . 2 ~  n ~ r ~ 2 ~  

"S Z~ Z M 2 M~ ' 
rfnew { ?,f2 ~ new 

~(Mz)  (S + U) =- *'WW~"*WZ - Hww(O) 

new 2 C'Z HZ3' (M~) nnew(~/f2~ 
~'Z M~ M 2 (10.54c) 

,9, T,  and U are defined with a factor proportional to ~ removed, so 
that  they are expected to be of order unity in the presence of new 
physics. In the ~ scheme as defined in Ref. [29], the last two terms 
in Eq. (10.54b) and Eq. (10.54c) can be omit ted (as was done in earlier 
editions of this Review). They are related to other parameters  (Si, hi, 
~'i) defined in [29,121,122] by 

T = hv  = ~1/~,  

S = hAz = S z = 4~2z~3/~ , 

U = haw - hAz = Sw - S z  = -4 s ' 2e ' 2 / a  . (lO.55) 

A heavy nondegenerate multlplet  of fermions or scalars contributes 
positively to T as 

1 
p 0 - 1 -  1 - a T  l ~ - a T ,  (10.56) 

where P0 is given in Eq. (10.52). The effects of nons tandard  Higgs 
representations cannot be separated from heavy nondegenerate 
multiplets unless the new physics has other consequences, such as 
vertex corrections. Most of the original papers defined T to include 
the effects of loops only. However, we will redefine T to include all 
new sources of SU(2) breaking, including nonstandard  Higgs, so tha t  
T and PO are equivalent by Eq. (10.56). 

A multiplet of heavy degenerate chiral fermions yields 

2 
s = c - t3R(0)/3 , ( 1 0 .5 7 )  

i 

where taL,R(i) is the third component  of weak isospin of the left- 
(right-) handed component of fermion i and C is the number  
of colors. For example, a heavy degenerate ordinary or mirror 
family would contribute 2/3~ to S. In technicolor models with 
QCD-like dynamics, one expects [120] S ~ 0.45 for an isodoublet 
of technifermions, assuming NTC = 4 technicolors, while S ~ 1.62 
for a full technigeneration with NTC = 4; T is harder to est imate 
because it is model dependent. In these examples one has S > 0. 
However, the QCD-like models are excluded on other grounds 
(flavor-changing neutral currents, and too-light quarks and pseudo- 
Goldstone bosons [127]). In particular, these es t imates  do not  apply 
to models of walking technicolor [1271, for which S can be smaller 
or even negative [128]. Other si tuations in which S < 0, such as 
loops involving scalars or Majorana particles, are also possible I129]. 
Supersymmetric extensions of the Standard Model generally give very 
small effects [130]. Most simple types of new physics yield U = 0, 
al though there are counter-examples, such as the effects of anomalous 
triple-gauge vertices [122]. 

The Standard Model expressions for observables are replaced by 

1 - a T  
M2 = M2~ 1 - G F M ~ o S / 2 v ~  ' 

1 (10.58) 
M~V = M 2 0  1 - GFM20(S  + U)/2v/2,  ' 

where Mzo and Mwo are the Standard Model expressions (as 
functions of mt and MH) in the ~ scheme. Furthermore,  

F z = 1 - - ~ M 3 ~ z ,  

F W = M 3 / 3 W ,  
1 

a~ = ~ A ~ 0 ,  (10.59) 

where ~z  and ~w are the Standard Model expressions for the reduced 
widths Fzo/M30 and Fwo/M~vo, M z  and M W are the physical 
masses, and Ai (Aio) is a neutral  current ampli tude (in the Standard 
Model). 

The data  allow a s imultaneous determination of ~ 2  (from the 
Z pole asymmetries),  S (from MZ), U (from MW) , T (mainly from 
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Fz) ,  as (from R t and Crhad) , and mt  (from CDF and DO), with little 
correlation among the Standard Model parameters: 

S = -0 .07  -4- 0.11 ( - 0 . 0 9 ) ,  

T = -0 .10  -4- 0.14 (+0.09) , 

U = 0.11 •  (+0.01) , (10.60) 

and ~ = 0.23117 =1: 0.00017, c~s(Mz) = 0.1203 4-0.0031, mt = 
173.4 + 4.9 GeV, where the uncertainties are from the inputs. 
The central values assume MH = 100 GeV, and in parentheses 
we show the change for M H = 300 GeV. As can be seen, the 
Standard Model parameters  (U) can be determined with no (little) 
MH dependence. On the other hand,  S, T, and MH cannot be 
obtained simultaneously, because the ttiggs boson loops themselves 
are resembled approximately by oblique effects. The first Eq. (10.60) 
shows that  negative contributions to the S parameter  can weaken 
or entirely remove the strong constraints on MH from the Standard 
Model fits. The  parameters  in Eqs. (10.60) which by definition are 
due to new physics only, are all consistent with the Standard Model 
values of zero. Using Eq. (10.56) the value of P0 corresponding to T is 
0.9992 • 0.0011 (+0.0007). The values of the ~" parameters defined in 
Eq. (10.55) are 

~3 = -0 .0006 - 0.0009 ( -0 .0008) ,  

~'1 = -0.0008 • 0.0011 (+0.0007),  

~'2 = - 0 . 0 0 0 9  4- 0 .0013  ( - 0 . 0 0 0 1 )  , (10 .61)  

Unlike the original definition, we defined the quantities in Eqs. (10.61) 
to vanish identically in the absence of new physics and to correspond 
directly to the parameters  S, T, and U in Eqs. (10.60). There is 
a strong correlation (81%) between the S and T parameters.  The 
allowed region in S - T is shown in Fig. 10.3. From Eqs. (10.60) 
one obtains S <_ 0.11(0.01) and T _< 0.13(0.22) at 95% CL for 
Mft = 100 GeV (300 GeV). If one fixes M H = 000 GeV and requires 
the constraint S _> 0 (as is appropriate in QCD-like technicolor 
models) then S < 0.09. This rules out simple technicolor models with 
many techni-doublets and QCD-like dynamics. 

An extra generation of ordinary fermions is excluded at the 
99.6% CL on the basis of the S parameter  alone. This  result assumes 
that  there are no new contributions to T or U. Allowing a contribution 
of 0.18 -F 0.08 to T reduces the  CL to 97%. This  is in agreement with 
a fit to the number  of light neutrinos, N~ = 2.985 :i: 0.008 (which 
favors a larger value for as (Mz )  = 0.1229 :t: 0.0034 mainly from Re). 
However, the S parameter  fit is valid even for a very heavy fourth 
family neutrino. 

Although S is consistent with zero, the electroweak asymmetries,  
especially the SLD left-right asymmetry  and Q w ,  favor S < 0. The 
simplest origin of S < 0 would probably be an additional heavy Z'  
boson [117], which could mimic S < 0. Similarly, there is a slight 
indication of negative T, while, as discussed above, nondegenerate 
scalar or fermion multiplets generally predict T > 0. 

There is no simple parametrizat ion that  is powerful enough to 
describe the effects of every type of new physics on every possible 
observable. The S, T,  and U formalism describes many types of 
heavy physics which affect only the gauge self-energies, and it can 
be applied to all precision observables. However, new physics which 
couples directly to ordinary fermions, such as heavy Z ~ bosons [117] or 
mixing with exotic fermions [131] cannot be fully parametrized in the 
S, T, and U framework. It is convenient to treat these types of new 
physics by parametrizations that  are specialized to that  particular 
class of theories (e.g., extra Z ~ bosons), or to consider specific 
models (which might  contain, e.g., Z I bosons and exotic fermions 
with correlated parameters).  Constraints on various types of new 
physics are reviewed in [26,132,133]. Fits to models with technicolor, 
extended technicolor, and supersymmetry  are described, respectively, 
in [134], [135], and [86,136]. In a new development, the effects of 
compactified extra spatial dimensions at the TeV scale have been 
considered in Hef. 137. 

An alternate formalism [138] defines parameters,  el, e2, e3, eb 

4(O'e) and R b. in terms of the specific observables M w / M z ,  Fee, "'FB , 

F i g u r e  1 0 . 3 : 1  ~ constraints (39.35%) on S and T from various 
inputs. S and T represent the contributions of new physics only. 
(Uncertainties from rat are included in the errors.) The contours 
assume M H = 100 GeV except for the  central and upper  90% 
CL contours allowed by all data, which are for M H = 300 GeV 
and 1000 GeV, respectively. Data  sets not involving M w  are 
insensitive to U. Due to higher order effects, however, U = 0 has 
to be assumed in all fits. as (Mz)  = 0.120 is assumed for the 1 a 
constraints, while in the fits to all da ta  as  is allowed to float. 

The definitions coincide with those for ~ in Eqs. (10.54) and (10.55) 
for physics which affects gauge self-energies only, but  the e's now 
parametrize arbitrary types of new physics. However, the e's are 
not related to other observables unless additional model-dependent 
assumptions are made. Another approach [139-141] parametrizes new 
physics in terms of gauge-invariant sets of operators. It is especially 
powerful in s tudying the effects of new physics on non-Abelian gauge 
vertices. The most  general approach introduces deviation vectors [132]. 
Each type of new physics defines a deviation vector, the components  of 
which are the deviations of each observable from its Standard Model 
prediction, normalized to the experimental  uncertainty. The length 
(direction) of the vector represents the s t rength (type) of new physics. 

Tab le  10.7: 95% CL lower mass  limits (in 
GeV) on various extra Z'  bosons, appearing 
in models of unification and string theory. 
p0 free indicates a completely arbitrary 
Higgs sector, while P0 = 1 restricts to Higgs 
doublets and singlets with still unspecified 
charges. 

Z' P0 free P0 = 1 

Z x 551 545 

Zr 151 146 

Z~ 379 365 

ZLR 570 564 

ZSM 822 809 

Zstrlng 582 578 

One of the best motivated kinds of physics beyond the Standard 
Model besides supersymmetry  are extra  Z I bosons. They do 
not spoil the observed approximate gauge coupling unification, 
and appear copiously in many Grand Unified Theories (GUTs) 
and most  superstring models. For example, the  SO(10) GUT 
contains an extra  U(1) as can be seen from its maximal  subgroup, 
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SU(5) • U(1)x. Similarly, the E6 GUT contains the subgroup 
SO(10) x U(1)r It possesses only axial-vector couplings to the 
ordinary fermions, and its mass is generally less constrained. 
The Z n boson is the linear combination 3v~Z x - ~  Zr 
The ZLR boson occurs in left-right models with gauge group 
SU(3)C x SU(2)L • SU(2)R • U(1)B_ L C SO(10). The sequential 
ZSM boson is defined to have the same couplings to fermions as 
the SM Z boson. Such a boson is not expected in the context of 
gauge theories unless it has different couplings to exotic fermions than 
the ordinary Z. However, it serves as a useful reference case when 
comparing constraints from various sources. It could also play the role 
of an excited state of the ordinary Z in models with extra dimensions 
at the weak scale. Finally, we consider a superstring motivated Zstring 
boson appearing in a specific model [142]. The potential Z j boson is 
in general a superposition of the SM Z and the new boson associated 
with the extra U(1). The mixing angle 0 satisfies, 

20 - M z  2 
tan 2 0 = MZ1 

M ~  - M 2 ' zO 

where Mzo is the SM value for M Z in the absence of mixing. Note, 

that  MZ < Mzo, and that the SM Z couplings are changed by the 

mixing. If the Higgs U ( l y  quantum numbers are known, there will be 
an extra constraint, 

0 = C g2 M~ g~ M~, ' (10.62) 

where gl,2 are the U(1) and U(1) ~ gauge couplings with g2 = 

~f~ s i n 0 w v ~ g l .  A = 1 (which we assume) the GUT group breaks if 

directly to SU(3) • SU(2) • U(1) • U(1) I. C is a function of vacuum 
expectation values. For minimal Higgs sectors it can be found in 
reference [117]. Table 10.7 shows the 95% CL lower mass limits 
obtained from a somewhat earlier data set [143] for P0 free and P0 = 1, 
respectively. In cases of specific minimal Higgs sectors where C is 
known, the Z t mass limits are generally pushed into the TeV region. 
For more details see Ref. 143 and the Sectiou on "The Z I Searches" 
in this Review. The more recent values for Qw(Cs)  and O'ha d used in 
this Review modify the results and even suggest the possible existence 
of Z I [144]. 
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11.  T H E  C A B I B B O - K O B A Y A S H I - M A S K A W A  Q U A R K - M I X I N G  M A T R I X  

Revised 2000 by F.J. Gilman (Carnegie-Mellon University), 
K. Kleinknecht and B. Renk (Johannes-Gutenberg Universits 
Mainz). 

In the Standard Model with SU(2) • U(1) as the gauge group of 
electroweak interactions, both the quarks and leptons are assigned to 
be left-handed doublets and right-handed singlets. The quark mass  
eigenstates are not  the same as the weak eigenstates, and the matr ix  
relating these bases was defined for six quarks and given an explicit 
parametrizat ion by Kobayashi  and Maskawa [1] in 1973. It generalizes 
the four-quark case, where the matr ix  is parametrized by a single 
angle, the Cabibbo angle [2]. 

By convention, the mixing is often expressed in terms of a 3 x 3 
uni tary matr ix  V operating on the charge - e / 3  quark mass  eigenstates 
(d, s, and b): 

s '  = | Vcd Vcs Vcb . (11.1) 
b ' \ Vtd Vts Ytb 

The values of individual matr ix elements can in principle all be 
determined from weak decays of the relevant quarks, or, in some 
cases, from deep inelastic neutrino scattering. Using the constraints 
discussed below together with unitarity, and assuming only three 
generations, the 90% confidence limits on the magni tude of the 
elements of the complete matr ix  are 

0.9742 to 0.9757 0.219 to 0.226 0.002 to 0.005 \ 
0.219 to 0.225 0.9734 to 0.9749 0.037 to 0.043 ) . (11.2) 
0.004 to 0.014 0.035 to 0.043 0.9990 to 0.9993 

The ranges shown are for the individual matr ix  elements. The 
constraints of unitari ty connect different elements, so choosing a 
specific value for one element restricts the range of others. 

There are several parametrizations of the Cabibbo-Kobayashi- 
Maskawa (CKM) matrix.  We advocate a "standard" parametriza- 
tion [3] of V that  utilizes angles 012, 023, 013, and a phase, 

613 

c12c13 s12c13 Sl3 e-i613 
V = i6 i6 --s12c23--c12s23s13e 13 c12c23--s12s23s13e 13 s23c13 

16 i6 / 
s12s23--c12c23s13e 13 --c12s23--s12c23s13e 13 c23c13 

(11.3) 

with clj = cos Oij and sij = sin Oij for the "generation" labels 
i , j  = 1, 2, 3. This has distinct advantages of interpretation, for the 
rotation angles are defined and labelled in a way that  relates to 
the mixing of two specific generations and if one of these angles 
vanishes, so does the mixing between those two generations; in the 
limit 023 = 013 = 0 the third generation decouples, and the situation 
reduces to the usual Cabibbo mixing of the first two generations with 
012 identified with the Cabibbo angle [2]. The real angles 012, 023, 
013 can all be made to lie in the first quadrant  by an appropriate 
redefinition of quark field phases. 

The matr ix  elements in the first row and third column, which can 
be directly measured in decay processes, are all of a simple form, and, 
as %3 is known to deviate from unity only in the sixth decimal place, 

Vud = C12, Vus = 812 , Vub = 313 e -i/~13 , Vcb = 823 , and Vtb = c23 to an 
excellent approximation. The phase ~13 lies in the range 0 _< 613 < 27r, 
with nonzero values generally breaking CP invariance for the weak 
interactions. The generalization to the n generation case contains 
n (n  - 1)/2 angles and (n - 1)(n - 2)/2 phases. The range of matr ix 
elements in Eq. (11.2) corresponds to 90% CL limits on the sines 
of the angles of st2 = 0.219 to 0.226, %3 = 0.037 to 0.043, and 
sis  = 0.002 to 0.005. 

Kobayashi  and Maskawa [1] originally chose a parametrization 
involving the four angles 01, 02, 03, and 6: 

s t  = SIC 2 ClC2C3--s2s3ei6 ClC2S3+S2c3ei6 : (11.4) 
b t s l s  2 ClS2C3-{-c2s3ei6 ClS2S3-C2c3ei6 ] 

where cl = cosOi and s i = sin8i for i = 1,2,3. In the limit 
02 = 83 = 0, this reduces to the usual  Cabibbo mixing with 01 
identified (up to a sign) with the Cabibbo angle [2]. Several different 
forms of the Kobayashi-Maskawa parametrizat ion are found in the 
literature. Since all these parametrizat ions are referred to as "the" 
Kobayashi-Maskawa form, some care about  which one is being used is 
needed when the quadrant  in which 6 lies is under discussion. 

A popular approximation that  emphasizes the hierarchy in the size 
of the angles, s12 >> %3 >> s13, is due to Wolfenstein [4], where one 
sets ~ -~ s12 , the sine of the Cabibbo angle, and then writes the other 
elements in terms of powers of A: 

( 1 - ~ ; / 2  A AA3(p- iT1) )  
V ~ - 1 - A2/2 AA 2 . (11.5) 

\ AA3(1 - p - iT) - A A  2 1 

with A, p, and 77 real numbers  that  were intended to be of order unity. 

More recently, another paranletrization has been advocated [5]. 
It arises in many theories of quark masses and is particularly useful 
where one builds models in which initially mu = md = 0 and there is 
no nontrivial phase in the CKM matrix.  In this parametrizat ion [5] 
no phases occur in the third row or third column of the CKM matr ix,  
so that  the CP-violat ing phase only occurs in the CKM matr ix  
elements connecting first and second generation quarks. Consequently, 
the connection between measurements  of CP-violat ing effects for 
B mesons and single CKM parameters is less obvious than  in the 
s tandard parametrization. 

No physics can depend on which of the above parametrizat ions (or 
any other) is used, as long as a single one is used consistently and care 
is taken to be sure that  no other choice of phases is in conflict. 

Our present knowledge of the matr ix  elements comes from the 
following sources: 

(1)]Vud[: Analyses have been performed comparing nuclear beta  
decays that  proceed through a vector current to muon decay. 
Radiative corrections are essential to extracting the value of the 
matr ix  element. They already include [6] effects of order Za 2, and 
most  of the theoretical argument  centers on the nuclear mismatch  and 
structure-dependent radiative corrections [7,8]. New data  have been 
obtained on superallowed 0 + ---* 0 + beta  decays [9]. 

Taking the complete da ta  set, a value of [Vud ] = 0.9740 • 0.0005 
has been obtained [10]. It has been argued [11] that  the change 
in charge-symmetry-violation for quarks inside nucleons that  are in 
nuclear mat te r  results in an additional change in the predicted decay 
rate by 0.075 to 0.2%, leading to a systematic underest imate  of [Vud[. 
This reasoning has been used [12] to explain quantitatively the binding 
energy differences of the valence protons and neutrons of mirror 
nuclei. While it can be argued [10] that  there may be double-counting 
of corrections, until this is settled, we take this correction as an 
additional uncertainty to obtain a value of ]Vud ] = 0.9740 =k 0.0010. 

The theoretical uncertainties in extracting a value of ]Vudl from 
neutron decays are significantly smaller than  for decays of mirror 
nuclei, but  the value depends on both the value of 9A/gV and the 
neutron lifetime. Experimental  progress has been made on the former 
quanti ty using very highly polarized cold neutrons together with 
improved detectors. Averaging over recent experiments [13] gives 
gA/gv = --1.2715 • 0.0021 and results in [Yud [ = 0.9728 4- 0.0012 
from neutron decay. Since most  of the contributions to the errors in 
these two determinations of [Vud[ are independent,  we average them 
to obtain 

IV~al = 0.9735 -4- 0.0008 . (11.6) 

(2)lVus l: Analysis of Ke3 decays yields [14] 

[Vus] -- 0.2196 :i: 0.0023. (11.7) 

With  isospin violation taken into account in K + and K ~ decays, 
the extracted values of [Vusl are in agreement at the 1% level. 
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A reanalysis [8] obtains essentially the same value, but  quotes a 
somewhat smaller error, which is only statistical. The analysis [15] of 
hyperon decay data  has larger theoretical uncertainties because of first 
order SU(3) symmet ry  breaking effects in the axial-vector couplings. 
This has  been redone incorporating second order SU(3) symmetry  
breaking corrections in models [16] applied to the WA2 data  [17] 
to give a value of ]Vusl = 0.2176 • 0.0026, which is consistent with 
Eq. (11.7) using the "best-fit" model. Since the values obtained in the 
models differ outside the errors and generally do not give good fits, we 
retain the value in Eq. (11.7) for [Vus[. 

(3)[Vca[: The magni tude of [Vcd [ may be deduced from neutrino and 
antineutrino production of charm off valence d quarks. The dimuon 
production cross sections of the CDHS group [18] yield -Bc [Ycd l  2 = 

0.41 • 0.07 • 10 -2,  where Bc is the semileptonic branching fraction 
of the charmed hadrons produced. The corresponding value from the 
more recent CCFR Tevatron experiment [19], where a next-to-leading- 

0 5~A• n ~,.+0.025 order QCD analysis has been carried out, is . o-~ v.w~_0.051 • 10 -2, 
where the last error is from the scale uncertainty. Assuming a similar 
scale error for the CDHS result and averaging these two results gives 
0.49 • 0.05 • 10 -2. Supplementing this with data  [20] on the mix of 
charmed particle species produced by neutrinos and PDG values for 
their semileptonic branching fractions (to give [19] Bc = 0.099 • 0.012) 
then yields 

IY~dl = 0.224 • 0.016. (11.8) 

(4)]Vcsl: Values of [Vcs[ from neutrino production of charm are 
dependent on assumptions about the strange-quark density in the 
pat ton sea. The most  conservative assumption,  that  the strange-quark 
sea does not exceed the value corresponding to an SU(3)-symmetric 
sea, leads to a lower bound [18], ]Vcs[ > 0.59. It is more advantageous 
to proceed analogously to the method used for extracting [Vus] from 
Ke3 decay; namely, we compare the experimental value for the width 
of De3 decay with the expression [21] that  follows from the s tandard 
weak interaction amplitude: 

F(D -~ K e + , r  = IID(0)I 2 IV~sl 2 (1.54 • 1011 s - l ) .  (11.9) 

Here ]D(q2), with q = PD - P K ,  is the form factor relevant to 
De3 decay; its variation has been taken into account with the 
parametrization f D ( t ) / . f D ( o )  = M 2 / ( M  2 - t) and M = 2.1 GeV/c 2, 
a form and mass consistent with direct measurements  [22]. Combining 
data on branching fractions for De3 decays with accurate values for 
the D lifetimes [22] yields a value of (0.818 • 0.041) x 10 n s -1 for 
F(D -~ Ke+ue) .  Therefore 

I fD(0)] 2 IVcs] 2 = 0 .531•  0.027 . (11.10) 

A very conservative assumption is that  [fD(0)l < 1, from which 
it follows that  ]Vcs[ > 0.62. Calculations of the form factor either 
performed [23,24] directly at q2 = 0, or done [25] at the max imum 
value of q2 = (m D _ inK)2 and interpreted at q2 = 0 using the 
measured q2 dependence, give the value f+D(0) = 0.7 • 0.1. It follows 
that  

IY~sl = 1 . 0 4  • 0 . 1 6  . (11.11) 

Recent measurements  [26] of IVcsl in charmed-tagged W decays give 
a consistent result of [Vcsl = 0.97 -- 0.09 ( s t a t . ) •  0.07 (syst.). The 
constraint of unitari ty when there are only three generations gives a 
much tighter bound (see below). 

(5)[Vcbl: The heavy quark effective theory [27] (HQET) provides 
a nearly model-independent t reatment  of B semileptonic decays to 
charmed mesons, assuming that  both the b and c quarks are heavy 
enough for the theory to apply. Measurements  of the exclusive decay 
B ---* D*g+ue have been used primarily to extract a value of IVcbl using 
corrections based on the HQET. Exclusive B ~ De+ul  decays give a 
consistent but less precise result. Analysis of inclusive decays, where 
the measured semileptonic bot tom hadron partial width is assumed 
to be that  of a b quark decaying through the usual V - A  interaction, 
depends on going from the quark to the hadron level. This is also 
understood within the context of the HQET [28], and the results for 
IVcbl are again consistent with those from exclusive decays. Combining 
all the LEP data  on both exclusive and inclusive decays gives [29] 

IVcbl = 0.0402 • 0.0019 , (11.12) 

which is consistent with the latest CLEO result [29] from exclusive 
and inclusive decays, [Vcb [ = 0.0404 • 0.0034. The combination of 
large da ta  samples and the HQET make this  the third most  accurately 
measured CKM matr ix  element, after [Vud[ and [Vus[. 

(6) [Vubl: The decay b ---* uF~ and its charge conjugate can be observed 
from the semileptonic decay of B mesons produced on the T(4S) 
(bb) resonance by measuring the lepton energy spect rum above the 
endpoint of the b -~ c~Pe spectrum. There the b ---* u~Pt decay rate 
can be obtained by subtract ing the background from nonresonant  
e+e - reactions. This cont inuum background is determined from 
auxiliary measurements  off the T(4S).  The interpretation of the 
result in terms of ]Vub/Vcbl depends fairly strongly on the theoretical 
model used to generate the lepton energy spectrum, especially for 
b ---* u transit ions [24,25,30]. 

The LEP experiments ALEPH [31], L3 [32], and DELPHI  [33] have 
presented new analyses tha t  measure the b ~ ueve component  in 
b decays at the Z 0. Discrimination between u-like and c-like decays is 
based on up to 20 different event parameters  which are sensitive to the 
mass  of the quark of the final state. Using an extended range of the 
spect rum compared to the end-point analysis, this extraction of IVub[ 
is less sensitive to theoretical assumptions,  but  requires a detailed 
understanding of the decay b --* cert.  

The value of IVub[ can also be extracted from exclusive decays, such 
as B ---+ n~ue and B --* p~ve, but there is an associated theoretical 
model dependence in the values of the matr ix  elements of the weak 
current between exclusive states. There has been a substant ial  increase 
in the da ta  from CLEO for these exclusive decays [29], and the error 
on ]Vub[, arising primarily from the theoretical model dependence, 
is comparable to that  obtained from inclusive decays. Enhanced 
awareness of the theoretical uncertainties and the difference between 
the results obtained from inclusive and exclusive analyses leads us to 
be even more conservative in sett ing the error bar than  in previous 
reviews and we quote [34] 

IVub/Vcb[ = 0.090 4- 0.025 . (11.13) 

(7)Vtb: The discovery of the top quark by the CDF and DO 
collaborations utilized in part the semileptonic decays of t to b. One 
can set a (still rather crude) limit on the fraction of decays of the form 
t --* b 6 + re, as opposed to semileptonic t decays that  involve s or d 
quarks, of [35] 

IVtbl2 = 0.99 • 0.29 . (11.14) 
IVtdl 2 + IVtsl 2 + ]Vtbl 2 

( 8 ) H a d r o n i c  W decays:  The ratio of hadronic W decays to 
leptonic decays has been measured at LEP, with the result [36] that  
~i,j[Yij] 2 -~ 2.032-4-0.032, where the sum extends over i = u , c  and 
j = d, s, b. With a three-generation CKM matr ix,  from unitar i ty this 
sum would be expected to have the value 2. Since five of the CKM 
matr ix  elements are well measured or contribute negligibly to the 
sum of the squares, this measurement  can also be used as a precision 
measurement  of IVcsl = 0.9891-4-0.016. 

For most  of these CKM matr ix  elements the principal error is no 
longer experimental, but  rather theoretical. This arises from explicit 
model dependence in interpreting data  or in the use of specific 
hadronic matr ix elements to relate experimental  measurements  to 
weak transitions of quarks. This type of uncertainty arises even more 
strongly in extracting CKM matr ix  elements from loop diagrams, 
as discussed below. Such errors are not distributed in a Gaussian 
manner.  We have taken the interpretation that  a "1 a" range in a 
theoretical error corresponds to a 68% likelihood that  the true value 
lies within "• a" of the central value. While we do use the central 
values with the quoted errors to make a best overall fit to the CKM 
matrix,  the result should be taken with appropriate care, and we 
regard extending this to multi-standard-deviation determinatiolls of 
allowed regions for CKM matr ix  elements as unfounded. 

The results for three generations of quarks, from Eqs. (11.6)-(11.8) 
and Eqs. (11.11)-(11.14), plus unitarity, are summarized in the matr ix  
in Eq. (11.2). The ranges given there are different from those given 
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in Eqs. (11.6)-(11.14) because of the inclusion of unitarity, but  are 
consistent with the one-standard-deviation errors on the input matr ix  
elements. Note in particular that  the unitari ty constraint has pushed 
IVud[ about one s tandard deviation higher than  given in Eq. (11.6). 
If we had kept the error on [Vud ] quoted by Hardy and Towner [10], 
we would have a violation of unitari ty in the first row of the CKM 
matr ix  by about two s tandard deviations. While this bears watching 
and encourages another more accurate measurement  of [Vusl, we do 
not see this presently as a major  challenge to the validity of the 
three-generation Standard Model. 

The da ta  do not preclude there being more than  three generations. 
Moreover, the entries deduced from unitari ty might be altered when 
the CKM matr ix  is expanded to accommodate more generations. 
Conversely, the known entries restrict the possible values of additional 
elements if the matr ix  is expanded to account for additional 
generations. For example, unitari ty and the known elements of the 
first row require that  any additional element in the first row have a 
magni tude [V~b, ] < 0.10. When there are more than three generations, 
the allowed ranges (at 90% CL) of the matr ix elements connecting the 
first three generations are 

0.9722 to 0.9748 0.216 to 0.223 0.002 to 0.005 . . . \  
0.209 to 0.228 0.959 to 0.976 0.037 to 0.043 ) to 0.09 0 to 0.16 0.07 to 0.993 ' 

! : : 

(11.15) 
where we have used unitari ty (or the expanded matrix)  and the 
measurements  of the magni tudes  of the CKM matr ix elements 
(including the constraint from hadronic W decays), resulting in the 
weak bound IVtb[ > 0.07. 

Farther  information, particularly on CKM matr ix elements involving 
the top quark, can be obtained from flavor-changing processes that  
occur at the one-loop level. We have not used this information in the 
discussion above since the derivation of values for Vtd and Vts in this 
manner  from, for example, B mixing or b ---* ST, require an additional 
assumpt ion that  the top-quark loop, rather than  new physics, gives 
the dominant  contribution to the process in question. Conversely, the 
agreement of CKM matr ix  elements extracted from loop diagrams 
with the values based on direct measurements  and three generations 
can be used to place restrictions on new physics. 

The measured value [37] of AMBd = 0.473 + 0.016 ps -1 from 

B 0 - ~  mixing can be turned in this way into information on d 
[Vtb*Vtd[, assuming that  the dominant  contribution to the mass  
difference arises from the matr ix  element between a B d and a B d 
of an operator tha t  corresponds to a box diagram with W bosons 
and top quarks as sides. Using the characteristic hadronic matr ix  
element tha t  then occurs, BBafBd 2 = (210 • 40 MeV) 2 from lattice 
QCD calculations [38], which we regard as having become the most  
reliable source of such matr ix  elements, next-to-leading-order QCD 
corrections (~TQCD = 0.55) [39], and the running top-quark mass, 
~ t ( m t )  = 166 • 5 GeV, as input, 

]Vtb*" Vtd] = 0.0083 • 0.0016 , (11.16) 

where the uncertainty comes primarily from that  in the hadronic 
matr ix  elements, whose est imated errors are combined linearly. 

In the ratio of Bs to B d mass  differences, many common factors 
(such as the QCD correction and dependence on the top-quark mass) 
cancel, and we have 

A M B ,  _ MBa BB~f2~ [Vt~'Vtsl 2 
(11.17) 

AMB d MB d BBdfI~ d IVt; ' Vtd[ 2"  

A 

With the experimentally measured masses [22], BB, /BBa  = 
(1.14 • 0.13) 2 with quite conservative error bars from lattice 
QCD [38], and the improved experimental  lower limit [37] at 95% CL 
of A M B ,  > 14.3 ps -1 ,  

IVtdl/l~sl < 0.24 (11.18) 

Since with three generations, [Vtsl ~ [Vcb[, this result converts to 
[Vtd [ < 0.010, which is a significant constraint by itself (see Fig. 11.2). 

The CLEO observation [40] of b ---* s7 can be translated [41] 
similarly into [Vts I/[Vcb[ = 1.1 + 0.43, where the  large uncertainty is 
again dominantly theoretical. In K + ---* ~r+v~ there are significant 
contributions from loop diagrams involving both charm and top 
quarks. Experiment  is just  beginning to probe the level predicted in 
the Standard Model [42]. 

All these additional indirect constraints are consistent with the 
matr ix  elements obtained from the direct measurements  plus unitarity, 
assuming three generations; with the recent results on B mixing and 
theoretical improvements in lattice calculations, adding the indirect 
constraints to the fit reduces the range allowed for IVtdl. 

Direct and indirect information on the CKM mat r ix  is neatly 
summarized in terms of "the unitari ty triangle," one of six such 
triangles that  correspond to the unitari ty condition applied to two 
different rows or columns of the CKM matrix.  Unitar i ty  of the 3 x 3 
CKM matr ix  applied to the first and third columns yields 

Vud Vu* b + Veal V~b + VtdVt*b = O. (11.19) 

The unitari ty triangle is just  a geometrical presentation of this 
equation in the complex plane [43]. We can always choose to orient 
the triangle so that  Veal Veb* lies along the horizontal; in the 
parametrization we have chosen, Vcb is real, and Veal is real to a very 
good approximation in any case. Setting cosines of small  angles to 
unity, Eq. (11.19) becomes 

Vu; + Vtd = Sl2 Vcb* , (11.20) 

which is shown as the unitari ty triangle in Fig. 11.1(a). Rescaling the 
triangle by a factor [1/[s12 Vcb]] so that  the base is of unit  length, the 
coordinates of the vertices become 

A(Re(Vub)/[Sl2 Vcb] , - Im(Vub)/[Sl2 Vcb[) , B(1,0)  , C(0,0) . 
(11.21) 

In the Wolfenstein parametrizat ion [4], the coordinates of the vertex 
A of the unitari ty triangle are simply (p, r/), as shown in Fig. 11.1(b). 
The angle 7 = 613. 

Y : b  d 

C/'~ .~ x ~  
s yl; 

B 

(b = ) ~  

C = (0,0) B = (1,0) 
F i g u r e  l l . l :  (a) Representation in the complex plane of the 
triangle formed by the CKM matr ix  elements Vu~ , Vtd , and 
s12 Vcb*. (b) Rescaled triangle with vertices A(p,~), B(1,0) ,  
and C(0, 0). 

CP-violat ing processes will involve the phase in the CKM matrix,  
assuming that  the observed C P  violation is solely related to a 
nonzero value of this phase. This allows additional constraints to be 
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brought to bear. More specifically, a necessary and sufficient condition 
for C P  violation with three generations can be formulated in a 
parametrization-independent manner in terms of the nonvanishing 
of the determinant of the commutator of the mass matrices for the 
charge 2e/3 and charge - e / 3  quarks [44]. CP-violating amplitudes 
or differences of rates are all proportional to the CKM factor in 
this quantity. This is the product of factors 2 in S12S13823C12C13 C238613 
the parametrization adopted above, and i s  8~82S3C1C2C385 in that of 
Ref. 1. With the approximation of setting cosines to unity, this is just 
twice the area of the unitarity triangle. 

While hadronic matrix elements whose values are imprecisely known 
generally enter the calculations, the constraints from C P  violation 
in the neutral kaon system, taken together with the restrictions on 
the magnitudes of the CKM matrix elements shown above, are tight 
enough to restrict considerably the range of angles and the phase 
of the CKM matrix. For example, the constraint obtained from the 
CP-violating parameter e in the neutral K system corresponds to the 
vertex A of the unitarity triangle lying on a hyperbola for fixed values 
of the hadronic matrix elements [45,46]. In addition, following the 
initial evidence [47], it is now established that direct C P  violation in 
the weak transition from a neutral K to two pions exists, i.e., that 
the parameter e t is nonzero [48]. However, theoretical uncertainties in 
hadronic matrix elements of cancelling amplitudes presently preclude 
this measurement from giving a significant constraint on the unitarity 
triangle. 

The constraints on the vertex of the unitarity triangle that follow 
from IVub], B mixing, and e are shown in Fig. 11.2. The improved 
limit in Eq. (11.18) that arises from the ratio of Bs to Bd mixing 
eliminates a significant region for the vertex A of the unitarity triangle, 
a region otherwise allowed by direct measurements of the CKM matrix 
elements, essentially limiting the vertex A to be in the first quadrant 
(p positive). The limit is not far from the value we would expect from 
the other information on the unitarity triangle. Thus a significant 
increase in experimental sensitivity to Be mixing will lead either to an 
observation of mixing or an indication of physics beyond the Standard 
Model. This limit is more robust theoretically since it depends on 
ratios (rather than absolute values) of hadronic matrix elements and 
is independent of the top mass or QCD corrections (which cancel in 
the ratio). 

Ultimately in the Standard Model, the CP-violating process 
KL "-4 ~rOuF offers high precision in measuring the imaginary part  of 
Vtd " Vts*, which, given Vts, will yield the altitude of the unitarity 
triangle. However, the experimental upper limit is presently many 
orders of magnitude away from the requisite sensitivity. 

F igure  11.2: Constraints on the position of the vertex, A, of 
the unitarity triangle following from IV~bl, B mixing, and e. 
A possible unitarity triangle is shown with A in the preferred 
region. 

For CP-violating asymmetries of neutral B mesons decaying to 
C P  eigenstates, for certain final states arising from a single weak 
decay amplitude there is a direct relationship between the magnitude 
of the asymmetry in a given decay and sin2r where r = a, ~, 

is an appropriate angle of the unitarity triangle [43]. The CDF 

Collaboration has used the decay Bd(Bd) ---* C K  s to obtain a first 
indication [49] of a nonvanishing asymmetry, corresponding to a value 
of sin 2~3: 

sin 2fl = a 70 +0.41 (11.22) 
. . . .  - 0 . 4 4  " 

This is consistent with the other information in Fig. 11.2 including 
having the correct sign, which is positive at the 93% CL. It presages 
the data that will be obtained in the next several years on both 
the magnitudes and relative phases of the CKM matrix elements, 
permitting incisive tests of this part of the Standard Model. (See 
Sec. 12 on C P  Violation and the review on "CP Violation in B 
decay--Standard Model Predictions" in the B Listings.) 
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1 2 .  C P  V I O L A T I O N  

Revised April 2000 by L. Wolfenstein (Carnegie-Mellon Univ.). 

The symmetries C (particle-antiparticle interchange) and P (space 
inversion) hold for strong and electromagnetic interactions. After the 
discovery of large C and P violation in the weak interactions, it 
appeared that the product C P  was a good symmetry. In 1964 C P  
violation was observed in K 0 decays at a level given by the parameter 
e ~ 2.3 • 10 -3. Larger CP-violation effects are anticipated in B ~ 
decays. 

12.1. C P  v i o l a t i o n  i n  K a o n  d e c a y  

C P  violation has been observed in the semi-leptonic decays 
K ~ ---* ~rT~• and in the nonleptonic decay KL 0 ---* 2~r. The 
experimental nmnbers that have been measured are 

5 = F(KL~ --* 7r-e+v) - r ( K ~  -~ ~r+t-u) (12.1a) 
r (K  ~ ~ ~r-e+v) + F(K ~ ~ 7r+t-.) 

~+_ = A ( K  0 ---* 7 r%r- ) / A (K  0 ---, 7r+Tr-) 

= {r/+- I e ir (12.15) 

~00 = A(  gO ~ rc%cO)/A(g~ --* rc~176 

= I.ool e ~r176176 �9 (12.1c) 

C P  violation can occur either in the K ~ 1 7 6  mixing or in the 
decay amplitudes. Assuming C P T  invariance, the mass eigenstates of 
the K ~  ~ system can be written 

IKs)  = pIK O) + qIK ~ , [KL) = plK ~ - qlK ~ . (12.2) 

If C P  invariance held, we would have q = p so that K S would be C P  
even and K L C P  odd. (We define IK ~ as C P  ]K~ C P  violation 
in K ~  ~ mixing is then given by the parameter ~ where 

p _ (I+~ 
q (i -~ ' 

(12.3) 

C P  violation can also occur in the decay amplitudes 

A ( K  0 ---* 7rTr(I)) = AI  eiQ , A ( ~  ~ --o ~rTr(I)) = A*I eiQ , (12.4) 

where I is the isospin of 7r~r, 6 1  is the final-state phase shift, and AI 
would be real if C P  invariance held. The CP-violating observables 
are usually expressed in terms of e and e ~ defined by 

7?+_ = e + e' , 7/o 0 = e -  2e ~ , (12.5a) 

One can then show [1] 

e = ~'+ i (~m 4o/Re AO),  (12.55) 

v/2e ' = ie@2-6~ A2/Re Ao) (Im A2/Re A2 - Im Ao/Re Ao) , 
(12.5c) 

= 2Re e/(1 + [el 2) ~ 2Re e. (12.5d) 

In Eq. (12.5c) small corrections of order e' x Re (A2/Ao) are neglected 
and Eq. (12.5d) assumes the AS = AQ rule. 

The quantities Im A0, Im As, and hn  e depend on the choice of 

phase convention since one can change the phases of K ~ and ~ 0  
by a transformation of the strange quark state Is) ---+ Is} eia; of 
course, observables are unchanged. It is possible by a choice of phase 
convention to set ImA0 or I m A  2 or ImE to zero, but none of these 
is zero with the usual phase conventions in the Standard Model. The 
choice Im Ao = 0 is called the Wu-Yang phase convention [2] in which 
case e = e-. The value of e' is independent of phase convention and 
a nonzero value demonstrates C P  violation in the decay amplitudes, 
referred to as direct C P  violation. The possibility that direct C P  
violation is essentially zero and that C P  violation occurs only in the 
mixing matrix was referred to as the superweak theory [3]. 

By applying C P T  invariance and unitarity the phase of e is given 
approximately by 

r ~ tan - t  2(mKL -- m K s )  = 43.49 • 0.08 ~ 
F K s  -- s  

(12 .6a )  

while Eq. (12.5c) gives 

4~(e') = 52 - 50 + 2 ~ 48 4- 40 , (12 .6b)  

where the numerical value is based on an analysis of r - n  scattering [4]. 
The approximation in Eq. (12.6a) depends on the assumption that 
direct C P  violation is very small in all K ~ decays. This is expected 
to be good to a few tenths of a degree as indicated by the small 
value of e' and of ~+-0, the C P  violation parameter in the decay 
K S --* 7 r + r - u  ~ [5], although limits on 7/oo0 are still poor. The relation 
in Eq. (12.6a) is exact in the superweak theory so this is sometimes 
called the superweak phase. An important point for the analysis is 
that cos[r I) - r  ~ 1. The consequence is that only two real 
quantities need be measured, the magnitude of e and the value of 
(e'/e) including its sign. The measured quantity I~100/r/+_[ 2, which is 
very close to unity, is given to a good approximation by 

Inoo/n+_l 2 ~ 1 - 6Re (e ' / e )  ~ 1 - 6e ' /e  . (12 .7)  

From the experimental measurements, one finds 

e = (2.271 4- 0.017) x 10 -3 , (12.8a) 

Re(e'/e) ~ e'/e = (2.1 • 0.5) x 10 -3 , (12.85) 

8 + -  = 43.5 =t= 0.5 ~ , (12.8c) 

r = -0.1 4- 0.8, (12.8d) 

6 = (3.33 4- 0.14) x 10 -3 . (12.8e) 

Direct C P  violation, as indicated by e'/e, is expected in the Standard 
Model; most calcuations [6] give a somewhat smaller value, but they 
have a large uncertainty. The value of 5 agrees with Eq. (12.5d). The 
values of r  and(b00 - 8 + -  are used to set limits on C P T  violation. 
[See Tests of Conservation Laws.] 

In the Standard Model, C P  violation arises as a result of a 
single phase entering the CKM matrix (Sec. 11). As a result in 
what is now the standard phase convention, two elements have large 
phases, Vub ~ e -i7,  Vtd ~ e -ifl. Because these elements have small 
magnitudes and involve the third generation, C P  violation in the K ~ 
system is small. On the other hand, large effects are expected in the 
B ~ system, which is a major motivation for B factories. 

12.2.  C P  v i o l a t i o n  i n  B d e c a y  

C P  violation in the B ~ system can be observed by comparing B ~ 
and ~0 decays [7]. For a final C P  eigenstate a, the decay rate has a 
time dependence given by 

/ 
ro ~ e-r t  ([1 + IAal ~] i [1 --I~12] cos(AMt) 

hn  )~a s in(AMt))  (12.9) q= 

where the top sign is for B ~ and the bottom for ~0 and 

:~a = (qB/PB) Ao/Aa  �9 (12.10) 

The quantities PB and qB come from the analogue for B 0 of Eq. (12.2), 
and An(An) is the decay amplitude to state a for B~176 However, 
for B 0 the eigenstates are expected to have a negligible lifetime 
difference and are only distinguished by the mass difference AM; also 
as a consequence ]qB/PB] ~ 1 so that ~B is purely imaginary. 
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If only one quark weak transit ion contributes to the decay, 
IAa/Aal = 1 so that  ])~al = 1 and the cos(AMt)  term vanishes. In 
this case, the difference between B ~ and ~0  decays is given by the 
s in (AMt)  term with the asymmetry  coefficient 

a .  = ( t o ( t )  + ~ ( t ) )  s in(AMt)  = rta sin 2(r M + CD) , (12.11) 

where 20M is the phase of the B ~  0 mixing, 0D is the weak phase 
of the decay transition, and rta is the C P  eigenvalue of a. 

For B ~  ~ --* C K s  from the transit ion b --* c~s, one finds in the 
Standard Model that  the asymmetry  is given directly in terms of a 
CKM phase with no hadronic uncertainty: 

aCK s = - s in2~ . (12.12) 

From the constraints on the CKM matr ix  (Sec. 11) sin 2~ is predicted 
to be between 0.3 and 0.9. A significantly different value could be a 
sign of new physics. 

A second decay of interest is B 0 (~0) ~ 7r+n - from the transit ion 
b ---* u~d with 

a~r~r = s in2(~ + 3') . (12.13) 

While either of these asymmetr ies  could be ascribed to B ~  ~ 
mixing (qB/PB or e'B), the difference between the two asymmetries  
is evidence for direct C P  violation. From Eq. (12.10) it is seen that  
this corresponds to a phase difference between ACK s and A~r+~r-. 
Thus  this is analogous to e I. In the s tandard phase convention, 2~ in 
Eqs. (12.12) and (12.13) arises from B ~  ~ mixing whereas the 7 in 
Eq. (12.13) comes from Vub in the transit ion b ---* u~d. The result in 
Eq. (12.13) may have a sizeable correction due to what is called a 
penguin diagram. This  is a one-loop graph producing b ~ d + gluon 
with a W and a quark, predominantly the t quark, in the loop. This 
leads to an ampli tude proportional to Vt*bVtd, which has a weak phase 
different from that  of the original tree amplitude proportional to 
VubV~d. There are several methods  to approximately determine this 
correction using additionM measurements  [8]. 

C P  violation in the decay amplitude is also revealed by the 
cos(AMt)  te rm in Eq. (12.9) or by a difference in rates of B + and 
B -  to charge-conjugate states. These effects, however, require two 
contributing ampli tudes to the decay (such as a tree amplitude plus 
a penguin) and also require final-state interaction phases. Predicted 
effects are very uncertain and are generally small [9]. 

In the case of the Bs system, the mass  difference A M  is much 
larger than  for B 0 and has not yet been measured.  As a result, it 
will be difficult to isolate the s in (AMt)  term to measure  asymmetries.  
Furthermore, in the Standard Model with the s tandard  phase 
convention, ~b M is very small  so that  decays due to b --* c6s, yielding 
Bs ~ Cr/~, would have zero asymmetry.  Decays due to b ---* u~d, 
yielding Bs ~ p ~  would have an asymmet ry  s in27  in the tree 
approximation. The width difference AF is also expected to be much 
larger for B8 so that  A F / P  might be as large as 0.15. In this case, 
there might be a possibility of detecting C P  violation as in the case 
of K 0 by observing the Bs states with different lifetimes decaying into 
the same C P  eigenstate [10]. 

For further details, see the notes on C P  violation in the K ~ K~,  
and B ~ Particle Listings of this Review. 
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13. Q U A R K  MODEL 

Revised April 2000 by C. Amsler (Univ. of Ziirich) and C.G. Wohl 
(LBNL). 

1 3 . 1 .  Q u a n t u m  n u m b e r s  o f  t h e  quarks 

Each quark has spin 1/2 and baryon number  1/3. Table 13.1 gives 
the additive quan tum numbers  (other than  baryon number) of the 
three generations of quarks. Our convention is that  the flavor of a 
quark (]z, S, C, B, or T) has the same sign as its charge. With this 
convention, any flavor carried by a charged meson has  the same sign 
as its charge; e.g., the strangeness of the K + is § the bot tomness  of 
the B + is +1, and the charm and strangeness of the D~- are each -1 .  

By convention, each quark is assigned positive parity. Then each 
antiquark has negative parity. 

Table  13.1: Additive quan tum numbers  of the quarks. 
k 

Property ~ Q u a r k  d u s c b t 

1 § 1 2 1 _}_2 
Q - electric charge 3 3 3 + 3  3 3 

Iz - isospin z-component - 21- + �89 0 0 0 0 

mass  dependent and becomes complex for resonances of finite width. 
Neglecting this, the physical s tates 7/ and ~' are given in terms of a 
mixing angle 9p by 

~? = r/S cos 9p - r/t sin 0p 

t = r/8 sin Op + ~1 cos Op . 

(13.3a) 

(13.3b) 

S - strangeness 0 0 - 1 0 0 0 

C - charm 0 0 0 +1 0 0 

B - bottomness 0 0 0 0 - 1  0 

T - topness 0 0 0 0 0 + 1 

1 3 . 2 .  M e s o n s :  q ~  s t a t e s  

Nearly all known mesons are bound states of a quark q and an 
antiquark ~ (the flavors of q and q' may be different). If the orbital 
angular momen tum of the q ~  state is L, then the parity P is ( - 1 )  L+I. 
A state q~ of a quark and its own antiquark is also an eigenstate of 
charge conjugation, with C :- ( - 1 )  L+S, where the spin S is 0 or 1. 
The L = 0 states are the pseudoscalars, JP = 0-, and the vectors, 
JP = 1- .  Assignments for many of the known mesons are given in 
Table 13.2. States in the "normal" spin-parity series, P = ( - 1 )  J, 
must,  according to the above, have S = 1 and hence CP = +1. Thus  
mesons with normal spin-parity and CP = - 1  are forbidden in the 
q~t model. The jPC = 0 - -  state is forbidden as well. Mesons with 
such jPC may exist, but  would lie outside the q ~  model. 

The nine possible q~' combinations containing u, d, and s quarks 
group themselves into an octet and a singlet: 

3 |  (13.1) 

States with the same IJ  P and additive quan tum numbers  can mix. 
(If they are eigenstates of charge conjugation, they must  also have 
the same value of C.) Thus  the I = 0 member  of the ground-state 
pseudoscalar octet mixes with the corresponding pseudoscalar singlet 
to produce the r /and  y~. These appear as members of a nonet, which is 
shown as the middle plane in Fig. 13.1(a). Similarly, the ground*state 
vector nonet appears as the middle plane in Fig. 13.1(b). 

A fourth quark such as charm can be included in this scheme by 
extending the symmet ry  to SU(4), as shown in Fig. 13.1. Bot tom 
extends the symmetry  to SU(5); to draw the multiplets would require 
four dimensions. 

For the pseudoscalar mesons, the Gell-Mann-Okubo formula is 

m~ = 1 ( 4 m 2  - m~) (13.2) 
3 

assuming no octet-singlet mixing. However, the octet ~8 and singlet 
~1 mix because of SU(3) breaking. In general, the mixing angle is 

F i g u r e  13.1: SU(4) 16-plets for the (a) pseudoscalar and 
(b) vector mesons made of u, d, s, and c quarks. The nonets of 
light mesons occupy the central planes, to which the c~ states 
have been added. The neutral mesons at the centers of these 
planes are mixtures of u~, dd, s~, and c~ states.  

These combinations diagonalize the mass-squared matr ix  

M2 = ( M21 M2s'~ (13.4) 
M28 M2s ] ' 

where M28 = l ( 4 m ~  - m2).  It follows that  
6 

M~S - m2 (13.5) 
tan  2 0 P -  2 _ i 2 8  ' r f l / ,  

The sign of 9p is meaningful in the quark model. If 

7ll = (u~ + dd + s~)/v/3 (13.0a) 

,Ts = (~,~ + ~ - 2 s ~ ) / ~ ,  (13.6b) 

then the matr ix element M28, which is due mostly to the s trange 
quark mass,  is negative. From the relation 

2 2 
t a n ~ p  -- Mss - m n  (13.7) 

' 

we find that  ~p < 0. However, caution is suggested in the use of the 
~-r/I mixing-angle formulas, as they are extremely sensitive to SU(3) 
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Tab le  13.2: Suggested q~ quark-model assignments for most of the known mesons. Some assignments,  especially for the 0 ++ multiplet  
and for some of the higher multiplets, are controversial. Mesons in bold face are included in the Meson Summary  Table. Of the light mesons 
in the Summary  Table, the ]0(1500), fl(1510),  f2(1950), ]2(2300), f2(2340), and one of the two peaks in the 7(1440) entry are not in this 
table. Within the q~ model, it is especially hard to find a place for the first two of these f mesons and for one of the 7(1440) peaks. See the  
"Note on Non-q~ Mesons" at the end of the Meson Listings. 

ud, u~, dd u~, dd, s~ c~ 
N 2S+ILj jPC 

1 1S o 0 - +  

1 3S 1 1 

1 1P 1 1 + -  

1 3P 0 0 ++ 

1 3P 1 1 ++ 

1 3P 2 2 ++ 

1 1D 2 2 - +  

1 3D 1 1 - -  

1 3D 2 2 - -  

1 3D3 3 - -  

1 3F 4 4 ++ 

2 1S 0 0 - +  

2 as1 1 - -  

2 3P 2 2 ++ 

3 1S0 0 - +  

I = 1  I = 0  

7r rl, r f  

p .~, r 

bl (1235) h1(1170) ,  hi (1380) 

a0 (1450)*  f0 (1370)* ,  f0 (1710)*  

31(1260)  . f1(1285),  f1 (1420)  

32(1320)  f2 (1270),  f~ (1525)  

~r2(1670) n2(1645), 72(1870) 

p (1700)  w(1650)  

p3(169o) ~3(16~o), V3(185o) 

34(2040)  f4 (2050) ,  f4(2220) 

r r / (1295) ,  r /(1440) 

p(1450) oJ(1420), r 

]2(1810), f2(2010) 

r 7(1760) 

b~ 

I = 0  I = 0  

rio 

J / r  T ( 1 S )  

h~(1P) 

X c 0 ( I P )  Xb0( iP )  

X c l ( 1 P )  Xbl(1P) 

x~2(1P) xb2(1P) 

r 

n~(2s) 

COs) r(2s) 

Xb2(2P) 

~u, ~d c~, cd c~ 

z = 1 / 2  I = 1 / 2  z = 0 

K D Ds 

K*(892) D*(2010) D* 

K1B t D1 (2420) D,1(2536) 

K~(1430) 

KIA t 

K~(1430) D,~ (24e0) 

K2(1770 )  

K * ( l e 8 0 ) t  

K2(1820) 

K~(1780) 

K,~(2045) 

K(1460) 

K * ( 1 4 1 0 )  t 

K~(1980) 

K(1830) 

* See our scalar minireview in the Particle Listings. The candidates for the I = 1 states are 

a0(980) and a0(1450), while for I = 0 they are: ]0(400-1200), ]0(980), ]0(1370), and ]0(1710). 

The light scalars are problematic, since there may  be two poles for one q~ state and 

a0(980), ]0(980) may be K K  bound states. 

t The K1A and K1B are nearly equal (45 ~ mixes of the K1(1270) and Kl(1400). 

$The K*(1410) could be replaced by the K*(1680) as the 2 3S1 state. 

bu, bd bs bc 

I = 1 / 2  I = 0  I = 0  

B B,  Bc 

B* B* 

If we allow M28 = ~lt4m2K - m2) (1 + A), the mixing angle is 
determined by 

tan 2 Pp = 0.0319(1 + 17A) (13.8) 

Pp = -10.1~ + 8.5A) (13.9) 

to first order in A. A small breaking of the Gell-Mann-Okubo relation 
can produce a major  modification of Pp. 

For the vector mesons, ~r --~ p, K ---* K*, V -~ ~b, and 71 --* w, so 
that  

r - w8 cosPy - wl s inPv (13.10) 

w = w8 s inPv + wl cosPv . (13.11) 

For "ideal" mixing, r = s~, so tanP V = 1/,r and Pv = 35.3~ 
Experimentally, Pv is near 35% the sign being determined by a 
formula like that  for tan Pp. Following this procedure we find the 
mixing angles given in Table 13.3. 

Tab le  13.3: Singlet-octet mixing angles for several nonets,  
neglecting possible mass  dependence and imaginary parts.  The 
sign conventions are given in the text. The values of Pquad are 
obtained from the equations in the text, while those for Plin 
are obtained by replacing m 2 by m throughout .  Of the two 
isosinglets in a nonet, the mostly octet one is listed first. 

jPC Nonet members 0quad 01i n 

0 - +  % K,  7, ~/I _10 o _23 ~ 

1 - -  p, K*(892), ~b, w 39 ~ 36 ~ 

2 ++ a2(1320), K~(1430), s  ]2(1270) 28 ~ 26 ~ 

3 - -  p3(1690), K](1780),  ~3(1850), w3(1670) 29 ~ 28 ~ 
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In the quark model, the coupling of neutral mesons to two photons 
is proportional to ~ i  Q/2, where Qi is the charge of the i-th quark. 
This provides an alternative characterization of mixing. For example, 
defining 

Amp [P ---* "f(kl) ~(k2)J = Me ~vafl e ~  kin e~v~ k2 z , (13.12) 

where eia is the )~ component of the polarization vector of the i th 
photon, one finds 

M(n ~ 7~) _ 1 
M(n 0 --~ 3'5') v o  (cosOp - 2yC2sin0p) 

1.73 • 0.18 
- ~ (13.13a) 

+ sin e/,  "~ M(~'  + 7"~) _ 2 X / ~  cos0e 
M(.0 + 77) - 2 ~ - ]  

= 2 v ~ ( O . r S  • 0.04), (la.lab) 

where the numbers with errors are experimental. These data favor 
0t, ~ -20 ~ which is compatible with the quadratic mass mixing 
formula with about 12% SU(3) breaking in M~8. 

13.3.  B a r y o n s :  q q q  s t a t e s  

All the established baryons are apparently 3-quark (qqq) states, and 
each such state is an SU(3) color singlet, a completely antisymmetric 
state of the three possible colors. Since the quarks are fermions, 
the state function for any baryon must be antisymmetric under 
interchange of any two equal-mass quarks (up and down quarks in the 
limit of isospin symmetry). Thus the state function may be written as 

t qqq)A = [color}A • [space, spin, flavor}s ~ (13.14) 

where the subscripts S and A indicate symmetry or antisymmetry 
under interchange of any two of the equal-mass quarks. Note the 
contrast with the state function for the three nucleons in 3H or aHe: 

I N N N  }A = J space, spin, isospin )A �9 (13.15) 

This difference has major implications for internal structure, magnetic 
moments, etc, (For a nice discussion, see Ref. 1.) 

The "ordinary" baryons are made up of u, d, and s quarks. The 
three flavors imply an approximate flavor SU(3), which requires that 
baryons made of these quarks belong to the multiplets on the right 
side of 

3 | 3 | 3 : 10  S ~ 8 M ~ 8 M (~ 1 A (13.16) 

(see Sec. 33, on "SU(n) Multiplets and Young Diagrams"). Here the 
subscripts indicate symmetric, mixed-symmetry, or antisymmetric 
states under interchange of any two quarks. The 1 is a u d s  state 
(A1) and the octet contains a similar state (A8). If these have the 
same spin and parity they can mix. An example is the mainly octet 
D03 A(1690) and mainly singlet Do3 A(1520). In the ground state 
multiplet, the SU(3) flavor singlet A is forbidden by Fermi statistics. 
The mixing formalism is the same as for rl-r/ or r (see above), 
except that for baryons the mass M instead of M 2 is used. Section 32, 
on "SU(3) Isoscalar Factors and Representation Matrices", shows how 
relative decay rates in, say, 10 ---* 8 | 8 decays may be calculated. A 
summary of results of fits to the observed baryon masses and decay 
rates for the best-known SU(3) nmltiplets is given in Appendix II of 
our 1982 edition [2]. 

The addition of the c quark to the light quarks extends the flavor 
symmetry to SU(4). Figures 13.2(a) and 13.2(b) show the (badly 
broken) SU(4) baryon multiplets that have as their bottom levels 
an SU(3) octet, such as the octet that includes the nucleon, or an 
SU(3) decuplet, such as the decuplet that includes the A(1232). All 
the particles in a given SU(4) multiplet have the same spin and 
parity. The charmed baryons are discussed in more detail in the "Note 
on Charmed Baryons" in the Particle Listings. The addition of a 
b quark extends the flavor symmetry to SU(5); it would require four 
dimensions to draw the multiplets. 

F igure  13.2: SU(4) multiplets of baryons made of u, d, s, and 
e quarks. (a) The 20-plet with an SU(3) octet. (b) The 20-plet 
with an SU(3) decuplet. 

For the "ordinary" baryons (no c or b quark), flavor and spin may 
be combined in an approximate flavor-spin SU(6) in which the six 
basic states a r e d ] ' ,  d l ,  ' " ,  s I (1", J. = spin up, down). Then the 
baryons belong to the multiplets o11 the right side of 

6 | 6 | 6 = 5 6 8  (9 7064  | 7 0 M  �9 2 0 A  . (13.17) 

These SU(6) multiplets decompose into flavor SU(3) multiplets as 
follows: 

56 = 410 �9 28 (13.18a) 

70 = 210 �9 48 �9 28 �9 21 (13.18b) 

20 = 28 G 41 , (13.18c) 

where the superscript (28 + 1) gives the net spin S of the quarks 
for each particle in the SU(3) multiplet. The J P  = 1/2 + octet 
containing the nucleon and the JP  = 3/2 + decuplet containing the 
A(1232) together make up the "ground-state" 56-plet in which the 
orbital angular momenta between the quark pairs are zero (so that 
the spatial part of the state function is trivially symmetric). The 
70 and 20 require some excitation of the spatial part of the state 
function in order to make the overall state function symmetric. States 
with nonzero orbital angular momenta are classified in SU(6)| 
supermultiplets. Physical baryons with the same quantum numbers 
do not belong to a single supermultiplet, since SU(6) is broken 
by spin-dependent interactions, differences in quark masses, etc. 
Nevertheless, the SU(6)| basis provides a suitable framework for 
describing baryon state functions. 

It is useful to classify the baryons into bands that have the same 
number N of quanta of excitation. Each band consists of a number of 
supermultiplets, specified by (D, L~) ,  where D is the dimensionality 
of the SU(6) representation, L is the total quark orbital angular 
momentum, and P is the total parity. 'Supermultiplets contained 
in bands up to N = 12 are given in Ref. 3. The N = 0 band, 
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which contains the nucleon and A(1232), consists only of the (56,0 +) 
supermultiplet. The N = 1 band consists only of the (70,11) multiplet 
and contains the negative-parity baryons with masses below about 1.9 
GeV. The N = 2 band contains five supermultiplets: (56,02+), (70,02+), 
(56,22+), (70,22+), and (20,12+). Baryons belonging to the (20,12+) 
supermultiplet are not ever likely to be observed, since a coupling from 
the ground-state baryons requires a two-quark excitation. Selection 
rules are similarly responsible for the fact that many other baryon 
resonances have not been observed [4]. 

In Table 13.4, quark-model assignments are given for many of the 
established baryons whose SU(6)| compositions are relatively 
unmixed. We note that the unestablished resonances ~Y(1480), 
2(1560), 2(1580), 2(1770), and ~(1620) in our Baryon Particle 
Listings are too low in mass to be accommodated in most quark 
models [4,5]. 

Table 13.4: Quark-model assignments for many of the known 
baryons in terms of a flavor-spin SU(6) basis. Only the dominant 
representation is listed. Assignments for some states, especially 
for the A(1810), A(2350), S.(1820), and Z(2030), are merely 
educated guesses. For assignments of the charmed baryons, see 
the "Note on Charmed Baryons" in the Particle Listings. 

JP (D, L P) S Octet members Singlets 

1/2 + (56,00 + ) 1/2 N(939) A(1116) 2(1193) 3(1318) 

1/2 + (56,0 +) 1/2 N(1440) A(1600) 2(1660) -=(?) 

1/2- (70,11) 1/2 N(1535) A(1070) 2(1620) .~(?) A(1405) 

3/2-  (70,11) 1/2 N(1520) A(1690) ,U(1670) ~(1820) A(1520) 

1/2- (70,11) 3/2 N(1650) A(1800) 2(1750) .~(?) 

3/2-  (70,11) 3/2 N(1700) A(?) S(?) E(?) 

5/2-  (70,17) 3/2 N(1675) A(1830) 2(1775) Z(?) 

1/2 + (70,02 + ) 1/2 N(1710) A(1810) 2(1880) Z(?) A(?) 

3/2 + (56,22+) 1/2 N(1720) A(1890) ,U(?) Z(?) 

5/2 + (56,22+) 1/2 N(1680) A(1820) ~'(1915) ~(2030) 

7/2-  (70,33) 1/2 N(2190) A(?) 2(?) ~(?) A(2100) 

9/2-  (70,33) 3/2 N(2250) A(?) 2Y(?) ~(?) 

9/2 + (56,4 +) 1/2 N(2220) A(2350) S(?) .~(?) 

Decuplet members 

3/2 + (56,0 +) 3/2 ,4(1232) ,U(1385) ~(1530) Y2(1672) 
1/2- (70,17) 1/2 za(1620) 2(?) -~(?) S~(?) 
3/2- (70,11) 1/2 A(1700) S(?) -=(?) f2(?) 
5/2 + (56,2 +) 3/2 ,4(1905) L'(?) ~.(?) f2(?) 
7/2 + (56,2 +) 3/2 A(1950) s ~(?) I2(?) 
11/2 + (56,4 +) 3/2 "4(2420) 2(?) .U(?) I2(?) 

13.4.  D y n a m i c s  

Many specific quark models exist, but most contain the same basic 
set of dynamical ingredients. These include: 

i) A confining interaction, which is generally spin-independent. 

ii) A spin-dependent interaction, modeled after the effects of gluon 
exchange in QCD. For example, in the S-wave states, there is a 
spin-spin hyperfine interaction of the form 

HHF = - a s M  Z(-5'Aa)i(-5~Aa)j , (13.19) 
i>j 

where M is a constant with units of energy, Aa (a = 1, . . . ,  8, ) 
is the set of SU(3) unitary spin matrices, defined in Sec. 32, 
on "SU(3) Isoscalar Factors and Representation Matrices," and 
the sum runs over constituent quarks or antiquarks. Spin-orbit 
interactions, although allowed, seem to be small. 

iii) A strange quark mass somewhat larger than the up and down 
quark masses, in order to split the SU(3) multiplets. 

iv) In the case of isoscalar mesons, an interaction for mixing q~ 
configurations of different flavors (e.g., u~ ~ cl-d H s~), in a 
manner which is generally chosen to be flavor independent. 

These four ingredients provide the basic mechanisms that determine 
the hadron spectrum. 
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Revised October 1999 by T. Damour (IHES, Bures-sur-Yvette, 
France). 

Einstein's General Relativity, the current "standard" theory of 
gravitation, describes gravity as a universal deformation of the 
Minkowski metric: 

g~v(x ;~) = ~7gv+h#v(x;~), where rl#v =- diag(-1,  +1, +1, +1) .  (14.1) 

Alternatively, it can be defined as the unique, consistent, local 
theory of a massless spin-2 field h#v, whose source must then be the 
total, conserved energy-momentum tensor [1]. General Relativity is 
classically defined by two postulates. One postulate states that the 
Lagrangian density describing the propagation and self-interaction of 
the gravitational field is 

c 4 
s = 16--~-~-~v~g"VR~v(g), (14.2) 

R,~v(g)-  a _ ~  va  ~_F~ F~ # a (14.3) -- OaFl~v "v'l~a ~ a~ I~v - rvar#;3 , 

r~  v i ~a = 5g (Ot~9va + Ovgt~a - O~gt~v) , (14.4) 

where G N is Newton's constant, g = - det(gt, u), and gt~v is the matrix 
inverse of g ~ .  A second postulate states that gt~v couples universally, 
and minimally, to all the fields of the Standard Model by replacing 
everywhere the Minkowski metric r/t~v. Schematically (suppressing 
matrix indices and labels for the various gauge fields and fermions and 
for the Higgs doublet), 

- }v/-gg"VD~HDvH - x /~V(H)  

(14.5) 

where 7#7 v + 7vV t~ = 2g ~v, and where the covariant derivative 
D# contains, besides the usual gauge field terms, a (spin depen- 
dent) gravitational contribution F~(x) [2]. From the total action 
Stot [g#v,~b, A#, H] = c - I  f d4x(•Ein + s follow Einstein's field 
equation.s, 

1 R 8~GN ~ 
nt~v - i g~v = - ' - ~ - # v  . (14.6) 

Here R = gtWR~v, Tt~v = gt~agvzT a~, and T~V = (2 / v/~)6s 
is the (symmetric) energy-momentum tensor of the Standard 
Model matter. The theory is invariant under arbitrary coordinate 
transformations: x r = ftL(xv). To solve the field equations Eq. (14.6) 
one needs to fix this coordinate gauge freedom. E.g. the "harmonic 
gauge" (which is the analogue of the Lorentz gauge, O~A tL = O, in 
electromagnetism) corresponds to imposing the condition 0v (V~g tzv) = 
0. 

In this Review, we only consider the classical limit of gravitation (i. e. 
classical matter and classical gravity). Considering quantum matter 
in a classical gravitational background already poses interesting 
challenges, notably the possibility that the zero-point fluctuations of 
the matter fields generate a nonvanishing vacuum energy density pvac, 
corresponding to a term - v ' ~  pvac in s [3]. This is equivalent 
to adding a "cosmological constant" term +A g;zu on the left-hand 
side of Einstein's equations Eq. (14.6), with A = 8rGN Pvnc/C 4. 
Cosmological observations set upper bounds (as well as, possibly, 
lower bounds) on A (see "Astrophysical Constants," Sec. 2 of this 
Review) which, when translated in particle physics units, appear 
suspiciously small'. Pvac < 10 -46 GeV 4. This bound shows that pwc, 
even if it is not strictly zero, has a negligible effect on the tests 
discussed below. Quantizing the gravitational field itself poses a very 
difficult challenge because of the perturbative non-renormalizability 
of Einstein's Lagrangiaa. Supergravity and superstring theory offer 
promising avenues toward solving this challenge. 

1 4 . 1 .  E x p e r i m e n t a l  t e s t s  o f  t h e  c o u p l i n g  
b e t w e e n  m a t t e r  a n d  g r a v i t y  

The universality of the coupling between g~v and the Standard 
Model matter postulated in Eq. (14.5) ("Equivalence Principle") has 
many observable consequences. First, it predicts that  the outcome 
of a local non-gravitational experiment, referred to local standards, 
does not depend on where, when, and in which locally inertial 
frame, the experiment is performed. This means, for instance, that  
local experiments should neither feel the cosmological evolution of 
the universe (constancy of the "constants"), nor exhibit preferred 
directions in spacetime (isotropy of space, local Lorentz invariance). 
These predictions are consistent with many experiments and 
observations. The best limit on a possible time variation of the basic 
coupling constants concerns the fine-structure constant aem and has 
been obtained by analyzing a natural fission reactor phenomenon 
which took place at Oklo, Gabon, two billion years ago [4] 

-6 .7  • 10-tTyr -1 < &era < 5.0 • 10-tTyr -1 . (14.7) 
Gem 

The highest precision tests of the isotropy of space have been 
performed by looking to possible quadrupolar shifts of nuclear energy 
levels [5]. The (null) results can be interpreted as testing the fact 
that the various pieces in the matter  Lagrangian Eq. (14.5) are indeed 
coupled to one and the same external metric g#v to the 10 -27 level. 

The universal coupling to g#v postulated in Eq. (14.5) implies that  
two (electrically neutral) test bodies dropped at the same location 
and with the same velocity in an external gravitational field fall in 
the same way, independently of their masses and compositions. The 
universality of the acceleration of free fall has been verified at the 
10 -12 level both for laboratory bodies [6], 

( A a )  = ( _ 1 . 9 • 2 1 5  (14.8) 
a ' -  BeCu 

and for the gravitational accelerations of the Moon and the Earth  
toward the Sun [7], 

( A a )  = (--3.2 +4.6)  x 10 -13 . (14.9) 
~ -  MoonEarth 

Finally, Eq. (14.5) also implies that two identically constructed clocks 
located at two different positions in a static external Newtonian 
potential U(x) = ~ G1vm/r exhibit, when intercompared by means 
of electromagnetic signals, the (apparent) difference in clock rate, 

. . . .  1 + tr(xl) - u(x2)] + o  , (14.10) 
"r 2 v 1 

independently of their nature and constitution. This universal 
gravitational redshift of clock rates has been verified at the 10 -4  level 
by comparing a hydrogen-maser clock flying on a rocket up to an 
altitude ~ 10,000 km to a similar clock on the ground [8]. For more 
details and references on experimental gravity see, e.g., Refs. 9 and 10. 
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1 4 . 2 .  T e s t s  o f  t h e  d y n a m i c s  o f  t h e  g r a v i t a t i o n a l  f i e l d  
i n  t h e  w e a k  f i e l d  r e g i m e  

The effect on matter  of one-graviton exchange, i.e. the interaction 
Lagrangian obtained when solving Einstein's field equations Eq. (14.6) 
written in, say, the harmonic gauge at first order in h~v, 

167rGN(T v - � 89  + O(h 2) + O ( h T ) ,  (14.11) 1"3 h~v = c ~ -  t~ 

reads -(87rGN/c4)T~VI~-l(Tt~v 1T - ~ ~pv). For a system of N moving 
N 

point masses, with free Lagrangian L (1) = ~ - mAc2~/1 - v 2 / c  2, 
A=I 

this interaction, expanded to order v2/c 2, reads (with tAB --'-- [WA--WB], 
nAB =_ (a~ A -- ~B) / rAB)  

L (2)-1-~ ~ G N m A m B  [ I + 2 ~ ( V 2 A + V 2 B ) _ 2 ~ ( V A . V B  ) 
A#B tAB 

, 
2C 2 (nAB" VA) (nAB.  VB) + 0 . (14.12) 

The two-body interactions Eq. (14.12) exh ib i t  V2/C 2 corrections to 
Newton's 1/r potential induced by spin-2 exchange. Consistency at 
the "post-Newtonian" level v2/c ~ ~ G N m / r c  2 requires that one 
also considers the three-body interactions induced by some of the 
three-graviton vertices and other nonlinearities (terms O(h ~) and 
O(hT) in Eq. (14.11)), 

L(3) = 1 G ~ N m A m B m c  0 ( 1 )  
- ~  Z c2 + (14.13) 

B#A#C tAB rAC ~ " 

All currently performed gravitational experiments in the solar 
system, including perihelion advances of planetary orbits, the bending 
and delay of electromagnetic signals passing near the Sun, and very 
accurate ranging data to the Moon obtained by laser echoes, are 
compatible with the post-Newtonian results Eqs. (14.11)-(14.13). 

Similarly to what is done in discussions of precision electroweak 
experiments (see Section 10 in this Review), it is useful to quantify the 
significance of precision gravitational experiments by parameterizing 
plausible deviations from General Relativity. Endowing the spin-2 
excitations with a (Pauli-Fierz) mass term is excluded both for 
phenomenological (discontinuities in observable predictions ]11]) and 
theoretical (no energy lower bound [12]) reasons. Therefore, deviations 
from Einstein's pure spin-2 theory are defined by adding new, bosonic, 
ultra light or massless, macroscopically coupled fields. The addition of 
a vector (spin 1) field necessarily leads to violations of the universality 
of free fail and is constrained by "fifth force" experiments. See 
Refs. [6,13] for compilations of constraints. The addition of a scalar 
(spin 0) field is the most studied type of deviation from General 
Relativity, being motivated by many attempts to unify gravity with 
the Standard Model (Kaluza-Klein program, supergravity, string 
theory). The technically simplest class of tensor-scalar (spin 2 ~ spin 
0) theories consists in adding a massless scalar field ~ coupled to the 
trace of the energy-momentum tensor T = g~vT ~v [14]. The most 
general such theory contains an arbitrary function a(qg) of the scalar 
field, and can be defined by the Lagrangian 

c 4 
Z~o~[g,~, v, r A, ,  H] -- I~-~G V~5(R(a) - 2 ~ ' ' 0 " v 0 ~ )  

+Z:SM[~ , Ag, H, ~v]  , (14.14) 

where G is a "bare" Newton constant, and where the Standard Model 
matter is coupled not to the "Einstein" (pure spin-2) metric gpv, but to 
the conformally related ("Jordan-Fierz") metric ~pv = exp(2a(~))g~zv. 
The scalar field equation ~9~  = -(47rG/c4)a(~) T displays a(~) 
Oa(~)/O~ as the basic (field-dependent) coupling between ~ and 
matter  [15]. The one-parameter Jordan-Fierz-Brans-Dicke theory [14] 
is the special case a(~) = c~0~ leading to a field-independent coupling 
~(~) = ~0. 

In the weak field, slow motion, limit appropriate to describing 
gravitational experiments in the solar system, the addition of ~p 
modifies Einstein's predictions only through the appearance of two 
"post-Einstein" dimensionless parameters: ~ = -2c~2/(1 + a 2) and 

= + � 8 9  + ~ ) ~ ,  where ~0 --- ~(~0), Z0 - 0 ~ ( ~ 0 ) / 0 ~ 0 ,  ~ 0  
denoting the vacuum expectation value of ~. These parameters show 
up also naturally (in the form "YPPN = 1 + ~, f~PPN ---- 1 + ~) in 
phenomenological discussions of possible deviations from General 
Relativity [16,9]. The parameter 5 measures the admixture of spin 0 
to Einstein's graviton, and contributes an extra term + 5(v  A - v  B )2/c2 
in the square brackets of the two-body Lagrangian Eq. (14.12). The 
parameter ~ modifies the three-body interaction Eq. (14.13) by a 
factor 1 + 2~. Moreover, the combination ~ - 4~ - 5 parameterizes 
the lowest order effect of the self-gravity of orbiting masses by 
modifying the Newtonian interaction energy terms in Eq. (14.12) into 
G A B m A m B / r A B  , with a body-dependent gravitational "constant" 
GAB = GN[1 + 7?(EgArav/mA c2 + EgBrav/mBc 2) + 0(1/C4)], where 
G N = G exp[2a(~0)](1 + a~) and where E~l ray denotes the gravitational 
binding energy of body A. 

The best current limits on the post-Einstein parameters ~ and fl are 
(at the 68% confidence level): (i) -3 .8  x 10 -4  < ~ < 2.6 x 10 -4 deduced 
from Very Long Baseline Interferometry (VLBI) measurements of 
the deflection of radio waves by the Sun [17], and (ii) 4~ - ~ = 
-0.0007 4- 0.0010 [7] from Lunar Laser Ranging measurements of a 
possible polarization of the Moon toward the Sun [18]. More stringent 
limits on ~- are obtained in models (e.g., string-inspired ones [19]) 
where scalar couplings violate the Equivalence Principle. 

1 4 . 3 .  T e s t s  o f  t h e  d y n a m i c s  o f  t h e  g r a v i t a t i o n a l  f i e l d  
i n  t h e  r a d i a t i v e  a n d / o r  s t r o n g  f i e l d  r e g i m e s  

The discovery of pulsars (i.e. rotating neutron stars emitting a 
beam of radio noise) in gravitationally bound orbits ]20,21] has 
opened up an entirely new testing ground for relativistic gravity, 
giving us an experimental handle on the regime of radiative and/or  
strong gravitational fields. In these systems, the finite velocity of 
propagation of the gravitational interaction between the pulsar 
and its companion generates damping-like terms at order (v/c) 5 in 
the equations of motion [22]. These damping forces are the local 
counterparts of the gravitational radiation emitted at infinity by 
the system ("gravitational radiation reaction"). They cause the 
binary orbit to shrink and its orbital period Pb to decrease. The 
remarkable stability of the pulsar clock has allowed Taylor and 
collaborators to measure the corresponding very small orbital period 
decay 151) _= dPb/dt ~ (v/c)5 ~ 10-12 [21,23], thereby giving us a 
direct experimental confirmation of the propagation properties of the 
gravitational field. In addition, the surface gravitational potential of 
a neutron star hoo(R) ~- 2Gm/c2R  ~- 0.4 being a factor ~ 10 s higher 
than the surface potential of the Earth, and a mere factor 2.5 below 
the black hole limit (ho0 = I), pulsar data are sensitive probes of the 
strong-gravitational-field regime. 

Binary pulsar timing data record the times of arrival of successive 
electromagnetic pulses emitted by a pulsar orbiting around the 
center of mass of a binary system. After correcting for the Earth 
motion around the Sun and for the dispersion due to propagation 
in the interstellar plasma, the time of arrival of the N th  pulse t N 

can be described by a generic, parameterized "timing formula [24]" 
whose functional form is common to the whole class of tensor-scalar 
gravitation theories: 

tN -- to = f[TN(Vp, Pp,/)p); {pg}  ; {pPK}] . (14.15) 

Here, TN is the pulsar proper time corresponding to the N th  
11) T 2 1/) T 3 (with -- 1/Pp turn given by N / 2 n  = UpTN + ~ p g § 6 P N Vp 

the spin frequency of the pulsar, etc.), {pK} = {Pb, To,e,wo,X} 
is the set of "Keplerian" parameters (notably, orbital period Pb, 
eccentricity e and projected semi-major axis x = as in i /c ) ,  and 
{pPK} = {k, ")'timing,/sb, r, s, ~8, e, 5} denotes the set of (separately 
measurable) "post-Keplerian" parameters. Most important among 
these are: the fractional periastron advance per orbit k =- 6JPb/27r , 
a dimensionful time-dilation parameter ')'timing, the orbital period 



1~.  E x p e r i m e n t a l  t e s t s  o f  g r a v i t a t i o n a l  t h e o r y  123 

derivative Pb, and the "range" and "shape" parameters of the 
gravitational t ime delay caused by the companion, r and s. 

Without  assuming any specific theory of gravity, one can 
phenomenologically analyze the da ta  from any binary pulsar by 
least-squares fitting the observed sequence of pulse arrival t imes to 
the timing formula Eq. (14.15). This  fit yields the "measured" values 
of the parameters {Up, (/p, ~p}, {pK}, {pPg}. Now, each specific 

relativistic theory of gravity predicts that ,  for instance, k, "/timing, Pb, 
r and 8 (to quote parameters  tha t  have been successfully measured 
from some binary pulsar data)  are some theory-dependent functions 
of the Keplerian parameters  and of the (unknown) masses m l ,  m2 of 
the pulsar and its companion. For instance, in General Relativity, one 
finds (with M = ml + m2, n - 2r/Pb) 

kGK(ml, m2) =3(1 - e2)-l(GNMn/c3) 2/3 , 

?/timingGR (,m 1, m 2 ) ~ =en-l(GgMn/c3)2/3m2(mt + 2m2)/M2 

73e 2 , 37_4"~ P2R(ml,m2) = -- (192~/5)(1  -- e2) -7 /2  (1 + ~ . ~ v  ) 

x (GNMn/ca)5/3mIm2/M 2 , 

r(ml,m2) =GNm2/c 3 , 

s (ml ,  m2) =nx(GgMn/c3)-l /3M/m2 . (14.16) 

In tensor-scalar theories, each of the functions kthe~ 
t he~  m ~ p t h e ~  m ~ "ftimingl, 1, 21, b ( 1, 2), etc is modified by quasi-static 

strong field effects (associated with the self-gravities of the pulsar 
~the~ m ~ and its companion), while the particular function b ( 1, 2} 

is further modified by radiative effects (associated with the spin 0 
propagator) [15,25]. 

Let us summarize the current experimental  situation. In the first 
discovered binary pulsar PSR1913 + 16 [20,21], it has been possible 
to measure with accuracy the three post-Keplerian parameters k, 
")'timing and Pb. The three equations k measured = kthe~ 

"/timing . . . . . .  d = ")'timing[the~ m ~2), p~n  . . . . . .  d _ p:heorY(ml,m2) determine' 
for each given theory, three curves in the two-dimensional mass  
plane. This yields one (combined radiative/strong-field) test of the 
specified theory, according to whether the three curves meet at 
one point, as they should. After subtract ing a small (~  10 -14 level 
in p~bs = (--2.422 :t: 0.006) • 10-12), but  significant, Newtonian 
perturbing effect caused by the  Galaxy [26], one finds that  General 
Relativity passes this (k - "/timing - Pb)1913+16 test with complete 
success at the 10 -3  level [21,23] 

' obs ' galactic 

|pGR[L.obs ~obs ]l =1.0032 • 0.0023(obs) • o.0026(galaetic) 
[. b t'* ~ / t im ingJ J  1913--16 

=1.0032 • 0.0035 . (14.17) 

~GRf l~obs  obs Here "b t ~ ,"/timing is the result of inserting in P 2 R ( m l , m 2 )  

the values of the masses predicted by the two equations k ~ = 
kCR(ml,m2), obs GR m m t i m i n g  = "}'timing( 1, 2).  This experimental  evidence 
for the reality of gravitational radiation damping forces at the 0.3% 
level is illustrated in Fig. 14.1, which shows actual orbital phase data  
(after subtraction of a linear drift). 

The discovery of the binary pulsar PSR1534 + 12 [27] has  allowed 
one to measure the four post-Keplerian parameters k, "/timing, r and s, 
and thereby to obtain two (four observables minus two masses) tests 
of strong field gravity, without mixing of radiative effects [28]. General 
Relativity passes these tests within the measurement  accuracy [28,21]. 
The most precise of these new, pure, strong-field tests is the one 
obtained by combining the measurements  of k, 7, and s. Using the 
most recent da ta  [29], one finds agreement at the 1% level: 

sGR kob-~~ obs ]! = 1.007 • 0.008. (14.18) 
"/timing J J 1534+ 12 

It has also been possible to measure  the orbital period change 
of PSR1534 + 12. General Relativity passes the corresponding 
(~: - 7timing - Pb)1534§ test with success at the 15% level [29]. 
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F i g u r e  14.1: Accumulated shift of the t imes of periastron 
passage in the PSR 1913+16 system, relative to an assumed 
orbit with a constant  period. The parabolic curve represents the 
general relativistic prediction, modified by Galactic effects, for 
orbital period decay from gravitational radiat ion damping forces. 
(Figure obtained with permission from Ref. 21.) 

Several other binary pulsar  systems,  of a nonsymmetr ic  type (nearly 
circular systems made of a neutron star  and a white dwarf), can 
also be used to test relativistic gravity [30,31]. The constraints  on 
tensor-scalar theories provided by three binary-pulsar  "experiments" 
have been analyzed in [25] and shown to exclude a large portion 
of the parameter  space allowed by solar-system tests. Recently, 
measurements  of the pulse shape of PSR1913 + 16 [32] have detected 
a t ime variation of the pulse shape compatible with the prediction [33] 
tha t  the general relativistic spin-orbit coupling should cause a secular 
change in the orientation of the pulsar beam with respect to the line 
of sight ("geodetic precession"). 

The tests considered above have examined the gravitational 
interaction on scales between a few centimeters and a few astronomical  
units. Millimeter scale tests of Newtonian gravity have been reported 
in Ref. 34. On the other hand, the general relativistic action on 
light and mat te r  of an  external gravitational field on a length scale 

100 kpc has been verified to ~ 30% in some gravitational lensing 
systems (see, e.g., Ref. 35). Some tests  on cosmological scales are 
also available. In particular, Big Bang Nucleosynthesis (see Section 15 
of this Review) has been used to set significant constraints  on the 
variability of the gravitational "constant" [36]. 

1 4 . 4 .  C o n c l u s i o n s  

All present experimental  tests are compatible with the predictions 
of the current "standard" theory of gravitation: Einstein 's  General 
Relativity. The universality of the coupling between mat ter  and 
gravity (Equivalence Principle) has been verified at the 10 -12 level. 
Solar system experiments have tested the weak-field predictions of 
Einstein 's  theory at the 10 -3  level. The propagation properties of 
relativistic gravity, as well as several of its strong-field aspects, have 
been verified at the 10 -3  level in binary pulsar experiments.  Several 
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important new developments in experimental gravitation are expected 
in the near future. The approved NASA Gravity Probe B mission 
(a space gyroscope experiment; due for launch within the next two 
years) will directly measure the gravitational spin-orbit and spin-spin 
couplings, thereby measuring the weak-field post-Einstein parameter 

to the 10 -s  level. The planned NASA-ESA MiniSTEP mission (a 
satellite test of the Equivalence Principle) should test the universality 
of acceleration of free fall down to the 10 -18 level (an improvement 
by six orders of magnitude). Laboratory experiments (motivated by 
recent theoretical ideas [37]) plan to test possible deviations from 
standard Newtonian gravity on sub-millimeter distance scales. Finally, 
the various kilometer-size laser interferometers under construction 
(notably LIGO in the USA and VIRGO in Europe) should, soon after 
2002, directly detect gravitational waves arriving on Earth. As the 
sources of these waves are expected to be extremely relativistic objects 
with strong internal gravitational fields (e~g., coalescing binary black 
holes), their detection will allow one to experimentally probe gravity 
in highly dynamical circumstances. 
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15. T H E  P O C K E T  C O S M O L O G Y  

Written April 2000 by E.W. Kolb and M.S. Turner (The University of 
Chicago and Fermilab). 

15 .1 .  T h e  U n i v e r s e  O b s e r v e d  

15.1.1. The Hubble ezpansionr 
The most fundamental discovery of modern observational cosmology 

is the expansion of the Universe. The expansion is just a resealing of 
the Universe: the proper distance between points at rest in the cosmic 
rest frame scales as the cosmic scale factor R(t) [sometimes denoted 
as a(t)]. The expansion rate is given by 

H(t) =- R(t)lR(t) . (15.1) 

In general, H is a function of time. The present value of the 
expansion rate, the Hubble constant H0, can be measured in a number 
of ways, all of which fundamentally involve dividing the recessional 
velocity of a distant galaxy by its distance. It is conventional to express 
H0 in terms of a dimensionless constant h: HO = 100 h km s -1 Mpc -1. 
While the linear nature of the distance-redshift relation for nearby 
objects (I-Iubble's Law) is clear (see Fig. 15.1), until recently there was 
a systematic uncertainty of almost a factor of two in the value of h. 
Today, virtually all methods are now consistent with h = 0.65 • 0.05 
(H0 = 65 • 5 km s -1 Mpc -1), with a possible systematic error of about 
10% [1], 

The Hubble constant sets the scale of the Universe in both 
time and space: the time since the scale factor R(t) was zero 
is measured in units of the Hubble time H o  1 = 9.778 h -1 Gyr, 
and the size of the observable Universe is set by the Hubble 
distance Clio I = 2998 h -1 Mpc = 9.251 h -1 x 1027 cm. The precise 
relationships between H0 and the size and age depend upon the 
expansion history of the Universe and are discussed in Sec. 15.2. 

Another fundamental parameter is the deceleration parameter, q0, 
which measures the rate of change of the expansion: 

H~qo =- -R(to)/R(to) . (15.2) 

In a universe comprised only of matter,  q0 equals nM/2, where ~/M 
is the fraction of critical density contributed by matter. The critical 
density is determined by H0 and the gravitational constant G: 

3H~ h2 Pcrit -- ~ : 1.879 x 10 -29 gcm -S 

= 1.054 h 2 x 104eVcm -3 . (15.3) 

For a matter-dominated or radiation-dominated universe the density 
determines the fate of the universe: a sub-critical-density universe 
expands forever and a super-critical-density universe recollapses. A 
cosmological constant (or similar form of energy density) complicates 
the connection between destiny and energy density. 

Measurements of the distances to very distant supernovae indicate 
that q0 is actually negative, i.e., the Universe is accelerating (see 
below). If correct, this illustrates dramatically that the energy density 
of the Universe is dominated by something other than matter  or 
relativistic particles, since their gravity would slow (decelerate) the 
expansion. 

15.1.2. The redshift'. 
As the Universe expands, all distances are stretched with the cosmic 

scale factor, including the wavelengths of photons. (The exception to 
this universal stretching is the size of a bound system, e.g., a galaxy, 
a Hydrogen atom, or a proton.) Because the Universe is expanding, 
photons emitted long ago are redshifted: 

,~ today  _ R(to) (15.4) 
1 --}- z --- ~emission R(temission) 

Redshift (z) directly indicates the relative linear size of the Universe 
when that photon was emitted. For example, the most distant quasar 
has z = 5.82; when the light from that quasar was emitted, the 
Universe was a factor of 1 + z = 6.82 times smaller. The relative size 
of the Universe is simply (1 + z) - I ,  while its age at a given redshift 
depends upon the expansion history. 
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F i g u r e  15.1: The distance-redshift diagram illustrates the 
expansion of the Universe. This "Hubble diagram" with linear 
axes is derived from a sample of type Ia supernovae and 
H0 = 6 5 •  2 k m s - l M p c  -1 (error purely statistical; figure 
courtesy of Adam Riess). 

15.1.3.  The age of the Universe: 

The relationship between the expansion age (time since zero scale 
factor) and the Hubble age H o  1 depends upon the slowing or speeding 
of the expansion rate. For plausible values of the Hubble constant and 
expansion histories, the expansion age is between 10 and 17 Gyr. The 
supernova measurements that indicate the Universe is accelerating 
also constrain the expansion history, and imply an expansion age of 
15+_~:~ Gyr [2]. 

An important cosmological consistency test is the comparison of the 
expansion age with independent age measurements of objects within 
the Universe: consistency requires the Universe to be older than any 
object within it. Independent age measurements include the ages of 
the oldest globular clusters dated by their stars, of the heavy elements 
as dated by radioactive decays, and of the oldest white-dwarf stars 
in the disk of our galaxy as measured by their cooling. The last two 
clocks are less easily compared to the expansion age because of the 
uncertainty of when the disk formed relative to the galaxy and the 
time history of heavy-element formation. 

The reliability of the globular-cluster technique has improved in 
the last five years due to better stellar models, better atomic-physics 
data, and more accurate globular-cluster distance measurements. 
Current estimates for the age of the Universe based upon globular 
clusters are to = 14 • 2 Gyr, with a possible systematic error of 
similar size [3]. Ages for the Universe based upon white-dwarf cooling 
and nuclecosmochronology are consistent with this number. While 
the error bars are still significant, the expansion age is comfortably 
consistent with the independent estimates of the age of the Universe. 

15.1.4. The composition of the Universe: 

We have taken the first steps toward a full accounting of the 
composition of the Universe. In units of the critical density, our 
assessment is 

t o t a l : n 0 = l •  

matter  : f/M = 0.35 • 0.1 , 

energy : ft E = 0.8 • 0.2,  (15.5) 

where the errors quoted are meant to be la .  By matter  we mean 
material that is nonrelativistic (i.e., pressure p much smaller than its 
energy density). As discussed below, energy refers to components that 
are intrinsically relativistic; e.g., photons ('y), massless neutrinos (v), 
and vacuum energy (A). 

The total of matter plus energy density has been determined by 
measurements of the dependence of the anisotropy of the cosmic 
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microwave background (CMB) upon angular  scale (see the review 
on "Cosmic background radiation" (See. 19) in the full Review and 
Figure 15.2). 
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Figure 15.2: CMB angular  power spect rum as determined by 
the Long Durat ion Balloon Flight of Boomerang, based on one 
frequency channel and 1% of the sky [4]. The curve is a fiat CDM 
model with flA = 0.65. The Boomerang data  by themselves 
imply f~0 = 1 :k 0.06. (The broken line and associated points 
show the difference of the two halves of the time s t ream of data; 
the absence of a difference indicates internal consistency.) 

The mat te r  density consists of several components: optically bright 
baryons in stars,  optically dark baryons (in hot, cold, and warm gas, 
neutral  atomic gas, molecular clouds, and stellar remnants) ,  neutrinos, 
and nonbaryonic dark mat te r  of an unknown form, here referred to as 
cold dark mat te r  (CDM). The mat te r  density breaks down as follows 

CDM : ~CDM = 0.30 4- 0.1 

Baryons : f ib = (0.019 + 0.001)h -2  "" 0.045 -t- 0.01 

optically bright baryons f l ,  ~ 0.005 

dark baryons f ib ~ 0.04 

Neutrinos : 0.10 ~> flu ~> 0.003 . (15.6) 

The baryon density is most  precisely probed by comparing the 
big-bang production of deuter ium and the measurements  of the 
primeval deuter ium abundances in high-redshift clouds of hydrogen 
(see the review on "Big-bang nucleosynthesis (BBN)" (See. 16) in the 
full Review and Ref. 5). The total mat ter  density is determined many 
ways, all of which are consistent with ~ M  : 0.35 -4- 0.07. We believe 
that  it is most  cleanly determined from the baryon density and the 
ratio of baryonic mass  to total mass  in clusters of galaxies ( -  fB): 

~ M  = ~ B / f B  [6]. 
The lower bound to the contribution of light neutrinos is from 

the SuperKamionkande evidence for neutrino oscillations involving 
muon neutrinos and a mass  difference squared of O(10 -2  eV 2) [7]. 
The upper bound to 12u is from the requirement that  neutrinos not 
interfere with the formation of structure in the Universe [~']. While 
the neutrino contribution is small, it is comparable to that  of bright 
stars. Finally, the CDM mass density is derived from the difference of 
tiM and f2B, assuming tha t  neutrinos do not contribute significantly 
and that  the nonbaryonic dark mat te r  is slowly moving cold particles 
(the "C" in CDM). 

Almost  seventy years ago Zwicky pointed out that  the gravity 
of stars in clusters of galaxies is not great enough to hold together 
clusters. More precise measurements  today show that  the total mat ter  
density is almost 100 t imes that  of stars and that  the dark mat te r  
problem is manifold. The factor of seven discrepancy between ~M and 
12 B is s t rong evidence that  most  of the mat te r  is nonbaryonic. Further, 
the s tudy of the formation of structure in the Universe indicates 

that  the nonbaryonic dark mat te r  mus t  be slowly moving particles 
(cold dark matter) ,  with the leading candidates being elementary 
particles left over from the earliest moments  (see the review on "Dark 
mat ter"  (See. 18) in the full Review). Finally, (optically) dark baryons 
outweigh those in stars by about a factor of ten. 

Relativistic energy denoted by ~E appears in several forms today: 

photons : fl~h 2 = 2.471 • 10 -5  

massless neutrinos : nvh 2 = 1.122 • 10 -5  

dark energy : f i x  = 0.8 5:0.2 . (15.7) 

The contribution of the photons in the  cosmic microwave background 
and the (undetected) relativistic neutrino seas (two relativistic species 
assumed) are simple to calculate. Today, this relativistic contribution 
is negligible, but  during the earliest moments  it was the dominant  
component. 

The mysterious entry, dark energy, is suggested by the type 
Ia supernovae measurements  (SNeIa) tha t  indicate the Universe is 
accelerating [2,9]. The supernovae data  were analyzed assuming tha t  
the dark energy is a cosmological constant,  and the results can be 
summarized by 

4fl  1 1 
f2A = - 5 M + 5 + - ~ . (15.8) 

All da ta  are consistent with a cosmological constant  of this size; 
however, theoretical est imates for the contribution to the cosmological 
constant  coming from vacuum energy (zero-point energies) axe at least 
55 orders of magni tude larger than  the critical density. This  is the 
long-standing cosmological-constant problem. 

It might well be that  the resolution of the cosmological-constant 
puzzle is that  vacuum energy does not contribute anything to the 
energy budget of the  Universe today. If this is so, any acceleration 
of the expansion mus t  be due to something else! The requirement 
for acceleration is an inequality involving the energy density and 
the pressure: p + 3/) < 0. Since this component  is clearly dark and 
relativistic (IPl ~ P if p > 0), we have called it dark energy. Theorists  
have been busy, and there are already a number  of interesting 
suggestions for the dark energy; they include a very light, slowly 
evolving scalar field (sometimes referred to as quintessence), vacuum 
energy, and a network of light, tangled topological defects. The 
supernova measurements ,  combined with other data,  indicate that  

1 [10]. - 1  < p / p < _ - 2  

As shown in Fig. 15.3 there is consistency between the independent 
determinations of the mat te r /energy  content of the Universe. The  
emerging picture for the matter-energy of the Universe challenges the 
Standard Model of particle physics since nonbaxyonic dark mat ter ,  
massive neutrinos, and dark energy are not part  of the Standard 
Model. 

15.1.5.  The cosmic microwave  background: 
The cosmic microwave background contributes only a t iny fraction 

of critical density today; however, its presence means  that  during early 
history (t < 40,000 yrs) radiation dominated the energy density of the 
Universe. See the review on "Cosmic background radiation" (Sec. 19) 
in the full Review for a summary  of the CMB with references; here we 
touch upon the most  salient features. 

The CMB is to an extraordinary precision black-body radiat ion 
(any deviation from the Planck spect rum is less than  50 parts  per 
million and statistically insignificant). The temperature  has been 
measured to four significant figures: To = 2.725 + 0.001K. This  
corresponds to a photon number  density of n 3, = 410.5 cm -3  and 
fraction of critical density f~7 = 2.471 h -2  x 10 -5.  

The CMB has  a dipole anisotropy on the sky of ampli tude 
3.372 5= 0.004mK, which arises from the velocity of the solar sys tem 
with respect to the cosmic rest frame (defined as the CMB rest frame). 
This implies a solar-system velocity of 371 :t: 0.5 km s -1,  and a velocity 
of the local group of 622 + 2 2 k m s  -1. 

CMB anisotropy has now been detected on angular  scales from 
90 ~ (multipole I = 2) to a fraction of a degree (l ~ 500), with 
ampli tudes of tens of/~K (see Figure 15.2). This anisotropy is due to 
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F i g u r e  15.3: Summary  of independent determinations of f~0, 
f~x and f/M, assuming the dark energy is vacuum energy 
(cosmological constant).  Note the consistency of the three 95% 
confidence contours, Data  are consistent with ~o = ~ A + ~ M  = 1 
(dashed line), 

inhomogeneity in the distribution of mat te r  of the same amplitude, 
6p/p ~ 6 T / T  ~ 10 -5. Since the surface of last scattering for the 
CMB is the Universe at about 500,000 years after the bang, this 
CMB anisotropy implies that  the Universe at tha t  t ime was very 
smooth, but  not perfectly smooth. The level of mat ter  inhomogeneity 
indicated is what is needed to explain the structure that  exists today, 
after taking into account the growth of inhomogeneity due to the 
attractive force of gravity over the past 14 Gyr. 

15.1,6. s s tructure  of the Universe: 

Einstein and others assumed isotropy and homogeneity to simplify 
the field equations of general relativity. While the Universe on small 
scales (much less than  100 Mpe) is neither isotropic or homogeneous, 
at early times, and on large scales today, there is ample evidence for 
isotropy and homogeneity. The evidence at early t imes is provided by 
the uniformity of the CMB ( 6 T / T  ~ ~p/p ~ 10-5). Redshift surveys, 
three-dimensional maps  of the distribution of galaxies, now probe the 
Universe on scales as large as 300 h -1  Mpc. They indicate that  the 
distribution of galaxies becomes homogeneous and isotropic on scales 
much greater than  100 Mpc (see Fig. 15.4). Even larger surveys to be 
completed over the next  five years [e.g., the Sloan Digital Sky Survey 
(SDSS) and the 2 o Field project (2dF)] will probe the distribution of 
matter  on even larger scales. 

On smaller scales the Universe is highly structured: there are 
galaxies, small groups of galaxies, great clusters containing thousands 
of galaxies, superclusters, and giant sheet-like s tructures extending 
across 100 h -1Mpc .  This s tructure can be explained by the 
level of inhomogeneity revealed by the CMB anisotropy and the 
subsequent growth due to gravitational amplification, provided there 
is uonbaryonic dark matter .  

Redshift surveys reveal the distribution of light, rather than  mat ter  
itself. In principle, the two could be very different. After all, the 
bulk of the mat ter  is not even baryons. This problem is called 
biasing: light is likely to be a biased tracer of mass. The ratio of 
the inhomogeneity in the distribution of galaxies to that  of mat ter  is 
called the bias factor b. (The bias is likely to depend on scale and the 
type of galaxy.) A variety of studies show that  biasing is important ,  
but not overwhelming: b differs from unity by of order 50% or less. 
For example, the rms fluctuation in the number  of galaxies within a 
sphere of radius 8 h -1  Mpc is unity; on the  same scale the rms mass 
fluctuation has been inferred to be about 0.8, from the abundance of 
rich clusters and numerical simulations of structure formation. 

F i g u r e  15.4" A slice from the Las Campanas  Redshift 
Survey [11]. Each point represents a galaxy in the survey. 
Recessional velocity cz may be translated into distance d from 
us by Hubble 's  Law, d = 10 h -1 Mpc (cz/lO00 km/s) .  

Figure 15.5 summarizes  the power spect rum P(k)  =- I~kl 2 of the 
distribution of galaxies today, where 6k is the Fourier t ransform of the 
galaxy number  density. On the very largest scales, ~ >  10 h -1  Mpc, 
the inhomogeneity of  mat te r  is probed by the CMB anisotropy; on 
small scales it is probed by the present distribution of galaxies. When  
the MAP and Planck CMB anisotropy maps  and the 2dF and SDSS 
redshift surveys are complete, there will be a range of scales, from 
about 10 h -1 Mpc up to about 500 h -1  Mpc, where both the mat te r  
and galaxy inhomogeneity will be probed. On these scales biasing will 
be directly examined. 

1 5 . 2 .  T h e  S t a n d a r d  C o s m o l o g y  

15.2.1.  R o b e r t s o n - W a l k e r  l ine  element: 

The distribution of mat ter  in the observable Universe today is 
isotropie and homogeneous on the largest scales (>> 10 h -1  Mpc). The 
smoothness  of the CMB, ~T/T  < 10 -4  on all angular scales measured,  
indicates tha t  at early t imes the distribution of mat te r  and radiat ion 
were isotropic and homogeneous. Thus,  for purposes of describing the 
present observable Universe on sufficiently large scales, as well as the 
Universe at early times, we may assume that  the Universe is isotropic 
and homogeneous. 

The metric for a space with homogeneous and isotropic spatial 
sections is the maximally symmetr ic  Robertson-Walker (RW) metric, 
which can be written in the form 

ds 2 = dt2 - R2(t) { dr2 } + r2dO 2 + r 2 sin 2 Ode 2 , (15.9) 

where (t, r, 0, r are coordinates (referred to as comoving coor- 
dinates), and R(t) is the cosmic scale factor. With  an appropriate 
rescaling of the coordinates, k can be chosen to be +1,  - 1, or 0 for 
spaces of constant  positive, negative, or zero spatial curvature, respec- 
tively. Nonetheless, there are an infinity of RW models, dist inguished 
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F igu re  15.5: Summary of measurements of the power spectrum 
of the distribution of bright galaxies vs Fourier wavenumber k, 
shown as A(k) vs k [12]. A2(k) = kaP(k)/27r 2, which is equal 
to the contribution to variance of the galaxy number density 
divided by mean galaxy density per logarithmic interval in k 
(do'2/dlnk). Physically, A(k) roughly corresponds to the rms 
fluctuation in galaxy-number density in spheres of radius ~ r /k .  

by their radii of spatial curvature, Rcurv = R ( t ) / V ~ .  A convenient 
and widely used convention is to set the cosmic scale factor to unity 
today; then, the coordinate r and 1/V ~ have dimensions of length. 
We shall usually use this convention. 

The time coordinate is just the proper (or clock) time measured 
by an observer at rest in the comoving frame, i.e., (r, 0, r  
The term eomoving is well chosen: Observers at rest in the comoving 
frame remain at rest, i.e., (r, 0, r remain unchanged, and observers 
initially moving with respect to this frame will eventually come to rest 
in it. 

1 5 . 2 . 2 .  Particle kinematics and conservation of e n e r g y :  

If the stress-energy tensor has the form of a perfect fluid, the 
conservation of stress energy ( T ~ v  = 0) gives the first law of 
thermodynamics in the form 

d(pR 3 ) = -pd(  R 3 ) , (15.10) 

or equivalently, 

dlnp = -  3 ( l + w ) d l n R  

p(xexp [ - 3 / ( l  +w)d lnR]  , (15.11) 

where w -- p/p characterizes the equation of state of the fluid. The 
physical significance of the above equation is clear: The change in 
energy in a comoving volume element, d(pR3), is equal to minus the 
pressure times the change in volume, -pd(R3). If w is independent 
of time, the energy density evolves as p o( R -3(1+w). Examples of 
interest include 

1 
radiation : p --  ~ p  :====~p 0( R - 4  

matter  '. p = 0 :::::V p (x R -3 

vacuum energy : p = - p  =:=~p o( const . (15.12) 

The "early" Universe was radiation dominated, and the "adolescent" 
Universe was matter  dominated. The Universe today appears to be 
dominated by a form of energy similar to vacuum energy (w ~ -1) .  
If the Universe underwent inflation, there was a "very early" period 
w h e n  the stress-energy was dominated by vacuum energy. 

The equation of motion for a freely falling particle in RW space-time 
is very simple: the three-momentum decreases as the inverse of the 
cosmic scale factor: 

IPl cc 1/R (15.13) 

For a massless particle, this is the cosmological redshift of wavelength. 
For a massive, nonrelativistic particle, this implies that any velocity 
with respect to the cosmic rest frame decreases as the inverse of the 
scale factor, with the particle eventually coming to rest in comoving 
RW coordinates. 

1 5 . 2 . 3 .  Friedmann equations: 
The dynamics of the expansion are determined from the Einstein 

equations. For the Robertson-Walker metric they are known as the 
Friedmann equations: 

/~2 8~rG k 
H 2 - - ~  = - T - p -  

1~ 47rG 
= 3 (p + 3p) (15.14) 

Note that the equation for the expansion rate is the first integral of 
the second Friedmann equation. 

These equations can be used to write the deceleration parameter as 

1 3 
E wil2i �9 05.15) q0 = ~ n o  + 

i 

This formula applies to any epoch, provided the values of ni  
corresponding to that epoch are used. For example, assuming a flat 
Universe and matter and cosmological-constant components, 

[ ~A ] (15.16) qz 
- - ~A + ( I  + Z)3(I -- hA) 

where the factor following 3/2 is n i (z  ). It follows that the 
epoch of accelerated expansion (qz < 0) began at redshift z = 
(2f~A/nM) 1/3 - 1 ~ 0.6 (taking n M = 0.35 and f~A = 0.65). 

In the simple case in which the right side of the l~riedmann equation 
is dominated by a fluid whose pressure is given by p : wp, it follows 
that 

p OC R -3(l+w) R (x t 2/3(1+w) , (15.17) 

This leads to the results: R c< tl/2 for w = 1/3 (radiation-dominated 
universe); R oct 2/3 for w = 0 (matter dominated); R oc exp(H0t) for 
w = - 1  (vacuum dominated); and R oct  for a curvature*dominated 
universe (i.e., H 2 = [kl/R2). Dark energy with - 1 / 3  > w _> - 1  leads 
to the scale factor growing more rapidly than t and perhaps as rapidly 
as exp(H0t). Note that  in terms of the dynamics of the expansion, 
curvature-domination and dark energy with w = - 1 / 3  both lead to 
R oct. 

1 5 . 2 . 4 .  The three ages of the Universe: 
Because the energy density in relativistic particles (photons and 

neutrinos) evolves as R -4, while that in matter  evolves as R -3,  
when R(t) <_ REQ = 2.663 x 10-4/(i~Mh2/0.156) the Universe 
was "radiation dominated." This corresponds to temperatures 
T E TEQ = 0.8819eV(DMh2/0.156). (In computing REQ we have 
assumed that all three neutrino species were relativistic at early 
times.) During the radiation era, the scale factor R(t) oct  1/2. Note 
that the l~r uncertainty in [~Mh 2 is nearly 30%~ the flducial value 
f~M h2 = 0.156 derives from the somewhat arbitrarily selected central 
values, 12 M = 0.35 and h = 2/3; 

After matter-radiation equality, the Universe begins a matter-  
dominated phase with scale factor R(t) r t 2/3. During the matter- 
dominated era, 

t(z) = 16.5 Gyr/(1 § z)3/2(~Mh2/O.156)l/2 . (15.18) 

When the contributions to the energy density from both matter  
and radiation are comparable, the scale factor and age are related by 

= (R/REQ - 2)(R/REQ -+- 1) 1/2 + 2 (15.19) 
tEQ 2 - ~ ' 
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This exact expression reduces to R oct  1/2 for t << tEQ and R o( t 2/3 
for t >> tEQ. The age of the Universe at matter-radiat ion equality is 

,sQ =4( v~ - 1)H~/3 

: 4 . 25  x 104 yrs/(f~Mh2/O.156) 2 . (15.20) 

Last scattering of the CMB photons occurs shortly after matter-  
radiation equality, at a redshift ZLS ~-- 1100, when the age of the 
Universe was 

tLs ~-- 4.5 x 105 yrs/(f~Mh2 /O.156) 1/2 . (15.21) 

Acceleration implies that  dark energy has recently began to control 
the behavior of the expansion. Assuming tha t  the dark energy exists in 
the form of a cosmological constant,  the transit ion to a vacuum-energy 
dominated age occurred at 

R A = (flM/f~A) 1/3 = 0.814 (15.22) 

for ~M = 0.35 and f~A = 0.65, which corresponds to a redshift 
zh = 0.23. Well into the A-dominated era, the scale factor evolves as 

R(t) oc exp [v- m,l (15.23) 
L J 

15.2.5. /gestiny: 
In a universe where all forms of energy density decrease more 

rapidly than R -2  (w i > - 1 / 3  for all i), there is a connection between 
geometry and destiny: open universes (k < 0) expand forever and 
closed universes (k > 0) reeollapse. We thought  until recently that  
we lived in this kind of universe i.e., mat te r  plus radiation. With  
the advent of a sizable dark energy component, all that  goes out the 
window! For example, a closed universe with a positive cosmological 
constant (w = - 1 )  can expand forever and an open universe with a 
negative cosmological constant  must  recollapse. 

1 5 . 2 . 6 .  Age and deceleration pararnete~ 
The equality dt = RdR/H can be integrated to give the age of the 

Universe as a function of redshift: 

/z ~ dz 
t(z) = (i + z)H(z) " (15.24) 

where the present age to = t(z = 0) (see Fig. 15.6). An interesting 
example is a flat vacuum energy + mat ter  universe: 

= In [1 (15.25) 
where 

nM(Z ) = ~M 
~M + ~A/(  1 § Z) 3 

f~A(Z) =I - ~M(Z) 

H2(z) ~ g~ [f~M( 1 § z) 3 + ~A] ' (15.26) 
L J 

15.2.7. The classic tests: 
The behavior of the expansion, and thereby the underlying mean 

properties of the mass  and energy in the Universe, as well as the 
curvature of the Universe are probed by the classical kinematic 
cosmological tests', the magni tude vs redshift (Hubble) diagram, the 
angular diameter vs redshift diagram, and the number  count vs 
redshift test. At the heart  of all three tests  is the comoving distance 
to an object with redshift z: 

r(z) =~-l/2 sinh [~-l/2 /oZ H~x) ] 

=(1 - f~o)g~ 

H 2 ( z ) = H ~ [ f 2 M ( l + z ) 3 + f ~ x e x p ( 3 / ( l + w ) d l n z )  

+ (1 - 120)(I + z):Zl (15.27) I 
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F i g u r e  1 5 . 6 : H o t 0  as a function of w, assuming a two- 
component  universe with 12 M = 0.35 and GX = 0.65. w = 
- 1  corresponds to a cosmological constant  and w : - 1 / 3  
corresponds to an open universe with N O : n M : 0.35. 
Accelerated expansion (or less decelerated expansion) leads to 
an older universe for a given present expansion rate; thus,  Hoto 
increases with decreasing w. 

For definiteness, k < 0 was assumed. For k > 0, sinh --* sin and 
~ ---~ k. 

Luminosi ty distance as a function of redshift 

dL(z) = (1 + z),-(~) (15.28) 

can be inferred from flux measurements  of s tandard  (or standardizable) 
candles such as supernovae of type Ia: 

dr. = v ~ - / a ~ Y  (15.29) 

where s is the luminosity of the s tandard candle and ~- is the 
measured flux. It is this technique, used with type Ia supernovae, tha t  
has revealed the acceleration of the expansion. 

The angular-diameter distance 

dA(z ) = r(z)/(1 + z) (15.30) 

can be inferred through measurements  of the angular  size of s tandard  
rules, 

dA =/9/(~ (15.31) 

where /9 is the size of the s tandard ruler and e is the subtended 
angle. This method is central to the determination of f~0 from CMB 
anisotropy. The s tandard ruler is the sound horizon distance at last 
scattering, D o( VeiLS. 

The comoving volume element is given by 

dV r 2 dV _ r2(z) 
( 1 5 . 3 2 )  

"dfMr = ~ dfMz H(z) ' 

It can be related to counts of objects of a constant  (or known) 
comoving number  density (e.g., clusters or galaxies of a certain mass)  
vs a function of redshift, 

dN = n(z)r2(z) (15.33) 
dzdf2 H(z) 

Using this technique and theoretical expectations for the comoving 
number density of clusters in the CDM scenario, a mat te r  density of 
about 0.3 has been inferred. 
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1 5 . 2 . 8 .  T h e r m a l  h i s t o r y :  

During much of the history of the Universe, particularly the earliest 
history, conditions of thermal  equilibrium existed. The total energy 
density and pressure of all species in equilibrium can be expressed in 
terms of the photon temperature T 

s~pec ( T i )  4 gi [ C ~  1/2u2du 
PR =T4 T- 2n2 J~i exp(u - Yi) =]= 1 

i= ies 

PR =T4 E gi 
/ = s p e c i e s  

(15.34) 

where xi = m i / T ,  Yl -~ # i /T ,  the + sign applies to fermions, the - 
sign to bosons, and we have taken into account the possibility that  
the species i may have a thermal  distribution, but  with a different 
temperature  than  tha t  of the photons. We have used natural  units, 
w h e r e h = c = k B  = 1 .  

Since the energy density and pressure of a nonrelativistic species 
(i.e., one with mass  m >> T)  is exponentially smaller than  that  of a 
relativistic species (i.e., one with mass m << T), it is a very convenient 
and a good approximation to include only the relativistic species in 
the sums for PR and PR, in which case the above expressions greatly 
simplify: 

~r 2 
PR =~-~g* T4 , 

p n = ~ = r ~ g , T  4 , (15.35) 

where g, counts the total number  of effectively massless degrees of 
freedom (those species with mass  mi << T), 

g* = E gi + 8 E gi (15.36) 
i = b o s o n s  i = f e r m i o n s  

Fig. 15.7 shows g,(T)  for the degrees of freedom in the Standard 
Model of particle physics. 

During the early radiat ion-dominated epoch (t ~< 40,000yrs) 
P ~ PR; and further, when g.  ~ const, PR = PR/3 (i.e., w = 1/3) and 
R(t) c< t 1/2. From this it follows 

H =1.660 gl/2 T 2 
mpl 

-1/2 mpl MeV t=o.zo12g, ~ ~ ~ s ,  (15,37) 

where mpl is the Planck mass 1.221 • 1019 GeV. 
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F i g u r e  15.7: Number  of relativistic degrees of freedom g. and 
g . s  vs temperature  according to the Standard Model of particle 
physics. 

In the expanding Universe the entropy density s is given by 

- P + P (15.38) s -  T 

It is dominated by the contribution of relativistic particles, so tha t  to 
a good approximation, 

where 

2n 2 T 3 s = ~ - g * s  , (15.39) 

g.s= ~ g~ ~ ~ g, (15.40) 
i=bosons i=fermions 

For most  of the history of the Universe all particle species had a 
common temperature,  and g*s can be replaced by g..  The annihilation 
of electron-positron pairs after neutrinos ceased interacting with the 
electromagnetic plasma ("decoupled") about  l s after the bang leads 
to the slight heating of photons and T 7 = (11/4)1/3T~. Since then 

g. =2.0 + Nv7(4 /11)  4/3 = 3.363 

Y 7 4  _ 43/11 = 3.91 (15.41) g*s=2.0A- , 8 1 1  - 

where Nv = 3 has been used to obtain numerical values since much of 
the time since BBN all three neutrino species have been relativistic. 

In the absence of an entropy producing event (e.g., phase transit ion 
or particle decay), the entropy per comoving volume S (x R3s is 
conserved. The constancy of S implies that  the temperature  of the 
Universe evolves as 

T - 1 / 3 . - 1  
o~g.s 

R =3.699 • l O - l ~  MeV T (15.42) 

Whenever g,8 is constant,  the familiar result, Tcn  R -1,  obtains. 
. - 1 / 3  

The factor o t g . s  enters because whenever a particle species becomes 
nonrelativistic and disappears, its entropy is transferred to the other 
relativistic particle species still present in the thermal  plasma, causing 
T to decrease slightly less slowly. 

Constancy of S also implies that  s c< R -3.  This  means  the physical 
size of a comoving volume element is proportional to R 3 cx s -1.  Thus  
the number  of some species per unit  comoving volume, N = R3n, is 
equal to the number  density of that  species divided by s: N = n/s .  
Particle-number conservation in the expanding Universe is thus  simply 
expressed as the constancy of n/s .  

The entropy density s is proportional to the number  density of 
relativistic particles, and therefore, to the photon number  density, 
s = 1.80g.sn 7. Today s = 7.04n7; g.s  is a function of temperature ,  
and the factor relating s and n- r has decreased with time. However, 
since about 1 s that  factor has been constant.  

As an example of the utility of the ratio n/s ,  consider the baryon 
number.  The baryon number  in a comoving volume is 

n B _ _ n b - n~ (15.43) 
s $ 

So long as baryon number nonconserving interactions are occurring 
very slowly, the baryon number  in a comoving volume, n B / s  , is 
conserved. Today, there are only baryons and s = 7.04 nT; thus,  the 
baryon number  of the Universe n B / s  ~-- ~/7, where rl is the present 
baryon-to-photon ratio. From BBN we know ,7 = (5.1 -4- 0.3) • 10 -10 
and so we can infer that  the baryon number  of the Universe 
nf3/s = (7.2 -4- 0.4) • 10 -11. It is believed that  this tiny asymmet ry  
between mat te r  and ant imat ter  arises due to B, C, and C P  violating 
interactions that  occurred out of equilibrium in the early Universe 
(baryogenesis). 

Finally, thermal equilibrium in the expanding Universe corresponds 
to the limit of particle interactions occurring much more rapidly than  
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the rate at which the temperature is dropping (set by expansion 
rate H). The opposite limit, a particle species that interacts slowly 
compared to the expansion rate (said to be decoupled), can be easily 
discussed. This limit applies to CMB photons after last scattering 
(redshift ZLS ~-- 1100) and neutrinos when the temperature of the 
Universe falls below about 1 MeV. The evolution of the phase-space 
distribution of a decoupled species is simple: particle momenta 
decrease as 1/R(t)  and particle number density decrease as 1 / R  3. 
For a relativistic particle species that  was in thermal equilibrium 
at decoupling (neutrinos and CMB photons), the phase-space 
distributions remain of the Fermi-Dirac or Bose-Einstein form, with a 
temperature that decreases precisely as 1/R(t) .  (Should the species 
eventually become nonrelativistic--for example a light neutrino 
species--the momentum phase-space distribution retains the FD or 
BE form, with T oc 1/R.)  

This fact explains why the CMB remains a perfect black body, and 
with some simple algebra and the constancy of S, how the factor of 
(4/11) 1/3 relating the neutrino and photon temperatures arises. 

15 .3 .  B e y o n d  t h e  S t a n d a r d  C o s m o l o g y :  I n f l a t i o n  

Inflation is the most predictive and best developed idea about the 
earliest moments of the Universe. Further, its basic predict ions--a 
flat Universe, a nearly scale-invariant spectrum of Gaussian, adiabatic 
density perturbations, and a nearly scale invariant spectrum of 
gravitational waves--are now being tested. The early results are 
consistent with the first two of these predictions; the third prediction 
will be much harder to test. 

Inflation can provide insight about very fundamental issues not 
addressed by the standard cosmology: the origin of the large-scale 
isotropy and homogeneity; the origin of the small-scale inhomogeneity; 
the explanation for the oldness/flatness of the Universe; and in the 
context of simple grand unified theories, the monopole problem. 

The key features of inflation are a period of accelerated expansion 
(typically exponential expansion), followed by an enormous release 
of entropy. During the period of exponential expansion a small, 
sub-horizon sized portion of the Universe is blown up to enormous size 
and made spatially flat. Quantum fluctuations in the field responsible 
for inflation, and in the metric of space time itself, are likewise 
stretched in size and eventually become density perturbations and 
gravitational waves. The entropy release that follows provides the 
heat that becomes the bath of radiation and other particles, thereby 
smoothly handing over the Universe to the standard hot big-bang 
phase. Provided that all of this occurs well before the epoch of 
big bang nucleosynthesis (i.e., T ~> 1 MeV and t ~< 1 s), inflation can 
successfully address the fundamental questions without upsetting the 
success of the standard hot big-bang cosmology. 

15.3.1. Scalar- f ie ld  dynamics: 
While there is no standard model of inflation, essentially all models 

can be described by the evolution of a scalar field r initially displaced 
from the minimum of its potential energy curve V(40. The evolution 
of the field can be described by two phases: (1) the slow roll during 
which nearly exponential expansion is driven by the nearly constant 
potential energy; (2) the coherent oscillation/reheat phase, during 
which the field oscillates rapidly about the minimum of its potential 
and eventually decays into lighter fields reheating the Universe and 
producing the heat of the big bang. 

During the first phase, the equation of motion for the homogeneous 
mode scalar field in the expanding Universe is 

+ ~ H r  V'(r  = 0 ,  (15.44) 

which is supplemented by the Friedmann equation 

H 2 =  3rap128~r [1r +V(~b)] . (15.45) 

Over a small patch of the Universe, the scalar field should be smooth 
enough to justify the homogeneity assumption, and as inflation 
proceeds, the inhomogeneities in the scalar field decay away rapidly. 
Likewise, the energy density associated with the scalar field quickly 

come to dominate all other forms of energy in the Universe (e.g., 
matter  and radiation). 

During the slow-roll phase the equations can be further simplified, 
as the r term in the equation of motion and the ~2 term in the 
expression for H 2 can be neglected: 

r  - V '  
3H 

d N  - d l n R  = Hdt  = 
8~r de  

mp12 V t / V  , 
(15.46) 

where prime denotes d/d(A These equations hold until the poten- 
tial steepens and the slow-roll conditions, mp1V'/V<~ 4, /4~ and 
m p l 2 V " / V  < 24~r, are no longer valid. 

During the slow-roll phase the Universe grows in size by a factor 
exp(N), where N is given by the integral of dN. To solve the flatness 
and horizon problems, N must be greater than about 60 (the precise 
number depends upon when inflation takes place and the temperature 
to which the Universe reheats after inflation). Quantum fluctuations 
in r which correspond to energy density fluctuations, Ap ~ ACV t, 
are stretched exponentially from microscopic size to astrophysical 
size. Likewise, quantum fluctuations in the metric undergo similar 
exponential stretching. 

When the slow-roll phase ends, accelerated expansion ends and the 
scale factor grows as a power law that depends upon the shape of 
the potential. Ultimately, the energy in the r field is transferred to 
other, lighter fields. These fields interact and create the thermal bath 
of particles that we are confident existed during the earliest moments 
of the Universe. 

Though there are many interesting intermediate details, the 
reheating of the Universe involves the transition from a cold Universe 
dominated by the zero-momentum mode of the scalar field to a hot 
Universe dominated by many degrees of freedom. 

While there is no standard model for inflation, typically the energy 
scale of inflation is V t/4 ~ 1014 GeV, though models exists with 
energy scales as small as 1 TeV. The potential V must be very flat, 
typically with a dimensionless coupling of the order of 10 -14 (which is 
driven to be this small by the requirement of the density perturbation 
amplitude of 10-5). The simplest model of inflation is a potential of 
the form V(~) -- A~4; in this case, A -~ 10 -14 and the 60 or so e-folds 
of inflation needed to produce a large enough patch to contain our 
present Hubble volume occurs as ~/, rolls from 4.5mpl to mpl/V~-~. 

15.3.2. P r e d i c t i o n s  f o r  observables: 
The spectrum of gravity waves (tensor perturbations) and density 

(or scalar) perturbations are the basis of the observables associated 
with inflation. They can be directly calculated from the properties 
of the scalar-field potential. This fact is the basis for the belief that  
observations may someday pin down the underlying model of inflation. 

In most models both scalar and tensor perturbations have an 
approximately scale-invariant spectrum. In physical terms, that 
means that the dimensionless strain amplitude of gravity waves 
when they re-enter the horizon after inflation is independent of 
scale; in terms of the inflationary potential, that amplitude is 
hHoK ~ H / m p l  ~ V1/2/mp12. For density perturbations, it is the 
amplitude of the density perturbation at horizon crossing that  is 
independent of scale: (tgp/p)HO R ~ H2 /~) ~ V3/2 /mp13V I. Further, 
both spectra are expected to deviate from exact scale invariance by a 
small amount that depends upon the potential. Finally, the Fourier 
components of both scalar and tensor perturbations are approximately 
power-law in wavenumber k. 

Primordial perturbations and gravity waves lead to CMB fluctu- 
ations, so measurable quantities may be expressed in terms of the 
inflationary potential. For instance, the scalar contribution (S) and 
the tensor contribution (T) to the CMB quadrupole anisotropy are 

_ 5c s v /mel  4 
S =~-~-- ~- 2.9 (mp1V, /V)2 

T=Tv5C[ ~_ 0.50(v/rap 4) ' (15.4~) 
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where C2 S and C T are the contribution of scalar and tensor 
perturbations to the variance of the l = 2 multipole amplitude 
((la2ml 2) = C2 S + C T) and V is the value of the inflationary potential 
when the scale k = H 0 (present horizon scale) crossed the Hubble 
radius during inflation. Note, that  the numerical coefficients in these 
expressions depend upon the composition of the Universe; the numbers 
shown are for ~M : 0.35 and ~A : 0.65. 

The power-law indices that characterize the scalar and gravity-wave 
spectra may also be expressed in terms of the inflationary potential 
and its derivatives'. 

n -  l = -  ~-~ 4 rr 

. r  = - ~ �9 (15.46) 

Variations in the power-law indices with k may be expressed in terms 
of higher derivatives of V. For example, 

dn mpl ( ~ )  dn (15.49) 
d lnk  = -  8---~- d-r  

Finally, one can in principle use these observables to solve for the 
inflationary potential and its first two derivatives at the value of 
when the scale that  fixes the CMB quadrupole crossed the Hubble 
radius during inflation: 

V --l.8Tmpl 4, 

V I = -4- J8.8_~" ~T V/mpl,  
V T ~  

V" =4~r [(n - l) + 3 T] V/mpl 2, (15.50) 

where the factor 1.8 depends upon the composition of the Universe 
and is given for f~M = 0.35 and ft A = 0.65. The key to learning about 
the inflationary potential is measuring the ratio of the gravity-wave to 
density-perturbation contributions to the CMB quadrupole anisotropy. 
From that ratio, T/S, and the quadrupole anisotropy ( :  T + S), 
which has been measured by COBE, one can infer T. Further, if 
the spectrum of the inflation-produced gravity waves (nT) can be 
measured, there is an important consistency test: inflation predicts 
T/S = -4 .9  nT (for ft M = 0.35 and f~A = 0.65). 

15.3.3. The new s t a n d a r d  model: 

Motivated by the predictions of inflation and the best fit for the 
matter /energy content of the Universe, a standard model is emerging: 
ACDM. The model is characterized by its energy/matter  content; in 
terms of the critical density, 55% vacuum energy, 30% cold dark matter  
particles, and 5% baryons with a tiny bit of hot dark matter. It is a 
flat (k = 0) model with a Hubble constant of about 65kms -1 Mpc -1 
and inflation-produced density perturbations that are close to being 
scale invariant. This model embodies all the successes of the hot 
big-bang cosmology, as well as the aspirations of inner space/outer 
space connection. Just as importantly, it is consistent with a very large 
(and rapidly growing) body of cosmological observations, including, 
the age of the Universe, the power spectrum of inhomogeneity, the 
CMB anisotropy measurements from 0.1 ~ to 100 ~ the studies of the 
abundance and evolution of galaxies and clusters, the mapping of dark 
matter  in clusters and galaxies, further supernovae observations, and 
more. 

But important questions remain: If there is dark energy, is it 
just a cosmological constant, and if so why is it so small? What  
is the nonbaryonic dark matter? What  is the primeval spectrum 
of inhomogeneity and is it consistent with the simplest models of 
inflation? What  are the underlying model parameters of inflation? 
How does baryogenesis work and can the baryon asymmetry be 
related to laboratory measurements of C P  violation, neutrino masses 
or proton decay? Is there a fundamental explanation for the odd 
matter/energy recipe for our Universe? Will one of the seemingly 
minor puzzles that exist today (the sheet like structures separated 
by 125 h -1 Mpc or the disagreement between theory and observation 
about the structure of CDM halos) unravel the whole picture? With 
the flood of observations and data that are coming, we can hope to 
answer these questions and more in the next decade or so. 
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16. B I G - B A N G  N U C L E O S Y N T H E S I S  

Revised September 1999 by K.A. Olive (Univ. of Minnesota). 

Among the successes of the standard big-bang model is the 
agreement between the predictions of big-bang nucleosynthesis (BBN) 
for the abundances of the light elements, D, 3He, 4He, and 7Li, and 
the primordial abundances inferred from observational data (see [1-4] 
for a more complete discussion). These abundances span some nine 
orders of magnitude: 4He has an abundance by number relative to 
hydrogen of about 0.08 (accounting for about 25% of the baryonic 
mass), while 7Li, the least abundant of the elements with a big-bang 
origin, has an abundance by number relative to hydrogen of about 

10-10. 

16 .1 .  B i g - b a n g  n u c l e o s y n t h e s i s  t h e o r y  

The BBN theory matches the observationally determined abun- 
dances with a single well-defined parameter, the baryon-to-photon 
ratio, ~/. All the light-element abundances can be explained with T/in 
the range (1.2-5.7) x 10 -1~ or ~110 = ~ x 10 l~ = 1.2-5.7. Equivalently, 
this range can be expressed as the allowed range for the baryon mass 
density, PB = 0.8-3.9 x 10 -31 g c m  - s ,  and can be converted to the 
fraction, n,  of the critical density, Pc. 

The synthesis of the light elements was affected by conditions in the 
early Universe at temperatures T ~ 1 MeV, corresponding to an age as 
early as 1 s. At somewhat higher temperatures, weak-interaction rates 
were in equilibrium, thus fixing the ratio of the neutron and proton 
number densities. At T >> 1 MeV, n/p ~ 1, since the ratio was given 
approximately by the Saha relation, n/p ~ e -Q/T, where Q is the 
neutron-proton mass difference. As the temperature fell, the Universe 
approached the point ("freeze-out") where the weak-interaction 
rates were no longer fast enough to maintain equilibrium. The final 
abundance of 4He is very sensitive to the n/p ratio at freeze-out. 

The nucleosynthesis chain begins with the formation of deuterium 
in the process pn --* D 7. However, photo-dissociation by the high 
number density of photons (nT/n B = r/-1 ~ 1010) delays production 
of deuterium (and other complex nuclei) well past the point where 
T reaches the binding energy of deuterium, E B - 2.2 MeV. (The 
average photon energy in a blackbody is E.y ~ 2.7 T.) When the 
quantity ~-lexp(-EB/T) reaches about 1 (at T ~ 0.1 MeV), the 
photo-dissociation rate finally falls below the nuclear production rate. 

The 25% fraction of mass in 4He due to BBN is easily estimated by 
counting the number of neutrons present when nucleosynthesis begins. 
When the weak-interaction rates freeze-out at about T ~ 0.8 MeV, the 
n-to-p ratio is about 1/6. When free-neutron decays prior to deuterium 
formation are taken into account, the ratio drops to n/p <~ 1/7. Then 
simple counting yields a primordial 4He mass fraction 

2(,~/p) 
YP - 1 + n/p ~ 0.25. (16.1) 

In the Standard Model, the 4He mass fraction depends primarily on 
the baryon-to-photon ratio ~/, as it is this quantity that determines 
when nucleosynthesis via deuterium production may begin. But 
because the nip ratio depends only weakly on ~, the 4He mass fraction 
is relatively flat as a function of ~?. The effect of the uncertainty in the 
neutron half-life, ~'n = 886.7 • 1.9 s, is now small. Lesser amounts of 
the other light elements are produced: D and 3He at the level of a few 
times 10 -5 by number relative to H, and 7Li/H at the level of about 
10 -10, when ~/is in the range 1 - 10 x l 0  -1~ 

When we go beyond the Standard Model, the 'tHe abundance is 
very sensitive to changes in the expansion rate, which can be related 
to the effective number of neutrino flavors. This will be discussed 
below. 

The calculated abundances of the light elements are shown in 
Fig. 16.1 as a function of ~10. The curves for the 4He mass fraction, 
Yp, bracket the range based primarily on the uncertainty of the 
neutron mean-life. The spread in the 7Li curves is due to the l a  
uncertainties in nuclear cross sections leading to 7Li and 7Be which 
subsequently decays to 7Li [5-7]. Similarly, the spread in the curves 
for D and 3He are 1~ uncertainties in the D and 3He predictions. The 

boxes show the observed abundances with their range of uncertainty, 
discussed below. Since the observational boxes line up on top of each 
other, there is an overall agreement between theory and observations 
for 7/10 in the range 1.2-5.7. 
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F i g u r e  1 6 , 1 :  The abundances of D, 3He, 4He and 7Li as 
predicted by the standard model of big-bang nucleosynthesis. 
Also shown by a series of boxes is the comparison between these 
predictions and the observational determination of the light 
element abundances. See text for details. 

1 6 . 2 .  O b s e r v a t i o n s  

Because stars produce helium as well as heavier elements, one must 
search for primordial helium in regions where stellar processing has 
been minimal, i.e., in regions where abundances of elements such 
as carbon, nitrogen and oxygen are very low. There are extensive 
compilations of observed abundances of 4He, N, and O in many 
different extra-galactic regions of ionized H [8,9]. Extrapolating the 
4He abundances from the data leads to an observational estimate for 
Yp of [10-13] 

Yp = 0.238 + 0.002 + 0.005. (16.2) 

(Here and elsewhere, the first error is the statistical standard 
deviation, and the second systematic.) The box in Fig. 16.1 bracketing 
the 4He curves covers the range 0.234-0.242, where the half height is 
given as twice the statistical error. Of course the real uncertMnty is 
dominated by systematic effects and the the dashed box is obtained 
using a larger error (twice the statistical and systematic error when 
added in quadrature) allowing Yp to take values in an extended range 
0.227-0.249. 
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Observations for deuterium and 3He abundances currently present 
certain difficulties. All deuter ium is primordial [14], but  some of the 
primordial deuter ium has been destroyed. Thus,  as can be seen in 
the figure, the present deuterium abundance gives us an absolute 
upper limit to ~?. However, to get more information requires either an 
unders tanding of galactic chemical evolution of deuterium or a direct 
measurement  of primordial deuterium. Even more problematical is 
3He: Not only is primordial 3He destroyed in stars but  it is very likely 
that  at least some low-mass stars are net producers of 3He. Neither 
the galactic chemical evolution of 3He nor the production of 3He 
in stars is well understood with s tandard models and observations 
presenting an inconsistent picture. 

It appears that  D / H  has decreased over the age of the galaxy. 
Samples obtained deep inside meteorites provide measurements  of 
the true (pre)-solar sys tem abundance of 3He, while measurements  
on meteoritic near-surface samples, the solar wind, and lunar soil 
samples also contain 3He converted from deuterium in the early 
pre-main-sequence stage of the sun. The best current values are [15] 

D 3He~ = ( 4 . 1 • 2 1 5  10 -5  
+ 

H ] |  

( He/ = ( 1 5  • 0.3) • 10 -5  (16.3) -if-/| 
The difference between these, is the pre-solar D abundance. There 
has also been a recent measurement  of HI) in the atmosphere of 
Jupiter [16] yielding a value D / H  = (2.7 • 0.7) x 10 -5  which is 
consistent with the above presolar value of D/H.  

The present interstel lar-medium abundance of D / H  is [17] 

D / H  = 1.60 • 0 na+0.o5 . . . .  0.10 • 10-5 (16.4) 

It is this lowest value of D / H  tha t  provides the most  robust upper 
bound on 7, since D is only destroyed. It is shown (decreased by twice 
the errors added in quadrature)  as the lower right corner of the D 
and 3He box in Fig. 16.1. Thus,  with confidence we can be sure that  
710 < 9.5 And correspondingly f B  h2 ( 0.035. 

Deuter ium has also been detected in high-redshift, low-metallicity 
quasar absorption systems [18-20]. These measured abundances 
should represent the primordial value, but, they are at present not 
consistent: Two [18,19] give a relatively high value for D / H  ~ 2 x 10 -4  
while another two [201 give D / H  ~ 3.4 • 0.3 x 10 -5. Although it 
appears that  the quality of the low D / H  data  is better than  those 
showing high D/H,  the latter can be used at the very least as an 
upper limit to primordial D / H  and this is shown by the dashed box in 
Fig. 16.1, taking a 2~ upper limit o f D / H  < 3 x 10 -4. As one can see, 
the corresponding value of Yp (at the same value of 77 as inferred by 
the observation of a high D/H)  is in good agreement with the data. 
7Li is also in agreement at this value as well. However, due to the 
still somewhat  preliminary s ta tus  of this observation, it is premature  
to use it to fix the primordial abundance. A high value for the D 
abundance would require an even greater degree of D destruction 
over the age of the galaxy. The lower measurement  for D / H  requires 
tha t  systematics  work coherently for both 4He and 7Li to give an 
overlap with this data. Systematic effects [21] may, however, imply a 
higher D / H  abundance (in the low D / H  objects) which is in the range 
3.5-5 x 10 -5.  At the upper end of this range, all of the light element 
abundances are also in concordance. Eventually, the primordial D /H  
issue will hopefully be resolved and give a correspondingly narrow 
allowed range in 7 and perhaps change the nature of the 3He and 
7Li (see below) arguments  which are currently dominated by galactic 
and/or  stellar evolution issuses. 

Finally, we turn to 7Li. In old, hot, population-II stars,  7Li is found 
to have a very nearly uniform abundance. For stars with a surface 
temperature T > 5500 K and a metallicity less than  about 1/20th 
solar (so that  effects such as stellar convection may not be important) ,  
the abundances show little or no dispersion beyond tha t  consistent 
with the errors of individual measurements .  Much data  has been 
obtained recently from a variety of sources, and the best estimate for 
the mean 7Li abundance and its statistical uncertainty in halo stars 

is [221 (the est imate of the systematic uncertainty discussed below is 
our own) 

Li /H = (1 ~ + n 1+0.4+0.9/ 10--10 (16.5) 
. . . . .  - - 0 . 3 - - 0 . 6 /  X 

The first error is statistical. The box in Fig. 16.1 corresponds to a 
2crstat spread. The second set of errors is a systematic  uncertainty 
that  covers the range of abundances derived by various methods.  The 
third set of errors in Eq. (16.5) accounts for the possibility tha t  some 
of the primordial 7Li has  been destroyed in stars,  and that  as much 
as 40% of the observed 7Li was produced in cosmic ray collisions 
rather than  in the Big Bang. This uncertainty has been constrained 
by recent observations showing some evidence for evolution in 7Li [23]. 
These uncertainties (depicted with a half height of 2O'stat + asyst) are 
shown by the dashed box in Fig. 16.1. Observations of 6Li, Be, and B 
help constrain the degree to which these effects play a role [24-26]. 

1 6 . 3 .  A c o n s i s t e n t  v a l u e  f o r  

For the Standard Model of BBN to be deemed successful, theory 
and observation of the light element abundances mus t  agree using a 
single value of 7. We summarize the constraints on 77 from each of 
the light elements. From the 4He mass  fraction, Yp < (0.242-0.249), 
we have 710 < (3.4-6.6) as a 2or upper limit (the highest values use 
possible systematic errors as shown by the shaded box in the figure). 
Because of the sensitivity to the assumed upper limit on Yp and 
Li/H, the upper limit on 7 from D/H,  is still of value. From D / H  
> 1.3 x 10 -5 ,  we have 710 ~< 9.5. 

The lower limit on 1/10 can be obtained from either D / H  or 7Li. 
From the high D / H  measurement  in quasar absorption systems,  we 
obtain 710 > 1.2. 7Li allows a broad range for ~10 consistent with 
the other elements. When uncertainties in the reaction rates and 
systematic uncertainties in the observed abundances are both taken 
into account, 7Li allows values of 710 between (1.1-5.7). 

The determination of 7 depends on our certainty that  the 
observations of the light elements abundances can be translated into 
primordial abundnaces.  This  is perhaps more straightforward for 4He 
and 7Li, where the element abundances are determined in primitive 
low metallicity environments.  If it turns  out that  a consistent value for 
D /H  can be obtained from quasar absorption systems,  then because 
of the slope of D / H  with respect to ~, D / H  will be the best isotope 
for the determination of 7. Until then, the use of the D and 3He 
abundance determinations is necessarily complicated by th evolution 
of the abundances of these elements over the star  forming history 
of the galaxy. Uncertainties in the 3He evolution are compounded 
by uncertainties of stellar product ion/destruct ion mechanisms.  The 
resulting overall consistent range for ~10 is extended to (1.2-5.7) when 
systematic errors are pushed to their limits. These bounds on 710 
constrain the fraction of critical density in baryons, ~2B, to be 

0.004 < f ib h2 < 0.021 . (16.6) 

For a Hubble parameter,  h0, between 0.4 and 1.0, the corresponding 
range for f B  is 0.004-0.13. 

Perhaps the best test of BBN will come when anisotropies in the 
microwave background check the determination of f~B. At present, 
other measurements  (such as of hot X-ray gas in clusters of galaxies, 
Lyman-a clouds, or microwave anisotropies) of f ib give considerably 
larger uncertainties than  those from BBN, but  they are consistent 
with the BBN range. 

1 6 . 4 .  B e y o n d  t h e  S t a n d a r d  M o d e l  

Limits  on particle physics beyond the Standard Model come 
mainly from the observational bounds on the 4He abundance.  
As discussed earlier, the neutron-to-proton ratio is fixed by its 
equilibrium value at the freeze-out of the weak-interaction rates at 
a temperature T I ~ 1 MeV, with corrections for free neutron decay. 
Furthermore, freeze-out is determined by the competit ion between the 
weak-interaction rates and the expansion rate of the Universe, 

GF2TS 5 ~ rwk(T1) = H(T/)  ~ ~ T/2 , (16.7) 
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where N counts the total (equivalent) number of relativistic particle 
species. The presence of additional neutrino flavors (or of any other 
relativistic species) at the time of nucleosynthesis increases the energy 
density of the Universe and hence the expansion rate, leading to a 
larger value of Tf, n/p, and ultimately Yp. It is clear that just as one 
can place limits [27] on N, any changes in the weak or gravitational 
coupling constants can be similarly constrained. 

In the Standard Model, the number of particle species can be 
written as N = 5.5 + �88 5.5 accounts for photons and e • and Nu 
is the number of (massless) neutrino flavors. The helium curves in 
Fig. 16.1 were computed assuming Nv = 3, and the computed 4He 
abundance scales roughly a s  AYBB N ~ 0.012-43.014 ANu. Clearly the 
central value for Nv from BBN will depend on ~?. If the best value for 
the observed primordial 4He abundance is 0.238, then, for 710 ~ 1.8, 
the central value for Nu is very close to 3. By means of a likelihood 
analysis on 1/and Nu based on 4He and 7Li [28,29](see also [30]) it was 
found that the 95% CL ranges are 1.7 < Nu <_ 4.3, and 1.4 < ~ _< 4.9. 

The limits on Nv can be translated into limits on other types of 
particles or particle masses that would affect the expansion rate of 
the Universe just prior to nucleosynthesis. In some cases, it is the 
interaction strengths of new particles which are constrained. Particles 
with less than full weak strength interactions contribute less to the 
energy density than particles that remain in equilibrium up to the 
time of nucleosynthesis [31]. 

We close with a simple example. Suppose there exist three right- 
handed neutrinos with only right-handed interactions of strength 
GR < GF. The standard left-handed neutrinos are no longer 
in equilibrium at temperatures below ~ 1 MeV. Particles with 
weaker interactions decouple at higher temperatures, and their 
number density (o( T 3) relative to neutrinos is reduced by the 
annihilations of particles more massive than 1 MeV. If we use 
the upper bound Nu < 4.0, then the three right-handed neutrinos 
must have a temperature 3(TvR/TvL) 4 < 1. Since the temperature 
of the decoupled UR'S is determined by entropy conservation, 
Tun/T~L = [(43/4)/N(TI)]l/3 < 0.76, where T! is the freeze-out 
temperature of the uR's. Thus N(TI) > 24 and decoupling must 
have occurred at T l > 140 MeV. Finally, the decoupling temperature 
is related to G R by (GR/GF) 2 ~ (TI/3 MeV) -3, where 3 MeV 
corresponds to the decoupling temperature for UL. This yields a 
limit GR ~ 10 -2 GF. These limits are strongly dependent on the 
assumed upper limit to Nu; for Nu < 3.5, the limit on G R stegnthened 
to G R < 0.002 GF, since T$ is constrained to be larger than 
the temperature corresponding to the QCD transition in the early 
Universe. 

References: 

1. D.N. Schramm and R.V. Wagoner, Ann. Rev. Nuel. and Part. 
Sci. 27, 37 (1977). 

2. A. Boesgard and G. Steigman, Ann. Rev. Astron. Astrophys. 23, 
319 (1985). 

3. T.P. Walker, G. Steigman, D.N. Schramm, K.A. Olive, and H.-S. 
Kang, Astrophys. J. 376, 51 (1991). 

4. K.A. Olive, G. Steigman, and T.P. Walker, Phys. Rep. (in press) 
astro-ph/9905320. 

5. C.J. Copi, D.N. Schramm, and M.S. Turner, Science 267, 192 
(1995). 

6. L.M. Kranss and P. Romanelli, Astrophys. J. 358, 47 (1990). 

7. N. Hata, R.J. Scherrer, G. Steigman, D. Thomas, and T.P. 
Walker, Astrophys. J. 458, 637 (1996). 

8. B.E.J. Pagel, E.A. Simonson, R.J. Terlevich, and M. Edmunds, 
MNRAS 255, 325 (1992). 

9. Y.I. Izatov, T.X. Thuan, and V.A. Lipovetsky, Astrophys. J. 435, 
647 (1994); 

Y.I. Izatov and T.X. Thuan, Astrophys. J. Supp. 108, 1 (1997); 
Astrophys. J. 500, 188 (1998). 

10. K.A. Olive and G. Steigman, Astrophys. J. Supp. 97, 49 (1995). 

11. K.A. Olive and S.T. Seully, Int. J. Mod. Phys. A 11, 409 (1996). 

12. K.A. Olive, E. Skillman, and G. Steigman, Astrophys. J. 493, 
788 (1997). 

13. B.D. Fields and K.A. Olive, Astrophys. J. 506, 177 (1998). 

14. H. Reeves, J. Audouze, W. Fowler, and D.N. Schramm, Astrophys. 
J. 179, 909 (1973). 

15. J. Geiss, in Origin and Evolution o.f the Elements, eds. 
N. Prantzos, E. Vangioni-Flam, and M. Cass~ (Cambridge: 
Cambridge University Press, 1993), p. 89. 

16. H.B. Niemann et al., Science, 272,846 (1996); 

P.R. Mahaffy et al., Sp. Sci. Rev. 84,251 (1998). 

17. J.L. Linsky, et al., Astrophys. J. 402, 695 (1993); 

J.L. Linsky, et al., Astrophys. J. 451, 335 (1995). 

18. R.F. Carswell, M. Ranch, R.J. Weymann, A.J. Cooke, J.K. Webb, 
MNRAS 268, L1 (1994); 

A. Songaila, L.L. Cowie, C. Hogan, M. Rugers, Nature 368, 599 
(1994). 

19. J.K. Webb et al., Nature 388, 250 (1997); 

D. Tytler et al., Astron. J. 117, 63 (1999). 

20. D. Tytler, X.-M. Fan, and S. Buries, Nature 381,207 (1996); 

D. Tytler, and S. Burles, Astrophys. J. 460, 584 (1996); 

D. Tytler, and S. Burles, Astrophys. J. 499,699 (1998); 

D. Tytler, and S. Burles, Astrophys. J. 507, 732 (1998). 

21. S. Levshakov, D. Tytler, and S. Burles, astro-ph/9812114. 

22. P. Molaro, F. Primas, and P. Bonifacio, Astron. & Astrophys. 
295, L47 (1995); 

P. Bonifacio and P. Molaro, MNRAS, 285,847(1997). 

23. S.G. Ryan, J.E. Norris, and T.C. Beers, Astrophys. J. (in press) 
astro-ph/9903059 (1999). 

24. T.P. Walker, G. Steigman, D.N. Schramm, K.A. Olive,and B. 
Fields, Astrophys. J. 413, 562 (1993). 

25. K.A. Olive, and D.N. Schramm, Nature 360, 439 (1993). 

26. G. Steigman, B. Fields, K.A. Olive, D.N. Schramm, and T.P. 
Walker, Astrophys. J. 415, L35 (1993); 

E. Vangioni-Flam et al., New Astronomy 4, 245 (1999); 

B.D. Fields and K.A. Olive, New Astronomy 4, 255 (1999). 

27. G. Steigman, D.N. Schramm, and J. Gunn, Phys. Lett. B66, 202 
(1977). 

28. B.D. Fields and K.A. Olive, Phys. Lett. B368, 103 (1996); 

B.D. Fields, K. Kainulainen, D. Thomas, and K.A. Olive, New 
Astronomy 1, 77 (1996). 

29. K.A. Olive and D. Thomas, Astro. Part. Phys. 7, 27 (1997); 

K.A. Olive and D. Thomas, Astro. Part. Phys. U ,  403 (1999). 

30. C.J. Copi, D.N. Schramm, and M.S. Turner, Phys. Rev. D55, 
3389 (1997). 

31. G. Steigman, K.A. Olive, and D.N. Schramm, Phys. Rev. Lett. 
43, 239 (1979); 

K.A. Olive, D.N. Schramm, and G. Steigman, Nucl. Phys. B180, 
497 (1981). 



136 1 7. Global cosmological parameters: Ho,  ~ M , a n d  A 

17. GLOBAL COSMOLOGICAL PARAMETERS: H0, NM, and A 

Written April 2000 by M. Fukugita (University of Tokyo, Institute for 
Cosmic Ray Research) and C.J. Hogan (University of Washington). 

This review surveys the current status of the determination of 
the three cosmological parameters, the Hubble constant H0, the 
mass density parameter ~M and the cosmological constant h. These 
quantities set the scale and characterize the mean mass-energy content 
and curvature in cosmological solutions of Einstein's equations which 
describe the geometry and evolution of the universe as a whole. For 
technical details, see Ref. 1. 

We adopt the normalization n M +  ~A = 1 for zero curvature (fiat 
universe), where OA = A/3H~ with A being the cosmological constant 
entering in the Einstein equation. The case with ~M = 1 and O h = 0 
is referred to as the Einstein-de Sitter (EdS) universe. We often use 
distance modulus m - M = 5log(alL/10 pc) instead of the luminosity 
distance dL, where m is the apparent magnitude of an object whose 
magnitude at 10 pc would be M. We omit the unit km s- lMpc -1 for 
the Hubble constant and adopt the abbreviation h = H0/100. 

17.1.  T h e  H u b b l e  C o n s t a n t  

17.1.1. Overview: The Hubble constant, which has dimension of 
inverse time, sets the scale of the size and age of the Universe. Recent 
efforts to measure it have almost solved the long-standing discrepancy 
concerning the extragalactic distance scale; at the same time, new 
uncertainties have been revealed in the Milky Way distance scale. 

The global value of H0 was uncertain by a factor of two for 
several decades. Before 1980 the dispute was between two schools: 
Sandage and collaborators insisted on H0 = 50; de Vaucouleurs and 
collaborators preferred a high value, H0 = 90-100. The dichotomy 
persisted even after the discovery of an empirical but tight relationship 
between a galaxy's luminosity and rotation velocity, known as 
the Tully-Fisher relation, which allowed relative distances between 
whole galaxies to be estimated far out into the smooth Hubble 
flow. A straightforward reading of the Tully-Fisher relation gave 
values H0 = 80-90, but this result was challenged over the issue 
of the Malmquist bias--whether the sample selects preferentially 
bright galaxies, biasing towards a shorter distance. A related dispute 
concerned the distance to the Virgo cluster, 16 Mpc or 22 Mpc, 
depending on the sample used. 

The next major advance came in 1989-1990 when new, more precise 
relative distance indicators were discovered: the apparently universal 
shape of the the planetary nebula luminosity function (PNLF), and the 
surface brightness fluctuations (SBF) in galaxy images, utilizing the 
fact that a more distant galaxy shows a smoother light distribution. 
The two completely independent methods predicted relative distances 
to individual galaxies in excellent agreement with each other, and 
also with the Tully-Fisher relation (albeit with a somewhat larger 
scatter) [2]. These new techniques, when calibrated with the distance 
to M31, yielded a value around H 0 = 80 and a Virgo distance of 
15 Mpc. 

Table 17.1: Traditional distance ladders. 

Around the same time Type Ia supernovae (SNeIa) were widely 
adopted as standard candles. This led to H0 = 50-55, when calibrated 
with a Cepheid distance to the nearest SNIa host galaxy using the 
pre-refurbished Hubble Space Telescope (HST). Thus in the early 
nineties estimates were still dichotomous between H0 = 50 and 80. 

The refurbishment of HST allowed accurate measurements of 
Cepheids in galaxies as distant as 20 Mpc. This secured the distance 
to the Virgo cluster and tightened the calibrations of the extragalactic 
distance indicators, and resulted in H0 = (70-75) -4-10, 10% lower than 
the 'high value'. Another important contribution was the discovery 
that the maximum brightness of SNeIa varies from supernova to 
supernova, and that it correlates tightly with the decline rate of 
brightness. Direct calibration of the maximum brightness of several 
SNeIa with HST Cepheid observations yielded H0 = 65-+~0, and 
nearly resolved the long-standing controversy. 

All the methods mentioned above use distance ladders and take 
the distance to the Large Magellanic Cloud (LMC) to be 50 kpc 
(m - M = 18.5) as the zero point. Before 1997 few doubts were cast 
on the distance to LMC. With the exception of determinations using 
RR Lyr stars, the distance modulus converged to m - M = 18.5 • 0.1, 
i.e., with a 5% error, and the RR Lyr discrepancy was blamed on 
its larger calibration error. It had been believed that the Hipparcos 
astrometric satellite would secure the distance within the Milky 
Way and tighten the distance to LMC. To everyone's surprise, 
Hipparcos instead revealed the contrary: the distance to LMC was 
more uncertain than we had thought, introducing new uncertainties 
into the determination of H0. Connected to this, the age of the 
Universe turned out to be more uncertain than had been believed. 

17.1.2. Eztragalactic distance scale: The measurement of 
cosmological distances traditionally employs distance ladders, as 
shown in Table 17.1. The listings written in italics indicate new 
methods which circumvent intermediate rungs. The most important 
milestone of the ladder is the LMC distance, 50 kpc (m - M = 18.5). 
The century-old Cepheid period-luminosity (PL) relation is still given 
great weight, but requires a few lower rungs to calibrate its zero point. 

The refurbishment of HST achieved sufficient resolution to resolve 
Cepheids in the Virgo cluster [3]. Now 28 nearby spiral galaxies 
within 25 Mpc are given distances measured using the Cepheid PL 
relation [4]. A typical random error is 4-5% (0.08-0.10 mag), and 
the systematic error (from photometry) is 5% (0.1 mag) excluding 
the uncertainty of the LMC distance, to which the HST-KP ("Key 
Project") group assigns 6.5% error (0.13 mag). The prime use of 
these galaxies is to calibrate secondary distance indicators, which 
penetrate to sufficient depth that perturbations in the Hubble flow are 
a minor component of the error budget. The results are summarized 
in Table 17.2. We include a few earlier SNIa results which employed a 
partial list of Cepheid calibrators. 

,Population I stars 
trigonometric or kinematic methods (ground) 
main sequence fitting (FG stars) Pop. I 
trigonometric method (Hipparcos) 
main sequence fitting (B stars) 
Cepheids [Population I] (ground) 
Cepheids [Population I] (HST) 
secondary (extragalactic) indicators 

Population II stars 
t~igonometric method (Hipparcos) < 500 pc nearby subdwarfs 
subdwarf main sequence fitting 100 pc-10 kpc global clusters 
cluster RR Lyr 5 kpc-100 kpc LMC, age determinations 

< 50 pc Hyades, nearby dwarfs 
< 200 pc Pleiades 
< 500 pc nearby open clusters 
40 pc-10 kpc open clusters 

1 kpc-3 Mpc LMC, M31, MS1 
< 30 Mpc Virgo included 
700 kpc-100 Mpc 

Method Distance range typical targets 
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Table  17.2: Hubble constant (uncertainties in the LMC distance 
are not included). 

Hubble 
Secondary indicators References constant 

Tully-Fisher HST-KP (Sakai et al., [8]) 71• • 7 

Fundamental plane HST-KP (Kelson et al., [9]) 78• • 10 

SBF HST-KP (Ferrarese et al., [101) 6 9 • 1 7 7  6 
SBF Tonry et al., [7] 77 • 4 • 7 
SBF (galaxy z survey) Blakeslee et al., [11] 74 • 4 • 7 
SNeIa Riess et al., [12] 67• 
SNeIa Hamuy et al., [13] 63• • 3 
SNeIa Jha et al., [14] 64 4 +5.8 ' -5.1 
SNeIa Suntzeff et al., [15] 65.6• 
SNeIa HST-KP (Gibson et al., [16]) 68 • 2 • 5 
SNeIa Saha et al., ([17]) 60• 

We emphasize H0 determinations by two methods, SBF and 
SNeIa, in particular those underlined in the table. A cross correlation 
analysis showed that  the relative distances agree well between SBF 
and others, including the Cepheids [5,6], and that it is probably the 
best secondary indicator presently available together with SNeIa. It is 
also important that there are now 300 galaxies measured with SBF, 
which are essential to make corrections for peculiar velocity flows 
for the _< 4000 km s -1 sample. The final value of Tonry et al. [7] 
is H0 = 77 • 8, in which •  is allotted to uncertainties in the flow 
model and another •  to SBF calibration procedure in addition to the 
error of the Cepheid distance •  (a quadrature sum is taken). When 
supplemented with peculiar velocity information from redshift surveys 
of galaxies, the value is further constrained to be 74 • 4 up to the 
Cepheid distance error [11]. 

It is impressive that analyses of SNeIa Hubble diagram give 
virtually the same answer despite differences and corrections. The 
smaller H0 of Saha et al. [17] arises from omission of the luminosity- 
decline rate correction; including this would push H 0 up by 10%. The 
other notable difference is a slightly higher value of HST-KP. Gibson 
et al. [16] made a reanalysis for all Cepheid observations performed by 
other groups and showed that the distances are all farther than would 
be derived from the HST-KP procedure. Taking the luminosity-decline 
rate correlation to be real and adopting Cepheid distances from the 
HST-KP data reduction, we adopt H0 = 68 from SNeIa. 

Leaving out the uncertainty of the Cepheid distance, H0 from 
Tonry et al.'s [7] SBF determination is 77• and that from SNeIa 
(HST-KP) is 68• The difference is 13%, and the two values 
overlap at H0 = 71. Allowing for individual 2~r errors, the overlap 
is in a range of H0 = 65-76. An additional uncertainty is the 6% 
error (~H0 = • from the Cepheid distance which is common to 
both, still excluding the uncertainty of the LMC distance. We may 
summarize H0 = 71 • 7 or 64-78 as our current standard, provided 
that the LMC distance is 50 kpc. 

The convergence is a great achievement, in spite of the fact that 
the SNeIa results are still lower than those from other secondary 
indicators by 10%. All analyses are based on the LMC distance 
modulus m - M = 18.50 [18,19]. Doubts about this distance are 
discussed next. 

17.1.3. The LocaiDistance Scale: Distance to s  Most 
traditional paths to the LMC distance follow the ladder shown in 
the upper half of Table 17.1. The Hipparcos satellite can measure a 
parallax as small as 2 milliarcsec (mas), corresponding to a distance 
of 500 pc. It was a reasonable expectation that the geometric distance 
to the Pleiades cluster could be determined, circumventing the main 
sequence fitting from nearby parallax stars to the Pleiades and thus 
securing the Galactic distance scale. Hipparcos results have also 
opened new methods to estimate the distance to the LMC. However, 
the new detailed information has actually brought confusion. 

The "Pleiades p r o b l e m " :  The Pleiades cluster at 130 pc has long 
been taken to be the first milestone of the distance work, since it 
has nearly solar abundance of heavy elements. Hipparcos results have 
led to a revision of the previous distance modulus, based on main 
sequence fitting of FGK dwarfs, shorter by 0.25 mag (12%) [20~21]. 
This is a serious problem, since the disagreement means that  either our 
understanding of FGK dwarfs, for which we have the best knowledge 
about stellar evolution, is incomplete, or that the Hipparcos parallax 
measurements contain systematic errors [22,23]. 

Metalliclty e~ects in the LMC Cepheid calibration: The 
Cepheid distance to LMC is based on calibration using open cluster 
Cepheids, the distances to which are estimated by B star main 
sequence fitting that ties to the Pleiades (see Ref. 18 and references 
therein). It is shown that the residual of the PL fit shows a strong 
metallicity (Z) dependence. This means either the Cepheid PL 
relation suffers from a large Z effect, or the distances to open clusters 
contain significant Z-dependent errors [24]. A correction for this effect 
changes the distance to LMC either way, depending upon which 
interpretation is correct. So far direct Hipparcos Cepheid distances 
are too noisy to resolve this issue directly [25-27]. 

Red c l u m p :  Hipparcos has recalibrated the "red clump," the He 
burning stage of Population I stars, giving the distance modulus to 
LMC as 18.1• Although much shorter than distances from other 
methods, this value is substantially in agreement with earlier red 
clump results [28,29]. 

E c l i p s i n g  b i n a r i e s :  Double-spectroscopic eclipsing binaries in 
principle yield the distance in a semi-geometric way out to LMC 
or even farther. The LMC distance modulus is estimated to be 
m - M = 18.30 • 0.07 [30]. There is a claim that the extinction used 
is too small by an amount of A E ( B  - V)  = 0.037 mag, leading to 
m - M -- 18.19 [31]. 

R R  Z y r  c a l i b r a t i o n :  The absolute luminosity of RR Lyr depends on 
metallicity, usually expressed as 

(Mv(RR Lyr)) = a[Fe/H] + b . (17.1) 

(V means values obtained using a "visual" wideband filter.) 
Considerable effort has been invested in determining the coefficients 
(a,b). The problem is again how to estimate the distance to RR Lyr 
stars. The calibration from the ground, (a,b) = (0.2, 1.04), leads 
to an LMC distance of m -  M ~ 18.3. Using Hipparcos field 
subdwarfs with parallax to calibrate RR Lyr in globular clusters 
gives (a, b) = (0.22 • 0.09, 0.76), which brings the LMC distance to 
m - M = 18.5-18.6 [32]; see also Ref. 33. Statistical parallax for 
field RR Lyr in the Hipparcos catalogue [34,35], however, agrees 
better with the ground-based estimate. The uncertainties of 0.3 mag 
in the RR Lyr calibration translate to the LMC distance modulus 
18.25-18.55. 

S u m m a r y  o f  the 1~MC distance p r o b l e m :  The distance modulus 
of the LMC is now uncertain by as much as 0.4 mag (20% in distance), 
ranging from 18.20 to 18.60. Recent observations with new techniques 
argue for the lower value. There is clearly a systematic effect, so that 
we cannot simply take an 'average of all observations'. Rather, we 
should leave both possibilities open. 

17.1.4.  Direct and Physical Methods: Techniques called 'physical 
methods, '  allow distance estimates without resorting to astronomical 
ladders. The advantage of the ladder is that the error of each ladder 
can be well documented, while the disadvantage is accumulation of 
errors. Physical methods are free from accumulation of errors, but 
in this case the central problem is to minimize the model dependence 
and document realistic systematic errors. (The use of SNeIa maximum 
brightness was once taken to be a physical method; when it was 
'downgraded' to an empirically-calibrated ladder, the accuracy and 
reliability were significantly enhanced.) A few direct results are 
reliable enough to be compared with the distances from ladders. 

Geometrical calibration of the Cepheids: NGC4258 (M106) 
shows H20 maser emission from clouds orbiting around a black hole of 
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mass 4 x 107M| located at the center. Precise VLBA measurements  
of Doppler velocities show that  the motion of the clouds is very close 
to Keplerian and is perturbed very little. A complete determination 
is made for the orbital parameters,  including centripetal acceleration 
and a bulk proper motion of the emission system. This  yields a 
geometric distance to NGC4258 to be 7.2 4- 0.3 Mpc [36]. The distance 
is also measured using the conventional Cepheid PL relation to give 
8.14-0.4 Mpc with (m - M)LMC = 18.5, 13% longer than  that  from 
the maser measurement  [37]. The short LMC distance would bring the 
Cepheid distance in a perfect agreement with the geometric distance. 
However, this is only one example, and the difference could be merely 
a statistical effect: the deviation is only twice the error. 

Ezpansion photosphere model ( E P M )  for  Type H supernovae 
(SNel I ) :  If a supernova is a black body emit ter  one can calculate 
source brightness from temperature.  The distance can then be 
est imated by comparing source brightness with the observed flux. 
In SNeII atmospheres the flux is diluted due to electron scattering 
opacity, requiring more sophisticated model atmospheres. Schmidt 
et el. [38,39] developed this approach and obtained absolute distances 
of SNeII in agreement with those from the ladder. The Hubble 
constant  they obtained is 734-9. 

Gravitational lensing t ime delay: When a quasar image is split 
into two or more by gravitational lensing, a t ime delay arises among 
images from different path lengths and potentials at the image 
postition of the galaxy. The time delay is written as a product of 
a cosmological factor and a deflector model. It is observable if the 
source is variable, and can be used to infer H0 [40]. The cosmological 
factor depends on 12 M only weakly; its flh dependence is even weaker. 
However, a crucial ingredient in this argument  is a well-constrained 
model of the mass distribution of the deflector. 

The first est imates of H0 used the 0957+561 lens system. The 
deflector is not simple but  includes a giant elliptical galaxy embedded 
in a cluster. There is an ambiguity associated with a galaxy 
mass /c lus ter  mass  separation, which does not change any observed 
lens properties but  affects the derived Hubble constant. One way 
to resolve this degeneracy is to use the velocity dispersion of the 
central galaxy [41]. While the long-standing issue as to the value 
of the t ime delay was settled and H0 = 64 4- 13 was reported [42], 
the inclusion of a wider class of models [43] produces a significantly 

~7+29 representing uncertainties associated with wider range, H0 = " - - 2 4 ,  
the choice of models. The second example, P G l l l 5 + 0 8 0 ,  is again 
not a simple deflector but  includes an elliptical galaxy embedded in 
a compact group of galaxies. Various models for this system yield 
H0 = 36-70 [44-47], but, as is discussed in the papers, the derived H0 
depends on the assumpt ion for the dark mat ter  distribution, with H0 
varying from 444-4 to 65 4- 5. 

Recently time delays have been measured for three simpler lenses, 
B0218+357, B1608+656 and PKS1830-211. Among them B0218+357 

_ a(~+13 (the is a rather clean, isolated spiral galaxy lens, giving H0 - v~_19 
central value will be 74 if f~M ---- 0.3) with a simple galaxy model of a 
singular isothermal ellipsoid [48]. For B1608+656 one obtained 644-7 
for ~M = 0.3 (594-7 for an EdS universe) and for PKS1830-211 7v~+18_10 

for EdS and ~ + 2 0  for ~t M = 0.3 from the time delay measured by 
~ v  -11 

Koopmans  and Fassnacht [49]. These authors  concluded 74 4- 8 for 
low density cosmologies (69 + 7 for EdS) from four (excluding the 
second) lensing systems with the simplest model of deflectors. It is 
encouraging to find such good agreement with the values f rom ladders 
from completely independent arguments.  

Zeldovich-Sunyaev ej~ect: The observation of the Zeldovich- 
Sunyaev (ZS) effect (the statistical heating of background photons 
by Compton scattering off hot electrons) for clusters tells us about 
the cluster depth (times electron density), which, when combined 
with angular diameter (times electron density squared) from x-ray 
observations, gives us the distance to the cluster provided that  the 
cluster is spherical [50-52]. Although new and promising samples 
of ZS da ta  are being assembled [52], we give little weight to this 
method for the t ime being since it is still subject to large systematic 
errors (4-30%). Even with a large sanlple, selection effects would bias 

towards clusters elongated along the line of sight because of higher 
surface brightness. 

17.1.5.  Age of globular clusters: The most  restrictive est imate 
for cosmic age is obtained from the evolution of globular clusters. 
Here, the RR Lyr calibration is also crucial, since the stellar age is 
proportional to the inverse of luminosity, i.e., inverse square of the 
distance. Modern calculated evolutionary tracks of the main  sequence 
by different authors  agree reasonably well. There are occasional 
disagreements of colors at around the turn-off point, largely depending 
on the t reatment  of convection, but  the turnoff luminosity is little 
affected (see e.g., Renzini [53] and VandenBerg et al. [54]). The 
absolute magni tude  at the turn-off point M TO of the main  sequence 
is hence a good indicator of the  age [53]: 

log t9 = -0 .41 + 0.37M TO - 0.43 Y - 0.13[Fe/H] , (17.2) 

in units of Gyr, or 

log to = -0 .41  + (0 .37a-  0.13)[Fe/H]+O.37[(M TO - M ~  R) + b]] - 0.43 Y 
(17.3) 

if Eq. (17.1) is inserted. (Y is the helium mass  fraction.) The 
difference of the magni tudes  between the turn-off point and RR Lyr 
(M TO - M RR) depends little on clusters and is measured to be 
3.54-0.1 meg [55]. The a dependence appears in such a way tha t  the 
metallicity dependence of the cluster age disappears if a = 0.35, i.e,, 
globular cluster formation appears coeval [56]. Current est imates (see 
above) give a ~ 0.2, which indicates tha t  metal-poor clusters appear 
older. 

The dichotomous calibrations of RR  Lyr stars  obviously affect the 
age of globular clusters. The result also depends on whether one takes 
the age-metallicity correlation to be real, as indicating metal-poor 
clusters being formed earlier, or merely due to a systematic  error, 
the formation of globular clusters being coeval. The possibilities are 
four-fold: 

b ( m -  M)LMC to (noncoeval) to (coeval) 

1.05 18.25 18 Gyr 15 Gyr 

0.75 18.55 14 Gyr 12 Gyr 

In addition there are +10% errors of various origin. The recent 
claims of Grat ton et al. [32], Reid [33], and Chaboyer et al. [57] for 
young universe (11-12 Gyr) assume a coeval-formation interpretation 
together with the long RR Lyr calibration and the mean of globular 
cluster ages. The three other possibilities, however, are not  excluded. 

17.1.6.  Conclusions on Ho: Progress in  the extragalactic distance 
scale has been substantial.  The ladders yield values convergent within 
10%, compared to a factor of 1.6 disagreement in early nineties. A new 
uncertainty, however, becomes manifest  in the Galactic distance scale: 
there is a 15-20% uncertainty in the distance to LMC. Therefore, we 
may summarize 

- ,  1.15 (17.4) Ho = (71 • ~)Xo,95 

as a currently acceptable value of the Hubbie constant.  This  agrees 
with a HST-KP summary  of Mould et al. [58] up to the uncertainty 
from the LMC distance, though we followed a different argument.  
This still allows H 0 = 90 at the high end (if Tonry et al.'s SBF [7,11] 
is given a higher weight) and 60 at the low end (if the SNeIa results 
are weighted). Note that  H0 from both EPM and gravitational lensing 
are consistent with the ladder value for (m - M)LMC = 18.5. With  
the shorter LMC distance the overlap is marginal.  

The short LMC distance also causes trouble for H0-age consistency. 
The LMC distance modulus of m - M = 18.25 would raise the lower 
limit of H0 to 72, and increase the lower limit of age from ,,~11.5 
Gyr to ~14.5 Gyr at the same time. There is then no solution for a 
A = 0 universe. Even with a non-zero ft A the solution is marginal  (see 
Fig. 17.1 below). 
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1 7 . 2 .  T h e  D e n s i t y  P a r a m e t e r  

The dimensionless cosmological density parameter  directly controls 
the gravitational formation of cosmic structure. As our understanding 
of the cosmic structure formation is tightened, we should have a 
convergence of the ~M parameter.  An important  test  is to examine 
whether estimates of ~M parameter  extracted from cosmic structure 
formation agree with each other and with the values est imated in 
more direct ways. 

1 7 . 2 . 1 ,  Model-independent determinations: 

Luminos i ty  dens i ty  x ( M / L ) :  The mass density can be ob- 
tained by multiplying the luminosity density (s = (2.0 • 0.4) x 
108hL| Mpc -3)  with the average mass-to-light ratio (M/L).  The 
M/LB of galaxies is about  1-2 in galaxy disks and generally increases 
with the scale due to the increasing dominance of dark matter .  If 
the dark mat ter  distribution is isothermal within the virial radius 

-0.15 12 1/2 (r = 0.13 Mpc f~M [M/10 M| kpc in a spherical collapse 
model), the value of M / L  B inside the virial radius is (150-400) h for 
L* galaxies. This is about the value of M / L  B estimated for groups 
and clusters, (150-500)h, both from dynamics [59] and from lensing, 
(see e.g., Kaiser et al. [60]). Multiplying the two values we get [61] 
~M = 0.20 x 2 • The CNOC group [62] made a self-contained 
estimate using their cluster sample and built-in field galaxy sample. 
They estimated M/Lr  ~ (210 • 60)h  (n.b.: M / L B  ~ 1.4 • M/Lr)  
for field galaxies from the cluster value (289 + 50)h. Their luminosity 
density of field galaxies is s  = (1.7 5: 0.2) • 108hL| Mpc -3 ,  and 
therefore ~M = 0.19 5: 0.06. 

HO versus cosmic age: For H 0 > 60, the age is 10.9 Gyr for the 
EdS universe. Since this is too short, ~M must  be smaller than  unity. 
The limits on H0 and f~M are best compared graphically (see Fig. 17.1 
below). 

Type la  supernova Hubble diagram: The type Ia supernova 
Hubble diagram now reaches z ~ 0.4-0.8. It can be used to infer the 
mass density parameter  and the cosmological constant. As we discuss 
later, the observations favor a low f~M and a positive A. If we accept 
the published formal errors, ~2 M > 0.1 is allowed only at three sigma 
for a zero A universe [63,64]. With  some allowance for systematic 
effects, a zero A open universe may not be excluded yet, but an EdS 
geometry is far away from the observations. The favored value for f~M 
is approximately 0.8 ft A - 0.4. 

Baryon fract ions  in  Galaxy Clusters: If the gas in a galaxy 
cluster is in approximate hydrostat ic equilibrium (at the virial 
temperature T ~ 7 x 107(a/1000 km s - l )  2 K), its mass  can be 
estimated by the luminosity and temperature  of x-ray emission. 
In typical clusters baryon mass  in the gas exceeds that  in stars 
by an order of magnitude,  so the gas gives the total baryon 
mass [65,66]. From 19 clusters White  and Fabian [67] obtained 
Mgas/Mgrav = 0.056 h -2/3, where Mgrav is the dynamical mass.  
By requiring that  the cluster baryon fraction agrees with ~B/f~M 
in the field, we have t im = 0.066 h- t /2y10 = 0.39 (rh0/5), where 
Yl0 is the global baryon to photon ratio in units of 10 -1~ and 
the last number assumes h = 0.7. An independent est imate from 
the Zeldovich-Sunyaev effect observed in clusters [51,68] yields 
Mgas/Mgrav :- 0.082 h -1,  or f~M = 0.044 h-lr/10 = 0.31 (7/10/5). 
With 7/10 = 3-5 from primordial nucleosynthesis (see Sec. 16 on 
"Big-bang nucleosynthesis" in this Review) we have ft M = 0.2-0.4. 

Nonlinear Statistical Dynamics  on Smal l  Scales: For small 
scales (r < 1 Mpc) perturbations are non-linear, and a statistical 
equilibrium argument  is invoked for ensemble averages: the peculiar 
acceleration induced by a pair of galaxies is balanced by relative 
motions (the cosmic virial theorem). Current est imates [69] give 
riM(10 k p c < r  < 1 Mpc) = 0.15 4-0.10 from the pairwise velocity 
dispersion (with samples excluding clusters) and the three point 
correlation function of galaxies via a statistical stability argument.  
Least action principle reconstruction of galaxy orbits in the Local 
Group gives f~M = 0.15 4- 0.15. All arguments  involving velocity 
are uncertain regarding the extent to which galaxies trace the mass  

distribution (biasing), or how much mass is present far away from 
galaxies. 

Simple quasi-l inear infal l  models: For larger scales (r > 10 Mpc), 
where perturbations are still in a linear regime, the velocity field is 
described by 

V .  i f+  go  f ~ 6  ~f = 0 ,  (17.5) 

where 6 is the enclosed mass  overdensity. An integral form of Eq. (17.5) 
for a spherically symmetr ic  case, v/Hor = 12~6(~5)/3, when applied to 
the Virgocentric flow, gives ~M ~ 0.2 for v ~ 200--400 km s -1  and 
(6) ~ 2, assuming no biasing, i.e., galaxies mass  [70]. Recently, Tonry 
et al. [7] argued that  the peculiar velocity ascribed to the Virgo cluster 
is only < 140 km s - t ,  while the rest of the peculiar velocity flow is 
at tr ibuted to the Hydra-Centarus supercluster and the quadrupole 
field. 

Large-scale velocity f lows: There are several methods  to sta- 
tistically compare large-scale velocity flows and density perturba-  
tions [71,72]. If ~ is measured from galaxy clustering, f~M always 
appears in the measured combination ~ = ~46/b where b is a linear 
biasing factor of galaxies against  the mass  distribution. The value 
of f2~ varies from 0.3 to 1.1, and tends to favor a high value. 
The most recent P O T E N T  analysis using the Mark III compilation 
of velocities indicates a high-density universe, ~M ~- 0.5-0.7 with 
f~M < 0.3 excluded at a 99% CL [73]. Blakeslee et al. [11] derived 
f~M ~ 0.25 -4- 0.05, if b is close to unity, using better-determined 
distances from SBF. In spite of substantial  effort the results are 
controversial. The difficulty is that  one needs accurate information for 
velocity fields, for which an accurate est imate of distances and their 
errors is crucial. Random errors of the distance indicators introduce 
large noise in the velocity field. This  seems particularly serious in the 
P O T E N T  algorithm, in which the derivative V �9 f f / f~6  and its square 
are numerically computed. This  procedure enhances noise, especially 
for a small f~M. 

17.2.2.  Model-dependent determinations: The following deriva- 
tions of the mass  density parameter  are based on the hierarchical 
clustering model of cosmic structure formation assuming the cold dark 
mat ter  (CDM) model. The extraction of f~M is therefore indirect. On 
the other hand it is reasonable to appeal to such models, since f]M 
is the parameter  that  predominantly controls gravitational s tructure 
formation. 

Shape parameter  o f  the t rans fer  func t ion:  Perturbat ions  of 
density are described by the Fourier power spect rum P(k), where k is 
the spatial wavenumber. CDM models predict a shape for the linear 
power spectrum P(k) ~ k n-4 on small  scales and P(k) oc k n on large 
scales, where n ~ 1 is the primordial power law index. The transi t ion 
scale is determined by keq ~ 2r/c  teq, where the characteristic length 

1 1 Cteq = 6.5(f~Mh ) -  h -  Mpc is the horizon size at the t ime of 
matter-radiat ion equality (in comoving units, appropriately stretched 
to the present epoch). The "shape parameter" F - f~M h can be 
est imated from galaxy clustering, and to yield sufficient clustering 
power on scales of tens of Mpc must  be small, about 0.2 [74-76]. 

P o w e r  spectrum in nonl inear  galaxy clustering: It is argued tha t  
the power spectrum in a small scale region (k -1  < 3h -1  Mpc), where 
nonlinear effects are dominant,  shows more power than is expected 
in f~M = 1 cosmological models. The excess power is understood if 
f2 M ~ 0.3 [77]. 

Evolution of the rich cluster abundance: The cluster abun- 
dance at z ~ 0 requires the rms mass fluctuation ~r 8 = 

1/2 ((~M/M)I Ir=8h -1 Mpc to satisfy cr 8 ~ 0.6 f~M 0'5 [78,79]. The 
evolution of the cluster abundance is sensitive to cr 8 in early epochs 
of growth, corresponding to z > 0.3 for rich clusters. The rich cluster 
abundance at z ~ 0.3-1, when compared with that  at a low z, thus  de- 
termines both as and ~M [80]. Carlberg [81] derived f/M = 0.4 • 0.2, 
and Bahcall and Fan [82] obtained n M : 0 9+0.3 while Eke et al. [76] "'-0.i, 
reported t im = 0.43 • 0.25 for an open universe, and ~M ~ 0.36 q-0.25 
for a flat universe, corresponding to a slow growth of the abundance.  
On the other hand, Blanchard and Bart let t  [83] and Re• et al. [84] 
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obtained flM ~ 1 from a more rapid growth. The controversy among 
authors arises from different estimates of the cluster mass at high z. 

Cluster abundance versus the COBE normalizat ion:  The 
cluster abundance gives an accurate estimate of era for a low-z 
universe. Another place we can extract an accurate ~8 is from the 
fluctuation power imprinted on cosmic microwave background radiation 
(CBR) anisotropies. Assuming the model CDM transfer function 
us = ~8(Ho,flM,flA, f~B,n...), matching of the COBE [85] with 
the cluster abundance gives a significant constraint on cosmological 
parameters flM = ~IM(Ho, fla)  [79,86], which improves by adding 
small-angle CBR data [87-90]. The presence of the tensor mode 
makes the range of n more uncertain, but notwithstanding these 
uncertainties, t'/M > 0.5 is difficult to reconcile with the matching 
condition whereas too-small flM (~< 0.15) is not consistent with the 
cluster abundance. These constraints will rapidly improve with new 
CBR data. 

17.3. The Cosmological Constant 

17.3.1. Type Ia supernova Hubble diagram: The luminosity 
distance receives a cosmology-dependent correction as z increases: 
flM pulis down dL and f/A pushes it up. In first order of z the 
correction enters in the combination of q0 --- flM/2 - f/A, so this is 
historically referred to as a q0 test, a measure of cosmic deceleration, 
although this single-parameter description is not adequate at the 
redshifts of the current samples. The discovery by two groups that 
distant supernovae are fainter than expected from the local sample, 
even fainter than expected for q0 = 0, points to the reality of 
A > 0 [63,64]. The best fits are currently for 9A ~ 0.7, flM ~ 0.3--a 
fiat, A-dominated universe. 

The challenge of this analysis is to differentiate among interesting 
cosmologies with small differences of brightness. The samples are 
on average about 0.25 mag fainter than in the flM = 0.2, ~A ---- 0 
model, a difference most economically explained by adopting a 
cosmology with A > 0. On the other hand, at z = 0.4 where many 
supernovae are observed, the difference is Am = 0.12 mag between 
(f lM,~A) = (0.3,0.7) and (0,0), and Am = 0.22 from (0,0) to 
(1.0,0). Therefore, an accuracy of <0.05 mag (<~5%) must be 
attained including systematics to prove the presence of A without 
appeal to other constraints (on flM, flM + flA, etc.). Each SN data 
point contains at best +0.2 mag (20%) statistical error; the question 
is whether the total error is mostly random and systematics are 
controlled to a level of ~< 0.05 mag. A particular difficulty arises 
from a procedure to match high z SNe with the template at z ~ 0, 
which involves an integration over SN spectra dominated by strong 
features as well as a careful calibration of the flux zero points at 
different color bands. Even for spectrophotometric standard stars, 
the synthetic magnitude usually contains errors of 0.02-0.05 mag, 
especially when the color band involves the Balmer or Paschen regions. 
Dust obscuration may also be amplified into an important potential 
source of error, since, for example, a 0.02 mag error in color results in 
a 0.06 mag error in AV. Perlmutter et at. [64] estimate 0.02 mag and 
Riess et al. [63] (see also Ref. 91) estimate 0.03 mag for K correction 
plus zero point errors, and 0.025 and 0.06 for dust extinction errors, 
respectively. 

17.3,2. Gravitational lensing frequencies for quasars: The 
cosmological factor in the gravitational lensing optical depth is very 
sensitive to the cosmological constant, if flA >> f/M [92,93]. On 
the other hand, it is nearly insensitive to the change of A when 
it is small (flh ~0.6,  say); in that case the uncertainties in the 
normalization factor (galaxy number density and the mass distribution 
of galaxies) dominate. It is likely that flh > 0.8 is excluded. On 
the other hand, a more stringent limit or solid detection is liable to 
be elusive for a smaller fl A. Nearly a decade of continuous efforts 
have brought substantial improvement in reducing uncertainties in 
the normalization factor [94-96]. Nevertheless, the luminosity density 
of early type galaxies which dominate lensing is uncertain by about 
a factor of two. We should adopt a conservative limit at present 
flA < 0.8 which is insensitive to this concern. 

17.3.3. Harmonics  of  CBR anisotropies: The angular scale of 
the first acoustic peak is particularly sensitive to a combination of 
f~M and flA. The position of the first acoustic peak as estimated 
numerically using CMBFAST [97] is 

: 1 - flA ~ i/2 (17.6) 
~1 ~ 220 ~ ~M ) ' 

valid to about 10% accuracy for the parameter range that  concerns 
us. This means that the position of the acoustic peak is about ~ ~ 220 

if flM + flh = 1, but it shifts to a high ~ as t2M 1/2- if Ft A = 0. On the 
other hand, there is little power to determine f/M separately from ~t A. 
The harmonics C / measured at small angles now reveal the acoustic 
peak [98], and its position favors a universe close to flat [87-89]. The 
most rescent result [99] indicates 0.88 < 12 M + flA < 1.12, which 
means that a zero A universe is not tenable when combined with ~M 
from other arguments. 

Table IT.3: Summary of fZ and flA. 

Method ~M ~A 

H0 vs to < 0.7 
luminosity density + M / L  0.1-0.4 

cluster baryon fraction 0.15-0.35 
SNeIa Hubble diagram <_ 0.3 
small-scale velocity field 

(summary) 0.2 • 0.15 
(pairwise velocity) 0.15 �9 0.1 
(Local Group kinematics) 0.15 • 0.15 
(Virgocentric flow) 0.2 :i= 0.2 

large-scale velocity field 0 .2-1 
cluster evolution 

(low ~M sol'n) 
(high ~M sol'n) 

COBE-cluster matching 

shape parameter r 
CBR acoustic peak 

gravitational lensing 

~ 0 . 7  

9-{-0.3, 
'" -0.1 

~1" 

0.35-0.45 (if ~h  = 0)* 
0.20-0.40 (if g/A r 0) * 
0.2-0.4* 
(1-4- 0.12) - ~A* ~ (1 -{- 0.12) - ~M 

< 0.8 

Summary 0.15-0.45 (if open) 
0.2-0.4 (if flat) 

0.6-0.8 

*CDM model used. 

1 7 . 4 .  C o n c l u s i o n s  

The status of ~M and f/h is summarized in Table 17.3. We have 
a reasonable convergence of the ~M parameter towards a low value 
t im = 0.15-0.4. The convergence of ~M is significantly better with 
the presence of a cosmological constant that  makes the universe fiat. 
Particularly encouraging is the agreement of ~M derived with the most 
reliable arguments. Even so, the current 'low f~M concordance' means 
values that still vary by more than a factor of two. The indication 
of flA r 0 from the SNeIa Hubble diagram is very interesting and 
important, but on its own the conclusion is susceptible to small 
systematic effects. On the other hand small-scale CBR anisotropy 
observations confirming a nearly flat universe, in combination with 
the sum of the other evidence considered here, strongly suggest the 
presence of A or other exotic (highly negative pressure) form of dark 
mass-energy. 

In conclusion we present in Fig. 17.1 allowed ranges of H0 and ~M 
(and flA) for the case of (a) flat and (b) open universes. With the fiat 
case we cut the lower limit of ~M at 0.2 due to a strong constraint 
from lensing. An ample amount of parameter space is allowed for a 
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Figure 17.1: Consistent parameter ranges in the HO-flM plane 
for (a) a flat universe and (b) an open universe. A is the range 
of the Hubble constant when (m - M)LMC = 18.5. B is also 
allowed when the LMC distance is shorter by 0.3 mag, and C 
when longer by 0.1 mag. Note in panel (a) that most of the range 
of B is forbidden by the compatibility of age and H0 that are 
simultaneously driven by the RR Lyr calibration (short dotted 
curve, see Sec. 17.1.6). Also note that the age range between 
~11.5 Gyr and ~14 Gyr (light cross-hatched) is possible only 
with the interpretation that globular cluster formation is coeval 
(Sec. 17.1.5). The 'most natural' parameter region is dark gray. 

flat universe. A high value of H0 > 82, which would be driven only 
by a short LMC distance, is excluded by self-consistency with the 
age of globular clusters, as noted earlier. Therefore, we are led to 
the range H0 ~ 60-82 from consistency. For an open universe the 
coeval-formation interpretation is compelling for globular clusters, or 
else no region is allowed; the allowed H0 is limited to 60-70. No 
solution is available if LMC is at the shorter distance. 
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18. D A R K  M A T T E R  

Revised Sep. 1999 by M. Srednicki (University of California, 
Santa Barbara).  

The total lnass-energy of the Universe is composed of several 
constituents, each of which may be characterized by its energy density 
Pi - ~iPc and its pressure Pi - wlpl. Here pc --- 3H~/87rGN is the 
critical density, and H0 is the present value of the Hubble parameter.  
We will take H0 = 7 0 k m s - l M p c  -1  when a numerical value is 
needed; then Pc = 5.2 x 10 -6  GeV/cm 3. We can express the total 
density as P0 = f~0pc, where f~0 -- ~]i fli. The deceleration parameter  
qo - (R/R)o/H~,  where R(t) is the scale factor and the subscript 0 

1 denotes the present value, is then given by q0 = ~f~0 + { ~ i  fliwi. 

In general, relativistic particles have an equation of state specified 
by w = +�89 nonrelativistic particles have w = 0, and the cosmological 
constant (here treated as another form of matter)  has w = -1 .  
Spatially uniform scalar fields which are oscillating rapidly in t ime 
(that is, with a frequency much greater than  the Hubble parameter  
H0) also have w = 0. Spatially uniform scalar fields which are 
changing slowly in time have - 1  < w < 0. 

Certain contributions to the mass  density are well determined. 
The photons of the cosmic microwave background radiation (CMB) 

~2'v4 where TO = 2.73K -- 2.35 x 10-4eV is the present have p~ = i ~ 0 ,  
temperature of the CMB; this yields f~7 = 5.1 • 10 -5. Results from 
Big-Bang nucleosynthesis indicate that  the total baryon density is in 
the range 0.008 < f~b < 0.043; of this, roughly 0.004 is accounted for 
by stars. A single species of neutrino with a Majorana mass  my would 
have ~v = 0.56GNT3Ho2m~ = mv/(45eV)  and wv = 0 if mv >> TO, 
and flu = 0.23 f~7 and wv = ~ if mv << To. 

There is strong evidence from a variety of different observations 
for a large amount  of dark mat te r  in the Universe [1,2,3,4]. The 
phrase "dark matter"  signifies mat te r  whose existence has been 
inferred only through its gravitational effects. Two categories should 
be distinguished: baryonic dark mat ter ,  composed of baryons which 
are not seen (including black holes formed by stellar collapse), and 
nonbaryonic dark mat ter ,  composed either of massive neutrinos, 
or of elementary particles or fields which are as yet undiscovered 
(including primordial black holes). The particles or fields which 
comprise nonbaryonic dark mat te r  must  have survived from the Big 
Bang, and therefore must  either be stable or have lifetimes in excess 
of the current age of the Universe. 

There are a number  of different observations which indicate 
the presence of dark mat ter  (baryonic or nonbaryonic). These 
observations include rotation curves of spiral galaxies [5], which 
indicate that  individual galaxies have halos of dark mat ter  whose 
density falls off as 1/r 2 at large distances r from the galaxy's center. 
In our own Galaxy, est imates of the local density of dark mat ter  
typically give Pdm ----- 0.3 GeV/cm 3, but  this result depends sensitively 
on how the dark-matter  halo is modeled. 

An estimate of the total pressureless mat ter  density ~m (that is, 
of all components, baryonic and nonbaryonic, with wi = 0) can be 
made from studies of rich clusters of galaxies. The baryonic mass  of 
a cluster can be inferred from X-ray emissions, and the total mass  
from galactic velocities (via the virial theorem) or gas dynamics [6]. 
Assuming that  the ratio of these masses is typical of the Universe as a 
whole, we obtain the value of ~ m / ~ b .  Using the nucleosynthesis value 
of fib then yields ~ m  = 0.4 4- 0.1. This  is at least roughly consistent 
with a number of other est imates of f~m, such as from mass-to-light 
ratios for clusters [7] and from large-scale velocity fields [8]. This 
value of ~ m  would imply that  90% of the pressureless mat te r  in the 
Universe is nonbaryonic. 

An estimate of the total density fl0 can be made from fluctuations 
in the CMB (see Section 15 on "Big-Bang Cosmology" in this Review). 
The first acoustic peak in the power spectrum of these fluctuations is 

predicted to occur at a multipole g ~ 220 f~ol/2; current da ta  yields 
fl 0 ~ 0.8 4- 0.2 [9]. This is consistent with the generic prediction 
f~0 = 1 of inflationary models. 

Type Ia supernovae can be used as s tandard candles to get 
information on the relationship between redshift and distance [10]. 

If we assume that  the dominant  contributions t o  f~0 are from 
pressureless mat te r  and an unknown component  X,  then the results 
require w x  < -0 .6  (at the 95% CL, ignoring any systematic  errors). 
Assuming w x  = - 1  (a cosmological constant),  the results constrain 
the combination 0.8 [~m - 0.6 fiX to be -0 .2  4- 0.1. 

None of these observations give us any direct indication of the 
nature of the dark matter .  The halos of galaxies could have significant 
fractions of baryonic dark mat te r  in the form of remnants  (white 
dwarfs, neutron stars,  black holes) of an early generation of massive 
stars, or smaller objects which never initiated nuclear burning (and 
would therefore have masses less than  about 0.1 M| These massive 
compact halo objects are collectively called MACHOs. Resul ts  from 
searches via gravitational lensing effects [11] show that  MACHOs with 
masses from 10 -6  M| to 0.1 M| each are not a significant component  
of our Galaxy's halo. However, the results also indicate tha t  MACHOs 
with masses of approximately 0.5 M| each comprise roughly half the 
total mass  of the halo. This  si tuation is difficult to reconcile with 
models of star formation. 

For purposes of galaxy formation models [12], nonbaryonic dark 
mat te r  is classified as "hot" or "cold," depending on whether the dark 
mat te r  particles were relativistic or nonrelativistic at the t ime when 
the horizon of the Universe enclosed enough mat te r  to form a galaxy. 
If the dark mat ter  particles are in thermal  equilibrium with the 
baryons and radiation, then only the mass  of a dark mat te r  particle 
is relevant to knowing whether the dark mat te r  is hot or cold, with 
the dividing line being mdm ~ 1 keV. In addition, specifying a model 
requires giving the power spect rum of initial density fluctuations. 
Inflationary models generically predict a power spec t rum which is 
nearly scale invariant. With  these inputs,  galaxy formation models 
require primarily cold dark mat ter ,  with significantly less hot dark 
matter .  However, either a negative-pressure component  or some hot 
dark mat te r  is needed in addition to cold dark mat ter .  For example, a 
model with flcdm : 0.3, ~hdm : 0, ~X : 0.7 and w x  : - 0 . 6  gives a 
good fit to all current da ta  [13]. 

There is a constraint on neutrinos (or any light fermions) if they are 
to comprise the halos of dwarf galaxies: the Fermi-Dirac distribution 
in phase space restricts the number  of neutrinos that  can be put  into 
a halo [14], and this implies a lower limit on the neutr ino mass  of 
roughly mv > 80 eV. 

There are no presently known particles which could be cold dark 
matter .  However, many proposed extensions of the Standard Model 
predict a stable (or sufficiently long lived) particle. The key question 
then becomes the predicted value of ~ c d m '  

If the particle is its own antiparticle (or there are particles and 
antiparticles present in equal numbers) ,  and these particles were in 
thermal  equilibrium with radiation at least until they became nonrela- 
tivistic, then their relic abundance is determined by their annihilat ion 

3/2 3 -2  -1  cross section aann: [~cdm ~ GN T6 H0 (O-annVrel) . Here Vre I is the 
relative velocity of the two incoming dark mat te r  particles, and the 
angle brackets denote an averaging over a thermal  distr ibution of 
velocities for each at the freeze-out temperature  Tfr when the dark 
mat te r  particles go out of thermal equilibrium with radiation; typi- 
cally Tfr ~ ~ m d m .  One then finds (putt ing in appropriate numerical 
factors) that  ~cdm "~ 7 • 10-27cm3s-t/(O'annVrel). The value of 
(O'annVrel/ needed for [~cdm -~ 1 is remarkably close to what one would 
expect for a weakly interacting massive particle (WIMP) with a mass  
of mdm ----- 100 GeV: (aannVrel) ~ a2/8~rm2 m ~ 3 • 10 -27 cm 3 s -1.  

If the dark mat ter  particle is not its own antiparticle, and the 
number  of particles minus antiparticles is conserved, then an initial 
asymmetry  in the abundances of particles and antiparticles will be 
preserved, and can give relic abundances much larger than  those 
predicted above. 

If the dark mat te r  particles were never in thermal  equilibrium with 
radiation, then their abundance today mus t  be calculated in some 
other way, and will in general depend on the precise initial conditions 
which are assumed. 

The two best known and most  studied cold dark mat te r  candidates 
are the neutralino and the axion. The neutralino is predicted by 
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the Minimal Supersymmetric extension of the Standard Model 
(MSSM) [15,16]. It qualifies as a WIMP, with a theoretically expected 
mass in the range of tens to hundreds of GeV. The axion is predicted 
by extensions of the Standard Model which resolve the strong CP 
problem [17]. Axions can occur in the early universe in the form 
of a Bose condensate which never comes into thermal equilibrium. 
The axions in this condensate are always nonrelativistic, and can 
be a significant component of the dark matter if the axion mass is 
approximately 10 -5 eV. Axions can also arise from the decay of a 
network of axion strings and domain walls. 

There are prospects for direct experimental detection of both 
these candidates (and other WIMP candidates as well). WIMPs will 
scatter off nuclei at a calculable rate, and produce observable nuclear 
recoils [2,16,19]; current data excludes certain regions of parameter 
space of the MSSM. Axions can be detected by axion to photon 
conversion in a microwave cavity in a strong magnetic field, and limits 
on the allowed axion-photon coupling have been set [18]. 

WIMP candidates can have indirect signatures as well, via present 
day annihilations into particles which can be detected as cosmic rays. 
The most promising possibility arises from the fact that WIMPs 
collect at the centers of the sun and the earth, thus greatly increasing 
their annihilation rate, and producing high energy neutrinos which 
can escape and arrive at the earth's surface in potentially observable 
numbers [16,20]. 
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19. C O S M I C  B A C K G R O U N D  R A D I A T I O N  

Revised February 2000 by G.F. Smoot (LBNL) and D. Scott 
(University of British Columbia). 

19.1. In t roduc t ion  

The observed cosmic microwave background (CMB) radiation 
provides strong evidence for the hot big bang. The success of 
primordial nucleosynthesis calculations (see Sec. 16, "Big-bang 
nucleosynthesis') requires a cosmic background radiation (CBR) 
characterized by a temperature kT  ~ 1 MeV at a redshift of z -~ 109. 
In their pioneering work, Gamow, Alpher, and Herman [1] realized 
this and predicted the existence of a faint residual relic, primordial 
radiation, with a present temperature of a few degrees. The observed 
CMB is interpreted as the current manifestation of the required CBR. 

The CMB was serendipitously discovered by Penzias and Wilson [2] 
in 1965. Its spectrum is well characterized by a 2.73K black-body 
(Planekian) spectrum over more than three decades in frequency (see 
Fig. 19.1). A non-interacting Planekian distribution of temperature 
Ti at redshift zi transforms with the universal expansion to 
another Planckian distribution at redshift zf with temperature 
Tf/(1 + zf) = ~ / (1  + zl). Hence thermal equilibrium, once established 
(e.g. at the nucleosynthesis epoch), is preserved by the expansion, in 
spite of the fact that photons deeoupled from matter at early times. 
Because there are about 109 photons per nucleon, the transition from 
the ionized primordial plasma to neutral atoms at z ~ 1000 does not 
significantly alter the CBR spectrum [3]. 
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Figure 19.1" Precise measurements of the CMB spectrum. 
The line represents a 2.73 K blackbody, which describes the 
spectrum very well, especially around the peak of intensity. 
The spectrum is less well constrained at 10cm and longer 
wavelengths. (References for this figure are at the end of this 
section under "CMB Spectrum References.") 

19.2. The  CMB frequency spec t rum 

The remarkable precision with which the CMB spectrum is fitted by 
a Planckian distribution provides limits on possible energy releases in 
the early Universe, at routhly the fractional level of 10 -~ of the CBR 
energy, for redshifts ~ 10 ~ (corresponding to epochs ~ 1 year). The 
following three important classes of theoretical spectral distortions 
(see Fig. 19.2) generally correspond to energy releases at different 
epochs. The distortion results from the CBR photon interactions with 
a hot electron gas at temperature Te. 
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Figure 19.2: The shapes of expected, but so far unobserved, 
CMB distortions, resulting from energy-releasing processes at 
different epochs. 
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Figure 19.3: Observed thermodynamic temperature as a 
function frequency. 

19.2.1. C o m p t o n  distortion' .  Late energy release (z< 105). 
Compton scattering ('~e ---* "~tet) of the CBR photons by a hot electron 
gas creates spectral distortions by transferring energy from the 
electrons to the photons. Compton scattering cannot achieve thermal 
equilibrium for y ~< 1, where 

z kTe(z')  - kT~(z')  ~ ne(z ')  c ~ dz' (19.1) 
y = mec 2 

is the integral of the number of interactions, a T he(Z) c dr, times the 
mean-fractional photon-energy change per collision [4]. For Te :~ T~ 
y is also proportional to the integral of the electron pressure nekTe 
along the line of sight. For standard thermal histories y < 1 for epochs 
later than z ~ 105. 

The resulting CMB distortion is a temperature decrement 

ATI~j = -2y T,y (19.2) 

in the Rayleigh-Jeans ( h v / k T  << 1) portion of the spectrum, and a 
rise in temperature in the Wien ( h v / k T  >> 1) region, i.e. photons are 
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shifted from low to high frequencies. The magni tude of the distortion 
is related to the total energy transfer [4] A E  by 

A E / E c B  R = e 4y - 1 "~ 4 y .  (19.3) 

A prime candidate for producing a Comptonized spectrum is a hot 
intergalactic medium. A hot (Te > 105K) medium in clusters of 
galaxies can and does produce a partially Comptonized spectrum as 
seen through the cluster, known as the Sunyaev-Zel'dovich effect [5]. 
Based upon X-ray data, the predicted large angular  scale total 
combined effect of the hot intracluster medium should produce 
y ~ 10 -6  [6]. 

19.2.2.  B o s e - E i n s t e i n  or  chemica l  p o t e n t i a l  distortion: Early 
energy release (z ~ 105-107). After many Compton scatterings 
(y >> 1), the photons a n d  electrons will reach statistical (not 
thermodynamic)  equilibrium, because Compton scattering conserves 
photon number.  This equilibrium is described by the Bose-Einstein 
distribution with non-zero chemical potential: 

1 
n - eX+~ ~ _ 1 ' (19.4) 

where x -= h v / k T  and t0  -~ 1.4 A E / E c B R ,  with /.t o being the 
dimensionless chemical potential that  is required to conserve photon 
number.  

The collisions of electrons with nuclei in the plasma produce 
free-free (thermal bremsstrahlung)  radiation: eZ ~ eIZt 7. Free-free 
emission thermalizes the spectrum to the plasma temperature at 
long wavelengths and Compton scattering begins to shift these 
photons upward. Including this effect, the chemical potential becomes 
frequency-dependent, 

tz(x) = uoe -2"%/x , (19.5) 

where Zb is the transit ion frequency at which Compton scattering 
of photons to higher frequencies is balanced by free-free creation of 
new photons. The resulting spect rum has a sharp drop in brightness 
temperature  at centimeter wavelengths [7]. The min immn wavelength 
is determined by f/B. 

The equilibrium Bose-Einstein distribution results from the oldest 
non-equilibrium processes (105 < z < 107), such as the decay of relic 
particles or primordial inhomogeneities. Note that  free-free emission 
( thermal bremsstrahlung)  and radiat ive-Compton scattering effectively 
erase any distortions [8] to a Planckian spect rum for epochs earlier 
than  z ~ 107. 
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F i g u r e  19.4: Upper  Limits (95% CL) on fractional energy 
( A E / E c B R )  releases from processes at different epochs as set 
by resulting lack of CMB spectral distortions. These can be 
translated into constraints on the mass,  lifetime and photon 
branching ratio of unstable relic particles, with some additional 
dependence on cosmological parameters  such as f ib [11,12]. 
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19.2 .3 .  $~ee-fr~e distortion: Very late energy release (z << 103). 
Free-free emission can create rather than  erase spectral distortion in 
the late Universe, for recent reionization (z < 103) and from a warm 
intergalactic medium. The distortion arises because of the lack of 
Comptonization at recent epochs. The effect on the present-day CMB 
spectrum is described by 

ATff = T 7 r f f / x  2, (19.6) 

where T7 is the undistorted photon temperature,  z is the  dimensionless 
frequency, and Yf f /x  2 is the optical depth to free-free emission: 

yff = ~0 z Te(z') - T-~(z') 87re6h2n2 e g dt , (19.7) 
Te(z t) 3me(kTT) 3 6~v/~e kTe ~z tdz  " 

Here h is Planck's  constant,  ne is the electron density and g is the 
Gaunt  factor [9]. 

19.2.4.  S p e c t r u m  s u m m a r y :  The CMB spectrum is consistent 
with a blackbody distribution over more than  three decades of 
frequency around the peak. The best-fit to the COBE FIRAS da ta  
yields T.~ = 2.725 -4- 0.002 K (95% CL) [10]. The following table is a 
summary  of all CMB spectrum measurements:  

T.r = 2.725 5= 0.002 K (95% CL) ; 

n~ = ( 2 r  --- 4 1 1 c m - 3  ; 

P3' = (7r2/15) T4 "" 4.64 • 10-34 g c m  -3  "" 0 .260eVcm-3  ; 

lYl < 1.2 • 10 -5  (95% CL);  

I~01 < 9 x 10 -5  (95% CL);  

IYffl < 1.9 • 10 - 5  (95% CL).  

These limits [13] correspond to constraints [13-15] on energetic 
processes A E / E c B  R < 2 x 10 -4  occurring between redshifts 103 and 
5 x 106 (see Fig. 19.4). 

19.3.  D e v i a t i o n s  f r o m  i s o t r o p y  

Penzias and Wilson reported that  the CMB was isotropic and 
unpolarized at the 10% level. Current observations show that  the 
CMB is unpolarized at the 10 -5  level but  has a dipole anisotropy 
at the 10 -3  level, with smaller-scale anisotropies at the 10 -5  level. 
Standard theories predict temperature  anisotropies of roughly the 
ampli tude now being detected, and anisotropies in linear polarization 
at a level which should soon be reached. 

It is customary to express the CMB temperature  anisotropies on 
the sky in a spherical harmonic expansion, 

~ ( 0 ,  r = ~ aimYgm(O, r , (19.8) 
t m  

and to discuss the various multipole amplitudes. The power at a given 
angular scale is roughly ~ ~ m  laeml 2/47r, with e ~ 1/0. 

19.3.1.  The  dipole: The largest anisotropy is in the t = 1 
(dipole) first spherical harmonic, with ampli tude at the level of 
A T / T  = 1.23 • 10 -3.  The dipole is interpreted as the result of the 
Doppler shift caused by the solar sys tem motion relative to the nearly 
isotropic blackbody field, as confirmed by measurements  of the velocity 
field of local galaxies [16]. The motion of the observer (receiver) with 
velocity 3 = v /c  relative to art isotropic Planckian radiation field of 
temperature To produces a Doppler-shifted temperature  

T(O) = T0(1 - 132)1/2/(1 - fl cos0) 

= To (1 + 3 c o s 0  + (32/2)cos20 + 0 (33 ) )  �9 (19.9) 

The implied velocity [13,17] for the solar-system barycenter is 
= 0.001237 5= 0.000002 (68% CL) or v = 371 5= 0.5 km s -  1, assuming 

a value To = T 7, towards (a ,6)  = (11.205 5= 0.01 h, -7 .22  ~ 5= 0.08~ or 
(e, b) = (264.31 ~ 5= 0.17 ~ 48.05 ~ -4- 0.10~ Such a solar-system velocity 
implies a velocity for the Galaxy and the Local Group of galaxies 
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relative to the CMB. The derived velocity is VLC = 6274- 2 2 k m s  -1  
toward (e,b) = (276 ~ 4- 3%30 ~ 4- 3~ where most  of the error comes 
from uncertainty in the velocity of the solar system relative to the 
Local Group. 

The Doppler effect of this velocity and of the velocity of the Ear th  
around the Sun, as well as any velocity of the receiver relative to the 
Earth,  is normally removed for the  purposes of CMB anisotropy study. 
The resulting high degree of CMB isotropy is the strongest evidence 
for the validity of the Robertson-Walker metric. 

1 9 . 3 . 2 .  The quadrupole: The rms quadrupole anisotropy amplitude 
is defined through Q2ms/T72 = Y]~m la2ml 2/4r. The current est imate 
of its value is 4 DK _< Qrms _< 28 t~K for a 95% confidence interval [18]. 
The uncertainty here includes both statistical errors and systematic 
errors, which are dominated by the  effects of galactic emission 
modelling. This level of quadrupole anisotropy allows one to set 
general limits on anisotropic expansion, shear, and vorticity; all such 
dimensionless quantities are constrained to be less than  about 10 -5  . 

For specific homogeneous cosmologies, fits to the whole anisotropy 
pattern allow stringent limits to be placed on, for example, the global 
rotation at the level of about  10 -7  of the expansion rate [19]. 

19.3.3. Smaller angular scales: The COBE-discovered [20] higher- 
order (g > 2) anisotropy is interpreted as being the result of 
perturbations in the energy density of the early Universe, manifesting 
themselves at the epoch of the CMB's last scattering. The detection 
of these anisotropies at jus t  the right level for gravity to have grown 
all of the s tructure observed in today's  Universe demonstrates  that  
gravitational instability acting on primordial density perturbat ions 
was the main mechanism for s tructure formation. 

Theoretical models generally predict a power spect rum in spherical 
harmonic amplitudes,  since the models lead to primordial fluctuations 
and thus aim tha t  are Ganssian random fields, and hence the 
power spectrum in s is sufficient to characterize the results. The 
power at each s is (2e + 1)Cd(4~r), where Ct =- (]alml2> and a 
statistically isotropic sky means  that  all m ' s  are equivalent. For an 
idealized full-sky observation, the variance of each measured C l is 
[2/(2g + 1)]C~. This  sampling variance (known as cosmic variance) 
comes about because each Ce is chi-squared distributed with (2e + 1) 
degrees of freedom for our observable volume of the Universe [21]. 
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F i g u r e  19.5: Theoretically predicted s + 1)Ct or CMB 
anisotropy power spectra [24] for a range of models. The 
top curve is an isocurvature CDM model which has a 
characteristically different shape than the adiabatic models. The 
next four are variants of adiabatic Cold Dark Matter  models. 
The textures model [25] is an example with perturbat ions seeded 
by topological defects. We also show the power spect rum from 
gravity waves (tensors), which could contribute at large angles. 
All the models have been normalized at ~ = 10 except for the 
isocurvature case, which was arbitrarily normalized to the height 
of the box. Such curves depend in detail on the precise values of 
the cosmological parameters,  and those shown here are examples 
only. 

Figure 19.5 shows the theoretically predicted anisotropy power 
spectrum for a sample of models, plotted as e(~ + 1)Ct versus e 
which is the power per logarithmic interval in e or, equivalently, 
the two-dimensional power spectrum. H the initial power spec t rum 
of perturbations is the result of quan tum mechanical  fluctuations 
produced and amplified during inflation, then  for simple models 
the shape of the anisotropy spect rum is coupled to the  ratio of 
contributions from density (scalar) and gravitational wave (tensor) 
perturbat ions [22]. In such models the large angle contribution 
from tensors is constrained to be <0 .5  [23]. However, there are 
other inflationary models which allow higher tensor contribution. In 
particular if the energy scale of inflation at the appropriate epoch is 

1016GeV, then detection of the effect of gravitons is more likely 
and partial reconstruction of the inflaton potential may  be feasible. 
However, if the energy scale is ~< 1014GeV, then typically density 
fluctuations dominate and less constraint is possible. 

On angular  scales corresponding to t ~> 50 scalar modes certainly 
dominate. In the s tandard scenario the last scattering epoch happens 
at a redshift of approximately 1100, by which t ime the large number  
of photons was no longer able to keep the hydrogen ionized. The 
optical thickness of the cosmic photosphere is roughly Az ~ 100 
corresponding to about  5 arcminutes on the sky, so tha t  features 
smaller than  this size are damped. 

Anisotropies have now been observed on angular  scales above this 
damping scale by a large number  of experiments (see Fig. 19.6), and 
are consistent with those expected from an initially scale-invariant 
(also referred to as 'flat ') power spect rum of potential  and thus metric 
fluctuations. The initial spect rum of density per turbat ions is reflected 
in the large angle (small e) power spectrum, but  per turbat ions can 
evolve significantly in the epoch z ~> 1100 for causally connected 

regions (angles < 1 ~ ~1/2,  ~Lto t ). The primary mode of evolution is through 
acoustic oscillations, leading to a series of peaks at small  angular  
scales, which encode information about the primordial perturbat ions,  
geometry, mat ter  and radiation content, and ionization history of 
the Universe [26]. Thus,  precise measurement  of the shape of the 
anisotropy power spect rum will provide information on the ampli tude 
and slope of the initial conditions, as well as f~0, 12B, 12A (cosmological 
constant),  H0 and other cosmological parameters.  

Fits  to experimental da ta  are often quoted as the  expected value 
of the quadrupole {Q/ for some specific theory over some range of 

(e.g. a model with power-law initial conditions, having primordial 
density perturbat ion power spect rum I~kl 2 r kn). The full 4-year 
COBE DMR data  give (Q) +37 = 15.3_2:8 #K, after projecting out the 
slope dependence, while the best-fit slope is n = 1.2-4-0.3, and 
for a pure n = 1 (scale-invariant potential perturbat ion)  spec t rum 
(Q)(n = 1) = 184-1.6/~K [18,27]. The  conventional notat ion is 
such tha t  (QI 2/T27 = 5C2/47r. An alternative convention is to quote 

the 'band-power'  VZ~(2l + 1)Ct/4r. Many recent experiments  give 
results for a number  of band-powers covering different ranges of s 
(Q/2 /T~ = 5C2/47c. fluctuations measured by other experiments  can 
also be quoted in terms (n = 1) 

The initial density perturbat ions can either be 'adiabatic '  (meaning 
that  there is no change to the entropy per particle for each species) 
or ' isocurvature'  (meaning that ,  for example, mat te r  per turbat ions 
compensate radiation perturbat ions so that  the total energy density 
remains unchanged). Within the family of adiabatic models, the 

location of the first acoustic peak is predicted to be at f ~ 220 f~tolt/2 
o I /2  or 0 ~ 0.3 ~ ~'tot and its amplitude is a calculable function of the 

parameters (see Fig. 19.5). 

It has been clear for several years tha t  there is more power at 
sub-degree scales than  at COBE scales [26]. More recently results 
have indicated that  there is a localized peak, and the general shape 
of the power spect rum favors adiabatic-type per turbat ions (compare 
Fig. 19.5 and Fig. 19.6). Within  the adiabatic scenario, the  currently 
available data  imply tha t  the Universe is close to flat [28], with 
0.62 < ~ '~ to t  ( 1.24 (95% CL) [29]. Together with a number of 
observations indicating tha t  the mat te r  density ~M "~ 0.3 (e.g. see 
Ref. 371 this implies that  there is some unknown contribution to 
the energy, 'dark energy,' which is independently indicated through 
distant supernova studies [30]. The height of the peak can also be 
used to constrain models, but  currently the results depend sensitively 
on what range of models are considered and what other cosmological 
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Figure 19.6: There is now so much CMB data that it is difficult 
and confusing to show all the individual results. Instead the 
figure shows the new BOOMERANG [32] (open circles) and 
MAXIMA [33] data (filled circles), together with binned results 
of all previous experiments, based on data with references given 
at the end of this section under "CMB Anisotropy l%eferences." 
The previous data are shown as grey diamonds, which were 
obtained [38] by maximizing the likelihood for a power spectrum 
assumed to be piece-wise constant between t = 2 and 1000, 
permitting experimental errors to be asymmetric, and allowing 
for correlated calibration uncertainties for each experiment [39]. 
These binned values are somewhat correlated, partly explaining 
the apparent discrepancy, which is consistent with calibration 
uncertainties between experiments. The sub-set of data from 
the first Antarctic flight of BOOMERANG and the data from 
the MAXIMA-1 flight are independent, with essentially no 
correlations between bins. The figure clearly shows a localized 
peak at ~ ~- 200 and some structure at higher L Upper limits at 
smaller angular scales, indicating further evidence for a falloff at 
high ~, have not been shown. 

800 

constraints are used [28,29,31]. Detailed measurements of parameters 
are expected to follow soon, but certainly some more general questions 
are already being answered. 

Recent experimental results from the Boomerang 98 [32] and 
MAXIMA-1 [331 balloon flights have dramatically improved the power 
spectrum measurements. These new data indicate a very well-defined 
first acoustic peak, at close to the position expected in flat models 
with adiabatic fluctuations. It is difficult generate this feature by 
an incoherent causal mechanism, such as with topological defects. 
The position of the first peak constrains the total density parameter 
to be fltot -~ 1.0 • 0.1 [34,35]. Intriguingly, the second peak does 
not appear as pronounced as had been expected in the previously 
favored models. There are several ways to explain this [36], including 
a combination of tilt, higher baryon density and some other mild 

parameter variations, as well as more exotic explanations such as 
delayed recombination, partial loss of coherence of the oscillations, 
or features in the underlying power spectrum. Detailed measurement 
of the second and third peaks ought to distinguish among these 
possibilities. 

Causal mechanisms, such as arise in topological defect models, 
cannot naturally account for the observed power spectrum (see 
Fig. 19.5), and isocurvature models also generically give the wrong 
shape. Thus the present data appear to point to models with 
adiabatic and apparently acausal fluctuations. Since inflation is the 
only mechanism we have to provide the large-scale homogeneity and 
anisotropy observed in the universe and to produce these apparently 
acausal fluctuations, one might consider the current CMB data 
as supporting the inflationary paradigm. A more stringent test of 
inflation will be provided with the arrival of data that have the fidelity 
to resolve the sub-degree region into the oscillating peaks and troughs 
which must be present in inflationary models. 

New data are being acquired at an increasing rate, with a large 
number of improved ground- and balloon-based experiments being 
developed. The current suite of experiments promises to map out 
the CMB anisotropy power spectrum to about 10% accuracy, and 
determine several parameters at the 10 to 20% level in the very near 
future. A vigorous sub-orbital and interferometric program should 
push those numbers further in the next few years. 

There are also now two approved satellite experiments: the NASA 
Microwave Anisotropy Probe (MAP), scheduled for launch in late 
2000; and the ESA Plan& mission, expected to launch in 2007. 
The improved sensitivity, freedom from earth-based systematics, and 
all-sky coverage allow a simultaneous determination of many of the 
cosmological parameters to unprecedented precision: for example, f~0 
and n to about 1%, n B and H0 at the level of a few percent [40]. 
Just as with the frequency spectrum, precise measurement of the 
anisotropies should also lead to constraints on a particle physics effects 
at z ,,, I000 [41]. 

Since Thomson scattering of the anisotropic radiation field also 
generates linear polarization at the roughly 5% level [42], there is 
additional cosmological information to be gleaned from polarization 
measurements. Although difficult to detecL the polarization signal 
should act as a strong confirmation of the general paradigm. 
Furthermore, detailed measurement of the polarization signal provides 
more precise information on the physical parameters. In particular it 
allows a clear distinction of any gravity wave contribution, which is 
crucial to probing the ~ 10 TM GeV energy range. The fulfillment of 
this promise may await an even more sensitive generation of satellites. 
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20.  C O S M I C  R A Y S  

Revised February 2000 by T.K. Gaisser and T. Stanev (Bartol 
Research Inst., Univ. of Delaware). 

2 0 . 1 .  P r i m a r y  s p e c t r a  

The cosmic radiation incident at the top of the terrestrial 
a tmosphere includes all stable charged particles and nuclei with 
lifetimes of order 106 years or longer. Technically, "primary" cosmic 
rays are those particles accelerated at astrophysical sources and 
"secondaries" are those particles produced in interaction of the 
primaries with interstellar gas. Thus  electrons, protons and helium, as 
well as carbon, oxygen, iron, and other nuclei synthesized in stars, are 
primaries. Nuclei such as l i thium, beryllium, and boron (which are 
not abundant  end-products of stellar nucleosynthesis) are secondaries. 
Antiprotons and positrons are partly, if not entirely, secondaries, but  
the fraction of these particles that  may be primary is a question of 
current interest. 

Apart  from particles associated with solar flares, the cosmic 
radiation comes from outside the solar system. The incoming charged 
particles are "modulated" by the solar wind, the expanding magnetized 
plasma generated by the Sun, which decelerates and partially excludes 
the lower energy galactic cosmic rays from the inner solar system. 
There is a significant anticorrelation between solar activity (which has 
an eleven-year cycle) and the intensity of the cosmic rays with energies 
below about  10 GeV. In addition, the lower-energy cosmic rays are 
affected by the geomagnetic field, which they must  penetrate to reach 
the top of the atmosphere.  Thus  the intensity of any component of 
the cosmic radiation in the GeV range depends both on the location 
and time. 

There are four different ways to describe the spectra of the 
components  of the cosmic radiation: (1) By particles per unit  rigidity. 
Propagat ion (and probably also acceleration) through cosmic magnetic 
fields depends on gyroradius or magnetic rigidity, R, which is 
gyroradius multiplied by the magnetic field strength: 

pc  
R : ~ : r L B .  (20.1) 

(2) By particles per energy-per-nucleon. Fragmentat ion of nuclei 
propagating through the interstellar gas depends on energy per 
nucleon, since tha t  quanti ty is approximately conserved when a 
nucleus breaks up on interaction with the gas. (3) By nucleons 
per energy-per-nucleon. Production of secondary cosmic rays in 
the atmosphere depends on the intensity of nucleons per energy- 
per-nucleon, approximately independently of whether the incident 
nucleons are free protons or bound in nuclei. (4) By particles per 
energy-per-nucleus. Air shower experiments that  use the atmosphere 
as a calorimeter generally measure a quanti ty that  is related to total 
energy per particle. 

The units  of differential intensity I are [ c m - 2 s - l s r - l ~ - l ] ,  where s 
represents the units  of one of the four variables listed above. 

The intensity of pr imary nucleons in the energy range from several 
GeV to somewhat  beyond 100 TeV is given approximately by 

nucleons 
IN(E ) ,~ 1.8 E - a  (20.2) 
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F i g u r e  20.1: Major components of the primary cosmic radiation 
(from Ref. 1). 

Tab le  20.1: Relative abundances F of cosmic-ray nuclei at 
10.6 GeV/nucleon normalized to oxygen (_= 1) [6]. The oxygen 
flux at kinetic energy of 10.6 GeV/nucleon is 3.26 x 10 -6  cm -2  
s -1  sr -1  (GeV/nucleon) -1.  Abundances of hydrogen and helium 
are from Ref. 2. 

Z Element F Z Element  F 

1 H 485 13-14 A1-Si 0.19 

2 He 26 15-16 P-S 0.03 

3-5 Li-B 0.40 17-18 C1-Ar 0.01 

6-8 C-O 2.20 19-20 K-Ca 0.02 

9-10 F-Ne 0.30 21-25 Sc-Mn 0.05 

11-12 Na-Mg 0.22 26-28 Fe-Ni 0.12 

where E is the energy-per-nucleon (including rest mass  energy) and 
c~ (-- -~ + 1) = 2.7 is the differential spectral index of the cosmic ray 
flux and ~ is the integral spectral index. About  79% of the primary 
nucleons are free protons and about 70% of the rest are nucleons 
bound in helium nuclei. The  fractions of the primary nuclei are nearly 
constant  over this energy range (possibly with small  but  interesting 
variations). Fractions of both  primary and secondary incident nuclei 
are listed in Table 20.1. Figure 20.1 [1] shows the major  components 
as a function of energy at a particular epoch of the solar cycle. 
There has been a series of more precise measurements  of the primary 
spect rum of protons and helium in the past decade [2,3,4,5]. 

The spect rum of electrons and positrons incident at the top of the 
atmosphere is steeper than  the spectra of protons and nuclei, as shown 

in Fig. 20.2. The positron fraction is about  10% in the region in which 
it is measured (< 20 GeV), but  it is not yet fully unders tood [8]. 

Above 10 GeV the fraction of antiprotons to protons is about 10 -4,  
and there is evidence for the kinematic suppression at lower energy 
expected for secondary antiprotons [9,10,11,12]. There is at this t ime 
no evidence for a significant pr imary component  of antiprotons. 
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F i g u r e  20.2: Differential spect rum of electrons plus positrons 
multiplied by E 3 (data summary  from Ref. 7). The dashed line 
shows the proton spec t rum multiplied by 0.01. 

2 0 . 2 .  C o s m i c  r a y s  i n  t h e  a t m o s p h e r e  

Figure 20.3 shows the vertical fluxes of the major cosmic ray 
components in the atmosphere in the energy region where the particles 
are most  numerous (except for electrons, which are most numerous 
near their critical energy, which is about 81 MeV in air). Except for 
protons and electrons near the top of the atmosphere,  all particles are 
produced in interactions of the primary cosmic rays in the air. Muons 
and neutrinos are products of the decay of charged mesons, while 
electrons and photons originate in decays of neutral  mesons. 
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F i g u r e  20.3: Vertical fluxes of cosmic rays in the atmosphere 
with E > 1 GeV est imated from the nucleon flux of Eq. (20.2). 
The points show measurements  of negative muons with 
E# > 1 GeV [3,13,14,15]. 

Most measurements  are made at ground level or near the top of the 
atmosphere,  but  there are also measurements  of muons and electrons 
from airplanes and balloons. Fig. 20.3 includes recent measurements  of 
negative muons [3,13,14,15]. Since # + ( # - )  are produced in association 
with v~(P#), the measurement  of muons near the max imum of the 
intensity curve for the parent pious serves to calibrate the atmospheric 
v# beam [16]. Because muons typically lose almost two GeV in passing 
through the atmosphere,  the comparison near the production alti tude 
is important  for the sub-GeV range of v ~ ( ~ )  energies. 

The flux of cosmic rays through the atmosphere is described by 
a set of coupled cascade equations with boundary conditions at the 
top of the atmosphere to match the primary spectrum. Numerical or 
Monte Carlo calculations are needed to account accurately for decay 
and energy-loss processes, and for the energy-dependences of the cross 
sections and of the primary spectral index % Approximate analytic 
solutions are, however, useful in limited regions of energy [17]. For 

example, the vertical intensity of nucleons at depth X (g cm -2)  in the 
atmosphere is given by 

I N ( E , X  ) ~ IN(E,O ) e -X /A  , (20.3) 

where A is the at tenuat ion length of nucleons in air. 

The corresponding expression for the vertical intensity of charged 
pions with energy E~r << eTr = 115 GeV is 

I~r(ETr,X) ~ Z,N--~ IN(E~r,O) e -X /A  XE~r . (20.4) 
s 

This expression has a max imum at t = A ~ 120 g cm -2,  which 
corresponds to an altitude of 15 kilometers. The quant i ty  ZNn is the 
spectrum-weighted moment  of the inclusive distribution of charged 
pious in interactions of nucleons with nuclei of the atmosphere.  The 
intensity of low-energy pions is much less than  that  of nucleons 
because ZN~r ~ 0.079 is small and because most  pions with energy 
much less than  the critical energy eTr decay rather than  interact. 

2 0 . 3 .  C o s m i c  r a y s  a t  t h e  s u r f a c e  

20.3.1.  Muons:  Muons are the most  numerous  charged particles 
at sea level (see Fig. 20.3). Most muons  are produced high in the 
atmosphere (typically 15 km) and lose about 2 GeV to ionization 
before reaching the ground. Their  energy and angular  distr ibution 
reflect a convolution of production spectrum, energy loss in the 
atmosphere,  and decay. For example, 2.4 GeV muons have a decay 
length of 15 km, which is reduced to 8.7 km by energy toss. The mean  
energy of muons at the ground is ~ 4 GeV. The energy spec t rum is 
almost flat below 1 GeV, steepens gradually to reflect the pr imary 
spect rum in the 10-100 GeV range, and steepens further at higher 
energies because pions with E~r > e~r ~ 115 GeV tend to interact in 
the atmosphere before they decay. Asymptotical ly (E~ >> 1 TeV), 
the energy spectrum of atmospheric muons is one power steeper than  
the primary spectrum. The integral intensity of vertical muons  above 
1 GeV/c at sea level is ~ 70 m - 2 s - l s r  -1  [18,19]. Experimental is ts  
are familiar with this number  in the form I ~ 1 cm -2  min -1  for 
horizontal detectors. 

The overall angular distribution of muons at the ground is c< cos 2 0, 
which is characteristic of muons with E~ ~ 3 GeV. At lower energy 
the angular distribution becomes increasingly steeper, while at higher 
energy it flattens and approaches a sec 0 distribution for E~ >> e~ and 
0 < 70 ~ 
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F i g u r e  20.4: Spectrum of muons at 0 = O ~ iS [18], �9 [20], 
�9 [21], �9 [22], X,+ [23]), and 0 = 75 ~ 0 [24]). 

Figure 20.4 shows the muon energy spectrum at sea level for 
two angles. At large angles low energy muons decay before reaching 
the surface and high energy pions decay before they interact, thus  
the average muon energy increases. An approximate extrapolat ion 
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formula valid when muon decay is negligible (E ,  > 100/cos0 GeV) 
and the curvature of the Earth can be neglected (8 < 70 ~ is 

aN. O.14E;~.~ 
dE. cm ~ s sr GeV 

x 1.1E. cos 0 -t 1.1E. cos0 ' 
1-~ 115GeV 1 +  850GeV 

where the two terms give the contribution of pions and charged kaons. 
Eq, (20,5) neglects a small contribution from charm and heavier flavors 
which is negligible except at very high energy [27], 

The muon charge ratio reflects the excess of 7r + over ~ -  in the 
forward fragmentation region of proton initiated interactions together 
with the fact that there are more protons than neutrons in the primary 
spectrum. The charge ratio is between 1.1 and 1.4 from 1 GeV to 
100 GeV [18,23]. Below 1 GeV there is a systematic dependence on 
location due to geomagnetic effects. [23] 

20,3.2 .  Electromagnefic component: At the ground, this com- 
ponent consists of electrons, positrons, and photons primarily from 
electromagnetic cascades initiated by decay of neutral and charged 
mesons. Muon decay is the dominant source of low-energy electrons 
at sea level. Decay of neutral pions is more important at high 
altitude or when the energy threshold is high. Knock-on electrons also 
make a small contribution at low energy [25]. The integral vertical 
intensity of electrons plus positrons is very approximately 30, 6, and 
0.2 m - 2 s - l s r  -1 above 10, 100, and 1000 MeV respectively [19,26], 
but the exact numbers depend sensitively on altitude, and the angular 
dependence is complex because of the different altitude dependence 
of the different sources of electrons [25,26,28]. The ratio of photons 
to electrons plus positrons is approximately 1.3 above a GeV and 1.7 
below the critical energy [28]. 

20,3.3 .  Pro tons :  Nucleons above 1 GeV/c at ground level are 
degraded remnants of the primary cosmic radiation. The intensity 
is approximately represented by Eq. (20.3) with the replacement 
t -~ t / co s~  for 6 < 700 and an attenuation length A = 123 g cm -2. 
At sea level, about 1/3 of the nucleons in the vertical direction 
are neutrons (up from ~ 10% at the top of the atmosphere as the 
n/p ratio approaches equilibrium). The integral intensity of vertical 
protons above 1 GeV/c at sea level is ~ 0.9 m - 2 s - l s r  -1 [19,29]. 

2 0 . 4 .  C o s m i c  r a y s  u n d e r g r o u n d  

Only muons and neutrinos penetrate to significant depths 
underground. The muons produce tertiary fluxes of photons, electrons, 
and hadrons. 

20.4.1. Muons: As discussed in Section 23.6 of this Review, muons 
lose energy by ionization and by radiative processes: bremsstrahlung, 
direct production of e+e - pairs, and photonuclear interactions. The 
total muon energy loss may be expressed as a function of the amount 
of matter  traversed as 

dE, 
dX = a+ bE,  , (20.6) 

where a is the ionization loss and b is the fractional energy loss by the 
three radiation processes. Both are slowly varying functions of energy. 
The quantity e _= a/b (~. 500 GeV in standard rock) defines a critical 
energy below which continuous ionization loss is more important than 
radiative losses. Table 20.2 shows a and b values for standard rock as 
a function of muon energy. The second column of Table 20.2 shows 
the muon range in standard rock (A = 22, Z = 11, p = 2.65 g cm-3).  
These parameters are quite sensitive to the chemical composition of 
the rock, which must be evaluated for each experimental location. 

The intensity of muons underground can be estimated from the 
muon intensity in the atmosphere and their rate of energy loss. To the 
extent that  the mild energy dependence of a and b can be neglected, 
Eq. (20.6) can be integrated to provide the following relation between 

Table  20.2: Average muon range R and energy loss parameters 
calculated for standard rock[30]. Range is given in km-water- 
equivalent, or 105 g c m  -2. 

E ,  R a bbrems bpair baucl ~ bi 
GeV km.w.e. M e V g - t  cm 2 10-6 g-1 cm 2 _ _  

10 0.05 2.17 0.70 0.70 0.50 1.90 

100 0.41 2.44 1.10 1.53 0.41 3.04 

1000 2.45 2.68 1.44 2.07 0.41 3.92 

10000 6.09 2.93 1.62 2.27 0.46 4.35 

the energy E.,0 of a muon at production in the atmosphere and its 
average energy E .  after traversing a thickness X of rock (or ice or 
water): 

E ,  = (E,,o + ~) e -bx - e. (20.7) 

Especially at high energy, however, fluctuations are important and an 
accurate calculation requires a simulation that accounts for stochastic 
energy-loss processes [31]. 

There are two depth regimes for Eq. (20.7). For X << b -1 ~. 
2.5 km water equivalent, E,,o ~ E , ( X )  + aX, while for X >> b -1 
E,,o ~. (e + E,(X))exp(bX).  Thus at shallow depths the differential 
muon energy spectrum is approximately constant for E ,  < aX and 
steepens to reflect the surface muon spectrum for E ,  > aX, whereas 
for X > 2.5 km.w.e, the differential spectrum underground is again 
constant for small muon energies but steepens to reflect the surface 
muon spectrum for E ,  > e ~ 0.5 TeV. In the deep regime the shape 
is independent of depth although the intensity decreases exponentially 
with depth. In general the muon spectrum at slant depth X is 

d N , ( X ) _  dN, d E , , o _  dN, eb X (20.8) 
dE, dE#,o dE,  dE,,o ' 

where E,.0 is the solution of Eq. (20.7) in the approximation neglecting 
fluctuations. 

Fig. 20.5 shows the vertical muon intensity versus depth. In 
constructing this "depth-intensity curve," each group has taken 
account of the angular distribution of the muons in the atmosphere, 
the map of the overburden at each detector, and the properties of 
the local medium in connecting measurements at various slant depths 
and zenith angles to the vertical intensity. Use of data  from a range 
of angles allows a fixed detector to cover a wide range of depths. 
The flat portion of the curve is due to muons produced locally by 
charged-current interactions of v, .  

20.4.2. Neutrinos: Because neutrinos have small interaction cross 
sections, measurements of atmospheric neutrinos require a deep 
detector to avoid backgrounds. There are two types of measurements: 
contained (or semi-contained) events, in which the vertex is determined 
to originate inside the detector, and neutrino-induced muons. The 
latter are muons that enter the detector from zenith angles so large 
(e.g., nearly horizontal or upward) that they cannot be muons 
produced in the atmosphere. In neither case is the neutrino flux 
measured directly. What is measured is a convolution of the neutrino 
flux and cross section with the properties of the detector (which 
includes the surrounding medium in the case of entering muons). 

Contained and semi-contained events reflect neutrinos in the 
sub-GeV to multi-GeV region where the product of increasing cross 
section and decreasing flux is maximum. In the GeV region the 
neutrino flux and its angular distribution depend on the geomagnetic 
location of the detector and, to a lesser extent, on the phase of the 
solar cycle. Naively, we expect v , /ve  = 2 from counting neutrinos of 
the two flavors coming from the chain of pion and muon decay. This 
ratio is only slightly modified by the details of the decay kinematics, 
but the fraction of electron neutrinos gradually decreases above a 
GeV as parent muons begin to reach the ground before decaying. 
Experimental measurements have to account for the ratio of P/v,  
which have cross sections different by a factor of 3 in this energy 
range. In addition, detectors generally have different efficiencies for 
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F igure  20.5: Vertical muon intensity vs depth (1 km.w.e . -  
105 g cm -2 of standard rock). The experimental data are 
from: 0: the compilations of Crouch [32], [:]: Baksan [33], C) : 
LVD [34], O :  MACRO [35], m: Frejus [36]. The shaded area at 
large depths represents neutrino induced muons of energy above 
2 GeV. The upper line is for horizontal neutrino-induced muons, 
the lower one for vertically upward muons. 

detecting muon neutrinos and electron neutrinos which need to be 
accounted for in comparing measurements with expectation. Fig. 20.6 
shows the distributions of the visible energy in the Super-Kamiokande 
detector [39] for electron-like and muon-like charged current neutrino 
interactions. Contrary to expectation, the numbers of the two classes 
of events are similar rather than different by a factor of two. The 
exposure for the data sample shown here is 50 kiloton-years. The 
falloff of the muon-like events at high energy is a consequence of the 
poor contaimnent for high energy muons. Corrections for detection 
efficiencies and backgrounds are, however, insufficient to account for 
the large difference from the expectation. 
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Figure 20.6: Sub-GeV and multi-GeV neutrino interactions 
from SuperKamiokande [39]. The plot shows the spectra of 
visible energy in the detector. 

Two well-understood properties of atmospheric cosmic rays provide 
a standard for comparison of the measurements of atmospheric 

neutrinos. These are the "sec0 effect" and the "east-west effect". The 
former refers originally to the enhancement of the flux of > 10 GeV 
muons (and neutrinos) at large zenith angles because the parent 
pions propagate more in the low density upper atmosphere where 
decay is enhanced relative to interaction. For neutrinos from muon 
decay, the enhancement near the horizontal becomes important for 
Ev > 1 GeV and arises mainly from the increased pathlength through 
the atmosphere for muon decay in flight. Fig. 20.7 from Ref. 40 shows 
a comparison between measurement and expectation for the zenith 
angle dependence of multi-GeV electron-like (mostly re) and muon-like 
(mostly vt~ ) events separately. The Ye show an enhancement near the 
horizontal and approximate equality for nearly upward (cos 0 ~ - 1 )  
and nearly downward (cos0 ~ 1) events. There is, however, a very 
significant deficit of upward (cosO < 0) v~ events, which have long 
pathlengths comparable to the radius of the Earth. This pattern 
has been interpreted as evidence for oscillations involving muon 
neutrinos [39]. (See the article on neutrino properties in this Review.) 
Including three dimensional effects in the calculation of atmospheric 
neutrinos may change somewhat the expected angular distributions of 
neutrinos at low energy [41], but it does not change the fundamental 
expectation of up-down symmetry, which is the basis of the evidence 
for oscillations. 
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F igure  20.7: Zenith-angle dependence of multi-GeV neutrino 
interactions from SuperKamiokande I40]. The shaded boxes 
show the expectation in the absence of any oscillations. The lines 
show fits with some assumed oscillation parameters, as described 
in Ref. 40. 
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The east-west effect [42,43] is the enhancement, especially at low 
geomagnetic latitudes, of cosmic rays incident on the atmosphere from 
the west as compared to those from the east. This is a consequence 
of the fact that the cosmic rays are postively charged nuclei which 
are bent systematically in one sense in the geomagnetic field. Not all 
trajectories can reach the atmosphere from outside the geomagnetic 
field. The standard procedure to see which trajectories are allowed is 
to inject antiprotons outward from near the top of the atmosphere in 
various directions and see if they escape from the geomagnetic field 
without becoming trapped indefinitely or intersecting the surface of 
the Earth. Any direction in which an antiproton of a given momentum 
can escape is an allowed direction from which a proton of the opposite 
momentum can arrive. Since the geomagnetic field is oriented from 
south to north in the equatorial region, antiprotons injected toward 
the east are bent back towards the Earth. Thus there is a range 
of momenta and zenith angles for which positive particles cannot 
arrive from the east but can arrive from the west. This east-west 
asymmetry of the incident cosmic rays induces a similar asymmetry on 
the secondaries, including neutrinos. Since this is an azimuthal effect, 
the resulting asynnnetry is independent of possible oscillations, which 
depend on pathlength (equivalently zenith angle), but not on azimuth. 
Fig. 20.8 (from Ref. 44) is a comparison of data and expectation for 
this effect, which serves as a consistency check of the measurement 
and analysis. 

Muons that enter the detector from outside after production in 
charged-current interactions of neutrinos naturally reflect a higher 
energy portion of the neutrino spectrum than contained events because 
the muon range increases with energy as well as the cross section. The 
relevant energy range is ~ 10 < Eu < 1000 GeV, depending somewhat 
on angle. Neutrinos in this energy range show a sec0 effect similar 
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T ab l e  20.3:  Measured fluxes (10 -13 cm -2  s -1  sr -1)  of neutrino- 
induced muons as a function of the effective min imum muon energy E~. 

E~ > 1 GeV 1 GeV 1 GeV 2 GeV 3 GeV 3 GeV 

Ref. CWI [45] Baksan [46] MACRO [47] IMB [48] Kam [49] SuperK [50] 

V .  2.17• 2.77• 2.29• 2.26• 1.94• 1.74• 

to muons (see Eq. (20.5)). This  causes the flux of horizontal neutrino 
induced muons to be approximately a factor two higher than the 
vertically upward flux. The upper and lower edges of the horizontal 
shaded region in Fig. 20.5 correspond to horizontal and vertical 
intensities of neutrino-induced muons. Table 20.3 gives the measured 
fluxes of upward-moving neutrino-induced muons averaged over the 
lower hemisphere. Generally the definition of min imum muon energy 
depends on where it passes through the detector. The tabulated 
effective min imum energy est imates the average over various accepted 
trajectories. 
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F i g u r e  20.8: Azimuthal  dependence of ~GeV neutrino inter- 
actions from SuperKamiokande [44]. The cardinal points of the 
compass are S, E, N, W star t ing at 0. These are the direction 
from which the particles arrive. The lines show the expectation 
based on two different calculations, as described in Ref. 44. 

2 0 . 5 .  A i r  s h o w e r s  

So far we have discussed inclusive or uncorrelated fluxes of various 
components of the cosmic radiation. An air shower is caused by a 
single cosmic ray with energy high enough for its cascade to be 
detectable at the ground. The shower has a hadronic core, which 
acts as a collimated source of electromagnetic subshowers, generated 
most ly from 7r 0 --o 77 .  The resulting electrons and positrons are 
the most  numerous  particles in the shower. The number  of muons,  
produced by decays of charged mesons, is an order of magni tude lower. 

Air showers spread over a large area on the ground, and arrays 
of detectors operated for long times are useful for s tudying cosmic 
rays with primary energy E0 > 100 TeV, where the low flux makes 
measurements  with small  detectors in balloons and satellites difficult. 

Greisen [51] gives the following approximate expressions for the 
numbers  and lateral distributions of particles in showers at ground 
level. The total number  of muons Ng with energies above 1 GeV is 

N~(> 1 CeV) ~ 0.95 • 102 (No1106) 3/' , <20.9) 

where Ne is the total number  of charged particles in the shower (not 
just  e• The  number  of muons per square meter,  p#, as a function of 
the lateral distance r (in meters) from the center of the shower is 

1.25Nu ( 1 ~1.25 r 
P" -- 2~r F(1.25) \ 3 - ~ ]  r -0"75 (1 + 3 - ~ ) - 2 ' 5  , (20.10) 

where F is the gamma  function. The number  density of charged 
particles is 

pe = Cl(s,d, C2)x(S-2)(l + x)(S-4"5)(l + C2xd) . (20.11) 

Here s, d, and C2 are parameters  in terms of which the overall 
normalization constant  C1 (s, d, C2) is given by 

Cl(S, d, C2) = 2~rN;~-~ IS(s, 4.5 - 2s) 

+ c2 B(s + d, 4 .5  - d - 2 s ) ]  - 1  , (20.12) 

where B(m,n) is the beta  function. The values of the parameters  
depend on shower size (Ne), depth in the atmosphere,  identity of the 
primary nucleus, etc. For showers with Ne ~ 108 at sea level, Greisen 
uses s = 1.25, d = 1, and C2 = 0.088. Finally, x is r / r l ,  where r l  is 
the Moli~re radius, which depends on the density of the atmosphere 
and hence on the alti tude at which showers are detected. At sea level 
r 1 ~ 78 m. It increases with altitude. 

The lateral spread of a shower is determined largely by Coulomb 
scattering of the many low-energy electrons and is characterized by 
the Mol~ere radius. The lateral spread of the muons  (p~) is larger and 
depends on the transverse momenta  of the muons at production as 
well as multiple scattering. 

There are large fluctuations in development from shower to shower, 
even for showers of the same energy and primary mass--especia l ly  
for small  showers, which are usually well past max imum development 
when observed at the ground. Thus  the shower size Ne and pr imary 
energy E0 are only related in an average sense, and even this relation 
depends on depth in the atmosphere.  One est imate  of the relation 
is [52] 

E0 ~ 3.9 • 106 GeV (Nell06) ~ (20.13) 

for vertical showers with 1014 < E < 1017 eV at 920 g cm -2  (965 m 
above sea level). Because of fluctuations, Ne as a function of E 0 is not 
the inverse of Eq. (20.13). As E0 increases the shower m a x i m u m  (on 
average) moves down into the atmosphere and the relation between 
Ne and E0 changes. At the m a x i m u m  of shower development, there 
are approximately 2/3 particles per GeV of pr imary energy. 

Detailed simulations and cross-calibrations between different types 
of detectors are necessary to establish the primary energy spec t rum 
from air-shower experiments [52,53]. Figure 20.9 shows the "all- 
particle" spectrum. In establishing this spectrum, efforts have been 
made to minimize the dependence of the analysis on the pr imary 
composition. In the energy range above 1017 eV, the Fly 's  Eye 
technique [71] is particularly useful because it can establish the 
~rimary energy in a model-independent way by observing most  of the 

mgitudinal development of each shower, from which E0 is obtained 
by integrating the energy deposition in the atmosphere.  

In Fig. 20.9 the differential energy spec t rum has been multiplied 
by E 2'7 in order to display the features of the steep spec t rum that  
are otherwise difficult to discern. The steepening that  occurs between 
1015 and 1016 eV is known as the knee of the spectrum. The  feature 
between 1018 and 1019 eV is called the ankle of the spectrum. 

If the cosmic ray spectrum below 1018 eV is of galactic origin, the 
knee could reflect the fact tha t  some (but not all) cosmic accelerators 
have reached their max imum energy. Some types of expanding 
supernova remnants ,  for example, are est imated not to be able to 
accelerate particles above energies in the range of 1015 eV total  energy 
per particle. Effects of propagation and confinement in the galaxy [61] 
also need to be considered. 
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Figure 20.10: Expanded view of the highest energy portion of 
the cosmic-ray spectrum: o [71] (stereo), 0 [71] (monocular) 
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The ankle has the classical characteristic shape [62] of a higher 
energy population of particles overtaking a lower energy population. A 
possible interpretation is that the higher energy population represents 
cosmic rays of extragalactic origin. If this is the case and if the 
cosmic rays are cosmological in origin, then there should be a cutoff 
around 5 x 1019 eV, resulting from interactions with the microwave 
background [63,64]. It is therefore of special interest that several 
events have been assigned energies above 102o eV [65,66,67,68]. 

Figure 20.10 gives an expanded view of the high energy end of the 
spectrum. Not included in the figure are the preliminary results of 
the Hi-Res Fly's Eye group [69]. Their spectrum is consistent with 
the others and includes several events above 1020 eV. To expand the 
scale in Fig. 20.10, the differential flux is multiplied by E 3, a process 
which amplifies small systematic differences in energy assignments 
into sizeable differences in rate. The different measurements agree 
with each other within 20% systematic shifts in energy scale and 
consistently show that the spectrum continues well past the expected 
cutoff for a cosmological distribution of sources. The implication is 
that some sources of the highest energy particles must be relatively 
nearby. For example, the attenuation length for protons at 2 • 102~ eV 
is 30 Mpc [70]. 
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Revised October 1999 by K. Desler and D.A. Edwaxds (DESY). 

2 1 . 1 .  I n t r o d u c t i o n  

This article is intended to be a mini-introduction to accelerator 
physics, with emphasis  on colliders. Essential data  are summarized 
in the "Tables of Collider Parameters"  (See. 22). Luminosity is the 
quantity of most  immediate interest for HEP, and so we begin with 
its definition and a discussion of the various factors involved. Then 
we talk about some of the underlying beam dynamics. Finally, we 
comment on present l imitations and possible future directions. 

The focus is on colliders because they provide the highest c.m. 
energy, and so the longest potential discovery reach. All present- 
day colliders are synchrotrons with the exception of the SLAC 
Linear Collider. In the pursuit  of higher c.m. energy with electrons, 
synchrotron radiation presents a formidable barrier to energy beyond 
LEP. The LHC will be the first proton collider in which synchrotron 
radiation has significant design impact.  

2 1 . 2 .  L u m i n o s i t y  

The event rate R in a collider is proportional to the interaction cross 
section flint and the factor of proportionality is called the luminosity: 

R : -~flint ' (21.1) 

If two bunches containing nl  and n2 particles collide with frequency 
f ,  then the luminosity is 

nln2 (21.2) 
"~ = f 4rrflaafly 

where fix and fly characterize the Gaussian transverse beam profiles 
in the horizontal (bend) and vertical directions. Though the initial 
distribution at the source may  be far from Gaussian, by the time 
the beam reaches high energy the normal form is a very good 
approximation thanks to the central limit theorem of probability and 
diminished importance of space charge effects. 

Luminosity is normally expressed in units of c m - a s  -1,  and tends to 
be a large number.  For example, as we write this update in late 1999, 
PEP II has just  reached 1.3 x 1033 cm-2s  - l .  The highest luminosity 
for protons so far is 2.3 x 1032 cm-2s  -1 at the now decommissioned 
ISR. The critical quanti ty for HEP is the integrated luminosity, often 
stated in pb-1 ;  the two-year Tevatron run that  concluded in February 
1996 yielded 148 pb - t ,  for instance. 

The beam size can be expressed in terms of two quantities, one 
termed the transverse emittance, e and the other, the amplitude 
function, ~3. The transverse emittance is a beam quality concept 
reflecting the process of bunch preparation, extending all the way 
back to the source for hadrons and, in the case of electrons, mostly 
dependent on synchrotron radiation. The amplitude function is a 
beam optics quanti ty and is determined by the accelerator magnet  
configuration. 

The transverse emit tance is a measure of the phase space area 
associated with either of the two transverse degrees of freedom, x and 
y. These coordinates represent the position of a particle with reference 
to some ideal design trajectory. Think of x as the "horizontal" 
displacement (in the bend plane for the case of a synchrotron), and 
y as the "vertical" displacement. The conjugate coordinates are the 
transverse momenta,  which at constant  energy are proportional to the 
angles of particle motion with respect to the design trajectory, x ~ and 
yr. Various conventions are in use to characterize the boundary of 
phase space. Beam sizes are usually given as the s tandard deviations 
characterizing Gaussian beam profiles in the two transverse degrees of 
freedom. In each degree of freedom, the one-fl contour in displacement 
and angle is frequently used and we will follow this choice. 

Suppose that  at some location in the collider, the phase space 
boundary appears as an upright ellipse where the coordinates are 
the displacement x (using the horizontal plane for instance) and the 
angle x'  with respect to the beam axis. The choice of an elliptical 

contour will be justified under Beam Dynamics below. If fl and fl~ are 
the ellipse semi-axes in the x and x'  directions respectively, then the 
emittance may be defined by e - racd.  Transverse emittance is often 
stated in units of mm-mrad .  

The aspect ratio, fl/fl ', is the so-called amplitude ]unction, ~, and 
its value depends on position within the focussing structure.  When 
expressed in terms of fl and ~ the transverse emittance becomes 

e = ~fl2/Z . (21.3) 

Of particular significance is the value of the ampli tude function at the 
interaction point, ~*. To achieve high luminosity, one wants ~* to 
be as small as possible; how small depends on the capability of the 
hardware to make a near-focus at the interaction point. For example, 
in the HERA proton ring, fl* at one of the major  detectors is 1 m 
while elsewhere in the synchrotron typical values of the ampli tude 
function lie in the range 30-100 m. 

Eq. (21.2) can now be recast in terms of emit tances and ampli tude 
functions as 

nln2 . (21.4) 

Thus,  to achieve high luminosity, all one has to do is make high 
population bunches of low emittance to collide at high frequency 
at locations where the beam optics provides as low values of the 
amplitude functions as possible. 

Depending on the particular facility, there are other ways of s tat ing 
the expression for the luminosity. In a mult ibunch collider, the various 
bunch populations will differ, in a facility such as HERA, the electron 
and proton bunches may differ in emittance, the variation of the beam 
size in the neighborhood of the interaction point may be significant, 
and so on. 

2 1 . 3 .  B e a m  d y n a m i c s  

A major concern of beam dynamics is stability: conservation of 
adequate beam properties over a sufficiently long t ime scale. Several 
t ime scales are involved, and the approximations used in writing 
the equations of motion reflect the t ime scale under consideration. 
For example, when, in Sec. 21.3.1 below, we write the equations 
for transverse stability no terms associated with phase stability or 
synchrotron radiation appear; the t ime scMe associated with the last 
two processes is much longer than  that  demanded by the need for 
transverse stability. 

21.3.1.  B e t a t r o n  osci l la t ions:  

Present-day high-energy accelerators employ al ternating gradient 
focussing provided by quadrupole magnetic  fields [1]. The equations 
of motion of a particle undergoing oscillations with respect to the 
design trajectory are 

x " + K ~ ( s ) x  0 ,  y " + g y ( s ) y = O  , (21.5) 

with 
x' - dx /ds  , y' - dy /ds  (21.6) 

g x  = B ' / ( B p )  + p-2 , Ky  =- - S ' / ( B p )  (21.7) 

B'  - OBy/Ox . (21.8) 

The independent variable s is pa th  length along the design trajectory. 
This motion is called a betatron oscillation because it was initially 
studied in the context of that  type of accelerator. The functions 
K~ and Ky reflect the transverse focussing--pr imari ly  due to 
quadrupole fields except for the radius of curvature, p, term in Kx 
for a synchrot ron--so  each equation of motion resembles that  for a 
harmonic oscillator but  with spring constants that  are a function of 
position. No terms relating to synchrotron oscillations appear, because 
their t ime scale is much longer and in this approximation play no role. 

These equations have the form of Hill's equation and so the solution 
in one plane may be writ ten as 

x(s) = A v/-ZT~ eos(r + ~), (21.9) 
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where A and ~ are constants  of integration and the phase advances 
according to dr = 1/~. The dimension of A is the square 
root of length, reflecting the fact tha t  the oscillation ampli tude is 
modulated by the square root of the amplitude function. In addition 
to describing the envelope of the oscillation, ~ also plays the role of 
an ' ins tantaneous '  ~r The wavelength of a betatron oscillation may be 
some tens of meters,  and so typically values of the amplitude function 
are of the order of meters  rather than  on the order of the beam size. 
The beam optics arrangement  generally has some periodicity and 
the ampli tude function is chosen to reflect that  periodicity. As noted 
above, at the interaction point a small value of the ampli tude function 
is desired, and so the focussing optics is tailored in the neighborhood 
to provide a suitable ~*. 

The number  of betatron oscillations per turn  in a synchrotron is 
called the tune and is given by 

1_ ~ ds (21.10) 
v =  27r j 1 3  ' 

Expressing the integration constant  A in the solution above in 
terms of x, x I yields the Courant-Snyder invariant 

A S =7(s)  x(s) 2 + 2a(s)  x(s) xl(s) + Z(s) x'(s)  ~ 

where 
l + a  2 

a - - = - Z ' / 2 ,  7--= Z (21.11) 

(The Courant-Snyder parameters  a,  fl and 7 employ three Greek 
letters which have other meanings and the significance at hand mus t  
often be recognized from context.) Because fl is a function of position 
in the focussing structure,  this ellipse changes orientation and aspect 
ratio from location to location but  the area 7rA 2 remains the same. 

As noted above the transverse emittance is a measure  of the area 
in x, x I (or y, y~) phase space occupied by an ensemble of particles. 
The definition used in Eq. (21.3) is the area tha t  encloses 39% of a 
Gaussian beam. 

For electron synchrotrons the equilibrium emittance results from 
the balance between synchrotron radiation damping and excitation 
from quan tum fluctuations in the radiation rate. The equilibrium is 
reached in a t ime small  compared with the storage time. 

For present-day hadron synchrotrons, synchrotron radiation does 
not play a similar role in determining the transverse emittance. 
Rather  the emittance during storage reflects the source properties 
and the abuse suffered by the particles throughout  acceleration and 
storage. Nevertheless it is useful to argue as follows: Though x t and 
x can serve as canonically conjugate variables at constant  energy this 
definition of the emit tance would not be an adiabatic invariant when 
the energy changes during the acceleration cycle. However, 7(v/c)x ~, 
where here "~ is the Lorentz factor, is proportional to the transverse 
m o m e n t u m  and so qualifies as a variable conjugate to x. So often one 
sees a normalized emit tance defined according to 

y 
e g  = 7 --  e .  ( 2 1 . 1 2 )  

c 

21.3.2.  Phase stability: The particles in a circular collider also 
undergo synchrotron oscillations. This is usually referred to as motion 
in the  longitudinal degree-of-freedom because particles arrive at a 
particular position along the accelerator earlier or later than  an ideal 
reference particle. This circumstance results in a finite bunch length, 
which is related to an energy spread. 

For dynamical  variables in longitudinal phase space, let us take AE  
and At, where these are the energy and time differences from that  of 
the ideal particle. A positive At means  a particle is behind the ideal 
particle. The equation of motion is the same as tha t  for a physical 
pendulum and therefore is nonlinear. But  for small  oscillations, it 
reduces to a simple harmonic oscillator: 

d2At = -(2~rus)2At (21.13) 
dn 2 

where the independent variable n is the turn  number  and vs is the 
number  of synchrotron oscillations per turn,  analogous to the beta t ron 
oscillation tune defined earlier. 

In the high-energy limit, where v/c ~ 1, 

= [h~leV cosCs] 1/2 
v~ [ 27rE (21.14) 

There are four as yet undefined quantit ies in this  expression: the 
harmonic number  h, the slip factor T/, the  m a x i m u m  energy eV gain 
per turn from the acceleration system, and the synchronous phase Cs. 
The frequency of the RF sys tem is normally a relatively high multiple, 
h, of the orbit frequency. The slip factor relates the fractional change 
in the orbit period T to changes in energy according to 

A7 A E  
- ~/ (21.15) 

T E 

At sufficiently high energy, the slip factor jus t  reflects the relationship 
between path  length and energy, since the speed is a constant; ~7 is 
positive for all the synchrotrons in the tables. 

The synchronous phase is a measure  of how far up on the RF wave 
the average particle must  ride in order to mainta in  constant  energy 
in the face of synchrotron radiation. Tha t  is, sinCa is the ratio of 
the energy loss per turn to the m a x i m u m  energy per turn  that  can 
be provided by the acceleration system. For hadron colliders built to 
date, sin Cs is effectively zero. This is not the case for electron storage 
rings; for example, the electron ring of HERA runs at a synchronous 
phase of 450 . 

Now if one has a synchrotron oscillation with ampli tudes At  and 
AE,  

At  = At  sin(2~rusn) , A E  = A E  cos(2rusn)  (21.16) 

then the ampli tudes are related according to 

A--E = 2 ~ u s E h 5  . (21.17) 
77- 

The longitudinal emit tance et may be defined as the phase space 
area bounded by particles with ampli tudes At  and AE. In general, 
the longitudinal emittance for a given ampli tude is found by numerical  
integrations. For s ines  = 0, an analytical expression is as follows: 

[2~aEeVh] 1/2 (2)  2 (21.18) 

Again, a Gaussian is a reasonable representation of the longitudinal 
profile of a well-behaved beam bunch; if a~, t is the s tandard  deviation 
of the t ime distribution, then the bunch length can be characterized 
by 

t = C~At . (21.19) 

In the electron case the longitudinal emittance is determined by 
the synchrotron radiation process jus t  as in the transverse degrees 
of freedom. For the hadron case the history of acceleration plays 
a role and because energy and time are conjugate coordinates, the 
longitudinal emittance is a quasi-invariant. 

For HEP bunch length is a significant quanti ty because if the bunch 
length becomes larger than  fl* the luminosity is adversely affected. 
This is because fl grows paxabolically as one proceeds from the IP 
and so the beam size increases thus lowering the contribution to the 
luminosity from such locations. 

21.3.3.  Synchrotron radiat ion [2]: A relativistic particle under- 
going centripetal acceleration radiates at a rate given by the Larmor  
formula multiplied by the 4th power of the Lorentz factor: 

P _  1 e2a274 ' (21.20) 
6~re0 c s 

Here, a = v2/p is the centripetal acceleration of a particle with speed 
v undergoing deflection with radius of curvature p. In a synchrotron 
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that  has a constant  radius of curvature within bending magnets,  
the energy lost due to synchrotron radiation per turn is the above 
multiplied by the time spent in bending magnets ,  27rp/v. Expressed 
in familiar units, this result may be written 

W = 8.85 x lO-SE4/p MeV per turn (21.21) 

for electrons at sufficiently high energy that  v ~ c. The energy 
E is in GeV and p is in kilometers. The radiation has a broad 
energy spect rum which falls off rapidly above the critical energy, 
Ec = (3c/2p)h73. Typically, Ec is in the hard x-ray region. 

The characteristic t ime for synchrotron radiation processes is the 
time during which the energy must  be replenished by the acceleration 
system. If .f0 is the orbit frequency, then the characteristic t ime is 
given by 

E 
7"0 = loW " (21.22) 

Oscillations in each of the three degrees of freedom either damp 
or ant idamp depending on the design of the accelerator. For a 
simple separated function al ternating gradient synchrotron, all three 
modes damp. The damping time constants are related by Robinson's  
Theorem [3], which, expressed in terms of TO, is 

1 1 1 1 
- -  § - -  -}- - -  = 2 - -  . (21.23) 
Tx Ty Ts TO 

Even though all three modes may damp, the emittances do not 
tend toward zero. Statistical fluctuations in the radiation rate excite 
synchrotron oscillations and radial betatron oscillations. Thus there is 
an equilibrium emit tance at which the damping and excitation are in 
balance. The vertical emit tance is non-zero due to horizontal-vertical 
coupling. 

Polarization can develop from an initially unpolarized beam as 
a result of synchrotron radiation. A small  fraction ~ Ec/E of the 
radiated power flips the electron spin. Because the lower energy state 
is that in which the particle magnetic  moment  points in the same 
direction as the magnetic  bend field, the transit ion rate toward this 
alignment is larger than  the rate toward the reverse orientation. An 
equilibrium polarization of 92% is predicted, and despite a variety of 
depolarizing processes, polarization above 80% has been observed at a 
number of facilities. 

The radiation rate for protons is of course down by a factor of the 
fourth power of the mass  ratio, and is given by 

W = 7.8 • 10-3E4/p keV per turn (21.24) 

where E is now in TeV and p in kin. For the LHC, synchrotron 
radiation presents a significant load to the cryogenic system, and 
impacts magnet  design due to gas desorption and secondary electron 
emission from the wall of the cold beam tube. 

21.3.4. Beam-beam tune shill: In a bunch-bunch collision the 
particles of one bunch see the other bunch as a nonlinear lens. 
Therefore the focussing properties of the ring are changed in a way 
that depends on the transverse oscillation amplitude. And so there is 
a spread in the frequency of betatron oscillations. 

T h e r e  is an extensive literature on the subject of how large this 
tune spread can be. In practice, the limiting value is hard to predict. 
It is consistently larger for electrons because of the beneficial effects of 
damping from synchrotron radiation. 

In order that  contributions to the total tune spread arise only at the 
detector locations, the beams in a mult ibunch collider are kept apart  
elsewhere by a variety of techniques. For equal energy particles of 
opposite charge circulating in the same vacuum chamber, electrostatic 
separators may be used assisted by a crossing angle if appropriate. 
For particles of equal energy and of the same charge, a crossing angle 
is needed not only for tune spread reasons but  to steer the particles 
into two separate beam pipes. In HERA, because of the large ratio 
of proton to electron energy, separation can be achieved by bending 
magnets. 

21.3.5.  s lifetime: In electron synchrotrons the  
luminosity degrades during the store primarily due to particles leaving 
the phase stable region in longitudinal phase space as a result of 
quan tum fluctuations in the radiation rate and bremsstrahlung.  
For hadron colliders the luminosity deteriorates due to emit tance 
dilution resulting from a variety of processes. In practice, stores are 
intentionally terminated when the luminosity drops to the point where 
a refill will improve the integrated luminosity. 

2 1 . 4 .  S t a t u s  a n d  p r o s p e c t s  

Present facilities represent a balance among current technology, the 
desires of High Energy Physics, and public support .  For forty-five 
years, beam optics has  exploited the invention of al ternating gradient 
focussing. This principle is employed in all colliders both linear 
and circular. Superconducting technology has grown dramatically in 
importance during the last two decades. Superconducting magne ts  are 
vital to the Tevatron, HERA, and to the future LHC. Superconducting 
accelerating structures are necessary to CESR, LEP, HERA, Jefferson 
Laboratory and other facilities requiring high-gradient long pulse 
length RF systems. Present  room temperature  accelerating s t ructures  
produce very short pulses, but  with gradients well in excess of the 
superconducting variety [7]. 

At present, the next potential facilities are perceived to include 
the LHC and an electron linear collider. The LHC is an approved 
project that  will represent a major  step forward in superconducting 
magnet  technology. No linear collider project has  been approved as 
yet, and the conventional and superconducting approaches compete 
for prominence. Of perhaps more immediate  impact  are the B and r 
"factories" that  are designed to go beyond the 1033 c m - 2 s  -1  level in 
luminosity. 

In addition to the possibilities of the preceding paragraph,  
there are other synchrotron-based collider studies underway. Despite 
formidable R&D challenges a muon-muon collider may become 
feasible. Proponents  of a very large hadron collider at higher energy 
than  the cancelled SSC project are exploring low-cost magne ts  and 
tunnels for a facility on the 100 TeV c.m. energy scale. 

Ideas abound in accelerator R&D for the long term. Approaches 
such as wakefield accelerators, plasma-laser combinations, and related 
investigations may if successful deliver gradients far higher than  
anything realized today. These studies could potentially lead to a new 
vision for HEP facilities. 
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H I G H - E N E R G Y  C O L L I D E R  P A R A M E T E R S :  e + e  - C o l l i d e r s  (I )  

The numbers  here were received from representatives of the colliders in late 1999 (contact C.G. Wohl, LBNL). Many of the numbers  of course 
change with time, and only the latest values (or estimates) are given here; those in brackets are for coming upgrades. Quanti t ies are, where 
appropriate, r.m.s. H and V indicate horizontal and vertical directions. Parameters  for the defunct SPEAR, DORIS, PETRA,  PEP,  and 
TRISTAN colliders may be found in our 1996 edition (Phys. Rev. D54,  1 July 1996, Par t  I). 

Physics start  date 

Maximum beam energy (GeV) 

Luminosity (1030 cm-2s  -1) 

VEPP-2M 
(Novosibirsk) 

1974 

0.7 

VEPP-2000* 
(Novosibirsk) 

2001 

1.0 

100 

VEPP-4M 
(Novosibirsk) 

1994 

50 

BEPC 
(China) 

1989 

2.2 

10 at 2 GeV 
5 at 1.55 GeV 

DA~)NE 
(Frascati) 

1999 

0.510 
(0.75 max.)  

5(~5o) 

l~ime between collisions (/zs) 0.03 0.04 0.6 0.8 0.0027-0.0108 

Crossing angle (# tad) 0 0 0 0 i (1 .0  to 1.5)x 104 

Energy spread (units 10 -3) 0.36 0.64 1 0.58 at 2.2 GeV 0.40 

Bunch length (cm) 3 4 5 ~ 5 2(-~3) 

Beam radius (10 6 m) H: 300 125 (round) H: 1000 H: 890 H: 2100 
V: 10 V: 30 V: 37 V: 21 

Free space at interaction 
point (m) 

•  

per crossing (units 10 -4  ) 

• 

V: 500 

• 

V: 750 

:k2.15 5=0.46 
(5=157 mrad cone) 

RF frequency (MHz) 200 172 180 199.53 368.25 

Particles per bunch 2 16 15 20 at 2 GeV 3(---* 9) 
(units 101~ 11 at 1.55 GeV 

Bunches per ring 1 1 2 1 30-120 
per species 

Average beam current 50 300 80 40 at 2 GeV 800(---*1500) 
per species (mA) 22 at 1.55 GeV 

Circumference or length (km) 0.018 0.024 0.366 0.2404 0.0977 

Interaction regions 2 2 1 2 1 ( 4 2 )  

Utility insertions 1 2 1 4 2 • 2 

e+: 1.21/0.99 Magnetic length of dipole (m) 1 1.2 2 1.6 
e - :  1.21/0.99 

Length of s tandard cell (m) 4.5 12 7.2 6.6 - -  

Phase  advance per cell (deg) 280 H: 738 65 ~ 60 - -  
V: 378 

Dipoles in ring 8 8 78 40 e+: 8(+4 wigglers) 
+ 4 weak e - :  8(+4 wigglers) 

Quadrupoles in ring 20 20 150 68 e + / e - :  53/53 

Peak magnetic field (T) 1.8 2.4 0.6 0.9028 1.2(---,1.76) dipoles 
at 2.8 GeV 1.8 wigglers 

*VEPP-2000 is a major  upgrade of VEPP-2M. 

Luminosity lifetime (hr) continuous continuous 2 7-12 1(--,2) 

Filling time (min) continuous continuous 15 30 2 (per beam) 

Acceleration period (s) - -  - -  150 120 - -  

[njection energy (GeV) 0.2-0.6 0.2-1.0 1.8 1.55 0.510 

Transverse emittance H: 110 ] H: 250 H: 400 H: 660 H: 1000 
(10-97r rad-m) V: 1.3 I V: 250 V: 20 V: 28 V: 10 

~*, ampli tude function at H: 0.45 H: 0.06 H: 0.75 H: 1.2 H: 4.5 
interaction point (m) V: 0.045 V: 0.06 V: 0.05 V: 0.05 V: 0.045 

Beam-beam tune shift H: 200 H: 750 500 350 400 
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H I G H - E N E R G Y  C O L L I D E R  P A R A M E T E R S :  e + e  - C o l l i d e r s  ( I I )  

The n u m b e r s  here  were  rece ived  f r o m  r ep re sen t a t i ve s  of  the  col l iders  in la te  1999. M a n y  of  the  n u m b e r s  of  course  c h a n g e  w i th  t ime ,  a n d  on ly  
the la tes t  values (or  e s t ima t e s )  a re  given here.  Q u a n t i t i e s  are ,  where  a p p r o p r i a t e ,  r .m.s .  H a n d  V i n d i c a t e  h o r i z o n t a l  a n d  ver t i ca l  d i rec t ions ;  s.c. 
indicates  s u p e r c o n d u c t i n g .  

CESR KEKB PEP-II  SLC LEP 
(Cornell) (KEK) (SLAC) (SLAC) (CERN) 

Physics start  date 1979 1999 1999 1989 1989 

e - :  7-12 (9.0 nominal) 101 in 1999 

Maxinmm beam energy (GeV) 6 e x e + : 8 x 3.5 e+: 2.5-4 (3.1 " ) 50 (105=max.  foreseen 

(uominal Ecm = 10.5 GeV) 

Luminosity (103~ cm 2s 1) 830 at 5.3 GeV 10000 3000 2.5 24 at Z ~ 
100 at > 90 GeV 

Time between collisions (,as) 0.014 to 0.22 0.002 0.0042 8300 22 

Crossing angle (,a rad) 5=2000 =ell, 000 0 0 0 

Energy spread (units 10 -3)  0.6 at 5.3 GeV 0.7 e - / e + :  0.61/0.77 1.2 0.7-~1.5 

Bunch length (cm) 1.8 0.4 e /e+:  1.1/1.0 0.1 1.0 

Beam radius (,am) H: 500 H: 77 H: 157 H: 1.5 H: 200 --~ 300 
V: 10 V: 1.9 V: 4.7 V: 0.5 V: 2.5 -* 8 

Free space at interaction 5=2.2 (2c0.6 + 0 . 7 5 / - 0 . 5 8  • ::i:2.8 5=3.5 
point (m) to REC quads) ( + 3 0 0 / - 5 0 0 )  mrad  cone +300 mrad  cone 

Luminosity lifetime (hr) 2-3 2 2.5 __ 20 at  Z 0 
i 1 0 a t  > 90 GeV 

Filling time (rain) 10 (topping up) 8 (topping up) 3 (topping up) __ 20 to setup 
] 20 to accumulate  

Acceleration period (s) . . . .  600 

Injection energy (GeV) 6 e - / e  I- : 8/3.5 2.5-12 45.64 22 

Transverse emittance H: 240 H: 18 e - :  48 (H),  1.5 (V) H: 0.5 H: 20-45 
(~ rad-nm) V: 6 V: 0.36 e ~: 48 (H),  1.5 (V) V: 0.05 V: 0.25 --~ 1 

fi*, amplitude function at H: 1.0 H: 0.33 e- : 0.50 (H),  0.015 (V) H: 0.0025 H: 1.5 
interaction point (m) i, V: 0.018 V: 0.01 e§ 0.50 (H),  0.015 (V) V: 0.0015 V: 0.05 

Beam-beam tune shift H: 390 300 - -  830 
per crossing (units 10 -4)  480 V: 520 

RF frequency (MHz) 500 508.887 476 - -  352.2 

Particles per bunch 45 in collision 
(units 101~ 1.15 e /e + : 1.3/3.2 e - /e  + : 2.1/5.9 4.0 60 in single beam 

Bunches per ring 9 trains of 4 bunches 5120 (5-10% 1658 1 4 trains of I or 2 
per species gap is necessary) 

Average beam current 260 e /e+:  1100/2600 e - / e F :  750/2161 0.0008 4 at  Z 0 
per species (mA) 4---~6 at > 90 GeV 

Beam polarization (~) - -  - -  - -  e : 80 55 at 45 GeV 
5 at 61 GeV 

Circumference or length (kin) 0.768 3.016 2.2 1.45 +1.47 26.66 

Interaction regions 1 1 1 (2 possible) 1 4 

Utility insertions 3 3 per ring 5 - -  4 

Magnetic length of dipole (m) 1.6-6.6 e - / e  ~ : 5.86/0.915 e /e+:  5.4/0.45 2.5 11.66/pair  

Length of s tandard cell (in) 16 e /e ~ : 75.7/76.1 15.2 5.2 79 

Phase advance per cell (deg) 45-90 (no 450 e /e ~: 60/90 108 102/90 
s tandard cell) 

Dipoles in ring 86 e /e + : 116/112 e - / e  ~: 192/192 460+440 3280+24 inj. 
+ 64 weak 

520+288 Quadrupoles in ring 104 e /e + : 452/452 e - / e  ~: 290/326 - -  
+ 8 s.c. 

Peak magnetic field (T) 0.3 normal ~ at  8 e - / e  § : 0.25/0.72 e /c+:  0.18/0.75 0.597 0.135 
0.8 high field J GeV 
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H I G H - E N E R G Y  C O L L I D E R  P A R A M E T E R S :  ep ,  p-p, a n d  p p  Col l ide r s  

Th e  n u m b e r s  here  were  received f rom represen ta t ives  of the  colliders in la te  1999. M a n y  of the  n u m b e r s  of course change wi th  t ime ,  and  only the  
latest  values (or e s t ima tes )  are  given here. Quant i t ies  are,  where  appropr ia te ,  r .m.s.  H ,  V, and,  s.c. indicate  hor izonta l  and  ver t ica l  direct ions,  

and superconduc t ing .  T h e  SSC is kept  for purposes  of compar ison.  

HERA SpaS TEVATRON LHC SSC 
(DESY) (CERN) I (Fermilab) (CERN) (USA) 

?hysics start date 1992 1981 j 1987 2005 Terminated 

Physics end date - -  1990 - -  - -  - -  

?articles collided ep p~ p~ pp Pb Pb pp 

Viaximum beam energy e: 0.030 0.315 (0.45 in 1.0 20 
(TeV) p: 0.92 pulsed mode) i 

Luminosity 14 6 210 1000 
(1030 cm-2s -1) i 

rime between collisions (/~s) 0.096 3.8 0.396 0.016678 

2rossing angle (# rad) 

Energy spread (units 10 -3 ) e: 0.91 
p: 0.2 

0.35 0.09 

Bunch length (cm) e: 0.83 20 38 
p: 8.5 

Beam radius (10 -6 m) e: 280(H), 50(V) p: 73(H), 36(V) p: 34 
p: 265(H),50(V) /3: 55(H),27(V) p: 29 

Free space at interaction • 16 ! • 
point (m) 

Luminosity lifetime (hr) 10 15 7-30 

Pilling time (min) e: 60 0.5 [ 30 
p: 120 

Acceleration period (s) e: 200 10 86 
p: 1500 

Injection energy (TeV) e: 0.012 0.026 0.15 
p: 0.040 

transverse emittance e: 42(H),6(V) p: 9 p: 3.5 
(10-% rad-m) p: 5(H),5(V) p: 5 p: 2.5 

5", amplitude function at e: I(H),0.7(V) 0.6 (H) 0.35 
interaction point (m) p: 7(H), 0.5(V) 0.15 (V) 

Beam-beamtune stfift e: 190(H),360(V) 50 p: 38 
per crossing (units 10 -4) p: 12(H), 9(V) p: 97 

RF frequency (MHz) e: 499.7 100+200 53 
p: 208.2/52.05 

Particles per bunch e: 3 p: 15 p: 27 
(units 10 t0) p: 7 /~: 8 p: 7.5 

Bunches per ring e: 189 6 36 
per species p: 180 

Average beam current e: 40 p: 6 p: 81 
per species (mA) p: 90 p: 3 p: 22 

Circumference (kin) 6.336 6.911 6.28 

Interaction regions ep: 2; e,p: 1 each, 2 2 high .~ 
internal fixed target 

Utility insertions 4 - -  4 

Magnetic length 
of dipole (m) 

6 . 2 6  
e: 9.185 
p: 8.82 

6.12 

7.0 2.76 TeV/u 

1.0 • 104 0.002 

0.025 0.125 

> 200 <: 200 

0.1 0.1 

7.5 7.5 

16 15 

38 38 

10 6.7 

6 20 

1200 

0,450 177.4 
GeV/u 

0,5 0.5 

0.5 0.5 

34 

400.8 400.8 

10.5 0.0094 

2835 608 

536 7.8 

26.659 

2 high .L~ 1 
+1 

4 

14.3 

100 to 200 
(135 nominal) 

0.055 

6.0 

4.8 

=[=20 

~24 

72 

1500 

2 

0.047 

0.5 

8 head on 
13 long range 

359.75 

0.8 

17,424 

71 

87.12 

Mostly 14.928 

Length of standard cell (m) e: 23.5 64 59.5 106.90 180 
p: 47 

Phase advance per cell (deg) e: 60 90 67.8 90 90 
p: 90 

Dipoles in ring e: 396 744 774 1232 H: 8336 ~ in 2 ring.' 
p: 416 main dipoles V: 88 J 

Quadrupoles in ring e: 580 232 216 692 focussing 2084 } 2 rings 
p: 280 +96 skew 

e :  C-shaped H type with s.c. s.c. s.c. 
Magnet type p: s.c., collared, bent-up cos 0 2 in 1 cos 0 

cold iron coil ends warm iron cold iron cold iron 

Peak magnetic field (T) e: 0.274 1.4 (2 in 4.4 8.3 6.790 
p: 4.65 pulsed mode) 

i source accum, rate (hr -1) - -  6 • 10 l~ 20•176 - -  - -  

Max. no. ,~ in accum, ring 1.2 • 1012 2.6• 
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23. P A S S A G E  OF P A R T I C L E S  T H R O U G H  M A T T E R  

Revised October 1999 by D.E. Groom and S.R. Klein (LBNL). 

23.1.  N o t a t i o n  

Table 23 .h  Summary of variables used in this section. The 
kinematic variables ~ and 7 have their usual meanings. 

Symbol Definition Units or Value 

a Fine structure constant 
(e2/4re0hc) 

M Incident particle mass 
E Incident particle energy 7Mc 2 
T Kinetic energy 

mec 2 Electron mass • c 2 
re Classical electron radius 

e2 / 41r eomec 2 
NA Avogadro's number 
ze Charge of incident particle 
Z Atomic number of medium 
A Atomic mass of medium 

K/A 4rNAr2emec2/A 

Mean excitation energy 

1/137.035 999 76(50) 

MeV/c 2 
MeV 
MeV 
0.510 998 902(21) MeV 
2.817 940 285(31) fm 

6.02214199(47) x 1023 mo1-1 

g mo1-1 
0.307075 MeV g-1 cm 2 

for A = 1 g mo1-1 
eV (Note bene!) I 

5 Density effect correction to ionization energy loss 
hwp Plasma energy 2 8 . 8 1 6 ~  eV (a) 

Nc Electron density (units of re) -3 
wj Weight fraction of the j t h  element in a compound or mixture 
nj or number of j th  kind of atoms in a compound or mixture 
X0 Radiation length g c m  -2 
--  4ar2eNA/A (716.408 g cm-2) -1 

f o r A = l  gmo1-1 
Ec Critical energy MeV 
Es Scale energy ~ mec 2 21.2052 MeV 
R M Moli~re radius g cm -2 

(a) For p in gcm -3. 

23 .2 .  I o n i z a t i o n  e n e r g y  loss  b y  h e a v y  p a r t i c l e s  [4-1] 

Moderately relativistic charged particles other than electrons lose 
energy in matter primarily by ionization. The mean rate of energy 
loss (or stopping power) is given by the Bethe-Bloch equation, 

dEdx - K z 2 Z  1 [ 1 ~  ln2mec2~2~/2Tmaxi2 /32-  ~] . (23.1) 

Here Tmax is the maximum kinetic energy which can be imparted to a 
free electron in a single collision, and the other variables are defined in 
Table 23.1. The units are chosen so that  dx is measured in mass per 
unit area, e.g., in g cm -2. 

In this form, the Bethe-Bloch equation describes the energy loss 
of pions in a material such as copper to about 1% accuracy for 
energies between about 6 MeV and 6 GeV (momenta between about 
40 MeV/c and 6 GeV/c). At lower energies "C/Z" corrections for 
tightly-bound atomic electrons and other effects must be made, and 
at higher energies radiative effects begin to be important. These 
limits of validity depend on both the effective atomic number of the 
absorber and the mass of the slowing particle. Low-energy effects will 
be discussed in Sec. 23.2.2. 

The function as computed for muons on copper is shown by the 
solid curve in Fig. 23.1, and for pions on other materials in Fig. 23.3. 
A minor dependence on M at the highest energies is introduced 
through Tmax, but for all practical purposes in high-energy physics 
dE/dx in a given material is a function only of~. Except in hydrogen, 
particles of the same velocity have very similar rates of energy loss 
in different materials; there is a slow decrease in the rate of energy 
loss with increasing Z. The qualitative difference in stopping power 
behavior at high energies between a gas (He) and the other materials 
shown in Fig. 23.3 is due to the density-effect correction,/~, discussed 
below. The stopping power functions are characterized by broad 
minima whose position drops from ~ = 3.5 to 3.0 as Z goes from 
7 to 100. The values of minimum ionization as a function of atomic 
number are shown in Fig. 23.2. 

10 6 

I I 1 ] i i 

1 0 0  E 

/ 
[___] 

100  
Bethe-Bloch 

- -  ~ ~ iiiil Ziegler iil ~ ~::ii " iii:~" E ~ c / /  "" / /  

10 ~ii: Radiat ive [ adiat ive 
: i~i ~ Min imum effects [ ~ : ~ / / l o s s e s  : 
- ' "  Nuciear  \ ionization -~ 

1 :i!ii: '~ I 

0.001 0.01 0.1 1 10 100 1000 10 4 10 5 

I I I I 

10.1 1 10 1001 l l  10 100j  i1 10 

[MeV/c] [GeV/c] [TeV/c] 
M u o n  m o m e n t u m  

Fig. 23.1: Stopping power (= (-dE/dxl) for positive muons in copper as a function of f17 = p/Mc over nine orders of magnitude 
in momentum (12 orders of magnitude in kinetic energy) [1]. Solid curves indicate the total stopping power. Data below the break 
at ~37 ~ 0.1 are taken from ICRU 49 [2], and data at higher energies are from Ref. 1. Vertical bands indicate boundaries between 
different approximations discussed in the text. The short dotted lines labeled " # - "  illustrate the "Barkas effect," the dependence 
of stopping power on projectile charge at very low energies [3]. 
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F i g u r e  23.2: Stopping power at min imum ionization for the 
chemical elements. The straight line is fitted for Z > 6. A simple 
functional dependence is not to be expected, since (-dE/dx> 
depends on other properties than  atomic number.  

In practical cases, most relativistic particles (e.g., cosmic-ray 
muons)  have energy loss rates close to the minimmn, and are said to 
be min imum ionizing particles, or mip's.  

1 0  /,,~:1,:1.,] , . , ! , , , , .  , : , . . . . . .  . . . . . . . .  , . . . . . .  : 

8 

I ~, ~ H 2 liquid Z. 

~t'\ He gas i 

~\ C ~  

0.1 1.0 10 100 1000 10 000 
[3?, = p/Mc 

. . . . . . . .  I . . . . . . . .  I . . . . . . . .  I . . . . . . . .  I . . . . . . . .  I 
0.1 1.0 10 100 1000 

Muon  m o m e n t u m  (GeV/c) 

. . . . . . . .  ] . . . . . . . .  i . . . . . . . .  I . . . . . . . .  I . . . . . . . .  I 
0.1 1.0 10 100 1000 

Pion m o m e n t u m  (GeV/e) 

I . . . . . . . .  I . . . . . . . .  I . . . . . . . .  i . . . . . . . .  I . . . . . . . .  
0.1 1.0 10 100 1000 10000 

Proton m o m e n t u m  (GeV/c) 
F i g u r e  23.3: Energy loss rate in liquid (bubble chamber) 
hydrogen, gaseous helium, carbon, a luminum, tin, and lead. 

Eq. (23.1) may be integrated to find the total range R for a particle 
which loses energy only through ionization. Since dE/dx depends 
only on/3, R/M is a function of E/M or pc/M. In practice, range is 
a useful concept only for low-energy hadrons (R ~< A1, where A1 is 
the nuclear interaction length), and for muons below a few hundred 
GeV (above which radiative effects dominate). R/M as a function of 
/37 = p/Mc is shown for a variety of materials in Fig. 23.4. 

For a particle with mass  M and momen t um M~3"c, Tmax is given 
by 

2meC 2/323"2 
Tmax = 1 + 23"me/M + (me~M) 2 " (23.2) 

It is usual [4,5] to make the "low-energy" approximation 
Tmax = 2meC2/323" 2, valid for 23"me/M << 1; this, in fact, is done 
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J ~ H e  gas  r12 ] l q u =  -: 

,,./,/ . . . . . . . . . . . . . .  J . . . . . .  
2 5 1.0 2 5 10.0 2 5 100.0 

~y = p/Mc 

0.02 0.05 0.1 0.2 0.5 1.0 2.0 5.0 10.0 
Muon  m o m e n t u m  (GeV/c) 

0.02 0.05 0.1 0.2 0.5 1.0 2.0 5.0 10.0 
Pion m o m e n t u m  (GeV/c) 

0.1 0.2 0.5 1.0 2.0 5.0 10.0 20.0 50.0 
Proton  m o m e n t u m  (GeV/c) 

F i g u r e  23.4: Range of heavy charged particles in liquid (bubble 
chamber) hydrogen, helium gas, carbon, iron, and lead. For 
example: For a K + whose m o m e n t u m  is 700 MeV/c,/33' - 1.42. 
For lead we read RIM ~. 396, and so the range is 195 g cm -2.  

implicitly in many standard references. For a pion in copper, the 
error thus introduced into dE/dx is greater than  6% at 100 GeV. The 
correct expression should be used. 

At energies of order 100 GeV, the max imum 4-momentum transfer 
to the electron can exceed 1 GeV/c,  where s tructure effects significantly 
modify the cross sections. This problem has been investigated by J.D. 
Jackson [6], who concluded that  for hadrons (but not for large nuclei) 
corrections to dE/dx are negligible below energies where radiative 
effects dominate. While the cross section for rare hard collisions is 
modified, the average stopping power, dominated by many softer 
collisions, is almost unchanged. 

"The determination of the mean excitation energy is the principal 
non-trivial task in the evaluation of the Bethe stopping-power 
formula" [7]. Recommended values have varied substantial ly with 
time. Est imates  based on experimental stopping-power measurements  
for protons, deuterons, and alpha particles and on oscillator- 
s trength distributions and dielectric-response functions were given in 
ICRU 37 [8]. These values, shown in Fig. 23.5, have since been widely 
used. Machine-readable versions can also be found [9]. 

23.2.1.  The density effect: As the particle energy increases, 
its electric field flattens and extends, so that  the distant-collision 
contribution to Eq. (23.1) increases as ln/37. However, real media  
become polarized, limiting the field extension and effectively t runcat ing 
this part of the logarithmic rise [10,11-14]. At very high energies, 

~/2 --* ln(hwp/I) + 111/37 - 1 / 2 ,  (23.3) 

where $/2 is the density effect correction introduced in Eq. (23.1) 
and hWp is the plasma energy defined in Table 23.1. A comparison 
with Eq. (23.1) shows that  ]dE/dx] then grows as ln/37 rather than  
ln/3272, and that  the mean excitation energy I is replaced by the 
plasma energy l~p. The ionization stopping power as calculated with 
and without the density effect correction is shown in Fig. 23.1. Since 
the plasma frequency scales as the square root of the electron density, 
the correction is much larger for a liquid or solid than  for a gas, as is 
illustrated by the examples in Fig. 23.3. 
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Z 
F igure  23.5: Excitation energies (divided by Z) as adopted by 
the ICRU [8]. Those based on measurement  are shown by points 
with error flags; the interpolated values are simply joined. The 
solid point is for liquid H2; the open point at 19.2 is for H2 
gas. Also shown are the I /Z  - 10 + 1 eV band and an early 
approximation. 

The density effect correction is usually computed using Stern- 
helmet's parameterization [11]: 

2( ln l0)x  - C if x _> Xl; 
6= 2 ( l n l O ) x - C + a ( x l - x ) k  i f xo<-X<Xl;  

0 if x < x0 (nonconductors); 
60102(~-x0) if x < x0 (conductors) 

(23.4) 
Here x = lOgl0 ~ = lOglo(p/Mc). -C (the negative of the C used in 
Ref. 11) is obtained by equating the high-energy case of Eq. (23.4) with 
the limit given in Eq. (23.3). The other parameters are adjusted to 
give a best fit to the results of detailed calculations for momenta  below 
Mcexp(xl.). Parameters  for elements and nearly 200 compounds and 
mixtures of interest are published in a variety of places, notably in 
Ref. 14. A recipe for finding the coefficients for nontabulated materials 
is given by Sternheimer and Peierls [13], and is summarized in Ref. 1. 

The remaining relativistic rise can be at tr ibuted to large energy 
transfers to a few electrons. If these escape or are otherwise accounted 
for separately, the energy deposited in an absorbing layer (in contrast 
to the energy lost by the particle) approaches a constant value, the 
Fermi plateau (see Sec. 23.2.5 below). At extreme energies (e.9., 
> 332 GeV for muons in iron), radiative effects are more important  
than ionization losses. These are especially relevant for high-energy 
muons, as discussed in Sec. 23.6. 

2 3 . 2 . 2 .  Energy loss at low energies: A shell correction C/Z is 
often included in the square brackets of Eq. (23.1) [2,8,15] to correct 
for atomic binding having been neglected in calculating some of the 
contributions to Eq. (23.1). We show the Barkas form [15] in Fig. 23.1. 
For copper it contributes about 1% at ~'y = 0.3 (kinetic energy 6 MeV 
for a pion), and the correction decreases very rapidly with energy. 

Eq. (23.1) is based on a first-order Born approximation. Higher- 
order corrections, again important  only at lower energy, are normally 
included by adding a term z2L2(/3) inside the square brackets. 

An additional "Barkas correction" zL103) makes the stopping power 
for a negative particle somewhat larger than  for a positive particle 
with the same mass and velocity. In a 1956 paper, Barkas et al. noted 
that negative pions had a longer range than positive pions [3]. The 
effect has been measured for a number of negative/posit ive particle 
pairs, most recently for antiprotons at the CERN LEAR facility [16]. 

A detailed discussion of low-energy corrections to the Bethe formula 
is given in ICRU Report 49 [2]. When the corrections are properly 
included, the accuracy of the Bethe-Bloch t reatment  is accurate to 
about 1% down to/3 ~ 0.05, or about 1 MeV for protons. 

For 0,01 < /3  < 0.05, there is no satisfactory theory. For protons, 
one usually relies on the empirical fitting formulae developed by 

Andersen and Ziegler [2,17]. For particles moving more slowly than  
0.01c (more or less the velocity of the outer atomic electrons), 

Lindhard has been quite successful in describing electronic stopping 
power, which is proportional to/3 [18,19]. Finally, we note that  at low 
energies, e.g., for protons of less than  several hundred eV, non-ionizing 
nuclear recoil energy loss dominates the total energy loss [2,19,20]. 

As shown in ICRU49 [2] (using data  taken from Ref. 17), the nuclear 
plus electronic proton stopping power in copper is 113 MeV cm 2 g -1  at 
T = 10 keY, rises to a max imum of 210 MeV cm 2 g-1  at 100-150 keY, 
then falls to 120 MeV cm 2g-1  at 1 MeV. Above 0.5 1.0 MeV the 
corrected Bethe-Block theory is adequate. 

2 3 . 2 . 3 ,  Fluctuations in energy loss: The quanti ty (dE/dx)6x is 
the mean energy loss via interaction with electrons in a layer of the 
medium with thickness 6x. For finite 5x, there are fluctuations in the 
actual energy loss. The distribution is skewed toward high values 
(the Landau tail) [4,21]. Only for a thick layer [(dE/dx)6x >> Tmax] is 
the distribution nearly Gaussian. The large fluctuations in the energy 
loss are due to the small  number of collisions involving large energy 
transfers. The fluctuations are smaller for the so-called restricted 
energy loss rate, as discussed in Sec. 23.2.5 below. 

2 3 . 2 . 4 .  Energy loss in mixtures and compounds: A mixture  or 
compound can be thought  of as made up of thin layers of pure 
elements in the right proportion (Bragg additivity). In this case, 

dE _ X-~ w. d~x (23.5) 
dx - A.~ J 

J 

where dE/dxtj is the mean  rate of energy loss (in MeV g c m  -2) 
in the j t h  element. Eq. (23.1) can be inserted into Eq. (23.5) to 
find expressions for (Z/A), ( / ) ,  and (6); for example, (Z/A) - 
Z w j Z j / A j  = ~ n j Z j / ~ n j A j .  However, (I) as defined this way is 
an underestimate,  because in a compound electrons are more tightly 
bound than in the free elements, and (6) as calculated this way has 
little relevance, because it is the electron density which matters .  
If possible, one uses the tables given in Refs. 14 and 22, which 
include effective excitation energies and interpolation coefficients for 
calculating the density effect correction for the chemical elements and 
nearly 200 mixtures and compounds. If a compound or mixture is not 
found, then one uses the recipe for 6 given in Ref. 13 (or Ref. 23), and 
calculates (I) according to the discussion in Ref. 7. (Note the "13%" 
rule!) 

2 3 . 2 , 5 .  Restr icted energy loss rates for  relativist ic ionizing 
particles: Fluctuations in energy loss are due mainly to the production 
of a few high-energy knock-on electrons. Practical detectors often 
measure the energy deposited, not the energy lost. When energy is 
carried off by energetic knock-on electrons, it is more appropriate to 
consider the mean energy loss excluding energy transfers greater than  
some cutoff Tout. The restricted energy loss rate is 

dE T<Tcu~ K z 2 Z ~  [~ l n l  r l  21neC2/32"/2Tupperl 2 

2 + Yupper 

where rupper  = MIN(Tcut, Zmax). This form agrees with the equation 
given in previous editions of this Review [24] for Tout << Tmax but  
smoothly joins the normal Bethe-Bloeh function (Eq. (23.1)) for 
Tcut :> Tmax. 

23.2.6.  Energetic knock-on electrons (6 rays): The distribution 
of secondary electrons with kinetic energies T >> I is given by [4] 

d N_ 1 F(T) 
(23.7) 

dTdx 2 A ~2 T 2 

for I << T _< Tmax, where Tmax is given by Eq. (23.2). The factor F is 
spin-dependent, but  is about unity for T << Tmax. For spin-0 particles 
F(T) = (1 - ~ 2 T / T m a x ) ;  forms for spins 1/2 and 1 are also given 
by Rossi [4]. When Eq. (23.7) is integrated from T~ut to Tmax,one 
obtains the difference between Eq. (23.1) and Eq. (23.6). For incident 
electrons, the indistinguishability of projectile and target means  tha t  
the range of T extends only to half the kinetic energy of the incident 
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particle. Additional formulae are given in Ref. 25. Equation (23.7) is 
inaccurate for T close to I: for 2I ~ T ~ 10I, the 1/T 2 dependence 
above becomes approximately T -v,  with 3 ~< ~? ~ 5 [26]. 

23.2.7. Ionization yields: Physicists frequently relate total energy 
loss to the number of ion pairs produced near the particle's track. 
This relation becomes complicated for relativistic particles due to 
the wandering of energetic knock-on electrons whose ranges exceed 
the dimensions of the fiducial volume. For a qualitative appraisal 
of the nonlocality of energy deposition in various media by such 
modestly energetic knock-on electrons, see Ref. 27. The mean local 
energy dissipation per local ion pair produced, W, while essentially 
constant for relativistic particles, increases at slow particle speeds [28]. 
For gases, W can be surprisingly sensitive to trace amounts of 
various contaminants [28]. Furthermore, ionization yields in practical 
cases may be greatly influenced by such factors as subsequent 
recombination [29]. 

23.3. Mult ip le  scat ter ing  through  smal l  angles  
A charged particle traversing a medium is deflected by many 

small-angle scatters. Most of this deflection is due to Coulomb 
scattering from nuclei, and hence the effect is called multiple Coulomb 
scattering. (However, for hadronic projectiles, the strong interactions 
also contribute to multiple scattering.) The Coulomb scattering 
distribution is well represented by the theory of Moli~re [3o]. It is 
roughly Gaussian for small deflection angles, but at larger angles 
(greater than a few 00, defined below) it behaves like Rutherford 
scattering, having larger tails than does a Gaussian distribution. 

If we define 
1 _ rms = rms 

O0 --  0 plane ~ Ospac e . (23 .8 )  

then it is sufficient for many applications to use a Ganssian approxi- 
mation for the central 98% of the projected angular distribution, with 
a width given by [31,32] 

00 - 13.6 MeV z ~ [ 1  + o.oa81n(x/Xo)] . (23.9) 
5cp 

Here p, 13c, and z are the momentum, velocity, and charge number 
of the incident particle, and x/Xo is the thickness of the scattering 
medium in radiation lengths (defined below). This value of 00 is from 
a fit to Moli~re distribution [30] for singly charged particles with/3 = 1 
for all Z, and is accurate to 11% or better for 10 -3  < x/Xo < 100. 

Eq. (23.9) describes scattering from a single material, while the 
usual problem involves the multiple scattering of a particle traversing 
many different layers and mixtures. Since it is from a fit to a Moli~re 
distribution, it is incorrect to add the individual 00 contributions in 
quadrature; the result is systematically too small. It is much more 
accurate to apply Eq. (23.9) once, after finding x and X0 for the 
combined scatterer. 

Lynch and Dahl have extended this phenomenological approach, 
fitting Gaussian distributions to a variable fraction of the Moli~re 
distribution for arbitrary scatterers [32], and achieve accuracies of 2% 
or better. 

~ __.  x /2 ~ "* 

a n e 

Figure  23.6: Quantities used to describe multiple Coulomb 
scattering. The particle is incident in the plane of the figure. 

The nonprojected (space) and projected (plane) angular distribu- 
tions are given approximately by [30] 

1 / 
2,~oo~ exp ( 2e~ J a~ ,  (23.10) 

2} 1 f_0;lane 
v/~0--- ~ exp / 202 d0pl . . . .  (23.11) 

2 where 0 is the deflection angle. In this approximation, 0spa t  e 
2 2 (0plane, x + 0plane,y), where the x and y axes are orthogonal to the 

direction of motion, and dft ~ d0plane,x dOplane,y. Deflections into 
0plane, x a n d  0plane,y are independent and identically distributed. 

Figure 23.6 shows these and other quantities sometimes used to 
describe multiple Coulomb scattering. They are 

r rms 1 rms 1 plane = ~ Oplane = ~ 0 0 ,  (23.12/ 

1 1 yrmS = X0 rms = zoo , (23.13) plane ~ plane " ~  

1 1 rms = x0rms = X00 . (23.14) s plane 4 ~ plane 

All the quantitative estimates in this section apply only in the 
limit of small 0 rmse and in the absence of large-angle scatters. The 

plan 
random variables s, r  y, and 0 in a given plane are distributed in 
a correlated fashion (see Sec. 27.1 of this Review for the definition 
of the correlation coefficient). Obviously, y ~ xr In addition, y and 
0 have the correlation coefficient Pye = vf3/2 ~ 0.87. For Monte 
Carlo generation of a joint (y p lane ,0p lane )  distribution, or for other 
calculations, it may be most convenient to work with independent 
Gaussian random variables (Zl, z2) with mean zero and variance one, 
and then set 

Yplane =Zl X 00(1 -- p20)l121V/-3 + Z2 pyoX O01V~ 

=zl x 0 0 / ~  + z2 x 00/2 ; (23.15) 

0plan e = z  2 0 0 . (23.16) 

Note that the second term for y plane equals x 0plane/2 and represents 
the displacement that  would have occurred had the d e f l e c t i o n  0plan e 
all occurred at the single point x/2. 

For heavy ions the multiple Coulomb scattering has been measured 
and compared with various theoretical distributions [33]. 

23.4. P h o t o n  and e lectron interact ions  in m a t t e r  

23.4.1. Radiation length: High-energy electrons predominantly 
lose energy in matter by bremsstrahlung, and high-energy photons by 
e+e - pair production. The characteristic amount of matter  traversed 
for these related interactions is called the radiation length X0, usually 
measured in g cm -2.  It is the mean distance over which a high-energy 
electron loses all but 1/e of its energy by bremsstrahlung, and the 
e-folding distance for pair production by a high-energy photon is 
~X0. It is also the appropriate scale length for describing high-energy 
electromagnetic cascades. X0 has been calculated and tabulated by 
Y.S. Tsai [34]: 

1 2NA 2 + ZL'rad} . (23.17) = 4O~re~-{Z [Lra d - f (Z)]  ~0 
For A = 1 g mo1-1, 4ar2eNA/A = (716.408 g cm-2)  -1.  Lra d and 
LIrad are given in Table 23.2. The function f (Z)  is an infinite sum, but 
for elements up to uranium can be represented to 4-place accuracy by 

/ (Z)  = a~[(1 + a2) -1  + 0.20206 

-0.0369 a 2 -}- 0.0083 a 4 - 0.002 a 6] , (23.18) 

where a = aZ [35]. 

i for use in calculating the Table  23.2: Tsai's Lrad and Lra d, 
radiation length in an element using Eq. (23.17). 

r 
Element Z Lra d Lra d 

H 1 5.31 6.144 
He 2 4.79 5.621 
Li 3 4.74 5.805 
Be 4 4.71 5.924 

Others > 4 1n(184.15 Z-U3) ln(1194 Z -2/3) 
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Although it is easy to use Eq. (23�9 to calculate Xo, the functional 
dependence on Z is somewhat hidden. Dahl provides a compact fit to 
the data [36]: 

716.4 g cm -2 A 
Xo = Z ( Z  + 1) ln(287/v~)  (23.19) 

Results obtained with this formula agree with Tsai's values to better 
than 2.5% for all elements except helium, where the result is about 
5 ~ low. 
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Figure  23.7" Fractional energy loss per radiation length in 
lead as a function of electron or positron energy. Electron 
(positron) scattering is considered as ionization when the energy 
loss per collision is below 0.255 MeV, and as Moiler (Bhabha) 
scattering when it is above. Adapted from Fig. 3.2 from Messel 
and Crawford, Electron-Photon Shower Distribution Function 
Tables for Lead, Copper, and Air Absorbers, Pergamon Press, 
1970. Messel and Crawford use X0(Pb) = 5�9 g /cm 2, but 
we have modified the figures to reflect the value given in the 
Table of Atomic and Nuclear Properties of Materials (X0(Pb) = 
6.37 g/cm2). 
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Figure  23.8: Two definitions of the critical energy Ec. 
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The radiation length in a mixture or compound may be approxi- 
mated by 

1/Xo = Z w j / X j  , (23.20) 

where wj and X j  are the fraction by weight and the radiation length 
for the j t h  element. 
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Figure  23.9: (a) The normalized bremsstrahlung cross section 
k d~LPM/dk in lead versus the fractional photon energy y = k / E .  
The vertical axis has units of photons per radiation length. (b) 
The normalized pair production cross section daLPM/dy,  versus 
fractional electron energy x = E / k .  

23.4.2. Energy loss by electrons: At low energies electrons and 
positrons primarily lose energy by ionization, although other processes 
(Mr scattering, Bhabha scattering, e + annihilation) contribute, as 
shown in Fig. 23.7. While ionization loss rates rise logarithmically 
with energy, bremsstrahlung losses rise nearly linearly (fractional loss 
is nearly independent of energy), and dominates above a few tens of 
MeV in most materials (see Fig. 23.8). 

Ionization loss by electrons and positrons differs from loss by 
heavy particles because of the kinematics, spin, and the identity of 
the incident electron with the electrons which it ionizes�9 Complete 
discussions and tables can be found in Refs. 7, 8, and 22. 

At very high energies and except at the high-energy tip of the 
bremsstrahlung spectrum, the cross section can be approximated in 
the "complete screening case" as [34] 

do'/dk = (1/k)4ar2e {(~ - ~y + y2)[Z2(Lrad - f ( Z ) )  + Z n'rad] 
1 + ~(1 - ~)(z  2 + z ) } ,  

(23.21) 
where y = k / E  is the fraction of the electron's energy transfered to 
the radiated photon�9 At small y (the "infrared limit") the term on the 
second line can reach 2.5%. If it is ignored and the first line simplified 
with the definition of X0 given in Eq. (23.17), we have 

da A 
dk - XoNAk  (~ - ~y + y2) " (23.22) 

This cross section (times k) is shown by the top curve in Fig. 23.9(a). 

This formula is accurate except in near y = 1, where screening may 
become incomplete, and near y = 0, where the infrared divergence 
is removed by the interference of bremsstrahlung amplitudes from 
nearby scattering centers (the LPM effect) [37,38] and dielectric 
supression [39,40]. These and other supression effects in bulk media 
are discussed in Sec. 23.4.5. 

With decreasing energy (E ~ 10 GeV) the high-y cross section 
drops and the curves become rounded as y --* 1. Curves of this familar 



1fi8 23. P a s s a g e  o f  par t i c l e s  through  m a t t e r  

4 0 0  & .  I ' I . . . .  I I I . . . .  

200 ~ \  

I00 ~ - 
�9 " ~",,,'r 710 MeV 
"_ 610 MeV ~ " ~ .  ~ Z + 0.92 

5 o  - 

. \ \ \  

20 ~- + Solids ~ ) r  - 
o Gases  

10 7- 

5 !~ He Li Be??N?Ne [ Fe,  ~ n ,  ,~ 
1 2 5 10 20 50 100 

Z 
F i g u r e  23.10: Electron critical energy for the chemical elements, 
using Rossi 's definition [4]. The fits shown are for solids and 
liquids (solid line) and gases (dashed line). The rms deviation 
is 2.2% for the solids and 4.0% for the gases. (Computed with 
code supplied by A. Fass6.) 

shape can be seen in Rossi [4] (Figs. 2.11.2,3); see also the review by 
Koch & Motz [41]. 

Except at these extremes, and still in the complete-screening 
approximation, the the number  of photons with energies between kmi n 
and kmax emitted by an electron travelling a distance d << X0 is 

klnax d [~ ,n (k_~in) 4(kmax - kmin)  (k . . . .  - _kmin) 2 ] 
N~ = X00 3E + 2E 2 J " 

(23.23) 

23.4.3.  Critical energy: An electron loses energy by bremsstrah- 
lung at a rate nearly proportional to its energy, while the ionization 
loss rate varies only logarithmically with the electron energy. The 
critical energy Ec is sometimes defined as the energy at which the two 
loss rates are equal [42]. Berger and Seltzer [42] also give the approx- 
imation Ec = (800 MeV) / (Z  + 1.2). This formula has been widely 
quoted, and has been given in previous editions of this Review [24]. 
Among alternate definitions is that  of Rossi [4], who defines the critical 
energy as the energy at which the ionization loss per radiation length 
is equal to the electron energy. Equivalently, it is the same as the first 
definition with the approximation IdE/dXlbrems ~ E / X  O. This form 
has been found to describe more accurately transverse electromagnetic 
shower development (see below). These definitions are illustrated in 
the case of copper in Fig. 23.8. 

The accuracy of approximate forms for Ec has been limited by the 
failure to distinguish between gases and solid or liquids, where there 
is a substant ial  difference in ionization at the relevant energy because 
of the density effect. We distinguish these two cases in Fig. 23.10. 
Fits were also made with functions of the form a/(Z + b) a, but a was 
essentially unity. Since E~ also depends on A, I, and other factors, 
such forms are at best approximate.  

23.4.4.  Energy loss by photons: Contributions to the photon cross 
section in a light element (carbon) and a heavy element (lead) are 
shown in Fig. 23.11. At low energies it is seen that  the photoelectric 
effect dominates,  al though Compton scattering, Rayleigh scattering, 
and photonuclear absorption also contribute. The photoelectric cross 
section is characterized by discontinuities (absorption edges) as 
thresholds for photoionization of various atomic levels are reached. 
Photon at tenuat ion lengths for a variety of elements are shown in 
Fig. 23.12, and data  for 30 eV< k <100 GeV for all elements is 
available from the web pages given in the caption. Here k is the 
photon energy. 

The increasing domination of pair production as the energy 
increases is shown in Fig. 23.13. Using approximations similar to 
those used to obtain Eq. (23.22), Tsai 's  formula for the differential 
cross section [34] reduces to 

do- A [1 - 4x(1 - x)] (23.24) 
dE XO NA 
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F i g u r e  23.11: Photon total cross sections as a function of 
energy in carbon and lead, showing the contributions of different 
processes: 

Crp.e. = Atomic photoeffect (electron ejection, photon 
absorption) 

O-coherent = Coherent scattering (Rayleigh sca t t e r ing- -a tom 
neither ionized nor excited) 

O'incoherent : Incoherent scattering (Compton scattering off an 
electron) 

~n - Pair production, nuclear field 

ge = Pair production, electron field 

anuc = Photonuclear absorption (nuclear absorption, 
usually followed by emission of a neutron or other 
particle) 

From Hubbell, Gimm, and Overb0, J. Phys. Chem. Ref. Data  
9, 1023 (1980). Data  for these and other elements, compounds,  
and mixtures may be obtained from 
h t t p  : / / p h y s i c s . n i s t . g o v / P h y s R e f D a t a .  The  photon total 
cross section is assumed approximately flat for at least two 
decades beyond the energy range shown. Figures courtesy 
J.H. Hubbell (NIST). 

in the complete-screening limit valid at high energies. Here x = E/k 
is the fractional energy transfer to the pair-produced electron (or 
positron), and k is the incident photon energy. The cross section is 
very closely related to that  for bremsstrahlung,  since the Feynman 
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Fig. 23.12: The photon mass a t tenuat ion length (or mean free path) A = 1/ (~ /p)  for various elemental absorbers as a function 
of photon energy. The mass  at tenuat ion coefficient is #/p,  where p is the density. The intensity I remaining after traversal of 
thickness t (in mass /un i t  area) is given by I = I0 exp( - t /A) .  The accuracy is a few percent. For a chemical compound or mixture,  
1 / A e f f  ~ ~ e l e m e n t s  W Z / ~ Z ,  where w z is the proportion by weight of the element with atomic number  Z. The processes responsible 
for at tenuation are given in not Fig. 23.7. Since coherent processes are included, not all these processes result in energy deposition. 
The data for 30 eV < E < 1 keY are obtained from h t t p : / / w ~ - c x r o . l b l ,  g o v / o p t i c a l _ c o n s t a a t s  (courtesy of Eric M. Gullikson, 
LBNL). The data  for 1 keV < E < 100 GeV are from h t t p : / / p h y s i c s . n i s t . g o v / P h y s R e f D a t a ,  through the courtesy of John H. 
Hubbell (NIST). 
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diagrams are variants of one another. The cross section is of necessity 
symmetric between x and 1 - x, as can be seen by the solid curve 
in Fig. 23.9(b). See the review by Motz, Olsen, & Koch for a more 
detailed treatment [43]. 

Eq. (23.24) may be integrated to find the high-energy limit for the 
total e+e - pair-production cross section: 

a = ~ ( A / X o N A ) .  (23.25) 

Equation Eq. (23.25) is accurate to within a few percent down to 
energies as low as 1 GeV, particularly for high-Z materials. 

2 3 . 4 . 5 .  Bremsstrahlung and pair production at very high 
energies: At ultrahigh energies, Eqns. 23.21-23.25 will fail 
because of quantum mechanical interference between amplitudes from 
different scattering centers. Since the longitudinal momen tum transfer 
to a given center is small (c< k / E  2, in the case of bremsstrahlung),  
the interaction is spread over a comparatively long distance called the 
formation length (o(E2/k)  via the uncertainty principle. In alternate 
language, the formation length is the distance over which the highly 
relatistic electron and the photon "split apart." The interference 
is usually destructive. Calculations of the "Landau-Pomeranchuk- 
Migdal" effect may be made semi-classically based on the average 
multiple scattering, or more rigorously using a quan tum transport  
approach [37,38]. 

In amorphous media, bremsstrahlung is suppressed if the photon 
energy is above k > E 2/ E L P M [38], where* 

(mec2)2c~pXo - (7.7 TeV/cm) x pX0 . (23.26) 
ELPM -- 47rhc 

* This definition differs from that  of Ref. 44 by a factor of two. It 
is also pointed out that  ELp M scales as the 4th power of the mass  of 
the incident particle, so that  ELp M = (1.4 • 10 tD TeV/cm) • pX0 for 
a muon. 

Since physical distances are involved, pXo, in cm, appears. The 
energy-weighted bremsstrahlung spect rum for lead, k d~LPM/dk ,  
is shown in Fig. 23.9(a). With  appropriate scaling by pXo, other 
materials behave similarly. 

For photons, pair production is reduced for E(k  - E) > k ELp  M. 
The pair-production cross sections for different photon energies are 
shown in Fig. 23.9(b). 
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F i g u r e  23.13:  Probabili ty P that  a photon interaction will 
result in conversion to an e+e - pair. Except for a few-percent 
contribution from photonuclear absorption around 10 or 20 
MeV, essentially all other interactions in this energy range result 
in Compton scattering off an atomic electron. For a photon 
at tenuation length A (Fig. 23.12), the probability that  a given 
photon will produce an electron pair (without first Compton 
scattering) in thickness t of absorber is P[1 - exp(- t /A)] .  
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If k << E, several additional mechanisms can also produce 
suppression. When the formation length is long, even weak factors 
can perturb the interaction. For example, the emitted photon can 
coherently forward scatter off of the electrons in the media. Because 
of this, for k < w p E / m e  ~ 10 -4 ,  bremsst rahlung is suppressed 
by a factor ( kme /wpE)  2 [40]. Magnetic fields can also suppress 
bremsstrahlung.  

In crystalline media, the situation is more complicated, with 
coherent enhancement  or suppression possible. The cross section 
depends on the electron and photon energies and the angles between 
the particle direction and the crystalline axes [38]. 

2 3 . 5 .  E l e c t r o m a g n e t i c  c a s c a d e s  

When a high-energy electron or photon is incident on a thick 
absorber, it initiates an electromagnetic cascade as pair production 
and bremsst rahlung generate more electrons and photons with lower 
energy. The longitudinal development is governed by the high-energy 
part of the cascade, and therefore scales as the radiation length in the 
material. Electron energies eventually fall below the critical energy, 
and then dissipate their energy by ionization and excitation rather 
than  by the generation of more shower particles. In describing shower 
behavior, it is therefore convenient to introduce the scale variables 

t = x / X o  

y = E / E c ,  (23.27) 

so that  distance is measured in units of radiation length and energy in 
units  of critical energy. 
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F i g u r e  23.14:  An EGS4 simulation of a 30 GeV electron- 
induced cascade in iron. The histogram shows fractional energy 
deposition per radiation length, and the curve is a gamma-  
function fit to the distribution. Circles indicate the number  of 
electrons with total energy greater than  1.5 MeV crossing planes 
at Xo/2  intervals (scale on right) and the squares the number  of 
photons with E _> 1.5 MeV crossing the planes (scaled down to 
have same area as the electron distribution). 
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Longitudinal profiles for an EGS4 [23] simulation of a 30 GeV 
electron-induced cascade in iron are shown in Fig. 23.14. The number  
of particles crossing a plane (very close to Rossi 's II function [4]) 
is sensitive to the  cutoff energy, here chosen as a total energy of 
1.5 MeV for both electrons and photons. The electron number falls off 
more quickly than energy deposition. This  is because, with increasing 
depth, a larger fraction of the cascade energy is carried by photons. 
Exactly what a calorimeter measures depends on the device, but  it 
is not likely to be exactly any of the profiles shown. In gas counters 
it may be very close to the electron number,  but  in glass Cerenkov 
detectors and other devices with "thick" sensitive regions it is closer 
to the energy deposition (total track length). In such detectors the 
signal is proportional to the "detectable" track length Td, which is 
in general less than  the total track length T. Practical devices are 
sensitive to electrons with energy above some detection threshold Ed, 
and T d = T F ( E d / E c ) .  An analytic form for F (E d / E c  ) obtained by 
Rossi [4] is given by Fabjan [45]; see also Amaldi  [46]. 

The mean longitudinal profile of the energy deposition in an 
electromagnetic cascade is reasonably well described by a g a m m a  
distribution [47]: 

dE Eo (bt )a- le-bt  (23.28) 
d'-'t- = b F(a)  

The max imum tmax occurs at (a - 1)/b. We have made  fits to shower 
profiles in elements ranging from carbon to uranium,  at energies from 
1 GeV to 100 GeV. The energy deposition profiles are well described 
by Eq. (23.28) with 

tmax = ( a -  1)/b = 1.0 • ( lny + Cj) , j = e , v ,  (23.29) 

where Ce = -0 .5  for electron-induced cascades and C~, = +0.5 for 
photon-induced cascades. To use Eq. (23.28), one finds (a - 1)/b from 
Eq. (23.29) and Eq. (23.27), then finds a either by assuming b ~ 0.5 
or by finding a more accurate value from Fig. 23.15. The results 
are very similar for the electron number  profiles, but  there is some 
dependence on the atomic number  of the medium. A similar form for 
the electron number  max imum was obtained by Rossi in the context 
of his "Approximation B," [4] (see Fabjan 's  review in Ref. 45), but  
with Ce = -1 .0  and C 7 = -0.5;  we regard this as superseded by the 
EGS4 result. 
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F i g u r e  23.15: Fit ted values of the scale factor b for energy 
deposition profiles obtained with EGS4 for a variety of elements 
for incident electrons with 1 < E0 <_ 100 GeV. Values obtained 
for incident photons are essentially the same. 

The "shower length" Xs = Xo/b  is less conveniently parameterized, 
since b depends upon both Z and incident energy, as shown in 
Fig. 23.15. As a corollary of this Z dependence, the number  of 
electrons crossing a plane near shower m a x i m u m  is underes t imated 
using Rossi 's approximation for carbon and seriously overestimated 
for uranium. Essentially the same b values are obtained for incident 
electrons and photons. For many purposes it is sufficient to take 
b ~ 0.5. 

The gamma  distribution is very flat near the origin, while the 
EGS4 cascade (or a real cascade) increases more rapidly. As a result 
Eq. (23.28) fails badly for about the first two radiation lengths; it was 
necessary to exclude this region in making fits. 

Because fluctuations are important ,  Eq. (23.28) should be used only 
in applications where average behavior is adequate. Gr indhammer  
et al. have developed fast simulation algorithms in which the variance 
and correlation of a and b are obtained by fitting Eq. (23.28) to 
individually simulated cascades, then generating profiles for cascades 
using a and b chosen from the correlated distributions [48]. 

The transverse development of electromagnetic showers in different 
materials scales fairly accurately with the Moli~re radius RM,  given 
by [49,50] 

RM = XO Es /Ec  , (23.30) 

where Es ~ 21 MeV (see Table 23.1), and the Rossi definition of Er is 
used. 
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F igu re  23.16: Contributions to the fractional energy loss by 
muons in iron due to e+e - pair production, bremsstrahlung,  and 
photonuclear interactions, as obtained from Lohmann et al. [61]. 

In a material  containing a weight fraction wj of the element with 
critical energy Ecj and radiation length Xj,  the Moli~re radius is 
given by 

1 1 wj Eej (23.31) 
RM -- Es E Xj  

Measurements of the lateral distribution in electromagnetic 
cascades are shown in Refs. 49 and 50. On the average, only 10% 
of the energy lies outside the cylinder with radius RM. About  
99% is contained inside of 3.5R M, but at this radius and beyond 
composition effects become important  and the scaling with R M fails. 
The distributions are characterized by a narrow core, and broaden as 
the shower develops. They  are often represented as the sum of two 
Gaussians, and Gr indhammer  [48] describes them with the function 

2r R 2 
f(r) - (r 2 + R2)2 , (23.32) 

where R is a phenomenological function of x/Xo and In E. 

At high enough energies, the LPM effect {See. 23.4.5) reduces the 
cross sections for bremsstrahlung and pair production, and hence can 
cause significant enlongation of electromagnetic cascades [38]. 

2 3 . 6 .  M u o n  e n e r g y  l o s s  a t  h i g h  e n e r g y  

At sufficiently high energies, radiative processes become more 
important than  ionization for all charged particles. For muons and 
pions in materials such as iron, this "critical energy" occurs at 
several hundred GeV. Radiative effects dominate the energy loss of 
energetic muons found in cosmic rays or produced at the newest 
accelerators. These processes are characterized by small  cross sections, 
hard spectra, large energy fluctuations, and the associated generation 
of electromagnetic and (in the  case of photonuclear interactions) 
hadronic showers [51-59]. As a consequence, at these energies the 
treatment of energy loss as a uniform and continuous process is for 
many purposes inadequate. 

It is convenient to write the average rate of muon energy loss 
as [60] 

-dE/dx  = a(E) + b(E) Z . (23.33) 

Here a(E) is the ionization energy loss given by Eq. (23.1), and 
b(E) is the sum of e+e - pair production, bremsstrahlung,  and 
photonuclear contributions. To the approximation tha t  these slowly- 
varying functions are constant,  the mean  range x0 of a muon with 
initial energy E0 is given by 

:co ~ ( l ib)In(1 + EolE,  c) , (23.34) 

where E~e = a/b. Figure 23.16 shows contributions to b(E) for iron. 
Since a(E) ~ 0.002 GeV g-1 cm 2, b(E)E dominates the energy loss 
above several hundred GeV, where b(E) is nearly constant. The rate 
of energy loss for muons in hydrogen, uranium, and iron is shown in 
Fig. 23.17 [61]. 
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F i g u r e  23.17:  The average energy loss of a muon in hydrogen, 
iron, and uran ium as a function of muon energy. Contributions 
to dE/dx in iron from ionization and the processes shown in 
Fig. 23.16 are also shown. 

The "muon critical energy" E~c can be defined more exactly as the  
energy at which radiative and ionization losses are equal, and can be 
found by solving E#c = a(E~e)/b(E~c). This  definition corresponds 
to the solid-line intersection in Fig. 23.8, and is different from the 
Rossi definition we used for electrons. It serves the same function: 
below E#e ionization losses dominate,  and above E~c dominate. The 
dependence of E~c on atomic number  Z is shown in Fig. 23.18. 
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F i g u r e  23.18:  Muon critical energy for the chemical elements, 
defined as the energy at which radiative and ionization energy 
loss rates are equal. The equality comes at  a higher energy for 
gases than  for solids or liquids with the same atomic number  
because of a smaller density effect reduction of the ionization 
losses. The fits shown in the figure exclude hydrogen. Alkali 
metals fall 3-4% above the fitted function, while most  other 
solids are within 2% of the function. Among the gases the  worst 
fit is for neon (1.4% high). (Courtesy of N.V. Mokhov and S.I. 
Striganov.) 

The radiative cross sections are expressed as functions of the 
fractional energy loss v. The bremsstrahlung cross section goes 
roughly as 1 /v  over most  of the range, while for the pair production 
case the distribution goes as v -3  to v -2  (see Ref. 62). "Hard" losses 
are therefore more probable in bremsstrahlung,  and in fact energy 
losses due to pair production may  very nearly be treated as continuous. 
The calculated momen tum distribution of an incident 1 TeV/c  muon 
beam after it crosses 3 m of iron is shown in Fig. 23.19. The most  
probable loss is 9 GeV, or 3.8 MeV g - l cm2 .  The full width at half 
max imum is 7 GeV/c,  or 0.7%. The radiative tail is almost entirely 
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due to bremsstrahlung;  this includes most  of the 10% that  lost more 
than 2.8% of their energy. Most of the 3.3% that  lost more than 10% of 
their incident energy experienced photonuclear interactions, which are 
concentrated in rare, relatively hard collisions. The latter can exceed 
nominal  detector resolution [63], necessitating the reconstruction 
of lost energy. Electromagnetic and hadronic cascades in detector 
materials can obscure muon tracks in detector planes and reduce 
tracking efficiency [64]. 
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Figure 23.19: The momen t um distribution of 1 TeV/c muons 
after traversing 3 m of iron, as obtained with Van Ginniken's 
TRAMU muon transport  code [62]. 

23.7. (~erenkov and transition radiation [10,65,66] 
A charged particle radiates if its velocity is greater than  the 

local phase velocity of light (r  radiation) or if it crosses 
suddenly from one medium to another with different optical properties 
(transit ion radiation). Neither process is important  for energy loss, 
but  both are used in high-energy physics detectors. 

(~erenkov Radiation. The half-angle Oc of the Cerenkov cone for a 
particle with velocity/3c in a medium with index of refraction n is 

Pc = arccos(1/n/3) 

%/2(1 - 1/n/~) for small Pc, e.g. in gases. (23.35) 

The threshold velocity fit is l / n ,  and 7t = 1/(1 - /3~)  1/2. Therefore, 
/3tTt = 1/(2~ + ~2)1/2, where ~ = n - 1. Values of 6 for various 
commonly used gases are given as a function of pressure and 
wavelength in Ref. 67. For values at atmospheric pressure, see 
Table 6.1. Data  for other commonly used materials are given in 
Ref. 68. 

The number  of photons produced per unit path length of a particle 
with charge ze and per unit  energy interval of the photons is 

c~2z2 ( 1 ) d 2N ~ sin 2 0 c -  - - -  1 
dEdx  = h ~  re mec 2 

370 sin 2 Pc(E) e V - l c m  -1 (z = 1) , (23.36) 

or, equivalently, 

d 2 N 2 ~ r o ~ z 2 (  1 ) (23.37~ 
dxdA -- A 2 1 fl2n2(A ) . 

The index of refraction is a function of photon energy E, as is the 
sensitivity of the t ransducer used to detect the light. For practical use, 
Eq. (23.36) must  be multiplied by the the transducer response function 
and integrated over the region for w h i c h / J n ( E )  > 1. Further details 
are given in the discussion of (~erenkov detectors in the Detectors 
section (Sec. 24 of this Review). 

Transition radiation. The energy radiated when a particle with 
charge ze crosses the boundary between vacuum and a medium with 
plasma frequency wp is 

I = az271~p/3  , (23.38) 

where 

hwp = ~ mec2/c~ 

= 1 4 w N e a 3  2 • 13.6 eV . (23.39) 

Here Ne is the electron density in the medium, re is the classical 
electron radius, and aoo is the Bohr radius. For styrene and similar 
materials, X/4rNea 3 ,~ 0.8, so that  h~Vp ~ 20 eV. The typical emission 
angle is 1/7. 

The radiation spectrum is logarithmically divergent at low energies 
and decreases rapidly for hcv/Tluv p > 1. About half the energy is 
emitted in the range 0.1 < lav/Ttavp _< 1. For a particle with 7 - 103, 
the radiated photons are in the soft x-ray range 2 to 20 keV. The 
7 dependence of the emitted energy thus comes from the hardening 
of the spectrum rather than  from an increased quan tum yield. For a 
typical radiated photon energy of 7hwp/4, the quan tum yield is 

1 ~z22~p/7~p  
N 7 ~ 2  3 / 4 

~c~z 2 ~ 0.5% x z 2 . (23.40) 

More precisely, the *lumber of photons with energy hw > lay 0 is 
given by [10] 

= l n ~ - I  + ~  , (23.41) 

within corrections of order (hwo/7hWp) 2. The number  of photons 
above a fixed energy lay 0 << 7hwp thus grows as (In 7) 2, but  the number  
above a fixed fraction of 7r~Op (as in the example above) is constant.  
For example, for bw > 7[~vp/1O, N 7 = 2.519 c~z2/r = 0.59% • z 2. 

The yield can be increased by using a stack of plastic foils with 
gaps between. However, interference can be important ,  and the soft 
x rays are readily absorbed in the foils. The first problem can be 
overcome by choosing thicknesses and spacings large compared to the 
"formation length" D = 7C/Wp, which in practical s i tuations is tens 
of #m. Other practical problems are discussed in Sec. 24. 
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24. P A R T I C L E  

Revised 1999 (see the various sections for authors). 

In this section we give various parameters for common detector 
components. The quoted numbers are usually based on typical devices, 
and should be regarded only as rough approximations for new designs. 
A more detailed discussion of detectors can be found in Ref. 1. 
In Table 24.1 are given typical spatial and temporal resolutions of 
common detectors. 

Table 24.1: Typical detector characteristics. 

Resolution Dead 
Detector Type Accuracy (rms) Time Time 

Bubble chamber 10 to 150 #m 1 ms 50 ms a 
Streamer chamber 300/.tm 2 #s 100 ms 
Proportional chamber > 300 pm b'c 50 ns 200 ns 
Drift chamber 50 to 300 ~tm 2 ns 4 100 ns 
Scintillator - -  150 ps 10 ns 
Emulsion 1/~m - -  - -  

Silicon strip pitch e ] ! 
3 t o  7 

Silicon pixel 2 ~m g Y I 

a Multiple pulsing time. 
b 300/~m is for 1 mm pitch. 

c Delay line cathode readout can give • #m parallel to anode 
wire. 

d For two chambers. 

e The highest resolution ("7") is obtained for small-pitch detectors 
( < 25 #m) with pulse-height-weighted center finding. 

I Limited at present by properties of the readout electronics. (Time 
resolution of < 25 ns is planned for the ATLAS SCT.) 

g Analog readout of 34 #m pitch, monolithic pixel detectors. 

2 4 . 1 .  O r g a n i c  s c i n t i l l a t o r s  

Written October 1995 by K.F. Johnson (FSU). 

Organic scintillators are broadly classed into three types, crystalline, 
liquid, and plastic, all of which utilize the ionization produced by 
charged particles (see the section on "Passage of particles through 
matter" (Sec. 23.2) of this Review) to generate optical photons, usually 
in the blue to green wavelength regions [2]. Plastic scintillators are 
by far the most widely used and we address them primarily; however, 
most of the discussion will also have validity for liquid scintillators 
with obvious caveats. Crystal organic scintillators are practically 
unused in high-energy physics. 

Densities range from 1.03 to 1.20 g cm -3. Typical photon yields 
are about 1 photon per 100 eV of energy deposit [3]. A one-cm-thick 
scintillator traversed by a minimum-ionizing particle will therefore 
yield ~ 2 x 104 photons. The resulting photoelectron signal will 
depend on the collection and transport efficiency of the optical 
package and the quantum efficiency of the photodetector. 

Plastic scintillators do not respond linearly to the ionization 
density. Very dense ionization columns emit less light than expected 
on the basis of dE/dx  for minimum-ionizing particles. A widely 
used semi-empirical model by Birks' posits that recombination and 
quenching effects between the excited molecules reduce the light 
yield [4]. These effects are more pronounced the greater the density of 
the excited molecules. Birks' formula is 

d.~ dE / dx 
dx - t o  1 + kB dE/dx ' (24.1) 

where _9' is the luminescence, -L~0 is the luminescence at low 
specific ionization density, and k B is Birks' constant, which must be 
determined for each scintillator by measurement. 

D E T E C T O R S  

Decay times are in the ns range; rise times are much faster. The 
combination of high light yield and fast response time allows the 
possibility of sub-ns timing resolution [5]. The fraction of light emitted 
during the decay "tail" can depend on the exciting particle. This 
allows pulse shape discrimination as a technique to carry out particle 
identification. Because of the hydrogen content (carbon to hydrogen 
ratio ~ 1) plastic scintillator is sensitive to proton recoils from 
neutrons. Ease of fabrication into desired shapes and low cost has 
made plastic scintillators a common detector component. Recently, 
plastic scintillators in the form of scintillating fibers have found 
widespread use in tracking and calorimetry [6]. 

24.1.1. Scint i l la t ion m e c h a n i s m  : 
Scintillation: A charged particle traversing matter  leaves behind it a 
wake of excited molecules. Certain types of molecules, however, will 
release a small fraction ( ~ 3%) of this energy as optical photons. This 
process, scintillation, is especially marked in those organic substances 
which contain aromatic rings, such as polystyrene, polyvinyltoluene, 
and napthalene. Liquids which scintillate include toluene and xylene. 

Fluorescence: In fluorescence, the initial excitation takes place via 
the absorption of a photon, and de-excitation by emission of a 
longer wavelength photon. Fluors are used as "waveshifters" to shift 
scintillation light to a more convenient wavelength. Occurring in 
complex molecules, the absorption and emission are spread out over a 
wide band of photon energies, and have some overlap, that is, there 
is some fraction of the emitted light which can be re-absorbed [7]. 
This "self-absorption" is undesirable for detector applications because 
it causes a shortened attenuation length. The wavelength difference 
between the major absorption and emission peaks is called the Stokes' 
shift. It is usually the case that the greater the Stokes' shift, the 
smaller the self absorption--thus,  a large Stokes' shift is a desirable 
property for a fiuor. 

Ionization excitat ion of base  plastic 
base  plast ic  H 

10-8m ] ]  Fors te r  energy t rans fe r  

V pr imary  fluor 

i emi t  UV, - 3 4 0  n m  (~1% w t / w t  ) 
10-4m y 

absorb U V p h o t o n  secondary f luor  

1 m y ~  emi t  blue, - 4 0 0  n m  (-0.05% w t / w t  ) 

i absorb blue photon  photodetec tor  

Figure 24.1: Cartoon of scintillation "ladder" depicting the 
operating mechanism of plastic scintillator. Approximate fiuor 
concentrations and energy transfer distances for the separate 
sub-processes are shown. 

Scintillators: The plastic scintillators used in high-energy physics are 
binary or ternary solutions of selected fluors in a plastic base containing 
aromatic rings. (See the appendix in Ref. 8 for a comprehensive list 
of plastic scintillator components.) Virtually all plastic scintillators 
contain as a base either polyvinyltoluene, polystyrene, or acrylic, 
whereby polyvinyltoluene-based scintillator can be up to 50% brighter 
than the others. Acrylic is non-aromatic and has therefore a very 
low scintillation efficiency. It becomes an acceptable scintillator when 
napthalene, a highly aromatic compound, is dissolved into the acrylic 
at 5% to 20% weight fraction. Thus, in "acrylic" scintillator the 
active component is napthalene. The fiuors must satisfy additional 
conditions besides being fluorescent. They must be sufficiently stable, 
soluble, chemically inert, fast, radiation tolerant, and efficient. 

The plastic base is the ionization-sensitive (i.e., the scintillator) 
portion of the plastic scintillator (see Fig. 24.1). In the absence of 
fluors the base would emit UV photons with short attenuation length 
(several mm). Longer attenuation lengths are obtained by dissolving 
a "primary" fluor in high concentration (1% by weight) into the 
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Revised March 1998 by R.J. Donahue (LBNL) and A. Fassb (SLAC). 

2 5 . 1 ,  D e f i n i t i o n s  

The International Commission on Radiation Units and Measure- 
ments (ICRU) recommends the use of SI units. Therefore we list SI 
units first, followed by cgs (or other common) units in parentheses, 
where they differ. 

�9 U n i t  o f  ac t iv i ty  = becquerel (curie): 

1 Bq = 1 disintegration s -1 [= 1/(3.7 x 1010) Ci] 

�9 Un i t  o f  absorbed dose = gray (tad): 

1 Gy = 1 joule kg -1 (= 104 erg g-1 = 100 tad) 

= 6.24 x 1012 MeV kg -1 deposited energy 

�9 U n i t  o f  exposu re ,  the quantity of x- or 7- radiation at a point in 
space integrated over time, in terms of charge of either sign produced 
by showering electrons in a small volume of air about the point: 

= 1 eoul kg -1 of air (roentgen; 1 R = 2.58x10 -4 coul kg - t )  

=- 1 esu c m - 3 ( =  87.8 erg released energy per g of air) 

Implicit in the definition is the assumption that the small test volume 
is embedded in a sufficiently large uniformly irradiated volume that 
the number of secondary electrons entering the volume equals the 
number leaving. This unit is somewhat historical, but appears on 
many measuring instruments. 

�9 U n i t  o f  equivalent dose (for biological damage) = sievert [= 100 
rein (roentgen equivalent for man)]: Equivalent dose in Sv = absorbed 
dose in grays x WR, where w R (radiation weighting factor, formerly 
the quality factor Q) expresses long-term risk (primarily cancer and 
leukemia) from low-level chronic exposure. It depends upon the type 
of radiation and other factors, as follows [2]: 

Table 25,1: Radiation weighting factors. 

Radiation w R 

X- and 7-rays, all energies 1 

Electrons and muons, all energies 1 
Neutrons < 10 keV 5 

10-100 keV 10 
> 100 keV to 2 MeV 20 

2-20 MeV 10 
> 20 MeV 5 

Protons (other than recoils) > 2 MeV 5 
Alphas, fission fragments, & heavy nuclei 20 

2 5 . 2 .  R a d i a t i o n  l e v e l s  [3] 

�9 N a t u r a l  annual background, all sources: Most world areas, 
whole-body equivalent dose rate ~ (0.4-4) rosy (40-400 millirems). 
Can range up to 50 mSv (5 reins) in certain areas. U.S. average 

3,6 mSv, including ~ 2 mSv (~ 200 mrem) from inhaled natural 
radioactivity, mostly radon and radon daughters (0.1-0.2 mSv in open 
areas. Average is for a typical house and varies by more than an order 
of magnitude. It can be more than two orders of magnitude higher in 
poorly ventilated mines). 

�9 Cosmic  ray background in counters (Earth's surface): 
1 rain -1 cm -2 sr -1. For more accurate estimates and details, 

see the Cosmic Rays section (Sec. 20 of this Review). 

�9 F luxes  (per cm 2) to deposit one Gy, assuming uniform irradiation: 

(charged particles)  6.24xlOS/(dE/dx), where dEIdx (MeV 
g-1 cm2), the energy loss per unit length, may be obtained from the 
Mean Range and Energy Loss figures. 

3.5 • 109 cm -2 minimum-ionizing singly-charged particles in 
carbon. 

,~ (pho tons )  6.24• for photons of energy E (MeV), 
attenuation length A (g cm -2)  (see Photon Attenuation Length 
figure), and fraction f < 1 expressing the fraction of the photon's 
energy deposited in a small volume of thickness << A but large enough 
to contain the secondary electrons. 

2 • 1011 photons crn -2  for 1 MeV photons on carbon (]  ~ 1/2). 

(Quoted fluxes are good to about a factor of 2 for all materials.) 

�9 R e c o m m e n d e d  l imi ts  to exposure  of  radiat ion workers 
( w h o l e - b o d y  dose):* 

C E R N "  15 mSv yr -1 

U.K. :  15 roSy yr - I  

U.S. :  50 mSv yr -1 (5 rem yr-1)  t 

�9 Le tha l  dose:  Whole-body dose from penetrating ionizing radiation 
resulting in 50% mortality in 30 days (assuming no medical treatment) 
2.5-3.0 Gy (250-300 fads), as measured internally on body longitudinal 
center line. Surface dose varies due to variable body attenuation and 
may be a strong function of energy. 

2 5 . 3 ,  P r o m p t  n e u t r o n s  a t  a c c e l e r a t o r s  

25.3.1. Electron beam~: At electron accelerators neutrons are 
generated via photonuclear reactions from bremsstrahlung photons. 
Neutron yields from semi-infinite targets per unit electron beam power 
are plotted in Fig. 25.1 as a function of electron beam energy [4]. In 
the photon energy range 10-30 MeV neutron production results from 
the giant photonuclear resonance mechanism. Neutrons are produced 
roughly isotropically (within a factor of 2) and with a Maxwellian 
energy distribution described as: 

d N  En 
- T i e  -En/T , (25.1) 

dE,~ 

where T is the nuclear temperature characteristic of the target nucleus, 
generally in the range of T = 0.5-1.0 MeV. For higher energy photons 
the quasi-deuteron and photopion production mechanisms become 
important. 

• 1012 

~_ 3 -  / 

I - -  

W ~ - - - - -  

i B . . . .  

1 -- / Cu 

z F e ~  -- 
Fe N i ~  

Au C ~  
0 P ~ ~  

, o  oo 
/ ~ a  x N, '~ ,  v l D a  \ i~i AI W Ta Electron Energy  E 0 (MeV) 

F igu re  25o1: Neutron yields from semi-infinite targets, per kV~ 
of electron beam power, as a function of electron beam energy, 
disregarding target self-shielding. 
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F igu re  25.3: The variation of the at tenuation length for 
monoenergetic neutrons in concrete as a function of neutron 
energy [5]. 

25.3.2. P r o t o n  b e a m s :  At proton accelerators neutron yields 
emitted per incident proton by different target materials are roughly 
independent [5] of proton energy between 20 MeV and 1 GeV and are 
given by the ratio C:AhCu-Fe:Sn:Ta-Pb = 0.3 : 0.6 : 1.0 : 1.5 : 1.7. 
Above 1 GeV neutron yield [6] is proportional to E TM, where 
0.80 <_ m <  0.85. 
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F i g u r e  25.2: Calculated neutron spect rum from 205 GeV/c 
hadrons (2/3 protons and 1/3 ~r +) on a thick copper target. 
Spectra are evaluated at 90 ~ to beam and through 80 cm of 
normal density concrete or 40 cm of iron. 

A typical neutron spectrum [7] outside a proton accelerator 
concrete shield is shown in Fig. 25.2. The shape of these spectra 
are generally characterized as having a thermal-energy peak which is 
very dependent on geometry and the presence of bydrogenic material, 
a low-energy evaporation peak around 2 MeV, and a high-energy 
spallation shoulder. 

Letaw's [8] formula for the energy dependence of the inelastic 
proton cross-section (asymptotic values given in Table 6.1) for E < 2 
GeV is: 

r 
0 . 6 2 e - E ~  2oo 

1 
(7(E) gasympt [1 - sin(10.9E-0'28)J , (25.2) 

and for E > 2 GeV: 

O'a~yrnpt : 45A ~ [1 + 0.016 sin(5.3 - 2.63 In A)] , (25.3) 

where r is in mb, E is the proton energy in MeV and A is the mass  
number. 

The neutron-at tenuat ion length, A, is shown in Fig. 25.3 for 
monoenergetic broad-beam conditions. These values give a satisfactory 
representation at depths greater than  1 m in concrete. 

2 5 . 4 .  D o s e  c o n v e r s i o n  f a c t o r s  
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F i g u r e  25.4: Fluence to dose equivalent conversion factors for 
various particles. 

Fluence to dose equivalent factors are given in Fig. 25.4 for 
photons [9], neutrons [103, muons [11], protons and pions [12]. These 
factors can be used for converting particle fluence to dose for personnel 
protection purposes. 

2 5 . 5 .  A c c e l e r a t o r - i n d u c e d  a c t i v i t y  

The dose rate at 1 m due to spallation-induced activity by high 
energy hadrons in a 1 g medium atomic weight target can be 
est imated [13] from the following expression: 

D = Do �9 ln[(T + t ) / t ]  , (25.4) 

where T is the irradiation time, t is the decay t ime since irradiation, 
is the flux of irradiating hadrons (hadrons cm -2  s -1)  and DO has a 

value of 5.2 • 10 -17 [(Sv h r -1 ) / ( had ron  cm -2  s - l ) ] .  This  relation is 
essentially independent of hadron energy above 200 MeV. 

Dose due to accelerator-produced induced activity can also be 
est imated with the use of "w factors" [5]. These factors give the 
dose rate per unit s tar  density (inelastic reaction for E > 50 MeV) 
after a 30-day irradiation and 1-day decay. The w factor for steel or 
iron is "" 3 x 10 -12 (Sv cma/star) .  This does not include possible 
contributions from thermal-neutron activation. Induced activity 
in concrete can vary widely depending on concrete composition, 
particularly with the concentration of trace quantities such as sodium. 
Additional information can be found in Barbier [14]. 

2 5 . 6 .  P h o t o n  s o u r c e s  

The dose rate from a gamma  point source of C Curies emit t ing one 
photon of energy 0.07 < E < 4 MeV per disintegration at a distance 
of 30 cm is 6CE (rem/hr) ,  or 60CE (mSv/hr) ,  4-20%. 

The dose rate from a semi-infinite uniform photon source of specific 
activity C (/~Ci/g) and g a m m a  energy E (MeV) is 1.07CE (rem/hr) ,  
or 10.7CE (mSv/hr) .  
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2 5 . 7 .  R a d i a t i o n  l e v e l s  i n  d e t e c t o r s  a t  h a d r o n  c o l l i d -  
e r s  

An SSC Central Design Group task force studied the radiation 
levels to be expected in SSC detectors [15]. The s tudy focused on 
scaling with energy, distance, and angle. As such, it is applicable 
to future detectors such as those at  the LHC. Although superior 
detector-specific calculations have since been made, the scaling is in 
most  cases not evident, and so the SSC results have some relevance. 
The SSC/CDG model assumed 

�9 The machine luminosity at x/~ = 40 TeV is I = 1033 cm-2s  -1 ,  
and the  pp inelastic cross section is Crinel :- 100 mb. This 
luminosity is effectively achieved for 107 s yr  -1.  The interaction 
rate is thus 10 s s -1 ,  or 1015 yr-1;  

�9 All radiation comes from pp collisions at the interaction point; 

�9 The charged particle distribution is (a) flat in pseudorapidity 
for 171 < 6 and (b) has a m o m e n t u m  distribution whose 
perpendicular component is independent of rapidity, which is 
taken as independent of pseudorapidity: 

d2ych -- H f (p •  (25.5) 
dodp • 

(where p• = ps in0) .  Integrals involving f(p• are simplified 
by replacing f (pk)  by 6(p• - (Pk)); in the worst case this 
approximation introduces an error of less than  10%; 

�9 G a m m a  rays from r ~ decay are as abundant  as charged particles. 
They  have approximately the same ,7 distribution, but  half the 
mean momentum;  

�9 At the SSC (v  ~ = 40 TeV), H ~ 7.5 and (p• ~ 0.6 GeV/c; 
assumed values at other energies are given in Table 25.3. Together 
with the  model discussed above, these values are thought  to 
describe particle production to within a factor of two or better. 

It then  follows that  the flux of charged particles from the interaction 
point passing through a normal  area da located a distance r •  from 
the beam line is given by 

dNch _ 1.2 • 108s - I  
da r~ (25.6) 

In a typical organic material,  a relativistic charged particle flux of 
3 x 109 cm -2  produces an ionizing radiation dose of 1 Gy, where 
1 Gy -= 1 joule kg -1  (= 100 fads).  The  above result may  thus be 
rewritten as dose rate, 

/ )  = 0.4 MGy yr -1 
(r• cm) 2 (25.7) 

If a magnetic  field is present, "loopers" may increase this dose rate by 
a factor of two ore more. 

In a medium in which cascades can develop, the ionizing dose 
or neutron fiuence is proportional to dNch/da multiplied by (Et a, 
where (E) is the mean  energy of the particles going through da and 
the power (~ is slightly less than  unity. Since E ~ p = p •  and 
r •  = r sinS, the above expression for dNch/da becomes 

Dose or fluence ~ = 4 cosh 2+~ ~ = A (25.8) 
r z r 2 sin 2+a 0 " 

The  constant  A contains the total number  of interactions O'inel f .~dt, 
so the ionizing dose or neutron fluence at another accelerator scales as 
~n,l f Aedt H (p• 

The dose or fluence in a calorimeter scales as 1/r 2, as does the 
neutron fluence inside a central cavity with characteristic dimension r. 

Under  all conditions so far studied, the neutron spect rum shows 
a broad log-normal distribution peaking at just  under 1 MeV. In a 
2 m radius central cavity of a detector with coverage down to 17[ = 3, 
the average neutron flux is 2 x 1012 c m - 2 y r  -1 ,  including secondary 
scattering contributions. 

Values of A and a are given in Table 25.2 for several relevant 
situations. Examples of scaling to other accelerators axe given in 
Table 25.3. It should be noted that  the assumpt ion that  all radiation 
comes from the interaction point does not apply to the  present 
generation of accelerators. 

The constant  A includes factors evaluated with cascade simulation 
programs as well as constants describing particle production at the 
interaction point. It is felt that  each could introduce an error as large 
as a factor of two in the results. 

Tab le  25.2: Coefficients A/(100 cm) 2 and t~ for the evaluation 
of calorimeter radiation levels at cascade max ima  under SSC 
nominal  operating conditions. At a distance r and angle 
0 from the interaction point the annual  fiuence or dose is 
A/(r 2 sin 2+a 0). 

Quanti ty A/(100 cm) 2 Units  (P.L> a 

Neutron flux 1.5 x 1012 c m - 2 y r  -1  0.6 GeV/c  0.67 

Dose rate from photons 124 Gy yr -1 0.3 GeV/c  0.93 

Dose rate from hadrons 29 Gy yr -1  0.6 GeV/c  0.89 

Table  25.3: A rough comparison of beam-collision induced 
radiation levels at the Tevatron, high-luminosity LHC, SSC, and 
a possible 100 TeV machine [16]. 

Tevatron LHC SSC 100 TeV 

v'~ (TeV) 1.8 15.4 40 100 
..~Dno m (cm-2s -I)  2 X 1030 1.7 • I034a 1 • 1033 1 • 1034 

ffinel 56 mb 84 mb 100 mb 134 mb 

H 3.9 6.2 7.5 10.6 

(p• (GeV/c) 0.46 0.55 0.60 0.70 

Relative dose rate b 5 • 10 -4  11 1 20 

a High-luminosity option. 

b Proportional to -~nom Crinel H (p• 

F o o t n o t e s :  

* The ICRP recomendation [2] is 20 mSv yr -1  averaged over 
5 years, with the dose in any one year _< 50 mSv. 

t Many laboratories in the U.S. and elsewhere set lower limits. 

t Dose is the t ime integral of dose rate, and fluence is the  t ime 
integral of flux. 
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26.  C O M M O N L Y  U S E D  R A D I O A C T I V E  S O U R C E S  

Tab le  26.1.  Revised November 1993 by E. Browne (LBNL). 

Particle Photon 

Type of Energy Emission Energy Emission 
Nuclide Half-life decay (MeV) prob. (MeV) prob. 
~ N a  2.603 y ~+,  EC 0.545 90% 0.511 Annih. 

1.275 100% 

~ M n  0.855 y EC 0.835 100% 
Cr K x rays 26% 

~5Fe 2.73 y EC Mn K x rays: 
0.00590 24.4% 
0.00649 2.86% 

57Co 0.744 y EC 0.014 9% 
0.122 86% 
0.136 11% 
Fe K x rays 58% 

60 27Co 5.271 y /3- 0.316 100% 1.173 100% 
1.333 100% 

6~Ge 0.742 y EC Ga K x rays 44% 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

__~ 68 r o 3 1 ~  fl+, EC 1.899 90% 0.511 Annih. 
1.077 3% 

~~ 28.5y Z- 0.546 100% 

. . . .  0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ---* 39Y ~ -  2.283 100% 

106~44D. u 1.020 y ~ -  0.039 100% 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . . ,  1061:~ h 45 . . . .  ~3- 3.541 79% 0.512 21% 
0.622 10% 

109r 1.267 y EC 0.063 e -  41% 0.088 3.6% 48 ~ 
0.084 e -  45% Ag K x rays 100% 
0.087 e -  9% 

113~50~n 0.315 y EC 0.364 e -  29% 0.392 65% 
0.388 e -  6% In K x rays 97% 

137~55~s 30.2 y f l -  0.514 e -  94% 0.662 85% 
1.176 e -  6% 

133~56Da 10.54 y EC 0.045 e -  50% 0.081 34% 
0.075 e -  6% 0.356 62% 

Cs K x rays 121% 

207~.83D1 31.8 y EC 0.481 e -  2% 0.569 98% 
0.975 e -  7% 1.063 75% 
1.047 e -  2% 1.770 7% 

Pb K x rays 78% 

228~vh 1.912 y 6a: 5.341 to 8.785 0.239 44% 
3/3-: 0.334 to 2.246 0.583 31% 

2.614 36% 
224 __~ 220-O ~ 21619~ 212DI~  2 1 2 ~ .  2 1 2 ~  

( -"*  88 R a  86 ~ ' t  ~ 8 4 - - "  -"* 82 ~ ~ 83 D1 ~ 841"O) 

241--05Am 432.7 y a 5.443 13% 0.060 36% 
5.486 85% Np L x rays 38% 

241Am/Be 432.2 y 6 x 10 -5  neutrons (4-8 MeV) and 
4 • 10-57 ' s  (4.43 MeV) per Am decay 

244~ 96wm 18.11 y a 5.763 24% Pu  L x rays ~ 9% 
5.805 76~163 

252r162 98-"  2.645 y c~ (97%) 6.076 15% 
6.118 82Os 

Fission (3.1%) 
20 7's/fission; 80% < 1 MeV 
4 neutrons/fission; (En) = 2.14 MeV 

"Emission probability" is the probability per decay of a given emission; 
because of cascades these may total more than  100%. Only principal 
emissions are listed. EC means  electron capture, and e -  means  
monoenergetic internal conversion (Auger) electron. The  intensity of 
0.511 MeV e+e - annihilation photons depends upon the number  of 
stopped positrons. Endpoint  fl=t= energies are listed. In some cases 
when energies are closely spaced, the v-ray values are approximate 
weighted averages. Radiation from short-lived daughter  isotopes is 
included where relevant. 

Half-lives, energies, and intensities are from E. Browne and 
R.B. Firestone, Table of Radioactive Isotopes (John Wiley & Sons, 
New York, 1986), recent Nuclear Data Sheets, and X-ray and 
Gamma-ray Standards for Detector Calibration, IAEA-TECDOC-619 
(1991). 

Neutron data  are from Neutron Sources for Basic Physics and 
Applications (Pergamon Press, 1983). 
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and similarly for the marginal p.d.f, f2(Y). We define f3(ylz), the 
conditional p.d.f, of y given fixed x, by 

27.1. G e n e r a l  [1-6] 

Let x be a possible outcome of an observation. The probability of 
x is the relative frequency with which that outcome occurs out of 
a (possibly hypothetical) large set of similar observations. If x can 
take any value from a continuous range, we write ](x; 0) dx as the 
probability of observing x between x and x + dx. The function f (x;  O) 
is the probability density function (p.d.f.) for the random variable 
x, which may depend upon one or more parameters 0. If x can take 
on only discrete values (e.g., the non-negative integers), then .f(x; 0) 
is itself a probability, but we shall still call it a p.d.f. The p.d.f, is 
always normalized to unit area (unit sum, if discrete). Both x and 0 
may have multiple components and are then often written as column 
vectors. If 0 is unknown and we wish to estimate its value from a 
given set of data measuring x, we may use statistics (see Sec. 28). 

The cumulative distribution function F(a) is the probability that 
x _ < a :  

F F(a) = I(~) dx .  (27.1) 

Here and below, if x is discrete-valued, the integral is replaced by 
a sun:. The endpoint a is expressly included in the integral or sun:. 
Then 0 _< F(x)  <_ 1, F(x)  is nondecreasing, and Prob(a < x < b) = 
F(b) - F(a). If x is discrete, F(x)  is flat except at allowed values of 
x, where it has discontinuous jumps equal to f (x ) .  

Any function of random variables is itself a random variable, with 
(in general) a different p.d.f. The expectation value of any function 
u(z) is 

/? E [u(~)] = u (~) / (~ )  d~ ,  (27.2) 
cx~ 

assuming the integral is finite. For u(x) and v(x) any two functions 
of x, E(u + v) = E(u)  + E(v).  For c and k constants, E(cu + k) = 
cE(u) + k. 

The nth moment of a distribution is 

c~n =- E(x  n) = xn](x)dx  , (27.3a) 
o~ 

and the nth moment about the mean of x, C~l, is 

/? mn =- E[(x - a l )  ~] = (x - c q ) n f ( x ) d x .  (27.3b) 
oo 

The most commonly used moments are the mean # and variance a2: 

= cq (27.4a) 

a 2 - Var(x) -- m2 = c~2 - ~2 . (27.4b) 

The mean is the location of the "center of mass" of the probability 
density function, and the variance is a measure of the square of its 
width. Note that Var(cx + k) = c2Var(x). 

Any odd moment about the mean is a measure of the skewness 
of the p.d.f. The simplest of these is the dimensionless coefficient of 
skewness 71 - m3/aJ. 

Besides the mean, another useful indicator of the "middle" 
of the probability distribution is the median Xmed, defined by 
F(Xmed) = 1/2; i.e., half the probability lies above and half lies below 
Xme d. For a given sample of events, Xme d is the value such that 
half the events have larger x and half have smaller x (not counting 
any that have the same x as the median). If the sample median lies 
between two observed x values, it is set by convention halfway between 
them. If the p.d.f, for x has the form f ( x  - p) and # is both mean 
and median, then for a large number of events N, the variance of the 
median approaches 1/[4N]2(0)], provided f(0) > 0. 

Let x and y be two random variables with a joint p.d.f . . f (x,y) .  
The marginal p.d.f, of x (the distribution of x with y unobserved) is 

/? fl (X) ---- f ( x ,  y )  d y ,  (27 .5)  
oo 

f3(y[x).fl(X) = f ( x , y ) .  (27.6a) 

Similarly, .f4(xly), the conditional p.d.f, of x given fixed y, is 

h ( x ] y ) f 2 ( y ) = f ( x , y ) .  (27.6b) 

From these definitions we immediately obtain Bayes' theorem [2]: 

f J (Y lX) f l (x )  f J (Y lx ) f : ( x )  (27.7) 
fa(xlY) = f2(Y) - f f3(Ylx) f l ( x )  dx " 

The mean of x is 

/~ /? Pz = x f ( x ,  y) dx dy = x f l  (X)  dx , 
c~ co oo 

(27.8) 

and similarly for y. The correlation between x and y is 

p~y = E [(x - #z)(Y - #y)] /(rz ay = Coy(x, y) /az  cry , (27.9) 

where ax and ay are defined in analogy with Eq. (27.4b). It can be 
shown that - 1  _< pxy _< 1. Here "Cov" is the covariance of x and y, a 
2-dimensional generalization of the variance. 

Two random variables are independent if and only if 

f ( x ,  y) = / l ( x )  ]2(Y) �9 (27.10) 

If x and y are independent then p~y = 0; the converse is not 
necessarily true except for Ganssian-distributed x and y. If x and 
y are independent, E[u(x) v(y)] = E[u(x)] Ely(y)], and Var(x + y) 
= Var(x)+Var(y); otherwise, Var(x + y) = Var(x)+Var(y)+ 
2Coy(x, y), and E(u v) does not factor. 

In a change of continuous random variables from x - ( x l , . . . ,  Xn), 
with p.d.f, f ( x )  = . f(xl  . . . . .  xn), to y = (Yl . . . . .  Yn), a one-to-one 
function of the xi's, the p.d.f, g(y) = g ( Y l , . . . , Y n )  is found by 
substitution for (X l , . . . , xn )  in f followed by multiplication by the 
absolute value of the Jaeobian of the transformation; that is, 

g(y) = f [wl(y) . . . . .  wn(y)] [JI �9 (27.11) 

The functions wi express the inverse transformation, xi = wi(y)  for 
i = 1 , . . .  ,n, and ]J] is the absolute value of the determinant of the 
square matrix Jij = Oxi/Oyj. If the transformation from �9 to y is 
not one-to-one, the situation is more complex and a unique solution 
may not exist. For example, if the change is to m < n variables, then 
a given y may correspond to more than one x, leading to multiple 
integrals over the contributions [1]. 

To change variables for discrete random variables simply substitute; 
no Jacobian is necessary because now f is a probability rather than a 
probability density. 

If f depends upon a parameter set a ,  a change to a different 
parameter set ~b i = r  is made by simple substitution; no Jacobian 
is used. 

27.2.  C h a r a c t e r i s t i c  f u n c t i o n s  

The characteristic function r associated with the p.d.f, f (x)  is 
essentially its (inverse) Fourier transform, or the expectation value of 
exp(iux): 

V r = E(e ~ )  = e~I(x)dx. (27.12) 

It is often useful, and several of its properties follow [1]. 

It follows from Eqs. (27.3a) and (27.12) that the nth moment of 
the distribution ](x) is given by 

' -~"'~ ---- oo (27.13) du I,,=o x" / (~ )d~  = ~ , , .  
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Thus it is often easy to calculate all the moments of a distribution 
defined by r even when f ( x )  is difficult to obtain. 

If ] l (x)  and f2(Y) have characteristic functions e l (u)  and ~b2(u), 
then the characteristic function of the weighted sum ax  + by is 
r162  The addition rules for common distributions (e.g., 
that the sum of two numbers from Gaussian distributions also has a 
Gaussian distribution) easily follow from this observation. 

Let the (partial) characteristic function corresponding to the 
conditional p.d.f, f2 (x[z )  be r and the p.d.f, of z be fl(Z). The 
characteristic function after integration over the conditional value is 

f r f l ( Z ) d z  . (27.14) r 

Suppose we can write r in the form 

r ) : A(u)c  ig(u)z . (27.15) 

Then 
r = A(u)~Al(g(u)) . (27.16) 

The semi-invariants ~n are defined by 

~(,~) = exp (iu) ~ ; exp ( , i ,~u - � 8 9  ~ + . . . ~  . (27.X7) 

The ~n'S are related to the moments C~n and m,~. The first few 
relations are 

~;1 --- ozl (= ~, the mean) 

~ 2 = m 2  = ~ 2 - c q  2 ( = a 2  the variance) 

~3 = m3 = o~3 - 3~1ot2 + 2c~ . (27.18) 

27 .3 .  S o m e  p r o b a b i l i t y  distr ibutions 

Table 27.1 gives a number of common probability density functions 
and corresponding characteristic functions, means, and variances. 
Further information may be found in Refs. 1-7; Ref. 7 has particularly 
detailed tables. Monte Carlo techniques for generating each of them 
may be found in our Sec. 29.4. We comment below on all except the 
trivial uniform distribution. 

27.3.1: B i n o m i a l  d i s t r i b u t i o n :  A random process with exactly 
two possible outcomes is called a Bernoul l i  process. If the probability 
of obtaining a certain outcome (a "success") in each trial is p, then 
the probability of obtaining exactly r successes (r = 0, 1, 2 , . . . ,  n) in 
n trials, without regard to the order of the successes and failures, 
is given by the binomial distribution f ( r ; n , p )  in Table 27.1. If r 
successes are observed in nr trials with probability p of a success, and 
if s successes are observed in ns similar trials, then t = r + s is also 
binomial with nt  = nr + ns. 

27.3.2. P o i s s o n  d i s t r i b u t i o n :  The Poisson distribution f(r;/z) 
gives the probability of finding exactly r events in a given interval of 
x (e.g., space and time) when the events occur independently of one 
another and of x at an average rate of Iz per the given interval. The 
variance a 2 equals ~. It is the limiting case p ---* O, n ---* oo, np  = # 
of the binomial distribution. The Poisson distribution approaches the 
Gaussian distribution for large ]z. 

Two or more Poisson processes (e.g., signal + background, with 
parameters #s and Pb) that independently contribute amounts ns and 
n b to a given measurement will produce an observed number n = 
ns + nb, which is distributed according to a new Poisson distribution 
with parameter # =/~s + IZb. 

27.3.3. N o r m a l  o r  Gaussian distribution: The normal (or 
Gaussian) probability density function f ( x ;  #, a 2) given in Table 27.1 
has mean ~ = tt and variance a 2  Comparison of the characteristic 
function q~(u) given in Table 27.1 with Eq. (27.17) shows that all 
semi-invariants ~n beyond ~2 vanish; this is a unique property of the 
Gaussian distribution. Some properties of the distribution are: 

rms deviation -- cr 

probability x in the range # 4- a = 0.6827 

probability x in the range # :i: 0.6745~ = 0.5 

expection value of Ix - ~l, E ( Ix  - #1) = (2/7r) 1/20" -- 0.7979a 

half-width at half maximum = (2 In 2)1/2a = 1.177a 

The cumulative distribution, Eq. (27.1), for a Gaussian with/~ = 0 
and ~2 = 1 is related to the error function eft(y) by 

F(x;  O, 1) = 1 [1 + erf(x/v~)]  . (27.19) 

The error function is tabulated in Ref. 7 and is available in computer 
math libraries and personel computer spreadsheets. For a mean p and 
variance cr 2, replace x by (x - #)/~.  The probability of x in a given 
range can be calculated with Eq. (28.36). 

For x and y independent and normally distributed, z = ax  + by 
obeys f ( z ;  a#~ + bpy, a2cr 2 + b2~2); that is, the weighted means and 
variances add. 

The Gaussian gets its importance in large part from the central l imit  
theorem: If a continuous random variable x is distributed according to 
any p.d.f, with finite mean and variance, then the sample mean, ~n, 
of n observations of x will have a p.d.f, that approaches a Gaussian as 
n increases. Therefore the end result ~-]n xi  =- n~n  of a large number 
of small fluctuations xi will be distributed as a Gaussian, even if the 
xi  themselves are not. 

(Note that the product of a large number of random variables is not 
Gaussian, but its logarithm is. The p.d.f, of the product is lognormal. 
See Ref. 6 for details.) 

For a set of n Gaussian random variables x with means ~ and 
corresponding Fourier variables u, the characteristic function for a 
one-dimensional Gaussian is generalized to 

r p,  S) = exp [i~,. u - �89 . (27.20) 

From Eq. (27.13), the covariance about the mean is 

E [(xj - , i ) (xk  - ~k)] -- Sik �9 (27.21) 

If the x are independent, then S j k  = 5 jka  2, and Eq. (27.20) is the 
product of the c.f.'s of n Gaussians. 

The covariance matrix S can be related to the correlation matrix 
defined by Eq. (27.9) (a sort of normalized covariance matrix). With 
the definition a 2 - Skk,  we have Pjk = Sjk/O'jCTk . 

The characteristic function may be inverted to find the correspond- 
ing p.d.s 

1 
exp 22) 

where the determinant ISI must be greater than 0. For diagonal S 
(independent variables), f (x ;  D, S) is the product of the p.d.f.'s of n 
Gaussian distributions. 
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Table  27.1.  Some common probability density functions, with corresponding characteristic functions and 
means and variances. In the Table, F(k) is the gamma  function, equal to (k - 1)! when k is an integer. 

Probabili ty density function Characteristic 
Distribution f (variable; parameters) function r Mean Variance ~r 2 

Uniform f ( x ; a , b ) = ~ l / ( b - a )  a < x < b  e i b u - e  iau a + b  ( b - a )  2 
otherwise (b - a)iu x = ~ 12 ( o 

n! prqn-r (q + peiU) n ~ = n p  npq Binomial f ( r ;  n,p) - r l(n - r)! 

r = 0 , 1 , 2 , . . . , n  ; 0 _ < p _ < l ;  q = l - p  

~ r e - #  
Poisson f ( r ; l~ )=  r----~ ; r = 0 , 1 , 2  . . . .  ; / z > 0  exp[#(e lU-1)]  ~ = / z  /z 

1 
Normal f ( x ; p , a  2) = ~ e x p ( - ( x  - # )2 /2a  2) exp(i/.m - �89 5 = ~ 0"2 
(Gaussian) 

- - o o < x < o o ;  --o~ < ,u  < ~ ; a > O  

1 
Multivariate f(:e; ~, S) = (27r)n/2 [ V ~  exp [il~" u - l u T S u ]  , Sjk 
Gaussian 

• exp [-�89 - . ) r s - ~ ( ~  - ~,)] 
- o r  < 0r - o r  <c r  de tS  > 0  

zn/2-1e-Z/2 
X 2 f (z ;  n) : 2n/2F(n/2) ; z > 0 (1 - 2iu) -n/2 -5 : n 2n 

1 F[(n + 1)/2] ( ~ ) - ( n + 1 ) / 2  ~ = 0  n / ( n - 2 )  
Student 's t f ( t ;  n) - ~ F(n/2)  1 + - -  for n > 2 for n > 3 

- o o  < t < oo ; n not required to be integer 

xk- lAke-~X 
Gamma f ( x ;A , k )  = ; 0 < x < o o ;  (1 - i u / A )  - k  ~ = k/A k/A s 

r (k)  
k not required to be integer 

For n = 2, f (x ;  ~, S) is 

1 
f(Xl,X2; p l , P 2 , a l , a 2 , p ) :  

27r0.1a2 \ /1  _ p2 

{ - 1  [(Xl-/ .~1) 2 2 p ( x l - . 1 ) ( x 2 - . a 2 )  
• exp ~ 0.~ 0"1~2 

0" 2 J ) 

The marginal distribution of any xi is a Gaussian with mean ~i and 
variance Sii. S is n x n, symmetric,  and positive definite. Therefore 
for any vector X, the quadratic form X T S -1 X = C, where C is any 
positive number, traces an n-dimensional ellipsoid as X varies. If 
Xi = (xi - t~i)/ai, then C is a random variable obeying the x2(n) 
distribution, discussed in the following section. The probability that  
X corresponding to a set of Ganssian random variables xi lies outside 
the ellipsoid characterized by a given value of C (= X 2) is given by 
Eq. (27.24) and may be read from Fig. 27.1. For example, the %- 
standard-deviation ellipsoid" occurs at C = s 2. For the two-variable 
case (n = 2), the point X lies outside ;he one-standard-deviation 
ellipsoid with 61% probability. (This assumes tha t  ~i and 0.i are 
correct.) For Xi = xi/a~, the ellipsoids of constant X 2 have the same 
size and orientation but  are centered at p.  The use of these ellipsoids 
as indicators of probable error is described in Sec. 28.6.2. 

27.3.4. X '~ distribution: If X l , . . . , x n  are independent Gaussian 
distributed random variables, the sum z = ~ n ( x i -  #i)2/0.~ i is 
distributed as a X 2 with n degrees of freedom, x2(n). Under a linear 
transformation to n dependent Gaussian variables x~, the X 2 at each 

transformed point retains its value; then z = X ~T V - 1 X  ~ as in the 
previous section. For a set of zi, each of which is x2(ni), ~ zi is a new 
random variable which is X 2 (Y'~ ni). 
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0.100 
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X2 

F i g u r e  27.1: The significance level versus X 2 for n degrees of 
freedom, as defined in Eq. (27.24). The  curve for a given n 
gives the probability tha t  a value at least as large as X2 will be 
obtained in an experiment; e.g., for n = 10, a value X 2 ~> 18 will 
occur in 5% of a large number  of experiments. For a fit, the SL 
is a measure of goodness-of-fit, in that  a good fit to a correct 
model is expected to yield a low X 2 (see Sec. 28.5.0). For a 
confidence interval, s measures the probability that  the interval 
does not cover the true value of the quanti ty being est imated 
(see Sec. 28.6). The dashed curve for n = 20 is calculated using 
the approximation of Eq. (27.25). 
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Fig. 27.1 shows the signficance level (SL) obtained by integrating 
the tall of f ( z ;  n): 

L 
oo 

SL(x 2) = f ( z ;  n) d z .  (27.24) 
2 

This is shown for a special case in Fig. 27.2, and is equal to 1.0 
minus the cumulative distribution function F(z  = ~2; n). It is useful 
in evaluating the consistency of data with a model (see Sec. 28): The 
SL is the probability that a random repeat of the given experiment 
would observe a greater X 2, assuming the model is correct. It is also 
useful for confidence intervals for statistical estimators (see Sec. 28.6), 
in which case one is interested in the unshaded area of Fig. 27.2. 

Since the mean of the X 2 distribution is equal to n, one expects in 
a "reasonable" experiment to obtain X 2 ~ n. Hence the "reduced X 2'' 
-- x 2 / n  is sometimes reported. Since the p.d.f, of x 2 / n  depends on n, 
one must report n as well in order to make a meaningful statement. 
Figure 27.3 shows x 2 / n  for useful SL's as a function of n. 

2.5 

2.0 ~x 

X21n ( ~ 3 2 % ~  

1.0 . . . . . . . . . . . . . . . .  50% . . . . . . . . . . . . .  

0.0 
0 10 20 30 40 50 

Degrees of freedom n 

F igu re  27.3: Significance levels as a function of the "reduced 
X 2" - x 2 / n  and the number of degrees of freedom n. Curves are 
labeled by the probability that a measurement will give a value 
of x 2 / n  greater than that given on the y axis; e.g., for n = 10, a 
value x 2 / n  ~ 1.8 can be expected 5% of the time. 

For large n, the SL is approximately given by [1,8] 

SL(x2) ~ ~ e-~ t2 dx , (27.25) 

where y = 2 v ~  - 2nx/~--Z~- 1. This approximation was used to draw 
the dashed curves in Fig. 27.1 (for n = 20) and Fig. 27.3 (for 
SL = 5%). Since all the functions and their inverses are now readily 

0.12 ~.. . . . .  I . . . .  I . . . .  I . . . .  I . . . .  I . . . .  _ 

0 .10  ~ n = 1 0  

0.08 / ~ 

J \ ~ 0 . 0 6  10% of area  o.o / 
0.02 

0 . 0 0  I . . . .  I , , ,  . .  
0 5 10 15 20 25 

~2 

F igure  27.2: Illustration of the significance level integral given 
in Eq. (27.24). This particlar example is for n = 10, where the 
area above 15.99 is 0.1. 

30 

available in standard mathematical libraries (such as IMSL, used 
to generate these figures, and personal computer spreadsheets, such 
as Microsoft |  [9]), the approximation (and even figures and 
tables) are seldom needed. 

27.3.5. S t u d e n t ' s  t d i s t r ibu t ion:  Suppose that x and xl ,  . . . ,  xn 
are independent and Gaussian distributed with mean 0 and variance 1. 
We then define 

and t (27.26) 2 X 

The variable z thus belongs to a x2(n) distribution. Then t is 
distributed according to a Student's t distribution with n degrees of 
freedom, S(t; n), given in Table 27.1. 

The Student's t distribution resembles a Ganssian distribution with 
wide tails. As n ~ oo, the distribution approaches a Gaussian. If 
n = 1, the distribution is a Cauchy or Brcit-Wigner distribution. The 
mean is finite only for n > 1 and the variance is finite only for n > 2, 
so for n = 1 or n = 2, the central limit theorem is not applicable to t. 

As an example, consider the sample mean �9 = ~ x i / n  and the 
sample variance s 2 = ~ ( x i  - ~)2/(n - 1) for normally distributed 
random variables xi with unknown mean /z and variance o -2. The 
sample mean has a Gaussian distribution with a variance g2/n,  so 
the variable (~ - # ) / ~  is normal with mean 0 and variance 1. 
Similarly, (n - 1) s2/cr 2 is independent of this and is X 2 distributed 
with n - 1 degrees of freedom. The ratio 

( 5  - , ) l , r  _ ~ - 

t = V ( n  - 1) s 2 / ~ 2  ( n  - 1) v~/n (27.27) 

is distributed as f( t;  n - 1). The unknown true variance c ~2 cancels, 
and t can be used to test the probability that the true mean is some 
particular value #. 

In Table 27.1, n in f ( t ; n )  is not required to be an integer. A 
Student's t distribution with nonintegral n > 0 is useful in certain 
applications. 

27.3.6. G a m m a  d is t r ibu t ion:  For a process that generates events 
as a function of x (e.g., space or time) according to a Poisson 
distribution, the distance in x from an arbitrary starting point 
(which may be some particular event) to the k th event belongs to 
a gamma distribution, f (x;  2~, k). The Poisson parameter # is 2~ per 
unit x. The special case k = 1 (i.e., f (x;  2~, 1) = )~e -~z)  is called the 
exponential distribution. A sum of k r exponential random variables 
xi is distributed as f ( ~  xi; )~, kl). 

The parameter k is not required to be an integer. For ~ = 1/2 and 
k = n/2,  the gamma distribution reduces to the x2(n) distribution. 
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and similarly for the marginal p.d.f, f2(Y). We define f3(ylz), the 
conditional p.d.f, of y given fixed x, by 

27.1. G e n e r a l  [1-6] 

Let x be a possible outcome of an observation. The probability of 
x is the relative frequency with which that outcome occurs out of 
a (possibly hypothetical) large set of similar observations. If x can 
take any value from a continuous range, we write ](x; 0) dx as the 
probability of observing x between x and x + dx. The function f (x;  O) 
is the probability density function (p.d.f.) for the random variable 
x, which may depend upon one or more parameters 0. If x can take 
on only discrete values (e.g., the non-negative integers), then .f(x; 0) 
is itself a probability, but we shall still call it a p.d.f. The p.d.f, is 
always normalized to unit area (unit sum, if discrete). Both x and 0 
may have multiple components and are then often written as column 
vectors. If 0 is unknown and we wish to estimate its value from a 
given set of data measuring x, we may use statistics (see Sec. 28). 

The cumulative distribution function F(a) is the probability that 
x _ < a :  

F F(a) = I(~) dx .  (27.1) 

Here and below, if x is discrete-valued, the integral is replaced by 
a sun:. The endpoint a is expressly included in the integral or sun:. 
Then 0 _< F(x)  <_ 1, F(x)  is nondecreasing, and Prob(a < x < b) = 
F(b) - F(a). If x is discrete, F(x)  is flat except at allowed values of 
x, where it has discontinuous jumps equal to f (x ) .  

Any function of random variables is itself a random variable, with 
(in general) a different p.d.f. The expectation value of any function 
u(z) is 

/? E [u(~)] = u (~) / (~ )  d~ ,  (27.2) 
cx~ 

assuming the integral is finite. For u(x) and v(x) any two functions 
of x, E(u + v) = E(u)  + E(v).  For c and k constants, E(cu + k) = 
cE(u) + k. 

The nth moment of a distribution is 

c~n =- E(x  n) = xn](x)dx  , (27.3a) 
o~ 

and the nth moment about the mean of x, C~l, is 

/? mn =- E[(x - a l )  ~] = (x - c q ) n f ( x ) d x .  (27.3b) 
oo 

The most commonly used moments are the mean # and variance a2: 

= cq (27.4a) 

a 2 - Var(x) -- m2 = c~2 - ~2 . (27.4b) 

The mean is the location of the "center of mass" of the probability 
density function, and the variance is a measure of the square of its 
width. Note that Var(cx + k) = c2Var(x). 

Any odd moment about the mean is a measure of the skewness 
of the p.d.f. The simplest of these is the dimensionless coefficient of 
skewness 71 - m3/aJ. 

Besides the mean, another useful indicator of the "middle" 
of the probability distribution is the median Xmed, defined by 
F(Xmed) = 1/2; i.e., half the probability lies above and half lies below 
Xme d. For a given sample of events, Xme d is the value such that 
half the events have larger x and half have smaller x (not counting 
any that have the same x as the median). If the sample median lies 
between two observed x values, it is set by convention halfway between 
them. If the p.d.f, for x has the form f ( x  - p) and # is both mean 
and median, then for a large number of events N, the variance of the 
median approaches 1/[4N]2(0)], provided f(0) > 0. 

Let x and y be two random variables with a joint p.d.f . . f (x,y) .  
The marginal p.d.f, of x (the distribution of x with y unobserved) is 

/? fl (X) ---- f ( x ,  y )  d y ,  (27 .5)  
oo 

f3(y[x).fl(X) = f ( x , y ) .  (27.6a) 

Similarly, .f4(xly), the conditional p.d.f, of x given fixed y, is 

h ( x ] y ) f 2 ( y ) = f ( x , y ) .  (27.6b) 

From these definitions we immediately obtain Bayes' theorem [2]: 

f J (Y lX) f l (x )  f J (Y lx ) f : ( x )  (27.7) 
fa(xlY) = f2(Y) - f f3(Ylx) f l ( x )  dx " 

The mean of x is 

/~ /? Pz = x f ( x ,  y) dx dy = x f l  (X)  dx , 
c~ co oo 

(27.8) 

and similarly for y. The correlation between x and y is 

p~y = E [(x - #z)(Y - #y)] /(rz ay = Coy(x, y) /az  cry , (27.9) 

where ax and ay are defined in analogy with Eq. (27.4b). It can be 
shown that - 1  _< pxy _< 1. Here "Cov" is the covariance of x and y, a 
2-dimensional generalization of the variance. 

Two random variables are independent if and only if 

f ( x ,  y) = / l ( x )  ]2(Y) �9 (27.10) 

If x and y are independent then p~y = 0; the converse is not 
necessarily true except for Ganssian-distributed x and y. If x and 
y are independent, E[u(x) v(y)] = E[u(x)] Ely(y)], and Var(x + y) 
= Var(x)+Var(y); otherwise, Var(x + y) = Var(x)+Var(y)+ 
2Coy(x, y), and E(u v) does not factor. 

In a change of continuous random variables from x - ( x l , . . . ,  Xn), 
with p.d.f, f ( x )  = . f(xl  . . . . .  xn), to y = (Yl . . . . .  Yn), a one-to-one 
function of the xi's, the p.d.f, g(y) = g ( Y l , . . . , Y n )  is found by 
substitution for (X l , . . . , xn )  in f followed by multiplication by the 
absolute value of the Jaeobian of the transformation; that is, 

g(y) = f [wl(y) . . . . .  wn(y)] [JI �9 (27.11) 

The functions wi express the inverse transformation, xi = wi(y)  for 
i = 1 , . . .  ,n, and ]J] is the absolute value of the determinant of the 
square matrix Jij = Oxi/Oyj. If the transformation from �9 to y is 
not one-to-one, the situation is more complex and a unique solution 
may not exist. For example, if the change is to m < n variables, then 
a given y may correspond to more than one x, leading to multiple 
integrals over the contributions [1]. 

To change variables for discrete random variables simply substitute; 
no Jacobian is necessary because now f is a probability rather than a 
probability density. 

If f depends upon a parameter set a ,  a change to a different 
parameter set ~b i = r  is made by simple substitution; no Jacobian 
is used. 

27.2.  C h a r a c t e r i s t i c  f u n c t i o n s  

The characteristic function r associated with the p.d.f, f (x)  is 
essentially its (inverse) Fourier transform, or the expectation value of 
exp(iux): 

V r = E(e ~ )  = e~I(x)dx. (27.12) 

It is often useful, and several of its properties follow [1]. 

It follows from Eqs. (27.3a) and (27.12) that the nth moment of 
the distribution ](x) is given by 

' -~"'~ ---- oo (27.13) du I,,=o x" / (~ )d~  = ~ , , .  
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2 8 .  S T A T I S T I C S  

Revised April 1998 by F. James (CERN). Updated February 2000 by 
R. Cousins (UCLA). 

A probability density function f(x;c~) (p .d . f . )wi th  known 
parameters c~ enables us to predict the frequency with which random 
data x will take on a particular value (if discrete) or lie in a given range 
(if continuous). Here we are concerned with the inverse problem, that  
of making inferences about (x from a set of actual observations. Such 
inferences are part  of a larger subject variously known as statistics, 
statistical inference, or inverse probability. 

There are two different approaches to statistical inference, which 
we may call Frequentist and Bayesian. In the former, the frequency 
definition of probability (Sec. 27.1) is used, and it is usually 
meaningless to define a p.d.f, in ct (for example, a parameter  which 
is a constant of nature  has a value which is fixed). In Frequentist 
statistics, one can compute confidence intervals as a function of the 
observed data, and they will contain ("cover") the unknown true value 
of c~ a specified fraction of the time in the long run, as defined in 
Sac. 28.6. 

In Bayesian statistics,  the concept of probability is not based on 
limiting frequencies, but  is more general and includes degree of belief. 
With this definition, one may  define p.d.f. 's in c~, and then inverse 
probability simply obeys the general rules of probability. Bayesian 
methods allow for a natural  way to input additional information such 
as physical boundaries and subjective information; in fact they require 
as input the prior p.d.f, for any parameter  to be estimated. Using 
Bayes' Theorem (Eq. (27.7)), the prior degree of belief is updated by 
incoming data. 

For many inference problems, the Frequentist and Bayesian 
approaches give the same numerical answers, even though they are 
based on fundamental ly different assumptions.  However, for exact 
results for small samples and for measurements  near a physical 
boundary, the different approaches may yield very different confidence 
limits, so we are forced to make a choice. There is an enormous amount  
of literature devoted to the question of Bayesian vs non-Bayesian 
methods, much of it written by people who are fervent advocates 
of one or the other methodology, which often leads to exaggerated 
conclusions. For a reasonably balanced discussion, we recommend the 
following articles: by a statist ician [1], and by a physicist [2]. A more 
advanced comparison is offered in Ref. 3. 

In high energy physics, where experiments are repeatable (at least 
in principle) the frequentist definition of probability is normally used. 
However, Bayesian equations are often used to treat uncertainties on 
luminosity, background, etc. If the result has poor properties from a 
Frequentist point of view, one should note that  the result is not a 
classical confidence interval. 

Frequentist methods cannot provide the probability that  a theory 
is true, or that  a parameter  has a particular value. (Such probabilities 
require input of prior belief.) Rather,  Frequentist methods  calculate 
probabilities that  various da ta  sets are obtained given specified 
theories or parameters; these frequencies are often calculated by 
Monte Carlo methods.  As described below, confidence intervals are 
constructed from such frequencies, and therefore do not represent 
degree of belief. 

The Bayesian methodology is particularly well-adapted to decision- 
making, which requires subjective input not only for prior belief, but  
also for risk tolerance, etc. Even primarily Frequentist texts such as 
Ref. 4 outline Bayesian decision theory. However, the usefulness of 
Bayesian methods as a means  for the communicat ion of experimental 
measurements  is controversial. 

Recently, the first Workshop on Confidence Limits [5] was held 
at CERN, where proponents of various statistical methods presented 
and discussed the issues. One sees that  there was not a consensus on 
the best way to report confidence limits. We recommend the web site 
and eventual proceedings as a start ing point for discussion of these 
issues. The methods described below use the Frequentist definition of 
probability, except where noted. 

2 8 . 1 .  P a r a m e t e r  e s t i m a t i o n  [3, 4, 6-9] 

Here we review parametric statistics in which one desires est imates 
of the parameters a from a set of actual observations. 

A statistic is any function of the data, plus known constants,  which 
does not depend upon any of the unknown parameters.  A statistic is 
a random variable if the da ta  have random errors. An estimator is 
any statistic whose value (the estimate ~) is intended as a meaningful  
guess for the value of the parameter  a,  or the vector c~ if there is more 
than one parameter.  

Since we are free to choose any function of the da ta  as an est imator  
of the parameter  a,  we will try to choose tha t  es t imator  which has the 
best properties. The most  important  properties are (a) consistency, 
(b) bias, (c) efficiency, and (d) robustness. 

(a) An estimator is said to be consistent if the est imate ~ converges 
to the true value a as the amount  of da ta  increases. This  property is 
so important  that  it is possessed by all commonly used estimators.  

(b) The bias, b = E ( ~ )  - a, is the difference between the true 
value and the expectation of the estimates,  where the expectat ion 
value is taken over a hypothetical set of similar experiments in which 

is constructed the same way. When b = 0 the es t imator  is said 
to be unbiased. The bias depends on the chosen metric, i.e., if ~ is 
an unbiased est imator  of a ,  then (~)2 is generally not an unbiased 
est imator of c~ 2. The bias may be due to statistical properties of the 
est imator  or to systematic errors in the experiment.  If we can es t imate  
the b we can subtract it from ~ to obtain a new ~t = ~ _ b. However, 
b may depend upon a or other unknowns, in which case we usually 
try to choose an est imator  which minimizes its average size. 

(c) Efficiency is the inverse of the ratio between the variance of 
the estimates Var(~) and the min imum possible value of the variance. 
Under rather general conditions, the min imum variance is given by 
the Rao-Cram~r-Frechet bound: 

Varmi n = [1 + cOb/Oct] 2 / I (a )  ; (28.1) 

(Compare with Eq. (28.6) below.) The sum is over all da ta  and b 
is the bias, if any; the xi are assumed independent and distr ibuted 
as J'(xi;o~), and the allowed range of z must  not depend upon o, 
Mean-squared error, mse = E[( ~ - ~ )2] = V( 8 ) + b 2 is a convenient 
quanti ty which combines in the appropriate way the errors due to 
bias and efficiency. 

(d) Robustness; is the property of being insensitive to departures 
from assumptions in the p.d.f, due to such factors as noise. 

For some common est imators  the above properties are known 
exactly. More generally, it is always possible to evaluate them by 
Monte Carlo simulation. Note that  they will often depend on the 
unknown c~. 

2 8 . 2 .  D a t a  w i t h  a c o m m o n  m e a n  

Suppose we have a set of N independent measurements  Yi assumed 
to be unbiased measurements  of the same unknown quant i ty  # with a 
common, but  unknown, variance 0 .2 resulting from measurement  error. 
Then 

N 
1 

: ~ ~ y~ (28.2) 
i=1 

N 
~2 _ 1 S-'(yi - ~)2 (28.3) 

N - 1  

are unbiased est imators of # and 0.2. The variance of ~ is o'2/N. If the 
common p.d.f, of the Yi is Gaussian, these est imates are uncorrelated. 
Then, for large N, the s tandard deviation of ~ (the "error of the 
error") is 0./v/2-/V. Again if the Yl are Gaussian, ~ is an efficient 
est imator  for /z. Otherwise the mean is in general not the most  
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efficient estimator.  For example, if the y follow a double-exponential 
distribution [~ e x p ( - v ' ~ [ y - / ~ l / a ) ] ,  the most  efficient est imator of the 
mean is the sample median (the value for which half the Yl lie above 
and half  below). This  is discussed in more detail in Ref. 4, Sec. 8.7. 

If a2 is known, it does not improve the est imate ~, a s  can be 
seen from Eq. (28.2)~ however, if # is known, subst i tute  it for ~ in 
Eq. (28.3) and replace N - 1 by N, to obtain a somewhat better 
est imator  of a2. 

If the yi have different, known, variances a 2, then the weighted 
average 

N 
1 

- 2 _ .  w~ ~ , ,  ~ = w  
(28.4) 

i=1 

is an unbiased est imator  for # with smaller variance than an 
unweighted average; here wi = 1/~ 2 and w = ~ w i .  The s tandard 
deviation of ~ is 1/vrw. 

2 8 . 3 .  T h e  m e t h o d  o f  m a x i m u m  l i k e l i h o o d  

28 .3 .1 .  Parameter  es t imat ion by m a x i m u m  likelihood: 

"From a theoretical point of view, the most  important  general 
method of est imation so far known is the method of maximum 
likelihood" [6]. We suppose that  a set of independently measured 
quantit ies xi came from a p.d.f . . f(x;  o), where o is an unknown set 
of parameters.  The method of max i mum likelihood consists of  finding 
the set of values, ~ ,  which maximizes the joint probability density for 
all the data,  given by 

_~(o)  = H / ( x ~ ;  o ) ,  (28.5) 
i 

where .~  is c~tlled the likelihood. It is usually easier to work with 
l n . ~ ,  and since both  are maximized for the same set of o ,  it is 
sufficient to solve the likelihood equation 

0 1 n . ~  
= o. (28.6) 

(3an 

When the solution to Eq. (28.6) is a maximum, it is called the 
maximum likelihood estimate of o. The importance of the approach is 
shown by the following proposition, proved in Ref. 3: 

If  an e~cient estimate ~ of o exists, the likelihood equation will 
have a unique solution equal to ~. 

In evaluating .L~, it is important  tha t  any normalization factors 
in the f ' s  which involve o be included. However, we will only be 
interested in the m a x i m u m  of -~  and in ratios of .2 ~ at different o ' s ;  
hence any multiplicative factors which do not involve the parameters 
we want to est imate may be dropped; this includes factors which 
depend on the da ta  but  not on o.  The results of two or more 
independent experiments  may be combined by forming the product of 
the .~ ' s ,  or the sum of the ln..~'s. 

Most  commonly the solution to Eq. (28.6) will be found using a 
general numerical minimizat ion program such as the CERN program 
MINUIT [10], which contains considerable code to take account of the 
many  special cases and problems which can arise. 

Under  a one-to-one change of parameters  from o to 19 = t3(o), 
the m a x i m u m  likelihood est imate ~ transforms to ~ (~ ) .  Tha t  is, the 
m a x i m u m  likelihood solution is invariant under change of parameter.  
However, many properties of ~ ,  in particular the bias, are not 
invariant under change of parameter.  

28.3.2.  Uses o f  -~: -~(o)  is not  a p.d.f ,  f o r  a: 

Recall the definition of a probability density function: a function 
p(a)  is a p.d.f, for a if p(a)da is the probability for a to be within 
a and a + do. The likelihood function .~ ( a )  is not a p.d.f, for a,  so 
in general it is nonsensical to integrate the likelihood function with 
respect to its parameter(s).  

Consider, for example, the Poisson probability for obtaining 
n when sampling from a distribution with mean a: . f (n ;a)  = 
a n e x p ( - a ) / n ! .  If one obtains n = 3 in a particular experiment, then 

.~ ( a )  = a 3 e x p ( - a ) / 6 .  Nothing in the construction of .L~ makes it a 
probability density, i.e., a function which one can mult iply by da  in 
order to obtain a probability. 

In Bayesian theory, one applies Bayes'  Theorem to construct  the 
posterior p.d.f, for a by multiplying the prior p.d.f, for a by -~: 

Pposterior(O~) O ( . ~ ( a )  • Pprior(a). 

If the prior p.d.f, is uniform, integrating the posterior p.d.f, may  
give the appearance of integrating .~ .  But  note tha t  the prior p.d.f. 
crucially provides the density which makes it sensible to mult iply 
by da to obtain a probability. In non-Bayesian applications, such as 
those considered in the following subsections, only likelihood ratios 
are used (or equivalently, differences in ln.2 ') .  

Because t is so useful, we strongly encourage publishing it (or 
enough information to allow the reader to reconstruct  it), when 
practical. 

28.3.3.  Confidence intervals  from the likelihood function: 
The covariance matr ix  V may  be est imated from 

Vnm = ( E l  0 2 1 n l  (28.7) Oa,~Oam ~ ] ) - 1  . 

(Here and below, the superscript -1 indicates matr ix  inversion, 
followed by application of the subscripts.) 

In the large sample case (or a linear model with Ganssian errors), 
.s is Gaussian, l n . ~  is a (multidimensional) parabola, and the second 
derivative in Eq. (28.7) is constant,  so the  "expectation" operation 
has no effect. This leads to the usual  approximation of calculating 
the error matr ix  of the parameters by inverting the second derivative 
matr ix  of l n .~ .  In this asymptotic case, it can be seen tha t  a 
numerically equivalent way of determining s-standard-deviat ion errors 
is from the contour given by the o ~ such tha t  

ln.LP(a') = ln.-~max - 82/2 , (28.8) 

where In 1max is the value of l n . ~  at the solution point (compare with 
Eq. (28.32), below). The extreme limits of this contour parallel to the 
an  axis give an approximate s-standard-deviat ion confidence interval 
in an.  These intervals may not be symmetr ic  and in pathological cases 
they may  even consist of two or more disjoint intervals. 

Although asymptotically Eq. (28.7) is equivalent to Eq. (28.8) 
with s = 1, the latter is a better  approximation when the model 
deviates from linearity. This is because Eq. (28.8) is invariant with 
respect to even a non-linear t ransformation of parameters  o ,  whereas 
Eq. (28.7) is not. Still, when the model is non-linear or errors are 
not Gaussian, confidence intervals obtained with both these formulas 
are only approximate. The true coverage of these confidence intervals 
can always be determined by a Monte Carlo simulation, or exact 
confidence intervals can be determined as in Sec. 28.6.1. 

28 .3 .4 .  Applicat ion to Poisson-dis tr lbuted data: 
In the case of Poisson-distributed da ta  in a counting experiment,  

the unbinned max imum likelihood method (where the index i in 
Eq. (28.5) labels events) is preferred if the total  number  of events is 
very small. (Sometimes it is "extended" to include the total  number  of 
events as a Poisson-distributed observable.) If there are enough events 
to justify binning them in a histogram, then one may  alternatively 
maximize the likelihood function for the contents of the bins (so i 
labels bins). This is equivalent~to minimizing [11] 

i 

where Ni ~ and N th are the observed and theoretical (from f )  

contents of the i th bin. In bins where N ~ = 0, the second term 
is zero. This  function asymptotically behaves like a classical X 2 for 
purposes of point estimation, interval estimation, and goodness-offit. 
It also guarantees that  the area under the fitted function f is equal to 
the sum of the histogram contents (as long as the overall normalization 
of .f is effectively left unconstrained during the fit), which is not 
the case for X 2 statistics based on a least-squares procedure with 
traditional weights. 
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28.4 .  P r o p a g a t i o n  o f  e r r o r s  

Suppose that F(x; e~) is some function of variable(s) x and the 
fitted parameters ~, with a value F at &. The variance matrix of the 
parameters is Vmn. To first order in am - ~m, F is given by 

F : f f  + E O"F ( a m - ~ m ) '  (28.10) 
m GOZm 

and the variance of F about its estimator is given by 

(AF) 2 = E[(F - ?)2] = E OF OF Vmn (28.11) 
m n  OOtm OOen 

evaluated at the x of interest. For different functions Fj and Fk, the 
covariance is 

OFj cgF k V, (28.12) 
E[(Fj - f f j ) (F k - -Pk)] = E OC~m Oc*n ran. 

mn 

If the first-order approximation is in serious error, the above results 
may be very approximate. F may be a biased estimator of F even if 
the ~ are unbiased estimators of a .  Inclusion of higher-order terms or 
direct evaluation of F in the vicinity of & will help to reduce the bias. 

28.5 .  M e t h o d  o f  l e a s t  s q u a r e s  

The method of least squares can be derived from the maximum 
likelihood theorem. We suppose a set of N measurements at points 
xi. The ith measurement Yi is assumed to be chosen from a Gaussian 
distribution with mean F(xi; vl) and variance a 2. Then 

X 2 : - 2  ln .~  + constant = E [Yl -- F(xi; r (28.13) 

Finding the set of parameters r which maximizes ~ is the same as 
finding the set which minimizes X 2. 

In many practical cases one further restricts the problem to the 
situation in which F(xi; w) is a linear function of the am'S, 

F(=i; a )  : ~_, ~ f,,(=~) , (28.14) 
n 

where the fn are k linearly independent functions (e.g., 1, x, x 2, .. . ,  
or Legendre polynomials) which are single-valued over the allowed 
range of x. We require k < N, and at least k of the xi must be 
distinct. We wish to estimate the linear coefficients an. Later we will 
discuss the nonlinear case. 

If the point errors ei = Yi - F ( x i ; a )  are Ganssian, then the 
minimum X 2 will be distributed as a X 2 random variable with 
n = N - k degrees of freedom. We can then evaluate the goodness- 
of-fit (significance level) from Figs�9 27.1 or 27.3, as per the earlier 
discussion. The significance level expresses the probability that a 
worse fit would be obtained in a large number of similar experiments 
under the assumptions that: (a) the model y = ~ an fn is correct 
and (b) the errors ei are Ganssian and unbiased with variance 
a 2. If this probability is larger than an agreed-upon value (0.001, 
0.01, or 0.05 are common choices), the data are consistent with the 
assumptions; otherwise we may want to find improved assumptions�9 
As for the converse, most people do not regard a model as 
being truly inconsistent unless the probability is as low as that 
corresponding to four or five standard deviations for a Gaussian 
(6 • 10 -3 or 6 • 10-5; see Sec. 28.6.2). If the ei are not Ganssian, the 
method of least squares still gives an answer, but the goodness-of-fit 
test would have to be done using the correct distribution of the 
random variable which is still called "X2. '' 

Minimizing X 2 in the linear case is straightforward: 

1 0 X  2 = Z f m ( X i ) ( Y i - ~ - ~ n a n ] n ( X i ) )  
2 r i a2 

~.y l /m(~i )  
= 2 

�9 o" i 

With the definitions 

and 

~ x" ],,(=i!!m(=~) 
a,, ~ a2 �9 . 

i z 
(2s.15) 

gm= E Y l  fm(xl)/o'2i (28.16) 
i 

Vml = Z fn(Xi) fm(Xi)/q2i , (28.17) 
i 

the k-element column vector of solutions ~, for which Ox2/Oam = 0 
for all m, is given by 

a = v o.  (28.18) 

With this notation, X 2 for the special case of a linear fitting 
function (Eq. (28.14)) can be rewritten in the compact form 

X2 2 -[-(a a ) T v - l ( a  a )  (28.19) = Xmin -- -- �9 

N o n i n d e p e n d e n t  yi's 
Eq. (28.13) is based on the assumption that the likelihood function 

is the product of independent Gaussian distributions�9 More generally, 
the measured yi's are not independent, and we must consider them as 
coming from a multivariate distribution with nondiagonal covariance 
matrix S, as described in Sec. 27.3.3. The generalization of Eq. (28.13) 
is 

X 2 = E l y  j - F(xj;  a)]Sj-~l[yk - F(xk; a ) ] .  (28.20) 
j k  

In the case of a fitting function that is linear in the parameters, 
one may differentiate X 2 to find the generalization of Eq. (28.15), and 
with the extended definitions 

jk 

V~,~ = E . f n ( x j )  f m ( X k l S j - k  1 (28.21) 
jk 

solve Eq. (28.18) for the estimators ~. 

The problem of constructing the covariance matrix S is simplified 
by the fact that contributions to S (not to its inverse) are additive. 
For example, suppose that we have three variables, all of which have 
independent statistical errors. The first two also have a common error 
resulting in a positive correlation, perhaps because a common baseline 
with its own statistical error (variance s 2) was subtracted from each. 
In addition, the second two have a common error (variance a2), 
but this time the values are anticorrelated. This might happen, for 
example, if the sum of the two variables is a constant. Then 

o o) 
s : / o  ~ o 

o ~ 

+ s 2 + 
0 

If unequal amounts of the 
variables 1, 2, and 3--e.g., 
have 

(i0 0) a 2 _a  2 . 
_a  2 a 2 

(28.22) 

common baseline were subtracted from 
fractions f l ,  f2, and f3, then we would 

(28.23) 

While in general this "two-vector" representation is not possible, it 
underscores the procedure: Add zero-determinant correlation matrices 
to the matrix expressing the independent variation. 

0) 
o o-~ 

[ f2822 flf2S 2 f l f3S2~  
+ | flf2S f~s 2 / 2 f 3  s2 �9 : \Af3s 2 /2:3: :~s 2 
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Care mus t  be taken when fitting to correlated data, since off- 
diagonal contributions to X 2 are not necessarily positive. It is even 
possible for all of the residuals to have the same sign. 

E x a m p l e :  s t r a i g h t - l i n e  fit 

For the case of a straight-line fit, y(x) = a l  + a2 x, one obtains, for 
independent measurements  Yi, the following est imates of a l  and a2, 

~1 = (gl A22 - g2 A12)/D , (28.24) 

~2 = (g2 All  - gl A12)/D , (28.25) 

where 
(All ,  A12, A22) : E ( 1 ,  xi, x~)/~r~ , (28.26a) 

(gl, g2) -: E (  1, x i )y l /a  2 .  (28.26b) 

respectively, and 
D = All  A22 - (A12) 2 (28.27) 

The covariance matr ix  of the fitted parameters  is: 

Vli VI2"~ I ( A22 - A 1 2 )  (28.28) 
V12 V22] : - D  - h 1 2  All  " 

The est imated variance of an interpolated or extrapolated value of 
y at point x is: 

1 All ( A12 ~ 2 
( ~ -  Vtruel21e,, = X~l + ~ - x -  X ~  / (28.29) 9 

28.5.1 .  Confidence intervals from the chisquare function: 
If y is not linear in the fitting parameters  c~, the solution vector 

may have to be found by iteration. If we have a first guess (~0, then 
we may ext)and to obtain 

OX2 OX2 so ~ : ~ j  + v41.  (~ - s 0 )  + . . . .  (28.30) 

where OX2/Oa is a vector whose rath component is OX2/Oozm, and 
(Vr~ln) = �89 (See Eqns. 28.7 and 28.17. When evaluated 
at ~t, V -1  is the inverse of the covariance matrix.)  The next iteration 
toward ~ can be obtained by setting cOx2/Ootm[e, = 0 and neglecting 
higher-order terms: 

ct = ct o - Vao �9 OX2/Oal,~o �9 (28.31) 

If V is constant  in the vicinity of the minimum,  as it is when the 
model function is linear in the parameters,  then X 2 is parabolic 
as a function of tx and Eq. (28.31) gives the solution immediately. 
Otherwise, further iteration is necessary. If the problem is highly 
nonlinear, considerable difficulty may be encountered. There may be 
secondary minima,  and X 2 may be decreasing at physical boundaries. 
Numerical methods  have been devised to find such solutions without 
divergence [9,10]. In particular, the CERN program MINUIT [10] 
offers several iteration schemes for solving such problems. 

Note that  minimizing any function proportional to X 2 (or 
maximizing any function proportional to ln -~ )  will result in the same 
parameter  set ~.  Hence, for example, if the variances r 2 are known 
only up to a common constant,  one can still solve for ~.  One cannot, 
however, evaluate goodness-of-fit, and the covariance matr ix  is known 
only to within the constant  multiplier. The scale can be est imated at 
least roughly from the value of X 2 compared to its expected value. 

Additional information can be extracted from the behavior of the 
normalized residuals (known as "pulls"), r j  = ( y j -  F ( x j ; ~ ) / ~ j ,  
which should themselves distribute normally with mean 0 and rms 
deviation 1. 

If the da ta  covariance matr ix  S has been correctly evaluated 
(or, equivalently, the trj's, if the da ta  are independent), then the 
s -s tandard  deviation limits on each of the parameters  are given by a 
set od such that  

X2(a ' )  = Xmin2 + s 2 . (28.32) 

This equation gives confidence intervals in the same sense as 28.8, 
and all the discussion of Sec. 28.3.3 applies as well here, subst i tut ing 
- X 2 / 2  for ln.s  r 

2 8 . 6 .  E x a c t  c o n f i d e n c e  i n t e r v a l s  

The unqualified phrase "confidence intervals" refers to frequentist 
(also called classical) intervals obtained with a construction due to 
Neyman [12], described below. Approximate confidence intervals are 
obtained in classical statistics from likelihood ratios as described in the 
preceeding subsections. The validity of the approximation (in terms of 
coverage; see below) should be checked (typically by the Monte Carlo 
method) when in doubt, as is usually the case with small  numbers  of 
events. 

Intervals in Bayesian statistics, usually called credible intervals or 
Bayesian confidence intervals, are obtained by integrating the posterior 
p.d.s (based on a non-frequency definition of probability), and in 
many cases do not obey the defining properties of confidence intervals. 
Correspondingly, confidence intervals do not in general behave like 
credible intervals. 

In the Bayesian framework, all uncertainty including systematic  and 
theoretical uncertainties can be treated in a straightforward manner:  
one includes in the p.d.f, one's degree of belief about  background 
estimates,  luminosity, etc. Then one integrates out such "nuisance 
parameters." In the Frequentist approach, one should have exact 
coverage no mat ter  what the value of the nuisance parameters,  and 
this is not in general possible. If one performs a Bayesian-style 
integration over nuisance parameters  while constructing nominally 
Ftequentist  intervals, then coverage must  be checked. 

28.6.1. Neyman's Construction of Confidence intervals: 

--. ct 0 . . . . . . . . . . . . . . . . . . . .  , 

x l(a), %(x) .~ i 

Xl(O~ O) 

~ D ( c )  ~ -  

"~'x2(a), %(x) 

x2(a0) 

Possible  expe r imen t a l  va lue s  x 

F i g u r e  28.1: Confidence intervals for a single unknown 
parameter  c~. One might think of the p.d.s f ( x ; a )  as being 
plotted out of the paper as a function of x along each horizontal 
line of constant c~. The domain D(e) contains a fraction 1 - ~ of 
the area under each of these functions. 

We consider the parameter  a whose true value is fixed but  unknown. 
The properties of our experimental appara tus  are expressed in the 
function f (x ;  a)  which gives the probability of observing data  x if the 
true value of the parameter  is c~. This  function mus t  be known in 
order to interpret the results of an experiment. For a large complex 
experiment, f is usually determined numerically using Monte Carlo 
simulation. 

Given f (x;  a), we can find for every value of c~, two values Xl(O~ , e) 
and x2(c~, e) such that  

P(x l  < x < x2; (~) = 1 - ~ = f (x;  c~)dx . (28.33) 
1 

This is shown graphically in Fig. 28.1: a horizontal line segment 
[Xl(a, e), x2(c~, ~)] is drawn for representative values of c~. The  union 
of all intervals [xl(c~,e),x2(a,e)], designated in the figure as the 
domain D(r is known as the confidence belt. Typically the curves 
Xl(a,  ~) and x2(a,  ~) are monotonic functions of a, which we assume 
for this discussion. 

Upon performing an experiment to measure x and obtaining the 
value x0, one draws a vertical line through xo on the horizontal axis. 
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The confidence interval for c~ is the union of all values of a for which 
the corresponding line segment [Xl (a, e), x2(ct, ~)] is intercepted by this 
vertical line. The confidence interval is an interval [al(X0), a2(x0)], 
where al(X0) and c~2(z0) are on the boundary of D(r Thus, the 
boundaries of D(e) can be considered to be functions x(ct) when 
constructing D, and then to be functions ct(x) when reading off 
confidence intervals. 

Such confidence intervals are said to have Confidence Level (CL) 
equal to 1-~. 

Now suppose that some unknown particular value of a, say a0 
(indicated in the figure), is the true value of a. We see from the figure 
that a0 lies between a l (x)  and a2(x) if and only if x lies between 
Xl(O/0) and x2(a0). Thus we can write: 

P[Xl(aO) < x  <z2(ao)]  = 1 - e  = P[c~2(x ) < a 0  <cq(z ) ]  . 
(28.34) 

And since, by construction, this is true for any value no, we can drop 
the subscript 0 and obtain the relationship we wanted to establish for 
the probability that the confidence limits will contain the true value 
of a: 

P[a2(x) < a < a l ( X ) ]  = 1 - r  (28.35) 

In this probability statement, a l  and a2 are the random variables 
(not a), and we can verify that the statement is true, as a limiting 
ratio of frequencies in random experiments, for any assumed value 
of a. In a particular real experiment, the numerical values a t  and 
a2 are determined by applying the algorithm to the real data, and 
the probability statement is (all too frequently) misinterpreted to be 
a statement about the true value a since this is the only unknown 
remaining in the equation. It should however be interpreted as the 
probability of obtaining values cq and a2 which include the true value 
of a, in an ensemble of identical experiments. Any method which 
gives confidence intervals that contain the true value with probability 
1 - e (no matter what the true value of a is) is said to have the 
correct coverage. The frequentist intervals as constructed above have 
the correct coverage by construction. Coverage is a critical property 
of confidence intervals [2]. (Power to exclude false values of a, related 
to the length of the intervals in a relevant measure, is also important.) 

The condition of coverage Eq. (28.33) does not determine xl and 
z2 uniquely, since any range which gives the desired value of the 
integral would give the same coverage. Additional criteria are thus 
needed. The most common criterion is to choose central intervals such 
that the area of the excluded tail on either side is r This criterion 
is sufficient in most cases, but there is a more general ordering 
principle which reduces to centrality in the usual cases and produces 
confidence intervals with better properties when in the neighborhood 
of a physical limit. This ordering, which consists of taking the interval 
which includes the largest values of a likelihood ratio, is briefly 
outlined in Ref. 3 and has been applied to prototypical problems by 
Feldman and Cousins [13]. 

For the problem of a counting rate experiment in the presence of 
background, Roe and Woodroofe [14] have proposed a modification 
to Ref. 13 incorporating conditioning, i.e., conditional probabilities 
computed using constraints on the number of background events 
actually observed. This and other prescriptions giving frequentist 
intervals have not yet been fully explored [5]. 

28.6.2.  Gaussian errors: 

If the data are such that the distribution of the estimator(s) satisfies 
the central limit theorem discussed in Sec. 27.3.3, the function ](x; a) 
is the Gaussian distribution. If there is more than one parameter 
being estimated, the multivariate Gaussian is used. For the univariate 
case with known tr, 

-,+6 -(x-~)2 
l - e : /  e 20 .2 dx : erf ( ~ 0 . )  (28.36) 

Jg-6  

is the probability that the measured value x will fall within -4-8 of the 
true value ~. From the symmetry of the Ganssian with respect to x 
and #, this is also the probability that the true value will be within 

Table  28.1: Area of the tails e outside :t:~ from the mean of a 
Gaussian distribution. 

(~) 
31.73 

4.55 

0.27 

6.3x10 -3 

5.7x10 -5 

2.0• -7 

10. 
20. 

30. 

40. 

50. 

60. 

(%) 
20 1.28tr 

10 1.64a 

5 1.960. 

1 2.580. 

0.1 3.290. 

0.01 3.890. 

-4-$ of the measured value. Fig. 28.2 shows a 6 = 1.640. confidence 
interval unshaded. The choice ~ = ~ )  = 0. gives an interval 
called the standard error which has 1 - ~ = 68.27% if 0. is known. 
Confidence coefficients e for other frequently used choices of ~ are 
given in Table 28.1. 

-3  -2  -1  0 1 2 3 
(x-~)/a 

F ig u re  28.2: Illustration of a symmetric 90% confidence interval 
(unshaded) for a measurement of a single quantity with Gaussian 
errors. Integrated probabilities, defined by e, are as shown. 

For other 8, find e as the ordinate of Fig. 27.1 on the n = 1 curve 
at X 2 = (~/cr) 2. We can set a one-sided (upper or lower) limit by 
excluding above p + ~ (or below # - ~); s 's  for such limits are 1/2 the 
values in Table 28.1. 

For multivariate a the scalar Var(#) becomes a full variance- 
covariance matrix. Assuming a multivariate Gaussian, Eq. (27.22), 
and subsequent discussion the standard error ellipse for the pair 
(~m,~n)  may be drawn as in Fig. 28.3. 

The minimum X 2 or maximum likelihood solution is at (~m, an). 
The standard errors O'm and an are defined as shown, where the ellipse 
is at a constant value of X 2 2 = Xmin A- 1 or l n .~  = ln.~max - 1/2. The 
angle of the major axis of the ellipse is given by 

2pmn 0.m 0.n 
tan 2r = o'2 - o'2 (28.37) 

For non-Gaussian or nonlinear cases, one may construct an analogous 
contour from the same X 2 or ln.L# relations. Any other parameters 
al ,  ~ # m, n must be allowed freely to find their optimum values for 
every trial point. 

~m ~m " 

Figure  28.3: Standard error ellipse for the estimators am and 
~n. In this case the correlation is negative. 
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Table 28.2:AX2 corresponding to (1 - r for joint est imation 
of k parameters.  

( 1  - ~) (%) 
68.27 

90. 

95.45 

99. 

99.73 

k = l  k = 2  k = 3  

1.00 2.30 3.53 

2.71 4.61 6.25 

4.00 6.18 8.03 

6.63 9.21 11.34 

9.00 11.83 14.16 

For any unbiased procedure (e.g., least squares or max imum 
likelihood) used to est imate k parameters  c~i, i = 1 , . . . , k ,  the 
probability 1 - e that  the true values of all k parameters lie within an 
ellipsoid bounded by a fixed value of AX2 X 2 2 = - Xmin may be found 
from Fig. 27.1. This is because the difference, AX2 = X 2 - Xmin2, obeys 
the "X 2'' p.d.f, given in Table 27.1, if the parameter  n in the formula is 
taken to be k (rather than  degrees-of-freedom in the fit). In Fig. 27.1, 
read the ordinate as ~ and the abscissa as AX2. The correct values of 

are on the n = k curve. For k > 1, the values of ~ for given AX2 
are much greater than  for k = 1. Hence, using AX2 = s 2, which gives 
s-standard-deviat ion errors on a single parameter  (irrespective of the 
other parameters), is not appropriate for a multi-dimensional ellipsoid. 
For example, for k = 2, the probability (1 - ~) that  the true values of 
cq and a2 simultaneously lie within the one-standard-deviation error 
ellipse (s = 1), centered on ~1 and ~2, is only 39%. 

Values of AX2 corresponding to commonly used values of ~ and k 
are given in Table 28.2. These probabilities assume Gaussian errors, 
unbiased estimators,  and that  the model describing the data  in terms 
of the cti is correct. When these assumptions are not satisfied, a Monte 
Carlo simulation is typically performed to determine the relation 
between AX2 and ~. 

28.6.3. Upper limits and two-sided intervals: 

When a measured value is close to a physical boundary, it is natural  
to report a one-sided confidence interval (often an upper limit). It is 
straightforward to force the procedure of Sec. 28.6.1 to produce only 
an upper limit, by sett ing x2 = cr in Eq. (28.33). Then Zl is uniquely 
determined. Clearly this procedure will have the desired coverage, 
but  only if we always choose to set an upper limit. In practice one 
might decide after seeing the data  whether to set an upper limit or a 
two-sided limit. In this case the upper limits calculated by Eq. (28.33) 
will not give exact coverage, as has been noted in Ref. 13. 

In order to correct this problem and assure coverage in all 
circumstances, it is necessary to adopt a unified procedure, that  is, a 
single ordering principle which will provide coverage globally. Then 
it is the ordering principle which decides whether a one-sided or 
two-sided interval will be reported for any given set of data. The 
unified procedure and ordering principle which follows from the theory 
of likelihood-ratio tests  [3] is described in Ref. 13. We reproduce below 
the main  results. 

28.6.4. Gaussian data close to a boundary: 

One of the most controversial statistical questions in physics is how 
to report a measurement  which is close to the edge or even outside 
of the allowed physical region. This is because there are several 
admissible possibilities depending on how the result is to be used or 
interpreted. Normally one or more of the following should be reported: 

(a) The actual measurement  should be reported, even if it is outside 
the physical region. As with any other measurement,  it is best to 
report the value of a quanti ty which is nearly Gaussian distributed 
if possible. Thus  one may  choose to report mass  squared rather 
than  mass,  or cos8 rather than  6. For a complex quanti ty z close 
to zero, report Re(z) and Im(z) rather than  ampli tude and phase of 
z. Data  carefully reported in this way can be unbiased, objective, 
easily interpreted and combined (averaged) with other data  in a 
straightforward way, even if they lie partly or wholly outside the 
physical region. The reported error is a direct measure of the intrinsic 
accuracy of the result, which cannot always be inferred from the upper 
limits proposed below. 

(b) If the da ta  are to be used to make a decision, for example 
to determine the dimensions of a new experimental  appara tus  for an 
improved measurement ,  it may  be appropriate to report a Bayesian 
upper limit, which mus t  necessarily contain subjective belief about 
the possible values of the parameter,  as well as containing information 
about the physical boundary. Its interpretation requires knowledge of 
the prior distribution which was necessarily used to obtain it. 

(c) If it is desired to report an upper limit tha t  has a well-defined 
meaning in terms of a limiting frequency, then report the Frequentist  
confidence bound(s) as given by the unified approach [3], [13]. This  
algorithm always gives a non-null interval (that is, the confidence 
limits are always inside the physical region, even for a measurement  
well outside the physical region), and still has correct global coverage. 
These confidence limits for a Gaussian measurement  close to a 
non-physical boundary are summarized in Fig. 28.4. Additional tables 
are given in Ref. 13. 

Figure 28.4: Plot of 99%, 95%, 90%, and 68.27% ("one ~r') 
confidence intervals (using the unified approach as in Ref. 13) 
for a physical quanti ty tt based on a Gaussian measurement  x 
(in units of s tandard deviations), for the case where the true 
value of tt cannot be negative. The curves become straight  lines 
above the horizontal tick marks. The probability of obtaining an 
experimental value at least as negative as the left edge of the 
graph (x = -2 .33)  is less than  1%. Values of x more negative 
than -1 .64  (dotted segments) are less than  5% probable, no 
mat ter  what the true value of it. 

28.6.5. Poisson data f o r  smal l  samples: 

When the observable is restricted to integer values (as in the case 
of Poisson and binomial distributions), it is not generally possible 
to construct confidence intervals with exact coverage for all values 
of a.  In these cases the integral in Eq. (28.33) becomes a sum of 
finite contributions and it is no longer possible (in general) to find 
consecutive terms which add up exactly to the required confidence 
level 1 - r for all values of a.  Thus  one constructs intervals which 
happen to have exact coverage for a few values of a,  and unavoidable 
over-coverage for all other values. 

In addition to the problem posed by the discreteness of the data,  we 
usually have to contend with possible background whose expectat ion 
must  be evaluated separately and may not be known precisely. 
For these reasons, the reporting of this kind of da ta  is even more 
controversial than  the Gaussian da ta  near a boundary as discussed 
above. This is especially true when the number of observed counts is 
greater than  the expected background. As for the Gaussian case, there 
are at least three possibilities for reporting such results depending on 
how the result is to be used: 

(a) The actual measurements  should be reported, which means  
(1) the number of recorded counts, (2) the expected background, 
possibly with its error, and (3) normalization factor which turns 
the number  of counts into a cross section, decay rate, etc. As with 
Gaussian data, these da ta  can be combined with tha t  of other 
experiments, to make improved upper limits for example. 
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F igu re  28.5: 90% confidence intervals [/.tl,#2]on the number of 
signal events as a function of the expected number  of background 
events b. For example, if the expected background is 8 events 
and 5 events are observed, then the signal is 2.60 or less with 
90% confidence. Dotted portions of the /~2 curves on the upper 
left indicate regions where #1 is non-zero (as shown by the inset). 
Dashed portions in the lower right indicate regions where the 
probability of obtaining the number  of events observed or fewer 
is less than  1%, even if # = 0. Horizontal curve sections occur 
because of discrete number  statistics. Tables showing these data  
as well as the CL = 68.27%, 95%, and 99% results are given in 
Ref. 13. There is considerable discussion about the behavior of 
the intervals when the number  of observed events is less than  the 
expected background; see Ref. 5 

(b) A Bayesian upper limit may be reported. This has the 
advantages and disadvantages of any Bayesian result as discussed 
above. The noninformative priors (based on invariance principles 
rather than  subjective degree of belief) recommended in the statistics 
literature for Poisson mean are rarely, if at all, used in high energy 
physics; they diverge for the case of zero events observed, and they 
give upper limits which undercover when evaluated by the Frequentist 
criterion of coverage. Rather,  priors uniform in the counting rate 
have been used by convention; care must  be used in interpreting such 
results either as "degree of belief" or as a limiting frequency. 

(c) An upper limit (or confidence region) with optimal coverage 
can be reported using the unified approach of Ref. 13. At the moment  
these confidence limits have been calculated only for the case of 
exactly known background expectation. The main  results can be read 
from Fig. 28.5 or from Table 28.3; more extensive tables can be found 
in Ref. 13. 

Table  28.3: Poisson limits [#1,/~2] for no observed events in the 
absence of background. 

CI = 90% CI = 95% 

no ,Ul ~2 /~1 ~2 

0 0.00 2.44 0.00 3.09 

1 0.11 4.36 0.05 5.14 

2 0.53 5.91 0.36 6.72 

3 1.10 7.42 0.82 8.25 

4 1.47 8.60 1.37 9.76 

5 1.84 9.99 1.84 11.26 

6 2.21 11.47 2.21 12.75 

7 3.56 12.53 2.58 13.81 

8 3.96 13.99 2.94 15.29 

9 4.36 15.30 4.36 16.77 
10 5.50 16.50 4.75 17.82 

None of the above gives a single number  which quantifies the quality 
or sensitivity of the experiment. This is a serious shortcoming of most  
upper limits including those of method (c), since it is impossible to 
distinguish, from the upper limit alone, between a clean experiment 
with no background and a lucky experiment with fewer observed 
counts than  expected background. For this reason, we suggest that  
in addition to (a) and (c) above, a measure  of the sensitivity should 
be reported whenever expected background is larger or comparable to 
the number  of observed counts. The best such measure  we know of is 
that  proposed and tabulated in Ref. 13, defined as the average upper 
limit that  would be at tained by an ensemble of experiments  with the 
expected background and no true signal. 
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2 9 .  M O N T E  C A R L O  T E C H N I Q U E S  

Revised July 1995 by S. Youssef (SCRI, Florida State University). 
Updated February 2000 by R. Cousins (UCLA) in consultation with 
F. James (CERN). 

Monte Carlo techniques are often the only practical way to 
evaluate difficult integrals or to sample random variables governed 
by complicated probability density functions. Here we describe an 
assortment  of methods  for sampling some commonly occurring 
probability density functions. 

2 9 . 1 .  S a m p l i n g  t h e  u n i f o r m  d i s t r i b u t i o n  

Most Monte Carlo sampling or integration techniques assume a 
"random number  generator" which generates uniform statistically 
independent values on the half open interval [0,1). There is a 
long history of problems with various generators on a finite digital 
computer,  but  recently, the RANLUX generator [1] has emerged with 
a solid theoretical basis in chaos theory. Based on the method of 
Lfischer, it allows the user to select different quality levels, trading off 
quality with speed. 

Other generators are also available which pass extensive batteries of 
tests for statistical independence and which have periods which are so 
long that ,  for practical purposes, values from these generators can be 
considered to be uniform and statistically independent. In particular, 
the lagged-Fibonacci based generator introduced by Marsaglia, Zaman, 
and Tsang [2] is efficient, has  a period of approximately 1043, produces 
identical sequences on a wide variety of computers and, passes the 
extensive "DIEHARD" bat tery of tests [3]. Many commonly available 
congruential generators fail these tests and often have sequences 
(typically with periods less than  232 ) which can be easily exhausted 
on modern computers and should therefore be avoided [4]. 

2 9 . 2 .  I n v e r s e  t r a n s f o r m  m e t h o d  

If the desired probability density function is f(x) on the range 
- c o  < x < oo, its cumulative distribution function (expressing the 
probability tha t  x < a) is given by Eq. (27.1). If a is chosen with 
probability density f(a), then the integrated probability up to point 
a, F(a), is itself a random variable which will occur with uniform 
probability density on [0, 1]. If x can take on any value, and ignoring 
the endpoints, we can then find a unique x chosen from the p.d.f, f(s) 
for a given u if we set 

u = r(x) , (29.1) 

provided we can find an inverse of F ,  defined by 

= f-~(~) .  (29.2) 

This method  is shown in Fig. 29.1a. It is most convenient when one 
can calculate by hand the inverse function of the indefinite integral 
of f .  This  is the case for some common functions f(x) such as 
exp(x), (1 - x) n, and 1/(1 + x 2) (Cauchy or Breit-Wigner), al though 
it does not  necessarily produce the fastest generator. CEB.NLIB 
contains routines to implement this method numerically, working from 
functions or histograms. 

For a discrete distribution, F(x) will have a discontinuous jump of 
size f(xk) at each allowed xk, k = 1, 2 , . . . .  Choose u from a uniform 
distribution on (0,1) as before. Find x k such that  

k 
F ( x k _ l ) < u < F ( x k ) = P r o b ( x < _ x l c ) = E f ( x l ) ;  (29.3) 

i=l 

then x k is the value we seek (note: F(xo) -- 0). This algorithm is 
illustrated in Fig. 29.1b. 

a) 

F(x) 

U . . . . . . . . . . . . . . . . . . . . . . . . . .  . 

0 

x ~ F - l ( u )  

f ~  
C o n t i n u o u s  
d i s t r ibu t ion  

1 [- t - -  
(b) ] I ' Discre te  

F(x) I d i s t r ibu t ion  

u[ ................... i ...... J .. . .  If(x ) 

Xk Xk+l 

F i g u r e  29.1: Use of a random number  u chosen from a uniform 
distribution (0,1) to find a random number  x from a distribution 
with cumulative distribution function F(x). 

2 9 . 3 .  A c c e p t a n c e - r e j e c t i o n  m e t h o d  ( V o n  N e u m a n n )  

Very commonly an analytic form for F ( z )  is unknown or too 
complex to work with, so that  obtaining an inverse as in Eq. (29.2) is 
impractical. We suppose tha t  for any given value of x the probability 
density function f(x) can be computed and further tha t  enough is 
known about f(x) that  we can enclose it entirely inside a shape which 
is C times an easily generated distribution h(x) as i l lustrated in 
Fig. 29.2. 

(a) A j C  h(x) 

. . . . . . . . . . .  

X 
F i g u r e  29.2: Illustration of the acceptance-rejection method.  
Random points are chosen inside the upper bounding figure, and 
rejected if the ordinate exceeds ](z). Lower figure il lustrates 
importance sampling. 

l%equently h(x) is uniform or is a normalized sum of uniform 
distributions. Note that  both f (x )  and h(x) mus t  be normalized 
to unit  area and therefore the proportionality constant  C > 1. 
To generate f(x), first generate a candidate x according to h(x). 
Calculate f(x) and the height of the envelope C h(x); generate u and 
test if uC h(x) <_ f(x). If so, accept x; if not reject x and try again. If 
we regard x and uC h(x) as the abscissa and ordinate of a point in a 
two-dimensional plot, these points will populate the entire area C h(x) 
in a smooth manner;  then we accept those which fall under f (x) .  The 
efficiency is the ratio of areas, which must  equal 1/C; therefore we 
mus t  keep C as close as.possible to 1.0. Therefore we try to choose 
C h(x) to be as close to ] (x)  as convenience dictates, as in the lower 
part  of Fig. 29.2. This  practice is called importance sampling, because 
we generate more trial values of x in the region where f (x )  is most  
important .  
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2 9 . 4 .  A l g o r i t h m s  

Algorithms for generat ing r andom numbers  belonging to many 
different distr ibutions are given by Press [5], Ahrens and Dieter [6], 
Rubinstein [7], Everett  and Cashwell [8], Devroye [9], and Walck [10]. 
For many distr ibutions alternative algori thms exist, varying in 
complexity, speed, and accuracy. For time-critical applications, these 
algorithms may be coded in-line to remove the significant overhead 
often encountered in making function calls. Variables named "u" are 
assumed to be independent  and uniform on (0,1). (Hence, u must  be 
verified to be non-zero where relevant.) 

In the examples given below, we use the nota t ion  for the variables 
and parameters  given in Table 27.1. 

29.4.1.  Exponential  decay: 

This is a common application of the inverse t ransform method,  also 
using the fact that  (1 - u) is uniform if u is uniform. To generate 
decays between t imes tl  and t2 according to f ( t )  = e x p ( - t / r ) :  let 
r2 = exp( - - t2 / r )  and r l  = e x p ( - - t l / r ) ;  generate u and let 

t = - r  ln(r2 + u ( r l  - r2)). (29.4) 

For ( t l , t2 )  = (0, c~), we have simply t = - 7 1 n u .  (See also Sec. 29.4.6.) 

29.4.2 .  Isotropie direction in 3D: 

Isotropy means the density is proport ional  to solid angle, the 
differential element of which is dJ7 = d(cos/7)dr Hence cos/7 is 
uniform (2Ul - 1) and r is uniform (27ru2). For alternative generation 
of sin r and cos r see the next subsection. 

29.4.3 .  Sine and cosine of random angle in 2D: 

Generate Ul and u2. Then  vl = 2Ul - 1 is uniform on ( -1 ,1 ) ,  and 
v2 = u2 is uniform on (0,1). Calculate r 2 = v 2 + v22. If r 2 > 1, s tar t  
over. Otherwise, the sine (S)  and cosine (C) of a r andom angle are 
given by 

S = 2 v l v 2 / r  2 and C = (v 2 - v 2 ) / r  s . (29.5) 

29.4.4 .  Gauss ian distribution: 

If ul  and us are uniform on (0,1), then 

zl = s i n 2 7 r u l ~  and zs = cos27rul~/ 'S21nus (29.6) 

are independent and Gaussian distr ibuted with mean 0 and @ = 1. 

There are many faster variants of this basic algorithm. For example, 
construct Vl = 2Ul - 1 and vs = 2u2 - 1, which are uniform on ( -1 ,1) .  
Calculate r 2 = v 2 -I-v22, and if r 2 > 1 s tar t  over. I f  r s < 1, it is uniform 
on (0,1). Then  

- 2/-~n-n r s v / - 2  lnr2 
zl = v, v - 7 -  and zs = s v ~ (29.7) 

are independent numbers  chosen from a normal  dis tr ibut ion with 
mean 0 and variance 1. z~ = lz + az i  distr ibutes wi th  mean # and 
variance cr g. 

A recent implementa t ion of the fast algori thm of Leva Ref. 11 is in 
CERNLIB. 

For a multivariate Gaussian,  see the algori thm in Ref. 12. 

29.4.5.  x 2 ( n )  dis tr ibut ion:  

For n even, generate n / 2  uniform numbers  ui; then 

/,,is \ 
,=-21nt ,~,  ) is x2(n) (29.S) 

For n odd, generate (n - 1)/2 uniform numbers  u~ and one Gaussian z 
as in Sec. 29.4.4; then 

/(,~-l)ts \ 
y = - 2 1 n  t i__I~l u i 7  + z S  is x 2 ( n ) .  (29.9) 

For n >~ 30 the much faster  Gaussian approximat ion for the X s may be 
preferable: generate z as in Sec. 29.4.4 and use 

y = [z + 2nv/2n-~-l- 1] s / 2 ;  if z < - 2v/2-n~- 1 reject and star t  over. 

29 .4 .6 .  Gamma distribution: 

All of the following algor i thms are given for A = 1. For A ~ 1, 
divide the resulting random number  z by ~. 

�9 If k = 1 (the exponential  distr ibution),  accept x = - ( l n u ) .  (See 
also Sec. 29.4.1.) 

�9 If O < k < 1, initialize with v 1 = (e -t- k ) / e  (with e = 2.71828... 
being the natural  log base). Generate Ul, u2. Define vs = VlUl. 

C a s e  l :  v2 g 1. Define x = v 1/k.  If  us  _< e -x ,  accept x and 
stop, else res tar t  by generat ing new Ul, u2. 
C a s e  2 : v 2  > 1. Define x = - ln ( [v l  - v2]/k) .  If  us  _< x k - l ,  
accept x and stop, else res tar t  by generat ing new ut ,  u2. 
Note that ,  for k < 1, the probabil i ty density has a pole at 
x = 0, so that  re turn  values of zero due to underflow mus t  be 
accepted or otherwise dealt with. 

Otherwise, if k > 1, initialize with c = 3k - 0.75. Generate 
ul  and compute vl -- Ul(1 - u l )  and v2 = (Ul - 0.5)v/c-/vl �9 If  
x = k + v2 - 1 < 0, go back and generate new ul;  otherwise 
generate u2 and compute  v3 = 64v~u 2. I f  v3 <_ 1 - 2 v 2 / x  o r  if 
lay3 < 2{[k - 1] ln[x / (k  - 1)] - v2}, accept x and stop; otherwise 
go back and generate new ul .  

29.4.7 .  B i n o m i a l  distribution: 

If p _< 1/2, i terate until a successful choice is made: begin with 
k = 1; compute  Pk = qn [for k ~ 1 use Pk ~ f ( r k ; n , P ) ,  and store Pk 
into B; generate u. I f  u < B accept r k = k - 1 and stop; otherwise 
increment k by 1 and compute  next Pk and add to B; generate a new 
u and repeat.  I f  we arrive at k = n + 1, stop and accept rn+l  = n. If  
p > 1/2 it will be more efficient to generate r from f ( r ;  n, q), i.e., with 
p and q interchanged, and then set r k = n - r. 

29 .4 .8 .  Poisson  distribution: 

I terate  until a successful choice is made: Begin wi th  k = 1 and set 
A = 1 to start .  Generate u. Replace A with  uA; if now A < e x p ( - # ) ,  
where p is the Poisson parameter ,  accept n k = k - 1 and stop. 
Otherwise increment k by 1, generate a new u and repeat,  always 
s tar t ing with the value of A left from the previous try. For large 
#( > 10) it may  be satisfactory (and much faster) to approximate  the  
Poisson distr ibut ion by a Gaussian dis t r ibut ion (see our  Probabi l i ty  
chapter,  Sec. 27.3.3) and generate z from f(z;0,1);  then  accept 
x = max(0, [p + zv/- fi + 0.5]) where [] signifies the greatest  integer 
< the expression. [13] 

29.4.9 .  Student 's  t dis tr ibut ion:  

For n > 0 degrees of freedom (n not  necessarily integer), generate x 
from a Ganssian with mean 0 and a z = 1 according to the me thod  of 
29.4.4. Next generate y, an independent g a m m a  random variate with 
k = n / 2  degrees of freedom. Then  z = x ,r is dis tr ibuted as a t 
with n degrees of freedom. 

For the special case n = 1, the Brei t -Wigner  distribution, generate 
u l  and u2; set Vl = 2ul  - 1 and v2 = 2u2 - 1. I f  v 2 + v 2 < 1 accept 
z = v l / v 2  as a Brei t -Wigner  dis t r ibut ion with unit  area, center at 0.0, 
and F W H M  2.0. Otherwise s tar t  over. For center M0 and F W H M  r ,  
use W = z F / 2  + MO. 
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30. M O N T E  C A R L O  P A R T I C L E  N U M B E R I N G  S C H E M E  

Revised April 2000 by L. Garren (Fermilab), I.G. Knowles (Edin- 
burgh U.), T. SjSstrand (Lund U.), and T. Trippe (LBNL). 

The Monte Carlo particle numbering scheme presented here is 
intended to facilitate interfacing between event generators, detector 
simulators, and analysis packages used in particle physics. The 
numbering scheme was introduced in 1988 [1] and a revised 
version [2,3] was adopted in 1998 in order to allow systematic inclusion 
of quark model states which are as yet undiscovered and hypothetical 
particles such as SUSY particles. The numbering scheme is used in 
several event generators, e.g. HERWIG and P Y T H I A / J E T S E T ,  and 
in the/ItEPEVT/ [4] s tandard  interface. 

The general form is a 7-digit number:  

i n  nr  nL nql ~'q2 nq3 n j  . 

This encodes information about the particle's spin, flavor content, and 
internal quantum numbers.  The details are as follows: 

1. Particles are given positive numbers,  antiparticles negative 
numbers. The PDG convention for mesons is used, so that  K + 
and B + are particles. 

2. Quarks and leptons are numbered consecutively start ing from 1 
and 11 respectively; to do this they are first ordered by family 
and within families by weak isospin. 

3. In composite quark systems (diquarks, mesons, and baryons) 
nql_3 are quark numbers  used to specify the quark content, while 
the rightmost digit n j  - 2 J  § 1 gives the system's  spin (except 
for the K 0 and K ~  The scheme does not cover particles of spin 
J > 4 .  

4. Diquarks have 4-digit numbers  with nql ~_ nq2 and nq3 ~ O. 
5. The numbering of mesons is guided by the nonrelativistic ( L - S  

decoupled) quark model, as listed in Table 13.2. 

a. The numbers  specifying the meson's  quark content conform 
to the convention nql :- 0 and nq2 ~_ nq3. The special case 
K ~ is the sole exception to this rule. 

b. The quark numbers  of flavorless, light (u, d, s) mesons are: 
11 for the member  of the isotriplet (~r~176 22 for the 
lighter isosinglet (7, w, . . . ) ,  and 33 for the heavier isosinglet 
(~I,r Since isosinglet mesons are often large mixtures 
of u~  + dd and s~ states, 22 and 33 are assigned by mass  and 
do not necessarily specify the dominant  quark composition. 

c. The special numbers  310 and 130 are given to the K 0 and 
KL 0 respectively. 

d. The fifth digit n L is reserved to distinguish mesons of the 
same total (J)  but  different spin (S) and orbital (L) angular 
momen tum quan tum numbers.  For J > 0 the numbers  are: 
( L , S )  = ( J -  1,1) nL = O, (J,O) nL = 1, (J, 1) n L = 2 
and ( J  + 1,1) nL = 3. For the exceptional case J = 0 the 
numbers are (0,0) n L = 0 and (1,1) n L = 1 (i.e. n L = L). 
See Table 30.1. 

Table  30.1: Meson numbering logic. Here qq stands for 
nq2 nq3. 

L = J - I , S = I  L = J , S = O  L = J , S = I  L = J §  

code j P C  L code j P C  L code j P C  L code j P C  L 

00qq3 1 - -  0 

00qq5 2 ++ 1 

OOqq7 3 - -  2 

00qq9 4 ++ 3 

00qql 0 - +  0 

10qq3 1 + -  1 

10qq5 2 - +  2 

lOqq7 3 + -  3 

10qq9 4 - +  4 

20qq3 1 ++ 1 

20qq5 2 - -  2 

20qq7 3 ++ 3 

20qq9 4 - -  4 

10qql 0 ++ 1 

30qq3 1 - -  2 

30qq5 2 ++ 3 

30qq7 3 - -  4 

30qq9 4 ++ 5 

If a set of physical mesons correspond to a (non-negligible) 
mixture of basis states,  differing in their internal quan tum 
numbers,  then the lightest physical state gets the smallest 
basis state number.  For example the K1(1270) is numbered 
10313 ( l iP1 K 1 B  ) and the Kl(1400) is numbered 20313 
(VP1 K1A). 

f. The sixth digit nr  is used to label mesons radially excited 
above the ground state. 

g. Numbers  have been assigned for complete nr  : 0 S- and 
P-wave multiplets, even where states remain to be identified. 

h. In some instances assignments within the qq meson model 
are only tentative; here best guess assignments  are made. 

i. Many states appearing in the Meson Listings are not yet 
assigned within the qq model. Here nq2_a and n j  are 
assigned according to the s tate 's  likely flavors and spin; all 
such unassigned light isoscalar states are given the flavor 
code 22. Within  these groups n L = 0 , 1 , 2 , . . .  is used to 
distinguish states of increasing mass.  These states are flagged 
using n = 9. It is to be expected that  these numbers  will 
evolve as the nature  of the states are elucidated. 

6. The numbering of baryons is again guided by the nonrelativistic 
quark model, see Table 13.4. 

a. The numbers  specifying a baryon's  quark content are such 
that  in general nql ~ nq2 ~ nqs. 

b. Two states exist for J = 1/2 baryons containing 3 different 
types of quarks. In the lighter baryon (A, ~ ,  ~ , . . . )  the light 
quarks are in an ant isymmetr ic  ( J  = 0) state while for 
the heavier baryon (Z0, ~ ,  i f , . . . )  they are in a symmetr ic  
( J  = 1) state. In this si tuation nq2 and nq3 are reversed for 
the lighter state, so that  the smaller number  corresponds to 
the lighter baryon. 

c. At present most Monte Carlos do not include excited baryons 
and no systematic  scheme has been developed to denote 
them, though one is foreseen. In the meant ime,  use of the 
PDG 96 [5] numbers  for excited baryons is recommended.  

7. The gluon, when considered as a gauge boson, has official number  
21. In codes for glueballs, however, 9 is used to allow a notat ion 
in close analogy with tha t  of hadrons. 

8. The pomeron and odderon trajectories and a generic reggeon 
trajectory of states in QCD are assigned codes 990, 9990, and 110 
respectively, where the final 0 indicates the indeterminate nature  
of the spin, and the other digits reflect the expected "valence" 
flavor content. We do not a t tempt  a complete classification of all 
reggeon trajectories, since there is currently no need to dist inguish 
a specific such trajectory from its lowest-lying member.  

9. Two-digit numbers in the range 21-30 are provided for the 
Standard Model gauge bosons and Higgs. 

10. Codes 81-100 are reserved for generator-specific pseudoparticles 
and concepts. 

11. The search for physics beyond the Standard Model is an active 
area, so these codes are also standardized as far as possible. 

a. A s tandard fourth generation of fermions is included by 
analogy with the first three. 

b. The graviton and the boson content of a two-Higgs-doublet 
scenario and of additional SU(2)xU(1)  groups are found in 
the range 31-40. 

c. "One-of-a-kind" exotic particles are assigned numbers  in the 
range 41-80. 

d. Fundamental  supersymmetr ic  particles are identified by 
adding a nonzero n to the particle number.  The superpar tner  
of a boson or a left-handed fermion has n = 1 while the 
superpartner  of a r ight-handed fermion has n = 2. When  
mixing occurs, such as between the winos and charged 
Higgsinos to give charginos, or between left and right 
sfermions, the lighter physical s tate is given the smaller basis 
state number.  

e. Technicolor states have n = 3. In the absence of a unique 
theory we only number  generic states whose digits reflect the 
techniquark content. 

f. Excited (composite) quarks and leptons are identified by 
setting n = 4. 

12. Occasionally program authors  add their own states. To avoid 
confusion, these should be flagged by sett ing nnr  = 99. 

13. Concerning the non-99 numbers,  it may be noted that  only 
quarks, excited quarks, squarks, and diquarks have nq3 = 0; 



206 30.  M o n t e  C a r l o  p a r t i c l e  n u m b e r i n g  s c h e m e  

only diquarks, baryons, and the odderon have nqt ~ 0; and only 
mesons, the reggeon, and the pomeron have nql = 0 and nq2 ~ O. 
Concerning mesons (not antimesons), if nql is odd then it labels 
a quark and an antiquark if even. 

This text and lists of particle numbers can be found on the 
W W W  [6]. The StdHep Monte Carlo standardization project [7] 
maintains the list of PDG particle numbers, as well as numbering 
schemes from most event generators and software to convert between 
the different schemes. 
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S U S Y  
Q U A R K S  D I Q U A R K S  P A R T I C L E S  
d 1 (dd)l 1103 d"L 1000001 
U 2 (ud)o 2101 UL 1000002 

S 3 (ud)l 2103 ~L 1000003 
c 4 
b 5 (UU)l 2203 ~'L 1000004 
t 6 (sd)0 3101 "bl 1000005 a 
bt 7 (Sd)l 3103 Y1 10000063 

t I 8 (su)0 3201 e L 1000011 

L E P T O N S  (su)l 3203 ~_V"eL 1000012 
e -  11 (ss)l  3303 /x L 1000013 

ue 12 (cd)o 4101 U"~L 1000014 

# -  13 (Cd)l 4103 T~-- 1000015 a 

v~ 14 (CU)o 4201 ~"--r L 1000016 

7 -  15 (CU)I 4203 d'R 2000001 
vr 16 (cs)o 4301 UR 2000002 
7 I-  17 (CS)l 4303 s'R 2000003 
urt 18 (cc)l 4403 ~'R 2000004 

E X C I T E D  (bd)o 5101 b2 2000005 a 
P A R T I C L E S  (bd)t 5103 t2 20000063 
d* 4000001 (bu)o 5201 e~ 2000011 

u* 4000002 (bu)l 5203 ~R 2000013 
e* 4000011 - -  

* 4000012 (bs)o 5301 T2 20000153 
t~ e 

(bs)l 5303 ~ 1000021 

G A U G E  A N D  (bc)o 5401 N ~ 1000022b 
H I G G S  B O S O N S  (bc)l 5403 X~ 10000235 

g (9) 21 (bb)l 5503 XI-- 1000024b 
-y 22 No 1000025 b 
Z ~ 23 T E C H N I C O L O R  No 1000035 b 
W + 24 P A R T I C L E S  
h~176 25 o 3000111 X+ 1000037b 

7r V 1000039 
ZI/Z ~ 32 ~+ 3000211 tech 

II 0 Z /Z  3 33 70 3000221 S P E C I A L  tech 
W I / W  + 34 pOe h 3000113 P A R T I C L E S  
H ~  ~ 35 p+ 3000213 G (graviton) 

tech R0 
A~ ~ 36 o 3000223 a)tech LQ c 
H + 37 

reggeon 
pomeron 
odderon 

39 

41 
42 

110 
990 

9990 

L I G H T  I = 1 M E S O N S  L I G H T  I = 0 M E S O N S  
~0 111 (u~, dd, and s~ Admixtures) 
~r + 211 ~? 221 
a0(980) ~ 9000111 7'(958) 331 

a0(980) + 9000211 ]0(400_1200) 9000221 

~r(laO0) ~ 100111 1o(980) 9010221 
7r(1300) + 100211 r/(1295) 100221 

a0(1450) 0 10111 ]o(1370) 10221 

ao(1450) + 10211 7(1440) 100331 
~(1800) 0 200111 ]o(1500) 9020221 

n(1800) + 200211 fO(1710) 10331* 

p(770) ~ 113 7(1760 ) 200221 

p(770) + 213 ]o(2020) 9030221* 

b1(1235) ~ 10113 ]o(2060) 9040221" 

51(1235) + 10213 ]0(2200) 9050221* 

a1(1260) ~ 20113 7(2225) 9060221* 
a1(1260) + 20213 w(782) 223 
~rl(1400) 0 9000113* r 333 

7D(1400) + 9000213* hl(l170) 10223 

p(1450) 0 100113 ft(1285) 20223 

p(1450) + 100213 h1(1380) 10333 
1r1(1600) 0 9010113* ]1(1420) 20333 

7r1(1600) + 9010213* w(1420) 100223 

a1(1640) ~ 9020113* ]1(1510) 9000223 

a1(1640) + 9020213* w(1650) 30223* 

p(170O) ~ 30113 r 100333 

p(1700) + 30213 I2(1270) 225 

p(2150) ~ 9030113* ]2(1430) 9000225 
p(2150) + 9030213* i~(1525) 335 

a2(1320) 0 115 ]2(1565) 9010225 

a2(1320) + 215 ]2(1640) 9020225 
32(1660) ~ 9000115* ~72(1645) 10225 

a2(1660) + 9000215* ./2(1810) 100225 

~r2(1670) ~ 10115 72(1870) 10335 

~r2(1670) + 10215 I2(1950) 9030225 

a2(1750) ~ 9010115* I2(2010) 100335 

a2(1750) + 9010215* ]2(2150) 9040225 

~r2(2100) 0 9020115* I2(2300) 9050225 

~2(2100) + 9020215* ]2(2340) 9060225 

p3(1690) 0 117 w3(1670) 227 

p3(1690) + 217 03(1850) 337 
p3(2250) ~ 9000117 I4(2050) 229 

p3(2250) + 9000217 fJ(2220) 9000339 

34(2040) ~ 119 ]4(2300) 9000229 
34(2040) + 219 

for MC internal use 81-100 
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3 1 .  C L E B S C H - G O R D A N  C O E F F I C I E N T S ,  S P H E R I C A L  H A R M O N I C S ,  

A N D  d F U N C T I O N S  

Note: A square-root  sign is to be unders tood over every coefficient, e.g., for - 8 / 1 5  read - 8V/" ~ .  Nota t ion :  M M ...  

i m  1 m 2 / I 
1121112 I 11.... . ._. o F ~ -  o ~ I I I 

1+11122 11i 1 / q -  ~+ I+> 1121 lV ,~  +~,~, , : : r , 
I- / ~/211/2-1/21- I Y1 = - ~ / ~ -  s/hOe 1+2 -1/211/5 4/51 5/2 3/21 I " " / I 

I -1/2-1/21 11 ~' ~ I+1 +1/214/5 -1/51+1/2 +112 I 
, r , - o  / r5 - [  3 2~ 1"~ " '1~-1/21 2 / 5  3/5 I 5/2 3/21 

"2 = V ~ t~ cos . - 77 I 0 +1i2 I 3i5 -2i51-112 -1/21 
i ~  3/2 1/21 ~- I 0-1/2] 3/5 2151 5/2 3121 

I+1 +1121 1]+112 +1121 ]I1 = _ , / " ~  s inOcosOeir  ~ I-1 +1t2 / 215 -3151-312 -3t2 I 

1,3 2,31 3,2 1,21 v sr  3 / 2 1 1 / 2  1 . 7 1 - ~ i ~  I -~ -~:~ / ,<~  1.,~1 .~171 io+.~ 1213-1131-112-1t2I 1 1 / ~  I*~1 ~ ~1 I -  *~ '~ /  ~ /~-~/~1 . . . .  I 
u.-----, . I I . . . .  7 2 = - . 1 ~  s in28e  2ir I +312 +1/2i l l + l  +ll  I-2 -1/2l  1I 

I 0 - 1 t 2 1  213 1131 4 /2 I  ,~ 4V 271" l i n l I / I 
I -1+112/  113-2i31-312I 1+312-1121114 3141 2 1 I 
' " ' 1 1 21 1 I I + 1 1 2 + 1 / 2 1 3 / 4 - 1 / 4 1  0 OI 

~,+1~ 11 +2 +21 1+3/~ +1[ + 3 / 2  +3121 1-112 +1121112-1121 -1 _1 I 
1+2 o1.,/3 2131 s 2 11 1+312 ol 2t5 3/~1 512 3/2 1 / 2 1  I-1/2-1/2/3/4 1/41 21 

+I +i +i I+112 +I +i/2 +1/2 +i12 I-3/2 +1/21 1/4-3/4 -2 
_ '+~ +1i~1;+;11-31il/15 113 ~,~1 '2+ 1 =,~ .1_3,2_1,21 11 

i x l  I ,~ t " - ' : " - -~  I +1 ~ 1/~-311~ 3 2 11 I+~>S ol 3,5 1,15 -1,31 5,2 3,2 1121 
.~ .~110+116t15 -1 f2  11181 0 0 o I I-li2+113110-8i15 li61-1i2 - 1 f 2 - l i 2 ~  

I .... [ '-I *'~ "~I I+1-1h/5 1/2 31101 I+I/2-ii3/i0 8/15 i/6~iii,i----,~ 
I+1 011/2 1/212 1 01 I~ 01315 0-2/51 3 2 11 I-1/2 013/5-1/15-1/31512 3/21 
I ~ 0 0 01 I -1+1 /115-112  3/10 I - i  -1 -11 1-312+1/1110 -2i5 li2p312-312 I 

I+1-111/~ 1/2 1 1 3 ~  I 0 -1b /15  , 2  1 1 1 0 ~  1-112-11 315 2/51 5/2 I 
I 0 012,3 o-1131 2 11 i-1 018115-116-31101 3 21 i-3,2 01 215-3,51-512 I 
i-1+~1,~-112.3i-1-1~ v2+1~1i1~_1,3 3,~i_2-21 i_312_11 1 I 

Y<-m=(-1)my~ T M  I :~ - ' o l~ ' ,m~ ' , : l _~ l  I (jiJ2mlm2IJlJ2JM) I 
;I I-2-.'111 I =(-1)l-A-'=(J2Jlm2mllJ2JlJM) 

d j - [ - l ' ~ m - m ' d J  - d  j 3 / 2 X 3 / 2  ~ ,1 ~ ,1/2 0 -1 1 + c o s O  
mt,m - '. ; m,m t - -ra,-ra t | +3 | 3 2 gO 0 ~ cosg g " 2  1"2 = cos - g l  1 = - -  

_ _  l+312+3121 11+2 +2 ' u ,  / 2 ' 2 
2 X 3 / 2  ~ 1+312+1t21 112 1/2 3 2 i I  . 1 /2  _ in 0 d l  _ s/nO 

+i12 +3/2 112 -112 +1 +i +1 a 1/2 -1/2 -- -- s ~ 1,0 -- ---- 1+2+3,21+7'~1A1,2~4',~1 I +-~1 1,2-112 I , 
+3/2 -112 115 112 3/10 

+2+1/2 7/2 5/2 3/2 1 COSO t 1+112+112 3,5 0 _2, 1 3 2 1 o, _ . - .  
+1+312 +312 +312 +312 1 i I +3121~/7-3t71 I 1-112+3t2 115-1t2 31101 0 0 0 OI ' -  - 2 

i+~-1<_~11. 1-- 2,51 i+3,2 -312 hi20 li4 912o 1141 
i+1 1f21 4t7 1 t 3 5 - 2 / 5 1  712 512 312 .'12 I - 19/20 114 1t20 1/4 I +i12 - 1 1 2  - - 

2 x 2  I : l I r I I ' - ' ~  I o ;>Sl 217-18135 1,51 +112 +112 +112 +112 I-1,2 +112/8120-1,4-1/=0 1,41 3 2 1I 
+] +~1 1+2-3i2 / 1/33 ~/35 2/5 215 I-3,2 + 3 1 2  i 1 1 2 0 - 1 1 4  9,2o-1,41 -1 -1 -1 I 

" ~ _ ' _ ?  . _1 , 1 + 1 - 1 1 2 1 1 2 1 3 5  5114 0 - 3 1 1 0  ~ _ _  1 + 1 1 2 - 3 1 2 1 1 1 5  1 /2  3 /10  1 
1+2+111/2 1/21 4 3 2 1 I 0 1/2118i33 - 3 1 3 5 - 1 / 5  1t5 712 5/2 312 1/21 1 - 1 1 2 - 1 / 2 / 3 / 5  0 - 2 / s l ' - - W " ~ l  
1~ +211/2-1121+2 +2 +2 i-1 3 / 2 / 4 , 3 5 - , , 0  2,5-1,10 -1,2 -1 ,2 -1 ,2 -1 ,2 i  1_3,2+1,2/1,5_1,2 3,101-~ -~i 

1+2 013114 112 2/7 1 , I + l - 3 1 2  413527170 2/5 111ol I . . . . . .  I . . . . . .  I . i  
I+1 11 417 0-317 I 4 3 2 11 I 0 -112 [st35 3135-115 -1/51 I - ' ' `  - ~ " 1  ; ' "  " ' . '1 ~1 
I o 213t14-1/2 2 / 7 I  +i +i +i +11 I-i 1/2 [ 2 / 3 5 - 5 / 1 4  0 3 / . ' 0 1 7 1 2  5/2 3121 1-3/2 -112.1112-1121-31 

1+2-111114 3/10 3i7 l i S ~  1-2 3i2 1135-6135 215-215i . -312 -312-~121 1-312-3i211 I 
i+1 0 / 3/7 1/5-1114-3110 I " " ~ - - - - -  I o -3121217 18135 1/51 
I 0 1 / 3/7 -1/5-1/14 3110 I 4 3 2 1 0 I-1 -1/21 4/7 -1135-2/51 7t2 5/21 

1 2 1/14 3/10 3/7 1/5 0 0 0 0 0 I- ] - - I o o I-2 i/2I i/7-16/35 2tsl-512 -s12I 

i+2-2 11.0 1/10 2. ~1~ 1/~ F1-31~I 4. 3171 ~/2~ 
I+l -i I 8/35 2/5 1/14-i/I0 -1/5 I-2-i/21 3/7 -4/71-7/21 
I o o 118135 0-217 0 1t5 i /  I / I l I 
I -1  1 I 8i35 -2/5 1114 1110 -1/5 4 3 2 1 -2 -312 /  11 1 0 I I I .3/2 +COSO I-2 2 [ 1/70-1/10 2/7 -215 i/5 -i -i -i -1 

a 3 -  2 = - - C O  S - -  I 
/ ,3/2 2 2 I+ l  --2 1/14 3/10 3/7 1/5 

l~-cosO 0 ~ il+cosO\2 I 0--i 317 115-1/14--3/10 I I I 

d3/, 2 . . . . .  V/3 . . . . . .  s i n -  d~2 = l - - - - - z - - - )  I-i 0 317 -1 /5-1 t14  3/10 4 3 2 
OlZ,tlZ 2 2 , , z / I-2 1 1114-3110 317 -115 -2 -2 -2 

d3/2 = v ~ l -  cosO 0 d~,l _ 1 + cosO s/nO 
3/2,-1/2 2 cos ~ 2 

d 3/2,-3/23/2 _ 1 -- 2COS 0 sin ~ d ~,0 = ~ s in20 

,43/2 3cosO 1 0 1 - cos 0 
-- COS ~ d~,_ 1 - - -  s in0 ~ 1/2,1/2 2 _ 2 

_ = ( 1 - c o s O ] 2  "43/21/2,- 1/2 3COS0 + 1 2  s i n ~  d 2 , _ 2  \ - - - ~  / 

1 + cosO ( 2 c o s O -  1) d12'1 - 2 

d ~,0 = - ~/~- sin 0 cos 0 

d12,_1 1 - cosO . - ~ (2cos8 + 1) 

_! -2 
-1  

0 

114 1/2 2/7 
4/7 0 -3/7 44 3] 

311~ 2..'~ -~I-3 -3 
I- ~ -2 41 -1 .'/2-1t2 I-4 I 

I-2 -2r 11 

F i g u r e  31.1: The sign convention is that  of Wigner (Group Theory, Academic Press, New York, 1959), also used by Condon and Shortley ( The 
Theory of A t o m i c  Spectra, Cambridge Univ. Press,  New York, 1953), Rose (E lementary  Theory of  Angular  Momen tum,  Wiley, New York, 1957), 
and Cohen (Tables of  the Clebsch-Gordan Coefficients, North  American Rockwell Science Center, Thousand  Oaks, Calif., 1974). The coefficients 
here have been calculated using computer  p rograms wri t ten independently by Cohen and at LBNL. 
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32. S U ( 3 )  I S O S C A L A R  F A C T O R S  A N D  R E P R E S E N T A T I O N  M A T R I C E S  

Written by R.L. Kelly (LBNL). 

The most  commonly used SU(3) isoscalar factors, corresponding 
to the singlet, octet, and decuplet content of 8 @ 8 and 10 | 8, are 
shown at the right. The notat ion uses particle names to identify the 
coefficients, so that  the pat tern of relative couplings may be seen 
at a glance. We illustrate the use of the coefficients below. See J.J 
de Swart, Rev. Mod. Phys.  35, 916 (19631 for detailed explanations 
and phase conventions. 

A ~ is to be understood over every integer in the matrices; the 
exponent 1/2 on each matr ix  is a reminder of this. For example, the 

---* / )K  element of the 10 ---* 10 | 8 matr ix  is - x / ~ / V ' ~  = - 1 / 2 .  

Intramultiplet relative decay strengths may be read directly from 
the matrices. For example, in decuplet --* octet + octet decays, the 
ratio of ~* ---* ~ K  and A --, Nr  partial widths is, from the 10 ---* 8 x 8 
matrix, 

1 - - - . 8 |  

1 
(A)  ~ ( N K  27~r A~/ ~ ' K )  = ~ (2 3 - 1  - 2 / 1 / 2  

81 ---* 8 |  8 

--, I N K _ E n  An ~ Z K | =  1 6 0 4 4 
NK En A, ~K ~ - ~  - 1 2 - 4  

82 ~ 8 @ 8  

w r e n  A= 2~ .~K|= 1 23830 0 2 

27K AK .~r ~,~1 ] 3 - 

1/2 

F (~* ---* ~ 'K)  12 
F ( A  ---* N r )  - 6 x (phase space factors) . (32.1) 

Including isospin Clebsch-Gordan coefficients, we obtain, e.g., 

I ' ( ~ * -  --~ ~ ~  1/2 12 3 
r(A+ - ,  pnO) - 2 /3  x ~-  • p.s.f. = ~ • p.s.f. (32.2) 

Partial widths for 8 --* 8 | 8 involve a linear superposition of 81 
(symmetric) and 82 (antisymmetric)  couplings. For example, 

1 0 - - . 8 @ 8  

(i)/ (2-6:),j2 --* [ N K  _~r A z r  r t ]  .~K I = 1 - - 
~ ZKAKfn  : " r l _  ) - ' ~  23 - 3  3 33 2 12 

8 - - . 1 0 @ 8  

A ~  E n  ~rl ~ K  1 - 2  - 3  
"* ,U~" ~ K  = ~ - 9  6 

Z K  ~ ' r  -=~ /~K - 3  - 3  

1/2 

r ( ~ *  --* ~Tr) ~ - gl + g2 �9 (32.3) 

The relations between gl and g2 (with de Swart 's normalization) 
and the s tandard D and F couplings tha t  appear in the interaction 
Lagrangian, 

.9 ~= - v / 2 D T r ( { - B , B } M ) +  v/2FTr([-B,B]M) , (32.4) 

where [B, B] - B B  - B B  and {B, B} = B B  + BB,  are 

D = 4 0 -  gl , F = ~ -  g2 . (32.5) 

Thus, for example, 

F(-~* --* ~ n )  ~ (F  - D) 2 ~ (1 - 2a) 2 , (32.6) 

where a -= F/(D + F). (This definition of a is de Swart's. The 
alternative D/(D + F),  due to Gell-Mann, is also used.) 

The generators of SU(3) transformations,  Aa (a = 1, 8), are 3 • 3 
matrices that  obey the following commutat ion  and ant icommutat ion 
relationships: 

[Aa, Ab] -- AaAb - AbAa = 2ifabcAc (32.7) 

{Aa, Ab} ~ AaAb + AbAa = ~Sabl + 2dabcAc ,. (32.8) 

where I is the 3 x 3 identity matrix,  and ~ab is the Kronecker delta 
symbol. The fabc are odd under the permutat ion of any pair of 
indices, while the dab c are even. The nonzero values are 

1 0 - - - . 1 0 @ 8  

A K  ,Ur ~+ ~ K [  1 8 8 0 - 8  
--* ~ Z  3~  -~/ DK~ - ~/~ 12 3 -3 - 6  

.~K f2~? ] 12 -12 

I 

i/2 

abc f abc abe dabc abc dabc 

123 1 118 1 / v ~  

147 1/2 146 1/2 

156 - 1 / 2  157 1/2 

246 1/2 228 l/v/ '3 

257 1/2 247 -1 /2  

345 1/2 256 1/2 

367 - 1 / 2  338 1/V"3 

458 V/3/2 344 i / 2  

678 v~/2 

355 1/2 
368 -1/2 
377 - 1 / 2  

448 - 1 / ( 2 v ~ )  

558 -1/(2r 
668 - 1 / ( 2 V ~ )  

778 -1/(2~) 
888 - l / v / 3  

The Aa's are 

(0 0) 0)(1001 
A1 = I 0 0 ~2 = i 0 0 A3 = 0 - 1 0 

0 0 0 0 0 0 0 0 0 

(0011 (0 0 , ) (0001 
A4= 0 0 0 As=  0 0 0 A6= 0 0 1 

1 0 0 i 0 0 0 1 0 

(ooo / o o) 
AT= 0 0 - i  A s =  0 1 0 

0 i 0 " ~  0 0 - 2  

Equation (32.7) defines the Lie algebra of SU(3). A general d- 
dimensional representation is given by a set of d x d matrices satisfying 
Eq. (32.7) with the ]abc given above. Equat ion (32.8) is specific to the  
defining 3-dimensional representation. 
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3 3 .  S U ( n )  M U L T I P L E T S  A N D  Y O U N G  D I A G R A M S  

Writ ten by C.G. Wohl (LBNL). 

This note tells (1) how SU(n) particle multiplets are identified or 
labeled, (2) how to find the number  of particles in a multiplet from its 
label, (3) how to draw the Young diagram for a multiplet,  and (4) how 
to use Young diagrams to determine the overall multiplet structure of 
a composite system, such as a 3-quark or a meson-baryon system. 

In much of the literature, the word "representation" is used where 
we use "multiplet," and "tableau" is used where we use "diagram." 

3 3 . 1 .  M u l t i p l e t  l a b e l s  

An SU(n) multiplet is uniquely identified by a string of ( n - l )  
nonnegative integers: (a,  f~, % . . . ) .  Any such set of integers specifies 
a multiplet.  For an SU(2) multiplet such as an isospin multiplet, the 
single integer a is the number  of steps from one end of the nmltiplet 
to the other (i.e., it is one fewer than  the number  of particles in the 
multiplet). In SU(3), the two integers a and /3 are the numbers  of 
steps across the top and bo t tom levels of the multiplet diagram. Thus 
the labels for the SU(3) octet and decuplet 

}~- 1-*'I I* 3 =', 

~ - 1 - ~  

r , _  0 

are (1,1) and (3,0). For larger n, the interpretation of the integers 
in terms of the geometry of the multiplets, which exist in an 
(n-1) -d imens ional  space, is not so readily apparent.  

The label for the SU(n) singlet is (0, 0 , . . . ,  0). In a flavor SU(n), 
the n quarks together form a ( 1 , 0 , . . . , 0 )  multiplet,  and the n 
antiquarks belong to a ( 0 , . . . ,  0,1) multiplet. These two multiplets 
are conjugate to one another, which means  their labels are related by 
( ~ , ~  . . . .  ) ~ (  . . . .  f~,~). 

3 3 . 2 .  N u m b e r  o f  p a r t i c l e s  

The number  of particles in a multiplet,  N = N(a ,~ , . . . ) ,  is given 
as follows (note the pat tern of the equations). 

In SU(2), N = g ( a )  is 

N = (~ + 1) (33.1) 1 

In SU(3), N = N(a , f l )  is 

N =  ( a + 1 )  ( ~ + 1 ) ( a + ~ + 2 )  (33.2) 
1 1 2 

In SU(4), N = N(a, 3, 7) is 

N =  ( a + l )  (/3+1) (7+1) 
1 1 1 

(~+Z+2). (Z+7+2) (a+Z+'r+3) 
2 2 3 

(33.3) 

Note tha t  in Eq. (33.3) there is no factor with (a + 7 + 2): only a 
consecutive sequence of the label integers appears in any factor. One 
more example should make the pat tern clear for any SU(n). In SU(5), 
N = N(a , f~ ,7 ,6 )  is 

N =  ( a + l )  (/~+1) ('7+1) (6+1) ( a + ~ + 2 )  (~3+7+2) 
1 1 1 1 2 2 

( 7 + 6 + 2 ) .  (c t+]3+7+3) .  (fl+'7+6+3) (a§ 
2 3 3 4 

From the symmet ry  of these equations, it is clear that  multiplets that  
are conjugate to one another have the same number of particles, but  
so can other multiplets. For example, the SU(4) multiplets (3,0,0) and 
(1,1,0) each have 20 particles. Try the equations and see. 

3 3 . 3 .  Y o u n g  d i a g r a m s  

A Young diagram consists of an array of boxes (or some other 
symbol) arranged in one or more left-justified rows, with each row 
being at least as long as the row beneath.  The correspondence between 
a diagram and a multiplet label is: The top row juts  out a boxes to 
the right past the end of the second row, the second row ju ts  out f~ 
boxes to the right past the end of the third row, etc. A diagram in 
SU(n) has at most  n rows. There can be any number  of "completed" 
columns of n boxes buttressing the left of a diagram; these don' t  affect 
the label. Thus  in SU(3) the diagrams 

represent the multiplets (1,0), (0,1), (0,0), (1,1), and (3,0). In any 
SU(n), the quark multiplet is represented by a single box, the 
antiquark multiplet by a column of ( n - l )  boxes, and a singlet by a 
completed column of n boxes. 

3 3 . 4 .  C o u p l i n g  m u l t i p l e t s  t o g e t h e r  

The following recipe tells how to find the multiplets that  occur 
in coupling two multiplets together. To couple together more than  
two multiplets, first couple two, then couple a third with each of the 
multiplets obtained from the first two, etc. 

First a definition: A sequence of the letters a, b, c, . . .  is admissible 
if at any point in the sequence at least as many a 's  have occurred as 
b's, at least as many  b's have occurred as c's, etc. Thus  abcd and aabcb 
are admissible sequences and abb and acb are not. Now the recipe: 

(a) Draw the Young diagrams for the two multiplets,  but  in one of 
the diagrams replace the boxes in the first row with a 's,  the boxes in 
the second row with b's, etc. Thus,  to couple two SU(3) octets (such 
as the n-meson octet and the baryon octet), we start  with ~ and 

~ a .  The unlettered forms the of all diagram left-hand upper corner 
the enlarged diagrams constructed below. 

(b) Add the a ' s  from the lettered diagram to the r ight-hand ends 
of the rows of the unlettered diagram to form all possible legitimate 
Young diagrams that  have no more than one a per column. In general, 
there will be several distinct diagrams, and all the a ' s  appear  in each 
diagram. At this stage, for the coupling of the two SU(3) octets, we 
have: 

a a 

(c) Use the b's to further enlarge the diagrams already obtained, 
subject to the same rules. Then  throw away any diagram in which the 
full sequence of letters formed by reading right to left in the first row, 
then the second row, etc., is not admissible. 

(d) Proceed as in (c) with the c's (if any), etc. 

The final result of the coupling of the two SU(3) octets is: 

~:3  | a n =  b 

b b a a b 

Here only the diagrams with admissib]e sequences of a's and b's and 
with fewer than four rows (since n = 3) have been kept. In terms of 
multiplet labels, the above may be writ ten 

(1,1) | (1,1) = (2, 2) @ (3,0) @ (0,3) @ (1,1) @ (1, 1) $ (0,0) . 

In terms of numbers of particles, it may  be writ ten 

8 |  

The product of the numbers on the left here is equal to the sum on 
the right, a useful check. (See also Sec. 13 on the Quark Model.) 
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Revised January 2000 by J.D. Jackson (LBNL). 

Throughout this section units are used in which h = c = 1. The 
following conversions are useful: hc = 197.3 MeV fm, (hc) 2 = 0.3894 
(GeV) 2 mb. 

3 4 . 1 .  L o r e n t z  t r a n s f o r m a t i o n s  

The energy E and 3-momentum p of a particle of mass  m form a 
4-vector p = (E, p) whose square p2 = E 2 _ ip]2 = m 2. The velocity of 
the particle is ]3 = p / E .  The energy and momen t um (E*, p*) viewed 
from a frame moving with velocity 131 are given by 

P = -71131 7I  Pll ' PT = PT ' (34.1) 

where 7I = (1 - ]~ ) -1 /2  and PT (P[[) are the components of p 

perpendicular (parallel) to ]3I' Other 4-vectors, such as the space- 
time coordinates of events, of course t ransform in the same way. The 
scalar product of two 4-momenta  Pl "P2 = E i E 2  - Pl " P2 is invariant 
(frame independent). 

3 4 . 2 .  C e n t e r - o f - m a s s  e n e r g y  a n d  m o m e n t u m  

In the collision of two particles of masses m t  and m2 the total 
center-of-mass energy can be expressed in the Lorentz-invaxiant form 

Ecru : [(El + E 2 )  2 -  (Pl A-p2) 211/2 , 

= [m 2 + ra22 + 2E1E2 (1 - f~l~2 cos 0)] 1/2 , (34.2) 

where 8 is the angle between the particles. In the frame where one 
particle (of mass m2) is at rest (lab frame), 

34 .4 .  P a r t i c l e  d e c a y s  

The partial decay rate of a particle of mass  M into n bodies in its 
rest frame is given in terms of the Lorentz-invaria~t matr ix  element 
J~" by 

(2~) 4 
dF = ~ I ~ l  2 d~n (P;  Pl . . . . .  pn), (34.10) 

where d~n is an element of n-body phase space given by 

d~n(P;  Pl . . . . .  Pn) = 64 (P  - Z P i )  d3pi (34.11) 
i=l i=t (2r)32Ei " 

This phase space can be generated recursively, viz. 

d~n(P;  Pl . . . . .  Pn) = d~j(q;  Pl . . . . .  Pj) 

• d ~ n - j + t  (P; q, Pi+l . . . . .  pn)(2~r)3dq 2 , (34.12) 

where q2 J . 2 ~'-:~J=l Pi 2. = ( ~ i = l  E,) - This form is particularly 

useful in the case where a particle decays into another particle tha t  
subsequently decays. 

34.4.1. S u r v i v a l  probabil i ty:  If a particle of mass  M has mean  
proper lifetime T (= I / I ' )  and has m o m e n t u m  (E ,p ) ,  then  the 
probability that  it lives for a t ime to or greater before decaying is 
given by 

P(to)  = e -tO r /7  = e-Mto F/E , (34.13) 

and the probability that  it travels a distance xo or greater is 

P(xo)  = e -M~O F/IPl �9 (34.14) 

Ecm : (~rt 2 -[- m ~  _t_ 2 E  1 lab m 2 )  1/2 . (34 .3)  

The velocity of the center-of-mass in the lab frame is 

13cm : Plab/(Ellab + m2) , (34.4) 

where Plab -- PI lab and 

7cm ---- (Ellab + m2) /Ecm . (34.5) 

The c.m. momenta  of particles 1 and 2 are of magni tude 

m2 
Pcm = Plab Ecm ' (34.6) 

For example, if a 0.80 GeV/c kaon beam is incident on a proton 
target, the center of mass energy is 1.699 GeV and the center of mass  
momentum of either particle is 0.442 GeV/c. It is also useful to note 
that 

Ecru dEcm = m2 dE1 lab = m 2  H1 lab dplab . (34.7) 

3 4 . 3 .  L o r e n t z - i n v a r i a n t  a m p l i t u d e s  

The matrix elements for a scattering or decay process are written in 
terms of an invariant amplitude - i ~ t ' .  As an example, the S-matr ix 
for 2 ~ 2 scattering is related to dr '  by 

0~P~ ISl plY2) = I - i(2~) 4 ~4(pl + P2 - P~ - P~) 

• (2El) t /2  (2E2)1/2 (2E[)1/2 (2E~)1/2 . (34.8) 

The state normalization is such that  

( l iP) = (2~)3~3(P - P ' ) .  (34.9) 

34.4.2. T w o - b o d y  decays:  

m 1 

P ,  

P 2 '  m 2  

Figure 34.1: Definitions of variables for two-body decays. 

In the rest frame of a particle of mass  M,  decaying into 2 particles 
labeled 1 and 2, 

E1 - M2 - m22 + m~ 
2M ' (34.15) 

IPll = IP21 

= [(M 2 - (ml  + m2) 2) (M 2 - (ml  - m2)2)]1/2 (34.16) 

2M 

and 
1 IPl[ dfl d r  : ~ I..s 2 ~ , 

where dl2 = d~ld(Cos01) is the solid angle of particle 1. 

34.4.3. T h r e e - b o d y  decays:  

(34.17) 

P ,  M - - 

~ P l '  m l  

Figure 34.2: Definitions of variables for three-body decays. 
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2 _ 2 then rn122 + m23 + m123 Defining Pij = Pi q- Pj and mij  - Pij, 
2 2 2 2 M + m l + m 2 + m 3 a n d m 2 2  ( P - p 3 ) 2 = M 2 + m 2 - 2 M E 3 ,  where 

E3 is the energy of particle 3 in the rest frame of M. In that frame, 
the momenta of the three decay particles lie in a plane. The relative 
orientation of these three momenta is fixed if their energies are known. 
The momenta can therefore be specified in space by giving three Euler 
angles (a, ~, 7) that  specify the orientation of the final system relative 
to the initial particle [1]. Then 

1 1 
d r  _ (2~) 5 16M I~g12 dE1 dE2 dct d(cos~) d7 �9 (34.18) 

Alternatively 

1 1 I~12 IP~[ [P31 dml2 df~  df~3 (34.19) dr' = (2r) ~ 16M~ 

where (IP~[, f~[) is the momentum of particle 1 in the rest frame of 
1 and 2, and ft3 is the angle of particle 3 in the rest frame of the 
decaying particle. ]p~] and tP3I are given by 

[p;i = [(m122 - (ml + m2) 2) (m22 - (rex - m2)2)] 1/2 
2m12 , (34.20a) 

and 

Ip3l = [(M2 - (m12 A- m3) 2) (M 2 - (m12 - m3)2)] 1/2 (34.20b) 
2M 

[Compare with Eq. (34.16).] 

If the decaying particle is a scalar or we average over its spirt states, 
then integration over the angles in Eq. (34.18) gives 

1 1 
d r  -- (27r)38M I'/gl2 dE1 dE2 

1 1 
-- (2~.)3 32M3 IJg[ 2 din22 dm~3 . (34.21) 

This is the standard form for the Dalitz plot. 

34.4.3.1. Dalitz plot: For a given value of m212, the range of m223 is 
determined by its values when P2 is parallel or antiparallel to P3: 

2 (m23)max = 

(E~ + E~) 2 - - m22 - , (34.22a) 

(m~3)min = 

( E ~ +  E~) 2 -  ( V ~ - m 2 +  ~ ) 2  . (34.22b) 

Here E~ = (m212 - m ~  + m2)/2m12 and E j  = (M 2 - m r 2 2 - m 2 ) / 2 m t 2  
are the energies of particles 2 and 3 in the m12 rest frame. The scatter 
plot in m122 and m23 is called a Dalitz plot. If 1~r is constant, the 
allowed region of the plot will be uniformly populated with events [see 
Eq. (34.21)]. A nonuniformity in the plot gives immediate information 
on [jg[2. For example, in the case of D ~ K~rTr, bands appear when 
m(K~r } = mK,(892), reflecting the appearance of the decay chain 
D ---* K*(892)Tr ---* KTrzr. 

34.4.4. K i n e m a t i c  limits: In a three-body decay the maximum 
of Ip31, [given by Eq. (34.20)], is achieved when m12 = ml  + m2, 
i.e., particles I and 2 have the same vector velocity in the rest 
frame of the decaying particle. If, in addition, m3 > ml ,m2 ,  then 
IP31m~x > IP~I . . . .  IP~I . . . .  

Figure  34.3: Dalitz plot for a three-body final state. In this 
example, the state is l r+K~ at 3 GeV. Four-momentum 
conservation restricts events to the shaded region. 

34.4.5. Mult ibody decays: The above results may be generalized 
to final states containing any number of particles by combining some 
of the particles into "effective particles" and treating the final states 
as 2 or 3 "effective particle" states. Thus, ifpijk.." = Pi +Pj  +Pk + . . . ,  
then 

mijk... = ~p2i j  k .. . .  (34.23) 

and m/jk.., may be used in place of e.g., m12 in the relations in 
Sec. 34.4.3 or 34.4.3.1 above. 

F igure  34.4: Definitions of variables for production of an 
n-body final state. 

3 4 . 5 .  C r o s s  s e c t i o n s  

The differential cross section is given by 

do" = (2~')4 ]"f/'12 

4V/(p 1 .p2)2 _ mlm222 

• d~n(pl +P2; P3 . . . .  , Pn+2) . (34.24) 

[See Eq. (34.11).] In the rest frame of m2(lab), 

V/(Pl .p2)2 2 2  (34.25a) - m l m  2 = m2Pllab ; 

while in the center-of-mass frame 

V/(Pl . p2)2 2 2  = plcmV/" ~ (34.25b) - m l m  2 

34 .5 .1 .  Two-body reactions: 

Figure  34.5: Definitions of variables for a two-body final state. 
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Two particles of momen ta  Pl and P2 and masses m l  and m2 scatter 
to particles of momen t a  P3 and P4 and masses m3 and m4; the 
Lorentz-invariant Mandels tam variables are defined by 

s = (/91 +/92) 2 = (P3 +/)4) 2 

= m~ + 2E1E2 - 2p 1 'p2 + m2 , 

t = (p~ - p 3 )  2 = (p2 - p 4 )  2 

= m~ - 2EtE3  + 2p 1 �9 P3 + m]  

u =  ( P l - P 4 )  2 - - ( p 2 - p 3 )  2 

= rn2 - 2ERE4 + 2Pl "P4 + m42 

and they satisfy 

(34.26) 

(34.27) 

(34.2S) 

2 2 s + t + u = ml  2 + m22 + m 3 + m 4 (34.29) 

The two-body cross section may be written as 

d a _  1 1 [ ./s162 (34.30) 
dt 647rs Iptcra 12 " 

In the center-of-mass frame 

t = (Elcm - E3cm) 2 - (Plcm - P3cm) 2 - 4plcra P3cm sin2(0cm/2) 

= to - 4plcm P3cm sin2(0cra/2) , (34.31) 

where tgcrn is the angle between particle 1 and 3. The limiting values 
to (0era = 0) and t t  (0cra = 7r) for 2 --* 2 scattering are 

2 2 2 2 [m  1 _ m3- -- m2 + m4 ] 2 
t o (h )  = [ 2V~ ] - (Plcm qCP3crn) 2 . (34.32) 

In the literature the notat ion tmin (traax) for to (t l)  is sometimes 
used, which should be discouraged since to > tl .  The center-of-mass 
energies and momen ta  of the incoming particles are 

2 2 
Elcm = s + m~ - m 2 E2cra - s + m 2 - m I , 

2~'~ ' 2V ~ (34.33) 

For E3r and E4cra , change m t  to m 3 and m2 to m4. Then 

Pi cm : ~ -- m~ and Plcm - Pl lab m2 (34.34) 

Here the subscript lab refers to the frame where particle 2 is at rest. 
[For other relations see Eqs. (34.2)-(34.4).] 

34.5.2.  I n c l u s i v e  reac t ions:  Choose some direction (usually the 
beam direction) for the z-axis; then the energy and m o m e n t u m  of a 
particle can be writ ten as 

E = m T C o s h y  , P~ , pv , Pz = m r  s inhy  , (34.35) 

where m T is the transverse mass  

2 = m 2 + p ~  + p ~ ,  (34.30) m T 

and the rapidity y is defined by 

1 ( E + p z ~  

= l n  (E+p__._....~z~ = t a n h _ l  (~_)  , (34.37) 
\ r o t  ] 

Under a boost in the z-direction to a frame with velocity fl, 
y --* y - t anh  -1  ft. Hence the shape of the rapidity distribution d N / d y  
is invariant. The invariant cross section may  also be rewritten 

E d3 ~ d3 er d2 a 

d3 p - dq)dypTdP T ~ rdyd(P2T-------- ~ . (34.38) 

The second form is obtained using the identity dy/dpz = l / E ,  and the 
third form represents the average over r 

Feynman 's  x variable is given by 

E +  pz X :  Pz 
pz max ( E + p~ )raa~ 

In the c.m. frame, 

and 

(PT << IPzJ) . (34.39) 

2pz era 2m T sinh Ycm 
x ~ - ~ -  v ~  (34.40) 

= (ycrn)max = ln(v/~/rr t) . (34.41) 

For p >> m, the rapidity [Eq. (34.37)] may be expanded to obtain 

1 cos2(t9/2) + m 2 / 4 p  ~ + . . .  
y = ~ ln  sin2(tg/2) + m 2 / 4 p  2 + ~.: 

- In tan(tg/2) -- r/ (34.42) 

where cost9 = Pz/P. The pseudorapidity r/defined by the second line 
is approximately equal to the rapidity y for p >> m and t9 >> 1/7, and 
in any case can be measured when the mass  and m o m e n t u m  of the 
particle is unknown. From the definition one can obtain the identities 

s i n h t / =  cott9 , coshr / - -  1/sint9 , t a n h r / =  cost9. (34.43) 

34.5.3.  P a r t i a l  waves:  The ampli tude in the center of mass  for 
elastic scattering of spinless particles may be expanded in Legendre 
polynomials 

/ (k,  tg) = ~ ~ ( 2 ~  + 1)atP~(cos tg), (34.44) 
t 

where k is the c.m. momentum,  t9 is the c.m. scattering angle, a t 
= (r/re 2iQ - 1)/2i, 0 < r/t _< 1, and 5 t is the phase shift of the ~th 
partial wave. For purely elastic scattering, r/t = 1. The differential 
cross section is 

de 
d ~  = I f (k '  t9)12 " (34.45) 

The optical theorem states tha t  

O'tot = ~ I m  f ( k ,  0) , (34.46) 

and the cross section in the e ta partial wave is therefore bounded: 

47r 47r(2e + 1) 
a t  = ~ - ( 2 ~ +  1)[at[ 2 < k2 (34.47) 

The evolution with energy of a partial-wave ampli tude at  can be 
displayed as a trajectory in an Argand plot, as shown in Fig. 34.6. 

y2 } 

P ~ V . . J ' "  I R e A  
-1 /2  0 1/2 

F i g u r e  34.6: Argand plot showing a partial-wave amplitude a t 
as a function of energy. The ampli tude leaves the uni tary circle 
where inelasticity sets in (0t < 1). 

The usual  Lorentz-invariant matr ix  element r  (see Sec. 34.3 
above) for the elastic process is related to f ( k ,  0) by 

r = -8ZrV~ f ( k ,  tg), (34.48) 

so 
1 

ar = - - -  Im.,Cg(t = 0) , (34.49) 
2 /~b m2 

where s and t are the center-of-mass energy squared and m o m e n t u m  
transfer squared, respectively (see Sec. 34.4.1). 
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34.5.3.1 .  Resonances:  The Breit-Wigner (nonrelativistic) form for 
an elastic ampli tude at  with a resonance at c.m. energy ER,  elastic 
width Feb and total width r tot  is 

re l /2  (34.50) 
at = E R  - E - iFtot/2 ' 

where E is the c.m. energy. As shown in Fig. 34.7, in the absence of 
background the elastic ampli tude traces a counterclockwise circle with 
center iXel/2 and radius Xel/2 , where the elasticity Xel = Fel/r tot .  
The ampli tude has a pole at E = E R - iFtot/2. 

The spin-averaged Breit-Wigner cross section for a spin-J  resonance 
produced in the collision of particles of spin S1 and $2 is 

F 2 (2J  + 1) ~r BinBout tot 
c r B w ( E )  = (2S1 + 1)(2S2 + 1) k-2 (E - f n )  2 + r2ot /4 ' (34.51) 

where k is the c.m. momentum,  E is the c.m. energy, and Bin and 
Bout are the branching fractions of the resonance into the entrance and 
exit channels. The 2S + 1 factors are the multiplicities of the incident 
spin states,  and are replaced by 2 for photons. This expression is valid 
only for an isolated state. If the width is not small, r tot  cannot be 
treated as a constant independent of E.  There are many other forms 
for a B W  , all of which are equivalent to the one given here in the 
narrow-width case. Some of these forms may  be more appropriate if 
the resonance is broad. 

Xel/2 

I R e A  
-1 /2  0 1/2 

The relativistic Breit-Wigner form corresponding to Eq. (34.50) is: 

-mr~ (34.52) 
al = s -- m 2 -b imFtot 

A better form incorporates the known kinematic dependences, 
replacing mr to t  by ~ r t o t  (s), where Ftot (s) is the width the resonance 
particle would have if its mass were v ~ ,  and correspondingly mrel  by 
g~Fel(S) where Fel(S ) is the partial width in the incident channel for 
a mass v~: 

-vqrel(s) 
a t = . (34.53) 

s - m 2 + iv/'SFtot (s) 

For the Z boson, all the decays are to particles whose masses 
are small enough to be ignored, so on dimensional grounds 
trot(S) --- v / s F o / m z ,  where F0 defines the width of the  Z, and 
re l (S) /Fto t (S  ) is constant.  A full t reatment  of the line shape requires 
consideration of dynamics, not just  kinematics. For the Z this is done 
by calculating the radiative corrections in the Standard Model. 

References: 
1. See, for example, J.J. Sakurai, Modern Q u a n t u m  Mechnaics,  

Addison-Wesley (1985), p. 172, or D.M. Brink and G.R. Satchler, 
Angular  M o men tu m,  2nd ed., Oxford University Press (1968), 
p. 20. 

Figure 34. ' / :  Argand pl0t for a resonance. 
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3 5 .  C R O S S - S E C T I O N  F O R M U L A E  F O R  S P E C I F I C  P R O C E S S E S  

Revised April 1998 by R.N. Cahn (LBNL). 

3 5 . 1 .  L e p t o p r o d u c t i o n  

k I 

k - 

Figure  35.1: Kinematic quantities for description of lepton- 
nucleon scattering, k and k r are the four-momenta of incoming 
and outgoing leptons, P is the four-momentum of a nucleon with 
mass M. The exchanged particle is a 7, W • or Z~ it transfers 
four-momentum q = k - k ~ to the target. 

Invariant quantities: 

q ' P = E - E I is the lepton's energy loss in the lab (in earlier 
literature sometimes r, = q �9 P). Here, E and E I are the 
initial and final lepton energies in the lab. 

Q2 = _q2 = 2( EE'  - -k . -k ') - m 2 - m  2, where me(ml, ) is the initial 
(final) lepton mass. If EE'  sin2(0/2) >> m 2, m~,, then 

4EE ~ sin2(O/2), where 0 is the lepton's scattering angle in the 
lab. 

Q2 
x = ~ In the parton model, x is the fraction of the target nucleon's 

momentum carried by the struck quark. [See section on 
Quantum Chromodynamics (Sec. 9 of this Review.)] 

q . P  t, 
Y = k ' - ~  = E is the fraction of the lepton's energy lost in the lab. 

W 2 = (p  + q)2 = M 2 + 2M~, - Q2 is the mass squared of the system 
recoiling against the lepton. 

s = (k + p)2 = QA + M 2 
zy 

35.1.1. Leptoproduct ion cross sections: 

d2a - r ' ( s - M  2) d2a 2r Mt~ d2a 
dx dy ~ =" E I d~la b dE j 

d2~ (35.1) = x(s - M 2) dx dQ 2 ' 

35.1.2. I, eptopvoduetion s tructure  funct ions:  The neutral- 
current process, eN --* eX, at low Q2 is just electromagnetic and 
parity conserving. It can be written in terms of two structure functions 
F~m(x, Q2) and F~m(x, Q2): 

d2~ _ 47r ot2(s - M 2) 

dx dy Q4 

[ (s~/a)M2 xyF~m] .  (35.2) • [(1 - y ) f ~ m +  ~2~F~m 

The charged-current processes, e - N  --* ~'X, t,N --* e - X ,  and 
VN ~ e+X, are parity violating and can be written in terms of three 
structure functions F1CC(x, Q2), F2CC(x, Q2), and F3CC(x, Q2): 

d2cr _ G 2 (s - M 2) MCV (35.3) 
dx dy 2 ,  (Q2 + M~)2  

• ( [ i - - y  M2x~Y ] F C C + y 2  FCC y2 
( s _ M 2 )  ] -~ 21 :I=(y- ~ ) x F C C }  , 

where the last term is positive for the e -  and t, reactions and negative 
for PN --* e+X. As explained below there are different structure 
functions for charge-raising and charge-lowering currents. 

35.1.3. Structure  func t ions  in the QCD pa t ton  model: In the 
QCD parton model, the structure functions defined above can be 
expressed in terms of parton distribution functions. The quantity 
fi(x, Q2)dx is the probability that a parton of type i (quark, antiquark, 
or gluon), carries a momentum fraction between x and x + dx of 
the nucleon's momentum in a frame where the nucleon's momentum 
is large. For the cross section corresponding to the neutral-current 
process ep --+ eX, we have for s >> M 2 (in the case where the incoming 
electron is either left- (L) or right- (R) handed): 

dx dy sx2 y2 

•  . (35.4) 

Here the index q refers to a quark flavor (i.e., u, d, s, c, b, or t), and 

Aq = ( -qq  + gLq gLe - -  

Bq = ( -qq  + gRq gLe - -  

Q2~M + -qq + gaq ga~ Q2 +-M ' 

(35.5) 
Q2_ ~2+(_qqA_gLqgRe ~_Q2_ ,~2 

(35.6) 
Here qq is the charge of flavor q. For a left-handed electron, gRe = 0 
and gLe = ( - 1 / 2  + sin 20W)/(sinO w cos0w), while for a right-handed 
electron, gLe = 0 and gRe = ( sin2 0W)/( sin 0W COS 9 W). For the quarks, 
gLq = (T3 - qq sin 2 6w)/ (s in~w cos~w), and gRq = (--qq sin2 0W) / 
(sin OW cos OW ). 

For neutral-current neutrino (antineutrino) scattering, the same 
formula applies with gne replaced by gLv = 1/(2sinOWcosSw) (gLP 
= 0) and gRe replaced by gRv = 0 [gRv = - 1 / ( 2  sin0 W cos OW) ]. 

In the case of the charged-current processes e-~p --~ v X  and 
Vp --~ e+X, Eq. (35.3) applies with 

F2 = 2xF1 = 2x [fu(x, Q2) + fc(X, Q2) + ft(x, Q2) 

+ f 3 ( x ,  Q2)+f-g(x ,  Q 2 ) + f ~ ( x ,  Q2)] , (35.7) 

F3 = 2 [fu(x, Q2) + fc(x, Q2) + ]t(x, Q2) 

- . f~(x,  Q 2 ) - f - ~ ( x ,  Q 2 ) - f ~ ( x ,  Q2)] . (35.8) 

For the process vp --~ e - X :  

F2 = 2xF1 = 21 [fd(X, Q2) + ]s(X, Q2) + fb(X, Q2) 

+ f ~ ( x ,  Q 2 ) + f ~ ( x ,  Q 2 ) + f i ( x ,  Q2)] , (35.9) 

F3 = 2[Yd(X,Q 2) + ]s(x,Q 2) + fb(Z, Q 2) 

- f ~  (x, Q2) _ f~  (x, Q2) _ f~ (x, Q2)] . (35.10) 

3 5 . 2 .  e + e  - a n n i h i l a t i o n  

For pointlike, spin-l /2 fermions, the differential cross section in the 
c.m. for e+e - --* f f  via single photon annihilation is (0 is the angle 
between the incident electron and the produced fermion; Nc = 1 if f 
is a lepton and Nc = 3 if f is a quark). 

d(r a 2 
d~ = Nc-(ss ;3[l +c~ + (1-~2)sin20]Q2I ' (35.11) 

where ;3 is the velocity of the final state fermion in the c.m. and QI is 
the charge of the fermion in units of the proton charge. For ;3 ---* 1, 

= N 4~2 ~ s6.SQ} nb 
a c--~-sQ ! = NCs(GeV/c2)2 . (35.12) 



21f i  35 .  C r o s s . s e c t i o n  f o r m u l a e  f o r  s p e c i f i c  p r o c e s s e s  

At higher energies, the Z 0 (mass M z  and width I 'z )  must be 
included. If the mass of a fermion f is much less than the mass of the 
Z ~ then the differential cross section for e+e - --~ . f f  is 

d_.K~= 
d12 

where 

c~ 2 
Nc~s  {(1 + cos2 0)[Q} - 2XlVeVS@ ! + x2(a2e + v2)(a2i + v})] 

+ 2 cos 0 [-2XlaealQ I + 4X2aeasvevi] } (35.13) 

1 sis - M  2) 
X I =  16sin2Owcos2Ow (s _ 11//2)2 + MzFz2 2 ' 

1 s 2 

X2 = 256sin 40 Wcos 40 W ( s - M ~ )  2+M~FZ2 2 ' 

a e =  - - 1 ,  
Ve = - l + 4 s i n  20W , 

ay = 2T31 , 

vl  = 27"31 - 4QI sin 2 0 W , (35.14) 

where 7"3i = 1/2 for u, c and neutrinos, while 7"3i = - 1 / 2  for d, s, b, 
and negatively charged [eptons. 

At LEP II it may be possible to produce the orthodox Higgs 
boson, H, (see the mini-review on Higgs bosons) in the reaction 
e+e - --* H Z  ~ which proceeds dominantly through a virtual Z ~ The 
Standard Model prediction for the cross section [3] is 

o"(e+e_ ---+ HzO) : ra  2 2 / ( .  K 2 + 3M_........~. 1 - 4  sin 2 0 W + 8 sin 4 0 W 
24 ~ (s - M2)  2 sin 40wcos  4oW 

(35.15) 
where K is the c.m. momentum of the produced H or Z ~ Near the 
production threshold, this formula needs to be corrected for the finite 
width of the Z ~ 

3 5 . 3 .  Two-photon  process a t  e + e  - colliders 
When an e + and an e -  collide with energies E1 and E2, they emit 

dnl and dn2 virtual photons with energies Wl and w2 and 4-momenta 
ql and q2. In the equivalent photon approximation, the cross section 
for e+e - ---, e + e - X  is related to the cross section for 77 -+ X by 
(Ref. 1) 

do'e+e-~e+e- x (s) = dnl dn2 do-77-, x (W 2) (35.16) 

where s = 4EIE2, W 2 = 4WlW2 and 

dni = a 1 -  wi w2 2 2 d(_q2) (35.17) 
wi ( - i )  

After integration (including that over q/2 in the region 
m2ew~ /Ei(Ei  - wi) <- -q~ < (-q2)max), the cross section is 

L [ Vt2 1 dz f ( z )  In 1 
o-~+r (s) : ~  z m~  

th 
( l n l )  3] 1 o " ~ + x  (zs)  ; 

f ( z ) =  ( l +  l z ) 2 1 n l - l ( 1 - z ) ( 3 + z ) ;  

W 2 
z = - -  . (35.18) 

8 

The quantity (-q2)max depends on properties of the produced 
system X,  in particular, (-q2)max ~ m 2 for hadron production 
(X : h) and (-q2)max ~ W 2 for lepton pair production (X : t+e  - ,  

= e, ~, r). 

For production of a resonance of mass m R and spin J r 1 

8a2FR~77 
o"e+e-+e+e-R is) = (2J + 1) "~R 

x [ f ( m 2 / s ) ( 1  n ~ s m ~  _ 1) 2 - l ( l n  s--~-'3] (35.19) 
mere R 3 m2a] J 

where m V is the mass that enters into the form factor of the 77 ~ R 
transition: m v  ~ mp for R = r 0, ~/, S2(1270) . . . . .  m V ~ m R for 
R = e~ or bb resonances. 

3 5 . 4 .  I n c l u s i v e  h a d r o n i c  r e a c t i o n s  

One-particle inclusive cross sections Ed3a/d3p for the production 
of a particle of momentum p are conveniently expressed in terms of 
rapidity (see above) and the momentum Pr  transverse to the beam 
direction (defined in the center-of-mass frame) 

d3a d3~ (35.20) 
E d3 p - dCdypTdP T �9 

In the case of processes where PT is large or the mass of the produced 
particle is large (here large means greater than 10 GeV), the parton 
model can be used to calculate the rate. Symbolically 

= ~.. i f i (xl ,  Q2) f j(x2,  Q2) dxl dx2 o-hadronic ~partonic (35.21) 

where fi(x, Q2) is the parton distribution introduced above and Q 
is a typical momentum transfer in the partonic process and ~ is 
the partonic cross section. Some examples will help to clarify. The 
production of a W + in pp reactions at rapidity y in the center-of-mass 
frame is given by 

do" _ GF zrV~ 
dy 3 

• T[cos20c(U(Xl,  M~V)d (z2 ,M 2 )  

. + u(x2 ,  M~r d ( x t , M 2 ) ~  

+ sin2Oc(u(xl ,  M ~ ) $ ( x 2 ,  M 2 )  ] 

\ + s ( x 2 , M ~ v ) g ( x l , M ~ ) ) ]  , (35.22) 

where Xl = v ~ e y, x2 = v'7 e -u,  and r = M 2 / s .  Similarly the 
production of a jet in pp (or p~) collisions is given by 

d3 o" x"; f d2pT dy - - Z  fi(Xl ' p2T) /J(X2'p2) 

"" ~.d~] dx2 ~(~'+ t" + ~) (35.23) [ d t J i j  dxl 

where the summation is over quarks, gluons, and antiquarks. Here 

s = (Pl + P2) 2 , (35.24) 

t = (Pl - Pjet) 2 , (35.25) 

u = (P2 - /) jet)  2 , (35.26) 

Pl and P2 are the momenta of the incoming p and p (or ~) and ~', t', 
and ~ are s, t, and u with Pl -* xlpl  and P2 ~ x2P2. The partonic 
cross section ~'[ (d~)/(dt')] can be found in Ref. 2. Example: for the 
process gg ~ q'q, 

dc~ = 3Ors2 (t'2 +~2)  [ 4 1 ]  
s" ~ -  8~ 9 - ~  - ~-2 ' (35.27) 

The prediction of Eq. (35.23) is compared to data from the UA1 and 
UA2 collaborations in Fig. 37.8 in the Plots of Cross Sections and 
Related Quantities section of this Review. 

The associated production of a Higgs boson and a gauge boson is 
analogous to the process e+e - --* H Z  ~ in Sec. 35.2. The required 
parton-level cross sections [4], averaged over initial quark colors, are 

q(qiqj --* W i l l )  = ~21V~il2 , 2K K 2 + 3 M  2 
36sin40w v/s ( s - M 2 )  2 

a(q~ ---* zOH) = ~r"2(aq2 + vq2) . 2_KK. K 2 + 3Mz 2 

144sin40wcos40w vG (s - M2) 2 ' 

Here ~ j  is the appropriate element of the Kobayashi-Maskawa matrix 
and K is the c.m. momentum of the produced H. The axial and 
vector couplings are defined as in Sec. 35.2. 
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3 5 . 5 .  O n e - p a r t i c l e  i n c l u s i v e  d i s t r i b u t i o n s  

In order to describe one-particle inclusive production in 
e+e - annihilation or deep inelastic scattering, it is convenient 
to introduce a fragmentation function D h (z, Q2) where D h (z, Q2) 
is the number  of hadrons of type h and momen tum between zp and 
(z + dz)p produced in the fragmentation of a pat ton of type i. The 
Q2 evolution is predicted by QCD and is similar to that  of the pat ton 
distribution functions [see section on Quan tum Chromodynamics 
(Sec. 9 of this Review)]. The Dh(z, Q2) are normalized so that  

f zD h (z, Q2)dz = 1 . (35.28) Z 
h 

If the contributions of the Z boson and three-jet events are 
neglected, the cross section for producing a hadron h in e+e - 
annihilation is given by 

1 da Eie~  D~ (z,Q2) 
- (35.29) 

~h~d dz E~ e~ ' 

where ei is the charge of quark-type i, O'ha d is the total hadronic cross 
section, and the mom en t um of the hadron is ZEcm/2. 

In the case of deep inelastic muon scattering, the cross section for 
producing a hadron of energy Eh is given by 

1 do" _ ~ ie~  qi(x,Q 2) D~(z,Q 2) 
O'tot dz ~ ie2  qi(x, Q2) , (35.30) 

where E h = vz. (For the kinematics of deep inelastic scattering, 
see Sec. 34.4,2 of the Kinematics  section of this Review.) The 
fragmentation functions for light and heavy quarks have a different 
z dependence; the former peak near z = 0. They are illustrated in 
Figs. 36.1 and 36.2 in the section on "Heavy Quark Fragmentat ion in 
e+e - Annihilation" (Sec. 36 of this Review). 
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Measurement of the fragmentat ion functions of heavy quarks 
provides information about non-perturbative particle production in a 
variety of experimental  environments.  The CDF observation of high 
PT J / r  production rates far in excess of the extant  theoretical 
predictions prompted the development of the color octet model 
(e.g., p~ ~ gg --~ Xc --' r + X) and highlighted the role of gluon 
fragmentat ion in charmonium production. Recent results from both 
LEP and HERA have also helped elucidate the gluonie contribution 
to charmed meson production. Current  est imates from LEP are 
that  gluon fragmentat ion accounts for approximately half of the D* 
production in the lowest momen t um region (the lowest quarter of the 
allowed kinematic region). 

cannot be compared directly with spectra at higher center-of-mass 
energies, and must  be appropriately evolved. 

Fits to the combined CLEO and ARGUS D O and D *+ data  give 
ep(D O) = 0.1354-0.01 and ep(D*) = 0.0784- 0.008; these are indicated 
in the solid curves. Measurement of the fragmentat ion functions 
for a variety of particles has allowed comparisons between mesons 
and baryons, and particles of different spin structure,  as shown in 
Table 36.1 

Tab le  36.1: The Peterson m o m e n t u m  hardness pa- 
rameter ep as obtained from e+e - --4 (par t ic le)+  X 
measurements .  

Many functional forms have been suggested to describe these Particle L v/s 6p Reference 
m o m e n t u m  spectra for heavy quarks produced in e+e - annihilations. 
The functional form given by Peterson et al, [1] in terms of just  one D O 0 10 GeV 0.1354- 0.01 [3] 
free parameter  ep has found widespread use; other parameterizations D *+ 0 10 GeV 0.0785= 0.008 [3] 
are also given in the literature [2]. The earliest Peterson form was a 
function of one variable z, defined for a heavy-quark Q, light-quark D* 0 10 GeV o nA+0.03 . . . . .  o.o~ [5] 

system as the ratio of the energy plus the longitudinal momen tum D1~ 1 10 GeV n nqA+0.oi8 . . . . . .  o m  [61 

of the hadron Q~ to the sum of the energy and momen tum of D~ 1 10 GeV 0.0154- 0.004 [6] 
the heavy quark after accounting for initial state radiation, gluon D+(2420) 1 10 GeV n ngn +~176 . . . . . .  0.000 [7] 
bremsstrahlung,  and final state radiation: z = (E + pII)Q~/(E + pQ). D+(2460) 1 10 GeV 0.0134- 0.007 [7] 
The main advantage of this variable is that  it is relativistically 
invariant with respect to boosts in the direction of the primary quark. Ds1(2536) 1 10 GeV n na+0.035 . . . . .  0 . 0 3  [8 ]  

Unfortunately, as this quanti ty is not directly accessible, experiments Ds2(2573) 1 10 GeV n no7+o.043 . . . . . .  0.016 [ 9 ]  

typically use other scaling variables which axe close approximations Ac 0 10 GeV 0.254- 0.03 [10,11] 
to z - -e i ther  x + = (PII + E)hadr~ § E) . . . .  Xp = p /p  . . . .  or 
XE --_ Ehadron/Ebeam, Sc 0 10 GeV 0.234- 0.05 [12,13] 

The Peterson functional form is: 

15.0 

12.5 

~> 10.0 
r 

7.5 

t~ 5.0 

r 

dN 1 
d~- = z[1 - ( I / z )  - ep/ (1  - z)] 2 (36.1) 

. . . .  I . . . .  I . . . .  I . . . .  r . . . .  I . . . .  I . . . .  I . . . .  I . . . .  I "  

1)~ D.§ 
ARCUS o " ] T ? 

, CLEO 

2.50.0 L~,I,,h,W}-:-,I,,~ .... ~ 1  ,,,I .... I .... I .... I, ,,I,,'~. 
0.0 0.2 0.4 0.6 0.8 1.0 

Xp = P/Pmax 

F i g u r e  36.1: Efficiency-corrected inclusive cross section 
measurements  for the production of D O and D *+ in e+e - 
measurements  at v ~ ~ 10 GeV. The variable x v is related to the 
Peterson variable z, but  is not identical to it. 

The bulk of the available fragmentation function data  on charmed 
mesons (excluding J / r  is from measurements  at v/S = 10 GeV. 
Shown in Fig. 36.1 are the efficiency-corrected (but not branching 
ratio corrected) CLEO [3] and ARGUS [4] inclusive cross sections 
(s �9 Bda /dx  v in units of GeV2-nb, with xp = P/Pmax) for the 
production of pseudoscalar D O and vector D *+ in e+e - annihilations 
at v/s ~ 10 GeV. For the D ~ B represents the branching fraction 
for D o --~ K - r + ;  for the D *+, B represents the product branching 
fraction: D *+ ~ D~ D O ~ K - r r  +. These inclusive spectra have 
not been corrected for cascades from higher states, nor for radiative 
effects. Note tha t  since the momen tum spectra are sensitive to 

~7c 0 10 GeV 0.294- 0.06 [14,15] 
Z'* 0 10 GeV n qrl +0.10 [16] 

. . . .  - 0 . 0 7  

=*+ 0 10 GeV n oa +0.22 [17] 
- - c  . . . .  - 0 . 1 0  

~*0 0 10 GeV n o9+0.15 [18] 
~ c  . . . .  - 0 . 0 8  

Ac, 1 1 10 GeV 0.059 4- 0.028 [19,20] 

Ac,2 1 10 GeV 0.053 4- 0.012 [19,21] 

~c,2 1 10 GeV n n~+0.037 [22] . . . . .  -0.021 

b hadrons - -  90 GeV n nnaT+o.oolo [23] 
. . . . . .  - 0 . 0 0 0 8  

We note from Table 36.1 that  the mass  dependence of ep is 
less marked than the dependence on the orbital angular  m o m e n t u m  
structure of the charmed hadron being measured.  Orbitally excited 
L = 1 charmed hadrons (Dy,  Ds , j ,  and At , j )  show consistently harder 
spectra (i.e., smaller values of ep) than  the L = 0 ground states,  
whereas the da ta  for the ground state charmed baryons Ac and ~c 
show agreement with the lighter (by ~ 400-600 MeV) ground-state  D 
and Ds charmed mesons. To some extent, the harder spectra of L = 1 
hadrons can be at t r ibuted to the fact that  all the L = 1 charmed 
hadrons will eventually decay into L = 0 hadrons. 

Bottom-flavored hadrons at LEP have been measured to have 
n even harder momen tum spectrum than charmed hadrons at 
Jwer energies [23-25]. Qualitatively, whereas charm spectra peak at 

Xp ~ 0.6, the spectra of bot tom hadrons peak at Xp ~ 0.8. This is as 
expected in the Peterson model, where the value ep is expected to 
vary as the ratio of the effective light quark mass  to the heavy quark 
mass in a heavy quark + light (di)quark hadron. In the case of charm, 
the Peterson functional form provides an acceptable description of 
the shape of the Xp distribution, provided the appropriate ep value 
is independently determined for each separate species of charmed 
particle. However, unlike charm, the numbers  of fully reconstructed 
b-flavored hadrons is too small to allow a statistically compelling 
measure of ep for each separate bot tom hadron. Consequently, a 
b-enriched sample is isolated kinematically, using, e.g., a high PT 
lepton and/or  a displaced vertex to tag a primary b quark. The Xp 
distribution therefore includes all b-flavored hadrons in the sample, and 
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does not yet allow a straightforward species-by-species ep extraction. 
Additional uncertainties in the case of bottom arise from the sensitivity 
of ep to the fragmentation model used to non-perturbatively evolve 
the initial q~ system into final state hadrons. 

0.40 i i i i i i 

0.30 

~0 .20  

0.10 

0.00 , 
0.30 

b - q u a r k  f ragmenta t ion  

o ALEPH 

�9 DELPHI  ' 4  

+,+ 

, I , I J I ~ I , I 

0.40 0.50 0,60 0.70 0.80 0.90 1.00 
X E = E / E b e a m  

Figure  36.2: Fractional energy distribution for b-quark 
fragmentation for inclusive b production at LEP. 

In general, the b-quark fragmentation function distribution is found 
to be somewhat narrower than the shape of the Peterson function; 
this may be due to a systematic underestimate of soft gluon emission 
in event generators, and/or uncertainties in the appropriate mix 
of b-flavored hadrons. The match of a single Peterson function to 
data is therefore much more difficult for bottom than charm at this 
time, although there is relatively good agreement from experiment to 
experiment, as seen in Fig. 36.2, which displays the fragmentation 
function data from OPAL [23], ALEPH [24], and DELPHI [25]. 
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NOTE: THE FIGURES IN THIS SECTION ARE INTENDED TO SHOW THE REPRESENTATIVE DATA. 
THEY ARE NOT MEANT TO BE COMPLETE COMPILATIONS OF ALL THE WORLD'S RELIABLE DATA. 
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Nucl.  P h y s .  B 4 7 0 ,  3 (1996);  C. Adloff  et al., Nucl.  Phys .  B 4 9 7 ,  3 (1997); Z E U S - - M .  Der r i ck  et al., Z. Phys .  C 7 2 ,  399 (1996);  J .  B r e i t w e g  
et al., P h y s .  Le t t .  B 4 0 7 ,  432 (1997);  B C D M S - - A . C .  B e n v e n u t i  et al., P h y s .  Le t t .  B 2 2 3 ,  485 (1989)i E 6 6 5 - - M . R .  A d a m s  et al., P h y s .  Rev .  
D 5 4 ,  3006 (1996);  N M C - - M .  A r n e o d o  et al., Phys .  Le t t .  B 3 6 4 ,  107 (1995).  ( C o u r t e s y  of  R.  Voss, 1997.) 
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F igu re  37.5: The nucleon structure function F2 
measured in deep inelastic scattering of muons on 
carbon (BCDMS) and neutrinos on iron (CCFR). The 
data are shown versus Q2, for bins of fixed x, and 
have been scaled by the factors shown in parentheses. 
References: B C D M S - - A . C .  Benvenuti et al., Phys. 
Lett. B195, 91 (1987); C C F R - - S . R .  Mishra et al., 
NEVIS-1465 (1992). (Courtesy of R. Voss, 1996.) 
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Figure  37.6: The spin-dependent structure function 
gl(x) of the proton measured in deep inelastic scattering 
of polarized electrons (ES0, El30, E143) and muons 
(EMC, SMC), shown at Q2 = 5 G e V  2. Only statistical 
errors are shown with the data points. As an example, 
the SMC systematic error is indicated by the shaded 
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Figure  37.7: The spin-dependent structure function 
gl(x) of the deuteron (top) and the neutron (bottom) 
measured in deep inelastic scattering of polarized 
electrons (E142, E143, E154, HERMES) and muons 
(SMC). The SMC and E143 results for the neutron are 
evaluated from the difference of deuteron and proton 
data; the E142, E154, and HERMES results were 
obtained with polarized 3He targets. Only statistical 
errors are shown with the data points. As an example, 
the SMC systematic error is indicated by the shaded 
area. All results except the HERMES data are shown 
at Q2 = 5 GeV2; the HERMES results are shown at 
the average Q2 of the respective data point which varies 
from Q2 = 1.22 G e V  2 at x = 0.033 to Q2 = 5.25 G e V  2 
at x = 0.464. References: E142--P.L.  Anthony et al., 
Phys. Rev. Lett. 71, 959 (1993); E143-K.  Abe et al., 
Phys. Rev. Lett. 75, 25 (1995); E154- -K.  Abe et al., 
Phys. Lett. B405, 180 (1997) and hep-ph/9705344 v2 
(1997); H E R M E S - - K .  Aekerstaff et al., Phys. Lett. 
B404, 383 (1997); S M C - - D .  Adams et al., Phys. Lett. 
B396, 338 (1997). (Courtesy of R. Voss, 1997.) 

area. References: E80- -M.J .  Alguard et al., Phys. Rev. 
Lett. 37, 1261 (1976); ibid. 41, 70 (1978); E 1 3 0 - -  
G. Baum et al., Phys. Rev. Lett. 51, 1135 (1983); 
E143- -K.  Abe et al., Phys. Rev. Lett. 74, 346 (1995); 
E M C - - J .  Ashman et al., Nucl. Phys. B328, 1 (1989); 
S M C - - B .  Adeva et al., Phys. Lett. B412, 414 (1997). 
In this plot, the E80, El30 and EMC data have been 
reevaluated using up-to-date parametrizations of F~ and 
R : O'L/O" T. (Courtesy of R. Voss, 1997.) 
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F igure  37.8: Differential cross sections for observation of a single 
jet of pseudorapidity 77 = 0 as a function of the jet transverse 
momentum. C D F - - F .  Abe et al., Phys. Rev. Lett. 70, 1376 (1993); 
U A 1 - - G .  Arnison et al., Phys. Lett. B172, 461 (1986); U A 2 - - J .  
Alitti et aL, Phys. Lett. B257, 232 (1991); R807- -T .  Akesson 
et al., Phys. Lett. B123, 133 (1983). Next-to-leading order QCD 
curves are shown for 630 GeV and 1800 GeV. (Courtesy of S. Geer, 
FNAL, 1995.) 

F igure  37.9: Differential cross sections for observation of a 
single photon of pseudorapidity ~ = 0 as a function of the photon 
transverse momentum R806- -E .  Anassontzis et al., Z. Phys. C13, 
277 (1982); UAL6--A. Bernasconi et al., Phys, Lett. B206, 163 
(1988); U A 1 - - C .  Albajar et al., Phys. Lett. B209, 385 (1988); 
U A 2 - - J .  Alitti et aL, Phys. Lett. B288, 386 (1992); C D F - - F .  
Abe et al., Phys. Rev. Lett. 73, 2662 (1994); D O - - S .  Abachi et al., 
Phys. Rev. Lett. 77, 5011 (1996). Next-to-leading order QCD 
curves are shown for 630 GeV and 1800 GeV. (Courtesy of S. Geer, 
FNAL, 1995.) 
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F igu re  37.10: Charged particle pseudorapidity distributions in p~ collisions for 53 GeV _< v ~ _< 1800 GeV. UA5 data from the SpaS are 
taken from G.J. Alner et al., Z. Phys. C33, 1 (1986), and from the ISR from K. Alpgoard et al., Phys. Lett. 112B, 193 (1982). The UA5 data  
are shown for both the full inelastic cross-section and with singly diffractive events excluded. Additional non single-diffractive measurements are 
available from CDF at the Tevatron, F. Abe et al., Phys. Rev. D41, 2330 (1990) and Experiment P238 at the SpaS, R. Harr et al., Phys. Lett. 
B401, 176 (1997). (Courtesy of D.R. Ward, Cambridge Univ., 1999.) 
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A v e r a g e  H a d r o n  M u l t i p l i c i t i e s  i n  H a d r o n i c  e + e  - A n n i h i l a t i o n  E v e n t s  

Table 37.1: Average hadronic multiplicities per hadronic e• an- 
nihilation event at v ~ ~ 10, 29-35, and 91 GeV. The rates given 
include decay products from resonances with cr <: 10 cm, and include 
charge conjugated states. Correlations of the systemaic uncertainties 
were considered for the calculation of the averages. (Updated July 1999 
by O. Biebel.) 

Par t ic le  v ~  ~ 10 G e V  x/~ = 29-35 G e V  x/-s = 91 G e V  

P s e u d o s c a l a r  m e s o n s :  
~r + 6.6 • 0.2 10.3 • 0.4 16.99 • 0.27 
7r ~ 3.2 • 0.3 5.83 • 0.28 9.47 • 0.54 
K + 0.90 • 0.04 1.48 • 0.09 2.242 -- 0.063 
K 0 0.91 • 0.05 1.48 • 0.07 2.013 • 0.033 
r/ 0.20 • 0.04 0.61 :k 0.07 0.971 • 0.030 
r/1(958) 0.03 • 0.01 0.26 • 0.10 0.156 :t_ 0.021 
D + 0.16 • 0.03 0.17 • 0.03 0.175 • 0.016 
D O 0.37 • 0.06 0.45 • 0.07 0.454 • 0.030 
Ds + 0.13 •  0.45 • 0.131 • 
B + , B  ~ - -  - -  0.165 • 0.026(b) 

B ~ - - -  0.057 • 0.013 (b) 

Scalar  m e s o n s :  
f0(980) 0.024 • 0.006 0.05 • 0.02 (c) 0.146 • 0.012 
a0(980) • - -  - -  0.27 • 0.11 (d) 

V e c t o r  Inesons:  
p(770) ~ 0.35 • 0.04 0.81 • 0.08 1.231 • 0.098 
p(770) • - -  - -  2.40 • 0.43 (4) 
~v(782) 0.30 • 0.08 - -  1.08 • 0.12 
K*(892) + 0.27 :i: 0.03 0.64 • 0.05 0.715 • 0.059 
K*(892) ~ 0.29 • 0.03 0.56 • 0.06 0.738 • 0.024 
~b(1020) 0.044 • 0.003 0.085 • 0.011 0.0963 • 0.0032 
D*(2010) + 0.22 •  0.43 •  0.183 • 
D*(2007) ~ 0.23 •  0.27 •  

D~(2112) + - -  - -  0.101 • 0.048 (/') 
B* (e) __ - -  0.288 • 0.026 
J / r  - -  - -  0.0052 • 0.0004 (g) 
r  - -  - -  0.0023 • 0.0004 (g) 
T(1S) - -  - -  0.00014• 0.00007 (g) 

P s e u d o v e c t  or m e s o n s :  
Xc1(3510) - - -  0.0041 • 0.0011 (g) 

T e n s o r  m e s o n s :  
f2(1270) 0.09 • 0.02 0.14 • 0.04 0.166 • 0.020 
f~(1525) - -  - -  0.012 • 0,006 

K~(1430)+ - -  0.09 ~ 0.03 - -  
K~(1430) ~ - -  0.12 :h 0.06 0.084 • 0.022(g) 

B** (h) __ - -  0.118 • 0.024 

Baryons :  
p 0.253 • 0.016 0.640 • 0.050 1.048 + 0.045 
A 0.080 • 0.007 0.205 :h 0.010 0.374 • 0.009 
Z '~ 0.023 • 0.008 - -  0.070 -4- 0.012 
E -  - -  - -  0.081 • 0,010 
~ +  - -  - -  0.099 • 0.015 
Z • -- -- 0.174 • 0.009 
~ -  0.0059 • 0.0007 0.0176 • 0.0027 0.0258 • 0.0010 
,/1(1232) ++ 0.040 • 0.010 - -  0.085 • 0.014 
Z'(1385)- 0.006 • 0.002 0.017 -- 0.004 0.0240 • 0.0017 
Z'(1385) + 0.005 • 0.001 0.017 • 0.004 0.0239 • 0.0015 
Z(1385) • 0.0106 • 0.0020 0.033 • 0.008 0.0462 + 0.0028 
~(1530) ~ 0.0015 + 0.0006 - -  0.0055 • 0.0005 
F2- 0.0007 • 0.0004 0.014 • 0.007 0.0016 • 0.0003 
Ac + 0.100 • 0.030 (i) 0.110 • 0.050 0.078 • 0.017 

A ~ - -  - -  0.031 • 0,016 

s Z '~ 0.014 • 0.007 - -  - -  
c ~ c 

A(1520) 0.008 • 0.002 - -  0.0222 • 0.0027 

All average multiplicites are per hadronic e+e - annihilation event. 

(a) B(D~ ---* ~?n, ~'Tr) was used (RPP94). 

(b) The Standard Model B(Z ---* bb) = 0.217 was used. 

(c) Xp = P/Pbeam > 0.1 only. 

(d) Both charge states. 

(e) Any charge state (i.e., B~, B*, or B*). 

(f) B(D* -* D+7),  B(D + --* r B(r ---* K + K  - )  
have been used (RPP98). 

(g) B(Z ~ hadrons) = 0.699 was used (RPP94). 

(h) Any charge state (i.e., B~*, B**, or B**). 

(i) The value was derived from the cross section of 
A+c ---* pT~K, assuming the branching fraction to be 
(3.2 -4- 0.7)% (RPP92). 
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A :  rate at v ~ = 9.98 GeV; an overall uncertainty of 1.8%: 

A R G U S - - I L  Albrecht et al., Z. Phys. C44, 547 (1989). 

�9 : rate at v/~ = 29 GeV 

TPC- -H.  Aihara et al., Phys. Rev. Lett. 61, 1263 (1988). 

O : rate for hadronic decays of the Z at ~ = 91.2 GeV 

A L E P H - - D .  Buskulic et aL, Z. Phys. C66, 355 (1995); 

D E L P H I - - P .  Abreu et al., Eur. Phys. J. C5, 585 (1998); 

OPAL--R.  Alters et al., Z. Phys. C63, 181 (1994); 

SLD--K. Abe et al., Phys. Rev. D59, 052001 (1999). 

(Courtesy of O. Biebel, Max-Planek-Institut ffir Physik, Miinchen, 
1999.) 
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indicated errors are statistical and systematic errors added in 
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/~: rate at V ~ = 9.98 GeV; an overall uncertainty of 1.8%: 
A R G U S - - H .  Albrecht et al., Z. Phys. C44, 547 (1989). 

�9 : rate at v~  = 29 GeV T P C - - H .  Aihara et al., Phys. Rev. Lett. 
61, 1263 (1988). 

C) : rate for hadronic decays of the Z at v/S = 91.2 GeV 

A L E P H - - D .  Buskulic et al., Z. Phys. 066,  355 (1995); 

D E Z P H I - - P .  Abreu et al., Eur. Phys. J. 05 ,  585 (1998): 

OP AL- - R .  Akers et aL, Z. Phys. C63, 181 (1994). 

SLD--K.  Abe et al., Phys. Rev. D59, 052001 (1999). 

(Courtesy of O. Biebel, Max-Planck-Institut fiir Physik, Mfinchen, 
1999.) 

10 

0.1 

0.01 

o p,ff (4~ = 91 GeV) 
�9 p ,p  (~/s = 29 GeV) 

~ r 1 6 2 1 6 2  r ~ p,,~ (~/s = 10 GeV) 

i t 

, , , , , I  
0.005 0.01 0.02 0.05 0.1 

x = p/Pbeam 

0.2 0.5 1 

F igure  37.13: Fragmentation into p~ in e+e - annihilations: 
Inclusive cross sections (1/ahad)(d~r/dx), with x = P/Pbeam. The 
indicated errors are statistical and systematic errors added in 
quadrature. Files of the data shown in this figure are given in 
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/k:  rate at V ~ = 9.98 GeV; an overall uncertainty of 1.8%. This 
rate is obtained from the measured ~ rate by scaling with a factor 
of two: A R G U S - - H .  Albrecht et al., Z. Phys. C44, 547 (1989). 

�9 : rate at v ~ = 29 GeV: T P C - - H .  Aihara et al., Phys. Rev. Lett. 
61, 1263 (1988). 

O : rate for hadronic decays of the Z at vZs = 91.2 GeV: 

A L E P H - - D .  Buskulic et al., Z. Phys. C66, 355 (1995); 

D E L P H I - - P .  Abreu et al., Eur. Phys. J. C5, 585 (1998): 

OPAL- -R .  Akers et al., Z. Phys. C63, 181 (1994); 

SLD--K.  Abe et al., Phys. Rev. D59, 052001 (1999). 

(Courtesy of O. Biebel, Max-Planck-Institut f/Jr Physik, Miinchen, 
1999.) 
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Figure 37.14: Data from the ALEPH, DELPHI, L3, and OPAL 
Collaborations for the cross section in e+e - annihilation into 
hadronic final states as a function of c.m. energy near the Z. LEP 
detectors obtained data at the same energies; some of the points 
are obscured by overlap. The curves show the predictions of the 
Standard Model with three species (solid curve) and four species 
(dashed curve) of light neutrinos. The asymmetry of the curves is 
produced by initial-state radiation. References: 

A L E P H :  D. Decamp et al., Z. Phys. C53, 1 (1992). 
D E P H I :  P. Abreu et al., Nuel. Phys. B367, 511 (1992). 
L3: B. Adeva et al., Z. Phys. C51, 179 (1991). 
O P A L :  G. Alexander et al., Z. Phys. C52,175 (1991). 
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e + e - :  All e+e - measurements include contributions from K ~ and 
A decays with the exception of the L3 measurements. The "~V2 and 
MARK I measurements contain a systematic 5% error. Points at 
identical energies have been spread horizontally for clarity: 

A L E P H :  D. Buskulic et al., Z. Phys. C69, 15 (1995) and Z. Phys. 
C73, 409 (1997) 

D E L P H I :  P. Abreu et al., Eur. Phys. J. C6, 19 (1999); et al., Phys. 
Left. B372, 172 (1996); and et al., Phys. Lett. B416, 233 (1998) 

L3: M. Aeciaxri et al., Phys. Lett. B371, 137 (1996); Phys. Lett. 
B404, 390 (1997); and Phys. Lett. B444, 569 (1998) 

O P A L :  K. Ackerstaff et al., Z. Phys. C75, 193 (1997); P.D. Acton 
et al., Z. Phys. C53, 539 (1992) and references therein; R. Akers 
et al., Z. Phys. C68, 203 (1995) 

T O P A Z :  K. Nakabayashi et al., Phys. Lett. B413, 447 (1997), 

V E N U S :  K. Okabe et al., Phys. Lett. B423, 407 (1998). 

e i p :  Multiplicities have been measured in the current fragmentation 
region of the Breit frame: 

H I :  C. Adloff et aL, Nucl. Phys. B504, 3 (1997) 

Z E U S :  M. Derrick et al., Z. Phys. C67, 93 (1995). 

p(~): The errors of the p(~) measurements are the quadratically 
added statistical and systematic errors, except for the bubble 
chamber measurements for which only statistical errors are given 
in the references. The values measured by UA5 exclude single 
diffractive dissociation: 

bubble  chamber: J. Benecke et al., Nucl. Phys. B76, 29 (1976), 
W.M. Morse et al., Phys. Rev. D15, 66 (1977), 

I S R :  A. Breakstone et al., Phys. Rev. D30, 528 (1984), 

U A 5 :  G.J. Alner et al., Phys. Lett. 167B, 476 (1986), R.E. Ansorge 
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(Courtesy of O. Biebel, Max-Planck-Institut ffir Physik, Miinchen, 
1999.) 
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Figure  37.16: Selected measurements of R =- a(e+e - ---* hadrons ) /a (e+e  - ---. #+#-) ,  where the annihilation in the numerator proceeds via 
one photon or via the Z. Measurements in the vicinity of the Z mass are shown in the following figure. The denominator is the calculated QED 
single-photon process; see the section on Cross-Section Formulae for Specific Processes. Radiative corrections and, where important, corrections 
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in the r region axe from the MARK I--Lead Glass Wall experiment. To preserve clarity only a representative subset of the available 
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Table  37.2: T o t a l  h a d r o n i c  c r o s s  s e c t i o n .  Regge theory suggests a parameterization of total cross sections as 

O-AB -- XAB se -}- Y1AB.9-~71 - Y2ABS-n2, O-AB -- XAB se -}- Y1ABS-~?l -- Y2ABS-~?2 

where X A B  , YiAB are in mb and s is in GeV 2. The exponents e, r/t, and ~2 are independent of the particles A,A,  and B and represent the 
pomeron, and lower-lying C-even and C-odd exchanges, respectively. Requiring ~71 = ~72 results in much poorer fits. In addition to total cross 
section, the measured ratio of the real to the imaginary part of the forward scattering ampli tudes were included in the fits by assuming that  the 
C-even and C-odd ampli tudes have the simple behavior ( - s )  (~ • s a, where a = 1 + e, 1 - ~1,1 - ~72. Fits were made to the 1999-updated data  for 
pep, ~rEp, K• 7P, and 77. The exponents e = 0.093(2), ~71 = 0.358(15), and ~72 = 0.560(17) thus obtained were then fixed and used as inputs 
to a fit to a larger data  sample that  included cross sections on deuterons and neutrons. In the initial fit only da ta  above ~ = 9 GeV were 
used. In the subsequent fit, data  above Plab : 10 GeV (hadronic collisions) and ~ = 4 GeV (TP and 7~) collisions were used. 

Fits  to ~(p)p, ~rEp, KEp, 7P, "/7 Colliding 

particles 

Fits to groups 

x Y1 Y2 x Y1 Y2 

18.751(27) 63.58(26) 35.46(34) ~(p)p 18.760(22) 63.52(23) 35.43(34) 

~(p)n 18.760(22) 64.74(33) 31.42(63) 1.23 

11.883(21) 28.59(14) 5.90(12) n •  11.883(23) 28.59(15) 5.90(13) 1.50 

10.546(27) 16.42(20) 13.84(18) g * p  10.587(22) 16.13(17) 13.82(18) 

KEn 10.587(22) 14.68(38) 7.78(38) 1.21 

0.0593(4) 0.1202(26) 7P 0.0593(2) 0.1202(17) 

1.56(11)E-4 0.37(10)E-3 77 1.56(7)E-4 0.37(7)E-3 0.7 

x 2 / d o f  - 1.23 with fixed e = 0.093(2), p(p)d 33.290(47) 154.3(8) 91.6(1.1) 1.69 

nl = 0.358(15), n2 0.560(17) at their ~E d 21.550(36) 68.87(53) 1.42(63) 1.74 

central values K i d  19.327(38) 37.53(50) 30.49(61) 1.46 

x2/dof 
by groups 

The fitted functions are shown in the following figures, along with one-standard-deviation error bands. When the reduced X 2 is greater than  one, 
a scale factor has been included. Where appropriate, statistical and systematic errors were combined quadratically in constructing weights for 
all fits. On the plots only statistical error bars are shown. Vertical arrows indicate lower limits on the Plab or Ecm range used in the fits. The 
user may decide on the range of applicability of the extrapolated curves. 

One can find the details of the fits and exact parameterizations of the ratio of the real to imaginary part  of the forward scattering ampli tude 
in J.R. Cudell et al., Phys. Rev. D61,  034019 (2000), as well as comparisons of the simple pole pomeron parameterizat ion with the "unitarized" 
pomeron parameterizations. It should be noted that parameterization with linear logarithmic pomeron 

dAB = XABln(~o) + Y1AB(~o)-~I - Y2AB(~o )-~72, a~B = XABln(~o) + Y1AB(~O)-~I + Y2AB(~o)-~2 

gives much better da ta  description picture under the same fits strategy. The data  were extracted from the PPDS accessible at 

ht tp : //wwwppds. ihep. su : 8001/ppds. html 

or 

http : //pdg. ibl. gov 

Computer-readable data files are also available at http://pdg.lbl.gov. (Courtesy of V.V. Ezhela, S.B. Lugovsky, and N.P. Tkaehenko, 
COMPAS group, IHEP, Protvino, Russia, August 1999.) 
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Figure 37.19: Total and elastic cross sections for pp and ~p collisions as a function of laboratory beam momentum and total center-of-mass 
energy. Corresponding computer-readable data files may be found at h t t p : / / p d g ,  l b l . g o v / x s e c t / c o n t e n t s . h t m l  (Courtesy of the COMPAS 
Group, IHEP, Protvino, Russia, August 1999.) 
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Figure  37.20: Total and elastic cross sections for pd (total only), np, ~d (total only), and pn collisions as a function of laboratory beam momen- 
tum and total center-of-mass energy. Corresponding computer-readable data files may be found at h t t p : / / p d g . l b l . g o v / x s e c t / c o n t e n t s . h t m l  
(Courtesy of the COMPAS Group, IHEP, Protvino, Russia, August 1999.) 
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Figure  37.21: Total and elastic cross sections for n~p and r + d  (total only) collisions as a function of laboratory beam momentum and total 
center-of-mass energy. Corresponding computer-readable data files may be found at h t t p : / / p d g ,  l b l . g o v / x s e c t / c 0 n t e a t s . h t ~ l  (Courtesy of 
the COMPAS Group, IHEP, Protvino, Russia, August 1999.) 
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F igu re  37.23: Total and elastic cross sections for K+p and total cross sections for K+d and K+n collisions as a func- 
tion of laboratory beam momen tum and total center-of-mass energy. Corresponding computer-readable da ta  files may be found at 
h t t p  : / / p d g .  lb1 .  g o v / x s e c t / c o n t e n t s  .h tml  (Courtesy of the COMPAS Group, IHEP, Protvino, Russia,  August  1999.) 
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Figure 3"7.24: Total and elastic cross sections for Ap and total hadronic cross sections for 7d, 7P, and 77 collisions as a function 
of laboratory beam momen t um and the total center-of-mass energy. Corresponding computer-readable da ta  files may be found at 
h t t p ' / / p d g ,  l b l .  g o v / x s e c t / c o n t e n t s  .h tml  (Courtesy of the COMPAS group, IHEP, Protvino, Russia,  August  1999.) 
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II GAUGE AND HIGGS BOSONS II 
B I(J PC) = 0 , 1 ( 1 - - )  

3' MASS 
For a review of the photon mass, see BYRNE 77. 

VALUE (eY) E L ~  DOCUMENT ID TEEN COMMENT 

< 2 X 10 - 1 6  1 LAKES 98 Torque on toroid bal- 
ance 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

90 2 FISCHBACH 94 Earth magnetic field 
3 CHERNIKOV 92 SQID Ampere-law null  test 

< 9 x 10 - 1 6  
<(4.73• x 10 - 1 2  
<(9.0 •  ) x 10 - 1 0  
< 3 x 10 - 2 7  
< 6 x 10 -16  

< 7.3 x 10 - 1 6  
< 6 x 10 -17  

< 1 x 10 -14  

< 2.3 x I0 -15  

< 6 x 10 -15  

< 6 x 10 -15  

4 RYAN 85 Coulomb-law null  test 
5 CHIBISOV 76 Galactic magnetic field 

99.7 DAVIS 75 Jupiter magnetic field 
HOLLWEG 74 Alfven waves 

6 FRANKEN 71 Low freq. res. cir. 
WILLIAMS 71 CNTR Tests Gauss law 
GOLDHABER 68 Satellite data 

6 PATEL 65 Satellite data 
GINTSBURG 64 Satellite data 

1 LAKES 98 report l imits on torque on a toroid Cavendish balance, obtaining a l imit  on 
#2A via the MaxwelI-Proca equations, where p is the photon mass and .4 is the ambient 
vector potential in the Lorentz gauge. This is the most conservative l imit  reported, in 
which A ~  (1 # G)x (600 pc) is based on the Galactic field. 

2FtSCHBACH 94 report < 8 x 10 - 1 6  with unknown EL. We report Baysian CL used 
elsewhere in these Listings and described in the Statistics section, 

3 CHERNIKOV 92 measures the photon mass at 1.24 K, following a theoretical suggestion 
that electromagnetic gauge invariance might break down at some low critical tempera- 
ture. See the erratum for a correction, included here, to the published result. 

4RYAN 85 measures the photon mass at 1.36 K (see the footnote to CHERNIKOV 92). 
5 CHIBISOV 76 depends in critical way on assumptions such as applicabilty of virial theo- 

rem. Some of the arguments given only in unpublished references. 
6 See criticism questioning the validity of these results in KROLL 71 and GOLDHABER 71. 

"r CHARGE 

VALUE (e} DOCUMENT ID TEEN COMMENT 

<5  x 10 - 3 0  7 RAFFELT 94 TOF Pulsar f l - f 2  

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

<2 x 10 - 2 8  8 COCCONI 92 VLBA radio telescope 
resolution 

<2 x 10 - 3 2  COCCONI 88 TOF Pulsar f l -  f2 TOF 

7 RAFFELT 94 notes that COCCONI B8 neglects the fact that the t ime delay due to disper- 
sion by free electrons in the interstellar medium has the same photon energy dependence 
as that due to bending of a charged photon in the magnetic field. His l imit  is based on 
the assumption that the entire observed dispersion is due to photon charge. It is a factor 
of 200 less stringent than the COCCONI 88 l imit .  

8See COCCONI 92 for less stringent l imits in other frequency ranges. Also see RAF- 
FELT 94 note. 
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RYAN 85 PR D32 802 J.J. Ryan, F, Accetta, R.H. Austin (PRIN) 
BYRNE 77 Ast.Sp.Sr 46 115 J. Byrfle (LOIC) 
CHIBISOV 76 SPU 19 624 G,V. Chibisov (LEBD) 
DAVIS 75 PRL 35 1402 L, Davis, A.S. Goldhaber. M.M. Nieto (CIT, STON+) 
HOLLWEG 74 PRL 32 961 J.V. Hotlweg (NEAR) 
FRANKEN 71 PRL 26 115 P,A. Franken, G.W, Ampulski (MIEH) 
GOLDHABER 71 RMP 43 277 A.S. Goldhaber, M.M. Nieto (STON, BOHR. UCSB) 
KROLL 7l FRL 28 1395 N.M. Kroll (SLAC) 
WILLIAMS 71 FRL 26 721 E.R. Williams, J.E. Failer, H.A, tlill (WESL) 
GOLDHABER 68 PRL 21 567 A.S. Goldi7aber. M.M Nieto (STON) 
PATEL 65 PL 14 105 V.L Patel (DUKE) 
GINTSBURG 64 Soy. ASO. A J7 530 Gintsburg (ASCI) 

I g I I(JP) = 0(1-)  
or s 

SU(3)  color octet  

Mass m = 0. Theoret ical  value. A mass as large as a few MeV 

may not  be precluded, see Y N D U R A I N  95. 

VALUE DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

ABREU 92E DLPH Spin 1, not 0 
ALEXANDER 91H OPAL Spin 1, not 0 
BEHREND 82D CELL Spin 1, not 0 
BERGER 80D PLUT Spin 1, not 0 
BRANDELIK 80C TASS Spin 1, not 0 
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7, g, graviton, W 

I graviton I J = 2 
OMITTED FROM SUMMARY TABLE 

~Faviton MASS 

All  of the fol lowing l imits are obtained assuming Yukawa potential in 
weak field l imit .  VANDAM 70 argue that a massive field cannot ap- 
proach general relativity in the zero-mass l imit ;  however, see GOLD- 
HABER 74 and references therein, h 0 is the Hubble constant in units 

of 100 km s -  1 M p c -  1. 

VALUE (eV) DOCUMENT ID COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. = �9 �9 

1 DAMOUR 91 Binary pulsar PSR 1913+16 

< 2 x 10 - 2 9  h o l  GOLDHABER 74 Rich clusters 

<7 x 10 - 2 8  HARE 73 Galaxy 
<8 x 104 HARE 73 23' decay 

1 DAMOUR 91 is an analysis of the orbital period change in binary pulsar PSR 1913+16, 
and confirms the general relativity prediction to 0.8%. "The theoretical importance of 
the [rate of orbital period decay[ measurement has long been recognized as a direct 
confirmation that the gravitational interaction propagates wi th velocity c (which is the 
immediate cause of the appearance of a damping force in the binary pulsar system) 
and thereby as a test of the existence of gravitational radiation and of its quadrupolar 
nature." TAYLOR 93 adds that orbital parameter studies now agree wi th general relativity 
to 0.5%, and set l imits on the level of scalar contribution in the context of a family of 
tensor [spin 2]-biscalar theories. 

TAYLOR 93 Nature 355 132 J.N. Taylor et at. (PRIN, ARCBO, BURE+)J 
DAMOUR 91 APJ 368 SOl T. Damour, J.H. Taylor (BURE, MEUD, PRIN) 
GOLOHABER 74 PR D9 1119 A.S. Goldhaber, M.M. Nieto (LANL, STON) 
HARE 73 CJP Sl 431 Hare (SASK) 
VANDAM 70 NP B22 397 H. van Dam, M. Veltman (UTRE) 

graviton REFERENCES 

tel J = l  

T H E  M A S S  O F  T H E  W B O S O N  

Revised March 2000 by C. Caso (Univ. of Genova) and 
A. Gurtu  (Tata Inst.) 

Till 1995 the production and study of the W boson was 

the exclusive domain of the ~p colliders at CERN and FNAL. 

W production in these hadron colliders is tagged by a high 

PT lepton from W decay. Owing to unknown par ton-par ton  

effective energy and missing energy in the longitudinal direction, 

the experiments reconstruct only the transverse mass of the W 

and derive the W mass from comparing the transverse mass 

distribution with Monte Carlo predictions as a function of M w .  

Beginning 1996 the energy of LEP increased to above 

161 GeV, the threshold for W pair production. A precise 

knowledge of the e+e - centre of mass energy enables one to 

reconstruct the W mass even if one of them decays leptonically. 

At LEP two methods have been used to obtain the W mass. 

In the first method the measured W-pa i r  production cross 

sections, a(e+e - ~ W + W - ) ,  have been used to determine the 

W mass using the predicted dependence of this cross section 

on M w  (see Fig. 1). At 161 GeV, which is just  above the 

W-pa i r  production threshold, this dependence is a much more 

sensitive function of the W mass than at the higher energies 

(172 to 202 GeV) at which LEP has run during 1996-99. In 

the second method, which is used at the higher energies, the 

gluon REFERENCES 

YNDURAIN 95 PL B348 524 FJ. Yndurain (MADU) 
ABREU 92E PL B274 498 P. Abfeu et at. (DELPHI Collab.) 
ALEXANDER 91H ZPHY C52 543 G. Alexander et al. (OPAL Collab.} 
BEHREND a2D FL Oil0 329 HJ. Behrend et al. (CELLO Collab.} 
BERGER 80D PL B97 459 C. Berger et aL (PLUTO Collab.) 
BRANDELIK 80C PL B9/ 453 R. Brandelik et 31. (TASSO Collab.) 
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�9 ~ 20- Q.. 

v 

10- 

q~_> 189 GeV: preliminary 
OUR EVALUATION in the listing below is obtained by 

combining only published LEP and p-:~ Collider results using 

T 
I 

+ 

v 

LEP I I , ~  , , 1"  I 
d 

~176 / , s  
~176 �9 

/ 
, ,  / 

~ �9 

~176 

~/ ----GENTLE 
.y~/ YFSWW3 

RACOONWW 
~' - - - no ZWW vertex 

y ~ . . . . .  only v e exchang 

160 I"T0 180 190 260 

the same procedure as above. 

Refe rences  

1. The LEP Collaborations: ALEPH, DELPHI, L3, OPAL, 
the LEP Electroweak Working Group, and the SLD 
Heavy Flavour and Electroweak Groups, CERN-EP-2000- 
016 (January 21, 2000). 

2. A. Straessner and C. Sbarra, talks presented at the XXXV 
Rencontres de Moriond, "Electroweak Interactions and Uni- 
fied Theories," (Les Arcs, Prance, 11-18 March 2000). 

[GeV] 

Figure I :  The W-pair  cross section as a func- 
tion of the center-of-mass energy. The data 
points are the LEP averages. The solid lines 
are predictions from different models of W W  

W MASS 

OUR FIT uses the W and Z mass, mass difference, and mass ratio mea- 
surements. 

To obtain OUR EVALUATION the correlation between systernatics is prop- 
erly taken into account. 

VALUE (GeV) EVT5 DOCUMENT ID TECN COMMENT 
80.4194- 0.056 OUR E V A L U A T I O N  

80.43 4- 0 .05  O U R  F I T  

80.482• 0.091 45394 1 ABBOTT O0 DO E p ~ -  1.8 TeV I c m -  
80.38 • 0.12 +0,05 701 2 ABBIENDI 99C OPAL Eceem= 161+172+ 183 I 

GeV 
3 ABREU 

m 

80.2704. 0.1374.0,048 809 99T DLPH Eceem= 161+172+ 183 I 
GeV I ee - 161+172+ 183 | 80.614. 0.15 801 4 ACCIARRI 99 L3 Ecm- 
GeV 

ee_ 80.423• 0.1124-0.054 812 5 BARATE 99 ALEP E c m -  161+172+ 183 I 

production. For comparison the figure contains 
also the cross section if the ZWW coupling did 
not exist (dashed line), or if only the t-channel 
ve exchange diagram existed (dotted line). 

W mass has been determined by directly reconstructing the W 

from its decay products. 

Each LEP experiment has combined their own mass values 

properly taking into account the common systematic errors. In 

order to compute the LEP average W mass each experiment 

has provided its measured W mass for the qqqq and qqe~ 

channels at each center-of-mass energy along with a detailed 

break-up of errors (statistical and uncorrelated, partially cor- 

related and fully correlated systematics [1]). These have been 

properly combined to obtain a preliminary [2] LEP W mass 

= 80.401=t=0.048 GeV. Errors due uncertainties in LEP energy 

(17 MeV) and possible effect of color reconnection (CR) and 

Bose-Einstein (BE) correlations between quarks from different 

W's (18 MeV) are included. The mass difference between qqqq 

and qqtv final states (due to possible CR and BE effects) is 

35-I-55 MeV. 

The two Tevatron experiments have also carried out the 

exercise of identifying common systematic errors and aver- 

aging with CERN UA2 data obtain an average W mass = 

80.4484-0.062 GeV. 

Combining all the published and unpublished p-p Collider 

and LEP results (as of mid-March 2000) yields an average 

W-boson mass of 80.419d=0.038 GeV assuming no common 

systematics between LEP and hadron collider measurements. 

The Standard Model prediction from the electroweak fit, 

excluding the direct W mass measurements from LEP and 

Tevatron, gives a W-boson mass of 80.382 + 0.026 GeV. 

~eV 
PP 80.41 • 0.18 8986 6 ABE 95P CDF Ecru= 1.8 TeV 

79.91 + 0.39 1722 7 ABE 906 CDF EcmPP-- 1.8 TeV 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 o �9 

80.494- 0.434-0,095 871 8ABREU 99K DLPH Repl. by ABREU 99T 
80.444- 0.10 • 28323 9 ABBOTT 980 DO Repl. by ABBOTT 00 
80.22 4- 0.41 • 72 10ABREU 98B DLPH Repl. by ABREU 99T 
80,32 4- 0.30 4-0.094 96 11 ACKERSTAFF 98D OPAL Repl. by ABBIENDI 99C 

80.5 + 1.4 +0,5 - 2.2 -0 ,6  104 12 ACKERSTAFF 980 OPAL Repl. by ABBIENDI 99C 

80.80 4- 0.32 4-0.114 95 13 BARATE 98B ALEP Repl. by BARATE 99 

80.80 + 0.48 -- 0.42 4-0.03 20 14 ACCIARRI 97 L3 Repl. by ACCIARRI 99 

80.5 + 1.4 - 2.4 4-0,3 94 15 ACCIARRI 97M L3 Repl. by ACCIARRI 99 

80.71 + 0.344-0,09 101 16 ACCIARRI 97S L3 Repl. by ACCIARR199 - 0.35 
80.14 4- 0.34 4-0.095 32 17 BARATE 97 ALEP Repl. by BARATE 99 

81.17 § 1.15 106 18 BARATE 97s ALEP Repl. by BARATE 99 
- 1.62 

80.35 • 0.14 • 5982 19 ABACHI 96E DO Repl, by ABBOTT 00 

80.40 + 0.44 +0,09 23 20 ACKERSTAFF 968 OPAL Repl. by ABBIENDI 99C 
- 0.41 -0 ,10 

84 +10 13 21AID 96DH1 e 4 - p ~  Ue(~e)+ X 
- 7 

�9 V~ ~ 300 GeV 
80.84 4- 0.22 4.0.83 2065 22 ALITTI 92B UA2 See W / Z  ratio below 

PP 546,630 GeV 80.79 4. 0.31 4.0.84 23ALITTI  908 UA2 Ecru_ 

P~ 1.8 TeV 80.0 4. 3.3 4.2.4 22 24 ABE 891 CDF Ecm= 

82.7 4. 1.0 4-2.7 149 25 ALBAJAR 89 UA1 E p~- 546,630 GeV cm-- 

81.8 _• 5.360 • 46 26 ALBAJAR 89 UAI Ecru =pp 546,630 GeV 

89 • 3 • 32 27 ALBAJAR 89 UAI E p~- 546,630 GeV cm-- 
ee _ 546 GeV 81. 4- 5. 6 ARNISON 83 UA1 Ecm_ 

80. +10. 4 BANNER 83B UA2 Repl. by ALITTI  90B 
--  6. 

1 ABBOTT 00 use W ~ eu e events to measure the W mass with a fit to the transverse 
mass distribution. The result quoted here corresponds to electrons detected both in the 
forward and in the central calorimeters for the data recorded in 1992-1995. For the large 
rapidity electrons recorded in 1994-1995, the analysis combines results obtained from 
m T, PT(e), and pT(u). 

2ABBIENDI 99C obtain this value properly combining results from a direct Wmass re- 
construction at 172 and 183 GeV with that from the measurement of the total W-pair 
production cross section at 161 GeV. The systematic error includes an uncertainty of 
4.0.02 GeV due to the possible color-reconnection and Bose-Einstein effects in the purely 
hadronic final states and an uncertainty of 4-0.02 GeV due to the beam energy. 

3 ABREU 99T obtain this value properly combining results obtained from a direct W mass 
reconstruction at 172 and 183 GeV with those from measurement of W-pair production 
cross sections at 161, 172, and 183 GeV. The systematic error includes 4-0.021 GeV due 
to the beam energy uncertainty and 4-0.030 GeV due to possible color recounection and 
Bose-Einstein effects in the purely hadronic final state. 
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4 ACCIARR199 obtain this value properly combining results obtained from a direct W mass 
reconstruction at 172 and 183 GeV wi th those from the measurements of the total W- 
pair production cross sections at 161 and 172 GeV. The value of the mass obtained from 
the direct reconstruction at 172 and 183 GeV is M ( W ) =  80.58 4, 0.14 4. 0.08 GeV. 

5 BARATE 99 obtain this value properly combining results from a direct W mass recon- 
struction at 172 and 183 GeV with those from the measurements of the total W-pair 
production cross sections at 161 and 172 GeV. The systematic error includes 4. 0.023 GeV 
due to LEP energy uncertainty and 4,0.021 GeV due to theory uncertainty on account 
of possible color reconnect• and Bose-Einstein correlations. 

6ABE 95P use 3268 W ~ #u#  events to find M = 80.310 • 0.205 4- 0.130 GeV and 
5718 W ~ eve events to find M = 80.490 4, 0.145 4, 0.175 GeV. The result given here 
combines these while accounting for correlated uncertainties. 

?ABE 90G result from W ~ eu is 79.91 4- 0.35 4, 0.24 4. 0.19(scale) GeV and from 
W ~ #u  is 79.90 4- 0.53 4" 0,32 4" 0.08(scale) GeV. 

8ABREU 99K derive this value using the Standard Model dependence on M W of the 
W - W  production cross sections measured at 161, 172, and 183 GeV. The systematics 
include an error of 4, 0.03 GeV arising from the beam energy uncertainty. 

9ABBOTT 980 fit the transverse mass distribution of 28323 W ~ eu e events. The 
systematic error includes a detector related uncertainty of 4-60 MeV and a model un- 
certainty of 4-30 MeV. Combining wi th ABACHI 96E DO obtain a W mass value of 
80.43 4- 0.11 GeV. 

t0ABREU 98B obtain this value from a fit to the reconstructed Wrnass distribution. The 
Wwidth  was taken as its Standard Model value at the fitted W mass. The systematic 
error includes 4, 0.03 GeV due to the beam energy uncertainty and 4, 0.05 GeV due to the 
possible color reconnect• and Bose-Einstein effects in the purely hadronic final state. 

11 ACKERSTAFF 98D obtain this value from a fit to the reconstructed W mass distribution. 
The Wwid th  was taken as its Standard Model value at the fitted W mass. When both 
Wmass and width are varied they obtain M(W)  = 80.30 4, 0.27 ~ 0.095 GeV. The sys- 
tematic error includes 4-0.03 GeV due to the beam energy uncertainty and 4-0.05 GeV 
due to the possible color reconnect• and Bose-Einstein effects in the purely hadronic fi- 
nal state. Combining both values of ACKERSTAFF 98D with ACKERSTAFF 968 authors 
find: M(W) = 80.35 4- 0.24 4, 0.07 4, 0.03 (LEP) GeV. 

12ACKERSTAFF 98D derive this value from their measured W W production cross section 
aW W =12.3 4- 1.3 4" 0.4 pb using the Standard Model dependence of a w W on M w 
at the given c.m. energy. 

13 BARATE 98B obtain this value from a fit to the reconstructed W mass distribution. The 
W width was taken as its Standard Model value at the fitted W mass. The systematic 
error includes 4-0.03 GeV due to the beam energy uncertainty and 4-0.032 GeV due 
to the possible color reconnect• and Bose-Einstein effects in the purely hadronic final 
state. Combining with the M w values from cross section measurements at 161 and 172 
GeV (BARATE 97 and BARATE 975) authors find: M(W)  = 80,51 4- 0.23 4- 0.08 GeV. 

14ACCIARRI 97 derive this value from their measured W - W  production cross section 
= 28 Q +0-81 = W W  " " - -0 .70 4. 0.14 pb using the Standard Model dependence of C W W  on 

M w at the given c.m. energy. Statistical and systematic errors are added in quadrature 
and the last error of 4-003 GeV arises from the beam energy uncertainty. The same 
result is given by a fit of the production cross sections to the data. 

15ACCIARRI 97M derive this value from their measured W W production cross section 
12 2 + 1.41 4- 0.23 pb using the Standard Model dependence of G w W on c r w w  = . 7_1.32 

M w at the given c.m. energy. Combining wi th ACCIARRI 97 authors find M ( W )  = 
8(% 7g+ 0,45 . . . .  --0,41 • 0.03 GeV where the last error is due to beam energy uncertainty. 

16ACCtARRI 975 obtain this value from a fit to the reconstructed W mass distribution. 
The W width was taken as its Standard Model value at the f ~ d  W mass, When 

_ . 4- 0.09 both W mass and width . . . . . .  led they obtain M(W) = 80.72+~):~ GeV. The 
systematic error includes 4- 0.03 GeV due to the beam energy uncertainty and 4, 0.05 GeV 
due to the possible color reconnect• arld Bose-Einstein effects in the purely hadronic 
final state, Combining with ACCIARRI 97 and ACCIARRI 97M authors find: M(W)  = 

80 7 ~+0"26 =5 0.03 (LEP) GeV. ~-0.27 
17 BARATE 97 derive this value from their measured W- W production cross section crWW 

= 4.23 4- 0.73 • 0.19 pb using the Standard Model dependence of CrWW on M W at 
the given c.m. energy. The systematics include an error of •  GeV arising from the 
beam energy uncertainty. 

18 BARATE 97S derive this value from their measured W W production cross section ~ W  W 
= 11.71 4- 1.23 4, 0.28 pb using the Standard Model dependence of ~ W  W on M W at 
the given c.m. energy. The errors quoted on the mass are statistical only. Combining 
with BARATE 97 authors find: M(W)  = 80.20 4- 0.33 • 0.09 • 0.03 (LEP) GeV. 

19ABACHI 96E fit the transverse mass distribution of 5982 W ~ eu e decays. An error 
of •  MeV due to the uncertainty in the absolute energy scale of the EM calorimeter 
is included in the total systematics. 

20 ACKERSTAFF 96B derive this value from an analysis of the predicted M w dependence 
of their accepted four-fermion cross section, explicitly taking into account interference 
effects. The systematics include an error of 4-0.03 GeV arising from the beam energy 
uncertainty. 

21 AID 96D derive this value as a propagator mass using the Q2 shape and magnitude of the 
e 4" charged-current cross sections. O 2 > 5000 GeV 2 events with PT of the Outgoing 
lepton > 25 GeV/c are used. 

22 ALITTI 92B result has two contributions to the systematic error (4- 0.83); one (4-0.81) 
cancels in m w / m  Z and one (4,0.17) is noncancelling. These were added in quadrature. 
We choose the ALITTI 92B value without using the LEP m Z value, because we perform 
our own combined fit. 

23 There are two contributions to the systematic error ( •  0.84): one ( 4, 0.81/which cancels 
in m w / m  z and one (4-0.21) which is non-cancelling. These were added in quadrature. 

24 ABE 891 systematic error dominated by the uncertainty in the absolute energy scale. 
25ALBAJAR 89 result is from a total sample of 299 W ~ eu events. 
26ALBAJAR 89 result is from a total sample of 67 W ~ /~u events. 
27ALBAJAR 89 result is from W ~ Tu events. 

W/Z MASS RATIO 

The fit uses the W and Z mass, mass difference, and mass ratio measure- 
ments. 

VALUE EVT5 DOCUMENT IO TECN COMMENT 
0.8820 4-0.0005 OUR FIT 

0.8821 • 4-0.0008 28323 28 ABBOTT 98N DO EcPmP= 1.8 TeV I 

0.881144-0.001544-0.00252 5982 29 A B B O T T  98P DO ~ c m -  - TeV 

0.8813 4-0.0036 4-0.0019 156 30 ALITTI  92B UA2 EcPmP= 630 GeV 

28ABBOTT 98N obtain this from a study of 28323 W ~ eve and 3294 Z ~ e+e  - I 
decays. Of this latter sample, 2179 events are used to calibrate the electron energy scale, | 

29 ABBOTT 98P obtain this from a study of 5982 W ~ eu e events. The systematic error I 
includes an uncertainty of • due to the electron energy scale. 

30Scale error cancels in this ratio. 

mz - mw 
The f i t  uses the W and Z mass, mass difference, and mass ratio measure- 
ments. 

VALUE (GeV) DOCUMENT ID TECN COMMENT 
10.75:E0.05 OUR FIT 

10.4 ~1 .4  :EO.O ALBAJAR 89 UA1 EcPmP= 546,630 GeV 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

11.3 4,1.3 4-0.9 ANSARI 87 UA2 EcP~:  546,630 GeV 

row+ - -  m W_ 

Test of CPT invariance. 

VALUE(GeV) 

-- 0.19-1-0.5B 

E V T S  DOCUMENT ID TECN COMMENT 

PP 1722 ABE 90G CDF Ecm= 1.8 TeV 

W WIDTH 

The CDF and DO widths labelled "extracted value" are obtained by mea- 
suring R- -  [ (7 (W) /a(Z) ]  [F (W ~ t u l . ) ] / (B (Z  ~ l l ) F ( W ) )  where the 
bracketed quantities can be calculated with plausible reliability. F(W) is 
then extracted by using a value of B(Z  ~ l t )  measured at LEP. The 
UA1 and UA2 widths used R -- [(T(W)/o~(Z)] [F (W ~ t ~ t ) / r ( z  
te)]  F ( Z ) / F ( W )  and the measured value of F(Z). The Standard Model 
prediction is 2.067 4- 0.021 (ROSNER 94). 

VALUE (GeV) CL~ EVTS 
2,12 4-0.05 OUR AVERAGE 
2.1524-0.066 79176 
1,84 4-0.32 4-0.20 674 

2,48 • 4-0.10 737 

1.97 4-0.34 4,0.17 687 

2.11 • +0.16 58 

2.064 + 0.060 4, 0.059 

2.10 +0.14 • 3559 
-0 .13  

2.18 +0.26 4-0.04 
-0 .24  

�9 �9 �9 We do not use the fol lowing 

2.0444-0.097 11858 

1 + 0  052 
2. 26__ 01048 • 

1.30 +0.70 • 92 
-0 .55  

1.74 +0.88 ::50.25 101 
-0 .7B 

2.30 4,0.19 4-0.06 

2.8 +1 .4  4,1,3 149 
- 1 . 5  

<7 90 119 

<6.5 90 86 

DOCUMENT ID TECN COMMENT 

31 ABBOTT 00B DO Extracted value 
e e _  32 ABBIENDI 99c OPAL Ec ru -  172• 

GeV 
33 ABREU 99T DLPH Eceem= 183 GeV 

34 ACCIARRI 99 L3 E ~ m =  172+183 
GeV 

35 ABE 95C CDF Direct meas. 
36 ABE 95w CDF Extracted value 

37 ALITTI  92 UA2 Extracted value 

38 ALBAJAR 91 UA1 Extracted value 

data for averages, fits, l imits, etc. �9 �9 �9 

39 A B B O T T  99H DO Repl. by AB- 
BOTT 00B 

40 BARATE 991 ALEP E c ~ =  
161+172+183 
GeV 

41 ACKERSTAFF 98D OPAL Repl. by ABBI- 
ENDI 99c 

42 ACClARRI 97s L3 Repl. by ACCIA- 
RRI 99 

43 ALITTI  90c UA2 Extracted value 
p~ 

44 ALBAJAR 89 UAI  Ecru = 546,630 GeV 

APPEL 86 UA2 EP~- 546,030 OeV 
p~ 

45 ARNISON 86 UA1 Ecru = 546,630 GeV 

31ABBOTT 00B measure R = 10.43 4- 0.27 for the W ~ eu e decay channel. They use I 
the SM theoretical predictions for # ( W ) / ~ ( Z )  and F(W ~ eue) and the world average I for B (Z  ~ ee). The value quoted here is obtained combining this result (2.169 • 0.070 
GeV) with that of ABBOTT 99H. 

32ABBIENDI99Cobta in th isva lue f romaf i t to therecons t ruc ted  Wmassdistribution using I 
data at 172 and 183 GeV. The systematic error includes an uncertainty of •  GeV 
due to the possible color-reconnect• and Bose-Einstein effects in the purely hadronic 
final states and an uncertainty of •  GeV due to the beam energy. 

33ABREU 99T obtain this value using W W  ~ I P t q ~  and W W  ~ q ~ q ~  events. The | 
systematic error includes an uncertainty of 4, 0.080 GeV due to possible color reconnect• 

I and Bose-Einstein effects in the purely hadronic final state. 
34ACCIARRI 99 obtain this value from a fit to the reconstruced W mass distribution using 

data at 172 and 183 GeV. 
35ABE 95C use the tail of the transverse mass distribution of W ~ e~, e decays. 
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36ABE 95W measured R = 10.90 • 0.32 • 0.29. They use mw=80.23 • 0.18 GeV, 
e (W) / cz (Z )  = 3.35 4- 0.03, r ( w  - -  eu) = 225.9 • 0.9 MeV, r ( z  ~ e+e - )  = 
83.98 • 0.18 MeV, and r(z) = 2.4969 • 0.0038 GeV. 

1 A+0 7 37ALITTI 92 measured R = .0.._016 • 0.3. The values of ~(Z) and ~(W) come from 

O((~ 2) calculations using m W = 80.14 • 0.27 GeV, and m Z = 91.175 • 0.021 GeV 

along with the corresponding value of sin20w ~ 0.2274. They use o- (W) /o ' (Z)  = 
3.26 • 0.07 4- 0.05 and F(Z) ~ 2.487 • 0.010 GeV. 

38ALBAJAR 91 measured R = 9.5_+~:01 (stat. + syst.), a ( W ) / ~ ( Z ) i s  calculated in QCD 
at the parton bevel using m W = 80,18 • 0.28 GeV and m Z : 91.172 • 0.031 GeV 
along with sin28w = 0.2322 • 0.0014. They use r  : 3.23 • 0.05 and r ( z )  
= 2.498 • 0.020 GeV. This measurement is obtained combining both the electron and 
muon channels. 

39ABBOTT 99H measure R= 10.90 • 0.52 combining electron and muon channels. They 
use M w ~ 80.39• GeV and the SM theoretical predictions for tT(W)/c,(Z), B(Z 
t t ) ,  and r ( w  ~ l u l ) .  

40BARATE 991 obtain this result with a fit to the W W measured cross sections at 161, 
172, and 183 GeV. The theoretical prediction takes into account the sensitivity to the 
W total width. 

41 ACKERSTAFF 98D obtain this value from a fit to the reconstructed W mass distribution. 
42 ACCIARRI 97S obtain this value from a fit to the reconstructed W mass distribution. 
43ALITTI 90C used the same technique as described for ABE 90. They measured R = 

9 ~R+0.82 " '~-0.72 • 0.25, obtained F ( W ) / F ( Z )  = 0.902 • 0.074 • 0.024. Using r ( z )  = 
2.546 • 0.032 GeV, they obtained the F(W) value quoted above and the limits r ( w )  

< 2.56 (2.64) GeV at the 90% (95%) CL. EcmPP -- 546,630 GeV. 

44ALBAJAR 89 result is from a total sample of 299 W ~ ev events. 
451f systematic error is neglected, result is 2 7+1"4 GeV. This is enhanced subsample of ' - 1 . 5  

172 total events. 

W + DECAY M O D E S  

w -  modes are charge conjugates of the modes below. 

Mode Fraction ( t i f f )  

I- 1 
F2 
F3 
1-4 
r5 
F6 

F7 

r8 

r9 

Flu 

Confidence level 

~+lJ [a] (10.56• 0.14)% 
e+z. , (10.66• 0.20) % 
/~+~ (10.494- 0.29) % 
?-+t/ (10.4 • 0.4 ) %  

hadrons (68.5 • 0.6 )% 
7r+') ' < 7 x 10 -5  

Ds4-~f < 1.3 x 10 -3 

c X  (35 • 4 ) % 

c~ (32 _+~ ) ./o 
invisible [b] ( 1.4 4- 2.8 )% 

95% 

95% 

W BRANCHING RATIOS 

Overall fits are performed to determine the branching ratios of the W, 
For each LEP experiment the correlation matrix of the leptonic branching 
ratios is used and the common systematic errors among LEP experiments 
are properly taken into account. A first fit determines three individual 
leptonic branching ratios, B(W ~ e=,e), B(W ~ #u#), and B(W 

~'~'T}" This fit has a X 2 = 10.5 for 20 degrees of freedom. A second fit 
assumes lepton universality and determines the leptonic branching ratio 
B(W ~ tv t } .  This fit has a X2-11.0 for 22 degrees of freedom. A 
separate fit is performed only to hadronic branching ratio data taking into 
account the common systematic errors. This fit has a X 2 =2.3 for 3 degrees 
of freedom. 

r(~-,,)/rt== q / r  
t indicates average over e, /~, and ~- modes, not sum over modes. 

Data marked "fit" are used for the fit. The other data is highly correlated with data 
appearing elsewhere in the Listings and are therefore not used in the fit. 

VALUE EVTS DOCUMENT ID TECN COMMENT 
0.10tag:E0.001.4 OUR FIT 
0.1071• • ABREU 00K D L P H  E ~ =  I 

1 6 1 + 1 7 2 + 1 8 3  
+ 1 8 9  GeV 

99D OPAL Eceem = 161+172+ I 
183 GeV 

99H D0 E p p -  1.8 TeV I c m -  
991 ALEP Ec~m = 161+172+ I 

183 GeV 
98P L3 Ec~m = 161+172+ I 

183 GeV 
921 CDF EcPm~= 1.8 TeV 

1237 

0.107 • • 461 ABBIENDI 

0.1102• fit 11858 48 ABBOTT 

0.1036 • 0.0040 4- 0.0017 532 BARATE 

0.100 • • 324 ACCIARRI 

0.104 4- 0.008 fit 3642 49 ABE 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 I 

0.1085• 170 ABREU 99K DLPH Repl. by I 
ABREU 00K 

0.101 +0.011 -0.010 • 61 ACKERSTAFF 98D OPAL Repl. by ABBI- 
ENDI 99D 

0.119 +0.013 --0.012 • 51 ACCIARRI 97M L3 Repl. by ACCIA- 
RRI 98P 

48ABBOTT 99H measure R ~_ [(7 w B(W ~ tu t ) l / [ c r  z B(Z ~ t l ) ]  = 10.90 ~ 0.52 I 
combining electron and muon channels. They use M w = 80.39 • 0.06 GeV and the I SM theoretical predictions for ~r(W)/cr(Z)  and B(Z ~ I t ) .  

49 1216 • 38_ + 2~ W ~ p u events from ABE 921 and 2426W ~ e u events of ABE 91c. 
ABE 921 give the inverse quantity as 9.6 • 0.7 and we have inverted. 

[a] t indicates each type of lepton (e, #, and T), not sum over them. 

[b] This represents the width for the decay of the W bosun into a charged 
particle with momentum below detectability, p <  200 MeV. 

W P A R T I A L  W I D T H S  

r (invisible) F lu  
This represents the width for the decay of the W bosun into a charged particle with 
momentum below detectability, p< 200 MeV, 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

30_+~.i.33 46 BARATE 991 ALEP Ecee= 161+172+183 
GeV 

r(e+J,)irt~,, r2/r 
VALUE EVTS DOCUMENT ID TECN COMMENT 
0.1066-4-0.0020 OUR FIT 

pP~_ 
i 

0,I044• 67318 50 ABBOTT 00B DO i 8 TeV | -cm - �9 
0.1018• 352 ABREU 00K DLPH Eceem= I 

161+172+183 
+189 GeV B 

0.117 • • 191 ABBIENDI 99D OPAL E e e =  161+172+ | 
183 GeV 

ee_  0.1115•177 193 BARATE 991 ALEP Ecru- 161+172+ 
183 GeV i 

0,105 --0,009 • 128 ACCIARRI 98P L3 Eee= 161+172+ | 
~83 GeV 

0.1094• 51 ABE 95w CDF P P -  Ecm-  1,8 TeV 

0.10 • +0.02 248 52 ANSARI 87C UA2 E p P -  -0.03 cm-  546,630 
GeV 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

47 BARATE 99L ALEP Eceem= 161+172+183 
GeV 

46BARATE 991 measure this quantity using the dependence of the total cross section 
O W W  upon a change in the total width. The fit is performed to the W W  measured 
cross sections at 161, 172, and 183 GeV. This partial width is < 139 MeV at 95%CL 

47 BARATE 99L Use W-pair production to search for effectively invisible W decays, tagging 
with the decay of the other W bosun to Standard Model particles. The partial width for 
effectively invisible decay is < 27 MeV at 95%CL. 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.10124-0.0107• 56 ABREU 99K DLPH Repl. by 

0.098 +0.022 -0.020 •  

0,165 +0.037 +0.005 
-0.033 

0.097 • 4-0.005 

I 
ABREU OOK 

21 ACKERSTAFF 980 OPAL Repl. by ABBI- 
ENOI 990 

23 ACCIARRI 97M L3 Repl. by ACCIA- 
RRI 98P 

21 BARATE 97S ALEP Repl. by 
I~ARATE 991 

P P -  546,630 seen 119 APPEL 86 UA2 Ecm-  
GeV 

P P -  546,630 seen 172 ARNISON 86 UA1 Ecm-  
GeV 

50ABBOTT 00B measure R =- [ a w B ( W  ~ e U e ) ] / [ o z B ( Z  ~ ee)] = 10,43 • 0,27 for | 
the W ~ ev e decay channel. They use the SM theoretical prediction for o- (W) /o ' (Z)  I and the world average for B(Z ~ ee). 

51ABE 95w result is from a measurement of aB(W ~ e v ) / c t B ( Z  ~ e + e  - )  = 
10.90 -- 0.32 • 0.29, the theoretical prediction for the cross section ratio, the experimen- 
tal knowledge of F(Z ~ e+e - )  = 83.98 • 0.18 MeV, and r ( z )  = 2.4969 • 0.0038 
GeV. 

52 The first error was obtained by adding the statistical and systematic experimental uncer- 
tainties in quadrature. The second error reflects the dependence on theoretical prediction 

~ ~+1,8 nb. of total W cross section: G(546 GeV) = 4 7+1"4 nb and G(630 GeV) - . , v _ l , 0  " - 0 , 7  
See ALTARELLI 85B, 



See key on page 239 

F(~+,,)IG=,, r31r 
VALUE EVT5 DOCUMENT /D TEC. N COMMENT 
0.I049-1-0.0029 OUR FIT 

e e _  i 0.10924-0.00484-0.0012 461 ABREU 00K DLPH Ecm--  
161+172+183 
+189 GeV 

m 

0.102 +-0.008 +-0.002 169 ABBIENDI 99D OPAL Ecmee __ 161+172+ I 

103 GeV 
ee I 0.10064-0.00784-0.0021 170 BARATE 991 ALEP E c m -  
161+172+183 
GeV 

ee 1 6 1 + 1 7 2 +  I 0.102 4-0.009 +-0.002 115 ACCIARRI 98P L3 E c m -  
183 GeV 

0.10 4-0.01 1216 53 ABE 921 CDF E p p -  1.8 TeV cm- 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.1139+-0.00964-0.0023 67 ABREU 99K DLPH Repl. by I 
ABREU 0OK 

0.073 +0.019 -0 .017  4-0.002 16 ACKERSTAFF 98D OPAL Repl, by ABe l -  
ENDI 99D 

0.084 +0.028 +-0.003 13 ACCIARRI 97M L3 Repl. by ACCIA- -0 .024  
RRI 98P 

0.112 4-0.02 "-0.006 25 BARATE 97S ALEP Repl. by 
BARATE 991 

53ABE 921 quote the inverse quantity as 9.9 +- 1.2 which we have inverted. 

r(v+v)/r~,,  r4/r 
VALUE EVT5 DOCUMENT ID TECN COMMENT 
0,10434-0.0041 OUR FIT 
0.11054-0.00754-0.0032 424 ABREU 00K DLPH Ece~= I 

161+172+183 
+109 GeV 

0.101 +-0.010 +-0.003 ]44 ABBIENDI  99D OPAL E ~ =  161+172+ I 
183 GeV 

0.0976+-001014,0.0033 160 BARATE 991 ALEP Ecee= 1 6 1 + 1 7 2 +  I 
183 GeV 

0.090 +0.012 •  81 ACCIARRI 98P L3 Ecee= 161+172+ I 
183 GeV 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.10954-0.01494-0.0041 47 ABREU 99K DLPH Reph by l 
ABREU O0K 

+0.030 4-0005 23 ACKERSTAFF 9BD OPAL Repl. by ABBI 0.140 --0.028 
ENDI 99D 

+0.042 +0.005 15 ACCIARRI 97M L3 Repl. by ACCIA- 0.109 - 0 0 3 9  
RRI 98P 

0.113 +-0.027 4-0.006 37 BARATE 97S ALEP Repl. by 
BARATE 991 

r(hadrons)/rt~al rs/r 
VALUE E V T S  DOCUMENT (D TEEN COMMENT 
0.f~184-0.0059 OUR FIT 

ee I 0.67894-0.00734-0.0043 1773 ABREU O0K DLPH E c r u -  
161+172+183 
+109 GeV 

i ee -- 161+172+ I 0.679 --0.012 ~:0.005 395 ABBIENDI  99D OPAL E c m -  
183 GeV 

ee 161+172+ I 0.68934-0.01214-0.0051 1255 BARATE 991 ALEP E c m -  
183 GeV i ee - 1 6 1 + 1 7 2 +  I 0.701 4-0.013 • 462 ACCIARRI 98P L3 E c r u -  
183 GeV 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0.6746+-0.01434-0.0052 465 ABREU 99K DLPH Repl. by I 
ABREU OOK 

0.698 +0.030 --0.032 4-0.007 52 ACKERSTAFF 98D OPAL Repl. by ABBI-  
ENDI 99D 

+0.037 4-0.005 70 ACCtARRI 97M L3 Repl. by ACCIA- 0.642 -0 .030  
RRt 98P 

0.67? --0.031 ~:0.007 65 BARATE 97S ALEP Repl. by 
BARATE 991 

r(~ +~,)if(o + ~) r3/r= 
VALUE EVT5 OOCUMENT IO TEEN COMMENT 
0.984'1-0.032 OUR FIT 

P~ 0,89 4-0.10 13k 54 ABACHI  95D DO Ecru = 1.8 TeV 
p~ 

1.02 4-0.08 1216 55ABE 921 CDF Ecru= 1.8 TeV 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

PP 546,630 1.00 4-014 +-000 67 ALBAJAR 00 UAI Ecrn = 
GeV 

1.24 +0.6  14 ARNISON 84D UA1 Repl, by ALBA-  - 0 . 4  JAR 89 
54ABACHI  95D obtain this result from the measured a w B ( W  ~ p u ) =  2.09 4- 0.25 4- 

0.11 nb and c w B ( W  ~ e u } =  2.36 4- 0.07 4- 0.13 nb in which the first error is the 
combined statistical and systematic uncertainty, the second reflects the uncertainty in 
the luminosity, 

55ABE 921 obtain o - w B ( W  ~ /~u)= 2.21 4- 0.07 4- 0.21 and combine with ABE 91C q W  
B ( ( W  ~ ev ) )  to give a ratio of the couplings from which we derive this measurement. 
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r ( ,+ . ) / r (e+. )  r d r 2  
VALUE EVTS DOCUMENT ID TECN COMMENT 
0.9"/94-&044 OUR FIT 

0.94 4-0.14 179 56 ABE 92E CDF E p ~ -  1.8 TeV c m -  
p~ 

1.04 4-0.08 4-0,00 754 57 A L I T T I  92F UA2 Ecru=  630 GeV 
P ~ _  1.02 •  4-0.12 32 A L B A J A R  89 UA1 Ec ru_  546,63]9 

GeV 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0.9954-0.1124-0.083 198 A L I T T I  91C UA2 Repl. by 
A L I T T I  92F 

1.02 4-0.20 4-0.10 32 ALBAJAR 87 UA I  Repl. by ALBA-  
JAR 89 

56ABE 92E use two procedures for selecting W ~ Tu  T events. The missing E T trigger 
leads to 132 4-14 4- 8 events and the r trigger to 47 4- 9 +- 4 events. Proper statistical and 
systematic correlations are taken into account to arrive at a B ( W  ~ r v )  = 2.05 4- 0.27 
nb. Combined with ABE 91C result on a B ( W  ~ ev ) ,  ABE 92E quote a ratio of  the 
couplings from which we derive this measurement. 

07This measurement is derived by us from the ratio of  the couplings of A L I T T I  92F. 

r( ,+-r) /r ( ,+. )  r6/r2 
VALUE EL~  DOCUMENT /D TEEN COMMENT 

< 7 x 10 - 4  95 ABE 98H CDF EcPmP= 1,8 TeV 
m 

< 4 3  x 10 - 3  95 58 A L I T T I  92D UA2 EcPmP= 630 GeV 
m 

<58 x 10 - 3  95 59 ALBAJAR 90 UA1 EcPmP= 546, 630 GeV 

50AL ITT I  92D limit is 3.8 x 10 - 3  at 90%CL. 
59 ALBAJAR 90 obtain < 0.048 at 90%CL. 

r(o~+-r)/r(e+v) rdr2 
VALUE ~ DOCUMENT ID TEEN COMMENT 

<1.2 X 10 - 2  95 ABE 98P CDF ~ ' P P -  1 8 TeV I ~cm - - 

r(cX)/r(hadmns) re/rs 
VALUE E V T S  DOCUMENT ID TEEN COMMENT 

0.51'-'1-0.05:::E0.0'~ 746 60 BARATE 99M ALEP Ecee= 172 + 183 GeV I 

60 BARATE 99M tag cjets using a neural network algorithm. From this measurement IVcs l  I 
is determined to be 1.00 :h 0.11 • 0.07. I 

Rcs = I'(c~)/F(hadrons) rg/rs 
VALUE DOCUMENT /0 TEEN COMMENT 

o,~+o."-~--- I �9 _ O , 1 4 ~ u . v e  61 ABREU 98N DLPH E~em ~ 161+172 GeV 

61ABREU 98N tag c and s jets by identifying a charged kaon as the highest momentum I 
particle in a hadronic jet. They also use a lifetime tag to independently identify a c jet, I based on the impact parameter distribution of charged particles in a jet. From this 

measurement Ivcsl is determined to be 0 94 +032_0.26 �9 +- 0.13. I 
I 

AVERAGE PARTICLE MULTIPLICITIES IN HADRONIC W DECAY 
Summed over particle and antiparticle, when appropriate. 

VALUE DOCUMENT ID TEEN COMMENT 
lg,3 •  OUR AVERAGE 

ee _ 183 GeV 193 +-0.3 4-0.3 62 ABBIENDI 99N OPAL Ecm- 
e e -  J 19.23• 63 ABREU 90C DLPH Ecru- 172 GeV 

62ABBIENDI  99N use the final states W + W -  ~ q~lU l to derive this value, i 
63 AB REU 98c combine results from both the fully hadronic as well semileptonic W W final I states after demonstrating that the W decay charged multipl icity is independent of  the 

topology within errors. 

TRIPLE GAUGE COUPLINGS (TGC'S) 
Revised March 2000 by C. Caso (Univ. of Genova) and A. Gur tu  
(Tara Inst.) 

Fourteen independent couplings, 7 each for Z W W  and 

7 W W ,  completely describe the V W W  vertices within the most 

general framework of the electroweak Standard Model (SM) 

consistent with Lorentz invariance and U(1) gauge invariance. 

Of each of the 7 TGC's,  3 conserve C and P individually, 

3 violate C P ,  and one TGC violates C and P individually 

while conserving C P .  Assumption of C and P conservation 

and electromagnetic gauge invariance reduces the independent 

V W W  couplings to five: one common set is (aT, ~Z, AT, AZ, glZ), 

where ~7 = ~z = 01 z = 1 and A~ = Az = 0 in the Standard 

Model at the tree level. The W magnetic dipole moment,  #w,  

and the W electric quadrupole moment,  qw,  are expressed as 

#w = e (1 + 07 + A T ) / 2 M w  and qw = - e  (~7 - )'7)/M2~ "" 
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Precision measurements of suitable observables at LEP1 has 

already led to an exploration of much of the TGC parameter 

space. Three linear combinations of the TGC's,  awe,  abe and 

aw,  have been proposed to investigate the leftover "blind" 

directions in the CP-conserving TGC parameter  space, and 

two linear couplings, 5BW and 5 w  in the CP-violat ing TGC 

parameter  space (see e.g., papers by Hagiwara [1], Bilenky [2], 

and Gounaris [3,4]). The relations between these parameters 

and those contained in the above set, expressed as deviations 

from the SM, are Ag z = a w r  2, A~ 7 = awe  + abe,  A ~ z  = 

ctwr - -  t2aBr and A 7 = Az = aw,  where cw and tw are the 

cosine and tangent of the electroweak mixing angle. Similarly, 
2 ~  ~7 = KBW,-dz = twaBW and A7 = Az = ~w within the CP- 

violating sector. The LEP Collaborations have recently agreed 

to express their results directly in terms of the parameters Ag Z, 

A~ 7 and A 7. 

At LEP2 the V W W  coupling arises in W-pair  production 

via s-channel exchange or in single W production via the 

radiation of a virtual photon off the incident e + or e - .  At the 

TEVATRON hard photon brelnstrahlung off a produced W or 

Z signals the presence of a triple gauge vertex. In order to 

extract the value of one TGC the others are generally kept fixed 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 * 

e e _  15 74 BARATE 99L ALEP E c r u -  161+172+183 
GeV 

0 016 4-n n10+0.009 75 MOLNAR 99 THEO LEPI ,  SLAC+Tevatron . . . . . . .  - 0 . 0 1 3  

0.06 +0.27 - 0 . 2 6  86 76 ACCIARRI 98N L3 Repl. by ACCIARRI 99Q 

69ABBIENDI  99D combine results from W + W -  production at different energies. The 
95% confidence interval is - 0 . 5 5  < ,%~3` < 1.28. 

70 A B B O T T  991 perform a simultaneous fit to the W3", W W ~ dilepton, W W~ W Z 
evjj,  W W / W Z  ~ ~vjj,  and W Z  ~ trilepton data samples. For A = 2,0 TeV, the 
95%CL limits are - 0 . 2 5  < A~3" < 0.39. 

71 ABREU 99L use W + W - ,  W e v  e, and uP3" final states. The 95% confidence interval 
is --0.46 < A ~  < 0.84. 

72ACClARRI 99Q study W-pa#, slngle-W, and single photon events. 
73 BARATE,R 98 study single photon production in e + e -  interactions from 161 to 183 

GeV. A likelihood fit is performed to the cross section and to the photon energy and 
angular distributions, taking into account systematic uncertainties. The 95%CL limits 
are - 2 . 2  < A~3" < 2.3. 

74 BARATE 99L study single W production in e + e -  interactions from 161 to 183 GeV. 
They obtain 95%CL limits of - 1.6 < ~3" < 1.5, which we convert to - 2 . 6  < Am.), < 0.5 
for AT=0.  

75 MOLNAR 99 extract this value indirectly by f i t t ing high energy eleetroweak data within 
the framework of the Standard Model. The central value of the Higgs mass used is 300 
GeV and the quoted systematic error is due to its variation between 90 to 1000 GeV. 

76ACCIARRI 98N study single W production in e + e -  interactions from 130 to 183 GeV. 
The 95%CL limits are - 0 . 4 6  < A~  7 < 0.57. 

x, 
VALUE E V T S  DOCUMENT ID TECN COMMENT 

0 04 + 0 . 0 7  O U R  A V E R A G E  - " - 0 . t m  

n l n + 0 . 1 3  853 77 ABBIENDI  
- ~ " ~ - 0 . 1 2  99D OPAL Eceern= 161+172+  IB3 

GeV 
nn+0"10 EcPmP= 1.8 TeV " ~ - -  0.09 331 78 A B B O T T  991 DO 

to their SM values. 

References 

1. K. Hagiwara et al., Nucl. Phys. B282, 253 (1987). 
2. M. Bilenky et al., Nuc]. Phys. B409, 22 (1993). 
3. G. Gounaris et al., CERN 96-01 525. 
4. C. Counaris et aL, Eur. Phys. J. C2, 365 (1998). 

VALUE EVTS DOCUMENT ID TECN COMMENT 

0.01 + 0 , 0 9  O U R  AVERAGE - - 0 . 0 8  

0.01 +0 .13  853 64 ABBIENDI  99D OPAL E ~ =  161+172+ 183 I 
I 

- 0 . 1 2  
GeV 

--0.04 +0.14 566 65 ABREU 99L DLPH Eceem= 183 GeV I - 0 . 1 2  

0 . I I  +0.19_0.18 •  1154 66 ACCIARRI 990 L3 Ecm_ee 161+172+ 183 I 
GeV 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

331 67 A B B O T T  991 DO EcPm ~ = 1.8 TeV I 

-0.01710.018_+0:%~ 68MOLNAR 99 THEO LEP1, SLAC+Tevatron I 

_ n  lr. + 0.19 . . . .  - 0.15 566 79 ABREU 9% DLPH f e e =  183 GeV 

0.10_+01224-0.10 1154 80 ACCIARR' 99Q L3 -cm--Cee 161+172+  183 
GeV 

0 0  + 1 5 5  ^ ~  81 - . 5_1145 •  207 BARATE,R 98 ALEP Ecee= 161+172+183 
GeV 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

15 82 BARATE 99L ALEP Eceem= 161+172+183 I 
GeV 

- 0 4R + 0.44 83 " ~ - 0 . 2 1  86 ACCIARRI 98N L3 Repl. by ACCIARRI 99Q I 

77ABBIENOI  990 combine results from W + W--  production at different energies. The 
95% confidence interval is - 0 3 3  < A3` < 0.16. 

7 8 A B B O T T  991 perform a simultaneous fit to the WT,  W W  ~ dilepton, W W / W Z  
e v j j ,  W W / W Z  ~ p .u j j ,  and W Z  ~ trilepton data samples. For A = 2.0 TeV, the 
95%CL limits are - 0 . 1 8  < ,k~ < 0.19. 

79ABREU 99t use W + W - ,  W e v  e, and uP"( final states. The 95% confidence interval 
is - 0 . 4 4  < A 3, < 0.24. 

80ACCIARRI 99Q study W-pair, single-W, and single photon events. 
81 BARATE,R 98 study single photon production in e + e  - interactions from 161 to 183 

GeV. A likelihood fit is performed to the cross section and to the photon energy and 
angular distributions, taking into account systematic uncertainties. The 95%CL limits 
are - 3 . 1  < )'3' < 3.2. 

82 BARATE 99L study single W production in e + e-- interactions from 161 to 183 GeV. 
The 95%CL limits are - 1 . 6  < A3' < 1.6 for &K3" -0 .  

B3ACClARRI 98N study single W production in e + e -  interactions from 130 to 183 GeV. 
64ABBIENDI  99D combine results from W + W -  production at different energies. The I 

o 95~/o confidence interval is - 0 . 2 3  < A g Z  < 0.26. I 

65ABREU 99L use W + W - ,  W e v  e, and v ~  final states. The 95% confidence interval I 
is - 0 . 2 8  < A g Z  < 0.24. | 

66ACCIARRI  99Q study W-pair, single-W, and single photon events, I 6 7 A B B O T T  991 perform a simultaneous fit to the W3`, W W  ~ dilepton, W W / W Z  
e u j j ,  W W / W Z  ~ i ~u j j ,  and W Z  ~ trilepton data samples. For A = 2.0 TeV, the 
95%CL limits are - 0 . 3 7  < A ~  1 < 0.57, fixing A Z = ~ Z  =0  and assuming Standard I 
Model values for the W W3` couplings. 

68 M O L N A R  99 extract this value indirect y by f t t  ng h gh energy electroweak data within I 
the framework of the Standard Model. The central value of the Higgs mass used is 300 I GeV and the quoted systematic error is due to its variation between 90 to 1000 GeV. 

A~ 
VALUE EVT5 DOCUMENT ID TECN COMMENT 

0.08 4-0 .17 O U R  AVERAGE 

0 . I I  +0 .52 I - 0 . 3 7  853 69 ABBIENDI  990 OPAL Eceem= 161+172+ 183 
GeV 

I 

- 0 . 0 8  2 :034  331 70 A B B O T T  991 DO EcPP m -  1.8 TeV I 

I 0.19 +0.32 71 - 0 . 3 4  566 ABREU 99L DLPH Eeem= 183 GeV �9 

0.11 •  • 1154 72 ACCIARRI 99Q L3 Eceem= 161+172+ 183 I 
GeV 

B 

0.05 +1 .15  2:0.25 207 73 BARATE,R 98 ALEP Ecee= 161+172+183 I - 1 . 1 0  
GeV 

The 95%CL limits are - 0 . 8 6  < A3` < 0.75. 

This coupling is CP conserving but C and P violating. 
VALUE EVT5 DOCUMENT ID TEEN COMMENT 

e e _  I _o.~.e.z24-0.12+0.23 1154 84 ACClARR~ 99Q L3 Eem- 161+172+ 183 
GeV 

84ACCIARRI 990 study W-pair, single-W, and single photon events. I 

aw# 
VALUE EVT5 DOCUMENT ID TECN COMMENT 

0.054"0 .20  O U R  A V E R A G E  

0.22+_0125• 89 85 ABREU 98K D L P "  Ecee=161+172 GeV I 

n l a + 0 . 2 7 + 0 . 1 4  86 ee I 
Ecm - - v " ~ - 0 . 2 5  0.12 78 BARATE 98Y ALEP 172 GeM 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

P~ I 331 87 A B B O T T  991 DO Ecm = 1.8 TeV 

85ABREU 98K obtain this result using both Wpa i r  production and single W ( W e u e )  I 
production. 

86 BARATE 9BY obtain this value using semileptonic and hadronic decay modes in W pair I 
production. 

8 7 A B B O T T  991 perform a simultaneous fit to the WT,  W W ~ dilepton, W W / W Z  ~ I 
e v j ] ,  W W / W Z  ~ # v j j ,  and W Z  ~ trilepton data samples. For A = 2.0 TeV, the I 95%CL limits are - 0 . ] 8  < ~ W ~  < 0.36, fixing ~ B ~ = e W = 0 .  
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O~W 
VALUE EVT5 DOCUMENT ID TECN COMMENT 
~ ~ 0 . 4  OUR AVERAGE 

+ 0  48 0.11_0149~:0.09 89 B8 ABREU 98K DLPH E~m:161+172 GeV J 

nA+D.56 +0,12 
" ~ - 0 . 5 0 - - 0 . 2 0  78 8g BARATE g8Y ALEP Eceem: 172 GeV I 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

331 90 A B B O T T  991 DO EcP~: 1,8 TeV [ 

88ABREU 98K obtain this result using both W p a i r  production and single W ( W e u e )  I 
production. 

89 BARATE 98Y obtain this value using semileptonic and hadronic decay modes in W pair I 
production. 

90 A B B O T T  991 perform a simultaneous fit to the W'y,  W W ~ dilepton, W W / W  Z ~ | 
e u j j ,  W W / W Z  ~ p v j j ,  and W Z  ~ tr i lepton data samples. For A = 2.0 TeV, the I 95%CL l imits are - 0 , 1 8  < a W < 0.19, f ixing ~ B ( ~ : ( ~ W ~ b : 0 .  

a t B #  
VALUE EVTS DOCUMENT ID TECN COMMENT 

0.4 +0.5 OUR AVERAGE - 0 . 8  

0 2 ~ + 0 6 6  , ^ . �9 z_0183:~u.2'~ 89 91 ABREU 98K DLPH E~'em=161+172 GeV 

10  " + 0 7 1  I . 1_1175zE0,33 78 92 BARATE 98Y ALEP Eceem: 172 GeV 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. i �9 * 

331 93 A B B O T T  991 DO E c r u -  1.8 TeV 

91ABREU 98K obtain th is result using both W p a i r  production and single W ( W e u e )  
production. 

92BARATE 98Y obtain this value using semileptonic and hadronic decay modes in W p a i r  
production. 

93ABBOTT 991 perform a simultaneous fit to the W'F, W W  ~ dilepton, W W / W Z  ~ | 
e u j ] ,  W W / W Z  ~ i ~ u j j ,  and W Z  ~ tr i lepton data samples. For A = 2.0 TeV, the I 95%CL l imits are - 0 , 6 7  < OrB@ < 0.56, f ixing (~W(;b:C~W=0. 

~B W 
VALUE EVT5 DOCUMENT IO TECN COMMENT 

0 11 +0"71 -Ln ~ 94 I . _ 0 . 0 8 = v . v ~  89 ABREU 98K DLPH Eceem:161+172 GeV 

94ABREU 98K obtain this result using both W p a i r  production and single W ( W e u e )  
production�9 

&w 
VALUE EVT5 DOCUMENT ID TECN COMMENT 

0.19"1"~):~A-0.11 B9 95 ABREU 9BK DLPH E c ~ = 1 6 1 + 1 7 2  GEV I 

95ABREU 98K obtain this result using both W p a i r  production and single W ( W e ~ e )  I 
production. 

W ANOMALOUS MAGNETIC MOMENT (AK) 

The full magnetic moment is given by P'W : e(l+~ + A) /2 rn  W.  In the 
Standard Model, at tree level, ~ : 1 and A ~ 0, Some papers have defined 
A~  : 1--~ and assume that  ~ : 0. Note tha t  the electric quadrupole 
moment is given by - e ( ~ - A ) / m ~ v .  A description of the parameterization 
of these moments and addit ional references can be found in HAGIWARA 87 
and BAUR 88. The parameter A appearing in the theoretical l imits below 
is a regutarization cutoff which roughly corresponds to the energy scale 
where the structure of the W boson becomes manifest. 

VALUE (e/2m W) DOCUMENT ID TECN 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

96 ABE 95G CDF 
97 ALITTI  92s UA2 
98 SAMUEL 92 THEO 
99 SAMUEL 91 THEO 

100 GRIFOLS 88 THEO 
101 GROTEH 87 THEO 
102 VANDERBI3 87 THEO 
103 GRAU 85 THEO 
104 SUZUKI 85 THEO 
105 HERZOG 84 THEO 

96ABE g5G report - 1 . 3  < ~ < 3.2 for A:O and - 0 . 7  < ~ < 0.7 for ,~:1 in p~  ~ eue-),X 
and p u # 3 ' X  at ~ = 1.8 TeV. 

97 ALITTI 92C . . . . . . . . .  1+22' 6 and ~ n + 1 " 7  in p #  - -  e , 3 ' +  X at ~ : 630 GeV. - v _ l .  8 
At 95%CL they report - 3 . 5  < ~ < 5.9 and - 3 . 6  < A < 3.5. 

98SAMUEL 92 use preliminary CDF and UA2 data and find - 2 . 4  < ~ < 3.7 at 96%CL 
and - 3 . 1  < ~ < 4.2 at 95%CL respectively. They use data for W-y production and 
radiative W decay. 

99SAMUEL 91 use preliminary CDF data for p ~  ~ W - / X  to obtain - 1 1 . 3  _< A ~  < 
10.9. Note that  their  ~ = 1 - ~ . ~ .  

100GRIFOLS B8 uses deviation from p parameter to set l imit  A ~  ~ 65 (M~A//A2).  

101 GROTCH 87 finds the l imit  - 37 < A *  < 73.5 (90% CL) from the experimental l imits 

on e + e  - ~ uP-y assuming three neutr ino generations and - 1 9 . 5  < A ~  < 56 for 
four generations. Note their f ,~  has the opposite sign as our definit ion. 

102VANDERBIJ 87 uses existing l imits to the photon structure to obtain IA~I < 33 
( m w / A ) .  In addition VANDERBIJ 87 discusses problems wi th  using the p parameter of 
the Standard Model to determine A~.  
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103GRAU 85 uses the muon anomaly to derive a coupled l imi t  on the anomalous magnetic 
dipole and electric quadrupole (A) moments 1.05 > A~  I n ( A / r o W )  + A /2  > - 2 . 7 7 .  In 
the Standard Model A = 0. 

104SUZUKI 85 uses partial-wave unitar i ty at high energies to obtain IA~I  ~ 190 

( m w / A ) 2 .  From the anomalous magnetic moment of the muon, SUZUKI 85 obtains 

I A ~ I  ~,~ 2 . 2 / I n ( A / r n w ) .  Final ly SUZUKI 85 uses deviations from the p parameter and 

obtains a very quali tat ive, order-of-magnitude l imit  IA~I  ~ 150 ( r o W / A ) 4  i f  IA~I  << 
1. 

105 HERZOG 84 consider the contr ibut ion of W-boson to muon magnetic moment  including 

anomalous coupl ing of W W %  Obtain a l imit  - 1  < ~.~ < 3 for A ~ 1 TeV. 
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[21 J = l  

T H E  Z B O S O N  

Revised March 2000 by C. Caso (Univ. of Genova) and A. 
Gurtu (Tata Inst.) 

Precision measurements at the Z-boson resonance using 

electron-positron colliding beanls began in 1989 at the SLC 

and at LEP. During 1989 95, the four CERN experiments 

have made high-statistics studies of the Z. The availability 

of longitudinally polarized electron beams at the SLC since 

1993 has enabled a precision determination of the effective 

electroweak mixing angle sin20w that is competitive with the 

CERN results on this parameter. 

The Z-boson properties reported in this section may broadly 

be categorized as: 

�9 The standard 'lineshape' parameters of the Z con- 

sisting of its mass, Mz, its total width, Fz,  and its 

partial decay widths, F(hadrons), and F(l~) where 

�9 Z asymmetries in leptonic decays and extraction of 

Z couplings to charged and neutral leptons; 

�9 The b- and c-quark-related partial widths and charge 

asymmetries which require special techniques; 

�9 Determination of Z decay modes and the search for 

modes that violate known conservation laws; 

�9 Average particle multiplicities in hadronic Z decay; 

�9 Z anomalous couplings. 

Details on Z-parameter determination and the study of 

Z ---* bb, c~ at LEP and SLC are given in this note. 

The standard 'lineshape' parameters of the Z are deter- 

mined from an analysis of the production cross sections of 

these final states in e+e - collisions. The Z ---+ v~('?) state is 

identified directly by detecting single photon production and 

indirectly by subtracting the visible partial widths from the 

total width. Inclusion in this analysis of the forward-backward 
A(o,o asymmetry of charged leptons, "'FB , of the r polarization, 

P(T), and its forward-backward asymmetry, p(r)lb, enables 

the separate determination of the effective vector (gv) and ax- 

ial vector (gA) couplings of the Z to these leptons and the ratio 

(gg/gA) which is related to the effective electroweak mixing 

angle sin20w (see the "Electroweak Model and Constraints on 

New Physics" Review). 

Determination of the b- and c-quark-related partial widths 

and charge asymmetries involves tagging the b and c quarks. 

Traditionally this was done by requiring the presence of a 

prompt lepton in the event with high momentum and high 

transverse ummentum (with respect to the accompanying jet). 

Precision vertex measurement with high-resolution detectors 

enabled one to do impact parameter and lifetime tagging. 

Neural-network techniques have also been used to classify events 

as b or non-b on a statistical basis using event-shape variables. 

Finally, the presence of a charmed meson (D/D*) has been 

used to tag heavy quarks. 

Z-parameter determination 
LEP was run at energy points on and around the Z 

mass (88-94 GeV) constituting an energy 'scan.' The shape 

of the cross-section variation around the Z peak can be de- 

scribed by a Breit-Wigner ansatz with an energy-dependent 

total width [1 3]. The t h r ee  main properties of this distri- 

bution, viz., the pos i t ion  of the peak, the w i d t h  of the 

distribution, and the he ight  of the peak, determine respec- 

tively the values of Mz, Fz, and r(e+e -) x r ( / ] ) ,  where 

F(e+e - )  and F ( f ] )  are the electron and fermion partial widths 

of the Z. The quantitative determination of these parameters 

is done by writing analytic expressions for these cross sections 

in terms of the parameters and fitting the calculated cross sec- 

tions to the measured ones by varying these parameters, taking 

properly into account all the errors. Single-photon exchange 

(a 0) and 7-Z interference (Or~ are included, and the large 

(~25 %) initial-state radiation (ISR) effects are taken into ac- 

count by convoluting the analytic expressions over a 'Radiator 

Function' [1-6] H(s,s'). Thus for the process e+e - --+ f ] :  

J) (1) o'f (8) 

12~ r (e+e-) r ( /7)  
aO --M--~ F 2 

(2) 

(~ M~)2 + 2 2 2 - s r z / M  z (3) 

0 47ra2(s) 
a 'r -  3s Q2INIc (4) 

0 2x/2a(s) (QIGFN[GveGvf) CrTZ -- 3 

(s 2 2 - Mz)M z • (~) 
(s  - M ~ ) ~  + s ~ r ~ / M ~  

where Qf  is the charge of the fermion, N [  = 3(1) for quark 

(lepton) and Gvf is the neutral vector coupling of the Z to the 

fermion-antifermion pair f ] .  

0 is expected to be much less than a ~ the LEP Since a~z 
Collaborations have generally calculated the interference term 

in the framework of the Standard Model. This fixing of a~ 
leads to a tighter constraint on Mz and consequently a smaller 

error on its fitted value. 

In the above framework, the QED radiative corrections 

have been explicitly taken into account by convoluting over 

the ISR and allowing the electromagnetic coupling constant 

to run [10]: a(s) = a / (1  - A n ) .  On the other hand, weak 

radiative corrections that depend upon the assumptions of the 

electroweak theory and on the values of the unknown Mtop 

and MHiggs are accounted for by abso rb ing  t h e m  into  t h e  

couplings,  which are then called the effective couplings ~v and 

GA (or alternatively the effective parameters of the * scheme of 

Kennedy and Lynn [11]). 

~vf and ~Af are complex numbers with a small imaginary 

part. As experimental data does not allow simultaneous extrac- 

tion of both real and imaginary parts of the effective couplings, 
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the convention gA.f = Re(CA/) and gvI = Re(~v/)  is used and 

the imaginary parts are added in the fitting code [4]. 

Defining 

gv/ " gA] 
Af = 2 (g~/q--~Af) (6) 

the lowest-order expressions for the various lepton-related 

asymmetries on the Z pole are [7 9] A(~ff ) = (3/4)AeAf,  

P('r) = - A t ,  P(T) lb = - (3 /4 )Ae ,  ALR = Ae. The full analy- 

sis takes into account the energy dependence of the asymmetries. 

Experimentally ALR is defined as (GL - GR)/(GL + GR) where 

GL(R) are the e+e - ---, Z production cross sections with left- 

(right)-handed electrons. 

The definition of the partial  decay width of the Z to f ]  

includes the effects of QED and QCD final state corrections 

as well as the contribution due to the imaginary parts of the 

couplings: 

GFM3 N/(IGv/I 2 n~A + I~VAI ~ R~) + ~/QCD (7) r ( / ] ) -  6 ~  

where R~ and RfA are radiator factors to account for final state 

QED and QCD corrections as well as effects due to nonzero 

fermion masses, and Aew/QCD represents the non-factorizable 

electroweak/QCD corrections. 

S-matrix  approach to the Z 

While practically all experimental analyses of LEP/SLC 

data have followed the 'Breit-Wigner '  approach described above, 

an alternative S-matrix-based analysis is also possible. The Z, 

like all unstable particles, is associated with a complex pole 

in the S matrix. The pole position is process independent and 

gauge invariant. The mass, M z ,  and width, Fz ,  can be defined 

in terms of the pole in the energy plane via [12 15] 

- - 2  
= M Z - i M z F z  

leading to the relations 
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M Z  = M Z /  ~ I  + F2z/M~ 

H a n d l i n g  the large-angle e+ e - f ina l  s tate  

Unlike other f ]  decay final states of the Z, the e+e - final 

state has a contribution not only from the s-channel but  also 

from the t-channel and s-t interference. The full ampli tude 

is not amenable to fast calculation, which is essential if one 

has to carry out minimization fits within reasonable computer 

time. The usual procedure is to calculate the non-s channel 

part  of the cross section separately using the Standard Model 

programs ALIBABA [17] or TOPAZ0 [18] with the measured 

value of Mtop, and Mniggs = 150 GeV and add it to the s- 

channel cross section calculated as for other channels. This 

leads to two additional sources of error in the analysis: firstly, 

the theoretical calculation in ALIBABA itself is known to be 

accurate to ~ 0.5%, and secondly, there is uncertainty due to 

the error on Mtop and the unknown value of MHiggs (100 1000 

GeV). These additional errors are propagated into the analysis 

by including them in the systematic error on the e+e - final 

state. As these errors are common to the four LEP experiments, 

this is taken into account when performing the LEP average. 

Errors  due to u n c e r t a i n t y  in  L E P  energy  d e t e r m i n a -  

t ion [19 23] 

The systematic errors related to the LEP energy measure- 

ment can be classified as: 

M z  - 34.1 MeV 

Fz  = F z /  I + F z / M  z 

(8) 

�9 The absolute energy scale error; 

�9 Energy-point-to-energy-point errors due to the non- 

linear response of the magnets to the exciting cur- 

rents; 

�9 Energy-point-to-energy-point errors due to possible 

higher-order effects in the relationship between the 

dipole field and beam energy; 

�9 Energy reproducibility errors due to various un- 

known uncertainties in temperatures,  tidal effects, 

corrector settings, RF status, etc. 

(9) 

r z  - 0.9 M e V .  (10) 

Some authors [16] choose to define the Z mass and width via 

: ( ~ z  - i r z )  2 (11) 
2 

which yields -Mz ~ M z  - 26 MeV, Fz  ~ Fz  - 1.2 MeV. 

The L3 and OPAL Collaborations at LEP (ACCIARRI 

97K and ACKERSTAFF 97C) have analyzed their data using 

the S-matrix approach as defined in Eq. (8), in addition to 

the conventional one. They observe a downward shift in the 

Z mass as expected. 

Precise energy calibration was done outside normal data  

taking using the resonant depolarization technique. Run-time 

energies were determined every 10 minutes by measuring the 

relevant machine parameters and using a model which takes 

into account all the known effects, including leakage currents 

produced by trains in the Geneva area and the t idal effects 

due to gravitational forces of the Sun and the Moon. The LEP 

Energy Working Group has provided a covariance matr ix  from 

the determination of LEP energies for the different running 

periods during 1993 1995 [5]. 

Choice o f  f i t  p a r a m e t e r s  

The LEP Collaborations have chosen the following primary 

set of parameters for fitting: Mz,  Fz,  O'hadron0, R(lepton), 
0 ~(0,e) where R(lepton) = F(hadrons)/F(lepton),  ahadron "*FB ' 

+ 2 2 127rF(e e-)F(hadrons) /MzF z. With a knowledge of these fit- 

ted parameters and their covariance matrix, any other param- 

eter can be derived. The main advantage of these parameters  

is tha t  they form the leas t  c o r r e l a t e d  set of parameters, so 

tha t  it becomes easy to combine results from the different LEP 

experiments. 
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Thus, the most general fit carried out to cross section and All the above quantities are correlated to each other since: 

asymmetry data  determines the n ine  p a r a m e t e r s :  Mz, Fz,  �9 Several analyses (for example the lepton fits) deter- 
~(0,e) ~(0,~) ~(0,r) 

0 R(e), R ( # ) ,  R ( T ) ,  " * F B  ' ~*I~'B ' " * F B  " Assumption ~ nfine more than one parameter  simultaneously; 
of lepton universality leads to a f i v e - p a r a m e t e r  fi t  deter- 

mining Mz, Fz, o R(lepton), ~(0,t) The use of on ly  O ' h a d r o n '  " * F B  ' 

cross-section data  leads to six- or four-parameter fits if lepton 

universality is or is not assumed, i.e., A(~J ) values are not 

determined. 

�9 Some of the electroweak parameters depend explic- 

itly on the values of other parameters (for example 

Rb depends on Rc); 
�9 Common tagging and analysis techniques produce 

common systematic uncertainties. 
In order to determine the best values of the effective vector 

and axial vector couplings of the charged leptons to the Z, 

the above mentioned nine- and five-parameter fits are carried 

out with added constraints from tile measured values of A r 

and Ae obtained from T polarization studies at LEP and the 

determination of AL R at SLC. 

Combining results f rom the LE P  and SLC  experi- 
ments  [24] 

Each LEP experiment provides the values of the parameters 

mentioned above together with the full covariance matrix. The 

statistical and experimental systematic errors are assumed to 

be uncorrelated among the four experiments. The sources of 

c o m m o n  systematic errors are i) the LEP energy uncertainties, 

ii) the effect of theoretical uncertainty in calculating the small- 

angle Bhabha  cross section for luminosity determination and 

in estimating the non-s channel contribution to the large-angle 

Bhabha  cross section, and iii) common theory errors. Using 

this information, a full covaxiance matrix, V, of all the input 

parameters is constructed and a combined parameter set is 

obtained by minimizing X2 = ATv-1A ,  where A is the vector 

of residuals of the combined parameter  set to the results of 

individual experiments. 

Non-LEP measurement of a Z parameter,  (e.g., F(e+e - )  

from SLD) is included in the overall fit by calculating its value 

using the fit parameters and constraining it to the measurement. 

Study o f  Z ---* bb a n d  Z --* c~ 

In the sector of c- and b-physics the LEP experiments 

have measured the ratios of partial widths R b = F(Z 

bb)/F(Z ---* hadrons) and Rc = F(Z ---* c~)/F(Z ~ hadrons) 

and the forwaxd-backward (charge) asymmetries AbFbB and A~B. 

Several of tile analyses have also determined other quanti- 

ties, in particular the semileptonic branching ratios, B(b ~ ~), 

B(b -~ c ~ g+), and B(c ~ f), the average B ~  ~ mixing 

parameter  X and the probabilities for a c-quark to fragment 

into a D +, a Ds, a D *+ , or a charmed baryon. The latter 

measurements do not concern properties of the Z boson and 

hence they do not appear in the listing below. However, for 

completeness, we will report at the end of this minireview their 

values as obtained fitting the data  contained in the Z section. 

All these quantities are correlated with the electroweak paranl- 

eters, and since the mixture of b hadrons is different from the 

one at the T(4S),  their values nfight differ from those measured 

at the T(4S).  

The LEP Electroweak Heavy Flavour Working Group has 

developed [25] a procedure for combining the measurements tak- 

ing into account known sources of correlation. The combining 

procedure determines twelve parameters: the four parameters 

of interest in the electroweak sector, Rb, Rc, A~B, and A~B and, 

in addition, B(b ~ ~), B(b ~ c ~ /+) ,  B(c ~ s ~, f(D+), 
f(Ds), f(cbaryon) and P(c ~ D *+) x B(D *+ ~ ~r+D~ to take 

into account their correlations with the electroweak parameters. 

Before the fit both  the peak and off-peak asymmetries are 

translated to the common energy v G = 91.26 GeV using the 

predicted dependence from ZFITTER [6]. 

S u m m a r y  of  the measurements  and o] the various kinds 
of  analysis 

The measurements of Rb and Rc fall into two classes. 

In the first, named single-tag measurement,  a method for 

selecting b and c events is applied and the number  of tagged 

events is counted. The second technique, named double-tag 

measurement, is based on the following principle: if the number 

of events with a single hemisphere tagged is Nt and with bo th  

hemispheres tagged is Ntt, then given a total  number  of Naaa 

hadronic Z decays one has: 

Nt 
2Nha----~ =sbRb + ~cRc + Cuds(1 -- Rb -- Rc) (12) 

2 2 Ntt =CbC~Rb + CcscRc + Cudseuds(1 -- Rb -- Rc) (13) 
Nh~d 

where eb, sc, and r axe the tagging efficiencies per hemisphere 

for b, c, and light quark events, and Cq # 1 accounts for the fact 

tha t  the tagging efficiencies between the hemispheres may be 

correlated. In tagging the b one has eb >> r >> r Cb ~ 1. 
Neglecting the c and uds background and the hemisphere 

correlations, these equations give: 

Cb =2Ntt/Nt (14) 

Rb =N~ / ( nN.Nh~a) (15) 

The double-tagging method has thus the great advantage 

that  the tagging efficiency is directly derived from the data,  

reducing the systematic error of the measurement. The back- 

grounds, dominated by c~ events, obviously complicate this 

simple picture, and their level must still be inferred by other 

means. The rate of charm background in these analyses de- 

pends explicitly on the value of Rc. The correlations in the 

tagging efficiencies between the hemispheres (due for instance 

to correlations in momentum between the b hadrons in the 

two henfispheres) are small but  nevertheless lead to further 

systematic uncertainties. 
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The measurements in the b- and c-sector can be essentially 

grouped in the following categories: 

�9 Lifetime (and lepton) double-tagging measurements 

of R b. These are the most precise measurements 

of Rb and obviously donfinate the combined result. 

The main sources of systematics come from the 

charm contamination and from estimating the hemi- 

sphere b-tagging efficiency correlation. The charm 

rejection has been improved (and hence the system- 

atic errors reduced) by using either the information 

of the secondary vertex invariant mass or the in- 

formation from the energy of all particles at the 

secondary vertex and their rapidity; 

�9 Analyses with D/D *+ to measure R~. These mea- 

surements make use of several different tagging 

techniques (inclusive/exclusive double tag, exclu- 

sive double tag, reconstruction of all weakly decay- 

ing charmed states) and no assumptions are made 

on the energy dependence of charm h'agmentation; 

* Lepton fits which use hadronic events with one or 

more leptons in the final state to measure AbFbB 

and A~B. Each analysis usually gives several other 

electroweak parameters. The dominant  sources of 

systematics are due to lepton identification, to other 

semileptonic branching ratios and to the modeling 

of the semileptonic decay; 

�9 Measurements of Abb.B using lifetime tagged events 

with a hemisphere charge measurement. Their con- 

tribution to the combined result has roughly the 

same weight as the lepton fits; 

�9 Analyses with DID *• to measure A~L ~ or simulta- 

neously A~B and A~B; 
* Measurements of Ab and Ac fl-om SLD, using several 

tagging methods (lepton, kaon, D/D*, and vertex 

mass). These quantities are directly extracted from 

a measurement of the left-right forward-backward 

asymmetry in c~ and bb production using a polarized 

electron beam. 

Averaging procedure 
All the measurements are provided by the LEP Collabora- 

tions in the form of tables with a detailed breakdown of the 

systematic errors of each measurement and its dependence on 

other electroweak parameters. 

The averaging proceeds via the following steps: 

�9 Define and propagate a consistent set of external 

inputs such as branching ratios, hadron lifetimes, 

fragmentation models etc. All the measurements 

are also consistently checked to ensure tha t  all use 

a common set of assumptions (for instance since the 

QCD corrections for the forward backward asym- 

metries are strongly dependent on the experimental 

conditions, the data  are corrected before combin- 

ing); 
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�9 Form the full (statistical and systematic) covariance 

matrix of the measurements. The systematic cor- 

relations between different analyses are cMculated 

from the detailed error breakdown in the mea- 

surement tables. The correlations relating several 

measurements made by the same analysis are also 

used; 

�9 Take into account any explicit dependence of a 

measurement on the other electroweak parameters. 

As an example of this dependence we illustrate 

the case of the double-tag measurement of Rb, 

where c-quarks constitute the main background. 

The normalization of the charm contribution is not 

usually fixed by the data  and the measurement of 

Rb depends on the assumed value of Rc, which can 

be written as: 

Rb = R~ n~ + a(Rc)(Rc - R~ s~ R~ ' (16) 

where R~  eas is the result of the analysis which 

assumed a value of Rc = Rc used and a(Rc) is the 

constant which gives the dependence on Rc; 
�9 Perform a X 2 minimization with respect to the 

combined electroweak parameters. 

After the fit the average peak asymmetries A~B and AbFbB 
are corrected for the energy shift from 91.26 GeV to Mz and for 

QED (initial state radiation), 7 exchange, and 7 Z  interference 

effects to obtain the corresponding pole asymmetries A ~  and 
0,b 

AFB. 
This averaging procedure, using the twelve parameters  

described above and applied to the data  contained in the Z 

particle listing below, gives the following results: 

R ~ = 0.21644 =l= 0.00075 

Rc ~ = 0.1671 :t= 0.0048 

A~ b = 0.1003 ~=0.0022 

0,c AFB = 0.0701 =1=0.0045 

B(b ~ 2) = 0.1056 ~= 0.0026 

B(b ---* c ~ l+)  = 0.0807 =1:0.0034 

B(c --* 2) = 0.0990 =t: 0.0037 

= 0.1177 ~= 0.0055 

](D +) = 0.239 ~=0.016 

/(D,) = 0 . 1 1 6  =L 0.025 

f(Cbaryon ) = 0.084 =t= 0.023 

P ( c ~ D  *+) •  * + ~ r + D  ~  0.1657 4- 0.0057 
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Z MASS 

OUR FIT is obtained using the fit procedure and correlations as determined 
by the LEP Electroweak Working Group (see the "Note on the Z boson" ). 
The fit is performed using the Z mass and width, the Z hadronic pole 
cross section, the ratios of hadronic to leptonic partial widths, and the 
Z pole forward-backward lepton asymmetries. This set is believed to be 
most free of correlations. 

The Z-boson mass listed here corresponds to a Breit-Wigner resonance 
parameter. The value is 34 MeV greater than the real part of the position 
of the pole (in the energy-squared plane) in the Z-boson propagator. Also 
the LEP experiments have generally assumed a fixed value of the -~ - Z 
interferences term based on the standard model. Keeping this term as 
free parameter leads to a somewhat larger error on the fitted Z mass. See 
ACCIARRI 97K and ACKERSTAFF 97C for a detailed investigation of both 
these issues. 

VALUE IGeV) EVTS DOCUMENT ID TECN COMMENT 
91.18824-0.0022 OUR FIT 
91.18634-0.0028 4.08M 1 ABREU 00F DLPH E r  88-94 GeV 

91.18984-0.0031 3.96M 2 ACCIARRI 00c L3 E c ~ =  88-94 GeV 

91.1885• 4.57M 3 BARATE 00c ALEP Eceem= 88-94 GeV 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

91.193 4-0.010 1.2M 4ACCIARRI 97K L3 E~m= LEP1 + 
130-136 GeV + 
161-172 GeV 

91.185 --0.010 5 ACKERSTAFF 97c OPAL Ec~ :  LEP1 
+ 130-136 GeV 
+ 161 GeV 

91.162 4-0,011 1.2M 6 ACCIARRI 96B L3 Repl. by ACCIA- 
RRI 97K 

91.192 4-0.011 1.33M 7 ALEXANDER 96x OPAL RepL by ACKER- 
STAFF 97C 

ee_ 91.151 4-0.008 B MIYABAYASH195 TOPZ Ecru- 57.8 GeV 

91,187 • 4-0.006 1.16M 9 ABREU 94 DLPH Repl. by ABREU 00F 
91.195 • 4-0.007 1.19M 9 ACCIARRI 94 L3 Repl. by ACCIA- 

RRI 00c 
91.182 • • 1.33M 9 AKERS 94 OPAL Ecmee _ 88-94 GeV 

91.187 4-0.007 4-0,006 1 .27M 9BUSKULIC 94 ALEP Repl. by 
BARATE 00C 

91.74 4-0.28 4-0.93 156 10 ALITTI 92B UA2 E pp-  630 GeV cm- 

89.2 +2.1 11 ADACHI 90F" RVUE 
-1.8 

p~ 
90.9 • 4-0.2 188 12 ABE 89C CDF Ecru = 1.8 TeV 

ee_ 91.14 4-0.12 480 13 ABRAMS B9B MRK2 Ecru- 89-93 GeV 
p~ 

93.1 4-1.0 4-3.0 24 14 ALBAJAR 89 UAI  Ecru :  S46,630 GeV 

I The error includes 1.6 MeV due to LEP energy uncertainty. 
2The error includes 1.8 MeV due to LEP energy uncertainty. 
3BARATE 00c error includes approximately 2.4 MeV due to statistics, 0.2 MeV due to 

experimental systematics, and 1.7 MeV due to LEP energy uncertainty. 
4ACCIARRI 97K interpret the s-dependence of the CROSS sections and lepton forward- 

backward asymmetries in the framework of the S-matrix formalism with a combined fit 
to their cross section and asymmetry data at the Z peak (ACCIARRI 94) and their data 
at 130, 136, 161, and 172 GeV. The authors have corrected the measurement for the 
34.1 MeV shift with respect to the Breit-Wigner fits. The error contains a contribution 
of •  MeV due to the uncertainty on the "~Z interference. 

5ACKERSTAFF 97c obtain this using the S-matrix formalism for a combined fit to their 
cross-section and asymmetry data at the Z peak (AKERS 94) and their data at 130, 136, 
and 161 GeV. The authors have corrected the measurement for the 34 MeV shift with 
respect to the Breit-Wigner fits. 

6ACCIARRI 96B interpret the s-dependence of the cross sections and lepton forward- 
backward asymmetries in the framework of the S-matrix ansatz. The 130-136 GeV data 
constrains the -),Z interference terms. As expected, this result is below the mass values 
obtained with a standard Breit-Wigner parametrization. 

7ALEXANDER 96x obtain this using the S-matrix formalism for a combined fit to their 
cross-section and asymmetry data at the Zpeak (AKERS 94) and their data at 130 and 
136 GeV. The authors have corrected the measurement for the 34 MeV shift with respect 
to the Breit-Wigner fits. 

8 MIYABAYASHI 95 combine their low energy total tladronic cross-section measurement 
with the ACTON 930 data and perform a fit using an S-matrix formalism. As expected, 
this result is below the mass values obtained with the standard Breit-Wigner parametriza- 
tion. 

9The second error of 6.3 MeV is due to a common LEP energy uncertainty. 
10Enters fit through W / Z  mass ratio given in the W Particle Listings. The ALITTI  92o 

systematic error (4- 0.93) has two contributions: one (4-0.92) cancels in m w / m z  and 
one (•  is noncancelling. These were added in quadrature. 

11ADACHI 90F Use a Breit-Wigner resonance shape fit and combine their results with 
published data of PEP and PETRA. 

12 First error of ABE 89 is combination of statistical and systematic contributions; second 
is mass scale uncertainty. 

13 ABRAMS 89B uncertainty includes 35 MeV due to the absolute energy measurement. 
14ALBAJAR 89 result is from a total sample of 33 Z ~ e + e  - events. 
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Z W I D T H  

OUR FIT is obtained using the fit procedure and correlations as determined 
by the LEP Electroweak Working Group (see the "Note on the Z bosun"). 

VALUE (GeV) EVTS DOCUMENT ID TECN COMMENT 
2.4952:1:0.0026 OUR FIT 
2.4876440.0041 4.08M 15 ABREU 00F DLPH Ecee= 88-94 GeV 

2.5024440.0042 3.96M 16 ACCIARRI 00c L3 Eceem= 88-94 GeV 

2.495t440.0043 4.57M 17 BARATE O0c ALEP E~em = 88-94 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

2.494 440.010 1.2M 18 ACCIARRI 97K L3 Eceem= LEPI + 130-136 
GeV + 161-172 GeV 

2.50 440.21 440.06 19 ABREU 96R DLPH Eee= 91.2 GeV 

2.492 4-0.010 1.2M 20 ACCIARRI 96B L3 Repl. by ACClARRI 97K 
2.483 +0.011 +0.00451.16M 21 ABREU 94 DLPH Repl. by ABREU 00F 
2.494 440.009 440.00451.19M 21 ACCIARRI 94 L3 Repl. by ACCIARRI D0C 
2.483 +0.011 440.00451.33M 21 AKERS 94 OPAL Eceem= 88-94 GeV 
2.501 440.011 +0.00451.2YM 21 BUSKULIC 94 ALEP Repl. by BARATE 00c 

3.8 440.8 4-1.0 188 ABE 89r CDF EPPm = 1.8 ToM 

2.42 +0.45 480 22 ABRAMS 89B MRK2 Ece~n = 89-93 GeV -0.35 

2.7 +1.2 --1.3 24 23 ALBAJAR 89 UA1 EcPmP= 546,630 GeV -1.0 

2,7 442.0 Jcl.0 25 24 ANSARI 87 UA2 EcPmP= 546,630 GeV 

15The error includes 1.2 MeV due to LEP energy uncertainty. | 
16The error includes 1.3 MeV due to LEP energy uncertainty. I 17 BARATE 00C error includes approximately 3.8 MeV due to statistics, 0.9 MeV due to 

experimental systematics, and 1.3 MeV due to LEP energy uncertainty. 
18ACCIARRI 97K interpret the s-dependence of the cross sections and lepton forward- 

backward asymmetries in the framework of the S-matrix formalism with a combined fit 
to their cross section and asymmetry data at the Z peak (ACCIARRI 94) and their data 
at 130, 136, 161, and 172 GeV, The authors have corrected the measurement for the 0.9 
MeV shift with respect to the Breit-Wigner fits. 

19ABREU 96R obtain this value from a study of the interference between initial and final 
state radiation in the process e + e -  ~ Z ~ #+ # - .  

20ACCIARRI 96B interpret the s-dependence of the cross sections and lepton forward- 
backward asymmetries in the framework of the S-matrix ansatz. The 130-136 GeV data 
constrains the ~Z interference terms. The fitted width is expected to be 0.9 MeV less 
than that obtained using the standard Breit-Wigner parametrization (see 'Note on the 
Z Bosun'). 

21The second error of 4.5 MeV is due to a common LEP energy uncertainty. 
22 ABRAMS 89B uncertainty includes 50 MeV due to the miniSAM background subtraction 

error. 
23ALBAJAR 89 result is from a total sample of 33 Z ~ e + e -  events. 
24Quoted values of ANSARI 87 are from direct fit. Ratio of Z and W production gives 

either F(Z) < (1.09 • 0.07) x F(W), EL : 90% or F(Z) = (0.82_+0:]49 4-0.06) x r(  W)m 
Assuming Standard-Model value r ( w }  = 2.65 GeV then gives F(Z) < 2.89 • 0.19 or 

, 7 + 0 . 5 0  ::E 0.16. 
. . . . .  - 0 . 3 7  

Z DECAY MODES 

Scale factor/ 
Mode Fraction (Fi/F) Confidence level 

F 1 e + e-  

r 2 # +  # -  
r 3 ~-+ T-- 
r 4 2 + t -  
I- 5 invisible 

r 6 hadrons 

F7 (u~+ c~)/2 
r 8 ( d d + s ~ + b b ) / 3  

r 9 C~ 
rl0 bb 
r n bbbb 
r12 g E E  
F13 7r07 

FI4 7/7 
rl5 ~7 
F16 ~/(958)7 

F17 77 
I"18 777 
F19 7r • W ~: 
F2o ,o44 W =F 

r21 J / @ ( l S ) X  

F22 %b(2S) X 

F23 Xcl(1P)X 

3.367 • )% 

3.367 440.008 )% 
3.371 440.009 ) % 

[a] 3.3688440.0026) % 
20.02 440,06 ) % 
69.89 440.07 ) % 
10.1 • ) % 
16.6 440.6 ) % 

11.68 440.34 ) % 
15.13 440.05 ) % 

( 4.2 441,6 
< 1,1 

5.2 
5.1 
6.5 
4.2 
5.2 
1.0 

[b] 7 
[b] 8.3 

3.51 +0.23 
-0.25 

1.60 440.29 

2.9 --0.7 

) x 10 -4 

% CL=95% 
x 10 - 5  CL=95% 
• 10 - 5  CL=95% 
• 10 - 4  CL=95% 
• 10 -5  CL=95% 
• 10 - 5  CL=95% 
• 10 - 5  CL=95% 
x 10 - 5  CL=95% 
x 10 - 5  CL-95% 

) x 10 -3 S=1.1 

) x 10 - 3  

) x 10 - 3  
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r24 x c 2 ( 1 P ) X  < 3.2 x 10 - 3  CL-90% 
F25 ? ' (15)  X + T ( 2 5 )  X ( 1.0 440.5 ) x 10 - 4  

+ T(3S) X 
F26 T ( I S ) X  < 4.4 x 10 - 5  CL=95% 

r27 T ( 2 S ) X  < 1.39 x 10 - 4  CL-95% 
F28 T ( 3 S ) X  < 9.4 x 10 - 5  CL-95% 
[-29 ( D O / D  0)  X (20.7 4-2.0 ) % 

['30 D : : X  (12.2 441.7 ) % 
F31 D*(2010)44X [b] (11.4 • ) %  

F32 B X  
F33 B * X  
F34 B ~ X seen 

r35 B + X  searched for 

F36 anomalous 7 +  hadrons [c] < 3.2 x 10 - 3  CL-95% 
r37 e + e - 7  [c] < 5.2 x 10 - 4  CL-95% 
F38 # + # - 7  [c] < 5.6 x 10 - 4  CL=95% 
F39 T + T - -7  [C] < 7.3 • 10 - 4  CL=95% 

F40 ~ + ~ - ' r ' Y  [d] < 6.8 x 10 - 6  CL-95% 
F41 qq3"7 [d] < 5.5 x 10 - 6  s 
F42 ~ 7 " Y  [d] < 3.1 x 10 - 6  CL=95% 
F43 e •  = LF [b] < 1.7 x 10 - 6  CL-95% 
['44 e44T :F LF [b] < 9.8 x 10 -6 CL=95% 

F45 # - - T  T LF {b] < 1.2 x 10 - 5  CL=95% 

1-46 p e  L,B < 1.8 • 10 - 6  CL=95% 
F47 pl~ L,B < 1.8 x 10 -6 CL=95% 

[ a ] t  indicates each type of lepton (e, #, and r ) ,  not  sum over them. 

[b] The value is for the sum of the charge states or part ic le/ant ipart ic le 
states indicated. 

[c] See the Particle Listings below for the "7 energy range used in this mea- 
surement. 

[d] For m.r~ = (60 • 5) GeV. 

Z P A R T I A L  W I D T H S  

r(e*e-) rl 
For the LEP experiments, this parameter is not directly used in the overall fit but is 
derived using the fit results; see the 'Note on the Z Boson.' 

VALUE (MeV I E V T S  DOCUMENT IO TECN COMMENT 
114.0154-0.139 OUR FIT 
83.54 i0.27 117.8k ABREU 0OF OLPH Ece~= 88-94 GeV I 

84.16 • 124.4k ACCIARRI 00c L3 Ece~= 88-94 GeV I 

83.88 440.19 BARATE 00c ALEP Ece~= 88-94 GeV I 
82.89 441.20 440.89 25ABE 95J SLD Eceem= 91.31 GeV 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

83.63 440.53 42k AKERS 94 OPAL Eceem= 88-94 GeV 

25 ABE 95J obtain this measurement from Bhabha events in a restricted fiducial region to 
improve systematics. They use the values 91.187 and 2.489 GeV for the Z mass and 
total decay width to extract this partial width. 

r(~+~-) r2 
This parameter is not directly used in the overall fit but is derived using the fit results; 
see the 'Note on the Z Bosom' 

VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT 
8,1.003-1-0.210 OUR FIT 

ee_  84.48 440.40 157.6k ABREU 00F DLPH Ecm-- 88-94 GeM I 
e e _  83.95 440.44 113.4k ACCIARRI 00s L3 Ecm-- 88-94 GeV I 
ee_  84.02 440.28 BARATE 00c ALEP Ecm-- 88-94 GeV i 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 
ee 83.83 440.65 57k AKERS 94 OPAL Ecm-  88-94 GeV 

rO-+~ -) r~ 
This parameter is not directly used in the overall fit but is derived using the fit results; 
see the 'Note on the Z Boson.' 

VALUE (MeV t s DOCUMENT ID TECN COMMENT 
84.113-1-0.245 OUR FIT 

ee 88-94 GeV I 83.71 440.58 104.0k ABREU 00F DLPH Ecm-- 
ee 88-94 GeV I 84.23 440.58 103.0k ACCIARRI 00c L3 Ecm-- 

84.38 • BARATE 00c ALEP E~m= 88-94 GeV 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 * �9 

82.90 440.77 47k AKERS 94 OPAL Ecmee _- 88-94 GeV 
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r ( t+t - )  r4 
In our f i t  F( l  + t - )  is defined as the partial Z width for the decay into a pair of  massless 
charged leptons. This parameter is not directly used in the 5-parameter f i t  assuming 
lepton universality but is derived using the fit results. See the 'Note on the Z Bosun.' 

VALUE (MeV) EVTS DOCUMENT ID TEEN COMMENT 

84.057-1-0.099 OUR FIT 
83.85 4,0.17 379.4k ABREU 00F DLPH Eceem= 88-94 GeV 

e e _  84.14 4,0.17 340.8k ACCIARRI 00c L3 Ecru-- 88-94 GeV 
e e _  84.02 4,0. I5 500k BARATE 00c ALEP Ecm--  88-94 GeV 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

83.55 4-0.44 146k AKERS 94 OPAL E~m= 88-94 GeV 

r(i.viab~) r5 
We use only direct measurements of the invisible partial width using the single pho- 
ton channel to obtain the average value quoted below. OUR FIT value is obtained 
as a difference between the total and tEe observed partial widths assuming lepton 
universality. 

DOCUMENT ID TECN COMMENT VALUE (MeV) EVTS 

499.4:1:1.7 OUR FIT 
503 4"16 OUR AVERAGE Error includes scale factor of  1.2. 
498 4,12 ~:12 1791 ACCIARRI 98G L3 

539 4-26 •  410 AKERS 95C OPAL 

450 4-34 4-34 258 BUSKULIC 93L ALEP 

540 • 4-40 52 ADEVA 92 L3 

ee E c m -  88-94 GeV I 

E c ~ =  88-94 GeV 

Ece~= 8B-94 GeV 

Ecee m =  88-94 GeV 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 * 

ee 498.1 4- 3.2 26 ABREU 00F DLPH E c r u -  88-94 GeV I 
ee 499.1•  2.9 26 ACCIARRI 00C L3 Ecru_  88-94 GeV ] 

499.14, 2.5 26 BARATE 00C ALEP Eceem= 88-94 GeV I 

490.3•  7.3 26 AKERS 94 OPAL E~em = 88-94 GeV 

524 4-40 4-20 172 27 ADRIANI  92E L3 Repl. by ACClARRI 98G 

26This is an indirect determination of F(invisible) from a fit to the visible Z decay modes. 
27ADRIANI  92E improves but does not supersede ADEVA 92, obtained with 1990 data 

only. 

I-(hadrons) re 
This parameter is not directly used in the 5-parameter f i t  assuming lepton universality, 
but is derived using the fit results. See the 'Note on the Z Bosom' 

VALUE (MeV} EVTS DOCUMENT ID TECN COMMENT 

1743.8-t- 2,2 OUR FIT 
1738.14, 4.0 3.70M ABREU 00F DLPH E~em= 88-94 GeV I 

1751.14, 3.8 3.84M ACCIARRI 00c L3 E c ~ =  88-94 GeV I 
e e _  1744.04, 3.4 4.07M BARATE O0C ALEP Ecm--  88-94 GeV I 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 
6 e _  1741 4.10 1.19M 28 AKERS 94 OPAL E c m -  88-94 GeV 

2BAKERS 94 assumes lepton universality. Without this assumption, it becomes 1742 • 11 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

20.54 4,0.14 45.6k ABREU 94 DLPH Repl. by ABREU O0F 
21.02 4-0.10 34k ACCIARRI 94 L3 Repl. by ACCIA-  

RRI 00C 
20.78 •  57k AKERS 94 OPAL Ece~= 88-94 GeV 

20.83 •  46.4k BUSKULIC 94 ALEP Repl. by 
BARATE 00c 

ee 18.9 +7.1  13 32 ABRAMS 89D MRK2 E c m -  89-93 GeV - 8 . 3  

31BARATE 00C error includes approximately 0.053 due to statistics and 0.021 due to I 
experimental systernatics. I 

32ABRAMS 89D have included both statistical and systematic uncertainties in their quoted 
errors. 

r(hadrons)/r(r+r - )  r6/r3 
OUR FIT is obtained using the fit procedure and correlations as determined by the 
LEP Electroweak Working Group (see the "Note on the Z boson"). 

VALUE EVT5 DOCUMENT ID TEEN COMMENT 

20.7424-0.051 OUR FIT 
e e _  20.84 •  104.0k ABREU OOF DLPH E c r u -  88-94 GeV I 
ee -- 88-94 GeV I 

i 

20.7924,0.133 103.0k ACCIARRI 00C L3 E c r u -  

20.7074,0.062 33 BARATE 00c ALEP Eceem= 88-94 GeV I 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

20.68 4,0.18 25k ABREU 94 DLPH Repl. by ABREU 00F 
20.80 •  25k ACCIARRI 94 L3 Repl. by ACCIA- 

RRI 00C 
21.0i  •  47k AKERS 94 OPAL Ecm--ee 88-94 GeV 

20.70 4,0.16 45.1k BUSKULIC 94 ALEP Repl. by 
BARATE O0c 

15.2 +4 .8  21 34 ABRAMS 89D MRK2 Eceem= 89-93 GeV - 3 . 9  

33BARATE 00c error includes approximately 0.054 due to statistics and 0.033 due to 
experimental systematics. I 

34ABRAMS 89D have included both statistical and systematic uncertainties in their quoted 
errors. 

r(hadrons)/r(t+l -)  Fe/F4 
t indicates each type of lepton (e, /J, and T), not sum over them. 

Our fit result is obtained requiring lepton universality. 
VALUE EVT5 DOCUMENT ID TECN COMMENT 

20,144 ~- 0,029 OUR FIT 
e e _  20.730•  379.4k ABREU 0OF DLPH Ecru-- 88-94 GeV I 
e e _  20.810~_0.060 340.8k ACCIARRI OOC L3 Ecm--  88-94 GeV 

20.725•  500k 35 BARATE 00c ALEP Eceem= 88-94 GeV I 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

20.62 4,0.10 102k ABREU 94 DLPH Repl. by ABREU 0OF 
20.93 4.0.10 97k ACCIARRI 94 L3 Repl. by ACCIARRI 00C 

e e _  28,835• 146k AKERS 94 OPAL E c r u -  88-94 GeV 

20.69 •  137.3k BUSKULIC 94 ALEP Repl. by BARATE 00c 

18.9 +3 .6  46 ABRAMS 898 MRK2 E ~ =  89-93 GeV - 3 . 2  MeV. 

Z BRANCHING RATIOS 
OUR FIT is obtained using the fit procedure and correlations as determined 
by the LEP Electroweak Working Group (see the "Note on the Z boson"). 

r(hadrons)/r(e + e-) 
VALUE EVTS DOCUMENT /D TEEN COMMENT 

20.766~ 0.056 OUR FIT 

re/r~ 

35BARATE O0C error includes approximately 0.033 due to statistics, 0.020 due to I 
experimental systematics, and 0.005 due to the theoretical uncertainty in t-channel pre- | 
diction. 

r(hadrons)/rt~l re/r 
This parameter is not directly used in the overall fit but is derived using the fit results; 
see the 'Note on the Z Bosom' 

VALUE I%1 EVT5 DOCUMENT ID TEEN COMMENT 

69.~, - I -0 .065 OUR FIT 
I o e _  20.88 • 0.12 117.8k ABREU 0OF DLPH E c r u -  88-94 GeV I 
I e e _  20.8164. 0.089 124.4k ACCIARRI 00C L3 E c r u -  88-94 GeV I 

29 I ee 20.6774, 0.075 BARATE 00c ALEP E c m -  88-94 GeV I 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

20.74 4, 0.18 31.4k ABREU 94 DLPH Repl. by ABREU 00F 
20.96 ~- 0.15 38k ACCIARRI 94 L3 Repl. by ACCIA- 

RRI 00C 
ee 20.83 • 0.16 42k AKERS 94 OPAL E c m -  88-94 GeV 

20.59 4, 0.15 45.8k BUSKULIC 94 ALEP Repl. by 
BARATE 00c 

+11.7  e6 27.0 12 3 0 A B R A M S  89D MRK2 Ecru_ 89 93 GeV - 8.8 

29BARATE 00C error includes approximately 0.062 due to statistics, 0.033 due to i 
experimental systematics, and 0.026 due to the theoretical uncertainty in t-channel pre- I 
diction. 

30 ABRAMS 89D have included both statistical and systematic uncertainties in their quoted 
errors. 

r(hadrons)/r(~+# -)  re/r~ 
OUR FIT is obtained using the fit procedure and correlations as determined by the 
LEP Electroweak Working Group (see the "Note on the Z boson"). 

VALUE EVTS DOCUMENT ID TECN COMMENT 

20.169-~-0.041 OUR FIT 
88-94 GeV | 20.65 4-0.08 157.6k ABREU 00F DLPH Ecrn_ee 

i ee 20.861• 113.4k ACCIARRI O0C L3 Ecm_ 88-94 GeV I 
31 20.799•  BARATE OOC ALEP Ecee= 88-94 GeV I 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

69 .83 :50 .23  1.14M BUSKULIC 94 ALEP Eceem= 88-94 GeV 

r(e+e-)/rt~,l rl/r 
This parameter is not directly used in the overall f i t  but is derived using the fit results; 
see the 'Note on the Z Boson.' 

VALUE (~/o) EVTE DOCUMENT ID TEEN COMMENT 

3.3671• 0,0047 OUR FIT 
�9 �9 �9 We do not use the following data for averages, fits, limits, e t c . � 9  �9 �9 

3.383 +0.013 45.8k BUSKULIC 94 ALEP Ecee= 88 94 GeV 

r (~+~- ) / r t~ ,  r2/r 
This parameter is not directly used in the overall fit but is derived using the fit results; 
see the 'Note on the Z Bosom' 

VALUE (%) EVTS DOCUMENT ID TEEN COMMENT 

3.3666:1:0.0079 OUR FIT 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

3.344 - 0 . 0 2 6  46.4k BUSKULIC 94 ALEP Eceem= 88-94 GeV 

I-(r+ r-)/Ft~,i r3/r 
This parameter is not directly used in the overall f i t  but is derived using the fit results; 
see the 'Note on the Z Bosom' 

VAL UE (%) EVTS DOCUMENT ID TECN COMMENT 

3.3710:t: 0.0094 OUR FIT 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

ee _ 88-94 GeV 3.366 •  45.1k BUSKULIC 94 ALEP Ecm--  
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r ( t+t - ) I r t~, ,  r41r 
t indicates each type of lepton (e, /~, and T), not sum over them. 

Our f i t  result assumes lepton universality. 

This parameter is not directly used in the overall f i t  but is derived using the fit results; 
see the 'Note on the Z Boson.' 

VALUE (%) EVTS DOCUMENT ID TECN COMMENT 
3.36884-0.0026 OUR FIT 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

3.375 4-0.009 137.3k BUSKULIC 94 ALEP Ecee= 88-94 GeV 

F(invisible)/rtotal rs/r 
See the data, the note, and the fit result for the partial width, FS, above. 

VALUE (%) DOCUMENT ID 
20.016+0.063 OUR FIT 

r(~+~-)/r(e+e-) r2/rz 
This parameter is not directly used in the overall f i t  but is derived using the fit results; 
see the 'Note on the Z Bosom' 

VALUE DOCUMENT tO 
0.99994-0.0032 OUR FIT 

r(r+r-)/r(e+e-) r~/rl 

Rc = r(c~)/r(hadrons) rglr6 
OUR FIT is obtained by a simultaneous fit to several e- and b-quark measurements 
as explained in the "Note on the Z boson." As a cross check we have also performed 
a weighted average of the R c measurements taking into account the various com- 
mon systematic errors. Assuming that the smallest common systematic error is fully 
correlated, we obtain R c = 0.1683 4- 0.0049. 

Because of the high current interest, we mention the following preliminary results 
here, but do not average them or include them in the Listings or Tables. Combining 
published and unpublished preliminary LEP and SLD electroweak results (as of March 
2000) yields R c = 0.1674 4- 0.0038. The Standard Model predicts R c = 0.1723 for 
rn t = 174.3 GeV and M H = 150 GeV. 

VALUE DOCUMENT ID TECN COMMENT 
0,1671• OUR FIT 

e e -  0.1665 ,1 0.0051• 44 ABREU 00 DLPH E c r u -  88-94 GeV 
ee 0.16984-0.0069 45 BARATE 00B ALEP Ecru-- 88-94 GeV 
ee_ 0.180 4-0.011 4-0.013 46 ACKERSTAFF 98E OPAL Ecru- 88-94 GeV 
ee_ 0.167 J_0.011 • 47ALEXANDER 96R OPAL Ecru- 88-94 GeV 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.16754-0.0062J-0.0103 48 BARATE 98T ALEP Repl. by BARATE 00B 
0.16894-0.00954-0.0068 49 BARATE 98T ALEP Repl. by BARATE 00B 

ee_ 0.16234-0.00854-0.0209 50 ABREU 95D DLPH Ecru_ 88-94 GeV 

This parameter is not directly used in the overall f i t  but is derived using the fit results; 
see the 'Note on the Z Bosom' 

VALUE DOCUMENT/0 
1,0012+0.0036 OUR FIT 

F(( u-~+ce)/2)/r(hadrons) FT/r6 
This quantity is the branching ratio of Z ~ "up-type" quarks to Z ~ hadrons. Except 
ACKERSTAFF 97T the values of Z ~ "up-type" and Z ~ "down-type" branchings 
are extracted from measurements of F(hadrons), and F(Z ~ 7 §  jets) where .'f is a 
high-energy (>5  GeV) isolated photon. As the experiments use different procedures 
and slightly different values of M Z, t-(hadrons) and a s in their extraction procedures, 
our average has to be taken with caution. 

VALUE OOCUMENTID TECN COMMENT 
0.145:50.015 OUR AVERAGE 
0.1604-0.0194-0.019 36 ACKERSTAFF 97T OPAL E ~ =  88-94 GeV 

01~?+0.038 37 ABREU 95x DLPH E c ~ =  88-94 GeV 
. . . .  - 0.054 

e e _  0.139~0.026 38 ACTON 93F OPAL E c r u -  88-94 GeV 

ee _ 91.2 GeV 0.1374-0.033 39 ADRIANI  93 L3 E c m -  

36ACKERSTAFF 97T measure F u ~ / ( F d ~ + l - u - ~ + F s ~  ) = 0.258 4- 0.031 • 0.032. To 
obtain this branching ratio authors use R c + R  b = 0.380 4- 0.010. This measurement is 
fully negatively correlated with the measurement of F d ~ , s ~ / ( F d ~  + r u ~  + Fs~ ) given 

in the next data block. 
37ABREU 95x use M z = 91.187 4- 0.009 GeV, F(hadrons) = 1725 • 12 MeV and ~s = 

0.123 4- 0.005. To obtain this branching ratio we divide their value of C2/3 = n Q1 + 0.25 . . . .  - 0 . 3 6  
by their value of (3C1/3 + 2C2/3)  = 6.66 -- 0.05. 

38ACTON 93F use the LEP 92 value of F(hadruns) = 1740 4- 12 MeV and a s 
0 1 ~ + 0 . 0 0 6  

. . . .  -0 .005"  
39AORIANI 93 use M Z = 91.181 • 0.022 GeV, F(hadrons) = 1742 4- 19 MeV and c~ s = 

0.125 4- 0.009. To obtain this branching ratio we divide their value of C2/3 = 0.92 4- 0.22 

by their value of (3C1/3 + 2C2/3)  = 6.720 4- 0.076. 

r(( d'a + s-~ + b-6)/3) /r(hadrons) rg/r6 
This quantity is the branching ratio of Z ~ "down-type" quarks to Z ~ hadrons. 
Except ACKERSTAFF 97T the values of Z ~ "up-type" and Z ~ "down-type" 
branchings are extracted from measurements of F(hadrons), and r ( z  ~ 7 +  jets) 
where ~/ is a high-energy ( > 5  GeV) isolated photon. As the experiments use different 
procedures and slightly different values of M Z, F(hadrons) and ~s in their extraction 
procedures, our average has to be taken with caution. 

VALUE DOCUMENT ID TECN COMMENT 
0.2374-0.009 OUR AVERAGE 
0.230• 40 ACKERSTAFF 97T OPAL Eeern = 88-94 GeV 

0 24 ~+0"036 41 ABREU 95x DLPH Eceem= 88-94 GeV 
' ~-0 .026  

0.241 •  42 ACTON 93F OPAL Ecee= 88-94 GeV 

0.2434-0.022 43 ADRIANI  93 L3 Eceem= 91.2 GeV 

40ACKERSTAFF 97T measure F d ~ , s J ( F d ~ + F u ~ + F s ~  ) = 0.371 • 0.016 4- 0.016. To 

obtain this branching ratio authors use R c + R  b = 0.380 • 0.010. This measurement is 
fully negatively correlated with the measurement of F u ~ / ( F d ~  + Fu~ + Fs~ ) presented 
in the previous data block. 

41ABREU 95x use M Z = 91.187 4- 0.009 GeV, F(hadrons) = 1725 4- 12 MeV and c~ s = 

we divide their value of C, , 1 ~'>+ 0,24 0.123 4- 0,005. To obtain this branching ratio ~/3 . . . . .  - 0.17 

by their value of (3C1/3 + 262 /3 )  = 6.66 4- 0.05. 

42ACTON 93F USe the LEP 92 value of r(hadrons) = 1740 4- 12 MeV and c~ s = 
0 1 ~ + 0 . 0 0 6  

. . . .  -0 .005"  
43ADRIANI  93 use M z : 91.181 4- 0.022 GeV, F(hadrons) = 1742 • 19 MeV and ~s = 

0.125 • 0.009. To obtain this branching ratio we divide their value of C1/3 = 1.63 4- 0.15 

by their value of (3C1/3 + 2C2/3)  = 6.720 4- 0.076. 

0.142 --0.008 4-0.014 51 AKERS 950 OPAL Repl. by ACKERSTAFF 98E 
0.165 4-0.005 4-0.020 52 BUSKULIC 94G ALEP Repl. by BARATE 00B 

44ABREU 00 obtain this result properly combining the measurement from the D * +  pro- 
ductlon rate ( R c =  0.1610 4- 0.0104 4- 0.0077 4- 0.0043 (BR))  with that from the overall 

I charm counting ( R c =  0.1692 4- 0.0047 • 0.0063 4- 0.0074 (BR))  in cE events. The sys- 
tematic error includes an uncertainty of  4-0.0054 due to the uncertainty on the charmed 
hadron branching fractions. 

45BARATE 00B use exclusive decay modes to independently determine the quantities 

R c x f ( c  ~ X), X = D  0, D + ,  D +  s , and A c. Estimating R c •  ~ - - c / f l c ) =  0.0034, I 
they simply sum over all the charm decays to obtain Re=  0.1738 4- 0.0047 4- 0.0088 4- 

I 0.0075(BR). This is combined with all previous ALEPH measurements (BARATE 98T 
and BUSKULIC 94G, Re= 0.1681 • 0.0054 4- 0.0062) to obtain the quoted value. 

46ACKERSTAFF 98E use an inclusive/exclusive double tag. In one jet D*4-  mesons are 
exclusively reconstruced in several decay channels and in the opposite jet a slow pion 
(opposite charge inclusive D * •  tag is used. The b content o f  this sample is measured 
by the simultaneous detection of a lepton in one jet and an inclusively reconstructed 
D * •  meson in the opposite jet. The systematic error includes an uncertainty of  +0 .006 
due to the external branching ratios. 

47ALEXANDER 96R obtain this value via direct charm counting, summing the partial 

contributions from D 0, D + ,  Ds+, and Ac+, and assuming that strange-charmed baryons 

account for the 15% of the Ac+ production. An uncertainty of 4-0.005 due to the 
uncertainties in the charm hadron branching ratios is included in the overall systematics. 

4 8 8 A R A T E  98T perform a simultaneous fit to the p and PT  spectra of  electrons from 
hadronic Z decays. The semileptonic branching ratio B(c ~ e) is taken as 0.098 4- 0.005 
and the systematic error includes an uncertainty of  4-0.0084 due to this. 

49 BARATE 98T obtain this result combining two double-tagging techniques. Searching for 
a Dmeson in each hemisphere by full reconstruction in an exclusive decay mode gives 
R c =  0.173 4- 0.014 4- 0.0009. The same tag in combination with inclusive identification 

using the slow pion from the D * +  ~ 0 0 ~  + decay in the opposite hemisphere yields 
R c =  0.166 • 0.012 4- 0.009. The R b dependence is given by R e =  0.1689-0 .023x(R b -  
0.2159). The three measurements o f  BARATE 98T are combined with BUSKULIC 94G 
to give the average R c -  0.1681 =t= 0.0054 4- 0.0062. 

50ABREU 95o perform a maximum likelihood fit to the combined p and PT  distributions 
of single and dilepton samples. The second error includes an uncertainty of +0.0124 
due to models and branching ratios. 

51AKERS 950 use the presence of a D*4-  to tag Z ~ e~ with D x ~ D O 7r and D O 
Klr .  They measure Pc , r ( c c ) / r ( h a d r o n s )  to be (1.006 4- 0.055 4- 0.061) • 10 - 3 ,  where 

Pc is the product branching ratio B(c ~ D * ) B ( D *  ~ D O ~T)B(D 0 ~ K ~ ) .  Assuming 

that Pc remains unchanged with energy, they use its value (7.1 4- 0.5) • 10 - 3  determined 
at CESR/PETRA to obtain r (c~} / r (hadrons) .  The second error of  AKERS 950 includes 
an uncertainty of 4-0.011 from the uncertainty on Pc" 

52BUSKULIC 94G perform a simultaneous fit to the p and P T  spectra of both single and 
dilepton events. 

R. = F(b~/F(hadron5) rl0/r6 
OUR FIT is obtained by a simultaneous f i t  to several c- and b-quark measurements 
as explained in the "Note on the Z bosun." As a cross check we have also performed 
a weighted average of the R b measurements taking into account the various common 
systematic errors. We have assumed that the smallest common systematic error is 
fully correlated. For R c - 0d671 (as given by OUR FIT above), we obtain R b = 
0.21653 4- 0.00070. For an expected Standard Model value of R c - 0.1723, our 
weighted average gives R b - 0.21631 4- 0.00070. 

Because of the high current interest, we mention the following preliminary results 
here, but do not average them or include them in the Listings or Tables. Combining 
published and unpublished pre0minary LEP and SLD electroweak results (as of March 
2000) yields R b = 0.21642 4- 0.00073. The Standard Model predicts R b = 0.21581 
for m t = 174.3 GeV and M H = 150 GeV. 

VALUE EVT5 DOCUMENT ID TECN COMMENT 
0.21644"4-0.00075 OUR FIT 

! 53 e e _  0.2174 4-0.0015 4--0.0028 ACCIARRI 00 L3 Ecru-- B9-93 GeV I 
I 54 e e _  0.2178 •  4-0.0013 ABBIENDI  998 OPAL E c r u -  88-94 GeV I 
I 55 e e _  0.216344-0.00067+0.00060 ABREU 99B DLPH E c r u -  88-94 GeV I 

e e _  0.2142 •  4-0.0015 58 ABE 980 SLD E c m -  91.2 GeV 
e e _  0.2159 4-0.0009 4-0.0011 57 BARATE 97F ALEP E c m -  88-94 GeV 
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�9 �9 �9 We do riot use the following data for averages, fits, limits, etc. �9 �9 �9 

0,2175 • • 58 ACKERSTAFF 971< OPAL Repl. by ABBIENDI 998 
0�9 • • 59 BARATE 97E ALEP Ecmee _- 88-94 GeV 
0.229 • 60 ABE 96E SLD Repl. by ABE 98D 
0.2216 • • 61 ABREU 96 DLPH Repl. by ABREU 998 

ee_ 0.2145 • • 62 ABREU 95D DLPH E c m -  88-94 GeV 
0.219 • • 63 BUSKULtC 94G ALEP E ~ ] =  88-94 GeV 

0�9 • • 32 64 JACOBSEN 91 MRK2 Ece'm= 91 GeV 

53 ACCIARRI 00 obtain this result using a double-tagging technique, with a high p T lepton 
tag and an impact parameter tag in opposite hemispheres. 

54 ABBIENDI 998 tag Z ~ b b  decays using leptons and/or separated decay vertices�9 The 
b-tagging efficiency is measured directly from the data using a double-tagging technique�9 

55 ABREU 99B obtain this result combining in a multivariate analysis several tagging meth- 
ods (impact parameter and secondary vertex reconstruction, complemented by event 
shape variables). For R c different from its Standard Model value of 0�9 R b varies as 
- 0.024x(Rc-&172 ) . 

56ABE 98D use a double tag based on 3D impact parameter with reconstruction of sec- 
ondary vertices�9 The charm background is reduced by requiring the invariant mass at 
the secondary vertex to be above 2 GeV. The systematic error includes an uncertainty of 
• due to the uncertainty on R c. 

57BARATE 97F combine the lifetime-mass hemisphere tag (BARATE 97E) with event 
shape information and lepton tag to identify Z ~ bb candidates. They further use c- 
and uds-select ion tags to identify the background For R different from its Standard �9 c 
Model value of 0.172, R b varies as - O . 0 1 9 •  c - 0.172). 

58ACKERSTAFF 97K use lepton and/or separated decay vertex to tag independently each 
hemisphere. Comparing the numbers of single- and double-tagged events, they determine 
the b-tagging efficiency directly from the data. 

59BARATE 97E combine a lifetime tag with a mass cut based on the mass difference 
between c hadrons and b hadrons. Included in BARATE 97F, 

60 ABE 96E obtain this value by combining results from three different b-tagging methods 
(2D impact parameter, 3D impact parameter, and 3D displaced vertex). 

61 ABREU 96 obtain this result combining several analyses (double lifetime tag, mixed tag 
and multivariate analysis). This value is obtained assuming R c = r ( c ~ ) / r ( h a d r o n s  ) = 
0,172. For a value of R c different from this by an amount L~R c the change in the value 
is given by -0.087 �9 ~R  E. 

62ABREU 95D perform a maximum likelihood fit to the combined p and P T  distributions 
of single and dilepton samples�9 The second error includes an uncertainty of • 
due to models and branching ratios. 

63BUSKULIC 94G perform a simultaneous fit to the p and P T  spectra of both single and 
dilept on events. 

64 JACOBSEN 91 tagged bb events by requiring coincidence of _> 3 tracks with significant 
impact parameters using vertex detector. Systematic error includes lifetime and decay 
uncertainties (• 0.014). 

r(b$bb-')/r(hadrons) rn/r6 
VALUE {units 10 -4 ) DOCUMENT IO TECN COMMENT 

6.0.4.1.5:1:1, 4 65 ABREU 99u DLPH Eceem= 88-94 GeV I 

65ABREU 99u force hadronic Zdecays into 3jets to use all the available phase space I 
and require a btag for every jet. This decay mode includes primary and secondary 4b I production, e. 8. from gluon splitting to bb. 

r(~)/r(hadrons) r12/r~ 
VALUE CL% DOCUMENT ID TECN COMMENT 

<1.6 X 10 - 2  95 66 ABREU 96S DLPH Eceem= 88-94 GeV 

66 This branching ratio is slightly dependent on the jet-finder algorithm. The value we quote 
is obtained using the JADE algorithm, while using the DURHAM algorithm ABREU 96s 
obtain an upper limit of 1.5 x 10 -2 .  

r(~%)/rt~., r . / r  
VALUE CL"/~ DOCUMENT /D TECN COMMENT 

<5.2 x 10 - 5  95 67 ACCIARRI 95G L3 Eceem= 88-94 GeV 

<5.5 x 10 - 5  95 ABREU 94B DLPH Ec~= 88-94 GeV 

<2,1 x 10 - 4  95 DECAMP 92 ALEP Ec~= 88-94 GeV 

<1.4 x 10 - 4  95 AKRAWY 91F OPAL Eceem= 88-94 GeV 

67This limit is for both decay modes Z ~ ~0,,//,.f,,/which are indistinguishable in ACCIA- 
RRI 95G. 

r ( q ' t ) / r t o t a l  
VALUE 

<7.6 x 10 - 5  

<80 x 10 - 5  

<5,1 X 10 - 5  

<2�9 x 10 - 4  

r(~l)/rtotal 
VALUE CL% 

<6.5 x 10 - 4  95 

r(r 
VALUE 

<4.2 x 10 - 5  95 

r14/r 
CL~  DOCUMENT iD TEEN COMMENT 

95 ACCIARRI 95G L3 E ~ =  88-94 GeV 

95 ABREU 948 DLPH Eceem= 88-94 GeV 

95 DECAMP 92 ALEP Eceem= 88-94 GeV 

95 AKRAWY 91F OPAL Eceem= 88-94 GeV 

r15/r 
DOCUMENT ID TECN COMMENT 

ABREU 948 DLPH Ec~= 88-94 GeV 

r l d r  
DOCUMENT (D TECN COMMENT 

DECAMP 92 ALEP E~em = 88-94 GeV 

r(-r~)/rt== r lHr  
This decay would violate the Landau-Yang theorem. 

VALUE CL~ DOCUMENT ID TECN COMMENT 
e e _  <5.2 x 10 - 5  95 68 AECIARRI 95G L3 Ecm_ 88-94 GeV 

<5.5 x 10 - 5  95 ABREU 948 DLPH Ecee= 88-94 GeV 

<1,4 x 10 - 4  95 AKRAWY 91F OPAL Ecee= 88-94 GeM 

68This limit is for both decay modes Z ~ 7r0 3,/'~3 , which are indistinguishable in ACCIA- 
RRI 95G. 

I r(-r~-r)/rt=., r l . / r  
VALUE CL~  DOCUMENT ID TECN COMMENT 

I <1,0 10 - 5  95 69 ACCIARRI 95C L3 Eceem= 88-94 GeV x 
<1,7 x ]0 - 5  95 69 ABREU 94B DLPH Ecee= 88-94 GeV 

<6,6 x 10 - 5  95 AKRAWY 91F OPAL Eceem= 88-94 GEV 

69 Limit derived in the context of composite Z model�9 

r(,~* W*)lr~., rl�/r 
The value is for the sum of the charge states indicated. 

VALUE ~ DOCUMENT ID TECN COMMENT 

<7 X 10 - 5  95 DECAMP 92 ALEP Eeem = 88-94 GeV 

r(F ~: wT)/r~= I r~ / r  
The value is for the sum of the charge states indicated. 

VALUE CL~  DOCUMENT ID !ECN COMMENT 

<0,3 x 10 - 5  95 DECAMP 92 ALEP Eee= 88-94 GeV 

r(J/@(15) x)/rtotal r21/r 
VALUE (unit~ 10 -3) E V T S  DOCUMENT ID TEEN COMMENT 

3 51 +0.23 OUR AVERAGE Error includes scale factor of 1.1. " -0 ,25  

321•176 553 70ACC,ARR, 99r L3 E~ :  88-94 GeV I 
3.9 +0.2 •  511 71 ALEXANDER 96B OPAL Ecee= 88-94 GeV 

3.73•177149 153 72 ABREU 94P DLPH Eeem = 88-94 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

3.40• 441 73 ACCIARRt 97J L3 Repl. by ACCIARRI 99F 

70 ACCIARR199F combine #+ p -  and e + e -  J/~b(15) decay channels. The branching ratio I 
for prompt J/~(15) production is measured to be (2.1 + 0.6 • 0.4 + 0:~(theor.)) x 10 -4. I 

71ALEXANDER 968 identify J/~h(15) from the decays into lepton pairs. (4.8 • 2.4)% of 
this branching ratio is due to prompt J/~)(1S) production (ALEXANDER 96N). 

72 Combining ,u -+- #-- and e + e -  channels and taking into account the common systematic 
errors. (7.7+_6143)% of this branching ratio is due to prompt J/,,b(1S} production. 

73ACCIARRI 97J combine/=+#- and e+e - J / ~ ( 1 5 )  decay channels and take into ac- 
count the common systematic error. 

r (@(2s) x)/rt~al r22/r 
VALUE (units 10 -3) E V T S  DOCUMENT ID TECN COMMENT 
1.604-0.29 OUR AVERAGE 
1.6 • • 39 74 ACCIARRI 97J L3 Eee=  88-94 GeV 

1.6 • • 46.9 75 ALEXANDER 96B OPAL Ecee= 88-94 GeV 

1.60•177 5.4 76ABREU 94P DLPH Eeem = 88-94 GeV 

74ACCIARRI 97J measure this branching ratio via the decay channel ~(2S) ~ l + t  - ( t  
= # , e ) .  

75ALEXANDER 96B measure this branching ratio via the decay channel ~b(25) 
J / ~ ) ~ + ~ - ,  with J / ~  ~ f . + t . - .  

76ABREU 94P measure this branching ratio via decay channel ~b(25} ~ J/~blr + ~ - ,  with 

J l e  ~ p+ #-. 

r (Xcl(1 P )  X ) / r t o t a l  r a / r  
VALUE (un;ts 10 -3) E V T S  DOCUMENT ID TEEN COMMENT 
2.99:0.7 OUR AVERAGE 
2.7•177 33 77 ACCIARRI 97J L3 Eceem= 88-94 GeV 

ee 5 04-2 1 +1.5 6.4 78 ABREU 94P DLPH Ecm-  88-94 GeV . . . .  -0 .9  

77ACCIARRI 97J measure this branching ratio via the decay channel Xc I ~ J / ~  + ~t, 

with J /~ ~ t + l  - (~ = /& e). The M ( t + / - - ^ l ) - M ( t + l - )  mass difference spectrum 
is fitted with two gaussian shapes for X c l  and Xc 2. 

78This branching ratio is measured via the decay channel X c l  ~ J / ~  + % with J / ~  
/~+#- .  

r(x~(IP) x)Ir=,, r2,Ir 
VALUE ~ DOCUMENT ID TECN COMMENT 

e e - -  <3.2 x 10 - 3  90 79 ACCIARRI 97J L3 Ecm_ 88-94 GeV 

79ACCIARRI 97J derive this limit via the decay channel Xc2 ~ J / ~  + % with J / ~  

t + t  - ( t  = /~, e). The M ( t + # . - ' y ) - M ( t . + l  - )  mass difference spectrum is fitted with 
two gaussian shapes for X c l  and Xc2" 

r(ros)x+r(2s)x+r(3s)x)/rt~, r~Ir  = (r~+r=~+r20)/r 
VALUE (units 10 -4) E V T S  DOCUMENT /D TECN COMMENT 

1.0::E0.44-0.22 6.4 80 ALEXANDER 96F OPAL Ecm--ee -- 88-94 GeV 

80 ALEXANDER 96F identify the T (which refers to any of the three lowest bound states) 
through its decay into e + e -  and # + # - .  The systematic error includes an uncertainty 
of • due to the production mechanism�9 



See key on page 239 

r(T(IS) X)Irto~, r261r 
VALUE CL~ DOCUMENT ID TEEN COMMENT 

<4.4 x 10 - 5  95 81 ACCIARRI 99F L3 Eceem= 88-94 GeV I 

81 ACCIARRI 99F search for T(15) through its decay into l + l -  ( t  = e or/~). I 

r(Tc2s) x ) / r~ i  r2z/r 
VALUE CL% DOCUMENT ID TEEN COMMENT 

<13.g X 10 - 5  95 82 ACCIARRI 97R L3 Eceem= 88-94 GeV 

82ACCIARRI 97R search for T(2S) through its decay into t + t  - ( t  = e or #). 

r(T(3s) x)Ir~,, r=.Ir 
VALUE CL~ DOCUMENT ID TEEN COMMENT 

<9.4 X 10 - 5  95 83 ACCIARRI 9?R L3 Eceem= 88-94 GeV 

83ACCIARRI 97R search for T(35} through its decay into I + l  - ( I  = e or #). 

r((o ~ ~) x)/r(hadrons) r2,/r5 
VALUE E V T S  DOCUMENT ID TEEN COMMENT 

0.296•177 369 84 ABREU 931 DLPH E~em= 88-94 GeV 

84The ( D 0 / D  0) states in ABREU 931 are detected by the K;T decay mode. This is a 
corrected result (see the erratum of ABREU 931). 

r (D • X)/r (hadrons) r30/r6 
VALUE E V T S  DOCUMENT ID TEEN COMMENT 

0.174•177 539 85 ABREU 931 DLPH Eceem= 88 94 GeV 

85The D4- states in ABREU 931 are detected by the K~Tr decay mode. This is a corrected 
result (see the erratum of ABREU 931). 

r(o'(2010) •  r~llr6 
The value is for the sum of the charge states indicated. 

VALUE EVT5 DOCUMENT ID TECN COMMENT 
0.1634-0.019 OUR AVERAGE Error includes scale factor of 1.3. 
0.155•177 358 86 ABREU 931 DLPH Ecee= 88-94 GeV 

0.21 4-0.04 362 87 DECAMP 91J ALEP Eceem= 88-94 GeV 

86D*(2010)4- in ABREU 931 are reconstructed from D0~r 4-, with D O ~ K - x  +. The 
new CLEO II measurement of B(D * •  ~ D07r 4-) = (68.1 4- 1.6) % is used. This is a 
corrected result (see the erratum of ABREU 930. 

87DECAMP 91J report B(D*(2010) + ~ D0~ +)  B(D 0 ~ K-~r  + )  F(D*(2010)4-X) 
/ r(hadrons) = (5.11 9- 0.34) x 10 - 3 .  They obtained the above number assuming 
8(O 0 ~ K - ~ r  + )  = (3.624-0.344-0.44)% and B(0*(2010) + ~ DO~ + )  - (55• 
We have rescaled their original result of 0.26 4- 0.05 taking into account the new CLEO 
II branching ratio B(D*(2010) + ~ D0~r +)  = (68.1 4- 1.6)%. 

r(Bsox)/r(hadrons) r~/r~ 
VALUE DOCUMENT ID TEEN COMMENT 

seen 88 ABREU 92M DLPH Eceem= 88-94 GeV 

seen 89 ACTON 92N OPAL E~em = 88-94 GeV 
ee_ seen 90 BUSKULIC 92E ALEP Ecru-- 88-94 GeV 

88ABREU 92M reported value is r(B0sX)*B(es0 ~ Os#u#X) *BiD s - -  @n)/r(hadrons) 

= (18 4- 8) x I0 -5 .  
89ACTON 92N find evidence for BS0 production using Ds-~ correlations, with Ds4- ~ ~ r  + 

and K*(892) K +. Assuming R b from the Standard Model and averaging over the e and 
/~ channels, authors measure the product branching fraction to be f~b ~ B0s)xB(B0 

Ds - t+u~X)xB(P  ~- ~ ~ - )  = (3.9 4- 1.1 4- 0.8) x 10 -4 .  

90BUSKULIC 92E find evidence for B0 s production using Ds-t  correlations, with Ds+ 

r § and K*(892)K +. Using B(Ds+ ~ @~r +)  = (2.7 • 0.7)% and summing up the 
e and # channels, the weighted average product branching fraction is measured to be 

4- 0 0 ~1+0'010 B ( b ~  Bs0)xB(Bs0 ~ DS-~+uzX)=0.040 . . . .  -0.012' 

F(B 2x)/r(hadrons) r55/r~ 
VALUE DOCUMENT ID TEEN COMMENT 

searched for 91 ACKERSTAFF 980 OPAL Eceem= 88-94 GeV I 

searched for 92 ABREU 97E DLPH Eeem = 88-94 GeV I 

searched for 93 BARATE 97H ALEP E~em = 88-94 GeV I 

91ACKERSTAFF 980 searched for the decay modes B c ~ J/',h~t + ,  J/ tba + ,  and I 

J / ~  t-+ ul ,  with J / ~  - -  t+s  - ,  t = e,#. The number of candidates (background) for I 
the three decay modes is 2 (0.63 • 0.2), 0 (1.10 4- 0.22), and 1 (0.82 • 0.19) respectively. I 
Interpreting the 2 B  c ~ J/ ' , / ;~+ candidates as signal, they report F(B+c X ) x B ( B  c ~ I 

J / O ~  +) / r (hadrons)  =(3.8_+5140 4- 0.5)x 10 - 5 .  interpreted as background, the 90% C L I  

bounds are F(B+cX)*B(B c ~ J /@~+) / r (hadrons)  < 1.06 x 10 - 4 ,  F(Bc+X)*B(B c ~ I 

J/ tba+) / r (hadrons)  < 5.29 x 10 - 4 ,  F ( B + X ) * B ( B c  ~ J /~ , t+u( ) /F(hadrons)  < I 

6.96 x 10 - 5 .  
92ABREU 97E searched for the decay modes B c ~ J / ' ~ + ,  J/ ' ,#t+'. ' ,(, and J/@(3~r) +,  I 

with J / ~  ~ t + l - ,  t = e,#. The number of candidates (background) for the three decay I modes is 1 (1.7), 0 (0.3), and 1 (2.3) respectively. They report the following 90% CL lim- 

its: r(Bc+ X)*B(B c ~ J/ ' ,#~+)/ r (hadrons)  <(1.05-0.84) x 10 - 4 ,  r (B + X)*B(B c ~ I 

J/@~vt.)/F(hadrons ) <(5.8-5.0) x 10 - 5 ,  F(B + X)*B(B c - -  J/@(3~)+) / r (hadrons)  I 

< 1.?5 x 10 -4 ,  where the ranges are due to the predicted B c lifetime (0.4-1.4) ps. I 
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93BARATE 97H searched for the decay modes B c ~ J / ~ +  and J / O t - - u  t with I 
J/@ ~ t + t  - ,  I = e,#. The number of candidates (background) for the two de- I cay modes is 0(0A4) and 2(0.81) respectively. They report the following 90% CL 

limits: F(B+X)*B(Bc ~ J / r  < 3.6 x 10 - 5  and F(B+cX)*B(B c ~ I 

J / r  ) < 5.2 x 10 - 5 .  I 

r ( B ' X ) / [ r ( a x )  + r ( B ' X ) ]  r ~ / ( r s 2 + r 3 5 )  
As the experiments assume different values of the b-baryon contribution, our average 
should be taken with caution. If we assume a common baryon production fraction of 
(10.1_ 3119)% as given in the 1998 edition of this Review OUR AVERAGE becomes 
0.74 4- 0.04. 

VALUE E V T S  DOCUMENT ID TEEN COMMENT 
025  •  OUR AVERAGE 

ee_ 0.7604-0.0364-0.083 94 ACKERSTAFF 97M OPAL Ecru- 88-94 GeV 
0.7?14-0.0264-0.070 95 BUSKULIC 961) ALEP Eceem= 88-94 GeV 

ee 0.72 4-0.03 4-0.06 96 ABREU 95R DLPH Ecm-  88-94 GeV 
0.76 4-0.08 4-0.06 1378 97 ACCIARRI 95B L3 Eceem= 88-94 GeV 

94ACKERSTAFF 97M use an inclusive B reconstruction method and assume a (13.2 4- 
4.1)% b-baryon contribution. The value refers to a b-flavored meson mixture of B o, B d, 
and B s. 

95BUSKULIC 96D use an inclusive reconstruction of B hadrons and assume a (12.2 4- 
4.3)% b-baryon contribution. The value refers to a b-flavored mixture of B u, B d, and 
B s . 

96 ABREU 95R use an inclusive B-reconstruction method and assume a (10 4- 4)% b-baryon 
contribution. The value refers to a b-flavored meson mixture of B o, B d,  and B s. 

97 ACCIARRI 958 assume a 9.4% b-baryon contribution. The value refers to a b-flavored 
mixture of B u, B d, and B s. 

r(anomalous "1'+ hadrons)/rtotal ras/r 
Limits on additional sources of prompt photons beyond expectations for final-state 
bremsstrahlung. 

VALUE CL~4 DOCUMENT ID TEEN COMMENT 

<3.2 X 10 - 3  95 98 AKRAWY 90J OPAL Eceem: 88-94 GeV 

98AKRAWY 90J report r ( T x )  < 8,2 MeV at 95%CL. They assume a three-body "~q~ 
distribution and use E(-y) > 10 GeV. 

r(e + e-~)/rt~., r57/r 
VALUE ~ DOCUMENT IO TECN COMMENT 

<5.2 x 10 - 4  95 99 ACTON 91B OPAL Eceem= 91.2 GeV 

99ACTON 918 looked for isolated photons with E>2% of beam energy (> 0.9 GeV). 

r(.+j,- ~)/rt~,i r~Ir  
VALUE CL~ DOCUMENT ID TEEN COMMENT 

<5.6 x 10 - 4  95 100 ACTON 91B OPAL Ecee= 91.2 GeV 

100ACTON 918 looked for isolated photons with E>2% of beam energy (> 0.9 GeV). 

r(~+ ~-7) Ir,ot, r3,1r 
VALUE CL~ DOCUMENT tD TEEN COMMENT 

<7.5 x 10 - 4  95 101 ACTON 91B OPAL Ecee= 91.2 GeV 

101 ACTON 91B looked for isolated photons with E>2% of beam energy (> 0.9 GeV). 

r(t+t--t~)/rto~, r4o/r 
The value is the sum over t = e, #, T. 

VALUE EL% OOCUMENTID TEEN COMMENT 
e e _  <6.8 X 10 - 6  95 102 ACTON 93E OPAL Ecru- 88-94 GeV 

102For m77 = 60 • 5 GeV, 

r(q~7-r)/rtot,l r41/r 
VALUE CL~ DOCUMENT ID TEEN COMMENT 

e e _  <5.5 X 10 - 6  95 103 ACTON 93E OPAL Ecm_ 88-94 GeV 

103For mT. ), = 60 4- 5 GeV. 

r ( .p~) / r~ . ,  r4dr 
VALUE CL% DOCUMENT ID TEEN COMMENT 

e e _  <3.1 X 10 - 6  95 104 ACTON 93E OPAL Ecm- 88-94 GeV 

104For re.y,./ = 60 • 5 GeV. 

r(e+/~)/r(e + e-) r45/r1 
Test of lepton family number conservation. The value is for the sum of the charge 
states indicated. 

VALUE CL % DOCUMENT ID TEEN COMMENT 

<0.07 90 ALBAJAR 89 UA1 EcP~= 546,630 GeV 

r(e • ~) I r~a,  r . / r  
Test of lepton family number conservation. The value is for the sum of the charge 
states indicated. 

VALUE CL ~/o DOCUMENT ID TEEN COMMENT 

<2.5 x 10 -6  95 ABREU 97C DLPH ~:ee _ 88-94 GeV ~cm- 
ee_ <1.7 x 10 - 6  95 AKERS 95wOPAL Ecru-  88-94 GeV 
e e _  <0.6 x 10 - 5  95 ADRIANI 931 L3 Ecm-  88-94 GeV 

<2.6 x 10 - 5  95 DECAMP 92 ALEP Eceem= 88-94 GeV 
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r(,4-,*)/r~,, 
Test of  lepton family number 
states indicated. 

VALUE CL~o 

<2.2 • 10 - 5  95 

<9.8 x 10 - 6  95 

<1.3 x 10 -5 95 

<I,2 • 10 -4 95 

r(~4-rT)/r=,, 
Test of  lepton family number 
states indicated. 

VALUE EL% 

<1.2 x 10 - 5  95 

r~/r 
conservation. The value is for the sum of the charge 

DOCUMENT ID TEEN COMMENT 

ABREU 97C DLPH Eeem = 88-94 GeV 

AKERS 95wOPAL Eceem= 88-94 GeV 

ADRIANI  931 L3 Eceem= 88-94 GeV 

DECAMP 92 ALEP E C ~ =  88-94 GeV 

r ~ / r  
conservation, The value is for the sum of the charge 

DOCUMENT ID TEEN COMMENT 

ABREU 97r DLPH Ecee= 88-94 GeV 

<1.7 x 10 - 5  95 AKERS 95W OPAL Eceern: 88-94 GeV 

<1.9 x 10 - 5  95 ADRIANI  981 L3 E C ~ =  88 94 GeV 

<1.0 x 10 - 4  95 DECAMP 92 ALEP Eceern= 88 94 GeV 

r(pe) Irt~,, r4slr 
Test of baryon number and lepton number conservations. Charge conjugate states are 
implied. 

VALUE EL% DOCUMENT ID TEEN COMMENT 

<1.8 x 10 - 6  95 105 ABBIENDI  991 OPAL Ec~= 88-94 GeV I 
105ABBIENDI  991 give the 95%CL limit on the partial width F(Z 0 ~ p e ) <  4.6 KeV and I 

we have transformed it into a branching ratio. 

r(p/~)/rmt, i r47/r 
Test of  baryon number and lepton number conservations. Charge conjugate states are 
implied. 

VALUE EL% DOCUMENT ID TECN COMMENT 

<1.8  x 10 - 6  95 i06  ABBIENDI  991 OPAL Eceem= 88-94 GeV I 
106ABBIENDI  991 give the 95%CL l imit on the partial width F(Z 0 ~ p # ) <  4.4 KeV and l 

we have transformed it into a branching ratio. 

AVERAGE PARTICLE MULTIPLICITIES IN HADRONIC Z DECAY 

Summed over particle and antiparticle, when appropriate. 

<N,> 
VALUE DOCUMENT ID TEEN COMMENT 

ee 91.2 GeV 20,974.0 ,02+1.15 ACKERSTAFF 98A OPAL E c m -  

(N.~-> 
VALUE DOCUMENT ID TECN COMMENT 
16.994. 0.20 OUR AVERAGE 
16.84+-0.37 ABE 99E SLD Ec~r= 91.2 GeV 

17.26•  ABREU 98L DLPH E c ~ :  91.2 GeV 

17.04•  BARATE 98v ALEP Ece~= 91.2 GeV 
ee 17.05+-0.43 AKERS 94P OPAL Ecru 91.2 GeV 

(N~> 
VALUE DOCUMENT ID TEEN COMMENT 
9.764.0.26 OUR AVERAGE 

ee_.  9.55• ACKERSTAFF 98A OPAL Ecru-- 91.2 GeV I 
9,63•  BARATE 9YJ ALEP Ece~m = 91.2 GeV 

9.90+-0.02/ :0.33 ACCIARRI 90 L3 E c ~ =  91.2 GeV 

9.2 +-0.2 •  A D A M  90 DLPH E ~ m :  91.2 GeV 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

9.18• ACCIARRI 948 L3 Repl. by ACCIARRI 96 

(N,,> 
VALUE DOCUMENT tD TEEN COMMENT 

0,95• OUR AVERAGE 
e e _  0.97+-0.03/:0.11 ACKERSTAFF 9BA OPAL Ecru-- 91.2 GeV I 
ee _ 91.2 GeV 0.93+-0.01/:0.09 ACCIARRI 96 L3 Ecru- 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<~> 
VALUE DQEUMENT ID TECN COMMENT 
1.084-0.09 OUR AVERAGE 

ee 1 .04 •  ACKERSTAFF 98A OPAL E c r u -  91.2 GeV I 
ee 1 . 1 7 + 0 . 0 9 + 0 . I 5  ACCIARRI 97D L3 E c r u -  91.2 GeV 
ee 1.07+-0.06-I-0.13 BUSKULIC 96H ALEP E c m -  91.2 GeV 

VALUE DOCUMENT ID TEEN COMMENT 
8.17 4-0.05 OUR AVERAGE Error includes scale factor of  2.4. 

e e _  0.14 • • ACKERSTAFF 98A OPAL Ecm- 91.2 GeV I 
ee 0.25 •  107 ACCIARRI 97D L3 Ecm--  91.2 GeV 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 
e e _  0.068+-0.018+-0.016 108 BUSKULIC 92D ALEP E c m -  91.2 GeV 

107 ACCIARRI 97D obtain this value averaging over the two decay channels ~7 r ~ ~:+ 7r-  tl 
and ~ ~ p0"7. 

108BUSKULIC 92D obtain this value for x >  0.1. 

(Nro(.0)) 
VALUE DOCUMENT f0 TEEN COMMENT 
0.147• OUR AVERAGE 

ee 0.164• ABREU 99J DLPH E c r u -  91.2 GeV I 
e e _  0.141•177 ACKERSTAFF 98Q OPAL E c r u -  91.2 GeV I 

<N,~(.o),) 
VALUE DOCUMENT ID TEEN COMMENT 

0.27::I=0.044-0.10 ACKERSTAEF 98A OPAL Ecmee _ 91.2 GeV I 

<N,> 
VALUE DOCUMENT ID TECN COMMENT 
0 .0~4 .0 .006  OUR AVERAGE Error includes scale factor of 2.0. See the ideogram below. 

e e _  0.105•  ABE 99E SLD Ecru-- 91,2 GeV I 
0 .091•177  ACKERSTAFF 98Q OPAL E c ~ =  91,2 GeV I 
0.104• ABREU 96u DLPH Eceem - 91.2 GeV 

0,122• BUSKULIC 96H ALEP Ecmee _ 91.2 GeV 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0.100~0.004+-0.007 AKERS 95x OPAL Repl. by ACKER- 
STAFF 98q 

(Nf=(1:,70)) 
VALUE DOCUMENT ID TECN COMMENT 

0.91 +- 0.02 ;E 0.11 

VALUE DOCUMENT IO TEEN COMMENT 

2.404-0.004-0.43 ACKERSTAFF 98A OPAL Eee= 91.2 GeV 

VALUE DOCUMENT ID TEEN COMMENT 
1.244"0.10 OUR AVERAGE Error includes scale factor of 1.1. 
1 .19•  ABREU 99J DLPH E c ~ =  91.2 GeV 

1 .45•  BUSKULIC 96H ALEP EcC~m= 91,2 GeV 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1 .21•  ABREU 95L DLPH Repl. by ABREU 99J 

ACCIARRI 948 L3 Repl. by ACCJARRI 96 

(N%(1525)) 
VALUE DOCUMENT tO TEEN COMMENT 

0,0124-0,000 ABREU 99J DLPH E~ern = 91.2 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.020+-0.0054-0.006 ABREU 96C DLPH Repl. by ABREU 99J 

( N K * )  
VALUE DOCUMENT fD TECN COMMENT 
2.254-0.05 OUR AVERAGE 

ee 91.2 GeV 2.22:50.16 ABE 99E SLD E c m -  
ee 91.2 GeV 2 .21+0 .05 •  ABREU 98L DLPH E c m -  
ee _ 91.2 GeV 2.26+-D.12 BARATE 98v ALEP E c r u -  

2.42=1_0.13 AKERS 94P OPAL Ecmee _- 91.2 GeV 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

2.26-E0.01+-0.18 ABREU 95F DLPH Repl. by ABREU 98L 

0.1694-0,025 OUR AVERAGE Error includes scale factor of  1.4. 
0.214+-0,038 ABREU 99J DLPH Ecee :  91.2 GeV I 
0.155+-0.011+-0.018 ACKERSTAFF 98Q OPAL Eceem= 91.2 GeV I 
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(NKo) 
VALUE DOCUMENT ID TECN COMMENT 

2.0134-0.022 OUR AVERAGE 
2,01 4-0.08 ABE 99E SLD Eceem= 91.2 GeV 

2.0244-0.0064-0.042 ACCIARRI 97L L3 Eee= 91.2 GeV 

1,9624-0.0224-0.056 ABREU 95L DLPH Ecee= 91.2 GeV 

1.99 4-0.01 4-0.04 AKERS 95u OPAL Eeem = 9 t 2  GeV 

2.0614-0.047 BUSKULIC 94K ALEP Eeem = 91.2 GeV 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 * 

2.04 4-0.02 •  ACCIARRI 94B L3 Repl. by ACCIARRI 97L 

(NK~ 
VALUE DOCUMENT tO TECN COMMENT 

0.72 :E0.05 OUR AVERAGE 
0.712• ABREU 95L DLPH Eceenl: 91.2 GeV 

0.72 4-0.02 4-000 ACTON 93 OPAL Eeem = 9 1 2  GeV 

(NK.(e92)O) 
VALUE DOCUMENT ID TECN COMMENT 

0.739d:0.022 OUR AVERAGE 
0,7074-0.041 ABE 99E SLD Ecee= 91.2 GeV 

0,74 4-0.02 4-0.02 ACKERSTAFF 97S OPAL Eeem= 912  GeV 

0.?'7 4-0.02 4-0.07 ABREU 960 DLPH E c ~ =  91.2 GeV 

0.83 •  4-0.09 BUSKULIC 96H ALEP E ~ I =  912  GeV 

0.97 4-0.18 •  ABREU 93 DLPH Eecem= 91.2 GeV 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc, �9 �9 �9 

0.74 4-0.03 4-0.03 AKERS 95x OPAL Reph by ACKER- 
STAFF 97s 

(NK;(1430)) 
VALUE DOCUMENT ID TECN COMMENT 

O.0'r$:E0,023 ABREU 99J DLPH Eceren = 91.2 GeV 

�9 �9 �9 We do not ase the following data for averages, fits, limits, etc. �9 �9 �9 

0.079• ABREU 96U DLPH Repl. by ABREU 99J 
0.19 4-0.04 4-0,06 109 AKERS 95x OPAL Eceem= 91.2 GeV 

109AKERS 95x obtain this value for x<  0.3. 

(%,0 
VALUE 

0.187-;-0,020 OUR AVERAGE 
DOCUMENT ID TECN COMMENT 

Error includes scale factor o f  1.5. See the ideogram below, 

0.1704-0.0094-0.014 ALEXANDER 96R OPAL E e e =  91.2 GeV 

0.2514-0.0264-0.025 BUSKULIC 94J ALEP Ecee= 91.2 GeV 

0.1994-0.019• 110 ABREU 93~ DLPH Ecee= 91,2 GeV 

110See ABREU 95 (erratum). 

<N,~) 
VALUE 

0A62:E0.02t, OUR AVERAGE 
0.465 4- 0.017 =E 0.027 

0.5184-0.0524-0.035 

0.403 4- 0.038 + 0.044 

111 See ABREU 95 (erratum). 

(%,,) 
VALUE 

0.1314- 0,010 =1:0.010 

DOCUMENT ID TECN COMMENT 

ALEXANDER 96R OPAL Eceem= 91.2 GeV 

BUSKULIC 94J ALEP Ecmee _- 91.2 GeV 
e e _  111 ABREU 931 DLPH E c r u -  91.2 GeV 

DOCUMENT ID TECN COMMENT 

e e _  ALEXANDER 96R OPAL Ecru-- 91.2 GeV 

(No'(2010)*)  
VALUE DOCUMENT ID TECN COMMENT 

0.103 :E0.008 OUR AVERAGE 
ee 0.18544-0.0041• 112 ACKERSTAFF 98E OPAL Ecm-- 91.2 GeV 
ee_ 0.187 4-0.015 4-0.013 BUSKULIC 94J ALEP Ecru--91.2 GeV 
ee_ 0.171 4-0.012 4-0.016 113 ABREU 931 DLPH Ecru_ 91.2 GeV 

�9 �9 �9 We do not use the following data for avera~;es, fits, limits, etc. �9 �9 �9 

0.183 4-0.009 4-0.011 114 AKERS 950 OPAL Repl. by ACKER- 
STAFF 98E 

112ACKERSTAFF 98E systematic error includes an uncertainty of • due to the 
branching ratios B(D*"  ~ DOT --) = 0.603 4-0.014 and B(D 0 ~ K -  x +) = 0.0383 4- 
0.0012. 

113See ABREU 95 (erratum). 
114AKERS 950 systematic error includes an uncertainty of  4-0.008 due to the D*4-  and 

D O branching ratios [they use B (D*  ~ DOn) = 0.081 4- 0.016 and B (D  0 ~ K~T) = 
0.0401 4- 0.0014 to obtain this measurement[. 

( N o ,  I ( ~ ) + )  

VALUE {units lO -3)  DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

2 9 - - - 0 7  n . _0164-~. 2 115 ACKERSTAFF 97wOPAL  Ec ee  91.2 GeV 

115ACKERSTAFF 97w obtain this value for x >  0.6 and with the assumption that its decay 
width is saturated by the D *  K final states. 

(Na.) 
VALUE DOCUMENT IO TECN COMMENT 

ee 0.28 ::l:0,01 "1-0.03 116 ABREU 95R DLPH Ecru-- 91.2 GeV 

116ABREU 95R quote this value for a flavor-averaged excited state. 

(N~/,(lS)) 
VALUE DOCUMENT ID TECN COMMENT 

0,0056. i .0 .0003~0.0004 117 ALEXANDER 96B OPAL Ecee m 91.2 GeV 

117ALEXANDER 960 identify J/~b(1.S) from the decays into lepton pairs, 

(N,(2s)) 
VALUE 

0.00234- 0.0004 4- 0.0003 

(N,,) 
VALUE 

1.04-1-0.04 OUR AVERAGE 

DOCUMENT I0 TECN COMMENT 

e e _  ALEXANDER 968 OPAL E c m -  91.2 GeV 

DOCUMENT tD TECN COMMENT 

e e _  1.034-0.13 ABE 99E SLD E c m -  91.2 GeV 
ee 1,004-0.04• ABREU 98L DLPH E c m -  91.2 GeV 
ee 1.004-0.07 BARATE 98v ALEP E c m -  91.2 GeV 
ee 0.92•  AKERS 94P OPAL Ecm--  91.2 GeV 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 * 

1.074-0.014-0.14 ABREU 95F DLPH Repl. by ABREU 98L 

(NAlm2)++) 
VALUE DOCUMENT ID TECN COMMENT 

0.08"/4-0.033 OUR AVERAGE Error includes scale factor of  2.4, 
ee 0.0794-0.0094-0.011 ABREU 9 5 w D L P H  E c r u -  91.2 GeV 
ee 0.22 4-0.04 4-0.04 ALEXANDER 95D OPAL E c r u -  91 2 GeV 

(NA) 
VALUE DOCUMENT /D TECN COMMENT 

0.3744-0.007 OUR AVERAGE 
ee 0 3 9 5 •  ABE 99E SLD E c m -  91.2 GeV 
e e _  0,364• ACCIARRI 97L L3 E c m -  91.2 GeV 
ee 0.3744-0.002d_0.010 ALEXANDER 97D OPAL E c r u -  91 2 GeV 
e e _  0.3864-0.016 BUSKULIC 94K ALEP Ecm--  91.2 GeV 

0.3574-0.0034-0.017 ABREU 93L DLPH Eceem= 91.2 GeV 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0.37 4-0.01 4-0.04 ACCIARRI 948 L3 Repl. by ACCIARRI 97L 

VALUE DOCUMENT ID TECN COMMENT 

0.0213~0,0021::I:0.0019 ALEXANDER 97D OPAL E e e =  91.2 GeV 

( N E §  
VALUE DOCUMENT ID TECN COMMENT 

0.0994-0,000-1-0,013 ALEXANDER 97E OPAL Ecenel= 91.2 GeV 

(Ni:-) 
VALUE DOCUMENT ID TECN COMMENT 

0.083-i-0.006::E0.009 ALEXANDER 97E OPAL Eeem: 91.2 GeV 
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<N~++E-) 
VALUE DOCUMENT ID TEEN COMMENT 
0.181:5 0.010 OUR AVERAGE 
0.182• 118 ALEXANDER 97E OPAL Eceem: 91.2 GeV 

0.170•177 ABREU 950 DLPH Ec~= 91.2 GeV 

118We have combined the values of {NE+ ) and IN~_) from ALEXANDER 97E adding 
the statistical and systematic errors of the two final states separately in quadrature. If 
isospin symmetry is assumed this value becomes 0.174 • 0.010 • 0.015. 

(N~E0) 
VALUE DOCUMENT ID TEEN COMMENT 
0.070:50.011 OUR AVERAGE 
0.071•177 ALEXANDER 97E OPAL Ece~= 91.2 GeV 

0,070•177 ADAM 968 DLPH E ~ =  91.2 GeV 

(N(r++Z-+Z'o)/3) 
VALUE DOCUMENT ID TECN COMMENT 

0.0844-0.005:50.008 ALEXANDER 97E OPAL Ecmee _- 91.2 GeV 

(N~'(13SS)+) 
VALUE DOCUMENT fD T E E N  COMMENT 

0.0239:1:0.00094-0.0012 ALEXANDER 97D OPAL E~em = 91,2 GeV 

(NE(13,)-) 
VALUE DOCUMENT /D TEEN COMMENT 

ee 0.0240:50.1D010:50,0014 ALEXANDER 97D OPAL Ecru- 91.2 GeV 

(NE(z385)++E(l~B)-) 
VALUE DOCUMENT ID TEEN COMMENT 
0.046:50.004 OUR AVERAGE Error includes scale factor of 1.6. 
0.04794-0.0013• ALEXANDER 97D OPAL Ecmee _ 91.2 GeV 

ee_ 0.0382•177149 ABREU 950 DLPH Ecm-  91�9 GeV 

<~-) 
VALUE DOCUMENT ID TECN COMMENT 
0.0258+0.0009 OUR AVERAGE 
0.0259•177 ALEXANDER 97o OPAL E~em = 91.2 GeV 

0.0250•177 ABREU 950 DLPH E~em = 91,2 GeV 

(N_--(1.0)o)  
VALUE DOCUMENT ID TECN COMMENT 
0.0053'-I'0.0013 OUR AVERAGE Error includes scale factor of 3.2. 
0.0068•177 ALEXANDER 97D OPAL E~m= 91.2 GeV 

0.0041•177 ABREU 950 DLPH E~m= 91.2 GeV 

(Nn-) 
VALUE DOCUMENT ID TECN COMMENT 
0,00164:50.00020 OUR AVERAGE 

ee_ 0.0018 • • ALEXANDER 97D OPAL Ecm-- 91.2 GeV 
ee 0.0014 • • ADAM 96B DLPH Ecm- 91.2 GeV 

<N~ t ) 
VALUE DOCUMENT ID TECN COMMENT 

0.070:50.012:50.012 ALEXANDER 96R OPAL Ece~: 91.2 GeV 

VALUE DOCUMENT ID TEEN COMMENT 
21.07:50.11 OUR AVERAGE 

ee 21.21• ABREU 99 DLPH Ecm_ 91,2 GeV 
21,05+0.20 AKERS 95z OPAL Ece~= 91.2 GeV 

20.914-0.03• BUSKULIC 95R ALEP Eceem= 91,2 GeV 

21.40• ACTON 928 OPAL E ~ =  91,2 GeV 
20.71•177 ABREU 91H DLPH Eceem= 91,2 GeV 

ee 20.7 • ADEVA 911 L3 Ecm- 91,2 GeV 
ee_ 20.1 • • ABRAMS 90 MRK2 Ecm- 91.1 GeV 

Z H A D R O N I C  POLE CROSS SECTION 

OUR FIT is obtained using the fit procedure and correlations as determined 
by the LEP Electroweak Working Group (see the "Note on the Z boson"). 
This quantity is defined as 

aO = 12z~ r (e+e - )  r(hadrons) 
h 

It is one of the parameters used in the Z lineshape fit. 

VALUE (nb) EVT5 DOCUMENT ID TEEN COMMENT 

41.561-1-0.042 OUR FIT 
41.578• 3.70M ABREU 00F DLPH Eee= 88-94 GeV 

41.535• 3.54M ACCIARRI 00c L3 E~e= 88-94 GeV 
41.559• 4.07M 119 BARATE 00c ALEP Eeern = 88-94 GeV 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

41.23:1:0.20 1.05M ABREU 94 DLPH Repl. by ABREU 00F 
41.39 • 1.09M ACCIARRI 94 L3 Repl. by ACCIARRI 00C 

ee_  41.70 • 1.19M AKERS 94 OPAL Ecm- 88-94 GeV 
41,60 • 1.27M BUSKULIC 94 ALEP Repl. by BARATE 00c 

ee_ 42 • 450 ABRAMS 89B MRK2 Ecm- 89.2-93.0 GeV 

119BARATE 00C error includes approximately 0.030 due to statistics, 0.026 due to I 
experimental systematlcs, and 0.025 due to uncertainty in luminosity measurement. I 

Z VECTOR COUPLINGS TO CHARGED LEPTONS 

These quantities are the effective vector couplings of the Z to charged 
leptons. Their magnitude is derived from a measurement of the Z line- 
shape and the forward-backward lepton asymmetries as a function of en- 
ergy around the Z mass. The relative sign among the vector to axial-vector 
couplings is obtained from a measurement of the Z asymmetry parame- 
ters, A e, A/~, and A T. By convention the sign o f ~  A is fixed to be negative 

(and opposite to that of gVe obtained using u e scattering measurements). 
The fit values quoted below correspond to global nine- or five-parameter 
fits to lineshape, lepton forward-backward asymmetry, and Ae,  Ap., and 
A T measurements. See "Note on the Z boson" for details. 

~v 
VALUE EVT5 DOCUMENT ID TEEN COMMENT 
--0.03874:50.00094 OUR FIT 

ee_  -0.0412 • 124.4k 120 AEEIARRI 00C L3 Ecm-  88-94 GeV I 
-0.0400 • BARATE 00C ALEP Eceem= 88-94 GeV I 

ee -0,0414 • 121 ABE 95J SLD Ecm-  91.31 GeV 

120ACCIARRI 00c use their measurement of the T polarization in addition to forward- I 
backward lepton asymmetries�9 

121ABE 95J obtain this result combining polarized Bhabha results with the A L R  measure- 
ment of ABE 94(;. The Bhabha results alone give -0.0507 • 0.0096 • 0.0020. 

VALUE EVTS DOCUMENT ID TEEN COMMENT 
--0.0359:50.0033 OUR FIT 

ee_  -0.0386• 113.4k 122 AEEIARRI 00c L3 Ecm_ 88-94 GeV I 
ee -0.0362• BARATE 00C ALEP Ecru- 88-94 GeV I 

122ACCIARRI 00C use their measurement of the T polarization in addition to forward- I 
backward lepton asymmetries. 

VALUE EVTS DOCUMENT ID TEEN COMMENT 
-0.0366:50,0014 OUR FIT 
-0.0384• 103.0k 123 AEEIARRI 00C L3 Eeern = 88-94 GeV I 

--0,03614-0.0068 BARATE 00c ALEP Ecee= 88-94 GeV I 

123ACCIARRI 00c use their measurement of the ~-polarization in addition to forward- I 
backward lepton asymmetries. 

dv 
VALUE EVTE DOCUMENT ID TEEN COMMENT 
-0.03795:50.00071 OUR FIT 
-0.0397 • 379.4k 124 ABREU 00F DLPH Eeem = 88-94 GeV I 
-0.0397 • 340.8k 125 ACEIARRI 00c L3 Eee= 88-94 GeV I 
-0.0383 • 500k BARATE 00c ALEP Eeem = 88-94 GeV I 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

-0�9 • 146k 124 AKERS 94 OPAL gee 88-94 GeV ~cm - 
124 Using forward-backward lepton asymmetries�9 
125ACCIARRI 00c use their measurement of the T polarization in addition to forward- I 

backward lepton asymmetries. 

Z A X I A L - V E C T O R  COUPLINGS T O  CHARGED LEPTONS 

These quantities are the effective axial-vector couplings of the Z to charged 
leptons, Their magnitude is derived from a measurement of the Z line- 
shape and the forward-backward lepton asymmetries as a function of en- 
ergy around the Z mass. The relative sign among the vector to axial-vector 
couplings is obtained from a measurement of the Z asymmetry parame- 
ters, A e, A/j, and A T. By convention the sign of~A is fixed to be negative 

(and opposite to that of g~'e obtained using u e scattering measurements). 
The fit values quoted below correspond to global nine- or five-parameter 
fits to lineshape, lepton forward-backward asymmetry, and A e, Ap, and 
A T measurements, See "Note on the Z boson" for details. 

VALUE EVTS DOCUMENT ID TECN COMMENT 
--0.50133+0.00040 OUR FIT 

I 126 ee_  -0.5015 +0.0007 124.4k AEEIARRI 00c L3 Ecm-  88-94 GeV I 
I ee_  -0.50166• BARATE 00c ALEP Ecm-  88-94 GeV I 

127 ee_  -0.4977 • ABE 95J SLD Ecm-  91,31 GeV 

126ACCIARRI 00C use their measurement of the T polarization in addition to forward- I 
backward lepton asymmetries, 

127 ABE 95J obtain this result combining polarized Bhabha results with the A L R  measure- 
ment of ABE 94c. The Bhabha results alone give -0.4968 • 0.0039 • 0.0027. 
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#, 
VALUE EVT$ DOCUMENT ID TECN COMMENT 
- 0.50139• OUR FIT 
-0�9 --0.0014 113.4k 128 ACCIARRI 00C L3 E c ~ :  88-94 GeV I 

-0.50046--0.00093 BARATE O0c ALEP Ecee= 88-94 GeV | 

128ACCIARRI 00c use their measurement of the T polarization in addition to forward- I 
backward lepton asymmetries. 

g~ 
VALUE EVT5 DOCUMENT ID TECN COMMENT 
--0.50223• OUR FIT 
-0.5023 --0.0017 103.0k 129 ACCIARRI 00C L3 Eceem= 88-94 GeV | 

-0.50216--0,00100 BARATE 00c ALEP Eceem= 88-94 GeV I 

129ACCIARRI 00C use their measurement of the T polarization in addition to forward- I 
backward lepton asymmetries�9 

VALUE EVT5 DOCUMENT /D TECN COMMENT 
-0.50145• OUR FIT 
-0.5007 --0.0005 379.4k ABREU OOF DLPH Ec(~: 88-94 GeV I 
-0.50153:t:0.00053 340.8k 130 ACCIARRI 0DC L3 Eceem= 88-94 GeV I 

-0.50150• 500k  BARATE 00c ALEP Eee= 88-94 GeV | 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

-0.500 • 146k AKERS 94 OPAL Ece~= 88-94 GeV 

130ACCIARRI 00C use their measurement of the T polarization in addition to forward- [ 
backward lepton asymmetries. 

Z COUPLINGS TO NEUTRAL LEPTONS 

These quantities are the effective couplings of the Z to neutral leptons. 
~e e and u/~e scattering results are combined with ~A and ~V measure- 

ments at the Z mass to obtain EUe and gyp following NOVIKOV 93C. 

gVe 

VALUE DOCUMENT ID TECN COMMENT 

0.528~0.0185 131 VILAIN 94 CHM2 From up e and uee scat- 
tering 

131VILAIN 94 derive this value from their value of gU# and their ratio gUe/gUP = 
l n~+0.15 
"~-0.18' 

r 
VALUE DOCUMENT (D TECN COMMENT 

0.502 4- 0,017 132 VILAIN 94 CHM2 From Upe scattering 

�9 e u/~ 
132 VlLAIN 94 derive this value from their measurement of the couphngs gA = -0.503 -- 

0.017 and gevU~" = - 0.035 • 0.017 obtained from up e scattering. We have re-evaluated 

this value using the current PDG values for ~A and ~V" 

Ae 

Z ASYMMETRY PARAMETERS 

For each fermion-antifermion pair coupling to the Z these quantities are 
defined as 

f f 
A f = ~  (g~,)2 + (g~)2 

where gf/ and g f  are the effective vector and axial-vector couplings, For 
their relation to the various lepton asymmetries see the 'Note on the Z 
Boson.' 

Using polarized beams, this quantity can also be measured as (r," L - a R ) / ( o  L + ~'R), 
where GL and CR are the e + e -  production cross sections for Z bosons produced with 
left-handed and right-handed electrons respectively. 

VALUE EVT$ DOCUMENT/D TECN COMMENT 
0.152 4"0.004 OUR AVERAGE Error includes scale factor of 1.2. 

ee _ 88-94 GeV 0.1382•177 105000 133 ABREU 00E DLPH Ecm- 

0.1678--0.0127--0.0030 137092 134 ACCIARRI 9BH L3 Eceem= 88-94 GeV 

0.162 • • 89838 135 ABE 97 SLD Eceem = 91.27 GeV 
ee 91.27 GeV 0.1543--0.0039 93644 136 ABE 97E SLD Ecru- 

0.152 • 137 ABE 97N SLD Eee= 91.27 GeV 

0.129 --0.014 • 89075 138 ALEXANDER 96u OPAL Ecee= 88-94 GeV 

0�9 --0.038 • 139ABE 95J SLD Eceem= 91.31 GeV 

0�9 --0.016 • 33000 140 BUSKULIC 95Q ALEP Eee= 88-94 GeV 

�9 �9 �9 We do not use the following data for averages, flts, limits, etc. �9 �9 �9 

0.136 • • 134ABREU 95r DLPH Repl. by ABREU 00E 
0.122 --0.030 --0.012 30663 134AKERS 95 OPAL Repl. by ALEXAN- 

DER 96u 
0.1656• 49392 141 ABE 94c SLD Repl.  by ABE 97E 
0�9 --0.020 • 86000  134 ACCIARRI 94E L3 Repl. by ACCIA- 

RRI 98H 

133ABREU 00E obtain this result fitting the rpolarization as a function of the polar | 
Tproduction angle. This measurement is a combination of different analyses (exclu- I sire Tdecay modes, inclusive hadronic 1-prong reconstruction, and a neural network 
analysis). 

134 Derived from the measurement of forward-backward r polarization asymmetry. 
135ABE 97 obtain this result from a measurement of the observed left-right charge 

asymmetry, A~) bs = 0.225 • 0.056 -- 0.019, in hadronic Zdecays. If they combine 

this value of A~) bs with their earlier measurement of r./. R,~Obs they determine A e to be 
0.1574 + 0,0197 -- 0.0067 independent of the beam polarization. 

136 ABE 97E measure the left-right asymmetry in hadronic Z production. This value (statis- 
tical and systematic errors added in quadrature) leads to .n~i 2neff.w -- 0.23060 + 0.00050. 

137 ABE 97N obtain this direct measurement usiog the lef-right cross section asymmetry and 
the left-right forward-backward asymmetry in leptonic decays of the Z boson obtained 
with a polarized electron beam�9 

138ALEXANDER 96u measure the T-lepton polarization and the forward-backward polar- 
ization asymmetry. 

139 ABE 95J obtain this result from polarized Bilabha scattering. 
140 BUSKULIC 95Q obtain this result fitting the r polarization as a function of the polar T 

production angle. 
141 ABE 94c measured the left-right asymmetry in Z production. This value leads to sin28w 

0�9 -- 0.0009 -- 0.0004. 

A. 
This quantity is directly extracted from a measurement of the left-right forward- 
backward asymmetry in p + # -  production at SLC using a polarized electron beam. 
This double asymmetry eliminates the dependence on the Z.e -e  coupling parameter 
A e �9 

VALUE EVT5 DOCUMENT ID TECN COMMENT 

0.102"4"0.034 3788 142 ABE 97N SLD Eee= 91.27 GeV 

142 ABE 97N obtain this direct measurement using the lef-right cross section asymmetry and 
the left-right forward-backward asymmetry in p+ /~ -  decays of the Z boson obtained 
with a polarized electron beam. 

The LEP Collaborations derive this quantity from the measurement of the T polariza- 
tion in Z ~ T+T - .  The SLD Collaboration directly extracts this quantity from its 
measured left-right forward-backward asymmetry in Z ~ T -l- T -  produced using a 
polarized e -  beam. This double asymmetry eliminates the dependence on the Z-e-e  
coupling parameter A e. 

VALUE EVT$ DOCUMENT ID TECN COMMENT 
0.141 +0.006 OUR AVERAGE 
0.1359--0.0079• 105000 143 ABREU 00E DLPH Eceem= 88-94 GeV I 

0,1476• 137092  ACCIARRI 98H L3 E~em ~ 88-94 GeM I 
0�9 • 144 ABE 97N SLD Eceem= 91�9 GeV 

0.134 --0,009 • 89075 145 ALEXANDER 96u OPAL ~:ee _ 88-94 GeV =cm-  
0�9 --0.012 • 33000 146 BUSKULIC 95Q ALEP Ece~= 88-94 GeV 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.148 --0.017 • ABREU 95~ DLPH Repl. by ABREU 00E 
0.153 • • 30663 AKERS 95 OPAL Repl. by ALEXAN- 

DER 96U 
0.150 • --0.009 86000 ACCIARRI 94E L3 Repl. by ACCIA- 

RRI 98H 
143ABREU 00E obtain this result fitting the ~-polarization as a function of the polar | 

T production angle. This measurement is a combination of different analyses (exclu- I sive T decay modes, inclusive hadronic 1-prong reconstruction, and a neural network 
analysis)�9 

144ABE 97N obtain this direct measurement using the left-right cross section asymmetry 
and the left-right forward-backward asymmetry in T + ~'- decays of the Z boson obtained 
with a polarized electron beam. 

145 ALEXANDER 96U measure the ~--lepton polarization and the forward*backward polar- 
ization asymmetry. 

146BUSKULIC 95Q obtain this result fitting the 7- polarization as a function of the polar T 
production angle. 

At 
This quantity is directly extracted from a measurement of the left-rlght forward- 
backward asymmetry in C~ production at SLC using polarized electron beam. This 
double asymmetry eliminates the dependence on the Z-e -e  coupling parameter A e. 

VALUE DOCUMENT IP TECN COMMENT 
0.66 • OUR AVERAGE 

ee 0.642• 147 ABE 990 SLD Ecru= 91�9 GeV I 

0.73 • +0.10 148 ABE,K 95 SLD Ece~= 9]�9 GeV 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.37 --0,23 • 149 ABE 95L SLD RepL by ABE 990 

147 ABE 990 tag b and c quarks through their semileptonic decays into electrons and muons. | 
A maximum likelihood fit is performed to extract simultaneously A b and A c. I 

148ABE,K 95 tag Z ~ c~ events using D *+  and D + meson production. To take care 
the bb contamination in their analysis they use AbD= 0.64 • 0.11 (which is A b from of 

D " / D  tagging)�9 This is obtained by starting with a Standard Model value of 0.935, 
assigning it an estimated error of • to cover LEP and SLD measurements, and 
finally taking into account B-B mixing (1-2Xmix = 0.72 • 0.09). 

149 ABE 95L tag b and c quarks through their semileptonic decays into electrons and muons. 
A maximum likelihood fit is performed to extract A b and A c. 
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Ab 
This quantity is directly extracted from a measurement of  the left-right forward- 
backward asymmetry in bb  production at SLC using polarized electron beam. This 
double asymmetry eliminates the dependence on the Z-e-e coupling parameter A e. 

VALUE EVTS DOCUMENTID TEEN COMMENT 

0.W5"+0.051 150 ABE 99O SLD E c ~ =  91.27 GeV 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.8554.0.0884-0.102 7473 151 ABE 99L SLD Repl. by ABE 990 
0.9114.0.0454,0.045 11092 152 ABE 981 5LD Repl. by ABE 99O 
0.91 4.0.14 4-0.07 153 ABE 95L SLD Repl. by ABE 99O 

150 ABE 990 tag b and c quarks through their semileptonic decays into electrons and muons. 
A maximum likelihood fit is performed to extract simultaneously A b and A c. The value 
of A b so extracted, 0.910 4- 0.068 4- 0.037, is then combined with A b from ABE 99L 
and ABE 991 to obtain the resulting SLD average value quoted here. 

151 ABE 99L obtain an enriched sample of bb  events tagging with an inclusive vertex mass 
cut. For distinguishing b and b quarks they use the charge of identified K4-. 

152ABE 981 obtain an enriched sample of bb events tagging with an inclusive vertex mass 
cut. A momentum-weighted track charge is used to identify the sign of the charge of 
the underlying bquark. 

153ABE 95L tag b and c quarks through their semileptonic decays into electrons and muons. 
A maximum likelihood fit is performed to extract A b and A c. 

A(F0~ ~} CHARGE A S Y M M E T R Y  IN e + e  - ~ /J+/J-- 

OUR FIT is obtained using the fit procedure and correlations as determined 
by the LEP Electroweak Working Group (see the "Note on the Z boson"). 
For the Z peak, we report the pole asymmetry defined by (3 /4)AeAI~ as 
determined by the nine-parameter f i t  to cross-section and lepton forward- 
backward asymmetry data. 

T R A N S V E R S E  SPIN C O R R E L A T I O N S  IN Z --* T + ~  - 

The correlations between the transverse spin components of r + T pro- 
duced in Z decays may be expressed in terms of the vector and axial-vector 
couplings: 

I ~ I  2 I ~12 
I~AI - I g V l  

CTT = ig~la+ig;l 2 

2~19~12+19~12 si.(| - CTN = -  r ) 

C T T  refers to the transverse-transverse (within the collision plane} spin 
correlation and CTN refers to the transverse-normal (to the collision plane) 
spin correlation, 

The longitudinal r polarization PT ( -  - A t )  is given by: 

I ~  cos(%~ 
P ,  = _ ~le;12+le~la - oe;)  

Here (I) isthe phase and the phase difference ~)gT. -ePg r. can be obtained 
v 

using both the measurements of CTN and PT" 

C T T  
VALUE EVT5 DOCUMENT tD TECN COMMENT 
1,01 "+0.12 OUR AVERAGE 
0 +O 10 .874-0.20_0112 9.1k ABREU 97G DLPH Eceem= 91.2 GeV 

1.064-0.134.0.05 120k BARATE 97D ALEP E~em = 91,2 GeV 

CTN 
VALUE EVTS DOCUMENT ID TECN COMMENT 

S T D. ~'~e 
ASYMMETRY (%) MODEL V) DOCUMENT ID TEEN 

1.73'+ 0.16 OUR FIT 
1.65•  0,25 91.2 ABREU 00F DLPH I 

I 1.88•  0.33 91.2 ACCIARRI OOC L3 
1.71• 0.24 91.2 156BARATE 00C ALEP 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

9 •  - 2  20 157 ABREU 95M DLPH 
7 • -10 40 157 ABREU 95M DLPH 

- 11 • -25 57 157 ABREU 95M DLPH 
-62 • -45 69 157 ABREU 95M DLPH 
- 5 6  •  - 5 8  79 157 ABREU 95M DLPH 
- 13 4, 5 - 23 87.5 157 ABREU 95M DLPH 

1.4 4, 0.5 91.2 ABREU 94 DLPH 
1.79•  0.61 91.2 ACCIARRI 94 L3 
0 .99•  0.42 91.2 AKERS 94 OPAL 
1 .46•  0.48 91.2 BUSKULIC 94 ALEP 

- 2 9 . 0  + 5.0 4"D.5 - 3 2 . 1  56.9 ] 5 8 A B E  901 VNS - 4.8 
9.9 • 1.5 •  - 9 . 2  35 HEGNER 90 JADE 
0.05'I 0.22 0.026 91.14 ]59 ABRAMS 89D MRK2 

- 4 3 . 4  4-17.0 - 2 4 . 9  52.0 ]60 BACALA 89 A M Y  
- 11.0 4"16.5 - 2 9 . 4  55.0 160 BACALA 89 A M Y  
- 3 0 . 0  •  --31.2 56.0 ]60 BACALA 89 A M Y  
- 4 6 . 2  4-14.9 - 3 3 , 0  57,0 160 BACALA 89 A M Y  
- 2 9  •  - 2 5 . 9  53.3 ADACHI  88C TOPZ 
+ 5.3 • 5.0 4-0.5 --1.2 14,0 ADEVA 88 MRKJ 
- 1 0 . 4  • 1.3 :t-0.5 - 8 . 6  34.8 ADEVA 88 MRKJ 
- 1 2 . 3  4- 5.3 4-0.5 - 1 0 . 7  3 8 3  ADEVA 88 MRKJ 
- 1 5 . 6  4- 3.0 4-0.5 - 1 4 . 9  43.8 ADEVA 88 M R K ]  
- 1.0 • 6.0 - 1 . 2  13,9 BRAUNSCH.. .  88D TASS 
- 9.1 • 2.3 4-0.5 - 8 . 6  34,5 BRAUNSCH...  88D TASS 

- 1 0 . 6  + 2.2 4-0.5 - 8 . 9  35.0 BRAUNSCH...  88D TASS 2 3  

17.6 + 4.4 4-0,5 - 1 5 . 2  43.6 BRAUNSCH...  880 TASS - 4 3  
- 4.8 • 6.5 4-1.0 - 1 ] , 5  39 BEHREND 87C CELL 
- 1 8 . 8  4" 4.5 4-1.0 - 1 5 . 5  44 BEHREND 87C CELL 
+ 2.7 4" 4.9 - 1 . 2  13.9 BARTEL 86C JADE 
- 1 1 . 1  • 1.8 •  - 8 . 6  34.4 BARTEL 86C JADE 
- 1 7 . 3  • 4.8 4-1.0 13,7 41,5 BARTEL 86C JADE 
- 2 2 . 8  • 5.1 4-1.0 - 1 6 . 6  44.8 BARTEL 86C JADE 
- 6.3 • 0.8 •  - 6 . 3  29 ASH 85 MAC 
- 4.9 • 1.5 4-0.5 - 5 . 9  29 DERRICK 85 HRS 
- 7.1 4- 1.7 5.7 29 LEVI 83 MRK2 
- 1 6 . 1  4- 3.2 - 9 . 2  34.2 BRANDELIK 82C TASS 

156 BARATE O0C error is almost entirely on account of  statistics, I 
157 ABREU 95M perform this measurement using radiative muon-pair events associated with 

high-energy isolated photons, 
158ABE 901 measurements in the range 50 < , / s  < 60.8 GeV. 
159 ABRAMS 89D asymmetry includes both 9 /~+ # -  and 15 T4- T -  events, 
160BACALA 89 systematic error is about 5%. 

0.08• 120k 154 BARATE 970 ALEP Eceem: 91.2 GeV 

154 BARATE 97D combine their value of CTN with the world average PT = - 0.140 4- 0.007 
to obtain tan(C~g~/ - ~ g ~ )  = - 0 . 5 7  • 0,97. 

A(F0~ e) CHARGE A S Y M M E T R Y  IN e + e  - --~ e + e  - 

OUR FIT is obtained using the fit procedure and correlations as determined 
by the LEP Electroweak Working Group (see the "Note on the Z boson"). 
For the Z peak, we report the pole asymmetry defined by (3 /4 )A  2 as 
determined by the nine-parameter f i t  to cross-section and lepton forward- 
backward asymmetry data. 

S T D. (~'GGe ASYMMETRY (%) MODEL V) DOCUMENT ID TECN 
1.644-0.27 OUR FIT 
1.71•  91.2 ABREU 00F DLPH I 

I 1,06•  91.2 ACCIARRI D0C L3 
1.884-0.34 91.2 155 BARATE D0C ALEP 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

2.5 •  91.2 ABREU 94 DLPH 
1.04 4,0.92 91.2 ACCIARRI 94 L3 
0.624-0.80 91.2 AKERS 94 OPAL 
1 . 8 5 i O 6 6  91.2 BUSKULIC 94 ALEP 

155 BARATE 00C error includes appr~ 0'31 due t~ statistics' 006  due t~ experimental I 
systematics, and 0.13 due to the theoretical uncertainty in t-channel prediction. 

A(F0~ T) CHARGE A S Y M M E T R Y  IN e + e  - - - ,  ~ '+~ ' - -  

OUR FIT is obtained using the fit procedure and correlations as determined 
by the LEP Electroweak Working Group (see the "Note on the Z boson"). 
For the Z peak, we report the pole asymmetry defined by (3 /4 )AeA.  r as 
determined by the nine-parameter fit to cross-section and lepton forward- 
backward asymmetry data. 

5TD. ~/s 
ASYMMETRY {%) MODEL (GeV 1 DOCUMENT ID TECN 

2.07-1- 0.20 OUR FIT 
2.414. 0.37 91.2 ABREU 00F DLPH 
2.604- 0.47 91.2 ACCIARRI 00C L3 
1.704- 0.28 91.2 161 BARATE 00C ALEP 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

2.2 4, 0.7 91.2 ABREU 94 DLPH 
2 ,65•  0.88 91.2 ACCIARRI 94 L3 
2 .05+ 0.52 91.2 AKERS 94 OPAL 
1 .97•  0.56 91.2 BUSKULIC 94 ALEP 

--32.8 + 6.4 162 
- 6.2 4.1.5 --82.1 56.9 ABE 90E VN5 

- 81  4, 2.0 •  - 9 . 2  35 HEGNER 90 JADE 
- 1 8 . 4  •  - 2 4 . 9  52.0 163 BACALA 89 A M Y  
- 1 7 . ?  4,26.1 - 2 9 . 4  55.0 163 BACALA 89 A M Y  
- 4 5 . 9  •  - 3 1 . 2  56.0 163 BACALA 89 A M Y  
- 4 9 . 5  •  - 3 3 . 0  57.0 163 BACALA 89 A M Y  
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- 2 0  •  -25 .9  53.3 ADACHt 88C TOPZ 
-10.6 • 3.1 •  - 8 .5  34.7 ADEVA 88 MRKJ 
- 8.5 • 6.6 •  -15.4 43.8 ADEVA 88 MRKJ 
- 6.0 • 2.5 •  8.8 34.6 BARTEL 85F JADE 
-11.8 • 4,6 •  14.8 43.0 BARTEL 85F JADE 
- 5,5 • 1.2 •  -0 .063 29.0 FERNANDEZ 85 MAC 
- 4.2 • 2.0 0.057 29 LEVI 83 MRK2 
-10,3 • 5.2 -9 .2  34.2 BEHREND 82 CELL 
- 0.4 • 6.6 -9 .1  34.2 BRANDELIK 82C TASS 

161 BARATE 00c error includes approximately 0.26 due to statistics and 0.11 due to exper- I 
imental systematics. 

162ABE 901 measurements in the range 50 < ~ < 60.8 GeV. 
163 BACALA 89 systematic error is about 5%. 

A(F~ ) CHARGE ASYMMETRY IN e+e - ~ t + ~  

For the Z peak, we report the pole asymmetry defined by (3/4}A~ as 
determined by the five-parameter fit to cross-section and lepton forward- 
backward asymmetry data assuming lepton universality. For details see 
the "Note on the Z boson." 

STD, ~/~e 
ASYMMETRY (%) MODEL V) DOCUMENT ID TECN 
1.82+0.1.1 O U R  F IT  
1.879:0.19 91.2 ABREU 00F DLPH I 

1 

1.92• 91,2 ACCIARRI 00C L3 I 1.73• 91.2 164 BARATE 00C ALEP 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1.77• 91.2 ABREU 94 DLPH 
1,84 • 91.2 ACCIARRI 94 L3 
1.28• 91.2 AKERS 94 OPAL 
1.71 • 91.2 BUSKULIC 94 ALEP 

164 I BARATE 00C error includes approximately 0,15 due to statistics, 0.04 due to experimental 
systematics, and 0.02 due to the theoretical uncertainty in t-channel prediction. 

A ~  ~)'~" CHARGE ASYMMETRY IN e+e - --, u~ 

ASYMMETRY (%) MODEL V) DOCUMENT ID TECN 

4.04-6.7:1:2.8 6 91.2 165 ACKERSTAFF 97T OPAL 

165ACKERSTAFF 977 measure the forward-backward asymmetry of various fast hadrons 
made of light quarks. Then using SU(2) isospin symmetry and flavor independence for 
down and strange quarks authors solve for the different quark types. 

A ~ .  )r.~ CHARGE ASYMMETRY IN e+e - --* s~ 

The s-quark asymmetry is derived from measurements of the forward* 
backward asymmetry of fast hadrons containing an s quark. 

S T D. i~/-~e ASYMMETRY (%) MODEL V) DOCUMENT tD TECN 
9.11 :J:1,1 OUR AVERAGE 

10.08•177 91.2 166 ABREU OOB DLPH 
6.8 • • 10 91.2 167 ACKERSTAFF 97T OPAL 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

13.1 • • 91,2 168ABREU 95(3 DLPH 

166 AB REU O0B tag the presence ~ an s quark requiring a high-m~ urn-identified charged I 
kaon. The s-quark pole asymmetry is extracted from the charged-kaon asymmetry tak- 
ing the expected d- and u-quark asymmetries from the Standard Model and using the 
measured values for the c- and b-quark asymmetries. 

167ACKERSTAFF 97T measure the forward-backward asymmetry of various fast hadrons 
made of light quarks. Then using SU(2) isospin symmetry and flavor independence for 
down and strange quarks authors solve for the different quark types. The value reported 
here corresponds then to the forward-backward asymmetry for "down-type" quarks. 

168ABREU 95G require the presence of a high-momentum charged kaon or A 0 to tag the 
squark. An unresolved s- and d-quark asymmetry of (I1.2 • 3.1 • 5.4)% is obtained by 
tagging the presence of a high-energy neutron or neutral kaon in the hadron calorimeter. 
Superseded by ABREU O0B. 

A ~  ),n.  CHARGE ASYMMETRY IN e+e - - - *  C~" 

OUR FIT, which is obtained by a simultaneous fit to several c- and b-quark 
measurements as explained in the "Note on the Z boson," refers to the 
Z pole asymmetry. As a cross check we have also performed a weighted 
average of the "near peak" measurements taking into account the various 
common systematic errors. We have assumed that the smallest common 
systematic error is fully correlated. Applying to this combined "peak" mea- 
surement QED and energy-dependence corrections, our weighted average 
gives a pole asymmetry of (7.18 • 0.49)%. 

S TD. ~e 
ASYMMETRY (%) MODEL V) DOCUMENT fD TECN 

7 . 0 1 : 1 : 0 . 4 5  O U R  F IT  
6.599:0.94• 91.235 169 ABREU 99Y DLPH 
6.3 • 0.9 • 91.22 170BARATE 98oALEP 
6.3 • 1.2 9:0.6 91.22 171 ALEXANDER 97C OPAL 
6.00• 0.67• 91.24 172 ALEXANDER 96 OPAL 
8.3 • 2.2 •  91.27 173ABREU 95K DLPH 
9.9 4- 2.0 •  91.24 174BUSKULIC 94G ALEP 
8,3 • 3.8 • 5,6 91.24 175 ADRIAN1 92D L3 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 

- 4.96• 3.68• 
11.80• 3.18 • 0.82 

- 1 .0  • 4 .3  •  

11.0 • 3,3 •  
3.9 • 5.1 •  

15.8 • 4.1 •  
- -  7,5 • 3.4 •  - 3 . 5  

14.1 • 2.8 =t=0.9 12.0 
7.7 • 2.9 •  
6.99• 2.05• 

-12.9 • 7.8 s  --13.8 
7.7 • •  -22.1 

-12.8 • 4.4 •  -13.6 
-10 .9  •  •  -23.2 
-14 .9  ,1 6.7 - 1 3 3  

89.434 169 ABREU 99Y DLPH 
92,990 169 ABREU 99Y DLPH 
89.37 170 BARATE 980 ALEP 
92.96 170 BARATE 98o ALEP 
89.45 171 ALEXANDER 97C OPAL 
93.00 171 ALEXANDER 97C OPAL 
89.52 172 ALEXANDER 96 OPAL 
92.94 172 ALEXANDER 96 OPAL 
91.27 176 ABREU 95E DLPH 
91.24 177 BUSKULIC 951 ALEP 
35 BEHREND 9OD CELL 
43 BEHREND 90D CELL 
35 ELSEN 90 JADE 
44 ELSEN 90 JADE 
35 OULD-SAADA 89 JADE 

169ABREU 99Y tag Z ~ bb and Z ~ cc  events by an exclusive reconstruction of several 
D meson decay modes (D *+ ,  D 0, and D + with their charge-conjugate states). 

170 BARATE 980 tag Z ~ c c  events requiring the presence of high-momentum recon- 
structed D *+ ,  D +,  or D O mesons. 

171 ALEXANDER 97c identify the b and c events using a D / D *  tag. 
172ALEXANDER 96 tag heavy flavors using one or two identified leptons. This allows the 

simultaneous fitting of the b and c quark forward-backward asymmetries as well as the 
average BO-B 0 mixing. 

173ABREU 95K identify c and b quarks using both electron and muon semileptonic decays. 
1748USKULIC 94G perform a simultaneous fit to the p and PT  spectra of both single and 

dilepton events. 
175 ADRIANI 92D use both electron and muon semileptonic decays. 
176ABREU 95E require the presence of a D * •  to identify c and bquarks. Replaced by 

ABREU 99Y. 
177BUSKULIC 951 require the presence of a high momentum D * •  to have an enriched 

sample of Z ~ c c  events. Replaced by BARATE 980. 

A ~  ")''~ CHARGE ASYMMETRY IN e+e - bb 

OUR FIT, which is obtained by a simultaneous fit to several c- and b-quark 
measurements as explained in the "Note on the Z boson," refers to the 
Z pole asymmetry. As a cross check we have also performed a weighted 
average of the "near peak" measurements taking into account the various 
common systematic errors. We have assumed that the smallest common 
systematic error is fully correlated. Applying to this combined "peak" mea- 
surement QED and energy-dependence corrections, our weighted average 
gives a pole asymmetry of (10.09 • 0.22)%. For the jet-charge mea- 
surements (where the QCD effects are included since they represent an 
inherent part of the analysis), we use the corrections given by the authors. 

5TD. ~/~e 
ASYMMETRY (%) MODEL V) DOCUMENT ID TECN 

10.034-  0.22 O U R  F IT  
9.82• 0.47• 0.16 91.26 178 ABREU 99M DLPH 
7.62• 1.94• 0.85 91.235 179ABREU 99Y DLPH 
9.60• 0.66• 0.33 91.26 18OAcCIARRI 99D L3 
9.31• 1.01• 0.55 91.24 181 ACCIARRI 98u L3 

10.40• 0.40• 0.32 91.25 182 BARATE 98M ALEP 
9.94• 0.52• 0.44 91.21 183 ACKERSTAFF 97P OPAL 
9.4 • 2.7 • 2.2 91.22 184 ALEXANDER 97C OPAL 
9.06• 0.51• 0.23 91.24 185 ALEXANDER 96 OPAL 
9.65-- 0.44• 0.26 91.21 186 BUSKULIC 96Q ALEP 

10.4 • 13 • 0.5 91.27 187ABREU 95K DLPH 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

6.8 • 1.8 • 0.13 89.55 178ABREU 99M DLPH 
12.3 • 1.6 • 0.27 92.94 178 ABREU 99M DLPH 

5.67• 7.56• 1,17 89,434 179ABREU 99Y DLPH 
8.82• 6.33• 1.22 92.990 179ABREU 99Y DLPN 
6,11• 2.93• 0.43 89.50 180 ACCIARRI 99D L3 

13,71• 2.40d= 0.44 93.10 180ACCIARRI 99D L3 
4,95• 5.23• 0,40 89.45 181 ACCIARRI 98U L3 

11.379: 3.99• G,65 92.99 181 ACClARRI 98u L3 
7,46=L 1.78+ 0,24 89,43 182 BARATE 98M ALEP 
9.24• 1.79• 0,52 92,97 182 BARATE 98M ALEP 
4.1 -- 2.1 • 0,2 89.44 183 ACKERSTAFF 97P OPAL 

14.5 • 1.7 • 0,7 92.91 183 ACKERSTAFF 97P OPAL 
- 8.6 --10.8 • 2.9 89.45 184ALEXANDER 97C OPAL 

2.1 • 9.0 :t- 2.8 93.00 184ALEXANDER 97C OPAL 
5.5 • 2.4 • 0.3 5.5 89.52 185ALEXANDER 96 OPAL 

11.7 • 2.0 • 0.3 11.4 92.94 185ALEXANDER 96 OPAL 
--  3.4 •  • 0.7 88.38 186BUSKULIC 960ALEP 

5.3 • 2.0 :t= 0.2 89.38 186 BUSKULIC 960 ALEP 
8.9 • 5.9 • 0.4 90.21 188 BUSKULIC 960 ALEP 
3.8 • 5.1 • 0.2 92.05 186BUSKULIC 960 ALEP 

10.3 • 1.8 • 0.4 92.94 1868USKULIC 960 ALEP 
8.8 • 7,5 • 0.5 93.90 186 BUSKULIC 960 ALEP 
5.9 • 6,2 • 2.4 91.27 188 ABREU 95E DLPH 

11.5 • 1.7 • 1.0 91.27 189ABREU 95K DLPH 
6.2 • 3.4 • 0.2 89.52 190 AKERS 95S OPAL 
9.83• 0.67-- 0.38 91.25 190AKERS 95S OPAL 

17.2 • 2.8 • 0.7 92.94 190AKERS 95S OPAL 
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8.7 • 1.1 4- 0.4 91.3 191 ACCIARRI 94D L3 
8.7 • 1.4 4- 0.2 91.24 192 BUSKULIC 94G ALEP 
9 .92•  0.84:= 0.46 91,19 193BUSKULIC 941 ALEP 

- 7 1  •  + 7 --58 58.3 S H I M O N A K A  91 TOPZ - 8 
- 2 2 . 2  • 7.7 • 3.5 - 2 8 . 0  35 BEHREND 90D CELL 
- 4 9 . 1  •  • 5.0 - 3 9 . 7  43 BEHREND 90D CELL 
- 2 8  •  - 2 3  35 BRAUNSCH...  90 TASS 
- 1 6 . 6  • 7.7 • 4.8 - 2 4 . 3  35 ELSEN 90 JADE 
- 3 3 . 6  •  • 5.2 - 3 9 . 9  44 ELSEN 90 JADE 

3.4 • 7,0 4- 3.5 - 1 6 . 0  29.0 BAND 89 MAC 
- 7 2  •  •  - 5 6  55.2 SAGAWA 89 A M Y  

178ABREU 99M tag Z ~ bb  events using lifetime and vertex charge. The original quark 
charge is obtained from the charge flow, the difference between the forward and backward 
hemisphere charges. 

179ABREU 99Y tag Z ~ bb  and Z ~ c~  events by an exclusive reconstruction of several 
D meson decay modes (O * + ,  D 0, and D + with their charge-conjugate states). 

180 ACCIARRI 99D tag Z ~ bb  events using high p and p T leptons. The analysis determines 
simultaneously a mixing parameter Xb = 0.1192 • 0.0068 • 0.0051 which is used to 
correct the observed asymmetry. 

181 ACCIARRI 98U tag Z ~ bb events using lifetime and measure the jet charge using the 
hemisphere charge. 

182BARATE 98M tag Z ~ bb  events using lifetime and measure the jet charge using the 
hemisphere charge. The analysis is performed as a function of the bquark purity and 
b polar angle. 

183ACKERSTAFF 97P tag bquarks using lifetime. The quark charge is measured using 
both jet charge and vertex charge, a weighted sum of the charges of tracks in a jet which 
contains a tagged secondary vertex. 

184 ALEXANDER 97C identify the b and c events using a D / D *  tag. 
185 ALEXANDER 96 tag heavy flavors using one or two identified leptons. This allows the 

simultaneous f i t t ing of the b and c quark forward-backward asymmetries as well as the 
average B 0 - B  0 mixing. 

186 BUSKULIC 960 tag b-quark flavor and charge using high transverse momentum leptons. 
The asymmetry value at the Z peak is obtained using a charm charge asymmetry of  
6.17%. 

187 ABREU 95K identify c and b quarks using both electron and muon semileptonic decays. 
The systematic error includes an uncertainty of • 0.3 due to the mixing correction (X 
0,115 4- 0,011). 

188ABREU 95E require the presence of a D*4- to identify c and bquarks. Replaced by 
ABREU 99Y. 

lS9ABREU 95K tag bquarks using lifetime; the quark charge is identified using )et charge. 
The systematic error includes an uncertainty of • due to the mixing correction (X = 
0.115 • 0.011). Replaced by ABREU 99M. 

190AKERS 95S tag bquarks using lifetime; the quark charge is measured using jet charge. 
These asymmetry values are Obtained using R b = F(bb)/F(hadrons) = 0.216. For a 
value of R b different from this by an amount AR b, the change in the asymmetry values 
is given by -KAR b, where K = 0.082, 0.471, and 0.855 for ~ values of 89.52, 91.25, 
and 92.94 GeV respectively. Replaced by ACKERSTAFF 9/P. 

191ACCIARRI 94D use both electron and muon semileptonic decays. Replaced by ACCIA- 
RRI 99D. 

192BUSKULIC 94G perform.a simultaneous fit to the p and PT spectra of both single and 
ditepton events. Replaced by BUSKULIC 960. 

193BUSKULIC 941 use the lifetime tag method to obtain a high purity sample of Z 
bb  events and the hemisphere charge technique to obtain the jet charge. Replaced by 
BARATE 98M. 

CHARGE A S Y M M E T R Y  IN e + e  - --* q~  

Summed over five lighter flavors, 

Experimental and Standard Model values are somewhat event-selection 
dependent. Standard Model expectations contain some assumptions on 
BO-B 0 mixing and on other electroweak parameters. 

STD. V~ 
ASYMMETRY (%) MODEL (GEV)  DOCUMENT ID TEEN 

�9 �9 �9 We do not Use the following data for averages, flts, l imits, etc. �9 �9 �9 

- 0 . 76+0 .12 •  91.2 194 ABREU 921 DLPH 
4.0 • • 4.0 91.3 195ACTON 92L OPAL 
9.1 •  •  9.0 51.9 ADACHI 91 TOPZ 

- 0.84• 91 DECAMP 91B ALEP 
8.3 • • B.7 56.6 STUART 90 AMY 

i i .4 • • 8.7 57.6 ABE B9L VNS 
6.0 •  5.0 34.8 GREENSHAW 89 JADE 
8.2 •  8.5 43.6 GREENSHAW 89 JADE 

194 ABREU 921 has 0.14 systematic error due to uncertainty of  quark fragmentation. 
195ACTON 92L use the weight function method on 259k selected Z ~ hadrons events. 

The systematic error includes a contribution of 0.2 doe to B0 -B  ~o  mixing effect, 0.4 
due to Monte Carlo (MC)  fragmentation uncertainties and 0.3 due to MC statistics. 

I 2 eLf ACTON 92L derive a value of s'n ~W to be 0.2321 • 0.0017 • 0.0028. 

CHARGE A S Y M M E T R Y  IN p~  ~ Z --* e+e  - 

STD. ~e 
ASYMMETRY {%) MODEL V} DOCUMENT ID TEEN 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

5 . 2 - 5 . 9 •  91 ABE 91E CDF 

ANOMALOUS ZZ'?, Z~l~', AND ZZV COUPLINGS 
Revised March 2000 by C. Caso (Univ. of Genova) and A. Gurtu 
(Tata Inst.) 

In the reaction e+e - -* Z% deviations from the Standard 

Model for the ZV 7 couplings may be described in terms of 

8 parameters, h V (i = 1, 4; V -- "7, Z) [1]. In this formalism hi  v 

and h / lead to CP-violat ing and h v and h / to CP-conserving 

effects. All these anomalous contributions to the cross section 

increase rapidly with center-of-mass energy. In order to ensure 

unitarity, these parameters are usually described by a form- 

factor representation, bY(s )  = hV/ (1  + s/A2) n, where A is the 

energy scale for the manifestation of a new phenomenon and n 

is a sufficiently large power. By convention one uses n = 3 for 

h V and n = 4 for h V Usually limits on h v ' s  are put assuming 1,3 2,4" 

some value of A (sometimes De). 

Above the e+e - ---* Z Z  threshold, deviations from the 

Standard Model may be described by means of four anomalous 

couplings f v  (i = 4, 5; g = 7, Z) [2]. The anomalous couplings 

]5 y lead to violation of C and P symmetries while f v  introduces 

C P  violation. These couplings are zero at tree level in the 

Standard Model. 

R e f e r e n c e  

1. U. Baur and E.L. Berger Phys. Rev. D47,  4889 (1993). 

2. K. Hagiwara et aL, Nucl. Phys. B282,  253 (1987). 

*Y 
VALUE DOCUMENT ID TEEN 

I �9 �9 We do not use the following data for averages, fits, limits, e t c . � 9  �9 �9 

196 A B B O T T  9BM DO I 
197 ABREU 9BK DLPH I 198 ACCIARRI 9BL L3 

1 9 6 A B B O T T  98M study p~  ~ Z~/ +X ,  with Z ~ e + e  - ,  # + # - ,  uu  at 1.8 TeV, to I 

obtain 95% CL limits at A =  750 GeV: IhZol < o 3 6 , 1 4 [  < 0 0 5  (keeping h T = 0  ) and I 

Ih~01 < 037,  Ih4~01 < 0.05 (keeping hZ=0) .  Limits on the CP-violating coupling . . . .  I 
lhZ0 t < 036, ]h2Z01 < 0.05 (keeping hT=0), and lhlf01 < 0.37, lh~o I < 005 (keeping I 
hZ=0). 

197ABREU 98K determine a 95% CL upper limit on a(e + e-  ~ "7+ invisible particles) < I 

2.5pb using 161 and 172 GeV data. This is used to set 95% CL limits on lh~Di < 0.8 and I 

lhjZo I < 1.3, derived at a scale A=I TeV and with n=3 in the form factor representation. I 
19SAcCIARRI 9BL study 161, 172, and 183 GeV e + e-  ~ q~')' and e + e-  ~ uP-). events I 

to derive 95% EL limits on h/V, For deriving each l imit the others are fixed at zero. For I 

A = o o  they report: - 0 . 5 4  < h Z  1 < 0.17, - 0 . 1 1  <h  z < 0.37, - 0 , 5 0  <h  Z < 038,  I 

-0.12 <hZ < 0.39,-025 <h~ < 0.23,-0.18 <h~ < 018,-0.33 < ~  < 001, I 
-0.02 <h~ < 0.24. I 

VALUE DOCUMENT ID TEEN 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

199 ACCIARRI 99O L3 I 

199ACCIARRI 990 study Z Z  production in e + e  - collisions at 183 and 189 GeV to derive I 
95%CL limits on f V .  For deriving each l imit the others are fixed at zero. They report: I 

- 1 9  <f {  < 13, -5.0 <fZ < 4.5, --1.1 <f~4 < 1.2, -3.0 <f~ < 2.9. I 
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I Higgs Bosons - -  H ~ and H • Searches for l 
S E A R C H E S  F O R  H I G G S  B O S O N S  

Written February 2000 by P. Igo-Kemenes (Physikalisches In- 
sti tut ,  Heidelberg, Germany) 

I. I n t r o d u c t i o n  

One of the main challenges in high energy physics is the 

discovery of Higgs bosons. Their existence is related to the 

generation of elementary particle masses. In the Standard 

Model (SM) [1], the electroweak interaction is described by 

a gauge field theory based on the SU(2)L• symmetry 

group. Masses can be introduced by the Higgs mechanism [2], 

where fundamental  scalar "Higgs" fields interact with each other 

such tha t  they acquire a nonzero vacuum expectation value and 

the SU(2)LXU(1)y symmetry is spontaneously broken down 

to the electromagnetic U(1)E M symmetry. Gauge bosons and 

fermions obtain their masses by interacting with the vacuum 

Higgs field. Associated with this mechanism is the existence of 

massive scalar particles called Higgs bosons, and the proof for 

the above mechanism would come from the direct observation 

of this novel particle species. 

In its minimal version, the SM requires one Higgs field 

doublet and predicts a single neutral Higgs boson. Beyond 

the SM, supersymmetric (SUSY) models [3] are considered. 

They provide a consistent framework for the unification of the 

gauge interactions at a high energy scale ACUT ~ 10 TM GeV 

and an explanation for the stability of the electroweak energy 

scale in the presence of quantum corrections (the "scale hier- 

archy problem"). Moreover, their predictions are compatible 

with existing high-precision data. The Minimal Supersymmet- 

ric Standard Model (MSSM) [4] is the SUSY extension of the  

SM with minimal new particle content. It needs two Higgs 

field doublets and predicts the existence of three neutral  and 

a pair of charged Higgs bosons. While in the SM the mass of 

the Higgs boson is not predicted, in SUSY models the Higgs 

masses are related to tile gauge couplings. As a consequence, 

one of the neutral  Higgs bosons must have its mass close to the 

electroweak energy scale. In the MSSM this mass is predicted 

to be less than about  135 GeV [5]. 

Prior to 1989, when ttle c+e - collider LEP at CERN came 

into operation, Higgs boson searches were sensitive to masses 

below a few GeV only (see Ref. 6 for a review). The LEP 

collider, operating for five years at  a center-of-mass energy 

v'~ ~ Mzo (the LEP1 phase), definitively excluded a SM 

Higgs boson with a mass between zero and about  65 GeV [7]. 

Since 1995, the center-of-mass energy has increased each year 

(the LEP2 phase) and has reached , / s  = 204 GeV in 1999, 

within a few GeV of the highest energy expected. When the 

full da ta  of the four LEP experiments are combined, the 

sensitivity for discovery will extend to SM Higgs boson masses 

of approximately 110 GeV. After the LEP experiments finish 

taking data, searches for Higgs bosons will be pursued primarily 

at the Tevatron pp collider. The sensitivity to Higgs bosons in 

the Run I data is rather limited, though the planned energy and 

luminosity upgrades (Run II [8]) would extend the sensitivity 

well beyond the LEP range. The searches will continue later 

at the LHC pp collider [9] covering the canonical mass range 

up to about 1 TeV. If Higgs bosons are discovered, the Higgs 

mechanism can be studied in great detail  at  future e+e - [10] 

and # + # -  colliders [11]. 

The sensitivity of current searches is continuously improving 

with increasing collider energies and sample sizes. There is also 

ongoing activity in refining the phenomenology relevant to Higgs 

boson searches. In order to provide an up to date description, 

recent documents are quoted even though in some cases they are 

not published. Such documents (indicated by *name* in the 

Reference list) can be accessed conveniently from the web page 

http ://home. cern. chlplpiklwww/pdg2OOO/index, html. 

II. H i g g s  b o s o n  m a s s e s  

I n  the S t a n d a r d  Model ,  the Higgs mass mHo = X / ~ v  

is proportional to the vacuum expectation value v of the Higgs 

field, which is fixed by the Fermi coupling. The quartic Higgs 

coupling A, and thus mHo, is not determined, but  arguments of 

self-consistency of the theory can be used to place upper and 

lower bounds on rnHO. 

Since the running coupling A rises indefinitely with energy, 

the theory would eventually become non-perturbative.  The re- 

quirement tha t  in the SM this does not occur at a scale lower 

than A defines an upper bound for the Higgs mass [12]. Oil the 

other hand, a lower bound for mHo is obtained from top-loop 

induced quantum corrections to the Higgs interaction poten- 

tial [13]. The requirement tha t  the electroweak minimum is an 

absolute minimum up to the scale A yields a "vacuum stabil- 

ity" condition which limits mHo from below. These theoretical 

bounds are summarized in Fig. 1 [14] as a function of A. Self- 

consistency of the SM up to A = AGUT allows only the narrow 

band from about  130 to 190 GeV for the mass. This range is 

beyond the reach of LEP2, which implies tha t  the discovery of 

a Higgs boson at LEP would indicate new physics beyond the 

SM at energies lower than ACUT. 

Indirect experimental bounds for the Higgs mass are ob- 

tained fl'om fits to precision measurements of electroweak ob- 

servables, primarily from Z ~ decay data, and to the measured 

top and W • masses [15]. These measurements are sensitive to 

log(roll0 ) through radiative corrections. Currently the best fit 

77+69 GeV, and mHo < 215 GeV is obtained at value is mHo = - - -39 

the 95% confidence level (CL) [16], still consistent with the SM 

being valid up to the GUT scale. 

I n  the M S S M ,  one of the two Higgs field doublets, with 

vacuum expectation value vl, couples to "down" quarks and 

charged leptons while the second, with v2, couples to "up" 

quarks only. Assmning C P  invariance, the spectrum of physical 

Higgs bosons [4] consists of two CP-even neutral  scalars h ~ and 

H ~ (h ~ is the one with the smaller mass), one CP-odd  neutral  

scalar A ~ and one pair of charged Higgs bosons H • 
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F i g u r e  1: Bounds on the Higgs mass based on 
arguments of self-consistency of the SM [14]. A 
denotes the energy scale at which the SM would 
become non-perturbative or the electroweak po- 
tential unstable. The dark bands represent the- 
oretical uncertainties. 

At the tree level, only two parameters are required (beyond 

the Z ~ mass) to fix all Higgs masses and couplings. A conve- 

nient choice is the ratio tan/3 = v2/vl  and the mass (mAo) of the 

CP-odd scalar A ~ The mixing angle a which diagonalizes the 

CP-even Higgs mass matr ix can also be expressed in terms of 

tan fl and mA0. The following ordering of masses is valid at the 

tree level: "O~.hO ~ M z ,  mAo < mHO, and r t lA0  , M w  < mH• 

These relations are modified by radiative corrections; the largest 

contribution is a consequence of the incomplete cancelation be- 

tween virtual-top and scalar-top (stop) loops. The corrections 

affect mainly the masses and decay branching ratios in the neu- 

tral Higgs sector. They depend strongly on the top quark mass 

(~  m 4) and logarithmically on the stop masses, and involve a 

detailed parameterization of SUSY breaking and of the mixing 

between the SUSY partners of the left- and right-handed top 

quarks [17]. 

The Higgs masses, after radiative corrections, are displayed 

in Fig. 2 as a function of mA0 for two representative values of 

tan;3 within the range from 1 to ~ rat~rob which is preferred 

in grand unification schemes [18]. One observes tha t  ~7~hO Iilay 

exceed M z .  

III .  Higgs  b o s o n  p r o d u c t i o n  a n d  decay  

A comprehensive discussion of the Higgs boson phenomenol- 

ogy is given in Ref. 19. In this section the focus is on 

Higgs production in e+e - collisions at energies below 210 GeV 

(LEP2) [20] by which most of the recent search results have 

been obtained. Extensions to higher e+e - energies [10] and 

to production in hadron collisions [8,9] are discussed briefly in 

Sections V and VI. 

Higgs  b o s o n  p r o d u c t i o n  in  e+ e - co l l i s ions :  

The principal mechanism for producing the S M  H i g g s  par-  

t icle  in e+e - collisions at current energies is Higgs-strahlung 

in the s-channel [21], e+e - ~ H ~  ~ where a Higgs boson is 

radiated off an intermediate Z ~ boson. The Z ~ boson in the 

final state is either virtual (LEP1) or on the mass shell (LEP2). 

100 200 500 1000 
mAo [GeV] 

F i g u r e  2: Higgs masses in the MSSM after 
radiative corrections, as a function of mAo for 
two representative values of tan/3; 1.5 and 30 
(in the case of H • the variation with tan;3 is 
invisible on the scale of the figure). 

In the latter case (at energies far from the Z u resonance) the 

cross section is given by 

2 4  
a(e+e - --+ Z ~  O) = GZFM~ (v 2 + a2e)A1/2A. -- +- =- aSM 

967r s ' e (1 - M z / s  )' 
(1) 

where s denotes the center-of-mass energy squared, ae : - 1 ,  

ve = - 1  + 4 s ~  ( sw : s in0w is the sine of the weak-mixing 

angle), and A = [1 - (m//0 +Mz)2 / s ] I1  - (mHo -- Mz)2 / s ]  is the 

two-particle phase-space function. The cross section [21,22] is 

shown in Fig. 3 as a function of x/~, together with tha t  of other 

SM processes. 
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F i g u r e  3: Cross sections for the Higgs- 
strahlung process in the SM for fixed values 
of mH0 (full lines) and for other SM processes 
which contribute to the background, as a func- 
tion of x/~. 
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The SM Higgs boson can also be produced by W + W  - 

fusion in the t-channel [23], e+e - ~ PeueH ~ but at current 

energies this process has a small contribution to the cross 

section, except for Higgs masses which cannot be reached by 

the Higgs-strahlung process. The W + W  - fusion process may 

extend slightly the ultimate range of sensitivity at LEP2 [20]. 

I n  the  M S S M ,  the main production mechanisms of the 

neutral Higgs bosons h ~ and A ~ are [24] the Higgs-strahlung 

process e+e - --~ h ~  ~ and the pair-production process e+c - --+ 

h~  ~ As in the SM case, the fusion process plays a marginal 

role at current energies. Furthermore, the production of the 

heavy neutral CP-even Higgs boson H ~ is suppressed over most 

of the parameter space currently accessible. The cross sections 

for the Higgs-strahlung and pair-production processes may be 

expressed in terms of aSM given in Eq. (1) and the angles a 

and/3 introduced before: 

- '  ' I / - "  L I ' I ' - I  

"=~ ~ , : , , ,  . . . . . . . . . . . . .  . .  WW_~ r - : . . . . . . . . .  

�9 . . . . . . . . . .  . . . . .  z z ~  = i / 

/" 

, , , i i  , , 
100 200 300 500 

m e, [GeV] 

F igu re  4: Branching ratios for the main decay 
modes of the SM Higgs boson [10]. 
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a(e+ e - --+ Z ~  ~ = sin203 - a)aSM (2) Table  1: Factors relating the SM Higgs couplings 

to the corresponding couplings in the MSSM. 

a(e+e - ~ A~  ~ = cos2(I3 - a)AaSM , (3) 

3/2 a/2 2 with the kinematic factor A = AA0h0 / [AZ0 h o (12M z / s  + Az0 h 0 )] 

and A U = [1 - (mi  + mj)2/s][1 - (mi - mj)2 /s] .  The cross 

sections are complementary due to the MSSM suppression 

factors s in203-  a) and 2os2(3 - a). At small tanl3 the process 

e+e - ~ Z ~  ~ has the larger cross section while at large t an3  it 

is e + e - . ~  h~  ~ unless the latter is suppressed kinenmticMly. 

In models with t w o  H i g g s  f i e l d  d o u b l e t s  (2HD models), 

including the MSSM, charged Higgs bosons are expected to 

be produced in pairs [19,25], e+e - ~ H + H  - ,  and the cross 

section is fixed at the tree level by the mass mH• 

2 4 4 
a ( c + e -  ---+ H + H  - )  - 2 G F M w s w  

37r s 

2 2 2 [ VeVH (ae + re)V" l 
L 2 2 4 4 2 2 J  • l + 4 s w C w (  1 M 2 / s  ) +  _ 64SwCw(1 _ M z / s  ) /33 I (4) 

with cw = cos Ow, VH = --l+2s~v,  and ~11 = (1 -4m2H•  

Higgs  boson  decay:  

In the case of the S M  H i g g s  boson,  the most relevant 

decay branching ratios [22,26] are summarized in Fig. 4. For 

masses below about 135 GeV, decays to fernfion anti-fermion 

pairs dominate, and H ~ ~ bb has the largest branching ratio. 

Decays to T+T - ,  CC, and gluon pairs (via loops) are below 

10%. The decay width is less than 10 MeV. For larger masses, 

"Up" fermions "Down" fermions Vector bosons 

SM-Higgs: 1 1 1 

MSSM h~ c o s a / s i n ~  - s i n a / c o s ~  sin(t3 - a) 

HO: sin a / s in /3  cos a~ cos 3 cos(3 - a) 

A~ 1 / t an  3 tan 3 0 

�9 The h ~ boson will decay mainly to fermion pairs 

since the mass is smaller than about 135 GeV. 

The A ~ boson also decays predominantly to fermion 

pairs, independently of its mass, since its coupling to 

vector bosons is zero at leading order (see Table 1). 

For tanfl  > 1, decays to bb and T+T - pairs are 

preferred, with branching ratios of about 90% and 

8%, respectively, while the decays to cE and gluon 

pairs are suppressed. Decays to c~ may become 

important for tan fl < 1. 

�9 The decay h ~ ~ A ~  ~ may become dominant if it 

is kinematically allowed [25]. 

�9 Other possible decays are into SUSY particles such 

as sfermions, charginos or neutralinos, which may 

lead to invisible or barely visible final states. The 

branching fractions can be large, even dominant in 

parts of the MSSM parameter space, thus requiring 

a different search strategy. 

the W + W  - ,  Z ~  ~ final states donfinate [10] and the decay 

width rises rapidly with mass, reaching about 1 GeV for 

mHo = 200 GeV and 100 GeV for mHO = 500 GeV. 

I n  t he  M S S M ,  the couplings of the neutral Higgs bosons to 

quarks, leptons, and gauge bosons are modified with respect to 

those of the SM Higgs boson by factors which depend upon the 

mixing angles a and t3. These factors, valid at leading order, 

are summarized in Table 1. The decays are discussed in [19,24]. 

Some features relevant to current searches are discussed below. 

C h a r g e d  H i g g s  bosons  in 2HD models decay mainly via 

H + ----+ T + I - ' r  if tan 13 is large. For small tan fl, the decay to c~ 

is dominant at low mass, and the decay to H + ~ t*b -~ W+bb 

is dominant for H + masses larger than about 130 GeV [27]. 

IV.  T h e  search e n v i r o n m e n t  at L E P  

During the first phase of LEP, the experiments ALEPH, 

DELPHI, L3, and OPAL analysed over four million Z ~ decays 

each. They have set lower bounds of approximately 65 GeV 
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on the mass of the SM Higgs boson, and of about  45 GeV on 

the masses of the h ~ A ~ (valid for tan~3 > 1) and also for H • 

bosons. At energies above the Z ~ resonance (the LEP2 phase) 

the experimental environment is different in many respects. 

The signal-to-background ratio at LEP2 is more favorable (see 

Fig. 3), despite the additional backgrounds from the processes 

e+e - --* W + W  - and Z ~  ~ The l a t t e r  have kinematic prop- 

erties similar to the signal process e+e - -~ H ~  ~ but since 

at LEP2 the Z ~ boson is on the mass shell, constrained kine- 

matic fits allow a good overall signal-to-background ratio to 

be achieved. Furthermore, since neutral  Higgs bosons decay 

preferentially to bb, the LEP Collaborations have considerably 

upgraded their b-tagging capabilities for the LEP2 phase. Jets 

with B hadrons are recognized by the presence of secondary 

decay vertices or tracks with large impact parameters, identified 

by means of high-precision silicon microvertex detectors. Other  

indicators for B hadron decays are high-pT leptons (~ = e, p) 

from b --~ ce-Pt  decays and several jet  properties. 

The following final states provide good sensitivity for neutral  

Higgs bosons (here h ~ may designate either the SM Higgs boson 

or the light CP-even neutral  scalar in the MSSM). 

(a) The f o u r - j e t  f i n a l  s t a t e  is produced by the processes 

(h ~ ~ bb)(Z ~ ---* q~) and (h ~ ~ b-b)(A ~ ---* bb). In the SM it 

occurs with a branching ratio of 58%. In the first process, the 

invariant mass of two of the jets is close to M z ,  while the other 

two jets contain B hadrons. In the second process, the Z ~ mass 

constraint ~ cannot be used, but  B hadrons are expected in all 

four jets. The Higgs mass can be reconstructed with a typical 

resolution of 2.5 GeV. 

(b) The m i s s i n g - e n e r y y  f i n a l  s t a t e  is produced mainly 

by the process (h ~ -~ bb)(Z ~ ~ v~). In the SM it occurs 

with a branching ratio of 17%. The signal has two jets with 

B hadrons, substantial  missing transverse momentum and miss- 

ing mass compatible with M z .  A similar event topology would 

also occur in h ~  ~ and h~  ~ if the h ~ or the A ~ boson decayed 

into "invisible" SUSY particles (e.g., neutralinos), or in the 

W + W  - fusion process leading to bbuePe events. The recon- 

struction of the Higgs boson requires good knowledge of the 

detector acceptance and energy resolution; it is achieved with a 

typical resolution of 3 GeV, but  the distribution usually has a 

pronounced non-Gaussian tail. 

(c) The l e p t o n i e  f i n a l  s t a t e s  are produced in the processes 

(h ~ ~ bb)(Z ~ --* e+e - ,  # + # - ) .  In the SM the branching ratios 

add up to 6%. The two leptons reconstruct to M z  and the two 

jets contain B hadrons. Although the branching ratio is small, 

this channel adds considerably to the overall search sensitivity 

since it has low background and good mass resolution, typically 

1.5 GeV, if mho is taken to be the mass recoiling against the 

reconstructed Z ~ boson. 

(d) The t au  f i n a l  s t a t e s  are produced in the SM and 

MSSM processes (h ~ ~ r + r - ) ( Z  ~ ~ q~), (h ~ ~ qq)(Z ~ --~ 

r + r - ) ,  (h 0 ~ T+'c-) (A ~ ~ qq), and (h ~ ~ q~)(A ~ ~ ~-+T-). 

In the SM they occur with a branching ratio of about  10% in 

total. These channels play an important  role in some subsets 

of the MSSM parameter  space where the decays to bb are 

suppressed. 

To summarize, the conjunction of constrained kinematic fits 

and sophisticated b tagging allows the searches at LEP2 to be 

conducted with increased sensitivity. With  the inclusion of the 

abundant  four-jet final states, which had to be discarded at 

LEP1 from searches for the SM Higgs boson, about  95% of the 

signal cross section is utilized. 

Searches for the charged Higgs process e+e - ~ H + H  - 

make use of the decays H + ~ c~ and ~-+u~. The process 

e+e - ---* W + W  - constitutes a high background at mH• ~ M w .  

In the SM and the MSSM, the signal and background rates 

are predicted channel by channel. The corresponding search 

results can thus be combined for a bet ter  overall sensitivity. 

Furthermore, datasets from different LEP energies and exper- 

iments can also be added. The combined LEP data  are used 

to test two hypotheses: the background-only ("b") hypothesis, 

which assumes no Higgs boson to be present in the mass range 

investigated, and the signal § background ("s + b") hypothesis, 

where Higgs bosons are assumed to be produced according to 

the model under consideration. A global test-statistic X is con- 

structed [28] which allows the experimental result Xobserved to be 

classified between the b-like and s + b-like situations. It utilizes 

the number of selected events and various distributions which 

provide discrimination between signal and background (e.g., the 

reconstructed mass or b-tag variables). The test-statistic takes 

into account experimental details such as detection efficiencies, 

signal-to-background ratios, resolution functions, and provides 

a single value for a given model hypothesis (e.g., the test-mass 

mHo in the SM). 

To set the scale for X,  a large number  of Monte Carlo 

experiments are generated, separately for the b and the s + b 

hypotheses, and separately for each model hypothesis (e.g., 

mHo ). The resulting distributions of X(~HO ) are normalized 

to become probability density functions, and integrated to 

form the confidence levels CLb(mHo ) and CLs+b(mHo ). The 

integration starts in bo th  cases from the b-like end and runs 

up to Xobserved; thus CLb(mUo ) and CLs+b(mgo ) express the 

probabilities tha t  the outcome of an experiment is more b-like 

or less s + b-like, respectively, than  the outcome represented by 

the set of selected events. 

The 95% CL lower limit for the SM Higgs mass is 

defined as the lowest value of the test mass mHo which 

yields* CLs(mgo)=CLs+b(mHo) /CLb(mHo ) = 0.05. The quan- 

tity 1 -  CLb(mHo ) is an indicator for a possible signal: a 

SM Higgs boson with true mass m0 would produce a pro- 

nounced drop in this quanti ty for mH0 ~ m 0. Values of 

1 - CLb < 5.7 • 10 -7 would indicate a five-standard devia- 

tion (5a) discovery. 

If values of )(observed (and thus the integration bounds) 

are obtained from Monte Carlo simulations of the real exper- 

iment, the average expected confidence levels (1 - CLb(mH0)) 

and (CLs(mHo)) are obtained. Of particular interest are 

(1-  CLb(mHo)) from simulated s + b experiments and 
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(CLs(mH0)) from simulated b experiments, since these indi- 

cate the expected ranges of sensitivity of the available data set 

for discovery and exclusion, respectively. 

V. La tes t  resu l t s  

We summaries below the search results obtained recently by 

the LEP Collaborations, the CDF, DO, and other experi- 

ments. Some of the LEP results presented are obtained by 

combining [29] preliminary data from the four experimental 

groups [30] according to the procedure outlined above. 

R e s u l t s  r e l e v a n t  to  the  S M  a n d  the  M S S M :  

(a) For the S M  Higgs  boson,  the confidence levels 1 - CLb 

and CL8 obtained from combining the data of the four LEP 

experiments are shown in Fig. 5 [29]. One can see in the 

upper part that the observed behavior of 1 - CLb (full line) 

is compatible with the expected behaviors for background 

within 2G (light-shaded band). The expected behavior in the 

presence of a signal (dashed line) indicates that the data have 

sensitivity for a 5a discovery (1 - CL b < 5.7 • 10 -7) up to 

mHO ~ 98 GeV. In the lower part of the figure, the curves of 

CL8 observed (full line) and expected from background (dashed 

line) follow each other closely, as anticipated in the absence 

of a signal. The curves cross the value CLs -- 0.05 in the 

vicinity of mso  = 103 GeV. After cross checking with several 

test-statistics, the value 102.6 GeV is quoted in Ref. 29 as the 

95% CL lower bound for the SM Higgs mass. 

F igu re  5: The confidence levels 1 - CL b (up- 
per) and CLs (lower part), observed and ex- 
pected, as a function of the test mass mHo , 
obtained from combining [29] preliminary data 
of the four LEP experiments. The dark (light) 
shaded areas represent the +one- (two-) stan- 
dard deviation bands around the expected aver- 
age (0.5) from simulated background only exper- 
iments. 

At the Tevatron, the SM Higgs boson would be produced 

primarily by gluon fusion, gg --* H ~ [31]. However, the signal 

processes providing best sensitivity to masses below 140 GeV 

are those where a Higgs boson is produced in association with 

a W • or Z ~ boson, or in association with heavy quarks, p~ 

W + H  ~ X, Z ~  ~ X, Q Q H  ~ X [32]. The Run I data samples, of 

about 110 pb -1 from both CDF and DO, are far too small for 

a discovery of the SM Higgs boson but allow upper bounds to 

be set on the cross section. For mHO > 70 GeV, these bounds 

are higher by an order of magnitude at least than the SM 

prediction [33,34]. 

(b) For the M S S M  Higgs  b o s o n s  h ~ a n d  A ~ the 

search results are used to test a 'constrained' MSSM where 

universal SUSY-breaking masses msusY and Ms are assumed for 

sfermions and gauginos, respectively, at the electroweak scale. 

With these assumptions, the number of MSSM parameters is 

reduced to only six [4,19]. All masses, cross sections, and decay 

branching ratios can be calculated by fixing msvsY, M2, tan ~3, 

mAo , the Higgs mixing parameter #, and the trilinear coupling 

At which controls stop mixing. The top mass has also an 

impact on the predictions through loop corrections. 

Although more general parameter scans have been re- 

ported [35,36], most interpretations of the results are limited 

to less general scenarios (e.g., those proposed in Ref. 20), 

where some of the parameters are fixed: msusY:--1 TeV/c 2, 

M2=1.6 TeV/c 2, # = -100 GeV, and mt = 175 GeV. Two 

separate cases are considered, with At = 0 and v/6 TeV, which 

correspond to no mixing and large stop-mixing. The remaining 

parameters, mAo and tan~3, are scanned independently. 

The current LEP limits in the MSSM parameter space [29], 

valid for large mixing, are shown in Fig. 6 in the (mhO , tan fl) and 

(mAO , tan/~) projections (for no mixing the available parameter 

space is more restricted). The current 95% CL bounds are: 

mho > 84.3 GeV, mAo > 84.5 GeV. Furthermore, values of tan f~ 

from 0.8 to 1.9 are excluded for the parameter sets considered; 

however, that exclusion can be reduced considerably in other 

scenarios ]37]. 

The CDF experiment has searched for the process p~ --+ 

bbX ~ bbbb [33] where a particle X(_  = h ~ H ~ A ~ is radiated 

from a b quark and decays subsequently to bb. This process 

is enhanced in the MSSM at large tan/3 where the Yukawa 

coupling to the b quark is large. The domains excluded by 

CDF are indicated in Fig. 6 together with the limits from LEP. 

I n t e r p r e t a t i o n s  in  m o d e l s  b e y o n d  the  S M  a n d  the  

M S S M :  

Any model, to be acceptable, has to reproduce the available 

precision electroweak data. 2HD models with any number 

of additional singlet or doublet fields satisfy this criterion. 

This has been demonstrated [38] for 2HD models of class II 

where the "up" and "down" fermions couple to separate Higgs 

doublets. In the case of higher representations (e.g., triplet 

fields) the parameters can also be tuned to obtain agreement, 
2 2 in particular to preserve the value of p = M w / M ~ c o s  2 Ow 
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Figu re  7: The 95% CL bounds on mH• as a 
function of the branching ratio B(H + --* ~'+ur), 
from combining the data collected by the LEP 
experiments at energies up to 196 GeV [29]. 
The expected exclusion limit is indicated by the 
dashed line and the observed limits, channel- 
by-channel (light) and total (heavy), by the full 
lines. 
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F igu re  6: The 95% CL bounds on mho , man , 
and tariff, for the case of large mixing, from 
combining the data of the four LEP experiments 
up to V~ = 196 GeV [29]. The dashed lines 
indicate the expected limits. The exclusions at 
large tan~3 from the CDF experiment [33] are 
also indicated. 

and to avoid excessive rates of flavor-changing neutral currents. 

Search results are discussed below in theoretical contexts which 

are more general than the SM and the MSSM. 

(a) The searches for e+e - ~ h ~  ~ and h~  ~ have been 

used to derive m o d e l - i n d e p e n d e n t  b o u n d s  for the rates of 

generic processes where h ~ and A ~ can be any UP-even and 

UP-odd scalar particles [36,40]. In deriving these limits it is 

generally assumed that the decay properties of the generic 

particles are identical to those of the SM Higgs bosom Models 

with U P  violation [39] and non-SM decay properties have also 

been addressed [40]. 

(b) The searches for charged  H i g g s  b o s o n s  are guided by 

predictions of 2HD models. The mass ran• is not constrained. 

In the LEP searches [41] it is assumed that the decay modes 

H + ~ c~ and r+Ur fully exhaust the decay width, but the 

relative branching ratio is unknown. They therefore include 

the e+e - ~ H + H  - final states (c~)(~s), (T+Ur)(T-~r) and 

(c~)(~'-Fr) + (~s)(r+u~). The current combined limits from 

LEP [29] are reproduced in Fig. 7 as a function of the branching 

ratio B(H + --* T+Ur). The lowest value, independent of the 

branching ratio, is currently 77 GeV. 

At the Tevatron, charged Higgs bosons may be produced in 

the decay of the top quark, t ---* bH +. While the SM requires 

the top quark to decay almost exclusively via t --* b W  +, in 

2HD models the process t ---* bH + may compete with the SM 

process if mH+ < mt - m b  and if tariff is either large (> 30) 

or less than one. To search for H +, the DO experiment has 

adopted an indirect "disappearance technique [42]," optimized 

for the detection of the SM background process t ---* b W  +. The 

CDF Collaboration reported on a direct search for the process 

t ---* H+b --* T+t%b [43] and on an indirect approach [44] in 

which the rate of di-leptons and lepton+jets in t t  decay is 

compared to the SM prediction. The 2HD model of class II 

is assumed by both collaborations, and that the H + decays 

into three channels: (i) c~, which is dominant at low tan fl and 

small mH+ , (ii) t*b ~ W+bb, dominant at low tan fl and for 

mH• .~ rn t + m b [27], and (iii) T+vr, dominant at high tan ft. 

The results are summarized in Fig. 8, where the LEP limits 

of Fig. 7 are also reproduced. All these limits are subject to 

potentially large theoretical uncertainties [45]. 

200 o 
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F i g u r e  8: Summary of the 95% CL exclusions 
in the (mH+ , tariff) plane obtained by the 
DO [42] and CDF [43] collaborations, using var- 
ious indirect and direct observation techniques. 
The limits quoted by the two collaborations were 
obtained assuming slightly different t t  cross sec- 
tions and using different statistical procedures. 
The LEP limits from Fig. 7 are also reproduced. 
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Indirect limits in the (mH• , tanfi) plane can also be de- 

rived using experimental bounds on the branching ratio of the 

flavor-changing neutral current process b --~ s 7. In the SM, this 

process is induced by virtual W • exchange and gives rise to a 

branching ratio of (3.28:1: 0.33) • 10 -4 [46]. In 2HD models 

of class II, the branching ratio is increased [47] by contributions 

from charged Higgs bosons. Thus, the experimental 95% CL 

upper bound of 4.5 • 10 -4 obtained by the CLEO Collabo- 

ration [48] can be translated into a lower bound on mH• 

which is in the vicinity of 300 GeV and depends moderately on 

tanfi. Less stringent limits are obtained from measurements of 

the b ~ s7 and b --* " r - P r  X rates and from tau-lepton decay 

properties at LEP [49]. All these indirect bounds are model- 

dependent and may be invalidated, e.g., by sparticle loops or 

anomalous couplings. 

(c) Higgs bosons with double-electr ic  charge, H • are 

predicted by several models [50,19] e.g., with triplet scalar 

fields. The OPAL Collaboration has searched for the process 

Z ~ --+ H++H - -  in final states with four prompt electrons or 

muons. An alternative selection, sensitive to long-lived H =L~- 

and giving rise to isolated tracks with ionization energy loss 

typical for two electron charges, was also used. By combining 

the two searches, H •177 bosons with mass less than M z / 2  could 

almost completely be excluded [51]. 

(d) The addition of a singlet  scalar  f ield to the 

MSSM [52], gives rise to two additional neutral scalars, one 

CP-even and one CP-odd. The radiative corrections to the 

masses are similar to those in the MSSM and arguments of 

perturbative continuation to the GUT scale lead again to an 

upper bound of about 135-140 GeV for the mass of the light- 

est neutral CP-even scalar. The DELPHI Collaboration has 

used the searches for neutral Higgs bosons to constrain such 

models [53]. 

(e) Higgs bosons can be produced by Y u k a w a  processes  in 

which they are radiated from a massive fermion, e.g., b or T • 

The CDF search for this process [33] has already been discussed 

in the MSSM context of Fig. 6. In a broader context, this 

process can be dominant in regions of the 2HD model space 

where the "standard" processes are suppressed. The LEP1 

data have recently been reanalyzed [54], searching specifically 

for bbbb, bbT+r - ,  and ~-+T-7-%-- final states. 

(f) Decays into "invis ible"  par t ic les  (weakly interacting 

neutral particles) may occur, e.g., in the MSSM with R- 

parity conservation, if the Higgs bosons decay to pairs of 

neutralinos [55]. In a different context, Higgs bosons could also 

decay into pairs of massless Goldstone bosons or Majorons [56]. 

In Higgs-strahlung, e+e - -~ h~ ~ the mass of the invisible 

Higgs boson can be inferred from the Z D boson which is 

reconstructed in the Z 0 --* e+e - ,  p + / i ,  and q~ final states, 

and using the beam energy constraint. Assuming the SM 

production rate, the LEP experiments exchde the existence 

a Higgs boson of mass less than about 95 GeV decaying 

exclusively to invisible final states [57]. 

(g) P h o t o n i c  f ina l  s ta tes  from the processes Z ~  * 

H~ and H ~ ~ 77 do not occur in the SM at the tree level, 

but may be present at a low rate due to W • and top-quark 

loops [58]. Additional loops, e.g., from SUSY particles, would 

increase the rates only slightly [59], but models with anoma- 

lous couplings predict enhancements by orders of magnitude. 

Searches for the processes e+e - -~ (H ~ --* bb)7, (H ~ ~ 77)qq, 

and (H ~ ~ 77)3' have been used to set model-independent 

limits on such anomalous couplings. They were also used to 

constrain very specific models leading to an enhanced H ~ -~ 77 

rate, such as the "fermiophobic" 2HD model of class I [60], 

where all fermions are assumed to couple to the same scalar 

field, and the couplings can thus be suppressed simultaneously 

by appropriate parameter choices. The searches at LEP [61] 

exclude a fermiophobic Higgs boson with mass less than about 

95 GeV. At the Tevatron, limits of 82 GeV and 78.5 GeV are 

obtained by CDF and DO, respectively [33,62]. 

Note: Very Recent Results (March ~000) 
Very recently, the LEP Higgs working group updated their 

results including all LEP data collected in 1999 [63]. They 

report no indication for a signal. The new 95~o CL mass bounds, 

replacing the ones quoted in this section, are the following. For 

the SM Higgs boson, mHO >107.7 GeV; for the h ~ and A ~ 

bosons of MSSM, mho >88.3 GeV and mAo >88,4 GeV; finally, 

for charged Higgs bosons in 2HD models, mH• >'78.6 GeV. 

VI.  Ou t look  

The LEP collider is scheduled to stop producing data in 

the year 2000. At the Tevatron, the Run I sensitivity is rather 

limited for Higgs boson searches, but a powerful luminosity 

upgrade is in preparation. Performance studies [8] provide a 

high motivation for collecting large data samples in excess of 

10 fb -1 per experiment. Such samples will extend the combined 

sensitivity of CDF and DO well beyond the LEP reach and allow 

large domains in the MSSM parameter space to be investigated. 

The Large Hadron Collider (LHC) will deliver proton-proton 

collisions at 14 TeV energy in the year 2005. The ATLAS and 

CMS detectors have been optimized for Higgs boson searches [9]. 

The discovery of the SM Higgs boson will be possible over the 

full canonical mass range between 100 GeV and 1 TeV. This 

broad range is covered by a variety of production and decay 

processes. The LHC experiments will provide full coverage of 

the MSSM parameter space via their searches for the h ~ H ~ A ~ 

and H i bosons and by detecting the h ~ boson in cascade decays 

of SUSY particles. The discovery of several Higgs bosons is 

possible over extended domains of the parameter space. Decay 

branching fractions can be determined, and masses measured 

with accuracies between 10 -3 (at 400 GeV mass) and 10 -2 (at 

700 GeV). 

It is conceivable that a high-energy e§ - linear collider will 

be realized after the year 2010. Initially it could run at energies 

up to 500 GeV, with 1 TeV and more in perspective [10]. 

One of the prime goals of such a collider is to extend the 
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precision measurements, typical of e+e - colliders, to the Higgs 
sector. The Higgs couplings to fermions and vector bosons 
can be measured through production cross sections and decay 
branching ratios, with precisions of a few percent. The MSSM 
parameters can be studied in great detail. At the highest 
collider energies and luminosities, the self-coupling of the Higgs 
fields can be studied directly through final states with two Higgs 
bosons [64]. 

At a future #+p-  collider [11], the Higgs bosons can be 
generated as s-channel resonances. Mass measurements with 
precisions of a few MeV would be possible and the widths could 
be obtained directly from Breit-Wigner scans. The heavy CP- 

even and CP-odd Higgs bosons H ~ and A ~ degenerate over 
most of the MSSM parameter space, could be disentangled 
experimentally. 

Finally, if Higgs bosous are not discovered at the TeV scale, 
both the LHC and the future lepton colliders will be in a position 
to test alternative theories of electroweak symmetry breaking 
such as those with strongly interacting vector bosons [65], 
expected in theories with dynamical symmetry breaking [66]. 

Notes and References 

* The ratio CLs replaces CLs+ b in order to avoid situations 
where a downward fluctuation of the event count would 
exclude even the b-like hypothesis. In such situations, the 
exclusion of the s + b hypothesis would incorrectly appear 
as an exclusion of a signal for which there is insufficient 
experimental sensitivity. 
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Higgs B o s o n s -  H ~ and H • 

S T A N D A R D  M O D E L  H e ( H I i ~  Boson) MASS L I M I T S  

These limits apply to the Higgs boson of the three-generation Standard 
Model with the minimal Higgs sector. For a review and a bibliography, see 
the above Note on 'Searches for Higgs Bosons' by P. Igo-Kemenes. 

Limits from Coupling t o  Z / W  • 

Limits on the Standard Model Higgs obtained from the study of Z 0 decays rule out 
conclusively its existence in the whole mass region mile ~ 60 GeV. These limits, 

as well as stronger limits obtained from e • e -  collisions at LEP at energies up to 
172 GeV, and weaker limits obtained from other sources, have been superseded by the 
most recent data of LEP. They have been removed from this compilation, and are 
documented in the 1998 Edition (The European Physical Journal C3 1 (1998)) of this 
Review of Particle Physics. 

In this Section, unless otherwise stated, limits from the four LEP experiments (ALEPH, 
DELPHI, L3, and OPAL) are obtained from the study of the e • e-- ~ H 0 Z process, 
at center-of-mass energies reported in the comment lines. 

A recent combination (LEP 00B) of preliminary, unpublished results relative to data 
taken at LEP in the Summer of 1999 at energies up to 202 GeV gives the limit 
mHo > 107.7 GeV. 

VALUE {GeV) CL~ DOCUMENT ID TECN COMMENT 

>91.0 95 1 ABBIENDI 00F OPAL Ecm _< 189 GeV I 
>94.6 95 1 ABREU 00G DLPH Ecm _< 189 GeV I >r 95 1 ACCIARRI 99J L3 Ecm=189 GeV 
>87.9 95 2 BARATE 99B ALEP Ecm < 183 GeV 

�9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

>88.3 95 1 ABBIENDI 99E OPAL Ecm=183 GeV I 
>85.7 95 1 ABREU 991 DLPH Ecr n < 183 GeV I 3ABE 98T CDF p ~  H O w x ,  H O z x  
>87.6 95 1 ACCIARRI 981 L3 Ecru < 183 GeV 

1Search for e + e  - ~ H O z  in the final states H 0 ~ q~ with Z ~ t + t  - ,  v~, q~,  I 
and 7 + T - ,  and H 0 -~ ~ + T -  with Z ~ q~.  

2Search for e•  e - ~ HO z in the final states H 0 ~ qfl with Z ~ t +  t - ,  v~, q~,  | 
and T'i '~ - ,  and H 0 ~ T+T  - with Z ~ t + t  - ,  ~ ,  and q~. I 3ABE 98T search for associated H 0 W and H O z  production in p~ collisions at , ~ =  1.8 

i 0 - | TeV with W ( Z )  ~ q ~ ( ) ,  H ~ bb. The results are combined with the search in 

I ABE 97w, resulting in the cross-section limit G(H 0 + W / Z ) . B ( H  0 ~ bb)<(23-17) pb 
(95%CL) for m H =  70-140 GeV. This limit is one to two orders of magnitude larger than 
the expected cross section in the Standard Model�9 

H 0 Indirect Mass Limits f rom Electroweak Analysis 
For limits obtained before the direct measurement of the top quark mass, see the 
1996 (Physical Review D54 1 (1996)) Edition of this Review. Other studies based 
on data available prior to 1996 can be found in the 1998 Edition (The European 
Physical Journal C3 1 (1998)) of this Review. For indirect limits obtained from other 
considerations of theoretical nature, see the Note on "Searches for Higgs Bosons." 

Because of the high current interest, we mention here the following unpublished result 
(LEP 00, and update, presented by A. Straessner at the 2000 Electroweak Rencontres 
de Moriond) although we do not include it in the Listings or Tables: m H =  66 ~+60 "~-33 
GeV. This is obtained from a fit to LEP, SLD, W mass, top mass, and neutrino 
scattering data available in the Spring of 2000, with 1/c~(5)(mZ)= 128.878 • 0�9 
The 95%CL upper limit is 188 GeV. 

VALUE (GeV) CL% DOCUMENT ID TECN COMMENT 

�9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

4 CHANOWITZ 99 RVUE 
<290 95 5 D'AGOSTINI 99 RVUE 
<211 95 6 FIELD 99 RVUE 

7 CHANOWlTZ 98 RVUE 

17n+150 8 HAGIWARA 98B RVUE I ~ -  90 

14~ + 140 9 DEBOER 97B RVUE " -  77 

127+143 10 DEGRASSI 97 RVUE sin28w(eff, lept) - 71 

15R+148 11 DITTMAIER 97 RVUE ~ -  84 

14Q+148 12 RENTON 97 RVUE " -  82 

14~+164 13 ELLIS 96C RVUE ~ -  77 

18~+251 14 GURTU 96 RVUE " - 1 3 4  

4CHANOWITZ 99 studies LEP/SLD data on 9observables related sin28teff, available in | 
the Spring of 1998. A scale factor method is introduced to perform a global fit, in view I of the conflicting data. m H as large as 750 GeV is allowed at 95% CL. 

5D'AGOSTINI 99 use m t ,  m W, and effective sin28w from LEP/SLD available in the | 
Fall 1998 and combine with direct Higgs search constraints from LEP2 at Ecm=183 

I GeV. a ( m z )  given by DAVIER 98. 
6FIELD 99 studies the data on basymmetries from Z 0 ~ bb decays at LEP and 5LD 

(from LEP 99). The limit uses 1 / r  128.90 • 0.09, the variation in the fitted 

k + 3 7  I 
top quar mass, mt=171.2_ 318 GeV, and excludes b-asymmetry data. It is argued that 
exclusion of these data, which deviate from the Standard Model expectation from the 
electroweak fits reduces significantly the upper limit on m Including the b-asymmetry 
data gives instead the 95%CL limit m H < 284 GeV. See Hso FIELD 00. 

7CHANOWITZ 98 fits LEP and SLD Z-decay-asymmetry data (as reported in ABBA- 
NEO 97), and explores the sensitivity of the fit to the weight ascribed to measurements 
that are individually in significant contradiction with the direct-search limits. Various 
prescriptions are discussed, and significant variations of the 95%CL Higgs-mass upper 
limits are found. The Higgs-mass central value varies from 100 to 250 GeV and the 
95%CL upper limit from 340 GeV to the TeV scale�9 

8HAGIWARA 98B fit to LEP, SLD, W mass, and neutrino scattering data as reported I 
in ALCARAZ 96, with m t = 175 := 6 GeV, 1/c~(mz)=  128.90 • 0.09 and C~s(mz)= I 0.118 • 0.003. Strong dependence on m t is found. 

9 DEBOER 97B fit to LEP and SLD data (as reported in ALCARAZ 96), as well as m W and 
m t from CDF/DE~ and CLEO b ~ sa" data (ALAM 95). 1/ck(mz) = 128.90• and 
e s ( m z )  = 0.120 ~- 0.003 are used. Exclusion of SLC data yields mH=241~ 218 GeV. 

sin2eeff from SLC (0.23061 • 0.00047) would give mH=16+196 GeV. 
�9 2~ ept 10DEGRASSI 97 is a two-loop calculation of M W and sn Ueff as a function of m H, 

using sin26~ p t -  0.23165(24) as reported in ALCARAZ 96, m t : 175 • 6 GeV, and 
1 /~ (mz)=128 .90  • 0.09. 

11 DITTMAIER 97 fit to m W and LEP/SLC data as reported in ALCARAZ 96, with m t 

175 • 6 GeV, 1/e(m27) = 128.89 • 0.09. Exclusion of the SLD data gives m H = 
�9 2^lept r~Pt 261 +224 GeV. Taking only the data on m t,  m w ,  sin Ueff ' and the authors - 128 

get m H 1Qn+174 GeV and m H 2 Q~+243 GeV, with and without SLD data, = "~-102 = ""--143 
respectively. The 95% CL upper limit is given by 550 GeV (800 GeV removing the SLD 
data). 

12 RENTON 97 fit to LEP and SLD data (as reported in ALCARAZ 96), as well as m W and 
m t from p~, and low-energy v N data available in early 1997. 1/ct(mz) = 128.90 • 0.09 
is used. 

13 ELLIS 96c fit to LEP, SLD, m W,  neutral-current data available in the summer of 1996, 
plus m t = 175 • 6 GeV from CDF/D~ . The fit yields m t = 172 • 6 GeV. 

14GURTU 96 studies the effect of the mutually incompatible SLD and LEP asymmetry 
data on the determination of m H.  Use is made of data available in the Summer of 1996. 
The quoted value is obtained by increasing the errors ~ la PDG. A fit ignoring the SLD 
data yields 2 6 7 + ~  GeV. 

MASS L IM ITS  FOR N O N - S T A N D A R D  M O D E L  HIGGS B O S O N S  

This section covers the follcwing cases: 
(i) Neutral scalar and pseudoscalar Higgs bosons in the MSSM, 
(ii) Neutral Higgs bosons in extended Higgs models, 

(iii) Charged Higgs bosons, and 
(iv) Doubly-charged Higgs bosons 

/~1 (Higgs Boson) MASS L I M I T S  in Supersymmetr ic Models 
The minimal supersymmetric model has two complex doublets of Higgs bosons. The 
resulting physical states are two scalars [H 0 and H 0 where we define m o < m 0], 

1 2' H 1 H 2 
a pseudoscalar (A0), and a charged Higgs pair (H•  H10 and H20 are also called h and 
H in the literature. There are two free parameters in the theory which can be chosen 
to be mAo and tan/~ = v2 /v  1, the ratio of vacuum expectation values of the two 
Higgs doublets. Tree-level Higgs masses are constrained by the model to be m 0 < 

HI - 
m Z,  mHo > m Z, mAo > ml .~,  and mH•  > m W.  However, as described in 

2 - - 1 - 
the Review on Supersymmetry in this Volume these relations are violated by radiative 
corrections. 

The mass region m 0 ~ 45 GeV has been by now entirely ruled out by measurements 
HI 

at the Z pole. The relative limits, as well as other by now obsolete limits from different 
techniques, have been removed from this compilation, and can be found in the 1998 
Edition (The European Physical Journal C3 1 (1998)) of this Review. Unless otherwise 
stated, the following results assume no invisible H10 Or A 0 decays. 

A recent combination (LEP 00B) of preliminary, unpublished results relative to data 
taken at LEP in the Summer of 1999 at energies up to 202 GeV gives the limit 
m o > 88,3GeV. 

H 1 

VALUE {GeV) CL~ DOCUMENT ID TECN COMMENT 

>74.8 95 15 ABBIENDI 00F OPAL Ecru < 189 GeV, tan~ > 1 I 
>82.6 95 16 ABREU 00G DLPH Ecru < 189 GeV, tan/~ > 0.6 I >77.1 17 ACCIARRI 99u L3 Ecm < 189 GeV, tan/~ > 1 
>72.2 95 18 BARATE 98A ALEP Ecru < 183 GeV 

�9 �9 �9 We do not use the following data for averages, fits, limits, e tc . �9  �9 �9 

>70.5 95 19 ABBIENDI 99E OPAL Ecm < 183 GeV, tan~ > 1 I 
>74.4 95 20ABREU 991 DLPH Ecm<183GeV, tau/3>0.6 I 
>59.5 95 21 ABREU 98E DLPH Ecm <_ 172 GeV, tan/3 > 1 
>70,7 95 22 ACCIARRI 98M L3 Ecm < 183 GeV, tan/~ > 1 I 
>59.0 95 23 ACKERSTAFF 98S OPAL I 

24 ACCIARRI 97N L3 Ecm < 172 GeV 
>62.5 95 25 BARATE 97P ALEP 

15ABBIENDI 0OF search for e + e  - ~ HOA 0 in the final states b~'bb, b ' bT+~  - ,  and I 

AOAOA 0 ~ b b b b b b ,  and e+e - ~ HOz.  Universal scalar massof 1TeV, SU(2) | 
gaugino mass of 1.63TeV and Higgsino mass parameter #= -0 .1  TeV are assumed. I mt=175 GeV is used. The cases of maximal and no-stop mixing are examined. Limits 
obtained from scans of the Supersymmetric parameter space can be found in the paper�9 

16ABREU 00G search for e + e  - ~ HOA 0 in the final states b b b b  and bbT+~ - - ,  and I 

e + e  - --, HOz.  mAo > 20 GeV is assumed. Universal scalar mass of 1TeV, SU(2) | 
gaugino mass of 0.2TeV, and Higsslno mass parameter # = - 0 . 2  TeV are assumed. I mt=175 GeV is used�9 The scenarios of no-stop mixing, and of mixing with the maximal 
impact on the Higgs mass limit, are examined�9 
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17ACCIARRI 99u searched for e+e  - ~ HOzAO in the final state bbbb and bb~-+r  - ,  [ 

and e + e  - ~ HOZ. Universal scalar mass and SU(2) gauginu mass of 1TeV and | 
Higgsino mass parameter # = -  0.1 TeV are assumed. The cases of minimal and maximal I 
stop mixing are examined. 

18BARATE 9BA search for e+e - --* H01 AO in the final states bbbb and bb~+T - and I 
combine with BARATE 99B limit on e + e  - ~ HOz. The limit is for MSUSY= 1TeV I 
with minimal/maximal stop mixing. See paper for the result from a scan in more general | 
MSSM parameters. 

19ABBIENDI 99E search for e+e  - ~ HOA 0 in the final states bbbb, q ~ - + T - ,  and [ 

6b and e + e  - ~ H 0 Z  for various final states. Mtop=175 GeV, MSUSy= I  TeV, and | 
minimal/maximal scalar top mixing. See paper for results of more general scans. I 

20ABREU 991 search for e+e  - ~ HOA 0 in the final state bbbb, and b b r + r  - and | 

e + e -  ~ H 0 Z for various final states. The limit is for the universal scalar mass of | 

I 1 TeV, SU(2) gaugino mass of 1,6 TeV, and higgsino mass parameter /==-100 GeV, 
with typical/maximal/no-stop mixing, mt=  173.9 GeV. 

21ABREU 98E search for e + e  - ~ HOtAO in the final state bbb-b and q ~ r + T  - .  The 
results from the SM Higgs search described in the same paper are also used to set these 
limits, into p = 175 GeV, MSUSY = 1 TeV, and maximal scalar top mixings. 

22 ACCIARR198M search for e + e -  ~ H10 A 0 in the final state bbbb and bbT + r - ,  and [ 

e+e - ~ HOz. into p = 175 GeV, MSUSY = 1TeV, SU(2) gaugino mass of 1TeV I 
and various scalar top mixing scenarios. 

23ACKERSTAFF 98s search for e-+-e - ~ HOA 0 in the final state bbbb, q'~T+~ - ,  and [ 

6b and combine with ACKERSTAFF 98H limit on e+e  - ~ HOZ. mto p = 175 GeV, | 

MSUSY = 1 TeV, SU(2) gaugino mass of 1 TeV and maximal scalar stop mixing. The I more general scan of the MSSM parameter space does not reduce the limit significantly. 
24ACCIARRI 97N search for e + e -  ~ HOA 0 in four-jet final states. Cross-section limits 

are obtained for ImHo - mAo I = O, 10, and 20 GeV. 

25 BARATE 97P search for e+e  - ~ HOA 0 in the final state bbbb and b b ~ + ~  - and 

combine with BARATE 970 limit on e-Fe - ~ HOz. mto p = 175 GeV and MSUSY 

= 1TeV, and maximal scalar top mixtngs. The invisible decays H 0 ~ ~0~0 are not 
allowed in the analysis, as ruled out in the relevant kinematic region by BUSKULIC 96K. 

A 0 (Pseudoscalar H i g l ~  Boson) M A S S  L I M I T S  in Supersymmetdc Models 
Limits on the A 0 mass from e + e -  collisions arise from direct searches in the e + e -  
A 0 H 0 channel and indirectly from the relations valid in the minimal supersymrnetric 
mode~J between mAo and mHo. As discussed in the "Note on Supersymmetry," these 

relations dependon the masses of the t quark and "t squarks. The limits are weaker 
for larger t and t masses, while they increase with the inclusion of two-loop radiative 
corrections. Some specific examples of these dependences are provided in the footnotes 
to the listed papers. Unless otherwise stated, two-loop radiative corrections have been 

with minimal/maximal stop mixing. See paper for the result from a scan in more general I 
MSSM parameters. 

30ABBIENDI 99E search for e J~ - --~ H01 AO in the final states bbbb, q~ ' -F ' r - ,  and I 
6b and e + e -  ~ HIO Z for various final states . Mtop=175 GeV, MSUSy= I  TeV, and | 
minimal/maximal scalar top mixing. See paper for results of more general scans. I 

31ABREU 991 search for e+e  - ~ HO1AO in the final state bbbb, and bbT-{-~ - -  and I 
e - - e -  ~ H 0 Z  for various final states. The limit is for the universal scalar mass of | 

I 1 TeV, SU(2) gaugino mass of 1.6 TeV, and higgsino mass parameter # = - 1 0 0  GeV, 
with typical/maximal/no-stop mixing, mr= 173.9 GeV. 

32ABREU 98E search for e + e  - ~ HOA 0 in the final state bbbb and q~--F~-- .  The 
results from the SM Higgs search described in the same paper are also used to set these 
limits, into p = 175 GeV, MSUSY = 1 TeV, and maximal scalar top mixings. 

33ACCIARRI 98M search for e + e  - ~ HOA 0 in the final state bbbb and bbT-FT - ,  and I 
e + e  - ~ HOZ. mto p = 175 GeV, MSUSY = 1 TeV, SU(2) gaugino mass of 1 TeV I 
and various scalar top mixing scenarios. 

34ACKERSTAFF 98s search for e+e  - ~ HOA 0 in the final state bbbb, q~'r+~ " - ,  and I 

6b and combine with ACKERSTAFF 98H limit on e + e  - ~ H10Z. into p = 175 GeV, I 
MSUSY = 1 TeV, SU(2) gaugino mass of 1 TeV and maximal scalar stop mixing. The I more general scan of the MSSM parameter space does not reduce the limit significantly. 

35 DREES 98 (and Erratum in DREE5 98B) use the CDF third-generation leptoquark search | 
results (ABE 97F) to constrain possible Higgs production in association with bb in p~ I collision. In the framework of MSSM, m A less than 130 GeV is excluded for tan#=100. 
No significant limit is obtained for tan# < 80. 

36ACCIARRI 97N search for e + e -  ~ HO1AO in four-jet final states. Cross-section limits 

are obtained for ImHOl - mAo I = 0, 10, and 20 GeV. 

37BARATE 97P search for e + e  - ~ HO1AO in the final state bbbb and bb~-+T - and 

combine with BARATE 970 limit on e-Fe - ~ H10Z._ into p = 175 GeV and MSUSY 
1 TeV, and maximal scalar top mixings. The invisible decays H10 ~ ~O~0 are not 

allowed in the analysis, as ruled out in the relevant kinematic region by BUSKUUC 96K. 

H 0 ( H i i ~  Boson) MASS L I M I T S  in Extended Higgs Models 
This Section covers models which do not fit into either the Standard Model or its 
simplest minimal Supersymmetric extension (MSSM), leading to anomalous production 
rates, or nonstandard final states and branching ratios. In particular, this Section covers 
limits which may apply to generic two-Higgs-doublet models (2HDM), or to special 
regions of the MSSM parameter space where decays to invisible particles or to photon 
pairs are dominant (see the Note on 'Searches for Higgs Bosons' at the beginning of 
this Chapter). See the footnotes or the comment lines for details on the nature of the 
models to which the limits apply. 

VALUE (GeV) CL~ DOCUMENT ID TECN COMMENT 
�9 �9 = We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

included, where relevant, in the limits presented here. 

Limits obtained at the Z pole have been made obsolete by more recent results from 
higher energy e "l" e -  collision data at LEP. Together with other by now obsolete results, 
they have been omitted from this compilation, and can be found in the 1998 Edition 
(The European Physical Journal C3 1 (1998)) of this Review. Unless otherwise stated, 
the following results assume no invisible H 0 or A 0 decays. Limits quoted for a given 
value of Ecru may include data from lower energies. 

A recent combination (LEP 00B) of preliminary, unpublished results relative to data 
taken at LEP in the Summer of 1999 at energies up to 202 GeV gives the limit 
mAo > 88.4 GeV, 

VALUE (GeV) CL.~_~ DOCUMENT IO TEEN COMMENT 
>76.5 95 26 ABBIENDI O0F OPAL Ecm < 189 GeV, tan~ > 1 I 
>84.1 95 27 ABREU 00G DLPH Ecm < 189 GeV, tan~' > 0.6 I >77.1 28 ACCIARRI 99u L3 E c r  n <" 189 GeV, tanB > 1 
>76.1 95 29 BARATE 98A ALEP Ecru < 183 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

>72.0 95 30 ABBIENDI 99E OPAL Ecru ~ 183 GeV, tan/3 > 1 ] 
>75.3 95 31 ABREU 991 DLPH Ecm < 183 GeV, tan~3 > 0.6 I 
>51.0 95 32 ABREU 98E DLPH Ecm < 172 GeV, tan/3 > 1 
>71.0 95 33 ACCIARRI 98M L3 Ecm < 183 GeV, tan/~ > 1 | 
>59.5 95 34 ACKERSTAFF 98S OPAL Ecm < 172 GeV, tan/~ > 1 I 35 DREES 98 RVUE p~ ~ bbHO/AO+any 

36 ACCIARRI 97N L3 Ecm < 172 GeV 
>62.5 95 37 BARATE 97P ALEP Ecrn < 172 GeV, tan/3 > 1 

26ABBIENDI 00F search for e - - e -  ~ HOA 0 in the final states bbbb, b-bT+'r - ,  and I 

AOAOAO~ bbbbbb, and e - - e -  ~ HOz. Universal scalar rnasso f lTeV,  SU(2) | 
gaugino mass of 1.63 TeV and Higgsino mass parameter # = - 0 . 1  TeV are assumed. I mt=175 GeV is used. The cases of maximal and no-stop mixing are examined. Limits 
obtained from scans of the Supersymrnetric parameter space can be found in the paper. 

27ABREU 00G search for e + e  - ~ HOIAO in the final states bbbb and bbT§ - ,  and I 

e + e -  ~ H 0 Z. mAo > 20 GeV is assumed. Universal scalar mass of 1TeV, SU(2) ] 
gaugino mass of 0.2TeV, and Higgsino mass parameter # = - 0 . 2  TeV are assumed. I mt=175 GeV is used. The scenarios of no-stop mixing, and of mixing with the maximal 
impact on the Higgs mass limit, are examined. 

28ACCIARRI 99U searched for e + e  - ~ HOA 0 in the final state bbbb and bb~'+~ - - ,  I 

and e + e -  ~ HOz. Universal scalar mass and SU(2) gaugino mass of 1 TeV and | 
Higgsino mass parameter # = - 0 . 1  TeV are assumed. The cases of minimal and maximal I 
stop mixing are examined. 

29BARATE 98A search for e+ e - ~ HO A 0 in the final states bbbb and bbT+' r  - and 

combine with BARATE 99o limit on e + e -  ~ H 0 Z. The limit is for MSUSY = 1 TeV I 

>68,0 95 38 ABBIENDI 99E OPAL tan~ > 1 | 
>96.2 95 39ABBIENDI 990 OPAL e+ e - .-* HO z, H 0 I 

3`3  ̀
>78.5 95 40 ABBOTT 99B DO p'~ ~ H 0 W/Z,  H 0 ~ I 

3̀ --~ 
41 ABREU 99P DLPH e + e -  ~ H0"7 and/or I 

H 0 ~  ~'3' 
>76.1 95 42 ABREU 990 DLPH Invisible H 0 | 
>80 95 43 BARATE 99s ALEP Invisible H 0 I >95.4 95 44 BARATE 990 ALEP Invisible H 0 
>69.6 95 45 ACCIARRI 98B L3 Invisible H 0 
>56.0 95 46 ACKERSTAFF 98S OPAL tan/3 > 1 I 
>90 95 47 ACKERSTAFF 98Y OPAL e + e -  ~ H 0 Z, H 0 I 

3`3  ̀
48 GONZALEZ-G..98B RVUE Anomalous coupling I 
49KRAWCZYK 97 RVUE ( g - 2 ) #  

50ACCIARRI 96J L3 Z ~  H O Z * , H O ~  
3`3` 

51 ACCIARRI 96J L3 Z ~ H 03" 
52 ALEXANDER 96H OPAL Z ~ H03` 
53 ABREU 95H DLPH Z ~ H 0 Z  *,  HOA 0 
54 PICH 92 RVUE Very light Higgs 

38 f + 0 0 0 Z a t E  ABBIENDI 99E search or e e-- ~ H A and H crn = 183 GeV. The limit is 
with mH=m A in general two Higgs-doublet models. See their Fig. 18 for the exclusion 
limit in the mH-m A plane. The limit includes searches at lower energy between m Z 
and 172 GeV. 

39ABBIENDI 990 search for associated production of a 3`3` resonance with a q~, u~, or 
t + t  - pair in e + e  - collisions at 189 GeV. The limit is for a H 0 with SM production 
cross section and B(H 0 ~ ft=)=0, for all fermions f .  See their Fig. 4 for limits on 
o ( e + e -  ~ HOz0) •  ~ 3`3`)xB(X0 ~ fT)  forvarious masses. 

40ABBOTT 99B search for associated production of a 3'3' resonance and a dijet pair. 
The limit assumes Standard Model values for the production cross section and for the 
couplings of the H 0 to W and Z bosons. Limits in the range of cr(H 0 + Z / W ) ' B ( H  o 
3"3`)= 0.80-0.34 pb are obtained in the mass range mHo= 65-150 GeV. 

41ABREU 99P search for e+e  - ~ H03` with H 0 ~ b b o r  3`3`, and e + e  - ~ HOq~ 
with H 0 ~ 3"% See their Fig. 4 for limits on o-xB. Explicit limits within an effective 
interaction framework are also given. 

42ABREU 99Q search for e+e  - ~ /~Oz with H 0 decaying invisibly at Ecm between 
161 and 183 GeV. The limit assumes SM production cross section, and holds for any 
B(H 0 ~ invisible). In the case of invisible decays in the MSSM. the excluded region 
of the (M2, tan~3) plane overlaps the exclusion region from direct searches for charginos 
and neutralinos (ABREU 99E in the Supersymmetry Listings). See their Fig. 6(d) for 
limits on a Majoron model. 

43 BARATE 99c search for e+e  - ~ HOZ with H 0 decaying invisibly at v 's between 161 
and 184 GeV, and update the search for Z 0 ~ HOz * at m Z. The limit assumes SM 
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production cross section, and B(H 0 ~ invisible}- 100%. See their Fig. 6 for limit on 
the Z Z H  0 coupling vs. mHO, 

44BARATE 990 search for e + e  - ~ HOZ with H 0 decaying invisibly at Ecm=189 GeV. 

The limit assumes SM production cross section and B(H 0 ~ invisible)=100%. See 
their Fig. 7 for limits On the Z Z H  0 coupling vs. ml le .  

45 ACCIARRI 9go searches for e + e -  ~ Z H 0 events, with Z ~ hadrons and H 0 decaying 
invisibly. The limit assumes SM production cross section, and B(H 0 ~ invisible)=1. 
For limits under other assumptions, see their Fig. 5b. 

46ACKERSTAFF 98s search for e + e -  ~ HOA 0 and H 0 Z at Ecru between 130 and 172 
GeV. The limit is for m H = m A. The limit is 41 GeV for all values of tan/). See also 
their Fig. z0 for the exclusion limit in the m H - m  A plane. 

47ACKERSTAFF 98Y search for associate production of a ")'3` resonance and a q~, uP, or 
l + l  - pair in e+e  - annihilation at Ecm=183 GeV. The limit assumes SM production 

cross section and B(H 0 --~ 3,3')-1. See their Fig. 3 for limit on (z(H0).B(H 0 
.~i"i)/ct( HO M ). Supersedes ACKERSTAFF 98B. 

48GONZALEZ-GARCIA 98B use D(D limit for "},3` events with missing E T in p~ collisions 
(ABBOTT 98) to constrain possible Z H or W H  production followed by unconventional 
H ~ "73, decay which is induced by higher-dimensional operators. See their Figs. 1 and 2 
for limits on the anomalous couplings. 

49 KRAWCZYK 97 analyse the rouen anomalous magnetic moment in a two-doublet Higgs 
model (with type II Yukawa couplings) assuming fie H 0 Z Z  coupling and obtain mHO~,~ 

5 GeV or mAo ~>,5 GeV for tan/3 > 50. Other Higgs bosons are assumed to be much 
heavier. 

50ACCIARRI 96J give B(Z ~ H 0 ,, hadrons)xB(H 0 ~ 3'3') < 2.3-6.9 x 10 - 6  for 20 
< m i l e  <70 GeV. 

51ACCIARRI 96J give B(Z ~ H03")xB(H 0 ~ q~) < 6.9-22.9 x 10 - 6  (95%CL) for 20 
< m i l e  <80 GeV. 

52ALEXANDER 96H give B(Z ~ H03")xB(H 0 ~ q~) < 1-4 x 10 - 5  (95%CL) and 

B(Z ~ H0 f f )xB(H 0 ~ bb) < 0.7-2 x 10 - 5  (95%CL) in the range 20 <mHO <80 
GeV. 

53See Fig. 4 of ABREU 95H for the excluded region in the mile - mAo plane for general 

two-doublet models. For tan/3 >1, the region mile--mAc <,~ 87 GeV, mile <47 GeV is 
excluded at 95% CL. 

54 PICH 92 analyse H 0 with mile <2rn/~ in general two-doublet models. Excluded regions 

in the space of mass-mixing angles from LEP, beam dump, and 7r • 7/ rare decays are 
shown in Figs. 3,4. The considered mass region is not totally excluded. 

H • (Charged Highs) MASS LIMITS 
Unless otherwise stated, the limits below assume B(H + ~ ~-'u)H-B(H + ~ c i )= l ,  
and hold for all values of B(H • ~ T • uT), and assume H + weak isospin of T 3-,,,1/2. 
Inthe following, tan~ is the ratio of the two vacuum expectation values in two-doublet 
models (2HDM). 

The limits are also applicable to point-like technipions. For a discussion of technipar- 
ticles, see the Review of Dynamical Electroweak Symmetry Breaking in this Review. 

For limits obtained in hadronic collisions before the observation of the top quark, and 
based on the top mass values inconsistent with the current measurements, see the 
1996 (Physical Review D54 1 (1996)) Edition of this Review. 

Searches in e "  e -  collisions at and above the Z pole have conclusively ruled out the 
existence of a charged Higgs in the region m H +  ~_~45 GeV, and are now superseded 

by the most recent searches in higher energy e + e -  collisions at LEP. Results by now 
obsolete are therefore not included in this compilation, and can be found in the 1998 
Edition (The European Physical Journal C3 1 (1998)) of this Review. 

In the following, and unless otherwise stated, results from the LEP experiments 
(ALEPH, DELPHI, L3, and OPAL) are assumed to derive from the study of the 
e "  e -  ~ H "  H -  process. Limits from b ~ s3" decays are usually stronger in 
generic 2HDM models than in Supersymrnetric models. 

'OUR LIMIT' is taken from the LEP Higgs Boson Searches Working Group (LEP 99B), 
where the combination of the results of ABBIENDI 99E, ABREU 99R, ACCIARRI 99B, 
BARATE 99D was performed. 

A recent combination (LEP 00B) of preliminary, unpublished results relative to data 
taken at LEP in the Summer of 1999 at energies up to 202 GeV gives the limit 
m H ~  > 78.6 GeV. 

VALUE (GeV) ELi~o DOCUMENT ID TECN COMMENT 
> 69.0 (CL = g5%) OUR L I M I T  

> 59.5 95 ABBIENDI 99E OPAL Ecm _< 183 GeV 
> 56.3 95 ABREU 99R DLPH Ecm < 183 GeV 
> 65.5 95 55 ACCIARRI 99P L3 Ecm=189 GeV 
> 59 95 BARATE 99D ALEP Ecm < 183 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

> 82.8 95 ABBIENDI 00G OPAL Ecru < 189 GeV, B(-rv) = 1 | 
56ABBOTT 99E DO t -~ b H  + i > 57.5 95 ACCIARRI 99B L3 Ecm < 183 GeV 
57 ACKERSTAFF 99D OPAL T ~ euu ,  # u u  

> 54.5 95 ABREU 98F DLPH Ecru < 172 GeV 
> 52.0 95 ACKERSTAFF 981 RVUE Ecm _< 172 GeV 
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> 52 95 BARATE 98G ALEP Ecm < 172 GeV 
58 ABE 97L CDF t ~ b H  + ,  H ~ r u  
59ACCIARRI 97F L3 B ~ ~'u T 
60AMMAR 97B CLEO T ~ p v u  
61 COARASA 97 RVUE B ~ T U r X  
62GUCHAIT 97 RVUE t ~ b H +  , H ~ T v 
63MANGANO 97 RVUE B u ( c )  ~ Tu T 

64STAHL 97 RVUE ~ ' ~  /~eu 
>244 95 65 ALAM 95 CLE2 b ~ s3` 

66BUSKULIC 95 ALEP b ~  Tv~.X 

55The limit improves to 71.6 GeV for B(Tu)> 0.2 (see Fig. 4). | 
56 ABBOTT 99E search for a charged Higgs boson in top decays in p~ collisions at Ecm=l .8  

i TeV, by comparing the observed t t  cross section (extracted from the data assuming the 
dominant decay t ~ b W + )  with theoretical expectation. The search is sensitive to 

regions of the domains tan~ ~ 1, 50 <mH+(GeV } ~ 120 and tan/3 ~ 40, 50 < m H +  I 

(GeV) ~ 160. See Fig. 3 for the details of the excluded region. I 
57ACKERSTAFF 99D measure the Michel parameters p, ~, t/, and ~'6 in leptonic T decays I 

from Z ~ TT. Assuming e-/~ universality, the limit m H +  > 0.97 tan~ GeV (95%CL) I 
is obtained for two-doublet models in which only one doublet couples to leptons. I 

58ABE 97L search for a charged Higgs boson in top decays in p~ collisions at Ecru = 1.8 

TeV, with H + ~ 7-Lur, r decaying hadronically. The limits depend on the choice 
of the t t  cross section. See Fig. 3 for the excluded region. The excluded mass region 
extends to over 140 GeV for tan~3 values above 100. 

59ACCIARRI 97F give a limit m H +  > 2.6 tanj3 GeV (90%CL) from their limit on the 
exclusive B ~ Tv~. branching ratio. 

60AMMAR 97B measure the Michel parameter p from T ~ euu decays and assmes e//= 
universality to extract the Michel ~ parameter from r ~ #uu  decays. The measurement 
is translated to a lower limit on m H +  in a two-doublet model m H +  > 0.97 tan/3 GeV 
(90% CL). 

61COARASA 97 reanatyzed the constraint on the (mH~E,tan~) plane derived from the 
inclusive B ~ r u ~ X  txanching ratio in GROSSMAN 95B and BUSKULIC 95. They 
show that the constraint is quite sensitive to supersymmetric one-loop effects. 

62 GUCHAIT 97 studies the constraints on m H +  set by Tevatron data on t r  final states in 

t t ~ ( W b ) ( H b ), W ~ l u, H ~ T u T. See Fig. 2 for the excluded region. 
63 MANGANO 97 reconsiders the limit in ACCIARRI 97F including the effect of the poten- 

tially large B c ~ 7u  T background to B u ~ T~, T decays. Stronger limits are obtained. 
64STAHL 97 fit T lifetime, leptonic Ixanching ratios, and the Michel parameters and derive 

limit m H +  > 1.5 tani9 GeV (90% CL) for a two-doublet model. See also STAHL 94. 

65ALAM 95 measure the inclusive b ~ s3` b~anching ratio at T(4S) and give B(b 
s'7}< 4.2 x 10 - 4  (95% CL), which translates to the limit mH+ >[244 ,, 63/(tan/3) 1'3] 
GeV in the Type II two-doublet model. Light supersymmetric particles can invalidate this 
bound, 

66 BUSKULIC 95 give a limit m H +  > 1.9 tan~ GeV (90%CL) for Type-II models from b 
r u ~ X  branching ratio, as proposed in GROSSMAN 94. 

MASS LIMITS for H •177 (doubly-charged HIKKs boson) 
VALUE (GeV) CL~  DOCUMENT ID TECN COMMENT 

>45,6 95 67 ACTON 92M OPAL 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

68 GORDEEV 97 SPEC muonium conversion 
69 ASAKA 95 THEe  

>30.4 95 70 ACTON 92M OPAL T 3 ( H + + ) =  +1  
>25.5 95 70 ACTON 92M OPAL T 3 ( H + + ) =  0 
none 6,5-36.6 95 71 SWARTZ 90 MRK2 T 3 ( H •  ) = +1  
none 7.3-34.3 95 71 SWARTZ 90 MRK2 T 3 ( H + •  ) = 0 

67ACTON 92M limit assumes H • 1 7 7  ~ l :E t  -- or H - •  does not decay in the detector. 
Thus the region g.t I ~ 10 - 7  is not excluded. 

68 GORDEEV 97 search for muonium-antimuonium conversion and find G M ~ / G  F < 0.14 
(90% EL), where G M ~  is the lepton-flavor violating effective four-fermion coupling. 

This limit may be converted to mH+ + > 210 GeV if the Yukawa copulings of H - - "  
to ce and #/= are as large as the weak gauge coupling. For similar limits on muonium- 
antimuonium conversion, see the rouen Particle Listings. 

69ASAKA 95 point out that H - - "  decays dominantly to four fermions in a large region of 
parameter space where the limit of ACTON 92M from the search of dilepton modes does 
not apply. 

70ACTON 92M from AF Z <40 MeV. 

715WARTZ 90 assume H • 1 7 7  ~ t • t • (any flavor). The limits are valid for the Higgs- 

lepton coupling g ( H l t )  ~ 7.4 x l O - 7 / [ m H / G e V ] l / 2 .  The limits improve somewhat 
for ee and ##  decay modes. 
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H ~ and H • REFERENCES 

ABBIENDI 00F EPJ Ct2 567 G. Abbiendi et aL (OPAL CoUab.) 
ABBIENDI OOG EPJ Ct4 51 G. Abbiendi et aL (OPAL Collab.) 
ABREU 00G CERN-EP-2000-0SS P. Abreu et aL (DELPHI Collad.) 
FIELD 00 PR D6t 013010 J,H. Field 
LEP 0O CERN-EP-2000*016 (ALEPH, DELPHI, L3, OPAL, SLD+) 
LEP BOB CERN-EP-2000-055 (ALEPH, DELPHI, L3, OPAL, LEP Higgs Working Group) 
ABBIENDI 99E EPJ C7 407 G. Abbiendi et al. (OPAL Eollab.) 
ABBIENDI 990 PL 5464 311 G. Abbiendi et al. (OPAL Collab.) 
ABBOTT 99B PRL 82 2244 B. Abbott et aL (D0 Collab.) 
ABBOTT 998 PRL 82 4975 B. Abbott et al. (DO Collab.) 
ABREU 99E PL B446 75 P. Abreu et al. {DELPHI Collab.) 

Also 99N PL B451 447 {erratum) 
ABREU 991 EPJ CIB 563 P. Abreu et aL (DELPHI Collab.) 
ABREU 99P PL 8458 431 P, Abreu et aL (DELPHI Collab.) 
ABREU 99Q PL 8459 367 P. Abreu et al. {DELPHI Collab.) 
ABREU 99R PL B460 484 P, Abreu et al. (DELPHI Collab.) 
ACCIARRI 99B PL 8446 368 M. Acciarri er 31. (L3 Collab.) 
ACCIARRI 99J PL B461 376 M. Acciarri et at. (L3 Collab.) 
ACCIAHRI 99P PL 8466 71 M. Acciard et aL IL3 Collab.) 
ACCIARRI 99D PL B471 321 M. Acciarrl et aL (L3 Collab.) 
ACKERSTAFP 99D EPJ C8 3 H. Ackerstalf et aL {OPAL Coflab.) 
BARATE 998 PL B447 336 R Barate et aL (ALEPH Collab.) 

BARATE 99B replaces the misprinted version in BARATE 98Z. 
BARATE 99C PL 8450 301 R. Barate e! at. (ALEPH Collab.) 
BARATE 99D PL 8450 467 R, Barate et aL (ALEPH Collab.) 
BARATE 990 PL 8466 50 R, Barate et aL (ALEPH Collab.) 
CHANOWITZ 99 PR DS9 073005 M.S. Chanowitz 
D'AGOSTINI 99 EPJ C10 663 G. D'Agostini. G, Degrassi 
FIELD 99 MPL A14 1815 J.H. Field 
LEP 99 CERN-EP/99-15 {ALEPH. DELPHI, L3, OPAL, LEP EWWG+) 
LEP 99B CERN-EP/99-060 {ALEPH. DELPHI, L3. OPAL. LEP Higgs Working Group) 
ABBOTT 98 PRL 80 442 B. Abbott et aL (DO Collab.) 
ABE 98T PRL 81 5748 F. Abe et aL (CDF Collab,) 
ABREU 98E EPJ C2 I P. Abreu et aL {DELPHI Collab.) 
ABRED 98F PL B420 140 P. Abreu et aL {DELPHI Collab.) 
ACCIARRI 98B PL B418 389 M. Acciarri et aL (L3 Collab,) 
ACCIARRI 981 PL 543[ 437 M. Acciarri et aL (L3 Collab.) 
ACCIARRI 98M PL B436 389 M. Acciarri et 3L (L3 Collab.) 
ACKERSTAFF 9eB EPJ Cl 3t K. Ackerstaff et aL {OPAL Collab.) 
ACKERSTAFF 98H EPJ C] 425 K. Ackerstaff et aL {OPAL Collab.) 
ACKERSTAFF 981 PL 5426 180 K. Ackerstaff et aL {OPAL Collab.) 
ACKERSTAFF 98S EPJ C5 t9 K. Ackerstaff et al. {OPAL Collab.) 
ACKERSTAFF 98Y PL 5437 218 K. Ackerstan et 31. (OPAL Eollab.) 
BARATE 9CA PL 5440 419 R. Barate et al. {ALEPH Collab.) 

AlSO 99H PL 8447 353 {erratum) R. Barate et 31 {ALEPH Collab.) 
BARATE 98G PL 8418 419 R. Barate et aL {ALEPH Collab.) 
CHANOWITZ 98 PRL 80 252l M. Chanowitz 
DAVIER 98 PL B435 427 M. Davier, A. Hoecker 
DREES 98 PRL 80 2047 M. Drew, M. Guchait, P. Roy 

Also 98B PRL 61 2394 {erratum) M. Drees, M. Guchait, P. Roy 
DREGS 988 PRL 81 2394 (erratum) M. Drees, M. Guchait, P, Roy 
GONZALEZ-G...SSB PR D57 7045 M.C. Gonzalez-Garda, S.M. Lietti, S.F. Novaes 
HAGIWARA 98B EPJ C2 95 K. Hagiwara, D. Haidt, S. Matsumoto 
PDG 98 EPJ CS 1 C. CaSO et aL 
ABBANEO 97 CERN-PPE/97-t54 D. Abbaneo et al. 

ALEPH, DELPHI, L3, OPAL, and SLD Collaborations. and the LEP Electroweak Working Group. 
ABE 97F PRL 78 2906 F. Abe et aL (CDF Eotlab.) 
ABE 97L ' PRL 79 357 F. Abe et al. (CDF Collab.) 
ABE 9TW PRL 79 3819 P. Abe et aL (EDP Collab.) 
ACCIARRI 97F PL B39b 327 M. Acciarri et aL (L3 Eollab.) 
ACCIARRI 97N PL B411 330 M. Ac:iarri et al. (L3 Collab.) 
AMMAR 97B PRL 78 4686 R. Ammar et aL (CLEO Collab.} 
BARATE 970 PL B4t2 tss R. Barate er at. {ALEPH Collab.) 
BARATE 97P PL 54t2 173 R. Barate e! at. {ALEPH Collab.) 
COARASA 97 PL 5406 337 J.A. Coarasa, R.A. Jimenez, J. Sola 
DEBOER 97B ZPHY C75 627 W. de Boer et al. 
DEGRASSI 97 PL B394 188 G. Degrassi, P. Gamblno, A. Sidin IMPIM, NYU) 
DITTMAIEH 97 PL B391 420 S. Dittmaier, D. Schildknecht (BIEL) 
GORDEEV 97 PAN 60 1]64 V.A. Gordeev et al. (PNPI) 

Translated from YAF 60 1291. 
GUCHAIT 97 PR D55 7263 M. Guchait, D,P. Roy (TATA) 
KRAWCZYK 97 PR D55 6968 M. KIawczyk, J. Zochowskl (WARS) 
MANGANO 97 PL D410 299 M. Mangano, S, Slabospitsky 
RENTON 97 IJMP At2 4109 PB. Renton 
STAHL 97 ZPHY C74 73 A. Stahl, H. Voss (BONN) 
AECIARRI 96J PL 8388 409 M. Acciarri et aL (L3 Collab.) 
ALCARAZ 96 CERN-PPE/96-183 J. Alcaraz et aL 

The ALEPH, DELPHI, L3, OPAL, and SLD Collaborations and the LEP Eleetroweak Working Group 
ALEXANDER 96H ZPHY C71 ] G. Alexander et at. (OPAL Eollab,) 
BUSKULIC 96K PL B373 246 D. Buskulic el aL (ALEPH Cprlab.) 
ELLIS g6E PL 8389 321 J. Ellis, G.L. Fogli, E. Lisi (CERN, BARI) 
GURTU 96 PL 8385 415 A. Gurtu (TATA) 
PDG 96 PR D54 t 
ABREU 95H ZPHY C67 69 P. Abreu et aL {DELPHI Collab.) 
ALAM 95 PRL 74 2885 M.S. Alam et at. (CLEO Collab.) 
ASAKA 95 PL 8345 36 T. Asaka, K,I. Hikasa (TOHOK) 
BUSKULIC 95 PL B343 444 D. Buskulic et al. {ALEPH Collab.) 
GROSSMAN 958 PL B357 630 Y. Grossman, H. Haber, Y. Nit 
GBOSSMAN 94 PL 5332 373 Y. Grossman, Z. Ligeti 
STAHL 94 PL B324 12t A. Stahl {BONN) 
ACTON 92M PL B295 347 P.D. Acton et aL (OPAL Collab.) 
PICH 92 NP Baa8 31 A. Pith, J. Prades, P. Yepes (CERN, CPPM) 
SWARTZ 90 PRL 64 2877 M.L. Swartz et aL (Mark II Collab.) 

I Heavy Bosons Other Than I 
Higgs Bosons, Searches for I 

We list here various l im i ts  on charged and neutra l  heavy vector 
bosons (other than  W's  and Z 's ) .  heavy scalar bosons (other  than  
Higgs bosons), vector or scalar leptoquarks,  and axigluons. 

WR ( R i g h t - H a n d e d  W Boson )  M A S S  L I M I T S  
Assuming a l ight right-handed neutrino, except for BEALL 82, LANGACKER 89B, 
and COLANGELO 91. gR = gL assumed. [Limits in the section MASS LIMITS for 

W r below are also valid for W R i f  muR ~ (  m W R .  ] Some limits assume manifest 

leff-right symmetry, i.e., the equality of left- and right Cabibbo-Kobayashi-Maskawa 
matrices. For a comprehensive review, see LANGACKER 895. Limits on the W L - W  R 
mixing angle ~ are found in the next section. Values in brackets are from cosmological 
and astrophysical considerations and assume a l ight right-handed neutrino. 

VALUE (GeV) CL.~.~ DOCUMENT ID TECN COMMENT 

> 715 90 1 CZAKON 99 RVUE Electroweak I 
�9 * �9 We do not use the fol lowing data for averages, fits, l imits, e t c . � 9  * �9 

> 137 95 2 ACKERSTAFF 99D OPAL r decay I 
>1400 68 3 BARENBOIM 98 RVUE Electroweak, Z - Z  I mixing I 
> 549 68 4 BARENBOIM 97 RVUE p decay 
> 220 95 5 STAHL 97 RVUE ~- decay 
> 220 90 6 ALLET 96 CNTR /~+ decay 
> 281 90 7 KUZNETSOV 95 CNTR Polarized neutron decay 
> 282 90 8 KUZNETSOV 948 CNTR Polarized neutron decay 
> 439 90 9 BHATTACH...  93 RVUE Z - Z  r mixing 
> 250 90 10 SEVERIJNS 93 CNTR /~+ decay 

11 IMAZATO 92 CNTR K + decay 
> 475 90 12 POLAK 928 RVUE /~ decay 
> 240 90 13 AQUINO 91 RVUE Neutron decay 
> 496 90 13 AQUINO 91 RVUE Neutron and muon decay 
> 700 14COLANGELO 91 THEO m K o  L - m K o  s 

> 477 90 15 POLAK 91 RVUE p decay 
[none 540-23000] 16 BARBIERI 89B ASTR SN 1987A; l ight u R 

> 300 90 17 LANGACKER 898 RVUE General 
> 160 90 18 BALKE 88 CNTR # ~ e v P  

> 406 90 19 JODIDIO 86 ELEC Any (~ 
> 482 90 19 JODIDIO 86 ELEC (~ = 0 
> 800 MOHAPATRA 86 RVUE SU(2)LXSU(2)RXU(1 ) 
> 400 95 20 STOKER 85 ELEC Any (~ 
> 475 95 20 STOKER 85 ELEC ( <0.041 

21 BERGSMA 83 CHRM u p e  ~ i.=~,e 

> 380 90 22 CARR 83 ELEC p +  decay 
>1600 23 BEALL 82 THEO "go - "go 

[>  4000] STEIGMAN 79 COSM Nucleosynthesis; l ight v R 

l C Z A K O N  99 perform a simultaneous f i t  to charged and neutral sectors. | 
2 ACKERSTAFF 99D l imit  is from T decay parameters. Limit increase to 145 GeV for zero I mixing. 

3BARENBOIM 98 assumes minimal left-right model wi th Higgs of SU(2)R in SU(2)L | 
doublet. For Higgs in SU(2)L triplet, m W R  >1100 GeV. Bound calculated from effect I of corresponding Z L R  on electroweak data through Z - Z L R  mixing. 

4The quoted l imit  is from p decay parameters. BARENBOIM 97 also evaluate l imi t  from 
K L - K  S mass difference. 

5STAHL 97 l imi t  is from fit to T-decay parameters. 
6ALLET 96 measured polarization-asymmetry correlaton in 1 2 N ~ +  decay. The listed 

l imit  assumes zero L-R  mixing. 
7 KUZNETSOV 95 l imit  is from measurements of the asymmetry (~U.~n) in the ~ decay 

of polarized neutrons. Zero mixing assumed. See also KUZNETSOV 948. 
8 KUZNETSOV 94B l imit  is from measurements of the asymmetry (~U-~n~ in the ~ decay 

of polarized neutrons. Zero mixing assumed. 
9BHATTACHARYYA 93 uses Z - Z  r mixing l imi t  from LEP '90 data, assuming a specific 

Higgs sector of SU(2)L •  x U(1) gauge model. The l imi t  is for mr=200  GeV and 
slightly improves for smaller m t .  

10SEVERIJNS 93 measured polarization-asymmetry correlation in 1071nO+ decay. The 
listed l imi t  assumes zero L-R  mixing. Value quoted here is from SEVERIJNS 94 erratum. 

111MAZATO 92 measure positron asymmetry in K + --* p4-u/~ decay and obtain 

~Pp > 0.990 (90%CL). If W R couples to u3 with full weak strength (V~us=l ) .  the 
result corresponds to m W R  >653 GeV. See their Fig. 4 for m W R  l imits for general 

l ~s l2=1-1~d l  2. 
12 POLAK 928 l imi t  Is from fit to muon decay parameters and is essentially determined by 

JODIDIO 86 data assuming (~=0. Supersedes POLAK 91. 
13AQUINO 91 l imits obtained from neutron lifetime and asymmetries together with uni- 

tarity of the CKM matrix. Manifest left-right symmetry assumed. Stronger of the two 
l imits also includes rnuon decay results. 

14COLANGELO 91 l imit  uses hadronic matr ix elements evaluated by QCD sum rule and 
is less restrictive than BEALL 82 l imi t  which uses vacuum saturation approximation. 
Manifest left-right symmetry assumed. 

15 POLAK 91 l imit  is from fi t  to muon decay parameters and is essentially determined by 
JODIDIO 86 data assuming ~=0.  Superseded by POLAK 92B. 

16 BARBIERI 89B l imi t  holds for m v R  < 10 MeV, 

17 LANGACKER 898 l imi t  is for any u R mass (either DiraE or Majorana) and for a general 
class of right-handed quark mixing matrices, 
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18BALKE 88 limit is for rove R = 0 and mu.uR <_ 50 MeV. Limits come from precise 

measurements of the muon decay asymmetry as a function of the positron energy, 
19.1ODIDIO 86 is the same TRIUMF experiment as STOKER 8S (and CARR 83); how- " 

ever. i t  uses a different technique. The results given here are combined results of the 
two techniques. The technique here involves precise measurement of the end-point e + 
spectrum in the decay of the highly polarized/~+, 

20 STOKER 85 is same TRIU MF experiment as CARR 83. Here they measure the decay e + 
spectrum asymmetry above 46 MeV/c using a muon-spin-rotatton technique. Assumed 
a light right-handed neutrino. Quoted limits are from combining with CARR 83. 

21BERGSMA 83 set limit m w 2 / m w l  >1.9 at CL = 90%. 

22 EARR 83 is TRIUMF experiment with a highly polarized #+  beam. Looked for deviation 
from V - A  at the high momentum end of the decay e + energy spectrum. Limit from 
previous world-average muon polarization parameter is mWR >240 GeV. Assumes a 
light right-handed neutrino. 

23 BEALL 82 limit is obtained assuming that W R contribution to KOL-KO 5 mass difference is 
smaller than the standard one, neglecting the top quark contributions. Manifest left-right 
symmetry assumed. 

Limit on WL-WR Mixing AnKle ( 
Lighter mass eigenstate W 1 = WLCOS ~ - WRsin ~. Light v R assumed unless noted. 
Values in brackets are from cosmological and astrophysical considerations. 

VALUE ~ DOCUMENT IO TECN COMMENT 
�9 * �9 We do not use the following data for averages, fits, limits, etc. �9 * * 

< 0.12 95 24 ACKERSTAFF 99D OPAL r decay 
< 0,013 90 25CZAKON 99 RVUE Electroweak 
< 0.0333 26 BARENBOIM 97 RVUE /= decay 
< 0.04 90 27 MISHRA 92 CCFR u N scattering 

-0.0006 to 0.0028 90 28 AQUINO 91 RVUE 
[none 0.00001-0.02] 29 BARBIERI 89B ASTR SN 1987A 
< 0.040 90 30 JODIDIO 86 ELEC /~ decay 

-0.056 to 0.040 90 30 JODIDIO 86 ELEC # decay 

24ACKERSTAFF 99D limit is from T decay parameters. 
25 CZAKON 99 perform a simultaneous fit to charged and neutral sectors. 
26The quoted limit is from # decay parameters. BARENBOIM 97 also evaluate limit from 

K L- K 5 mass difference. 
27 MISHRA 92 limit is from the absence of extra large-x, large-y Y# N ~ Y/, X events at 

Tevatron, assuming leff-handed v and right-handed Y in the neutrino beam. The result 
gives (2(1-2m~v, /m~,y~)< 0.0015. The limit is independent of "R mass, 

28AQUINO 91 limits obtained from neutron lifetime and asymmetries together with uni- 
tarity of the CKM matrix. Manifest left-right asymmetry is assumed. 

29 BARBIERI sgB limit holds for mvR <_ 10 MeV. 

30 First JODIOIO 86 result assumes m WR=oo, second is for unconstrained m WR. 

T H E  W I S E A R C H E S  

Written October 1997 by K.S. Babu, C. Kolda, and J. March- 
Russell (IAS/Princeton). 

Any electrically charged gauge boson outside of the Stan- 

dard Model is generically denoted W ~. A W r always couples to 

two different flavors of fermions, similar to the W boson. In 

particular, if a W I couples quarks to leptons it is a leptoquark 

gauge boson. 

The most attractive candidate for W ~ is the WR gauge 

boson associated with the left-right symmetric models [1]. These 

models seek to provide a spontaneous origin for parity violation 

in weak interactions. Here the gauge group is extended to 

SU(3)c • SU(2)L • SU(2)R • U(]-)B-L with the Standard Model 

hypereharge identified as Y = T3R + (B-L)~2, T3R being the 

third component of SU(2)R. The fermions transform under the 

gauge group in a left-right symmetric fashion: qL(3, 2, 1, 1/3) + 

qR(3, 1, 2, 1/3) for quarks and s 1, --1) + s --1) 

for leptons. Note that the model requires the introduction 

of right-handed neutrinos, which can facilitate the see-saw 

mechanism for explaining the smallness of the ordinary neutrino 

masses. A Higgs bidoublet ~(1, 2, 2, 0) is usually employed to 

generate quark and lepton masses and to participate in the 

electroweak symmetry breaking. Under left-right (or parity) 

symmetry, qL ~ qR, ~L ~ ~R, WL ~ WR and (I, ~ (I,t. 
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After spontaneous symmetry breaking, the two W bosons of 

the model, WL and WR, will mix. The physical mass eigenstates 

are denoted as 

W1 = cos~WL+sin~WR,  W2 = - - s i n ~ W L + c o s ~ W R  (1) 

with W1 identified as the observed W bosom The most general 

Lagrangian that describes the interactions of the W1,2 with the 

quarks can be written as [2] 

= _ 

where gL,R are the SU(2)L,R gauge couplings, PL,R = (1 ~=75)/2 

and V L'R are  the left- and right-handed CKM matrices in the 

quark sector. The phase w reflects a possible complex mixing 

parameter in the W L - W  R mass-squared matrix. Note that there 

is C P  violation in the model arising from the right-handed 

currents even with only two generations. The Lagrangian for 

leprous is identical to that for quarks, with the replacements 

u ~ •, d ~ e and the identification of V L,R with the CKM 

matrices in the leptonic sector. 

If parity invariance is imposed on the Lagrangian, then 

gL = gR. Furthermore, the Yukawa coupling matrices that arise 

from coupling to the Higgs bidoublet �9 will be Hermitian. If in 

addition the vacuum expectation values of �9 are assumed to be 

real, the quark and lepton mass matrices will also be Hermitian, 

leading to the relation V L = V R. Such models are called 

manliest left-right symmetric models and are approximately 

realized with a minimal Higgs sector [3]. If instead parity and 

C P  are both imposed on the Lagrangia~, then the Yukawa 

coupling matrices will be real symmetric and, after spontaneous 

C P  violation, the mass matrices will be complex symmetric. In 

this case, which is known in the literature as pseudo-mani#st 

left-right symmetry, V L = (VR) *. 

Ind irec t  constraings: In minimal version of manifest or 

pseudo-manifest left-right symmetric models with w = 0 or 

7r, there are only two free parameters, ~ and Mw2, and they 

can be constrained from low energy processes. In the large 

Mw2 limit, stringent bounds on the angle ~ arise from three 

processes. (i) Nonleptonic K decays: The decays K ~ 3r  and 

K ~ 2~r are sensitive to small admixtures of right-handed 

currents. Assuming the validity of PCAC relations in the Stan- 

dard Model it has been argued in Ref. 4 that the success in 

the K ~ 3r  prediction will be spoiled unless Ir -< 4 • 10 -3. 

(ii) b ~ s~: The amplitude for this process has an enhancement 

factor m j m b  relative to the Standard Model and thus can be 

used to constrain ~ yielding the limit -0.01 < ~ _ 0.003 [5]. 

(iii) Universality in weak decays: If the right-handed neutrinos 

are heavy, the right-handed admixture in the charged current 

will contribute to fl decay and K decay, but not to the # 

decay. This will modify the extracted values of V L and V L .  

Demanding that the difference not upset the three generation 
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unitarity of the CKM matrix, a bound I~1 -< 10-3 has been 

derived [6]. 

If the un are heavy, leptonic and semileptonic processes do 

not constrain ~ since the emission of un will not be kinematically 

allowed. However, if the un is light enough to be emitted in 

# decay and/3 decay, stringent limits on ~ do arise. For example, 

I(] -< 0.039 can be obtained from polarized # decay [7] in the 

large Mw2 limit of the manifest left-right model. Alternatively, 

in the ( = 0 limit, there is a constraint Mw2 >_ 484 GeV 

from direct W2 exchange. For the constraint on the case in 

which Mw2 is not taken to be heavy, see Ref. 2. There are 

also cosmological and astrophysical constraints on Mw~ and 

in scenarios with a light Ul~. During nucleosynthesis the 

process e+e - --* UnPR, proceeding via W2 exchange, will keep 

the un in equilibrium leading to an overproduction of 4He 

unless Mw2 is greater than about 1 TeV [8]. Likewise the uen 

produced via e~p ~ nun inside a supernova must not drain 

too much of its energy, leading to limits Mw2 > 16 TeV and 

Ir -< 3 • 10 -5 [9]. Note that models with light uR do not 

have a see-saw mechanism for explaining the smallness of the 

neutrino masses, though other mechanisms may arise in variant 

models [10]. 

The mass of W2 is severely constrained (independent of 

the value of r from KL-K S mass-splitting. The box diagram 

with exchange of one WL and one WR has an anomalous 

enhancement and yields the bound Mw2 >_ 1.6 TeV [11] for 

the case of manifest or pseudo-manifest left-right symmetry. If 

the u n have Majorana masses, another constraint arises from 

neutrinoless double ~3 decay. Combining the experimental limit 

from 76Ge decay with arguments of vacuum stability, a limit of 

Mw2 >_ 1.1 TeV has been obtained [12]. 

In E6 unification, there is an option to identify the right- 

handed down quarks as SU(2)R singlets or doublets. If they 

are SU(2)R doublets, one recovers the conventional left-right 

model; if they are singlets it leads to the alternate left-right 

model. A similar ambiguity exists in the assignment of left- 

handed leptons; the alternate left-right model assigns them to 

a (1, 2, 2, 0) multiplet. As a consequence, the ordinary neutrino 

remains exactly massless in the model. One important difference 

from the usual left-right model is that the limit from the KL-K8 

mass difference is no longer applicable, since the d R do not 

couple to the WR. There is also no limit from polarized # decay, 

since the SU(2)R partner of en can receive a large Majorana 

mass. Other W l models include the un-uuified Standard Model 

of Ref. 19 where there are two different SU(2) gauge groups, 

one each for the quarks and leptons; models with separate 

SU(2) gauge factors for each generation [20]; and the SU(3)C • 

SU(3)L • U(1) model of Ref. 21. 

Leptoquark gauge bosons: The SU(3)c • U(1)B-L part of 

the gauge symmetry discussed above can be embedded into a 

simple SU(4)c gauge group [22]. The model then will contain 

leptoquark gauge boson as well, with couplings of the type 

{('eL'~/~dL -b ~LTI~uL)WqZ q- (L ~ R)}. The best limit on such 

leptoquark W ~ comes from nonobservation of KL ~ #e, which 

requires M W, > 1400 TeV; for the corresponding limits on 

less conventional leptoquark flavor structures, see Ref. 23. 

Thus such a W r is inaccessible to direct searches with present 

machines which are sensitive to vector leptoquark masses of 

order 300 GeV only. 
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38AL ITT I  91 search is based on two-jet invariant mass spectrum, assuming B ( W  r ~ q~}  
= 67.6%. Limit on ~ �9 B as a function of two-jet mass is given in Fig. 7. 

39ALBAJAR 89 cross section l imit at 630 GeV is a ( W  I)  B(eu)  < 4.1 pb (90% CL). 
40See Fig. 5 of  ANSARI 87D for the excluded region in the m W l - [ ( g w ~ q )  2 B ( W  I 

eP)] plane. Note that the quantity ( g w t q )  2 B ( W  f ~ e~)  is normalized to unity for 

the standard W couplings. 
41ARNISON 86B find no excess at large PT in 148 W ~ eu events. Set l imit a x B ( e u )  

<10  pb at CL = 90% at Ecru = 546 and 630 GeV. 

42ARNISON 83D find among 47 W ~ et, candidates no event with excess PT" Also set 
a x B ( e u )  <30  pb with CL = 90% at Ecru = 540 GeV. 

THE Z I SEARCHES 

Written October 1997 by K.S. Babu, C. Kolda, and J. March- 
Russell (IAS/Princeton). 

If the Standard Model is enhanced by additional gauge 

symmetries or embedded into a larger gauge group, there will 

arise new heavy gauge bosons, some of which generically are 
electrically neutral. Such a gauge boson is called a Z ~. Consider 

the most general renormalizable Lagrangian describing the 

complete set of interactions of the neutral gauge bosons among 

themselves and with fermions, which is that of the Standard 
Model plus the following new pieces [1,2,3]: 
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Lz, = -  ~F ~ / ~ ' uu -  sin X ~ u~ #  ~ + l ~ 2 z , ~  ~'~ 
2 z 

i 

(1) 

MASS LIMITS for W ~ (A Heavy-Charged Vector Boson Other Than W) 
in Hadron Collider Experiments 

Couplings of W I to quarks and leptons are taken to be identical with those of W.  
The following limits are obtained from p~  ~ W I X  with W p decaying to the mode 
indicated in the comments. New decay channels (e.g., W r ~ W Z )  are assumed to 
be suppressed. UA1 and UA2 experiments assume that the t b  channel is not open. 

VALUE (GeV) EL% DOCUMENT ID TECN COMMENT 

>720 95 31 ABACHI 96C DO W I ~ eue 

�9 * �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

none 300-420 95 32 ABE 976 CDF W t ~ q ~  
>610 95 33 ABACHI  95E DO W t ~ eue and W I 

r u  T ~ euuP  

>652 95 34 ABE 95M CDF W ~ ~ eue 

>251 90 35 ALITTI 93 UA2 W t ~ q~ 

none 260-600 95 36 RIZZO 93 RVUE W l ~ q~ 

>520 95 3 7 A B E  91F CDF W t ~ eu. ~u  
none 101-158 90 38 A L I T T I  91 UA2 W I ~ q q  
>220 90 3 9 A L B A J A R  89 UA1 W r ~ eu 
>209 90 40ANSARI  87D UA2 W r ~ eu 
>210 
>170 

A 

where F~,F~u are the field strength tensors for the hyper- 

charge B~ gauge boson and the Z ~ respectively before any 

diagonalizations are performed, r are the matter fields with Z ~ 

vector and axial charges f~z and f~t, and Zg is the electroweak 
Z boson in this basis. (See the Review on "Electroweak Model 

and Constraints on New Physics" for the Standard Model pieces 

of the Lagrangian.) The mass terms are assumed to come from 

spontaneous symmetry breaking via scalar expectation values. 

The above Lagrangian is general to all abelian and non-abelian 
extensions, except that X = 0 for the non-abelian case since 

then F~u is not gauge invariant. Most analyses take X = 0 even 
for the abelian case. 

Going to the physical eigenbasis requires diagonalizing both 

the gauge kinetic and mass terms, with mass eigenstates denoted 

Z1 and Z2, where we choose Z1 to be the observed Z bosom 
The interaction Lagrangian for Z1 has the form, to leading 

order in the mixing angle ~ ( s w  - sin(~w, etc.): 
90 41 ARNISON 86B UAI W t ~ eu  

90 42ARNISON 83D UAI W l ~ eu 

31 For bounds on W R with nonzero right-handed mass, see Fig. 5 from ABACHI 96C. 

32 ABE 07G search for new particle decaying to dijets. 
33ABACHI  95E assume that the decay W ! ~ W Z  is suppressed and that the neutrino 

from W ! decay is stable and has a mass significantly less m w t .  

34ABE 9SM assume that the decay W I ~ W Z  is suppressed and the (right-handed) 
neutrino is light, noninteracting, and stable. I f  rap=60  GeV, for example, the effect on 
the mass l imit is neglibible. 

35AL ITT I  93 search for resonances in the two-jet invariant mass. The l imit assumes 
r ( w t ) / m w ,  = F ( W ) / m  W and B ( W  t ~ j j )  = 2/3.  This corresponds to W R with 

toUR > m w R  (no leptonic decay) and W R ~ t-b allowed. See their Fig. 4 for l imits in 
the /11 w z - B ( q ~ )  plane. 

36RIZZO 93 analyses CDF limit on possible two-jet resonances. The l imit is sensitive to 
the inclusion of the assumed K factor. 

37ABE 91F assume leptonic Ixanching ratio of 1 /12 for each lepton flavor. The l imit from 

the eu (#u)  mode alone is 490 (435) GeV. These limits apply to W R i f  muR <~ 15 

GeV and u R does not decay in the detector. Cross section l imit a �9 B < (1-10)  pb is 
given for roW,  = 100-550 GeV; see Fig. 2. 

where 

- cos x ( ~  + ~ s w  si. z) 
- cos2 x + sin s X + 2 s inx  

(2) 

(3) 

We have made the identifications g~ = T.~, g~ = T~ - 2Qis,,2 

~,A  ~- (~8WCW/CCOSX)f~,A,  and s~  is identified to be the 
s 2 defined in the "Electroweak Model and Constraints on MZ 
New Physics" review. Note that the value of the weak angle 
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= 67.6%. Limit on ~ �9 B as a function of two-jet mass is given in Fig. 7. 

39ALBAJAR 89 cross section l imit at 630 GeV is a ( W  I)  B(eu)  < 4.1 pb (90% CL). 
40See Fig. 5 of  ANSARI 87D for the excluded region in the m W l - [ ( g w ~ q )  2 B ( W  I 

eP)] plane. Note that the quantity ( g w t q )  2 B ( W  f ~ e~)  is normalized to unity for 

the standard W couplings. 
41ARNISON 86B find no excess at large PT in 148 W ~ eu events. Set l imit a x B ( e u )  

<10  pb at CL = 90% at Ecru = 546 and 630 GeV. 

42ARNISON 83D find among 47 W ~ et, candidates no event with excess PT" Also set 
a x B ( e u )  <30  pb with CL = 90% at Ecru = 540 GeV. 

THE Z I SEARCHES 

Written October 1997 by K.S. Babu, C. Kolda, and J. March- 
Russell (IAS/Princeton). 

If the Standard Model is enhanced by additional gauge 

symmetries or embedded into a larger gauge group, there will 

arise new heavy gauge bosons, some of which generically are 
electrically neutral. Such a gauge boson is called a Z ~. Consider 

the most general renormalizable Lagrangian describing the 

complete set of interactions of the neutral gauge bosons among 

themselves and with fermions, which is that of the Standard 
Model plus the following new pieces [1,2,3]: 
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Lz, = -  ~F ~ / ~ ' uu -  sin X ~ u~ #  ~ + l ~ 2 z , ~  ~'~ 
2 z 
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(1) 

MASS LIMITS for W ~ (A Heavy-Charged Vector Boson Other Than W) 
in Hadron Collider Experiments 

Couplings of W I to quarks and leptons are taken to be identical with those of W.  
The following limits are obtained from p~  ~ W I X  with W p decaying to the mode 
indicated in the comments. New decay channels (e.g., W r ~ W Z )  are assumed to 
be suppressed. UA1 and UA2 experiments assume that the t b  channel is not open. 

VALUE (GeV) EL% DOCUMENT ID TECN COMMENT 

>720 95 31 ABACHI 96C DO W I ~ eue 

�9 * �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

none 300-420 95 32 ABE 976 CDF W t ~ q ~  
>610 95 33 ABACHI  95E DO W t ~ eue and W I 

r u  T ~ euuP  

>652 95 34 ABE 95M CDF W ~ ~ eue 

>251 90 35 ALITTI 93 UA2 W t ~ q~ 

none 260-600 95 36 RIZZO 93 RVUE W l ~ q~ 

>520 95 3 7 A B E  91F CDF W t ~ eu. ~u  
none 101-158 90 38 A L I T T I  91 UA2 W I ~ q q  
>220 90 3 9 A L B A J A R  89 UA1 W r ~ eu 
>209 90 40ANSARI  87D UA2 W r ~ eu 
>210 
>170 

A 

where F~,F~u are the field strength tensors for the hyper- 

charge B~ gauge boson and the Z ~ respectively before any 

diagonalizations are performed, r are the matter fields with Z ~ 

vector and axial charges f~z and f~t, and Zg is the electroweak 
Z boson in this basis. (See the Review on "Electroweak Model 

and Constraints on New Physics" for the Standard Model pieces 

of the Lagrangian.) The mass terms are assumed to come from 

spontaneous symmetry breaking via scalar expectation values. 

The above Lagrangian is general to all abelian and non-abelian 
extensions, except that X = 0 for the non-abelian case since 

then F~u is not gauge invariant. Most analyses take X = 0 even 
for the abelian case. 

Going to the physical eigenbasis requires diagonalizing both 

the gauge kinetic and mass terms, with mass eigenstates denoted 

Z1 and Z2, where we choose Z1 to be the observed Z bosom 
The interaction Lagrangian for Z1 has the form, to leading 

order in the mixing angle ~ ( s w  - sin(~w, etc.): 
90 41 ARNISON 86B UAI W t ~ eu  

90 42ARNISON 83D UAI W l ~ eu 

31 For bounds on W R with nonzero right-handed mass, see Fig. 5 from ABACHI 96C. 

32 ABE 07G search for new particle decaying to dijets. 
33ABACHI  95E assume that the decay W ! ~ W Z  is suppressed and that the neutrino 

from W ! decay is stable and has a mass significantly less m w t .  

34ABE 9SM assume that the decay W I ~ W Z  is suppressed and the (right-handed) 
neutrino is light, noninteracting, and stable. I f  rap=60  GeV, for example, the effect on 
the mass l imit is neglibible. 

35AL ITT I  93 search for resonances in the two-jet invariant mass. The l imit assumes 
r ( w t ) / m w ,  = F ( W ) / m  W and B ( W  t ~ j j )  = 2/3.  This corresponds to W R with 

toUR > m w R  (no leptonic decay) and W R ~ t-b allowed. See their Fig. 4 for l imits in 
the /11 w z - B ( q ~ )  plane. 

36RIZZO 93 analyses CDF limit on possible two-jet resonances. The l imit is sensitive to 
the inclusion of the assumed K factor. 

37ABE 91F assume leptonic Ixanching ratio of 1 /12 for each lepton flavor. The l imit from 

the eu (#u)  mode alone is 490 (435) GeV. These limits apply to W R i f  muR <~ 15 

GeV and u R does not decay in the detector. Cross section l imit a �9 B < (1-10)  pb is 
given for roW,  = 100-550 GeV; see Fig. 2. 

where 

- cos x ( ~  + ~ s w  si. z) 
- cos2 x + sin s X + 2 s inx  

(2) 

(3) 

We have made the identifications g~ = T.~, g~ = T~ - 2Qis,,2 

~,A  ~- (~8WCW/CCOSX)f~,A,  and s~  is identified to be the 
s 2 defined in the "Electroweak Model and Constraints on MZ 
New Physics" review. Note that the value of the weak angle 
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that appears in the vector coupling is shifted by the S and T 

oblique parameters: 

s. = s~ + s2  - c2  a S -  cwswaT  . (4) 

Recall that p = 1 + aT defines the usual p parameter. In 

the presence of Z Z ~ mixing, the oblique parameters receive 

contributions [4]: 

aS  : 4~c~ s W tan X 

z ~  - 1 + 2~sw tan X (5) 

a U =  0 

to leading order in small ~. These contributions are in addition 

to those coming from top quark and Higgs boson loops in 

the Standard Model. (This is in contrast to the "Electroweak 

Model and Constraints on New Physics" Review in which 

oblique parameters are defined to be zero for reference values of 

mt and MH.) Note that nonzero Z-Z  ~ contributions to S arise 

only in the presence of kinetic mixing. 

The corresponding Z2-~r interaction Lagrangian is: 

Lz~ -- 2swcw 

often encountered is U(1), where Z, 1 = ~/~Z x "4- ~/]Zr The 
v - 

charges of the SM fermions under these U(1)'s, and a discussion 

of their experimental signals, can be found in Ref. 5. 

It is also common to express experimental bounds in terms 

of a toy Z r usually denoted ZSM. This ZSM , of arbitrary mass, 

couples to the SM fermions identically to the usual Z. 

Almost all analyses of Z ~ physics have worked with one of 

these canonical models and have assumed zero kinetic mixing 

at the weak scale. 

Experimental  constraints: There are three primary sets of 

constraints on the existence of a Z ~ which will be considered 

here: precision measurements of neutral-current processes at 

low energies, Z-pole constraints on Z - Z  ~ mixing, and direct 

search constraints from production at very high energies. In 

principle, one usually expects other new states to appear at the 

same scale as the Z ~, including its symmetry-breaking sector 

and any additional fermions necessary for anomaly cancellation. 

However, because these states are highly model-dependent, we 

will not include searches for them, or Z t decays to them, in the 

bounds that follow. 

I, ow-eneryy constraints: After the breaking of the new gauge 

group and the usual electroweak breaking, the Z of the Standard 

Model can mix with the Z ~, with mixing angle ~ defined above. 

with the following definitions: 

h~ ' ]~ /+  ~'(T~ - 2Qi) t a n x  

h~ = ] ~ + ~ J t a n x  

s3  ( 4 ~ w a S _ l )  

(6) 

(7) 

As already discussed, this Z Z ~ mixing implies a shift in the 

usual oblique parameters IS, T, U defined in Eq. (5)]. Current 

bounds on S and T translate into stringent constraints on the 

mixing angle, (, requiring ~ << 1; similar constraints on ~ arise 

from the LEP Z-pole data. Thus we will only consider the 

small-~ limit henceforth. 

Whether or not the new gauge interactions are parity 

violating, stringent constraints can arise from atomic parity 
where the last equation defines a weak angle appropriate for 

the Z2 interactions. 

If the Z ~ charges are generation-dependent, there exist 

severe constraints in the first two generations coming from 

precision measurements such as the KL-Ks  mass splitting 

and B(#  -+ 3e) owing to the lack of GIM suppression in the 

Z t interactions; however, constraints on a Z ~ which couples 

differently only to the third generation are somewhat weaker. 

(It will be assumed in the Z-pole constraint section that the 

Z ~ couples identically to all three generations of matter; all 

other results are general.) If the new Z ~ interactions commute 

with the Standard Model gauge group, then per generation, 

there are only five independent Z ~ r  couplings; we can choose 

them to be ]~,  ]~, ]r ]~/, and ]~. All other couplings can be 

determined in terms of these, e.g., ]~ = (]~ + f~)/2. 

Canonical models: One of the prime motivations for an 

additional Z ~ has come from string theory in which certain 

compactifications lead naturally to an E6 gauge group, or 

one of its subgroups. E6 contains two U(1) factors beyond 

the Standard Model, a basis for which is formed by the two 

groups U(1)x and U(1)~o, defined via the decompositions E6 ---* 

SO(10) x U(1)r and SO(10) ~ SU(5) x U(1)~(; one special case 

violation (APV) and polarized electron-nucleon scattering ex- 

periments [6]. At low energies, the effective neutral-current 

Lagrangian is conventionally written: 

GF E { Clq@7u~he)(~7"q) + C2q(eTue)(q'y"75q)} 
LNC = ~ q=u,d 

(s) 
APV experiments are sensitive only to Clu and Cld (see the 

"Electroweak Model and Constraints on New Physics" Review 

for the nuclear weak charge, Qw, in terms of the Clq) where in 

the presence of the Z and Z': 

Clq = 2(1 + aT)(g~ + U i ) ( g ~  + ~]~) + 2r (h~ - ~g~)(h~ - ~g~) 

(9) 
where r = (Mzl/Mz2) 2. The r-dependent terms arise from Z2 

exchange and can interfere constructively or destructively with 

the Z1 contribution. In the limit ~ -= r = 0, this reduces to 

the Standard Model expression. Polarized electron scattering is 

sensitive to both the Clq and C2q couplings, again as discussed 

in the "Electroweak Model and Constraints on New Physics" 

Review. The C~q can be derived from the expression for Clq 
with the complete interchange V ~ A. 
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Table 1: Expansion coefficients for shifts in Z- 
pole observables normalized to the Standard 
Model value of the observable [7,3]. 

Fz -0.49 1.35 -0.89 -0.40 0.37 0.37 0 

Re -0.39 0.28 -1 .3  -0.56 0.52 0.30 4.0 

ah 0.046 -0.033 0.50 0.22 -0.21 -1 .0  -4 .0  

Rb 0.085 -0.061 -1 .4  -2.1 0.29 0 0 

Rc -0.16 0.12 2.7 4.1 -0.59 0 0 

Ae -24.9 17.7 0 0 0 -26.7 2.0 

Ab -0.32 0.23 0.71 0.71 --1.73 0 0 

Ac -2.42 1.72 3.89 -1.49 0 0 0 

M~V -0.93 1.43 0 0 0 0 0 
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Stringent limits also arise from neutrino-hadron scattering. 

One usually expresses experimental results in terms of the ef- 

fective 4-fermion operators ( ~ ' 7 # l l ) ( ' ~ L , R T # q L , R )  w i t h  coefficients 

(2v/2GF)eL,R(q). (Again, see the "Electroweak Model and Con- 

straints on New Physics" Review.) In the presence of the Z and 

Z', the eL,It(q) are given by: 

2 
r 

+ 5 {(h~z -4- hqA)(h~ 4- hUA) -- r 4- gqA)(h~ 4- hVA) 

- r • hD} �9 (10) 

Again, the r-dependent terms arise from Z2-exchange. 

Z-pole constraints: Electroweak measurements made at LEP 

and SLC while sitting on the Z resonance are generally sensitive 

to Z ~ physics only through the mixing with the Z unless the 

Z and Z ~ are very nearly degenerate, a possibility we ignore. 

Constraints on the allowed mixing angle and Z couplings arise 

by fitting all data simultaneously to the ansatz of Z-Z  ~ mixing. 

For any observable, O, the shift in that observable, AO, can be 

expressed (following the procedure of Ref. 7) as: 

A---O-O = A S aS  + .A T aT  + ~ ~ B~) f i (11) 
0 

i 

where i runs over the 5 independent Z ' r 1 6 2  couplings listed 

earlier (assuming a Z'  couplings commute with the generation 

and gauge symmetries of the Standard Model; this is the only 

place where we enforce such a restriction). The coefficients 

A~ T and/3(~ ), which are functions only of the Standard Model 

parameters, are given in Table 1. The first 5 observables are 

directly measured at LEP and SLC, while Ae, Ab and Ac are 
-~(o,f) 

4AeAf and AOLn -Ae measured via the asymmetries ~FB -~ ~- 

as defined in the "Electroweak Model and Constraints on New 

Physics" Review. As an example, the shift in Ae due to Z '  

physics is given by 

-~----~-=-24.9aS + l T . 7 a T -  26.7r + 2 .0( f~  . (12) 

High-energy indirect constraints: At v/~ < Mz2, but off 

the Z1 pole, strong constraints on new Z'  physics arise from 

measurements of deviations of asymmetries and leptonic and 

hadronic cross sections from their Standard Model predictions. 

These processes are sensitive not only to Z-Z '  mixing but 

also to direct Z2 exchange primarily through 7-Z2 and Z1-Z2 
interference; therefore information on the Z2 couplings and 

mass can be extracted that is not accessible via Z-Z '  mixing 

alone. 

Far below the Z~ mass scale, experiment is only sensitive 

to the scaled Z2 couplings (v~/Mz2) �9 hiv, A so the Z2 mass and 

overall magnitude of the couplings cannot both be extracted. 

However as v ~ approaches Mz~ the Z2 exchange can no longer 

be approximated by a contact interaction and the mass and 

couplings can be simultaneously extracted. 

Z ~ studies done before LEP relied heavily on this approach; 

see, e.g., Ref. 8. LEP has also done similar work using data 

collected above the Z peak; see, e.g., Ref. 9. For indirect Z '  

searches at future facilities, see, e.g. Refs. 10 and 11. 

Direct-search constraints: Finally, high-energy experiments 

have searched for on-shell Z '  (here Z2) production and decay. 

Searches can be classified by the initial state off of which the 

Z ~ is produced, and the final state into which the Z '  decays; 

we will not include here exotic decays of a Z'. Experiments to 

date have been sensitive to Z'  production via their coupling to 

quarks (pp colliders), to electrons (e+e - )  or to both (ep). 
For a heavy Z' (Mz2 >> MZl), the best limits come from 

pp machines via Drell-Yan production and subsequent decay to 

charged leptons. For Mz2 > 600GeV, CDF [12] quotes limits 

on a(p~ ~ Z2X) �9 B(Z2 ~ s  < 0.04pb at 95% C.L. for 

g = e + # combined; DO [13] quotes a �9 B < 0.025 pb for s = e. 

For Mz~ < 600 GeV, the mass dependence is complicated and 

one should refer to the original literature. For studies of the 

search capabilities of future facilities, see e.g. Ref. 10. 

If the Z '  has suppressed, or no, couplings to leptons (i.e., it 

is leptophobic) then experimental sensitivities are much weaker. 

In particular, searches for a Z ~ via hadronic decays at DO [14] 

are able to rule out a Z '  with quark couplings identical to those 

of the Z only in the mass range 365 GeV < Mz2 < 615 GeV; 

CDF [15] cannot exclude even this range. Additionally, UA2 [16] 

finds a .B(Z '  ~ j j )  < l l . 7 p b  at 90% C.L. for Mz, > 200GeV 

and more complicated bounds in the range 130 GeV < M Z, < 
200 GeV. 

For a light Z' (Mg, < Mz) direct searches in e+e - colliders 

have ruled out any Z ~ unless it has extremely weak couplings 

to leptons. For a combined analysis of the various pre-LEP 

experiments see Ref. 8. 
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VALUE IGeV) CL.,_~ DOCUMENT ID TECN COMMENT 

:>564 95 51 ERLER 99 RVUE Electroweak 

>630 95 52ABE 97S CDF p~; ZLR ~ e+e - ,  
p+#-- 

�9 �9 * We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

K. Mahanthappa and P. Mohapatra, Phys. Rev. D43, 
3093 (1991) (Erratum: D44 1616 (1991)); 
P. Langacker and M. Luo, Phys. Rev. D45, 278 (1992); 
P. Langacker, M. Luo and A. Mann, Rev. Mod. Phys. 64, 
87 (1992). 

7. G. Altare]li, et al., Mod. Phys. Lett. AS, 495 (1990); 
ibid., Phys. Lett. B263, 459 (1991). 

8. L. Durkin and P. Langacker, Phys. Lett. 166B, 436 (1986). 
9. P. Abreu et al., (DELPHI Collaboration), Eur. Phys. J. 

C l l ,  383 (1999); 
R. Barate et al., (ALEPH Collaboration), Eur. Phys. J. 
C12, 183 (1999). 

10. M. Cveti~ and S. Godfrey, hep-ph/9504216, in Electroweak 
Symmetry Breaking and Beyond the Standard Model, Eds. 

>436 95 53 BARATE 001 ALEP e + e -  
>550 95 54 CHAY 00 RVUE Electroweak 

55 ERLER 00 RVUE Cs 
>230 95 56 ABREU 99A DLPH e + e -  

57 CASALBUONI 99 RVUE Cs 
(> 1205) 90 58 CZAKON 99 RVUE Electroweak 
(> 1673) 95 59 ERLER 99 RVUE Electroweak 
(> 1700) 68 60 BARENBOIM 98 RVUE Electroweak 
>244 95 61 CONRAD 98 RVUE ~#N scattering 

>190 95 62 BARATE 97B ALEP e + e -  ~ p + p -  and 
hac~ronic cross section 

>445 95 63 ABE 95 CDF p~; ZLR ~ e + e -  
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MASS LIMITS for Z' (Heavy Neutral Vector Boson Other Than Z) 

Llmits for Z~SM 
ZSM is assumed to have couplings with quarks and leptons which are identical to 
those of Z, and decays only to known fermions. 

VALUE (GeV) CL~ DOCUMENT ID TECN COMMENT 

>89g 95 43 BARATE 001 ALEP e + e -  
r 

>69{) 95 44ABE 97s CDF p~; ZSM ~ e+e - ,  

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

>509 95 45 ERLER 99 RVUE Electroweak 

>490 95 ABACHI 96D DO p~; Z~M ~ e + e-- 

>505 95 46 ABE 95 CDF pp; ZSM ~ e + e -  
>398 95 47 VILAIN 94B CHM2 u/~e ~ v#e and 

>237 90 48 ALITTI 93 UA2 p~; Z~M ~ q~ 

none 260-600 95 49 RIZZO 93 RVUE pp; ZSM ~ q~ 
>426 90 50ABE 90F VNS e - e -  
43 BARATI: 001 search for deviations in cross section and asymmetries in e + e -  ~ fermions I 

at ~/s=90 to 183 GeV. Assume 8=0. Bounds in the mass-mixing plane are shown in | 
their Figure 18. 

44 ABE 97S find a(Z ~) x B(e + e - , # +  p - ) <  40 tb for mzi > 600 GeV at ~/s= 1.8 TeV. 

45ERLER 99 give 90%CL limit on the Z-Z I mixing -0.0041 < 6 < 0.0003. P0=l is I 
assumed. 

46ABE 97S flnd a ( Z t ) x B ( e + e - ) <  350fb for mzp > 350 GeV at ~/s= 1.8 TeV. 

47VlLAIN 94t3 assume m t = 150 GeV. 
40 ALITTI 93 search for resonances in the two-jet invariant mass. The limit assumes B(Z t 

q~)=O,7. See their Fig. 5 for limits in the mz~-B(q~)  plane. 

49RIZZO 93 analyses CDF limit on possible two-jet resonances. 
50ABE 90F use data for R, Rl t ,  and As They fix m W = 80.49 • 0.43 :J= 0.24 GeV and 

m z = 91.13 :h 0.03 GeV. 

51 ERLER 99 give 90%CL limit on the Z-Z f mixing -0.0009 < e < 0.0017. I 
52ABE 97s find o'(ZI)• + e - , / * + / * - ) <  40fb for mz~ > 600 GeV at v~=  1.8 TeV. 

53 BARATE 001 search for deviations in cross section and asymmetries in e + e -  ~ fermions I 
at ~ = 9 0  to 183 GeV. Assume e=0. Bounds in the mass-mixing plane are shown in I 
their Figure 18. 

54 CHAY 00 also find -0.0003 < e < 0.0019. For gR free, mzt > 430 GeV. | 

55 ERLER 00 discuss the possibility that a discrepancy between the observed and predicted I 
values of Qw(Cs) is due to the exchange of Z t. The data are better described in a I 
certain class of the Z I models including ZLR and Z X. I 

56ABREU 99A give 95%CL limit on the Z-Z I mixing 181 < 0.003]. For the limit contour | 
in the mass-mixing plane, see their Fig. 16. Data taken at , ~ =  130-172 GeV. 

I 57 CASALBUONI 99 discuSS the discrepancy between the observed and predicted values of 
Qw(Cs). It is shown that the data are better described in a class of models including 
the ZLR model. 

58 CZAKON 99 perform a simultaneous fit to charged and neutral sectors. Assumes manifest i 
left-right symmetric model. Finds lel < 0.0042. 

59 ERLER 99 assumes 2 Higgs doublets, tranforming as 10 of 50(10), embedded in E 6. | 
60BARENBOIM 98 also gives 68% CL limits on the Z-Z t mixing -0.0005 < 8 < 0.0033. I Assumes Higgs sector of minimal left-right model. 
61 CONRAD 98 limit is from measurements at CCFR, assuming no Z-Z I mixing. 
62 BARATE 97B gives 95% CL limits on Z-Z r mixing -0.0017 < 0 < 0.0035. The bounds 

are computed with c, s = 0.120/: 0.003, m t = 175 • 6 GeV, and M H = 150 +150 GeV. 
Data taken at ~/s=20-136 GeV. 

63 ABE 97S find a(Z r) x B(e + e - ) <  350 tb for mz, > 350 GeV at V~= 1.8 TeV. See their 

Fig. 3 for the mass bound of Z r decaying to all allowed fermions and supersymmetric 
fermions. 

64VlLAIN 9413 assume m t = 150 GeV and e=0. See Fig. 2 for limit contours in the 
mass-mixing plane. 

65ADRIANI 93D give limits on the Z-Z  r mixing -0.002 < e < 0.015 assuming 
mz, > 310 GeV. 

66ALTARELLI 93B limit iS from LEP data available in summer '93 and is for m t = 110 
GeV. m H = 100 GeV and as = 0.118 assumed. The limit improves for larger m t (see 
their Fig. 5). The 90%Ct limit t on the Z-Z mixing angle is in Table4. 

67 RIZZO 93 analyses CDF limit on possible two-jet resonances. 
6gGRIFOLS 90 limit holds for tour ~ 1 MeV. A specific Higgs sector is assumed. See 

also GRIFOLS 90D, RIZZO 91. 
69BARBIERI 89B limit holds for mvR ~ 10 MeV. Bounds depend on assumed supernova 

core temperature. 

Um~ for Z x 
ZX is the extra neutral boson in 50(10) ~ SU(5) x U(1)X. gx = e/c~ is 
assumed unless otherwise stated. We list limits with the assumption p = 1 but with 
no further constraints on the Higgs sector. Values in parentheses assume stronger 
constraint on the Higgs sector motivated by superstring models. Values in brackets 
are from cosmological and astrophysical considerations and assume a light right-handed 
neutrino. 

VALUE (GeV) CL_~~ DOCUMENT ID TECN COMMENT 
>545 95 70 ERLER 99 RVUE Electroweak I 
>595 95 71 ABE 97s CDF p~; z~  ~ e + e - ,  # + , u -  
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�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

>833 95 72 BARATE 001 ALEP e + e -  
73 ERLER 00 RVUE Cs 
74 ROSNER 00 RVUE Cs 

>250 95 75 ABREU 99A DLPH e + e -  
(> 1368) 95 76 ERLER 99 RVUE Electroweak 
>470 95 77 CHO 98 RVUE 
>451 95 78 CHO 98B RVUE Electroweak 
>215 95 79 CONRAD 98 RVUE u#N scattering 

>190 95 80 ARIMA 97 VNS Bhabha scattering 
>236 95 81 BARATE 978 ALEP e+e - ~ /~+/~- and 

hadronic cross section 
>425 95 82 ABE 95 CDF p~; Z / ~ e + e-- 

X 
>147 95 83 ABREU 95M DLPH Z parameters and 

e+e - ~ t~+t~- 
>262 95 84VILAIN 94B CHM2 ul~e~ v/~eandP/.~e~ 

~pe 
>117 95 85 ADRIANI 93D L3 Z parameters 
(>900) 90 86 ALTARELLI 93B RVUE Z parameters 
[>1470J 87 FARAGGI 91 COSM Nucleosynthesis; light UR 
>231 90 88 ABE 90F VNS e + e -  
l> 1140] 
[> 21oo] 

89 GONZALEZ-G..90D COSM Nucleosynthesis; light u R 
90 GRIFOLS 90 ASTR SN 1987A; light u R 

70ERLER 99 give 90%CL limit on the Z-Z  I mixing -0.0020 < 0 < 0.0015. ] 
71 ABE 97S find r  ~) • B(e + e - , /~+ .u - )<  40 fb for mz~ > 600 GeV at ~'s= 1.8 TeV. 

72 BARATE 001 search for deviations in cross section and asymmetries in e § e -  ~ fermions I 
at -~=90 to 183 GeV. Assume 0~0. Bounds in the mass-mixing plane are shown in I 
their Figure 18. 

73 ERLER 00 discuss the possibility that a discrepancy between the observed and predicted I 
values of Qw(Cs) is due to the exchange of Z ~. The data are better described in a | 
certain class of the Z t models including ZLR and Z X, | 

74 ROSNER 00 discusses the possiblitiy that a discrepancy between the observed and pre- I 
dicted values of Qw(Cs) is due to the exchange of Z t. The data are better described I 

in a certain class of the Z ~ models including Z X. I 

78ABREU 99A give 95%CL limit on the Z-Z I mixing 101 < 0.0033. For the limit contour | 
in the mass-mixing plane, see their Fig. 16. Data taken at ~ =  130-172 GeV. 

I 76 ERLER 99 assumes 2 Higgs doublets, tranforming as 10 of SO(10), embedded in E 6. 
77CHO 98 limit is from constraints on four-Fermi contact interactions obtained from low- 

energy electroweak experiments, and assumes no Z-Z I mixing. 

78C I 
HO 988 use various electroweak data to constrain Z I models assuming m H = l O 0  GeV. 

p= l  is not assumed. See their Eq. (4.8) for their fit in mass-mixing plane, and Table 10 
for limits assuming E6-motivated Higgs sector. 

79 CONRAD 98 limit is from measurements at CCFR, assuming no Z-Z  I mixing. 
80Z-Z  I mixing is assumed to be zero. -~/s= 57,77 GeV. 
81 BARATE 97B gives 95% CL limits on Z - Z  ~ mixing -0.0016 < 8 < 0.0036. The bounds 

are computed with as = 0.120 • 0.003, m t 175 • 6 GeV, and M H = 15 n+ 150 GeV. = ~ -  90 
Data was taken at , /s= 20-136 GeM. 

82ABE 95 limit is obtained assuming that Z I decays to known fermions only. See their 
Fig. 3 for the mass bound of Z t decaying to all allowed ferrnions and supersymmetric 
fermlons. 

83ABREU 95M limit is for c~s=0.123, mt=150 GeV, and rnH~300 GeM. For the limit 
contour in the mass-mixing plane, see their Fig. 13. 

84VILAIN 948 assume m t = 150 GeV and 8=0. See Fig. 2 for limit contours in the 
mass-mixing plane. 

85ADRIANI 93D give limits on the Z-Z  t mixing -0.004 < 0 < 0.015 assuming the 
ABE 928 mass limit. 

86ALTARELLI 93B limit is from LEP data available in summer '93 and is for m t = 110 
GeV. m H = 100 GeV and (~s = 0.118 assumed. The limit improves for larger m t (see 

their Fig. 5). The 90%CL limit on the Z-Z  t mixing angle is in their Fig. 2. 
87 FARAGGI 91 limit assumes the nucleusynthesis bound on the effective number of neu- 

trinos AN u < 0.5 and is valid for mvR < 1 MeV. 

88ABE 90F use data for R, RI~ t ,  and At,  t,  ABE 90F fix m W = 80.49 • 0.43 • 0.24 GeV 
and m Z = 91.13 • 0.03 GeV. 

89 Assumes the nucleosynthesis bound on the effective number of light neutrinos (6N v < 1) 

and that ~R is light ( ~< 1 MeV). 
90GRIFOLS 90 limit holds for muR ~ 1 MeV. See also GRIFOLS 90D, RIZZO 91. 

Limits for  Z.r 
z r  is the extra neutral bosun in E 6 ~ SO(10) x U(1)~. g-r = e/cosO W is assumed 
unless otherwise stated. We list limits with the assumption p = 1 but with no fur- 
ther constraints on the Higgs sector. Values in brackets are from cosmological and 
astrophysical considerations and assume a light right-handed neutrino, 

VALUE {GeV) CL,...~_~ DOCUMENT ID TECN COMMENT 

>294 95 91 BARATE 001 ALEP e+e - I 
:>590 95 92 ABE 97S CDF p~; Z r , h ~  e+ e-, #+# - 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

>280 95 93 ABREU 99A DLPH e + e- | 
>146 95 94 ERLER 99 RVUE Electroweak I >140 95 95 CHO 98 RVUE 
>136 95 96 CHO 98B RVUE Electroweak 

> 54 95 97 CONRAD 98 

>160 95 98 BARATE 978 

>415 95 99 ABE 95 

>105 95 100 ABREU 95M 

>135 95 101 VILAIN 948 

>118 95 102 ADRIANI 93D 
>105 90 103 ABE 90F 
[> 160] 104 GONZALEZ-G..90D 

[> 2000] 

RVUE v# N scattering 

ALEP e+e - ~ /~+/~- and 
hadronic cross section 

- Z t CDF PP; !b ~ e§ e -  

DLPH Z parameters and 
e-Fe- ~ p + # -  

CHM2 v#e ~ u/~e and Ppe 

L3 Z parameters 
VNS e+e - 
COSM Nucleosynthesls; light ~R 

105 GRIFOLS 90D ASTR SN 1987A; light u R 

91 BARATE 001 search for deviations in cross section and asymmetries in e § e -  ~ fermions I 
at ~,/s=90 to 183 GeV. Assume 8=0. Bounds in the mass-mixing plane are shown in | 
their Figure 18. 

92ABE 97S find G ( Z t ) x B ( e + e - , # - + - t ~ - - ) <  40fb for m z r >  600 GeV at ~/~= 1.8 TeV. 

93ABREU 99A give 95%CL limit on the Z - Z  I mixing 181 < 0.0021. For the limit contour | 
in the mass-mixing plane, see their Fig. 16. Data taken at x/s= 130-172 GeV. 

I 94 ERLER 99 give 90%CL limit on the Z - Z  r mixing -0.0013 < 0 < 0.0024. 
95CHD 98 limit is from constraints on four-Fermi contact interactions obtained from low- 

energy electroweak experiments and assumes no Z-Z  r mixing. 
96 CHO 988 use various electroweak data to constrain Z r models. See their Eq. (4.9) for I 

their fit in mass-mixing plane, 
97 CONRAD 98 limit is from measurements at CCFR, assuming no Z - Z  r mixing. I 
98BARATE 978 gives 95% CL limits on Z - Z  I mixing -0.0020 < 0 < 0.0038. The bounds 

are computed with c~ s = 0.120 • 0.003, m t = 175 • 6 GeV, and M H = 150_~15~ GeV. 

Data taken at v~=  20-136 GeV. 
99See ABE 95 Fig. 3 for the mass bound of Z I decaying to all allowed fermions and super- 

symmetric fermions. 
100ABREU 95M limit is fur as=0.123, mt=150 GeV, and mH=300 GeV. For the limit 

contour in the mass-mixing plane, see their Fig. 13. 
101VILAIN 94B assume m t = 150 GeV and #=0. See Fig. 2 for limit contours in the 

mass-mixing plane. 
102ADRIANI 93D give limits on the Z - Z  / mixing -0.003 < 0 < 0.020 assuming the 

ABE 928 masS limit. 
103ABE 90F use data for R, Rt.l, and Ai r .  ABE 90F fix m W = 80.49 • 0.43 • 0.24 GeV 

and m Z = 91.13 • 0.03 GeV. 

104 Assumes the nucleosynthesis bound on the effective number of light neutrinos (6N v < 1) 

and that v R is light ( ~ 1 MeV). 
105GRIFOLS 90D limit holds for mue ~ 1 MeV. See also RIZZO 91. 

Limits for  Z~ 
z~ is the extra neutral boson in E 6 models, corresponding to Q~I = 3 V ~  QX - 

v / ~  Qt~' gT/ = e/cusgw is assumed unless otherwise stated. We list limits with 
the assumption p = 1 but with no further constraints on the Higgs sector. Values in 
parentheses assume stronger constraint on the Higgs sector motivated by superstring 
models. Values in brackets are from cosmological and astrophysical considerations and 
assume a light right-handed neutrino. 

VALUE (GeV) CL~ DOCUMENT ID TEEN COMMENT 

:>365 95 106 ERLER 99 RVUE Electroweak I 
r >620 95 107 ABE 97s CDF p~; Zr/ e + e - ,  #+  # -  

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

>329 95 108 BARATE 001 ALEP e + e -  | 
>200 95 109ABREU 99A DLPH e+e  - 

I >340 95 110 CHO 98 RVUE 
>317 95 111 CHO 988 RVUE Electroweak 
> 87 95 112 CONRAD 98 RVUE u# N scattering 

>173 95 113 BARATE 97B ALEP e + e -  ~ /~+# -  and 
hadronic cross section 

I ~ e+e - >440 95 114 ABE 95 CDF p~; ZT/ 

>109 95 115 ABREU 98M DLPH Z parameters and 
e+e - ~ # + # -  

>100 95 n6VILAIN 94BCHM2 u # e ~  v p e a n d ~ l ~ e ~  

>100 95 117 ADRIANI 93D L3 Z parameters 
(>500) 90 118 ALTARELLI 938 RVUE Z parameters 
>125 90 119 ABE 90F VNS e + e -  
[> 820] 120 GONZALEZ-G..90D COSM Nucleosynthesis; light u R 
[> 3300] 121 GRIFOL$ 90 ASTR SN ]907A; light u R 
[> 1040] 120 LOPEZ 90 COSM Nucleosynthesis; light u R 

106 ERLER 99 give 90%CL limit on the Z - Z  t mixing -0.0062 < 0 < 0.0011. I 
I B + + 107ABE 97S find r  )x  (e e - , #  # - ) <  40fb for mz~ > 600 GeV at . /~= 1.8 TeV, 

108 BARATE 001 search for deviations in cross section and asymmetries in e + e -  ~ fermious I 
at V~=90 to 183 GeV. Assume 0=0. Bounds in the mass-mixing plane are shown in I 
their Figure 18. 

1 0 9  �9 t I ABREU 99A give 95%CL limit on the Z-Z  mixing 101 < 0.0046. For the limit contour 

I in the mass-mixing plane, see their Fig. 16. Data taken at ~ =  130-172 GeV. 
110CHO 98 limit is from constraints on four-Fermi contact interactions obtained from low- 

energy electroweak experiments, and assumes no Z - Z  r mixing. 
1 ] I c H o  98B use various electroweak data to constrain Z t models assuming mH=100 GeV. | 

p= l  is not assumed. See their Eq. (4.8) for their fit in mass-mixing plane, and Table 10 

I for limits assuming E6-motivated Hlggs sector, 

112CONRAD 98 limit is from measurements at CCFR, assuming no Z - Z  r mixing. 
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113BARATE 97B gives 95% CL limits on Z - Z  / mixing -0.021 < 8 < 0.012. The bounds 
are computed with c~ s = 0.120 • 0.003, m t = 175 • 6 GeV, and M H = 150+1~00 GeV. 

Data was taken at ~ :  20-136 GeV. 
ll4See ABE 95 Fig. 3 for the mass bound of Z I decaying to all allowed fermions and super- 

symmetric fermions. 
115ABREU 9SM limit is for ~S=0.123, m t = 1 5 0  GeV, and mH--~300 GeV. For the limit 

contour in the mass-mixing plane, see their Fig. 13. 
116VILAIN 94B assume m t = 150 GeV and e~0. See Fig. 2 for limit contours in the 

mass-mixing plane. 
117ADRIANI 93D give limits on the Z - Z  r mixing -0.029 < 8 < 0.010 assuming the 

ABE 92B mass limit. 
118ALTARELLI 93B limit is from LEP data available in summer '93 and is for m t = t10 

GeV. m/:./= 100 GeV and as = 0.118 assumed. The 90%CL limit on the Z-Z r mixing 
angle is In Fig. 2. 

l l9ABE 90F use data for R, Rl l ,  and At l .  ABE 90F fix m W = 80.49 • 0.43 • 0~24 GeV 
and m z ~ 91.13 4- 0.03 GeV. 

120These authors claim that the nucleosynthesis bound on the effective number of light 
neutrinos (~N u < 1) constrains Z r masses if u R is light ( ~  1 MeV). 

121 GRIFOLS 90 limit holds for muR ~ 1 MeV. See also GRIFOLS 90D, RIZZO 91. 

Limits for other Z ~ 
Z/~ = Z X COS/~ + Z~# sin~ 

VALUE (GeV) DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. i �9 �9 

122 CHO 98 RVUE E6-motivated I 
123 CHO 98B RVUE E6-motivated I 

122CHO 98 study constraints on four-Fermi contact interactions obtained from low-energy I 
electroweak experiments, assuming no Z - Z  I mixing. 

123 Cl io 98B use various electroweak data to constrain Z I models. I 

L E P T O Q U A R K  Q U A N T U M  N U M B E R S  

Written December 1997 by M. Tanabashi (Tohoku U.). 

Leptoquarks are particles carrying both baryon number (B) 
and lepton number (L). They are expected to exist in various 

extensions of the Standard Model (SM). The possible quantum 

numbers of leptoquark states can be restricted by assuming 

that their direct interactions with the ordinary SM fermions are 

dimensionless and invariant under the SM gauge group. Table 1 

shows the list of all possible quantum numbers with this 

assumption [1]. The columns of SU(3)c, SU(2)w, and U(1)y 
in Table 1 indicate the QCD representation, the weak isospin 

representation, and the weak hypercharge, respectively. Naming 

conventions of leptoquark states are taken from Ref. 1. The spin 

of a leptoquark state is taken to be 1 (vector leptoquaxk) or 0 
(scalar leptoquark). 

Table  1: Possible leptoquarks and their quan- 
tum numbers. 

Leptoquarks Spin 3 B + L  SU(3)e SU(2)w U(1)y 

5'1 0 - 2  3 1 1/3 

~1 0 -2  ~ 1 4/3 
5'3 0 - 2  3 3 1/3 

V2 1 - 2  3 2 5/6 

~'~ 1 -2  ~ 2 -1 /6  
R2 0 0 3 2 7/6 

R2 6 0 3 2 1/6 
U1 1 0 3 1 2/3 

t71 1 o 3 1 5/3 
U3 1 0 3 3 2/3 

If we do not require leptoquark states to couple directly 

with SM fermions, different assignments of quantum numbers 

become possible. 
The Pati-Salam model [2] is an example predicting the 

existence of a leptoquark state. In this model a vector lepto- 

quark appears at the scale where the Pati-Salam SU(4) "color" 

gauge group breaks into the familiar QCD SU(3)c group (or 

SU(3)c • U(1)B-L). The Pati-Salam leptoquark is a weak iso- 
singlet and its hypercharge is 2/3 (U1 leptoquark in Table 1). 

The coupling strength of the Pati-Salam leptoquark is given by 

the QCD coupling at the Pati-Salam symmetry breaking scale. 
Bounds on leptoquark states are obtained both directly and 

indirectly. Direct limits are from their production cross sections 

at colliders, while indirect limits are calculated from the bounds 
on the leptoquark induced four-fermion interactions which are 

obtained from low energy experiments. 
The pair production cross sections of leptoquarks are eval- 

uated from their interactions with gauge bosons. The gauge 

couplings of a scalar leptoquark are determined uniquely ac- 

cording to its quantum numbers in Table 1. The magnetic- 

dipole-type and the electric-quadrupole-type interactions of a 

vector leptoquark are, however, not determined even if we fix 
its gauge quantum numbers as listed in the table [3]. We need 

extra assumptions about these interactions to evaluate the pair 

production cross section for a vector leptoquark. 

If a leptoquark couples to fermions of more than a single 
generation in the mass eigenbasis of the SM fermions, it can in- 

duce four-fermion interactions causing flavor-changing-neutral- 
currents and lepton-family-number violations. Non-chiral lepto- 

quarks, which couple simultaneously to both left- and right- 

handed quarks, cause four-fermion interactions affecting the 

(~ ~ ev)/(~r --~ #v) ratio [41. Indirect limits provide stringent 

constraints on these leptoquarks. Since the Pati-Salam lepto- 
quark has non-chiral coupling with both e and #, indirect limits 

from the bounds on K L  -* #e  lead to severe bounds on the 
Pati-Salam leptoquark mass. For detailed bounds obtained in 

this way, see the Boson Particle Listings for "Indirect Limits 

for Leptoquarks" and its references. 

It is therefore often assumed that a leptoquark state couples 

only to a single generation in a chiral interaction, where indi- 

rect limits become much weaker. This assumption gives strong 

constraints on concrete models of leptoquarks, however. Lepto- 

quark states which couple only to left- or right-handed quarks 

are called chiral leptoquarks. Leptoquark states which couple 

only to the first (second, third) generation are referred as the 

first (second, third) generation leptoquarks in this section. 

Reference 

1. W. Buchmiiller, R. Rfickl, and D. Wyler, Phys. Lett. B191, 
442 (1987). 

2. J.C. Pati and A. Salam, Phys. Rev. D10, 275 (1974). 

3. J. Blfimlein, E. Boos, and A. Kryukov, Z. Phys. C76, 137 
(1997). 

4. O. Shanker, Nucl. Phys. B204, 375 (1982). 
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MASS L I M I T S  for  Leptoquarks f rom Pair Production 
These limits rely only on the color or electrOweak charge of the leptoquark. 

VALUE (GeV) CL~ EVTS DOCUMENT ID TECN COMMENT 
124 ABBOTT 00C DO Second generation 
125 ABBOTT 98E DO First generation 
126 ABBOTT 98J D0 Third generation 
127 ABE 985 CDF Second generation 
128 ABE 97F CDF Third generation 

the following data for averages, fits, limits, etc. i �9 �9 

>200 95 
>225 95 

> 94 95 
>202 95 
> 99 95 

�9 �9 �9 We do not use 

>160 95 

>213 95 

> 45,5 95 

> 44.4 95 
> 44.5 95 
> 45 95 

none 8.9-22.6 95 
none 10.2-23,2 95 
none 5~20.8 95 
none 7-20.5 95 

129 ABBOTT 99J DO Second generation 
130 ABE 97x CDF First generation 

131,132 ABREU 93J DLPH First + second genera- 
tion 

133 ADRIANI 93M L3 First generation 
133 ADRIANI 93M L3 Second generation 
133 DECAMP 92 ALEP Third generation 
134 KIM 90 AMY First generation 
134 KIM 90 AMY Second generation 
135 BARTEL 878 JADE 

2 136 BEHREND 868 CELL 

124ABBOTT 00c search for scalar leptoquarks using #OIL #u j j ,  and uv ] ]  events in p~ 
collisions at Ecm=l.8 TeV. The limit above assumes B(#q)= l .  For B(pq)=0.5 and 0, 
the bound becomes 180 and 79 GeV respectively. Bounds for vector leptoquarks are also 
given. 

125ABBOTT 98E search for scalar leptoquarks using ev j j ,  ee]],  and uv ] ]  events in p~ 
collisions at Ecm=l.8 TeV. The limit above assumes B(ed)=l .  For B(eq)=0.5 and 0, 
the bound becomes 204 and 79 GeV, respectively. 

126 ABBOTT 98J search for charge -1 /3  third generation scalar and vector leptoquarks in 
p~ collisions at Ecm = 1.8 TeV. The quoted limit is for scalar leptoquark with B(ub)= l .  

127ABE 9Bs search for scalar leptoquarks using # # ] ]  events in p~ collisions at Ecm = 
1.8 TeV. The limit is for B(#q)= 1. For B(/Jq)=B(u q)=0,5, the limit is > 160 GeV. 

128ABE 97F search for third generation scalar and vector leptoquarks in p~ collisions at 
Ecru = 1.8 TeV. The quoted limit is for scalar leptoquark with B(~-b) = 1. 

129 ABBOTT 99J search for leptoquarks using # ~,]] events in p~ collisions at Ecm = 1,8TeV. 
The quoted limit is for a scalar leptoquark with B(/~q) = B(uq) --- 0.5. Limits on vector 
leptoquarks range from 240 to 290 GeV. 

130 ABBOTT 97B, ABE 97X search for scalar leptoquarks using ee j j  events in p~ collisions 
at Ecm=l.8 TeV. The limit is for B(eq)= l .  

131 Limit is for charge - 1 / 3  isospin-0 leptoquark with B(Iq) = 2/3. 
132First and second generation leptoquarks are assumed to be degenerate. The limit is 

slightly lower for each generation. 
133 Limits are for charge -1 /3 ,  isospin-0 scalar leptoquarks decaying to t -  q or ~ q with any 

branching ratio. See paper for limits for other charge-isospin assignments of leptoquarks. 
134 KIM 90 assume pair production of charge 2/3 scalar-leptoquark via photon exchange. 

The decay of the first (second) generation leptoquark is assumed to be any mixture of 
de + and uu (s/~ L and cP), See paper for limits for specific branching ratios. 

135 BARTEL 87B limit is valid when a pair of charge 2/3 spinless leptoquarks X is produced 
with point coupling, and when they decay under the constraint B(X ~ c~/~) + B(X 

s# § = 1, 
136BEHREND 86B assumed that a charge 2/3 spinless leptoquark, x, decays either into 

s/* + or c~': B(X ~ s# + )  + B(X ~ c~) = 1. 

MASS L I M I T S  for Leptoquarks f rom Single Product ion 
These limits depend on the q-t-leptoquark coupling gLO" It is often assumed that 

~LQ/47r=l/137. Limits shown are for a scalar, weak isoscalar, charge -1 /3  lepto- 

quark. 
VALUE (GeV) CL~_Y~ DOCUMENT ID TECN COMMENT 
>200 95 137 ADLOFF 99 H1 First generation 
> "/3 95 138 ABREU 93J DLPH Second generation 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

>161 95 139 ABREU 99G DLPH First generation 
140 DERRICK 97 ZEUS Lepton-flavor violation 

>237 95 141 AID 968 H1 First generation 
> 65 95 138 ABREU 93J DLPH First generation 
>168 95 142 DERRICK 93 ZEUS First generation 

137 For limits on states with different quantum numbers and the limits in the mass-coupling 
plane, see their Fig. 13 and Fig. 14. ADLOFF 99 also search for leptoquarks with lepton- 
flavor violating couplings. ADLOFF 99 supersedes AID 968. 

138Limit from single production in Z decay. The limit is for a leptoquark coupling of 
electromagnetic strength and assumes B(tq) ~ 2/3. The limit is 77 GeV if first and 
second leptoquarks are degenerate. 

139ABREU 99G limit obtained from process e7 ~ LQ+q. For limits on vector and scalar 
states with different quantum numbers and the limits in the coupling-mass plane, see 
their Fig. 4 and Table 2. 

140 DERRICK 97 search for various leptoquarks with lepton-flavor violating couplings. See 
their Figs. 5-8 and Table 1 for detailed limits. 

141AID 96B also search for leptoquarks with lepton-flavor violating couplings. For limits on 
states with different quantum numbers and the limits in the coupling-mass plane, see 
their Fig. 2, Fig. 3, and Table 2. 

142 DERRICK 93 search for single leptoquark production in ep collisions with the decay eq 
and vq. The limit is for leptoquark coupling of electromagnetic strength and assumes 
B(eq) = B(uq) -- I /2,  The limit for B(eq) = 1 is 176 GeV. For limits on states with 
different quantum numbers, see their Table 3. 

Indirect Limits for  Leptoquarks 
VALUE [TeV) CL~ DOCUMENT ID TECN 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

> 0.2 95 143 BARATE 001 ALEP e L e -  
144 ABBIENDI 99 OPAL 

95 145 ABE 98V CDF B s ~ eLp~ ,  Pati- 
Salam type 

146 ACCIARRI 98J L3 e + e -  ~ q~ 
147 ACKERSTAFF 98v OPAL e + e -  ~ q~, 

eL e - ~  bb 
95 148 DEANDREA 97 RVUE R 2 leptoquark 

149 DERRICK 97 ZEUS Lepton-flavor violation 
150GROSSMAN 97 RVUE B ~  T+~"--(X) 
151 JADACH 97 RVUE e + e -  ~ q~ 

95 152 AID 95 H1 First generation 
153 KUZNETSOV 95B RVUE Pati-Salam type 
154 MIZUKOSHI 95 RVUE Third generation scalar 

leptoquark 
95 155 BHATTACH... 94 RVUE Spin-0 leptoquark cou- 

pled to ~R tL 
156 DAVIDSON 94 RVUE 
157 KUZNETSOV 94 RVUE Pati-Salam type 

95 158 LEURER 94 RVUE First generation spin-1 
leptoquark 

95 158 LEURER 94B RVUE First generation spin-0 
leptoquark 

159 MAHANTA 94 RVUE P and Tviolation 
160 DESHPANDE B3 RVUE Sup. by 

KUZNETSOV 95B 
161 SHANKER 82 RVUE Nonchiral spin-0 lepto- 

quark 
161 SHANKER 82 RVUE Nonchiral spin-1 lepto- 

quark 

> 19.3 

> 0.76 

> 0.31 

>1200 

> 0.3 

> 18 
> 0,43 

> 0.44 

> 350 

> 1 

> 125 

COMMENT 

143 BARATE 001 search for deviations in cross section and jet-charge asymmetry in e + e -  l 
~q due to t-channel exchange of a leptoquark at ./s=130 to 183 GeV. Limits for other | 
scalar and vector leptoquarks are also given in their Table 22. 

144ABBIENDI 99 limits are from e - - e -  ~ q~ cross section at 130-136, 161-172, 183 I 
GeV, See their Fig. 8 and Fig. 9 for limits in mass-coupling plane. I 

145ABE 98V quoted limit is from B(B s ~ eL/~q:)< 8.2 x 10 -6 .  ABE 98v also obtain [ 

~oSui:dilsa ra :is:lint e O:h eMnLo nQ_ c:n 2Oc4al T:sVs ofc; OmionB (o B d h : b  :u~r~ :Fw)it<h 4 . 5 x l  0 - 6  . Both I electrons or rnuons i 
under SU(4). 

146ACCIARRI 98J limit is from e-Fe - ~ q~ cross section at - /s= 130-172 GeV which I 
can be affected by the t-and u-channel exchanges of leptoquarks. See their Fig. 4 and I 
Fig. 5 for limits in the mass-coupling plane. 

147 ACKERSTAFF 98v limits are from e -l- e -  ~ q~ and e + e -  ~ bb cross sections at ~ | 
= 130-172 GeV, which can be affected by the t- and u-channel exchanges of leptoquarks. I See their Fig. 21 and Fig. 22 for limits of leptoquarks in mass-coupling plane. 

148 DEANDREA 97 limit is for '~2 leptoquark obtained from atomic parity violation (APV). 
The coupling of leptoquark is assumed to be electromagnetic strength. See Table2 for 
limits of the four-fermion interactions induced by various scalar leptoquark exchange. 
DEANDREA 97 combines APV limit and limits from Tevatron and HERA. See Fig. 1-4 
for combined limits of leptoquark in mass-coupling plane. 

149DERRICK 97 search for lepton-flavor violation in ep collision. See their Tables 2-5 for 
limits on lepton-flavor violating four-fermion interactions induced by various leptoquarks. 

1SOGROSSMAN 97 estimate the upper bounds on the branching fraction B ~ r L ~ ' - ( X )  
from the absence of the B decay with large missing energy. These bounds can be used 
to constrain leptoquark induced four-fermion interactions. 

151 JADACH 97 limit is from e L e -  --* q~ cross section at ~s=172.3 GeV which can be 
affected by the t- and b-channel exchanges of leptoquarks. See their Fig. 1 for limits on 
vector leptoquarks in mass-coupling plane. 

152 AID 95 limit is for the weak isotriplet spin-1 leptoquark with the electromagnetic coupling 
strength. For the limits of leptoquarks with different quantum number, see their Table 2. 
AID 95 limits are from the measurements of the O 2 spectrum measurement of ep 
eX. 

153 KUZNETSOV 95B use 7r, K, B, T decays and #e conversion and give a list of bounds 
on the leptoquark mass and the fermion mixing matrix in the Pati-Salam model. The 
quoted limit is from K L ~ l~e decay assuming zero mixing. See also KUZNETSOV 94, 
DESHPANDE 83, and DIMOPOULOS 81. 

154 MIZUKOSHI 95 calculate the one-loop radiative correction to the Z-physics parameters 
in various scalar leptoquark models. See their Fig. 4 for the exclusion plot of third 
generation leptoquark models in mass-coupling plane. 

155 BHATTACHARYYA 94 limit is from one-loop radiative correction to the leptonic decay 
width of the Z. mH=250 GeV, as(mz)=O.12, mt=180 GeV, and the electroweak 
strength of leptoquark coupling are assumed. For leptoquark coupled to eL fR, ~t ,  and 
~t, see Fig. 2 in BHATTACHARYYA 94B erratum and Fig. 3. 

156 DAVIDSON 94 gives an extensive list of the bounds on leptoquark-induced four-fermion 
insteractions from 7r, K, D, B, #, ~ decays and meson mixings, etc. See Table 15 of 
DAVlDSON 94 for detail. 

157 KUZNETSOV 94 gives mixing independent bound of the Pati-Salam leptoquark from 
the cosmological limit on 7r 0 ~ P~,. 

158 LEURER 94, LEURER 94B limits are obtained from atomic parity violation and apply to 
any chiral leptoquark which couples to the first generation with electromagnetic strength. 
For a nonchiral leptoquark, universality in ~ decay provides a much more stringent 
bound. See also SHANKER 82. 

159MAHANTA 94 gives bounds of P- and T-violating scalar-leptoquark couplings from 
atomic and molecular experiments. 

160DESHPANDE 83 used upper limit on K 0 ~ /~e decay with renormalization-group 
equations to estimate coupling at the heavy bosun mass. See also DIMOPOULOS 81. 

161From (~ ~ eu)/( lr ~ l~u) ratio. SHANKER 82 assumes the leptoquark induced 

four-fermion coupling 4&2/M 2 (PeL uR) (dLeR)with g=0,004 for spin-0 leptoquark 

and g2/M2 (UeL 7#UL) (dR 7PER) with g~ 0.6 for spin-1 leptoquark. 
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MASS L I M I T S  f o r  D l q u a r k s  
VALUE IGeV) CL~ DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 

none 290-420 95 162 ABE 97G CDF E 6 diquark 
none 15-31.7 95 163 ABREU 940 DLPH SUSY E 6 diquark 

162ABE 97G search for new particle decaying to di]ets. 
163 ABREU 940 l imit is from e -+- e -  ~ ~ c s .  Range extends up to 43 GeV if diquarks are 

degenerate in mass. 

M A S S  L I M I T S  f o r  g A  ( a x i g l u o n )  
Axigluons are massive color-octet gauge bosons in chiral color models and have axial- 
vector coupling to quarks with the same coupling strength as gluons. 

VALUE (GeV) CL~ DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

>365 95 164 DONCHESKI 98 RVUE F(Z ~ hadron) I 
none 200-980 95 165 ABE 97G CDF PP ~ gA X, X ~ 2 jets 
none 200-870 95 166 ABE 95N CDF PP ~ gA x, gA ~ q q  
none 240-640 95 167 ABE 93G CDF PP ~ gA X, gA 

2jets 
> 50 95 168CUYPERS 91 RVUE ~ ( e + e  - ~ hadrons) 

none 120-210 95 169 ABE 90H CDF PP ~ gA X, gA 
2jets 

> 29 170 ROBINETT  89 THEO Partial-wave unitarity 
none 150-310 95 171 ALBAJAR 88B UA1 PP ~ gA x ,  gA 

2jets 
> 20 BERGSTROM 88 RVUE p ~  ~ T X  via gAg 
> 9 172 CUYPERS 88 RVUE T decay 
> 25 173 DONCHESKI 88B RVUE T decay 

164DONCHESKI  98 compare (~s derived from low-energy data and that from F(Z ~ I 
hadrons } / r ( z  ~ leptons). 

165 ABE 97G search for new particle decaying to dijets. 
166 ABE 95N assume axigluons decaying to quarks in the Standard Model only, 
167ABE 93G assume F(gA) = NosmgA/6 with N = 10. 

168CUYPERS 91 compare c~ s measured in 7" decay and that from R at PEP/PETRA 
energies. 

169ABE 90H assumes I'(EA) = Nc~smgA/6 with N = 5 (F (gA)  = 0.09mgA). For N = 10, 
the excluded region is reduced to 120-150 GeV. 

170ROBINETT  89 result demands partial-wave unitarity o f  J = 0 t t  ~ t t  scattering 
amplitude and derives a l imit  mg A > 0.5 m t. Assumes m t > 56 GeV. 

171ALBAJAR 88B result is from the nonobservation of a peak in two-jet invariant mass 
distribution. F(gA) < 0.4 mg A assumed. See also BAGGER 8B. 

172CUYPERS 88 requires I - (T  ~ g g A ) <  F ( T  ~ g g g ) .  A similar result is obtained by 
DONCHESKI 88. 

173DONCHESKI  88B requires F ( T  ~ E q q ) / r ( T  ~ g g g )  < 0.25, where the former 
decay proceeds via axigluon exchange�9 A more conservative estimate of < 0.5 leads to 
toga > 21 GeV. 

X ~ ( H e a v y  B o s o n )  Searches  in Z D e c a y s  

Searches for radiative transition of Z to a lighter spin-0 state X 0 decaying to hadrons, 
a lepton pair, a photon pair, or invisible particles as shown in the comments. The 
l imits are for the product of  branching ratios. 

VALUE EL% DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

174 BARATE 98u ALEP X 0 ~ t t ,  q~, gg,  3`% I 

<I,1 x 10 -4  95 

<9 x 10 -5  95 

<1.1 x 10 -4  95 

<2.8 x 10 -4  95 

<2.3 x 10 -4  95 

<4.7 x 10 - 4  95 

175 ACCIARRI 97Q L3 X 0 ~  invisible parti- 
cle(s) 

176 ACTON 93E OPAL X 0 ~ 3`3' 
177 ABREU 92D DLPH X 0 ~ hadrons 
178 ADRIANI  92F L3 X 0 ~ hadrons 
179 ACTON 91 OPAL X 0 ~ anything 
180 ACTON 91B OPAL X 0 ~ e + e -  
180ACTON 91B OPAL X 0 ~ /J+/~- 

180 ACTON 91B OPAL X 0 ~ ~-+ ~'- 

181 ADEVA 91D L3 X 0 ~ e + e -  

181 ADEVA 91D L3 X 0 ~ #+ # -  

182 ADEVA 91D L3 X 0 ~ hadrons 

<8 • 10 - 4  95 183 AKRAWY 90J OPAL X 0 ~ hadrons 

174BARATE 98u obtain limits on B ( Z  ~ 3 ' x D ) B ( X  0 ~ t t ,  q'~, gg ,  3"3", u~). See I 
their Fig. 17. 

175See Fig. 4 of  ACCIARRI 97Q for the upper l imit on B (Z  ~ 3"X0; E3' >Emin)  as a 
function of Emi n. 

176ACTON 93E give or(e+ e - ~ xO3") .B(X 0 ~ 3"3`)< 0.4pb (95%CL) for m x 0 = 6 0  • 
2.5 GeV. I f  the process occurs via s-channel 3' exchange, the l imit translates to 
F ( X 0 ) . B ( X  0 ~ 3`3")2 <20  MeV for mXo = 60 • 1 GeV. 

177ABREU 92D give ~ Z  " B ( Z  ~ 3`X O) . B ( X  o ~ hadrons) < ( 3 - 1 0 ) p b  for mXo = 

10-78 GeV. A very similar l imit is obtained for spin-1 X O, 
178ADRIANI  92F search for isolated 3` in hadronic Z decays. The l imit ~Z  " B ( Z  ~ 3"X o) 

�9 B ( X  0 ~ hadrons) < (2 -10 )  pb (95%CL) is given for mXo = 25-85 GeV. 

179ACTON 91 searches for Z ~ Z *  X 0' Z *  ~ e + e - ,  # +  # - ,  or vP.  Excludes any 
new scalar X 0 with mxo  < 9.5 GeV/c i f  i t  has the same coupling to Z Z *  as the MSM 
Higgs boson. 

180ACTON 91B limits are for mxo -- 60-85 GeV. 

181ADEVA 91D limits are for mXo = 30-89 GeM. 

182ADEVA 91D limits are for mXo = 30-86 GeM. 

183AKRAWY 90J give r ( z  ~ 3 "X0) .B(X  0 ~ hadrons) < 1.9 MeV (95%CL) for mxo 
= 32-80 GeV. We divide by F(Z)  = 2.5 GeV to get product of  branching ratios. For 
nonresonant transitions, the l imit is B ( Z  ~ 3"q~) < 8.2 MeV assuming three-body 
phase space distribution. 

M A S S  L I M I T S  f o r  a H e a v y  N e u t r a l  Boson Coupling t o  e + e  - 

VALUE (GeV I CL~ DOCUMENT ID TECN COMMENT 

�9 �9 * We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

none 55-61 1 8 4 O D A K A  89 VNS F(X 0 ~ e + e  - )  
�9 B ( X  0 ~ hadrons) 
O.2 MeV 

>45 95 185 DERRICK 86 HRS F(X g ~ e + e - ) = 6  MeV 
>46.6 95 1 8 6 A D E V A  85 MRKJ F(X 0 ~ e + e - ) = l O  keV 
>48 95 1 8 6 A D E V A  85 MRKJ F(X 0 ~ e + e - ) = 4  MeV 

187 BERGER 85B PLUT 
none 39�9 188 ADEVA 84 MRKJ F(X 0 ~ e + e - ) = 1 0  keV 
>47.8 95 188ADEMA 84 MRKJ  F(X 0 ~ e + e - ) = 4  MeV 

none 39.8-45.2 188 BEHREND 84C CELL 
>47 95 188 BEHREND 84C CELL F(X 0 ~ e + e - ) = 4  MeV 

184ODAKA 89 looked for a narrow or wide scalar resonance in e + e-- ~ hadrons at Ecm 
= 55.0-60.8 GeV. 

185 DERRICK 86 found no deviation from the Standard Model Bhabha scattering at Ecm = 

29 GeV and set l imits on the possible scalar boron e + e -  coupling. See their figure 4 
for excluded region in the r ( x  0 ~ e + e - ) - m x o  plane. Electronic chiral invariance 

requires a parity doublet of  X O, in which case the l imit applies for F(X 0 ~ e + e-- )  = 
3 MeV. 

186 ADEVA 85 first l imit  is from 2%/~+  # - ,  hadrons assuming X 0 is a scalar�9 Second l imit 
is from e + e -  channel. Ecm = 40-47 GeV. Supersedes ADEVA 84. 

187 BERGER B5B looked for effect o f  spin-0 boson exchange in e + e -  ~ e + e -  and # + / ~ -  
at Ecm = 34.7 GeV. See Fig. 5 for excluded region in the mxo  - I ' (X  0) plane. 

188ADEVA B4 and BEHREND 84C have Ecm = 39.8-45.5 GeV. MARK-J  searched X 0 in 

e + e  - ~ hadrons, 23", # + # - ,  e + e  - and CELLO in the same channels plus r pair. 
No narrow or broad X 0 is found in the energy range. They also searched for the effect of  
X 0 with m x > Ecm. The second l imits are from Bhabha data and for spin-0 singlet. 

The same limits apply for F(X 0 ~ e + e  - )  = 2 MeV  i f  X 0 is a spin-0 doublet�9 The 
second l imit of  BEHREND 84s was read off f rom their figure 2. The original papers also 
list l imits in other channels�9 

Search  f o r  X 0 Resonance  in  e + e  - Co l l i s ions  
The l imit is for [ ' (X  0 ~ e + e - )  �9 B ( X  0 ~ f ) ,  where f is the specified final state. 
Spin 0 is assumed for X 0. 

VALUE (keV) CL~o DOCUMENT ID TECN COMMENT 

�9 i �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<103 95 189 ABE 93c VNS r (e  e) 
<(0 .4-10)  95 190 ABE 93C VNS f = 3"3' 
< (0 .3 -5 )  95 191,192 ABE 93D T O P Z  f = 3"3' 
< (2 -12)  95 191,192 ABE 93D T O P Z  f = hadrons 
< (4 -200)  95 192,193 ABE 93D TOPZ f = ee 
< (0 .1 -6 )  95 192,193 ABE 93D TOPZ f = /~/~ 
< (0 .5 -8 )  90 194 STERNER 93 A M Y  f = 3"3' 

189 Limit is for r ( x  0 ~ e + e - )  mxo = 56-63.5 GeV for F(X 0) = 0.5 GeV. 
a 0 190 Limit is for mXo = 56-61.5 GeV nd is valid for r ( x  ) << 100 MeV. See their Fig. 5 for 

l imits for F = 1,2 GeV. 
191 Limit is for mxo  = 57.2-60 GeV. 

192 Limit is valid for F(X 0) << 100 MeV. See paper for l imits for F = 1 GeV and those for 
J = 2 resonances. 

193 Limit is for mxa  = 56.6-60 GeV. 

194STERNER 93 l imit is for mxo = 57-59.6 GeV and is valid for F ( X 0 ) < 1 0 0  MeV. See 
their Fig. 2 for limits for F = 1,3 GeV. 

Search f o r  X ~ Resonance In Two-Photon Process 
The l imit is for  F(X 0) �9 B ( X  0 ~ 3"3")2. Spin0 is assumed for X 0" 

VALUE (MeV) EL% DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<2.6 95 195 ACTON 93E OPAL mXO=60 • 1 GeM 

<2.9 95 BUSKULIC 93F ALEP mXO ~ 60 GeV 

195ACTON 93E l imit for a J = 2 resonance is 0.8 MeV. 

Search  f o r  X ~ Resonance  in e + e  - - +  X ~  , 
VALUE (GeV) DOCUMENT ID TEEN COMMENT 

�9 �9 = We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

196 A D A M  96c DLPH X 0 decaying invisibly 

196 A D A M  96c is from the single photon production cross at , / s=130,  136 GeV. The upper 
bound is less than 3 pb for X 0 masses between 60 and 130 GeV. See their Fig. 5 for the 
exact bound on the cross section cr(e + e -  ~ 3"X0). 



See key on page 239 

Search for X 0 Resonance in Z - *  f ' f X  ~ 
The l imit  is for B ( Z  ~ f T X  O) . B(X  0 ~ F)  where f is a fermion and F is the 

specified final state. Spin 0 is assumed for X 0. 
VALUE (MeV) CL~ DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

197 ABREU 96T DLPH f - e , # , T ;  F="Ia`  

<3.7 x 10 - 6  95 198 ABREU 96T DLPH f~u ;  F=.73 , 
199 ABREU 96T DLPH f = q ;  F='y~( 

<6.8 x 10 - 6  95 198 ACTON 93E OPAL f=e.#,~-;  F=3'3` 
<5.5 x 10 - 6  95 198 ACTON 93E OPAL f = q ;  F-3`3`  

<3.1 • 10 - 6  95 198 ACTON 93E OPAL f~-v;  F='y3'  

<6.5 x 10 - 6  95 198 ACTON 93E OPAL f ---e,p; F~ t ' ~ ,  q~ ,  ~,P 

<7.1 x 10 - 6  95 198 BUSKULIC 93F ALEP f = e , # ;  F ~ t t ,  q~ ,  u p  
200AORIANI  92F L3 f -~q;  F=" ia "  

197ABREU 96T obtain l imit  as a funct ion of m X o .  See thei r  Fig. 6. 

198Limit  is for m X o  around 60 GeV. 

199ABREU 96T obtain l imit  as a function of m X o .  See their  Fig. 15. 

200ADRIANI 92F give cr z , B ( Z  ~ q ~ X  O) �9 B(X 0 ~ 3"3")<(0.75-1,5)pb (95%CL) for 
mXO = 10-70 GeV. The l imi t  is i pb at 60 GeV. 
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Starch for X 0 Resonance in p'p - *  W X  ~ 
VALUE IMeV) DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

201 ABE 97w CDF X 0 ~ b b  

201ABE 97w search for X 0 production associated w i th  W in p ~  collisions at E c r u = l . 8  
TeV. The 95%CL upper l imi t  on the production cross section t imes the branching ratio 

for X 0 ~ b b  ranges from 14 to 19pb for X 0 mass between 70 and 120 GeV. See their  
Fig. 3 for upper l imits of the production cross section as a funct ion of m X o .  

Search for Resonance X, Y in e + e -  --, X Y 
VALUE (MeV) DOCUMENT /0 TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc, �9 �9 �9 

202 ABREU 99H DLPH X ~ 2 jets, Y ~ 2 jets | 
203 ACKERSTAFF 9Bx OPAL X ~ 2 jets, Y ~ 2 jets I 204 ACKERSTAFF 98Y OPAL X ~ "}'3', Y ~ f f  

205 ALEXANDER 97B OPAL X ~ 2 jets, Y ~ 2 jets 
206 BUSKULIC,D 96 ALEP X ~ 2 jets, Y ~ 2 jets 

202 ABREU 99B refutes the hypothesis that  the excess reported in BUSKULIC,D 96 is a sign | 
of new physics at over 99%CL, 

203ACKERSTAFF 98X search for e + e  - ~ X Y  ~ 4jets at V ~ =  130-184 GeV. The 

upper l imits on o ( e + e  - ~ X Y J ,  which are well below the excess reported by 
BUSKULIC,D 96, are shown in their Fig. 5. 

204ACKERSTAFF 98Y search for e + e -  ~ X Y, wi th  X ~ 3'% Y ~ f f  where f ~  may 

be q~, I t ,  or v P a t  ~ /s= 183 GeV. The upper l imits on o ' ( e + e  - ~ X Y ) x B ( X  
3'3') are shown in their  Fig. 4. 

205 ALEXANDER 97B search for the associated production of two massive particles decay- 

ing into quarks in e + e  - collisions at . / ~ - 1 3 0 - 1 3 6  GeV. The 95%CL upper l imits on 

(r(e + e -  ~ X Y )  range from 2,7 to 4.5 pb for 9 5 < m x + m  Y < 120 GeV. 

206BUSKULIC,D 96 observed an excess of four- jet production cross section in e + e  - col- 
lisions at . / ~=130 -136  GeV and find an enhancement in the sum of two di jet masses 
around 105 GeV. 

Heavy Partide Production in Quarkonium Decays 
Limits are for branching ratios to modes shown. 

VALUE C ~  DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

<1.5 x 10 - 5  90 207 BALES3- 95 CLE2 T { I S )  ~ X 0 7 ,  
m x o  < 5 GeV 

< 3 x 10 -5 -6  • 10 - 3  90 208 BALEST 95 CLE2 T(15)  ~ X0X03`, 
m X o  < 3.9 GeV 

<5.6 x I0 - 5  90 209 ANTREASYAN 9Oc CBAL T(1S) ~ X 03,, 
m X o  < 7.2 GeV 

210 ALBRECHT 89 ARG 

207BALEST 95 two-body l imi t  is for pseudoscalar X 0. The l imit  becomes < 10 - 4  for 
reX0 < 7.7 GeV. 

208 BALEST 95 three-body l imi t  is for phase-spaEe photon energy distr ibut ion and angular 
distribution same as for T ~ gg3` .  

209ANTREASYAN 90c assume that  X 0 does not decay in the detector. 

210ALBRECHT 89 give l imits for B ( T ( 1 5 ) ,  T ( 2 5 )  ~ X03 ` ) .B (X  0 ~ ~r+~r - ,  K + K - ,  
p~ )  for m x o  < 3.5 GeV. 
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This review is divided into three parts: 

Part I (Theory) 
Part II (Astrophysical Constraints) 

Part III (Experimental Limits) 

A X I O N S  A N D  O T H E R  V E R Y  L I G H T  BOSONS ,  

P A R T  I ( T H E O R Y )  

(by H. Murayama) 

In this section we list limits for very light neutral (pseudo) 

scalar bosons that couple weakly to stable matter. They arise 

if there is a global continuous symmetry in the theory that 

is spontaneously broken in the vacuum. If the symmetry is 

exact, it results in a massless Nambu-Goldstone (NG) boson. 

If there is a small explicit breaking of the symmetry, either 

already in the Lagrangian or due to quantum mechanical effects 

such as anomalies, the would-be NG boson acquires a finite 

mass; then it is called a pseudo-NG bosom Typical examples 

are axions (A ~ [1], familons [2], and Majorons [3,4], associated, 
respectively, with spontaneously broken Peccei-Quinn [5], fam- 

ily, and lepton-number symmetries. This Review provides brief 

descriptions of each of them and their motivations. 
One common characteristic for all these particles is that 

their coupling to the Standard Model particles are suppressed by 

the energy scale of symmetry breaking, i.e. the decay constant 

f ,  where the interaction is described by the Lagrangian 

L = l ( o , r  (1) 
] 

where J~ is the Noether current of the spontaneously broken 

global symmetry. 
An axion gives a natural solution to the strong C P  problem: 

why the effective 0-parameter in the QCD Lagrangian /:0 = 

eff~-~ ~v is so small (0eff~< 10 -9) as required by the 
current limits on the neutron electric dipole moment, even 

though 0eft ~ O(1) is perfectly allowed by the QCD gauge 

invariance. Here, 0eft is the effective 0 parameter after the 
diagonalization of the quark masses, and F u~a is the gluon 

field strength and = ~e#upa-" �9 ~ v  1 r:,ptra An axion is a pseudo- 

NG boson of a spontaneously broken Peccei-Quinn symmetry, 
which is an exact symmetry at the classical level, but is broken 

quantum mechanically due to the triangle anomaly with the 

gluons. The definition of the Peccei-Quinn symmetry is model 

dependent. As a result of the triangle anomaly, the axion 

acquires an effective coupling to gluons 

L = (Oeff - r ) Ct" P#va ~'a _ _ . ~ ,  ( 2 )  

where CA is the axion field. It is often convenient to define the 
axion decay constant /A with this Lagrangian [6]. The QCD 

nonperturbative effect induces a potential for CA whose mini- 

mum is at CA = 9efffA cancelling 6eft and solving the strong 
C P  problem. The mass of the axion is inversely proportional 

to fA as 

mA = 0.62 x 10-3eV x (101~ . (3) 

The original axion model [1,5] assumes ]A ~ v, where 

v = (v~GF)  -1/2 = 247 GeV is the scale of the electroweak 

symmetry breaking, and has two Higgs doublets as minimal 

ingredients. By requiring tree-level flavor conservation, the ax- 

ion mass and its couplings are completely fixed in terms of one 

parameter (tan B): the ratio of the vacuum expectation values 
of two Higgs fields. This model is excluded after extensive 

experimental searches for such an axion [7]. Observation of a 

narrow-peak structure in positron spectra from heavy ion colli- 

sions [8] suggested a particle of mass 1.8 MeV that decays into 

e+e - .  Variants of the original axion model, which keep fA ~ v, 
but drop the constraints of tree-level flavor conservation, were 

proposed [9]. Extensive searches for this particle, A~ MeV), 

ended up with another negative result [10]. 
The popular way to save the Peccei-Quinn idea is to 

introduce a new scale fA >> v. Then the A ~ coupling becomes 

weaker, thus one can easily avoid all the existing experimental 

limits; such models are called invisible axion models [11,12]. 
Two classes of models are discussed commonly in the literature. 

One introduces new heavy quarks which carry Peccei-Quinn 

charge while the usual quarks and leptons do not (KSVZ axion 

or "hadronic axion") [11]. The other does not need additional 

quarks but requires two Higgs doublets, and all quarks and 

leptons carry Peccei-Quinn charges (DFSZ axion or "GUT- 

axion") [12]. Allmodels contain at least one electroweak singlet 

scalar boson which acquires an expectation value and breaks 
Peccei-Quinn symmetry. The invisible axion with a large decay 
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constant fA ' ~  1012 GeV was found to be a good candidate 

of the cold dark matter component of the Universe [13](see 

Dark Matter review). The energy density is stored in the low- 

momentum modes of the axion field which are highly occupied 

and thus represent essentially classical field oscillations. 
The constraints on the invisible axion from astrophysics 

are derived from interactions of the axion with either photons, 

electrons or nucleons. The strengths of the interactions are 

model dependent (i.e., not a function of fA only), and hence 

one needs to specify a model in order to place lower bounds 

on .fA. Such constraints will be discussed in Part II. Serious 

experimental searches for an invisible axion are underway; 

they typically rely on axion-photon coupling, and some of 
them assume that the axion is the dominant component of 

our galactic halo density. Part III will discuss experimental 

techniques and limits. 
Familons arise when there is a global family symmetry 

Other light bosons (scalar, pseudoscalar, or vector) are 

constrained by "fifth force" experiments. For a compilation of 

constraints, see Ref. 21. 
It has been widely argued that a fundamental theory will 

not possess global symmetries; gravity, for example, is expected 

to violate them. Global symmetries such as baryon number 

arise by accident, typically as a consequence of gauge symme- 
tries. It has been noted [22] that the Peccei-Quinn symmetry, 

from this perspective, must also arise by accident and must 

hold to an extraordinary degree of accuracy in order to solve 

the strong CP problem. Possible resolutions to this problem, 

however, have been discussed [22,23]. String theory also pro- 

vides sufficiently good symmetries, especially using a large 
compactification radius motivated by recent developments in 

M-theory [24]. 
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A X I O N S  A N D  O T H E R  V E R Y  L I G H T  B O S O N S :  

PART II (ASTROPHYSICAL CONSTRAINTS) 

(by G.G. Raffelt) 

Low-mass weakly-interacting particles (neutrinos, gravitons, 

axions, baryonic or leptonic gauge bosons, etc.) are produced in 

hot plasmas and thus represent an energy-loss channel for stars. 

The strength of the interaction with photons, electrons, and 

nucleons can be constrained from the requirement that stellar- 

evolution time scales are not modified beyond observational 

limits. For detailed reviews see Refs. [1,2]. 

The energy-loss rates are steeply increasing functions of 

temperature T and density p. Because the new channel has 

to compete with the standard neutrino losses which tend to 

increase even faster, the best limits arise from low-mass stars, 

notably from horizontal-branch (HB) stars which have a helium- 

burning core of about 0.5 solar masses at (p) ~ 0.6 x 104 gcm -3 

and <T) ~ 0.7 x 108 K. The new energy-loss rate must not ex- 

ceed about 10 ergs g-1 s-1 to avoid a conflict with the observed 

number ratio of HB stars in globular clusters. Likewise the igni- 

tion of helium in the degenerate cores of the preceding red-giant 

phase is delayed too much unless the same constraint holds at 

(p) ~ 2 x 105gcm -3 and (T) ~ 1 x 108K. The white-dwarf 

luminosity function also yields useful bounds. 

The new bosons X ~ interact with electrons and nucleons 

with a dimensionless strength g. For scalars it is a Yukawa 

coupling, for new gauge bosons (e.g., from a baryonic or leptonic 

gauge symmetry) a gauge coupling. Axion-like pseudoscalars 

couple derivatively as f-1~3"~75 r O#r with f an energy scale. 

Usually this is equivalent to (2m/f)r162 Cx with m the mass 

of the fermion r so that g = 2 m / f .  For the coupling to 

electrons, globular-cluster stars yield the constraint 

gze ~ ( 0.5 x 10 -12 for pseudoscalars [3] , (1) 
1.3 x 10 TM for scalars [4] , 

if m x  <~ 10keV. The Compton process 7 + aHe --* 4He + X~ 

limits the coupling to nucleons to gXN < 0.4 • 10 -1~ [4]. 

Scalar and vector bosons mediate long-range forces which 

are severely constrained by "fifth-force" experiments [5]. In the 

massless case the best limits come from tests of the equivalence 

principle in the solar system, leading to 

gB,L < 10 -~3 (2) 

for a baryonic or leptonic gauge coupling [6]. 

In analogy to neutral pions, axions A ~ couple to photons as 

gAvE. B CA which allows for the Primakoff conversion 7 +-+ A~ 

in external electromagnetic fields. The most restrictive limit 

arises from globular-cluster stars [2] 

gA7 ~ 0.6 X 10 -10 GeV -1 . (3) 

The often-quoted "red-giant limit" [7] is slightly weaker. 

The duration of the SN 1987A neutrino signal of a few 

seconds proves that the newborn neutron star cooled mostly by 

neutrinos rather than through an "invisible channel" such as 

right-handed (sterile) neutrinos or axions [8]. Therefore, 

3 • 10 -I0 ~< dAN ~< 3 X 10 -7 (4) 

is excluded for the pseudoscalar Yukawa coupling to nucleons [2]. 

The "strong" coupling side is allowed because axions then escape 

only by diffusion, quenching their efficiency as an energy-loss 

channel [9]. Even then the range 

lO -6 5 gA~ 51o -3 (5) 

is excluded to avoid excess counts in the water Cherenkov 

detectors which registered the SN 1987A neutrino signal [11]. 

In terms of the Peccei-Quinn scale fit, the axion couplings 

to nucleons and photons are gAg = C N m N / f A  (N  ~- n or p) 

and gAy = ( ~ / 2 r f A ) ( E / N  - 1.92) where CN and E / N  are 

model-dependent numerical parameters of order unity. With 

mA = 0.62eV(107 GeV/ fA) ,  Eq. (3) yields mA <0 .4eV  for 

E / N  = 8/3 as in GUT models or the DFSZ model. The 

SN 1987A limit is mA<O.OOSeV for KSVZ axions while it 

varies between about 0.004 and 0.012eV for DFSZ axions, 

depending on the angle ~/ which measures the ratio of two 

Higgs vacuum expectation values [10]. In view of the large 

uncertainties it is good enough to remember mA < 0.01 eV as a 

generic limit (Fig. 1). 

In the early universe, axions come into thermal equilibrium 

only if fA <~ 108 GeV [12]. Some fraction of the relic axions 

end up in galaxies and galaxy clusters. Their decay a --* 23' 

contributes to the cosmic extragalactic background light and 

to line emissions from galactic dark-matter haloes and galaxy 
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fA scenario scenario 
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Figu re  1: Astrophysical and cosmological exclu- 
sion regions (hatched) for the axion mass mA or 
equivalently, the Peccei-Quinn scale fA. An "open 
end" of an exclusion bar means that it represents 
a rough estimate; its exact location has not been 
established or it depends on detailed model as- 
sumptions. The globular cluster limit depends on 
the ax!on-photon coupling; it was assumed that 
E / N  = 8/3 as in GUT models or the DFSZ model. 
The SN 1987A limits depend on the axion-nucleon 
couplings; the shown case corresponds to the KSVZ 
model and approximately to the DFSZ model. The 
dotted "inclusion regions" indicate where axions 
could plausibly be the cosmic dark matter. Most of 
the allowed range in the inflation scenario requires 
fine-tuned initial conditions. In the string scenario 
the plausible dark-matter range is controversial as 
indicated by the step in the low-mass end of the 
"inclusion bar" (see main text for a discussion). 
Also shown is the projected sensitivity range of the 
search experiments for galactic dark-matter axions. 

clusters. An unsuccessful "telescope search" for such features 

yields ma < 3.5 eV [13]. For ma ~> 30 eV, the axion lifetime is 

shorter than the age of the universe. 

For fA ~ 10s GeV cosmic axions are produced nonthermally. 

If inflation occurred after the Peccei-Quinn symmetry breaking 

or if T~eheat < fA, the "misalignment mechanism" [14] leads to 

a contribution to the cosmic critical density of 

,f-2A h2 ,-~ 1.9 • 3 :t'1 (1 I~eV/mA) 1"175 O2F(Oi) (6) 

where h is the Hubble constant in units of 100 km s -1 Mpc -1. 

The stated range reflects recognized uncertainties of the cosmic 

conditions at the QCD phase transition and of the temperature- 

dependent axion mass. The function F(O) with F(0) = 1 and 

F(lr) = co accounts for anharmonic corrections to the axion 

potential. Because the initial misalignment angle Oi can be 

very small or very close to 7r, there is no real prediction for 

the mass of dark-matter axions even though one would expect 

O2F(Oi) ,~ 1 to avoid fine-tuning the initial conditions. 

A possible fine-tuning of Oi is limited by inflation-induced 

quantum fluctuations which in turn lead to temperature fluctu- 

ations of the cosmic microwave background [15,16]. In a broad 

class of inflationary models one thus finds an upper limit to mA 
where axions could be the dark matter. According to the most 

recent discussion [16] it is about 10 -3 eV (Fig. 1). 

If inflation did not occur at all or if it occurred before 

the Peccei-Quinn symmetry breaking with Treheat > fA, cosmic 

axion strings form by the Kibble mechanism [17]. Their motion 

is damped primarily by axion emission rather than gravitational 

waves. After axions acquire a mass at the QCD phase transition 

they quickly become nonrelativistic and thus form a cold dark 

matter component. Battye and Shellard [18] found that the 

dominant source of axion radiation are string loops rather than 

long strings. At a cosmic time t the average loop creation size 

is parametrized as (g) = a t  while the radiation power is P = t~# 

with # the renormalized string tension. The loop contribution 

to the cosmic axion density is [18] 

88 • 3 [(1 + _ 1] (I eV#nA) , (7) 

where the stated nominal uncertainty has the same source as in 

Eq. (6). The values of a and ~ are not known, but probably 

0.1 < a/t~ < 1.0 [18], taking the expression in square brackets 

to 0.15-1.83. If axions are the dark matter, we have 

0 .055~A h2 5 0.50, (8) 

where it was assumed that the universe is older than 10Gyr, 

that the dark-matter density is dominated by axions with 

$2A~>0.2 , and that h~0 .5 .  This implies mA = 6 2500 geV 

for the plausible mass range of dark-matter axions (Fig. 1). 

Contrary to Ref. 18, Sikivie et al. [19] find that the mo- 

tion of global strings is strongly damped, leading to a flat 

axion spectrum. In Battye and Shellard's treatment the axion 

radiation is strongly peaked at wavelengths of order the loop 

size. In Sikivie et aL's picture more of the string radiation goes 

into kinetic axion energy which is redshifted so that ultimately 

there are fewer axions. In this scenario the contributions from 

string decay and vacuum realignment are of the same order of 

magnitude; they are both given by Eq. (6) with Oi of order one. 

As a consequence, Sikivie et al. allow for a plausible range of 

dark-matter axions which reaches to smaller masses as indicated 

in Fig. 1. 

The work of both groups implies that the low-mass end of 

the plausible mass interval in the string scenario overlaps with 

the projected sensitivity range of the U.S. search experiment for 

galactic dark-matter axions (Livermore) [20] and of the Kyoto 

search experiment CARRACK [21] as indicated in Fig. 1. (See 

also Part III of this Review by Hagmann, van Bibber, and 

Rosenberg.) 

In summary, a variety of robust astrophysical arguments and 

laboratory experiments (Fig. 1) indicate that mA ~ 10 -2 eV. 
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The exact value of this limit may change with a more sophis- 
ticated treatment of supernova physics and/or the observation 

of the neutrino signal from a future galactic supernova, but 

a dramatic modification is not expected unless someone puts 

forth a completely new argument. The stellar-evolution limits 

shown in Fig. 1 depend on the axion couplings to various par- 
ticles and thus can be irrelevant in fine-tuned models where, 

for example, the axion-photon coupling strictly vanishes. For 
nearly any m A  in the range generically allowed by stellar evo- 

lution, axions could be the cosmic dark matter, depending on 
the cosmological scenario realized in nature. It appears that 
our only practical chance to discover these "invisible" particles 

rests with the ongoing or future search experiments for galactic 

dark-matter. 
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AXIONS AND O T H E R  VERY LIGHT BOSONS, 

PART II I  (EXPERIMENTAL LIMITS) 

(by C. Hagmann, K. van Bibber, and L.J. Rosenberg) 

In this section we review the experimental methodology 

and limits on light axions and light pseudoscalars in gen- 

eral. (A comprehensive overview of axion theory is given by 

H. Murayama in the Part I of this Review, whose notation we 

follow [1].) Within its scope are searches where the axion is as- 

sumed to be dark matter, searches where the Sun is presumed to 

be a source of axions, and purely laboratory experiments. We 

restrict the discussion to axions of mass mA < O(eV), as the al- 
lowed range for the axion mass is nominally 10 -8 < rn A < 10 -2 

eV. Experimental work in this range predominantly has been 

through the axion-photon coupling gAT, to which the present 

review is confined. As discussed in Part II of this Review by 

G. Raffelt, the lower bound derives from a cosmological overclo- 

sure argument, and the upper bound from SN1987A [2]. Limits 

from stellar evolution overlap seamlessly above that, connecting 
with accelerator-based limits which ruled out the original axion. 

There it was assumed that the Peccei-Quinn symmetry-breaking 

scale was the electroweak scale, i.e:, fA  ~ 250 GeV, implying 

axions of mass mA ,~ O(100keV). These earlier limits from 

nuclear transitions, particle decays, etc., while not discussed 
here, are included in the Listings. 

While the axion mass is well determined by the Peccei- 

Quinn scale, i.e., mA  = 0.62 eV ( 1 0 7 G e V / f A ) ,  the axion- 

photon coupling gA7 is not: gA7 = (a/TrfA)gT,  with g7 : 
( E / N  - 1.92)/2, where E / N  is a model-dependent number. It 

is noteworthy however, that two quite distinct models lead to 

axion-photon couplings which are not very different. For the 

case of axions imbedded in Grand Unified Theories, the DFSZ 

axion [3], g7 = 0.37, whereas in one popular implementation of 

the "hadronic" class of axions, the KSVZ axion [4], g7 = -0.96. 

The Lagrangian L = g A T E .  Br with CA the axion field, 
permits the conversion of an axion into a single real photon in 

an external electromagnetic field, i.e., a Primakoff interaction. 

In the case of relativistic axions, k 7 - k A  ~ m2A/2O~ << w, 
pertinent to several experiments below, coherent axion-photon 
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mixing in long magnetic fields results in significant conversion 
probability even for very weakly coupled axions [5]. 

Below are discussed several experimental techniques con- 

straining gA'y, and their results. Also included are recent but 

yet-unpublished results, and projected sensitivities for experi- 

ments soon to be upgraded. 

III.1. Microwave cavity experiments: Possibly the most 
promising avenue to the discovery of the axion presumes that 

axions constitute a significant fraction of the dark matter 

halo of our galaxy. The maximum likelihood density for the 

Cold Dark Matter (CDM) component of our galactic halo is 
PCDM = -  7.5 • 10-25g/cm3(450 MeV/cm 3) [6]. That the CDM 

halo is in fact made of axions (rather than e.g. WIMPs) is in 

principle an independent assumption, however should very light 

axions exist they would almost necessarily be cosmologically 

abundant [2]. As shown by Sikivie [7], halo axions may be de- 

tected by their resonant conversion into a quasi-monochromatic 
microwave signal in a high-Q cavity permeated by a strong mag- 

netic field. The cavity is tunable and the signal is maximum 

when the frequency v = mA(1 + O(10-6)), the width of the 

peak representing the virial distribution of thermalized axions 

in the galactic gravitational potential. The signal may possess 
ultra-fine structure due to axions recently fallen into the galaxy 

and not yet thermalized [8]. The feasibility of the technique 

was established in early experiments of small sensitive volume, 
V = O(1 liter) [9,10] with High Electron Mobility Transistor 

(HEMT) amplifiers, which set limits on axions in the mass 

range 4.5 < rnA < 16.3#eV, but at power sensitivity levels 2-3 
orders of magnitude too high to see KSVZ and DFSZ axions 

(the conversion power PA~7 c(g.~7). A recent large-scale ex- 

periment (B ,~ 7.5T, V ,,~ 200liter) has achieved sensitivity to 

KSVZ axions over a narrow mass range 2.77 < m A < 3.3/zeV, 

and continues to take data [11]. The exclusion regions shown 
in Fig. 1 for Refs. [9-12] are all normalized to the best-fit Cold 

Dark Matter density PCDM = 7.5 • 10-25g/cm3(450 MeV/cm3), 
and 90% CL. Recent developments in DC SQUID amplifiers [12] 

and Rydberg atom single-quantum detectors [13] promise dra- 
matic improvements in noise temperature, which will enable 

rapid scanning of the axion mass range at or below the DFSZ 

limit. The region of the microwave cavity experiments is shown 

in detail in Fig. 2. 

III.2.  Telescope search ]or e V  axions: For axions of 
mass greater than about 10 -1 eV, their cosmological abundance 

is no longer dominated by vacuum misalignment or string ra- 

diation mechanisms, but rather by thermal production. Their 

contribution to the critical density is small, ft ~ 0.01 (mA/eV). 

However, the spontaneous-decay lifetime of axions, T(A 
23') '~ 1025sec(mA/eV) -5 while irrelevant for tteV axions, is 

short enough to afford a powerful constraint on such thermally 
produced axions in the eV range, by looking for a quasi- 

monochromatic photon line from galactic clusters. This line, 
corrected for Doppler shift, would be at half the axion mass and 

its width would be consistent with the observed virial motion, 
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Figure  1: Exclusion region in mass vs. axion- 
photon coupling (rnA,gAT) for various experiments. 
The limit set by globular cluster Horizontal Branch 
Stars ("HB Stars") is shown for Ref. 2. 

F igure  2: Exclusion region from the microwave cav- 
ity experiments, where the plot is flattened by present- 
ing (gAT/mA) 2 vs. mA. The first-generation experi- 
ments (Rochester-BNL-FNAL, "RBF" [9]; University 
of Florida, "UF" [10]) and the US large-scale exper- 
iment in progress ("US" [11]) are all HEMT-based. 
Shown also is the full mass range to be covered 
by the latter experiment (shaded line), and the im- 
proved sensitivity when upgraded with DC SQUID 
amplifiers [12] (shaded dashed line). The expected 
performance of the Kyoto experiment based on a Ry- 
dberg atom single-quantum receiver (dotted line) is 
also shown [13]. 

typically AA/A ,,, 10 -2. The expected line intensity would be 
of the order IA ~ lO-17(mA/3eV)Tergcm-2arcsec-Z]~-lsec -1 

for DFSZ axions, comparable to the continuum night emission. 
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The conservative assumption is made that the relative density 

of thermal axions fallen into the cluster gravitational poten- 

tial reflects their overall cosmological abundance. A search for 

thermal axions in three rich Abell clusters was carried out at 

Kitt Peak National Laboratory [14]; no such line was observed 

between 3100-8300 /~ (mA = 3-8 eV) after "on-off field" sub- 

traction of the atmospheric molecular background spectra. A 

limit everywhere stronger than gA~ < 10 - I~  is set, which 

is seen from Fig. 1 to easily exclude DFSZ axions throughout 

the mass range. 

I I I .3 .  A search f o r  so lar  stolons: As with the telescope 

search for thermally produced axions above, the search for 

solar axions was stimulated by the possibility of there being a 

"1 eV window" for hadronic axions (i.e., axions with no tree- 

level coupling to leptons), a "window" subsequently closed by an 

improved understanding of the evolution of globular cluster stars 

and SN1987A [2]. Hadronic axions would be copiously produced 

within our Sun's interior by a Primakoff process. Their flux at 

the Earth of ,,~ 1012cm-2sec-l(mA/eV) 2, which is independent 

of the details of the solar model, is sufficient for a definitive 

test via the axion reconversion to photons in a large magnetic 

field. However, their average energy is ~ 4 keV, implying an 

oscillation length in the vacuum of 27r(m~/2w) -1 ~ O(mm), 

precluding the mixing from achieving its theoretically maximum 

value in any practical magnet. It was recognized that one could 

endow the .photon with an effective mass in a gas, m r = Wp[, 

thus permitting the axion and photon dispersion relationships 

to be matched [15]. A first simple implementation of this 

proposal was carried out using a conventional dipole magnet 

with a conversion volume of variable-pressure helium gas and 

a xenon proportional chamber as the x-ray detector [16]. The 

magnet was fixed in orientation to take data for ,-~ 1000 sec/day. 

Axions were excluded for gA7 < 3.6 • 10-gGeV -1 for mA < 

0.03eV, and gA7 < 7.7 • 10-gGeV -1 for 0.03eV< m A <0.11 

eV (95% CL). A more ambitious experiment has recently been 

commissioned, using a superconducting magnet on a telescope 

mount to track the Sun continuously. A preliminary exclusion 

limit of gA7 < 6 • 10-1~ (95% CL) has been set for 

mA < 0.03 eV [17]. 

Another search for solar axions has been carried out, using 

a single crystal germanium detector. It exploits the coherent 

conversion of axions into photons when their angle of incidence 

satisfies a Bragg condition with a crystalline plane. Analysis 

of 1.94 kg-yr of data from a 1 kg germanium detector yields 

a bound of gA7 < 2.7 • 10-gGeV -1 (95% CL), independent of 

mass up to mA ~ 1 keV [18]. 

is a laser beam propagating down a long, superconducting 

dipole magnet like those for high-energy physics accelerators. 

If another such dipole magnet is set up in line with the 

first, with an optical barrier interposed between them, then 

photons may be regenerated from the pure axion beam in 

the second magnet and detected [19]. The overall probability 

P(7  ---* A ---* 7) = 1-I2. Such an experiment has been carried 

out, utilizing two magnets of length l=  4.4 m and B =  3.7 T. 

Axions with mass mA < 10 -3 eV, and gA'r > 6.7 • 10-7GeV -1 

were excluded at 95% CL [20,21]. With sufficient effort, limits 

comparable to those from stellar evolution would be achievable. 

Due to the g 4  rate suppression however, it does not seem 

feasible to reach standard axion couplings. 

I I I .5 .  Po lar i za t ion  exper imen t s :  The existence of axions 

can affect the polarization of light propagating through a 

transverse magnetic field in two ways [22]. First, as the Ell 
component, but not the E• component will be depleted by 

the production of real axions, there will be in general a small 

rotation of the polarization vector of linearly polarized light. 

This effect will be a constant for all sufficiently light mA such 

that the oscillation length is much longer than the magnet 

(m2Al/2aJ << 27r). For heavier axions, the effect oscillates and 

diminishes with increasing mA, and vanishes for mA > w. The 

second effect is birefringence of the vacuum, again because there 

can be a mixing of virtual axions in the Ell state, but not for 

the E_L state. This will lead to light which is initially linearly 

polarized becoming elliptically polarized. Higher-order QED 

also induces vacuum birefringence, and is much stronger than 

the contribution due to axions. A search for both polarization- 

rotation and induced ellipticity has been carried out with the 

same magnets described in Sec. (III.4) above [21,23]. As in 

the case of photon regeneration, the observables are boosted 

linearly by the number of passes the laser beam makes in 

an optical cavity within the magnet. The polarization-rotation 

resulted in a stronger limit than that from ellipticity, gA'r < 
3.6 • 10-TGeV -1 (95% CL) for mA < 5 x 10 -4 eV. The 

limits from ellipticity are better at higher masses, as they 

fall off smoothly and do not terminate at mA. There are two 

experiments in construction with greatly improved sensitivity 

which while still far from being able to detect standard axions, 

should measure the QED "light-by-light" contribution for the 

first time [24,25]. The overall envelope for limits from the 

laser-based experiments in Sec. (III.4) and Sec. (III.5) is shown 

schematically in Fig. 1. 
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A ~ (Axlon) MASS LIMITS from Astrophysics and Cosmology 
These bounds depend on model-dependent assumptions (i,e, - -  on a combination of 
axion parameters), 

VALUE IMeV) DOCUMENT tO TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 = �9 

:>0.2 BARROSO 62 ASTR Standard Axion 
>0.25 1 RAFFELT 82 ASTR Standard Axion 
>0.2 2 DICUS 78C ASTR Standard Axion 

MIKAELIAN 78 ASTR Stellar emission 
>0.3 2 SATO 78 ASTR Standard Axion 
>0.2 VYSOTSKII 78 ASTR Standard Axion 

1 Lower bound from 5.5 MeV -'(-ray line from the sun. 
2Lower bound from requiring the red giants' stellar evolution not be disrupted by axion 

emission. 

A ~ (Axion) and Other Light Boron (X ~ Searches In Stable Particle Decays 
Limits are for branching ratios. 

VALUE CL ~ EVTS DOCUMENT ID TECN COMMENT 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc, �9 �9 �9 

<3.3 x 10 - 5  90 3 ALTEGOER 98 NOMD ~r 0 ~ "TX 0, 
mXo < 120 
MeV 

<3.0 x 10 - 1 0  90 4ADLER 97 B787 K + ~ }T+A 0 
<5.0 x 10 - 8  90 5 KITCHING 97 B707 K + ~ l r + A  0 

( A 0 ~  "7"/} 
<5.2 • 10 -10 90 6 ADLER 96 B787 K + ~ 7r + A u 
<2.8 

<3 

x 10 - 4  90 7 AMSLER 96B CBAR ~r 0 ~ 3'X 0, 
mxo < 65 MeV 

x 10 -4  90 7 AMSLER 96B CBAR fl ~ "~X O, mXo= 
50-200 MeV 

x 10 - 5  90 7 AMSLER 96B CBAR r/I ~ "TX 0, 
mXo= 50-925 
MeV 

x 1 0  - 5  90 7AMSLER 94B CBAR l r 0 ~  ";,X 0, 
mx0  =65-125 
MeV 

3O5 
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<4 

<6 

<6 x 10 -5  90 7 AMSLER 94B CBAR r/ ~ "TX 0, 
mx~=200-525 

MeV 0 
<0.007 90 8 MEIJERDREES94 CNTR 7r 0 ~ ? X  , 

re• MeV 

<0.002 90 8 MEIJERDREES94 CNTR 7r 0 ~ "yX 0, 
mxo= lO0 MeV 

<2 x 10 - 7  90 9 ATIYA 93B B787 K + ~ lr +A  0 
<3 x i0 -13 10 NG 93 COSM ~r 0 ~ "/X 0 
<1.1 x 10 -8  90 11 ALLIEGRO 92 SPEC K + ~ Tr+A 0 

( A 0 ~  e+e - )  
<5 x 10 -4  90 12 ATIYA 92 B787 ~r 0 ~ "TX 0 
<4 • 10 -6  90 13 MEIJERDREES92 SPEC ~T 0 ~ "TX 0, 

X 0 ~ e+e - ,  
mxo= 100 MeV 

<1 x 10 - 7  90 14 ATIYA 90B B787 Sup. by KITCH- 

x10 -8  90 1SKORENCHE... 87 SPEC ~r+'N-_~_97e+uA 0 " ~  <1.3 
(A~ e+ e - )  

<1 x 10 - 9  90 0 16 EICHLER 86 SPEC Stopped ~+  
e + u A  0 

<2 • 10 - 5  90 17 YAMAZAKI 84 SPEC For 160<m<260 
MeV 

<(1.5-4) x 10 . 6  90 17 YAMAZAKI 84 SPEC K decay, mAD << 
100 MeV 

0 10 ASANO 82 CNTR Stopped K + 
~.+A 0 

0 19 ASANO 81B CNTR Stopped K + 
~+  A 0 

20 ZHITNITSKII 79 Heavy axion 

3ALTEGOER 98 looked for X 0 from n 0 decay which penetrate the shielding and convert I 
to x0 in the external Coulomb field of a nucleus. 

4ADLER 97 bound is for massless A 0. 
5KITCHING 97 limit is for B(K- -  ~ ~'+AO).B(A 0 ~ "7"7) and applies for mAD ~- 50 

MeV, TAO < 10 - 1 0  S. Limits are provided for O<mAo < 100 MeV, ~'AO < 10 - 8  s. 

6ADLER 96 looked for a peak in missing-mass distribution. This work is an update of 
ATIYA 93. The limit is for massless stable A 0 particles and extends to mAD=00 MeV 
at the same level. See paper for dependence on finite lifetime. 

7 AMSLER 94B and AMSLER 96B looked for a peak in missing-mass distribution. 
8The MEIJERDREES 94 limit is based on inclusive photon spectrum and is independent 

of X 0 decay modes. It applies to ~-(X0}> 10 - 2 3  sec. 
9 ATIYA 93B looked for a peak in missing mass distribution. The bound applies for stable 

A 0 of mAo=150-250 MeV, and the limit becomes stronger (10 - 8 )  for rnAo=180-240 
MeV. 

10 NG 93 studied the production of X 0 via "7~( ~ lr 0 ~ "TX 0 in the early universe at T_  ~ 1 
MeV. The bound on extra neutrinos from nucleosyntheis ANy < 0.3 (WALKER 91) is 
employed. It applies to mxo << 1 MeV in order to be relativist=c down to nucleosynthesis 

temperature. See paper for heavier X O. 
11 ALLIEGRO 92 limit applies for mA0=150-340 MeV and is the branching ratio times the 

decay probability. Limit is < 1.5 x 10 - 8  at 99%CL. 
12ATIYA 92 looked for a peak in missing mass distribution. The limit applies to 

reX0=0-130 MeV in the narrow resonance limit. See paper for the dependence on 

lifetime. Covariance requires X 0 to be a vector particle. 
13 MEIJERDREES 92 limit applies for ~-XO = 10-23-10 -11  sec. Limits between 2 x 10 - 4  

and 4 x 10 - 6  are obtained for mxo = 25-120 MeV. Angular momentum conservation 

requires that X 0 has spin > 1. 
14ATIYA 90B limit isfor B(K + ~ 7r+AO).B(A 0 ~ ?'7) and applies for mAD = 50 MeV, 

TA0 < 10 - 1 0  S. Limits are also provided for 0 < mAD < 100 MeV, tAD < 10 - 8  s. 

15KORENCHENKO 07 limit assumes mAD = 1.7 MeV, ~-AO ,~< 10 - 1 2  s, and B(A 0 

e+e - )  - 1. 
16EICHLER 86 looked for 7r + ~ e+uA 0 followed by A 0 ~ e+e - .  Limits on the 

branching fraction depend on the mass and and lifetime of A O. The quoted limits are 
valid when ~-(A 0) ,~> 3, x 10-10s if the decays are kinematically allowed. 

17yAMAZAKI  04 looked for a discrete line in K § ~ ~ + X .  Sensitive to wide mass range 
(5-300 MeV), independent of whether X decays promptly or not. 

10ASANO 02 at KEK set limits for B(K + ~ ~T+A 0) for mAD <100 MeV as BR 

< 4. • 10 - 8  for ~'(A 0 ~ n'7's) > 1. • 10 - 9  s. BR < 1.4 x 10 - 6  for ~- < 1. • 10--9s. 

19ASANO 81B is KEK experiment. Set B(K + ~ l r + A  0} < 3.8 x 10 - 8  at CL - 90%. 
20ZHITNITSKII 79 argue that a heavy axion predicted by YANG 78 (3 < m  <40 MeV) 

contradicts experimental muon anomalous magnetic moments. 

A 0 (Axion) Searches in Quarkonium Decays 
Decay or transition of quarkonium. Limits are for branching ratio. 

VALUE ~ EVTS DOCUMENT ID TECN COMMENT 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<1.3 x I0 -5  90 21 BALEST 95 CLEO T(IS) ~ A07 
<4.0 x I0 -S 90 ANTREASYAN 90c CBAL "/'(IS) ~ A0"/ 

22 ANTREASYAN 90c RVUE 
<5 x 10 - 5  90 23 DRUZHININ 87 ND @ ~ A0"7 

(A 0 --* e + e  - )  
<2 x 10 - 3  90 24 DRUZHININ 87 ND @ ~ AO? (A 0 --* *73') 
<7 x 10 - 6  90 25 DRUZHININ 87 ND (~ ~ A0"7 

(A 0 --, missing) 
<3.1 x 10 - 4  90 0 26 ALBRECHT 860 ARG T(1S) ~ A07 

(A 0 --w e+e - )  
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<4 x 10 - 4  90 0 26 ALBRECHT 86D ARG T(1S) ~ A0,7 
(A 0 ~ #+  # - ,  

7r+Tr - ,  K+ K - )  
<8 x 10 - 4  90 1 27 ALBRECHT 86D ARG T(1S) ~ A0"7 
<1.3 x 10 - 3  90 0 28 ALBRECHT 86D ARG T(1S) ~ A0"7 

(A 0 ~ e + e - ,  "7"7) 
<2. x 10 -3 90 29 BOWCOCK 86 CLEO T(2S) ~ T(IS) 

A 0 
<5. x 10 -3 90 30 MAGERAS 86 CUSB T(15) ~ A0"7 
<3, x 10 -4 90 31 ALAM 83 CLEO T(1S) ~ A0"7 
<9.1 x 10 -4 90 32 NICZYPORUK 83 LENA T(1S) ~ A0? 
<1,4 x 10 -5 90 33 EDWARDS 82 CBAL J/@ ~ A0,7 
<3.5 x 10 -4 90 34 SIVERTZ 82 CUSB T(1S) ~ A0,7 
<1.2  x 10 - 4  90 

390RITO 89 limit translates to g2AOee/4~r < 6.2 x 10 -10 .  Somewhat more sensitive 

limits are obtained for larger mAo: B < 7.6 x 10 - 6  at 100 keV. 

40AMALDI 85 set limits B(A0"7) / B('7"7"7) < (1-5) x 10 - 6  for mAu ~ 900-100 keV 
which are about 1/10 of the CARBONI 83 limits. 

41CARBONI 83 looked for orthopositronium ~ A0"7. Set limit for A 0 electron coupling 
squared, g(eeAO)2/(4~) < 6. • 10-10-7.  x 10 - 9  for mAo from 150-900 keY (CL - 
99.7%). This is about 1/10 of the bound from g - 2  experiments. 

34 SIVERTZ 82 CUSB T(3S) ~ A 0"7 

21 BALEST 95 looked for a monochromatic "7 from T(1S) decay. The bound is for mAo < 
5.0 GeV. See Fig. 7 in the paper for bounds for heavier mAO. They also quote a bound 

on branching ratios 10-3 -10  - 5  of three-body decay "TXX for O<m X < 3.1 GeV. 

22The combined limit of ANTREASYAN 90c and EDWARDS 82 excludes standard axion 
with mAo < 2m e at 90% CL as long as CTCj/, ~ > 0.09, where C v ( V =  T, J/~) 

is the reduction factor for F(V ~ A0"7) due to QCD and/or relativistic corrections. 
The same data excludes 0.02 < x < 260 ( 9 0 %  CL) if C T ~ C j~.,~, = 0.5, and further A 0 (Axion) Production In Hadron Collisions 
combining with ALBRECHT 86D result excludes 5 x 10 - 5  < x < 260. x is the ratio Limits are for <x(A 0) / G(Tr0). 
of the vacuum expectation values of the two Higgs fields. These limits use conventional VALUE ~ EVT$ DOCUMENT ID TECN 
assumption F(A 0 ~ ee) cx x - 2 .  The alternative assumption F(A 0 ~ ee) o( x 2 �9 �9 �9 We do not use the following data for averages, fits, limits, 
gives a somewhat different excluded region 0.00075 < x < 44. 

23The first DRUZHININ 87 limit is valid when "rAo/mAo < 3 x 10 -13  s/MeV and 43 AHMAD 97 SPEC 
44 LEINBERGER 97 SPEC 

mAo < 20 MeV. 45 GANZ 96 SPEC 

A ~ (Axion) Search in Photoproduction 
VALUE DOCUMENT ID COMMENT 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

42 BASSOMPIE... 95 mAo - 1.8 - 0.2 MeV 

42 BASSOMPIERRE 95 is an extension of BASSOMPIERRE 93. They looked for a peak 
in the invariant mass of e § e -  pairs in the region me+ e-  = 1.8 + 0.2 MeV. They 

obtained bounds on the production rate A 0 for T(A 0) : 10--18-10--9sec. They also 
found an excess of events in the range me+ e_ = 2.1-3,5 MeV. 

COMMENT 
etc. �9 �9 �9 

e + production 
A 0 ~ e § e -  
A 0 --* e § e-- 24The second DRUZHININ 87 limit is valid when TAO/mAo < 5 x 10 - 1 3  s/MeV and 

mAo < 20 MeV. 

25The third DRUZHININ 87 limit is valid when TAO/mAo > 7 x 10 - 1 2  s/MeV and 
mAo < 200 MeV. 

26~-A0 < 1 x 10-13s and mAo < 1.5 GeV. Applies for A 0 ~ ,7"7 when mAO < 100 
MeV. 

27~'A0 > 1 x 10-7s. 

28independent of ~-AO. 

29BOWCOCK 86 looked for A 0 that decays into e + e -  in the cascade decay T(2S) 
T ( 1 5 ) ~ + ~  - followed by T(15)  ~ A0'7. The limit for B(T(1S) ~ A0'7)B(A 0 

e+e - )  depends on mAu and TAO. The quoted limit for mAo= l .8  MeV is at TA0 

2. x 10--12s, where the limit is the worst. The same limit 2. x 10 - 3  applies for all 
lifetimes for masses 2m e < mAo < 2rap when the results of this experiment are 
combined with the results of ALAM 83. 

30MAGERAS 86 looked for T(1S) ~ "TA 0 (A 0 ~ e - - e - ) .  The quoted branching 

fraction limit is for mAo = 1.7 MeV, at ~-(A0)~ 4. x 10-13s where the limit is the 
worst. 

31 ALAM 83 is at CESR. This limit combined with limit for B(J/r ~ A 0"7) (EDWARDS 82) 
excludes standard axion. 

32NICZYPORUK 83 is DESY-DORIS experiment. This limit together with lower limit 
9.2 x 10 - 4  of B ( T  ~ A0'7) derived from B(J/VJ(15) ~ AO'7) limit (EDWARDS 82) 
excludes standard axion. 

33EDWARDS 82 looked for J/~,b ~ "TA 0 decays by looking for events with a single 
,7 [of energy ~ 1/2 the J/V~(15) mass], plus nothing else in the detector. The limit is 
inconsistent with the axiou interpretation of the FAISSNER 818 result. 

34SIVERTZ 82 is CESR experiment. Looked for T ~ "TA 0' A 0 undetected. Limit for 15 
(35) is valid for mAo <7 GeV (4 GeV). 

<2. x 10 -11 90 0 
<1. x 10 -13 90 0 

24 

<1. • 10 -8 
<1. X 10 -14 

A ~ (Axion) Searches in Positronium Decays 
Decay or transition of positronium. Limits are for branching ratio. 

VALUE EL% DOCUMENT ID TECN COMMENT 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<2 x 10 -4 90 MAENO 95 CNTR o-Ps ~ A0"7 
mA0 =850-1013 keY 

<3.0 x 10 - 3  90 35 ASAI 94 CNTR o-Ps ~ A0,7 
mAo=30-S00 keV 

<2.8 x 10 - 5  90 36 AKOPYAN 91 CNTR o-Ps ~ A0,7 

( A 0 ~  ,7~f), 
mAo < 30 keV 

<1,1 x 10 - 6  90 37 ASAI 91 CNTR o-Ps ~ A0"7, 
mAo < 800 keY 

<3.8 x 10 - 4  90 GNINENKO 90 CNTR o-Ps ~ AO,7, mAO < 
30 keY 

<(1-5) x 10 -4 95 38 TSUCHIAKI 90 CNTR o-Ps ~ AO,7, mAo 
300-900 key 

<6.4 x 10 -5 90 39 ORITO 89 CNTR o-Ps ~ A0,7, 
mAo < 30 keY 

40 AMALDI 85 CNTR Ortho-positronium 
41 CARBONI 83 CNTR Ortho-positronium 

35 The ASAI 94 limit is based on inclusive photon spectrum and is independent of A 0 decay 
modes, 

10 - 1 3  [keY] s. 36The AKOPYAN 91 limit applies for a short-lived A 0 with ~-AO < mAo 

37ASAI 91 limit translates to g2A0e+e_/4~ < 1.1 x 10 -11  (90%CL) for mAo < 800 

keY. 
38The TSUCHIAKI 90 limit is based on inclusive photon spectrum and is independent of 

A 0 decay modes. 

< 1 .  x 10 - 8  90 
<1. x 10 - 3  95 
<1. x 10 - 8  90 
<6. x 10 - 9  95 
<1.5 x 10 - 8  90 
< 5 . 4  x 10 - 1 4  90 

<4 .1  x 10 - 9  90 

<1. x 10 - 8  90 

<0.5 X 10 -8 90 

12 
1S 

8 
0 

90 
90 

46 KAMEL 96 EMUL 32S emulsion, A 0 
e + e -  

47BLUEMLEIN 92 BDMP AO N Z ~ t+ t.-- N z 
48 MEIJERDREES92 SPEC ~r-p ~ nA O, A 0 

0 e + e  - 
49 BLUEMLEIN 91 BDMp A ~ e + e - ,  2,7 
50 FAISSNER 89 OSPK Beam dump, 

A 0 ~ e + e -  
51 DEBOER 88 RVUE A 0 ~ e + e -  
52 EL-NADI 88 EMUL A 0 ~ e + e -  
53 FAISSNER 88 OSPK Beam dump, A 0 ~ 2,7 
54BADIER 86 BDMP A 0 ~ e + e  - 
55 BERGSMA 85 CHRM CEBN beam dump 
SS BERGSMA 85 CHRM CERN beam dump 
56 FAISSNER 83 OSPK Beam dump, A 0 ~ 2'7 
57 FAISSNER 83B RVUE LAMPF beam dump 
58 FRANK 83B RVUE LAMPF beam dump 
59 HOFFMAN 83 CNTR ~p ~ nA 0 

(A 0 ~ e + e  - )  
60 FETSCHER 82 RVUE See FAISSNER 81B 
61 FAISSNER 81 OSPK CERN PS v wideband 
62 FAISSNER 818 OSPK Beam dump, A 0 ~ 2"7 
63KIM 81 OSPK 2 6 G e V p N - - *  A0X  
64 FAISSNER 80 OSPK Beam dump, 

A 0 ~ e § e-- 
65 JACQUES 80 HLBC 28 GeV protons 
65 JACQUES 80 HLBC Beam dump 
66 SOUKAS 80 CALO 28 GeV p beam dump 
67 BECHIS 79 CNTR 
68 COTEUS 79 OSPK Beam dump 
69 DISHAW 79 CALO 400 GeV pp 

ALIBRAN 78 HYBR Beam dump 
ASBATYAN 78B CALO Beam dump 

70 BELLOTTI 78 HLBC Beam dump 
70 BELLOTTI 78 HLBC mAo=l .S MeV 

70 BELLOTTI 78 HLBC m A o = l  MeV 

71 BOSETTI 78B HYBR Beam dump 
72 DONNELLY 78 

HANSL 78D WIRE Beam dump 
73 MICELMAC... 78 
74 VYSOTSKII 78 

43 AHMAD 97 reports a result of APEX Collaboration which studied positron production in 
238U+232Ta and 238U+181Ta collisions, without requiring a coincident electron. No 
narrow lines were found for 250 <Ee+ < 750 keY. 

44LEINBERGER 97 (ORANGE Collaboration) at GSI looked fur a narrow sum-energy 
e+e- - l i ne  at ~ 635keV in 238U§ collision. Limits on the production proba- 
bility for a narrow sum-energy e §  - line are set. See their Table 2. 

45 GANZ 96 (EPos II Collaboration) has placed upper bounds on the production cross sec- 
tion of e § e -  pairs from 238U-t-181Ta and 238U§ collisions at GSI. See Table 2 
for limits both for back-to-back and isotropic configurations of e § e -  pairs. These lim- 
its rule out the existence of peaks in the e § e -  sum-energy distribution, reported by an 
earlier version of this experiment. 

46 KAMEL 98 looked for e § e -  pairs from the collison of 32S (200 GeV/nucleon) and 
emulsion. No evidence of mass peaks is found in the region of sensitivity mee >2 MeV. 

47BLUEMLEIN 92 is a proton beam dump experiment at Serpukhov with a secondary 
target to induce Bethe-Heitler production of e + e -  or ,u -}- p -  from the produce A 0. 
See Fig. 5 for the excluded region in mAO-X plane. For the standard axion, 0.3 <x<25 
is excluded at 95% CL. If combined with BLUEMLEIN 91, 0.008 <x<32 is excluded. 



See key on page 239 

4BMEIJERDREES 92 give F ( ~ - p  ~ nAO).B(A 0 ~ e+e- ) /F (~ -p  ~ all) < 10 - 5  

(90% CL) for mAo = 100 MeV, TA0 = 10-11-10 - 2 3  sec. Limits ranging from 2.5 • 

10 - 3  to 10 - 7  are given for mAc ) = 25-136 MeV. 

49BLUEMLEIN 91 is a proton beam dump experiment at Serpukhov. No candidate event 
for A 0 ~ e+e  - ,  23" are found. Fig. 6 gives the excluded region in mAO-X plane ( x =  
tan/~ = v2/vl). Standard axion is excluded for 0.2 < mAo < 3.2 MeV for most 
x > 1, 0.2-11 MeV for most x < 1. 

50 FAISSN ER 89 searched for A 0 ~ e + e -  in a proton beam dump experiment at SIN, No 
excess of events was observed over the background. A standard axion with mass 2me-20 

MeV is excluded. Lower limit on fAo of _~ 104 GeV is given for mAo = 2me-20 MeV. 

51 DEBOER 88 reanalyze EL-NADI 88 data and claim evidence for three distinct states 
with mass ~ 1.1, ~ 2.1, and ~ 9 MeV, lifetimes 10 -16 -10 -15  s decaying to e+e  - 
and note the similarity of the data with those of a cosmic-ray experiment by Bristol group 
(B.M. Anand, Prec. of the Royal Society of London, Section A ~ 183 (1953)7. For a 
criticism see PERKINS 89, who sugj~ests that the events are compatible with :T O Dalitz 
decay. DEBOER 89B is a reply which contests the criticism. 

52EbNADI 88 claim the existence of a neutral particle decaying into e + e  - with mass 
1.60 • 0.59 MeV. lifetime (0.15 • 0.01) x 10 - 1 4  s, which is produced in heavy ion 
interactions with emulsion nuclei at ~ 4 GeV/c/nucleon. 

53 FAISSNER 88 is a proton beam dump experiment at SIN. They found no candidate event 
for A 0 ~ 3'3". A standard axion decaying to 23" is excluded except for a region x -  ~ 1. 
Lower limit on fAo of 102-103 GeV is given for mAo = 0.1-1 MeV. 

54BADIER 86 did not find long-lived A 0 in 300 GeV ~r- Beam Dump Experiment that 
decays into e + e -  in the mass range mAo = 420-200) MeV, which excludes the A 0 decay 

constant f(A O) in the interval 460-600) GeV. See their figure 6 for excluded region on 

f(AO)-mAo plane. 

55BERGSMA 85 look for A 0 ~ 23", e + e  - ,  # + # - .  First limit above is for mAc = 1 
MeV; second is for 200 MeV. See their figure 4 for excluded region on fAO-mAO plane. 

where fAo is A 0 decay constant. For Peccei-Quinn PECCEI 77 A O, mAo <180 keV and 
T >0.037 s. (CL = 90% 7. For the axion of FAISSNER 81B at 250 keV. BERGSMA 85 
expect 15 events but observe zero. 

56FAISSNER 83 observed 19 1-3" and 12 2-3` events where a background of 4,8 and 2.3 
respectively is expected. A small-angle peak is observed even if iron wall is set in front 
of the decay region. 

57FAISSNER 83B extrapolate SIN 3" signal to LAMPF u experimental condition. Resulting 
370 3''s are not at variance with LAMPF upper limit of 450 3''s. Derived from LAMPF 
limit that Idc(AO)/d~ at 90o]mAO/~AO < 14 x 10 - 3 5  cm 2 sr - 1  MeV ms - 1 .  See 
comment on FRANK 83B. 

58FRANK 83B stress the importance of LAMPF data bins with negative net signal. By 
statistical analysis say that LAMPF and SIN-A0 are at variance when extrapolation by 
phase-space model is done. They find LAMPF upper limit is 248 not 450 3''s, See 
comment on FAISSNER 83B. 

59HOFFMAN 83 set CL = 90% limit d~r/dt B(e + e - )  < 3,5 x 10 -32  cm2/GeV 2 for 140 

<mAo <160 MeV. Limit assumes ~(A 0) < 10 - 9  s. 

60 FETSCHER 82 reanalyzes SIN beam-dump data of FAISSNER 81, Claims no evidence 
for axion since 2~3" peak rate remarkably decreases if iron wall is set in front of the decay 
region. 

61 FAISSNER 81 see excess/~e events. Suggest axion interactions. 
62FAISSNER 81B is SIN 590 MeV proton beam dump. Observed 14.5 • 5.0 events of 23, 

decay of long=lived neutral penetrating particle with m23 , ~<, 1 MeV. Axion interpreta- 

tion with ~ A  0 mixing gives mAo = 250 :E 25 keV, T(23` ) ---- (7,3 • 3.7) X 10 - 3  S from 

above rate. See critical remarks below in comments of FETSCHER 82, FAISSNER 83. 
FAISSNER 83B, FRANK 83B, and BERGSMA 85. Also see in the next subsection ALEK- 
SEEV 82, CAVAIGNAC 83, and ANANEV B5. 

63KIM 81 analyzed 8 candidates for A 0 ~ 23` obtained by Aachen-Padova experiment at 
CERN with 26 GeV protons on Be. Estimated axion mass is about 300 keY and lifetime 
is (0.86~ 5,6) x 10 - 3  s depending on models. Faissner (private communication), says 
axion production underestimated and mass overestimated. Correct value around 200 
keV. 

64FAISSNER 80 is SIN beam dump experiment with 590 MeV protons looking for A 0 
e + e -  decay. Assuming AO/~r 0 = 5,5 x 10 - 7 ,  obtained decay rate limit 20/(A 0 mass) 
MeV/s (CL = 90% 7, which is about 10 - 7  below theory and interpreted as upper limit 
to mAo <2me_. 

55 JACQUES 80 is a BNL beam dump experiment. First limit above comes from nonobserva- 
tion of excess neutral-current-type events [r162 < 7. x 10 -68  

cm 4, CL = 90%]. Second limit is from nonobservation of axion decays into 23`'s or 

e + e  - ,  and for axion mass a few MeV. 
66 SOUKAS 80 at BNL observed no excess of neutral-current-type events in beam dump. 
67 BECHIS 79 looked for the axion production in low energy electron Bremsstrahfung and 

the subsequent decay into either 23' or e + e  - .  No signal found. CL = 90% limits for 
model parameter(s) are given. 

68COTEUS 79 is a beam dump experiment at B N L  
69DISHAW 79 is a calorimetric experiment and looks for low energy tail of energy distri- 

butions due to energy lost to weakly interacting particles. 
v 0 70BELLOTTI 78 first alue comes from search for A ~ e + e - .  Second value comes 

from search for A 0 ~ 23`, assuming mass <2me.  For any mass satisfying this, 

limit is above valuex(mass-4).  Third value uses data of PL 60B 401 and quotes 
r < 10 -67  cm 4. 

71BOSETTI 7BB quotes a(production)~(interaction) < 2. x 10 -~'7 cm 4. 
720ONNELLY 78 examines data from reactor neutrino experiments of REINES 76 and 

GURR 74 as well as SLAC beam dump experiment. Evidence is negative. 
73MICELMACHER 78 finds no evidence of axion existence in reactor experiments of 

REINES 76 and GURR 74. (See reference under DONNELLY 78 below). 
74 VYSOTSKll 78 derived lower limit for the axion mass 25 keV from luminosity of the sun 

and 200 keV from red supergiants. 
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A 0 (Axion) Searches in Reactor Experiments 
VALUE DOCUMENT ID TECN COMMENT 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

75 ALTMANN 95 CNTR Reactor; A 0 ~ e + e -  
76 KETOV 86 SPEC Reactor, A 0 ~ ~3' 
77 KOCH 86 SPEC Reactor; A 0 ~ 3`3` 
78 DATAR 82 CNTR Light water reactor 
79 VUILLEUMIER 81 CNTR Reactor, A 0 ~ 23' 

75ALTMANN 95 looked for A 0 decaying into e + e  - from the Bugey5 nuclear reac- 
tor. They obtain an upper limit on the A 0 production rate of ~(AO)/u~(3") xB(A 0 
e + e - ) <  10 - 1 6  for mAo = 1.5 MeV at 90% CL. The limit is weaker for heavier A O, In 
the case of a standard axion, this limit excludes a mass in the range 2m e <mAo < 4.8 
MeV at 90% CL. See Fig. 5 of their paper for exclusion limits of axion-like resonances 
Z 0 in the (mxo,fXO) plane. 

76KETOV 86 searched for A 0 at the Rovno nuclear power plant. They found an upper 
limit on the A 0 production probability of 0.8 I100 keV/mAo] 6 x 10 - 6  per fission. In 

the standard axion model, this corresponds to mAo >150 keV. Not valid for mAo 
1 MeV. 

77KOCH 86 searched for A 0 ~ 3"-y at nuclear power reactor Biblis A. They found an 
upper limit on the A 0 production rate of~(AO)/o~(3"(M1)) < 1.5 • 10 - 1 0  (CL=95%). 
Standard axion with mAo ~ 250 keV gives 10 - 5  for the ratio. Not valid for mAO >1022 
keY. 

78DATAR 82 looked for A 0 ~ 23" in neutron capture (rip ~ dA O) at Tarapur 500 MW 
reactor. Sensitive to sum of I -~ 0 and / = 1 amplitudes. With ZEHNDER 81 [(/ = 0) 

- -  (I = 1)] result, assert nonexistence of standard A 0. 
79VUILLEUMIER 81 is at Grenoble reactor. Set limit mAo <280 keV. 

A 0 (Axion) and Other Light Boson (X O) Searches in Nuclear Transitions 
Limits are for branching ratio. 

VALUE CL~ EVTS DOCUMENT ID TECN COMMENT 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

80 DEBOER 97c RVUE M1 transitions 
< 5,5 x 10 -10  95 81 TSUNODA 95 CNTR 252Cf fission, A 0 ~ ee 
< 1,2 x 10 - 6  95 82MINOWA 93 CNTR 139La* ~ 139LaA0 
< 2 • 10 - 4  90 83 HICKS 92 CNTR 35S decay, A 0 ~ 3`3` 
< 1.5 x 10 -9  95 84 ASANUMA 90 CNTR 241Am decay 
<40.4-10)x 10 -3  95 85 DEBOER 90 CNTR 8Be* ~ 8BeA0, 

A0~ ~o'x0, <(0.2-1) x 10 - 3  90 86 BINI 89 CNTR 160*  
X 0 ~ e + e -  

87 AVIGNONE 88 CNTR Cu* ~ CuA 0 (A 0 
23`, AOe ~ 3`e, 
AOz ~ "lZ) 

< 1.5 x 10 - 4  90 88 DATAR 88 CNTR 1 2 C * ~  12CA O, 

A0. ~:o'x0 < 5 • 10 - 3  90 89 DEBOER 88C CNTR 160*  ~ , 
X 0 ~ e + e-- 

< 3.4 x l 0  - 5  95 90DOEHNER 88 SPEC 2 H * , A 0 ~  e + e  - 
< 4 x 10 - 4  95 91 SAVAGE 88 CNTR Nuclear decay (isovec- 

tar) 
< 3 x 10 - 3  95 91 SAVAGE 88 CNTR Nuclear decay (isoscalar) 
< 0.106 90 92 HALLIN 86 SPEC 6Li isovector decay 
<10.8 90 92 HALLIN 86 SPEC lOB isoscalar decays 

14 < 2.2 90 92 HALLIN 86 SPEC N isoscalar decays 
< 4 x 10 - 4  90 0 93 SAVAGE 86B CNTR 14N* 

94 ANANEV 85 CNTR Li*, deut* A 0 ~ 2"7 
95 CAVAIGNAC 83 CNTR 97Nb*, deut* transition 

A 0 ~ 2~ 
96 ALEKSEEV 82B CNTR Li*,  deut* transition 

A 0 ~ 23` 
97LEHMANN 82 CNTR C u * ~  CuA 0 

(A 0 ~ 23`) 
0 98 ZEHNDER 82 CNTR Li*, Nb* decay, n-capt. 
0 99ZEHNDER 81 CNTR B a * ~  BaA 0 

(A ~ 2-/) 
100 CALAPRICE 79 Carbon 

BDDEBOER 97c reanalyzed the existent data on Nuclear M1 transitions and find that a 
9 MeV boson decaying into e + e -  would explain the excess of events with large opening 
angles. 

BITSUNODA 95 looked for axion emission when 252Cf undergoes a spontaneous fission, 
with the axion decaying into e+e  - .  The bound is for mAa=40 MeV. It improves to 

2.5 • 10 - 5  for mA0=200 MeV. 

82MINOWA 93 studied chain process, 139Ce ~ 139La* by electron capture and M1 
transition of 139La* to the ground state. It does not assume decay modes of A 0. The 
bound applies for mAo < 166 keY, 

83HICKS 92 bound is applicable for "rxo < 4 x 10 -11  sec. 

84The ASANUMA 90 limit is for the branching fraction of X 0 emission per 241Am~ decay 
and valid for TxO < 3 x 10 -11  S. 

85The DEBOER 90 limit is for the branching ratio 8Be*' 418.15 MeV, 1 + )  ~ 8BeA0, 

A 0 ~ e + e -  for the mass range mAo = 4-15 MeV. 

86The BINI 89 limit is for the branching fraction of 160*(6.05 MeV, 0 + )  ~ 16OXO, 

X 0 ~ e+e - for m X = 1.5-3.1 MeV. ~'X0 ~ 10 -11  s is assumed. The spin-parity 

of X is restricted to 0 + or 1 - .  
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87AVIGNONE 88 looked for the 1115 keY transition C* ~ CuA 0, either from A 0 
23" in-flight decay or from the secondary A 0 interactions by Compton and by Primakoff 
processes. Limits for axion parameters are obtained for mAo <. 1.1 MeV. 

88 DATAR 88 rule out light pseudoscalar particle emission through its decay A 0 ~ e + e -  
in the mass range 1.02-2.5 MeV and lifetime range 1 0 - 1 3 - 1 0  - 8  s. The above l imit is 
for T = 5 x 10 - 1 3  s and m = 1,7 MeV; see the paper for the T-m dependence of the 

limit. Search for A ~ (Axion) Resonance in Bhabha Scattering 
89The l imit is for the branching fraction of 160* (6 .05  MeV, 0 + )  ~ 1 6 O X 0 ,  X 0 

e + e -  against internal pair conversion for mXo = 1.7 MeV and TXO < 10 - 1 1  s. The l imit is for r ( A 0 ) [ B ( A  0 ~ e + e - ) ] 2 .  

Similar l imits are obtained for mXo = 1.3-3.2 MeV. The spin parity of  X 0 must be VALUE{IO -a eV) CL~ DOCUMENTID TEEN 
�9 �9 �9 We do not use the following data for averagbs, fits, limits, 

either 0 + or 1 - .  The l imit at 1.7 MeV is translated into a l imit for the X0-nucleen 
coupling constant: g2XONN/47r < 2.3 x 10 - 9 .  < 1.3 97 109 HALLIN 92 CNTR 

90The DOEHNER 88 l imit is for mAo = 1.7 MeV, T(A O) < 10 - 1 0  S. Limits less than none 0.0016-0.47 90 110 HENDERSON 92c 
< 2.0 90 111 WU 92 

10 - 4  are obtained for mAo = 1.2-2.2 MeV. 
< 0.013 95 TSERTOS 91 

91 SAVAGE 88 looked for A 0 that decays into e + e -  in the decay of  the 9.17 MeV JP = 
2 + state in 14N, 17.64 MeV state JP = 1 + in 8Be, and the 18.15 MeV state JP = none 0.19-3.3 95 112 W I D M A N N  91 

1 + in 8Be. This experiment constrains the isovector coupling of A 0 to hadrons, i f  mAo < 5 97 BAUER 90 
none 0,09-1.5 95 113 JUDGE 90 

= (1.1 ~ 2.2) MeV and the isoscalar coupling of A 0 to hadrons, if mAo = (1.1 

2,6) MeV, Both limits are valid only i f  T(A O) ~ I x 10 - 1 1  S. < 1.9 97 114 TSERTOS 89 

92Limi ts  are fur F(A0(1.8 MeV)) /F(~rM1) ;  i.e., for 1.8 MeV axion emission normalized < (10 -40 )  97 114 TSERTOS 89 

to the rate for internal emission of e + e -  pairs. Valid for TA0 < 2 x 10--11S. 6Li < (1 -2 .5 )  97 114 TSERTOS 89 

isovector decay data strongly disfavor PECCEI 86 model I, whereas the 10B and 14N < 31 95 LORENZ 88 
isoscalar decay data strongly reject PECCEI B6 model II and II1. < 94 95 LORENZ 88 

93 SAVAGE 86B looked for A 0 that decays into e + e -  in the decay of the 9.17 MeV JP = < 23 95 LORENZ 88 
2 + state in 14N. Limit  on the branching fraction is valid i f  ~-A0 ~<, 1. x 10 -11s  for mAo < 19 95 LORENZ 88 

= (1.1-1.7) MeV. This experiment constrains the iso-vector coupling of A 0 to hadrous. < 3.8 97 115 TSERTOS 88 
94 A N A N E V  85 with IBR-2 pulsed reactor exclude standard A 0 at CL = 95% masses below 116 VANKL INKEN 88 

470 keV (L i *  decay) and below 2m e for deuteron * decay. 117 MAIER 87 

95CAVAIGNAC 83 at Bugey reactor exclude axion at any m97Nb,decay and axion with <2500 90 MILLS 87 

107 mA0 = 1.8 MeV assumed. The excluded domain in the "rAO-mAo plane extends up to 
mAO ,.~ 14 MeV. see their figure 4. 

108The l imits are obtained from their figure 3. Also given is the l imit on the 
AO3"3"-A 0 e + e- coupling plane by assuming Primakoff production. 

COMMENT 
etc. �9 �9 �9 

m _  o = 1.75-1,88 MeV 
A 

CNTR mAo= 1.5-1.86 MeV 

CNTR mAo= 1.56-1.86 MeV 

CNTR mAo = 1.832 MeV 

CNTR mAo= 1.78-1.92 MeV 

CNTR mAo = 1.832 MeV 

CNTR mAo = 1.832 MeV, 
elastic 

CNTR mAo = 1.82 MeV 

CNTR mAo = 1.51-1.65 MeV 

CNTR mAo = 1,B0-1.86 MeV 

CNTR mAO = 1.646 MeV 

CNTR mAo = 1.726 MeV 

CNTR mAo = 1.782 MeV 

CNTR mAo = 1.837 MeV 

CNTR mAO = 1.832 MeV 

CNTR 
CNTR 
CNTR mAo = 1.8 MeV 

103 BJORKEN 88 CALO A ~ e + e -  or 23" 
104BL INOV 88 MD1 ee ~ eeA 0 

( A 0 ~  ee)  
none 1 x 1 0 - 1 4 - 1  x 10 - 1 0  90 105 RIORDAN 07 B D M P  eN ~ eAON 

(A  0 ~ ee) 
none 1 x 10-14-1 x 10 -11 90 106 BROWN 86 BDMP eN ~ eA 0 N 

( A 0 ~  ee) 
none 6 x 10--14-9 x 10 -11 95 107 DAVIER 86 BDMP eN ~ eA 0 N 

(A 0 ~ ee) 

none 3 x 10-13-I x 10 -7 90 100 KANAKA 86 BDMP e N ~0 eAO N 
(A ~ ee) 

101The listed BRASS 91 limit is for mAo = 1.14 MeV. B(A 0 ~ e + e - )  -- 1 assumed. 

Excluded domain in the "rAo-mAo plane extends up to mAo ~ 7 MeV (see Fig. 5). 

Combining with electron g - 2  constraint, axions coupling only to e + e -  ruled out for 
mA0 < 4.8 MeV (90%CL). 

102GUO 90 use the same apparatus as BROWN 86 and improve the previous l imit in the 
shorter lifetime region. Combined with g - 2  constraint, axions coupling only to e + e  - 
are ruled out for mAo < 2.7 MeV (90% CL). 

103BJORKEN 88 reports l imits on axion parameters (fA, mA, ~'A) for mAo < 200 MeV 
from electron beam-dump experiment with production via Primakoff photoproduction, 
bremsstrahlung from electrons, and.resonant annihilation of  positrons on atomic elec- 
trons. 

104BLINOV 88 assume zero spin, m -- 1.8 MeV and lifetime < 5 x 1 0 - 1 2 s  and find 
F(A 0 ~ 3"3')B(A 0 ~ e + e  - )  < 2 eV (CL=90%) .  

105 Assumes A 0 3"3" coupling is small and hence Primakoff production is small. Their figure 
2 shows limits on axions for mAo < 15 MeV. 

106Uses electrons in hadronic showers from an incident 800 GeV proton beam. Limits for 
mAo < 15 MeV are shown in their figure 3. 

Search for A 0 (Axion) Resonance in e + e -  --* "Y'r 
The l imit is for F(A 0 ~ e + e - ) - F ( A  0 ~ 3"3')/Ftota I 

VALUE ( 10 -3 eV) CL__~_~ DOCUMENT ID TEEN COMMENT 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 * �9 

< 0.18 95 VO 94 CNTR mA0=l.1 MeV 

< 1,5 95 VO 94 CNTR mAo=l,4 MeV 

<12 95 VO 94 CNTR mA0=l.7 MeV 

< 6.6 95 119 TRZASKA 91 CNTR mAo = 1.8 MeV 

< 4.4 95 WIDMANN 91 CNTR mAo= 1.78-1.92 MeV 
120 FOX 89 CNTR 

95 121 MINOWA 89 CNTR mAo = 1.062 MeV 

97 CONNELL 88 CNTR mAa = 1.580 MeV 

97 CONNELL 88 CNTR mAo = 1.642 MeV 

97 CONNELL 88 CNTR mAo = 1.782 MeV 

97 CONNELL 88 CNTR mAo = 1.832 MeV 

give limits in the range (6.6-30) x 10 - 3  eV (95%CL) for mAO = 

120 FOX 89 measured positron annihilation with an electron in the source material into two 
photons and found no signal at 1.062 MeV (<  9 x 10 - 5  of two-photon annihilation at 
rest). 

121 Similar l imits are obtained for mAo = 1.045-1.085 MeV. 

< 0.11 

<33  

<42 

<73 

<79  

119TRZASKA 91 also 
1.6-2.0 MeV. 

A ~ (Axion) Limits from Its Electron Coupling 
Limits are for T(A 0 ~ e+e--). 

VALUE (s} CL~ DOCUMENT ID TECN COMMENT 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 * �9 

none 4 x 1 0 - 1 6 - 4 . 5  x 10 - 1 2  90 101 BROSS 91 B D M P  eN ~0 eAON 
(A  ~ ee) 

102GUO 90 B D M P  e N ~  eAON 
(A ~ ee) 

to that of Bhabha scattering, and F = F2e/F to ta  I. For a discussion implying that 
~ E c m  "=_ 10 keY, see TSERTOS 89. 

118VONWIMMERSPERG 87 measured Bhabha scattering for Ecru = 1.37-1.06 MeV and 
found a possible peak at 1.73 with J'odEcm = 14.5 • 6.0 keV.b. For a comment and 
a reply, see VANKLINKEN 88B and VONWIMMERSPERG 88. Also see CONNELL 88. 

mAo = 1.776-1.856 MeV. 

114 See also TSERTOS 88B in references. 
115The upper l imit listed in TSERTOS 88 is too large by a factor of  4. See TSERTOS 880, 

footnote 3. 
116VANKLINKEN BB looked for relatively long-lived resonance (T = 10-10-10 -12 s). The 

sensitivity is not sufficient to exclude such a narrow resonance. 
117MAIER 87 obtained limits/71- ~ 60 eV (100 eV) at mAo ~-- 1.64 MeV (1.83 MeV)  for 

energy resolution A E c m  ~_ 3 keY, where R is the resonance cross section normalized 

mAo between 275 and 288 keY (deuteron* decay). 118 V O N W l M M E R . 8 7  CNTR 

96ALEKSEEV 02 with IBR-2 pulsed reactor exclude standard A 0 at CL = 95% mass-ranges 109HALLIN 92 quote l imits on lifetime, 8 x 10 - 1 4  - 5  • 10 - 1 3  sec depending on mass, 
mAa <400 keY (L i*  decay) and 330 keV <mAo <2.2 MeV. (deuteron* decay), assuming B(A  0 ~ e § e - )  = 100%. They say that TSERTOS 91 overstated their 

9 7 L E H M A N N  82 obtained A 0 ~ 23' rate < 6.2 x 1 0 - 5 / s  (CL = 95%) excluding mAo sensitivity by a factor of 3. 
between 100 and 1000 keV. l l 0 H E N D E R S O N  92c exclude axion with lifetime • A 0 = l . 4  • 10 - 1 2  - 4 . 0  x 10 - 1 0  s, as- 

90ZEHNDER 02 used Goesgen 2.0GW light-water reactor to check A 0 production. No suming B(A  0 ~ e+  e -  )=100%. HENDERSON 92c also exclude a vector boson with 
23' peak in L i* ,  Nb*  decay (both single p transition) nor in n capture (combined with T=1.4 x 10 - 1 2  - 6 . 0  x 10 - 1 0  s. 
previous Ba* negative result) rules out standard A 0. Set l imit mAo <60 keY for any 111WU 92 quote limits on lifetime > 3.3 x 10 -13  s assuming B(A  0 ~ e § e - ) = 1 0 0 % .  
A0" They say that TSERTOS 89 overestimate the l imit by a factor of 7r/2. WU 92 also quote 

99 ZEHNDER 81 'looked for Ba* ~ A 0 Ba transition with A 0 ~ 23'. Obtained 23' a bound for vector hoson, T >  0.2 x 10 - 1 3  s. 
coincidence rate < 2.2 x 1 0 - 5 / s  (CL = 95%) excluding mAO >160 keV (or 200 keY 1 1 2 W I D M A N N  91 bound applies exclusively to the case B (A  0 ~ e + e - ) = l ,  since the 
depending on Higgs mixing). However, see BARROSO 81. detection efficiency varies substantially as F(A0)total  changes. See their Fig. 6. 

100 CALAPRICE 79 saw no axion emission from excited states of carbon. Sensitive to axion 113 JUDGE 90 excludes an elastic pseudoscalar e + e -  resonance for 4.5 x 10 - 1 3  s < T(A O) 
mass between 1 and 15 MeV. < 7.5 x 10 - 1 2  s (95% CL) at mAo = 1.832 MeV. Comparable l imits can be set for 



See key on page 239 

Search for X ~ (Light Boson) Resonance in e + e  - --, 3")'1' 
The limit is for r ( x  0 ~ e + e - } . r ( •  0 ~ ?~"y)/r tota I. C invariance forbids spin-0 

X 0 coupling to both e+e  - and ~f'r'i'. 
VALUE(tO -3 eV 1 CL~_~162 DOCUMENT fO TEEN COMMENT 

�9 = �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

< 0.2 95 122 VO 94 CNTR mx0=1.1-1.9 MeV 

< 1.0 95 123 VO 94 CNTR re• MeV 

< 2.5 95 123 VO 94 CNTR m x o = l . 4  MeV 

<120 95 123 VO 94 CNTR reX0=1.7 MeV 
< 3,8 95 124 SKALSEY 92 CNTR mxo= 1,5 MeV 

122VO 94 looked for X 0 ~ "r'Y'Y decaying at rest. The precise limits depend on mxo. See 
Fig. 2(b) in paper. 

123VO 94 looked for X 0 ~ "73'? decaying in flight. 
124 SKALSEY 92 also give limits 4.3 for mxo = 1.54 and 7.5 for 1.64 MeV. The spin of X 0 

is assumed to be one. 
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Light  Boson (X  ~ Search In Nonresonant e + e  - Annihilation at Rest 
Limits are for the ratio of n~f + X 0 production relative to 3'~. 

VAL UE (units lO -6 ) CL~ DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

< 4.2 90 125 MITSUI 96 CNTR "TX 0 
< 4 68 126 SKALSEY 95 CNTR ?X 0 
<40 68 127 SKALSEY 95 RVUE "}'X 0 
< 0.18 90 128 ADACHI 94 CNTR "f3vX 0, X 0 ~ "r~f 
< 0.28 90 129 ADACHI 94 CNTR '~3,X 0, X 0 ~ ~"7 
< 0.33 90 130 ADACHI 94 CNTR "~X 0, X 0 ~ 3"Y3' 

125MITSUI 96 looked for a monochromatic % The bound applies for a vector X 0 with 
C = - 1  and mxo <200 keV. They derive an upper bound on e e X  0 coupling and hence 

on the branching ratio B(o-Ps ~ *f-',,X0)< 6.2 • 10 - 6 .  The bounds weaken for heavier 
X 0 . 

1265KALSEY 95 looked for a monochromatic --( without an accompanying 3' in e § e -  
annihilation. The bound applies for scalar and vector X 0 with C = - 1  and mXo : 
100-1000 keY. 

1275KALSEY 95 reinterpreted the bound on "7A o decay of o-Ps by ASAI 91 where 3% of 
delayed annihilations are not from 3S 1 states. The boun~ applies for scalar and vector 

X 0 with C = - 1  and mXo = 0-800 keY. 

128ADACHI 94 looked for a peak in the "Y'7 invariant mass distribution in "f'i'"r~ production 
from e 4- e -  anr)ihilation. The bound applies for mxo :- 70-800 keV. 

129ADACHI 94 looked for a peak in the missing-mass mass distribution in 3,~f channel, using 
-r~f-r~ production from e + e  - annihilation. The bound applies for mxo <800 keV. 

]30ADACHI 94 looked for a peak in the missing mass distribution in */"F3' channel, using 
"Y3"~3' production from e + e  - annihilation. The bound applies for mxo  = 200-900 
keV. 

136CHANDA 88 find v T < 10 MeV for the weak-triplet Higgs vev. in Gelmini-Roncadelli 

model, and v S > 5.8 • 106 GeV in the singlet Majoron model. 
137CHOI 88 used the observed neutrino flux from the supernova SN 1987A to exclude the 

neutrino Majoron Yukawa coupling h in the range 2 • 10 - 5  < h < 3 x 10 - 4  for the 
interaction Lin t = ~ih~c?5~Jvdp x .  For several families of neutrinos, the limit applies for 

()-h~) l /4.  

138pICCIOTTO 88 limit applies when mXo < 55 MeV and TX0 > 2ns, and it decreases 

to 4 x 10 - 7  at mXO = 125 MeV, beyond which no limit is obtained. 

139 GOLDMAN 87 limit corresponds to F > 2.9 x 109 GeV for the family symmetry breaking 

scale from the Lagrangian Lin t = ( l /FJ~#7/~ (a+b')'5) V~eO#c~XO with a2+b 2 = 1. 

This is not as sensitive as the limit F > 9.9 x 109 GeV derived from the search for # +  
e + X 0 by JODIDIO 86, but does not depend on the chirality property of the coupling. 

140Limits are for r (#  ~ e X O ) / r ( #  ~ euP). Valid when mXo = 0-93.4, 98.1-103.5 
MeV. 

141EICHLER 86 looked for p +  ~ e-*-X 0 followed by X 0 ~ e + e - .  Limits on the 
(~anching fraction depend on the mass and and lifetime of X 0. The quoted limits are 
valid when TX0 ~ 3. • 10-10 s if the decays are kinematically allowed. 

142 JODIDIO 86 corresponds to F > 9.9 x 109 GeV for the family symmetry breaking scale 
with the parity-conserving effective Lagrangian Lin t = ( l /F )  ~#-},~@e~#@X0. 

143BALTRUSAITIS 85 search for light Goldstone boson(X 0) of broken U(1). CL : 95% 
limits are B(T ~ I~ + xO} /B (T  ~ I~ + ~'v) <0.125 and B(T ~ e + xO) /B (T  ~ e + uu)  
<0.04. Inferred limit for the symmetry breaking scale is m >3000 TeV. 

144The primordial heavy neutrino must decay into ~, and familon, fA, early so that the 
red-shifted decay products are below critical density, see their table. In addition, K 
l r f  A and # ~ e f  A are unseen. Combining these excludes mheavy u between 5 • 10 - 5  

and 5 x 10 - 4  MeV (# decay) and mheavy u between 5 x 10 - 5  and 0.1 MeV (K-decay). 

Ma jo ron  Searches in Neutrinoless Double/~ Decay 
Limits are for the half-life of neutrinoless ~ decay with a Majoron emission. 
Previous indications for neutrinoless double beta decay with majoron emission have 
been superseded. No experiment currently claims any such evidence. Also see the 
recent rviews ZUBER 98 and FAESSLER 988. 

t l/2~]02] yr) EL% ISOTOPE TRANSITION METHOD DOCUMENT ID 

>7200 90 12BTe CNTR 145 BERNATOW... 92 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 
> 0,35 90 96Zr Ov X NEMO-2 146 ARNOLD 99 
> 1.2 90 116Cd 0vX SCIN 147 DANEVICH 98 

Searches for Goldstone Bosons ( X  ~ 
(including Horizontal Bosons and Majorons.) Limits are for branching ratios. 

VALUE CL~_~ E V T S  DOCUMENT ID TECN COMMENT 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

131 DIAZ 9g THEO H 0 ~ x O x  O, A O ~ I 
xO xO x O, Majoron 

132 BOBRAKOV 91 Electron quasi-magnetic 
interac~)ion 

<33  x 10 - 2  95 133 ALBRECHT 90E ARG ~" ~ # X  . Familon 
<1.8 x 10 - 2  95 133 ALBRECHT 90E ARG T ~ eX O. Familon 
<6.4 x 10 - 9  90 134 ATIYA 90 B787 K + ~ ~+  X O. 

Familon 
< l . l x l 0  -9 90 135BOLTON 88 CBOX /~+ ~ e+ 'TX 0, 

Familon 
136 CHANDA 88 ASTR Sun, Majoron 
137 CHOI 88 ASTR Majoron, SN 1987A 

<5 x 10 - 6  90 138 PICCIOTTO 88 CNTR ;r ~ e v X  O, Majoron 
<1.3 x I0 -9 90 139 GOLDMAN 87 CNTR # ~ e~'X O. Familon 
<3 • 10 - 4  90 140 BRYMAN 868 RVUE p ~ e •  O. Familon 
<1. x 10 - 1 0  90 0 141 EICHLER 86 SPEC i~ + ~ e + X  O. Familon 
<2.6 x 10 - 6  90 142 JODIDIO 86 SPEC # +  ~ e + X  0. Familon 

143 BALTRUSAIT..R5 MRK3 ~- ~ t •  0. Familon 
144 DICUS 83 COSM u(hvy) ~ v( l ight}X 0 

131 DIAZ 98 studied models of spontaneously broken lepton number with both singlet and | 
triplet Higgses, They obtain limits on the parameter space from invisible decay Z I HOA 0 ~ x O x O x O x O x  O and e + e  - ~ Z H  0 with H 0 ~ X 0 X  0. 

132 BOBRAKOV 91 searched for anomalous magnetic interactions between polarized elec- 
trons expected from the exchange of a massless pseudoscalar boson (arion). A limit 
x~e < 2 x 10 - 4  (95%CL) is found for the effective anomalous magneton parametrized 

as Xe( GF/8~T~/~)I/2. 
133ALBRECHT 90E limits are for B( r  ~ tX0) /B(~ - ~ tu~).  Valid for mxo < 100 

MeV. The limits rise to 7.1% (for #), 5.0% (for e) for mxo = 500 MeV. 

134ATIYA 90 limit is for mxo = 0. The limit B < 1 • 10 _8 holds for mXo < 95 MeV, 

For the reduction of the limit due to finite lifetime of X O, see their Fig. 3. 
135BOLTON 88 limit corresponds to F > 3.1 x 109 GeV, which does not depend on the 

chirality property of the coupling. 

> 0.26 90 116Cd 0v2 X SCIN 148 DANEVICH 98 
> 7.2 90 136Xe 0v2x  TPC 149 LUESCHER 98 
> 7.91 90 76Ge SPEC 150 GUENTHER 96 
> 17 90 76Ge CNTR BECK 93 
> 0,79 68 100Mo SPEC 151 TANAKA 93 
> 0.19 68 136Xe CNTR BARABASH 89 
> 1.0 90 76Go CNTR FISHER 89 
> 0.33 90 100Mo CNTR ALSTON-.,. 88 

0.6:50.1 90 76Go CNTR AVIGNONE 87 
> 1.4 90 76Go CNTR CALDWELL 87 
> 0.44 90 825e SPEC ELLIOTT 87 
> 1.2 90 76Ge CNTR FISHER 87 

CNTR 152 VERGADOS 82 

145BERNATOWICZ 92 studied double-`8 decays of 128Te and ]30Te, and found the ratio 
T(130Te)/'r(128Te) = (3.52 =}= 0.11) x 10 - 4  in agreement with relatively stable theo- 
retical predictions. The bound is based on the requirement that Majoron-emitting decay 
cannot be larger than the observed double-beta rate of 128Te of (7.7:5 0,4) • 1024 year. 
We calculated 90% CL limit as (7.7-1.28 x 0.4=7.2) x 1024. 

146ARNOLD 99 use enriched 96Zr and give a limit based on the matrix elements of I 
STAUDT 90. 

147 DANEVICH 98 use cadmium tungstate crystals, enriched to 83% in 116Cd. The spec- I 
trum was analysed in the region of expected majoron emission. Using a variety of nuclear I 
matrix elements, they obtain a limit { gvx  ) <(1-3)  x 10 - 4 .  | 

148 DANEVICH 98 obtain a limit on the 0u decay with emission of 2 majorons. I 149 LUESCHER 98 report a limit for the 0v decay with Majoron emission of 136Xe using Xe 
TPC. This result is more stringent than BARABASH 89. Using the matrix elements of 
ENGEL 88, they obtain a limit on (gux } of 2.0 x 10 - 4 .  I 

150 See Table i in GUENTHER 96 for limits on the Majoron coupling in different models. 
151TANAKA 93 also quote limit 5.3 x 1019 years on two Majoron emission. 
152VERGADOS 82 sets limit gH < 4 x 10 - 3  for (dimensionless) lepton-number violating 

coupling, gH, of scalar boson (Majoron} to neutrinos, from analysis of data on double ,8 

decay of 48Ca. 

Invisible A ~ (Ax ion )  M A S S  L I M I T S  f rom Astrophysics and Cosmology 
v 1 = v 2 is usually assumed (v i = vacuum expectation values). For a review of these 
limits, see RAFFELT 90c and TURNER 90. In the comment lines below, D and K 
refer to DFSZ and KSVZ axion types, discussed in the above minireview. 

VALUE IeVl DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 * �9 

3 tO 20 153 MOROI 98 COSM K, hot dark matter 
< 0.007 154 BORISOV 97 ASTR D, neutron star 
< 4 155 KACHELRIESS 97 ASTR D, neutron star cooling 

<(0.5-6) x 10 - 3  156 KEIL 97 ASTR SN 1987A 
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< 0.018 157 RAFFELT 95 ASTR D, red giant 
< 0.010 158 ALTHERR 94 ASTR D, red giants, white 

dwarfs 
159 CHANG 93 ASTR K, SN 1987A 

< 0.01 WANG 92 ASTR D, white dwarf 
< 0.03 WANG 92c ASTR D, C-O burning 
none 3-8 160 BERSHADY 91 ASTR D, K, 

intergalactic light 
<10 161 KIM 91C COSM D, K, mass density of 

the universe, super- 
symmetry 

162 RAFFELT 91B ASTR D,K, SN 1987A 
< 1 x 10 - 3  163 RESSELL 91 ASTR K, intergalactic light 

none 1 0 - 3 - 3  BURROWS 90 ASTR D,K, SN 1987A 
164 ENGEL 90 ASTR D,K, SN 1987A 

< 0.02 165 RAFFELT 90D ASTR D, red giant 
< 1 x 10 - 3  166 BURROWS 89 ASTR D,K, SN 1987A 
<(1.4-10) x 10 - 3  167 ERICSON 89 ASTR D,K, SN 1987A 
< 3.6 x 10 - 4  168 MAYLE 89 ASTR D,K, SN 1987A 
<12 CHANDA 88 ASTR D, Sun 
< 1 x 10 - 3  RAFFELT 88 ASTR D,K. SN 1987A 

169 RAFFELT 88B ASTR red giant 
< 0,07 FRIEMAN 87 ASTR D, red giant 
< 0.7 170 RAFFELT 87 ASTR K, red giant 
< 2-5 TURNER 87 COSM K, thermal production 
< 0.01 171 DEARBORN 86 ASTR D, red giant 
< 0.06 RAFFELT 86 ASTR D, red giant 
< 0.7 172 RAFFELT 86 ASTR K, red giant 
< 0.03 RAFFELT 868 ASTR D, white dwarf 
< 1 173 KAPLAN 85 ASTR K, red giant 
< 0.003-0.02 IWAMOTO 84 ASTR D, K, neutron star 
> 1 x 10 - 5  ABBOTT 83 COSM D,K, mass density of the 

universe 
> 1 x 10 - 5  DINE 83 COSM D,K, mass density of the 

universe 
< 0.04 ELLIS 83B ASTR D, red giant 
> 1 • 10 - 5  PRESKILL 83 COSM D,K, mass density of the 

universe 
< 0.1 BARROSO 82 ASTR D, red giant 
< 1 174 FUKUGITA 82 ASTR D, stellar cooling 
< 0.07 FUKUGITA 828 ASTR D, red giant 

153 MOROI 98 points out that a KSVZ axion of this mass range (see CHANG 93) can be a | 
viable hot dark matter of Universe, as long as the model-dependent gA~ is accidentally I 

173KAPLAN 85 says mAo < 23 eV is allowed for a special choice of model parameters. 

174FUKUGITA 82 gives a limit gA'7 < 2.3 x 10 - 1 0  GeV - 1 .  

Search for  Relic Invisible Axlons 
Limits are for [GA?~/mAO]2pA where GA,7~ denotes the axion two-photon coupling, 

G 
Lin t = A4~'r r I~' ~- GA,,/,yV?AE.B, and PA is the axion energy density near 
the earth. 

VALUE CL~ DOCUMENT ID TECN COMMENT 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<5.5 x 10 - 4 3  95 175 HAGMANN 98 CNTR mAo= 2.9-3.3 x 10 - 6  eV 

176 KIM 98 THEO 
<2 x 10 -41  177 HAGMANN 90 CNTR mAo = 

(5.4-5.9)10 - 6  eV 
<1.3 • 10 - 4 2  95 178 WUENSCH 89 CNTR mAo = (4.5-10.2)10 - 6  eV 

<2 • 10 -41  95 178 WUENSCH 89 CNTR mAo = (11.3-16.3)10 - 6  eV 

175Based on the conversion of halo axions to microwave photons. Limit assumes PA=0.45 

GeVcm - 3 .  At 90%EL this result excludes a version of KSVZ axions as dark matter in 
the halo of our Galaxy, for the quoted axion mass range. 

176KIM 98 calculated the axion-to-photon couplings for various axion models and com- 
pared them to the HAGMANN 90 bounds. This analysis demonstrates a strong model 
dependence of GA.1~ I and hence the bound from relic axion search. 

177 HAGMANN 90 experiment is based on the Ixoposal of  SIKIVIE 83. 
17gWUENSCH 89 looks for condensed axions near the earth that could be converted to 

photons in the presence of an intense electromagetic field via the Primakoff effect, fol- 
lowing the proposal of SIKIVIE 83. The theoretical prediction with [GAa,.r/mAO) 2 = 
2 x 10 -14  MeV - 4  (the three generation DFSZ model) and PA = 300 MeV/cm 3 that 

makes up galactic halos gives (GA~t~/mAo) 2 PA = 4 x 10 -44 .  Note that our definition 
of GA~f~ is (1/4x)  smaller than that of WUENSCH 69. 

Invisible A ~ (Ax ion )  U m l t s  f r o m  Photon Coupling 
Limits are for the axion-two-photon coupling GA.y ~ defined by L = GA~rI~AE.B. 
Related limits from astrophysics can be found in the "invisible A 0 (Axion) Mass Limits 
from Astrophysics and Cosmology" section. 

VALUE (GeV- 1 ) CL_~_~ DOCUMENT ID TEEN COMMENT 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

small enough as Originally emphasized by KAPLAN 85; see Fig. 1. 
154 BORISOV 97 bound is on the axion-electron coupling gae < 1 • 10 - 1 3  from the photo- 

production of axions off of electric fields in the outer layers of neutron stars. 
155KACHELRIESS 97 bound is on the axion-electron coupling gae < 1 x 10 - 1 0  from the 

production of axions in strongly magnetized neutron stars. The authors also quote a 
stronger limit, 8"ae < 9 x 10 - 1 3  which is strongly dependent on the strength of the 
magnetic field in white dwarfs. 

156 KEIL 97 uses new measurements of the axial-vector coupling strength of nucleons, as 
well as a reanalysis of many-body effects and pion-emission processes in the core of the 
neutron star, to update limits on the invisible-axion mass. 

157RAFFELT 95 reexamined the constraints on axion emission from red giants due to the 
axion-electron coupling. They improve on DEARBORN 86 by taking into proper account 
degeneracy effects in the bremsstrahlung rate. The limit comes from requiring the red 

179 MASSO 00 THEO induced photon coupling I 
<2.7 x 10 - 9  95 180 AVIGNONE 98 mAO < 1 keY I 
<6.0 x 10 - 1 0  95 181 MORIYAMA 98 mAo < 0.03 eV I 

<3.6 x 10 - 7  95 182 CAMERON 93 mAo < 10 - 3  eV, 
optical rotation 

<6.7 x 10 - 7  95 183 CAMERON 93 mAo < 10 - 3  eV, 
photon regeneration 

<3.6 x 10 - 9  99.7 184 LAZARUS 92 mAO < 0.03 eV 

<7.7 x 10 - 9  99.7 184 LAZARUS 92 mAo= 0.03-0,11 eV 

<7.7 x 10 - 7  99 185 RUOSO 92 mAo < 10 - 3  eV 

<2.5 X 10 - 6  186 SEMERTZlDIS 90 mAo < 7 x 10 - 4  eV 
giant core mass at helium ignition not to exceed its standard value by more than 5% 
(0.025 solar masses). 

158ALTHERR 94 bound is on the axion-electron coupling gae < 1.5 x 10 -13 ,  from energy 
loss via axion emission. 

159 CHANG 93 updates ENGEL 90 bound with the Kaplan-Mahohar. . . ambiguity in z..~mq/md 
(see the Note on the Quark Masses m the Quark Part cle Listings), It leaves the w ndow 
A=3 • 105-3 x 106 GeV open. The constraint from Big-Bang Nucleosynthesis is satisfied 
n this window as well. 

160 BERSHADY 91 searched for a line at wave length from 3100-8300 A expected from 23' 
decays of relic thermal axions in intergalactic light of three rich clusters of galaxies. 

161 KIM 91c argues that the bound from the mass density of the universe will change dras- 
tically for the supersymmetric models due to the entropy production of saxion (scalar 
component in the axionic chiral multiplet) decay. Note that it is an upperbound rather 
than a Iowerbound. 

162 RAFFELT 91B argue that previous SN 1987A bounds must be relaxed due to corrections 
to nucleon bremsstrahlung processes. 

163 RESSELL 91 uses absence of any intracluster line emission to set limit. 
164ENGEL 90 rule out 10 - 1 0  ~ gAN ~, 10-3,  which for a hadronic axion with EMC 

motivated axion-nucleon couplings corresponds to 2.5 x 10 - 3  eV ~ mAo ~, 2.5 x 

104 eV. The constraint is loose in the middle of the range, i.e. for gAN ~ 10-6 '  

165 RAFFELT 90D is a re-analysis of DEARBORN 86. 
166The region mAo ~,  2 eV is also allowed. 

167ERICSON 89 considered various nuclear corrections to axion emission in a supernova 
core, and found a reduction of the previous limit (MAYLE 88) by a large factor. 

168 MAYLE 89 limit based on naive quark model couplings of axion to nucleons. Limit based 
on couplings motivated by EMC measurements is 2-4 times weaker. The limit from 
axion-electron coupling is weak: see HATSUDA 88B. 

169 RAFFELT 88B derives a limit for the energy generation rate by exotic processes in helium- 
burning stars E < 100 erg g -1  s -  1, which gives a firmer basis for the axion limits based 
on red giant cooling. 

170 RAFFELT 87 also gives a limit gA../ < 1 • 10 - 1 0  GeV - 1 .  

171 DEARBORN 80 also gives a limit gA'7 < 1.4 x 10 -11  GeV - 1 .  

172 RAFFELT 86 gives a limit gA'7 < 1.1 x 10 - 1 0  GeV-  1 from red giants and < 2.4 x 10 - 9  

GeV - 1  from the sun. 

179MASSO 00 studied limits on axion-proton coupling using the induced axion-photon cou- I 
piing through the proton loop and CAMERON 93 bound on the axion-photon coupling | 
using optical rotation. They obtained the bound g2D/4~ < 1.7 • 10 - 9  for the coupling | 

gp~sP~A. 
l 

I 180 AVIGNONE 98 result is based on the coherent conversion of solar axions to photons via 
the Primakoff effect in a single crystal germanium detector. 

181 Based on the conversion of solar axions to X-rays in a strong laboratory magnetic field, 
182 Experiment based on proposal by MAIANI 86. 
183 Experiment based on proposal by VANBIBBER 87. 
184 LAZARUS 92 experiment is based on proposal found in VANBIBBER 89. 
185RUOSO 92 experiment is based on the proposal by VANBIBBER 87. 
1865EMERTZIDIS 90 experiment is based on the proposal of MAIANI 86, The limit is 

obtained by taking the noise amplitude as the upper limit. Limits extend to mAo = 

4 x 10 - 3  where GA.y ~ < 1 x 10 - 4  GeV - 1 .  

L im i t  on Invisible A 0 (Ax ion }  Electron Coupl ing 

The limit is for GAeealJPA~'yI~5 e in GeV-1 ,  or equivalenty, the dipole-dipole po- 

tential G~ ee ((or 1 �9 w2) - 3 ( r  I -/1) ( r  2 �9 n) ) / r  3 where n=r/r. 

The limits below apply to invisible axion of m A < 10 - 6  eV. 

VALUE (GeV- 1) CL~.~ DOCUMENT ID TECN COMMENT 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 
<5.3 • 10 - 5  66 187 NI 94 Induced magnetism 
<6.7 • 10 - 5  66 187 CHUI 93 induced magnetism 
<3.6 :,< 10 - 4  66 188 PAN 92 Torsion pendulum 
<2.7 x 10 - 5  95 187 BOBRAKOV 91 Induced magnetism 
<1.9 x 10 - 3  66 189 WlNELAND 91 NMR 
<8.9 x 10 - 4  66 188 RITTER 90 Torsion pendulum 
<6.6 X 10 - 5  95 187 VOROBYOV 88 Induced magnetism 



See key on page 239 

187These experiments measured induced magnetizat ion of a bu lk  material by the spin- 
dependent potential  generated from other bulk material w i th  aligned electron spins, 
where the magnetic field is shielded wi th  superconductor. 

188 These experiments used a torsion pendulum to measure the potential  between two bulk 
matter objects where the spins are polarized but  w i thout  a net magnetic field in either 
of them. 

189 WINELAND 91 looked for an effect of bulk mat ter  w i th  aligned electron spins on atomic 
hyperfine spl i t t ing using nuclear magnetic resonance. 
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Invisible A ~ (Axion) Umits from Nudeoa Coupling 
Limits are for the axion mass in eV. 

VALUE (eV) C L ~  DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

<745 90 190 KRCMAR 98 CNTR Solar axion I 

190KRCMAR 98 looked for solar axions emit ted by the M1 transit ion of thermal ly  excited | 

57Fe nuclei in the Sun, using their  possible resonant capture on 57Fe in the laboratory, I fol lowing MORIYAMA 95B. The mass bound assumes m u / m d = O . 5 6  and the flavor- 
singlet axial-vector matr ix  element S = 3 F - D ~ _  0.5. 

Axion Limits from T-violating Medium-Range Forces 
The l imit  is for the coupl ing g in a T-violat ing potential  between nucleons or nucleon 

~ 2  (-~1 e - m A c r / ~  and electron of the form V =  8 x m p ( r . F )  + ~ r  c )  

VALUE DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

191 NI 99 paramagnetic Tb  F 3 I 
192 POSPELOV 98 THEO neutron EDM I 
193 YOUDIN 96 

194 RITTER 93 torsion pendulum | 
195 VENEMA 92 nuclear spin-precession I 

frequencies 
396 WINELAND 91 NMR I 

191 NI 99 searched for a T-violating medium-range force act ing on paramagnetic Tb  F 3 salt. I 
See their  Fig. 1 for the result. 

192 POSPELOV 98 studied the possible contr ibut ion of T-violat ing Medium-Range Force to | 
the neutron electric dipole moment,  which is possible when axion interactions violate 

I CP. The size of the force among nucleons must be smaller than gravity by a factor of 

2 x 10 - 1 0  (1 c m / A A ) ,  where A A = ~ / m A c .  

193yOUDIN 96 compared the precession frequencies of atomic 199Hg and Cs when a large 
mass is positioned near the cells, relative to an applied magnetic field. See Fig. 3 for 
their l imits. 

194 T RIT ER 93 used a torsion pendulum to study the influence of bulk mass wi th  polarized I 
electrons on the pendulum. 

195 VENEMA 92 looked for an effect of Earth's gravity on nuclear spin-precession frequencies I 
of 199Hg and 201Hg atoms. 

196WINELAND 91 looked for an effect of bu lk  mat ter  w i th  aligned electron spins on atomic | 

hyperfine resonances in stored 9Be-F ions using nuclear magnetic resonance. I 
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ENGEL 68 PR C37 731 J. Engel, P. Vogel, M.R. Zirnbauer 
FAISSNER 88 ZPHY C37 231 H. Faissner et ah (AACH3, BERL, SIN) 
HATSUDA BgB PL 8203 459 T. Hatsuda, M. Yoshirnura (KEK) 
LORENZ 88 PL B214 10 E, Lorenz et aL (MPIM, PSI) 
MAYLE 89 PL B203 188 R. Mayle et aL (LLL, CERN, MINN, FNAL+) 
PICCIOTTO a8 PR D37 1131 C.E. PTcc[otto et aL (TRIU. CNRC) 
RAFFELT 88 PRL 60 1793 G. Raffelt, D. Seckel (UCB, LLL, UCSC) 
RAFFELT 88B PR D37 549 G.G. RafteR, D.S.P. Dearborn (UCB, LLL) 
SAVAGE 88 PR D37 1134 M.d. Savage, B.W. Filippone, L.W. Mitchell (CIT) 
TSERTOS 88 PL B207 273 A. Tsertos et aL (GSI, ILLG) 
TSERTOS 88B ZPHY A331 103 A. Tsertos et aL (GSI, ILLG) 
VANKLINKEN 88 PL B205 223 J. van Kdnken et a6 (GRON, GSI) 
VANKLINKEN 888 PRL 60 2442 J. van Klinken (GRON) 
VONWIMMER...a8 PRL 60 2443 U. van W~mmersperg (BNL) 
VOROBYOV 88 PL 8208 146 P.V. V~robiev, Y.L Gitarts (NOVa) 
AVIGNONE 87 AlP Conf. 1987 F.T. Avignone et al. (SCUC, PNL) 

AlP Conf. Proc. Salt Lake City, UT 
CALDWELL 87 PRL 59 419 D.O. Caldwell et aL (UCSB, LBL) 
DBUZHININ 87 ZPHY C37 t V.P. Druzhinin et at. (NOVa) 
ELLIOTT 87 PRL 59 1649 S.R. Elllott, A.A. Hahn, M.K. Moe (UCI) 
FISHER 87 PL 8192 450 P.H. Fisher st aL (CIT, NEUC, SiN) 
FRIEMAN 87 PR D36 2201 J.A. Frieman, S. Oimopoulos. M.S. Turner (SLAC+) 
GOLDMAN 87 PR D36 1543 T. Goldman et at. (LANL, CHIC, STAN+) 
KORENCHE.,. 87 SJNP 46 192 S.M. Korenchenko et aL (JINR) 

Translated from YAF 46 313. 
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MAIER 87 ZPHY A326 527 K. Mater et 31. (STUT, GSI) 
MILLS 87 PR D36 707 A.P. Mills, J. Levy (BELL) 
RAFFELT 87 PR D36 2211 G.G. Raffelt. D.S.P Dearborn (LLL, UCB) 
RIORDAN 87 PRL 58 755 EM. Riordan et aL (ROCH, CIT+) 
TURNER 87 PRL 59 2489 M.S. Turner (FNAL, EPI) 
VANBIB13ER 87 PRL 59 759 K. van Bibber et aL (LLL, CIT, MIT+) 
VONWIMMEB...87 PBL 59 266 U. von Wimmersperg et aL (WITW) 
ALBRECHT 86D PL B179 403 I1. Albrecht et a t  (ARGUS Collab.) 
BADIER 86 ZPHY C3] 21 J. Badier et aL (NA3 Collab.) 
BOWCOCK 86 PRL 56 2676 T.J.V. Bowcock et at. (CLEO Collab.) 
BROWN 86 PRL 57 210l C.N. Browll et aL (FNAL. WASH. KYOT+) 
BRYMAN 868 PBL 57 2787 D.A, Bryman. ET .H  Clifford (TRIU) 
DAVIER 86 PL B180 295 M. Oavier, J. Jeanjean, H. Nguyen Ngoc (LALO) 
DEARBORN 86 PRL 56 26 D.S.P. Deaf born, D.N Schramm. G, Steis (LLL+) 
EICHLER 86 PL 13175 101 R.A. Eichler et at. (SINDRUM Collab.) 
HALLIN 86 PRL 57 2105 A.L Hallln et at (PRIN) 
JOD]DIO 86 PB D34 1967 A. Jodidio et al. (LBL, NWES. TRIU) 

A~so 88 PR D37 287 erratum A. Jodidio et aL (LBL, NWES. TRIU) 
KETOV 86 JETPL 44 146 S.N. Ketov et aL (BIAE) 

Translated from ZETFP 44 114. 
KOCH 86 NC 96A 1.82 H.R. Koch, O.W.B. Schult (JULI) 
KONAKA 86 PRL 57 659 A. Konaka et aL (KYOT, KEK) 
MAGERA5 86 PRL 56 2672 G. Mageras et aL (MPIM, COLU, STON) 
MAIANI 86 PL 8175 359 L. Maiani, R Petronzio, E. Zavattini (CEBN) 
PECCEI 86 PL B172 435 R.D. Peccei. T.T. Wu. T, Yanagida (DESY) 
RAFFELT 86 PB D83 897 G.G. Raffelt (MPIM) 
RAFFELT 8613 PL 166B 402 G.G. Raffelt (MPIM) 
SAVAGE 86B PBL 57 178 M.J. Savage et aL (CIT) 
AMALDI 85 PL I53B 444 U, Amaldi et aL (CERN) 
ANANEV 85 SJNP 41 585 V.D. Anallev et at. (JINR) 

Translated from YAF 41 912. 
BALTBUSAIT... 85 PBL 55 ]842 R.M. Baltrusaitls et al, (Mark 10 Collab.) 
BEBGSMA 85 PL 15713 458 F. Bergsma et aL (CHARM Collab.) 
KAPLAN 85 NP B260 215 D.B, Kaplan (DARV) 
IWAMOTO 84 PRL 53 1198 N. Iwamoto (UCSB, WUSL) 
YAMAZAKI 84 PBL 52 ]089 T. Yamazaki et aL (INU5, KEK) 
ABBOTT 83 PL 12013 133 L.F. Abbott, P. Sikivle (BRAN, FLOR) 
ALAM 83 PR D27 1665 M.S. Alam et al. (VAND, CORN. ITHA. HARV+) 
CARBONI 83 PL 12313 349 G. Carboni, W. Dahme (CERN, MUNI) 
CAVAIGNAC 83 PL 12113 193 J.F. Cavaignac et aL (ISNG, LAPP) 
DICU5 83 PR D2B 1778 D.A, Dicus, V.L. Teplitz (TEXA, UMD) 
DINE 83 PL 12013 137 M. Dine, W. FiscHer (IAS, PENN) 
ELLIS 83B NP 8223 252 J, Ellis. K.A. Olive (CERN) 
FAISSNER 83 PB D28 1198 H. Paissller et aL (AACH) 
FAISSNER 838 PR D28 17B7 H. Faissller et al. (AACH1) 
FRANK 83B PR D28 1790 J.S. Frank et al. (LANL, YALE, LBL+) 
HOFFMAN 83 PR D28 660 C.M. Hoffman et al. (LANE ARZS) 
NICZYPORUK 83 ZPHY C17 197 13. Niczyporuk el al. (LENA Co8ab.) 
PRESKILL 83 PL 121]B 127 J. Preski[I, M.13. Wise, F. Wilczek (HABV, UCS13T) 
51KIVIE 88 PRL 51 1415 P. Sikivie (FLOR) 

Also 84 PBL 52 695 erratum P. Sikivie (FLOR) 
ALEKSEEV 82 JETP 55 591 E.A. Alekseeva et aL (KIAE) 

Translated from ZETF B2 1007. 
ALEKSEEV 8213 JETPL 36 116 G.D. Alekseev et al. {MOSU, JINB) 

Translated from ZETFP 16 84. 

ASANO B2 PL I]3B ]95 Y. Asano et aL (KEK, TOKY, INUS, OSAK) 
BARROSO 82 PL 11613 247 A, Barrose. G.C. 13ranco (USB) 
DATAR 82 PL 1148 63 V,M. Oatar et al. (BHAB) 
EDWARDS 82 PRL 48 903 C. Edwards et aL (Crystal Ball Collab.) 
FETSCHEB 82 JPG 8 L147 W. Fetscher (ETH) 
FUKUGITA 82 PRL 48 ]522 M. Fukugita, S. Watamura, M, Yoshimura (KEK) 
FUKUGITA 8213 PR D26 1840 M. Fukugita, S. Watamura. M Yoshimura (KEK) 
LEHMANN 82 PL 115B 270 P. Lehmann et al. (SACL) 
RAFFELT 82 PL 119B 323 G, Raflelt, L. Stodolsky (MPIM) 
SIVEBTZ 82 PR D26 717 J.M. Sivertz et aL (CUSB Collab.) 
VERGADOS 82 PL 109B 96 J.D. Vergados (CERN) 
ZEHNDER 82 PL 11013 419 A Zehnder, K. Gabathuler, J.L Vuilleumier (ETH+) 
ASANO BIB PL 10713 159 Y. Asallo et aL (KEK, TOKY, INUS, O5AK) 
BABROSO 81 PL 106B 91 A. Barroso, N.C. Mukhopadhyay (SIN) 
FAISSNER 81 ZPHY C10 95 H. Faissfler er at. (AACH3) 
FAISSNER 81B PL 10313 234 H. Faissner et al. (AACH3) 
RIM 81 PL 10513 55 BR. Kim, C. Stature (AACH3) 
VUILLEUMIER 81 PL 10113 341 J.L. Vuilleumier et aL (CIT. MUNI) 
ZEHNDER 81 PL 104B 494 A, Zehnder (ETH) 
FAISSNER 80 PL 96B 201 H. Faissner et af. (AAC]tS) 
JACQUES 80 PR D21 1206 P.F, Jacques et aL (RUTG, STEV, COLU) 
SOUKAS 80 PRL 44 564 A. Soukas et al. (BNL, HARV, ORNL, PENN) 
13ECHIS 79 PRL 42 1511 D.J. Bechis et at. (UMD, COLU, AFRR) 
CALAPRICE 79 PR D20 2708 F.P. Calaprice et at. (PRIN) 
COTEUS 79 PRL 42 ]438 P. Coteus e{ at. (COLU, ILL, BNL) 
DISHAW 79 PL 85B 142 J.P. Dishaw et aL (SLAC, CIT) 
ZHITNITSKII 79 SJNP 29 517 AR. Zhitnitsky, Y.L Skovpen (NOVO) 

Translated from YAP 29 ]O01. 
ALIBRAN 76 PL 74B 134 P. Alibran et at. (Gargamelle Collab.) 
ASRATYAN 788 PL 798 497 A.E. Asratyan et al. (ITEP, SERP) 
13ELLOTTI 78 PL 768 223 E. Bellotti, E. Fiorini, L, Za=lotti (MILA) 
BOSETTI 7813 PL 7413 143 P.O. 13osetti et at. (BEBC Coll~b.) 
DICUS 78C PR D18 1829 D.A. Dicus et al. (TEXA, VPI, STAN) 
DONNELLY 78 PR D18 1607 T.W. Donnelly et al. (STAN) 

Also 76 PRL 37 315 F. Retries, H.S, Gurr, H.W. Sobel (UCI) 
Also 74 PBL 33 179 H.5. Gurr, F. Retries, H.W. Sobel (UCI) 

HANSL 7BD PL 74B 139 T. Hansl et al. (CDHS Collab.) 
MICELMAC... 78 LNC 21 441 GV. Mitselmakher, 13. Poatecorvo (JINR) 
MIKAELIAN 78 PB D18 3605 K.O. Mikaelian (FNAL. NWES) 
SATO 78 PTP 60 1942 K. SaiD (KYOT) 
VY5OTSKII 78 JETPL 27 502 M.I. Vysotsky et aL IASCI) 

Translated from ZETFP 27 533. 
YANG 78 PRL 41 523 T.C, Yang (MASA) 
PECCEI 77 PR DI6 1791 R.D. Peccei, H.R. Qulnn (5TAN, SLAC) 

Also 7713 PRL 88 ]440 B,D. Peccei. H.R. Quinn (STAN, SLAG) 
BEINES 76 PRL 37 315 F. Reines, H.S, Gurr. H.W. Sobel (UCI) 
GURR 74 PBL 33 179 H.S. Gurr, F. Reines, H.W. Sobel (UCI) 
ANAND 53 PRSL A22 183 Anand 

- -  O T H E R  R E L A T E D  PAPERS - -  

SREDNICKI 85 NP B250 689 
BARDEEN 78 PL 748 229 

M. Srednicki (UCSB) 
W,A. Bardeen, S.-H.H. Tye (FNAL) 
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Listings 
e 

II LEPTONS 
~ I  J = � 8 9  

e MASS 

The mass is known much more precisely in u (atomic mass units) than 
in MeV; see the footnote. The conversion from u to MeV, 1 u = 
931.494013• MeV/c 2 (MOHR 99, the 1998 CODATA value), 
involves the relatively poorly known electronic charge. 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

0.510~Ja902-1-0.000000021 1 MOHR 99 RVUE 1998 CODATA value 
�9 �9 = We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 = 

0.51099907 4.0.00000015 2 FARNHAM 95 CNTR Penning 
0.51099906 4-0.00000015 3 COHEN 87 RVUE 1986 CODATA value 
0,5110034 4.0.0800014 COHEN 73 RVUE 1973 CODATA value 

1 MOHR 99 (1998 COOATA) value in atomic mass units is 0.0005485799110(12). 
2 FARNHAM 95 compares cyclotron frequency of trapped electrons wi th that of a single 

trapped 12C+6 ion. The result is m e = 8.0005485799111(12) u, where the figure in 
parenthesis is the 1# uncertainty in the last digit. The uncertainty after conversion to 
MeV is dominated by the uncertainty in the electron charge. 

3COHEN 87 (1986 CODATA) value in atomic mass units is 0.000548579903(13). See 
footnote on FARNHAM 95. 

(me+ - me_ ) / rnaverale 
A test of  CPTinvar iance .  

VALUE CL % DOCUMENT ID TEEN COMMENT 

<8  X 10 - 9  90 4 FEE 93 CNTR Positronium spec- 
troscopy 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

<4 x 10 - 8  90 CHU 84 CNTR Positronium spec~ 
troscopy 

4FEE 93 value is obtained under the assumption that the positronium Rydberg constant | 
is exactly half the hydrogen one, 

Iq,* + qo-I/e 
A test of C P T  invariance. See also similar tests involving the proton. 

VALUE DOCUMENT ID TECN COMMENT 

< 4  x 10 - 8  5 HUGHES 92 RVUE 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. = �9 = 

<2 x 10 - 1 8  6 SCHAEFER 95 THEO Vacuum polarization 
<1 • 10-18 7 MUELLER 92 THEO Vacuum polarization 

5HUGHES 92 uses recent measurements of Rydberg-energy and cyclotron-frequency ra- 
tios. 

6 SCHAEFER 95 removes model dependency of MUELLER 92. 
7 MUELLER 92 argues that an inequality of the charge magnitudes would, through higher- 

order vacuum polarization, contribute to the net charge of atoms. 

�9 MAGNETIC MOMENT ANOMALY 

#e/~e - 1 = (r 
For the most accurate theoretical calculation, see KINOSHITA 81. 

VALUE (units 10 -8  ) DOCUMENT ID TECN CHG COMMENT 

1159,65218694-O.OOgO041 8 MOHR 99 RVUE 1998 CODATA value I 
�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

1159.652193 • 8 COHEN 87 RVUE 1986 CODATA value 
1159.6521884• VANDYCK 87 MRS Single electron 
1159.65218794.0.0000043 VANDYCK 87 MRS + Single positron 

8The CODATA value assumes the g / 2  values for e + and e -  are equal, as required by 
CPT. 

(g,,* - gr) / g=,emp 
A test of C P T  invariance. 

VALUE (units 10 -12 ) CL ~ DOCUMENT ID TEEN COMMENT 

- -  0 . $ 4 -  2.11 9 VANDYCK 87 MRS Penning trap 
�9 �9 * We do not use the fol lowing data for averages, fits. limits, etc. �9 * = 

< 12 95 10 VASSERMAN 87 CNTR Assumes m e +  = m e -  

22 •  SCHWINBERG 81 MRS Penning trap 

9VANDYCK 87 measured ( g _ / g + ) - I  and we converted it. 

10VASSERMAN 87 measured (g+  - g _ ) / ( g - 2 ) .  We mult ipl ied by ( g - 2 ) / g  = 1.2 • 

10--3. 

�9 ELECTRIC DIPOLE MOMENT 

A nonzero value is forbidden by both T invariance and P invarlance. 

VALUE (10 -26 ecm) CL.__~ DOCUMENT ID TEEN COMMENT 

0.184- 0.124-0.10 11COMMINS 94 MRS 205TI beams 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 * 

- 0 .27•  0.83 11 ABDULLAH 90 MRS 205TI beams 
- 14 • 24 CHO 89 NMR TI F molecules 
- 1.5 • 5.5 •  MURTHY 89 Cesium, no B field 
- 50 •  LAMOREAUX 87 NMR 199Hg 

190 4.340 90 SANDARS 75 MRS Thal l ium 
70 •  90 PLAYER 70 MRS Xenon 

< 300 90 WEISSKOPF 68 MRS Cesium 

11ABDULLAH 90 and COMMINS 94 use the relativistic enhancement of a valence elec- 
tron's electric dipole moment in a high-Z atom. 

e-  MEAN LIFE / BRANCHING FRACTION 

A test of charge conservation. See the "Note on Testing Charge Conserva- 
tion and the Pauli Exclusion Principle" fol lowing this section in our 1992 
edition (Physical Review D45, 1 June, Part II (1992), p. Vl.10). 

Most of these experiments are one of three kinds: At tempts to observe 
(a) the (K) shell x ray produced when an electron decays wi thout  additional 

energy deposit, e.g., e -  ~ UeDeU e ("disappearance" experiments), 

(b) the 258.5 keY gamma ray produced in e -  ~ peT, and (c)nuclear 
de-excitation gamma rays after the electron disappears from an atomic 
shell and the nucleus is left in an excited state. The last can include both 
weak boson and photon mediating processes. We use the best "disap- 
pearance" l imi t  for the Summary Tables. The best l imi t  for the specific 
channel e -  ~ u 7 is much better. 

Note that we use the mean life rather than the half life, which is often 
reported. 

VALUE (yr) CL.__~ DOCUMENT /D TECN COMMENT 

>4.2 X 1024 68 BELLI 99 DAMA I L-shell disappearance 
�9 �9 = We do not use the fol lowing data for averages, fits, l imits, etc. �9 = �9 

>6,4 x 1024 68 12 BELLI 
>2.4 x 1023 90 13 BELLI 
>4.3 • 1023 68 AHARONOV 
>3.7 x 1025 68 AHARONOV 
>2.35 x 1025 68 BALYSH 
>2.7 x 1023 68 REUSSER 
>1.5 x 1025 68 AVIGNONE 
>1 x 1039 14 ORITO 

>3 x 1023 68 BELLOTTI 
>2 x 1022 68 BELLOTTI 

99B DAMA Disappearance in 129Xe 
99D DAMA Disappear in 1271 (in Nal) 
95B CNTR Ge K-shell disappearance 
95B CNTR e-- ~ u ?  

93 CNTR e -  ~ ~'7, 76Ge detector 
91 CNTR Ge K-shell disappearance 

86 CNTR e - ~  u7  
85 ASTR Astrophysical argument 
83B CNTR e -  ~ u3' 
83B CNTR Ge K-shell disappearance 

12 BELLI 995 l imi t  on charge nonconserving e -  capture involving excitation of the 236.1 | 
keY nuclear state of 129Xe. Less stringent l imits for other states are also given. 

I 13 BELLI 99D l imit  on charge nonconserving e -  capture involving excitation of the 57.6 
keY nuclear state of 1271. Less stringent l imits for the other states and for the state of 
23Na are also given. 

14 ORITO 85 assumes that electromagnetic forces extend Out to large enough distances and 
that the age of our galaxy is 1010 years. 

BELLI 
BELLI 
BELLI 
MOHR 

AlsO 
AHARONOV 

AlSo 
FARNHAM 
SCHAEFER 
COMMINS 
BALYSH 
FEE 
HUGHES 
MUELLER 
PDG 
REUSSER 
ABDULLAH 
CHO 
MURTHY 
COHEN 
LAMOREAUX 
VANDYCK 
VASSERMAN 

Also 
AVIGNONE 
ORITO 
CHU 
BELLOTTI 
KINOSHITA 
8CHWINBERG 
SANDARS 
COHEN 
PLAYER 
WEiSSKOPF 

e REFERENCES 

99 PL B460 236 P. Belli et at. (DAMA Collab.) 
99B PL B465 315 P. Belli et aL (DAMA Collab.) 
99D PR C60 065501 P. Belll et aL (DAMA Collab.) 
99 JPCRD 28 1713 P.J. Mohr, BN. Taylor (NIST) 
00 RMP 72 351 PJ. Mohr, B.N, Taylor (NIST} 
95B PR D52 3785 Y. Aharonov et at. (SCUC, PNL, ZAGR+) 
95 PL B3S3 158 Y, Aharonov et at. (SCUC, PNL, ZAGR+) 
95 PRL 75 3598 D.L. Famham, R.S. van Dyck, P.B. Schwinberg (WASH) 
95 PR AS1 838 A, Schaefer, J, Reinhardt (FRAN) 
94 PR ASa 2960 E.D. Commins et aL 
93 PL B298 278 A. Balysh et al. (KIAE, MPIH, SASSO) 
93 PR A48 192 M.S. Fee et aL 
92 PRL 69 578 R.J. Hughes. B.I. Deutch (LANL, AARH) 
92 PRL 69 3432 B. Muller, M.H. Thoma (DUKE) 
92 PR D45, I June. Part n K. Hikasa et aL (KEK, LBL, BOST+) 
91 PL B255 143 D. Reusser et aL INEUC, ClT, PSI) 
90 PRL 65 2347 K. Abdullah et a/. (LBL. UCB) 
89 PRL 63 2559 D. Cho, K. Sangster, E.A. Hinds (YALE) 
59 PRL 63 965 S.A. Murthy et aL {AMHT) 
57 RMP 59 1121 E.R. Cohen. B.N. Taylor (RISE, NBS) 
87 PRL 59 2275 S.K. Lamoreaux et aL (WASH) 
87 PRL 59 26 R.S, van Dyck, EB, Schwinberg, H.G. Dehmelt (WASH) 
87 PL B198 302 hB. VaSSerman el aL (NOVO) 
87B PL B187 172 LB. Vasserman et aL (NOVO) 
86 PR D34 97 F.T. Avignon�9 et OL (PNL, SCUC)  
85 PRL 54 2457 S. Orito, M. Yoshlrnura (TOKY, KEK) 
84 PRL 52 1689 S. Chu, A.P. Mills, J.L Hall (BELL, NBS, COLa) 
aSB PL 124B 435 E. Bellottl et aL (MILA) 
81 PRL 47 1573 T. Kinoshita, W.B. Lindquist (CORN) 
81 PRL 47 1679 P.B. Schwinberg. R.S. van Dyck, H.G. Dehmelt (WASH) 
75 PR A11 473 P.G.H. Sandars, D.M. Sternheimer (OXF. BNL) 
73 JPCRD 2 663 E.R. Cohen, B.N. Taylor (RISC, NBS) 
70 JPB 3 1620 M.A. player, P.G.H, Sandars (OXF) 
68 PRL 21 1645 M.C. Weisskopf er al. (BRAN) 
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/z MASS 

The mass is known much more precisely in u (atomic mass anits) than 
in MeV. The conversion from u to MeV, 1 u = 931.49401320.000037 
MeV/C 2 (MOHR 99, the 1998 COE)ATA value), involves the relatively 
poorly known electronic charge. 

Where mp, /m e was measured, we have used the 1986 CODATA value for 
m e = 0.51099906 • 0.00000015 MeV. 

VALUE (MeV) DOCUMENT ID TECN CHG COMMENT 

105.6583568-t"0.0000052 1 MOHR 99 RVUE ]998 CODATA value 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

105.658389 20.000034 2 COHEN 87 RVUE 1986 CODATA value 
105.658386 •  3 M A R I A M  82 CNTR + 
105.65836 +0.00026 4 s  72 CNTR 
105.65865 •  5 CRANE 71 CNTR 

1 The mass is known much more precisely in u: 0,1134289168(34) u. 
2The mass is known more precisely in u: m = 0.113428913 • 0.000000017 u. COHEN 87 

makes use of the other entries below. 

(t.+ - t.-) I Ar,~,g, 
A test of  CPT invariance. 

VALUE {units 10 -8)  DOCUMENT ID 

- 2 . G : E I . 6  BAILEY 79 

#/p MAGNETIC MOMENT RATIO 
This ratio is used to obtain a precise value of the muon mass and to 
reduce experimental muon Larmor frequency measurements to the muon 
magnetic moment anomaly, Measurements with an error > 0.00001 have 
been omitted. 

VALUE DOCUMENT ID TECN CHG COMMENT 

3.18334539~0.00000010 8 MOHR 99 RVUE 1998 CODATA value I 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 
3.18334513• LIU 99 CNTR + HFS in muonium I 
3.18334547• 8 COHEN 87 RVUE 1986 CODATA value 
3.1833441 •  K L E M P T  82 CNTR -- Precession strob 
3.1833461 •  M A R I A M  82 CNTR + HFS splitting 
3.1833448 •  C A M A N I  78 CNTR + See K L E M P T  82 
3.1833403 •  CASPERSON 77 CNTR + HFS splitting 
3.1833402 20.0000072 COHEN 73 RVUE 1973 CODATA value 
3,1833467 20.0000082 CROWE 72 CNTR + Precession phase 

3 M A R I A M  82 gives m l J m  e = 206.768259(62). 

4CROWE 72 gives mla,/m e = 206.7682(5). 

5CRANE 71 gives m i . J m  e = 206.76878(85). 

ju MEAN LIFE r 

Measurements with an error > 0.00] x 10 - 6  s have been omitted. 

VALUE (10 -6  s) , DOCUMENT ID TECN CHG 
2.19703 4-0.00004 OUR AVERAGE 
2,197078• BARE)IN 84 CNTR + 
2.197025• BARDIN 84 CNTR - 
2.19695 • GIOVANETTI 84 CNTR + 
2.19711 • BALANDIN 74 CNTR + 
2.1973 • DUCLOS 73 CNTR + 

r#+/r/=_ MEAN LIFE RATIO 

A test of  C P T  invariance. 

VALUE DOCUMENT ID TECN COMMENT 

1.000024-1"0.000078 BARDIN 84 CNTR 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1.0008 • BAILEY 79 CNTR Storage ring 
1.000 • MEYER 63 CNTR Mean life #+ /  # -  

(r.+ - r~-) / Ta~r=ce 
A test of  C P T  invariance. Calculated from the mean-life ratio, above. 

VALUE DOCUMENT ID 

(2=1:8) x 10 - 5  OUR EVALUATION 

# MAGNETIC MOMENT ANOMALY 

The CODATA value (MOHR 99) comes from the current theoretical ex- 
pression, based on the Standard Model and implicit ly assuming that correc- 
tions beyond the Standard Model are negligible at the level of  the quoted 
uncertainty. See reviews HUGHES 99 and FARLEY 90. 

##/(eA/2m/=)- i  = (E•-2) /2 
VALUE Iunits 10 -6)  DOCUMENT ID TECN CNG COMMENT 
1165,9160 4-0.0006 OUR EVALUATION From MOHR 99 (theoretical) 
1165.923 -t-0.006 OUR AVERAGE Error includes scale factor of 1,1. 
1165.925 •  6 CAREY 99 CNTR + Storage ring 
1165.910 •  7 BAILEY 79 CNTR + Storage ring 
1165.936 :50,012 7 BAILEY 79 CNTR - Storage ring 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc, �9 �9 �9 

8 CODATA values fitted using their selection of data, plus other data from mull• 
fits. 

# ELECTRIC DIPOLE MOMENT 
A nonzero value is forbidden by both Tinvar iance and P invariance. 

VALUE(tO ~19 ecm) DOCUMENT ID TECN CHG COMMENT 

:3.74.:3.4 9 BAILEY 78 CNTR • Storage ring 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. * �9 �9 

8 .6 •  BAILEY 78 CNTR + Storage rings 
0 .8 •  BAILEY 78 CNTR -- Storage rings 

9 This is the combination of the two BAILEY 78 results given below. 

/=- DECAY MODES 

/~% modes are charge conjugates of the modes below, 

Mode Fraction ( r i / r )  Confidence level 

F1 

F2 

F3 

F4 

F5 
F6 
r7 

[4 

[b] 

It] 

e -  Pe lJ# ~ 100% 

e-~eU~ [a] 0.4• % 
e-~eU# e+ e - [b] (3.4 •  x,10 - 5  

Lepton Family number (LF) violating modes 
e - V e ~  p LF  i t ]  < 1.2 % 90% 

e-')' LF < 1.2 • 10 -11 90% 

e-  e + e- LF < 1.0 x 10 -12 90% 

e -  23" LF < 7.2 x 10 - 1 1  90% 

This only includes events with the 3' energy > 10 MeV. Since the e -  ~e u/, 
and e-~eV/~3" modes cannot be dearly separated, we regard the latter 
mode as a subset of the former. 
See the Particle Listings below for the eneromj limits used in this mea- 
surement. 
A test of additive vs. multiplicative lepton family number conservation. 

# -  BRANCHING RATIOS 

r(e-~,~.~)/r=,l 
VALUE E V T S  DOCUMENT ID TECN 

0.014 4"0.004 CRITTENDEN 61 CHTR 
�9 �9 �9 We do not use the following data for averages, fits, limits, 

862 BOGART 67 CNTR 
0.0033• CRITTENDEN 61 CNTR 

27 ASHKIN 59 CNTR 

F(e-  Ve uj= e + e-)/l'tor I 

rzlr 
COMMENT 

3" KE > 10 MeV 
erE, �9 �9 = 

3" KE > 14.5 MeV 
"7 KE > 20 MeV 

rslr 
1165.91602• MOHR 99 RVUE 1998 CODATA value I 
1165.9230 • COHEN 87 RVUE 1986 CODATA value 
1162.0 :1:5.0 CHARPAK 62 CNTR + 

6CAREY 99 measure ratio R to the free proton Larmor precession frequency, and then I 
convert this to the magnetic moment anomaly using #l~/l~p= 3.18334547(47} (CO- | 
HEN 87). 

7BAILEY 79 values recalculated by HUGHES 99 using the COHEN 87 #/p magnetic 
moment. The improved MOHR 99 value does not change the result. 

VALUE(unit5 10-51 EVTS DOCUMENT IO TECN CHG COMMENT 

3,4:E0.2::E0.3 7443 10 BERTL 85 SPEC + S INDRUM 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

2 .2 •  7 11 CRITTENDEN 61 HLBC + E(e + e - l > 1 0  
MeV 

2 1 12 GUREVICH 60 EMUL + 
1 .5 •  3 13 LEE 59 HBC + 

10BERTL 85 has transverse momentum cut P T  > 17 MeV /c .  Systematic error was 
increased by us. 

11CRITTENDEN 61 count only those decays where total energy of either (e + ,  e - )  com- 
bination is >10  MeV, 

12 GUREVICH 60 interpret their event as either virtual or real photon conversion, e + and 
e -  energies not measured. 

131n the three LEE 59 events, the sum of energies E(e + )  + E ( e - )  + E(e + ) was 51 MeV, 
55 MeV, and 33 MeV. 
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N E U T R I N O  M A S S  

Written February 1998 and updated October 1999 by B. Kayser 
(NSF). 

There is now rather  convincing evidence that  neutrinos 

have nonzero masses. This evidence comes from the apparent 

observation of neutrino oscillation. Let us recall the physics of 

this phenomenon, and its relation to neutrino mass. 

In the decay 

w + ~ e+v t  (1) 

of a W boson into a charged lepton of "flavor" t(e, tt, or ~-), 

the accompanying neutrino is referred to as vt, the neutrino of 

flavor L Neutrinos of different flavor are different objects. When 

an energetic vt undergoes a charged-current weak interaction, 

it produces a charged lepton * of the same flavor as the 

neutrino [1]. 

If neutrinos have masses, then a neutrino of definite flavor, 

~t, need not be a mass eigenstate. Indeed, if leptons behave 

like quarks, the v t is a coherent linear superposition of mass 

eigenstates, given by 

I,'~> = ~ U~ml~'m> �9 (2) 
m 

Here, the Um are the mass eigenstates, and the coefficients 

Utm form a matr ix  U known as the leptonic mixing matrix. 

There are at least three ~m, and perhaps more. However, it is 

most often assumed tha t  no more than  three Vm make significant 

contributions to Eq. (2). Then U is a 3 • 3 matrix, and according 

to the electroweak Standard Model (SM), extended to include 

neutrino masses, it is unitary. 

The relation Eq. (2) means tha t  when, for example, a W + 

decays to an e + and a neutrino, the neutrino with probability 

IUell 2 is a ul, with probability IUs.~l 2 is a v2, and so on. This 

behavior is an exact leptonic analogue of what is known to 

occur when a W + decays to quarks. 

If each neutrino of definite flavor is a coherent superposition 

of mass eigenstates, then a neutrino of one flavor can sponta- 

neously change into one of another flavor as it propagates [2]. 

This is the phenomenon referred to as neutrino oscillation. 

To understand neutrino oscillation, let us consider how a 

neutrino born  as the v t of Eq. (2) evolves in time. First, we 

apply SchrSdinger's equation to the ~m component of ~t in the 

rest frame of tha t  component. This tells us tha t  [3] 

I'm(Tin)) = e - iM . . . . .  I~m(0)) , (3) 

where Mm is the mass of urn, and rm is time in the /"m frame. 

In terms of the t ime t and position L in the laboratory frame, 

the Lorentz-invariant phase factor in Eq. (3) may be written 

e - i M  ....... = e - i (Emt-pmL) �9 (4) 

Here, Em and Pm are respectively the energy and momentum 

of vm in the laboratory frame. In practice, our neutrino will 

be extremely relativistic, so we will be interested in evaluating 

the phase factor of Eq. (4) where t ~ L, where it becomes 

exp[ - i (Em - pm)L]. 

Imagine now that  our vt has been produced with a definite 

momentum p, so tha t  all of its mass-eigenstate components 

have this common momentum. Then the vm component has 

Era = V / ~  + M 2 ,~ p + M2m/2p, assuming tha t  all neutrino 

masses Mm are small compared to the neutrino momentum. 

The phase factor of Eq. (4) is then approximately 

e - i ( M ~ / 2 p ) L  . (5) 

Alternatively, suppose that  our vt has been produced with a 

definite energy E,  so tha t  all of its mass-eigenstate components 

have this common energy [4]. Then the Vm component has 

P m =  k / ~  - M 2 "~ E - M2m/2E. The phase factor of Eq. (4) 

is then approximately 

e -i(M2m/2E)L . (6) 

Since highly relativistic neutrinos have E ~ p, the phase factors 

(5) and (6) are approximately equal. Thus, it doesn' t  mat te r  

whether our v t is created with definite momentum or definite 

energy. 

From Eq. (2) and either Eq. (5) or Eq. (6), it follows tha t  

after a neutrino born as a v t  has propagated a distance L, its 

state vector has become 

I ~ ( L ) }  ~ ~ U~. , e -~(M~"/2s )%'m)  �9 (7) 
m 

Using the unitari ty of U to invert Eq. (2), and inserting the 

result in Eq. (7), we find tha t  

[ ~ m  IT. ~-i(M2m/2E)LTT * ] 

We see that  our vt, in traveling the distance L, has turned into 

a superposition of all the flavors. The probability tha t  it has 

flavor t ' ,  P ( u t  ~ vt'; L),  is obviously given by 

P ( u t  "t'; L)  ](vt,]vdL))] 2 E �9 2 2 --, = = U~me-~(M. , /~E)Lu$.~  . 
m 

(9) 

If it should turn out tha t  the number of neutrino flavors, N,  is 

greater than three, and that  the N neutrinos of definite flavor 

are made up out of N light neutrino mass eigenstates, then 

the neutrino oscillation probabili ty will still be given by this 

equation, but  with U an N • N,  rather  than  3 • 3, unitary 

matrix. 

The mixing matr ix U is often called the "Maki-Nakagawa- 

Sakata matrix" in recognition of the very insightful early work 

of these three authors on neutrino mixing and oscillation [2]. 

The quantum mechanics of neutrino oscillation leading to 

the result Eq. (9) is somewhat subtle. It has been analyzed 

using wave packets [5], t reat ing a propagating neutrino as 

a virtual particle [6], evaluating the phase acquired by a 

propagating mass eigenstate in terms of the proper time of 

propagation [3], requiring that  a neutrino's flavor cannot  change 
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unless the neutrino travels [4], and taking different neutrino 

mass eigenstates to have bo th  different momenta and different 

energies [7]. The subtleties of oscillation are still being explored. 

Frequently, a neutrino oscillation experiment is analyzed 
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experiment in which neutrinos with E ~ 1 

1 km between production and detection will be 
A M  2 ~1 eV 2. 

A more direct way than neutrino oscillation 

GeV travel 

sensitive to 

experiments 

assuming that  only two neutrino flavors, ve and v u for example, 

mix appreciably. Then the mixing matr ix  U takes the form 

( cosOeu sinOe~) (10) 
U =  k - s i n 0 e u  cos0eu ' 

where 0e~ is the ue u~, mixing angle. Inserting this matr ix into 

Eq. (9), we find tha t  

P(ue ~ u.; L) = sin 220e~ sin 2 (AM21L/4E) �9 (11) 

Here, AM21 ~ M 2 - M12, where Ul and u2 are the mass eigen- 

states which make up ue and u u. If the omitted factors of h and 

c are inserted into the argument AM221L/4E of the oscillatory 

sine function, it becomes 1.27 AM21 (eVZ)L ( k m ) / E  (GeV). 

The probability tha t  a ue will retain its original flavor during 

propagation over a distance L is simply 

P(Ue ---+ ue; L) = 1 - P(ue --+ u,; L) . (12) 

When ue, uu, and ur all mix, but two of the three corre- 

sponding mass eigenstate neutrinos urn are nearly degenerate, 

neutrino oscillation is described by an expression nearly iden- 

tical to the "two-neutrino formula" of Eq. (11). To be more 

precise, suppose tha t  [AM221[ << [AM21] ~ IAM22[, where 

A M2mm , z M2m - M2m, is the splitt ing between the squared 

masses of mass eigenstates um and Vm,. That  is, v2 and Vl form 

a pair with a much smaller splitt ing than tha t  between u3 and 

this pail-. Now, suppose an oscillation experinlent has L / E  such 

that  /'M~IL/E is of order unity, so tha t  IAM~tL/E << L 

For this experiment, it follows fl'om Eq. (9) and the unitari ty of 

U that  [8] 

P(ve --~ vi,r L) ~- 12Ui3Ut,3I 2 sin 2 (AM~IL/4E)  . (13) 

Because IAM~l lL/E << 1, this experiment cannot "see" the 

splitting between v2 and pl, so these two mass eigenstates 

behave as if they were a single one. Thus, in this experiment 

there appear to be only two mass eigenstates altogether, so it is 

no surprise tha t  the expression for neutrino oscillation, Eq. (13), 

is very similar to the "two-neutrino" result of Eq. (11). 

In a beam of neutrinos born with flavor ga, neutrino os- 

cillation can be sought in two ways: First, one may seek the 

appearance in the beam of neutrinos of a different flavor, gb. 

Secondly, one may seek a disappearance of some of the original 

vg~ flux, or an L- or E-dependence of this flux. 

Clearly, no oscillation is expected unless L I E  of the 

experiment is sufficiently large tha t  the phase factors 

exp(-iM2m L/2E)  in Eq. (9) differ appreciably from one 

another. Otherwise, P(v~ ~ ut,; L ) = I ~-]~m UtmU~,ml 2 = 6w" 

Now, with omit ted factors of h and c inserted, the rel- 

ative phase of e x p ( - i M  2 L/2E)  and exp(-iM2m, L /2E)  is 

2.54 AM2mm,(eV 2) L(km)/E(GeV) .  Thus, for example, an 

to search for neutrino mass is to look for its kinematical  

effects in decays which produce a neutrino. In the decay X --* 

Yg+vt, where X is a hadron and Y is zero or more hadrons, 

the momenta of g+ and the particles in Y will obviously be 

modified if vt has a mass. If vt is a superposition of mass 

eigenstates vm, then X ---* Yg+vt is actually the sum of the 

decays X ~ Y~+Pm yielding every vra light enough to be 

emitted. Thus, if, for example, one v m is much heavier than  

the others, the energy spectrum of g+ may show a threshold 

rise where the g + energy becomes low enough for the heavy 

~m to be emitted [9]. However, if neutrino mixing is small, 

then the decays X ~ Yg+prn yield almost always the neutrino 

mass eigenstate which is the dominant  component of v l. The 

kinematics of g+ and Y then reflect the mass of this mass 

eigenstate. 

From kinematical studies of the particles produced in 3H 

3He e -~e ,  7r --* #v~, and r ---* n~vr, various upper bounds on 

neutrino mass have been obtained. In the case of the decay 

3H --~ 3He e - r e ,  the upper bound on the neutrino mass is 

derived from study of the e -  energy spectrum. It should be 

noted that  in several experiments, the observed spectrum is 

not well fit by the standard theoretical expression, either with 

vanishing or nonvanishing neutrino mass. However, progress is 

being made in understanding the spectral anomalies [10]. 

Neutrinos carry neither electric charge nor, as far as we 

know, any other charge-like quantum numbers. To be sure, it 

may be tha t  the reason an interacting "neutrino" creates an 

g-,  while an "antineutrino" creates an g+, is tha t  neutrinos and 

antineutrinos carry opposite values of a conserved "lepton num- 

ber." However, there may be no lepton number. Even then, the 

fact tha t  "neutrinos" and "antineutrinos" interact differently 

can be easily understood. One need only note that ,  in prac- 

tice, the particles we call "neutrinos" are always left-handed, 

while the ones we call "antineutrinos" are right-handed. Since 

the weak interactions are not invariant under parity, it is then 

possible to a t t r ibute  the difference between the interactions of 

"neutrinos" and "antineutrinos" to the fact tha t  these particles 

are oppositely polarized. 

If the neutrino mass eigenstates do not carry any charge- 

like attributes, they may be their own antiparticles. A neutrino 

which is its own antiparticle is called a Majorana neutrino, 

while one which is not is called a Dirac neutrino. 

If neutrinos are of Majorana character, we can have neutri- 

noless double beta-decay (flf30v), in which one nucleus decays 

to another by emitt ing two electrons and nothing else. This 

process can be initiated through the emission of two vir tual  

W bosons by the parent nucleus. One of these W bosons then 

emits an electron and an accompanying virtual "antineutrino." 

In the Majorana case, this "antineutrino" is no different from 

a "neutrino," except for its right-handed helicity. If the virtual  
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neutrino has a mass, then (like the e + in nuclear fl-decay), it is 

not fully right-handed, but has a small amplitude, proportional 

to its mass, for being left-handed. Its left-handed component 

is precisely what we call a "neutrino," and can be absorbed 

by the second virtual W boson to create the second outgoing 

electron. This mechanism yields for f l~u  an amplitude propor- 

tional to an effective neutrino mass (M), given in a common 

phase convention by [11] 

(M) = Z U:rnMrn " (14) 
m 

Experimental upper bounds on the 3flov rate are used to derive 

upper bounds on (M). Note that, owing to possible phases in 

the mixing matrix elements Uem, the relation between (M) and 

the actual masses Mm of the neutrino mass eigenstates can be 

somewhat complicated. The process flBov is discussed further 

by P. Vogel in this Review. 

If neutrinos are their own antiparticles, then their magnetic 

and electric dipole moments must vanish. To see why, recall 

that C P T  invariance requires that the dipole moments of the 

electron and its antiparticle be equal and opposite. Similarly, 

C P T  invariance would require that the dipole moments of a 

neutrino and its antiparticle be equal and opposite. But, if the 

antiparticle of the neutrino is the neutrino itself, this means 

that the dipole moments must vanish [12]. 

If neutrinos are not their own antiparticles, then they 

can have dipole moments. However, for a Dirac neutrino mass 

eigenstate urn, the magnetic dipole moment #m predicted by 

the Standard Model (extended to include neutrino masses) is 

only [13] 

#m = 3.2 X lO-19Mrn(eV)#B , (15) 

where #B is the Bohr magaeton. 

Whether neutrinos are their own antiparticles or not, there 

may be transition magnetic and electric dipole moments. These 

induce the transitions Urn ~ lJrn'7~m'Y. 

A Majorana neutrino, being its own antiparticle, obviously 

consists of just two states: spin up and spin down. In contrast, 

a Dirac neutrino, together with its antiparticle, consists of 

four states: the spin-up and spin-down neutrino states, plus 

the spin-up and spin-down antineutrino states. A four-state 

Dirac neutrino may be pictured as comprised of two degenerate 

two-state Majorana neutrinos. Conversely, in the field-theory 

description of neutrinos, by introducing so-called Majorana 

mass terms, one can split a Dirac neutrino, D, into two nonde- 

generate Majorana neutrinos, u and N. In some extensions of 

the SM, it is natural for the D, u, and N masses, MD, My, and 

MN, to be related by 

M v M N  ,-~ M ~  . (16) 

In these extensions, it is also natural for MD to be of the order 

of Mt or q, the mass of a typical charged lepton or quark. Then 

we have [14] 

MvMN ~ M~orq �9 (17) 

Suppose now that MN >> M~ or q, so that N is a very heavy neu- 

trino which has not yet been observed. Then relation Eq. (17), 

known as the seesaw relation, implies that Mu << Ml or q. Thus, 

v is a candidate for one of the light neutrino mass eigenstates 

which make up re, v~, and Yr. So long as N is heavy, the seesaw 

relation explains, without fine tuning, why a mass eigenstate 

component of re, v~, or Vr will be light. Interestingly, the pic- 

ture from which the seesaw relation arises predicts that the 

mass eigenstate components of ue, u~, and ur are Majorana 

neutrinos. 

There are three reported indications that neutrinos actu- 

ally oscillate in nature, and thus have mass. There is rather 

convincing evidence that the atmospheric neutrinos oscillate, 

fairly strong evidence that the solar neutrinos do, and so-far 

unconfirmed evidence that the neutrinos studied by the LSND 

experiment do as well. 

The atmospheric neutrinos are produced in the earth's at- 

mosphere by cosmic rays, and then detected in an underground 

detector. Incident on this detector are neutrinos coming from 

all directions, created in the atmosphere all around the earth. 

The most compelling evidence that something very interesting 

happens to these atmospheric neutrinos en route to the de- 

tector is the fact that the detected upward-going atmospheric 

vu flux U (coming from all directions below the horizontal at 

the detector) differs from the corresponding downward-going 

flux D. Suppose that neither neutrino oscillation nor any other 

mechanism decreases or increases the v t, flux as the neutrinos 

travel from their points of origin to the detector. Then, as 

illustrated in Fig. 1, any vu that enters the sphere S defined 

in the figure caption will later exit this sphere. Thus, since we 

are dealing with a steady-state situation, the total uu fluxes 

entering and exiting S per unit time must be equal. Now, for 

neutrino energies above a few GeV, the flux of cosmic rays 

which produce the atmospheric neutrinos is isotropic. Conse- 

quently, these neutrinos are being created at the same rate 

all around the earth. Owing to this spherical symmetry, the 

equality between the vt~ fluxes entering and exiting S must hold 

at any point of S, such as the location of the detector. Now, as 

shown in Fig. 1, a v~, entering S through the detector must be 

part of the downward-going flux D. One exiting S through the 

detector must be part of the upward-going flux U. Thus, the 

equality of the v~ fluxes entering and exiting S at the detector 

implies that D = U. (It is easily shown that this equality must 

hold not only for the integrated downward and upward fluxes, 

but angle by angle. That is, the flux coming down from zenith 

angle 8z must equal that coming up from angle r - Oz.) 

The underground Super-Kamiokande detector (Super-K) 

finds that for multi-GeV atmospheric muon neutrinos [15], 

Flux Up(-1 .0  < cos 0z < -0.2) 
Flux Down(+0.2 < cos 0z < +1.0) -= 0.52 :t: 0.05 , (18) 

in strong disagreement with the requiremeiat that the upward 

and downward fluxes be equal. Thus, some mechanism must be 

changing the v~ flux as the neutrinos travel to the detector. 
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F i g u r e  1: Atmospheric muon neutrino fluxes at 
an underground detector. S is a sphere centered 
at the center of the earth and passing through 
the detector. 

The most attractive candidate for this mechanism is neutrino 

oscillation. Since the atmospheric ge flux is compatible with 

up-down symmetry, the electron neutrinos do not seem to 

be involved significantly in this oscillation. All of the detailed 

Super-K atmospheric neutrino data are well described by the 

hypothesis that v i, ---* vr oscillation is occurring, with [16] 

2 x 10-3eV 2 ~< A M  2 ~< 6 x 10-3eV 2 (19) 

and clever attempts [22-24]. By contrast, all the existing obser- 

vations can successfully and elegantly be explained if one does 

invoke neutrino mass. The most popular explanation of this 

type is based on the Mikheyev-Smirnov-Wolfenstein (MSW) 

effect--a matter-enhanced neutrino oscillation [25]. 

The neutrinos produced by the nuclear processes that power 

the sun are electron neutrinos re. With some probability, the 

MSW effect converts a v e  into a neutrino vx of another flavor. 

Depending on the specific version of the effect, vz is a vv, a vr, 

a vv vr mixture, or perhaps a sterile neutrino vs- Since present 

solar neutrino detectors are sensitive to a v~, but wholly, or at 

least largely, insensitive to a vg, vr, or vs, the flavor conversion 

accounts for the low observed fluxes. 

The MSW ve ~ vx conversion results from interaction 

between neutrinos and solar electrons as the neutrinos travel 

outward from the solar core, where they were produced. When, 

for example, the neutrino mixing is small, the conversion 

requires that, somewhere in the sun, the total energy of a ve of 

given momentum, including the energy of its interaction with 

the solar electrons, equal the total energy of the vx of the same 

momentum, so that we have an energy level crossing. Given 

the typical density of solar electrons, and the typical momenta 

of solar neutrinos, the condition that there be a level crossing 

requires that 

and 

sin S 20 ~ 1 . (20) 

Other experiments favor roughly similar regions of parameter 

space [17]. 

The order of magnitude of the splitting A M  2 in Eq. (19) 

may be understood by noting that for E ,-~ 1 GeV, upward-going 

neutrinos have L / E  ,,~ 104km/1 GeV, while downward-going 

ones have L / E  ~ 10 km/1 GeV. Thus, if A M  2 ~ 10 -3 eV 2, 

the argument [1.27AM2(eV2)L(km)/E(GeV)] of the oscillatory 

factor in Eq. (11) (applied to the relevant observation channel) 

exceeds unity for the upward-going neutrinos, but is quite small 

for the downward-going ones. As a result, the upward-going 

muon neutrinos oscillate away into neutrinos of another flavor, 

but the downward-going ones do not. This explains why the 

flux ratio of Eq. (18) is less than unity. 

Conceivably, upward-going muon neutrinos are disappear- 

ing, not as a result of neutrino oscillation, but through neutrino 

decay. This possibility is theoretically less likely than oscillation. 

However, it is interesting to note that it is not at all excluded by 

the present data [18]. Of course, neutrino decay, like neutrino 

oscillation, implies neutrino mass. 

The flux of solar neutrinos has been detected on earth by 

several experiments [19] with different neutrino energy thresh- 

olds. In every experiment, the flux is found to be below the cor- 

responding prediction of the Standard Solar Model (SSM) [20]. 

The discrepancies between the observed fluxes and the SSM 

predictions have proven very difficult to explain by simply mod- 

ifying the SSM, without invoking neutrino mass [21]. Indeed, we 

know of no attempt which has succeeded despite very serious 

My2 - M~e -- AM2ve ,., 10-5eV 2 , (21) 

where Mve, continuing to assume small mixing, is the mass of 

the dominant mass eigenstate component of re, and similarly 

for Mv~. 

The observed solar neutrino fluxes can also be explained by 

supposing that on their way from the sun to the earth, the elec- 

tron neutrinos produced in the solar core undergo vacuum oscil- 

lation into neutrinos of another flavor [26]. Assuming that only 

two neutrino flavors are important to this oscillation, the oscilla- 

tion probability is described by an expression of the form given 

by Eq. (11). To explain the observed suppression of the solar ve 

flux to less than half the predicted value at some energies, and 

to accommodate the observation that the suppression is energy- 

dependent, the argument [1.27AM2(eV2)L(km)/E(GeV)] of 

the oscillatory factor in Eq. (11) must be of order unity when 

L is the distance from the sun to the earth, and E -~ 1 MeV 

is the typical energy of a solar neutrino. Perhaps this apparent 

coincidence makes the vacuum oscillation explanation of the so- 

lar neutrino observations less likely than the MSW explanation. 

To have [1.27AM2(eV2)L(km)/E(GeV)],.., 1, we require that 
A M  2 ~ 10 -10 eV 2. 

In addition to measuring the solar neutrino fluxes, one can 

explore the physics of the solar neutrinos by studying the solar 

ue energy spectrum [27], by probing the dependence of the 

solar ve flux on whether it is day or night, and on the time of 

night [28], and by measuring the solar ue flux as a function of 

the season of the year. The Super-K experiment is doing all of 

these things [29]. 
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The solar neutrino experiments, and the comparison be- 

tween their results and theoretical predictions, are discussed in 

some detail by K. Nakamura in this Review. 

The LSND experiment [30] has studied neutrinos from 

stopped positively-charged pions, which decay via the chain 

~r + -~ ~+uu 

[~ e+~cV. (22) 

to be largely uc, and u0 to be largely a sterile neutrino us, so 

that the MSW effect converts ue to a sterile neutrino. Finally, 

the mass-squared splitting of ~ 1 eV 2 between the heavier pair 

and the lighter one enables us to explain the oscillation reported 

by LSND [35]. 

The existing indications of neutrino oscillation, and the 

possible neutrino-mass scenarios which they suggest, will be 

probed in future neutrino experiments. 

We note that this chain does not produce Pc, but an excess 

of Pc over expected background is reported by the experiment. 

This excess is interpreted as arising from oscillation of the 

Pu which the chain does produce into Pc. Since the experi- 

ment has L(km) /E(GeV)  ~,, 1, the implied mass splitting is 

A M  2 > 1 eV 2. LSND finds supporting evidence for its reported 

oscillation in a study of the neutrinos from the decay 

In addition to the uc, u#, and u~ sections, the Review 

of Particle Physics includes sections on "Number of Light 

Neutrino Types," "Heavy Lepton Searches," and "Searches for 

Massive Neutrinos and Lepton Mixing." Also see other recent 

reviews [36]. 
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I Number of Light Neutrino Typesl 
The neutrinos referred to in this section are those of the Standard 
SU(2) xU (1 )  Electroweak Model possibly extended to allow nonzero 
neutrino masses. Light neutrinos are those with m V < m Z / 2 .  The 
limits are on the number of neutrino families or species, including 

ve, v~, ur 

T H E  N U M B E R  OF  L I G H T  N E U T R I N O  
T Y P E S  F R O M  C O L L I D E R  E X P E R I M E N T S  

Revised August 1999 by D. Karlen (Carleton University). 

The most precise measurements of the number of light 

neutrino types, Nv, come from studies of Z production in e+e - 

collisions. The invisible partial width, Finv, is determined by 

subtracting the measured visible partial widths, corresponding 

to Z decays into quarks and charged leptons, from the total Z 

width. The invisible width is assumed to be due to N~ light 

neutrino species each contributing the neutrino partial width 

F~ as given by the Standard Model. In order to reduce the 

model dependence, the Standard Model value for the ratio of 

the neutrino to charged leptonic partial widths, (Fv/Ft)SM = 

1.991+0.001, is used instead of (Fv)SM to determine the number 

of light neutrino types: 

tiny (re) (1) 
N v - - T ~ -  t ~-~v SM " 

The combined result from the four LEP experiments is Nv = 

2.984 + 0.008 [1]. 
" In the past, when only small samples of Z decays had been 

recorded by the LEP experiments and by the Mark II at SLC, 

the uncertainty in Nv was reduced by using Standard Model 

fits to the measured hadronic cross sections at several center- 

of-mass energies near the Z resonance. Since this method is 

much more dependent on the Standard Model, the approach 

described above is favored. 

Before the advent of the SLC and LEP, limits on the 

number of neutrino generations were placed by experiments at 

lower-energy e+e - colliders by measuring the cross section of 

the process e+e - -~ u~ 7. The ASP, CELLO, MAC, MARK J, 

and VENUS experiments observed a total of 3.9 events above 

background [2], leading to a 95% CL limit of Nv < 4.8. 

This process has a much larger cross section at center-of-mass 

energies near the Z mass and has been measured at LEP by 

the ALEPH, DELPHI, L3, and OPAL experiments [3]. These 

experiments have observed several thousand such events, and 

the combined result is Nv = 3.00 • 0.08. The same process 

has been measured by the LEP experiments at center-of-mass 

energies approaching 100 GeV above the Z mass, in searches for 

new physics. Combined, the measured cross section is 0.965 + 

0.028 of that expected for 3 light neutrino generations [1]. 

Experiments at p~ colliders also placed limits on Nv by 

determining the total Z width from the observed ratio of 

W + --+ l=Lv to Z --* t+ l  - events [4]. This involved a calculation 

that assumed Standard Model values for the total W width 

and the ratio of W and Z leptonic partial widths, and used 

an estimate of the ratio of Z to W production cross sections. 
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Now that the Z width is very precisely known from the LEP 

experiments, the approach is now one of those used to determine 

the W width. 

Refe rences  
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Number from e + e- Colliders 

Number of Light u Types 
Our evaluation uses the invisible and leptouic widths of the Z boson from our combined 
fit shown in the Particle Listings for the Z Boson, and the Standard Model value r v / ' r  t 
= 1.9933 • 0.0015. 

VALUE DOCUMENT ID TECN 
2.994-1"0.012 OUR EVALUATION Combined fit to all LEP data. 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

333 --0.05 1 LEP 92 RVUE 

1 Simultaneous fits to all measured cross section data from all four LEP experiments. 

Number of Light v Types from Direct Measurement of Invisible Z Width 
In the following, the invisible Z width is obtained from studies of single-photon events 
from the reaction e + e -  ~ v~'y. All are obtained from LEP runs in the Ec ee range 
88-94 GeV. 

VALUE DOCUMENT ID TECN COMMENT 
3.00:E0.06 OUR AVERAGE 
3.01J,-0.38 ACCIARRI 99R L3 1993 LEP run 
2.98-+-0.37• ACCIARRI 986 L3 LEP 1991-1994 
2.89:i:0.32-0.19 ABREU 97J DLPH 1993-1994 LEP runs 
3.23:E0.16• AKERS 95C OPAL 1990-1992 LEP runs 
2.68~0.20--0.20 BUSKULIC 93L ALEP 1990-1991 LEP runs 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

3.1 4-0.6 --0.1 ADAM 96C DLPH ~ = 130, 136 GeM 

Umits from Astrophysics and Cosmology 

Number of Light v Types 
("light" means < about 1 MeV). See also OLIVE 31. For a review of limits based 
on Nucleosynthesis, Supernovae, and also on terrestial experiments, see OENEGRI 90. 
Also see "Big-Bang Nucleosynthesis" in this Review. 

VALUE DOCUMENT ID COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

2 < N  V < 4 LISI 99 BBN 
< 4.3 OLIVE 99 BBN 
< 4.9 COPI 97 Cosmology 
< 3.6 HATA 97B High D/H quasar abs. 
< 4.0 OLIVE 97 BBN; high 4He and 7Li 
< 4.7 CARDALL 96B Cosmology, High D/H quasar abs. 
< 3.9 FIELDS 96 Cosmology, BBN; high 4He and 7Li 
< 4.5 KERNAN 96 Cosmology, High D/H quasar abs. 
< 3.6 OLIVE 95 BBN; > 3 massless u 
< 3.3 WALKER 91 Cosmology 
< 3.4 OLIVE 90 Cosmology 
< 4 YANG 84 Cosmology 
< 4 YANG 79 Cosmology 
< 7 STEIGMAN 77 Cosmology 

PEEBLES 71 Cosmology 
<16 2 SHVARTSMAN69 Cosmology 

HOYLE 64 Cosmology 

2 SHVARTSMAN 69 limit inferred from his equations. 

Number Coupling with Less Than Full Weak Strength 
VALUE DOCUMENT ID TE~N. 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<20 3 OLIVE 81c COSM 
<20 3 STEIGMAN 79 COSM 

3 Limit varies with strength of coupling. See also WALKER 91, 
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ACCIARRI 99R 
LISI 59 
OLIVE 99 
ACCIARRI 98G 
ABREU 97J 
COPI 97 
HATh. 97B 
OLIVE 97 
ADAM 96C 
CARDALL 96B 
FIELDS 96 
KERNAN 96 
AKERS 95C 
OLIVE 95 
BUSKULIC 93L 
LEP 92 
WALKER 91 
DENEGRI 90 
OLIVE 90 
YANG 84 
OLIVE 81 
OLIVE 81C 
STEIGMAN 79 
YANG 79 
STEIGMAN 77 
PEEBLES 71 

Princeton Univ. 
SHVARTSMAN 69 

HOYLE 64 
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I Massive Neutrinos and I 
Lepton Mixing, Searches for 

S E A R C H E S  F O R  M A S S I V E  N E U T R I N O S  

Revised April 2000 by D.E. Groom (LBNL). 

Searches for massive neutral  leptons and the effects of 

nonzero neutrino masses are listed here. These results are di- 

vided into the following main sections: 

A. Heavy neutral  lepton mass limits; 

B. Sum of neutrino masses; 

C. Searches for neutrinoless double-fl decay (see the note by 

P. Vogel on "Searches for neutrinoless double-fl decay" 

preceding this section); 

D. Other  bounds from nuclear and particle decays; 

E. Solar v experiments (see the note on "Solar Neutrinos" by 

K. Nakamura preceding this section); 

F. Astrophysical neutrino observations; 

G. Reactor ve disappearance experiments; 

H. Accelerator neutrino appearance experiments; 

I. Disappearance experiments with accelerator and radioactive 

source neutrinos. 

Direct searches for masses of dominantly coupled neutrinos 

are listed in the appropriate sections on re, v~, or vr, where it is 

assumed tha t  the mass eigenstates vl, v2, and v3 predominately 

couple to ue, v~, and vr, respectively. Note tha t  the assumptions 

made in these Listings, tha t  v2 predominately couples to ~# and 

v3 to vr, may not be true. Searches for massive charged leptons 

are listed elsewhere, and searches for the mixing of ( # - e  +) and 

( # + e - )  are given in the muon Listings. 

Discussion of the current neutrino mass limits and the 

theory of mixing are given in the note on "Neutrino Mass" by 

Boris Kayser just  before the ve Listings. 

In many of the following Listings (e.g. neutrino disappear- 

ance and appearance experiments), results are presented as- 

suming tha t  mixing occurs only between two neutrino species, 

such as vT ~ re. This assumption is also made for lepton- 

number violating mixing between two states, such as ve ~ P~ 

or v i, ~ ~ .  As discussed in Kayser's review, the assumption of 

mixing between only two states is valid if (a) all mixing angles 

are small or (b) there is a mass hierarchy such that  one A M  2, 

e.g. AM21 = M22 -M~I , is small compared with the others, 

so tha t  there is a region in L/E  (the ratio of the distance L 

that  the neutrino travels to its energy E)  where AM21L/E is 

negligible, but  AM22L/E is not. 

In this case limits or results can be shown as allowed regions 

on a plot of ]AM 2] as a function of sin 228. The simplest 

situation occurs in an "appearance" experiment, where one 

searches for interactions by neutrinos of a variety not expected 

in the beam. An example is the search for ve interactions in 

a detector in a v~ beam. For oscillation between two states, 

the probability tha t  the "wrong" state will appear is given by 

Eq. 11 in Kayser's review, which may be wri t ten as 

P = sin 2 28 sin2(1.27AM2L/E) , (1) 

where ]AM2t is in eV 2 and L/E  is in k m / G e V  or m/MeV.  In 

a real experiment L and E have some spread, so tha t  one must 

average P over the distribution of L/E. As an example, let us 

make the somewhat unrealistic assumption tha t  b =- 1.27L/E 
has a Gaussian distribution with s tandard deviation ab about  a 

central value b0. Then: 

(p)  = 1 sin2 2811 - cos(2boAM 2) exp(-2a2(AM2)2)]  (2) 

The value of (P)  is set by the experiment. For example, if 230 

interactions of the expected flavor are detected and none of the 

wrong flavor are seen, then P = 0.010 at the 90% CL.* We 

can then solve the above expression for sin 2 28 as a function of 

IAM21. This function is shown in Fig. 1.i Note that :  

(a) since the fast oscillations are completely washed out by the 

resolution for large IAM2], sin 2 28 = 2 (P) in this region 

(If b is taken as much smaller than experimental resolution, 

Eq. (2) can be used in Monte Carlo calculations to avoid 

the pathology if Eq. (1) at large Am2); 

(b) the maximum excursion of the curve to the left is 

to sin228 = (P) with good resolution, with smaller 

excursion for worse resolution. This "bump" occurs at 

JAM 2] = r /2bo eV2; 

(c) for large sin 2 28, A M  2 ~ ( ( P ) / s i n  2 28)1/2/bo; and, conse- 

quently, 

(d) the intercept at  sin 2 28 = 1 is at  A M  2 -- (X/~/bo. 

The intercept for large JAM21 is a measure of running time and 

backgrounds, while the intercept at  sin 2 28 = 1 depends also on 

the mean value of L/E. The wiggles depend on experimental 

features such as the size of the source, the neutrino energy dis- 

tribution, and detector and analysis features. Aside from such 

details, the two intercepts completely describe the exclusion 

region: For large JAM2], sin 2 28 is constant and equal to 2 (P),  

and for large sin 2 28 the slope is known from the intercept. For 

these reasons, it is (nearly) sufficient to summarize the results 

of an experiment by stat ing the two intercepts, as is done in the 
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F igu re  1: Neutrino oscillation parameter 
ranges excluded by two hypothetical experi- 
ments 
(a and b) described by Eq. (2) and one real 
one (c). Parameters for the first two cases are 
given in the footnotes. In case (a) one searches 
for the appearance of neutrinos not expected 
in the beam. The probability of appearance, in 
this case 0.5% at some specified CL, is set by the 
number of right-flavor events observed and/or 
information about the flux and cross sections. 
Case (b) represents a disappearance experiment 
in which the flux is known in the absence of 
mixing. In case (c), the information comes from 
measured fluxes at two distances from the tar- 
get [4]. 

following tables. The reader is referred to the original papers 

for the two-dimensional plots expressing the actual limits. 

If a positive effect is claimed, then the excluded region is 

replaced by an allowed band or allowed regions�9 This is the 

case for the LSND experiment [2] and the SuperKamiokande 

analysis of R(#/e)  for atmospheric neutrinos [3]. 

In a "disappearance" experiment, one looks for the attenua- 

tion of the beam neutrinos (for example, uk) by mixing with at 

least one other neutrino eigenstate. (We label such experiments 

as vk -P vk.) The probability that a neutrino remains the same 

neutrino from the production point to detector is given by 

P(uk -~ uk) = 1 - e ( u  k ---* uj) , (3) 

where mixing occurs between the kth and j t h  species with 

P(vk ~ vj) given by Eq. (1) or Eq. (2). 
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In contrast to the detection of even a few "wrong-flavor" 

neutrinos establishing mixing in an appearance experiment, 

the disappearance of a few "right-flavor" neutrinos in a dis- 

appearance experiment goes unobserved because of statistical 

fluctuations. For this reason, disappearance experiments usually 

cannot establish small-probability (small sin 2 29) mixing. 

Disappearance experiments fall into two general classes: 

I. Those in which the beam neutrino flux is known, from the- 

ory or from other measurements. Examples are reactor ~e 

experiments and certain accelerator experiments. Although 

such experiments cannot establish very small-sin 2 20 mix- 

ing, they can establish small limits on A M  2 for large sin 2 20 

because L / E  can be very large. An example, based on 

the Chooz reactor measurements [5], is labeled "Disappear- 

ance I" in Fig. 1.$ 

II. Those in which attenuation or oscillation of the beam neu- 

trino flux is measured in the apparatus itself (two detectors, 

or a "long" detector). Above some minimum [AM21 the 

equilibrium is established upstream, and there is no change 

in intensity over the length of the apparatus. As a result, 

sensitivity is lost at high IAM21, as can be seen by the curve 

labeled "Disappearance II" in Fig. 1 [4]. Such experiments 

have not been competititive for a long time. However, a new 

generation of long-baseline experiments with a "near" de- 

tector and a "far" detector with very large L, e.g., MINOS, 

will be able to use this strategy to advantage. 

Finally, there are more complicated cases, such as analyses 

of solar neutrino data in terms of the MSW parameters [6]. For 

a variety of physical reasons, an irregular region in the IAM2 I 

vs sin 2 28 plane is allowed. It is difficult to represent these 

graphical data adequately within the strictures of our tables. 

Experimental two-neutrino mixing limits and positive sig- 

nals are shown on the following page. 

F o o t n o t e s  and Refe rences  

* A superior statistical analysis of confidence limits in the 
sin 228-[AM2[ plane is given in Ref. 1. 

t Curve generated with (P) = 0.005, ( L / E )  = 1.11, and 
ab/b 0 = 0.08. 
Curve parameters (P) = 0.1, ( L / E )  = 237, and ab/bo = 0.5. 
For the actual Chooz experiment [5], ( L / E )  ,~ 300 and the 
limit on (P) is 0.09. 

1. G.J. Feldman and R.D. Cousins, Phys. Rev. D3873 (1998). 

2. C. Athanassopoulos et al., Phys. Rev. C54 (1996). 

3. Y. Fukuda et al., eprint hep-ex/9803005. 

4. F. Dydak et al., Phys. Lett. 134B (1984). 

5. M. Apollonio et al., Phys. Lett. B420, 397 (1998). 

6. N. Hata and P. Langacker, Phys. Rev. D56, 0107 (1997). 
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T W O - F L A V O R  O S C I L L A T I O N  P A R A M E T E R S  A N D  L I M I T S  

Wr i t t en  April  2000 by H. M u r a y a m a  (LBNL).  

F i g u r e  1: The most important  ex- 
clusion limits as well as preferred pa- 
rameter regions from neutrino oscil- 
lation experiments in the context of 
two-flavor oscillations. Beware that  
the plot shows oscillation modes on 
different pairs of neutrinos at the 
same time. All of them are 90% 
confidence limits unless otherwise 
noted. From the top, 
�9 CCFR 96 limit is on u~ to u e 

oscillation from ROMOSAN 97 
�9 KARMEN 2 excluded region and 

LSND preferred region are for 5e 
appearance from ~,  taken from 
Klaus Eitel, New J. Phys. 2, 1 
(2000), Fig. 12 

�9 Bugey 95 limit is on ~e disappear- 
ance from ACHKAR 95 

�9 CHOOZ limit is on ~e disap- 
pearance from APOLLONIO 99, 
Fig. 9 

�9 Palo Verde limit is on s) e disap- 
pearance from BOEHM 00, Fig. 3, 
curve (b) 

�9 SuperKamiokande preferred re- 
gion is on (V~ disappearance f r o m  
FUKUDA 98C 

�9 Solar neutrino preferred regions 
(solar LMA, solar SMA, solar 
LOW, and solar VAC) are on ue 
disappearance from J.N. Bahcall, 
P.I. Krastev, and A.Yu. Smirnov, 
Phys. Rev. D58,  096016 (1998) 
based on solar neutrino rates only 
at 99% CL 

�9 SuperKamiokande exclusion is 
based on the absence of day-night 
asymmetry  in the neutrino rate 
from FUKUDA 99, Fig. 2, at 99% 
CL 

�9 Some projected improvements by 
near-future experiments on ue os- 
cillations are shown in grey 

Note that  the plot shows 
only half of the parameter  
space Am ~cos28 > 0, while 
the other half Am 2 cos2~ <: 0 
should show different regions ex- 
cluded/preferred, especially for so- 
lar neutrino oscillations (de Gouv~a 
et al., hep-ph/0002064)  once exper- 
iments report their data. References 
in upper-case letters are given at 
the end of the Listings for "Massive 
Neutrinos and Lepton Mixing." 
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(A) Heavy neutral leptons 

- -  Stable Neutral Heavy Lepton MASS LIMITS - -  

Note that LEP results in combination with REUSSER 91 exclude a fourth 
stable neutrino with m< 2400 GeV. 

VALUE (GeV) CL~ DOCUMENT ID TECN COMMENT 

::~115.0 95 ABREU 928 DLPH Dirac 
>39 .5  95 ABREU 92B DLPH Majorana 
>44.1 95 ALEXANDER 91F OPAL Dirac 
>37.2 95 ALEXANDER 91F OPAL Majorana 
none 3-100 90 SATO 91 KAM2 Kamiokande II 
>42.8 95 1 ADEVA 90s L3 Dirac 
>34.8 95 
>42.7 95 
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1 ADEVA 90S L3 Majorana 
DECAMP 90E ALEP Dirac 

1 ADEVA 90s limits for the heavy neutrino apply if the mixing with the charged leptons 
satisfies Iu1jj 2 + W2112 + Iu3112 > 6.2x10 - 8  at mLo = 20 GeV and > 5 .1x l 0  -10  
for toLD = 40 GeV. 

- -  Neutral Heavy Lepton MASS LIMITS 

Limits apply only to heavy lepton type given in comment at right of data 
Listings. See review above for description of types. 

See the "Quark and Lepton Compositeness, Searches for" Listings for 
limits on radiatively decaying excited neutral leptons, i.e. u* ~ v ' t .  

L3 
L3 
OPAL 
OPAL 
OPAL 
OPAL 
OPAL 
OPAL 
ALEP 

>54.3 95 3,5 BUSKULIC 96S ALEP 

2The decay length of the heavy lepton is assumed to be < i cm, limiting the square of 
the mixing angle ]Ul j l  2 to 10 -12 .  

3 BUSKULIC 96s requires the decay length of the heavy lepton to be < i cm, limiting the 
square of the mixing angle IU t j l  2 to 10 -10 .  

4BUSKULIC 965 limit for mixing with ~-. Mass is > 63.6 GeV for mixing with e or .u. 
5 BUSKULIC 96s limit for mixing with r .  Mass is > 55.2 GeV for mixing with e or .u. 

VALUE (GeV) CL% DOCUMENT ID TEEN COMMENT 

>76.5 95 ABREU 990 DLPH Dirac coupling to e 
>79.5 95 ABREU 990 DLPH Dirac coupling to # 
>60.5 95 ABREU 990 DLPH Dirac coupling to ~, 
>92.4 95 ACClARRI 99L L3 Dirac coupling to e 
>81.8 95 ACCIARRI 99L L3 Majorana coupling to e 
>93.3 95 ACCIARRI 99L L3 Oirac coupling to p 
>84.1 95 ACCIARRI 99L L3 Majorana coupling to p 
> w 95 ACCIARRI 99L Dirae coupling to :t 
> 73.5 95 ACCIARRI 99L Majorana coupling to ~" 
>69.8 95 2 ACKERSTAFF 98C Majorana, coupling to e 
>79.1 95 2 ACKERSTAFF 98C Dirac, coupling to e 
>68.7 95 2 ACKERSTAFF 98C Majorana, coupling to/J 
>78.5 95 2 ACKERSTAFF 98c Dirac, coupling to # 
>54.4 95 2 ACKERSTAFF 98C Majorana, coupling to r 
>69.0 95 2 ACKERSTAFF 98C Dirac, coupling to r 
>63 95 3,4 BUSKULIC 96s Dirac 

Majorana 

(B) Sum of neutrino masses 
Revised April 1998 by K.A. Olive (University of Minnesota). 

The limits on low mass (my < 1 MeV) neutrinos apply to 

mtot given by 

re,o, = 
v 

where gv is the number of spin degrees of freedom for v 

plus ~: gv = 4 for neutrinos with Dirac masses; gv = 2 for 

Majorana neutrinos. Stable neutrinos in this mass range make 

a contribution to the total  energy density of the Universe which 

is given by 

Pv = mtotnv = mtot(3/ll)n~ , 

where the factor 3/11 is the ratio of (light) neutrinos to photons. 

Wri t ing/2v  = Pv/Pe, where Pc is the critical energy density of 

the Universe, and using n.~ = 412 cm -3, we have 

/2vh 2 = rotor/(94 eV) . 

Therefore, a limit on ~ v h  2 such as ~2vh 2 < 0.25 gives the limit 

mtot < 24 eV . 

The limits on high mass (m~ > 1 MeV) neutrinos apply 

separately to each neutrino type. 

Limit  on Total  v MASS, mtot 
(Defined in the above note), of effectively stable neutrinos (i.e., those with mean lives 
greater than or equal to the age of the universe). These papers assumed Dirac neutri- 
nos. When necessary, we have generalized the results reported so they apply to mto t. 
For other limits, see SZALAY 76, VYSOTSKY 77, BERNSTEIN 81, FREESE 84, 
SCHRAMM 84, and COWSIK 85. 

VALUE (eV} DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

< 5.5 12 CROFT 99 ASTR Ly e power spec I 
<180 SZALAY 74 COSM 
<132 COWSIK 72 COSM 
<280 MARX 72 COSM 
<400 GERSHTEIN 66 COSM 

12 CROFT 99 result based on the power spectrum of the Ly c~ forest. If 9matter < 0.5, I 

I 

- -  Astrophysical Limits on Neutrino MASS for my > 1 GeV - -  

VALUE (GEM) CL~% DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

none 60-115 6 FARGION 95 ASTR Dirac 
none 9.2-2000 7 GARCIA 95 COSM Nucleosynthesis 
none 26-4700 7 BECK 94 COSM Dirac 
none 6 - hundreds 8,9 MORI 92B KAM2 Dirac neutrino 
none 24 - hundreds 8,9 MORI 92B KAM2 Majorana neutrino 
none ]0-2400 90 10 REUSSER 91 CNTR HPGe search 
none 3-100 90 SATO 91 KAM2 Kamiokande H 

11 ENQVIST 89 COSM 
none 12-1400 7 CALDWELL 88 COSM Dirac v 
none 4-16 90 7,8 OLIVE 88 COSM Dirac v 
none 4-35 90 OLIVE 88 COSM Majorana u 
>4.2 to 4.7 SREDNICKI 88 COSM Dirac v 
>5.3 to 7.4 SREDNICKI 88 COSM Majorana u 
none 20-1000 95 7 AHLEN 87 COSM Dirac v 
>4.1 GRIEST 87 COSM Dirac ~, 

the limit is improved to m v < 2.4 (~tmatter/0.17-1) eV. 

Limits on MASSES of  Ught  Stable Right-Handed v 
(with necessarily suppressed interaction strengths) 
VALUE (eV) DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<100-200 13 OLIVE 82 COSM Dirac v 
<200-2000 13 OLIVE 82 COSM Majorana u 

13Depending on interaction strength G R where G R < G  F. 

Limits on MASSES of Heavy Stable Right-Handed v 
(with necessarily suppressed Interaction strengths) 
VALUE (GeV} DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

> 10 14OLIVE 82 COSM GR/G F <0.1 
>100 14OLIVE 82 COSM GR/G F <0.01 

14These results apply to heavy Majorana neutrinos and are summarized by the equation: 
m e >1.2 GeV (GF /GR} .  The bound saturates, and if G R is too small no mass range 
is allowed. 

6FARGION 95 bound is sensitive to assumed =, concentration in the Galaxy. See also 
KONOPLICH 94. 

7 These results assume that neutrinos make up dark matter in the galactic halo. 
8Limits based on annihilations in the sun and are due to an absence of high energy 

neutrinos detected in underground experiments. 
9 MORI 92B results assume that neutrinos make up dark matter in the galactic halo. Limits 

based on annihilations in earth are also given. 
10REUSSER 91 uses existing /3/3 detector (see FISHER 89) to search for COM Dirac 

neutrinos. 
11 ENQVlST 89 argue that there is no cosmological upper bound on heavy neutrinos. 
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(C) Searches for neutflnoless double-~ decay 
LIMITS FROM NEUTRINOLESS/3/3 DECAY 

Revised September 1999 by P. Vogel (Caltech). 

Neutrinoless double beta decay, if observed, would signal 

violation of the total lepton number conservation. The process 

can be mediated by an exchange of light Majorana neutrino, 

or by an exchange of other particles. As long as only a limit 

on its lifetime is available, limits on the effective Majorana 

neutrino mass, and on the lepton-number violating right-handed 

current admixture can be obtained, independently on the actual 

mechanism. These are considered in the following three tables. 

The derived quantities are nuclear model-dependent, so 

the half-life measurements are given first. Where possible, we 

list the references for the nuclear matrix elements used in the 

subsequent analysis. Since rates for the more conventional 2uf~fl 

decay serve to calibrate the theory, results for this process are 

also given. As an indication of the spread among different ways 

of evaluating the matrix elements, we show in Fig. I some 

representative examples for the most popular nuclei. 

~1025 
g 
3 

~ lO24 

76Ge 

- -  QRPA [1] 
. . . . .  QRPA [2] 
.......... Shell model [3] 
. . . . .  Shell model [4] 

82Se 100Mo 130Te 

I 
i 
I 
I 

i I 

i I 

136Xe 

F i g u r e  1: Half-lives (in years) calculated for 
(m,) = 1 eV by various representative meth- 
ods and different authors for the most popular 
double-beta decay candidate nuclei. Solid lines 
are QRPA from [1], dashed lines are QRPA 
from [2] (recalculated for gA = 1.25 and 
a r = -390 MeV fm 3, dotted lines are shell 
model [3], and dot-and-dashed lines are shell 
model [4]. 

To define the limits on lepton-number violating right-handed 

current admixtures, we display the relevant part of a phe- 

nomenological current-current weak interaction Hamiltonian: 

Hw =(GF/V~) 

• �9 j~ + , J , .  j~ + ~J~ �9 j~ + ~J~ .  jr,) + h.c. (1) 

where jL ~ = ~L"I"UeL, j~  = ~R~mueR, and JL ~ and J~  are 

left-handed and right-handed hadronic weak currents. Exper- 

iments are not sensitive to ~, but quote limits on quantities 

proportional to ~/ and A.* In analogy to (m~) (see Eq. 17 in 

the "Neutrino mass" at the beginning of the Neutrino Par- 

ticle Listings), the quantities extracted from experiments are 

(I]) = T] ~ UljVlj and (A) = A ~ UljVlj, where V/j is a matrix 

analogous to Uij (see Eq. 2 in the "Neutrino mass"), but describ- 

ing the mixing among right-handed neutrinos. The quantities 

(7/) and (A) therefore vanish for massless or unmixed neutrinos. 

Also, as in the case of (mv), cancellations are possible in (7/) 

and (A). The limits on (7?) are of order 10 -8 while the limits 

on (A) are of order 10 -6. The reader is warned that a number 

of earlier experiments did not distinguish between y and A. 

Because of evolving reporting conventions and matrix element 

calculations, we have not tabulated the admixture parameters 

for experiments published earlier than 1989. 

See the section on Majoron searches for additional limits 

set by these experiments. 

F o o t n o t e s  a n d  R e f e r e n c e s  

* We have previously used a less accepted but more explicit 
notation in which 17R L - -  I';, ~ L R  - -  I"], and 17R R ~ .~.  

1. A. Standt, K. Muto, and H.V. Klapdor-Kleingrothans, 
Europhys. Lett. 13, 31 (1990). 

2. J. Engel, P. Vogel, and M.R. Zirnbauer, Phys. Rev. C37, 
731 (198S). 

3. W.C. Haxton and O.J. Stephenson Jr., Prog. in Part. Nucl. 
Phys. 12, 409 (1984). 

4. E. Canrier, F. Nowacki, A. Poves, and J. Retamosa 
Phys. Rev. Lett. 77, 1954 (1996). 

Half-life Measurements and Limits for Double/~ Decay 
In all cases of double beta decay, (Z,A) ~ (Z+2,A) + 2 e -  + (0or2)~ e, In the 
following Listings, only best or comparable limits or lifetimes for each isotope are 
reported. 

t1~2(1021 yr) EL% ISOTOPE TRANSITION METHOD DOCUMENT ID 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

> 8000 90 76Ge 0u Enriched HPGe 15 AALSETH 99 
•C'1 +0"000 4" 0.002 96Zr 2u 
. . . .  -0 .004 

> 1.0 90 96Zr 0v 
> 0.39 90 96Zr 0u 0 0 4  2 + 
>18000(57000) 90 76Ge 0u 
> 56 90 130Te 0L, 
> 16 90 130Te 0u 0 + ~ 2 + 
> 17 90 128Te 0v 
> 440 90 136Xe 0u 
> 0.36 90 136Xe 2u 

(7 8+_~:42)E.3 lOOMo 2. 

> 0.19 90 92Mo 0v+2v 0 + ~ 0 + 

> 0.81 90 92Mo 0u+2v 0 + ~ 014- 

> 0.89 90 92Mo 0v+2v 0 + ~ 21+ 

>11000 90 76Ge 0u 0 + ~ 0 + 
(~ R~+0.30 4- 0.68)E-3 10DMo 2,,-' 
. . . .  -0 .53  

I6 7~ +0'37 4-0.60)E-3 150Nd 2v 
" ~ -  0.42 

> 1.2 90 150Nd 0v 
1,,• ~ '0Ge 2v 
(3.75 4- 0.35 4- 0.21)E-2116Cd 2u 0 + ~ 0 + 
0 0 a'~ + 0,024 48 Ca " " ' - 0 . 0 1 1  • 0.014 2~, 
> 52 68 100Mo Ot.,,Im,u~ + ~ 0 + 
> 39 60 100Mo 0u,IA 1 0 + ~ 0 + 
> 51 68 100Mo 0u,(~) 0 + ~ 0 + 

0.79 4- 0.10 130Te 0u+2u 
0 c'1+0'18 100Mo 0u+2v 0 + ~ 014- 

"~ ' -0 .11  
> 0.00013 99 160Gd 2u 0 + ~ 0 + 
> 0.00012 99 160Gd 2u 0 + ~ 24- 

NEMO-2 16 ARNOLD 99 

NEMO-2 16 ARNOLD 99 
NEMO-2 16 ARNOLD 99 
Enriched HPGe 17 BAUDIS 99E 
Cryog. det. 10 ALESSAND... 98 
Cryog. det. 18 ALESSAND_. 90 
Cryog. det. 18 ALESSAND... 98 
Xe TPC 19 LUESCHER 98 
Xe TPC 20 LUESCHER 98 
5i(Li) 21 ALSTON-.., 97 

3' in HPGe 22 BARABASH 97 

3" in HPGe 22 BARABASH 97 

3' in HPGe 22 BARABASH 97 

Enriched HPGe 23 BAUDIS 97 
TPC 24 DESILVA 97 

TPC 25 DESILVA 97 

TPC 26 DESILVA 97 
Enriched HPGe 27 GUENTHER 97 

NEMO 2 28 ARNOLD 96 
TPC 29 BALYSH 96 

ELEGANT V 30 EJIRI 96 
ELEGANT V 30 EJIRI 96 
ELEGANT V 30 EJIRI 96 
Geochem 31 TAKAOKA 96 

3  ̀in HPGe 32 BARABASH 95 

Gd2SiO5:Ce scint 33 BURACHAS 95 
Gd2SiO5:Ce scint 33 BURACHAS 95 
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> 0.014 90 160Gd 0u 0 + ~ 0 + 
> 0.013 90 160Gd 0u 0 + ~ 2 + 
(9.5 • 0.4 • 0,9)E18 100Mo 2u 
> 0.6 90 100Mo 0u 0 + ~ 01- 
0 02 ~+0"009 116Cd 2u 0 + ~ O + 

~-0.005 
> 29 90 116Cd 0w 0 + ~ O + 
> 0.3 68 160Gd 0u 
> 2.37 90 l l 6cd  Ou+2u 0 + ~ 2 + 
> 2.05 90 116Cd Ou+2u 0 + ~ 01- 

> 2.05 90 ll6cd 0~,+2u 0 + ~ 02-- 

0 017+0"010 4- 0.0035 150Nd 2u 0 + ~ 0 + 
" "'- 0.005 

0.039 • 0.009 96Zr Ov+2v 

> 430 90 76Ge Ou 0 + ~ 2 + 

2.7 • 0.1 130Te 
7200 • 400 128Te 
> 27 68 g2se 0~, 0 + ~ 0 + 
0 In~+0.026 82Se 2u 0 + ~ 0 + 

. . . .  - 0.006 
0 92 +0.07 76Ge 2.u 0 + ~ 0 + 

�9 - 0 . 0 4  
> 3.3 95 136Xe Ou 0 + --~ 2 + 

> 8.16 95 136Xe 2~, 

2,0 • 0�9 238U 
> 9.5 76 48Ca 0u 
1 12 +0.48 76Ge 2v 0 + ~ 0 + 

�9 --U.26 
0.9 • 0.I 76Ge 2u 
> 4.7 68 128Te 0 + ~ 2 + 

> 4.5 68 130Te 0 + ~ 2 + 

> 800 95 128Te 
2.60 • 0.28 130Te 

Gd2SiO 'Ce scint 33 BURACHAS 95 5' 
Gd2SiOs:Ce scint 33 BURACHAS 95 
NEMO 2 DASSIE 95 
NEMO 2 DASSIE 95 

ELEGANT IV EJIRI 95 

116 CdWO4 scint 34 GEORGADZE 95 
Gd2SiO5: Ce seint KOBAYASHI 95 

in HPGe 35 PIEPKE 94 
9" in HPGe 35 PIEPKE 94 

7 in HPGe 35 PIEPKE 94 

TPC ARTEMEV 93 

G e o c h e m  KAWASHIMA 93 
Enriched HPGe BALYSH 92 
Geochem BERNATOW... 92 
Geochem 36 BERNATOW... 92 
TPC ELLIOTT 92 
TPC ELLIOTT 92 

Enriched HPGe 37 AVIGNONE 91 

Prop cntr 38 BELLOTTI 91 
Prop cntr BELLOTTI 91 
Radiochem 39 TURKEVICH 91 
CaF 2 scint. YOU 91 
HPGe 40 MILEY 90 

Enriched Ge(Li) VASEN KO 90 
Ge(Li) 33 BELLOTTI 87 
Ge(Li) 33 BELLOTTI 87 
Geochem 41 KIRSTEN 83 
Geochem 41 KIRSTEN 83 

15AALSETH 99 limit is based on 74.B4 active mol-yr of data using enriched Ge detectors 
at several locations. It is nut competive with BAUDIS 998. 

16ARNOLD 99 measure directly the 2u decay of Zr for the first time, using the NEMO-2 
tracking detector and an isotopica,y enriched source. The lifetime is more accurate than 
the geochemical result of KAWASHIMA 93. 

17 BAUDIS 998 is a continuation of the work of BAUDIS 97. The limit is based on a subset 
of data using a pulse shape event selection. The exposure time is 24.2 kg-yr. The more 
stringent limit, in parentheses, results from unphysical data (measured rate significantly 
below expected background), while the smaller value is the experimental sensitivity as 
defined by FELDMAN 98. This work supersedes BAUDIS 97 as the most stringent result. 

18 ALESSANDRELLO 98 report limits using an array of 20 cryogenic detectors of 340 grams 
of l e o  2 each. Supersedes ALESSANDRELLO 96B. 

19LUESCHER 98 report a limit for the Ou decay of 136Xe TPC. Supersedes VUILLEU- 
MIER 93. 

20LUESCHER 98 report a limit for the 2u decay of 136Xe using Xe TPC. Supersedes 
VUILLEUMIER 93. 

21ALSTON-GARNJOST 97 report evidence for 2v decay of 100Mo. This decay has been 
also observed by EJIRI 91, DASSIE 95, and DESILVA 97. 

22BARABASH 97 measure limits for ~+ ,  EC, and ECEC decay of 92Mo to the ground 
and excited states of 92Ru, respectively. Limits are not competive compared to j 3 - /3 -  
searches as far as sensitivity to <me} or RHC admixtures is concerned�9 

23 BAUDIS 97 limit for 0v decay of enriched 76Ge using Ge calorimeters supersedes GUEN- 
THER 97. 

24 DESILVA 97 result for 2v decay of 100 Mo is in agreement with ALSTON-GARNJOST 97 
and DASSIE 95. This measurement has the smallest errors. 

25DESILVA 97 result for 2v decay of 150Nd is in marginal agreement with ARTEMEV 93. 
It has smaller errors�9 

26 DESILVA 97 do not explain whether their efficiency for 0u decay of 150 Nd was calculated 
under the assumption of a <me), {A 1, or <f/) driven decay. 

27GUENTHER 97 half-life for the 2u decay of 76Ge is not in good agreement with the 
previous measurements of BALYSH 94, AVIGNONE 91, and MILEY 90. 

28ARNOLD 96 measure the 2u decay of 116Cd. This result is in agreement with EJIRI 95, 
but has smaller errors. Supersedes ARNOLD 95. 

29 BALYSH 96 measure the 2u decay of 48Ca, using a passive source of enriched 48Ca in 
a TPC. 

30EJIRI 96 use energy and angular correlations of the 2~-rays in efficiency estimate to 
give limits for the 0u decay modes associated with <mu}, <AI, and <r/l, respectively. 
Enriched 100Mo source is used in tracking calorimeter. These are the best limits for 
1 0 0 M o .  L i m i t  is more stringent than ALSTON-GARNJOST 97. 

31 TAKAOKA 96 measure the geochemical half-life of 130Te. Their value is in disagreemnt 
with the quoted values of BERNATOWICZ 92 and KIRSTEN 83; but agrees with several 
other unquoted determinations, e.g., MANUEL 91. 

32BARABASH 95 cannot distinguish 0u and 2u. but it is inferred indirectly that the Ou 
mode accounts for less than 0.026% of their event sample�9 They also note that their 
result disagrees with the previous experiment by the NEMO group (BLUM 92). 

33 BELLOTTI 87 searches for 7 rays for 2 + state decays in corresponding Xe isotopes. 
Limit for 130Te case argues for dominant 0 + ~  0 + transition in known decay of this 
isotope. 

34GEORGADZE 95 result for this and other modes are also give in DANEVICH 95. Result 
for 2u decay omitted because of authors' caveats. 

35 In PIEPKE 94, the studied excited states of 116Sn have energies above the ground state 
of 1.2935 MeV for the 2 + state, 1.7568 MeV for the 01- state, and 2.0273 for the 0~" 
state. 

36BERNATOWICZ 92 finds 128Te/130Te activity ratio from slope of 128Xe/132Xe vs 
138Xe/132Xe ratios during extraction, and normalizes to lead-dated ages for the 130Te 
lifetime. The authors state that their results imply that "(a) the double beta decay of 
128Te has been firmly established and its half-life has been determined .. .  without any 
ambiguity due to trapped Xe interferences... (b) Theoretical calculations .. .  underesti- 
mate t h e  [ l o n g  half-lives of 128Te 130Te] by 1 or 2 orders of magnitude, pointing to a 
real supresslon in the 2=, decay rate of these isotopes. (c) Despite [this], most/~-models 

363 

L e p t o n  P a r t i c l e  L i s t i n g s  

Massive Neutrinos and Lepton Mixing 

predict a ratio of 2v decay widths .. .  in fair agreement with observation." Further de- 
tails of the experiment are given in BERNATOWICZ 93. Our listed half-life has been 
revised downward from the published value by the authors, on the basis of reevaluated 
cosmic-ray 128Xe production corrections. 

37 AVlGNONE 91 reports confirmation of the MILEY 90 and VASENKO 90 observations of 
2u## decay of 76Ge. Error is 2c. 

38 BELLOTTI 91 uses difference between natural and enriched 136Xe runs to obtain ~3~0u 
limits, leading to "less stringent, but safer limits�9 

39TURKEVICH 91 observes activity in old U sample. The authors compare their results 
with theoretical calculations�9 They state "Using the phase-space factors of Boehm and 
Vogel (BOEHM 87) leads to matrix element values for the 238U transition in the same 
range as deduced for 130Te and 76Ge. On the other hand, the latest theoretical estimates 
(STAUDT 90) give an upper limit that is 10 times lower�9 This large discrepancy implies 
either a defect in the calculations or the presence of a faster path than the standard 
two-neutrino mode in this case." See BOEHM 87 and STAUDT 90. 

40 MILEY 90 claims only "suggestive evidence" for the decay. Error is 2~. 
41KIRSTEN 83 reports "2~r" error. References are given to earlier determinations of the 

130Te lifetime. 

(m~), The Effective Weighted Sum of Majorana Neutrino Masses 
Contributing to Neutrinoless Double ~ Decay 

(my> = IT u2jmvjl, where the sum goes from 1 to n and where n = number of 

neutrino generations, and u] is a Majorana neutrino. Note that U2], not lUejl 2, 
Occurs in the sum. The possibility of cancellations has been stressed, in the following 
Listings, only best or comparable limits or lifetimes for each isotope are reported. 

VALUE (eV) CL% ISOTOPE TRANSITION METHOD DOCUMENT ID 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

< 0.5-1.5 90 76Ge Enriched HPGe 42 AALSETH 99 I 
<23 90 96Zr NEMO-2 43 ARNOLD 99 I < 0.4(0.2)-1.0(0.6) 90 76Ge Enriched HPGe 44 BAUDIS 99B 
< 2.4-2.7 90 136Xe 0u Xe TPC 45 LUESCHER 98 I 
<9.3 68 100Mo 0v Si(Li) 46 ALSTON-... 97 
<0.46 90 76Ge 0~. 0 + ~ 0 + Enriched HPGe 47 BAUDIS 97 
<2.2 68 100Mo 0u 0 + ~ 0 + ELEGANT V 48 EJIRI 96 
<4.1 90 116Cd 0u 116CDWO4 stint 49 DANEVICH 95 
< 2.8-4.3 90 136Xe 0~, 0 + ~ 0 + TPC S0 VUILLEUMIER 93 
< 1.1-1.5 128Te Geochem 51 BERNATOW_. 92 
<5 68 82Se TPC 52 ELLIOTT 92 
<8.3 76 48Ca 0u CaF 2 seint. YOU 91 
<5.6 95 128Te Geochem KIRSTEN 83 

42 In AALSETH 99, the range given in the limit reflects the spread of the corresponding 
nuclear matrix elements. This limit is not competive with BAUDIS 99B. 

43 ARNOLD 99 limit based on the nuclear matrix elements of STAUDT 90. 
44 BAUDIS 99B derive a limit for <mu} using the matrix elements of STAUDT 90. The 

uncertainty given for <my) reflects theoretical uncertainty in the matrix element calcula- 
tions. The less restrictive limit is based on the quoted experimental sensitivity while the 
lower value in parentheses makes use of measured rates significantly below background�9 

45 LUESCHER 98 limit for (my) is based on the matrix elements of ENGEL 88. 
46ALSTON-GARNJOST 97 obtain the limit for <my) using the matrix elements of EN- 

GEL 88. The limit supersedes ALSTON-GARNJOST 93. 
47 BAUDIS 97 limit for <my) is based on the matrix elements of STAUDT 90. This is the 

most stringent bound on (my).  It supersedes the limit of GUENTHER 97. 
48 EJIRI 96 obtain the limit for (my) using the matrix elements of TOMODA 91. 
49 DANEVlCH 95 is identical to GEORGADZE 95. 
50VUILLEUMIER 93 mass range from parameter range in the Caltech calculations (EN- 

GEL 88). On the basis of these calculations, the BALYSH 92 mass range would be 
< 2.2-4.4 eV. 

51 BERNATOWICZ 92 finds these majoron mass limits assuming that the measured geo- 
chemical decay width is a limit on the 0u decay width. The range is the range found 
using matrix elements from HAXTON 84, TOMODA 87, and SUHONEN 91. Further 
details of the experiment are given in BERNATOWICZ 93. 

52 ELLIOTT 92 uses the matrix elements of HAXTON 84. 

Llmits on Lepton-Number Violating (V+A) Current Admixture 
For reasons given in the discussion at the beginning of this section, we list only results 
from 1989 and later /A/ = A~_,UejVej and {~/} = ~..UejV e. where the sum is 
over the number of neutrino generatfons. This sum vanishes for massless or unmixed 
neutrinos. In the following Listings, only best or comparable limits or lifetimes for each 
isotope are reported. 

<~/(106) co, <~/(,08j eL, iSOTOPE METNOO OOC~MENTID 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. * �9 * 

<L1 90 <0.64 90 76Ge Enriched HPGe 53 GUENTHER 97 
<3.7 68 <2.5 68 100Mo Elegant V 54 EJIRI 96 
<5.3 90 <5.9 90 116Cd 116CDWO4 stint 55 DANEVICH 95 
<4.4 90 <2.3 90 136Xe TPC 56 VUILLEUMIER 93 

<5.3 128Te Geochem 57 BERNATOW... 92 

53 GUENTHER 97 limits use the matrix elements of STAUDT 90. Supersedes BALYSH 95 
and BALYSH 92. 

54 EJIRI 96 obtain limits for <A} a n d  <7> using the matrix elements of TOMODA 91. 
55 DANEVlCH 95 is identical to GEORGADZE 95. 
56 VUILLEUMIER 93 uses the matrix elements of MUTO 89. 
57 BERNATOWICZ 92 takes the measured geochemical decay width as a limit on the 0u 

width, and uses the SUHONEN 91 coefficients to obtain the least restrictive limit on 7/. 
Further details of the experiment are given in BERNATOWICZ 93. 
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(D) Other bounds from nudear and particle decays 

Limits on JuexJ = as Function of m~x - -  

Peak and kink search tests 
Limits on IUexl 2 as function of mu] 

VALUE CL~o DOCUMENT ID TECN CQMMENT 
<1 X 10 - 7  90 58 BRITTON 92B CNTR 50 MeV < mux < 130 

MeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<5 x 10 - 6  90 DELEENER-... 91 mux=20 MeV 

<5 x 10 - 7  90 DELEENER-.., 91 mux=40 MeV 

<3 x 10 - 7  90 DELEENER-,.. 91 mex=60 Me'# 

<I  x 10 -6  90 DELEENER-... 91 mux=80 MeV 

< i  x 10 -6  90 DELEENER-... 91 mux=100 MeV 

<5 x 10 - 7  90 AZUELOS 86 CNTR mux=60 MeV 

<2 x 10 - 7  90 AZUELOS 86 CNTR mex=80 MeV 

<3 x 10 - 7  90 AZUELOS 86 CNTR mux=100 MeV 

< i  x 10 -6  90 AZUELOS 86 CNTR mex=120 MeV 

<2 x 10 - 7  90 AZUELOS 86 CNTR mex=130 MuM 

<1 x 10 - 4  90 59 BRYMAN 83B CNTR mux=5 MeV 

<1.5 x 10 - 6  90 BRYMAN 83B CNTR mex=53 MeV 

<1 x 10 - 5  90 BRYMAN 83B CNTR mux=70 MeV 

<1 • 10 - 4  90 BRYMAN 83B CNTR mex=130 MeV 

<1 • 10 - 4  68 60 SHROCK 81 THEO mux=10 MeV 

<5 x 10 -6  68 60 SHROCK 81 THEO mux:60 MeV 

<1 x 10 -5  68 61 SHROCK 80 THEO mex=80 MeV 

<3 x 10 - 6  68 61 SHROCK B0 THEO mex=160 MeV 

58 BRITTON 92B is from a search for additional peaks in the e-- spectrum from ~r + 
e+e e decay at TRIUMF. See also BRITTON 92. 

59BRYMAN 83B obtain upper limits from both direct peak search and analysis of B(~ 
eu) /B(~  ~ p`u). Latter limits are not listed, except for this entry (i.e. - -  we list the 
most stringent limits for given mass). 

60Analysis of 0 r+  ~ e + u e ) / ( ~ +  ~ p--up)and (K + ~ e+ue)/(K+ ~ #+up,) 
decay ratios. 

61Analysis of (K + ~ e + ee) spectrum. 

Kink search in nuclear ~ decay 
High-sensitivity follow-up experiments show that indications fur a neutrino with mass 
17 keY (Simpson, Hime, and others) were not valid. Accordingly, we no longer list 
the experiments by these authors and some others which made positive claims of 
17 keV neutrino emission. Complete listings are given in the 1994 edition (Physical 
Review 050 1173 (1994)) and in the 1998 edition (The European Physical Journal 
C3 1 (1998)). We list below only the best limits on IUe;cl 2 for each mvx. See 
WlETFELDT 96 fur a comprehensive review. 

VALUE 
(units 10 -3) CL% mvj (keY) 150TOPE METHOD DOCUMENT ID 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

< 4 x 10 - 3  95 14-17 241pu Electrostatic spec 62 DRAGOUN 99 I 
< 1 95 4-30 63Ni Mag spect 63 HOLZSCHUH 99 I 10-40 90 370-640 37Ar EC ion recoil 64 HINDI 98 
< 10 95 1 3H SPEC 65 HIDDEMANN 95 
< 6 95 2 3H SPEC 65 HIDDEMANN 95 
< 2 95 3 3H SPEC 65 HIDDEMANN 95 
< 0.7 99 16.3-16.6 3H Prop chamber 66 KALBFLEISCH 93 
< 2 95 13-40 35S Si(Li) 67 MORTARA 93 
< 0.73 95 17 63Ni Mag spect OHSHIMA 93 
< 1.0 95 10-24 63Ni Mag spect KAWAKAMI 92 
< 8 90 80 35S Mag spect 68 APALIKOV 85 
< 1.5 90 60 35S Mag spect APALIKOV 85 
< 3,0 90 5-50 Mag spect MARKEY 85 
< 0.62 90 48 35S Si(Li) OHI 85 
< 0.90 90 30 35S Si(Li) OHI 85 
< 4 90 140 64Cu Mag spect 69 SCHRECK.,. 83 
< 8 90 440 64Cu Mag spect 69 SCHRECK.,. 83 
<100 90 0.1-3000 THEO 70 SHROCK 80 
< 0.1 68 80 THEO 71 SHROCK 80 

62 DRAGOUN 99 analyze the /3 decay spectrum of 241pu in the energy range 0.2-9.2 
keV to derive limits for the admixture of heavy neutrinos. It is not competive with 
HOLZSCHUH 99. 

63 HOLZSCHUH 99 use an iron-free/3 spectrometer to measure the 63Ni/3 decay spectrum. 
An analysis of the spectrum in the energy rage 33-67.8 keV is used to derive limits for 
the admixture of heavy neutrinos. 

64 HIND198 obtain a limit on heavy neutrino admixture from EC decay of 37At by measuring 
the time-of-flight distribution of the recoiling ions in coincidence with x-rays or Auger 
electrons. The authors report upper limit for IUexl 2 of ~ 3% for mux=500 keV, 1% for 
mex=550 keV, 2% for mux=600 keV, and 4% for rex=650 keV. Their reported limits 

for mux < 450 keV are inferior to the limits of SCHRECKENBACH 83. 

651n the beta spectrum from trit ium/3 decay nonvanishlng or mixed rap1 state in the mass 

region 0.01-4 keV. For me.: <1 keV, their upper limit on IUexl 2 becomes less 

66KALBFLEISCH 93 extends the 17 keY neutrino search of BAHRAN 92, using an im- 
proved proportional chamber to which a small amount of 3H is added. Systematics are 
significantly reduced, allowing fur an improved upper limit. The authors give a 99% con- 
fidence limit on IUexl 2 as a function of me• in the range from 13.5 keY to 17.5 keV. 
See also the related papers BAHRAN 93, BAHRAN 93B, and BAHRAN 95 on theoretical 
aspects of beta spectra and fitting methods for heavy neutrinos. 

67 MORTARA 93 limit is from study using a high-resolution solid-state detector with a 
superconducting solenoid. The authors note that "The sensitivity to neutrino mass is 
verified by measurement with a mixed source of 35S and 14C, which artificially produces 
a distortion in the beta spectrum similar to that expected from the massive neutrino." 

68 This limit was taken from the figure 3 of APALIKOV 85; the text gives a more restrictive 
limit of 1.7 x 10 - 3  at CL = 90%. 

69 SCHRECKENBACH 83 is a combined measurement of the/3+ and/3-  spectrum. 
70 SHROCK 80 was a retroactive analysis of data on several superallowed/3 decays to search 

for kinks in the Kurie plot. 
71Application of test to search for kinks in/3 decay Kurie plots. 

Searches for Decays of Massive v 
Limits on I Ue xl  2 as function of mex 

VALUE CL% DOCUMENT ID TECN COMMENT 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<4 x 10 - 3  95 ACCIARRI 99K L3 m u ~ 8 0  MeV 

<5 x 10 - 2  9S ACCIARRI 99K L3 mex~ 175 GeV 

<2 x 10 -5  95 72 ABREU 971 DLPH mux~6 GeV 

<3 x 10 -5  95 72ABREU 971 DLPH mux~-50 GeV 

<1,8 x 10 -3  90 73 HAGNER 95 MWPC mvh = 1,5 MeV 

<2.5 x 10 - 4  90 73 HAGNER 95 MWPC muh = 4 MeV 

<4.2 x 10 - 3  90 73 HAGNER 95 MWPC mvh = 9 MeV 

<I  x I0 -S 90 74 BARANOV 93 mvx.=100 MeV 

<1 x 10 -6  90 74 BARANOV 93 mex= 200 MeV 

<3 x 10 - 7  90 74 BARANOV 93 mux.~ 300 MeV 

<2 x 10 - 7  90 74 BARANOV 93 mex=400 MeV 

<6.2 x 10 - 8  95 ADEVA 90S L3 mex=20 MeV 

<5.1 x 10 -10 95 ADEVA 90S L3 mex~-40 MeV 

all values ruled out 95 75 BURCHAT 90 MRK2 mux < 19.6 Gee 

<1 x 10 - 1 0  95 75 BURCHAT 90 MRK2 m v x =  22 GeV 

<1 x 10 -11  95 75 BURCHAT 90 MRK2 mux= 41 Gee 

all values ruled out 95 DECAMP 90F ALEP mex= 25,0-42.7 GeV 

<1 x 10 - 1 3  95 DECAMP 90F ALEP mux= 42,7-45.7 GeV 

<5 • 10 - 3  90 AKERLOF 88 HRS mux= l .8  GeV 

<2 x 10 - 5  90 AKERLOF 88 HRS mex=4 Gee 

<3 x 10 - 6  90 AKERLOF 88 HRS mex=6 Gee 

<1.2 x 10 - 7  90 BERNARDI 88 CNTR mu ~-100 MeV 

<1 x 10 - 8  90 BERNARDI 88 CNTR mex=200 MeV 

<2.4 x 10 - 9  90 BERNARDI 88 CNTR mux=300 MeV 

<2,t x 10 - 9  90 BERNARDI 88 CNTR mex=400 MeV 

<2 x 10 - 2  6B 76 OBERAUER 87 mux=l.5 MeV 

<8 x 10 - 4  68 76 OBERAUER 87 mux=4.0 MeV 

<8 x 10 - 3  90 BADIER 86 CNTR mux=400 MeV 

<8 x 10 - 5  90 BADIER 86 CNTR mux= l .7  Gee 

<8 x 10 - 8  90 BERNARDI 86 CNTR m~,x=100 MeV 

<4 x 10 - 8  90 BERNARDI 86 CNTR mex=200 MeV 

<6 x 10 - 9  90 BERNARDI 86 CNTR mux=400 MeV 

<3 x 10 - 5  90 DORENBOS... 86 CNTR mvx=150 MeV 

<1 x 10 - 6  90 DORENBOS... 86 CNTR mux=500 MeV 

<1 x 10 - 7  90 DORENBOS... 86 CNTR mux_l.6 GeV 

<7 x 10 - 7  90 77 COOPER-... 85 HLBC me• Gee 

<8 x 10 - 8  90 77COOPER-... 85 HLBC mux= l .5  GeV 

<1 x 10 - 2  90 78 BERGSMA 83B CNTR mex=10 MeV ' 

<1 x 10 - 5  90 78 BERGSMA 83B CNTR mux=110 MeV 

<6 x 10 - 7  90 78 BERGSMA 83B CNTR mux=410 MeV 

<1 x 10 - 5  90 GRONAU 83 mex=160 MeV 

<1 x 10 - 6  90 GRONAU 83 mex=480 MeV 

72 I I ABREU 97 ong-lived u x analysis. Short-lived analysis extends limit to lower masses 
with decreasing sensitivity except at 3.5 Gee, where the limit is the same as at 6 GeV. 

73HAGNER 95 obtain limits on heavy neutrino admixture from the decay u h ~ u e e + e -  
at a nuclear reactor for the u h mass range 2-9 MeV. 

74 BARANOV 93 is a search for neutrino decays into e Jr e-- ee using a beam dump experi- 
ment at the 70 Gee Serpukhov proton synchrotron. The limits are not as good as those 
achieved earlier by BERGSMA 83 and BERNAROI 86, BERNARDI 88. 

75BURCHAT 90 includes the analyses reported in JUNG 90, ABRAMS 89c, and 
WENDT 87. 

76OBERAUER 87 bounds from search for u ~ u lee decay mode using reactor 
(anti)neutrinos. 

77COOPER-SARKAR B5 also give limits based on model-dependent assumptions for u r 
flux. We do not list these. Note that for this bound to be nontrivial, x is not equal 
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tO 3, i.e. ~'x cannot be the dominant mass eigenstate in u T since mu3 <70 MeV 
(ALBRECHT 851). Also, of course, x is not equal to 1 or 2, so a fourth generation would 
be required for this bound to be nontrivial. 

70 BERGSMA 83B also quote limits on lUesI 2 where the index 3 refers to the mass eigen- 
state dominantly coupled to the T. Those limits were based on assumptions about the 
D s mass and D s ~ ~'u T branching ratio which are no longer valid. See COOPER- 
SARKAR 85. 

emits on Coupling of # to Ux as Function of rn,x 

Peak search test 
Limits on B(lr (or K) ~ #Vx), 

VALUE CL% DOCUMENT ID TECN COMMENT 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.22 90 79 ASSAMAGAN 98 SILl mvx= 0.53 MeV 

<0.029 90 79 ASSAMAGAN 98 SILl m v x -  0.75 MeV 

<0.016 90 79 ASSAMAGAN 98 SILl m v x -  1.0 MeV 

< 4-6 x 10 - 5  80 BRYMAN 96 CNTR mvx = 30-33.91 MeV 

1 x 10 -16 81 ARMBRUSTER95 KARM mex = 33,9 MeV 

<4 x 10 - 7  95 82 BILGER 95 LEPS mpx = 33.9 MeV 

<7 x 10 - 8  95 82 BILGER 95 LEPS mu ~ = 33.9 MeV 

<2.6 x 10 - 8  95 82 DAUM 950 TOF mux = 33.9 MeV 

<2 x 10 - 2  90 DAUM 87 mux-1 MeV 

<1 x 10 - 3  90 DAUM 87 mex=2 MeV 

<6 x 10 - 5  90 DAUM 87 3 MeV < mux < 19.5 

MeV 
<3 x 10 - 2  90 83 MINEHART 84 mux=2 MeV 

<1 x 10 - 3  90 83 MINEHART 84 mvx-4  MeV 

<3 x 10 - 4  90 83 MINEHART 84 mux=lO GeV 

<5 x 10 -6 90 B4 HAYANO 82 mvx-330 MeV 

<1 x 10 -4 90 84 HAYANO 82 mux=70 MeV 

<9 x 10 - 7  90 84 HAYANO 82 mex =250 MeV 

<1 x 10 - 1  90 83 ABELA 81 m e x - 4  MeV 

<7 x 10 - 5  90 83 ABELA 81 mvx=10.5 MeV 

<2 x 10 - 4  00 83 ABELA 81 mvx =11.5 MeV 

<2 x 10 - 5  90 83 ABELA 81 mux=16-30 MeV 

79ASSAMAGAN 98 obtain a limit on heavy neutrino admixture from ~+  decay essentially I 
at rest, by measuring with good resolution the momentum distribution of the muons. 
However, the search uses an adhoc shape Correction. The authors report upper limit for | 
lUtJxl 2 of 0.22 for mrs = 0.53 MeV, 0.029 for m u = 0.75 MeV, and 0.016 for m u = m 
1.0 MeV at 90%CL. I 

80 BRYMAN 96 search for massive unconventional neutrinos of mass me• in ~r + decay. 

BIARMBRUSTER 95 study the reactions 12C(ee,e- ) 12N and 12C(v ,J )  12C* induced by 

neutrinos from 7r § and/~+ decay at the ISIS neutron spanation source at the Rutherford- 
Appleton laboratory. An anomaly in the time distribution can be interpreted as the decay 
lr + ~ # + u  x, where v x is a neutral weakly interacting particle with mass ~ 33.9 MeV 
and spin 1/2. The lower limit to the branching ratio is a function of the lifetime of the 
new massive neutral particle, and reaches a minimum of a few x 10 -16  for ~x ~ 5 s. 

Peak Search in Muon Capture 
Limits on l U#xl 2 as function of mex 

VALUE DOCUMENT ID COMMENT 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 
<1 x 10 - 1  DEUTSCH 83 mex=4S MeV 

<7 x 10 - 3  DEUTSCH 83 m y = 7 0  MeV 

<1 x 10 - 1  DEUTSCH 83 mux=8S MeV 

Searches for Decays of Massive v 
Limits on IU~xt 2 as function of mVx 

VALUE CL% DOCUMENT ID TECN COMMENT 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 
<5 x 10 - 7  90 91 VAITAITIS 99 CCFR mex=0.28 Gee I 

<8 x 10 - 8  90 91 VAITAITIS 99 CCFR mvx=0.37 GeV I 

<5 x 10 - 7  90 91VAITAITIS 99 CCFR mvx= 0.50 GeV I 
<6 x 10 - 8  90 91 VAITAITIS 99 CCFR m~x= 1.50 GeV I 

<2 x 10 - 5  95 92 ABREU 971 DLPH mux=6 GeM 

<3 x 10 -5 95 92 ABREU 971 DLPH mux=50 GeV 

<3 x 10 -6 90 GALLAS 95 CNTR mvx = I GeV 

<3 x 10 -5 90 93 VILAIN 95c CHM2 mvx = 2 GeV 

<6.2 x 10 -0 95 ADEVA 90s L3 mux-20 MeV 

<5.1 x 10 -10 95 ADEVA 90s L3 mux-40 MeV 

all values ruled out 95 94 BURCHAT 90 MRK2 mex < 19.6 GeV 

<1 x 10 - 1 0  95 94 BURCHAT 90 MRK2 mr, x = 22 GeV 

<1 x 10 -11 95 94 BURCHAT 90 MRK2 mvx = 41 GeV 

all values ruled out 95 DECAMP 90F ALEP mux= 25.0-42.7 GeV 

<I  x 10 -13 95 DECAMP 90r ALEP mux= 42.7-45.7 GeV 

<5 x 10 -3 90 AKERLOF 88 HRS mux=l.8 GeV 

<2 x 10 -5 90 AKERLOF 88 HRS mux=4 GeV 

<3 x10 -6 90 AKERLOF 88 HRS mex=6GeV 

<1 x 10 - 7  90 BERNARDI 88 CNTR mux=200 MeV 

<3 x 10 - 9  90 BERNARDI 88 CNTR mux-300  MeV 

<4 x 10 - 4  90 95 MISHRA 87 CNTR mvx= l . 5  GeV 

<4 x 10 - 3  90 95 MISHRA 87 CNTR mvx=2.5 GeV 

<0.9 x 10 - 2  90 95 MISHRA 87 CNTR mvx=5 GeV 

<0.1 90 95 MISHRA 87 CNTR mvx=10 GeV 

<8 x 10 -4 90 BADIER 86 CNTR mtzx=600 MeV 

<1.2 x 10 - 5  90 BADIER 86 CNTR mvx=l .7 GeM 

<3 x 10 - 8  90 BERNARDI 86 CNTR mux=200 MeV 

<6 x 10 - 9  90 BERNARDI 06 CNTR mVx=350 MeV 

<1 x 10 - 6  90 DORENBOS... 86 CNTR mvx=500 MeV 

<I  x 10 -7 90 DORENBOS... 86 CNTR mvx=1600 MeV 

<0.8 x 10 -5 90 96 COOPER-,.. 85 HLBC mvx=0.4 GeV 

<1.0 x 10 -? 90 96 COOPER-,.. 85 HLBC mux=l.5 GeV 

82From experiments of 7r + and ~r- decay in flight at PSI, to check the claim of the 
KARMEN Collaboration quoted above (ARMBRUSTER 95). 

83~r+ ~ ,u+r,# peak search experiment. 

8 4 K +  ~ Iz+ep peak search experiment. 

Peak search test 
Limits on tUlzxl 2 as function of mv x 

VALUE CL.~ DOCUMENT ID TECN COMMENT 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

< 1-10 x 10 - 4  85 BRYMAN 96 CNTR mux = 30-33.91 MeV 

<2 x 10 - 5  95 86 ASANO 81 mux=70 MeV 

<3 x 10 - 6  95 86 ASANO 81 mux=210 MeV 

<3 x 10 - 6  95 86 ASANO 81 mux-230 MeV 

<6 x 10 - 6  95 87 ASANO 81 mux=240 MeV 

<5 x 10 - 7  95 87 ASANO 81 mux=280 MeV 

<6 x 10 - 6  95 87 ASANO 81 mux=300 MeV 

<1 x 10 - ; t  95 CALAPRICE 81 m e x - 7  MeV 

<3 x 10 - 3  95 88 CALAPRICE 81 mux=33 MeV 

<1 x 10 - 4  68 89 SHROCK 81 THEO mux=13 MeV 

<3 x 10 - 5  68 89 SHROCK 81 THEO mvx=33 MeV 

<6 x 10 - 3  68 90 SHROCK 81 THEO mvx=80 MeV 

<5 x 10 - 3  60 90 SHROCK 81 THEO mvx=120 MeV 

85 BRYMAN 96 search for massive unconventional neutrinos of mass mvx in ~r + decay. 
They interpret the result as an upper limit for the admixture of a heavy sterile or otherwise 

86 K + ~ #+u/ j  peak search experiment. 

87Analysis of experiment on K + ~ #+ U#Ux'# x decay. 

88~+ ~ #+u/~ peak search experiment. 

09 Analysis of magnetic spectrometer experiment, bubble cha tuber experiment, and emulsion 
experiment on ~+ ~ /~+ u# decay. 

90Analysis of magnetic spectrometer experiment on K ~ /~, v# decay. 

91VAITAITIS 99 search for L 0 ~ #X .  See paper for rather complicated limit as function I 
of mux, 

92ABREU 971 long-lived u x analysis. Short-lived analysis extends limit to lower masses 
with decreasing sensitivity except at 3.5 GeV, where the limit is the same as at 6 GeV. 

93VILAIN 05C is a search for the decays of heavy isosinglet neutrinos produced by neutral 
current neutrino interactions. Limits were quoted for masses in the range from 0.3 to 24 
GeV. The best limit is listed above. 

94BURCHAT 90 includes the analyses reported in JUNG 90, ABRAMS 89C, and 
WENDT 87. 

95See also limits on Iu3=l from WENDT 87. 
96 COOPER-SARKAR 85 also give limits based on model-dependent assumptions for u T 

flux. We do not list these. Note that for this bound to be nontrivial, x is not equal 
to 3, i.e. v x cannot be the dominant mass eigenstate in u T since m~3 <70 MeV 
(ALBRECHT 851). Also, of course, x is not equal to 1 or 2, so a fourth generation would 
be required for this bound to be nontriviaL 

emits on IUrxl 2 as a Function of rnvx 
VALUE ~ OOCUMENT tD TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 i 

<2 x 10 - 5  95 97 ABREU 97l DLPH mvx=6 GeV 

<3 x l 0  - 5  95 97ABREU 971 DLPH mex=50GeV 

<6,2 x 10 - 8  95 ADEVA 90s L3 mex=20 MeV 

<5.1 x 10 - 1 0  95 ADEVA 90s L3 mux=40 MeV 

all values ruled out 95 98 BURCHAT 90 MRK2 me; < < 19.6 GeV 

<1 x 10 - 1 0  95 98 BURCHAT 90 MRK2 mux = 22 GeV 

<1 x 10 -11  95 98 BURCHAT 90 MRK2 mux = 41 GeV 

all values ruled out 95 DECAMP 90F ALEP mvx= 25.0-42.7 GeV 

<1 x 10 - 1 3  95 DECAMP 90F ALEP mvx= 42.7-45.7 GeM 

<5 x 10 - 2  00 AKERLOF 88 HRS Iv •  GeV 

<9 x 10 - 5  80 AKERLOF 88 HRS mex=4.5 GeV 

97ABREU 971 long-lived z, x analysis. Short-lived analysis extends limit to lower masses 
with decreasing sensitivity. 

98BURCHAT 90 includes the analyses reported in JUNG 90, ABRAMS 09C, and 
WENDT 87. 
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Limits on IUax[ 2 
Where a - e, # from p parameter in # decay. 

VALUE CL~ DOCUMENT ID TECN COMMENT 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc, �9 �9 �9 

<I x 10 -2 68 SHROCK 818 THEO mvx:10 GeV 

<2 x 10 -3 68 SHROCK 81B THEO mu=40 MeV 

<4 x 10 -2 68 SHROCK 81B THEO mu=70 MeV 

Limits on lu, sxU2sl = Function of mj, s 
VALUE ~ DOCUMENT ID TECN COMMENT 

following data for averages, fits, limits, etc. �9 * �9 

90 99 BARANOV 93 muj= 80 MeV 

90 99 BARANOV 93 mvj= 160 MeV 

90 99 BARANOV 93 mvj= 240 MeV 

90 99 BARANOV 93 muj :  320 MeV 

90 BERNARDI 86 CNTR mv]=25 MeV 

90 BERNARDI 86 CNTR mvj:100 MeV 

90 BERNARDI 86 CNTR muj=200 MeV 

90 BERNARDI 86 CNTR m u j : 3 5 0  MeV 

90 BERGSMA 83B CNTR mvj:10 MeV 

90 BERGSMA 83B CNTR mvj=140 MeV 

90 BERGSMA 83B CNTR mvj=370 MeV 

99 BARANOV 93 is a search for neutr ino decays into e + e - v  e using a beam dump exper- 
iment at the 70 GeV Serpukhov proton synchrotron. 

�9 �9 �9 We do not use the 

<:3 x 10 - 5  

<:3 x 10 - 6  

< 6  x 10 - 7  

< 2  • 10 - 1  

<:9 x 10 - 5  

<:3.6 x 10 - 7  

<3 x 10 -8 

<6 x 10 -9 

<I x 10 -2 

<1 x 10 - 5  

<7  x 10 - 7  

(E) Solar v F.xperiments 

S O L A R  N E U T R I N O S  

Revised January 2000 by K. Nakamura (KEK, High Energy 
Accelerator Research Organization, Japan).  

The Sun is a main-sequence star at a stage of stable hydro- 

gen burning. It produces an intense flux of electron neutrinos as 

a consequence of nuclear fusion reactions which generate solar 

energy, and whose combined effect is 

4p + 2e-  ---* 4He + 2Ue + 26.73 MeV - E u  , (1) 

where E~ represents the energy taken away by neutrinos, 

with an average value being ( E v )  ~ 0.6 MeV. Each neutrino- 

producing reaction, the resulting flux, and contributions to the 

event rates in chlorine and gallium solar-neutrino experiments 

predicted by the recent Bahcall, Basu, and Pinsonneault  stan- 

dard solar model (SSM) calculation [1] are listed in Table 1. 

This SSM is regarded as the best with helium and heavy-element 

diffusion. Figure 1 shows the energy spectra of solar neutrinos 

from these reactions quoted from Ref. 1. Recently, the SSM has 

been shown to predict accurately the helioseismological sound 

velocities with a precision of 0.1% rms throughout  essentially 

the entire Sun, greatly strengthening confidence in the solar 

model [1,2]. 

Observation of solar neutrinos directly addresses the SSM 

and, more generally, the theory of stellar structure and evolution 

which is the basis of the SSM. The Sun as a well-defined 

neutrino source also provides extremely impor tant  opportunities 

to investigate nontrivial neutrino properties such as nonzero 

mass and mixing, because of the wide range of mat ter  density 

and the very long distance from the Sun to the Earth. In fact, 

the currently available solar-neutrino data  seem to require such 

neutrino properties, if one tries to understand them consistently. 

So far, five solar-neutrino experiments have published re- 

sults. Three of them are radiochemical experiments using 37C1 

T a b l e  1: Neutrino-producing reactions in the Sun (the first 
column) and their abbreviations (second column). The neutrino 
fluxes and event rates in chlorine and gallium solar-neutrino 
experiments predicted by Bahcall, Basu, and Pinsonneault  [1] 
are listed in the third, fourth, and fifth columns respectively. 

BAHCALL 98C [1] 

Reaction Abbr. Flux (cm -2 s -1) C1 (SNU*) Ga (SNU*) 

5 94q ,^+0.01- 1018 pp ~ d e  + u PP �9 t .VU-o.ol) x - -  69.6 
1 39 1 nfvl-O.Ol,, p c - p - - 4  d u  pep �9 ( . . . .  0,01/ • 10s 0.2 2.8 

3He p --+ 4He e+u hep  2.10 • 103 0.0 0.0 

7Be e- --* 7Li u + (7) 7Be 4.80(1.00+~176 • 109 1.15 34.4 
8B -~ 8Be* e+~ 8S 5.15(1.00+~:~) • ,06 5.9 124 

13N ~ 13C e+u lSN 6.05(1.00+_~ x 10 s 0.1 3.7 
150 --~ 15N e+u 150 5.32(1.00+%% 2) x 108 0.4 6.0 

17F --' 170 e+u 17F 6.48(I.00+o~ x 10 6 0.0 0.1 

Total 7.7+_~:~o 129_+~ 

* 1 SNU (Solar Neutrino Unit) = 10 -35 captures per atom per second. 

F i g u r e  1: The solar neutrino spectrum pre- 
dicted by the s tandard solar model. The neu- 
trino fluxes from continuum sources are given 
in units of number c m - 2 s - l M e V  -1 at  one as- 
tronomical unit, and the line fluxes are given 
in number cm-2s -z.  Spectra for the p p  chain, 
shown by the solid curves, are courtesy of J.N. 
Bahcall (1999), and reflect updates in BAH- 
CALL 98C. Spectra for the CNO chain are 
shown by the dotted curves, and are courtesty 
of J.N. Bahcall (1995). 

(Homestake in USA) or 71Ga (GALLEX at Gran Sasso in Italy 

and SAGE at Baksan in Russia) to capture neutrinos: 37C1 ve 

---* 3TAr e -  (threshold 814 keV) or 71Ga ue ---* n G e  e -  (thresh- 

old 233 keV). The produced 3TAr and 71Ge are bo th  radioactive 

nuclei, with half lives (71/2) of 34.8 days and 11.43 days, respec- 

tively. After an exposure of the detector for two to three times 

q /2 ,  the reaction products are extracted and introduced into 
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a low-background proportional counter, and are counted for a 

sufficiently long period to determine the exponentially decaying 

signal and a constant background. In the chlorine experiment, 

the dominant contribution comes from SB neutrinos, but 7Be, 

pep, 13N, and 150 neutrinos also contribute. At present, the 

most abundant pp neutrinos can be detected only in gallium 

experiments. Even so, almost half of the capture rate in the 

gallium experiments is due to other solar neutrinos. 

The other experiments are real-time experiments utilizing 

ue scattering in a large water-Cerenkov detector (Kamiokande 

and Super-Kamiokande in Japan). These experiments take ad- 

vantage of the directional correlation between the incoming 

neutrino and the recoil electron. This feature greatly helps the 

clear separation of the solar-neutrino signal from the back- 

ground. Due to the high thresholds (7 MeV in Kamiokande 

and 5.5 MeV at present in Super-Kamiokande) the experiments 

observe pure 8B solar neutrinos because hep neutrinos con- 

tribute negligibly according to the SSM. (However, the recent 

Super-Kamiokande results on the recoil-electron energy spec- 

trum at > 13 MeV raised some discussion on the possibility of 

an enhanced hep neutrino contribution [3,4].) 

In May, 1999, a new realtime solar-neutrino experiment, 

SNO (Sudbury Neutrino Observatory) started observation. This 

experiment uses 1000 tons of heavy water (D20) to measure 

solar neutrinos through both inverse /3 decay (ued --~ e-pp)  

and neutral-current interactions (uzd ~ uxpn). In addition, ue 

scattering events will be measured. 

Solar neutrinos were first observed in the Homestake chlo- 

rine experiment in the late 1960's. From the very beginning, it 

was recognized that the observed capture rate was significantly 

smaller than the SSM prediction provided nothing happens to 

the electron neutrinos after they are created in the solar interior. 

This deficit has been called "the solar-neutrino problem." 

The Kamiokande-II Collaboration started observing the 8B 

solar neutrinos at the beginning of 1987. Because of the strong 

directional correlation of ue scattering, this result gave the 

first direct evidence that the Sun emits neutrinos (no direc- 

tional information is available in radiochemical solar-neutrino 

experiments.) The observed solar-neutrino flux was also signifi- 

cantly less than the SSM prediction. In addition, Kamiokande- 

II obtained the energy spectrum of recoil electrons and the 

fluxes separately measured in the daytime and nighttime. The 

Kamiokande-II experiment came to an end at the beginning of 

1995. 

GALLEX presented the first evidence of pp solar-neutrino 

observation in 1992. Here also, the observed capture rate is sig- 

nificantly less than the SSM prediction. SAGE, after the initial 

confusion which is ascribed to statistics by the group, observed 

a similar capture rate to that of GALLEX. Both GALLEX and 

SAGE groups tested the overall detector response with intense 

man-made 51Cr neutrino sources, and observed good agreement 

between the measured 71Ge production rate and that predicted 

from the source activity, demonstrating the reliability of these 

experiments. The GALLEX Collaboration formally finished ob- 

servations in early 1997. Since April, 1998, a newly defined 

collaboration, GNO (Gallium Neutrino Observatory) resumed 

the observations. 

Super-Kamiokande is a 50-kton second-generation solar- 

neutrino detector, which is characterized by a significantly 

larger counting rate than the first-generation experiments. This 

experiment started observation in April 1996. The average 

solar-neutrino flux is smaller than, but consistent with, the 

Kamiokande-II result. However, the flux measured in the night- 

time shows an excess over that measured in the daytime [5,6], 

though the significance is not yet high. Super-Kamiokande 

also observed the recoil-electron energy spectrum [7]. Its shape 

showed an excess at the high-energy end (> 13 MeV) compared 

to the SSM expectation, though its statistical significance is 

not very high. More recent results indicate that the high-energy 

excess is reduced with the accumulation of statistics. 

The most recent published results on the average capture 

rates or flux from solar-neutrino experiments axe listed in Ta- 

ble 2 and compared to the results from SSM calculations which 

are taken from "Lepton Particle Listings (E) Solar ~ Exper- 

iments" in this edition of "Review of Particle Physics." In 

these calculations, BAHCALL 98C [1], BRUN 98 [12], BAH- 

CALL 95B [14], and DAR 96 [13] take into account helium 

and heavy-element diffusion, but other calculations do not. 

SSM calculations give essentially the same results for the same 

input parameters and physics. This statement applies to the 

most recent BAHCALL 98C [1] and BRUN 98 [12] models. 

The BAHCALL 98C model [1] differs from the BAHCALL 

95B model [14] in that BAHCALL 98C [1] uses the nuclear 

fusion rates systematically reevaluated and recommended by 

Adelberger et al. [24], and other best available input data. 

The 7Be(p, ~)SB cross section adopted by Adelberger et al. [24] 

is 15% lower than the value used by BAHCALL 95B [14]. 

This is the principal reason why the 8B neutrino flux and 

the 37C1 and 71Ga capture rates calculated by the BAHCALL 

98C model I1] are lower than those calculated by the BAH- 

CALL 95B model [14]. The BAHCALL 95B [14] model and the 

TURCK-CHIEZE 93B E15] model differ primarily in that BAH- 

CALL 95B [14] includes element diffusion. The DAR 96 [13] 

model differs significantly from the BAHCALL 95B [14] model 

mostly due to the use of nonstandard reaction rates, different 

treatments of diffusion, and the equation of state. 

All results from the present solar-neutrino experiments indi- 

cate significantly less flux than expected from SSM calculations 

except those of DAR 96 [13]. The DAR 96 [13] model pre- 

dicts the SB solar-neutrino flux which is consistent with the 

Kamiokande-II and Super-Kamiokande results, but even this 

model predicts 37C1 and 71Ga capture rates significantly larger 

than the Homestake, GALLEX, and SAGE results. 

Is there any possible consistent explanation of all the results 

of solar-neutrino observations in the framework of the standard 

solar model? This is difficult because the Homestake result 

and the Kamiokande result, taken at face value, are mutually 
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Table  2: Recent results from the five solar-neutrino experi- 
ments and a comparison with theoretical solar-model predic- 
tions. Solar model calculations are also presented. The evolu- 
tion of these results over the years gives some feeling for their 
robustness as the models have become more sophisticated and 
complete. 

37C1--~37Ar 71Ga---*71Ge 8B v flux 

(SNU) (SNU) (IO6cm-2s -I)  

Homestake 

(CLEVELAND 98)[8] 
GALLEX 

(HAMPEL 99)[9] 

SAGE 

(ABDURASHI...99B)[10] 
Kamiokande 

(FUKUKDA 96)[11] 

Super-Kamiokande 

(FUKUKDA 99)[5] 

2.56•177 - -  

- 7 7 . 5  • 6 .2+_~:~ - 

7 o - - 7 . 2 + 3 . 5  
~  

2.80 • 0.19 + 0.33 

2 436•176176176176 

(BAHCALL 98C)[1] ~ ~+1.2 129+~ 5 15 1 n +o.19~ " " - 1 . 0  - " ( " v 0 - 0 . 1 4 )  

(BRUN 08)[12] 7.18 127.2 4.82 

(DAR 96)[13] 4.1 4- 1.2 115 • 6 2.49 
(BAHCALL 95B)[141 ~.v_t. 4 o  a+t.2 137+s_ 6.6(1.00+o.~4)_. 

(TURCK-CHIEZE 93B)[15] 6.4 • 1.4 123 • 7 4.4 • 1.1 

(BAHCALL 92)[16] 8.0 • 3.0 i 132+_~ t 5.69(1.00 • 0.43)r 
(BAHCALL 88)[17] 7.9 • 2.6t 132+~ ~ 5.8(1.00 -4- 0.37)t 

(TURCK-CHIEZE 88)[18] 5.8 • 1.3 125 =i= 5 3.8(1.00 :t: 0.29) 

(FILIPPONE 83)[19] 5.6 - -  - -  
(BAHCALL 82)[20] 7.6 • 3.3 t 106+~ 3t 5.6 

(FILIPPONE 82)[21] 7.0 • 3.0 111 :t: 13 4.8 

(FOWLER 82)[22] 6.9 • 1.0 - -  - -  

(BAHCALL 80)[23] 7.3 - -  - -  

* 1 SNU (Solar Neutrino Unit) = 10 -36 captures per atom per second. 

t "3a" errors. 

inconsistent if one assumes standard neutrino spectra. Tha t  

is, with the reduction factor of the 8B solar-neutrino flux 

as determined from the Kamiokande result, the Homestake 

37C1 capture rate would be oversaturated, and there would 

be no room to accommodate the 7Be solar neutrinos. This 

makes astrophysical solutions untenable because SB nuclei are 

produced from 7Be nuclei in the Sun. 

Several authors made more elaborate analyses using the 

constraint of observed solar luminosity, and found (see for 

example, Refs. 25 28) 

�9 tha t  bo th  the comparison of the Kamiokande and 

gallium results and the comparison of the gallium 

and chlorine results also indicate strong suppression 

of the 7Be solar-neutrino flux, and 

�9 tha t  not only the SSM but  also nonstandard solar 

models are incompatible with the observed data. 

In view of the above situation, it is attractive to invoke 

nontrivial neutrino properties. Neutrino oscillation in mat ter  

(MSW mechanism) is particularly attractive in explaining all 

the experimental da ta  on the average solar-neutrino flux consis- 

tently, without any a priori assumptions or fine tuning. Several 

authors made extensive MSW analyses using all the available 

data  and ended up with similar results. For example, Bahcall, 

Krastev, and Smirnov [28] analyzed the solar-neutrino data  as 

of 1998 in terms of two-flavor oscillations. In addition, they 

analyzed the case of vacuum oscillations. They obtained the 

following solutions for the BAHCALL 98C [1] SSM: Using only 

the total  event rates in the five solar-neutrino experiments, there 

are three MSW solutions and one vacuum-oscillation solution 

at the 99% confidence level for oscillations into active neutrinos 

(v~ or vr). 
�9 Small mixing-angle (SMA) solution: 

Am 2 = 5.4 • 10 -6 eV 2, sin 2 26 = 6.0 • 10 -3 

�9 Large mixing-angle (LMA) solution: 

Am 2 ---- 1.8 • 10 -5 eV 2, sin 2 20 = 0.76 

�9 LOW (low probability or low mass) solution: 

Am 2 = 7.9 x 10 -s  eV 2, sin 2 20 -- 0.96 

�9 Vacuum (VAC) solution: 
Am 2 = 8.0 • 10 -11 eV 2, sin 2 20 = 0.75. 

In the case of oscillations into sterile neutrinos, only the 

SMA and VAC solutions are allowed at the 99% confidence level 

with the best-fit parameters similar to the ones given above. 

Bahcall, Krastev, and Smirnov [28] also made global anal- 

yses using all of the available solar-neutrino data,  i.e., total  

event rates plus the Super-Kamiokande recoil-electron energy 

spectrum and day-night asymmetry. At the 99% confidence 

level, acceptable solutions are found to be SMA (oscillations 

into bo th  active and sterile neutrinos) and VAC. The LMA and 

LOW solutions are marginally ruled out. 

Assuming tha t  the solution to the solar-neutrino problem 

will really be provided by neutrino oscillations, how can one dis- 

criminate various solutions? The MSW SMA solution causes an 

energy-spectrum distortion. In the Super-Kamiokande and SNO 

observations, the flux will be more suppressed at lower energies. 

The MSW LMA solution predicts the day-night flux difference, 

a hint of which is seen in the recent Super-Kamiokande re- 

sults [6]. However, the LMA solution gives almost no spectrum 

distortion. Thus, should LMA be a correct solution, one needs 

to explain the high-energy excess in the recoil-electron spectrum 

observed by Super-Kamiokande [7], if it turns out to be a real 

effect, due to a very large contribution from hep neutrinos or 

from other possibilities [4]. The VAC solution is characterized 

by seasonal variation of the flux, which is different from the 

trivial variation due to the eccentricity of Ear th ' s  orbit [29,30]. 

Also, the VAC solution can explain the high-energy excess of the 

recoil-electron spectrum observed by Super-Kamiokande [30]. 

SNO's observations of solar-neutrino flux by neutral-current 

reactions will give decisive evidence for neutrino oscillations 

into active neutrinos, if tha t  flux is consistent with the SSM 

prediction and larger than  the flux measured by charged-current 

reactions. On the other hand, the signal for oscillations into 

sterile neutrinos will be the same amount of reduction of the 

fluxes measured by neutral- and charged-current reactions. 
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An important task of the second-generation solar neutrino 

experiments is the measurement of monochromatic 7Be solar 

neutrinos. If the VAC solution is correct, the flux of 7Be 

neutrinos shows larger seasonal variations than the flux of 8B 
neutrinos. The 7Be neutrino flux will be measured by a new 

experiment, Borexino, at Gran Sasso via ue scattering in 300 
tons of ultra-pure liquid scintillator with a detection threshold 

as low as 250 keV. The Borexino detector is expected to be 
completed in 2001. 

KamLAND, which is under construction at Kamioka and 

will be completed in 2001, is a multi-purpose neutrino ex- 

periment with 1000 tons of ultra-pure liquid scintillator. This 

experiment will also observe 7Be neutrinos if the detection 

threshold can be lowered to a level similar to that of Borexino. 

However, one of the primary purposes of this experiment is the 

observation of oscillations of neutrinos produced by power re- 
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19. B.W. Filippone et al., Phys. Rev. Lett. 50, 412 (1938) . 

20. J.N. Bahcall et al., Rev. Mod. Phys. 54, 767 (1982) . 
21. B.W. Filippone and D.N. Schramm, Astrophys. J. 253, 

393 (1982) . 

22. W.A. Fowler, AIP Conf. Proceedings 96 80 (1982) . 
23. J.N. Bahcall et aL, Phys. Rev. Lett. 45,945 (1980) . 

24. E.G. Adelberger et al., Rev. Mod. Phys. 70, 1265 (1998). 

25. N. Hata and P. Langacker, Phys. Rev. D52 ,420  (1995) . 
26. N. Hata and P. Langacker, Phys. Rev. D56, 6107 (1997). 

27. K.M. Heeger and R.G.H. Robertson, Phys. Rev. Lett. 77, 
3720 (1996). 

28. J.N. Bahcall, P.I. Krastev, and A.Yu. Smirnov, Phys. Rev. 
D58, 096016 (1998). 

29. S.L. Glashow, P.J. Kerman, and L.M. Krauss, Phys. Lett. 
B445, 412 (1999). 

30. V. Barger and K. Whismant, Phys. Lett. B456, 54 (1999). 

actors. The sensitivity region of KamLAND includes the MSW 1 
VALUE 

LMA solution. Thus, the LMA solution may be proved or 
excluded by KamLAND. 

The second-generation solar-neutrino experiments, Super- 

Kamiokande, SNO, and Borexino, as well as KamLAND, will 

provide a variety of data with high statistical accuracy. It 

is hoped that these experiments will solve the long-standing 
solar-neutrino problem in coming years. 
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SNU (Solar Neutrino Unit) = 10 -36  captures per atom per second. 
DOCUMENT ID TECN C~MMENT 

67 3+7.2"t -3.5 ~hl== 100 ABDURASHI... 99B SAGE 71Ga ~ 71Ge 
" ' = -  7 .0 -  3.0 ~ "~  

/2 44 • n~+0-09~ 101 . 0 .w 0,07, x 106 cm-2s - 1  FUKUDA 

(2.37 • 0,07) x 106 cm-2s - 1  101 FUKUDA 
(2.48_+00:%) x 106 cm-2s -1  101 FUKUDA 

102 FUKUDA 
77.5 • 6,2__+'413 SNU 103 HAMPEL 

2.56 • 0.16 • 0.16 SNU 104 CLEVELAND 
(2.80 • 0.19 • 0.33)x106cm-2s - 1  105 FUKUDA 
(2.70 :E 0.27)x106cm--2s - 1 105 FUKUDA 
(2.S7 + 00:27) x 106cm- 2s - 1  105 FUKUDA 

I 
99 SKAM 8B v flux (all) I 

99 SKAM 8B u flux (day) I 
99 SKAM BB u flux (night) I 
99B SKAM Recoil e spectrum I 
99 GALX 71Ga ~ 71Ge I 
98 HOME 37CI radiochem. I 
96 KAMI 8Bu flux 
96 KAMI 8Bu flux (day) 
96 KAMI 8Bv flux (night) 

100 ABDURASHITOV 99B is a detailed report of the SAGE solar-neutrino experiment during 
the period January 1990 through December 1997, and updates the ABDURASHITOV 94 
result. However the data in the period November 1993 through June 1994 were not 
used in determining the neutrino capture rate due to some uncertainty with respect to 
experimental control. A total of 211 71Ge events were observed. 

101 FUKUDA 99 results are for a total of 503.8 live days with Super-Kamiokande between 31 
May 1996 and 25 March 1998, with threshold E e > 6.5 MeV, and replace FUKUDA 98B 
results. The day-night solar-neutrino flux asymmetry is given as N / D -  1--0.047 • 0.042 • 
0.008. The results are also given for night fluxes subdivided into five data sets according 
to nadir of the Sun at the time of the neutrino event. FUKUDA 99 set an absolute flux- 
independent exclusion region in the two-neutrino oscillation parameter space from the 
absence of a significant day-night variation. Except for +0.6%/-0.5%, the systematic 
errors are common to day and night fluxes, 

102 FUKUDA 99B reports the energy spectrum of recoil electrons from elastic scattering 
of solar neutrinos for a total of 503.8 live days of SupeFKamiokande observation. A 
comparison of the observed spectrum with the expectation is in poor agreement at the 
4,6% confidence level. 

103HAMPEL 99 report the combined result for GALLE• I§  (65 runs in total), 
which update the HAMPEL 96 result. The GALLEX IV result (12 runs) is 118.4 • 
17.8 • 6.6 SNU. (HAMPEL 99 discuss the consistency of partial results with the mean.) 
The GALLEX experimental program has been completed with these runs. The total run 
data cover the period 14 May 1991 through 23 January 1997. A total of 300 71Ge events 
were observed. 

104CLEVELAND 98 is a detailed report of the 370 experiment at the Homestake Mine. 
The average solar neutrino-induced 37At production rate from 108 runs between 1970 
and 1994 updates the DAVIS 89 result. 

105FUKUDA 96 results are for a total of 2079 live days with Kamiokandell and III from 
January 1987 through February 1995, covering the entire solar cycle 22, with threshold 
E e > 9.3 MeV (first 449 days), > 7.5 MeV (middle 794 days), and > 7.0 MeV (last 836 
days). These results update the HIRATA 90 result for the average 8B solar-neutrino flux 
and HIRATA 91 result for the day-night variation in the 8B solar-neutrino flux. The total 
data sample was also analyzed for short-term variations: within experimental errors, no 
strong correlation of the solar-neutrino flux with the sunspot numbers was found. 

(F) Astrophysical neutrino observations 
Neutrinos and antineutrinos produced in the atmosphere induce p-like and 
e-like events in underground detectors. The ratio of the numbers of the 
two kinds of events is defined as/~/e. It has the advantage that systematic 
effects, such as flux uncertainty, tend to cancel, for both experimental and 
theoretical values of the ratio. The "ratio of the ratios" of experimental 
to theoretical /z/e, R(t~/e), or that of experimental to theoretical/~/total, 
R(#/total) with total = /~+e, is reported below. If the actual value is 
not unity, the value obtained in a given experiment may depend on the 
experimental conditions. 

R(p/e) = (Measured Ratio p/e) / (Expected Ratio/~/e) 
VALUE DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.64:50.11:1:0.06 106ALLISON 99 SOU2 Calorimeter 
0.61•177 107 FUKUDA 98 SKAM sub-GeV 
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0.664-0.064-0.08 108 FUKUDA 98E SKAM multi-GeV 
109 FUKUDA 96B KAMI Water Cerenkov 

1.00• 110 DAUM 95 FREJ Calorimeter 

0.60+0:006zE0.05 111 FUKUDA 94 KAMI sub-GeV 

0.57+0:08 4-0.07 112 FUKUDA 94 KAM' multi-Gev 

113 BECKER-SZ... 920 IMB Water Cerenkov 

106 ALLISON 99 result is based on an exposure of 3.9 kton yr, 2.6 times the exposure reported 
in ALLISON 97, and replaces that result. 

107 FUKUDA 98 result is based on an exposure of 25.5 kton yr. The analyzed data sam- 
ple consists of fully-contained e-like events with 0.1 GeV/c<Pe and #-like events with 
0.2 GeV/c<p#, both having a visible energy < 1.33 GeV. These criteria match the defi- 
nition used by FUKUDA 94. 

108 FUKUDA 90E result is based on an exposure of 25.5 kton yr. The analyzed data sample 
consists of fully-contained single-ring events with visible energy > 1.33 GeV and partially 
contained events. All partially contained events are classified as p-like, 

109 FUKUDA 960 studied neutron background in the atmospheric neutrino sample observed 
in the Kamiokande detector. No evidence for the background contamination was found. 

110 DAUM 95 results are based on an exposure of 2.0 kton yr which includes the data used 
by BERGER 900. This ratio is for the contained and semicontained events. DAUM 95 
also report R(p/e) = 0.99 4- 0.13 4- 0,08 for the total neutrino induced data sample 
which includes upward going stopping muons and horizontal muons in addition to the 
contained and semicontained events, 

111 FUKUDA 94 result is based on an exposure of 7.7 kton yr and updates the HIRATA 92 
result. The analyzed data sample consists of fully-contained e-like events with 0.1 < 
Pe < 1.33 GeV/c and fully-contained p-like events with 0.2 < pp < 1.5 GeV/c. 

112FUKUDA 94 analyzed the data sample consisting of fully contained events with visible 
energy > 1.33 GeV and partially contained #-like events. 

113 BECKER-SZENDY 9213 reports the fraction of nonshowering events (mostly muons from 
atomospheric neutrinos) as 0.36 4- 0.02 4- 0.02, as compared with expected fraction 
0.51 4- 0.01 4- 0.0S. After cutting the energy range to the Kamiokande limits, BEIER 92 

s l .2(2#)  f o r  ~ven A(m 2) (re * ' *  vl~) 
For a review see BAHCALL 89. 

VALUE CL~ OOCUMENT ID TECN COMMENT 

�9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.6 90 121 OYAMA 98 KAMI ~(m 2) > 0,1 eV 2 I 
<0.5 122 CLARK 97 IMB A(m 2) > 0.1 eV 2 
>0.55 90 123 FUKUDA 94 KAMI A(m 2) = 0.007-0.08 eV 2 
<0.47 90 124 BERGER 90B FREJ A(m 2) > 1 eV 2 
<0.14 90 LOSECCO 87 IMB A(m2)= 0.00011 eV 2 

121OYAMA 98 obtained this result by an analysis of upward-going muons in Kamlokande. | 
The data sample used is essentially the same as that used by HATAKEYAMA 98. I 

122 CLARK 97 obtained this result by an analysis of fully contained and partially contained 
events in the IMB water-Cerenkov detector with visible energy > 0.95 GeM. 

123 FUKUDA 94 obtained this result by a combined analysis of sub- and multi-GeV atmos- 
pheric neutrino events in Kamiokande. 

124 BERGER 90B uses the Frejus detector to search for oscillations of atmospheric neutrinos. 
Bounds are for both neutrino and antinuetrino oscillations. 

A ( m  2) for  sin2(2#) = 1 ( v  e ~ vt= ) 

VALUE (10 -5 eV 2) CL~  DOCUMENT ID TEEN 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<560 90 125 OYAMA 98 KAMI I 
<980 126 CLARK 97 IMB 

700 < A(m 2) < 7000 90 127 FUKUDA 94 KAMI 
<150 90 128 BERGER 900 FREJ 

125 I n n | OYAMA 98 obtained this resu t by a analysis of upward-going muons in Kamioka de, 
The data sample used is essentially the same as that used by HATAKEYAMA 98. I 

126CLARK 97 obtained this result by an analysis of fully contained and partially contained 
events in the IMB water-Cerenkov detector with visible energy > 0.95 GeV, 

127 FUKUDA 94 obtained this result by a combined analysis of sub- and multi-GeV atmos- 
finds R(p /e )  very close to the Kamiokande value. 

R(u#)  = (Measured F lux of  u/=) / {Expected Flux of v~)  
VALUE DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.744-0.0364-0.046 114 AMBROSIO 98 MCRO Streamer tubes 
115 CASPER 91 IMB Water Cherenkov 
116 AGLIETTA 89 NUSX 

0.954-0.22 117 BOLIEV 81 Baksan 
0.62 4-0.17 CROUCH 78 Case Western/UCI 

114AMBROSIO 98 result is for all nadir angles and updates AHLEN 95 result. The lower 
cutoff on the muon energy is 1 GeV. In addition to the statistical and systematic errors, 
there is a Monte Carlo flux error (theoretical error) of 4,0.13. With a neutrino oscil- 
lation hypothesis, the fit either to the flux or zenith distribution independently yields 
sin22�9 and A(m 2) ~ a few times 10 - 3  eV 2. However, the fit to the observed 
zenith distribution gives a maximum probability for X 2 of only 5% for the best oscillation 
hypothesis. 

115 CASPER 91 correlates showering/nonshowering signature of single-ring events with par- 

pberic netltrino events in Kamiokande. 
128 BERGER 908 USeS the Frejus detector to search for oscillations of atmospheric neutrinos, 

Bounds are for both neutrino and antinuetrino oscillations. 

sln2(~) for it1~, n(m 2) (p~ .-. P,) 
VALUE (]O -5 eV 2) CL__~_Y~ DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, e tc . �9  �9 �9 

<0.9 99 129 SMIRNOV 94 THEO ~(m 2) > 3 • 10 - 4  eV 2 
<0.7 99 129 SMIRNOV 94 THEO A(m 2) < 10 -11 eV 2 

129SMIRNOV 94 analyzed the data from SN 1987A using stellar-collapse models. They also 
give less stringent upper limits on sin228 for 10 -11 < A(m2) < 3 X 10 - 7  eV 2 and 
10 - 5  < Z~(m 2) < 3 • 10 - 4  eV 2. The same results apply to ~'e ~ P~., up, and u T. 

sin2(20) for  given A(m 2) (v/= *-* u r )  

VALUE CL~  DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

ent atmospheric-neutrino flavor. They find nonshowering (~. v# induced) fraction is 
0.41 4" 0.03 4" 0.02, as compared with expected 0.51 4, 0,05 (syst). 

116AGLIETTA 89 finds no evidence for any anomaly in the neutrino flux. They de- 
fine p = (measured number of Ue'S)/(measured number of up's).  They report 

p(measured)=p(expected) = 0 96 +0.32 " - u.28' 
l lTFrom this data BOLIEV 81 obtain the limit A(m 2) < 6 x 10 - 3  eV 2 for maximal 

mixing, vp -/-* up type oscillation. 

R ( p / t o t a l )  = (Measured Ratio/J/total) / (Expected Ratio # / t o t a l )  
VALUE pOCUMENT ID TECN COMMENT 

>0.4 90 130 FUKUDA 99c SKAM A(m2)= 0.001-0.1 eV 2 
>0.7 90 131 FUKUDA 99D SKAM A(m2)= 0.0055-0.015 eV 2 
>0.82 90 132 AMBROSIO 98 MCRO A(m 2) ~ 0.0025 eV 2 
>0.82 90 133 FUKUDA 90c SKAM A(m 2) = 0.0005~0.006 eV 2 
>0.3 90 134 HATAKEYAMA98 KAMI A(m2)= 0.00055-0.14 eV 2 
>0.73 90 135 HATAKEYAMA98 KAMI A(m2)= 0,004-0.025 eV 2 
<0.7 136 CLARK 97 IMB A(m 2) > 0.1 eV 2 
>0.65 90 137 FUKUDA 94 KAMI A(m2) = 0.005-0.03 eV 2 
<0.5 90 138 BECKER-SZ... 92 IMB A(m2)= 1-2 • 10 - 4  eV 2 
<0.6 90 139 BERGER 900 FREJ A(m 2) > 1 eV 2 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1.1 +0"07 4-_0.12~0.11 118 CLARK 97 IMB multi-GeV 

118 CLARK 97 obtained this result by an analysis of fully contained and partially contained 
events in the IMB water-Cerenkov detector with visible energy > 0.95 GeV. 

Nup(IZ)/Ndow~(P,) 
VALUE DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0 5 ~ +0.07 •  n, 119 FUKUDA 98E SKAM multi-GeV I . ~_0.06 ~wvL 

119 FUKUDA 98E result is based on an exposure of 25.5 kton yr. The analyzed data sample 
consists of fully-contained single-ring /~-Iike events with visible energy > 1.33 GeV and 
partially contained events. All partially contained events are classified as p-like. Upward- 
going events are those with - 1  <cos (zenith angle) < ~ 0.2 and downward-going events 
with those with 0.2 <cos (zenith angle) < 1. FUKUDA 98E result strongly deviates from 
an expected value of 0.98 4, 0.03 4, 0.02. 

Nup(e)/Ndown(e) 
VALUE DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

08 "+014~- I . q_0112~0.02 120 FUKUDA 98E SKAM multi-GeV 

120FUKUDA 98E result is based on an exposure of 25.5 ktonyr. The analyzed data sam- | 
pie consists of fugy-contained single-ring e-like events with visible energy > 1.33 GeV. 

I Upward-going events are those with - 1  <cos (zenith angle) < -0 .2  and downward-going 
events are those with 0.2 <cos (zenith angle) < 1. FUKUDA 98E result is eonpared to 
an expected value of 1.0I 4. 0.06 • 0.03. 

130 FUKUDA 99C obtained this result from a total of 537 live days of upward through-going 
muon data in Super-Kamiokande between April 1996 to January 1998. With a threshold 
of Ep > 1.6 GeV, the observed flux of upward through-going muons is (1.74 4- 0~07 4. 

0.02) x 10 -13  cm-  2 s-- 1 sr -  1 The zenith-angle dependence of the flux does not agree 
with no-oscillation predictions. For the v# ~ v 7 hypothesis, FUKUDA 99c obtained 

the best fit at sin22#=0.95 and A(m2)=5.9 X 10 - 3  eV 2. FUKUDA 99C also reports 
618% and 99% confidence-level allowed regions for the same hypotheis. 

131FUKUDA 99D obtained this result from a simultaneous fitting to zenith angle distri- 
butions of upward-stopping and through-going muons. The ftux of upward-stopping 
muons of minimum energy of 1.6 GeV measured between April 1996 and January 1998 is 
(0.39 4- 0.04 4- 0.02) x 10 -13  cm - 2  s - 1  sr - 1 .  This is compared to the expected flux of 
(0.73 4- 0.16 (theoretical error)) x 10 -13  cm-2 s-1 sr-1.  The flux of upward through- 
going muons is taken from FUKUDA 99c. For the up ~ e~ hypothesis, FUKUDA 990 

obtained the best fit in the physical region at sin220=1.0 and A(m2)=3.9 X 10 - 3  eV 2. 
FUKUDA 990 also reports 68% and 99% confidence-level allowed regions for the same 
hypothesis. FUKUDA 990 further reports the result of the oscillation analysis using the 
zenith-angle dependence of upward-stopping/through-going flux ratio, The best fit in 
the physical region is obtained at sin229=1.0 and A(m2)--3.1 • 10 - 3  eV 2. 

132 AMBROSIO 90 result is only 17% probable at maximum because of relatively low flux 
for COS0 < --0.0. 

133 FUKUDA 98C obtained this result by an analysis of 33.0 kton yr atmospheric-neutrino 
data which include the 25.5 ktonyr data used by FUKUDA 98 (sub-GeM) and 
FUKUDA 98E (multi-GeV). Inside the physical region, the best fit was obtained at 
sin220=1.0 and A(m2)=2.2 X 10 - 3  eV 2. in addition, FUKUDA 98c gave the 99% confi- 
dence interval, sin220 > 0.73 and 3 • 10 - 4  < A(m 2) < 8.5 x 10 - 3  eV 2. FUKUDA 9go 
also tested the vp ~ u e hypothesis, and concluded that it is not favored. 

134HATAKEYAMA 98 obtained this result from a total of 2456 live days of upward- 
going muon data in Kamiokande between December 1985 and May 1995. With a 
threshold of Ep > 1.6 GeV, the observed flux of upward through-going muon is 
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(1.94 4- 0 1 n+0.07~ 10 - 1 3  �9 ~_0.06]  x cm--2S - 1  sr - 1 .  This is compared to the expected 

flux of (2.46 • 0.54 (theoretical error)) x 10 - 1 3  cm - 2  s - 1  sr - 1 ,  For the v/~ 

UT hypothesis, the best fit inside the physical region was obtained at sin228=1.0 and 
A(m2)=3.2 X 10 - 3  eV 2. 

135 HATAKEYAMA 98 obtained this result from a combined analysis of Kamiokande's con- 
tained events (FUKUDA 94) and upward-going muon events. The best fit was obtained 
at sin229=0.95 and A(m2)=1.3 X 10 - 2  eV 2. 

136 CLARK 97 obtained this result by an analysis of fully contained and partially contained 
events in the IMB water-Cerenkov detector with visible energy > 0.95 GeV. 

137 FUKUDA 94 obtained this result by a combined analysis of sub-and multi-GeV atmos- 
pheric neutrino events in Kamiokande. 

138BECKER-SZENDY 92 uses upward-going muons to search for atmospheric ~/~ oscilla- 
tions. The fraction of muons which stop in the detector is used to search for deviations 
in the expected spectrum. No evidence for oscillations is found. 

139 BERGER 90B uses the Frejus detector to search for oscillations of atmospheric neutrinos. 
Bounds are for both neutrino and antinuetrino oscillations, 

(G) Reactor z; e disappearance experiments 

In most cases, the reaction ZTep ~ e + n is observed at different distances 
from one or more reactors in a complex. 

Events (Observed /Expec ted)  f r om Reactor  Pe Exper iments  
VALUE DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1�9 +0.028• 150 APOLLONIO 99 CHOZ Chooz reactors l k m  
0.987• 151 GREENWOOD 96 Savannah River, 18�9 m 
0.988• ACHKAR 95 CNTR Bugey reactor, 15 m 
0,994• ACHKAR 95 CNTR Bugey reactor, 40 m 
0,915• ACHKAR 95 CNTR Bugey reactor, 95m 
0.987• 152 DECLAIS 94 CNTR Bugey reactor, 15m 
0.985• KUVSHINN... 91 CNTR Rovnoreactor 

a(m ~) for ~n2(~) = z ( , , ,  ,- ,  , , , )  
VALUE ( 10- 5 eV 2 ) CLg~ DOCUMEN T ID TECN 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

100< ~ (m 2) < 5000 90 140 FUKUDA 99C SKAM 
150< A(m 2) < 1500 90 141 FUKUDA 99D SKAM 
50< A(m 2) < 600 90 142 AMBROSIO 98 MCRO 
S0< A(m 2) < 600 90 143 FUKUDA 98C SKAM 
55< &(m 2} < 5000 90 144 HATAKEYAMA98 KAMI 
400< A(m 2) < 2300 90 145 HATAKEYAMA98 KAMI 
<1500 146 CLARK 97 IMB 
500 < ~ ( m  2) < 2500 90 147 FUKUDA 94 KAMI 
< 350 90 148 BERGER 90B FREJ 

1.05 /:0.02 4-0.05 VUILLEUMIER82 G6sgen reactor 
0.955• 153 KWON 81 UeP ~ e+ n 
0.89 • 153 BOEHM 80 VeP ~ e+ n 
0.38 • 154,155 REINES 80 
0.40 • 154,155 REINES 80 

150APOLLONIO 99, APOLLONIO 98 search for neutrino oscillations at 1,1kin fixed dis- 
tance from Chooz reactors, They use ~e p ~ e + n  in Gd-loaded scintillator target. 
APOLLONIO 99 supersedes APOLLONIO 98. 

151 GREENWOOD 96 search for neutrino oscillations at 18 m and 24 m from the reactor at 
Savannah River, 

152DECLAIS 94 result based on integral measurement of neutrons only. Result is ra- 
tio of measured cross section to that expected in standard V-A theory. Replaced by 
ACHKAR 95. 

153 KWON 81 represents an analysis of a larger set of data from the same experiment as 
BOEHM 80. 

140FUKUDA 99C obtained this result from a total of 537 live days of upward through-going 
muon data in Super-Kamiokande between April 1996 to January 1998. With a threshold 
of Ep > 1.6 GeV, the observed flux of upward through-going muon is (1�9 4- 0.07 4- 

0�9 x 10-13 c m -  2 s -  1 s r -  1 The zenith-angle dependence of the flux does not agree 
with no-oscillation predictions. For the v/~ ~ u T hypothesis, FUKUDA 99c obtained 

the best fit at sin22e=0.95 and A(m2)=5,9 X 10 - 3  eV 2. FUKUDA 99r also reports 
68% and 99% confidence-level allowed regions for the same hypotheis. 

141FUKUDA 99D obtained this result from a simultaneous fitting to zenith angle distri- 
butions of upward-stopping and through-going muons. The flux of upward-stopping 
muons of minimum energy of 1.6 GeV measured between April 1996 and January 1998 is 
(0.39 • 0.04 4- 0�9 x 10 - 1 3  cm - 2  s - 1  sr - 1 .  This is compared to the expected flux of 
(0.73 4- 0.16 (theoretical error)) x 10 -13  cm - 2  s - 1  sr - 1 .  The flux of upward through- 
going muons is taken from FUKUDA 99C. For the u# ~ v T hypothesis, FUKUDA 99D 

obtained the best fit in the physical region at sin22#=1.0 and ~(m2)=3.9  x 10 - 3  eV 2. 
FUKUDA 99D also reports 68% and 99% confidence-level allowed regions for the same 
hypothesis. FUKUDA 990 further reports the result of the oscillation analysis using the 
zenith-angle dependence of upward-stopping/through-going flux ratio. The best fit in 
the physical region is obtained at sin220=1.0 and A(m2)=3.1 x 10 - 3  eV 2. 

142AMBROSIO 98 result is only 17% probable at maximum because of relatively low flux 
for cos8 < -0�9149 

143FUKUDA 98c obtained this result by an analysis of 33.0 kton yr atmospheric-neutrino 
data which include the 25.5 ktonyr data used by FUKUDA 98 (sub-GeV) and 
FUKUDA 98E (multi-GeV). Inside the physical region, the best fit was obtained at 
sin220=1.0 and ~(m2)=2.2 x 10 - 3  eV 2. In addition, FUKUDA 98C gave the 99% confi- 
dence interval, sin220 > 0.73 and 3 • 10 - 4  < A(m2} < 8.5 x 10 - 3  eV 2, FUKUDA 98C 
also tested the v/~ ~ u e hypothesis, and concluded that it is not favored. 

144HATAKEYAMA 98 obtained this result from a total of 2456 live days of upward- 
going muon data in Kamiokande between December 1985 and May 1995. With a 
threshold of E/~ > 1,6 GeV, the observed flux of upward through-going muon is 

(1.94 • 0 10 +0"07~ 10 - 1 3  �9 -0 .06 /  x c m - - 2 s - l s r  - 1 .  This is compared to the expected 

flux of (2.46 4- 0.54 (theoretical error)) x 10 - 1 3  c m - 2 s  - 1  sr - 1 .  For the u/z 

VT hypothesis, the best fit inside the physical region was obtained at sin228=L0 and 
A(m2)=3.2 X 10 - 3  eV 2. 

145HATAKEYAMA 98 obtained this result from a combined analysis of Kamiokande's con- 
tained events (FUKUDA 94) and upward-going muon events. The best fit was obtained 
at sin22e=0.95 and ~(m2)=1.3 x 10 - 2  eV 2. 

146 CLARK 97 obtained this result by an analysis of fully contained and partially contained 
events in the IMB water-Cerenkov detector with visible energy > 0�9 GeV. 

147 FUKUDA 94 obtained this result by a combined analysis of sub-and multi-GeV atmos- 
pheric neutrino events in Kamiokande. 

148 BERGER 90B uses the Frejos detector to search for oscillations of atmospheric neutrinos�9 
Bounds are for both neutrino and antinuetrino oscillations. 

A ( ~ )  for ~n2(20) = 1 (~  -~ ~) 
US means u. r or any sterile (noninteracting) v. 

VALUE (10 -5 eV, 2 ) CL~ DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<3000 (or <550) 90 149 OYAMA 89 KAMI Water Cerenkov 
< 4.2 or > 54. 90 BIONTA 88 IMB Flux has up, ~,u, Ue, 

and Ue 

149OYAMA 89 gives a range of limits, depending on assumptions in their analysis. They 
argue that the region ~ ( m  2) = (100-1000) x 10 - 5  eV 2 is not ruled out by any data 
for large mixing, 

154 REINES 80 involves comparison of neutral- and charged-current reactions ~e d ~ np~  e 

and ~e d ~ nne + respectively. Combined analysis of reactor ~e experiments was 
performed by SILVERMAN 81. 

155 The two REINES 80 values correspond to the calculated Ue fluxes of AVlGNONE 80 and 
DAVIS 79 respectively. 

Pe/~ P e -  
A ( M )  for ~.=(2e) = z 
VALUE (eV 2) C L . ~  DOCUMENT ID TECN COMMENT 

<0.0007 90 156 APOLLONIO 99 CHOZ Chooz reactors 1 km I 
i �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.0011 90 157 BOEHM 00 Palo Verde react. 0.8 km I 
<0,01 90 158 ACHKAR 95 CNTR Bugey reactor 
<0.0075 90 159 VIDYAKIN 94 Krasnoyark reactors 
<0.04 90 160 AFONIN 88 CNTR Rovno reactor 
<0,014 68 161 VIDYAKIN 87 P e p ~  e + n  
<0.019 90 162 ZACEK 86 GSsgen reactor 

156APOLLONIO 99 search for neutrino oscillations at 1.1 km fixed distance from Chooz 
reactors. They use PeP ~ e + n  in Gd-loaded scintillator target. APOLLONIO 99 

supersedes APOLLONIO 98. This is the most sensitive search in terms of A(m2)  for Pe 
disappearance. 

157BOEHM 00 is a disappearance search for neutrino oscillations at 0.75 and 0,89 km I 
distance from Palo Verde reactors�9 The detection reaction is ~eP ~ e+  n in a segmented I 
Gd loaded scintillator target. Result is less restrictive than APOLLONIO 99. I 

158ACHKAR 95 bound is for L=15, 40, and 95 m. 
159VIDYAKIN 94 bound is for L=57.0 m, 57.6 m, and 231.4 m. Supersedes VIDYAKIN 90. 
160AFONIN 86 and AFONIN 87 also give limits on sin2(20) for intermediate values of 

A(m2).  (See also KETOV 92). Supersedes AFONIN 87, AFONIN 86, AFONIN 85, 
AFONIN 83, and BELENKII 83. 

161VlDYAKIN 87 bound is for L = 32.8 and 92.3 m distance from two reactors. 
162This bound is from data for L=37,9 m, 45.9 m, and 64.7 m. 

dn2(2e) for "Large" •(m 2) 
VALUE CL~ DOCUMENT ID TEEN COMMENT 

<0.02 90 163 ACHKAR 95 CNTR For Zl(m 2) = 0.6 eV 2 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0�9 90 164 BOEHM 00 Palo Verde react. 0.8 km I 
<0.10 90 165 APOLLONIO 99 CHOZ Chooz reactors 1 km I 
<0.24 90 166 GREENWOOD 96 
<0.04 90 166 GREENWOOD 96 For A(m 2) = 1.0 eV 2 
<0.087 68 167 VYRODOV 95 CNTR For A(m 2) >2 eV 2 
<0.15 90 168 VIDYAKIN 94 For A ( m  2) > 5.0 x 10 . 2  eV 2 
<0.2 90 169AFONIN 88 CNTR " # e p ~  e + n  
<0.14 68 170 VIDYAKIN 87 Pe P ~ e+ n 
<0.21 90 171 ZACEK 86 VeP ~ e + n  
<0.19 90 172 ZACEK 85 G~sgen reactor 
<0.16 90 173 GABATHULER 84 ~ep  ~ e + n  

163 ACHKAR 95 bound is from data for L=15, 40, and 95 m distance from the Bugey reactor. 
164 BOEHM 00 search for neutrino oscillations at 0.75 and 0.89 km distance from Pao Verde I 

reactors. 
165APOLLONIO 99 search for neutrino oscillations at 1.1 km fixed distance from Chooz 

reactors. 
166GREENWOOD 96 search for neutrino oscillations at 18 m and 24 m from the reactor 

at Savannah River by observing ~eP ~ e + n  in a Gd loaded scintillator target. Their 

region of sensitivity in A(m2} and sin228 is already excluded by ACHKAR 95. 
167The VYRODOV 95 bound is from data for L=15 m distance from the Bugey-5 reactor. 
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168 The VIDYAKIN 94 bound is from data for L=57,0 m, 57.6 m, and 231.4 m from three 

reactors in the Krasnoyark Reactor complex. 
169Several different methods of data analysis are used in AFONIN 88. We quote the most 

stringent limits. Different upper limits on sin22e apply at intermediate values of ~(m2). 
Supersedes AFONIN 87, AFONIN 85, and BELENKII 83. 

170VlDYAKIN 87 bound is for L = 32.8 and 92.3 m distance from two reactors, 
171 This bound is from data for L=37.9 m, 45.9 m, and 64.7 m distance from Gosgen reactor. 
172ZACEK 85 gives two sets of bounds depending on what assumptions are used in the 

data analysis. The bounds in figure 3(a) of ZACEK 85 are progressively poorer for large 
Z~(m 2) whereas those of figure 3(b) approach a constant. We list the latter. Both sets 
of bounds use combination of data from 37.9, 45.9, and 64.7m distance from reactor. 
ZACEK 85 states "Our experiment excludes this area (the oscillation parameter region 
allowed by the Bugey data, CAVAIGNAC 84) almost completely, thus disproving the 
indications of neutrino oscillations of CAVAIGNAC 84 with a high degree of confidence." 

173 This bound comes from a combination of the VUILLEUMIER 82 data at distance 37.9m 
from Gosgen reactor and new data at 45.9m. 

(H) Accelerator neutdno appearance experiments 

A(rn 2) for sin2(2#) = 1 
VALUE (eV 2 ) CL__~_~ DOCUMENT ID TECN COMMENT 

< 0.77 90 174 ARMBRUS~Rg8 KARM I 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<17 90 NAPLES 99 CCFR FNAL I 
<44 90 TALEBZADEH 87 HLBC BEBC 
< 9 90 USHIDA 86C EMUL FNAL 

174ARMBRUSTER 98 use KARMEN detector with u e from muon decay at rest and observe | 
12C(ue,e- )12Ng s essentially free from this background. The reported limits on the I 
parameters of u e disappearance are not competitive. A three-flavor analysis is also I 
presented. 

sin2(20) for "Large" A(m 2) 
VALUE CL% DOCUMENT ID TECN COMMENT 

<0.21 90 NAPLES 99 CCFR FNAL I 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 
<0.338 90 175 ARMBRUSTER98 KARM I 
<0.36 90 TALEBZADEH 87 HLBC BEBC 
<0.25 90 176 USHIDA 86C EMUL FNAL 

175See foonote in preeding table (ARMBRUSTER 98) for further details, and see the paper I 
for a plot showing allowed regions. A three-flavor analysis is also presented here. I 

176USHIDA 86C published result is sin22e < 0.12. The quoted result is corrected for a nu- 
merical mistake incurred in calculating the expected number of u e CC events, normalized 
to the total number of neutrino interactions (3886) rather than to the total number of 
u~ CC events (1870). 

Pe ~ PT 
sin2(20) for  "Large" A ( m  2) 
VALUE CL~ DOCUMENT ID TE~N COMMENT 

<0.7 90 177 FRITZE 80 HYBR BEBC CERN SPS 

177Authors give P(u e ~ uT) <0.35, equivalent to above limit. 

A ( m  2) for  sin2(2e) = 1 

VALUE (eV 2 ) CL~ DOCUMENT ID TECN COMMENT 

<0.09 90 ANGELINI 86 HLBC BEBC CERN PS 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.03 to 0.3 95 178 ATHANASSO...98 LSND ~/~ ~ Ue I 

<2.3 90 179 LOVERRE 96 CHARM/CDHS 
<0.9 90 VILAIN 94C CHM2 CERN SPS 
<0.1 90 BLUMENFELD 89 CNTR 
<1.3 90 AMMOSOV 88 HLBC SKAT at Serpukhov 
<0.19 90 BERGSMA 88 CHRM 

180 LOVERRE 88 RVUE 
<2.4 90 AHRENS 87 CNTR BNL AGS 
<1.8 90 BOFILL 87 CNTR FNAL 
<2.2 90 181 BRUCKER 86 HLBC 15-ft FNAL 
<0.43 90 AHRENS 85 CNTR BNL AGS E734 
<0.20 90 BERGSMA 84 CHRM 
<1.7 90 ARMENISE 81 HLBC GGMCERN PS 
<0.6 90 BAKER 81 HLBC 15-ft FNAL 
<1.7 90 ERRIQUEZ 81 HLBC BEBC CERN PS 
<1.2 95 BLIETSCHAU 78 HLBC GGM CERN PS 
<1.2 95 BELLOTTI 76 HLBC GGM CERN PS 

178ATHANASSOPOULOS 98 is a search for the up ~ u e oscillations using u/~ from 7r + | 
decay in flight. The 40 observed beam-on electron events are consistent with ueC 

I e -  X; the expected background is 21.9 • 2.1. Authors interpret this excess as evidence for 
an oscillation signal corresponding to oscillations with probability (0.26 :E 0.10 4. 0.05)%. 
Although the significance is only 2.3 #, this measurement is an important and consistent 
cross check of ATHANASSOPOULOS 96 who reported evidence for ~# ~ Ue oscillations | 

from/=4, decay at rest. See also ATHANASSOPOULDS 98B. I 
179LOVERRE 96 uses the charged-current to neutral-current ratio from the combined 

CHARM (ALLABY 86) and CDHS (ABRAMOWICZ 86) data from 1986. 
180LOVERRE 88 reports a less stringent, indirect limit based on theoretical analysis of 

neutral to charged current ratios. 
18115ft bubble chamber at FNAL. 

dni(2e) for "Large" A(m 2) 
VALUE {units 10 -3 ) CL_%_% DOCUMENT ID TECN COMMENT 

< 3.0 90 182 LOVERRE 96 CHARM/CDHS 
< 2.5 90 AMMOSOV 88 HLBC SKAT at Serpukhov 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.0005 to 0.03 95 183 ATHANASSO...98 LSND up ~ u e 
< 9.4 90 VILAIN 94c CHM2 CERN SPS 
< 5.6 90 184 VILAIN 94c CHM2 CERN SPS 
< 16 90 BLUMENFELD 89 CNTR 
< 8 90 BERGSMA 88 CHRM ~(m 2) _> 30 eV 2 

185 LOVERRE 88 RVUE 
< 10 90 AHRENS 87 CNTR BNL AGS 
< 15 90 BOFILL 87 CNTR FNAL 
< 20 90 186 ANGELINI 86 HLBC BEBC CERN PS 

20 to 40 187 BERNARDI 86B CNTR A(m2)=5-10 
< 11 90 188 BRUCKER 86 HLBC 15-ft FNAL 
< 3.4 90 AHRENS 85 CNTR BNL AGS E734 
<240 90 BERGSMA 84 CHRM 
< 10 90 ARMENISE 81 HLBC GGM CERN PS 
< 6 90 BAKER 81 HLBC 15-ft FNAL 
< 10 90 ERRIQUEZ 81 HLBC BEBC CERN PS 
< 4 95 BLIETSCHAU 78 HLBC GGM CERN PS 
< 10 95 BELLOTTI 76 HLBC GGM CERN PS 

182LOVERRE 96 uses the charged-current to neutral-current ratio from the combined 
CHARM (ALLABY 86) and CDHS (ABRAMOWICZ 86) data from 1986. 

183ATHANASSOPOULOS 98 report (0.26 -4- 0.10 4. 0.05)% for the oscillation probability; 
the value of sin226 for large Am 2 is deduced from this probability. See footnote in 
preceding table for further details, and see the paper for a plot showing agowed regions. 
If effect is due to oscillation, it is most likely to be intermediate sin220 and Am 2, See 
also ATHANASSOPOULOS 988. 

184VILAIN 94c limit derived by combining the up and P# data assuming CP conservation. 

185LOVERRE 88 reports a less stringent, indirect limit based on theoretical analysis of 
neutral to charged current ratios. 

186ANGELINI 86 limit reaches 13 x 10 - 3  at A(m 2) ~ 2 eV 2. 
187 BERNARDI 86B is a typical fit to the data, assuming mixing between two species. As the 

authors state, this result is in conflict with earlier upper bounds on this type of neutrino 
oscillations. 

18815ft bubble chamber at FNAL. 

a(m 2) for sin2(2#) = 1 
VALUE (eV 2) CL.~%_% DOCUMENT ID TECN COMMENT 

<0.14 90 189 FREEDMAN 93 CNTR LAMPF 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 * �9 

0.05-0.08 90 190 ATHANASSO...96 LSND LAMPF 
0.048-0.090 80 191 ATHANASSO...95 
<0.07 90 192 HILL 95 
<0.9 90 VILAIN 94C CHM2 CERN SPS 
<3.1 90 BOFILL 87 CNTR FNAL 
<2.4 90 TAYLOR 83 HLBC 15-ft FNAL 
<0.91 90 193 NEMETHY 81B CNTR LAMPF 
<1 95 BLIETSCHAU 78 HLBC GGM CERN PS 

189FREEDMAN 93 is a search at LAMPF for Pe generated from any of the three neutrino 
types u#, P~, and u e which come from the beam stop. The Pe'S would be detected by 

the reaction Pep ~ e -F n. FREEDMAN 93 replaces DURKIN 88. 
190ATHANASSOPOULOS 96 is a search for Pe 30m from LAMPF beam stop. Neutrinos 

originate mainly from ~r4. decay at rest. Pe could come from either P/~ ~ Ue or 
Ue ~ Pe; our entry assumes the first interpretation. They are detected through PeP 
e + n  (20MeV <Ee+ <60 MeV) in delayed coincidence with np ~ d~.  Authors 
observe 51 :E 20 4. 8 total excess events over an estimated background 12.5 4. 2.9. 
ATHANASSOPOULOS 96B is a shorter version of this paper. 

191ATHANASSOPOULOS 95 error corresponds to the 1.6~ band in the plot. The ex- 
pected background is 2.7 4. 0.4 events. Corresponds to an oscillation probability of 
0 3a§ 4. 0.07)%. For a different interpretation, see HILL 95. Replaced by 

" "--0.18 
ATHANASSOPOULOS 96. 

192 HILL 95 is a report by one member of the LSN D Collaboration, reporting a different con- 
clusion from the analysis of the data of this experiment (see ATHANASSOPOULOS 95). 
Contrary to the rest of the LSND Collaboration, Hill finds no evidence for the neutrino 
oscillation ~# ~ Pe and obtains only upper limits. 

1931n reaction PeP ~ e-l-n" 

sin2(2e) for "Large" A(m 2) 
VALUE CL~ DOCUMENT ID TECN COMMENT 

<0.004 95 BLIETSCHAU 70 HLBC GGM CERN PS 
�9 �9 �9 We do not use the following data fOr averages, fitS, limits, etc. �9 �9 �9 

0.0062~0.00244.0.0010 194ATHANASSO...96 LSND LAMPF 
0.003-0.012 80 195 ATHANASSO...95 
<0.006 90 196 HILL 95 
<4,8 90 VILAIN 94C CHM2 CERN SPS 
<5.6 90 197 VILAIN 94C CHM2 CERN SPS 
<0,024 90 198 FREEDMAN 93 CNTR LAMPF 
<0.04 90 BOFILL 87 CNTR FNAL 
<0.013 90 TAYLOR 83 HLBC 15-f~ FNAL 
<0.2 90 199 NEMETHY 818 CNTR LAMPF 



See key on page 239 

194 ATHANASSOPOULOS 96 reports (0.31 4- 0.12 4- 0.05)% for the oscillation probability; 
the value of sin22# for large A (m 2) should be twice this probability. See footnote in <0.0018 
preceding table for further details, and see the paper for a plot showing allowed regions. <0.006 

195ATHANASSOPOULOS 95 error corresponds to the 1.6(x band in the plot. The ex- <0.0081 
pected background is 2.7 4- 0. 4 events. Corresponds to an oscillation probability of <0.06 
(0.34_+0120 4- 0.07)%. For a different interpretation, see HILL 95. Replaced by <0.34 
ATHANASSOPOULOS 96. <0.088 

196 HILL 95 is a report by one member of the LSND Collaboration, reporting a different con- <0.004 
clusion from the analysis of the data of this experiment (see ATHANASSOPOULOS 95). <0.11 
Contrary to the rest of the LSND Collaboration, Hill finds no evidence for the neutrino <0.017 
oscillation up  ~ ~e and obtains only upper limits. <0.06 

M a s s i v e  
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N e u t r i n o s  a n d  L e p t o n  M i x i n g  

90 211 ESKUT 98B CHR5 
90 212 LOVERRE 96 
90 MCFARLAND 95 CCFR 
90 BATUSOV 90B EMUL 
90 BOFILL 87 CNTR 
90 BRUCKER 86 HLBC 
90 USHIDA 86C EMUL 
90 BALLAGH 84 HLBC 
90 ARMENISE 81 HLBC 
90 BAKER 81 HLBC 

CERN SPS I 
CHARM/CDHS 
FNAL 
FNAL 
FNAL 
15-ft FNAL 
FNAL 
15-ft FNAL 
GGM CERN SPS 
15-ff FNAL 

197VILAIN 94c limit derived by combining the u/~ and ~# data assuming CP conservation. <0.05 90 ERRIQUEZ 81 HLBC BEBC CERN SPS 

198FREEDMAN 93 is a search at LAMPF for Pe generated from any of the three neutrino <0,013 90 USHIDA 81 EMUL FNAL 
types up, ~p, and ~e which come from the beam stop. The ~e'S would be detected by 208ASTIER 99 limits are based on data corresponding to ~ 950000 v#CC interactions in | 

the reaction ~ e p  ~ e + n .  FREEDMAN 93 replaces DURKIN 88. the 1995, 1996, and (most) 1997 runs. This is a "blind" analysis using the FELD- 

I 1991n reaction ~e p ~ e + n .  MAN 98 classical CL approach, and other algorithms have also been improved since 
ALTEGOER 98B. 

- -  I/p(]~'#.) ~ I l e (~e )  209ALTEGOER 988 is the NOMAD 1995 data sample result, searching for events with 
~ -  ~ e -  ~T~e, hadron- u~, or ~ -  ~+  ~ -  decay modes using classical CL approach I 

Z~(m ~) for sin=(2e) = 1 
VALUE IeV2 ) EL% DOCUMENT ID TECN COMMENT 

< 0 , 0 7 5  90 BORODOV... 92 CNTR BNL E776 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<1.6 90 200 ROMOSAN 97 CCFR FNAL 

200 ROMOSAN 97 uses wideband beam with a 0.5 krn decay region. 

sin2(2e) for "Large" A(m 2) 
VALUE (units l0 -3 ) CL~_% DOCUMENT tO TECN COMMENT 

<1.8 90 201 ROMOSAN 97 CCFR FNAL 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<3.8 90 202 MCFARLAND 95 CCFR FNAL 
<3 90 BORODOV... 92 CNTR BNL E776 

201 ROMOSAN 97 uses wideband beam with a 0.5 km decay region. 
202MCFARLAND 95 state that "This result is the most stringent to date for 250< 

A(m 2) <450 eV 2 and also excludes at 90%CL much of the high A(m 2) region favored by 
the recent LSND observation." See ATHANASSOPOULOS 95 and ATHANASSOPOU- 
LOS 96. 

of FELDMAN 98. 
210 ESKUT 98 search for events with one /L-  with indication of a kink from T -  decay in | 

the nuclear emulsion. No candidates were found in a 31,423 event subsample. I 
211 ESKUT 98B search for ~-- ~ # ~,~u# or h--* ,~/~,  where h -  is a negatively charged I 

hadron. The # -  sample is somewhat larger than in ESKUT 98, which this result super- I 
sedes. Bayesian limit. 

212LOVERRE 96 uses the charged-current to neutral-current ratio from the combined 
CHARM (ALLABY 86) and CDHS (ABRAMOWICZ 86) data from 1986. 

~(m 2) for sin2(2e) = 1 
VALUE (eV 2 ) C L ~  DOCUMENT ID TECN COMMENT 

<2.2 90 ASRATYAN 81 HLBC FNAL 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<1.4 90 MCFARLAND 95 CCFR FNAL 
<6.5 90 BOFILL 87 CNTR FNAL 
<7.4 90 TAYLOR 83 HLBC 15-ft FNAL 

sin2(2e) for "Large" A(m 2) 

a(m 2) for 8in2(~) = z 
VALUE (eV 2) CL ~/o DOCUMENT ID TECN COMMENT 

< 1.1 90 203 ESKUT 98B CHRS CERN SPS 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

< 1.2 
< 1.4 
< 1.5 
< 3.3 
< 1.4 
< 4.5 
<10.2 

< 6.3 

< 0.9 
< 4,6 
< 3  
< 6  
< 3  

90 204 ASTIER 99 NOMD CERN SPS 
90 205 ALTEGOER 98B NOMD CERN SPS 
90 206 ESKUT 98 CHRS CERN SPS 
90 207 LOVERRE 96 CHARM/CDHS 
90 MCFARLAND 95 CCFR FNAL 
90 BATUSOV 90B EMUL FNAL 
90 BOFILL 87 CNTR FNAL 
90 BRUCKER 86 HLBC 15-ft FNAL 
90 USHIDA 86C EMUL FNAL 
90 ARMENISE 81 HLBC GGM CERN SPS 
90 BAKER 81 HLBC 15-ft FNAL 
90 ERRIQUEZ 81 HLBC BEBC CERN SPS 
90 USHIDA 81 EMUL FNAL 

VALUE CL% DOCUMENT ID TECN COMMENT 

<4.4 x 10 - 2  90 ASRATYAN 81 HLBC FNAL 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.0081 90 MCFARLAND 95 CCFR FNAL 
<0.15 90 BOFILL 87 CNTR FNAL 
<8.8 x 10 - 2  90 TAYLOR 83 HLBC 15-ft FNAL 

- -  ~.(v.) -~ ~,Cv,) - -  
A(m2) for sin2(2O) : 1 
VALUE (eV 2 ) CL~  DOCUMENT ID TECN COMMENT 

<1.5 90 213 GRUWE 93 CHM2 CERN SPS 

2]3GRUWE 93 is a search using the CHARM II detector in the CERN SPS wide-band 
neutrino beam for J,/~ ~ u~ and ~;~ ~ ~ -  oscillations signalled by quasi-elastic v T and 

~T interactions followed by the decay T ~ uT~. The maximum sensitivity in sin228 

(< 6.4 x 10 - 3  at the 90% CL) is reached for A(m2) --~ 50 eV 2. 

sin2(26) for =Large" A(m 2) 
VALUE (units 10 -3 ) CL~  DOCUMENT ID TEEN COMMENT 

203 ESKUT 98B search for ~-- ~ p-- u r n  # or h -  v~. p#, where h -  is a negatively charged 

hadron. The/~-  sample is somewhat larger than in ESKUT 98, which this result super- I 
sedes. Bayesian limit. 

204ASTIER 99 limits are based on data corresponding to ~ 950000 L,/jCC interactions in | 
the 1995, 1996, and (most) 1997 runs. This is a "blind" analysis using the FELD- 

I MAN 98 classical CL approach, and other algorithms have also been improved since 
ALTEGOER 98B. 

205ALTEGOER 98B is the NOMAD 1995 data sample result, searching for events with 
r -  ~ e -  ~ , ~  e, hadron- u~., or ~ r - ~ + x  - decay modes using classical CL approach 
of FELDMAN 98. 

206ESKUT 98 search for events with one # -  with indication of a kink from T -  decay in | 
the nuclear emulsion. No candidates were found in a 31,423 event subsample. I 

207LOVERRE 96 uses the charged-current to neutral-current ratio from the combined 
CHARM (ALLABY 86) and CDHS (ABRAMOWICZ 86) data from 1986. 

sln2(~) for "Large" &(rn 2) 
VALUE CL~~ DOCUMENT ID TECN COMMENT 

< 0 . 0 0 1 2  90 208 ASTIER 99 NOMD CERN SPS I 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.0042 90 209 ALTEGOER 98B NOMD CERN SPS I 
<0.0035 90 210 ESKUT 98 CHRS CERN SPS I 

<8 90 214 GRUWE 93 CHM2 CERN SPS 

214GRUWE 93 is a search using the CHARM II detector in the CERN SPS wide-band 
neutrino beam for u/~ ~ v T and ~# ~ ~T oscillations signalled by quasi-elastic u 7 and 

~T interactions followed by the decay ~- ~ vTTr, The maximum sensitivity in sin229 

(< 6,4 • 10 - 3  at the 90% CL) is reached for ~ ( m  2) ~ 50 eV 2. 

- -  V e  - - *  (Pe)L - -  
This is a limit on lepton family-number violation and total lepton-number 
violation. (~e )L  denotes a hypothetical left-handed ~e" The bound is 

2 quoted in terms of A ( m ) ,  sin(29), and ~, where a denotes the fractional 
admixture of ( V + A )  charged current. 

aA.(m 2) for sin2C2g) = 1 
VALUE (eV21 CL~  DOCUMENT /0 TECN COMMENT 

<0.14 90 215 FREEDMAN 93 CNTR LAMPF 
�9 �9 * We do not use the following data for averages, fits, limits, etc. = �9 �9 

<7 90 216 COOPER 82 HLBC BEBC CERN 5PS 

215FREEDMAN 93 is a search at LAMPF for ~e generated from any of the three neutrino 
types up, ~#, and v e which come from the beam stop. The ~e'S would be detected by 

the reaction ~e P ~ e + n. 
216COOPER 82 states that existing bounds on V+A  currents require (~ to be small. 
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c~-sin2(20) for "Large" A(m 2) 
VALUE CL~ DOCUMENT ID TEEN COMMENT 

<0,032 90 217 FREEDMAN 93 CNTR LAMPF 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

<0.05 90 218 COOPER 82 HLBC BEBC CERN SPS 

217FREEDMAN 93 is a search at LAMPF for Pe generated from any of the three neutrino 
types ~#, P/~, and v e which come from the beam stop. The Pe'S would be detected by 

the reaction Pe p ~ e + n. 
218 COOPER 82 states that existing bounds on V + A  currents require e to be small. 

~ -~ ( ~ e ) L  - -  

See note above for u e ~ (Pe)L limit 

aA(m 2) for sln:'(2e) = 1 
VALUE (eV 2) CL ~ DOCUMENT ID TECN COMMENT 

<0,16 90 219 FREEDMAN 93 CNTR LAMPF 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

<0,7 90 220 COOPER 82 HLBC BEBC CERN SPS 

219 FREEDMAN 93 is a search at LAMPF for Pe generated from any of the three neutrino 
types u/~, P#, and v e which come from the beam stop. The Pe'S would be detected 

by the reaction P e P  ~ e + n .  The l imit  on A ( m  2) is better than the CERN BEBC 

experiment, but the l imit  on sin26 is almost a factor of 100 less sensitive. 
220 COOPER 82 states that existing bounds on V + A  currents require (~ to be small. 

a2sin2(28) for "Large" Zl(m 2) 
VALUE CL~ DOCUMENT ID TECN COMMENT 

<0.001 90 221 COOPER 82 HLBC BEBC CERN SPS 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

<0.07 90 222 FREEDMAN 93 CNTR LAMPF 

221COOPER 82 states that existing bounds on V + A  currents require c~ to be small. 
222FREEDMAN 93 is a search at LAMPF for Ue generated from any of the three neutrino 

types ~,#, P#, and v e which come from the beam stop. The Pe'S would be detected 

by the reaction ~ e p  ~ e + n .  The l imit  on A (m2)  is better than the CERN BEBC 

experiment, but the l imi t  on sin2# 

(I) Disappearance experiments with accelerator & radioactive source neutrinos 

A(rn 2) for si~(20) = 1 
VALUE (eV 2 ) CL~_% DOCUMENT IO TECN COMMENT 

< 0.18 90 223 HAMPEL 98 GALX 51Cr source I 
�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

<40 90 224 BORISOV 96 CNTR IHEP-JINR detector 
<14.9 90 BRUCKER 86 HLBC 15-ft FNAL 
< 8 90 BAKER 81 HLBC 15-ft FNAL 
<56 90 DEDEN 81 HLBC BEBC CERN SPS 
<10 90 ERRIQUEZ 81 HLBC BEBC CERN SPS 
<2.3 OR >8 90 NEMETHY 81B CNTR LAMPF 

223HAMPEL 98 analyzed the GALLEX calibration results with 51Or neutrino sources and | 
updates the BAHCALL 95 analysis result, They also gave 95% and 99% CL limits of I < 0.2 and < 0.22, respectively. 

224 BORISOV 96 exclusion curve extrapolated to obtain this value; however, i t  does not have 
the right curvature in this region. 

sln2(2e) for "Large" &(m 2) 
VALUE C L ~  DOCUMENT ID TEEN COMMENT 

< ' /  x 10 - 2  90 225 ERRIQUEZ 81 HLBC BEBC CERN SPS 
�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc, �9 �9 �9 

<0.4 90 226 HAMPEL 98 GALX 51Cr source I 
<0.115 90 227 BORISOV 96 CNTR ~ ( m  2) = 175 eV 2 
<0.54 90 BRUCKER 86 HLBC 15-ft FNAL 
<0.6 90 BAKER 81 HLBC 15-ft FNAL 
<0.3 90 225 DEDEN 81 HLBC BEBC CERN SPS 

225 Obtained from a Gaussian centered in the unphysical region. 
226HAMPEL 98 analyzed the GALLEX calibration results with 5 1 0  neutrino sources and | 

updates the BAHCALL 95 analysis result. They also gave 95% and 99% CL limits of I < 0.45 and < 0.56, respectively. 
227 BORISOV 96 sets less stringent l imits at large ~ ( m 2 ) ,  but exclusion curve does not have 

clear asymptotic behavior. 

A(m 2) for sin2(2e) = 1 
VALUE (eV 2 ) C L ~  DOCUMENT ID TECN COMMENT 

<0.23 OR >1500 OUR LIMIT 
<0.23 OR >100 90 DYDAK 84 CNTR 

<18 OR >1500 90 STOCKDALE 84 CNTR 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

< 0.29 OR >22 90 BERGSMA 88 CHRM 
<7 90 BELIKOV 85 CNTR Serpukhov 

<8.0 OR >1250 90 STOCKDALE B5 CNTR 
<0.29 OR >22 90 BERGSMA 84 CHRM 
<8.0 90 BELIKOV B3 CNTR 

sin2(2#) for A(m 2) = lOOeV 2 
VALUE ~ DOCUMENT ID TEEN COMMENT 

<0.02 90 228 STOCKDALE 85 CNTR FNAL 
. �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<0.17 90 229 BERGSMA 88 CHRM 
<0.07 90 230 BELIKOV 85 CNTR Serpukhov 
<0.27 90 229 BERGSMA 84 CHRM CERN PS 
<0.1 90 231 DYDAK 84 CNTR CERN PS 
<0.02 90 232 STOCKDALE 84 CNTR FNAL 
<0.1 90 233 BELIKOV 88 CNTR Serpukhov 

228 This hound applies for A ( m  2) = 100 eV 2. Less stringent bounds apply for other A (m2) ;  

these are nontrivial for 8 < ~,(m 2) <1250 eV 2. 
229This hound applies for /S(m 2) = 0.7-9. eV 2. Less stringent hounds apply for other 

A(m2) ;  these are nontrivial for 0.28 < A ( m  2) <22 eV 2. 
230This hound applies for a wide range of A ( m  2) >7 eV 2. For some values of A (m2) ,  

the value is less stringent; the least restrictive, nontrivial hound occurs approximately at 
Z l (m 2) = 300 eV 2 where sin2(2#) <0.13 at EL = 90%, 

231This bound applies for A ( m  2) = 1.-10. eV 2. Less stringent bounds apply for other 

A(m2) ;  these are nontrivial for 0.23 < Z l (m 2) <90 eV 2. 
232 This bound applies for A (m2}  = 110 eV 2. Less stringent bounds apply for other Z~(m 2); 

these are nontrivial for 13 < A ( m  2) <1500 eV 2. 
233Bound holds for z~(m 2) = 20-1000 eV 2. 

A(rn 2) for dn2(2e) = 1 
VALUE (eV 2) EL% DOCUMENT ID TECN 

<7 OR >1200 OUR LIMIT 
< 7  OR >1200 90 STOCKDALE 85 CNTR 

sin2(28) for 190 eV 2 < Zl(m 2) < 320 eV 2 
VALUE CL~ DOCUMENT .ID TEEN COMMENT 

<0.02 90 234 STOCKDALE 85 CNTR FNAL 

234This bound applies for A (m2)  between 190 and 320 or = 530 eV 2, Less stringent bounds 

apply for other A(m2) ;  these are nontrivial for 7 < A ( m  2) <1200 eV 2, 
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II QUARKS II 
QUARK MASSES 

Written by A. Manohar (University of California, San Diego). 

A. I n t r o d u c t i o n  

This note discusses some of the theoretical issues involved 

in the determination of quark masses. Unlike the leptons, 

quarks are confined inside hadrons and are not observed as 

physical particles. Quark masses cannot be measured directly, 

but must be determined indirectly through their influence on 

hadron properties. As a result, the values of the quark masses 

depend on precisely how they are defined; there is no one 

definition that is the obvious choice. Though one often speaks 

loosely of quark masses as one would of the electron or muon 

mass, any careful statement of a quark mass value must make 

reference to a particular computational scheme that is used to 

extract the mass from observations. It is important to keep 

this scheme dependence in mind when using the quark mass 

values tabulated in the data listings. 

The simplest way to define the mass of a quark is by 

making a fit of the hadron mass spectrum to a nonrelativistic 

quark model. The quark masses are defined as the values 

obtained from the fit. The resulting masses only make sense 

in the limited context of a particular quark model. They 

depend on the phenomenological potential used, and on how 

relativistic effects are modelled. The quark masses used in 

potential models also cannot be connected with the quark 

mass parameters in the QCD Lagrangian. Fortunately, there 

exist other definitions of the quark mass that have a more 

general significance, though they also depend on the method of 

calculation. The purpose of this review is to explain the most 

broken by the quark masses. The nonperturbative scale of 

dynamical chiral symmetry breaking, Ax, is around 1 GeV. It 

is conventional to call quarks heavy if rn > Ax, so that explicit 

chiral symmetry breaking dominates, and light if m < Ax, so 

that spontaneous chiral symmetry breaking dominates. The 

c, b, and t quarks are heavy, and the u, d and s quarks are 

light. The computations for light quarks involve an expansion 

in mq/A x about the limit mq -- O, whereas for heavy quarks, 

they involve an expansion in A x / m  q about mq = oo. The 

corrections are largest for the s and c quarks, which are the 

heaviest light quark and the lightest heavy quark, respectively. 

At high energies or short distances, nonperturbative effects 

such as chiral symmetry breaking are unimportant, and one 

can in principle analyze mass-dependent effects using QCD 

perturbation theory to extract the quark mass values. The 

QCD computations are conventionally performed using the MS 

scheme at a scale # >> Ax, and give the MS "running" mass 

~(/~). The # dependence of ~ ( # )  at short distances can be 

calculated using the renormalization group equations. 

For heavy quarks, one can obtain useful information on the 

quark masses by studying the spectrum and decays of hadrons 

containing heavy quarks. One method of calculation uses the 

heavy quark effective theory (HQET), which defines a HQET 

quark mass mQ. Other commonly used definitions of heavy 

quark masses such as the pole mass are discussed in Sec. C. 

QCD perturbation theory at the heavy quark scale # = m q  can 

be used to relate the various heavy quark masses to the MS 

mass ~ (# ) ,  and to each other. 

For light quarks, one can obtain useful information on 

the quark mass ratios by studying the properties of the light 

pseudoscalar mesons using chiral perturbation theory, which 

utilizes the symmetries of the QCD Lagrangian Eq. (1). The 

quark mass ratios determined using chiral perturbation theory 
important such definitions and their interrelations. 

B. M a s s  p a r a m e t e r s  and  the Q C D  Lagranglan  

The QCD Lagrangian for NF quark flavors is 

NF 
c = ~ k  (i~ - m~)q~ - � 8 8  ~ , 

k = l  

(1) 

are those in a subtraction scheme that is independent of the 

quark masses themselves, such as the MS scheme. 

A more detailed discussion of the masses for heavy and 

light quarks is given in the next two sections. The MS scheme 

applies to both heavy and light quarks. It is also commonly 

used for predictions of quark masses in unified theories, and for 

computing radiative corrections in the Standard Model. For 
where ~) = (0~ - igA~) ~ is the gauge covariant derivative, A~ 

is the gluon field, Gt, v is the gluon field strength, m k is the mass 

parameter of the k th quark, and qk is the quark Dirac field. The 

QCD Lagrangian Eq. (1) gives finite scattering amplitudes after 

renormalization, a procedure that invokes a subtraction scheme 

to render the amplitudes finite, and requires the introduction of 

a dimensionful scale parameter #. The mass parameters in the 

QCD Lagrangian Eq. (1) depend on the renormalization scheme 

used to define the theory, and also on the scale parameter /~. 

The most commonly used renormalization scheme for QCD 

perturbation theory is the MS scheme. 

The QCD Lagrangian has a chiral symmetry in the limit 

that the quark masses vanish. This symmetry is spontaneously 

broken by dynamical chtral symmetry breaking, and explicitly 

m 

this reason, we use the MS scheme as the standard scheme in 

reporting quark masses. One can easily convert the MS masses 

into other schemes using the formulm given in this review. 

C. Heavy  quarks  

The commonly used definitions of the quark mass for heavy 

quarks are the pole mass, the MS mass, the Georgi-Politzer 

mass, the potential model mass used in r and T spectroscopy, 

and the HQET mass. 

The strong interaction coupling constant at the heavy quark 

scale is small, and one can compute the heavy quark propagator 

using QCD perturbation theory. For an observable particle 

such as the electron, the position of the pole in the propagator 

is the definition of the particle mass. In QCD this definition 

of the quark mass is known as the pole mass mR, and is 
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independent of the renormalization scheme used. It is known 

that the on-shell quark propagator has no infrared divergences 

in perturbation theory [1], so this provides a perturbative 

definition of the quark mass. The pole mass cannot be used to 

in terms of a few unknown constants that can be obtained 

from experiment. For example, the B and D meson masses in 

the heavy quark effective theory are given in terms of a single 

nonperturbative parameter A, 

arbitrarily high accuracy because of nonperturbative infrared 

effects in QCD. The full quark propagator has no pole because 

the quarks are confined, so that the pole mass cannot be defined 

outside of perturbation theory. 

The MS running mass ~ ( # )  is defined by regulating the 

QCD theory using dimensional regularization, and subtracting 

M ( B )  =mb +-A + O mbb ' 

M ( D ) = ~ + X + O  ~ . 

the divergences using the modified minimal subtraction scheme. 

The MS scheme is particularly convenient for Feynman diagram 

computations, and is the most commonly used subtraction 

scheme. 

The Georgi-Politzer mass ~ is defined using the momentum 

space subtraction scheme at the spacelike point _p2 = ~2 [2]. 

A generalization of the Georgi-Politzer mass that is often used 

in computations involving QCD sum rules [3] is ~ ( ( ) ,  defined 

at the subtraction point p2 = _ ( (  + 1)m~. QCD sum rules 

are discussed in more detail in the next section on light quark 

masses. 

Lattice gauge theory calculations can be used to obtain 

heavy quark masses from r and T spectroscopy. The quark 

(2) 

This allows one to determine the mass difference m b -  mc = 
M(B)  - M(D)  = 3.4 GeV up to corrections of order -A2/m b - 

-A2/m c. The extraction of the individual quark masses mb and 

mc requires some knowledge of A. An estimate of A using 

QCD sum rules gives A = 0.57 + 0.07 GeV [11]. The HQET 

masses with this value of A are mb ---- 4.74 • 0.14 GeV and 

mc = 1.4 + 0.2 GeV, where the spin averaged meson masses 

(3M(B*) + M(B) ) /4  and (3M(D*) + M(D)) /4  have been used 

to eliminate the spin-dependent O(-A2/rnQ) correction terms. 

The errors reflect the uncertainty in A and the unknown spin- 

averaged O(-A2/mQ) correction. The errors do not include any 

theoretical uncertainty in the QCD sum rules, which could 

be large. A quark model estimate suggests that A is the 
masses are obtained by comparing a nonperturbative computa- 

tion of the meson spectrum with the experimental data. The 

lattice quark mass values can then be converted into quark mass 

values in the ~ontinuum QCD Lagrangian Eq. (1) using lattice 

perturbation theory at a scale given by the inverse lattice spac- 

ing. A recent computation determines the b-quark pole mass 

to be 5.0 • 0.2 GeV, and the MS mass to be 4.0 • 0.1 GeV [4]. 

Potential model calculations of the hadron spectrum also 

involve the heavy quark mass. There is no way to relate 

the quark mass as defined in a potential model to the quark 

mass parameter of the QCD Lagrangian, or to the pole mass. 

Even in the heavy quark limit, the two masses can differ by 

nonperturbative effects of order AQC D. There is also no reason 

why the potential model quark mass should be independent of 

the particular form of the potential used. 

Recent work on the heavy quark effective theory [5-9] has 

provided a definition of the quark mass for a heavy quark that 

is valid when one includes nonperturbative effects and will be 

called the HQET mass mQ. The HQET mass is particularly 

useful in the analysis of the 1/mQ corrections in HQET. 

The HQET mass agrees with the pole mass to all orders in 

perturbation theory when only one quark flavor is present, but 

differs from the pole mass at order a~ when there are additional 

flavors [10]. Physical quantities such as hadron masses can 

in principle be computed in the heavy quark effective theory 

in terms of the HQET mass mQ. The computations cannot 

be done analytically in practice because of nonperturbative 

effects in QCD, which also prevent a direct extraction of the 

quark masses from the original QCD Lagrangian, Eq. (1). 

Nevertheless, for heavy quarks, it is possible to parametrize the 

nonperturbative effects to a given order in the 1/mQ expansion 

constituent quark mass (~ 350 MeV), which differs significantly 

from the sum rule estimate. In HQET, the 1/mQ corrections 

to heavy meson decay form-factors are also given in terms of A. 

Thus an accurate enough measurement of these form-factors 

could be used to extract A directly from experiment, which 

then determines the quark masses up to corrections of order 

Z/mQ. 
The quark mass mQ of HQET can be related to other quark 

mass parameters using QCD perturbation theory at the scale 

inV. The relation between mQ and ~Q(~) at one loop is [12] 

mQ = ~ Q ( ~ )  1 + - -  - -  l o g f f  + 2) (3) 
~r ~+i  

where ~s(~) is the strong interaction coupling constant in the 

momentum space subtraction scheme. The relation between 

mQ and the M--S mass ~Q is known to two loops [13], 

4~s(~Q) 
3~r 

k 3 ~ Q  ] , ]  , (4) 

where ~s(#) is the strong interaction coupling constants in the 

MS scheme, and the sum on k extends over all flavors Qk lighter 

than Q. For the b-quark, Eq. (4) reads 

-~b = mb (rob)[1 + 0.09 + 0.05], (5) 

where the contributions fl'om the different orders in as are 

shown explicitly. The two loop correction is comparable in 

size and has the same sign as the (me loop term. There is 
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presumably an error of order 0.05 in the relation between m b 
and rob(rob) from the uncalculated higher order terms. 

D. Light  quarks 

For light quarks, one can use the techniques of chiral per- 

turbation theory to extract quark mass ratios. The light quark 

part of the QCD Lagrangian Eq. (1) has a chiral symmetry in 

the limit that the light quark masses are set to zero, under 

which left- and right-handed quarks transform independently. 

The mass term explicitly breaks the chiral symmetry, since it 

couples the left- and right-handed quarks to each other. A 

systematic analysis of this explicit chiral symmetry breaking 

provides some information on the light quark masses. 

It is convenient to think of the three light quarks u, d and s 

as a three component column vector Er and to write the mass 

term for the light quarks as 

~M~2 = ~ L M  T~R 4- ~RMq2L, (6) 

where M is the quark mass matrix M, 

(o0 0) 
M =  md 0 �9 (7) 

0 ms 

The mass term ~ M ~  is the only term in the QCD Lagrangian 

that mixes left- and right-handed quarks. In the limit that 

M --* 0, there is an independent SU(3) flavor symmetry for the 

left- and right-handed quarks. This G x = SU(3)L • SU(3)R 

chiral symmetry of the QCD Lagrangian is spontaneously bro- 

ken, which leads to eight massless Goldstone bosons, the ~'s, 

K's, and 7/, in the limit M ~ 0. The symmetry G n is only 

an approximate symmetry, since it is explicitly broken by the 

quark mass matrix M. The Goldstone bosons acquire masses 

which can be computed in a systematic expansion in M in 

terms of certain unknown nonperturbative parameters of the 

theory. For example, to first order in M one finds that [14,15] 

m~o = S ( m u  + rod) , 

m~x2 =B (mu + rod) + Aem 

2 = B  (rod + , ~ )  , (8) 

m2g• =B (mu + ms) + Aem , 

1B 2 =5 (mu +md + 4ms) , my 

with two unknown parameters B and /kem, the electromagnetic 

mass difference. From Eq. (8), one can determine the quark 

mass ratios [14] 

rnu _2m2~~ - mS~+ + m2+ - m2~ = 0.56, 

m,  m2o + m2+ 2 
_ _  = .  - m + = 2 0 . 1  , ( 9 )  

to lowest order in chiral perturbation theory. The error on 

these numbers is the size of the second-order corrections, which 
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are discussed at the end of this section. Chiral perturbation 

theory cannot determine the overall scale of the quark masses, 

since it uses only the symmetry properties of M, and any 

multiple of M has the same G x transformation law as M. 

This can be seen from Eq. (8), where all quark masses occur 

only in the form Bm, so that B and m cannot be determined 

separately. 

The mass parameters in the QCD Lagrangian have a scale 

dependence due to radiative corrections, and are renormaliza- 

tion scheme dependent. Since the mass ratios extracted using 

chiral perturbation theory use the symmetry transformation 

property of M under the chiral symmetry Gn, it is important to 

use a renormalization scheme for QCD that does not change this 

transformation law. Any quark mass independent subtraction 

scheme such as MS is suitable. The ratios of quark masses are 

scale independent in such a scheme. 

The absolute normalization of the quark masses can be 

determined by using methods that go beyond chiral perturba- 

tion theory, such as QCD sum rules [3]. Typically, one writes 

a sum rule for a quantity such as B in terms of a spectral 

integral over all states with certain quantum numbers. This 

spectral integral is then evaluated by assuming it is dominated 

by one (or two) of the lowest resonances, and using the experi- 

mentally measured resonance parameters [16]. There are many 

subtleties involved, which cannot be discussed here [16]. 

Another method for determining the absolute normaliza- 

tion of the quark masses, is to assume that the strange quark 

mass is equal to the SU(3) mass splitting in the baryon mul- 

tiplets [14,16]. There is an uncertainty in this method since 

in the baryon octet one can use either the E - N  or the A - N  

mass difference, which differ by about 75 MeV, to estimate the 

strange quark mass. But more importantly, there is no way to 

relate this normalization to any more fundamental definition of 

quark masses. 

One can extend the chiral perturbation expansion Eq. (8) 

to second order in the quark masses M to get a more accurate 

determination of the quark mass ratios. There is a subtlety 

that arises at second order [17], because 

M ( M t M ) - l d e t M  t (10) 

transforms in the same way under G x as M. One can make 

the replacement M ~ M(A) = M + AM ( M t M )  -1 get Mt  in 

all formulae, 

M(A) = diag(mu(A), rod(A), ms(A)) 

: diag (mu + Amdms, md+ Amums, ms + Amumd) , (11) 

so it is not possible to determine A by fitting to data. One 

can only determine the ratios mi(A)/mj(2) using second-order 

chiral perturbation theory, not the desired ratios m~/mj = 

mi(A = O)/mj(A = 0). 
Dimensional analysis can be used to estimate [18] that 

second-order corrections in chiral perturbation theory due to the 
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strange quark mass are of order Ares ~ 0.25. The ambiguity 

due to the redefinition Eq. (11) (which corresponds to a second- 

order correction) can produce a sizeable uncertainty in the ratio 

m u / m  d. The lowest-order value m u / m  d = 0.56 gets corrections 

of order Ams(md/rn u - mu/md) ~,, 30%, whereas ms/rod gets a 

smaller correction of order Ams(mu/md - mumd/m2s) "~ 15%. 
A more quantitative discussion of second-order effects can be 

the numerical value for a quark mass is meaningless without 

specifying the particular scheme in which it was obtained. All 

non-MS quark masses have been converted to MS values in the 
data listings using one-loop formulae, unless an explicit two-loop 

conversion is given by the authors in the original article. 

References 

found in Refs. 17,19,20. Since the second-order terms have a 

single parameter ambiguity, the value of rnu/md is related to 

the value of m s / m  d. 

The ratio mu/md is of great interest since there is no strong 

C P  problem if mu = 0. To determine rn~/md requires fixing A 
in the mass redefinition Eq. (11). There has been considerable 

effort to determine the chiral Lagrangian parameters accurately 

enough to determine mu/md,  for example from the analysis of 
the decays r ---* ~b + n 0, q, the decay 7/---* 3~r, using sum rules, 

and from the heavy meson mass spectrum [16,21-24]. A recent 

paper giving a critique of these estimates is Ref. 25. 

Eventually, lattice gauge theory methods will be accurate 
enough to be able to compute meson masses directly from the 

QCD Lagrangian Eq. (1), and thus determine the light quark 

masses. For a reliable determination of quark masses, these 

computations will have to be done with dynamical fermions, 

and with a small enough lattice spacing that one can accu- 
rately compute the relation between lattice and continuum 

Lagrangians. 
The quarto masses for light quarks discussed so far are 

often referred to as current quark masses. Nonrelativistic 

quark models use constituent quark masses, which are of order 

350 MeV for the u and d quarks. Constituent quark masses 
model the effects of dynamical chiral symmetry breaking, and 

are not related to the quark mass parameters m k of the QCD 
Lagrangian Eq. (1). Constituent masses are only defined in 

the context of a particular hadronic model. 

E. N u m e r i c a l  values  and caveats  

The quark masses in the particle data listings have been ob- 

tained by using the wide variety of theoretical methods outlined 
above. Each method involves its own set of approximations 

and errors. In most cases, the errors are a best guess at the 

size of neglected higher-order corrections. The expansion pa- 

rameter for the approximations is not much smaller than unity 
(for example it is 2 2 m K / A  x ~ 0.25 for the chiral expansion), so 
an unexpectedly large coefficient in a neglected higher-order 

term could significantly alter the results. It is also important 

to note that the quark mass values can be significantly differ- 
ent in the different schemes. For example, assuming that the 

b-quark pole mass is 5.0 GeV, and -Ss(mb) ~ 0.22 gives the M-S 

b-quark mass rob(# = mb) = 4.6 GeV using the one-loop term 

in Eq. (4), and ~b(#  = rob) = 4.3 GeV including the one-loop 

and two-loop terms. The heavy quark masses obtained using 
HQET, QCD sum rules, or lattice gauge theory are consistent 

with each other if they are all converted into the same scheme. 

When using the data listings, it is important to remember that 
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3. M.A. Shifman, A.I. Vainshtein, and V.I. Zakharov, Nucl. 
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4. C.T.H. Davies, et al., Phys. Rev. Lett. 73, 2654 (1994). 

5. N. Isgur and M.B. Wise, Phys. Lett. B232, 113 (1989), 
ibid B237, 527 (1990); 
M.B. Voloshin and M. Shifman, Soy. J. Nucl. Phys. 45, 
292 (1987), ibid 47, 511 (1988); 
S. Nussinov and W. Wetzel, Phys. Rev. D36, 130 (1987). 

6. H. Georgi, Phys. Lett. B240, 447 (1990). 

7. E. Eichten and B. Hill, Phys. Lett. B234, 511 (1990). 

8. H. Georgi, in Perspectives of the Standard Model, ed. 
R.K. Ellis, C.T. Hill, and J.D. Lykken (World Scientific, 
Singapore, 1992); 
B. Grinstein, in High Energy Phenomenology, ed. R. Huerta 
and M.A. P6rez (World Scientific, Singapore, 1992). 

9. A.F. Falk, M. Neubert, and M.E. Luke, Nucl. Phys. B388, 
363 (1992). 

10. A.V. Manohar and M.B. Wise, (unpublished). 
11. M. Neubert, Phys. Reports 245, 259 (1994). 
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15. See for example, H. Georgi, Weak Interactions and Mod- 
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1984). 

16. J. Gasser and H. Leutwyler, Phys. Reports 87, 77 (1982). 
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(1984). 
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H. Leutwyler, Nucl. Phys. B337, 108 (1990); 
J. Donoghue and D. Wyler, Phys. Rev. Lett. 69, 3444 
(1992); 
K. Maltman, T. Goldman and G.L. Stephenson Jr., Phys. 
Lett. B234, 158 (1990). 

22. K. Choi, Nucl. Phys. B383, 58 (1992). 
23. J. Donoghue and D. Wyler, Phys. Rev. D45, 892 (1992). 

24. M.A. Luty and R. Sundrum, e-print hep-ph/9502398. 
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Figure  1: The values of each quark mass parameter taken from the Data Listings. Points from papers reporting 
no error bars are colored grey. Arrows indicate limits reported. The grey regions indicate values excluded by our 
evaluations; some regions were determined in part though examination of Fig. 2. 
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B 

B 

Figure  2: The allowed region (shown in white) 
for up,quark and down quark masses. This re- 
gion was determined in part from papers report- 
ing values for mu and m,i (data points shown) 
and in part from analysis of the allowed ranges 
of other mass parameters (see Fig. i). The pa- 
rameter (mu + md)/2 yields the two downward- 
sloping lines, while mu/m,i yields the two rising 
lines originating at (0,0). The grey point is 
from a paper giving no error bars. 

13 

Mass m = 1.5 to 5 MeV 

m u / m  d = 0.20 to 0.70 

i 

I ( j P )  = 1 / 1 + ~  
2~2 J 

Charge = ~ e I z = + ~  

I ( j P )  = 1 { 1 + ~  
2 t ~  / 

Mass m = 3 to 9 MeV Charge = - � 8 9  e I z = - � 89  

ms /m d = 17 to 25 

-= (m u + rod)~2 = 2 t o 6  MeV 

I ( J  P)  = 0(�89 + )  

Mass m = 60 to 170 MeV Charge = - ~  e Strangeness = - 1  

(m s - (m u + m d ) / 2 ) / ( m  d - mu) = 34 to 51 

IUGHT QUARKS (u, d, s)l 
O M I T T E D  F R O M  S U M M A R Y  T A B L E  

u-QUARK MASS 

The u-, d-, and s-quark masses are estimates of so-called "current-quark 
masses," in a mass- independent subtraction scheme such as MS. The 
ratios mu/m d and ms/m d are extracted from pion and kaon masses 
using chiral symmetry. The estimates of d and u masses are not without 
controversy and remain under active investigation. Within the literature 
there are even suggestions that the u quark could be essentially massless. 
The s-quark mass is estimated from SU(3) splittings in hadron masses. 

We have normalized the MS masses at a renormalization scale of # = 2 
Gev. Results quoted in the literature at p = 1 GeV have been rescaled by 
dividing by 1,35. The values of "Our Evaluation" were determined in part 
via Figures I and 2. 

VALUE {MeV) DOCUMENT ID TECN COMMENT 
1 tO 5 OUR EVALUATION 
�9 Q �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

2.3• 1 NARISON 99 THEO M~scheme I 
3.9• 2 JAMIN 95 THEO MY scheme 
3.0• 3 NARISON 95s THEO MY scheme 

4 CHOI 92B THEO 
4.3 5 BARDUCCl B8 THEO 
3.8• 6 GASSER 82 THEO 

1NARISON 99 uses sum rules to order a 3~ for @ meson decays to get m s, and finds m u I 
by combining with sum rule estimates OTmu+m d and Dashen's formula. I 

2 JAMIN 95 uses QCD sum rules at next-to-leading order. We have rescaled mu(1 GeV) 
= 53  -l- 1.5 to p = 2GeV. 

3 For NARISON 95C. we have rescaled mu(1 GeV) = 4 • 1 to # = 2 GeV. 

4CHOI 92B argues that m u = O is okay based on instanton contributions to the chiral 
coefficients. Disagrees with DONOGHUE 92 and DONOGHUE 92B. 

5 BARDUCCI 88 uses a calculation of the effective potential for~@ in QCD, and estimates 
for Z(p2). We have rescaled mu(1 GeV) = 5.8 to # = 2 GeV. 

6 GASSER B2 uses chiral perturbation theory for the mass ratios, and uses QCD sum rules 
to extract the absolute values. We have rescaled mu(1 GeV} = 5.1 • 1.5 to p = 2 GeV. 

d-QUARK MASS 

see the comment for the u quark above. 

We have normalized the M--~ masses at a renormalization scale of p = 2 
GeV. Results quoted in the literature at # = 1 GeV have been rescaled by 
dividing by 1.35. The values of "Our Evaluation" were determined in part 
via Figures i and 2. 

VALUE (MeV) DOCUMENT/D TECN COMMENT 
3 tO 9 OUR EVALUATION 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

6.4+1.1 7NARISON 99 THEO ~ s c h e m e  
7.0• 8 JAMIN 95 THEO ~ scheme 
7.4• 9 NARISON 95C THEO MY scheme 

10 ADAMI 93 THEO 
11 NEFKENS 92 THEO 

6.2 12 BARDUCCI 88 THEO 
13DOMINGUEZ 87 THEO 
14 KREMER 84 THEO 

6,6• 1.9 15 GASSER 82 THEO 

7NARISON 99 uses sum rules to order a 3 for @ meson decays to get m s, and finds m d 

by combining with sum rule estimates O~mu+m d and Dashen's formula. I 
8 JAMIN 95 uses QCD sum rules at next-to-leading order. We have rescaled rod(1 GeV) 

= 9.4 • 1.5 to # = 2 GeV. 
9For NARISON 95C, we have rescaled rod(1 GeV) = 10 • 1 to p = 2GeV. 

10ADAMI 93 obtain m d - mu=3 • 1 MeV at p=0,5 GeV using isospin-violating effects 
in QCD sum rules. 

11 NEFKENS 92 results for m d - m u are 3.1 • 0.4 MeV from meson masses and 3.6 • 0.4 
MeV from baryon masses. 

12 BARDUCCI B8 uses a calculation of the effective potential for ~ in QCD, and estimates 
for Z(p2). We have rescaled md(1 GeV) = 8.4 to # = 2 GeV. 

13DOMINGUEZ 87 uses QCD sum rules to obtain mu+rn d = 15.5 • 2.0 MeV and m d - 
m u = 6 • 1,5 MeV. 

14 KREMER 84 obtain mu+md=21 :E 2 MeV at Q2 = 1 GeV 2 using SVZ values for quark 

condensates; they obtain mu+md=35 • 3 MeV at Q2 = 1 GeV 2 using factorization 
values for quark condensates. 

15 GASSER 82 uses chiral perturbation theory for the mass ratios, and uses QCD sum rules 
to extract the absolute values. We have rescaled rod(1 GeV) = 8.9 • 2.6 to # = 2 GeV. 
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= (m.+md)/2 
See the comments for the u quark above. 

We have normalized the M~ masses at a renormaiization scale of p = 2 
GeV. Results quoted in the literature at/~ = 1 GeV have been rescaled by 
dividing by 1.35. The values of "Our Evaluation" were determined in part 
via Figures I and 2. 

VALUE IMeV) DOCUMENT ID TEEN COMMENT 
2.5 tO g OUR EVALUATION 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

4.57• 16 AOKI 00 LATT I 
4.23• 17 AOKI 99 LATT M~ scheme 

I >_ 2.1 18 STEELE 99 THEO M~ scheme 
4.5 •  19 BECIREVIC 98 LATT MY scheme 
4.6 •  20DOSCH 98 THEO M~seheme 
2.7 •  21 EICKER 97 LATT M~ scheme 
3.6 •  22 GOUGH 97 LATT MY scheme 
3.4 •  •  23GUPTA 97 LATT M~scheme 

>3.8 24 LELLOUCH 97 THEO M~ scheme I 
4.5 •  25 BIJNENS 95 

16AOKI 00 obtain the light quark masses from a quenched lattice simulation of the meson I 
and baryon spectrum with the Wilson quark action. 

17AOKI 99 obtain the light quark masses from a quenched lattice simulation of the meson I 
spectrum with the Staggered quark action employing the regularization independent 
scheme. 

18STEELE 99 obtain a bound on the light quark masses by applying the Holder inequality I 
to a sum rule. We have converted their bound of (mu+md)/2 _> 3 GeV at #=1 GeV I to #=2 GeV. 

19 BECIREVIC 98 c~ the quark mass using the Alpha acti~ in the quenched appr~ I 
imation. The conversion from the regularizatioo independent scheme to the MS scheme 
is at NNLO. 

20 DOSCH 98 use sum rule determinations of the quark condensate and chiral perturbation I 
theory to obtain 9.4 < (mu+md)(1 GeV) _< 15.7 MeV. We have converted to result to | 
/~=2 GeV. 

21 EICKER 97 use lattice gauge computations with two dynamical light flavors. 
22GOUGH 97 use lattice gauge computations in the quenched approximation. Correcting 

for quenching gives 2.1 < ~ < 3.5 MeV at #=2 GeV. 
23 GUPTA 97 use Lattice Monte Carlo computations in the quenched approximation. The 

value for two light dynamic flavors at /~ = 2GeV is 2.7 • 0.3 • 0.3 MeV. 
24LELLOUCH 97 obtain lower bounds on quark masses using hadronic spectral functions. I 
25BIJHENS 95 determines mu+m d (1 GeV) = 12 • 2.5 MeV using finite energy sum 

rules. We have rescaled this tO 2 GeV. 

s-QUARK MASS 
See the comment for the u quark above. 

We have normalized the MS masses at a renormalization scale of/~ = 2 
GeV. Results quoted in the literature at # = 1 GeV have been rescaled by 
dividing by 1.35. 

VALUE (MeV) DOCUMENT 10 TEEN COMMENT 
"/5 tO 170 OUR EVALUATION 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

130 • 15 26 AOKI 00 LATT 
118 4-14 27 AOKI 99 LATT MS scheme 

170 +44 28 BARATE 99R M~ scheme - 5 5  
115 • 8 29 MALTMAN 99 THEO MS scheme 
129 •  30 NARISON 99 THEO M-"S scheme 
111 •  31 BECIREVIC 98 M-'S scheme 
148 •  32 CHETYRKtN 98 THEO ~ scheme 
103 • 10 33 CUCCHIERI 98 LATT MY scheme 
115 •  34DOMINGUEZ 98 THEO ~ s c h e m e  

> 90 • 9 35 DOSCH 98 THEO M~ scheme 
> 30 36 LEBED 98 THEO M--S scheme 

84 4-80 37 MALTMAN 98 THEO M~ scheme 
<163 •  38 MALTMAN 98B THEO M~ scheme 

152.44-14.1 39 CHETYRKIN 97 THEO ~ scheme 
> 89 40 COLANGELO 97 THEO ~ scheme 

140 •  41 EICKER 97 LATT MS scheme 
95 •  42 GOUGH 97 LATT M-S scheme 

100 4-21 •  43 GUPTA 97 LATT M--S scheme 
>100 44 LELLOUCH 97 THEO MS scheme 

127 •  45 CHETYRKIN 95 THEO M-S scheme 
140 4`24 46 JAMIN 95 THEO M~ scheme 
146 •  47 NARISON 95c THEO M--S scheme 

48 NEFKENS 92 THEO 
144 4- 3 49 DOMINGUEZ 91 THEO 
88 50 BARDUCCI 88 THEO 

51 KREMER 84 THEO 
130 •  52 GASSER 82 THEO 

26AOKI 00 obtain the light quark masses from a quenched lattice simulation of the meson | 
and baryon spectrum with the Wilson quark action. We have averaged their results of I 
ms= 115.6 4- 2.3 and ms= 143.7 • 5.8 obtained using m K and m~, respectively, to | 
normalize the spectrum. 
AOKI 99 obtain the light quark masses from a quenched lattice simulation of the meson 
spectrum with the Staggered quark action employing the regularization independent 
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scheme. We have averaged their results of ms=106.0 • 7.1 and ms=129 • 12 obtained 
using m K and me. respectively, to normalize the spectrum. 

28 BARATE 99R obtain the strange quark mass from an analysis of the observed mass spec- 
tra in -r decay. We have converted their value of ms(m,)= 176+_t~ MeV to #=2  GeV. 

29 MALTMAN 99 determines the strange quark mass using finite energy sum rules. 
30 NARISON 99 uses sum rules to order a 3 for ~ meson decays. 

31 BECIREVIC 98 compute the quark mass using the Alpha action in the quenched approx- 
imation. The conversion from the regularization independent scheme to the MS scheme 
is at NNLO. 

32CHETYRKIN 98 uses spectral moments of hadronic r decays to determine 
ms(1 GeV)=200 • 70 MeV. We have rescaled the result to /~=2 GeV. 

33CUCCHIERI 98 obtains the quark mass using a quenched lattice computation of the 
hadronic spectrum. 

34 DOMINGUEZ 98 uses hadronic spectral function sum rules (to four loops, and including 
dimension six operators) to determine ms(1 GeV)< 155 ~: 25 MeV. We have rescaled 
the result to #=2  GeV. 

35 DOSCH 98 use sum rule determinations of the quark condensate and chiral perturbation 
theory to obtain ms(1 GeV)> 121 • 12 MeV. We have converted the result to #=2  GeV. 

36 LEBED 98 obtain lower bounds of 41, 90, and 139 MeV for ms(1 GeV) using dispersion 
relations and chiral perturbation theory. The numbers assume the chiral perturbation 
theory form factor is accurate to 5%, 1%, and 0.05%, respectively. We have used the 
first number converted to/~=2. 

37 MALTMAN 98 uses T-decay-like sum rules involving electromagnetic spectral data to 
determine ms(1 GeV)=113 4` 107 MeV. We have rescaled the result to #=2  GeV. 

38 MALTMAN 98B USes spectral moments of hadronic ~- decays to determine ms(1 GeV)< 
220 • 110 MeV. We have rescaled the result to #=2  GeV. 

39CHETYRKIN 97 obtains 205.5 4` 19.1 MeV at #=1 GeV from QCD sum rules including 
fourth-order QCD corrections. We have resealed the result to 2 GeV. 

40COLANGELO 97 is QCD sum rule computation. We have rescaled ms(1 GeV) > 120 to 
# = 2 GeV. 

41 EICKER 97 use lattice gauge computations with two dynamical light flavors. 
42 GOUGH 97 use lattice gauge computations in the quenched apl~oximation. Correcting 

for quenching gives 54 <m s < 92 MeV at #=2 GeV. 
43 GUPTA 97 use Lattice Monte Carlo computations in the quenched approximation. The 

value for two light dynamical flavors at p = 2 GeV is 68 4` 12 • 7 MeV. 
44LELLOUCH 97 obtain lower bounds on quark masses using hadronic spectral functions. 
45CHETYRKIN 95 uses QCD sum rules at next-to-leading order. We have rescaled 

ms(1 GeV) = 171 4- 15 to # = 2 GeV. 

46JAMIN 95 uses QCD sum rules at next-to-leading order. We have rescaled ms(1 GeV) 
= 189 4- 32 to/~ = 2 GeV. 

47For NARISON 95C, we have rescaled ms(1 GeV) = 197 4- 29 to/~ = 2 GeV. 

48NEFKENS 92 results for ms-(mu4-md)/2 are 111 • 10 MeV from meson masses and 
163 • 15 MeV from baryon masses. 

49DOMINGUEZ 91 uses QCD sum rules with AQC D = 100-200 MeV and the SVZ value 
for the gluon condensate. We have rescaled ms(1 GeV) = 194 4- 9 to # = 2 GeV. 

50 BARDUCCI 88 uses a calculation of the effective potential for ~ b  in QCD, and estimates 
for I~(p2). We have rescaled ms(1 GeV) = 118 to/~ = 2 GeV. 

51 KREMER 84 obtain mu+ms=2454-10 MeV at Q2 = 1 GeV 2 using SVZ values for quark 

condensates; they obtain mu+ms=270 • 10 MeV at Q2 = 1 GeV 2 using factorization 
values for quark condensates. 

52 GASSER 82 uses chiral perturbation theory for the mass ratios, and uses QCD sum rules 
to extract the absolute values. We have rescaled ms(1 GeV) = 175 4- 55 to # = 2 GeV. 

LIGHT QUARK MASS RATIOS 

u/d MASS RATIO 
VALUE DOCUMENT ID TECN COMMENT 

0,2 to 0.8 OUR EVALUATION 
�9 = �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.44 53 GAO 97 THEO MY scheme 
0.5534`0.043 54LEUTWYLER 96 THEO Compilation 

<0.3 55 CHOI 92 THEO 
0.26 56 DONOGHUE 92 THEO 
0.30 • 57 DONOGHUE 92B THEO 
0.66 58 GERARD 90 THEO 
0.4 to 0.65 59 LEUTWYLER 90B THEO 
0.05 to 0.78 60 MALTMAN 90 THEO 
0.0 to 0.56 61 CHOI 89B THEO 
0.0 to 0.8 62 KAPLAN 86 THEO 
0.57 4-0.04 63 GASSER 82 THEO 
0.38 • 64 LANGACKER 79 THEO 
0.47 4-0.11 65 LANGACKER 79B THEO 
0.56 66 WEINBERG 77 THEO 

53 GAO 97 uses electromagnetic mass splittings of light mesons. 
54LEUTWYLER 96 uses a combined fit to ~ ~ 3~ and e l  ~ j / ~  (~,~/) decay rates, 

and the electromagnetic mass differences of the ~ and K. 
55 CHOI 92 result obtained from the decays ~(2S) ~ J/~(15) ir and r  ~ J/~(15) r/, 

and a dilute instanton gas estimate of some unknown matrix elements. 
56DONOGHUE 92 result is from a combined analysis of meson masses, T/ ~ 3~r us- 

ing second-order chiral perturbation theory including nonanalytic terms, and (~b(25) 
J/~(lS),O/(~(2S ) -~ J/f)(lS)~). 

57DONOGHUE 92B computes quark mass ratios using (~b(2S) -~ J/~(1S)Tr)/(~b(2S) 
J/~(1S)~q), and an estimate of L14 using Weinberg sum rules. 

58GERARD 90 uses large N and ~-T/r mixing. 
59LEUTWYLER 90B determines quark mass ratios using second-order chiral perturbation 

theory for the meson and baryon masses, including nonanalytic corrections. Also uses 
Weinberg sum rules to determine L 7. 
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60 MALTMAN 90 uses second-order chiral perturbation theory including nonanalytic terms 

for the meson masses. Uses a criterion of "maximum reasonableness" that certain coef- 
ficients which are expected to be of order one are < 3. 

61 CHOI 89 uses second-order chiral perturbation theory and a dilute instanton gas estimate 
of second-order coefficients in the chiral lagrangian. 

62 KAPLAN 86 uses second-order chiral perturbation theory including nonanalytic terms for 
the meson masses. Assumes that less than 30% of the mass squared of the pion is due 
to second-order corrections. 

63 GASSER 82 uses chiral perturbation theory for the meson and baryon masses. 
64LANGACKER 79 result is from a f i t  to the meson and baryon mass spectrum, and the 

decay r/ ~ 3w. The electromagnetic contribution is taken from Socolow rather than 
from Dashen's formula. 

65LANGACKER 79B result uses LANGACKER 79 and also p-~ mixing. 
66WEINBERG 77 uses lowest-order chiral perturbation theory for the meson and baryon 

GAD 97 PR D56 4115 D.-N. Gao, B.A. Li, M.-L. "Can 
GOUGH 97 PRL 79 1622 B. Gough et aL 
GUPTA 97 PR D55 7203 R. Gupta, T. Bhattacharya 
LELLOUCH 97 PL 0414 195 L. Lellcuch, E. de Rafael, J, Taron 
ANISOVICH 96 PL 0375 335 A,V. Anisov~ch, H. Leutwyler 
LEUTWYLER 96 PL 0378 3]3 H. Leutwyler 
BIJNENS 95 PL B340 226 J. Bijnens. J. Prades. E. de Rafael (NORD, BOHR+) 
CHETYRKIN 95 PR DS1 5090 K.G. Chetyrkin et al. (INRM, CAPE, MANZ) 
JAMIN S5 ZPHY C66 633 M, Jamln, M. Munz (HEIDT, MUNT) 
NARISON 95C PL 0358 113 S. Narlson (MONP) 
ADAMI 93 PR D48 2304 C. Adanli, E.G. Drukarev, D.L. Ioffe (CIT, ITEP+) 
CHOI 92 PL B292 159 K.W. Choi {UCSD} 
CHOl 920 NP B383 5e K.W. Chol (UCSD) 
DONOGHUE 92 PRL 69 3444 J.F. DonoKhue, B.R. Holstein, D. Wy le r  (MASA+) 
DONOGHUE 92B PR D45 892 J.F. Donoghue, D. Wyler {MASA, ZURI, UCSBT} 
NEFKENS 92 CNPP 20 221 B.M.K. Nef~ens, G,A. Miller. I. Slaus (UCLA+) 
DOMINGUEZ 91 PL 0253 241 C,A, Dominguez, C. van Gend, N. Paver (CAPE+) 
GERARD S0 MPL AS 391 J.M. Gelard (MPIM) masses and Dashen's formula for the electromagnetic mass differences. 

s/d MASS RATIO 
VALUE DOCUMENT ID TECN ~QMMENT 
17 tO 25 OUR EVALUATION 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

20.0 67 GAO 97 THEO MY scheme 
18.9• 68LEUTWYLER 96 THEO Compilation 
21 69 DONOGHUE 92 THEO 
18 70 GERARD 90 THEO 
18 to 23 71 LEUTWYLER 900 THEO 
15 to 26 72 KAPLAN 86 THEO 
19.6• 73 GASSER 82 THEO 
22 •  74 LANGACKER 79 THEO 
24 :E4 75 LANGACKER 79B THEO 
20 76 WEINBERG 77 THEO 

LEUTWYLER 900 NP B337 108 H. Leutwyler (BERN) 
MALTMAN 90 PL B234 158 K. Maltman. T. Goldman, Stephenson Jr, (YORKC+) 
CHOI 89 PRL 62 849 
CHOI 890 PR D40 890 K. Choi, C.W. Kim (CMU, JHU) 
BARDUCCI 88 PR DS8 238 A. Barducd el aL (FIRZ, INFN, LECE+) 

Also S7 PL 0193 305 A. Bafduccl et aL (EIRZ, INFN, LECE+) 
DOMINGUEZ S7 ANP [74 372 C.A, Dominguez, E. de Rafael (ICTP, MARS, WEN) 
KAPLAN 86 PRL 56 2004 D.D. Kaplan, A,V. Manohar (HARV) 
AMETLLER 84 PR D30 674 L. AmeUler, C. Ayala, A. Bramon (BARC) 
KREMER 84 PL 143B 476 M. Kremer. N.A. Papadopoulos. K. Schilcher (MANZ) 
GASSER 82 PRPL 87 77 J. Gasser, H. Leutwyler (BERN) 
GASSER 81 ANP 136 62 J. Gasser (BERN) 
MINKOWSKI S0 NP B164 2S P. Minko~ski, A. Zepeda (BERN) 
LANGACKER 79 PR D19 2070 P. Langacker, H. Pagels (DESY, PRIN) 
LANGACKER 790 PR D20 2983 P. Langacker (PENN) 
WEINBERG 77 ANYAS 38 185 S. Weinberg (HARV) 

B i(jp ) = 0(�89 +) 

67 GAO 97 uses electromagnetic mass splittings of l ight mesons. 
68 LEUTWYLER 96 uses a combined fit to ~/ ~ 37r and ~r ~ j / r  (~r,r/) decay rates, 

and the electromagnetic mass differences of the 7r and K. 
69 DONOGHUE 92 result is from a combined analysis of meson masses, 7/ ~ 3~ us- 

ing second-order chiral perturbation theory including nonanalytic terms, and (~(2S) 
J /~ (1S)~r ) / (~ (2S)  ~ J /~ (15 )~ ) .  

70 GERARD 90 uses large N and ~/-7/r mixing. 
71 LEUTWYLER 90B determines quark mass ratios using second-order chiral perturbation 

theory for the meson and baryon masses, including nonanalytic corrections. Also uses 
Weinberg sum rules to determine L 7. 

72 KAPLAN 86 uses second-order chiral perturbation theory including nonanalytic terms for 
the meson masses. Assumes that less than 30% of the mass squared of the pion is due 
to second-order corrections. 

73 GASSER 82 uses chiral perturbation theory for the meson and baryon masses. 
74LANGACKER 74 result is from a fit to the meson and baryon mass spectrum, and the 

decay rt ~ 3~r. The electromagnetic contribution is taken from Socoiow rather than 
from Dasheo's formula. 

75 LANGACKER 790 result uses LANGACKER 79 and also p-~  mixing. 
76WEINBERG 77 uses lowest-order chiral perturbation theory for the meson and baryon 

masses and Dashen's formula for the electromagnetic mass differences. 

(ms - m)/(md - m.) MASS RATIO 
Tfl ~. (m u + rod)~2 

VALUE DOCUMENT ID TECN 
34 tO 51 OUR EVALUATION 
�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

77 ANISOVICH 96 THEO 
36 •  78 NEFKENS 92 THEO 
45 ~:3 79 NEFKENS 92 THEO 
38 •  80 AMETLLER 84 THEO 
43.5 ~:2.2 GASSER 82 THEO 
34 to 51 GASSER 81 THEO 
48 •  MINKOWSKI 80 THEO 

77ANISOVICH 96 find Q=22.7 • 0.8 wi th Q2 _~ 2 2 2 2 ( m s - m ) ~ ( r o d - m s )  from ~/ 

~r -I- ~r- ~0 decay using dispersion relations and chiral perturbation theory. 
78NEFKENS 92 result is from an analysis of meson masses, mixing, and decay. 
79 NEFKENS 92 result is from an analysis of of baryon masses. 
80AMETLLER 84 uses ~ ~ ~r+~ - ~0 and p dominance. 

LIGHT QUARKS (u, d, $) REFERENCES 

AOKI 0O PRL 84 236 
AOKI 99 PRL 82 4392 
BARATE 99R EPJ C11 599 
MALTMAN 99 PL B462 [95 
NARISON 99 PL B466 345 
STEELE 99 PL B451 201 
BECIREVIC 98 PL 0444 401 
CHETYRKIN 98 NP BSS3 473 
CUCCHIERI 98 PL 0422 212 
DOMINGUEZ 98 PL B425 193 
DOSCH 98 PL 8417 173 
LEBED 98 PL 0430 341 
MALTMAN 98 PL 0428 179 
MALTMAN 980 PR DS8 093015 
CHETYRKIN 97 PL B404 337 
COLANGELO 97 PL 0408 340 
EICKER 97 PL 0407 290 

S. Aoki et aL (CP=PACS Collab.) 
S. Aoki et aL (JLQCO Collab.} 
R. Barate et aL (ALEPH Collab.) 
K. Maltman 
S. Narison 
T.G. Steele, K. Rostuik, J. Kwan 
D. Becirevlc et aL 
K.G. Chetyrkln, J.H. Kuehn, A.A. Pivovarov 
A, ChucciTied et aL 
C.A. Dornlnguez, L Pirovano, K. Schilcher 
H.G. Dosch, S. Narlson 
R.F. Lebed, K. Sch[Icher 
K. Maltman 
K, Maltman 
K.G. Chetyrkin, D. Pirjol, K, Schilcher 
P, Colangelo et aL 
N, Eicker et aL {SESAM Corlab) 

Charge : 2 e Charm = + 1  

c-QUARK MASS 
The c-quark mass is estimated from charmonium and D masses. It cor- 
responds to the "running" mass m E (# = m)c~n the MS scheme. We 
have converted masses in other schemes to the MS scheme using one-loop 
QCD pertubation theory with as( l~=mc)  = 0.39. The range 1.0-1.6 GeV 
for the MS mass corresponds to 1.2-1.9 GeV for the pole mass (see the 
"Note on Quark Masses"). 

VALUE (GeV) DOCUMENT/D TECN COMMENT 
1.15 tO 1.35 OUR EVALUATION 
�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

1 VILAIN 99 THEO Assumes MY scheme 
2 DOMINGUEZ 94 THEO ~ scheme 

1.79• 
1.22• 
_> 1.23 3 LIGETI 94 THEO MY scheme 
> 1.25 4 LUKE 94 THEO MS scheme 

1.23• 5 NARISON 94 THEO MY scheme 
1.31• 6 TITARD 94 THEO MY scheme 

1.5 +0.2 •  7ALVAREZ 93 THEO - 0 . 1  
1.27• 8 NARISON 89 THEO 
1.25• 9 NARISON 87 THEO 
1.27• 10 GASSER 82 THEO 

IV ILA IN  99 ~ the charm quark mass f r~ an analysis ~  charm pr~176 in neutrin~ I 
scattering. 

2DOMINGUEZ 94 uses QCD sum rules for J /~ (1S)  system and finds a pole mass of 
1.46 • 0.07 GeV. 

3 LIGETI 94 computes lower bound of 1.43 GeV on pole mass using HQET, and experi- 
mental data on inclusive B and D decays. 

4 LUKE 94 computes lower bound of 1.46 GeV on pole mass using HQET, and experimental 
data on inclusive B and D decays. 

5 NARISON 94 uses spectral sum rules to two loops, and J /~ (1S)  and 7" systems. 
6 TITARD 94 uses one-loop computation of the quark potential with nonperturbative gluon 

condensate effects to fit J / r  and T states. 

7ALVAREZ 93 method is to fit the measured x F and p2 T charm photoproduction distri- 
butions to the theoretical predictions of ELLIS 89c. 

8 NARISON 89 determines the Georgi-Politzer mass at p 2 = - m 2  to be 1.26 • 0.02 GeV 
using QCD sum rules. 

9 NARISON 87 computes pole mass of 1.46 • 0.05 GeV using QCD sum rules, with A ( ] ~ )  
= 180 • 80 MeV. 

10GASSER 82 uses SVZ sum rules. The renormalization point is ,u = quark mass. 

~QUARK REFERENCES 
VILAIN 99 EPJ Cl l  19 P. Vitain er aL (CHARM II Collab.) 
DOMINGUEZ 94 PL B333 184 C.A. Domlnguez. G.R. Gluckman, N. Paver (CAPE+) 
LIGETI 94 PR D4S R4331 Z. Ligetl, Y. Nir (REHO) 
LUKE 94 PL B32L 88 M. Luke. M,L. Savage (TNTO, UCSD, CMU) 
NARISON 94 PL 8341 73 S. Narison (CERN, MONP) 
TITARD 94 PR D49 6007 S. T~tard. FJ. Ynduraln (MICH, MADU} 
ALVAREZ 93 ZPHY CSO 53 M.P. Alvarez et 91. (CERN NA14/2 Corlab.) 
ELLIS B9C NP 0312 551 R,K. Elris, P. Nason (FNAL, ETH) 
NARISON 89 PL B216 191 S. Nat• (ICTP) 
NARISON 87 PL B197 405 5. Nat• (CERN) 
GASSER 82 PRPL 87 77 J. Gasser, H. Leutwyler (BERN) 
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b l  I ( J P )  = ~ 1 8 9  

Charge = - ~  e B o t t o m  = - 1  

b-QUARK MASS 
The b-quark mass is estimated from bottomoolum and B masses. It  cor- 
responds to the "running" mass m b (# = mb~_n the MS scheme. We 
have converted masses in other schemes to the MS scheme using one-loop 
QCD pertubation theory with CXs(iJ=mb} = 0.22. The range 4.1-4.5 GeV 
for the MS mass corresponds to 4.5-4.9 GeV for the pole mass (see the 
"Note on Quark Masses"). 

VALUE (GeV) DOCUMENT ID TECN COMMENT 
4.0 to 4.4 OUR EVALUATION 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

4.20 4-0.06 1 HOANG 00 THEO Assumes M'~ scheme 
4.25 -0 .08  2 BENEKE 99 THEO Assumes ~ scheme 

4,48 +1,1 3 BRANDENB...  99 Assumes ~ scheme - 2 , 7  
4.25 •  4 HOANG 99 THEO M~ scheme 
4.2 •  5 MELNIKOV 99 THEO Assumes ~ scheme 
4.21 4-0.11 6 PENIN 99 THEO Assumes M ~  scheme 
3.91 4-0.67 7 ABREU 981 DLPH MS scheme 
4.14 4-0.04 8 KUEHN 98 THEO M~ scheme 
4.15 •  4-0.20 9 GIMENEZ 97 LATT M-~ scheme 
4.13 4-0.06 10 JAMIN 97 THEO M-~ scheme 
4.16 •  4-0.60 11 RODRIGO 97 THEO MS scheme 
4.22 •  12 NARISON 95B THEO M~ scheme 
4.2384-0.006 13 VOLOSHIN 95 THEO M-S scheme 
4.0 •  14 DAVIES 94 THEO MS scheme 
_> 4.26 15 LIGETI 94 THEO M ~  scheme 
>_ 4.2 16 LUKE 94 THEO M~ scheme 

4.23 •  17 NARISON 94 THEO MS scheme 
4.397• 18 TITARD 94 THEO M'~ scheme 
4.32 4-0.05 19 DOMINGUEZ 92 THEO 
4.24 4-0.05 20 NARISON 89 THEO 
4.18 4-0.02 21 REINDERS 88 THEO 
4.30 •  22 NARISON 87 THEO 
4.25 •  23 GASSER 82 THEO 

1 HOANG 00 uses a NNLO calculation of the vacuum polarization function to determine 
spectral moments of the masses and electronic decay widths of the T mesons. 

2 BENEKE 99 uses a calculation of the bb  production cross section and the mass of the 
T meson at 'NNLO. 

massof m +0 .28+0 .49  3 BRANDENBURG 99 obtain a b-quark b ( M z ) =  2.56 • 0.27_ 0 ,38-1 .48  from 
a study of three-jet events at the Z.  We have converted this to p=m b. 

4HOANG 99 uses a NNLO calculation of the vacuum polarization function to determine 
spectral moments of the masses and electronic decay widths of the T mesons. 

5 N MEL IKOV 99 compute the quark mass using T sum rules at NNLO. 
6pENIN 99 compute the quark mass using T sum rules at NNLO. 
7ABREU 981 determines the MS- mass m b = 2.67 • 0.25 4- 0.34 4- 0.27 GeV at p=M z 

from three jet  heavy quark production at LEP. ABREU 981 have rescaled the result to # 
= m b using (~s=0.118 4- 0,003. 

8 KUEHN 98 uses a calculation of the vacuum polarization function, including resumming 
threshold effects, to determine spectral moments of the masses of the T mesons. We 
have converted their extracted value of 4.75 4- 0.04 for the pole mass to the ~ scheme. 

9GIMENEZ 97 uses lattice computations of the B-meson propagator and the B-meson 
binding energy A in the HQET. Their systematic (second) error for the M--~ mass is an 
estimate of the effects of higher-order corrections in the matching of the HQET operators 
(renormalon effects). 

10 JAM IN 97 apply the QCD moment method to the T system. They also find a pole mass 
of 4.60 • 0.02. 

11 RODRIGO 97 determines the ~ mass m b = 2.85 4- 0.22 • 0.20 4- 0.36 GeV at # = M  z 
from three jet  heavy quark production at LEP. We have rescaled the result. 

12 NARISON 95B uses finite energy sum rules to two-loop accuracy to determine a b-quark 
pole mass of 4.61 4- 0.05 GeV. 

13VOLOSHIN 95 uses moments of the total  cross section for e + e -  ~ b hadrons. We 
have converted the value of of 4.827 4- 0.007 MeV for the pole mass to the MS scheme 
using the two-loop formula. 

14DAVIES 94 uses lattice computation of T spectroscopy. They also quote a value of 
5.0 4- 0.2 GeM for the b-quark pole mass. The numerical computation includes quark 
vacuum polarization (unquenched); they find that the masses are independent of nf to 
within their errors. Their error for the pole mass is larger than the error for the MS mass, 
because both are computed from the bare lattice quark mass, and the conversion for the 
pole mass is less accurate. 

15 LIGETI 94 computes lower bound of 4.66 GeV on pole mass using HQET, and experi- 
mental data on inclusive B and O decays. 

16 LUKE 94 computes lower bound of 4.60 GeV on pole mass using HQET, and experimental 
data on inclusive B and D decays. 

17 NARISON 94 uses spectral sum rules to two loops, and J/r and T systems. 
18 TITARD 94 uses one-loop computation of the quark potential with nonperturbative gluon 

condensate effects to f i t  J/~,(1S) and T states. 
19DOMINGUEZ 92 determines pole mass to be 4.72 :~ 0.05 using next-to-leading order in 

1/m in moment sum rule. 
20NARISON 89 determines the Georgi-Politzer mass at p 2 = - m 2  to be 4.23 4- 0.05 GeV 

using QCD sum rules. 
21REINDERS 88 determines the Georgi-Politzer mass at p2 = _ m  2 to be 4.17 4- 0.02 

using moments of b7  # b. This technique leads to a value for the mass of the B meson 
of 5.25 4- 0.15 GeV. 

22NARISON 87 determines the pole mass to be 4.70 4- 0.14 using QCD sum rules, with 
A(M~) = 180 4- 80 MeV. 

23GASSER 82 uses SVZ sum rules. The renormalization point is # = quark mass. 

385 

Quark Particle Listings 
b,t 

m b - m c MASS DIFFERENCE 

The mass difference m b - m c in the HQET scheme is 3.4 + 0.2 GeV (see 
the "Note on Quark Masses"). 

VALUE (GEM) DOCUMENT ID 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

> 3.29 24 GROSSE 78 

24GROSSE 78 obtain (m b - mc) >_ 3.29 GeV based on eigenvalue inequalities in potential 
models. 

HOANG O0 PR O61 034005 
BENEKE 99 PL B471 233 
BRANDENB... 99 PL B468 168 
HOANG 99 PR D59 014039 
MELNIKOV 99 PR 059 114009 
PENIN 99 NP B549 217 
ABREU 9al PL B41a 430 
KUEHN 98 NP B534 356 
GIMENEZ 97 PL B393 124 
JAMIN 97 NP B507 334 
RODRIGO 97 PRL 79 193 
NARISON SSB PL B352 122 
VOLOSHIN 95 IJMP AlO 2855 
DAVIES 94 PRL 73 2654 
LIGETI 94 PR D49 R4331 
LUKE 94 PL B321 88 
NARISON 94 PL B341 73 
TITARD 94 PR D49 6007 
DOMINGUEZ 92 PL B293 197 
NARISON 89 PL B216 191 
REINDERS 88 PR D38 947 
NARISON 87 PL B197 405 
GASSER 82 PRPL 87 77 
GROSSE 78 PL 79B 103 

b-QUARK REFERENCES 

A.H .Hoang 
M. Beneke, A. Signer 
A. Brandenbur~ et aL 
A,H, Hoang 
K. Melnikov, A, Yelkhovsky 
A.A. Penin. A.A. Pivovarov 
P. Abreu et aL (DELPHI Collab.) 
J.H. Kuehn, A.A, Penin, A.A. Pivovarov 
V. Gimenez. G, Martinel~i, C.T. Sachrajda 
M, Jamin, A. Pich 
G. Rodri8o, A. Santarnaria, M.S. BElenky 
S, Narlson (MONP) 
M,B. Voloshin (MINN) 
C.T.H. Davies et at. (GLAS, SMU, CORN+) 
Z. Ligeti, Y. Nir (REHO) 
M. Luke. M.L Savage (TNTO, UCSD. CMU) 
S, Narlson (CERN, MONP) 
S, Titard, F.J. Yndurain (MICH, MADU) 
C.A. Dominguez, N. Paver (CAPE, TRST, INFN) 
S. Nadson (ICTP) 
L.J. Reinders (BONN) 
S. Nar~son (CERN) 
J. Gasser, H. Leutwyler (BERN) 
H. Grosse, A. Martin (CERN) 

B i ( j p  ) = 0(�89 + )  

Charge = ~ e Top = + 1  

T H E  T O P  Q U A R K  

Revised April 2000 by M. Mangano (CERN) and T. Trippe 
(LBNL). 

A.  Introduct ion:  The top quark is the Q = 2/3, T3 = + 1 / 2  

member of the weak-isospin doublet containing the bottom 

quark (see our review on the "Standard Model of Electroweak 

Interactions" for more information). This note summarizes its 
currently measured properties, and provides a discussion of the 

experimental and theoretical issues involved in the determina- 
tion of its parameters (mass, production cross section, decay 

branching ratios, etc.); it also comments on prospects for future 

improvements. 

B. Top quark produc t ion  at the Tevatron:  All direct mea- 

surements of top quark production and decay have been made 

by the CDF and DO experiments at the Fermilab Tevatron 

collider in p~ collisions at x/~ = 1.8 TeV. Here top quarks are 

produced dominantly in pairs from the QCD processes q~ ~ tt 

and gg --* tL At this energy, the production cross section in 

these channels is expected to be approximately 5 pb for mt 

= 175 GeV/c 2, with a 90% contribution from q~ annihilation. 

Smaller contributions are expected from electroweak single-top 

production mechanisms, namely q~ --* W* ~ tb and qg --* qltb, 

the latter mediated by virtual-W exchange ("W-gluon fusion"). 
The combined rate from these processes is approximately 2.5 pb 

at mt = 175 GeV/c 2 (see Ref. 1 and references therein). The 

expected contribution of these channels is further reduced rel- 

ative to the dominant pair-production mechanisms because of 

larger backgrounds and poor detection efficiency. 

With a mass above the Wb threshold, the decay width of 

the top quark is expected to be .dominated by the two-body 
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channel t --~ Wb. Neglecting terms of order mb/rnt , 2  2 a2s and 

those of order (as/Tr)m2w/m~, this is predicted in the Standard 

Model to be [2]: 

(1) 
The use of GF in this equation accounts for the largest part 

of the one-loop electroweak radiative corrections, providing an 

expression accurate to better than 2%. The width increases 

with mass, going for example from 1.02 GeV/c 2 at mt = 

160 GeV/c 2 to 1.56 GeV/c 2 at mt = 180 GeV/c 2 (we used 

as(Mz) = 0.118). With such a correspondingly short lifetime, 

the top quark is expected to decay before top-flavored hadrons 

or tt-quarkonium bound states can form [3]. Recently, the order 

a 2 QCD corrections to Ft have also been calculated [4], thereby 

improving the overall theoretical accuracy to better than 1%. 

In top decay, the W s  and W d  final states are expected 

to be suppressed relative to W b  by the square of the CKM 

matrix elements Vts and Vtd, whose values can be estimated 

under the assumption of unitarity of the three-generation CKM 

matrix to be less than 0.043 and 0.014, respectively (see our 

determination of the event kinematics and of the fraction of W 

+ multi-jet events containing b quarks is relatively accurate. In 

particular, for the background one expects the ET spectrum 

of jets to fall rather steeply, the jet direction to peak at small 

angles to the beams, and the fraction of events with b quarks 

to be of the order of a few percent. On the contrary, for the 

top signal, the b fraction is ~ 100% and the jets are rather 

energetic, since they come from the decay of a massive object. It 

is therefore possible to improve the S/B ratio either by requiring 

the presence of a b quark, or by selecting very energetic and 

central kinematic configurations. 

A detailed study of control samples with features similar 

to those of the relevant backgrounds, but free from possible 

top contamination, is required to provide a reliable check on 

background estimates. 

C. Measured  top propert ies:  Current measurements of top 

properties are based on the full Run I integrated luminosity 

of 109 pb -1 for CDF and 125 pb -1 for DO. DO and CDF 

determine the tt  cross section ~r:~ from their number of observed 

top candidates, estimated background, t t  acceptance, and inte- 

grated luminosity, assuming the Standard-Model decay t ~ W b  
review "The Cabibbo-Kobayashi-Maskawa Mixing Matrix" in 

the current edition for more information). Typical final states 

for the leading pair-production process therefore belong to three 

classes: 

A. tt  ~ W b W b - ~  q~rbqlt~'b,  

B. tt--~ W b W b ~ q ~ r b ~ P t b + ~ u t b q ~ b ,  

C. tt  ~ W b W b - - ~  i~,~birYt, b, 

where A, B, and C are referred to as the all-jets, lepton + jets, 

and dilepton channels, respectively. 

The final state quarks can emit radiation and eventually 

evolve into jets of hadrons. The precise number of jets recon- 

structed by the detectors varies event by event, as it depends 

on the decay kinematics, as well as on the precise definition of 

jet used in the analysis. (Additional gluon radiation can also be 

emitted from the initial states.) The transverse momenta of the 

neutrinos are reconstructed via the large imbalance in detected 

transverse momentum of the event (missing ET). 

The observation of tt pairs has been reported in all of the 

above decay modes. As discussed below, the production and 

decay properties of the top quark extracted from the above 

three decay channels are all consistent with each other within 

experimental uncertainty. In particular, the t --* Wb  decay 

mode is supported through the reconstruction of the W --~ j j  

invariant mass in the g-ff~bbjj final state [5]. 

The extraction of top-quark properties from Tevatron data 

requires a good understanding of the production and decay 

mechanisms of the top, as well as of the large background 

processes. Because only leading order QCD calculations are 

available for most of the relevant processes (W+3 and 4 jets, 

or W W + 2  jets), theoretical estimates of the backgrounds have 

large uncertainties. While this limitation affects estimates of 

the overall t t  production rates, it is believed that the LO 

with unity branching ratio. Table 1 shows the measured cross 

sections from DO and CDF along with the range of theoretical 

expectations, evaluated at the mt values used by the exper- 

iments in calculating their acceptances. The DO results have 

been updated in conference proceedings [7] to adjust to the 

current DO value of the top mass. The CDF results have been 

updated in conference proceedings [16] to include improvements 

in their Monte Carlo determination of secondary-vertex tagging 

efficiency, calibration of the background estimate of the heavy- 

flavor fraction in inclusive W+jets  events, and an updated 

total luminosity. This has brought the CDF cross section into 

better agreement with theoretical expectations. The agreement 

of both DO and CDF tt  cross sections with theory supports the 

hypothesis that the excess of events over background in all of 

these channels can be attributed to tt production. 

More precise measurements of the top production cross 

section will test current understanding of the production mech- 

anisms [9-12]. This is important for the extrapolation to higher 

energies of colliders such as the LHC, where the larger expected 

cross section will permit more extensive studies [17]. Discrep- 

ancies in rate between theory and data, even at the Tevatron, 

would be quite exciting, and might indicate the presence of 

exotic production or decay channels, as predicted in certain 

models. Such new sources of top would lead to a modification 

of kiaematic distributions such as the invariant mass of the top 

pair or the transverse momentum of the top quark. Studies by 

CDF of the former [18] and of the latter [19] distributions, show 

no deviation from expected QCD behavior. DO [20] also finds 

these kinematic distributions consistent with Standard Model 

expectations. 

The top mass has been measured in the lepton + jets 

and dilepton channels by both DO and CDF, and in the 
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Table 1: Cross section for tt  production in p~ 
collisions at vZS = 1.8 TeV from DO (mr -=- 172.1 
GeV/c2), CDF (mr = 175 GeV/c2), and theory. 

a,i(pb) Source Ref. Method 

4.1 4- 2.1 DO [6,7] ~ + jets/topological 

8.3 4- 3.5 DO [6,7] l + jets/soft # b-tag 

6.4 4- 3.3 DO [6,7] t t  + eL, 

7.1 4- 3.2 DO [8] all jets 

5.9 4- 1.7 DO [8] all combined 

5.2 - 6.0 Theory [9-12] m t =  172.1 GeV/c 2 

5.1 4- 1.5 CDF [13,16] s + jets/vtx b-tag 

9.2 4- 4.3 CDF [13,16] e + jets/soft s b-tag 

a+4.5 CDF [14,16] ls  '~-3.5 
a+3.5 .v_2. 7 CDF [15,16] all jets 

6.5_+~:47 CDF [16] all Combined 

4.75 - 5.5 Theory [9-12] mt = 175 G e V / J  

all-jets channel by CDF. At present, the most precise mea- 

surements come from the lepton + jets channel, with four or 

more jets and large missing ET.  In this channel, each event is 

subjected to a two-constraint kinematic fit to the hypothesis 

t t  ~ W + b W -  b ~ t ~,t q q' b b, assuming that the four highest 

ET jets a~e the quarks from t t  decay. The shape of the distri- 

bution of fitted top masses from these events is compared to 

templates expected from a mixture of background and signal 

distributions for a series of assumed top masses. This compar- 

ison yields values of the likelihood as a function of top mass, 

from which a best value of the top mass and its uncertainty can 

be obtained. The results are shown in Table 2. The systematic 

uncertainty (second uncertainty shown) is comparable to the 

statistical uncertainty, and is primarily due to uncertainties in 

the jet energy scale and in the Monte Carlo modeling. 

Less precise determinations of the top mass come from 

the dilepton channel with two or more jets and large missing 

ET, and from the all-jets channel. In the dilepton channel, a 

kinematically constrained fit is not possible because there are 

two missing neutrinos, so experiments must use other mass 

estimators than the reconstructed top mass. In principle, any 

quantity which is correlated with the top mass can be used as 

such an estimator. The DO method uses the fact that if a value 

for mt is assumed, the tt  system can be reconstructed (up to 

a four-fold ambiguity). They compare the resulting kinematic 

configurations to expectations from tt production, and obtain 

an ms-dependent weight curve for each event, which they 

histogram in five bins to obtain four shape-sensitive quantities 

as their multidimensional mass estimator. This method yields a 

significant increase in precision over one-dimensional estimators. 

CDF has employed a similar method, thereby reducing their 

previous systematic uncertainty in the s163 + jets channel by a 

factor of two. DO and CDF obtain the top mass and uncertainty 
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from these mass estimators using the same type of template 

likelihood method as for the lepton + jets channel. CDF also 

measures the mass in the all-jets channel using events with six 

or more jets, at least one of which is tagged as a b jet through 

the detection of a secondary vertex. 

Table  2: Top mass measurements from DO and 
CDF. 

mt  (GeV/c 2) Source Ref. Method 

173.3 4- 5.6 4- 5.5 DO [20] t + jets 

168.4 4- 12.3 4- 3.6 DO [21] s 

172.1 4- 5.2 4- 4.9 DO [20] DO comb. 

175.9 i 4.8 4- 5.3 CDF [22,23] t + jet 

167.4 4- 10.3 4- 4.8 CDF [22] I t  

186.0 4- 10.0 4- 5.7 CDF [22,15] all jets 

176.0 4- 4:0 4- 5.1 CDF [22] CDF comb. 

174.3 4- 3.2 4- 4.0 * DO &: CDF [24] PDG best 

* PDG uses this Top Averaging Group result as its best value 

As seen in Table 2, all results are in good agreement with 

a unique mass for the top quark, giving further support to the 

hypothesis that these events are due to t t  production. The Top 

Averaging Group, a joint CDF/DO working group, produced 

the combined CDF/DO average top mass in Table 2, taking 

into account correlations between systematic uncertainties in 

different measurements. They assume that the uncertainty in 

jet energy scale is completely correlated within CDF and within 

DO but uncorrelated between the two experiments, and that 

the signal model and Monte Carlo generator uncertainties are 

completely correlated between all measurements. The uncer- 

tainties from uranium noise and multiple interactions relate 

only to DO and are assumed completely correlated between 

their two measurements. The uncertainty on the background 

model is taken to be completely correlated between the CDF 

and the DO g+jets measurements, and similarly for the t t  

measurements. The Particle Data Group uses this combined 

top mass, m t =  174.3 4- 5.1 GeV/c 2 (statistical and systematic 

uncertainties combined in quadrature), as our PDG best value. 

Given the experimental technique used to extract t h e  top 
mass, these mass values should be taken as representing the 
top pole mass (see our review "Note on Quark Masses" in the 
current edition for more information). 

With a smaller uncertainty on the top mass, and with 

improved measurements of other electroweak parameters, it 

will be possible to get important constraints on the value 

of the Higgs mass. Current global fits performed within the 
Standard Model and its minimal supersymmetric extension 
provide indications for a relatively light Higgs (see the review 

"H ~ Indirect Mass Limits from Electroweak Analysis" in the 

Particle Listings of the current edition for more information). 
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Other properties of top decays are being studied. CDF re- 

ports a direct measurement of the t --* W b  branching ratio [25]. 

Their preliminary result, obtained by comparing the number of 

events with 0, 1 and 2 tagged b jets and using the known b- 

tagging efficiency, is: R = B(t -~ Wb)/Y]~q=d,s,b B(t ---* W q )  = 

0.99 + 0.29 where statistical and systematic uncertainties are 

included, or as a lower limit, R > 0.58 at 95% CL. Assuming 

that  non-W decays of top can be neglected, tha t  only three 

generations of fermions exist, and tha t  the CKM matrix is 

unitary, they extract a CKM matrix-element [Vtb] = 0.99 + 0.15 

or IVtb[ > 0.76 at 95% CL. A more direct measurement of the 

W t b  coupling constant will be possible when enough data  are 

accumulated to detect the less frequent single-top production 

processes, such as q~ ~ W* ---* tb (a.k.a. s-channel W ex- 

change) and qb ---* qrt via W exchange (a.k.a. W g  fusion). The 

cross sections for these processes are proportional to [Vtbl 2, and 

there is no assumption needed on the number of families or the 

unitarity of the CKM matrix in the extraction of [Vtb[. Prelimi- 

nary CDF results [19] give 95% CL limits of 15.8 and 15.4 pb for 

the single-top production rates in the s-channel and Wg-fusion 

channels, respectively. Comparison with the expected Standard 

Model rates of 0.73 + 0.10 pb and 1.70 4- 0.30 pb, respectively, 

shows that  far be t ter  statistics will be required before signifi- 

cant measurements can be achieved. For the prospects of these 

measurements at  the LHC, see [17]. 

Both CDF and DO have searched for non-Standard Model 

top decays [26',27], particularly those expected in supersym- 

metric models. These studies search for t -~ H+b, followed by 

H + ---* Tv or c~. The t ~ H+b branching ratio is a minimum 

at tan/3 = V / ~ / m b  --~ 6 and is large in the region of either 

tan/3 << 6 or tan/3 >> 6. In the former range H + ~ c~ is the 

dominant decay, while H + ~ TV dominates in the latter range. 

These studies are based either on direct searches for these final 

states, or on top disappearance. In the s tandard lepton + jets 

or dilepton cross section analyses, the charged Higgs decays are 

not detected as efficiently as t ---* W+b,  primarily because the 

selection criteria are optimized for the s tandard decays, and 

because of the absence of energetic isolated leptons in the Higgs 

decays. Wi th  a significant t ~ H+b contribution, this would 

give rise to measured cross sections lower than the prediction 

from the Standard Model (assuming that  non-Standard contri- 

butions to t t  production are negligible). More details, and the 

results of these studies, can be found in the review "Search 

for Higgs bosons" and in the "H + Mass Limits" section of the 

Higgs Particle Listings of the current edition. 

CDF reports a search for flavor changing neutral current 

(FCNC) decays of the top quark t ~ q7 and t ---* qZ  [28], for 

which the Standard Model predicts such small rates tha t  their 

observation here would indicate new physics. They assume that  

one top decays via FCNC while the other decays via Wb.  For 

the t ---* q7 search, they examine two signatures, depending on 

whether the W decays leptonically or hadronically. For leptonic 

W decay, the signature is 7g and missing E T  and two or more 

jets, while for hadronic W decay, it is 7 plus four or more jets, 

one with a secondary vertex b tag. They observe one event (#7) 

with an expected background of less than  half an event, giving 

an upper limit on the top branching ratio of B(t ---* q7) < 3.2% 

at 95% CL. 

For the t ---* qZ  FCNC search, they look for Z ~ #~ 

or ee and W --* hadrons, giving a Z + four jets signature. 

They observe one ##  event with an expected background of 

1.2 events, giving an upper limit on the top branching ratio of 

B(t ---* qZ) < 33% at 95% CL. Both the 7 and Z limits are 

non-background subtracted (i.e. conservative) estimates. 

Indirect constraints on FCNC couplings of the top quark 

can be obtained from single-top production in e+e - collisions, 

via the process e+e - ---* 7, Z* -* t~ and its charge-conjugate 

(q = u,c). Limits on the cross-section for this reaction have 

been obtained by DELPHI [29] using LEP2 data  at  energies 

between 183 and 189 GeV. When interpreted in terms of top 

decay branching ratios [30,17], these limits lead to a bound of 

B(t -* qZ) < 22% at 95% CL, which is stronger than the direct 

CDF limit. 

Studies of the decay angular distributions allow a di- 

rect analysis of the V - A  nature of the W t b  coupling, and 

provide information on the relative coupling of longitudinal 

and transverse W bosons to the top quark. In the Standard 

Model, the fraction of decays to longitudinally polarized W 

bosons is expected to be .~'0 TM ~- X/(1 q-X), X ~- m2/2M~v  

(~'0 TM ~ 70% for rnt = 175 GeV/c2). Deviations from this value 

would bring into question the validity of the Higgs mechanism of 

spontaneous symmetry breaking. CDF has recently measured 

.T TM : 0.91 + 0.37stat 4- 0.13syst [31], in agreement with the 

expectations. 

DO has studied t t  spin correlation [32]. Top quark pairs 

produced at the Tevatron are expected to be unpolarized but  to 

have correlated spins. Since top quarks decay before hadroniz- 

ing, their spins are t ransmit ted to their decay daughters. Spin 

correlation is studied by analyzing the joint decay angular dis- 

tr ibution of one t daughter and one t daughter. The sensitivity 

to top spin is greatest when the daughters are charged leptons 

or d-type quarks, in which case, the joint distribution is 

1 d2a 1 + ~cosO+cosO_ 
= (2) 

a d(cosO+)d(cos8_) 4 ' 

where 0+ and 0_ are the angles of the daughters in the top rest 

frames with respect to a particular quantization axis, the op- 

t imal off-diagonal basis [33]. In this basis, the Standard Model 

predicts maximum correlation with ~ -- 0.88 at the Tevatron. 

DO analyzes their six dilepton events and obtains a likeli- 

hood as a function of s which weakly favors the Standard 

Model ( s  -- 0.88) over no correlation (s  = 0) or anticorrelation 

(s  = - 1 ,  as would be expected for t t  produced via an interme- 

diate scalar). They quote a limit s > -0 .25  at  68% CL. Wi th  

improved statistics, an observation of t t  spin correlation could 

yield a lower limit on [Vtb[, independent of the assumption of 

three quark families [34]. 
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t-Quark Mass In p~ Collisions 
The t quark has been observed. Its mass is sufficiently high that decay is expected to 
occur before hadronization. OUR EVALUATION is an AVERAGE which incorporates 
correlations between systematic errors of the five different measurements. The average 
was done by a joint CDF/D(~ working group and is reported in DEMORTIER 99, an 
FNAL Technical Memo. They report 174.3 4. 3.2 4- 4.0 GeV, which yields "OUR 
EVALUATION" when statistical and systematic errors are combined. 

For earlier search limits see the Review o f  Particle Physics, Phys. Rev. Dra4,1 (1996). 

VALUE (GeV) DOCUMENT ID TECN COMMENT 

174.34- 5.1 OUR EVALUATION 
167.4• 4.8 1 ABE 99B CDF dilepton 
168.4•177 3.6 2 ABBOTT 98D DO dilepton 
173.34. 5.64. 5.5 2 ABBOTT 98F DO lepton + jets 
175.94. 4.84. 5.3 1,3ABE 98E CDF lepton +jets 
186 4.10 5:5.7 1,4 ABE 97R CDF 6 or more jets 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 * �9 

172.14. 5.2-I- 4.9 5 ABBOTT 99G DO di-lepton, lepton+jets I 
176.04- 6.5 6 ABE 99B CDF dilepton, lepton+jets, I 

and all jets 
161 4-17 4.10 1 ABE 98F CDF dilepton 
172.14. 5.24. 4.9 7 BHAT 98B RVUE dilepton and lepton+jets I 
173.8• 5.0 8 BHAT 98B RVUE dilepton, lepton+jets, I 

and all jets 
173.34. 5.64. 6.2 2 ABACHI 97E D0 lepton + jets 

199 +19 • ABACHI 95 DO lepton +jets -21  
176 4. 8 4.10 ABE 95F CDF lepton + b-jet 

174 4.10 +13 ABE 94E CDF lepton + b-Jet - 1 2  

1 Result is based on 109 • 7pb - 1  of data at ~ = 1.8 TeV. 
2 Result is based on 125 • 7 pb-  1 of data at vrs -- 1.8 TeV. 
3 The updated systematic error is listed. See ABE 996. I 
4 ABE 97R result is based on the first observation of all hadronlc decays of f t  pairs. Single 

b-quark tagging with jet-shape variable constraints was used to select signal enriched 
multi-jet events. The updated systematic error is listed~ See ABE 99B. I 

5ABBOTT 99G result is obtained by combining the DO result mt(GeV ) ~ 168.4 4- 12.3 • I 3.6 from 6 all-lepton events (see also ABBOTT 98D) and m t (GeV) = 173.3 4- 5.6 4. 5~5 
from lepton-t-jet events (ABBOTt" 98F). 
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6 ABE g9B result is ~ by c~ the CDF results ~  mt  ( GeV)=167"4 4-10"3 4- 4'8 I 
f rom 8 dilepton events, m t (GeV)=175.9 •  4- 5.3 from lepton+jet events (ABE 98E), 
and m t (GeV)=186.0 • 10.0 • 5.7 from all-jet events (ABE 97R). The systematic errors 
in the latter two measurements are changed in this paper. 

7 B H A T  98B result is obtained by combining the D~) results of  rn t (GeV)~168.4 4-12.3 • | 
3.6 from 6 dilepton events and mt (GeV)=173 .3  4- 5.6 9:5.5 from 77 lepton+jet events. 

I 8 B H A T  98B result is obtained by combining the D ~  results from dilepton and lepton+jet 
events, and the CDF results (ABE 99B) from dilepton, lepton+jet events, and all-jet 
events. 

Indirect t-Quark Mass from Standard Model Electmweak Fit 
"OUR EVALUATION"  below is from the fit to electroweak data described in the 
"Electroweak Model and Constraints on New Physics" section of this Review, This f i t  
result does not include direct measurements of m t .  

The RVUE values are based on the data described in the footnotes. RVUE's published 
before 1994 and superseded analyses are now omitted, For more complete listings of 
earlier results, see the 1994 edition (Physical Review DSl) 1173 (1994)). 

VALUE (GeV) DOCUMENT ID TEEN COMMENT 

168.2 + 9 .6  O U R  E V A L U A T I O N  - 7.4 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

171.2 + 3.7 9 FIELD 99 RVUE Z parameters without - 3.8 
b jet + Direct 

10 DEBOER 97B RVUE Electroweak + Direct 

11 ELLIS 96E RVUE Z parameters, roW, low 
energy 

12 ERLER 95 RVUE Z parameters, roW, low 
energy 

13 M A T S U M O T O  95 RVUE 

172.0 4- 5.8 
- 5.7 

157 +16 
- 1 2  

+ 1 7  
175 4-11 ~ 1 9  

180 • Q + 1 9  .__21 T 2.0 ::t: 4.g 

157 + 3 6  + 1 9  
- 4 8  ~ 2 0  

158 + 3 2  4-19 
- 4 0  

132 +41  + 2 4  
- 4 8  - 1 8  

190 -t-39 + 1 2  
- 4 8  + 1 4  

184 +25 + 1 7  
- -29 --10 

153 4-15 
+ 1 6  

177 4- 9 --20 

174 + 1 1  + 1 7  
- -13 - -18 

171 4-12 + 1 5  --21 

160 + 5 0  
- -60 

14 ABREU 94 DLPH Z parameters 

15 ACCIARRI 94 L3 Z parameters 

16 AKERS 94 OPAL Z parameters 

17 ARROYO 94 CCFR u/~ iron scattering 

18 BUSKULIC 94 ALEP Z parameters 

19 ELLIS 94B RVUE Electroweak 

20 GURTU 94 RVUE Electroweak 

21 M O N T A G N A  94 RVUE Electroweak 

22 NOVIKOV 94B RVUE Electroweak 

23 A L I T T I  92B UA2 roW, m Z 

9 FIELD 99 result is from the two-parameter f i t  with free m t and mH, yielding also m H =  
+ 2 9  8 I arm 47 .2_  2415 GeV. Only the epton and ch -jet asymmetry data are used together with 

the direct measurement constraint r o t =  173.8 4- 5.0 GeV, and 1/c~(mz)=  128.896. 

10DEBOER 97B result is f rom the five-parameter f i t  which varies m z ,  rot ,  re~t, c=s, and 
c=(mz) under the contraints: m t = 1 7 5  4- 6 GeV, 1 /~ (mz)=128 .896  4- 0.09. They found 

m H = 1 4 1 _  + 1 4 0  GeV and c~s(mz):O.1197 4- 0.003L 

11ELLIS 96C result is a the two-parameter f i t  with free m t and m H, yielding also 

mH:65+-1177 GeV. 

c~(mz) and m b are taken into account in the fit. Uses LEP, SLC, and M w / M  z data 
available in spring 1994. 

22NOVIKOV 94B result is from fit with free m t and ~ s ( m z ) ,  yielding m t above and 

a s ( m z )  = 0125  :t: 0.005 4- 0.002. The second errors correspond to m H = ~tnn+700 . , v  _ 240 
GeV. Uses LEP and CDF electroweak data available in spring 1994. 

23AL ITT I  92B assume m H = 100 GeV. The 95%CL l imit is m t < 250 GeV for m H < 
1 TeV. 

t DECAY MODES 

Mode Fraction ( F i / F )  Confidence level 

r I Wb 
r 2 s [a,b] ( 9 . 4 4 - 2 . 4 )  % 

F3 TuTb 
F4 ?q(q=u,c) [El < 3.2 % 

A T =  1 weak neutral current (T1) modes 
F 5 Z q ( q = u , c )  7-1 [d] < 33 % 

[a] t means e or # decay mode, not the sum over them. 

I [b] Assumes lepton universality and W-decay acceptance. 
[c] This limit is for r ( t  -~ ?q) / r ( t  --, Wb). 
[d] This limit is for F(t -~ Zq)/F(t  -~ Wb). 

95% 

95% 

t BRANCHING RATIOS 

r(eu/anything)/r~l r2/r 
VALUE DOCUMENT ID TECN 

0.094-I-0.024 24 ABE 98x CDF I 
2 4 t  means e or # decay mode, not the sum. Assumes lepton universality and W-decay I 

acceptance. 

r(++, A)/rt=,, r3/r 
VALUE DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

25 ABE 97v CDF t~" + jets 

25ABE 97V searched for t t  ~ ( t v l )  ( ' r v T ) b b  events in 109 pb - 1  o f  p~  collisions at 
= 1.8 TeV. They observed 4 candidate events where one expects ~ 1 signal and ~ 2 

background events. Three of the four observed events have jets identified as b candidates. 

r( ' rq(q=u,c)) lr t=m r,/r 
VALUE CL__~_~ DOCUMENT ID TECN 

< 0 . 0 3 2  95 26 ABE 98G CDF I 

26ABE 90G looked for t t  events where one t decays into q7  while the other decays into | 
b W .  The quoted bound is for F ( T q ) / F ( W b ) .  I 

r(zq(q=u,c))/rto=, rs / r  
Test for A T = I  weak neutral current. Allowed by higher-order electroweak interaction. 

VALUE ~ DOCUMENT IO TECN 

< 0 , 3 3  95 27 ABE 98G CDF I 

27ABE 98G looked for t t  events where one t decays into three jets and the other decays | 
into q Z  with Z ~ t l .  The quoted bound is for r ( Z q ) / r ( W b ) .  I 

12 ERLER 95 result is from f i t  with free m t and ~ s ( m z ) ,  yielding a s ( m z )  = 0.127(5)(2). 

13 M A T S U M O T O  95 result is from f i t  with free m t to Z parameters, M W ,  and low-energy 

neutral-current data. The second error is for m H = 300+_2700 GeV, the third error is for 
a s ( m z )  = 0116  4- 0.005, the fourth error is for 5*Zha d = 0.0283 4- 0.0007. 

14ABREU 94 Value is for aS(mZ)  constrained to 0.123 : :  0.005. The second error corre- 

sponds to  m H = 300 + 7 0 0  - "" - 2 4 0  ~ev .  
15ACCIARRI 94 value is for a ~ ( m z )  constrained to 0.124 + 0.006. The second error 

corresponds to m , ,  + 700 ~~ r l  ~ 3 0 0 - 2 4 0  . . . .  

16AKERS 94 result is from f i t  with free as '  The second error corresponds to 

m _ ~ + 7 0 0  GeV. The 95%CL l imit is m t <210 GeV. H - ~ v u -  240 
17 ARROYO 94 measures the ratio of  the neutral-current and charged-current deep inelastic 

scattering of ur on an iron target. By assuming the SM electroweak correction, they 

obtain .--; m 2W/mZ/ 2 = 0.2218 4- 0.0059. yielding the quoted m r value. The second error 
+700  corresponds to m H = 3 0 0 _  240 GeV. 

18BUSKULIC 94 result is from f i t  with free c~ s. The second error is from mH=300+_274% 0 
GeV. 

19ELLIS 94B result is f i t  to electroweak data available in spring 1994, including the 1994 
ALR data from SLD. m t and m H are two free parameters of  the f i t  for c~s(rnz) = 

0.118 4- 0.007 yielding m t above, and m H = 35+-~7~ GeV. ELLIS 94B also give results 
for fits including constraints from CDF's direct measurement o f  m t and CDF's and D(~ 's 
production cross-section measurements. Fits excluding the ALR data from SLD are also 
given. 

20GURTU 94 result is frorn f i t  with free m t and CCs(mz}, yielding m t above and C~s(mz) 

= 0 125 4- n nn~+0.003 The second errors correspond to m H - v 240 . . . . . . .  - 0 . 0 0 1 '  - 30 n + 7 0 0  GeV. Uses 
LEP, M W, uN,  and SLD electroweak data available in spring 1994. 

21 MONTAGNA 94 result is from f i t  with free m t and ~ s ( m z ) ,  yielding m t above and 

c~s(mz) = 0.124. The second errors correspond to m H = 3 n n + 7 0 0  GeV. Errors in ~ - -  240 
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Also 94F PRL 73 225 F. Abe et a6 (CDF Collab.) 
ABREU 94 NP 8418 403 P. Abreu et aL (DELPHI Collab.) 
ACCIARRI 94 ZPHY C62 551 M. Acclarri et aL (L3 Collab.) 
AKERS 94 ZPHY C6] 19 R. Akers et at. (OPAL Collab.) 
ARROYO 94 PRL 72 3452 C.G, Arroyo et al. (COLU, CHIC, FNAL+) 
BUSKULIC 94 ZPHY C62 539 D. Buskulic et 36 (ALEPH Collab.) 
ELLIS 94B PL B333 118 J. Ellis, G.L Fogl[, E. Lisi (CERN, BARI) 
GURTU 94 MPL A9 3301 A. Gurtu (TATA) 
MONTAGNA 94 PL B335 484 G. Montagna et aL (INFN, PAVI, CERN+) 
NOVIHOV 94B MPL A9 264t V.A. Novikov et aL (GUEL, CERN, ITEP) 
PDG 94 PR DSO 1173 L. Montanet et aL (CERN, LBL, BEST+) 
ALITTI 92B PL B276 354 J. Alitti et aL (UA2 Collab.) 
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I b' (4 th Generation) Quark, Searches for J 

MASS LIMITS for b ~ (4 th Generation) Quark or Hadron In p~ Collisions 
VALUE (GeV) C L ~  DOCUMENT ID TECN COMMENT 

>199 95 1 AFFOLDER 00 CDF NC: b I ~ b Z  I 

>128 95 2 ABACHI  95F DO ~l  + jets, t + jets 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

>148 95 3 ABE 98N CDF NC: ~" ~ b Z  +decay vertex 
> 96 95 4 ABACHI  97D DO NC: L/ ~ b3` 
> 75 95 5 MUKHOPAD. . .  93 RVUE NC: b t ~ b t t .  

> 85 95 6 ABE 92 CDF CC: ( l  
> 72 95 7 ABE 908 CDF CC: e + /~ 
> 54 95 8 AKESSON 90 UA2 CC: e + jets + missing E T 

> 43 95 9 ALBAJAR 908 UA1 CC: p. + jets 
> 34 95 10 ALBAJAR 88 UA1 CC: e or # + jets 

1AFFOLDER 00 looked for b I that decays in to b + Z .  The signal searched for is b b Z Z  I 

events where one Z decays into e + e-- or # +  # -  and the other Z decays hadronically. 

I The bound assumes B(b I ~ b Z ) =  I00%. Between 10O GeV and 199 GeV, the 95%CL 
upper bound on G(b j ~ TJ)xB2(b I ~ bZ) is also given (see their Fig. 2). 

2ABACHI 95F bound on the top-quark also applies to b I and t I quarks that decay pre- 
dominantly into W. See FROGGATT 97. 

3ABE 98N looked for Z ~ e + e -  decays with displaced vertices. Quoted limit assumes l 
B(b r ~ bZ)= l  and crb,=lem. The limit is lower than 96 GeV ( m z + m b )  if c1"> l 
22cm or CT<  0.0O�cm. See their Fig. 4. I 

4ABACHI  97D searched for b I that decays mainly via FCNC. They obtained 95%CL upper 
hounds on B ( b t b  r ~ 3 `+  3je ts)  and B(b tb  I ~ 23`+ 2jets) ,  which can be interpreted 
as the lower mass bound rely > m z + m  b. 

5 M U K H O P A D H Y A Y A  93 analyze CDF dilepton data of ABE 92G in terms of a new 
quark decaying via flavor-changing neutral current. The above l imit assumes B(b r 
h i + l - ) = 1 % .  For an exotic quark decaying only via virtual Z [ B ( b l + l  - )  = 3%], the 
l imit is 85 GeV. 

6 A B E  92 dilepton analysis l imit of  >85  GeV at CL=95% also applies to b r quarks, as 
discussed in ABE 90B. 

7ABE 90B exclude the region 28-72 GeV. 
8AKESSON 90 searched for events having an electron with P T  > 12 GeV, missing 

momentum > 15 GeV, and a jet with E T > 10 GeV, I~?1 < 2.2, and excluded mb~ 
between 30 and 89 GeV. 

9 For the reduction of the l imit due to non-charged-current decay modes, see Fig. 19 of 
A L B A J A R  90B. 

1 0 A L B A J A R  88 study events at Ecru = 546 and 630 GeV with a muon or isolated electron, 
accompanied by one or more jets and find agreement with Monte Carlo predictions for 
the production of charm and bottom, without the need for a new quark. The lower mass 
l imit is obtained by using a conservative estimate for the b ib  I production cross section 
and by assuming that it cannot be produced in W decays. The value quoted here is 
revised using the full O(es3 ) cross section of ALTARELLI  88. 

MASS LIMITS for b z (4 ~ Generation) Quark or Hadron in e+e - Collisions 
Search for hadrons containing a fourth-generation - 1 / 3  quark denoted b ~. 

The last column specifies the assumption for the decay mode ( C C  denotes the con- 
ventional charged-current decay) and the event signature which is looked for. 

VALUE (GeV} CL~/~ DOCUMENT IO TECN COMMENT 

).46.0 95 11 DECAMP 90F ALEP any decay 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

12 ADRIANI 93G L3 Quarkonium 
>44.7 95 ADRIANI  93M L3 F(Z)  
>45 95 ABREU 91F DLPH r ( z )  

none 19.4-28.2 95 ABE 90D VNS Any decay; event shape 
>45.0 95 ABREU 90D DLPH B ( C C )  = 1; event 

shape 
>44.5 95 13 ABREU 90D DLPH b / ~ c H - ,  H -  

CS, 1"- v 
>40.5 95 14 ABREU 90D DLPH F(Z ~ hadrons) 
>28.3 95 ADACHI  90 TOPZ B(FCNC) -100%;  isoh 3' 

or 4 jets 
>41.4 95 15 AKRAWY 9OB OPAL Any decay; acoplanarity 
>45.2 95 15 A K R A W Y  9OB OPAL B(C C) = 1; acopla- 

narity 
>46 95 18 A K R A W Y  90J OPAL b I ~ "f + any 
>27.5 95 17 ABE 89E VNS B ( C C )  - 1 ;  #, e 

none 11.4-27.3 95 18 ABE 89G VNS B(b I ~ b3`) > 10%; 
isolated 3` 

>44.7 95 19 ABRAMS 89C MRK2 B ( C C ) =  100%; isol. 
track 

>42.7 95 19 ABRAMS 89C MRK2 B ( b g ) =  100%; event 
shape 

b, 
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>42.0 95 19 ABRAMS 89C MRK2 Any decay; event shape 
>2B.4 95 20,21 ADACHI  89c TOPZ B(C C) - 1 ;  p 
>28.8 95 22 ENO 89 A M Y  B(C C) ~ 9 0 % ;  #, e 
>27.2 95 22,23 ENO 89 A M Y  any decay; event shape 
>29.0 95 22 ENO 89 A M Y  B(b t ~ bg) >,~ 85%; 

event shape 
>24.4 95 24 IGARASHI 88 A M Y  /~,e 
>23.8 95 25 SAGAWA 88 A M Y  event shape 
>22.7 95 26 ADEVA 86 MRKJ /~ 
>21 27 ALTHOFF 84c TASS R, event shape 
>19 28 ALTHOFF 841 TASS Aplanarity 

11 DECAMP 90F looked for isolated charged particles, for isolated photons, and for four-jet 
final states. The modes b I ~ b g  for B(b t ~ b g )  > 65% b t ~ bs` for B(b I ~ bs,) 
> 5% are excluded. Charged Higgs decay were not discussed. 

12 ADRIANI  93G search for vector quarkonium states near Z and give l imit on quarkonium- 
Z mixing parameter 6m 2 < (10-30)  GeV 2 (95%CL) for the mass 88-94.5 GeV. Using 
Richardson potential, a 18 (b tb  I)  state is excluded for the mass range 87,7-94.7 GeV. 
This range depends on the potential choice. 

13ABREU 90D assumed m H_ < m E - 3 GeV. 

14 Superseded by ABREU 91F. 
1 5 A K R A W Y  90B search was restricted to data near the Z peak at Ecru = 91.26 GeV at 

LEP. The excluded region is between 23.6 and 41.4 GeV i f  no H + decays exist. For 
charged Higgs decays the excluded regions are between ( m H +  + 1.5 GeV) and 45.5 
GeV. 

16 AKRAWY 90J search for isolated photons in hadronic Z decay and derive 
B ( Z  ~ b t b l ) . B ( b  t ~ 3 `X ) /B (Z  ~ hadrons) < 2.2 x 10 - 3 .  Mass l imit assumes 

B(b I ~ "),X) > 10%. 
17ABE 89E search at Eem = 56-5? GeV at TRISTAN for multihadron events with a 

spherical shape (using thrust and acoplanarity) or containing isolated leptons. 
18ABE 89G search was at Ecm = 55-60.8 GeV at TRISTAN.  

191f the photonic decay mode is large (B(b  I ~ b3`) > 25%), the ABRAMS 89c l imit is 
45.4 GeV. The l imit for for Higgs decay (b I ~ c H - ,  H -  ~ ~ s )  is 45.2 GeV. 

20ADACHI  89c search was at Ecru = 56.5-60.8 GeV at TRISTAN using multi-hadron 
events accompanying muons. 

21 ADACHI 89C also gives limits for any mixture of C C and bg  decays. 
22ENO 89 search at Ecru = 50-60,8 at TRISTAN.  

23 ENO 89 considers arbitrary mixture of the charged current, bg,  and b3` decays. 
241GARASHI 80 searches for leptons in low-thrust events and gives A R ( b  t )  < 0.28 (95% 

CL) assuming charged current decay, which translates to mb~ > 24.4 GeV. 

25SAGAWA 88 set l imit i t ( top) < 8.1 pb at CL=95% for top-flavored hadron production 
from event shape analyses at Ecru = 52 GeV. By using the quark patton model cross- 
section formula near threshold, the above l imit leads to lower mass bounds of 23.8 GeV 
for charge - -1 /3  quarks. 

26 ADEVA 86 give 95%CL upper bound on an excess of the normalized cross section, AR ,  
as a function of the minimum c.m. energy (see their figure 3). Production of a pair of 
1/3 charge quarks is excluded up to Ecru = 45.4 GeV. 

27ALTHOFF 84c narrow state search sets l imit F(e + e- )B(hadrons)  <2.4  keV CL = 95% 
and heavy charge 1/3 quark pair production m >21 GeV, CL = 95%. 

28ALTHOFF 841 exclude heavy quark pair production for 7 < m  <19  GeV (1 /3  charge) 
using aplanarity distributions (CL = 95%). 

REFERENCES FOR Searches for (Fourth Generation) b ~ Quark 

AFFOLDER 00 PRL 84 835 A. AITolder et aL (CDF Collab.) 
ABE 98N PR D58 051102 F. Abe et aL {CDF Collab.) 
ABACHI 97D PRL 78 3818 S. Abachi et aL (DO Collab.) 
FROGGATT 97 ZPHY C73 333 C.D. Froggatt, D.J. Smlth, H.B. Nielsen (GLAS+) 
ABACHI 95F PR D52 4877 S. Abachi et al. (DO Collab.) 
ADRIANI 93G PL B313 326 O. Adrlani et ~L (L3 Collab.) 
ADRIANI 93M PRPL 235 I O. Adriani et aL (L3 Collab.) 
MUKHOPAD,.. 93 PR D48 2105 B. Mukhopadhyaya, D.P, Roy (rATA) 
ABE 92 PRL 68 447 F. Abe et aL (CDF Collab.) 

Also 82G PR D45 3921 F. Abe et a/. (CDF Collab.) 
ABE 92G PR D45 3921 F, Abe et al. (CDF Collab,) 
ABREU 91F NP B367 511 P. Abreu et a/. (DELPHI Collab,) 
ABE 908 PRL 54 147 F. Abe et aL (CDF Collab.) 
ABE 90D PL B234 382 K, Abe et aL (VENUS Collab.) 
ABREU 9OD PL 8242 536 P. Abreu et al. (DELPHI Co[lab.) 
ADACHI 90 PL B234 197 I. Adachi et al. (TOPAZ Collab.) 
AKESSON 90 ZPHY C46 t78 T. Akesson et aL (UA2 Collab.) 
AKRAWY 98B PL B286 364 M.Z. Akrawy et aL (OPAL Collab.) 
AKRAWY 9OJ PL B246 285 M.Z. Akrawy et aL (OPAL Collab.) 
ALBAJAR 9OB ZPHY C4B i C. Albajar et aL (UAI Coilab.) 
DECAMP 9OF PL B236 511 D. Decamp et aL (ALEPH Collab.} 
ABE 89E PR D3g 3524 K. Abe et aL (VENUS Collab.) 
ABE BgG PRL 63 1776 K. Abe et aL (VENUS Collab.) 
ABRAMS 88C PRL 63 2447 G.S. Abrams et aL (Mark II Collab.) 
ADACHI 89C PL B229 427 I, Adachi et aL (TOPAZ Collab.) 
ENO 89 PRL 63 1910 S. Eno et aL (AMY Collzb.) 
ALBAJAR 88 ZPHY C37 505 C. Albajar et aL (UA1 Collab.) 
ALTARELLI 88 NP B388 724 G. Altarelli et aL (CERN, ROMA, ETH) 
IGARASHI 88 PRL 60 2359 8. Igarashi et aL (AMY Collab.) 
SAGAWA 88 PRL 60 93 H. Sagawa et al. (AMY Collab.) 
ADEVA 86 PR D34 681 B. Adeva et at. (Mark-J Collab.) 
ALTHOFF 84C PL 1388 441 M. Altholf et a/. (TASSO Collab,) 
ALTHOFF 841 ZPHY C22 307 M, AltholT et a/. (TASSO Collab.) 
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I Free Quark Searches I 
F R E E  Q U A R K  S E A R C H E S  

The basis for much of the theory of particle scattering and 

hadron spectroscopy is the construction of the hadrons from a 

set of fractionally charged constituents (quarks). A central but 

unproven hypothesis of this theory, Quantum Chromodynamics, 

is that quarks cannot be observed as free particles but are 
confined to mesons and baryons. 

Experiments show that it is at best difficult to "unglue" 

quarks. Accelerator searches at increasing energies have pro- 
duced no evidence for free quarks, while only a few cosmic-ray 

and matter searches have produced uncorroborated events. 

This compilation is only a guide to the literature, since the 

quoted experimental limits are often only indicative. Reviews 

can be found in Refs. 1-3. 

References  

1. P.F. Smith, Ann. Rev. Nucl. and Part. Sci. 39, 73 (1989). 
2. L. Lyons, Phys. Reports 129, 225 (1985). 

3. M. Marinelli and G. Morpurgo, Phys. Reports 85, 161 
(1982). 

Quark Production Cross Section - -  Accelerator Searches 
X-SECT CHG MASS ENERGY 
(cm 2} (e/S) (GeV) (GeV) BEAM EVTS 

<1.3E-36 •  45-84 130-172 e + e  - 0 
<2 .E -  35 +2  250 1800 p~ 0 
< I . E -  35 + 4 ,  250 1800 p~ O 
<3.8E-  28 14.5A 285i-Pb O 
<3.2E-  28 14.5A 28Si-Cu 0 
<1 .E -40  •  <10 p,v,~ 0 
< I . E -  36 •  <9 200 # 0 
< 2 . E -  10 :E2,4 1-3 200 p 0 
<5.E-- 38 +1,2 >5 300 p 0 
< I . E -  33 •  <20 52 pp 0 

<9 .E -  39 :J: 1,2 <6 400 p 0 
<8 .E -35  +1,2 <20 52 pp  0 

<5 .E -  38 - 1 , 2  4-9 200 p 0 
< I . E -  32 +2,4 4-24 52 pp  0 

<5 .E -  31 +1,2,4 <12 300 p 0 
<6 .E -  34 •  <13 52 pp  0 

< I . E -  36 - 4  4 70 p 0 
< I . E -  35 •  2 28 p 0 
<4 .E -  37 - 2  <5 70 p 0 
<3 .E -  37 - 1 , 2  2-5 70 p 0 
<I .E- -  35 +1,2 <7 30 p 0 
<2 .E -35  - 2  < 23 -5  30 p 0 
<5 .E -  35 +1,2 <2.2 21 p 0 
< I . E -  32 +1,2 <4.0 28 p 0 
< I . E -  35 +1,2 <2.5 31 p 0 
< I . E -  34 +1  <2 28 p 0 
< I . E -  33 +1,2 <2.4 24 p 0 

DOCUMENT ID TECN 

ABREU 97D DLPH 
1 ABE 92J CDF 
1 ABE 92J CDF 
2 HE 91 PLAS 
2 HE 91 PLAS 

BERGSMA 84B CHRM 
AUBERT 83C SPEC 

3 BUSSIERE 80 CNTR 
4,5 STEVENSON 79 CNTR 

BASILE 78 SPEC 
4 ANTREASYAN 77 SPEC 
6 FABJAN 75 CNTR 

NASH 74 CNTR 
ALPER 73 SPEC 
LEIPUNER ?3 CNTR 
BOTT 72 CNTR 
ANTIPOV 71 CNTR 

? ALLABY 698 CNTR 
3 ANTIPOV 89 CNTR 
7 ANTIPOV 69B CNTR 

DORFAN 65 CNTR 
8 FRANZINI 65B CNTR 

BINGHAM 64 HLBC 
BLUM 64 HBC 

8 HAGOPIAN 64 HBC 
LEIPUNER 64 CNTR 
MORRISON 64 HBC 

1ABE 92J flux limits decrease as the mass increases from 50 to 500 GeM. 
2 HE 91 limits are for charges of the form N •  1/3 from 23/3 to 38/3. 
3 Hadronic or leptonic quarks. 
4 Cross section cm2/GeV 2. 
53 x 10 - 5  <lifetime < 1 x 10 - 3  s. 
6Includes BOTT 72 results. 
7 Assumes isotropic cm production. 
8 Cross section inferred from flux. 

Quark Differential Production Cross Section - -  Accelerator Searches 
X-SECT CHG MA55 ENERGY 
(cm2sr-lGeV-!~ e/3 (GeV) (GeV) BEAM E V T S  DOCUMENT ID TECN 

<4 .E-38  -2 ,4  1.5-6 70 p 0 BALDIN 76 CNTR 
<2 .E-33  •  5-20 52 pp  0 ALBROW 75 SPEC 
<5 .E-34  <7 7-15 44 pp  0 JOVANOV... 75 CNTR 
<5 .E-35  20 7 0 9 GALIK 74 CNTR 
<9 .E -35  - 1 , 2  200 p 0 NASH 74 CNTR 
<4 .E-36  - 4  2.3-2.7 70 p 0 ANTIPOV 71 CNTR 
<3 .E-35  •  <2.7 27 p 0 ALLABY 69B CNTR 
<7 .E-38  -1 ,2  <2.5 70 p 0 ANTIPOV 698 CNTR 

9 Cross section in cm2/sr/equivalent quanta. 

Quark Flux - -  Accelerator Searches 
The definition of FLUX depends on the experiment 

(a) is the ratio of measured free quarks to predicted free quarks if there is no "con- 
finement." 

{b) is the probability of fractional charge on nuclear fragments. Energy is in 
GeV/nucleon. 

(c) is the 90%CL upper limit on fractionally-charged particles produced per interac- 
tion. 

(d) is quarks per collision. 
(e) is inclusive quark-production cross-section ratio to a(e + e -  ~ # +  p--) .  

( f)  is quark flux per charged particle. 
(g) is the flux per u-event. 

(h) is quark yield per ~r- yield. 

(i) is 2-body exclusive quark-production cross-section ratio to a(e + e-- 
~,+ ~,-). 

CHG MASS ENRGY 
FLUX (e/3) (GeV) (GeV) BEAM E V T S  DOCUMENTIO TECN 

<1 .6E-3  b see note 200 325-Pb O 10 HUENTRUP 96 PLAS 
<6 .2E-4  b see note 10.6 325-Pb O 10 HUENTRUP 96 PLAS 
<0.94E-4  e •  2-30 88-94 e + e  - O AKERS 95R OPAL 
<1 .7E-4  e •  30-40 88-94 e + e  - O AKERS 95R OPAL 
<3 .6E-4  e •  5-30 88-94 e + e  - O AKERS 95R OPAL 
<1 .9E-4  e •  30-45 88-94 e + e  - 0 AKERS 95R OPAL 
< 2 . E - 3  e +1 5-40 88-94 e + e  - O 11 BUSKULIC 93c ALEP 
< 6 . E - 4  e +2  5-30 88-94 e + e  - 0 11 BUSKULIC 93(: ALEP 
<1 .2E-3  e +4  15-40 88-94 e + e  - 0 11 BUSKULIC 93r ALEP 
<3 .6E-4  i +4  5.0-10.2 88-94 e + e  - 0 BUSKULIC 93G ALEP 
<3 .6E-4  i +4  18.5-26.0 88-94 e+e  - 0 BUSKULIC 93C ALEP 
<6 .9E-4  i +4  26.0-33.3 88-94 e + e  - 0 BUSKULIC 93r ALEP 
<9 .1E-4  i +4  33.3-38.6 88-94 e + e  - 0 BUSKULIC 93s ALEP 
<1 .1E-3  i +4  38.6-44.9 88-94 e + e  - 0 BUSKULIC 93c ALEP 
<1 .6E-4  b see note see note 0 12 CECCHINI 93 PLAS 

b 4,5,7,8 2.1A 160 0,2,0,6 13 GHOSH 92 EMUL 
<6 .4E-5  g 1 u,~ 1 14 BASILE 91 CNTR 
<3 .7E-5  g 2 z,,~ 0 14 BASILE 91 CNTR 
<3 .9E-5  g 1 v,~ 1 15 BASILE 91 CNTR 
<2 .8E-5  g 2 u,~ 0 15 BASILE 91 CNTR 
<1 .9E-4  c 14.5A 285i-Pb 0 16HE 91 PLAS 
<3 .9E-4  c 14.5A 28Si-Cu 0 16HE 91 PLAS 
< 1 . E - 9  c +1,2,4 14.5A 160-Ar  0 MATIS 91 MDRP 
<5.1E-10 c +1,2,4 14.5A 160-Hg 0 MATIS 91 MDRP 
<8 .1E-9  c • 14.5A Si-Hg 0 MAr lS 91 MDRP 
<1 .7E-6  c • 60A 160-Hg 0 MATIS 91 MDRP 
<3 .5E-7  c • 200A 160-Hg 0 MATIS 91 MDRP 
<1 .3E-6  c • 200A S-Hg 0 MATIS 91 MDRP 
< 5 E - 2  e 2 19-27 52-60 e + e  - O ADACHI 90c TOPZ 
< 5 E - 2  e 4 <24 52-60 e + e  - 0 ADACHI 90c TOPZ 
< 1 . E - 4  e +2  <3.5 10 e + e  - O BOWCOCK 89B CLEO 
< l . E - 6  d •  60 160-Hg O CALLOWAY 89 MDRP 
<3 .5E-7  d •  200 160-Hg O CALLOWAY 89 MDRP 
<1 .3E-6  d 4-1,2 200 S-Hg 0 CALLOWAY 89 MDRP 
<1.2E--10 d :El 1 800 p-Hg 0 MATIS 89 MDRP 
< l . l E - 1 0 d  •  1 800 p-Hg 0 MATIS 89 MDRP 
<1 .2E -10d  •  1 800 p-N 2 0 MATIS 89 MDRP 
<7.7E-11 d •  1 800 p-N 2 0 MATIS 89 MDRP 
< 6 . E - 9  h - 5  0,9-2.3 12 p 0 NAKAMURA 89 SPEC 
<5 .E -  5 g 1,2 <0.5 v ,~d 0 ALLASIA 88 BEBC 
< 3 . E - 4  b See note 14.5 160-Pb 0 17 HOFFMANN 88 PLAS 
< 2 . E - 4  b See note 200 160-Pb 0 18 HOFFMANN 88 PLAS 
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< 8 E - 5  b 19,20,22,23 200A GERBIER 87 PLAS 
<2 .E-4  a 9:1,2 <300 320 ~p 0 LYONS 87 MLEV 
<1 .E -9  e 4-1,2,4,5 14.5 160-Hg 0 SHAW 87 MDRP 
<3 .E-3  d -1,2,3,4,6 45  2 St-St 0 19ABACHI 86c CNTR 
<I .E-4 e 4-1,2,4 44 I0 e+e - 0 ALBRECHT 85G ARG 
<6 .E-5  b :E1,2 1 540 p~ 0 BANNER 85 UA2 
<5 .E-3  e - 4  1-8 29 e + e  - 0 AIHARA 84 TPC 
< I . E - 2  e 4-1,2 1-13 29 e + e  - 0 AIHARA 84B TPC 
<2.E--4 b 9:1 72 40Ar 0 20BARWICK 84 CNTR 
< l . E - 4  e 4-2 <0.4 1.4 e + e  - 0 BONDAR 84 OLYA 
<8.E-1 e :1:1,2 <13 29 e+e - O GURYN 84 CNTR 
<3 .E-3  b 4-I,2 <2 $40 p~ 0 BANNER 83 CNTR 
<1 .E-4  b 4-1,2 106 56Fe 0 LINDGREN 83 CNTR 
<3 .E-3  b > I 4- 0-11 74 4OAr 0 20 PRICE 83 PLAS 
< l . E - 2  e 4-1,2 <14 29 e + e  - 0 MARINI 82B CNTR 
<8 .E-2  e 4-1,2 <12 29 e + e  - 0 ROSS 82 CNTR 
<3 ,E -4  e 4-2 1.8-2 7 e+e  - 0 WEISS 81 MRK2 
<5 .E-2  e +1,2.4.5 2-12 27 e + e  - 0 BARTEL 80 JADE 
<2 .E -5  g 1,2 u 0 14,15 BASILE 80 CNTR 
< 3 . E - I 0  f 4-2,4 1-3 200 p 0 21 BOZZOLI 79 CNTR 
<6.E-]1 f 9:1 <21 52 pp 0 BASILE 78 SPEC 
<5.E-3 g ,.,# 0 BASILE 78B CNTR 

<2 .E-9  f :El <26 62 pp 0 BASILE 77 SPEC 
<7.E-10 f +1,2 <20 52 p 0 22FABJAN 75 CNTR 

+1,2 >4.5 3' 0 14,15 GALIK 74 CNTR 
+1,2 >1.5 12 e -  0 14,15BELLAMY 68 CNTR 
+1,2 >0.9 ? 0 15 BATHOW 67 CNTR 
+I,2 >0.9 6 '7 0 15 FOSS 67 CNTR 

10 HUENTRUP 96 quote 95% CL limits for production of fragments with charge differing 
by as much as 9 : ] /3  (in units ore) for charge 6 < Z < 10. 

11 BUSKULIC 93c limits for inclusive quark production are more conservative if the ALEPH 
hadronic fragmentation function is assumed. 

12CECCHINI 93 limit at 80%CL for 23/3 < Z < 40/3, for 16A GeV O, 14.5A Si, and 
200A S incident on Cu target. Other limits are 2.3 x 10 - 4  for 17/3 < Z _< 20/3 and 
1.2 x 10 - 4  for 20/3 < Z < 23/3. 

13 GHOSH 92 reports measurement of spallation fragment charge based on ionization in 
emulsion. Out of 650 measured tracks, 2 were consistent with charge 5e/3, and 4 with 
7e/3. 

14 Hadronic quark. 
15 Leptonic quark. 
16HE 81 limits are for charges of the form N4-1 /3  from 23/3 to 38/3, and correspond to 

cross-section limits of 380/Jb (Pb) and 320/~b (Cu). 
17The limits apply to projectile fragment charges of 17, 19, 20, 22, 23 in units of e/3. 
18The limits apply to projectile fragment charges of 16, 17, 19, 20, 22, 23 in units of e/3. 
19 Flux limits and mass range depend on charge. 
20 Bound to nuclei. 
21 Quark lifetimes > 1 x 10 - 8  s. 
22One candidate m <0.17 GeV. 

Quark Flux - -  Cosmic Ray Searches 
Shielding values followed with an asterisk indicate altitude in km. Shielding values not 
followed with an asterisk indicate sea level in kg/cm 2. 

FLUX CHG MASS 
(cm-2sr-ls- 1) (e/3) ('GeVJ SHIELDING EVTS 

<2.1E-  15 9:1 0 
<2.3E-15 4-2 0 
<2 .E-10  9:1,2 0.3 0 

9:4 0.3 12 
::54 0.3 9 

<1 .E -12  4-2,3/2 -70 .  0 
<9 .E -  10 9:1,2 0.3 0 
< 4 . E -  9 4- 4 0.3 7 
<2 .E -  12 4-1,2,3 - -0 .3*  0 
<3 .E -10  •  0.3 0 
< 2 . E - 1 1  •  0 
<8.E-- 10 4-1,2 0.3 0 

3 
< l . E - 9  0 
<2 .E-11  4-1 0 
<2 .E -  10 + 1,2 0 
< 1 . E - 7  +1,2 
<3 .E -  10 +1  >20 
< 8 . E -  11 +1  
<2 .E -  8 +1,2 
< 5 . E -  10 + 4  2.8 * 
< I . E -  i0  +1,2 
<I ,E-  10 + 1,2 2.8 * 
<3 ,E -10  + 2  
<3 .E -8  7 
<4 .E -  9 + 1  
<2 .E -  9 > I 0  
<2 .E -  10 + 1 2.8 * 
<3 .E -10  +1,2 

DOCUMENT ID TECN 

MORI 91 KAM2 
MORt 91 KAM2 
WADA 88 CNTR 

23 WADA 88 CNTR 
24 WADA 86 CNTR 
25 KAWAGOE 84B PLAS 

WADA 84B CNTR 
WADA 84B CNTR 
MASHIMO 83 CNTR 
MARINI 82 CNTR 
MASHIMO 82 CNTR 

25 NAPOLITANO 82 CNTR 
26 YOCK 78 CNTR 
27 BRIATORE 76 ELEC 
28 HAZEN 75 CC 

KRISOR 75 CNTR 
0 28,20 CLARK 74B CC 
0 KIFUNE 74 CNTR 
0 28 ASHTON 73 CNTR 
0 HICKS 73B CNTR 
0 BEAUCHAMP 72 CNTR 
0 28 BOHM 726 CNTR 
0 COX 72 ELEC 
0 CROUCH 72 CNTR 
0 27 DARDO 72 CNTR 
0 28 EVANS 72 CC 
0 27 TONWAR 72 CNTR 
0 CHIN 71 CNTR 
0 28 CLARK 71B CC 
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< I ,E -1O +1,2 0 28 HAZEN 71 CC 
<5 .E -  10 +1,2 3.5 * 0 BOSIA 70 CNTR 

+ 1,2 <6.5 1 28 CHU 70 HLBC 
<2 .E -  9 +1  O FAISSNER 70B CNTR 
<2 .E -10  +1,2 0.8 * 0 KRIDER 70 CNTR 
< 5 . E -  11 + 2  4 CAIRNS 69 CC 
<8 .E-10  + ] , 2  <18 0 FUKUSHIMA 69 CNTR 

+ 2  1 28,30 MCCUSKER 69 CC 
<1 .E -10  >5 1.7,3.6 0 27 BJORNBOE 68 CNTR 
< 1 . E - 8  ;E1,2,4 6.3,.2 * 0 25 BRIATORE 68 CNTR 
< 3 . E - g  >2 0 FRANZINI 68 CNTR 
<9 .E -  11 9:1,2 0 GARMIRE 68 CNTR 
< 4 . E -  10 9:1 0 HANAYAMA 6B CNTR 
< 3 . E - 8  >15 0 KASHA 68 OSPK 
<2 .E -  10 +2  0 KASHA 68B CNTR 
<2 .E -  10 +4  0 KASHA 68s CNTR 
< 2 . E -  10 + 2  6 0 BARTON 67 CNTR 
< 2 . E - 7  +4  0.008,0.5 * 0 BUHLER 67 CNTR 
<5 .E -  10 1,2 0.008,0.5 * 0 BUHLER 67B CNTR 
<4 .E -  10 +1,2 0 GOMEZ 67 CNTR 
< 2 . E -  9 + 2  0 KASHA 67 CNTR 
< 2 . E -  10 +2  220 0 BARTON 66 CNTR 
< 2 . E - 9  +1,2 0.5 * 0 BUHLER 66 CNTR 
<3 .E -  9 +1,2 0 KASHA 66 CNTR 
< 2 . E -  9 +1,2 0 LAMB 66 CNTR 
< 2 . E - 8  +1,2 >7 2.8*  0 DELISE 65 CNTR 
< 5 . E - 8  + 2  >2.5 0.5 * 0 MASSAM 65 CNTR 
< 2 . E - 8  + 1 2.5 * 0 BOWEN 64 CNTR 
< 2 . E -  7 +1  0.8 0 SUNYAR 64 CNTR 

23 Distribution in celestial sphere was described as anisotropic. 
24With telescope axis at zenith angle 40 ~ to the south. 
25 Leptonic quarks. 
26 Lifetime > 10 - 8  s; charge 9:0.70, 0.68, 0.42; and mass >4.4, 4.8, and 20 GeV, respec- 

tively. 
27 Time delayed air shower search. 
28 Prompt air shower search. 
29Also e/4 and e/6 charges. 
30 No events in subsequent experiments. 

Quark Density - -  Matter Searches 
For a review, see SMITH 89. 

QUARKS/ CHG MASS 
NUCLEON (e/3} (GeV) MATERIAL/METHOD EVTS DOCUMENT ID 

<4.7E-21 4-1,2 silicone oil drops 0 MAR 96 
< 8 . E -  22 + 2 St/infrared photoionization 0 PERERA 93 
<5 .E -27  9:1,2 sea water/levitation 0 HOMER 92 
<4 .E -20  9:],2 meteorites/mag, levitation 0 JONES 89 
< I . E -  19 :~ 1,2 various/spectrometer 0 MILNER 87 
<5 .E -22  9:1,2 W/levitation 0 SMITH 87 
<3 .E -20  +1,2 org liq/droplet tower 0 VANPOLEN 87 
<6 .E -20  - 1 , 2  org liq/droplet tower 0 VANPOLEN 87 
<3 ,E -  21 :k i Hg drops-untreated 0 SAVAGE 86 
<3 .E -22  +1,2 levitated niobium 0 SMITH 86 
< 2 . E -  26 9:t,2 4He/levitation 0 SMITH 868 
<2 .E -  20 >9:1 0.2-250 niobium+tungs/ton 0 MILNER 85 
< I . E -  21 9:1 levitated niobium 0 SMITH 85 

+1,2 <100 niobiom/massspec 0 KUTSCHERA 84 
<5 .E -  22 levitated steel 0 MARINELLi 84 
<9 .E -20  :I: <13 water/oil drop 0 JOYCE 83 
<2 .E-21  > I 9:1/21 levitated steel 0 LIEBOWITZ 83 
< I . E -  19 4-1,2 photo ion spec 0 VANDESTEEG 83 
<2 .E-20  mercury/oil drop 0 31 HODGES 81 
1.E-  20 + 1 levitated niobium 4 32 LARUE 81 
1.E- 20 - 1 levitated niobium 4 32 LARUE 81 
<1 .E-21  levitated steel 0 MARINELLI 80B 
<6 .E -  16 helium/mass spec 0 BOYD 79 
1.E-  20 + 1 levitated niobium 2 32 LARUE 79 
<4 .E -28  earth+/ion beam 0 OGOROD... 79 
<5 .E -  15 +1  tungs./mass spec 0 BOYD 78 
<5 .E -16  +3  <1.7 hydrogen/mass spec 0 BOYD 78B 
<1 .E-21  +2,4 water/ion beam 0 LUND 78 
<6 .E -  15 >1/2  levitated tungsten 0 PUTT 78 
<1 .E -22  metals/mass spec 0 SCHIFFER 78 
< 5 . E - 1 5  levitated tungsten ox 0 BLAND 77 
<3 .E-21  levitated iron 0 GALLINARO 77 
2.E-  21 - 1 levitated niobium 1 32 LARUE 77 
4.E-21 +1 levitated niobium 2 32 LARUE 77 
< I . E -  13 + 3  <7.7 hydrogen/mass spec 0 MULLER 77 
< 5 . E -  27 water+/ion beam 0 OGOROD... 77 
<1 .E-21 lunar+/ion spec 0 STEVENS 76 
<1 .E -15  + 1 <60 oxygen+/ion spec 0 ELBERT 70 
<5 .E -19  levitated graphite 0 MORPURGO 70 
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< S . E -  23 w a t e r + / a t o m  beam 

< I . E -  17 • 1,2 levitated graphi te 

< I . E -  17 w a t e r + / u v  spec 

< 3 . E -  l g  •  levi tated iron 
< I . E -  10 sun /uv  spec 

< I . E -  17 + 1,2 me teo r i t es+ / i on  beam 
< I . E -  16 •  levitated graphi te 

< I . E -  22 argon/e lec t rometer  

- 2 levitated oil 

31A lso  set l im i ts  for Q = •  

0 C O O K  69 

0 B R A G I N S K  68 

0 R A N K  68 

0 S T O V E R  67 
0 33 B E N N E T T  66 

0 C H U P K A  66 
0 G A L L I N A R O  66 

0 H ILLAS 59 

0 M I L L I K A N  10 

32 Note tha t  in PHILL IPS 88 these authors report  a subt le magnet ic  effect which could 
account for the apparent  f ract ional  charges. 

33 L im i t  inferred by JONES 77B. 
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II LIGHT UNFLAVORED MESONS 
(S=C=B=O) 

For I = 1 (lr, b, p, a): u'd, (u~-d'a)/V'2, dO; 
for I = O ( f l ,  r / ,  h, h ' , w , r  f ,  f ' ) :  q(u'O+ dd) + c2(s~) 

P S E U D O S C A L A R - M E S O N  D E C A Y  C O N S T A N T S  

Revised April 2000 by M. Suzuki (LBNL). 

Charged mesons  

The decay constant fp  for a charged pseudoscalar meson P 

is defined by 

(OIA/,(O)IP(q)) = i fp  qu , (1) 

where A~ is the axial-vector part  of the charged weak cur- 

rent after a Cabibbo-Kobayashi-Maskawa mixing-matrix ele- 

ment Vqq, has been removed. The state vector is normalized 

by (P (q ) lP (q ' ) )  = (27r) 3 2Eq 6(q - q'), and its phase is chosen 

to make fp  real and positive. Note, however, tha t  in many 

theoretical papers our f p / v ~  is denoted by fp. 
In determining fp  experimentally, radiative corrections 

must be taken into account. Since the photon-loop correc- 

tion introduces an infrared divergence that  is canceled by 

soft-photon emission, we can determine fp  only from the com- 

bined rate for P• ~ g• and P• -4 g• This rate is given 

by 

r (P --* gut + tueT) = 

m~ ) [1 + 6(~)] . (2) 

Here me and Ti%p are the masses of the lepton and meson. 

Radiative corrections include inner bremsstrahlung, which is 

independent of the structure of the meson [1-3], and also a 

structure-dependent term [4,5]. After radiative corrections are 

made, there are ambiguities in extracting ]p from experimental 

measurements. In fact, the definition of fp  is no longer unique. 

It is desirable to define fp  such tha t  it depends only on the 

properties of the pseudoscalar meson, not on the final decay 

products. The short-distance corrections to the fundamental  

electroweak constants like GF[Vqq,[ should be separated out. 

Following Marciano and Sirlin [6], we define fp  with the 

following form for the gJ(a) corrections: 

l+r  [ l + 2 ~ l n ( m z ] ] [ l + ~ F ( x ) ]  
r \ m p z j  

(3) 

where mp and mz are the masses of the p meson and Z bosom 

Here 

13 - 19z 2 8 - 5x 2 
F(x) = 31nx + 8(1 - x 2) 2(1 - x2) ~ x21nx 

e l  + x 2 1 ~ ) In(l - 1 + x 2 + + 2 ( 1  - 

with 
~o ~ In(1 - t) dt. x -- me/mR , L(z) = t (4) 

The first bracket in the expression for 1 + g](a) is 

the short-distance electroweak correction. A quarter  of 

(2a#r )  ln(mz/mp) is subject to the QCD correction (1 -as /Tr ) ,  

which leads to a reduction of the total  short-distance correction 

of 0.00033 from the electroweak contribution alone [6]. The 

second bracket together with the term - (3a /2r )  ln(mp/mp) 
in the third bracket corresponds to the radiative corrections 

to the point-like pion decay (Aeuto ff ~ rap) [2]. The rest of 

the corrections in the third bracket are expanded in powers 

of mt/mp. The expansion coefficients C1, C2, and C3 depend 

on the hadronic structure of the pseudoscalar meson and in 

most cases cannot be computed accurately. In particular, C1 

absorbs the uncertainty in the matching energy scale between 

short- and long-distance strong interactions and thus is the 

main source of uncertainty in determining ]~+ accurately. 

With  the experimental value for the decay 7r + -* #+v  u + 

#+ruT,  one obtains 

f~+ = 130.7 =k 0.1 :t: 0.36 M e V ,  (5) 

where the first error comes from the experimental uncertainty 

on IVudl and the second comes from the uncertainty on C1 (=  

0 i 0.24) [6]. Similarly, one obtains from the decay K + --* 

#+vu + #+v~7 the decay constant 

fg+ = 159.8 + 1.4 • 0.44 M e V ,  (6) 

where the first error is due to the uncertainty on IVusl. 

For the heavy pseudoscalar mesons, uncertainties in the 

experimental values for the decay rates are much larger than 

the radiative corrections. For the D +, a value (as opposed to 

an upper limit) has been obtained for the first time: 

qnn+I80+80 MeV (7) fD+ = vVV_lb0_40 

but it is based on only one D + -4 #+u~ event [7]. For the 

D +, the decay constant has been obtained from both the 

D + --+ ~+u~ and the D + -4 ~-+u~ branching fractions. There 

are altogether six reported values ranging from about 200 to 

450 MeV, but the errors are getting smaller; the best and most 

recent value, from 182 D + -4 #+u~ events, gives [8] 

fD + = 2 8 0 + 1 9 i 2 8 - t - 3 4 M e V  . (8) 

(See the measurements of the D + -4 g+ut modes in the Particle 

Listings for the numbers quoted by individual experiments.) 

There have been many at tempts to extract ] p  from spec- 

troscopy and nonleptonic decays using theoretical models. 

Since it is difficult to estimate uncertainties for them, we have 

listed here only values of decay constants tha t  are obtained 

directly from the observation of P •  -* g• 
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I, igh t  n e u t r a l  m e s o n s  

The decay constants for the 

mesons 7r ~ ~, and ~' are defined by 

light neutral pseudoscalar 

r ~ l  IG(j P) = i - ( 0 - )  

we have omitted some results that have been superseded by later 
experiments. The omitted results may be found in our 1988 edition 
Physics Letters B2Q4 (1988). 

v ~  (OIA~(O)IP(q)) = i f ~  q~, (9) 

where A~ is a neutral axial-vector current [9,10]. Restricting 

ourselves to the three light flavors, the index a = 0, 3, 8 refers 

to the usual set of Gell-Mann matrices, including the flavor 
singlet. In case of exact isospin symmetry (which is for most 

applications a very good approximation) we have only one decay 
constant for the ~0 meson (f30 -- f,0) and two decay constants 

each for 7/and fl' (f8, S 0, and f~,, SO,). 

In the limit of mR --* 0, the Adler-Bell-Jackiw 

anomaly [11,12] determines the matrix elements of the two- 

photon decay P --* 77 through the decay constants f~. In 
the case of S~o, the extrapolation to m~ r 0 gives only a tiny 

effect, and the value of S~o can be extracted from the v ~ --* 77 
decay width. The experimental uncertainty in the ~r ~ lifetime 

dominates in the uncertainty of S~o: 

.f~o = 130 -F 5 MeV . (10) 

This value is compatible with f r •  as it is expected from isospin 

symmetry. 
The four decay constants of the z/-~ r system cannot be 

extracted from the two-photon decay widths alone. Also, the 

extrapolation to my(u,) ~ 0 may give a larger effect here, and 
therefore the dominance of the Adler-Bell-Jackiw anomaly is 

perhaps questionable. Thus, an assessment of the values of 

the ~ and 7/r decay constants requires additional theoretical 

and phenomenological input about flavor symmetry breaking 

and ~_fl, mixing; see Ref. 13 for a review. Most analyses find 

similar values for the octet decay constants: fs  ~ 1.2 ]~ and 

fns, ~ _ -0 .45f=.  The situation concerning the singlet decay 

constants, fo, is less clear. 
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x • MASS 

The most accurate charged pion mass measurements are based upon x- 
ray wavelength measurements for transitions in ~- -mesonic  atoms. The 
observed line is the blend of three components, corresponding to different 
K-shell occupancies. JECKELMANN 94 revisits the occupancy question, 
with the conclusion that two sets of occupancy ratios, resulting in two dif- 
ferent pion masses (Solutions A and B), are equally probable. We choose 
the higher Solution B since only this solution is consistent with a positive 
mass-squared for the muon neutrino, given the precise muon momentum 
measurements now available (DAUM 91, ASSAMAGAN 94, and ASSAM- 
AGAN 96) fur the decay of pions at rest. Earlier mass determinations wi th 
pi-mesonic atoms may have used incorrect K-shell screening corrections. 

Measurements with an error of > 0.005 MeV have been omitted from this 
Listing. 

VALUE (MeV) DOCUMENT ID TECN CHG COMMENT 

139.5701111-1"0.000~ OUR FIT Error includes scale factor of 1.2. 
139.5701111-1-0.00035 OUR AVERAGE Error includes scale factor of 1.2. 
139.57071• 1 LENZ 98 CNTR - pionic N2-atoms I 

gas target 
139.56995• 2 JECKELMANN 94 CNTR - ~r- atom, Soln. B 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

139.57022• 3 ASSAMAGAN 96 SPEC + r + ~ /~+ u# 

139.56782• 4 JECKELMANN 94 CNTR - ~r- atom, Soln. A 
139.56996• 5 DAUM 91 SPEC + x +  ~ /~+ u 
139.56752• 6 JECKELMANN B6B CNTR -- Mesonic atoms 
139.5704 • 5 ABELA 84 SPEC + See DAUM 91 
139.5664 • 7 LU 80 CNTR - Mesonic atoms 
139.5686 • CARTER 76 CNTR - Mesonic atoms 
139.5660 • 7,8 MARUSHEN... 76 CNTR - Mesonic atoms 

1LENZ 98 reslut does not suffer K-electron configuration uncertainties as does JECKEL- I 
MANN 94. 

2 JECKELMANN 94 Solution B (dominant 2-electron K-shell occupancy), chosen for con- 
sistency with positive m 2 . 

up 

3ASSAMAGAN 96 measures the # +  momentum p/~ in 7r + ~ ,~+ u~ decay at rest to 

be 29.79200 • 0.00011 MeV/c. Combined with the p+  mass and the assumption mup 
= 0, this gives the ~r + mass above; if mup > O, m +  given above is a lower limit. 

Combined instead with rap. and (assuming CPT} the n -  mass of JECKELMANN 94, 
pp gives an upper limit on mup (see the up). 

4 jECKELMANN 94 Solution A (small 2-electron K-shell occupancy) in combination with 
either the DAUM 91 or ASSAMAGAN 94 pion decay muon momentum measurement 

I 2 yields a s'gnificantly negative m,,p. It is accordingly not used in our fits. 

5 The DAUM 91 value includes the ABELA 84 result. The value is based on a measurement 
of the p+  momentum for r + decay at rest, p# = 29.79179 • 0.00053 MeV, uses mp= 
105,658389 • 0.000034 MeV, and assumes that mu~ = O, The last assumption means 

that in fact the value is a lower limit. 
6JECKELMANN 86B gives m _ / m ~  = 273.12677(71). We use m e = 0.51899906(15) 

MeV from COHEN 87. The au"thor~ note that two solutions for the probability distribution 
of K-shell occupancy fit equally well, and use other data to choose the lower of the two 
possible ~ •  masses. 

7These values are scaled with a new wavelength-energy conversion factor VA = 
1,23984244(37} x 10 _6  eV m from COHEN 87. The LU 80 screening correction re- 
lies upon a theoretical calculation of inner-shell refilling rates. 

8This MARUSHENKO 76 value used at the authors' request to use the accepted set of 
calibration 3' energies. Error increased from 0.0017 MeV to include QED calculation error 
of 0.8017 MeV (12 ppm). 

m~+ - m/~+ 

Measurements with an error > 0.05 MeV have been omitted from this 
Listing. 

VALUE (MEV) E V T 5  DOCUMENT ID TECN CHG COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. J �9 �9 

33.91157• 9 D A U M  91 SPEC § ~r + ~ # + u  
33.9111 • ABELA 84 SPEC See DAUM 91 
33.925 • BOOTH 70 CNTR + Magnetic spect. 
33.801 • 145 HYMAN 67 HEBC + K -  He 

9 The DAUM 91 value assumes that mup = 0 and uses our m u = 105.658389 • 0.000034 

MeV. 
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(m~+ - m r )  / ma~.ra~ 
A test of  C P T  invariance. 

VAL UE (units 10 -4 ) DOCUMENT/D TEEN 

24-5 AYRES 71 CNTR 

~r • MEAN LIFE 

Measurements with an error > 0.02 • 10 - 8  s have been omitted. 

VALUE (10 -0  S) DOCUMENT ID TEEN CHG COMMENT 

2. f~33:1:0.0005 OUR AVERAGE Error includes scale factor of  1.2. 
2.60361• 10 KOPTEV 98 SPEC + Surface p + ' s  
2 .60231•177 N U M A O  95 SPEC + Surface p + ' s  
2.609 •  DUNAITSEV 73 CNTR + 
2.602 •  AYRES 71 CNTR • 
2.604 •  NORDBERG 67 CNTR + 
2.602 •  ECKHAUSE 65 CNTR + 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

2.640 •  11 KINSEY 66 CNTR + 

10 KOPTEV 95 combines the statistical and systematic errors; the statistical error domi- 
nates. 

11 Systematic errors in the calibration of  this experiment are discussed by NORDBERG 67. 

(%+ - %-) / riwrap 
A test of CPT invariance. 

VALUE (units 10 -4 ) DOCUMENT/D TEEN 

5.5--F 7.1 AYRES 71 CNTR 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

- 1 4  •  PETRUKHIN 68 CNTR 
40 4-70 BARDON 66 CNTR 
23 •  12 LDBKOWICZ 66 CNTR 

12This is the most conservative value given by LOBKOWICZ 66. 

x+ DECAY MODES 

~r-  modes are charge conjugates of  the modes below. 

Mode Fraction ( r i / r )  Confidence level 

r~ ~+ IJ# [a] (99.98770•  % 

r2  # +  ~'~'7 [b] ( 2.00 •  ) ) < 1 0  - 4  

F3 e +  Pe [a] ( 1.230 •  ) x 10 - 4  

F4 e +  t"e'7 [b] ( 1.61 •  ) x 10 - 7  

r 5 e + Ue/r 0 ( 1.025 • ) x 10 - 8  

F 6 e + u e e + e  - ( 3.2 • ) x l 0  - 9  

F 7 e + u e i,, P < 5 )< 10 - 6  90% 

Lepton Family number (LF) or Lepton number (L) violating modes 
r 8  / ) ' +~e  L [c] < 1,5 • 10 - 3  90% 

F9 # +  Pe LF [c] < 8.0 x 10 - 3  90% 

r l 0  IJ,-- e + e + iJ LF  < 1.6 • 10 - 6  90% 

[a] Measurements of r (e  + ~e)/r(.+ ~.) always include decays with ")"s, and 
measurements of F(e + Ue3' ) and r(/~ + u#~') never include low-energy -y's. 
Therefore, since no clean separation is possible, we consider the modes 
with ")"s to be subreactions of the modes without them, and let [ r (e + ue) 
+ r ( /~  + v p ) ] / r t o t a  I = 1 0 0 % .  

[b] See t he  Pa r t i c l e  L is t ings  be l ow  fo r  t h e  energy  l im i t s  used in th is  mea-  

s u r e m e n t ;  l o w - e n e r g y  -),'s are no t  inc luded.  

[c ]  De r i ved  f r o m  an ana lys is  o f  neu t r i no -osc i l l a t i on  e x p e r i m e n t s .  
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x + BRANCHING RATIOS 

r(e+ ve)/rtoml r3/r  
See note [a] in the list o f  ~r decay modes just above, and see also the next block of 
data, 

VALUE (units 10 -4  ) DOCUMENT ID 

1.230-1-0.004 OUR EVALUATION 

[r(e+..) + r(e+..~)]t [r( .+. . )  + r0.+...r)] (r3+r4)/(rl+r=) 
See note [a] in the list of ~ +  decay modes above. See N U M A O  92 for a discussion of 
e-p universality. 

VALUE (units 10 -4 ) EVT5 DOCUMENT ID TEEN COMMENT 

1.230 9:0~ OUR AVERAGE 
1.2346•177  120k CZAPEK 93 CALD Stopping 7r + 
1 .2265•  190k BRITTON 92 CNTR Stopping~ + 
1.218 •  32k B R Y M A N  86 CNTR Stopping 7r + 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

1.273 •  11k 13 D ICAPUA 64 CNTR 
1.21 •  ANDERSON 60 SPEC 

13DICAPUA 64 has been updated using the current mean life. 

r~+..~)/r,o,.,  r2/r 
Note that measurements here do not cover the full kinematic range. 

VALUE (units 10 -4 ) EVTS DOCUMENT ID TEEN CHG COMMENT 

2.0 "l'0.24=1:0.08 14 BRESSI 98 CALO + Stopping ~ +  I 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

1 .24•  26 CASTAGNOLI 58 EMUL KE# < 3.38 
MeV 

14BRESSI 98 result is given for E3` > 1 MeV only. Result agrees with QED expectation, I 
2.283 x 10 - 4  and does not confirm discrepancy of earlier experiment CASTAGNOLI 58. I 

r(e%,,~)Ir~, r 4 / r  
Note that measurements here do not cover the full kinematic range. 

VALUE (units 10 -8 ) EVTS DOCUMENT ID TEEN COMMENT 

16.1:J:2,3 15 BOLOTOV 908 SPEC 17 GeV 7r -  ~ e - ~ e 7  
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

5 .6 •  226 16 STETZ 78 SPEC Pe > 56 M e V / c  
3.0 143 D E P O M M I E R  63B CNTR ( K E ) e + 7  > 48 MeV 

1 5 B O L O T O V  900 is for  E,}, > 21 MeV, E e > 70 - 0.8E3,. 

16 STETZ 78 is for an e -  3' opening angle > 132 ~ Obtains 3.7 when using same cutoffs 
as DEPOMMIER 630. 

VALUE (units 10 -8)  EVT5 

1.02S:1:0,034 OUR AVERAGE 
1.026•  1224 

1.00 +0.08 332 
- 0 . 1 0  

1.07 •  38 
1.10 • 
1.1 • 43 

0.97 •  36 

DOCUMENTID 

rs/r  
TEEN CHG COMMENT 

1 7 M C F A R L A N E  85 CNTR + 

DEPOMMIER 60 CNTR + 

18 BACASTOW 65 OSPK + 
18 B E R T R A M  65 OSPK + 
18 DUNAITSEV 65 CNTR + 
18 B A R T L E T T  64 OSPK + 

Decay in flight 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

1.15 •  52 18 D E P O M M I E R  63 CNTR + See DEPOM-  
MIER 60 

17MCFARLANE 85 combines a measured rate (0.394 • 0.015)/s wi th 1982 PDG mean 
life. 

] B D E P O M M I E R  68 says the o large because result of  D E P O M M I E R  63 is at least 10% too 
of a systematic error in the ~r 0 detection efficiency, and that this may be true of  all the 
previous measurements (also V. Soergel, private communication, 1972). 

r (e+,, e+ e-)Ir(~+ v~) r61rl 
VALUE (units l0 -9)  EL% EVTS DOCUMENT ID TEEN COMMENT 

3.2 ~:0,w 4-0.2 98 EGLI 89 SPEC Uses RpCAC = 
0.068 •  

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0 .46•  7 19 B A R A N O V  92 SPEC Stopped 7r + 
< 4.8 90 KORENCHE- .  76B SPEC 
<34  90 KORENCHE...  71 OSPK 

19This measurement by B A R A N O V  92 is of  the structure-dependent part of  the decay. 
The value depends on values assumed for ratios of form factors. 

r(e+~ev~)Irto~l rdr 
VALUE (units tO -6)  EL% DOCUMENT ID TEEN 

<S 90 P ICCIOTTO 88 SPEC 

r0,+p,)Irto~a rglr 
Forbidden by total lepton number conservation. 

VALUE (units 10 -3)  C L ~  DOCUMENT ID TEEN COMMENT 

<1.5  90 20 COOPER 82 HLBC Wideband u beam 

20COOPER 82 l imit  on ~e observation is here interpreted as a l imit on lepton number 
violation. 
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r(~+..)/r~, r,/r 
Forbidden by lepton fami ly  number  conservation. 

VALUE (units 10 -3  ) CL~ DOCUMENT ID TECN COMMENT 

<8.0  90 21 C O O P E R  82 H L B C  Wideband u beam 

21 C O O P E R  82 l im i t  on u e observation is here interpreted as a l im i t  on lepton fami ly  number 
violation. 

r(.-.+~+.)/r~, r,dr 
Forbidden by lepton fami ly  number  conservation. 

VALUE (units 10 - 6  ) CL~ DOCUMENT 10 TEEN CHG 

<1.6  90 BARANOV 91B SPEC + 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 * �9 

< 7 . 7  90 K O R E N C H E . . .  87 SPEC + 

~+ - -  POLARIZATION OF EMITTED p.+ 

~r + --~ /J+ v 
Tests the Lorentz structure of  leptonic charged weak interactions. 

VALUE ~ DOCUMENT ID TECN CHG COMMENT 

�9 �9 �9 We do not  use the following data for averages, fits, limits, etc. = �9 �9 

<(-0.9959) 90 22 FETSCHER 84 RVUE + 
-8.994"0.16 23 ABELA 83 SPEC - # X-rays 

22 FETSCHER 84 uses only the measurement of CARR 83. 
23 Sign of measurement reversed in ABELA 83 to compare with #+ measurements. 

7r + --, leu7 A N D  K • ~ l+v7 F O R M  F A C T O R S  

Writ ten by H.S. Pruys (Ziirich University). 

In the radiative decays ~r + ~ s and K • ~ l• 

where g is an e or a # and 7 is a real or virtual photon 

(e+e - pair), bo th  the vector and the axial-vector weak hadronic 

currents contribute to the decay amplitude. Each current gives a 

structure-dependent term (SDv and SDA) from virtual hadronic 

states, and the axial-vector current also gives a contribution 

from inner bremsstrahlung (IB) from the lepton and meson. The 

IB amplitud4s are determined by the meson decay constants fx 

and fK  [1]. The SDv and SDA amplitudes are parameterized 

in terms of the vector form factor Fv and the axial-vector form 

factors FA and R [1-4]: 

M ( S D v )  = - -eGf  Vqq, el L Iv FV e~,~,~,~ k ~" qr , 
v ~  m p  

M(SDA) = -ieGFVqq, e~ ~v {FA [(s - -  t ) g ~  - q~ k~] + R t  g ~ }  . 
v ~  mR 

(1) 
Here Vqq, is the Cabibbo-Kobayashi-Maskawa mixing-matrix 

element; e# is the polarization vector of the photon (or the 

effective vertex, d '  = (e/t)~(p_)7#v(p+), of the e+e - pair); 

s = ~(pv)Tv(1 _ %)v(pt ) is the lepton-neutrino current; q and 

k are the meson and photon four-momenta, with s = q . k  and 

t = k2(= (p+ +p_)2 ) ;  and P stands for ~r or K. In the analysis 

of data,  the s and t dependence of the form factors is neglected, 

which is a good approximation for pions [2] but not for kaons [4]. 

The pion vector form factor F~ is related via CVC to the r ~ 

lifetime, IF~l -- (1/c~)~/2r~o/rm~o [1]. PCAC relates R to the 

electromagnetic radius of the meson [2,4], R P : -~mpfp(rp).l 2 

The calculation of the other form factors, F~,  F ~ ,  and F K, is 

model dependent [1,4]. 

When the photon is real, the partial  decay rate can be given 

analytically [1,5]: 

d2Fp~iv7 _ d 2 (FIB + FSD + FINT) (2) 
dxdy dxdy ' 

where FIB, FSD, and FIN T are the contributions from inner 

bremsstrahlung, structure-dependent radiation, and their inter- 

ference, and the FSD term is given by 

d2rsD ol 1 ( m p ~  2 
dxdy - ~ FP~lv r ( 1 -  r) 2 ~--~-p ] 

x [ ( F v + F A )  2SD + + ( F V - F A )  2SD-]  . (3) 

Here 

SD + = ( x + y - l - r ) [ ( x + y - 1 ) ( 1 - x ) - r ]  , 

S D - = ( 1 - y + r ) [ ( 1 - x ) ( 1 - y ) + r ]  , 

where x = 2E.y/mp, y = 2E t /mp ,  and r = (me~mR) 2. 

(4) 

In n • --~ e •  and K • ---+ e+v7 decays, the interference 

terms are small, and thus only the absolute values [FA+Fv[ and 

[FA -- Fv[ can be obtained. In K + --* # •  decay, the interfer- 

ence term is important ,  and thus the signs of Fv and FA can 

be obtained. In r + ~ # i v  7 decay, bremsstrahlung completely 

dominates. In 7r + --+ e+ue+e - and K + ---* s - decays, all 

three form factors, FV, FA, and R, can be determined. 

We give the 7r + form factors Fv,  FA, and R in the Listings 

below. In the K • Listings, we give the sum FA + Fv  and 

difference FA - Fv.  

The electroweak decays of the pseudoscalar mesons are 

investigated to learn something about  the unknown hadronic 

structure of these mesons, assuming a s tandard V - A structure 

of the weak leptonic current. The experiments are quite difficult, 

and it is not meaningful to analyse the results using parameters 

for both  the hadronic structure (decay constants, form factors) 

and the leptonic weak current (e.g., to add pseudoscalar or 

tensor couplings to the V - A coupling). Deviations from the 

V - A interactions are much bet ter  studied in purely leptonic 

systems such as muon decay. 
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r • FORM FACTORS 

Fv, VECTOR FORM FACTOR 
VALUE E V T S  DD~'UMENT IO TECN 
0.017"4-0.008 OUR AVERAGE 
0.0144"0.009 24 BOLOTOV 90B SPEC 

o o2L+07~ 98 co,, . SPEC 

24 BOLOTOV 98B only determines the absolute value. 

COMMENT 

17 GeV ~--  ~ e-Pe~ 

71"+ ~ e + v e e + e- 



See key on page 239 

F A, AXIAL-VECTOR FORM FACTOR 
VALUE EVTS DOCUMENT tO TECN COMMENT 

0.011t'"1"0.0016 OUR AVERAGE Error includes scale factor of ]..3. See the ideogram 
below. 

0.0106• 25 BOLOTOV 90B SPEC 17 GeV 7r -  ~ e -PeS ,  

0.0135• 2 5 B A Y  86 SPEC ~ +  ~ e + u . r  

0.006 •  25 PI ILONEN 86 SPEC ~r + ~ e + u - f  

0.011 •  2 5 ' 2 6 S T E T Z  78 SPEC 7r + ~ e + u ~ f  

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.021 +0.011 - 0 . 0 1 3  98 EGLI 89 SPEC ~r + ~ e + v e e + e -  

25Using the vector form factor from CVC prediction F v = 0,0259 • 0.0005, Only  the 
absolute value of F A is determined. 

26The result of STETZ 78 has a two-fold ambiguity, We take the solution compatible wi th  
later determinations. 

R, SECOND AXIAL-VECTOR FORM FACTOR 
VALUE EVTS DOCUMENT tD 

0 069 + O'MO~ 98 EGLI 89 �9 ~ u.uuD 

TECN COMMENT 

SPEC 7r + ~ e + u e e §  

~r + REFERENCES 

We have omit ted some papers that  have been superseded by later exper- 
iments. The omitted papers may be found in our 1988 edition Physics 
Letters B204 (].988). 

BRESSI 98 NP 8513 555 G. Bressi et aL 
LENZ 98 PL 8416 50 S, Lenz et 31. 
ASSAMAGAN 96 PR D53 6065 K.A, Assamagan et al. (PSi, ZURI, VILL+) 
KOPTEV 95 JETPL 61 677 V.P. Boptev et at. (PNPI) 

Translated from ZETFP 61 865. 
NUMAO 95 PR D52 4655 T, Numao et at. (TRIU, BRCO) 
ASSAMAGAN 94 PL B338 231 K.A. Assamagan et al. (PSI, ZURI, VILL+) 
JECKELMANN 94 PL B335 326 B. Jeckelmann, P,F.A. Goudsmit, H3. Leisi (WABRN+) 
CZAPEK 93 PRL 70 17 G Czapek et aL (BERN, VILL) 
BARANOV 92 SJNP 55 1644 V,A. Baranov et aL (JINR) 

Translated from YAF 55 2940. 
BRITTON 92 PRL 58 3000 D.L Britton et at. (TRIO, CARL) 

Also 94 PR {)49 28 DJ. Britton et al. (TRIU, CARL) 
NUMAO 92 ~PL A7 3357 T. Numao ITRIU) 
BARANOV 91B SJNP 54 790 V.A, Baranov et at, (JINB) 

Translated from YAF 54 1296. 
DAUM 91 PL B285 425 M. Daum et at. (VILL) 
BOLOTOV 90B PL 8243 308 V,N Bo~otov el aL (INBM) 
EGLI 89 PL 8222 533 S. Egli et aL (SINDRUM Collab.) 

Also 86 PL Bt75 97 S. Egli et aL (AACHS, ETH. SIN, ZURI) 
PDG 68 PL 8204 G.P. YOSt el aL (LBL+) 
PICCIOTTO 88 PR D37 1131 C.E. Picdotto el aL (TRIU, CNRC) 
COHEN 87 RMP 59 1121 E.R. Cohen, B.N. Tayio~ (RISC. NBS) 
KORENCHE.,. 87 SJNP 46 192 S.M. Borenchenko et at. (JINR) 

Translated from YAF 46 313. 
BAY 86 PL B174 445 A, Bay et at. (LAUS, ZURI) 
BRYMAN 86 PR D33 1211 D.A, Bryman et at. (TRIU, CNRC) 

Also 63 PRL 50 ? D.A. Bryman et aL (TRIU, CNRC) 
JECKELMANN 868 NP A457 709 B. Jeckelmann et at. (ETH, FRIB) 

AlSO 86 PRL 55 1444 B. Jeckelmann et aL (ETH, FRIB) 
PIILONEN B6 PRL 57 1402 LE. Piilonen et aL (LANL, TEMP, CHIC) 
MCFARLANE 85 PR {)32 547 W,K. McFadane et ai, (TEMP, LANL) 
ABELA ~r PL 14hB 431 R, Abela et al. (SIN) 

Also 78 PL 74B 126 M. Daum et aL (SIN) 
Also 79 PR D20 2692 M, DalJm et ah (SIN) 

FETSCHER 64 PL 140B 117 W. Fetscder (ETH) 
ABELA 83 NP A395 413 R. Abela et aL (BASL, KARLK, KARLE) 
CARR 83 PRL 5I 527 1. C~'r et ah (LBL, NWES, TRIU) 
COOPER 62 PL 112B 97 A.M. Cooper et al. (RL) 
LU 80 PRL 45 1066 {).C. Lu et at. (YALE, COLU, JHU) 
STETZ 78 NP B138 285 A,W. Stetz et at. (LBL, UCLA) 
CARTER 76 PRL 37 1380 A.L. Carter et at. (CARL, CNRC, CHIC+) 
KORENCHE... 76B JETP 44 35 S,M. Korenchenko et at. JINR) 

Translated from ZETF 71 69. 
MARUSHEN.., 76 JETPL 23 72 V,I, Marushenko et at. (PNPI) 

Translated from ZETFP 23 80. 
Also 76 Private Comm, R.E. Sharer (FNAL) 
Also 78 Private Comm. Smirnov (PNPI) 

DUNAITSEV 73 SJNP 16 292 A.F, Dunaitsev et at. (SERP) 
Translated from YAF 16 524, 
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AYRES 71 PR {)3 1051 {).S. AyreS et aL (LRL, UCSB) 
Also 67 PR 157 1288 D.S. Ayres et al, (LRL) 
Also 68 PRL 21 261 D.S. Ayres et aL (LRL, UCSB) 
Also 69 Thesis UCRL 18369 D.S, Ayres (LRL) 
Also 69 PBL 23 1267 A.J, Greenberg et at. (LRL, UCSB) 

K{)RENCHE.. 71 SJNP 13 1~}9 SM. Korencilen~o et at. (JINR) 
Trallslated from YAF 13 339. 

BOOTH 70 PL 32B 723 P.S.L. Booth et ah (LIVP) 
DEPOMMIEB 66 NP B4 189 P. Depommier et al. (CERN) 
PETRUKHIN 68 JINR PI 3862 V.L Petrukhin et aL (JINR t 
HYMAN 67 PL 25B 376 L.G. Hyman et aL (ANL, CMU, NWES) 
NORDBERG 67 PL 24B 564 M.E. Nofdberg, F. LObkOwicz. R.L Burmal] (ROCIt) 
BARDON 66 PRL 15 775 M. Bardon et aL (C{)LU) 
KINSEY 66 PR 144 1132 K,F. Kinsey, F. Lobkowicz, ME. Nordberg (ROCFI) 
LOBKOWICZ 66 PRL 17 548 F. LobkOwlcz et aL (ROCB, BNL) 
BACASTOW 65 PR 139B 407 R.B. Bacastow et aL (LRL, SLAC) 
BERTRAM 65 PR 139B 517 W.K. Bertram et at. (MICH, CMU) 

JETP 20 5 A.F. Dunaitsev et at. (JINR) DUNAITSEV 65 Translated ~forn ZETF 47 84. 
ECKHAUSE 66 PL 19 348 M. Eckhause et at. (WILL) 
BARTLETT 64 PR 1368 1452 {). Bartlett et aL (COLU) 
DICAPUA 64 PR 133B 1333 M. di Capua et at. (COLU) 

AlSO 86 Private Comm. L. Pondrom (WISC) 
DEPOMMIER 63 PL 5 61 P. Depommler ez aL (CERN) 
DEPOMMIER 63B PL 7 285 P. Depommier et a/. (CERN) 
ANDERSON 60 PR 119 2050 H.L. Anderso~ et aL (EFt) 
CASTAGNOLI 58 PR 112 1779 C, Ca$tagnoli, M. Muchnik (ROMA) 

r ~  I6(jPC) = i - ( 0 - + )  

We have omitted some results that have been superseded by later 
experiments, The omitted results may be found in our 1988 edition 
Physics Letters 8204 (1988). 

x ~ MASS 

The value is calculated from m •  and ( m l r  • - mTrO). See notes under 

the x •  Mass Listings concerning recent revision of the charged pion mass. 

VALUE (Meyj DOCUMENT 10 
1 ~ . 9 7 f ~ 0 . 0 ( ~  OUR FIT'  Error includes scale factor of 1.1. 

mf.~ - m ~  

Measurements wi th an error > 0.01 MeV have been omit ted. 

VALUE (MeV) DOCUMENT ID TECN COMMENT 
4,5936 4"0.0005 OUR FIT 
4.59~16 :b0.0005 OUR AVERAGE 
4.59364• CRAWFORD 9]. CNTR 7 r - p  ~ ~r0n, n TOF 

4,5930 • CRAWFORD 86 CNTR 7 r -p  ~ t on ,  n TOF 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc, �9 * �9 

4.59366• CRAWFORD 088 CNTR See CRAWFORD 91 
4.6034 • VASILEVSKY 66 CNTR 
4.6056 • CZIRR 63 CNTR 

MEAN LIFE 

Measurements w i th  an error > 1 • ]0  - ] . 7  s have been omitted. 

VALUE (]0 -17 s I EVTS DOCUMENT ID TECN COMMENT 
8,4 4"0.6 OUR AVERAGE Error includes scale factor of 3.0. See the ideogram below. 

8 . 9 7 + 0 . 2 2 + 0 , 1 7  ATHERTON 85 CNTR 
8.2 •  1 BROWMAN 74 CNTR Primakoff  effect 
5.6 •  BELLETTINI  70 CNTR Primakoff effect 
9 •  KRYSHKIN 70 CNTR Primakoff effect 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

8.4 4-0.5 •  ].182 2 W I L L I A M S  88 CBAL e + e  - ~ e + e - T r  8 

1 BROWMAN 74 gives a ~r 0 width r - 8.02 • 0.42 eV. The mean life is 7~/F. 
2WILL IAMS 80 gives F(3'?) = 7.7 • 0.5 • 0 3  eV. We give here 7- = h / r ( t o t a l ) .  
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Mode 

w ~ DECAY MODES 
Scale factor/  

Fraction (F i /F )  Confidence level 

r I 2 7 (98,798 •  % S= l .1  

t- 2 e + e - 7  ( 1,198 4-0.032) % S=1.1 

F 3 7 p o s i t r o n i u m  ( 1,82 4-0.29 )•  10 - 9  

r4 e + e + e - e  - ( 3.14 4-0.30 ) x l 0  - 5  

rs e+ e- ( 6,2 +0 ,5  ) x 10 -8  

F 6 4"1 < 2 • 10 - 8  CL=90% 

F7 z~p [a] < 8.3 x 10 -7  CL=90% 

F 8 Ue'~ e < 1.7 x 10 - 6  CL=90% 
r9 u~,~,, < 3.1 x 10 -6  CL=90% 

rlo uTP~ < 2.1 x 10 -6  CL=90% 

Charge conjugation (C) or Lepton Family number (LF) violating modes 
Fn 37 c < 3,1 x 10 - 8  C L - 9 0 %  

E l 2  /~+ e -  
F13 /~+ e -  -F e - / ~ +  LF < 1.72 x 10 - 8  CL=90% 

[a] A s t r o p h y s i c a l  and c o s m o l o g i c a l  a r g u m e n t s  g ive  l im i t s  o f  o rde r  1 0 - 1 3 ;  see 

t h e  Par t i c le  L is t ings  be low.  

CONSTRAINED FIT INFORMATION 
An overal l  f i t  t o  2 branching rat ios uses 4 measurements and one 

constra in t  to  determine 3 parameters.  The  overall f i t  has a X 2 = 
1.9 for  2 degrees of  f reedom. 

The  fo l lowing o f f - d i agona l  array elements are the correlat ion coeff ic ients 

. . ~ 6 x i 6 x i l / ( 6 X r 6 X j ) '  in percent, f rom the f i t  to  the branching fract ions, x i 
F i /F to ta  I. The  f i t  constrains the x i whose labels appear in th is  array to  sum to  

one. 

x2 I - i 0 0  
i 

X4 L - 1  0 

x I X2 

7r ~ BRANCHING RATIOS 

r(e+ ~-~)Ir(2~) r21rl 
VALUE (%) EVTS DOCUMENT ID TECN COMMENT 

1.21q4"0.033 OUR F IT  Error includes scale factor of 1.1. 
1 .2134-0 .030  O U R  A V E R A G E  

1.25 4-0.04 SCHARDT gl  SPEC 7 r - p  ~ n~  0 
1 .166•  3071 3 SAMIOS 61 HBC ~ - p  ~ n~r 0 
1.17 :50.15 27 BUDAGOV 60 HBC 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1.196 JOSEPH 60 THEO QED calculation 

3SAMIOS 61 value uses a Panofsky ratio = 1.62. 

r (~ positronium)/r(2~) r3/rz 
VAL UE (units 10 -9  ) EVTS DOCUMENT ID TECN COMMENT 

1.84:1:0.29 277 AFANASYEV 90 CNTR pC 70 GeV 

r(e + �9 + e-  e - )  Ir (2-/) r, lr l  
VALUE (units 10" 5) EVT5 DOCUMENT ID TEEN 

3.184-0,30 OUR FIT 
3 . 1 8 + 0 . 3 0  146 4 SAMIOS 628 HBC 

4SAMIOS 62B value Uses a Panofsky ratio = 1.62. 

r(e+ e-)/rtm, rblr 
Experimental results are listed; branching ratios corrected for radiative effects are ~iven 
in the footnotes. BERMAN 60 found B(~ 0 ~ e + e  - )  > 4.69 • 10 - 8  via an exact 
QED calculation. 

VALUE (units 10 -8  ) EVT___~S DOCUMENT ID TECN CHG COMMENT 

6 . 2 : 1 : 0 . 5  O U R  A V E R A G E  

6.094-0.40•  275 5ALAVI -HARATI99C SPEC 0 K 0 ~ 31r 0 in I 
flight 

6.9 4-2.3 •  21 6 DESHPANDE 93 SPEC K + ~ 7r+~ 0 

7.6 4 2 . 9  - 2 . 8  •  8 7 M C F A R L A N D  93 SPEC K 0 ~ 3~r 0 in 
flight 

5ALAVI -HARATI  99C quote result for B[Tr 0 ~ e + e  - ,  ( m e + e _ / m o )  2 > 0.95] to | 

minimize radiative contributions from ~0 ~ e + e -3 ' .  After radiative corrections they I 
obtain (7.04 4- 0.46 4- 0.28) x 10 - 8 .  

6The DESHPANDE 93 result with bremsstrahlung radiative corrections is (8.0 - 2.6 • 
0.6) x 10 -8.  

7The MCFARLAND 93 result is for B[~ 0 ~ e+e - ,  (me+e_/mo) 2 > 0.95]. With I 

radiative . . . . . .  t ions it b . . . .  es (8 .8+4 :5  4- 0.6) X 10 - 8 .  

r(e + e-)Ir(2~) rslq 
VALUE (units 10 ~7) CL% E V T S 5  DOCUMENT ID TECN COMMENT 

�9 * �9 We do not use the following data for averages, fits, limits, etc. * * * 

<1.3 90 NIEBUHR 89 SPEC l r - p  ~ 7r0n at rest 
<5.3 90 ZEPHAT 87 SPEC r - p  ~ ~0n  

0.3 GeV/c  
1.7 4-0.6 ~0 .3  59 FRANK 83 SPEC ~ - - p  ~ n~r 0 
1.8 4-0.6 58 MISCHKE 82 SPEC See FRANK 83 

2 ~+2"40 90 g FISCHER 78B SPRK K + ~+Tr  0 ' ~- -  I . I 0  

r ( ~ ) / r ~ l  rg/r 
VALUE (units 1O -8} CL~ EVT5 DOCUMENT ID TECN COMMENT 

< 2 90 MCDONOUGH 88 CBOX 7r-  p at rest 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<160 90 BOLOTOV 86C CALO 
<440 90 0 AUERBACH 80 CNTR 

r(.~)/r~,, rT/r 
The astrophysical and cosmological l imits are many orders of  magnitude lower, but we 
use the best laboratory l imit for the Summary Tables. 

VALUE (units 1(] -6  ) EL% EVT5 DOCUMENT ID TECN COMMENT 

< 0 . 6 3  90 8 ATIYA 91 B787 K + ~ ",T + UU r 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

< 2.9 x 10 - 7  9 LAM 91 Cosmological l imit 
< 3.2 x 10 - 7  10 NATALE 91 SN 1987A 
< 6.5 90 DORENBOS...  88 CHRM Beam dump, prompt 

<24 90 0 8HERCZEG 81 RVUE K + ~ r + u u  t 

8 This l imit applies to all possible Pu t states as well as to other massless, weakly interacting 
states. 

9 LAM 91 considers the production of right-handed neutrinos produced from the cosmic 
thermal background at the temperature of about the pion mass through the reaction 
.),3, ~ ~0 ~ v~. 

10NATALE 91 considers the excess energy-loss rate from SN 1987A if the process 3`'7 
7r 0 ~ vP  occurs, permitted if the neutrinos have a right-handed component. As pointed 
out in LAM 91 (and confirmed by Natale), there is a factor 4 error in the NATALE 91 
published result (0.8 x 1 0 - 7 ) .  

r(~ep.)Ir~., rdr 
VALUE (unlts 10-61 CL ~ DOCUMENT ID TECN COMMENT 

<1.7 90 DORENBOS...  88 CHRM Beam dump, prompt u 
�9 * �9 We do not use the following data for averages, fits, l imits, etc. �9 i �9 

<3.1 90 11 HOFFMAN 88 RVUE Beam dump, prompt u 

11 HOFFMAN 88 analyzes data from a 400-GeV BEBC beam-dump experiment. 

r(~.~.)Ir~., rglr 
VALUE Iunits 10 -6)  C L ~  DOCUMENT ID TECN COMMENT 

< 3 . 1  90 12 HOFFMAN 88 RVUE Beam dump, prompt u 
�9 * �9 We do not use the following data for averages, fits, l imits, etc. * * * 

<7.8 90 DORENBOS...  88 CHRM Beam dump, prompt u 

12HOFFMAN 88 analyzes data from a 400-GeV BEBC beam-dump experiment. 

r(. .~.)Irt~, rl01r 
VALUE (units 1O -6)  CL ~ DOCUMENT ID TECN COMMENT 

<2.1 90 13 HOFFMAN 88 RVUE Beam dump, prompt u 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<4.1 90 DORENBOS...  88 CHRM Beam dump, prompt u 

13 HOFFMAN 88 analyzes data from a 400-GeV BEBC beam-dump experiment. 

r(~)/rt~l ql/r 
Forbidden by C invariance. 

VALUE (units 1 O ~  CL~ EVTS DOCUMENT ID TECN COMMENT 

< 3.1 90 MCDONOUGH 88 CBOX ~ r - p  at rest 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

< 38 90 0 H IGHLAND 80 CNTR 
<150 90 O AUERBACH 78 CNTR 
<490 90 0 14 DUCLOS 65 CNTR 
<490 90 14 KUTIN 65 CNTR 

14These experiments give B(3"~/27) < 5.0 x 10 - 6 .  

rO,+ e-)/r~, r12/r 
Forbidden by lepton family number conservation, 

VALUE (units 10 -9  ) CL~ DOCUMENT tO TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 * 

<16 90 LEE 90 SPEC K + ~ r +  p +  e - 

<78 90 CAMPAGNARI  88 SPEC See LEE 90 
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[r(.+ ~-) + r (e - .+ ) ] / r~ . ,  
Forbidden by lepton family number conservation. 

VAL UE ( u n~rs 10 - 9 ) CL~_~ DOCUMENT ID TECN COMMENT 

< 17.2 90 KROLAK 94 E799 In K 0 ~ 3;T 0 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

<140 HERCZEG 84 RVUE K + ~ ~ + # e  

r . / r  
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< 2 x 10 - 6  HERCZEG 84 THEO # -  ~ e-conversion 
< 70 90 BRYMAN 82 RVUE K + ~ ~r+#e 

x ~ ELECTROMAGNETIC FORM FACTOR 
The amplitude for the process ~T 0 ~ e + e -  3' contains a form factor F(x) 

at the ~077 vertex, where x = [ m e + e _ / m o ]  2. The parameter a in the 
linear expansion F(x) = 1 + ax is listed below. 

All  the measurements except that of BEHREND 91 are in the time-like 
region of momentum transfer. 

LINEAR COEFFICIENT OF ~r ~ ELECTROMAGNETIC FORM FACTOR 
VALUE EVTS DOCUMENT ID TECN COMMENT 

0.032 :i:0.004 OUR AVERAGE 
+0.026 /:0.024 4.0.048 7548 FARZANPAY 92 SPEC ~ r - p  ~ ~r0n at rest 
+0.025 •  /:0.026 54k MEIJERDREES92B SPEC ~ - p  ~ won at rest 
+0~0326--0.0026/:0.0026 127 15BEHREND 91 CELL e + e  - ~ e + e - T r  0 
-0 .11 / :0,03 / :0.08 32k FONVIEILLE 89 SPEC Radiation corr. 
�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

0.12 +0.05 -0 .04  16 TUPPER 83 THEO FISCHER 78 data 

+0.10 / :0.03 31k 17 FISCHER 78 SPEC Radiation corr, 
+0.01 /:0.11 2200 DEVONS 69 OSPK No radiation corr. 
-0 .15  / :0.10 7676 KOBRAK 61 HBC No radiation corr. 
-0 ,24  / :0.16 3071 SAMIOS 61 HBC No radiation corr. 

15 BEHREND 91 estimates that their systematic error is of the same order of magnitude as 
their statistical error, and so we have included a systematic error of this magnitude. The 
value of a is obtained by extrapolation from the region of large space-like momentum 
transfer assuming vector dominance. 

16TUPPER 83 is a theoretical analysis of FISCHER 78 including 2-photon exchange in the 
corrections. 

17The FISCHER 78 error is statistical only. The result wi thout radiation corrections is 
+0.05 / :  0.03. 

~r ~ REFERENCES 
We have omitted some papers that have been superseded by later exper- 
iments. The omitted papers may be found in our 1988 edition Physics 
Letters B204 (1988). 

B I G ( J  P C )  = 0 + ( 0 - + )  

We have omi t ted  some results t ha t  have been superseded by later 
experiments. The omi t ted  results may be found in our  1988 edi t ion 
Physics Letters B204 (1988). 

T/MASS 

We no longer use the bubble-chamber measurements from the 1960's, 
which seem to have been systematically high by about 1 MeV. Some early 
results have been omitted altogether, 

VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT 

547.30+0.12  OUR AVERAGE 
547.12/:0,06/:0.25 KRUSCHE 95O SPEC ")'p ~ ~p, threshold 
547.30/:0.15 PLOUlN 92 SPEC d p  ~ ~ 3He 
547.45• DUANE 74 SPEC ~T-p ~ n neutrals 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

548.2 / :0.65 FOSTER 65c HBC 
549.0 / :0 .7 148 FOELSCHE 64 HBC 
548.0 / :1.0 91 ALFF-_. 62 HBC 
549.0 / :1.2 53 BASTIEN 62 HBC 

~/WIDTH 

This is the partial decay rate r ( f i  ~ 77)  divided by the fitted branching fraction for 
that mode. See the "Note on the Decay Width r(T/ ~ .-/-y}" in our 1994 edition, 
Phys. Rev. D50, 1 August 1994, Part I, p. 1451. 

VALUE (keY) DOCUMENT ID 

1.111"1-0.11 OUR FIT Error includes scale factor of 1.8. 

~/DECAY MODES 
Scale factor/' 

Mode Fraction ( r i / r )  Confidence level 

r I neu t ra l  modes  

r 2 23' 
r 3 3 ~  0 

r4  ~0 23' 

r 5 o the r  neut ra l  modes  

ALAVI-HARATI 99C PRL83922 A. Alavi-HaratietaL (KTeVCollab.) r 6 charged modes  
KROLAK 94 PL 8320 407 P. Krolak et at. (EFI, UCLA, COLD, ELMT+) 
DESHPANDE 93 PRL 71 27 A. Deshpa~de et al. (BNL E851 Collab.) r / 7  7[+ 7[-- 7i-0 
MCFARLAND 93 PRL 71 31 K.S. McFadand et at. (EFI. UCLA, COLa+) F 8 7[+ 7 [ -  3' 
FARZANPAY 92 PL B278 413 F. Farza~pay et al. (ORST, TRIU, BRCO+) 
MEUERDREES 92B PR D45 1439 R. Meijer Drees er a/. r 9 e + e-  7 
ATIYA 91 PRL 66 2189 M3. Atiya et aL (BNL, LANL, PRIN+) 
BEHREND 91 ZPHY C49 401 H.J. Behrend et aL (CELLO Collab.) rl0 #+ #-  3' 
CRAWFORD 9I PR D43 46 J.F. Crawford et al, (VILL, VIRG) F l l  e + e -  
tAM 91 PR D44 3345 W.P. Lain, K.W. Ng (AST) 
NATALE 91 PL 8258 227 A.A. Natale (SPIFT) r12 # +  #- -  
AFANASYEV 90 PL 8235 ] 16 L.G. Arallasyev et aL (JINR, MOSU, SERP) F 4- 

Also 90B SJNP 51 664 L.G. Afanasyev et aL (JINR) i 1 3  7[-- 7r-  e -  e -  
Translated from YAF 51 1040, 

LEE 90 PRL 64 165 A.M. Lee ef aL (BNL, FNAL, VILL, WASH+) ['14 7[+ 7[-- 2'~'_ 
FONVIEILLE 89 PL B233 65 H. Fonvieille et al, (CLER, LYON, SACL) 
NIEBUHR 89 PR D40 2796 C. Niebuhr et at. (SINDRUM Collab.) r l  5 7[+ 7 [ -  7[0 3' 
CAMPAGNARI 88 PRL 61 2062 C. Campagllarl et ai. (8NL, FNAL, PSI+) 
CRAWFORD 888 PL B213 391 J.F. Crawfofd et a/. (PSI, VIRG) F16 7[0 ,,r -+  " r -  3' 
DORENBOS... 88 ZPHY C40 497 J. Dofenbosch er aL (CHARM Collab.) 
HOFFMAN 88 PL 8208 149 C.M Hoffma. (LANL) 
MCDONOUGH 8B PR D38 2121 J.M, McDonough et aL (TEMP, LANL, CHE) 
PDG 88 PL B204 G.P, Vast e{ at. (LBL+) 
WILLIAMS 88 PR D38 1365 D.A. Williams et aL (Crystal Ball Collab.) 
ZEPHAT 87 JPG 13 1375 A.G. Zephat et at. (OMIERON Collab.) 
BOLOTOV 86C JETPL 43 520 V.N. Bolotov et al. (INRM) F17 ~r + 7 [ -  

TransLated from ZETFP 43 405, ;T O 7[0 
CRAWFORD 86 PRL 56 1043 J.F. Crawford et at. (SIN, VtRG) FIB 
ATHERTON 85 PL I588 8I H.W. Atherton et al. (CERN, ISU, LUND+) 
HERCZEG 84 PR 029 1954 P. Herczeg, C.M. Hoffman (LANL) F19 R'~-" 
FRANK 83 PR D28 423 J.S. Frank et aL (LANL, ARZS) F20 7[0 e + e -  
TUPPER 83 PR 028 2905 G.8. Tupper, T.R, Grose, M.A. Samuel (OKSU) 
BRYMAN 82 PR 026 2538 D.A, Bryman (TRIU) F21 7[0 # +  #- -  
MISCHKE 82 PRL 48 1153 R.E. Mischke et al. (LANL, ARZ8) r22 
HERCZEG 81 PL 10OB 347 P. Hercze K, C.M. Hoffman (LANL) 
SCHARDT 81 PR D23 639 M,A. Schardt et at. (ARZS, LANL) 
AUERBACH 80 PL 90B 317 L.B, Auerbach et aL (TEMP, LASt) 
HIGHLAND 80 PRL 44 628 V.L. Highland et aL (TEMP, LASL) 
AUERBACH 78 PRL 41 275 L.B. Auerbach et aL (TEMP, LASt) 
FISCHER 78 PL 73B 359 J. Fischer et al. (GEVA, 8ACL) 
FISCHER 78B PL 73B 364 J. Fischer et al. (GEVA, SACL) 
BROWMAN 74 PRL 33 1400 A. Browman et a6 (CORN, BING) 
BELLETTINI 70 NC 66A 243 G. BeilettlnT el at. (PISA. BONN) 
KRYSHKIN 70 JETP 30 1037 V.I. Kryshkin, A.G. Sterligov. Y.P. Usov (TMSK) 

Translated from ZETF 57 1917. 
DEVONS 69 PR 184 1356 S, Devo~s et aL (COLU. ROMA) 
VASILEVSKY 66 PL 23 281 I,M. Vasilevsky et al. (JINR) 
DUCLOS 65 PL 19 253 J. Declos et aL (CERN, HELD) 
KUTIN 65 JETPL 2 243 V.M. Kutjln, V.i Petrukhin, Y.D. Prokoshkin (JINR) 

Translated from unknown journal. 
CZIRR 63 PR 130 341 J.8. Czlrr (LRL) 
SAMIOS 628 PR 126 1844 N.P. Samios et at. (COLU, BNL) 
KOBRAK 61 NC 20 1]15 H. Kobrak (EFI) 
SAMIOS 61 PR 121 275 N.P. Samios (COLU, BNL) 
BERMAN 60 NC XVHI 1192 S. Berman, D, Geffen 
BUDAGOV 60 JETP 11 755 Y.A. Budagov et at. (JINR) 

Translated from ZETF 38 1047. 
JOSEPH 60 NC 16 997 D.W. Joseph (EFi) 

Neutral modes 
(71.6 / :0 .4 ) %  S=1.2 

[a] (39.33/:0.25) % S=1.1 

(32.24:s % S=1.2 

( 7.1 +1 .4  ) x 10 - 4  

< 2.8 % CL=90% 

Charged modes 
(28.3 / :0 .4  ) % S=1.2 

(23.0 4-0.4 ) % S=1.2 

( 4 .75 / : 0 .11 )  % S=1.1 

( 4.9 +I.I )x i0 -3 

( 3.1 /:0.4 ) x 10 -4 

< 7.7 x 10 - 5  CL=90% 

( 5,8 / :0 .8  ) x 10 - 6  

( 1.3 +1 .2  --0.8 ) • I 0 - 3  

< 2,1 x 10 - 3  

< 6 x 10 - 4  CL=90% 

< 3 x 10 - 6  CL=90% 

Charge conJuKatlon (C), Padty (P}, 
Charge conjuption x Parity (CP), or 

Lepton Family number (LF) violating modes 
P, CP < 3.3 x 10 - 4  CL=90% 

P,CP < 4.3 x 10 -4 CL=90% 

C < 5 x 10 -4 CL=95% 

C [b] < 4 x 10 - 5  CL=90% 

C [bJ < 5 x 10 - 6  CL=90% 

EL=90% # +  e -  Jr p , -  e + LF < 6 x 10 - 6  

[a]  See t h e  " N o t e  on t h e  Decay W i d t h  r(~/ -+  73 ' ) "  in ou r  1994 ed i t i on ,  

Phys.  Rev. D50, 1 August 1994, Par t  I, p. 1451. 

[b ]  C par i ty  forb ids  th i s  t o  occur  as a s ing le -pho ton  process. 
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CONSTRAINED F I T  I N F O R M A T I O N  

An overall f i t  to a decay rate and 16 branching ratios uses 42 
measurements and one constraint to determine 9 parameters. The 

overall f i t  has a X 2 = 32.8 for 34 degrees of freedom. 

The following off-diagonal array elements are the correlation coefficients 

< ~ x i 6 x j l / ( 6 x i . 6 x j ) ,  in percent, from the fit to the branching fractions, x i 

r j r t o t a  I. The f i t  constrains the x i whose labels appear in this array to sum to 
one, 

x3 

x4 

x7 

x8 

x9 

xlO 

x7,3 

r 

39 

1 1 

- 7 4  - 7 9  - 4  

- 5 8  - 6 2  - 3  64 

- 1 2  - 1 3  - 1  - 9  

0 0 0 - 1  

- 9  - 1 0  0 - 1 6  

- 7  - 3  0 5 

- 8  

0 0 

- i i  - 2  0 

4 1 0 

x2 x3 )(4 x7 x8 x9 xlO x13 

Mode Rate (keY) Scale factor 

F2 23' [a] 0.46 4-0.04 1.8 

I- 3 37r ~ 0.381 • 1.8 

r 4 :,r~ 2"y (8.4 4-1.9 ) x 10 -4  7,.]. 

r 7 7r+ 7r-  ~r ~ 0.271 4-0.025 1.8 

r 8 ;'r + ~ - "f 0.056 4-0.005 1.7 
r 9 e + e -  ~' 0.00584- 0.0014 

rio #+#-? (3.7 4-0.6 ) x 10 -4  7,.1 

r13 e- o 

q D E C A Y  R A T E S  

r(2,y) r= 
See the table immediately above giving the fitted decay rates. See also the "Note on 
the Decay Width r ( ~ / ~  3~-),)," in our 1994 edition, Phys. Rev. DS0, 1 August 1994, 
Part I, p. 1451. 

VALUE IkeV) , E V T S  DOCUMENT 10 TEEN COMMENT 

0.46 4"0.04 OUR FIT Error includes scale factor of 1.8. 
0.46 4"0.04 OUR AVERAGE Error includes scale factor of 1.8. See the ideogram below. 

0,51 • 4-0.05 36 BARU 90 MD1 e + e - ~  e + e - z /  
0.4904-0.0104-0.048 2287 ROE 90 ASP e + e  - ~ e + e - ~ /  
0.514:50.0174-0.035 7`295 WILLIAMS 88 CBAL eA-e-  ~ e + e - ~  
0,53 • 4-0.04 BARTEL 85E JADE e + e  - ~ e + e - r /  
0.3244-0.046 BROWMAN 74B CNTR Primakoffeffect 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.64 4-0.7`4 4-0.13 AIHARA 86 TPC e + e - ~  e + e - r /  
0.56 4-0.7`6 56 WEINSTEIN 83 CBAL e + e - ~  e + e - r /  
1.00 4-0.22 1 BEMPORAD 67 ENTR Primakoff effect 

1BEMPORAD 67 gives r(2.~) = 1.21 4- 0.26 keY assuming r(2-~)/r(total) = 0.314. 

Bemporad private communication gives r (2?)2/ r ( to ta l )  = 0,380 4- 0.083. We evaluate 
this using r(23.)/r( total) _ D.38 • 0.01. Not included in average because the uncertainty 
resulting from the separation of the coulomb and nuclear amplitudes has apparently been 
underestimated. 

r / B R A N C H I N G  R A T I O S  

- -  Neutral modes - -  

DOCUMENT ID TEEN 
0.820"}'0.007 OUR FIT Error includes scale factor of 7,.1. 
0.8254"0.011 OUR AVERAGE 
0.796+0.07,6:50.016 ACHASOV 00 SND e + e - ~  ~ ~ ~ -  
0.8324-0.005:50.012 KRUSCHE 95D SPEC ~'p ~ r/p, threshold 
0.8414-0.034 AMSLER 93 CBAR ~p ~ 7r+~:-~/ at rest 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.8224-8.009 3 ALOE 84 GAM2 
0.97` 4-0.14 COX 708 HBC 
0.75 4-0.09 DEVONS 70 OSPK 
0.88 4-0.16 BALTAY 67D DBC 
1.1 4-0.2 CENCE 67 OSPK 
1.25:1:0.39 BACCI 63 CNTR Inverse BR reported 

3This result is not independent of other ALDE 84 results in this Listing, and so is omitted 
from the fit and average. 

r (~~ modes) r , / r l  = r d ( r = + r s + r , )  
VALUE DOCUMENT ID TECN 

(1.00 4"0.20 ) x 10 - 3  OUR FIT 
o.OOlO 4"0.0oo= ALDE 8, GAM2 

r ( ~ 2 ~ ) / r ~ =  r , / r  
These results are summarized in the review by LANDSBERG 8S. 

VALUE lunits 10 -4 ) CL~ E V T S  DOCUMENT ID TEEN COMMENT 

7.14"1.4 OUR FIT 
�9 �9 �9 We do not use the following data for averages, fits, limits, e t c . � 9  �9 �9 

9.54-23 70 BINON 82 GAM2 See ALDE 84 
<30 90 0 DAVYDOV 81 GAM2 ~r -p  ~ ~Tn 

r(neutral modes)/l'tota I r l / r  = ( r 2 + r 3 + r , ) / r  
VALUE E V T S  DOCUMENT ID TECN COMMENT 
0.7164"0.004 OUR FIT Error includes scale factor of 1.2. 
0.705"I'0.008 16k BASILE 71D CNTR MM spectrometer 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.79 4-0.08 BUNIATOV 67 OSPK 

r ( 2 ~ ) / r ~ =  r d r  
VALUE E V T S  DOCUMENT ID TEEN COMMENT 
0.39334"0.0025 OUR FIT Error includes scale factor of 1.7,. 
o.s,9-,o.oo17,o.oo3o 6s. ABEGG 96 SPEC p~ ~ 3He,~ 

r (2 -1 , ) / r (neu t ra l  modes)  r 2 / r l  = r i / ( r i + r 3 + r A )  
VALUE EVTS DOCUMENT ID TEEN COMMENT 
0.5490-1"0.0021 OUR FIT Error includes scale factor of 1.1. 
0.549:1:0.004 OUR AVERAGE 
0.549 :50.004 ALDE 84 GAM2 
0.535:50.018 BUTTRAM 70 OSPK 
0.59 :50.033 BUNIATOV 67 OSPK 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.52 +0.09 88 ABROSIMOV 80 HLBC 
0.60 :50.14 ].13 KENDALL 74 OSPK 
0.57 • STRUGALSKI 71 HLBC 
0.579:50.052 FELDMAN 67 OSPK 
0.416:50.044 DIGIUGNO 66 CNTR Error doubled 
0.44 :50.07 GRUNHAUS 66 OSPK 
0.39 :50.06 2 JONES 66 CNTR 

2This result from combining cross sections from two different experiments. 

r (~  ~ modes) r3/rl = rd(r2+rs+r.) 
VALUE EVTS DOCUMENT ID TEEN COMMENT 
0.45004-0.0021 OUR FIT Error includes scale factor of 1.1. 
0.450 4-0.1)04 OUR AVERAGE 
0.450:50.004 ALDE 84 GAM2 
0.439 • BUTTRAM 70 OSPK 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 = 

0.44 :50.08 75 ABROSIMOV 80 HLBC 
0.32 :50.09 STRUGALSKI 71 HLBC 
0.41 :50.033 BUNIATOV 67 OSPK Not indep, of r i23. ) /  

r (neutral modes) 
0.7`77:50.035 FELDMAN 67 OSPK 
0.209:50.054 DIGIUGNO 66 CNTR Error doubled 
0.29 :50.7`0 GRUNHAUS 66 OSPK 

r ( ~ O ) / r ( ~ )  r~/r= 
VALUE COMMENT 



See key on page 239 

r(ne,,trel modes)/[r (.+,~- .o) + r( .+ x-.x) + r (e + ~- ~)] 
F1/(FT+Fs+rg) = ( r 2 + r 3 + r 4 ) / ( r T + r o + r g )  

VALUE E V T S  DOCUMENT ID TEEN 
2.544-0.06 OUR FIT Error includes scale factor of 13.  
2,644-0.23 BALTAY 678 DBC 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

43 4-1.0 280 4 JAMES 66 HBC 
3.204-1.26 53 4 BASTIEN 62 HBC 
2.5 4-1.0 I0 4 PICKUP 62 HBC 

4These experiments are not used in the averages as they do not separate clearly r/ 
~ + ~ r - ~  0 and z/ ~ ~ r+~ r -7  from each other. The reported values thus probably 
contain some unknown fraction of r/ ~ ~r4- ~r- 'y. 

r(2~)/[r(x+,-,o) + r ( ,+ , -~ )  + r(e+ e-~)] r=/(r~+rs+r~) 
VALUE E V T S  DOCUMENT ID TEEN 
1.3954"0.030 OUR FIT Error includes scale factor of 1.2. 
1.1 440.4 OUR AVERAGE 
1.51 4-0.93 75 KENDALL 74 OSPK 
0.99 4-0.48 CRAWFORD 63 HBC 

r(neutral modes)/r(.+.-.8) rdr ,  = (r~+r3+r4)/rz 
VALUE E V T S  DOCUMENT ID TEEN 
3.12-1-0.07 OUR FIT Error includes scale factor of 13.  
3.264"8.30 OUR AVERAGE 
2.544-1.89 74 KENDALL 74 OSPK 
3.4 4-1.1 29 AGUILAR-... 72B HBC 
2.834-0.00 70 5 BLOODWO... 72B HBC 
3.6 • 244 FLATTE 67B HBC 
2.89• ALFF-... 66 HBC 
3.6 4-0.8 50 KRAEMER 64 DBC 
3.8 4-1,1 PAULI 64 DBC 

5 Error increased from published value 0.5 by Bloodworth (private communication). 

r ( 2 ~ ) / r ( x + . - =  ~ r2/rz  
VALUE E V T S  DOCUMENT ID TEEN COMMENT 
1.T14"8.04 OUR FIT Error includes scale factor of 1.2. 
1.754"0.13 OUR AVERAGE 

1.784-0.104-0.13 1077 AMSLER 95 CBAR p p  ~ ~ r+~ r - r / a t  rest 
1.724-0.25 401 BAGLIN 69 HLBC 
1.614-0.39 FOSTER 65 HBC 

r(3,0)tr( ,+x-.o) r31r, 
VALUE E V T S  DOCUMENT ID TEEN COMMENT 
1.4044"0.034 OUR FIT Error includes scale factor of 1.3. 
1.34 440.10 OUR AVERAGE Error includes scale factor of 1.2. 

1.44 4-0.09 4-0.10 1627 AMSLER 95 CBAR p p  ~ x + ~ r - q  at rest 

1.50 +0.15 199 BAGLIN 69 HLBC -0 .29  

1.47 +0.20 BULLOCK 68 HLBC -0 .17  
1.3 4-0.4 BAGLIN 67B HLBC 
0.90 4-0.24 FOSTER 65 HBC 
2.0 4-1.0 FOELSCHE 64 HBC 
0.83 •  CRAWFORD 63 HBC 

r(other neutral modes)/rtotal rdr 
These are neutral modes other than "YT, 3~r 0, and ~077 ;  nearly any such mode one 
can think of would violate P, or C, or both. 

VALUE CL~ DOCUMENT ID TEEN COMMENT 

<0.028 90 ABEGG 96 SPEC pd  ~ 3He~ 

- -  Charged modes 

r (.+.-.8) / [r (2~) + r (3.0)] rd(r2+r3) 
VALUE DOCUMENT ID TEEN COMMENT 
0.321 -1"8.007 OUR FIT Error includes scale factor of 1,2, 
0.3141:448.0081"k0.0058 ACHASOV 00B SND e + e-- ~ ~ ~ r/,}, 

r ( , + , - ~ ) / r ( . + , - . 0 )  rs/rz 
VALUE E V T 5  DOCUMENT ID TEEN 
0.2074"0,004 OUR FIT  Error includes scale factor of 1.1. 
0.2074"0.004 OUR AVERAGE Error includes scale factor of 1.1. 
0.2094-0.004 18k THALER 73 ASPK 
0.2014-0.006 7250 GORMLEY 70 ASPK 
�9 . �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

0.28 4-0.04 BALTAY 67B DBC 
0.25 4-0.035 LITCHFIELD 67 DBC 
0.30 4-0.06 CRAWFORD 66 HBC 
0.1964-0.041 FOSTER 65c HBC 

r (e+e-~) / r ( ,+ , - .8 )  r,lr7 
VALUE (unRs 10 -2) E V T S  DOCUMENT ID TEEN COMMENT 

2.14"0.5 OUR FIT 
2.14"0.5 80 JANE 75B OSPK See the erratum 
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r0,+~-~) / r~L rlo/r 
VALUE(units 10 -4) E V T S  DOCUMENT ID TEEN COMMENT 

3.1+8.4  OUR FIT 
3.1:1:0.4 600 DZHELYADIN 80 SPEC ~ - p  ~ ~/n 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

1.54-0.75 100 BUSHNIN 78 SPEC See DZHELYADIN B0 

r(e+ e-)/r~xal r11/r 
VALUE (units 10 -4) CL~ DOCUMENT ID TEEN COMMENT 

<0.77 90 BROWDER 978 CLE2 e + e -  ~_ 10.5 GeV 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<2 90 
<3 90 

r0,+l,-)Ir~., 
VALUE (units 10 -6 ) CL% EVTS 

5.114"0.8 OUR AVERAGE 
5.74-0.74-0.5 114 
6.54-2.1 27 

WHITE 96 SPEC pd  ~ r/3He 
DAVIES 74 RVUE Uses ESTEN 67 

DOCUMENT ID TEEN COMMENT 

ABEGG 94 SPEC pd  ~ ,/3He 
DZHELYADIN BOB SPEC ~r-p ~ fin 

r12/r 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

5.6+00;764-03 100 KESSLER 93 $PEC See ABEGG 94 

<20 95 0 WEHMANN 68 OSPK 

r(~+~-)/r(2,~) rla/r= 
VALUE (units I0 -5 ) DOCUMENT ID TEEN 

�9 * �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 = 

5.94-2.2 HYAMS 69 OSPK 

r ( . + . - , + e - ) / r ( , + . - ~ )  r131rs 
VALUE E V T 5  DOCUMENT ID TEEN 

8 028 + 8"026 ' ~ ' =  FIT 
�9 - 0.017 v v .  

8.0264-8.026 1 GROSSMAN 66 HBC 

r ( ,  + x -  e + e - ) / r ~ . a l  rz3/r 
VALUE (unlts l0 -2) DOCUMENT IO TEEN 

8 1,a+0.12 ,~.e,  " " - 0 . 0 8  v w .  FIT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

<0.7 RITTENBERG 65 HBC 

r ( , + . -  2 -d/r ( -+- - -~  r./r7 
VAt UE ~ DOCUMEN T ID TEEN 

<0.009 PRICE 67 HBC 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<0.016 95 BA LTAY 678 DBC 

r(.+.-.%)/r(.+.-.o) r,/r, 
VALUE(units 10 -2 ) EL~ E V T E  DOCUMENT ID TEEN 

<8.24 90 0 THALER 73 ASPK 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. * �9 �9 

<1.7 90 ARNOLD 68 HLBC 
<1.6 95 BALTAY 679 DBC 
<7.0 FLATTE 67 HBC 
<0.9 PRICE 67 HBC 

r(~ ~  rtur 
VALUE(units 10 -6) _ _  COMMENT 

<3  

CL~ DOCUMENT ID TEEN 

90 OZHELYADIN 81 SPEC 

- -  Rare or forbidden modes 

x - p  -.+ */n 

r(.+.-) ir~.,  r ldr  
Forbidden by P and CP invarlance. 

VALUE(units 10 -4 ) CL% E V T E  DOCUMENT ID TEEN COMMENT 

< 3.3 90 AKHMETSHIN 998 CMD2 e + e -  ~ ~ ~ tt3, I 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

< 9 90 AKHMETSHIN 97C CMD2 See AKHMETSHIN 998 
<15 0 THALER 73 ASRK 

r ( .%r~  r l e l r  
Forbidden by P and CP invariance. 

VALUE(units t0-41 CL~ DOCUMENT ID TECN COMMENT 

<4.3 90 AKHMETSHIN 99C CMD2 e + e -  ~ ~ ~ r/3' I 
�9 �9 �9 We do not use the following data for averages, fits, l imits, e tc  �9 �9 �9 

<6 90 6ACHASOV 98 END e +e - - -~  @--~ q7 I 

6ACHASOV 98 observes one event in a :1:3o region around the T/ mass, while a Monte | 
Carlo calculation gives t0 4- 5 events. The l imit  here is the Poisson upper l imi t  for one I 
observed event and no background. 
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r(~)/r(ne,,tral modes) 
Forbidden by C invariance. 

VALUE (u~its t0 -4 ) CL ~ DOCUMENT ID TEEN 

<7  95 ALDE 84 GAM2 

r ( .~176  r=o/r~ 
C parity forbids this to occur as a single-photon process, 

VALUE (units lO -4 )  CL ~ EVT5 DOCUMENT ID TEEN 

< 1.g 90 JANE 75 OSPK 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

< 42 90 BAGLIN 67 HLBC 
< 16 90 0 BILLING 67 HLBC 
< 77 0 FOSTER 65B HBC 
<110 PRICE 65 HBC 

r(.O e+ e-)/r~= r~/r 
C parity forbids this to occur as a single-photon process. 

VALUE Iunits 10 -2 ) CL% EVT5 DOCUMENT ID TEEN 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

<0.016 90 0 MARTYNOV 76 HLBC 
<0.084 90 BAZlN 68 DBC 
<0.7 RITTENBERG 65 HBC 

r(.%+~,-)/r=o=, r=z/r 
C parity forbids this to occur as a single-photon process. 

VALUE (units i0 -4 } EL~ DOCUMENT ID TEEN COMMENT 

<0.05 90 DZHELYADIN 81 SPEC ~ - p ~  t;n 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

<5 WEHMANN 68 OSPK 

[r0,+ e- ) + r ( . -  e+)]Irt== rzdr 
Forbidden by lepton family number conservation. 

VALUE (units 10 -6 ) C L ~ <  DOCUMENT/D TEEN COMMENT 

<6 90 WHITE 96 SPEC p d  ~ n 3He 

rz,/r~ = rzd(r=+r3+r4 

E N E R G Y  D E P E N D E N C E  O F  y / - *  37r D A L I T Z  P L O T S  

PARAMETERS FOR r/--~ lr+~r-~r 0 
see the "Note on rl Decay Parameters" in our 1994 edition, Phys. Rev. D~),  1 August 
1994, Part I, p. 1454. The following experiments fit to one or more of the coefficients 

2 a, b, c, d, or e for Imatrix element I = 1 + ay + by 2 + cx + dx 2 + exy. 

VALUE EVTS DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

r/ C-NONCONSERVING DECAY PARAMETERS 

x + ~r-  x 0 L E F T - R I G H T  A S Y M M E T R Y  PARAMETER 
Measurements with an error > 1.0 x 10 - 2  have been omitted. 

VALUE (Units 10 -2 ) EVTS DOCUMENT/O TEEN 

0.094-0.17 OUR AVEI~AGE 
0,28• 165k JANE 74 OSPK 

- 0 . 0 5 •  0,22 220k LAYTER 72 ASPK 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

1.5 •  37k 7 GORMLEY 68c ASPK 

7The GORMLEY 68c asymmetry is I~obably due to unmeasured (E x B) spark chamber 
effects. New experiments with (E x B) controls don't  observe an asymmetry. 

~ r+~r -~ r  0 S E X T A N T  A S Y M M E T R Y  PARAMETER 
Measurements with an error > 2.0 x 10 - 2  have been omitted. 

VALUE (units 10 -2 } EVTS DOCUMENT ID TEEN 

0.18-P0.16 OUR AVERAGE 
0.20• 165k JANE 74 OSPK 
0.10• 220k LAYTER 72 ASPK 

3230 9 ABELE 98D CBAR p p  ~ 7r 0w0T/ at rest 
1077 10AMSLER 95 CBAR p p ~  7r+ ~ -  T/ at rest 

81k LAYTER 73 ASPK 
220k LAYTER 72 ASPK 
1138 CARPENTER 70 HBC 

349 DANBURG 70 DBC 
7250 GORMLEY 70 WIRE 

526 BAGLIN 69 HLBC 
7170 CNOPS 68 OSPK 

37k GORMLEY 68C WIRE 
1300 CLPWY 66 HBC 

705 LARRIBE 66 HBC 

0.5 •  37k GORMLEY 68r WIRE 

�9 + ~ - x  ~ QUADRANT ASYMMETRY PARAMETER 
VALUE (unltS l0 -2) EVTS DOCUMENT ID TEEN 

-- 0.174" 0.17 OUR AVERAGE 
-0 ,30•  165k JANE 74 OSPK 
-0 ,07•  220k LAYTER 72 ASPK 

lr + ~r -  3' L E F T - R I G H T  A S Y M M E T R Y  P A R A M E T E R  
Measurements with an error > 2,0 x 10 - 2  have been omitted. 

VALUE Iunits 10 -2 ) EVT5 DOCUMENT ID TEEN 

0.9 4-0.4 OUR AVERAGE 
1,2 •  35k JANE 74B OSPK 
0.5 •  36k THALER 72 ASPK 
1.22• 7257 GORMLEY 70 ASPK 

~'+x-3' PARAMETER ~ (D-me) 
Sensitive to a D-wave contribution: dN/deosO = sin20 (1 + B cos 20) 

VALUE EVT$ DOCUMENT ID TEEN 
0.05 4-0,06 OUR AVERAGE Error includes scale factor of 1.5. See the ideogram 

below. 
0,11 • 35k JANE 74B OSPK 
0.12 4-0.06 8THALER 72 ASPK 

- 0.060• 7250 GORMLEY 70 WIRE 

8The authors don't believe this indicates D-wave because the dependence of/3 on the 
energy is inconsistent wi th theoretical prediction. A cos2e dependence may also come 
from P- and F-wave interference. 

9 ABELE 98D obtain a = -- 1.22 • 0.07 and b = 0.22 • 0.11 when c (our d) is fixed at 
0.06. 

10AMSLER 95 fits to ( l + a y + b y  2 )  and obtains a = - 0 . 9 4  • 0.15 and b=0.11 • 0.27. 

- 0 . 32  •  192 BAGLIN 70 HLBC 
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I fo(400-1200) I ,oUPc ) : o+(o++) 
o r  (7 

See "Note  on scalar mesons" under f0(1370). 

6 ( 4 0 0 - 1 2 0 0 )  T - M A T R I X  P O L E  V ~  

Note that F ~. 2 Ira(p~'~T~). 

VALUE (MeV) DOCUMENT/D , TEEN COMMENT 

(400-1200)-i(300-500) OUR ESTIMATE 
�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

445 - i235 HANNAH 99 RVUE x scalar form factor 
(523 4- 12) - i (259 4- 7) KAMINSKI 99 RVUE ~r~r ~ ~r~r, KK-, ~r~ 
442 - ~ 227 OLLER 99 RVUE ~r~r ~ ~r~T, K K  
469 - i203 OLLER 99B RVUE ~r~r ~ ~r~r, K K  
445 -- i221 OLLER 99C RVUE ~r~r ~ ~r~r, K K ,  ~l~l 

(1530_+2590)--i(560 4- 40) ANISOVICH 98B RVUE Compilation 

420-- i212 LOCHER 98 RVUE ~r~r~ ~ r ~ , K K  
(602 4- 26)-~(196 4- 27) 1 ISHIDA 97 ~-~r ~ ~r~r 

Meson 
4O5 

Particle Listings 
q, fo(400-1200) 

(537 4- 20)- i (250 4- 17) 
470 - i250 

(1100 - i300) AMSLER 

400 - i500 4,5 AMSLER 
1100 -- ~137 4,5 AMSLER 
387 - i305 4,7 JANSSEN 
525 - i269 8 ACHASOV 
(506 4- 10)- i (247 4- 3) KAMINSKI 
370 - i356 9 ZOU 
408 - 1342 4,9 ZOU 
870 - i370 4,10 AU 
470 - i208 
(750 4- 50) - i (450 4- 50} 
(660 4- 100)- i (320 4- 70) 
650 - i370 

2 KAMINSKI 97B RVUE ~r~ ~ ~w,  K K ,  4~r 
3 '4TORNQVIST 96 RVUE ~t~r ~ ~r~, K K ,  K ~ ,  

95B CBAR ~p  ~ 3~r 0 

95D CBAR ~p  ~ 3~r 0 

95D CBAR ~p  ~ 3~r 0 

95 RVUE ~r~r ~ ~r~, K K  
94 RVUE ~r~r ~ ~r~r 

94 RVUE ~r~r ~ ~r~r, K K  

94B RVUE ~r~r ~ ~r~, K K  
93 RVUE ~ ~ ~r~r, KK" 
87 RVUE ~r~r ~ ~ ' .  K K  

11BEVEREN 86 RVUE x x ~  - , K . , ~ .  .... I 
12ESTABROOKS79 RVUE ~ ~ ~ , K K  

PROTOPOP...73 HBC ~ ~ ~x ,  K K  
13BASDEVANT 72 RVUE ~ x  ~ ~ x  

1 Reanalysis of data from HYAMS 73, GRAYER 74, SRINIVASAN 75, and ROSSELET 77 
using the interfering amplitude method. 

2 Average and spread of 4 variants ("uP" and "down")  of KAMINSKI 97B 3-channel model. 
3Uses data from BEIER 72B, OCHS 73, HYAMS 73, GRAYER 74, ROSSELET 77, CA- 

SON 83, ASTON 8B, and ARMSTRONG 91B. Coupled channel analysis wi th flavor 
symmetry and all l ight twc-pseodoscalars systems. 

4 Demonstrates explicitly that f0(400-1200) and f0(1370) are two different poles. 

5Coupled channel analysis of p p  ~ 3~ 0, ~r0 r/r/ and ~0 ~r0r/on sheet II. 
6Coupled channel analysis o f ~ p  ~ 3~r 0, ~r0~r/ and w0~r0~/on sheet III. 
7Analysis of data from FALVARD 88. 
8Analysis of data from OCHS 73, ESTABROOKS 75, ROSSELET 77, and MUKHIN 80. 
9Analysis of data from OCHS 73, GRAYER 74, and ROSSELET 77. 

10Analysis of data from OCHS 73, GRAYER 74, BECKER 79, and CASON 83. 
11 Uses data from PROTOPOPESCU 73, HYAMS 73, HYAMS 75, GRAYER 74, ES- I 

TABROOKS 74, ESTABROOKS 75, FROGGATT 77, CORDEN 79, BISWAS 81. I 
12 Analysis of data from APEL 73, GRAYER 74, CASON 76, PAWLICKI 77. Includes spread 

and errors of 4 solutions. 
13Analysis of data from BATON 70, BENSlNGER 71, COLTON 71, BAILLON 72,PRO- 

TOPOPE$CU 73, and WALKER 67. 

f o ( 4 0 0 - 1 2 0 0 )  BREIT-WIGNER MASS OR K-MATRIX POLE PARAMETERS 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 

(400-1200) OUR ESTIMATE 
�9 �9 �9 We do not use the followin~ data for averages, fits, limits, etc. �9 �9 �9 

7504- 4 ALEKSEEV 99 SPEC 1.78 w -  Ppolar ~ ~ - T r + n  

7444- 5 ALEKSEEV 98 5PEC 1.78 ~ -  Ppolar ~ ~ r - ~ + n  

7594- 5 14 TROYAN 98 5.2 n p  ~ np~r  + ~ r -  

780• ALDE 97 GAM2 450 p p  ~ p p ~ O ~ O  

5854-20 15 ISHIDA 97 ~ ~ ~'~r 

761:112 165VEC 96 RVUE 6-17 ~rNpola r ~ ~ T + ~ - - N  

860 17 TORNQVIST 96 RVUE ~r~ ~ ~r~r, K K ,  K~r, ~/~ 
11654-50 18'19ANISOVICH 95 RVUE ~ - p ~  ~0~r0n, 

~ p  ~ ~r0~rO~ 0' ~r0zr0~/, ~0F/~/ 
1000 20 ACHASOV 94 RVUE ~r~r ~ ~r~r 

4144-20 16 AUGUSTIN 89 DM2 

146~t effect, no PWA. 

15 Reanalysis of data from HYAM5 73, GRAYER 74, SRINIVASAN 75, and ROSSELET 77 
using the interfering amplitude method. 

16 Breit-Wigner fit to S-wave intensity measured in 7r N ~ ~r- ~r4- N on polarized targets. 
The fit does not include f0(980). 

17 Uses data from ASTON 88, OCH$ 73, HYAMS 73, ARMSTRONG 91B, GRAYER 74, 
CASON 83, ROSSELET 77, and BEIER 72B. Coupled channel analysis with flavor sym- 
metry and all l ight two-pseudoscalars systems. 

18 Uses ~T 0 E0 data from ANISOVlCH 94, AMSLER 94D, and ALDE 95B, ~r + ~t-- data from 
OCHS 73, GRAYER 74 and ROSSELET 77, and r/fi data fromANISOVlCH 94. 

19The pole is on Sheet III. Demonstrates explicit ly that f0(400-1200) and f0(1370) are 
two different poles. 

20Analysis of data from OCHS 73, ESTABROOKS 75, ROSSELET 77, and MUKHIN 80. 

f 0 ( 4 0 0 - 1 2 0 0 )  B R E I T - W I G N E R  W I D T H  

VALUE (MeV) DOCUMENT ID TECN COMMENT 

(600-1000) OUR ESTIMATE 
�9 �9 �9 We do ROt use the following data for averages, fits, limits, etc. �9 �9 �9 

1194-13 ALEKSEEV 99 SPEC 1.78 ~r- Ppolar ~ ~ - ~ + n  

774-22 ALEKSEEV 98 SPEC 1.78 ~r- Ppolar ~ 7 r - ~ + n  

354-12 21 TROYAN 98 5.2 np ~ n p ~ r - ' ~ r - -  

780=I=60 ALDE 97 GAM2 450 p p  ~ ppTrO~r 0 

385•  22 ISHIDA 97 7r~ ~ ~r~ 

2904-54 235VEC 96 RVUE 6-17 ~Npola  r ~ 7 r + ~ - N  

880 24TORNQVIST 96 RVUE ; r T r ~  l r ~ r , K - K ,  K T r , ~ T r  

4604-40 25,25 ANISOVICH 95 RVUE x - p  ~ ~0~0n ,  
~ p  ~ ~r0~r0~r 0, ~r0~0~, ~r0~/z/ 

3200 27 ACHASOV 94 RVUE ~Tr ~ ~ 
4944-58 23 AUGUSTIN 89 DM2 

21 6~ effect, no PWA. 
22 Reanalysis of data from HYAMS 73, GRAYER 74, SRINIVASAN 75, and ROSSELET 77 

using the interfering amplitude method. 



4O6 

Meson Particle Listings 
f0(400-1200), p(770) 
23 Breit-Wigner fit to S-wave intensity measured in ~r N ~ ~ -  ~ +  N on polarized targets. 

The fit does not include fo(gS0). 

24Uses data from ASTON 88, OCHS 73, HYAMS 73, ARMSTRONG 91B, GRAYER 74, 
CASON 83, ROSSELET 77, and BEIER 72B. Coupled channel analysis wi th  flavor sym- 
metry and all l ight two-pseudos~alars systems. 

25Uses ~0~r0 data from ANISOVICH 94, AMSLER 94D, and ALOE 9SB, ~r+~r - data from 
OCHS 73, GRAVER 74 and ROSSELET 77, and ~r/ data f romANISOVICH 94. 

26The pole is on Sheet I l l  Demonstrates expl ici t ly that  f0(400-1200) and f0(1370) are 
two different poles, 

27Analysis of data from OCHS 73, ESTABROOKS 75, ROSSELET 77, and MUKHIN 80. 

f0(400-1200) DECAY MODES 

Mode Fraction ( F i / F )  

r l  7r~r dominant 

F2 3"Y seen 

fo(400-1200) PARTIAL WIDTHS 

r(~,~) r= 
VALUE (keY) DOCUMENT ID TEEN COMMENT 

seen 28 MORGAN 90 RVUE '73" ~ ~ r + x  - ,  x O x 0  

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

10--6 COURAU 86 DM1 e + e  - 
~ + T r - e + e  - 

28Analysis of data from BOYER 90 and MARSISKE 90. 

~(400-1200) REFERENCES 
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THE p(~'70) 
Updated March 2000 by S. Eidelman (Novosibirsk). 

Determination of the parameters of the p(770) is beset 

with many difficulties because of its large width. In physical 

region fits, the line shape does not correspond to a relativistic 

Breit-Wigner function with a P-wave width, but requires some 

additional shape parameter. This dependence on parameteri- 

zation was demonstrated long ago by PISUT 68. Bose-Einstein 

correlations are another source of shifts in the p(770) line shape, 

part]cularty in multiparticle final state systems (LAFFERTY 

93). 
The same model dependence afflicts any other source of 

resonance parameters, such as the energy dependence of the 

phase shift ~ ,  or the pole position. It is, therefore, not 

surprising that a study of p(770) dominance in the decays of 

the t7 and fit reveals the need for specific dynamical effects, in 

addition to the p(770) pole (BENAYOUN 93, ABELE 97B). 

Recently, BENAYOUN 98 compared the predictions of different 

Vector Meson Dominance (VMD)-based models with the data 

on the e+e - --* ~r+r - cross section below 1 GeV, as well as 

with the phase and near-threshold behavior of the time-like 



See key on page 239 

pion form factor. They showed that  only the model based on 

hidden local symmetry (HLS) is able to account consistently 

for all low-energy information, if one also requires a point- 

like coupling 3~r+~r-, which is excluded by common VMD but 

predicted by HLS. 

The cleanest determination of the p(770) mass and width 

comes from the e+e - annihilation and T-lepton decays. BARA- 

TE 97M showed tha t  the charged p(770) parameters measured 

from v-lepton decays are consistent with those of the neutral  

one determined from e+e - data  of BARKOV 85. This conclu- 

sion is qualitatively supported by the high statistics study of 

ANDERSON 00. However, model-independent comparison of 

the two-pion mass spectrum in T decays and the e+e - --* ~r+~r - 

cross section gives indications of discrepancies between the over- 

all normalization: ~- data  are about  3% higher than e+e - data 

(ANDERSON 99, EIDELMAN 99). This effect is too big to be 
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Particle Listings 
p(770) 

explained by isospin violation (ALEMANY 98). 

MIXED CHARGES, r DECAYS and e + e- 
VALUE IMeV) DOCUMENT ID TECN CHG COMMENT 
The data in this block is included in the average printed for a previous datablock. 

776.04"0.9 OUR AVERAGE 
776.4•177 1 BARATE 97M ALEP T -  ~ 7r- 7r0u r 

775.9• 2BARKOV 85 OLYA 0 e + e  - ~ 7r+Tr - 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

775.1•177 3 BENAYOUN 98 RVUE e + e -  ~ r + ~ - ,  # + # -  I 
770.5•177 4GARDNER 98 RVUE 0.28-0.92 e+  e - ~ 7r+lr - I 
764.1• 50 'CONNELL 97 RVUE e + e  - ~ l r + x  - 
757.5• 6BERNICHA 94 RVUE e + e  - ~ ~r+Tr - 
768 •  7GESHKEN...  89 RVUE e + e  - ~ 7r+Tr - 

MIXED CHARGES, OTHER REACTIONS 
VALUE (MeV) E V T S  DOCUMENT ID TECN CHG COMMENT 
The data in this block is included in the average printed for a previous datablock. 

763.04"0.3-1-1.2 600k 8 ABELE 99E CBAR 0 •  0.0 ~ p  ~ I 
~ + ~ r -  ~0 

CHARGED ONLY, HADROPRODUCED 
VALUE (MeV) E V T S  DOCUMENT ID TECN CHG COMMENT 

The data in this blocHs-Js included i ~ t ~ e  average printed for a previous datablock. 

p(770) MASS 

We no longer list 5-wave Breit-Wigner fits, or data with high combinatorial 
background, 

MIXED CHARGES 
VALUE IMeV) 
769.34"0,e OUR AVERAGE 

DOCUMENT ID 

Includes data from the 5 datablocks that follow this one. 

766.54"1.1 OUR AVERAGE 
763.7• ABELE 97 CBAR p n  ~ ~r-~r0~ 0 
768 •  AGUILAR-... 91 EHS 400 pp  

767 •  2935 9 CAPRARO 87 SPEC - 200 r -  ~u 
7r-- 7r u Cu 

761 •  967 9 CAPRARO 87 SPEC - 200 ~ -  Pb 
~ - ~ 0 p b  

771 •  HUSTON 86 SPEC • 202 ~r+A ~ ~ r + r 0 A  
766 4:7 6500 10 BYERLY 73 OSPK - 5 r -  p 
766.8• 9650 11 PISUT 68 RVUE - 1.7-3.2 7 r -p ,  t <10 
767 4-6 900 9 EISNER 67 HBE - 4.2 I t -  p, t <10 

Error includes scale factor of 2.1. See the ideogram 
below. NEUTRAL ONLY, PHOTOPRODUCED 

VALUE IMeV) EVTS DOCUMENT ID TECN CHG COMMENT 
The data in this block is included in the average printed for a previous datablock, 

768.54" 1.1 OUR AVERAGE 
770 • 2 •  79k 12 BREITWEG 98B ZEUS 0 

767.6• 2.7 BARTALUCCI 78 CNTR 0 
775 • 5 GLADDING 73 CNTR 0 
767 • 4 1930 BALLAM 72 HBC 0 
770 • 4 2430 BALLAM 72 HBC 0 
765 •  ALVENSLEB... 70 CNTR 8 
767.7:5 1,9 140k BIGGS 70 CNTR 0 
765 • 5 4000 ASBURY 67B CNTR 0 

50-100 3'P 
..fp ~ e + e - p  
2.9-4.7 -yp 
2.8 "yp 
4.7 " /p 
"yA, t <0.01 
<4.1 ~'C ~ I r + ~ - C  
" ~ +  Pb 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

771 • 2 79k 13 BREITWEG 98B ZEUS 0 50-100 "~p 

NEUTRAL ONLY, OTHER REACTIONS 
VALUE (MeV) E V T 5  DOCUMENT ID TECN CHG COMMENT 
The data in this block is included in the average printed for a previous databloek. 

769.04.0,9 OUR AVEP-JI~GE Error includes scale factor of 1.4. See the ideogram below. 

765 •  BERTIN 97C OBLX 0 . 0 ~ p ~  ~ + r - T r  0 
773 4:1.6 WEIDENAUER 93 ASTE pp  ~ x + : ' r - ~  

762.64:2.6 AGUILAR-... 91 EHS 400 pp  
770 •  14 HEYN 81 RVUE Pion form factor 
768 4:4 15,16 BOHAEIK 80 RVUE 0 
769 4:3 10 WICKLUND 78 ASPK 0 3,4,6 7r • N 

768 •  76000 DEUTSCH... 76 HBC 0 16 7r+p 
767 •  4100 ENGLER 74 DBC 0 6 ~ +  n ~ ~ +  ~ -  p 
775 •  32000 15 PROTOPOP... 73 HBC 0 7.1 ~ + p ,  t <0.4 
764 •  6800 RATCLIFF 72 ASPK 0 15 ~ -  p, t <0.3 
774 •  1700 REYNOLDS 69 HBC 0 2.26 7r- p 
769.2:51.5 13300 17 PISUT 68 RVUE 0 1.7-3.2 ~ r -p ,  t <10 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

762 .3•177 600k 18ABELE 99E CBAR 0 0 . 0 ~ p ~  l r + ~ r - ~  0 
777 •  4943 19 ADAMS 97 E665 470 p p  ~ I ~ X B  

770 •  20BOGOLYUB.. ,  97 MIRA 3 2 ~ p ~  ~ + ~ - X  
768 •  20BOGOLYUB.. .  97 MIRA 3 2 p p ~  I r + r - X  
761.1• DUBNICKA 89 RVUE ~ form factor 
777.4• 21 CHABAUD 83 ASPK 0 17 ~ r - p  polarized 
769.5• 15,16 LANG 79 RVUE 0 
770 •  16 ESTABROOKS 74 RVUE 0 1 7 ~ - p ~  ~ + T r - n  

773.5• 11200 9 JACOBS 72 HBC 0 2,8 ~ - p  
775 •  2250 HYAMS 68 OSPK 0 11,2 ~ - p  
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Listings 

p(770) 0 mass (MeV)  

1 From the Gounaris-Sakurai parametrization of the pion form factor. The second error is 
a model error taking into account'different parametrizations of the pion form factor. 

2 From the Gounaris-Sakurai parametrization of the pion form factor. 
3 Using the data of BARKOV 85 in the hidden local symmetry model. | 
4From the fit to e + e  - ~ ~ + ~ -  data from the compilations of HEYN 81 and I BARKOV 85, including the Gounaris-Sakurai parametrization of the pion form factor. 
5A fit of BARKOV 85 data assuming the direct o ~  coupling. 
6 Applying the S-matrix formalism to the BARKOV 85 data. 
7includes BARKOV 85 data. Model-dependent width definition. 
8Assuming the equality of p+ and p -  masses and widths. I 
9Mass errors enlarged by us to F/~/N; see the note with the K*(892) mass. 

10 Phase shift analysis. Systematic errors added corresponding to spread of different fits. 
11From fit of 3-parameter relativistic P-wave Breit-Wigner to total mass distribution. In- 

cludes BATON 68, MILLER 67B, ALFF-STEINBERGER 66, HAGOPIAN 66, HAGO- 
PlAN 66B, JACOBS 668, JAMES 66, WEST 66, BLIEDEN 65 and CARMONY 64. 

12 From the parametrization according to SOEDING 66. | 
13 From the parametrizatiou according to ROSS 66, I 
14HEYN 81 includes all spacelike and timelike F~r values until 1978. 
15 From pole extrapolation. 
16From phase shift analysis of GRAYER 74 data. 
17Includes MALAMUD 69, ARMENISE 68, BACON 67, HUWE 67, MILLER 67B, ALFF- 

STEINBERGER 66, HAGOPIAN 66, HAGOPIAN 668, JACOBS 668, JAMES 66, 
WEST 66, GOLDHABER 64, ABOLINS 63. 

18 Using relativistic Breit-Wigner and taking into account p-o~ interference. I 
19Systematic errors not evaluated. 
20 Systematic effects not studied. 
21 From fit of 3-parameter relativistic Breit-Wigner to helicity-zero part of P-wave intensity, 

CHABAUD B3 includes data of GRAYER 74, 

m~(77o)o - m~(zTo), 

VALUE (MeV) E V T 5  DOCUMENT t O  TECN CHG COMMENT 

0.44-0.11 OUR AVERAGE 
1.6• 600k ABELE 99E CBAR 0• 0.0 ~p 

~ + ~ - ~ 0  
0 .0•  22 BARATE 97M ALEP " r -  ~ ~ r - ~ r O u  T 

- 4  4-4 3000 23 REYNOLDS 69 HBC - 0  2.26 ~ - p  
- 5  •  3600 23 FOSTER 68 HBC 4-0 0.0 pp 

2,4• 22950 24 PISUT 68 RVUE ~rN ~ pN 

22 Using the compilation of e + e -  data from BARKOV 85. 
23From quoted masses of charged and neutral modes. 
24Includes MALAMUD 69, ARMENISE 68, BATON 68, BACON 67, HUWE 67, 

MILLER 67B, ALFF-STEINBERGER 66, HAGOPIAN 66, HAGOPIAN 66B, JA- 
COBS 66B, JAMES 66, WEST 66, BLIEDEN 65, CARMONY 64, GOLDHABER 64, 
ABOLINS 63. 

p(770) RANGE PARAMETER 

The range parameter R enters an energy-dependent correction to the 
width of the form (1 + q2 R2) / (1 + q2 R2) where q is the roD- , r , 
mentum of one of the pions in the ~ rest system. At resonance, q 

qr" 

VALUE (6eV -1) DOCUMENT ID TECN CHG COMMENT 

5 3 + 0  '9 CHABAUD 83 ASPK 0 17 ~ -  p polarized �9 --u.r 

p(770) WIDTH 

We no longer list S-wave Breit-Wigner fits, or data with high combinatorial 
background. 

MIXED CHARGES 
VALUE (MeV) DOCUMENT ID 

150.2+0.8 OUR AVERAGE I n c l u d e ~ e  5 datablocks that follow this one. 

MIXED CHARGES, ~" DECAYS and e + e-  
VALUE IMeV) DOCUMENT ID TECN CHG COMMENT 

The data in this block is included in the average printed for a previous databloek. 

150.54-2.7 OUR AVERAGE 
150.5•177 25BARATE 97MALEP T-- ~ ~- - l r0u T 
150.54-3.0 26BARKOV 85 OLYA 0 e + e  - ~ ~r-I-~r - 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

147.9=51.54-7.5 27BENAYOUN 98 RVUE e + e  - ~ ~+Tr - , /~+ /L  - 
153.54-1.3• 28GARDNER 98 RVUE 0.28-0.92 e+ e - ~ ~ + ~ -  
145.0• 290'CONNELL 97 RVUE e + e  - ~ Ir+~r - 
142.54-3.5 30BERNICHA 94 RVUE e + e  - ~ ~r+~ - 
138 •  31 GESHKEN... 89 RVUE e + e  - ~ ~ r + ~  - 

MIXED CHARGES, OTHER REACTIONS 
VALUE (MeV) E V T 5  DOCUMENT ID TECN CHG COMMENT 
The data in this block is included in the average printed for a previous datablock. 

149.54-1.3 600k 32 ABELE 99E CBAR 04- 0.0 ~p 
~+  ~r- ~0 

CHARGED ONLY, HADROPRODUCED 
VALUE (MeV) EVT___~5 DOCUMENT ID TECN CHG COMMENT 

The data in this block is included in the average printed for a previous datablock. 

150.2~ 2.4 OUR FIT 
150.24- 2.4 OUR AVERAGE 
152.84- 4.3 ABELE 97 CBAR pn ~ 7t-TrO~ 0 

155 4-11 2935 33 CAPRARO 87 SPEC - 200 ~ -  ~u 
~r -- 7r u CU 

154 4-20 967 33 CAPRARO 87 SPEC - 200 ~ -  Pb 
w -  ~0 Pb 

150 4- 5 HUSTON 86 SPEC + 202 l r + A  ~ ~+Tr0A 
146 •  6500 34 BYERLY 73 OSPK - 5 ~r -p  
148.2• 4.1 9650 35pISUT 68 RVUE - 1.7-3.2 7r-p,  t < 1 0  
146 •  900 EISNER 67 HBC - 4.2 7r- p, t <10 

NEUTRAL ONLY, PHOTOPRODUCED 
VALUE (MeV) E V T 5  DOCUMENT /D TECN CHG COMMENT 
The data in this block is included in the average printed for a previous databloek. 

150.7• 2.9 OUR AVERAGE 
146 =5 3 • 13 79k 36 BREITWEG 98B ZEUS 0 50-100 7P I 
150,94- 3.0 BARTALUCCI 78 CNTR 0 7 p ~  e + e - p  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

138 4- 3 79k 37 BREITWEG 98B ZEUS 0 50-100 3'P I 
147 4-11 GLADDING 73 CNTR 0 2.9-4.7 7P 
155 •  2430 BALLAM 72 HBC 0 4.7 7P 
145 =513 1930 BALLAM 72 HBC 0 2.8 7P 
140 4- 5 ALVENSLEB... 70 CNTR 0 "yA, t <0.01 
146.14- 2.9 140k BIGGS 70 CNTR 0 <4.1 7C ~ ~4-Ir-C 
160 4-10 LANZEROTTI 68 CNTR 0 "TP 
130 =5 5 4000 ASBURY 67B CNTR 0 3" + Pb 

NEUTRAL ONLY, OTHER REACTIONS 
VALUE (MeV) E V T 5  DOCUMENT IO TECN CHG COMMENT 
The data in this block is included in the average printed for a previous datablock. 

150.94- 2.0 OUR FIT Error includes scale factor of 1.3. 
150.94- 1.7 OUR AVERAGE Error includes scale factor of 1.1. 
122 4-20 BERTIN 97c OBLX O . O ~ p ~  l r+ l r -T r  0 
145.74- 5.3 WEIDENAUER 93 ASTE ~p ~ ~ + T r - ~  
144.9• 3.7 DUBNICKA 89 RVUE ~ form factor 
148 4- 6 38,39 BOHACIK 80 RVUE 0 

152 4- 9 34WICKLUND 78 ASPK 0 3,4,6 ~4-pN  

154 4- 2 76000 DEUTSCH... 76 HBC 0 16 ~r+p 
157 4- 8 6800 RATCLIFF 72 ASPK 0 15 ~ -  p, t <0.3 
143 4- 8 1700 REYNOLDS 69 HBC 0 2.26 E -  p 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

147.0• 2.5 600k 40ABELE 99E CBAR 0 0.0 ~p ~ 7T+t -~ r  0 I 
146 4- 3 4943 41 ADAMS 97 E668 470 #p  ~ # X B  

160.0 + 4.1 42 CHABAUD 83 ASPK 0 17 ~ -  p polarized - 4.0 
155 • 1 43 HEYN 81 RVUE 0 ~r form factor 
148.0+ 13 38,39 LANG 79 RVUE 0 
146 • 4100 ENGLER 74 DBC 0 6 ~r+n ~ ~+Tr-p 
143 4-13 39 ESTABROOKS 74 RVUE 0 17 ~r-p ~ ~ + ~ - n  
16Q 4-10 32000 38 PROTOPOP... 73 HBC 0 7.1 ~r -I- p, t <0.4 
145 4-12 2250 33 HYAMS 68 OSPK 0 11.2 ~ -  p 
163 +15 13300 44 PISUT 68 RVUE 0 1.7-3.2 7r-p, t <10 

25 From the Gounaris-Sakurai parametrization of the pion form factor. The second error is 
a model error taking into account different parametrizations of the pion form factor. 

26 From the Gouearis-Sakurai parametrizatiou of the pion form factor. 

27 I Using the data of BARKOV 85 in the hidden local symmetry model. 
28From the fit to e + e  - ~ ~r+~ - data from the compilations of HEYN 81 and 

BARKOV 85, including the Gounaris-Sakurai parametrization of the pion form factor. 
29A fit of BARKOV 85 data assuming the direct o)~-~- coupling. 
30 Applying the S-matrix formalism to the BARKOV 85 data. 

311ncludes BARKOV 85 data. Model-dependent width definition. 
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32Assuming the equality of p+ and p -  masses and widths. ~ I 
33Width errors enlarged by us to 4F/~/N; see the note with the K*(B92) mass. 
34 Phase shift analysis. Systematic errors added corresponding to spread of different fits. 
35From fit of 3-parameter relativistic P-wave Breit-Wigner to total mass distribution. In- 

cludes BATON 68, MILLER 67B, ALFF-STEINBERGER 66, HAGOPIAN 66, HAGO- 
PlAN 66n, JACOBS 66B, JAMES 66, WEST 66, BLIEDEN 65 and CARMONY 64. 

36 From the parametrization according to SOEDING 66. I 
37 From the parametrization according to ROSS 66. I 
3B From pole extrapolation. 
39 From phase shift analysis of GRAYER 74 data. 
40 Using relativistic Breit-Wigner and taking into account p-u~ interference. 
41 Systematic errors not evaluated. 
42 From fit of 3-parameter relativistic Breit-Wigner to helicity-zero part of P-wave intensity. 

CHABAUD 83 includes data of GRAYER 74. 
43HEYN 81 includes all spacelike and timelike F~ values until 1978. 
44Includes MALAMUD 69, ARMENISE 68, BACON 67, HUWE 67, MILLER 67B, ALFF- 

STEINBERGER 66, HAGOPIAN 66, HAGOPIAN 66B, JACOBS 66B, JAMES 66, 
WEST 66, GOLDHABER 64, ABOLINS 63. 

Fp(no)o - Fp(po)~ 
VALUE DOCUMENT ID TECN COMMENT 

--0.].:E1.9 45 BARATE 97M ALEP T -  ~ ~ -  ~0uT 

45 Using the compilation of e + e -  data from BARKOV 85. 

p(770) DECAY MODES 
Scale factor/ 

Mode Fraction ( r i / r )  Confidence level 

['I Ir~r ~ 1oo % i~. 

p(770) + decays 
['2 "R• 7r0 ~ 100 % 

['3 ~• ( 4.5 • )xlO -4 S-2.2 
F4 7r• < 6 x 10 - 3  CL=84% 
F5 "/l'• ;r+ ~ -  :tr0 < 2.0 x 10 - 3  CL=84% 

p(770) 0 dec,~ 
F6 7r + ~ -  ~ 100 % 
['7 ~r+~r-') ' ( 9.9 • )xlO -3 
F 8 ;TO 7 ( 6.8 • ) • 10 - 4  

r9 n-~ ( 2.4 +_0198 )• -4 S_l.0 
F10 p , + # -  [a] ( 4 . 6 0 •  • 10 - 5  
Fn e+e  - [a] ( 4 . 4 9 / : 0 , 2 2 )  x 1 0  - 5  

['12 "]r + ";r - ";r 0 < 1.2 x 10 -4 CL--90% 

['13 7r+n--n-+/r- ( l.B • )xlO -5 
['14 7r+ n-- fro 7tO < 4 x 10 -5 CL-90% 

[a] The e + e-  branching fraction is from e + e -  --~ ~r + 7r- experiments only. 
The ~op interference is then due to wp mixing only, and is expected to 
be small. If e/~ universality holds, F(p ~ ~ #+/~- )  = F(p ~ --, e+e - )  
x 0.99785. 

CONSTRAINED FIT INFORMATION 
An overall f i t to the total width and a partial width uses 10 mea- 
surements and one constraint to determine 3 parameters. The 
overall f i t has a X 2 = 10.7 for 8 degrees of freedom. 

The following off-diagonal  array elements are the correlation coefficients 
# t 

I 6 p i 6 p j > / ( 6 p i . 6 p j ) ,  in percent, from the fit to parameters p/, including the branch- 

ing fractions, x/ _= Fi/Ftota I. The fit constrains the x/ whose labels appear in this 
array to sum to one. 

x3 I - I 0 0  
I 

F [ 15 - 1 5  

x2 X3 

Mode Rate (MeV) Scale factor 

['2 /I-4-/I-0 150.2 • 

['3 ~• 0.068• 2.3 
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CONSTRAINED FIT INFORMATION 
An overall fit to the total width, a partial width, and a branching 
ratio uses 10 measurements and one constraint to determine 4 
parameters. The overall fit has a X 2 = 9.9 for 7 degrees of freedom. 

The following off-diagonal array elements are the correlation coefficients 

~ p i 6 p j ~ / ( 6 P i . 6 p j ) ,  in percent, from the fit to parameters Pi, including the branch- 

ing fractions, x i _ Fi/Ftota I. The fit constrains the x/ whose labels appear in this 
array to sum to one. 

xlO I - 7 9  
I 

Xli I -61 0 
F [ 16 0 - 2 7  

x6 Xl0 Xn 

Mode Rate (MeV) Scale factor 

F 6 7r + ~T- 150.8 • 2.0 1.3 

F1 o # + # -  [a] 0.0069 • 
['11 e + e -  [a] 0,00677 + 0,00032 

p(770) PARTIAL WIDTHS 

r ( , -%)  r ,  
VALUE (keV) DOCUMENT ,D TEEN CHG COMMENT 

"4"7 OUR FIT Error includes scale factor of 2.3. 
68 -I.7 OUR A,VERAG I= Error includes scale factor of 2.2. See the ideogram below. 
81 •  •  CAPRARO 87 SPEC -- 200~_--nA ~ 

~t 7r~Fl 
59.8• HUSTON 86 SPEC + 202 7t + 0, 

~4- 7rUA 
71 • JENSEN 83 SPEC -- 156-260 ~'- A 

;,r - ;,r0 A 

r(e+e-) r n  
VALUE (keV) DOCUMENT ID TECN COMMENT 
6.77+0.32 OUR FIT 
6.T/~0.10-1-0.30 BARKOV 85 OLYA e+e - ~ ~-+~-  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

6.3 • 46BENAYOUN 98 RVUE e + e - ~  ~r+Tr - ,  
/~+#-  

46 Using the data of BARKOV 85 in the hidden local symmetry model. I 

r(.%) r, 
VALUE (keY) DOCUMENT tO TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

121+31 DOLINSKY 89 ND e+e - ~ z0.-/ 

r( .~)  r ,  
VALUE IkeV) DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

62• 47 DOLINSKY 89 ND e + e -  ~ ~/7 

47 Solution corresponding to constructive ~-p interference. 

r( ,r%r- ~+,r-)  r13 
VALUE I,ev) EVTS OOCUMENT ,O TEe,, EOMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

2.8• 153 AKHMETSHIN 00 CMD2 0.6-0.97 e + e -  ~ i 
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1~/70) BRANCHING RATIOS 

r(.~,)/r(..) r4r~ 
VALUE (units 10 -4 ) _ EL%_ DOCUMENT tD TEEN CHG COMMENT 

<60 84 FERBEL 66 HBC • x •  above 2 3  

r ( . •  r./r~ 
VALUE (units 10 -4 ) CL_~_~ DOCUMENT ID TEEN CHG COMMENT 

<20 84 FERBEL 66 HBC • ~ r •  above 2.5 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

3 5 •  JAMES 66 HBC + 2.1 x + p  

r (~+.- ) / r ( .+x-)  qo/r6 
VALUE IunltS 10 -5 )  DOCUMENT ID TECN COMMENT 

4.60=1:0.28 OUR F IT  

4.6 4"0.2 4-0.2 ANTIPOV 89 SIGM 7 r - C u  ~ / ~ + # - x - C u  

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, e t c . � 9  �9 �9 

8.2 4-1.6 48 ROTHWELL 69 CNTR Photoproduction 
- 3 . 6  

5.6 •  4 9 W E H M A N N  69 OSPK 1 2 x - C ,  Fe 

9.7 4..3.1 50 HYAMS 67 O5PK 11 ~r-- Li, H 
- 3 . 3  

48 Possibly large p-~ interference leads us to increase the minus error. 
49Resutt contains 11 • 11% correction using SU(3) for central value. The error on the 

correction takes account of possible p-w interference and the upper l imit  agrees wi th  the 
upper l imi t  of ~ ~ /=4-/.=- from this experiment. 

50 HYAMS 67's mass resolution is 20 MeV. The w region was excluded. 

r(e+ . - ) / r ( . . )  r, l/r l 
VALUE (uniL~ i0 -4) DOCUMENT ID TEEN COMMENT 

0.41"k0.05 BENAKSA5 72 OSPK e + e-  

r(,~)Ir~r r, lr 
VALUE (units I0 - 4  ) DOCUMENT ID TECN CHG COMMENT 

2.4+_g'~ OUR AVERAGE Error includes scale factor of 1.6. 

i a+0.6 " ' - 0 . 8  51 BENAYOUN 96 RVUE 0,54-1.04 
e4- e -  ~ / ]7 

3 . 6 •  , 52 ANDREWS 77 CNTR 0 6.7-10 7Cu 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

4 . 0 •  5 2 D O L I N S K Y  89 ND e4"e - ~ T/7 

51 Reanalysis of DRUZHININ 84, DOLINSKY 89, and DOLINSKY 91 taking into account 
a tr iangle anomaly contr ibut ion. Constructive p-~ interference solution. 

52 Solution corresponding to constructive ~ -p  interference. 

r(.+ x- x+ ~-) i r~= r,~Ir 
VALUE (units 10 -5 )  CL~ EVT5 DOCUMENT tO TECN COMMENT 

1.8-t-0,9:E0.3 153 AKHMETSHIN  00 CMD2 0.6-0.97 e + e -  

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

<20 90 KURDADZE 88 OLYA e + e -  
~r+x-~r4.x- 

r ( x + . - . + . - ) / r ( . . )  r,s/r~ 
VALUE (units l0 -4 )  CL ~/~ DOCUMENT ID TECN CHG COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 * 

<15 

<20 

<20  

<80 

r(,r+x-xO)/rt=,l 
VALUE Iunits 10 -4) 

<1.2 

r( .+.- .~ 
VALFE 

90 ERBE 69 HBC 0 2.5-5.8 7P  

CHUNG 68 HBC 0 3.2,4.2 ~ r - p  

90 HUSON 68 HLBC 0 16.0 7r -  p 

JAMES 66 HBC 0 2.1 ~ + p  

r,=Ir 
CL% DOCUMENT tD TEEN COMMENT 

90 VASSERMAN 88B ND e + e  - ~ ~r+~r-~r  0 

rz2/rt 
DOCUMENT ,D TECN C,G COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0,01 BRAMON 86 RVUE 0 j / ~  ~ ~0 
<0,01 84 53 ABRAMS 71 HBC 0 3.7 ~r 4"p  

53 Model dependent, assumes I = 1, 2, or 3 for the 37r system. 

r(,r+.-.o.o)/r=,,  rz4/r 
VALUE (units 10 -4 )  C L ~  DOCUMENT tO TECN CHG COMMENT 

<0.4  90 AULCHENKO 87C ND 0 e + e -  
7r+ ~r -  ~r0 xO 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

<2  90 KURDADZE 86 OLYA 0 e + e -  
lf4" l r -  7r0 xO 

r ( . + . - ~ ) i r ~ ,  r, lr 
VALUE CL~ DOCUMENT ID TEEN COMMENT . -  

0 . ~ - 1 " 0 . 1 ~ 1 6  5 4 D O L I N S K Y  91 NO e + e  - ~ ~ + 1 r - 7  

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0 .0111•  55VASSERMAN 88 ND e4"e - ~ ~r4"Tr- T 

<0.005 90 56VASSERMAN 88 ND e4"e - ~ ~4"~ r -3 '  

54 Bremsstrahlung from a decay pion and for photon energy above 50 MeV. 
55 Superseded by DOLINSKY 91, 
56 Structure radiation due to quark rearrangement in the decay, 

r(.%)Irtou, r, lr 
VALUE (units 10 -4)  DOCUMENT ID TEEN COMMENT 

6.8:E1.7 57 BENAYOUN 96 RVUE 0.54-nL04 e + e -  

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 * �9 

7 . 9 •  DOLINSKY 89 ND e4"e - ~ ~r07 

57 Reanalysis of DRUZHININ 84, DOLINSKY 89, and DOLINSKY 91 taking; into account 
a tr iangle anomaly contr ibution. 
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1-(782)1 IG(j PC) = 0-(1--) 

u(782) MASS 

VALUE (MeV) E V T S  DOCUMENT ID TEEN COMMENT 
7 8 2 . 5 7 4 - 0 . 1 2  O U R  A V E R A G E  Error includes scale factor of 1.8. See the ideogram below�9 

782,714-0.074-0.04 11200  AKHMETSHIN00C CMD2 e+e - ~ ~r+~r-:r  0 
782.7 4-0.1 4-1.5 19500 WURZINGER 95 SPEC 1.33 pd  ~ 3Hec,., 
781.96• 11k AMSLER 94C CBAR 0,0 ~ p  ~ ~ . 0 ~ 0  
782.00• 3463 AMSLER 94C CBAR 0.0 ~ p  ~ ~ 0  
781.964-0.134-0.17 15k AMSLER 938 CBAR 0.0 ~ p  ~ ~;'r0~r 0 
782.4 •  270k WEIDENAUER 93 ASTE pp  ~ 2~r+2~--~ "0 
782.2 •  1488 KURDADZE 838 OLYA e + e  - ~ ~4 -~ r -~  0 
782.4 4-0.5 7000 1 KEYNE 76 CNTR ~ - p  ~ wn  
�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

781.784-0.t0 2BARKOV 87 CMD e + e  - ~ x + ~ r - ~  0 

783.3 4-0.4 CORDIER 80 WIRE e + e - ~  ~ + ~ - ~ r  0 
782.5 4-0.8 33260 ROOS 80 RVUE 0.0-3.6 # p  
782.6 4-0.8 3000 BENKHEIRI 79 OMEG 9-12 ~r•  
781.8 4-0.6 1430 COOPER 788 HBC 0.7-0.8 ~ p  ~ 5~t 
782.7 4-0.9 535 VANAPEL... 78 HBC 7.2 # p  ~ ~ p w  
783.5 4-0.8 2100 GESSAROLI 77 HBC 11 : r - p  ~ w n  
782.5:50.8 418 AGUILAR-... 728 HBC 3.9,4.6 K - p  
783.4 •  248 BIZZARRI 71 HBC 0.0 p#  ~ K + K - ~  
781.0 •  510 BIZZARRI 71 HBC O . O p # ~  K I K I ~  
783.7 •  3583 3 COYNE 71 HBC 3.7 ~r+p 

p~r+ ~r+ ~r- ~rO 
784.1 4-1.2 750 ABRAMOVI. . ,  70 HBC 3.9 ~ r - p  
783.2 4-1,6 4BIGGS 70B CNTR <4.1 3'C ~ ~ + ~ - C  
782.4 •  2400 BIZZARRI 69 HBC 0,0 p p  

1Observed by threshold-crossing technique�9 Mass resolution : 4.8 MeV FWHM. 
2Systematic uncertainties underestimated. Superseded by AKHMETSHIN 00C. 
3 From best-resolution sample of COYNE 71. 
4From ~-p interference in the ~r+~r - mass spectrum assuming ~ width 12.6 MeV. 

WEIGHTED AVERAGE 
782.57r (Error scaled by 1.8) 

* 

780.5 781 781.5 782 782.5 

w(782) mass (MeV)  

~ 2  

�9 �9 �9 AKHMETSHIN 00(3 CMD2 3.1 
- -~  WURZlNGER 9 5  S P E C  0.O 
' ' �9 A M S L E R  94(3 C B A R  0.6 
- �9 A M S L E R  94(3 C B A R  0.3 
�9 �9 �9 A M S L E R  9 3 8  C B A R  8.1 

i 
' �9 WEIDENAUER 93 ASTE 0.7 
�9 �9 KURDADZE 838 OLYA 0.9 
�9 ' KEYNE 76 CNTR 0.1 

13.7 
~. (Confidence Level = 0.057) 

783  783 .5  784  
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p(770),  w(782)  

~(782) W I D T H  

VALUE (MeV) r DOCUMENT ID TECN COMMENT 
11.444"0.09 O U R  A V E R A G E  

8.684-0.234-0.10 11200 AKHMETSHIN00C CMD2 e + e  - ~ ~r+~r-Tr 0 
8.2 4-0.3 19500 WURZINGER 95 SPEC 1.33 pd  ~ 3Heo) 
8.4 4-0.1 5AULCHENKO 87 ND e + e  - ~ x + ~ r - T r  0 
8.304-0.40 BARKOV 87 CMD e + e  - ~ ~ + ~ r - ~ r  0 
9.8 4-0.9 1488 KURDADZE 83B OLYA e + e  - ~ ~ r + r - =  0 
9.0 4-0.8 CORDIER 80 WIRE e + e  - ~ ~r+~r-~r 0 
9,1 •  BENAKSAS 72B OSPK e + e -  

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. * �9 �9 

12 4-2 1430 COOPER 78B HBC 0.7-0.8 ~ p  ~ 5~ 
9.4 4-2.5 2100 GESSAROLI 77 HBC 11 l r - p  ~ ~ n  

10.224-0.43 20000 6 KEYNE 76 CNTR ~ - p  ~ ~ n  
13.3 4-2 418 AGUILAR-... 728 HBC 3.9,4.6 K - p  
10.5 4-1.5 BORENSTEIN 72 HBC 2.18 K - p  

7.704-0.9 4-1.15 940 BROWN 72 MMS 2.5 ~r- p ~ n M M  
10.3 i l . 4  510 BIZZARRI 71 HBC 0.0 p~  ~ K 1 K I ~  
12.8 4-3.0 248 BIZZARRI 71 HBC 0.0 pp  ~ K + K - ~  

9.5 4-13 3583 COYNE 71 HBC 3.7 ~r+p 
p ~ +  ~ +  7r- 7r 0 

5 Relativistic Breit-Wigner includes radiative corrections. 
6 Observed by threshold-crossing technique. Mass resolution = 4.8 MeV FWHM. 

w(782) DECAY MODES 
Scale factor/ 

Mode Fraction ( r i / r )  Confidence level 

l- I ~r + ~T-- ~F 0 

r2 7r ~ 7 
r 3 7r + 7r- 

r 4 neut ra ls  ( e x c l u d i n g ~ ~  ~7) 

F5 ~7 
r 6 7r 0 e + e -  
r 7 ~ r 0 # + #  - 

r 8 e + e -  
r 9 ~ +  ~ -  To ~ro 

r io ~r+ 7r-  7 
r l l  7r+ ~r-  ~r+ ~ - 

F12 ~0~0 7 

r13 # + # -  
F14 37 

F15 Fpr 0 

F16 37r ~ 

(88.8 4-0.7 ) % 
( 88 4-0.5 )% 
(2.214-0.30)  % 

( 53 _+~:~ )• 
( 6,5 4-1.0 ) x  10 - 4  

( 5.9 4-1.9 ) x l 0  -4 
( 9.6 4-2.3 ) x 10 -5  

(7.074-0.19)  x 10 - 5  S-1 .1  

< 2 % CL=90% 

< 3.6 x 10 - 3  CL=95% 

< 1 x 10 - 3  CL=90% 

( 7.2 4-2.5 ) x 10 - 5  
< 1.8 x 10 - 4  CL=90% 

< 1.9 x 10 - 4  CL=95% 

Charge conjugation (C) violating modes 
C < 1 x 10 - 3  CL=90% 

C < 3 • 10 - 4  CL=90% 

CONSTRAINED FIT INFORMATION 
An overall f i t  to 6 branching ratios uses 20 measurements and one 

constraint  to determine 4 parameters. The overall f i t  has a X 2 = 

10.3 for 17 degrees of freedom. 

The fo l lowing off-diagona/ array elements are the correlation coefficients 

.--.(SxiSx~l/(Sxi'Sxj) ' in percent, f rom the  f i t  to the  branching fractions, x i 

r / / r t o t a  I. The f i t  constrains the x i whose labels appear in th is  array to sum to 
one. 

x 2 13 

x 3 - 3 9  - 5  

x4 L - 7 4  - 6 8  - 1  

Xl  x2 x3 

w(782) PARTIAL WIDTHS 

r(e+e - )  
VALUE (keY) E V T S  DOCUMENT ID TEEN COMMENT 
0 .60  "1"0,02 O U R  E V A L U A T I O N  

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0.595+0.0144-0309 11200 7AKHMETSHIN00C CMD2 e + e  - ~ ~r+~r-~r 0 

7Using B ( ~  ~ ~r+~r-~r 0) - 0.888 + 0.007. 

r8 

~,(782) ro)r(e+ e - ) / r ( t~O  
r(e+e - )  x r ( , r+ . - .O) / r~ . ,  req/r 
VALUE (keY) EVT.~SS DOCUMENT 10 TECN COMMENT 

0.5284-0.012"1"0.007 11200 AKHMETSHIN00E CMD2 e + e  - ~ ~ + ~ - ~ 0  
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u~(782) 

~,(782) BRANCHING RATIOS 

r(.eutrats)/r(.+ ~-.o) (r2+r4)Irl 
VALUE E V T S  DOCUMENT ID TEEN COMMENT 
0.1024440.008 OUR FIT 

O 103 +0  011 �9 -0:010 OUR AVERAGE 

0.15 --0.04 46 AGUILAR-... 72B HBC 3.9,4.6 K - p  

0,i0 •  19 BARASH 67B HBC 0.0 ~ p  
0.134• 850 DIGIUGNO 66B CNTR 1.4 ~ -  p 
0.097:50.016 348 FLATTE 66 HBC 1.4 - 1.7 K - p  

A M M  
0.06 +0.05 JAMES 66 HBC 2.1 ~ + p  -0 .02  
0.08 +0.03 35 KRAEMER 64 DBC 1.2 ~ + d  
�9 �9 * We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

0.11 •  20 BUSCHBECK 63 HBC 1 . 5 K - p  

r ( .+~- ) / r ( .+ . - .o)  
See also r (=+ ~--)/rtota I. 

VALUE DOCUMENT ID TEEN COMMENT 
0.02494-0.0035 OUR FIT 
0.026 4440.005 OUR AVERAGE 

0.021 +0.028 8RATCLIFF 72 ASPK 1 5 ~ r - p ~  n2~r -0.009 
0.028:50.006 BEHREND 71 ASPK Photoproduction 

0.022 +0.009 9 RODS 70 RVUE 
-0.01 

r ( .%) / r ( .+ . - .o )  
VALUE 

r(~.O) ir~.. 
Violates C conservation, 

r3/rl 

8Significant interference effect observed. NB of ~ ~ 3~r comes from an extrapolation. 
9RODS 70 combines ABRAMOVICH 70 and BIZZARRI 70. 

r2/rt 
DOCUMENT ID TECN COMMENT 

VALUE CL% DOCUMENT ID 

<0.001 90 ALDE 

[r(,~) + r(~o)]/r( .+ ~- �9 ~ 
VALUE EL% DOCUMENT ID 

<0.010 90 10 FLATTE 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<0.045 95 JACQUET 69B HLBC 

0.0964-0.006 OUR FIT 
0.0~ OUR AVERAGE 
0.099:50.007 
0.084:50.013 
0.109:5 0.025 
0.081:50.020 
0.13 +0.04 

r ( ,+ , -~ ) I r ( .+ . - ,0 )  
VALUE CL~ 

DOLINSKY 89 ND e + e  - ~ ~rO'~ 
KEYNE 76 CNTR ~ - p ~  ~ n  
BENAKSAS 72C OSPK e + e  - 
BALDIN 71 HLBC 2.9 ~r+p 
JACQUET 69B HLBC 

rls/r 
TEEN COMMENT 

94B GAM2 3 8 ~ - p ~  r /~0n 

(r~+rls)Ir1 
TEEN COMMENT 

66 HBC 1.2 - 1.7 K -  p 
Aa "+ a ' -  MM 

r(.eu~ls)/r(charl~l particles) 
VALUE DOCUMENT ID 
0.0~4-0.008 OUR FIT 
0.1244440.021 FELDMAN 

r(x~176 ~ 
VALUE EL% DOCUMENT ID 

<0.00045 90 DOLINSKY 
�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

<0.08 95 JACQUET 69B HLBC 

r(~)Ir(.%) 
VALUE DOCUMENT ID TECN COMMENT 

(r~+r4)l(rl+r~) 
TECN COMMENT 

67C OSPK 1 . 2 E - p  

r12/rl 
TECN COMMENT 

89 ND e + e  - ~ ~r0~r0 7 

rdr2 

DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

<0.066 90 KALBFLEISCH 75 HBC 2.18 K - p  

Aa-+ ~ -  3. 
<0.05 90 FLATTE 66 HBC 1.2 - 1.7 K--p 

r(,+ ~- ~)/rmm qo/r 
VALUE CL~ DOCUMENT ID TEEN COMMENT 

<0.003~ 95 WEIDENAUER 90 ASTE p~  ~ ~+~r - -~ r+~r -3  ' 
�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

rlo/rl 

<0.004 95 BITYUKOV 88B SPEC 32 ~ -  p ~ ~ +  ~r- f iX 

r(.+ . - .+. - ) / r~, l  rll /r 
VALUE ~ DOCUMENT ID TEEN COMMENT 

<1  x 10 - 3  90 KURDADZE 88 OLYA e + e -  
a-+ ~ -  ~r+ ~ -  

r ( . r  r , /r  
VALUE (u~itS 10 -2 ) CL~6 DOCUMENT ID TEEN COMMENT 

<2  90 KURDADZE 86 OLYA e + e  - ~ 7r+~-~r0~r 0 

r ( ,+ , - ) / r ( .+ . - .o )  r13/rl 
VALUE (urits 10 -3) CL~ DOCUMENT ID TECN COMMENT 

<0.2 90 WILSON 69 OSPK 12 E -  C ~ Fe 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

<1.7 74 FLATTE 66 HBC 1.2 - 1.7 K - p  

A#+#- -  
<1.2 BARBARO-... 65 HBC 2.7 K-p 

r(.~ r12/r2 
VALUE ~ E V T 5  DOCUMENT IO TEEN COMMENT 

0.00085-1-0.00029 40:5 ALDE 94B GAM2 3 8 ~ -  p 
14 ~D ~r0~f n 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

< 0.005 90 DOLINSKY 89 ND e + e  - 
~rO z'Or 7 

< 0.18 95 KEYNE 76 CNTR ~ - p  ~ ~ n  
< 0.15 90 BENAKSAS 72C OSPK e + e  - 
< 0.14 BALDIN 71 HLBC 2.9 ~ + p  
< 0.1 90 BARMIN 64 HLBC 1.3-2.8 ~ - p  

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.0098-+-0.0024 11 ALDE 93 GAM2 38~r- p ~ ~ n  
0.0082+0.0033 12DOLINSKY 89 ND e + e  - ~ r/~f 
0.010 • APEL 72B OSPK 4-8 ~ - p  ~ n37 

11 Model independent determination. 
12 Solution corresponding to constructive ~-p  interference. 

VALUE (unlts 10-41 DOCUMENT 10 TEEN COMMENT 

0.96~-0.23 

r(.O e+ e-)/r~..  
VALUE (units 10 -4 ) EVT5 

5.9"I-1.9 43 DOLINSKY 

r(e+e-)/r~l 
VALUE (units 10 -4) E V T 5  DOCUMENT /D 

0.7074-0.019 OUR AVERAGE Error includes scale factor of 1.1. 
0 2 1 4 i 0 . 0 3 6  DOUNSKY 89 ND e + e  - ~ T + ~ r - l r  0 
0.;'2 +0.03 BARKOV 87 CMD e + e - ~  ~ r + ~ - l r  0 
0.64 +0.04 1488 KURDADZE 838 OLYA e + e  - ~ 7r+~r-Tr 0 

0.675+0.069 CORDIER 80 WIRE e + e  - ~ 3~ 
0 .83:50.10 BENAKSAS 72B OSPK e + e  - ~ 3~ 
0 .77:50.06 13AUGUSTIN 69D OSPK e + e  - ~ 2~r 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.685:50.016 11200 14AKHMETSHINO0C CMD2 e + e  - ~ ~+T r -~ r  0 I 
0.65 •  33 15 ASTVACAT... 6B OSPK Assume SU(3)+mix ing 

13 Rescaled by us to correspond to ~ width 8.4 MeV. 
14Using B(~ ~ ~r+Tr-~r0)=0.888 + 0.007. I 
15 Not resolved from p decay. Error statistical only. 

r (neutrals) Irto~l 
VALUE EVTS DOCUMENT tO TECN COMMENT 
0.0904-0.00G OUR FIT 
0.0814440.011 OUR AVERAGE 
0.075:50.025 BIZZARRI 71 HBC 0.0 p ~  
0.079+0.019 DEINET 69B OSPK 1.5 ~ - p  
0.084:50.015 BOLLINI 68C CNTR 2.1 ~ - p  
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.073:50.018 42 BASILE 72B CNTR 1.67 ~ r - p  

r(.+.-)/rto~, r3/r 
See also r(,+,-)/r(~+~-,o). 

VALUE DOCUMENT ID TEEN COMMENT 
0.02214-0.0030 OUR FIT 
0.021 4-0.004 OUR AVERAGE 
0.023 ~0.005 BARKOV 85 OLYA e + e -  

0.016 +0.009 QUENZER 78 CNTR e + e  - 
-0 .007 

(r2+r4)/r 

rdr 

DZHEI-YADIN 81B CNTR 25-33 ~ r - p  ~ ~ n  

rdr 
DOCUMENT ID TEEN COMMENT 

00 ND e + e  - ~ ~ 0 e + e -  

rdr 
TEEN COMMENT 

10 Restated by us using B(~/ ~ charged modes) = 29.2%. 



See key on pace 239 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.019 4-0.003 16GARDNER 99 RVUE e + e  - ~ 7r+~ - 

0.023 4-0,004 17BENAYOUN 98 RVUE e + e - ~  7r+~r - ,  
. p+#-- 

0,010 •  18 W I E K L U N D  78 ASPK 3,4,6 7r • N 
0.0122• ALVENSLEB... ?1C CNTR Photoproduction 

0,013 +0.012 MOFFEIT  71 HBC 2.8,4.7 " /p 
- 0 3 0 9  

0 . . . . .  nnnn+0"002B- 0.002 19 BIGGS 70B CNTR 4.2 ' /C ~ ~ + ~ - C  

16Using the data of BARKOV 85. 

17 Uslng the data of BARKOV 85 in the hidden IDEal symmetry model. 
18 From a model-dependent analysis assuming complete coherence, 

19 Re-evaluated under F(~r + ~ - ) / r  ( ~ +  ~ -  lr  0) by BEHREND 71 using more accurate u) 
p photoproduction cross-section ratio. 

r(.~ rl=/(r=+r4 
VALUE C L ~  DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, flts, l imits, etc, �9 �9 �9 

0.224-0.07 2 0 D A K I N  72 OSPK 1 . 4 ~ r - p ~  n M M  

<0.19 90 DEINET 696 OSPK 

20See r ( l r 0 " / ) / r ( n e u t r a l s ) .  

I ( x ~  ( n e u t r a l s )  r d ( r z + r o  

VALUE ~ DOCUMENT "ID TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0 .78•  21 DAKIN 72 OSPK 1,4 ~ r - p  ~ n M M  

>0.81 90 DEINET 69B OSPK 

21Error statistical only. Authors obtain good fit also assuming 720"/ as the only neutral 
decay. 

r(~,T)/r~l 
VALUE (units 10 .4  ) EVTS 

6,S •  OUR AVERAGE 
6.6 •  
8.3 •  

7.3 •  

3.0 +2 .5  
- 1 . 8  

DOCUMENT tD TEEN COMMENT 

22 ABELE 97E CBAR 0,0 ~ p  ~ 5"/ 

ALDE 93 GAM2 3 8 ~ r - p ~  curt 

2 3 D O L I N S K Y  89 ND e + e  - ~ ~/'/ 

23 ANDREWS 77 CNTR 6.7-10 "/Co 

r,/r 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. = �9 * 

0.7 to 5.5 24 CASE 00 CBAR 0.0 p~ ~ ~/F/'/ I 

+ 2 . 4 1  6 . 5 6 _ 2 5 5  3525 23,25 BENAYOUN 98 RVUE e + e -  ~ ~ ' /  

22 NO flat F/~/'/ background assumed, I 

23 Solution corresponding to constructive u)-p interference. 
24Depending on the degree of coherence wi th  the f lat ~ ' /  background and using B(u) ~ 

~r0"/)=(8,5 • 0,5) x I 0  - 2 .  

25Reanalysis of DRUZHININ 84, DOLINSKY 89. DOLINSKY 91 taking into account the 
triangle anomaly contributions. 

r(~%+.-)/r(~+~-) rz/q3 
VALUE EVT5 DOCUMENT tO TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, e t c . � 9  �9 �9 

1,2• 30 26DZHELYADIN 79 CNTR 25-33~r-p 

26 Superseded by DZHELYADIN 81B result above. 

r (x  + ~ -  ~ ~  r l / r  
VALUE EVTS DOCUMENT ID TEEN COMMENT 

0,8942+0.1~62 DOLINSKY 89 ND e + e  - ~ ~ + ~ r - y r  0 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. * �9 �9 

0,8B0 •  •  11200 2 7 A K H M E T S H I N 0 0 c  CMD2 e + e  - ~ 7 r + ~ r - l r  0 I 

21Using r ( e + e - ) = 0 . 6 0  • 0,02 keY. I 

r(3~:)tr~,l qdr 
Violates C conservation. 

VALUE CL_%_% DOCUMENT ID TEEN COMMENT 

<0.0003 90 PROKOSHKIN 95 GAM2 38 ~r--p ~ 37r0n 

r(~)/rt=a, rz4/r 
VALUE Iunlts i0 -4) C L ~  DOCUMENT /D TEEN COMMENT 

<1.g  95 28 ABELE 97E CBAR 0,0 ~ p  ~ 57 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 * �9 

<2 90 28 pROKOSHKIN 95 GAM2 3 8 7 r - p ~  3"/n 

28 From direct 3"/decay search. 

r(,%)Ir,~= r=Ir 
VALUE (UffitS 10 -21 EVT5 DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc, �9 �9 �9 

B.39+0.24 9975 29 BENAYOUN 96 RVUE e + e -  ~ ~0..f 

29ReanalysLs of DRUZHININ 84, DOLINSKY 89, DOL)NSKY 9 ]  tak ing into account the 
tr iangle anomaly contributions, 

AKHMETSHIN 00C 
CASE 0O 
GARDNER 99 
BENAYOUN 98 
ABELE 97E 
BENAYOUN 96 
PROKOSHKIN 95 

WURZINGER 95 
ALDE 94B 
AMSLER 94C 
ALDE sa 

Also 94 
AMSLER S3B 
WEIDENAUER 93 
DOLINSKY 91 
WEIDENAUER 90 
DOLINSKY 69 
BITYUKOV Sea 

DOLINSKY 88 

KURDADZE 88 

AULCHENKO 87 
BARKOV 87 

KURDADZE 86 

BARKOV 85 
DRUZHNIN 84 
KURDADZE 83B 

DZHELYADIN 81B 
CORDIER 80 
ROOS B0 
BENKHEIRI 29 
DZHELYADIN 79 
COOPER 7BB 
QUENZER 78 
VANAPEL.., 78 
WICKLUND 70 
ANDREWS 77 
GESSAROLI 77 
KEYNE 75 

AlSO 73B 
KALBFLEISCH 75 
AGUILAR-,.. Y2B 
APEL 72B 
BASILE 72B 
BENAKSAS 72B 
BENAKSAS 72C 
BORENSTEIN 72 
BROWN 72 
DAKIN 72 
RATCLIFF 72 
ALVENSLEB., 71C 
BALDIN 71 

BEHREND 71 
BIZZARRI 71 
COYNE 71 
MOFFEIT 71 
ABRAMOVL 70 
BIGGS lOB 
BIZZARRI 70 
RODS 70 

Proc. Daresbury 
AUGUSTIN 690 
BIZZARRI 59 
DEINET 69B 
JACQUET 696 
WILSON 69 

Also 89 
ASTVACAT,.. 68 
BOLLINI 68C 
BARASH 67B 
FELDMAN 67C 
DIGIUGNO 66B 
FLATTE 66 
JAMES 66 
BARBARO-,,. 55 

BARMIN 64 

KRAEMER 64 
BUSCHBEEK 63 

DELBOURGO 996 
GARDNER 98 
ABELE 97F 
DOLINSKY 85 
KUROADZE 82 

ALFF--, 62B 
STEVENSON 52 

MAGLICH 8L 
PEVSNER 61 
XUONG 61 
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uJ(7B2) REFERENCES 

PL B476 33 R,R. Akhmetshin et aL (CMD2 Collab.) 
PR D61 032002 T, Case et at, (Crystal Barrel Collab.) 
PR D59 076002 S. Gardner, H.B. O'Connell 
EPJ C2 269 M. Benayoun et al. {IPNP, NOVO, ADLD+) 
PL B411 361 A. Abele el at. {Crystal Barrel Collab.) 
ZPHY C72 221 M. Benayoun el aL (IPNP, NOVO) 
5PD 342 273 Y.D. Prokoshkin, V.D. Samoilenko (SERP) 
Translated from DANS 342 610. 
PR C51 443 R. Wurzinger et at. (BONN, ORSAY, SACL+) 
PL B340 122 D.M, Aide et at. (SERP, BELG, LANL, LAPP+) 
PL B327 425 C. Amsler et aL (Crystal Balrel Collab.) 
PAN 56 1229 D.M. Aide et at. (SERP. LAPP, LANL, BELG+) 
Translated from YAF 56 137. 
ZPHY C61 35 D.M Aide et aL (SERP. LAPP. LANL. BELG4-1 
PL B3[1 352 C. Amsler et 9L (CrystaJ Barrel ColIab.) 
ZPHY CS9 367 P. Weidenauer et aL (ASTERIX Collab.) 
PRPL 202 99 S.I. Dollnsky eL aL (NOMO) 
ZPHM C47 353 P. Weidenauer et aL (ASTERIX Collab.) 
ZPHY C42 511 S.I. Dollnsky et aL (NOVO) 
SJNP 47 800 S.I, Bityukov et al. (SERP) 
Translated from YAF 47 1258. 
SJNP 48 277 S.I. Dofinsky et aL {NOVO) 
Translated from MAP 48 442. 
JETPL 47 512 LM. Kurdadze et at. (NOVO) 
Translated from ZETFP 47 432. 
PL B186 432 V.M. Aulchenko et aL (NOVO) 
JETPL 46 264 L.M. Barkov et aL {NOVO) 
Translated from ZETFP 46 132. 
JETPL 43 643 L.M. Kurdadze et aL (NOVO) 
Translated from ZETFP 43 497, 
NP B256 365 LM. Barkov et at. (NOVO) 
PL 144B 126 V.P. Druzhinin et aL (NOVO) 
JETPL 36 274 A.M. Kurdadze et aL (NOVO) 
Translated from ZETFP 36 221. 
PL 102B 296 R.I. Dzhelyadln et al. (SERP) 
NP B172 13 A. Cordier et aL (LALO) 
LNC 27 321 M. RODS, A. Pelllnen (HELS) 
NP 6150 268 P. Benkheiri et aL (EPOL, CERN, COEF+) 
PL B4B 143 RJ. Dzhelyadin et 3L {SERP) 
NP B196 i A.M. Cooper et aL (TATA, CERN, CDEF+) 
PL 76B 512 A. Quenzet et at. (LALO) 
NP B133 245 G.W, van Apeldoorn et aL (ZEEM) 
PR D l l  t197 A.B. Wicklund et at. (ANL) 
PRL 38 198 D.E. Andrews et aL (ROCH) 
NP B126 382 R. Gessarofi et at. (BGNA, FIRZ, GENO+) 
PR D14 28 J, Keyne et at. (LOIE, SHMP) 
PR D8 2789 D.M. Binnle et a/. (LOIC, SHMP) 
PR DII 987 G.R. Kalbfleisch, R.E. Strand, JW. Chapman (BNL+) 
PR D6 29 
PL 41B 234 
Phil. Cone 153 
PL 42B 507 
PL 42B 511 
PR 05 1559 
PL 42B 117 
PR D6 2321 
PL 28B 345 
PRL 27 888 
SJNP 13 758 
Translated from YAF t3 
PRL 27 61 
NP B27 140 
NP B32 333 
NP 629 349 
NP B2O 209 
PRL 24 1201 
PRL 25 I385 
DNPL/R7 173 
Study Weekend No. 1. 
PL 28B 513 
NP BI4 169 
PL S0B 426 
NC 63A 743 
Private Comm. 
PR 178 2095 
PL 276 45 
NC 56A 531 
PR 156 1399 
PR 159 1219 
NC 44A 1272 
PR 145 1050 

M. Aguilar-Benitez et ai. (BNL) 
W.D, Apel et at. {KARLK, KARLE, PISA) 
M, Basile et aL (CERN) 
D, Benaksas et al. (ORSAY) 
D. Benaksas et aL (ORSAY) 
5R. Borenstein et aL (BNL, MICH) 
R.M. Brown et aL {ILL, ILLE) 
J.T. Dakin et aL (PRIN) 
B,N. Ralclifr et aL (SLAC) 
H, Alvensleben et aL (DESY) 
A,B, Baldln et aL (tTEP) 
1318. 
H.J. Behrend et aL (ROCH, CORN, FNAL) 
R. Bizzarri et aL (CERN, CDEF) 
D.G. Coyne et al. (LRL) 
K.C. Moffeit et aL {LRL, UCB, SLAC+) 
M. Abramovich et aL (CERN) 
P.J. Biggs et aL (DARE) 
R. Bizzarti et aL (ROMA. 5YRA) 
M. RoDs (CERN) 

J.E. Augustin e( aL {ORSAY) 
R, Bizzarri et at (CERN, CDEF) 
W, Deinet et aL (KARL, CERN} 
F. Jacquet et at. (EPOL, BERG) 
R, Wilso~ (HARM) 
A.A. Wehmann et at. (HARM, CASE, SLAC+) 
R.G. Astvatsaturov et at. (JINR, MOSU) 
D. Bollini et at. (CERN, BGNA, STRB) 
N. Barash et at. (COLU) 
M. Feldman et aL (PENN) 
G. Di Giugno et a6 (NAPL, FRA5, TRST) 
S.M. Flatte et aL (LRL) 
F.E. James, H.L, Kraybill (YALE, BNL) PR 142 896 

PRL 14 279 A. Barbaro-Galtleri, R.D. Trlpp 
JETP 18 12B9 V.M. Bafmin et a6 
Translated from ZETF 45 1879, 
PR 136B 4196 R.W. Kraemer et aL 
5lena Conf. 1 166 B. Buschbeck et aL 

- -  OTHER RELATED PAPERS - -  

PR D59 113006 R. Delbourgo et  aL 
PR 057 2716 5. Gardner. H.B. O'ConnelI 
PL 6411 354 A, Abele et al. 
PL B174 453 5.1. Dolinsky et aL 
JETPL 37 733 L.M. Kurdadze et aL 
Translated from ZETFP 37 613. 
PRL 9 325 E. AIR-Stelnberger et aL 
PR 125 667 M.L. Stevenson et aL 
PRL 7 178 B.C. Maglich et aL 
PRL 7 421 A. Pevsner et aL 
PRL 7 327 H, Nguyen Ngoc, G.R. Lynch 

{LRL) 
(ITEP) 

(JHU, NWES, WOOD) 
(VIEN, CERN, ANIK) 

(Crystal Barrel Cotlab.) 
(NOVO) 
(NOVO) 

(COLU, RUTG) 
(LRL) 
(LRL) 
(JHU) 
(LRL) 
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q ' ( 9 5 8 )  

1 '(958)1 CONSTRAINED FIT INFORMATION 

An overall f i t to the total width, a partial width, 2 combinations 
of partial widths obtained from integrated cross section, and 16 
branching ratios uses 48 measurements and one constraint to de- 
termine 7 parameters. The overall f i t has a X 2 = 35.6 for 42 
degrees of freedom. 

The following of f -d iagona l  array elements are the correlation coefficients 

{ T p i T p i ) / ( T p ~ , T p ~ ) ,  in percent, from the fit to parameters Pi, including the branch- 

ing fractions, xi _-- r~/r tota I. The fit constrains the x~ whose labels appear in this 
array to sum to one. 

IG(j PC) = 0 + ( 0 -  +)  

~(958) MASS 

VALUE (MeV) EVT5 
957.78-4-0.14 OUR AVERAGE 
957.9 • • 4800 WURZINGER 
959 •  630 BELADIDZE 
958 •  340 ARMSTRONG 
958.2 • 622 AUGUSTIN 
957.8 • 2420 AUGUSTIN 
956.3 • 143 GIDAL 

957.46• DUANE 
958.2 • 1414 DANBURG 
958 • 1 400 JACOBS 
956.1 • 3415 BASILE 
957.4 • 535 BASILE 
957 • I RITTENBERG 

DOCUMENT ID TECN COMMENT 

96 SPEC 1.68 p d  ~ 3He~/ 
92C VES 36 / r -Be ~ / r -  ~/r ~/Be 
918 OMEG 300 p p  ~ pp~l~+' ,T - 

90 DM2 J/@ ~ 7 t l ~ +  ~ -  

90 DM2 J/V) ~ 77~r +~r- 
87 MRK2 e + e -  

e + e - ~ + ~ -  
74 MMS ~ r - p ~  nMM 
73 HBC 2.2 K - p  ~ A X  0 

73 HBC 2.9 K - p  ~ A X  0 

71 CNTR 1.6 ~ r - p  ~ n X  0 

71 CNTR 1.6 ~ r - p  ~ n X  0 

69 HBC 1.7-2.7 K - - p  

x2 

x3 
x4 
xs 
x6 
r 

VALUE(MeV) 
0.202-1"0,016 OUR FIT Error includes scale factor of 1.3. 

--39 

--74 --29 

--33 --24 32 

--25 --12 26 8 

--27 --11 35 11 

32 --3 --24 --5 

,7'(958) WIDTH 

EVT5 DOCUMENT ID TECN CHG COMMENT 

9 

-88 -8 
Xl X2 X 3 X4 x 5 X6 

Mode Rate (MeV) Scale factor 

r I ;T+ ~r- ~ 0.090 • 1.2 
r 2 p~ non- 0.060 • 1.3 

0.30 -I-0.09 OUR AVERAGE 
0.40 • 4800 WURZINGER 96 SPEC 1.68 p d  

3He~l 
0.28 • 1000 BINNIE 79 MMS 0 ~r-p ~ nMM 

~(958) DECAY MODES 
Scale factor/ 

Mode Fraction (Fi/F) Confidence level 

[-I 7r+;r-/7 (44.3 • )% S=1.2 

r 2 p~  non- (29,5 •  )% S=1.2 

resonant;T + 7r- 7) 
r 3 7r~176 (20.9 • )% S-1.2 

r 4 w 7 (3.o3• % 

['5 77 (2.12• % S=1.3 
r 0 3~ ~ (1,56• x 10 -3 

F7 #+#-7 (1.04• • 10 -4  

F B ;T+ 7r- ~c 0 < 5 % CL=90% 

F9 7r 0 pO < 4 % CL-90% 

rlo 7r + Ir +/r n" < 1 % CL=90% 

r l l  ~r + ~r + 7r- ;T- neutrals < I % CL-95% 
r12 7r + I[ +/[- 7r- ;I "0 < 1 % CL=90% 

F13 67r < ] % CL-90% 

r14 ~r + ~r- e + e -  < 6 x 10 - 3  CL=90% 
rl5 ~r077 < 8 x I0 -4 CL=90% 

r16 4~ ~ < 5 x 10 -4 EL=90% 

r17 e + e- < 2.1 x 10 -7 CL=90% 

Charge conjugation (C), Parity (P), 
Lepton family number (LF) violating modes 

[-18 /r + 7r- P,CP < 2 % CL=90% 
F19 /c 0/r 0 P, CP < 9 x 10 - 4  CL=90% 

F20 7 e + e  - C < 9 x 10 - 4  CL=90% 

F21 ;TO e + e- C [a I < 1,4 x 10 -3 CL=90% 

r22 7/e+e - c [a] < 2,4 x l o  - 3  Ct=90% 
F23 37 C < 1,0 x 10 -4 CL=90% 

F24 # + # - - ; T  O C [a] < 6.0 x 10 - 5  CL=90% 

F2s #+#-~/ c [a] < 13 x 10 -5 CL-90% 

r26 e #  LF  < 4.7 X 10 - 4  CL=90% 

[a] C parity forbids this to occur as a single-photon process. 

resonant 7r + 7r- 7) 
F3 ;T O ;T07/ 0.042 • 1.6 

F 4 cd~' 0.0061 • 0.0008 1.2 

rS 7 7  0.00429• 1.1 

F 6 3;T ~ (3.1 • ) • 10 - 4  1.1 

~(958) PARTIAL WIDTHS 

r(7~) 
VALUE (keY} E V T S  DOCUMENT ID TECN 

4.29-I"0.15 OUR FIT Error includes scale factor of 1.1. 
4.28-t-0.19 OUR AVERAGE 

COMMENT 
rs 

4.17•177 2000 1 ACCIARRI 98B L3 e + e -  ~ I 
e+ e -  7r+ ~ -  ~. 

4.53~:0.29• 266 KARCH 92 CBAL e+e - 
e+ e -  ~/Tr0 ~0 

3.61•177 2BEHREND 91 CELL e+e - 
e + e -  ~r(958) 

4.6 • • 23 BARU 90 MD1 e+e - 
e+ e -  7r+ ~ -  ~f 

4.57•177 BUTLER 90 MRK2 e§ - 
e + e -  ~'(958) 

5.08•177 547 3ROE 90 ASP e+e - ~ e + e - 2 7  
3.8 • • 34 AIHARA 88c TPC e+e - 

e+ e -  FITT+ ~ - 
4.9 • • 136 4WILLIAMS 88 CBAL e+e - ~ e + e - 2 7  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

4.7 • • 143 5GIDAL 87 MRK2 e+e - 
e+  e-. , , l~.+ ~ - 

4.0 • 6BARTEL 85E JADE e+e - ~ e + e - 2 7  

1 No non-resonant ~+ ~ -  contribution found. I 
2Revaluated by us using B(r/ ~ p(770)7) - (30.2 • 1.3)%. 
3Revaluated by us using B(T/ ~ 77) : (2.11 • 0.13)%, 
4Revaluated by us using B(~ I ~ 7~') = (2.11 • 0.13)%. 
5 Superseded by BUTLER 90. 
6 Systematic error not evaluated. 

~'(9~) r(i)r(~)/r(tota0 
This combination of a partial width with the partial width into ~-y and 
with the total width is obtained from the integrated cross section into 
channel(i) in the 77 annihilation. 

r(77) x r(p~ rsr~/r 
VALUE (keV) EVTS DOCUMENT ID TECN COMMENT 

1.27-1"0.(~ OUR FIT Error includes scale factor of 1.2. 
1.26:t:0.0"/OUR AVERAGE Error includes scale factor of 1.2. 
1.09• BEHREND 91 CELL e + e  - 

e + e -  p(770)07 
1.35•177 AIHARA 87 TPC e - - e -  ~ e - r e - p " f  

h13--0.04+0.13 867 ALBRECHT 878 ARG e + e  - ~ e + e - p ' y  

1.53•177 ALTHOFF 84E 1ASS e •  - ~ e + e - p " f  

1.14•177 243 BERGER 84B PLUT e+e - ~ e-re-p7 
1.73•177 95 JENNI 83 MRK2 e + e - ~  e+e-p.y 
1.49•177 213 BARTEL 828 JADE e+e - ~ e+e-p7 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1.85•177 43 BEHREND B3B CELL e+e - ~ e+e-p7 



See key on page 239 

r(-r-r) x r(.O.%)/r~.,, r~rdr  
VALUE (keY} DOCUMENT ID TEEN COMMENT 

0`904"0`06 OUR FIT Error includes scale factor of 1.2. 
0.924"0.06:t:0.11 7KARCH 92 CBAL e + e  - ~ e+-e--x/~r0~r 0 
�9 �9 �9 We do not use the following data for averages, fits, limits, e t c . � 9  * �9 

0.95+0.05+0.08 8KARCH 90 CBAL e + e  - ~ e+e--~pr0~r 0 
1.00+-0.08+0.10 8,9 ANTREASYAN 87 CBAL e+e  - ~ e+e--r/~r0~r 0 

7 Revaloated by us using B (~ /~  7"~) = (39.21 4- 0.34)%. Supersedes ANTREASYAN 87 
and KARCH 90. 

8 Superseded by KARCH 92. 
9Using BR(q ~ 23,)=(38.9 +- 0.5)%, 

~(958) a PARAMETER 

IMATRIX ELEMENTI2 = (1 + ,~y)2 + == 
VALUE DOCUMENT tO TEEN COMMENT 

--0`0E~4.0.013 10 ALDE 86 GAM2 38 ~r- p ~ n~2~r 0 
�9 �9 �9 We do nut use the following data for averages, fits, limits, etc. �9 �9 �9 

-0.08 +-0.03 10 KALBFLEISCH 74 RVUE ~ / t ~  ~ / ~ + x -  

10 May not necessarily be the same for fit ~ ~/~r + x -  and ~/r ~ ~O~r0" 

~(958) ,6' PAPAM ETER 
See the "Note on r) Decay Parameters" in our 1994 edition Physical Review 
D50 1173 (I994), p. 1454. 

IMATRIX ELEMENTI2 = (1 + 2/~Z) 
VALUE DOCUMENT ID TEEN ~OMMENT 

--0`1 4.0.3 ALDE 87B GAM2 38 ~ - p ~  n3:T 0 

~(958) BRANCHING PATIOS 

r 0r + ~ -  e (neutral decay)) /r~,  0.714r~ l r 
VALUE EVT5 DOCUMENT ID TECN COI~VIENT 
0`3164.0.010 OUR FIT Error includes scale factor of 1.2. 
0.3144"0,026 281 RITTENBERG 69 HBC 1.7-2.7 K- -p  

rex+ x -  neutrals)/rto~l (o.714rl+o.286r3+o.89r~)/r 
VALUE EVT5 DOCUMENT ID TEEN COMMENT 
0`403-1"0`000 OUR FIT Error includes scale factor of 1.2. 
0.36 4.0.0=3 OUR AVERAGE 

0.4 4-0.1 39 LONDON 66 HBC 2.24 K - p  
A~ + ~ -  neutrals 

0.35 • 33 BADGER 65B HBC 3 K - - p  

r ( - + - -  ~(charged decay))/rt=tal 0 . ~ r l l r  
VALUE E V T S  D~UMENT IO TECN COMMENT 
0`1274.0`004 OUR FIT Error includes scale factor of 1.2. 
0,1164.0.013 OUR AVERAGE 
0.123• 107 RITTENBERG 69 HBC 1.7-2.7 K - p  

0.10 • 10 LONDON 66 HBC 2.24; K - p  
A ~ +  ~r- ~r+ ~r- ~0 

0.07 +-0.04 7 BADIER 65B HBC 3 K - p  

[r 0r ~ ~r ~ . (charged decay)) + r (= (chm~ decay) 7) ]/Ftotal 
(o.28~r~+0.89r4)/r 

VALUE EVT$ DOCUMENT ID TECN COMMENT 
0`fflit 4" 0.005 OUR FIT Error i,cludes scale factor of 1.2. 
0`0454.0`029 42 R|TTENBERG 69 HBC 1.7-2.7 K - p  

r(n~tra~s)/r~ (o.n~r3+o.o~r.+rs]Ir 
VALUE EVTS OOCUMENT ID TEEN COMMENT 
0`1734.0`009 OUR FIT Error includes scale factor of 1.2. 
0.1074.0.017 OUR AVERAGE 
0.185• 535 BASiLE 71 CNTR 1.6 ~r-  p ~ n X  0 

0.189• 123 RITTENBERG 69 HBC 1.7-2.7 K - p  

r (eo ~ (inclu(:ling non-remnant ~r + x -  ~) ) / r~, , l  
VALUE EVT$ DOCUMENT ID TEEN 
0.2954"0,010 OUR FIT Error includes scale factor of 1.2. 
0,319=t:0`030 OUR AVERAGE 
0.329• 298 RITTENBERG 69 HBC 
0.2 • 20 LONDON 66 HBC 

0.34 --0.09 35 BADIER 65B HBC 

r(~ ~(including non-resonant ~r + ~r- 1 , ) ) / r ( . . . )  
VALUE DOCUMENT ID TEEN 
0.4534"0,022 OUR FIT Error includes scale factor of 1.2. 
0.4264-0.0211 OUR AVERAGE 
0.43 +-0.02 +-0.02 
0.31 +-0.15 

r d r  
COMMENT 

1.7-2.7 K - - p  

2.24 K -  p 
A~r+ ~ r - 7  

3 K - p  

r2/(rl+ra) 
COMMENT 

BARBERIS 98C OMEG 450 p p  ~ p: f r l rps 

DAVIS 68 HBC 5.5 K -  p 
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r Oe+ e - ) / r w  r2o/r 
VALUE ~u~its I0 -3 ) CL~ DOCUMENT 10 TEEN COMMENT 

<0.9 90 BRIERE 00 CLEO 10.6 e + e -  

r (#e+e-) /G~,  r211r 
VALUE (U~it~ 10-3) ~ CL ~ DOCOMENT ID TECN COMMENT 

< 1.4 90 BRIERE 00 CLEO 10.6 e + e -  
�9 �9 �9 We do not use the fc41owing data for averages, fits, limits, e t c . � 9  �9 * 

<13 ~ RITTENBERG 65 HEIC 2.7 K - p  

re.e+ e-)/rw~ r,,/r 
VALUE (units 10 -3) CL~  DOCUMENT ID TEEN COMMENT 

< 2.4 90 BRIERE 00 CLEO 10.6 e + e-- 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<ii 90 

r ( .%~ 
CJ3L 

RITTENB, ERG 65 HBC 2.7 K - p  

VALUE DOC~I~MENT ID , TEC N COMMENT 

<0.04 90 RITTENBERG 65 HBC 2.7 K - p  

rot+ It- e + e-)lr=~l 
VALU E CL~ DOCUMENT tO COMMENT 

<0.006 90 RITTENBERG 65 HBC 2.7 K - - p  

r(6.)Irt== 
VALUE CL~ DOCUMENT ID 

TEEN 

TEEN COMMENT 

<0.01 90 LONDON 66 HBC Compilation 

r(=~)/r(.+ ~-~) r d r l  
VALUE EVT~5 DOCUMENT I D TEEN COMMENT 

rolr 

r14/r 

r la / r  

0`0~J~:0.008 OUR FIT ErrOr includes scale factor of 1.1. 
0`1[~04.0.0~$ 68 ZANF~NO 77 ASPK 8 . 4 ~ - p  

r ~ 0 . d - = , g  no..~o.ant~+~r-.r))l[r(,~+,r- ~) + r (,~~ + 
r@,~)] r2/(rl+ra+r,) 
VALUE DOCUMENT rE2 TEEN ~OMMENT , , 
0`4334.0`021 OUR FIT Error includes scale factor of 1.2. 
0.25 4"0.:[4 DAUBER 64 HBC 1.95 K - - p  

r(,ry)/r~ rs,/r 
VALUE E V T S  DOCUMENT ID TEEN COMMENT . . . .  
0.O2~2:1:0`O014 OUR FIT Error includes scale factor of 1.3: 
0`0196+0`0015 OUR AVERAGE 
0.0200+-0.0018 11 STANTON 80 SPEC 8.45 ~ r -p  

n~r+ w--  2,y 
0.025 +-0.007 DUANE 74 MMS ~ -  p ~ n M M  
O.0171+0.0033 68 DALPIAZ 72 CNTR 1,6 7 r -p  ~ nX 0 

0,020 +0.008 31 HARVEY 71 OSPK 3 . 6 5 ~ r - p ~  u X  0 
- 0.006 

�9 ' �9 �9 We do not use the fol~owlng data for averages, fits, limits, etc. �9 �9 �9 

0.018 +-0.002 6000 ~2 APEL 79 NICE 15-40 ~ -  p ~ n27, 

11 Includes APEL 79 result. 
I2 Data is included in STANTON 80 evaluation. 

r(e + e-)/rtotal rlT/r 
VALUE (units 10 -7) CL_~_e~ DOCUMENT tD TEEN COMMENT 

<2.1 90 VOROBYEV 88 ND e + e  - ~ 7 r + ~ - ~  

r ( . + . - l / r ~ =  r . / r  
VALUE CL~ DOCUMENT tD TEEN COMMENT 

<0;02 90 RITTENBERG 69 HBC k7-2.7  K - - p  

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 * �9 

<0.08 95 DANBURG 73 HBC 2.2 K-p ; - -~  A X  0 

r(,r+ ~-- ~~ r d r  
VA,LUE CL~ DOCUMENT ID TEEN COMMENT . . . .  

<0.05 90 RITTENBERG 69 HBC 1.7"2.7 K - p  

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 *: 

<0.09 95 DANBURG 73 HBE 2.2 K - p  ~ A X  0 

r(~ + ~+ ~r- ~ -  neutrals)/rt~,~ rn / r  
VALUE ~ ~EUMENT ~D TECN COMMENT 
<0.01 95 DANBURG ;'3 HBC 2.2 K -  p ~ A'X 0 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.01 90 RITTENBERG 69 HBC 1.7-2.7 K - p  

r(r + - + - - - - ~ ) / r ~ =  rz=/r 
VALUE ~ DOCUMENT ID TE;CN , COMMENT 

<0;01 90 RITTENBERG 69 HBC 1.7"2.7 K - p  
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r(x + ~r + x -~r - ) / r t==  FLair 
VALUE CL% DOCUMENT ID TECN COMMENT 

<0,01 90 RITTENBERG 69 HBE 1.7-2.7 K - p  

r (x ~ ~.o n ( 3 x~ decay))/rtot~l 0.321 ra/r  
VALUE EVTS DOCUMENT fD TECN COMMENT 
0.~74-0.004 OUR FIT Error includes scale factor of 1.2. 

~(958) C-NONCONSERVING DECAY PARAMETER 

0.11 4-0.{)6 4 BENSINGER 70 DBC 2.2 7r + d 

r (pO 1' (including non-resonant. + f -  3')) /r  (x + ~r- t/(n eutral decay)) 
r2/0.714rz 

VALUE EVTS DOCUMENT ID TECN COMMENT 

0.0~14-0.05 OUR FIT Error includes scale factor of 1.2. 
1.01::E0.09 OUR AVERAGE 
1.07+0.17 BELADIDZE 92C VES 3 6 1 r - B e  ~ 7r - r / l~ /Be 

0 .92•  473 DANBURG 73 HBC 2.2 K - p  ~ A X  0 

~1• ~92 ~Aco~s ~3 H~c 29~ -~ - -  ~xO 
r(~3')Ir(,r ~176 ~ (neutral decay)) r~10.z14ra 
VALUE EVTS DOCUMENT ID TErN COMMENT 

0.142"I"0.010 OUR FIT Error includes scale factor of 1,6. 

0.188• 16 APEL 72 OSPK 3.8 x - p  ~ n X  0 

r0,+,-3")tr(~-~) r d r s  
VALUE (units 10 -3) EVTS DOCUMENT ID TEEN COMMENT 

4.94"1.2 33 V I K T O R O V  80 CNTR 25,33 ~r-  p ~ 2#~f 

r0,+,-n)/rto=, r~ / r  
VALUE (units 10 -5 )  E L %  DOCUMENT ID TEEN COMMENT 

<1.5  90 DZHELYADIN 81 CNTR 3 0 ~ r - p ~  ~/tn 

r( ,+,-  xO)Irt~, r=41r 
VALUE (units 10 -3 )  C L ~  DOCUMENT ID TEEN COMMENT 

<6 .0  90 DZHELYADIN 81 CNTR 30 ~ r - p  ~ ~/fn 

F(3~r 0)/r(.0,0n) r61r~ 
VALUE (u~itS 10 -4  ) DOCUMENT 10 TEEN COMMENT 

744"12 OUR FIT 
74-t-12 OUR AVERAGE 
7 4 •  ALDE 87B GAM2 38 ~ r - p  ~ n63" 

7 5 •  BINON 84 GAM2 30-40 ~ r - p  ~ n6"~ 

r ( ~ ) i r ( ~ r % )  rslr3 
VALUE DOCUMENT ID T~CN COMMENT 

0.101 4"0,007 OUR FIT Error includes scale factor of 1.6. 

0.1054-0,010 OUR AVERAGE Error includes scale factor of 1.9. 

0.091• 0.009 AMSLER 

0 . 1 1 2 • 1 7 7  ALDE 

r(,~-~)/r(x~ 
VALUE DOCUMENT ID 

0,1454-0,014 OUR FIT 
0.147+0.016 

r (~ ) / r ( ,O,%)  
VALUE (units 10 -4  ) 

<4.6 

r(,rO3".r)/r(,O,,O~) 
VALUE (u~its 10 -4  ) 

<37 

r (.0 ~r o ) / r (.o ~r 0 7/) 
VALUE (units 10 -4  ) 

<415 

r ( ~ ~ 1 7 6  
VALUE (units la  - 4  ) 

<23 

r ( e , ) I r ~ , ,  

VALUE (units 10 -4 ) 

<4.7 

93 CBAR 0.0 ~ p  

87B GAM2 38 7 r - p  ~ n23" 

r4/r3 
TECN COMMENT 

ALDE 875 GAM2 38 l r - p  ~ n43" 

r~ / r3  
DOCUMENT ID TEEN COMMENT 

ALDE 875 GAM2 3 8 7 r - p ~  n33' 

rzs/r3 
DOCUMENT ID TEEN COMMENT 

ALDE 87B GAM2 38 ~r-  p ~ n43, 

rzs/r3 
DOCUMENT ID TECN COMMENT 

ALOE 87B GAM2 38 ~ r - p  ~ n4"y 

rle/rs 
DOCUMENT ID TECN COMMENT 

ALOE 87B GAM2 3 8 / r - p ~  n83' 

r=6/r 
DOCUMENT ID TEEN COMMENT 

9O 

C L._~'/, 

90 

C L.__~ 

9O 

CL_~'/~ 

90 

C t.~ 

See the note on ~ decay parameters in the Stable Particle Particle Listings 
for definition of this parameter. 

DECAY ASYMMETRY PARAMETER FOR ~r+~r-,,/ 
VALUE EVTS DOCUMENT ID TEEN COMMENT 

-0.01:1:0.04 OUR AVERAGE 
- -0 .019 •  AIHARA 87 TPC 23' ~ ~ r + ~ - 3  ' 

- 0 . 0 6 9 •  295 GRIGORIAN 75 STRC 2.1 7 r - p  

0.00 =h0.10 103 KALBFLEISCH 75 HBC 2.18 K -  p 
ATr+ ~r-3` 

0.07 •  152 RITTENBERG 65 HBC 2.1-2.7 K - p  

BRIERE 00 
ACCIARRI gee 
BARBERIS 98C 
WURZINGER 96 
PDG 94 
AMSLER 93 
BELADIOZE 92C 

KARCH 92 
ARMSTRONG 91B 
BEHREND 91 
AUGUSTJN 90 
BARU 90 
BUTLER 90 
KARCH 90 
ROE 90 
AIHARA 80C 
VORCBYEV a8 

WILLIAMS Ba 
AIHARA 57 
ALBRECHT 87B 
ALDE 87B 
ANTREASYAN 87 
GIDAL 87 
ALDE 80 
BARTEL 85E 
ALTHOFF 84E 
BERGER 84B 
BINON 84 
BEHREND B3B 

Also 82C 
JENNI 83 
BARTEL 82B 
DZHELYADIN 8t 
STANTON 80 
VIKTOROV B0 

APEL 79 
BINNIE 79 
ZANFINO 77 
GRIGORIAN 75 
KALBFLEISCH 75 
DUANE 74 
KALBFLEISCH 74 
OANBURG 73 
JACOBS 73 
APEL 72 
DALPIAZ 72 
BASILE 71 
HARVEY 71 
BENSINGER 70 
RITTENBEBG &9 
DAVIS 66 
LONDON 66 
BADIER 655 
RITTENBERG 65 
DAUBER 64 
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Translated from YAF 55 2748. 
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SJNP 48 273 P.V Vorobiev et at. (NOVa) 
Translated from YAF 48 436. 
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PL B177 115 D,M. Aide et aL (SERP, BELG. LANL, LAPP) 
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PL 142B 125 C. Berger (PLUTO Collab.) 
PL 140B 264 F.G. B]non et at. (SERP, BELG, LAPP+) 
PL 125B 518 HJ. Behrend et aL (CELLO Collab.) 
PL 114B 378 H.J. Behrend et aL (CELLO Co,lab.) 
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SJNP 32 520 V.A. Viktorov et aL (SERP) 
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PRL 32 425 A. Duane et al. (LOIE, SHMP) 
PR 010 910 G.R. Kalbfleiscl7 (BNL) 
PR DB 3744 J.S. Danb~rg et aL (BNL, MICH)JP 
PR DB ]B 5,M. Jacobs et aL (BRAN, UMO, SYRA+)JP 
PL 40B 680 W.D. Apel et aL (KARLK, KARLE, PISA) 
PL 42B 377 P,F. Oalplaz et al. (CERN) 
NC 3A 37[ M. Basile et aL (CERN, BGNA, STRB) 
PRL 27 865 E.H. Harvey et aL {MINN, MICH) 
PL 33B 505 J.R. Bensinger et at. (WISE) 
Thesis UCRL I5863 A. Rittellberg (LRL) I 
PL 275 533 R. Davis et aL (NWES. ANL) 
PR t43 1034 G.W. London et aL (BNL, 5YRA) IJP 
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PAN 62 356 Yu.D. Rrokoshkin et at+ 
Translated from YAF 62 396. 
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PRL 12 546 M. Goldber E et aL (SYRA. BNL) 
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BENAYOUN 995 
PROKOSHKIN 99 

GRONBERG 95 
ABELE 97B 
GENOVESE 94 
BENAYOUN 93 
KAMAL 92 
BICKERSTAFF 82 
KIENZLE 65 
TRILLING 65 
GOLDBERG 64 
GOLDBERG 64B 
KALBFLEISCH 64 
KALBFLEISCH 64B 

90 BRIERE 00 CLEO 10.6 e + e -  



See key on page 239 

I fo(98~ I : o+io+ § 

See also the rain• on scalar mesons under f0(1370). (See the 
index for the page number.) 

fo(980) MASS 

VALUE (MeV) EVT5  DOCUMENT ID TECN COMMENT 
4-10 OUR ESTIMATE 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 * �9 

976 4- 5 4-6 1AKHMETSHIN99B CMD2 e + e  - ~ ~r+~r-3' 
977 4- 3 4- 6 
975 4- 4 4-6 
975 :E 4 •  

985 4-10 

982 4- 3 

982 4- 3 

987 4- 6 •  

989 4-15 
991 4- 3 
980 
993.5 
987 
984 •  
971 4- 6 
957 4- 6 
960 4-10 

1015 4,15 
1008 
955 4,10 
994 4" 9 
993.2+ 6.54-6.9 

1006 

997 + 5 
960 -=-10 
994 + 5 
996 

987 + 6 
1015 
983 
973 4" 2 
988 
988 4-10 

268 1AKHMETSHIN99C CMD2 e + e  - ~ ~0~r03` 
2 AKHMETSHIN 99C CMD2 e + e -  ~ ~0~r0"7 
3AKHMETSHIN99C CMD2 e + e  - ~ ~+~r-3`,  

~r0~r0 3  ̀
BARBERIS 99 OMEG 450 pp 

psPf  K +  K - 
BARBERIS 99B OMEG 450 pp 

pspf~r+~T- 
BARBERIS 99s OMEG 450 pp 

ps pf  ~rO ~rO 
4 BARBERIS 99D OMEG 450 pp ~ K + K--,  

~r+~r - 
BELLAZZlNI 99 GAM4 450 pp ~ pp~t 0 ~0 

5 KAMINSKI 99 RVUE ~r~r ~ ~r~r, KK ,  cro 
50LLER 99 RVUE ~r~r ~ ~r~r, K K  

OLLER 998 RVUE ~r~r ~ E~r. K K  
50LLER 99C RVUE ~r~ ~ ~r~r, KK ,  r/~/ 

164 6ACHASOV 981 $ND e + e - ~  53̀ 
164 7ACHASOV 98~ SND e + e - ~  53̀ 

8 ACKERSTAFF 98Q OPAL Z ~ f0 X 
ALDE 98 GAM4 

5 ANISOVICH 988 RVUE Compilation 
9 LOCHER 98 RVUE ~r~r ~ ~r~r , KK" 
8 ALDE 97 GAM2 450 pp ~ pp~r 01r 0 

10BERTIN 97s OBLX 0 . 0 ~ p ~  ~r+~r-~r 0 
11 ISHIDA 96 RVUE ~r~r ~ ~r~r, K K  

TORNQVlST 96 RVUE ~T~r ~ ~r~r, KK ,  K~r, 

3k 12ALDE 958 GAM2 3 8 ~ r - p ~  ~r0~r0n 
10k 13ALDE 958 GAM2 3 8 ~ r - p ~  ~:O~r0n 

AMSLER 95B CBAR 0.0 ~p ~ 3E 0 
14 AMSLER 95D CBAR 0.0 ~p ~ :r 

~r0 ~/~/, ~r0 ~r0 ~/ 
15 ANISOVICH 95 RVUE 

JANSSEN 95 RVUE ~r~r ~ ~r~r, K K  
16 BUGG 94 RVUE ~p ~ ~/2~r 0 
17 KAMINSKI 94 RVUE ~r~r ~ ~r;T, K K  
18 ZOU 948 RVUE 
19 MORGAN 93 RVUE ~r~r(K'K) 

~r 7r (KK} ,  J /~  
@ ~ ' ( K ~ ) ,  D s 

8 AGUILAR .... 91 EH$ 400 pp 
20ARMSTRONG 91 OMEG 3 0 0 p p ~  pp~r~r, 

ppK-K 
BREAKSTONE90 SFM pp ~ p p ~ +  ~r- 

8 AUGUSTIN 89 DM2 J /~  ~ ~ r + ~ r  - 
BABACHI 86B HRS e + e  - ~ ~r+~--X 

ETKIN 826 MPS 23 ~r -p  ~ n2K 0 

20GIDAL 81 MRK2 J/1~ ~ E + E - - X  
21 ACHASOV 80 RVUE 
20AGUILAR .... 78 HBC 0 . 7 ~ p ~  KOK 0 

20 LEEPER 77 ASPK 2-2.4 ~ -  p 
~+~T-n ,  K + K - n  

20BINNIE 73 CNTR ~ - p ~  nMM 
22GRAYER 73 ASPK 1 7 ~ - p ~  ~r+~r-n 
22 HYAMS 73 ASPK 17 ~ -  p ~ x +  ~ -  n 
22 PROTOPOP_. 73 HBC 7 x +  p 

~r+ p~r+ ~r- 

97L1•  4.0 
979 4- 4 

956 4,12 
959.44- 6.5 
978 • 9 

9880_+~:0 
974 • 4 
975 
986 4-10 

969 4, 5 

987 -4- 7 
1012 • 6 
1007 4-20 
997 4, 6 

]Assuming r(fo)= 40 MeV. I 
2From a narrow pole fit taking into account f0(980) and f0(1200) intermediate meeha- i 

nisms. 
3From the combined fit of the photon spectra in the reactions e + e  - ~ ~r+~r-3`, I 

~r0 ~r03`. 
4Supersedes BARBERI$ 99 and BARBERIS 99B | 
5 T-matrix pole, I 6In the "narrow resonance" approximation. 
7 Using the "broad resonance" formulae of ACHASOV 97c. 
8 From invariant mass fit. 
9On sheet II in a 2 pole solution. The other pole is found on sheet III at ( ]039-93/)  MeV. 

10On sheet II in a 2 pole solution. The other pole is found on sheet III at (963-29i) MeV. 
11 Reanalysis of data from HYAMS 73, GRAYER 74, SRINIVASAN 75, and ROSgELET 77 

using the interfering amplitude method. 
12At high I t l  
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f0(980) 
13At low Itl. 

14 On sheet II in a 4-pole solution, the other poles are found on sheet III at (953-55~ MeV 
and on sheet IV at (938-350 MeV. 

15 Combined fit of ALDE 95B, ANISOVICH 94, AMSLER 940. 
16On sheet II in a 2 pole solution. The other pole is found on sheet III at (996-103/) MeV. 
17 From sheet II pole position. 
18On sheet II in a 2 pole solution. The other pole is found on sheet III at (797-185/) MeV 

and can be interpreted as a shadow pole. 
19 On sheet II in a 2 pole solution. The other pole is found on sheet Ill at (978-28[)  MeV. 
20 From coupled channel analysis. 
21 Coupled channel analysis with finite width corrections. 
22included in AGUILAR-BENITEZ 78 fit. 

fo (980) WIDTH 
Width determination very model dependent. Peak width in ~ is about 50 MeV, but 
decay width can be much larger. 

VALUE (MeV) EVT5  DOCUMENT ID TECN COMMENT 
40 to 100 O U R  ESTIMATE 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

56 • 20 23AKHMETSHIN99c CMD2 e + e  - ~ ~r0~03` 
65 • 20 BARBERIS 99 OMEG 450 pp 

ps Pf K + K - 
80 4, 10 BARBERIS 99B OMEG 450 pp 

ps p f Tr + Tr- 
80 4, 10 BARBERIS 99C OMEG 450 pp 

PS Pf 7tO ~0 
48 • 12 4, 8 24BARBERIS 99DOMEG 4 5 0 p p ~  K + K  - ,  

~r + ~r- 
65 • 25 BELLAZZINI 99 GAM4 450 pp ~ pp~r 0 x 0 
71 • 14 25 KAMINSKI 99 RVUE lr~r ~ ~rx, K K ,  (rE 
28 25 OLLER 99 RVUE ~rlr ~ 7rTr, K K  
25 OLLER 99B RVUE 7rTr ~ ~r~r, K K  
14 25OLLER 99C RVUE l r ~ r ~  ~r~r, KK,~ /~  
74 • 12 164 26ACHASOV 981 SND e + e  - ~  53' 

188 + 48 164 27 ACHASOV 981 SND e + e -  ~ 53" - 33 
70 • 20 ALDE 98 GAM4 
86 • 16 25 ANISOVICH 988 RVUE Compilation 
54 28 LOCHER 98 RVUE ~r~r ~ ~r~r , K K  
69 4, 15 29ALDE 97 GAM2 450 pp ~ ppTrO~r 0 
38 • 20 30BERTIN 97C OBLX 0 .0~p  ~ ~r+~r- l r  0 

100 31 ISHIDA 96 RVUE ~r~r ~ ~r~, K K  
34 TORNQVIST 96 RVUE ~r~r ~ ~r~r, K K ,  K x ,  

48 4, 10 3k 32ALDE 958 GAM2 3 8 ~ r - p ~  ~r0~r0n 
95 4, 20 10k 33 ALDE 958 GAM2 38 ~r- p ~ ~r 0~r 0n 
26 • 10 AMSLER 958 CBAR 0.0 ~p  ~ 3~ 0 

112 34 AMSLER 95D CBAR 0.0 ~p ~ ~r0~rO~r 0' 
x0 ~] rt, ~r0 ~r0 ~/ 

80 • 12 35 ANISOVICH 95 RVUE 
30 JANSSEN 95 RVUE ~r~r ~ x~r, K K  
74 36 BUGG 94 RVUE ~p ~ ~/2~r 0 
29 4" 2 37 KAMINSKI 94 RVUE ~r~r ~ ~r~r, K K  
46 88 ZOU 948 RVUE 
48 4, 12 39MORGAN 93 RVUE ~r~r(KK) 

~r ~r (KK) .  J/V" 
#,r~r(K~) ,  D s 
' d  " O  

29 AGUILAR-._ 91 EHS 400 pp 
40 ARMSTRONG 91 OMEG 300 pp ~ pp~r~', 

ppK 'K  
BREAKSTONE90 $FM pp ~ pp~r+~r - 

37.4• 10.6 
72 • 8 

110 • 30 
29 • 13 29 ABACHI 868 HRS e + e  - --, ~ r + T - X  

120 • 4-20 ETKIN 82B MP$ 23 x - p  ~ n2K 0 

28 :E 10 40GIDAL 81 MRK2 J / @ ~  ~r+~r-X 
70 to 300 41ACHASOV 80 RVUE 

100 • 80 42AGUILAR-_. 78 HBC 0 .7~p- - *  KOsKO 

30 • 8 40 LEEPER 77 ASPK 2-2.4 l r - p  --* 
7r+~r-n,  K +  K - n  

48 i 14 40BINNIE 73 CNTR x - p - - ~  nMM 
32 • 10 43GRAYER 73 ASPK 1 7 ~ r - p ~  ~ r + x - n  
30 • 10 43HYAMS 73 ASPK 17~r-p- -~  7 r + r - n  

54 • 16 43 PROTOPOP... 73 HBC ? ~r+p 
7r "1" p~r + l r -  

23From the combined fit of the photon spectra in the reactions e + e -  ~ x + 1 r - %  | 
~r0 ~r0. 7 . 

24 Supersedes BARBERIS 99 and BARBERIS 99B 
25 T-matrix pole. 
26 In the "narrow resonance" approximation. 
27 Using the "broad resonance" formulae of ACHASOV 97C. 
28On sheet II in a 2 pole solution. The other pole Is found on sheet III at (1039-93/) MeV. 
29 From invariant mass fit. 
30On sheet II in a 2 pole solution. The other pole Is found on sheet III at (963-29i) MeV. 
31 Reanalysis of data from HYAMS 73, GRAYER 74, SRINWASAN 75, and ROSSELET 77 

using the interfering amplitude method. 
32At high Itl. 

83At low Itl. 
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f0(98o) 
34On sheet II In a 4-pole solution, the other poles are found on sheet III at (953-55/ ' )  MeV 

and on sheet IV at ( 9 3 8 - 3 5 0  MeV. 
35 Combined f i t  of ALDE 95B, ANISOVICH 94, 
36 On sheet II in a 2 pole solution. The other pole is found on sheet III at ( 9 9 6 - 1 0 3 i }  MeV. 
37 From sheet II pole position. 
38 On sheet II in a 2 pole solution. The other pole is found on sheet III at (797-185/ ' )  MeV 

and can be interpreted as a shadow pole. 
39On sheet II in a 2 pole solution. The other pole is found on sheet III at ( 9 7 8 - 2 8 [ )  MeV. 
40 From coupled channel analysis. 

41 Coupled channel analysis w i th  finite wid th  corrections. 
42 From coupled channel f it to the HYAMS 73 and PROTOPOPESCU 73 data. Wi th  a 

simultaneous fit to the ~r~r phase-shifts, inelasticity and to the K s K  5 0  0 invariant mass. 

43 Included in AGUILAR-BENITEZ 78 fit. 

AKHMETSHIN 
AKHMETSHIN 
BARBERIS 

I BARBERIS 
BARBERIS 
BARBERIS 
BELLAZZINI 
BOGUONE 
KAMINSKt 
OLLER 
OLLER 
OLLER 
ACHASOV 
ACKERSTAFF 
ALDE 

Also 
ANISOVICH 
LOCHER 
ACHASOV 
ALOE 
BERTIN 
ISHIDA 
TORNQVIST 
ALOE 
AMSLER 
AMSLER 
ANISOVICH 
JANSSEN 
AMSLER 
ANISOVICH 
BUGG 
KAMINSKI 
ZOU 
MORGAN 
AGUILAR-... 
ARMSTRONG 
BOYER 
BREAKSTONE 
MARSISKE 

I MORGAN 
BEST 
AUGUSTIN 
VOROBYEV 

ABACHI 
ETKIN 
GIDAL 
ACHASOV 

LOVERRE 
AGUILAR-.. 

I CASON 
LEEPER 
ROSSELET 
WETZEL 
SRINIVASAN 
GRAYER 
BINNIE 
GRAYER 
HYAMS 
PROTOPOP.., 

Mode 

6(980) DECAY MODES 

Fraction ( r i t r )  

F I 7rTr dominant 
r 2 K K  seen 
F3 3'3' 
F 4 e + e-  

6(980) PARTIAL WIDTHS 

r(~) F3 
VALUE (keV) EVT5 DOCUMENT IO TECN COMMENT 

0 .39+g :~  0 OUR AVB~I~GE Error includes scale factor of 1.5. See the ideogram below. 

0 ~R+o '09  44BOGLIONE 99 RVUE " 7 ~  7r+~r - ,~ r07r  0 
" " ~ - 0 . 1 3  

0.634-0.14 4 5 M O R G A N  90 RVUE "73' ~ ~ + ~ r - .  x07r0 

0.424-0.064-0.18 60 4 6 B E S T  90 JADE e + e  - ~ e + e - ~ r 0 ~ r  0 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.294-0.074-0.12 47 ,48BOYER 90 MRK2 e + e  - 
e+  e - ~ r + x  - 

0 . 3 1 + 0 . 1 4 •  47,4BMARSISKE 90 CBAL e + e  - ~ e + e - T r 0 ~ r  0 

44Supersedes MORGAN 90. 

45 From ampl i tude analysis of BOYER 90 and MARSISKE 90, data corresponds to resonance 
parameters m = 989 MeV, F = 61 MeV. 

4 6 B E S T  90 quote systematic errors +0 .08  We use •  
-0.18' 

47 From analysi~ allowing arbitrary background unconstrained by unitarity. 
48Data included in MORGAN 90, BOGLIONE 99 analyses. 

r(e+e-) 
VAC UE (ev) CL~ 

<g.4 90 
DOCUMENT tO TECN COMMENT 

VOROBYEV 88 ND e + e  - ~ ~ 0 ~ 0  

r4 

ABREU 
ANISOVICH 

AlSO 
ANISOVICH 
BLACK 
DELBOURGO 
MARCO 
MINKOWSKI 
ACHASOV 
ACHASOV 
ACHASOV 
CHLIAPNIK... 
ACHASOV 
ACHASOV 
ACHASOV 
PROKOSHKIN 

AU 
AKESSON 
BEVEREN 
MENNESSIER 
BARBER 
ETKIN 
SRINIVASAN 
BIGI 
BINGHAM 
ERWlN 
WANG 

6(980) BRANCHING RATIOS 

r(~r)/[r(,r,r) + r(K~')] rl/(rz+r=) 
VALUE DOCUMENT ID TECN COMMENT 

* �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

~0.68 OLLER 99B RVUE "~'x ~ 7r~r, KK" 
0.674-0.09 49 LOVERRE 80 HBC 4 ~r- p ~ n2KD S 

0 ~ 1 + 0 . 0 9  49CASON 78 STRC 7 7 r - p ~  n 2 K O  S "~*-0.04 
0.784-0.03 4 9 W E T Z E L  76 OSPK 8,9 ~ r - p  ~ n 2 K  O 

49Measure ~Tr elasticity assuming two resonances coupled to the ~r~r and K K  channels 
only. 

6(980) REFERENCES 
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97C PR D564084 N.N. Achasov et aL 
97 PL B397350 D.M. Aide et al. (GAMS Collab.) 
97C PL B408476 A. Bertin et aL (OBELIX Collab.) 
96 PTP 95745 S. Ishlda et aL (TOKY, MIYA. KEg) 
96 PRL 78 1575 N,A. Tornqvlst, M. RODS (HELS) 
95B ZPHY C56 375 D.M. Aide et aL (GAMS Collab.) 
955 PL B342 433 C, Amsler et aL (Crystal Barrel Collab,} 
SSD PL BSS5425 C. Amsler et aL (Crystal Barrel CollabJ 
95 PL B355383 V.V. Anisovlch et aL (PNPI. SERP) 
95 PR D522690 G. Janssen at aL (STON, ADLD, JULI) 
94D PL B33S 277 C, Amsler et aL (Crystal Barrel Collab.) 
94 PL B323233 V.V. Anisov~ch et al. 
94 PR DSO 4412 D.V. Bugg et aL (LOQM) 
94 PR DSO 3145 R. Kaminskl el al. (CRAC, IPN) 
g4B PR D50 5g] B,S, Zou, O,V. Bug S (LOQM) 
93 PR D481185 D. Morgan, MR. Penning[on (RAL, DURH) 
91 ZPHY C50405 M. Aguilar-Benitez et al. (LEBC-EHS Coll~b.) 
91 ZPHY C51 351 T.A Armstrong et aL (ATHU, BARI, BIRM+) 
90 PR D42 [350 J, Boyer et at. (Mark II Collab.) 
90 ZPHY C48 589 A,M. Breaks[one et al. (ISU, BGNA, CERN+} 
90 PR D41 3324 H. Marsiske et aL (Crystal Ball Collab.) 
90 ZPHY C48623 D. Morgan, M.R. Penning[on (RAL. DURH) 
90 ZPHY C47343 T. Best et al. (JADE Collab.) 
89 NP B320 I J.E. Augustin, G. Cosme (DM2 Collab.) 
88 SJNP 48 273 P.V. Vorobiev et aL (NOVO) 

Translated from YAF 48436. 
86B PRL 57 1990 S. Abachi et al. (PURD, ANL, IND, MICH+} 
82B PR D25 [788 A. Etk~n et aL (BNL, CUNY, TUFTS. VAND) 
81 PL 1075 158 G. Gidal et af. (SLAs LBL) 
80 SJNP 32566 N.N. Achasov, S.A. Devyan[n. G.N. Shestakov (NOVM) 

Translated from YAF 321098. 
78~ ZPHY C6187 P.F. Loverre et al. (CERN. CDEF, MADR+)IJP 

NP Bld073 M. Aguilar-Benitez et al. (MADR. BOMB+) 
78 PRL 41 271 N.M, Cason et aL (NOAM, ANL) 
77 PR D18 2054 R.J, Leeper et al. (ISU) 
77 PR DIS 574 L, Rosselet et aL (GEVA, SACL) 
76 NP Bl15 208 W. Wetzel el aL (ETH, CERN, LOIC) 
75 PR D12 681 V. Srinivasan et al. (NDAM. ANL) 
74 NP B75 189 G. Grayer et aL (CERN, MPIM) 
73 PRL 311534 D.M. Binnie et aL (LOIC, SHMP) 
73 Tallahassee G. Grayer et aL (CERN. MPIM) 
73 NP 564134 B.D. Hyams et aL (CERN, MPIM) 
73 PR D71279 S.D. Protopopescu et at. ILBL) 

- -  OTHER RELATED PAPERS - -  

99J PL B449354 P. Ai~eu et ~1. (DELPHI Collab.) 
99D PL 5452 180 A.V. Anisov[ch et aL 
99F NP A651 253 A.V, AnlsOvlCb et aL 
99H PL B467 289 A.V. Anlsovlch, V,V, Anisovich 
99 PR D59074026 D. Black et a/ 
99 PL B446332 R. De~bourgo. D, Liu, M, Scadron 
99 PL B470 20 E. Marco et at. 
99 EPJ C9 258 P. Minkowski, W. Ochs 
98C PR D57 [987 N.N. Achasov et at. 
98G JETP 67 464 N.N. Achasov et at. 
90J SPU 41 1149 
98 PL B423401 
97C PR D56 4084 N.N. Achasov et at. 
97D PR D56203 N.N. Achasov et at. 
97E IJMP A12 5019 N.N. Achasov et at. 
97 SPD 42 lt7 Y.D. Prokoshkin et aL (SERP) 

Translated from DANS 353 323. 
87 PR D35 1683 K.L. Au, D. Mo/gan, M.R. Pennington (DURH, RAL) 
86 NP 8264154 T. Akesson et at. (Axial F~eld Spec. Collab.) 
86 ZPHY C30615 E. van Beveren et aL (NIJM, BIEL) 
83 ZPHY C16 241 G. Mennessler (MONP) 
82 ZPHY C12 1 D.P. Barber el at. (DARE, LANC, SHEF) 
82C PR D25 2446 A. Etkin et aL (BNL, CUNY, TUFTS, VAND) 
75 PR D[2 681 V. Srlnivasan et al. (NDAM, ANL) 
62 CERN Conf. 247 A. Bigl et al. (CERN) 
62 CERN Conf. 240 H.H. Bingham et at. (EPOL, CERN) 
62 PRL g 34 A.R. Erwin et at. {WISC, BNL) 
6I JETP f3 323 Wang et at. (JINR) 

Translated from ZETF 40 464. 
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Meson Particle Listings 
a0(980) 

See our min i rev iew on scalar mesons under f0 (1370) .  (See the index 
for the page number. )  

ao(980) MASS 

VALUE (MeV) DOCUMENT ID 
91~.84"1,4 OUR AVERAGE Includes data from the 2 datablocks that follow this one. 

Error includes scale factor of  1.7, See the ideogram 
below. 

~/~r FINAL STATE ONLY 
VALUE (M~V) EVT5 DOCUMENT ID TECN CHG COMMENT 
The data in this block is included in the average printed for a previous datablock. 

985.2 4. 1.5 OUR AVERAGE Error includes scale factor of  1.7. See the ideogram 
below. 

993.1 4- 2.1 1 TEIGE 99 E852 
975 4-15 BERTIN 98B OBLX 
984.454- 1.234-0.34 AMSLER 94c CBAR 
982 4- 2 2 AMSLER 92 CBAR 
984 4- 4 1040 2 ARMSTRONG 91B OMEG 
976 4- 6 ATKINSON 84E OMEG 
986 4- 3 500 3 EVANGELISTA 81 OMEG 

990 4- 7 145 3 GURTU 79 HBC 
977 4- 7 GRASSLER 77 HBC 
972 4-10 150 DEFOIX 72 HBC 

�9 �9 �9 We do not use the following data for averages, fits, 

1055 4 0 L L E R  99 RVUE 
10092 40LLER 99B RVUE 

986 + 23 20 5 ACHASOV 98B SND 
- 1 0  

988 4- 6 4 ANISOVICH 98B RVUE 
987 TORNQVIST  96 RVUE 

991 JANSSEN 95 RVUE 

980 4-11 47 CONFORTO 78 OSPK 
97B 4-16 50 CORDEN 78 OMEG 
989 4- 4 70 WELLS 75 HBC 
970 4-15 20 BARNES 69C HBC 
9B0 4-10 CAMPBELL  69 DBC 
980 4-10 15 MILLER 69B HBC 
980 4-10 30 A M M A R  68 HBC 

1 Breit-Wigner fit, average between a0 ~ and a00. The fit favors a slightly heavier a0 ~ .  

2 From a single Breit-Wigner fit. 
3From f1(1285} decay. 
4 T-matr ix  pole. 
5 Assuming ga~l ~ = 0.85 ga K + K - "  Systematic uncertainties not estimated. 

1 8 . 3 ~ - p ~  r p r + ~ r ' n  I 
O.O "~p ~ K4- Ks~:F 
0.0 ~ p  ~ ~l~r 0 
0.0 ~Sp ~ ~1~  0 

4- 300 pp ~ ppr l~r+ ~r - 
4- 25-55 3'P ~ ~/~rn 
4- 12 ~r--p ~ 

~/~r + ~r ~r p 
4. 4 . 2 K - p ~  A~I2~ 
- 16 ~r:Fp ~ p~3~ 
4- 0.7 ~ p  ~ 7'=r 

limits, etc. �9 �9 �9 

~/~r, K K  I 
~r~r ~ E~'. K K  

e + e -  ~ 51' 

Compilation | 
~r~r ~ ~ r ,  K K ,  K~ ,  

r/~r ~ r/:T, K K ,  K~ ,  

- 4.5 ~ r - p  ~ p X -  
4- 12-15 ~r- p ~ nt/2~ 
-- 3.1-6 K -  p ~ AF/2~r 
-- 4-5  K - p  ~ Ati2~r 
4- 2.7 ~r + d 
- 4 . 5 K - N ~  ~rA 
4- 5.5 K - p  --~ A~12~r 

I 

K K  ONLY 
VALUE (MeV) E V T S  DOCUMENT ID TECN CHG COMMENT 
The data in this block is included in the average printed for a previous datablock. 

980,6:4- 2.7 OUR AVERAGE 
982 4- 3 6 ABELE 98 CBAR 0.0 pp  ~ KOLK4-~r~ 

976 4- 6 316 DEBILLY 80 HBC 4- 1.2-2 ~p  ~ f1(1285)~ 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1053 7 0 L L E R  99c RVUE ~ T  ~ ~ r ,  K K  
1016 4-10 100 8 ASTIER 67 HBC 4- 0.0 ~ p  
1003.34- 7,0 143 9 ROSENFELD 65 RVUE 4- 

6T-rnatr ix  pole on sheet II, the pole on sheet III is at 1006-i49 MeV. 
7 T-matr ix  pole. 
8ASTIER 67 includes data of BARLOW 67, CONFORTO 67, ARMENTEROS 65. 
9 Plus systematic errors. 

80(980 ) WIDTH 

VALUE (MeV) E V T S  DOCUMENT iD TECN CHG COMMENT 
50 to 100 OUR EST IMATE Width determination very model dependent. Peak 

width in ~/Tr is about 60 MeV, but decay width can 
be much larger. 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 
42 10 OLLER 99 

112 10 OLLER 99B 
71 4- 7 TEIGE 99 
92 4-20 10 ANISOVICH 98B 
65 4-10 BERTIN 98B 

100 TORN QVIST 96 

202 JANSSEN 95 

54.124- 0344-0 .12  AMSLER 94c 
54 • 10 11 AMSLER 92 
95 4-14 1040 11 ARMSTRONG 91B 
62 4-15 500 12 EVANGELISTA 81 

60 4-20 145 12 GURTU 79 

60 + 5 0  47 CONFORTO 78 - 30 

86.0 +60 .0  50 CORDEN 78 
- 5 0 . 0  

44 4- 22 GRASSLER 77 
80 to 300 13 FLATTE 76 

16.0 +25 .0  70 WELLS 75 
--16.0 

30 4- 5 150 DEFOIX 72 
40 4-15 CAMPBELL  69 
60 4-30 15 MILLER 69B 
80 4-30 30 A M M A R  68 

10 T-mat r ix  pole. 
11 From a single Breit-Wigner fit. 

RVUE ~/~r, K K  
RVUE ~ ~ ~/~, K K  
E852 18.3 7 r - p  ~ z l ~ + T r - n  
RVUE Compilation 
OBLX 0.0 "~p ~ K4- KsTrT 
RVUE ~r~r ~ ~T~T, K 'K,  K~T, 

RVUE ~/;T ~ 7/7r, K 'K,  KTr, 

CBAR 0.0 ~p ~ ~T/w 0 

CBAR 0.0 ~p ~ ~7/7r 0 

OMEG • 300 pp ~ p p ~ + ~ -  
OMEG :E 12 ~ - - p  

T/~-+Tr ~r p 
HBC -}- 4.2 K - - p  ~ A~127r 

OSPK -- 4 . 5 ~ r - - p ~  p X -  

OMEG 4- 12-15 ~ r - p  ~ nr/2~ 

HBC -- 16 ~=Fp ~ pq3~ 

RVUE - 4.2 K - p  ~ Afl2~ 

HBC - 3.1-6 K - p  ~ AFl2~r 

HBC 4- 0.7 ~ p  ~ 7~r 
DBC 4- 2.7 ~r+d 
HBC - 4.5 K -  N ~ r/TrA 
HBC 4- 5 .5K- -p~  Ar l2x  

12From f1(1285) decay. 
13Using a two-channel resonance parametrization of GAY 76B data. 

K R  ONLY 
VALUE (MeV) E V T S  DOCUMENT IO TECN CHG COMMENT 

g24- 8 14ABELE 98 CBAR O.O~p~ KOLK4-~ :F 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

24 15 OLLER 99c RVUE x~r ~ IrTr, K K  

25 tO0 16 ASTIER 67 HBC 4- 
5 7 •  143 17 ROSENFELD 65 RVUE • 

14T-mat r i x  pole on sheet II, the pole on sheet III is at 1006-i49 MeV. 
15 T-matr ix  pole, 
16ASTIER 67 includes data of BARLOW 67, CONFORTO 67, ARMENTEROS 65. 
17 Plus systematic errors. 
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Meson Particle Listings 
a 0 ( 9 8 0 ) ,  r  

Mode 

ao(980) DECAY MODES 

Fraction ( F i / F )  

r l  T / r  dominant  

r 2 K K  seen 

r 3 p~r 

r 4  "Y 3' seen 

F 5 e + e- 

rO'r) 
VALUE (keV) 

ao(980 ) PARTIAL WIDTHS 

DOCUMENT ID TEEN 

�9 * �9 We do not use the fol lowing data f ~  averages, fits, l imits, etc. �9 �9 �9 

0 .30•  18 AMSLER 98 RVUE 

18Using r~.TB(aO(980 ) ~ ~Tx) =0.24 • 0.08 keV. 

r4 

=o(980) r(Dr(-r~)/r(tot=) 
r(~.) x r(-r-t)/r~,, 
VALUE (keY) EVTS 

o.~+o~ ou. AVERAGE 
0.28• 0.10 44 

o.19•176 ~ 

r(~,r) • r ( e + e - ) / r ~  
VALUE (eV) CL~% 

<1.5 90 

r l r4 / r  
DOCUMENT ID TECN COMMENT 

OEST 90 JADE e §  - ~ e+  e - x O ~ l  

A N T R E A S Y A N 8 6  CBAL e + e  - ~ e + e - ~ r O r /  

DOCUMENT ID TECN 

rffs/r 
COMMENT 

VOROBYEV 88 ND e+e  - ~ 7rOt/ 

ao(980) BRANCHING RATIOS 

r(KK-)/r(,1,r) r=/rl 
VALUE DOCUMENT /0 TEEN CHG COMMENT 

0.1774"0.024 OUR AVERAGE Error includes scale factor of 1.2. 

0.23 •  19 ABELE 98 CBAR 0.0 ~ p  

KOL K •  X T  

0.166•  •  20 BARBERIS 98C OMEG 450 p p  
P f f1 (1285)Ps  

* * �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 * �9 

ANTREASYAN 86 
ATKINSON 84E 
EVANGELISTA 81 
DEBILLY 80 
GURTU 79 
CONFORTO 70 
CORDEN 78 
GRASSLER 77 
FLATTE 76 
GAY 76B 
WELLS 75 
DEFOIX 72 
AMMAR 70 
BARNES 69C 
CAMPBELL 69 
MILLER 69B 

AlSO 69 
AMMAR 68 
ASTER 67 

Includes data of 
BARLOW 67 
CONFORTO 67 
ARMENTEROS 65 
ROSENFELO 65 

ANISOVICH 99D 
AI~ 99F 

MARCO 99 
ACHASOV 90J 
ACHASOV 97C 
ACHASOV 97D 
ACHASOV 97E 
AMSLER 94D 
TORNQVIST 90 
WEINSTEIN 09 
ACHASOV 80B 
BEVEREN 86 
WEINSTEIN 838 
TORNQVIST 82 
BRAMON 80 
TURKOT 63 

PR DS3 1847 D. Antreasyan er aL (Crystal Ball Collab.) 
PL 138B 459 M, Atkinson et 91. (BONN. CERN, GLAS+) 
NP B178 197 C. Evangeiista et 91. (BARI. BONN. CERN+) 
NP B176 I L. de Billy et aL (CURIN. LAUS. NEUC+) 
NP B151 181 A. Gurtu et aL (CERN. ZEEM. NIJM. OXF) 
LNE 23 419 B. Conforto et at. (RHEL. TNTO. CHIC+) 
NP B144 253 MJ. Corden et al. (BIRM. RHEL. TELA+} 
NP B121 189 H. Grassier et 91. (AACH3, BERL, BONN+) 
PL 63B 224 S.M. Flatte (CERN) 
PL 63B 220 J.B. Gay et aL (CERN. AMST. NIJM) JP 
NP 8101 333 J. Wells et 91. (OXF) 
NP 844 125 C. Defoix et aL (CDEF. CERN) 
PR D2 430 R. Ammar et at. (KANS, NWES, ANL, WISE) 
PRL 23 610 V.E. Barnes et aL (BNL, SYRA) 
PRL 22 1204 J.H. Campbell et aL (PURD) 
PL 29B 255 D.H. Miller et aL (PURD) 
PR 188 2011 W.L. Yen et aL (PURD) 
PRL 21 1832 R. Amm~r et 91 INWES, ANL) 
PL 258 294 A. Astier et aL (CDEF, CERN, IRAD) 

BARLOW 67. CONFORTO 67. and ARMENTEROS 65. 
NC 50A 701 J. Barl~ et at. (CERN. CDEF. IRAD. LWP) 
NP B3 469 G. Conforto et aL (CERN. CDEF, IPNP+) 
PL 17 344 R. Armenteros et 9L (CERN, CDEF) 
Oxford Cone 58 A.H. Rosenfe~d (LRL) 

OTHER RELATED PAPERS - -  
PL B452 180 A.V. Anisovich et al. 
NP A651 253 A.V. An•177 et aL 
PL 8470 20 E. Marco et aL 
SPU 41 1149 
PR D56 4084 N.N. Achasov et al. 
PR D56 203 N.N. Achasov et aL 
LIMP A12 5019 N.N. Achasov et aL 
PL B333 277 C. Amsler et aL (Crystal Barrel Collab.) 
NPBPS 21 196 N.A. Tornqvlst (HELS 1 
UTPT 89 03 J. Weinstein. N. IsKur (TNTO) 
ZPHY C41 309 N.N. Achasov. G.N. Shestakov (NOVM) 
ZPHY C30 615 E. van Bey�9 et aL (NIJM. BIEL} 
PB 027 588 J. WeTnstein. N. IsKur (TNTO) 
PRL 49 624 N.A. Tornqvist (HELS) 
PL 93B 65 A. Bramon. E. Masso (BARE) 
Siena Cone 1 661 F. Turkot et 9L (BNL, PITT) 

I r I ,G(F) : o-I,- -) 

~(1020) MASS 
We average mass and width values only when the systematic errors have 
been evaluated. 

VALUE [MeV) E V T S  DOCUMENT ID TEEN COM. MENT 

1019.4174"0.014 OUR AVERAGE Error includes scale ~actor of 1.8. See the ideogram 
below. 

0.60 OLLER 99B RVUE 
1.16 •  21 BUGG 94 RVUE 

0.7 •  20 CORDEN 78 OMEG 

0.25 •  20 DEFOIX 72 HBC • 

19Using x O x 0 f / f r o m  AMSLER 94D. 

20 From the decay of f1(1285). 

21BUGG 94 uses AMSLER 94c data. This is a ratio of couplings. 

r(e.) /r(~.)  
p x  forbidden. 

VALUE CL~ DOCUMENT ID TECN CHG COMMENT 

�9 �9 * We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

<0.25 70 AM MAR 

~r~ ~ rpr. K K  
]Sp ~ r/r/it 0 

12-15 ~ - p  
n~12~r 

0 . 7 ~  7x  

r3 / r l  

70 HBC • 4.1.5.5 K -  p 
AT/2w 

1019.36 •  

1019.504•  0 .011 •  0.033 

1019.38 +0 .07  •  

1019.51 •  •  

1019.5 •  

1019.42 •  

1019.7 •  

1019.411•  0.008 

1019.7 •  •  

1019.3 •  

1019.67 •  

1019.52 •  

1 ACHASOV 00B SND e + e -  ~ 7/3, 

314k AKHMETSHIN  99o CMD2 e + e O 
K L K S 

2200 2 AKHMETSHIN  99F CMD2 e + e -  
x + x -  _> 

2"~ 
11169 AKHMETSHIN  98 CMD2 e + e -  

x +  E -  ~r0 
BARBERIS 98 OMEG 450 p p  

p p 2 K + 2 K  - 
55600 A K H M E T S H I N 9 5  CMD2 e + e  - 

hadrons 
2012 DAVENPORT 86 MPSF 400 p A  --* 4 K X  

642k 3 DIJKSTRA 86 SPEC 100-200 ~ ' •  ~. 

p. K •  on Be 
5079 ALBRECHT 85D ARG 10 e + e -  

K + K - X  
1500 ARENTON 82 AEMS 11.8 polar. 

p p ~  K K  
25080 4 PELLINEN 82 RVUE 

3681 BUKIN 78C OLYA e + e -  -~ 

a0(980) REFERENCES 

OLLER 99 PR D60 099906 J.A. Oiler et a/, 
OLLER 998 NP A652 407 J.A. Oiler. E. Oset 
OLLER 99C PR DSO 074028 J.A. Oiler. E. Oset 
TEIGE 99 PR DSS 012001 S. Teige et aL (BNUB52 Co(lab.) 
ABELE 98 PR D57 3860 A. Abel�9 et aL (Crystal Barrel Collab.) 
ACHASOV 988 PL 8438 441 M.N. Achasov et aL (Novosibirsk SND Collab.) 
AMSLER 88 RMP 70 1293 C. Amsler 
ANISOVICH 9BB UFN 41 419 V.V. Anlsovlch e/ 91. 
8ARBERIS 90C PL B440 225 D. Barberls et al. (WA]02 Collab.) 
BERTIN 90B PL 8434 180 A. BerUn et aL (OBELIX Collab.) 
TORNQVIST 96 PRL 76 1575 N.A. Tccnqvlst. M. Roos (HELS) 
JANSSEN 95 PR 052 2690 G. Janssen et aL (STON, ADLO, JULI) 
AMSLER 94C PL B327 425 C. Amsler et gL (Crystal Barrel Collab.) 
AMSLER 84D PL B333 277 E. Amsier et 91. (Crystal Barrel Collab.) 
BUGG 94 PR D50 4412 D.V. BuEg et a/. (LOQM) 
AMSLER 92 PL 8291 347 C. Amsler et 9L (Crystal Barrel Collab.) 
ARMSTRONG 91B ZPHY C52 309 T.A. Armstrong et 9L (ATHU. BARI. BIRM+) 
OEST 90 ZPHY C47 343 T. Oest et 9L (JADE Collab.) 
VOROBYEV 88 SJNP 48 273 P.V. Vorob;ev et aL (NOVO) 

Translated from YAF 40 436. 

hadrons 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

1019.8 + 0 . 7  ARMSTRONG 86 OMEG 85 7r - t - /pp  

7r -I" / p 4 K  p 
1020.1 •  5526 5 ATKINSON 86 OMEG 20-70  ~rp 

1019.7 •  BEBEK 86 CLEO e + e -  
T(4S) 

1020,9 •  5 FRAME 86 OMEG 13 K + p  
r p 

1021.0 •  5 ARMSTRONG 838 OMEG 18.5 K - p  
K - K + A  

1020.0 •  5 ARMSTRONG 838 OMEG 18.5 K - p  
K - K + A  

1019.7 •  5 BARATE 83 GOLI 190 1 r - B e  
2 # X  

1019.8 •  •  766 IVANOV 81 OLYA 1-1.4 e + e  - 
K + K  - 

1019.4 •  337 COOPER 788 HBC 0.7-0.8 ~ p  
K O s K O L , + r -  

1020 •  383 S BALDI  77 CNTR 10 ~ r - p  
~ - e p  



See key on page 239 

1018.9 4-0.6 800 COHEN 77 ASPK 6 ~r4- N 
K + K - N  

1019.7 +0.5 454 KALBFLEISCH 76 HBC 2.18 K - p  
A K-K Mode 

1019,4 4-0.8 984 BESCH 74 CNTR 2 3'P 
pK  + K-- r I K + K -  

1020.3 4-0,4 100 BALLAM 73 HBC 2.8-9.3 7P F2 KLKsO 0 
1019.4 4-0,7 BINNIE 73B CNTR ~ - p  - -  On r 3 pTr + 7r+Tr-Tr ~ 
1019.6 +0.5 120 6 AGUILAR-... 72B HBC 3.9,4.6 K -  p ~ r 4 p;T 

A K + K -  r 5 7r + ?r -  ~r 0 
1019.9 4-0.5 100 6 AGUILAR-,.. 728 HBC 3.9,4.6 K -  p 

K - p K +  K - r6 7/9, 
1020.4 4-0.5 131 COLLEY 72 HBC I0 K + p  ~ F7 ~~ 

K+pO r B e+e - 
1019.9 4-0.3 410 STOTTLEm.. 71 HBC 2.9 K - p  ~ r9 #+#- 

1 Using a total width of 4.43 4- 0.05 MeV. Systematic uncertainty included. I r io 7/e + e -  
2 Using a total width of 4.43 4- 0.05 MeV. I r ] l  7r + ;1"- 
3Weighted and scaled average of 12 measurements of DIJKSTRA 86. r12 wTr 0 
4pELLINEN 82 review includes AKERLOF 77, DAUM 81, BALDI 77, AYRES 74, DE- 

GROOT 74, r13 ~7 
5Systematic errors not evaluated. ['14 ,07 
6 Mass errors enlarged by us to r / v ~ ;  see the note with the K*(892) mass. F15 ~+ 7r - - r  

r16 f o (980 )7  
WEIGHTED AVERAGE 
1019.417r (Error scaled by 1.8) r17 = ~ 1 7 6  

/ r lg =+~r-~r + ~ -  
1-19 ;T + ;r ~T-- ~-- ~r 0 I 
r2o ~r ~ + e- 
r21 ~~ 
r22 a0(980)'Y 

F23 7/(958)7 

F24 ~pr0 ?r0 7 

F25 p,+ # -  ? 

F26 P~'7 

F27 ~7~r+ = - 

1019.2 

I . . . . . . . . . . . .  ACHASOV 00B SND 
. . . . . . . . . .  AKHMETSHIN 99D CMD2 

I . . . . . . . . . . . .  AKHMETSHIN 99F CMD2 
I . . . . . .  AKHMErBHIN 98 CMD2 

| I  ' ~ BARBERIS 98 OMEG 
~;I . . . . . . . . . . . .  AKHMETSHIN 95 CMD2 
f l  k :~ DAVENPORT 86 MPSF 

. . . . . . . . . . . . . .  DIJKSTRA 86 SPEC 
II I > ALBRECHT 85D ARG 
[ I  . . . . . . . . . . . . . . .  ARENTON 82 AEMS 

I }. PELLINEN 82 RVUE 
, [  I . . . . . .  BUKIN 78C OLYA 

1019.4 1019.6 

~2 

6.3 
0.1 
0.6 

0.0 

0.6 
4.0 
1.4 
2.2 
0.6 

(Confidence Level = O.068) 
I / 

1019.8 1020 

@(1020) mass (MeV)  

#(1020) WIDTH 
We average mass and width values only when the systematic errors have 
been evalutated. 

VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT 
4.458:E 0.032 OUR AVERAGE 
4.4774-0.0364-0.022 314k AKHMETSHIN99DCMD2 e + e - ~  KOK 0 

L $ 
4.44 4-0.09 55600 AKHMETSHIN 95 CMD2 e4 -e -  ~ hadrons 
4.45 4-0,06 271k DIJKSTRA 86 SPEC 100 ~ -  Be 
4.5 4-0.7 1500 ARENTON 82 AEMS 11.0 polar, pp ~ K K  
4.2 4-0.6 766 7 IVANOV 01 OLYA 1-1.4 e + e -  

K + K -  
4,3 4-0,6 7CORDIER 80 WIRE e+e  - ~ ~r+~r-~ 0 
4.36 4-0.29 3681 7 BUKIN 78C OLYA e+e  - ~ hadrons 
4.4 4-0.6 984 7BESCH 74 CNTR 2 7 p ~  p K + K  - 
4.67 4-0.72 681 7BALAKIN 71 OSPK e + e - ~  hadrons 
4.09 4-0.29 BIZOT 70 OSPK e + e - ~  hadrons 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

3.6 4-0.8 337 7 COOPER 78B HBC 0.7-0.8 ~p 
KO KOL ~ + . ~ -  

4.5 4-0.50 1300 7,8 AKERLOF 77 SPEC 400 pA ~ K + K - X  
4.5 4-0.8 500 7,8 AYRE8 74 ASPK 3-6 ~r -p  

K+  K - n ,  K - p  
K+K-A/Z 0 

3.81 4-0.37 COSME 748 OSPK e4-e -  ~ KOLKO 
3.8 •  454 7 BORENSTEIN 72 HBC 2.18 K -  p ~ K K n  

7Width errors enlarged by us to 4F/~/W; see the note with the K*(892) mass. 
8 Systematic errors not evaluated, 
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~(1020) 

~1020) DECAY MODES 
Scale factor/ 

Fraction ( r / / r )  Confidence level 

(49.2 /=0.7 ) % S=1.2 

(33.8 •  ) % S=1.2 

(15.5 4-0.6 ) % S = I A  

(1.2974-0.033) % 

( 1.26 4-0.10 ) x 10 - 3  

( 2.91 4-0,07 ) • 10 - 4  

( 3.7 4-0.5 ) • 10 - 4  

( 1.3 +0.8 --0.6 ) x 10 - 4  

(7.5 4-1.4 ]xlO -6 
( 4.0 4-2.0 ) x 10 - 5  

< 5 % 
< 1.2 x 10 - 5  

4,1 4-1.3 ) • 10 -5 

3.4 4-0.4 ) • 10 -4 

1,08 4-0.19 ) X 10 -4 

< 8.7 • 10 -4 

< 1.5 x 10 -4 

< 1.2 x 10 -4 

( 6.6 /:1.8 ) x 10 - 5  

< 5 x 10 -3 

( 6.7 _+~:1 s ) • lO-5 
< 2 x 10 -5 

( 1.4 4-0.5 ) • 10 - 5  

< 5 x 10 -4  
< 3 • 10 -4 

S=1.2 

S=1.2 

CL=84% 

EL=90% 

EL=90% 

CL=95% 

EL=90% 

CL=90% 

CL=90% 

CL=90% 

CL=90% 

CONSTRAINED FIT INFORMATION 
An overall f i t  to 15 branching ratios uses 42 measurements and 
one constraint to determine 8 parameters, The overall f i t  has a 

x 2 = 38,2 for 35 degrees of freedom. 

The following off-diagona/ array elements are the correlation coefficients 

I ~ x i 6 x j l / ( 6 x i . 6 x j ) ,  in percent, from the fit to the branching fractions, x i _-- 

r j r t o t a  I. The fit constrains the x i whose labels appear in this array to sum to 
one. 

x 2 - 6 6  

x 3 - 5 8  

x 6 - 1 9  

x 7 - 1 4  

x 8 44 

x 9 - 8  

X l l  --6 

Xl 

- 2 2  

16 1 

14 1 11 

- 4 7  - 4  - 3 7  - 3 0  

8 1 6 5 - 1 8  

6 1 5 4 - 1 3  

x2 x 3 x6 x7 x8 x9 

#(1020) PARTIAL WIDTHS 

r(.-r) re 
VALUE (keY) DOCUMENT ID TEEN COMMENT 

i �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

58 .9+0.5-2 .4  ACHASOV 00 SND e+e  - ~ r/V 

r(~%) r7 
VALUE (keY) DOCUMENT IO TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

64o4-o16+_O:~o~ ACHASOV O0 S,D , + , . -  ,or  

r (e+ , - )  
VALUE (keY) EVT r DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc, �9 �9 �9 

1.324-0,02• 314k 9 AKHMETSHIN 99D CMD2 e + e  ~ KOK 0 "~ L S 
9Using B(0 0 0 K L K s ) =  0.331 • 0.009, 

i 

~(1020) r(i)r(e+ e-)/l'=(total) 

r(e+e - )  x r ( ~ ) / l ' = ~ =  rar2 / r  = 
VALUE Iunirs 10 -5 ) EVT$  DOCUMENT ID TEEN COMMENT 
9.1~ •  OUR FIT Error includes scale factor of 1.3. 
9.7~:J:0,114-I-0,146 314k 10 AKHMETSHIN 99D CMD2 e + e -  - K 0 K 0 L S 

re 
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r 
r(e+ e-) x [r(~,r) + r ( . + . - . o ) ] / r ~ ,  r,r~/r2 
VALUE ~uni~ 10 -5 ) E V T S  DOCUMENT ID TEEN COMMENT 

4,~0~0.19 OUR FIT Error includes scale factor of  1.3. 
4.354-0.274-0.08 11169 1 0 A K H M E T S H 1 N 9 8  CMD2 e+ e -  ~ ~ +  ~c-~r 0 I 

r (e%-)  x r (e~) / r~ ,  rer~/r ~ 
VALU~E~units l0 -6 ) E V T S  DOCUMENT ID TECN COMMENF 

3.77 4-0.11 OUR F IT  Error includes scale factor of 1.4. 
3.84 4-0.13 OUR AVERAGE Error includes scale factor of  1.5. See the ideogram below. 

4.00 4-0.04 4-0.11 11 ACHASOV 00 SND e + e -  ~ ~/'~ I 
3365::I:0.0924-0.143 12 ACHASOV OOB SND e + e -  ~ ~/C' I 3.53 •  4-0.17 2200 1 2 , 1 3 A K H M E T S H I N 9 9 r  C M D 2  e + e  - ~ ~,.,,, 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

3.8484-0.036• 14 ACHASOV 00B SND e + e -  ~ ~/3' I 

r( ,+~ x r( ,-%)Ir~,,  
VALUE (units 10 -7  ) 
3.6T• OUR FIT 

~.6~4.0.~o2o0:g 

DOCUMENT ID TEEN COMMENT 

ror7/i -2 

t5  ACHASOV 00 SND e + e -  ~ ~O.y 

r(e+e -)  x r ( /~+/~-) / r~ r~r~/r �9 
VALUE (~Jnlts 10 -8)  DOCUMENT 10 TEEN COMMENT 

10.04-1,4 OUR F IT  
10.84-1.4 OUR AVERAGE 

9,9• 13ACHASOV 99C SND e + e  - ~ # + / ~ -  
14.44-3.0 10VASSERMAN 81 OLYA e + e  - ~ / ~ + # -  

8.64-5.9 10 AUGUSTIN 

r( .+r) • r ( . §  
VALUE Iunits 10 -8 )  DOCUMENT ID 
2.2 4-0.4 OUR FIT  
2.2 4-0.4 OUR AVERAGE 
2.1 4-03 4-0.3 1 3 A C H A S O V  

1.,5_+~:~ lo GOLU~EV 

73 OSPK e + e-- ~ / J+ /~ -  

rsq~/r= 
TEEN COMMENT 

00C SND e + e -  ~ ~r+~-  I 

I 86 ND e + e  - ~ "/r+/r - 

601+3 '19  10VASSERMAN 8t OLYA e + e  - ~ ~r+~-- I " " -2 .51  

10Recalculated by us from the cross section in the peak. | 
11 From the q ~ 2"7 decay and using B(~/ -~ 2~) =(39.21 4- 0.34) • 10 - 2 .  

I 12Fr m h + 0 n + 0 2 o t e ~  ~r ~ r - ~  decaya d u s i n g B ( ~ / ~  ~ x - ~  ) = ( 2 3 . 1 + 0 . 5 ) x 1 0 -  . 
1413 Recalculated by the authors from the cross section 'm the peak. 

Using various decay modes of the ~/ f rom ACHASOV 98F, ACHASOV 00, and 
ACHASOV 00B. 

15 From R0 2"( decay and using B(~ 0 ~ 27) = (98 .7984-  0.032) x 10 - 2 .  I the 

~(1020) BRANCHING RATIOS 

F(K + K-)/rtotan rdr 
VALUE ~ DOCUMENT ID TEEN COMMENT 
0.492-1-0.0(17 OUR F IT  Error includes scale factor of 1.2. 
0.4934.0.010 OUR AVERAGE 
0.492• 2913 A K H M E T S H I N 9 5  CMD2 e + e - ~  K + K  - 

0.444-0 .05 321 KALBFLEISEH 76 HBC 2.18 K - - p  ~ A K  + K -  

0.494-0.06 270 DEGROOT 74 HBE 4.2 K - p  ~ A~ 

0.540+0.034 565 BALAKIN 71 OSPK e + e - ~  K + K  - 

0.484-0 .04  252 LINDSEY 66 HBC 2.1-2.7 K - p  

A K  + K -  

r ( ~  ~)/r~,., ,  
VALU~ EVT~ DOCUMENT iD TEEN COMMENT 

r2/r 

e + e -  ~ 73, 
e + e  - ~ ~ r + ~ - 3 ?  
e + e -  ~ 33, 
e + e -  ~ 67 
e4- e -  ~ 33, 
6 . 7 - 1 0 7  Cu 

0.015 4-0.004 54 23COSME 76 OSPK e + e  - 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0 .01338+0.00012+0.00052 2 5 A C H A S O V  00 SND e + e -  ~ ~/7 
0.012874-0.00012+0.00042 2 6 A C H A S O V  00B SND e + e -  ~ q7 
0 .01259+0.00030+0.00059 2 7 A C H A S O V  00B SND e + e  - ~ t/7 
0 .01184-0 .00034-0 .00062200  2 8 A K H M E T S H I N 9 9 F  CMD2 e + e  - ~ q7 
0 .01214-0 .0007 29 BENAYOUN 98 RVUE 0.54-1.04 e + e -  

~7 

0.330-1"0.006 OUR FIT  Error includes scale factor of  1.2. 
0.3314.0.009 OUR AVERAGE 
0,3354-0,010 40644 A K H M E T S H I N 9 5  CMD2 e + e - ~  K O K  0 / 
0,326~9.038 OOLINSKY 91 ND e + e -  K [~ K 0" 

0.3104-0.024 DRUZHININ 84 ND e +  e - KtJ K ~ 
L S 

�9 * �9 We do not use the following; data for averages, fits, l imits, etc. �9 �9 �9 

0.3294-0.006• 314k 1 6 A K H M E T S H I N 9 9 D  CMD2 e + e - ~  KOLKO I 

0.27 4-0.03 133 KALBFLEISCH 76 HBC 2.18 K -  p ~ A K  0 KOc 

0.257:E0.030 95 B A L A K I N  71 OSPK e + e -  ~ K 0 K 0 
L 5 

0.40 4-0.04 167 L |NDSEY 66 HBC 2.1-2.7 K - p  
AK~K~ 

[r(p,) + r (.+.-,~)]/r~u r3/r 
VALUE EVTS DOCUMENT IO TEEN COMMENT 
0.1.~-1-0J~6 OUR F IT  Error includes scale factor o f  1.4. 
O.1514.0.009 OUR AVERAGE Error includes scale factor o f  1.7. 
0.1614-0.008 11761 A K H M E T S H I N 9 5  CMD2 e + e - ~  ~ r + ~ r - l :  0 
0.1434-0.007 DOLINSKY 91 ND e 4 - e -  ~ ~ + ~ r - ~ r  0 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0.1454-0.0094-0.003 11169 17 A K H M E T S H I N  98 CMD2 e 4 - e -  ~ ~ r + T r - ~  0 I 
0.1394-0.007 18 PARROUR 76B OSPK e + e -  

r (~t  ~s)/r(KK--) r2/(q+r2) 
VALUE E V T S  DOCUMENT ID TEEN COMMENT 

0.407~l~O0~7 OUR FIT Error includes scale factor o f  1.2. 

0.45 ~0.04 OUR AVERAGE 
0.44 4-+-0.07 LONDON 66 HBC 2.24 K - p  ~ A K K  

0.48 •  52 BADIER 65B HBC 3 K - - p  

0.40 4-0.10 34 SCHLEIN 63 HBC 1.95 K - p  ~ A K - K  

[r(p.) + r ( . + . -  ~0)] / r (K~ rd(q+r2)  
VALUE DOCUMENT ID TEEN COMMENT 
0.11~4.0.008 OUR F IT  Error includes scale factor o f  1.4. 
0.24 4.0.04 OUR AVERAGE 
0,2374-0.039 CERRADA 77B HBC 4.2 K - p  ~ A3~r 

0.30 4-:}:0.15 LONDON 66 HBC 2.24 K - p  
A ~  + ~r-- rc 0 

[r(~r) + r(.t+~r-~r~176176 r~/r2 
VALUE EVT5 DOCUMENT ID TEEN COMMENT 
0,457+0.020 OUR FIT  Error includes scale factor of  1.3. 
0.51 -I-0.06 OUR AVERAGE 

K 0 K 0 0.56 4-0.07 3681 BUKIN 78C OLYA e - t -e -  --* L S '  

7 r + ~ - r 0  
0.47 4-0.06 516 COSME 74 OSPK e + e  - ~ ~r+rr--Tr 0 

r ( .~) / r ( ,%)  r6/rr 
VALUE DOCUMENT ID TEEN COMMENT 

�9 �9 I We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

10.94-0.3+0:~ ACHASOV 00 SND e - F e - ~  . ~ , . 0 ~  I 

r(~+ ~ - ) / r~ ,  rg/r 
VALUE (units lO -4}  DOCUMENT ID TEEN COMMENT 

2.5 +0 .4  OUR AVERAGE 
2,694-0.48 19HAYES 71 CNTR 8 . 3 , 9 . 8 " ~ C ~  # + / ~ - X  
2.174-0.60 19EARLES 70 CNTR 6 . 0 ~ , C ~  / ~ + / ~ - X  
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

3.304-0.454-0.32 17ACHASOV 99c SND e 4 - e -  ~ / ~ + # -  I 
4.834-1:1.02 20VASSERMAN 81 OLYA e + e  - ~ # + # -  I 2.874-1.98 20AUGUSTIN 73 OSPK e+  e - ~ l~+ l ~ -  

r(,17)/rt=,l rdr 
VALUE E V T S  DOCUMENT IO TEEN COMMENT 
0.01297~-0.00033 OUR R T  Error includes scale factor of  1.2. 
0.0126 4.0.0004 OUR AVERAGE 
0.012464-0.000254-0.00057 10k 21 ACHASOV 9BF SND I 

i 

0.0118 4-0.0011 279 2 2 A K H M E T S H I N 9 5  CMD2 
0.0130 4-0.0006 23 DRUZHININ 84 ND 
0.014 4-0.002 24 DRUZHININ 84 ND 
0.0088 4-0.0020 290 KURDADZE 83C OLYA 
0.0135 +0.0029 ANDREWS 77 CNTR 



See key on pace 239  
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r 

r(,r+.-7)/rt~, r l d r  
VALUE (unitS 10 -4)  EL% EVT5 DOCUMENT ID TEEN COMMENT 

0.41-1-0.12-1-0.04 30175 30 A K H M E T S H I N  99B CMD2 e + e -  
~r-l- ~--- 3, 

�9 = * We do not use the following data for averages, fits, limits, e t c .=  = = 

< 0.3 90 31 A K H M E T S H I N  97c CMD2 e + e -  

<600 90 KALBFLEISCH 75 HBC 2.18 K - p  
A~r+ ~r-~, 

< 70 90 COSME 74 OSPK e + e -  
x +  ~--3,  

<400 90 LINDSEY 65 HBC 2.1-2.7 K - p  

A~ + x -  neu- 
trals 

r(=~)/rt=~, rla/r 
VALUE ~ DOCUMENT IO TEEN COMMENT 

< 0 . 0 5  84 LINDSEY 66 HBC 2.1-2.7 K - p  
Ax  + ~r-- neutrals 

r~7) Irt~, r~41r 
VALUE (units 10 .4 ) CL ~/e DOCUMENT ID TEEN COMMENT 

< 0.12 90 3 2 A K H M E T S H I N 9 9 B  CMD2 e + e  - ~ ~r ' •  
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc, �9 �9 �9 

< 7 90 A K H M E T S H I N 9 7 c  CMD2 e + e  - ~ ~ + x - 3 ,  
<200 84 LINDSEY 66 HBC 2.1-2.7 K - p  

A~ + ~r -  neutrals 

r@+ e-)/r~o., rs/r 
VALUE (units 10 -4) E V T S  DOCUMENT ID TEEN COMMENT 
2.99"t-0.06 O U R  A V E R A G E  Error includes scale factor of  1.2. 
2.884-0.09 55600 A K H M E T S H I N  95 CMD2 e + e -  ~ hadrons 
3.004-0.21 3681 
3.10+0.14 
3.3 4-0,3 
2.814-0,25 681 
3.50• 

r(x~ Irtotal 
VALUE (units 10 -3  ) EVTS 

1.31 •  O U R  A V E R A G E  

1.30 4-0.13 
1,4 4-0.5 32 

BUKIN 78C OLYA e + e  - ~ hadrons 
33pARROUR 76 OSPK e + e  - 

COSME 74 OSPK e + e - ~  hadrons 
BALAKIN 71 OSPK e + e  - ~ hadrons 
CHATELUS 71 OSPK e + e -  

DOCUMENT ID TEEN COMMENT 

DRUZHININ 84 ND e + e -  ~ 33, 
COSME 76 OSPK e + e -  

�9 * * We do not use the following data for averages, fits, limits, 

1 2 2 ~ _  n n ~ + 0 . 0 9 6  34 ACHASOV O0 SND 
........ - 0 , 0 8 9  

1.26 4-0.17 29 BENAYOUN 96 RVUE 

r ( , + , - ) / r ~ ,  
VALUE (ul~its 10 -4 )  C L ~  DOCUMENT ID TEEN 

�9 �9 �9 We do not use the following data for averages, fits, l imits, 

0.714-0.114-0.09 17 ACHASOV 00c SND 

0 ~ + 0 . 3 8  17 GOLUBEV 86 ND 
' ~ - 0 . 2 9  

2 0 ~ + I ' 0 7  17 VASSERMAN 81 OLYA 
" " - -  0 .84 

<6.6 95 BUKIN 78B OLYA 
<2.7 95 ALVENSLEB...  72 CNTR 

r(.o,~ 
VALUE (units 10 -5 ) 

,.,tl:~+o.8 
I'(K~ K~ /r(K+ K- ) 
VALUE EVT5 

DOCUMENT ID TEEN 

ACHASOV 99 SND 

DOCUMENT IO TEEN 

+ 0  022 0"fdlS--"019u. OUR F IT  Error includes scale factor of  1.2. 

rz/r 

etc. �9 �9 �9 

e + e -  ~ ~r03, 

0 .54 -~ .04  e + e -  
l r-3, 

r l l / r  
COMMENT 

etc. �9 m �9 

e + e  - ~ ~ + ~ r -  I 

e + e  - ~ ~ + ~ -  

e + e  - ~ ~+~r - -  

6.7 ~/C ~ C~r+~r  - 

r~2/r 
COMMENT 

0.740-1-0.031 O U R  A V E R A G E  

0.70 4-0.06 2732 BUKIN 78C OLYA 

0.82 4-0,08 LOSTY 78 HBC 
0.71 4-0.05 LAVEN 77 HBC 
0.71 4-0.08 LYONS 77 HBC 
0.89 4-0.10 144 AGUILAR-.. .  72B HBC 

[r(~.) + r(,+ ,r-,~ ]/r(K + K-) 
VALUE EVTS DOCUMENT ID TE~N 
0.3144-0.014 OUR F IT  Error includes scale factor of 1.4. 
0.28 "4"0.09 34 AGUILAR-.. .  72B HBC 

r(~ e+ r )  Ir~,,  
VALUE (units 10 -4 )  E V T S  DOCUMENT ID TEEN 

1 3 + -  0"8 7 GOLUBEV 85 ND 
�9 - -  u.o 

e + e  - ~ ~ + ~ - x O ~ O  I 

r~/r, 
COMMENT 

e + e -  ~ K 0 K 0 
L S 

4.2 K - p  ~ ~hyperon 
l O K - p ~  K + K - A  

3 - 4 K - p ~  A r  

3.9.4.6 K -  p 

ra/rl 
~OMMENT 

33,4.6  K -  p 

qo/r 
COMMENT 

e + e  - ~ 3,3,e'• - 

r(~'(gss) 7)Irt~, rz~Ir 
VALUE (units 10 -5 )  CL~; EVT5 DOCUMENT ID TEEN COMMENT 

6.7+23:4-1"1.0 S 35AULCHENKO 99 SND e + e - ~  7 r+ l r -33`  I 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 * �9 

8.2_+12:14-1.1 21 3 6 A K H M E T S H I N 0 0 B C M D 2  e+e--- ,+~-33` I 

<11 90 AULCHENKO 98 SND e + e - ~  73` I 

12 _+7 =i=2 6 3 6 A K H M E T S H I N 9 7 B  CMD2 e + e  - ~ 7r+~r - 3~7 

<41 90 DRUZHININ 87 ND e + e  - ~ 3 ,~ r+~ r  - 

r(~.%o7)/rto~, r24/r 
VALUE (units 10 -5 ) CL_.~% DOCUMENT ID TEEN COMMENT 

< 2  90 AULCHENKO 98 SND e + e - ~  73, I 

r(xO ~o 7) Irt~i rlz/r 
VALUE Iucits 10 -4)  CL~ EVTS DOCUMENT ID TEEN COMMENT 

1.084"0.17-1"0,09 268 A K H M E T S H I N  99C CMD2 e + e -  ~ I 
~Ox03, 

�9 * * We do not use the following data for averages, fits, l imits, etc. = �9 �9 

1 .14 •177  164 ACHASOV 981 SND e + e - ~  53, I 

<10 90 DRUZHININ 87 ND e + e -  ~ 5-)' 

r(~,r%)Ir(~7) rlzlr6 
VALUE (units 10 -2)  EVTS TEEN COMMENT 

o.9o.-8.o~,-o.oz 164 

r(.+.+~-~-~)Irt~, 
VALUE (un;ts 10 -4 ) C L ~  

<1.5  95 

r(~ +. - , r+ . - ) / r=" ,  
VALUE (ucits 10 -4 ) C L ~  

< 8 . 7  90 

DOCUMENT ID 

ACHASOV 981 SND e + e  - ~  53' 

r lglr 
DOCUMENT ID TEEN COMMENT 

BARKOV 88 CMD e + e  - 
~r.l. ~ -  ~ + ~ r -  ~0 

r ls/r 
DOCUMENT ID TEEN COMMENT 

CORDIER 79 WIRE e + e  - ~ 4~ 

r16/r 
VALUE (unlts 10 -4)  EL% E V T S  DOCUMENT tO TEEN COMMENT 

3.4  "1"0.4 O U R  A V E R A G E  

2.904- 0.21 - 1.54 37 A K H M E T S H I N  99C CMD2 e + e -  
;1"+ ~--  3`, 
~r0 E03` 

3 .424-0.30•  164 3 8 A C H A S O V  98t SND e + e  - ~  5'7 
�9 * * We do not use the following data for averages, fits, limits, etc. * �9 �9 

1 .934-0.46•  27188 39 A K H M E T S H I N  99B CMD2 e + e -  
~ + ~ - 3 ,  

3 .05•  268 40 A K H M E T S H I N  99C CMD2 e + e -  
xO ~O,,f 

1 3  •  268 4 1 A K H M E T S H I N 9 9 C  CMD2 e + e  - 
~0~07 

< 1 90 42 A K H M E T S H I N  97C CMD2 e + e -  

< 7 90 43 A K H M E T S H I N  97C CMD2 e + e -  
~ + ~ - 3 ,  

<20  90 DRUZHININ 87 NO e + e  - 
~0~03, 

r(~ e+ e-)/r~, r~Ir 
VALUE C L ~  DOCUMENT ID TEEN COMMENT 

<1.2  x 10 - 4  90 DOLINSKY 88 ND e + e -  ~ ~0 e • e -  

r(.O,m,)ir~=l r=l/r 
VALUE (units i0 -4} EL% EVT5 DOCUMENT ID TEEN COMMENT 

0.1~:::E0.18 O U R  A V E R A G E  
0.90-t"0.244-0.10 80 A K H M E T S H I N 9 9 r  CMD2 e + e - ~  tt~r03, 
0 .83•  20 ACHASOV 98B SND e + e  - ~ 53, 

�9 * * We do not use the following data for averages, fits, limits, etc. �9 * * 

<25  90 DOLINSKY 91 ND e + e  - ~ x0~/3, 

r(a0(ge0) 7)/r==, r=/r  
VALUE (units lO-al C L ~ ,  DOCUMENT ID TEEN COMMENT 

<S 90 DOLINSKY 91 ND e + e  - ~ x0rta, 

r(~'CgSe) 7)/r(~7) r=s/r6 
VALUE (unitS 10 -3)  EVT$ DOCUMENT tO TEEN COMMENT 

6.5"1"~:7"1"0.8 21 A K H M E T S H I N  008 C M D 2  e + e -  --* . +  ~r-- 33' 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. I �9 . 

9 .5+5124-1,4 6 4 4 A K H M E T S H I N 9 7 B  CMD2 e + e .  ~ ~ + ~ r -  33, 
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Meson Particle Listings 
(~(I020), h~(1170) 

r0,+~,--~)/r~,, rz=/r 
VALUE (~nits 10 -5) EVT5 DOCUMENT ID TEEN COMMENT 

1.434"0.454"0.14 27188 39AKHMETSHIN 99B CMD2 e +  e - ~ # +  p - -3 "  I 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc, �9 �9 �9 

2.3 4-1,0 8244- 45AKHMETSHIN97c  CMD2 e4 -e -  ~ /~+/~-3" 
33 

r 0 , ~ ) I r ,  o~,, r~ I r  
VALUE (units 10-4~ CL~_~ DOCUMENT ID TECN COMMENT 

<$  90 AKHMETSHIN98 CMD2 e + e - - ~  ~r+~r-,73` I 

r (~T+. - ) / r~ .=  r=z/r 
VALUE (~nits tO -4 ) C L ~  DOCUMENT ID TEEN COMMENT 

<3  90 AKHMETSHIN98 CMD2 e + e - ~  ~r+~r-3`3" I 

16 Using re+ e_-- 132 4- 0.04 keY. I 

17Using B(~ ~ e+ e - ) = ( 2 . 9 9  := 0.08) x 10 -4 .  I 
18Using F(@)= 4.1 Mev. If interference between the px and 3~ modes is neglected, the 

fraction of the p~ is more than 80% at the 90% confidence level. 
19 Neglecting interference between resonance and continuum. 

20Recalculated by us using B(q~ ~ e + e - ) =  (2.99 4- 0.08) x 10 - 4 .  I 
21 Using B(@ ~ e + e - )  = (2.99 4- 0.08) x 10 - 4  and B(~ ~ 3~O)= (32.2 4- 0.4) x 10 - 2 .  I 
22 From ~ +  ~r- 7r 0 decay mode of ~/. 
23 From 23` decay mode of ~/. 
24 From 37r 0 decay mode of 7/. 
25From the 7/ ~ 27 decay and using B(g~ ~ e + e  - )  =(2.99 • 0.08) x 10 - 4 .  
26Using various decay modes of the ~t from ACHASOV 98F, ACHASOV 00, and 

ACHASOV 00B and B(~ ~ e + e  - )  = (299 • 0.08) x 10 - 4 .  
27From the r/ ~ ~T+~r--~ "0 decay and B(q~ ~ e + e  - )  = (2.99 4- 0.08) x 10 - 4 .  

28From ~+Tr--Tr 0 decay mode of ~ and using B(r  ~ e + e - ) =  (2.99 4- 0.08) x 10 - 4 ,  
29Reanalysis of DRUZHININ 84, DOLINSKY 89, and DOLINSKY 91 taking into account 

a triangle anomaly contribution, 
30For E3` > 20 MeV and assuming that B(@(1020) ~ f0(980)3`) is neglibihle. Supersedes I 

AKHMETSHIN 97c. 
31For E3` > 20 MeV and assuming that B(@(1020) ~ f0(980)'7) is negligible. 

32Supersedes AKHMETSHIN 97C. | 
33 Using total width 4.2 MeV. They detect 3~r mode and observe significant interference 

wi th ~ tail. This is accounted for in the result quoted above. 
34From the ~r 0 ~ 23' decay and using B(~b ~ e + e  - )  = (2.99 4- 0,08) x 10 - 4 .  I 
35Using the value B(F/r ~ ~/~-+zr--)= (43.7 ::i: 1.5) • 10 - 2  and B(~ ~ '73")= (39.25 :E I 

0.31) x 10 - 2 .  

36Using the valde B(~  ~ ~7) : (1.26 + 0,06) x 10 - 2 .  

37From the combined fit of the photon spectra in the reactions e + e-- ~ ~r + ~r-3`, I 
~r0 ~r0,7. 

3BAssuming that the ~r0~r03` final state is completely determined by the f03` mechanism, I 
neglecting the decay B((~ ~ K K T )  and using B ( f  0 ~ ~'+ ~ r - )=  2B( f  0 ~ ~r 0~r0). i 

39For E 7 > 20 MeV. Supersedes AKHMETSHIN 97c. I 

40 Neglecting other intermediate mechanisms (p~r, 0"7), I 
41 A narrow pole fit taking into account f0(980) and f0(1200) intermediate mechanisms, I 

42 FOr destructive interference wi th the Bremsstrahlung process 
43 FOr constructive interference with the Bremsstrahlung process 
44Superseded by AKHMETSHIN OOB. I 
45For Ca  ̀ > 20 MeV. 

lr+lr-~r 0 / p~r AMPLITUDE RATIO at IN DECAY OF r ~ ~r+lr-Tr ~ 

VALUE CL~ DOCUMENT ID TEEN COMMENT 

- - 0 . 1 6 < a l  <0 .11  90 46 AKHMETSHIN 98 CMD2 e + e  - ~ ~ r + ~ - 3 ` 7  I 

46 Dalitz plot analysis of 9735 events taking into account interference between the contact I 
and p~r terms and assuming zero phase for the contact term. 
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Ih1(1170)1 I G ( J  P C )  = 0 - ( 1  + - )  

/h.(1170) MASS 

VALUE (MeV I DOCUMENT IO TEEN CHG COMMENT 

1170-1-20 OUR ESTIMATE 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc, �9 �9 �9 

1168d: 4 ANDO 92 SPEC 8 ~ - p  
7r+ 7r-- 7r0n 

1166~ 5- -3  1 ANDO 92 SPEC 8 ~ - p  
7r-i- tr-- ~r0 n 

11904-60 2 DANKOWY... 81 SPEC 0 B ~rp ~ 3~rn 

I Average and spread of values using 2 variants of the model of BOWLER 75. 

2 Uses the model of BOWLER 75. 

BEBEK 86 
DAVENPORT 85 
DIJKSTRA 86 
FRAME 86 
GOLUBEV 86 

ALBRECHT 85D 
GOLUBEV aS 

DRUZHININ 84 
ARMSTRONG BSB 
BARATE 83 
KURDADZE sac 

ARENTON 82 
PELLINEN 82 
OAUM el 
IVANOV 81 

Also a2 
VASSERMAN 81 

AlSO 52 

CORDIER B0 
CORDIER 79 
BUKIN laB 

BUKIN 7BC 

COOPER laB 
LOSTY 78 
AKERLOF 77 
ANDREWS 77 
BALDI 77 
CERRADA 775 
COHEN 77 
LAVEN 77 
LYONS 77 
COSME 76 
KALBFLEISCH 76 
PARROUR 76 
RARROUR 76B 
KALBFLEISCH 7S 
AYRES 74 
BESCH 74 
COSMs 74 
COSME 74B 
DEGROOT 74 
AUGUSTIN 73 
BALLAM 73 
BINNIE 7aB 
AGUILAR-... 72B 
ALVENSLEB.,. 72 
BORENSTEIN 72 
COLLEY 72 
BALAKIN 71 
CHATELUS 71 

AlSO 70 
HAYES 71 
STOTTLE... 71 
BIZOT 70 

AlSO 68 
EARLES 70 
LINDSEY 55 
LONDON 66 



See key on page 239 

/h_ (11701 WIDTH 

VALUE IMeV) DOCUMENT ID TECN CHG COMMENT 
360:1:40 OUR ESTIMATE 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc, �9 �9 �9 
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Meson Particle Listings 
h1(1170), b~(1235) 

b~ (1235) WIDTH 

VALUE (MeV) E V T S  DOCUMENT ID TECN CHG COMMENT 

142 "1" 9 OUR AVERAGE Error includes scale factor of 1.2. 
113•  WEIDENAUER 93 ASTE ~p 

345• 6 ANDO 92 SPEC 8 ~'--p 

375• 6 •  3ANDO 92 gPEC 8 ~ - p ~  

328• 4DANKOWY...  81 SPEC 0 8 ~ p ~  3~r/1 

3 Average and spread of values using 2 variants of the model of BOWLER 75. 
4 Uses the model of BOWLER 75. 

2~T + 2 ~ -  ~r 0 
160• ALDE 92C GAM2 38,100 ~ -  p 

w ~r o n 
151• FUKUI 91 SPEC 8.95 ~ -  p 

~ 0 n  
170• EVANGELISTA 81 OMEG - 12 ~r-p ~ ~Ep 
170• 225 BALTAY 78B HBC + 15 ~ + p  ~ p4~ 
155• 450 GESSAROLI 77 HBC 11 ~ r -p  

~r- ~)p 
182• 890 FLATTE 76C HBC 4.2 K - p  

~ - ~ Z +  
135• 1400 CHALOUPKA 74 HBC 3.9 ~ -  p 
156• 600 KARSHON 748 HBC + 4.9 ~ + p  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

210• AUGUSTIN 89 DM2 • e + e  - ~ 5~ 
231• ATKINSON 84C OMEG 0 20-70 "-fp 
232• COLLICK 84 $PEC + 200 7r + Z 

/~.(1170) DECAY MODES 

Mode Fraction (Fi /F) 

i- I p ~  seen 

/~.(1170) BRANCHING RATIOS 

r~,r)/r~, rdr 
VALUE DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

seen ANDO 92 SPEC 8 ~r- p ~ ~r+ ~r- ~rO n 
seen ATKINSON 84 OMEG 20-70 ?p 

7 r + ~ -  ~Op 
seen DANKOWY... 81 SPEC 8 ~rp ~ 3~rn 

Z~~  

b1(1235) DECAY MODES 

Mode Fraction ( r i / F )  Confidence level 

r I ~Tr dominant 
[D /5  amplitude ratio = 0.29 -F 0.04] 

;r177 (1.6• x 10 -3  

7/p seen 

/r + / r  + ",'I-- ~r 0 < 50 % 84% 

(KK) •  ~r 0 < 8 % 90% 
K ~ K ~ ~r • < 6 % 90% 

r7 K~ K~ • 5 S < 2 % 90% 

F 8 ~Tr < 1.5 % 84% 

/~.(1170) REFERENCES 

ANDO 92 PL B291 496 A. Ando et aL (KEK, KYOT, NIBS, SAGA+) 
ATKINSON 84 NP 8231 15 M. Atkinson et aL (BONN, CERN, GLAS+) 
DANKOWY... 8] PRL 46 580 J.A. D~nkOwych el aL (TNTO. BNL, CARL+) 
BOWLER 75 NP B97 227 M.G. Bowler et aL (OXFTP, DARE) 

Ib ( 235)1 I6(j PC) = 1+(1 + - )  

['2 
F3 
F4 

F5 
F6 

bl (1235) MASS 

VALUE (MeV} E V T 5  DOCUMENT ID TECN CH6 COMMENT 
1229.5"t- 3,2 OUR AVERAGE Error includes scale factor of 1,6, See the ideogram below. 
1225 ~: 5 WEIDENAUER 93 ASTE ~p 

27r + 2 ~ -  7r 0 
1235 =t=15 ALDE 92c GAM2 38,180 7r -p  

~ O t 7  

r(.~) 
VALUE {keV) 

230:1:60 

b1(1235 ) PARTIAL WIDTHS 

DOCUMENT ID TECN CH6 COMMENT 

COLLICK 84 SPEC + 200 7r+Z 
ZTrc~ 

r2 

1236 •  FUKUI 91 SPEC 8.95 7r -p  

1222 • 6 ATKINSON 84B OMEG • 25-55 7P 
~.'Tr X 

1237 • 7 ATKINSON 8411 OMEG 0 25-55 ~(p 
w/rX 

1239 • 5 EVANGELISTA 81 OMEG - 12 7r- p ~ u ~ p  
1251 • 8 450 GESSAROLI 77 HBC - 11 ~ - p  

~-uJp 

1245 • 890 FLATTE 76C HBC - 4.2 K - p  
~ -  ~Z '+  

1222 • 4 1400 CHALOUPKA 74 HBC - 3.9 ~ - p  
1220 • 7 600 KARSHON 74B HBC + 4.9 7r+p 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1190 +10 AUGUSTIN 89 DM2 • e+e  - ~ 57r 
1213 • 5 ATKINSON 84C OMEG 0 20-70 "rP 
1271 •  COLLICK 84 SPEC + 200 ~r+Z 

Z ~  

b1.(1235) D-wave/S-wave AMPLITUDE RATIO IN DECAY OF bt(1235) --* ~ r  

VALUE 11VTS DOCUMENT ID TECN CHG COMMENT 
0.29 4"0,04 OUR AVERAGE Error includes scale factor of 2.2. See the ideogram below. 

0.23 • AMSLER 94C CBAR 0.8 ~p ~ ~T/~r 0 
0.45 • AMSLER 938 CBAR 03  pp 

u~8 ~0 
0.235--0.047 ATKINSON 84C OMEG 20-70 ?P 

0,4 +0.1 GESSAROLI 77 HBC - 11 ~ - p  -0 .1  
7c c~p 

0.21 • CHUNG 75B HBC + 7.1 ~r+p 
0.3 • CHALOUPKA 74 HBC - 3.9-7.5 ~r- p 
0,35 • 600 KARSHON 74B HBC + 4,9 7r+p 



426 

Meson Particle Listings 
b,(1235), 2,(1260) 

b[(1235) BRANCHING RATIOS 

r(~p)/r(~,) rs/rl 
VALUE DOCUMENT ID TEEN COMMENT 

<0.10 ATKINSON 840 OMEG 20-70 "7 P 

r(-+-+---~ r~/rl 
VALUE DOCUMENT ID TEEN CHG COMMENT 

<0.5  ABOLINS 63 HBC + 3.5 E+  p 

r((gK--)+-~ rs/rl 
VALUE CL~ DOCUMENT ID TEeN CH6 COMMENT 

<0.08 90 BALTAY 67 HBC • 0.0 ~ p  

r(/OsK~177 rdq 
VALUE EL% DOCUMENT /D TEEN CHG COMMENT 

<0,06  90 BALTAY 67 HBs  • 0.0 ~ p  

r(K~-~.• rz/q 
VALUE ~ DOCUMENT IO TEEN CHG COMMENT 

<0,02 90 BALTAY 67 HBC • 0.0 ~ p  

r(~,)/r(~.) rB/r~ 
VALUE ~ DOCUMENT ID TEEN CH6 COMMENT 

<0.004 95 V I K T O R O V  96 SPEC 0 32.5 7 r - p  

K +  K -  TrO n 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

<0.04 95 BIZZARRI 69 HBC :I: 0.0 ~ p  

<0.015 DAHL 67 HBC 1.6-4.2 ~r -  p 

b~ (123S) REFERENCES 

VIKTOROV 96 PAN 59 1184 V.A. Viktorov et aL (SERP) 
Translated from YAF 59 1239. 

AMSLER 94C PL B327 425 C. Amsler et al. (Crystal Barrel Collab.) 
AMSLER 93B PL B311 362 C. Amsler et M, (Crystal Barrel Collab.) 
WEIDENAUER 93 ZPHY C59 387 P. Weidenauer et al. (ASTERIX Collab.) 
ALOE 92C ZPHY C54 553 D.M, Aide et al. (BELG, SERP, KEK, LANL+) 
FUKU~ 91 PL B257 241 S. Fukui et al. (SUGI, NAGO, KEK, KYOT+) 
AUGUSTIN 89 NP B320 1 J.E. Augustin. G, Cosrne (DM2 Cotlab.) 
ATKINSON 84C NP B243 i M. AtkinSol~ et al. (BONN, CERN, GLAS+)JP 
ATKINSON 84D NP B242 259 M. Atkinsov et at. (BONN, CERN, GLAS+) 
ATKINSON 84E PL 138B 459 M. Atkinson et aL (BONN, s GLAS+) 
COLLICK 64 PRL 53 2374 B. Col[ick et al. (MINN, ROEH. FNAL) 
EVANGELISTA 81 NP B~78 197 C. Evangelista et aL (BARI, BONN, CERN+) 
BALTAY 78B PR DZ7 62 C. Baltay et aL (COLU, BING) 
GESSAROLI 77 NP B126 382 R. Gessaroli et al. (BGNA, FIRZ, GENO+) JP 
FLATTE 76C PL 64B 225 SM. Flatte et aL (CERN. AMST. NIJM+) JP 
CHUNG 75B PR D l l  2426 S,U. Chun K et at. (BNL, LBL, UCSC} JP 
CHALOUPKA 74 PL 51B 407 V. Chaloupka et al. (CERN) JP 
KARSHON 74B PR D10 3608 U. Karshon et al. (REHO) JP 
BIZZARRI 69 NP BI4 169 R. Bizzarri et 31. (CERN, CDEF) 
BALTAY 67 PRL 18 93 C. Baltay et aL (COLU) 
DAHL 67 PR 163 1377 O,I. Dahl et aL (LRL) 
ABOLINS 63 PRL 11 381 M.A. Aboiin$ et at. (OCSD) 

OTHER RELATED PAPERS 
GOLOVKIN 97 ZPHY A359 4335 5.V, GoIovkin et at. (SERP, ITEP) 
BRAU 88 PR D37 2379 J.E, Brau et aL JP 
ATKINSON 84C NP B243 1 M. Atkinson et at. (BONN, CERN, GLAS+)JP 
GOLDHABER 65 PRL 15 118 G. Goldhaber et al. (LRL) 
CARMONY 64 PRL 12 254 D,D. Carrnony et at. (UCB) JP 
BONDAR 63B PL 5 209 L. Bondar et at. (AACH, BIRM, HAMB, LOIC+) 

1 1(126o)1 ,GcF/: 1-r247247 
T H E  a1(1260) 

Updated March 2000 by S. Eidelman (Novosibirsk). 

The main experimental data on the a1(1260) may be 

grouped into two classes: 

(1)  H a d r o n i e  P r o d u c t i o n :  This comprises diffractive pro- 

duction with incident 7r- (DAUM 80, 81B) and charge-exchange 

production with low-energy ~ -  (DANKOWYCH 81, ANDO 92). 

The 1980's experiments explain the I G L J  p = 1+S0 + data us- 

ing a phenomenological amplitude consisting of a rescattered 

Deck amplitude, plus a direct resonance-production term. They 

agree on a mass of about 1270 MeV and a width of 300-380 

MeV. ANDO 92 finds rather lower values for the mass (1121 

MeV) and width (239 MeV), in a partial-wave analysis based 

on the isobar model of the r+Tr-Tr ~ system. However, in this 

analysis, only Breit-Wigner terms were considered. Recently, 

BARBERIS 98B studied central production of the ~r+~r-~r ~ 

system, and observed the a1(1260) meson with a mass of 1240 

MeV and a width of about 400 MeV. 

( 2 )  ~" D e c a y :  Various experiments reported good data on 

T ~ al(1260)~r ~ prCUr (RUCKSTUHL 86, SCHMIDKE 86, 

ALBRECHT 86B, BAND 87, ACKERSTAFF 97R, ABREU 

98G, and ASNER 00). They are somewhat inconsistent con- 

cerning the a1(1260) mass, which can, however, be attributed 

to model-dependent systematic uncertainties (BOWLER 86, 

ALBRECHT 93C, ACKERSTAFF 97R). They all find a width 

greater than 400 MeV. 

The discrepancies between the hadronic and T decay results 

have stimulated several reanalyses. BASDEVANT 77, 78 used 

the early diffractive dissociation and ~--decay data, and showed 

that they could be well reproduced with an al resonance mass 

of 1180 =E 50 MeV and width of 400 =E 50 MeV. Later, BOWLER 

86, TORNQVIST 87, ISGUR 89, and IVANOV 91 have studied 

the process T ~ 3~r~r. Despite quite different approaches, they 

all found a good overall description of the T-decay data with 

an a1(1260) mass near 1230 MeV, consistent with the hadronic 

data. However, their widths remain significantly larger (400- 

600 MeV) than those extracted from diffractive-hadronic data. 

This is also the case with the later OPAL experiment (ACKER- 

STAFF 97R). In the high statistics analysis of ACKERSTAFF 

97R, the models of ISGUR 89 and KUHN 90 are used to fit 

distributions of the 37r invariant mass, as well as the 27r in- 

variant mass projections of the Dalitz plot. Neither model is 

found to provide a completely satisfactory description of the 

data. Another recent high statistics analysis of ABREU 98G 

obtains a good description of the T ~ 3rE data using the model 

of FEINDT 90, which includes the a~ meson, a radial excitation 

of the a1(1260) meson, with a mass of 1700 MeV and a width 

of 300 MeV. A similar signal has been observed by AMELIN 

95B in the D and S waves of the pTr state, as well as by GOUZ 

92 in the fl(1285)rc state. The existence of such a resonance is 

also suggested by the very big data sample of ASNER 00, which 

shows an excess of events at high 3~r mass. Their data are 

better described by the a~ contribution, though at a level below 

that reported by ABREU 98G. Since the statistical significance 

of the a~ contribution is 2-3a only, they conclude that more 

data is needed to establish the existence of the a~. 

ASNER 00 has also performed an analysis of the substruc- 

tures in the Dalitz plot, and found significant contributions 

of the al decay to aTr, f0(1370)~r, and f2(1270)~r. The contri- 

bution of the al ---, a n  at a similar level has independently 

been observed in e+e - --* 4~r annihilation (AKHMETSHIN 

99E), where the 2~r+27r - final state was shown to be dom- 

inated by the al(1260)~r mechanism. Note that the exis- 

tence of isoscalar contributions to the two-pion state, in 

addition to the isovector one (pTr), will influence the ratio 

S(a I ~ r - r + ~ r - ) / B ( a ~  - --, ~r-Tr~176 which should be equal to 

1 for the pure p~r state. 

BOWLER 88 showed that good fits to both the hadronic 

and the T-decay data could be obtained with a width of about 



See key on page 239 

400 MeV. However, applying the same type of analysis to the 

ANDO 92 data, the low mass and narrow width they obtained 

with the Breit-Wigner PWA do not change appreciably. 

CONDO 93 found no evidence for charge-exchange photo- 

production of the az(1260) (but found a clear signal of a2(1320) 

photoproduction). They show that it is consistent with either 

an extremely large a~(1260) hadronic width, or with a small 

radiative width to rT, which could be accommodated if the a~ 

mass is somewhat below 1260 MeV. 

a1(1260) MASS 

VALUE (MeV) EVT5 DOCUMENT ID TEEN CHG 
12304"40 OUR ESTIMATE 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 

13314-10• 3 37k 1 ASNER 00 CLE2 

1255• 71:6 5904 2ABREU 98G DLPH 
1207• 5• 8 5904 3ABREU 98G DLPH 
1196• 4• 5 5904 4,5 ABREU 98G DLPH 
1240• BARBERIS 98B 

1262• 9• 7 2,6 ACKERSTAFF 97R OPAL 

1210-- 7 •  2 3,6 ACKERSTAFF 97R OPAL 

1211• 7 +50 3ALBRECHT 93C ARG - 0 

11214- 8 7ANDO 92 SPEC 

1242• 8 IVANOV 91 RVUE 
1260• 9 IVANOV 91 RVUE 

COMMENT 

10.6 e+e - 
T+'r , "r 
x - x 0 ~ 0 ~  r 

e + e-- 

e + e -  
e+e - 
450 pp  

pf~r+~r-~rOps 
e e _  Ecru- 88-94, 

e e _  Ecru-- 88-94, 
T~ 3~ 

r+ 
~ r + r + ~ - ~  

8 * - p ~  
~+~r-~rOn 

427 

Meson Particle Listings 
a~(1260) 

478• 3• 15 5904 19ABREU 98G DLPH e+e - 
425-I- 14• 8 5904 20,21 ABREU 98G DLPH e+e - 
400• 35 BARBERIS 988 450 pp 

Pf  ~ +  r -  ~rO Ps 
621• 32• 58 18,22 ACKERSTAFF 97R OPAL E~m= 88-94, 

T ~  3~u 
457• 15• 17 19,22 ACKERSTAFF 97R OPAL Ec~=  88-94, 

446• 21+_ 140 19 ALBRECHT 93c ARG -r + 

239• 11 ANDO 92 SPEC 8 ~ r - p ~  
~ + ~r- ~rO n 

266• 13• 4 23ANDO 92 S P E C  8 " : r - p ~  
~r+~-- ~0n 

4 ~ + 2 2 8  241VANOV 91 RVUE ~ ~ ~r+~+~r -u  ~ - -143  

298 + 40 251VANOV 91 RVUE ~ ~ ~ T + ~ + ~ - v  - 34 
488• 32 26 IVANOV 91 RVUE ~ ~ ~r+~r+~r-~ 
430• 50 ARMSTRONG 90 OMEG 0 300.0pp 

p p ~r + ~r- ~r 0 
420• 40 27 ISGUR 89 RVUE T + 

396• 43 28 BOWLER 80 RMUE 
405• 754- 25 BAND 87 MAC r + 

4194-108• 57 BAND 87 MAC v + 
~+ ~0~r0 u 

521• 27 ALBRECHT 86B ARG v+  
~+~T+ ~ -  u 

4 ~ + 1 3 2 ~  54 RUCKSTUHL 86 DLCO ~+ , , _ 1 2 0  ~ 

4624- 564- 30 SCHMIDKE 86 MRK2 T + 

292• 40 BELLINI 85 5PEC 40 r - A  
~ - ~ + ~ r - A  

380• 29 DANKOWY... 81 SPEC 0 8.45 ~ -  p 
n3zr 

300• 50 29 DAUM 818 CNTR 63,94 ~r- p 
p3;r 

230• 50 30 GAVILLET 77 HBC + 4.2 K -  p 
~3~ 

1250• 9 101VANOV 91 RVUE ~ -~  ~ + T r + ~ - u  
1208• ARMSTRONG 90 OMEG 0 300.0pp 

pp~:+ 7r-- I: 0 

12204-15 11 ISGUR 89 RVUE T + 
~+~+~--~ ,  

12604-25 ' 12 BOWLER 88 RVUE 
1166•177 BAND 87 MAC T + 

1164•177 BAND 87 MAC r + 

1250• 11 TORNQVIST 87 RVUE 
1046• ALBRECHT 868 ARG T + 

1056• RUCKSTUHL 86 DLCO r + 
7r+ x + x -  v 

1194•177 SCHMIDKE 86 MRK2 ~-+ 

12554-23 BELLINI 85 SPEC 40 ~r-A 
. r - r + l r - A  

1240• 13 DANKOWY-. 81 SPEC 0 8.45 ~ - p  
n3x 

1280• 13 DAUM 81B CNTR 63,94 7r-p 
p3E 

1041• 14 GAVILLET 77 HBC + 4.2 K - p  
~3~ 

1 From a fit to the 37r mass spectrum including the KK*(892) threshold. 
2Uses the model of KUHN 90. 
3Uses the model of ISGUR 89. 
4Includes the effect of a possible a~. state. 

5 Uses the model of FEINDT 90. 
6 Supersedes AKERS 95P 
7 Average and spread of values using 2 variants of the model of BOWLER 75. 
8 Reanalysis of RUCKSTUHL 86. 
9 Reanalysis of SCHMIDKE 86. 

10 Reanalysis of ALBRECHT 86B. 
11 From a combined reanalysis of ALBRECHT 86B, SCHMIDKE 86, and RUCKSTUHL 86. 
12 From a combined reanalysis of ALBRECHT 86B and DAUM 81B. 
13Uses the model of BOWLER 75. 
14produced in K -  backward scattering. 

~.(1260) WIDTH 

VALUE (MeV} E V T S  DOCUMENT ID TEEN CHG COMMENT 
250 to 600 OUR ESTIMATE 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

814• 36:5 13 37k 15 ASNER 00 CLE2 10.6 e + e -  ~ | 
",r+T , T 
x - ~ 0 ~ 0 v  r 

450• 50 22k 16 AKHMETSHIN 99E CMD2 1.05-1.38 I 
e+e - 
x + x -  x 0 x 0 

570-- 10 17BONDAR 99 RVUE e + e - ~  4~r, I 
T ~ 31tu T 

587• 27• 21 5904 18 ABREU 98G DLPH e + e -  | 

15From a fit to the 3~r mass spectrum including the KK*(892) threshold. 
]6Using the a1(1260 ) mass of 1230 MeV. 
17From AKHMETSHIN 99E and ASNER 00 data using the a1(1260 ) mass of 1230 MeV. 
18 Uses the model of KUHN 90. 
19 Uses the model of ISGUR 89. 
20includes the effect of a possible a~ state. 
21 Uses the model of FEINDT 90. 
22 Supersedes AKERS 95P 
23 Average and spread of values using 2 variants of the model of BOWLER 75. 
24 Reanalysis of RUCKSTUHL 86. 
25 Reanalysis of SCHMIDKE 86. 
26 Reanalysis of ALBRECHT 86B. 
27 From a combined reanalysis of ALBRECHT 86B, SCHMIDKE 86, and RUCKSTUHL 86. 
28 From a combined reanalysis of ALBRECHT 868 and DAUM 81B. 
29Uses the model of BOWLER 75. 
30 Produced in K -  backward scattering. 

a%(1260) DECAY MODES 

Mode Fraction (FI /F)  

F 1 ( p'r,: ) S-wave seen 

F2 (P~ )D-wave  seen 

F3 (pO450)~)S-wave seen 
["4 (p (1450)  ~')D-wave seen 
r 5 o'/r seen 
r 6 fo(g80)Tr not seen 
F 7 f0(1370) ~r seen 
r 8 f2(1270)Tr seen 

F 9 K K * ( 8 9 2 )  +c.c.  seen 
FI0 ~T(1300)~ not seen 

Fl1 ~r7 seen 

r(--r) 
VALUE (keY) 

640:1:246 

~(1260) PARTIAL WIDTHS 

DOCUMENT ID TEEN COMMENT 

ZIELtNSKI 84(: SPEC 200 ~ + Z  ~ Z3w 

rzz 

D-wave/S-wave AMPLITUDE RATIO IN DECAY OF a1(1260) --, p~ 

VALUE DOCUMENT tO TEEN" COMMENT 
- -0 .107t0.016 OUR AVERAGE 
-0.10 4-0.02 •  31,32 ACKERgTAFF 97R OPAL E~m= 88-94, ~- 

3~" v 
-0.11 • 31ALBRECHT 93C ARG r + ~ x + ~ r - F ~ - u  

31 Uses the model of ISGUR 89. 
32 Supersedes AKERS 95P. 
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Meson Particle Listings 
a~(1260), f~(1270) 

at(1260) BRANCHING RATIOS 
r((~.)s_...,)/r~o=~ rdr 
VALUE (units 10 -2) EVTS DOCUMENT /D TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

68.11 g7k 34ASNER 00 CLE2 10.6 e + e  - ~ ~-+~--, 
T - -  ~ ~r-~r0~0~ T 

r((~r)D_.=~)Irtot=, r=Ir 
VALUE (units 10 -2 ) EVTS DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.364.0.174.0.06 37k 34 ASNER 00 CLE2 10.6 e + e  - ~ ~ + T - - ,  
7--- ~ ~-- / r0~r0u T 

r((p(1450)~r)s_.ve)/Ft=a, rd r  
VALUE (units 10 -2 ) EVTS DOCUMENT 10 TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

0304.0.644.0.17 37k 34,35ASNER 00 CLE2 1 0 . 6 e 4 - e -  ~ T + ' r  - ,  

T-- ~ 7r--~r01r0;) T 

r((p(1450)~r)D-wave)/rt=,, rdr 
VALUE (units 10 -2) EVTS DOCUMENT ID TECN COMMENT 

�9 �9 = We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.43:E0.28~:0.06 37k 34,35 ASNER 00 CLE2 10.6 e4- e -  ~ "r-~-T - ,  

r(~.)/r~=,, rs/r 
VALUE (Units 10 -2) EVTS DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

16.184.3.85• 37k 34,36 ASNER 00 ELE2 10.6 e + e  - ~ T + T  - ,  
T - -  ~ ~t--~r0w0l~ r 

r(fo(980)~r) Irtota~ r d r  
VALUE (units 10 -2) EVTS DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etr �9 �9 �9 

not seen 371( ASNER 00 CLE2 10.6 e + e  - ~ ~ '+T-- ,  
T-- ~ /r--~r0~r0v T 

r(t~(1370)~r)/rt~, rdr 
VALUE (units tO -2) EV;rS DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 

4.294-2.294.0.73 37k 34,37ASNER 00 CLE2 1 0 . 6 e 4 - e -  ~ ~ + t - ,  

a1(1260) REFERENCES 
ASNER O0 PR D61 012002 D.M. Asner et aL (CLEO Collab.) 
AKHMETSHIN 99E PL B466 392 RR. Akhmetshin et aL (EMD2 Collab.) 
BONDAR 99 PL B466 403 A.E, Bondar et at. (CMD2 Collab.) 
ABREU 9BG PL B426 411 P. Abreu et aL (DELPHI Collab.) 
BARBERIS 9BB PL B422 399 D. Barberis et at. (WA1O2 Collab.) 
ACKERSTAFF 97R ZPHY C75 593 K. Ackerstaff et at. (OPAL Collab.) 
AKERS g5P ZPHY C67 45 R, Akers el aL (OPAL Coliab.) 
ALBRECHT 93C ZPHY C58 61 H. Albrecht et aL (ARGUS Collab.) 
ANOn 92 PL B291 496 A. Ando et aL (KEK, KYOT, NIRS, SAGA+) 
IVANOV 91 ZPHY C49 563 Y.P. Ivanov, A.A. Osipov, M.K. Volkov (JINR) 
ARMSTRONG 90 ZPHY C48 213 T.A. Armstrong, M. Benayoun, W. Beusch 
FEINDT 50 ZPHY C48 681 M. Feiadt (HAMB) 
KUHN 90 ZPHY C48 445 J.H. Kuhn et at. (MPIM) 
ISGUR 89 PR D39 1357 N. Is~ur, C. Morningstar, C. Reader (TNTO) 
BOWLER 88 PL B209 99 M.G. Bowler (OXF) 
BAND 87 PL B19a 297 H.R. Band et at. (MAC Collab.) 
TORNQVIST 87 ZPHY C36 695 N.A. Tornqvist (HELS) 
ALBRECHT 86B ZPHY C33 7 H. Albrecht er al. (ARGUS Collab.} 
RUCKSTUHL B6 PRL 56 2132 W. Ruc~tuhl el at. (DELED Collab.) 
SCHMIDKE 86 PRL 57 527 W,B, Schmidke et aL (Mark II Collab.) 

G, Bellini et at. BELLINI 85 Translated from YAF 41 1223. 
ZIELINSKI 84C PRL 52 1195 M. Zielinski et al. (ROCH, MINN, FNAL) 
LONGACRE 82 PR D25 83 R.S. Longacre (BNL) 
DANKOWY... 81 PRL 46 580 J.A. Dankowych er aL (TNTO, BNL, CARL+) 
DAUM 81B NP B182 269 C. Daum et al. (AMST, CERN, CRAC, MPIM+) 
DAUM 80 PL 89B 281 C. Daum et aL (AMST, CERN, CRAC, MPIM+) JP 
GAVILLET 77 PL 69B l t9  P. Gavillet et aL (AMST, CERN, NIJM+) JP 
BOWLER 75 NP B97 227 M.G. Bowler et aL (OXFTP, DARE) 

OTHER RELATED PAPERS 
ZAIMIDOROGAS9 PAN 30 1 30 Q'A'5 Zaimidoroga 

Translated from SJPN 
AMELIN 95B PL B356 595 D.V. Amelin et aL (SERP, TAIL) 
BOLONKIN 95 PAN 58 1535 B.V. Bolonkin et aL (ITEP) 

Translated from YAF 58 1628. 
WINGATE 95 PRL 74 4596 M. Wingate, T. de Grand (COLD, FSU) 
CONDO 93 PR D48 3045 GT. Condo et at. (SLAC Hybrid Collab.) 
GOUZ 92 Dallas HEP 92, O. 572 Yu.P. Gouz et al. (VES Collab.) 

Proceedings XXVl lnt. Conf. on High Energy Physics 
IIZUKA 89 PR D3S 3357 J. lizuka, H. Koibuchl, F. Masuda (NAGO, IBAR+) 
BOWLER 86 PL B182 400 M.G. Bo~ler (OXF) 
BASDEVANT 78 PRL 40 994 J.L. BasdevanU E.L. Berger (FNAL, ANt)JP 
BASDEVANT 77 PR D16 657 J.L. Basdevant, E.L. Berger (FNAL. ANL)JP 
ADERHOLZ 64 PL 10 226 M. Aderholz et aL (AACH3, BERL, BIRM+) 
GOLDHABER 64 PRL 12 336 G. Goldhaber er at. (LRL UEB) 
LANDER 64 PRL 13 a46A Ri.  Lander et aL (UCSD)JP 
BELLINI 63 NC 29 895 G, Bellini et at. (MILA) 

l (z2 o)l IG(J PC) = 0+(2++)  

VALUE (MeV) EVTS 
1275.4:t: 1.2 OUR AVERAGE 

f2(1270) MASS 
DOCUMENT ID TEEN COMMENT 

~-  ~ ~ - ~ 0 ~ 0 v ~  

r(~(~27o)~)Ir~, rslr 
VALUE (units 10 -2) EVTS DOCUMENT ID TEEN COMMENT 

�9 ~ �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

0.144.0.064.0.02 37k 34,38 ASNER 00 CLE2 10.6 e -  e -  ~ ~ + ~ - ,  

r(K~"(892)+c.c.)Ir~,, r~Ir 
VALUE (u~its 10 -2 ) EVTS DOCUMENT iO TEEN COMMENT 

�9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

3.34.0.54.0.1 37k 39ASNER 00 CLE2 10.6 e + e  - ~ r + T  - ,  
T-- ~ tr--/r0~'0p T 

r(.(~3oo)~)Ir==, r~olr 
VALUE (units 10 -2 ) EL% EVTS DOCUMENT /D TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

1283 • 5 ALDE 98 GAM4 1 0 0 7 r - p ~  ~r0~r0n 
1278 • 5 1BERTIN 97C OBLX O . O p p ~  7 r + l r - ~ r  0 

1272 • B 200k PROKOSHKIN 94 GAM2 38 ~ r - p  ~ ~r0~r0n 
1269.74. 5.2 5730 AUGUSTIN 89 DM2 e + e - ~  5~r 
1283 • 8 400 2ALDE 87 GAM4 100 ~ r - p  ~ 4~rOn 
1274 • 5 2AUGUSTIN 87 DM2 J / r  ~ "7~r+~r - 

1283 • 6 3LONGACRE 86 MPS 2 2 ~ r - - p ~  n2KO S 

1276 • 7 COURAU 84 DLCO e + e-- 
e +  e--  ~r+ ~r - 

1273.3• 2.3 4 EHABAUD 83 ASPK 17 ~r-  p polarized 
1280 • 4 SEASON 82 STRE 8~r+p~ Z~+4-~rO~r 0 
1281 4. 7 11600 GIDAL 81 MRK2 J/~b decay 
1282 4- 5 6 CORDEN 79 OMEG 12-15 ~ -  p ~ n2~r 
1269 4. 4 10k APEL 75 NICE 4 0 ~ T - p ~  n2~r 0 
1272 4. 4 4600 ENGLER 74 DBC 6 ~r4-n ~ ~ - l -~ r -p  
1277 4. 4 5300 FLATTE 71 HBC 7.0 ~ + p  
1273 4. 8 2 STUNTEBECK 70 HBC 8 ~r- p, 5.4 ~r § d 
1265 4. 8 BOESEBECK 68 HBC 8 ~r+p 

<0.01 90 37k 40,41 ASNER 00 CLE2 10.6 e + e  - ~ ~'4-~--, 

<0.019 90 37k 40,42 ASNER 00 CLE2 10.6 e+e - ~ 74-r - ,  
T-  ~ ~-~07r0u T 

r(~.)/r((@~)s_..,) rs/r~ 
VALUE EVTS DOCUMENT IP TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.3 28k AKHMETSHIN 99E CMD2 1.05-1.38 e + e -  
7r+ 7r- ~ +  7r - 

0.0034.0.003 33 LONGACRE 82 RVUE 

33Uses multichannel Aitchison-Bowler model (BOWLER 75). Uses data from GAVIL- 
LET 77, DAUM 80, and DANKOWYCH 81. 

34 From a fit to the Dalitz plot. 
35 Assuming for p(1450) mass and width of 1370 and 386 MeV respectively. 
36Assuming for # mass and width of 860 and 880 MeV respectively. 
37Assuming for f0(1370) mass and width of 1186 and 350 MeV respectively. 
3gAssuming for f2(1270) mass and width of 1275 and 185 MeV respectively. 

39 From a fit to the 3~r mass spectrum including the K K * ( 8 9 2 )  threshold. 
40Assuming for 7r(1300) mass and width of 1300 and 400 MeV respectively. From a fit to 

the Dalitz plot. 
41Assuming ~(1300) ~ p~r decay. 
42Assuming ~(1300) ~ (7~r decay. 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

1260 +10 7ALDE 97 GAM2 4 5 0 p p ~  p p ~ O ~ O  

1278 4. 6 7 GRYGOREV 96 SPEC 40 ~r-  N ~ K 0 K 0 Y 
5 5 ~ 

1262 4.11 AGUILAR-... 91 EHS 400 p p  

1275 4.10 AKER 91 CBAR 0.0 ~ p  ~ 3~r 0 
1220 4.10 BREAKSTONE90 SFM p p  ~ p p ~ + ~ r -  

1288 •  ABACHI 86B HRS e4 -e -  ~ x4-1r--X 
1284 •  3k BINON 83 GAM2 3 8 1 r - p ~  n2~/ 
1280 4-20 3k APEL 82 CNTR 25 l r - p  ~ n2~r 0 
1284 4-10 18000 DEUTSCH... 76 HBC 16 ~r§  
1258 •  600 TAKAHASHI 72 HBC 8 7 r - p  ~ n2~ 
1275 •  ARMENISE 70 HBC 9 7r4-n ~ p l r4-Tr -  
1261 4- 5 1960 2ARMENISE 68 DBC 5.1 ~r4-n ~ p~r + M M -  
1270 •  360 2ARMENISE 68 DBC 5.1 7r+n ~ p ~ 0 M M  
1268 • 6 8 JOHNSON 68 HBC 3.7-4.2 w - p  

1 T-matr ix pole. 
2Mass errors enlarged by us to F / V ~ ;  see the note with the K*(892) mass. 
3 From a partial-wave analysis of data using a K-matr ix formalism wi th 5 poles. 
4 I From an energy-independent partial-wave ana ysis. 
5Fr m 4- 0 o an amplitude analysis of the reaction ~r ~r- ~ 2~ . 
6 From an amplitude analysis of ~r + ~r- ~ ~r + 7r- scattering data. 
7 Systematic uncertainties not estimated. 
8 JOHNSON 68 includes BONDAR 63, LEE 64, DERADO 65, EISNER 67. 
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f~(1270} W I D T H  

VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT 

185.1 + ):~ OUR FIT Error includes scale factor of 1.5. 

184.3__ 4~ OUR AVERAGE Error includes scale factor of 1.6. See the ideol~ram below. 

171 :El0 ALOE 98 GAM4 100 ~r-p ~ ~0~r0n 
204 • 9 BERTIN 97C OBLX 0.0 ~p ~ ~r+~r-~r 0 
192 • 5 200k PROKOSHKIN94 GAM2 3 8 ~ - - p ~  ~r0~0n 
180 • AGUILAR-.., 91 EH5 400 pp  
169 • 9 5730 10AUGUSTIN 89 DM2 e + e - ~  5~ 
150 • 400 10ALDE 87 GAM4 1 0 0 ~ r - p ~  4~r0n 

186 - + 29 11 LONGACRE 86 MPS 22 ~T-p ~ n 2 K  0 

179.2 + 6.9 12 CHABAUD 83 ASPK 17 ~r- p polarized - 6.6 
160 :El l  DENNEY 83 LASS 1 0 ~ r + N  
196 • 3k APEL 82 CNTR 257r - -p~  n2~ 0 
152 dz 9 13 CASON 82 5TRC 8 ~r+p ~ Z1++ ~rOf: 0 
186 • 11600 GIDAL 81 MRK2 J/fl~ decay 
216 :E13 14CORDEN 79 OMEG 1 2 - 1 5 7 r - p ~  n2~ 
190 • 10k APEL 75 NICE 40 ~'- p ~ n2~ 0 
192 • 4600 ENGLER 74 DBC 6 ~+n  ~ ~ r + ~ . - p  
183 • 5300 FLATTE 71 HBC 7 ~ + p ~  z l + + f  2 
196 ~30 105TUNTEBECK70 HBC 8 x ' - p ,  5 . 4 ~ + d  
216 • 1960 10ARMENISE 68 DBC 5.1 ~+n ~ p ~ + M M -  
128 • 10 BOESEBECK 68 HBC 8 ~+p  
176 :~21 10,15 JOHNSON 68 HBC 3.7-4.2 ~'- p 

* �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

187 • 16 ALDE 97 GAM2 450 pp ~ pp~rO~r 0 
t84 • 16GRYGOREV 96 SPEC 4 0 ~ - - N ~  KOKOsX 
200 :E10 AKER 91 CBAR 0.0 ~p ~ 3~ 0 

240 • 3k BINON 83 GAM2 38 l r - p  ~ n2~/ 
187 ~:30 650 10ANTIPOV 77 CIBS 2 5 ~ - p ~  p3;,r 
225 • 16000 DEUTSCH... 76 HBC 16 ~r+p 
166 • 600 10TAKAHASHI 72 HBC 8 ~r-p ~ n2~r 
173 • 10ARMENISE 70 HBC 9 ~ ' + n ~  p~r+Tr - 

9 T-matrix pole. 
10Width errors enlarged by us to 4F/~/N; see the note with the K*(892) mass. 
11 From a partial-wave analysis of data using a K-matrix formalism with 5 poles. 
12 From an energy-independent partial-wave analysis. 
13 From an amplitude analysis of the reaction ~+ ~ -  ~ 2~r 0. 
14 From an amplitude analysis of ~r + ~ -  ~ ~+ ~r- scattering data. 
15jOHNSON 68 includes BONDAR 63, LEE 64, DERADO 65, EISNER 67. 
16 Systematic uncertainties not estimated. 

WEIGHTED AVERAGE 
184.3+4.0-2.6 (Error scaled by 1.6) 

Values above of weighted average, error, 
and scale factor are based upon the data in 
this ideogram only. They are not neces- 
sarily the same as our ~oest' values, 
obtained from a least-squares constrained fit 
utilizing measurements of other (related) 
quantities as additional information. 

X 2 
--t-- . . . . . . . . . . . . .  ALDE 98 GAM4 1.8 

-'t- I . . . . . . . .  BERTIN 97C OBLX 1.0 
. . . . . . . . . . .  PROKOSHKIN 94 GAM2 2.3 

AGUILAR-... 91 EHS 0.0 
--I-- . . . . . . . . . . . .  AUGUSTIN 89 DM2 2.9 

I-'+- i ALDE 87 GAM4 1.3 LONGACRE 86 MPS 0.6 
' ' �9 . �9 �9 ' �9 ' ' "CHABAUD 83 ASPK 0.6 

�9 " ' ' ' ' ' ' ' ' ' "  DENNEY 83 LASS 4.9 
APEL 82 CNTR 1.4 
CASON 82 STRC 12.9 
GIDAL 81 MRK2 0.0 
CORDEN 79 OMEG 5.9 
APEL 75 NICE 0.3 
ENGLER 74 DBC 0.2 
FLATTE 71 HBC 0.0 
STUNTEBECK 70 HBC 0.2 
ARMENISE 68 DBC 2.5 
BOESEBECK 68 HBC 4.3 
JOHNSON 68 HBC 0.2 

43.3 
(Confidence Level = 0.001) 

I I 
150 200 250 300 350 100 

f2(1270) width (MeV) 

4 2 9  

Meson Particle Listings 
f 2 ( 1 2 7 0 )  

f2(1270) DECAY MODES 

Scale factor/ 
Mode Fraction (Fi/F) Confidence level 

r l  ~ (84.7 +1214 )%  5=1.3 

r2 .+~-2.o (71 _+~:~ )s s:1.3 
r 3 K K  ( 4.6 •  )% 5:2.8 
r4 2=+2~r - ( 2.8 • )% s=1.2 
r 5 ~r/ ( 4.5 4-1.0 ) x  10 - 3  S=2.4 
F6 4~r ~ ( 3.0 +1.0 ) x 10 - 3  

r7 "y,~ (1.41• x 10 - 5  
r8 , , , , ,  < 8 x 10 - 3  CL=95% 
r9 K ~ K -  ~+ + c.c. < 3.4 x 10 - 3  CL=95% 
r lo  e + e -  < 9 x 10 - 9  CL=90% 

CONSTRAINED FIT INFORMATION 

An overall f it to the total width, 4 partial widths, a combination 
of partial widths obtained from integrated cross sections, and 6 
branching ratios uses 41 measurements and one constraint to de- 
termine 8 parameters. The overall f i t  has a X 2 = 73.5 for 34 
degrees of freedom. 

The following of f -d iagonal  array elements are the correlation coefficients 
1 6 p i 6 p ~ / ( 6 p ~ . 6 p ~ ) ,  in percent, from the fit to parameters Pi, including the branch- 

ing fractions, x~ -_- r j r t o t a  I, The fit constrains the x i whose labels appear in this 
array to sum to one. 

x2 

x3 

x4 

x5 

x6 

x7 
r 

- 91  

11 -39  

11 -36  1 

2 - 9  0 0 

0 - 7  0 0 

11 - 7  - 9  1 

-79  73 -11  - B  

0 

0 0 

-3 0 --15 

Xl x2 x 3 x4 x5 x 6 x7 

Mode Rate (MeV) Scale factor 

r l  ~ 156.9 +3.8 --1.3 

r2 ~ + ~ - 2 =  ~ 13.1 + 3 . 0  -4.9 
r 3 K K  8.6 • 
r4 27r+2~r - 5.2 +0.7 
r5 ,,7 0.53 • 
r6 4~ ~ 055 • 
r 7 ,,/-), 0.00260• 

1.3 

2.9 
1.2 
2.4 

r ( . . )  r~ 
VALUE (MeV) 

156 9 + ~ ' -  8 OUR FIT �9 ~L ,a  

.7.0+~:0 ~ 18LONGACRE 86 MPS 

r ( x ~  r3 
VALUE (MeV) DOCUMENT ID TECN 
8.6 4"0.8 OUR FIT Error includes scale factor of 2.9. 

g.0 -t-0.7 18 LONGACRE 86 MPS --0.3 

r ( .~)  rs 
VALUE {MeV 1 DOCUMENT ID TECN 
0,U+0.1g OUR FIT Error includes scale faCtOr of 2.4. 
1.0 -1"0.1 18LONGACRE 86 Mp5 2 2 x - p - - *  n2K~ 

r ( ~ )  r7 
The value of this width depends on the theoretical model used; Ueltadsed models 
with scalars give values clustering around ~ 2.6 keY; without an E~waw contribution, 
values are systematically higher (typically around 3 keY). 

VALUE/keV) EVTS DOCUMENT ID TECN COMMENT 
2.60:b0.24 OUR FIT 

2 71+0 '26  OUR AVERAGE "" - 0 . 2 3  
2.84:50.35 BOGLIONE 99 RVUE 3~'Y ~ ~r+~- ,  ~0~0 

258•  n1~+0'36 19BEHREND 92 CELL e+e - . . . . .  -0.27 e+ e -  ~-+ :rr- 

f2(1270) PARTIAL W I D T H S  

DOCUMENT ID TECN COMMENT 

22 lr-- p ~ n2K~ 

COMMENT 

22 ~T- p --~ n2K~ 

COMMENT 
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Meson Particle Listings 
f2(1270) 
�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

2.93+0.23• 17 YABUKI 95 VNS 
3.10•177 20BLINOV 92 MD1 e + e  - 

e+ e- .~-+ ~r - 
2.27•177 ADACHI 90D TOPZ e + e  - 

e+ e - ~ + ~ r  - 
3 ,15•177 BOYER 90 MRK2 e + e  - 

e + e - ~ r + x  - 

3.~9•176 MARS,SKE 90 CBAL e + e - ~  e+o-.o~0 
2.35• 21 MORGAN 90 RVUE 3'? ~ ~r+ ~ r - ,  ~r 0 ~r 0 

3,9~o09• 21. OES~ 9o ,ADE e + e - ~  o+e-.0.0 
3.2 •  •  22AIHARA 868 TPC e + e  - 

e+  e -  ~ r + ~ -  
25 • •  BEHREND 84B CELL e + e  - 

2.854-0.25• 23BERGER 84 PLUT e + e  - ~ e + e - 2 ~  

2.70•177 COURAU 84 DLCO e + e  - 
e + e - ~ + ~  - 

2.52•177 24 SMITH 84c MRK2 e + e  - 
e + e - T r + ~ .  - 

2.7 •  •  EDWARDS 82F CBAL e + e  - ~ e + e - 2 ~ r  0 

2.9 +0.6 •  25EDWARDS 82F CBAL e + e  - ~ e + e - 2 ~ r  0 
- 0 . 4  

32 •  •  BRANDELIK 818 TASS e + e  - 
e + e -  ~r+ ~ - 

3.6 •  •  ROUSSARIE 81 MRK2 e + e  - 
e + e - ~ + ~  - 

2.3 •  26 BERGER 80B PLUT e + e -  

17With a narrow scalar state around 1220 MeV. 

r ( , + . - )  
VALUE IeVl CL. ~.~,~ DOCUMENT ID TEEN COMMENT 

<1.7 90 VOROBYEV 88 ND e + e  - ~ ~r0~r 0 

18 From a partial-wave analysis of data using a K-matr ix formalism wi th 5 poles. 
19Using a unitarized model with a 300 - 500 keV wide scalar at 1100 MeV, 
20 Using the unitarized model of LYTH 85. 

rio 

21 Error includes spread of different solutions. Data of MARK2 and CRYSTAL BALL used 
in the analysis. Authors report strong correlations wi th ~t~ width of f0(1370) : r ( f2)  + 

1/4 r ( f  ~  = 3.6 • 0.3 KeY. 
22Radiative corrections modify the partial widths; for instance the COURAU 84 value 

becomes 2.66 • 0.21 in the calculation of LANDRO 86. 
23Using the MENNESSIER 83 model. 
24 Superseded by BOYER 90. 
2Sir helicity = 2 assumption is not made. 
26Using mass, width 'and B(f2(1270 ) ~ 2~r) from PDG 78. 

f~0270) r(or(,r~)/r(totaO 
r ( x ~  x r(-~)/Ft~,  r~rdr 
VALUE (keY) DOCUMENT ID TEEN COMMENT 

0.121~0.015  OUR FIT Error includes scale factor of 1.3. 
0.0914" 0.007"t-0.02"/ 27 ALBRECHT 90G ARG e + e -  

e+ e -  K +  K - 
�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc, �9 �9 �9 

0.104•177 28 ALBRECHT 90G ARG e + e  - 
e + e - K + K  - 

27 Using an incoherent background. 
28 Using a coherent background. 

f2(1270) BRANCHING RATIOS 
r ( , , , ) / r ~ ,  r l / r  
VALUE E V T 5  DOCUMENT ID TECN COMMENT 

0 ~117+0"~0~-~ OUR FIT Error includes scale factor of 1.3. 
�9 - O . u ~  

0.B37'-}-0.020 OUR AVERAGE 
0.849• CHABAUD 83 ASPK 17 ~ r - p  polarized 
0.85 •  250 BEAUPRE 71 HBC 8 ~ + p ~  z l + + f  2 
0.8 •  600 OH 70 HBC 1,26 ~ r - p  ~ ~ r+~ r -n  

r (.+ , . -  2. D) / r (, .) r~/rl 
Should be twice r(2~ + 2 ~ - ) / r ( ~ )  i f  decay is pp. (See ASCOLI 68D.) 

VALUE E V T S  DOC.UMENT IO TE~N COMMENT 

0 n , ~ + 0 . 0 1 9  r162 FIT Error includes scale factor of 1.3. 
' ~ -  0.033 ~ ' "  

0.15 4-0.06 600 EISENBERG 74 HBC 4,9 x + p  ~ / t + +  f2 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.07 EMMS 75D DBC 4 ~r + n ~ Pf2 

r (xK- ) / r ( . , )  r~ /q  
We average only experiments which either take into account f2(1270)-a2(1320) inter- 
ference explicitly or demonstrate that a2(1320 ) production is negligible. 

VALUE EVTS DOCUMENT ID TEEN COMMENT 

0.~,~,5____.~:~I~ OUR FIT Error includes scale factor of 2.8. 

0 040 +0"--0(~- OUR AVERAGE �9 --0,tMII  

0 0 ~7+0'008 ETKIN 82B MPS 23 7 r - p  ~ n2KO S 
" ~ ' - -0 .021  

0.045• CHABAUD 81 ASPK 17 7 r - p  polarized 
0.039• LOVERRE 80 HBC 4 l r - p  ~ K K N  

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.036• 29 COSTA.,. 80 OMEG 1-2.2 ~ -  p 
K + K - n  

0.030• 30 MARTIN 79 RVUE 
0.027• 31 POLYCHRO... 79 STRC 7 w - p  ~ n 2 K ~  

0.025• EMMS 75D DBC 4 ~ +  n ~ Pf2 

0.031• 20 ADERHOLZ 69 HBC 8 ~r+p 
K +  K - T r +  p 

29 Re-evaluated by CHABAUD 83. 
30includes PAWLICKI 77 data. 
3]  Takes into account the f2(127O)-f~(1525) interference�9 

I-(2~r+ 2~r-)/r(,~r) r 4 / r l  
VALUE E V T S  DOCUMENT ID TEEN COMMENT 
0.033-1"0.{~6 OUR FIT  Error includes scale factor of 1.2, 
0.0334-0.004 OUR AVERJIIGE Error includes scale factor of 1.1. 

0.024• 160 EMMS 75D OBC 4 x + n  ~ Pf2 

0.051--0.025 70 EISENBERG 74 HBC 4.9 ~ + p  ~ E l + + f  2 

0 0 ~ + 0 " 0 0 7  285 LOUIE 74 HBC 3.9 7 r - p  ~ n f  2 
�9 ~ - -  0.011 

0.037• 154 ANDERSON 73 DBC 6 ~ + n  ~ Pf2 

0.047• OH 70 HBC 1,26 ~ r - p  ~ 7 r + ~ - n  

r (~) / r~=l  rs/r 
VALUE (units 10 -3) DOCUMENT ID TECN COMMENT 

4.5--1.0 OUR FIT  Error includes scale factor of 2.4. 
3.1-I-0.0 OUR AVERAGE Error includes scale factor of 1,3, 

2 .8•  ALDE 86D GAM4 100 ~ - p  ~ 2~n 
5,2•  BINON 83 GAM2 38 ~ r - p  ~ 2T/n 

r ( ~ ) / r ( . . )  rs/q 
VALUE CL~ DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

<0,05 95 EDWARDS 
<0,016 95 EMMS 
<0.09 95 EISENBERG 

r(*~~ 
VALUE E V T S  DOCUMENT /0 

O.O030=EO.O010 OUR FIT 
O,0(~ :E 0.001 400•  ALDE 

50 

r ( ~ . , ) / r ( , , )  
VALUE , ~ DOCUMENT IO 

82F CBAL e + e -  ~ e + e -  2~ 

75D DBC 4 ~ + n ~  Pf2 

74 HBC 4 , 9 ~ r + p ~  A + + f  2 

r6/r 
TEEN COMMENT 

87 GAM4 100 l r - p  ~ 41r0n 

ro/rl  
TEEN COMMENT 

<O,010 95 EMMS 750 DBC 4 ~ +  n ~ Pf2 

r(K ~ K - . +  + c.c.)/r(..) rg/rl 
VALUE CL~ DOCUMENT ID TEEN COMMENT 

<0.004 95 EMMS ?5D DBC 4 ~ +  n ~ P f2 

6(1270) REFERENCES 
BOGLIONE 99 EPJ C9 11 M. Bogl~one, M.R, Pennlngton 
ALDE 98 EPJ A3 361 D. A~de et al. (GAM4 Collab,) 

AlSO 99 PAN 62 405 D. Aide et al. (GAMS Collab.) 
ALDE 97 PL B397 SSO D.M. Aide et aL (GAMS Collab.) 
BERTIN 97C PL B408 476 A. Beltin et at. (OBELIX Collab.) 
GRYGOREV 96 PAN 59 2105 V,K, Grig~'iev. O,N. Baloshln, B.P. Barkov (ITEP) 

Translated from YAF 59 2187. 
YABUKI 95 JPSJ 54 435 F. Yabuk~ et aL (VENUS Collab.) 
PROKOSHKIN 94 SPD 39 420 Y.D. Prokoshkin, A.A. Kondashov (SERP) 

Translated from OANS 336 613. 
BEHREND 92 ZPHY C56 381 H.J. Behrend (CELLO Collab.) 
BLINOV 92 ZPHY C53 33 A.E. Bi~nov et aL (NOVO) 
AGUILAR-.,. 91 ZPHY C50 405 M. A~uilar-Bel~itez et aL (LEBC-EHS Coliab.) 
AKER 91 PL B260 249 E. Aker et aL (Crysta~ Barrel Collab.) 
ADACHI 90D PL B234 185 I. Adachi et at. (TOPAZ Col[ab.) 
ALBRECHT 90G ZPHY C48 183 H. Albrecht et aL (ARGUS Collab.) 
BOYER 90 PR D42 I350 J. Boyer et aL (Mark II Collab.) 
BREAKSTONE 90 ZPHY C48 569 A.M. Breakstone et aL (ISU, 8GNA, CERN+) 
MARSISKE 90 PR D41 3324 H. Marslske et aL (Crystal Ball Collab.) 
MORGAN 90 ZPHY C4B 623 D. Morgan, M.R. Pennington (RAL, DURH) 
OEST 90 ZPHY C47 343 T. Oest et aL (JADE Collab.) 
AUGUSTIN B9 NP B320 I .I.E. Al~gustin, G. Cosine (ON2 Collab.) 
VOROBYEV 88 SJNP 48 273 P.V. Vorobiev et aL (NOVO} 

Translated from YAF 48 436. 
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ALDE 87 PL B198 286 
AUGUSTIN 87 ZPHY C36 369 
ABACHI B6B PRL 57 1990 
AIHARA 86B PRL 57 404 
ALOE 86D NP B269 485 
LANDRO 86 PL B172 445 
LONGACRE 86 PL B177 223 
LYTH 85 JPG 11459 
BEHREND 84B ZPHY C23 223 
BERGER 84 ZPHY C26 199 
COURAU 84 PL 147B 227 
SMITH B4C PR 030 851 
BINON 83 NC 78A 313 

4 3 1  

Meson Particle Listings 
f2(1270), f~ (1285) 

DM. Aide et aL (LANL, BRUX, SERP. LAPP) 
J.E, Augustin et aL (LALO, CLER, FRAS+) 
S. Abachi et aL (PURD, ANL, IND, MICH+) 
H. Aihara et aL (TPC-2~ Collab.) 
D.M. Aide et aL (BELG, LAPP, SERP, CERN+) 
M. Landro. K.J. Mork, H.A, Ol~e~ (UTRO) 
R.S. Longacre et at. (BNL, BRAN, CUNY+) 

H.J. Behrend et aL (CELLO Collab.) 
C. Berber et at. (PLUTO Collab.) 
A. Courau et al. (CIT, SLAC) 
J.R. Smith et aL (SLAC, LBL, HARV) 
F.G. Binon et aL (BELG, LAPP. SERP+) 

�9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

1281.9• 0,5 3 SOSA 99 SPEC PP ~ /)slow 

( K  0 K + ~r -  ) /:)fast 
1282.8• 0.6 3 5OSA 99 SPEC PP ~ Pslow 

( K  O K -  ~r + )  Pfast 
1270 d:10 AMELIN 95 VES 37 ~r--N 

1280 +" 2 ABATZIS 94 OMEG 450 p p  
pp2(~ r+  ~r - )  

Also 83B 

EHABAUD 83 
DENNEY 83 
MENNESSIER 83 
APEL 82 
CASON 82 
EDWARDS 82F 
ETKIN 82B 
BRANDELIK 81B 
CHABAUD 81 
GIDAL 81 
ROUSSARIE 81 
BERGER BOB 
COSTA... B0 
LOVERRE B0 
CORDEN 79 
MARTIN 79 
FOLYCHRO.., 79 
PDG 78 
ANTIPOV 77 
PAWLICKI 77 
DEUTSCH.., T6 
APE 75 
EMMS 75D 
EISENBERB 74 
ENGLER 74 
LOUIE 74 
ANDERSON 73 
TAKAHASHI 72 
BEAUPRE 71 
FLATTE 71 
ARMENISE 70 
OH 70 
STUNTEBECK 70 
ADERHOLZ 69 
ARMENISE 68 
ASCOLI 68D 
BOESEBEEK 68 
JOHNSON 68 
EISNER 67 
DERADO 65 
LEE 64 
BONDAR 63 

SJNP 38 561 F,G, Binon et aL {BELG, LAPP, SERP+) 
Translated from YAF 38 934. 
NP 8223 ] V. Chabaud et aL (EERN, CRAC, MPIM) 
PR D28 2726 D.L Oenney et aL (IOWA, MICH) 
ZPHY C16 241 G. Mennessler (MONP) 
NP 6201 197 W.D. Apel et aL (KARLK, KARLE. PISA, SERP+) 
PRL 48 1316 N.M. Cason et aL (NOAM, ANL) 
PL IIOB 82 C. Edwards et aL (EFT, HARM, PRIN+) 
PR 025 1786 A. Etkin et aL (BNL, CUNY, TUFTS, VAND) 
ZPHY El0 117 R. Brandelik et al. (TASSO Collab.) 
APP 812 575 V. Chabaud et at. (CERN, CRAC, MPIM) 
FL 107B 153 G. Gidal et aL (SLAC. LBL) 
PL 105B 304 A. Rou~arle et at. (SLAC, LBL) 
PL 948 254 C. Berger et at. (PLUTO Collab.) 
NP B175 402 G. Costa de Beauregard et aL (BARI, BONN+) 
ZPHY C6 187 P.F. Loverre et al. (CERN, CDEF, MADR+) 
NP 8157 250 M.J, Corden et aL (BIRM. RHEL, TELA+) 
NP B158 520 A.D, Martin, EN. Ozmutlu (DURH) 
PR D19 1317 V.A. Polychronakos et at. (NOAM, ANL) 
PL 75B C. Bricman et al. 
NP Bt]9 45 Y.M. Antipov et aL (SERP, GEVA) 
PR DIS 3196 A.J. Pawlicki et aL (ANL) 
NP B103 426 M. Deutschmann et al. (AACHa, BERL, BONN+) 
PL 57B 398 W.D. Apel et al. (KARLK, KARLE, P[SA, SERP+) 
NP B96 155 M.J. Emms et at. (BIRM, DURH. RHEL) 
PL 528 239 Y. Eisenberg et al. (REHO) 
PR DIO 2070 A. Engler et aL (CMU, CASE) 
PL 48B 3BS J. Loule et aL (SAEL, EERN) 
PRL 31 562 J.C. Anderson et aL (CMU, CASE) 
PR 06 1266 K. Takahashl et aL (TOHOK, PENN, NDAM+) 
NP B2B 77 J.V. Beaupre et at. (AACH, BERL. CERN) 
PL 34B 551 S.M. Flatte et aL (LBL) 
LNC 4 199 N. Armenise et aL (BARI, BGNA, FIRZ) 
PR D1 2494 B.Y. Oh et aL (WISE, TNTO)JP 
PL 32B 391 EH. Stuntebeck et al. (NDAM) 
NP B11 259 M, Aderholz et aL (AACHa, BERL, CERN+) 
NC 54A 999 N. Armenise et aL (BARI, BGNA, FIRZ+) 
PRL 21 1712 G. Ascoli et aL (ILL) 
NP B4 501 K. Boesebeck et ~I. (AACH, BERL. CERN) 
PR 176 1651 P.B, Johnson et aL (NDAM, PURD, SLAC) 
PR 164 1699 R.L. Eisner et al. (PURD) 
PRL 14 872 I. Derado et at. (NOAM) 
PRL 12 342 Y.Y. Lee et at. (MICH) 
PL 5 153 L. Bondar et aL (AACH, BIRM, BONN. DESY+) 

1 ,( 285)1 I G ( J  P C )  = 0 + ( 1 + + )  

f~(1285) MASS 

VALUE (MeV) E V T S  DOCUMENT /[3 TEEN COMMENT 

1281.9 4- 0.6 OUR AVERAGE Error includes scale factor of 1.7. See the ideogram 
below. 

1284 • 6 1400 ALDE 97B GAM4 100 ~r- p ~ 7/Tr07r0n 
1281 + 1 BARBERIS 978 OMEG 450 p p  

pp2(~r + 7r- )  
1281 ::5 1 BARBERIS 97C OMEG 450 p p  

p p K O  K + r : F  

1280 + 2 1 ANTINORI 95 OMEG 300,450 p p  
pp2(Tr+  ~r - ) 

1282.2• 1.5 LEE 94 MPS2 18 7r- p 
K + - ~ 0  27r -  p 

1279 :c 5 FUKUI 91C SPEC 8 . 9 5 r - p ~  r/~r+;T--n 
1278 2 : 2  140 ARMSTRONG 89 OMEG 300 p p  ~ K K ~ r p p  

1278 + 2 ARMSTRONG 89G OMEG 85 ~r+p ~ 4~r~rp, 
pp  ~ 4~rpp 

1280.1• 2.1 60 RATH 89 MPS 21.4 r -  p 
KOKO~rOn 

1285 ::5 1 4750 2B IRMAN 88 MPS 8 ~ r - p ~  K + K O ~ r - n  

1280 + I 504 BITYUKOV 88 SPEC 32.5 ~ r - p  
K +  K - ~ r O n  

1280 -4- 4 ANDO 86 SPEC 8 ~ r - p ~  ~ r + ~ - n  

1277 J,- 2 420 REEVES 86 SPEC 6.6 p~ ~ KK~'X 

1285 :1 :2  CHUNG 85 5PEC 8 ~ r - p ~  NK 'K~r  

1279 + 2 604 ARMSTRONG 84 OMEG 85 ~r+p ~ KK~r~rp,  
p p  ~ K R u p p  

1286 • 1 CHAUVAT 84 SPEC ISR 31.5 p p  

1278 :E 4 EVANGELISTA 81 OMEG 12 ~r-- p 
~?~r+~r" ~r p 

1283 :E 3 103 DtONISI 80 HBC 4 ~ r - p  ~ K K ~ r n  
1282 ~: 2 320 NACASCH 78 HBC 0.7,0.76 ~ p  ~ KKa~r  
1279 + 5 210 GRASSLER 77 HBC 16 r :Cp  
1286 + 3 180 DUBOC 72 HBC 1.2 ~ p  ~ 2 K 4 r  
1283 + 5 DAHL 67 HBC 1.6-4.2 zr-  p 

1282 + 4 ARMSTRONG 93C E760 p p  ~ ~r0~;'/ ~ 63' 
1270 + 6 +10  ARMSTRONG 92C OMEG 300 p p  ~ p p ~ +  7r-3" 

1264 :E 8 AUGUSTIN 90 DM2 J / ~  ~ 3"~l~r+~ - 
1281 -4- 1 ARMSTRONG 89E OMEG 300 p p  

pp2(T r+  ~ - - )  
1279 :I: 6 +10 16 BECKER 87 MRK3 e + e - ~  @KK~r 

1286 :E 9 GIDAL 87 MRK2 e + e  - 
e+ e -  ~ l r+~r  - 

1287 ::5 5 353 B ITYUKOV 848 SPEC 32 ~ - p  
K +  K -  TrO n 

1279 4 TORNQVIST 82B RVUE 

1275 • 6 31 BROMBERG 80 SPEC 100 ~ r - p  ~ K K T r X  
1288 + 9 200 GURTU 79 HBC 4.2 K - p  ~ n~127r 

1275.0 46 55TANTON 79 CNTR 8 . 5 ~ r - p ~  n23"2~r 
1271 •  34 CORDEN 78 OMEG 12-15 ~r- p 

K +  K - - l r n  
1295 :t:12 85 CORDEN 78 OMEG 12-15 ~r- p ~ n5~r 
1292 ::510 150 DEFOIX 72 HBC 0.7 ~ p  ~ 7~r 
1280 ::5 3 500 6THUN 72 MMS 1 3 . 4 ~ r - p  
1303 + 8 BARDADIN-... 71 HBC B 7r+p ~ p6~ 
1283 :E 6 BOESEBECK 71 HBC 16.0 ~'p ~ p5~T 

1270 -110 CAMPBELL 69 DBC 2.7 ~r + d 
1205 + 7 LORSTAD 69 HBC 0.7 ~p, 4,5-body 
1290 ::E 7 D'ANDLAU 68 HBC 1.2 ~p, 5-6 body 

I Supersedes ABATZIS 94, ARMSTRONG 89E. 
2 From partial wave analysis of K + ~ 7r- system. 
3 No systematic error given. 
4 From a unitarized quark-model calculation. 
5 From phase shift analysis of ~/zr + 7r- system. 
6 Seen in the missing mass spectrum. 

f1 (1285)  W I D T H  

only  experiments giving width error less than 20 MeV are kept for aver- 
aging, 

VALUE (MeV) E V T S  DOCUMENT ID TECN COMMENT 
24.0+ 1.2 OUR AVERAGE Error includes scale factor of 1.4. See the ideogram below. 

55 i 1 8  1400 ALDE 978 GAM4 100 ~ r - p  ~ r /~0~ '0n 
24 :t: 3 BARBERIS 97B OMEG 450 p p  

pp2 (~  + ~r - )  
20 + 2 BARBERIS 97C OMEG 450 pp 

p p K ~  K + ~rT 

36 + 5 7 ANTINORI 95 OMEG 300,450 p p  

pp2(~r + 7r- )  
29.0:E 4.1 LEE 94 MPS2 1 8 x - p ~  

K + K--"O 2~r - p 
25 ::5 4 140 ARMSTRONG 89 OMEG 300 p p  ~ K K r p p  

22 :E 2 4750 8B IRMAN 88 MPS 8 l r - p  ~ K + - K O r - n  
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f ~ ( 1 2 8 5 )  

25 • 4 504 BITYUKOV 88 SPEC 3 2 . 5 ~ r - p ~  F6 //'nlT (52 ,},16 )% 
K+K-~rOn F7 ao(980)~r [ignoring a0(980) - - *  (36 • 7 ) %  

19 • 5 ANDO 86 SPEC O ~ T - p ~  ~ T + : T - - n  K - K ]  
32 • 8 420 REEVES 86 SPEC 6.6 p~  ~ K K ~ r X  
22 • 2 CRUNG 85 SPEC 0 ~ - p ~  N K - K ~  rg ~/~r~r [excluding a0(980)~-] (16 • 7 ) %  
32 ~E 3 604 ARMSTRONG 84 OMEG 85 ~r+p ~ K K ~ p ,  r 9 K K ~  ( 9.0-}- 0.4)% 

p p  ~ K K ~ r p p  FlO KK ' * (892 )  not seen 
24 • 3 CHAUVAT 84 SPEC ISR 31.5 pp rli ,),pO ( 5.5-}- 1.3) % 
29 • 103 DIONISI 00 HBC 4~r-p~ KK~rn F12 (~')' ( 7.4:E 2.6) x10 -4 
28.3• 6.7 320 NACASCH 70 HBC 0.7,0.76 ~p ~ KK3~t r l  3 9,?, 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc, �9 �9 �9 

18.2,}, 1.2 9 SOSA 99 SPEC PP ~ Pslow I F14 " f? 

19.4,}, 1.5 9 SOSA 99 

40 • 5 ABATZIS 94 

44 -}-20 AUGUSTIN 90 
31 • 5 ARMSTRONG 09E 

41 ,},12 ARMSTRONG 89G 

17.9.}.10.9 60 RATH 09 

14 -}-20 ,},10 16 BECKER 87 - 1 4  
26 • 12 EVANGELISTA 81 

25 ,},15 200 GURTU 79 
10 10 STANTON 79 
24 ~ 18 210 GRASSLER 77 
28 • 5 150 11 DEFOIX 72 
46 -}- 9 180 11 DUBOC 72 
37 • 5 500 12THUN 72 
I0 •  BOESEBECK 71 
30 "}'15 CAMPBELL 69 
60 .}.15 11 LORSTAD 69 
35 ,},10 11 DAHL 67 

7 Supersedes ABATZIS 94, ARMSTRONG 89E. 
8 From partial wave analysis of K + ~0 ~ -  system. 
9 No systematic error given. 

10 From phase shift analysis of n~r + ~ -  system. 
11 Resolution is not unfolded. 
12 Seen in the missing mass spectrum, 

( K  0 K + ~ t - )  Pfast 
SPEC PP ~ Pslow 

(K 0 K-- ~''}" ) Pfast 
OMEG 450 p p  

pp2( '~+,K - )  
DM2 J / ~  ~ "f~l~r+zr - 
OMEG 300 pp  

p p 2 ( ~ r + ~  - )  
OMEG 8 5 ; T + p ~  4 ~ p ,  

pp  ~ 4~rpp 
MPS 21,4 ~r- p 

K 0 K 0 ~0 n 
S S 

MRK3 e + e - ~  @KKv 

OMEG 12 ~ -  p 
z/~r+~r zr p 

HBC 4 . 2 K - p ~  nrt2"w'r 
CNTR 8.5 ~ - p  ~ n23,2v 
HBC 16 ~r :F p 
HBC 0.7 ~p ~ 7~r 
HBC 1.2 ~p ~ 2K4~r 
MMS 13.4 ~r- p 
HBC 16.0 ~rp ~ p5~r 
DBC 2.7 ~r + d 
HBC 0,7 ~p, 4,5-body 
HBC 1.6-4.2 ~ -  p 

f1(1285) DECAY M O D E S  

Scale factor/ 
Mode Fraction (I-i/F) Confidence level 

r l  4, (331t ~:~)~ s_13 

r 2 ~ ~ 1 7 6  (22.0 +_ ~i 4) % 5=1.3 

r3 2~+ 2~- (110+_ 8:~') % s=13 

r4 p%+x-  (11.0 + - 0167)% s=1,3 
r 5 4/r 0 < 7 x 10 - 4  s 

5=1.1 

5=2.8 

C O N S T R A I N E D  F I T  I N F O R M A T I O N  
I An overall f i t to 7 branching ratios uses 16 measurements and one 

constraint to determine 5 parameters. The overall fit has a X 2 = 
24.7 for 12 degrees of freedom. 

The following of f -d iagonal  array elements are the correlation coefficients 
{ 6 x i g x j l / ( g x i . g x j ) ,  in percent, from the fit to the branching fractions, xl  =- 

FJFtota I. The fit constrains the x~ whose labels appear in this array to sum to 
one. 

x 7 - 1 7  

x B - 8  - 9 5  

x 9 46 - 9  - 4  

X l l  - 3 6  - 4  - 2  - 3 4  

Xl x7 x0 x9 

f1(1285) r c D r ( ~ ) I r ( t ~ D  

r ( ~ . )  x r(~)Irto., rgr l . l r :  (r~+r,)rl.lr 
VALUE (keV) CL~ "DOCUMENT IO TECN COMMENT 

<0.62 95 GIDAL 87 MRK2 e+e - 
e+ e-7/Tr+ ~ * -  

r ( , I , , )  x r(7~') /r to~ rgr ld r=( rT+re) r13/ r  
VALUE (keY) EVTS DOCUMENT ID TECN COMMENT 
1.4 "1"0.4 OUR AVERAGE Error includes scale factor of 1.4. 
1.18•177 26 13,14 AIHARA 88B TPC e+e - 

e+ e-~/~+Tr - 
2.30• 13,15GIDAL 87 MRK2 e+e - 

e+ e -  T/~-}- ~ - 
13 Assuming a ppole form factor. 
14 Published value multiplied by ~/~Tr branching ratio 0.49. 
15published value divided by 2 and multiplied by the ~/~rlr branching ratio 0.49, 

f1(1285} BRANCHING RATIOS 

r ( K 1 . ) / r ( e )  rg/r~ 
VALUE DOCUMENT ID TECN COMMENT 
0,271-I'0.01G OUR FIT Error includes scale factor of 1.3, 
0,271-1-0.016 OUR AVERAGE Error includes scale factor of 1.2. 
0.265.}.0.014 16 BARBERIS 97s OMEG 450 pp 

p p  KO S K • ~:F 

0.28 -}-0.05 17 ARMSTRONG 09E OMEG 300 pp  ~ p p f l ( 1 2 0 5 )  
0.37 -}-0.03 • 18 ARMSTRONG 89G OMEG 85 ~rp ~ 4~X 

16Using 2(~r+ lr - )  data from BARBERIS 97B. 
17 Assuming pTr 7r and a0(gB0 ) ~ intermediate states. 
1847r consistent with being entirely pTrTr. 

r ( .O .o .+ . - ) / r~ , , ,  r2/r = ~r~/r 
VALUE DOCUMENT ID 

0 220+0"9} 4 OUR FIT Error includes scale factor of 1.3. �9 -O.u~z 

r(2.+ 2.-)/rto~, r # r  = I r l / r  
VALUE DOCUMENT ID 

0 110+0"-0{~2 OUR FIT Error includes scale factor of 1.3. �9 - - u . ~  

r ( ~ . + . - ) / r ~ . ~ ,  r4/r = ~rl/r 
VALUE DOCUMENT IO 

0 110"1"0'-0~ 7 OUR FIT Error includes scale factor of 1,3. 
�9 --0.uuD 

r ( K R . ) / r ( ~ . . )  rg/r6 = rg/(rT+ra) 
VALUE DOCUMENT ID TECN COMMENT 
0olT1:t:0.013 OUR FIT Error includes scale factor of 1.1. 
0.170:t:0,012 OUR AVERAGE 
0.166,},0.01 • BARBERIS 98c OMEG 450 pp  

Pf f1(1205) Ps 
0.42 • GURTU 79 HBC 4.2 K-p 
0.5 -}-0.2 CORDEN 78 OMEG 12-15 ~ - p  
0.20 • 19 DEFOIX 72 HBC 0.7 ~p ~ 7~ 
0.16 d:0.08 CAMPBELL 69 DBC 2.7 ~+d 

19KK system characterized by the I = I threshold enhancement. (See under a0(980)). 



See key on page 239 

r(~0(~B0). [ignoring ~(~80).-* K~) / r (~ . . )  rz/r~ = rd(rz+r,) 
VALUE EVTS DOCUMENT ID TECN COMMENT 

0.694"0.13 OUR FIT  

o 69+0"~ OUR AVERAGE 

0.724-0,15 GURTU 79 HBC 4.2 K - p  

0.6 +0 .3  CORDEN 78 OMEG 12-15 ~r--p 
- 0 . 2  

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 * �9 

0.284-0.07 1400 ALDE 97B GAM4 100 ~ r - p  ~ ~/~0~r0n 

1.0 4-0.3 GRASSLER 77 HBC 16 ~r~Fp 

F(4~)/F(r/~r~r) r l /r~ = r l / (r7+re) 
VALUE DOCUMENT ID TECN COMMENT 

0.634"0.06 OUR F IT  Error includes scale factor of 1.2. 

SOSA 99 
BARBERIS 98C 
ALDE 97B 

BARBERIS 97B 
BARBERIS 97C 
AMELIN 95 
ANTINORI 95 
ABATZlS 94 
LEE 94 
ARMSTRONG 93C 
ARMSTRONG 92C 
BOLTON 92 
BITYUKOV 91B 

FURUI 91C 
AUGUSTIN 
COFFMAN 99~ 
ARMSTRONG 89 
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f~ (1285) ,  F / ( 1295 )  

fz (12es) REFERENCES 

PRL 83 913 M. Sosa et at. 
PL B440 225 D. Barberis et at. (WA102 Collab.) 
PAN 60 386 D. Aide et aL (GAMS Collab.) 
Translated from YAF 60 458. 
PL B413 217 D. Barberis et at. (WA102 Collab.) 
PL 5413 225 D. Barberis et aL (WA102 Collab.) 
ZPHY C66 71 D.V, Amelin el al. (VES Collab.) 
PL B353 589 F, Antinori et al. (ATHU, BARI, BIRM+) 
PL B324 509 S. Abatzis et al. (ATHU, BARI. BIRM+) 
PL B323 227 J.H. Lee et aL (BNL, IND, KYUN, MASD+) 
PL 8307 394 T.A. Armstrong et aL (FNAL, FERR, GENO+) 
ZPHY C54 371 T.A. Armstrong et at. (ATHU. BARI. BIRM+) 
PL B278 495 T. Bolton et aL (Mark Ul Collab.) 
SJNP 54 318 5.L Bityukov et aL (SERP) 
Translated from YAF 54 529, 
PL B267 293 S. Fukol et aL (SUGI. NAGO, KEK, KYOT+) 
PR D42 10 J.E. Augustin et aL (DM2 Collab.) 
PR D41 1410 D.M. Coffman el al. (Mark Ill Collab.) 
PL B221 216 T.A. Armstrong et al. (CERN, CDEF, BIRM+)JPC 

0.41 4"0.14 OUR AVERAGE 
0.374-0.114-0.11 BOLTON 92 MRK3 J / r  ~ 3'f1(1285 ) 

0.644-0.40 GURTU 79 HBC 4.2 K - p  

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.934-0,30 20 GRASSLER 77 HBC 16 ~r:Fp 

20Assuming p~rx and a0(980)~  intermediate states. 

r(K~*(892))/rtot=~ qo/ r  
VALUE DOCUMENT /D TECN COMMENT 

not seen NACASCH 78 HBC 0.7,0.76 ~ p  ~ KK3~r  

r(/ .+,r-)/r(2,r +2~r-) r./r~ 
VALUE DOCUMENT /D TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

1,04-0.4 GRASSLER 77 HBC 16 GeV ~r4-p 

r(4.O)/rto=, rs/r 
VALUE (units 10 -4 ) CL.~..~ DOCUMENT ID TEEN COMMENT 

< 7  90 ALDE 87 GAM4 100 ~r-- p ~ 4~r 0 n 

F(~ ) /F (K~)  q~/r9 
VALUE (units 10 -2)  CL~ EVTS DOCUMENT IO TECN COMMENT 

0,824.0.214"0.20 19 B ITYUKOV 88 SPEC 32.5 ~ r - p  
K +  K - ~ r O  n 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

<0.50 95 BARBERIS 98C OMEG 450 p p  ~ I 
P f  f1 (1285)  Ps 

<0.93 95 AMELIN 95 VES 37 ~r -  N 
~r -  ~ + ~ - 3 .  N 

r(~po)lr(K-g,r) ru l r9 
VALUE CL% DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

>0.035 90 21 COFFMAN 90 MRK3 J / ~  ~ ~l~l~ + ~ t -  

21Using B ( J  H )  ~ ~/f1(1285) ~ - i . '~p0)=0.25 x 10 - 4  and B ( J / V )  ~ -},f1(1285} 

- ) ' K K ~ r ) = <  0.72 x 10 - 3 .  

r(~p~ 2 .  - )  r111r3 = r111~rl 
VALUE DOCUMENT ID TECN COMMENT 

0.504"0.13 OUR FIT Error includes scale factor of 2.5. 

0.45:4-0.1g 22 COFFMAN 90 MRK3 J /~)  ~ " i ' i ~  + x -  

22Using B ( J / r  ~ "yf1(1285} ~ 3 ' " fp0)=0.25 x 10 - 4  and B ( J / ~  ~ '7f1(1285 ) 

"~2~+ 2 ~ - - } = 0 , 5 5  x 10 - 4  given by MIR 88. 

r(~/)Ir t=,,  q d r  
VALUE ~ DOCUMENT ID TECN COMMENT 

0.(Y55:E0.013 OUR FIT Error includes scale factor of 2,8. 

0.02114"0.0074"0.006 AMELIN 95 VES 37 7r -  N 
~r -  7r+ 7 r -  3. N 

�9 �9 * We do not use the fol lowing data for averages, fits. l imits, etc. �9 * �9 

<0.05 95 B ITYUKOV 91B SPEC 32 ~ r - p  ~ 7 r+~ r - 'Tn  

r (~ . . ) / r (~ / )  r~/rl l = ( r~+rwru 
VALUE DOCUMENT ID TECN COMMENT 

9.5"I-2.0 OUR F IT  Error includes scale factor of 2.5. 

7.94.0.9 OUR AVERAGE 
10.0:E1.0:E2.0 BARBERIS 98c OMEG 450 p p  ~ i 

Pf fz (1285) Ps 
7.5:E1,0 23 ARMSTRONG 92C OMEG 300 p p  ~ p p ~ r + ~ r - - 7 ,  

pp~+~- 
23 Published value mult ip l ied by 1.5. 

ARMSTRONG 89E 
ARMSTRONG 89G 
RATH 89 
AIHARA 8Be 
BIRMAN 88 
BITYUKOV 88 
MIR ea 
ALDE 57 
BECKER B7 
GIDAL B7 
ANDO 86 
REEVES 86 
CHUNG B5 
ARMSTRONG 84 
BITYUKOV 04B 
CHAUVAT 04 
TORNQVIST 82B 
EVANGELISTA 81 
BROMBERG e0 
DIONISI B0 
GURTU 79 
STANTON 79 
CORDEN 75 
NACASCH 78 
GRASSLER 77 
DEFOIX 72 
DUBOC 72 
THUN 72 
BARDADIN-., 7] 
BOESEBECK 71 
CAMPBELL 69 
LORSTAD 69 
D'ANDLAU 68 
DAHL 67 

AIHARA 88C 
ASTON 85 
ATKINSON 84E 
GAVILLET 82 
O'ANDLAU 65 
MILLER 65 

PL B22B 536 T.A. Armstrong, M. Bel~ayoun (ATHU, BARI, BIRM+) 
ZPHY E43 55 TA. Armstrong et 31. (CERN, BIRM, BARI+) 
PR D40 693 M.G. Rath er aL (NDAM. BRAN, BNL, CUNY+) 
PL B209 107 H. Aihara et aL (TPC-2-y Collab.) 
PRL 61 1557 A, Birman et aim (BNL FSU, INO, MASD)JP 
PL B203 327 S.L Bityukov et aL (SERP) 
Pho-Pho 88 CONE, 126 R. Mir (Mark III Collab.) 
PL B198 286 D,M. Aide et al. (LANL, BRUX, SERP, LAPP) 
PRL 59 186 J.J. Becker et al. (Mark nl Collab.) 
PRL 59 2012 G. Gidal et al. (LBL, SLAG, HARV) 
PRL 57 1296 A. Ando er aL (KEK, KYOT, NIRS, SAGA+)]JP 
PR 34 1960 O.F. Reeves et aL (FLOR, BNL, IND+)JP 
PRL 55 779 S.U, Chun K et aL (BNL, FLOR, IND+)JP 
PL 1465 273 T.A. Armstrong et aL (ATHU, BARI, BIRM+)JP 
PL 144B 133 S.L Bityukov et al. (SERP) 
PL 148B 382 P. Chauvat et al. (CERN, CLER, UCLA+) 
NP B203 268 N.A. Tornqvist (HELS) 
NP B178 197 C. Evangelista et al. (BARI, BONN, CERN+) 
PR D22 1513 C.M. Bromberg et aL (CIT, FNAL, ILLC+) 
NP B169 1 C. Dionisi et at. (CERN, MADR, CDEF+) 
NP B151 181 A. Gurtu et al. (CERN, ZEEM. NIJM, OXF) 
PRL ~.2 346 NR. Stanton et aL (OSU, CARL, MCGI+) JP 
NP B144 253 M.J, Corden et aL (BIRM, RHEL, TELA+)JP 
NP B135 203 R. Nacasch et aL (PARIS, MADR, CERN) 
NP 5121 189 H. Grassier et al, (AACH3, BERL. BONN+) 
NP B44 125 C. Defoix er al. (COEF, CERN) 
NP B46 429 J. Duboc et aL (PARIS, LIVP) 
PRL 28 1733 R, Thun et al. (STON, NEAS) 
PR 04 2711 M. Bardadin-Otwinowska et aL (WARS) 
PL 34B 659 K. Boesebeck (AACH, BERL, BONN, CERN, CRAG+) 
PRL 22 1204 J,H. Campbell et aL (PURD) 
NP St4 63 B. Lorstad et aL (CDEF, CERN)JP 
NP B5 693 C. cI'Andlau et aL (CDEF, CERN. IRAD+)IJP 
PR 163 1377 O.I. DaN et al. {LRL)IJP 

OTHER RELATED PAPERS - -  
PR D38 1 H. Aihara et al. (TPC-2"7 Collab.)JPC 
PR D32 2255 0, Aston et al. (SLAG, CARL, CNRC) 
PL 138B 459 M, Atklnson et at. (BONN, CERN, GLAS+) 
ZPHY C16 119 P. Gavillet et aL (CERN, CDEF, PADO+) 
PL 17 347 C. d'Andlau et aL (CDEF. CERN. IRAD+) 
PRL 14 1074 DH. Miller et al. (LRL, UCB) 

See also the mini-review under non-q~ candidates. (See the index 

for the page number.) 

~/(1295) MASS 

VALUE (MeV) EVT5 DOCUMENT ID TECN COMMENT 

1297.0"1"2.11 OUR AVERAGE 
1299 4-4 2100 ALDE 97B GAM4 100 ~ r - p  ~ ~/~r0~r0n 

1295 + 4  FUKUI 91C SPEC 8.95 ~ r - p  ~ V ~ r + T r - n  

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

~ 1 2 7 5  STANTON 79 CNTR 8 . 4 ~ r - p ~  nr/27r 

~/(1295) WIDTH 

VALUE (MeV) EVT5 DOCUMENT ID TECN COMMENT 

53-1-6 FUKUI 91C SPEC 8.95 7 r - p  ~ ~ r + T r - n  

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

<40 2100 ALOE 97B GAM4 100 ~ r - p  ~ r txO~r0n 

~ 7 0  STANTON 79 CNTR 8 . 4 ~ r - p ~  nr/27r 

Mode 

}/(1295) DECAY MODES 

Fraction ( F I / F )  

r I ~/.~+ ~ -  seen 
r 2 a0(980)Ir seen 

F 3 "73, 
r 4 ~O 7tO seen 

F 5 T/(~T~)s.wave seen 
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~/(1295) ,  ~r (1300) ,  a2 (1320)  

~(z2es) r(J)r(~)/r(to~aJ) 
r(~.+,-) x r(~-~)Ir~,i qrdr 
VALUE (keV) CL~'~ DOCUMENT ID TECN COMMENT 

<0.3 ANTREASYAN87 CBAL e + e  - ~ e + e - r t x x  

�9 �9 �9 We do not use the fol lowing data for averages, fits. limits, etc. �9 �9 �9 

<0.6 90 AIHARA 88c TPC e + e  - 
e+ e -  ~/~r+ ~r - 

~/(1295) BRANCHING RATIOS 

r(~o(~o).)/r~=~ r,/r 
VALUE DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

not seen BERTIN 97 OBLX 0.0 ~ p  
K •  ( KO)zr:F ~r+ x - 

seen BIRMAN 88 MPS 8 x - p  ~ K + K O ~  - n 

large ANDO 86 SPEC 8 ~ ' - p  ~ ~ /~r+~ ' -n  
large STANTON 79 CNTR 8,4 x - p  ~ n~/2~r 

r(~o(980)-)/r(~-~176 rz/r~ 
VALUE DOCUMENT ID TECN COMMENT 

0.~4"0 .10  1 ALOE 97B GAM4 100 ~ r - p  ~ r/~r0~r0n 

1 Assuming that a0(980 ) decays only to ~7~r. 

r(~(--)s-wa~,)/r(n.~ ~ rs/r~ 
VALUE DOCUMENT ID TECN COMMENT 

0.~=14"0.10 ALDE 97B GAM4 100 x - p  ~ ~7~rOxOn 

~/(1295) REFERENCES 

ALDE 97B PAN 60 386 D, Aide et al. (GAMS Collab,) 
Translated from YAF 60 45B. 

BERTIN 97 PL B400 226 Am BerUn et al. (OBELIX Collab,) 
FUKUI 91C PL B267 293 S, Fukui et aL (SUGI, NAGO, KEK, KYOT+) 
AIHARA B8C PR D38 1 H. Aihara et aL (TPE-2*r Collab.) 
BIRMAN 88 PRL 61 1557 A. Birman et ai. (BNL, FSU, IND. MASD)JP 
ANTREASYAN B7 PR D36 2633 D, Antreasyan et aL (Crystal Bal~ Collab.) 
ANDO 86 PRL 57 1296 A. Ando et aL (KEK. KYOT, NIRS, SAGA+) IJP 
STANTON 79 PRL 42 346 N.R. Stanton et aL (OSU. CARL, MCGI+)JP 

I, (1 oo)1 IG(j PC) = 1 - ( 0 - + )  

~r(1300) MASS 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

13004"100 OUR ESTIMATE 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

1275• 15 BERTIN 97D OBLX 0.05 p p  ~ 2~r+2~r - 
1114 ABELE 96 CBAR 0.0 ~ p  ~ 5x 0 
1190• 30 ZIELINSKI 84 SPEC 200 ~r+Z ~ Z3~r 
1240=5 30 BELLINI 82 SPEC 40 ~ r - A  ~ A3~r 
1273• 50 1 AARON 81 RVUE 

1342• 20 BONESINI 81 OMEG 12 ~ r - p  ~ p3x  
1400 DAUM 81B SPEC 63,94 ~ r - p  

1Uses multichannel Aitchison-Bowler model (BOWLER 75). Uses data from DAUM 80 
and DANKOWYCH 81. 

~r(1300) WIDTH 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 

200 to 600 OUR ESTIMATE 
�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

218•  BERTIN 97D OBLX 0.05 ~ p  ~ 2 ~ + 2 ~  - 
340 ABELE 96 CBAR 0.0 ~ p  ~ 5~ 0 
440•  80 ZIELINSKI 84 SPEC 200 ~r § Z ~ Z3~r 
360•  BELLINI 82 SPEC 40 ~ r - A  ~ A3~r 
580•  2 AARON 81 RVUE 

220•  70 BONESINI 81 OMEG 12 ~ r - p  ~ p 3 x  
600 DAUM 81B SPEC 63,94 ~r- p 

2Uses multichannel Aitchison-Bowler model (BOWLER 75), Uses data from DAUM 80 
and DANKOWYCH 81. 

~r(1300) DECAY MODES 

Mode Fraction (F i /F )  

F 1 p 7r seen 

F2 ~ (~rTr)s_wave seen 
F3 "73' 

.(1300) r ( I ) r (~) / r ( tot=)  

r@.) x r (~) / r~. ,  r~r./r 
VALUE (keV) CL.~.~ DOCUMENT ID TECN COMMENT 

<0.085 90 ACCIARRI 97T L3 e + e-- 
e+  e -  ~r• ~-- ~.0 

<0.54 90 ALBRECHT 97B ARG e + e -  
e+  e -  ~r+ ~-- ~rO 

r (-(.-)s-wave)/r(p,r) r=/rl 
VALUE DOCUMENT ID TECN 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

2,12 3 AARON 81 RVUE 

3 Uses multichannel Aitchison-Bowler model (BOWLER 75). Uses data from DAUM 80 
and DANKOWYCH 81. 

~r(1300) REFERENCES 

ACCIARRI 97T PL B413 147 M. Acciarri et aL (L3 Corlab.) 
ALBRECHT 97B ZPHY C74 469 H. Albrecht et aL (ARGUS CoIlab.) 
BERTIN 97D PL B414 220 A. BerLin et aL (OBELIX Collab.) 
ABELE 96 PL B380 453 A. Abele et aL (Crystal Barrel Collab.) 
ZIELINSKI 84 PR D30 1855 M. Zielinski et aL (ROCH, MINN, FNAL) 
BELUNI 82 PRL 48 1697 G. Bellini et ~L (MILA, BGNA, JINR) 
AARON 81 PR B24 1207 R.A. Aaron. R.S. Longacre (NEAS, BNL) 
BONESINi 81 PL 103B 75 M. Boneslni et al. (MILA, LIVP, DARE+) 
DANKOWY... 81 PRL 46 580 J.A. Dankowych et aL (TNTO, BNL, CARL+) 
DAUM 81B NP B182 269 C. Oaum et aL (AMST, CERN, ERAC, MPIM+) 
DAUM 80 PL 89B 281 C. Daum et aL (AMST, CERN, ERAC, MP~M+) 
BOWLER 75 NP B97 227 M.G. Bowler et at. (OXFTP, DARE) 

- -  OTHER RELATED PAPERS 
ASNER 00 PR D61 0].2002 D.M. Asner et aL (CLEO Collab.) 
ZAlMIDOROGA99 PAN 30 1 O.A. Zaimidlxoga 

Translated from SJPN 30 5. 
ACKERSTAFF S7R ZPHY C75 593 K. Ackerstaff et aL (OPAL Collab.) 
ALBRECHT 95C PL B349 576 H. Albrecht et aL (ARGUS Collab.) 

I G ( j  P C )  = 1 - ( 2  + + )  

a2 (1320 )  M A S S  

VALUE IMeV) DOCUMENT ID 

1318.04-0.6 OUR AVERAGE Includes data from the 4 datablocks that fol low this one. 
Error includes scale factor of 1.1. 

31r M O D E  
VALUE (MeV) EVTS DOCUMENT ID TEEN CHG COMMENT 

The data in this block is included in the average printed for a previous datablock. 

1317.9+ 1.3 OUR AVERAGE Error includes scale factor of 1.3. See the ideogram below. 

BARBERIS 98B 450 p p  1317 • 3 

1323 • 4 •  ACCIARRI 97T L3 

1320 • 7 ALBRECHT 97B ARG 

1311.3• 1.6•  72400 AMELIN 96 VES 

1310 • 5 ARMSTRONG 90 OMEG 0 

1323.8• 2.3 4022 AUGUSTIN 89 DM2 • 

1320.6• 3.1 3562 AUGUSTIN 89 DM2 0 

1317 • 2 25000 1 DAUM 80C SPEC - 
1320 •  1097 1 BALTAY 78B HBC +0 
1306 • 8 FERRERSORIA70 OMEG - 
1318 • 7 1600 1 EMMS 75 DBC 0 
1315 • 5 1 ANTIPOV 73c CNTR - 

1306 • 9 1580 CHALOUPKA 73 
�9 �9 �9 We do not use the fol lowing data for averages, 

1305 •  CONDO 93 SHF 
1310 • 2 1 EVANGELISTA 81 OMEG -- 
1343 •  490 BALTAY 78B HBC 0 
1309 • 5 5000 BINNIE 71 MMS - 

1299 • 6 28000 BOWEN 71 MMS - 
1300 =5 6 24000 BOWEN 71 MMS + 
1309 • 4 17000 BOWEN 71 MMS - 
1306 • 4 941 ALSTON-...  70 HBC + 

1 From a f i t  to J P  = 2 + p x  partial wave. 

p f  Tr• ~ r -  ~O ps 

e •  - 
e+  e -  ~-t- ~r-  ~0 

e + e  - 
e+  e -  7 r + ~ -  7r 0 

3 6 x - p ~  
,~-+ ~. -  ~-0 n 

300.0pp 
p p l r  + ~r-- ~0 

63,94 ~ r - p  ~ 3~rp 
15 x + p  ~ p4~ 
9 ~ r - p  ~ p37r 
4 x §  n ~ p(37r) 0 

25.40 ~r--p 
p~/~r- 

HBC - 3.9 ~r- p 
fits, l imits, etc. �9 �9 �9 

"TP ~ ~/x +Tr- ' - ; ' r -  
12 x - p  ~ 3~rp 

15 ~r+p  ~ A3~r 
~r-- p near a 2 thresh- 

old 
5 7 r - p  
5 ~r+p 
7 1 r - p  

7.0 ~ ' + p  ~ 3~'p 
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K• K~ s MODE 
VALUE (MeV) EVTS DOCUMENT ID TECN CHG COMMENT 
The data in this block is included ~ aTer~e printed for a previous datablock. 
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a2(1320) 

a2(1320 ) WIDTH 
3x MODE 
VALUE (MeV) EVT5 DOCUMENT ID TECN CHG COMMENT 
104.7-1- 1.9 OUR AVERAGE 
120 •  BARBERIS 98B 450 pp 

pf ~+ ~r- ~r 0 Ps 
105 •  •  ACCIARRI 97T L3 e+e - 

e+ e -  .A..+ ~ -  ~-0 
120 • ALBRECHT 97B ARG e+e - 

e + e - ~ + ~ - ~ 0  
103.0• 6.0• 3.3 72400 AMELIN 96 YES 36 ~ - p  

~+~--~rOn 
120 •  ARMSTRONG 90 OMEG 0 300.0pp 

p p~ + ~ -  ~r 0 
107.0• 9.7 4022 AUGUSTIN 89 DM2 • J/'~ ~ P• 
1183•  3562 AUGUSTIN 89 DM2 0 J/'~ ~ pOaG 2 
97 • 5 8 EVANGELISTA81 OMEG - 12 ~ r - p  ~ 3~rp 
96 • 9 25000 8 DAUM 80c SPEC - 63,94 ~ r - p  ~ 3~rp 

110 •  1097 8 BALTAY 78B HBC +0  15 ~.-Fp ~ p4~r 
112 •  1600 8 E M M S  75 DBC 0 4 ~ r + n ~  p(3~r) 0 
122 •  1200 8,9 WAGNER 75 HBC 0 7 ~r•  

a++(3~)0 

115 •  8 A N T I P O V  73C CNTR - 25,40 ~ r - p  
p ~ / ~ -  

99 •  1580 CHALOUPKA 73 HBC - 3.9 ~ r - p  
105 • 5 28000 BOWEN 71 MMS - 5 ~ -  p 

99 • 5 24000 BOWEN 71 MMS + 5 ~+p  
103 • 5 17000 BOWEN 71 MMS - 7 ~r- p 

1318.14. 0.7 OUR AVERAGE 
1319 • 5 4700 2,3 CLELAND 828 SPEC + 50 ~+p  ~ KO~ K + p 
1324 • 6 5200 2,3 CLELAND 82B SPEC - 50 ~r-p ~ KUsK- p 

I320 • 2 4000 CHABAUD 80 SPEC - 17 ~r- A 
KO K - A  

1312 • 4 11000 CHABAUD 78 SPEC - 9.8 ~r- p 
K -  KOsp 

1316 • 2 4730 CHABAUD 78 SPEC - 18.8 ~ - p  
K -  KOsp 

1318 • 1 2 ,4MARTIN 780SPEC -- 1 0 ~ r - p ~  KOsK- p 
1320 • 2 2724 MARGULIE 76 SPEC - 2 3 ~ r - p ~  K - K ~ p  

1313 • 4 730 FOLEY 72 CNTR - 20.3 ~r- p 
K -  KOs p 

1319 • 3 1500 4 GRAYER 71 ASPK - 17.2 ~ r - p  
K -  KOs p 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

1330 •  1000 2,3 CLELAND 82B SPEC + 30 ~r+p ~ KOsK+p 

1324 • 5 350 HYAMS 78 ASPK + 12.7 ~ + p  
K + K ~  p 

2From a f i t  to JP = 2 + partial wave. 
3 Number of events evaluated by us. 
4 Systematic error in mass scale subtracted. 

~/~r MODE 
VALUE (MeV) EVTS DOCUMENT ID TECN CHG COMMENT 
The data in this block is included in the average printed for a previous datablock. 

1315.0:1:1.5 OUR AVERAGE 
1317 •  :=2 THOMPSON 97 MPS 18 ~ - p  ~ r /Tr -p  
1315 •  •  5AMSLER 940CBAR 0 . 0 ~ p ~  7r0~'0~/ 
1325.1• AOYAGI 93 BKEI ~r--p ~ r/~r--p 
1317.7•177 BELADIDZE 93 VES 37~r- N ~ ~"A'- N 
1323 •  1000 6 K E Y  73 OSPK - 6 ~ - p ~  p ~ - ~ /  
�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

1324 •  ARMSTRONG 93C E760 0 ~ p  ~ ~ 0 ~ / ~ / ~  67 

1336.2• 2561 DELFOSSE 81 SPEC + ~ •  ~ p~ •  
1330.7• 1653 DELFOSSE 81 SPEC - ~r •  ~ p~ •  
1324 •  6200 6,7CONFORTO 73 OSPK - 6 ~ - p ~  p M M -  

5 The systematic error of 2 MeV corresponds to the spread of solutions. 
6 Error includes 5 MeV systematic mass-scale error. 
7 Missing mass wi th enriched MMS = ~/~r-, r/ = 2"7. 

~" MODE 
VALUE (MeV) DOCUMENT ID TECN COMMENT 
The data in this block is included in the average printed for a previous datablock, 

1327.0'4"10.7 BELADIDZE 93 VES 37~r- N ~ F/r~'- N 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

120 •  CONDO 93 SHF 7P ~ ~ / ~ + ~ + ~ r -  
115 •  490 BALTAY 788 HBC 0 15 ~'+p ~ A3W 

72 •  5000 BINNIE 71 MMS -- 7 r - p  near a 2 thresh- 
old 

79 •  941 ALSTON-... 70 HBC + 7.0 7r+p ~ 37rp 

8From a f i t  to JP = 2 + p~r partial wave. 
9Width errors enlarged by us to 4F/~/N;  see the note with the K*(892) mass. 

K:I:/~S AND ~/x MODES 
VALUE (MeV) DOCUMENT ID 
107 :t:5 OUR ESTIMATE 
|10.5:E1.7 OUR AVERAGE Includes data from the 2 datablocks that follow this one. 

K• MODE 
VALUE (MeV) EVTS DOCUMENT ID TECN 
The data in this block is included in the average printed for a 

109.84- 2.4 OUR AVERAGE 
112 •  

120 •  

106 • 4 

126 •  

101 • 8 

113 4- 4 

105 • 8 

113 •  

123 •  

CHG COMMENT 
previous datablock. 

4700 10,11 CLELAND 82B SPEC + 50 ~+p ~ KO~ K+p 
5200 10,11 CLELAND 82B SPEC - 50 7=-p ~ KUsK- p 
4000 CHABAUD 80 SPi~C - 17 ~ - A  

KOs K- A 
11000 CHABAUD 78 SPEC - 9.8 ~r- p 

K -  KOs p 

4730 CHABAUD 78 SPEC - 18.8 7 r - p  
K - K O p  

10,12 MARTIN 780 SPEC - 10 ~r-p ~ KO 5 K - p  

2724 12MARGULIE 76 SPEC - 2 3 ~ r - p ~  K-KOsp 
730 FOLEY 72 CNTR - 20.3 7r- p 

K - K O  p 

1500 12 GRAYER 71 ASPK -- 17.2 ~r--p --~ 
K -  KOs p 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. Q �9 �9 

121 •  1000 10,11 CLELAND 828 SPEC + 30 7r+p ~ KO S K + p  
110 •  350 HYAMS 78 ASPK + 12.7 7r+p 

K + K 0 p 

10 From a fit to JP = 2 + partial wave. 
11 Number of events evaluated by us. 
12Width errors enlarged by us to 4F/~/N;  see the note wi th the K*(892)  mass. 

y/lr MODE 
VALUE (MeV) EVT5 DOCUMENT ID TECN CHG COMMENT 
The data in this block is included in the average printed for a previous datablock. 

111.0"1- 2.5 OUR AVERAGE 
112 4- 3 •  13AMSLER 94OCBAR 0 . 0 ~ p ~  E01r0r/ 
103 • 6 •  BELADIDZE 93 VES 3 7 E - N ~  ~ T r - N  

112.2• 5.? 2561 DELFOSSE 81 SPEC + ~:Cp ~ pTr• 
116.6• 7.7 1653 DELFOSSE 81 SPEC - ~ •  ~ pTr• 
108 • 9 1000 KEY 73 OSPK - 6 ~r- p --~ pTr-T/ 
�9 * �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

127 • 2 •  14 THOMPSON 97 MPS 18 ~ r - p  --* T /~-  p 

118 •  ARMSTRONG 93C E760 0 ~ p  ~ ~r07/ r /~  6~ 
104 • 9 6200 15CONFORTO 73 OSPK - 6 ~ r - p ~  p M M - -  

13 The systematic error of 2 MeV corresponds to the spread of solutions. 
14 Resolution is not unfolded. 
15 Missing mass with enriched MMS = ~ r - ,  7/ = 27. 
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#=r MODE 
VALUE (MeV) 

10~'1"32 

DOCUMENT ID TECN COMMENT 

BELADIDZE 93 VES 37~r- N ~ ~/r~r- N 

a2(1320) DECAY MODES 
Scale factor/ 

Mode Fraction ( r i / r )  Confidence level 

r l  

F2 

F3 

r4 
rs 
r6 
F7 

rB 
r9 

p~r (70.1.1.2.7) % S=1.2 

~/~r (14.5.1.1,2) % 

(~/r ?T (10.6• % 5=1.3 

K K  (4.9.1.0.8) % 

n'(958)~ (5.3.1.0.9) x 10 -3 
7rd:7 (2.8,1,0.6) x 10 -3 

7")' (9.4• x 10 -6  
~r "1" 7r- ~r-- < 8 % EL=90% 

e + e -  < 2.3 x 10 - 7  CL=90% 

C O N S T R A I N E D  F I T  I N F O R M A T I O N  

An overall f i t  to 5 branching ratios uses 18 measurements and one 

constraint to determine 4 parameters. The overall f i t  has a X 2 = 
9.3 for 15 degrees of freedom. 

The following o f f -d iagona l  array elements are the correlation coefficients 

. . l~x i6x~ l / (6x~ '6x~) '  in percent, from the fit to the branching fractions, x~ =- 

FJr to ta  I. The fit constrains the xi  whose labels appear in this array to sum to 
one. 

x2 I 10 

x3 1 --89 -46 
I 

X4 L --i --2 --~4 

x I )(2 x 3 

a2(1320) PARTIAL WIDTHS 

r ( , ~ )  
VALUE (keV} DOCUMENT ID TEEN CHG COMMENT 

295-t- 60 ClHANGIR 82 SPEC + 200 ~r+A 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

461,1,110 MAY 77 SPEC =t= 9.7 7A  

r6 

r(,~-~) r, 
VALUE (keV} E V T S  DOCUMENT ID TECN CHG COMMENT 

1.004-0.06 OUR AVERAGE 
0.98,1,0.05,1,0.09 ACCIARRI 97T L3 e+e  - 

e+ e-- ~r+ ~r- ~r0 
0.96.1.0.03• ALBRECHT 97B ARG e+e  - 

e+ e -  ~r+ ~r- ~r0 
1.26,1,0.26• 36 BARU 90 MD1 e+e  - 

e+ e -  ~r+ ~r- ~r0 
1.00,1,0.07:50.15 415 BEHREND 90C CELL 0 e+e - 

e+ e-  ~r+~r- ~0 
1,03 =i=0.13-'- 0.21 BUTLER 90 MRK2 e - - e -  

e + e - ~ + ~ . - . O  
1.01• 85 OEST 90 JADE e+e  - 

e+ e-~r0~ 
0.90,1,0.27--0.15 56 16ALTHOFF 86 TASS 0 e - e -  ~ e+e-3~r  
1.14•177 17 ANTREASYAN 86 CBAL 0 e + e -  

e+ e -  ~r0~ 
1.06• BERGER 84C PLUT 0 e+e  - ~ e+e -3~ r  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0,81• 35 16 BERREND 83B CELL 0 e+e  - ~ e+e -3~ r  

0.77• 22 17 EDWARDS B2F CBAL 0 e+e  - 
e+ e -  ~r0~ 

16From pzr decay mode, 
17From ~/~r 0 decay mode. 

r(e+e-) r~ 
VALUE (eV) C L ~  DOCUMENT ID TEEN COMMENT 

<25 90 VOROBYEV 88 ND e + e  - ~ ~r0F/ 

~0320) r(0r(-rw/r(total) 
F(K~ x r(,rr)Irt~, nrdr 
VALUE (keV) DOCUMENT ID TECN COMMENT 

0.1264-0.0074-0.028 18 ALBRECHT 90G ARG e • e -  
e •  - 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.081,1,0.006,1,0.027 19 ALBRECHT 90G ARG e+e~_o~_K + ~  
K -  

18 Using an incoherent background. 
19 Using a coherent background. 

~(1320) BRANCHING RATIOS 

r(K~)/r(p.) 
VALUE E V T S  DOCUMENT ID TEEN 
8.0704-0.012 OUR FIT 
0.078.1"0,017 CHABAUD 78 RVUE 
�9 �9 �9 We do not use the following data for averages, fits, limits, 

0.011• 20 BERTIN 98B OBLX 

0,056~0,014 50 21 CHALOUPKA 73 HBC 
0.097,1,0.018 113 21 ALSTON-... 71 HBC 
0.06 • 21ABRAMOVI,. .  700 HBC 
0.054,1,0.022 21 CHUNG 68 HBC 

20Using 4~r data from BERTIN 97D. 
21 Included in CHABAUD 78 review. 

r(~.)/[r(p,) + r(~.) + r(K~)] 

r, lq  
CHG COMMENT 

etc. �9 �9 �9 

0.0 ~p 
K • Ks~rT 

3.0 7T-p 
+ 7.0 7r+p 

3.83 7r- p 
3.2 7 r -p  

r21(rl +r2+r4) 
VALUE E V T S  DOCUMENT IO TECN CHG COMMENT 
0.162"1.0.012 OUR FIT 
8.1404-0.028 OUR AVERAGE 
0.13 .1.0.04 ESPIGAT 72 HBC ,1, O.0 ~p 
0.15 ,1,0.04 34 BARNHAM 71 HBC + 3.7 7r+p 

r(~.)/r(p.) rdq 
VALUE EVTS DOCUMENT ID TECN CHG COMMENT 
0.207-1-0.018 OUR FIT 
0.213"1"0.020 OUR AVERAGE 
0.18 .1.0.05 FORINO 76 HBC 11 x - p  

0.22 • 52 ANTIPOV 73 CNTR - 40 ~r -p  
0,211,1,0.044 149 CHALOUPKA 73 HBC - 3.9 ~r -p  
0,246• 167 ALSTON-... 71 HBC + 7.0 ~ + p  
0.25 .1.0.09 15 BOECKMANN 70 HBC + 5.0 ~r + p  
0.23 .1.0.08 22 ASCOLI 68 HBC - 5 ~r -p  
0.12 ,1,0.08 CHUNG 68 HBC - 3.2 7 r -p  
0.22 • CONTE 67 HBC - 11.0 7r- p 

rW(gss),,)/r~ 
VALUE EL% DOCUMENT ID TEEN CHG COMMENT 

FUr 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.006 95 ALDE 92B GAM2 38,100 ~ - p  
T/17r 0 n 

<0.02 97 BARNHAM 71 HBC + 3.7 ~-+p 
0.004.1.0.004 BOESEBECK 68 HBC + 8 ~,1, p 

r(~'(gss).)/r(p~) rs/rl 
VALUE EL% DOCUMENT ID TEEN CH6 COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.011 90 EISENSTEIN 73 HBC - 5 I t -  p 
<0.04 ALSTON-... 71 HBC + 7.0 ~ + p  

0.04 +0.03 BOECKMANN 70 HBC 0 5.0 ~r+p - 0.04 

r(KK---)/[r(p.) + r(~.) + r(KR)] rd(q+r2+r4) 
VALUE E V T S  DOCUMENT ID TECN CHG COMMENT 
0.054-}'0.009 OUR FIT 
0.048-t-0.012 OUR AVERAGE 
0.05 ,1,0.02 TOET 73 HBC + 5 ~ + p  
0.09 • TOET 73 HBC 0 5 ~r+p 
0.03 "1"0.02 8 DAMERI 72 HBC - 11 ~r-p 
0.06 "1"0.03 17 BARNHAM 71 HBC -t- 3.7 ~r+p 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.020• 22 ESPIGAT 72 HBC .1. 0.0 ~p 

22 Not averaged because of discrepancy between masses from K K  and p~ modes. 

r(~+,-,-)IF(p-) rdrl 
VALUE C L ~  DOCUMENT ID TECN EHG COMMENT 

<0.12 90 ABRAMOVI... 708 HBC - 3.93 ~r -p  

r(,~--~)Irt~i rdr 
VALUE DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0nn~+0.005 23 EISENBERG 72 HBC 4.3,5.25,7.5 ~fp 
. . . .  -0 .003 

23 Pion-exchange model used in this estimation. 

r ( ~ )  IF(p-) Fj/Q 
VALUE EVT$ DOCUMENT ID TEEN CHG COMMENT 
0.15"1-0.05 OUR FIT Error includes scale factor of 1.3. 
0.15+0.05 OUR AVERAGE Error includes scale factor of 1.3. See the ideogram below. 

0.28.1.0.09 60 DIAZ 74 DBC 0 6 lr + n 
0.18.1.0.08 24 KARSHON 74 HBC Avg. of above two 

0.10.1.0.05 279 CHALOUPKA 73 HBC - 3.9 7r- p 
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�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 * 

0 .29•  140 24 KARSHON 74 HBC 0 4.9 ~ +  p 

0 .10•  60 24 KARSHON 74 HBC + 4.9 ~ r+p  

0 ,19•  DEFOIX 73 HBC 0 0.7 ~ p  

24KARSHON 74 suggest an addit ional I = 0 state strongly coupled to ~ r T r  which could 
explain discrepancies in branching ratios and masses. We use a central value and a 
systematic spread. 

r(~'(gsB),)/r(~) rdr= 
VALUE DOCUMENT tO TECN COMMENT 

0.037:1:0,006 OUR AVERAGE 
0.032•  ABELE 97C CBAR 0.0 ~ p  ~ r 0 ~ 0 r /  

0 .047•177  25 BELADIDZE 93 VES 37~r- N ~ a~- N 

0.034•  BELADIDZE 92 VES 367r- C ~ a 2 C 

25Using B(~ t ~ 7 r+T r - r / )  = 0.441, B(T/ ~ ~f-},) = 0.389 and B(~/ ~ 7r+~r-Tr  0) = 
0.236. 

r(KK--)/r(~,) r~/r2 
VALUE DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

0 .08•  26 BERTIN 9SB OBLX 0.0 ~ p  ~ K •  ~' 

26 Using ~/r~T data from AMSLER 940.  
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S C A L A R  MESONS 

Written April 2000 by S. Spanier (SLAC) and N.A. T6rnqvist 
(Helsinki). 

Introduction: In contrast to the vector and tensor mesons, 
the identification of the scalar mesons is a long-standing puzzle. 
The number of publications since our last issue indicates great 
activity in that field. Scalar resonances are difficult to resolve 
because of their large decay widths causing a strong overlap 
between resonances and background, and at the same time, 
several decay channels open up within a short mass interval. 
In addition, especially the K K  and 7/~/ thresholds produce 
important sharp cusps in the energy dependence of the resonant 
amplitude. Furthermore, one expects non-~q scMar objects, 
like glueballs and multiquark states, in the mass range below 

1800 MeV. 
Scalars are produced, for example, in ~p annihilation (high 

statistics), ~rN scattering on polarized/unpolarized targets, cen- 
tral production, J / r  decays, D- and K-meson decays, 7"Y for- 
mation, and r radiative decays. Experiments are accompanied 
by the development of theoretical models for the reaction am- 
plitudes, which are based on common fundamental principles of 
two-body unitarity, analyticity, Lorentz invariance, and chiral- 
and flavor-symmetry using different techniques (K-matrix for- 
malism, N/D-method, Dalitz Tuan ansatz, unitarized quark 
models with coupled channels, effective chiral field theories like 

the linear sigma model, etc.). 
The mass and width of a resonance are found from the 

position of the nearest pole in the T matrix (or equivalently, 
in the S matrix) at an unphysical sheet of the complex energy 

.F 
plane: (E - ~ ) .  It is important to realize that only in the 
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case of well-separated resonances, far away from the opening of 

decay channels, does the naive Breit-Wigner parameterization 

(or K-matrix pole parameterization) agree with the T-matrix 

pole position in the amplitude. 

In this note, we discuss all light scalars organized in the 

listings under the entries (I  = 1/2) K*(1430), (I  -- 1) a0(980), 

a0(1450), and (I = 0) ~r or f0(400-1200), ]0(980), f0(1370), and 
f0(1500). This list is minimal and does not necessarily exhaust 

the list of actual resonances. The (I = 2) ~r~r and (I = 3/2) 

K n  phase shifts do not exhibit any resonant behavior. 

See also our notes in previous issues for further comments 

on e.g., scattering lengths and older papers. 

T h e  I = 1 /2  S t a t e s :  The K*(1430) (ASTON 88) is perhaps 

the least controversial of the light scalar mesons. The KTr phase 

shift rises smoothly from the threshold, passes 90 ~ at 1350 MeV, 

and continues to rise to about 170 ~ at 1600 MeV, the first 

important inelastic threshold K~?~(958). Thus, it behaves like 

a single broad, nearly elastic resonance. ABELE 98, analyzing 

the KKTr channel of ~p annihilation at rest, finds the T-matrix 

pole parameters, m ~ 1430 MeV and F ~ 290 MeV, while the 

K-matrix pole of the same data is about 1340 MeV. This agrees 

with the LASS (ASTON 88) determination. 

It should, however, be noted that several au- 

thors (BLACK 98, 99, DELBOURGO 98, ISHIDA 99, 

OLLER 99,99C, BEVEREN 99) have introduced a light 

"~(900)" meson, which in the model interferes destructively 

with a large background. This makes the existence of a such 

measurements listed in our table, the mass position agrees on 

a value near 980 MeV, but the width takes values between 50 

and 300 MeV due to the different applied models. 

The a0(1450) is seen by the Crystal Barrel experiment in 

its Try, K K ,  and ~yr(958) decay modes. The relative couplings 

to the different final states are found to be close to SU(3)-flavor 

predictions for an ordinary ~q meson. The OBELIX experiment 

(BERTIN 98B) finds two solutions in the K s K •  ~= final state 

of the ~p annihilation, one at 1480 MeV and one with a mass 

value close to that of. a2(1320), which is preferred by their fit, 

and by the low angular momentum in the production. The 

broad structure at about 1300 MeV observed in ~ N  -* K K N  

reactions needs further confirmation in existence and isospin 

assignment. 

T h e  I = 0 S t a t e s :  The I = 0 J P C  = 0++ sector is the 

most complex one, both experimentally and theoretically. The 

data have been obtained from ~rTr, K K ,  ~71, 47r, and ~?~(958) 

systems produced in S wave. From the high-statistics data sets 

collected from pp annihilation at rest into ~r~ where the f0 

decays into the channels mentioned above, one concludes that 

at least four poles are needed in the mass range from the lr~ 

threshold to about 1600 MeV. The claimed isoscalar resonances 

are found under separate entries a or f0(400-1200), f0(980), 

f0(1370), and f0(1500). 
Below 1100 MeV, the important data come from the ~rr 

and K K  final states. Information on the ~r~r S-wave phase 

shift 5 / = 6 ~ was already extracted 20 years ago from the 

light state very model dependent. 

T h e  I = 1 S t a t e s :  Two isovector states are known, the 

established a0(980) and the a0(1450) found by the Crystal 

Barrel experiment (AMSLER 94D). Independently of any model 

about the nature of the a0(980), the K K  component in the 

wave function of this state must be large: the a0(980) lies 

close to the opening of the K K  channel to which it couples 

strongly. This gives an important cusp-like behavior in the 

7rN scattering with unpolarized (GRAYER 74) and polarized 

targets (BECKER 79), and near threshold from the Ke4-decay 

(ROSSELET 77). The 7rTr S-wave inelasticity is not accurately 

known, and the reported lr~r ~ K K  cross sections (WET- 

ZEL 76, POLYCHRONAKOS 79, COHEN 80, and ETKIN 82B) 

may have large uncertainties. The r N  data (GRAYER 74, 

BECKER 79) have been reanalyzed in combination with the 

~p annihilation data (KAMINSKI 97). Two out of four rele- 

resonant amplitude. Hence, its mass and width parameters 

are strongly distorted. To reveal its true coupling constants, a 

coupled channel model with energy-dependent widths and mass 

shift contributions must be applied. 

In our previous editions, the relative coupling K K / r y  

was only determined indirectly from f1(1285) (CORDEN 78, 

DEFOIX 72) or z~(1410) decays (BAI 90C, BOLTON 92B, 

AMSLER 95C), or from the line shape observed in the 

~r~? decay mode (FLATTE 76, AMSLER 94D, BUGG 94, 

JANSSEN 95). From the analysis of r~r~ and KK~r  final 

states of ~p annihilation at rest, a relative production ratio 

B(~p---* rao;ao --* K K ) / B ( ~ p - ~  7rao;ao --~ r~)  = 0.23 • 0.05 

is obtained by (ABELE 98). Tuning of the couplings in a cou- 

pled channel formula to reproduce the production ratio for the 

integrated mass distributions gives a relative branching ratio 

r(~g)/r(~n) = 1.03 -F 0.14. The analysis of the pp annihi- 

lation data also found that the width determined from the 

T-matrix pole is 92 • 8 MeV, while the observed width of 

the peak in the r y  mass spectrum is about 45 MeV. In al l  

vant solutions are found, with the S-wave phase shift rising 

slower than the P wave [p(770)], which is used as a reference. 

One of these corresponds to the well-known "down" solution 

of GRAYER 74. The other "up" solution shows a decrease of 

the modulus in the mass interval between 800-980 MeV. Both 

solutions exhibit a sudden drop in the modulus and inelasticity 

at 1 GeV, due to the appearance of f0(980), which is very close 

to the opening of the K K  threshold. The phase shift 50 ~ rises 

smoothly up to this point, where it jumps by 120 ~ (in the "up") 

or 140 ~ (in the "down") solution to reach 230 ~ , and then both 

continue to rise slowly. 
SVEC 97 suggests the existence of a narrow state at 

750 MeV, with a small width of 100 to 200 MeV in his analysis 

of the ~rN(polarized) data, from 600 to 900 MeV. Such a solu- 

tion is also found by (KAMINSKI 97) using the CERN-Munich 

(-Cracow) data considering both the ~r- and al(1260)-exchange 

in the reaction amplitudes. However, they show that unitarity 

is violated for this solution. Therefore, a narrow, light f0 state 

below 900 MeV is excluded (KAMINSKI 97, 00). Also, the 
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2~r ~ invariant mass spectra of the ~o annihilation at rest (AM- 

SLER 95, ABELE 96), and the central collision (ALDE 97), do 

not show a narrow resonance below 900 MeV, and these data 

are consistently described with the standard "down" solution 

(GRAYER 74, KAMINSKI 97), which allows for the existence 

of the broad (F ~ 500 MeV) a listed under f0(400-1200). The 

is difficult to establish experimentally without models. It 

is expected to be very broad, and so can be easily distorted 

by large background from contact terms, crossed channel ex- 

changes, the ]0((1370), and other dynamical features. Further 

information on this object is expected from the analysis of 

three body decays of the D meson, e.g., D ~ (rr ~ 3~r (E791 

experiment). 

The f0(980) interferes destructively with the background 

leading to a dip in the ~r~ spectrum at the K K  threshold. It 

changes from a dip into a peak structure in the ~r~ ~ invariant 

mass spectrum of the reaction l r-p ---* ~r~176 (ACHASOV 98E), 

with increasing four-momentum transfer to the r~ ~ system, 

which means increasing the al-exchange contribution in the 

amplitude, while the x-exchange decreases. 

A meson resonance very well studied experimentally, is 

the ]0(1500), seen by the Crystal Barrel experiment in five 

decay modes: 7rr, K K ,  ~y, 7p?~(958), and 47r (AMSLER 95D, 

ABELE 96, and ABELE 98). Due to its interference with 

the ]0(1370), the peak attributed to ]0(1500) can appear 

shifted in mass to 1590 MeV, where it was observed by the 

GAMS Collaboration (BINON 83) in the y~ mass spectrum. 

For the dynamics in the resonant amplitude, they applied 

a sum of Breit-Wigner functions. In the central production 

(ANTINORI 95), a peak at a mass of 1450 MeV, having a 

width of 60 MeV, can be interpreted as the coherent sum of 

f0(1370) and f0(1500). The ~p and ~p/pn reactions show a 

single enhancement at 1400 MeV in the invariant 47r mass 

(GASPERO 93, ADAMO 93, AMSLER 94, and ABELE 96). 

In the 57r ~ channel (ABELE 96), this structure was resolved 

into f0(1500) and ]0(1370), where the latter was found at 

somewhat lower mass at around 1300 MeV. An additional 

scalar had to be introduced in the reanalysis of the reaction 

J/r ~ "r4~r with a mass above 1700 MeV (BUGG 95). 

According to these investigations, the f0(1500) decay proceeds 

dominantly via act ---* 47r, where a denotes the 7rr S wave below 

the K K  threshold. The K K  decay of f0(1500) is suppressed 

(ABELE 98). 

The determination of the 7rzr coupling of f0(1370) is aggra- 

vated by the strong overlap with the broad background from 

the f0(400 1200). Since it does not show up prominently in the 

2r  spectra, its mass and width are difficult to determine. As 

mentioned under the I = 1 states section, data on ~rr ~ K K  
show an enhancement in the scalar partial wave at around 

1300 MeV (WETZEL 76, COHEN 80, POLYCHRONAKOS 79, 

COSTA 80, and LONGACRE 86). According to the phase 

shift, the resonance is found at about 1400 MeV (COHEN 80), 

while a reanalysis (BUGG 96) claims a trend towards lower 

mass. The recent three-channel approach (KAMINSK199) sup- 

ports the Crystal Barrel findings, and yields a broad ]0(1370) 
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with a mass above 1400 MeV and a narrow ]0(1500). Here, 

the f0(1370) couples more strongly to 7rr than to K K .  The 

f0(1370) appears explicitly as 7p? resonance in the ~r%~ final 

state of the ~p annihilation at rest (AMSLER 95D). Further 

information about the K K  decay of scalars are most welcome, 

in particular those that can clearly distinguish the I = 0 from 

the I = 1 system. 

For numerical estimates of coupling constants of the lightest 

scalars to two pseudoscalars, see ACHASOV 89E,G,I, KAMIN- 

SKI 99, AKHMETSHIN 99C. For example, from these esti- 

mates, the f0(980) coupling to K K  is much larger than its 

coupling to zrzr, which is an important constraint to model 

builders. 

Interpretation: Almost every model on scalar states agrees 

that the K*(1430) is the quark model sT or sd state. 

If one uses the naive quark model (which may be too 

naive because of lack of chiral symmetry constraints), it is 

natural to assume the f0(1370), a0(1450), and the K*(1430) 

are in the same SU(3) flavor nonet being the (~u + dd), ud 

and u~ state, respectively. In this picture, the choice of the 

ninth member of the nonet is ambiguous. The controversially 

discussed candidates are f0(1500) and ]0(1710) (assuming J -- 

0). Compared to the above states, the f0(1500) is very narrow. 

Thus~ it is unlikely to be their isoscalar partner. It is also too 

light to be the first radial excitation. Allowing for a gluonic 

admixture, one can come to an arrangement among these states. 

See our note on "Non-~q states." 

The ]0(980) and a0(980) are often interpreted as being 

multiquark states (JAFFE 77), K K  bound states (WEIN- 

STEIN 90), or vacuum scalars (CLOSE 93A). These pictures are 

supported by the two-photon widths of these states, which are 

smaller than expected for naive ~q mesons neglecting the large 

K K  components in the wave function (BARNES 85, LI 91). 

The results from SND (ACHASOV 98I) reveal a much higher 

branching ratio for radiative r ~ "Yf0 decays than expected for 

naive ~q mesons, but also for K K  molecules (CLOSE 93B). 

On the other hand, the states ]0(980) and a0(980) may 

form a low-mass state nonet with the a as a central in- 

gredient, and the K*(1430) (or "a(900)"). Attempts have 

been made to start directly from chiral symmetry or chiral 

Lagrangians (SCADRON 99, OLLER 98, 99, HANNAH 99, 

IGI 99, ISHIDA 99, and TORNQVIST 99), which all predict 

the existence of the a meson near 500 MeV. Hence, e.g., in the 

chiral linear sigma model, the a is the (~u + dd) state, and 

at the same time, also the chiral partner of the ~r. Hence, an 

experimental proof of its existence has become very important. 

In the unitarized quark model with coupled channels, six 

of the light scalars are understood as different manifestations 

of bare quark model ~q states (TORNQVIST 82,95,96, BEV- 

EREN 86). The a, ]0(980), f0(1370), a0(980), a0(1450), and 

K*(1430) are described as unitarized remnants of strongly 

shifted and mixed ~q 13p0 states using six parameters. The 

]0(980) and ]0(1370), as well as a0(980) and a0(1450), are two 

manifestations of the same ~q state. 
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QCD sum rule techniques (ELIAS 99) generally find that 
the lightest scalars are nearly decoupled from q~, which would 
suggest a non-q~ structure. But this is also consistent with 
them being unitarized remnaats of q~ surrounded by large 
"clouds" of light mesons (forming part of the q~ sea). 

Other detailed models exist, which arrive at different group- 
ings of the observed resonances. Further publications discussing 
the light scalar resonances are (see also our previous issues): 
AU 87, MORGAN 93, ZOU 94B, JANSSEN 95, KLEMPT 95, 
ANISOVICH 98, LOCHER 98, ACHASOV 98D, NARISON 98, 
and MINKOWSKI 99. 

K'~ MODE 
VALUE (MeV) DOCUMENT /D TEEN COMMENT 

�9 * �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

1440 •  BOLONKIN 88 SPEC 4 0 ~ r - p ~  K O K O n  

14634- 9 ETKIN 82B MPS 23 ~ r - p  n2KO S 

14254-15 WICKLUND 80 SPEC 6 ~rN ~ K +  K - N 

1300 POLYCHRO...  79 STRC 7 ~ r - p  ~ n2KO S 

4x MODE 2(~r~r)s+pp 
VALUE (MeV) DOCUMENT I0 TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

1374•  AMSLER 94 CBAR 0 . 0 ~ p ~  ~ + ~ - 3 ~  0 
1345•  A D A M O  93 OBLX f i p ~  3~-F2~r - 
1386•  GASPERO 93 DBC 0.0 ~o  ~ 2 r  + 3~r-  

//11 MODE 

fo(1370) T-MATRIX POLE POSITION 

Note that r ~ 2 Im(Sp~/ '~ ) .  

VALUE (MeV) DOCUMENT ID TEEN COMMENT 

(1200-1500) - - i (150-250)  O U R  E S T I M A T E  

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

(1312 4- 25 4- 1 0 ) - i ( 1 0 9  4- BARBERIS 99D OMEG 450 pp ~ K + K - ,  
22 4- 15) ~ + ~ r -  

(1406 4- 2 7 ) - i ( 8 0  • 6) 1 KAMINSKI  99 RVUE ~ r  ~ ~r~r, K K ,  o'a 
(1300 4- 2 0 ) - i ( 1 2 0  • 20) ANISOVICH 98B RVUE Compilation 
(1290 4- 1 5 ) - i ( 1 4 5  • 15) BARBERIS 97B OMEG 450 p p  

pp2(~r+ ~ - )  
(1548 • 4 0 ) - i ( 5 6 0  • 40) BERTIN 97C OBLX 0.0 ~p  ~ ~ + ~ - ~ 0  
(1380 4- 40)-i(180 4- 25) ABELE 96B CBAR 0.0 ~p ~ ,0 KLD K 0 
(1300 4- 15)-i(115 4- 8) BUGG 96 RVUE 
(1330 4- 50)-i(150 4- 40) 2 AMSLER 95B CBAR ~ p  ~ 3?r 0 
(1360 • 35 ) - i ( 150 -300 )  2 AMSLER 95C CBAR ~ p  ~ w O ~  
(1390 4- 3 0 ) - i ( 1 9 0  4- 40) 3 AMSLER 950 CBAR ~ p  ~ 3~r0 ~0~/~/, 

~rO ~TO ~ 
1346 -- i249 4,5 JANSSEN 95 RVUE ~r~ ~ x~t, KK" 
1214 - i168 5,6 TORNQVIST  95 RVUE ~r~r ~ ~r~r, K K ,  K~r, 

1364 - i139 AMSLER 94D CBAR ~ p  ~ ~r0~r0z/ 
(1365_+520)-i(13'4 • 35) ANISOVlCH 94 CBAR ~p  ~ 3x0,;'r0~ 

(1340 • 40)-':(127+_230) 7 BUGG 94 RVUE ~p  ~ 3x 0, ~rpv 0, 
~/~r0 ~r 0 

(1430 • 5 ) - i ( 7 3  4- 13) 8 KAMINSKI  94 RVUE ~r~r ~ ~r~r, K K  
1 5 1 5 -  i214 5,9 ZOU 93 RVUE ~ r  ~ ~r~r, K K  
1420 - i220 10 AU 87 RVUE ~r~: ~ ~r~r, K K  

1 T-mat r ix  pole on sheet - + .  
2 Supersedes ANISOVICH 94. 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

1430 AMSLER 92 CBAR 0.0 ~p  ~ E0~t /  
1220•  ALDE 86D GAM4 100 r - p  ~ n2r/ 

f0(1370) BREIT-WIGNER WIDTH 

VALUE (MeV} DOCUMENT ID 
200 to 500 OUR EST IMATE 

�9 "~r MODE 
VALUE IMeV) DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

2224-20 BARBERIS 99B OMEG 450 p p  ~ pspK~r+ ~r -  

2554-60 BELLAZZlNI  99 GAM4 450 p p  ppwOwO 
190+50  ALDE 98 GAM4 100 ~r-  p ~ ~r0~r0n 
3234-13 BERTIN 98 OBLX 0.05-0.405 ~ p  

~ + ~ + ~ - -  
350 1 2 T O R N Q V I S T  95 RVUE ~ r  ~ ~ r ,  K K ,  K~r, 

1954-33 ARMSTRONG 91 OMEG 300 p p  ~ p p ~ ,  
p p K K  

2 8 5 •  BREAKSTONE90  SFM 62 p p  ~ p p ~ + ~ -  

4 6 0 •  AKESSON 86 SPEC 63 p p  ~ pp~r•  - 

400 13 FROGGATT 77 RVUE ~r + ~ -  channel 

12Uses data from BEIER 72B, OCHS 73, HYAMS 73, GRAYER 74, ROSSELET 77, CA- 
SON 03, ASTON 00, and ARMSTRONG 91B. Coupled channel analysis with flavor 
symmetry and all light two-pseudoscalars systems. 

13Width defined as distance between 45 and 135 ~ phase shift. 

KK MODE 
VALUE (MeV} DOCUMENT /D TEEN COMMENT 

�9 * �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

3 Coupled-channel analysis of ~ p  ~ 3x  0, ~t 0 ~ / ,  and ~r 0 ~r0~) on sheet IV. Demonstrates 
explicitly that f0(400-1200) and f0(1370) are two different poles. 

4Analysis of  data from FALVARD 88. 
5The pole is on Sheet III. Demonstrates explicitly that f0(400-1200) and f0(1370) are 

two different poles. 
6Uses data from BEIER 72B, OCHS 73, HYAMS 73, GRAYER 74, ROSSELET 77, CA- 

SON 83, ASTON 88, and ARMSTRONG 91B. Coupled channel analysis with flavor 
symmetry and all light two-pseudoscalars systems. 

7 Reanalysis of  ANISOVICH 94 data. 

8T-mat r i x  pole on sheet II1. 
9Analysis of  data from OCHS 73, GRAYER 74, and ROSSELET 77. 

10Analysis of  data from OCHS 73,GRAYER 74, BECKER 79, and CASON 83. 

f0(1370) BREIT-WIGNER MASS OR K-MATRIX POLE PARAMETER 

VALUE (MeV) DOCUMENT ID 
12100 to 1500 OUR E S T I M A T E  

lrlr MODE 
VALUE IMeV) DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

13084-10 BARBERIS 99B OMEG 450 p p  ~ p s p f x  + ~ -  i 
13154-50 BELLAZZlNI  99 GAM4 450 p p  pprOTrO I 1315:E30 ALDE 98 GAM4 100 ~r--p ~ r O x 0 n  
1280 •  BERTIN 98 OBLX 0.05-0.405 Wp 

~r4- ~r+ ~r - 
1186 11 TORNQVIST  95 RVUE ~rlr ~ 7r~, K K ,  K~r, 

~/zr 
14724-12 ARMSTRONG 91 OMEG 300 p p  ~ ppTr l r ,  

p p K K  
12754-20 BREAKSTONE90 SFM 62 p p  ~ ppTr4-~r - 

1420•  AKESSON 86 SPEC 63 p p  ~ p p ~ + T r -  

1256 FROGGATT 77 RVUE 7r + T t -  channel 

11Uses data from BEIER 72B, OCHS 73, HYAMS 73, GRAYER 74, ROSSELET 77, CA- 
SON 83, ASTON 88, and ARMSTRONG 91B. Coupled channel analysis with flavor 
symmetry and all light two-pseudoscalars systems. 

2 5 0 •  80 BOLONKIN 88 SPEC 4 0 7 r - p ~  KOsKOsn 

11~+138 "~-- 16 ETKIN 82B MPS 23~-p~ n2K 0 

1 6 0 •  30 WICKLUND 80 SPEC 6 r N ~  K + K - N  

150 POLYCHRO... 79 STRC 7 ~ - p  ~ n2K O 

4.x MODE 2(~)S+pP 
VALUE (MeV) DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

375 •  AMSLER 94 CBAR 0.0 ~p  ~ 7r+Tr-37r 0 
3 9 8 •  A D A M O  93 OBLX n p ~  3 ~ + 2 w  - 
3 1 0 •  GASPERO 93 DBC 0.0 pn  ~ 2~ + 3 1 r -  

Tpl MODE 
VALUE IMeV) DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 * �9 

250 AMSLER 92 CBAR 0.0 ~p  ~ ~0t/~/ 
3204-40 ALDE 86D GAM4 100 ~ r - p  ~ n2r/ 

6(1370) DECAY MODES 

Mode Fraction (F / /F)  

F 1 ~-~ seen 

F 2 4;'r seen 

F 3 4~r 0 seen 

F 4 27r + 2Tc- seen 

F5 ~T + 7r-- 21r ~ seen 

r6  p p  

F7 2(TrTr)S-wave seen 

F 8 r / / /  seen 

F 9 K K seen 

F10 "/ '7 seen 
r l l  e+e - not seen 



See key on page 239 

6(1370) PARTIAL WIDTHS 

VALUE (keY) DOCUMENT tD TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc �9 �9 �9 

3.8• 14 BOGLIONE 99 RVUE 3`3` ~ ~r + ~ r - ,  ~r0~r 0 

5.4• MORGAN 90 RVUE 73' ~ ~ + ~ - ,  ~r 0~r0 

14 Supersedes MORGAN 90. 

r(e+ e-) rl~ 
VALUE {eV) C L ~  DOCUMENT ID TEEN COMMENT 

<20 90 VOROBYEV 88 ND e + e  - ~ ~r0~r 0 

fo(1370) BRANCHING RATIOS 

r( . . ) /r~, , ,  q / r  
VALUE DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.26• BUGG 96 RVUE 

<0.15 15 AMSLER 94 CBAR ~ p  ~ ~r + 7r- 3x 0 

<0.20 GASPERO 93 DBC 0.0 ~n  ~ hadrons 

15 Using AMSLER 95B (3~0). 

rO~)/rt~l r2/r = (r~+r4+rs)/r 
VALUE DOCUMENT tO TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.80• GASPERO 93 DBC 0,0 ~n ~ hadrons 

r(eO)/r,~, rd r  
VALUE DOCUMENT (D TEEN COMMENT 

�9 �9 �9 We do not use the following da ta  for averages, fits, limits, etc. �9 �9 �9 

seen ABELE 96 CBAR 0.0 ~ p  ~ 5~r 0 

r(2.+ 2 r ) / r ( ~ )  r4/r2 = rd(r3+r4+rs) 
VALUE DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.420• 16 GASPERO 93 DBC 0.0 #n  ~ 27r + 37r- 

16 Model-dependent evaluation. 

r ( , + , -  2.~ rs/r2 = ru(r~+r4+rs) 
VALUE DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.512• 17 GASPERO 93 DBC 0.0 # n  ~ hadrons 

17 Model-dependent evaluation. 

r(ep) / r(2(,-r)s-wave) rG/rz 
VALUE DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1.6 •  AMSLER 94 CBAR # p  ~ 7 r + ~ - 3 ~  0 

0.58• GASPERO 93 DBC 0.0 ~ n  ~ 2 ~ + 3 ~  - 

F(K K--')Irt~i rolr 
VALUE DOCUMENT /D TEEN 

t �9 �9 We do not use the following data for averages, fits, limits, etc. ,, �9 �9 

0.35• BUGG 96 RVUE 

r ( K ~ / r ( , , )  rdr l  
VALUE DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 * 

0.46•177 BARBERIS 99D OMEG 450 p p  ~ K • K - ,  I 

f0(1370) REFERENCES 

BARBERIS 998 PL B453 316 D. Barberis et aL (OmeGa expt.) 
BARBERIS 99D PL 8462 462 D, Barberis et af. (Omega expt.) 
BELLAZZlNI 99 PL 8467 296 R. Bellazz[nl et aL 
BOGLIONE 99 EPJ C9 11 M. Boglione, M.R. Pennlngton 
KAMINSKI 99 EPJ C9 141 R. Kamlnski, L. Les~iak, B Loiseau 
ALOE 98 EPJ A3 361 D. Aide et at. (GAM4 Codab.) 

Also 99 PAN 62 405 D, Aide el af. (GAMS Collab) 
ANISOVICH 988 UFN 4] 419 V.V. Anisovich et at. 
BERTIN 98 PR D57 55 A. Bertin et aL (OBELIX Collab.) 
BARBERIS 97B PL B413 2t7 D. Barbefis et aL (WA]02 Collab.) 
BERTIN 97C PL 8408 476 A, Bert[n et aL (OBELIX Collab.) 
ABELE 96 PL B380 453 A. Abele el aL (Crystal Barrel Collab.) 
ABELE 968 PL B385 425 A, Abel�9 et al. (Crystal Barrel Collab.) 
BUGG 96 NP B47] 59 D.V. Bu m, A.V. Sarantsev, 8.S. Zou (LOQM, PNPI) 
AMSLER 95B PL B343 433 C. Amsler et aL (Crystal Barrel Collab.) 
AMSLER g5C PL 8353 571 C. Amsler et aL (Crystal Barrel ColLab.) 
AMSLER 95D PL B355 425 C. Amsler et aL (Crystal Barrel Collab.) 
JANSSEN 95 PR D52 2690 G. Janssen et al. (STON, ADLD, JULI) 
TORNQVIST 95 ZPHY C68 647 N.A. Tornqvist (HELS) 
AMSLER 94 PL B322 431 C. Amsler et aL (Crystal Barrel Collab.) JPC 
AMSLER 94D PL 8333 277 C. Amsler el at. (Crystal Barrel Collab.) 
ANISOVICH 94 PL B32S 233 V.V. Anisovich et al. JPs 
BUGG 94 PR DSO 4412 D.V. Bu~ et aL (LOQM) 
KAMINSKI g4 PR D50 3145 R. Kamalski et aL (CRAC. IPN) 
ADAMO 93 NP A5SB t3C A. Adamo et aL (OBELIX Collab.) JPC 
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GASPERO 93 NP A562 407 M. Gaspero (ROMAI) JPC 
ZOU 93 PR 048 R394a B.S. Zou, D,V, Bugg (LOQM) 
AMSLER 92 PL B29} 347 C. Am~ler et 91. (Crystal Barrel Collab.) 
ARMSTRONG 91 ZPHY C51 351 T.A. Armstrong et aL (ATHU, BARI. BIRM+) 
ARMSTRONG 9IB ZPHY C52 389 T.A. Armstron K et aL (ATHU, BAR[, BIRM+) 
BREAKSTONE 90 ZPHY C48 569 A,M, Breakstone et al. (ISU, BGNA, CERN+) 
MORGAN 90 ZPHY C48 623 D, Morgan, M.R. Pennington (RAL, DURH) 
ASTON 88 NP B29S 493 D. Aston et at. (SLAC, NAGO, CiNC. INUS) 
BOLONKIN BB NP B309 426 B.V. Bolonkln et aL (ITEP, SERP) 
FALVARD 88 PR D38 2706 A. Falvard et aL (CLER, FRAS, LALO+) 
VOROBYEV 88 SJNP 48 273 P.V. Vorobiev et aL (NOVO) 

Translated from YAF 48 436. 
AU 87 PR 035 1633 K.L Au, D. Morgan, M.R. Pennington (OURH, RAL) 
AKESSON 86 NP B264 154 T. Akesson et aL (Axial Field Spec. Collab.) 
ALOE B6D NP 6269 485 D.M. Aide er aL (BELG, LAPP, SERP, CERN+) 
CASON 83 PR D28 1586 N.M. Cason et aL (NDAM, ANL) 
ETKIN B2B PR D25 1786 A, Etkin et al. (BNL. CUNY, TUFTS, VAND) 
WICKLUND 80 PRL 45 1469 A.B. Wicklund et aL (ANL) 
SEEKER 79 NP B]51 46 H. Becker et aL (MPIM, CERN, ZEEM, s 
POLYCHRO... 79 PR D19 1317 V.A. Polychronakos et aL (NDAM, ANL) 
FROGGATT 77 NP B129 89 C.D. Frogilatt, J.L. Petersen (GLAS. NORD) 
ROSSELET 77 PR D15 574 L Rosselet et al. (GEVA. SACL) 
GRAYER 74 NP B75 189 G. Grayer et aL (CERN, MPIM) 
HYAMS 73 NP B64 134 B.D. Hyams el aL (CERN, MPIM) 
OCHS 73 Thesis W. Ochs (MPIM, MUNI) 
BEIER 72B PRL 29 511 E,W. Beier et aL (PENN) 

- -  OTHER RELATED PAPERS 

AKHMETSHIN 00C PL B476 33 R.R. Akhmetshin et aL (CMD2 Collab.) 
KAMINSKI 00 APP B3t 895 
SADOVSKY 00 NP A655 131C S.A, Sadovsky 
BEVEREN 99 EPJ C10 469 E, Van Beveren, G. Rupp 
GODFREY 99 RMP 71 1411 S. Godfrey, J. Napolitano 
iSHIDA 99 PTP 101 661 
MINKOWSKI 99 EPJ C9 283 P. Minkowski. W. Ochs 
TORNQVIST 99 EPJ Cli 359 N. Tornqvlsl 
ACHASOV 98D PAN 61 224 
ACHASOV 98E PR D58 0540tl 
AMSLER 98 RMP 70 1253 C. Amsler 
ANISOVIEH 98 PL 8437 209 V.V. Anisovich et at. 
BLACK 98 PR D58 054012 
LOCHER 98 EPJ C4 317 M,P, Locher et at. (PSI) 
NARISON 58 NP B509 312 
ANISOVICH 97 PL B395 123 A.V. Anisovlch, A.V. Sarantsev (PNPI) 
ANISOVlCH g7B ZPHY A357 123 A.V. Anisovlch et aL (PNPI) 
ANISOVICH 97C PL B413 137 
ANISOVICH 97E PAN 60 1892 A.V. An]soy]oh et at. (PNPI) 

Translated from YAP 60 2065. 
KAMINSKI 97 ZPHY C74 79 n. Kaminski et aL (CRAC) 
PROKOSHKIN 97 SPO 42 117 Y.D. Prokoshkin et at. (SERP) 

Translated from DANS 353 323. 
TORNQVIST 96 PRL 76 t57S N.A, Tornqvist, M. RoDS (HELS) 
GASPERO 95 NP ASS8 861 M. Gaspero (ROMA) 
KLEMPT 95 PL 8361 160 
ZOU 94B PR 050 set B.S. Zou, O.V. BuE~ (LOQM) 
CLOSE 93A PL B319 291 
CLOSE 93B NP 8389 513 
MORGAN' 93 PR 048 1185 D. Morgan, M.R. Pennington (RAL, DURH) 
LI 91 PR D43 2161 Z.P. Li et at. (TENN) 
BARNES 85 PL B165 434 
BIZZARRI 69 NP B14 169 R. Bizzarri et aL (CERN, CDEF) 
BETTINI 66 NC 42A 695 A. Beltini et aL (PAOO, PISA) 

I hi(1380) I = ) 
OMITTED FROM SUMMARY TABLE 

Seen in partial-wave analysis of the KK~ system. Needs confirma- 
tion. 

/b.(1380) MASS 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 

1 ~ 1 9  OUR AVERAGE 
K 0 K 0 ~r0 7r0 1440• ABELE 97H CBAR ~ p  ~ L 5 

1380• ASTON 88C LASS 11 K - p  

KOs K •  Trq: A 

~(1380)  WIDTH 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

914-30 O U R  AVERAGE Error includes scale factor of 1.1. 
K 0 K 0 ~0/r0 170• ABELE 97H CBAR PP ~ /_ S 

80•  ASTON 88C LASS 11 K - p  

KO K• TrT A 

/b.(1380) DECAY MODES 

Mode 

F 1 KK*(892)  + c .c ,  

#,(1380) REFERENCES 

ABELE 97H PL B415 280 A. Abele et al. 
ASTON 8BC PL B201 573 0, Aston et aL 

(Crystal Barrel Collab.) 
(SLAC, NAGO, CINC, INUS) 
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Meson Particle 
~1(1400), fz(1420) 

Listings 

l'zh(1400) I ~G(./'C) = ~-(z-+) 
was h(1405) 

OMITTED FROM SUMMARY TABLE 

See also the  min i - rev iew under n o n - q ~  candidates. (See the index 
for the  page number . )  

r t  (1400) REFERENCES 

ABELE 99 PL B446 349 A. Abe~e el aL (Crystal Barrel Collab.) 
ABELE 98B PL B423 175 A. Abele et at. (Crystal Barrel Collab.) 
THOMPSON 97 PRL 79 1630 D.R. Thompson et al. (E852 Coflab.) 
PROKOSHKIN 9SB PAN 58 606 Y.D. Prokoshkin, S.A. Sadovsky (SERP) 

Translated from YAF 58 662, 
BUGG 94 PR D50 44].2 D.V. Bugg er aL (LOQM) 
AOYAGI 93 PL B314 246 H. Aoyagi et al. (BKEI Collab.) 
BELADIDZE 93 PL :]13 276 G.M. Be~adidze et aL (VES Coflab.) 
BOUTEMEUR 90 Hadron 89 Conf. p t]9 M. Boutemeur, M. Poulet (SERP, BELG. LANL+) 
ALDE 8BB PL B205 397 DM. Aide et aL (SERP, BELG, LANL, LAPP) IGJPC 
APEL 81 NP B193 269 W.D. Apel et ill. (SERP, CERN) 

- -  OTHER RELATED PAPERS - -  
SADOVSKY OO NP A655 131c S.A. Sadovsky 
ALDE 99B PAN 62 421 D. Akle et al. (GAMS Collab,) 

Translated from YAF 62 462. 
J CHUNG 99 PR D60 092001 S.U. Chun K et aL (BNL E852 Collab.) 

GODFREY 99 RMP 7t 1411 S, Godfrey, J. Napolltano 
DONNACHIE 98 PR 058 114012 A. Donnachie et aL 
LACOCK 97 PL B401 308 P. Lacock et aL (EDIN. LIVP) 
SVEC 97C PR D56 4355 M. Svec (MCGi) 
PROKOSHKIN SSC PAN 56 85s Y.D. Prokoshk~n, S.A. Sadovsky (SERP) 

Translated from YAF 5a 921. 
KALASHNIK... 94 ZPHY C62 323 Y.S. Kalashnlkova (ITEP) 
IDDIR 86 PL B205 564 F. Iddlr et a/. (ORSAY, TOKY) 
TUAN 88 PL B213 537 S.F. Tuan, T. Ferbel, R.H. Dal i tz  (HAWA, ROCH+) 
ZIELINSKI 87 ZPHY C34 255 M. Zie~inski (ROCH) 

~rl (!400) MASS 

VALUE (MeV) DOCUMENT ID TECN CHG COMMENT 
1376 4-17 OUR AVERAGE 
1360 4-25 ABELE 99 CBAR 0.0 ~ p  

~r0 ~r0 ~/ 
1400 •  •  ABELE 98B CBAR 0.0 ~ n  

~r- ~r0 ~/ 

1370 4-16 + 5 0  1 THOMPSON 97 MPS 18 ~ r - p  - 3 0  
~ / ~ - p  

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

1323.14- 4.6 2AOYAG! 93 BKEI ~ r - p ~  ~/~r-p 
1406 4-20 3 ALDE 88B GAM4 0 100 ~ r - p  

~pr 0 n 

1 Natural parity exchange. 
2 Unnatural parity exchange. 
3 Seen in the P0-wave intensity of the ~/~r 0 system, unnatural parity exchange. 

,1(1400) WIDTH 

VALUE {MeV I DOCUMENT ID TECN CHG COMMENT 
300 4-40 OUR AVERAGE 
220 4-90 ABELE 99 CBAR 0.0 ~ p  

~rO ~rO ~/ 

310 4-50 + 50 ABELE 98B CBAR 0.0 ~ n  -- 30 
~r- ~r0rt 

385 4-40 4- 65 4 THOMPSON 97 MPS 18 ~ r - p  
- 1 0 5  

~/~r p 
�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

]43.24-12.5 5AOYAGI 93 BKEI l r - p ~  ; , /~r-p 
180 4-20 6ALDE 88B GAM4 0 1 0 0 ~ r - - p ~  

r/~r 0 n 

4 Resolution is not unfolded, natural parity exchange. 
5 Unnatural parity exchange. 
6 Seen in the P0-wave intensity of the r / r  0 system, unnatural parity exchange. 

~%(1400) DECAY MODES 

Mode Fraction ( r i / r )  

r I 7/~r ~ seen 

['2 T / ~ -  seen 

I- 3 t7 r ~ possibly seen 

~r1(1400 ) BRANCHING RATIOS 

r(~.O)/rt=., rdr 
VALUE DOCUMENT IO TECN CHG COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

not seen PROKOSHKIN 95B GAM4 100 ~ r - p  
~Tr 0 n 

not seen 7 BUGG 94 RVUE p p  ~ r/27r 0 

not seen 8 APEL 81 NICE 0 40 x - p  
7/7r 0 n 

7 Using Crystal Barrel data. 
8 A general fit allowing 5, D, and P waves (including m - 0 )  is not done because of l imited 

statistics. 

r(Tpr-)/rtot=| r=/ r  
VALUE DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

possibly seen BELADIOZE 93 VES 37~r- N ~ r p r -  N 

r(r r3/r 
VALUE DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

possibly seen BELADIDZE 93 VES 371r- N ~ T/~r- N 

r(r ~ r3/rl 
VALUE CL~ DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

<0.80 95 BOUTEMEUR 90 GAM4 100 7r- p ~ 4"~n 

I  (z42o) 1 , G ( F )  = § § 
See the  min i rev iew under T/(1440). 

VALUE (MeV) EVT5 
1426.34- 1.1 OUR AVERAGE 

1426 4- 1 

1425 4- 8 

1435 4- 9 
1430 4- 4 

1462 4-20 2 AUGUSTIN 

1443 + 7 + 3 1100 BAI - 6  - 2  
1425 4.10 17 BEHREND 

1442 4- 5 4-10 111 BECKER 
- 1 7  

1423 • 4 GIDAL 
1417 •  13 AIHARA 
1422 4- 3 CHAUVAT 
1440 4-10 3 BROMBERG 

1426 4. 6 221 DIONISI 
1420 4-20 DAHL 

~. (1420) MASS 

DOCUMENT ID TECN COMMENT 
Error includes scale factor of 1.3. See the ideogram 

below. 
BARBERIS 97C OMEG 450 pp  

p p KO 5 K4- 7r :F 

BERTIN 97 OBLX 0.0 ~ p  
K •  - 

PROKOSHKIN 97B GAM4 100 ~ r - p  ~ r/~r0~r0n 
I ARMSTRONG 92E OMEG 85,300 7r4-p, p p  

�9 "+p, pp(__K~:) 
92 DM2 J / f )  ~ " f K K T r  

J / ~  --* .r KO K4-1r~: 90c MRK3 

89 CELL ~3' ~ KOsK4-Tr:F 

87 MRK3 e + e - , ~ K K T r  

87B MRK2 e + e  - ~ e + e - K K T r  
86C TPC e + e  - ~ e + e - K K ~ r  
84 SPEC ISR 31.5 p p  

80 SPEC 100 ~ r - p  ~ K'KTrX 
80 HBC 4 7 r - p  ~ K-K~rn 

67 HBC 1.6-4.2 ~r--p 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

1430.84- 0.9 4 SOSA 99 SPEC p p  ~ -~ 

(K~ K+~- )  Pfast 
1433.44- 0.8 4 SOSA 99 SPEC PP ~ /:)slow J 

( K O K - l r +  ) Pfast 

1429 4- 3 389 ARMSTRONG 89 OMEG 300 p p  ~ K - K ~ p p  

1425 4- 2 1520 ARMSTRONG 84 OMEG 85 ~r + p, p p  
(~r4- , p ) ( K K ~ ) p  

1420 B ITYUKOV 84 SPEC 32 K - p  
K4- K - - ~ O  y 

1 This result supersedes ARMSTRONG 84, ARMSTRONG 89. 
2 From fit to the K*(892) K 1 + + partial wave. 
3 Mass error increased to account for a0(980 ) mass cut uncertainties. 

4 NO systematic error given. I 
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WEIGHTED AVERAGE 
1426.3+1.1 (Error scaled by 1.3) 

. . . . . . . . . . .  BARBERIS 97C OMEG 0.1 
BERTIN 97 OBLX 0.0 

I . . . .  PROKOSHKIN 97D GAM4 0.9 
I . . . . . . . .  ARMSTRONG 92E OMEG 0.9 

> AUGIJSTIN 92 DM2 
I �9 B A I  90C MRK3 7.0 

BEHREND 89 CELL 0.0 
: ~ BECKER 87 MRK3 0.8 

~ . . . . . . . . . . .  GIDAL 87B MRK2 0.7 
I ] . . . . . . . . . .  A IHARA 86(3 TPC O.5 

-4"  ~ . . . . . . . . . . .  CHAUVAT 84 SPEC 2.0 
" i i  I �9 BROMBERG 80 SPEC 1.9 

~ + ~ ~  . . . . . . . . .  DIONISI 80 HBC 0.0 
: : ~  . . . . .  DAHL 67 HBC 
~":: ~ 14.. 

~ I ~ ( IC~  fldence Level = 0"190) 

1400 1410 1420 1430 1440 1450 1460 1470 

f1(1420) mass ( M e V )  

f~ {1420) WIDTH 

VALUE (MeV) EVT5 DOCUMENT ID TECN COMMENT 
55.54- 2.9 OUR AVERAGE 
58 • 4 BARBERIS 97C OMEG 450 pp  

ppKO~ K• ~:" 
45 4-10 BERTIN 97 OBLX 0.0 ~p  

K •  (KO)~r~;: :,r+ Tr - 
90 4-25 PROKOSHKIN 97B GAM4 100 ~ - p  ~ ~/~r0~0n 
58 4-10 5 ARMSTRONG 92E OMEG 85,300 ~r+p, pp  

x + p ,  p p ( K K ~ r }  
129 4-41 6 AUGUSTIN 92 DM2 J / ~  ~ 3 'KK~r  

68 -18+29 -9+8 1100 BAI 90C MRK3 J / r  ~ "yKOsK4-~r:F 

42 •  17 BEHREND 89 CELL ~ ' 7 ~  KOK4-~r ~- 

40 + 1 7  •  111 BECKER 87 MRK3 e + e - ~  o~KK~r - 1 3  

35 +47  13 A I H A R A  86C TPC e + e  - ~ e + e - K K ~ r  - 2 0  
47 4-10 CHAUVAT 84 SPEC ISR 31.5 pp 
62 4-14 BROMBERG 80 SPEC 100 ~r- p ~ K K ~ r X  
40 4-15 221 DIONISI 80 HBC 4 ~ r - p  ~ K K ~ r n  
60 4-20 DAHL 67 HBC 1.6-4.2 ~r- p 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

68.74. 2.9 7 SOSA 99 SPEC PP ~ Pslow 

(KOsK+ ~ - )  Pfast 
58 .8•  3,3 7 SOSA 99 SPEC PP ~ Pslow 

( K O K - E 4 .  ) Pfast 
58 • 8 389 ARMSTRONG 89 OMEG 300 pp ~ K K ~ r p p  
62 4- S 1520 ARMSTRONG 84 OMEG 85 ~r+p, pp 

(~':4. , p ) ( K K ~ r ) p  
50 B ITYUKOV 84 SPEC 32 K - p  

K +  K -  ~rO y 
S This result supersedes ARMSTRONG 84, ARMSTRONG 89. 
6From fit to the K* (892)  K 1 + + partial wave. 
7 NO systematic error given. 

f1(1420) DECAY MODES 

Mode Fraction (F i /F )  

r l  KK~r dominant 
F 2 K K * ( 8 9 2 )  + c.c.  dominant 

r3 ~/~ possibly seen 

r4 a0(980)~r 
r5 ~r :,r p 

F 6 4~r 
r7 po 
r 8 ~,,f seen 

f1(1420) I'(i)l'('~ "~)/r(total) 
r ( K ~ . )  x I r ~ , ,  
VALUE (keY} CL~.% DOCUMENT ID 

1.74.0.4 OUR AVERAGE 
3 , 0 • 1 7 7  8,9 BEHREND 

2.34-_1:0• HILL 

1 . 3 • 1 7 7  A I H A R A  

1 .6 •177  8,10 GIDAL 

rzro/r 
TECN COMMENT 

89 CELL e + e -  
e + e -  K ~  K ~  

89 JADE e-Fe - 
e 4- e -  K • K O w=F 

88B TPC e+e  - 
e + e -  K • K ~  ~r ~F 

87B MRK2 e + e  - ~ e + e - K ' K ' ~  

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<8.0 95 JENNI 83 MRK2  e + e -  ~ e + e -  KK- I r  

8 Assume a p-pole form factor. 
9 A ~ - pole form factor gives considerably smaller widths. 

10 Published value divided by 2. 

f1(1420) BRANCHING RATIOS 

r(K~'(S92)+ c.c.)/r(K~',) r2/q 
VALUE DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0 .76•  BROMBERG 80 SPEC 100 ~ r - p  ~ K K ~ r X  
0 .86•  DIONISI 80 HBC 4 ~ ' - p ~  K-KTrn 

r ( , ,p ) / r (K~, )  rs/q 
VALUE ~ DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<0.3 95 CORDEN 78 OMEG 12-15 ~ r - p  
<2.0 DAHL 67 HBC 1.6-4.2 7 r - p  

r(n,,)lr(K'g,) r3/q 
VALUE CL~ DOCUMENT ID TECN COMMENT 

<0.1 95 ARMSTRONG 91B OMEG 300 pp ~ pprl~r + ~r-- 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

1.354.0.75 KOPKE 89 MRK3  J/t [ '  ~ (.#Tf~r(K'KTr) 

<0.6 90 GIDAL 87 M R K 2  e + e -  

<0.5 95 CORDEN 78 OMEG 12-15 ~ -  p 
1.5 4-0.8 DEFOIX 72 HBC 0.7 ~ p  

I r(~o(980),)/r(e,,) r4/ra 
VALUE CL~ DO(~VMENT ID TECN COMMENT 

100 7 r - p  ~ r/Tr0 ~r0 n 

etc. �9 �9 �9 

8 7 r - p  
12-15 7 r - p  
0.7 ~p  ~ 7x  

>0.1 90 PROKOSHKIN 978 GAM4 
�9 �9 �9 We do not use the following data for averages, fits, limits, 

not seen in either mode A N D O  86 SPEC 
not seen in either mode CORDEN 78 OMEG 

0.44-0.2 DEFOIX 72 HBC 

r(4~)/r(K~.(892)+ c.c.) rdr= 
VALUE ~ DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<0.90 95 DIONISI 80 HBC 4 ~t -  p 

r(K~x)/[r(K~*(892)+ c.c.) + r(ao(ge0),)] rzl(r2+r4) 
VALUE DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0.654-0.27 11 DIONISI 80 HBC 4 ~ r - p  

11 Calculated using r ( K R ) / r ( n ~ r )  = 0.24 i 0.07 for a0(980 ) fractions. 

r ( = 0 ( 9 8 0 ) . ) / r  ( K X "  ( 8 9 2 )  + c .c . )  r 4 r 2  
VALUE ~ DOCUMENT ID TECN COMMENT 

0.04 -I'0.01 -1-0.01 BARBERIS 98C OMEG 450 pp  
Pf" f l  (1420) PS 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<0.04 68 ARMSTRONG 84 OMEG 85 ~r+p 

r (~ ) / r (KR ' . )  
VALUE CL~ DOCUMENT ID TECN COMMENT 

<0.62 95 ARMSTRONG 89G OMEG 85 ~ p  ~ 4~rX 

r~,v) Ir~,, 
VALUE CL~ DOCUMENT ID TECN COMMENT 

rdr~ 

rdr  

<0.08 95 12 ARMSTRONG 92C SPEC 300 pp ~ p p l r + l r - ' r  

12 Using the data on the K K x  mode from ARMSTRONG 89. 

r (~ ) / r (K~ ' , )  rT/rl 
VALUE CL% DOCUMENT ID TE~N COMMENT 

<0.02 95 BARBERIS 98c OMEG 450 pp 
Pf  f1(1420) PS 

r(~,r) Ir(K~',r) r.lr~ 
VALUE DOCUMENT ID TECN COMMENT 

0.005 -kO.O02 4.0.001 BARBERIS 98C OMEG 450 pp  --* 
P f  f1(1420) PS 
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f~(1420) REFERENCES 

SOSA 99 PRL B3 913 M. Sosa et aL 
BARBERIS 98C PL B440 225 D. Barberis et at. (WA102 Collab.) 
BARBERIS 97C PL B413 225 D. Barberis et aL (WA]O2 Collab.) 
BERTIN 97 PL B400 226 A. BerUn et aL (OBELIX Collab.) 
PROKOSHKiN 978 SPD 42 298 

Translated from DANS 354 751. 
ARMSTRONG 92C ZPHY C54 371 T.A. Armstrong et al. (ATHU, BARI, BIRM+) 
ARMSTRONG 92E ZPHY 56 29 T.A. Armstrong et al. (ATHU, BARI, BIRM+) JPC 
AUGUSTIN 92 PR D46 1951 J.E. Augustln, G. Cosine (DM2 Collab.) 
ARMSTRONG 91B ZPHY C52 389 T.A. Armstron K et af. (ATHU, BARI, BIRM+) 
BAI 90C PRL 65 2507 Z. Bai et at. (Mark III Coflab.) 
ARMSTRONG 89 PL B221 2]6 T.A. Armstrong et al. (CERN, CDEF, BIRM+) JPC 
ARMSTRONG 89G ZPHY C42 55 T.A. Armstrong et al. (CERN, BIRM, BARI+) 
BEHREND 89 ZPHY C42 367 HJ. Behrend et aL (CELLO Collab.) 
HILL 89 ZPHY C42 355 P. Hill et al. (JADE Collab.)JP 
KOPRE 89 PRPL 174 67 L. Kopke et aL {CERN) 
AIHARA SeB PL B209 107 H. Aihara et aL (TPC-23, Collab.) 
SEEKER B7 PRL 59 186 J.J. Becker et al. (Mark III Collab.)JP 
GIDAL 87 PRL 59 2012 G. Gidal et aL (LBL, SLAC, HARV) 
GIDAL 87B PRL 59 2016 G. Gidal et at. (LBL SLAC, HARV) 
AIHARA 86C PRL 57 2500 H. Aihara et al. (TPC-23' Collab.)JP 
ANDO 66 PRL 57 t296 A. A~do et al. (KEK, KYOT, NIRS, SAGA+) 
ARMSTRONG B4 PL 146B 273 T.A. Armstrong et at. (ATHU, BARI, BIRM+)JP 
BITYUKOV 84 SJNP 39 735 S. Bityukov et at. (SERP) 

Translated from YAF 39 1165. 
CHAUVAT B4 PL 148B 382 P. Chauvat et aL (CERN, CLER, UCLA+) 
JENNI 83 PR D27 1031 P. Jenni et al. (SLAC, LBL) 
BROMBERG SO PR D22 1513 C.M. Bromberg et aL (ClT, FNAL, ILLC+) 
DIONISI B0 NP B169 1 E Dionisi et al. (CERN, MADR, CDEF+)IJP 
CORDEN 78 NP B144 253 M,J, Corden et at. (BIRM, RHEL, TELA+) 
DEFOIX 72 NP B44 125 C. Defoix et al. (CDEF, CERN) 
DAHL 67 PR 163 t377 O.L DaN et aL (LRL) IJP 

Also 65 PRL 14 1074 D.H. Miller et al. (LRL, UCB) 

- -  OTHER RELATED PAPERS - -  

GODFREY 99 RMP 71 1411 S. Godfrey, J. Napolitano 
PROKOSHKIN 99 PAN 62 356 Yu.D. Prokoshkin et at. 

Translated from YAF 62 396. 
IIZURA 9] PTP 86 885 J. lizuka. N. Koibuchi (NAGO) 
ISHJDA 89 PTP 82 119 S. Ish[da et al. (NIHO) 
AIHARA 88C PR D38 1 H. Aihara et al. (TPC-23' Collab.)JPC 
BtTYUKOV 88 PL B203 327 SJ. Bityukov et aL (SERP) 
PROTOPOP... 878 Hadron 87 Conf. S.D. Protopope~u, S.U. Chung (BNL) 

I - (142o)1 IG(J PC) = 0 - ( 1 - - )  

r MASS 

VALUE [MeV) EVTS DOCUMENT JD TEEN COMMENT 

14194" 31 315 I ANTONELLI 92 DM2 1.34-2.4e + e -  ~ p~r 
�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

1170• 10 2 ACHASOV 99E RVUE 0.75-1.80 e + e -  ~ I 
~ + x - ~ r 0  

14 nn+100  3ACHASOV 98H RVUE e +  e - ~ x +  Tr-~rO I 
~=-200 

~1400 4ACHASOV 98H RVUE e + e  - ~ ~Tr+Tr - I 

1460 5 ACHASOV 98H RVUE e + e-- ~ K + K -  I 
1440-- 70 6 CLEGG 94 RVUE 

1 From a fit to two Breit-Wigner functions interfering between them and wi th the ~ , ~  tails 
with fixed ( + , - , + )  phases. 

2Using the data of DOLINSKY 91, ANTONELLI 92, AKHMETSHIN 98, and I 
ACHASOV 99E. From a fit to two Breit-Wigner functions interfering between them and I 
with the ~ , ~  tails wi th fixed ( + , - , + )  phases. 

3Using data from BARKOV 87, DOLINSKY 91, and ANTONELLI 92. 
4 Using the data from ANTONELLI 92. 
5 Using the data from IVANOV 81 and BISELLO 88B. 
6Using data published by ANTONELLI 92. 

u~(1420) WIDTH 

VALUE (MeV) EVTS DOCUMENT IO TEEN COMMENT 

1744"59 315 7 ANTONELLI 92 DM2 1.34-2.4e + e -  ~ p~r 
* �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 * 

187• 8 ACHASOV 99E RVUE 0.75-1.80 e + e-- ~ I 
~r+ l r -  7r0 

240• 9 CLEGG 94 RVUE 

7 From a f it to two Breit-Wigner functions interfering between them and wi th the ~ ,~  tails 
wi th fixed ( + , - , + )  phases. 

8Using the data of DOLINSKY 91, ANTONELLI 92, AKHMETSHIN 98, and | 
ACHASOV 99E. From a fit to two Bmit-Wigner functions interfering between them and I 
with the r tails wi th fixed ( + , - , + )  phases. 

9Using data published by ANTONELLI 92. 

~(1420) DECAY MODES 

Mode Fraction ( l ' i / r )  

F I p~ dominant 
I- 2 e+e - 

. ( t 4 ~ )  r(i)r(e + e - ) / r (~a l )  

r(p,~) x r ( e + e - ) / r ~ ,  q r = / r  
VALUE (eV) EVTS DOCUMENT ID TEEN COMMENT 

814"31 315 10 ANTONELLI 92 DM2 1.34-2.4e + e -  ~ pTr 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

137•  3 •  11 ACHASOV 99E RVUE 0.75-1,80 e + e-- ~ I 
7r + ~r-- xO 

10From a fit to two Breit-Wigner functions interfering between them and wi th the ~ , ~  tails 
with fixed ( + , - , + }  phases. 

11Using the data of DOLINSKY 91, ANTONELLI 92, AKHMETSHIN 98, and I 
ACHASOV 99E. From a fit to two Breit-Wigner functions interfering between them and I 
with the ~ ,~  tails with fixed ( + , - , + )  phases. 

u~(1420) REFERENCES 

ACHASOV 99E PL B462 365 M,N. Achasov et aL (Novosibirsk SND CoIlab.) 
ACHASOV 98H PR D57 4334 N.N. Achasov, A.A. Kozhevnikov 
AKHMETSHIN 9B PL B434 426 R.R. Akhrnetshin et aL 
CLEGG 94 ZPHY CS2 455 A.B. Cleg~, A. Donnachie (LANC, MCHS) 
ANTONELLI 92 ZPHY C56 15 A, Antonelli et aL (DM2 Collab.) 
DOLINSKY 91 PRPL 202 99 S.L Dollnsky et al. (NOVO) 
BISELLO 88B ZPHY C39 13 D. Bisello et al. (PADO, ELER, FRAS+} 
BARKOV 87 JETPL 46 [64 L.M. Barkov et al. (NOVO) 

Translated from ZETFP 46 132. 
IVANOV B] PL 1078 297 P.M. Ivanov et aL (NOVO) 

- -  OTHER RELATED PAPERS 

ABELE 99D PL B468 178 A, Abele et aL (Crystal Barrel Collab.) 
BELOZEROVA 98 PPN 29 63 T.S. Belozerova, V.K. Henner 

Translated from FECAY 29 ]48. 
ACHASOV 97F PAN 60 2029 N.N. Achasov, A.A. Kozhevnikov (NOVM) 

Translated from YAF 60 2212. 
ATKINSON 87 ZPHY C34 157 M. Atkinson et aL (BONN, CERN, GLAS+) 
ATKINSON 84 NP B221 15 M. Atkinson et aL (BONN, CERN, GLAS+} 
ATKINSON B3B PL ]278 132 M, Atklnson et aL (BONN, CERN, GLAS+) 

I f (1430) I ,G j q : § § 
OMITTED FROM SUMMARY TABLE 

This  entry lists nearby peaks observed in the  D w a v e  of  the K K  and 

~r + T r -  systems. Needs conf i rmat ion.  

f2 (1430) MASS 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 

1430 OUR ESTIMATE 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

1421=5 5 AUGUSTIN 87 DM2 J / r  ~ 7 ~ + ~ r  - 

1480• AKESSON 86 SPEC p p  ~ ppTr + 7r-- 

1436--+266 DAUM 84 CNTR 17-18 x - - p  

K +  K - n  
1412• 3 DAUM 84 CNTR 63 7 r - p  ~ K O K O n ,  

K + K - n  

1439-+ 1 BEUSCH 67 OSPK 5,7,12 ~ r - p  KOK~n 
1 Not seen by WETZEL 76. 

fz(Z430) WIDTH 

VALUE(MeV} DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

30+ 9 AUGUSTIN 87 DM2 J / ~  ~ "~Tr+Tr - 

150•  AKESSON 86 SPEC p p  ~ p p T r +  7 r -  

8 1 + ~  6 DAUM 84 CNTR 17-18 ~'--p 

K + K - n  
14• 6 DAUM 84 CNTR 6 3 1 r - p ~  K O K O n  

5 S ' 
K + K - n  

43+_~ 7 2BEUSEH 67 OSPK 5 , 7 , 1 2 1 r - p ~  
K O  K O  n 

2 Not seen by WETZEL 76. 

f2(1430) DECAY MODES 

Mode 

r I K ~  
F 2 ~Tr 

6(1430) REFERENCES 

AUGUSTIN 87 ZPHY C36 369 J.E. Augustin et al. 
AKESSON 8s NP B264 154 T. Akesson et al. 
DAUM 84 ZPHY C23 339 C. Daum et a/. 
WETZEL 76 NP 6115 208 W. Wetzel et aL 
BEUSCH 67 PL 25B 357 W. Beusch et aL 

(LALO, CLER, FRAS+) 
(Axial Field Spec. Collab.) 

(AMST, CERN, CRAC, MPIM+)JP 
(ETH, CERN, LOIC) 

(ETH, CERN) 
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See also the mini-review under non-q~ candidates. (See the index 
for the page number.) 

THE ~?(1440), je1(1420), AND I1(1510) 

Written April 2000 by M. Aguilar-Benitez (CIEMAT, Madrid), 
C. Amsler (Ziirich), and A.-Masoni (INFN Cagliari). 

The first observation of y(1440) was made in p~ anni- 

hilation at rest into ~?(1440)~+~r - ,  U(1440) -~ KK~ (BAIL- 

LON 67). This state was reported to decay through a0(980)~ 
and K*(892)K with roughly equal contributions. The 77(1440) 

has also been observed in radiative J/r decay to KK:~ 
(SCHARRE 80, EDWARDS 82E, AUGUSTIN 90). 

The f1(1420), decaying to K'K,  was reported in r - p  
reactions at 4 GeV/c (DIONISI 80). However, later analyses 

found that the 1400-1500 MeV region is far more complex. 

In 7r-p experiments, (CHUNG 85, REEVES 86, BIRMAN 88) 

reported 0 -+ with a dominant a0(980)Tr contribution to KKTr. 

The ;r-p data of RATH 89 at 21 GeV/c suggest the presence 

of two pseudoscalars decaying to KKTr, one around 1410 MeV 
decaying through a0(980);r, and the other around 1470 MeV, 

decaying to K*K. A reanalysis of the MARK III data in 

radiative J/r decay to K K r  (BAI 90C) also claims the 

existence of two pseudoscalars in the 1400-1500 MeV range, 

the lower mass state decaying through a0(980)~r, and the higher 

mass state decaying via K*K. In addition, f1(1420) is observed 

to decay into .K*K. 
In ~r-p ~ yr~rn charge-exchange reactions at 8-9 GeV/c, 

the ~77rr mass spectrum is dominated by ~7(1440) and ~(1295) 

(ANDO 86, FUKUI 91C), and at 100 GeV/c, ALDE 97B 

reports ~(1295) and ~7(1440) decaying to ~]~r~ ~ with a weak 

]1(1285) signal, and no evidence for ]1(1420). 

An experiment in ~p annihilation at rest into KK3r 
(BERTIN 95) reports two pseudoscalars with decay proper- 

ties similar to BAI 90C, although the lower state shows, apart 

from a0(980)~r, a large contribution from the direct decay 

~(1440) -~ KK~r. 
The result of BERTIN 95 was supported by further ~p 

data from the same experiment (BERTIN 97, CICALO 99). In 
particular, the data of CICALO 99 provided a decisive evidence 

for the presence of two pseudoscalar states. 

We note that the data from AUGUSTIN 92 also suggest 

two states, but their intermediate states, a0(980)~ and K'K,  
are reversed relative to BAI 90C. 

Actually the interpretation of AUGUSTIN 92 is disfavored 

for several reasons: first, it disagrees with all the other KK3~ 
results reporting two pseudoscalar states (they all agree in 

assigning the K*(892)K decay mode to the higher mass pseu- 

doscalar); second, it also disagrees with the yTrTr results, because 

if the high mass pseudoscalar decays into a0(980)~r, then this 

state (and not the one at lower mass) should be seen in y~r~r 

(see below). 

In J/r radiative decay, the ~7(1440) decays to KK~r 
through a0(980)~r, and hence a signal is also expected in the ~ r  
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mass spectrum. This has indeed been observed by MARK III in 
yr+~r - (BOLTON 92B), which report a mass of 1400 MeV, in 

line with the existence of a low mass pseudoscalar, in the ~(1440) 

structure, decaying to a0(980)Tr. This state is also observed in 
~p annihilation at rest into ~Tr+Tr-~r~ ~ where it decays to 

777r~r (AMSLER 95F). The intermediate a0(980)r accounts for 
roughly half of the yTrTr signal, in agreement with MARK III 

(BOLTON 92B) and DM2 (AUGUSTIN 90). However, ALDE 

97B reports only a very small contribution due to a0(980);r. 
There is now a fairly consistent picture for the existence 

of two pseudoscalars. We call them r/L and YH. The first one 

decays mainly through a0(980)~r or direct KKTr. The second 

one decays mainly to K*(892)K. The ?TL is seen both in K K r  

and ~rTr experiments. The ~H is seen only in KKTr experi- 

ments. The simultaneous observation of two pseudoscalars is 

reported in three production mechanisms by four different ex- 

periments: 7r-p (RATH 89); radiative J/r  decay (BAI 
90C, AUGUSTIN 92); and ~p annihilation at rest (BERTIN 

95, BERTIN 97, CICALO 99). All of them give values for 

the masses, widths and decay modes (with the exception of 

AUGUSTIN 92 quoted above) in reasonable agreement. 

A recent paper reports only one pseudoscalar state seen 

in J/r decay to KK~r (BAI 98C), but its statistics are 

poorer, by a factor six, with respect to MARK III on the same 

final state (BAI 90C), and by more than an order of magnitude 

with respect to ~p data (BERTIN 95, BERTIN 97, CICALO 
99). It is, therefore, not surprising that their analysis is not 

capable to discriminate between the two states. 

One of these two pseudoscalars could be the first radial 

excitation of the y~, with the ~(1295) being the first radial 

excitation of the ~. Ideal mixing, suggested by the ~1(1295) and 
r(1300) mass degeneracy, would then imply that the second 

isoscalar in the nonet is mainly s~, and hence, couples to K'K,  
in agreement with observations for the upper ~(1440) state. 

Also its width matches the expected width for the radially 

excited ys~ (CLOSE 97, BARNES 97). 
This scheme then favors an exotic interpretation of the 

lower state, perhaps gluonium mixed with q~ (CLOSE 97B) 
or a bound state of gluinos (FARRAR 96). The gluonium 

interpretation is, however, not favored by lattice gauge theories, 

which predict the 0 -+ state above 2 GeV (BALI 93). 
Axial (1 ++) mesons are not observed in ~p annihilation 

at rest in liquid hydrogen, which proceeds dominantly through 

S-wave annihilation. However, in gaseous hydrogen, P-wave an- 

nihilation is enhanced and, indeed, BERTIN 97 reports ]1(1420) 
decaying to K'K,  while confirming their earlier evidence for 

two pseudoscalars (BERTIN 95). 
In 7~ fusion from e+e - annihilations, a signal around 1420 

MeV is seen in single-tag events (GIDAL 87B, AIHARA 88B, 

BEHREND 89, HILL 89), where one of the two photons is 

off-shell. However, it is totally absent in the untagged events 

where both photons are real. This points to a spin 1 object, 
which is not produced by two real (massless) photons (Yang- 

Landau theorem). The 2"/decay also implies C = +1. For the 



446 

Meson Particle Listings 

parity, AIHARA 88C and BEHREND 89 both find angular 
distributions with positive parity preferred, but negative parity 
cannot be excluded. 

The f1(1420), decaying in K-Kr, is definitely seen in pp cen- 
tral production at 300 and 450 GeV/c, together with f~(1285). 

The latter decays via a0(980)~r, and the former only via K'K,  
while y(1440) is absent (ARMSTRONG 89, BARBERIS 97C). 
The K s K s r  0 decay mode of f1(1420) establishes unambigu- 
ously C=+I.  On the other hand, there is no evidence for any 

state decaying to ~yr~r around 1400 MeV, and hence, the y~r~r 
mode of f1(1420) is suppressed (ARMSTRONG 91B). 

We now turn to the experimental evidence for f~(1510). 
Two states, f1(1420) and f1(1510), decaying to K'K,  compete 

for the s~ assignment in the 1 ++ nonet. The f1(1510) was seen 

in K-p  ~ AKK~r at 4 GeV/c (GAVILLET 82), and at 11 

GeV/c (ASTON 88C). Evidence is also reported in ~r-p at 
8 GeV/c, based on the phase motion of the 1 ++ K * K  wave 
(BIRMAN 88). 

The absence of f1(1420) in K-p  (ASTON 88C) argues 

against f1(1420) being the s~ member of the 1 ++ nonet. 

However, f1(1420) has been reported in K-p, but not in 

r-p  (BITYUKOV 84) while two experiments do not observe 

f~(1510) in K - p  (BITYUKOV 84, KING 91). It is also not seen 

in radiative J/r decay (BAI 90C, AUGUSTIN 92), central 

collisions (BARBERIS 97C), or in "/~f collisions (AIHARA 88C), 

although, surprisingly for an s~ state, a signal is reported in 4~r 

decays (BAUER 93B). These facts led to the conclusion that 
f1(1510) is not well established, and that its assignment as s~ 
member of the 1 ++ nonet is premature (CLOSE 97D). The 

Particle Data Group has removed this state from the Summary 
Table. Assigning, instead, the f~(1420) to the 1 ++ nonet, one 

finds a honer mixing angle of ,-~ 50 ~ (CLOSE 97D). This is 

derived from the mass formula, and from f1(1285) radiative 

decays to r (BITYUKOV 88) and p~ (AMELIN 95). 

Arguments favoring .f~(1420) being a hybrid q~g meson 

or a four-quark state are put forward by ISHIDA 89 and 
CALDWELL 90, respectively, while LONGACRE 90 argues 

that this particle is a molecular state formed by the r orbiting 
in a P-wave around an S-wave K K  state. 

Summarizing, there is rather convincing evidence for 

f1(1420), mostly produced in central collisions and decaying to 

K'K,  and for ~?(1440), mostly produced in radiative J/r 
decay and ~p annihilation at rest, and decaying to K*K and 

a0(980)~r. Confusion remains as to which states are observed in 

r -p  interactions. The f1(1510) is not well established. 
Furthermore, there are fairly strong experimental indica- 

tions for the presence of two pseudoscalars in the r~(1440) 
structure 

The available information has led the Particle Data Group 
to split the K K r  entry for 77(1440) into a0(980)r and K*K.  

~/(1440) MASS 

DOCUMENT IO 

lr ~r "1, MODE 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

�9 * �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

1401 •  3 ,4AUGUSTIN 90 DM2 J / ~  ~ r + ~ r - 3 , . ~  
1 4 3 2 -  8 4 C O F F M A N  90 MRK3 J/~b ~ ~ r + ~ - 2 ' ~  �9 

3 Best fit with a single Breit Wigner. 
4This  peak in the 3'P channel may not be related to the ~/(1440). 

4x MODE 
VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT 

�9 * �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

1420 •  BUGG 95 MRK3 J / ~  ~ "7~+ ~ r - E + r  - 
1489•  3270 5 BISELLO 89B DM2 J / ~  ~ 4~r'7 

5 Estimated by us from various fits. 

K'~r MODE (a0(980) x dominant) 
VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT 
1418.4-1-1.4 OUR AVERAGE Error includes scale factor of  1.8. 

1405 •  6 CICALO 99 OBLX 

1407 •  6 BERTIN 97 OBLX 

1416 •  6 BERTIN 95 OBLX 

1416 •  + 7  700 7 BAI 90C MRK3 - 5  
1413 •  500 DUCH 89 ASTE 

1413 •  7 RATH 89 MPS 

1419 •  8800 B IRMAN 88 MPS 
1424 •  620 REEVES 86 SPEC 
1421 •  CHUNG 85 SPEC 
�9 �9 �9 We do not use the following data for averages, fits, limits, 

1459 •  8 AUGUSTIN 92 OM2 

6 Decaying into (K-K)$:,r, ( K r ) s ' K ' ,  and a0(980)~.  

7From fit to the a0(980)Tr 0 - + partial wave. Cannot rule out a a0(980) Tr 1 + + partial 
wave, 

8Excluded from averaging because averaging would be meaningless. 

See the ideogram below. 

O~p~ 
K • K O lr:F ~r+ ~r -  

O~p~ 
K • ( K 0 ) ~  :F ~r + ~r-- 

0 ~p  ~ KK~r~rTr 

J / ~  ~ ? K O s K •  

"p p 
1:+ 7r-- K • ~r~- K 0 

21.4 E - p  
n KO KO ~:O 

8 7 r - p ~  K + K O : , r - n  
6.6 p~  ~ K K ~ X  
8 ~ r - p ~  K K l r n  
etc. �9 �9 �9 

J / ~  ~ " ~ K K E  

VALUE (MeV} 
1400 - 1470 OUR ESTIMATE Contains possibly two overlapping pseudoscalars. 

r / z f  MODE 
VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT 
1405 "1" S OUR AVERAGE Error includes scale factor of  2.9. See the ideogram below. 

1424•  6 2200 ALDE 97B GAM4 100 7 r - p  ~ r/~r07r0n 
1409•  3 AMSLER 95F CBAR 0 ~ p ~  ~r+~r-~r07rO~/ 
1385•  1 BEHREND 92 CELL J / ~  ~ "TXlTr+ 7r -  
1400•  6 1 BOLTON 92B MRK3 J/ '~ ~ "/rlTr + 7r-- 
1388•  4 FUKUI 91C SPEC 8.95 ~ r - p  ~ ~/~-+- l r -n 
1398•  6 261 2AUGUSTIN  90 DM2 J/ '~ ~ "~l~-F~r - 
1420•  5 A N D O  86 SPEC 8 7 r - p ~  r / z + ~ r - n  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1385•  7 BAI 99 BES J / ~  ~ 7~r+~r - 

1 From fit to the a0(980)~ 0 - + partial wave. 
2 Best fit with a single Breit Wigner. 
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~/(1440) WIDTH 

VALUE (MeV) DOCUMENT ID 
50 - 80 OUR ESTIMATE Contains possibly two overlapping pseudosealars. 

~x~r MODE 
VALUE (MeV) EVT$ DOCUMENT ID TEEN COMMENT 

56:1 :7  OUR AVERAGE Error includes scale factor of 2.3. See the ideogram below. 

85•  2200 ALDE 97B GAM4 100 ~ r - p  ~ ~/~r0~r0n 
06•  AMSLER 95F CBAR 0 ~ p  ~ ~r+~r-~r0~r0T/ 
47:513 11 BOLTON 92B MRK3 J/~b ~ 3,~/n+ ~r- 
59:5 4 FUKUI 91C SPEC 0.95 n - p  ~ r /~ r+~r -n  
53•  12AUGUSTIN 90 DM2 J / r  ~ " l ~ r +  ~r - 
31+ 7 ANDO 86 SPEC 8 ~ - p ~  ~ l~ ;+~ : -n  

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, e t c . � 9  �9 �9 

50 12 BEHREND 92 CELL J/V; ~ "(17 ~r+ ~r- 

11From fit to the a0(980)~T 0 - + partial wave. 

12 From F/•r + ~T- mass distribution - mainly a0(980 ) ~r - no spin-parity determination avail- 
able. 

KK~r MODE (K*(892) K dominant) 
VALUE EVT$ DOCUMENT ID TEEN COMMENT 
1475:1:5 OUR AVERAGE Error includes scale factor of 1.6. See the ideogram below. 

1500• CICALO 99 OBLX 0 ~p ~ I 
K• KOs ~r:(: ~r+ ~r- 

1464• BERTIN 97 OBLX 0 p p  
K •  ( KO)lrz~ l r+  ~r - 

1460• BERTIN 95 OBLX 0 ~ p  ~ K K ' T ~ T  

1490+1~+1~  1100 BAI 90C MRK3 J/@~ -rKOsK• 
1475• 4 RATH 89 MPS 21.4 E- p 

n KOs KO5 :r 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

1442• 410 BAI 98c BES J/ '~ ~ "~ K +  K-~rO I 
1421+14 9AUGUSTIN 92 DM2 J / ~  ~ " ,~KKz 

9 Excluded from averaging because averaging would be meaningless. 

x~r'r MODE 
VALUE (MeV) DOCUMENT IO TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

174• AUGUSTIN 90 DM2 J/~) ~ 7r+Tr- ' r ' , /  
90•  13COFFMAN 90 MRK3 J/t~ ~ ~r+~r-23, 

13This peak in the 3'P channel may not be related to the 7/(1440). 

4x MODE 
VALUE (MeV) EVTS DOCUMENT /D TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

160• BUGG 95 MRK3 J/~b ~ 77r+Tr -T r+~r -  
144• 3270 14 BISELLO 09B DM2 J / ~  ~ 47r"/ 

14 Estimated by us from various fits. 

K~lr  MODE (,10(980) ~r dominant) 
VALUE (MeV) EVT5 DOCUMENT ID TEEN COMMENT 
58 -I" 4 OUR AVERAGE Error includes scale factor of 3.0. See the ideogram below. 

50:5 4 CICALO 99 OBLX 0 ~ p  

KKlr MODE (unresolved) 48-- s 
VALUE EVT$ DOCUMENT ID TEEN COMMENT 50•  4 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 75 •  9 

1445+ 8 693 AUGUSTIN 90 DM2 J / ~  ~ ~/KOsK• q 1 + 6 7 +  15 
" ' - 3 1 - 3 8  

1433• 8 296 AUGUSTIN 90 DM2 J / ~  ~ 7 K + K - ~ r O  62•  
1453:5 7 170 RATH 89 MPS 21.4 ~ r - p  ~ 19•  7 

K 0 K 0 0 n 
5 5 ~ 

144n +20  174 EDWARDS 82E CBAL J / ~  ~ " y K + K  -~rO 66• 2 v - 1 5  

1440+~50_ SCHARRE 80 MRK2 J/@- "tKOsK• 60•177 

1425• 7 000 10BAILLON 67 HBC 0 ~ p ~  KKTT~rTT 

10From best fit of 0 - + partial wave , 50% K*(892) K , 50% a0(9B0)Ir. 

K:5 K ~  ~r ~F ~r + ~r- 

15 BERTIN 97 OBLX 0.0 ~p  
K-I- (K0)  ~r:F ~r+ ~r - 

15 BERTIN 95 OBLX 0 ~ p  ~ K'Rlr~r lr  
AUGUSTIN 92 DM2 J / r  ~ "TKKTr 

16BAI  90C MRK3 J / ~  ~ ~KOsK'+-Tr ~: 

500 DUCH 89 ASTE ~ p ~  K K ~ r  
16 RATH 89 MPS 21.4 ~r- p - *  

n K  0 K 0 0 

0800 BIRMAN 88 MPS 8 ~r- p ~ K-FK0~r - n 
620 REEVES 06 SPEC 6.6 p~  ~ K K ~ r X  

CHUNG 85 SPEC 8 l r - p  ~ K K T r n  

15Decaying into ( K K ) s w ,  (KTr )SK,  and a0(980)~. 

16From f i t t o  the ao(980)~r 0 - + partial wave , but ao(980)~r 1 + + cannot be excluded. 



448 

Meson Particle Listings 
r / ( 1 4 4 0 )  

K~r  MODE (K*(892) K dominant) 
VALUE DOCUMENT I0 TE~N COMMENT 

8114"%1 OUR AVERAGE Error includes scale factor of 1.6. See the ideogram below. 

100• CICALO 99 OBLX 0 ~ p  
K • K O ~r :F ~r + ~r- 

105:E15 BERTIN 97 OBLX 0.0 ~ p  
K • (K0) / r  zF ~r + / r -  

105:E15 BERTIN 95 OBLX 0 ~ p ~  K ~ r ~ r  
63• AUGUSTIN 92 DM2 J/V) ~ "TKK~T 

a + 3 7 + 1 3  BAI 90C MRK3 J/V) ~ "fKQsK:}:~r~- ~ - 2 1 - 2 4  
51•  RATH 89 MPS 21.4 ~ - p  

n KO KO ~rO 

r 6 f0(980)  ~7 seen 

F7 4 ~  seen 

rB ~ 
F9 po~, 

~(1440) r(i)r(,r~)/r(tm~l) 
F(K'~.) x r(~.t)/r~,, qr~/r 
VALUE (keY) CL ~/o DOCUMENT ID TEEN COMMENT 

< L 2  95 BEHREND B9 CELL "~*~ --~ K O K •  ~ 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. * �9 �9 

<1.6 95 AIHARA 860 TPC e + e -  
e + e-- K O K • ~r :~ 

<2.2 95 ALTHOFF 85B TASS e + e  - ~ e + e - K K ~ r  
<8.0 95 JENNI 83 MRK2 e + e - ~  e + e - K K ~ r  

r(~x~) x r ( ~ ) / r ~ . i  r~r./r 
VALUE (keY) DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<0.3 ANTREASYAN87 CBAL e - e -  ~ e + e - ~ r ~ r  

r ( ~ )  x r ( ~ ) / r ~ =  r, r0/r 
VALUE (keV) EL~ DOCUMENT (D TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

<1.5 95 ALTHOFF 84E TASS e + e -  
e+ e - ~ + ~ - ~ f  

K ~ r  M O D E  (unresolved) 
VALUE E V T S  DOCUMENT ~D TEeN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

~/(1440) BRANCHING RATIOS 
r(,lf.)lr(Kg,) r3/q 
VALUE CL~_~ DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc, �9 �9 �9 

<0.5 90 EDWARDS 83B CBAL J / ~  ~ ~Tr~"l 
<1.1 90 SCHARRE 80 MRK2 J / V ) ~  q '~ ' t~  
<1,5 95 FOSTER 68B HBC 0.0 ~p 

r(ao(gS0),)/r(K'~r) rdq 
VALUE E V T S  DOCUMENT IO TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.15 18 BERTIN 95 OBLX 0 ~ p  ~ K K ~ T ~  
0.8 500 18 DUCH 89 ASTE ~ p  

~r + ~r-- K • ~r :F K 0 
0.75 18 REEVES 86 SPEC 6.6 p ~  ~ K K ~ X  

18 Assuming that the a0(980 ) decays only into K K .  

r(~o(9So) x ) / r (n , , )  r4/r3 
VALUE E V T S  DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0.29• ABELE 98E CBAR 0 p ~  ~ r~r0~0~r 0 
0.19• 2200 19ALDE 97B GAM4 100 ~ : - p  ~ ~l~rO~rOn 
0.56• 19AMSLER 95F CBAR 0 ~ p ~  ~r+~-~r0~r0~/ 

19 Assuming that the a0{980 ) decays only into ~ r .  

r (~o(98o) ~r)/r (~ (~)s-wave) r4/rs 
VALUE DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0.70:t:0.12:E0,20 20 BAI 99 BES J / ~  ~ " ~ 1 ~ + ~  - 

20 Assuming that the a0(980 ) decays only into 71~. 

F(KR'(B92) + r r2/q 
93~ 14 296 

105 ~ 10 693 

100• 170 

AUGUSTIN 90 DM2 J/V) ~ ~ K + K - ' K  0 
AUGUSTIN 90 DM2 J/V) ~ " tKOsK• 

RATH 89 MPS 21.4 ~ -  p 
KOs KO.n.O n 

55 +20  174 EDWARDS 82E CBAL J/V) ~ ~lK + K -  ~0 
- 3 0  

50 -}-30 SCHARRE 80 MRK2 J . /V )~  " IKOsK+~ qz - 20 
80•  800 17 BAILLON 67 HBC 0.0 pp  ~ K-K~TrTr 

17 From best fit to 0 - + partial wave , 50% K*(892) K , 50% a0(980)lr. 

VALUE DOCUMENT ID TEEN COMMENT 

0.50:1:0.10 BAILLON 67 HBC 0.0 ~p ~ KK~r~"  

r(K-g*(892)+c.c.)l[r(KT~(s92)+c.c.)+r(ao(g80),)] r21(r2+r,) 
VALUE EL% DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.25 90 EDWARDS 82E CBAL J/V'  ~ K + K - ~ O ~  

r(p ~ r d q  
VALUE DOCUMENT ID TEEN COMMENT 

0.0152:i:0.0038 21 COFFMAN 90 MRK3 J/V) ~ 3 , ~ + ~  - 

T/(1440) DECAY MODES 

Mode Fraction (F i /F )  

r 1 K K ~ r  seen 

F 2 K ' K *  (892)  + c.c.  seen 

r 3 F/~r~ seen 

F4 a o ( 9 8 0 ) l r  seen 

F5 r/(TrTr)s-wave seen 

21Using B(J/V) ~ ~'~/(1440) ~ ~ ' K K ~ ) = 4 . 2  x 10 - 3  and B ( J / r  ~ 7n(1440) 
"~fpO)=6.4 x 10 - 5  and assuming that the 3'p 0 signal does not come from the f1(1420). 

r(~(..)s_~.e)/r(~..)  rs/r~ 
VALUE E V T S  DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0.81:E0.04 2200 ALDE 97B GAM4 100 ~ r - p  ~ ~/~r0Tr0n 
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r(e(~o).)/r(~(..)s_wave) r4/rs 
VALUE DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.32-I-0.07 22 ANISOVICH 991 SPEC 0.9-1.2 ~ p  ~ r /3x 0 

22 Using preliminary Crystal Barrel data. 
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q ( 1 4 4 0 ) ,  a o ( 1 4 5 0 ) ,  p ( 1 4 5 0 )  

~(1440) REFERENCES 

ANISOVICH 991 PL B468 304 A.V. AniSovlch et aL 
BAI 9g PL 0446 356 J.Z. Bai et al. (BES Collab.) 
ClCALO 9g PL 0462 453 C, Cicalo et aL (OBELIX Collab.) 
ABELE 98E NP B514 45 A. Abele et aL (Crystal Barrel Collab.) 
BAI 98C PL 0440 217 J.Z. Bai et ~L (DES Collab.) 
ALOE 97B PAN 60 386 D. Aide et aL (GAMS Collab.) 

Translated from VAF 60 458. 
BERTIN 97 PL B400 226 A. Berlin et at. (OBELIX Collab.) 
AMSLER 95F PL B358 389 C. Amsler et aL (Crystal Barrel Co,lab.) 
BERTIN 95 PL 5361 ]87 A. Berlin st at. (OBELIX Collab.) 
BUGG 95 PL B353 378 D.V, Bug.~ St at. (LOQM, PNPI, WASH) 
AUGUSTIN 92 PR 046 1951 J.E. Augustin, G. Cosine (DM2 Collab.) 
BEHREND 92 ZPHY CS6 381 H.J. Bel}read (CELLO Cotlab.) 
BOLTON 92B PRL 69 1328 T. Bolton et aL (Mark HI Collab.) 
FUKUI 91C PL B267 293 S. Fukui et al. (SUGI, NAGO, KEK. KYOT+) 
AUGUSTIN 90 PR D42 10 J.E, Augustin et aL (DM2 Collab,) 
BAI 90C PRL 65 2507 Z. Bai et aL (Mark III Collab,) 
COFFMAN 90 PR 041 1410 D,M. Coffman et aL (Mark III Collab,) 
BEHREND 89 ZPHY C42 367 H.J. Behrend et a/. (CELLO Collab,) 
BISELLO 89B PR D39 701 G. Busstto e~ al. (DM2 Collab.) 
OUCH 89 ZPHY 45 223 K.D. Ouch et aL (ASTERIX Collab.)JP 
RATH 89 PR D40 693 MG. Rath et aL (NOAM, BRAN, BNL. CUNY+) 
BIRMAN 88 PRL 61 1557 A. Birman et aL (BNL, FSU, IND, MASD)JP 
ANTREASYAN 87 PR D36 2633 D. Antreasyan et aL (Crystal Ball Collab.) 
AIHARA BSD PRL 57 51 H. Aihara et aL (TPC-2"f Collab.) 
ANDO 86 PRL 57 1296 A. And{> et al. (KEK, KYOT, NIRS, SAGA+) IJP 
REEVES 86 PR 34 1960 D.F. Reeves et al. (FLOR. BNL. IND+) JP 
ALTHOFF 85B ZPHY C29 189 M. Althoff et aL (TASSO Collab.) 
CHUNG 85 PRL 55 779 S.U. Chun K et aL (BNL, FLOR, IND+) JP 
ALTHOFF 84E PL 147B 487 M. Althoff et al. (TASSO Collab.) 
EDWARDS 8aB PRL 51 859 C. Edwards et aL (CIT, HARV, PRIN+) 
JENNI 83 PR D27 1031 P. Jenni et aL (SLAC, LBL) 
EDWARDS 82E PRL 49 259 C. Edwards et el. (CIT, HARV, PRIN+} 

Also 83 PRL 50 219 C. Edwards et a/. (CIT, HARV, PRIN+) 
SCHARRE aO PL 970 329 D.L, Scharre et af. (SLAC, LBL) 
FOSTER 680 NP B8 174 M. Foster et al. (CERN, CDEF) 
BAILLON 67 NC 60A 393 P.H. Baillon et aL (CERN, CDEF, IRAD) 

- -  OTHER RELATED PAPERS - -  

CARVALHO 99 EPJ C7 95 W.S. Catvalho et aL 
GOOFREY 9S RMP 71 1411 S. Godfrey, J. Napol}tano 
NEKRASOV 95 EPJ C5 507 
CLOSE 97B PR D55 5749 F. Close et al. (RAL, RUTG, BEUT) 
BERTIN 96 PL B385 493 A. Bert[n et aL (Obelix Collab,) 
FARRAR 96 PRL 76 4 t l l  G.R. Farrar (RUTG) 
AMELIN 95 ZPHY C66 71 D.V. Amelin et aL (VES Collab.) 
GENOVESE 94 ZPHY C61 425 M. Ge~ovese, D,B. Lichtenber~, E. Predazzi (TORI+) 
BALI 93 PL B309 378 G.S. Ball et aL (LIVP) 
LONGACRE 90 PR D42 874 R.S, Longacre (BNL) 
AHMAO 89 NP B (PROC.)8 SO S. Ahmad et aL (ASTERIX Collab.) 
ARMSTRONG 89 PL 0221 216 T.A. Armstron K et aL (CERN, CDEF, BIRM+) 
ARMSTRONG 57 ZPHV C34 23 T.A. Armstrong et a/. (CERN, BIRM, BARI+) 
ASTON 57 NP 5292 693 D. Aston e! al. (SLAC, NAGO, CINC, INUS) 
ARMSTRONG 84 PL 146B 273 T.A. Armstrong et al. (ATHU, BARI. BIRM+) 
D~ONlSl 50 NP 0169 1 C. Dionis~ et aL (CERN, MADR, CDEF+) 
DEFOIX 72 NP B44 126 C. Oefoix et al. (CDEF, CERN) 
DUBOC 72 NP B46 429 J. Duboc et aL (PARIS, LIVP) 
LORSTAD 69 NP B14 63 B, Lor et aL (CDEF, CERN) 

I ao(1450) I ,G(:PC) : ~-(o++) 
See minireview on scalar mesons under f0(1370). 

ao(1450) MASS 

VALUE (MeV) DOCUMENT 113 TECN COMMENT 
1474"19 OUR AVERAGE 
1480 •  ABELE 98 CBAR O . O ~ p ~  K O K •  q: 

1470:525 1 AMSLER 950 CBAR 0.0 ~ p  ~ ~r0L~r 0 ~r 0'  
~r0 ~/~, ~r0 ~r0 ~/ 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

1565:5}-30 2 A N I S O V l C H  98B RVUE Compilation 

1290:5+-10 BERTIN 98B OBLX 0.0 ~ p  ~ K + Ks~rT- I 
1450• AMSLER 940 CBAR 0.0 ~p ~ ~rO'~0r/ 

1435+40  BUGG 94 RVUE ~ p  ~ r/2~r 0 

1410 •  ETKIN 82C MPS 23 ~ r - p  ~ n 2 K  0 I 

~ 1 3 0 0  MARTIN 7B SPEC l O K •  KOs~r p I 

]255:5 5 3 CASON 76 I 

1Coupled.channel analysis of AMSLER 95e, AMSLER 95c, and AMSLER 940. 
2 T-mat r ix  pole. I 

3 Isospin 0 not excluded. I 
a0(1450 ) WIDTH 

VALUE (MeV) DOCUMENT /D TECN COMMENT 
265.13 OUR AVERAGE 
2 6 5 + 1 5  ABELE 98 CBAR O . O - ~ p ~  KO.K-+-~rT 

265:530 4 AMSLER 95D CBAR 0,0 ~ p  ~ ~r0LTr 0 ~T 0, 
~rO ~ / ,  1tO ~r0 r/ 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

2 9 2 •  5 ANISOVICH 98B RVUE Compilat ion | 

8 0 •  5 BERTIN 988 OBLX 0.0 # p  ~ K • Ks~rq:  I 
270:5t:40 AMSLER 94D CBAR 0.0 # p  ~ ~r07r0f/ 

2 7 0 •  BUGG 94 RVUE # p  ~ rt27r 0 

230:530 ETKIN 82C MPS 23 7 r - p  ~ n 2 K  0 I 

~ 2 5 0  MARTIN 78 SPEC l O K •  KO57r p I 

79:5 10 6 CASON 76 I 

4 Coupled-channel analysis of AMSLER 95B, AMSLER 95C, and AMSLER 94D. 
5 T-mat r ix  pole. I 

6 Isospin 0 not excluded, I 
ao(1450) DECAY MODES 

Mode Fraction ( r i i f )  

[-1 / r  T/ seen 

[-2 "n r/r ( 9 5 8  ) seen 

F 3 K K seen 

r(,r,f(958))/r(,-0 r2 l r l  
VALUE OOCUMENT ID TECN COMMENT 

0.35.1-0.16 7 ABELE 98 CBAR 0.0 ~ p  ~ K 0 K +T rT  

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0 .43 •  ABELE 97c CBAR 0.0 ~ p  ~ 7rOTr0~) t 

7 Using 7r0~ from AMSLER 940. 

r(KK--)/r(.~) ra/q 
VALUE DOCUMENT ID TECN COMMENT 

0-88"1"0.23 7ABELE 98 CBAR 0.0 # p  ~ KO K:5~T :F 

ao(1450) REFERENCES 

ABELE 98 PR D57 3060 A. Abele et at. (Crystal Barrel Collab.) 
ANISOV]CH 98B UFN 41 419 V.V. Anisovich et aL 
BERTIN 98B PL B434 180 A. Bertin et al, (OBELIX Collab.) 
ABELE 97C PL 8404 179 A. Abele et at (Crystal Barrel Collab.) 
AMSLER 95B PL 8342 433 C. Amsler et at. (Crystal B~rrsl Collab.) 
AMSLER 95C PL 8353 57t C. Amsler et aL (Crystal Barrel Collab.) 
AMSLER 95D PL 8355 425 C. Amsler el aL (Crystal Barrel C~llab.) 
AMSLER 94D PL B333 277 C. Amsler et aL (Crystal Barrel Collab.)IGJPC 
BUGG 94 PR D$0 4412 O.V. BU~ ef aL (LOQM) 
ETKIN S2C PR 025 2446 A, Etk;n et 3L (BNL. CU/~Y, TUFTS, VANO) 
MARTIN 78 NP 0].34 392 A.D. Martin et aL (DURR, GEVA) 
CASON 76 PRL 36 1485 N.M. Cason et al. (NDAM, ANL) 

OTHER RELATED PAPERS 

MASONI 99 EPJ C8 38S A. Masonl 
AMSLER 98 RMP 70 1293 C. Anlsler 

lp(14s0) I ,G jPq ,+c, 
See the mini-review under the p(1700). 

VALUE (MeV 1 
1465.25 OUR ESTIMATE 

1~2, 8 OUR AVERAGE 
~po MODE 
VALUE (MeV) 

p(1450) MASS 

DOCUMENT ID 

This  is only an educated guess; the error given is larger than 
the error on the average of the published values. 

Includes data from the 2 datablocks tha t  fol low this one. 

DOCUMENT ID TECN COMMENT 
The data in th is block is included in the average printed for a previous datablock. 

1470 •  ANTONELLI  88 DM2 e + e  - --* ;?~r+T - 

1446 •  FUKUI 88 SPEC 8.95 ~ r - p  ~ ~Tr + 7 r - n  

~Tr MODE 
VALUE (MeV) DOCUMENT ID TECN COMMENT 
The data in this block is included in the average printed for a previous datablock. 

1463 •  1 CLEGG 94 RVUE 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, ete. �9 �9 �9 

1250 2ASTON 80c OMEG 20-70 ~'p ~ ~ r 0 p  

1290:540 2 BARBER 80C SPEC 3-5 "~p ~ ~ t 0 p  

1 Using data from BISELLO 91B, DOLINSKY 86 and ALBRECHT 87L. 
2No t  separated from b1(1235), not pure J P  = 1-- effect. 
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Meson Particle Listings 
p( 45o) 
x r  MODE 
VALUE (MeV) DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

~1368 3ABELE 99C CBAR 0 . 0 ~ d ~  ~r+~r - -x - -p  
1348• BERTIN 98 OBLX 0.05-0.405 ~ p  

~r+ ~ +  ~r- 
1411• 4ABELE 97 CBAR ~n  ~ ~r--~r0~r 0 

1370_+90 ACHASOV 97 RVUE e + e - ~  7{. Jc R. - 

1380• 5 BARATE 97M ALEP "r-  ~ x-Tr0u, r 

1359• 6 BERTIN 97C OBLX 0.0 p p  ~ ~ + ~ - ~ 0  

1282• BERTIN 970 OBLX 0.05 ~ p  ~ 2~+2~r - 
1424•  BISELLO 89 DM2 e + e  - ~ ~ r+x  - 
1292•  7 KURDADZE 83 OLYA 0.64-1.4 e • e -  

~r+ ~r- 
3p(1700) mass and width fixed at 1780 MeV and 275 MeV respectively. 
4 T-matr ix  pole. 
5Fixing p(1450) width to 310 MeV and p(1700) mass and width to 1700 MeV and 235 

MeV respectively. 
6p(1700) mass and width fixed at 1700 MeV and 235 MeV, respectively, 
7 Using for p(1700) mass and width 1600 • 20 and 300 • 10 MeV respectively. 

~r+~-~r+~ - MODE 
VALUE (MeV) DOCUMENT /D TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

1350• ACHASOV 97 RVUE e + e  - ~ 2 ( ~ + ~  - )  
1449• 4 8ARMSTRONG 89E OMEG 300 p p  

p p 2 ( ~ +  ~ - )  

8Not clear whether this observation has / = 1  or 0. 

~x MODE 
VALUE (MeV) DOCUMENT ID TEEN . CHG COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, e t c . � 9  �9 �9 

1480• 9,10 B ITYUKOV 87 SPEC 0 32.5 ~ -  p 
~ 0 n  

9 DONNACHIE 91 suggests this is a different particle. 
10 Not seen by ABELE 97H. 

K ~  MODE 
VALUE (MeV) EVT$ DOCUMENT tO TEEN CHG COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

1422.8• 27k 11 ABELE 990 CBAR :~ 0.0 ~ p  
K + K -  ;r 

11 K-matr ix pole. Isospin not determined, could be ~(1420). 

MIXED MODES 
VALUE (MeV} DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

1265.5• DUBNICKA 89 RVUE e + e  - ~ ~r+~r - 

p(1450) WIDTH 

VALUE (MeV) DOCUMENT /D 
3104"60 OUR E S T I M A T E  This is only an educated guess; the error given is larger than 

the error on the average of the published values. 

~0 MODE 
VALUE (MeV) DOCUMENT ID TEEN COMMENT 

�9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

230• ANTONELLI 88 DM2 e •  - ~ r /~+~r - 
60•  FUKUI 88 SPEC 8.95 ~ - p  ~ ~ + ~ - n  

~ r  MODE 
VALUE (MeV) DOCUMENT /D TEEN COMMENT 
The data in this block is included in the average printed for a previous datablock. 

311• 62 12 CLEGG 94 RVUE 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

300 13 ASTON 80C OMEG 20-70 3"P ~ ~ r 0 P  
320• 13 BARBER 80C SPEC 3-8 "TP ~ ~ r 0 P  

12 Using data from BISELLO 91t3, DOLINSKY 86 and ALBRECHT 87L. 
13Not separated from b1(1235 ), not pure JP = 1 -  effect. 

~r~r MODE 
VALUE (MeV) DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

~ 3 7 4  14ABELE 99C CBAR O . O ~ d  ~ ~ + ~ - ~ - p  I 

275•  BERTIN 98 OBLX 0.05-0.405 ~ p  
~r+ ~r+ ~ - 

343• 15ABELE 97 CBAR p n  ~ ~ - ~ . 0 ~ 0  

310• 16 BERTIN 97C OBLX 0.0 ~ p  ~ ~r+~r--~r 0 

236•  BERTIN 97D OBLX 0.05 ~ p  ~ 2~+27r - 
269• BISELLO 89 DM2 e + e  - ~ ~'+~'--  
218• 17 KURDADZE 83 OLYA 0.64-1.4 e • e -  ~ I 

~ + / r -  

14p(1700) mass and width fixed at 1780 MeV and 275 MeV respectively. I 
15 T-matr ix pole. 
16p(1700) mass and width fixed at 1700 MeV and 235 MeV, respectively. 
17 Using for p(1700) mass and width 1600 • 20 and 300 • 10 MeV respectively. I 

~x MODE 
VALUE (MEN) DOCUMENT ID TEEN CHG COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

130• 18,19 BITYUKOV 87 5PEC 0 32.5 ~ r - p  
@=0n 

18 DONNACHIE 91 suggests this is a different particle. 
19Not seen by ABELE 97H. 

K K  MODE 
VALUE (MeV) EVT$ DOCUMENT ID TEEN CHG COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

146.5• 27k 20 ABELE 99D CBAR • 0.0 ~ p  
K + K - ~ O  

20 K-matr ix pole. Isospin not determined, could be ~(1420). 

MIXED MODES 
VALUE (MeV) DOCUMENT tO TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

391•  DUBNICKA 89 RVUE e + e  - ~ ~r' l '~ - 

p(1450) DECAY MODES 

Mode Fraction (ri/r) Confidence level 

rl 7rTr seen 
r 2 4~r seen 

r 3 ~Tr  <2.0 % 95% 

r 4 e + e -  seen 

r5 tip <4 % 
r0 a2(1320) 7r not seen 

r 7 ~)~r < 1 %  

I- 8 K K  <1.6 x 10 - 3  95% 

p(1450) r(i)r(e+ e-)/r(totaJ) 
r ( . . )  x r (e+e-) / r~= r l r , / r  
VALUE IkeV} DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits. l imits, etc. �9 �9 �9 

0.12 21 DIEKMAN 88 RVUE e + e  - ~ ~ r + T r -  

0n~7+0.015  22 KURDADZE 83 OLYA 0.64-1.4 e + e -  
. . . .  - 0.010 ~r + _ 

21 Using total width = 235 MeV. 
22Using for p(1700) mass and width 1600 • 20 and 300 • 10 MeV respectively. 

r(~p) x r (e+e - ) i r~ ,  rs r4 / r  
VALUE (eV) DOCUMENT ID TEEN COMMENT 

91:t:19 ANTONELLI 88 DM2 e + e  - ~ r/~r+~r - 

r(§ x r(e+e-)lrt~l rTr,/r 
VALUE (eV) EL% DOCUMENT ID TEEN COMMENT 

< 7 0  90 23AULCHENKO 87B ND e + e - ~  K 0 ~,,0 0 
S " L  Ir 

23 Using mass 14B0 • 40 MeV and total  width 130 • 60 MeV of B ITYUKOV 87. 

p ( 1 4 5 0 )  B R A N C H I N G  R A T I O S  

r(~p) Irt=,, r s l r  
VALUE DOCUMENT ID TEEN 

<0 .04  DONNACHIE 87B RVUE 

r (~ (z320) , ) / r~  r0/r 
VALUE DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

not seen AMELIN 00 YES 37 ~ -  p ~ r/~ + ~ -  n 

r(~,-)Ir(~,,~) rz/r3 
VALUE CL~ DOCUMENT ID TEEN CHG COMMENT 

;>0.5 95 B ITYUKOV 87 SPEC 0 32.5 ~ - - p  
@~r0n 

r(~,.)/r(,..) 
VALUE DOCUMENT ID TEEN 

r~/r~ 

<0.14  CLEGG 88 RVUE 

r(,Tp) Ir(~,r) rs l r3 
VALUE DOCUMENT /D TEEN COMMENT 

0.24 24 DONNACHIE 91 RVUE 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

>2 FUKUI 91 SPEC 8.95 ~ - - p  ~ ~ l rOn  

r(~,~)Irt~,i r31r 
VALUE DOCUMENT ID TEEN 

0.21 CLEGG 94 RVUE 



See key on page 239 

r(,,,)/r(~,) r,/r~ 
VALUE 
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Meson Part icle Listings 
p(1450) ,  fo(1500) 

DOCUMENT ID TECN 

0.32 CLEGG 94 RVUE 

r(~.)/r~, rdr 
VALUE DOCUMENT ID TEEN COMMENT 

<0.01 24 DONNACHiE 91 RVUE 
* �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

K 0 K 0 ~r 0 ~r 0 not seen ABELE 97H CBAR PP ~ L 

r(~)/r(~.) r,/r~ 
VALUE DOCUMENT ID TEEN 

<O.0O 24 DONNACHIE 91 RVUE 

24 Using data from BISELLO 91B, DOLINSKY 86 and ALBRECHT B7L 

p(1450) REFERENCES 

AMELIN 00 NP 8668 83 D. Amelia et at. (VES Collab,) 
ABELE ggc PL B450 275 A. Abele et al. (Crystal Barrel Collab,) 
ABELE 99D PL B468 178 A. Abele et at. (Crystal Barrel Collab.) 
BERTIN 98 PR D57 55 A. Bertin et aL (OBELIX Collab.) 
ABELE 97 PL B391 191 A. Abele et aL (Crystal Barrel Collab.) 
ABELE 97H PL 8415 280 A. Abele et al. (Crystal Barrel Co,lab.) 
ACHASOV 97 PR D55 2663 NN. Acha~ov et aL (NOVM) 
BARATE 97M ZPHY C76 15 R. Barate et aL (ALEPH Collab.) 
BERTIN 97C PL B408 476 A, Bertin et at. (OBELIX Coflab.) 
BERTIN 97D PL B414 220 A, BertEn et aL (OBEUX Collab.) 
CLEGG 94 ZPHY C62 455 A.B. Clegg, A. Don~achie (LANE, MCHS) 
BISELLO 918 NP 821 l t l  (suppl} D. Bise}lo (DM2 Collab,) 
DONNACHIE 91 ZPHY C51 689 A. Donnachle, A.B. Cle~ (MCHS, LANE) 
FUKUI 91 PL 8257 241 S. Fukui et al. (SUGI, NAGO, KEK, KYOT+) 
ARMSTRONG 89E PL 8228 536 T.A. Armstrong. M Benayoun (ATHU, BARI, BIRM+) 
BISELLO 89 PL B220 321 D. Bisello et aL (DM2 Collab.) 
DUBNICKA 89 JPG 1S 1349 S. Dubnlcka et at. (JINR, SLOV) 
ANTONELLI Be PL B212 133 A. Antonelli et al. (DM2 Collab.) 
CLEGG 88 ZPHY C40 313 A.B. Clegg, A. Donnachie (MCHS, LANE) 
DIEKMAN 88 PRPL 159 101 B. Diekmann (BONN) 
FUKUI 88 PL B202 441 S. Fuku[ et at. (SUGI, NAGO, KEK, KYOT+) 
ALBRECHT 87L PL B185 223 H. Albrecht et at. (ARGUS Eollab,) 
AULEHENKO 97B JETPL 45 145 V,M, Aulchenko et at. (NOVO) 

Translated from ZETFP 45 118. 
BITYUKOV 87 PL Bta8 383 S.I. Bityukov eL at. {SERP) 
DONNACHIE 87B ZPHY C34 257 A. Oonnachie, A.B Cleg~ (MCHS, LANE) 
DOLINSKY a6 PL Bt74 453 S,I. Oolinsky et aL (NOVO) 
KURDADZE 83 JETPL 37 733 LM. Kutdadze et aL (NOVO) 

Translated from ZETFP 37 613. 
ASTON BOC PL 92B 2:11 D. Aston (BONN, CERN, EPOL, GLAS. LANE+) 
BARBER 80C ZPHY C4 169 D.P. Barber et aL (DARE. LANE, SHEF) 

- -  OTHER RELATED PAPERS - -  

BELOZEROVA 98 PPN 29 63 T.S. Belozerova, V,B. Henner 
Translated from FECAY 29 148. 

ABELE 97H PL B4t5 280 A, Abele et aL (Crystal Barrel Collab.) 
BARNES 97 PR 055 4157 T. Barnes et ai. (ORNL, RAL, MCHS) 
CLOSE 97C PR D56 1584 F.E. Close et aL (RAL, MCHS) 
URHEIM 97 NPBP5 55C 359 J. Urbeim (CLEO Collab.) 
ACHASOV 9SB PAN 59 1262 N.N, Achasov, G.N. Shestakov (NOVM) 

Translated from YAF 59 1319. 
MURADOV 94 PAN 57 864 R.K. Muradov (BAKU) 
LANDSBERG 92 SJNP 55 1051 (SERP) 

Translated from YAF 55 1896, 
BRAU 88 PR D37 2379 J.E, Brau et aL 
ASTON 87 NP B292 693 D. Aston et aL (SLAC, NAGO, CINC, INUS) 
KURDAOZE 86 JETPL 43 643 LM. Kurdadze et aL (NOVO) 

Translated from ZETFP 43 497. 
BARKOV 85 NP B256 365 L.M. Barkov et aL (NOVO) 
BISELLO B5 LAL 85-]5 0. Bisello et at. (PADO, LALO, CLER+) 
ABE B4B PRL 53 751 K, Abe et aL 
ATKINSON 84C NP B243 1 M. Atklnson et al. (BONN, CERN, GLAS+) 
CORDIER 82 PL 109B 129 A, C~xdie~ et aL (LALO} 
KILLIAN 80 PR D21 3005 TJ. Killian et aL (CORN) 
COSME 76 PL 638 352 G. Cosine et aL (ORSAY) 
BINGHAM 72B PL 418 635 H.H, Bingham e~ aL (LBL, UCB, SLAC) 
FRENKIEL 72 NP B47 6t P. Frenkiel et al. (CDEF, CERN) 
LAYSSAC 71 NC 6A 134 J. Layssac, F,M. Renard (MONP) 

See also the mini - reviews on scalar mesons under f0(1370) and on 
non -q~  candidates. (See the index for the paCe number . )  

f0(1500) MASS 

VALUE (MeV) EVT5 DOCUMENT ID TEEN COMMENT 
lS00:1:10 OUR AVERAGE Error includes scale factor of 1.3. See the ideogram below. 

1522• BERTIN 98 OBLX 0.05-0,405 ~p  
~r+ ~r+ ~ - 

1510• 1 BARBERIS 97B OMEG 450 p p  

pp2(~r+ ~r - )  0 
1449• I BERTIN 97C OBLX 0.0 ~ p  ~ ~ + ~ - E  

;,tO K 0 K 0 1515• ABELE 96B CBAR 0.0 ~ p  ~ L L 

1500• 2AMSLER 958 CBAR O . O p p ~  3~ 0 
1505• 3 AMSLER 95C CBAR 0.0 ~ p  ~ ~/~/~r 0 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

1497• 4 BARBERIS 99 OMEG 450 p p  ~ I 

ps P f  K +  K - 
1502• 4BARBERIS 998 OMEG 4 5 0 p p ~  p s p f ~ + ~  - 

1502•177  5BARBERIS 990OMEG 4 5 0 p p ~  K + K  - ,  I 
~ +  ~ -  

1530• 4 BELLAZZINI 99 GAM4 450 p p  ~ p p ~ O  ~TO I 

1505• 4 FRENCH 99 300 p p  I 
p f ( K  + K - ) p  s 

1580• 4ALDE 98 GAM4 100 ~ - p  ~ l r 0~0n  I 
1499• 8 1 ANISOVlCH 988 RVUE Compilation I K 0 K 0 1520 REYES 98 SPEC 800 p p  ~ P s P f  5 S 

1475 FRABETTI 970 E687 DS~ ~ ~'= ~ •  ~r • 

1505 ABELE 96 CBAR 0.0 ~ p  ~ 5~r 0 
1500"+" 8 1 ABELE 96C RVUE Compilation 
1460• 120 4AMELIN 96B VES 37 ~ - A  ~ ~q11~-A 
1500• 8 BUGG 96 RVUE 
1500• 6 AMSLER 950 CBAR 0.0 ~p ~ ~T0~r01r 0, 

7r0 r/7$, ~0 7r0 ~} 
1445• S 7 ANTINORI 95 OMEG 300,450 p p  

pp2(~T-- ~r - )  
1497• 4 ANTINORI 95 OMEG 300,450 p p  

p p ~ +  7 r -  

~1505  BUGG 95 MRK3 J /@ ~ " 7 ~ +  ~ r -  ~ +  7r - 
1446• 5 4 ABATZIS 94 OMEG 450 p p  

pp2(~-+ ~ - )  
1545• 4 AMSLER 94E CBAR 0.0 ~ p  --* ~0T/~/r 
1520• 1,8ANISOVICH 94 CBAR 0.0 ~ p  ~ 3~r0,~T0~/~/ 
1505• 1,9 BUGG 94 RVUE ~ p  ~ 3~ 0, F/~/~T 0, 

? ~r 0 ~0 

1560• 4AMSLER 92 CBAR 0 . 0 ~ p ~  ~0fi~/ 
1550•177  4 BELADIDZE 92C VES 36 ~ ' -  Be ~ ~T--T)r~/Be 
1449• 4 4 ARMSTRONG 89E OMEG 300 p p  

pp2 (T r  + 7 r - )  

1610• 4ALDE 88 GAM4 3 0 0 ~ - - N ~  ~ - N 2 ~  
~1525  ASTON B8DLASS 11 K - p ~  KOsKOsA 

1570• 600 4 ALDE 87 GAM4 100 ~r-p ~ 4~r0n 

1575• 10ALDE 86D GAM4 100 ~ - - p  ~ 2~n 
1568• 4BINON 84C GAM2 38 ~ ' - p  ~ T /~n  
1592• 4BINON 83 GAM2 3 B ~ - p ~  2~/n 
1525:~ 5 4 GRAY 83 DBC 0,0 ~ N  --~ 3~ 

1 T-matr ix pole. 
2T-matr ix  pole, supersedes ANISOVICH 94. 
3T-matr ix  pole, supersedes ANISOVICH 94 and AMSLER 92. 
4 Breit-Wigner mass. 
5 Supersedes BARBERIS 99 and BARBERIS 99B. 
6T-matr ix  pole. Coupled-channel analysis of AMSLER 95B, AMSLER 95C, and AM-  

SLER 94D. 
7 Supersedes ABATZIS 94, ARMSTRONG 89E. Breit-Wigner mass. 
8 From a simultaneous analysis of the annihilations ~ p  ~ 3~ 0 ,~0 ~T/. 
9 Reanalysis of ANISOVlCH 94 data. 

10 From central value and spread of two solutions. Breit-Wigner mass. 
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fo(1500) 

fo(1500) WIDTH 

VALUE (MeV) EVTS DOCUMENT /D TEEN COMMENT 
112• 10 OUR AVERAGE 
1084- 33 BERTIN 98 OBLX 0.05-0.405 ~p 

1204- 35 11 BARBERIS 97B OMEG 450 pp  

pp2(~r + ~ - )  
1144- 30 11 BERTIN 97C OBLX 0.0 ~ p  ~ ~ + ~ r - - ~  0 
1054- 15 ABELE 96B CBAR 0.0 # p  ~ ~rO KO K 0 
1204- 25 12 AMSLER 95B CBAR 0.0 ~p ~ 3~ "0 
1204- 30 13 AMSLER 95C CBAR 0.0 ~ p  ~ ~/F/~r 0 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

1 0 4 •  25 14 BARBERIS 99 OMEG 450 p p  

ps P f  K +  K - 
1314- 15 14 BARBERIS 99B OMEG 450 p p  ~ psp f~ r+~ r - -  

9B4- 184-16 15 BARBERIS 99D OMEG 450 p p  K + K - ,  
~ + ~ -  

1604- 50 14 BELLAZZINI  99 GAM4 450 pp ~ pp~rO~ 0 
1004- 33 14 FRENCH 99 300 pp 

p f ( K + K - ) p  s 
2804-100 1 6 A L D E  98 GAM4 1 0 0 ~ r - p ~  ~r0~0n 
1304- 20 11 ANISOVICH 98B RVUE Compilation 

100 FRABETTI  97D E687 D s 

169 ABELE 96 CBAR 0.0 ~ p  ~ 5~r 0 
1004- 30 120 14 AMELIN 96B VES 37 ~r-A ~ t/~/~--A 
1324- 15 BUGG 96 RVUE 
154•  30 17AMSLER 9 5 D C B A R  0 . 0 ~ p ~  ~0~r0~0, 

�9 tr0 ~ / ,  :,tO ~r 0 ~/ 
654- 10 1 8 A N T I N O R I  95 OMEG 3 0 0 , 4 5 0 p p ~  

pp2(~r+ ~ - )  
1994- 30 14 ANTINORI  95 OMEG 300,450 p p  

p p ~ r + ~ r -  
5 6 •  12 14 ABATZ iS  94 OMEG 450 p p  

p p 2 ( ~ +  ~ - )  
1004- 40 14AMSLER 94E CBAR 0 . 0 ~ p ~  ~r0~/~ ~ 

148 +- 2~ 11,19 ANISOVICH 94 CBAR 0.0 ~p  ~ 3~r 0,~r0~/~ 

1504- 20 11,20 BUGG 94 RVUE p p  ~ 3~r 0, ~/~/~r O, 

2454- 50 14AMSLER 92 CBAR 0 . 0 p p ~  ~0~/r/ 
153• 67• 14 BELADIDZE 92E VES 36 ~r- Be ~ ~'-~//~/Be 

784- 18 14 ARMSTRONG 89E OMEG 300 p p  

pp2(~  + ~ - )  
170 •  40 1 4 A L D E  88 GAM4 3 0 0 ~ - N ~  ~ - N 2 ~  
150• 20 600 14ALDE 87 GAM4 1 0 0 x - - p ~  4~r0n 
265:5 65 2 1 A L D E  86D GAM4 100 ~ r - p  ~ 2F,,n 
2 6 0 •  60 14 BINON 84C GAM2 38 ~ r - p  ~ ~ / / n  
2 1 0 •  40 14B INON 83 GAM2 3 8 ~ r - p ~  2~/n 
101• 13 14GRAY 83 DBC 0 . 0 ~ N ~  3~ 

11 T-mat r ix  pole. 
12 T-mat r ix  pole, supersedes ANISOVICH 94. 
13 T-mat r ix  pole, supersedes ANISOVICH 94 and 
14 Breit-Wigner mass. 
15 Supersedes BARBERIS 99 and BARBERIS 99B. 

AMSLER 92. 

16 Breit-Wigner width. 
17T-mat r i x  pole. Coupled-channel analysis of  AMSLER 95B, AMSLER 95E, and AM-  

SLER 94D. 
18 Supersedes ABATZIS 94, ARMSTRONG 89E. Breit-Wigner mass. 
19 From a simultaneous analysis of  the annihilations ~ p  ~ 3~r 0,~T 0 ~/~. 
20 Reanalysis of  ANISOVICH 94 data. 
21 From central value and spread of two solutions. Breit-Wigner mass. 

6(1500) DECAY MODES 

Mode Fraction ( r i / r )  

r~ ~/'(958) seen 
r 2 F/7/ seen 

r 3 4~r seen 

r 4 4~r ~ seen 

r 5 2~r + 2"K- seen 

r 6 ~r ~ seen 

r 7 ~r + 7i"- seen 

r 8 2~r 0 seen 

r 9 K K  seen 

r io  '7"7 

r( . . )  x r(~-~)Ir~, 
VALUE (keY) CL~_~/~ 

<0,46 95 

605| rci)r(~-~)/r(total) 

DOCUMENT (D TEEN COMMENT 

r~rlo/r 

fo(1500) BRANCHING RATIOS 

• ~r:F ~4- ~4- FRABETTI  970 E687 D s 

r(,1,/(gss))Ir(,7,r) qlr= 
VALUE DOCUMENT ID TEEN COMMENT 

0,29+0.10 22AMSLER 95c CBAR 0 . 0 ~ p  ~ T/~/~T 0 
�9 �9 �9 We do not use the following data for averages, fits, l imits, e t c . � 9  �9 �9 

0 .84•  ABELE 96C RVUE Compilation 
2.7 4-0.8 BINON 84c GAM2 38 ~ - p  ~ T/rltn 

22 Using AMSLER 94E (rp?r~r0). 

r(,1,7) I r ~ ,  r=Ir 
VALUE DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

large ALDE 88 GAM4 300 ~ -  N ~ T / r /~ -  N 
large BINON 83 GAM2 38 7 r - p  ~ 2~/n 

r(~~ rdr2 
VALUE DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0.84-0.3 ALDE 87 GAM4 100 ~ -  p ~ 4~r 0n  

r(2~~ To/r2 
VALUE DOCUMENT ID TEEN COMMENT 

1.454.0.611 23 AMSLER 95c CBAR 0.0 ~p ~ ~/~Tr 0 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

4.294-1:0.72 24 ABELE 96c RVUE Compilation 
2.124-}-0.81 25 AMSLER 95D CBAR 0.0 ~ p  ~ ~r0~O~r 0, 

w0 ~z/, ~07r0 ~/ 

<0.3 BINON 83 GAM2 38 7 r - p  ~ 2~n 

23Using AMSLER 95B (31r0). 
242~r width determined to be 60 4- 12 MeV. 
25 Coupled-channel analysis of AMSLER 95B, AMSLER 95C, and AMSLER 94D. 

r(Kx-)Ir(~) r, lr= 
VALUE CL~ DOCUMENT (D TEEN COMMENT 

<0.6 2 6 B I N O N  83 GAM2 3 8 7 r - p ~  21tn 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<0.4 90 27 PROKOSHKIN 91 GAM4 300 ~ - p  ~ 7r-  pT/~ 

26Using ETKIN 82B and COHEN 80. 
27 Combining results of  GAM4 with those of WA76 on K K central production. 

r(g~/r~l  rg/r 
VALUE DOCUMENT tO TEEN 

�9 �9 �9 We do not use the following data for averages, flts, l imits, etc. �9 = �9 

0.044 4- 0.021 BUGG 96 RVUE 

r(K~ir(,r~.) r, lr6 
VALUE DOCUMENT ID TEEN COMMENT 

8.194"8.87 28ABELE 98 CBAR O . O ~ p ~  KOLK4-1r:F 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0 .33•  BARBERIS 990 OMEG 450 p p  ~ K + K - ,  

~r+ ~r -  
0.204-0.08 29 ABELE 96B CBAR 0.0 ~p  ~ ~r 0 K 0 K 0 

28Using ~r0~r 0 from AMSLER 95B. 
29 Using AMSLER 95B (3~0),  AMSLER 94C (2~r0 ~/) and SU(3). 

r(~r~r)/rtetal r o / r  
VALUE DOCUMENT ID TEEN 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0.4544-}-0.104 BUGG 96 RVUE 

r(4~)ir(,r~) r31r~ 
VALUE DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

3.44-0.8 30ABELE 96 CBAR 0 . 0 ~ p ~  5~r 0 

30 Excluding pp  contribution to 4~. 

r(,r+.-) ir~,,  rzlr 
VALUE DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

seen BERTIN 98 OBLX 0.05-0.405 ~p  
~r+ ~r+ ~ - 

possibly seen 

BARATE D0E ALEP ")'"/ ~ ~+~- I 



See key on page 239 

8ARATE 0OE PL B472 189 
BARBERIS 99 PL B455 305 
BARBERIS 99B PL B453 316 
BARBERIS 990 PL 8462 462 
8ELLAZZINI 99 PL B467 296 
FRENCH 99 PL B214 213 
ABELE 98 PR D57 3860 
ALDE 98 EPJ A3 361 

Also 99 PAN 62 405 
ANISOVICH 988 UFN 41 419 
BERTIN 98 PR D57 55 
REYES 98 PRL 8t 4079 
BARBERIS 97B PL 8413 217 
BERTIN 97C PL 8408 475 
FRA8ETTI 97D PL 8407 79 
ABELE 96 PL B380 453 
ABELE 96B PL 8385 425 
ABELE 96C NP A609 562 
AMELIN 968 PAN 59 976 

Translated from 
BUGG 96 NP B47t 59 
AMSLER 95B PL B342 433 
AMSLER 95C PL 8353 571 
AMSLER 95D PL B355 425 
ANTINORI 95 PL 8353 589 
BUGG 95 PL B3S3 378 
ABATZIS 94 PL B324 509 
AMSLER 94C PL 8327 425 
AMSLER 94D PL 8333 277 
AMSLER 94E PL B340 259 
ANISOVICH 94 PL 8323 233 
BUGG 94 PR DSO 4412 
AMSLER 92 PL B291 347 
BELADIDZE 92C SJNP 55 t535 

Translated from 
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fo(1500), f~(1510) 

fo(1500) REFERENCES 

YAF 59 

R. Barate et al. (ALEPH Collab.) 
D. Barberis et aL (OmeEa expt.) 
D. Barberls et aL (OmeEa expt.) 
D. Barberls et aL (Omega expt.) 
R. Bellazzinl et al. 
B. French et at. (WA76 Collab.) 
A. Abele et at. (Crystal Barrel Collab,) 
D, Aide et aL (GAM4 Collab,) 
D, Aide et aL (GAMS Collab.) 
V.V. Anisovich et at. 
A. Bertin er aL (OBELIX Eollab,) 
M,A. Reyes et aL 
D, 8arberis er al. (WA102 Collab,) 
A. BerUn et al. (OBELIX Collab,) 
P.L. Frabetti et at. (FNAL E587 Coilab,) 
A. Abele et at. (Crystal Barrel Collab,) 
A, Abele et al. (Crystal Barrel Collab,) 

. Abele et at. (Crystal Barrel Collab,) 
D,V. Amelin er al. (SERP, TBIL) 

1021. 
DV. Bugg, A.V. Saranrsev, 8.S, Zou (LOQM, PNPI) 
C, Amsler et aL (Crystal Barrel Collab) 
C, Amsler er al. (Crystal Barrel Collab.) 
E. Amsler et al. (Crystal Barrel Collab,) 
F, Antinori et al. (ATHU. BARI. BIRM+) 
D.V. Bugg et aL (LOQM, PNPI, WASH) 
S, Abatzis et al. (ATHU, BARI, 81RM+) 
C. Amsler et aL (Crystal Barrel Collab.) 
C. Amsler et aL (Crystal Barrel Collab.) 
C. Amsler et al, (Crystal BBrrel Collab.) 
V.V. Anisovich et al. 
D.V. 8ugg et at. (LOQM) 
C. Amsler et at. (Crystal Barrel Collab.) f1(1510) W I D T H  
G,M. Beladidze, S.I. Bityukov, GV. BOflSOV (SERP+) 

YAF 55 2748. 
PROKOSHKIN 91 SPD 36 155 YD. Prokoshkln (GAM2, GAM4 Collab.) 

Translated from DANS 316 900. 
ARMSTRONG 89E PL 8228 536 T.A. Armstrong, M, Benayoun (ATHU, BARI, 81RM+) 
ALDE 88 PL B201 taO D.M. Aide et at. (SERP, BELG, LANL, LAPP+) 
ASTON 88D NP B30] 525 D. Aston et aL (SLAE, NAGO, CINC, INUS) 
ALDE 87 PL B]9B 286 D.M. Aide er al. (LANE 8RUX, SERP, LAPP) 
ALDE 86D NP B269 465 D.M. Aide et al. IBELG, LAPP, SERP. CERN-I-} 
BINON 84C NC B0A 363 F.G. 8inon et aL (BELG, LAPP. SERP+) 
BINON 83 NC 78A 313 F.G, Binon et aL (8ELG, LAPP, SERP+) 

AlSo 838 SJNP 38 561 F.G, Binon et aL (8ELG, LAPP. SERP+) 
Translated from YAF 38 934. 

GRAY 83 PR D27 307 L. Gray et at. (SYRA) 
ETKIN 828 PR D25 1786 A. Etk]n et aL (BNL, EUNY, TUFT8, VAND) 
COHEN 80 PR D22 2595 D. Cohen eta/.  (ANL) 

- -  OTHER RELATED PAPERS - -  

ANISOVICH 99H PL B467 289 A,V. Anlsovich, V,V. Anisovich 
AMSLER 98 RMP 70 1293 C. Amsler 
STROHMEIER 98 PL B438 2] M. Strohmeier et al. 
ANISOVICN 97 PL B395 123 A.V. Anisovich, AV.  Sarantsev (PNPI) 
ANISOVICH 97B ZPHY A357 t23 A.V. Anisovich et at. (PNPI) 
ANISOVlCH 97C PL 8413 137 
ANISOVICH 97E PAN 60 1892 A.V. Anisovich et at. (FNPI) 

Translated from YAF 60 2065. 
PROKOSHKIN 97 SPD 42 l t 7  Y.D. Prokoshkin et aL (SERP) 

TranslBted from DANS 353 323. 
AMSLER 96 PR D53 295 C. Amsler, F,E. Close IZURI. RAL) 
AMSLER 95E PL B353 385 C. Amsler, F.E. Close (ZURI. RAL) 
GASPERO 95 NP A588 861 M, Gaspero (ROMA) 
SLAUGHTER 88 MPL A3 1361 M.D. Slaughter (LANL) 

i  (lSlO) I ,G(F) _-- 0+(1 + + )  

OMITTED FROM SUMMARY TABLE 
See t h e  m i n i r e v i e w  u n d e r  r / (1440) .  

f1(1510) MASS 

VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT 

1518";" 5 OUR AVERAGE Error includes scale factor o f  1.7. See the ideogram below. 

1 5 3 0 •  A S T O N  88C LASS 11 K - p  

K O K • ~r :~ A 

1512:t: 4 600 1 B I R M A N  88 MPS 8 ~ r - p  ~ K + K O T r - n  

1526•  6 271 G A V I L L E T  82 H B C  4.2 K - p  ~ A K K l r  

�9 �9 �9 We do not  use the fo l lowing data for averages, fits. l imi ts,  etc. �9 �9 �9 

1525 2 B A U E R  93B 3'3"* ~ I r+~r- -~r07r0 

I From part ial  wave analysis o f  K + K 0 ~ r  - state. 

2 Not  seen by A I H A R A  88C in the K O K • ~r zc f inal  state. 

VALUE (MeV) EVT5 DOCUMENT ID TEEN COMMENT 

734-25 O U R  A V E R A G E  Error includes scale factor o f  2.5. See the ideogram below. 

1 0 0 •  A S T O N  88c LASS 11 K - p  

KO K• A 
3 5 •  600 3 B I R M A N  88 MPS 8 7 r - p  ~ K + K O ~ r - n  

1 0 7 •  271 G A V I L L E T  82 H B s  4.2 K - p  ~ A K K T r  

3 From part ial  wave analysis of K + ~ 0  ~ r -  state. 

f1(1S10) DECAY MODES 

Mode Fraction ( F i / F )  

F 1 K K * ( 8 9 2 ) +  C.C. seen 
i 

f~ (151o) REFERENCES 

BAUER 93B PR D48 3976 D.A. Bauer er aL 
AIHARA 88C PR 038 1 H. Aihara et al. 
ASTON 88C PL B201 573 D. Aston et al. 
BIRMAN 88 PRL 61 1557 A. 8irman er aL 
GAVILLET 82 ZPHY C16 119 P, Gavillet et aL 

- -  OTHER RELATED PAPERS 

ABELE 97G PL B415 259 A. Abele er at. 
BARBERIS 97C PL B413 225 D. Barberis et al. 
CLOSE 97D ZPHY C76 469 F.E, Close et aL 
KING 91 NP B21 I t  (Supp4) E. King et al. 
AIHARA 88C PR D38 1 H. Aihara et aL 
BITYUKOV 84 SJNP 39 735 S. Bityukov et al. 

Translated from YAF 39 1165, 

(SLAC) 
(TPC-23' Collab.) 

(SLAC, NAGO, CINC, INU$)JP 
(BNL, FSU, IND, MASD)JP 
(CERN, CDEF, PADO+) 

(WAlO2~lab.) 

(FSU, B N L + )  
(TPC-23` C~lab.) 

($ERP) 
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f~(1525) 

1 ;( 525)1 I G ( J  P C )  = 0 + ( 2  + +  ) 

f~(1525) MASS 
VALUE (MeV) DOCUMENT /D 
1w OUR ESTIMATE This is only an educated guess; the error given is larger than 

the error Off the average of the published values. 

PRODUCED BY PION B E A M  
VALUE (MeV) EVT_~$ DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1547--+120 1LONGACRE 86 MPS 22~r -p~  KOsKOsn 

1496-+ 89 2CHABAUD 81 ASPK 61r -p~  K4-K-n 

1 4 9 7  + 98 CHABAUD 81 ASPK 1 8 . 4 7 r - p ~  K+K-n 

1492• GORLICH 80 ASPK 17 ~-ppolarized 
K +  K - n  

15024-25 3CORDEN 79 OMEG 1 2 - 1 5 ~ r - p ~  
~t4-/r-- n 

1480 14 CRENNELL 66 HBC 6.0 ~r-p ~ KOKOn 

1 From a partial-wave analysis of data using a K-matrix formalism with 5 poles. 
2CHABAUD 81 is a reanalysis of PAWLICKI 77 data. 
3From an amplitude analysis where the f~(1525) width and elasticity are in complete 

disagreement with the values obtained from K K  channel, making the solution dubious. 

PRODUCED BY K 4" BEAM 
VALUE (MeV) EVT5 DOCUMENT ID TECN COMMENT 
1524.64" 1,4 OUR AVERAGE Includes data from the datablock that follows this one. 

Error includes scale factor of 1.1. 
1526,84- 4.3 ASTON 88D LASS 11 K-p ~ KOKOA 

R % 
1504 4-12 BOLONKIN 86 SPEC 40 K-p KVsKO 5 Y 
1529 4- 3 ARMSTRONG 83B OMEG 18.5 K - p  ~ K -  K + A  
1521 4- 6 650 AGUILAR-... 81B HBC 4.2 K - p  ~ AK4- K -  
1521 4- 3 572 ALHARRAN 81 HBC 8.25 K - p  ~ A K K  
1522 4- 6 123 BARREIRO 77 HBC 4 . 1 5 K - p ~  A K O K O  5 

1528 4- 7 166 EVANGELISTA77 OMEG l O K - p ~  

K +  K -  ( A , E )  
1527 4- 3 120 BRANDENB... 76C ASPK 13 K - p  

K +  K- -  ( A, E )  
1519 4- 7 I00 AGUILAR-... 728 HBC 3.9,4.6 K - p  

KK(A,Z) 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1513 4-10 4BARKOV 99 SPEC 4 0 K - p ~  KOsKOsy 

4 Systematic errors not estimated. 

PRODUCED IN e+e - A N N I H I L A T I O N  
VALUE (MeV) DOCUMENT ID TECN COMMENT 
The data in this block is included in the average printed for a previous datablock. 

1524 4- 4 OUR AVI~I~IkGE Error includes scale factor of 1.2. 
1535 4- 5 • 4 ABREU 96c DLPH Z 0 ~ K + K -  

1516 4- 5 + 9 BAI 96C BES - 1 5  
1529 4-10 ACCIARRI 95J L3 

1531.6:1:10,0 AUGUSTIN 88 DM2 
1515 4- 5 5 FALVARD 88 DM2 
1525 •  4-10 BALTRUSAIT..Er MRK3 
�9 �9 �9 We do not use the following data for averages, fits, limits, 

1496 4- 2 6 FALVARD 88 DM2 

CENTRAL PRODUCTION 
VALUE (MeV) DOCUMENT ID TECN 

15154.15 BARBERIS 99 OMEG 

5From an analysis ignoring interference with f0(1710). 
8 From an analysis including interference with f0(1710). 

J/d) ~ 7 K + K  - 

77 ~ KOKO S Eecem = 
88-94 GeV 

J/d) ~ . , fK+ K - 
J/d) ~ ~ K  + K -  
J/d) ~ 7 K + K  - 
etc. �9 �9 �9 

J/d) ~ CK + K -  

COMMENT 

450 pp  

Ps Pf  K +  K -  

f~ (1525)  W I D T H  

VALUE (MeV) DOCUMENT ID COMMENT 
164"10 OUR ESTIMATE This is only an educated guess; the error given is larger than 

the error on the average of the published values. 

76"1"10 PDG 90 For fitting 

PRODUCED BY PION BEAM 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

108__. 25 7LONGACRE 86 MPS 2 2 7 r - p ~  K O K O n  

69+2~ 8CHABAUD 81 ASPK 6 ~ r - p ~  K + K - n  

137_+~ CHABAUD 81 ASPK 1 8 . 4 ~ r - p .  K+K-n  

150~03 GORLICH 80 ASPK 17 ~-ppolarized 
K +  K - - n  

1654-42 9 CORDEN 79 OMEG 12-15 ~r-p  
~+x--n 

9•+39 10pOLYCHRO... 19 STRC l~ r -p  nKOK 0 ~-22 

7From a partial-wave analysis of data using a K-matrix formalism with 5 poles. 
8CHABAUD 81 is a reanalysis of PAWLICKI 77 data. 
9From an amplitude analysis where the f~(1525) width and elasticity are in complete 

disagreement with the values obtained from K K  channel, making the solution dubious. 
10From a fit to the D with f2(1270)-f~(1525) interference. Mass fixed at 1516 MeV. 

PRODUCED BY K 4" BEAM 
VALUE (MeV) E V T 5  DOCUMENT /D TECN COMMENT 
764. 5 OUR AVERAGE Includes data from the datablock that follows this one. 
904-12 ASTON 88D LASS 11 K - - p  ~ KO S R KO A 

73• BOLONKIN 86 SPEC 4 0 K - p  K O K O y  
S 5 

834-15 ARMSTRONG 838 OMEG 18.5 K - p  ~ K - K + A  
85/:16 650 AGUILAR-... 818 HBC 4.2 K-p ~ AK + K-- 

80 +14 572 ALHARRAN 81 HBC 8.25 K-p  ~ AK'K -11 
724-25 166 EVANGELISTA 77 OMEG 10 K - p  

K+ K--(A,Z) 
694-22 I00 AGUILAR-... 728 HBC 3.9,4.8 K-p 

K-K ( A,Z) 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

754-20 11 BARKOV 99 SPEC 40 K- p ~ K 0 K 0 ,, 
5 5 ~ 

6,)+19 "-14 123 BARREIRO 71 HBC 4.15 K-p ~ AKOsKO 

614- 8 120 BRANDENB... 76C ASPK 13 K - p  

K + K-- CA, Z) 
11 Systematic errors not estimated. 

PRODUCED IN e + e -  A N N I H I L A T I O N  
VALUE (MeV) DOCUMENT ID TECN COMMENT 
The data in this block is included in the average printed for a previous datablock. 

f~4. g OUR AVERAGE 
60+20-4-19 ABREU 96C DLPH Z 0 ~ K +  K - 

60d:23+103 BA' 96C BES J/d) ~ ~ t K +  K - 

1034-30 AUGUSTIN 88 DM2 J/d) ~ " yK+  K - 
624-10 12FALVARD 88 DM2 J/d) ~ @ K + K  - 

854-35 BALTRUSAIT..-q7 MRK3 J/d) ~ 7 K +  K - 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

764-40 ACCIARRI 95J L3 "77 ~ K s K  5 E ~ =  
88-94 GeV 

1004- 3 13FALVARD 88 DM2 J / d ) ~  ~ K + K  - 

C E N T R A L  P R O D U C T I O N  
VALUE (MeV} DOCUMENT /D TECN COMMENT 

704"25 BARBERIS 99 OMEG 450 pp  

ps p f  K +  K - 

12 From an analysis ignoring interference with f0(1710). 
13 From an analysis including interference with f0(1710). 

f~(1525) DECAY MODES 

Mode Fraction (Fi /F) 

F 1 K K  

F2 FF/ 
F 3 ;T;T 

F4 77 
r 5 KK*(892) + C.C. 

r 6 ~'Ir 7/ 
F7 ~rKK 
F 8 7r + ;T + 7r ~r 

(88.8 • )% 
(10.3 • )% 

( 8.2 +1.5 ) x 1o -3 
(1.324-0.21) X 10 -6 



See key on page 239 

C O N S T R A I N E D  F I T  I N F O R M A T I O N  

An overall f i t  to the  to ta l  w i d t h ,  2 part ia l  w id ths ,  a combinat ion  
of  part ial  w id ths  obta ined f rom integrated cross sections, and 3 
branching ratios uses 14 measurements and one constra int  to  de- 

termine 5 parameters. The overal l  f i t  has a X 2 = 11.4 for 10 
degrees of  freedom. 

The fo l lowing of f -d iagona l  array elements are the  correlation coefficients 

1 6 p i 6 p ~ l / ( 6 p i . 6 p j ) ,  percent, parameters p i ,  inc lud ing the branch- in f rom the  f i t  to  

ing fractions, x i  - r~; / r to ta I. The f i t  constrains the  x~ whose labels appear in th is  
array to sum to one. 

x 2 - 1 0 0  

x 3 - 3  - 1  

x 4 - 7  7 1 

r - 3 2  32 - 1  - 4 2  

x I X 2 X 3 X 4 

Mode Rate (MeV) 

rl K ~  65 +5 - 4  
r 2 T/r/ 7.6 •  

r3  ~ 0.60• 

r4  ,y-y ( 9.7 •  ) x 10 - 5  

f~,(1525) PARTIAL WIDTHS 

r(KK---) 
VALUE (MeV} DOCUMENT /D TEEN 

65____.45 OUR FIT 

63"1"6 14 LONGACRE 86 MPS 

r(..) 
VALUE (MeV) DOCUMENT ID TECN 
0.604-0.12 OUR FIT 

1.4 +1.0 - 0 . 5  14 LONGACRE 86 MPS 

r (~/~/) 
VALUE {MeV) DOCUMENT ID TECN 
?.64-2.w OUR FIT 

r l  
COMMENT 

22 7r-- p ~ K 0 K O n  

r~ 
COMMENT 

22 ~r-- p ~ KO S KOs n 

r= 
COMMENT 

�9 �9 = We do not use the fol lowing data for averages, fits, limits, etc. = = �9 

24 -1+3 14LONGACRE 86 MPS 2 2 ~ r - p ~  KOKOsn 

14 From a partial-wave analysis of data using a K-matr ix formalism with 5 poles. 

f~(1525) r(i)r(?-r)/r(total) 

r (K~  x r(7~)/rt==, 
VALUE {keV) DOCUMENT ID TECN 
0.0e6 4-0.012 OUR FIT 
0.1NI6 4-0.O12 OUR AVERAGE 
0.093 •  •  15ACClARRI 95J L3 E ~ =  88-94 GeV 

0.067 •  •  15ALBRECHT 90G ARG e + e  - 
e + e - K + K  - 

0.11 +0.03 •  BEHREND 89C CELL e + e  - - 0 , 02  
e+ e--  KOs KO 5 

BERGER 85 PLUT e + e  - 
e + = -  K 0 K 0 

15 AIHARA 86B TPC e + e- 
e + e - K + K  - 

15ALTHOFF 83 TASS e +  e - ~ e +  e -  K 'K  

0.10 +0.04 +0.03 
-0 .03  - 0 . 0 2  

0.12 •  •  

0.11 4-0.02 •  

r lr4/r  
COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

0.03144-0.0050• 16 ALBRECHT 90G ARG e + e  - 
e + e - K + K  - 

15 Using an incoherent background. 
16 Using a coherent background. 

~2(1525) BRANCHING RATIOS 

r(~,l)/r(K~ rdrl 
VALUE DOCUMENT ID TEEN COMMENT 

0.124-0.04 OUR FIT 

0.114-0.O4 17 pROKOSHKIN 91 GAM4 3 0 0 1 r - p ~  ~ - P ~ t  
�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

<0.50 BARNES 67 HBC 4.6,5.0 K - p  

17 Combining results of GAM4 with those of WA76 on KK" central production and results 
of CBAL, MRK3 and DM2 on J / ~  ~ ~r/T1. 
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f~(1525) 

r(..)/rto=, ralr 
VALUE CL__~_~o DOCUMENT ID TECN COMMENT 

0.00824-0.0016 OUR FIT 
0.007w 0.0016 OUR AVERAGE 
0,007 r  COSTA... 80 OMEG 1 0 7 r - p ~  K + K - n  

0.027 +0"071 18 GORLICH 80 ASPK 17,18 ~ r - p  -0 .013  
0.0075• 18,19 MARTIN 79 RVUE 

�9 = �9 We do not use the following data for averages, fits, l imits, etc. �9 = * 

<0.06 95 AGUILAR-... 81B HBC 4.2 K - - p  ~ A K + K  - 

0.19 •  CORDEN 79 OMEG 12-15 ~ - p  
7r-+ ~ -  n 

<0,045 95 BARREIRO 77 HBC 4.15 K - p  ~ AKOsKO 

0.012 •  18pAWLICKI 77 SPEC 6 ~ r N ~  K + K - N  

<0.063 90 BRANDENB_. 76C ASPK 13 K - p  

K+ K-(A, 'L)  
<0.0086 18 BEUSCH 75B OSPK 8.9 ~r-p ~ KOKOn 

18 Assuming that the f~(1525) is produced by an one-pion exchange production mechanism. 

19 MARTIN 79 uses the PAWLICKI 77 data with different input value of the f~(1525) 
K K  branching ratio. 

r(~x)/r(KK--) r3/rl 
VALUE DOCUMENT /D TECN COMMENT 
0.0092-~0.0018 OUR FIT 

0.0"/5 4-0.0.~5 AUGUSTIN 87 DM2 J / ~  ~ . , / ~ + T r -  

r(..~)/r(KK--) r6/Q 
VALUE C L ~  DOCUMENT ID TEEN COMMENT 

�9 = �9 We do not use the following data for averages, fits, limits, etc. * �9 �9 

<0.41 95 AGUILAR-._ 72B HBC 3.9,4.6 K - p  
<0.3 67 AMMAR 67 HBC 

[r (K~'(B92) + c.c.) + r (~rK~]  Ir(K~t) (rs+rT)/q 
VALUE C L ~  DOCUMENT IO TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.35 95 AGUILAR-... 72B HBC 3.9,4.6 K - p  
<0.4 67 AMMAR 67 HBC 

r( .  +.+.-,-)/r(KK--) rs/q 
VALUE ~ DOCUMENT ID TECN COMMENT 

�9 �9 = We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<0.32 95 AGUILAR-... 72B HBC 3.9,4.6 K - p  

r(~)Ir~,, rdr 
VALUE DOCUMENT ID TECN COMMENT 

�9 �9 = We do not use the following data for averages, fits, l imits, etc. �9 �9 = 

0.10+0.03 20 pROKOSHKIN 91 GAM4 3 0 0 w - p ~  ~r-p~/~/ 

20 Combining results of GAM4 with those of WA76 on K K  central woduct ion and results 
of CBAL, MRK3 and DM2 on J / ~  ~ " y ~ .  

f~(1525) REFERENCES 

BARBERIS 99 PL B453 305 O. Barbeds et aL (Omega expE) 
BARKOV 99 JETPL 70 248 BIP. Barkov et aL 

Translated from ZETFP 70 242. 
ABREU 96C PL B379 309 P. Abreu er a/. (DELPHI Collab.} 
BAI 96C PRL 77 3959 J.Z. Bai et al. (BES ColPabJ 
ACCIARRI 95J PL B363 118 M. AcciarrT et al. (L3 Collab,) 
PROKOSHKIN 91 SPD 36 [55 Y.D. Prokoshkin (GAM2, GAM4 Collab.) 

Translated from DANS 316 900. 
ALBRECHT gOG ZPHY C4B 183 H, Albrecht et aL (ARGUS Collab.) 
PDG so PL B239 J.J. Hemandez et aL (IFIC, BAST, ClT+) 
BEHREND 8SC ZPHY C43 91 H J, Behrend et aL (CELLO Collab.) 
ASTON 88O NP B301 525 D. Aston er aL (SLAC, NAGO, CINC, INUS) 
AUGUSTIN 8a PRL 60 2238 J.E. Augustin et aL (DM2 Collab.) 
BERGER 88 ZPHY C37 329 C. Berger et aL (PLUTO Collab.) 
FALVARO 8e PR O38 2706 A, FaNard et ai, (CLER, FRAS, LALO+) 
AUGUSTIN 87 ZPHY C36 369 J.E. Augustln et aL {LALO. CLER, FRAS+) 
BALTRUSAIT.. 87 PR D35 2077 R,M. Balrrusaitis er aL (Mark In Collab.} 
AIHARA 86B PRL 57 404 H. Aihara et aL (TPC-2"7 Collab.) 
BOLONKIN B6 SJNP 43 776 B.V. Bolonkin et aL (ITEP) JP 

Translated from YAF 43 1211. 
LONGAERE 86 PL B177 223 R.S. Longacre et al. (BNL, BRAN, CUNY+} 
ALTHOFF B3 PL 121B 216 M. Althofr et aL (TASSO Co,lab.) 
ARMSTRONG 83B NP B224 193 T.A. Armstrong et al. (BARI, BIRM, CERN+) 
AGUILAR-... 8]B ZPHY CB 313 M. Aguilar-Benitez et al. (CERN, CDEF+) 
ALHARRAN 81 NP BI9] 26 S. AI-Harran et aL (BIRM, CERN, GLAS+} 
CHABAUD 8] APP B12 575 V. Chabaud et at. (CERN, CRAC, MPIM) 
COSTA... 80 NP B175 402 G. Costa de Beauregard et aL (eARl, BONN+) 
GORLICH 80 NP B174 16 L. Go~ich et aL (CRAC, MPIM. CERN+) 
CORDEN 79 NP B157 250 MJ. Corden ef aL (BIRM, RHEL TELA+) JP 
MARTIN 79 NP B158 520 A~D. Martlb, E.N. Ozmutlu (DURH) 
POLYCHRO... 79 PR D19 1317 V.A. Rolychronakos et aL (NDAM, ANL) 
BARREIRO 77 NP B121 237 F. Barreiro et al. (CERN. AMST, NIJM+) 
EVANGELISTA 77 NP B127 384 C. Evangelista et al. (eARl, BONN, CERN+ ) 
PAWLICKJ 77 PR D15 3196 A.J. PawGcki et aL (ANL)IJP 
BRANDENB,.. 76C NP B104 413 G.W. BrandeNburg er aL (SLAC) 
BEUSCH 75B PL 60B 101 W. Beusch et aL (CERN, ETH) 
AGUILAR-... T2B PR D6 29 M. Aguilar-Beeitez et aL (BNL) 
AMMAR 67 PRL 19 1071 R, Ammar et at. (NWES, ANL) JP 
BARNES 67 PRL 19 964 V.E. Batr-~ et aL (BNL, SYRA)IJPC 
CRENNELL 66 PRL 16 1025 DJ. Crennell ef at. (BNL)I 
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OTHER RELATED PAPERS 
ALBERICO 9B PL B43B 430 A. Alberico et aL (Obe6x Collab.) 
JENNI 83 PR D27 1031 . Jen~i et aL (SLAC, LBL) 
ARMSTRONG 82 PL 110B 77 T.A. Armstrong et aL (8ARI, BIRM, CERN+) 
ETKIN 82B PR D25 1786 A. Etkln et aL (BNL, E8NY, TUFTS, VAND) 
ABRAMS 67B PRL 18 620 G.S. Abrams et M. (UMD) 
BARNES 85 PRL 15 322 V.E. Barnes et at. (8NL, SYRA) 

�9 �9 �9 We do not use the following data for averages, fits, l imits, 

I G ( 1 5 6 5 )  I : + + 
OMITTED FROM SUMMARY TABLE 

Seen in ant inucleon-nucleon annih i la t ion at rest. See also min i rev iew 
under non -q~  candidates. (See the index for  the page number , )  
Needs conf i rmat ion .  

f2(1565) MASS 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

1.~1MI-1-17 OUR AVERAGE Error includes scale factor of  1.B. See the ideogram below. 

1 5 5 0 • 1 7 7  AMELIN  00 YES 37 ~ r - p  ~ e ~ r + ~ r - n  
1575 •  BERTIN 98 OBLX 0.05-0.405 #p  

~ + ~ r + ~ -  
1 5 0 7 •  1 BERTIN 97C OBLX 0.0 ~ p  ~ ~ + ~ - ~ 0  
1 5 6 5 •  MAY 90 ASTE 0.0 ~ p  ~ E + ~ - ~ 0  
�9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1598•177 9 BAKER 99B SPEC 0 ~p ~ ~'. ' r  0 

1 8 0 •  60 9 ABELE 96C RVUE 
142 10 AMSLER 95D CBAR 

263•  BALOSHIN 95 SPEC 

80 11 ANISOVICH 94 CBAR 166+- 20 

130• 10 12 A D A M O  93 OBLX 
1 4 8 •  27 13 ARMSTRONG 93C E760 
103• 15 13 ARMSTRONG 93D E760 
1 1 1 •  10 13 ARMSTRONG 93D E760 
206 14 WEIDENAUER 93 ASTE 
132•  37 1 3 A D A M O  92 OBLX 
120• 10 15 AKER 91 CBAR 
1 1 6 •  9 BRIDGES 86C DBC 

8 T-matr ix  pole. 

1534 •  2 ABELE 96C RVUE Compilation 
1552 3 AMSLER 95D CBAR 0.0 ~ p  ~ ~r0~r0~r 0, 

~0 ~ / ,  ~ 0 ~ 0 ~  

1 5 9 8 •  BALOSHIN 95 SPEC 4 0 ~ r - C ~  K O K O x  

1566_+850 4ANISOVICH 94 CBAR O.O~p~ 3.0,~/~r 0 

1502•  9 A D A M O  93 OBLX ~p  ~ ~ + ~ + ~ - -  
1488 •  5 ARMSTRONG 93C E760 ~ p  ~ ~0r/r/  ~ 63` 
1508•  10 S ARMSTRONG 93D E760 ~ p  ~ 3E 0 ~ 63` 
1 5 2 5 •  5 ARMSTRONG 93D E760 #p  ~ ~/~0~r0 ~ 63` 
1504 6 WEIDENAUER 93 ASTE 0.0 ~ N  ~ 3 E -  2~r + 
1540 •  5 A D A M O  92 OBLX ~ p ~  ~r+~r+~r - 
1515 •  T A K E R  91 CBAR 0 . 0 # p ~  3~r 0 
1477~ 5 BRIDGES 86C DBC 0 . 0 ~ N ~  3 ~ - 2 ~ r +  

1 T-mat r ix  polel 

etc. �9 �9 �9 

Compilation 
0.0 ~p  ~ ~r0~r0~r 0' 

~r0 r/r/, ~0 ~0~/ 
40 ~ r - C  ~ K O K O X  

0 .O~p  ~ 3~0,~F/~ o 

~p  ~ ~ + ~ + ~ -  

~ p  ._, ~0q~/ ~ 6"l 
~ p  -~ 3~r 0 ~ 63` 
PP ~ ~l~rO~t 0 ~ 6"1 

0.0 ~ N  ~ 3~r--2~r + 
t ip  ~ ~ + ~ t + ~ r -  
0.0 ~ p  ~ 3~ 0 

O.O'~N ~ 3"tr-2~r + 

f2(1565) DECAY MODES 

Mode Fraction ( r i / r )  

f2(1565) WIDTH 

VALUE (MeV) DOCUMENT ID TECN COMMENT 
1314- 14 OUR AVERAGE 
130•  2 0 •  AMELIN  O0 VES 37 ~ - - p  ~ ~l~r+~r--n 
119:E 24 BERTIN 98 OBLX 0.05-0,405 ~p  

~ + ~ + ~ -  
130:E 20 8 BERTIN 97C OBLX 0.0 ~p  ~ ~r + ~ - ~ r  0 
170 •  40 MAY 90 ASTE 0 . 0 ~ p ~  ~r+~r-~r 0 

r I 7mr seen 

F2 ~r + ;1"- seen 
i- 3 /r 0 ~-0 seen 

1-4 ,o 0 p0 seen 

F5 2 7 r + 2 ~  - seen 

1-6 r/F/ seen 

[-7 a 2 ( 1 3 2 0 )  7r not seen 

r 8 ~d ~ seen 

r(~f) /r~l  q/r  
f2(1565) BRANCHING RATIOS 

2T-mat r i x  pole, large coupling to p p  and ~ ,  could be f2(1640). 

3Coupled-channel analysis of  AMSLER 95B, AMSLER 95C, and AMSLER 94D. 
4 From a simultaneous analysis of  the annihilations ~ p  ~ 3~ 0 , ~0 T/r/ including AKER 91 

data. 
5 j P  not determined, could be partly f0(1500). 
6 j P  not determined. 
7Superseded by AMSLER 95B, 

VALUE DOCUMENT tO TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

seen BAKER 99B SPEC 0 ~ p  ~ ~ T r  0 

r ( -+ - - ) / r~ ,  r2/r 
VALUE DOCUMENT ID TECN COMMENT 

�9 * �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

seen BERTIN 98 OBLX 0.05-0.405 ~p  

not seen 16 ANISOVICH 94B RVUE ~p  ~ ~r + ~ -  ~0 
seen MAY 89 ASTE ~ p  ~ ~ +  7r -  ~0 

16ANISOVICH 94B is from a reanalysis of  MAY 90. 

r ( , + , - ) / r ( ~ )  r2/r4 
VALUE DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0 .042•  BRIDGES 86B DBC p N  ~ 3~-27r-- 

r(,%O)/r~,, r3/r 
VALUE DOCUMENT ID TEEN COMMENT 

seen AMSLER 95B CBAR 0.0 ~ p  ~ 3~r 0 

r(~)/r(~~ ~ rG/r3 
VALUE DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0 .024•177  17 ARMSTRONG 93c E760 ~p  ~ ~0r/~/ ~ 63' 

1 7 j P  not determined, could be partly f0( ]500) .  

r(~)/r~,, rdr 
VALUE DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

seen BAKER 99B SPEC 0 ~p  ~ ~)~Tr 0 

9T-mat r i x  pole, large coupling to pp and ~c~, could be f2(1640). 
10 Coupled-channel analysis of AMSLER 95B, AMSLER 95C, and AMSLER 94D. 
11 From a simultaneous analysis of  the annihilations ~ p  ~ 3~ 0 , ~0 ~ / inc lud ing  AKER 91 

data. 
12 Supersedes A D A M O  92. 
1 3 j P  not determined, could be partly f0(1500). 

14 j P  not determined. 
15Superseded by AMSLER 95B, 



See key on page 239 
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f2(1565), ~-z (1600), X(1600), a~(1640), f2(1640) 

6(1565) REFERENCES 

AMELIN 00 NP B668 81 D. Amel[n et aL 
BAKER 99B PL B467 147 C.A. Baker e( aL 
BERTIN 98 PR D57 55 A. Berlin et aL 
BERTIN 97C PL 8405 476 A. Bertin et al. 
ABELE 96C NP A6O9 562 A. Abele et aL 
AMSLER 95B PL B342 433 C. Amsler et aL 
AMSLER 95C PL B353 571 C. Amsler et aL 
AMSLER 95D PL 8355 425 C. Amsler et at. 
BALOSHIN 9S PAN 58 46 O.N. Balosh~n et aL 

Translated from YAF 58 50. 
AMSLER 94D PL 8333 277 C. Amsler et aL 
ANiSOVlCH 94 PL B323 233 V.V. A~iSovich et aL 
ANISOVICH 94B PR D50 1972 V.V. Anisovich et aL 
ADAMO 93 NP A558 13C A. Adamo et aL 
ARMSTRONG 93E PL B307 394 T.A. ArmstronK et aL 
ARMSTRONG 93D PL B307 399 T.A Armstrong et aL 
WEiDENAUER 93 ZPHY C59 387 P. Weidenauer et at. 
ADAMO 92 PL B287 368 A. Adamo et aL 
AKER 9t PL B260 249 E. Aker et at. 
MAY 90 ZPHY C46 203 B. May et at. 
MAY 89 PL 8225 450 B. May et aL 
BRIDGES 868 PRL 56 235 D.L Bridges et at. 
BRIDGES 86C PRL 57 1534 D.L. Bridges et aL 

(YES Collab.) 

(OBELIX Collab.) 
(OBELIX Collab.) 

(Crystal Barrel Collab,) 
(Crystal Barrel Collab.) 
(Crystal Barrel Collab.) 
(Crystal Barrel Collab,) 

(ITEP) 

(Crystal Barrel Collab.) 

(LOOM) 
(OBELIX Col[ab.) 

(FNAL, FERR, GENO+) 
(FNAL, FERR, GENO+) 

(ASTERIX CoUab.) 
(OBELIX Collab.) 

(Crystal Barrel Collab.) 
(ASTERIX Collab.) 
(ASTERIX Collab.) IJP 

(SYRA, CASE) 
(SYRA) 

OMITTED FROM SUMMARY TABLE 

VALUE (MeV) 

- -4l  

1 Natural parity exchange. 

~rt (1600) MASS 

DOCUMENT /D COMMENT 

1 ADAMS 98B 18.3 r - p  ~ ~ + ~ - ~ r ~ p  

VALUE (MeV) 

~ 4 -  ~o+lS[ 

2 Natural parity exchangB. 

~r1(1600 ) WIDTH 

DOCUMENT ID COMMENT 

2 A D A M S  98B 18.3 ~ - p  ~ ~ r + ~ r - ~ r - p  

�9 -z (1600) REFERENCES 

ADAMS 98B' PRL Bl 5760 G.S. Adams et al. (MPS Collab.) 

I X(1600) I ,G(~PC) = 2+(2 + +) 

OMITTED FROM SUMMARY TABLE 
Observed in the reaction 77 -~ PP near threshold. See also minire- 
view under non-q~ candidates. (See the index for the page number.) 

VALUE (MeV) 

1600• 

1 Our estimate. 

X(1600) MASS 

DOCUMENT ID TEEN 

1 ALBRECHT 91F ARG 

CHG COMMENT 

0 10.2 e §  - 
e +  e -  2(~r+ ~r - ) 

CHG COMMENT 

0 10.2 e + e-- 
e+ e-- 2(~r+ n - )  

X(1600) WIDTH 

VALUE (MeV} DOCUMENT ID TEEN 

4OO-I-20(I 2 ALBRECHT 91F ARG 

2 Our estimate. 

X(1600) REFERENCES 

ALBRECHT glF ZPHY C50 I H. Albrecht et al. 

OTHER RELATED PAPERS 

BAJC 96 ZPHY A356 187 B. Bajc et al. 
ALBRECHT 89M PL 8217 205 H. Albrecht et aL 
BEBREN[~ 890 PL B218 494 H.J, Behrend et al. 

(ARGUS Codab.) 

(ARGUS Collab.) 
(CELLO Collab.) 

I a1(1640) I : ,+<,++) 
OMITTED FROM SUMMARY TABLE 

Seen in the amplitude analysis of the 3~r 0 system produced in ~p -~ 
4~r O. Possibly seen in the study of the hadronic structure in decay 
~- --~ 31r~. r (ABREU 98G). Needs confirmation. 

a1(1640 ) MASS 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 

16404"124-30 1 BAKER 99 SPEC 1.94 ~p ~ 4~r 0 
�9 �9 i We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1670--90 BELLINI 85 SPEC 40 ~r-A 
7r - Tr + ~ r -  A 

1 Using prel iminary CBAR data. 

ai(1640) WIDTH 

VALUE IMeV) DOCUMENT ID TEEN COMMENT 

3004- 2:2-I-40 2 BAKER 99 SPEC 1.94 p p  ~ 4~ 0 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 * �9 

3004-100 BELLINi 85 SPEC 40 7r-A 

2 Using prel iminary CBAR data. 

a~(1640) DECAY MODES 

Mode 

r I f 2 ( 1 2 7 0 )  7r 

r 2 o ~  

at(1640) BRANCHING RATIOS 

r( f2(1270)lr) /r (c.r)  
VALUE DOCUMENT IO TEEN 

0.24::1::0.07 3 BAKER 99 SPEC 

3 Using preliminary CBAR data. 

COMMENT 

1.94 ~ p  ~ 4~ o 

n/r~ 

a~ (1640) REFERENCES 

BAKER 99 PL 8449 114 CA. Baker et al. 
ABREU 9BG PL B426 411 P. Abreu et al. 
BELLINI 85 G. Bellini et al. 

Translated from YAF 41 ]223. 

(DELPHI Collab.) 

I G(164~ I ,G<jPq : +) 
OMITTED FROM SUMMARY TABLE 

f2(1640) MASS 

VALUE (MeV) DOCUMENT tO TEEN COMMENT 

16384" 6 OUR AVERAGE Error includes scale factor of 1.2. 

16204-16 BUGG 95 MRK3 J/~b ~ " T x + ~ ' - T r + ~ r  - 

1647+  7 A D A M O  92 OBLX ~ p ~  37r+2~r - 

15904-30 BELADIDZE 92B VES 36 ~ r - p  ~ c#c~n 

1635•  7 ALDE 90 GAM2 3 8 ~ r - p ~  ~ w n  

�9 �9 �9 We do not use the following; data for averages, fits, l imits, etc. �9 �9 �9 

16434- 7 1 ALOE 89B GAM2 38 7 r - p  ~ ~ n  

1 Superseded by ALDE 90. 

f2(1640) WIDTH 

VALUE (MeV) CL.~_~ DOCUMENT ID TEEN COMMENT 

994"22~4 OUR AVERAGE Error includes scale factor of 2.1. See the ideogram below. 

1 a n + 6 0  BUGG 95 MRK3 J / t b  ~ 7 7 r + T r - ~ r + ~ r  - 
" ~ - 2 0  
58:E20 A D A M O  92 OBLX ~ p ~  3~r+2~ - 

100:E20 BELADIDZE 92B VES 36 ~ r - p  ~ ~c#n 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

< 70 90 ALDE 90 GAM2 38 ~ r - p  ~ ~ n  
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f2(1640), ~/2(1645), c~(1650) 

f~(1640) DECAY MODES 

Mode Fraction ( r i / r )  

r I ( ~  seen 

r 2 4 ~  seen 

f2(1640) REFERENCES 

BUGG 95 PL BSS3 378 D,V. Bu~ et al, {LOQM, PNPI, WASH)JP 
ADAMO 92 PL B287 368 A. Adamo et at. (OBELIX Collab,) 
BELADIDZE 92B ZPHY C54 367 G.M. Beladldze et at. (VES Collab,) 
ALDE 90 PL B241 600 D,M. Aide et al. (SERP, BELG, LANL, LAPP+) 
ALDE 89B PL B216 451 DM. Aide et aL (SERP~ BELG, LANL, LAPP+)IGJPC 

- -  OTHER RELATED PAPERS - -  
PROKOSHKIN 99 PAN 62 356 Yu.D. Prokoshkin et at. 

Translated from YAF 62 396. 

In2(1645) I ; § 
OMITTED FROM SUMMARY TABLE 

VALUE (MeV) 

1632• OUR AVERAGE 
1620• 

1645 •  • 15 

~(1645) MASS 

DOCUMENT ID TECN CHG COMMENT 

BARBERI5 97B OMEG 450 p p  

p p 2 ( ~ r +  ~r - )  

ADOMEIT  96 CBAR 0 1.94 ~ p  ~ fiS~ "0 

VALUE(MeV) 

180• 25 

15o+~• 

~(1645) WIDTH 

DOCUMENT IO TECN CHG COMMENT 

BARBERIS 97B OMEG 450 p p  

pp2(~r + x - )  

ADOMEIT  96 CBAR 0 1.94 ~ p  ~ fi3~r 0 

~(1645) DECAY MODES 

Mode Fraction (ri/r) 

r l  a2(1320)~r 
r2 KK~r 
r 3 K*K 
r 4 ~/~+ ~- not seen 

~(1645) BRANCHING RATIOS 

F(K'Rlr)/r(a2(1320).) r2/r~ 
VALUE DOCUMENT ID TECN COMMENT 

0.07 4"0.03 1 BARBERIS 97C OMEG 450 p p  ~ p p K K ~  

1 Using 2(~ + ~ - )  data from BARBERIS 97B, 

r(~,+,-)/r=,, rdr 
VALUE DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

not seen AMELIN 00 VES 37 ~r- p ~ ~pr + ~r-  n 

'r/2(1645) REFERENCES 

AMELIN O0 NP B668 83 D. Amelln et aL {VES Collab.) 
BARBERIS 97B PL B413 217 D. Barberis et aL (WAI02 Collab.) 
BARBERIS 97C PL B413 225 D. Barberis et aL {WAI02 Collab.) 
ADOMEtT 96 ZPHY C71 227 J, Adomeit et aL (Crystal Barrel Collab.) 

I (165o) I 
was ~(1600) I 

IG(j PC) = 0 - ( 1 - - )  

u(16S0) MASS 

VALUE (MeV) EVTS DOCUMENT ID TECN CHG COMMENT 

11649-1- 24 OUR AVERAGE Error includes scale factor of 2.3. 

1609• 20 315 1 ANTONELLI 92 DM2 1.34-2.4e + e -  
p~r 

1663• 12 435 2ANTONELLI  92 DM2 1.34-2.4e+e - 

�9 �9 * We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

1643• 14 3 ACHASOV 99E RVUE 0.75-1.80 I 
e + e  - 

18 ~n+190 4ACHASOV 98H RVUE e + e  - ~ I 
~ - 150 ~r + ~ _  ~r 0 

184 n+100  5ACHASOV 98H RVUE e + e  - ~ I 

17 Rn+170 6ACHASOV 98H RVUE e - - e -  ~ I 
" = -  300 K +  K _ 

~2100  7 ACHASOV 98H RVUE e + e -  ~ ~ r T K ~  K + I 

1600• 30 1 CLEGG 94 RVUE e + e - ~  pTr 
1607• 10 2CLEGG 94 RVUE e + e - ~  ~ 

1635• 35 gCLEGG 94 RVUE e + e - ~  pw 
1625• 21 8CLEGG 94 RVUE e + e - ~  ~Tr~r 
1670-- 20 ATKINSON 83B OMEG 20-70 ~'p 

3~rX 
1657• 13 CORDIER 81 DM1 e + e - ~  ~ 2 ~  
1679:: 34 21 ESPOSITO 80 FRAM e + e - ~  3~r 
1652• 17 COSME 79 OSPK 0 e + e - ~  3~r 

1 From a two Breit-Wigner f i t .  
2 From a single Breit-Wigner plus background fit. 
3Using the data of DOLINSKY 91, ANTONELLI 92, AKHMETSHIN 98, and I 

ACHASOV 99E. From a f i t  to two Breit-Wigner functions interfering between them and I 
with the ~,~b tails with fixed ( + , - , + )  phases. 

4Using data from BARKOV 87, DOLINSKY 91, and ANTONELLI 92. I 
5Using the data from ANTONELLI 92. I 6Using the data from IVANOV 81 and BISELLO 88B. 
7Using the data from BISELLO 91c. 
8 From a single Breit-Wigner fit. 

m(1650) WIDTH 

VALUE (MeV) EVT5 DOCUMENT /D TECN CHG COMMENT 

220+35 OUR AVERAGE Error includes scale factor of 1.6. 
159• 315 9 ANTONELLI 92 DM2 1.34-2.4e+ e - 

pT 
240 • 25 435 10 ANTONELLI 92 DM2 1,34-2.4e + e -  

�9 I �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 --~r~ 

272•  11 ACHASOV 99E RVUE 0.75-1,80 
e + e  - 

140• 9CLEGG 94 RVUE e + e  - ~ p~  
86--20 10CLEGG 94 RVUE e + e  - ~ ~ 

350: :80 12 CLEGG 94 RVUE e + e -  ~ p~  
401•  12CLEGG 94 RVUE e + e  - ~ ~TrTr 
160• ATKINSON 83B OMEG 20-70 'TP 

3~rX 
136• CORDIER 81 DM1 e + e  - ~ ~ 2 ~  

99•  21 ESPOSITO 80 FRAM e + e  - ~ 3~r 
42•  COSME 79 OSPK 0 e + e  - ~ 37r 

9 From a two Breit-Wigner fit. 
10 From a single Breit-Wigner plus background fit. 
11Using the data of DOLINSKY 91, ANTONELLI 92, AKHMETSHIN 98, and | 

ACHASOV 99E. From a fit to two Breit-Wigner functions interfering between them and I 
with the ~ , r  tails wi th fixed ( + , - , + )  phases. 

12 From a single Breit-Wigner fit. 



See key on page 239 

r DECAY MODES 

Mode Fraction (F i /F )  

F 1 pTr seen 

F 2 ~Tr~  seen 

F 3 e + e -  seen 

~(16s0) r(i)r(e + e-)/r(total) 
r(p.) x r(e+,-)/rto=, 
VALUE (eV} EVTS DOCUMENT ID TEEN 

1344-14 435 13 ANTONELLI 92 DM2 

459 

Meson Particle Listings 
ua(1650) ,  X ( 1650  ), a2 ( 1 6 6 0 )  

r i rdr 
COMMENT 

1.34-2.4e + e -  
hadrons 

�9 �9 �9 We do not use the fol lowing data fc( averages, fits, l imits, etc. �9 �9 �9 

27• 7 14 ACHASOV 99E RVUE 0.75-1.80 e + e -  ~ I 
7r+ 7r- 7r0 

93+27 315 ANTONELLI 92 DM2 1.34-2.4e+e - ~ pTr 
969:35 DONNACHIE 89 RVUE e + e  - ~ p~r 

13 Frorn a coupled f i t  ofpTr and u~r~r channels. 
14Using the data of DOLINSKY 91, ANTONELLI 92, AKHMETSHIN 9B, and | 

ACHASOV 99E. From a f i t  to two Breit-Wigner functions interfering between them and I 
with the u~,@ tails wi th fixed ( + , - , + )  phases. 

r(~rlr) x r(e+e-)/rt~l r2rdr 
VALUE (keY) EVT5 DOCUMENT ID TECN COMMENT 

1704-17 435 15 ANTONELLI 92 DM2 1.34-2.4e + e -  
hadrons 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

135--16 435 16ANTONELLI  92 DM2 1.34-2.4e+e - ~ o~TrTr 
56• DONNACHIE 89 RVUE e+e  - ~ ~2~r 

15 From a coupled fit ofpTr and ~ channels. 

16 From a single Breit-Wigner fit, 

~(1650) BRANCHING RATIOS 

r(p.)/r(~..) rdr~ 
VALUE DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

0.17:=0.05 17 ACHASOV 99E RVUE 0.75-1.80 e§ e -  ~ I 
~r+ ~r- ~r0 

17Using 'the data of DOLINSKY 91, ANTONELLI 92, AKHMETSHIN 98, and | 
ACHASOV 99E. From a fit to two Breit-Wiguer functions interfering between them and I 
with the ~ ,~  tails with fixed ( + , - - , + )  phases. 

ACHASOV 
ACHASOV 
AKHMETSHIN 
CLEGG 
ANTONELLI 
BISELLO 
DOLINSKY 
DONNACHIE 
BISELLO 
BARKOV 

ATKINSON 
CORDER 
IVANOV 
ESPOSITO 
COSME 

ABELE 
BELOZEROVA 

ACHASOV 

BOLINSKY 
ATKINSON 
ATKINSON 

~(1650) REFERENCES 

gSE PL B462 365 M,N. Achasov et al. (Novosiblrsk SND Collab,) 
gBH PR D57 4334 N.N. Achasov, A.A. Kozhevnikov 
9B PL B434 426 R.R. Akhmetsilin et aL 
94 ZPHY C62 455 A.B. Clegg, A. Donnachle (LANE, MCHS) 
g2 ZPHY C56 15 A, Antonelll et aL (DM2 Cotlab,) 
glC ZPHY Cs2 227 D. Bisello et aL (DM2 Collab,) 
91 PRPL 202 99 S,l. Dolinsky et aL (NOVO) 
89 ZPHY s 663 A. Donnachie, A.B. s (CERN, Ms 
88B ZPHY C39 t3 D. Bisello et aL (PADO, CLER. FRAS+) 
87 JETPL 46 164 L.M. Barkov et a/. (NOVO) 

Translated from ZETFP 46 132. 
B3B PL 127B 132 M, Atkinson et aL (BONN, CERN, BLAS+) 
81 PL 106B 155 A. Cordier et at. (ORSAY) 
81 PL ]07B 297 PIM. Ivanov et at, (NOVO) 
80 LNC 28 195 B. Esposito et at. (FRAS, NAPL, PADO+) 
79 NP B152 2t5 G. Cosme et aL (IPN) 

- -  OTHER RELATED PAPERS - -  

990 PL B468 J7B A. Abele et at. (Crystal Barrel Collab.) 
9B PPN 29 63 T.S. Belozerova, V.K. Henner 

Translated from FECAY 29 [48, 
97F 

91 
B? 
B4 

PAN Be 2029 NN. Achasov, A.A. Kozhevn[kov (NOVM) 
TransJated from YAF 60 2212. 
PRPL 202 99 S.I. Dolinsky et aL (NOVO) 
ZPHY C34 157 M, Atkinson et aL (BONN. CERN, GLAS+) 
NP B231 15 MI Atklnson et aL (BONN, CERN, GLAS+) 

I )1 ,,(pc):0(??) X(1650 j, P need confirmation. 

OMITTED FROM SUMMARY TABLE 
Observed in a study of the ~r/ effective mass distribution. Needs 
confirmation, 

VALUE (MeV) EVTS 

16524-7 100 

1 Supersedes SAMOILENKO 91. 

X(1650) MASS 

DOCUMENT ID TEEN CHG COMMENT 

1 PROKOSHKIN 96 GAM2 0 32,38 ~rp ~ ~T/zl 

VALUE (MeV) C L ~  

<50 90 
2Supersedes SAMOILENKO 91. 

X(1650) WIDTH 

DOCUMENT ID TEEN CHG COMMENT 

2 PROKOSHKIN 96 GAM2 0 32,38 7rp ~ c#r/n 

X(1650) DECAY MODES 

Mode Fraction (F i /F )  

r 1 ~7/ seen 

X(1650) REFERENCES 

PROKOSHKIN 96 SPD 41 247 YID. Prokoshkln, V,D, Samoilenko {SERP) 
Translated from DANS 348 481. 

SAMOILENKO 91 SPD 36 473 V.O. Samoilenko (SERP} 
Translated from DANS 3|8 1367. 

I a (1660) I , IF) : ,  

OMITTED FROM SUMMARY TABLE 

a2(1660) MASS 

VALUE (MeV) DOCUMENT IO TECN COMMENT 

16604-40 ABELE 99B CBAR 1.94 ~ p  ~ 7r0~/T/ 

a2(1660) WIDTH 

VALUE (MeV} DOCUMENT ID TEEN COMMENT 

2804-70 ABELE 99B CBAR 1.94 p p  ~ ~rOrlTI 

a2(1660) DECAY MODES 

Mode Fraction (F i /F )  

I-1 rt;r seen 

a2(1660 ) REFERENCES 

ABELE 99B EPJ CB 67 A. Abele et 3L (Crystal Barrel Collab.) 
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u:~(1670), m-2(1670) 

I- (167o)1 I G ( j  P C )  = 0 - ( 3 - - )  

~ ( 1 6 7 0 )  M A S S  

VALUE (MeV) EVTS DOCUMENT ID TEEN COMMENT 
1667 4- 4 OUR AVERAGE 
16653+ 5.2•  23400 AMELIN 96 VES 
1685 4-20 60 BAUBILLIER 79 HBC 
1673 •  430 1,2 BALTAY 78E HBC 
I650 +12 CORDEN 78B OMEG 
1669 •  600 2 WAGNER 75 HBC 
1678 •  500 DIAZ 74 DBC 
1660 •  200 DIAZ 74 DBC 
1679 •  200 MATTHEWS 71D DBC 
1670 •  KENYON 69 DBC 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, 

1700 110 1 EERRADA 77B HBC 

1698 •  BARNES 69B HBC 
1636 •  ARMENISE 68B DBC 

1 Phase rotation seen for JP - 3 -  p~r wave. 
2From a f i t  to I ( J P }  = 0 ( 3 - )  p~  partial wave. 

36 ~r--p ~ l r+~r--~rOn 

8.2 K - p  backward 
15 ~ + p  ~ z),3x 

8-12 x - - p  ~ N3~T 
7 ~ + p  ~ ~ + + 3 ~ r  
6 �9 + n ~ p3~ 0 
6 ~r+ n ~ p~rO~r 0 
7.0 ~r + n ~ p3~ 0 
8 ~r + n ~ p3~r 0 

etc. �9 �9 �9 

4.2 K - - p  ~ A3~r 
4.6 K - - p  ~ o)2~rX 
5.1 ~r + n ~ p3~ 0 

u ~ ( 1 6 7 0 )  W I D T H  

VALUE (MeV) EVTS DOCUMENT ID TEEN COMMENT 
168-1-10 OUR AVERAGE 
1 4 9 • 1 7 7  23400 AMELIN 96 VES 36 ~ r - p  ~ ~r+~r--~rOn 

160• 60 3 BAUBILLIER 79 HBC 8.2 K - p  backward 
1734-16 430 4,5 BALTAY 78E HBC 15 ~r+p ~ A3~- 

253• CORDEN 788 OMEG 8-12 ~ r - p  ~ N3~ 
173• 600 3,5 WAGNER 75 HBC 7 ~r+p  ~ z~++3~r 
1674-40 500 DIAZ 74 DBC 6 ~r+n ~ p3~r 0 
122• 200 DIAZ 74 DBC 6 ~r+n ~ p~ rO~r  0 

155"-40 200 3 MATTHEWS 71D DBC 7.0 ~r + n ~ p3~ 0 
�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

90•  BARNES 699 HBC 4.6 K - p  ~ u~2~ 

100• KENYON 69 DBC 8 ~r--n ~ p3~ 0 
112• ARMENtSE 689 DBC 5.1 ~r+n ~ p3~r 0 

3Width errors enlarged by us to 4 r / . v ~ ;  see the note wi th the K*(892) mass, 
4phase rotation seen for JP = 3 -  p~r wave. 
5From a f i t  to I ( J  P )  = 0 ( 3 - )  p~r partial wave. 

(,33(1670) D E C A Y  M O D E S  

Mode Fraction ( r i / r )  

r I p~r seen 

r2 ~ 11-,a- seen 

r3  b1 (1235 )  ~r possibly seen 

~3(1670) BRANCHING RATIOS 

r(~rr)/r(p.) r~/r l  
VALUE EVTS DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 

0.71• 100 DIAZ 74 DBE 6 ~ + n  ~ pS~r 0 

r(~o~3s),)/r(~.) r~/r~ 
VALUE DOCUMENT ID TEEN COMMENT 

possibly seen DIAZ 74 DBC 6 ~ + n  ~ p5~r 0 

r(b~(1235)x)/r(~..) r~/r~ 
VALUE CL~ DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

>0.75 68 BAUBILLIER 79 HBC 8.2 K - p  backward 

~ 3 ( 1 6 7 0 }  R E F E R E N C E S  

AMEUN 96 ZPHY C7O 7t D.V. Amelill et al. (SERP, TBIL) 
BAUBILLIER 79 PL 89B I31 M. Baubillier et aL (BIRM, CERN, GLAS+) 
BALTAY 78E PRL 40 87 C. Baltay, C.V. Eautis, M. Kalelkar (COLU) JP 
CORDEN 78B NP 9138 235 MJ. Corden el aL (BIRM, RHEL, TELA+) 
CERRADA 77B NP B126 241 M. Cerrada et al. (AMST, CERN, NIJM+)JP 
WAGNER 75 PL 58B 201 F. WaKner, M. Tabak, D.M. Chew (LBL) JP 
DIAZ 14 PRL 32 260 J. Diaz et 31. (CASE, CMU) 
MATTHEWS 71D PR DS 2561 J.A.J. Matthews et aL (TNTO, WISE) 
BARNES 69B PRL 23 142 V.E. 9arlles et aL (BNL) 
KENYON 69 PRL 23 146 LR. Kenyon et aL (BNL, UCND, ORNL) 
ARMENISE 688 PL 268 336 N. Armenise et at. (BARI, BGNA, FIRZ+) 

- -  O T H E R  R E L A T E D  P A P E R S  - -  

MATTHEWS 7[ LNC 1 361 J.A.J. Matthews et at. (TNTO, WISE) 
ARMENISE 70 LNC 4 199 N. Armenise et aL (BARI, BGNA, FIRZ) 

1 :(167o)1 IG(j  PC) = 1 - ( 2 - + )  

~r2(1670) M A S S  

VALUE (MeV) E V T S  DOCUMENT ID TEEN CHG COMMENT 

1670 4-20 OUR ESTIMATE This is only an educated guess; the error given is larger 
than the error on the average of the published values. 

1672.04- 3.5 OUR AVERAGE Error includes scale factor of 1.5. See the ideogram below. 

1687 • 9 •  AMELIN 99 VES 37 ~r--A ~ I 
~ -  ~ 0 A *  

1669 • 4 BARBERIS 98B 450 pp ~ PfP~Ps I 
1670 • 4 BARBERIS 989 450 pp I 

Pf  f2(1270) 7rp s 
1730 •  1 AMELIN 959 VES 36 ~r- A 

7r + ~r - Tr-  A 
1690 •  2 BERDNIKOV 94 VES 37 ~ - - A  

K +  K - ~ r - A  
1710 •  700 ANTIPOV 87 SlGM - 50 ~- -Cu 

# + # - T r -  Cu 
1676 • 6 2EVANGELISTA81 OMEG - 1 2 7 r - p ~  3~rp 
1657 4-14 2,3 DAUM 800 SPEC - 63-94 ~rp ~ 3~rX 
1662 •  2000 2BALTAY 77 HBC + 1 5 ~ r + p ~  p3~r 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

1742 •  •  ANTREASYAN 90 CBAL e + e -  
e + e -  7r 0 ~0 ~r0 

1624 4-21 4 BELLINI 85 SPEC 40 ~ - A  ~ I 
~ : -  Tr + Tr -  A 

1622 •  5 BELLINI 85 SPEE 40 ~ r - A  ~ I 
~r -  ~r + Tr -  A 

1693 •  6 BELLINI 85 SPEC 40 ~ r - A  ~ I 
~- -~ r+  ~r-- A 

1710 •  7 DAUM 81B SPEC - 63,94 7 r - p  
1660 •  2ASCOLI 73 HBC - 5 - 2 5 ~ r - p ~  pTr 2 

1 From a f i t  to j P C  = 2 - + f2(1270) ~r, f0(1370) 7r waves. 

2From a f i t  to JP = 2-S-wave f2(1270)~r partial wave. 

3 Clear phase rotation seen in 2 - 5 ,  2- ,0 ,  2 - D  waves. We quote central value and spread 
of single-resonance fits to three channels. 

4From f2(1270)';'r decay. I 

5From p~" decay, I 6From ~ decay. 

7From a two-resonance fit to four 2 - 0  + waves. This should not be averaged with all the 
single resonance fits. 

WEIGHTED AVERAGE 
1672.0~3.5 (Error scaled by 1.5) 

P--- . . . . . . . . . .  AMELIN 99 VES 0.7 
. . . . . . . . . . . . .  BARBERIS 98B 0.6 
. . . . . . . . . . . . .  BARBERIS 98B 0.2 

I . . . .  AMEUN 95B VES 8.4 
" { - -  . . . . . . . . . .  BERDNIKOV 94 VES 1.6 

I . . . . . . .  ANTIPOV 87 SIGM 3.6 
. . . . . . . . . . . . .  EVANGEtlBTA81 OMEG 0.4 
. . . . . . . . . . . . .  DAUM 80D BPEC 1.1 
. . . . . . . . . . . . .  BALTAY 77 HBC 1.0 

17.8 

1600 1650 1700 1750 1800 1850 

~r2(1670 ) mass (MeV)  

VALUE IMeV) EVTS 

2594- 11 OUR AVERAGE 
188+ 43:553 

268+ 15 
256•  15 

310•  20 

190•  50 

170•  80 700 

260•  20 
219•  20 
285•  60 2000 

~r2(1670 ) W I D T H  

DOCUMENT ID TEEN CHG COMMENT 

Error includes scale factor of 1.5. See the ideogram below. 

AMELIN 99 VES 37 I r - A  ~ I 
~ -  7r0A* 

BARBERIS 98B 450 p p ~ P f  P~" Ps I 
BARBERIS 98B 450 p p  I 

Pf f2(1270) ;Tp s 
8 AMELIN 95B VES 36 ~ - A  

7r + Tr - Tr -  A 
9 BERDNIKOV 94 VES 37 7 r - A  

K +  K - I r - A  
ANTIPOV 87 SlGM - 50 ~r -Cu 

# + # -  7r- Cu 
9EVANGELISTA81 OMEG - 1 2 ~ r - p ~  31rp 

9'10DAUM 80oSPEC - 63-94~'p~ 3~X 
9 BALTAY 77 HBC + 15 J r+p  ~ p37r 
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�9 �9 �9 We do not use the following data for averages, fits, limits, etc, �9 �9 �9 

236• 494-36 ANTREASYAN 90 CBAL e + e -  
e + e-- ~0 ~r 0 ~0 

304• 22 11 BELLINI 85 SPEC 40 ~r- A ~ I 
~ - ~ + ~ - A  

404• 12 BELLINI 85 SPEC 40 7r-A ~ I 
~ - ~ + ~ - A  

330• 90 13 BELLINI 85 SPEC 40 ~-- A ~ I 
~ - ~ + ~ - A  

312• 50 14 DAUM 81B 5PEC - 63,94 ~ -  p 
270• 60 9ASCOLI 73 HBC 5 - 2 5 ~ r - p ~  P~2 

8From a fit to j P C  = 2 - + f2(1270)~, f0(1370)~ waves. 

9From a fit to JP = 2 -  f2(1270)~r partial wave. 

10Clear phase rotation seen in 2 -S ,  2 - P ,  2 - D  waves. We quote central value and spread 
of single-resonance fits tO three channels. 

11 From f2(1270) ~ decay. I 
12From p~ decay. I 13 From u~ decay. 
14 From a two-resonance fit to four 2 - 0  + waves, This should not be averaged with all the 

single resonance fits. 

~r2(1670 ) DECAY MODES 

Mode Fraction ( r i / I - )  Confidence level 

r ]  3~r (95.B+ LA) % 
r 2 f2(1270) ~r (56.2 • 3.2) % 
r 3 p;r (31 •  ) % 

r 4 (z~ (13 •  ) % 
r 5 f0(1370)~r (8.7• % 
r 6 K K * ( 8 9 2 ) +  c.c. ( 4 . 2 •  % 

F? uPp ( 2 . 7 •  % 

r B ")'~' 
r 9 ~/;T 

r io :,r • 2~r + 2~r-  
Fl i  p(1450)~ < 3.6 x 10 -3 
F12 b1(1235);'r < 1.9 x 10 -3 

97.7% 

97.7% 

C O N S T R A I N E D  F I T  I N F O R M A T I O N  

An overall f i t  to 4 branching ratios uses 6 measurements and one 

constraint to determine 4 parameters. The overall f i t  has a X 2 = 
1.9 for 3 degrees of freedom. 

The following of f -d iagonal  array elements are the correlation coefficients 

1 6 x i 6 x j ) / ( 6 x s  in percent, from the fit to the branching fractions, x i _-- 

r~ / r to ta  I. The f i t  constrains the x~ whose labels appear in this array to sum to 
one. 

x 3 - 5 3  

x 5 - 2 9  - 5 9  

x 6 - 8  -21 - 9  

x2 x3 x5 
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7r2(1670)  

1r2(1670 ) PARTIAL WIDTHS 

VALUE IkeV) CL.__~..~/~ DOCUMENT /D TEEN CHG COMMENT 

<0.072 90 15 ACCIARRI 97T L3 e + e -  
e+ e -  ~ + ~ -  lr0 

<0.19 90 15 ALBRECHT 97B ARG e+e  - 
e+ e -E+~ t - -T rO 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1.41 •177 ANTREASYANg0 CBAL 0 e+e  - 
e + e-- ~0 ~0 ~0 

0.8 • •  16BEHREND 90C CELL 0 e+e - 
e+ e-~:+~-TrO 

1.3 •  •  ]7BEHREND 90c CELL 0 e+e  - 
e+ e -  ~+  ~ -  ~-0 

15 Decaying into f2(1270)lr and p~T. 

16 Constructive interference between f2(127U}~T,p~ and background, 
17 incoherent Ansatz, 

rO,)/r~= 
VALUE 
0.9584"0,014 OUR FIT 

r(p~)lr(x*x+ x -) 
VALUE 

0.294"0.04 OUR FIT 

0.2g :1:0.05 

~r2(1670 ) BRANCHING RATIOS 

rdr = (r=+rs+rs)/r 
DOCUMENT 10 

�89 r3/(o.s67r2+ �89 
DOCUMENT/D TEEN CHG COMMENT 

18 DAUM 81B SPEC 63,94 ~ - p  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.3 BARTSCH 68 HBC + 8 ~ r + p ~  3~p 

18 From a two-resonance fit to four 2 - 0  4 waves. 

r (f2(1270)~r)/r(~r• x+ x - ) o.567r2/(o.567r2+ �89 
(With f2(1270) ~ ~ + , - - . )  

VALUE DOCUMENT ID TEEN CHG COMMENT 
0.604=E0.03S OUR FIT 
0.60 •  OUR AVERAGE Error includes scale factor of 1.3. See the ideogram below. 

0.61 +0.04 19 DAUM 81B SPEC 63,94 7r--p 

0.76 40.24 ARMENISE 69 DBC + 5.1 E+ d ~ d3E -0 .34  
0.35 • BALTAY 68 HBC + 7-8.5 x §  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.59 BARTSCH 6g HBC + 8 ~ + p  ~ 3~p 

19 From a two-resonance fit to four 2 - 0  4 waves. 

r(p,)/r(60270),) rs/o.s64r2 
(With ~ ( 1 2 7 0 ) ~  ~ + ~ - . )  

VALUE DOCUMENTID COMMENT 

1.01:t:0.05 BARBERIS 98B 450 p p  ~ p f ~ + w - -  ~Op s 

r(~,) /r( ,  ~ .+ , - )  rd(0.s67r=+�89 
(All ~/decays.) 

VALUE DOCUMENT ID TECN CHG COMMENT 

<0.09 BALTAY 68 HBC + 7-8.5 7r + p 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 i 

<0.10 CRENNELL 70 HBC 6 ~ - p  
f 2 ~ -  N 
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~r2(1670), q~(1680) 
r ( , *2~+2, - ) / r ( , * ,+ , - )  r~o/(o.sszr=+�89 
VALUE DOCUMENT ID TEEN CHG COMMENT 

<0.10 CRENNELL 70 HBE - 6 ~ - p  

~2,-N 
<0.1 BALTAY 68 HBC + 7,8.5 ~ + p  

r@(z~0),llr,o~, rz~/r 
VALUE ~ DOCUMENT ID TEEN COMMENT 

<O.0(L~6 97.7 AMELIN 99 VES 37 ~ r - A  ~ ~ r - ~ r 0 A  * I 

r(b~02~s)~)Irto~, rz21r 
VALUE CL ~/~ DOCUMENT /D TEEN COMMENT 

<0.00119 97.7 AMELIN 99 VES 37 x -  A ~ ~ x -  ~ 0 A *  I 

I-(fo(1370),)/1" ( , + , + ,  - ) 0.624rs/(o.567r2+ �89 
(With f0(1370) ~ ~r+~r-.) 

VALUE DOCUMENT/D TEEN COMMENT 
0.104-0.04 OUR FIT 
0.1.04-0.05 20 DAUM 81B SPEC 63,94 ~r- p 

20 From a two-resonance fit to four 2 - 0  + waves. 

I - ( K ~ * ( 8 9 2 )  + c , c . ) l r ( f 2 ( 1 2 7 0 ) x )  r d r 2  
VALUE DOCUMENT ID TEEN CHG COMMENT 
0.075:1:0,025 OUR FIT 

0.075=t:0.025 21 ARMSTRONG 82B OMEG - 16 ~r--p 
K + K - x - p  

21 From a partial-wave analysis of K + K -  ~ -  system. 

r(~p)/r~, r?/r 
VALUE DOCUMENT [D TEEN COMMENT 

0.027.I.0.004-1.0.010 23 AMELIN 99 VES 37 ~r- A ~ ~ T r -  7r 0A  �9 I 

r(,,.)/r(f2(127O)~r) 1"4/I-2 
VALUE DOCUMENT ID TEEN COMMENT 

0.244-0.10 24,25 BAKER 99 SPEC 1.94 ~ p  ~ 4~r 0 

D-wave/S-wave R A T I O  F O R  ~ 2 ( 1 6 7 0 )  --~ t~(1270)~r  
VALUE DOCUMENT ID TEEN COMMENT 

_0.18.1.O.0G 24 BAKER 99 SPEC 1.94 ~ p  ~ 4~ 0 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.224-0.10 22 DAUM 81B SPEC 63,94 ~r- p 

22 From a two-resonance f i t  to four 2 - 0  + waves. 

23 Normalized to the B(~r2(1670 ) ~ f2~). 

24 Using preliminary CBAR data. 
25With the ~ r  in L=2 and the f2(1270)~r in L=0.  

AMEUN 99 

BAKER 99 
BARBERIS 98B 
ACCIARRI 97T 
ALBRECHT 97B 
AMELIN 95B 
BERDNIKOV 94 
ANTREASYAN 90 
BEHREND 90C 
ANTIPOV B7 
BELUNI B5 

ARMSTRONG 82B 
DAUM 81B 
EVANGELISTA 81 

MSo BIB 
DAUM 80D 
BALTAY 77 
ASCOLI 73 
CRENNELL 70 
ARMENISE 69 
BALTAY 68 
BARTSCH 68 

X2 (1670  ) R E F E R E N C E S  

PAN 62 445 D.V. Amelin et al. (VES Eollab.) 
Translated from YAF 62 487. 
PL 0449 114 C.A. Baker et at. 
PL 8422 399 D. Barberis et aL (WA]02 Eollab.) 
PL B413 147 M. Acciarri et at. (L3 Collab.) 
ZPHY C74 469 H. Albrecht et aL (ARGUS Eollab.) 
PL B356 595 D.V. Amelin et aL (SERP, TBIL) 
PL B337 219 E.B. Berdnikov eL aL (SERP, TBIL) 
ZPHY C48 561 D. Antreasyan et at. (Crystal Ball Collab.) 
ZPHY C46 583 HJ. Behrend et al. (CELLO Collab.) 
EPL 4 403 Y.M. Antipov et al. (SERP, JINR, INRM+) 

G. Bellini et at. 
Translated from YAF 41 1223. 
NP B202 t T.A. Armstrong, B. Baccari (AACH3, BARI, BONN+) 
NP B182 269 C. Daum et al. (AMST, CERN, s MPIM+) 
NP B178 t97 C. Evangelista et aL (BARI, BONN, EERN+) 
NP B186 594 C, Evangelista 
PL 89B 285 E, Daum et al. (AMST, CERN. CRAC, MPIM+)JP 
PRL 39 591 C, Baltay. C.V. Cautis, M, Kalelkar (COLU)JP 
PR D7 669 G. Ascoli (ILL, TNTO, GENO, HAMB, MILA+)JP 
PRL 24 781 DJ. Crennell et aL (BNL) 
LNC 2 501 N. Armenise et al. (BARI, BGNA, FIRZ) 
PRL 20 887 C. Baltay et aL (COL~J, ROCH, RUTG, YALE) I 
NP B7 345 J. Bartsch eL at. (AACH. BERL. CERN)JP 

- -  O T H E R  R E L A T E D  P A P E R S  

ZAIMIDOROGA99 PAN 30 ] O.A. Zaimidoroga 
Translated from SJPN 30 S. 

ABELE 96 PL B380 453 A. Abele et aL 
EHEN BSB PR D2B 2304 T.Y. Chert eL aL 
LEEDOM 83 PR D27 1426 LD. Leedom et aL 
BELLINI B2B NP BI99 ] G. Bellini eL aL 
DAUM 81B NP Bt82 269 E. Daum et aL 
PERNEGR 78 NP B134 436 J. Pemegr et ah 
FOCACCI 66 PRL 17 8g0 M.N. Focaccl et aL 
LEVRAT 66 PL 22 714 B. Levrat et aL 
VETLITSKY 66 PL 2t 579 I.A. Vetlitsky et at. 
FORINO 65B PL 19 68 A. Fo~ino et aL 

I ( 080)I 

e + e  - PRODUCTION 
VALUE (MeV) EVTS 

16804"20 OUR ESTIMATE 
16814- 0 OUR AVERAGE 
17004- 20 

1657• 367 

1680• 

I G ( j  P C )  = 0 - ( 1 - - )  

~(1680) MASS 

DOCUMENT ID TEEN COMMENT 

1CLEGG 94 RVUE e +  e - ~ K +  K - ,  
KO K ~  

BISELLO 91c DM2 e + e  - ~ K O K •  q: 

2 BUON 82 DM1 e + e -  ~ hadrons 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 * 

~1500 3ACHASOV 98H RVUE e + e -  ~ 7r+Tr-~rO, I 
~Tr+ ir--, K+  K - 

1900 4 ACHASOV 98H RVUE e + e-- ~ K O K- -  7rT I 

1655• 5BISELLO 88B DM2 e + e  - ~ K + K  - 

1677• 6 MANE 82 DM1 e + e  - ~ KOsKTr 

P H O T O P R O D U C T I O N  
VALUE (MeV) DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 * �9 

1726• BUSENITZ 89 TPS ~fp ~ K + K - X  
17604-20 ATKINSON 85c OMEG 20-70 ~ p  ~ K ' K X  
1690• ASTON 81F OMEG 25-70 "yp ~ K + K - X  

1 Using BISELLO 88B and MANE 82 data. 
2 From global f i t  of p, ~ , . ~  and their radial excitations to channels ~ +  ~- - ,  K + K - ,  

K 0 K 0 K 0 K4-~ :F Assume mass 1570 MeV and width 510 MeV for p radial excita- 
5 L '  5 

tions, mass 1570 and width 500 MeV for ~ radial excitation. 
3Using data from IVANOV 81, BARKOV 87, BISELLO 88B, DOLINSKY 91, and AN- I 

TONELLI 92, 
4Using the data from BISELLO 91c. I 
5From global f i t  including p, ~,, ~ and p(1700) assume mass 1570 MeV and width 510 

MeV for p radial excitation. 
6 Fit to one channel only, neglecting interference wi th ~,  p(1700). 

146• 367 

207•  
185•  
102•  

P H O T O P R O D U C T I O N  
VALUE (MeV) 

@(1680) WIDTH 

e + e -  P R O D U C T I O N  
VALUE (MeV) EVTS DOCUMENT ID TEEN COMMENT 

1504-50 OUR ESTIMATE This is only an educated guess; the error given is larger than 
the error on the average of the published values. 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

300• 7CLEGG 94 RVUE e+  e - ~ K +  K - ,  

KOs K x 

BISELLO 91C DM2 e+  e - ~ KO K •  T 

8 BISELLO 8BB DM2 e + e -  ~ K + K -  
9 BUON 82 DM1 e + e -  ~ hadrons 

10MANE 82 DM1 e + e  - ~ KOsK~r 

DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 * �9 

121• BUSENITZ 89 TPS " /p  ~ K + K - X  
80•  ATKINSON 85C OMEG 20-70"yp ~ K K X  

100• ASTON 81F OMEG 25-70 3"P ~ K + K - X  

7 Using BISELLO 88B and MANE 82 data. 
8From global f i t  including p, c~, ~ and p(1700) 

9 From global fit of p, ~,  @ and their radial excitations to channels ~ r  + ~r- ,  K + K - ,  
K s K L  , 0  0 K 0 K • 7r ~:. Assume mass 1570 MeV and width 510 MeV for p radial excita- 
tions, mass 1570 and width 500 MeV for ~ radial excitation. 

10 Fit to one channel only, neglecting interference wi th ~, p(1700). 

~ ( 1 ~ 0 )  D E C A Y  M O D E S  

Mode Fraction (F i /F )  

(Crystal Barre= Co,ab.) F 1 K K * ( 8 9 2 ) +  C.C. dominant 
(ARIZ. FNAL FLOR, NDAM+) F 2 K0e K~r seen 

(PURD, TNTO) o 
(CERN, MILA, JINR+) F 3 K K seen 

(AMST, CERN, CRAC, MPIM+) 
(ETH, CERN, LOIC+) I- 4 e + e -  seen 

(CERN) F S Cd ~r 7r not seen 

(ITEP) r 6 K + K -  ~0  
(BGNA. BARI, FIRZ, ORSAY+) 



See key on page 239 

@(1680) r(i)r(e + e-)/F(total) 
This combination of a partial width with the partial width into e + e -  
and with the total  width is obtained from the integrated cross section into 
channel (I) in e + e -  annihilation. We list only data that have not been 
used to determine the partial width r ( I )  Or the branching ratio r ( I ) / to taL  

F(K~*(892)+c.c.) x r(e+e-)/r~o~u rzr41r 
VALUE (keV) E V T S  DOCUMENT IO TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.48• 357 BISELLO 91c DM2 e +  e - ~ KD K •  :F .) 

~1680) BRANCHING RATIOS 

F(K~*(892)+ c.c.)/r(K~ K~) r l / r2 
VALUE DOCUMENT IO TECN COMMENT 

dominant MANE 82 DM1 e +  e - ~ KOs K •  ~r:F 

r(KN/r(K~'(~92)+ c.~.) r d q  
VALUE DOCUMENT ID TEEN COMMENT 

0.07 ~0.01 BUON 82 DM1 e + e -  

r(~r~)lr(K~*(B92)+ c.c.) rs/r~ 
VALUE DOCUMENT ID TEEN COMMENT 

<0.10 BUON 82 DM1 e + e-- 

ACHASOV 
CLEGG 
ANTONELLI 
BISELLO 
DOLFNSKY 
BUSENITZ 
BISELLO 
BARKOV 

ATKINSON 
BUON 
MANE 
ASTON 
IVANOV 

ABELE 
ACHASOV 

ATKINSON 
ATKINSON 
ATKINSON 
ATKINSON 
CORDER 
MANE 
ASTON 

Ip,(  9o)l 

@(1680) REFERENCES 

98H PR D57 4334 N.N. Achasov, A.A. Kozhevnikov 
94 ZPHY C62 455 AB. Cle~, A. Donnachie (LANE, MCHS) 
92 ZPHY C56 15 A. Antonelll et aL (OM2 Col[ab.) 
91E ZPHY C52 227 D. Bisello et aL (DM2 Collab.) 
91 PRPL 202 99 S.I. Dolinsky et af. {NOVO) 
89 PR D40 1 J.K. Busenffz et aL (ILL. FNAL) 
BBB ZPHY CSS 13 D. Bisello et al. (PADO, CLER, FRAS+) 
87 JETPL 46 164 L M  Barkov et aL (NOVO) 

Translated from ZETFP 46 132. 
BSC ZPHY E27 233 M. AtkinSon et al. (BONN. EERN. GLA$+) 
82 PC tIaB 221 J, Buo~ et aL (LALO. MONP) 
82 PL II2B 178 F. Mane et 3L (LALO) 
81F PL I048 231 D, Aston (BONN, EERN, EPOL, GLAS, LANE+) 
BL PL 107B 297 P.M. Ivanov et aL (NOVO) 

OTHER RELATED PAPERS 
99D PL B468 178 A. Abele et aL {C~tal Barye] Eollab.) 
97F PAN 60 2029 NN, Achasov, A.A. Kozhevnikov (NOVM) 

Translated from YAF 60 2212. 
86C ZPHY ES0 54! M. Atkirson et at. (BONN, CERN, GLAS+) 
84 NP 8231 15 M. Atkinson et aL (BONN, CEBN. GLAS+) 
84B NP 8231 1 M. Atkinson et aL (BONN, CERN, GLAS+) 
83C NP 8229 269 M. Atkinson et aL iBONN, CERN, GLAS+) 
81 PL I068 155 A. Cordier et at. (ORSAY) 
81 PL 99B 251 F. Mane el al. (ORSAY) 
80F NP 8174 269 D. Aston (BONN, EERN, EPOL, GLA5, LANE+) 

IIII 

IG(jPC) = 1+(3 - - )  

p3(1690} MASS 

VALU E (MeV) DOCUMENT I0 
1691 ::1:5 OUR E S T I M A T E  This is only an educated guess; the error given is larger 

than the error on the average of the published values. 
1688.8-+-2.1 OUR AVERAGE Includes data from the 5 datablocks that follow this one. 

2~r MODE 
VALUE (MeV) EVT~ DOCUMENT ID TEEN CHG COMMENT 
The data in this block is included in the average printed for a previous datablock. 

16864- 4 O U R  AVERAGE 

1677• 
1679• 476 

1678• 175 

1690• 7 600 

1693• 8 

EVANGELISTA 81 OMEG - 12 ~r- p ~ 2~'p 
BALTAY 7gB HBC 0 15 z r + p  

1 ANTIPOV 77 CIBS O 25 ~ ' - p  ~ p3~ 
1 ENGLER 74 DBC O 6 ~ +  n 

~ + ~ - p  

2 GRAYER 74 ASPK 0 17 ~ -  p 

1678• MATTHEWS 71C OBC 0 7 ~'+ N 
�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 = = 

1734• 3 CORDEN 79 OMEG 12-15 ~ -  p 
n2~ 

1692-}-12 2,4 ESTABROOKS 75 RVUE 17 ~T- p 
~ + ~ - - n  

1737• ARMENISE 7D DBC O 9 :'r + N 
1650• 122 BARTSCH 70B HBC + B ~r+p ~ N2~ 
1687• STUNTEBECK 70 HDBC O B ~ -  p, 5.4 ~-t- d 

1683• ARMENISE 68 DBC 0 5.1 x + d  
1670• GOLDBERG 65 HBC 0 6 ~+d, 8 ~r-p 

1 Mass errors enlarged by us to F/x/N; see the note with the K*(892) mass. 
2Uses same data as HYAMS 75. 
3 From a phase shift solution containing a f~(1525) width two times larger than the K K  

4 resBlt. 
From phase-shift analysis. Error takes account of spread of different phase-shift solutions. 
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q~(1680), p3(1690) 

KK AND K ~ r  MODES 
VALUE (MeV I E V T S  DOCUMENT ID TEEN CHG COMMENT 
The data in this block is included in the average printed for a previous datablock. 

1696:1: 4 O U R  AVERAGE 
1699~ 5 ALPER 88 CNTR O 62 ;T-p 

K + K - n  
1698• 5k 5,6 MARTIN 78D SPEC 10 x p  

KDs K -  p 

1692• 6 BLUM 75 ASPK O 18.4 x - p  
n K +  K - 

1690• ADERHOLZ 69 HBC + B ~+p ~ KK~T 
. �9 �9 We do not use the following data for averages, fits, l imits, etc. * �9 * 

1694• 8 7COSTA.. .  80 OMEG 1 0 ~ - p ~  

K + K - n  

5 From a f i t  to JP  = 3 -  partial wave. 
6 Systematic error on mass scale subtracted. 
7They cannot distinguish between P3(1690) and ~3(1670). 

(4~r) + MODE 
VALUE (MeV) EVT$ DOCUMENT /D TECN CHG COMMENT 
The data in this block is included in the average printed for a previous datablock. 

1696-1- 5 OUR AVERAGE ErrOr includes scale factor of 1,1, 
1694• 6 8EVANGELISTA81 OMEG - 1 2 ~ - p ~  p4~ 

1665• 177 BALTAY 788 HBC + 15 ~T+p ~ p4~  

1670• THOMPSON 74 HBC + 13 ~T+p 

1687• CASON 73 HBC 8,18,5 ~ - p  
1685• 9 CASON 73 HBC 8,18.5 ~ -  p 
1680• 144 BARTSCH 708 HBC + 8 ~ + p  ~ N 4 ~  

1689• 102 9 BARTSCH 70B HBC + B 7r+p ~ N2p 
1705• CASO 70 HBC 11.2 ~ - p  

np2~  
�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 * * 

1718• 10 EVANGELISTA 81 OMEG - 12 ~r--p --~ p4~ 
1673• 9 l l E V A N G E L I S T A 8 1  OMEG - 1 2 ~ r - p ~  p4~ 
1733• 9 66 9 KLIGER 74 HBC 4.5 ~ -  p ~ p4~ 
1630• HOLMES 72 HBC + 10-12 K + p  

1720• BALTAY 68 HBC + 7, 8.5 ~ + p  

8 From p - p 0  mode, not independent of the other two EVANGELISTA 81 entries. 
9From p •  mode. 

lOFrom a2(1320)- ~0 mode, not independent of the other two EVANGELISTA 81 entries. 

11 From a2(1320) 0 7r- mode. not independent of the other two EVANGELISTA 81 entries. 

~ r  MODE 
VALUE IMeV) DOCUMENT 10 TEEN EHG COMMENT 
The data in this block is included in the average printed for a previous datablock. 

1681-1- 7 OUR AVERAGE 
1670• 12 ALDE 95 GAM2 38 ~ - p  

~rOn 
1690• EVANGELISTA81 OMEG - 1 2 7 T - p ~  uJ~rp 
1666• GESSAROLI 77 HBC 11 7T- p ~ w~p 
1686• 9 THOMPSON 74 HBC + 13 ~+p 
�9 ,J �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1654• BARNHAM 70 HBC + 10 K+p ~ ~TrX 

12 Supersedes ALDE 92C. 

~ x + x  - MODE 
(FOr difficulties wi th MMS experiments, see the a2(1320 ) mini-review in the 1973 
edition.) 

VALUE (MeV) DOCUMENT ID TEEN CHG COMMENT 
The data in this block is included in the average printed for a p~evious datablock, 

1682-1-12 OUR AVERAGE 
1685•177  AMELIN 00 VES 37 E - p  

~ l x + ~ - - n  
1680• FUKUI 88 SPEC 0 8.95 ~ - p  

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc, �9 �9 �9 

1700• 13 ANDERSON 69 MMS - 16 ~ -  p backward 
1632• 13,14 FOCACCI 56 MMS - 7-12 7r~p 

p M M  
1700• 13,14 FOCACCI 66 MMS -- 7-12 T - p  

p M M  
1748• 13,14 FOCACCI 66 MMS - 7-12 ~ r - p  

p M M  

13Seen in 2,5-3 GeV/c ~p.  2 ~ + 2 ~  - ,  with 0, 1, 2 I r + ~  - pairs in p band not seen by 
OREN 74 (2.3 GeV/c ~p~ with more statistics. (Jan. 1978! 

14Not seen by BOWEN 72. 
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p~(1690) 

p3(1690) WIDTH 

2x, K'~, AND K'R~r MODES 
VALUE (MeV) DOCUMENT ID 
1614-10 OUR AVERAGE Includes data from the 8 datablocks that follow this one. Error 

includes scale factor of  1.5. See the ideogram below. 

2x MODE 
VALUE (MeV) E V T S  DOCUMENT IO TECN CHG COMMENT 
The data in this block is included in the average printed for a previous datablock. 

1864-14 OUR AVERAGE Error includes scale factor of 1.3. See the ideogram below. 

2 2 0 •  DENNEY 83 LASS 10 ~ +  N 
2 4 6 •  EVANGELISTA81 OMEG - 12 ~ r - p  ~ 2~rp 
1164-30 476 BALTAY 78B HBC 0 15 ~r+p 

/ r •  ~--  ,q 
1 6 2 •  175 15 A N T I P O V  77 CIBS 0 25 ~ r - p  ~ p3~ 
1 6 7 •  600 ENGLER 74 DBC 0 6 ~ +  n 

~ + ~ - - p  

2 0 0 •  16 GRAYER 74 ASPK 0 17 ~r- p 
~ •  ~ r - / I  

1564-36 M A T T H E W S  71C DBC 0 7 ~r + N 
1714-65 ARMENISE 70 DBC 0 9 ~r+d 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

3224-35 17 CORDEN 79 OMEG 12-15 ~ r - p  
n2~ 

2404-30 16,18 ESTABROOKS 75 RVUE 17 ~ - p  

~ + ~ - n  
1804-30 122 BARTSCH 70B HBC + 8 ~r+p ~ N2~r 

2 6 7 + 4  ~2 S T U N T E B E C K 7 0  HDBC 0 8 ~ ' - p ,  5.4 

1884-49 ARMENISE 68 DBC O 5.1 ~ ' + d  
1 8 0 •  GOLDBERG 65 HBC 0 6 ~ + d ,  8 ~ r - p  

15Width  errors enlarged by us to 4F/~,/N; see the note with the K* (892)  mass. 
16 Uses same data as HYAMS 75 and BECKER 79. 
17 From a phase shift solution containing a 72(1525 ) width two times larger than the K K  

result. 
18 From phase-shift analysis. Error takes account of  spread of different phase-shift solutions, 

K K  AND K~'x MODES 
VALUE (MeV) E V T S  DOCUMENT ID TECN CHG COMMENT 
The data in this block is included in the average printed for a previous datablock. 

204+-18 OUR AVERAGE 
199:1:40 6000 19 M A R T I N  78D SPEC 10 7rp 

KO K - p  

2054-20 BLUM 75 ASPK O 18.4 7 r - p  
n K +  K - 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

219: t  4 ALPER 80 CNTR 0 62 ~ r - p  
K + K - n  

186 :E l l  20 COSTA... 80 OMEG l0  ~ r - p  
K + K - n  

1 1 2 •  ADERHOLZ 69 HBC + 8 ~ + p  ~ KK~r  

19From a fit to JP = 3 -  partial wave. 
20 They cannot distinguish between 6,3(1690 ) and w3(1670 ). 

(4~r) + MODE 
VALUE (MeV 1 EVT5 DOCUMENT iD TECN CHG COMMENT 
The data in this block is included in the average printed for a previous datablock. 

1294-10 OUR AVERAGE 
1234-13 21 EVANGELISTA 81 OMEG - 12 ; r - p  ~ p47r 
1054-30 177 BALTAY 78B HBC + 15 ~ + p  ~ p4~r 

16 * + 7 0  CASON 73 HBC - 8,18.5 l r - p  - - 48 
1 3 5 •  144 BARTSCH 70B HBC + 8 ; ' r+p ~ N4~r 
1604-30 102 BARTSCH 70B HBC + 8 ~r+ p ~ N2p 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

230=I=28 22 EVANGELISTA 81 OMEG - 12 ~ - p  ~ p4~r 
1844-33 23 EVANGELISTA 81 OMEG - 12 ~ -  p ~ p4~  
150 66 24 KLIGER 74 HBC - 4.5 ~ -  p ~ p4~ 
1064-25 THOMPSON 74 HBC + 13 ~r+p 

i~+83 "~--35 24 CASON 73 HBC - 8,18.5 ~- p 

1304-30 HOLMES 72 HBC + 10-12 K + p  
1804-30 90 2 4 B A R T S C H  70B HBC + 8 ~ + p ~  Na2~r 

1004-35 BALTAY 68 HBC -t- 7, 8.5 7r+p 

21 From p -  p0 mode, not independent of  the other two EVANGELISTA 81 entries. 
22 From a2(1320 ) -  ~0 mode, not independent of  the other two EVANGELISTA 81 entries. 

23 From a2(1328)07r -  mode, not independent of the other two EVANGELISTA 81 entries. 
24 From p--pO mode. 

~lr MODE 
VALUE (MeV) DOCUMENT ID TEEN CHG COMMENT 
The data in this block is included in the average printed for a previous datablock. 

1904-40 OUR AVERAGE 
2304-65 25 ALDE 95 GAM2 38 ~r-  p 

~0n 
1904-65 EVANGELISTA 81 OMEG - 12 T -  p ~ ~a~rp 
1604-56 GESSAROLI 77 HBC 11 l t - p  ~ ~)Trp 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 * 

8 9 •  T H O M P S O N  74 HBC + 13 ~ + p  

130+_47~ B A R N H A M  70 HBC + 10 K + p  ~ ~TrX 

25 Supersedes ALDE 92c. 

~/~r+ ~r - MODE 
(For difficulties with MMS experiments, see the a2(1320 ) mini-review in the 1973 
edition.) 

VALUE (MeV) DOCUMENT ID TECN CH6 COMMENT 
The data in this block is included in the average printed for a previous datablock. 

126=1:40 OUR AVERAGE Error includes scale factor of  1.8. 
2284 -30+50  AMELIN  08 YES 37 7 r - p  

7/7r+ 7r-- n 
1864-27 FUKUI 88 SPEC 0 8.95 ~ ' - p  

~+~-n 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

195 26 ANDERSON 69 MMS -- 16 7r-  p backward 
< 21 26,27 FOCACCI 66 M MS - 7-12 ~ - p  

p M M  
< 30 26,27 FOCACCI 66 M MS - 7-12 ~ - p  

p M M  
< 38 26,27 FOCACCI 66 M MS - 7-12 ~ - p  

p M M  

26Seen in 2,5-3 GeV/c  ~p, 2 ~ + 2 ~  - ,  with 0, 1, 2 a-+?r - pairs in p0 band not seen by 
OREN 74 (2.3 GeV/c  ~p)  with more statistics. (Jan, 1979) 

27Not  seen by BOWEN 72, 
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Mode 

,o3(1690) DECAY MODES 

Fraction (Fi/F) 
F 1 4~r (71.1 • 1.9 ) %  
r2 ~r 4-/r + / r -  ~T 0 (67 4-22 ) % 

F3 ~T (16 • 6 )% 
F4 "K;T (23.6 • 1,3 ) %  

r 5 K K ~  ( 38  • 1.2 ) %  

F 6 K K  ( 1.58• 0.26)% 

r 7 17/r + ~'- seen 
r8 p(770)  ~/ seen 

r 9 ~r~rp 
Excluding 2p and a2(1320)~T. 

F1o a2(1320);T 
F11 PP 
r12 @~ 

F14 ~r •  +2~r -~r  ~ 

Scale factor 

1.2 

r(,r,)/r~,, 
VALUE 
0.23~• OUR FIT 
0.243:1:0.013 OUR AVERAGE 
0 ~a+0.018 

. . . .  - 0.019 
0.23 =:0.02 

0.22 +0.04 

DOCUMENT ID 

r4/r 
TECN CHG COMMENT 

BECKER 79 ASPK 0 17 ~ -  p polarized 

CORDEN 79 OMEG 12-15 ~r -p  
n2~r 

28 MATTHEWS 71c HDBC 0 7 ~r+n ~ ~ - p  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0,245=:0.006 29 ESTABROOKS 75 RVUE 17 ~ - p  
m-+ ~r-- n 

28 One-pion-exchange model used in this estimation. 
29 From phase-shift analysis of HYAM5 75 data. 

r ( . . ) / r ( , * . + . - , o )  Fdr= 
VALUE DOCUMENT ID TECN EHG (OMMENT 

0.35-1"0.11 CASON 73 HBC - 8,18.5 ~ - p  
= �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.2 HOLMES 72 HBC + 10-12 K + p 
<0.12 BALLAM 71B HBC 16 ~ - p  

r( . . ) / r (4.)  r , /q  
VALUE DOCUMENT ID TECN CHG COMMENT 
0.332=E0.026 OUR FIT Error includes scale factor of 1.1. 
0.30 =1:0.10 BALTAY 78B HBC 0 15 ~+ p ~ p4~ 

r ( K ~ / r ( , . )  r~/r, 
VALUE DOCUMENT ID TECN EHG COMMENT 
0.067"k0.011 OUR FIT Error includes scale factor of 1.2. 

+ 0 039 0.118_0~032 OUR AVERAGE Error includes scale factor of 1.7. See the ideogram 

below. 

0 1 Q1 +0'040 GORLICH 80 ASPK 0 17,18 ~ -  p polar- 
" " "  - 0.037 ized 

0.08 +0.03 BARTSCH 709 HBC + B ~r + p 

0.08 +0.08 CRENNELL 68B HBC 6.0 ~r- p 
-0 .03  

r (K~r) / r ( . , )  rs/r~ 
VALUE DOCUMENT ID TECN CHG COMMENT 
0.16:E0,05 OUR FIT 
0.164.0.~ 30 BARTSCH 70B HBC + 8 ~ + p  

30Increased by us to correspond to B(P3(1690 ) ~ ~x)=0.24. 

[ l ' ( x l r p )  + r ( a 2 ( 1 3 2 0 ) x )  + r ( p p ) ] / r ( , ~ , + . - .  ~ ( r , + r , + r ~ ) / r =  

VALUE DOCUMENT ID TECN EH6 COMMENT 
0.94d:0,09 OUR AVERAGE 
0.964-0.21 BALTAY 78B HBC + 15 :r ~ p4~ 
0.88• BALLAM 718 HBC 16 ~ - p  
1 =:0.15 BARTSCH 708 HBC + 8 ~ + p  
consistent with 1 CASO 68 HBC 11 7 t -p  

r (pp) / r (~ .+ . - .~  r . / r= 
VALUE EVT5 DOCUMENT ID TECN CHG COMMENT 

�9 �9 * We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.12::0.11 BALTAY 786 HBC + 15 ~r+p ~ p4~ 
0.56 66 KLIGER 74 HBC 4.5 ~ - p  ~ p4z 
0.13=:0.09 31 THOMPSON 74 HBC -- 13 ~r+p 
0.7 •  BARTSCH 708 HBC + 8 ~ + p  

31 pp  and a2(1320 ) �9 modes are indistinguishable. 

r(pp)/[rO.rp ) + r(,~O32O),r) + r(pp)] ql/(rg+qo+ru) 
VALUE DOCUMENT ID TECN CHG COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. = �9 �9 

0.48:t:0.16 CASO 68 HBC - 11 ~r-p 

r(~(la2o).)/r(, ~ , + , - . ~  rio/r2 
VALUE DOCUMENT /D TECN CHG COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.66:50.08 BALTAY 788 HBC + 15 ~r+p ~ p4~r 
0.36"-0.14 32THOMPSON 74 HBC + 13 ~r+p 
not seen CASON 73 HBC 8,18.5 7r -p  
0.6 =:0.15 BARTSCH 70B HBC + 8 lr ' i 'p 
0.6 BALTAY 68 HBC + 7,8.5 ~-Fp 

32 pp  and a2(1320 ) ~ modes are indistinguishable. 

r ( . . ) / r ( . * . + . - . o )  r=/r= 
VALUE ~ DOCUMENT ID TECN CHG qOMMENT 

0.23:t:0.05 OUR AVERAGE Error includes scale factor of 1.2. 
0.33• THOMPSON 74 HBC + 13 ~ + p  
0.12=:0,07 BALLAM 718 HBC 16 ~ - p  
0.25=:0.10 BALTAY 68 HBC + 7,8.5 ~ + p  
0.25=:0.10 JOHNSTON 68 HBC - 7.0 ~ r -p  

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.11 95 BALTAY 788 HBC + 15 x + p  ~ p4x 
<0.09 KLIGER 74 HBC 4.5 ~ - p  ~ p47r 

r ( § 1 7 6  r~=/r2 
VALUE DOCUMENT IO TECN CHG COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.11 BALTAY 58 HBC § 7,8.5 w+ p 

r(,~ 2.+2~r- I; 0 ) / r ( , * , + . - , 0 )  rl~/r2 
VALUE DOCUMENT ID TECN CH.G_G COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.15 BALTAY 68 HBC + 7,8.5 ~r+p 

4 6 5  

Meson Particle Listings 
p3(1690) 

,O3(1690) B R A N C H I N G  R A T I O S  

C O N S T R A I N E D  F I T  I N F O R M A T I O N  

An overall f i t  to 5 branching ratios uses 10 measurements and one 

constraint to determine 4 parameters. The overall f i t  has a X 2 = 
14.7 for 7 degrees of freedom. 

The following o f f -d iagona l  array elements are the correlation coefficients 

( 6 x i ~ x j l / ( 6 x i . 6 x j ) ,  in percent, from the f i t  to the branching fractions, x i ~- 

F jF to ta  I. The f i t  constrains the x i whose labels appear in this array to sum to 
one. 

x 4 - 7 7  

x 5 - 7 4  17 

x 6 - 1 5  2 0 

Xl x4 x5 



4 6 6  

Meson Particle Listings 
p~(1690), p(1700)  

r(v.)/r(.4".+,r-.O) ns/r= 
VALUE DOCUMENT ID TECN CHG COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.02 THOMPSON 74 HBC + 13 x +  p 

r(KN/rt~j rdr 
VALUE DOCUMENT ID TECN CHG COMMENT 
0.015114"0.0026 O U R  F I T  Error includes scale factor of 1.2. 

0.01304"0,0024 O U R  AVERAGE 
0,013 • COSTA... 80 OMEG 0 10 7 r - p  

K + K - n  
0.013 • 33 MARTIN 78B SPEC - 10 ~ p  

K O  K - p  

33From ( r 4 r 6 ) l / 2  = 0.056 • 0.034 assuming B(P3(1690 ) ~ ~ r )  = 0.24. 

r(=.)/[r(=.) + r@p)] r~/(r3+r~t) 
VALUE DOCUMENT ID TECN CHG COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.22• CASON 73 HBC -- 8,18.5 ~ - p  

r ( ~ , r +  ~ - ) / r t o t a  I rdr 
VALUE DOCUMENT ID TECN COMMENT 

seen FUKUI 88 SPEC 8 . 9 5 ~ - p ~  ? / ~ + T r - n  

r(~(132o).)/r(p(77o)~) r~o/ra 
VALUE DOCUMENT tO TECN COMMENT 

5.54"2.0 AMELIN 00 VES 37 r - p  ~ ~?~r+Tr -n  

p3(1690)  REFERENCES 
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ALPER 80 PL 94B 422 B. Alper et al. (AMST, CERN, CRAC, MPIM+) 
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Ip(17oo) 1 ,GuPq = 1+(1 - - )  

THE p(1450) AND THE p ( 1 7 0 0 )  

Updated March 2000 by S. Eidelman (Novosibirsk) and J. Her- 
nandez (Valencia). 

In our 1988 edition, we replaced the p(1600) entry with 

two new ones, the p(1450) and the p(1700), because there was 

emerging evidence that the 1600-MeV region actually contains 

two p-like resonances. ERKAL 86 had pointed out this possi- 

bility with a theoretical analysis on the consistency of 2n and 

47r electromagnetic form factors and the rTr scattering length. 

DONNACHIE 87, with a full analysis of data on the 27r and 4~ 

final states in e+e - annihilation and photoproduction reactions, 

had also argued that in order to obtain a consistent picture, 

two resonances were necessary. The existence of p(1450) was 

supported by the analysis of tip0 mass spectra obtained in 

photoproduction and e+e - annihilation (DONNACHIE 87B), 

as well as that of e+e - ---* w r  (DONNACHIE 91). 

The analysis of DONNACHIE 87 was further extended by 

CLEGG 88, 94 to include new data on 4v systems produced 

in e+e - annihilation, and in T decays (~- decays to 47r and 

e+e - annihilation to 4~ can be related by the Conserved 

Vector Current assumption). These systems were successfully 

analyzed using interfering contributions from two p-like states, 

and from the tail of the p(770) decaying into two-body states. 

While specific conclusions on p(1450) ---* 4~ were obtained, little 

could be said about the p(1700). 

An analysis by CLEGG 90 of 67r mass spectra from e+e - 

annihilation and from diffractive photoproduction provides evi- 

dence for two p mesons at about 2.1 and 1.8 GeV that decay 

strongly into 6r  states. While the former is a candidate for a 

new resonance (p(2150)), the latter could be a manifestation of 

the p(1700) distorted by threshold effects. 

Independent evidence for two 1 -  states is provided by 

KILLIAN 80 in 47r electroproduction at (Q2) = 1 (GeV/e )  2, 

and by FUKUI 88 in a high-statistics sample of the ~rTr system 

in ~r-p charge exchange. 

This scenario with two overlapping resonances is supported 

by other data. BISELLO 89 measured the pion form factor 

in the interval 1.35-2.4 GeV and observed a deep minimum 

around 1.6 GeV. The best fit was obtained with the hypothesis 

of p-like resonances at 1420 and 1770 MeV, with widths of about 

250 MeV. ANTONELLI 88 found that the e+e - ---* q~r + ~r- 

cross section is better fitted with two fully interfering Breit- 

Wiguers, with parameters in fair agreement with those of 

DONNACHIE 87 and BISELLO 89. These results can be 

considered as a confirmation of the p(1450). 

Decisive evidence for the r n  decay mode of both p(1450) 

and p(1700) came from recent results in ~p annihilation at rest 

(ABELE 97). It was shown that these resonances also possess 

a K K  decay mode (ABELE 98, BERTIN 98B, ABELE 99D). 

High statistics studies of the decays ~- ~ rlrvr (BARATE 97M, 

URHEIM 97), and 7 -~ 4rvr (EDWARDS 00), also require the 
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Meson Particle Listings 
p(1700) 

p(1450), but are not sensitive to the p(1700), because it is too 

close to the ~- mass. 

The structure of these p states is not yet completely clear. 

BARNES 97 and CLOSE 97C claim that p(1450) has a mass 

consistent with radial 2S, but its decays show characteristics 

of hybrids, and suggest that this state may be a 2S-hybrid 

mixture. DONNACHIE 99 argues that hybrid states could have 

a 4~r decay mode dominated by the a~v. Such behavior has 

recently been observed by AKHMETSHIN 99E in e+e - ~ 4v 

in the energy range 1.05-1.38 GeV, and by EDWARDS 00 in 

~ 4~r decays. More data should be collected to clarify the 

nature of the p states, particularly in the energy range above 

1.6 GeV. 

We also list under the p(1450) the Cr state with 

j P e  = 1 - -  or C(1480) observed by BITYUKOV 87. While 

ACHASOV 96B shows that it may be a threshold effect, 

CLEGG 88 and LANDSBERG 92 suggest two independent vec- 

tor states with this decay mode. Note, however, that C(1480) 

in its r  decay mode was not confirmed by e+e - (DOLINSKY 

91, BISELLO 91C) and ~p (ABELE 97H) experiments. 
Several observations on the w~r system in the 1200-MeV re- 

gion (FRENKIEL 72, COSME 76, BARBER 80C, ASTON 80C, 

ATKINSON 84C, BRAU 88, AMSLER 93B) may be inter- 

preted in terms of either j R  = 1-  p(770) -~ w r  production 

(LAYSSAC 71), or JP = 1 + b1(1235) production (BRAU 88, 

AMSLER 93B). We argue that no special entry for a p(1250) is 

needed. The LASS amplitude analysis (ASTON 91B) showing 

evidence for p(1270) is preliminary and needs confirmation. 

For completeness, the relevant observations are listed under the 

p(1450). 
p(1700) MASS 

~/po AND ~r+~r - MODES 
VALUE (MeV) DOCUMENT ID 
17004-20 OUR ESTIMATE 
|7"J'~d:l l  OUR AVERAGE Includes data from the 2 datablocks that follow this one. Er- 

ror inctudes scale factor of  1,3. See the ideogram 
below. 

~r~r MODE 
VALUE {MEV) DOCUMENT ID TECN COMMENT 
The data in this block is included in the average printed for a previous datablock. 

1780 + 3 7  3 A B E L E  97 CBAR ~ n ~  x - x 0 ~ r  0 
- 2 9  

1719 •  3 B E R T I N  97C OBLX 0 . 0 ~ p  ~ x + ~ r - T r  0 
1730 •  CLEGG 94 RVUE e + e  - ~ x + T r -  
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

1768 •  BISELLO 89 DM2 e + e  - ~ ~ + ~ -  
1745.7•  DUBNICKA 89 RVUE e + e  - ~ l r+Tr - 
1546 4-26 GESHKEN... 89 RVUE 
1650 4 ERKAL 85 RVUE 20-70 ")'p ~ 3'x 

1550 •  ABE 8 4 B H Y B R  2 0 7 p ~  ~ + ~ - p  
1590 •  5 ASTON 80 OMEG 20-70 ~ p  ~ p21r 
1600 •  6 ATIYA 79B SPEC 50 3'C ~ C2~r 

1598 + 2 4  BECKER 79 ASPK 17 r -  p polarized - 2 2  
1659 4-25 4 LANG 79 RVUE 
1575 4 M A R T I N  78C RVUE 17 w -  p ~ ~ r + ~ -  n 
1610 :~30 4 FROGGATT 77 RVUE 17 ~r-  p ~ ~r + ~r-  n 
1590 zE20 7 HYAM$ 73 ASPK 17 ",,r-p ~ ",'r+~ - n 

~r~ MODE 
VALUE DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, 

1710• ACHASOV 97 RVUE 

K'~ MODE 
VALUE (MeV 1 E V T $  DOCUMENT ID TEEN 

I �9 �9 We do not use the following data for averages, fits, l imits, 

1740.8•  27k 1 ABELE 99D CBAR 

1582 :~36 ]600 CLELAND 82B SPEC 

etc. �9 �9 �9 

e + e  - ~ w~O 

CHG COMMENT 

etC. �9 �9 �9 

• 0.0 ~p  
K + K- -  ~T 0 

• 50~rp 
KO K •  p 

1 K-matr ix pole. Isospin not determined, could be ~(165D) or r 

2(f+~r - )  MODE 
VALUE (MeV) E V T 5  DOCUMENT }D TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

27 ACHASOV 97 RVUE e + e - ~ 2 ( ~ + ~  - )  1851 _ + 24 

1570•  20 8CORDIER 82 DM1 e + e - ~  2 ( ~ + I r  - )  
1520•  30 5 ASTON 81E OMEG 20-70 -yp ~ p4~ 
16544- 25 9 D IB IANEA 81 DBC x + d  ~ p p 2 ( x + ~  - )  
1666•  39 BBACCI  80 FRAG e + e - ~  2 (~+7r  - )  
1780 34 KILLIAN 80 SPEC 11 e - p  ~ 2(~+~r  - )  
1500 10 ATIYA 79B SPEC 50 "yC ~ C47r 4- 
1570+ 60 65 11 ALEXANDER 75 HBC 7.5 "},p ~ p4~ 
1550•  60 5CONVERSI  74 OSPK e + e - ~  2 (7 r+~  - )  
15504- 50 160 SCHACHT 74 STRC 5.5-9 3'P ~ p41r 
1450•  340 SCHACHT 74 STRC 9-18 3'p ~ p4~r 
1430•  50 400 B INGHAM 72B HBC 9.3 ~p  ~ p4~r 

~r+ ~'- f~  �9 "~ MODE 
VALUE IMeV) DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1660 •  ATKINSON 85B OMEG 20-70 -/p 

3(7+~r - )  AND 2(Ir+x-x ~ MODES 
VALUE (MeV) DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

17834-15 CLEGG 90 RVUE e+e - 
3 (~+  ~ - ) 2 ( ~ +  ~r-  ~r0) 

2Assuming p+  f0(1370) decay mode interferes with a1(1260)+ ~ background. From a 
two Breit-Wigner fit. 

3 T-mat r ix  pole. 
4 From phase shift analysis of  HYAMS 73 data. 
5 Simple relativistic Breit-Wigner f i t  with constant width. 
6 An additional 40 MeV uncertainty in both the mass and width is present due to the 

choice of the background shape. 
7 included in BECKER 79 analysis, 
8 Simple relativistic Breit-Wigner f i t  with model dependent width. 
9 One peak fit result. 

10 Parameters roughly estimated, not from a fit. 
11 Skew mass distribution compensated by Ross-Stod01sky factor. 

~ MODE 
VALUE (MeV) DOCUMENT ID TEEN COMMENT 
The data in this block is included in the average printed for a previous datablock. 

1740 •  ANTONELLI  88 DM2 e + e  - ~ r / ~ + ~  - 
17014-15 2 F U K U I  88 SPEC 8 . 9 5 ~ r - p ~  ~ + ~ - n  
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p(1700) 

,o(1700)  W I D T H  

~/po A N D  x+~r  - M O D E S  
VALUE (MeV) DOCUMENT ID 

240• OUR ESTIMATE 
2404-40 OUR AVERAGE includes data from the 2 datablocks that follow this one. Error 

includes scale factor of  2.0. See the ideogram below. 

~p0 MODE 
VALUE (MeV) DOCUMENT ID TEEN COMMENT 
The data in this block is included in the average printed for a previous datablock. 

1504-30 ANTONELL I  88 DM2 e+ e - ~ 117r+ ~ -  

2824-44 13FUKUI  88 SPEC 8 . 9 5 ~ r - p ~  t t ~ + ~ - n  

x x  M O D E  
VALUE (MeV) DOCUMENT ID TECN COMMENT 
The data in this block is included in the average printed for a previous datablock. 

275 4- 45 14ABELE 97 CBAR ~ n ~  ~r-~rO~r 0 
310 4- 40 ] 4 B E R T I N  97C OBLX 0 . 0 p p ~  ~ + ~ r - ~ r  0 
400 ~100  CLEGG 94 RVUE e + e - ~  ~r+~r - 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

224 4- 22 BISELLO 89 DM2 e + e  - ~ ~ + ~ r -  
242.54-163.0 DUBNICKA 89 RVUE e + e  - ~ ~ + ~ r -  
620 4- 60 GESHKEN... 89 RVUE 

<315 15 ERKAL 85 RVUE 20-70 3'P ~ ff~r 

280 + 30 ABE 84B HYBR 2 0 ~ p ~  ~ + ~ - p  - 80 
230 4- 80 1 6 A S T O N  80 OMEG 2 0 - 7 0 - / p ~  p2~ 
283 4- 14 17 ATIYA 79B SPEC 50 3'C ~ C2~r 

175 + 98 BECKER 70 ASPK 17 ~ r - p  polarized - 53 
232 4- 34 15 t A N G  79 RVUE 
340 15 M A R T I N  78c RVUE 17 ~ r - p  ~ x + ~ r - n  
300 4-100 15 FROGGATT 77 RVUE 17 ~ r - p  ~ ~ r + ~ r - n  
180 4- 50 1BHYAMS 73 ASPK 1 7 ~ r - p - - *  ~r+~ r -n  

K K M O D E  
VALUE IMeV) E V T 5  DOCUMENT ID TEEN CHG COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

187.2• 26.7 27k 12 ABELE 990 CBAR 4- 0.0 ~ p  
K +  K -  ~O 

265 4-120 1600 CLELAND 82B 5PEE 4- 50 ~rp 
K~ K4- p 

12 K-matrix pole. Isospin not determined, could be ~(1650) or @(1680). 

2 0 r + ~ r  - )  M O D E  
VALUE (MeV) E V T 5  DOCUMENT 19 TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

5104- 40 19CORDIER 82 D M t  e + e - ~  2 ( x + ~  - )  
4004- 50 16 ASTON BIE OMEG 20-70 -~p ~ p4~ 
4004-146 2 0 D I B I A N C A  81 DBC ~ + d ~  pp2 (~ r+~  - )  
7004-160 19 BACCI 80 FRAG e + e  - ~ 2(~+~r - )  
100 34 KILLIAN 80 SPEC 11 e - p  ~ 2 ( ~ + x  - )  
600 21 ATIYA 79B SPEC 50 3'C ~ C4~4- 
3404-160 65 22 ALEXANDER 75 HBC 7.5 ~'p ~ p4~t 
3604-100 16CONVERSl  74 OSPK e + e - ~  2 ( ~ + ~  - )  
4004-120 160 23 SCHACHT 74 STRC 5.5-9 3'P ~ p4~t 
8504-200 340 23 SCHACHT 74 STRC 9-18 3'P ~ p4~r 
6504-100 400 B INGHAM 72B HBC 9.3 -yp ~ p4~ 

lr+ x -  x~ ~ MODE 
VALUE (MeV) DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

3004-50 ATKINSON 85B OMEG 20-70 ")'p 

3( l r+ l r  - )  A N D  2 ( ~ r + l r - l r  O) MODES 
VALUE (MeV) DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

2854-20 CLEGG 90 RVUE e + e  - 
3 (~+  ~ -  ) 2(~ + ~ -  ~r0) 

13Assuming p+  f0(1370) decay mode interferes with a1( t260)+~r  background. From a 
two Breit-Wigner fit. 

14 T-matr ix  pole. 
15 From phase shift analysis of  HYAMS 73 data. 
16 Simple relativistic Breit-Wigner f i t  with constant width. 
17An additional 40 MeV uncertainty in both the mass and width is present due to the 

choice of the background shape. 
18included in BECKER 79 analysis. 
19 Simple relativistic Breit-Wigner f i t  with model-dependent width. 
20 One peak fit result. 
21 Parameters roughly estimated, not from a fit. 
22 Skew mass distribution compensated by Ross-Stodolsky factor. 
23Width errors enlarged by us to 4 r /V "N ;  see the note with the K* (892)  mass. 

p(1700) DECAY MODES 

Mode Fraction ( r i / r )  

r l  pTr~ dominant 
F2 pO/r + / r -  large 
F3 pO 7r o ~r 0 

F 4 p4- / r : :  7r 0 large 

r 5 2(/!- + ~ r - )  large 

F 6 7r + ~T-- seen 
r 7 7r- ;TO seen 

r 0 K K *  ( 892 )  + C.C. seen 

r9 7/p seen 
r l0 a 2 ( 1 3 2 0 )  rr not seen 
r]. 1 K K seen 
F]2 e+e - seen 
F13 7 r ~  seen 

pOzoo) r(i)r(e + e-)/r(total) 
This combination of a partial width with the partial width into e + e -  and 
with the total width is obtained from the cross-section into channel I in 

e + e -  annihilation. 

r(2cT+~-)) x r(e+e-) Ir to~i  rsr121r 
VALUE (keV) DOCUMENT tD TEEN COMMENT 

2.85"1"0.42 BACCI 80 FRAG e + e - ~  2(~r+~r - )  
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

2.6 4-0.2 DELCOURT 81B DM1 e + e  - ~ 2(~t+~r - )  

r ( , r + r )  x r ( e + e - ) / r t ~ ,  r6qz / r  
VALUE (keY) DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0.13 24 D I E K M A N  88 RVUE e + e -  ~ ~r + 7r-  

n,)a+0.016 KURDADZE 83 OLYA 0.64-1.4 e+e - 
. . . .  -- 0.012 lr + _ 

24 Using total width = 220 MeV. 

r(K~'*(892)+ r x r(e+e-)lrtml r B q d r  
VALUE (keY) DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.3054-0.071 25 B IZOT 80 DM1 e + e -  

r(,Tp) x r (e+e- ) / r t= , ,  rgq2/r  
VALUE (eV) DOCUMENT 19 TEEN COMMENT 

7 -1-3, ANTONELL I  88 DM2 e + e  - ~ ~/Tt+lr - 

r(KN • r(e+e-)/r==l q~r~2/r 
VALUE (keV) DOCUMENT tD TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.0354-0.029 25 B IZOT 80 DM1 e + e -  

r ( p , , )  x r(e+e-)lrto=l r l r12 / r  
VALUE (keY) DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

3.5104-0.090 25 B IZOT 80 DM1 e + e -  

25 Model dependent. 



See key on page 239 

p(1700) BRANCHING RATIOS 

r(~r+ lr-)/rt~iil 
VALUE DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0 2 R7+0"043 BECKER 79 ASPK 17 ~T- p polarized 
�9 ~ ' -  0 , 0 4 2  

469 

Meson Particle Listings 
 ( 7oo) 

Fur 
r /r, 

VALUE DOCUMENT tO TECN CHG COMMENT 

�9 * ;" We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

<0.10 ATKINSON 858 OMEG 20-70 " /p 
<0.15 ATKINSON 82 OMEG 0 20-70 7P ~ p4~ 

0.15 tO0.30 2 6 M A R T I N  78C RVUE 1 7 7 T - p ~  7 r + y r - n  

<0.20 27COSTA.. .  778 RVUE e + e  - ~ 2~,  41r 

0.30 +0 .05  26FROGGATT 77 RVUE 1 7 ~ - p ~  7 r + ~ r - n  

<0.15 28 EISENBERG 73 HBC 5 ~ -+p  ~ A + +  2~r 

0.25 +0 .05  2 9 H Y A M S  73 ASPK 1 7 ~ - p ~  ~ r + y r - n  

26 From phase shift analysis of HYAMS 73 data. 
27 Estimate using unitarity, t ime reversal invariance, Breit-Wigner. 

28 Estimated using one-pion-exchange model, 
29Included in BECKER 79 analysis. 

r(,+,-)/r(20r +x-l) r61r5 
VALUE DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0 .13•  ASTON 80 OMEG 20-70 7P ~ p27r 
<0.14 30 DAVIER 73 STRC 6-18 "TP ~ p4~r 
<0.2 31 B INGHAM 728 HBC 9.3 3"P ~ p2~r 

30 Upper l imi t  is estimate. 
31 2(7 upper l imit .  

F(KK~ c .c . ) / r (2 (x+x- ) )  rdrs 
VALUE DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.15• 32 DELCOURT 81B DM1 e + e  - ~ K'K~- 

32 Assuming p(lY00) and u~ radial excitations to be degenerate in mass�9 

r (lip) / rt~ial rg/r 
VALUE C L ~  DOCUMENT ID TECN COMMENT 

<0.04 DONNACHIE 878 RVUE 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. * * * 

<0.02 58 ATKINSON 86B OMEG 20-70 ~ p  

r(ai(1320)~r)/rtom r io/r 
VALUE DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

not seen AMELIN 00 VES 37 ~ r - p  ~ t/~ "+  I t -  n 

r(~p) Ir(2(,+.-)) rdrs 
VALUE DOCUMENT iD TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.123--0.027 DELCOURT 82 DM1 e + e  - ~ 7 r + ~ r - M M  

0.1 ASTON 80 OMEG 20-70 3'P 

r(~r+,-neutrals)/r(2(. +.-))  (r3+r4+o.z14rg)/rs 
VALUE DOCUMENT tD TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

2 .6 •  33 BALLAM 74 HBC 9.3 7P 

33 Upper l imit .  Background not subtracted. 

r(,~ r13/r 
VALUE DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 = 

seen ACHASOV 97 RVUE e + e  - ~ u~r 0 

F(KK--)/F(2C~r+,-)) ru / rs  
VALUE CL~ DOCUMENT ID TEEN CHG COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc, - �9 �9 

0,015• 34 DELCOURT 81B DM1 e + e  - ~ K ' K  

<0,04 95 BINGHAM 728 HBC 0 9.3 3'P 

34Assuming p11700) and ~ radial excitations to be degenerate in mass. 

F(K'K-)/F(KK'(S92)+ c.c.) r l l / r8 
VALUE DOCUMENT ID TECN COMMENT 

�9 = = We do not use the fol lowing data for averages, fits, l imits, etc. = �9 * 

0 .052•  BUON 82 DM1 e + e  - ~ hadrons 

r(p~ rl/r5 
VALUE EVT5 DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, e t c . � 9  �9 �9 

1.0 DELCOURT 81B DM1 e + e  - ~ 2 (7 r+~  - )  

0.7 •  500 SCHACHT 74 STRC 5.5-18 3'P ~ pMr 
0.80 35 BINGHAM 72B HBC 9.3 3'P ~ pMr 

35The 7r~r system is in S-wave, 

AMELIN O0 
ABELE 99D 
ABELE 97 
ACHASOV 97 
BERTIN 97C 
CLEGG 94 
CLEGG 90 
BISELLO 89 
DUBNICKA 89 
GESHKEN... 89 
ANTONELLI 88 
DIEKMAN 8a 
FUKUI 88 
DONNACHIE B7B 
ATKINSON 866 
ATKINSON 8SB 
ERKAL 8S 
ABE B4B 
KURDADZE 83 

ATRINSON 82 
BUON 82 
CLELAND 82B 
CORDER 82 
DELCOURT 82 
ASTON 81E 
DELCOURT 818 

Also 82 
DtBIANCA 81 
ASTON 80 
BACCl 80 
BIZOT 80 
KILLIAN 80 
ATIYA 79B 
BECKER 79 
LANG 79 
MARTIN 78C 
COSTA... 77B 
FROGGATT 77 
ALEXANDER 75 
BALLAM 74 
CONVERSI 74 
SCHACHT 74 
DAVIER 73 
EISENBERG 73 
HYAMS 73 
BINGHAM 728 

EDWARDS D0 
ABELE 99C 
DONNACHIE 99 
KULZINGER 99 
BELOZEROVA 98 

BARNES 97 
CLOSE 97C 
URHEIM 97 
ACHASOV 96B 

AMSLER 9aB 
LANDSBERG 92 

ASTON 918 
DONNACHIE 91 
ACHASOV 88C 
BRAU 88 
CLEGG 88 
ASTON 87 
ERKAL 86 
BARKOV 8S 
ATKINSON 84C 
ATKINSON 83B 
ATKINSON 83C 
AUGUSTIN 83 
SHAMBROOM 82 
ASTON 80C 
BARBER 80C 
KILLIAN 80 
COSME 76 
FRENKIEL 72 
ALVENSLEB.. 71 
BRAUN 71 
BULOS 71 
LAYSSAC 71 

p(1700) REFERENCES 
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PRPL 159 101 B. Diekmann (BONN) 
PL B202 441 S. Fukui et aL (SUGI, NAGO, KEK, KYOT+) 
ZPHY C34 257 A, Donnachie, A.B, Clegg (MCHS. LANC) 
2PHY C30 531 M, Atkinson et at. (BONN, CERN, GLAS+) 
ZPHY C26 499 M. Atkinson et al. (BONN, CERN, GLAS+) 
ZPHY C29 485 C. Erkal, M.G, Olsson (WISE) 
PRL 53 751 K. Abe et aL 
JETPL 37 733 LM. Kurdadze et al. (NOMO) 
Translated from ZETFP 37 613. 
PL 1eBB 55 M. Atkinson et at. (BONN, CERN, GLAS+) 
PL 118B 221 J. Buon et aL (LALO, MONP) 
NP B208 228 W.E. Cleland et al. (OURH, GEVA, LAUS+) 
PL 1098 129 A. Cordler et at. (LALO) 
PL 113B 93 B. Delcourt et aL (LALO) 
NP B189 15 D. Aston (BONN, CERN, EPOL, GLAS, LANC+) 
Bonn Conf, 205 B. Delcou~ (ORSAY) 
PL 109B 129 A. C~dier et aL (LALO) 
PR D23 595 F.A. di Bianca et aL (CASE, CMU) 
PL 92B 215 D. Aston (BONN, CERN, EPOL, GLAS, LANC+) 
PL 95B 13S Cm Bacci e( al (ROMA, FRAS) 
Madison Conf. 546 J.C. Bizot er aL (LALO, MONP) 
PR D21 3005 TJ. KilJian et aL (CORN) 
PRL 43 1691 M.S. Atiya et al. (COLU, ILL, FNAL) 
NP BlSl 46 H. Becker et  aL (MPIM, CERN, ZEEM, CRAC) 
PR D19 956 C,B. Lang, A. Mas-Parareda (GRAZ) 
ANP 114 1 AD. Martin, M.R. Pennington (CERN) 
PL l IB  345 B. Costa de Beaufegard, B. Pire, T.N. Truong (EPOL) 
NP B129 89 C.D. Froggatt, J.L. Petersen (GLAS, NORD) 
PL 57B 487 G. Alexander et aL (TELA) 
NP B76 375 J. Ballam et al. (SLAC. LBL, MPIM) 
PL 52B 493 M. Conversi et al. (ROMA, FRAS) 
NP B81 205 P. Schacht ef al. (MPIM) 
NP 858 31 M. Davier et aL (SLAC) 
PL r 149 Y. Eisenber 8 eZ al (REHO) 
NP B84 134 B.D. Hyams et aL (CERN, MPIM) 
PL 41B 635 H.H. Bi~gham et al. (LBL, UCB, SLAC) IGJP 

- -  OTHER RELATED PAPERS - -  
PR D61 072003 K.W. Edwards et aL (CLEO Collab.) 
PL B450 275 A. Abele et aL (Crystal Barrel Collab.) 
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PR 056 1584 F.E. Close et al. (RAL MCHS} 
NPBPS 55C 359 J. Urhelm (CLEO Collab.) 
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PL 8311 362 C. Amsler ef aL (Crystal Barrel Collab.) 
SJNP 55 1051 (SERP) 
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NPBPS 21 105 D. Aston et at. (LASS Codab.) 
ZPHY CSI 689 A. Donnachie, A.B, Clegg (MCHS, LANC) 
PL 8209 373 N,N. Achasov, A.A. Kozhevnikov (NOVM) 
PR D37 2379 J.E. Brau et al. JP 
ZPHY C4O 313 A.B. Cle~, A. Donnachie (MCHS, LANC) 
NP B292 693 D. Aston et aL (SLAC, NAGO, CINC, INUS) 
ZPHY C31 615 C, Erkal, M.G. Olsson (WISC) 
NP B256 365 L,M. Barkov ef aL (NOVO) 
NP 8243 1 M. Atkinson et al. (BONN, CERN, GLAS+)JP 
PL 1278 132 M. Atkinson et at. (BONN, CERN, GLAS+) 
NP B229 269 M. Atkinson et at. (BONN, CERN, GLAS+ ) 
LAL 83-21 J.E. Augustin et aL (LALO, PAOO, FRAS) 
PR D26 1 W.D. Shambroorn et aL (HARM, EFI, ILL+) 
PL 926 211 D. Aston (BONN, CERN, EPOL, GLAS, LANC+) 
ZPHY C4 169 DmP. Barber et =1/. (DARE, LANC, SHEF) 
PR D2t 3005 T.J. Killian et aL (CORN) 
PL 63B 352 G. Cosme et at. (ORSAY) 
NP B47 61 P. Frenklel et at. (CDEF, C E R N )  
PRL 26 273 H. Alvensleben et at. (DESY, MIT) G 
NP B3O 213 H.M. Braun ef aL (STRB)G 
PRL 26 149 F. Bulos et at. (SLAC, UMD, IBM, LBL)G 
NC 6A 134 J. Layssac, F.M. Renard (MONP) 
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fo(1710) 

I fo(171o)1 
TH E  Io(1710)  

/G ( jPC)  = 0+(0 + +) fo(1710) MASS 

VALUE {MeV) EVTS DOCUMENT ID TECN COMMENT 
1TI-g "4- 7 OUR AVERAGE Error includes scale factor of 1.1. 

1740--30 I BAI 0{) BES J/V) 

Updated April 2000 by M. Doser (CERN). 

The f0(1710) is seen in the radiative decay J/r 
0 0 7f0(1710); therefore C = +1. It decays into ~ and KsKs, 

which implies IVJ PC = O+(even) ++. The spin of the f0(1710) 

has been controversial, but evidence for spin 0 has accumulated 
recently in all production modes. 

An analysis of radiative J / r  decays at BES into ~r+r-~r+r- 

(BAI 00) clearly favors spin 0. Combined amplitude analyses 
of t h e K + K  - ,  o o K s K  s and ~r+r - systems produced in J/r  

radiative decay by MARK III (CHEN 91 and more recently 
DUNWOODIE 97) find a large spin-0 component, and at the 
same time reproduce known parameters of the f2(1270) and 
f~(1525). In addition, a recent reanalysis (BUGG 95) of the 4zr 
channel from MARK III, allowing both pp and two zcTr S-waves, 
also finds a 0 ++ assignment for the f0(1710). Earlier analyses 
of this final state (BISELLO 89B, BALTRUSAITIS 86B) found 

only pseudoscalar activity in the f0(1710) region, but considered 
only the process J/~b ~ 7PP. Similarly, earlier analyses of the 
K + K  - system based on less statistics (BALTRUSAITIS 87, 
BAI 96) found a spin of 2 for the f0(1710). 

A similar situation is present in central production, with ear- 
lier analyses favoring spin 2 over spin 0 (ARMSTRONG 89D). 
More recent a~alyses with greater statistics by BARBERIS 99 

+ - 0K0 (K  K ,K  s s), BARBERIS 99B (~-+~r-), and FRENCH 99 

( K + K  -)  however clearly indicate spin 0, and exclude spin 2. 
Generally, analyses preferring spin 2 concentrate on angular 

distributions in the/0(1710) region, and do not include possible 
interferences or distortion due to the nearby ]6(1525). 

1710• 

1707• 

1698• 
1720• • 
1742:E15 
1670• 
�9 �9 We do 

1770• 
1730• 

1750+20 1 BARBERIS 998 OMEG 
1710• • 6 BARBERIS 99D OMEG 

1750• 7 ANISOVICH 98B RVUE 
1720 :E 39 BAI 98H B ES 
1775• 1.5 57 8 BARKOV 98 

1690• 9 ABREU 96C DLPH 

1696• 5 + 9 4 BAI 96C BES 
- 34 

1781• 8 +10 1 BAI 96c BES -31  
1768• BALOSHIN 95 SPEC 

1750• 10 BUGG 95 MRK3 
1620• 4 BUGG 95 MRK3 
1748• 3 ARMSTRONG 93C E760 
1750 BREAKSTONE 93 SFM 

1744• 11 ALDE 92D GAM2 
1713• 12 ARMSTRONG 89D OMEG 
1706• 12 ARMSTRONG 89D OMEG 

1700• 4 BOLONKIN 88 SPEC 

1720• 1 BOLONKIN 88 SPEC 
1638• 13 FALVARD 88 DM2 

1690• 4 14 FALVARD 88 DM2 

1755• 8 15 ALDE B6C GAM2 

1730+12 16 LONGACRE 86 RVUE 

1650• BURKE 82 MRK2 
164{)• 17,18 EDWARDS 82D CBAL 
173{)• 19 ETKIN 82C MPS 

2 FRENCH 99 300 pp ~ I 
p f ( K +  K - ) p  s 

3AUGUSTIN 88 DM2 J/V) ~ 7 K + K  - ,  ~o~ 
3 AUGUSTIN 87 DM2 J/V) ~ "7~+~-  
4BALTRUSAIT..37 MRK3 J/V) ~ "TK+K - 
3WILLIAMS 84 MPSF 2 0 0 r - N ~  2KOx 

BLOOM 83 CBAL J/V) ~ "727 
not use the following data for averages, fits, limits, etc, �9 �9 �9 

5 ANISOVICH 99B SPEC 0.6-1,2 p~ ~ 7 /~  "0 | 
1 BARBERIS 99 OMEG 450 pp I 

The f0(1710) is also observed in KK (FALVARD 88) 

in J/r  ---* ~zKK and J/r  ~ C K K ,  but with no 
spin-parity analysis, as well as in ~z] in radiative J / r  decays 

(EDWARDS 82). It is also clearly seen in 300-GeV/c pp central 
production in both K + K  - and 0 0 K s K  s (ARMSTRONG 89D). 
Mass and width are determined via a fit to non-interfering 
Breit-Wigners over a polynomial background, which leads to 

large systematic errors for the width. ARMSTRONG 93C also 
sees a broad peak in qq at 1747 MeV, which may be the 

f0(1710). 
This resonance is not observed in the hypercharge- 

exchange reactions g - p  --~ K ~  (ASTON 88D) and 
K-p --* r,-0 ~,-0v* (BOLONKIN 86); these non-observations are 

explained by a spin of 0 (LINDENBAUM 92). A possible ob- 
servation in 77 collisions leading to K~ (BRACCINI 99, but 
no spin determination), and a non-observation in 77 -~ 7r+Tr- 
(BARATE 00E) is consistent with a large 3s component. 

ps Pf K+ K - 
4 5 0 p p ~  psp f l r+Tr -  I 
450pp ~ K+ K - ,  

7r+ ~r- 
Compilation I 

~ - p  ~ KOsKOsn 
Z 0 ~ K + K - X  

J/V) ~ 3, K -r- K -  

J/V) ~ "7 K + K -  

40 ~ - C  ~ KOKOx 

J/V) ~ "77r+ ~ r -~+  ~r - 
J/V) ~ "7~-+~--Tr+Tr- 
~p ~ ~OTIT1 ~ 6"7 
pp 

ppTr + 7r-- 7r + ~r- 
3B ~--p ~ ~p/n 
300 pp ~ p p K + K  - 
300 pp - -  ppKO KO S 

40 7r--p ~ KO~ KO~n 

40 7r-- p ~ KUs KVs n 
J/V) ~ ~ K +  K - ,  

KO._KO.. 

J/V) ~ ~ K +  K - ,  
K 0 K 0 

S S 
38 : , r - p  ~ n2~ I 

22 ~r--p ~ n2KO S 

J/V) ~ "72p 
J/V) ~ "72~1 
23 ~r-p ~ n2KO S 

VALUE (MeV) CL% EVTS 
125 4- 12 OUR AVERAGE 

120 + 50 
- 40 

105 • 34 

166.4• 33.2 

136 • 28 
130 • 20 

57 • 38 

160 • 80 

6(1710) WIDTH 

DOCUMENT ID TECN COMMENT 

20 BAI 00 BES J/V) 
"7(:,r+ 7r- . +  ~r-) 

21 FRENCH 99 300 pp 
pf(K + K- )p  s 

22AUGUSTIN 88 DM2 J/V) ~ "TK+K - ,  K~Ko 
22AUGUSTIN 87 DM2 J/V) ~ "7~+7r- 
23 BALTRUSAIT..~7 MRK3 J/V) ~ "7K + K -  

3WILLIAMS 84 MPSF 2 0 0 ~ - N ~  2KOx 
BLOOM 83 CBAL J/V) ~ "y2~ 

1 j P  = 0 +. 
2 j P  0 +, supersedes by ARMSTRONG 89D. I 
3 NQ jPC determination, 
4 jP  _ 2 + 
S Preliminary data from CBAR, JP = 0 +. | 
6 Supersedes BARBERIS 99 and BARBERIS 99B. I 7 T-matrix pole, assuming JP = 0 + 
8 NO jPC determination. 
9 No jPC determination, width not determined. 

10 From a fit to the 0 + partial wave. 
11ALOE 92D combines all the GAMS-2000 data. 
12jP = 2 +, superseded by FRENCH 99. 
13 From an analysis ignoring interference with f~(1525). 

14 From an analysis including interference with f~>(1525). 

15 Superseded by ALDE 920. I 
16 Uses MRK3 data, From a partial-wave analysis of data using a K-matrix formalism with 

5poles, but assuming spin 2. Fit with constrained inelasticity. 
17 j P  = 2 + preferred, 
18 From fit neglecting nearby f~(1525), Replaced by BLOOM 83. 

19 Superseded by LONGACRE 86. 



See key on pa&e 239 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc, �9 �9 �9 

220 • 42 24 ANISOVICH 99B SPEC 0.6-1.2 p~  ~ ~F/~r 0 
100 • 25 20 BARBERIS 99 OMEG 450 p p  

PS Pf  K +  K -  
160 • 30 20 BARBERIS 998 OMEG 450 p p  

ps p f  Tr + ~ -  
126 • 16 • 25 BARBERIS 99D OMEG 450 pp ~ K + K - ,  

~r+ 7r- 
250 •  26 ANISOVICH 98B RVUE Compilation 

0 0 30 • 7 57 27 BARKOV 98 7 r - p  ~ K S K s n  

103 • 18 +30  23 BAI 96c BES J / ~  ~ 3`K + K -  - 1 1  

85 • 24 +22  20BAI  96c BES J/@ ~ 3 ` K + K  - - 1 9  

56 • 19 BALOSHIN 95 SPEC 4 0 x - C ~  

160 • 40 28 BUGG 95 MRK3 J/V) 

3`~r+ x - x +  x -  

100 + 60 23 BUGG 95 MRK3 J/V) 
- 20 

264 • 25 22 ARMSTRONG 93C E760 ~ p  ~ ~ 0 ~  ~ 63' 
200 to 300 BREAKSTONE93 SFM pp  

< 80 90 29ALDE 92D GAM2 38 ~ r - p  ~ ~/~/N* 
181 • 30 30 ARMSTRONG 89D OMEG 300 p p  

p p K  + K -  
104 • 30 30 ARMSTRONG B9D OMEG 300 p p  

30 • 20 23BOLONKIN 88 SPEC 4 0 ~ r - p ~  KO~KO~n 

350 ~EI50 20BOLONKIN 88 SPEC 4 0 ~ r - p ~  KUsKUsn 

148 • 17 31FALVARD 88 DM2 J / d , ~  C K + K  - ,  
K 0 K 0 

5 S 
184 • 6 32FALVARD 88 OM2 J / ~  VpK+K - ,  

0 0  
K s K  5 

122 _+ 7415 33LONGACRE 86 RVUE 2 2 ~ r - p ~  n 2 K ~  

200 •  BURKE 82 MRK2 J / ~  ~ 72p  

220 --100 34,35 EDWARDS 820 CBAL J / r  ~ "/2~/ 
- 70 
+ 156 0 2 0 0 . 0  910 36 ETKIN 828 MPS 23 ~ r - p  ~ n2KO s 

20 j P  _ 0 + 

21 j P ' -  0 + i  supersedes by ARMSTRONG 89D. 
22 No j P C  determination. 
23 j P  = 2 + .  
24 Preliminary data from CBAR, JP  = 0 + .  
25Supersedes BARBERIS 99 and BARBERIS 998. 
26T-matr ix pole, assuming JP = 0 + 
27 No j P C  determination. 
28 From a fit to the 0 + partial wave. 
29 ALDE 920 combines all the CAMS-2000 data. 
3 0 j P  _ 2 + ,  (0 + excluded). 

31 From an analysis ignoring interference with f~(1525). 

32 From an analysis including interference wi th f~(1525). 

33 Uses MRK3 data. From a partial-wave analysis of data using a K-matr ix formalism with 
5 poles, but assuming spin 2. Fit with constrained inelasticity. 

3 4 j P  = 2 + preferred. 

35From fit neglecting nearby f~(1525). Replaced by BLOOM 83. 

36 From an amplitude analysis of the K.~ K O system, superseded by LONGACRE 86. 

Mode 

fo(1710) DECAY MODES 

Fraction (F i /F )  

F I K K  seen 

F 2 fiT/ seen 

F 3 ~r~r seen 

F4 3'3' 

6(1710) r(i)r(~)Ir(totaD 
r(KK--) x r(-rr)Irt=,, r l rd r  
VALUE (keV) C L ~  DOCUMENT /D TEEN COMMENT 

K 0 K 0 <0.11 95 37 BEHREND 89C CELL "f3` 5 5 

�9 �9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

<0.48 95 ALBRECHT 90G ARG 73` ~ K + K  - 
<0.28 95 37 ALTHOFF 85B TASS 77 ~ KKTr 

37 Assuming helicity 2. 

r(.,r) x r(3'.T)Irt~, r3rdr 
VALUE (keV) CL~_~ DOCUMENT ID TEEN COMMENT 

< 0 . 8 2  95 38 BARATE 00E ALEP 3'3' ~ Ir + ~r-  

38 Assuming spin 0. 
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Meson Particle Listings 
fo (1710)  

f0(1710) BRANCHING RATIOS 

F(KK--)/F~= rdr  
VALUE DOCUMENT ID TE~'N COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0 ~ A +  0"09 n2K  0 "~v-0 .19  39,40 LONGACRE 86 MPS 22 w - p  

r(..)Irto=, r21r 
VALUE DOCUMENT tO TEEN 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0 1A+0.03 " ~--0.13 39,40 LONGACRE 06 RVUE 

r ( , . ) / r ~ l  r31r 
VALUE DOCUMENT ID TEEN 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.039_+00:8022 39'40 LONGACRE 86 RVUE 

F(.,)/r(KK--) r3/rl 
VALUE DOCUMENT ID TECN COMMENT 

0.39"k0.14 ARMSTRONG 91 OMEG 300 p p  ~ ppTr~ ,  
p p K K  

�9 * �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.2 •177 BARBERIS 990 OMEG 450 p p  ~ K + K - ,  
7T Jr 7T - 

r( . . ) / r(K K--') ralr~ 
VALUE CL% DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 * �9 

<0.02 90 41 PROKOSHKIN 91 GA24 300 7 r - p  ~ x - - p r l r l  

39 From a partial-wave analysis of data using a K-matr ix formalism wi th 5 poles, but as- 
suming spin 2. 

40 Fit wi th constrained inelasticity. 
41 Combining results of GAM4 with those of ARMSTRONG 890. 

fo(1710) REFERENCES 

BAi 00 PL B472207 J.Z. Ba[ et aL (BEg Collab.) 
BARATE O0E PL 8472189 R. Barate et aL (ALEPH Col]ab.) 
ANISOVICH 998 PL B449154 A.V Anisovith et aL 

I BARBERIS 99 PL B453305 D. Barberis er aL (Omega expt.) 
BARBERIS 99B PL B453 316 D. Barberis et a/, (Omega expt.) 
BARBERIS 99D PL B462462 D. Barberis et aL (Omega expt.) 
FRENCH 99 PL B214213 B, French et aL IWA76 Collab.) 
ANISOVICH 9BB UFN 41 419 V.V. Anisovich et aL 
BAI gBH PRL 811179 J.Z. Bai et aL (BEg Collab.) 
BARKOV 98 JEPTL 68764 B,P. Barkov er aL 
ABREU 96C PL B329309 P. Abreu et aL (DELPHi Collab.) 
BAi g6C PRL 773959 J.Z. Bai et a/. (BEg Collab.) 
BALOSHiN 95 PAN 58 46 O,N. Ba)oshin ef al. (ITEP) 

Translated from YAF 58 50. 
BUGG 95 PL B353 378 D.V. Bugg et at. (LOQM, PNPI, WASH) 
ARMSTRONG 93C PL 8307 394 T.A. Armstrong et aL (FNAL, FERR, GENO+) 
BREAKSTONE 93 ZPHY CSB 251 A.M, Breakstone et aL (IOWA, CERN, OORT+) 
ALDE 92D PL B284 452 D.M. Aide et aL (GAM2 Collab.) 

Also 91 SJNP 54 451 D.M. Aide et al. (GAM2 Collab.) 
Tra,slated from YAF 54 745. 

ARMSTRONG 9t ZPHY CSt 351 T.A. Armstrong er al. (ATHU, BARI, BIRM+) 
PROKOSHKIN 9t SPD 3S 155 Y.D. Prokosbkin (CAM2, CAM4 Coliab.) 

Transrated from DANg 316900. 
ALBRECHT 90G ZPHY C4B 183 H. Albrecht er at. (ARGUS Collab.) 
ARMSTRONG 89D PL B227186 T.A. Armstrong, M. Benayoun (ATHU, BARI, BIRM+) 
BEHREND 89C ZPHY C4391 H.J. Behrend et at. (CELLO Collab.) 
AUGUSTIN 88 PRL 602238 J.E. Augustin et at. (DM2 Collab.) 
BOLONKIN 88 NP B309426 B,V. Bolonkin et aL (ITEP, SERP) 
FALVARD ag PR 038 2706 A. Falvard et at. (CLER, FRAS, LALO+) 
AUGUSTIN 87 ZPHY C36 369 J.E. Augustin et al. (LALO, CLER, FRAS+) 
BALTRUSAIT...87 PR D352077 R,M. Baltrusaltls et aL (Mark III Collab.) 
ALDE 86C PL B182 I05 D.M. Aide et aL (SERP, BELG, LANL, LAPP) 
LONGAERE 86 PL B177 223 R.S. Longacre et at. (BNL, BRAN, CUNY+) 
ALTHOFF 8SB ZPHY C29 189 M. Althoff et aL (TASSO Coltab.) 
WILLIAMS 84 PR D30877 E.G.H. Williams et at. (VANE), NDAM, TUFTS+) 
BLOOM 63 ARNS 33 143 E.D. Bloom, C. Peck (SLAC, CIT} 
BURKE 82 PRL 49 632 D,L. Burke et at. (LBL, gLAC} 
EDWARDS B2D PRL 48 458 C. Edwards et at. (CIT, HARV, PRIN+) 
ETKIN 82B PR 025 1786 A. Etkin er aL (8NL, CUNY, TUFTS, VAND 
ETKIN 82C PR O25 2446 A. Etkin et aL (BNL, CUNY, TUFTS, V A N D  

OTHER RELATED PAPERS ~ 

ANISOVICH S9H PL B467 289 A.V. Anlsovlch, V.V. Anlsovich 
BRACCINI Sg Hadron Spectroscopy 53 S. Braccini 

Frascati Physlcs Series XV (1999) 53, Proceedings Workshop on Hadron Spe~tro~co W 
GODFREY 99 RMP 7t 1411 S. Godfrey, J. Napolltano 
GRYGOREV 99 PAN 62 470 V.K. Grygofev et a/. 

Translated from YAF 62 513. 
PROKOSHKIN 99 PAN 62356 Yu.D. Prok~shkin et al. 

Translated from YAF 62 396. 
ANISOVICH 97 PL B395 123 A.V. Anisovlch, A.V. Sarantsev (PNPI) 
DUNWOODIE 97 Hadron 97 Conf. W. Dunwoodie (SLAC) 
LINDENBAUM 92 PL B274492 g.J, Lindenbaum, R.S. Longacre (BNL) 
BISELLO 898 PR D39 70t G. Busetto el al. (OM2 Collab.) 
ASTON BaD NP B30I 525 D. Aston el at. (SLAC, NAGO, CINC, INUS) 
AKESSON 86 NP B264154 T. Akesson et aL (Axial Field Spec. Collab~) 
ARMSTRONG 86B PL 1678 133 T.A. Armstrong et at. (ATHU, BARI, BIRM+) 
BALTRUSAIT..86B PR D33 1222 R.M, Baltrusaitis et al. (Mark III Coblab.) 
ALTHOFF 83 PL 121B 216 M. Althoff et at. (TASSO Coliab.) 
BARNETT 83B PL L20B 455 B. Barnett et aL (JHU) 

I ALTHOFF 82 ZPHY CIS 13 M. Althoff et aL (TASSO Collab,) 
I BARNES 82 PL Bt16 365 T. Barnes, F.E. Ctose (RHEL) 
i BARNES 82B NP BI98 360 T, Barnes, F.E. Close, S. Monaggan (RHEL, OXFTP) 

TANIMOTO 82 PL 1168 I96 M. Tanimoto (BIEL) 
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Meson Particle Listings 
a2(1750), q(1760), X(1775), ~T(1800) 

I a2(1750) I ,o<pc  : ,_,2 + +) 
OMITTED FROM SUMMARY TABLE 

a2(1750) MASS 

VALUE (MeV} DOCUMENT ID TEEN COMMENT 

1~'?,'t'21-'1"4 ACCIARRI 97T L3 77  ~ ~ +~r -~r0  I 
�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

~1775  1GRYGOREV 99 SPEC 4 0 ' . - - p ~  KOsKOsn I 
1 Possibly two J P  = 2 + resonances with isospins 0 and 1. I 

a2(1750 ) WIDTH 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 

150-1-110~34 AEEIARRI 97T L3 73' ~ �9 +~r -~ r0  

a2(1750) DECAY MODES 

Mode 

r l  77 

r 2 p~r 

r3  f2(1270)~r  

�9 ~(17so) r(i)r(-m)/r(total) 

[r(pz) + r(f2(127o)~)] x r(,l,,),)/rt~j= (r2+r~)rz/r  
VALUE (keY} DOCUMENT /D TEEN COMMENT 

0.294"0.044"0.02 ACCIARRI 97T L3 3'3" ~ ~ + ~ r - ~ 0  

I X (1775) I ,G(jPC) = I-(?- +) 
OMITTED FROM SUMMARY TABLE 

Needs conf i rmat ion.  

VALUE (MeV) 

1776:1:13 OUR AVERAGE 
1763• 

1787• 

X(1775) MASS 

DOCUMENT IO TECN COMMENT 

CONDO 91 SHF 

CONDO 91 SHF 

,yp 
(p~+)(~+ ~- +-) 

VALUE (MeV) 
155-1-40 OUR AVERAGE 
192• CONDO 91 SHF 

118• CONDO 91 SHF 

X(1775) DECAY MODES 

Mode 

r I pTr 
F 2 f2(1270)Tr 

X(ln'5) WIDTH 

DOCUMENT ID TEEN COMMENT 

7 P  
(px+)(x+=- ~-) 

,,/p ~ n T r + ~ + T r  - 

X(1775) BRANCHING RATIOS 

r(p~r)/r(f2(1270)x) r # r 2  
VALUE DOCUMENT ID TEEN COMMENT 

a2(1750) REFERENCES 

GRYGOREV 99 PAN 62 470 V.K, Grygotev et at. 
Translated from YAF 62 513. 

ACCIARRI 97T PL B41S 147 M. Acciarri et aL (L3 Collab.) 

1 (176o)1, : o§247 
OMITTED FROM SUMMARY TABLE 

Seen by DM2 in the pp system (BISELLO 89B). Structure in 
this region has been reported before in the same system (BAL- 
T R U S A I T I S  86B) and in the  ~ system ( B A L T R U S A I T I S  85C, 
B ISELLO 87). Needs conf i rmat ion.  

~(1760) MASS 

VALUE (MeV) EVTS DOCUMENT ID TEEN 

1760-1-11 320 1 BISELLO 89B DM2 

1 Estimated by us from various fits. 

COMMENT 

J / ~  ~ 4 ~  

.(1760) WIDTH 

VALUE (MeV) EVT$ DOCUMENT /D TECN 

60"4"16 320 2 BISELLO 89B DM2 

2Estimated by us from various fits. 

COMMENT 

J / r  ~ 47r 7 

f/(1760) REFERENCES 

BISELLO BgB PR D39 701 G. Busetto et aL (DM2 Collab.} 
BISELLO B7 PL B192 239 D. Bisello et aL (PADO, CLER, FRAS+) 
BALTRUSAIT.., 86B PR D33 ]222 R.M. Balt[usaitis et aL (Mark lU Collab.) 
BALTRUSAIT.. 85C PRL 55 1723 R.M. Baltrusaitis et aL {ClT, UCSC+} 

- - O T H E R  RELATED P A P E R S - -  

1.~•  
1.3 •  

1.8 •  

CONDO 91 SHF 7 p ~  
(p~+)(.+ ~-=- )  

CONDO 91 SHF "yp ~ n~+~+~ - 

X(1775) REFERENCES 

CONDO 91 PR D43 2787 G.T. Condo et al. (SLAC Hybrld Collab.) 

1 -(18oo)1 : 1-<o-+) 
See also minireview under non-q~ candidates. (See the index for the 
page number.) 

1r(1800) MASS 

VALUE (MeV) EVT5 DOCUMENT ID TEEN CHG COMMENT 

1801"4-13 OUR AVERAGE Error includes scale factor of 1.9. See the ideogram below. 

] 8 4 0 • 1 7 7  1200 AMELIN 96B VES 37 ~ r - A  
rt~/~r- A 

1775• 7 + 1 0  36 ~T--A 
~ + ~ r -  ~ -  A 

1790• 37 ~ - - A  
K +  K - ~ - A  

1873::533• 36 ~ -  Be 
: r -  T/r/Be 

1814• 426• 36 7T--C 
57 7r- 7/F/C 

1770• 1 1 0 0  BELLINI B2 SPEC - 40 ~ - A  ~ 3~A 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. I �9 �9 

1737• 5 i 1 5  AMELIN 99 VES 37 7 r l A  
u ) ~ -  ~ 0 A *  

1 From a fit to j P C  = 0 - + f0(980)~r, f0(1370)lr waves. 

2 From a fit to j P C  = 0 - + K~(1430) K -  and f0{980) ~ -  waves. 

I AMELIN 95B VES 

2 BERDNIKOV 94 VES 

BELADIDZE 92C VES 

BITYUKOV 91 YES 

BAI 99 PL B446 356 J.Z. Bai et aL IBES Collab.) 
BUGG 99 PL B458 5[] D.V. Bugg et al. 



See key on page 239 

~r(1800) WIDTH 

VALUE(MeV) E V T 5  DOCUMENT ID TEEN CNG COMMENT 

2104"15 OUR AVERAGE 
210•177  1200 AMELIN 96B VES - 37 ~ r - A  

~ / ~ ' -  A 
190•177  3 AMELIN 95B VES -- 36 ~r- A 

~r + ~r- ~r- A 
210• 4 BERDNIKOV 94 VES - 37 ~ r - A  

K - - K - ~ r - A  
225•177  BELADIDZE 92C VES - 36 ~ -  Be 

205• 426•  B ITYUKOV 91 VES - 36 ~ r -C  
57 = -  r/~/C 

310::E50 1100 BELLINI 82 SPEC - 40 ~r-A ~ 3~rA 
�9 �9 �9 Wedo  not use the fol lowing data for averages, fits, l imits, e t c ,  �9 �9 �9 

259• 6 AMELIN 99 VES 37 ~ r - A  
~:~r- ~r0A* 

3From a fit to j P C  = O -  + f0(980)~, f0(1370)~r waves. 

4 From a fit to j P C  = 0 - + K~(1430) K -  and f0(980) ~r- waves. 

~r(1800) DECAY MODES 

Mode Fraction ( r i / r )  

Meson 
473 

Particle Listings 
m-(1800),  f2 (1810)  

rz ~r + '/r ~ seen 

r 2  f 0 ( 9 8 0 ) ~ r -  seen 

q fo (1370) 'n- seen 

i- 4 p T r -  not seen 

r 5 177) -tr - seen 

r6 ao(980)r/ seen 

r7 /o(15oo) ~r- seen 

r8 ~'(958)~- s,~n 
r, K~(1430) K-  seen 
r10 K* (892) K-  not seen 

~r(1800) BRANCHING RATIOS 

r(fo(98o).-)/r (foO37o)x-) r~/r~ 
VALUE DOCUMENT ID TEEN CHG COMMENT 

1.74-1.$ AMELIN 95B VES 36 ~ - A  
l r+  l r - ~ -  A 

r(fo(1370)~r-)/r~al r$/r 
VALUE DOCUMENT ID TEEN CHG COMMENT 

seen BELLINI 82 SPEC - 40 w - A  ~ 3~rA 

r ( ,~ . - ) / r ( .+ . - . - )  rs/q 
VALUE E V T 5  DOCUMENT ID TEEN CHG COMMENT 

0,5 +0.1  1200 AMELIN 96B VES - 37 ~ r - A  

r (fo(15oo),-)/r(ao(98o) ~) rz/r~ 
VALUE E V T 5  DOCUMENT IO TEEN CHG COMMENT 

0.10e 4"0.03 1200 5 AMELIN 96B VES - 37 ~ -  A 
~/~/~r- A 

5Assoming that f0(1500) decays only to ~/~/ and a0(980 ) decays only to ~/~. 

r (,m'(gss) . - ) / r  (,..r-) r./r~ 
VALUE E V T S  DOCUMENT ID TEEN CHG COMMENT 

0.2g:1:0.06 OUR AVERAGE 
0.29• BELADIDZE 92C VES - 36 ~r -Be 

~ -  ~/r ~/Be 
0.3 :t:0.1 426•  B ITYUKOV 91 VES - 36 ~ - C  

57 ~ -  ~/~/C 

r(K~(1430) K - ) / r ~ , ,  r # r  
VALUE DOCUMENT IO TEEN CHG COMMENT 

.~en BERDNIKOV 94 VES 37 ~r--A 
K +  K - ~ r - A  

r(K'(892) K - ) / r ~ , ,  r lo/r  
VALUE DOCUMENT tO TEEN CHG COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fitS, limits, etc. �9 �9 �9 

not seen BERDNIKOV 94 VES 37 7 r - A  
K +  K - ~ r -  A 

r(p~r-)/r (fo(980)~r-) r~/r2 
VALUE C L ~  DOCUMENT ID TEEN CH.~G COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<0.14 90 AMELIN 95B VES - 36 ~ -  A 
~ + ~ r -  ~r- A 

r ( p . - ) / r ~ , ~ l  rdr 
VALUE DOCUMENT ID TEEN CNG COMMENT 

not  N~I  BELLINI 82 SPEC - 40 ~ - - A  ~ 3~rA 

~r(1800) REFERENCES 

AMELIN 99 PAN 62 445 D.V. Amelin et aL (VES Collab,) 
Translated from YAF 62 487. 

AMELIN 96B PAN 59 976 D.V. Amel[n et aL {SERP, TBIL)IGJPC 
Translated from YAF 59 1021. 

AMELIN 95B PL B356 595 D.V. Amelin e! al. . (SERP, TBIL) 
BERDNIKOV 94 PL B337 219 E.B. Berdnikov et at. (5ERP, TBIL) 
BELADIDZE 92C 5JNP 55 1535 G.M, Beladidze, SJ. Bityukov. G.V. Borisov ($ERP+) 

Translated from YAF 55 2748. 
BITYUKOV 91 PL B258 137 S.I. Bityukov et al. (SERP. TBIL) 
BELLINI 82 PRL 48 1597 G. Bellini et aL (MILA, BGNA, JINR) 

- -  OTHER RELATED PAPERS 
LANDSBERG 99 SPU 42 871 LG. Landsberg 

Translated from UFN 42 g61. 
ZAIMIDOROGA gg PAN 30 I O.A. Zaimidoroga 

Translated from SJPN 30 5. 
BORISOV 92 SJNP 55 1441 G,V, Borisov, S.S. Gershtein, A.M. Zaitsev (SERP) 

T[allSlated from YAF 55 2583. 

OMITTED FROM SUMMARY TABLE 
Needs confirmation. 

f2(1810) MASS 

VALUE (MeV) EVTS DOCUMENT tO TEEN COMMENT 

1615:1:12 OUR AVERAGE Error includes scale factor of 1.4, See the ideogram below. 

1800• 40 ALDE 880 GAM4 300 7 r - p  ~ ~ -p4~ r  0 
1806•  1600 ALDE 87 GAM4 100 ~ r - p  ~ 47r0n 
]870•  1 ALDE 860 GAM4 100 ~ r - p  ~ r/~/n 

1857+35 2COSTA.. .  80 OMEG 1 0 1 r - p ~  K + K - n  
" - 2 4  

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

1858_+~8 3 LONGACRE 86 RVUE Compilation 

1799~E15 4CASON 82 STRC 8 ~ r + p ~  -'%++~r0w 0 

1 Seen in only one solution. 
2 Error increased by spread of two solutions. Included in LONGACRE 86 global analysis. 
3 From a partial-wave analysis of data using a K-matrix f~mal ism With 5 poles. Includes 

compilation of several other experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
4From an amplitude analysis of the reaction x+~r  - - *  2~r 0. The resonance in the 27r 0 

final state is not confirmed by PROKOSHKIN 97. 
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Meson Particle Listings 
f2(1810), ~3(1850) 

f2(1810) WIDTH 

VALUE (MeV) EVT5 DOCUMENT 19 TECN COMMENT 
}.9"/4" 22 O U R  AVERAGE Error includes scale factor of 1.5. See the ideogram below. 

160•  30 40 ALDE 88D GAM4 300 ~ - p  ~ ~ r - p 4 ~  0 
190-}- 20 1600 ALDE 87 GAM4 100 7r- p ~ 47r 0 n 
250:E 30 5ALDE 86D GAM4 100 ~ r - p ~  ~)~n 

185+11092 6COSTA...  80 OMEG 1 0 . - p ~  K + K - n  

�9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

388 + - 15 7LONGACRE 86 RVUE Compilation 

280 + 42 8CASON 82 STRC 8 ~ t + p ~  /',++~rOTr 0 
- 35 

5Seen in only one solution. 
6 Error increased by spread of two solutions, included in LONGACRE 86 global analysis. 
7 From a pjartial-wave analysis of data using a K-matr ix formalism wi th 5 poles, includes 

compilation of several other experiments. 
8From an amplitude analysis of the reaction ~ + ~ r -  ~ 2~ 0. The resonance in the 2~ 0 

final state is not confirmed by PROKOSHKIN 97. 

Mode 

f2(1810) DECAY MODES 

Fraction (rj/r) 

rl 7r~T 
F2 7/7/ 
r 3 41r 0 

r 4 K + K -  

f2(1810) BRANCHING RATIOS 

r ( . . ) / r~ , ,  r l / r  
VALUE DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 * �9 

not seen PROKOSHKIN 97 GAM2 38 ~ - p  ~ ~ 0 ~ 0 n  

8.21+00:0~ 9LONGACRE 86 RVUE Compilation 

0,44=t:0.03 10 CASON 82 STRC 8 ~-I-p ~ A + + ~ 0 ~ 0  

9From a partial-wave analysis of data using a K-matr ix formalism wi th 5 poles, Includes 
compilation of several other experiments. 

10 Included in LONGACRE 86 global analysis. 

r(~)/rto~l r2/r 
VALUE DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0 0 nQ+0.028 9 LONGACRE 86 RVUE Compilation 
" ~ -  0.003 

r(,~)/r(47 ~ q/r3 
VALUE DOCUMENT ID TECN COMMENT 

�9 * �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<0.75 ALDE 87 GAM4 100 ~ r - p  ~ 4~r0n 

r (~~ r3/r2 
VALUE DOCUMENT 19 TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. * �9 �9 

0 . 8 + 0 3  ALDE 87 GAM4 100 ~r--p ~ 41r0n 

F(K + K-)lrt=,, r4/r 
VALUE DOCUMENT ID TEEN COMMENT 

�9 * �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.003+_0:0019 9LONGACRE 86 RVUE Compilation 

seen COSTA... 80 OMEG 10 7r- p ~ K + K-  n 

f2(1810) REFERENCES 

PROKOSHKIN 97 SPO 42 117 Y.D. Prokoshkln et at. {SERP) 
Translated from DANS 353 323. 

ALDE 88D SJNP 47 810 D.M. Aide et at. (SERP, BELG, LANL, LAPP+) 
Translated from YAF 47 1273. 

ALOE 87 PL Blg8 286 D.M. Aide et aL (LANL, BRUX, SERP, LAPP) 
ALDE 86D NP B269 485 D.M, Aide et al, (BELG, LAPP, SERP, CERN+) 
LONGACRE 86 PL B177 223 R.S, tongacre et aL (BNL BRAN, CUNY+) 
CASON 82 PRL 48 1316 N.M. Casoa et aL (NOAM, ANL) 
COSTA,,. 80 NP B173 402 G. Costa de Beaure~ard er aL (BARL BONN+) 

OTHER RELATED PAPERS 
AKER 91 PL B260 249 E, Aker et al. (Crysta~ Barrel Collab.) 
EASON 83 PR D2B 1586 N.M. Cason et al. (NDAM, ANL) 
ETKIN 82B PR 025 1786 A. Etkln et aL (BNL, CUNY, TUFTS, VANO) 

= 

1 ,( 850)1 IG(j PC) = 0 - ( 3 - - )  

~(1850) MASS 

DOCUMENT ID TECN COMMENT VALUE (MeV) EVTS 
1854:1 :7  O U R  AVERAGE 

1855+10 ASTON 88E LASS 11 K - p  ~ K - K + A ,  
KOs K~ ~T A 

187 n+30 430 ARMSTRONG 82 OMEG 18.5 K-p ~ K--K+A v _ 20 

I850• 123 ALHARRAN 818 HBC 8.25 K-p ~ KKA 

M(1B50) WIDTH 

VALUE (MeV I E V T S  DOCUMENT ID TECN COMMENT 

87-F~.~ O U R  AVERAGE Error includes scale factor of 1.2. 

64:1:31 ASTON 88E LASS 11 K-p  ~ K-K+A, 
KOs K~C x:T: A 

1~.n+90 "~--58 430 ARMSTRONG 82 OMEG 18.5 K-p ~ K-K+A 

8 n+40 123 ALHARRAN 81B HBC 8.25 K-p ~ KKA v-30  

~(1850) DECAY MODES 

Mode Fraction ( r i / r )  

r I K K  seen 

F2 KK*(892)+ C.C. seen 



See key on page 239 

~b3(1850) BRANCHING RATIOS 

r (K~*(892) + C.C.) Ir(K'g) r d r l  
VALUE DOCUMENT ID TEEN COMMENT 

055+0'8- 5 ASTON 88E LASS 11 K - p ~  K - K + A ,  �9 - 0 ~  
K O K • ~rq- A 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.8 • ALHARRAN 81B HBC 8.25 K-p ~ KKtrA 

~(1850) REFERENCES 

ASTON 88E PL B208 324 D. Aston et at. (SLAC. NAGO, ClNC, INUS)IGJPC 
ARMSTRONG 82 PL I1OB 77 T.A. Armstrol~ g et aL (BARI, BIRM, CERN4-)JP 
ALHARRAN 81B PL 1OlB 357 S. AI-Harran et al. (BIRM, CERN, GLAS+) 

- -  OTHER RELATED PAPERS 

CORDER 82B PL IIOB 335 A. Cordier et aL (LALO) 
ASTON 8OB PL 92B 219 D. Aston (BONN, CERN, EPOL, GLAS, LANE+) 

OMITTED FROM SUMMARY TABLE 
Needs confirmation. 

t12(1870) MASS 

VALUE (MeV) EVT5 DOCUMENT IO TEEN CHG COMMENT 

1854+20 OUR AVERAGE 
1840•  BARBERIS 97B OMEG 450 p p  

p p 2 0 r +  ~ r -  ) 
1 8 7 5 • 1 7 7  A D O M E I T  96 CBAR 0 1.94 ~ p  ~ r~3x 0 

1 8 8 1 • 1 7 7  26 KARCH 92 CBAL e + e  - 
e + e -  r/:r 0 ~0 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

1840•  BAI 99 BES J/~b 

"7 ~/~r + ~r-- 

~/2(1870) WIDTH 

VALUE (Me'V) EVTS DOCUMENT ID TEEN CHG COMMENT 

202:1:30 OUR AVERAGE 
2 0 0 •  BARBERIS 978 OMEG 450 p p  

p p 2 ( ~ +  ~r - ) 
2 0 0 4 - 2 5 •  A D O M E I T  96 CBAR 0 1.94 ~ p  ~ ~/3~ 0 

2 2 1 • 1 7 7  26 KARCH 92 CBAL e + e  - 
e + e - ~ O ~ 0  

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc, �9 �9 �9 

1 7 0 •  BAI 99 BES J/V; 
"f r/~r + ~r- 

r/2(1870) DECAY MODES 

Mode 

r I q~r~r 

r 2 a 2 ( 1 3 2 0 ) ~ r  

r~  f 2 ( 1 2 7 0 ) ~ /  

~(1870) BRANCHING RATIOS 

r(a=(z320) ~r)/r (f~(z270)n) ri/r3 
VALUE DOCUMENT ID TEEN CHG COMMENT 

4.1:1:2.3 A D O M E I T  96 CBAR 0 1.94 ~ p  ~ ~/3T 0 

r(~,,) /r~ rl/r 
VALUE DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do got use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

not seen AMELIN 00 VES 37 ~r- p ~ rl~r + ~r- n 

~(1870) REFERENCES 

AMELIN 00 NP B668 83 D. Amelin et at. IVES Collab.) 
8AI 99 PL 8446 356 J.Z. Bai et aL (BES Collab.) 
BARBERIS 978 PL 8413 217 D. Barberis et aL (WA]O2 Collab.) 
AOOMEIT 96 ZPHY C71 227 J. Adomeit et al. (Crystal Barrel Collab.) 
KARCH 92 ZPHY E54 33 K. Karch et al. (Crystal Ball Collab.) 

OTHER RELATED PAPERS - -  

KARCH 90 PL B249 353 K. Karch et at. (Crystal Bail Collab.) 
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Meson Particle Listings 
r q2(1870), X(1910)  

lx(191o)l 
OMITTED FROM SUMMARY TABLE 

We list here two different peaks with dose masses and widths seen 
in the mass distributions of ~ and r/r/ final states. ALDE 91B 
argues that they are of different nature. 

X(1910) MASS 

VALUE (MeV) DOCUMENT ID 

1810 to 1920 OUR ESTIMATE 

X(1910) ~ u  MODE 
VALUE (MeV) DOCUMENT ID TEEN COMMENT 
1921:1:8 OUR AVERAGE 
1920 •  1 BELADIDZE 92B VES 36 ~ r - p  ~ u)~n 
1924+14 1ALDE 90 GAM2 3 B T r - p ~  u]~n 

1 j P C  = 2 + + .  

X(1910) ~/~ MODE 
VALUE (MeV) DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

1 9 1 1 •  ALDE 91B GAM2 38 ~ r - p  ~ ~/~/In 

X(1910) WIDTH 

VALUE IMeV) DOCUMENT ID 

90 to 250 OUR ESTIMATE 

X(1910) ur MODE 
VALUE {MeV) DOCUMENT ID TEEN COMMENT 

90:1:19 OUR AVERAGE 
9 0 •  2 BELADIDZE 928 VES 36 7 r - p  ~ c ~ n  

9 1 •  2 A L D E  90 GAM2 3 8 ~ - p ~  ~u~n 

2 j P C  = 2 + + .  

X(1910) ~ MODE 
VALUE {MeV) DOCUMENT IO TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

9 0 •  ALDE 91B GAM2 38 7 r - p  ~ T/~:n 

�9 X(1910) DECAY MODES 

Mode 

i- 1 ;r ~rO KoKo 
F 3 7/r/ 
F 4 ~oJ 
r 5 r/7/I 
F 6 ~/: r/ 

X(1910) BRANCHING RATIOS 

r ( ~ ) / r ~  rdr 
VALUE DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

seen ALDE 89B GAM2 38 ~ r - p  ~ opuJn 

r(~.O)/rO~' ) rdrs 
VALUE DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

<0.1 ALDE 89 GAM2 3 8 x - p - ,  ~ l r l tn 

r(,m) Ir(,m') rdrs 
VALUE EL___%_% DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

<0.05 90 ALDE 91B GAM2 38 r - p  --~ ~l~ltn 

r(~s ~s)/r(~') rdr8 
VALUE CL~ DOCUMENT ID T~(~N (~QMM~NT, , 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

<0.066 90 BALOSHIN 86 SPEC 4 0 ~ r p ~  K O K O s n  

r(,H)/r~.= rdr 
VALUE DOCUMENT /D TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, Iln~lts, etc. �9 �9 �9 

possibly seen BELADIDZE 92D VES 37 l r - p  ~ r l t r l t n  
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Meson Particle Listings 
X(1910 ) ,  f2(1950), X ( 2 0 0 0 )  

X(lgl0) REFERENCES 

BELADIDZE 92B ZPHY C54 367 G.M. Beladidze et aL (VES Collab.) 
BELADIDZE 92D ZPHY C57 13 G.M. Beladldze et aL (VES Collab.) 
ALDE 9tB SJNP 54 455 D.M, Aide et aL ISERP, BELG, LANL, LAPP+) 

Translated from YAF 54 751. 
AlSO 92 PC 8276 375 D.M. Aide et al. (BELG, SERP, KEK, LANL+) 

ALDE 90 PL B241 600 D.M. Aide et aL (SERP, BELG, LANL, LAPP+) 
ALUE 89 PL B2t6 447 D.M. Aide et aL (SERP, BELG, LANL, LAPP) 

Also B8E SJNP 48 t835 D.M. Aide et aL (BELG, SERP, LANL, LAPP) 
Translated from YAF 48 1724. 

ALDE 8SB PL 82t6 451 O.M. Aide et at. (SERP, BELG, LANL, LAPP+) 
BALOSHIN 86 SJNP 43 959 O.N. Baloshin et aL (ITEP) 

Translated from YAF 43 1487. 

LEE 94 

- -  OTHER RELATED PAPERS - -  

PL B323 227 J.H. Lee et al. (BNL, IND, KYUN, MASD+) 

I r ( 9 o)l 
OMITTED FROM SUMMARY 

Needs confirmation. 

IG(j PC) = 0 + ( 2 + + ]  

TABLE 

6(1950) MASS 

VALUE (MeV) DOCUMENT ID TECN CHG COMMENT 

19604-30 1 BARBERIS 978 OMEG 450 p p  

pp2(~r+ ~r - ) 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

1940• BAI 00 BES J / r  

~ ' (~+~ -~ r%r - )  
1980•  2 ANISOVICH 99B SPEC 1.35-1.94 p~  

~/~0 
1918• ANTINORI 95 OMEG 300,450 p p  

pp2(~r + ~r-)  
1996 HASAN 94 RVUE ~ p  ~ ~r~r 
1990 30AKDEN 94 R V U E  0.36-1.55 ~p 

~r;T 
1950• 4 ASTON 91 LASS 0 11 K-p 

AKK~r 
1 Possibly two states. 
2 Using preliminary CBAR data. 
3From solution B of amplitude analysis of data on ~ p  ~ ~r~r. See however KLOET 96 

who fit ~ +  ~r-  only and find waves only up to J = 3 to be important but not significantly 
resonant. 

4Cannot determine spin to be 2. 

f2(1950) WIDTH 

VALUE (MeV) DOCUMENT ID TECN CHG COMMENT 

460:t: 40 5 BARBERIS 978 OMEG 450 p p  

pp2(~r+ ~r - ) 
�9 �9 �9 We do not use the fol lowing data for averages, fits. l imits, e t c . � 9  �9 �9 

380_+1920 BAI 00 BES J/@ 

500• 6 ANISOVICH 99B SPEC 135-1.94 p ~  
~/7/-.,r 0 

390•  60 ANTINORI 95 OMEG 300,450 p p  

pp2 ( I r+  lr - ) 
134 HASAN 94 RVUE ~ p  ~ ~r~r 
100 7 0 A K D E N  94 RVUE 0.36-1.55 ~ p  

~rTr 
250•  50 8ASTON 91 LASS 0 11 K - p  

AKK}T~r 
5 Possibly two states. 
6 Using preliminary CBAR data. 
7 Fromsolut ion B of amplitude analysis of data on ~ p ~  ~ ~. See however KLOET 96 

who f i t  T + ~ -  only and find waves only up to J = 3 to beimportant  but not significantly 
resonant. 

8 Cannot determine spin to be 2. 

f2(1950) DECAY MODES 

Mode Fraction (F i /F )  

r I K*(892) K*(892) seen 
r 2 7r + ~ -  seen 
r 3 ~r + ~T- ~T + ~T-- possibly seen 

r 4  a2(1320)Tr  

r 5 f2 (1270)  Ir 7r 

f2(1950) BRANCHING RATIOS 

r (K* (892)K'* (892))/rto=~ 
VALUE DOCUMENT ID TEEN CHG 

ASTON 91 LASS 0 

r,/r 
COMMENT 

11 K - - p  
A K K ~ r ~ r  

r (~(:320) ~r) / r==,, 
VALUE DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

possibly seen BARBERIS 97B OMEG 450 p p  

pp2(T r -  7r - )  

r4/r 

f2(1950) REFERENCES 

BAI 00 PL B472 207 J.Z. Bai et al. (BES Collab.) 
ANISOVICH 9gB PL 8449 154 A.V. Anisovich et a/. 
BARBERIS 97B PL B413 217 D. Barberls et aL (WAtO2 Collab,) 
KLOET 96 PR D53 6t20 W.M. KIoet, F. Myhrer (RUTG, NORD) 
ANTINORI 95 PL B353 589 F. Ant• et al. (ATHU, BARI, BIRM+) JP 
HASAN 94 PL B334 215 A, Hasan. D.V. Bugg (LOQM) 
OAKDEN 94 NPA 574 731 M.N. Oakden, M.R. Penflington IDURH) 
ASTON St NP B2L 5 (Suppl) D. Aston et at. (LASS Collab.) 

- -  OTHER RELATED PAPERS - -  
ALBRECHT 88N PL B212 528 H. Albrecht et aL (ARGUS Collab.) 
ALBRECHT 87Q PL Bt98 255 H. Albrecht et aL (ARGUS Collab.) 
ARMSTRONG 87C ZPHY C34 33 T.A, Armstrong et at. (CERN, BIRM, BARI+) 

Ix (2ooo)  I : 
OMITTED FROM SUMMARY TABLE 

BALTAY 77 favors JP = 3 +. Needs confirmation, 

2214:t-15 BALTAY 

2080 4- 40 208 KALELKAR 

1 Cannot determine spin to be 3. 

X(2000) MASS 

VALUE (MeV) EVTS DOCUMENT ID TECN CNG COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

1964• 1ARMSTRONG 93D E760 ~ p  ~ 3 7 r 0 ~  6"7 
2100 1 ANTIPOV 77 CIBS 25 7 r - p  

P ~ - P3 
77 HBC 0 15 ~ - p  

A + +  37r 
75 HBC + 15 7r + p 

P~+ P3 

X(2000) WIDTH 

VALUE (MeV) EVT5 DOCUMENT ID TECN CHG COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 + 

225• 2 ARMSTRONG 938 E760 ~ p  ~ 3~r 0 ~ 03' 
500 2 ANTIPOV 77 CIBS - 25 ~r- p 

pTr-  P3 
355• BALTAY 77 HBC 0 15 ~ r - p  

A + +  37t 
340•  208 KALELKAR 75 HBC + 15 ~r+p 

p ~ r +  p 3 

2Cannot determine spin to be 3. 

X(2000) DECAY MODES 

Mode Fraction (F / /F )  

F1 3rr 
I- 2 p3(1690)Tr dominant 

X(2000) BRANCHING RATIOS 

r(~(1690)x)/r(3,) 
VALUE DOCUMENT ID TECN CHG COMMENT 

dominant KALELKAR 75 HBC + 15 ~r+p  ~ p31r 

r2/rl 

X(2000) REFERENCES 

ARMSTRONG 93D PL B307 399 T.A. Armstrong et zL IFNAL, FERR, GENO+) 
ANTIPOV 77 NP B119 45 Y.M Antlpov et aL (SERP, GEVA) 
BALTAY 77 PRL 39 591 C. Battay, C.V. Cautis, M, Kalelkar (COLU)JP 
KALELKAR 75 Thesis Nevis 207 M.S. Kalelkar (COLU) 

- -  OTHER RELATED PAPERS - -  
HARRIS 81 ZPHY C9 275 R.M. Harris et aL (SEAT, UCB) 
HUSON 68 PL 2BB 208 R. Huson et aL (ORSAY, MILA, UCLA) 
DANYSZ 67B NC SlA $01 J.A. Danysz, B.R. French, V. Simak ICERN) 



See key on page 239 

I G(2olo)1 : 
See also the mini-review under non-q~ candidates. (See the index 
for the page number.) 

6(2010) MASS 
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Meson Particle Listings 
f 2 ( 2 0 1 0 ) ,  f 0 ( 2 0 2 0 ) ,  a 4 ( 2 0 4 0 )  

VALUE (MeV} DOCUMENT ID TECN COMMENT 

2Ol1+  62 1 ETKIN 88 MPS 22 7r--p ~ ~ibn 
- 76 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. i �9 �9 

2010-- 60 ALDE 98 GAM4 100 E - p  ~ 7r01r0n 
19804- 20 2BOLONKIN 88 SPEC 4 0 ~ r - p ~  KOsKOn 

2 0 5 0  + 59D ETKIN 85 MPS 22 ~ r - p  ~ 2@n 

~t~o.+l~o ~ L,~o~.~u~ ~, ~vu~ 
2160-- 50 ETKIN 82 MPS 22 ~ - p  ~ 2~n 

1 Includes data of ETKIN 85. The percentage of the resonance going into @@ 2 4- + 52, 

D 2, and D O is 98.+ 1, 0.+ 1, and 2_+~, respectively. 

2Statistically very weak. only 1.4 s.d. 

f2 (2010) WIDTH 

I fo(2~176 I : o+(o+ +) 
OMITTED FROM SUMMARY TABLE 

Needs confirmation. 

fo {2020) MASS 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

20204"3,5 BARBERIS 978 OMEG 450 pp  
pp2Or+  7r-)  

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

20104-60 ALDE 98 GAM4 100 7 r - p  ~ 7r0~0n 

6(2020) WIDTH 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

410:::E 50 BARBERIS 97B OMEG 450 pp 
p p 2 ( ~ +  ~ - )  

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

VALUE (MeV) DOCUMENT IO TECN COMMENT 

202 4. 3ETKIN  88 MPS 2 2 r - p ~  ~.~n 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

2404-100 ALDE 98 GAM4 100 ~ - p  ~ ~r0~r0n 
1454- 50 4BOLONKIN 88 SPEC 4 0 7 r - - p ~  K O K O n  

2404-100 ALDE 98 GAM4 100 x - p  ~ 7r07r0n 

fo(2020) DECAY MODES 

Mode Fraction (F / tF )  

F 1 pTrTr seen 

F 2 Ir 0 Ir 0 seen 

fo(2020) REFERENCES 

n+160 2 0 .  50 ETKIN 85 MPS 2 2 7 r - p ~  2~n 

n+150 3 0 . _  50 LINDENBAUM 84 RVUE 

3104- 70 ETKIN 82 MPS 22 ~ r - p  ~ 2@n 

3 Includes data of ETKIN 85. 
4 Statistically very weak, only 1.4 s.d, 

6(2010) DECAY MODES 

Mode Fraction (F i /F)  

r l  ~0 seen 

f2(2010) REFERENCES 

ALDE 98 EPJ A3 361 D. Aide et al 
Also 99 PAN 62 405 D. Aide etal. 

BOLONKIN 88 NP 8309 426 B.V. Bolonk]n et aL 
CTKIN 88 PL 8201 568 A. Etkin et aL 
ETKIN 85 PL IS5B 217 A Etkin et at, 
LINDENBAUM 84 CNPP 13 285 S,J. L~ndenbaum 
ETKIN 82 PRL 49 1620 A. Etkin et at. 

Also 83 Brighton Conf. 351 S.J. Lindenbaum 

- -  OTHER RELATED PAPERS - -  

ANISOVICH 99D PL B452 [SO A.V. Anisovich et at, 
AlSO 99F NP ASS] 253 A.V. Anisovich et at. 

ANISOVICH 9gF NP AGS] 253 A,V. Anisovich et al, 
LANDBERG 96 PR D53 2839 C. tandberg: et at. 
ARMSTRONG 89B PL B221 221 T.A. Armstrong et at. 
GREEN 86 PRL 56 1639 D.R. Green et aL 
BOOTH 84 NP 8242 5t P.S.L. Booth et aL 
EISENHAND.- 75 NP 896 t09 E. Eisenhandler et aL 

(GAM4 Collab,) 
(GAMS Collab.) 

(ITEP. 5ERP) 
(BNL CUNY) 
(BNL, CUNY) 

(CUNY) 
(BNL, CUNY) 
(BNL, CUNY) 

(BNL, CUNY, RPI) 
(CERN. CDEF, BIRM+) 

(FNAL. ARIZ, FSU+) 
(LIVP, GLAS, CERN) 

(LOQM, LIVP, DARE+) 

ALDE 98 EPJ A3 361 
Also 99 PAN 62 405 

BARBERIS 97B PL B413 217 
I 

124(2o4o)1 

D. Aide et at. (GAM4 Collab.) 
D. Aide et aL (GAMS Collab) 
D. Barberis et al. (WAI02 Coliab.) 

IG(J PC) = 1 - ( 4  + +  ) 

a4(2040) MASS 

VALUE (MeV) DOCUMENT /D TECN CHG COMMENT 
2014:1:15 OUR AVERAGE 
]9444- 8--50 1 AMELIN 99 VES 37 ~ r - A  

~ -  ~r0A* 0 
20104-20 2DONSKOV 96 GAM2 O 3 8 ~ - p ~  7/~ n 
20404-30 3 CLELAND 828 SPEC -- 50 ~rp ~ KOsK-- p 

20304-50 4 CORDEN 78C OMEG 0 15 x - p  --* 3~rn 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

1903--10 5 BALDI 78 SPEC - 10 7r-p 
pKOs K -  

1 May be a different state. 
2From a simultaneous fit to the G+ and G O wave intensities. 

3 From an amplitude analysis. 
4 j P  = 4 + is favored, though JP = 2 + cannot be excluded. 
5 From a fit to the Y80 moment. Limited by phase space. 

a4(2040) WIDTH 

VALUE fMeV) DOCUMENT ID TECN CHG .COMMENT 
3614- 50 OUR AVERAGE 
324-- 26--75 6AMELIN  99 VES 3 7 ~ - A ~  I 

I t -  ~r 0 A*  
370+ 80 7 DONSKOV 96 GAM2 0 38 ~ r - p  -~ ~/x0n 
3804-150 8 CLELAND 82B SPEC 4- 50 Irp ~ K 0 K4-p 

5104-200 9 CORDEN 78C OMEG 0 15 ~ r - p  ~ 3~rn 
�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

1664- 43 10BALDI  78 SPEC - 1 0 ~ - p - ~  
p KOs K -  

6 May be a different state. J 
7 From a simultaneous fit to the G4- and G O wave intensities. 

8 From an amplitude analysis, 
9 j P  = 4 + is favored, though JP = 24- cannot be excluded. 

10 From a fit to the Y80 moment. Limited by phase space. 
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Meson Particle Listings 
a4(2040), f4(2050) 

a4(2040) DECAY MODES 

Mode Fraction (F i / I - )  

[-1 K K seen 

I- 2 ~r + / r -  ~r 0 seen 

1-3 ~/~rO seen 

a 4 ( 2 0 4 0 )  B R A N C H I N G  R A T I O S  

r(KK--) / r t~,  q / r  
VALUE DOCUMENT ID TECN EHG COMMENT 

~ n  BALDI  78 SPEC • i 0  ~r--p 
KOs K -  p 

r(.+.-.0)/r~= r=Ir 
VALUE DOCUMENT ID TEEN CHG COMMENT 

CORDEN 78C OMEG 0 l $ ~ r - p ~  3~n  

r(~.O)Ir~= r~Ir 
VALUE DOCUMENT ID TEEN CHG COMMENT 

seen DONSKOV 96 GAM2 0 38 ~ - p  
~0 n 

a4(2040 ) REFERENCES 

AMELIN 99 PAN 62445 DV. Arnelin et al. 
Translated from YAF 62 487, 

DONSKOV 96 PAN 59 982 S.V. Donskov et aL 
Translated from YAF 59 1027. 

CLELAND 82B NP B208 228 W.E. Cleland et aL 
BALDI 78 PL 74B 4]3 R. Baldl et aL 
CORDEN 78C NP BtS6 77 M.J. Co'den er al. 

OTHER RELATED PAPERS - -  
DELFOSSE 81 NP B183 349 

(VES Collab.) 

(GAMS Collab.)IGJPC 

(DURH, GEVA, LAUS+) 
(GEVA)JP 

(BIRM. RHEL, TELA+)JP 

f4(2050) WIDTH 

VALUE (MeV} EV'I'5 DOCUMENT ID TECN COMMENT 

2224- 19 OUR AVERAGE Error includes scale factor of  1.8. See the ideogram below. 

A. Delfosse el aL (GEVA, LAUS) 

IG(j PC) = 0+(4 + +  ) 

&(2050) MASS 

3 9 5 •  40 ALDE 98 G A M 4 1 0 0  ~ r - p  ~ ~r0~r0n 
3 0 0 •  S0 BELADIDZE 92B VES 36 ~ r - p  -~ ~r 
1 7 0 •  60 ALDE 90 GAM2 3 8 ~ - p ~  ~ n  
3 0 4 •  60 AUGUSTIN 87 DM2 J / ~  ~ "/~r+~r - 

2 1 0 •  63 BALTRUSAIT..J~7 MRK3 J / ~  ~ ~ x + ~ r  - 
4 0 0 •  ALDE 86D G A M 4 1 0 0  ~ - p  ~ n2tt 
2 4 0 •  40 40k 9 B I N O N  8 4 B G A M 2 3 8 ~ r - p ~  n2~r 0 
1 9 0 •  14 DENNEY 83 LASS 10 ~ r + n / ~ r + p  

186 +103  10CASON 82 STRC 8 ~r+p ~ Zl++~rO~r 0 

305+-11936 ETKIN 82B MPS 23 ~ r - p  ~ n2KO S 

1 8 0 •  60 700 APEL 75 NICE 40 ~ r - p  ~ n2~r 0 

225 +120  BLUM 75 ASPK 1 8 , 4 ~ r - p ~  n K + K  - 

VALUE (MeV) EVTS DOCUMENT IO TEEN COMMENT 

2034"1"11 OUR AVERAGE Error includes scale factor of  1.6. See the ideogram below, 

1998+15  ALDE 98 GAM4 100 ~ r - p  ~ ~0~0  n I 
1970+30  BELADIDZE 92B VES 36 ~ - p  ~ ~ n  
2060+20  ALDE 90 GAM2 38 ~ - p  ~ ~ n  
2 0 3 8 •  AUGUSTIN 87 DM2 J / r  ~ 7 ~ + ~  - 

20864-15 BALTRUSAIT. .B7 MRK3 J / r  ~ 7 ~ + ~  - 

2 0 0 0 •  ALDE 86D GAM4 100 E - p  ~ n2r/ 
20204-20 40k 1 BINON 84B GAM2 38 ~ - p  ~ n2~r 0 
2015 •  2 CASON 82 STRC 8 ~ + p  ~ A + + ~ 0 w  0 

2031+_ 25 ETKIN 82B MPS 23 . - p  ~ n2KO_s 

2020•  700 APEL 75 NICE 40 ~ - p  ~ n2~r 0 
2050 •  BLUM 75 ASPK 18.4 ~ - p  ~ n K  + K -  

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

2000 3 M A R T I N  98 RVUE N N  ~ 7ryr I 
2010 4 M A R T I N  97 RVUE N N  ~ ~ l r  

~ 2 0 4 0  5 O A K D E N  94 RVUE 0 . 3 6 - 1 . 5 5 ~ p ~  ~rE 
1990 6 0 A K D E N  94 RVUE 0.36-1.55 ~p  ~ ~r~ 
1978•  5 7 A L P E R  80 CNTR 6 2 ~ r - p ~  K + K - n  

2040•  7 ROZANSKA 80 SPRK 18 ~r-  p ~ p ~ n  

1935•  7CORDEN 79 OMEG 1 2 - 1 5 ~ r - p ~  n2~r 
1988•  7 EVANGELISTA 79B OMEG 10 ~r- p ~ K4- K -  n 
1922•  8 A N T I P O V  77 CIBS 25 ~r- p ~ p3~r 

1From a partial-wave analysis of  the data, 
2 From an amplitude analysis of  the reaction ~r4- ~ -  ~ 2zr 0, 
3 Energy-dependent analysis. | 
4Single energy analysis. I 
5From solution A of amplitude analysis of  data on ~ p  ~ ~r~r. See however KLOET 96 

who fit ~ +  ~r-  only and find waves only up to J = 3 to be important but not significantly 
resonant. 

6 From solution B of amplitude analysis of  data on ~ p  ~ ~r~r. See however KLOET 96 
who fit ~-I- ~ -  only and find waves only up to J = 3 to be important but not significantly 
resonant. 

? I(J P) = 0(44") from amplitude analysis assuming one-pion exchange. 
8Width errors enlarged by us to 4 r / v~N;  see the note with the K* (892)  mass, 

170 
200 

60 
80 

2 4 3 •  16 
1 4 0 •  15 
2 6 3 •  57 
100+ 28 
107+ 56 

�9 * We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

11 M A R T I N  98 RVUE N N  ~ ~r~r 
12 M A R T I N  97 RVUE N N  ~ m'~ 
13 OAKDEN 94 RVUE 0.36-1,55 ~ p  ~ ~r~r 
14 OAKDEN 94 RVUE 0.36-1.55 ~ p  ~ ~r:r 
15 ALPER 80 CNTR 62 7r-  p ~ K + K -  n 
1 5 R O Z A N S K A  80 SPRK 1 8 7 r - p ~  p ~ n  

] 5 C O R D E N  79 OMEG 1 2 - 1 5 ~ r - p ~  n27r 
EVANGELISTA 79B OMEG 10 ~ r - p  ~ K - F K - n  

16 A N T I P O V  77 CIBS 25 7r -  p ~ p3~r 

9 From a partial-wave analysis of  the data. 
10 From an amplitude analysis of  the reaction it 4- ~ -  ~ 2~ 0. 
11 Energy-dependent analysis, 
12 Single energy analysis. 
13From solution A of amplitude analysis of  data on ~ p  ~ ~ .  See however KLOET 96 

who f i t  ~4- ~ -  only and find waves only up to J = 3 to be important but not significantly 
resonant. 

14From solution B of amplitude analysis of  data on ~p  ~ ~yr. See however KLOET 96 
who fit lr 4" ~ -  only and find waves only up to J = 3 to be important but not significantly 
resonant. 

151(JP)  = 0(44-) from amplitude analysis assuming one-pion exchange. 
16Width errors enlarged by us to 41"/~/N; see the note with the K* (892)  mass, 



See key on page 239 Meson 

f4(2050) DECAY MODES 

Mode Fraction ( r i / r )  

r l  w ~  (26 4-6 ) % 

r 2 ~ (z7.o• ~.5) % 
~ + 3 4 ~  r 3 K K  ( 6.~ 110, x 10 - 3  
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Particle Listings 
f4(2050), fo(2060) 

f4(2050) REFERENCES 

AMELIN O0 NP 8668 83 D. Amelln et al. (VES Col;ab.) 
ALDE 98 EPJ A3 361 O. Aide et at. (GAM4 Collab.) 

AI~o 99 PAN 62 405 D. Aide et 3L (GAMS Coliab.) 
MARTIN 98 PR C57 3492 B.R, Martin et 3L 
MARTIN 97 PR C56 1114 B.R. Martin. G.C. Oades (LOUC, AARH) 
KLOET 96 PR D53 6120 W.M. Kloet, F. Myhrer (RUTG, NORD) 
OAKOEN 94 NPA 574 731 M,N. Oakden, M.R, Pennin~ton (DURH) 
BELADIDZE gaB ZPHY C54 367 G.M. Beladidze et aL (VEt Collab.) 
ALOE 90 PL B24t 600 DM. Aide et aL (SERP, BELG, LANL, LAPP+) 
OEST 90 ZPHY C47 343 T. Oest et aL (JADE Collab.) 
ALDE 87 PL BlS8 286 D.M. Aide et aL (LANL, BRUX, SERP, LAPP) 
AUGUSTIN 87 ZPHY C3B 369 J.E. Augustin et aL (LALO, CLER, FRAS+) 
BALTRUSAIT...87 PR D35 2077 R.M. Ba~ttusaitis et aL (Mark III Collab.) 
ALDE 85D NP B269 485 D.M. Aide et aL (BELG. LAPP. SERP. CERN+) 
ALTHOFF 8SB ZPHY C29 189 M. AlthOff et aL (TASSO Collab.) 
BINON 84B LNC 39 41 F.G. Binon et aL (5ERP, BELG, LAPP) 
BINON 83E SJNP 38 723 FG. Binon et M. (SERP, BRUX+) 

Translated from YAF 38 1199. 
DENNEY 83 PR D28 2726 D.L. Denney et M. (IOWA, MICH) 
CASON 82 PRL 48 1315 NM. Ca~on et aL (NDAM, ANL) 
ETKIN 828 PR D25 1786 A. Etkin et aL (BNL, CONY, TUFTS, VAND) 
ALPER 80 PL 848 422 B, Alper et al. (AMST, CERN, ERAC, MPIM+) 
ROZANSKA 80 NP B162 505 M. Rozanska et at (MPIM, EERN) 
CORDEN 79 NP B157 250 M,J. Cordon et al. (BIRM, RHEL. TELA+) JP 
EVANGELISTA 79B NP 8154 381 C, Evangelista et at. (BARI, BONN, CERN+) 
ANTIPOV 77 NP BI le 45 Y.M. A~tipov et aL (SERP, GEVA) 
APEL 75 PL 57B 398 W,D. Apel et 3L (KARLK, KARLE, PISA, SERP+)JP 
BLUM 75 PL 57B 403 W Blum et aL (CERN, MPIM) JP 

- -  OTHER RELATED PAPERS - -  
ANISOVICH 99D PL B452 180 A.V. A~isovich et aL 

Also 99F NP A651 253 A.V. Anisovich et aL 
ANISOVICH 99F NP A651 253 A.V. Anisovich et at. 
PROKOSHKIN 97 SPD 42 117 Y.D. ProkDshkin et aL (SERP) 

Translated from DANS 353 323. 
CASON 83 PR D28 1586 N.M. Cason el al. (NDAM, ANL) 
GOTTESMAN S0 PR D22 1503 S.R. Gottesm~n et aL (SYRA, BRAN, BNL+) 
EtSENHAND... 75 NP 896 109 E. Eisentland[er et 3L (LOQM. LIVP, DARE+) 
WAGNER 74 London Conf. 2 27 F. Wa~ner (MPIM) 

r 4 fir,, ( 2 . 1 4 - 0 , 8 )  x 10 - 3  

r 5 4,a -0 < 1.2 % 

F6 7 7  

r 7 a 2 ( 1 3 2 0 ) ~ r  seen 

&(20S0) r( i)r(,rr)/r(total) 

r (K~ )  x r ( ~ ) / r t o = ,  r ~ r d r  
VALUE (keV) CL__~/~ DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

<0  29 95 ALTHOFF 85B TASS "73' ~ KK~"  

r(. .) x r (~) I r~= r~rdr 
VALUE IkeV) EL% EVTS DOCUMENT ID TEEN COMMENT 

<1.1 95 13 4- OEST 90 JADE e + e  - ~ e + e - ~ 0 ~ r  0 
4 

f4(2050) BRANCHING RATIOS 

r(~)/r(,r,r) rllr= 
VALUE DOCUMENT ID TEEN COMMENT 

1.5 :t:0.3 ALDE 90 GAM2 3 8 7 r - p ~  ~ n  

r(.z)Ir~, ralr 
VALUE DOCUMENT ID TEEN COMMENT 

0.170~0.015 OUR AVERAGE 
0.18 +0 .03  17 BINON 83c GAM2 38 ~ r - p  ~ n43  

0 . ]6  J-0,03 17CASON 82 STRC 8 ~ r + p ~  A + + ~ r O ~  0 

0.17 4-0.02 17CORDEN 79 OMEG ] 2 - 1 5 7 r - p ~  n2~r 

17 Assuming one pion exchange. 

r(K~Ir(~.) r31r= 
VALUE DOCUMENT ID TEEN COMMENT 

0.04 + 0 . 0 2  ETKIN 828 MPS 23 ~ -  p ~ n2KO 5 
- 0.01 

r(,m)/r== r4r  
VALUE {units 10 -3)  DOCUMENT ID TEEN COMMENT 

2.1-1-0.8 ALDE 86D GAM4 100 ~ - - p  ~ n43' 

r ( 4 ~ ) / r t ~ i l  r s / r  
VALUE DOCUMENT ID TEEN COMMENT 

<0.012 ALDE 87 GAM4 100 ~ r - p  ~ 4~0n  

r(a2(1320)~r)/rtotal r d r  
VALUE DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits. l imits, etc. �9 �9 �9 

seen AMELIN 00 VES 37 ~ r - p  ~ ~ r + ~ - n  I 

l  o(2O0O) I ,o{F}  : o+ o + +) 

OMITTED FROM SUMMARY TABLE 
Needs confirmation. 

f0(2060) MASS 

VALUE DOCUMENT /D TEEN COMMENT 

�9 �9 �9 We do nut  use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

2050 10AKDEN 94 RVUE 0.36-1.55 ~ p  ~ 7rTr 
2060 2 0 A K D E N  94 RVUE 0.36-1.55 ~ p  ~ 7rTr 

1 From solution A of ampl i tude analysis of data on ~ p  ~ zr ~ See however KLOET 96 who 

f i t  ~ +  7 r -  only and find waves only up to J = 3 to be impor tant  but  not signif icantly 
resonant. 

2From solution B of ampl i tude analysis of data on ~ p  ~ ~rTr See however KLOET 96 who 

fit ~r+ ~ -  only and find waves only up to J : 3 to be important  but not signif icantly 
resonant. 

fo(2060) WIDTH 

VALUE DOCUMENT iD TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

120 3 0 A K D E N  94 RVUE 0.36-1.55 ~ p  ~ ~ l r  
50 4 0 A K D E N  94 RVUE 0.36-1.55 ~ p  ~ ~ r  

3 From solution A of ampl i tude analysis of data on ~ p  ~ ~ ~r See however KLOET 96 who 

fit ~r+~r - only and find waves only up to J = 3 to be important  but  not signif icantly 
resonant. 

4 From solution 13 of ampl i tude analysis of data on ~ p  ~ ~ ~ See however K LOET 96 who 

fit l r  -F 7r -  only and find waves only up to ./ = 3 to be important  but not signif icantly 
resonant. 

fo(2060) DECAY MODES 

Mode Fraction ( r i / r )  

I- 1 ~+ 7 r -  seen 

KLOET 
OAKDEN 

SEMENOV 

fo(2060) REFERENCES 

95 PR D53 6120 WM, Kloet, F. Myhrer 
94 NPA 574 731 M.N. Oakden, M.R, Pennington 

OTHER RELATED PAPERS 
99 SPU 42 847 S.V. Semenov 

Translated from UrN 42 937, 

(RUTG. NORD) 
IDURH) 
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Meson Particle Listings 
~-2(2100), f2(2150) 

OMITTED FROM SUMMARY TABLE 
Needs confirmation. 

~r2(2100 ) MASS 

VALUE {MeV) DOCUMENT ID TECN COMMENT 
201jIO4- 29 OUR AVERAGE 
20904- 30 1 AMEL IN  95B VES 36 ~r-- A 

~r + ~r - ~r -  A 
2100~150 2 D A U M  816 CNTR 63,94 ~ r - p  ~ 3~rX 

1 From a fit to j P C  = 2 - + f2(1270)~r, (~r~r)s~r waves. 

2 From a two-resonance f i t  to four 2 - 0  + waves. 

x2(2100) WIDTH 

VALUE (MeV) DOCUMENT ~D TEEN COMMENT 

6254- 50 OUR AVERAGE Error includes scale factor of  1,2. 
5204-100 3 AMELIN  95B VES 36 ~ r - A  

~r+ ~--~r- -  A 
6514- 50 4DAUM 81B CNTR 63,94 ~r-p ~ 3~rX 

3From a fit to j P C  = 2 - + f2(1270)~r, (~r~r)s~r waves. 

4From a two-resonance fit to four 2 - 0  + waves. 

Mode 

x2(2100 ) DECAY MODES 

Fraction ( r i / r )  

r I 3~ s~n 
r 2 p~ seen 

r 3 ~ ( 1 2 7 0 ) ~  seen 

r 4 ( ~ ) s  ~ seen 

~r2(2100 ) BRANCHING RATIOS 

r(px)/r(3.) 
VALUE DOCUMENT ID TECN COMMENT 

0.194-0.05 5 D A U M  81B CNTR 63,94 ~r--p 

r(~(127o).)/r(3.) 
VALUE DOCUMENT lD TECN COMMENT 

0.38::t:0,09 5 D A U M  61B CNTR 63,94 ~ r - p  

r((,,r)s,)ir(3,) 
VALUE DOCUMENT /D TECN COMMENT 

0,454-0.07 5 D A U M  81B CNTR 63,94 ~T--p 

D-wave/S-wave RATIO FOR lr2(2100 ) ~ f2(1270)Tr 
VALUE DOCUMENT iD TECN COMMENT 

0.394-0,2'4 5 D A U M  81B CNTR 63,94 7 r - p  

5From a two-resonance fit to four 2 - 0  + waves. 

rdrz 

r~/rl 

r4/rz 

AMELIN 95B PL B356 595 
DAUM 81B NP B182 269 
I I  

~r2(2100 ) REFERENCES 

D.V. Arnelin et aL (SERP, TBIL) 
C. Daum et al. (AMST, CERN, CRAC, MPIM+) 

I f2(2150) I ,G( Pc) = + +) 

OMITTED FROM SUMMARY TABLE 
This entry was previously called T O . 

f2(2150) MASS 

f2(2150) MASS, COMBINED MODES (MeV) 
VAt UE (MeV~ DOCUMENT tD 
2161:1:16 OUR AVERAGE Includes data f rom the 2 datablocks that fol low this one. 

~/MODE 
VALUE (MeV} DOCUMENT IO TECN COMMENT 
The data in this block is included in the average printed for a previous datablock. 

21644"15 OUR AVERAGE Error includes scale factor of  1.1. 
21754-20 PROKOSHKIN 950 GAM4 300 ~r-  N ~ 7r-  N2T/, 

450 p p  ~ pp2~l 
21304-35 SINGOVSKI 94 GAM4 450 pp  ~ pp2~/ 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

21404-30 1 ABELE 99B CBAR 
seen 2 ANISOVICH 99B SPEC 1.35-1.94 ~ p  ~ ,'p/Tr 0 
2105:510 3 ANISOVICH 99K RVUE 0.6-1.94 ~p  ~ ~r/, ~/~1 
21044-20 4 A R M S T R O N G  93C E760 ~ p  ~ ~TOT/~/ ~ 6"7 

1Spin not determined. 
2 j P C  = 0 + +  
3 Using preliminary CBAR data. PWA gives j P C  = 0 4- + 

4 No j P C  determination. 

~txx MODE 
VALUE (MeV) DOCUMENT 10 TECN CHG COMMENT 
The data in this block is included in the average printed for a previous datablock. 

21354-204-45 A D O M E I T  96 CBAR 0 1.94 ~ p  ~ T/3~T 0 

pp ~ ~rlr 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

2226 HASAN 94 RVUE p p  ~ 7r~r 
2090 5 0 A K D E N  94 RVUE 0.36-1.55 ~ p  ~ 7r~r 
2120 6 0 A K D E N  94 RVUE 0.36-1.55 ~ p  ~ ~r~r 
2170 7 M A R T I N  60B RVUE 
2150 7 M A R T I N  B0C RVUE 

~ 2 1 5 0  8 D U L U D E  76BOSPK 1-2  p p  ~ 7fOx 0 

5 O A K D E N  94 makes an amplitude analysis of  LEAR data on ~p  ~ 7rTr using a method 
based on Barrelet zeros. This is solution A. The amplitude analysis of  HASAN 94 includes 
earlier data as well, and assume that the data can be parametrized in terms of  towers of  
nearly degenerate resonances on the leading Regge trajectory. See also KLOET 96 and 
MARTIN  97 who make related analyses, 

6From solution B of amplitude analysis of  data on ~ p  ~ ~ .  
7 I ( j P )  = 0(2 + )  from simultaneous analysis of  p~  ~ ~ r -~4-  and ~r 0 lr 0. 
8 1G ( j P )  = 0 + (2 + ) from partial-wave a mplitude analysis. 

S-CHANNEL pp, ~ N  or ~ 'K 
VALUE (MeV) DOCUMENT ID TECN CHG COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

2139+ 98 9 EVANGELISTA 97 SPEC 0,6-2.4 p p  
K 0 K 0 

5 S 
2190 10 CUTTS 78B CNTR 0,97-3 ~ p  

N N  
21554-15 10~11 COUPLAND 77 CNTR 0 0,7-2.4 ~ p  ~ p p  
21934- 2 10~12 ALSPECTOR 73 CNTR p p  5 channel 

91sospin 0 and 1 not separated. 
101sospins 0 and I not separated. 
11From a fit to the total elastic cross section. 
12Referred to as T or T region by ALSPECTOR 73. 

K K  MODE 
VALUE [MeV) DOCUMENT 10 

2130::E3S BARBERIS 

TECN COMMENT 

99 OMEG 450 p p  

Ps P f  K4- K -  

f2(2150) WIDTH 

f2(2150) WIDTH, COMBINED MODES (MeV) 
VALUE (MeV) DOCUMENT ID 

1574-310 OUR AVERAGE Includes data from the 2 datablocks that fol low this one. Error 
includes scale factor o f  1.4. See the ideogram below. 
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Particle Listings 
f2(2150), p(2150) 

f2(2150) BRANCHING RATIOS 

r ( K  K-)lr(nn) r~/r~ 
VALUE EL% DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 * �9 

<0.1 95 23 PROKOSHKIN 95D GAM4 300 ~r- N ~ ~r- N2~/, 
450 pp  ~ pp2r l  

23 Using data from ARMSTRONG 89D. 

r(,,)/r(~,~) rdr= 
VALUE EL% DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 * �9 

<0.33 95 24 PROKOSHKIN 95D GAM4 300 ~r- N ~ ~r-- N2r/, 
450 pp  ~ pp2~l 

24Derived from a ~r0 ~O/r /~/ l imi t .  

r(~(z~o)~) I r (~(z~) , )  r~Ir~ 
VALUE DOCUMENT ID TEEN (~OMMENT 

0,794.0.11 25 ADOMEIT  96 CBAR 1.94 ~ p  ~ ~/3~r 0 

2Susing B(a2(1320 ) ~ ~/~r) = 0.145 

~/~/MODE 
VALUE (MeV) DOCUMENT [[9 TEEN COMMENT 
The data in this blor is included in the average ~ n t e d  f ~  ~ p r e v ~ b l o c k .  

138-1-23 OUR AVERAGE 
150• PROKOSHKIN 95D GAM4 300 ~r- N ~ ~r- N2F/, 

450 pp ~ pp2~I 
130• SINGOVSKI 94 GAM4 450 pp  ~ pp2~ 
�9 �9 * We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

310 • 50 13 ABELE 99B CBAR I 
seen 14 ANISOVICH 99B SPEC 1.35-1.94 ~ p  ~ ~ N r  0 I 200• 15 ANISOVlCH 99R RVUE 0.6-1.94 ~ p  ~ r/~/, ~/~// 
203• 16 ARMSTRONG 93C E760 ~ p  ~ ~ 0 ~  ~ 6~ 

13Spin not determined. | 
14Using preliminary Crystal Barrel data, j P C  = 0 + + I 15pWAgives j P C  = 0 + + .  

16 NO jP-C determination. 

~/~r~r MODE 
VALUE (MeV) DOCUMENT ID TEEN CHG COMMENT 
The data in this block is included in the average printed for a previous datablock. 

2504-254-45 ADOMEIT  96 CBAR 0 1.94 ~ p  ~ ~/3~ "0 

f2(2150) REFERENCES 

ABELE 99B EPJ Ca 67 A~ Abele et ~t. (Cryst~I Bar~e~ CoIlab.) 
ANISOVICH 99B PL Br 154 A.V. Anisovich et al. 
ANISOVICH 9gK PL B466 309 A.V. A~isovich et aL 
BARBERIS 99 PL B453 305 D, Ba~beris et aL (Omega expt,) 
EVANGELISTA 97 PR DS6 3803 C. Evan~elista el al. {LEAR Collab.) 
MARTIN 97 PR C56 1].14 B.R. Martin. G,C. Oades (LOUC. AARH) 
ADOMEIT 96 ZPHY C71 227 J. Adomelt et al. (Crystal Barrel Collab.) 
KLOET 96 PR D53 6120 W.M Kloet. F. Myhrer (RUTG, NORD) 
PROKOSHKIN 95D SPD 40 495 Y.D. Prokoshkin (SERP) IGJPC 

Translated from DANS 344 469. 
HASAN 94 PL B334 215 A. Hasan. DV. BU~ (LOQM) 
OAKDEN 94 NPA 574 731 MN. O~kden, MR. Pennington (DURH) 
SINGOVSKI 94 NC ]07 1911 A.V. Singovsky (SERP) 
ARMSTRO#QG 93C PL B307 394- T.A. Armstrong et aL (FNAL. FERR. GENO+) 
ARMSTRONG 89D PL 8227 L86 T,A. ArmstronK, M. Benayoun (ATHU, BARI, BIRM+) 
MARTIN 80B NP BL76 355 B.R, Mat]in. D Morgan (LOUC, RHEL) JP 
MARTIN 80C NP BL6S 216 AD. Martin. M.R. Pennington (DURH)JP 
s 78B PR D17 16 D. Cutts et aL (STON, WISE) 
DULUDE 7BB PL 79B 335 R.S. Dulude et at. (BROW, MIT, BARI)JP 
COUPLAND 77 PL 71B 460 M. Coupland et aL (LOQM, RHEL) 
ALSPECTOR 73 PRL S0 511 J. Alspector et at. (RUTG, UPNJ) 

OTHER RELATED PAPERS - -  

EISENHAND... 75 NP B96 109 E, Eisenhal~dler et aL (LOQM, LIVP, DARE-}-) 
FIELDS 71 PRL 27 1749 T. Fields et aL CANt, OXF) 
YOH 71 PRL 26 9~2 J.K. "(oh et al (CIT, BNL. ROCH) 

pp ~ ~r~r 
VALUE (MeV) DOCUMENT ID TEEN COMMENT 

250 OUR ESTIMATE 
* �9 * We do not use the fol lowing data for averages, fits, limits, etc. * �9 �9 

~ 2 2 6  HASAN 94 RVUE ~ p ~  ~'Tr 
70 17 OAKDEN 94 RVUE 0.36-1.55 ~ p  ~ ~rlr 

250 18 MARTIN 80B RVUE 
250 18 MARTIN 80C RVUE 

~ 2 5 0  19DULUDE 78B OSPK 1 - 2 ~ p ~  ~r07r 0 

17See however KLOET 96 who f i t  ~r+~r - only and find waves only up to J = 3 to be 
important but not significantly resonant. 

1 8 / ( j P )  = 0(2 + )  from simultaneous analysis of p ~  ~ ~r- 7r + and ~r 0 7r 0. 
1 9 / G ( j P )  = 0+(2  + )  from partial-wave amplitude analysis, 

5-CHANNEL ~p, N N  or'KK 
VALUE (MeV) DOCUMENT ID TECN CHG COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

56+31 20 EVANGELISTA 97 SPEC 0.6-2.4 p p  - 1 6  0 0 
K s K  5 

135• 21,22 COUPLAND 77 CNTR 0 0.7-2.4 ~ p  ~ ~ p  
98•  8 22 ALSPECTOR 73 CNTR ~ p  5 channel 

201sospin 0 and 2 not separated. 
21 From a fit to the total elastic cross section. 
221sospins 0 and i not separated. 

K ~  MODE 
VALUE (MEV} DOCUMENT ID TECN COMMENT 

270"4-50 BARBERIS 99 OMEG 450 pp ~ I 

PS Pf K +  K -  

Mode 

f2(2150) DECAY MODES 

r l  ~ 
F2 ~ 
r 3 KK 
r4 ~02To)n 
r5 a2(1320)~ 

ip(215o) l : ,§ 
OMITTED FROM SUMMARY TABLE 

This  entry was previously called T ] (2190) .  

e+ e - .-, x + I t - , K +  K - , M r  
VALUE(MeV) 

2149+17 OUR AVERAGE 

2153• 

p(2150) MASS 

DOCUMENT /D TECN CHG COMMENT 

Includes data from the datablock that follows this one. 
BIAGINI 91 RVUE e + e  - 

~r+Tr--, 
K + K  - 

2110• 2CLEGG 90 RVUE 0 e + e  - 

2(~+ ~- ~0) 

~p --* lrx 
VALUE IMeV) DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, ete. �9 �9 �9 

2191 HASAN 94 RVUE ~ p  --* ~'~ 
1988 HASAN 94 RVUE ~ p  -~ ~r~r 
2070 1 0 A K D E N  94 RVUE 0.36-1.55 ~ p  --* ~r~r 
2170 3 MARTIN 80B RVUE 
2100 3 MARTIN 80c RVUE 

1See however KLOET 96 who fit ~r+~r - only and find waves only up to J = 3 to be 
important but not significantly resonant. 

5-CHANNEL N N  
VALUE (MeV) DOCUMENT fD TEEN CHG COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

2190 4 CUTTS 78B CNTR 0.97-3 ]Pp 
~N 

2155• 4,5 COUPLAND 77 CNTR 0 0.7-2.4 ~ p  ~ ~ p  
2193• 2 4,6 ALSPECTOR 73 CNTR ~ p  5 channel 
2190• 7 ABRAMS 70 CNTR 5 channel ~ N  
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p(2150), f0(2200), f~(2220) 
~r-p --, ~ - ~  
VALUE (MeV) DOCUMENT ID TECN COMMENT 

The data in this block is included in the average ~' inted f ~  ~ p r e v ~ b l o c k .  

2155:1:21 OUR AVERAGE 
2140• ALDE 95 GAM2 3 8 ~ r - p ~  ~ r O n  

2170• ALDE 92E GAM4 I00 ~ ' - p  ~ ~ r 0 n  

2Includes ATKINSON 85. 
3 I ( . /P)  = 1 ( 1 - )  from simultaneous analysis of p ~  ~ ~r- ~ +  and ~r 0 r 0  

41sospins 0 and 1 not separated. 
5 From a f i t  to the total elastic cross section. 
6 Referred to as T or T region by ALSPECTOR 73. 
7Seen as bump in I = 1 state. See also COOPER 68, PEASLEE 75 confirm ~ p  results 

of ABRAMS 70, no narrow structure. 

p(2150) W I D T H  

e + e  - ~ x + l r - , K + K - , 6 1 r  
VALUE (MeV) DOCUMENT ID TECN CHG COMMENT 

363-4- 50 OUR AVERJI.GE Includes data from the datablock that follows this one. 

389•  79 BIAGINI 91 RVUE e + e  - 

K + K - -  
410• 9CLEGG 90 RVUE 0 e + e  - 

3(r+~-), 
2(~ + ~r- ~o) 

pp  --* lr~" 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

296 HASAN 94 RVUE ~ p  ~ ~r~" 
244 HASAN 94 RVUE ~ p  ~ ~r~ 

40 8OAKDEN 94 RVUE 0 . 3 6 - 1 . 5 5 ~ p ~  l t ~  
250 10 MARTIN 80B RVUE 
200 10 MARTIN 80C RVUE 

8See however KLOET 96 who fit r + r  - only and find waves only up to J = 3 to be 
important but not significantly resonant. 

S-CHANNEL N N  
VALUE (MeV} DOCUMENT ID TECN CHG COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 = 

135• 11,12 COUPLAND 77 CNTR 0 0.7-2.4 ~ p  ~ ~ p  
98 •  8 12 ALSPECTOR 73 CNTR ~ p  S channel 
85 13 ABRAMS 70 CNTR .S channel ~ N  

~r- p .-* ~ , ~ .  
VALUE (MeV) DOCUMENT ID TECN COMMENT 

The data in this block is included in the average printed for a previous datablock. 

3204-70 ALDE 9S GAM2 38 ~ r - p  ~ ~ 0 n  
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

300 ALOE 92c GAM4 100 ~ r - p  ~ ~ r 0 n  

9Includes ATKINSON 85. 
I O / ( j P )  = 1 ( 1 - )  from simultaneous analysis of p ~  ~ ~ - r +  and ~r0~r 0. 
11 From a fit to the total elastic cross section. 
121sospins 0 and 1 not separated. 
13Seen as bump in I = 1 state. See also COOPER 68. PEASLEE 75 confirm ~ p  results 

of ABRAMS 70, no narrow structure. 

p(2150) REFERENCES 

KLOET 96 PR D53 6120 W.M. Kloet, F Myhrer (RUTG, NORD) 
ALDE 95 ZPHY C66 379 D.M. Aide et al. (GAMS Collab.)JP 
HASAN 94 PL B334 215 A. Hasan, D.V. Bu~ (LOQM) 
OAKDEN 94 NPA 574 731 M.N, Oakden, M.R. Pen~i~gron (DURH) 
ALDE 92C ZPHY C54 553 D.M. Aide et al. (BELG. SERP, KEK, LANL+) 
BIAGINI 91 NC 104A 353 M.E. Biagini et al. (FRAS, PRAG) 
CLEGG 90 ZPHY C45 677 A.B. Ctegg, A, Donnachle (LANC, MCHS) 
ATKINSON 85 ZPHY C29 333 M. Atkil]~on et al. (BONN, CERN, GLAS+) 
MARTIN 80B NP B176 355 B.R. MarEn, D. Morgan (LOUC, RHEL)JP 
MARTIN 80C NP B169 216 A.D. Martin, M.R Penningto~ (DURH)JP 
CUTTS 78B PR D17 15 D. Cutts et aL (STON, WISC) 
COUPLAND 77 PL 71B 450 M. Couplaad et aL (LOQM, RHEL) 
PEASLEE 75 PL 57B 189 D.C. Peaslee et al. (CANB, BARI, BROW+) 
ALSPECTOR 73 PRL 30 511 J. Alspector et al. (RUTG, UPNJ) 
ABRAMS 70 PR DI 1917 R.J. Abrams et at. (BNL) 
COOPER 68 PRL 20 1059 W.A. Cooper et aL (ANL) 

- -  OTHER RELATED PAPERS - -  

AMELIN 00 NP B668 83 D. Amelin et at. (VES Codab) 
EISENHAND-. 75 NP Bgb 109 E. Eisenhandler et aL (LOQM, LIVE DARE+) 
BRICMAN 69 PL 29B 451 C. Bricman et al. (CERN, CAEN. SACL) 
ABRAMS 67C PRL IB 1209 R.J, Abrams el al. (BNL) 

j fo(2200) I ,G{F) = o+lo+ +) 
OMITTED FROM SUMMARY TABLE 

Seen at  DCl in the K ~  K O system. Not  seen in T radiat ive decays 
(BARU 89). Needs conf i rmat ion.  

fo(2200) MASS 

VALUE (MeV I DOCUMENT tO TECN CHG COMMENT 

2197+17 1AUGUSTIN 88 DM2 0 J / ~  " fKO~K 0 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

2122 HASAN 94 RVUE ~ p  ~ 7r~r 
2321 HASAN 94 RVUE ~ p  ~ ~ 

1Cannot determine spin to be 0. 

t'o(2200 ) W I D T H  

VALUE (MeV) DOCUMENT ID TECN CHG COMMENT 

2014"$1 2AUGUSTIN 88 DM2 0 J / r  "yKOsKO 5 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

273 HASAN 94 RVUE ~ p  ~ ~ 
223 HASAN 94 RVUE ~ p  ~ ~r~ 

2 Cannot determine spin to be 0. 

fo (2200) REFERENCES 

HASAN 94 PL B334 215 A. Hasan, D,V. BIJKg (LOQM) 
BARU 89 ZPHY C42 505 S.E. Ba~u et aL (NOVO) 
AUGUSTIN 88 PRL 60 2238 J.E. Augustin et aL (DM2 Colrab.) 

- -  OTHER RELATED PAPERS - -  

EISENHAND... 75 NP B95 109 E. Eisenhandter et al. (LOQM, LIVP, DARE+) 

15(2220) I ,6{,.c) = 0 + ( 2 + +  or 4 + + )  

OMITTED FROM SUMMARY TABLE 
T H E / j ( 2 2 2 0 )  

Updated April 2000 by M. Doser (CERN). 

This state has been observed in J/r  radiative decay 

into K-K (K+K - and K s K  s ~  0 modes seen (BALTRUSAITIS 

86D, BAI 96B)). An upper limit from DM2 for these modes 

(AUGUSTIN 88) is at the level at which observation is claimed. 

There are also indications for further decay modes (lr+~r - and 

pp (BAI 96B) and ~r~ ~ (BAI 98H)) in the same production 

process, although again at the level at which previous upper 

limits had been obtained (BALTRUSAITIS 86D). This was also 

seen in 7}~/ (ALDE 86B), K s K  s ~  0 (ASTON 88D), and K + K  - 

(ALDE 88 F), albeit with very low statistics. Its j P e  is 

determined from the angular distributions of these observations. 

It is not seen in T radiative decays (BARU 89), B inclusive 

decays (BEHRENDS 84), nor in 77 (GODANG 97, ALAM 

98C), which is not surprising, since if it were a glueball, its 

two-photon width would be expected to be small. It is also not 

seen in formation in ~p ~ K + K  - (BARDIN 87, SCULLI 87), 

in pp ~ K s K s  (BARNES 93, EVANGELISTA 97), pp ---* r162 

(EVANGELISTA 98), nor in ~p ---* r + ~  - (HASAN 96). The 

upper limit in pp formation can be related to the claimed decay 

into ~p to give a lower limit for the process J / r  ~ ~,fj(2220) of 

,-- 2.3 • 10 -3 (GODFREY 99). Such a signal should be visible 

in the inclusive photon spectrum (BLOOM 85). The limit 

also leads to the surprising conclusion that the reported two- 

body final states constitute only a small fraction of all decay 

modes of the fJ(2220). Observation of further decay modes 

and confirmation of the ~p decay would be very desirable. 
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0(2220) MASS 

VALUE (MeV) E V T S  DOCUMENT ID TEEN COMMENT 
2231.1:1: 3,5 OUR AVERAGE 
2235 4- 4 • 6 74 BAI 96B BES e + e -  ~ J / ~  

7~+ 7r- 

2230 + ~ +16 46 BAI 968 BES e + e  - ~ J / ~  

3 "K+  K - 

2232 + 78 ~15 23 BAI 96B BES e + e - ~  J / r  

"K K 0 
5 5 

2235 4- 4 / :  5 32 BAI 96B BES e + e - ~  J/@ ~ 3"p~ 

_+~57 •  ASTON 88F LASS 11 K - p  2209 K+K-A 
2230 /:20 BOLONKIN 88 SPEC 40~-p~ KOKOsn 
2220 4-10 41 1 ALDE 86B GA24 38-100 l~p ~ n ~  I 

2230 4- 6 4-14 93 BALTRUSAIT..86D MRK3 e + e  - ~ 3 " K + K  - 
~ ~(0 K 0 2232 4- 7 :E 7 23 BALTRUSAIT..36D MRK3 e + e - ~  ~ - 5  S 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

2246 ~36 BAI 98H BES J / ~  ~ "l~rO~r 0 

1ALDE 86B USeS data from both the GAMS-2000 and GAMS-4000 detectors. 

0(2220) WIDTH 

VALUE (MeV) EL% EVTS DOCUMENT IO TEEN COMMENT 

23 + 78 OUR AVERAGE 

19 + - ~ / : 1 2  74 BAI 96B BES e + e  - ~ J/V) 

2 0  + 20/ :17  46 BAI 96B BES e + e  - ~ J / r  

" / K +  K - 

20~ ~54-14 23 BAI 96B BES e + e  - ~ J / ~  
" K  K 0 

S 5 
15+ 12 / :  9 32 BAI 96B BES e + e - ~  J / t#  ~ 3"p'~ 

60+150~ ASTON BBF LASS 11 K - p  ~ K + K - A  

80/: 30 BOLONKIN B8 SPEC 4 0 ~ r - p ~  KOKQsn 

26 + - ~ / : 1 7  93 BALTRUSAIT..36D MRK3 e + e  - ~ " / K + K  - 

18+- 23.4-10 23 BALTRUSAIT.,B6D MRK3 e + e  - - -  3"KOsKO 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

<B0 90 ALDE 87C GAM2 38 7r--p ~ ~/~ln 

fj(2220) DECAY MODES 

Mode Fraction ( r / / r )  

rl ~r'K seen 
r 2 7r +/{-  seen 
r3 K K  seen 
F 4 p~ seen 
r, ?~ not seen 
F 6 7/~/(958) seen 
r7 ~ not seen 

fJ(2220) r(i)r(-Fr)/r(total) 

r(KK--) x r ( -~ ) / r to~ ,  r3rur 
VALUE (eV) CL%_% DOCUMENT ID TEEN COMMENT 

KO~K o < 5.6 95 2 GODANG 97 CLE2 3'~ ~ ~ 

�9 �9 �9 We do not use the fol lowing data for averages, fits. l imits, etc. �9 �9 i 

< 86 95 2 ALBRECHT 90G ARG 3"~ ~ K + K -  
<1000 95 3 ALTHOFF 85B TASS 3"/, K K ~  

2 Assuming JP  = 2 + .  
3True for JP  = 0 + and JP = 2 + ,  

r ( , , )  x r(-r-r)/rto~, q r d r  
VALUE IeV) CL~ DOCUMENT ID TEEN COMMENT 

<3.8 95 ALAM 98C CLE2 7 ' /  ~ ~+~T -  

0(2220) r(i)r(~p)/r(total) 

r(p~) x r(.+ . - ) / r , . , ,  r4r= / r  
VALUE (keV) C L ~  DOCUMENT /D TEEN COMMENT 

<3.9 99 4 HASAN 96 SPEC ~ p  ~ ~r- ~ +  

4Assuming r = 15 MeV and JP = 2 + 

483 

Particle Listings 
fJ(2220), r / ( 2 2 2 5 )  

r(p;~) x r(~)IFto~, 
VALUE (keV) CL~  DOCUMENT ID TECN 

<0.g 95 5 EVANGELISTA 98 SPEC 

5Assuming JP = 2 + ,  M=2235 MeV and F tot~| = 15 MeV. 

r4rT/r 
COMMENT 

1.1-2.0 pp ~ @@ 

ALAM 98C PRL 81 3328 M.S. Alam et aL (CLEO Collab.) 
BAI 98H PRL 81 t179 J.Z. Bai et aL (BES Collab.) 
EVANGELISTA 98 PR D57 5370 C. Evangelista et at, 
EVANGELISTA 97 PR D56 3803 C. Evangelista et aL (LEAR Collab) 
GODANG 97 PRL 79 3829 R. GQdang et a/. (CLEO Codab.) 
BAt 96B PRL 76 3502 J.Z. Bai et al. (BES Collab.) 
HASAN 96 PL B388 376 A, Hasan, D.V. Bugg (BRUN, LOOM) 
BARNES 93 PL B309 469 P.O. Barnes, P. Bir[en, W.H. Breunllch 
ALBRECHT gaG ZPHY C48 183 H. Albrecht et at, (ARGUS Collab.) 
ASTON BBF PL B215 199 D. Aston et at. (5LAC, NAGO, EINC, INUS)JP 
BOLONKIN 88 NP BS09 426 B.V. Bolonkin et al. {ITEP, SERP) 
ALDE 87C SJNP 45 255 D. Aide et al. 

Translated from YAF 45 405. 
BARDIN B7 PL B195 292 G. Bardin et at. (SAEL, FERR, CERN, PADO+) 
SCULLI 87 PBL 58 t715 J. Sculli et aL {NYU, BNL) 
ALOE 86B PL B177 120 D.M. Aide et aL (SERP, BELG, LANL, LAPP) 
BALTRUSAIT... 86D PRL 56 107 R.M. Baltrusaitis (CIT, UCSC, ILL, SLAC+) 
ALTHOFF 85B ZPHY C29 tB9 M. Althoff et aL (TASSO Collab,) 

OTHER RELATED PAPERS 
ANISOVICH 59D PL B452 180 A.V. Anisovich et al, 

AlSO 99F NP A651 253 A.V. Anisovich et aL 
ANISOVICH 99F NP A651 253 A.V. A~isOvlCh et aL 
GODFREY 99 RMP 71 1411 S. Godfrey, J. Napolltano 
PROKOSHKIN 99 PAN 62 356 Yu.D. Prokoshk~n et aL 

Translated from YAF 62 396. 
HUANG 96 PL B3B0 189 T. Huang et aL (BHEP, BEIJ) 
BARDIN 87 PL B195 292 G. Bardln et aL (SACL, FERR, CERN, PADO+) 
YAOUANC 85 ZPHY s 309 A. Le Yaouanc et aL (ORSAY, TOKY) 
GODFREY 8# PL 141B 439 S. Godfrey, R. Kokoskl, N. Isgur (TNTO) 
5HATZ 84 PL 138B 209 M.P. Shatz (CIT) 
WlLLEY 84 PRL 52 585 R.S. Willey {PITT) 
EISENHAND.. 75 NP B96 109 E. Eisenhandler et aL (LOOM. LIVP, DARE+) 

fJ(2220) REFERENCES 

1 (2225) I : 0+(o-+) 
OMITTED FROM SUMMARY TABLE 

Seen in J / d / ~  7r Needs conf i rmat ioB. 

~(2225) MASS 

VALUE IMeV) DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

2230•  BAI 90B MRK3 J / f )  

3" K +  K -  K +  K - 
2214+20/ :13  BAI 90B MRK3 J / ~  --~ 

2220 BISELLO 86B DM2 J/ l~ 

-/ K +  K -  K +  K - 

y/(2225) WIDTH 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

150+-300-60+-60 BAI 90B MRK3 J/ '~  

7 K + K - K + K  - 
�9 �9 �9 We do not use the following data for averages, fit% limit% etc. �9 �9 �9 

80 BISELLO 86B DM2 J / ~  

7 K + K - K + K  - 

~2225) REFERENCES 

BAI 90B PRL S5 ]309 Z, Bal et ~/. (Mark III Collab.) 
BISELLO 86B PL B179 294 D. Bisello et aL (DM2 Collab.) 

1.04"0.5 BAI 96B BES e + e -  ~ J / O  
' 72~r ,KK 

r (pp) /r(  K R) r4/r3 
VALUE DOCUMENT ID ~ TEEN COMMENT 

0.1"/-I-0.09 BAI 96B BES e +  e - ~ J / ~  
"yp~,KK 

r ( . ) / r ( K ~  q/r3 
VALUE DOCUMENT IO TECN COMMENT 

(/(2220) BRANCHING RATIOS 

r(p4/rt~,  r~/r 
VALUE (units 10 -4) EL% DOCUMENT ID TEEN COMMENT 

�9 �9 * We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

<3.0 95 6 EVANGELISTA 97 SPEC 1.96-2.40~p ~ K O K O 

<1.1 99.7 7BARNES 93 SPEC 1 . 3 - 1 . 5 7 ~ p ~  K O K  0 

<2.6 99.7 7 BARDIN 87 CNTR 1.3-1.5~p ~ K + K -  
<3.6 99.7 7 SCULLI 87 CNTR 1.29-1.55~p ~ K + K -  

6Assuming r ~ 20 MeV, JP  = 2 + and B(f j (2220) ~ K K )  = 100%. 
7 Assuming r = 30-35 MeV, JP = 2 + and B( f j (2220)  ~ K K )  = 100%. 
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Meson Particle Listings 
p~(2250), f~(2300) 

I P~(2250) I ,G(:PC) = z+(~- -) 
OMITTED FROM SUMMARY TABLE 

Contains results most ly  f rom format ion experiments, For fur ther  

p roduct ion  exper iments see the  N N ( l l O 0 - 3 6 0 0 )  entry. See also 

p(2150),  f2(2150), f4(2300}, P5(2350).  

p3{2250) MASS 

p p  ~ ~r~r or K K  
VALUE (MeV) DOCUMENT tO TECN CH6 COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

2232 HASAN 94 RVUE ~ p  ~ ~r~r 
2007 HASAN 94 RVUE ~ p  ~ ~r~r 
2090 1 0 A K D E N  94 RVUE 0.36-1.55 ~ p  

~r~r 
2250 2 MARTIN 805 RVUE 
2300 2 MARTIN B0C RVUE 
2140 3 CARTER 78B CNTR 0 0.7-2.4 ~ p  

K -  K + 
2150 4 CARTER 77 CNTR 0 0.7-2.4 ~p 

~r~r 

1See however KLOET 96 who fit 7r+~r - only and find waves only up to J = 3 to be 
important but not significantly resonant. 

2 I ( j P )  ~ 1 ( 3 - )  from simultaneous analysis of p ~  ~ 7r-7r + and 7r 0 ~r 0. 

31 = 0, 1. J P  = 3 -  from Barrelet-zero analysis. 
4 1 ( j P )  .= 1 ( 3 - )  from amplitude analysis. 

~CHANNEL N N  
VALUE (MeV} DOCUMENT ID TECN CHG COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

2190 5 CUTTS 78B CNTR 0.97-3 ~ p  --~ 
~N 

2155+15 5,6 COUPLAND 77 CNTR 0 0.7-2.4 ~ p  ~ ~ p  
2193• 2 5,7 ALSPECTOR 73 CNTR ~ p  S channel 
2190•  8ABRAMS 70 CNTR SchannBI ~ N  

5 Isospins 0 and 1 not separated. 
6 From a fit to the total elastic cross section. 
7 Referred to as T or T region by ALSPECTOR 73. 
BSeen as bump in I = 1 state. See also COOPER 68. PEASLEE 75 confirm ~ p  results 

of ABRAMS ?0, no narrow structure. 

X - - p  ~ ~/~r~r 
VALUE (MEV) DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

2290•177  AMELIN 00 VES 37 ~ r - p  ~ ~/~r+~r-n 

~(2250) WIDTH 

~p --, ~r:r or K K  
VALUE (MeV) DOCUMENT (O TECN CHG COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

220 HASAN 94 RVUE p p  ~ lrTr 

287 HASAN 94 RVUE ~ p  ~ ~r~r 
60 9 0 A K D E N  94 RVUE 0.36-1.55 ~ p  

250 10 MARTIN B0B RVUE 
200 I0 MARTIN 80c RVUE 
150 11 CARTER 788 CNTR 0 0,7-2.4 ~p 

K - - K  + 
200 12 CARTER 77 CNTR 0 0.7-2.4 ~ p  

7r~ 

9See however KLOET 96 who fit ~ + T r -  only and find waves only up to J = 3 to be 
important but not significantly resonant. 

10 I ( j P )  = 1 ( 3 - )  from simultaneous analysis of p ~  ~ 7r-~r + and 7r 0 ~r 0, 

111 = 0, 1. J P  = 3 -  from Barrelet-zero analysis. 
1 2 1 ( j P )  = 1 ( 3 - )  from amplitude analysis. 

S-CHANNEL N N  
VALUE (MeV) DOCUMENT ID TECN CHG COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

135+75 13,14 COUPLAND 77 CNTR 0 0.7-2.4 ~ p  ~ ~ p  
9 8 •  B 14 ALSPECTOR 73 CNTR ~ p  5 channel 
85 15 ABRAMS 70 CNTR S channel ~ N  

13 From a fit to the total  elastic cross section. 
141sospins 0 and 1 not separated. 
15Seen as bump in I = 1 state. See also COOPER 68. PEASLEE 75 confirm ~ p  results 

of ABRAMS 70, no narrow structure. 

l r -p --* ~/lr~r 
VALUE (MeV) _ _  DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

230-}-50--80 AMELIN O0 VES 37 7 r - p  ~ r /Tr+~r -n  

pa(2250) REFERENCES 

AMELIN 00 NP B668 83 D. Amelin et al. (VES Collab.) 
KLOET 95 PR D53 6120 W.M. Kloet, F, Myhrer (RUTG, NORD) 
HASAN 94 PL 5334 2[5 A. Hasan, D,V. Bugg (LOOM) 
OAKDEN 94 NPA 574 73L M.N. Oakden, M,R. Pennington (DURH) 
MARTIN 805 NP B176 355 B.R. Martin, D. Morgan (LOUC, RHEL)JP 
MARTIN 80C NP BI69 216 A.D. Martin, MR. Pennington (DURH) JP 
CARTER 788 NP B141 467 A.A. Carter (LOOM) 
CUTTS 785 PR D17 16 D. Cutt~ et aL (STON, WISC) 
CARTER 77 PL 67B 117 A.A. Carter el aL (LOOM, RHEL)JP 
COUPLAND 77 PL 715 460 M, Coupland et aL (LOOM, RHEL) 
PEASLEE 75 PL 57B 189 D,C. Peaslee et al. (CANB, BARI. BROW+) 
ALSPECTOR 73 PRL 30 511 J. Alspector el aL (RUTG, UPNJ) 
ABRAMS 70 PR D1 1917 R.J. Abrams et at. (BNL) 
COOPER 68 PRL 20 t059 W.A. Cooper et al. (ANL) 

OTHER RELATED PAPERS 
MARTIN 79B PL 86B 93 A.D. Martin, M.R, Penn[ngton (DURH) 
CARTER 78 NP B132 176 A.A Carter (LOQM)JP 
CARTER 77B PL 57B 122 A.A. Carter (LOQM)JP 
CARTER 77C NP BI27 202 A.A. Carter et aL (LOQM, DARE, RHEL) 
ZEMANY 76 NP BI03 537 P.D. Zemany et at. (MSU) 
EISENHAND.. 75 NP 595 tO9 E. Ei~nhandler et at. (LOOM, LIVP, DARE+) 
BERTANZA 74 NC 23A 209 L. Bertanza et aL (PISA, PADO, TOR 0 
BETTINI 73 NC 15A 563 A. Bettlni el aL (PADO, LBL, PISA+) 
DONNACHIE 73 LNC 7 285 A. Donnachie, P.R. Thomas (MCHS) 
NLCHOLSON 73 PR D7 2572 H, Nicholson et 3/. (CIT, ROCH, BNL) 
FIELDS 71 PRL 27 17r T. Fields et at. (ANL, OXF) 
YOH 71 PRL 26 922 J.K. Yoh et aL (ClT, BNL. ROCH) 
ABRAMS 67C PRL 18 1209 R J, Abrams et aL (8NL) 

I f2(2300) I : + +> 
See also the mini-review under non-q~ candidates. (See the index 
for the page number . )  

f2 (2300) MASS 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

2 2 9 7 4 . 2 0  1 ETKIN 88 MPS 22 l r - p  ~ r  

�9 * �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

2231• BOOTH 86 OMEG 85 ~r -Be  ~ 2~Be 

229n§ LINDENBAUM 84 RVUE 
~ - 2 0  

2320-;-40 ETKIN 02 MPS 22 ~ r - p  ~ 2<~n 

I includes data of ETKIN 05. The percentage of the resonance going into r 1 6 2  2 -- + S 2, 

D2, and D O is 6+15- ' 25+18-14' . . . . .  ~..~ ~Q--16_27, respectively. 

f2(2300) WIDTH 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

1494-41 2ETKIN 08 MPS 2 2 7 r - - p ~  r 1 6 2  

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

133•  BOOTH 86 OMEG 85 ~r -Be  ~ 2r 
200•  LINDENBAUM 84 RVUE 
220--70 ETKIN 82 MPS 22 7 r - p  ~ 2r  

2Includes data of ETKIN 85. 

f2(2300) DECAY MODES 

Mode Fraction ( I - i /F)  

F 1 @(~ seen 

f2 (2300) REFERENCES 
ETKIN 88 PL B201 565 A. Etkln et al 
BOOTH 86 NP B273 677 P.S.L Boot1 et 3L 
ETKIN 85 PL 1658 217 A. Etkin et aL 
LINDENBAUM 84 CNPP 13 285 S.J. Lindenbaum 
ETBIN 82 PRL 49 1620 A. Etkln et aL 

OTHER RELATED PAPERS 

AMELIN 00 NP B668 83 
BARBERIS 98 PL B432 436 
LANDBERG 96 PR D53 2839 
ARMSTRONG 8gB PL B22L 221 
GREEN B6 PRL 56 1639 
BOOTH 84 NP B242 51 
EtSENHAND... 75 NP B96 iO9 

D. Ameiln et aL 
D. Barberls et aL 
C. Landberg er aL 
T.A. Armstrong et aL 
D.R. Green et aL 
ES.L Booth et aL 
E. Eisenhandler et aL 

(BNL CUNY) 
(LIVP, GLAS. CERN) 

(BNL, CUNY) 
(CUNY) 

(BNL, CUNY) 

(VES Collab.) 
(Omega expt.) 

(BNL, CUNY, RPI) 
(CERN, CDEF, BIRM+) 

(FNAL, ARIZ, FSU+) 
(LIVP, GLAS, CERN) 

(LOOM, LWP, DARE+) 
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Meson Particle Listings 
f4(2300), f2(2340), p5(2350) 

I f,(2300)I : 0§247 
OMITTED FROM SUMMARY TABLE 

This entry was previously called U0(2350 ). Contains results mostly 
from formation experiments. For further production experiments see 
the  NN(1100 -3600 )  entry. See also p(2150),  f2(2150), P3(2250),  

P5(2350).  

f4(2300) MASS 

~p-~ x x o r K K  
VALUE (MeV) DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

~2314 HASAN 94 RVUE ~ p ~  E~r 
2300 1 MARTIN 80B RVUE 
2300 1 MARTIN 80C RVUE 
2340 2 CARTER 788 CNTR 0.7-2.4 ~ p  ~ K - -  K + 

~2330 DULUDE 78B OSPK 1 - 2 ~ p ~  ~r0~ 0 
2310 3 CARTER 77 CNTR 0.7-2.4 ~ p  ~ ~r~r 

1 I ( j P )  = 0(4 + )  from simultaneous analysis of p ~  ~ ~r-  ~r + and ~r 0 ~r 0. 

2 I ( j P )  = 0(4 + )  from Barrelet-zero analysis. 

3 / ( j P )  = 0(4 + )  from amplitude analysis. 

S-CHANNEL ~p or NN 
VALUE (MeV) DOCUMENT iD TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

2380 4 CUTTS 788 CNTR 0.97-3 ~ p  ~ N N  
23454-15 4 '5COUPLAND 77 CNTR 0 . 7 - 2 . 4 ~ p ~  ~ p  
23594- 2 4,6 ALSPECTOR 73 CNTR p p  S channel 
23754-10 ABRAMS 70 CNTR 5 channel N N  

41sospins 0 and I not separated. 
5From a fit to the total elastic cross section. 
6Referred to as U or U region by ALSPECTOR 73. 

~ -  p -~ q~r  
VALUE {MeV) DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

23304-204-40 AMELIN 00 VES 37 ~ r - p  ~ R~r+~r -n  

f4(2300) WIDTH 

p p --.* ~r ~r or ~ K 
VALUE {MeV) DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

~278  HASAN 94 RVUE ~ p ~  ~r~r 
200 I MARTIN 80C RVUE 
150 8 CARTER 78B CNTR 0.7-2.4 ~ p  ~ K -  K + 

~ 2 1 0  9CARTER 77 CNTR 0 . 7 - 2 . 4 ~ p ~  *r*  

7 I ( j P }  = 0(4 + )  from simultaneous analysis of p ~  ~ 7r- 7r + and 7r 0 ~r 0. 

8 / ( j P )  = 0(4 + )  from Barrel�9 analysis. 
9 / ( . /P )  = 0(4 + )  from amplitude analysis. 

5-CHANNEL ~p or NN 
VALUE (MeV~ DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

13~+150 10,11 COUPLAND 77 CNTR 0.7-2.4 ~ p  ~ ~ p  
~ -  65 

165 + - 18 11 ALSPECTOR 73 CNTR ~ p  S channel 

190 ABRAMS 7D CNTR S channel N N  

10 From a f i t  to the total elastic cross section. 
111sospins 0 and 1 not separated. 

VALUE (MeV) DOCUMENT /D TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

2354-504-40 AMELIN 00 VES 37.~r--p ~ r lT r+~r - -n  

f4(2300) REFERENCES 

AMELIN O0 NP 8668 83 D. Amelln et aL {YES Collab.) 
RASAN 94 PL 6334 215 A. Nasan, DV. Bu~ (LOQM) 
MARTIN 8OB NP B176 355 BR. Mart{n, D MorEan (LOUC. RHEL) JP 
MARTIN 8or NP BIBS 216 AD. Martin, M,R. Pen~i~gton (DURH) JP 
CARTER 78B NP B141 467 A.A. Carter (LOQM) 
CUTTS 7BB PR D17 16 0. CuLts et al. {STON, WISE) 
DULUDE 78B PL lSB 335 R.S. Dulude et at. (BROW, MIT, BARI)JP 
CARTER 77 PL 67B 117 A.A. Carter et aL (LOQM, RHEL)JP 
COUPLAND 17 PL 71B 460 M. Coupland el aL {LOQM, RHEL) 
ALSPECTOR 73 PRL 30 511 J. Alspeetor et aL (RUTG, UPNJ) 
ABRAMS 70 RP Ol 1917 R,J. Abrams et aL (BNL) 

- -  OTHER RELATED PAPERS 
ANISOVICH 99D PL 8452 180 A.V. Anisovich et aL 

Also 99F NP A651 253 A.V. Anlsovich et aL 
ANISOVICH 99F NP A651 253 A,V. Anlsovich el at. 
EISENHAND,_ 75 NP 896 109 E. Eisenhandler et aL (LOQM, LIVP, DARE+) 
FIELDS TI PRL 27 1749 T. Fields et aL (ANL, OXF) 
YOH 71 PRL 26 922 J.K. Yoh et at. (CIT, BNL. ROCH) 
BRICMAN 69 PL 2SB 45L C. Bricman et al. (CERN, CAEN, SACL) 

I G(2340) I : 
See also the  mln i - rev iew under n o n - q ~  candidates, (See the  index 
for the page number , )  

f2 (2340) MASS 

VALUE(MeV~ DOCUMENT ID TEEN COMMENT 

2339-1"55 1ETKIN 88 MPS 2 2 ~ - p ~  ~ n  
�9 �9 i We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

23924-10 BOOTH 86 OMEG 85 w--Be ~ 2~Be 
23604-20 LINDENBAUM 84 RVUE 

] Includes data of ETKIN 85. The percentage of the resonance going into @~ 2 + + S 2, 

D 2, and D O is 37 4- 19, 4 +12 ,  and ~q+21 respectively. - ~ - -  19' 

fz (2M0} WIDTH 

VALUE IMeVt DOCUMENT ID TEEN COMMENT 

319 + 681 2ETKIN  88 MPS 2 2 7 r - p ~  ~ n  

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

1984- 50 BOOTH 86 OMEG 8 5 1 r - B e ~  2~Be 
i ~ n + 1 5 0  ~ -  50 LINDENBAUM 84 RVUE 

2 Includes data of ETKIN 85. 

f2(234.0) DECAY MODES 

Mode Fraction ( r i / r )  

r I (~(~ seen 

f~(2340) REFERENCES 

ETKIN 88 PC B20t SBS A. Etkin et aL (BNL. CUNY) 
BOOTH B6 NP B273 677 P.S.L Booth et aL (LIVP, GLAS. CERN) 
ETKIN SS PL 165B 2L7 A. Etk{n et at. {BNL, CUNV) 
LINDENBAUM 84 CNPP t �9  285 S.J Lindenbaura (CUNY) 

OTHER RELATED PAPERS 
ANISOVICH 99D PL B452 1B0 A.V. Anisovich et al. 

Also SSF NP ADS] 253 A,V. A•isovich et aL 
ANISOVlCH 99F NP ASS1 253 A.V. An]sovich et M. 
LANDBERG 96 PR D53 2839 C Landberg et al. (BNL, CUNY, RPI) 
ARMSTRONG BSB PL B221 221 T.A. Armstrong et al. (CERN, CDEF, BIRM+) 
GREEN BB PRL 56 1539 D.R. Green et aL (FNAL, ARIZ, FSU+) 
BOOTH 84 NP B242 51 P.S.L Booth et at. (LIVP, GLAS, CERN) 
EISENHAND.,, 75 NP B96 109 E. Eise~handler el a/. (LOQM, LIMP, DARE+) 

I p5(2350) I = ,+(, 
OMITTED FROM SUMMARY TABLE 

This entry was previously called U1(2400 ). See also the 
NN(1100-3600) and X(1900-3600) entries. See also p(2150), 
f2(2150), p3(2250),  f4(2300}. 

ps(2350) MASS 

~r -+  ~IrO n 
VALUE (MeV) DOCUMENT IO TECN COMMENT 

2330-t-35 ALDE 95 CAM2 38 : , r -p  ~ ~:,r0n 

p p  ~ wz  or R K  
VALUE IMeV I DOCUMENT iD TEEN CHG COMMENT 

�9 - - We do not use the following data for averages, fits, l imits, etc. �9 �9 * 

2303 HASAN 94 RVUE p p  ~ 7r~ 
2300 1 MARTIN BOB RVUE 
2250 1 MARTIN B0C RVUE 
2500 2 CARTER 78B CNTR 0 0.7-2.4 ~ p  

K - K  + 
2480 3 CARTER 77 CNTR 0 0.7-2.4 ~ p  -~ 

~r/r 
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Meson Particle Listings 
p5(2350), a6(2450), f0(2510) 

S-CHANNEL "~'N 
VALUE (MeV~ DOCUMENT ID TECN CHG COMMENT 

i �9 * We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

2380 4 CUTTS 788 CNTR 0.97-3 ~ p  
N N  

2345• 4,5 COUPLAND 77 CNTR 0 0.7-2.4 ~ p  ~ ~ p  
2359• 2 4,6 ALSPECTOR 73 CNTR ~ p  S channel 
2350• 10 7 ABRAMS 70 CNTR 5 channel N N  
2360• 8 OH 708 HDBC - 0  ~ ( p n } ,  K *  K2~r 

1 I ( j P )  = 1 (5 - )  from simultaneous analysis of p ~  ~ ~r-  ~ +  and x 0 ~r O. 

2 1 = 0(1); JP = 5 -  from Barrelet-zero analysis, 

3 I(jP) = 1 ( 5 - )  from amplitude analysis. 
4 Isospins 0 and 1 not separated. 
5 From a fit to the total elastic cross section. 
6Referred to as U or U region by ALSPEETOR 73. 
7For I = 1 N N .  
8No evidence for this bump seen in the ~ p  data of CHAPMAN 718. Narrow state not 

confirmed by OH 73 with more data. 

~ (2&~0) WIDTH 

~r-p ~ ~ r ~  
VALUE (MeV) DOCUMENT ID TECN COMMENT 

400-1-100 ALDE 95 GAM2 3 8 ~ r - p ~  ~Tr0n 

-~ p ~ Ir x or K K 
VALUE IMeV} DOCUMENT ID TECN CHG COMMENT 

�9 �9 * We do not use the fol lowing data for averages, fits, l imits, etc. * * * 

169 HASAN 94 RVUE ~p ~ x T  
250 9 MARTIN 80B RVUE 
300 9 MARTIN 80C RVUE 
150 10 CARTER 78B CNTR 0 0.7-2.4 ~ p  

K -  K + 
210 11 CARTER 77 CNTR 0 0.7-2.4 ~ p  

S-CHANNEL N N  
VALUE (MeV) DOCUMENT /D TEEN CHG COMMENT 

�9 = * We do not use the fol lowing data for averages, fits, l imits, etc. * �9 = 

13~+150 12,13 COUPLAND 77 CNTR 0 0.7-2.4 ~ p  ~ ~ p  
~ -  65 

165_+ 18 13 ALSPEETOR 73 CNTR ~ p  5 channel 

< 60 14OH 70B HDBC - 0  ~ ( p n ) ,  K * K 2 ~  
140 ABRAMS 67C CNTR 5 channel ~ N  

9 I ( j P )  : 1 ( 5 - )  from simultaneous analysis of  p ~  ~ ~ -  ~ +  and 7rO'~ O. 

101 = 0(1); JP = 5 -  from Barrelet-zero analysis. 
11 I ( j P )  = 1 ( 5 - )  from amplitude analysis. 
12 From a fit to the total  elastic cross section. 
13 Isospins 0 and 1 not separated. 
14No evidence for this bump seen in the ~ p  data of CHAPMAN 7lB. Narrow state not 

confirmed by OH 73 wi th more data. 

pS(2350) REFERENCES 

ALDE 95 ZPHY C66 379 D,M. Aide et al. (GAMS Collab.) JP 
HASAN 94 PL B334 215 A Hasan, D,V. BuKg (LOQM) 
MARTIN BOB NP B176 355 B.R. Martin. D MoT[an (LOUC, RHEL)JP 
MARTIN 8OC NP B169 216 A.D. Martin, M.R. Pennington (DURH)JP 
CARTER 7BB NP 814] 467 A.A. Carter (LOQM) 
CUTTS 788 PR D17 16 D. Cutts et al. (STON, WISC) 
CARTER 77 PL 678 1]7 A,A, Carter et aL (LOQM, RHEL) JP 
COUPLAND 77 PL 716 460 M Coupland el aL (LOQM. RHEL) 
ALSPECTOR 73 PRL 30 51I J Alspecto: el a/. (RUTG. UPNJ) 
OH 73 NP B51 57 B.Y, Oh et aL (MSU) 
CHAPMAN 718 PR D4 1275 J.W. Chapman et aL (MICH) 
A6RAMS 70 PR O1 1917 RJ. A~ams et at. (BNL) 
OH 70B PRL 24 1257 BY. Oh et at. (MSU) 
ABRAMS 67C PRL ]8 1209 RJ. Abc~ms et aL (BNL) 

- -  OTHER RELATED PAPERS 
EISENHAND... 75 NP B96 109 E. Eisenhandler et al. (LOQM. LIVP, DARE+) 
CASO 70 LNC 3 707 C, Caso et at. (GENO, HAMB, MILA, SACL) 
BRICMAN 69 PL 29B 451 C Bricnlan et aL (CERN, CAEN, SACL) 

l a , ( 2 4 5 o ) l  : 
OMITTED FROM SUMMARY TABLE 

Needs confirmation. 

a6(2450} MASS 

VALUE (MeV) DOCUMENT fD TEEN 

2450• 1 CLELAND 826 SPEC 

1 From an amplitude analysis. 

CNG COMMENT 

• 50 7rp ~ K O K •  

a6(2450) WIDTH 

VALUE (MeV) DOCUMENT ID TECN 

400-I-250 2 CLELAND 828 SPEC 

2 From an amplitude analysis. 

CHG COMMENT 

• 50 7rp ~ K O s K •  

,16(2450) DECAY MODES 

Mode 

F I KK 

as(2450} REFERENCES 

CLELAND 82B NP B2DB 228 W.E, Cleland el al. (DURH. GEVA, LAUS+) 

I C (251~  I : o+(, + +) 
OMITTED FROM SUMMARY TABLE 

Needs confirmation. 

f6(2510) MASS 

VALUE IMeV) DOCUMENT ID TECN COMMENT 
2465-1-50 OUR AVERAGE Error includes scale factor of 2.1. 
2420•  ALOE 98 GAM4 100 7 r - p  ~ ~r0~0n 
2510• BINON 846 GAM2 38 ~ - p  ~ n27r 0 

&(2510} WIDTH 

VALUE IMeV) DOCUMENT ID TECN COMMENT 

255-1-40 OUR AVERAGE 
270+60 ALDE 98 GAM4 100 ~ r - p  ~ ~0~r0n I 
240• BINON 84B GAM2 38 l r - p  ~ n21r 0 

f6(2510) DECAY MODES 

Mode Fraction ( r i / F )  

I- 1 ;r (6 .0 •  1.0) % 

f6(2510) BRANCHING RATIOS 

r(,~r)/rto.i 
VALUE DOCUMENT IO TECN COMMENT 

0.06 -I-0,01 1 BINON 83c GAM2 38 7 r - p  ~ n4-y 

1 Assuming one pion exchange and using data of BOLOTOV 74. 

rz/r 

f6(2510) REFERENCES 

ALDE 98 EPJ A3 361 D. Aide et aL (GAM4 Collab.) 
Also 99 PAN 62 405 D. Aide er aL (GAMS Collab.) 

BINON 84B LNC 39 41 F.G. Bino• el al. (SERP, BELG, LAPP)JP 
BINON 83C SJNP 38 723 F.G, Bino~ er at. (SERP, BRUX+) 

Translated from YAF 38 1199. 
6OLOTOV 74 PL 52B 489 V.N. BOIOIOV et at. (SERP) 

OTHER RELATED PAPERS - -  
PROKOSHKiN 99 PAN &2 356 Yu.D. Prokoshkln et aL 

Translated from YAF 62 395. 
EISENHAND... 75 NP B96 I09 IF Eisenhandler et al. (LOQM, LIVP, DARE+) 



See key on page 239 

JX(3250) J ,G(jPC) : ?.~(???) 
OMITTED FROM SUMMARY TABLE 

Narrow peak observed in several f ina l  s tates w i t h  h idden st rangeness 

(A-~K +,  A # K +  ~ 4-, K O p e K •  Needs con f i rma t ion .  

X(3250) MASS 

3-BODY DECAYS 
VALUE (MeV) DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

32504-84-20 ALEEV 93 BIS2 X(3250)  ~ A~K + 
3265/ :74-20  ALEEV 93 BIS2 X(3250)  ~ "ApK- 

44BODY DECAYS 
VALUE (MeV) DOCUMENT fO TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

3 2 4 5 • 1 6 3  ALEEV 93 BIS2 X(3250)  ~ A~K+Tr 4- 
32504-94-20 ALEEV 93 BIS2 X(3250)  ~ A p K - ~  T 
32704 -8 •  ALEEV 93 8152 X(3250)  ~ KOsp~K4- 
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X ( 3 2 5 0 )  

X(3250) WIDTH 

3.BODY DECAYS 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

454-18 ALEEV 93 BIS2 X(3250)  ~ A~K + 
404-18 ALEEV 93 BIS2 X(3250)  ~ ApK- 

44BODY DECAYS 
VALUE (MeV) DOCUMENT IO TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

254-11 ALEEV 93 BIS2 X(3250)  ~ A-pK+E 4- 
504-20 ALEEV 93 BIS2 X(3250)  ~ A p K - s  Jr 
254-11 ALEEV 93 BIS2 X(3250)  ~ KOpeK 4- 

X(3250) DECAY MODES 

Mode 

F 1 A#K + 
I- 2 A~K+ Tr • 
F 3 K ~  • 

X(3250) REFERENCES 

93 PAN 56 1358 A.N. Aleev et al. 
Translated from YAF 56 100. 

ALEEV (BIS-2 Collab.) 
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e+e-(1100-2200), NN(1100-3600) 

OTHER LIGHT UNFLAVORED 
MESONS(S= C = B = 0 )  

I e+e-(l lO0.2200) I ,o,,Pc} = ? ? ( 1 -  - )  

OMITTED FROM SUMMARY TABLE 
This entry contains unflavored vector mesons coupled to e + e -  
(photon) between the @ and J/fl)(1S) mass regions. See also 
e)(1420), p(1450), w(1650), r and p(1700). 

VALUE(MeV) 

1390.9• 6.3 
1395 

VALUE(MeV) 

1410 
I00 

DOCUMENT ID TEEN CHG COMMENT 

9 CHIBA 87 CNTR 0 0. ~ p  ~ 7 X  
9,11,12,13 PAVLOPO... 78 CNTR Stopped 

DOCUMENT ID TEEN CHG COMMENT 

BETTINI  66 DBC 0 0. ~ N  ~ 57r 
BETTINI 66 DBC 0 0. ~ N  ~ 57r 

DOCUMENT ID TEEN CHG COMMENT 

14 BRIDGES 86B DBC 0 0. ~ N  
2 ~ -  ~r + ~r 0 

14 BRIDGES B6B DBC 0 0. ~ N  
2~r- ~r + ~r 0 

DOCUMENT ID TEEN CHG COMMENT 

9 CHIBA 91 CNTR ~ d  ~ 7 X  
9 CHIBA 87 CNTR 8 0. ~ p  ~ 7 X  

14 BRIDGES 86B DBC 0 0. p N  

2~r- ~ +  
14 BRIDGES 86B DBC O O, ~ N  

2~r-- ~ +  

DOCUMENT /D TEEN EHG COMMENT 

9 CHIBA 87 CNTR 0 0. ~ p  ~ 7 X  
14 BRIDGES 86B DBE -- 0. ~ N  

2 ~ -  ~r + ,~.0 
14 BRIDGES 86B DBE - 0. ~ N  

2 ~ -  ~r + ;"r o 

DOCUMENT ID TEEN CHG COMMENT 

9 CHIBA 87 CNTR 0 0. p p  ~ 7 X  

ADIELS 84 CNTR ~He 

DOCUMENT ID TEEN CHG COMMENT 

9,10,11,12 RICHTER 83 CNTR 0 Stopped 

DOCUMENT ID TEEN COMMENT 

ADIELS 84 CNTR ~He 

DOCUMENT ID TEEN COMMENT 

9,11,12,13 PAVLOPO... 78 CNTR Stopped 

DOCUMENT ID TEEN COMMENT 

ADIELS 84 CNTR p i l e  

9,11,12,13 PAVLOPO... 78 CNTR Stopped p 

DOCUMENT ID TEEN CHG COMMENT 

9 CHIBA 91 CNTR ~d ~ 7X 
9,10,11,12 RICHTER 83 CNTR 0 Stopped 

VALUE (MeV) 

1468• 6 

DOCUMENT ID TEEN CHG COMMENT 

e+e-(1100-2200)  MASSES AND W I D T H S  

w e  do not use the fol lowing data for averages, fits, l imits, etc. 

VALUE (MeV) DOCUMENT ID 

1100 to 2200 OUR LIMIT  

VALUE (MeV) DOCUMENT ID TEEN COMMENT 

1ha7 n+16.0 . . . . .  --19.0 BARTALUCCI 79 OSPK 7 7 p ~  e + e - p  

31.0+_224:0 BARTALUCCI 79 OSPK 7 7P ~ e+e-P 

VALUE (MEN) DOCUMENT ID TEEN CHG COMMENT 

1266.0• S.0 BARTALUCCl 79 DASP 0 7 "}'p ~ e + e -  p 
110.0• BARTALUCCl 79 DASP 0 7 ? p  ~ e + e -  p 

VALUE (MEV) DOCUMENT ID TEEN COMMENT 

1838.0 PETERSON 78 SPEC 7P ~ K + K - p  
120.0 PETERSON 78 SPEC 7 P  ~ K + K- p 

VALUE {MeV} DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

1870• ANTONELLI 96 SPEC e + e  - ~ hadrons 
10d: 5 ANTONELLI 96 SPEC e + e - ~  hadrons 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 

2130 1 ESPOSITO 78 FRAM e + e-  ~ K*(892) + . . .  
30 1 ESPOSITO 78 FRAM e + e  - ~ K* (892 )+ , . .  

1 Not seen by DELCOURT 79. 

(FENICE Collab.) 
(DESY, FRAS) 

(LALO) 
(FRAS, NAPL. PADO+) 

(CORN, HARV) 

e+e-(1100-2200)  REFERENCES 

ANTONELLI 96 PL B365 427 A. AlltOnelll et 3L 
BARTALUCEI 79 NC 49A 207 S. Bartalucci et aL 
DELCOURT 79 PL 86B 395 B. Delcourt et aL 
ESPOSlTO 78 LNC 22 305 B. Esposito, F. Felicetti 
PETERSON 78 PR D18 3955 O. Peterson et aL 

88•  

VALUE (MeV) 

1512 • 7 
1523.8 • 3.6 
1522 �9 7 

59 • 12 

VALUE IMeV) 

1577.8• 3.4 
1594 4- 9 

81 •  

VALUE(MeV} 

1633.6• 

1637.1+~:~ 
VALUE (MeV) 

1638• 

VALUE (MeV) 

164,02~:~ 
VALUE {MeV) 

1646 

VALUE (MeV) 

1687,1245:3 ~ 
1684 

VALUE (MeV) 

1693• 
1694• 

VALUE (MeV) 

- -  OTHER RELATED PAPERS - -  

BACCI 76 PL SAB 356 C. Bacci et aL (ROMA, FRAS) 
BACCI 75 PL 58B 481 C. Bacci et al. (ROMA, FRAS) 

I N(1100-3600) I 

1713.0• 

VALUE (MeV) 

1731.0• 

VALUE (MeV) 

1771• 

9 CHIBA 87 CNTR 0 0. ~ p  ~ 7 X  

DOCUMENT ID TEEN CNG COMMENT 

9 CHIBA 87 CNTR 0 0. ~ p  ~ " iX 

DOCUMENT ID TEEN CHG COMMENT 

9,11,12,15 RICHTER 83 CNTR O Stopped 

O M I T T E D  F R O M  S U M M A R Y  T A B L E  
This  entry contains various high mass, unflavored structures cou- 
pled to  the  baryon-ant ibaryon system, as wel l  as quasi-nuclear bound 

states below threshold.  

VALUE (MeV) 

1812.3• 
3.7•  

VALUE {MeV) 

N N ( 1 1 0 0 - 3 6 0 0 )  MASSES AND W I D T H S  

w e  do not use the fol lowing data for averages, fits, l imits etc. 

VALUE (MeV) 
1100 to 3600 OUR L IMIT  

DOCUMENT ID 

VALUE IM~V) 

1107• 

111• 

VALUE (MeV) 

1167 •  
1191.0• 
1210 •  

DOCUMENT I0 TEEN CHG COMMENT 

DAFTARI 87 DBC 0 0. #n  
p - r + l r -  

DAFTARI 87 DBC 0 0. ~n  
p - -~+~r - -  

DOCUMENT IO TEEN CHG COMMENT 

9CHIBA 91 CNTR #d ~ ?X 
9CHIBA 87 CNTR 0 0. #p ~ 7X 

9'10'11'12RICHTER 83 CNTR 0 Stopped 

VALUE (MeV) 

1325 • 

1329.2• 

DOCUMENT ID TEEN CHG COMMENT 

9 CHIBA 91 CNTR ~d ~ ?X 
9CHIBA 87 CNTR 0 0. #p ~ 7 x 

1856.6• 
20 •  

VALUE (MW) 

1870• 
10:5 5 

1870 

10 

1873• 2.5 
< 5 

VALUE (MeV) 

1897• 

110• 

1897• 1 

25• 6 

DOCUMENT tO TEEN COMMENT 

CHIBA 97 CNTR ~ d  ~ nX  
CHIBA 97 CNTR ~ d  ~ nX 

DOCUMENT ID TEEN CH6 COMMENT 

BRIDGES 86D SPEC 0 0. ~ d  ~ ~ r N  
BRIDGES 86D SPEC 0 0. ~ d  ~ ~r~rN 

DOCUMENT ID TEEN CHG COMMENT 

ANTONELLI 98 SPEC 
ANTONELLI 98 SPEC 

16 DALKAROV 97 RVUE - 

16 DALKAROV 97 RVUE - 

BRIDGES 88O SPEC 0 
BRIDGES 86D SPEC 0 

e+e - -~  n~,p~ 
e + e- ~ n~, p~ I 
0.0 ~ d  

p 3~f-- 27r + 
0.0 p d  

p3~- 21r + 
0. ~ d  ~ ~r~N 
0. ~ d  ~ l t~rN 

DOCUMENT 

17ABASHIAN 76 
17ABASHIAN 16 

KALOGERO... 75 

KALOGERO... 75 

TEEN COMMENT 

STRC 8 ~ - - p ~  p3~r 
STRC 8 7 r - p ~  p31r 
DBC ~ n  annihilation near 

threshold 
DBC ~ n  annihilation near 

threshold 



See key on page 239 

VALUE (MeV} DOCUMENT ID 

19104-30 1,18 ANISOVlCH 

2604-40 1,18 ANISOVICH 

1 From a fit to the /G(jPC) = 0+(2 + +). 

VALUE (MeV) 

~ 1920 
190 

VALUE (MeV) EVTS 

1937.3 + 1.3 
- 0.7 

< 3.0 
1930 4- 2 

12 4- 7 
1940 4- 1 36 

6.0 
1949 4-10 

80 4-20 
1939 :5 2 

22 :5 6 
1935.54- 1.0 

2.8:5 1.4 
1939 4- 3 

< 4.0 
1935.94- 1.0 

8.8 + 4.3 
- 3.2 

1942 4- 5 
57.54- 5 

1934.4 + 2.6 
- 1.4 

11 +11 
- 4 

1932 4- 2 

9 + 4  
- 3 

1968 
35 

VALUE (MeV) 

1990_--15 18 ANISOVICH 

190:550 18 ANISOVICH 

19494-10 30 DEFOIX 
804-20 30 DEFOIX 

VALUE (MeV) DOCUMENT ID 

1960=: 15 2,18 ANISOVICH 

150• 2,18 ANISOVICH 

20054-30 3,18 ANISOVICH 

3054-50 3,18 ANISOVICH 

20054-40 4,18 ANISOVICH 

2754-75 4,18 ANISOVICH 

TECN CHG COMMENT 

DOCUMENT ID TEEN COMMENT 

19 EVANGELISTA 79 OMEG 10,16",,r-p~ ~p 
EVANGELISTA 79 OMEG 10,16 '~-p ~ ~p 

DOCUMENT ID TECN CH(; COMMENT 

20 FRANKLIN 87 SPEC 0.586 ~p 

20 FRANKLIN 87 SPEC 0.586 ~p 
21 ASTON 80D OMEG ~FP ~ p~X 
21 ASTON 80D OMEG "FP ~ p~X 

DAUM 80E CNTR 0 93 p p  ~ ~ p X  
DAUM 80E CNTR 93 p p  ~ ~ p X  

22 DEFOIX 80 HBC 0 ~p ~ 5~r 
22 DEFOIX 80 HBC 0 ~p ~ 5~r 
28 HAMILTON 8OB CNTR 0 5 channel ~p 
23 HAMILTON 8OB CNTR 0 5 channel ~p 

SAKAMOTO 79 HBC 0 0.37-0.73 ~p 
SAKAMOTO 79 HBC 0 0.37-0.73 ~p 
BRUCKNER 7? SPEC 0 0.4-0.85 ~p 
BRUCKNER 77 SPEC 0 0.4-0.85 ~p 

24 CHALOUPKA 76 HBC 0 ~p total,elastic 

25 CHALOUPKA 76 HBC 0 ~p total,elastic 

26 D'ANDLAU 75 HBC 0 0,175-0,750 ~p 
27 D'ANDLAU 75 HBC 0 0.175-0.750 ~p 

28 KALOGERO... 75 DBC - ~N annihilation 

28 KALOGERO... 75 DBC - ~N annihilation 

24 CARROLL 74 CNTR 5 channel ~p 

25 CARROLL 74 CNTR S channel ~p 

29 BENVENUTI 71 HBC 0 0.1-0.8 ~p 
29 BENVENUTI 71 HBC 0 0.1-0.8 ~p 

DOCUMENT ID TEEN CHG COMMENT 

2From a fit to the I G ( J  PC}  = 1+(3 - - ) .  
3From a fit to the I G i j P C i  = 8+(0 + 4-). 
4From a fit to the I G i j P C i  = 1+(1 - - ) .  

VALUE (MeV) DOCUMENT ID 

20054-25 18,31 ANISOVICH 
3604-80 18,31 ANISOVlCH 

VALUE (MeV) DOCUMENT ID 

2025:530 18 ANI5OVICH 

2025:540 18 ANISOVlCH 

330:575 18 ANISOVICH 

2~n + 80 ~ - 5 0  18 ANISOVICH 
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N N ( l 1 0 0 - 3 6 0 0 )  

VALUE (MeV) DOCUMENT tD TEEN COMMENT 

99J SPEC 0 0.6-1.94 p~ ~ I 2020:550 18,34 ANISOVIEH 99D 5PEC 0.6-1.94 p~ ~ 7rO~0~/ I 
~ ,  r/~/, r/r/I 200:570 18,34 ANISOVlCH 99D SPEC 0.6-1.94 p~ ~ ~r0zr0T/ I 

99J SPEC 0 0.6-1.94 p~ ~ I 

l r  lr, tlTI, 717/I VALUE (MeV) DOCUMENT ID TEEN CNG COMMENT 

I 2020:530 1,18 ANISOVICH 99J SPEC 0 0.6-1.94 p~ ~ I 
lrTr, 7/7/, ~/T/ 

275:535 1,18 ANISOVICH 99J SPEC 0 0.6-1.94 p~ ~ I 
~ r ,  t/~/, T/7/t 

2020:512 5,18 ANISOVICH 99J SPEC 0 0.6-1.94 p~ -~ I 
~ ,  r/~/, 7/~/I 

170:515 5,18 ANISOVICH 99J SPEC 0 0.6-1.94 p~ ~ I 
7r~, ~/r/, t/7/t 

5 From a fit to the I G ( j P C )  = 0+(4 + +).  I 

VALUE (MeV} DOCUMENT ID TEEN CHG COMMENT 

2022:5 6 35 AZOOZ 83 HYBR + 6 ~p ~ p~31r 
14:513 35 AZOOZ 83 HYBR + 6 ~p ~ p~3~ 

VALUE (MeV} DOCUMENT ID TEEN CHG COMMENT 

2023:5 5 BODENKAMP 83 SPEC 0 7P ~ PPP 
27:512 BODENKAMP 83 SPEC 0 7P ~ "PPP 

VALUE (MeV} DOCUMENT ID TECN CHG COMMENT 

2026:5 5 35 AZOOZ 83 HYBR - 4 ~p ~ ~n3~ 
20:511 35 AZOOZ 83 HYBR - 4 ~p ~ ~n3~T 

VALUE (MeV} DOCUMENT ID TEEN COMMENT 

2040:540 18,36 ANISOVlCH 99D 5PEC 0.6-1.94 p~ ~ ~r0~T0r/ I 
190• 18,36 ANISOVlCH 99D 5PEC 0.6-1.94 p~ ~ ~r0~r011 I 

VALUE (MeV) DOCUMENT ID TEEN CHG COMMENT 

2060:520 18 ANISOVICH 99 5PEC PP ~ ~r0T/, ~T0r/t I 
1954-30 18 ANISOVICH 99 SPEC pp ~ ~0~/, ~r0~t I 

d 2080:510 37 KREYMER 80 STRC 0 13 ~r- d 
p~,(n) 

d 110:520 87 KREYMER 80 5TRC O 13 ",,r- d 
p~n(n) 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

20704-20 18,38 ANISOVlCH 99E SPEC 0.6-1.94 p~ ~ 3~r 0 I 

99C SPEC 0.6-1.94 p~ ~ I 1704-40 18,38 ANISOVICH 99E SPEC 0.6-1.94 p~ ~ 3~r 0 I 
Ir0 ~I, 7r01} ! VALUE (MeV) DOCUMENT ID TEEN COMMENT 

99C $PEC 0.6-1.94 p~ ~ I 
~-0q, ~0~/t 20904-20 39 KREYMER 80 STRC 13 ~ r - d  ~ n p p w  p 

80 HBC 0 0.0-1.2 ~p ~ 5~ 1704-50 39 KREYMER 80 STRC 13 ~ r - d  ~ n p ~ r - p  

80 HBC 0 0.0-1.2 ~p ~ 5"A" 
VALUE (MeV) DOCUMENT ID_@_ TEEN COMMENT 

TECN CHG COMMENT ~ 2110 40 EVANGELISTA 79 OMEG 10,16 ~ -  p ~ ~p 
99J SPEC 0 0.6-1.94 p~ ~ I ~ 330 40 EVANGELISTA 79 OMEG 10,16 ~T- p ~ ~p 

99J SPEC 0 0.6-1.94 p~ ~ I VALUE {MeV) DOCUMENT ID TECN COMMENT 

~E, 'r/~/, ;1~/" 10 18,41 ANISOVICH 99E SPEC 0.6-1.94 p~ ~ 3"A "0 I 99J 5PEC O 0.6-1.94 p~ ~ I 2100+- 30 
~r~r, ~/~/, ~T// I 

3An+ 40 18,41 ANISOVtCH 99E SPEC 0.6-1.94 p~ ~ 3~r 0 99J SPEC 0 0.6-1.94 p~ ~ I ~ - 1 0 0  
"A".,,., ~/, ~/" 

99J SPEC 0 0.6-1.94 p~ ~ I VALUEIMeV) DOCUMENT ID TEEN COMMENT 

~r~r, ~lr/, r/~// 21004-20 18,42 ANISOVICH 99E SPEC 0.6-1.94 p~ ~ 3~r 0 I 
99J 5PEC O 0.6-1.94 p~ ~ I 300+30 18,42 ANISOVICH 99E SPEC 0.6-1.94 p~ ~ 3~r 0 I ~r~r, ~F/, ~/~/~ -60 

I VALUE (MeV) DOCUMENT ID TECN CHG COMMENT 

21054-15 3,18 ANISOVICH 99J 5PEC 0 0.6-1.94 p~ ~ I 
~r~r, ~/~/, ~/fi~ 

TECN COMMENT 2004-25 3,18 ANISOVICH 99J SPEC O 0.6-1.94 p~ ~ I 
99E SPEC 0.6-1.94 p~ ~ 3~r 0 I ~ r ,  ~/~/, ~/~/I 

99E SPEC 0.6-1.94 p~ ~ 8~0 | VALUE (MeV} DOCUMENT ID TEEN COMMENT 

TECN COMMENT 21104-10 43 ROZANSKA 80 SPRK 18 ~ r - p  ~ p ~ n  

99cSPEC 0 . 6 - 1 . 9 4 p ~  ~T0~/, I 1904-10 43ROZANSKA 80 SPRK 1 8 ~ - p ~  p ~ n  

99c SPEC 0.6-1.94 p~ ~ ~r 0~/, I VALUE (MeV) DOCUMENT ID 

"tr 0 ~ ~ 2140:530 18,44 ANISOVICH 99D 
99C SPEC 0.6-1.94 p~ ~ ~r0~/, I 1504-30 18,44 ANISOVICH 99D 

99C SPEC 0.6-1.94 p~ ~ ~r0F/, I VALUE(MeV) DOCUMENT ID 
~r 0 ~/r 

99D 5PEC 0.6-1.94 p~ ~ ~r0~r0~ I 2141 45 DONALD 73 HBC 0 ~p S channel 
990 SPEC 0.6-1.94 p~ ~ x 0~r0~l 14 45 DONALD 73 HBC 0 ~p 5 channel 

I 99 RVUE ~rp ~ p p ~ r ( ~ r )  
93 OMEG ~ r - p  ~ p p ~ ; r - ~ r  0 VALUE(MeV} DOCUMENT ID TECN CHG COMMENT 

93 OMEG ~r -  p ~ p p ~ r -  ~r 0 21654- 45 4,18 ANISOVICH 99J SPEC 0 0.6-1.94 p~ ~ I 

79 e - p  ~ e - p p ~  16n+140 4,18ANI$OVICH 99J SPEC 0 0.6-1.94 p~ ~ I 
" -  70 

79 e - p  ~ e - p p ~  ~rx ~, tt~l, ~lrl t 
77 OMEG ~ r - p  ~ p p ~ r -  

77 OMEG ~ r - p ~  p p ~ r -  

TECN COMMENT 

SPEC 0 . 6 - 1 . 9 4 p ~  "A'O'n0~/ I 
SPEC 0.6-1.94 p~ 7rOTr0~ 

TECN CHG COMMENT 

20004-40 18,32 ANISOVICH 
250:540 18,32 ANISOVICH 

2015:5 3 FERRER 
2011:5 7 33 FERRER 

2,;+10 33 FERRER 
- 25 

2025 GIBBARD 
< 30 GIBBARD 

2020:5 3 BENKHEIRI 
24:512 BENKHEIRI 
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NN(1100-3600) 
VALUE (M~V) 
2180• 
270• 

VALUE (M~V) 
2207• 

62• 

VALUE (MeV) 

2210+-- 79 

203 

VALUE (MeV) 

2210• 

360 • 55 

VAL UE (MEV) 

2229.2 
1.8 

VALUE (MeV) 

2230• 

245• 

VALUE (MeV) 

2240• 
170• 

VALUE (MeV) 

2260 • 15 
180• 

VALUE (MeV) 

2265• 

235 +60 
--35 

2260 
440 

VALUE (MeV) 

2280• 
210• 

VALUE (MeV} 

2280 • 30 
280 • 50 

VALUE (MeV) 

2295• 

2~+65 
~--40 

DOCUMENT ID TEEN COMMENT 

46ROZANSKA 80 SPRK 1 8 ~ r - p ~  p~n 

46 ROZANSKA B0 SPRK 18 ~r- p ~ p~n 

DOCUMENT ID TEEN CHG COMMENT 

47 ALLES-... 67B HBC 0 5.7 ~p 
47 ALLES-... 67B HBC 0 5.7 ~p 

DOCUMENT ID TEEN COMMENT 

EVANGELISTA79B OMEG 10 ~ r - p  ~ K +  K - n  

EVANGELISTA79B OMEG 10 ~ r - p  ~ K +  K - n  

DOCUMENT ID TEEN CHG COMMENT 

2,18 ANISOVICH 99J SPEC 0 0.6-1.94 p~ ~ I 
~ r ,  ~/r/, ~t/I 

2,18 ANISOVICH 99J SPEC O 0.6-1.94 p~ ~ I 
~r~r, r~f/, ~z/~ 

DOCUMENT ID TEEN COMMENT 

CARBONELL 93 RVUE ~p ~ AA 
CARBONELL 93 RVUE ~p ~ AA 

DOCUMENT ID TECN CHG COMMENT 

1,18 ANISOVICH 99J SPEC 0 0.6-1.94 p~ ~ I 
~r;,r, ~/~/, FF/ 

1,18 ANISOVICH 99J SPEC 0 0.6-1.94 p~ ~ I 
~r~r, ~F/, ~/r/ 

DOCUMENT ID TEEN COMMENT 

18,34 ANISOVICH 99D SPEC 0.6-1.94 p~ ~ ~r0~r0~/ l 
18,34 ANISOVICH 99D SPEC 0.6-1.94 p~ ~ ~r0~r0~/ I 

DOCUMENT (D TEEN COMMENT 

18,31 ANISOVICH 99E 5PEC 0.6-1.94 p~ ~ 3~ 0 I 
18,31 ANISOVICH 99E SPEC 0.6-1.94 p~ ~ 3~ 0 I 

DOCUMENT ID TEEN COMMENT 

18 ANISOVICH 99C SPEC 0.6-1.94 pp  ~ ~r 0~, I 
~rO ~r 

18 ANISOVICH 99C SPEC 0.6-1.94 p~ ~ ~r0~/, I 
~0 r/  

48 EVANGELISTA 79 OMEG 1 0 , 1 6 ~ - p ~  ~p 
48 EVANGELISTA 79 OMEG 1 0 , 1 6 ~ r - p ~  ~p 

DOCUMENT ID TEEN COMMENT 

18,49 ANISOVlCH 99D SPEC 0.6-1.94 p~ ~ ~O~r0~/ I 
18,49 ANISOVICH 99D SPEC 0.6-1.94 p~ ~Ox0~/ I 

DOCUMENT ID TEEN COMMENT 

18,41 ANISOVICH 99E SPEC 0.6-1.94 p~ ~ 3~ 0 | 
18,41 ANISOVICH 99E SPEC 0.6-1.94 p~ 3~r 0 I 

DOCUMENT ID TEEN CHG COMMENT 

6,18 ANISOVICH 99J SPEC 0 0.6-1.94 p~ ~ I 
~r~r, ~/,  ~/~/ 

6,18 ANISOVICH 99J SPEC 0 0.6.1.94 p~ ~ I 

6From a fit to the I G ( j P C ) =  1+(5 - - ) .  

VALUE (MeV} 

2300• 

230 • 40 

2307• 6 ALPER 

245 • 20 ALPER 

VALUE (M~V) 
2300• 

270• 

VALUE (MeV) 

2300• 35 

290• 50 

50 2300+-- 80 

340• 

2300• 25 

270• 50 

2320• 30 

175• 45 

DOCUMENT ID TEEN CHG COMMENT 
18 | 

ANISOVICH 99c SPEC 0.6-1.94 p~ ~ I 
~rO r/, ~r0~// 

18 ANISOVICH 99c SPEC 0.6-1.94 p~ ~ I 
~r0 r/, zr0~/ 

80 CNTR 0 62 E -  p 
K + K - n  

80 CNTR O 62 ~r-p  
K +  K - n  

DOCUMENT ID TEEN COMMENT 

18,36 ANISOVlCH 99D SPEC 0.6-1.94 p~ ~ ~ ~r r / 0  0 I 
18,36 ANISOVlCH 99D SPEC 0.6-1.94 p~ ~ ~r0x0~l I 

DOCUMENT IO TEEN CHG COMMENT 

1,18 ANISOVICH 99J SPEC 0 0.6-1.94 p~ ~ I 

1,18 ANISOVlCH 99J SPEC 0 0.6-1.94 p~ ~ 
~r ,  ~7~/, ~P7 I 

2,18 ANISOVICH 99J SPEC 0 0.6.1.94 p~ ~ I 
:,r~, ~/~/, ~/~/t 

2,18 ANISOVICH 99J SPEC 0 0.6-1.94 p~ ~ I 
~':,r, ~/~/, ~ t  

5,18 ANISOVICH 99J SPEC 0 0.6-1.94 p~ ~ I 
~ ,  ~/~/, ~/~r 

5,18 ANI$OVlCH 99J SPEC 0 0.6-1.94 p~ ~ I 
~ ,  ~ ,  ~/~t 

ANISOVICH 99J SPEC 0 0.6.1.94 p~ ~ I 
~r~r, ~DI, ~/~/t 

ANISOVICH 99J SPEC 0 0.6-1.94 pp  ~ I 
~r~r, ~/r/, "0,'/t 

VALUE IMeV) 

2320 • 30 
220 • 30 

2310• 
1Rn+12 

~ - - 6 0  

VALUE(MeV} 

2231.9 • 
0.59• 

VALUE (MeV) 

2340• 
230• 

VALUE (MeV) 

234O • 40 
340 • 40 

VALUE IMeV) 

2370• 
320• 

VALUE{MeV) 

2380• 
380 • 20 

VALUE (MeV) 

2450 -"- 10 
280• 

VALUE (M~V) 
2485• 

410• 

2500 

470 

DOCUMENT ID TEEN COMMENT 

18,50 ANISOVICH 99D SPEC 0.6-1.94 p'p ~ ~O~r0~/ I 
18,50 ANISOVICH 99D SPEC 0.6-1.94 p~ ~ ~r 0 ~r0~/ I 18,38 ANISOVICH 99E SPEC 0.6-1.94 p~ ~ 3~ 0 

18,38 ANISOVICH 99E SPEC 0.6.1.94 p~ ~ 3~ 0 

DOCUMENT ID TEEN COMMENT 

51 BARNES 94 SPEC 0-46 ~p ~ AA 
51 BARNES 94 SPEC 0-46 ~p ~ AA 

DOCUMENT ID TEEN COMMENT 

18,42 ANISOVICH 99E SPEC 0.6-1.94 p~ ~ 37r 0 I 
18,42 ANISOVICH 99E SPEC 0.6-1.94 p~ ~ 3~ 0 I 

DOCUMENT ID TEEN COMMENT 

18,44 ANISOVICH 99D SPEC 0.6-1.94 p~ ~ ;~0~r0~ I 
18,44 ANISOVICH 99D SPEC 0.6-1.94 p~ 7rO~0T/ I 

DOCUMENT ID TEEN COMMENT 

18,34 ANISOVICH 99D SPEC 0.6.1.94 p~ ~ 7r 07rOz} I 
18,34 ANISOVICH 990 SPEC 0.6-1.94 p~ ~ ~rOTr0zt I 

DOCUMENT ID TEEN COMMENT 

52 ROZANSKA 80 SPRK 18 7r- p ~ p~n  

52 ROZANSKA 80 SPRK 18 ~r- p ~ p~n  

DOCUMENT ID TEEN COMMENT 

53ROZANSKA 80 SPRK 1 8 ~ r - p ~  p ~ n  

53 ROZANSKA 80 SPRK 18 ~r- p ~ p'pn 

DOCUMENT ID TEEN CHG COMMENT 

7,8 ANISOVICH 99J SPEC O 0.79-2.43 p~ ~ I 
7rTr 

7,8 ANISOVICH 99J SPEC 0 0.79-2.43 p~ ~ I 
~r71" 

6,7 ANISOVICH 99J SPEC 0 0.79-2.43 p~ ~ I 
/r~r 

6,7 ANISOVICH 99J SPEC 0 0.79-2.43 p~ ~ I 
~r~r 

I 7 Using data of EISENHANDLER 75 and CARTER 77. 
8From a fit to the I G ( j  PC)  = 0+(6 + +).  

VALUE {MeV) DOCUMENT ID TEEN CHG COMMENT 

2480::530 54 CARTER 77 CNTR 0 0.7-2.4 ,~p 

210• 54 CARTER 77 CNTR 0 0.7-2.4 ~p 

VALUE (MeV) DOCUMENT IO TEEN CHG COMMENT 

2500 55 CARTER 78B CNTR 0 0.7-2.4 ~p 
K - K  + 

150 55 CARTER 78B CNTR 0 0.7-2.4 ~p 
K - K  + 

VALUE IMeV) DOCUMENT /D TEEN CHG COMMENT 

2620 1,7 ANISOVICH 99J SPEC 0 0.79-2.43 p~ ~ I 
~"lr 

430 1,7 ANISOVICH 99J SPEC 0 0.79-2.43 p~ ~ I 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 

27104-20 ROZANSKA 80 SPRK 18 ~ r - p  "-~ p'~n 

170• ROZANSKA 80 SPRK 18 :,r--p ~ p ~ n  

VALUE (MeV) DOCUMENT IO TEEN CHG COMMENT 

2850• 56 BRAUN 76 DBC - 5.5 ~d ~ NN~ 
< 39 56 BRAUN 76 DBC 5.5 ~d ~ NNTr 

VALUE (MeV) DOCUMENT ID TEEN CHG COMMENT 

3370=E10 57 ALEXANDER 72 HBC 0 6.94 ~p 
150• 57 ALEXANDER 72 HBC 0 6.94 ~p 

VALUE {MeV) DOCUMENT ID TEEN CHG COMMENT 

3600• 57 ALEXANDER 72 HBC 0 6.94 ~p 
140• 57 ALEXANDER 72 HBC 0 6.94 ~p 

9Not seen by GRAF 91. 
10Not seen by CHIBA 88, ANGELOPOULOS 86, ADIELS 86. 
11 They looked for radiative transitions to bound p~ states, rounD-energetic 3" rays detected. 
12 Observed widths consistent with experimental resolution. 
13Not seen by ADIELS 86. 
14 From analysis of difference of ~r- and 7r + spectra. 
15 Not seen by CHIBA 88, ANGELOPOULOS 86. 
16 From a phenomenological analysis of ASTERIX data. 
17 Produced backwards. 
18 Usin~ preliminary Crystal Barrel data. 
1 9 / ( j r )  = 1 (1- )  from a mass dependent partial-wave analysis taking solution A. 
20 From reanalysis of data from JASTRZEMBSKI 81. 
21 Not seen by BUSENITZ 89. 
22 From energy dependence of 5~r cross section. I G = 1 -  from observation of wp decay. 

P = + and J >1. a2(1320)~r~r also seen. 



See key on page 239 

23 / = 0 favored, J = 0 or 1. seen in total  ~ p  total cross section. Primarily from annihilation 
reactions. Not seen in ~ d  total  and annihilation cross sections. 

24Narrow bump seen in total pp,  ~ d  cross sections. Isospin uncertain. Not seen in 
~ p  charge exchange by ALSTON-GARNJOST 75, CHALOUPKA 78. Integrated cross 
section three times larger than BRUCKNER 77. 

25 Narrow bump seen in total  pp,  ~ d  cross sections. Isospin uncertain. Not seen in 
~ p  charge exchange by ALSTON-GARNJOST 75, CHALOUPKA 76. Integrated cross 
section three times larger than BRUCKNER 77. Not seen by CLOUGH 84. 

26 From energy dependence of far backward elastic scattering. Some indication of additional 
structure. 

27 From energy dependence of far backward elastic scattering. Some indication of additional 
structure. 

28 Not seen by ALBERI 79 wi th comparable statistics. 
29Seen as a bump in the ~ p  ~ K 0 K 0 = 1 - - .  5 L cross section wi th j P C  

301sospin 1 favored. 
31 From a fit to the I G ( J  PC)  = 1+(4  + + )  f2(1270)~r wave. 

32 From a fit to the I G ( J  PC)  = 0+(3  + + )  ~0~0~/wave.  

33Not seen by AJALTOUNI 82, ARMSTRONG 79, BUZZO 97. 
34From a fit to the I 6 ( j P C )  = 0+(2  + + )  ~0~.0 n wave. 

35Not seen by BIONTA 80, CARROLL 80, HAMILTON 80, BANKS 81, CHUNG 81, 
BARNETT 83. 

36 From a f i t  to the I G ( J  PC)  = 0+(2  - + )  r07r0~ wave. 

37 Neutron spectator. See also n p ~ T r - ( p )  channel following. 
38From a fit to the I G ( J  PC)  = 1+(3  + + )  f2(1270)~ wave. 

39 Proton spectator�9 See also p ~  n (n) channel above. 

4 0 1 ( j P )  = 1 ( 3 - )  from a mass dependent partial-wave analysis taking solution A. 
41 From a fit to the I 6 ( J  PC)  = 1+(2  + + )  f2(1270) 7r wave�9 

42Frorn a fit to the I 6 ( J  PC)  = 1+(1 + + )  f2(1270)~r wave. 

4 3 1 ( j P )  = 1 ( 3 - )  from amplitude analysis assuming one-pion exchange. 
44 From a fit to the I 6 ( j  PC)  = 0+(1  + + )  ~0~r0~/wave�9 

45Seen in final state ~,,~r+ ~ - .  
48 I ( j P )  = 0(2 + )  from amplitude analysis assuming one-pion exchange. 

47ALLES-BORELLI 678 see neutral mode only ~ r + ~ - ~ r  0, 
48 I ( j P )  _ 0(4 + )  from a mass dependent partial-wave analysis taking solution A. 
49 From a f i t  to the I G ( j P C  ) : 0 + (3 + + ) ~r 0 lr 0 ~/ wave�9 

50From a f i t  to the I 6 ( J  PC)  = 0+(4  + + )  7r0:~0~/wave. 

51Supersedes CARBONELL 93. 
52 I ( j P )  = 0(4 + )  from ampli tude analysis assuming one-Non exchange. 
53 I ( j P )  = 1 ( 5 - )  from ampli tude analysis assuming one-pion exchange. 
5 4 1 ( j P )  - 1 ( 5 - )  from ampli tude analysis o f ~ p  ~ 7r~r. 

551=0.1 JP  = 5 -  from Barrelet-zero analysis�9 
56 Decays to N N  and ~N~r .  Not seen by BARNETT 83. 
57 Decays to 4~r + 4~r-.  
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NN(1100-3600), X(1900-3600) 

ALBERI 79 PL 838 247 
ARMSTRONG 79 PL 885 304 
EVANGELISTA T9 NP B153 253 
EVANGELISTA TgB NP B154 381 
GIBBARD 79 PRL 42 1893 
SAKAMOTO 79 NP 8158 410 
CARTER 28B NP 8141 467 
PAVLOPO... 7a PL 72B 415 
BENKHEIRI 77 PL 888 483 
BRUEKNER 77 PL 67B 222 
CARTER 77 PL 87B 117 
ABASHIAN 76 PR D13 5 
BRAUN 76 PL gOB 481 
EHALOUPKA 76 PL 618 487 
ALSTON-... 75 PRL 35 1685 
D'ANDLAU 75 PL 588 223 
EISENHAND... 75 NP B96 109 
KALOGERO... 75 PRL 34 ].047 
CARROLL 74 ERL 32 247 
DONALD 73 NP 861 333 
ALEXANDER 72 NP B45 29 
BENVENUTI 71 PRL 27 283 
ALLE$-.. 87B NC 50A 276 
BETTINI 66 NC 42A 695 

G. Alberi et aL (TRST, CERN, IFRJ) 
T.A. Armstrong et at. (DESY. GLA5) 
C. Evangelista et 3L {BARI. BONN, CERN+) 
C. Evangelista et aL (BARI, BONN, CERN+) 
B.C. Gibbard et aL (CORN) 
S, Sakamoto et ~L (INUS) 
A.A. Carter (LOQM) 
pP, Pavlopoulos et aL (KARLK. KARLE, BASt+) 
�9 Benkheid et 3L (EERN, CDEF. EPOL+) 

W, Bruck~er et aL (MPIH, HEIDP, s 
A.A, Carter el aL (LOQM, RHEL) JP 
A. Abashian et aL (ILL, ANt, CHIC+) 
H,M. Braun et 31. (STRB) 
V. Chaloupka et aL (CERN, LIVP, MONS+) 
M. Alston-Garnjost el aL (LBL, MTHO) 
C. d'Andlau at aL (EDEF, PISA) 
E. Eisellhandler et aL (LOQM. LWP, DARE+) 
T. Kalogeropoulos. 63. Tzanakos (SYRA) 
A.S. Carroll et aL (BNL) 
R.A. Donald et aL (LIVP, PARIS) 
G. Alexander et aL (TELA) 
A,C, Benvenuti et aL (WISE) 
V. Alles-Borelli et aL (CERN, BONN)G 
A. Bettln~ et aL (FADO. PISA) 

ANISOVICH 99 PL B449 145 
ANISOVICH 99C PL B452 173 
ANISOVICH 9go PL B452 1.80 

Also 99F NP Ags] 253 
ANISOVICH 99E PL B482 157 
ANISOVICH 99J PL B471 271 
FERRER 99 EPJ EL0 249 
ANTONELLI 98 NP B517 3 
BUZZO 97 ZPHY C76 475 
CHIBA 9? PR D55 40 
DALKAROV 97 PL B392 229 
BARNES 94 PL B331 203 
EARBONELL 91 PL B306 407 
FERRER 93 NP A558 191C 
CHIBA 91 PR D44 1933 
GRAF 91 PR D44 1945 
BUSENITZ 89 PR D40 ] 
CHIBA 88 PL 8202 447 
EHIBA 87 PR D36 3321 
DAFTARI 87 PRL 58 B59 
FRANKLIN 87 PL 8184 81 
ADIELS 86 PL 8182 405 
ANGELOPO,.. 86 PL 8178 441 
BRIDGES 86B PRL 56 215 
BRIDGES 86D PL B180 313 
ADIEL8 84 PL L38B 215 
CLOUGH 84 PL 1468 299 
AZOOZ 83 PL 122B 47] 
BARNETT 83 PR D27 491 
BODENKAMP 83 PL 111B 275 
RICHTER 83 PL 1268 284 
AJALTOUNI 82 NP 8209 301 
BANKS 8t PL 100B 191 
CHUNG 81 PRL 46 395 
JASTRZEM.., 81 PR D23 2784 
ALPER 80 PL 948 422 
ASTON BOD PL 938 517 
BIONTA B0 PRL 44 909 
CARROLL 80 PRL 44 1572 
DAUM 80E PL 908 475 
DEFOIX 80 NP 8162 12 
HAMILTON 80 PRt 44 1179 
HAMILTON 80B PRL 44 1182 
KREYMER 80 PR D22 16 
ROZANSKA 80 NP Bt62 505 

~N(1100-3600) REFERENCES 

A.V. A~isovich et aL 
A.V. Anisovic8 et aL 
A.V. Anisovich et aL 

OTHER RELATED PAPERS - -  

ANISOVICH 99F NP A551 253 A.V. Anisovich et al. 
CHIBA 99 PR C60 035204 M. Chlba et aL 
BUZZO 97 ZPHY C76 475 A. BUzzo et aL (JETSET Collab ) 
TANIMORI 90 PR D41 744 T. Tanimori et aL (KEK. INU8. KYOT+) 
LIU 87 PRL 58 2288 K,F. Liu, Kiu, B.A. Li (STON) 
ARMSTRONG 86E PL 8175 183 T,A. Afrnstrong et aL (BNL, HOUS. PENN+) 
BRIDGES 86 PRL 56 211 D.L Bridges et aL (BLSU, BNL, CASE+) 
BRIDGES 86C PRL 57 1534 D.L Bridges et al. (SYRA)JP 
DOVER 86 PRL 57 120i' C.B. Dover et aL (BNL)JP 
ANGELOPO... 85 PL 189B 210 A. Angelopoulos et aL (ATHU, UCI, UNM+) 
BODENKAMP 85 NP 8255 717 J. Bodenkamp et aL (KARLK, KARLE. DESY) 
AZOOZ 84 NP 8244 277 F. Azooz, I, Butterwortfi (LOIE. RHEL, SACL+) 

Ix(19oo-36oo) I 
OMITTED FROM SUMMARY TABLE 
T H E  X ( 1 9 0 0 - 3 6 0 0 )  R E G I O N  

This high-mass region is covered nearly continuously with 

evidence for peaks of various widths and decay modes. As 

no satisfactory grouping into particles is yet possible, we list 

together in order of increasing mass all the Y = 0 bumps above 

1900 MeV that are coupled neither to N N  nor to e+e - .  

X(1900-3600) MASSES AND WIDTHS 

We do not use the following data for averages, fits. l imits, etc. 
A.V. Anlsovic8 et aL 
A.V. Anisovich et aL 
A.V. Anisovich et aL 
A. Eerrer et aL 
A. Antonelli et aL (FENICE Collab.) 
A. Buzzo et aL (JETSET Collab.) 
M, Chiba et 3L (FUKI, INUS, KEK, SANG+) 
O.D. Dalkarov et aL (LEBD) 
P.D. Barnes et aL (P5185 Collab.) 
J. Earbonell. KV. Protasov, O.O. Dalkarov (ISNG+) 
A. Ferrer. A.A. Grigorian (WAS8 Collab,) 
M. Chiba et aL (FUKI. KEK, SANG, OSAK+) 
N.A. Graf et aL (UCI, PENN, NMSU, KARLK+) 
J.K. Busenitz et aL (ILL, FNAL) 
M. Chlba. K. Ooi (FUKI, INUS. KEK, SANG, OSAK+) 
M. Chiba et 3L (FUKI, INU8, KEK, SANG+) 
I.K. Daftad et 3L (SYRA) 
J. Franklin 

�9 Adiels et aL (STOH. BASt, LASt, THES+) 
A, Angelopoulos et aL (ATHU, UCL KARLK+) 
D,L, Bridges 01 aL (SYRA, CASE) 
D.L. Bridges e1 3L (SYRA, BNL, CASE+) 
L Adiels et aL (BASt, KARLK. KARLE, STOH+) 
AS. CIough et aL (5URR, LOQM, ANIK+) 
F, AZOOZ, I. Butterworth (LOIE, RHEL, SACL+) 
B. Barnett et aL (JHU) 
J. Bodenkamp et aL (KARLK, KARLE, OESY) 
B. Richter, L. Adlels (BASt, KARLK. KARLE, 5TOH+) 
Z. Ajaltouni et aL (CERN, NEUC+) 
AD. Banks et aL (LIVP, CERN) 
S.U. Chun K et aL (BNL, BRAN, CINC+) 
E. Jastrzembski et aL (TEMP. UCl, UNM) 
B. Alper et aL (AMST, CERN, CRAC, MPIM+) 
D. Aston (BONN, EERN, EPOL, GLAS, LANE+) 
R.M. Bionta et aL (BNL. CMU, FNAL+) 
A.S. Carroll et at. (BNL, PR]N) 
C. Daum et 31. (AMST, CERN, CRAC, MPIM+) 
C. Defoix et aL (EDEF. PISA) 
R.P. Hamilton et aL (LBL, BNL, MTHO) 
R.P. Hamilton et aL (LBL, BNL, MTHO) 
A.E. Kreymer et aL (IND, PURD, SLAC+) 
M Rozanska et aL (MPIM, CERN) 

VALUE (MeV) 
1900  to  3600 O U R  LIMIT  

VALUE (MeV) 

1870/:40 
250 -I- 30 

VALUE (MeV) EVTS 

1898 + 18 i00 

ln~+41 ~ " - 2 7  I00 

VALUE (MeV) EVTS 

1900 4. 40 100 

216/:105 100 

VALUE(MeV) 

1929+14 
22~ 2 

VALUE (MeV 1 

1970/:10 

40/ :20 

DOCUMENT IO 

DOCUMENT ID TEEN CHG COMMENT 

1ALDE 86DGAM4 0 l O 0 7 r - - p ~  2fiX 
1ALDE 86DGAM4 0 1 0 0 r - p ~  2r/X 

DOCUMENTID TEEN CHG COMMENT 

THOMPSON 74 HBC + 13 ~r+p ~ 2pX 

THOMPSON 74 HBC + 13 ~ ' + p  ~ 2pX 

DOCUMENT 10 TEEN CHG COMMENT 

BOESEBECK 68 HBC + 8 ~ + p  
~ + l r O x  

BOESEBECK 88 HBC + 8 ~r+p 
7r+ ~r0X 

DOCUMENT ID TEEN CHG COMMENT 

2 FOCACCI 66 MMS 
2 FOCACCI 68 MMS 

- 3 -12  ~ -  p 
- 3 -12  ~ r - p  

CHLIAPNIK... 80 HBC 0 32 K + p  
2KO2JtX 

CHLIAPNIK... 80 HBC 0 32 K + p  
2K~ 2~ X 

VALUE (MeV} E V T S  DOCUMENT ID TEEN CNG COMMENT 

1973• 30 CASO 70 HBC 11.2 ~ -  p 
p27r 

80 30 CASO 70 HBC 11,2 t r -  p 
p2~ 

VALUE (MeV) E V T S  DOCUMENT tD TEEN COMMENT 

2070 50 TAKAHASHI 72 HBC 8 ~ -  p ~ N2~" 
160 50 T A K A H A S H I  72 HBC 8 7 r -  p ~ N2~  

DOCUMENT ID TEEN CHG COMMENT 
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X(1900-3600) 

VALUE(MeV) 

2104 

2103• 
187 ~ 75 

2100 •  
250•  40 

VALUE(MeV) 

2141~ 12 
49 •  28 

VALUE(MeV) 

2190 • 10 

VALUE(MeV} 

2195• 15 
39•  14 

VALUE (MeV) 

2207• 
130 

VALUE (M~V) 
2280• 50 

440•  110 

VALUE(MeV) 

2300 • 100 
250 

VALUE{MeV} 

2330:5 30 

435 •  

W~UE(M~V) 

2340• 
180• 

VALUE(MeV) 

2382• 24 
62 •  6 

VALUE(MeV) 

2500 •  
87 

WWE(MeV} 
2620• 20 

85•  

VALUE(MeV) 

2676• 

150 

VALUE(MeV) 

2747• 
195•  75 

VALUE(MeV) 

2800 •  
46 •  10 

EVT$ DOCUMENT ID TECN CNG COMMENT 

BUGG 95 MRK3 J / ~  

3"~r + ~r- ~r + ~r- 
586 3 BISELLO 89B DM2 J / ~  ~ 47r~1 
586 3 BISELLO 89B DM2 J/~) ~ 4~t'7 

4ALDE 86D GAM4 0 1 0 0 ~ r - p ~  2~/X 
4ALDE 86DGAM4 0 1 0 O ~ r - p ~  2~/X 

EVTS DOCUMENT IO TECN COMMENT 

389 GREEN 86 MPSF 400 pA  ~ 4 K X  
389 GREEN 86 MPSF 400 pA  ~ 4 K X  

DOCUMENT ID TEEN CHG COMMENT 

CLAYTON 67 HBC • 2,5 ~ p  ~ a 2, 

DOCUMENT ID TECN CHG COMMENT 

2 FOCACCI 66 MMS - 3-12 ~ - p  
2 FOCACCI 66 MMS - 3-12 ~ - p  

DOCUMENT ID TECN CHG COMMENT 

5 CASO 70 HBC - 11,2 ~ r - p  
5 CASO 70 HBC - 11,2 ~ r - p  

DOCUMENT ID "FECAl COMMENT 

ATKINSON 85 OMEG 20-70 3'P 
p ~  7r + ~r- ~r 0 

ATKINSON 85 OMEG 20-70 3'P 
p ~  ~r + ~ r -  ~r 0 

DOCUMENT ID TECN CHG COMMENT 

ATKINSON 84F OMEG •  20-70 "~p ~ p f  

ATKINSON 84F OMEG •  20-70 ? p  ~ p f  

DOCUMENT/D TECN CHG COMMENT 

ATKINSON 88 O M E G  0 25-50 ~ p  
p:S pO~T- 

ATKINSON 88 OMEG 0 25-50 ? p  
p •  p0 7rT 

DOCUMENT ID TECN CHG COMMENT EVT$ 

126 

126 

6 BALTAY 75 HBC + 15 ~ + p  ~ p5~r 
6 BALTAY 75 HBC + 15 ~ + p  ~ p57r 

DOCUMENT ID TECN CHG COMMENT 

2 FOCACCI 66 MMS 
2 FOCACCI 66 MMS 

- -  3 - 1 2  7 r -  p 

- -  3 - 1 2  7 r -  p 

DOCUMENT ID TECN CDG COMMENT 

ANDERSON 69 MMS - 16 ~ r - p  backward 
ANDERSON 69 MMS - 16 7 r - p  backward 

EVT$ DOCUMENT ID TECN CHG COMMENT 

550 BAUD 69 MMS - 8-10 ~r- p 
550 BAUD 69 MMS 8-10 ~ r - p  

DOCUMENT ID TECN CHG COMMENT 

5 CASO 70 HBC 11.2 l r -  p 
5 CASO 70 HBC 11.2 7r- p 

DOCUMENT ID TECN COMMENT 

DENNEY 83 LASS 10 7r + N 
DENNEY 83 LASS 10 7r+N 

EVTS DOCUMENT ID TECN CHG COMMENT 

640 BAUD 69 MMS - 8-10 ~ -  p 
640 BAUD 69 MMS - 8-10 ~-- p 

VALUE (MeV) EVT5 DOCUMENT ID TECN CHG COMMENT 

2820+10 15 7 SABAU 71 HBC + 8 ~r•  
50•  15 7 SABAU 71 HBC + 8 ~r+p 

VALUE IMeV) EVT5 DOCUMENT ID TECN CHG COMMENT 

2880--20 230 BAUD 69 MMS - 8-10 ~ r - p  
< 15 230 BAUD 69 MMS - 8-10 7 r - p  

VALUE {MeV} DOCUMENT/D TECN CHG COMMENT 

3025• BAUD 70 MMS - 10.5-13 l r - -p  
25 BAUD 70 MMS - 10.5-13 ~ r - p  

VALUE (MeV) DOCUMENT ID TECN CHG COMMENT 

3075:520 BAUD 70 MMS - 10.5-13 7 r - p  
25 BAUD 70 MMS - 10.5-13 7 r - p  

VALUE (MeV) DOCUMENT ID TECN CHG COMMENT 

3145• BAUD 70 MMS - 10.5-15 7r- p 
< 10 BAUD 70 MMS - 10.5-15 ~r- p 

VALUE IMeV) DOCUMENT IO TECN CHG COMMENT 

3475• BAUD 70 MMS - 14-15.5 7 r - p  
30 BAUD 70 MMS -- 14-15.5 ~r- p 

VALUE (MeV} DOCUMENT ID TECN CHG COMMENT 

3535• BAUD 70 MMS 14-15.5 ~ r - p  
30 BAUD 70 MMS 14-15.5 ~ r - p  

1 Seen in J = 2 wave in one of the two ambiguous solutions. 
2 Not seen by ANTIPOV 72, who performed a similar experiment at 25 and 40 GeV/c. 
3ASTON 81B sees no peak, has 850 events in Aj inenko+Barth bins. ARESTOV 80 sees 

no peak. 
4Seen in J - 0 wave in one of the two ambiguous solutions. 
5Seen in p -~ r+~r  - (~  and t/antiselected in 47r system). 
6Dominant decay into pOpO~r-I-. BALTAY 78 finds confirmation in 2 ~ + ~ - 2 7 r  0 events 

which contain p +  p0 ~0 and 2# § ~ - .  
7 Seen in (KK~rTr) mass distribution. 
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STRANGE MESONS II 
(S= +I, C=B--O) 

K + = u~, K 0 = d~, ~0  = ds, K -  = Us, similarly for K*'s 

I(J P) -- �89 

THE C H A R G E D  K A O N  M A S S  

Revised 1994 by T.G. Trippe, (LBNL). 
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The average of the six charged kaon mass measurements 

which We use in the Particle Listings is 

inK• = 493.677 + 0.013 MeV (S = 2.4) , (1) 

where the error has been increased by the scale factor S. 

The large scale factor indicates a serious disagreement between 

different input data. The average before scaling the error is 

inK• = 493.677 4- 0.005 MeV,  

X 2 = 22.9 for 5 D.F., Prob. = 0.04%, (2) 

where the high X 2 and correspondingly low X 2 probability 

further quantify the disagreement. 

The main disagreement is between the two most recent and 

precise results, 

mg:~ =493.696 4- 0.007 MeV DENISOV 91 

?7lgi =493.636 4- 0.011 MeV (S = 1.5) GALL 88 

Average =493.679 4- 0.006 MeV 

X 2 = 21.2 for 1 D.F., Prob. = 0.0004% , (3) 

both of which are measurements of x-ray energies from kaonic 

atoms. Comparing the average in Eq. (3) with the overall 

average in Eq. (2), it is clear that DENISOV 91 and GALL 88 

dominate the overall average, and that their disagreement is 

responsible for most of the high X 2. 

The GALL 88 measurement was made using four different 

kaonic atom transitions, K - P b  (9 ---* 8), K - P b  (11 ---* 10), 

K - W  (9 ~ 8), and K - W  (11 ~ 10). The rnKi values they 

obtain from each of these transitions is shown in the Particle 

Listings and in Fig. 1. Their K -  Pb (9 ---* 8) inK• below and 

somewhat inconsistent with their other three transitions. The 

average of their four measurements is 

mK• = 493.636 4- 0.007 

X 2 = 7 . 0  f o r 3 D . F . , P r o b .  = 7 . 2 % .  (4) 

This is a low but acceptable X 2 probability so, to be conserva- 

tive, GALL 88 scaled up the error on their average by S=1.5 to 

obtain their published error 4-0.011 shown in Eq. (3) above and 

used in the Particle Listings average. 

F igu re  1: Ideogram of ~ K  • mass measure- 
ments. GALL 88 and CHENG 75 measure- 
ments are shown separately for each transition 
they measured. 

The ideogram in Fig. 1 shows that the DENISOV 91 mea- 

surement and the GALL 88 K -  Pb (9 ~ 8) measurement yield 

two well-separated peaks. One might suspect the GALL 88 

K -  Pb (9 --* 8) measurement since it is responsible both for the 

internal inconsistency in the GALL 88 measurements and the 

disagreement with DENISOV 91. 

To see if the disagreement could result from a systematic 

problem with the K -  Pb (9 --* 8) transition, we have separated 

the CHENG 75 data, which also used K -  Pb, into its separate 

transitions. Figure 1 shows that the CHENG 75 and GALL 88 

K -  Pb (9 ~ 8) values are consistent, suggesting the possibility 

of a common effect such as contaminant nuclear V rays near 

the K -  Pb (9 --* 8) transition energy, although the CHENG 75 

errors are too large to make a strong conclusion. The average 

of all 13 measurements has a X 2 of 52.6 as shown in Fig. 1 

and the first line of Table 1, yielding an unacceptable X 2 

probability of 0.00005%. The second line of Table 1 excludes 

both the GALL 88 and CHENG 75 measurements of the 

K -  Pb (9 ~ 8) transition and yields a X 2 probability of 43%. 

The third [fourth] line of Table 1 excludes only the GALL 88 

K - P b  (9 -~ 8) [DENISOV 91] measurement and yields a 

X 2 probability of 20% [8.6%]. Table 1 shows that removing 

both measurements of the K -  Pb (9 ---* 8) transition produces 

the most consistent set of data, but that excluding only the 

GALL 88 K - P b  (9 --* 8) transition or DENISOV 91 also 

produces acceptable probabilities. 

Yu.M. Ivanov, representing DENISOV 91, has estimated 

corrections needed for the older experiments because of im- 

proved 192Ir and 198Au calibration v-ray energies. He estimates 

that CHENG 75 and BACKENSTOSS 73 mK• values could be 
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Table  1: rnK• averages for some combinations 
of Fig. 1 data. 

m K ,  (MeV) X 2 D.F. Prob. (%) Measurements used 

493.664 4- 0.004 52.6 12 0.00005 all 13 measurements 
493.6904- 0.006 10.1 10 43 no K -  Pb(9---*8) 
493.6874- 0.006 14.6 11 20 no GALL 88 K -  Pb(9-~8) 
493.642 + 0.006 17.8 11 8.6 no DENISOV 91 

raised by about  15 keV and 22 keV, respectively. With  these 

estimated corrections, Table 1 becomes Table 2. The last line 

of Table 2 shows that  if such corrections are assumed, then 

GALL 88 K -  Pb (9 --* 8) is inconsistent with the rest of the 

data even when DENISOV 91 is excluded. Yu.M. Ivanov warns 

that  these are rough estimates. Accordingly, we do not use 

Table 2 to reject the GALL 88 K -  Pb (9 ---* 8) transition, but  

we note tha t  a future reanalysis of the CHENG 75 data  could 

be useful because it might provide supporting evidence for such 

a rejection. 

T a b l e  2: inK• averages for some combinations 
of Fig. 1 data  after raising CHENG 75 and 
BACKENSTOSS 73 values by 0.015 and 0.022 
MeV respectively. 

inK• (MeV) X 2 D.F. Prob. (%) Measurements used 

493.666 + 0.004 53.9 12 0.00003 all 13 measurements 
493.693 4- 0.006 9.0 10 53 no K -  Pb(9---*8) 
493.690 4- 0.006 '11.5 11 40 no GALL 88 K -  Pb(9--*8) 
493.645 + 0.006 23.0 11 1.8 no DENISOV 91 

The GALL 88 measurement uses a Ge semiconductor spec- 

trometer which has a resolution of about  1 keV, so they run 

the risk of some contaminant  nuclear "y rays. Studies of 7 rays 

following stopped ~r- and ~7- absorption in nucleii (unpub- 

lished) do not  show any evidence for contaminants  according 

to GALL 88 spokesperson, B.L. Roberts. The DENISOV 91 

measurement uses a crystal diffraction spectrometer with a 

resolution of 6.3 eV for radiation at 22.1 keV to measure 

the 4f-3d transit ion in K -  12C. The high resolution and the 

light nucleus reduce the probability for overlap by contaminant  

7 rays, compared with the measurement of GALL 88. The 

DENISOV 91 measurement is supported by their high-precision 

measurement of the 4d-2p transit ion energy in v -  t2C, which is 

good agreement with the calculated energy. 

While we suspect tha t  the GALL 88 K -  Pb (9 ~ 8) mea- 

surements could be the problem, we are unable to find clear 

grounds for rejecting it. Therefore, we retain their measure- 

ment in the average and accept the large scale factor until  

further information can be obtained from new measurements 

and/or  from reanalysis of GALL 88 and CHENG 75 data. 

We thank B.L. Roberts (Boston Univ.) and Yu.M. Ivanov 

(Petersburg Nuclear Physics Inst.) for their extensive help in 

understanding this problem. 

K • MASS 

V.ALUE (MeV) DOCUMENT tO TECN CHG COMMENT 

493.6Tt ' l '0.016 OUR FIT Error includes scale factor of 2.8. 
4~)3.6Tt-l-0.0113 OUR AVERAGE Error includes scale factor of 2.4. See the ideogram 

below. 
493.696• 1 DENISOV 91 CNTR - Kaonic atoms 
493,636:50.011 2 GALL 8B CNTR - Kaonic atoms 
493,640• LUM 81 CNTR - Kaonic atoms 
493.670• BARKOV 79 EMUL • e - - e -  

K + K  - 
493.657• 2 CHENG 75 CNTR - Kaonic atoms 
493.691• BACKENSTO...73 CNTR - Kaonic atoms 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

493.631• GALL 8B CNTR - K-Pb (94 8) 
493,675• GALL 8B CNTR - K-Pb (11~ 10) 
493,709• GALL B8 CNTR - K - W  ( 9 4  8) 
493.B06• GALL 88 CNTR - K -  W ( 1 1 ~  10) 
493.640::::0.022• 3 CHENG 75 CNTR - K -  Pb ( 9 ~  8) 
493.658•177 3 CHENG 75 CNTR - K -  Pb ( 1 0 4  9) 
493.638•177 3 CHENG 75 CNTR - K -  Pb (114 10) 
493.753•177 3 CHENG 75 CNTR - K -  Pb ( 1 2 ~  11) 
493.742=E0,081• 3 CHENG 75 CNTR - K -  Pb ( 1 3 4  12) 
493,662• KUNSELMAN 74 CNTR - Kaonic atoms 
493.78 •  GREINER 65 EMUL + 
493,7 •  BARKAS 63 EMUL - 
493,9 •  COHEN 57 RVUE + 

1 Error increased from 0.0059 based on the error analysis in IVANOV 92. 
2This value is the authors' combination of all of the separate transitions listed for this 

paper. 
3The CHENG 75 values for separate transitions were calculated from their Table 7 transi- 

tion energies. The first error includes a 20% systematic error in the noncircular contam- 
inant shift. The second error is due to a + 5  eV uncertainty in the theoretical transition 
energies. 

m K +  - m K_  

Test of CPT. 

VALUE (MeV) E V T $  DOCUMENT ID 

-- 0,032-1- 0.090 1.5M 4 FORD 

4FORD 72 uses rex+ - m _  = +28  • 70 keV. 

TECN CHG 

72 ASPK • 

K • MEAN LIFE 

(i0 -8 s) E V T S  DOCUMENT ]D TECN CH6 COMMENT VALUE 

1.23864"0.0024 OUR FIT Error includes scale factor of 2.0. 
1.23854-0.0025 OUR AVERAGE Error includes scale factor of 2.1. See the ideogram 

below. 
1.2451• 250k KOPTEV 95 CNTR K at rest, U tar~ 

get 
1.2368• 150k KOPTEV 95 CNTR K at rest, Cu tar- 

get 
1.2380• 3M OTT 71 CNTR + K at rest 
1.2272• LOBKOWICZ 69 CNTR + K in f l ight 
1.2443• FITCH 65B CNTR + K at rest 
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�9 * * We do not use the following.data for averages, fits, limits, 

1,2415• 400k 5 KOPTEV 95 CNTR 
1,221 • FORD 67 CNTR 
1.231 4-0.011 BOYARSKI 62 CNTR 

1.25 +0.22 BARKAS 61 EMUL -0.17 

1.27 +0.36 -0,23 51 BHOWMIK 61 EMUL 

1.31 4-0.08 293 NORDIN 61 HBC - 
1.24 4-0.07 NORDIN 61 RVUE - 
1.38 4-0.24 33 FREDEN 60B EMUL 
1.21 4-0.06 BURROWES 59 CNTR 
1.60 4-0.3 52 EISENBERG 58 EMUL 

0.95 +0.36 ILOFF 56 EMUL - 0.25 

etc. �9 �9 �9 

K at rest 
4- 
+ 

5 KOPTEV 95 report this weighted average of their U-target and Cu-target results, where 
they have weighted by 1/a rather than 1/o -2. 

(rK+ -- rK-)  / ra~.mSe 
This quantity is a measure of CPT invariance in weak interactions. 

VALUE (%) DOCUMENT ID TECN 
0,11 4-0.~ OUR AVERAGE Error includes scale factor of 1.2. 
0.0904-0,078 LOBKOWlCZ 69 CNTR 
0.47 4-0.30 FORD 67 CNTR 

R A R E  K A O N  D E C A Y S  

(Revised April 2000 by L. Littenberg, BNL and G. Valencia, 
Iowa State University) 

A. Introduction: There are several useful reviews on rare kaon 

decays and related topics [1-11]. The current activity in rare 

kaon decays can be divided roughly into four categories: 

1. Searches for explicit violations of the Standard Model 

2. Measurements of Standard Model parameters 

3. Searches for CP violation 

4. Studies of strong interactions at low energy. 

The paradigm of Category 1 is the lepton flavor violating 

decay KL ~ #e. Category 2 includes processes such as K + 

r+p~,  which is sensitive to IVtd[. Much of the interest in 

Category 3 is focussed on the decays KL ~ r~ where s = 

e, #, ~. Category 4 includes reactions like K + ~ 7r+t+g - which 

constitute a testing ground for the ideas of chiral perturbation 

theory. Other reactions of this type are KL ~ 7r~ which 

also scales a CP-conserving background to CP violation in 

KL ---* 7r~ - and KL --* Vt+s - ,  which could possibly shed 

light on long distance contributions to KL --* #+#-. 
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B. E~plicit violations of  the Standard Model: Most of the 

activity here is in searches for lepton flavor violation (LFV). 

This is motivated by the fact that many extensions of the min- 

imal Standard Model violate lepton flavor and by the potential 

to access very high energy scales. For example, the tree-level 

exchange of a LFV vector boson of mass Mx that couples to left- 

handed fermions with electroweak strength and without mixing 

angles yields B(KL ---* /re) = 4.7 • 10-12(148 TeV/Mx)  4 [5]. 

This simple dimensional analysis may be used to read from 

Table 1 that the reaction KL ~ #e is already probing scales 

of over 100 TeV. Table 1 summarizes the present experimental 

situation vis a vis LFV, along with the expected near-future 

progress. The decays KL --* #• ~= and K + -~ r+e~=# • (or 

KL ~ 7r~177 provide complementary information on poten- 

tial family number violating interactions since the former is 

sensitive to parity-odd couplings and the latter is sensitive to 

parity-even couplings. Related searches in # and 7 process are 

discussed in our section "Tests of Conservation Laws". 

Table  1: Searches for lepton flavor violation in 
K decay 

90% CL (Near-) 
Mode upper limit Exp't Yr./Ref. future aim 

K+---*7r+e#4.Sxl0 - n *  BNL-865 99/12 9x10 -12 (BNL-865) 
KL--*#e 4.7x10 -12 BNL-871 98/13 
KL~7r~ 3.2x10 -9 FNAL-799 94/14 5x10 T M  (KTeV) 

*preliminary 

Another forbidden decay currently being pursued is K + 

7r+X ~ where X ~ is a very light, noninteracting particle (e.g. 

hyperphoton, axion, familon, etc.). The 90% CL upper limit 

on this process was recently improved to 1.1 • 10 - l ~  [15]. Data 

already collected by BNL-787 are expected to yield a further 

factor ~ 2 in sensitivity to this process. 

C. Measurements  o f  Standard Model parameters: Until 

1997, searches for K + ---* 7r+v~ were motivated by the possibil- 

ity of observing non-SM physics because the sensitivity attained 

was far short of the SM prediction for this decay [16] and long- 

distance contributions were known to be negligible [2]. However, 

BNL-787 has attained the sensitivity at which the observation 

of an event can no longer be unambiguously attributed to 

non-SM physics. In 1997 BNL-787 observed a single candidate 

event and has recently released the results of further running 

in which no further events were seen, yielding a branching ratio 

of (1.5+~:~) x 10 -1~ [15]. Further data already collected are ex- 

pected to increase the sensitivity by approximately a factor 2, 

and there are plans for an upgrade to the experiment to collect 

roughly an order of magnitude more sensitivity [17]. This reac- 

tion is now interesting from the point of view of constraining 

SM parameters. The branching ratio can be written in terms of 

the very well-measured rate of Ke3 as [2]: 

B(K + --~ 7r+vV) = a2B(K+ "* 7r~ 
V2a27r 2 sin 4 Ow 

X E * t IEsEdXNL + Vt;V, dX(mt)l 2 (1) 
t=e,l t  fl" 
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to eliminate the a priori unknown hadronic matrix element. 

Isospin breaking corrections to the ratio of matrix elements 

reduce this rate by 10% [18]. In Eq. (1) the Inami-Lim func- 

tion X(m,) is of order 1 [19], and X ~ L  is several hundred 

times smaller. This form exhibits the strong dependence of this 

branching ratio on iV, d]. QCD corrections, which are contained 

in X~NL, are relatively small and now known [10] to < 10%. 

Evaluating the constants in Eq. (1) with m t =  175 GeV, one 

can cast this result in terms of the CKM parameters A, p and ,/ 

(see our Section on "The Cabibbo-Kobayashi-Maskawa mixing 

matrix") [10] 

B(K + ~ 7r+v~) ~ 1.0 x 10-1~ + (Po - p)2] (2) 

2 e where Po = 1 + (~Xlv L + ]X~vL)/(A2V4zX(m,))  ~ 1.4. Thus, 

B(K + ~ 7r+vY) determines a circle in the p, T/ plane with 
1 ,/B(K+_~n+vV ) 

center (po, O) and radius ~ ~ V  1.0• -1~ " 

The decay KL ~ #+l~- also has a short distance contribu- 

tion sensitive to the CKM parameter p. For mt -- 175 GeV it is 

given by [10]: 

BsD(KL --~ # + # - )  ~ 1.7 • 10-9A4(p' o - p)2 (3) 

where p" depends on the charm quark mass and is around 

1.2. This decay, however, is dominated by a long-distance 

contribution from a two-photon intermediate state. The ab- 

sorptive (imagina!'y) part of the long-distance component is 

calculated in terms of the measured rate for KL ---* 77 to 

be Babs(KL --* # + # - )  ---- (7.07 + 0.18) x 10-g; and it ahnost 

completely saturates the observed rate B(KL ~ #+#-)  = 

(7.18 + 0.17) x 10 -9 [20]. The difference between the observed 

rate and the absorptive component can be attributed to the 

(coherent) sum of the short-distance amplitude and the real 

part of the long-distance amplitude. In order to use this mode 

to constrain p it is, therefore, necessary to know the real part of 

the long-distance contribution. Unlike the absorptive part, the 

real part of the long-distance contribution cannot be derived 

from the measured rate for KL --* 77. At present, it is not 

possible to compute this long-distance component reliably and, 

therefore, it is not possible to constrain p from this mode in 

a model independent way [21]. Several models exist to esti- 

mate this long-distance component [22,23] that are sufficient to 

place rough bounds on new physics from the measured rate for 

KL ~ #+I~- [24]. The decay KL --~ e+e - is completely dom- 

inated by long distance physics and is easier to estimate. The 

result, B ( K L  --4 e+e - )  ~ 9 x 10 -12 [21,23], is in good agree- 

ment with the recent measurement [25]. It is expected that 

studies of the reactions KL --* s and KL -~ s  ' -  

for s s = e or /2, currently under active study by the KTeV 

and NA48 experiments, will improve our understanding of the 

long distance effects in KL ---* p+#-  (the current data is pa- 

rameterized in terms of a ~ ,  discussed on page 25 of the K ~ 

Particle Properties Listing in our 1999 WWW update). 

D. S e a r c h e s  f o r  d i rec t  C P  v io la t ion:  The mode KL ---* 

7r0v~ is dominantly CP-violating and free of hadronic uncer- 

tainties [2,26]. The Standard Model predicts a branching ratio 

(3.0 + 1.3) • 10-11; for mt = 175 GeV it is given approximately 

by [lO]: 

B(KL --~ 7r~ ~ 4.1 x 10-1~ . (4) 

The current upper bound is B(KL --* 7r~ <_ 5.9 • 10 -7 [27] 

and KTeV (FNAL799II) is expected to place a bound of 

order 10 -s  [28]. The 90% CL bound on K + ~ 7r+v~ provides 

a nearly model independent bound B ( K L  --~ 7r~ < 3 x 

10 -9 [29]. A KEK experiment to reach the 10-1~ level is 

in preparation [30]. The BNL-926 [31] proposal aims to make 

a ~ 15% measurement of B(KL --* ~r~ There is also a 

Fermilab EOI [32] with comparable goals. 

There has been much recent theoretical work on possible 

contributions to et/e and rare K decays within a generic su- 

persymmetric extension of the Standard Model with R parity 

conservation and minimal particle content [24,33]. These con- 

clude that contributions to rare decays much larger than those 

of the Standard Model are possible without violating current 

phenomenological constraints. 

The decay KL ~ 7r~ also has sensitivity to the product 

A4~72. It has a direct CP-violating component that for m t =  

175 GeV is given by [10]: 

Bdir(KL --* 7r~ - )  ~ 6.7 • 10-11A4T?2 . (5) 

However, like KL ---* #+#-  this mode suffers from large theoret- 

ical uncertainties due to long distance strong interaction effects. 

It has an indirect CP-violating component given by: 

Sind(KL --+ 7r0e+e - )  = ]e [2TKLB(Ks  ~ 7r0e+e - )  , (6) 
TK S 

that has been estimated to be less than 10 -12 [34], but that will 

not be known precisely until a measurement of K S  --* 7rue+e- 

is available [4,35]. There is also a CP-conserving component 

dominated by a two-photon intermediate state that cannot be 

computed reliably at present. This component has an absorptive 

part that can be, in principle, determined from a detailed 

analysis of KL ~ 7r077. 

To understand the rate and the shape of the distribution 

dF/dm-r7 in KL ---+ 7r~ within chiral perturbation theory it 

is necessary to go beyond leading order. The measured rate 

and spectrum can be accommodated naturally, for example, by 

allowing only one of the free parameters that occur, av,  to 

vary [36]. There is new data on this decay from KTeV [37] and 

a fit to the distribution has given av  -~ -0.72+0.054-0.06. This 

value suggests that the absorptive part of the CP-conserving 

contribution to KL --~ 7r~ could be comparable to the 

direct CP-violating component [37,35]. The related process, 

KL ~ r~ - ,  is potentially an additional background in 

some region of phase space [38]. This process has recently been 
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observed with a branching ratio of (2.42 4- 0.38star + 0.118~8) • 
10 -8 [39]. Finally, BNL-845 observed a potential background to 

KL ~ r~  - from the decay K L  --~ y'ye+e - [40]. This has 

recently been confirmed with a 500-fold larger sample by FNAL- 
799 [41], which measured additional kinematic quantities. It has 

been estimated that this background will enter at the level of 
10 -11 [42], comparable to the signal level. Because of this, 

the observation of K L  ~ r~  - will depend on background 
subtraction with good statistics. 

The current 90% CL preliminary upper bound for the 
process K L ---* r~  - is 5.64 • 10 -1~ [41]. For the closely 

related muonic process, the corresponding upper bound is 

B(KL  --~ 7r~ -) _< 3.8 • 10 -1~ [43]. KTeV expects to reach a 
sensitivity of roughly 10 -11 for both reactions [28]. 

E. O t h e r  l o n g  d i s t a n c e  d o m i n a t e d  m o d e s :  

The decays K + ---* r+~+e- (g = e or #) are described 

by leading order chiral perturbation theory in terms of one 

parameter, w + [44]. It now appears that this parameterization is 

not sufficient to account for both the rate and the detailed shape 

of the spectrum in K + ~ r+e+e - [45] An analysis beyond 
leading order in chiral perturbation theory can accommodate 

both the rate and the spectrum [46], at the cost of introducing 

at least one new parameter. 
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K • 

K + DECAY MODES 

K -  modes are charge conjugates of the modes below, 

Mode Fraction (Fi/F) 
Scale factor/ 

Confidence level 

['1 
r2 
F3 
r4 

F5 
F6 

F7 

F8 
r9 
r io  

i- n 
r~2 

r13 
r14 

r~5 

[-16 
r ]7 

r18 

[-19 
r2o 
r21 

r22 

1-23 

r24 
r25 
r26 
F27 
r28 

r29 
r3o 

r31 
r32 

F33 

F34 
F35 
F36 
F37 
F38 
r39 

[-40 
r41 

[-42 
I43 

e + u e 
;T+ ;To 
;T + ;T + ;T - 

ir 7r 0 ;To 

;To I~ + V . 

Called K + /*3" 
;T~ e+ Ue 

Called K+3 . 
;TO ;TO e + Ue 
;T+ ;T- e + u e 
;T+ ;T -F+  u~, 
;TO ;TO ;TO e + Ue 

e+ UeU~ 
l~+ %,e+ e - 

e + u e e + e- 

e+ UeU+ U - 
#+  up # +  #- 

#+up3, 
;T+ ;TO3, 

7r+ ;TO3, (DE) 

;T+ ;T+ ;T- 7 

;T+ ;T0 ;TO 7 

; T ~  
;TO e + U e 3, 
;TO e + Ve..y (SD) 
;TO ;TO e + Ue 3, 

;T+ 3,7 
;T+ 37 

(63.51 • % S=1.3 

(1.55• x lO - 5  

(21.16• % S=1.1 
(5.59• % 5=1.8 
(1.734-0.04) % 5=1.2 

(3.18• % 5=1.5 

(4.82• % 

( 2.1 • ) x 10 -5 

(3.91• x 10 - 5  
( 1.4 • )x lO -5 

< 3.5 x 10 - 6  
< 6.0 x I0 - 6  

< 6 x 10 -5 

1.3 •  ) x 10 - 7  

30 _+13:o ) • lO-8 
< 5 x 10 -7  
< 4.1 x 10 -7  

[a,b] 5.50• x 10 - 3  

[a,b] 2.754-0.15) x 10 - 4  
[b,c] 1.8 • ) x 10 - 5  
[a,b] 1.04• x 10 - 4  

[a,b] 7.5 + 5 5  -3.0 ) x I0 -6 

[a,b] < 6.1 x 10 -5 

[a,b] (2.62• x 10 - 4  
[d] < 5,3 x 10 -5  

< 5 • 10 -6 

[b] ( i . I04-0,32) x 10 - 6  
[b] < 1.0 x 10 - 4  

5=1.3 

CL=90% 
CL=90% 

CL=90% 

eL=g0% 
eL=90% 

CL-90% 

CL=90% 
eL=90% 

eL-90% 

Lepton Family number (LF) ,  Lepton number (L),  A S  = A Q  (SQ) 
violating modes, or A S  = 1 weak neutral current (51)  modes 

;T+;T+ e - ~  e 
;T+ ;T+ U -  D/~ 

7r + e + e -  

; T + # + U -  

;T+ v ~  

# - u e +  e + 

# +  u e 
;T+ # +  e -  
;T+ p,- e + 
;T- #+  e + 
;T- e + e + 
; T - # +  # +  

F+Pe 
;TO e + -De 

;T + 3, 

SO < 1.2 x 10 - 8  eL-90% 
SQ < 3.0 x 10 - 6  CL=95% 

51 (2.884-0,13) x l0 - 7  
51 ( 7.6 • ) x  10 - 8  S-3.4 

+3.4 51 ( 1.5 -1.2 ) •  

LF < 2.0 x 10 - 8  CL-90% 
LF [e] < 4 x 10 - 3  CL-90% 
LF < 2.1 x 10 -10 CL=90% 
LF < 7 x 10 -9  CL=90% 
L < 7 x 10 - 9  eL-90% 
L < 1.0 x 10 . 8  CL-90% 
L [e] < 1.5 x I0 -4 eL=90% 
L [e] < 3.3 x 10 - 3  CL=90% 
L < 3 x 10 - 3  eL=90% 

[r] 

[a] Most of this radiative mode, the low-momentum 3' part, is also included 
in the parent mode listed wi thout  3,'s. 

[b] See the Particle Listings below for the energy limits used in this mea- 
surement. 

[c] Direct-emission branching fraction. 

[d] Structure-dependent part. 

[e] Derived from an analysis of neutrino-oscillation experiments. 

[ f ]  Violates angular-momentum conservation. 

CONSTRAINED FIT INFORMATION 

An overall f it to the mean llfe, 2 decay rate, and 20 branching 
ratios uses 60 measurements and one constraint to determine 8 
parameters. The overall f it has a x 2 = 78.1 for 53 degrees of 
freedom. 

The following off-diagonal array elements are the correlation coefficients 

<SpiSp.41/(Spi.Sp.~ , in from the fit to the branch- percent, parameters Pi, including 

ing fractions, x i =- r j r t o t a  I. The fit constrains the x i whose labels appear in this 
array to sum to one. 

x3 

x4 

x8 
x6 

x7 

x8 
r 

--58 

--41 -12  

-27  - 4  21 

-48  -17  14 2 

-50  - 1 6  34 6 

- 3  - 1  2 0 

7 2 --18 - 4  

Xl 

Mode 

39 

2 6 

- 2  - 6  

x3 x4 x5 x6 x7 x8 

Rate (108 s - 1 )  Scale factor 

C 1 /r 0.5128 +0,0018 

['3 ;T+ ;TO 0.1708 • 
C 4 "/r+ ;T+ ;T - 0.0452 • 
F 5 ;T+ 7tO ;T 0 0.01399• 
['6 ;T0 # +  up 0.0257 • 

+ 
Called K~, 3. 

['7 ;T0 e + Ue 0.0389 • 

Called K e+. 

r8 ;To;TOe+ue (1.69 t~  )• 

1.5 

1.1 
1.8 
1.2 
1.5 

1.3 

K • DECAY RATES 

r ( .+~. )  
VALUE (IO 6 S - I  ) DOCUMENT ID TEeN CHG 
61,28• OUR FIT Error includes scale factor of 1.5. 
51.2 ::kO.8 FORD 67 CNTR • 

r ( . + , + . - )  
VALUE (]O 6 S -1) EVT~ DOCUMENT ID TEeN CHG 
4.52 • OUR FIT Error includes scale factor of 1.8. 
4.511• 6 FORD 70 ASPK 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

43294-0.032 3.2M 6 FORD 70 ASPK 
4.4964-0.030 6 FORD 67 CNTR • 

6 First FORD 70 value is second FORD 70 combined with FORD 67. 

r ,  

r4 

( r ( K  +)  - r (K-) )  / r(K) 

K • --* #~ 'v#  RATE DIFFERENCE/AVERAGE 
Test of CPT conservation. 

VALUE (%) DOCUMENT ID TEeN 
--0.54• FORD 67 CNTR 

K + --* ~r •  - RATE DIFFERENCE/AVERAGE 
Test of CP conservation, 

VALUE (%) EVT5 DOCUMENT ID TECN CHG 
0.07• OUR AVERAGE 
0.08:c0.12 7 FORD 70 ASPK 

-0.50• FLETCHER 67 OSPK 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

-0.02+0.16 8 SMITH 73 ASPK • 
0.10• 3.2M 7 FORD 70 ASPK 

-0,04• 7 FORD 67 CNTR 

7First FORD 70 value is second FORD 70 combined with FORD 67. 
8SMITH 73 value of K • ~ ~r• - rate difference is derived from SMITH 73 value 

of K • ~ ~• 2~ 0 rate difference, 

K • --~ lr• ~ RATE DIFFERENCE/AVERAGE 
Test of CP conservation. 

VALUE I%) EVT5 DOCUMENT ID TEeN CHG 
0.0 • OUR AVERAGE 
0,08• SMITH 73 ASPK • 

-1,1 • 1B02 HERZO 69 OSPK 

K • .~  ~.• RATE DIFFERENCE/AVERAGE 
Test of CPT conservation. 

VALUE (%) DOCUMENT ID TEeN 
0.8:1:1.2 HERZO 69 OSPK 



See key on page 239 

K:I= ~ . 4 - . 0 . ) ,  R A T E  D I F F E R E N C E / A V E R A G E  
Test of CP conservation. 

VALUE (%) E V T 5  DOCUMENT ID TEEN CHG COMMENT 

0.94. =.3 OUR AVERAGE 
0.84- 5.8 2461 SMITH 76 WIRE 4- E~r 55-90 MeV 
1.04- 4.0 4000 ABRAMS 73B ASPK + E~r 51-100 MeV 
0.04-24.0 24 EDWARDS 72 OSPK E~r 58-90 MeV 

K + B R A N C H I N G  R A T I O S  

r(~+~)/r~,, rl/r 
VALUE (units 10 -2 ) E V T S  DOCUMENT ID TEEN CHG COMMENT 

63.51:1:0,15 OUR FIT Error includes scale factor of 1.3. 
63.24::E0.44 62k CHIANG 72 OSPK + 1.84 GeV/c K + 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

56.9 •  9 ALEXANDER 57 EMUL + 
58.5 4-3.0 9 BIRGE 56 EMUL + 

9 Old experiments not included in averaging. 

rb,+~.)/r(.+.+, -) rdr4 
VALUE E V T 5  DOCUMENT ID TECN CHG 
11.354"0.12 OUR FIT Error includes scale factor of 1.8. 
�9 �9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

10.38,,0,82 427 10 YOUNG 65 EMUL + 

10 Deleted from overall fit because YOUNG 65 constrains his results to add up to 1. Only 
YOUNG 65 measured (#u) directly. 

r(e+,,~)/r=~l rdr  
VALUE (units 10 -5) EL% E V T 5  DOCUMENT ID TECN CHG 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

2 1 +1 '8  4 BOWEN 67B OSPK + " - 1 , 3  
<160.0 95 BORREANI 64 HBC + 

r(e+,,,)/r(~+,,~) ra/rl 
VALUE (units t0 -s)  E V T 5  DOCUMENT ID TEEN CHG 

2.454-5.11 OUR AVERAGE 
2.51,,0.15 404 HEINTZE 76 SPEC + 
2.374-0.17 534 HEARD 75B SPEC + 
2.42"0,.42 112 CLARK 72 OSPK + 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1.8 +0.8 8 MACEK 69 ASPK + 
- 0 , 6  

1.9 +0.7 10 BOTTERILL 67 ASPK + - 0 . 5  

r(.+,O) Ir,~ rdr  
VALUE (units tO -2) E V T 5  DOCUMENT ID TEEN CH6 COMMENT 

21.It':E0.14 OUR FIT Error includes scale factor of 1.1. 
21.15:1:0.25 16k CHIANG 72 OSPK + 1.84 GeV/c K + 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

21,0 --0.6 CALLAHAN 65 HLBC See r(~+,o)/ 
r ( ~ + ~ + ~ - )  

21.6 =I=0.6 TRILLING 65B RVUE 
23.2 ~2.2 11ALEXANDER 57 EMUL + 
27.7 4-2.7 11 BIRGE 56 EMUL + 

11 Earlier experiments not averaged. 

r(.+.O)/r(~+~) rs/q 
VALUE E V T 5  DOCUMENT ID TEEN CHG COMMENT 
0.3331:E0.0(~IB OUR FIT Error includes scale factor of 1.1. 
0.3316=1:0.0032 OUR AVERAGE 
0.33294-0.0047,,0.0010 45k USHER 92 SPEC + p~ at rest 
0.33554-0.0057 12 WEISSENBE... 76 SPEC + 
0.305 -0 .018 1600 ZELLER 69 ASPK + 
0.3277,,0.0065 4517 13AUERBACH 67 OSPK + 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.328 4-0.005 25k 12WEISSENBE... 74 STRC + 

12WEISSENBERG 76 revises WEISSENBERG 74. 
13AUERBACH 67 changed from 0.3253 4- 0.0065. See comment with ratio I - (~0#+ v / j ) /  

r(.+ ,,,). 

r(.+.5)/r(,+,+,-) rs/r4 
VALUE E V T S  DOCUMENT ID TEEN CHG 
3.784"0.04 OUR FIT Error includes scale factor of 1.5. 
3.84-1-0.27 OUR AVERAGE Error includes scale factor of 1.9. 
3.96,,0.15 1045 CALLAHAN 66 FBC + 
3.244-034 134 YOUNG 65 EMUL + 
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r(.+.+,r-)/r~= r4/r 
VALUE (~J~itS 10 -2 ) E V T $  DOCUMENT IO TECN CHG COMMENT 

5,594-0.05 OUR FIT Error includes scale factor of 1.8. 
5.524-0.10 OUR AVERAGE Error includes scale factor of 1.3. See the ideogram below. 
5.34--0.21 693 14pANDOULAS 70 EMUL + 
5.714-0.15 DEMARCO 65 HBC 
6.0 --0.4 44 YOUNG 65 EMUL + 
5.544-0.12 2332 CALLAHAN 64 HLBC + 
5.1 --0.2 540 SHAKLEE 64 HLBC + 
5.7 4-0.3 ROE 61 HLBC + 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

5.56--0.20 2330 15 CHIANG 72 OSPK + 1.84 GeV/c K + 
5.2 --0.3 16TAYLOR 59 EMUL + 
6.8 4-0.4 16 ALEXANDER 57 EMUL + 
5.6 4-0.4 16 BIRGE 56 EMUL + 

14 Includes events of TAYLOR 59. 
15Value is not independent of CHIANG 72 r ( # + u # ) / r t o t a  I, r(~r+TrO)/rtotal, 

r ( ~ +  ~o ~O)/rtota I, r (~O/~+. /~) / r tota I, and r(~O e+ Ve)/ r tota I. 

16 Earlier experiments not averaged. 

r(.+.o.o)/r..i rdr 
VALUE (units 10 -2 ) E V T $  DOCUMENT ID TEEN CNG COMMENT 

1.734"0.04 OUR FIT Error includes scale factor of 1.2. 
1.'r1-1-0.07 OUR AVERAGE Error includes scale factor of 1.4. See the ideogram below. 

1,844-0.86 1307 CHIANG 72 OSPK + 1.84 GeV/c K + 
1.534-0.11 198 17 PANDOULAS 70 EMUL + 
1,8 :E0.2 108 SHAKLEE 64 HLBC + 
1.7 --0.2 ROE 81 HLBC + 
�9 �9 �9 We do not use the following data for averages, fits, limits, e t c . � 9  �9 �9 

1.5 •  18 TAYLOR 59 EMUL + 
2,2:1:0.4 18ALEXANDER 57 EMUL + 
2.1 :t0.5 18BIRGE 56 EMUL + 

17 Includes events of TAYLOR 59. 
18 Earlier experiments not averaged. 
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r(.+.o.o)/r(,+,o) rs/r5 
VALUE EVTS DOCUMENT ID TECN CHG COMMENT 
0,08194"0.0020 OUR FIT Error includes scale factor of 1.2. 
0.081 4"0.005 574 19 LUCA5 73B HBC Dalitz pairs only 

19LUCAS 73B gives N(Tr2~ 0) - 574 4- 5.9%, N{2~r) = 3564 4- 3.1%. We quote 
0.SN(Tr2~0)/N(2~) where 0.5 is because only Dalitz pair 7r0's were used. 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.6704-0.014 28 HEINTZE 77 SPEC + 

0.67 4-0.12 WEISSENBE... 76 5PEC + 
0,6084-0.014 1585 29 BRAUN 75 HLBC + 

r(,r+,r 0 , o ) / r ( , + ~ + . - )  r , /r4 
VALUE EVT5 DOCUMENT ID TECN CHG COMMENT 
0.5104-0.007 OUR FIT Error includes scale factor of 1.2. 
0.304 4- 0.009 OUR AVERAGE 
0.3084-0.009 2027 BISI 65 BC + HBC+HLBC 
0.3984-0.099 17 YOUNG 65 EMUL + 

r(,~ rd r  
VALUE (units 10 -2) EVT$ DOCUMENT IO TECN CNG COMMENT 

5.184"0.08 OUR FIT Error includes ~ r - o f  1.5. 
5.3.t4"0.16 2345 CHIANG 72 OSPK + 1.84 GeV/c K + 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 

2.8 4-0.4 20 TAYLOR 59 EMUL + 
5.9 4-1.8 20ALEXANDER 57 EMUL 4- 
2.8 4-1.0 20BIRGE 56 EMUL + 

20 Earlier experiments not averaged. 

r( .0,+. . ) /r0.+v.)  rE/r1 
VALUE EVTS DOCUMENT ID TECN CHG 
0,05014"0.0015 OUR FIT Error includes scale factor of 1.5. 
0.04884"0.0026 OUR AVERAGE 
0.054 4-0.009 240 ZELLER 69 ASPK + 
0.04804-0.0037 424 21 GARLAND 68 OSPK + 
0.04864-0.0040 307 22 AUERBAEH 67 OSPK + 

25LUCAS 73B gives N(K/~3) = 554 4- 7.6%, N(Ke3 ) = 786 4- 3.1%. We divide. 

26CHIANG 72 i - ( ~ 0 F + v p ) / r ( ~ 0 e + V e )  is statistically independent of CHANG 72 

r (.0 ~+ ..) 1rtota I and r (~0 e + "e) l r to ta l "  

27 From CALLAHAN 66B we use only the KI~3 /Ke3  ratio and do not include io the fit the 

ratios Kp3/( l rTr+~0 ) and Ke3/ (TrTr+  7r0), since they show large disagreements with 
the rest of the data. 

28HEINTZE 77 value from fit to A 0. Assumes #-e universality. 

29BRAUN 75 value is from form factor fit. Assumes #-e universality. 
30HAIDT 71 is a reanalysis of EICHTEN 68. Only individual ratios included in fit (see 

r ( ,  0 , +  % ) l r ( =  + , +  , - )  and r(~r 0 e + , e ) / r  (~+ , +  , - ) ) .  

[r(.+~) + r(,@~+ ~)] /r~l  (r3+r6)/r 
We combine these two modes for experiments measuring them in xenon bubble cham- 
ber because of difficulties of separating them there. 

VALUE (units 1O -2) EVTS DOCUMENT ID TECN CHG 

24,344"0.15 OUR FIT Error includes scale factor of 1.2. 
24.6 4"1,0 OUR AVERAGE Error includes scale factor of 1.4. 
25.4 4-0.9 886 SHAKLEE 64 HLBC + 
23.4 4-1.1 ROE 61 HLBC 4- 

r(,r o e+ ~e)/rtx~l rT/r 
VALUE Iunits 10 -2) EVTS DOCUMENT ID TECN CNG COMMENT 

4.824"0.06 OUR FIT Error includes scale factor of 1.3. 
4.854-0.09 OUR AVERAGE 

21GARLAND 68 changed from 0.055 4- 0.004 in agreement with p-spectrum calculation 
of GAILLARD 70 appendix B. L.G.Pondrom, (private communication 73). 

22AUERBACH 67 changed from 0.0602 4- 0.0046 by erratum which brings the p-spectrum 
calculation into agreement with GAILLARD 70 appendix B. 

r (,r%+,,.)/r ( .+.+,r-) rdr4 
VALUE EVT5 DOCUMENT fD TECN CHG COMMENT 
OJi694-g,g14 OUR FIT Error includes scale factor of 1.5. 
8.$114-0.052 OUR AVERAGE Error includes scale factor of 1.8. See the ideogram below. 
0.5034-0.019 1505 23 HAIDT 71 HLBC 4- 
0.63 4-0.07 2845 24 BI51 65B BC 4- HBC+HLBC 
0.90 4-0.16 38 YOUNG 65 EMUL 4- 
�9 �9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

03104-0.017 1505 23 EICHTEN 68 HLBC + 

23 HAIDT 71 is a reanalysis of EICHTEN 68. 
24 Error enlarged for background problems. See GAILLARD 70. 

WEIGHTED AVERAGE 
0.517i'0.032 (Error scaled by 1.8) 

Values above of weighted average, error, 
t and scale factor are based upon the data in 

this ideogram only. They ere not neces- 
sarily the same as our 'best' values, 
obtained from a least-squares constrained fit 
utilizing measurements of other (related) 

4.864-0.10 3516 CHIANG 72 OSPK + 1.84 GeV/c K + 
4.7 4-0.3 429 SHAKLEE 64 HLBC + 
5.0 4-0,5 ROE 61 HLBC + 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

5.1 4-1.3 31 ALEXANDER 57 EMUL + 
3,2 4-1.3 31 BIRGE 56 EMUL 4- 

31 Earlier experiments not averaged. 

r(.O e+.o)/r(,+ ~.) r d q  
VALUE EVT$ DOCUMENT ID TECN CHG 
O.0759J"O.0011 OUR FIT Error includes scale factor of 1.4. 
0.07524- 0.0024 OUR AVERAGE 
0.069 4-0.006 350 ZELLER 69 ASPK + 
0.07754-0.0033 960 BOTTERILL 68C ASPK 4- 
0.069 4-0.006 561 GARLAND 68 OSPK 4- 
0.07914-0.0054 295 32 AUERBACH 67 OSPK 4- 

32AUERBACH 67 changed from 0.0797 -4- 0.0054. See comment with ratio I-(Tr0p+ u/~)/ 

r ( p+up ) .  The value 0.0785 4- 0.0025 given in AUERBACH 67 is an average of 

AUERBACH 67 r(=~ and CESTER 66 r(.~~ + 

r ( ~ + ~ 0 ) ] .  

r(,r o e+ ~e)/r(~+"~ rdr5 
VALUE EVT$ DOCUMENT ID TECN CHG COMMENT 

quantities as additional information. 

. . . . . . . . . . . . . . . . . . .  HAIDT 
I . . . . . . . . . . . . . .  BISI 

I �9 �9 �9 YOUNG 

X 2 
71 HLBC 0.5 
65B BC 2.6 
65 EMUL 5.7 

8.9 

0.4 0.6 0.8 1 1.2 1.4 

r(,~ v~) Ir(, ~ e + v,) 
VALUE EVTS DOCUMENT tD TECN 
0.660"1"0.015 OUR FIT Error includes scale factor of 1.5. 
0.6804-0.013 OUR AVERAGE 
0.7054-0.063 554 25 LUCAS 73B HBC 
0.6984-0.025 3480 26 CHIANG 72 OSPK 
0.667• 5601 BOTTERILL 68B ASPK 
0.7034-0,056 1509 27 CALLAHAN 66B HLBC 

CH6 COMMENT 

Dalitz pairs only 
1.84 GeV/c K + 

rdrz 

0.2250+0.0035 OUR FIT Error includes scale factor of 1.3. 
0.221 4-0.012 786 33 LUCAS 73B HBC - Dalitz pairs only 

33LUCAS 73B gives N(Ke3 ) = 786 4- 3.1%, N(27r) = 3564 4- 3.1%. We divide. 

r ( .O ,+v . ) / r (~+ .+ , r - )  rT/r4 
VALUE EVT5 DOCUMENT ID TECN CHG 
0.8624"0.011 OUR FIT Error includes scale factor of 1.3. 
0.860 4- 0.014 OUR AVERAGE 
0.8674-0.027 2768 BARMIN 87 XEBC + 
0.8564-0.040 2827 BRAUN 75 HLBC + 
0.8504-0.019 4385 34 HAIDT 71 HLBC + 
0.94 4-0.09 854 BELLOTTI 678 HLBC 
0.90 4-0.06 230 BORREANI 64 HBC + 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.8464-0.021 4385 34 EICHTEN 68 HLBC + 

0.90 9:-0.16 37 YOUNG 65 EMUL + 

34HAIDT 71 is a reanalysis of EICHTEN 68. 

r(.O e+ re)/[r0.+..) + r(.+.o)] rd(q+rs) 
VALUE (ul]its 10 -2) EVTS DOCUMENT ID TECN CHG 

5,70"1"0.08 OUR FIT Error includes scale factor of 1.4. 
6.014- 0.15 OUR AVERAGE 
5.924-0.65 35WEISSENBE... 76 SPEC + 
6.164-0.22 5110 ESCH5TRUTH 68 OSPK + 
5.894-0.21 1679 CESTER 66 OSPK + 

35 Value calculated from WEISSENBERG 76 (lr0 ev), (/Lv), and (~x  0) values to eliminate 
dependence on our 1974 (~r27r 0) and ( = = +  ~ - )  fractions. 

0.5964-0.025 30 HAIDT 71 HLBC + 

0,604:50.022 1398 30 EICHTEN 68 HLBC 
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r(.O.O ~+.+)/r(,,o e+,,.) rdrz 
VALUE (units 10 -4) EL% EVT~ DOCUMENT ID TEEN CHG 

4 ~+0.g OUR FIT ' ~ - 0 . 7  

4 1 +1"0 OUR AVERAGE �9 - u . (  

4.2_+110 25 BOLOTOV 86B CALO 

3.8+5:0 2 LJUNG 73 HLBC + 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

<37.0 90 O ROMANO 71 HLBC • 

r(.O +o e+ ~+)/r~, rdr 
VALUE (u~its 10 -5) EVT5 DOCUMENT ID TEEN CIIG 

2.1 ~0.4 OUR FIT 
2.544"0,09 10 BARMIN 88B HLBC + 

r(.+.-e+.,)/r(+++++-) rdr+ 
VALUE (units 10 -4) EVTS DOCUMENT ID TEEN CHG 

6.99+0.30 OUR AVERAGE Error includes scale factor of 1.2. 
7,21• 30k ROSSELET 77 SPEC + 
7.36• 500 BOURQUIN 71 ASPK 
7.0 •  106 SCHWEINB... 71 HLBC + 
5.83• 259 ELY 69 HLBC + 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

6.7 •  69 BIRGE 65 FBC + 

q0/r 
VALUE (units 10 -5) EVT~ DOCUMENT ID TEEN CHG 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc, �9 �9 �9 

0.778_~:554 1 CLINE 55 FBC + 

r(++,-t~ +~.)/r(.+.+,-) rlolr4 
VALUE (units 10 -4 ) EVT5 DOCUMENT ID TEEN CHG 

2.57-1-1.55 7 BISI 67 DBC + 
. �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

2.5 1 GREINER 64 EMUL + 

r (~o ~o ~e e+ ~e)/r~a, rl~/r 
VALUE (units 10 -6) CL~ EVTS DOCUMENT ID TEEN CHG 

<3.5 90 0 BOLOTOV 88 SPEC - 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

<9 90 0 BARMIN 92 XEBC + 

r 0, + v. ~,p)/rmim r12/r 
VALUE (ur0ts 10 -s) EL% EVTS DOCUMENT ID TEEN CH6 

<6.0 90 O 36 PANG 73 CNTR + 

36pANG 73 assumes # spectrum from v-u interaction of BARDIN 70. 

r(e+~,,~)/r(e+~+) r~/r2 
VALUE CL% EVTS DOCUMENT ID TECN CHG 

<3.g 90 0 HEINTZE 79 SPEC + 

r ( .+ . .++ . - ) / r (~+ , r -  e +.+) rt+/r, 
VALUE (units 10 -3) EVT5 DOCUMENT ID TEEN CHG COMMENT 

3.34-0.9 14 37 DIAMANT-. . .  76 SPEC + m e +  e -  >140 
MeV 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

27. •  14 37 DIAMANT-. . .  76 SPEC + Extrapolated BR 

37 DIAMANT-BERGER 76 gives this result times our 1975 ~ +  ~ -  e u BR ratio. The second 
DIAMANT-BERGER 76 value is the first value extrapolated to 8 to include low mass 
e + e -  pairs�9 More recent calculations (BIJNENS 93) of this extrapolation disagree with 
those of DIAMANT-BERGER 76. 

r (e+ ,,. e+ e- ) /F0r+. -  e + ~,.) r . / r ,  
VALUE (u~ILs 10 -3) EVT5 DOCUMENT ID TEEN CHG COMMENT 

0 76 +0 '76  4 38 DIAMANT-. . .  76 SPEC + >140 ' --0.38 me+ e- 
MeV 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 i 

5.4 45 .4  4 38 DIAMANT-. . .  76 SPEC + Extrapolated BR 
-2+?" 

38 DIAMANT-BERGER 76 gives this result times our 1975 lr + ~ -  e u BR ratio. The second 
DIAMANT-BERGER 76 value is the first value extrapolated to 0 to include low mass 
e + e -  pairs. More recent calculations (BIJNENS 93) of this extrapolation disagree with 
those of DIAMANT-BERGER 75. 

r(e +,,,~+ ~-) Ir is, r ldr 
VALUE CL~ DOCUMENT IO TECN 

<5  x 10 - 7  90 ADLER 98 B787 
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�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

3.5 •  40,42 DEMIDOV 98 XEBC E('~) > 20 MeV 
3.2 •  57 43 BARMIN 88 HLBC + E(~) >20 MeV 
5.8 •  12 WEISSENBE... i'4 STRC + E(~') >9 MeV 

39p(/A) cut given in DEMIDOV 90 paper, 235.1 MeV/c,  is a misprint according to authors 
(private communication). 

40 DEMIDOV 90 quotes only inner bremsstrahlung (IB) part. 
41 Assumes #-e universality and uses constraints from K ~ ev3,. 
42 Not independent of above DEMIDOV 90 value. Cuts differ. 
43 Not independent of above BARMIN 88 value. Cuts differ. 

r(x+ ~ ) / r io i . i  r lg/r 
VALUE Iunits 10 -4) CL~ EVT5 DOCUMENT ID TEEN CHG COMMENT 

2.754-0.15 OUR AVERAGE 
2.71• 140 BOLOTOV 87 WIRE - T~r -  55-90 MeV 
2.87• 2461 SMITH 76 WIRE • T~ :c 55-90 MeV 
2.71• 2100 ABRAMS 72 ASPK • T~ + 55-90 MeV 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. * �9 �9 

1.5 +1,1 44 LJUNG 73 HLBC + T~ + 55-80 MeV 
-0.6 

2,6 +1,5 44 HUNG 73 HLBC + T~r + 55-90 MeV 
-1.1 

6.8 +3.7 17 44 LJUNG 73 HLBC + T;'r + 55-102 MeV 
-2,1 

2.4 •  24 EDWARDS 72 OSPK T~ + 58-90 MeV 
<1.0 0 45 MALTSEV 70 HLBC + T~ + <55 MeV 

<1.9 90 0 EMMERSON 69 OSPK Tvr + 55-80 MeV 
2.2 •  18 CLINE 64 FBC + T~  + 55-80 MeV 

44The LJUNG 73 values are not independent. 
45 MALTSEV 70 selects low 7r + energy to enhance direct emission contribution. 

r(,r+,O~(DE))Ir~,, r2o/r 
Direct emission part of r ( ~ +  ,~o ~)/rtotal. 

VALUE (units 10 -s } 
1.8 4-0.4 OUR AVERAGE 

2.3 •  
1 .56•177 

r(.+++ f.y)/r~., 
VALUE (units 10 -4) EVTS 

1.044"0.31 OUR AVERAGE 
1.10• 7 
l.O • 

r(.+.o.o-r)/r(~+,,~ ~o) 
VALUE (units 10 -4 ) 

4 3+!. -  2 
�9 _ ~ . f  

r(.O~,+..-~)Irt~, 
VALUE (units 10 -5 ) CL% EVT5 

<6.1 90 0 

r(.0 e+..-y)/r(.0 e+ ~,) 
VALUE Iunits 10 -2) EVTS 

DOCUMENT ID TECN CHG COMMENT 

BOLOTOV 87 WIRE - T ~ -  55-90 MeV 

SMITH 76 WIRE • T l r •  55-90 MeV 
ABRAMS 72 ASPK • T~ • 55-90 MeV 

r2t/r 
DOCUMENT ID TECN CHG COMMENT 

BARMIN 89 XEBC E(3") > 5 MeV 
STAMER 65 EMUL + E(?) >11 MeV 

rzdr5 
DOCUMENT ID TEEN CHG COMMENT 

BOLOTOV 85 SPEC 

DOCUMENTID TEEN 

HUNG 73 HLBC 

DOCUMENTID TEEN 

-- E(3") > 10 MeV 

rn/r 
CHG COMMENT 

+ E("f) >30 MeV 

r~/r7 
CHG COMMENT 

0.54+0.04 OUR AVERAGE Error includes scale factor of 1.1. 
0.46• 82 46 BARMIN 91 XEBC 

0.56+0.04 192 47 BOLOTOV 86B CALO 
0.76• 13 48 ROMANO 71 HLBC 
�9 �9 �9 We do not use the following data for averages, fits, l imits, 

1.51• 82 46 BARMIN 91 XEBC 

0.48--0.20 16 49 LJUNG 

0 2 , + 0 . 1 5  49 HUNG 
�9 ~- -  0 . i 0  

0.53• 48 ROMANO 
1.2 •  BELLOTTI 

E(3") > 10 
MeV, 0.6 < 
cos# e "7 < 
0.9 

- -  E(3') >10 MeV 
E(3') >10 MeV 

etc. �9 - �9 

E(3") > 10 MeV, 
cos0 e 3' < 
0.98 

73 HLBC + E(3") >30 MeV 

"/3 HLBC + E(~) >30 MeV 

71 HLBC + E(3') >30 MeV 
57 HLBC + E("y) >30 MeV 

VALUE (units 10 -7) CL~_~ DOCUMENT ID TEEN CHG 

<4.1 90 ATIYA 89 B787 + 

r(~+v..g/r~, rm/r 
VALUE (ut~its 1O -3) EVT5 DOCUMENT ID TECN CHG COMMENT 

5.50:t:0.28 OUR AVERAGE 
6.6 •  39,40 DEMIDOV 90 XEBC P(/~) <231.5 

MeV /c  
6.0 •149 BARMIN 88 HLBC + P(/~) <231.5 

MeV/c  
5.4 •  41 AKIBA 85 SPEC P(,~) <231.5 

MeV /c  
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46BARMIN 91 quotes branching ratio F(K ~ exOu '~ ) /Fa l l  . The measured normalization 

is [F(K ~ e~r0p) + r ( K  ~ ~ r + ~ + x - ) ] .  For comparison with other experiments we 

used F(K ~ e~0u) /Fa l l  = 0.0482 to calculate the values quoted here. 

47cose(e3') between 0.6 and 0.9. 
48Both ROMANO 71 values are for cosg(e3,) between 0.6 and 0.9. Second value is for 

comparison with second HUNG 73 value. We use lowest E(D') cut for Summary Table 
value. See ROMANO 71 for E./ dependence. 

49First LJUNG 73 value is for cose(e-},) < 0 3 ,  second value is for cose(e-y) between 0.6 
and 0.9 for comparison with ROMANO 71. 

r (~+~,+~ , - ) / r~ l  r3=/r 
Test for /kS = 1 weak neutral current. Allowed by higher-order electroweak interac- 
tions. 

VALUE(units 10 -8) CL~ EVTS DOCUMENT ID TECN CHG 

?.6 =1:2.1 OUR AVERAGE Error includes scale factor of 3.4. 
9 .22•177 402 MA 00 B865 + 
5.0 •  • 207 55ADLER 97C B787 + 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

< 23 90 ATIYA 89 B787 + 

r(.O �9 
Structure-dependent part. 

VALUE (units IO -5 ) CL.~_% 

<5.3 90 

r(,r~176 e+,,e~)/rtot=l 
VALUE (units lO -6  ) CL% EVTS 

<5 90 0 

DOCUMENTID TECN EH6 

BOLOTOV 86B CALO - 

DOCUMENT ID TECN CHG COMMENT 

ri~/r 

r~Ir 

BARMIN 92 XEBC + E 3, > 10 MeV 

<240 90 BISI 67 DBC + 
<300 90 CAMERINI 65 FBC + 

55ADLER 97C gives systematic error 0.7 x 10 - 8  and theoretical uncertainty 0.6 x 10 - 8 ,  
which we combine in quadrature to obtain our second error. 

r ( .+  ~)Irto~, r33/r 
Test for AS = 1 weak neutral current. Allowed by higher-order electroweak interac- 
tions. 

VALUE(unlts 10 -9 ) CL% EVTS DOCUMENT ID TECN CHG COMMENT 

o 15+~ " --0.1~: 1 ADLER 00 B787 

r(~r+'r -r)/rt~ial r2T/r 
All  values given here assume a phase space pion energy spectrum. 

VALUE (units ]0 -7  ) CL~ EVTS DOCUMENT ID TECN CHG COMMENT 

11 :4" 3 •  31 50KITCHING 97 B787 
�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

< 10 90 0 ATIYA 90B B787 Tvr 117-127 MeV 
< 84 90 0 ASANO 82 CNTR + T~ 117-127 MeV 

- 4 2 0  •  0 ABRAMS 77 SPEC + T~r <92 MeV 
< 350 90 0 LJUNG 73 HLBC + 6-102, 114-127 

MeV 
< 500 90 0 KLEMS 71 OSPK + Tvr <117 MeV 

--100 ~600 CHEN 68 OSPK + T~ 60-90 MeV 

50 KITCHING 97 is extrapolated from their model-independent branching fraction (6.0 • 
1,5 • 0.7) x 10 - 7  for 100 MeV /c<P  + < 180 MeV/c  using Chiral Perturbation Theory, 

r(.+ ~)Ir,=,, r=,Ir 
Values given here assume a phase space pion energy spectrum. 

VALUE (units 10 -4 ) C L ~  DOCUMENT ID TECN CHG COMMENT 

<1.0 90 ASANO B2 CNTR + T(x)  117-127 
MeV 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, e t c . *  �9 �9 

<3.0 90 KLEMS 71 OSPK + T(~) >117 MeV 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0 a~+0.97 1 ADLER 97 B787 
" ~ - 0 . 3 5  

< 2.4 90 ADLER 96 B787 
< 7.5 90 ATIYA 93 B787 + "/'(x) 115-127 

MeV 
< 5.2 90 56 ATIYA 93 B787 + 
< 17 90 0 ATIYA 93B B787 + T(T) 60-100 MeV 
< 34 90 ATIYA 90 B787 + 
< 140 90 ASANO 81B CNTR + T(~r) 116-127 

MeV 
< 940 90 57 CABLE 73 CNTR + "F(~) 60-105 MeV 
< 560 90 57 CABLE 73 CNTR + T(vr) 60-127 MeV 
<57000 90 0 58 LJUNG 73 HLBC + 
< 1400 90 57 KLEMS 71 OSPK + T{vr) 117-127 

MeV 
56 Combining ATIYA 93 and ATIYA 93B results. Superseded by ADLER 96. 
57KLEMS 71 and CABLE 73 assume Ir spectrum same as Kr decay. Second CABLE 73 

l imit  combines CABLE 73 and KLEMS 71 data for vector interaction. 
58 LJUNG 73 assumes vector interaction. 

r (~-  ~ e+ �9  ~- �9 ~) r34/r9 
Test of lepton family number conservation. 

VALUE (units ]0 -3} CL ?~ EVTS DOCUMENT ID TECN EHG 

r (~r+~+e-pe) /r i~ l  r~i/r 
Test o f / k S  = /kQ rule. 

VALUE {units 10 -7 ) CL% EVTS DOCUMENT ID TECN CHG 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

< 9.0 95 0 SCHWEINB... 71 HLBC + 
< 6.9 95 0 ELY 69 HLBC + 
<20. 95 BIRGE 65 FBC + 

r(,+.+�9 �9 r~/rl 
Test of A S  = /kQ rule. 

VALUE (units 10 -4) CL% EVTS DOCUMENT ID TECN 

< 3 90 3 51 BLOCH 76 SPEC 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<130. 95 0 BOURQUIN 71 ASPK 

51 BLOCH 76 quotes 3.6 x 10 - 4  at CL = 95%, we convert. 

r(~r+ ~r +/~- pt,)/rtota, r30/r 
Test o f / k S  = /kQ rule. 

VALUE (units 10 -6 ) CL~ EVTS DOCUMENT ID TECN CHG 

<3.0 95 0 BIRGE 65 FBC + 

r( .+,+.-) /r=,  r3~/r 

<0,5 90 0 59 DIAMANT-. . .  76 SPEC + 

59 DIAMANT-BERGER 76 quotes this result times our 1975 7r + lr - e u BR ratio. 

rO, +.~ r3~/r 
Forbidden by lepton family number conservation. 

VALUE CL% EVTS DOCUMENT ID TECN CHG COMMENT 

<0,004 90 0 60 LYONS 81 HLBC 0 200 GeV K + nar- 
row band u 
beam 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

<0.012 90 60 COOPER 82 HLBC Wideband ~, beam 

60COOPER 82 and LYONS 81 l imits on u e observation are here interpreted as l imits on 
lepton family number violation in the absence of mixing. 

r ( f+~  + e- ) / r to~ r ~ / r  
Test of lepton family number conservation. 

VALUE (units l0 -10 ) CL%_~ve EVTS DOCUMENT/D TEEN CHG COMMENT 

< 2.1 90 0 LEE 90 SPEC + 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

<11 90 0 CAMPAGNARI 88 SPEC + In LEE 90 
<48 90 0 DIAMANT-. . .  76 SPEC + 

r(.+~-e+)/r~, r3~/r 
Test for A S  = 1 weak neutral current. Allowed by combined first-order weak and 
electromagnetic interactions. 

VALUE (units 10 -7 ) CL% EVTS DOCUMENT ID TECN CHG COMMENT 

2.1W• OUR AVERAGE 
2.94• 10300 52 APPEL 99 SPEC + | 
2.75:1:0.23• 500 53 ALLIEGRO 92 SPEC + 
2.7 d:0.5 41 54 BLOCH 75 SPEC + 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

< 17 90 CENCE 74 ASPK + Three track 
evts 

< 2.7 90 CENCE 74 ASPK + Two track 
events 

<320 90 BEIER 72 OSPK • 
< 44 90 BI51 67 DBC + 
< 8.8 90 CLINg 67B FBC + 
< 24.5 90 1 CAMERINI 64 FBC + 

52APPEL 99 establishes vector nature of this decay and determines form factor f~Z}= I 

fo(l+~Z), Z:M~e/m ~, ~=214 • 013 • 015. I 
53ALLIEGRO 92 assumes a vector interaction wi th a form factor given by ,~ = 0.105 • 

0.035 • 0.015 and a correlation coefficient of -0 .82 .  
54 BLOCH 75 assumes a vector interaction. 

Test of lepton family number conservation. 

VALUE (unltS 10 -9) CL% EVTS DOCUMENT ID TECN CNG 

< 7 90 0 61 DIAMANT-... 76 SPEC + 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<28 90 61 BEIER 72 OSPK • 

61 Measurement actually applies to the sum of the 7r + # -  e + and ~r-  # +  e + modes. 

r(.-.+.+)/r=., r~,/r 
Test of total  lepton number conservation. 

VALUE (units t0 -9 ) CL% EVT5 DOCUMENT ID TECN CHG 

< 7 90 0 62 DIAMANT-. . .  76 SPEC + 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<28 90 62 BEIER 72 OSPK • 

62 Measurement actually applies to the sum of the 7 r + p - e  + and ~ r - # + e  § modes. 

r(~r+/,- e+)/rtot= F37/F 
VALUE (units 10 -B) C L ~  DOCUMENT ID TEEN CHG 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

<1.4 90 BEIER 72 OSPK • 
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r ( f -  e+ e+) / rioiii r~ / r  
Test of total lepton number conservation. 
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VALUE (units lO - 5  } DOCUMENT ID TEEN CHG 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<1.5 CHANG 6S HBC 

r ( . -  e+ e+)/r( ,r+.-  e+ ~) r39/r9 
Test of  total lepton number conservation. 

VALUE (units 10 -4 ) CL~ EVTS DOCUMENT ID TECN CHG 

42.5 90 0 63 D IAMANT- . , ,  76 SPEC + 

63 D IAMANT-BERGER 76 quotes this result t imes our 1975 BR ratio, 

i-(~-~,+ J,+)/riol= r4o/r 
Forbidden by total lepton number conservation. 

VAL UE ( u nits t 0- 4 ) C L ~  DOCUMENT ID TEEN 

41.5 90 64 L ITTENBERG 92 HBC 

64 L ITTENBERG 92 is from retroactive data analysis of CHANG 68 bubble chamber data, 

r(P+pe)/rtoia, r41/r 
Forbidden by total lepton number conservation. 

VALUE (units 10 -3 ) CL ~/o DOCUMENT ID TEEN COMMENT 

<.~1.3 90 65 COOPER 82 HLBC Wideband u beam 

65COOPER 82 l imit on Ue observation is here interpreted as a l imit on lepton number 
violation in the absence of mixing. 

r(,0 e+l,,)/r:,l  r4:/r 
Forbidden by total lepton number conservation. 

VALUE EL~ DOCUMENT ID TECN COMMENT 

40.003 90 66 COOPER 82 HLBC Wideband u beam 

68COOPER 82 l imit on ue observation is here interpreted as a l imit on lepton number 
violation in the absence of mixing. 

r(~r+'r)/rtou, r4s/r 
Violates angular momentum conservation. Not listed in Summary Table. 

VALUE (units 10 -6  ) C L ~  DOCUMENT ID TEEN CHG 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<1.4 90 ASANO 82 CNTR + 
<4.0 90 67 KLEMS 71 OSPK + 

67Test o f  model of SeSeri, Nuovo Cimento $0A 291 (1969). 

K + L O N G I T U D I N A L  P O L A R I Z A T I O N  O F  E M I T T E D  p +  

VALUE C L ~  pOCUMENT IO TECN CH6 COMMENT 

4- -0 .990  90 68 AOKI 94 SPEC + 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

< - 0 . 9 9 0  90 I M A Z A T O  92 SPEC + Repl. by AOKI 94 
- 0 . 9 7 0 •  6 9 y A M A N A K A  86 SPEC + 
- 1 . 0  - 0 . 1  69 CUTTS 69 SPRK + 
- 0 . 9 5  •  69 COOMBES 57 CNTR + 

68AOK194 measures {P/~ = - 0 . 9 9 9 6  + 0.0030 • 0.0048. The above l imit is obtained by 
summing the statistical and systematic errors in quadrature, normalizing to the physically 
significant region ( l~Ppl  < 1) and assuming that ~=1,  its maximum value. 

69 Assumes ~=1. 

D A L I T Z  P L O T  P A R A M E T E R S  F O R  
K --+ 3~r D E C A Y S  

Revised 1999 by T.G. Trippe (LBNL). 

The Dalitz plot distribution for K • -+ 7r+Tr• :F, K :L -+ 

7r~176177 and K ~ -~ 7r+Tr-Tr ~ can be parameterized by a series 

expansion such as tha t  introduced by Weinberg [1]. We use the 

form 

where m 2 has been in t roduced to make the  coefficients g, h, /r+ 
j, and k dimensionless, and 

si=(Pg-Pi) 2 = ( m g - m i )  2 - 2 m g T i ,  i = 1 , 2 , 3 ,  

1 1 2 

i 
Here the Pi are four-vectors, mi and Ti are the mass and kinetic 

energy of the i th pion, and the index 3 is used for the odd pion. 

The coefficient g is a measure of the slope in the variable s3 

(or T3) of the Dalitz plot, while h and k measure the quadratic 

dependence on s3 and (s2 - Sl), respectively. The coefficient j 

is related to the asymmetry of the plot and must be zero if C P  

invariance holds. Note also tha t  if C P  is good, g, h, and k must 

be the  same for K + -+ lr+Tr+Tr - as for K -  --+ 7r 7r 7r +. 

Since different exper iments  use different forms for M 2, in 

order to compare  the  exper iments  we have converted to g, h, 

j ,  and k whatever  coefficients have been  measured.  Where  such 

conversions have been done, the measured coefficient ay, at, au, 

or av is given in the comment  at the  right. For definitions of 

these coefficients, details  of this conversion, and discussion of 

the data ,  see the April  1982 version of this note  [2]. 

R e f e r e n c e s  

1. S. Weinberg,  Phys. Rev. Lett .  4, 87 (1960). 
2. Particle Da ta  Group,  Phys.  Lett .  111B,  69 (1982). 

E N E R G Y  D E P E N D E N C E  O F  K • D A L I T Z  P L O T  

Imatrix elementl 2 = 1 + gu + hu 2 + kv 2" 

where u = (s 3 -- SO) / m27r and v = (s I - s2) / m 2 

L I N E A R  COEFFICIENT $1 + FOR K + - -*  r + f + x  - 
Some experiments use I~alitz variables x and y. In the comments we give ay = 
coefficient of  y term. See note above on "Oalitz Plot Parameters for K ~ 3~ 
Decays." For discussion of the conversion of  ay to g, see the earlier version of the 
same note in the Review published in Physics Letters 111B 70 (1982). 

VALUE EVT$ DOCUMENT ID TEEN CHG COMMENT 
- -0 .2154•  OUR AVERAGE Error includes scale factor of  1.4. See the ideogram 

below. 
- 0 . 2 2 2 1 + 0 . 0 0 6 5  225k DEVAUX 77 SPEC + ay=.2814 • .0082 

- 0 . 2 1 5 7 •  750k FORD 72 ASPK + ay=.2734 • .0035 

- 0 . 2 0 0  •  39819 70 HOFFMASTER72  HLBC + 
�9 �9 * We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

--0.196 •  17898 71 GRAUMAN 70 HLBC + ay=0.228 • 0.030 

- 0 . 2 1 8  •  9994 72 BUTLER 68 HBC + ay=0 .2774-  0.020 

- 0 . 2 2  •  542872 ,73  Z INCHENKO 67 HBC + ay=0.28 • 0.03 

70HOFFMASTER 72 includes GRAUMAN 70 data. 
71 Emulsion data added - -  all events included by HOFFMASTER 72. 
72 x E periments with large errors not included in average. 
73 Also includes DBC events. 

r 8 3  _ 80 ] 2 
M2(x l+g~+hLam + m~+ ] 

+j  ( , 2 - s i )  [ s ~ - , 1 ]  ~ 
m~+kL.+ ,-~+ J 

+/ (s2 - ,11 (,3 - so) 
m 2 m 2 + ' ' '  , 

/r+ 7r+ 
(i) 
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QUADRATIC COEFFICIENT h FOR K + --~ x+~r+x-  
VALUE E V T S  DOCUMENT 10 TECN CNG 

0.012 4"0.000 O U R  A V E R A G E  Error includes scale factor of 1.4. See the ideogram 
below. 

-0.0006• 225k DEVAUX 77 SPEC + 
0,0187• 750k FORD 72 ASPK Jr 

-0.009 • 39819 HOFFMASTER72 HLBC Jr 

WEIGHTED AVERAGE 
0.012r (Error scaled by 1.4) 

* 

ii;; ;! 

!i! t �9 �9 �9 DEVAUX 77 SPEC 0.8 
�9 FORD 72 ASPK 1.1 

�9 �9 HOFFMASTER 72 HLBC 2.3 
4.2 

(Confidence Level = 0.123) 

-0.04 -0.02 0 0.02 0.04 0.06 

Quadratic coefficient h for K + -~ ~r + 7r + 7 r -  

QUADRATIC COEFFICIENT k FOR K + ~ w+~t+w - 
VALUE EVTS DOCUMENT ID TECN CHG 
-0.01014"0.0034 O U R  A V E R A G E  Error includes scale factor of 2.1. See the ideogram 

below. 
-0 .0205*0.0039 225k DEVAUX 77 SPEC + 
-0,0075~0.0019 750k FORD 72 ASPK Jr 
-0.0105• 39819 HOFFMASTER72 HLBC Jr 

QUADRATIC COEFFICIENT h FOR K -  --* x - x - x  + 
VALUE EVT$ DOCUMENT ID TECN CHG 

0.010 4"0.006 O U R  AVERAGE 
0.0125+0.0062 750k FORD 72 ASPK - 

-0.001 *0.012 50919 MAST 69 HBC - 

QUADRATIC COEFFICIENT k FOR K -  --* x-~r-~r + 
VALUE EVT5 DOCUMENT ID TEEN CHG 
- 0 . 0 0 8 4 4 " 0 . 0 0 1 9  O U R  AVERAGE 
-0.0083~0.0019 750k FORD 12 ASPK - 
-0 .014 "0.012 50919 MAST 69 HBC - 

(gT+ - g~-) / (Er+ + 8"T-) FOR K4" --* x--I:lr+x - 
A nonzero value for this quantity indicates CP violation. 

VALUE (%) EVT_SS DOCUMENT ID TECN 

--0,704"0.53 3.2M FORD 70 ASPK 

LINEAR COEFFICIENT g FOR K4"  .-~ x4" x~  x ~ 
Unless otherwise stated, all experiments include terms quadratic 
in (s 3 - s0} / m 2 See note above on "Dalitz Plot Parameters for K ~ 37r Decays." E+" 

See BATUSOV 98 for a discussion of the discrepancy between their result and others, 
especially BOLOTOV 86. At this time we have no way to resolve the discrepancy so 
we depend on the large scale factor as a warning. 

VALUE EVT~ DOCUMENT ID TECN CHG COMMENT 
0.6524"0.031 O U R  AVERAGE Error includes scale factor of 2.7. See the ideogram below. 
0.736• 33k 
0,582 • 0.021 43k 
0.670 • 3263 
0.630• 5635 
0.510.0.060 27k 
0.67 • 1365 
0.544 • 0.048 4048 

WEIGHTED AVERAGE 

BATUSOV 98 SPEC + 
BOLOTOV 86 CALO - 
BRAUN 76B HLBC + 
SHEAFF 75 HLBC + 
SMITH ?S WIRE + 
AUBERT 72 HLBC + 
DAVISON 69 HLBC + 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. 

0.806• 4639 78 BERTRAND 76 EMUL + 
0.484*0.084 574 79 LUCAS 738 HBC - 
0.527,0.102 198 78pANDOULAS 70 EMUL Jr 
0.586*0.098 1874 79 BISI 65 HLBC Jr 
0,48 *0 .04 1792 79 KALMUS 64 HLBC Jr 

78 Experiments with large errors not included in average. 
79 Authors give linear flt only. 

-0.0101-~0.0034 (Error scaled by 2.1) 

/ \ 2 
, 77 SPEC 

/ ~ + .\. FORD 72 ASPK 1.8 
I �9 \HOFFMASTER 72 HLBC 0.0 

nfldence Level 0.019"01) 

-0.03 -0,0212 -0.0125 -0.0037 0.005 

Quadratic coefficient k for K + ~ ~+~r+Tr  - 

WEIGHTED AVERAGE 
0.652r (Error scaled by 2,7) 

iil !1ti 

Also emulsion 

Dalitz pairs only 

Also HBC 

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 

LINEAR COEFFICIENT g._ FOR K -  --* ~r-~r-~r + 
Some experiments use ~alitz variables x and y. In the comments we give ay 
coefficient of y term. See note above on "Dagtz Plot Parameters for K ~ 3~r 
Decays." For discussion of the conversion of ay to g, see the earlier version of the 
same note in the Review published in Physics Letters 1118 70 (1982). 

VALUE EVTS DOCUMENT ID TEEN CH6 COMMENT 
--0.217 4"0.007 O U R  A V E R A G E  Error includes scale factor of 2.5. 
-0 �9  750k FORD 72 ASPK - ay=.2770 * .0035 

-0 �9 .0 .010 50919 MAST 69 HBC ay=0.244 * 0,013 

= �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

-0 .199 *0.008 81k 74 LUCAS 73 HBC ay=0.252 * 0.011 

-0,190 • 5778 75,76 MOSCOSO 68 HBC ay=0.242 • 0.029 

-0.220 • 1347 77 FERRO-LUZZI 61 HBC ay=O.28 • 0.045 

74 Quadratic dependence is required by K0 L experiments. For comparison we average only 

those K • experiments which quote quadratic fit values. 
75 Experiments with large errors not included in average. 
76 Also includes DBC events�9 
77 No radiative corrections included. 

Linear energy dependence for K *  --~ ~r• 

Q U A D R A T I C  C O E F F I C I E N T  h FOR K4- --* x ~ % r 0 x  0 
VALUE EVT$ DOCUMENT ID TEEN CH6 COMMENT 

0.0574"0.018 OUR AVERAGE Error includes scale factor of 1.4. See the ideogram 
below. 

0.128/:0.015,0.024 33k BATUSOV 98 SPEC + 
0.037+0.024 43k BOLOTOV 86 CALO - 
0152• 3263 BRAUN 76B HLBC + 
0.041,0.030 5635 SHEAFF 75 HLBC + 
0.009*0.040 27k SMITH 75 WIRE + 

-0 .01 *0 .08 1365 AUBERT 72 HLBC + 
0.026-0.050 4048 DAVISON 69 HLBC + Also emulsion 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.164.0.121 4639 80 BERTRAND 76 EMUL -- 
0.018+0.124 198 80 PANDOULAS 70 EMUL + 

80 Experiments with large errors not included in average. 

~2  

�9 �9 �9 BATUSOV 98 SPEC 20.9 
�9 �9 �9 BOLOTOV 86 CALO 11.0 
�9 , . BRAUN 76B HLBC 0.1 

. �9 SHEAFF 75 HLBC 0.3 
�9 �9 SMITH 75 WIRE 5.6 
�9 �9 AUBERT 72 HLBC 0.1 

i 
. .  DAVISON 69 HLBC 5.0 

43.1 
, (Confidence Level 0.001) 



See key on page 239 

QUADRATIC COEFFICIENT k FOR K • -..* ~'•176 "0 
VALUE EVT5 DOCUMENT ID TECN CHG 

0.0197-I-0.0045• 33k BATUSOV 98 SPEC + 

K/3 AND K~3 FORM FACTORS 

Written by T.G. Trippe (LBNL). 

Assuming that only the vector current contributes to K ---* 

rs decays, we write the matrix element as 

M oc f+(t) [(PK + Pr)~,~7~(1 + 75)v] 

+ y_(t) [m~(1 + ~)~]  , (1) 

where PK and Pr are the four-momenta of the K and 7r mesons, 
me is the lepton mass, and ]+ and f_ are dimensionless form 
factors which can depend only on t = (PK -- Pr) 2, the square 

of the four-momentum transfer to the leptons. If time-reversal 

invariance holds, f+ and f_ are relatively real. Kg3 experiments 

measure f+ and f_,  while Ke3 experiments are sensitive only 

to f+ because the small electron mass makes the f_ term 
negligible. 

(a) Kuz  exper iments .  Analyses of Kg3 data frequently as- 
sume a linear dependence of f+ and f_ on t, i.e., 

f• = f• [1 + ~,(t/m~)] (2) 

Most Kg3 data are adequately described by Eq. (2) for f+ 

and a constant f_  (i.e., A_ = 0). There are two equivalent 

parametrizations commonly used in these analyses: 

(1) A+,~(0)  parametr i za t ion .  Analyses of Kg3 data often 

introduce the ratio of the two form factors 

~(t) = f _ ( t ) / f+ ( t ) .  (3) 

The Kg3 decay distribution is then described by the two 

parameters A+ and 4(0) (assuming time reversal invariance and 
A_ = 0). These parameters can be determined by three different 
methods: 

Method  A. By studying the Dalitz plot or the pion spectrum 

of Kt,3 decay. The Dalitz plot density is (see, e.g., Chounet 

et ~L [1]): 

p(E~, E, )  oc f2(t)  [A + B~(t) + C((t) 2] , 

where 
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A = al(~)p# 

+ mKIm((t)(p~r X p . )  . 

p 2k g 

(6) 

If time-reversal invariance holds, ( is real, and thus there is no 

polarization perpendicular to the K-decay plane. Polarization 

experiments measure the weighted average of ~(t) over the t 

range of the experiment, where the weighting accounts for the 

variation with t of the sensitivity to ~(t). 

(2) A+, Xo parametr i za t ion .  Most of the more recent K#3 

analyses have parameterized in terms of the form factors f+ 
and ]0 which are associated with vector and scalar exchange, 

respectively, to the lepton pair. f0 is related to f+ and f_  by 

fo(t) = :+(t) + [t / (m~ - m~)] :_( t )  . (7) 

Here f0(0) must equal f+(0) unless f_( t )  diverges at t = 0. 
The earlier assumption that f+ is linear in t and f_ is constant 

leads to f0 linear in t: 

fo(t) = f0(0) [1 + Ao(t/m2)] . (8) 

( !~,~ 2 E v -  B=mt~ 2 ~J ' 

c : ~-m~'~ 
4 

E ~  max 2 2 : E~  - E~  = ( ~  + m~  - m . ) / 2 ~  - E ~ .  (4) 

Here E~, Eg, and E~ are, respectively, the pion, muon, and 

neutrino energies in the kaon center of mass. The density p is 

fit to the data to determine the values of A+,~(0), and their 
correlation. 

M e t h o d  B. By measuring the Kg3/Ke3 branching ratio and 

comparing it with the theoretical ratio (see, e.g., Fearing 

et al. [2]) as given in terms of A+ and ~(0), assuming #-e 
universality: 

• • F(K.3)/F(K~3 ) = 0.6457 + 1.4115A+ + 0.1264((0) 

+ 0.0192~(0) 2 + 0.0080A+~(0) , 

r(K~176 : 0.6452 + 1.3162A+ + 0.1264~(0) 

+ 0.0186~(0) 2 + 0.0064A+((0) . (5) 

This cannot determine A+ and ((0) simultaneously but simply 
fixes a relationship between them. 

M e t h o d  C. By measuring the muon polarization in K~3 decay. 
In the rest frame of the K, the # is expected to be polarized in 
the direction A with P = A /  A , where A is given (Cabibbo 

and Maksymowicz [3]) by 
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With the assumption that f0(0) = .f+(0), the two parametriza- 

tions, ()~+, ((0)) and ()~+,),0) are equivalent as long as corre- 

lation information is retained. (A+, A0) correlations tend to be 

less strong than (A+, ~(0)) correlations. 

The experimental results for ((0) and its correlation with 

A+ are listed in the K • and KL ~ sections of the Particle Listings 

in section ~A, (B, or ~C depending on whether method A, B, 

or C discussed above was used. The corresponding values of A+ 

are also listed. 

Because recent experiments tend to use the (A+,A0) 

parametrization, we include a subsection for A0 results. Wher- 

ever possible we have converted ((0) results into ~0 results and 

vice versa. 

See the 1982 version of this note [4] for additional discussion 

of the K% parameters, correlations, and conversion between 

parametrizations, and also for a comparison of the experimental 

results. 

(b) Ken experiments. Analysis of Ke3 data is simpler than 

that of K~3 because the second term of the matrix element 

assuming a pure vector current [Eq. (1) above] can be neglected. 

Here f+ is usually assumed to be linear in t, and the linear 

coefficient A+ of Eq. (2) is determined. 

If we remove the assumption of a pure vector current, then 

the matrix element for the decay, in addition to the terms in 

Eq. (1), would contain 

+2rag fS, t(1 + 75)u 

+(2fT/mK)(PK);~(Pr)I~ ~a~.(1 + "yh)u , (9) 

where fs is the scalar form factor, and fT is the tensor form 

factor. In the case of the Ke3 decays where the f_  term can 

be neglected, experiments have yielded limits on Ifs/]+l and 

I fT I f§  

Refe rences  

1. L.M. Chounet, J.M. Galliard, and M.K. Gaillard, Phys. 
Reports 4C, 199 (1972). 

2. H.W. Fearing, E. Fischbach, and J. Smith, Phys. Rev. D2, 
542 (1970). 

3. N. Cabibbo and A. Maksymowicz, Phys. Lett. 9,352 (1964). 
4. Particle Data Group, Phys. Lett. l l l B ,  73 (1982). 

K~ FORM FACTORS 
In the form factor comments, the following symbols are used. 

f •  and f_ are form factors for the vector matrix element. 

f5 and fT refer to the scalar and tensor term. 

fo = f+ + L t t ( . , ~  - ,.~). 
A+,  A , and AO are the linear expansion coefficients of f+, f_,  and fo" 

A+ (LINEAR ENERGY DEPENDENCE OF f+ IN K~s DECAY) 
For radiative correCtion of Kp~3 Dalitz plot, see GINSBERG 67 and BECHERRAWY 70. 

VALUE EVT5 DOCUMENT ID TECN CHG COMMENT 
0.0276-J-0.0021 OUR AVERAGE 
0.018 • 3k ARTEMOV 97B SPEC - DP I 
0.0284•177 32k 81 AKIMENKO 91 SPEC PI, no RC 
0.029 • 62k 82 BOLOTOV 88 SPEC PI, no RC 
0.027 • 83 BRAUN 73B HLBC + DP, no RC 
0.029 • 4017 CHIANG 72 OSPK • DP, RC neglig- 

hie 
0.027 • 2707 STEINER 71 HLBC + DP, uses RC 
0.045 • 1458 BOTTERILL 70 OSPK PI, uses RC 
0.08 • 960 BOTTERILL 68c ASPK • e +,  uses RC 

-0 .02 +0.08 90 EISLER 68 HLBC + PI, uses RC -0 .12  

0.045 +0.017 -0 .018 854 BELLOTTI 67B FBC + DP, uses RC 

+0.016 • 1393 IMLAY 67 OSPK + DP, no RC 

+0.028 +0.013 e •  ' -0 .014 515 KALMUS 67 FBC • PI, no RC 

-0 .04 • 230 BORREANI 64 HBC § e §  no RC 
-0.010 • 407 JENSEN 64 XEBC - PI, no RC 
+0.036 • 217 BROWN 62B XEBC + PI, no RC 
�9 �9 �9 We do not use the following data for averages, fits, limits, e t c . � 9  �9 �9 

0.025 • 84 BRAUN 74 HLBC • K#3/Ke3 vs. t 

81AKIMENKO 91 state that radiative corrections would raise A+ by 0.0013. 

82 BOLOTOV 88 state radiative corrections of GINSBERG 67 would raise A+ by 0.002. 

83 BRAUN 73B states that radiative corrections of GIN5BERG 67 would lower k ~  by 0.002 

but that radiative corrections of BECHERRAWY 70 disagrees and would raise k~_ by 
0.005. 

84BRAUN 74 is a combined Kp3-Ke3 result. It is not independent of BRAUN 73C (K#3) 
and BRAUN 73B (Ke3) form factor results. 

~A = f - / f +  (determined from K~ spectra) 
The parameter ~ is redundant with "%0 below and is not put into the Meson Summary 
Table. 

VALUE d~ (O)/d.k+ EVT5  DOCUMENT/D TECN CHG COMMENT 
-0 .31 •  OUR EVALUATION Error includes scale factor of 1.6. Correlation is 

d~(O}/d~.+=-14. From a fit discussed in note on 
Kt3 form factors in 1982 edition. PL 111B (April 
1982). 

WHITMAN 80 SPEC 
85 ARNOLD 74 HLBC 
86 MERLAN 74 ASPK 
87 BRAUN 73C HLBC 
88 ANKENBRA... 72 ASPK 
89 CHIANG 72 OSPK 
90 HAIDT 71 HLBC 
91 KIJEWSKI 69 OSPK 

CALLAHAN 66B FBC 

--0.27• - 1 7  3973 + DP 
- 0 . 8  •  - 2 0  490 + DP 
-0 .57•  - 9  6527 + DP 
--0.36• -19 1897 + DP 
-0 .62•  - 1 2  4025 + PI 
+0.45•  - 1 5  3480 + DP 
-1 .1  -+-0.56 - 2 9  3240 • DP 
- 0 . 5  •  - 2 6  2041 • PI 
•177 - 1 7  444 + PI 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

- 0 . 5  •  none 78 EISLER 68 HLBC + PI, A •  

0.0 + 1.1 2648 92 CALLAHAN 66B FBC -}- /~, A + = 0  
-0 .9  

+0.7 •  87 GIACOMELLI 64 EMUL + M U + B R , A + = 0  
-0 .08•  93 JENSEN 64 XEBC + DP+BR 
+1.8 •  76 BROWN 62B XEBC + DP+BR, 

A+=0 

85ARNOLD 74 figure 4 was used to obtain ~A and d~(O)IdA+. 
86 MERLAN 74 figure 5 was used to obtain d~(O)/dA+. 
87 BRAUN 73c gives ~(t) = -0 .34  • 0.20, d~(t)fdA + = - 1 4  for ,~+ = 0.027, t = 6.6. 

We calculate above {(0) and d~(O)ldA + for their ,%+ = 0.025 • 0.017. 

88 ANKENBRANDT 72 figure 3 was used to obtain d~(O)ldA +.  
89CHIANG 72 figure 10 was used to obtain d~(O)/dA+. Fit had , ~  = ,%+ but would not 

change for A_ = 0. L.Pondrom, (private communication 74). 

90 HAl DT 71 table 8 (Dalitz plot analysis) gives d~(O)ldA+ = ( - 1.1 + 0.5)/(0.050- 0.029) 
= -29 ,  error raised from 0.50 to agree with d~(0) = 0.20 for fixed >,+. 

91 KIJEWSKI 69 figure 17 was used to obtain d~(O}/dA+ and errors. 

92CALLAHAN 66 table 1 (~r analysis) gives d~(O)ld~+ = (0.72-0.05)/(0-0.04) = -17 ,  
error raised from 0.80 to agree with d~(0) = 0.37 for fixed A+.  tunknown. 

93 JENSEN 64 gives ,~_ = A~_ = -0 ,020 • 0.027. d~(O)/dX+ unknown, includes SHAK- 

LEE 64 ~B(Kp3tKe3). 
A+ refers to the K~3 value except in the Ke3 sections. 

d(,(O)/d),+ is the correlation between ~(0) and ,~+ in K • /~3' 
dAo/dA + is the correlation between ~'0 and ~,+ in K • #3" 
t = momentum transfer to the ~r in units of m 2. 7r 
DP = Dalitz plot analysis, 

PI - ~r spectrum analysis. 

MU = # spectrum analysis. 

POL= # polarization analysis. 
• • 

BR = KI~3/Ke3 branching ratio analysis. 

E = positron or electron spectrum analysis. 

RC = radiative corrections. 

~,B = f - / f +  (determined from KI~/Ke3 • 
The K~u3/K~e3 branching ratio fixes a relationship between ~(0) and A+. We quote the 

author's ~(0) and associated .~+ but do not average because the A+ values differ. The 
fit result and scale factor given below are not obtained from these ~B values. Instead 

they are obtained directly from the fitted K~.3tK~3 ratio r ( = % + . . ) i r ( = O e + . e ) ,  

with the exception of HEINTZE 77. The parameter ( is redundant with A 0 below and 
is not put into the Meson Summary Table. 

VALUE EVT5 DOCUMENT ID TECN CHG COMMENT 
--0.31"1"0.15 OUR EVALUATION Error includes scale factor of 1.6. Correlation is 

d ~ ( 0 ) / d A + = - 1 4 .  From a fit discussed in note on 
Ki3 form factors in 1982 edition. PL 111B (April 
1982). 

-0 .12•  55k 94 HEINTZE 77 CNTR + A+=0.029 



See key on page 239 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.0 • 5825 CHIANG 72 OSPK 4- A4-=0.03, fig.10 
-0,814-0.27 1505 95 HAIDT 71 HLBC + X+-0.028,  fig.8 
-0 .35•  96 BOTTERILL 70 OSPK 4, A+=0.0454-0.015 

4,0.914-0.82 ZELLER 69 ASPK 4, A4,=0.023 
-0.084-0.15 5601 96 BOTTERILL 68B ASPK • A4-=0.0234-0.008 
-0.604-0.20 1398 95 EICHTEN 68 HLBC + See note 
+1.0 4-0.6 986 GARLAND 68 OSPK 4. A4,=0 
+0.754-0.50 306 AUERBACH 67 OSPK 4- A + = 0  
+0.4 4-0.4 636 CALLAHAN 66B FBC + ~ + = 0  

+0.6 4-0.5 BISI 65B HBC 4- 2.4,=0 

+0.B 4-0.6 500 CUTTS 65 OSPK + A + = 0  

0 17+0.75 SHAKLEE 64 XEBC + A + = 0  
- " " -  0 .99  

94Calculated by us from ~0 and A+ given below. 
95EICHTEN 68 has A+ = 0,023 • 0.008, t = 4, independent of X_.  Replaced by 

HAIDT 71. 
96 BOTTERILL 70 is re-evaluation of BOTTERILL 68B with different ~+ .  

~C = f - / f+  (determined from/~ polarization in K~3 ) 
The # polarization is a measure of ~(t). No assumptions on A + _  necessary, t (weighted 
by sensitivity to ~(t)) should be specified. In A+,  4(0) parametrization this is 4(0) 

for A+=0.  d~/dA = [,t. For radiative correction to muon polarization in K~3, see 
i 

GINSBERG 71. The parameter ~ is redundant with A 0 below and is not put into the 
Meson Summary Table. 

VALUE EVT5 DOCUMENT ID TECN CHG COMMENT 
--0,314"0.15 OUR EVALUATION Error includes scale factor of L6. Correlation is 

d ~ ( O ) / d ~ + = - 1 4 .  From a fit discussed in note on 
Ki3 form factors in 1982 edition, PL 111B (April 
1982). 

-0.254-1.20 1585 97 BRAUN 75 HLBC + POL, t=4.2 
-0.954-0,3 3133 98 CUTTS 69 OSPK + Total pol. t=4.0 
-1 .0  4-0.3 6000 99 BETTELS 68 HLBC + Total pol. t=4.9 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

-0.644-0.27 40k 100 MERLAN 74 ASPK + POL, d{(O)/dA+ 
= +1.7 

-1.4 4-1.8 397 101 CALLAHAN 668 FBC + Total poL 

-0 .7  +0.9 2950 101 CALLAHAN 66B FBC + Long. pol. 
- 3 .3  

4,1.2 4-2.4 2100 101 BORREANI 65 HLBC + Polarization 
- 1 . 8  

-4 .0  to +1.7 500 101 CUTTS 65 OSPK 4- Long. pol. 

97BRAUN 75 d~(O)/dA+ = ~t = -0 .25•  = -1 .0 .  
98CUTTS 69 t = 4.0 was calculated from figure 8. d~(O)/dA+ = ~t = -0 .95 •  = -3 .8 .  
99BETTELS 68 d~(O)/dA+ = ~t = -1 .0 •  = -4 .9 .  

100 MERLAN 74 polarization result (figure 5) not possible. See discussion of polarization 
experiments in note on "Kl3 Form Factors" in the 1982 edition of this Review [Physics 
Letters 111B (1982)]. 

101 t value not given. 

Ira({) In K~I DECAY (from transverse/~ pol.) 
Test of T reversal invariance. 

VALUE EVTS DOCUMENT ID TECN CHG COMMENT 
- 0 . 0 1 4 4 - 0 . 0 1 4  O U R  A V E R A G E  

-0.0134-0.0164-0.003 3.9M ABE 99S CNTR + PT K +  at rest 
-0.016• 20M CAMPBELL 81 CNTR 4- Pol. 

-0 .3  +0.3 3133 CUTTS 69 OSPK 4- Total poL fig.7 
- 0 . 4  

-0.1 •  6000 BETTELS 68 HLBC 4- Total pol. 
0.0 4-1.0 2648 CALLAHAN 66B FBC 4- MU 

4,1.6 4-1.3 397 CALLAHAN 66B FBC 4- Total pol. 

0.5 +1.4 2950 CALLAHAN 66B FBC 4- Long. pol. - 0 .5  
�9 �9 �9 We do not use the following data for averages, fits, limits, e t c . � 9  �9 �9 

-0.0104-0.019 32M 102 BLATT 83 CNTR Polarization 

102 Combined result of MORSE 80 (KO3) and CAMPBELL 81 (K~3). 

,~+ (LINEAR ENERGY DEPENDENCE OF f+ IN K~ DECAY) 
See also the corresponding entries and footnotes in sections ~A. ~C, and A0" For 

radiative correction of K • Da0tz plot, see GINSBERG 70 and BECHERRAWY 70. #3 
VALUE EVT$ DOCUMENT/D TECN CH6 COMMENT 

0 .031 -1 -0o008  O U R  EVALUATION Error includes scale factor of 1.6. ~ ~ dis- 
cussed in note on Kt3 form factors in 1982 edition, 
PL 111B (April 1982). 

0.014• 3k ARTEMOV 97B SPEC - DP 
4,0.0504-0.013 3973 WHITMAN 80 SPEC 4- DP 

0.0254-0.030 490 ARNOLD 74 HLBC 4- DP 
0.0274-0.019 6527 MERLAN 74 ASPK + DP 
0.025• 1897 BRAUN 73r HLBE + DP 
0.0244-0.019 4025 103 ANKENBRA... 72 ASPK 4- PI 

-0.0064-0.015 3480 CHIANG 72 OSPK + DP 
0.0504-0.018 3240 HAIDT 71 HLBC 4- DP 
0.0094-0.026 2041 KIJEWSKI 69 OSPK + PI 
0,0 4-0.05 444 CALLAHAN 66B FBC + PI 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.0294-0.024 3000 104 ARTEMOV 97 SPEC - DP 

103ANKENBRANDT 72 X4, from figure 3 to match dc~(O)/dA4,. Text gives 0.024 4- 0.022. 
104 Superseded by ARTEMOV 97B. 
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A0 (LINEAR ENERGY DEPENDENCE OF f0 IN K~ DECAY) 
Wherever possible, we have converted the above values of ~(0) into values of A 0 using 

the associated X~ and d~/dX . 

VALUE dAo/dA + EVT$ 
0.0064"0.007 OUR EVALUATION 

DOCUMENTID TECN CHG COMMENT 
Error includes scale factor of 1.6. Correlation is 

dAo/dX4 .= -0 .16 .  From a fit discussed in note 
on Kl3 form factors in 1982 edition, PL 1 1 1 B  
(April 1982). 

4-0.0584-0.020 0.0 3k 105 ARTEMOV 978 SPEC - DP 
4.0.0294-0.011 -0 .37 3973 WHITMAN 80 SPEC • DP 
4.0.0194-0.010 • 55k 106 HEINTZE 77 SPEC 4- BR 
§ 4-0.92 1585 107 BRAUN 75 HLBC 4, POL 
-0.0404-0.040 --0.62 490 ARNOLD 74 HLBC 4. DP 
-0.0194-0.015 4-0.27 6527 108 MERLAN 74 ASPK 4. DP 
-0 .008•  -0 .53  1897 109 BRAUN 73C HLBC + DP 
-0.0264-0.013 +0.03 4025 110 ANKENBRA... 72 ASPK + PI 
4-0.0304-0.014 -0.21 3480 110CHIANG 72 OSPK + DP 
-0.0394-0.029 -1 .34 3240 110HAIDT 71 HLBC + DP 
-0.0564-0.024 4--0.69 3133 107 CUTTS 69 OSPK 4- POL 
-0 .031•  -1 .10  2041 110 KIJEWSKI 69 OSPK + PI 
-0 .063•  4-0.60 6000 107 BETTELS 68 HLBC + POL 
+0.058• -0 .37  444 110 CALLAHAN 66B FBC + PI 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

+0.0624-0.024 0.0 3000 111 ARTEMOV 97 SPEC - DP 
-0.0174-0.011 112BRAUN 74 HLBC 4- Kp.3/Ke3vS, 

t 
105ARTEMOV 97B does not give d.>,o/dA + so we take it to be zero. 

106HEINTZE 77 uses A4. = 0.029 4- 0.003. dAo/dA + estimated by us. 

107 A0 value is for X4, = 0.03 calculated by us from 4(0) and df,(O)/dA• 

108 MERLAN 74 A 0 and dAo/dA + were calculated by us from ~A, A~_, and d~(O)/dX+. 
Their figure 6 gives A 0 = -0 .025 • 0.012 and no dAo/dA +.  

109This value and error are taken from BRAUN 75 but correspond to the BRAUN 73c A~_ 

result, d,~,o/d,~,.4, is from BRAUN 73c d~(O)/dA+ in ~A above. 

110A 0 calculated by us from ~(0), ~,~_, and d[,(O)/dX+. 

111 ARTEMOV 97 does not give dAo/dA4, so we take it to be zero. Superseded by ARTE- 
MOV 978. 

112BRAUN 74 is a combined K#3-Ke3 result. It is not independent of BRAUN 73E (K#3) 

and BRAUN 73B (Ke3) form factor results. 

fs/f+l FOR K~3 DECAY 
Ratio of scalar to f4. coup ngs. 

VALUE CL~ E V T 5  DOCUMENT ID TECN CHG COMMENT 
0.0844-0.023 O U R  A V E R A G E  Error includes scale factor of 1.2. 
0.0704-0.016• 32k AKIMENKO 91 SPEC A+,  fs, fT,  

fit 
0.00 • 2827 BRAUN 75 HLBC + 

0.14 4,0.03 2707 STEINER 71 HLBC • X4,' fs, fT,  
-0 .04  

Vp fit 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.13 90 4017 CHIANG 72 OSPK 4- 
<0.23 90 BOTTERILL 68C ASPK 
<0.18 90 BELLOTTI 67B HLBC 
<0.30 95 KALMUS 67 HLBC + 

le/f+l FOR K,~ DECAY 
Ratio of tensor to f4- couplings. 

VALUE CL% E V T 5  DOCUMENT ID TECN CHG COMMENT 
0.384-0.11 O U R  A V E R A G E  Error includes scale factor of 1.1. 

0 5 "~+ 0"09 J-r' ,n " ~ -0 .10  . . . . .  32k AKIMENKO 91 SPEC ~+.  fs, fT, 
r fit 

0.074-0.37 2827 BRAUN 75 HLBC + 

0 2 a+0'16 2707 STEINER 71 HLBC + A+,  f$, fT,  
" ~ - - 0 . 1 4  

r fit 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.75 90 4017 CHIANG 72 OSPK + 
<0.58 90 BOTTERILL 68C ASPK 
<0.58 90 BELLOTTI 678 HLBC 
<1.1 95 KALMUS 67 HLBC + 

FOR K.:*,,~ DECAY fr/f+ 
Ratio of tensor to f4- couplings. 

VALUE EVTS DOCUMENT/D TECN 
0.02 -I-0.12 1585 BRAUN 75 HLBC 

DECAY FORM FACTORS FOR K • --* lr+r-e• 
Given in ROSSELET 77, BEIER 73, and BASILE 71c. 

DECAY FORM FACTOR FOR K *  --* frOfr~177 
Given in BOLOTOV 86B and BARMIN 88B. 
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K =1: --, ~u7 FORM FACTORS 

For def ini t ions o f  the axial-vector F A and vector F V fo rm factor, see the 

"No te  on ~r • ~ t •  and K • ~ t •  ' Form Factors" in the ~ •  
section. In the  kaon l i terature, of ten di f ferent def in i t ions a K = F A / m  K 

and v K = F v / m  K are used. 

FA + I V ,  SUM OF AXIAL-VECTOR AND VECTOR FORM FACTOR FOR 
K ~ eue7  
VALUE EVTS DOCUMENT /D TECN COMMENT 

0.148=E0.010 OUR AVERAGE 
0 .14720 .011  51 113 H E I N T Z E  79 SPEC K ~ e u  7 

0 l~n+O.Ol8 56 114 HEARD 75 SPEC K ~ eu7 
�9 ~ -  0.023 

113 H E I N T Z E  79 quotes absolute value of  I FA  + F V I  sine c. We use sin8 c = Vus = 0.2205. 

114 H E A R D  75 quotes absolute value of I F A  + F V I  sin8 c. We use s i n e  c = Vus = 0.2205. 

FA + Iv, SUM OF AXIAL-VECTOR AND VECTOR FORM FACTOR FOR 
K ~ #u/,7 
VALUE EL% DOCUMENT ID TErN COMMENT 

< 0.23 90 115 A K I B A  85 SPEC K ~ /~v3' 

�9 �9 �9 We do not  use the  fo l lowing data for averages, fits, l imi ts,  etc. �9 �9 �9 

- 1 . 2  tO 1.1 90 D E M I D O V  90 X E B C  K ~ # u 7  

115 A K I B A  85 quotes absolute value. 

FA - FV,  DIFFERENCE OF AXIAL-VECTOR AND VECTOR FORM FAC- 
TOR FOR K --~ cues, 
VALUE EVT5 DOCUMENT /D TEEN COMMENT 

<0.49 90 116 H E I N T Z E  79 SPEC K ~ eu'7 

116HEINTZE 79 quotes IFA - FVI < ~ IFA + FVI. 

FA - Fv ,  DIFFERENCE OF AXIAL-VECTOR AND VECTOR FORM FAC- 
TOR FOR K --* #u/~,), 
VALUE CL~ DOCUMENT ID TEEN COMMENT 

-2.2 tO 0.3 OUR EVALUATION 
- 2 . 2  to  0,6 90 D E M I D O V  90 X E B C  K ~ /~v')' 

- 2 . 5  tO 0.3 90 A K I B A  85 SPEC K ~ /Ju'7 
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PRL 20 955 O. Cutts et al. (LRL, MIT) 
PR 180 1333 D.C. Davison et aL (UCR) 
PR 180 1319 R.P.J. Ely et al. (LOUC, WISE, LRL) 
PRL 23 393 J.M.L Emmerson, T.W. Quirk (OXF) 
PR 185 1403 D. Herzo et aL (ILL) 
Thesis UERL ]8433 P.K, K]ewski (LBL) 
PR ]85 1678 F, Lobkowicz et al. (ROCH, BNL) 
PRL 17 548 F, Lobkowicz ef aL (ROCH, BNL) 
PRL 22 32 RJ. Macek et al. {PENN, TEMP) 
PR ]83 1200 T.S. Mast et al. (LRL) 
NC 60A 2% F. Selteri 
PR ]82 1420 ME. Zeller et aL (UCLA, LRL) 
NC 56A 1106 J. Bettels (AACH, BARI. BERG, CERN, EPOL+) 
PR D3 10 D, Haidt (AACH, BARI, CERN, EPOL, NIJM+) 
PRL 2] 766 D,R BotteHII et aL (OXF) 
PR ]74 1661 D.R. BotteHII et aL (OXF) 
UCRL 18420 W.D. Butler et aL (LRL) 
PRL 20 510 C.Y. Chan E el al. (UMD, RUTB) 
PRL 20 73 M, Chen et aL (LRL. M]T) 
PL 27B 586 T. Eichten (AACH, BARI, CERN, EPOL, ORSAY+) 
PR 169 1090 FR. Eisler et aL (RUTG) 
PR 155 1487 ET. Eschstrut~ ef al. (PR~N, PENN) 
PR 157 ]225 R. Garland el aL {COLU, RUTG, WISC) 
Thesis L. M oscoso (ORSAY) 
PR 155 ]505 L,B, Auerbach et aL {PENN, PRIN) 
PR D9 5216 LB. Auerbach 

Heidelberg Conf. E. Bellotti, A. Pullia (MILA) 
NE 52A 1287 E. Bellottl. E. Fiorini, A, Pullla (MILA) 
PL 20 690 E. Bellottl et aL (MILA) 
PL 255 572 V. Bisi et al, ITORI) 



See key on page 239 

BOTTERILL 67 PRL 19 982 D.R. Botterill et aL (OXF) 
AlSO 68 PR 17I 1402 D.R. Botterill et aL (OXF) 

BOWEN 07B PR 154 1314 D.R. Bowen et aL (PPA) 
CLINE 67B Herceg Novi Tbl. 4 D. Cline 

Prec. International School on Elementary ParUcle Physics. 
FLETCHER 67 PRL 19 98 C,R. Ftetcher et ah (ILL) 
FORD 67 PRL 18 1214 W,T. Ford et aL (PRIN) 
GINSBERG 67 PR 162 1570 E,S. Glnsberg (MASB) 
IMLAY 67 PR 160 1203 R.L. Imlay et at. (PRIN) 
KALMUS 67 PR 159 I187 G.E. Kalmus, A. Kernan (LRL) 
ZINCHENKO 67 Thesis Rutgers A.I. Zinchenko (RUTG) 
CALLAHAN 66 NC 44A 90 A.C. Callahan (WISE) 
CALLAHAN 66B PR 150 1153 A.C. Callahan et ah (WISE, LRL. UCR+) 
s 66 PC 21 343 R. Cester et ah (PPA) 

See footnote 1 in AUERBACH 67. 
AlSO 67 PR 158 1505 L.B. Auerbach et aL (PENN. PRIN) 

BIRGE 65 PR 139B 1600 R.W. Birge et aL (LRL, WISE) 
BISI 65 NC 35 768 V. BlSl et aL (TORI) 
BISI 65B PR 1398 1068 V. Bisi et al. (TORt) 
BORREANI 65 PR 140B 1686 G. Borreani et aL (BARI, TORI) 
CALLAHAN 65 PRL 15 329 A. Callahan, D. Cline (WlSC) 
CAMERINI 6B NC 37 1795 U. Camerini et aL (WISC, LRL) 
CLINE 65 PL 15 293 D, Ctille, W.F, Fry (WISE) 
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mKo - mK• 

VALUE (MeV) EVT5 DOCUMENT ID TECN CHG COMMENT 

3 . 9 9 5 - t - 0 . 0 3 4  O U R  F I T  Error includes scale factor of 1.1. 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

3.95 4-0.21 417 HILL 68B DBC 4- K + d  ~ K O p p  

3.90 4-0.25 9 BURNSTEIN 65 HBC - 

3.71 4-0.35 7 KIM 65B HBC K -  p ~ n K  0 

5.4 4-1.1 CRAWFORD 59 HBC 4- 
3,9 4-0.6 ROSENFELD 59 HBC - 

ImKo - ' ~ I  / m,~r~ 
A test of C P T  invariance. 

VALUE DOCUMENT ID 
CUTTS 65 PR 138B 969 D. Cutts, T. Elioff, R. Stiening (LRL) 
DEMARCO 65 PR 140B 1430 A. de Marco, C. Grosso, G. Rinaudo (TORI, CERN) 
FITCH 65B PR 140B 1088 V.L Fitch, C.A. Quarles, H.C. Wilklns {PRIN+) 
GREINER 65 ARNS 15 67 D, Greiner (LRL) 
STAMER 65 PR 138B 440 P. Stamer et ah (STEV) 
TRILLING 65B UERL 16473 G.N. Trilling (LRL) 

Updated from 1965 Argonne Conference, page 5. 
YOUNG 65 Thesis UCRL 16362 P.S. Yoong (LRL) 

AlSO 67 PR 150 1464 P.S. Young, W.Z. Osborne. W.H. Barkas (LRL) 
BORREANI 64 PL 12 123 G. 8orreani. E. Rinaudo, A.E Weri~ouck (TORI) 
EALLAHAN 64 PR 136B 1463 A. Callahav, R. March, R. Stark (WISE) 
CAMERINI 64 PRL 13 318 U. Camerlni et al. (WISE. LRL) 
CLINE 64 PRL 13 101 D, Oine, W.F, Fry (WISE) 
GIACOMELLI 64 NC 34 1134 G. GiacomeB] et aL (BGNA, MUNI) 
GREINER 64 PRL 13 284 D.E, Greiner, W.Z. Osborne, W.H. Barkas (LRL) 
JENSEN 64 PR 136R 1431 G.L. Jensen et ah (MICH) 
KALMUS 64 PRL 13 99 G.E. Kalmus et aL (LRL, WISE) 
SHAKLEE 64 PR 1368 1423 F,S. Shaklee et ah (MIEH) 
8ARKAS 63 PRL 11 26 W.H. Barkas, J.N. Dyer, H.H. Heckman (LRL) 
8OYARSKI 62 PR 128 2398 A.M. Boyarski et at. (MIT) 
BROWN 62B PRL 8 480 J.L Brown et ah (LRL, MICH) 
BARKAS 61 PR 124 1209 W.H. Barkas et al. {LRL) 
BHOWMIK 61 NC 20 857 8, Bhowm[k, P.C. Jail, P.E, Math~r (DELH) 
FERRO-LUZZI 61 NC 22 1087 M. Ferro-Luzzl et aL (LRL) 
NORDIN 61 PR 123 2166 P. Nordin (LRL) 
ROE 61 PRL 7 346 B.P. Roe et aL (MICH, LRL) 
FREDEN 608 PR 118 564 S.C. Freden, F.C. Gilbert, RS. White (LRL) 
BURROWES 59 PRL 2 117 H.C. Burrowes el aL (MIT) 
TAYLOR 59 PR 114 359 S. Taylor et al. (COLU) 
EISENBERG 58 NC 8 663 Y, Eise~berg el al. (BERN) 
ALEXANDER 57 NC 6 47B G. Alexander, R.H.W. Johnston, C. O'Ceallaigh 
COHEN 57 Fund, Covs. Phys, E.R, Cohen, K.M. Oowe, J.W.M du Mond (NAAS+) 
COOMBES 57 PR 108 134B C.A. Coombes et aL (LBL) 
BIRGE 56 NC 4 834 R,W. Birge et aL (LRL) 
ILOFF 56 PR 102 927 E.L. Iloff et aL (LRL) 

- -  OTHER RELATED PAPERS 

LITTENBERG 93 ARNPS 43 729 L,S. Littenberg, G, Valencia (BNL, FNAL) 
Rare a~d Radiative Kaon Decays 

RITEHIE 93 RMP 65 1149 J.L. Ritchie, S,G. Wojcicki 
"Rare K Decays" 

BATTISTON 92 PRPL 214 293 R. Battiston et al. (PGIA, CERN, TRSTT) 
Status and Perspectives of K Decay Physics 

BRYMAN 89 UMP A4 79 D,A. Bryman (TRIU) 
"Rare Kaon Decays" 

CHOUNET 72 PRPL 4C 199 L.M. Chounet, J.M Gaillard, M.K. Galliard (ORSAY+) 
FEARING 70 PR D2 542 H.W. Fearing, E. Fischbach, J. Smith (STON, BOHR) 
HAIDT 69B PL 29B 696 D. Haldt et al. (AACH, BARI, CERN, EPOL+) 
CRONIN 68B Vienna Cone 241 J.W. Cronln (PRIN) 

Rappo~teur talk 
WILLIS 67 Heidelberg Conf. 270 W.J. Willis (YALE) 

Rapporteur talk 
CABIBBO 66 Berkeley Conf. 33 N, Cabibbo (CERN) 
ADAIR 64 PL 12 67 R.K. Adair, LB. Le[puner (YALE, BNL) 
CABIBBO 64 PL 9 352 N Cabibbo, Maksyrnowicz (CERN) 

Also 64B PL 11 360 N, Cabibbo, Maksymowicz (CERN) 
AlSO 65 PL 14 72 N. Cabibbo, Maksymow~cz (CERN) 

BIRGE 63 PRL 11 35 R.W. Birge et ah (LRL, WISE, BARI) 
BLOCK 62B EERN Conf. 371 M.M. Block, L, Lendinara, L. Monad (NWES, BGNA) 
BRENE 61 NP 82 553 N. Breae, L. Egardt, B. Qvist (NERO) 

r ~  i(J P) = ~(o-) 

K ~ MASS 

VALUE (Men) EVT5 DOCUMENT ID TEEN COMMENT 

497.6724-0.031 OUR FIT 
497,672-1-0.0"~1 OUR AVERAGE 
497.6614-0.033 3713 BARKOV 87B CMD e + e  - ~ KO K 0 

497.742 4- 0.085 780 BARKOV 85B CMD e + e  - K t J K  tJ 
L 5 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

497,44 4-0.50 FITCH 67 OSPK 

498.9 4-0.5 4500 BALTAY 66  HBC K 0 from ~ p  

497.44 4-0.33 2223 KIM 65B HBC K 0 from ~ p  
498.1 4-0.4 CHRISTENS...  64 OSPK 

<10 -18 OUR EVALUATION 

T-VIOLATION PARAMETER IN K~ ~ MIXING 

r(~O ~KO)_F(K o ~ o )  must vanish i f  
The asymmetry A T = r ( ~ O  ~KO)+F(K o ~ o )  
Tinvariance holds. 

ASYMMETRY A T IN K~ "~ MIXING 
VALUE (units 10-3t EVTS DOCUMENT ID TEEN 

6 .6"4" I .3"~I .0  640k 1 ANGELOPO.. .  98E CPLR I 
1ANGELOPOULOS 98E measures the asymmetry A T :  [r(R't0 O ~ e + ~ - - v t : r )  - J 

r(Kt0:0 ~e - -+~ t :~ ) l / [ r (~0 :  o ~ e + ~ - ~ t :  ~) + r(KtO=0 ~ e - ~ + ~ t : , ) ]  
as a funct ion of the neutral-kaon eigentime v. The init ial strangeness of the neutral  I 
kaon is tagged by the charge of the accompanying charged kaon in the reactions p #  

I K -  7r + K 0 and p ~  ~ K + ~ -  K - 0 .  The strangeness at the t ime of the decay is tagged 
by the lepton charge. The reported result is the average value of A T over the interval 
l ' r  s < ~ < 20T s. 

C P T  I N V A R I A N C E  T E S T S  IN  N E U T R A L  K A O N  
D E C A Y  

Written September 1999 by P. Bloch, CERN. 

T h e  t i m e  e v o l u t i o n  of  a n e u t r a l  k a o n  s t a t e  s t a t e  is d e s c r i b e d  

b y  
2 

= A _ =  M -  dt ' 2 (1) 

where M and F are Hermitian 2 x 2 matrices known as the mass 

and decay matrices. The corresponding eigenvalues are AL,S = 
i rnL,S -- ~TL,S. CPT invariance requires the diagona! elements 

of A to be equal. The CPT-violation complex parameter A is 

defined as 

A = AFo~o - AKOKO 

2(~L - As) 

=Allexp( i$sw)  + A L e x p ( i ( r  2) ) (2) 

where we have introduced the projections &It and A i  respec- 
tively parallel and perpendicular to the superweak direction 

esw = t a n - l ( 2 A m / A T )  �9 These projections are linked to the 
mass and width difference between K ~ and ~0:  

1 7K~ -- 7K~ , A_L = 1 mKo -- m-R-~ 

A m  2 + - -  m 2 + - -  

(3) 
Re(A) can be directly measured by studying the time 

evolution of the strangeness content of initially pure K ~ and 

~ 0  states, for example through the asymmetry 

p[~O ---, ~o(t)]  _ p[Ko --+ KO(t)] = 4Re(A) (4) 
Acp T = p - - ~ =  ~--o(t)] + PIE ~ -~ g0(t)]  
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where P[a ~ b(t)] is the probability tha t  the pure initial state 

a is seen as state b at  proper t ime t. This method has been 

used by tagging the initial strangeness with strong interactions 

and the final strangeness with the semileptonic decay (a more 

appropriate combination of semileptonic rates allows to be 

independent of any direct CPT violation in th  e decay itself) 

and yields today's best value of Re(A), compatible with zero 

with an error of ~ 3 x 10 -4. 

As an alternative it has been proposed to compare the 

semileptonic charge asymmetries for KL and KS 

R(KL,S -"* ~r-t+u) - R(KL,s ~ ~r+~.-~) 

6~,~ - ~--(-(-(-(-(-(-(-(k~,s -~ . - - : V ~ )  T R( t~ ~,s  ~ . + e -  ~) ' 

@ - 65 = 4Re(A) . (5) 

6L has been accurately measured and 68 should be measured 

in the near future with tagged KS at r factories. Note however 

tha t  Eq. (5) assumes CPT invariance in the AS = - A Q  

semileptonic decay amplitude. 

The present accuracy on the term 17+-I(r 2 1 - 5 r  - 5 r  is 
2.6 x 10 -5. 6r gets contributions from CP violation in semilep- 

tonic and 37r decays [2,3] and can only be neglected at the 

present t ime if one assumes tha t  7/ooo is not significantly larger 

than 7+-0. Furthermore, B0 is not directly measured, so ad- 

ditional assumptions (for example, CPT conservation in the 

decay which implies B0 = 0) or a combination with other 

measurements are necessary to obtain A• 

If one assumes unitarity, one can measure Im(A) using 

the Bell-Steinberger relation which relates KS and KL decay 

amplitudes into all final states f :  

1 
Re(eT) - i Im(A) = 2 ( iAm + 1(')' L + ")'S)) • Z A f z A * f s  " (8) 

Since the rrTr amplitudes dominate, the result relies also strongly 

on the r162  phase measurements. The advantage is tha t  Bo does 

not enter. Using all available data, one obtains a value of Ira(A) 

compatible with zero with a precision of 5 x 10 -5. The precision 

Im ) / Re (Ao)  

-2, y / I 
: / r l + - ~  iSdP 

//,/4 
/ s l "  

~ " r  
////%o *+- Re 

F i g u r e  1: CP- and CPT-violation parameters 
in 2rr decay. 

here is also limited by the poor measurement of 7oo0. 

The results on Re(A) and Ira(A) can be combined to obtain 

AII and A•  and therefore the K ~  ~ mass and width difference 

shown in Fig. 2. The current accuracy is a few 10 -18 GeV for 

both. 

0 20  
oo 

lO 

i 

o 

-10 

k 

-20  . . . .  ' . . . .  ' . . . .  ' . . . .  ' . . . .  ' '  
-15  -10  -5 0 5 10 

m Ko - m ~ o  [ 1 0  -18  O e V ]  

A.k can be obtained from the measurement of the ~r~r 

decays CP-violation parameters t/+_ and 700. Figure 1 shows 

the various contributions to 7 ~  [1]. The T-violation parameter  

e T  

�9 IAK~176  12 - -  l A g ~ 1 7 6  12 ( 6 )  

e T = Z A T ( / ~ L  _ A S  ) 

has been defined in such a way tha t  it is exactly aligned along 

the superweak direction [$]. AI (resp. BI) is the CPT-eonserving 

(resp. violating) decay amplitude for the 7rTr Isospin I state, e' 

is the direct CP/CPT-violation parameter  Is' = 1 /3 (7+-  -700)] 

and 6r = 1 [~r  - arg(A~A0)] is the phase difference between 

the I = 0 component of the decay amplitude and the matr ix 

element FKOR~. From Fig. 1 one obtains 

2 1 
A .  =lT+-I(r - 5r - 5r 

Re(B0) s i n "  " a~(Ao) ~ s w )  +_ 6r cos(r (7) 

F i g u r e  2: K ~  ~ mass vs width difference. 

If one assumes tha t  CPT is conserved in the decays (TK o = 

7 ~ ,  All  = O, B1 = 0), the phase of A is known, and the 

A• and Bell-Steinberger methods are identical. Assuming in 

addition 7+-0 = 7000, one in this case obtains a limit for 

]mKo -- m-R-o [ of 4.4 x 10 -19 GeV (90%ca) .  

F o o t n o t e s  a n d  R e f e r e n c e s  
[$] Many authors have a different definition of the T-violation 

parameter,  e = (A~aKO - AKO-R~)/(2(AL - AS)). e is not 
exactly aligned with the superweak direction. The two defi- 
nitions can be related through e = eT q- i6r 

1. See for instance, C.D. Buchanan et al., Phys. Rev. D45,  
4088 (1992). See also the Second Daphne Handbook, Ed. 
L.Maiani et al., INFN Frascati (1995). 

2. V.V. Barmin et al., Nucl. Phys. B247,  293 (1984). 
3. L. Lavoura, Mod. Phys. Lett. A7,  1367 (1992). 
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CPT-VIOLATION PARAMETERS IN K~ ~ MIXING 

I f  CP-violating interactions include a T conserving part then 

1CARITHERS 75 value is for m 0 - m o A m  = 0.5301 4- 0.0013. The ~,m dependence 
K L K S 

of the total decay rate (inverse mean life) is F (K  O) = [(1.122 • 0.004)+0.16(Z~m - 

tKs) = [JKx)+(~+ A ) I K 2 ) ] / ~  

iKL) = [IK2)+(~ - ~ ) I K I > ] / ~  
where 

IKI> : [IK0> + I~0>]/~ 
IK2) : [IK0) - Ig0 )~ /~  

and 

I~O) = CPIK~ ). 
The parameter A specifies the CPT-violat ing part. 

Estimates of  A are given below assuming the validity of  the A S - - A Q  rule. 
See also T H O M S O N  95 for a test of  CPT-symmetry conservation in K 0 

0.5348)/Am11010/S, or, in terms of meanlife T s = 0 .8913:5  0.0032 - - 0 .238 (Am -- 

0.5348) where A m  and T s are in units of  1010hs - 1  and 10 -10s  respectively. 

2HILL  68 has been changed by the authors from the published value (0.865 4- 0.009) 
because of a correction in the shift due to xt4- . SKJEGGESTAD 72 and HILL 68 give 
detailed discussions of systematics encountered in this type of experiment. 

3 ARONSON 82 find that K 0 mean life may depend on the kaon energy. 

4 FACKLER 73 does not include systematic errors. 
5 Pre-1971 experiments are excluded from the average because of disagreement with later 

more precise experiments. 
6H ILL  68 has been changed by the authors from the published value (0.865 • 0.009) 

because of a correction in the shift due to r/_t__. SKJEGGESTAD 72 and HILL 68 give 
detailed discussions of systematics encountered in this type of  experiment. 

decays using the BelI-Steinberger relation. 

REAL PART OF A 
A nonzero value violates CPT invariance. 

VALUE (units 10 -4  ) EVT5 DOCUMENT ID TECN COMMENT 
2.9-- 2.7 OUR AVERAGE 
2.9:5 2 ,6 •  1.3M 2 ANGELOPO...  98F CPLR I 

180 :5200 6481 3 D E M I D O V  95 K l3  reanalysis I 
2 If A S : A Q  is not assumed, ANGELOPOULOS 98F finds ReA=(3 .0  • 3.3:5 0.6) x 10 - 4 .  I 
3 DEMIDOV 95 reanalyzes data from H A R T  73 and NIEBERGALL 74. 

IMAGINARY PART OF ~, 
A nonzero value violates CPT invariance. 

VALUE (units ]0 -3  ) E V T S  DOCUMENT ID TECN COMMENT 
- 0.8-- 3.1 OUR AVERAGE 
- 0.94- 2 .9 •  1.3M 4ANGELOPO. . .  98F CPLR I 

21 4-37 6481 S D E M I D O V  95 Kt3 reanalysis I 
4 If A S = A Q  is not assumed, ANGELOPOULOS 98F finds I m A = ( -  15 • 23 - 3) • 10 - 3 ,  I 
5 D E M I D O V  95 reanalyzes data from HART 73 and NIEBERGALL 74. 

K O DECAY MODES 

Scale factor /  
Mode Fraction ( I - i /F )  Confidence level 

r l  ~T+~T - (68.61:50.28) % S=1.2 

F2 ~T 0 / r  0 (31.394-0.28) % S=1.2 

F3 7r+~-9' [a,b] (1.78• • lO -3 
F4 9'3' ( 2.4 4-0.9 ) x 10 -6 

F5 =+~-~o ( 32 _+~i02 )x10-7 
F 6 3~r 0 < 1.4 x 10 -5 CL=90% 
F 7 /r:5 e zF zJ e to] ( 7.2 4-1.4 ) x 10 - 4  

F8 ~•  u~ it] 

AS = I weak neutral current ( $ / )  modes 
F 9 # + # -  51 < 3.2 x 10 - 7  CL=90% 

F10 e + e-  $1 < 1.4 x 10 -7 CL=90% 
F11 ~0 e + e -  $1 < 1.1 x 10 -6 CL=90% 

K ~ REFERENCES 

ANGELOPO... 98E PL B444 43 A. Angelopoulos et aL (CPLEAR Collab.) 
ANGELOPO_. 98F PL B444 52 A. Angelopoulos et aL (CPLEAR Collab.) 
DEMIOOV 95 PAN 58 968 V. Demidov, K, Gusev, E. Shabalin (ITEP) 

From YAF 58 1041. 
THOMSON 95 PR 05t 1412 G.B. Thomson, Y. Zou {RUTG) 
BARKOV 878  SJNP 46 630 L.M, Barkov et aL (NOVO) 

Translated from YAF 46 1088. 
BARKOV 858 JETPL 42 138 L.M. Barkov et aL (NOVO) 

Translated from ZETFP 42 113. 
NEBERGALL 74 PL 49B 103 F. Niebergall et aL (CERN, ORSAY, VIEN) 
HART 73 NP B66 317 J.C. Hart et aL (CAVE, RHEL) 
HILL 68B PR 168 1534 O.G. Hill el aL (BNL, CMU) 
FITCH 67 PR 164 1711 V.L Fitch et aL (PRIN) 
BALTAY 66 PR 142 982 C. Baltay et aL IYALE, BNL) 
BURNSTEIN 65 PR 138B 895 R,A. Burnstein, H.A. Rubin (UMD) 
KIM 65B PR 140B 1334 J.K. Kim, L. Kitsch, D. Miller (COLU) 
CHRISTENS... 64 PRL 13 138 J.H. Christenson et aL (PRIN) 
CRAWFORD 59 PRL 2 112 F.S. Crawfofd et aL (LRL) 

[a] Most of this radiative mode, the low-momentum 9' part, is also included 
.in the parent mode listed without 9''s. 

[b] See the Particle Listings below for the energy limits used in this mea- 
surement. 

[c] The value is for the sum of the charge states or particle/antiparticle 
states indicated. 

CONSTRAINED FIT INFORMATION 
An overal l  f i t  t o  3 branching rat ios uses 17 measurements and one 

constra int  to  determine 2 parameters.  The  overal l  f i t  has a X 2 = 
16.5 for  16 degrees o f  f reedom. 

ROSENFELD 59 PRL 2 110 A,H. Rosenfeld, F.T. Solmitz, R.D. Tfipp 

r ~  i(J P) = �89 

K ~ MEAN LIFE 

For earlier measurements, beginning with BOLDT  58B, see our our 1986 
edition. Physics Letters 17OB 130 (1986). 

OUR FIT is described in the note on "Fits for K 0 CP-Violation Parame- 

ters" in the K/0 Particle Listings. 

VALUE (10 -10 S) EVTS 
0,8935+0.0008 OUR F IT  
0.8940+0.0009 OUR AVERAGE 
0.8971 =l= 0.0021 
0.8941:5 0.0014:5 0.0009 

0.8929:50.0016 
0 .8920•  0.0044 214k 
0.881 •  26k 
0.8924--0.0032 1 
0.8937:5 0.0048 6M 
0.8958--0.0045 50k 2 
�9 �9 �9 We do not use the following 

0 .905 :50 .007  3 
0.867 --0.024 2173 4 
0.856 :50.008 19994 5 
0 .872 :50 .009  20000 5,6 
0,866 :50.016 5 
0.843 :50.013 5000 5 

DOCUMENT ID TECN COMMENT 

BERTANZA 97 NA31 
SCHWINGEN.. .95 E773 

GIBBONS 93 E731 
GROSSMAN 87 SPEC 
ARONSON 76 SPEC 
CARITHERS 75 SPEC 
GEWENIGER 74B ASPK 
SKJEGGEST... 72 HBC 

A m  free, ,~+_ =@SW 

data for averages, fits, limits, etc. �9 �9 �9 

ARONSON 82B SPEC 
FACKLER 73 OSPK 
DONALD 688 HBC 
HILL 68 DBC 
ALFF-.., 66B OSPK 
KIRSCH 66 HBC 

(LRL) The  fo l lowing off-diagonal array etements are the corre lat ion coeff ic ients 

16x i6x~ / (6x~ .6x~ ) ,  in percent, f rom the f i t  to  the branching f ract ions,  x i 
F j F t o t a  I. The  f i t  constrains the x i whose labels appear in th is array to  sum to 

one. 

x 2 [ - I 00  

Xl 

K~ DECAY RATES 

r (~-- e~ vo) rz 
VALUE (lO s S - 1 )  E V T S  DOCUMENT ID TECN COMMENT 

8.1 -F l .6  75 7 A K H M E T S H I N 9 9  CMD2 Tagged K ~ u s i n g ~  I 

K ,  0 K0,. 
L 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

7 .50•  B PDG 98 I~ 
seen BURGUN 72 HBC K +  p --+ KO p~r + 
9 . 3 : 5 2 . 5  AUBERT 65 HLBC A S = A Q ,  CPcons. not 

assumed 
7 A K H M E T S H I N  99 is from a measured branching ratio B(K O ~ f e t e ) =  (7.2 --  ! .4)  • i 

10 - 4  and 7KO= (0.8934:5 0.0008) x 10 - 1 0  s. j 

8 PDG 98 from K 0 measurements, assuming that A S = A Q  in K 0 decay so that  F (K  O . I 
~:se~.e)= r(KO ~ ---e~"e). I 

VALUE (186 S- t ) DOCUMENT ID 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

5 .25+0.07 9 PDG 98 i 

9 PDG 98 from KL0 measurements, assuming that A S = A Q  In K 0 decay so that  F (K  O ~ I 

. :5,T ~.)= r(K~ - . - - ,7 . , ) .  I 
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K 0 BRANCHING RATIOS 

r(.+,-) /rt== 
VALUE E V T 5  DOCUMENT ID TECN 
0.68614"0.0028 OUR FIT Error includes scale factor of 1.2. 
0.671 4"0.010 OUR AVERAGE 
0.670 • 3447 10 DOYLE 69 HBC 
0.70 • COLUMBIA 60B HBC 
0,68 • CRAWFORD 59B HBC 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. * �9 * 

0.740 • 10 ANDERSON 62B HBC 

10 Anderson result not published, events added to Doyle sample. 

rz/r 
COMMENT 

~ r - -p~  AK 0 

r(,+.-)/r(.O.O) q/r2 
VALUE EVTS DOCUMENT ID TECN COMMENT 
2.1864"0.028 OUR FIT Error includes scale factor of 1.2. 
2.1974" 0.026 OUR AVERAGE 
2.11 • 1315 EVERHART 76 WIRE ~r- p ~ AK 0 
2,169• 16k COWELL 74 OSPK 7 r -p  ~ AK 0 
2.16 • 4799 HILL 73 DBC K + d  ~ KOpp 
2.22 • 3068 11 ALITTI  72 HBC K + p  ~ 7r+pK 0 
2.22 • 6380 MORSE 72B DBC K + n  ~ KOp 
2.10 • 701 12NAGY 72 HLBC K + n ~  KOp 
2.22 • 6150 13 BALTAY 71 HBC Kp  ~ K0neutrals 
2.282• 7944 14 MOFFETT 70 OSPK K + n  ~ KOp 
2.10 • 3700 MORFIN 69 HLBC K + n ~  KOp 
�9 = �9 We do not use the following data for averages, fits, limits, etc. �9 * �9 

2.12 • 267 12 BOZOKI 69 HLBC 
2.285• 3016 14 GOBBI 69 OSPK K + n ~ KOp 

11The directly measured quantity is K O ~ 7r+~-/al l  K 0 = 0.345 • 0.005. 

12NAGY 72 is a final result which includes BOZOKI 69. 
13The directly measured quantity is K 0 ~ ~+ ~- /a l l  K ~0 = 0.345 • 0.005. 

14 MOFFETT 70 is a final result which includes GOBBI 69. 

r(-%O)/r~=l r=/r 
VALUE EVT5  DOCUMENT /D TECN 
0.3139+0.0028 OUR FIT Error includes scale factor of 1.2. 
0.316 4"0.014 OUR AVERAGE Error includes scale factor of 1.3. See the ideogram 

below. 
0.335 • 1066 BROWN 63 HLBC 
0.288 • 198 CHRETIEN 63 HLBC 
0.30 • BROWN 61 HLBC 
0.26 • BAGLIN 60 HLBC 
0.27 • CRAWFORD 59B HBC 

r ( .+ , -~ ) / r ( ,+ , - )  
VALUE (u~its 10 -3 ) EVT5 
2.604"0.08 OUR AVERAGE 
2.56:=0.09 1286 

2.68• 

2.8 • 

3.3 •  10 

no ratio given 27 

DOCUMENT ID TEEN COMMENT 

RAMBERG 93 E731 P'7 >50 MeV/c 

15 TAUREG 76 SPEC P3' >50 MeV/c  

16 BURGUN 73 HBC p,}, >50 MeV/c 

WEBBER 70 HBC p3. >50 MeV/c 

BELLOTTI 66 HBC P3' >50 MeV/c 

r~/r, 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 * 

7,10• 3723 RAMBERG 93 E731 P'7 >20 MeVlc  

3,0 •  29 17 BOBISUT 74 HLBC P3" >40 MeV/c 

15TAUREG 76 find direct emission contribution <0.06, EL = 90%. 
16BURGUN 73 estimates that direct emission contribution is 0.3 • 0.6. 
17 BOBISUT 74 not included in average because p,~ cut differs. Estimates direct emission 

contribution to be 0.5 or less. EL = 95%. 

r (~) / r= , ,  
VALUE (units i0 -6) CL~ E V E S  DOCUMENT ID TEEN COMMENT 

2.44"0.9 35 18 BARR 95B NA31 
�9 �9 = We do not use the following data for averages, fits, limits, etc. �9 * * 

2.2• 16 19 BARR 95B NA31 
< 13 90 BALATS 89 SPEC 

2.4• 19 BURKHARDT 87 NA31 
< 133 90 BARMIN 86B XEBC 

K 0 v 0  < 200 90 VASSERMAN 86 CALO ~ --* 5 " L  
< 400 90 0 BARMIN 73B HLBC 
< 710 90 0 20 BANNER 72B OSPK 
< 2000 90 0 MORSE 72B DBC 
< 2280 90 0 20 REPELLIN 71 OSPK 
<21000 90 0 20 BANNER 69 OSPK 

r4/r 

10BARR 95B quotes this as the combined BARR 95B + BURKHARDT 87 result after 
rescaling BURKHARDT 87 to use same branching ratios and lifetimes as BARR 95B. 

19BARR 95B result is calculated using B(K L ~ 3"3') = (5.86 • 0.17} • 10 - 4 ,  

20These limits are for maximum interference in KOs-KO to 23"'s. 

r(,r+~--~ rdr 
VALUE (units 10 -7) CL.~_~ E V T S  DOCUMENT ID TECN COMMENT 

3 2 +1"2 OUR AVERAGE �9 -1 ,u  

=;+1.3+0.5 21 " ' -  1.0 - 0.6 500k ADLER 97B CPLR 

4 R+2"2~-1 1 .v_ 1.6 ~ ' "  22 ZOU 96 E621 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 * �9 

I+2"5+0 '5  23ADLER 96E CPLR Sup. by " * -  1.9-0.6 
ADLER 97B 

3~+5 .4  +0.9 24 THOMSON 94 E621 Sup. by ZOU 96 �9 " -  1 .8-0 .7  
<490 90 25 BARMIN 85 HLBC 
<850 90 METCALF 72 ASPK 

21ADLER 97B find the CP-conserving parameters Re(,~) = (28 • 7 :~ 3) • 10 - 3 ,  Im(,~) 
= ( - 1 0  • 8 • 2) x 10 - 3 .  They estimate B(K O ~ ~r+~r-~r O) from Re(),) and the 

K 0 decay parameters. See also ANGELOPOULOS 98c. 

0 0 ~Q+0"009 • 0.005 and Cp 22ZOU 96 is from the the measured quantities IP+-01 . . . .  -0 .006 
= ( - 9  • 18) ~ 

•  +0002 23ADLER 96E is from the measured quantities Re(l) -- 0.036 . 10_01003 and Im(.~) 
consistent with zero. Note that the quantity .~ is the same as P + - 0  used in other 
footnotes. 

24THOMSON 94 calculates this branching ratio from their measurements IP+-01 = 
+0  019 0.035_01011 • and ~p = ( - 5 9 •  ~ where Ip+_ole i r  = A ( K  O ~ 7r+ ~r- ~r 0 

I = 2 ) /A (K  0 ~ 7r+~-~r0).  

25 BARMIN 85 assumes that CP-allowed and CP-violating amplitudes are equally sup- 
pressed. 

r(~~ rdr 
Violates CP conservation. 

VALUE(units 10 -5) CL% E V T S  DOCUMENT ID TECN 

< 1.4 90 7M ACHASOV 99D SND I 
�9 * * We do not use the following data for averages, fits, limits, etc. �9 * �9 

< 1.9 90 17300 26 ANGELOPO... 98B CPLR I 
< 3.7 90 BARMIN 83 HLBC 
<43 90 BARMIN 73 HLBC 

26ANGELOPOULOS 98B is from Im(~/000 ) = --0.05 • 0.12 • 0.05, assuming Re(T/000 } I 

= Re({) = 1.635 • 10 - 3  and using the value B(K 0 ~ ~r07r0~ 0) = 0.2112 • 0.0027. I 

r( ,*  e* re)/rt~al rT/r 
VALUE (units 1O -4 ) EVTS DOCUMENT /D TECN COMMENT 

7.2-1-1.4 75 AKHMETSHIN 99 CMD2 Tagged K O using ~b ~ I 

KO. K o 

r(~+.-)/r=,, rdr 
Test for AS = 1 weak neutral current. Allowed by first-order weak interaction combined 
with electromagnetic interaction. 

VALUE (u~its 10 -5 ) CL~ DOCUMENT ID TECN 

< 0.032 90 GJESDAL 73 ASPK 
�9 m * We do not use the following data for averages, fits, limits, etc. * �9 = 

<14 90 BOHM 69 OSPK 
< 0.7 90 HYAMS 69B OSPK 
<22 90 27 STUTZKE 69 OSPK 
< 7 90 BOTT-... 67 OSPK 

27Value calculated by us, using 2.8 instead of 1 event, 90% EL. 



See key on page 239 
513 

Meson Particle Listings 
K o 

r ( e + e - ) / r ~ =  r~o/r 
Test for ~,5 = 1 weak neutral current. Allowed by first-order weak interaction combined 

CP-VIOLATION PARAMETERS IN K O DECAY 

with electromagnetic interaction. 

VALUE (units 10 -7  ) CL ~ EVTS DOCUMENT ID TEeN COMMENT 

< 1.4 90 ANGELOPO... 97 CPLR 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, e t c . � 9  �9 �9 

< 28 90 0 BLICK 94 CNTR Hyperon facility 
< 100 90 BARMIN 86 XEBC 
<II00 90 BITSADZE 86 CALO 
<3400 90 BOHM 69 OSPK 

r(,0 e+ e-)/I-to.i n~ / r  

Im(q+_o) 2 = I'(K~ --, . + . - . o ,  CPLviolatlng) / F(K o __, . + . - x o )  
CPTassumed valid (i.e. Re(~/+_0) _~ 0). 

VALUE CL% EVTS DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. = �9 �9 

<0.23 90 601 
<1.2 90 192 
<0,71 90 148 
<0.66 90 180 
<1.2 90 99 
<0.12 90 384 

Test for A S  = 1 weak neutral current. Allowed by first-order weak interaction combined 
with electromagnetic interaction. 

VALUE (unlts lO - 6  ) eL% EVTS DOCUMENT /D TEeN 

< 1.1 90 0 BARR 93B NA31 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc, �9 �9 �9 

<45 90 GIBBONS 88 E731 

C P  V I O L A T I O N  I N  K s  ---* 31r 

Written 1996 by T. Nakada (Paul Scherrer Inst i tute)  and 
L. Wolfenstein (Carnegie-Mellon University).  

The possible final s ta tes  for the  decay K ~ ~ r + r - ~ r  ~ have 

isospin I = 0, 1, 2, and 3. The I = 0 and I = 2 s ta tes  have 

C P  = +1 and K s  can decay into t h e m  without  violating C P  

symmetry,  bu t  they are expected to be strongly suppressed by 

centrifugal barrier effects. The I = 1 and I = 3 states,  which 

have no centrifugal barrier,  have C P  = - 1  so tha t  the K S  

decay to these requires C P  violation. 

In order  to see C P  violation in K s --* 7r+~r-Tr  ~ it is 

necessary to observe the interference between K S  and KL 

decay, which de termines  the  ampl i tude  ratio 

A( K s  ---* 7r + ~r-r ~ 
~+-o = A(KL  ~ 7r+lr-Tr ~ ' (1) 

If ~/+-o is obta ined from an integrat ion over the whole Dalitz 

plot,  there  is no contr ibut ion from the I = 0 and I = 2 final 

s ta tes  and a nonzero value of 7?+-0 is entirely due to C P  

violation. 

Only I = 1 and I = 3 states,  which are C P  = - 1 ,  are 

allowed for K ~ -~ 7r%r%r 0 decays and the decay of K s  into 37r ~ 

is an unambiguous  sign of C P  violation. Similarly to r/+-0, r/000 

is defined as 
A( K s  ---* ~r%r%r O) 

28 BARMIN 85 HLBC 
BALDO-... 75 HLBC 
MALLARY 73 OSPK Re (A )= -0 .05  • 0.17 
JAMES 72 HBC 
JONES 72 OSPK 
METCALF 72 ASPK 
CHO 71 DBC 
JAMES 71 HBC Incl. in JAMES 72 

29 MEISNER 71 HBC CL-~90% not avail, 
WEBBER 70 HBC 
BEHR 66 HLBC 
ANDERSON 65 HBC Incl. in WEBBER 70 

<1.2 90 99 
<1.0 90 98 
<1.2 95 50 
<0.8 90 71 
<0.45 90 
<3.8 90 18 

28 BARMIN 85 find Re(~+_0)  = (0.05 • 0.17) and Im(~/+_0) = (0,15 • 0.33). includes 
events of BALDO-CEOLIN 75. 

29These authors find Re(A) = 2,75 • 0.65, above value at Re(A) = 0. 

I m ( T / + _ 0 )  = I m ( A ( / ~  s --* x + . - .  O, CP-v io l a t i ng )  / A ( K  O - - ,  x + x - . ~  

VALUE EVTS DOCUMENT ID TECN COMMENT 

-o.oo=*o.oo,*A:~o, = 5OOk 30AD,ER 97BC~,R 
�9 �9 * We do not use the fol lowing data for averages, fits, l imits, etc. * �9 * 

-0 .002•177  137k 31 ADLER 96D CPLR Sup. by ADLER 97B 
--0.015•177 272k 32 ZOU 94 SPEC 

30ADLER 97B also find Re(T/+_0) = --0.002 4- o 0n7 +0-004 See also ANGELOPOU- 
. . . . .  -0 .001"  

LOS 98c. 
31The ADLER 960 fit also yields Re ( r / t _0 )  = 0.006 • 0.013 • 0.001 wi th a correlation 

+0.56 between real and imaginary parts. Their results correspond to IT/+_01 < 0.037 
wi th 90% CL. 

32 ZOU 94 use theoretical constraint Re(~/+_0) = Re(e) = 0.0016. Without  this constraint 
they find I m ( ~ + _ 0 )  = 0.019 • 0.061 and Re01+_O) = 0,019 • 0.027. 

Im(~000) 2 = FCK ~ --, 3x ~ / r(K~. --, 3 .  0) 
C P T  assumed valid (i.e. Re(r/O00) -- 0). This l imit  determines branching ratio 

r (3~0) /F to ta  I above. 
VALUE EL% EVTS DOCUMENT ID TEeN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<0.1 90 632 33 BARMIN 83 HLBC 
<0.28 90 34 GJESDAL 74B SPEC Indirect reeDs. 
<1.2 90 22 BARMIN 73 HLBC 

33 BARMIN 83 find Re(r/000 ) = ( - 0 . 0 8 •  and Im(g000) = ( - 0 , 0 5 •  Assuming 
C P T  invariance they obtain the l imit  quoted above. 

34GJESDAL 74B uses K2~r, K#3, and Ke3 decay results, unitarity, and CPT.  Calculates 

1(7/000)1 = 026 • 0.20. We convert to upper l imi t .  

im(T/000 ) = I m ( A ( K  O ~ . O x O . O ) I A ( K O  L ._+ . 0 . 0 . 0 ) )  

K O ~ ~r01rO~ 0 violates CP conservation, in contrast to K O ~ 7 r+T r -~  0 which 
has a CP-conserving part. 

VALUE EVTS DOCUMENT ID TEeN 

17300 35 ANGELOPO... 98B CPLR [ 

35 ANGELOPOULOS 90B assumes Re(~)000 ) = Re(e) = 1.635 x 10 - 3 .  Without assuming I 
C P T  invariance, they obtain Re(~/000) = 0.18 • 0.14 • 0.06 and Im(t/000) = 0.15 :k | 
0.20 • 0.03. 

qo0o = A ( K L  --* ~0~0~0) " (2) 

If one assumes tha t  C P T  invariance holds and tha t  there 

are no t ransi t ions  to I = 3 (or to nonsymmetr ic  I = 1 states) ,  

it can be shown tha t  

r / +_  0 = 77000 

. Im al  (3) 
= e + ~ R e e a  1 

W i t h  the  Wu-Yang phase convention, a l  is the  weak decay 

ampl i tude  for K ~ into I = 1 final states; e is de termined from 

C P  violation in KL ~ 27r decays. The real par ts  of ~/+-0 and 

~ooo are equal to Re(e). Since current ly-known upper  l imits 

on [7/+-o[ and 17/oool are much larger than  [el, they  can be 

in terpre ted  as upper  l imits on Im(~/+-o) and Im(T/ooo) and so as 

l imits on the  CP-v io l a t i ng  phase of the  decay ampl i tude  al .  
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NP B47 94 E. NaKy, F. Telbisz, G. Vesztergombi (BUDA) 
PL 30B 498 G. Bozoki et at. (BUDA) 
NP 848 343 O. Skjeggestad et al. (OSLO, CERN, SACL) 
PRL 27 1678 C, Baltay et a6 (COLU) 
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PL 368 603 J.P. Repellin et al. (ORSAY. CERN) 
SAPS 15 512 R. Molfett et aL (ROCH) 
PR D1 1967 B.R. Webber et aL (LRL) 
Thesis UCRL 18226 B.R. Webber (LRL) 
PR [88 283S M. Banner et at. (PRIN) 
Thesis Bohm (AACH) 
PL 308 498 G. Bozoki et aL (BUDA) 
Thesis UCRL 18139 J.C. Doyle (LRL) 
PRL 22 682 B. Gobbi et aL (ROCH) 
PL 29B 521 B.D. Hyams et aL (CERN. MPIM) 
PRL 23 660 J.G. Morfin, D. Sinclair (MICH) 
PR 177 2009 R.D. Stutzke et aL (ILL) 
PL 27B 58 R.A. Do.aid et a6 (LIVP. CERN. IPNP+) 
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BARMIN 83 
Also a4 

ARONSON 82 
ARONSON 828 

AlSO B2B 
AlSO 83 
AlSO B3B 

ARONSON 76 
EVERHART 76 
TAUREG 76 
BALDO-... 75 
CARITHERS 75 
BOBISUT 74 
COWELL 74 
GEWENIGER 74B 
GJESDAL 74B 
BARM]N 73 
BARMIN 73B 
BURGUN 73 
FACKLER 73 
GJESDAL 73 
HILL 73 
MALLARY 73 
ALITTI 72 
BANNER 72B 
BURGUN 72 
JAMES 72 
JONES 72 
METCALF 72 
MORSE 72B 
NAGY 72 

AlSO 69 
SKJEGGEST,., 72 
BALTAY 71 

AlSO 71 
CHO 71 
JAMES 71 
MEISNER 71 
REPELLIN 71 
MOFFETT 70 
WEBBER 70 

AlSO 69 
BANNER 69 
BOHM 69 
BOZOKI 69 
DOYLE 69 
GOBBI 69 
HYAMS 69B 
MORFIN 69 
STUTZBE 69 
DONALD 68B 
HILL 68 
BOTT-... 67 
ALFF-... 66B 
BEHR 66 
BELLOTTI 66 
KIRSCH 66 
ANDERSON 65 
AUBERT 65 
BROWN 63 
CHRETIEN 63 
ANDERSON 62B 
BROWN 61 
BAGLIN 60 
COLUMBIA 60B Rochester Cone 727 M. Schwartz et aL (COLD) 
CRAWFORD 59B PRL 2 266 F.S. Crawford et at. (LRL) 
BOLDT 58B PRL 1 150 E. Bofdt. O,O. CaldwelL Y. Pal (MIT) 

- -  OTHER RELATED PAPERS - -  

LITTENBERG 93 ARNPS 43 729 LS. Littenberg. G. Valencia (BNL. FNAL) 
Rare and Radiative Kao. Decays 

BATTISTON 92 PRPL 214 295 R. Battiston et al. (PGIA, CERN, TRSTT) 
Status and Perspectives of K Decay Physics 

TRILLING 65B UCRL 16473 G.N. Trillin K (LRL) 
Updated from 1965 Argonne Conference, page I15. 

CRAWFORD 62 CERN Cone 827 F.S. Crawfofd (LRL) 
FITCH 61 NC 22 1160 V,L. Fitch, P.A. Piroue, R.B. Perkins (PRIN+) 
GOOD 61 PR 124 1223 R.H. Good et al. (LRL) 
BIRGE 60 Rochester Conf. 601 R.W. Birge et aL (LRL, WlSC) 
MULLER 60 PRL 4 418 F. Muller et at. (LRL. BNL) 

F'~  l(J P) = �89 

m~ - m~ 
For earlier measurements, beginning with GOOD 61 and FITCH 61, see 
our 1986 edition, Physics Letters 170B 132 (1906). 

OUR FIT is described in the note on "Fits for K 0 CP-Violation Parameters" in the 

K 0 Particle Listings. 

VALUE (1010 tz S- 1) DOCUMENT ID TECN COMMENT 

0.53004"0.0012 OUR FIT 
0.53074-0.001w OUR AVERAGE Error includes scale factor of 1.1. 

0.52404-0.0044 4-0.0033 APOSTOLA.. .  99c CPLR K 0 - K  0 to ~r+~ - 
0.5295+0.0020 4-0.0003 1ANGELOPO...  98D CPLR 
0.52974-0.0030 4-0.0022 2 SCHWINGEN._95 E773 20-160 GeV K beams 
0.52574-0.0049 4-0.0021 2 GIBBONS 93c E731 20-160 GeV K beams 
0.53404-0.002554-0.0015 3 GEWENIGER 74c SPEC Gap method 
0.53344-0.0040 4-0.0015 3 GJESDAL 74 SPEC Charge asymmetry in K03 

0.542 4-0.006 CULLEN 70 CNTR 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.53074-0.0013 4 ADLER 96C RVUE 
0.52744-0.0029 4-0.0005 1 ADLER 95 CPLR Sup. by ANGELOPOULOS 98D 
0.52864-0.0028 5 GIBBON5 93 E731 20-160 GeV K beams 
0.482 4-0.014 6 ARONSON 82B SPEC E=30-110 GeV 
0.534 4-0.007 7 CARNEGIE 71 ASPK Gap method 
0.542 4-0.006 7 ARONSON 70 ASPK Gap method 

1 Uses "K0e3 and K0e3 strangeness tagging at production and decay. 

2 Fits A m  and @+_ simultaneously. GIBBONS 93C systematic error is from B. Winstein 
via private communtication. 

3These two experiments have a common systematic error due to the uncertainty in the 
momentum scale, as pointed out in WAHL 89. 

4 ADLER 96C is the result of a fit which includes nearly the same data as entered into the 
"OUR FIT" value above. 

5GIBBONS 93 value assume ~ + _  = @00 = @SW = (43.7 4- 0.2) ~  

6ARONSON 82 find that  A m  may depend on the kaon energy. 
7ARONSON 70 and CARNEGIE 71 use K O mean life = (0.862 4- 0~006) x 10 - 1 0  s. We 

have not attempted to adjust these values f(x the subsequent change in the K O mean 
life or in ~+_,  

K O MEAN LIFE 

VALUE 110 -8 S) EVTS DOCUMENT ID TECN 

5.17 +0.04 OUR FIT  Error includes scale factor of 1.1. 
5.15 -I-0.04 OUR AVERAGE 
5.1544-0.044 0.4M VOSBURGH 72 CNTR 
5.15 4-014 DEVLIN 67 CNTR 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

5.0 •  8 LOWYS 67 HLBC 

6.1 +1 .5  1700 ASTBURY 65C CNTR - 1 . 2  
5.3 4-0.6 FUJII 64 OSPK 

5.1 +2 .4  15 DARMON 62 FBC - 1 . 3  

8.1 +3.2 34 BARDON 58 CNTR -2,4 

8 Sum of partial decay rates. 

Mode 

K o DECAY MODES 

Scale factor/ 
Fraction ( F i / r )  Confidence level 

I- 1 3~r 0 (21.13 4-0.27 ) % S=1.1 

F 2 ~ r+TF- / r  0 (12.55 4-0.20 ) % S=1o7 

F3 4 -  #:F zp ~ [a] (27.18 4-0.25 ) % S=I.I 

Cal led Kp3. 
r 4 ~r-  # +  up  

F S ~+#-P# 

F 6 /r4- e T up... [a] (38.78 4-0.28 ) % $=1.1 

Called K~3. 
F 7 / r -  e + u e 

F 8 7r + e -  Pe 

I- 9 2 7 ( 5.86 4-0.15 ) x 10 -4 

F l o  37 < 2.4 x 10 - 7  CL=90% 

Fn =027 [b] ( 1.68 4-0.10 ) x 10 - 6  

F12 ~r07r4"eq:u [a] ( 5,18 4-0.29 ) x l 0  - 5  

F13 ( T r # a t o m ) u  ( 1.06 4-0.11 ) x  10 - 7  

1-14 ~4-e~ue~ [~,b,c] ( 362 to~ )• -3 

r15 ~ * # ~ . 7  (57  +0:76 ).1o-4 
F16 ~T+Tr--7 [b,c]  ( 4.61 4-0.14 ) x 10 - 5  

El7 ~0~0 7 < 5.6 x 10 -6 

F18 # 3 - # - -  7 ( 3.25 4-0.28 ) x 10 - 7  

F19 e+e-7 (10.0 4-0.5 ) x 10 - 6  S=1.5 

F20 e + e - ' Y 7  [b] (6 ,9  4-1.0 ) x l 0  - 7  

1-21 ~r07 e+ e -  < 7.1 x 10 - 7  CL=90% 

Charge conjugation x Parity (CP, CPV) or Lepton Family number (LF) 
violating modes, or AS = I weak neutral current (SJ) modes 

1-22 ;T+~F - C P V  (2.0564-0.033) x 10 - 3  

r23  /c 0 / r  0 c P v  ( 9.27 4-0.19 ) x 10 - 4  

1-24 /~+/ .L-  $1 ( 7.15 4-0.16 ) x 10 - 9  

1-25 e + e -  81 (9  _+~ )x10 -12 
F26 7F + ~ T - e  + e -  81 [b] ( 3.5 4-0.6 ) x 1 0  - 7  

r27  / ~ + / 4 -  e + e -  $1 ( 2.9 +6 .7  ) x 10 - 9  - 2 . 4  



See key on page 239 

r28 e+e-e+e - 51 ( 4.1 ~:0.8 ) x l 0  -8 S=1.2 
['29 ~r CP, S1 [e I < 5.1 x 10 -9 CL=90% 
r3o ~r ~ e + e -  CP, S1 [01 < 4.3 x 10 - 9  CL=90% 
1-31 7rO~'v CP,S1 [e] < 5.9 x 10-7 CL=90% 
1-32 e •  :F LF [a] < 4.7 x l0 -12 CL=90% 
1-33 e • 1 7 7  :F LF [a] < 6.1 x 10 - 9  CL=90% 
F34 l r0#•  LF [a] < 6.2 x 10 - 9  Ct=90% 

[a] The value is for the sum of the charge states or particle/antiparticle 
states indicated. 

[b] See the Particle Listings below for the energy limits used in this mea- 
surement. 

[c] Most of  this radiative mode, the low-momentum 3' part, is also included 
in the parent mode listed wi thout  3"s. 

[d] Allowed by higher-order electroweak interactions. 

[e] Violates CP in leading order. Test of direct C P  violation since the in- 
direct CP-violating and CP-conserving contributions are expected to be 
suppressed. 

CONSTRAINED F IT  INFORMATION 

An overall f it to the mean life, 4 decay rate, and 12 branching 
ratios uses 46 measurements and one constraint to determine 8 
parameters. The overall f it has a X 2 -- 40.5 for 39 degrees of 
freedom. 

The following off -d iagonal  array elements are the correlation coefficients 

16p igp~) / (gp i .gp~) ,  in percent, from the fit to parameters pi, including the branch- 
t ~ 

ing fractions, xi =_ I -Jr tota I. The f i t  constrains the x i whose labels appear in this 
array tO sum to one. 

x 2 - 1 9  

x 3 -37  

x 6 - 4 9  

x 9 - 7  

x22 - 12  

x23 - 9  
r 0 

Xl 

Mode 

-28  

- 2 8  - 3 6  

21 - 5  - 5  

34 - 8  - 7  63 

26 - 6  - 6  83 77 

' 0 0 0 0 0 

x2 x3 x6 x 9 x22 )(23 

Rate (108 s-  I) Scale factor 

FI 3~r ~ 0.0408• 
r2 ~+ ~r--/r 0 0.0243 • 0.0004 
r3 ~• u~ [4 0.0525 • 0.000, 

Called K~3. 

r 6 ~r • e :F ue. [a] 0.0750 • 0.0008 
Called K~3. 

F9 23' (1,133 • ) x 10 -4 
F22 ~r+~r - (3,97 • ) x 10 -4 
F23 ~r0;T 0 (1.79 • ) x 10 -4 

1.5 
1.1 

1.1 

1.1 

KL  ~ DECAY R A T E S  

r(~ o) 
VALUE(tO 6 S -1) EVT5_ DOCUMENT 119 TECN COMMENT 
4.1~:t:0.06 OUR FIT 

S 22 +1"03 �9 --0.84 54 BEHR 66 HLBC Assumes CP 

r ( .+ . - , r  o) 
VALUE (IO 6 S -t) EVTS DOCUMENT ID TEEN COMMENT 

r l  

r2  

2.434-0.04 OUR FIT Error includes scale factor of 1.5. 
2.384-0.09 OUR AVERAGE 

2 ~ + 0 . 1 3  192 BALDO-... 75 HLBC Assumes CP "~ -0 .15  
2.35• 180 9 JAMES 72 HBC Assumes CP 
2.,14-0.28 99 Cl io 71 DBC Assumes CP 
2.12• 50 MEISNER 71 HBC Assumes CP 
2.20• 53 WEBBER 70 HBC Assumes CP 

2 ~2 +0"28 136 BEHR 66 HLBC Assumes CP "~ -0.27 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

2.5 • 90 9jAMES 71 HBC Assumes CP 
3.264-0.77 18 ANDERSON 65 HBC 
1.4 • 14 FRANZINI 65 HBC 

In the fit this rate is well determined by the mean life and the branching ratio 
r ( x + , - , 0 ) l [ F ( ~ r + ~ r - ~  0) + F(Ir• + F(x• ]. For this reason the 

F(~ + ~r- 7r 0) measurements does not affect the scale factor discrepancy between the 
of the overall fit. 

9JAMES 72 is a final measurement and includes JAMES ,1. 
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K, 0 

K 0 BRANCHING RATIOS 

r(~rO)/rto., qlr  
VALUE EVT~ DOCUMENT ID TECN 
0.21134"0.002? OUR FIT Error includes scale factor of 1.1. 
0.21054-0.0028 3gk 12 KREUTZ 95 NA31 

12 KREUTZ 95 measure 37r 0' ~r + * -  ~0, and ~ eue modes. They assume PDG 1992 values 
for ~r/~u#, 2~, and 2~r modes. 

r(3.O)/r( .+.- .o) q/r2 
VALUE E V T S  DO~JMENT 10 T ~ N  COMMENT 
1.68 4-0.04 OUR FIT Error includes scale factor of 1.3. 
1.63 4-0.05 OUR AVERAGE Error includes scale factor of 1.4. 
1.6114-0.014• 3gk 13 KREUTZ 95 NA31 
1.80 • 1010 BUDAGOV 68 HLBC 
2.0 • 188 ALEKSANYAN 64B FBC 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc.�9 �9 �9 

1.65 • 883 BARMIN '2B HLBC Error statistical only 

13KREUTZ 95 excluded from fit because it is not independent of their r(3~rO)/rtota I 
measurement, which is in the fit. 

r (~o ) I r (~  e~ ~,) r~Ir6 
VALUE E V T S  DOCUMENT ID TECN 
0.5454-0.009 OUR FIT Error includes scale factor of 1.1. 
0.5454-0.0044"0.009 3gk 14 KREUTZ 95 NA31 

14 KREUTZ 95 measurement excluded from fit because it is not independent of their 
F(3x0)/rtotal measurement, which is in the fit. 

r (~O) / [ r ( . + . - .  ~ + r ( . -%* . . )  + r(~4" e*.,)] q/(r2+r3+rg) 
VALUE E V T S  DOCUMENT ID T~N COMMENT 
0.269"1"0.004 OUR FIT Error includes scale factor of 1.1. 
0.2G04"0.011 OUR AVERAGE 
0.251• 549 BUDAGOV 68 HLBC ORSAY measur, 
0.277• 444 BUDAGOV 68 HLBC Ecole polytec.meas 

0.31 +0.07 29 KULYUKINA 68 CC -0.06 
024 •  24 AN,K,NA 64 cc 

r ( r + z - ~ ) / r ~ l  ri/F 
VALUE DOCUMENT ID 
0,12554"0.0020 OUR FIT Error includes scale factor of 1.7. 

r(,r~'~ v~) r3 
VALUE (106 S-1) EVT$ DOCUMENT ID TECN 
6.254"0.07 OUR FIT Error includes scale factor of 1.1. 
�9 �9 * We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

454+~i~ 10 , o w Y s  6, H, BC 

r(~r4" e:F re) 1"6 
VALUE (106 s- 1 ) E V T 5  DOCUMENT ID TECN COMMENT 
7.504"0.06 OUR FIT Error includes scale factor of 1.1. 
7.7 4"0.5 OUR AVERAGE 
7.814-0.56 620 CHAN 71 HBC 

7.52_+ ~:7 B5 AUBERT 65 HLBC A S = A  Q, CP assumed 

r ( .+ . - .o )  + r(.4"~,~ v~) + r ( . *  e~Ve) (r2+r3+rg) 
K 0 ~ charged. 

VALUE (106 s- 1 ) E V T S  DOCUMENT ID TECN 
15.184"0.14 OUR FIT Error includes scale factor of 1.1. 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

15.1 4-1.9 98 AUERBACH 66B OSPK 

r ( . *  ~* v.) + r(.4" e* ~e) (r~+rg) 
VALUE(tO & 5 -1) E V T S  DOCUMENT ID TECN COMMENT 
12.754"0.12 OUR FIT Error includes scale factor of 1.1. 
11.9 4"0.$ OUR AVERAGE Error includes scale factor of 1,2. 
12.4 • 410 10 BURGUN 72 HBC K + p  ~ KOp:{  + 
13.1 • 252 10 WEBBER 71 HBC K - p  ~ nK 0 
11.6 • 393 10,11 CHO 70 DBC K + n  ~ KOp 

9 8 ~+1"15 109 10 FRANZINI 65 HBC " ~ -  1.05 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

8.47+1.69 126 10 MANN 72 HBC K - p  ~ n K  0 
10.3 4-0.8 335 11 HILL 67 DBC K + n ~ KOp 

10Assumes AS = ZI~) rule. 
11 CHO 70 includes events of HiLL 67. 
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r ( . + . - . 0 ) / [ r ( . + . - , o )  + r ( , •  + r ( . •  r21(r,+r~+rg) 
VALUE EVT~ DOCUMENT IO TECN COMMENT 

0,1599-1-0.0025 OUR FIT  Error includes scale factor of 1.7. 
0.1588• OUR AVERAGE Error includes scale factor of  1.4. See the ideogram 

17This mode not measured independently from r ( .+. - ,o) / [ r ( .+, - ,  o) + 

r( .4-,~. ,)  + r(-4-e*.e)] and r ( .4-e* .e) / [ r ( .+ . - .  ~ + r( .4- ,~. , )  + 
r (~4-  e-F ~e) ] . 

below. 
0.163 4-0.003 6499 CHO 77 HBC 
0.16054-0.0038 1590 ALEXANDER 73B HBC 
0.146 --0.004 3200 BRANDENB. . .  73 HBC 
0.159 4-0.010 558 EVANS 73 HLBC 
0.167 4-0.016 1402 KULYUKINA 68 CC 
0.161 4-0.005 HOPKINS 67 HBC 
0.162 4-0.015 126 HAWKINS 66 HBC 
0.159 4-0.015 326 ASTBURY 658 CC 
0.178 :t:0.017 566 GUIDONI 65 HBC 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0.15 +0 .03  66 ASTBURY 65 CC - 0 . 0 4  
0.144 4-0.004 1729 HOPKINS 65 HBC See HOPKINS 67 
0.151 4-0.020 79 ADAIR  64 HBC 

0.157 +0 .03  75 LUERS 64 HBC - 0.04 
0.185 4-0.038 59 ASTIER 61 CC 

WEIGHTED AVERAGE 
0.1588r (Error scaled by 1 A)  

Values above of weighted average, error, 
and scale factor are based upon the data In 
�9 is ideogram only. They are not neces- 
sadly the same as our l:)eet' values, 
ot)tained from a least-squares constrained fit 
utilizing measurements of other (related) 
quantities as additional information. 

~ 2  

. . . . . . . .  CHO 77 HBC 2.0 

. . . . . . . .  ALEXANDER 73B HBC 0.2 
--('-- . . . . . . . . .  BRANDENB... 73 HBC 10.2 

. . . . . . . .  EVANS 73 HLBC 0.0 
. . . .  KULYUKINA 68 CC 0.3 ~ ' HOPKINS 67 HBC 0.2 

HAWKINS 66 HBC 0.1 
, ASTBURY 65B CC 0.0 

GUIDONI 65 HBC 1.3 
14.2 

r............_.L (Clonfidence Level = 0.077) 

0.12 0.14 0.16 0,18 0.2 0.22 

r ( .+ , - .o ) / [ r ( .+ , - .o )  + F(.4-.T~.) + r(~4-e=F~e)] 

r( .+.- .O)/r( ,~* e* ~.) r2/r6 
VALUE EVT5 DOCUMENT ID TEEN 

0,3244"0.006 OUR F IT  Error includes scale factor of  1,6, 
0 .330•  0.003 * 0.007 28k KREUTZ 95 NA31 

r ( . •  • rdr6 
VALUE EVT5 OOCUMENT ID TEEN COMMENT 

0.7014"0,009 OUR F IT  

0 697 +0'010 OUR AVERAGE �9 --0.009 
0.7024- 0.011 33k CHO 80 HBC 
0.6624-0,037 10k WILL IAMS 74 ASPK 
0,7414-0.044 6700 BRANDENB. . .  73 HBC 
0.6624-0.030 1309 EVANS 73 HLBC 
0.71 4-0.05 770 BUDAGOV 68 HLBC 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.68 4-0.08 3548 BASILE 70 OSPK 
0.71 4-0.04 569 15 BEILLIERE 69 HLBE 
0,6484-0.030 1309 EVANS 69 HLBC Repl. by EVANS 73 
0.67 4-0,13 16 KULYUKINA 68 CC 
0.82 4-0.10 DEBOUARD 67 OSPK 
0.7 4-0.2 273 HAWKINS 67 HBC 
0.81 4-0.08 HOPKINS 67 HBC 
0.81 4-0.19 ADAIR 64 HBC 

15 BEILLIERE 69 is a scanning experiment using same exposure as BUDAGOV 68. 

r ( . *  e ~ . , ) / [ r ( , + . - . o )  + r ( . .  ~ ~.) + r ( . *  e~ ve)] rd(r2+rs+r8) 
VALUE EVT$ DOCUMENT ID TEEN 

0.4940• OUR FIT  Error includes scale factor of  1.1. 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc, �9 �9 �9 

0.498 4-0.052 500 KULYUKINA 68 CC 

0.46 +0.08 202 ASTBURY 65 CC - 0 , 1 0  
0.487 4-0.05 153 LUERS 64 HBC 
0.46 4-0.11 24 NYAGU 61 CC 

r ( . *  e* "E)/[r(.* ~* ..) + r ( . *  e* .4]  rd(rs+rg) 
VALUE EVT$ DOCUMENT ID TEEN 

0.5880• OUR FIT 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0.415 4"0.120 320 ASTIER 61 CC 

[ r ( . * . *  ..) + r (~• #~ ~,)]/rto., (rs+rg)/r 
VALUE DOCUMENT ID 

0.6596• OUR FIT  Error includes scale factor of  1,2. 

r(2-r)/G~ rg/r 
VALUE (units 10 -4)  EVTS DOCUMENT IO TEEN COMMENT 

5.86-1-0.15 OUR F IT  
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

4,544-0.84 18 BANNER 728 OSPK 
4.5 4-1,0 23 ENSTROM 71 OSPK K0 L 1.5-9 GeV/c  
5.0 4-1.0 19 REPELLIN 71 OSPK 
5.5 4-1.1 90 KUNZ 68 OSPK Norm,to 3 ~ ( C + N )  
7.4 4-1.6 33 20 CRONIN 67 OSPK 
6.7 4-2.2 32 TODOROEF 67 OSPK RepL CRIEGEE 66 
1.3 4-0.6 21 CRIEGEE 66 OSPK 

I 8 This value uses 0/00/~+ - )2  = 1.05 4- 0.14. In general, r (23,)/rtota I = [(4.32 4- 0.55) x 

10 -4]  [(r/oo/~i+_)2]. 
19Assumes regeneration amplitude in copper at 2 GeV is 22 mb. To evaluate for a given 

regeneration amplitude and error, multiply by (regeneration amplitude/22mb) 2, 
20CRONIN 67 replaced by KUNZ 68. 
21 CRIEGEE 66 replaced by TODOROFF 67. 

1(2.y)/r(sz ~ r , / q  
VALUE (units i0 -s) EVT$ DOCUMENT ID TEEN COMMENT 

2.774"0,0tl OUR FIT  Error includes scale factor of 1.1. 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

2,13 4-0.43 28 BARMIN 71 HLBC 
2,24 4- 0.28 115 BANNER 69 OSPK 
2,5 4-0.7 16 ARNOLD 608 HLBC Vacuum decay 

r(2,y)/r(.O.O) rg/r=3 
VALUE EVTE DOCUMENT ID TEEN 

0.632• OUR FIT  
0 .632•177  l l 0 k  BURKHARDT 87 NA31 

r(~)/r,o., r . / r  
VALUE EL% DOCUMENT ID TEEN 

<2.4 x 10 - 7  90 22 BARR 95C NA31 

22 Assumes a phase-space decay distribution. 

r ( .O2~) I r~ i  r u l r  
VALUE (u~its 10 -6) CL~ EVTS DOCUMENT ID TEEN COMMENT 

1.68• OUR AVERAGE 
1.684-0.074-0.08 884 ALAVI -HARATI99B KTEV I 
1.7 4-0.2 4-0.2 63 2 3 B A R R  92 SPEC 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

1.864-0.604-0.60 60 PAPADIMITR.. .91 E731 m,),3` > 280 MeV 

< 5.1 90 PAPADIMITR.. .91 E731 m3`3` < 264 MeV 

2.1 4-0.6 14 24 BARR 90c NA31 m.),3, > 280 MeV 

16KULYUKINA 68 r(~4-,:F.~)/r(.4-e -F re) is not measured independently from 

r(~+.-=O)l[r(~+~-~o) + F ( ~ 4 - # T , / ~ )  + r 0 r + e : F u e ) ]  and r ( , 4 - e ~ , e ) /  

[ r ( .+. - .o)  + r( .4- ,=. , )  + r(-4-e*.e)]. 

"}" =F + O 4- :1: • =F r( ,  . . . ) / [ r ( .  . - .  ) + r ( .  . . . ) + r ( .  . .41 rd(r2+rs+rg) 
VALUE EVT5 DOCUMENT ID TEEN 

0.34614"0.0030 OUR FIT  Error includes scale factor of 1.1. 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0335  4-0.055 330 17 KULYUKINA 68 CC 

0.39 +0.08 172 17 ASTBURY 65 CC 
- 0 . 1 0  

0.356 4-0.07 251 17 LUERS 64 HBC 

< 2.7 90 
<230 90 0 BANNER 69 OSPK 

23BARR 92 find that r 0 r0  23,, m3`3` <240 MeV) /F (~023 , )<  0.09 (90% CL). 

24 BARR 90r superseded by BARR 92. 

r(.~ ~)/r~= 
VALUE (units 10 -5)  CL% EVT5 DOCUMENT ID TEEN 

5.18-1-0.29 OUR AVERAGE 
5.164-0.204-0.22 729 MAKOFF 93 E731 
6.2 4-2.0 16 CARROLL 80C SPEC 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<220 90 25 DONALDSON 74 SPEC 

25DONALDSON 74 uses K 0 ~ ~ -+~ -~ r0 / ( a l l  K 0) decays = 0.126. 

PAPADIMITR. .~9  E731 In PAPADI...91 

q~/r 



See key on pace 239 

r((~r#atom)u)/r(,4-~,*..) 
VALUE (units 10 -7)  E V T S  DOCUMENT ID 

$.g04-0.39 155 26 ARONSON 

M e s o n  P a r t i c l e  

rl~/r~ 
TECN 

86 SPEC 
�9 �9 * We do not use the following data for averages, fits, l imits, etc. �9 * �9 

seen 1B COOMBES 76 WIRE 

26ARONSON 86 quote theoretical value of (4.31 • 0.08) x 10 - 7 .  

r ( ,+  ~* ~,~) / r ( ,~"  e*  ~,) r14/r~ 
VALUE (units 10 -2  ) E V T S  DOCUMENT ID TEEN COMMENT 

o. - ,4 -o . .L+~:~  1384 LEBE. ,6 NA31 ~ > 30 ~eV, 
~* > 20 ~ 
eT- 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

3.3 •  10 PEACH 71 HLBC 3' KE >15 MeV 

r(."-~,* ~ ) / r ( ~ 4 - ~ , *  ~.) r . l r ,  
VALUE (units 10 -3 ) E V T 5  DOCUMENT ID TECN COMMENT 

I ,.,4-o.,,_+oO:,; 4261 BENDER 98 NA,8 >30 

r ( . + . - ~ ) / r t o ~ ,  r l . / r  
For earlier l imits see our 1992 edition Physical Review 1:)45, I June, Part II (1992). 

VALUE (u.its 10 -5  ) E V T S  DOCUMENT ID TECN COMMENT 

4.61 • 0.14 OUR AVERAGE 
4,66•  3136 27 RAMBERG 93 E731 E~, >20 MeV 

4,41:=0.32 1062 28 CARROLL 80a SPEC E 7 >20  MeV 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

1,52•  516 29 CARROLL 80B SPEC E3" >20 MeV 

2,89•  546 30 CARROLL 80B SPEC 
6.2 •  24 31 DONALDSON 74c SPEC 

27RAMBERG 93 finds that fraction of Direct Emission (DE) decays with E 7 >20  MeV is 
0.685 • o.o41. 

28 Both components. Uses K~- ~ ~ r+~r - / r0 / (a l l  K/u} decays = 0.1239. 

29Internal Bremsstrahlung component only. 
30 Direct 3" emission component only. 
31 uses K,o ~ ,+ , - ,Ol(a.  ~0) decays = o.126. 

r(x%r~ 7)/rto~a! Flair 
VALUE (unlts 10 -6 )  CL% E V T 5  DOCUMENT ID TECN 

< 5.6 BARR 94 NA31 
�9 * �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<230 90 0 ROBERTS 94 E799 

r (~+~-  ~ ) I r ~ , ,  r . l r  
VALUE (units 1O -7)  CL~ E V T 5  DOCUMENT IO TECN 

3.254-0.28 OUR AVERAGE 
3.4 •  •  45 FANTI  97 NA48 
3 ,23 •177  197 SPENCER 95 E799 

�9 * �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

2.B •  1 32 CARROLL 80D SPEC 
<78.1 90 33 DONALDSON 74 SPEC 

32uses K,o ~ ~+,- ,O/(a,  ~o) decays = o.12~. 
33Uses Ko .+.-.O/(a,, Ko) decays = o.126. 

r(e + e- 7)/rtotal rza/r 
VALUE(units 10-6t CL~ E V T S  DOCUMENT ID TECN 

10.04"0.5 OUR AVERAGE Error includes scale factor of 1.5. See the ideogram below. 
1 0 . 6 • 1 7 7  6864 34 FANTI 99B NA48 I 
9.2•177 1D53 BARR 90B NA31 

9.1• 0.4_+00:~ 919 OHL 90B B845 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

17.4• 4 35 CARROLL 80D SPEC 
<27 90 0 36 BARMIN 72 HLBC 

34 For FANTI  99B, the •  systematic error includes for uncertainties in the calcula- I 
tion, primarily uncertainties in the ~r 0 ~ e + e - 7  and K 0 ~ ~r0~r 0 branching ratios, I 
evaluated using our 1999 Web edition values. I 

38 uses ,rio ~ .+~-.Ol(a,, Ko)decays = o.1239. 
36Uses K 0 ~ 3~r0/total = 0.214. 

r (e+e-~) / r to~ l  
VALUE Iunits 10 -7)  EVT5 

6.,~-1.o o u .  AVE,~GE 
8o• 40 

6 .5 •  58 

6 .6+3 .2  

r(r 
VALUE Iunits 10 -7  ) CLN EVT5 

<7.1 90 0 

r(~+,- ) /r~xal  
Violates CP conservation. 

VALUE Iunits 10 -3  ) 
2.056:t:0,033 OUR FIT 

DOCUMENT ID TECN COMMENT 

SETZU 98 NA31 E?  > 5 MeV 

NAKAYA 94 E799 E?  > 5 MeV 

MORSE 92 B845 E~ > 5 MeV 

DOCUMENT ID TECN 

M U R A K A M I  99 5PEC 

DOCUMENT ID 
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L i s t i n g s  

KO 

r=o/r 

r=~/r 

r221r 

2.0TI 4- 0.049 87 ETAFIT  00 

37 v This ETAFIT aloe is computed from fitted values of I~+-I, the KO and K~ ,ifet~mes, 

and the K O ~ ~ + ~ -  branching fraction. See the discussion in the note "Fits for K 0 
CP-Violation Parameters." 

r ( .+ . - ) / r (~ r+ , -~o )  r~2/r2 
Violates CP conservation. 

VALUE (units 10 -2  ) E V T S  DOCUMENT IO TECN COMMENT 

1.637"+'0.030 OUR FIT Error includes scale factor of  1.1. 
1.~ 4-oo4 4200 MESSNER 73 ASPK ~+_ :2.23 

r ( ,+  f ) / [ r ( ~ f . * , , )  + r ( .  �9 e*..,)] r=/(r3+r6) 
Violates CP conservation. 

VALUE (unlts lO -3) E V T 5  DOCUMENT ID TECN COMMENT 

3.124-0.05 OUR FIT Error includes scale factor of  1.1. 
3.08=1=0.10 OUR AVERAGE 
3.13•  1687 COUPAL 85 SPEC t / + _ = 2 . 2 8  • 0.06 
3 .04•  2703 DEVOE 77 SPEC r / + _ = 2 . 2 5  • 0.05 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

2 .51•  309 38 DEBOUARD 67 OSPK T /+_=2.00  • 0.09 
2 .35•  525 38 FITCH 67 OSPK ~ /+_=1 .94  • 0.08 

38 Old experiments excluded from fit. See subsection on ~ /+_ in section on "PARAM ETERS 

FOR K/0 ~ 27r DECAY" below for average T/+_ of these experiments and for note on 
discrepancy. 

r ( , + , - ) / J r ( ,  + - - - ~  + r(,4-~,* ~.) + r ( , *  e* ~,)] r . . / (r=+r3+r6) 
Violates CP conservation. 

VALUE (units 10 -3  ) E V T $  DOCUMENT ID TECN COMMENT 

2.62 • OUR FIT 
�9 = �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

2.60 •  4200 39 MESSNER 73 ASPK ~ + _  = 2.23 ~: 0.05 
1.93 •  40 BASILE 66 OSPK r / + _  = 1.92 ~ 0.13 
1 .993•  40 BOTT-. . .  66 OSPK x /+_  = 1.95 • 0.04 

2.08 •  54 40 GALBRAITH 65 OSPK ~ + _  = 1.99 • 0.16 
2.0 •  45 40 CHRISTENS... 54 OSPK ~ + _  = 1.95 • 0.20 

39 From same data as r(Tr + ~ - ) / r ( ~  + 1c -~0 )  MESSNER 73, but with different normal- 
ization. 

40 x I Old experiments e c uded from fit. See subsection on ~ /+_ in section on "PARAMETERS 

FOR K 0 ~ 2~r DECAY" below for average ~ +  . 
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Meson Particle 
K0 

r(.O.~ 
Violates CP conservation. 

VALUE (units 10 -3  ) EVT$ 

0.927:E0.019 OUR F IT  

Listings 

DOCUMENT ID TECN COMMENT 

r i~ / r  r(e+ e-)/r~l r~Ir 
Test for AS  = 1 weak neutral current. Allowed by higher-order electroweak interaction. 

VALUE (units 10 -10) CL~; E V T S  DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

2.5 •  189 41 GAILLARD 69 OSPK T/00=3.6 • 0.6 

1.2 +1 .5  7 42 CRIEGEE 66 OSPK - 1 . 2  

41 Latest result of th is experiment given by FAISSN ER 70 r (,0 ~o)/r (3~ 0). 
42 CRIEGEE 66 experiment not designed to measure 27r 0 decay mode. 

r(.0.O) Ir(3.o) r231r~ 
Violates CP conservation. 

VALUE Iunits 10 -2  ) E V T 5  DOCUMENT ID TECN COMMENT 

0.439:t:0.011 OUR F IT  Error includes scale factor of  1.1. 
0.39 -t-0.06 OUR AVERAGE 
0.37 •  29 BARMIN  70 HLBC T/00=2.02 • 0.23 
0.32 •  30 BUDAGOV 70 HLBC ~ 0 0 = I . 9  • 0.5 
0.46 •  57 BANNER 69 OSPK ~/00=2.2 • 0.3 
not seen B A R T L E T T  68 OSPK See r/00 below 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1.21 •  150 43 REY 76 OSPK ~/00=3.8 • 0.5 
0.90 •  172 44 FAISSNER 70 OSPK r/00=3.2 • 0,5 
1.31 •  133 43 CENCE 69 OSPK 1/00=3.7 • 0,5 
1.89 •  109 45 CRONIN 67 OSPK ~i00:4.9 • 0.S 
1.36 •  45 CRONIN 67B OSPK r/00=3.92 • 0.3 

43CENCE 69 events are included in REV 76. 
44 FAISSNER 70 contains same 2~r 0 events as GAILLARD 69 r(~r 0 ~r0)/Ftota I. 

45 CRONIN 67B is further analysis of  CRONIN 67, now both withdrawn. 

r( .~176 r . / r=  
Violates CP conservation. 

VALUE DOCUMENT ID 
0.451 4-0.006 OUR FIT 
0.4517 ::E 0.0060 46 ETAFIT  00 

46This  ETAFIT  value is computed from fitted values of t~/00 / ? + - I  and the r ( K ~  

7r+w - )  / I - (K~ ~ 7r0~r 0) branching fraction. See the discussion in the note "Fits for 

K 0 CP-Violation Parameters." 

r ( ,+ , - ) / [ r ( .+ . - .o)  + r ( . *~ .~ )  + r( .*e*~)]  r24/(r2+r~+r6) 
Test for . ~ 5 =  1 weak neutral current. Allowed by higher-order electroweak interaction. 

VALUE (units 10 -6  ) CL ~!~ DOCUMENT ID TECN 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

< 2.0 90 BOTT- . . .  67 OSPK 
< 35.0 90 FITCH 67 OSPK 
<250.0 90 ALFF-...  66B OSPK 
<100.0 AN IK INA  65 CC 

r(~+~-)/r(.+.-) r~4/r= 
Test for A S  = 1 weak neutral current. Allowed by higher-order electroweak interaction. 

VALUE (units 10 -6  ) CL% E V T 5  DOCUMENT ID TECN COMMENT 

3.441 :t:0.05 OUR AVERAGE 
3.474•  6210 AMBROSE 00 B871 
3.87 •  179 4 7 A K A G I  95 SPEC 
3.38 •  707 HEINSON 95 B791 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

3.9 •  •  178 48 AKAGI 91B SPEC In AKAGI 95 
3.45 •  •  368 49 HEINSON 91 SPEC In HEINSON 95 
4.1 •  54 INAGAKI 89 SPEC In AKAGI 91B 
2.8 •  •  87 MATHIAZHA. . .89B SPEC In HEINSON 91 

4.0 +1.4  15 SHOCHET 79 SPEC 
- 0 . 9  

4.2 +5.1  3 50 FUKUSHIMA 76 SPEC 
- 2 , 6  

5.8 +2 .3  9 51 CARITHERS 73 SPEC 
- 1 . 5  

< 1.53 90 0 52 CLARK 71 SPEC 
< 18. 90 0 DARRIULAT 70 SPEC 
<140.  90 0 FOETH 69 SPEC 

47AKAGI  95 gives this number multiplied by the PDG 1992 average for F(K 0 

~r+ ~ r - ) / r ( t o ta l ) .  
48AKAGI  91B give this number multiplied by the 1990 PDG average for F(K 0 

~r+ ~ - ) / r ( t o t a l ) .  

49HEINSON 91 give r(K0 L ~ # /~ ) / r to ta  I. We divide out the r(K ~ ~ ~r+~r - ) /F to ta  I 
PDG average which they used. 

50FUKUSHIMA 76 errors are at CL -- 90%. 
51 CARITHERS 73 errors are at CL = 68%, W.Carithers, (private communication 79). 
52CLARK 71 l imit raised from 1.2 x 10 - 6  by FIELD 74 reanalysis. Not in agreement with 

subsequent experiments. So not averaged. 

he. + 0.057 . v . ,  _ 0.041 4 AMBROSE 98 B871 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

< 1.6 90 1 AKAGI 95 SPEC 
< 0.41 90 0 53 ARISAKA 93B B791 
< 1.6 90 1 AKAGI 91 SPEC 
< 5.6 90 INAGAKI  89 SPEC 
< 3.2 90 MATHIAZHA. . . 89  SPEC 
< 110 90 COUSINS 88 SPEC 
< 45 90 GREENLEE 88 SPEC 

< 12 90 JASTRZEM.. .  88 SPEC 
< 15.7 90 54 CLARK 71 ASPK 
<1500 90 0 FOETH 69 ASPK 

Sup. by AKAGI 95 
In AKAGI 91 
In ARISAKA 93B 

Repl. by JAS- 
TRZEMBSKI  88 

53 ARISAKA 93B includes all events with <6  MeV radiated energy. 
54 Possible (but unknown) systematic errors. See note on CLARK 71 I ' (#  + # - ) / r ( ~  + ~r - )  

entry. 

r(e+e-) l [r( .+,- .  ~ +r(x-%,~.i, ) + r0r%~:z,.)] rz~l(r2+r3+rs) 
Test for AS  = 1 weak neutral current. Allowed by higher-order electroweak interaction. 

VALUE (units 10 -6  ) CL~ DOCUMENT ID TECN 

* �9 �9 We do not uSe the following data for averages, fits, l imits, etc. �9 �9 �9 

< 23.0 90 BOTT-. . .  67 OSPK 
< 200.0 90 ALFF-... 66B OSPK 
<1000.0 A N I K I N A  65 CC 

r(,+,r- e+ r ) I r ~ =  r261r 
Test for A 5  = 1 weak neutral current. Allowed by higher-order electroweak interaction. 

VALUE Iunits 10 -7  ) CL~ E V T S  DOCUMENT/D TECN COMMENT 

3.0:1:0.6 OUR AVERAGE 
3 . 2 • 1 7 7  37 A D A M S  98 K T E V  
4 . 4 • 1 7 7  13 TAKEUCHI  98 SPEC 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

< 4.6 90 N O M U R A  97 SPEC mee > 4 MeV 
< 25 90 0 BALATS 83 SPEC 
< 88.1 90 55 DONALDSON 76 SPEC 
<300 ANIK INA  73 STRC 

55Uses K~ ~ 7r+~r -~r0 / (a l l  K O) decays = 0.126. 

r(~+ ~- e+ e-)Ir~m r27Ir 
Test for AS = 1 weak neutral current. Allowed by higher-order electroweak interaction. 

VALUE Iunits 10 -s  } CL % E V T $  DOCUMENT ID TECN 

2 9+6- "7- 1 GU 96 E799 �9 __z.ll 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<4900 90 BALATS 83 SPEC 

r(e +e-e +e-)Ir~al r~o/r 
Test for A S  = 1 weak neutral current. Allowed by higher-order electroweak interaction. 

VALUE (unitS 10 -8  ) CL~ E V T $  DOCUMENT ID TECN COMMENT 

4.1 "l'0.g OUR AVERAGE Error includes scale factor of  1.2. 
6 •  •  18 5 6 A K A G I  95 SPEC mee >470 MeV 

10.4 •  •  8 5 7 B A R R  95 NA31 
3 .96 •177  27 GU 94 E799 
3 .07 •177  6 VAGINS 93 B845 

�9 �9 �9 We do not use the following data for averages, fits, l imits, e t c . � 9  �9 �9 

7 •  ~E2 6 56 AKAGI 95 SPEC mee  >470 MeV 
6 •  •  18 AKAGI 93 CNTR Sup. by AKAGI 95 
4 •  2 BARR 91 NA31 Sup. by BARR 95 

<260 90 BALATS 83 SPEC 

56 Values are for the total branching fraction, acceptance-corrected for the mee cuts shown. 

57 Distribution of angles between two e + e -  pair planes favors C P = - 1  for K 0. 

r(~o§ r~/r 
Violates CP in leading order. Test for A S  = 1 weak neutral current. Allowed by 
higher-order electroweak interaction. 

VALUE Iunits 10 -9)  CL% E V T $  DOCUMENT ID TECN 

< 5.1 90 0 HARRIS 93 E799 
�9 * �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

< 1200 90 0 58 CARROLL 80D SPEC 
<56600 90 59 DONALDSON 74 SPEC 

58Uses K 0 ~ "K+ 7r-7r0/ (a l l  K 0)  decays = 0.1239. 

59 Uses KO L ~ lr + 7r -7r0 / (a l l  K O) decays = 0.126. 



See key on page 239 

F(P �9 + e-)/rtot= r3o/r 
Violates CP in leading order. Direct and indirect CP-violating contributions are ex- 
pected to be comparable and to dominate the CP-conserving part. Test for A 5  = 1 
weak neutral current. Allowed by higher-order electroweak interaction. 

VALUE(units 10 -9) CL% EVTS DOCUMENT ID TECN 

< 4.3 90 0 HARRIS 93B E799 
< 7.5 90 0 BARKER 90 E731 
< 5.5 90 0 OHL 90 B845 
�9 �9 = We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

< 40 90 BARR 88 NA31 
< 320 90 JASTRZEM... 88 SPEC 
<2300 90 0 60 CARROLL 80D SPEC 

60 Uses KI 0 ~ ~'+~r-~r01(all K~_)decays = 0.1239. 

r(.~ Ir~x., r3dr 
Violates CP in leading order. Test of direct CP violatlon since the indirect CP-violating 
and CP-conserving contributions are expected to be suppressed. Test of AS = 1 weak 
neutral current. 

VALUE (units 10 -5 ) CL~ EVTS DOCUMENT 10 TECN 

< 0,059 90 0 ALAVI-HARATIO0 KTEV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

Meson 
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Particle Listings 
Ko 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc, �9 �9 �9 

0.69 • 192 65 BALDO-... 75 HLBC 
0.590 9:0.022 56k 65 BUCHANAN 75 SPEC a u = -0 .277 • 0.010 
0.619 • 20k 65,66 BISI 74 ASPK a t = -0 .282 • 0.011 
0.612 • 65 ALEXANDER 73B HBC 
0.73 • 3200 65 BRANDENB... 73 HBC 
0.50 • 180 65 JAMES 72 HBC 
0.608 • 1486 65 KRENZ 72 HLBC a t = -0 .277 • 0.018 
0.688 • 384 65 METCALF 72 ASPK a t = -0 .31 • 0,03 
0.650 • 29k 65 ALBROW 70 ASPK ay = -0 .858 • 0.015 

0.593 • 36k 65,67 BUCHANAN 70 SPEC a u = -0 .278 • 0.010 
0.664 • 4400 65 SMITH 70 OSPK a t = -0 .306 • 0.024 
0.400 • 2446 65 BASILE 68B OSPK a t = -0 .188 • 0.020 
0.649 • 1350 65 HOPKINS 67 HBC a t = -0 .294 + 0.018 
0.428 • 1198 65 NEFKENS 67 OSPK a u = -0 .204 • 0.025 

0.64 • 280 65ANIKINA 66 CC av=- -8 .2+_ lO? 

0.70 • 126 65 HAWKINS 66 HBC a v = - 8 . 6  • 0.7 
0.32 • 66 65 ASTBURY 65 CC a v = - 5 . 5  • 1.5 
0.51 • 310 65 ASTBURY 65B CC a v = -7 ,3+0 ' .  6 

0.55 • 79 65 ADAIR 64 HBC a v = -7 .6  • 1.7 
0.51 • 77 65 LUERS 64 HBC a v = - 7 . 3  • 1.6 

< 0.16 90 0 ADAMS 99 KTEV 
< 5.8 90 0 WEAVER 94 E799 
< 22 90 0 GRAHAM 92 CNTR 
<760 90 61 LITTENBERG 89 RVUE 

61 LITTENBERG 89 is from retroactive data analysis of CRONIN 67. 

Test of lepton family number conservation. 
VALUE (u~its I0 -11)  CL% EVT5 DOCUMENT ID TECN 

< 0.4/ 90 AMBROSE 986 B871 
�9 �9 �9 We do not use the following data for averages, fits, limits, 

< 9,4 90 0 AKAGI 95 SPEC 
< 3.9 90 0 ARISAKA 93 B791 
< 3.3 90 0 62 ARISAKA 93 B791 
< 9.4 90 0 AKAGI 91 SPEC 
< 43 90 INAGAKI 89 SPEC 
< 22 90 MATHIAZHA...89 SPEC 
< 190 90 SCHAFFNER 89 SPEC 
<1100 90 COUSINS 88 SPEC 
< 670 90 GREENLEE 88 SPEC 

< 157 90 63 CLARK 71 ASPK 

r32/r 
COMMENT 

r33/r 

etc. �9 �9 �9 

Sup. by AKAGI 95 
In AKAGI 91 

Repl. by 
SCHAFFNER 89 

62 This is the combined result of ARISAKA 93 and MATHIAZHAGAN 89. 
63 Possible (but unknown) systematic errors. See note on CLARK 71 r ( p + / ~ - ) / F  (~r + ~r-) 

entry. 

r(e • e*j,~ ~) /r t== 
Test of lepton family number conservation. 

VALUE (units 10 -9) CL% EVT5 DOCUMENT ID TECN 

<6.1 90 0 64 GU 96 E799 

64 Assuming uniform phase space distribution. 

r ( . * , . ) / [ r ( . + . - .o )  + r ( . * . *  ~)  + r ( . * . *  ~,)1 

65 Quadratic dependence required by some experiments. (See sections on "QUADRATIC 
COEFFICIENT h"  and "QUADRATIC COEFFICIENT k" below.) Correlations prevent 
us from averaging results of fits not including g, h, and k terms. 

66BISI 74 value comes from quadratic fit with quad. term consistent with zero. g error is 
thus larger than if linear fit were used. 

67 BUCHANAN 70 result revised by BUCHANAN 75 to include radiative correlations and 
to use more reliable K 0 momentum spectrum of second experiment (had same beam). 

WEIGHTED AVERAGE 
0.678:t0,008 (Error scaled by 1.5) 

~2 

CHO 77 HBC 0.0 
PEACH 77 HBC 6.3 
MESSNER 74 ASPK 0.0 

6,9 
(Confidence Level = 0.076) 

I 
0.55 0.6 0.65 0.7 0.75 0.8 

Linear coeff, g fo r  K 0 ~ ~ r+T r -~  0 matr ix element squared 

QUADRATIC COEFFICIENT h FOR K~ --* x+ x - x  0 r~/(r,+r3+r6) 
Test of lepton family number conservation. 

VALUE (units 10 -4) C L ~  DOCUMENT ID TECN 

�9 �9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

< 0.1 90 BOTT-... 67 OSPK 
< 0.08 90 FITCH 67 OSPK 
< 1.0 90 CARPENTER 66 OSPK 
<10.0 ANIKINA 65 CC 

r(~Oi,• e~)/r=t,, 
Test of lepton family number conservation. 

VALUE ~ DOCUMENT ID TECN 

<6.2 x 10 - 9  90 ARISAKA 98 E799 

r~/r  

ENERGY DEPENDENCE OF/~L DALITZ PLOT 

For discussion, see note on Dalitz plot parameters in the K • section of 
the Particle Listings above. For definitions of a v, a t ,  a u, and ay,  see 
the earlier version of the same note in the 1982 edition of this Review 
published in Physics Letters 111B 70 (1982). 

Imatrix elementl 2 = 1 + gu + hu 2 + j v  + kv 2 + fuv 

where u = (s 3 - So) / m 2 and v =  (s I - 62) / m 2 

LINEAR COEFFICIENT 8" FOR K~ --~ ~r+~r-f 0 
VALUE EVT$ DOCUMENT ID TECN COMMENT 
0.678 -1"0.008 OUR AVERAGE Error includes scale factor of 1.5. See the ideogram 

below. 
0,6823•177 500k ANGELOPO... 98C CPLR 
0.681 • 6499 CHO 77 HBC 
0.620 • 4709 PEACH 77 HBC 
0.677 • 509k MESSNER 74 ASPK ay = -0 .917 • 0.013 

VALUE EVTS DOCUMENT iD TEEN 
0.076"I'0.006 OUR AVERAGE 
0.061:I:0.004• 500k ANGELOPO... 98C CPLR I 
0.095• 6499 CHO 77 HBC 
0.048• 4709 PEACH 77 HBC 
0,079• 509k MESSNER 74 ASPK 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

-0 ,011•  29k 68 ALBROW 70 ASPK 
0.043• 4400 68 SMITH 70 OSPK 

See notes in section "LINEAR COEFFICIENT g FOR KL0 ~ ~r+~r-~ 0 JMATRIX 

E L E M E N T I 2 "  above,  

68Quadratic coefficients h and k required by some experiments. (See section on 
"QUADRATIC COEFFICIENT k" below.) Correlations prevent us from averaging re- 
suits of fits not including g, h, and k terms. 

QUADRATIC COEFFICIENT k FOR h~L --* r+f-~r 0 
VALUE EVTS DOCUMENT ID TECN 

0.0099:k0.0016 OUR AVERAGE 
0.0104•177 500k ANGELOPO... 98C CPLR | 
0.024 • 6499 CHO 77 HBC 

-0.008 • 4709 PEACH 77 HBC 
0.0097• 509k MESSNER 74 ASPK 

LINEAR COEFFICIENTJ FOR K~ ~ ~r+~--~ ~ (CP-VIOLATING TERM) 
Listed in CP-violation section below. 

QUADRATIC COEFFICIENT fFOR ~ -+ ~.+~-~0 (CP-VlOLATING 
TERM) 

Listed in CP-violation section below. 
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QUADRATIC COEFFICIENT h FOR K 0 --~ :r%rO1r 0 
VALUE (units lO -3 ) EVTS DOCUMENT ID TECN 
-3.3-1"1.1=1:0.'/ 5M 69 SOMALWAR 92 E731 

69SOMALWAR 92 chose mTr + as normalization to make it compatible with the Particle 

Data Group K 0 ~ 7r + ~r-~r 0 definitions. 

K~L FORM FACTORS 
For discussion, see note on form factors in the K ~: section of the Particle 
Listings above. 

In the form factor comments, the following symbols are used. 
f+ and f_ are form factors for the vector matrix element. 

fs and fT  refer to the scalar and tensor term. 

~ o  : f+ + Lt/(m2 - m2). 
A+, A , and A 0 are the linear expansion coefficients of f+, f_, and f0" 

,~+ refers to the KO 3 value except in the K0e3 sections. 

d~(O)/dA+ is the correlation between ~(0) and I +  in KS 3. 

d,10/dA + is the correlation between ,10 and A+ in K0p3. 

t = momentum transfer to the ~r in units of m 2. 

DP = Dalitz plot analysis, 

PI -- 7r spectrum analysis. 

MU = # spectrum analysis. 

POL= /= polarization analysis. 

BR = KOp3/KOe3 branching ratio analysis. 

E = positron or electron spectrum analysis. 

RC = radiative corrections. 

A+ (LINEAR ENERGY DEPENDENCE OF f+ IN Ke% DECAY) 
For radiative correction of K0e3 DP, see GINSBERG 67 and BECHERRAWY 70. 

VALUE EVTS DOCUMENT ID TECN COMMENT 
0.02884-0.001S O U R  A V E R A G E  Error includes scale factor of 1.8, See the ideogram 

below. 
0.0245•177 366k APOSTOLA... 00 CPLR DP 
0.0306• 74k BIRULEV 81 SPEC DP 
0.025 • 12k 70 ENGLER 78B HBC DP 
0.0348• 18k HILL 78 STRC DP 
0.0312• 500k GJESDAL 76 SPEC DP 
0.0270• 25k BLUMENTHAL75 SPEC DP 
0,044 • 24k BUCHANAN 75 SPEC DP 
0.040 4-0.012 2171 WANG 74 OSPK DP 
0.045 • 5600 ALBROW 73 ASPK DP 
0,019 • 1871 BRANDENB... 73 HBC PI transv. 
0.022 • 1910 NEUHOFER 72 ASPK PI 
0.023 • 42k BISI 71 ASPK DP 
0.05 • 16k CHIEN 71 ASPK DP. no RC 
0.02 • 1000 ARONSON 68 OSPK PI 

+0.023 • 4800 BASILE 68 OSPK DP, no RE 
-0.01 • 762 FIRESTONE 67 HBC DP, no RC 
+0.01 • 531 KADYK 67 HBC e,PI, no RC 

+0.08 +0.10 240 LOWYS 67 FBC PI -0.08 
+0.15 •  577 FISHER 65 OSPK DP, no RC 
+0.07 • 153 LUERS 64 HBC DP, no RC 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.029 4-0.005 19k 70 CHO 80 HBC DP 
0.0286• 26k BIRULEV 79 SPEC Repl. by BIRULEV 81 
0.032 • 48k BIRULEV 76 SPEC Repl. by BIRULEV 81 

70ENGLER 788 uses an unique Ke3 subset of CliO 80 events and is less subject to sys- 
tematic effects. 

WEIGHTED AVERAGE 
0.0288t"O.0015 (Error scaled by 1.3) 

+ : -  . . . . . . . . . .  APOSTOa... ~ CPLR 3.0 
. . . . . . . . .  BIRULEV SPEC 0.3  

. . . . . . . . . .  ENGLER 78B HBC 0.6  
. . . . . . . .  HILL 78 STRC 1.8 

. . . . . . . . .  GJESDAL 76 SPEC 0.9 
B L U M E N T H A L  75  SPEC 0.4 

- - I - -  . . . . .  BUCHANAN 75 SPEC 6,4 
. . . . .  WANG 74 OSPK 0.9 

I . , . ALBROW 73 ASPK 1,3 
. . . . . . . . .  BRANDENB.,. 73 HBC 0,6 

. . . . . . . .  NEUHOFER 72 ASPK 0,2 
. . . . . . . .  : BISI 71 ASPK 1.4 

I " ' CHIEN 71 ASPK 4,5 
. . . . . . . . .  ARONSON 68 OSPK 0.5 
. . . . . . . . .  BASILE 68 OSPK 0.2 

: ', . . . . . . . . . .  F IRESTONE 67 HBC 3.8 
I . . . . . . . .  KADYK 67 HBC 1.6 

) LOWYS 67 FBC 
<:FISHER 65 OSPK = 

> t LUERS 64 HBC 
28.3  

(Confidence Level = 0.029) 
I i i 

-0.02 0 0.02 0.04 0.06 0.08 0.1 

I +  (Linear energy dependence of f+,  Ke3 decay) 

{a = f - / f +  (determined from K/~ spectra) 
The parameter ~ is redundant with ,10 below and is not put into the Meson Summary 
Table, 

VALUE d~(O)/d~,+ EVT5 DOCUMENT ID TECN COMMENT 
--0,111:1:0.09 O U R  E V A L U A T I O N  Error includes scale factor of 2.3. Correlation is 

d { (O ) / d ,1+= -14 .  From a fit discussed in 
note on Kl3 form factors in 1982 edition, PL 
1118 (April 1982). 

-0 ,10•  --12 150k 71BIRULEV 81 SPEC DP 
+0.26• --13 14k 72 CHO 80 HBC DP 
+0,13• - 2 0  16k 72HILL 79 STRC DP 
-0 .25•  - 5 . 9  32k 73 BUCHANAN 75 SPEC DP 
-0 ,11•  - 1 7  1,6M 74 DONALDSON 74B SPEC DP 
- 1.00• - 2 0  1385 75 PEACH 73 HLBC DP 
- 1 . 5  •  - 2 8  9086 76ALBROW 72 ASPK DP 
+1.2 • --18 1341 77CARPENTER 66 OSPK DP 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

+0.50• unknown 16k 78 DALLY 72 ASPK DP 
-3 .9  • 3140 79 BASILE 70 OSPK DP, indep of,1+ 

--0 6 R+0"12 --26 16k 78 CHIEN 70 ASPK DP 
. v 0,20 

71 BIRULEV 81 error, d~(O)/dA+ calculated by us from ,10, ,1+" dAo/d,1+ = 0 used. 

72HILL 79 and CHO 80 calculated by us from ,10, A+,  and d,10/d,1 +.  
73BUCHANAN 75 is calculated by us from A 0, A+ and d,10/d,1 + because their appendix 

A value -0 .20 • 22 assumes ~(t) constant, i.e. ,1_ = )~+. 

74DONALDSON 74B gives ~ = --0.11 • 0.02 not including systematics. Above error and 
dF,(O)/dA+ were calculated by us from A 0 and , /+ errors (which include systematics) 
and d~,0/d,1 + . 

75pEACH 73 gives ~(0) = -0 .95  • 0.45 for ,1+ = , 1  = 0.025. The above value is for 
A = 0. K.Peach, private communication (1974), 

76ALBROW 72 fit has A free, gets , 1  = -0 .030 • 0.060 or A = ~0  1 ~+0'17 - -  " ~ - - 0 . I I "  

77CARPENTER 66 {(0) is for A+ = 0. d{(O)/dA+ is from figure 9. 

78 CHIEN 70 errors are statistical only. dE,(O)/d,1+ from figure 4. DALLY 72 is a reanalysis 
of CHIEN 70. The DALLY 72 result is not compatible with assumption ,~_ = 0 so not 
included in our fit. The nonzero , 1  value and the relatively large ,1+ value found by 
DALLY 72 come mainly from a single low t bin (figures 1,2). The ( f+ , { )  correlation was 
ignored. We estimate from figure 2 that fixing A_  = 0 would give {(0) = - 1 . 4  • 0.3 

and would add 10 to X 2. dE.(O)/d,1+ is not given. 

79 BASILE 70 is incompatible with all other results. Authors suggest that efficiency esti- 
mates might be responsible. 

(b = f_ / f+  (determined from K ~ / K e 3  o 
The KO3/KOe3 branching ratio fixes a relationship between ~(0) and A+, We quote 

the author's ~(0) and associated .~+ but do not average because the A+ values differ. 
The fit result and scale factor given below are not obtained from these ~b values. 

Instead they are obtained directly from the authors KO3/KOe3 branching ratio via the 

fitted K 0 / K  0 ratio ( r ( x • 1 7 7  The parameter ~ is redundant .~31 e3 
with A 0 below and is not put into the Meson Summary Table. 

VALUE EVTS DOCUMENT ID TECN COMMENT 
--0.114-0.09 OUR EVALUATION Error includes scale factor of 2.3. Correlation is 

d { (O ) / d ,1+= -14 .  From a fit discussed in note on 
Kl3 form factors in 1982 edition, PL 111B (April 
1982). 
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�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.5 •  6700 BRANDENB... 73 HBC BR, )~+=0.019 • 0.013 
-0 .08•  1309 80 EVANS 73 HLBC BR, ,~+~0.02 

-0 .5  •  3548 BASILE 70 OSPK BR, A,+~0.02 
+0.45• 569 BEILLIERE 69 HLBC BR, A + = 0  
-0.224-0.30 1309 80 EVANS 69 HLBC 

+0.2 .• KULYUKINA 68 CC BR, >,+=0 
-1 .2  

+1.1 • 389 ADAIR 64 HBC BR, ~,+=0 

+0 6 A + 0 3  LUERS 64 HBC BR, A + = 0  " ~ -1 .3  

80EVANS 73 replaces EVANS 69. 

~c = f - / f +  (determined from # polarization in K~) 
The # polarization is a measure of ~(t). No assumptions on A + _  necessary, t (weighted 
by sensitivity to ~(t)) should be specified. In .~§ ~(0) parametrization this is ~(0) 

for ,~+ = 0. d~/d~ = ~t. For radiative correction to /~ polarization in K 0 see /=3' 
GINSBERG 73. The parameter ~ is redundant with "~0 below and is not put into the 
Meson Summary Table. 

VALUE EVT5 DOCUMENT ID TEEN COMMENT 
--0.11 4"0.09 OUR EVALUATION Error includes scale factor of 2.3. Correlation is 

d~(0 ) /d ,~+=-14 .  From a fit discussed in note on 
Kt3 form factors in 1982 edition, PL 111B (April 
1982). 

+0.178• 207k 81 CLARK 77 SPEC POL, 
d~(O)/dX+ = •  0.68 

-0.385:s 2.2M 82 SANDWEISS 73 CNTR POL, d i~(O)/dA+----6 

-1.81 40.50 83 LONGO 69 CNTR POL, t=3.3 
-0 .26  

�9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

-1 .6  :::0.5 638 84 ABRAMS 68B OSPK Polarization 
-1 .2  •  2608 84 AUERBACH 66B OSPK Polarization 

81 CLARK 77 t = +3.80, d{(O)/d)~+ = f~(t)t = 0.178x3.80 = +0.68. 

82 SANOWEISS 73 is for ,~• = 0 and t ~ 0. 

83 LONGO 69 t = 33  calculated from d~(O)/d,~+ = - 6 . 0  (table 1) divided by ( = - 1.81. 

84 t value not given. 

Im(~) in K~ DECAY (from transverse # pol.) 
Test of T reversal invariance. 

VALUE EVTS DOCUMENT/D TEEN COMMENT 
-0 .007•  OUR AVERAGE 

0.009• 12M MORSE 80 CNTR Polarization 
0.35 • 207k 85 CLARK 77 SPEC POL, t=0 

-0.085• 2.2M 86 SANDWEISS 73 CNTR POL, t=0 
-0.02 --0.08 LONGO 69 CNTR POL, t=3.3 
-0 .2  •  ABRAMS 68B OSPK Polarization 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.012• SCHMIDT 79 CNTR Repl. by MORSE 80 

85 CLARK 77 value has additional {(0) dependence + 0.21Re [{(0)]. 
86SANDWEISS 73 value corrected from value quoted in their paper due to new value of 

Re({). See footnote 4 of SCHMIDT 79. 

,~+ (LINEAR ENERGY DEPENDENCE OF f+ IN Kt~ 3 DECAY) 
See also the corresponding entries and notes in section "f~A = f - / f + "  above and 

section "~0 (LINEAR ENERGY DEPENDENCE OF f0 IN K0p3 DECAY)" below. For 

radiative correction of KO 3P Dalitz plot see GINSBERG 70 and BECHERRAWY 70. 

VALUE EVT$ DOCUMENT ID TEEN COMMENT 
0.0314 =E0.005 OUR EVALUATION From a fit discussed in note on Ki3 form factors in 

1982 edition, PL 1 l i b  (April 1982). 

0.0427• 150k BIRULEV 81 SPEC DP 
0.028 • 14k CHO B0 HBC DP 
0.028 • 16k HILL 79 STRC DP 
0.046 • 32k BUCHANAN 75 SPEC DP 
0.030 • 1,6M DONALDSON 748 SPEC DP 
0.085 • 9086 ALBROW 72 ASPK DP 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.0337+0.0033 129k DZHORD... 77 SPEC Repl. by BIRULEV 81 
0.046 9:0.008 82k ALBRECHT 74 WIRE Repl. by BIRULEV 81 
0.11 • 16k DALLY 72 ASPK DP 
0.07 • 16k CHIEN 70 ASPK Repl. by DALLY 72 

,~o (LINEAR ENERGY DEPENDENCE OF fo IN K~ DECAY) 
Wherever possible, we have converted the above values of ~(0) into values of A0 using 

the associated , ~  and d~(O)/dA+.  

VALUE d)~o/(t~ + EVTS DOCUMENT ID TEEN COMMENT 
0.025 -I-0.0~ OUR EVALUATION Error includes scale factor of 2.3. Correlation is 

d A o / d 2 ~ + = - 0 . 1 6 .  From a fit discussed in 
note on Kt3 form factors in 1982 edition, PL 
1118 (April 1982). 
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0.0341 ~: 0.0067 unknown 150k 87 BIRULEV 81 
+0.050 • -0 .11 !4k CHO 80 
40.039 • -0 .67  16k HILL 79 
+0.047 4-0.009 1.06 207k 88 CLARK 77 
+0.025 • +0.5 32k 89 BUCHANAN 75 
+0.019 • -0 .47  1.6M 90DONALDSON 74B 
--0.060 • --0.71 1385 91 PEACH 73 
-0.018 • +0.49 2.2M 88 SANDWEISS 73 
- 0.043 • --1.39 9086 92 ALBROW 72 

-0.140 +0.043 88 LONGO 69 -0 .022 +0.49 

+0.08 • -0 .54  1371 88 CARPENTER 66 
�9 �9 �9 We do not use the following data for averages, fits, limits, 

0.041 • 14k 93 CHO 80 

+0.04854-0.0076 47k DZHORD... 77 
+0.024 4-0.011 82k ALBRECHT 74 
+0.06 • 6700 94 BRANDENB... 73 

--0.067 • unknown 16k 95 DALLY 72 

SPEC DP 
HBC DP 
STRC DP 
SPEC POL 
SPEC DP 
SPEC DP 
HLBC DP 
CNTR POL 
ASPK DP 

CNTR POL 

OSPK DP 
etc. �9 �9 �9 

HBC BR, )~+ =0.028 
SPEC In BIRULEV 81 
WIRE In BIRULEV 81 
HBC BR, 

~+ =0.019 • 
0.013 

ASPK DP 
-0.333 • +1. 3140 96 BASILE 70 OSPK DP 

87 BIRULEV 81 gives d.~o/dk + = -1.5, giving an unreasonably narrow error ellipse which 
dominates all other results. We use d.~D/dA + = 0. 

88k 0 value is for A+ = 0.03 calculated by us from ~(0) and dE,(O)/dA+. 
BgBUCHANAN 75 value is from their appendix A and uses only K#3 data. d.~o/d>, + was 

obtained by private communication, C.Buchanan, 1976. 
00DONALDSON 748 dko/dk + obtained from figure 18. 

91 PEACH 73 assumes A+ = 0.025. Calculated by us from ~(0) and d~(O)/d.X+. 

92ALBROW 72 "~0 is calculated by us from ~A, '~+ and d~(O)/d)L+, They give ,X 0 = 
-0 .043 • 0.039 for A_ = 0. We use our larger calculated error. 

93 CHO 80 BR result not independent of their Dalitz plot result. 
94 Fit for A 0 does not include this value but instead includes the KIJ3/Ke3 result from this 

experiment. 
95DALLY 72 gives f0 = 1.20 • 0.35~ 3~0 = -0 .080 • 0.272, ),01 = -0 .006 • 0.045, but 

with a different definition of A 0. Our quoted A 0 is his A o / f  O. We cannot calculate true 
~0 error without his (A0.f0) correlations. See also note on DALLY 72 in section ~A' 

96 BASlLE 70 '~0 is for ~,+ = 0. Calculated by us from ~A with d~(0)/dA+ = 0. BASlLE 70 
is incompatible with all other results. Authors suggest that efficiency estimates might be 
responsible. 

fslf+l FOR K~e~l DECAY 
Rat o of sca ar to f+ coup ings. 

VALUE CL~  EVTS DOCUMENT ID TEEN COMMENT 

<0.04 68 25k BLUMENTHAL75 SPEC 
* �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.095 95 18k HILL 78 STRC 
<0.07 68 48k BIRULEV 76 SPEC See also BIRULEV 81 
<0.19 95 5600 ALBROW 73 ASPK 
<0.15 68 KULYUKINA 67 CC 

If, lf+l FOR K~, DECAY 
Ratio of tensor to f+ couplings. 

VALUE C L ~  EVTS DOCUMENT ID TEEN COMMENT 

<0.23 68 25k BLUMENTHAL75 SPEC 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. * �9 �9 

<0.40 95 18k HILL 78 STRC 
<0.34 68 48k BIRULEV 76 SPEC See also BIRULEV 81 
<1.0 95 5600 ALBROW 73 ASPK 
<1.0 68 KULYUKINA 67 CC 

lfrlf+l FOR K~ DECAY 
Ratio of tensor to f+ couplings. 

VALUE DOCUMENT ID TEEN 

0.12=1:0.12 BIRULEV 81 SPEC 

aK, DECAY FORM FACTOR FOR KL ~ e+e-'y 
~K* is the constant in the model of BERGSTROM 83 which measures the relative 

strength of the vector-vector transition K L ~ K* '7  with K *  ~ p, ~, ~ ~ 3"* and 

the pseudoscalar-pseudoscalar transition K L ~ ~r, rl, rl t ~ " f ' r* .  
VALUE EVT5 DOCUMENT ID TEEN 
- 0 . 3 3  :I:O.OS OUR AVERAGE 
-0 .36  •  • 6864 FANTI 998 NA48 
--0.28 • BARR 90B NA31 

0 ')~n+0"099 OHL 908 B845 
- " ~ -  0.090 

DECAY FORM FACTORS FOR/~L ~ ~r~:lr0e:%'e 
Given in MAKOFF 93. 
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FITS  F O R  K ~ C P - V I O L A T I O N  P A R A M E T E R S  

Revised April 2000 by T.G. Trippe (LBNL). 

In recent years, K ~ CP-violation experiments have im- 

proved our knowledge of CP-violation parameters and their 

consistency with the expectations of C P T  invariance and uni- 

tarity. For definitions of K0L CP-violation parameters and a 

brief discussion of the theory, see the article " C P  Violation" by 

L. Wolfenstein in Section 12 of this Review. 

This note describes our two fits for the CP-violation pa- 

rameters in K ~ ~ ~r+~r - and r~ ~ decay, one for the phases 

r and r and another for the amplitudes [~+-I and I~001. 

Fi t  to  d~+_, d~oo, A ~ ,  A m ,  a n d  "% data: We perform 

a joint fit to the data on r r the phase difference 
0 0 mass difference Am, and the K~ Ar = r 1 6 2  the K L - K  S 

mean life TS, including the effects of correlations. Measurements 

of r and r are highly correlated with Am and v s. Some 

measurements of r s are correlated with Am. The correlations 

are given in the footnotes of the r and r sections of the 

KL ~ Particle Listings and the T s section of the K ~ Particle 

listings. In editions of the Review prior to 1996, we adjusted 

the experimental values of r and r to account for cor- 

relations with Am and 1- s but did not include the effects of 

these correlations when evaluating Am and T s. In 1996, we 

introduced a joint fit including these correlations. In this fit, 

the r measurements have a strong influence on the fitted 

value of Am. This is because the CERN NA31 vacuum regener- 

ation experiments (CAROSI 90 [1] and GEWENIGER 74B [2]), 

the Fermilab E773/E731 regenerator experiments (SCHWIN- 

GENHEUER 95 [3] and GIBBONS 93 [4]), and the CPLEAR 

K0 _ ~ 0  asymmetry experiment (APOSTOLAKIS 99C [5]) have 

very different dependences of r on Am, as can be seen from 

their diagonal bands itr Fig. 1. 

The region where the r bands from these experiments 

cross gives a powerful measurement of Am which decreases the 

fitted Am value relative to our pre-1996 average Am and earlier 

measurements such as CULLEN 70 [6], GEWENIGER 74C [7], 

and GJESDAL 74 [8]. This decrease brings the Am-dependent 

r measurements into good agreement with each other and 

with r where 

( 2 A m ~  ( 2 A m T s T L ~  
r = tan -1 \ AF ] = tan-1 \n(r~-rs)? ' (1) 

The (r ~-s) correlations influence the v s fit result in a 

similar manner, as can be seen in Fig. 2. The influence of 

the r experiments is not as great on T s as it is on Am 

because the indirect measurements of T s derived from the 

diagonal crossing bands in Fig. 2 are not as precise as the direct 

measurements of r s from E773 (SCHWINGENHEUER 95 [3]), 

E731 (GIBBONS 93 [4]), and NA31 (BERTANZA 97 [9]). 

In Fig. 1 [Fig. 2] the slope of the diagonal r bands shows 

the A m  ITS] dependence; the unseen T s [Am] dependent term 

is evaluated using the fitted T s [Am]. The vertical half-width 

F igu re  1: r vs Am. Am measurements ap- 
pear as vertical bands spanning Am + la ,  some 
of which are cut near the top to aid the 
eye. The r measurements appear as diago- 
nal bands spanning r 4- ar The dashed line 
shows r The ellipse shows the l a  
contour of the fit result. See Table 1 for data 
references. 

crr of each band is the r error for fixed Am [Ts] and includes 

the systematic error due to the error in the fitted T s [Am]. 

Table 2 gives the resulting fit values for the parameters and 

Table 3 gives the correlation matrix. The resulting r is in 

good agreement with r = 43.49 + 0.07 ~ obtained 

from Eq. (1) using Am and ~'s from Table 2. 

The X 2 is 16.0 for 20 degrees of freedom, indicating good 

agreement of the input data. Nevertheless, there has been 

criticism that Fermilab E773 (SCHWINGENHEUER 95 [3]) 

and E731 (GIBBONS 93 [4]) measure r 1 6 2  and calculate 

the regeneration phase r  from the power law momentum 

dependence of the regeneration amplitude using analyticity and 

dispersion relations. In the E731 result, a systematic error of 

+0.5 degrees for departures from a pure power-law is included. 

For the E773 result, they modeled a variety of effects that 

do distort the amplitude from a pure power law and ascribed 

a +0.35 ~ systematic error from uncertainties in these effects. 

Even so, the E731 result remains valid within its quoted errors. 

KLEINKNECHT 94 [16] and KLEINKNECHT 95 [17] argue 

that these systematic errors should be around 3 ~ primarily 
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Figure  2: r vs T s .  T s measurements appear 
as vertical bands spanning v s + l a ,  some of 
which are cut near the top to aid the eye. 
The r  measurements appear as diagonal 
bands spanning r +ar The dashed line shows 
r The ellipse shows the fit result's 
l a  contour. See Table 1 for data references. 

because of the absence of data on the momentum dependence of 

the regeneration amplitude above 160 GeV/c. BRIERE 95 [18] 

and BRIERE 95C [19] reply that the current understanding 

of regeneration is sufficient to allow a precise and reliable 

correction for the region above 160 GeV/c. The question is one 

of judgement about the reliability of the assumptions used. In 

the absence of any contradictory evidence, we choose to accept 

the judgement of the E731/E773 experimenters in setting their 

systematic errors. 

Fit for e ' /e ,  [*/+_[, [~ool, and B ( K L  --~ re*r) 

We list measurements of I~+-I, Ivool, I~oo/~+-I and e ' / e .  

Independent information on I~+-I and [Y00[ can be obtained 

from measurements of the K ~ and g 0 lifetimes (~-L, rs) and 

branching ratio s (B) to ~rTr, using the relations 

I~/+-[ = B(K~ -~ 7r+Tr-) TS , (2a) 
~-L B(K~ ---* ~r+Ir - 

~ 1 / 2  
I~ool = r/B(KO _, ~%o) % [ . (2b) 

T L B(K~ ---* Ir~ 0) L J 

,/ ,/ APOSTOLAKIS 99C [5] 

,/ ,/ GIBBONS 93 [4] 

,/ r r SCHWINGENHEUER 95 [3] 

r ,/ GEWENIGER 74B [2] 

~/* ,/ ~/* CAROSI 90 [1] 

J t ,/ r CARITHERS 75 [10] 

,/ ANGELOPOULOS 98D [11] 

,/ GEWENIGER 74C [7] 

,/ GJESDAL 74 [8] 

,/ CULLEN 70 [6] 

,/ GIBBONS 93C [12] 

,/ BERTANZA 97 [9] 

,/ GROSSMAN 87 [13] 

,/ SKJEGGESTAD 72 [14] 

,/ ARONSON 76 [15] 

Location of input data 

Fig. 1 Fig. 2 

r Am r •s PDG Document ID Ref. 

* from r v s) in r Particle Listings. 

t from Ts(Am ) in T s Particle Listings. 

Table  2: Results of the fit for r  r r - 
r  Am, and r s. The fit has X 2 = 16.0 for 
20 degrees of freedom (24 measurements - 5  
parameters +1 constraint). 

Quantity Fit Result 

r 43.3 -!- 0.50 

Am (0.5300 + 0.0012) x 101~ S - 1  

T s (0.8935 + 0.0008) X 10-10S 

r 43.2 4- 1.0 ~ 

Ar  -0 .1  =k 0.8 ~ 

Table  3: Correlation matrix for the fitted pa- 
rameters. 

r  Am r s r Ar 

r 1.00 0.71 -0.30 0.54 -0.02 

Am 0.71 1.00 -0.19 0.43 0.04 

v s -0.30 -0.19 1.00 -0.14 0.04 

r 0.54 0.43 -0.14 1.00 0.83 

Ar  -0.02 0.04 0.04 0.83 1.00 

Table  1: References and location of input data 
for Fig. 1 and Fig. 2. Unless otherwise indicated 
by a footnote, a check (,/) indicates that the 
data can be found in the r or Am sections of 
the K L  Particle Listings, or the T s section of the 
K s  Particle Listings, according to the column 
headers. 
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For historical reasons the branching ratio fits and the C P -  
violation fits are done separately, but we want to include the 

influence of [~?+_[, [q00I, [r/00/Y+-[, and e'/e measurements 
on B(K ~ ~ 7r+Tr - )  and B(K ~ ---* r%r ~ and vice versa. We 

approximate a global fit to all of these measurements by first 

performing two independent fits: 1) BRFIT, a fit to the K~ 

branching ratios, rates, and mean life, and 2) ETAFIT, a fit to 

the I~§ I~ool, I~§ and e' /e  measurements. The results 
from fit 1, along with the K~ values from this edition are used 

to compute values of [~/+_[ and [~/00[ which are included as 
measurements in the [7/001 and [~/+_[ sections with a document 

ID of BRFIT 00. Thus the fit values of [~?+_[ and [~/00[ given 

in this edition include both the direct measurements and the 

results from the branching ratio fit. 

The process is reversed in order to include the direct 

IT/I measurements in the branching ratio fit. The results from 

fit 2 above (before including BRFIT 00 values) are used 

along with the KL ~ and K~ mean lives and the K~ ---+ ~r~- 

branching fractions to compute the K ~ branching ratios 

F(K ~ ---* 7r+Tr-)/F(total) and F(KL ~ ---* ~r%~ ~ ---* w+w-). 

These branching ratio values are included as measurements in 

the branching ratio section with a document ID of ETAFIT 00. 

Thus the K ~ branching ratio fit values in this edition include 

the results of direct measurements of I f l+- I ,  [~oo[, [,~oo/~+-I, 
and e~/e. A more detailed discussion of these fits is given in the 

1990 edition of this Rev iew [20]. 
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CP-VIOLATION PARAMETERS IN K 0 DECAYS 

- -  CHARGE ASYMMETRY IN K O DECAYS 

Such asymmetry violates CP. It is related to Re(~). 

6 = weighted average of 6(~) and $(e) 
VALUEI~) EVTS DOCUMENTED TECN COMMENT 

0,327"4-0,012 (}t i f f  AVERAGE Includes data from the 2 datablocks that follow this one. 
0.3334-0.050 33M WILLIAMS 73 ASPK K#3 + Ke3 

a(~) = [ r ( . - ~ + v ~ )  - r ( f + ~ - p . ) l / S U M  
Only the combined value below is put into the Meson Summary Table. 

VALUE (%) EVT$ DOCUMENT ID TECN 
The data in this block is included in the average printed for a previous datablock. 

0.304:t: 0.0"~ OUR AVERAGE 
0.3134-0.029 15M GEWENIGER 74 ASPK 
0.2784-0.051 7.7M PICCIONI 72 ASPK 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.60 • 4.1M MCCARTHY 73 CNTR 
0.57 • 1M 97 PACIOTTI 69 OSPK 
0.4034-0.134 1M 97 DORFAN 67 OSPK 

97 PACIOTTI 69 is a reanalysis of DORFAN 67 and is corrected for #+  p -  range difference 
in MCCARTHY 72. 

6(e) = [FOr- e + Ipe) - r(x + e -  Pc)l/SUM 
Only the combined value below is put into the Meson Summary Table. 

VALUE {%) EVTS DOCUMENT ID TECN 
The data in this block is included in the average printed for a previous datablock. 

0.333:1::0.014 OUR AVERAGE 
0.341• 34M GEWENIGER 74 ASPK 
0.318 4- 0.038 40M FITCH 73 ASPK 
0.3464-0.033 10M MARX 70 CNTR 
0.2464-0.0S9 10M 98 SAAL 69 CNTR 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.36 4-0.18 600k ASHFORD 72 ASPK 
0.224:E0.036 10M 98 BENNETT 67 CNTR 

98SAAL 69 is a reanalysis of BENNETT 67. 

- -  PARAMETERS FOR KL 0 --, 2~r DECAY - -  

~+_ = A ( K O . . + , - )  / A(K~ ~ ~+~-) 
~/00 = A( KO ~ ~0,0)  / A(K~ - -  x0~ 0) 

The fitted values of ]~/+-I and IT/001 given below are the results of a fit 
to I~+-I,  I~ool, I~oo/~+-I, and Re(.%). Independent information on 

~+-I and I~001 can be obtained from the fitted values of the K 0 

and K O ~ 7r~ branching ratios and the K 0 and K O lifetimes. This 

information is included as data in the 1~4--I and IT/001 sections with a 

Document ID "BRFIT." See the note "Fits for K? CP-Violation Parame- 
ters" above for details. 

I ool = IA( K~ --* 2x~ / A{ KO - *  2=~ 
VALUE (units 10 -3) DOCUMENT IO TECN COMMENT 

2.262• OUR FIT 
2.23 "I-0.11 OUR AVERAGE 
2.12 4-0.16 99 BRFIT O0 
2.47 ~:0.31 4-0.24 ANGELOPO.,. 98 CPLR 
2.33 4-0.18 CHRISTENS... 79 ASPK 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

2.49 • 100 ADLER 96B CPLR Sup. by ANGELOPOU- 
LOS 98 

2.71 4-0.37 101WOLFF 71 OSPK Cu reg,, 4~"s 
2.95 4-0.63 101 CHOLLET 70 OSPK Cu reg., 4"y's 

99This BRFIT value is computed from fitted values of the K 0 and K 0 lifetimes and 

See the discussion in the note "Fits for K? CP-Violation branching fractions to 
m 

Parameters." 
100 Error is statistical only. 
101CHOLLET 70 gives I~001 = (1.23-4-0.24)• amplitude, 2 GeV/c 

Cu)/10000mb. WOLFF 71 gives IT/001 = 41.13 4- 0.12)• amplitude, 2 
GeV/c Cu)/10000mb. We compute both 7/00 values for (regeneration amplitude, 2 
GeV/c Cu) = 24 4- 2rob. This regeneration ampl rude resu ts from averaging over 
FAISSNER 69, extrapolated using optical-model calculations of Bohm et al., Physics 
Letters 27B 594 41968) and the data of BALATS 71. (From H. Faissner, private com- 
munication). 



See key on page 239 

[ .+-I  = IA( K~ "~ " + ' - )  / A(K~ "* l r + ' - ) l  
VALUE (units t0 -3) EVTS DOCUMENT IO TECN COMMENT 

2.27t=1:0.017 OUR FIT 
2.2"rfd::0.017 OUR AVERAGE 
2.2724.0.024 102 BRFIT 00 I 
2,264+0.023• 70M 103 APOSTOLA... 99C CPLR K0-'~ 0 asymmetry I 
2.30 +0.035 GEWENIGER 74B ASPK 
�9 �9 �9 We do not use the follOwing data for averages, fits, limits, etc. �9 �9 �9 

2.310+0.043• 104 ADLER 95B CPLR K0-K "0 asymmetry 
2.32 • • 105 ADLER 928 CPLR K0-~  0 asymmetry 

102This BRFIT value is computed from fitted values of the K 0 and K~ lifetimes and 

fractions to 7r~r. See the discussion in the note "Fits for K 0 CP-Violation branching 
Parameters." 

103APOSTOLAKIS 99c report (2.264 ~: 0.023 • 0.026 + 9.1['r s - 0.8934]) • 10 -3 .  We I 
evaluate for our 1998 best value ~-~= (0.8934 • 0.0008) x 10 -10  s, 

104 ADLER 958 report (2.312 • 0.043 • 0.030 - l { ~ m -  0.5274] -L 9.1[~- s __ 0.8926]) • 10 -3 .  
We evaluate for our 1996 best values ~m = (0.5304 • 0.0014) x 10 -10  hs - 1  and ~'s 
= (0.8927 4" 0.0009) • 10 -10  s, Superseded by APOSTOLAKIS 99c. 

I oo/.+-I 
VALUE EVTS DOCUMENT ID TECN 
0,r OUR FIT Error includes scale factor of 1.6. 
0.~30+0.0020 OUR AVERAGE 
0.9931+ 0.0020 105,106 BARR 930 NA31 
0.9904+0.0084• 107 WOODS 88 E731 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.9939+0.0013+0.0015 1M 105 BARR 93D NA31 
0,9899+0.0020+0,0025 105 BURKHARDT 80 NA31 

105 This is the square root of the ratio R given by BURKHARDT 80 and BARR 93D. 
106 This is the combined results from BARR 93D and BURKHARDT 88, taking into account 

a common systematic uncertainty of 0.0014. 
107We calculate l l /00/rt+_[ = 1-3(~t/~) from WOODS 88 ((i /c) value. 

d / e  ~ R e ( r  (1-J~00/r/+_J)/3 

VALUE (u.EtS 1(} -3 ) DOCUMENT /O TECN COMMENT 

2.1 ~-0.5 OUR FIT Error includes scale factor of 1.6. 
2.1 +0.5 OUR AVERAGE Error includes scale factor of 1.7. See the ideogram below, 
2,80+0.30• ALAVI-HARATI99D KTEV I 

I 1,85 ~ 0.45=h0.58 FANTI 99C NA48 
2.3 • 108,109 BARR 93D NA31 
0.74:50.52+0.29 GIBBONS 93B E731 

�9 = �9 We do not use the following data for averages, fits. limits, etc. �9 = �9 

2.0 +0.7 110 BARR 93D NA31 
-0.4 +1.4 • PATTERSON 90 E731 in GIBBONS 93B 

3.3 +1.1 110BURKHARDT 88 NA31 
3.2 • +1,2 108WOODS 88 E731 

108These values are derived from I~/00/r/§ J measurements. They enter the average in this 
section but enter the fit via the I~/00/1/+_ I section only. 

109 This is the combined results from BARR 93D and BURKHARDT 88, taking into account 
their common systematic uncertainty. 

110 These values are derived from I~00/~+-I measurements. 
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#+_, PHASE of r/+_ 
The dependence of the phase on Am and ~'S is given for each experiment in the 
comments below, where Am is the KL0 - K~ mass difference in units 1010 /$s- 1 and 

T s is the K S mean life in units 10 -10  s. For the "used" data, we have evaluated these 
mass dependences using our 2000 values, s = 0.5300• 0.0012, r s ~ 0.8935 + 0.0008 
to obtain the values quoted below. We also give the regeneration phase ~)f in the 
comments below. 

OUR FIT is described in the note on "Fits for K~ CP-Violation Parameters" in the 

K 0 Particle Listings. 

VALUE ~ ~ ) EVT$ DOCUMENT ID TECN COMMENT 
43.3 ~0.5 OUR FIT 
43,2 4-0.7 70M 111 APOSTOLA.. 99C CPLR K0-K  0 asymmetry | 
43.6 • 112,113 SCHWINGEN...95 E773 CH1.1 regenerator 
42,4 • 113,114 GIBBONS 93 E731 B4C regenerator 
44.4 • 115 CAROSI 90 NA31 Vacuum regen. 
44.4 • 116 CARITHERS 75 SPEC C regenerator 
43.8 • 117 GEWENIGER 74B ASPK Vacuum regen. 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

43.82• 118,119 ADLER 96C RVUE 
43.6 • 120ADLER 95B CPLR K0-K - 0  asymmetry 
42.3 • +1,4 105 121 ADLER 92B CPLR K0-K 0 asymmetry 
47.7 • • 113,122KARLSSON 90 E731 

111APOSTOLAKIS 99C report (43.19 • 0,53 + 0.28) ~ + 300 [Am--0.5301] ~ J 
1125CHWINGENHEUER 95 reports ~ + _  = 43.53 + 0.76 + 173[Am- 0.5282[ -27517 s - 

0.8926 I. 
l l3These experiments measure ~+ - ~ f  and calculate the regeneration phase from the 

power law momentum dependence of the regeneration amplitude using analyticity and 
dispersion relations. SCHWINGENHEUER 95 [GIBBONS 93] includes a systematic error 
of 0.35 ~ {0,5 ~ for uncertainties in their modeling of the regeneration amplitude. See 
the discussion of these systematic errors, including criticism that they could be underes- 
timated, in the note on "C violation in K o decay." 

114 GIBBONS 93 measures @+-r and calculates the regeneration phase ~f  from the power 
law momentum dependence of the regeneration amplitude using analyticity. An error of 
0.6 ~ is included for possible uncertainties in the regeneration phase, They find r  = 
42.21 • 0.9 +189 [/',m - 0.5257] -460 [~'s - 0"8922] ~ as given in SCHWlNGEN- 
HEUER 95, footnote 8. GIBBONS 93 reports ,i~+- (42.2 + 1A) ~ 

115CAROSI 90 ~,+_ = 46.9 -- 1.4 + 0,7 +579 [Am -- 0.5351] +303 [T s -- 0,8922] ~ 
116CARITHERS 75 ~+_  = (45.5 + 2.8)+224[Am-- 0.5348] ~ ~ f  = --40.9 ~: 2.6 ~ 
1]7GEWENIGER 74B @+_ = (49.4 + 1.0)+565[z~m- 0.540] ~ 
118ADLER 96c fit gives (4332 + 0.41} ~ +339(Am - 0.5307} ~ -252(3s - 0.8922) ~ 
119ADLER 96C is the result of a fit which includes nearly the same data as entered into the 

"OUR FIT" value in the 1996 edition of this Review (Physical Review D54 1 (1996)). 
120ADLER 95B report 42.7 ~ + 0,9 ~ + 0.6 ~ +316[s - 0.5274] ~ +30[~" s -- 0,8926] ~ 
121ADLER 92B quote separately two systematic errors: +0.4 from their experiment and 

+1.0 degrees due to the uncertainty in the value of Am. 
122KARLSSON 90 systematic error does not include regeneration phase uncertainty. 

#oo, PHASE OF ~/0o 
See comment in ~+_  header above for treatment of Am and T s dependence. 

OUR FIT is described in the note on "Fits for K 0 CP-Violation Parameters" in the 

K 0 Particle Listings. 

VALUE (o} DOCUMENT/D TECN COMMENT 
43.2a-1.0 OUR FIT 
41.9•177 123 ANGELOPO... 98 CPLR | 
44.5+2.5 124 CAROSI 90 NA31 
�9 = �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

50.8•177 125 ADLER 96B CPLR Sup. by ANGELOPOU- 
LOS 98 

47.4•177 126 KARLSSON 90 E731 

123ANGELOPOULOS 98 ~00 = 42.0 + 5,6 + 1.9 + 240[~m-0.5307] with negligible 7 s I 
dependence. 

124CAROSI 90 ~00 = 47.1 + 2.1 + 1,0 +579 [~.m - 0.5351] +252 [~'s - 0'8922} ~ 
125ADLER 96B identified initial neutral kaon individually as being a K 0 or a K - ~ .  The 

systematic uncertainty is • 1.5 ~ combined in quadrature with +0.8 ~ due to Am. 
128 KARLSSON 90 systematic error does not include regeneration phase uncertainty. 

PHASE DIFFERENCE ~ - #+_ 
Test of CPT. 

OUR FIT is described in the note on "Fits for KL0 CpoViolation Parameters" in the 

KL0 Particle Listings. 
VALUE (o} DOCUMENT/D TECN COMMENT 
--0.1 ~0 .8  OUR FIT 
- 0 . 3  :E0.8 OUR AVERAGE 
- 0.30 + 0.88 127 SCHWINGEN..,95 Combined E731, E773 

0.2 • +1.2 128CAROSI 90 NA31 
�9 �9 = We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.62• SCHWINGEN..,gS E773 
-1 .6  +1.2 129GIBBONS 93 E731 
-0 .3  • • KARLSSON 90 E731 

127This SCHWINGENHEUER 95 values ts the combined result of SCHWINGENHEUER 95 
and GIBBONS 93, accounting for correlated systematic errors. 

128CAROSI 90 is excluded from the fit because it it is not independent o f t + _  and ~00 
values, 

129GIBBONS 93 give detailed dependence of systematic error on lifetime (see the section 
on the K O mean life) and mass difference (see the section on raKe L - m K o  ). 



526 

Meson Particle Listings 
K o 

DECAY-PLANE ASYMMETRY IN ~r+~r - e+e - DECAYS 

This is the CP-violating asymmetry 

A-~ Nsin~c~176162 
Nsinr162 Nsinr162 

where r is the angle between the e + e -  and ~+  ~ -  planes in the K 0 
rest frame. 

CP ASYMMETRY A in K O --~ l r+ l r -e+e  - 
VALUE I%~ DOCUMENT /D TEEN 

13.64-2.54-1.2 ALAVI-HARATI00B KTEV 

CHARGE ASYMMETRY IN x+~r-lr 0 DECAYS 

These are CP-violating charge-asymmetry parameters, defined at begin- 
ning of section "LINEAR COEFFICIENT gFOR K 0 ~ ~r+~r- l r  0 above. 

See also note on Dalitz plot parameters in K • section and note on CP 
violation in K0 L decay above. 

LINEAR COEFFICIENTJ FOR K~ ~ f + ~ - x  ~ 
VALUE EVTS DOCUMENT 10 TECN 

0.0011=1:0.0008 OUR AVERAGE 
0.0010•177 500k ANGELOPO... 98C CPLR 
0.001 • 6499 CHO 77 

- 0.001 • 4709 PEACH 77 
0.0013• 3M SCRIBANO 70 
0.0 • 4400 SMITH 70 OSPK 
0.001 ~0.004 238k BLANPIED 68 

QUADRATIC COEFFICIENT fFOR K~ --* x+~r-~r ~ 
VALUE EVT5  DOCUMENT ID TECN 

0.0045:E0.0024-1-0.0059 500k ANGELOPO... 98C CPLR 

PARAMETERS for K 0 --~ ~r+lr-,,/DECAY 

In+-~l = IA( K~ - "  " + ' - ~ ,  CPvlolatingl/A(K~ ~ x+x- ' l ' } l  
VALUE (units 10 -3} EVTS DOCUMENT ID TEEN 
2.35 A'0.07 OUR AVERAGE 
2.359•177 9045 MATTHEWS 95 E773 
2.15 •  •  3671 RAMBERG 93B E731 

~+--1' = phase of q+_,y 
VALUE (o) EVTS DOCUMENT IO TECN 
44 4- 4 OUR AVERAGE 
43.8+ 3.5•  1.9 9045 MATTHEWS 95 E773 
72 •  •  3671 RAMBERG 93B E731 

I Ks 
VALUE CL% E V T 5  DOCUMENT /D TECN 

<0.3 90 3671 130 RAMBERG 93B E731 

130 I RAMBERG 93B limit on I~+_,yl/~ assumes than any difference between ~/+_ and 

is due to direct CP violation. 

A S  = A Q  IN K ~ DECAYS 

The relative amount of AS r AQ componeat present is 

measured by the parameter x, defined as 

x = A ( K  -~ --~ I r - ~ + u ) / A ( g  ~ ~ ~ r - i + v )  . 

We list Re{x} and Im{x} for Kc3 and K#3 combined. 

x = A~K "0 .--, ~ r - t ' l ' u ) /A (K  0 -.* l r -E~'u)  = A ( A S = : - / I Q ) / A ( A S = A Q )  

REAL PART OF x 
VALUE EVTS DOCUMENT ID TEEN COMMENT 

--O.O011B:EO.O041-1-O.O045 ANGELOPO... 98D CPLR Ke3 from K 0 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 i �9 

79 SMITH 75B WIRE x - p  ~ KOA 

4724 NIEBERGALL 74 ASPK K + p  
KOpTr + 

0.10 +0.18 
-0 .19 

0.04 • 

- 0.008 -4-0.044 1757 
-0.03 • 1367 
-0.070 • 1079 

0.03 • 410 

0.04 +0.10 100 
--0.13 

--0.05 • 442 

0.26 ' + 0.10 128 
�9 --0.14 

--0.13 • 342 

024 +0.07 222 
-0 .08 

FACKLER 73 OSPK Ke3 from K 0 
HART 73 OSPK Ke3 from KOA 
MALLARY 73 OSPK Ke3 from KOAx 

131 BURGUN 72 HBC K + p  
KOp~r + 

132 GRAHAM 72 OSPK Kp3 from KOA 

132GRAHAM 72 OSPK x - p ~  KOA 

MANN 72 HBC K - - p  ~ n K  0 

132 MANTSCH 72 OSPK Ke3 from KOA 

131 BURGUN 71 HBC K + p  
KOpTr + 

0.25 +0.07 252 WEBBER 71 HBC K -  p ~ nK  0 -0 .09  
0.12 --0.09 215 133 CHO 70 DBC K + d --~ K Opp 

-0.020 • 134 BENNETT 69 CNTR Charge asym+ Cu 
regen. 

0.09 +0.14 -0 .16 686 LITTENBERG 69 OSPK K + n  ~ KOp 

0.03 • 134 BENNETT 68 CNTR 

0.09 +0.07 121 JAMES 68 HBC ~p  
-0 .09 

0.17 +0.18 116 FELDMAN 67B OSPK ~r -p  ~ K0A 
--0.35 

I 0.17 • 335 133 HILL 67 DBC K + d  ~ KOpp 

0.035 +0.11 198 AUBERT 85 HLBC K • charge ex- -0 .13  
change 

0.06 +0.18 152 135 BALDO-._ 85 HLBC K + charge ex- -0 .44  
change 

-0 .08  +0.16 109 136 FRANZINI 65 HBC ~p 
- 0.28 

131 BURGUN 72 is a final result which includes BURGUN 71. 
132 First GRAHAM 72 value is second GRAHAM 72 value combined with MANTSCH 72. 
133 CHO 70 is analysis of unambiguous events in new data and HILL 67. 
134 BENNETT 69 is a reanalysts of BENNETT 88. 
138BALDO-CEOLIN 85 gives x and e converted by us to Re(x) and Im(x). 
138 FRANZINI 85 gives x and 0 for Re(x) and Ira(x). See SCHMIDT 87. 

IMAGINARY PART OF x 
Assumes m Ko L - m Ko s positive. See Listings above. 

VALUE E V T 5  DOCUMENT ID TECN COMMENT 

0.0012-1-0.0019 640k ANGELOPO... 98E CPLR Ke3 from K 0 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

-0 .10  +0.16 79 SMITH 75B WIRE 7r -p  ~ KOA -0 .19  
| -0 .06  • 4724 NIEBERGALL 74 ASPK K + p ~  KOpTr + 

-0 .017 • 1757 FACKLER 73 OSPK Ke3 from K 0 
0.09 • 1367 HART 73 OSPK Ke3 from KOA 

0.107 +0.092 1079 MALLARY 73 OSPK Ke3 from KOAx 
-0 .074 

0.07 +0.06 -0 .07 410 137 BURGUN 72 HBC K + p  ~ KOp~ + 

0.12 +0.17 -0 .16 100 138 GRAHAM 72 OSPK Kp3 from KOA 
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-0 .21 +0.11 196 AUBERT 65 HLBC K + charge exchange 
-0 ,15 
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-0 .19  

+0.24 +0.40 109 141 FRANZINI 65 HBC ~p 
-0 .30 

137BURGUN 72 is a final result which includes BURGUN 71. 
138 First GRAHAM 72 value is seCORd GRAHAM 72 value combined with MANTSCH 72. 
139 Footnote 10 of HILL 67 should read +0.56, not -0 .58  (private communication) CHO 70 

is analysis of unambiguous events in new data and HILL 67. 
140 BALDO-CEOLIN 85 gives x and 8 converted by us to Re(x) and Im(x). 
141 FRANZINI 68 gives x and # for Re(x) and Im(x). See SCHMIDT 67. 
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J.M. Galliard et =1/. (CERN, RHEL AACH) 
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Meson Particle 
K ~ K*(892) 
LITTENBERG 69 
LONGO 69 
PACIOTTI 69 
SAAL 69 
ABRAMS 688 
ARNOLD 68B 
ARONSON 68 

Also 69 
BARTLETT 68 
BASILE 68 
BASILE 68B 
BENNETT 68 
BLANPtED 68 
BOHM 6aB 
BUDAGOV 68 

AlSO 68B 
JAMES 68 

Also 68 
KULYUKINA 6a 

KUNZ 68 
BENNETT 67 
BUTT=... 67 
CRONIN 67 

AlSO 68 
CRCN~N 67B 
BEBOUARD 67 

Also 65 
DEVLIN 87 

AlSO 68 
OORFAN 87 
FELDMAN 678 
FIRESTONE 67 
FITCH 87 
GINSBERG 87 
HAWKINS 67 
HILL 67 
HOPKINS 67 
KADYK 67 
KULYUKINA 87 
LOWYS 67 
NEFKENS 67 
SCHMIDT 67 
TODOROPF 67 
ALFF-... 658 
ANIKINA 66 
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NC 38 684 
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Argonne Conf. 49 
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PR 1338 1276 D. Luers et at. (BNL) 
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I K*(892)1 -_ 
K*(892) MASS 

CHARGED ONLY 
VALUE (MeV) EVT5 DOCUMENT ID TECN CHG COMMENT 

891.66-1-0.26 OUR AVERAGE 
892.8 •  5840 BAUBILLIER 84B HBC - 8.25 K - p  

K~0~-p 
888 •  NAPIER 84 SPEC + 200 ~ r - p  ~ 2 K O x  

891.7 •  3700 BARTH 83 HBC + 70 K + p  ~ K O ;  + X  

891 4-1 4100 TOAFF 81 HBC - 6.5 K - p  ~ - ~ O ~ - p  

892.8 •  AJINENKO 80 HBC + 3 2 K + p ~  K 0 ~ r + X  

890.7 4-0.9 1800 AGUILAR-.. .  78B HBC • 0.76 ~ p  
K :F K~ :'r • 

886.6 •  1225 BALAND 78 HBC 4- 12 ~p ~ (K~ )  • X 
891.7 •  6706 COOPER 78 HBC 4- 0.76 ~ p  ~ (K~r)4- X 

891.9 •  9000 2 p A L E R  75 HBC 1 4 . 3 K - p ~  ( K ~ ) -  
X 

892.2 •  4404 AGUILAR-.. .  718 HBC 3.9,4.6 K - - p  
(K~)-p 

891 •  1000 CRENNELL 69D DBC 3.9 K - N  
K O ~ - x  

890 •  720 BARLOW 67 HBC • 1.2 ~ p  --~ 
( K  0 ~r)4- K :F 

889 •  600 BARLOW 67 HBC 4- 1.2 ~ p  
( K  0 ~ ) •  K~r 

891 •  620 3 DEBAERE 67B HBC + 3.5 K + p  ~ KOTr+p  

891.0 •  1700 4WOJCICKI  64 HBC - 1.7 K - p  ~ K O T r - p  

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

893.5 •  27k 1 A B E L E  99DCBAR • O . O ~ p ~  K + K - T r  0 I 
890.4 •  •  79709•  5 BIRD 89 LASS - 11 K - p  ~ KOT: - -p  

801 
890.0 •  800 3,4 CLELAND 82 SPEC -t- 30 K + p  ~ KOsTr+p 

K O T r + p  896.0 •  3200 3 ,4CLELAND 82 SPEC + 50 K + P  0 ~ T r - p  

893 •  3600 3,4 CLELAND 82 SPEC - 50 K + p K<: 

896.0 •  380 DELFOSSE 81 SPEC + 50 K •  K ~:~tOp 

886.0 •  187 DELFOSSE 81 SPEC - 50 K •  ~ K •  

894.2 4-2.0 765 3 CLARK 73 HBC - 3.13 K -  p 
~O~-p 

894.3 •  1150 3 ,4CLARK 73 HBC - 3 . 3 K - p ~  K O T - - p  

892.0 •  341 3SCHWEING. . .  68 HBC - 5 . 5 K - p ~  " K 0 ~ r - p  

1 K-matr ix  pole. I 

NEUTRAL ONLY 
VALUE (MeV) EVTS DOCUMENT IO TECN CHG COMMENT 

1196.10:1:0.27 OUR AVERAGE Error includes scale factor of 1.4. See the ideogram below. 

896 4-2 BARBERIS 98E OMEG 450 p p  ~ I 
Pf  Ps K *  K *  

895.9 •  •  ASTON 88 LASS 0 11 K - p  ~ K - T r + n  
894.52•  25k 2 ATKINSON 86 OMEG 20-70 7P  
894.63•  20k 2 ATKINSON 86 OMEG 20-70 "TP 

897 •  28k EVANGELISTA80 OMEG 0 10 7 r - p  
K+~-(A,E) 

898.4 •  1180 AGUILAR-.. .  788 HOE 0 0.76 ~ p  
K T K O ~ •  

894.9 •  WICKLUND 78 ASPK 0 3,4,6 K • N 
(K~t }0  N 

897.6 4-0.9 BOWLER 77 DBC 0 5.4 K + d 
K + T r - p p  

895.5 •  3600 MCCUBBIN 75 HBC 0 3.6 K - p  ~ K - ~ + n  

897.1 •  22k 2 PALER 75 HBC 0 14.3 K - p  ~ (K~r) 0 
X 

896.0 •  1Ok FOX 74 RVUE 0 2 K - - p  ~ K - ~ r + n  

896.0 •  FOX 74 RVUE 0 2 K + n ~  K + T r - p  

896 4-2 6 MATISON 74 HBC 0 12 K + p  ~ K + ~ - ~  

896 4-1 3186 LEWIS 73 HBC 0 2.1-2.7 K + p  
K~r~rp 

894.0 •  6 LINGLIN 73 HBC 0 2-13 K + p  
K +  l r - -Tr+  p 

898.4 •  1700 3 BUCHNER 72 DBC 0 4.6 K + n  ~ K + ~ - p  

897.9 •  2934 3AGUILAR- . . .  71B HBC 0 3.9,4.6 K - p  
K - T r +  n 

898.0 •  5362 3 AGUILAR-.. .  71B HBC O 3.9,4.6 K -  p 

K - T r •  
895 •  4300 4 H A B E R  70 DBC 0 3 K - N  ~ K - ~ r + X  

893.7 •  10k DAVIS 69 HBC 0 12 K + p  

K + ~ : - ~ +  p 
894.7 • 1.4 1040 3 DAUBER 678 HBC 0 2.0 K -  p 

K - w + l r - p  
�9 �9 �9 We do HOt use the fol lowing data for averages, fits, l imits, e t c . � 9  �9 �9 

900.7 •  5900 BARTH 83 HBC 0 70 K + p  ~ K + T r - X  



See key on page 239 

WEIGHTED AVERAGE 
896.10:LO.27 (Error scaled by 1.4) 

J, x2 
~,RBERIS 98E OMEG 0.0 
~TON 88 LASS 0.1 
FKINSON 86 OMEG 6.3 
rKIN$ON 86 OMEG 3.8 
IANGELISTA 80 OMEQ 0.8 
~UILAR-... 78B HBC 2.7 
ICKLUND 78 ASPK 0.6 
)WLER 77 DBC 2.8 
~CUBBIN 75 HBC 0.4 
~LER 75 HBC 2.0 
)X 74 RVUE 0.0 
)X 74 RVUE 0.0 
~.TISON 74 HBC 0.0 
"WlS 73 HBC 0.0 
WGLIN 73 HBC 2.6 
JCHNER 72 DBC 3.1 
"~UILAR-... 71B HBC 2.7 
)UILAR-.. 71B HBC 7.3 
~BER 70 DBC 1.2 
~,VIS 69 HBC 1.4 
~.UBER 67B HBC 1~0 

38.9 
(Confidence Level = 0.007) 

_ _ J  
890 895 900 905 910 

K*(892) 0 mass (MeV) 

2Inclusive reaction. Complicated background and phase-space effects. 
3Mass errors enlarged by us to r /v"N.  See note. 
4 Number of events in peak reevaluated by us, 
5 From a partial wave amplitude analysis. 
6 From pole extrapolation. 

K*(892)  M A S S E S  A N D  M A S S  D I F F E R E N C E S  

Unrealistically small errors have been reported by some 

experiments. We use simple "realistic" tests for the minimum 

errors on the determination of a mass and width from a sample 

of N events: 

F F 
6 r a i n ( m )  - -  V ~ '  6 m i n ( F )  = 4 ~  . ( 1 )  

We consistently increase unrealistic errors before averaging. For 

a detailed discussion, see the 1971 edition of this Note. 

VALUE (MeV) EVTS 
6.74-1.2 OUR AVERAGE 
7.74-1.7 2980 

m K . ( , 2 ) o  - mK.(g92), 
DOCUMENT ID TECN 

AGUILAR-... 78B HBC 

5.74-1.7 7338 AGUILAR-... 71B HBC 
6.34-4.1 283 7 BARASH 67B HBC 

7 Number of events in peak reevaluated by us. 

CH6 COMMENT 

4-0 0.76 pp 
K~: KO Tr " 

- 0  3.9,4.6 K - p  
0.0 ~p 

K * ( 8 9 2 )  RANGE P A R A M E T E R  

All from partial wave amplitude analyses. 

VALUE IGeV- 1} DOCUMENT IO TEEN CHG COMMENT 

3.4• ASTON 88 LASS 0 11 K - p  ~ K-Tr4-n 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

12.1•177 BIRD 89 LASS - 11 K - p  ~ K~O~r-p 

CHARGED O N L Y  
VALUE (MeV) EVT5 
50.8• OUR FIT 
50.B:EO.9 OUR AVERAGE 
49 4-2 5840 

56 4-4 
51 4-2 4100 
50.54-5.6 
45.84-3.6 1800 

52~04-23 6706 

K * ( 8 9 2 )  W I D T H  

DOCUMENT ID TECN CHG COMMENT 

BAUBILLIER 848 HBC - 

NAPIER 84 5PEC - 

TOAFF 81 HBC - 
AJINEN KO 80 HBC + 
AGUILAR-... 78B HBC 4- 

9 COOPER 78 HBC 4- 

8.25 K--p 
~0~r -  p 

200 7r-p ~ 2KOx 
6.5 K--p ~ "KOTr-p 
32 K+ p ~ KO~'+X 
0.76 ~p 

' K ~: K O ~r4- 
0.76 ~p ~ (K~r)4- X 

5 2 9  

Meson Particle Listings 
K*(892) 

52.1• 9000 10 PALER 75 HBC - 14.3 K - p  ~ (KTr)- 
X 

46.34-6.7 765 9 CLARK 73 HBC - 3.13 K - p  
~ O . - p  

48.2• 1150 9,11 CLARK 73 HBC - 3.3 K -  p ~ ~ 0 ~ r - p  
54.3• 4404 9 AGUILAR-... 71B HBC - 3.9,4.0 K - p  

(K~r) -p  
46 4-5 1700 9,11 WOJCICKI 64 HBC - 1.7 K - p  ~ KOTr-p 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

54.8• 27k 8ABELE 99DCBAR • O.O ~p ~ K +  K-1r  0 I 
45.2• •  797094- 12BIRD 89 LASS - 11 K--p ~ "~O~-p 

801 
42.8• 3700 BARTH 83 HBC + 70 K + p  ~ KO~"+X 
64.04-9.2 800 9,11 ELELAND 82 SPEC + 30 K + p  ~ KOsTr+p 
62.0• 3200 9,11 ELELAND 82 SPEC • 50 K + p  ~ Kg~r'l 'p 
55 4-4 3600 9,11 CLELAND 82 SPEC - 50 K + p  ~ K U ~ - p  

62.0• 380 DELFOSSE 81 SPEC + 50 K •  ~ K 7tOp 
50.54-3.9 187 DELFOSSE 81 SPEC - 50 K4-p ~ K• 

8 K-matrix pole. I 

N E U T R A L  O N L Y  
VALUE IMeV) EVT$ DOCUMENT ID TEEN CHG COMMENT 
50.74-0.6 OUR FiT Error includes scale factor of 1.1. 
S0.7"1-0.6 OUR AVERAGE Error includes scale factor of 1.1. 
54 •  BARBERIS 98E OMEG 450 pp 

Pf PS K* K~" 
50.8•177 ASTON 88 LASS 0 11 K - p  ~ K -T r+n  
46.5• 5900 BARTH 83 HBC 0 70 K + p  ~ K + x - X  
54 -=-2 28k EVANGELISTA80 OMEG 0 10 7r-p 

K + z - ( A , ~ )  
45.9• 1 1 8 0  AGUILAR-... 78B HBC 0 0.76 ~p 

K:F K 0 ~r• 

51,2+1.7 WICKLUND 78 ASPK 0 3,4.6 K N 
(K;r)ON 

48.9• BOWLER 77 DBC 0 5.4 K + d 
K + l r - p p  

40 +3 3600 MCCUBBIN 75 HBC 0 3.6 K - p  ~ K -T r+n  - 2  
50.6• 22k 10 PALER 75 HBC 0 14.3 K -  p ~ (KTr) 0 

X 
47 •  1Ok FOX 74 RVUE 0 2 K - p  ~ K -T r+n  
51 •  FOX 74 RVUE 0 2 K + n  ~ K + ~ ' - p  
46.0• 3186 9 LEWIS 73 HBC 0 2.1-2.7 K + p  

KTr~p 
51.4• 1700 9 BUCHNER 72 DBC 0 4.6 K + n  ~ K+T r -p  

55 ~ +4.2 2934 9 AGUILAR-... 71B HBC 0 3.9,4.6 K -  p " - 3 . 4  
K -  Tr'+ n 

48.5• 5362 AGUILAR-.. 71B HBC 0 3.9,4.6 K - p  
K-Tr+ : r -  p 

54.0• 4300 9,11 HABER 70 DBC 0 3 K -  N ~ K - l r + X  
53.2• 10k 9 DAVIS 69 HBC 0 12 K + p  

K + lr - ~r -l- p 
44 • 1040 9 DAUBER 67B HBC 0 2.0 K -  p -~ 

K- l r '+  Tr-p 

9Width errors enlarged by us to 4 • F/~/N; see note. 
10 Inclusive reaction, Complicated background and phase-space effects. 
11 Number of events in peak reevaluated by us. 
12 From a partial wave amplitude analysis. 

K * ( 8 9 2 )  DECAY M O D E S  

Mode Fraction ( r i / r )  Confidence level 

r I K r  ~ lO0 % 
r 2 ( K i t )  • ( 99.901 4- 0.009) % 
r 3 ( K T r )  0 (99.770• % 

['4 K ~  ' ( 2.30 • ) x 10 - 3  
r 8 K •  ( 9,9 •  ) x l 0  - 4  
r 6 K1r~  < 7 x 10 - 4  95% 
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M e s o n  P a r t i c l e  L i s t i n g s  

K*(892) ,  K , (1270)  

C O N S T R A I N E D  F I T  I N F O R M A T I O N  

An overall f i t  to  the  to ta l  w id th  and a part ial  w i d t h  uses 13 mea- 
surements and one constra int  to  determine 3 parameters. The 

overall f i t  has a X 2 = 7.8 for 11 degrees of  freedom. 

The fo l lowing of f -d iagona l  array elements are the  correlat ion coefficients 

I E p i ~ p j > / ( ~ p i . ~ p s ) ,  in percent, f rom the f i t  t o  parameters inc lud ing the  branch- P~, 
ing fractions, x~ --_ I - j F t o t a  I. The  f i t  constrains the x~ whose labels appear in this 

array to sum to one. 

X5 1-100 
J 

r L 19 -19 

x 2 x 5 

Mode Rate (MeV) 

r 2 ( K ~ r )  + 50.7 • 
F s K •  , 0.050• 

C O N S T R A I N E D  F I T  I N F O R M A T I O N  

An overall f i t  to  the to ta l  w i d t h  and a part ia l  w i d t h  uses 19 mea- 
surements and one constra int  to  determine 3 parameters. The 

overall f i t  has a X 2 = 19.7 for 17 degrees of  freedom. 

The fo l lowing o f f -d iagona l  array elements are the correlation coefficients 

< 6 p ~ 6 p j l / ( 6 p s  in percent, f rom the  f i t  to  parameters p~:, inc lud ing the  branch- 

ing fractions, x~ ~- I - i / I - tota I. The f i t  constrains the  x i whose labels appear in th is  
array to sum to one. 

x 4 - 1 0 0  

I" 14 --14 

x3 x4 

Mode Rate (MeV) Scale factor 

F 3 ( K T r )  0 so.6 •  1.1 

r 4 K~ 0.117• 

' K * ( 8 9 2 )  P A R T I A L  W I D T H S  

r(K%) 
VALUE (keY) E V T S  DOCUMENT /D TECN CHG 

,,~ "1,,o OU.F,T 
11&54. 9.9 584 CARLSMITH 86 SPEC 0 

r(K4., d 
VALUE (keY) DOCUMENT (D 

50-1. 5 OUR FIT 
50"1, 5 OUR AVERAGE 
48• 
51• 5 

COMMENT 

K / 0 A ~  K0S ~r0 A 

TECN CHG COMMENT 

BERG 83 SPEC - 156 K - A  ~ K x A  
CHANDLEE 83 SPEC + 200 K + A  ~ K ~ A  

r4 

rs 

K * ( 8 9 2 )  B R A N C H I N G  R A T I O S  

r(lO,d/r~,~ r4/r 
VALUE Iunits 10 -3) DOCUMENT ID TECN CHG COMMENT 

2.30:t:0.20 OUR FIT 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

1.5 •  CARITHERS 75B CNTR 0 8-16 K 0 A  

r(K4.~)/r==, rs/r  
VALUE (units 10 -3) CL~ DOCUMENT ID TECN CHG COMMENT 

0.994.0.09 OUR FIT 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, e tc  �9 �9 �9 

<1.6 95 BEMPORAD 73 CNTR + 10-16 K + A  

r(Kr,)lr((Kx)4.) rdr= 
VALUE CL~ DOCUMENT ID TECN CHG COMMENT 

<0.0007 95 JONGEJANS 78 HBC 4 K -  p ~ p R  02w 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

<0,002 WOJCICKI 64 HBC - 1.7 K - p  ~ ~ O ~ - p  

K*(892) REFERENCES 

ABELE 99D PL B468 178 A. Abele et aL (Oystal Barre~ Codab.) 
BARBERIS 98E PL B436 204 0. Barberis et al, (Omega expt.) 
BIRD B9 SLAC-332 P.F. Bird (SLAC) 
ASTON 88 NP B296 493 D, Aston et aL (SLAC, NAGO, ClNC, INUS) 
ATKINSON 86 ZPHY C30 521 M. Atkinson et at. (BONN, CERN, GLAS+) 
CARLSMITH 86 PRL 56 18 D. Carlsmith et aL (EFI, SACL) 
BAUBILLIER 84B ZPHY C26 37 M. Baubillier et aL (BIRM, CERN, GLAS+) 
NAPIER 84 PL 149B 514 A. Napier et aL (TUFTS, ARIZ, FNAL, FLOR+) 
BARTH 83 NP B223 296 M, Barth et aL (BRUX, CERN. GENO, MONS+) 
BERG 83 Thesis UMI 83-21652 D,M. Ber 6 (ROCH) 
CHANDLEE 83 PRL 5] 168 C. Chandlee et al. (ROCH, FNAL, MINN) 
CLELAND 82 NP B208 189 W,E. Cleland et al. (DURH. GEVA, LAUS+) 
DELFOSSE 81 NP B]83 349 A. Delfos.~ et aim (GEVA, LAUS) 
TOAFF 81 PR D23 ]500 S. Toaff et aL {ANL, KANS) 
AJINENKO 80 ZPHY C5 177 LV. Ajinenko et aL (SERP, BRUX, MONS+) 
EVANGEUSTA 80 NP B165 383 C. EvangeEsta et aL (BARI, BONN, CERN+) 
AGUILAR-... 78B NP B141 101 M. Aguilar-Benitez et al. (MADR, TATA+) 
BALAND 78 NP e]40 220 J.F. Baland et al. (MONS, BELG, CERN+) 
COOPER 78 NP B136 365 A.M. Cooper et aL (TATA, CERN, CDEF+) 
JONGEJANS 78 NP B139 383 B. Jongejans et at. (ZEEM. CERN, NIJM+} 
WICKLUND 78 PR D17 ]197 A.B. Wicklund et aL (ANL) 
BOWLER 77 NP B125 31 MG. Bowler et a/. (OXF) 
CARITHERS 7SB PRL 35 349 W.CJ. Carithers et aL (ROCH, MCGI) 
MCCUBBIN 75 NP B86 13 N.A. McCubbin, L. Lyons (OXF) 
PALER 75 NP B96 1 K, Paler et aL (RHEL, SACL, EPOL) 
FOX 74 NP B80 403 G.C. Fox, M.L. Griss {CIT) 
MATISON 74 PR D9 1672 MJ. Matison et al. (LBL) 
BEMPORAD 73 NP B51 1 C. Bemporad et aL (CERN, ETH, LOIC) 
CLARK 73 NP B54 432 A.G, Clark, L Lyons, D, Radojicic (OXF) 
LEWIS 73 NP BT0 263 P,H. Lewis et aL (LOWC, LOIC, CDEF) 
LINGLIN 73 NP B55 40B D. Linglln (CERN) 
BUCHNER 72 NP B45 333 K, Buchner et aL (MPIM, CERN, BRUX) 
AGUILAR-... 71B PR D4 2583 M. Aguilar-Benitez, R.L, Eisner, J.B. Kinson (BNL) 
HABER 70 NP B17 289 B, Haber et aL (REHO, SACL, BGNA, EPOL) 
CRENNELL 69D PRL 22 487 D,J. Crennell et al. (BNL) 
DAVIS 69 PRL 23 1071 P.J. Davis et al. (LRL) 
SCHWEING.., 68 PR 166 1317 F. Sch~.~ingruber et aL (ANL, NWES) 
BARASH 67B PR 156 1399 N. Barash et aL (COLU) 
BARLOW 67 NC 50A 701 J. Barlow et aL (CERN, CDEF, IRAD, LIVP) 
DAUBER 67B PR 153 1403 P.M Dauber et aL (UCLA) 
DEBAERE 67B NC 51A 401 W. de Baere et aL (BRUX, CERN) 
WOJCICKI 64 PR ]35B 464 S.G, Wojcicki (LRL) 

- -  OTHER RELATED PAPERS 
BENAYOUN 99B PR D59 114027 M Benayoun et al. 
KAMAL 92 PL B284 421 A.N. Kamal, Q.P. Xu (ALBE) 
NAPIER 84 PL 149B 514 A. Napier et aL {TUFTS, ARIZ, FNAL, FLOR+) 
CLELAND 82 NP B208 189 W.E. Cleland et at. (DURH, GEVA, LAUS+) 
ALEXANDER 62 PRL 8 447 G. Alexander et aL (LRL) 
ALSTON 61 PRL 6 300 M.H. Alston et aL (LRL) 

I K1(1270) I : 

/ ( 1 ( 1 2 7 0 )  M A S S  

VALUE (MeV) DOCUMENT ID 
1273'1"7 OUR AVERAGE Includes data from the 2 datablocks that follow this one. 

PRODUCED BY K - ,  BACKWARD S C A T T E R I N G ,  H Y P E R O N  E X C H A N G E  
VALUE (MeV) EVTS DOCUMENT ID TECN CHG COMMENT 
The data in this block is included in the average printed for a previous datablock. 

1275"1.10 700 GAVILLET 78 HBC + 4.2 K - p  
_----- (K  T~)-F 

PRODUCED B Y  K B E A M S  
VALUE (MeV) DOCUMENT ID TECN CMG COMMENT 
The data in this block is included in the average printed for a previous datablock. 

1270"1"10 DAUM 81C CNTR - 63 K - p  ~ K - 2 ~ p  

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

1276 1 TORNQVIST 82B RVUE 
1300 VERGEEST 79 HBC - 
1289• 2 CARNEGIE 77 ASPK • 
1300 BRANDENB...  76 ASPK • 
1270 OTTER 76 HBC - 

1260 DAVIS 72 HBC + 
1234• FIRESTONE 72B DBC + 

1 From a unitarized quark-model calculation. 

4.2 K - p  ~ ( K ~ T r ) - p  

13 K •  ( K ~ r ) : ~ p  

13 K •  ( K T r ~ r ) •  

10,14,16 K - p  
( ~ ) - p  

12 K - ~ p  

12 K - - d  

2 From a model-dependent fit w i t l l  Gaussian background to BRANDENBURG 76 data. 

PRODUCED B Y  B E A M S  O T H E R  T H A N  K M E S O N S  
VALUE (MeV) E V T S  DOCUMENT ID TEEN CHG COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc, �9 �9 �9 

1294+10 310 RODEBACK 81 HBC 4 E - p  ~ A K 2 ~  

1300 40 CBENNELL 72 HBC 0 4.5 7 r - p  ~ AK27r 

1242+109 3 ASTIER 69 HBC 0 ~P 

1300 45 CRENNELL 67 HBC 0 6 ~ - p  ~ AK27r  

3This was called the C meson. 



See key on page 239 

/(1(1270) WIDTH 

VALUE (MeV) DOCUMENT /D 
91)4-20 OUR ESTIMATE This is only an educated guess; the error given is larger than 

the error on the average of the published values. 
874" 7 OUR AVERAGE Includes data from the 2 datablocks that follow this one. 

PRODUCED BY K- ,  BACKWARD SCATTERING, HYPERON EXCHANGE 
VALUE (MeV) E V T S  DOCUMENT ID TEEN CHG COMMENT 
The data in this block is included in the average printed for a previous datablock. 

754-15 700 GAVILLET 78 HBC + 4.2 K - p  
=- -  K l r  ~r 

PRODUCED BY K BEAMS 
VALUE (MeV) DOCUMENT ID TEEN CHG COMMENT 
The data in this block is included in the average printed for a previous datablock. 

904" g DAUM 81C CNTR - 63 K - p  ~ K - 2 ~ r p  
�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

150 VERGEEST 79 HBC - 4.2 K - p  ~ ( K ~ r ~ ) - p  
1504-71 4CARNEGIE 77 ASPK 4- 1 3 K 4 - p ~  (K~r~r)4-p 
200 BRANDENB...  76 ASPK 4- 13 K •  ~ ( K ~ r ) 4 - p  
120 DAVIS 72 HBC + 12 K + p  
188• FIRESTONE 72B DBC + 12 K + d  

4 From a model-dependent fit wi th Gaussian background to BRANDENBURG 76 data, 

PRODUCED BY BEAMS OTHER THAN K MESONS 
VALUE (MeV) EVT5 DOCUMENT ID TEEN CHG COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

66• 310 RODEBACK 81 HBC 4 ~- -p  ~ AK2~r 
60 40 CRENNELL 72 HBC 0 4.5 x - p  ~ A K 2 E  

127_+2~ ASTIER 69 HBC 0 ~p 

60 45 CRENNELL 67 HBC 0 6 ~ : - p  ~ AK2~r 

Mode 

/(1(1270) DECAY MODES 

Fraction (r i /r) 

r l  K p  (42 4-6 ) %  

r 2 K~(1430)~r (28 4-4 )% 
F3 K~(892)~r 06 • )% 
r 4 K~ (11.0• % 
r 5 K f0(1370 ) ( 3,0 4-2,0) % 

/('i(1270) PARTIAL WIDTHS 

r(K#) r l  
VALUE (MeV) DOCUMENT ID TEEN CHG COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

57•  MAZZUCATO 79 HBC + 4 . 2 K - p ~  - - - (K7rTr )  + 
75•  CARNEGIE 77B ASPK • 13 K4-p ~ (Kzr~)-4-p 

r(K;(1430)~r) r~ 
VALUE (MeV) DOCUMENT ID TEEN CHG COMMENT 

�9 �9 = We do not use the fol lowing data for averages, fits, l imits, etc. �9 = �9 

26•  CARNEGIE 77BASPK 4- 1 3 K •  (KTr~r)•  

F(K*(BS2)x) r3 
VALUE (MeV) DOCUMENT ID TECN CHG COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

14• MAZZUCATO 79 HBC + 4.2 K - p  ~ - - - (K~ r~ : )  + 
2 •  2 CARNEGIE 77BASPK 4- 1 3 K •  (KTr~c)4-p 

F(K~) i"4 
VALUE (MeV) DOCUMENT ID TEEN CHG COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. = * �9 

44-4 MAZZUCATO 79 HBC + 4 . 2 K - p ~  - - - ( K ~ r ~ )  + 
24•  CARNEGIE 77B ASPK • 13 K4-p ~ (KTzr)4-p 

I'(K f0(1370)) rs 
VALUE (MeV) DOCUMENT ID TEEN CHG COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 = �9 

224-5 CARNEGIE 77B ASPK • 13 K4-p ~ (KTrTr)•  

K1(1270) BRANCHING RATIOS 

r(Kp)/r==l 
VALUE DOCUMENT ID TEEN COMMENT 

0.424-0.06 5DAUM 81c ENTR 63 K - p ~  K - 2 7 r p  
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

dominant RODEBACK 81 HBC 4 7r--p ~ AK27r 

h / r  

Meson 
531 

Particle Listings 
K~(1270), K~(1400) 

r(K~(1430)lr) Irtou, r=/r 
VALUE DOCUMENT IP TEEN COMMENT 

0.284.0.04 5 DAUM 81C CNTR 63 K - p  ~ K - 2 ~ r p  

r(K'(SS2)~r) Ir~t h / r  
VALUE DOCUMENT tD TEEN COMMENT 

0.164.0,05 5 DAUM 81C CNTR 63 K -  p ~ K -  2~rp 

r(K(~)/rtotal r4/r 
VALUE DOCUMENT ID TECN COMMENT 

0.11 4-0.02 5DAUM 81C CNTR 6 3 K - p ~  K - 2 ~ r p  

r(K~)Ir(Kp) r41rl 
VALUE ~ DOCUMENT ID TEEN COMMENT 

�9 I = We do not use the fol lowing data for averages, fits, l imits, etc. = �9 �9 

<0.30 95 RODEBACK 81 HBE 4 7 r - p  ~ AK27r 

r(K fo(z3m))/r~, rs/r 
VALUE DOCUMENT ID TEEN COMMENT 

0.03 4"0.02 5DAUM 81C CNTR 6 3 K - p ~  K - 2 ~ r p  

D-wave/S-wave RATIO FOR/(1(1270) --* K*(892)~r 
VALUE DOCUMENT tD TEEN COMMENT 

1.04"0.7 5DAUM 81cCNTR 6 3 K - p ~  K--2~:p  

5Average from low and high t data. 

/(1(1270) REFERENCES 

TORNQVIST B2B NP 8203 268 N.A, Tornqvkt (HELS) 
DAUM 8[C NP B187 1 C. Daum et aL (AMST, CERN, CRAC, MPIM+) 
RODEBACK 81 ZPHY C9 9 S, Rodeback et aL (CERN, CDEF, MADB+) 
MAZZUCATO 79 NP 8156 532 M, Mazzucato et aL (CERN, ZEEM, NIJM+) 
VERGEEST 79 NP 8158 255 J.S,M. VerKeest et aL (NIJM, AMST, CERN+) 
GAVILLET 78 PL 7SB 517 P, Gavillet et aL (AMST, CERN, NIJM+)JP 
CARNEGIE 77 NP B127 509 R.K, Carnegie et aL (SLAC) 
CARNEGIE 77B PL 68B 287 R.K. Carnegie et al, (SLAC) 
BRANDENB,.. 76 PRL 26 703 G.W. Brandenburg et at, (SLAG) JP 
OTTER 76 NP B106 77 G. Otter et aL (AACH3, BERL, CERN, LOIC+)JP 
CRENNELL 72 PR D6 1220 D.J. Crennell et aL (BNL) 
DAVIS 72 PR D5 2688 PJ. Davis et al. (LBL) 
FIRESTONE 72B PR D5 505 A. Firestone et at. (LBL) 
ASTER 69 NP 810 65 A, Astier et at. (CDEF, CERN, IPNP, LIVP)IJP 
CRENNELL 67 PRL 19 44 DJ. Crenned et aL (BNL)I 

- -  OTHER RELATED PAPERS - -  
SUZUKI 93 PR D47 1252 M. Suzuki (LBL) 
BAUBILLIER g2B NP B202 21 M. Baubidier et aL {BIRM, CERN, GLAS+) 
FERNANDEZ 82 ZPHY C16 95 C. Fernandez et aL (MADR, CERN, CDEF+)JP 
GAVlLLET 82 ZPHY C]6 ]tg P. Gavillet et al. (CERN, CDEF, PADO+) 
SHEN 66 PRL [7 726 B.C. Shen et aL (LRL) 

Also S6 Private Comm. G. Goldhabe( (LRL) 
ALMEIDA 65 PL 16 184 S.P. Almelda et aL (CAVE) 
ARMENTEROS 64 PL 9 207 R. Armenteros et 31. (CERN, CDEF) 

Also 66 PR 145 1095 N, Barash et at. (COLU) 

I K1(1400) 1 : 
#(1(1400 ) MASS 

VALUE (MeV) DOCUMENT tO TEEN CHG COMMENT 
1402-1- 7 OUR AVERAGE 
13734-144-18 1ASTON 87 LASS 0 11 K - p ~  KO~r+Tr -n  
1392• BAUBILLIER 828 HBC 0 8.25 K - p  ~ KOsx•  

1410• DAUM 81c CNTR - 63 K - p  ~ K - 2 ~ r p  
1415• ETKIN 80 MPS 0 6 K - p  ~ K O l r ' i ' ~ r - n  
1404• 2CARNEGIE 77 ASPK 4- 1 3 K 4 - p ~  (KTr:r)4-p 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 = 

1350 3 TORNQVIST 828 RVUE 
1400 VERGEEST 79 HBC - 4.2 K - p  ~ ( ~ r T r ) - p  
1400 BRANDENB... 76 ASPK i 13 K •  ~ (KlrTr)4-p 
1420 DAVIS 72 HBC + 12 K + p  
1368• FIRESTONE 72B DBC + 12 K + d  

1 From partial-wave analysis of K 0 ~r + x -  system. 
2 From a model-dependent fit wi th Gauss• background to BRANDENBURG 76 data. 
3 From a unitarized quark-model calculation. 

i 

/(1(1400) WIDTH 

VALUE {MeV) DOCUMENT ID TEEN CHG COMMENT 
1144-13 OUR AVERAGE Erro~ includes scale factor of 1,6. See the ideogram below. 

1884-54• 4ASTON 87 LASS 0 11 K - p  ~ K O T r + ~ r - n  
276• BAUBILLIER 828 HBC 0 8.25 K - p  ~ KOs1r+ l r -n  

195• DAUM 81C cNTR - 63 K - p  ~ K - 2 ~ r p  
]804-10 ETKIN 80 MPS 0 6 K - p - - ,  K--"O~r+*-n 
142• 5CARNEGIE 77 ASPK 4- 1 3 K 4 - p ~  (Kx l r ) - t - p  
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Meson Particle Listings 
K~(1400), K*(1410) 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc, �9 �9 �9 

200 VERGEEST 79 HBC -- 4.2 K - p  ~ (K~ r~ r ) -p  
~ 1 6 0  BRANDENB. . .76  ASPK 4" 1 3 K •  ( K ~ r x ) •  

80 DAVIS 72 HBC + 12 K + p 
241• FIRESTONE 72B DBC + 12 K + d  

4 From partial-wave analysis of K 0 ~r + ~r- system. 
5 From a model-dependent f i t  wi th Gaussian background to BRANDENBURG 76 data. 

Mode 

/(i(1400) DECAY MODES 

Fraction ( r i / F )  

rl K*(892)~ (94 •  ) % 
r 2 Kp (3.0• % 
F3 K f0(1370) (2.0~2.0) % 
r 4 K~ (1.0• % 
r 5 K~)(1430)~r  , not seen 

/(1(1400 ) PARTIAL WIDTHS 

r(x'(~2).) 
VALUE (MeV) DOCUMENT /D TECN CHG COMMENT 

K1 (1400) REFERENCES 

ASTON 87 NP B292 693 D. Aston et aL (SLAC, NAGO, CINC, INUS) 
BAUBILLIER 82B NP B202 21 M. Baubillier et at. (BIRM, CERN, GLAS+) 
TORNQVIST g2B NP B203 268 N,A. Tomqvist (HELS) 
DAUM 81C NP B187 t C. Daum el aL (AMST, CERN, CRAC, MPIM+) 
ETKIN 80 PR D22 42 A. Etkin et aL (BNL, CUNY) JP 
VERGEEST 79 NP B15B 265 J.S.M. Vergeest et al. (NIJM, AMST, EERN+) 
CARNEGIE 72 NP B127 509 R.K. Carnegie et al, (SLAC) 
BRANDENB... 76 PRL 26 703 G.W, Brandenburg et aL (SLAC)JP 
DAVIS 72 PR D5 2688 PJ. Davis et aL (LBL) 
FIRESTONE 72B PR 05 505 A, Firestone et at. (LBL) 

- -  OTHER RELATED PAPERS - -  
SUZUKI 93 PR D47 1252 M. Suzuki (LBL) 
FERNANDEZ 82 ZPHY C[6 95 C. Fernandez et aL (MADR, CERN, CDEF+) 
SHEN 66 PRL ]7 726 B.C. Shen eta/. (LRL) 

Also 66 Private Comm. G. Goldhaber (LRL) 
ALMEIDA 65 PL 16 184 S.P. Almelda et aL (CAVE) 
ARMENTEROS 64 PL 9 207 R. Armenteros et aL (CERN, CDEF) 

Also 66 PR 145 1095 N, Barash et al. (COLU) 

I K*(1410) I ~(:P) -- �89 

117J,'10 CARNEGIE 77 ASPK • 13 K •  ~ (KTrTr)•  

r(Kp) 
VALUE (MeV) DOCUMENT ID TECN CHG COMMENT 

2 "1"1 CARNEGIE 77 ASPK ~ 13 K •  ~ ( K ~ r ~ ) + p  

r(K~) 
VALUE (MeV} DOCUMENT 113 TECN CHG COMMENT 

23"1"12 CARNEGIE 77 ASPK ~ 1 3 K •  ( K ~ ~ r ) •  

F1 

r2 

F4 

K1{1400 ) BRANCHING RATIOS 

r(K.(S92).)/r=.j 
VALUE DOCUMENT ID TECN ~:OMMENT 

0.94~0.06 6 D A U M  81C CNTR 6 3 K - p ~  K - 2 ~ p  

VALUE DOCUMENT IO TECN COMMENT 

0.03 "1"0.03 6 D A U M  81C CNTR 6 3 K - p ~  K - 2 x p  

r (K f0(137o))/rto~j 
VALUE DOCUMENT ID TECN COMMENT 

0.02 "I'0,02 6 D A U M  81C CNTR 63 K - p ~  K - 2 7 r p  

r(K.)/rmu. 
VALUE DOCUMENT ID TECN COMMENT 

0.0 '1. ::EO.01 6 D A U M  81C CNTR 6 3 K - p ~  K - 2 7 r p  

r(K;o(143o)~)/r~m 
VALUE DOCUMENT ID TECN COMMENT 

not seen 6 DAUM 81c CNTR 63 K -  p ~ K -  2~rp 

D-wave/S-wave RATIO FOR/(1(1400 ) ~ K*(892)~r 
VALUE DOCUMENT ]D TECN COMMENT 

0,04 4-0.01 6 D A U M  81c CNTR 6 3 K - p ~  K - 2 7 r p  

6 Average from low and high t data. 

rdr  

rdr  

rs/r 

rdr  

r~/r 

K*(1410) MASS 

K'(1410) WIDTH 

VALUE {MeV) DOCUMENT ID TECN CHG COMMENT 
232"1" 21 OUR AVIER/~ I= Error includes scale factor of 1.1. 

176+ 5 2 i 2 2  ASTON 88 LASS 0 11 K - p  ~ K - x + n  
240•  18+12 ASTON 87 LASS 0 11 K - p ~  K O ~ + ~ r - n  
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

114• BIRD 89 LASS - 11 K - p  --~ - ~ O ~ - p  
275~ 65 BAUBILLIER 82B HBC 0 8.25 K - p  ~ K 0 2 w n  
500• ETKIN 80 MPS 0 6 K - p  ~ ~ T r + ~ - n  

K*(1410) DECAY MODES 

Mode Fraction ( i - i / r )  Confidence level 

r 1 K*(892)~ > 40 % 95% 
r 2 K~ (6.6• % 
r 3 K p < 7 % 95% 

K*(1410) BRANCHING RATIOS 

r(Ke)/r(K*(892),r) ra/rl 
VALUE CL~ DOCUMENT ID TECN CHG COMMENT 

<0.17 95 ASTON 84 LASS 0 11 K - p  ~ K 0 2 w n  

F( K x) /F ( K'(892)Ir) r2 / r l  
VALUE CL~ DOCUMENT /D TECN CHG COMMENT 

<0.16 95 ASTON 84 LASS 0 11 K - p  ~ K02~rn 

r(K.)/rto., r=/r 
VALUE DOCUMENT ID TECN CHG COMMENT 

0.066"1"0.010:1:0.006 ASTON 88 LASS 0 11 K - p  ~ K - ~ + n  

K*(1410) REFERENCES 

BIRD 8g 5LAC-332 P.F. Bird ISLAC) 
ASTON 88 NP B296 493 D, Aston et aL (SLAC, NAGO. CINC, INUS) 
ASTON 87 NP B292 693 D. Aston et aL (SLAC, NAGO, CINC, INUS) 
ASTON 84 PL 149B 258 D. Astofl et at. (SLAC, CARL, OTTA)JP 
BAUBILLIER 82B NP B202 2t M. Baubillier et at. (BIRM, CERN, GLAS+) 
ETKIN 80 PR D22 42 A. Etkin et al. (BNL, CUNY)JP 

VALUE {MeV) DOCUMENT ID TECN CHG COMMENT 
1414"1"15 OUR AVERAGE Error includes scale factor of 1.3. 

1380~21:E19 ASTON 88 LASS 0 11 K - p ~  K - x + n  
1420~ 74-10 ASTON 87 LASS 0 11 K - p  ~ - K O ~ + T r - n  
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

1367~:54 BIRD 89 LASS 11 K - p ~  ~ O E - p  
1474• BAUBILLIER 82B HBC 0 8.25 K - p  ~ K O 2 ~ n  
1500+30 ETKIN 80 MPS 0 6 K - p  ~ K O ~ + ~ r - n  



See key on page 239 

I K;(1430) I ,(/') = �89 
See our  min i rev iew in the  1994 edi t ion and in th is  edi t ion under the 

f0(1370). 

K~(1430) MASS 

VALUE (MeV) DOCUMENT ID TECN CHG COMMENT 

1412 444 ~ 1ASTON 88 LASS 0 11 K - p  ~ K-~r+~l 
�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

1436 4- 8 2 BARBERIS 98E OMEG 450 pp ~ I 
pf  Ps K4- K -  ~+ ~r- 

1415 4-25 3ANISOVICH 97C RVUE 11 K - p  ~ K -~ r+n  
1450 4 TORNQVIST 96 RVUE E~ ~ ~ r ,  K K ,  K~r 
1430 BAUBILLIER 84B HBC - 8.25 K - p  ~ ~O~r-p 
1425 5,6 ESTABROOKS 78 ASPK 13 K4-p ~ K:5~r:5(n,A) 
1450.0 MARTIN 78 SPEC 10 K:sp ~ KO 5zrp 

1 Uses a model for the background, without this background they get a mass 1340 MeV, 
where the phase shift passes 90 ~ . 

2 jP  not determined, could be K~(1430). I 

3T-matr ix pole. Reanalysis of ASTON B8 data. 
4 T-matr ix pole. 
5 Mass defined by pole position. 
6 From elastic K ~  partial-wave analysis. 

K~(1430) WIDTH 

VALUE (MeV) DOCUMENT tD TECN CHG COMMENT 

29444423 ASTON 88 LASS 0 11 K - p  ~ K - i r + n  
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 * �9 

196:545 7 BARBERIS 98E OMEG 450 pp 

3304-50 8 ANISOVICH 97C RVUE 
320 9 TORNQVIST 96 RVUE 
200 BAUBILLIER 84B HBC 
200 to 300 10 ESTABROOKS 78 ASPK 

7 j P  not determined, could be K~.(1430). 

aT-matr ix  pole. Reanalysis of ASTON 88 data. 
9 T-matr ix pole. 

10 From elastic K~r partial-wave analysis. 

pfpsK + K -  7r + l r -  
1 1 K - p ~  K-Tr4-n 

-- 8.25 K - - p  ~ KO lr-- p 
13 K:sp ~ K4-~r:5(n,A) 

K~(1430) DECAY MODES 

Mode Fraction ( r i / r )  

r I K ~  (93 :510)% 

K~(1430) BRANCHING RATIOS 

r(Klr)/rtotal 
VALUE DOCUMENT ID TECN CHG COMMENT 
0,934440.04-4-0.09 ASTON 88 LASS 0 11 K ' p  ~ K-Tr4-n 

r l / r  

K~(1430} REFERENCES 

BARBERIS 98E PL B436 204 D. Barbeds et aL (Omega expt.) 
ANISOVICH 97C PL B413 137 
TORNQVIST 96 PRL 76 1575 N.A. Tornqvist, M Roos (HELS) 
ASTON 8e NP B296 493 D. Aston et aL (SLAC, NAGO, CINC, INUS) 
BAUBILLER 84B ZPHY C26 37 M. Baubi~ller et at. (BIRM, CERN, GLAS+) 
ESTABROOKS 18 NP B133 490 P.G. Estabrooks et aL (MCGI, CARL, DURH+) 
MARTIN 78 NP BIS4 392 A.D. Martin et aL (DURH, GEVA) 

- -  OTHER RELATED PAPERS - -  

BEVEREN 99 EPJ C10 469 E. V~a Beveren, G. Rupp 
OLLER 99 PR D60 099906 J.A. Oiler et al. 
OLLER S9C PR O60 074023 J.A. Oiler, E. Oset 
TORNQVIST 82 PRL 49 624 N.A. Tocnqvist (HELS) 
GOLDBEBG 69 PL 30B 434 J. Goldber[ et aL (SABRE Cotlab.) 
TRIPPE 6a PL 28B 203 T.G. Tdppe et aL (UCLA) 
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K;(1430), K~(1430) 

I K (1430) I : 
We consider t h a t  phase-shift  analyses provide more rel iable determi-  
nat ions of  the  mass and w i d t h .  

K~(1430) MASS 

CHARGED ONLY, WITH FINAL STATE Kx 
VALUE (MeV) EVTS DOCUMENT ID TECN CHG 
142S,64- 1.5 OUR AVERAGE Error includes scale factor of 1.1. 

1420 4- 4 1587 BAUBILLIER 84B HBC - 

1436 4- 5.5 400 1,2 CLELAND 82 SPEC 4- 

1430 4- 3.2 1500 1,2 CLELAND 82 SPEC + 

1430 4- 3.2 1200 1,2 CLELAND 82 SPEC - 

1423 4- 5 935 TOAFF 81 HBC - 
1428.0:9:: 4.6 3 MARTIN 78 SPEC + 

1423,8:5 4.6 3 MARTIN 78 SPEC - 

1420.0:5 3.1 1400 AGUILAR-.., 71B HBC 
1 4 2 5 : 5  8.0 225 1,2 BARNHAM 71C HBC + 
1 4 1 6 : 5 1 0  220 CRENNELL 69D DBC 

1414 4-13.0 60 1 LIND 69 HBC 
1 4 2 7 : 5 1 2  63 1 SCHWEING... 68 HBC 
1423 :511.0 39 1 BASSANO 67 HBC 

�9 �9 �9 We do not use the fol lowing data for averages, fits, 

1423.44- 2 4-3 248094- 
820 

NEUTRAL ONLY 
VALUE (MeV) EVTS 
1432,44- 1.3 OUR AVERAGE 
1431.2~ 1.84- 0.7 
1434 4- 4 4- 6 

1433 �9 6 4-10 
1471 • 12 

1428 • 3 
1434 4- 2 
1440 •  

4 BIRD 89 LASS 

OOCUMENTID TECN 

COMMENT 

8.25 K -  p -.-* 
KO Tr- p 

30 K + p  ~ KOs~r+p 
50 K + p  ~ K U x + p  

K~ Tr- p 
50 K+ p ~ K S 7r- p 
6.5 K - - p ~  
10 K4-p ~ KO~rp 
10 K4-p KUs~r p 

3.9,4.6 K--p 
K + p  ~ KOT:+p 
3 . 9 K - N ~  

-KO~r- N 
+ 9 K + p  ~ KO~+p 
-- 5.5 K - p  ~ -KTrN 
-- 4.6-5.0 K - p  

~ 0 ~ r - p  
limits, etc. �9 �9 * 

11 K - p  ~ KO~r-p 

CHG COMMENT 

5ASTON 88 LASS O 11 K - p  ~ K -T r+n  
5 ASTON 87 LASS O 11 K -  p 

"K 0 ~ +  x-n_~ 
5 ASTON 84B LASS 0 11 K -  p ~ K v 2~n 
5 BAUBILLIER 82B HBC 0 8.25 K - p  

N KO Tr ~r 

5ASTON 81C LASS 0 11 K - p ~  K-Tr4-n 
5ESTABROOKS78 ASPK 0 13 K4-p ~ pKTr 
5 BOWLER 77 DBC 0 5.5 K + d  ~ KTrpp 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

1420 4- 7 300 HENDRICK ;'6 DBC 8.25 K + N 
K4- T N 

1421.6 t  4.2 800 MCCUBBIN 75 HBC 0 3.6 K - p  ~ K -~ -Fn  
1420.14- 4.3 6 LINGLIN 73 HBC 0 2-13 K + p  --~ 

K + ~ - X  
1419,14- 3.7 1800 AGUILAR-... 71B HBC 0 3.9,4.6 K - p  
1416 4- 6 600 CORDS 71 DBC 0 9 K + n ~ K + 7r- p 
1421,1/: 2.6 2200 DAVIS 69 HBC 0 12 K + p  ~ K 4 - ~ r - X  

1Errors enlarged by us to F /~ /N;  see the note wi th the K*(892)  mass. 
2 Number of events in peak re-evaluated by us. 
3 Systematic error added by us. 
4 From a partial wave amplitude analysis. 
5 From phase shift or partial-wave analysis. 
6 From pole extrapolation, using world K + p  data summary tape. 

K~(1430) WIDTH 

CHARGED ONLY, WITH FINAL STATE Klr 
VALUE (MeV) EVTS DOCUMENT ID TECN CHG COMMENT 

98.5444 2,7 OUR FIT Error includes scale factor of 1.1. 
9e.5 -I- 2.9 OUR AVERAGE Error includes scale factor of 1.1. 

109 4-22 400 7,8 CLELAND 82 SPEC 4- 

124 4-12.8 1500 7,8 CLELAND 82 SPEC + 

113 4-12.8 1200 7,8 CLELAND 82 SPEC - 

85 4-16 935 TOAFF 81 HBC - 
96.5/ :  3.8 MARTIN 78 SPEC 4- 

97.74- 4.0 MARTIN 78 SPEC - 

94 7+15.1 " - 1 2 . 5  1400 AGUILAR-... 71B HBC 

30 K + p ~  K O ~ + p  

K ~ r + p  
50 K + P  ~ K ~ r _ p  
50 K + P  ~ ~x-p 
6.5 K - p ~  
10 K4-p ~ KO~rp 

10 K4-p KUslrp 

3.9,4.6 K -  p 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

98 4- 4 4-4 248094" 9BIRD 89 LASS - 11 K - p ~  KO~r-p 
82O 
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K;(1430) 

NEUTRAL ONLY 
VALUE (MeV) EVTS DOCUMENT IO TEEN CHG COMMENT 
109 4- S OUR AVERAGE Error includes scale factor of 1,9, See the ideogram below, 
116.54- 3.64- 1.7 10ASTON 88 LASS 0 11 K - p ~  K - T r + n  
129 +15 4-15 10ASTON 87 LASS 0 1 1 K - p ~  

~o~+.-n 
131 4-24 4-20 10 ASTON 84B LASS 0 11 K - p  ~ K02~rn 
143 4-34 10 BAUBILLIER 82B HBC 0 8.25 K - p  

N K Os ~r ~r 

98 4- 8 10ASTON 81C LASS 0 11 K-p ~ K-Tr+n 
140 +30 10 ETKIN 80 SPEC 0 6 K-p 

~0~-+Tr- n 
98 4" 5 10 ESTABROOKS18 ASPK 0 13 K 4 - p ~  pKI "  

�9 �9 �9 We do not use the following data for averages, fits, limits, e tc . �9  �9 �9 

125 4-29 300 7 HENDRICK 76 DBC 8.25 K + N 
K+  Tr N 

116 4-18 800 MCCUBBIN 75 HBC 0 3.5 K - p  ~ K - T r + n  
61 4-14 11 LINGLIN 73 HBC 0 2-13 K + p  

K + ~ - X  
1166 +10"3 1B00  AGUILAR-... 71B HBC 0 3.9,4.6 K - p  

144 4-24.0 600 7CORDS 71 DBC 0 9 K + n  ~ K ' l ' ~ r -p  
101 4-10 2200 DAVIS 69 HBC 0 12 K + p  

K "+ Tr - Tr "+ p 

K~(1430) 0 width (MeV) 

1Errors enlarged by us to 4 F / ~ ;  see the note with the K*(892) mass. 
B Number of events in peak re-evaluated by us. 
9 From a partial wave amplitude analysis. 

10 From phase shift or partial-wave analysis. 
11 From pole extrapolation, using world K + p data summary tape. 

Mode 

K~(1430) DECAY MODES 

Fraction ( r i / r )  
Scale factor/ 

Confidence level 

r I KTr (49.94-1.2) % 
F2 K*(892)~- (24.74-1.5) % 
r 3 K*(892)Ir lr (13.44-2.2) % 
r 4 K p  (8.74-0.8) % 

r 5 K~J (2.94-0.8) % 

F 6 K+ -y  (2 .4+0.5)  x 10 -3 

1 ~+3.4~ x 10 - 3  F 7 K q  ( " - -1.oJ 

F B K~Tr  < 7.2 x 10 -4 
i- 9 K~  < 9 x 10 -4  

S=1,2 

S-1.1 

5=1.3 

CL=95% 
EL=90% 

CONSTRAINED FIT INFORMATION 

An overall f i t to the total width, a partial width, and 10 branching 
ratios uses 31 measurements and one constraint to determine 8 
parameters. The overall fit has a X 2 = 20.2 for 24 degrees of 
freedom. 

The following off-diagona/ array elements are the correlation coefficients 
~ k 

( 6 p i ~ p j ) / ( 6 p i . 6 p i ) ,  in percent, from the fit to parameters Pi. including the branch- 
q ~ ~ ~ 

ing fractions, x i _-- r J r t o t a  I, The fit constrains the x i whose labels appear in this 
array to sum to one. 

x2 
x3 
x4 

x5 
x6 

x7 
F 

- 9  

- 4 0  - 7 3  

- 8  36 - 5 2  

- 1 1  - 3  - 2 6  

- 1  - 1  - 1  

- 4  - 7  - 5  

0 0 0 

- 7  

- 1  0 

- 5  - 2  0 

0 0 - 1 3  0 

Xl x2 x 3 x4 x 5 

Mode 

x6 x7 

Rate (MeV) Scale factor 

F 1 K~r 49.1 4-1.8 
F 2 K*(892)Tr  24.3 4-1.6 

F 3 K*(892)TrTr 13.2 4-2.2 
F 4 K p  83 4-0.8 
F 5 K~J 2.9 4-0.8 
F 6 K + 3  ' 0.244-0.05 

F 7 K r /  0 1 =;+0.33 
�9 ~ - 0 . i 0  

1.2 

1.1 

1.3 

K~(1430) PARTIAL WIDTHS 

r(K+~) 
VALUE (keV) DOCUMENT ID TEEN CHG COMMENT 
241+50 OUR FIT Error includes scale factor of 1.1. 
240-I'45 CIHANGIR 82 SPEC + 200 K + Z  ~ ZK+ '~  O, 

z KO ~r+ 

r(K%) 
VALUE (keY) CL~ 

<84 

DOCUMENT ID TEEN CHG COMMENT 

90 CARLSMITH 87 SPEC 0 60-200 K0 L A 
KOxOA 

rs 

F9 

K~(1430) BRANCHING RATIOS 

r(K-)/rtot= 
VALUE DOCUMENT ID TEEN CHG 
0.499+0.012 OUR FIT 
0.4N-I-0,014 OUR AVERAGE 
0.485+0.0064-0.020 12ASTON 88 LASS 0 
0.49 4-0.02 12 ESTABROOKS 78 ASPK 4- 

r(K'(892),)/r(K~r) 
VALUE DOCUMENT ID TECN 
0.496:1:0.034 OUR FIT 
0.4"/ 4-0.04 OUR AVERAGE 

q/r 
COMMENT 

l l K - p ~  K - ~ + n  
13 K4-p~ pKTr 

rdq 
CHG COMMENT 

0.0704-0.035 OUR AVERAGE 
0.05 4--0.04 AGUILAR-... 71B HBC 3.9,4.6 K - p  
0.13 4-0.07 BASSOMPIE... 69 HBC 0 5 K + p  

r(Kp) lr(K.) rdq 
VALUE DOCUMENT ID TEEN CHG COMMENT 
0,1744-0.017 OUR FIT Error includes scale factor of 1.2. 

0 150 +0"029 OUR AVERAGE 
�9 -0 .017  

0.18 4-0.05 ASTON 84B LASS 0 11 K - p  ~ K027rn 

0.02 +0.10 DEHM 74 DBC 0 4.6 K + N --0.02 
0.16 • AGUILAR-... 71B HBC 3.9,4.6 K - p  
0.14 4-0.10 BASSANO 67 HBC - 0  4.6.5.0 K -  p 
0.14 4-0.07 BADIER 65C HBC - 3 K - p  

o.orR-l-O.Ol7 OUR FIT 

0.44 +0.09 ASTON 84B LASS 0 11 K-p ~ -KO2~rn 
0.62 4-0.19 LAUSCHER 75 HBC 0 10,16 K-p ~ K-Ir+n 
0.54 4-0.16 DEHM 74 DBC D 4.6 K+N 
0.47 4-0.08 AGUILAR-... 71B HBC 3.9,4.6 K - p  
0.47 4-0.10 BASSANO 67 HBC - 0  4.6,5.0 K - p  
0.45 4-:t:0.13 BADIER 65C HBC - 3 K - p  

r(K~)Ir(K,O rdq 
VALUE DOCUMENT ID TEEN CHG COMMENT 



See key on page 239 

r(Kp)/r(K'(892),) r,/r= 
VALUE DOCUMENT ID TEEN EHG COMMENT 
0.3504"0.031 OUR FIT Error includes scale factor of 1.4. 

0.3544- 0.033 OUR AVERAGE Error includes scale factor of 1.4. See the ideogram below. 

0 ,293:c0.032•  ASTON 87 LASS 0 11 K - p  ~ ~ O ~ r + ~ - n  

0.38 :t:0.09 BAUBILLIER 82B HBC 0 8.25 K - p  ~ NKO~r l r  

039  :E0.O3 DAUM 81C CNTR 63 K - - p  ~ K--2~rp 
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K~(1430), K(1460) 

F(K~)IF(K'(892)~r) rd r=  
VALUE DOCUMENT ID TEEN CNG COMMENT 
0.118:1:0.034 OUR F IT  

0.10 :::t:0.04 FIELD 67 HBC - 3.8 K - p  

F(K~)/F(K'(892).) rTlr2 
VALUE DOCUMENT ID T~CN CH~_G COMMENT 

0 006 +0"014  OUR F IT  Error includes scale factor of 1.2. �9 ~ u.ufd~ 

0.07 4-0.04 FIELD 87 HBC - 3.8 K -  p 

r(K~I)Ir(Kz) rdq  
VALUE EL% DOCUMENT ID TEEN CH_.~G COMMENT 

0 ~gj~+0.0OCdl OUR F IT  Error includes scale factor of 1.3. " ~ - - 0 . 0 0 2 0  

0 4"0.0(E~ 13 ASTON 88B LASS - 11 K - p  ~ K- -~ Ip  

i �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

<0.04 95 AGUILAR-.�9 71B HBC 3.9,4.6 K - p  

<0.065 14 BASSOMPIE...  69 HBE 5.0 K + p  

<0.02 BISHOP 69 HBC 3.5 K + p 

r (K*(892) ~r x) Ir,=B, r d r  
VALUE DOCUMENT ID TEEN CH_~G COMMENT 
0.134~0.022 OUR F IT  

0.12 4-0.04 15GOLDBERG 76 HBC - 3 K - p ~  pKO~rTrlr 

F(K'(892).x)/F(K.) r a / q  
VALUE DOCUMENT /D TECN CH~ L COMMENT 
0.274-0.05 OUR FIT  

0.214.0,0e 14,15 JONGEJANS 78 HBC - 4 K -  p ~ pK0~'~r~r 

r(K~,)/r~ rdr 
VALUE (units lO-3 } CL% E V T S  DOCUMENT ID TEEN COMMENT 

<0.72  95 0 JONGEJANS 78 HBC 4 K - p  ~ pK047r  

12 From phase shift analysis. 

13ASTON 88B quote < 0.0092 at CL=95%.  We convert this to a central value and 1 sigma 
error in order to be abe to use i t  in our constrained fit, 

14 Restated by us. 

15 Assuming ~r 7r system has isospin 1, which is supported by the data. 

K~(1430) REFERENCES 

BIRD 89 SLAC-332 P.F. Bird (SLAC) 
ASTON 88 NP B296 493 D. Aston et aL (SLAC, NAGO, CINC, INUS) 
ASTON 88B PL B20t ]6S D. Aston et al, (SLAC, NAGO, CINC, INUS) 
ASTON 87 NP B292 693 O. ASton et aL (SLAC, NAGO, ClNC, INUS) 
CABLSMITH 87 PR D36 3502 D. Carlsrnith et at. (EF), SACL) 
ASTON 84B NP B247 26L D. Astol~ et al. (SLAC, CARL, OTTA) 
BAUBILLIER B4B ZPHY C26 37 M. Baubilller et 31. (81RM, CERN, GLAS+) 
BAUBILLIER 82B NP B202 21 M. Baubillief et al. (BIRM, CERN, GLAS+} 
CIHANGIB 82 PL 117B 123 5. Cihangir et at. (FNAL, MINN, ROCH) 
CLELAND 82 NP B208 189 W,E. Clelaad et aL (DURH, GEVA, LAUS+) 
ASTON 81C PL IOBB 235 D. Aston et aL (SLAC, CARL, OTTA)JP 
DAUM BtC NP B187 1 C. Daum et aL (AMST, CERN, CBAC, MPIM+) 
TOAFF 8t PR D23 15130 S. Toaff et at. (ANL. KANS) 
ETBIN ao PR 022 42 A. Etkln et aL (BNL, CUNY)JP 
ESTABROOKS 78 NP Bt33 490 P.G. Estabrooks et aL (MCGI, CARL, DURH+) 

AlSO 78B PR 017 658 P.G. Estabrooks et al. (MCGI, CARL, DURH+) 
JONGEJANS 78 NP B139 383 B, Jongejans et ~.1, (ZEEM, EERN, NIJM+) 
MARTIN 78 NP B134 392 A.D. Martin et aL (DURH, GEVA) 
BOWLER 77 NP B126 31 MG. Bowler et aL (OXF) 
GOLDBERG 76 LNC 17 253 J. Goldberg (HALF) 
HENDRICK 76 NP Bl12 189 K, Hendrickx et al. (MONS, BACL, PARIS+) 
LAUSCHER 75 NP B86 189 P. Lauscher et aL (ABCLV Collab.)JP 
MCCUBBIN 75 NP BS6 13 N.A. McCubbin, L. Lyons (OXF) 
DEHM 74 NP B75 47 G. Dehm et al. (MPIM, BRUX, MONS, CERN) 
LINGLIN 73 NP B55 408 D. Linglin (CERN) 
AGUILAR-,.. 71B PR D4 2583 M. Aguilar-Benitez, R.L Eisner, J.B. Kinson (BNL) 
BARNHAM 71C NP B28 171 K,W.J, Barnham et al. (BIRM, GLAS) 
CORDS 71 PR 04 1974 D. Cords et aL (PURD, UCD, IUPU) 
BASSOMPIE... 69 NP B13 189 G. Bassompierre et al. (CERN, BRUX)JP 
BISHOP 69 NP B9 403 J.M. Bishop et aL (WISE) 
CRENNELL 690 PRL 22 487 D.J. Crennel~ et aL (BNL) 
DAVIS 69 PRL 23 tD71 P.J, Davis et aL (LRL) 
LIND 69 NP B14 L V.G. Lind et at. (LRL) JP 
SCHWEING.., 68 PR 166 1317 F. SchweinKruber et aL (ANL, NWES) 

AlSO 67 Thesis F.L 5chwe[ngruber (NWE5, NWES) 
BASSANO 67 PRL 19 968 D. Bassano et aL (BNL, SYRA) 
FIELD 67 PL 24B 638 J.H. Field et at. (UCSD) 
BADIER 65C PL 19 6]2 J. Bad]er et aL (EPOL, SACL, AMST) 

OTHER RELATED PAPERS 
BARBERIS 98E PL B436 204 D, Barberis et at. (Omega expt.) 
ATKINSON 86 ZPHY C30 521 M. Atkinson et al. (BONN, CERN, GLAS+) 
BAUBILLIER 82B NP B202 21 M. Baubillier et al, (BIRM, CERN, GLAS+) 
CHUNG 65 PRL 15 325 S.U, Chunk et al, (LRL) 
FOCARDI 65 PL 16 351 S. Focardi et ai, (BGNA, SACL) 
HAQUE 65 PL 14 338 N. Haque et aL 
HARDY 65 PRL 14 401 LM. Hardy et al. (LRL) 

I K ( 1 4 6 0 ) 1  ,(.,P) : 
OMITTED FROM SUMMARY TABLE 

Observed in KTrTr partial-wave analysis. 

K(1460) MASS 

VALUE (MeV) DOCUMENT ID TEEN CHG COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

1460 DAUM 81c CNTR - 63 K - p  ~ K - 2 ~ p  

1400 1 BRANDENB.. .  768 ASPK 4- 13 K i p  ~ K4-21rp 

1 Coupled mainly to K f0(1370 ), Decay into K*(892)~r  seen. 

K(1460) WIDTH 

VALUE (MeV) DOCUMENT ID TEEN CHG COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

260 DAUM 81C CNTR - 63 K - p  ~ K - 2 1 r p  

250 2 BRANDENB.. .  76B ASPK :1: 13 K:}:p ~ K + 21rp 

2Coupled mainly to K f0(1378 ).  Decay into K*(892)~r  seen. 

K(1460) DECAY MODES 

Mode Fraction ( r l i f }  

r I K*(892)~r seen 
r 2 K p seer 
r 3 K~{1430) Tr seen 

K(1460) PARTIAL WIDTHS 

r(K' (892) , )  
VALUE (MeV) DOCUMENT /D TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

~ 1 0 9  DAUM 81c CNTR 6 3 K - p ~  K - 2 1 r p  

r(Kp) 
VALUE (MeV) DOCUMENT IO TEEN COMMENT 

= �9 �9 We do not use the following data for averages, fits, l imits, etc, �9 �9 �9 

~ 3 4  DAUM 81C CNTR 63 K - p - *  K - 2 7 r p  

r l  

r2 
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K(1460), K2(1580), K(1630), K1(1650) 

r(K~(Z430)~r) 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

�9 �9 * We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

117 DAUM 81C CNTR 63 K - p  ~ K - 2 7 r p  

K(1460) REFERENCES 

F3 

DAUM 81C NP B187 i C. Daurn et aL (AMST, CERN, CRAG, MPIM+) 
BRANDENB.,. 76B PRL 36 1239 G.W. Brandenburg et al. (SLAC)JP 

- -  OTHER RELATED PAPERS - -  

BARNES 82 PL Bl16 365 T, Barnes, F.E. Close (RHEL) 
TANLMOTO 82 PL 116B 198 M. Tanimoto (BIEL) 
VERGEEST 79 NP B158 265 J.SM. VerKeest et al. (NIJM, AMST, CERN+) 

I K(163o)1 : 
OMITTED FROM SUMMARY TABLE 

Seen as a narrow peak, compatible with the experimental resolution, 
in the invariant mass of the K~r+~r - system produced in 
interactions at high momentum transfers. 

l K2(1580) l '(:P) = 
OMITTED FROM SUMMARY TABLE 

Seen in partial-wave analysis of the K -  *T + ~r- system. Needs con- 
firmation. 

VALUE (MeV} EVTS 

16294"7 ~ 75 KARNAUKHOV98 BC 

/('2(1580 ) MASS 

VALUE (MeV) DOCUMENT ID CHG COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

1580 OTTER 79 - 10,14,16 K - p  

K(1630) MASS 

DOCUMENT ID TEEN COMMENT 

16.0 7 r - p  

( K ~  ~-+ 7r - ) 
X + ~ - X  0 

K(1630) WIDTH 

VALUE (MeV} EVT5 DOCUMENT ID TEEN COMMENT 

16+1-9 ~ 75 1 KARNAUKHOV98 BC - s  16.0 ~ r - p  
(KO Tr+ ~r - ) 

X + ~ - X  0 

K2(1580 ) WIDTH 

VALUE (MeV) DOCUMENT ID CHG COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

110 OTTER 79 - 10,14,16 K - p  

/(2(1580 ) DECAY MODES 

Mode Fraction ( r i / l ' )  

r I K * ( 8 9 2 ) ~ r  seen 

r 2 K.~ ( 1 4 3 0 )  7r possibly seen 

K2(1580 ) BRANCHING RATIOS 

r (K*(892)~r)/rtotal r l / r  
VALUE DOCUMENT ID TEEN CHG COMMENT 

Eeefl OTTER 79 HBC - 10,14,16 K -  p 

r(K~C143o).)/r~l r2/r 
VALUE DOCUMENT ID TEEN CHG COMMENT 

poi~ldyseen OTTER 79 HBC - 10,14,16 K - p  

OTTER 

K2(1580) REFERENCES 

79 NP B147 1 G. Otter et aL (AACH3, BERL, CERN, LOIC+)JP 

1 Compatible wi th  an experimental resolution of 14 4- 1 MeV. 

K(1630) DECAY MODES 

Mode 

r I K ~  - 

K(1630) REFERENCES 

KARNAUKHOV98 PAN 61 203 V.M, Karnaukhov, C. Coca, V.I. Mo~oz 
Translated from YAF 61 252. 

I K,(1650)1 ,<-,"> : 
OMITTED FROM SUMMARY TABLE 

This entry contains various peaks in strange meson systems (K + ~, 
K~r~r) reported in partial-wave analysis in the 1600-1900 mass re- 
gion. 

/(1(1650 ) MASS 

VALUE (MeV) DOCUMENT ID TECN CHG COMMENT 

1650-1-50 FRAME 86 OMEG + 13 K + p  ~ ~ K + p  

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 * 

1840 ARMSTRONG 83 OMEG - 18.5 K - p  ~ 3 K p  

1800 DAUM 81C CNTR - 63 K -  p ~ K - 2 ~ r p  

K1(1650 ) WIDTH 

VALUE {MeV} DOCUMENT IO TEEN CHG COMMENT 

1504-50 FRAME 86 OMEG + 13 K + p  ~ ~ K + p  

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

250 DAUM 81c CNTR - 63 K - - p  ~ K -  2~rp 

/('1(1650) DECAY MODES 

Mode 

r l  K ~  
r 2 K ~  

/(1(1650 ) REFERENCES 

FRAME 86 NP B276 667 D. Frame et al. (GLAS) 
ARMSTRONG 83 NP B221 1 T.A. Armstrong et al. (BARf, BIRM, CERN+) 
DAUM elC NP BI67 I C, Daum er aL (AMST, CERN, CRAC, MPIM+) 



See key on page 239 

l K*(1680) I '('P): 
K*(1680) MASS 

VALUE (MeV) DOCUMENT tO TECN CNG COMMENT 
1717-1-27 OUR AVERAGE Error includes scale factor of  1.4. 

1 6 7 7 • 1 7 7  ASTON 88 LASS 0 11 K - p  ~ K - x + n  
1 7 3 5 • 1 7 7  ASTON 87 LASS 0 11 K - p  ~ - K O ~ + ~ - n  

�9 * �9 We do not use the following data for averages, fits, limits, ere. �9 �9 �9 

1678 •  BIRD 89 LASS - 11 K - p  ~ -KO~r-p 
1800•  ETKIN 80 MPS 0 6 K - p  ~ KO~r+~r-n  

~ 1 6 5 0  ESTABROOKS78  ASPK 0 1 3 K •  K • 1 7 7  

K*(1680) WIDTH 

VALUE (MeV) DOCUMENT ID TECN CHG COMMENT 
3224"110 OUR AVERAGE Error includes scale factor of  4.2. 
205• 16• ASTON 88 LASS 0 I I  K - p  ~ K - ~ §  

423•  1 8 •  ASTON 87 LASS 0 11 K - p  ~ ~ ) ~ + T : - n  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

454 •  BIRD 89 LASS - 11 K - p  ~ K~O~-p 
170•  30 ETKIN 80 MPS 0 6 K - p  ~ KO~+~T-n  
250 to 300 ESTABROOKS 78 ASPK 0 13 K • p ~ K • 1 7 7  n 

K*(1680) DECAY MODES 

Mode Fraction ( r i / r )  

r I K~ (38.7• % 
r 2 K p (31.4+_417) % 

r 3 K* (892) ~r (29.9+2: 2) % 
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Meson Particle Listings 
K*(1680), K2(1770) 

T H E  K 2 ( 1 7 7 0 )  A N D  T H E  K 2 ( 1 8 2 0 )  

A partial-wave analysis of the K - w  system based on about  

100,000 K - p  - ,  K-wp  events (ASTON 93) gives evidence for 

two q~ D-wave states near 1.8 GeV. A previous analysis based 

on about 200,000 diffractively produced K - p  ~ K-~+lr-p 

events (DAUM 81) gave evidence for two J P  = 2-  states in this 

region, with masses .-~ 1780 MeV and ~ 1840 MeV and widths 

,-~ 200 MeV, in good agreement with the results of ASTON 93. 

In contrast, the masses obtained using a single resonance do not 

agree well: ASTON 93 obtains 1728 + 7 MeV, while DAUM 

81 estimates ~ 1820 MeV. We conclude tha t  there are indeed 

two K2 resonances here. 

We list under the K2(1770) other measurements tha t  do 

not resolve the two-resonance structure of the enhancement.  

K2(1770) MASS 

CONSTRAINED FIT INFORMATION 

VALUE (MeV) EVT~ DOCUMENT ID TECN CNG COMMENT 

17734- 8 I ASTON 93 LASS 1 1 K - p  ~ K - u ) p  
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

1810•  FRAME 86 OMEG + 13 K + p  ~ ~ K + p  
1730 ARMSTRONG 83 OMEG -- 18.5 K - p  ~ 3Kp 
1780 2 D A U M  81C CNTR - 63 K - p  ~ K - 2 7 r p  
1710•  60 CHUNG 74 HBC 73  K - p  ~ K - ~ p  
1767•  6 BLIEDEN 72 MMS - 11-16 K - p  
1730•  306 3 FIRESTONE 72B DBC + 12 K - - d  

10 K + p  ~ K27rN 
12.6 K - d  ~ -K2~d 
4.6 K - p  
10.1 K - p  
12.6 K -  p 

An  overal l  f i t  t o  4 branching rat ios uses 4 measurements and one 

constra in t  to  determine 3 parameters.  The  overal l  f i t  has a X 2 = 
2:9 for  2 degrees of  f reedom. 

The  fol lOwing off-diagonal array elements are the correlat ion coeff ic ients 

~6x i6x j~ / (6x i .6x j ) ,  in percent, f rom the f i t  to  the branching fract ions, x i - 
t ~ 

F J i - t o t a  I. The  f i t  constrains the x i whose labels appear in th is  array to  sum to 
one. 

x2 / - 36 

x3 L - 3 9  - 7 2  

Xl x2 

K*(1680) BRANCHING RATIOS 

1765•  4 COLLEY 71 HBC + 
1740 DENEGRI 71 DBC 
1 7 4 5 •  AGUILAR-.. .  70C HBC - 
1780 •  BARTSCH 70C HBC 
1760• LUDLAM 70 HBC - 

1 From a partial wave analysis of  the K - ~  system. 
2 From a partial wave analysis of  the K -  2~ system, 
3 Produced in conjunction with excited deuteron. 
4 Systematic errors added correspond to spread of different fits. 

/('2(1770) WIDTH 

VALUE (MeV) EVT5  DOCUMENT ID TECN CHG COMMENT 

1064"14 5 A S T O N  93 LASS 1 1 K - p  ~ K - ~ p  
* �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

r(K,)/rt== rdr 
VALUE DOCUMENT ID TECN CHG COMMENT 
0.3874"0.026 OUR FIT 
0.31i84"0.0144"0.022 ASTON 88 LASS 0 11 K - p  ~ K - ~ + n  

r(Kz)/r(K*(892)~) r~/rs 
VALUE DOCUMENT ID TECN CHG COMMENT 

]. ~m+0.23 OUR FIT 
"~- -0 .14 

2.8 -I-1.1 ASTON 84 LASS 0 11 K - p - - ~  K 0 2 x n  

r(Kp) lr(K~r) r2 / r l  
VALUE DOCUMENT ID TEEN CHG COMMENT 

1 4 0 •  FRAME 86 OMEG + 13 K + p  ~ (pK+p 
220 ARMSTRONG 83 OMEG - 18.5 K - p  ~ 3Kp 

~ 2 1 0  6 D A U M  81C CNTR - 63 K - p ~  K - 2 7 r p  
110 •  60 CHUNG 74 HBC - 7.3 K - p  ~ K - c d p  
1 0 0 •  BLIEDEN 72 MMS - 11-16 K - p  
2 1 0 •  306 7 FIRESTONE 72B DBC + 12 K + d  

9 0 •  8 COLLEY 71 HBC + 10 K + p  ~ K21rN 
130 DENEGRI 71 DBC - 12.6 K - d  --+ K 2 x d  
1 0 0 •  AGUILAR-.. .  70C HBC - 4.6 K - p  
138 •  BARTSCH 70C HBC - 10.1 K - p  

n + 4 0  LUDLAM 70 HBE 12.6 K - p  
~ - 2 0  

5 From a partial wave analysis of  the K--cd system. 

0.$1+00:~ OUR FIT 

1.2 -I-0.4 ASTON 84 LASS 0 11 K - - p  ~ ~ 2 7 r n  

r(Kp)/r(K*(892)Tr) r2/r3 
VALUE DOCUMENT ID TECN CHG COMMENT 

05+0.27 ~ , m  FIT 
�9 -0 .11  v v .  

o.,7,o.o,+O~ ASTON 87 LASS 0 1 1 K - ~  ~ , + . - ,  

K*(1680) REFERENCES 

BIRD 89 SLAC-332 P.F Bird (SLAC) 
ASTON 8S NP B296 493 D. Aston et al. (SLAC, NAGO, CINC, INUS) 
ASTON 87 NP B292 693 D. Aston et aL (SLAC, NAGO, CINC, INUS) 
ASTON B4 PL 149B 258 O. Astor et aL (SLAC, CARL. OTTA)JP 
ETKIN 80 PR D22 <.2 A. Etkin et aL (BNL, CUNY) JP 
ESTABROOKS 78 NP B133 490 P.G. Estabrooks et aL (MCGI, CARL, DURH+) JP 

6 From a partial wave analysis of  the K - 2 ~ r  system. 
7 Produced in conjunction with excited deuteron. 
8 Systematic errors added correspond to spread of different fits. 

K2(1770) DECAY MODES 

Mode Fraction (r//r) 
r l  

F2 
F3 
r4 
F5 
F6 

K;TTf  

K~ (1430) 7r dominant 
K *  ( 892 )  ~ seen 

K f2(1270 ) seen 
Kr seen 
K~J seen 
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Meson Particle Listings 
K2(1770), K;(1780) 

K2(1770) BRANCHING RATIOS 

F(K~(14ao)~)/F(Kxx) rdr, 
(K~(1430) ~ K~r) 

VALUE DOCUMENT IO TEeN CN~ COMMENT 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.03 DAUM 81c CNTR 63 K -  p ~ K -  2~p 
1,0 9 FIRESTONE 728 DBC + 12 K + d 

<1.0 COLLEY 71 HBC 10 K + p 
0.2 +0,2 AGUILAR-... 70C HBC 4.6 K - p  

<1.0 BARTSCH 70c HBC 10.1 K - p  
1.0 BARBARO-...  69 HBC + 12.0 K + p  

9 Produced in conjunction wi th excited deuteron. 

r(K'(~),)/r(x..) r~/r~ 
VALUE DOCUMENT ID TECN COMMENT 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

~0.23 DAUM 81c CNTR 63 K - p ~  K - 2 ~ p  

r(Kf2(1270))/r(K,,) r4 / r~  
( f 2 ( 1 2 7 0 ~  ~r~r) 

VALUE DOCUMENT ID TECN COMMENT 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

~0,74 DAUM 81C CNTR 63 K - p  ~ K - 2 ~ p  

r(K~)/r~ rs/r 
VALUE DOCUMENT ID TECN CHG COMMENT 

seen ARMSTRONG 83 OMEG - 18.5 K - p  ~ K--~pN 

r(K~)/rto~l rdr 
VALUE DOCUMENT tO TECN CHG COMMENT 

seen OTTER 81 HBC 4- 8.25,10,16 K4- p 

seen CHUNG 74 HBC - 7 . 3 K - p ~  K - u ) p  

/(2(1770) REFERENCES 

ASTON 93 PL B308 186 D. Aston et aL (SLAC, NAGO, CINC. INUS) 
FRAME 86 NP 8276 667 D. Frame et al. (GLAS) 
ARMSTRONG 83 NP 8221 1 T.A. Armstrong et al. {BARI, BIRM, CERN+) 
DAUM 81C NP BiB7 I C. Daum e~ at. (AMST, CERN, CRAC, MPtM+) 
OTTER 81 NP BIBI I G. Otter (AACHS, BERL, LOIC, VIEN, BIRM+) 
CHUNG 74 PL 51B 413 S,U. Chung et aL (BNL) 
BLIEDEN 72 PL 39B 668 HR Blieden et aL (STON, NEAS) 
FIRESTONE 728 PR 05 5~5 A. Firestone et aL (LBL) 
COLLEY 7[ NP B26 71 D.C. Colley et al. (BIRM, GLAS) 
DENEGRI 71 NP B28 13 D. Denegri et aL (JHU) JP 
AGUILAR-.., ?0C PRL 25 54 M. Aguilar-Benitez et al, (BNL) 
BARTSCH 70C PL 33B 186 J. Bartsch et al. (AACH, BERL, CERN+) 
LUDLAM 70 PR D2 1234 T. Ludlam, J. Sandwelss, A J. Slaughter (YALE) 
BARBARO-... ~9 PRL 22 1207 A. Barbaro-Galt~eri et at. (LRL) 

OTHER RELATED PAPERS 
BERLINGHIERI 67 PRL 18 [087 J.C. Berlinghleri et aL (ROCH) 
CARMONY 67 PRL 18 615 D.D. Carmony, T. Hendricks, R.L Lander (UCSD) 
JOBES 67 PL 2SB 49 M. Jobes et aL (BIRM, CERN, BRUX) 
BARTSCH 66 PL 22 357 J. Bartsch et aL . (AACH, BERL, CERN+) 

K~(1780) MASS 

VALUE (MeV) --EVTS DOCUMENT ~D TECN CHG COMMENT 
1776+ 7 OUR AVERAGE Error includes scale factor of 1.1. 
1781-}, 8-}- 4 1ASTON 88 LASS 0 11 K - p ~  K - ~ r + n  
1740-},14-},15 1 ASTON 87 LASS 0 11 K - p  

KO~,+~r -n  0 + 
1779-},11 2 BALDI 76 SPEC + 10 K p ~ K ~r p 
1776-},26 3BRANDENB.. .  76DASPK 0 13 K 4 - p ~  K4-~rTN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

1720-},10• 6111 4BIRD 89 LASS 11 K - p  ~ ~ 0 ~ . - p  

1749• ASTON 888 LASS - 11 K--p ~ K--~p 
1780-}, 9 300 BAUBILLIER 84B HBC 8.25 K - p  

~ 0 ~ - p  

1790+15 BAUBILLIER 82B HBC 0 8.25 K - p  
KO 2~r N 

1784• 9 2060 CLELAND 82 SPEC ~: 50 K + p  ~ KO~4-p 

1786-},15 5ASTON 51D LASS 0 11 K - p  ~ K - ~ r + n  
1762-}, 9 190 TOAFF 81 HBC 6.5 K - p  ~ KOTr -p  
1850-},50 ETKIN 80 MPS 0 6 K - p ~  K--'OTr+Tr - 
1812-},28 BEUSCH 78 OMEG 10 K - F  

1786-}" 8 CHUNG 78 MPS 0 6 K - p  ~ K - T r + n  

1From energy-independent partial-wave analysis. 
2From a fit to Y62 moment. JP = 3 -  found. 

3 Confirmed by phase shift analysis of ESTABROOKS 78, yields JP = 3 - .  
4 From a partial wave amplitude analysis. 
5 From a f i t  to the y 0  moment. 

K~(1780) WIDTH 

VALUE (MeV) EVTS DOCUMENT ID TECN CHG COMMENT 
151J)'1"21 OUR AVERAGE Error includes scale factor of 1.3. See the ideogram below. 

203•  -}- 8 6ASTON 88 LASS 0 11 K - p  ~ K - T r - r n  
171-},42-},20 6 ASTON 87 LASS 0 11 K - p  

~ 0 7 r + ~ -  n 
135-},22 7 BALDI 76 SPEC + 10 K + p  ~ K O ~ + p  

�9 �9 �9 We do not use the following data for averages, fits, l imits, e t c . � 9  �9 �9 

187• 6111 8BIRD 89 LASS - 11 K - p ~  "RO~r-p 

193 +51 ASTON 88B LASS - 11 K - p  ~ K- r lp  

99-}-30 300 BAUBILLIER 84B HBC - 8.25 K - p  
~ 0 ~ r -  p 

8.25 K -  p 
KOs 27r N 

50 K + p  ~ KOs~r• 

11 K - p  ~ K--~r-Ln 
6.5 K - p  ~ -~O ~- -p  
6 K - p  ~ KOTr+Tr- 

10 K - p  ~ 
~ 0 ~ + ~ r - n  

6 K - p ~  K - l r + n  
13 K-}-p ~ K4-Tr~: N 

130 BAUBILLIER 828 HBC 0 

191 •  2060 CLELAND 82 SPEC • 

225•  9 ASTON 810 LASS 0 
80 190 TOAFF 81 HBC - 

2404-50 ETKIN 80 MPS 0 
181• 10 BEUSCH 78 OMEG 

96•  CHUNG 78 MPS 0 
270• 11 BRANDENB...  76D ASPK 0 

6 From energy-independent partial-wave analysis. 
7 From a f i t  to y 2  moment. JP = 3 -  found. 

8 From a partial wave amplitude analysis. 
9 From a fit to y 0  moment. 

10 Errors enlarged by us to 4F/v /N;  see the note with the K*(892)  mass. 
11ESTABROOKS 78 find that BRANDENBURG 76D data are consistent wi th 175 MeV 

width. Not averaged. 

K~(1780) DECAY MODES 

Mode Fraction ( l ' i / F )  Confidence level 

I-1 K p  (31 • 9 )% 
F 2 K*(892)Tr (20 • 5 )% 
F 3 K~r (18.8• 1.0) % 
F4 KT/ (30 • )% 
I- 5 K~(1430) 7r < 16 % 95% 

CONSTRAINED FIT INFORMATION 
An overall f i t  to 3 branching ratios uses 4 measurements and one 

constraint  to  determine 4 parameters, The overall f i t  has a X 2 = 
0.0 for 1 degrees of  freedom. 

The fo l lowing off-diagonal array etements are the  correlat ion coefficients 

(Sx i6x j l / ( 6x i . ~x j ) ,  in percent, f rom the  f i t  to  the  branching fract ions, x i 

r i / r t o t a  I. The f i t  constrains the x i whose labels appear in th is  array to  sum to  

one. 

x 2 85 

x 3 18 21 
x 4 - 9 8  - 9 4  - 2 7  

Xl  x 2 x3 



See key on page 239 

K~*(1780) BRANCHING RATIOS 

r(K p) /r(K*(892).) ri/r= 
VALUE DOCUMENT ID TEEN CH_~_G COMMENT 
1.$2=1:0.23 OUR FIT 
1.,r ASTON 87 LASS 0 11 K - p  ~ ~ r + T r - n  

r(K*(S92),) /F(K ,) r=/rs 
VALUE DOCUMENT ID TEEN CHG COMMENT 
1.094-0.26 OUR FIT 
1.09-I-0.26 ASTON 84B LASS 0 11 K - p  ~ K02~rn  

r(K-)/rtotai r3/r 
VALUE DOCUMENT ID TECN CHG COMMENT 
0.18114-0.010 OUR FIT 
0.11184-0.010 OUR AVERAGE 
0.187+0.0084-0 .008 ASTON 88 LASS 0 11 K - p  ~ K - ~ r + n  

0.19 •  ESTABROOKS 78 ASPK 0 13 K ~ p  ~ KTrN 

r(K,i) lr(K.) r4/r3 
VALUE DOCUMENT ID TE~CN CHG COMMENT 
1.6 •  OUR FIT 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

11 K - - p  ~ ~ O ~ - p  

11 K - - p  ~ K - ~ I p  

0.41•  12 BIRD 89 LASS - 

0 .50•  ASTON 886 LASS - 

12 This result supersedes ASTON 88B. 

r(K~(143O)~r) lr(K*(892),) 
VALUE ~ DOCUMENT ID TEEN 

<0.70 95 ASTON 87 LASS 

K~(1780) REFERENCES 

CHG COMMENT 

0 11 K - - p ~  
~ 0 7 r + T r -  n 
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Meson Particle Listings 
K~(1780), K2(1820), K(1830) 

r~/r~ 

Mode 

F 1 K~r~r 
r 2 K;(1430)Tr 

K2(1820) DECAY MODES 

Fraction ( r i / r )  

BIRD 89 SLAC-332 P.F. B~rd (SLAC) 
ASTON 88 NP B296 493 D, Aston et aL (SLAE, NAGO, CINC, INUS) 
ASTON 88B PL B201 169 D, Aston et at. (SLAC, NAGO, CINC, tNUS)JP 
ASTON 87 NP B292 693 D, Aston et at. (SLAC, NAGO, CINC, INUS) 
ASTON 84B NP B247 261 D. Aston et aL (SLAC, CARL, OTTA) 
BAUBILUER B4B ZPHY C26 57 M. BaubilHer et aL (BIRM, CERN. GLAS+) 
BABBILLIER 82B NP B202 2t M. Baubil~ier et aL (BIRM, CERN, GLAS+) 
CLELAND 82 NP B208 189 W.E. Cleland et aL (DURH, GEVA, LAUS+) 
ASTON 81D PL 99B 502 D, Aston el at. (SLAC, CARL, OTTA)JP 
TOAFF al PR D23 1500 S. Toaff et al. (ANL, KANS) 
ETNIN 80 PR D22 42 A. Etkin et al. (BNL, CUNY) Je 
BEUSCH 78 PL 74B 282 W. Beusch et aL (CERN, AACH1, ETH)JP 
CHUNG 78 PRL 40 355 S.U. Chung et al. (BNL, BRAN, CUNY+)JP 
ESTABROOKS 78 NP B133 490 P.G. Estalxooks et aL (MCGI, CARL, DURH+) JP 

Also 78B PR D17 658 P,G. Estabrooks et aL (MCGI, CARL, DURH+) 
BALDI 76 PL 63B 344 R, Baldi et al. (GEVA) JP 
BRANDENB.., 76D PL 60B 478 G,W. Brandenburg et aL (SLAC) JP 

- -  OTHER RELATED PAPERS - -  

AGUILAR-.., 73 PRL 30 672 M. Aguilar-Benitez et aL (BNL) 
WALUCH 73 PR De 2837 V. Waluch, S.M. Flatte, J.H. Friedman (LBL) 
CARMONY 71 PRL 27 1160 O.D. Carmony et at, (PURD, UCD, IUPU) 
FIRESTONE 71 PL 36B 513 A. Firestone et al. (LBL) 

I K,(182o) I = 

Observed by ASTON 93 from a partial wave analysis of the K - ~  
system. See mini-review under K2(1770 ). 

/(2(1820 ) MASS 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 

1016.t.13 1 ASTON 93 LASS 1 1 K -  p ~ K - u ) p  

�9 �9 �9 We do not use the fol lowing data for averages, fits. l imits, etc. �9 �9 �9 

~ 1 8 4 0  2 D A U M  81C CNTR 6 3 K - p ~  K - 2 ~ r p  

1 Fron a partial wave analysis of the K -  ~ system. 

2 From a partial wave analysis of the K -  2~r system. 

F 3 K*(892)~r seen 
r 4 K f2(1270) seen 
F5 K ~  seen 

/(2(1820) WIDTH 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

2764"35 3 A S T O N  93 LASS 1 1 K - p ~  K - - ~ p  

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

~ 2 3 0  4 D A U M  81C CNTR 63 K - p  ~ K - 2 7 r p  

3 Fron a partial wave analysis of the K - ~ )  system. 

4 From a partial wave analysis of the K -  2~r system. 

/(2(1820) BRANCHING RATIOS 

r(Kl(143o).)lr(K.. ) r2/q 
VALUE DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.77 DAUM 81c CNTR 6 3 K -  p ~ K2~rp  

F(K*(892),) /F(K rlr) r 3 / q  
VALUE DOCUMENT /D TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.05 DAUM 81C CNTR 6 3 K -  p ~ K2~rp 

F(K f~ (1270))/r(K~r~r) r4 / r l  
VALU~ DQ(~UMErNT ID TE(~N COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

~ 0 . 1 8  DAUM 81C CNTR 6 3 K - p  ~ K27rp 

K2(1820) REFERENCES 

ASTON 93 PL B308 186 D. Aston et 31. (SLAC. NAGO, CINC, INUS) 
DAUM 8]C NP B187 L C. Oaum et al. (AMST, CERN, CRAC, MPIM+) 

I K(1830) I uo) 
OMITTED FROM SUMMARY TABLE 

Seen in partial-wave analysis of K-@ system. Needs confirmation. 

K(1830) MASS 

VALUE (MeV) DOCUMENT ID TEEN CHG COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

1830 ARMSTRONG 83 OMEG - 18.5 K - p  ~ 3 K p  

K(1830) WIDTH 

VALUE (MeV) DOCUMENT ID TEEN CHG COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

250 ARMSTRONG 83 OMEG - 18.5 K - p  ~ 3 K p  

K(1830) DECAY MODES 

Mode 

F 1 K~ 

K(le30) REFERENCES 

ARMSTRONG 83 NP B221 ] T.A. Armstrong et aL (BARI, BIRM, CERN+} JP 
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Meson Particle Listings 
K~(1950), K~(1980), K;(2045) 

I K~(1950) I = ,(0+) 
OMITTED FROM SUMMARY TABLE 

Seen in par t ia l -wave analysis of  the K -  ~r + system, Needs confir-  
mat ion.  

K~(1950) MASS 

VALUE (MeV) DOCUMENT 119 TECN CHG COMMENT 

19454-104"20 I A S T O N  88 LASS 0 1 1 K - p ~  K - - ~ r + n  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1820•  2 ANISOVICH 97C RVUE 11 K - p  ~ K - ~ r + n  

1 We take the central value of the two solutions and the larger error given. 
2 T-matr ix  pole. Reanalysis of ASTON 88 data. 

K~(1950) WIDTH 

VALUE (MeV) DOCUMENT ID TECN CHG COMMENT 

2014- 34~-~J 3 A S T O N  88 LASS 0 11 K - p  ~ K - ~ r + n  
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

250 •  4ANISOVICH 97c RVUE 11 K - p  ~ K - ~ r + n  

3 We take the central value of the two solutions and the larger error given. 
4 T-mat r ix  pole, Reanalysis of ASTDN 88 data. 

K~(1950) DECAY MODES 

Mode Fraction ( r i / r )  

r 1 KTr  ( 5 2 •  % 

K~(1950) BRANCHING RATIOS 

r(K@/r~l 
VALUE DOCUMENT ID TECN CHG COMMENT 

0.524"0.01B-I-0.12 S A S T O N  88 LASS 8 11 K - p ~  K - T r + n  

5 We take the central value of the two solutions and the larger error given. 

q/r  

K~(1950) REFERENCES 

ANISOVICH 97C PL B413 137 
ASTON Be NP B296 493 D. Aston et aL (5LAC, NAGO, CINC, INUS) 

OMITTED FROM SUMMARY TABLE 
Needs conf i rmaLion.  

K~(1980) MASS 

VALUE (MeV) E V T S  DOCUMENT ID TECN CHG COMMENT 

19734" 84"25 ASTON 87 LASS 0 11 K - p  
RO ~r + ~r- n 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. = �9 �9 

1978•  2 4 1 •  BIRD 89 LASS 11 K - p  ~ ~ O ~ - p  
47 

K~(1980) WIDTH 

VALUE (MeV) E V T S  DOCUMENT ID TECN CHG COMMENT 

3734"334-60 ASTON 87 LASS 0 11 K -  p 
~ 0 1 : + ~ . -  n 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

398+47  2 4 1 •  BIRD 89 LASS - l l  K - p  ~ - ~ O ~ - p  
47 

K~(1980) DECAY MODES 

Mode 

r 1 K * ( B 9 2 ) ~ r  

r 2 K p  

K~(1980) BRANCHING RATIOS 

r(Kp)/r(K*(892).) r=lq 
VALUE DOCUMENT ID TECN CHG COMMENT 

1.49~0.24:1:0.09 ASTON 87 LASS 0 11 K - p  ~ K O ~ + ~ r - n  

K~(1980) REFERENCES 

BIRD 89 SLAC-332 P.F. Bird (SLAC) 
ASTON 87 NP B292 693 D, Aston et aL (SLAC, NAGO, CINC, INUS) 

I K;(2045) I 'uP) = �89 

K~(2045) MASS 

VALUE (MeV) E V T S  DOCUMENT ID TECN CHG COMMENT 
2045:1: 9 OUR AVERAGE Error includes scale factor o f  1.1. 
2062:t: 1 4 •  1 ASTON 86 LASS 0 11 K - p  ~ K - ~ r ' t - n  
2039•  10 400 2 ,3CLELAND 82 SPEC • 50 K + p  ~ KOS~: p 

207 n+100  4 A S T O N  81C LASS O 11 K - p  ~ K - w + n  ~ -  40 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 = 

2079•  7 431 TORRES 86 MPSF 400 p A  ~ 4 K X  
2088•  20 650 BAUBILLIER 82 HBC - 8.25 K -  p 

K~ Tr- p 
2115•  46 488 C A R M O N Y  77 HBC 0 9 K + d  ~ K + ~ ' S  X 

] From a fit to all moments. 
2 From a fit to 8 moments. 
3 Number of events evaluated by us. 
4 From energy-independent partial-wave analysis. 

K~(2045) WIDTH 

VALUE (MeV} E V T S  DOCUMENT ID TECN CHG COMMENT 
198::E 30 OUR AVERAGE 
221:t: 4 8 + 2 7  5 A S T O N  86 LASS 0 11 K - p  ~ K - T r + n  
189~  35 400 6,7 CLELAND 82 SPEC d: 50 K + p  ~ KOsx~:p 

�9 I = We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

6 1 •  58 431 TORRES 86 MPSF 400 p A  ~ 4 K X  

170 +100  650 BAUBILLIER 82 HBC -- 8.25 K - - p  
KOS ~r- p 

24 n + 5 0 0  8 A S T O N  81C LASS 0 11 K - p  ~ K - T r + n  ~-lOO 
300•  C A R M O N Y  77 HBC 0 9 K + d  ~ K§  X 

S From a fit to all moments. 
6 From a fit to 8 moments. 
7 Number of events evaluated by us. 
8 From energy-independent partial-wave analysis. 

K~(2045) DECAY MODES 

Mode Fraction (F i /F )  

F 1 KTr (9.9• % 
F2 K*(892)Ir~ (9 • )% 
F 3 K*(892)Tr~Tr (7 • )% 
F 4 pK~ (5.7• % 
Fs ~KTr (s.0+~.o) % 
F 6 ~KTr (2.84-1.4) % 
F 7 ~K*(892) (1.4+0.7) % 

K~(2045) BRANCHING RATIOS 

r(K.)/rt== 
VALUE DOCUMENT ID TECN CHG COMMENT 

0.0(~ 4-0.012 ASTON 

r( K*(892)~r,) lr(K x) 
VA~UE DOCUMENT ID TECN CHG COMMENT 

0.1M'4-0.[~ BAUBILLIER 82 HBC 

r(K'(S92),,,)/r(K.) 
VALUE DOCUMENT ID TECN 

0.754"0.49 BAUBILLIER 82 HBC 

r(pK,)/r(K1r) 
VALUE DOCUMENT ID TECN 

0.564-0.32 BAUBILLIER 82 HBC 

r(o~K.)IF(K.) 
VALUE DOCUMENT ID TECN 

0.50"4"0.30 BAUBILUER 82 HBC 

r(~K~r)Irt== 
VALUE DOCUMENT ID TECN COMMENT 

0.0284.0.014 9 TORRES 86 MPSF 400 pA  ~ 4 K X  

r(§ 
VALUE DOCUMENT ID TE~:N ~OMMENT 

0.0144-0.007 9 TORRES 86 MPSF 400 pA  ~ 4 K X  

9 Error determination is model dependent. 

ql r  

88 LASS 0 11 K -  p ~  K -  9 + n 

rdq 

- 8.25 K - p  ~ p K ~ 3 ~  

rs/q 
CHG COMMENT 

-- 8.25 K - p  ~ p K ~ 3 ~  

r4Jrl 
CHG COMMENT 

-- 8.25 K- -  p ~ p K ~  3~ 

rs/h 
- -  CH__6_G COMMENT 

-- 8 . 2 5 K - p ~  p K ~ 3 T  

rdr 

rdr 
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K~,(2045) REFERENCES 

ASTON 88 NP B296 493 D, Aston el at. (SLAC, NAGO, CINC, INUS) 
ASTON 86 PL B]SO 308 D Aston et aL (SLAC, NAGO, ClNC, INUS) 
TORRES 86 PR 34 707 S. Torres el at. {VPI, ARIZ, FNAL, FSU+) 
BAURILLIER 82 PL 118B 447 M. BaubilIier el at. (BIRM, CERN, GLAS+) 
CLELAND 82 NP B208 189 WE. Cleland et al. (DURH, GEVA, LAUS+) 
ASTON 81E PL 106B 235 D. Aston et aL (SLAC, CARL. OTTA)JP 
CARMONY 77 PR D16 1251 D.D. Carmony et aL (PURD, UCD, IUPU) 

- -  OTHER RELATED PAPERS - -  

ASTON B7 NP B292 693 D. AStOn et a/ (SLAG, NAGO, CINC. INUS) 
BROMBERG B0 PR D22 1513 C.M. Bromberg et 31. (CIT, FNAL, ILLC+) 
CARMONY 71 PRL 27 1160 DO. Cafmony et al. (PURD, UCD, IUPU) 

I K=(2250) I : 
OMITTED FROM SUMMARY TABLE 

Th i s  en t r y  con ta ins  var ious peaks in s t range meson systems repor ted 

in the  2 1 5 0 - 2 2 6 0  M e V  reEion, as wetl  as enhancemen ts  seen in t he  

a n t i h y p e r o n - n u c l e o n  system, e i t he r  in t he  mass spectra or in the  J P  

= 2 -  wave. 

/(2(2250) MASS 

VALUE {MeV I EVT$ DOCUMENT ID TECN CHG COMMENT 
2247-1-17 OUR AVERAGE 
22004-40 1 A R M S T R O N G  83C OMEG - 18 K - p  ~ A ~ X  

22354-50 1 BAUBILLIER 81 HBC - 8 K -  p ~ A p X  

22604-20 1 CLELAND 81 SPEC 4" 50 K + p  ~ A~X 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

21474- 4 37 CHLIAPNIK. . .  79 HBC 4. 32 K + p  ~ -ApX 

22404-20 20 LISSAUER 70 HBC 9 K + p  

1 j P  = 2 -  from moments analysis. 

K2(2250) WIDTH 

VALUE (MeV) E V T S  DOCUMENT ID TECN CHG COMMENT 
180-I-30 OUR AVERAGE Error includes scale factor of 1.4. 

150:=30 2 A R M S T R O N G  83s OMEG - 18 K - p  ~ A ~ X  

2104-30 , 2 CLELAND 81 SPEC 4- 50 K4"p  ~ A ~ X  

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

~ 2 0 0  2BAUBILL IER 81 HBC - 8 K - p ~  A'~X 

40 37 CHLIAPNIK.. .  79 HBC + 32 K + p ~  A p X  

804-20 20 LISSAUER 70 HBC 9 K + p  

2 j P  = 2 -  from moments analysis. 

/(2(2250) DECAY MODES 

Mode 

r I K ~  

F2 p A  

/(2(2250) REFERENCES 

ARMSTRONG B3C NP B227 365 T,A. Armstrong et aL 
BAUBILLIER 81 NP B183 1 M. Baubilller et at. 
CLELAND BI NP B1B4 1 W.E. Cleland et al. 
CHLIAPNIK.., 79 NP B158 253 P.V. Chliapnikov et aL 
LISSAUER 70 NP B18 491 D. Lissauer et al. 

OTHER RELATED PAPERS - -  

ALEXANDER 68B PRL 20 755 G, Alexander et aL 

(BARI, BIRM, CERN+) 
(BIRM, CERN, GLAS+)JP 
{PITT, GEVA, LAUS+)JP 
(CERN, BELG, MONS) 

(LBL} 

{LRL) 

K;(2045), 
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Meson Particle Listings 
K2(2250), K3(2320), K~(2380) 

I(JP) = �89 + ) 

OMITTED FROM SUMMARY TABLE 
Seen in the JP = 3 + wave of the antihyperon-nucleon system. 
Needs confirmation. 

/(3(2320 ) MASS 

VALUE (MeV) DOCUMENT ID TECN CHG 
23244-24 OUR AVERAGE 
23304-40 1 ARMSTRONG 83C OMEG - 

23204-30 1 CLELAND 81 SPEC 4. 

1 j P  = 34- from moments analysis. 

COMMENT 

18 K - p  ~ A~X 
50 K +  p ~ A~X 

/(3(2320) WIDTH 

VALUE (MeV) DOCUMENT /D TECN CHG COMMENT 

150+30 2 ARMSTRONG 83C OMEG - 18 K - p  ~ A'pX 

�9 �9 �9 We do not use the fol lowing data for averages, fits. l imits, etc. �9 �9 �9 

250 2 CLELAND 81 SPEC -t- 50 K + p  ~ A'pX 

2 j P  _ 3 + from moments analysis. 

K3(2320 ) DECAY MODES 

Mode 

r l  pA 

ARMSTRONG B3G NP B227 365 
CLELAND 81 NP B184 L 

K3(2320) REFERENCES 

T.A. Armstrong et aL 
W.E, Cleland et aL 

(BARI, BIRM, CERN+) 
(PITT, GEVA, LAUS+) 

I K;(2380) I ,u P) = �89 
OMITTED FROM SUMMARY TABLE 

Needs con f i rma t ion .  

K~(2380) MASS 

VALUE (MeV) DOCUMENT ID TECN CH6 

2382.1.14::E19 1 ASTON 86 LASS O 

1 From a fit to all the moments. 

COMMENT 

I I  K - - p  ~ K - T r + n  

KI(2380 ) WIDTH 

VALUE IMeV) DOCUMENT ID TEEN CHG 

178::t:37::E32 2 ASTON 86 LASS 0 

2 From a f i t  to all the moments. 

COMMENT 

11 K - p  ~ K - ~ r + n  

K='(2380) DECAY MODES 

Mode Fraction ( r i / r )  

r l  K~r (6.1• % 

K=*(2380) BRANCHING RATIOS 

r(Klr)/rt~l 
VALUE DOCUMENT ID TECN CHG COMMENT 

0.1~1:E0.012 ASTON 88 LASS 0 11 K - p  --, K - - x + n  

rdr 

K~(2380) REFERENCES 

ASTON 88 NP B296 493 D. AStOn er <11. (SLAG, NAGO, CINC, INUS) 
ASTON 86 PL B180 308 O. Aston et at. {SLAC, NAGO, CINC, INUS) 

I I I I I  
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Meson Particle Listings 
K4(2500), K(3100) 

l.,(25oo)1 = �89  

OMITTED FROM SUMMARY TABLE 
Needs confirmation. 

/(4(2500) MASS 

VALUE IMeV) DOCUMENT ID TECN CHG COMMENT 

24go:E20 1 CLELAND 81 SPEC • 50 K + p  ~ A~ 

1 j P  = 4 -  from moments analysis. 

/(4(2500) WIDTH 

VALUE (MeV) DOCUMENT ID TECN CHG COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

250 2 CLELAND 81 SPEC • 50 K + p ~ A~ 

2 jP  = 4-  from moments analysis. 

/(4(2500) DECAY MODES 

Mode 

r~ pA 

K4(2500) REFERENCES 

ELELAND 81 NP BL84 1 W.E. El�9 et al. (PITT, (3EVA. LAUS+) 

I K(3100) I , , , F )  : ::<:::) 
OMITTED FROM SUMMARY TABLE 

Narrow peak observed in several ( A ~  + pions) and (Ap  + pions) 

states in ~ -  Be reactions Needs confirmation, by BOURQUIN 86 
and in n p  and nA  reactions by ALEEV 93. Not seen by BOEHN- 
LEIN 91. If due to strong decays, this state has exotic quantum num- 

bers ( B = 0 , Q = + I , S = - I  for A ~ r + ~ r  + and I > 3/2 for A ~ r - ) .  
Needs confirmation. 

K(3100) MASS 

DOCUMENT ID VALUE (MeV) 
Ju 3100 OUR ESTIMATE 

3-BODY DECAYS 
VALUE (MeV) DOCUMENT iD TEEN COMMENT 

~1::i:11 OUR AVERAGE 
3060• 7 •  
3056• 7~20  
3055• 8 •  
3045• 8 •  

4-BODY DECAYS 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

3059:Ell OUR AVERAGE 
3067• 6 •  1ALEEV 93 BIS2 K(3100) ~ A~Tr + 7r + 

3060• 8 •  1 ALEEV 93 BIS2 K(3100) ~ A ~ r + x  - 

3055• 7 •  1 ALEEV 93 BIS2 K(3100) ~ A p ~ r  ~r 

3052• 8 •  1 ALEEV 93 BIS2 K(3100) ~ Ap~r -~ r  + 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

3105• BOURQUIN 86 SPEC K(3100) ~ A~r+~r  + 
3115• BOURQUIN 86 SPEC K(3100) ~ A~r+~r - 

5-BODY DECAYS 
VALUE (MeV) DOCUMENT /D TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

3095• BOURQUIN 86 SPEC K(3100) 
A:~r+  =+  ~ -  

1Supersedes ALEEV 90. 

1 ALEEV 93 BIS2 K(3100) ~ A'pTr + 

1 ALEEV 93 BIS2 K(3100) ~ Ap~r-  
1 ALEEV 93 BIS2 K(3100) ~ A ~ -  
i ALEEV 93 BIS2 K(3100} ~ Ap~r + 

K(3100) WIDTH 

3-BODY DECAYS 
VALUE (MeV} DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, e t c . � 9  �9 �9 

42•  2ALEEV 93 BIS2 K(3100) ~ A ~ r  + 
36•  2ALEEV 93 BIS2 K(3100) ~ Ap~r -  
50•  2ALEEV 93 BIS2 K(3100) ~ A ~ -  
30• 2ALEEV 93 BIS2 K(3100) ~ A p ~ +  

4-BODY DECAYS 
VALUE (MeV) CL~_~ DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the follcwing data for averages, fits, limits, etc. �9 �9 �9 

22•  8 2ALEEV 93 BIS2 K(3100) ~ A~I r+Tr  + 

28•  2ALEEV 93 BIS2 K{3100) ~ A-~Tr+~r - 

32• 2ALEEV 93 BIS2 K(3100) ~ Ap~" x 
30• 2ALEEV 93 BIS2 K(3100) ~ A p T r - ~  + 

<30 90 BOURQUIN 86 SPEC K(3100) ~ A ~ r + ~  + 

<80 90 BOURQUIN 86 SPEC K(3100) ~ A ~ + ~  - 

5-BODY DECAYS 
VALUE (MeV) CL~ DOCUMENT IO TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. i . �9 

<30 90 BOURQUIN 86 SPEC K(3100) 
A ~ +  ~r+ ~r -  

2 Supersedes ALEEV 90. 

K(3100) DECAY MODES 

Mode 

r l  K(3100) 0 ---+ A~x+ 
r 2 K(3100)-- --, A ~ r -  
F3 K(3100)- --, A~+~T - 
F4 K(3100) + --~ A~T+~+ 
r s K(3100) 0 -~ A ~  + ~T + I r -  

r 6 K(3100) 0--, Z'(1385)+~ 

r(~:O~s)+p)Ir(Ap- +) 
VALUE CL~ DOCUMENT ID 

<0.04 90 ALEEV 

TECN COMMENT 

93 BIS2 K(3100) 0 
Z'(138S)+p 

rdrl 

K(3100) REFERENCES 

ALEEV 93 PAN 56 1358 A.N. Aleev et aL 
Translated from YAF 56 100, 

BOEHNLEiN 91 NP B21 174 ($uppl) A. Boehnie~n et aL 
ALEEV 90 ZPHY C47 533 A.N. Aleev et aL 
BOURQUIN 86 PL B172 I),3 M.H. Bourquin et aL 

(BIS-2 Cotlab.) 

(FLOR, BNL. IND+) 
(BIS-2 CoUab.) 

(GEVA, RAL, HEtDP+) 
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CHARMED MESONS 
(C= :I:I) 

D + =cd ,  D ~ 1 7 6  =~d,  similarly forD*'s 

D MESONS 

Meson 
543  

Particle Listings 
D MESONS,  D e 

II 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1875 • 9 ADAMOVICH 87 EMUL Photoproduction 
1860 •  6 ADAMOVICH 84 EMUL Photoproduction 
1868.4• 0.5 1 SCHINDLER 81 MRK2 e + e  - 3.77 GeV 
1874 • 5 GOLDHABER 77 MRK1 D 0, D + recoil spectra 
1868.3• 0.9 1 PERUZZl 77 MRK1 e + e -  3.77 GeV 
1874 •  PICCOLO 77 MRK1 e + e  - 4.03, 4.41 GeV 
1876 •  50 PERUZZI 76 MRK1 K:F~r• • 

1pERUZZI 77 and 5CHINDLER 81 errors do not include the 0.13% uncertainty in the 
absolute SPEAR energy calibration, TRILLING 81 uses the high precision J/r and 

Revised January 2000 by P.R. Burchat (Stanford University). 

The new experimental results on D mesons reported in this 

edition are mostly from the CLEO-II experiment at the CESR 

e+e - storage ring and from the fixed-target experiment E791 

at Fermilab. The CLEO experiment has measured the D +, 

D ~ and D + lifetimes, and E791 has measured the D o and D + 

lifetimes. The measured ratio of D + to D O lifetimes is now 

significantly greater than  unity: ~-(D+)/~-(D ~ = 1.20 =i= 0.02. 

@(25) measurements of ZHOLENTZ 80 to determine this uncertainty and combines the 
PERUZZI 77 and SCHINDLER 81 results to obtain the value quoted. 

D • MEAN LIFE 

Measurements with an error > 0.1 • 10 - 1 2  s are omitted from the average, 
and those with an error > 0,2 • 10 - 1 2  s have been omitted from the 
Listings. 

VALUE (10 -12 s) EVT~$ DOCUMENT ID TECN COMMENT 
1.0Sl 4-0.013 OUR AVERAGE 
1 0 +0  0099 T(4S) .0336• .0221_010127 3777 BONVICINI 99 CLE2 e + e  - 

1.048 • • 9k FRABETTI 94D E687 D + ~ K - x + T r  + 
The E791 experiment has obtained the first directly mea- 

sured limit on the decay-width difference AF for the mass 

eigenstates of the neutral  D system, looking for a difference 

in decay rates between the CP-even decay D o ~ K + K  - and 

the CP-mixed decay D O ~ K - r  +. The CERN experiment 

ALEPH and CLEO have made new searches for neutral  D 

mixing in the "wrong-sign" decay D O ~ K % r - ;  no evidence for 

mixing has been found. CLEO has reduced the uncertainty on 

the measurement of the doubly Cabibbo-suppressed decay rate 

F(D ~ ---+ K+Tr - )  by about  a factor of three. 

The CERN experiment BEATRICE has measured form 

factors for the semileptonic decay D + ~ K*(892)~ and 

E791 has measured form factors both  for this decay and for 

D + ---+ r163 The CERN experiment OPAL has measured the 

semileptonic branching fraction for charm hadrons produced 

in Z ---+ c& The Fermilab experiment CDF has set limits 

on semileptonic decay rates involving K resonances above 

the K*(892). The BEPC experiment BES has observed one 

D + ---+ #+u~ event, and CLEO has improved a measurement of 

the D + leptonic decay constant. 

CLEO has now measured the important  D O ---+ K - r  + 

branching fraction using three different methods, and has also 

measured D + and D + branching fractions involving ~/ and ~/' 

mesons. An E791 search for 24 rare Dr forbidden decays to 

dilepton final states yielded no evidence for new physics. 

r ~  t(J P) = �89 

D • MASS 

4- D * •  D *0, and D~ =i= mass and mass The fit includes D •  D 0, D s , 
difference measurements. 

VALUE {MeV) EVTS DOCUMENT ID TECN COMMENT 
1869.3 "t" 0.5 OUR FIT Error includes scale factor of 1.1. 
1869.4-v 0.5 OUR AVERAGE 
1870.0• 0.5• 317 BARLAG 90C ACCM ~r-Cu 230 GeV 
1863 :c 4 DERRICK 84 HRS e + e -  29 GeV 
1869,4+ 0.6 1 TRILLING 81 RVUE e + e  - 3.77 GeV 

1.075 • +0.018 2455 FRABETTI 91 E687 9" Be, D + 
K - r + ~ +  

1.03 • • 200 ALVAREZ 90 NAI4 7, D + ~ K-n+~+ 

+0.077 317 2 BARLAG 90C ACCM ~:- Cu 230 GeV 1.05 - 0.072 

1,05 • • 363 ALBRECHT 881 ARG e + e  - 10 GeV 
1.090 • • 2992 RAAB 88 E691 Photoproduetion 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 * �9 

1.12 +0.14 149 AGUILAR-._ 87D HYBR r - p  and pp 
-0.11 

1.09 +0.19 59 BARLAG 87B ACCM K -  and ~-- 200 GeV -0.15 
1.14 • • 247 CSORNA 87 CLEO e + e- 10 GeV 
1.09 • 74 3 PALKA 878 SILl �9 Be 200 GeV 

0.86 • +0,07 48 ABE 86 HYBR "rP 20 GeV -0 ,03 

2 BARLAG 90c estimates the systematic error to be negligible. 
3pALKA 878 observes this in D + ~ K*(BO2)eu. 

D + DECAY MODES 

D -  modes are charge conjugates of the modes below. 

Mode Fraction (F i /F)  
Scale factor/ 

Confidence level 

Inclusive modes 
F 1 e + anything (17.2 • 1.9 )% 
F 2 K -  anyth ing (24.2 • 2.8 ) % 
F3 ~Oanything + K Oanything (59 • 7 ) % 
F 4 K + a n y t h i n g  ( 5.8 • 1.4 ) %  

F s 77 anyth ing [a] < 13 % 

F 6 F + anyth ing 

Leptonic and semileptonic modes 

I- 7 

FB 
F9 

Flo 

Fll 

F12 

F13 
F14 

F15 

F16 
F17 
F18 
F19 
F2o 
F21 
F22 
F23 

S=1.4 

CL=90% 

• 0 . 4 ) %  

• 1.1 ) x 10 - 3  

< 1.2 % CL=90% 

< 9 x 10 - 3  CL=90% 

< 1.4 x 10 - 3  CL=90% 

go] ( 3.1 • 1.5 ) x  10 - 3  

K-=+#+u~ ( 3.2 
In the fit as ~F26 + F16, where IF26 = F15. 

K*(892)0#+ u# ( 2.9 
x B(K*~ K -~  +) 

K -  ~+ #+ vp nonresonant ( 2.7 
K O = + T r -  e+Ue 
K - ~ - +  ~rO e+ ue 

( K *  (892) 7r)~ e+  ue 

( ~ x  x)o e + ve non-K*(892) 
K -  ~+ n0/~+ up 
~oE+vl 
7r+Tr- e+ Ue 

]/'+ P,u ( 0 _+17 ) • 10 -4 

-R~ [b] ( 6.8 • 0.8 )% 
-K ~ e + Ve ( 6.7 • 0.9 ) % 

K-~r+e+Ue ( 4.1 + 00:~ ) %  

-K* (892)~  ( 3.2 • 0.33) % 

x B(~ "~ -~ K-Tr +) 
K -  lr + e + u e nonresonant < 7 x 10 -3 EL=90% 

• 0.4 ) %  $=1.1 
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r24 
F25 
r26 
F27 
F28 
F29 
r3o 
r3x 
r32 
1-33 
r34 
r35 

Fractions of some of the following modes with resonances have already 
appeared above as submodes of particular charged-particle modes. 

F86 g*(1680)0 ~r + 

K*(892)0t+ut  [#] ( 43 • o.4 )% 
K*(892)~ ( 4.8 • 03 )% 
g*(892)~ ( 4.4 • 0.6 )% S = I . I  

g l  (1270)~ u~, < 3.5 % CL=95% 
K * ( 1 4 1 0 ) ~  + v/~ < 2.7 % CL=95% 
g~(1430)0# +v~ < 8 x 10 -3 CL=95% 
p0 e + Ve ( 2.2 • 0,8 )x 10 -3 
p O # + ~  ( 2.7 • 07 ) •  -~  
~e+Ve < 2.09 % CL=90% 
~)#+ P# < 3.72 % CL=90% 
/~+~ t  < 5 x 10 -3 CL=90% 
~/(958)#+u# < 9 x 10 -3 CL=90% 

Hadronic modes with a K or K K K 
2,894- 0.26) % 5 = I . i  

Fractions of some of the following modes with resonances have already 
appeared above as submodes of particular chari~ed-partide modes. 

F36 go ~r+ 

r7 3 -~-0p+ ( 6.6 :h 23 )% 
r74 goal(1260)+ ( 8.0 • 1.7 )% 
r75 go a2(1320)+ < 3 x 10 -3 CL=90% 
r~8 K * ( 8 9 2 ) ~  + ( 1.9o4- o.19)% 
F77 K*(892)~ [el ( 2.1 4- 1.3 ) %  

F78 K*(892)~ [el ( 1.6 4- 1.6 )% 
F79 K*(892)~ + P-wave < 1 x 10 -3 CL--90% 
r8o K*(892)~ + D-wave (IO 4- 7 ) x 10 -3 
rB1 K*(892)0p + D-wave Iongitudi- < 7 x 10 -3 CL--90% 

nal 
r82 gl(1270)Ozr + < x 10 -3 EL=90% 
r83 KI(1400)~ + 43 • 1.2 )% 
r84 K*(1410)%r + < x I0 -3 CL=90% 
r05 g~(1430)~ + 3.7 4- 0.4 )% 

1.434- 0.30) % 

F37 K -  ~+ ~+ 
r38 K'* (892)%T + 

x B(K *0-~ K-~r +) 
F39 K~(1430)0 ~r + 

x B(K~(1430)~ K - ~  +) 

F4O K* (1680) ~ ~r + 
x B(K*(1680)~ K-~r  +) 

F41 K -  ~r+ ~r + nonresonant 
F42 ~0 ~r+ ~T 0 
F43 g0 p+ 
r44 g*(892)0~ + 

x B(K  .0 -~ K%r  0) 
F45 g ~  ~r+ ~rO nonresonant 
1-46 K - / r  + ~'+ IT 0 
F47 K*(892)~ p+ total 

x B(K*0--*  K-~r  +) 
1-48 K1(1400)0~r + 

x B(Rl (1400)~ K-~r+~r ~ 
F49 K -  p+ ;r + total 
r50 K -  p+ ~r + 3-body 
r51 g*(892)~ ~r+ ~r~ total 

x B (K  .~  -~ K - r  +)  
F52 K'* (892) 0 ~r + r 0 3-body 

x B(K - * 0 ~  K-~r  +) 
r53 K* (892)- ~r + r + 3-body 

x B ( K * - - - *  K-~r  0) 
F54 K -  :r + ~r + ~r ~ nonresonant 
F55 g0~r+ ~+~r -  
F56 K~ 01 (1260)+ 

x B(01(1260) + -~ ~+;T+;T - )  
F57 KI(1400)~ ~r + 

x B(gi(1400)0 -~ K~ 
F58 K* (892)- ~r + r + 3-body 

x B ( K * -  --* K~  
r59 go p0 r+ total 
ro~ ~o  pO ~r + 3-body 
F61 g ~  ~r+ ~+ ~r- nonresonant 
F62 K -  l"r+ lr+ lr+ l[ - 
F63 K* (892) 0 r + ~r + ~ r -  

x B(K *0--* K - ;  +) 

F64 g *  (892)0 p0 ~r + 
x B ( g  *~ -~ K - ~ + )  

F65 g *  (892)0 ~r+ ~r+ ~r- no-p 
x B(K *~ -~ K-'lr +) 

F66 K -  p0 ~r+ ~+ 
F07 K -  ~+ ~r+ ~+~r - nonresonant 

F68 K - ~ r  +r + ~r ~ ~ 

F69 ~o ~+ ~+ ";,r- ~r 0 

F7 ~ go=+~r  +~+= ~r 

r71 K-~+~+~r +~r-T ~ 
F72 g 0 K ~  K+ 

[.1 9.0 + o,0 )% 
1.274- 0.13) % 

2.3 • 0.3 )% 

3.7 • 0.8 ) x 10 -3 

83 • 0.8 )% 
[d] 9.7 • 3.0 )% 

6.6 • 2.8 )% 
6.3 • 0.4 ) x  10 -3 

1.3 • 1.1 )% 
[d]  6.4 • 1. ]  )% 

1.4 + 0.9 )% 

2.2 • 0.6 )% 

3.1 • 1.1 )% 
1.1 4- 0.4 )% 
4.s • 0.9 )% 

2,8 4- 0.9 )% 

7 4- 3 x i0 -3 

[el 1.2 • 0.6 % 
[d] 7.o • o.9 % 

4.0 4- 09 % 

( 2 . 2 •  % 

( 1.4 4- 0.6 % 

( 4.2 4- 0.9 % 
( 5 4- 5 X 10 -3 
( 8 4- 4 x 10 -3 

[d] ( ?.2 • 1.O x 10 -3  
( 5.4  • 2 .3  x I0 -3 

( 1.9 + 1.1 
- -  1.0  x 10 -3 

( 2.9 • 1.1 x 10 -3 

( 3.1 4- 0.9 • 10 -3 
< 2.3 x 10 -3 

( 5.4 + 3.o )% 
- -  1.4 

( 8 4- 7 ) x lO  -4 
( 2.0 4- 1.8 )x 10 -3 
( 1.8 4- o.8 )% 

S=l.1 

CL=90% 

r87 K*(892) ~ + ~r 0total 
r88 K*  (892) 0 ~+ ~r ~ 3-body 
r89 K*(892)-  ~r +X+t0ta l  
F90 K*(892)-  ~+ ~r + 3-body 
r91 K-p+~r  +total 
r92 K -  p+ ;r + 3-body 
F93 g ~ 1 7 6  ~r+ total 
r94 go pO ~r + 3-body 
r98 g0 f0(980) ~+ 
F96 K *  (892) 0 ~+ ~+ ~r-  

F97 K*(892)0 p0 ~r + 

r9B g *  (892)0 ~r+ :r+ ~r- no- p 
r99 K-p~ + 

[el 

Plonlc modes 
rlo o 7r + r 0 

F1o 1 ~+ 7r+ ~r - 
rlo2 pO 7r + 
Fro 3 r + ~T + ~ -  nonresonant 

1-104 7r + ~[+ ~r- ";T O 

F105 rpr + x B(F/ --* 7r+l r -~ 0) 
r l0 6 ~d~r + x B(w--+ r + ~ - ~  0) 
rlO 7 ~r+Tr+Tr+Tr 7r 

r io  8 ~T+ 7r+ ~r+ zr- ~r- ~r 0 

6.7 • 1.4 % 
4.2 • 1.4 % 

2.0 • 0.9 % 
3.1 • 1.1 % 
I . i  • 0.4 % 
4,2 • 0.9 )% 
5 • 5 ) •  - 3  

5 x 10 -3 
8,1 • 3,4 ) x 10 -3 

2,9 + 1,7 ) x  10 -3 
- 1.5 

4.3 • 1.7 ) x I0 -3 
3,1 • 0.9 ) x I0  - 3  

2.5 • 0.7 ) x  10 -3 
3.6 • 0.4 ) x  10 -3 
1.05• 031) x 10 -3 
2.2 • 0,4 ) x  10 -3 

6.9 • 1.4 ) x 10 -4 
6 x 10 -3 
2.1 • 0.4 ) x 10 -3 

2.9 _+ 22:g )• io-3 

Fractions of some of the following modes with resonances have already 
appeared above as submodes of particular charged-particle modes. 

F1o9 ~/r + ( 3.0  • 0 .6  } x 10 -3 
r n o  P%r + ( 1.o5• o.31) • lO -3 
r l l  I ~d~ + < 7 x 10 - 3  

Fli 2 flp + < 7 x10 -3 
Fn3 F/(958)~ + ( 5.0 • 1.0 )x 10 -3 
r l l  4 r/(958)p + < 5 110 -3 

Hadronic modes with a K K  pair 
7,4 • 1.0 

[d] 8.7 4- 0.7 
3.0 • 0.3 
2.8 4- 0.4 

4,5 • 0.9 

2.1 4- 1.0 

r n5  K+-K 0 
r l l  6 K+  K-~r  + 
rn7 @Tr + x B(~ ~ K + K - )  
rn8 K+K*(892)  0 

x B(K *0 -~  K-~r  +) 
r n 9  K + K -  ~+ nonresonant 
r12o K o ~ o = +  
r121 K*(892)+K 0 

x B(K *+ ~ K07r +) 
F122 K + K - ~ r  +Tr 0 
r123 r 0 x B ( r  K + K  - )  
r124 Cp+ x B(r --* K + K - )  

r125 K + K -  7r + 7r ~ non-r 

F126 K+ g ~  ~[+ ~r - 
r127 K 0K-Tr  +Tr + 
r128 K*(892)+g*(892) 0 

x B2(K * + - ~  K~  +)  
['129 K~ K-Tr+ Tr+ non-K*+ g*~ 
r130 K+ K-Tr+ Tr+ Tr - 
F131 (#~T+ ~r+ ~r - 

x B(~-~ K +K-)  
F132 K + K -  ~+ ~+ ~ -  nonresonant 

) x 10 -3 
) x 10 -3 
) x 10 -3 
) x 10 -3 

) x 10 -3 

)% 

(1.1 - 0.s)% 
< 7 x 10 -3 

( 1.5 + 0.7 )% 
- -  0.6 

< 2 % 
( 1.0 • 0.6 )% 
( 1 . 2  • o.8)% 

< 7.9 • 10 -3 

< 1 • 10 - 3  

< 3 % 

CL=90% 

CL=90% 
S=1.7 

5-1.8 

CL=90% 

CL=90% 

CL=90% 

CL=90% 

CL=90% 

CL=90% 

CL=90% 
CL=90% 

CL=90% 



See key on page 239 

Fractions of the following modes with resonances 
above as submodes of particular charged-particle modes. 

1"133 ~ 7r+ ( 6.1 • 0.6 
F134 @/r+71"8 ( 2.3 
F13S @, O+ < 1.4 
F136 ~ ?r+;T+~T- < 2 
1-nz K+K* (892 )  0 ( 4.2 

have already appeared 

x 10 -3 

• 1.0 % 
% 
x 10 -3 

• 8.5 x 18 -3  

CL=90% 
CL=90% 

r138 K*(892) +~0 ( 3.2 • 1.5 )% 
F139 K*(Bg2)+K*(892)  0 ( 2,6 • 1.1 )% 

Doubly Cabibbe suppressed (DC) modes, x n 
A C =  I weak neutral current (C I }  modes, or xt 6 

Lepton Family number (LF) or Lepton number (L) violating modes 
r14o K+TF+~ - DC ( 6.8 • 1.5 ) x 10 -4 X25 

FI41 K+p ~ 06 ( 2.5 4- 1,2 )x 18 -4 x26 

F142 K*(892)87r + OC ( 3.6 • 1.6 ) x  10 -4  x36 
r~43 K + 7r +~r-  nonresonant pC ( 2,4 • 1,2 ) • 10 -4  x37 
[-144 K+ K+  K -  PC < 1.4 • 10 -4  CL=90% x42 
F145 ~ K  + DC < 1,3 x 10 -4  CL=90% x46 
r146 ~+e + e-  ci < 5.2 x i0 -5 CL:90% )(55 
F147 /r+/~+# - C1 < 1.5 x 10 -5 CL=90% x62 

r148 p+/~+#- c1 < 5.6 x lo -4 CL=90% x76 
F149 K + e + e -  [r] < 2.0 x 10 -4  CL=90% x83 
rlso K + # + #  - If] < 4.4 x 10 -5 CL=90% 
1"151 ~r+ e• LF [g] < 3,4 x 10 -5 CL=90% Xgo 
F152 w+ e + # -  x96 
FI53 7r + e-  #+ x97 

F154 K +e4-# ~; LF [gl < 6,8 x 10 -5 CL=90% Xl01 
1-155 K+ e + ~- xlo 3 

r156 K + e- #+ x115 
r157 ~ -  e + e + t < 9.6 x I0 -5 EL=90% x165 
F158 ~ - # + # +  L < 1.7 xlO -5 CL:90% 
1-159 7r- e + #  + L < 5.0 x 10 -5  CL=90% 

F168 p - p + # +  L < 5.6 x l0 -4  CL=90% x76 
r161 K -  e + e + L < 1.2 x 10 -4  CL=98% 
r162 K - # + # +  L < 1,2 • 10 -4  CL=90% XB3 

1-163 K- e+# + L < 1,3 x 10 -4 CL=90% x90 

F164 K* (892 ) - / ~+#  + t < 8.5 x l0 -4 CL=90% x96 
x97 

Xl01 

x103 

x115 

x]65 

rls5 A dummy mode used by the fit. (33 • s )% 

[a] This is a weighted average of D • (44%) and D O (56%) branching frac- 
tions. See "D+andD  0 --~ (r/ anything) / (total D + and Ds) '' under 
"D + Branching Ratios" in these Particle Listings. 

[b] This value averages the e + and #+ branching fractions, after making a 
small phase-space adjustment to the #+ fraction to be able to use it as 
an e + fraction; hence our t+  here is really an e +, 

[c] An ~ indicates an e or a # mode, not a sum over these modes, 

[d] The branching fraction for this mode may differ from the sum of the 
submodes that contribute to it, due to interference effects. See the 
relevant papers. 

[el The two experiments measuring this fraction are in serious disagreement. 
See the Particle Listings. 

[ f ]  This mode is not a useful test for a A C = I  weak neutral current because 
both quarks must change flavor in this decay. 

[El The value is for the sum of the charge states or particle/antiparticle 
states indicated. 
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CONSTRAINED FIT INFORMATION 

An overall fit to 32 branching ratios uses 54 measurements and 
one constraint to determine 20 parameters. The overall fit has a 
x 2 = 20.8 for 35 degrees of freedom. 

The following off-diagonal array elements are the correlation coefficients 
16x,6xjl/(6xi.6xj), in percent, from the fit to the branching fractions, x i _= 
FJFtota I, The fit constrains the x i whose labels appear in this array to sum to 

one. 

5 

4 2 

18 29 8 

14 7 31 25 

38 9 8 31 25 

32 16 14 56 45 55 

O 0 0 0 0 0 0 

7 4 3 13 10 12 23 

9 5 4 17 14 16 30 

15 8 7 28 22 27 49 

21 11 9 37 29 36 65 

5 3 2 9 7 8 16 

3 1 1 5 4 5 9 

5 2 2 9 7 B 15 

3 2 1 6 5 6 11 

19 10 9 35 28 33 61 

11 5 5 19 15 18 34 

22 7 6 23 18 53 41 

-35 -26 -12 -41 -34  -38 -55 

0 

0 18 

0 11 15 

0 15 20 

0 31 37 

0 29 13 

0 3 5 

0 2 3 

0 14 18 

0 8 10 

0 9 12 

-58 -46 -45 

x9 x11 x16 x25 x26 x36 x37 X42 x46 ;(55 

32 

8 10 

4 6 12 

29 10 2 1 

8 7 2 1 15 

30 40 10 5 9 7 

16 22 5 3 5 4 43 

20 26 6 4 6 4 25 14 

-30 -38 -46 -32 -16 -10 -35 -19 -27 

XS2 X76 x83 Xgo x96 x97 x101  x183  x115 

D + BRANCHING RATIOS 

see the "Note on D Mesons" above. Some now-obsolete measurements 
have been omitted from these Listings. 

c-quark decays 

r (c  --~ e+anything)/r(c -.. anything) 
VALUE EVTS DOCUMENT ID TECN COMMENT 

0.1~14"0.009+~:~l ~ 378 4ABBIENDI 99K OPAL Z 0 ---w C~ I 

4ABBIENDI 99K uses the excess of right-sign over wrong-sign leptons opposite recon- I 
struced D*(2020) + ~ D0~ -L decays in Z 0 ~ C;E. 

r (c  --, i~+anythlng)/r(c .-, anything) 
This is the average branching ratio for charm ~ #+X. The mixture of charmed 
particles is unknown. We don't put this result in the Summary Table. 

VALUE EVTS DOCUMENT {D TECN ,COMMENT 
0.10654-0.007 OUR AVERAGE 

o o,o• tO: o% 4.. SA..,E.O, ,,K OPAL zO_ 

o 6. 'ALB.EC.T .2F ARG e+e- 1o GoV 
0.078•177 ONG 88 MRK2 e+e - 29 GeV 
0.078•177 BARTEL 87 JADE e+e - 34.6 GeV 

o o82•176176 ALTHDFF . 0  TASS o+e-- 345 GeV 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.089+0.018• BARTEL 85J JADE See BARTEL B7 

5ABBIENDI 99K uses the excess of right*sign over wrong-sign leptons opposite recon- I 
stmced D*(2020) § -+ DO~r decays in Z 0 ~ c~L 

6ALBRECHT 92F uses the excess of right-sign over wrong-sign leptons in a sample of 
events tagged by fully reconstructed D*(2020) + ~ D0~r -I- decays. 
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r(c -~ t+anything)/r(c --* anything) 
This is an average (not a sum) of e + and p+  measurements. 

VALUE EVTS DOCUMENT ID TEEN COMMENT 

0.0954"0.006____.8:0 ~ 854 7ABBIENDI 99K OPAL Z 0 ~ C~ I 

7ABBIENDI 99K uses the excess of right-sign over wrong-sign leptons opposite recon- I 
struced D*(2020) + ~ DO'~ " decays in Z 0 ~ C~. 

Indusive modes 

r(e +anything) IF=,. ,  
VALUE EVTS 

q / r  
DOCUMENT I0 TECN COMMENT 

0.1724"0.019 OUR AVERAGE 

0.20 +0.09 AGUILAR-... 87E HYBR l rp,  p p  360, 400 GeV 
-0 .07  

0.170:50.019:50.007 158 BALTRUSAIT..~5B MRK3 e+e  - 3.77~GeV 
0.168• 23 SCHINDLER 8t MRK2 e+e  - 3.771 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

02  ~n+0"044 BACINO 80 DLCO e+e  - 3.77 GeV ' ~ -  0.022 

D+andD ~ --* (e+anything) / (total D + and D 0) 
If measured at the ~(3770), this quantity is a weighted average of D + (44%) and D O 
(56%) branching fractions. Only experiments at Ecru = 3,77 GeV are included in the 
average here. We don't put this result in the Meson Summary Table. 

VALUE E V T S  DOCUMENT ID TEEN COMMENT 
0,1104"0.0!1 OUR AVERAGE Error includes scale factor of 1.1. 
0.117:50.011 295 BALTRUSAIT..~]5B MRK3 e + e  - 3.77 GeV 
0,10 • 8 SCHINDLER 81 MRK2 e • e -  3.771 GeV 
0,072:50.028 FELLER 78 MRK1 e-- e -  3,772 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.096• 2207 9ALBRECHT 96c ARG e+e - ~ 10 GeV 
0.134•177 10ABE 93E VNS e+e - 58GeV 

+0 006 11 0.098• 240 ALBRECHT 92F ARG e+e - = 10 GeV 

0.096-1-0,007• 12 ONG 88 MRK2 e + e -  29 GeV 

011~+0'011 12pAL 86 DLCO e+e  - 29 GeV " " ~ -  0,009 
0.091•177 12 AIHARA 85 TPC e + e  - 29 GeV 
0.092•177 12 ALTHOFF 84J TASS e + e -  34.6 GeV 
0.091• 12 KOOP 84 DLCO See PAL 86 
0.08:50.015 13 BACINO 79 DLCO e + e  - 3.772 GeV 

8 Isolates D + and D O ~ e + X and weights for relative production (44%-56%). 
9ALBRECHT 96C uses e -  in the hemisphere opposite to D *+  ~ D0w + events. 

10 ABE 93E also measures forward-backward asymmetries and fragmentation functions for 
c and b quarks�9 

11ALBRECHT 92F uses the excess of right-sign over wrong-sign leptons in a sample of 
events tagged by fully reconstructed D*(2010) + ~ D0x  + decays. 

12Average BR for charm ~ e "  X. Unlike at Ecm = 3.77 GeV, the admixture of charmed 
mesons is unknown. 

13 Not independent of BACINO 80 measurements of r (e  + anything)/rtota I for the D + 

and D O separately. 

F(K- anything)/r~l r=/r 
VALUE EVTS DOCUMENT /D TEEN COMMENT 
0.2424"0.020 OUR AVERAGE Error includes scale factor of 1.4. See the ideogram below. 

0 27~+ 0"036 �9 "~-0 .031 14 BARLAG 92r ACCM 7r- Cu 230 GeV 

0.271+0.023• COFFMAN 91 MRK3 e ' e -  3.77 GeV 
0.17 +0.07 AGUILAR-... 87E HYBR l rp,  p p  360, 400 GeV 
0.19 --0.05 26 SCHtNDLER 81 MRK2 e-Fe - 3,771 GeV 
0.10 • 3 VUILLEMIN 78 MRK1 e "  e -  3.772 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. * �9 �9 

0.16 +0.08 AGUILAR-... 86B HYBR See AGUILAR- 
-0 .07 BENITEZ 87E 

14 BARLAG 92C computes the branching fraction using topological normalization. 

[r (-go anything) + r(xO anything)] Ir,o., 
VALUE E V T S  DOCUMENT ID TEEN COMMENT 
0.59:1:0.07 OUR AVERAGE 
0.612:50.065• COFFMAN 91 MRK3 e + e  - 3.77 GeV 
0�9 15 SCHINDLER 81 MRK2 e + e  - 3.771 GeV 
0.39 =:0.29 3 VUILLEMIN 78 MRK1 e + e -  3.772 GeV 

r (K + anything)/r~l  
VALUE EVT$ DOCUMENT ID TEEN COMMENT 

r4/r  

D+andD 0 --, (T/ anything) / (total D + and D ~ 
If measured at the ~b(3770), this quantity is a weighted average of D:5 (44%) and D O 
(56%) branching fractions. Only the experiment at Ecm = 3,77 GeV is used. 

VALUE DOCUMENT ID TEEN COMMENT 

<0.13 PARTRIDGE 81 CBAL e + e-  3.77 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.02 15 BRANDELIK 79 DASP e + e -  4.03 GeV 

15The BRANDELIK 79 result is based on the absence of an rt signal at Ecm = 4.03 GeV. 
PARTRIDGE 81 observes a substantially higher ~ cross section at 4.03 GeV. 

- -  Leptonic and semileptonic modes 

r(~+ ~. ) / r t~,  rdr 
See the "Note on Pseudoscalar-Meson Decay Constants" in the Listings for the ~ : .  

VALUE CL~ E V T S  DOCUMENT ID TEEN COMMENT 

0.00011 +0.0016+0.0005 --0.0005--0.0002 1 16 BAI 98B BES e + e -  
D * +  D -  

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

< 0.00072 90 ADLER 88B MRK3 e • e -  3.77 GeV 
< 0.02 90 0 17 AUBERT 83 SPEC p+  Fe, 250 GeV 

16BAI 98B obtains fD ,,,180..80 = ( 3 0 0 - 1 5 0 - 4 0 )  MeV from this measurement�9 

17 AUBERT 83 obtains an upper limit 0.014 assuming the final state contains equal amounts 
of ( D + , D - ) ,  ( D + , ~ ) ,  ( D - , D 0 ) ,  and (D0,D---0). We quote the limit they get under 
more general assumptions. 

r ( ~ t + . t ) / r t ~ ,  r0/r 
We average our ~0  e + Ve and ~ 0 p + u #  branching fractions, after multiplying the 

latter by a phase-space factor of 1.03 to be able to use it with the K0 e "  Ve fraction. 

Hence our t + here is really an e +.  
VALUE DOCUMENT/D COMMENT 
0.0f~:E0.00e OUR AVERAGE 

0.067:50.009 PDG 00 Our r(~ ~ e+ Ue)/rtota I 

0072"0'031" -0.020 PDG 00 1,03 x our F(K0p--u/~)/Ftota I 

r0P e + ve)/r~r(= r , / r  
VALUE E V T S  DOCUMENT ID TEEN COMMENT 
0.067-4-0.009 OUR FIT 

0.06 +0.022~n ~,t~ 13 BAI 91 MRK3 e" e-  ~ 3,77 GeV - 0.013 ~ ~ . w .  

roe ,+ ~4/r(-g% + ) r , / r .  
VALUE E V T S  DOCUMENT ID TECN COMMENT 
2.32"F0.31 OUR FIT 
2.604-0.354-0.26 186 18 BEAN 93c CLE2 e + e -  ~ 7"(45) 

18BEAN 93C uses K O / ~ + u p  as well as ~ O e + u e  events and makes a small phase-space 

adjustment to the number of the # "  events to use them as e + events. 

r3/r 

0.0584-0.014 OUR AVERAGE 
0.055:50.013:50.009 COFFMAN 91 MRK3 e+e - 3.77 GeV 

0.08 +0.06 AGUILAR-... 87E HYBR ~rp, p p  360, 400 GeV 
-0.05 

0.06:50.04 12 SCHINDLER B1 MRK2 e ' e -  3.771 GeV 
0.06:50.06 2 VUILLEMIN 78 MRK1 e + e- 3.772 GeV 



See key on pace 239  

rC-K ~ ,+ ,,,) l r (K -  ,,+,+ ) r , / r ~  
VALUE DOCUMENT ID TEEN ~OMMENT 
0.74-1,0.10 OUR FIT 
o..4-o.o,-,-o.14 ANJOS 
r(-P~+ ~.)/r~,= 
VALUE EVT_____5 DOCUMENT iD 

+0 028 0.07 _o:0164-o.oz' 14 BA~ 

rC~ o.+..)/r(.+anything) 
VALUE 

91C E691 ? Be 80-240 GeV 

r,o/r 
TEEN COMMENT 
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91 MRK3 e+e  - ~ 3.77 GeV 

rlo/r~ 
COMMENT EVTS DOCUMENT ID 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.76+0.06 84 19 AOKI 88 / r -  emulsion 

19 From topological branching ratios in emulsion with an identified muon. 

F(K-  ~r + e + ~'e) / rw, al r~ l / r  
VALUE EL' EVT~ DDCUMENT,O TEEN COMMENT 

0.041"I'00:~ 7 OUR FIT 

035+0-012 ~n �9 __0.007~v.~r.~ 14 20BAI  91 MRK3 e + e - ~  3.77 
GeV 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.057 90 21 AGUILAR-.,, 87F HYBR ~rp, p p  360, 400 
GeV 

20BAI 91 finds that a fraction 0 7~+0"15+0'09 of combined D + and D O decays to 
" ' " - 0 . 1 7  -0 .03 

K ~ r e + u  e (24 events) are K * ( 0 9 2 ) e + u  e. 
21 AGUILAR-BENITEZ 87F computes the branching fraction using topological normaliza- 

tion. 

r(~'(892) ~ r=,/r 
We average our -~*0 e + Ue and ~ * 0  # +  t,/~ branching fractions, after multiplying the 

latter by a phase-space factor of 1.05 to be able to use it with the ~ * 0  e + Ve fraction. 

Hence our t + here is really an e +. 
VALUE DOCUMENT ID COMMENT 
0.0474-0.004 OUR AVERAGE 
0.0484- 0.005 PDG 00 Our F(K *0 e + u e ) / r tota I 
0.0464-0.006 PDG 00 1.05 • our F(K*0/~+~#)/Ftota I 

r(-g'(892) 0 e + . ~  ~r + e + ue) r= / r ; ;  
Unseen decay modes of the ~-*(892) 0 are included. 

VALUE EVTS DOCUMENT ID TECN COMMENT 

~..I~__.o~ ou. FiT 
1,0:1:0.3 35 ADAMOVICH 91 OMEG ~r- 340 GeV 

r(-g*(892) ~ e + ~~ I r ( K -  I:+ ~+) r~ / r3~ 
Unseen decay modes of the K*(892) 0 are included. 

VALUE EVT5 DOCUMENT ID TEEN COMMENT 
0.534-0.05 OUR FIT 
0.54-1,0.05 OUR AVERAGE 
0.674-0.094-0.07 710 22 BEAN 93c CLE2 e+e  - -~ T'(4S) 
0.62• 35 ADAMOVICH 91 OMEG ~r- 340 GeV 
0.554-0.084-0.10 880 ALBRECHT 91 ARG e + e  - ~ 10.4 GeV 
0.49 4- 0.04 4- 0.05 ANJOS 09B E691 Photol~oduction 

22 BEAN 93s uses ~ * 0  p+  ~# as well as ~ * 0  e+ Ve events and makes a small phase-space 

adjustment to the number of the # +  events to use them as e + events. 

r ( K - . +  e+ , ,  nonresonant)/r=,, q~/r 
VA~UE ~ DOCUMENT 'D TEEN COMMENT 
<0.007 90 23 ANJOS 89B E691 Photoproduction 

23ANJOS 89B assumes a r (D  + ~ K-~r4-~r+) / r to ta  I = 9.1 4- 1.3 4- 0.4%. 

r (K - , r  +/~+ ~,~,)/r~,, r~4/r = ( q 6 +  }r~6)/r 
VALUE DOCUMENT ID 
0.1~124"0.004 OUR FIT Error includes scale factor of 1.1. 

r(--~(892) ~ ~,.)/r~,= r~/r 
Unseen decay modes of the K-*(892) 0 are included. 

VALUE EVT..~S DOCUMENT ID TEEN COMMENT 
0.044 4"0.006 OUR FIT Error includes scale factor of 1.1. 
0.03254-0.0071-I-0.0075 224 24 KODAMA 92E E653 ~ -  emulsion 600 GeV 

24KODAMA 92c measures r (D  + ~ K*0 /~+v#) /F (D0  ~ K - p . + u # }  = 0.434-0.094- 

0.09 and then uses r (D  0 ~ K - p , 4 - v p , )  = (7.0 4- 0.7) x 1010s - I  to get the quoted 
branching fraction. See also the footnote to KODAMA 92C in the next data block. 

r~ ' (892)  ~ . . ) / r (K- ,+ .+)  r~/r~z 
Unseen decay modes of the K*(892) 0 are included. 

VALUE EVTS DOCUMENTID TEEN COMMENT 
0.49"4-0.06 OUR FIT 
0.534-0.06 OUR AVERAGE 
0.564-0.044-0.06 875 FRABETTI 93E E687 -},Be E7 ~ 200 GeV 

0.464-0.07/:0.08 224 25 KODAMA 92c E653 ~ -  emulsion 600 GeV 

25KODAMA 92c uses the same K * 0 # + u #  events normalizing instead with D O 

K - / ~ +  up events, as reported in the preceding data block. 

r ( K - x + # + ~ ,  nonresonant)/r(K-~r+#+u~) r l~ /Q4 = r~ / ( rz6+} rz~ )  
VALUE DOCUMENT ID TEEN... COMMENT 
0.0843'1"0.029 OUR FIT 
0.0834-0.029 FRABETTI 93E E687 < 0.12 (90% CL) 

r (P .+ . -e+ .~  q d r  
VALUE E V T S  DOCUMENT ID TECN COMMENT 

�9 �9 * We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0 +0.047 .022_0.006 4-0.004 1 26 AGUILAR-... 87F HYBR ~rp, p p  360, 400 GeV 

26 AGUILAR-BENITEZ 87F computes the branching fraction using topological normaliza- 
tion. 

r ( x - , + , ~  qg/r 
VALUE E V T S  DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 * 

0 n44 +0  052~n nn 27 '~ -01013 ~v.vv7 2 AGUILAR-... 87F HYBR ~p ,  p p  360, 400 GeV 

27 AGUILAR-BENITEZ 87F computes the branching fraction using topological normaliza- 
tion. 

r((~*(892),r) ~ e+.o)/r~,~ r l # r  
Unseen decay modes of the K*(892) are included. 

VALUE CL~ DOCUMENT ID TECN COMMENT 

<0.012 90 ANJO5 92 E691 Photoproduction 

r((-g,~r) ~ e+.~ non-~(892))/I-t~f r = / r  
VALUE CL96  DOCUMENT ID TECN COMMENT 

<0,009 90 ANJOS 92 E691 Photoproduction 

r ( K - , + , ~  ri l/r l4 = r l l / (q~+}r~) 
VALUE CL~ DOCUMENT ID TECN COMMENT 

<0.042 90 FRABETTI 93E E687 "TBe E.~ ~ 200 GeV 

r(-gl(1270)0/, + v~,)Ir("E*(892)~ +.~) r~ , / r~  
VALUE C L ~  DOCUMENT IO TECN COMMENT 

<0.78 95 ABE 99P CDF ~p  1,8 TeV 

r ~'(1410)%+ ~)/r ~'(8~)o #+ ~) r=g/r26 
VALUE ~ DOCUMENT IO TEEN COMMENT 

<0.60 95 ABE 99P CDF ~'p ].8 TeV 

1 ( ~ l ( 1 4 3 0 ) o / , + . p ) / r ~ * ( 8 ~ ) % §  r2,/r26 
VALUE CL%_% DOCUMENT ID TEEN COMMENT 

<0.19 95 ABE 99P CDF ~p 1.8 TeV 

r ( , r O . , + , 4 / r ~ , , t  ) r22/re 
VALUE E V T S  DOCUMENT ID TEEN COMMENT 

0.0464-0.014-t'0.017 100 28 BARTELT 97 CLE2 e + e-- ~ T(45)  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.0854-0.027+0.014 53 29 ALAM 93 CLE2 See BARTELT 97 

28 BARTELT 97 thus directly measures the product of ratios squared of CKM matrix ele- 
ments and form factors at q2=0: rVcd/vE, I 2 I f~_(o)/ r~(o) l  2 ' "  0.046 4- 0.014 • 

i i 

0.017. 
29ALAM 93 thus directly measures the product of ratios squared of CKM matrix elements 

and form factors at q2=0: I V c d / V d  2 . F~_(o)/f+K(o)l 2 = 0.o05 • 0.027 4- o.o14. 

r ( ~ + . -  e+ ~,)/r~o.i r23/r 
VALUE CL~  DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. * �9 �9 

<0.057 90 30 AGUILAR-.., 87F HYBR ~p,  p p  300, 400 GeV 

30 AGUILAR-BENITEZ 87F computes the branching fraction using topological normaliza- 
tion. 

r (p%+.~ r,o/r 
VALUE ~ DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.0037 90 BAI 91 MRK3 e + e  - .~ 3.77 GeV 

r(pO e+ .o)/r(-g*(892) 0 e + Ue) r3o/r~s 
VALUE EVT5 DOCUMENT ID TE~N COMMENT 

0.0'154-0.0144-0.009 49 31 AITALA 97 E791 ~r- nucleus, 500 GeV 

31 AITALA 97 explicitly subtracts D + ~ ~7 r e + u e and other backgrounds to get this result. 
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r(~O,+..)/r(-g'(892) ~  ~) r~l/r~ 
VALUE E V T 5  DOCUMENT ID TEEN COMMENT 
0.061:1:0.014 OUR AVERAGE 
0.051•177 54 32 AITALA 97 E791 ~r- nucleus, 500 GeV 
0.079•177 39 33 FRABETTI 97 E687 3' Be, E~. ~- 220 GeV 

�9 * �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

+ 0 031 34 0,044_0:025• 4 KODAMA 93C E653 ~r- emulsion 600 GeV 

32AITALA 97 explicitly subtracts D + ~ ~/~/~+up and other backgrounds to get this 
result. 

33 Because the reconstruction efficiency for photons is low, this FRABETTI 97 result also 
includes any D + ~ ~/i #+  up ~ 3`p0 #+  up events in the numerator. 

34 . Th.s KODAMA 93c result is based on a final signal of 4.0 + 2:8 • 1.3 events; the estimates 
of backgrounds that affect this number are somewhat model dependent. 

r(~e+ ~)/rto~, r~ / r  
Decay modes of the @ not included in the search are corrected for. 

VALUE EL% DOCUMENT ID TEEN COMMENT 

<0.0209 90 BAI 91 MRK3 e + e  - ~ 3.77 GeV 

r(r ~ ) / r ~  r . / r  
Decay modes of the ~ not included in the search are corrected for. 

VALUE CL~ DOCUMENT ID TEEN COMMENT 

<0.03"/2 90 BAI 91 MRK3 e + e  - ~ 3.77 GeV 

r (~ t~ ) / r ( .Ot%~)  r~/rzz 
VALUE ~ DOCUMENT ID TEEN COMMENT 

<1.5 90 BARTELT 97 CLE2 e + e - ~  T(4S) 

r(n'(gBB)p +..)Ir~'(892)~ +.~) r~s/r~ 
Decay modes of the q~(950) not included in the search are corrected for. 

r (-g.(892)o.+)/r(K-.+ x + ) 
Unseen decay modes of the "/~*(092) 0 are included. 

VALUE ~ DOCUMENT ID TEEN 

VALUE CL~ DOCUMENT 10 TECN COMMENT 

<0.20 90 KODAMA 93B E653 ~r- emulsion 600 GeM 

Hadronlc modes wi th  a ~ or  ~ ' K ~  - -  

r ( P , r + ) / r ~ i  r~ / r  
VALUE E V T 5  DOCUMENT ID TECN COMMENT 
0.02894-0.0026 OUR FIT Error includes scale factor of 1.1. 
0.032 4-0.004 OUR AVERAGE 
0.032 • • 161 ADLER 88c MRK3 e+e - 3.77 GeV 
0.033 • :~6 35 SCHINDLER 81 MRK2 e + e -  3.771 GeV 

0.033 • 17 36 PERUZZl 77 MRK1 e+e - 3.77 GeV 

35SCHtNDLER 81 (MARK-2) measures ~(e + e -  ~ ~(3770)) x branching fraction to 
be 0.14 • 0.03 nb. We use the MARK-3 (ADLER 88c) value ofo ~ = 4.2 • 0.6 • 0.3 nb. 

36pERUZZl 77 (MARK- l )  measures o'(e + e -  ~ ~#(3770)) x branching fraction to be 
0.14:5 0.05 rib. We use the MARK-3 (ADLER 88c) value o f e  = 4.2 • 0.6 • 0.3 nb. 

q-go,+)/r(g- ~t + ~r +) r~/r~z 
tt is generally assumed for modes such as D + ~ ~ 0 ~ +  that 

F(D + ~ ~ 0 ~ + ) = 2 1 - ( D  + ~ KO~r+); 
it isthe latter r that is actually measured. BIGI 95 points out that interference between 
Cabibbo-allowed and doubly Cabibbo-suppfessed amplitudes, where both occur, could 
invalidate this assumption by a few percent. 

VALUE EVTS DOCUMENT IO TEEN COMMENT 
0.3214-0.025 OUR FIT Error includes scale factor of 1.1. 
0.32 -~0.04 OUR AVERAGE Error includes scale factor of 1.4. 
0.3484-0.024• 473 37 BISHAI 97 CLE2 e + e -  ~ ?'(45) 
0.274•177 264 ANJOS 90C E691 Photop~oduction 

37See BISHAI 97 for an isospin analysis of D + ~ K ~  amplitudes. 

r(K-~r+x+)ir~ r3,/r 
VALUE E V T S  DOCUMENT ID TECN COMMENT 
0.0~0• OUR FIT 
0,0914- 0.007 OUR AVERAGE 
0.093•177 1502 38 BALEST 94 CLE2 e+e  - ~ ?`(45) 
0,091• 1164 ADLER 88c MRK3 e+e - 3,77 GeV 

0.091• 239 39 SCHINDLER 81 MRK2 e+e - 3.771 GeV 

0.086• 85 40 PERUZZI 77 MRK1 e + e -  3.77 GeV 
etc. �9 �9 �9 

�9 - Cu 230 GeV 

�9 �9 �9 We do not use the following data for averages, fits, limits, 

o o64to:0~ 41~ARLAG 92c ,cc.  
6 +0028 0.0 3_01014• 8 41 AGUILAR-... 87F HYBR ~rp, pp 360, 400 GeV 

38BALEST 94 measures the ratio of D + ~ K - ~ r + ~  + and D O ~ K - ~ r  + branching 
fractions to be 2.35 • 0.16 • 0.16 and uses their absolute measurement of the O 0 
K - ~  + fraction (AKERIB 93). 

395EHINDLER 81 (MARK-2) measures r + e -  ~ ~(3770)) x branching fraction to 
be 0.30 • 0.05rib. We use the MARK-3 (ADLER 88r value o f#  - 4.2 • 0.6 • 0.3 nb. 

40pERUZZI 77 (MARK- l )  measures ~(e + e -  ~ r • branching fraction to be 
0.36 • 0.06 nb. We use the MARK-3 (ADLER 88E) value of r = 4.2 • 0.6 • 0.3 nb. 

41AGUILAR_BENITEZ 87F and BARLAG 92c compute the branching fraction by topolog- 
ical normalization. 

COMMENT 

r76/r3~ 

0.79 • • ADLER 87 MRK3 e + e  - 3.77 GeV 

r(go.+ xO)/r~.l r~/r 
VALUE E V T S  DOCUMENT ID TEEN COMMENT 
0.097-1-0.030 OUR FIT Error includes scale factor of 1.1. 
0.107:1:0.029 OUR AVERAGE 
0.102•177 159 ADLER 88c MRK3 e + e  - 3.77 GeV 
0.19 • 10 425CHINDLER 81 MRK2 e + e  - 3.771 GeV 

42SCHINDLER 01 (MARK-2) measures e(e + e -  ~ ~(3770)) x branching fraction to 
be 0.78 • 0.48 nb. We use the MARK-3 (ADLER 80C) value of r = 4.2 • 0.6 • 0.3 nb. 

r 0 P p + ) / r ( P - + . ~  r . / r , 2  
VALUE DOCUMENT ID TEEN COMMENT 

0.68-[-0.084-0.12 ADLER 87 MRK3 e + e  - 3.77 GeV 

r(X'(892) 01r +)/r('gO.+,0) r76/r42 
Unseen decay modes of the K*(892) 0 are included. 

VALUE DOCUMENT tO TECN COMMENT 
0.20:1:0.06 OUR FIT 
0,574-0.13-1-0.18 ADLER 87 MRK3 e + e -  3.77 GeV 

r (p .§  nonresonant)/I- (-Am.+ xo) r . / r42 
VALUE DOCUMENT ID TEEN COMMENT 

0.13-1-0.07-1-0,08 ADLER 87 MRK3 e + e -  3.77 GeV 

r (K- lr + lr + lr 0 ) / r t o ~ l  r . / r  
VALUE E V T S  DOCUMENT ,D TECN COMMENT 
0.0644.0.0U OUR FIT 
0.058~0.012-1-0.012 142 EOFFMAN 92B MRK3 e + e  - 3.77 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0 n~A+0.056 43 BARLAG 92C ACCM ~ -  Cu 230 GeV 
. . . .  -0 .070 

2 + 0.047 43 0.02 _0.006• 1 AGUILAR-... 87F HYBR ~'p, pp  360, 400 GeV 

+ 0 014 0.063_01013• 175 BALTRUSAIT..36E MRK3 See COFFMAN 92B 

43AGUILAR-BENITEZ 87F and BARLAG 92c compute the branching fraction by topolog- 
ical normalization. 

r (K - .+ .+ .O ) / r (K - l r  +lr +) r , /r37 
VALUE E V T $  DOCUMENT tO TEEN COMMENT 
0.71:E0.12 OUR FIT 
0.76"4-0.11"4-0.12 91 ANJOS 92c E691 "/Be 90-260 GeV 
* �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.69•177 ANJOS 89E E691 See ANJOS 92C 

0 57+0"65 1 AGUILAR-... 83B HYBR ~r-p, 360 GeV 
" " - 0 . 1 7  

rCg*(e9210 p+ ~ l ) / r ( K -  ~r + lr + lr ~ r77/r ,  
* 0 Unseen decay modes of the K (892) are included. 

VALUE DOCUMENT ID TEEN COMMENT 

0.~J..0.165=1:0.12 44 ANJOS 92C E691 "/Be 90-260 GeV 

44 See, however, the next entry, where the two experiments disagree completely. 

0.212-1-0.016 OUR FIT 
0,210-1-0.015 OUR AVERAGE 
0.206•177 FRABETTI 94G E687 ")'Be, E.y ~ 220 GeV 

0.255•177 ANJOS 93 E691 "},Be 90-260 GeV 
0.21 • •  ALVAREZ 91B NA14 Photoproduction 
0.20 • • ADLER 87 MRK3 e + e -  3.77 GeV 

�9 �9 * We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.053 90 SCHINDLER B1 MRK2 e + e  - 3.771 GeV 

r(~o(ld~0)~ (K-.r+ f + ) r~/rs7 
Unseen decay modes of the K~(1430) 0 are included. 

VALUE DOCUMENT ID TEEN COMMENT 
0,41 +0.04 OUR AVERAGE 
0.458• FRABETTI 94G E687 3`Be, E3' ~ 220 GeV 

0.400•177 ANJOS 93 E691 3,Be 90-260 GeV 

r (g' (1680)%r+)/r(g- x+ �9 + ) re6/r3z 
Unseen decay modes of the K*(1680) 0 are included. 

VALUE DOCUMENT ID TEEN COMMENT 
0.160"4"0,032 OUR AVERAGE Error includes scale factor of 1.1. 
0.182• FRABETTI 94G E687 ")'Be, E3` .-~ 220 GeV 

0.113•177 ANJOS 93 E691 "~Be 90-260 GeV 

r (K-  r + x+ nonr~onant)/r (K- x+ ~r +) r41/r3~ 
VALUE DOCUMENT ID TEEN COMMENT 
0,95:1:0.07 OUR AVERAGE 
0.998•177 FRABETTI 94G E687 -/Be, r 3, ~ 220 GeV 

0.038•177 ANJOS 93 E691 ')'Be 90-260 GeV 
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r C-g* (892) 0 p+ s-wave) / r (K- r + ~r + ~r 0) I-75 / r~ 
Unseen decay modes of the K*(892) 0 are included. The two experiments here disagree 
completely. 

VALUE DOCUMENT ID TEEN COMMENT 
0.26 4"0.25 OUR AVERAGE Error includes scale factor of 3.1. 
0.15 • ANJOS 92c E691 , B e  90-260 GeV 
0.833:E0.116• COFFMAN 92B MRK3 e + e  - 3.77 GeV 

r (-R'(892)~ p + P-wave)/rt~ rTdr 
Unseen decay modes of the K*(892) 0 are included. 

VALUE. CL~_~ DOCUMENT ID TEEN COMMENT 

<0.001 90 ANJOS 92c E691 , B e  90-260 GeV 
�9 �9 �9 We do not use the following data for averages, flts, limits, e t c . � 9  �9 �9 

<0.005 90 COFFMAN 928 MRK3 e + e  - 3.77 GeV 

r(~go.+.+.-)/r=. 
VALUE EVT5 
0.070::50.009 OUR FIT 
0.071 4- 0,016 OUR AVERAGE 
0.066 :I: 0.015 • 168 
0.12 :E 0.05 21 
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rF.(892)sp§ o-wave)Ir(K-~r +~r +~r 0) F ~ I F ~  
Unseen decay modes of the K*(892) 0 are included. 

VALUE DOCUMENT ID TEEN COMMENT 

0.154-0.094-0.045 ANJOS 92c E691 3'Be 90-260 GeV 

F(-K*(Bg2)Op + D-wave longitudinal)/Ftota I F . / F  
Unseen decay modes of the K*(892)  0 are included. 

VALUE EL% DOCUMENT/D TEEN COMMENT 

DOCUMENT ID TE~N COMMENT 

<0.007 90 COFFMAN 92B MRK3 e + e  - 3.77 GeV 

r~1(14Oo) O~r +)/r(K--+,+-0) r . l r .  
Unseen decay modes of the K1(1400)0 are included. 

VALUE DOCUMENT ID TEEN COMMENT 
0.77:1=0.20 OUR FIT 
0.907-1-0.215-t-0.150 COFFMAN 92B MRK3 e + e -  3.77 GeV 

r(K-p+~r +total) IF(K-,r+.+~r o) r , / r ~  
This includes K*(892)0p +,  etc. The next entry gives the specifically 3-body fraction. 

VALUE DOCUMENT ID TEEN ~.OMMENT 

0.484-0.134:0.09 ANJOS 92c E691 -/Be 90-260 GeV 

r (K-  p+ x + 3-body) IF (K -  ~r + ~r + x ~ r~zlr~ 
VALUE DOCUMENT ID TEEN COMMENT 
0.17 4"0.06 OUR AVERAGE 
0.18 ~E0.08 ~:0.04 ANJOS 92c E691 ,Be 90-260 GeV 
0.159d:0.065• COFFMAN 928 MRK3 e+e - 3.77 GeV 

rF.(892)o.+.O~o,~)/r(x-.+.+.o) r , / r ,  
This includes K*(892)0p +,  etc. The next two entries give the specifically 3-body 
fraction. Unseen decay modes of the K*(892) 0 are included. 

VALUE DOCUMENT ID TEEN COMMENT 

1.05"4-0.11"4-0.08 ANJOS 92c E691 , B e  90-260 GeV 

r(-g.(89~) o,+,o3-body)/l'total r . / r  
Unseen decay modes of the "K*(892) 0 are included. 

VALUE CL~ DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.008 90 45 COFFMAN 928 MRK3 e + e -  3.77 GeV 

4555e, however, the next entry: ANJOS 92C sees a large signal in this channel. 

r~Ir 

* 0 + 0  + §  r~ (892 ) r  ~r 3-body)IF(K-.  lr . ) F. /F46 
Unseen decay modes of the K*(892) 0 are included. 

VALUE DOCUMENT ID TEEN COMMENT 

0.664-0.094-0.17 ANJOS 92c E691 , B e  90-260 GeV 

r (K*(892)- ~r + 7r + 3-body)/F(K-.r+.+.0)  rgolr .  
Unseen decay modes of the K*(892)- are included. 

VALUE DOCUMENT ID TEEN COMMENT 
0.324-1-0,14 OUR FIT Error includes scale factor of 1.1. 
0.244-0.12410.09 ANJOS 92c E691 ,Be 90-260 GeV 

F(K-  ~r + ~r + r 0 nonresonant)/l'total r . / r  
VALUE CL___~_~ DOCUMENT ,D TEEN ~OMME~T 

0.623"l-0.106"4-0o110 COFFMAN 92B MRK3 e + e  - 3.77 GeV 

F(R"04101 o~+)/r~, r . / r  
Unseen decay modes of the K*(1410) 0 are included. 

VALUE ~ DOCUMENT ID TEEN COMMENT 

<0.007 90 COFFMAN 92B MRK3 e + e -  3.77 GeV 

F(K*(B92)-~r+ ~r+total)/r('R~ x+ x -) r . / r .  
Unseen decay modes of the K*(892 I -  are included. 

VALUE EVT5 DOCUMENT ID TEeN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc, �9 �9 �9 

0.41=t:0.14 14 ALEEV 94 B1$2 t iN 20-70 GeM 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0,002 90 46 ANJOS 92c E691 3,Be 90-260 GeV 

46Whereas ANJOS 92c finds no signal here, COFFMAN 92B finds a fairly large one; see 
the next entry. 

r(K-~r +lr +lr 0 nonresonant) IF(K-.+,+.~ r . / r ~  
VALUE DOCUMENT ID TEEN COMMENT 

0.11PlJ,'0.070-1"0.060 COFFMAN 92B MRK3 e + e  - 3.77 GeV 

I'(K*(892)- ~r + ~r + 3-body)/rtowj r . / r  
Unseen decay modes of the K-*(892) 0 are included. 

VALUE CL% DOCUMENT ID TE~N f:OMM~NT 
0.0204-0.009 OUR FIT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.013 90 COFFMAN 928 MRK3 e ~ e -  3.77 GeV 

r(K'(892)-Ir  +lr + 3 - b O d y ) / r ( P ' + , r + , ' )  r ,o/r= 
Unseen decay modes of the K* (892 ) -  are included. 

VA~UE ~OCUM~N TIE/ TEEN COMMEI~T 
0.294-0.13 OUR FIT Error includes scale factor of 1.1. 
0.504-0.094-0.21 ANJO5 92c E691 , B e  90-260 GeV 

1.15 4-0.19 OUR AVERAGE Error includes scale factor of 1.1. 
1.66 • • ANJOS 92c E691 ?Be 90-260 GeV 
1.0784-0.1144-0.140 COFFMAN 92B MRK3 e+e - 3.77 GeV 

F(#~ 0 a2 ( 1 3 2 0 ) + ) / r t o t , I  FTslF 

Unseen decay modes of the a2(1320)+ are included. 
VALUE CL~ DOCUMENT ID TEEN COMMENT 

<0.003 90 ANJOS 92C E691 "},Be 90-260 GeV 
�9 * �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.000 90 COFFMAN 92B MRK3 e + e  - 3.77 GeV 

F(-K1 (1270)  0 ~ r + )  Irtotal r e d r  

unseen decay modes of the K1(1270) 0 are included. 
VALUE ~ DOCUMENT ID TEEN COMMENT 

<0.007 90 ANJOS 92c E691 ,Be 90-260 GeV 
�9 * �9 We do not use the following data for averages, fits. limits, etc.�9 �9 �9 

<0.011 90 COFFMAN 92B MRK3 e + e  - 3.77 GeV 

r(~l(1400)~ r . / r  
Unseen decay modes of the K t  (1400) 0 are included. 

VALUE CL~  DOCUMENT 10 TECIV COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, e t c . � 9  �9 �9 

<0.009 90 49 ANJOS 92c E691 , B e  90-260 GeV 

49ANJOS 92C sees no evidence for K1(1400)OTr+ in either the K0~r+Tr+~r-  or 

K -T r+ l r+T r  0 channels, whereas COFFMAN 92B finds the K1(1400)OTr+ b~anching 
fraction to be large; see the next entry. 

r~1(140o) ~176 rsflr. 
Unseen decay modes of the K1(1400) 0 are included. 

VALUE DOCUMENT ID TEEN COMMENT 
0.70 • OUR FIT 

r(Pf+.+,-)/r(K-.+.r+) r~/r37 
VALUE EVT5 DOCUMENT ID TECN COMMENT 
0.78-*-0.10 OUR FIT 
0.7"/::1:0.07"4-0.11 229 ANJOS 92C E691 , B e  90-260 GeV 

r(]~ at(1260)+)/r(-#P ~r + ~t-) r z , / r .  
Unseen decay modes of the a 1(1260) + are included. 

VALUE DOCUMENT ID TEEN COMMENT 

ADLER 88C MRK3 e + e -  3,77 GeV 
47SCHINDLER 81 MRK2 e + e  - 3,771 GeV 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. * �9 �9 

o.2t~176 'gBAR,AG 92C ACCM . -  Cu 230 GeV 
0.243_+ 00:0614 �9 0.041 11 48 AGUILAR-... 87F HYBR 7rp, p p 3 6 0 , 4 0 0 G e V  

47SCHINDLER 81 (MARK-2) measures o-(e + e -  ~ ~(3770)) x branching fraction to 
be 0.51 • 0.08 nb. We use the MARK-3 (ADLER 88c) value of r = 4.2 • 0.6 :E 0.3 rib. 

4g AGUILAR-BENITEZ 87F and BARLAG 92c compute the branching fraction by topolog- 
ical normalization. 
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r Cg ~ Do.+ total)/r(~ x + ~r + ~r-) r . l r .  
This includes K0a1(1260)+.  The next two entries give the specifically 3-body reac- 
tion. 

VALUE CL~ DOCUMENT ID TEEN COMMENT 

0.60• 90 ANJOS 92E E691 ~Be 90-260 GeV 

r(7~ po x+ 3-body)/rtot=, r ~ I r  
VALUE CL~ DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.004 90 COFFMAN 92B MRK3 e + e -  3.77 GeV 

I'(R~ p~ ~r+ 3-body)/1" ('k'~ ~r+ ~r - ) r ~ I r .  
VALUE DOCUMENT ID TEEN COMMENT 

0.0"I'-k0.044-0,06 ANJOS 92C E691 ?Be 90-260 GeV 

r ( ~  ~(980)~r+)/rtot=l r ~ / r  
VALUE CL~ DOCUMENT /D TEEN COMMENT 

<0.005 90 ANJOS 92C E691 ?Be 90-260 GeV 

rEg%+.+ . -  nonresonant)/r(RO.+~r+~r -)  r61/rss 
VALUE DOCUMENT ID TECN COMMENT 
0.124-0.06 OUR AVERAGE 
0.10• • ANJOS 92c E691 ")'Be 90-260 GeV 
0.17•177 COFFMAN 928 MRK3 e+e - 3.77 GeV 

r (K-  E+ ~+ x+~ , - ) / r ~ , l  r . / r  
VALUE DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, erE. �9 �9 

0 00 ~7• 50 BARLAG 92C ACCM ~ -  Cu 230 GeV 
�9 ~ ' -  0.0010 

50 BARLAG 92C computes the branching fraction using topological normalization. 

r ( K -  x + x + ~+ ~ r - ) / F ( K -  x + x + ) r62/r~7 
VALUE EVTS DOCUMENT ID TEEN COMMENT 
0.080:1:0.009 OUR FIT 
0.0834-0.009 OUR AVERAGE 
0.077•177 239 FRABETTI 97c E687 -yBe, E3' ~ 200 GeV 

0.09 • • 113 ANJOS 90D E691 Photol~'oduction 

r Eg*(892) 0 ~r+ x+ ~r - ) / r (K-  . +  ~r + ~r + , - )  r . l r ~  
Unseen decay modes of the K*(892)  0 are included. 

VALUE DOCUMENT ID TEEN COMMENT 
1.1 -I-0.4 OUR FIT Error includes scale factor of 1.8. 
1.254-0.124-0.23 ANJOS 90D E691 Photoproduction 

r (-K* (892) 0 p0 ~r +) iF (K-  ~'+ ~'+) r,zlr~z 
Unseen decay modes of the K*(892)  0 are included�9 

VALUE DOCUMENT ID TEEN COMMENT 

0 n'a2+0'019 ~ . n  o-r  " '~ --0.017 v v , ,  r , .  Error includes scale factor of 1.8. 

0.023•177 FRABETTI 97c E687 ?Be, E? -~ 200 GeV 

r Eg*(89=) ~ ~o.+)/rEg" (892) ~ ~r+ ~r-) r~zlr. 
VALUE DOCUMENT ID TEEN COMMENT 

0.3~_8:22~4 OUR FIT Error includes scale factor of 1.8. 

0.75• ANJOS 90D E691 Photoproduction 

rEg*(892) ~  no-~)Ir(K- ~r +~r +) r,/r~z 
Unseen decay modes of the K*(892) 0 are included. 

VALUE DOCUMENT ID TEEN COMMENT 

0.048::i:0,0154"0.011 FRABETTI 97c E687 ?Be, E~ ~ 200 GeV 

r (K-~~  r~ / r~  
VALUE DOCUMENT ID TEEN COMMENT 

0.034:1:0.0094"0.005 FRABETTI 97C E687 ";'Be, E~ ~ 200 GeV 

r(K-~r%r+~r+x- nonresonant)/r(K- ~t+ x +)  r . / r ~  
VALUE EL% DOCUMENT ID TEEN COMMENT 

<0.026 90 FRABETTI 97c E687 ?Be, E3" ~ 200 GeV 

F(K- ~r+ x+ x%rO)/r~.= r ~ I r  
VALUE EVT$ DOCUMENT ID TECN COMMENT 

0 022 +0"047 .Ln N,.,, �9 _ 0 . 0 0 1 B ~ . . ~  1 51 AGUILAR-... 87F HYBR ~=p, p p  360, 400 GeV 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.015 51 BARLAG 92c ACCM ~ -  Cu 230 GeV 

51AGUILAR.BENITEZ 87F and BARLAG 92c compute the branching fraction by topolog- 
ical normalization. 

r(-~x+ x+ x-.O)Ir~., r69/r 
VALUE EVT~ DOCUMENT ,D TEEN COMMENT 

0 054+0"0- ~- OUR AVERAGE �9 -g.uA4 

0099_+0:8 00 52 BA.LA  ,,- Ca 230 
0.044_+0105 ~ • 2 52 AGUILAR .... 87F HYBR ~ p ,  p p  360, 400 OeV 

52AGUILAR-BENITEZ 87F and BARLAG 92C compute the branching fraction by topolog- 
ical normalization. 

r Eg~ rTo/r 
VALUE DOCUMENT ID TEEN COMMENT 

0,0001i• 53 BARLAG 92C ACCM ~-- Cu 230 GeV 

53 BARLAG 92C computes the Ixanching fraction using topological normalization. 

r (K-  iT + lr + ~r + ~r- ~r 0) I r ~ , ,  r , ,  I r  
VALUE DOCUMENT ID TEEN COMMENT 

0.0020,4.0,001g 54 BARLAG 92C ACCM ~ -  Cu 230 GeV 

54 BARLAG 92c computes the branching fraction using topological normalization. 

r Ego-go K +)/F(K- .+ .+) r~/r~7 
VALUE EVT$ DOCUMENT ID TEEN COMMENT 
0,204"0.09 OUR AVERAGE Error includes scale factor of 2.4, 
0.14•177 39 ALBRECHT 941 ARG e + e - ~  10 GeV 
0.34• 70 AMMAR 91 CLEO e + e -  ~ 10.5 GeV 

- -  Pionic modes - -  

r ( .+ .O) / r (K- ,+ ,+)  rloo/r3~ 
VALUE EVT$ DOCUMENT ID TEEN COMMENT 

0,028"1"0.006-1"8.00w 34 SELEN 93 ELE2 e+e  - ~ T(4S) 

r ( x + - + - - ) / r ( g - l r + ~ r  +) rzoz/r3~ 
VALUE EVTS DOCUMENT ID TEEN COMMENT 
0.04064-0.0034 OUR FIT 
0.04034-0.003S OUR AVERAGE 
0.043 4-0.003 4-0�9 236 FRABETTI 970 E687 "y Be ~ 200 GeV 
0.022 • • 20 ADAMOVICH 93 WA82 7 r -340  GeV 
0.035 • • ANJOS 89 E691 Photoproduction 
0.042 • • 57 BALTRUSAIT..~5E MRK3 e + e  - 3.77 GeV 

r0, ~ ~+.-) rlo=/rlol 
VALUE DOCUMENT ID TECN COMMENT 

0.280.,1.0.055.,1.0.051i 55 FRABETTI 970 E687 "7 Be ~ 200 GeV 

55FRABETTI 970 also includes f2(Z270)~r+ and f0(980)~+ modes in the fit, but the 
resulting decay fractions are not statistically significant. 

r (~ .+ ) I r (K - .+ .+ )  rlo21r37 
VALUE ~ DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.015 90 ANJOS 89 E691 Photoproduction 

r(~-%r+Ir - nonresonant)/r ( lr%r%r-) rlos/rzol 
VALUE DOCUMENT ID TEEN COMMENT 

0.62 • OUR FIT 
0.5894-0.1054-0.081 56 FRABETTI 97D E687 ~ Be ~ 200 GeM 

56FRABETTI 97D also includes f2(1270)Ir+ and f0(980)Tr+ modes in the fit, but the 
resulting decay fractions are not statistically significant. 

r ( ~ + r + r  - nonresonant) / r (K-f+x +)  rlo31r37 
VALUE DOCUMENT ID TEEN COMMENT 
0.025:::1:0.005 OUR FIT 
0.0274-0.00"/4-0.002 ANJOS 89 E691 Photoproduction 

r(.+.+.-.~)Ir,~., r1~Ir 
VALUE DOCUMENT ID TEEN COMMENT 

o o19+~ �9 --0.ux,{ 57 BARLAG 92C ACCM x- -  Cu 230 GeV 

57 BARLAG 92C computes the branching fraction using topological normalization. 

r(,~+.+~-.O) Ir(K-.+,r+) rloAlr~7 
VALUE CL~ DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. ,, �9 �9 

<0.4 90 ANJOS 89E E691 Photoproduction 

r(~+)/r(~+) rlo,/r133 
VALUE EVTS DOCUMENT /D TEEN COMMENT 

0.494-0.06 275 JESSOP 98 ELE2 e + e -  ~ T(45)  

r(T/f+)Ir (K- ~r+ ~r+) rloglr37 
Unseen decay modes of the ~/ are Included. 

VALUE ~ EVTS DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.083•177 99 DAOUDI 92 CLE2 See JESSOP 98 
<0.12 90 ANJOS 89E E691 Photoproduction 
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r(,,,,+) Ir(K- .+ ~'+) r111/r~ 
Unseen decay modes of the ~ are included. 

VALUE CL~ DOCUMENT ID TEEN COMMENT 

<0.08 90 ANJOS 89E E691 Photoproduction 

r(.+.+.+.-,r-)/rtm= rl0z/r 
VALUE DOCUMENT /D TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

nnln+g.000g 58 BARLAG 92E ACCM ~'- Cu 230 GeV 
. . . . .  - 0.0007 

58 BARLAG 92C computes the branching fraction using topological normalization. 

r(.+.+.+,~-~-)/r(K-.+.+) r~0~/r3~ 
VALUE CL% E V T 5  DOCUMENT iD TECN COMMENT 

0.023:1:0.004~0.002 58 FRABETTI 97c E687 3`Be, E3` ~ 200 
GeV 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 
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r (~+K- ,+) / r (~- ,+ .+)  r11~/r3~ 
VALUE DOCUMENT ID TECN COMMENT 
0.0~7 -I-0.0~ OUR AVERAGE 

0.093 •  +0,008 JUN 00 SELX Z ' -  nucleus, 600 GeV -0 .006 
0.0976•177 FRABETTI 95B E687 Dalitz plot analysis 

r(§ - .+ .+)  r13~/r~ 
Unseen decay modes of the q~ are included. 

VALU~ E V T 5  DOCUMENT IO TECN COMMENT 
0.068:t:0.005 OUR AVERAGE 
0.058•177 FRABETTI 95B E687 Dalitz plot analysis 
0.062•177 19 ADAMOVICH 93 WA82 ~r- 340 GeV 
0.077•177 128 DAOUDI 92 CLE2 e + e  - ~ 10.5 GeV 
0.098•177 12 ALVAREZ 90c NA14 Photoproduction 
0.0714-0,008 + 0.007 84 ANJOS 88 E691 Photoproduction 
0.084• 4-0.011 21 BALTRUSAIT..~EE MRK3 e + e -  3.77 GeV 

<0.019 90 ANJOS 89 E691 Photoproduction 

r(~p+)/r(~.+) r11=/r1. 
Unseen decay modes of the T/ are included. 

VALUE CL~ DOCUMENT ID TECN COMMENT 

<1.11 90 JESSOP 98 CLE2 e + e -  --~ T(45)  

r(~p+)/r(K-.+,+) r.2/rs~ 
Unseen decay modes of the ~/ are included. 

VALUE CL~ DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits. limits, etc. �9 �9 �9 

<0.13 90 DAOUDI 92 CLE2 See JESSOP 98 

r(,P.+~+,~-,r-,r~ rlo~/r 
VALUE DOCUMENT ID TEEN COMMENT 

0 0029"I'0"~-~ 29 59 BARLAG 92c ACCM ;,r- Cu 230 GeV 

59 BARLAG 92s computes the branching fraction using topological normalization. 

r(,f(~8).+)/r(§ r11~/r1= 
Unseen decay modes of the ~t(958) are included. 

VALUE E V T S  DOCUMENT ID TECN COMMENT 

0.82~0.14 126 JESSOP 98 CLE2 e + e  - ~ T(4S) 

r(~(958)~r + ) / r  (K-  ~r +~r +) r113/r37 
Unseen decay modes of the ~/~(958) are included. 

VALUE CL ~/~ OOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

<0.1 90 DAOUDI 92 CLE2 See JESSOP 98 
<0.1 90 ALVAREZ 91 NA14 Photoproduction 
<0.13 90 ANJOS 91B E691 3'Be, E../ -~ 145 GeV 

r(~'(~s~)~+)/r(~+) r114/r1~ 
Unseen decay modes of the z/(958) are included. 

VALUE CL~ DOCUMENT ID TECN COMMENT 

<0.86 90 JESSOP 98 CLE2 e + e-- ~ T(4S) 

r(~(958) p + ) / r ( K - ~ + x  +) rz14/r~ 
Unseen decay modes of the ~(988)  are included. 

VALUE CL~ DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

<0.17 90 DAOUDI 92 CLE2 See JESSOP 98 

- -  Hadronlc modes with a KK pair - -  

r ( x + ~ ) / r ~ , , + )  r .~/r~ 
It is generally assumed for modes such as D + ~ ~ 0  ~ +  that 

r ( o  + ~ K ~ 0 ~ + ) = 2 F ( O  + ~ K 0 x + ) .  
it is the latter r that is actually measured. BIGI points out that interference between 
Cabibbo-allowed and doubly Cabibbo-suppressed amplitudes, where both occur, could 
invalidate this assumption by a few percent. 

VALUE E V T S  DOCUMENT ID TECN COMMENT 
0.255~0.029 OUR FIT 
0.2~3:1:0.035 OUR AVERAGE 
0.25 •  •  129 FRABETTI 95 E687 3'Be E3̀  ~. 200 GeV 

0,271•177 69 ANJOS 90E E691 3`Be 
0.317•177 31 BALTRUSAIT..~5E MRK3 e + e  - 3,77 GeV 
0.25 •  6 SCHINDLER 81 MRK2 e + e  - 3,771 GeV 
�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

0.222•177 70 60BISHAI 97 CLE2 e + e  - ~ T(45)  

60This BISHAI 97 result is redundant wi th results elsewhere in the Listings. 

r ( K + ~ 0 ) / r ( K - . + ~ + )  rll~/r3~ 
VALUE E V T S  DOCUMENT ID TECN COMMENT 
0.0e2-l'0.010 OUR FIT 
0.0"I7:E0.014-t-0.007 70 61 BISHAI 97 CLE2 e + e -  ~, T(45)  

61gee BISHAI 97 for an isospin analysis of D + ~ K K  amplitudes. 

r (K + K* (892) 0) / r (K - lr + ~r + ) r137 / r37 
Unseen decay modes of the K* (892)  0 are included. 

VALUE E V T 5  DOCUMENT ID TECN COMMENT 
0.047-1"0.0(~ OUR AVERAGE Error includes scale factor of 1.2. 
0.044• 62 FRABETTI 958 E887 Dalitz plot analysis 
0.058 • 0.009 ~: 0.006 73 ANJOS 88 E691 Photoproduction 
0.048•177 14 BALTRUSAIT..38E MRK3 e + e  - 3.77 GeV 

62See FRABETTI 95B for evidence also of K~(1430} 0 K + in the D + ~ K + K - ~ +  
Dalitz plot. 

r(K+ K-.+ nonresonant)/r(K-~r+lr +) r11,/r3~ 
VALUE E V T $  DOCUMENT ID TECN COMMENT 
O.0SO-I-0.009 OUR AVERAGE 
0.049 • •  95 AN JOg 88 E691 Photoproduction 
0.059•177 37 BALTRUSAIT..35E MRK3 e + e -  3.77 GeM 

r(K'(S92)+P)/r(#.+) r1./r36 
Unseen decay modes of the K*(892) + are included. 

VALUE E V T 5  DOCUMENT ID TECN COMMENT 

1.1:1:0o3"1"0.4 67 FRABETTI 98 E687 3`Be E3` ~ 200 GeV 

r(~.+.0)/r~., rl~/r 
Unseen decay modes of the @ are included. 

VALUE DOCUMENT ID TECN COMMENT 

0.0234-0.010 63 BARLAG 92E ACCM ~ -  Cu 230 GeV 

63 BARLAG 92c computes the branching fraction using topological normalization. 

r(~,+,~ (K- ~r + ~r + )  r13,/r3T 
Unseen decay modes of the @ are included. 

VALUE CL_~o DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<0.58 90 ALVAREZ 90C NA]4  Photoproduction 
<0.28 90 ANJOS 89E E691 Photoproduction 

r(~p+)/r(K-x +x +) rl./rs7 
Unseen decay modes of the r are included. 

VALUE CL~ DOCUMENT ID TECN COMMENT 

<0.16 90 DAOUDI 92 CLE2 e + e -  ~ 103 GeV 

r(K + K -  x + x 0 non-~)/r~., r l . / r  
VALUE DOCUMENT ID TECN COMMENT 

0015-1-0..00"t 64 BARLAG 92C ACCM ~ -  CU 230 GeV 
�9 -- 0.,Juo 

64 BARLAG 92s compotes the branching fraction using topological normalization. 

F(K + K -  ~r + x 0 non-~)/F(K- ~r + lr +) r l=/rs~ 
VALUE CL~o DOCUMENT ID TECN ~OMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

<0.25 90 ANJOS BgE E691 Photoproductlon 

r(K+~O,r+~r-)/rto~l r~./r 
VALUE ~ DOCUMENT IO TE(~N COMMENT 

<0.02 90 ALBRECHT 928 ARG e + e -  ~ 10.4 GeM 

r(K 0 K -  x +~+)/r~,~l rl=7/r 
VALUE DOCUMENT ID TEC N COMMENT 

0.01 -I-0.0054"0.003 ALBRECHT 92B ARG e + e -  -~ 10.4 GeV 
�9 * �9 We do not use the following data for averages, fits. limits, etc. * �9 �9 

<0.003 65 BARLAG 92C ACCM r -  Cu 230 GeV 

65 BARLAG 92c computes the branching fraction using topological normalization. 

r (K* (892)+ ~*(892)~ r z . / r  
Unseen decay modes of the K*(892) 's are Included. 

VALUE DOCUMENT 113 TECN COMMENT 

0.028,a-0.00e-l-0.~If ALBRECHT 92B ARG e + e -  ~ 10.4 GeV 
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F(K ~ K-  x + ~r + non-K'+K "0) / r~ . ,  
VALUE CL% DOCUMENT ID TEEN 

<0.0079 90 ALBRECHT 92B ARG 

r(@~r + ~+ ~r-)/rt=a 
Unseen decay modes of the ~ are included. 

VALUE CL~ E V T 5  DOCUMENT ID TEEN 

<0.002 90 0 ANJOS 88 E691 

r(~,+,+,-) /r(K-~r +r +) 
Unseen decay modes of the ~ are included. 

VALUE CL~ DOCUMENT ID TEEN 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

<0.031 90 ALVAREZ 90c NAI4  Photoproduction 

r(r ~r+.-)/r(~.+) rz~/rl~ 
VALUE ~ DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, e t c . � 9  �9 �9 

<0.6 90 FRABETTI 92 E687 ")'Be 

F(K+ K -  ~r + x + ~r- nonresonant)/rtota rl=/r 
VALUE ~ ~VTS DOCUMENT 'D TEeN COMMENT 

<0.03 90 Photoproduction 12 ANJOS 88 E691 

- -  Rare or forbidden modes 

r l~ /r  r(~+~,+~,-)/r~., 
COMMENT A test for the A C  = 1 weak neutral current. Allowed 

e + e  - _ 10.4 GeV interactions. 
VALUE CL~ E V T S  DOCUMENT ID TEEN 

rl~/r <z .s  x lO - 5  90 AITALA 99G E791 
�9 �9 �9 We do not use the following data for averages, fits, l imits, 

COMMENT <8.9 X 10 - 5  90 FRABETTI 97B E687 

Photoproduction <1.8 x 10 - 5  90 AITALA 96 E791 

rz~/r~ <2.2 x 10 - 4  90 0 KODAMA 95 E653 
<5.9 x 10 - 3  90 WEIR 90B MRK2 

COMMENT <2.9 x 10 - 3  90 36 HAAS 88 CLEO 

r (~+.+. - ) / r~= 
A test for the A C  = 1 weak neutral current. Allowed 

r (K+.+ . - ) / r (K- .+ .+ )  r1~/r37 
VALUE E V T 5  DOCUMENT ID TECN COMMENT 
0.0075• OUR AVERAGE 
0.0077+0.00174-0.0008 59 AITALA 97C E791 ~ -  nucleus, 500 GeV 
0.00724-0.00234-0.0017 21 FRABETTI 95E E687 "},Be, Ea`= 220 GeV 

F(K +p0)/r(K + . + r - )  r14,/rl~o 
VALUE DOCUMENT ID TEEN COMMENT 

0.37"1"0.14"1"0.07 AITALA 97C E791 ~r- nucleus, 500 GeV 

r(K+,O)/r(K-.+.+) rl,~/r~7 
VALUE ~ DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

<0.0067 90 FRABETTI 95E E687 3`Be, Ea '=  220 GeM 

r (K" (892) 0 ~r + ) / r (K  + ~+ :r-) rl.~/rl~o 
Unseen decay modes of the K*(892)  0 are included. 

VALUE DOCUMENT ID TECN COMMENT 

0.534"0.21+0.02 AITALA 97C E791 ~r- nucleus, 500 GeV 

F(K*(892)%r+)/F(K-.+ . +) r14~/r37 
Unseen decay modes of the K*(892)  0 are included. 

VALUE CL~ DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, et ; .  �9 �9 �9 

<0.0021 90 FRABETTI 95E E687 -)'Be, Ea`= 220 GeV 

r (K + ~r + ~r- .onresonant)/r (K + ~r + ~r-) rle/q~o 
VALUE DOCUMENT ID TECN COMMENT 

0.364-0.144"0.07 AITALA 97E E791 ~ -  nucleus, 500 GeV 

r (K + K + K- )  / r (K-  .+.+) r , . / r ~  
A doubly Cabibbo-suppressed decay with no simple spectator process possible. 

VALUE ~ E V T 5  DOCUMENT ID TEEN COMMENT 

<0.0016 90 66 FRABETTI 95F E687 3`Be, E3` ~ 220 
GeV 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.057 4-0.020:E0.007 13 ADAMOVIEH 93 WA82 ~ -  340 GeV 

66 Using the c x +  mode to normalize, FRABETTI 95F gets F(K + K + K - ) / C ( ~ + ) <  
0.025. 

r(~K+)/r(~+} . r ~ / r l ~  
A eoubly Laolbbo-suppresseo decay wi th no simple spectator process possible. 

VALUE EL% E V T S  DOCUMENT ID TEEN COMMENT 

<0.021 90 FRABETTI 95F E687 3'Be, E3" ~ 220 
GeV 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

0.058 4-0"032 ~- ~ n ~  67 4 ANJOS 92D E691 3'Be, E:3` = 145 
GeV 

67 The evidence of ANJOS 92D is a small excess of events (4.5 Jr 214). 

r(~r + e + 0-)/r~.,  r l . / r  
A test for the ZIC = 1 weak neutral ctlrrent. Allowed by higher-order electroweak 
interactions. 

VALUE CL~ E V T 5  DOCUMENT ID TECN COMMENT 

<5.2 x 10 - 5  90 AITALA 99G E791 ~r- N 500 GeM 
�9 �9 �9 We do not use the fol lowing data for averajges, fits, limits, e t c . � 9  �9 �9 

<1.1 x 10 - 4  90 FRABETTI 97B E687 3  ̀Be, Ea" ~ 220 GeV 

<6.6 x 10 - 5  90 AITALA 96 E791 ~t -  N 500 GeM 
<2.5 x 10 - 3  90 WEIR 90B MRK2 e + e  - 29 GeV 
<2,6 x 10 -3 90 39 HAAS 88 CLEO e + e- 10 GeV 

r,47/r 
by higher-order electroweak 

COMMENT 

~r- N 500 GeV 
etc. �9 �9 �9 

Be, E~ ~ 220 GeV 3' 
~r- N 500 GeV 
~ -  emulsion 600 GeV 
e + e -  29 GeV 
e + e -  10 GeV 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

<4.8 x 10 - 3  90 WEIR 90B MRK2 e + e -  29 GeV 

r(K+~+.-)/rto., rlso/r 
VALUE CL~ E V T 5  DOCUMENT ID TECN COMMENT 

<4.4 x 10 - 5  90 AITALA 996 E791 ~r- N 500 GeV I 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

<9.7 x 10 - 5  90 FRABETTI 97B E887 3" Be, Ea" ~ 220 GeV 

<3.2 x 10 - 4  90 0 KODAMA 95 E653 ~r- emulsion 600 GeM 
<9.2 • 10 - 3  90 WEIR 90B MRK2 e + e -  29 GeV 

r(.+e*~.)/r~o,., rl~l/r 
A test of lepton-family-number conservation. 

VALUE CL% DOCUMENT 10 TEEN COMMENT 

<3.4 x 10 - 5  90 AITALA 99G E791 ~r- N 500 GeV I 

r(.+ e+.- ) / r~. ,  r15dr 
A test of lepton-family-number conservation. 

VALUE CL~ DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<1.1 x 10 - 4  90 FRABETTI 97B E887 "Z Be, Ea' ~ 220 GeV 

<3.3 x 10 - 3  90 WEIR 908 MRK2 e + e  - 29 GeV 

r(.+ e- ~+)/rto~. rls3/r 
A test of lepton-family-number conservation. 

VALUE ~ DOCUMENT ID TEEN COMMENT 

�9 �9 $ We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<1.3 x 10 - 4  90 FRABETTI 97B E687 3" Be, Ea' ~ 220 GeV 

<3.3 x 10 - 3  90 WEIR 90B MRK2 e + e  - 29 GeV 

F(K + e* ~*)/rto~l rls4/r 
A test of lepton-family-number conservation. 

VALUE EL% DOCUMENT ID TEEN COMMENT 

<6.8 X 10 - 5  90 AITALA 99G E791 ~ -  N 500 GeV I 

r(K + e + ~-)/r,~., r . . / r  
A test of lepton-family-number conservation. 

VALUE CL~ OOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

<1.3 x 10 - 4  90 FRABETTI 97B E687 3" Be, Ea" ~ 220 GeV 

<3.4 x 10 - 3  90 WEIR 90B MRK2 e + e -  29 GeV 

F(K + e-/~+)/rto~, r ,~/r  
A test of lepton-family-number conservation. 

VALUE CLa/o DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

<1.2 x 10 - 4  90 FRABETTI 97B E687 3" Be, Ea" -~ 220 GeV 

<3.4 x 10 - 3  90 WEIR 90B MRK2 e + e  - 29 GeV 

r (~- e+ e+)/rto~, qsT/r 
A test of lepton-number conservation. 

VALUE EL% DOCUMENT ;D TEEN COMMENT 

<9.6 X 10 - 5  90 AITALA 99G E791 ~r-- N 500 GeV I 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<1.1 x 10 - 4  90 FRABETTI 97B E687 3' Be, Ea' ~ 220 GeV 

<4.8 x 10 - 3  90 WEIR 90B MRK2 e + e  - 29 GeV 

interactions. 
VALUE ~ E V T S  DOCUMENT ID TECN COMMENT 

<5.6 X 10 . 4  90 0 KODAMA 95 E653 ~-- emulsion 600 GeV 

r(K+ e+ r ) / r ~ , ,  r14#r 
VALUE CL~ DOCUMENT ID TEEN COMMENT 

<2.0 x I 0  - 4  90 AITALA 99G E791 ~r- N 500 GeV 

<2.0 x 10 - 4  90 FRABETTI 97B E687 3' Be, Ea" ~ 220 GeV 

r l . / r  
by higher-order electroweak 



See key on pace 239 

r ( . - .+~+) / r==  Flair 
A test of lepton-number conservation. 

VALUE EL% EVT5 DOCUMENT IO TEEN COMMENT 

<1.7 X 10 - 5  90 AITALA 99G E791 ~r- N 500 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<8.7 x 10 - 5  90 FRABETTI 97B E687 3' Be, E,y ~ 220 GeV 

<2.2 x 10 - 4  90 0 KODAMA 95 E653 l r -  emulsion 600 GeV 
<6.8 x 10 - 3  90 WEIR 90B MRK2 e + e -  29 GeV 

r ( . -  e + . + ) / r ~ ,  r155/r 
A test of lepton-number conservation. 

VALUE EL% DOCUMENT ID TEEN COMMENT 

<5.0 x 10 - 5  90 AITALA 99G E791 ~r- N 500 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, e t c . � 9  �9 �9 

<1.1 x 10 - 4  90 FRABETTI 970 E687 3" Be, E? ~ 220 GeV 

<3,7 x 10 - 3  90 WEIR 90B MRK2 e + e -  29 GeV 

r(p-~+~,+)/rt=., rl~o/r 
A test of lepton-number conservation. 

VALUE CL% E V T S  DOCUMENT ID TECN COMMENT 

<5.6 x 10 - 4  90 0 KODAMA 95 E653 ~r- emulsion 600 GeV 

F(K- e + e +)  Irto~ r1511r 
A test of lepton-number conservation. 

VALUE CL~ DOCUMENT ID TECN COMMENT 

<1.2 X 10 - 4  90 FRABETTI 97B E687 3' Be, E3" ~ 220 GeV 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<9.1 x 10 - 3  90 WEIR 90B MRK2 e + e -  29 GeV 

r(K-~+~+)/rtot=, rls=Ir 
A test of lepton-number conservation. 

VALUE ~ E V T S  DOCUMENT ID TEEN COMMENT 

<1.2 x 10 - 4  90 FRABETTI 97B E687 3" Be, E3' ~ 220 GeV 

* �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<3,2 x 10 - 4  90 0 KODAMA 95 E653 ~r- emulsion 600 GEV 
<4.3 x 10 - 3  90 WEIR 9OB MRK2 e + e -  29 GeV 

r ( K -  e+~+) / r tot=  rls~/r 
A test of lepton-number conservation. 

VALUE CL~ DOCUMENT ID TECN COMMENT 

<1.3 X 10 - 4  90 FRABETTI 97B E687 3" Be, E3' ~ 220 GeV 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 * �9 

<4.0 x 10 - 3  90 WEIR 90B MRK2 e + e -  29 GeV 

F (K*(892)-/=+/~+) / rtot= r1~Ir 
A test of lepton-number conservation, 

VALUE CL~ EVT5 DOCUMENT ID TEEN COMMENT 

<8.5 x 10 - 4  90 0 KODAMA 95 E653 ~r- emulsion 600 GeV 
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D • CP-VIOLATING DECAY-RATE ASYMMETRIES 

Acp(K+ K - x  •  in D • --~ K+ K - I r  • 
This is the difference between D + and D -  partial widths for these modes divided by 
the sum of the widths. 

VALUE DOCUMENT ID TEEN COMMENT 
--0.0174-0.027 OUR AVERAGE 
-0.014+0.029 68 AITALA 97B E791 -0.062 < A c p  < +0.034 (90% CL) 
-0.031+0.068 68 FRABETTI 94l E687 -0 .14 < A c p  < +0.081 (90% CL) 

68FRABETTI 941 and AITALA 970 measure N(D + ~ K - K + T r + ) / N ( D  + 

K -  7r+ ~r+), the ratio of numbers of events observed, and similarly for the D - .  

Acp(K • K "0) in D + --* K + K  *0, D -  ~ K - K  *0 
This is the difference between D + and D -  partial widths for these modes divided by 
the sum of the widths. 

VALUE DOCUMENT ID TEEN COMMENT 
-0.02 4-0.05 OUR AVERAGE 
-0.010:1:0.050 69 AITALA 97B E791 -0 .092 < A c p  < +0.072 (90% EL) 
-0.12 • 69 FRABETTI 94i E687 -0 .33 < A c p  < +0.094 (90% CL) 

69FRABETTI 941 and AITALA 970 measure N(D + ~ K + K * ( 8 9 2 ) O ) / N ( D  + 

K -  7r + 7r+), the ratio of numbers of events observed, and similarly for the D - .  

Ar..p(r "I') in D • ~ r ::I: 
This is the difference between D + and D -  partial widths for these modes divided by 
the sum of the widths. 

VALUE DOCUMENT ID TEEN COMMENT 
-0.014• OUR AVERAGE 
-0.028• 70 AITALA 97B E791 -0.087 < A c p  < +0.031 (90% CL) 
+0.066• 70 FRABETTI 941 E687 -0.075 < A c p  < +0.21 (90% CL) 

70FRABETTI 941 and AITALA 97B measure N(D + ~ ~ r + ) / N ( D  + ~ K - ~ + ~ r + ) .  
the ratio of numbers of events observed, and similarly for the D - .  

Acp(x+Tr- lr  •  in D • --* x+x -~ r  + 
This is the difference between D + and D -  partial widths for these modes divided by 
the sum of the widths. 

VALUE DOCUMENT ID TECN COMMENT 

_0.017.k0.042 71 AITALA 97B E791 -0 .086 < A c p  < +0,052 (90% CL) 

71AITALA 97B measure N(D + ~ 7 r + ~ ' - T r + ) / N ( D  + ~ K- -~+Tr+ ) ,  the ratio of 
numbers of events observed, and similarly for the D - .  

D • PRODUCTION CROSS SECTION AT @(3770) 

A compilation of the cross sections for the direct production of D + mesons 
at or near the ~(3770) peak in e + e -  production. 

VALUE (~anobams) DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

4.2 •  •  72ADLER 88c MRK3 e + e  - 3.768 GeV 
5.5 • 1.0 73 PARTRIDGE 84 CBAL e + e -  3.771 GeV 
6.00+0.72• 74SCHINDLER 80 MRK2 e + e  - 3.771 GeV 
9.1 •  75 PERUZZI 77 MRK1 e + e -  3.774 GeV 

72This measurement compares events with one detected D to those with two detected D 
mesons, to determine the the absolute cross section. ADLER 88C measure the ratio of 
cross sections (neutral to charged) to be 1.36 • 8.23 • 0.14. This measurement does 
not include the decays of the ~)(3770) not associated with charmed particle production. 

73This measurement comes from a scan of the ~b(3770) resonance and a fit to the cross 
section. PARTRIDGE 84 measures 6.4 • 1.15 nb for the cross section. We take the 
phase space division of neutral and charged D mesons in @(3770) decay to be 1.33, 
and we assume that the @(3770) is an isosinglet to evaluate the cross sections. The 
noncharm decays (e.g. radiative) of the %b(3770) are included in this measurement and 
may amount to a few percent correction. 

74This measurement comes from a scan of the @(3770) resonance and a fit to the cross 
section. SEHINDLER 80 assume the phase space division of neutral and charged D 
mesons in V)(3770) decay to be 1.33, and that the @(3770) is an isosinglet. The noncharm 
decays (e.g. radiative) of the ~(3770) are included in this measurement and may amount 
to a few percent correction. 

75This measurement comes from a scan of the ~(3778) resonance and a fit to the cross 
section. The phase space division of neutral and charged D mesons in @(3770) decay 
is taken to be 1.33, and ~b(3770) is assumed to be an isosinglet. The noncharm decays 
(e.g. radiative) of the ~(3770) are included in this measurement and may amount to 
a few percent correction. We exclude this measurement from the average because of 
uncertainties in the contamination from T lepton pairs. Also see RAPIDIS 77. 

D + --~ "~*(892)~ FORM FACTORS 

r v =- V(O)/AI(O) in D + --~ K* (892)~  
VALUE E V T S  DOCUMENT ID TEEN COMMENT 
1.82+0.09 OUR AVERAGE 
1.45:c0.23• 763 ADAMOVIEH 99 BEAT K * ( 8 9 2 ) 0 # + u p  

1,90• + 0,09 3000 76 AITALA 980 E791 K*(892)Oe+u e 
1.84::0.11• 3034 AITALA 98F E791 K*(892)0 #+ u# 

1.74• 874 FRABETTI 93E E687 K*(892)0/~+ u# 

20  + 0 3 4  . 0_0132• 305 KODAMA 92 E653 K*(892}0p-+v# 

2.0 •  •  183 ANJOS 90E E691 K * ( 8 9 2 ) 0 e + v  e 

76This is slightly different from the AITALA 98B value: see ref. [5] in AITALA 98F. 

r2 -- ,42(0)/,41(0) in D + --~ K*(892)0t+ul  
VALUE EVT5 DOCUMENT ID TEEN COMMENT 
0.70-1"0.07 OUR AVERAGE 
1.00•177 763 ADAMOVICH 99 BEAT -t(*(892)O p +  up 

0.71•177 3000 AITALA 980 E791 K*(B92)Oe+u e 
0.75+0.08• 3034 AITALA 98F E791 K*(892)0 p+ u/~ 

0.78•177 874 FRABETTI 93E E687 K* (892)0#+  v~ 

8 + 0 2 2  0. 2_0123• 305 KODAMA 92 E653 "K*(892)0/J+u# 

0.0 • •  183 ANJOS 90E E691 K*(892)Oe+u e 

r 3 - A3(O)/AI(O ) in D + --* K ' (892)0 t+u l  
VALUE E V T S  DOCUMENT ID TEEN COMMENT 

0.044-0.33:t:0.29 3034 AITALA 98F E791 K *  (892)0 p.+ u# 

rL /FT in D + --* K* (892)~  
VALUE EVT5 DOCUMENT ID TEEN COMMENT 
1.144-0.08 OUR AVERAGE 
1.09•177 763 ADAMOVICH 99 BEAT K * ( 8 9 2 ) 0 p + u #  

1.20•177 874 FRABETTI 93E E687 ~i~*(892)0 # +  v# 

1.18• 0.18• 305 KODAMA 92 E653 ~* (892)0#+Up.  

1.8 _+0146 •  183 ANJOS 90E E691 K*(892)Oe+u e 

i! 
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r+/r_ in D + -~  K*(S92)~ 
VALUE EVTS DOCUMENT ID TEEN COM~fENT 

0.21=t:0.04 OUR AVERAGE Error includes scale factor of 1.3. See the ideogram below. 

0.28•  763 ADAMOVlCH 99 BEAT K - * ( 8 9 2 ) O p + v #  

0,164-0.054-0.02 305 K O D A M A  92 E653 K *  (892)0 p.+ ~,p 

+ 0  07 0.15_ 0',0S • 0.03 183 ANJOS 90E E691 K '~ e+  Ue 
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ZPHY C31 491 M. Aguilar-Benitez el aL 
PRL 56 2140 R,M. Battrusaitis et aL 
PR D3a 2708 T. Pal et aL 
ZPHY E27 39 H. Aihara et al, 
PRL 54 1976 R.M. Baltrusaitis et at. 
PRL 55 150 R.M. Baltrusaitls et at. 
PL 163B 277 W, Barrel el aL 
PL 140B 119 M,I Adamovich et aL 
ZPHY C22 219 M, Althoff et aL 
PL 148B 448 M, Althoff et at. 
PRL 53 1971 M. Derrick et al. 
PRL 52 970 DE. Koop et aL 
Thesis CALT-B8-1150 R.A. Partridge 
PL 1238 98 M. Aguilar-Benitez el aL 
NP 8213 31 J.J. Aubert el aL 
PRL 47 760 R. Partridge et at. 
PR D24 78 R,H. Schindler et aL 
PRPL 75 57 G,H. Trilling 
PRL 45 329 W,J. Bacino et al  
PR D21 2716 R,H. Schindier el al. 
PL 96B 214 A.A. Zholents et al. 
SJNP 34 814 A.A. Zholents et aL 
Translated from YAF 34 1471. 
PRL 43 1073 WJ. Bacino et at. 
PL 80B 412 B. Brandelik et at. 
PRL 40 274 J,M, Feller et aL 
PRL 41 1149 V. Vuillernin et al. 
PL 698 503 G. Goldhaber et al. 
PRL 39 1301 I. Peruzzi et al, 
PL 70B 260 M. PIccolo et aL 
PRL 59 526 P.A. Rapidis et aL 
PRL 37 569 I. Peruzzl eta/. 

O T H E R  RELATED PAPERS ~ 

RMP 67 893 J,D. Richrnan, PR. Burchat 
CNPP 21 365 J. Rosnel 

(FNAL E691 Collab.) 
(FNAL E691 Collab.) 
(FNAL E691 Cotlab.) 

PRL 72 2328 
PL B323 459 
PL 8331 217 
PR DSO R2953 
PL B313 288 
PL 8305 177 
PRL 71 3070 
PRL 71 1311 
PR D48 56 
PL 8317 647 
PL Ba07 262 
PL B333 260 
PL 8316 455 
PRL 71 1973 
ZPHY C53 361 
PL B278 202 
PR D45 R2177 
PR Dr 1941 
PRL 69 2892 
ZPHY C55 383 
ZPHY C48 29 
PR D45 2196 
PR D45 3965 
PL B281 167 
PL B274 246 
PL B286 187 
PL 8288 142 
PL B255 634 
PL B255 639 
ZPHY C5O 11 
PR D44 3383 
PR D43 R2063 
PRL 67 1507 
PRL 66 1Oll 
PL B263 135 
PL B263 584 
ZPHY E47 539 
PL B246 261 

R. Balest et at. 
P.L. Frabetti et aL 
P.L Frabetti el aL 
P.L. Frabetti el at. 
K. Abe et aL 
M.I, Adamovich et at. 
D.8. Akerib et aL 
M,S. Alam et aL 
J,C, Anjos et al, 
A. Bean et aL 
P,L. FrabetU et al. 
K, Kodama et at. 
K. Kodama et al. 
M.A. Selen et al. 
H. Albrecht e~ aL 
H. Albrecht et aL 
J.C. Anjos et aL 
J.C. Anjos et aL 
J.C. Anjos el aL 
S. Barlag et aL 
S. Barlag et aL 
D.M. Coffman et aL 
M. Daoudi et aL 
P.L. Frabetti eta/.  
N, Kodama et al. 
K. Kodama et aL 
M.I. Adamovich et al, 
H. Albrecht et al. 
M.P. Alvarez eta/. 
M.P. Alvarez el aL 
R. Ammar et aL 
J.C. Anjos et al. 
J.C. Anjos et aL 
Z, Bai el aL 
D.M. Coffman et aL 
P.L Frabetti et aL 
M.P. Alvarez et al. 
M.P. Alvarez et aL 

(CLEO Collab.) 
(FNAL E687 Collab.) 
(FNAL E687 Collab.) 
(FNAL E687 Collab.) 

(VENUS Colla b.) 
(BERN WAS2 Collab.) 

(CLEO Collab,) 
(CLEO Coilab.) 

(FNAL E691 Collab.) 
(CLEO Coilab.) 

(FNAL E687 Conab.) 
(FNAL E653 Collab.) 
(FNAL E653 Collab.) 

(CLEO Collab.) 
{ARGUS Collab.) 
(ARGUS Collab,) 

(FNAL E691 Collab.) 
(FNAL E691 Collab.) 
(FNAL E691 Collab.) 

ACCMOR Collab.) ACCMOR Collab.) 

{Mark 01 Collab,) 
(CLEO Collab,) 

(FNAL E687 Collab.) 
(FNAL E655 Collab.) 
(FNAL E65a CoIlab.) 

(WA82 Col)ab.} 
(ARGUS Collab.) 

(CERN NA14/2 Collab.) 
(CERN NAt4/2 Collab,) 

(CLEO CoIlab.) 
(FNAL E691 Co[lab.) 
(FNAL-TPS Collab.) 

(Mark 01 Collab.) 
(Mark bl Collab.) 

(FNAL E687 Collab.) 
(CERN NAJ4/2 Collab.) 
(CERN NA14/2 Collab.) 

VALUE (MeV} EVT5 DOCUMENT tD TEEN COMMENT 

t ~ I . . w  0.5 OUR FIT  Error includes scale factor of 1.1. 
1864 .1=E  1.0 OUR AVERAGE 
1864.6•  0.3:51.0 641 BARLAG 90c ACCM ~ -  Cu 230 GeV 

1852 • 7 16 ADAMOViCH 87 EMUL Photoproduction 

1861 :t: 4 DERRICK 84 HRS e + e  - 29 GeV 

�9 �9 * We do not use the fol lowing data for averages, fits, l imits, etc. * �9 �9 

1856 ~E36 22 ADAMOVICH 84B EMUL Photoproduction 

1847 • 7 1 FIORINO 81 EMUL ? N  ~ 9 0 + 

1863.84- 0.5 1 SCHINDLER 81 MRK2 e • e -  3.77 GeV 

1864 .7•  0.6 1 TRILLING 81 RVUE e + e -  3.77 GeV 

1863.04- 2.5 238 ASTON 80E OMEG "7P ~ 9 0 

1860 • 2 143 2 AVERY 80 SPEC 'TN ~ D ~  

1869 :i: 4 35 2AVERY 80 SPEC , - f N ~  D ~  

1854 4- 6 94 2 A T I Y A  79 SPEC ? N  ~ D O D  0 

1850 4-15 64 BALTAY 78C HBC u N  ~ KO~rTr 

1863 4- 3 GOLDHABER 77 MRKa. D 0, D • recoil spectra 

1863.34- 0 3  1 PERUZZI 77 MRK1 e + e -  3.77 GeV 

1868 •  PICCOLO 77 MRK1 e + e  - 4.03. 4.41 GeV 
1865 4-15 234 GOLDHABER 76 MRKI KTr and K3";,r 

1pERUZZI  77 and SCHINDLER 81 errors do not include the 0.13% uncertainty in the 
absolute SPEAR energy calibration. TRILLING 81 uses the high precision J/~b(15) and 
~ ( 2 5 )  measurements of ZHOLENTZ  80 to determine this uncertainty and combines the 
PERUZZI 77 and SCHINDLER 81 results to obtain the value quoted. TRILLING 81 

enters the fit in the D • mass, and PERUZZI 77 and SCHINDLER 81 enter in the 
r o D •  - reDO, below. 

2Error  does not include possible systematic mass scale shift, estimated to be less than 5 
MeV, 

(UCSB. STAN) 
(CHIC) 

i i 

D o MASS 
The fit includes D •  D 0, D ~ ,  D * 4 - ,  O *0 ,  and D ;  "i" mass and mass 
difference measurements. 

RICHMAN 95 
ROSNER 95 

i ii 

D 

BARLAG 90s 
WEIR 90B 
ANJOS 89 
ANJOS 89B 
ANJOS 89E 
ADLER 888 
ADLER 88C 
ALBRECHT 881 
ANJOS 88 
AOKI 88 
HAAS 88 
ONG 88 
RAAB 88 
ADAMOVICH 57 
ADLER 87 
AGUILAR-.. 87D 

Also 888 
AGUILAR-,.. 87E 

Also 88B 
AGUILAR-_. 87F 

AlSO 88 
BARLAG 87B 
BARTEL 87 
CSORNA 87 
PALKA 87B 
ABE 86 
AGUILAR-,., 86B 
BALTRUSAIT... 86E 
PAL 86 
AIHARA 85 
BALTRUSAIT... 8SB 
BALTRUSAIT... 85E 
BARTEL 85d 
ADAMOVICH 84 
ALTHOFF 84G 
ALTHOFF 84J 
DERRICK 84 
KOOP 84 
PARTRIDGE 84 
AGUILAR-.. 83B 
AUBERT 83 
PARTRIDGE 81 
SCHINDLER 81 
TRILLING 81 
BACINO 80 
5CHINDLER 80 
ZHOLENTZ 80 

Also B1 

BAEINO 79 
BRANDELIK 79 
FELLER 78 
VUILLEMIN 78 
GOLDHABER 77 
PERUZZI 77 
PICCOLO 77 
RAPIDIS 77 
PERUZZI 76 

i(J P) = �89 

(ACCMOR Collab.) 
(Mark U Collab.) 

IFNAL E691 Collab.) 
(PNAL E691 Coliab.) 
(FNAL E691 Collab.) 

(Mark III Collab.) 
(Mark Ill Collab,) 
(ARGUS Collab.) 

(FNAL E691 Collab.) 
(WA75 Collab.) 
(CLEO Cobab.) 

(Mark II Collab.) 
(FNAL EBgl Collab.) 

(Mark III Co,lab.) 
(LEBC-EHS Collab.) 
(LEBE-EHS Collab.) 
(LEBC*EHS Collab.) 
(LEBC-EHS Collab.) 
(LEBC-EHS Collab.) 

(ACCMOR CollabJ 
(JADE Collab.) 
(CLEO Collab.) 

(ACCMOR Collab.) 

(LEBC-EHS Collab.) 
(Mark III Collab.) 
(DELCO CoHab.) 

(TPC Collab.) 
(Mark III Collah.) 
(Mark III Collab.) 

(JADE CoIlab.) 
{CERN WA58 Codab.) 

(TASSO Colla b.) 
(TASSO Collab.} 

(HRS Collab,) 
(DELCO Colla b.) 

(Crystal Ball Collab,) 
(LEBC-EHS Collab.) 

(EMC Codab.) 
(Crystal Ball Collab.) 

(Mark II Collab.} 
(LBL UCB) J 

(DELCO Colla b.) 
(Mark II Collab.) 

[NOVO) 
(NOVO) 

(DELCO ColLab.) 
(DASP Collab.) 

(Mark I Collab.) 
(Mark I Collab,) 
(Mark I Calla&) 
IMark I Collab.) 
(Mark I Collab. 1 
(Mark I Collab.) 
(Mark I Collab,) 



See key on page 239 

rnD~. - mDo 

4- D*--, D *0, and Ds4- mass and mass The fit includes D • D 0, D s , 
difference measurements. 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 
4.79• OUR FIT Error includes scale factor of 1.1. 
4.744"0.28 OUR AVERAGE 
4.7 • 3 SCHINDLER 81 MRK2 e + e-- 3.77 GeV 
5.0 4-0.8 3 PERUZZI 77 MRK1 e + e -  3.77 GeV 

3See the footnote on TRILLING 81 in the D O and D4- sections on the mass. 

D O MEAN LIFE 

Measurements with an error > 0.05 x 10 -12 S are omitted from the aver- 
age, and those with an error > 0.1 x 10 -12 s or that have been superseded 
by later results have been removed from the Listings. 

VALUE (10 -12 S) EVTS 
0.&1.26• OUR AVERAGE 
0.413 4-0.003 • 35k 

0 4085 4- 0 0041t 00:000;  
0.413 4-0.004 4-0.003 16k 

0.424 4-0,011 4-0.007 5118 

0.417 4-0,018 --0.015 890 

0.388 +0,023 -- 0.021 641 

DOCUMENT IO TECN COMMENT 

AITALA 99E E791 K -  E + I 
I BONVICINI 99 CLE2 e + e-- ~-, "/'(45) 

FRABETTI 94D E687 K - E  +, 
K -  ~r+~+~r- 

FRABETTI 91 E687 K -  ~r +, 
K - .r + -~. + .ir - 

ALVAREZ 90 NA14 K-~r +, 
K - x + x + x -  

4 BARLAG 90C ACCM ~r- Cu 230 GeV 

0,48 4-0.04 4-0.03 776 ALBRECHT 881 ARG e + e -  10 GeV 
0.422 • 4-0.010 4212 RAAB 88 E691 Photoproduction 
0.42 • 90 BARLAG 878 ACCM K -  and ~r- 200 GeV 

�9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.34 +0.06 • 58 AMENDOLIA 88 SPEC Photoproduction -0.05 
0.46 +0.06 --0,05 145 AGUILAR-... 87D HYBR ~r-p and pp 

0.50 4-0.07 • 317 CSORNA 87 CLEO e+e - 10 GeV 
0.61 4-0.09 • 50 ABE 86 HYBR 7P 20 GeV 

0.47 +0.09 4-0,05 74 GLADNEY 86 MRK2 e4-e- 29 GeV - 0,08 
0.43 +0.07 +0,01 -0.05 -0.02 58 USHIDA 86B EMUL u wideband 

0.37 +0.10 - 0,07 26 BAILEY 85 SILl ~r- Be 200 GeV 

4 BARLAG 90c estimate systematic error to be negligible. 
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D O 

Im~ - m~l  

The D O and D O are the mass eigenstates of the D O meson. To calculate 

the following limits, we use Am = [2 r / (1 - r ) ] l /27~/4 .126x  10 -13 s, where 
D O 0 r is the experimental -D mixing ratio. 

VALUE (1010 ~ S- 1) CL~< DOCUMENT ID TECN COMMENT 

< ? 95 5 GODANG 00 CLE2 e + e- I 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<32 90 6,7 AITALA 98 E791 ~r- nucleus, 500 GeV 
<24 90 8 AITALA 96C E791 ~r- nucleus, 500 GeV 
<21 90 7,9 AN JOS 88C E691 Photoproduction 

5This GODANG 00 limit is inferred from the D0-DO mixing ratio F (K+x  - (via | 
D--0))/F(K - ~r +)  given near the end of this D o Listings. Decay-time information is used I tO distinguish DCS decays from D0-D 0 mixing. The limit allows interference between 
the DCS and mixing ratios, and also allows CP violation. The strong phase between 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. * �9 �9 

-o.o8 < AF/F < 0.12 90 11 AITALA 99E E791 K-~r +,  K + K -  I 
lArilr < 0.26 90 12,13 AITALA 98 E791 x -  nucleus, 500 GeV 
[z~rl/r < 0.20 90 14 AITALA 96c E791 ~ -  nucleus, 500 GeV 
I~rr/r < 0.17 90 13,15 ANJOS 88C E691 Photoproduction 

10This GODANG O0 limit is inferred from the D0-D 0 mixing ratio F(K+~ - (via | 
~0 ) ) /F (K -  ~r+) given near the end of this D O Listings. Decay-time information is used I to distinguish DCS decays from D0-D 0 mixing. The limit allows interference between 
the DCS and mixing ratios, and also allows CP violation. The phase between D O 
K + x -  and D 0 ~ K + E-- is assumed to be small. 

11 AITALA 99E measures AI '= 2[F(D 0 ~ K + K - ) - F ( D  0 ~ K -  ~r+)]= + 0.04 4- 0.14 4- I 
0.05 ps-1 and thus gets 90%-confidence-level limits -0.20 < AF < + 0.28 ps-1. J 

12 AITALA 98 allows interference between the doubly Cabibbo-suppressed and mixing am- 
plitudes, and also allows CP violation in this term. 

13This limit is inferred from the D0-D 0 mixing ratio F(K+~t-or  K+Tr -~r+~- (v ia  
D 0 ) ) / r ( K - ~ + o r  K--~+~r+E - )  near the end of the O 0 Listings. Decay-time in- 
formation is used to distinguish doubly Cabibbo-suppressed decays from D0-D 0 mixing. 

14This limit is inferred from the DO-D 0 mixing ratio F (K+~-  Pt (via 9 0) ) / r ( K -  s 
given near the end of the D o Listings. 

15ANJOS 88c assumes no interference between doubly Cabibbo-suppressed and mixing 
amplitudes. When interference is allowed, the limit degrades by about a factor of two. 

D O DECAY MODES 

D 0 modes are charge conjugates of the modes below. 

Mode Fraction ( r / /F)  

Inclusive modes 
F 1 e + anything ( 6.754- 0.29) % 
F 2 #+any th ing  ( 6.6 • )% 
F 3 K -  anything (53 •  ) % 
F 4 K~  + K~  (42 4-5 ) % 

r 5 K+any th i ng  ( 3.4 _+0146 )% 

F 6 ~ anything [a] < 13 % 

Semileptonic modes 
F 7 K - t + u l  

r8 K- e + u e 

F 9 K - F + v p  

F10 K-T r  ~ + v  e 

F11 ~O;,r-e + u  e 

F12 K*(892)- e+ Ve 
x B(K*- --, K%r-) 

F13 K * ( 8 9 2 ) - ~ + v t  
F14 K * ( 8 9 2 )  0~r- e + u  e 
F15 K-~r+ ~r-F+ vp 
F16 (K'* (892) 7r) -  # +  v# 

F17 7 r - e + U e  

[b] (3.474-0.17) % 
(3,644-0.18) % 
(3.22+0.17) % 

( 1.6 +1.3 )% 
--0.5 

( 2.8 +1.7 )% 
--0.9 

(1.35• % 

D O ~ K + E-- and 9 0 ~ K + E -  is assumed to be small. 
6 AITALA 98 allows interference between the doubly Cabibbo-suppressed and mixing am- 

plitudes, and also allows CP violation in this term. 
7This limit is inferred from the D0-D 0 mixing ratio F(K+~r-or K + x - ~ + x - ( v i a  

D0)) /F(K-~r+or  K-~r+~r+~r - )  near the end of the D O Listings. Decay-time in- 
formation is used to distinguish doubly Cabibbo-suppressed decays from D0-D 0 mixing. 

8 This limit is inferred from the DO-D 0 mixing ratio F(K + I - P  t (via 9 0) ) / F ( K - t  + ut) 
given near the end of the D O Listings. 

9ANJOS 88C assumes no interference between doubly Cabibbo-soppressed and mixing 
amplitudes. When interference is allowed, the limit degrades by about a factor of two. 

( ro l  ' - r ~ ) I r  m 

The D O and D O are the mass eigenstates of the D O meson. AITALA 99E 
uses a difference in directly measured decay rates to obtain its limit. The 
other experiments infer the limits here from limits on mixing, using AF/F 
= [ 8 r / ( l + r ) ]  1/2,  where �9 is the experimental D0-D 0 mixing ratio. See 
the footnotes to the entries below. 

Scale factor/ 
Confidence level 

S=1.3 

CL=90% 

S=1.3 

< 1.2 x 10 - 3  CL=90% 

< 1.4 x 10 - 3  CL=90% 

( 3.7 &0.6 ) x 10 -3  

A fraction of the following resonance mode has already appeared above as 
a submode of a charged-particle mode. 

F18 K * ( 8 9 2 ) - e  + u  e (2.024-0.33) % 

Hadronic modes with a ~ or K K ~ '  
F19 K-~r  + ( 3.83• 
i-2o ~ o ~ o  ( 2.11• S=1.1 
r21 K~ [el ( 5.4 4-0.4 )% S=1.2 

(].214-0.17) % 
( 3.0 4-0.8 ) x  10 - 3  

2.4 • ) x 10 - 3  

4.3 • ) x 10 - 3  

S=1.3 

r22 ~0p0  

r23 ~o 6(980) 
• B ( f  0 --~ /r+,tr - )  

r24 ~ o  f2(1270) 
x B ( f  2--~ x+Tr - )  

r2s go  f0(1370) 
x B ( f  0 ~ 7r+;,r - )  

F26 K * ( 8 9 2 ) -  'rr + 
x B ( K * -  -'* R % r - )  

F27 K~(1430) -  7r + 

• B(K~(1430)--+ # ~ ' - )  
F28 ~ 0  ~r+ 7r- nonresonant 
F29 K -  lr+'/r 0 

F3o K -  p+ 
F31 K*(892)-~r + 

x B(K*- --+ K-~r 0) 
F32 K* (B92)0x  0 

x B ( K  * 0 - ~  K - I t  + )  

1-33 K -  ~r + ~r ~ nonresonant 

3.4 • ) '4 

6.4 4-1,6 ) x 10 -3  

1.47• % 
[c] (13.9 • ) % 

to.e • ) % 
(1;7 •  

( 2.1 4-0.3 )% 
VALUE ~ DOCUMENT /D TEEN COMMENT 

-o.11~<z~r/r<o.~ 95 10GODANG 00 CLE2 e+e - I ( 6.9:1:2.5 ) x l 0  - 3  
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D o 

r34 ~Ow Ow 0 
F3S K'(892)~ 0 

x B ( g * 0 ~  K0w 0) 

F36 K~ w~ 7r0 nonresonant 
F37 K -  w + 7r + w-  
r3B K -  w + pO total 
F39 K -  w + p0 3-body 
F4O K*(B92)0p ~ 

x B(K *0--* K - w  +) 
F41 K -  a1(1260) + 

x B(a1(1260)+-~ w+w+w - )  
F42 K*(892)~ ~r+ w -  total 

x B(K*0-~  K-~r  +) 
F43 K'* (892) 0 w + w-  3-body 

x B(~ *~ K-~ +) 
1-44 K 1 (1270)- w + [d] 

x B(K1(1270)- -~ K - w + w  - )  
F45 K -  w+ w+ w -  nonresonant 
F46 ' ~ 0 w + w - w  0 
F47 K0 v x B(fl ---* "n+w-'.'r 0) 
F48 ~o~ • B(,.,,, --.'. , , .+x-xo) 
F49 K*(892)-  p+ 

x B ( K * -  -~ K 0 w - )  
rso K*(892)0p 0 

x B(K  *0 ~ K0~r0) 

F51 K1(1270) -w+ [dl 
x B(KI(1270)---~ K 0 w - w  e ) 

F52 K*(892) 0 w + w-  3-body 
x B(R *~ g~ ~ 

rs3 R ~ w + w-  w ~ nonresonant 
r54 K -  w + w 0 ~r 0 
r55 K -  w + 7r + w -  ~0 
rs6 K* (892) 0 w + ~ -  wO 

x B(K "0 -~  K - x  +) 
F57 K*(892)OF/ 

x B(K  *0 --~ K-~r  +) 
x B(rt'---, ~+w-~r 0) 

F58 K - w + ~  x B(~-~ w + w - ~  ~ 
F59 K*(892)0u~ 

x B(K"0 --* K - x  +) 
x B(~--, w+w-~ "~ 

F60 ~ow+w+w w 

F01 R~176176 ~ 
F02 ~ K + K -  

r63 
F64 
F65 

r66 

F67 

1,1 4-0.2 ) %  

7.8 4-2.0 ) x 10 -3 
[c] 7.494-0.31) % 

6.3 4,0.4 )% 
4.7 4-2.1 ) x 10 -3 
9.0 4-2.2 ) x 10 -3 

3.6 4-0.6 )% 

1.5 4-0,4 ) % 

9.5 4-2.1 ) x 10 - 3  

3.6 4.1.0 ) x 10 -3 

1.744-0.25) % 
[c] (10.0 4-1.2 ) % 

1.6 •  ) x 10 -3 
1.9 4-0.4 )% 
4.1 4,1.6 ) % 

4.9 4-1.1 x 1 0  - 3  

5.1 4,1.4 x i0 -3 

4,8 4.1.1 • 10 -3 

2.1 4-2.1 % 
(15 4-5 % 

4,0 4-0.4 % 
1.2 4-0.6 % 

2.9 4-0.8 x 10 -3 

23 4-0.5 ) %  
7 4-3 ) x 10 -3 

5.8 4-i.6 ) x 10 -3 

(lo.6 +7.3 -3.0 )% 
( 9.4 4-1.0 ) x 10 -3 

In the f i t  as �89 + F64, where �89 = F63. 
RO~ x B ( ~ - ~  K + K  - )  (4.3 4-0.5 ) x I0  -3 
K ~  ( 5.1 4-0.8 ) x 10 -3 

KO vo ~o 5 " S " 5  ( 03 4-1.5 ) x 10 -4 
K + K -  K -  ~+ ( 2.1 4-0.5 ) x 10 -4 

K + K - - K ~  0 ( ?.2 +4.8 --3.5 ) x 10 -3 

Fractions of many of the following modes with resonances have already 
appeared above as submodes of particular charged-particle modes. (Modes 
for which there are only upper limits and K*(892)p submodes only appear 
below.) 

%8 ~o~ ( 7.0 4-1.o )xlO -3 
F69 ~opo ( 1.214.0.17)% 
rTo K-p + (1o.0 4-o,9 )% 
F71 Row ( 2.1 4-0.4 ) %  

F72 ~0 ~r(988 ) (1.714-0.26) % 
r73 KOfo(980) ( 5.7 4-1.6 )•  -3 
r74 ~o~ ( 8.6 4,1.0 )x10 -3 

5 : 1 . 2  

r84 K -  w + p0 total 
r85 K -  ~r + po 3-body 
r86 K*(892)0p ~ 
F87 ~ ,  (892)0 pO transverse 
r80 ~ ,  (892)0 pO S-wave 
F89 K*  (892) 0 p0 S-wave long. 
r9o R* (892) 0 pO P-wave 
F91 ~ ,  (892)0 pO D-wave 
F92 K*(892)-  p+ 
F93 K*(892)-  p+ longitudinal 
F94 K* (892)- p+ transverse 
r9s K* (892)- p+ P-wave 
F96 K -  w + f0 (980) 
F97 R* (892) 0 6(980) 
F90 K1(1270)- w + 
r09 K1(1400)- w + 
F10o K1 (1400) 0"~r0 
ri01 K*(1410)- w + 
rl02 K~(1430)- w + 

rlo3 K~(1430)- w + 
rlo4 K:~ (1430)0 Ir 0 
rio s K*(892) 0 w + 7r- ~0 
F106 K*(892)0 F/ 
rlo 7 K - w + ~  
r lo B K*(892)0~ 
r lo  0 K- Ir+ I/'(958) 
r n o  K* (892)~ 7/(958) 

Fli I w + w- 
rll 2 ~~176 
Fll 3 w + w-  w 0 
Ell 4 w+~+x w 
FI15 w+ ~+w- w-w 0 

rll 6 ~ + w + w + ~ - ~ - ~  - 

Fl17 
FnB 
FI19 
F12o 

r121 

r122 
F123 
F124 

F125 

F126 

F127 
F128 
r129 
F13o 
F131 
r132 
F133 

F134 

F135 
F136 

( 6,3 4-0,4 )% 
( 4.7 4-2,1 ) x  10 -3 
(1.464-0.32) % 
( 1.5 • )% 
( 2.8 4-0.6 )% 

< 3 x 10 -3 
< 3 X 10 -3 

( 1.9 4-o.0 )% 
( 6.1 4-2.4 )% 
( 2.9 4-1.2 )% 
( 3.2 4,1.o )% 

< 1.5 % 
< 1.1 % 
< 7 x 10 -3 

[d] (1.064,0.29) % 
< 1.2 % 
< 3.7 % 
< 1.2 % 

(1,044,0.26) % 
< 8 x 10 -3 
< 4 x 10 -3 

1.8 4-o.9 )% 
1.9 • )% 
3.0 4-O.0 ) % 
1.1 4-0.4 ) % 
7.0 4-1.8 ) x 10 -3 

< 1.0 x 10 -3 

Pionlc modes 
1.52--0.09) x 10 -3 
8.4 4-2.2 ) x 10 -4 
1.6 4-i,i )% 
7.3 4-0.5 ) x 10 -3 
1.9 4-0.4 )% 
4.0 4-3.0 ) x 10 -4 

Hadronlc modes with a KR" pair 
K + K -  
KO~O 
KOK-w+ 

K* (892) o K ~ 
x B(K "*0 --, K - w  +) 

K* (892) + K -  
x B(K * + - ~  K0w +) 

K ~ K -  ~r + nonresonant 
~ O K + ~ -  

K * ( 8 9 2 ) ~  0 
x B ( K * ~  K + ~  - )  

K*(892)-  K + 
x B ( K * -  -~ K 0 w - )  

~-0 K + w  - nonresonant 

K + K-~r o 
Ko ~o ~o 

K+ K - w +  w - 
q~w+Tr - x B(@-~ K + K  - )  

~bp 0 x B(@-~ K + K - )  
K + K -  p0 3-body 
K*(892) ~ K -  w + +c.c. 

x B (K*0 -~  K + w  - )  
K*(892)0K*(892) ~ 

x B2(K *0 -~  K+w - )  
K + K -  7r + ~ -  non- 
K + K -  ~r + w-  nonresonant 

CL=O0% 
CL=90% 

CL=90% 
CL:90% 
CL-90% 

CL=90% 
CL=90% 
CL=90% 

CL=90% 
CL=90% 

CL=90% 

$-2.7 

F75 K - a  1(1260) + 
r76 K~  a1(1260)~ 
F77 K-~ f2 (1270) 
F78 K-a2(1320) + 
r79 ~-o fo(1370) 
FBo K*(892)-w + 
r01 K*(892) 0w 0 
F02 K*(892) 0~+ w-  total 
F83 K* (892) ~ w + w- 3-body 

( 7.3 4-1.1 )% F137 
< 1.9 % CL~90% 

( 4.1 4-1.5 ) • 10 -3 
< 2 x 10 -3 CL~90% 

( 6.9 4-2.1 ) x  10 -3 
( 5.0 4-0.4 )% S=1.2 
( 3.1 4-0.4 )% 
( 2.2 4-0.5 )% 
(1.424-0.32) % 

(4.254-0.16) x 10 -3 
( 6.5 4-1.8 ) • 10 -4 5:1.2 
( 6.4 4-1.0 ) x 10 -3 S:1.1 

< 1,1 x 10 -3 CL=90% 

23 4-0.5 x 10 -3 

2.3 4-2.3 x 10 -3 
5.0 4-1.0 x 10 -3 

< 5 x 10 -4 

( 1.2 "-0.7 ) x 10 -3 

( 3.8 +2.3 -1,9 ) x 10 -3 

( 13 4-0.4 )x  10 -3 
< 5.9 • 10 -4 

[e] (2.504-0.23) x 10 -3 
( 5.3 • ) x 10 -4 
( 3.0 • ) x  10 -4 
( 9.0 4-2.3 ) x 10 -4 

[f] < 5 x 10 -4 

( 6 4-2 )xIO -4 

CL=90% 

Fractions of most of the following modes with resonances have already 
appeared above as submodes of particular charged-particle modes. 

F139 R*(B92)~ ~ < 1.0 x 10 -3 CL=90% 
F140 K*(B92)+K - ( 3.5 4-0.0 ) x 10 -3 
F141 K*(B92)~ ~ < 0 x 10 -4 CL=90% 
F142 K*(B92)-K + ( 1.8 4-I.0 ) x l 0  -3 
F143 (~,/.f0 < 1.4 x10 -3 CL=90% 
F144 (~'r/ < 2.0 x10 -3 CL=90% 
F145 (~w < 2.1 x 10 -3 CL=90% 

K~176 - ( 6.8 4-2.7 )x  10 -3 
F138 K+K-w+w-w 0 ( 3.1 4-2.0 )x lO -3 

< 8 x 10 -4 CL=90% 
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FI46 ~/f§ 
F147 @po 

F148 ~Tr + / f -  3-body 
F149 K * ( B g 2 ) 0 K - / f + +  c.c. 
Fls0 K*(892) 0 K -  ';'r + 
7151 K*  (892) 0 K + / f -  
[-152 K*(892)~ 0 ( 1.4 9:0.5 ) x  10 -3 

Radiative modes 
F153 p07 < 2.4 x l0 -4 CL=90% 
F154 cJ7 < 2.4 x 10 -4  EL=90% 
[-155 ~'Y < 1,9 x 10 -4  CL=90% 
F156 K*(892)07 < 7.6 x l0 -4 CL-90% 

(1.07• x 10 -3 
( 6 •  ) x 10 -4 
( 7 •  ) x 10 -4 

If] < 7 x 10 -4  CL=90% 

Doubly Cabibbo suppressed (DC)  modes, 
A C  = 2 forbidden via mixing (C2M) modes, 

A C =  1 weak neutral current ( C I )  modes, or 
Lepton Family number (LF) violating modes 

FlS7 K + t - ~ l ( v i a  9 ~ C2M < 1.7 • 10 -4  CL=90% 
rise K +Tr-  DC (1.464-0.30) x 10 -4  
7159 K + / f - ( v i a D  ~ C2M < 1.6 x10 -5 CL=95% 
F16o K + / f - / f + ~  - DC ( 1.9 • ) x 10 -4  
F161 K + T r - T r + ~ - ( v i a D  ~ C2M < 4 x ]0  -4 CL=90% 
1-162 K + ~ r - o r  < 1.o x lO -3  CL=90% 

K + / f - / f +  7r- (via ~o )  
F163 #-anyth ing (via ~0 )  C2M < 4 x 10 -4  CL-90% 
['164 e + e -  C1 < 6,2 x 10 -6  CL=90% 
1-165 /z+p - C1 < 4.1 x l0 -6  CL=90% 
1-166 /fOe+ e -  C1 < 4.5 x 10 -5  CL=90% 
7167 /f0/~+#- C1 < 1.8 x 10 -4 CL=90% 
F16 B F/e + e- C1 < 1.1 x 10 -4 CL-90% 
r169 r//~+/~ - c1 < 5.3 x l o  -4 EL-90% 
7170 pOe + e-  C1 < 1,0 x 10 -4 EL-90% 
7171 p0#+/~- C1 < 2,3 x 10 -4 EL=90% 
7172 we+e - Cl < 1,0 x 10 -4 EL-90% 
F173 w/~+/~ - C1 < 8.3 x10 -4  CL-90% 
7174 ~e + e-  C1 < 5.2 x 10 -5 CL:90% 
['175 ~ + / ~  C1 < 4.1 x l0 -4 CL=90% 
r176 K ~  [g] < 1.1 x lO -4 CL=90% 
r177 -~0/~+~- [g] < 2.6 x10 -4  CL=90% 
7178 K* (892 )~  - [g] < 1.4 x10 -4  CL--90% 
F179 "K*(892) 0 #+ # -  [g] < 1.18 x 10 -3  CL-90% 
7180 /f+?r-~0/~+/-t - C1 < 8.1 x10 -4 CL-90% 
['181 P• eF LF [h] < 8.1 x 10 -6 CL=90% 
[-182 / f~177  -:F LF [h] < 8.6 x 10 -5  CL=90% 
[-183 r/e• LF [h] < 1.0 x 10 -4  CL=90% 
1-184 p0 e • LF [h] < 4.9 x 10 -5  CL=90% 
F185 w e •  :F LF [hi < 1.2 x l0 -4  CL=90% 
F186 ~e• T LF [hi < 3.4 x l0 -5  Ct-90% 
F187 ~-Oe •  LF [h] < 1.0 x 10 -4 CL-90% 
Flee K*(892) ~ • LF [h] < 1.0 x 10 -4 CL=90% 

F189 A dummy mode used by the fit. 
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CONSTRAINED FIT INFORMATION 

An overall fit to 51 branching ratios uses 122 measurements and 
one constraint to determine 28 parameters. The overall fit has a 
X 2 = 64.5 for 95 degrees of freedom. 

The following off-diagonal array elements are the correlation coefficients 
16xi6xj>/(6xi.~xj),  in percent, from the fit to the branching fractions, x i - 
Fi/Ftota I. The fit constrains the x i whose labels appear in this array to sum to 

one. 

xB 

x9 

x17 

x18 

x19 

x20 

x21 

x29 

x37 

x46 

;<55 
x64 

x68 

x71 

x74 

Xeo 

x01 

x03 

XS7 

x98 

;(106 
x117 

x118 

x119 

x123 

X140 

x189 

XSS 

x64 

x68 

x71 

x74 

xB0 

xB1 

x83 

X87 
(17.2 4"3.4 ) % 5=1.1 

[a] This is a weighted average of D • (44%) and D O (56~ branching frac- 
tions. See "D+andD  0 -~ (r/ anything) / (total D + and Do) '' under 
"O + Branching Ratios" in these Particle Listings. 

[b] This value averages the e § and #+  branching fractions, after making a 
small phase-space adjustment to the/~+ fraction to be able to use it as 
an e § fraction; hence our ~§ here is really an e +. 

[c] The branching fraction for this mode may differ from the sum of the 
submodes that contribute to it, due to interference effects. See the 
relevant papers. 

[d] The two experiments measuring this fraction are in serious disagreement. 
See the Particle Listings. 

[e] The experiments on the division of this charge mode amongst its sub- 
modes disagree, and the submode branching fractions here add up to 
considerably more than the charged-mode fraction. 

[f] However, these upper limits are in serious disagreement with values ob- 
tained in another experiment. 

[g] This mode is not a useful test for a A C = I  weak neutral current because 
both quarks must change flavor in this decay. 

[h] The value is for the sum of the charge states or particle/antiparticle 
states indicated. 

x98 

x106 

x117 

x118 

x119 

x123 

x140 

x189 

x106 

x117 

Xl18 

x119 

x123 

X14o 

x189 

6 
32 19 

1 24 5 

1 8 3 2 

13 46 42 11 6 

1 5 3 1 24 8 

1 6 4 2 36 10 66 

3 11 9 3 7 23 16 18 

5 18 17 4 3 40 4 5 9 
1 3 2 1 18 6 33 51 9 4 

3 9 8 2 1 19 2 2 4 28 

1 3 2 1 16 5 30 46 8 2 

1 3 2 1 17 5 58 47 11 2 
1 2 2 1 13 4 24 37 6 2 
1 4 3 1 21 6 39 60 10 3 

1 6 4 1 30 9 56 84 18 4 
1 5 4 1 7 10 24 18 43 4 

1 3 3 1 0 7 1 1 2 18 

1 2 2 0 2 4 3 5 2 9 

0 2 1 0 7 3 13 20 4 3 

I 3 3 1 2 6 4 4 23 3 

8 28 25 7 4 60 5 6 14 24 

0 2 1 0 9 3 17 25 4 1 
1 4 3 1 14 6 26 39 7 3 

1 3 2 1 11 6 20 30 6 2 

0 2 1 0 ii 3 20 30 5 1 

-28 -21 -23 -7 -34 -32 -53 --70 -50 -26 

x2 x 8 x9 x17 x18 x19 x20 ;<21 x29 x37 

1 

23 1 

24 1 21 

43 1 17 17 

30 1 7 28 22 

43 2 38 40 31 50 

9 2 8 14 7 11 17 

1 5 0 0 0 0 1 1 

9 3 2 2 4 3 4 1 2 

40 1 9 9 17 12 17 4 1 4 

2 1 2 2 2 2 4 10 0 0 

3 12 3 3 2 4 6 6 4 2 

13 i II 12 9 15 21 5 0 I 

20 1 18 18 14 23 33 7 0 2 

15 1 13 14 11 18 25 6 0 2 

15 1 14 14 11 18 25 6 0 1 

-68 -20  -33 -38 -45 -43 -64 -39  "14 -23  

x46 x55 x64 x68 x71 x74 ;(80 Xs| x83 ;(87 

1 

2 4 

5 1 2 

8 2 4 10 
6 1 3 7 12 

6 1 2 8 12 9 

-34 -25 -20 -18 -30  -24  -23 

;<98 x106 x117 X118 X119 X123 X140 
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D O B R A N C H I N G  R A T I O S  

see the "Note on D Mesons" in the D • Listings. 

Some older now obsolete results have been omitted from these Listings. 

Includve modes 
r(e + anything)/rtotal r l / r  
VALUE EVT5 DOCUMENT ID TECN COMMENT 
0,0675"I-0.0029 OUR AVERAGE 
0.069 • • 1670 ALBRECHT 96C ARG e + e- ~ 10 GeV 
D.0664•177 4609 16 KUBOTA 96B CLE2 e+e - ~. T(45) 
0.075 • • 137 BALTRUSAIT,.~5B MRK3 e + e  - 3.77 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, e t c . � 9  �9 �9 

0.15 • AGUILAR-,.. 87E HYBR ~rp, p p  360, 400 
GeV 

0.055 +0.037 12 SCHINDLER 81 MRK2 e + e  - 3.771 GeV 

16KUBOTA 96B uses D * +  ~ D0~ + (and charge conjugate) events in which the D O 

subsequently decays to X e + u e. 

r(#4anything)/l'tota I 
VALUE EVT5 DOCUMENT ID TECN COMMENT 

rdr 

0.066-+-0.006 OUR FIT 
0.060• 310 ALBRECHT 96c ARG e+e  - ~ 10 GeV 

r (K- anything)/rt=ii Fur 
VALUE EVT5 DOCUMENT ID TECN COMMENT 
0..$3 4-0.04 OUR AVERAGE Error includes scale factor of 1.3. See the ideogram below. 

0 5A~+0.039 17 BARLAG 92c ACCM ~ -  Cu 230 GeV 
" ~ -  0.038 

0.609•177 COFFMAN 91 MRK3 e + e  - 3.77 GeV 
0,42 • AGUILAR-... 87E HYBR ~ p ,  p p  360, 400 GeV 
0,55 • 121 SCHINDLER 81 MRK2 e+e - 3.771 GeV 
0,35 • 19 VUILLEMIN 78 MRK1 e+e - 3.772 GeV 

17 BARLAG 92C computes the branching fraction using topological normalization. 

[F(-~ anything) + F(K~ anything)]/ruxi, 
VALUE EVT5 
0.42 .`1"0.05 OUR AVERAGE 
0.455 + 0,050 • 0.032 
0,29 • 13 
0.57 • 6 

r(K +anything)/rt=,, 
VALUE EVT5 

34 + 0.006 0.0 -0 .004 OUR AVERAGE 

0 n~+0.007 
. . . .  - 0.005 

0,028 • 0.009 • 0.004 

0.03 40.05 
-0.02 

0.08 • 25 

DOCUMENT ID TECN COMMENT 

COFFMAN 91 MRK3 e + e  - 3.77 GeV 
SCHINDLER 81 MRK2 e+e  - 3.771 GeV 
VUILLEMIN 78 MRK1 e + e  - 3.772 GeV 

DOCUMENT ID TEEN COMMENT 

r , / r  

r,/r 

18 BARLAG 92C ACCM x -  Cu 230 GeV 

COFFMAN 91 MRK3 e + e  - 3.77 GeV 

AGUILAR-... 87E HYBR i rp ,  p p  360, 400 GeV 

SCHINDLER 81 MRK2 e+e  - 3.771 GeV 

18 BARLAG 92C computes the branching fraction using topological normalization. 

Semileptonic modes 
r (K- t+  i~l)/rtoli i FUr 

We average our K -  e + u e and K -  # +  u# Ixanching fractions, after multiplying the 

latter by a phase-space factor of 1.03 to be able to use it with the K -  e + v e fraction. 

Hence our l + here is really an e + .  
VALUE 
0.03484-0.0017 OUR AVERAGE 
0,0364• 
0,0331 • 

r(K- e+ l,e)lrt=a 
VALUE EVT5 
0.03644-0.0016 OUR FIT 

DOCUMENT ID COMMENT 
Error includes scale factor of 1.3. 

PDG 00 Our F(K- e +~e)trtotal I 
PDG 00 1,03 x our F ( K - l ~ + u # ) / F t o t a l  I 

r6/r 
DOCUMENT ID TEEN COMMENT 

0.034:1:0.006 4-0.004 55 ADLER 89 MRK3 e+e  - 3.77 GeV 

r(K-e+v,)lr(K-.+) 
VALUE EVTS DOCUMENT IO TECN COMMENT 

r0/rl, 
0.95 4-0.04 OUR FIT 
0.g5 .`1,0.04 OUR AVERAGE 
0.978•177 2510 19 BEAN 93C CLE2 e + e -  ~ T(45)  
0.90 -{-0,06 • 584 20 CRAWFORD 91B CLEO e + e - ~  10.5 GeV 
0.91 • • 250 21 ANJOS 89F E691 Photoproduction 

19 BEAN 93C uses K -  #+  v,u as well as K -  e + u e events and makes a small phase-space 

adjustment to the number of the /~+ events to use them as e + events. A pole mass of 
2.00 • 0.12 4- 0.18 GeV/c 2 is obtained from the q2 dependence of the decay rate. 

20 CRAWFORD 91B uses K-- e + v e and K - / J +  ~,/~ candidates to measure a pole mass of 

140 .4+0 .3  GeV/c 2 from the q2 dependence of the decay rate. 
"~-  0.2 -0 .2  

21ANJOS 89F measures a pole mass of 2 1+0"4 ~ " ' - -0.2 ~ 0.2 GeV/c 2" from the q2 dependence 
of the decay rate. 

r(K-/~+ ~'r,)IF(K- ~r +) r,/r~, 
VALUE EVTS DOCUMENT ID TECN COMMENT 

0.84 4-0.04 OUR FIT 
0.B4 4-0.04 OUR AVERAGE 
0.852•177 1897 22 FRABETTI 95G E687 "7Be E T =  220 GeV 

0.82 • • 338 23 FRABETTI 931 E687 "yBe E 3 ' :  221 GeV 

0,79 • • 231 24CRAWFORD 91B CLEO e + e - ~  10.5 GeV 

22 FRABETTI 95G extracts the ratio of form factors f_ (0) / f+(0)  = - 1 . . _  3.4~+3'6 • 0.6, and 

measures a pole mass of I 87 +0"11 +0.07 GeV/c2 from the q2 dependence of the decay " --0.08-0.06 
rate. 

23 r FRABETT, 931 . . . . .  esa pole mass of 2.1 _+ 0:7 ~ 0:7 GeV/c 2 from the q2 depend . . . .  

of the decay rate. 
24CRAWFORD 91B measures a pole mass of 2.00 • 0.12 • 0.18 GeV/c 2 from the q2 

dependence of the decay rate. 

F(K-/.=+ ~/~)/1"(#+ anything) I',/r= 
VALUE EVT5 DOCUMENT ID TECN COMMENT 
0.49 '`1"0.06 OUR FIT 
0.4"r24-0.0514-0.040 232 KODAMA 94 E653 ~r- emulsion 600 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.32 • •  124 KODAMA 91 EMUL pA 800 GeV 

r(K-  fo e+ ve)/rt~l rlolr 
VALUE EVTS DOCUMENT ID TEEN COMMENT 

0 016 -1"0"013 ~ 
�9 _0.00S=u.wL 4 25 BAI 91 MRK3 e + e -  -~ 3.77 GeV 

n ~Q+0.15 +0,09 D + D O 25BAI 91 finds that a fraction . . . .  - 0 . 1 7 - 0 . 0 3  of combined and decays to 

K~r e + z, e (24 events) are K *  (892) e + u e. BAI 91 uses 56 K -  e + v e events to measure 

a pole mass of 1.8 • 0.3 • 0.2 GeV/c 2 from the q2 dependence of the decay rate. 

r0~ , r -  e+ ve)/rt==l r . / r  
VALUE EVTS DOCUMENT IO TECN COMMENT 

0 028 +0'01u ~ . _ 0 . 0 0 6 ~ v , w ~  6 26 BAI 91 MRK3 e + e-- ~ 3.77 GeV 

26BAI 91 finds that a fraction 0 7a+0"15+0"09 of combined D + and D O decays to " " - 0 . 1 7  -0 .03 
K~re + v e (24events) are K*(892)e  + u e. 

r(K*(892)- e + ue)/r(K- e + re) r . / r e  
Unseen decay modes of the K*  (802)-  are included, 

VALUE DOCUMENT ID TECN COMMENT 

0.554-0.09 OUR FIT 
0.51=E0.16-1-0.06 CRAWFORD 91B CLEO e + e -  ~ 10,5 GeV 

F(K*(892)-e +=~e)/r(-P~+.-) r ie / r l l  
Unseen decay modes of the "K* (892)-- are included. 

VALUE EVT5 DOCUMENT ID TECN COMMENT 

0,37.`1"0.06 OUR FIT 
0.384-0,06"`1,0.03 152 27 BEAN 93C CLE2 e + e-- ~ Y(4S) 

27 BEAN 93C uses K * - / ~ +  u# as well as K * -  e + J'e events and makes a small phase-space 

adjustment to the number of the /~+ events to use them as e + events. 
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F(K*(892)- t + . z ) / r  I p . +  �9 - ) r . / r ~ l  
This an average of the K * ( 8 9 2 ) - e  + u e and K * ( 8 9 2 ) - / l  + up ratios. Unseen decay 

modes of the K*(892)--  are included. 
VALUE EVT5 DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.24•177 137 28ALEXANDER 90B CLED e + e  - 10.5-11 GeV 

28ALEXANDER 90B cannot exclude extra lr0's in the final state. See nearby data blocks 
for more detailed results. 

r('#i'* (892) ~  e + ~e)/F(K'(892)- e + ~'e) r l4/rl~ 
Unseen decay modes of the K-*(892) 0 are included. 

VALUE EL_%% DOCUMENT ID TEEN COMMENT 

�9 �9 * We do not use the following data for averages, fits, limits, etc. �9 �9 * 

<0.64 90 29 CRAWFORD 91B CLEO e + e -  ~ 10.5 GeV 

29The limft on ( K * ( 8 9 2 ) ~ ) -  / l +u#  below is much stronger. 

F(K-,+.-I~+ v~)IF(K- I~+ %) rl~/r~ 
VALUE CL~ DOCUMENT ID TECN COMMENT 

<0.037 90 KODAMA 93B E653 ~r- emulsion 600 GeV 

r((~"Ce~)~)- ~+ ~)/r(K- ~+ ~) rldr, 
VALUE CL~ DOCUMENT ID TECN COMMENT 

<0.043 90 30 KODAMA 93B E653 ~ -  emulsion 600 GeM 

30 KODAMA 93B searched in K - ~r + ~r- # +  u/~, but the limit includes other ( K *  (892) �9 ) - 
charge states. 

r ( r -  e + ~e)/qo~l r,z/r 
VALUE EVTS DOCUMENT ID TEEN COMMENT 
0.0037-1-0.0006 OUR FIT 

0 0039 +0'0023"~'n ~ 31 �9 _ 0 . 0 0 1 1 ~ . . ~  7 ADLER 89 MRK3 e + e  - 3.77 GeV 

result of ADLER 89 gives I ~ c s  " ~lf~(O) 2 _ . . . . . .  n n ~  +0"038_0,015 :5 0.005. 31 This 

r(~- e+ ~)/F(K- e+ ~,) rldro 
VALUE EVT5 DOCUMENT ID TEEN COMMENT 
0.102:1:0.017 OUR FIT 
0.101-i- 0,018 OUR AVERAGE 
0,101• 91 32 FRABETTI 96B E687 3, Be, E3' ~ 200 GeV 

0.103:50,039• 87 33 BUTLER 95 CLE2 < 0.156 (90% CL) 

32 FRABETTI 96B uses both e and/~ events, and makes a small correction to the # events to 

make them effectively e . . . .  ts. This result gives 1~7~ . ~ j  2 = 0.050•177 

v ~ 2  33 BUTLER 95 has 87 • 33 ~r- e + u e events. The result gives I ~  " f~  (0) = 0.052 • 

0.020 • 0.007. 

Hadronlc modes with a ~' or "~K~ - -  

r ( K - , + ) / r i o . i  r . l r  
We list measurements before radiative corrections are made. 

VALUE EVT$ DOCUMENT ID TEEN COMMENT 
0.0383:1:0.0009 OUR FIT 
0.0385:E0.00(R OUR AVERAGE 
0.0382:50.0007:50.0012 34ARTUSO 98 CLE2 CLEO average 
0.0390:50,0009:50.0012 5392 35 BARATE 97c ALEP From Z decays 
0.045:50.006 • 36ALBRECHT 94 ARG e+e  - ~ T(45) 
0.0341:5 0.0012:5 0.0028 1173 35 ALBRECHT 94F ARG e + e -  ,'~ T(4S) 
0.0362:50.D034:50.0044 35 DECAMP 91J ALEP From Z decays 
0.045:50.008:50.005 56 35ABACHI 88 HRS e+e  - 29GeV 
0.042:50.004:50,004 930 ADLER 88c MRK3 e+e  - 3.77 GeV 
0.041:50.006 263 375CHINDLER 81 MRK2 e+e  - 3,771 GeV 
0.043:50310 130 38 PERUZZI 77 MRK1 e + e -  3.77 GeV 
�9 �9 * We do not use the following data for averages, fits, limits, etc. �9 * * 

0.0381:5 0.0015:5 0.0016 1165 39 ARTUSO 98 CLE2 e + e- at T(45) 
0.0369:5 0.0011:5 0.0016 40 COAN 98 CLE2 I 
0.0391:50.0008:50.0017 4208 35,41 AKERIB 93 CLE2 e+e  - -~ T(45) 

34This combines the CLEO results of ARTUSO 98, COAN 98, and AKERIB 93. I 
35ABACHI 88, DECAMP 91& AKERIB 93, ALBRECHT 94F, and BARATE 97C use 

D*(2010) + ~ D0~ + decays. The ~+  is both slow and of low P T  with respect 

to the event thrust axis or nearest jet (~  D * +  direction). The excess number of such 
~+ 's  over background gives the number of D*(2010) + ~ D0~ + events, and the 
fraction with D O ~ K -  ~+  gives the D O ~ K -  x +  branching fraction. 

36 0 O D * +  ALBRECHT 94 uses D mesons from B ~ t - u t  decays. This is a different set 
of events than used by ALBRECHT 94F. 

37SCHINDLER 81 (MARK-2) measures o'(e + e -  ~ V~(3770)) x branching fraction to 
be 0.24 • 0.02 nb, We use the MARK-3 (ADLER 88c) value of ~ = 5.8:5 0.5 • 0.6 nb, 

38pERUZZl 77 (MARK- l )  measures ~(e + e -  ~ ~(3770)) x branching fraction to be 
0.25 • 0.05 rib. We use the MARK-3 (ADLER 88c) value of r = 5.8 • 0.5 • 0.6 nb. 

39ARTUSO 98, following ALBRECHT 94, uses D O mesons from B ~0 ~ I 
D * ( 2 O I O ) + X t - ~ t .  decays, Our average uses the CLEO average of this value with I 
the values of COAN 98 and AKERIB 93. I 40COAN 98 assumes that F(B ~ ~ X ~ . + u ) t F ( B  ~ X t  + ~) = 1.0 - 31Vub/Vcbl 2 - 

0,010 • 0.005, the last term accounting for -B ~ D +  s K X t . - ~ ,  COAN 98 is included I 
in the CLEO average in ARTUSO 98. 

41This AKERIB 93 value does not include radiative corrections; with them, the value is 
0,0395 • 0,0008:5 0.0017. AKERIB 93 is included in the CLEO average in ARTUSO 98. 

riP,~ r2o/r19 
VALUE EVT$ DOCUMENT ID TEEN COMMENT 
0.55-1-0.0G OUR FIT Error includes scale factor of 1.1. 
1.36:t:0.25-I-0.22 119 ANJOS 92B E691 3<Be 80-240 GeV 

r i P . ~  -) rio/ril 
VALUE EVT5 DOCUMENT/O TEEN COMMENT 
0.390:1:0.031 OUR FIT 
0.378:1:0.033 OUR AVERAGE 
0.44:50.02 • 1942 PROCARIO 93B CLE2 e + e  - 10.36-10.7 GeV 
0.34 •  92 42 ALBRECHT 92P ARG e + e -  ~ 10 GeV 
0.36 • • 104 KINOSHITA 91 CLEO e + e -  ~ 10.7 GeV 

42 This value is calculated from numbers in Table I of ALBRECHT 92P. 

r(-g%+.-)/rt~.l ril/r 
VALUE EVT5 DOCUMENT /D TEEN COMMENT 
0.054 "1-0.004 OUR FIT Error includes scale factor of 1.2. 
0.055:1:0.005 OUR AVERAGE 
0.0503•177 284 43ALBRECHT 94F ARG e + e  - .~ T(4S) 
0.064:50.005 • ADLER 87 MRK3 e-Ce - 3.77 GeV 
0,052:50.016 32 445CHINDLER 81 MRK2 e + e  - 3.771 GeV 
0.079:50.023 28 45 PERUZZI 77 MRK1 e + e -  3.77 GeV 

43 See the footnote on the ALBRECHT 94F measurement of I ' ( K - 7 r + ) / r t o t a  I for the 
method used. 

44 SCHINDLER 81 (MARK-2) measures r + e -  ~ ~b(3770)) x branching fraction to 
be 0.30 • 0.08 nb. We use the MARK-3 (ADLER 88(:) value of ~ = 5.8 • 0.5 • 0.6 nb. 

45pERUZZI 77 (MARK- l )  measures ~(e + e -  ~ ~(3770)) x branching fraction to be 
0.46:5 0.12 nb. We use the MARK-3 (ADLER 88c) value of ~ = 5.8:5 0.5 • 0.6 nb. 

r ip,+,-)/r(K-,+) r=l/rl, 
VALUE EVTS DOCUMENT ID TEEN COMMENT 
L42-1"0o10 OUR FIT Error includes scale factor of 1.2. 
1,65:1:0.17 OUR AVERAGE 
1.61:50.10• 856 FRABETTI 94J E687 ~fBe E.).=220 GeV 

1.7:50.8 35 AVERY 80 SPEC ~N  ~ P * +  
2.8 •  116 PICCOLO 77 MRK1 e-f-e - 4.03, 4.41 GeV 

r('go#~ -) r=~/r21 
VALUE DOCUMENT ID TEEN COMMENT 
0.223• OUR AVERAGE Error includes scale factor of 1.2. 
0.350:50.028:50,067 FRABETTI 94G E6B7 ~fBe, E3' ~ 220 GeV 

0.227:50.032:50.009 ALBRECHT 93D ARG e + e - ~  10 GeV 
0.215:50.051:50,037 ANJOS 93 E691 -),Be 90-260 GeV 
0.20:50.06 • FRABETTI 928 E6B7 "),Be E.f--~ 221 GeV 

0 ,12:50.01:50.07 ADLER 87 MRK3 e + e  - 3.77 GeV 

r ip  fo(980))/rip,+.-) r,3/r21 
Unseen decay modes of the f0(980) are included. 

VALUE DOCUMENT ID TEEN COMMENT 
0.106• OUR AVERAGE 
0.131• 0.031:5 0.034 FRABETTI 94G E687 

0.088 •177 ALBRECHT 93D ARG 

r ip  f=(1270))/r('g%+. -) 
Unseen decay modes of the f2(1270) are included. 

VALUE DOCUMENT ID -TEEN 
0.076:t:0,028 OUR AVERAGE 
0.065• FRABETTI 94G E687 

0.088 • ALBRECHT 93D ARG 

r ip  t~O370))/r(i~,+,-) 
Unseen decay modes of the f0(1370) are included. 

VALUE DOCUMENT ID TECN 
0.13 "1"0,04 OUR AVERAGE 
0.123•177 FRABETTI 94G E687 

0.131• ALBRECHT 93D ARG 

r(K'(892)-,+)/r(-g~ r~/ril 
Unseen decay modes of the K* (892 ) -  are included, 

VALUE EVT5 DOCUMENT IO TEEN COMMENT 
0.95:1:0.04 OUR FIT Error includes scale factor of 1.1. 

-/Be, r~, ~ 220 GeV 

e + e- ~ I0 GeV 

r77/r21 
COMMENT 

").Be, E~ ~. 220 GeV 

e + e - ~  10 GeV 

r~/r2~ 
COMMENT 

~Be, E3, ~ 220 GeV 

e + e - ~  10 GeV 

Unseen decay modes of the K~(1430) -  are included. 
VALUE DOCUMENT/D TEEN COMMENT 
0.19 :t:0.05 OUR AVERAGE 
0.176•177 FRABETTI 94G E687 3'Be, E3< ~ 220 GeV 

0.208:50.055• ALBRECHT 93D ARG e + e - ~  10 GeV 

r(K~(l~o)-.+)/rip,+.-)  r~o2/r=~ 

0.96 d:O.04 OUR AVERAGE 
O.93Bi0.054• FRABETTI 94G E687 -/Be, E.y ~. 220 GeV 

1.08 i0 .063•  ALBRECHT 93D ARG e + e - ~  10 GeV 
0.720•177 ANJOS 93 E691 -#Be 90-260 GeV 
0.96 • • FRABETTI 92B E687 "~Be E3,= 221 GeV 

0.84 • • ADLER 87 MRK3 e + e -  3.77 GeV 

1.05 +0.23 +0.07 25 SCHINDLER 81 MRK2 e + e  - 3.771 GeV - 0.26 -0 .09 
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r(K~(1430)-x + ) / r ( P . + . - )  r ] . . / r=  
Unseen decay modes of the K~(1430) -  are included. 

VALUE CL.~_~ DOCUMENT ID TEEN COMMENT 

<0.15 90 ALBRECHT 930 ARG e + e-~ 10 GeV 

F("K~ "- nonresonant)/F('K~ - )  r=o/rl]. 
VALUE DOCUMENT IO TEEN COMMENT 
0,27:1:0.04 OUR AVERAGE 
0.263• ANJOS 93 E691 3'Be 90-260 GeV 
0 .26 :50 .08 :50 .05  FRABETTI 92B E687 "yBe E.y= 221 GeV 

0.33 •  ADLER 87 MRK3 e + e  - 3.77 GeV 

r(K-.+.~ r ~ / r  
VALUE EVT5 DOCUMENT tD TEEN COMMENT 
0.139"1-0.01~3 OUR FIT Error includes scale factor of 1.3, 
0.131 444 0.016 OUR AVERAGE 
0.133• 931 ADLER 88C MRK3 e + e  - 3.77 GeV 
0.117:50.043 37 46 SCHINDLER 81 MRK2 e + e-- 3.771 GeV 

46SCHINDLER 81 (MARK-2) measures r + e -  ~ ~b(3770)) x branching fraction to 
be 0.68 • 0.23 nb. We use the MARK-3 (ADLER 88c) value of cr = 5.8:5 0.5:5 0.6 rib. 

r (K- .+ Ir~ Ir +) r~/r19 
VALUE EVTS DOCUMENT ID TEEN COMMENT 
3.634-0.23 OUR FIT Error includes scale factor of 1.4. 
3.474440.30 OUR AVERAGE Error includes scale factor of 1.5. See the ideogram below. 

3.814-0.07• 10k BARISH 96 CLE2 e + e  - ~ T(4S) 
3.044-0.164-0.34 931 47ALBRECHT 92P ARG e + e  - ~ 10 GeV 
4.0 4-0.9 •  69 ALVAREZ 91B NA14 Photoproduction 
2.8 • 1050 KINOSHITA 91 CLEO e + e -  ~ 10.7 GeV 
4.2 4-1.4 41 SUMMERS 84 E691 Photoproduction 

47 This value is calculated from numbers in Table I of ALBRECHT 92P. 

r (K- l r+x  ~ nonresonant)/r(K-.%r ~ r23/r~ 
VALUE EVT.~  DOCUMENT ID TEEN COMMENT 
0.0494440.0].8 OUR AVERAGE Error includes scale factor of 1.1. 
0.101:50.0334-0.040 FRABETTI 94G E687 -}.Be, E'7 ~ 220 GeV 

0.038:50.0044-0.018 ANJOS 93 E691 "},Be 90-260 GeV 
0.09 • 4-0.04 ADLER 87 MRK3 e-t-e - 3.77 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.51:50.22 21 SUMMERS 84 E891 Photoproduction 

r~'ce92)o,o)/rC/p,o) r=/r=o 
Unseen decay modes of the "K*(892) 0 are included. 

VALUE EVT~ DOCUMENT ID TEE N COMMENT 
]..494440.23 OUR R T  Error includes scale factor of 1.1. 

1.65"1"8:~:E0.20 122 PROCARIO 938 CLE2 K0 .0~r0  Dalitz plot 

r~ (1430)~176  (892)0. ~ ) r l ~ / r ,  
Unseen decay modes of the K~(1430) 0 and K*(892)  0 are included. 

m 

VALUE CL~ DOCUMENT ID TEEN COMMENT 

<0.12 90 PROCARIO 93B CLE2 KOTr07r0 Dalitz plot 

r(R~176 0 nonresonant)/r('R%r ~ r23/r2o 
VALUE EVT$ DOCUMENT ID TEEN COMMENT 

0.374-0.084-0,04 76 PROCARIO 93B CLE2 ~0x0~r  0 Dalitz plot 

F(K- lr + lr + ~r-)/rtotal rsdr 
VALUE ~ DOCUMENT ~O TEeN ~OMMENT 
0.07494440.003]. OUR FIT 
0.IT/~ 4-0.006 OUR AVERAGE Error includes scale factor of 1.3. See the ideogram 

below. 
0.079 4-0.015:50.009 48 ALBRECHT 94 ARG e4- e -  ~ '7"(45) 
0.06804-0.00274-0.0057 1430 49 ALBRECHT 94F ARG e-l-e - ~ T(4S) 
0.091:50.008 +0.008 992 ADLER 88C MRK3 e+e  - 3.77 GeV 
0.117 4-0.025 185 50SCHINDLER 81 MRK2 e + e  - 3.771 GeV 
0,082:50.019 44 51 PERUZZl 77 MRK1 e + e -  3,77 GeV 

48ALBRECHT 94 uses D O mesons from ~O ~ D * + t - p t  decays. This is a different set 
of events than used by ALBRECHT 94F. 

49See the footnote on the ALBRECHT 94F measurement of F ( K - w + ) / F t o t a  I for the 
method used. 

50SCHINDLER 81 (MARK-2) measures ~(e + e -  ~ ~(3770)} x branching fraction to 
be 0.68:5 0.11 nb. We use the MARK-3 (ADLER 88C) value ofr = 5.8:5 0.5:5 0.6 nb. 

51pERUZZI 77 (MARK- l )  measures r + e -  ~ !b(3770)) • branching fraction to be 
0.36:5 0.10 rib. We use the MARK-3 (ADLER 88c) value of r = 5.8:5 0.8:5 0.6 nb. 

r ( K - p + ) / r ( K - , + . o )  r3o/r~ 
VALUE EVTS DOCUMENT ID TEEN COMMENT 
0.78 4-0.05 OUR AVERAGE 
0.765•177 FRABETTI 94G E687 3,Be, E'7 ~ 220 GeV 

0.647•177 ANJOS 93 E691 "yBe 90-260 GeV 
0.81 • •  ADLER 87 MRK3 e + e -  3.77 GeV 
�9 �9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

0.31 -t-0.20 13 SUMMERS 84 E691 Photoproduction 
-0 .14  

0.85 +0.11 § -0 .15  -0 .10  31 SCHINDLER 81 MRK2 e + e  - 3.771 GeV 

F(K*(892)- .+ ) / r ' (K-  .+  x 0) rgo/r'~ 
Unseen decay modes of the K * ( 8 9 2 ) -  are included. 

VALUE DOCUMENT ID TEEN COMMENT 
0.36 4-0.04 OUR R T  Error includes scale factor of 1.3. 
0.28 4-0.04 OUR AVERAGE 
0.444• FRABETTI 94G E687 3,Be, r 3, ~ 220 GeV 

0.2524-0.033• ANJOS 93 E691 -/Be 90-260 GeV 
0.36 4-0.06 • ADLER 87 MRK3 e+e  - 3~77 GeV 

r (~t. (892)0 ~ro)/i- (K-  lr + .0) I'st/1"29 
* 0 Unseen decay modes of the K (892) are included. 

VALUE DOCUMENT ID TEEN COMMENT 
0.~'}74-0.027 OUR FIT 
0.221 4- 0.029 OUR AVERAGE 
0.248•177 FRABETTI 94G E687 "~Be, r 3, ~ 220 GeV 

0.213• ANJOS 93 E691 ~Be 90-260 GeV 
0.20 4-0.03 4-0.05 ADLER 87 MRK3 e+e  - 3.77 GeV 

r ( K - . + . + . - ) / r ( K - . + )  r s d r .  
VALUE EVT5 DOCUMENT ID TEEN COMMENT 
1.96-1-0.07 OUR FIT 
1.97-1-0.09 OUR AVERAGE 

1.94• Ju, DO SE,• ~ -  nuc,eus. 600 Gay 
1.7 •  •  1745 ANJOS 92s E691 3'Be 90-260 GeV 
1.90--0.25• 337 ALVAREZ 91B NA14 Photoproduction 
2.12•177 BORTOLETTO88 CLEO e + e -  10.55 GeV 
2.0 •  48 BAILEY 86 ACCM ~r- Be fixed target 
2.17•177 ALBRECHT 85F ARG e + e  - 10 GeV 
2.0 •  10 BAILEY 838 SPEC ~ - B e  ~ D O 
2.2 •  214 PICCOLO 77 MRK1 e + e  - 4.03, 4.41 GeV 
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r (K- ~r + po total) / F(K- ~r + .+  r - )  r./r3-/ 
This includes K -  a1(1260)+, K*(892)0p 0, etc. The next entry gives the specifically 
3-body fraction. We rely on the MARK Ill and E691 full amplitude analyses of the 
K - ~ r  + ~r + ~r- channel for values of the resonant substructure. 

VALUE DOCUMENT IO TECN COMMENT 
0.g35-1-0.035 OUR AVERAGE 
0.80 • •  ANJOS 92c E691 .~Be 90-260 GeV 
0.855•177 COFFMAN 92B MRK3 e + e  - 3.77 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.98 • •  ALVAREZ 91B NA14 Photoproduction 

r(K-~r+ po 3-body)/r(K- ~r+ x+ , - )  r~/r~-/ 
We rely on the MARKI I I  and E691 full amplitude analyses of the K - ~ + ~ + ~  - 
channel for values of the resonant substructure. 

VALUE EVTS DOCUMENT ID TECN COMMENT 

r (K-  a~(13201 + ) / r ~ ,  r-/o/r 
Unseen decay modes of the a2(13201+ are included. 

VALUE CL~ DOCUMENT ID TECN COMMENT 

<0.002 90 ANJOS 92c E691 ~/Be 90-260 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.006 90 COFFMAN 92B MRK3 e + e -  3.77 GeV 

I'(K1(1270)- .+ ) / r  (K- ~r + r + . - )  r . / r~z 
Unseen decay modes of the K1(1270 ) -  are included. The MARK3 and E691 experi- 
ments disagree considerably here. 

VALUE CL~ DOCUMENT 10 TECN COMMENT 
0,14:1:0.04 OUR FIT 
0.1944.0.0564.0.0U COFFMAN 92B MRK3 e + e  - 3.77 GeV 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.0634. 0.028 OUR AVERAGE 
0.05 • •  ANJOS 92c E691 ")'Be 90-260 GeV 
0.084•177 COFFMAN 928 MRK3 e + e  - 3.77 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.77 • +0.06 52ALVAREZ 91B NA14 Photoproduction 

0.85 +0.11 180 PICCOLO 77 MRK1 e + e  - 4.03, 4.41 GeV -0 .22  

52This value is for pO ( K -  ~r+)-nonresonant. ALVAREZ 91B cannot determine what frac- 
tion of this is K -a1 (1260 )+ .  

r(R'*(892) 0p~ + ~r+~r-) r~/raz 
Unseen decay modes of the K*(89210 are included. We rely on the MARK III and 
E691 full amplitude analyses of the K -  ~r + ~r + ~r- channel for values of the resonant 

<0.013 90 ANJOS 92C E691 7Be 90-260 GeV 

r(Kl(14oo)-r+)/r~ r . / r  
VALUE: CL~ DOCUMENT ID TECN COMMENT 

<0.012 90 COFFMAN 92B MRK3 e + e -  3.77 GeV 

r(K*(1410)-x +)/rt~xal r,ol/r 
VALUE CL~r  DOCUMENT ID TECN ~OMMENT 

<0.012 90 COFFMAN 92B MRK3 e + e  - 3.77 GeV 

r(~"(892) ~ total)/r(K-~r+,r+.-) ra2/r~-/ 
This includes K*(892)0p 0, etc. The next entry gives the specifically 3-body fraction. 
Unseen decay modes of the "K*(892) 0 are Included. 

substructure. 
VALUE EVTS DOCUMENT ID TECN COMMENT 

0.195:::E0.05-t'0.0 '~ ANJOS 92C E691 ~Be 90-260 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.34 :t:0.09:1:0.09 ALVAREZ 91B NA14 Photoproduction 
0.75 •  5 BAILEY 83B SPEC ~Be ~ D O 

0.15 +0.16 20 PICCOLO 77 MRK1 e + e  - 4.03, 4.41 GeV -0 .15 

r('P(89210p0transverse)/r(K- ~r +~r +~r-) r./r~-/ 
Unseen decay modes of the K*(89210 are included. 

VALUE DOCUMENT ID TECN COMMENT 
0.20:1:0,0"/ OUR FIT 
0,213-1-0.0244-0.0-/S COFFMAN 92B MRK3 e+e  - 3.77 GeV 

VALUE DOCUMENT ID TECN COMMENT 

0.30-k0.064.0.03 ANJOS 92C E691 ~Be 90-260 GeV 

r('/P(892)%r+lr- 3-body)/r (K- x+ It+ r - ) r./r3-/ 
Unseen decay modes of the K*(89210 are included. 

VALUE DOCUMENT 10 TECN COMMENT 
0.19 4.0.04 OUR FIT 
0.10 +0.04 OUR AVERAGE 
0.165• ANJOS 92c E691 "yBe 90-260 GeV 
0.210+0.027• COFFMAN 92B MRK3 e + e  - 3.77 GeV 

r (K - r  +lr+~r- nonrr~onant)/r(K-~+~r +~r-) r~/r3-/ 
VALUE DOCUMENT ,D TECN COMMENT 
0.2334.0.032 OUR AVERAGE 

r(E-'(892)op ~ S-wave)/r(K- x + ,+  ~r-) r./rs-/ 
Unseen decay modes of the K*(892)  0 are included, 

VALUE DOCUMENT ID TEEN COMMENT 

0.375:1:1-0.0454.0.08 ANJOS 92c E691 ~,Be 90-260 GeV 

r(-g*(892) ~176162 r . / r  
Unseen decay modes of the K*(892)  0 are included. 

VALUE CL~ DOCUMENT 10 TE~N COMME:NT 

<0.005 90 COFFMAN 92B MRK3 e + e -  3.77 GeV 

rCK'(s92)0p~ P - ~ ) I r ~ , ,  rgolr 
Unseen decay modes of the K*(892) 0 are included. 

VALUE CL.C~L DOCUMENT ID TECN COMMENT 

<0.003 90 COFFMAN 92B MRK3 e + e  - 3.77 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.009 90 ANJOS 92c E691 "fBe 90-260 GeV 

r(~(89210 po D-wave) It(K-.+.+.-) r./r~-/ 
Unseen decay modes of the K*(89210 are included. 

VALUE DOCUMENT ID TECN COMMENT 

0.2554.0.0454.0.06 ANJOS 92c E691 "yBe 90-260 GeV 

r(K-~r+ fo(980))/r~,, r~ / r  
VALUE C L ~  DOCUMENT ID TECN COMMENT 

<0.011 90 ANJOS 92C E691 ")'Be 90-260 GeV 

r (--K*(892)~ fo (980))/rto~, r ,dr  
Unseen decay modes of the K*(892)  0 and f0(980) are included, 

VALUE CL_~ L DOCUMENT tO TECN COMMENT 

<0.007 90 ANJOS 92C E691 ";'Be 90-260 GeV 

r(K- .-! (12601 + ) Ir(K-,r+ ~r+.-) r~/r3-/ 
Unseen decay modes of the a 1(12601 + are included. 

VALUE DOCUMENT ID TECN COMMENT 
0.S'/ :1:0.14 OUR AVERAGE 
0.94 +0.13 •  ANJOS 92C E691 ?Be 90-260 GeV 
0.984•177 COFFMAN 92B MRK3 e + e  - 3.77 GeV 

0.23 • ~0.03 ANJOS 92c E691 ~,Be 90-260 GeV 
0.242•177 COFFMAN 92B MRK3 e + e  - 3.77 GeV 

r('g%+.-,rO)/rt~,, r.~/r 
VALUE EW~ DOCUMENT'D TECN COMMENT 
0.1004-0,012 OUR FIT 
0.1034.0.0224-0.025 140 COFFMAN 92B MRK3 e + e -  3.77 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0 1~A+0.032 53 BARLAG 92C ACCM ~ -  Cu 230 GeV 
. . . .  -0 .033 

53 BARLAG 92c computes the branching fraction using topological normalization. 

r ( P . + , r - . O l / r ( P . + . - )  r~/r21 
VALUE EVT$ DOCUMENT ID TECN COMMENT 
1.1P1~'0.20 OUR FIT 
1.864-0.23 OUR AVERAGE 
1.80•177 190 54ALBRECHT 92P ARG e + e  - ~ 10 GeV 
2.8 •  •  46 ANJOS 92c E691 ~'Be 90-260 GeV 
1.85•177 158 KINOSHITA 91 CLEO e + e  - ~ 10.7 GeV 

54 This value is calculated from numbers in Table i of ALBRECHT 92P. 

rCg%)lr(K-~r+) r . / r .  
Unseen decay modes of the 1) are included. 

VALUE CL~ DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.64 90 ALBRECHT 890 ARG e + e -  10 GeV 

r(TP,1)/r(P,r ~ r~/r2o 
Unseen decay modes of the rt are included. 

VALUE E V T S  DOCUMENT fD TECN COMMENT 
0.33:1:0.04 OUR FIT 
0.324.0.04+0.03 225 PROCARIO 93B CLE2 ~ " *  "r~' 

r ( ~ n ) / r ( - ~ . + . - )  r~/r21 
Unseen decay modes of the T/are included. 

VALUE E V T S  DOCUMENT ID TEEN COMMENT 
0.1304.0.017 OUR FIT 
0.14:1:0.02:1:0.02 80 PROCARIO 93B CLE2 r / ~  ~r+Jr-~r 0 
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r (P~) / r (~ - ,+ )  rzl/q~ 
Unseen decay modes of the ~ are included. 

VA!~UE DOCUMENT ID TEEN COMMENT 
0.544-0.10 OUR FIT 
1.00-1,0.50"1,0.20 ALBRECHT 89D ARG e § e -  10 GeV 

r('go~)/rCg~ -) r. /r~l 
Unseen decay modes of the ~ are included. 

VALUE E V T S  DOCUMENT ID TEEN COMMENT 
0.3114-0.07 OUR FIT 
0.~k~4-0.09 OUR AVERAGE Error includes scale factor of 1.1. 
0.29~0.08• 16 55 ALBRECHT 92P ARG e+e - ~ 10 GeV 
0.54:E0.14• 40 KINOSHITA 91 CLEO e § e -  ~ 10.7 GeV 

55This value is calculated from numbers in Table i of ALBRECHT 92P. 

r ( -P~)/r(-g~ ~ ) rn/r~ 
Unseen decay modes of the ~ are included. 

VALUE DOCUMENT ID TECN COMMENT 
0.21 -1"0.04 OUR FIT 
0.~'~0-1-0.0484-0.0116 COFFMAN 92B MRK3 e + e -  3.77 GeV 

r ('/P ~'(998))/r ('g~ - ) rT~/r= 
Unseen decay modes of the ~/~(958) are included. 

VALUE E V T S  DOCUMENT ID TEE N COMMENT 
0.32-1,0.04 OUR AVERAGE 
0.31•177 594 PROCARIO 93B CLE2 t/I ~ ~/~+~r--, p0.~ 
0.37•177 18 56ALBRECHT 92P ARG e+e - ~ 10 GeV 

56This value is calculated from numbers in Table i of ALBRECHT 92P. 

r (K*(892)- p+)Ir(-g~ r,=Ir~ 
Unseen decay modes of the K*(892)-  are Included, 

VALUE DOCUMENT ID TECN COMMENT 

0.6064"0.18114"0.126 COFFMAN 92B MRK3 e+e - 3.77 GeV 

r ( K * ( 8 9 2 ) -  p +  l ong i t ud ina l ) / r  ~ x + ~r-  ~r 0) r . / r .  

Unseen decay modes of the K*(892)-  are included. 
VALUE DOCUMENT ID TEEN COMMENT 

0.290-1.0.111 COFFMAN 92B MRK3 e + e-- 3.77 GeV 

r(K*(892)- p+ transverse)/r(-g~ r~ / r~  
Unseen deca~ modes of the K* (892) -  are included. 

VALUE DOCUMENT ID TEEN COMMENT 

0.3174-0.11B0 COFFMAN 92B MRK3 e § e -  3.77 GeV 

F(K*(892)- p + P-wave)/rto~l r50/r 
Unseen decay modes of the K*(892)-  are included. 

VALUE ~ DOCUMENT ID TEEN COMMENT 

<:0.0115 90 57 COFFMAN 92B MRK3 e'l'e - 3.77 GeM 

57 Obtained using other K*(892) p P-wave limits and isospin relations. 

r(-g'(8921 ~176176 ~ - . o )  rgz/r~ 
Unseen decay modes of the K*(892) 0 are included. 

VALUE DOCUMENT ID TEEN COMMENT 
0,15 -1,0.06 OUR FIT 
0.1264-0,111 COFFMAN 92B MRK3 e + e -  3.77 GeV 

r(IP ~ (126o) 0 ) / r~,, r~dr 
Unseen decay modes of the a1(1260)0 are included. 

VALUE ~ DOCUMENT ID "IECN COMMENT 

<0.010 90 COFFMAN 92B MRK3 e + e-- 3.77 GeV 

F(Kl(1270)- ~r +) / r ( -g0.+, - .0)  r~ / r~  
Unseen decay modes of the K I (1270)-  are included. 

VALUE DOCUMENT ID TEEN COMMENT 
0.106"1,0.028 OUR FIT 
0.110 4-0.03 COFFMAN 92B MRK3 e+e - 3.77 GeM 

r ( 'K1(1400) 0 ~r0)/r total  r l o o / r  
VALUE ~ DOCUMENT IO TEEN COMMENT 

<0.03"/ 90 COFFMAN 92~ MRK3 e + e -  3.77 GeV 

0 + + 0 1"(~(892) x x-3-body)/rCg%r ~r-~ ) r , / r ~  
Unseen decay modes of the K*(892) 0 are included. 

VALUE DOCUMENT ID TEEN COMMENT 
0.14 -1"0.04 OUR FIT Error includes scale factor of 1.~. 
0.1914- 0.150 COFFMAN 92B MRK3 e+e - 3.77 GeV 

r ~ ~r + ~r- .0 nonresonant)/F('K 0 x + ~r- x 0) r~3/r. 
VALUE DOCUMENT ID TECN COMMENT 

0.210-1"0.147"1"0.150 COFFMAN 92B MRK3 e + e -  3.77 GeV 

r(K-x+.%~ 
VALUE EVT~; 

0,14"94- 0.0374-0.030 24 
TEC.N COMMENT 

88C MRK3 e + e -  3.77 GeV 
DOCUMENT ID 

58 ADLER 

rs,/r 

r(g.(892)Og(gss))lr(K-x+ g(958)) 
* 0 Unseen decay modes of the K (892) are included. 

VALUE CL~ DOCUMENT ID TEEN 

<0.15 90 PROCARIO 93B CLE2 

T/I ~ ~jz.l.~r-- ' p0~f 

Fllo/F:o9 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc, �9 �9 �9 

0.177--0.029 59 BARLAG 92c ACCM ~ -  Cu 230 GeV 
+0 074 59 0.209_01043• 9 AGUILARo.- 87F HYBR ~p,  pp  360, 400 GeV 

58 ADLER 88C uses an absolute normalization method finding this decay channel opposite 
a detected ~0 ~ K'§ - in pure DD events. 

59 AGUILAR-BENITEZ 87F and BARLAG 92C compute the branching fraction using topo- 
logical normalization. They do not distinguish the presence of a third x 0, and thus are 
not included in the average. 

r (K-  lr + ~r + x -  x 0 ) / r  (K-  lr +) r50/r19 
VALUE E V T S  DOCUMENT ID TEEN COMMENT 
1.05-1"0.10 OUR FIT 
0.911"1"0.11"1"0.11 225 60 ALBRECHT 92P ARG e § e -  ~. 10 GeV 

60This value is calculated from numbers in Table 1 of ALBRECHT 92P. 

r ( K - , § 2 4 7  r50/r3T 
VALUE E V T S  DOCUMENT ID TEC. N COMMENT 
0.544-0.05 OUR FIT 
050,0.0, o u , , ~ E  
0.,,• 167 K,,OSHITA ,1 CLEO o+o -  ~ 10.7 GeV 

0.57• 180 ANJOS 90D E691 Photoproduction 

r(-P(892)~176 0) riDs/r50 
Unseen decay modes of the K*(892) 0 are included. 

VALUE DOCUMENT ID TEEN COMMENT 

0,45 J" 0.15 "1"0.15 ANJOS 90D E691 Photoproduction 

r ~*  (892) 0 rl) IF(K- ~r +) rlo6/r19 
Unseen decay modes of the K*(892) 0 and T/ are included. 

VALUE E V T $  DOCUMENT ID TEEN COMMENT 
0.49d:0.12 OUR FIT 

0."'1"0.19§ 46 KINOSHITA 91 CLEO e § e -  ~ 10.7 GeV 

r(~*(s92) ~ ~) IF(K - , +  ,o) r~o61r~ 
Unseen decay modes of the K*(892) 0 and ~/ are included. 

VALUE E V T 5  DOCUMENT ID TECN COMMENT 
0.1344-0.034 OUR FIT 
0.13 "1"0.02 "1"0.03 214 PROCARIO 93B CLE2 K*0T/ ~ K - T r + / " f " /  

r (K- ,+~) / r (K- ,+)  r~oT/r~9 
Unseen decay modes of the ~ are included. 

VALUE E V T S  DOCUMENT ID TEEN COMMENT 

0.7114"0,124"0.10 99 61 ALBRECHT 92P ARG e § e -  ~ 10 GeV 

61 i i Th's value "s calculated from numbers in Table i of ALBRECHT 92P. 

F(-R*(892)0~)/F(K-~r +) r i~ / r , 9  
Unseen decay modes of the K*(892) 0 and ~ are included. 

VALU'E E V T $  DOCUMENT ID TEEN COMMENT 

0.28-1"0.11-1"0.04 17 62 ALBRECHT 92P ARG e § e -  ~ 10 GeV 

62This value is calculated from numbers in Table 1 of ALBRECHT 92P. 

r(-g'(892) o~)/r(K-lr + , + ' -  ,0) r~og/r50 
Unseen decay modes of the K*(892) 0 and ~ are included. 

VALUE CL~ DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.44 90 63 ANJOS 90D E691 Photoproduction 

63Recovered from the published limit, r (K*(892)o~)/ r tota I, in order to make our nor- 
malization consistent. 

F(K- . +  ~(958) ) /F(K- .+  .+ .-)  qog/r37 
Unseen decay modes of the ~/r(958) are included. 

VALUE E V T 5  DOCUMENT ID TEEN COMMENT 

0.093 4-0.014:E0.019 286 PROCARIO 93B CLE2 



See key on page 239 

r ( -~ .+ ,~+. - , , - ) / r ( -~ .+ . - )  r=/r=l 
VALUE E V T ~  DOCUMENT ID TEEN COMMENT 
0.1074"0.029 OUR AVERAGE Error includes scale factor of 1.8. See the ideogram below. 

0.07 • • 11 64ALBRECHT 92P ARG e + e - ~  10GeV 
0.149• 56 AMMAR 91 CLEO e+e  - ~ 10,5 GeV 
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- -  Pionic modes - -  

r( .+.-) /r(K-.r+) flit/r1, 
VALUE E V T $  DOCUMENT ID TEEN COMMENT 

0.18 • • 6 ANJOS 90D E691 Photoproduction 

64 This value is calculated from numbers in Table i of ALBRECHT 92P. 

WEIGHTED AVERAGE 
0.10710.029 (Error scaled by 1.8) 

; 

X. 2 

0.0397-'1-0.0021 OUR AVERAGE 
0.040 • 4-0.003 2043 AITALA 98C E791 ~ -  nucleus, 500 

Ge_V 
0.043 • 4-0.003 177 FRABETTI 94C E687 ?Be E?= 220 

GeV 
0.0348• 227 SELEN 93 CLE2 e + e  - ~ T(45)  
0.048 • 4-0.008 51 ADAMOVICH 92 OMEG w - 3 4 0  GeV 
0.055 • 4-0.005 120 ANJO5 91D E691 Photoproduction 
0.040 • 4-0.006 57 ALBRECHT 90C ARG e + e - ~  10 GeV 
0.050 • • 110 ALEXANDER 90 CLEO e + e  - 10.5-]1 

GeV 
0.033 4-0.010 4-0.006 39 BALTRUSAIT..35E MRK3 e -F e -  3.77 GeV 
0.033 • ABRAMS 79D MRK2 e-Fe - 3.77 GeV 

r(,r o,o)Ir(K-~r + )  r;l=Irz, 
VALUE E V T S  DOCUMENT ID TEEN COMMENT 

0.0224"0.004:E0.004 40 SELEN 93 CLE2 e + e  - ~. T(45)  

r(,r+.-.~ rl13/r 
VALUE E V T S  DOCUMENT ID TECN COMMENT 

�9 . ~ . . . . . . . .  ALBRECHT 92P ARG 2.7 
~" . . . . . . .  AMMAn 91 OLEO 2.6 

. . . .  ANJOS gOD E6gl 0.8 
g.~ 

nfidenca Level = 0,046) 

-0.1 0 0.1 0.2 0.3 0.4 0.5 

r(~,r+.-.O,r~ 0rO))/i-t~, r . / r  
VALUE E V T S  DOCUMENT ID TEEN COMMENT 

0.11~00:(~:E0.006 4 65 AGUILAR .... 87F HYBR ~rp, pp 360, 400 GeV 

65AGUILAR-BENITEZ 87F computes the branching fraction using topological normaliza- 
tion, and does not distinguish the presence of a third ~r 0. 

r (~  K + K-)lr(-g ~  r~=/r=z = (r~+�89 
VALUE E V T $  DOCUMENT ID TEEN COMMENT 
0.1"/2 -k0.014 OUR FIT 
0.178d:0.019 ()UR AVERAGE 
0.20 • •  47 FRABETTI 92B E687 ?Be E ? =  221 GeV 

0.170• 136 A M M A n  91 CLEO e + e  - -~ 10.5 GeV 
0.24 • BEBEK 86 OLEO e + e  - near T(45)  
0.185• 52 ALBRECHT 85B ARG e+e  - 10 GeV 

r (~  ~)Ir( '~.+,r-)  r~41r~l 
Unseen decay modes of the ~ are included�9 

VALUE E V T S  DOCUMENT ID TEEN COMMENT 
0,158-1"0.016 OUR RT  
0.156-1-0.017 OUR AVERAGE 
0.13 •  •  13 FRABETTI 92B E687 ?Be E ? =  221 GeV 

0.163• 63 A M M A n  91 CLEO e + e  - ~ 10.5 GeV 
0.155:50.033 56 ALBRECHT 87E ARG e+e  - 10 GeV 
0.14 • 29 BEBEK 86 CLEO e + e  - near T(4S) 
�9 �9 �9 We do not use the following data for averages, fits, limits, e t c . � 9  �9 �9 

0.186• 26 ALBRECHT 85B ARG See ALBRECHT 87E 

r(i~ K + K -  non-~) / r ( 'K  "0 ~r + I r - )  r~/r= 
VALUE E V T 5  DOCUMENT ID TECN COMMENT 
0,093=E0.014 OUR FIT 
0.088:1:0.019 OUR AVERAGE 
0.11 • •  20 FRABETTI 92B E687 ")'Be E ? =  221 GeV 

0.084• ALBRECHT 87E ARG e+e  - 10 GeV 

r (K~K~K~ r. /r=l  
VALUE E V T 5  DOCUMENT ID TEEN COMMENT 
0.0154:E0.00~ OUR AVERAGE 
0.0139:5 0.0019 • 0.0024 61 ASN ER 
0.035 4-0.012 • 10 FRABETTI 

0.016 • 22 AMMAR 

0.017 4-0.007 4-0.005 5 ALBRECHT 

r(K+K-K-x+)lr(K-~r+x%r -) 
VALUE E V T 5  DOCUMENT ID 

0.0028 "1" 0.0007 "1" 0.0001 20 FRABETTI 

F(K + K - ' R  O ,o ) / r t== ,  

96B CLE2 e + e -  ~ T(4S) 
94J E687 -/Be E?=220 

GeV 
91 OLEO e + e -  ~ 10.5 

GeV 
90c ARG e + e -  .~ 10 GeV 

r~/rs7 
TEEN COMMENT 

95C E687 ~Be, E? ~ 200 
GeV 

r6z/r 
VALUE DOCUMENT ID TEEN COMMENT 

o oon+~176 �9 --0.L~.~ 66 BARLAG 92C ACCM ~r- Cu 230 GeV 

66 BARLAG 92C computes the branching fraction using topological normalization. 

0.016 :::E0,011 OUR AVERAGE Error includes scale factor of 2.7. 

0 n~Qn+0'0100 67 BARLAG 92C ACCM ~ -  Cu 230 GeV 
. . . . .  - 0.0095 

0.011 • ~-0.002 10 68 BALTRUSAIT..~5E MRK3 e + e -  3.77 GeV 

67 BARLAG 92C computes the branching fraction using topological normalization. Possible 
contamination by extra jr0's may partly explain the unexpectedly large value. 

68AII the BALTRUSAITIS 85E events are consistent with p0~r0. 

r ( , ,+ .+ . - f ) / r (K- .+ .+ . - )  r l l , /r .  
VALUE E V T $  DOCUMENT ID TEEN COMMENT 
0.094-F0.006 OUR AVERAGE 
0.095•177 814 FRABETTI 95c E687 "},Be. E'7 ~' 200 GeV 

0.115•177 64 ADAMOVICH 92 OMEG ~r- 340 GeV 
0.108•177 79 FRABETTI 92 E687 3'Be 
0.102• 345 69 A M M A n  91 CLEO e + e -  ,~ 10.5 GeV 
0.096•177 66 ANJOS 91 E691 -},Be 80-240 GeV 

89AMMAn 91 finds 1.25 4- 0.25 • 0.25 p0's per ~r+ ~r-F~r- 7r - decay, but can't untangle 
the resonant substructure (pO pO, a~ ~'~, pO ~-+ ~.-). 

r(,r+,r+,r-,r-,P)Irt~,, ruslr 
VALUE DOCUMENT 'D TEEN COMMENT 

0 01~ +0"0041 70 BARLAG 92c ACCM ~r-- Cu 230 GeV 
�9 " - 0 . 0 0 3 8  

70 BARLAG 92C computes the branching fraction using topological normalization, 

r(.+~+~r+ ~-~r-~r-)Irtot= rzzs/r 
VALUE DOCUMENT ,D TEEN COMMENT 

0.0004+0.0003 71 BARLAG 92c ACCM ~ -  Cu 230 GeV 

71 BARLAG 92C computes the branching fraction using topological normalization. 

- -  Hadronic modes wi th  a K K "  pair  - -  

r(K+ K-)/r(K-~r +) rzl~/rz9 
VALUE E V T S  DOCUMENT ID TEEN COMMENT 
0.1109-1-0.0033 OUR FIT 
0.1109:1:0,0033 OUR AVERAGE 
0,109 • • 3317 

0.116 • • 1102 
0.109 • • 581 

0.107 • • 103 
0.138 :J:0.027 • 155 
0.16 • 34 
0.107 +0.010 • 193 
0.10 4-0,02 4-0.01 131 
0.117 4-0.010 +0.007 249 

0.122 • 4-0.012 118 
0.113 • 

r (K+K-) / r ( ,+ . - )  
The unused results here are redundant 

FOr+ ~ r - ) /F (K -7 r  + ) measurements by the same experiments. 
VALUE DOCUMENT ID TEmpi COMMENT 

= �9 �9 We do not use the following data for averages, fits. limit~."etc. �9 * �9 

2.75• AITALA 98C E791 x -  nucleus. 500 GeV 
2.53•177 FRABETTI 94C E687 ?Be E ? =  220 GeV 

2.23• ADAMOVICH 92 OMEG ~r- 340 GeV 
1.95•177 ANJOS 91o E691 Photoproduction 
2.5 •  ALBRECHT 90C ARG e + e -  ,~ 10 GeV 
2.35•177 ALEXANDER 90 OLEO e + e -  10.5-11 GeV 

AITALA 98C E791 l r -  nucleus, 500 
GeV 

ASNER 96B CLE2 e + e  - ~. T(45)  
FRABETTI 94C E687 ?Be E ? =  220 

GeV 
ADAMOVICH 92 OMEG ~r -340  GeV 
FRABETTI 92 E687 ?Be 
ALVAREZ 91B NA14 Photoproduction 
ANJOS 91D E691 Photoproduction 
ALBRECHT 90c ARG e • e -  ~ 10 GeV 
ALEXANDER 90 OLEO e+e  - 10.5-11 

GeV 
BALTRUSAIT.,~5E MRK3 e "l" e -  3.77 GeV 
ABRAMS 790 MRK2 e + e -  3.77 GeV 

rnTlrnz 
with I ' ( K + K - - ) / r ( K - ~ r  + )  and 
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r(K~176 -) r11./ra 
VALUE EVTS DOCUMENT ID TECN COMMENT 
0.0120-t-0.00~3 OUR FIT Error includes scale factor of 1.3. 
0.01172E0.00~1 OUR AVERAGE Error includes scale factor of 1.3. See the ideogram 

below. 
0.01014-0,00224-0.0016 26 ASNER 96B CLE2 e + e  - ~. T(4S) 
0.039 4-0.013 4-0,013 20 FRABETTI 94J E687 "),Be E`72220 GeV 

0.021 +0.011 :E0.002 5 ALEXANDER 90 CLEO e + e  - 10,5-11 GeV - 0.008 

WEIGHTED AVERAGE 
0.0117~0.0033 (Error scaled by 1.3) 

I . , ,  Values above of weighted average, error, 
and scala fastor are based upon the data in 
this ideogram only. They are not neces- 
sarily 1he same as our 'best' values, 
obtained from a least-squ~as constrained fit 
u~tizing measurements of olher (related) 

<i quantities as addltlonel inlorn~tion. 

~ 2  

. . . . . . . . . . . . . . . . . .  ASNER 96B CLE2 0.3 
I . . . . .  FRABETTI 94J E687 2.2 

- I ~  . . . . . . . . . . . . .  ALEXANDER 90 CLEO 1.3 
3.8 

(Confidence Level = 0.148) 

0 0.02 0.04 0.06 0.08 

r(K~176176 -) 

r(gO~)/r(K+K -) 
VALUE EVTS DOCUMENT IO 
0.164"0.04 OUR FIT Error includes scale factor of 1.2. 

0.1 

rzle/rll# 
TECN COMMENT 

0.244"0.16 4 72 CUMALAT 88 5PEC nN 0-800 GeV 

72Includes a correction communicated to us by the authors of CUMALAT 80. 

r(K ~ K-lr +)IT(K-.+) r119/rlt 
VALUE DOCUMENT ID TEEN COMMENT 
0.1684"0.0"26 OUR FIT Error includes scale factor of 1,1. 
0.16 4"0.06 73 ANJOS 91 E691 "~Be 80-240 GeV 

73 The factor 100 at the top of column 2 of Table I of ANJOS 91 should be omitted. 

r(K ~ K- .+ ) / r (P .+  . - )  r l l t /r i i  
VALUE EVT$ DOCUMENT tO TEEN COMMENT 
0.1104"0.018 OUR FIT Error includes scale factor of 1.1. 
0.1194"0.021 OUR AVERAGE Error includes scale factor of 1.3. 
0.1084-0,019 61 AMMAR 91 CLEO e + e  - .~ 103 GeV 
0.16 4-0.03 4-0,02 39 ALBRECHT 90C ARG e + e  - ~ 10 GeM 

r ('/~ (892) 0 K~ - ,+) rl31/rl9 
Unseen decay modes of the "K*(892) 0 are included. 

VALUE DOCUMENT IO TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 * * 

nn+0.03 "~- -0 .00  74 ANJOS 91 E691 -#Be 80-240 GeV 

74The factor 100 at the top of column 2 of Table I of ANJO5 91 should be omitted. 

I'(--K*(892) ~ K ~ ~ rl~/r21 
Unseen decay modes of the K*(892)  0 are included. 

VALUE C L ~  DOCUMENT 10 TEEN COMMENT 

<0.029 90 AMMAR 91 CLEO e + e  - ~ 10.5 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.03 90 ALBRECHT 90c ARG e + e -  ~ 10 GeV 

r(K*(892) + K-) IT(K- .+)  q~o/rl ,  
Unseen decay modes of the K*(892) + are included. 

VALUE DOCUMENT I0 TEEN COMMENT 
0.0904-0.020 OUR FIT 

0.1~; +0.08 75 ANJOS 91 E691 3,Be 80-240 GeV 
-0 .06  

75The factor 100 at the top of column 2 of Table I of ANJOS 91 should be omitted. 

F(K*(892) + K-)/r(P,-+ . - )  rl~o/r=~ 
Unseen decay modes of the K*(892) + are included. 

VALUE EVT$ DOCUMENT tO TEEN COMMENT 
0.~M'1"0.014 OUR FIT Error includes scale factor of 1.1. 
0.0~84-0.014 OUR AVERAGE 
0.0644-0,018 23 AMMAR 91 CLEO e + e  - ~ 10.5 GeV 
0.05 4-0.02 4-0.01 15 ALBRECHT 90C ARG e + e  - ~ 10 GeV 

r(K~ K-lr+ nonresonant) / l ' (K- lr +) 
VALUE DOCUMENT I 0 TEEN 

0.064.0.06 76 ANJOS 91 E691 

rl~/q9 
COMMENT 

3'Be 80-240 GeV 

DOCUMENT 

AITALA 980 E791 x -  nucleus, 500 
GeV 

FRABETTI 95C E687 "),Be, E 3, .~ 200 
GeV 

ALBRECHT 941 ARG e + e - ~  10 GeV 
AMMAR 91 CLEO e + e  - ~ 10.5 

GeV 

ANJOS 91 E691 `TBe 80-240 
GeV 

rl~/rs7 
TEEN COMMENT 

DOCUMENT ID TEEN 

ASNER 96B CLE2 

DOCUMENT ID TEEN 

ASNER 96B CLE2 

DOCUMENT ID TEEN 

ALBRECHT 

DOCUMENT ID 

941 ARG 

TEEN 

r127/r. 
COMMENT 

e + e -  ~ T(4S) 

r l~/r  
COMMENT 

e + e -  ~ T(4S) 

FI,~/F 
COMMENT 

e + e -  ~ 10 GeV 

rz44/r 
COMMENT 

ALBRECHT 941 ARG 

D@CUMENT ID TEEN 

ALBRECHT 941 ARG 

e + e -  ~ 10 GeV 

r l~/r  
(~OMMENT 

e + e -  ~ 10 GeV 

r(K+ K-,~O)/r(K-.+ ,~~ 
VALUE EVT$ 

0.0In54- 0.0028 151 

r ( ~ s ~ ) / r ~ . ,  
VALUE 

<O.ODOS9 

r(~-~ 
VALUE 

<0.0014 90 

r ( ~ ) / r ~ l  
VALUE 

<0.0028 90 

r(~)/rto., 
VALUE 

<0.0021 90 

r(K + K - , +  , - ) I r ( K - . +  .+  , - )  
VALUE EVTS 
0.0.%~'I-0.0G~I OUR AVERAGE 
0.0313 + 0.0037 4- 0,0036 136 

0,035 4-0.004 4-0.002 244 

0.041 4-0.007 4-0.005 114 
0.03144- 0.010 89 

0.028 +0.008 
-- 0.007 

76 The factor 100 at the top of column 2 of Table I of ANJOS 91 should be omitted. 

r(-g o K+~-l/r(K-f+) qis/r19 
VALUE DOCUMENT ID TE~N COMMENT 
0.1294-0.02S OUR FIT 
0.10 -I-0.05 77 ANJOS 91 E691 "7 Be 80-240 GeV 

77 The factor 100 at the top of column 2 of Table I of ANJOS 91 should be omitted. 

r0PK +,-) /r0P'+'-)  rl=/r21 
VALUE EVT$ DOCUMENT ID TEEN COMMENT 
0.0914-0.010 OUR FIT 
0.0M-I-0.020 55 AMMAR 91 CLEO e + e -  -.~ 10,5 GeV 

r(K*(Sl2)~176 It+) q41/r. 
Unseen decay modes of the K*(892) 0 are included. 

VALUE DOCUMENT ID TEEN (rOMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.00_+0:04 78 ANJOS 91 E691 *-/Be 80-240 GeV 

78The factor 100 at the top of column 2 of Table I of ANJOS 91 should be omitted. 

r(K*(89210~))/r(-gO,+.-) r . l I r a  
Unseen decay modes of the K*(892) 0 are included. 

VALUE CL~ DOCUMENT ID TEEN COMMENT 

<0.01 r 90 AMMAR 91 CLEO e + e  - ~. 10.5 GeV 

r(K* (8~) -  K +)/r (K-  ,+ )  r . 2 / r l ,  
Unseen decay modes of the K * (892 ) -  are included. 

VALUE DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0 tu~+0.03 79 ANJOS 91 E691 -'/Be 80-240 GeV 
" " - 0 , 0 0  

79 The factor 100 at the top of column 2 of Table I of ANJOS 91 should be omitted. 

r(K~ - K+ ) / r (TPx+ l r )  r14a/r21 
Unseen decay modes of the K * ( 8 9 2 ) -  are included. 

VALUE EVT$ DOCUMENT ID TEEN COMMENT 

0.0~14"0.019 12 AMMAR 91 CLEO e + e-- ~ 10.5 GeV 

rEg ~ K+lr - nonresonant)/r(K- I "+) rz~/r19 
VALUE DOCUMENT ,D TECN COMMENT 

010"t'0"~0~ 80ANJOS 91 E691 `TBe80-240GeV �9 --0.uo 

80 The factor 100 at the top of column 2 of Table I of ANJOS 91 should be omitted. 
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r (~ .+ . - ) / r (K-~t+ .+ . - )  rl , /r~z 
Unseen decay modes of the ~ are included�9 

VALUE E V T $  DOCUMENT ID TEEN COMMENT 
0 . 0 1 4 4 - 0 . 0 0 4  O U R  A V E R A G E  Error includes scale factor of 1.5. See the ideogram 

below. 
0.0114-0.003 FRABETTI 95c E687 ~'Be, E'r ~ 200 GeV 

0.0204-0.0064-0.005 28 ALBRECHT 941 ARG e + e - ~  10 GeV 
0.0244-0.006 34 81 AMMAR 91 CLEO e + e -  ~ 10.8 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

00076 +0"0066 3 ANJOS 91 E691 3'Be 80-240 GeV 
�9 - -  U.U04'~ 

81AMMAR 91 measures ~p0, but notes that CpO dominates r + ~r-. We put the mea- 
surement here to keep from having more ~p0 than ~bx+ ~r - .  

WEIGHTED AVERAGE 
0.014i0.004 (Error scaled by 1.5) 

Z 2 
. . . . . . . . . . . . .  . 5 0 E . .  12 

~ : ~  . . . . . . . .  A L B R E C H T  941 ARG 0.5 

ii'!i; ~ . . . . . . .  AMMAR (Confidence91 CLEOLevel = 0.4"42"6113) 

I I I 

0.01 0 .02  0 .03  0.O4 0 .05  0 .06  

r(~ ~ r~4z/r~ 
Unseen decay modes of the ~ are included. 

VALUE E V T 5  DOCUMENT ID TECN COMMENT 
0.~084-0.004 OUR AVERAGE Error includes scale factor of 1.5. See the ideogram below. 

0.02 4-0.0094-0,008 AITALA 98D E791 ~r- nucleus, 500 GeV 
0.0054-0,003 FRABETTI 95c E687 "~Be, "E~/~ 200 GeV 

0.0204-0.0064-0.005 28 ALBRECHT 941 ARG e + e - ~  10 GeV 

WEIGHTED AVERAGE 
0.(X)8r (Error scaled by 1.5) 

~C 2 

98D E791 1.1 
95C E687 0.8 
941 ARG 2.5 

4.3 
Jenca Level = 0.115) 
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U AITALA . . . . . . . . . . . . . .  ~P~E~, 
ALBRECHT 

~ nfldenca Level = 0.I I 

-0.01 0 0.01 0.02 0.03 0.04 0.05 0.06 

r (§  +~-S-bOdy) I r ( K - . + . + , - )  r~.Irs7 
Unseen decay modes of the ~ are included. 

VALUE ~ DOCUMENT ID TECN COMMENT 

0.0094"0,0044"0.005 AITALA 98D E791 ~r- nucleus, 500 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, e tc . �9  �9 �9 

<0.006 90 FRABETTI 95C E607 "TBe, E'.~ ~ 200 GeV 

r(K + K -  pO 3-body)/r ( K -  x "+ ~r + ~r-) r l = / r~7  
VALUE DOCUMENT ID TECN COMMENT 

0 , 0 1 2 4 - 0 . 0 0 3  FRABETTI 95c E687 ")+Be, E~ ~ 200 GeV 

r(K*(892) 0 K -  x + + c.c.)/r ( K -  x + ~r + !"-)  r149/r3T 
Unseen decay modes of the K*(892) 0 are included. 

VALUE CL~ DOCUMENT ID TECN COMMENT 

<0.01 90 82 AITALA 98D E791 x -  nucleus, 500 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.017 90 82 FRABETTI 95E E687 "TBe, E'r ~ 200 GeV 

0nln+0.016 ANJOS 91 E691 "~Be 80-240 GeV . . . .  -0.010 

82These upper limits are in conflict with values in the next two data blocks. 

r(K*(892) ~ K - . + ) / r ( K - . + . + . - )  rz./r37 
The K * 0  K -  ~r + and ~*0  K + ~ -  modes are distinguished by the charge of the pion 
in D*(2010)4- ~ DO x •  decays. Unseen decay modes of the K* (892) ~ are included. 

VALUE E V T S  DOCUMENT ID TECN ~OMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.0434-0.0144.0.009 55 83 ALBRECHT 941 ARG e + e - ~  10 GeV 

83This ALBRECHT 941 value is in conflict with upper limits given above. 

r ('g* (892) 0 K + ~r-) / F ( K -  ~r + lr + I ' -  ) F1 sl / r37 
*0 + *0 + The K K-Tr  and "K K ~ r -  modes are distinguished by the charge of the pion 

* 4- 0 4- * 0 in D (2010) ~ D x decays. Unseen decay modesof the'K (892) are included�9 
VALUE E V T S  DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.0234-0.0134-0.009 30 84 ALBRECHT 941 ARG e + e - ~  10 GeV 

84This ALBRECHT 94i value is in conflict with upper limits given above. 

r(K*(892)~ ~ +,r+,r-) r.i /r3~ 
Unseen decay modes of the K*(892) 0 and K*(892) 0 are included, 

VALUE ~ E V T S  DOCUMENT ID TECN COMMENT 
0.018"t'0.001 O U R  A V E R A G E  Error includes scale factor of 1.2. 
0.0164-0.006 FRABETTI 95c E607 3'Be, E3' ~ 200 GeV 

0 0 ~-~+0"020 11 ANJOS 91 E691 -yBe 80-240 GeV 
�9 " ~ -  0 .016 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 i �9 

<0.02 90 AITALA 98D E791 x -  nucleus, 500 GeV 
<0.033 90 85 AMMAR 91 CLEO e + e -  ~ 10.5 GeV 

85 A corrected value (G. Moneti, private communication). 

F(K + K - I t + i t  - non-~)/rtotal r l3s/r  
VALUE DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 i 

0.00174-0.0005 86 BARLAG 92C ACCM ~r- Cu 230 GeV 

86 BARLAG 92C computes the branching fraction using topological normalization. 

r (K + K -  :r + :r -  nonresonant)/r (K- ~r + ~+ lr -  ) rl~/r3z 
VALUE CL~ DOCUMENT IO TECN COMMENT 

<0.011 90 FRABETTI 95C E687 "/Be, E'3' ~ 200 GeV 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

nnl+0.011 ANJOS 91 E691 3,Be 80-240 GeV 
. . . .  -0.001 

r (K~176  -) r.T/r21 
VALUE E V T $  DOCUMENT ID TECN COMMENT 

0.126"t'0.030-1"0.030 25 ALBRECHT 941 ARG e + e - ~  10 GeV 

r(K + K-  r + ~r- ~ ) / r ~ . =  r ~ / r  
VALUE DOCUMENT ID TECN COMMENT 

0.00314-0,0020 87 BARLAG 92C ACCM x -  Cu 230 GeV 

87 BARLAG 92c computes the branching fraction using topological normalization. 

- -  Radiative modes 

r ~ ) l h o u ,  
VALUE CL~ DOCUMENT ID TECN 

<2A X 10 - 4  90 ASNER 98 CLE2 

r(~) /r io. ,  
VALUE CL~ DOCUMENT ]D TECN 

< 2 . 4  X 10 - 4  90 ASNER 98 CLE2 

r(~-y)/rt== 
VALUE CL~ DOCUMENT/D TECN 

<1.9 x 10 - 4  90 ASNER 98 CLE2 

r('g*(892)~ 
VALUE CL% DOCUMENT ID TEC/N 

<7.0 X 10 - 4  90 ASNER 98 CLE2 

r l . / r  

r1.1r 

r,./r 

r1~/r 
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Rare or forbidden modes 

r(K +~-l~l(via P ) ) / r (K - t+ ,~ )  rl,z/r, 
This is a D0-DO mixing limit without the complications of possible doubly-Cabibbo- 
suppressed decays that occur when using hadronic modes. For the limits on Jm 0 - 

D,  

rood= and (FD0 - roo) l roo  that come from the best mixing limit, see near the 
= 

beginning of these D O Listings. 
VALUE ~ DOCUMENT ID TECN COMMENT 

<0.005 90 88 AITALA 96C E791 ~ -  nucleus, 500 GeM 

88AITALA 96C uses D .4" ~ D O ~r + (and charge conjugate) decays to identify the charm 
at production and D O ~ K -  t + ut (and charge conjugate) decays to identify the charm 
at decay. 

r(K +'r-)/r(K-~r +) r i . / r , ,  
The D O ~ K + ~  - decay can occur directly by doubly Cabibbo-suppressed (DCS) 
decay, or indirectly by D O ~ ~0  mixing followed by ~ 0  ~ K + ~ r -  decay. The 
experiments here use the charge of the pion in D*(2010) :k ~ (D O or ~0 )  ~r4, decay 
to tell whether a D O or a ~0  was born. Some of the experiments can use the decay- 
time information to disentagle the two modes. Here. we list the DCS branching ratio; 
in the next data block we give the limits on the mixing ratio. 

Some early limits have been omitted from this Listing; see our 1998 (EPJ C3 1) edition, 

VALUE CL Y~ EVT5 DOCUMENT ID TEEN 
0.0038 :E0.0000 OUR AVERAGE Error includes scale factor of 1.1. 

+ 0 00063 0.00332_0100065 4"0.00040 45 89 GODANG 00 CLE2 

0.0068 +0"0034 =50.0007 90 AITALA 98 E791 
-- 0.0033 

0.0184 4-0.0059 • 19 91 BARATE 98wALEP 
0.0077 4"0.0025 4-0.0025 19 92CINABRO 94 CLE2 

COMMENT 

e 4" e -  | 

~ -  nucleus, 
500 GeV 

e + e -  at Z 0 I 
e+e  - T(4S) 

�9 �9 �9 We do not use the following data fOr averages, fits. limits, etc. �9 �9 �9 

<0.01] 90 92AMMAR 91 CLEO e + e  - -~ 10.5 
GeV 

<0.015 90 1 4- 6 93 ANJOS 88c E691 Photoproduc- 
tion 

<0.014 90 92 ALBRECHT 87K ARG e + e -  10 GeV 

89This GODANG 00 result assumes no D0-D 0 mixing; the DCS ratio becomes 0.0048 4" | 
0.0012 • 0.0004 when mixing is allowed. 

90This AITALA 98 result assumes no DO-D 0 mixing; the DCS ratio becomes 
nnon+ 0.0120 ~_ . . . . .  --0.0109 ~ 0.0044 when mixing is allowed. 

91 BARATE 98w gets 0 017v+0"0060 ~ 0.0031 for the DCS ratio when mixing is allowed, I " " ' - -  0.0056 
assuming no interference between the DCS and mixing amplitudes. I 

92CINABRO 94, AMMAR 91, and ALBRECHT 87K cannot distinguish between doubly 
Cabibbo-suppressed decay and D0-D 0 mixing, 

93ANJOS 88c allows mixing but assumes no interference between the DCS and mixing 
amplitudes. When interference is allowed, the limit degrades to 0.049. 

I-(K + . -  (via ~o))/r(K-,r +) r l . / r l ,  
This is a D0-D 0 mixing limit. The experiments here (1) use the charge of the pion in 
D*(2010)•  ~ (O 0 or ~0 )  ~4, decay to tell whether a D 0 or a DO was born; and 
(27 use the decay-time distribution to disentangle doubly Cabibbo-soppressed decay 
and mixing. For the limits on Imo?, - mOO I ,  and (FD0, - rOo)/roo that come from 

the best mixing limit, see near the beginning of these D O Listings. 

VALUE CL~ E V T S  DOCUMENT ID TECN COMMENT 

<0.00041 95 94 GODANG 00 CLE2 e + e -  I 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.0092 95 95 BARATE 98WALEP e 4 "e -  at Z 0 I 
<0.005 90 1 4. 4 96 ANJOS 88c E691 Photoproduction 

97AITALA 98 uses the charge of the pion in D*4- ~ (D O or ~ 0 )  ~r4- to tell whether a D O 

era ~0  was born. This result . . . .  es no D0-D 0 mixing; it beco . . . .  0.0020~0[00~6 ? 4- 
0.0035 when mixing is allowed and decay-time information is used to distinguish doubly 
Cabibbo-suppressed decays from mixing. 

98AMMAR 91 cannot distinguish between doubly Cabibbo-suppressed decay and DO-D 0 
mixing. 

99 ANJOS 88(: uses decay-time information to distinguish doubly Cabibbo-soppressed (DCS) 
decays from D0-D 0 mixing. However, the result assumes no interference between the 
DES and mixing amplitudes. When interference is allowed, the limit degrades to 0.033. 

F(K +x-.+x-(via~~162 r 1 6 1 / r 3 ,  
This is a D0-DO mixing limit. The experiments here (1) use the charge of the pion in 
D*(2010) :E ~ (D O or ~0 )  ~r-I- decay to tell whether a D O or a ~0  was born; and 
(2) use the decay-time distribution to disentangle doubly Cabibbo-suppressed decay 
and mixing. For the limits on ImOo. - moo  l `  and (Fore - r 020)/roo_ that come from 

the best mixing limit, see near the beginning of these D O Listings. 

VALUE CL~ E V T S  DOCUMENT ID TECN COMMENT 

<0.005 90 0 + 4 100 ANJOS 88C E691 Photoproduction 

100 ANJOS 88(: uses decay-time information to distinguish doubly Cabibbo-suppressed (DCS) 
decays from D0-DO mixing. However, the result assumes no interference between the 
DCS and mixing amplitudes. When interference is allowed, the limit degrades to 0.007. 
Combined with results on K • ~ ,  the limit is, assuming no interference, 0.0037. 

r(K+--or K+x-,+,-(vla'~~ K-Tt+~t+~r -) r162/r0 
This is a D0-D 0 mixing limit. For the limits on Im o]~ - mool and (FDOI_ - rDO)/FD~ 

that come from the best mixing limit, see near the beginning of these D O Listings. 
VALUE ~ DOCUMENT ID TECN COMMENT 

<0.0085 90 101 AITALA 98 E791 ~ -  nucleus, 500 GeV 

101 AITALA 98 uses decay-time information to distinguish doubly Cabibbo-suppressed decays 
from DO-D 0 mixing. The fit allows interference between the two amplitudes, and also 

i n nn~a+ 0 0036 allows CP violation in this term, The central value obtained s . . . . . .  - 0]0032 4, 0.0016. 
When interference is disallowed, the result becomes 0.0021 4, 0.0009 ~: 0.0002. 

F(#- anything (via P))/r( .§ anything) F163/F2 
This is a D0-DO mixing limit. See the somewhat better limits above. 

VALUE ~ DOCUMENT ID TECN COMMENT 

<0.0056 90 LOUIS 86 SPEC ~ r -W 225 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.012 90 BENVENUTI 85 CNTR pC, 200 GeV 
<0.044 90 BOOEK 82 SPEC w - ,  pFe ~ D O 

r(e§ e-)/r~== r l . / r  
A test for the AC  = 1 weak neutral current. Allowed by first-order weak interaction 
combined with electromagnetic interaction. 

VALUE CLY$ E V T 5  DOCUMENT ID TECN COMMENT 

<6.2 x 10 - 6  90 AITALA 99G E791 ~ -  N 500 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<8.19 x 10 - 6  90 PRIPSTEIN 00 E789 p nucleus, 800 GeV 
<1.3 x 10 - 5  90 0 FREYBERGER 96 CLE2 e + e -  ~ T(4S) 
<1.3 x 10 - 4  90 ADLER 88 MRK3 e + e-- 3.77 GeV 
<1.7 x 10 - 4  90 7 ALBRECHT 88G ARG e + e -  10 GeV 
<2.2 x 10 - 4  90 8 HAAS 88 CLEO e 4" e -  10 GeV 

r(~+~-)/r~,, rt=/r 
A test for the AC  = 1 weak neutral current. Allowed by first-order weak interaction 
combined with electromagnetic interaction. 

VALUE CL% E V T S  DOCUMENT ID TECN COMMENT 

<4.1 x 10 - 6  90 ADAMOVICH 97 BEAT ~r- CU, W 350 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc, �9 �9 �9 

<1.56 x 10 - 5  90 PRIPSTEIN 00 E789 p nucleus, 800 GeV 
94This GODANG 00 result assumes that the strong phase between D O ~ K+~r - and | 

~0  ~ K + ~r- is small, and limits only D O ~ ~0  transitions via off-shell intermediate 

I states. The limit on transitions via on-shell intermediate states is 0.0017. 
95This BARATE 98w result assumes no interference between the DCS and mixing ampli- 

tudes, When interference is allowed, the limit degrades to 0.036 (95%CL). 
96 This ANJOS 88c result assumes no interference between the DCS and mixing amplitudes. 

When interference is allowed, the limit degrades to 0.019. Combined with results on 
K• ~r+ ~r - ,  the limit is, assuming no interference, 0.0037, 

r(K+ x-x+ x-) lr(K-x+1:+ x -) r16o/r,, 

<5,2 x 10 - 6  90 
<4.2 x 10 - 6  90 
<3.4  x 10 - 5  90 
<7.6 x 10 - 6  90 
<4.4 x 10 -S  90 
<3.1 x 10 - 5  90 
<7.0 x 10 - 5  90 
<1.1 x 10 - 5  90 
<3.4 x 10 -4 90 

AITALA 99G E791 ~r- N 500 GeV 
ALEXOPOU... 96 E771 p Si, 800 GeV 

1 FREYBERGER 96 CLE2 e + e -  ~ T(4S) 
0 ADAMOVICH 95 BEAT See ADAMOVICH 97 
0 KODAMA 95 E653 ~r- emulsion 600 GeV 

102 MISHRA 94 E789 -4 .1  :E 4.8 events 
3 ALBRECHT 88G ARG e + e -  10 GeV 

LOUIS 86 SPEC ~ - -W 225 GeV 
AUBERT 85 EMC Deep inelast. # -  N 

The D O ~ K + n -  7r + z -  decay can occur directly by doubly Cabibbo-suppressed 
(DCS) decay, or indirectly by D o ~ ~0  mixing followed by ~0  ~ K+Tr-~r--~r - 
decay. The experiments here use the charge of the pion in D*(2010) • ~ (D 0 or 
9 0) ~r-- decay to tell whether a D o or a ~0  was born. Some of the experiments can 
use the decay-time information to disentagle the two modes. Here, we list the DCS 
branching ratio; in the next data block we give the limits on the mixing ratio. 

Some early limits have been omitted from this Listing; see our 1998 (EPJ C3 1) edition. 

VALUE CL~ E V T S  DOCUMENT ID TECN C.OMMENT 

+ 0  0036 0.0025 0[0034.1.0.0003 97 AITALA 98 E791 zr- nucleus, 
500 GeV 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 * 

<0.018 90 98 AMMAR 91 CLEO e + e -  ~ 10.5 
GeV 

<0.018 90 5 ~ 99 ANJOS 88c E691 Photoproduc- 
12 tion 

102 Here MISHRA 94 uses "the statistical approach advocated by the PDG." For an alternate 
approach, giving a limit of 9 x 10 - 6  at 90% confidence level, see the paper. 

r(r e § e - ) / r~ l  rl~/r 
A test for the AC  = 1 weak neutral current. Allowed by higher-order electroweak 
interactions. 

VALUE CL~ E V T S  DOCUMENT ID TECN COMMENT 

<4.5 X 10 - S  90 0 FREYBERGER 96 CLE2 e + e -  ~ T(45)  

r(~ ~+ ~-)/r=t= r16~/r 
A test for the A C : I  weak neutral current. Allowed by higher-order electroweak inter- 
actions. 

VALUE CL~ EVT5 DOCUMENT ID TECN, COMMENT 

< 1 . 8  X 10 - 4  90 2 KODAMA 95 E653 ~r- emulsion 600 GeV 
�9 * �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<5~4 x 10 - 4  90 3 FREYBERGER 96 CLE2 e + e  - ~ T(45)  
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r(~e+ e-) / r~,  q~/r  
A test for the &C = 1 weak neutral current, Allowed by higher-order electroweak 
interactions. 

VALUE CL~ EVT5 DOCUMENT ID TEEN COMMENT 

<1.1 X 10 - 4  90 0 FREYBERGER 96 CLE2 e + e -  ~ T(4S) 

r(~t~+t~-)Ir~l r l . l r  
A test for the AC = 1 weak neutral current. Allowed by higher-order electroweak 
interactions. 

VALUE ~ E V T $  DOCUMENT /D TEEN COMMENT 

< w  "-4 90 0 FREYBERGER 96 CLE2 e + e  - ~, T(4S) 

r(p~ rzTo/r 
A test for the AC = 1 weak neutral current, Allowed by higher-order electroweak 
interactions. 

VALUE EL% E V T $  DOCUMENT ID TEEN COMMENT 

<1,0 X 10 - 4  90 2 103 FREYBERGER 96 CLE2 e + e -  ~ 7(45)  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<4.5 x 10 - 4  90 2 HAAS 08 CLEO e + e -  10 GeV 

103This FREYBERGER 96 limit is obtained using a phase-space model. The limit changes 
to < 1.8 • 10 - 4  using a photon pole amplitude model. 

r(~%+~-)ir~,, r lnlr 
A test for the ~ C  = 1 weak neutral current. Allowed by higher-order electroweak 
interactions. 

VALUE CL~ E V T S  DOCUMENT ID TEEN COMMENT 

< 2 . 3  X 10 - 4  90 0 KODAMA 95 E653 ~r- emulsion 600 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<4.9 • 10 - 4  90 1 104 FREYBERGER 96 CLE2 e + e -  ~ T(4S) 
<8.1 x 10 - 4  90 5 HAAS 68 CLEO e + e -  10 GeV 

t04This FREYBERGER 96 limit is obtained using a phase-space model. The limit changes 
to < 4.5 • 10 - 4  using a photon pole amplitude model, 

r(le + e - ) I r~ i  r ln lr  
A test for the AC = 1 weak neutral current. Allowed by higher-order electroweak 
interactions, 

VALUE EL% E V T S  DOCUMENT ID TEEN COMMENT 

< l . g x l O  - 4  90 1 105 FREYBERGER 96 CLE2 e + e - ~  T(4S) 

105 This FREYBERGER 96 limit is obtained using a phase-space model. The limit changes 
to < 2.7 x 10 - 4  using a photon pole amplitude model. 

r (~+~- ) i r~= rzz~Ir 
A test for the 6~C = I weak neutral current. Allowed by higher-order electroweak 
interactions. 

VALUE EL% E V T 5  DOCUMENT ID TEEN COMMENT 

<11.3 X 10 - 4  90 0 106 FREYBERGER 96 CLE2 e + e -  ~ T(4S) 

106 This FREYBERGER 96 limit is obtained using a phase-space model. The limit changes 
to < 6.5 • 10 - 4  using a photon pole amplitude model. 

r(§ + e-)/rtot= rlz4/r 
A test for the AC  _ 1 weak neutral current. Allowed by higher-order electroweak 
interactions. 

VALUE CL ~ E V T 5  DOCUMENT ID TEEN COMMENT 

<5.2 x 10 - 5  90 2 107 FREYBERGER 96 CLE2 e + e -  ~ T(45)  

107This FREYBERGER 96 limit is obtained using a phase-space model. The limit changes 
to < 7,6 x 10 - 8  using a photon pole amplitude model. 

r(§ r l~/r 
A test for the AC = 1 weak neutral current. Allowed by higher-order electroweak 
interactions. 

VALUE CL~ E V T 5  DOCUMENTID TEEN COMMENT 

<4.1 X 10 - 4  90 0 108 FREYBERGER 96 CLE2 e + e -  ~ 7(45)  

108This FREYBERGER 96 limit is obtained using a phase-space model. The limit changes 
to < 2.4 x 10 - 4  using a photon pole amplitude model. 

r (P e+ e-)/rt== rl~/r 
Allowed by first-order weak interaction combined with electromagnetic interaction. 

VALUE CL~ E V T 5  DOCUMENT ID TEEN . COMMENT 

<1.1 X 10 - 4  90 0 FREYBERGER 96 CLE2 e + e -  ~ T(4S) 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<1.7 x 10 - 3  90 ADLER 89C MRK3 e + e -  3.77 GeV 

r (-K~ r ln/r  
Allowed by first-order weak interaction combined with electromagnetic interaction, 

VALUE ~ E V T 5  DOCUMENT ID TEEN COMMENT 

<2 .6  x 10 - 4  90 2 KODAMA 95 E653 ~r- emulsion 600 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<6.7 x 10 - 4  90 1 FREYBERGER 96 CLE2 e + e -  ~ T(4S) 

r(-g" (892) 0 e + e- )  Ir~=, r1~,Ir 
Allowed by first-order weak interaction combined with electromagnetic interaction. 

VALUE ~ E V T S  DOCUMENT/D TEEN COMMENT 

<1.4 x 10 - 4  90 I 109 FREYBERGER 96 CLE2 e + e -  ~ T(4S) 

109This FREYBERGER 96 limit is obtained using a phase-space model. The limit changes 
to < 2.0 x 10 - 4  using a photon pole amplitude model. 

r('P(892)o ~,+ f , - ) ir=,  r1.1r 
Allowed by first-order weak interaction combined with electromagnetic interaction. 

VALUE CL~ E V T 5  DOCUMENT }D TEEN COMMENT 

<1,18 X 10 - 3  90 1 110 FREYBERGER 96 CLE2 e + e -  ~ 7(45)  

110 This FREYBERGER 96 limit is obtained using a phase-space model. The limit changes 
to < 1.0 x 10 - 3  using a photon pole amplitude model. 

r(,r+.- P~+~,-)/rt~l r180/r 
A test for the A C = I  weak neutral current. Allowed by higher-order electroweak inter- 
actions. 

VALUE CL~ E V T 5  DOCUMENT ID TEEN COMMENT 

<11.1 X 10 .--4 90 1 KODAMA 95 E653 ?r- emulsion 600 GeV 

r(/~ e~)/ri~i rigl/r 
A test of lepton family number conservation, 

VALUE EL% E V T 5  DOCUMENT ID TEEN COMMENT 

< $.1 X 10 - 6  90 AITALA 99G E791 ~r- N 500 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, e t c . *  �9 �9 

< 1.72 x 10 - 5  90 PRIPSTEIN 00 E789 p nucleus, 800 GeV 
< 1.9 • 10 - 5  90 2 111 FREYBERGER 96 CLE2 e-+-e - ~ 7(4S)  
< 1.0 x 10 - 4  90 4 ALBRECHT 88G ARG e - - e -  10 GeV 
< 2.7 x 10 - 4  90 9 HAAS 88 CLEO e + e  - 10 GeV 
< 1.2 x 10 - 4  90 BECKER 87c MRK3 e - - e -  3.77 GeV 
< 9 x 10 - 4  90 PALKA 87 SILl 200 GeV ~rp 
<21 x 10 - 4  90 0 112 RILES 87 MRK2 e + e -  29 GeV 

111This is the corrected result given in the erratum to FREYBERGER 96. 
112RILES 87 assumes B(D ~ K~r) = 3.0% and has production model dependency. 

r(-~ r~82/r 
A test of lepton family number conservation. The value is for the sum of the two 
charge states. 

VALU[~ CL~ E V T 5  DOCUMENT ID TEeN COMMENT 

<8.6 x 10 - 5  90 2 FREYBERGER 96 CLE2 e + e -  ~ 7(45)  

r (rle~'/~:~)/rtot= rlg3/r 
A test of lepton family number conservation. The value is for the sum of the two 
charge states, 

VALUE ~ EVT5 DOCUMENT ID TEEN COMMENT 

<1.0 X 10 - 4  90 0 FREYBERGER 96 CLE2 e + e -  ~ 7(45)  

r (~e+~) I r t~ i  rz. l r  
A test of lepton family number conservation. The value is for the sum of the two 
charge states. 

VALUE CL~ E V T 5  DOCUMENT ID TEEN COMMENT 

<4,9 X 10 - 5  90 0 113 FREYBERGER 96 CLE2 e + e -  ~ 7(45)  

113 This FREYBERGER 96 limit is obtained using a phase-space model. The limit changes 
to < 5.0 • 10 - 5  using a photon pole amplitude model. 

r(~e~/J~)Irto~i r i~I r  
A test of lepton family number conservation. The value is for the sum of the two 
charge states. 

VALUE CL% E V T S  DOCUMENT ID TEEN COMMENT 

<1.2 X 10 - 4  90 0 114 FREYBERGER 96 CLE2 e + e -  ~ T(4S) 

114This FREYBERGER 96 limit is obtained using a phase-space model. The same limit is 
obtained using a photon pole amplitude model. 

r(§ • r l~Ir  
A test of lepton family number conservation. The value is for the sum of the two 
charge states. 

VALUE CL~ Ev'r5 DOCUMENT ID TEEN COMMENT 

<3.4 X 10 - 5  90 0 115 FREYBERGER 96 CLE2 e + e -  ~ 7(45)  

115 This FREYBERGER 96 limit is obtained using a phase-space model. The limit changes 
to < 3.3 x 10 - 5  using a photon pole amplitude model. 

r(g~ e~-l,~)irto~i rzaT/r 
A test of lepton family number conservation. The value is for the sum of the two 
charge states. 

VALUE EL% E V T S  DOCUMENT ID TEEN COMMENT 

< 1 . 0 X 1 0  - 4  90 0 FREYBERGER 96 CLE2 e + e  - ~ T(4S) 

r(-g'(892) ~ ~ * ) / r ~ ,  r1.1r 
A test of lepton family number conservation. The value is for the sum of the two 
charge states. 

VALUE CL~ E V T 5  DOCUMENT ID TEEN COMMENT 

< 1 . 0  X 10 --4 90 0 116 FREYBERGER 96 CLE2 e + e -  ~ 7(45)  

116 This FREYBERGER 96 limit is obtained using a phase-space model. The same limit is 
obtained using a photon pole amplitude model. 
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Meson Particle Listings 
D o 

D O CP-VIOLATING DECAY-RATE ASYMMETRIES 

Acp(K + K-)  in D O, "D O ~ K + K -  
This is the difference between D O and D 0 partial widths for these modes divided by 
the sum of the widths. The D O and 9 0 are distinguished by the charge of the parent 
D*:  D * +  ~ D0~r + and D * -  ~ D07r - ,  

VALUE EVT$ DOCUMENT iD TECN COMMENT 
0 .026 :b0 .035  O U R  A V E R A G E  

-0.010--0.049--0.012 609 117 AITALA 98C E791 -0 .093  < A c p  < +0.073 
(90% CL) 

+0.0804-0.061 BARTELT 95 CLE2 -0 .022  < A c p  < +0.18 
(90%CL) 

+0.024:1:0.084 117 FRABETTI 941 E687 -0 ,11  < A c p  < 4.0.16 
(90% CL) 

117AITALA 90c and FRABETTI 941 measure N ( D  0 ~ K + K - ) / N ( D  0 --, K--~r+) ,  the 

ratio of numbers of events observed, and similarly for the 9 0 . 

Acp(x+~r - )  in D ~ "D o - *  ~r+~r- 
This is the difference between D O and 9 0 partial widths for these modes divided by 
the sum of the widths. The D O and 9 0 are distinguished by the charge of the parent 
D*:  D * +  ~ D07r + and D * -  ~ DOTr - ,  

VALUE EVTS DOCUMENT ID TEEN COMMENT 

--0.049-1-0.071]J,-0.030 343 118AITALA 98c E791 -0 .186  < A c p  < 
+0.088 (90% CL) 

118 AITALA 90C measures N ( D  0 ~ 7r + 7 r - ) / N ( D  0 - ~  K -  ir + ) ,  the ratio of numbers of 

events observed, and similarly for the 9 0 . 

Acp(K~ in D D, ~'o ... Ko~ 
This is the difference between D O and D 0 partial widths for these modes divided by 
the sum of the widths. The D O and 9 0 are distinguished by the charge of the parent 
D * :  D * +  ~ D0~r + and D * -  ~ DO~r - .  

VALUE DOCUMENT ID TECN COMMENT 

--0.028:b0.094 BARTELT 95 CLE2 -0 .182  < A c p  < +0.126 (00%CL) 

Acp(K~ O) in D 0, P ~ K~ 0 
This is the difference between D O and 9 0 partial widths for these modes divided by 
the sum of the widths. The D O and 9 0 are distinguished by the charge of the parent 
D * :  D*4. ~ D O x  + and D * -  ~ D0~r - .  

VALUE DOCUMENT ID TECN COMMENT 

--0.018"4-0.030 BARTELT 95 CLE2 -0 .067 < A c p  < +0.031 (90%CL) 

Acp(K• :F) in D O --~ K+x- ,  ~ 0 --* K - x  + 
This is the difference between D O and ~O partial widths for these modes divided by 
the sum of the widths. The D O and D 0 are distinguished by the charge of the parent 
D* :  D * +  ~ D0~r + and D * -  ~ DOTr - ,  

VALUE EVT5 DOCUMENT/D TEEN COMMENT 

0 02 -FO' lg '~n  ~ ,  119 �9 _ 0 . 2 0 ~ v . u L  45 GODANG 00 CLE2 --0.43 < A c p  < +0.34 I 
(95%CL) 

119This GODANG O0 result assumes no D o D - 0  mixing; i t  becomes - 0  01 +0 '16 4- 0.01 - " - - 0 . 1 7  | 
when mixing is allowed. 

D O PRODUCTION CROSS SECTION AT ~(3770) 

I 0 A compilation of the cross sect'ons for the direct production of D mesons 
at or near the ~b(3770) peak in e + e  - production. 

VALUE (nanobarns) DOCUMENT ID TECN COMMENT 

�9 * �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

5.8 4.0.5 :E0.6 120ADLER 88C MRK3 e + e  - 3.768 GeV 
7.3 4.1.3 121 PARTRIDGE 84 CBAL e + e  - 3371 GeV 
8.00:1:0.954-1.21 122SCHINDLER 80 MRK2 e + e  - 3.771 GeV 

11.5 4-2.5 123 PERUZZI 77 MRK1 e + e  - 3.774 GeV 

120This measurement compares events wi th one detected D to those with two detected D 
mesons, to determine the the absolute cross section. ADLER 88c find the ratio of cross 
sections (neutral to charged) to be 1.36 ~ 0.23 4- 0.14. 

121This measurement comes from a scan of the 9(3770) resonance and a fit to the cross 
section. PARTRIDGE 84 measures 6.4 4- 1.15 nb for the cross section. We take the 
phase space division of neutral and charged D mesons in ~(3770) decay to be 1.33, 
and we assume that the ~.(3770) is an isosinglet to evaluate the cross sections. The 
noncharm decays (e.g. radiative) of the ~(3770) are included in this measurement and 
may amount to a few percent correction, 

122This measurement comes from a scan of the r resonance and a fit to the cross 
section. SCHINDLER 80 assume the phase space division of neutral and charged D 
mesons in 9(3770) decay to be 1.33, and that the ~(3770) is an isosinglet. The noncharm 
decays (e.g. radiative) of the 9(3770) are included in this measurement and may amount 
to a few percent correction. 

123This measurement comes from a scan of the r resonance and a fit to the cross 
section. The phase space division of neutral and charged D mesons in 9(3770) decay 
is taken to be 1.33, and r is assumed to be an isosinglet. The noncharm decays 
(e.g. radiative) of the VJ(3770) are included in this measurement and may amount to 
a few percent correction. We exclude this measurement from the average because of 
uncertainties in the contamination from ~ lepton pairs. Also see RAPIDIS 77. 
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i i I(J P) = � 89  D*(2007)~ I, J, P need confirmation. 

J consistent with 1, value 0 ruled out (NGUYEN 77). 

D*(2007) 0 MASS 

d: D * •  D *0, and D s •  mass and mass The fit includes D •  0 0, D s , 
difference measurements. 

VALUE (MeV) DOCUI~ENT /D TECN COMMENT 

201~.7:1:0.5 OUR FIT Error includes scale factor of 1.1. 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc, �9 �9 �9 

2006 •  1GOLDHABER 77 MRK1 e + e  - 

1 From simultaneous fit to O*(2010) + ,  D*(2007) O, O + ,  and D 0, 

mD,(2007)o -- mDo 

The f i t  includes D + ,  D 0, Ds~, D *-I ', D *0, and Ds:5 mass and mass 
difference measurements. 

VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT 
142.124-0.07 OUR FIT 
142.124-0.07 OUR AVERAGE 
142,2 •  •  145 ALBRECHT 95F ARG e + e  - ~ hadrons 
142,12:50.05--0.05 1176 BORTOLETTO92B CLE2 e + e  - ~ hadroos 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc, �9 �9 �9 

[42.2 •  5ADROZINSKIg0 CBAL D *0 ~ D0~r 0 
142,7 •  2GOLDHABER 77 MRK1 e + e  - 

2From simultaneous fit to D*(2010) + ,  D*(2007) 0, D + ,  and D 0. 

D*(2007) ~ WIDTH 

VALUE (MeV) CL~...~ DOCUMENT ID TECN COMMENT 

<2.1 90 3ABACHI  88B HRS D *0 --* D + ~  - 

3Assuming m D .  0 = 2007.2:5 2.1 MeV/c  2. 

D*(2007) 0 DECAY MODES 

D*(2007) 0 modes are charge conjugates of modes below. 

Mode Fraction ( r i / I - )  

F1 D~ ~ (61.9• % 
F 2 DO-/ (38,1• % 
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D D, D*(2007) ~ D* (2010) • 

CONSTRAINED FIT INFORMATION 

An overall fit to a branching ratio uses 3 measurements and one 
constraint to determine 2 parameters. The overall fit has a X 2 = 
0.5 for 2 degrees of freedom, 

The following off-diagonal array elements are the correlation coefficients 
( S x i S x ~ / ( ~ x i , S x ~ ) ,  in percent, f rom the  f i t  to the  branching fract ions, x~ = 
q ~ ~ 

r'i/i-tota I. The fit constrains the x~ whose labels appear in this array to sum to 
one. 

x 2 [-lOO 
Xl 

D~(2007) 0 BRANCHING RATIOS 

r(~.~ rl/r 
VALUE EVTS DOCUMENT ID TECN COMMENT 
0.61g'1"0.029 OUR FIT  

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.596:5 0.035 • 0.028 858 4 ALBRECHT 95F ARG e + e-- ~ hadrons 
0.636:50.023• 1097 4 BUTLER 92 CLE2 e + e -  ~ hadrons 

r(o%)/r~t= r2/r 
VALUE EVTS DOCUMENT ID TECN COMMENT 
0,31U-~0.029 OUR FIT 
0.311=1:0.029 OUR AVERAGE 
0.404•177 456 4ALBRECHT 95F ARG e + e  - ~ hadrons 
0.364•177 621 4 BUTLER 92 CLE2 e + e -  ~ hadrons 
0.37 •  •  ADLER 88D MRK3 e + e  - 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0 .47:50.23 LOW 87 HRS 29 GeV e + e  - 
0 .53 :50.13 BARTEL 85G JADE e + e--, hadrons 
0.47 i 0 . 1 2  COLES 82 MRK2 e + e  - 
0 ,45 :50,15 GOLDHABER 77 MRK1 e + e  - 

4 The BUTLER 92 and ALBRECHT 95F branching ratios are not independent, they have 
been constrained by the authors to sum to 100%. 

D*(2007) ~ REFERENCES 

ALBRECHT 95F ZPHY C66 63 H, Albrecht e! at, (ARGUS Collab.) 
BORTOLETTO 92B PRL 69 2046 D, Bo~toletto et al. (CLEO Collab.) 
BUTLER 92 PRL 69 2041 P. Butler et aL (CLEO Collab.) 
ABACHI 88B PL B212 533 S. Abachi et aL (ANL, IND, MICH, PURD+) 
ADLER SSD PL B208 ]52 J. Adler et aL (Mark I11 Collab.) 
LOW 87 PL B1B3 232 E.H. Low et aL (HRS Collab.) 
BARTEL 85G PL 161B 197 W. Bartel et aL (JADE Collab,) 
COLES 82 PR D26 2190 M.W. Coles et aL (LBL, SLAC) 
SADROZlNSKI 80 Madison Cone 681 H.F.W. Sadrozinskl et aL (PRIN, CIT+) 
GOLDHABER 77 PL 69B 503 G. Goldkaber et aL (Mark I Collab.) 
NGUYEN 77 PRL 39 262 H.K. Nguyen et aL (LBL, SLAC)J 

- -  OTHER RELATED PAPERS 

SEMENOV 99 SPU 42 847 S.V. Semenov 
Translated from UFN 42 937. 

KAMAL 92 PL B284 421 A.N, Kamal, Q.P. Xu (ALBE) 
TRILLING St PRPL 75 57 G.H. Trilling (LBL, UCB) 
GOLDHABER 76 PRL 37 255 G. Goldhaber et aL (Mark I Collab.) 

Io'(2o o)  I I(J P) = �89 
I, J, P need confirmation. 

D*(2010) • MASS 

* +  and mass The fit includes D •  D 0, Ds~, D*:5,  D *0, and D s mass 
difference measurements. 

VALUE (MeV) DOCUMENT ID TECN CHG COMMENT 

2010.04-0.5 OUR FIT Error includes scale factor of 1.1. 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

2 0 0 8 : 5 3  1GOLDHABER 77 M R K 1 : 5  e + e  - 
2008.6• 2 PERUZZI 77 MRK1 • e 'Fe - 

1 From simultaneous fit to D*(2010) + ,  D*(2007) 0, D + ,  and DO; not independent of 
FELDMAN 77B mass difference below. 

2pERUZZI 77 mass not independent of FELDMAN 77B mass difference below and PE- 
RUZZI 77 D 0 mass value, 

mD,(2010)+ - -  mD+ 

• D * •  D *0, and Ds:5 mass and mass The fit includes D:5, D 0, D s , 
difference measurements. 

VALUE (MeV) EVTS DO~U, MENT ID TECN COMMENT 

140.644-0.10 OUR FIT Error includes scale factor of 1.1. 

140.f~14"0.011-1"0.06 620 BORTOLETTO92B CLE2 e + e -  ~ hadrons 
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D*(2010) • 

mD,(2010)+ -- mDo 

• D * •  D *0, and D~ • mass and mass The fit includes D •  D 0, D s , 
difference measurements. 

VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT 

145.4364-0.010 OUR FIT 
145.4364-0.015 OUR AVERAGE 
145.54 •  611 ADINOLFI 99 BEAT D * •  ~ D0yr • 
145.45 •  BREITWEG 99 ZEUS D * •  ~ D0~r • 

(K~) ; r  • 

145.42 •  BREITWEG 99 ZEUS D * •  ~ D O - •  
(K -  3~)~: 

145.5 •  103 3ADLOFF 97B H1 D * •  ~ DO~ • 
145.44 •  152 3 BREITWEG 97 ZEUS D * •  ~ D01r •  

0 ~  K 3 - lr D 
145.42 :c0.11 199 3BREITWEG 97 ZEUS D * •  D01r •  

D O - ,  / ~ - - +  
145.4 •  48 3DERRICK 95 ZEUS D * r  ~ DUTr ~ 

145.39 •  4-0.03 BARLAG 92B ACCM w -  230 GeV 
145.5 •  115 3ALEXANDER 91B OPAL D *:j: ~ OOTr • 
145.30 •  3DECAMP 91J ALEP D *-I- ~ D0~r • 
145.40 :E0,05 •  ABACHI 88B HRS D * •  ~ D07r • 
145.46 •  •  ALBRECHT 85F ARG D * •  ~ D O x  + 

145.5 •  28 BAILEY 83 SPEC D * •  ~ D O x  • 

145.5 •  60 FITCH 81 SPEC ~ r - A  
145.3 •  30 FELDMAN 77B MRK1 D *Jr ~ D0~r 4- 

�9 �9 * We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

145.44 ~0.09 122 3 BREITWEG 97B ZEUS D * •  ~ D0~r •  
D O ~ K -  ~r + 

145.8 •  16 AHLEN 83 HRS D * +  ~ DO;r • 
145,1 •  12 BAILEY 83 SPEC D * •  ~ D07r • 
145.1 -~0.5 14 BAILEY 83 SPEC D * •  ~ D07r • 

145.5 •  14 YELTON 82 MRK2 29 e + e  - 
K - ~ r  + 

145.5 AVERY 80 SPEC 3'A 
145.2 ~:0.6 2 BLIETSCHAU 79 BEBC u p  

3 Systematic error not evaluated. 

roD,(2010)+ - mO,(2007)o 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

2.6•  4pERUZZI  77 MRK1 e + e  - 

4 Not independent of FELDMAN 77B mass difference above, PERUZZI 77 D O mass, and 
GOLDHABER 77 D*(2007) 0 mass. 

D'(2010) • WIDTH 

VALUE (MeV) CL% EVTS DOCUMENT ID TECN COMMENT 

<0.131 90 110 BARLAG 92B ACCM 7r- 230 GeV 
�9 * �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

<1.1 90 ABACHI 88B HRS D * •  ~ D0~  • 
<2.2 YELTON 82 MRK2 e + e - ~  K - ~ + T r  - 

<2,0 90 30 FELDMAN 77B MRK1 D * +  ~ D 0 ~  + 

O*(2010) • DECAY MODES 

s modes are charge conjugates of the modes below. 

Mode Fraction (F i /F )  

r l  D%r + (67.7• % 

r2 D + 7r ~ (30.7 •  % 

F 3 D + ~ /  ( 1 . 6 •  % 

CONSTRAINED FIT INFORMATION 
An overall fit to 3 branching ratios uses 6 measurements and one 
constraint  to determine 3 parameters. The overall f i t  has a X 2 = 
0.3 for 4 degrees of freedom. 

The fo l lowing o f f - d i agona l  array elements are the  correlat ion coefficients 

( 6 x i 6 x i ~ / ( 6 x i . 6 x i ) ,  in percent, f rom the  f i t  to the branching fractions, x~ 
Fi /F to ta  I. The f i t  Constrains the  x i whose labels appear in th is  array to sum to  

one. 

x2 I -62 
x 3 _ - 4 3  - 4 4  

Xl  x2 

D*(2010) + BRANCHING RATIOS 

r(o%+)/rt~l rl/r 
VALUE DOCUMENT /D TECN COMMENT 
0,6Tt 4.0.1~S OUR FIT 
0.677 -I-0.0Q6 OUR AVERAGE 
0.6759:1:0.0029• 5,6,7BARTELT 98 CLE2 e + e  - 
0.688 • --0.013 ALBRECHT 95F ARG e •  hadrons 
0.681 •  •  5 BUTLER 92 CLE2 e §  ~ hadrons 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, e t c .=  �9 �9 

0.57 •  •  ADLER 88[} MRK3 e-Fe - 
0.44 •  COLES 82 MRK2 e + e  - 
0.6 •  7GOLDHABER 77 MRK1 e + e  - 

F(D+ ~ro)/r~,~l r,/r 
VALUE EVT~ DOCUMENT ID TECN COMMENT 
0.307 4.0.00S OUR FIT 
0,3073.1.0.00134.0.0062 5,6,7 BARTELT 98 CLE2 e + e -  | 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. * �9 = 

0.312 • •  1404 ALBRECHT 95F ARG e + e  - ~ hadrons 
0.308 +0.004 •  410 5 BUTLER 92 CLE2 e • e -  ~ hadrons 
0.26 •  •  ADLER 88[} MRK3 e + e  - 
0.34 •  COLES 82 MRK2 e-Fe - 

r(o+~)Ir~ rs/r 
VALUE CL~_~o EVTS DOCUMENT ID TEEN COMMENT 

0.016 -4-0.004 OUR RT  
0.010:1:0.005 OUR AVERAGE 
0.0168•177 5,6 BARTELT 98 CLE2 e + e -  I 
0.011 •  •  12 5BUTLER 92 CLE2 e + e - ~  

hadrons 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. * �9 �9 

<0.052 90 ALBRECHT 95F ARG e + e -  
hadrons 

0.17 •  •  ADLER 88D MRK3 e + e  - 
0.22 4-0,12 8COLES 82 MRK2 e + e  - 

5The branching ratios are not independent, they have been constrained by the authors to 
sum to 100%. 

6Systematic error includes theoretical error on the prediction of the ratio of hadronic I 
modes. 

7 Assuming that isospin is conserved in the decay. 
8 Not independent of r ( o  ~ ~r+)/Ftota I and F(D + x 0 ) / r t o t a l  measurement. 

D*(2010)4. REFERENCES 

SEMENOV 99 SPU 42 847 S.V. Semenov 
Translated l'rom UFN 42 937, 

NUSSINOV 98 PL B4].8 t83 $. Nusslnov 
KAMAL 92 PL B284 421 AN. Kamal, Q.P. Xu (ALBE} 
ALTHOFF B3C PL I26B 493 M. Althoff et al. (TASSO Collab.) 
BEBEK 82 PRL 49 610 C. Bebek et al. (HARV, OSU, ROCH, RUTG+} 
TRILLING 8t PRPL 75 57 G.H. Trilling (LBL, UCB) 
PERUZZI 76 PRL 37 559 I. Peruzzi et aL (Mark I Collab.) 

ADINOLFI 99 NP B547 3 M, Ad~nolfi et aL (Beatrice Collab.) 
BREITWEG 99 EPJ C6 67 J. Breltw~e K et aL (ZEUS Collab.) 
BARTELT 98 PRL 80 3919 J. Bartelt et aL (CLEO II Collab.) 
ADLOFF S7B ZPHY C72 593 C. Adlofl et aL (H1 Collab,) 
BREITWEG 97 PL B401 192 J. Breitweg et aL (ZEUS Coliab.) 
BREITWEG 97B PL B407 402 J. Breitweg et aL (ZEUS Collab.) 
ALBRECHT 95F ZPHY CSS 63 H. Albrecht et at, (ARGUS Collab.) 
DERRICK 95 PL B349 225 M. Derrick et aL (ZEUS Collab.} 
BARLAG 92B PL B278 480 S. Barlag et aL (ACCMOR Collab.) 
BORTOLETTO 92B PRL 69 2046 D. Bo~toletto et aL (CLEO Collab.) 
BUTLER 92 PRL 69 2041 F. Butler et aL (CLEO Collab.) 
ALEXANDER g/B PL B262 a41 G. Alexander et aL (OPAL Coflab.) 
DECAMP 91J PC B266 218 D. Decamp et aL (ALEPH Collab.) 
ABACHt 88B PL B212 533 S. Abachi et aL IANL, IND, MICH, PURD+) 
ADLER 88D PL B20S 152 J. Adler er aL (Mark III Collab.) 
ALBRECHT 85F PL ].SOB 235 H. Albrecht et aL (ARGUS Collab.) 
AHLEN a3 PRL 51 1147 S.P. Ahlen et aL (ANL, IND, LBL+) 
BAILEY 83 PL 132B 230 R. Bailey et al. (AMST, BRIS, CERN, CRAC+) 
COLES 82 PR O26 2t90 M.W. Cotes et at. (LBL, SLAC) 
YELTON 82 PRL 49 430 J.M. Yelton et aL (SLAC, LBL, UCB+) 
FITCH 81 PRL 46 76]. V.L Fitch et aL (PRIN, $ACL, TORI+) 
AVERY 80 PRL 44 1309 P, Avery et aL (ILL, FNAL, COLU) 
BLIETSCHAU 79 PL 86B tO8 J. Blietschau et al. (AACH3, BONN, CERN+) 
FELDMAN 77B PRL 38 ].3].3 G.J. Feldman et aL (Mark I Collab.) 
GOLDHABER 77 PL 69B 503 G. Goldhaber er aL (Mark I Collab.} 
PERUZZI 77 PRL 39 [301 I. Peruzzi et aL (Mark I Collab.) 

OTHER RELATED PAPERS 



See key on page 239 

I D ~ ( 2 4 2 0 ) ~  l '(:P) = �89 I, J, P need confirmation. 

Seen in D*(2010)+~r - .  JP = 1 + according to ALBRECHT 89H. 

D1 (2420) ~ MASS 

VALUE (MeV) E V T S  DOCUMENT I0 TECN COMMENT 

2422.24-1.8 OUR AVERAGE Error includes scale factor of 1.2. 

2421 +_1 4-2 286 AVERY 94C CLE2 e + e  - ~ D * + T r - X  

2422 •  •  51 FRABETTI 94B E687 "),Be ~ D * + ~ - X  
2428 •  •  279 AVERY 90 CLEO e + e  - ~ D * + = - X  

2414 •  •  171 ALBRECHT 89H ARG e + e  - ~ D * + T r - X  

2428 •  •  171 ANJOS 89c TPS " IN  ~ D * + ~ - X  

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

2425 •  235 1 ABREU 98M OLPH e + e -  

l NO systematic error given. 

VALUE (MeV) EVT_S 

~'.'t ;:~ OUR AV':RAGE 
20 -- + ~ • 3 286 AVERY 

15 • B • 4 51 FRABETTI 

8 +10  279 AVERY 23 + 6  3 

13 • 6 +10  171 ALBRECHT - 5 

/:)1(2420) ~ WIDTH 

DOCUMENT IO TECN COMMENT 

94C CLE2 e + e  - ~ D * + l r - X  

94B E687 1'Be ~ D * + ~ ' - X  

90 CLEO e+  e - ~ D * + ~ r - X  

89H ARG e + e -  -~ D * +  7r- X 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

58 •  4-10 171 ANJOS 89C TPS 1"N ~ D * + ~ ' - X  

Dz(2420) o DECAY MODES 

D1(2420)0 modes are charge conjugates of modes below, 

Mode Fraction ( r i / r )  

r I ,D*(2010)+= - seen 
r 2 D + 7 r -  not seen 

D1(2420) ~ BRANCHING RATIOS 

r (D'(2010)+ ~r-)/rtoul rd r  
VALUE DOCUMENT IO TECN COMMENT 

leen AVERY 90 CLEO e + e -  ~ D * +  "/'r- X 
seer ALBRECHT 89H ARG e + e  - ~ D * T r - X  
leer ANJOS 89C TPS " /N  ~ D * + T r - X  

F(D + f-)/r(D*(2010) + x-) r=/q 
VALUE CL~ DOCUMENT IO TECN COMMENT 

<0.24 90 AVERY 90 CLEO e + e  - ~ D + ~ - X  

D1 (2420) 0 REFERENCES 

ABREU 98M PL B426 231 P. Abret~ et al. 
AVERY 94C PL B331 236 P. Avery er aL 
FRABETTI 94B PRL 72 324 P L. Frabetti et aL 
AVERY 90 PR D41 774 P. Avery, D. Besson 
ALBRECHT 89H PL B232 39B H. Albrecht et al. 
ANJOS 89C PRL 62 17t7 J.C. Anjos et aL 

- -  OTHER RELATED PAPERS 

SEMENOV 99 SPU 42 847 S.V. Semenov 
Trarislated from UFN 42 937. 

I I I(JP) = �89 D I ( 2 4 2 0 )  ~- I needs confirmation. 

OMITTED FROM SUMMARY TABLE 
Seen in D*(2007)~ +, JP = 0 + ruled out. 

(DELPHI Colla b.) 
(CLEO Collab.) 

(FNAL E687 Collab.) 
(CLEO Colla b.) 

(ARGUS Collab.) JP 
(FNAL Eh91 Collab.) 

D1 (2420) =k MASS 

VALUE (MeV) EVTS DOCUMENT ID TECN 
24274-5 OUR AVERAGE Error includes scale factor of 2.0. 

24254-2• 146 BERGFELD 94B CLE2 
24434-7• 190 ANJOS 89C TPS 

COMMENT 

e + e  - ~ O*0~r+X  
" iN  ~ D O s  0 
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B ~ ( 2 4 2 0 )  ~ D ~ ( 2 4 2 0 )  ~ , D ~ ( 2 4 6 0 )  ~ 

mD;(2420), - -  mD~(2420)o 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

4 + 2 4 " 3  BERGFELD 94B CLE2 e + e -  ~ hadrons 

/)1(2420):1: WIDTH 

VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT 
28-1- 8 OUR AVERAGE 

26 4-_ ~• 146 BERGFELD 94B CLE2 e + e  - ~ D * 0 ~ + X  

4 1 • 1 7 7  190 ANJOS 89c TPS "yN ~ D O ~ + x  0 

D~(2420) • DECAY MODES 

D~(2420) -  modes are charge conjugates of modes below. 

Mode Fraction ( r l / r )  

r l  D* (2007) 0 ~r + seen 
F 2 D O/r + not seen 

D~(2420) + BRANCHING RATIOS 

F(D'*(2007) ~ r11r 
VALUE DOCUMENT /D TECN COMMENT 

ANJOS B9c TPS 1"N ~ D O ~ + x  0 

r(o ~ r~/q 
VALUE ~ DOCUMENT ID TECN COMMENT 

�9 �9 J We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<0.18 90 BERGFELD 94B CLE2 e + e  - ~ hadfons 

/)1(2420) • REFERENCES 

BERGFELD 94B PL B340 194 T. Bergfeld et at. 
ANJOS eSC PRL 62 I}'17 J.C. Anjos et at. 

OTHER RELATED PAPERS 

SEMENOV 99 SPU 42 847 S.V. Semenov 
Translated from UFN 42 937. 

{CLEO Collab.) 
(FNAL E691 Collab.) 

I D;(246~176 , JP) _- �89 
J P  = 2 + assignment s t rongly favored ( A L B R E C H T  89B). 

D~(2460)0 MASS 

VALUE (MeV) E V T S  DOCUMENT ID TECN COMMENT 
2458.9+2.0 OUR AVERAGE Error includes scale factor of 1.2. 

2465 4-3 4-3 486 AVERY 94C CLE2 e + e  - ~ D + ~ - X  
2453 •  4-2 128 FRABETTI 94B E687 1'Be ~ D + l r - X  
2461 + 3  4-1 440 AVERY 90 CLEO e + e  - ~ D * + ~ - X  
2455 •  •  337 ALBRECHT B9B ARG e + e  - ~ D + ~ r - X  

2459 • • 153 ANJOS 89C TPS 1"N ~ D+~-X 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

2461 •  126 1 ABREU 98M DLPH e + e -  
2466 •  1 ASRATYAN 95 BEBC 53,40 u(~}  ~ p Jr X,  

d + X  

1 No systematic error given. 

D~(2460) ~ WIDTH 
VALUE (MeV I E V T S  DOCUMENT ID TECN COMMENT 
234- 5 OUR AVERAGE 
28 + 784- 6 486 AVERY 94C CLE2 e + e  - ~ O + ~ - X  

2 5 + 1 0 •  5 128 FRABETTI 94B E687 1'Be --* D + T r - X  

20--+19+_109 440 AVERY 90 CLEO e + e - ~  O * - I - ~ - X  

15+_~3+_15 337 ALBRECHT 89B ARG e+e - --  O+~r-X 

204-10+ 5 153 ANJOS 89C TPS 1"N ~ D+~r-X 

D~(24~) ~ DECAY MODES 

D~(2460) 0 modes are charge conjugates of modes below. 

Mode Fraction ( l i / r )  

rl D +Tr- seen 
r 2 D* (2010) + ;T- seen 
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D; (2460)  ~ D; (2460)  +, D* (2640)  • 

D~2(2460)~ BRANCHING RATIOS 

r(D+~r-)/rtm, 
VALUE EVT.~ 

337 

I'(D*(2010) + lr-)/l't==. 
VALUE 

seen 
seefl 

r(D+ r)/r(D'(2ozo)+.-) 
VALUE 

2.3• OUR AVERAGE 
2.2,1,0.7.1.0.6 
2.3,1,0.8 

3.0,1,1.1,1,1.5 

DOCUMENT ID TECN 

ALBRECHT 89B ARG 
ANJOS 89C TPS 

DOCUMENT ID TECN 

rz/r 
COMMENT 

e + e - - ~  D + ~ - X  

~ N ~  D + x -  X 

r2/r  
COMMENT 

AVERY 90 CLEO 
ALBRECHT 89H ARG 

DOCUMENT/D TEEN 

e + e  - .-4 D * + ~ - X  

e + e  - ~ D * x - X  

rz/r2 
COMMENT 

AVERY 94c CLE2 
AVERY 90 CLEO 
ALBRECHT 89H ARG 

e + e  - ~ D * + T r - X  

e + e  - 

e + e  - ~ D ~ - - X  

D~2(2460) ~ REFERENCES 

ABREU 98M PL B426 231 P. Abreu et aL 
ASRATYAN 95 ZPHY C6B 43 A,E. Asratyan et al. 
AVERY 94C PL B331 236 P. Avery et al. 
FRABETTI 94B PRL 72 324 P.L Frabetti el at. 
AVERY 90 PR D41 774 P. Avery. D. Besson 
ALBRECHT 89B PL B221 422 H. Albrecht et at. 
ALBRECHT 89H PL B232 398 H. Albrecht et aL 
ANJOS 89C PRL 62 1717 J.C. AnJos et al. 

OTHER RELATED PAPERS 
SEMENOV 99 SPU 42 847 S.V. Semenov 

Translated from UFN 42 937. 

I n~(246~ I I(J P) = �89 +) 

(DELPHI Co]lab.) 
(BiRM. BELG, CERN+) 

(CLEO Colla b.) 
(FNAL E687 Collab.) 

(CLEO Collab.) 
{ARGUS Collab.) JP 
(ARGUS Collab.) JP 

(FNAL E691 Collab.) 

D~2(2460) • MASS 

VALUE (MeV) E V T $  DOCUMENT ID TECN COMMENT 

245g-l-4 OUR AVERAGE Error includes scale factor of 1.7. See the ideogram below. 

2463,1,3,1,3 310 BERGFELD 94B CLE2 e + e  - --* D0~r+X  
2453• 185 FRABETTI 94B E687 ~fBe ~ D01 r+X  
2469,1,4,1,6 ALBRECHT 89F ARG e + e  - ~ D O x + x  

WEIGHTED AVERAGE 
245914 (Error scaled by 1,7) 

, 

2440 2450 2460 2470 

D~(2460)  • mass ( M e V )  

2480 

~C 2 

94B CLE2 1.0 
94B E687 2.5 
BgF ARG 2.0 

5.6 
~nfldence Level = 0.062) 

249O 2500 

mD~=(2460)~- -- mD;(2,1~o)o 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

0,gd :&3  OUR AVERAGE Error includes scale factor of 1.1. 

- 2 .1.4 .1.4 BERGFELD 94B CLE2 e + e  - ~ hadrons 
0 ,1,4 FRABETTI 94B E687 "/Be ~ D x X  

14 ,1,5 ,1,8 ALBRECHT 89F ARG e + e  - ~ D0~r+X 

D~(2460)• 

VALUE (MeV) E V T 3  DOCUMENT ID TECN 

�9 L + ~ our AW.*GE 
27_+11• 310 BERGFELD 94B CLE2 

23.1. 9.1.5 185 FRABETTI 94B E687 

COMMENT 

e + e  - ~ D O l r + X  

~,Be ~ DO~r+X 

D~(2460] • DECAY MODES 

D~(2460) -  modes are charge conjugates of modes below. 

Mode Fraction ( r i / r )  

r I D O 'n "+ seen 

r2  D *0 "~+ seen 

D~(2460) • BRANCHING RATIOS 

r(D~ rz/r 
VALUE DOCUMENT ID TECN COMMENT 

seen ALBRECHT 89F ARG e + e  - ~ DOTr+X 

r(D ~ "~ Flit= 
VALUE DOCUMENT ID TECN COMMENT 

1-9:1:1.1"1"0.3 BERGFELD 94B CLE2 e + e  - ~ hadrons 

D~(2460) • REFERENCES 

BERGFELD 94B PL B340 194 T. Bergfeld et al. (CLEO Co]lab.) 
FRABETTI 94B PRL 72 324 P.L Frabettl et al. (FNAL E687 Collab.) 
ALBRECHT 89F PL B231 208 H. Albrecht et aL (ARGUS Collab.) 

I D* (2640)+ I I(:P) = �89 
OMITTED FROM SUMMARY TABLE 

Seen in D*(2010) + ~'+ ~r-. Needs confirmation. 

D" (~40) • MASS 

VALUE (MeV) E V T $  DOCUMENT/D TECN COMMENT 

2637•  66 -!- ABREU 98M DLPH e + e -  
14 D * +  ~r + ~r- X 

0*(2640) • WIDTH 

VALUE (MeV) CL ~ DOCUMENT ID TEEN COMMENT 

<ZS 95 ABREU 98M DLPH e § e -  --* 
D * +  x +  l r -  X 

D'(2640) + DECAY MODES 

D*(2640 ) -  modes are charge conjugates of modes below. 

Mode Fraction ( r / / F )  

I- 1 D * ( 2 0 1 0 ) + ; T +  ~ - seen 

D*(2640) • REFERENCES 

ABREU 9SM PL B426 231 P. Abreu et aL (DELPHI Collab.) 



See key on page 239 

rl C H A R M E D w  S T R A N G E  M E S O N S  II [ (c=s= 
I O+ = Cg, D s = ~S, similarly for O;'s 

I D~ I '(:P) = o(o-) 
was F • I 
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Ds4  ̀MEAN LIFE 

Measurements with an error greater than 0.2 • 10 -12  s or with fewer than 
100 events are omitted from the average. 

VALUE (10 -12 s) EVT$ DOCUMENT ID TEEN COMMENT 

0.496 +0.010 OUR AVERAGE - 0.009 

0.518 4-0.014 4-0.007 1662 AITALA 99 E791 l r -  nucleus, 500 GeV 

o48634-oo15o+O:Oo% ~' 2167 2BO~V,C,~, 99 CLE2 o+e--~ ~(4~) 
0.475 4-0.020 4-0.007 900 FRABETTI 93F E687 3,Be, D~ ~ @~+ 

The angular distributions of the decays of the r and K*(892)  0 in 

the ~ +  and K + K * ( 8 9 2 )  0 modes strongly indicate that the spin 
is zero. The parity given is that expected of a c~ ground state. 

D~ MASS 

The fit includes D +,  DO , Ds4-, D*4-, D *0, and D s*4- mass and mass 

difference measurements. Measurements of the D~ mass with an error 
greater than 10 MeV are omitted from the fit and average. A number of 
early measurements have been omitted altogether. 

VALUE (MeV) EVTS DOCUMENT ID TEEN COMMENT 
1968.64- 0,6 OUR FIT Error includes scale factor of 1.1. 
1r -I- 1.4 OUR AVERAGE Error includes scale factor of 1.5. See the ideogram below. 
1967.0• 1.0• 1.0 54 BARLAG 90C ACCM x - C u  230 GeV 
1969.34- 1.44- 1.4 ALBRECHT 88 ARG e+e - 9.4-10.6 

GeV 
1972.7-;- 1.5-;- 1.0 21 BECKER 87B SILl 200 GeV ~r,K,p 
1972.4• 3.74- 3.7 27 BLAYLOCK 87 MRK3 e+e - 4.14 GeV 
1963 4- 3 4- 3 30 DERRICK 85B HRS e+e - 29 GeV 
1970 4- 5 4- 5 104 CHEN 83C CLEO e+e - 10.5 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1968.3:J: 0.74- 0.7 290 1 ANJOS 88 E691 Photoproduction 
1980 4-15 6 USHIDA 86 EMUL u wideband 
1973.64- 2.6• 3.0 163 ALBRECHT 85D ARG e + e -  10 GeV 
1948 4-28 4-10 65 AIHARA 84D TPC e+e - 29 GeV 
1975 4- 9 4-10 49 ALTHOFF 84 1ASS e + e -  14-25 GeV 
1975 ,• 4 3 BAILEY 84 ACCM hadron + Be 

r 

1ANJOS 88 enters the fit via m D i  s - roD• (see below). 

WEIGHTED AVERAGE 
1969.0-~ 1.4 (Error scaled by 1.5) 

Values above of weighted average, error, 
and scale hlctor ere based upon the data in 
t~his ideogram only. They ere not naces- 
sadly the same as our 'best' values, 
obtained from a leest-sqnares constrained fit 
utilizing measurements of other (related) 
quantities as additional information. 

1950 1960 1970 

D~  mass (MeV) 

ALBRECHT 88 ARG 0.0 
BECKER 87B SILl 4.2 
BLAYLOCK . 87 MRK3 0.4 
DERRICK 85B HRS 2.0 
CHEN 83C CLEO 0.0 

8.7 
{Confidence Level = 0.123} 

I I 
1980 1990 2000 

mD~ - mD,  

The fit includes D4-, D 0, D~, D *-4-, D *0, and Ds4. mass and mass 
difference measurements. 

VALUE (MeV) EVTS DOCUMENT ID TEEN COMMENT 
99,24-0.5 OUR FIT Error includes scale factor of 1.1. 
99.24-0.5 OUR AVERAGE 
99.54-0.64.0.3 BROWN 94 CLE2 e+e - ~ T(4S) 
98.54.1.5 555 CHEN 89 CLEO e + e -  10.5 GeV 
99.04.0.8 290 ANJOS 08 E691 Photoproduction 

0.50 4-0.06 4-0.03 104 FRABETTI 90 E687 3'Be, r + 
0.56 -I-0.13 -0.12 4.0.08 144 ALBRECHT 881 ARG e + e -  10 GeV 

0.47 +0.04 +0.02 228 RAAB 88 E691 Photoproduction 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.33 -0.08+0"12 -}-0.03 15 ALVAREZ 90 NA14 % D~ ~ q~x + 

0.469 +0"102 54 3 BARLAG 90c ACCM ~r- Cu 230 GeV -0.086 
0.31 +0.24 --0.20 4-0.05 18 AVERILL 89 HRS e+e - 29 GeV 

0.48 +0.06 -0.0S 4-0.02 99 ANJOS 87B E691 See RAAB 88 

0.33 +0.10 21 4 BECKER 87B SILl 200 GeV ~r,K,p -0.06 

0.57 +0.36 4.0.09 9 BRAUNSCH... 87 TASS e+e - 35-44 GeV -0.26 
0.47 • 4-0.05 141 CSORNA 87 CLEO e+e - 10 GeV 

0.35 +0.24 4.0.09 17 JUNG 86 HRS See AVERILL 89 -0.18 

0.26 +0.16 6 USHIDA 86 EMUL v wideband -0.09 
0.32 +0.30 --0.13 3 BAILEY 84 ACCM hadron + Be 

@x+X 
0.19 +0.13 4 USHIDA 83 EMUL See USHIDA 86 --0.07 

2BONVICINI 99 obtains 1,19 4- 0.04 for the ratio of D + to D O lifetimes. 

3 BARLAG 90C estimates the systematic error to be negligible. 
4BECKER 87e estimates the systematic error to be negligible. 

D + DECAY MODES 

Branching fractions for modes with a resonance in the final state include 
all the decay modes of the resonance. D~- modes are charge conjugates 
of the modes below. 

Scale factor/ 
Mode Fraction ( r i / r )  Confidence level 

Indusive modes 
r I K - a n y t h i n g  (13 +14 -12 )% 
r 2 K-~ + K~  (39 4-28 ) % 

r 3 K +  anything (20 +18 --14 ) % 
r 4 non-K-Kany th ing  (64 4-17 )% 

r5 e+any th ing  ( 8  + 56 )% 

r 6 q~ anything (18 +15 ) % --10 

Leptonic and semileptonic modes 
4.6 • 1.9 ) x 10 - 3  

7 4 - 4  )% 
2.0 4- 0.5 )% 
3.5 :E 1.0 )% 

2.6 4- 0.7 )% 
8.9 • 3.4 ) x 10 - 3  

nduding from a #) 

r 7 /~+ v~ 
r 8 r + u r 
I- 9 q~t + u t [el 
r l  0 TIt+ vt  + T/ (958) t+  ut [a] 
r n TI t+Ul  
1-12 fi'(958)t + u l 

Hadronic modes wi th  a K ~ '  pair 

r13 K + K  ~ 
r14 K + K-~r + [b] 
r15 @Tr + [c] 
r16 K+K*(892) 0 [el 
r17 fo(980)~r + [c] 
F18 K+K~(1430) 0 [c] 

r19 f0(1710)Tr + --~ K + K - ' / r  + [d] 
r2o K + K -  rr + nonresonant 
r21 KORo ~r + 

r22 K * ( 8 9 2 ) + K  0 go] 

3.6 -I- 1.1 

4.4 4` 1.2 
3.6 • 0.9 
3.3 4- 0.9 

1.8 4- 0.8 
7 4- 4 

1.5 4- 1.9 
9 •  

( 

% 

% 
% 
% 
% 

x 10 - 3  

x 10 - 3  
x 10 - 3  

4.3 4- 1.4 ) %  

5=1.3 

S=1.1 

$=1.3 
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D: 
F23 K + K - ; T  +~r 0 

r24 #:,r+ ;'r ~ 

r25 ~p+  
F26 ~ r  + ~r ~ 3-body 
r27 K +  K - r r +  ~rOnon-@ 
r28 K+K~  ~r - 
F29 K 0 K -  ~+ ;r 
r3o K * ( 8 9 2 ) + K * ( 8 9 2 )  0 
r31 K ~  *0 
r32 K +  K-~r+ ; , r+Tr  - 

F33 C/r+ 7r+ ~r - 

1-34 

[c] ( 9  4- 5 )% 
[C] ( 6.7 4- 2.3 )% 
[C] < 2.6 % CL=90% 

< 9 % CL=90% 
< 2.8 % CL=90% 

( 4.3 4- 1.5 ) %  

[c] ( 5 . 8 •  
< 2.9 % EL=g0% 
( 8,3 4- 3,3 ) x  10 -3 

[c] ( 1.18• 0.35)% 

K+K-~r+~r+~-non-r ( 3.0 + 3.0 - 2.0 

Hadronic modes without K's 
r35 ~r+~+Tr - ( 1.0 • 0.4 )% s=1.2 

r36 p~ < 8 x 10 -4  CL=90% 

F37 f0(g80)Tr + [c] ( 1.8 • 0,8 )% S=1.7 
F38 f2(1270)~r+ [c] ( 2.3 4- L3 ) x  10 - 3  
F39 fo(1500)~ + --* ~+Ir-Tr + [el ( 2.8 4- 1.6 )xlO -3 
F40 ~r + ~r + ~ -  nonresonant < 2.8 x 10 -3  CL=90% 

r41 ~r+~r+~T-~r ~ < 12 % CL=90% 
F42 ~ r  + [c] ( 13 4- 0.5 )% 
r43 ~r + [c] ( 2.8 4- 1.1 )x 10 -3 

r44 ~r+~r+~r+~r /[ ( 6.9 4- 3.0 ) • 10 - 3  
F45 =+~r+=-~o~o 
F46 ~p+ [c] (I0.8 4- 3.1 )% 
F47 fl~r+~r~ [c] < 4 % CL-90% 
r40 ,K + ~r + ~+  :r ~ -  "K 0 ( 4.9 9:3.2 ) % 
F49 ~/(958)~r + {c] ( 3.9 • 1.0 )% 
r50 ~r+ ~r+ ~r+ ~r- ~ -  ~r~ ~: 0 
rs~ r / (g58)p  + [c] (10.1 4- 2.8 )% 
r52 ~/(958); ' r+ 'a~ [c] < 1.4 % EL=g0% 

Modes with one or three K's 
F53 K~ + < 8 x 10 -3 CL=90% 

F54 K+; , r+; r  - ( 1.0 4- 0.4 )% 
r55 K + p  ~ < 2.9 x 10 - 3  EL=g0% 
r56 K * ( 8 9 2 ) ~  + [c] ( 6.5 4- 2.8 ) x  10 . 3  
r57 K + K  + K -  < 6 x 10 - 4  EL=90% 
F58 @K + [c] < 5 x 10 - 4  E L = 9 0 %  

) x 10 -3  

A C =  1 weak neutral current (CI) modes, or 
Lepton number (L) violating modes 

1"59 7r + e + e -  [f] < 2.7 x 10 - 4  CLog0% 
F60 ; ' r + # + #  - [f] < 1.4 x 10 - 4  EL=90% 
F61 K + e + e  - C1 < 1.6 x 10 - 3  CL:90% 
r62 K + #  +/,~- C1 < 1.4 x 10 - 4  EL=g0% 
r63 K*(892)+  # +  p, - C1 < 1.4 x 10 - 3  CL=90% 
[-64 ~-+ e4./,L :F LF [g] < 6,1 x 10 - 4  CLog0% 
r65 K+e4-p,  ~: LF [g] < 6.3 x 10 - 4  CLog0% 
r66 ~ -  e + e + L < 6.9 x 10 - 4  ' CL=90% 
r67 7r- #+ /~+ L < 8.2 x 10 - 5  CL=90% 
r68 ~ -  e + #  + L < 7.3 x 10 - 4  EL=90% 
r69 K -  e + e + L < 6.3 x 10 - 4  EL=g0% 
r70 K - # + #  + L < 1.8 x 10 - 4  CL=90% 
r71 K -  e + #  + L < 6.8 x 10 - 4  CLog0% 
F72 K * ( 8 9 2 ) - / ~ + #  + L < 1.4 x 10 - 3  EL=g0% 

r73 A dummy mode used by the fit. (80 • 5 )% 

[a] For now, we average together measurements of the X e + ue and X #+ up 
branching fractions. This is the average, not the sum. 

[b] The branching fraction for this mode may differ from the sum of the 
submodes that contribute to it, due to interference effects. See the 
relevant papers. 

[c] This branching fraction includes all the decay modes of the final-state 
resonance. 

[ol This value includes only K + K -  decays of the fo(1710), because branch- 
ing fractions of this resonance are not known. 

[e] This value includes only ~r + 7r- decays of the f0(1500), because branching 
fractions of this resonance are not known. 

[f] This mode is not a useful test for a A C = I  weak neutral current because 
both quarks must change flavor in this decay. 

[g] The value is for the sum of the charge states or particle/antiparticle 
states indicated. 

CONSTRAINED FIT INFORMATION 
An overall f it to 15 branching ratios uses 24 measurements and 
one constraint to determine 10 parameters. The overall f it has a 
X 2 = 17.5 for 15 degrees of freedom. 

The following off-d/agonal array elements are the correlation coefficients 
I~x i6x j l / (6x i .6x j ) ,  in percent, from the f i t  to the branching fractions, xi ~. 

i -Jr tota I. The fit constrains the xl whose labels appear in this array to sum to 
one. 

x9 
X l l  

x12 
x14 

• 
x16 

x3s 

;<37 

;<73 

58 
50 86 
38 65 56 

52 85 73 55 

57 93 79 60 92 

53 86 74 56 92 93 

47 76 65 50 84 82 81 

30 48 42 32 51 52 50 54 

-59  -93  - 8 4  -64  -95  -96  -94  - 8 6  -64  

x7 x 9 Xl l  X12 x14 )(15 x16 x35 x37 

D + BRANCHING RATIOS 

A few older, now obsolete results have been omitted. They may be found 
in earlier editions, 

Inclusive modes 

r ( K -  anything)/rtotal r z / r  
VALUE DOCUMENT ID TEEN COMMENT 

0 13 +0"14  ~ "  �9 _0.12~v.u,r COFFMAN 91 MRK3 e+e - 4.14 GeV 

[r ('K'~ anything) + r(K~ r2/r  
VALUE DOCUMENT ID TEEN COMMENT 

0.39+8:~2-~::E0.04 EOFFMAN 91 MRK3 e + e -  4.14 GeV 

r(K+ anything)/rt~i r~ / r  
VALUE DOCUMENT ID TEEN COMMENT 

0 ~ + 0 - 1 8 4 . n  ~ �9 _ 0 . 1 3 ~ . . ~  COFFMAN 91 MRK3 e+e - 4.14 GeV 

r (non- KKanythlng)/rt~al r4/r 
VALUE DOCUMENT /D TEEN COMMENT 
0,64.1.0.174.0.03 5 COFFMAN 91 MRK3 e + e -  4,14 GeV 

5 COFFMAN 91 uses the direct measurements of the kaon content to determine this non- 
K K  fraction. This number implies that a large fraction of Ds+ decays involve ~/, T/, 
and/or non-spectator decays. 

r(,+anything)/rl~al rs/r  
VALUE EL% DOCUMENT ID TEEN COMMENT 

o on + o.o57 + o.9~4 �9 --0.043--u.uzx BAI 97 BES e+e - ~ O + D s  

�9 �9 �9 We do not use the following data for averages, fits, limits, etc, �9 �9 �9 

<0.20 90 6 BAI 90 MRK3 e + e -  4.14 GeV 

6 Expressed as a value, the BAI 90 result is r(e+anything)/rtota I = 0.05 + 0.05 4- 0.02. 

r ( $  anything) / r~ ,  r6/r 
VALUE E V T S  DOCUMENT 'D TECN COMMENT 

o 1,a+O.1- + o . ~  o, + o ;  �9 - -0 .072-u.u~.~  3 BAI g8 B E S  e + e  - 

- -  Leptonic and semileptonic modes 

r(~+ v~)/rto=l rdr 
See the "Note on Pseudoscalar-Meson Decay Constants" in the Listings for the ~r •  

VALUE EVTS DOCUMENT ID TEEN COMMENT 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

001~+o'013" "~-0.006 +0.003_0.002 3 7BAI 95 BES e + e - ~  D+sD- ~ 

0nn4+0.0010 +0.0020 8 8 AOKI 93 WA75 ~'- emulsion 350 GeV 
" ~  -0,0014 - 0 . 0 0 1 9  

<0.03 0 9 AUBERT 83 SPEC p+ Fe, 250 GeV 

7BAI 95 uses one actual D + ~ /=+vp event together with two D~  ~ T+v 7 events 

and assumes/=-T universality. This value of r(/= + u#)/rtota I gives a pseudoscalar decay 

constant of (430_+~ 50 • 40)MeV. 

8 AOKI 93 assumes the ratio of production cross sections of the D + and D O is 0.27. The 

value of r (#+~p)/ r tota I gives a pseudoscalar decay constant fDs = (232 • 45 4. 52) 
MeV. 

• o 9AUBERT 03 assume that the D s production rate is 20~ of total charm production rate. 
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rO.+.,,,)/r(~,,+) r,/r15 
See the "Note on Pseudoscalar-Meson Decay Constants" in the Listings for the ~r •  

VALUE E V T S  DOCUMENT ID TEEN COMMENT 
0.13 4-0.04 OUR FIT Error includes scale factor of 1.5. 
0.173=E0,0234-0,036 182 10CHADA 98 CLE2 e ' e -  ~ T(4S) I 
�9 �9 = We do not use the following data for averages, tits, limits, etc. �9 = = 

0.245:E0.052• 39 11 ACOSTA 94 CLE2 See CHADA 98 

10CHADA 98 obtains fDs -- (280 • 19 • 28 • 34) MeV from this measurement, using | 

F(D + ~ r  = 0.036 • 0.009. I 

11ACOSTA 94 obtains fDs = (344 • 37 • 52 • 42) MeV from this measurement, using 

r (D + ~ r  = 0.037 • 0.009. 

r~+v.)/r(~t+ ~) rdr, 
See the "Note on Pseudoscalar-Meson Decay Constants" in the Listings for the ~•  

VALUE EVT5 DOCUMENT ID TEC.N COMMENT 
0.~4-0.05 OUR FIT Error includes scale factor of 1.5. 
0.164-0.064-0.03 23 12 KODAMA 96 E653 ;'r- emulsion, 600 GeV 

12KODAMA 96 obtains fD5 = (194 • 35 • 20 • 14) MnV from this measurement, using 

r(Ds+ ~ r  ~,)/rtota I = 0.0188 • 0.0029. The third error is from the uncertainty on 

Ct '"  v t branching fraction. 

I - ( T % , , ) / r t ~ ,  r , / r  
See the "Note on Pseudoscalar-Meson Decay Constants" in the Listings for the 7r •  

VALUE E V T S  DOCUMENT//3 TEEN COMMENT 

0.074-1-0.0284-0.024 16 13ACCIARRI 97F L3 D s +  ~ 7 D  + 

13The second ACCIARRI 97F error here combines in quadrature systematic (0.016) and 
normalization (0.018) errors. The branching fraction gives fDs = (309 • 58 • 33 • 38) 
MeV. 

r(~+.~)/r(~.+) r,/rls 
For now, we average together measurements of the r (~ ,e+~e ) / r (~ r+  ) and 

r(~#+u#)/r(~=+) ratios. See the end of the D~ Listings for measurements of 

D~ ~ ~ + v t  form-factor ratios. 
VALUE E V T S  DOCUMENT ID TEEN COMMENT 
0.5~4-0.05 OUR FIT 
0.544-0.05 OUR AVERAGE 
0.54•177 367 14 BUTLER 94 CLE2 e + e-- ~ T(4S) 
0.58•177 97 15 FRABETTI 93G E687 3'Be E3"= 220 GeV 

0.57•177 104 16ALBRECHT 91 ARG e+e - ~ 10.4 GeV 
0 ,,0 10 17 .49• 54 ALEXANDER 90B CLEO e+e - 10.5-11 GeV 

14 BUTLER 94 uses both be + v e and @p.+ up. events, and makes a phase-space adjustment 

to the latter to use them as ~ e + u e  events. 
15 FRABETTI 93G measures the r(~p.+ up.)/F(~r + )  ratio. 

16ALBRECHT 91 measures the F(r Ue)/l'(r ) ratio. 
17ALEXAN- 

DER 90B measures an average of the r ( r 1 6 2  and r(~p.+u~)/r(~,+) 
ratios. 

r(.r~ .~) / r (~r~)  r11/r, 
Unseen decay modes of the fl and the r are included. 

VALUE E V T S  DOCUMENT ID TEEN COMMENT 
1.27-;-0.19 OUR FIT 
1.244-0.124-0.15 440 18 BRANDENB... 95 CLE2 e + e  - ~ T(4S) 

18BRANDENBURG 95 uses both e-- and #•  events and makes a phase-space adjustment 
to use the p+ events as e + events. 

r(r r~.~)/r(~t+.~) q2/r, 
Unseen decay modes of the resonances are included. 

VALUE ~ E V T S  DOCUMENT ID TECN COMMENT 
0.444-0.13 OUR FIT 
0.434-0.114-0.07 29 19 BRANDENB... 95 CLE2 e + e -  ~ T(4S) 

�9 = �9 We do not use the following data for averages, fits, limits, etc. �9 * �9 

<1.6 90 20 KODAMA 93B E653 '=r- emulsion 600 
GeV 

19 BRANDENBURG 95 uses both e + and p.+ events and makes a phase-space adjustment 
to use the #+ events as e + events. 

20 KODAMA 938 uses #+ events. 

[r(r/t+~) + F(r ~)]/F(#~ ~) qo/r, =-(rll+r12)/r, 
Unseen decay modes of the resonances are included. 

VALUE EVT$ DOCUMENT ID TEEN COMMENT 
1.r24-o.23 OUR FIT 
3.9 4-1.6 13 21 KODAMA 93 E653 ~r- emulsion 600 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. * * * 

1.67•177 22BRANDEN8... 95 CLE2 e+e - ~ T(4S) 

2] KODAMA 93 uses p.+ events. 
22 This BRANDENBURG 95 data is redundant with data in previous blocks. 
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Hadronic modes with a K ~  pair. - -  

r(K+~0)/r(~.+) ri3/rl~ 
VALUE EVT$ DOCUMENT ID TECN COMMENT 
1.014-0.16 OUR AVERAGE 
1.15•177 68 ANJO5 90C E691 7 Be 
0.92•177 ADLER 89B MRK3 e+e - 4.14 GeV 
0.99• CHEN 89 CLEO e+e - 10GeV 

r(~.+)/rt~lj r15/r 
We now have model-independent measurements of this branching fraction, and so we 
no longer use the earlier, model-dependent results. 

VALUE ~ E V T S  DOCUMENT ID TEEN COMMENT 
0.es6 =E0.009 OUR FIT 
0.036 4-0.009 OUR AVERAGE 
0.0359•177 23ARTUSO 96 CLE2 e+e - at T(4S) 

0.039 ..0.051 +0.018 24BAI 95C BES e ' e -  4.03 GeV 
- 0.019 -0.011 

�9 �9 = We do not use the following data for averages, fits, limits, etc. �9 = �9 

0.051 • +0.008 25BUTLER 94 CLE2 e-t-�9 - ~ T(4S) 
<0.048 90 MUHEIM 94 

0.046 • 26 MUHEIM 94 
0.031 • 26 MUHEIM 94 
0.031 -*-0.009 • 25 FRABETTI 93G E687 3,Be E l ,=  220 GeV 

0.024 • 25ALBRECHT 91 ARG e ' e -  ~ 10.4 GeV 
<0.041 90 0 24 ADLER 90B MRK3 e-- e -  4.14 GeV 

0.031 • +0.011 25ALEXANDER 90B CLEO e - - e -  10.5-11 BeY -0.009 
0.048 •  • 27ALVAREZ 90C NA14 Photoproduction 

>0.034 90 25 ANJOS 90B E691 7Be, E'7 ~ 145 
GeV 

0.02 • 405 28CHEN 89 CLEO e+e - 10 GeV 
0.033:1:0.016 • 9 28 BRAUNSCH... 87 TASS e+e - 35-44 GeV 
0.033 • 30 28 DERRICK 85B HRS e "  e -  29 GeV 

23ARTUSO 96 uses partially reconstructed ~0 ~ D * + D *  s -  decays to get a model- 

independent value for I-(D~- ~ ~ r - ) / r ( D  0 ~ K -  ~r + )  of 0.92 • 0.20 • 0.11. 

24BAI 95C uses e+e - ~ D+sD s events in which one or both of the D~ are observed to 

obtain the first model-independent measurement of the D~ ~ ~Tr + branching fraction, 

without assumptions about G(Ds~ ). However, with only two "doubly-tagged" events, the 
statistical error is too large for the result to be competitive with indirect measurements. 
ADLER 90B used the same method to set a limit. 

25BUTLER 94, FRABETTI 93G, ALBRECHT 91, ALEXANDER 90B, and ANJOS 908 
measure the ratio F(D~ ~ r  s ~ ~ ' ) ,  where t = e and/or #, and 

then use a theoretical calculation of the ratio of widths r(Ds+ ~ ~ l ' u t ) / r ( D "  

K * 0 t ' u ) .  Not everyone uses the same value for this ratio, 
26The two MUHEIM 94 values here are model-dependent calculations based on distinct 

data sets. The first uses measurements of the D~(2460) 0 and Ds1(2536)+, the second 

uses B-decay factorization and r(Ds+ ~ # + u # ) / r ( D  + ~ Ct + ut). A third calculation 

using the semileptonic width of D +  s ~ r  t isnot independent of other results listed 

here. Note also the upper limit, based on the sum of established D~ branching ratios. 

27 ALVAREZ 90c relies on the Lund model to estimate the ratio of Ds+ to D + cross sections. 

• production level. DERRICK 85B errors are 20 Values based on crude estimates of the D s 
statistical only. 

r(§ +)/r(K + K -  lr + ) r ls/r .  
Unseen decay modes of the r are included. 

VALUE DOCUMENT ID TEEN COMMENT 
0.g2 "1"0.015 OUR FIT 
0.807'-1-0,0674.-0.096 FRABETTI 95B E687 Dalitz plot analysis 

F(K+'Kn(S92)~ + K-x  +) r1ur14 
Unseen decay modes of the K*(892) 0 are included. 

VALUE DOCUMENT/D TEeN COMMENT 
0.75 4-0.07 OUR FIT 
0.7174-0.0694-0.060 FRABETTI 958 E687 Dalitz plot analysis 

r(K+-g*(e92)~ +) r lc / r ls  
Unseen decay modes of the resonances are included. 

VALUE EVT5 DOCUMENT ID TE~N ~QMMENT ,, 
0.924-0.09 OUR FIT 
0.954-0.10 OUR AVERAGE 
0.85+0.344-0.20 9 ALVAREZ 90C NA14 Photopmduction 
0.84•177 ADLER 89B MRK3 e ' e -  4.14 GeV 
1.05•177 CHEN 89 CLEO e ' e -  10 GeV 
0.87•177 117 ANJOS 88 E691 Photolxoduction 
1.44• 87 ALBRECHT 87F ARG e - - e -  10 GeV 

r(6(gs0),+)/r(K+ K -  lr +)  r,z/r14 
Unseen decay modes of the f0(980) are included. 

VALUE D~UM~NT ID TEEN COMMENT 
0.404-0.16 OUR FIT Error includes scale factor of 2.3. 
1.004-0.324-0.24 FRABETTI 95B E687 Dalitz plot analysis 
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F(f0(1710)~r+"* K+ K- ~r+)/r(K+ K - .  +) q,lr1~ 
This includes only K + K -  decays of the f0(1710), because branching fractions of this 
resonance are not known. 

VALUE DOCUMENT/D TECN COMMENT 

0.034--0.023=1:0.035 FRABETTI 95B E687 Dalitz plot analysis 

r (K+K'~(1430) 0) / r (K + K -  ~'+) rle/rl4 
Unseen decay modes of the K~(1430) 0 are included. 

VALUE DOCUMENT ID TECN CQMMENT 

0.150-1"0.01i24"0.052 FRABETTI 95B E687 Dalitz plot analysis 

F(K + K -  ~r + nonresonant)/F(~r +) r2O/rlS 
VALUE E V T 5  DOCUMENT ID TECN COMMENT 

0,2S:E0,07 "1" O.OS 48 ANJOS 88 E691 Photoproduction 

F(K*(892)+P)/r(~, +) r,,/qs 
Unseen decay modes of the resonances are included. 

VALUE DOCUMENT 10 TECN COMMENT 

1.20-1-0.21-1-0.13 CHEN 89 CLEO e + e "  10 GeV 

r(K'(O92)+K ~  + R ~ ) r . . / q 3  
Unseen decay modes of the K*(892) + are included. 

VALUE CL~ DOCUMENT IO TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.9 90 FRABETTI 95 E687 3"Be E3" ~ 200 GeV 

r(§ r~4/qs 
VALUE CL~ E V T 5  DOCUMENT IO TECN COMMENT 

2,4:E 1.0:E 0.w 11 ANJOS 89E E691 Photoproduction 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<2.6 90 ALVAREZ 90C NA14 Photoproduction 

r(§247 r~/r13 
VALUE E V T 5  DOCUMENT ID TECN COMMENT 

1116 -l'n ~+0 .29  �9 " ~ - - 0 . 4 0  253 AVERY 92 CLE2 e+e  - - 10.5 GeV 

r(~x+.O3-body) ir(~.+) r ~ I r .  
VALUE CL~ DOCUMENT ID TECN COMMENT 

<0.71 90 DAOUDI 92 CLE2 e + e -  ~ 10,5 GeV 

r(K + K -  ~r + ~r ~ non-~)/r(~r +) r=7/r, 
VALUE CL~ DOCUMENT IO TECN COMMENT 

<2.4 90 29 AN JOS 89E E691 Photoproduction 

29Total minus ~ component. 

r (K + ~0.+ ~r-)/r(§ r = l q 6  
VALUE CL~ DOCUMENT ID TECN COMMENT 

<0.77 90 ALBRECHT 92B ARG e + e -  - 10.4 GeV 

F(K ~ K-,+.+)/r(§ ralqs 
VALUE DOCUMENT ID TECN COMMENT 

1.2 :E0.2 "1"0.2 ALBRECHT 92B ARG e + e -  -~ 10,4 GeV 

F(K*(892)+-g*(892)~ +) r~o / r .  
Unseen decay modes of the resonances are included, 

VALUE DOCUMENT IO TECN COMMENT 

1.6-l-0.4-F0.4 ALBRECHT 92B ARG e + e-- --~ 10.4 GeV 

r(K ~ *+TP 0 ) / r (~ .+ )  r . /q3 
VALUE CL~ DOCUMENT ID TECN COMMENT 

<0.80 90 ALBRECHT 92B ARG e + e  - _~ 10.4 GeV 

F(K+ K- ,+ .+ x-) /F( K+ K - .  +) r=/rz4 
VALUE E V T 5  DOCUMENT ID TECN COMMENT 

0.130A-0.036-1"0.040 75 FRABETTI 97c E687 3"Be, E3' ~ 200 GeV 

r(§ r33/rl~ 
VALUE ~ E V T S  DOCUMENT IO TECN COMMENT 

0.334-0.06 OUR AVERAGE 
0.284:0.064:0.01 40 FRABETTI 97C E687 3"Be, ~3" ~ 200 GeV 

0.584:0.214:0.10 21 FRABETTI 92 E687 3"Be 
0.424:0.134:0.07 19 ANJOS 88 E691 Photoproduction 
1.114:0,374:0.28 62 ALBRECHT 85D ARG e + e -  10 GeV 

r(K + K-~r +~r + lr -  non-~)/r(§ r , / r ,  
VALUE CL~ EVT.,r DOCUMENT IO TECN ~OMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. * �9 �9 

<0.32 90 10 ANJOS 88 E691 Photoproduction 

- -  Hadronlc modes without K'3 

r( .+.+.-) /r(K+ K-it +) r~/r14 
VALUE E V T S  DOCUMENT ID TECN COMMENT 
0.23 4"0.04 OUR FIT Error includes scale factor of 1.2. 
0.2EE-1"0.041=E0.031 98 FRABETTI 97D E687 3' Be ~ 200 GeV 

r(.+,r+.-)/r(§ r=/q3 
VALUE E V T $  DOCUMENT ID TECN COMMENT 
0.28"+'0.06 OUR FIT Error includes scale factor of 1.3, 
0.3g:1:0.08 OUR AVERAGE 
0,334:0.10• 29 ADAMOVICH 93 WAS2 ~ - 3 4 0 G e V  
0.444:0,10• ANJOS 89 E691 Photoproduction 

r ( ) ,+ ) / r ( .+ ,+ . - )  r~/r3s 
VALUE CL~ DOCUMENT ID TECN COMMENT 

<:0.073 90 FRABETTI 97D E687 3' Be ~ 200 GeV 

r~,+) / r (~ .+)  r~ / r .  
VALUE CL~ DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 = �9 

<0.08 90 ANJOS 89 E691 Photoproduction 
<0.22 90 ALBRECHT 87G ARG e + e -  10 GeV 

r(fo(ge0),+)/r(,r+,+,-) r37/rss 
Unseen decay modes of the f0(980) are included. 

VALUE DOCUMENT ID TECN COMMENT 
1.7 4"0.6 OUR FIT Error includes scale factor of 2.4. 
2.06-1-0.27-1-0.08 FRABETTI 970 E687 3' Be ~ 200 GeV 

r(fo(980)w+)/r(§ +) r3drz3 
Unseen decay modes of the resonances are included. 

VALU E DOCUMENT/D TECN COMMENT 
0,49-1"0.20 OUR FIT Error includes scale factor of 2.6. 
0.28 -I" 0.10 ~: 0.03 ANJOS 89 E691 Photoproduction 

r(f2(127o) x+)/r(x+ x+ . -) r~ / r~  
Unseen decay modes of the f2(1270) are included. 

VALUE DOCUMENT 10 TECN COMMENT 

0.22-1-0.10-1-0.03 FRABETTI 97D E687 3' Be ~ 200 GeV 

r(fo(IS00)lr + ~ . + . - . + ) / r ( . + . + . - )  r39/r= 
This includes only ~+  ~r-- decays of the f0(1500), because branching fractions of this 
resonance are not known. 

VALUE DOCUMENT ID TECN COMMENT 

0.274.1.0.114:E0.019 30 FRABETTI 97D E687 3, Be ~ 200 GeV 

30 FRABETTI 970 calls this mode S(1475) ;r + ,  but finds the mass and width of this 5(1475) 
to be in excellent agreement with those of the f0(1500). 

I'(x+ x+lr -  nonresonant)/r (~r+ r+  ~r - ) r~o/r= 
VALUE CL.~_~ DOCUMENT ID TECN COMMENT 

<0.269 90 31 FRABETTI 97D E687 "7 Be ~ 200 GeV 

31 We rather arbitrarily use this ERABETTI 970 limit instead of the much large ANJOS 89 
value given in the next entry. See, however, FRABETTI 97D on the difficulty of disten- 
gangling the f0(1500)~r + and nonresonant modes. 

r(.+.§ +) r4o/r, 
VALUE DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc, �9 �9 �9 

0.29• ANJOS 89 E691 Photoproduction 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.24 90 ALVAREZ 90C NA14 Photoproduction 

r(K + K - x  + , +  x -  non-~)/r~.l  r ~ / r  
VALUE DOCUMENT ID TECN COMMENT 

0.003 +0.003 BARLAG 92C ACCM ; r -  230 GeV --0.002 

r(.+,+.-.O)/r(~,+) r4~/r~ 
VALUE CL~ DOCUMENT ID TECN COMMENT 

<3.3 90 ANJOS 89E E691 Photoproduction 

r(,I.*)/r(~.+) r~/r~s 
Unseen decay modes of the resonances are included. 

VALUE CL~ E V T $  DOCUMENT ID TECN COMMENT 

0.4184"0.034-0.04 920 JESSOP 98 CLE2 e + e -  ~ T(45)  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.544:0.09• 165 ALEXANDER 92 CLE2 See JESSOP 98 
<1.5 90 ANJOS 89E E691 Photoproduction 

r(~r+)/r(~.+) r,~/r13 
Unseen decay modes of the resonances are included. 

VALUE CL~ DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.5 90 ANJOS 89E E691 Photoproduction 



See key on page 239 

r ( ~ . , §  
VALUE DOCUMENT ID 

0.~,,o.o,,o., .ALEST 

r ( . § 2 4 7 2 4 7 2 4 7  
VALUE EVT$ DOCUMENT ID 

o.~ , ,o -0~,o-0= 3~ ~RABE~, 

r ( , + . + . §  

TE~N COMMENT 

97 CLE2 

TECN 

97C E687 

r~/re 

e + e-- ~ T ( 4 $ )  

r,A/r14 
COMMENT 

*/Be, E,~ ~ 200 GeV 
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r (K+ K + K-) / r (§  r s ~ / r .  
VALUE CL~ DOCUMENT ID TE~N COMMENT 

<0.016 90 FRABETTI 95F E687 3'Be, E3' ~" 220 GeV 

r(~K+)/r(~ +) r.lr1~ 
VALUE CL~ DOCUMENT ID TECN COMMENT 

<0.013 90 FRABETTI 95F E587 "fBe, E.f ~ 220 GeV 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.071 90 ANJOS 92D E691 -/Be, E'r = 145 GeV 

- -  Rare or forbidden modes - -  

r(.+ e+ e-)/rt~ai r . / r  
This mode is not a useful test for a A C = I  weak neutral current because both quarks 
must change flavor in this decay. 

VALUE CL% DOCUMENT ID TECN COMMENT 

< 2 . 7  X 10 - 4  90 AITALA 99G E791 ~-- N 500 GeV 

r(~+~+~-)Ir~,, r~o/r 
This mode is not a useful test for a A C = I  weak neutral current because both quarks 
must change flavor in this decay. 

VALUE CL~ EVT$ DOCUMENT /D TECN COMMENT 

<1.4 x 1 0 - 4  90 AITALA 99G E791 ~r- N 500 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<4 .3  x 10 - 4  90 0 KODAMA 95 E653 ~ -  emulsion 600 GeV 

F(K + e + e - ) / r ~ i l  r~ l / r  
A test for the A C = I  weak neutral current. Allowed by higher-order electroweak inter- 
actions, 

VALUE CL.~_~ DOCUMENT ID TECN COMMENT 

< 1 , 6  X 10 - 8  90 AITALA 99G E791 ~r- N 500 GeV 

r(K+.+~-) /r~,  r~/r 
A test for the A C = I  weak neutral current. Allowed by higher-order electroweak inter- 

r,~/r. 
VALUE ~ DOCUMENT,O TECN COMMENT 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.29 90 ANJOS 89 E691 Photoproduction 

r(n~+)/r(~+ +) r~/r~ 
Unseen decay modes of the resonances are included. 

VALUE [~VT~. DOCUMENT IO TECN ~QMMENT 

2,~4"0,20"1"0.38 447 JESSOP 98 CLE2 e + e  - ~ T(45)  I 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

28+•176 21, AVERY 92 CLE~ See ~SSO~ 90 

r(~.+.O3-body)/r(~.+) r++/rls 
Unseen decay modes of the resonances are included. 

VALUE CL~ DOCUMENT 10 TECN COMMENT 

<1.1 90 JESSOP 98 CLE2 e+e  - *~ T(4S) I 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.82 90 32 DAOUDI 92 CLE2 See JESSOP 98 

32We use the JESSOP 98 limit, even though the DAOUDI 92 limit, from the same exper- I 
iment but with a much smaller data sample, is more restrictive. 

r(x+ ~+ ~+ ~ -  x- x ~ r~Ir 
VALUE DOCUMENT IO TECN COMMENT 

0049 +0-0~L~ BARLAG 92C ACCM ~ -  230 GeV " - 0 . 0 3 0  

r(,f(9~).+)/r(~.+) rmo/r~6 
Unseen decay modes of the resonances are included. 

VALUE CL~ E V T S  DOCUMENT ID TECN COMMENT 
1.08=~0.09 O U R  A V E R A G E  

1.034-0,064-0.07 537 JESSOP 98 ELE2 e + e  - ~ T(4S) 

2.5 4-1.0 +1.5 �9 - - 0 .4  22 ALVAREZ 91 NA14 Photoproduction 

2.5 4-0.5 4-0.3 215 ALBRECHT 90D ARG e + e -  ~ 10.4 GeV 

actions. 
VALUE CL~ .EVTS DOCUMENT D TECN COMMENT 

<1.4 X 10 - 4  90 AITALA 99G E791 ~-- N 500 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

< 5 . 9  x 10 - 4  90 0 KODAMA 95 E653 x -  emulsion 600 GeV 

r (K ~ (892) +/J+ # - ) / r = ~ ,  r . / r  
A test for the A C = I  weak neutral current. Allowed by higher-order electroweak inter- 

�9 �9 �9 We do not, use the following data for averages, fits, limits, etc. �9 �9 �9 

1.20-t-0.15--0.11 ;~ . . . . . .  281 ALEXANDER 92 CLE2 See JESSOP 98 
<1.3 90 ANJOS 918 E691 "},Be, E~ ~ 145 

/ 

GeV 

r(,/(9~)p+)lr(~++) rm/rls 
Unseen decay modes of the resonances are included. 

VALUE , EVT$ DOCUMENT ID TECN COMMENT 

2.704"0.28-1"0-~[} 137 JESSOP 98 CLE2 e + e-- ~ T(45) 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

3.44• 60 AVERY 92 CLE2 See JESSOP 98 

r(n'(gseI.+.O3-body) Ir(~++) r~Ir18 
Unseen decay modes of the resonances are included. 

VALUE C L ~  DOCUMENT ID T~CN COMMENT 

<0.4 90 JESSOP 98 CLE2 e + e -  ~ 7"(45) 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.85 90 DAOUDI 92 CLE2 See JESSOP 98 

- -  Modes with one or three K's - -  

r(K%+)/r(~.+) r.lr18 
VALUE CL.~..~ DOCUMENT ID TECN COMMENT 

<0.21 90 ADLER 898 MRK3 e + e -  4.14 GeV 

r(K~ TP) r . / r .  
VALUE CL% DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.53 90 FRABETTI 95 E687 ~'Be E~f ~ 200 GeV 

actions. 
VALUE CL~ EVT5 DOCUMENT ID TECN COMMENT 

< I A x  10 - 3  90 0 KODAMA 95 E653 

r(.+ e*~+)/r~,, 
A test of lepton-family-number conservation. 

VALUE ~ DOCUMENT ID TECN 

<6.1 X 10 -4  90 AITALA 99G E791 

r (K + e •  
A test of lepton-family-number conservation. 

VALUE CL ~ DOr ID TECN 

<6.3 x 10 --4 90 AITALA 99G E791 ~r- N 500 GeV 

r(,r- e+ e+)Ir==i r . / r  
A test of lepton-number conservation. 

VALUE CL~ DOCUMENT ID TECN COMMENT 

< 6 . 9  x 1 0 - 4  90 AITALA 99G E791 ~r- N 500 GeV 

r(,r  ~+.+)/r=.. r6+Ir 
A test of lepton-number conservation. 

VALUE CL~ EVT5 D~.CUMENT /D 

<0.2 x 10 - 5  90 AITALA 

7r- emulsion 600 GeV 

r ~ / r  

COMMENT 

~-- N 500 GeV 

r~/r 
COMMENT 

r(K+~+.-)/r(~.+) ru/rls 
VALUE EVT5 DOCUMENT ID TECN COMMENT 

0.~4"0.06:1:0,05 85 FRABETTI 95E E687 "yBe, E .y :  220 GeV 

r(K+ po)/r(r +) rss/rls 
VALUE CL~ DOCUMENT ID T.ECN COMMENT 

<0.08 90 FRABETTI 95E E687 -)'Be. E. /=  220 GeV 

r(K'(B92)~247 +) r./r18 
Unseen decay modes of the resonances are included. 

VALUE E V T S  DOCUMENT ID TEC'N COMMENT 

0.164"0.054-0.04 25 FRABETTI 95E E687 1,Be, E . /=  220 GeV 

r ( K -  e + e + ) / r ~ , i  
A test of lepton-number conservation. 

VALUE CL~ DOCUMENT IO 

<6.3 x 1 0 - 4  90 AITALA 

r(K-o+~+)/r~l 
A test of lepton-number conservation. 

CL~ EVT$ 

TECN COMMENT 

99G E791 x- -  N 500 GeV | 

VALUE DOCUMENT ID TE~N COMMENT 

<1.11 X 10 - 4  90 AITALA 99G E791 ~ -  N 500 GeV I 
�9 �9 �9 We do not use the following data for averages, fits, limits, e t c . � 9  �9 �9 

<5.9 x 10 - 4  90 0 KODAMA 95 E653 ~r- emulsion 600 GeV 

rH/r 

r~o/ r  

TECN COMMENT 

99G E791 ~ -  N 500 GeV | 
* * �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<4.3 x 10 - 4  90 0 KODAMA 95 E653 ~ -  emulsion 600 GeV 

r( . -  e+~+)/r~l r~/r 
A test of lepton-number conservation. 

VALUE CL~ DOCUMENT ID TECN COMMENT 

< 7 . 3  X 10 - 4  90 AITALA 99G E791 7r-- N 500 GeV I 
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F(K- e+~+)/rto=l rn/r 
A test of lepton-number conservation. 

VALUE CL% DOCUMENT ID TECN COMMENT 

<6 .8  X 10 - 4  90 AITALA 99G E7% 7r -  N 500 GeV 

r (K* (892)-/~+/~+) / r~,, r~Ir 
A test of lepton-number conservation. 

VALUE CL% EVTS DOCUMENT 10 TECN COMMENT 

<1.4 x 10 - 3  90 0 KODAMA 95 E653 ~r- emulsion 600 GeV 

r2 =--- A 2 ( O ) / A I ( O )  in D + --~ ~ t  -I" ut 
VALUE EVTS DOCUMENT ID 
1.604-0.24 OUR AVERAGE 
1.57 • 0.25 • 0.19 271 AITALA 

1.4 •  •  308 AVERY 

1.1 • • 90 FRABETTI 

2.1 _00156 •  19 K O D A M A  

rv - V(0)IA~(0) I .  D + -*  §  
VALUE EVT5 DOCUMENT ID TECN COMMENT 

1.924-0.32 OUR AVERAGE 
2 . 2 7 • 1 7 7  271 AITALA 99D E791 ~ e + u  e, ~l.~+u14 I 

0.9 •  •  308 AVERY 94B CLE2 ~ e + v  e 

1.8 •  •  90 FRABETTI  94F E687 @ p + u p  

2.3 +1,1_0,9 •  19 KODAMA 93 E653 ~ # + v / ~  

rL/rr in O + ~ § 
VALUE EVT5 DOCUMENT ID TEEN COMMENT 
0.724-0.18 OUR AVERAGE 
1.0 •  •  308 AVERY 948 CLE2 ~ e + v  e 

1.0 •  •  90 33 FRABETTI  94F E687 ~ # +  p# 

0.54 • 1 7 7  8,10 19 33 KODAMA 93 E653 ~ # +  ~,# 

33FRABETTI  94F and K O D A M A  93 evaluate r L / r  T for a lepton mass of zero. 

- ~  @t'I'vL F O R M  FACTORS 

TEEN COMMENT 

99D E791 ~ e + u e ,  ~ # + u #  

948 CLE2 ~e  + u  e 

94F E687 ~ # +  u#  

93 E653 ~ # + u #  

FRABETTI 90 PL 8251 639 P.L Frabetti et aL 
ADLER 89B PRL 63 1211 J. Adler et aL 

Also 890 PRL 63 2858 erratum 
ANJOS 89 PRL 62 125 J.C. AnjOS et aL 
ANJOS 89E PL 8223 267 J.C. Anjos et aL 
AVERILL 89 PR D39 123 D.A. Averill et aL 
CHEN 89 PL B226 192 W.Y. Chen et aL 
ALBRECHT 88 PL 8207 349 H. Albrecht et aL 
ALBRECHT 881 PL B2to 267 H. Albrecht et al. 
ANJOS 88 PRL 60 892 J.C. Anjos et at. 
RAAB 88 PR D37 2391 J.R. Raab et aL 
ALBRECHT 87F PL 8179 398 H. Al~echt et at. 
ALBRECHT B7G PL BIS5 102 H. Albrecht et aL 
ANJOS 87B PRL 58 L0h8 J.C. Anjos et al. 
BECKER 87B PL BIB4 277 H. Becket et at. 
BLAYLOCK 87 PRL 58 2171 G.T. Blaylock et aL 
BRAUNSCH,., 87 ZPHY C35 317 W. Braunschweig et at. 
CSORNA 87 PL Bt91 318 S.C. Csorna et at. 
JUNG 86 PRL 56 t775 C. Jung et aL 
USHIDA 86 PRL 56 1767 N. Ushida et aL 
ALBRECHT 85D PL 153B 343 H, Albrecht et aL 
DERRICK 858 PRL 54 256B M. Derrick et aL 
AIHARA 84D PRL 53 2465 H. Aihara et at. 
ALTHOFF 84 PL 136B lSO M. ABhoff et aL 
BAILEY 84 PL 139B 320 R, Bailey et aL 
AUBERT 83 NP B213 3] J.J. Aubert et aL 
CHEN B3C PRL St 634 A. Chert et aL 
USHIDA 83 PRL 51 2362 N. Ushida et aL 

O T H E R  R E L A T E D  PAPERS - -  

(FNAL E687 Collab.) 
(Mark III Collab.) 

(FNAL E691 Collab.) 
(FNAL E691 Collab.) 

(HRS Colla b.) 
(CLEO Collab.) 

(ARGUS Col~ab.) 
(ARGUS Collab.) 

(FNAL E691 Collab.) 
(FNAL E691 Collab.) 

(ARGUS Co[lab.) 
(ARGUS Collab.) 

(FNAL ESgL Collab.} 
(NAb1 and NA32 Collab.} 

(Mark III Collab.) 
(TASSO Collab,) 
(CLEO Collab.) 

(HRS Collab.) 
(FNAL E531 Co]lab.) 

(ARGUS Calla b.) 
(HR5 Colla b.) 
(TPC CoIlab.) 

(TASSO Collab.) 
(ACCMOR Collab.) 

(EMC Collab.) 
(CLEO Collab,) 

(FNAL E653 Collab.) 

RICHMAN 95 RMP 67 893 J.D, Ricbman, P.R, Burchat 

~ l(JP) = 0(? ?) 

JP is natural, width and decay modes consistent with 1 - .  

D;4- MASS 

The fit includes D •  D 0, D~,  D * •  D *0, and Ds• mass and mass 
difference measurements. 

D~s REFERENCES 

AITALA 99 PL B445 449 E.M, Aitala et aL 
AITALA 99D PL B450 294 E.M. Aitala et al. 
AITALA 99G PL 8462 401 E.M. Aitala et al. 
BONVICIN{ 99 PRL 82 4586 G, Bonvicini et aL 
BAI S8 PR D57 28 J.Z. Bat et aL 
CHADA 98 PR D58 032002 M. Chada et at. 
JESSOP 98 PR D58 052002 C.P. Jessop et at. 
ACCIARRI 97F PL 8396 327 M. Acdarri et 31. 
BAI 97 PR D56 3779 J,Z. Bat et aL 
BALEST 97 PRL 79 1436 B, Balest et al. 
FRABETTI 97C PL B401 131 P.L. Frabetti et aL 
FRABETTI 97D PL 8407 79 P.L. Frabettl et aL 
ARTUSO 96 PL B378 364 M. Artuso et at, 
KODAMA 96 PL B382 299 K. Kodama et aL 
BAI 95 PRL 74 4599 J.Z. Bai et aL 
BAI 95C PR D52 3781 J.Z. Bai et aL 
BRANDENB,,. 35 PRL 75 3804 G.W. Brandenburg et ah 
FRABETTI 95 PL B346 t99 P,L. Frabettl et aL 
FRABETTI 958 PL B35[ 591 P.L. Frabetti et af. 
FRABETTI 9SE PL B359 403 P.L. Frabetti et aL 
FRABETTI 95F PL B363 259 P.L Frabetti et aL 
KODAMA 95 PL B345 85 K. Kodama et aL 
ACOSTA 94 PR D49 5690 D, Acosta et al. 
AVERY 948 PL 8337 405 P. Avery et aL 
BROWN 94 PR 050 1884 D. Brown et al. 
BUTLER 94 PL B324 255 F. ButLer et aL 
FRABETT( 94F PL B328 IB7 P.L FrabetU et aL 
MUHEIM 94 PR 049 3767 F. Muheim. S. Stone 
ADAMOVICH 93 PL B305 177 M.h Adamovich et at. 
AOBI 95 PTP 89 13t S, Aoki et aL 
FRABETTI 93F PRL 71 827 P.L. Frabetti et aL 
FRABETTI 93G PL B313 253 P.L Frabetti et al. 
KODAMA 93 PL B309 483 K, Rodama et aL 
KODAMA 93B PL B313 260 K. Kodama et aL 
ALBRECHT 92B ZPHY C53 361 H. Albrecht et a/. 
ALEXANDER 92 PRL 68 1275 J. Alexander et aL 
ANJOS 92D PRL 69 2892 J.C. AnjOS et al. 
AVERY 92 PRL 68 1279 P. Avery et al. 
BARLAG 92C ZPHY CS5 383 S. Barlag et at. 

Also SOD ZPHY C48 29 S. Barlag et aL 
DAOUDI 92 PR 045 3965 M. Oaoudi et aL 
FRABETTI 92 PL B281 167 P.L Frabetti et aL 
ALBRECHT 91 PL B255 634 H, Albrecht et aL 
ALVAREZ 91 PL 8255 639 M.P, ANarez et al. 
ANJOS 918 PR D43 R2063 J.C. Anjos et aL 
COFFMAN 91 PL B263 135 D.M. Coffman et aL 
ADLER 9OB PRL 64 169 J.C. Adler et aL 
ALBRECHT 90D RL B245 315 H. Albrecht et aL 
ALEXANDER 90B PRL 65 1531 J. Alexander et aL 
ALVAREZ 90 ZPHY C47 539 M.P. Alvarez et aL 
ALVAREZ 90C PL B246 261 M.P. Alvarez et aL 
ANJOS 90B PRL 64 2885 J.C. Anjos et al. 
ANJOS 90C PR D41 2705 J.C. Anjos et aL 
BAI 90 PRL 65 686 Z, Bal et al, 
BARLAG 90C ZPHY C46 563 S. Barlag et aL 

(FNAL E791 Coffab.) 
{FNAL E791 Collab.) 
(FNAL E791 Co,ab.) 

(CLEO Coflab.) 
(BEPC BES Coflab.) 

(CLEO Collab.) 
(CLEO Collab.) 

(L3 Coilab.) 
{BEPC BES CoIlab.) 

(CLEO Collab.) 
FNAL E687 Collab.) 
FNAL E687 Collab.) 

(CLEO Collab.) 
FNAL E653 Collab,) 

(BES Collab,) 
(BES Collab.) 

{CLEO Coilab.) 
IFNAL E687 Collab.) 
{FNAL E687 Collab.) 
(FNAL E687 Collab.) 
(FNAL E687 Eo,ab.) 
(FNAL E653 Collab.) 

(CLEO Collab.) 
(CLEO Col~ab.) 
(CLEO Collab.) 
(CLEO Collab.) 

(FNAL EbB7 Eoliab.) 
(SYRA) 

{CERN WA82 Collab.) 
(CERN WAT5 Collab.) 
(FNAL E687 Collab.) 
(FNAL E687 Collab) 
{FNAL E653 Coilab.) 
IFNAL E653 Collab.) 

(ARGUS Collab.) 
(CLEO Collab.) 

(FNAL E691 Collab.) 
(CLEO Collab.) 

(ACCMOR Collab.) 
(ACCMOR Collab.) 

(CLEO Collab.) 
(FNAL E687 Collab.) 

(ARGUS Collab.) 
CERN NA14/2 CoIlab.) 

(FNAL E691 Collab.) 
{Mark III Collab.) 
(Mark III Collab.) 
(ARGUS Collab,) 

{CLEO Collab.) 
CERN NA14/2 Collab) 
CERN NA14/2 Collab.) 

{FNAL E691 Collab.) 
{FNAL E69I Co,ab.) 

(Mark III CoHab.) 
(ACCMOR Colla b.) 

(UCSB, STAN) 

roD;, - m., 

The fit includes D •  D 0, Ds~, D * •  D *0,  and D~ • mass and mass 
difference measurements. 

VALUE (MeV) EVTS DOCUMENT ID TEEN COMMENT 

Z43.8 4- 0.4 OUR FIT 
143.9 4- 0.4 OUR AVERAGE 
143.76• 0.39+0.40 GRONBERG 95 CLE2 e + e  - 
144.22:= 0 .47+0 .$7  BROWN 94 CLE2 e + e  - 

142.5 • 0.8 +1 .5  2 A L B R E C H T  88 ARG e + e  - ~ D ~ ' T X  
i 

139.5 + 8.3 • 60 AIHARA 84DTPC e + e - ~  hadrons 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

143.0 •  8 ASRATYAN 85 HLBC FNAL 15-ft, u -2H 

BRANDELIK 79 DASP e +  e - ~ D~s "~ X 110 •  

2 Result includes data of ALBRECHT 84B. 

D~4- W I D T H  

VALUE (MeV) CL_~_~ DOCUMENT ID TECN COMMENT 

< 1.9 90 GRONBERG 95 CLE2 e + e -  
< 4.5 90 ALBRECHT 88 ARG Ecee m = 10.2 GeV 

�9 �9 * We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

< 4,9 90 BROWN 94 CLE2 e + e -  

<22 90 BLAYLOCK 87 MRK3 e + e - ~  D~s 'TX 
d 

D ;  + DECAY M O D E S  

* -  modes are charge conjugates of the modes below. D s 

Mode Fraction ( r i / r )  

r I D + ?  (94.2 :E 2.5) % 

r2 + o D s 7r (5 .8 •  % 

• 1968,7 • 0.9 MeV. 1Assumlng D s mass = 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

2112.44-0.? OUR FIT Error includes scale factor of 1.1. 
21.06.64"2.14-2,7 1BLAYLOCK 87 MRK3 e + e - ~  D ~ ? X  
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CONSTRAINED FIT INFORMATION 
An overall f i t  to a branching ratio uses 1 measurements and one 
constra int  to determine 2 parameters. The overall f i t  has a X 2 = 
0.0 for 0 degrees of  freedom, 

The fo l lowing o f f -d iagona l  array elements are the  correlat ion coefficients 

1 6 x i 6 x ~ / ( 6 x i . 6 x i ) ,  in percent, f rom the  f i t  to  the  branching fractions, xi = 

F~;/Ftota I. The fit constrains the x,; whose labels appear in this array to sum to 
one. 

x2 I - 1 0 0  

Xl 

D; + BRANCHING RATIOS 

r(D+-r)/r~= 
VALUE DOCUMENT ID TECN COMMENT 
0.942• OUR FIT 
�9 * �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

seen ASRATYAN 91 HLBC ~# Ne 

ALBRECHT 88 ARG e+e - ~ D~'~X seen 

seen AIHARA 04D 
seen ALBRECHT 84B 
seen BRANDELIK 79 

rCo+ ,rO)lr(D%) 
VALUE DOCUMENT /D TECN COMMENT 
0.0624-0.029 OUR FIT  

0 062 "}'0'020 ~'n n ~  
�9 -0 .018  . . . .  

r l /r 

r2/rl 

GRONBERG 95 CLE2 e + e  - 

D; • REFERENCES 

GRONBERG 95 PRL 75 3232 J. Gronberg et aL (CLEO Collab.) 
B~OWN 94 PR DS0 1884 D. Brow~ et al. (CLEO Collab.) 
ASRATYAN 91 PL B257 525 A.E. Asratyan et 31. (ITEP, BELG, SACL+} 
ALBRECHT 88 PL 8207 349 H. Albrecht et aL (ARGUS Collab.) 
BLAYLOCK 87 PRL 58 2t71 G.T. Blaylock et aL (Mark Ill Collab.) 
ASRATYAN $5 PL 156B 441 A.E. Asratyan et at. (ITEP, SERP} 
AIHARA 84D PRL 53 2465 H, AiharB er aL (TPC Collab.} 
ALBRECHT 84B PL 1460 ~,11 H. Albrecht et at. (ARGUS Collab.) 
BRANDELII( 79 PL 808 412 R. Brandelik et aL (DASP Collab.) 

OTHER RELATED PAPERS 

KAMAL 92 PL B284 421 A.N. Kamal, QP. Xu (ALBE) 
BRANDELIK 78C PL 768 361 R. Brandel[k et aL (DASP Gollab.) 
BRANDELIK 778 PL 10B 132 R. Brandelik et aL (DASP Collab.) 

I D 1(2536 • I ,u P) : 0(1+) 
I " 1  J, P need conf irmation. 

Seen in D*(2010)+K 0. Not seen in D+K 0 or DOK +. JP = 1 + 
assignment strongly favored. 

Dsl (2536) • MASS 

VALUE (MeV) EVT5 DOCUMENT ID TECN COMMENT 
2535.35• 0 .34+0.5  OUR EVALUATION 
2535.35• 0.34 OUR AVERAGE 
2534.2:5 1,2 9 ASRATYAN 94 BEBC u N  

D*  K 0 X, D *0 K:5 X 
2535 :5 0 . 6 : 5 1  75 FRABETTI 948 E687 ";,Be ~ D * + K O x ,  

D * 0 K + X  
2535.3 4- 0 .2 :50 .5  134 ALEXANDER 93 CLE2 e + e - ~  D * 0 K 4 - X  
2534.8 4- 0 . 6 : 5 0 . 6  44 ALEXANDER 93 CLE2 e + e - ~  D * + K 0 X  
2535.2:5 0.5 4-1.5 28 ALBRECHT 92R ARG 10.4 e + e  - 

D * 0 K + X  
2536.6 4- 0,7 4-0.4 AVERY 90 CLEO e + e - ~  D * + K 0 X  

* ~ D*(2010) K 0 2535.9:5 0.6 4-2.0 ALBRECHT 89E ARG DSl  

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

2535 :528 1ASRATYAN 88 HLBC u N  ~ Ds3,~/X 

1 Not seen in D*  K.  
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D_~ • De1 (2536)  • 

mDst(2s36)+ -- mD~.(2111 ) 

VALUE (MeV) DOCUMENT tO TECN COMMENT 
*:5 424•  ASRATYAN 88 HLBC D s "/ 

Ds1(2536) • WIDTH 

VALUE (MeV) CL~ EVT$ DOCUMENT ID TECN COMMENT 

<2.3 90 ALEXANDER 93 CLEO e + e  - ~ D * O K + x  

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 e �9 

<3.2 90 75 FRABETTI 948 E687 "),Be ~ D * + K 0 X ,  
D * O K + x  

<3.9 90 ALBRECHT 92R ARG 10.4 e + e -  
D * 0 K + X  

<5.44 90 AVERY 90 CLEO e-t-e - ~ D * + K 0 X  
<4.6 90 ALBRECHT 89E ARG D~I  ~ D* (2010)K  0 

D~(2536) + DECAY MODES 

DS1(2536 ) -  modes are charge conjugates of the modes below, 

Mode Fraction (F i /F )  

F I D*(2010) + K ~ seen 
F2 D* (2007) 0 K + seen 
F 3 D + K 0 not seen 

F 4 D O K + not seen 

F5 D~ + 3' possibly seen 

D~(2536) + BRANCHING RATIOS 

r(D + K~ + K ~ r3/rl 
VALUE ~ DOCUMENT ID TECN COMMENT 

<0.40 90 ALEXANDER 93 CLEO e + e  - ~ D * + K O x  

<0.43 90 ALBRECHT 89E ARG D~I  ~ D* (2010)K  0 

r(o;+~)/r=., rur  
VALUE DOCUMENT ID TECN COMMENT 

pcaib lyseen ASRATYAN 88 HLBC u N ~  P s ' r ' r X  

F(D 0 K+)/F(D*(2007) 0 K +) r41r2 
VALUE CL~  DOCUMENT tO TECN COMMENT 

<0.12 90 ALEXANDER 93 CLEO e + e  - ~ D * O K + x  

F(D;+"/)/F(D*(2007) 0 K +) rs/r2 
VALUE ~ DOCUMENT /D TECN COMMENT 

<0.42 90 ALEXANDER 93 CLEO e + e  - ~ D * 0 K + X  

r (o*(2007)  ~ K+)lr(O*(2010) + K ~ r 2 / r l  
VALUE DOCUMENT ID TECN COMMENT 
1.22• OUR AVERAGE 
1.1 --0.3 ALEXANDER 93 CLEO e + e  - 

D*O K + X , D * +  K O x  
1 . 4 : 5 0 . 3 : 5 0 . 2  2ALBRECHT 92R ARG 104 e + e  - 

"D*O K + X , D * §  K O x  

2 Evaluated by us from published inclusive cross-sections. 

Ds1(2536) • REFERENCES 

ASRATYAN 94 ZPHY C 61 563 A.E. Asratyan et aL 
FRABETTI 94B PRL 72 324 P.L. Frabetti et at. 
ALEXANDER 93 PL B303 377 J. Alexander et aL 
ALBRECHT 92R PL B297 425 H. Albrecht er at. 
AVERY 90 PR D41 774 P. Avery, D. Besson 
ALBRECHT 89E PL B230 162 H. Albrecht et at, 
ASRATYAN 88 ZPHY C4O 483 A.E. Asratyan et aL 

- -  OTHER RELATED PAPERS - -  

SEMENOV 99 SPU 42 847 S.V. Semenov 
Translated from UFN 42 937. 

(BIRM, BELG, CERN+) 
(FNAL E687 Collab.) 

(CLEO Collab.) 
(ARGUS Collab.) 

(CLEO Collab.) 
(ARGUS Collab.) 

(ITEP, SERP) 
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D,j(2573) • 

I D' j (2573)•  I ,(JP) : 0(7;) 
JP is natural, width and decay modes consistent with 2 +. 

Dj](2573) :1: MASS 

VALUE (MeV) EVTS DOCUMENT ID TECN CHG COMMENT 
2573.5-1-1.7 OUR AVERAGE 
2574.5•177 ALBRECHT 96 ARG e + e  - ~ D O K + x  

2573.2-+]:7:50.9 217 KUBOTA 94 CLE2 + e + e - ~  10.5 GeV 

VALUE (MeV) 

Da](2573) • WIDTH 

EVTS DOCUMENT ID TECN CHG COMMENT 

De.r(2573) + DECAY MODES 

Dsj(2573 ) -  modes are charge conjugates of the modes below. 

Mode Fraction ( r i / r )  

r 1 D O K + seen 
r 2 D* (2007) 0 K + not seen 

Dj,r(2573) + BRANCHING RATIOS 

r(D~ K+)/r~, 
VA~E EVT~ QQCUMENT tO 

217 KUBOTA 

r(D*(2007) ~ K + ) / r ( D  ~ K +) 

10.44-8.34-3.0 

16 +45:1:3 217 

ALBRECHT 96 ARG e + e  - ~ D O K + x  

KUBOTA 94 CLE2 + e + e - ~  103 GeV 

VALUE CL~ DOCUMENT IO 

<0 JL~I 90 KUBOTA 

ALBRECHT 
KUBOTA 

SEMENOV 

q/ r  
TE~N CHG COMMENT 

94 CLE2 4- e + e - ~  10.5 GeV 

r2/rl 
TEEN CHG COMMENT 

94 CLE2 + e + e - ~  10,5 GeV 

Daj(2573) i REFERENCES 

96 ZPHY C69 405 H, Albrecht et aJ. 
94 PRL 72 1972 Y, Kubota et al. 

OTHER RELATED PAPERS ~ 

99 SPU 42 847 S.V. Semenov 
Translated f~om UFN 42 937, 

(ARGUS Collab,) 
(CLEO Collab,) 
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Meson Particle Listings 
B Meson Production and Decay, b-flavored hadrons 

II B OTTOMMESONS   II 
B + = u b , B  0 = d b , ~ 0 = d b , B -  =~b, similarly forB*'s 

I B-particle organization I 

Many measurements of B decays involve admixtures of B hadrons. Pre- 
viously we arbitrarily included such admixtures in the B • section, but 
because of their importance we have created two new sections: "B"I'/B 0 
Admixture" for T(45) results and "B:J:/BO/BOs/b-baryon Admixture" for 
results at higher energies. Most inclusive decay branching fractions are 
found in the Admixture sections. B0-B ~0 mixing data are found in the 
B 0 section, while B 0 - ~  mixing data and B-B mixing data f(x'a BO/B 0 
admixture are found in the B 0 section. CP-violation data are found in the 

B 0 section, b-baryons are found near the end of the Baryon section. 

The organization of the B sections is now as follows, where bullets indicate 
particle sections and brackets indicate reviews. 

[Production and Decay of b-flavored Hadrons] 
,B: t :  

mass, mean life 
branching fractions 

�9 B 0 

mass, mean life 
branching fractions 
polarization in B 0 decay 

[B-B Mixing] 
B0-B 0 mixing 

[CP Violation in B Decay] 

CP violation 
�9 B • B 0 Admixture 

branching fractions 
�9 B4-/BO/B~/b-baryon Admixture 

mean life 
production fractions 
branching fractions 

�9 B* 
mass 

�9 e~(s732) 
mass, width 

. eo  

mass, mean life 

branching fractions 
polarizaton in B0 s decay 

B 0 - ~  mixing 

B*B mixing (admixture of B 0, B 0) 

, e ;  
mass 

�9 B:](ssso) 
mass, width 

mass, mean life 
branching fractions 

At end of Baryon Listings: 

�9 A b 
mass, mean life 

branching fractions . _--g,_--; 
mean life 

�9 b-baryon Admixture 
mean life 
branching fractions 

P R O D U C T I O N  A N D  D E C A Y  OF b - F L A V O R E D  
H A D R O N S  

Updated March 2000 by L. Gibbons (Cornell University, Ithaca) 
and K. Honscheid (Ohio State University, Columbus). 

This year, we opened a new chapter in B physics. A 

new generation of experiments, BABAR, BELLE, Hera-B, and 

CLEO III, saw first collisions and started to accumulate B- 

meson decays. The next Fermilab collider run will start soon. 

The long-awaited B-factory era has begun. 

There is great hope these experiments will provide us 

with precise measurements of fundamental parameters of the 

Standard Model, in particular the weak-mixing angles and 

phase of the Cabibbo-Kobayashi-Maskawa matrix, and with it 

an improved understanding of CP violation and maybe even a 

ghmpse at new physics. 

While the underlying decay of the heavy quark is governed 

by the weak interaction, it is the strong force that is respon- 

sible for the formation of the hadrons that are observed by 

experimenters. Although this complicates the extraction of the 

the Standard Model parameters from the experimental data, 

it also means that decays of B mesons provide an important 

laboratory to test our understanding of the strong interaction. 

Arguably the most exciting development since the last 

edition of this review is the progress in b-quark processes for 

which amplitudes beyond the tree level play a major role. 

The long sought after B ~ --* 7r+r - decays have finally been 

observed. Many other b --* u and gluonic penguin transitions 

have been measured. In addition to branching fractions, limits 

on CP asymmetries have been measured for several modes. 

The results on rare hadronic B decays have also been used to 

probe possible values of the angle 7 of the CKM triangle. First 

attempts to measure another CKM angle, sin(2/3), have been 

reported by OPAL, CDF, and ALEPH. 

For b ~ c transitions, the CLEO Collaboration used a 

sample of more than 18 milhon B decays to update branching 

fractions for many exclusive hadronic decay channels. New 

results on semileptonic decays have been reported by CLEO 

and the LEP Collaborations. Lifetime measurements improve 

steadily and now have reached a precision of a few percent. 

Heavy-flavor physics is a very dynamic field, and in this brief 

review it is impossible to do justice to all recent theoretical and 

experimental developments. We will highlight a few new results 

but otherwise refer the interested reader to several excellent 

reviews [1-3]. 
Production and spectroscopy: Elementary particles are 

characterized by their masses, lifetimes, and internal quan- 

tum numbers. The bound states with a b quark and a u or 

d antiquark are referred to as the Bd (-~o) and the Bu (B +) 
mesons, respectively. The first excitation is called the B* meson. 

B** is the generic name for the four orbitally excited (L = 1) 

B-meson states that correspond to the P-wave mesons in the 

charm system, D**. Mesons containing an s or a c quark are 

denoted Ba and Be, respectively. 
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b-flavored hadrons 

Experimental studies of b decay are performed at the T(4S) 

resonance near production threshold, as well as at higher 

energies in proton-antiproton collisions and Z decays. Most 

new results from CLEO are based on a sample of ~ 9.7 x 106 

B B  events. At the Tevatron, CDF in particular has made 

significant contributions with 100 pb -1 of data. Operating at 

the Z resonance, each of the four LEP Collaborations recorded 

slightly under a million bb events, while the SLD experiment 

collected about 0.1 million bb events. 

For quantitative studies of B decays, the initial composi- 

tion of the data sample must be known. The T(4S) resonance 

decays only to B ~  ~ and B+B - pairs, while at high-energy 

collider experiments, heavier states such as B8 or Bc mesons 

and b-flavored baryons are produced as well. The current exper- 

imental limit for non-BB decays of the T(4S) is less than 4% at 

the 95% confidence level [4]. CLEO has measured the ratio of 

charged to neutral T(4S) decays using exclusive B -~ CK(*) de- 

cays. Assuming isospin invariance and TB+/TBO = 1.066 =k 0.024 

they found [5] 

/_+ = B ( r ( 4 S )  -~ B + B  - )  --- 1.044 4- n ngn+0.043 . . . . . . .  o.o45 �9 ( 1 )  
f0 B(T(4S) -~ B ~  ~ 

This is consistent with equal production of B+B - and B ~  ~ 

pairs, and unless explicitly stated otherwise, we will assume 

f+/fo = 1. This assumption is further supported by the near 

equality of the B + and B 0 masses. Again using exclusive B -~ 

J/r  decays, CLEO determined these masses to m ( B  O) = 
5.2791 +0.0007+0.0003 GeV/c 9~ and m ( B  +) = 5.2791+0.0004-t- 

0.0004 GeV/c 2, respectively [6]. 

At high-energy collider experiments, b quarks hadronize as 

~-o, B - ,  Bs 0, and B / m e s o n s ,  or as baryons containing b quarks. 

Over the last few years, there have been significant improve- 

ments in our understanding of the b-hadron sample composition. 

Table 1 summarizes the results showing the fractions fd, fu, fs, 
and fbaryon of B ~ B +, B~ and b baryons in an unbiased sample 

of weakly decaying b hadrons produced at the Z resonance and 

in p~ collisions. A detailed account can be found elsewhere in 

this Review [7]. 

Table  1: Fractions of weakly decaying b-hadron 
species in Z --* bb decay and in p~ collisions at 
V/(S) = 1.8 TeV. 

b hadron Fraction [%] 

B - ,  ~0 38.9 =k 1.3 

10.7 4- 1.4 
b baryons 11.6 + 2.0 

To date, the existence of the b-flavored mesons (B- ,  ~-0, 

Bs, Be, and various excitations), as well as the Ab baryon 

has been established. The current world average of the B*-B 
mass difference is 45.78=k0.35 MeV/c 2. Using exclusive hadronic 

decays such as B~ --* J / r 1 6 2  and Ab -~ J / r  the masses of 

these states are now known with the precision of a few MeV. 

The current world averages of the B8 and the Ab mass are 

5.3696 + 0.0024 GeV/c  2 and 5.624 :h 0.009 GeV/c 2, respectively. 

Clear evidence for the Be, the last weakly decaying bottom 

meson, has been published by CDF [8]. They reconstruct the 

semileptonic decay Bc -* J / r  and extract a Bc mass of 

6.40 =k 0.39+ 0.13 GeV/c 2. 

First indications of 3b production have been presented by 

the LEP Collaborations [9-10]. 

Excited B-meson states have been observed by CLEO, 

CUSB, LEP, and CDF. Evidence for B** production has been 

presented by CDF and the LEP experiments [11]. Inclusively 

reconstructing a bottom hadron candidate combined with a 

charged pion from the primary vertex, they see the B** as a 

broad resonance around 5.697 d= 0.009 GeV/c 2 in the M(BTr) -- 
M ( B )  mass distribution [12]. Due to the inclusive approach, the 

mass resolution is limited to about 40 MeV, which makes it very 

difficult to identify the narrow states, B1 and B~, separately. 

The LEP experiments have also provided evidence for excited 

B~* states. 

s  Precise lifetimes are key in extracting the weak 

parameters that are important for understanding the role of the 

CKM matrix in C P  violation, such as the determination of Vcb 

and BsBs mixing measurements. In the naive spectator model, 

the heavy quark can decay only via the external spectator 

mechanism, and thus the lifetimes of all mesons and baryons 

containing b quarks would be equal. Nonspectator effects, such 

as the interference between contributing amplitudes, modify this 

simple picture and give rise to a lifetime hierarchy for b-flavored 

hadrons similar to the one in the charm sector. However, since 

the lifetime differences are expected to scale as 1/m~Q, where 

mQ is the mass of the heavy quark, the variation in the b system 

should be significantly smaller, of order 10% or less [14]. For 

the b system we expect 

~ (B- )  > r ( B  ~ ~ 7(Bs) > T(Ab ~ >> ~(Se) .  (2) 

In the Be, both quarks can decay weakly, resulting in its 

much shorter lifetime. Measurements of lifetimes for the various 

b-flavored hadrons thus provide a means to determine the 

importance of non-spectator mechanisms in the b sector. 

Over the past years, the field has matured, and advanced 

algorithms based on impact parameter or decay length measure- 

ments exploit the potential of silicon vertex detectors. However, 

in order to reach the precision necessary to test theoretical pre- 

dictions, the results from different experiments need to be aver- 

aged. This is a challenging task that requires detailed knowledge 

of common systematic uncertainties, and correlations between 

the results from different experiments. The average lifetimes for 

b-flavored hadrons given in this edition have been determined 

by the LEP B Lifetimes Working Group [15]. The papers used 

in this calculation are listed in the appropriate sections. A 

detailed description of the procedures and the treatment of cor- 

related and uncorrelated errors can be found in [16]. The new 

world average b-hadron lifetimes are summarized in Table 2. 
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The first measurement of the Bc lifetime comes from the CDF 

Collaboration [8]. Lifetime measurements have reached a level 

of precision that the average b-hadron lifetime result becomes 

sensitive to the composition of the data sample. The result 

listed in Table 2 takes into account correlations between differ- 

ent experiments and analysis techniques, but does not correct 

for differences due to different admixtures of b-flavored hadrons. 

For inclusive lifetime measurements, the size of this effect can 

be estimated by dividing the available results into three sets. 

LEP measurements based on the identification of a lepton from 

the b decay yield rb h a x l r o n  ~ -  1.537 4- 0.020 ps -1 [17"19]. The 

averag~ b-hadron lifetime based on inclusive secondary vertex 

techniques is rb hadron = 1.577 4- 0.016 ps -1 [18,20-24]. Finally, 

CDF [25] used J/%b mesons to tag the b vertex resulting in 

Tb_hadron = 1.533 + .n . . . .  n1~+0.035_0.031 P s-l" Contrary to what is ob- 

served, the average b lifetime determined from a sample of 

semileptonic decays is expected to be larger than the lifetime 

extracted from inclusive decays. Given the precision of the mea- 

surements, however, the discrepancy is not yet significant. The 

resulting average b lifetime is listed in Table 2. 

Table  2: Summary of inclusive and exclusive 
b-hadron lifetime measurements. 

accommodate the measured lifetime ratios [1]. A recent calcula- 

tion based on QCD sum rules [34] arrives at a similar conclusion 

allowing ~-Ab/rBo = 0.79-0.87. An initial lattice study [35], on 

the other hand, finds TAb/TBO = 0.91--0.93. 

Similar to the kaon system, neutral B mesons contain short- 

and long-lived components. The lifetime difference is, of course, 

significantly smaller, and recent experimental limits at 95% 

C.L. axe 
AFd AFs 
F---~- < 0.82 and ~ < 0.65. (5) 

These results are based on a comparison of direct 6m measure- 

ments with Xd measurements for Bd [36] and a combination [37] 

of the various Bs proper time measurements. A more restric- 

tive limit for the Bs system can be obtained if one assumes 

FBs = ['Bd. 

Serni lep ton ie  B decays:  Measurements of semileptonic 

B decays are important to determine the weak couplings IVcb] 

and [Vubl. In addition, these decays can be used to probe the 

dynamics of heavy quark decay. The leptonic current can be cal- 

culated exactly, while corrections due to the strong interaction 

are restricted to the b ---* c and b ---* u vertices, respectively. 

Experimentally, semileptonic decays have the advantage of 

Particle Lifetime [ps] 

B ~ 1.548 =k 0.032 
B + 1.653 4- 0.028 
Bs 1.493 4- 0.062 

f~A +018• Bc v.~6_o116 -~ 0.03 
b baryon 1.208 4- 0.051 

b hadron 1.564 4- 0.014 

large branching ratios and the characteristic signature of the 

energetic charged lepton. The neutrino, however, escapes un- 

detected so a full reconstruction of the decaying B meson is 

impossible. Various techniques which take advantage of produc- 

tion at threshold or the hermiticity of the detector have been 

developed by the ARGUS, CLEO, and LEP experiments to 

overcome this difficulty. 

Several different approaches have been used to measure the 

inclusive semileptonic rate B ---* X/yr.  These are measurements 

For comparison with theory, lifetime ratios are preferred. 

Experimentally we find [15] 

rB+ -- 1.062+0.029, TB--! ---- 0.9644-0.045, TA-b --~ 0.780+0.037, 
TBO TBO TBO 

(3) 
while theory makes the following predictions [26] 

( / ~ e V )  2 ~'B---~ =1=l=0.01 TA__!=0.9 . 
rB-'--~+TBo = 1 + 0.05 20 ' 7BO ' ~-Bo 

(4) 
In conclusion, the pattern of measured B-meson lifetimes fol- 

lows the theoretical expectations, and non-spectator effects are 

observed to be small. The short Be lifetime has been pre- 

dicted correctly. However, the Ab-baryon lifetime is unexpect- 

edly short. As has been noted by several authors, the observed 

value of the A b lifetime is quite difficult to accommodate theo- 

retically [27-33]. This apparent breakdown of the heavy-quark 

expansion for inclusive, non-leptonic B decays could be caused 

by violations of local quark-hadron duality. Neubert, however, 

argues that this conclusion is premature because a reliable field- 

theoretical calculation is still lacking. Exploring a reasonable 

parameter space for the unknown hadronic matrix elements, he 

demonstrated that within the experimental errors, theory can 

of the inclusive single lepton momentum spectrum, measure- 

ments of dilepton events using charge and angular correlations 

first pioneered by ARGUS [38], measurements of leptons oppo- 

site a b-tagged jet at the Z, and measurements of the separate 

B -  and ~o branching ratios by using events which contain a 

lepton and a reconstructed B meson. The double-tagged meth- 

ods (lepton-lepton) have the smallest model dependence, and 

only the dilepton results from the the T(4S) are used. The 

LEP averages [39] axe based primarily on single lepton measure- 

ments, which rely on modeling of the semileptonic decays. The 

uncertainties involved in such modeling are, by their nature, 

ill-defined and difficult to quantify. The average LEP [39l and 

the T(4S) [40] rates are listed in Table 3. Differences in Bst 

measured at the T(4S) and the Z are expected due to the 

different admixture of b-flavored hadrons. Given the short Ab 

lifetime, the LEP value should be lower than the T(4S) result. 

Previous LEP determinations of B ~ Xgz, t have been markedly 

higher than the T(4S) measurements. The current LEP mea- 

surements are now in much better agreement with expectations 

relative to the T(4S) rate. 

A few new results on the branching fractions of exclusive 

semileptonic B decays have been reported. The current world 

averages are listed in Table 3. It is interesting to compare 
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the inclusive semileptonic branching fraction to the sum of 

branching fractions for exclusive modes, which agree at the 

l a  level. The exclusive modes measured are consistent with 

saturating the inclusive rate. 

The makeup of the non-D and D* components of the 

B semileptonic process is a critical component in the determi- 

nation of b lifetimes, B mixing, IVcbl, and IVubl. It has been 

known for some time that the D** excited states do not appear 

to account for the difference between the D + D* rates and the 

inclusive rate [41,42]. A recent inclusive B --* D*Trs study 

by DELPHI [43] adds information regarding the breakdown 

into the D*vr and DTr contributions. Unfortunately, we still lack 

information regarding detailed makeup of, and the hadronic 

mass spectrum for, this component. 

Table  3: Inclusive and exclusive semileptonic branch- 
ing fractions of B mesons. B(B ~ Xui -P t )  = 
0.15 • 0.1% [44] has been included in the sum of 
the exclusive branching fractions. 

Branching 
Mode fraction [%] 

--, x e - p d r ( 4 S ) )  10.49 • 0.17 + 0.43 
b ---+ X e - P t ( Z )  10.58 • 0.07+ 0.17 

~ Dg-Pt  2.13 • 0.22 
-B ~ D * t - P t  5.05 • 0.25 

---* D ( * ) r i - P t  2.26 • 0.44 
with B ~ D~ 0.74 • 0.16 

--~ D ~ ~  < 0.65 90% CL 

EBexclusiv e 9.59 • 0.56 

D y n a m i c s  o f  s e m i l e p t o n i c  B d e c a y  a n d  IW~bl: Since lep- 

tons are not sensitive to the strong interaction, the amplitude 

for a semileptonic B decay can be factorized into two parts, 

a leptonic and a hadronic current. The leptonic factor can be 

calculated exactly, while the hadronic part is parameterized by 

form factors, A simple example is the transition B ~ Dit% 

The differential decay rate in this case is given by 

2 
dF GF Tr21p3 ,2 ,  2~ 

= ~ vcb DJ+kq ) (6) 

where q2 is the mass of the virtual W (eve), PD is the D 

momentum and f+(q2) is the single vector form factor which 

gives the probability that the final state quarks will form a 

D meson. Since the leptons are very light, the corresponding 

f_ (q2) form factor can be neglected. For B ~ D*ive decays, in 

the limit of zero lepton mass there are three form factors which 

correspond to the three possible partial waves of the B ~ D * W  

system (here W is the virtual W boson, which becomes the 

lepton-antineutrino pair). Currently, form factors cannot be 

predicted by theory and need to be determined experimentally. 

Over the last years, however, it has been appreciated that there 

is a symmetry of QCD that is useful in understanding systems 

containing one heavy quark. This symmetry arises when the 

quark becomes sufficiently heavy to make its mass irrelevant to 

the nonperturbative dynamics of the light quarks. This allows 

the heavy quark degrees of freedom to be treated in isolation 

from the light quark degrees of freedom. This is analogous to 

the canonical treatment of hydrogenic atoms, in which the 

spin and other properties of the nucleus can be neglected. The 

behavior and electronic structure of the atom are determined 

by the light electronic degrees of freedom. Heavy quark effective 

theory (HQET) was created by Isgur and Wise [45], who define 

a single universal form factor, ~(v.  v'), known as the Isgur- 

Wise function. In this function, v and v' are the four velocities 

of the initial and final state heavy mesons. The Isgur-Wise 

function cannot be calculated from first principles, but unlike 

the hadronic form factors mentioned above, it is universal to 

leading order. In the heavy quark limit, it is the same for all 

heavy meson to heavy meson transitions, and the four form 

factors parameterizing B --+ D*gv t and B --* D~vt decays can 

be related to this single function ~. 

In this framework the differential semileptonic decay rates 

as functions of w vB ?30{. } (m~ 2 = . = + mD(. ) -- q2) /2mBmD(,}  

are given by [1] 

d r ( ~  D*e~)  ~ 5 --* : G F M B r 3 ( 1  -- r . ) 2 V / ~  -- l (w + 1) 5 
dw 487r 3 * x 

x [1+  4w l - 2 w r , + r .  2] 
~;EI Ei--~,) 2 I~bl=~2(w) 

dr(~ DlPl) ~ 5 
- - *  --GFMBr3(1 + r ) 2 ( w  ~ -- 1)3/21~b12G2(w) (7) 
dw 487r 3 

where r(.) = M D ( . } / M B  and q2 is the invariant momentum 

transfer. For mQ ~ oo, the two form factors ~(w)  and G(w) 

coincide with the Isgur-Wise function ~(w). 

Both CLEO [46] and ALEPH [47] have measured the 

differential decay rate distributions and extracted the ratio 

~ ( w ) / ~ ( w )  which is expected to be close to unity. The data 

are compatible with a universal form factor ~(w). 

CLEO has also performed a direct measurement of the 

three form factors that are used to parameterize B ~ D*s de- 

cays [48]. These are usually expressed in terms of form factor ra- 

tios [49]. Rl(W) = h y ( w ) / h A i ( W )  and R2(w) = hA2(w) /hA i (W)  

where h v ( w ) ,  hAl(W) and hA2(W) are the standard three 

HQET form factors in the zero lepton mass limit (see Ref. 49 

and references therein). At zero recoil, i.e. w = 1, CLEO finds 

RI(1) = 1.18 • 0.30 + 0.12 and R2(1) = 0.71 • 0.2 + 0.07. While 

the errors are still large, this is in good agreement with a theo- 

retical prediction of RI(1) = 1.3 • 0.1 and R2(1) = 0.8 • 0.2 [1]. 

The universal form factor ~(w) describes the overlap of 

wave functions of the light degrees of freedom in the initial and 

final heavy meson. At zero recoil, i.e., when the two mesons 

move with the same velocity, the overlap is perfect and the form 

factor is absolutely normalized, ~(1) = 1. In principle, all that 

experimentalists have to do to extract a model-independent 

value for IVc~l is to measure d r ( B  ~ D(*)~ut) /dw for w --* 1. 

However, in the real, world the b and c quarks are not infinitely 

heavy, so corrections to the limiting case have to be calculated. 
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The evaluation of ~'(1) and g(1) remains a topic of some 

theoretical controversy [1,50-54]. A middle ground could be 

characterized as 

~'(1) =0.92 4- 0.05, 

~(1) =1.00 4- 0.07.  (8) 

The calculations of ~'(1) and G(1) most commonly accepted 

have relied upon some of the OPE techniques, and in fact 
these results are correlated at some level with the inclusive rate 

calculations. Concerns about duality violation, for example, en- 
ter these determinations as well. Other, "exclusive approaches" 

(see Ref. 54 and references therein) yield results similar to the 
values quoted and are free from duality uncertainties. However, 

they rely on modelling to estimate exclusive matrix elements, 

for which uncertainties are very difficult to quantify. Recently, 

there has been a prototype lattice determination that obtained 

an ~'(1) value only very slightly higher than the above with a 
preliminary uncertainty of 3.3%. These results are encouraging, 

and are free of the intimate correlation with the inclusive calcu- 
lations. To fully understand the uncertainties, an unquenched 

calculation is needed. 

Measurements of 5v(1)lVcbl have been performed by the 

ALEPH, ARGUS, CLEO, DELPHI, and OPAL experiments. 
Because the differential decay rate actually vanishes at zero 

recoil, experimentally the decay rate must be measured as 
a function of w and extrapolated to zero. This requires a 

parameterization of the shape of the form factor ~-(w). Ini- 

tial measurements used a linear parameterization and fit the 

slope and $'(1)lVcb [ simultaneously. 5V(w) must have a posi- 
tive curvature, so this linear parameterization results in an 

intercept that is biased low by about 2.6% [55]. More recent 

determinations [47,56-58] have used dispersion relation calcu- 

lations [59,60] that relate the curvature to the slope. In either 
case, the slope and intercept parameters are highly correlated 

and require simultaneous averaging [61]. 

IVcbl from exclusive D*iut determinations and from inclusive 
determinations (discussed below) are summarized in Table 4. 

The various averages are in good agreement. Because of the 

correlations between slope and ~(1)lVcb h and the different 
meanings of the slopes in the linear and dispersion-relation- 

based parameterizations, the older CLEO [62] and ARGUS [63] 

D*lu measurements, based on the linear parameterization, have 

not here been averaged with the LEP results [47,57-58], based 

on the dispersion-relation parameterization. Determinations of 

]Vcbl based on the B --~ Dtu~ process [47,56] give consistent 
results, but  with a factor of two larger uncertainty. 

Heavy Quark Symmetry (HQS) has also allowed remarkable 

precision in the calculation of the semileptonic width F(B 
Xc~.ut). The operator product expansion (OPE) of the width in 

terms of the (inverse) heavy quark mass and in as appears free 

of limb corrections, and at 1/m 2 is given by [66] 

Table  4: Current determinations of IVebl. The 
inclusive branching fractions have been adjusted 
for a 1.5 4- 1.0% b ~ u component relative to 
b --* c [44]. The uncertainties are experimental 
followed by theoretical. 

M o ~  IV~I 

[64] 

--~ D*/ -P l  [65] 

r(b 

r ( B  --, Xceut) 

0.0367 4- 0.0023 + 0.0018 
(Dispersion relation .T(w) parameterization) 

0.0392 4- 0.0030 4- 0.0019 
(Linear $'(w) parameterization (+ bias correction)) 

0.0408 + 0.0005 4- 0.0025 
(B ~ B +, Bs, and b-baryon admixture at the Z) 

0.0400 + 0.0010 + 0.0024 
(B ~ B + admixture at the T(4S)) 

FsL(B ) -- 1927r3 • 

Zo -2-~b ] - - 2  m~] m~ 37r "'" " 

At 1/m~, three nonperturbative parameters enter the expansion 

of the differential decay rate: ~ (or, closely related Az), which 

is related to the average kinetic energy of the b quark in the 
meson; #~ (or As), which is related to the hyperfine splitting 

and can be determined from the B-B* mass difference; and A, 
which relates the quark mass to the meson mass. This last enters 

implicitly since the b quark mass, not the B meson mass has 
been used. The parameters z0 and z~ 1) are known phase space 

factors that depend on m2c/m~. Bigi [51] suggests an uncertainty 

of approximately 6% on IVcbl from such a calculation. Various 

calculations [67-68] are consistent with a central value 

1 - 0 024 #~ - 0"5GeV2"~ (10) 
~ ) .  

Combined with the semileptonic branching fractions at the 

Y(4S) and the Z quoted above, one obtains the inclusive 

determinations of IVcbl listed in Table 4. These agree with the 

exclusive determinations. 
The validity of the OPE-based calculation rests upon 

the assumption of quark-haclron duality. The uncertainty in- 

duced from this assumption is unknown. While expected to be 

small [69-71], there has been a suggestion that the assumption 

could mask corrections of order 1/rnb [72]. A 5% effect, for 

example, cannot be ruled out at this time. 
Moments of the inclusive lepton [73] and hadron 

mass [74-76] spectra can be used both to determine the nonper- 

turbative parameters and to test the OPE/HQS framework at 

the 1/m~ level. A preliminary moment analysis by CLEO [77] 
suggests that the parameters derived from the leptonic moments 

may be inconsistent with those from the h~tronic moments. A 

variety of explanations for this exist: an experimental problem, 

slow convergence of the 1/m expansion for the higher moments, 
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or more fundamentally, duality violation. Frtrther investigation 

is required. 

Semileptonie  b ~ u transi t ions:  The simplest diagram for 

a rare B decay is obtained by replacing the b --* c specta- 

tor diagram with a CKM suppressed b --* u transition. These 

decays probe the small CKM matrix element Vub, the magni- 

tude of which sets bounds on the combination p2 + 72 in the 

Wolfenstein parameterization of the CKM matrix [78]. As with 

Vcb, extraction of Vub has been attempted using both inclu- 

sive and exclusive semileptonic B decays. An accurate method 

of determining Vub has been somewhat elusive. With exclu- 

sive techniques, the heavy-to-light b --* u transition has no 

theoretical analogue to the zero recoil (w : 1) point in the 

heavy-to-heavy b --* c transition of B ~ D*l~,. Rather than 

calculating a correction of order 10% to the unit form factor ex- 

pected for a heavy-to-heavy transition at w : 1 (in the infinite 

mass limit), the absolute normalization of the form factors must 

be predicted. This normalization dominates the uncertainty in 

exclusive determinations of Vub. 
There have been two exclusive Yub analyses by the CLEO 

Collaboration: a simultaneous measurement of the B --~ ~rl~,~ 

and the B ~ plv~ transitions [79], and a second measurement 

of the B ~ p l ~  rate [80]. The results of the two analyses are 

largely statistically independent, and their results have been 

combined, with correlated uncertainties accounted for, to obtain 

]V~bl : (3.25•177 X 10 -3, where the final error is the 

uncertainty from the form factors. New calculations based on 

light cone sum rules [81-83] and lattice calculations [84,85,86] 

promise to result in uncertainties in the 10% to 15% range 

soon. Uncertainties below 10% will require either unquenched 

lattice calculations or accurate measurements of the rate for 

B ~ K*/+g - ,  which would allow one to extract ]Vub[/]V~st 
from a double ratio of B and D decays [87]. 

In principle, the fully inclusive rate can be calculated 

reliably enough (barring an unexpectedly large violation of 

quark-hadron duality) to determine ]Vubl with an accuracy 

under 10% [51]. Realizing this accuracy is extremely difficult in 

practice because the ferocious background from b --* ~ v l  decays 

forces experiments to limit measurement to a restricted region 

of the total phase space. Restriction of the theoretical rate to 

Another method for extracting IVub[ from the endpoint has 

been proposed [92] based on earlier suggestions [90,91] that 

involve comparison of the endpoint lepton spectrum to the pho- 

ton spectrum in b --* s% These decays share the same structure 

function, and the comparison results in a large cancellation of 

the theoretical uncertainties. In principle, this technique could 

lead to a determination of [Vub] with an uncertainty under 10%. 

Over the past several years, the ALEPH [93], DELPHI [94], 

and L3 [95] experiments have attempted inclusive measurements 

of the b ~ ulvt  rate. The approaches are disparate, but tend to 

be sensitive to b ~ u/~ primarily when the mass of the hadronic 

system (mx~) is in the region mxu ~ MD. They are sensitive 

to a significantly larger portion of the phase space than the 

endpoint analyses, but at the cost of very large backgrounds 

from b --* c/vt decays (signal:background ratios of order 1:10). 

The branching fractions obtained are listed in Table 5. An 

average by the LEP Heavy Flavour Group [37] results in [Vubl : 
+0.41 +0.43 _'~+0.24t, 4.04_0.46(exp)_0.48(b ~ ~j_0.25[o ~ u) • 0.02(rb) • 0.19(HQS). 

A note of caution, however. While observation of these decays at 

LEP is an experimental tour de force, the aggressive systematic 

errors assigned to unknown aspects of b --* c/v~ and b --~ u~vl 

processes remain a topic of discussion in the community. Among 

the concerns: the large uncertainties in the makeup of the non- 

D and D* components of the background and the need for 

modeling of the b ~ u~ut decays to correct for the smearing 

and nonuniform efficiency over the phase space of the decay. 

A new proposal [89] to measure [Vub] inclusively in a 

restricted region of q2 has promise. As mentioned above, mea- 

surements in the lepton endpoint region suffer from significant 

theoretical uncertainties from unknown structure functions. 

Analyses restricted to the hadronic mass range mxu < X / ~ b  
are affected by similar uncertainties, so the level appears to be 

much reduced [96,97], about 10%. The proposed method offers 

suppression of b --* c~vt background without introducing such 

uncertainties. 

So far, the various determinations of ]Vub] have produced 

consistent results. However, with the many theoretical and 

experimental difficulties with the measurements to date, the 

authors agree with the conservative assessment of the current 

uncertainties presented in the CKM review [98]. 

the restricted region can introduce large uncertainties in the 

calculation that can be difficult to quantify. 

The published inclusive analyses at the T(4S) [88] have 

focused on leptons in the endpoint region of the single lepton 

spectrum, which are kinematically incompatible with coming 

from a b ~ c transition. Models were used to estimate the 

rate into the endpoint, from which ]Vub/Ycb[ : (0.08 • 0.02) is 
obtained. The error is dominated by the theoretical uncertainty, 

which has been very difficult to quantify. Because the endpoint 

region extends beyond the partonic endpoint and the size of 

the endpoint is of order AQCD, an infinite series of terms in 

the OPE rate calculation become equally important [89]. While 

the leading singularities can be resummed into a structure 

function [90,91], the structure function is unknown. 

Table  5: Inclusive semileptonic branching fractions 
for b --* uevl measured at LEP. 

Experiment Branching Fraction [10 -3 ] 

ALEPH [93] 1.73 • 0.55 • 0.55 
DELPHI [94] 1.57 • 0.35 + 0.55 
L3 [95] 3.3 • 1.0 • 1.7 

Hadronie  B decays: In hadronic decays of B mesons, the 

underlying weak transition of the b quark is overshadowed by 

strong interaction effects caused by the surrounding cloud of 

light quarks and gluons. While this complicates the extraction 

of CKM matrix elements from experimental results, it also turns 



See key on page 239 

587 

Meson Particle Listings 
b-flavored hadrons 

the B meson into an excellent laboratory to study perturbative 

and non-perturbative QCD, hadronization, and Final State 

Interaction (FSI) effects. 

The precision of the experimental data has steadily im- 

proved over the past years. In 1997 CLEO updated most branch- 

ing fractions for exclusive B ---* (n~r)-D(*) and B ~ J / r  

transitions. Tighter limits on color suppressed decays such as 

~ D ~  0 have been presented [99]. Updated measurements 

of the polarization in B ~ J / r  resolved an outstanding 

discrepancy between theory and experiment [100]. Angular dis- 

tributions have been studied for other B decays with two vector 

mesons in the final state including B ~ D'p,  B --~ D'D*,  

and B ---* D*D~. CLEO found the relative phases of the he- 

licity amplitudes in B ~ D ' p -  decays to be non-zero [101], 

implying that FSI effects may play a role in B decays after 

all. B ~ ---, D*+D *- decays have been observed with a branch- 
(o 0+4.2 1.2) • ing fraction of ~ . . . .  3.3 4- 10 -4, providing unambiguous 

evidence for Cabibbo-suppressed b ~ ccd transitions [102,103]. 

Gronau and Wyler [104] first suggested that decays of the 

type B ~ D K  can be used to extract the angle 7 of the CKM 

unitarity triangle, 7 ~ arg (Vub). The first example of such a 

Cabibbo-suppressed mode has been observed by CLEO [105]: 

B(B- ~ D ~  -)  
B ( B -  ~ DOn - )  = 0.055 q- 0.014 4- 0.005. (11) 

Measurements of exclusive hadronic B decays have reached 

sufficient precision to challenge our understanding of the dy- 

namics of these decays. It has been suggested that in analogy 

to semileptonic decays, two-body hadronic decays of B mesons 

can be expressed as the product of two independent hadronic 

currents, one describing the formation of a charm meson and the 

other the hadronizati0 n of the remaining ~d (or ~s) system from 

the virtual W - .  Qualitatively, for a B decay with a large energy 

release, the ~d pair, which is produced as a color singlet, travels 

fast enough to leave the interaction region without influencing 

the second hadron formed from the c quark and the spectator 

antiquark. The assumption that the amplitude can be expressed 

as the product of two hadronic currents is called "factorization" 

in this paper. By comparing exclusive hadronic B decays to the 

corresponding semileptonic modes the factorization hypothesis 

has been experimentally confirmed for certain b ~ c decays 

with large energy release [100]. An example is given by the lon- 

gitudinal polarization of p mesons in B ~ D*p decays, which 

was recently updated by the CLEO Collaboration [101]. Their 

result of FL/F = 0.878 4- 0.034 4- 0.040 agrees well with the 

factorization expectation, 0.85-0.88 [106-109]. 

For internal spectator decays, the validity of the factor- 

ization hypothesis is also questionable and requires experimen- 

tal verification. The naive color transparency argument used 

in the previous sections is not applicable to decays such as 

B ~ J / r  and there is no corresponding semileptonic decay 

for comparison. For internal spectator decays, one can only 

compare experimental observables to quantities predicted by 

models based on factorization. Two such quantities are the 

production ratio 

7~ = B(B ~ J / r  
B(B ~ J / r  (12) 

and the amount of longitudinal polarization FL/F in B --* 

J / r  decays. The CLEO Collaboration published new data 

on B ~ charmonium transitions [110]. 

7e = 1.45 + 0 .20 4- 0.17, r L / r  = 0.52 4- o.07 + 0.04, (13) 

are now consistent with factorization-based models. 

In the decays of charm mesons, the effect of color suppres- 

sion is obscured by the effects of FSI or reduced by nonfactoriz- 

able effects. Because of the larger mass of the b quark, a more 

consistent pattern of color-suppression is expected in the B sys- 

tem, and current experimental results seem to support that 

color-suppression is operative in hadronic decays of B mesons. 

Besides B ~ charmonium transitions, no other color-suppressed 

decay has been observed experimentally [99]. The current upper 

limit on B(B -~ ~ D~ ~ is 0.012% at 90% C.L. 

By comparing hadronic B -  and ~o decays, the relative 

contributions from external and internal spectator decays have 

been disentangled. For all decay modes studied, the B -  branch- 

ing fraction was found to be larger than the corresponding ~0 

branching ratio, indicating constructive interference between 

the external and internal spectator amplitudes. In the BSW 

model [111], the two amplitudes are proportional to effective 

coefficients, al  and a2, respectively. A least squares fit using 

experimental results and a model by Neubert et al. [112] gives 

a2/al = 0.22 =t= 0.04:1: 0.06, (14) 

where we have ignored uncertainties in the theoretical pre- 

dictions. The second error is due to the uncertainty in the 

B-meson production fractions (f+, f0) and lifetimes (v+, 70) 

that enter into the determination of a2/al in the combination 

(f+7-+/foTo). As this ratio increases, the value of a2/al de- 

creases. Varying (f+~-+/fowo) in the allowed experimental range 

excludes a negative value of a2/al. Other uncertainties in the 

magnitude of the decay constants fD and fD' ,  as well as in the 

hadronic form factors, can change the magnitude of a2/al, but 

not its sign. 

The magnitude of a2 determined from this fit to the ratio 

of B -  and B ~ branching fractions is consistent with the wlue 

of [a2] determined from the fit to the B ~ J / r  decay modes, 

which only proceed via the color suppressed amplitude. The 

coefficient al also shows little or no process dependency. 

The observation that the coefficients al and a2 have the 

same relative sign in B -  decay came as a surprise, since 

destructive interference was observed in hadronic charm decay. 

The sign of a2 disagrees with the theoretical extrapolation from 

the fit to charm meson decays using the BSW model. It also 

disagrees with the expectation from the 1/Nc rule [113]. The 

result may be consistent with the expectation of perturbative 

QCD [114]. B. Stech proposed that the observed interference 
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pattern in charged B and D decay can be understood in terms 

of the running strong coupling constant as [115]. A solution 

based on PQCD factorization theorems has been suggested by 

B. Tseng and H.N. Li [116]. 

Although constructive interference has been observed in 

all the B -  modes studied so far, these comprise only a small 

fraction of the total hadronic rate. It is conceivable that higher- 

multiplicity B -  decays demonstrate a very different behavior. 

It is intriguing that lall determined from the B ~ D(*)Tr, 

D(*)p modes agrees well with the value of al extracted from 

B --* DDs decays. The observation of color-suppressed decays 

such as ~0 ~ D %  0 would give another measure of la21 com- 

plementary to that obtained from B --* charmonium decays. 

In summary, experimental results on exclusive B decay 

match very nicely with theoretical expectations. Unlike charm, 

the b quark appears to be heavy enough so that corrections 

due to the strong interaction are small. Factorization and color- 

suppression are at work. An intriguing pattern of constructive 

interference in charged B decays has been observed. 

Inc lus i ve  hadronic  decays: Over the last years, inclusive 

B decays have become an area of intensive studies, experimen- 

tally as well as theoretically. Since the hadronization process 

to specific final state mesons is not involved in inclusive cal- 

culations, the theoretical results and predictions are generally 

believed to be more reliable. 

CLEO. and the LEP Collaborations presented new measure- 

ments of inclusive b -~ c transitions that can be used to extract 

he, the number of charm quarks produced per b decay. Naively 

we expect nc -- 115%, with the additional 15% coming from the 

fragmentation of the W boson to ~s. This expectation can be 

verified experimentally by adding all inclusive b ~ c branching 

fractions. Using CLEO and DELPHI results, we can perform 

the calculation shown in Table 6. Modes with 2 charm quarks in 

the final state are counted twice. For the unobserved B --+ ycX 

decay, we take the experimental upper limit. Bs mesons and 

b baryons produced at the Z, but not at the T(4S), cause 

the increase in Ds and Ac production rates seen by LEP. To 

first order, however, this should not affect the charm yield, as 

it should be compensated by reduced branching fractions for 

D mesons. This reduction is not reflected in the current data, 

but the errors in the D branching fractions are still large. In 

addition, there are significant uncertainties in the Ds and Ac 

absolute branching fractions. 

New measurements of the multiplicity of charm quarks per 

b decay have also been reported by ALEPH and OPAL [117]. 

Combining this with the DELPHI results yields a new correlated 

average of nc = 1.151 + 0.022 • 0.022 4- 0.051, where the errors 

are statistical, systematic and due to the uncertainties in charm 

branching fractions [118]. There is now good agreement between 

the results from the T(4S) and the Z ~ 

+ 
+ 
q- 

+ 
+ 
+ 
+ 
+ 
+ 
+ 

Tab le  6: Charm yield per B decay. 

2 x  

2x 
2x 
2x 
2x 
2x 

Channel Branching fraction [%] 
T(4S) [100] LEP (DELPHI) [119] 

B ~ D~ 
B ~ D + X  
B -~ D+X 
B - ,  A + X  

B --, F~+'~ 

B --* J/r 
S ~ r x 
B -~ xdX 

B --* xc2X 

B ~ ~cX 
b-~ ( ~ ) X  

63.6 4- 3,0 
23.5 4- 2,7 

12.1 4- 1.7 
2.94-2.0 
2.0 4- 1.0 
0.8 4- 0.08 

0.35 + 0.05 
0.37 4- 0.O7 
0.25 4- 0.I 

< 0.9 (90%C.L.) 

60.05 4- 4.29 
23.0.1 5= 2.13 
16.65 5= 4.50 

8.90 4- 3.0 
4.00 + 1.60 

2.00 + 0.65 

ne II0 4- 5 115.1 4- 7.4 

The  b ~ c~s t rans i t ion:  It was previously assumed that 

the conventional b --* c~d --* D X  and b --* ~ s  -* D D s X  

mechanisms account for all D-meson production in B decay. 

Buchalla et aL [120] suggested that a significant fraction of 

D mesons could also arise from b -~ c-~s transitions with 

light quark pair production at the upper vertex, i.e. b 

c~s --+ D D X s .  The two mechanisms can be distinguished by 

the different final states they produce. In the first case the final 

state includes only D mesons, whereas in the second case two 

D mesons can be produced, one of which has to be a D. 

Table  7: CLEO results on B ~ D D K  decays. 

Mode Branching fraction 

B ( ~  ~ ~ D * + ~ ~  - )  n a~+0.25 a_ 0.08% 

B(B- D*o-~~ -) n Ra+0.33- 0.12% 
- -~  . . . .  - 0 . 2 4  "~  

B(~  ~ __, D*+-~*~ - )  1 ~n+0.0t a_ 0.27% 
* ' ~ - 0 . 4 7  "J- 

B(B- --+ D*~176 -) I a~+o.Ts • . . . . .  0.58 --'- 0.36% 

Two routes to search for this addition to F(b --* c~s) have 

been pursued experimentally. In an exclusive search for B --* 

D D K  decays, CLEO required the final state to include a D 

and a D meson. Statistically significant signals are observed for 

several D(*)D(*) combinations. The preliminary CLEO results 

are listed in Table 7 [121]. While the observation of these decays 

proves the existence of D-meson production at the upper 

vertex, a more inclusive measurement is needed to estimate 

the overall magnitude of this effect. A recent CLEO analysis 

exploits the fact that the flavor of the final state D-meson 

tags the decay mechanism. High momentum leptons (p~ > 

1.4 GeV/c) are used to classify the flavor of the decaying 

B meson, b --+ c~d transitions lead to D/+  combinations, while 

the observation of D~+ identifies the new b --* c-6s mechanism. 

Angular correlations are used to remove combinations with both 

particles coming from the same B meson. CLEO finds [122] 

F(B --~ D X )  = 0.100 4- 0.026 4- 0.016, (15) 
F(B ~ D X )  
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which implies 

B(B --~ D X )  = 0.079 • 0.022. (16) 

We can now calculate ncc = B(b --* c~s). nc~ is related to no, 

the number of charm quarks produced per b decay 

nc = 1 + ncc - nB--.nocharm �9 (17) 

Using the data listed in Table 6 and the above result, we find 

ncc ---- (23.9 • 3.0)%. (18) 

The contribution from B --* ~.e~ was reduced by 1/3 to take 

into account the fraction that is not produced by the b --* c~s 

subprocess, but by b --* c~d + s~ quark pair production. 

This result is consistent with theoretical predictions, ncc = 

22 4- 6% [28,123]. b --~ D D X  decays have also been observed at 

LEP and at the SLC. ALEPH [102] finds 

B(B --* D ~ 1 7 6  + D~ -~ 0 078 +~176 +0.017+0.005 (19) 
�9 - 0 . 0 1 8 - 0 . 0 1 5 - 0 . 0 0 4  , 

where the last error reflects the uncertainty in D meson branch- 

ing fractions. DELPHI and SLD look for double charm decays 

of b hadrons by selecting events that are consistent with having 

two decay vertices. They find n2c = (13.6 ~= 4.2)% [124] and 

n2c = (16.2 • 1.9 5= 4.2)% [125], respectively, n2c does not in- 

clude B --*Charmonium production. Taking this into account 

we find that these results are consistent with nee. DELPHI 

used a b-tagging technique to measure the inclusive charmless 

B branching fraction to 0.033 • 0.021�9 Subtracting charmonium 

production allows them to set an upper limit on charmless 

b decays of 3.7% at 95% CL [124]. 

C h a r m  C o u n t i n g  a n d  the  S e m i l e p t o n i c  B r a n c h i n g  Frac-  

t ion :  The charm yield per B meson decay is related to an 

intriguing puzzle in B physics: the experimental value for the 

semileptonic branching ratio of B mesons, B(B -~ Xiv )  = 

10.49 • 0.17 • 0.43% (T(4S), is significantly below the theoret- 

ical lower bound B > 12.5% from QCD calculations within the 

parton model [126]. Since the semileptonic and hadronic widths 

are connected via 

1 /  T -~ [~ ~-- l~Semileptonic  -1- F H a d r o n i c  

an enhanced hadronic rate is necessary to accommodate the low 

semileptonic branching fraction�9 The hadronic width, which can 

be expressed as 

[~nadronic ~ -  F(b --~ ces) + r (b  --, c~d) + r (b  --, sg + nocharm) 

is constraint by another experimental quantity, nc, the average 

number of charm quarks produced per b decay. 
For years it has been difficult to accommodate the experi- 

mental results with the theoretical preference for a larger values 

for Bsl, nc and ncc. Additional confusion has been caused by an 

apparent discrepancy between LEP (Z ~ and CLEO (T(4S)) 

results. The latter issue, however, has been resolved with both 

the LEP average for BsL and nc coming down. There is now 

good agreement between the experiments. Several explanations 

of this nc/Bsl discrepancy have been proposed: 

589 

Meson Particle Listings 
b-flavored hadrons 

1o 

2. 

3. 

4. 

or the 

above. 

enhancement of b ~ c~s due to large QCD correc- 

tions or a breakdown of local duality; 

enhancement of b ~ cfid due to non-perturbative 

effects; 

enhancement of b --+ sg and/or b --* dg due to New 

Physics; 

systematic problem in the experimental results; 

problem could be caused by some combination of the 

Arguably the most intriguing solution to this puzzle would 

be an enhanced b ~ sg rate but as we will see in the next 

section, new results from CLEO and LEP show no indication 

for New Physics and place tight limits on this process. 

B(b ~ cfid) has been calculated to next-to-leading order. 

Bagan et al. [127] find: 

B(b ~ c~d) = 4.0 4- 0.4 --* B(b - -*  c f i d ) T h e o r y  - ~  41 • 4% 
rud -- B(b --* c~v) 

which compares well with the experimental value of 43+6% [100] 

but the errors are still too large to completely rule out an 

enhanced b -~ c~d rate. 

The theoretically preferred solution calls for an enhance- 

ment of the b -~ c~s channel [127,28]. Increasing the b --~ c~s 

component, however, would increase the average number of c 

quarks produced per b quark decay as well as ncc, the num- 

ber of b decays with 2 charm quarks in the final state. This 

is not supported by the data, in particular the value of nc 

appears to be too low at the few a-level. Systematic problems 

with D meson branching fractions have been pointed out as 

potential solution [128] but new results from ALEPH [129] and 

CLEO [130] on B(D ~ --~ K-~r +) make this less likely. 

After years of experimental and theoretical efforts the miss- 

ing charm/Bst problem has begun to fade away. The discrep- 

ancy between experiments at the T(4S) and the Z 0 has been 

resolved. More data are needed to either resolve this issue or to 

demonstrate that the problem persists. 

R a r e  B decays:  All B-meson decays that do not occur 

through the usual b --* c transition are known as rare B decays. 

These include both tree level semileptonic and hadronic b --* u 

decays that are suppressed by the small CKM matrix element 

Vub, as well as higher order processes such as electromagnetic 

and gluonic penguin decays. Branching fractions are typically 

around 10 -5 , for exclusive channels, and sophisticated back- 

ground suppression techniques are essential for these analyses. 

Arguably the most exciting new experimental results since 

the last edition of this review are in the field of rare B decays. 

For many charmless B-decay modes the addition of new data 

and the refinement of analysis techniques allowed CLEO to 

observe signals where previously there have been upper limits. 

For other channels new tighter upper limits have been published. 

H a d r o n i e  b --~ u t r a n s i t i o n s :  Using almost 20 million 

charged and neutral B decays, CLEO successfully reconstructed 

a handful of exclusive hadronic B ~ --~ r+Tr - decays [131]. As 
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can be seen in Table 8, the branching fraction for this mode is 

about a factor of 4 smaller than the rate of B ~ K~r transitions. 

This is not good news for CP-violat ion studies. Not only is the 

branching fraction very small, but in addition the analysis will 

be complicated by "penguin pollution." 

A theoretically clean method to determine the sum of the 

angles fl + 7 of the unitarity triangle has been proposed by 

Snyder and Quinn [136]. They suggest that a sample of 103 

B ~ p~r decays, together with a Dalitz plot analysis, allow a 

measurement o f ~ + 7  to about 6 ~ CLEO has recently measured 

the branching fraction for these modes [132] 

B(B + ~ p % + )  = (1.5 • 0.5 ~ 0.4) x 10 -5 (20) 

B(B ~ -~ p ~ r  ~:) =- (3.5_+~: t 4- 0.5) • 10 -5 (21) 

but it will take a while before a sufficiently large data sample 

will be available. 

Tab le  8: Summary of CLEO results on B --~ 7r~r, K r ,  and K K  
branching fractions. The branching fractions and the 90% C.L. 
upper limits are given in units of 10 -5 . Using the notation of 
Gronan e~ al. [137], the third column indicates the dominant 
amplitudes for each decay (T, C, P, E denote tree, color sup- 
pressed, penguin, and exchange amplitudes and the unprimed 
(primed) amplitudes refer to b ~ ~ud (b -~ ~u~) transitions, 
respectively.) 

Mode Theoretical 
(B ~)  B Amplitude expectation 

N A q +0 ,16  ~_ 7r+~r- ~'~-0.14 -= 0.05 - (T + P) 0.8-2.6 
r+Tr ~ < 1.3 - (T  + C ) / x / ~  0.4-2.0 
~r0~ 0 < 0.93 - (C - P ) / ~ J ~  0.906-0.1 

K+x-  ~ 79+o.25 ~. 0.12 - (T '  + P') 0.7-2.4 " ' ' ~ - - 0 . 2 4  
K+~o 1.,0+_~:~.+_~i}~ -(~'+ c'+ p ' ) / v ~  0.3-1.3 
K~ - 1 ~2 +~ ~- n ,~ p ,  0.8-1.5 ' ~  --0,40 ~ v.  xu  
] ~  0 ~.0 I A ~ +  0"59+0'24 . . . . .  0.5t-0~33 - ( c '  - p ' ) / ~  0.3-0.8 

K+K - < 0.19 E - -  
K+K ~ < 0.51 P 0.07-0.13 
K~ ~ < 1.7 P 0.07-0.12 

the uncertainties in the hadronization, only the inclusive b ~ s7 

rate can be reliably compared with theoretical calculations. This 

rate can be measured from the endpoint of the inclusive photon 

spectrum in B decay. CLEO [141] found 

B(b -~ sT) = (3.15 • 0.35 :h 0.41) • 10 -4 (CLEO) , (24) 

to be compared to the Standard Model rate [142-144] of 

B(b ~ 8")')s M - =  (3.28 :t= 0.33) x 10 -4 . (25) 

ALEPH used a lifetime tagged sample of Z --, bb events to 

search for high-energy photons in the hemisphere opposite to 

the tag. This allows them to measure the photon spectrum from 

B decays which ultimately leads to [145] 

B(b ---* sT) = (3.11 4- 0.80 4- 0.72) • 10 -4 (ALEPH). (26) 

Our theoretical understanding of inclusive b ---* s 7 transitions 

has been significantly enhanced by two new calculations that 

now include all terms to next-to-leading order [142-144]. The 

expected Standard Model rate, while slightly larger now, is 

still consistent with both the CLEO and ALEPH results. The 

substantially reduced uncertainties result in tighter constraints 

on new physics such as double Higgs models [146]. 

G l u o n i c  p e n g u i n  decays:  A larger total rate is expected for 

gluonic penguins, the counterpart of b --~ s7 with the photon 

replaced by a gluon. 

Experimentally, it is a major challenge to measure the 

inclusive b -~ sg rate. The virtual gluon hadronizes as a q~ pair 

without leaving a characteristic signature in the detector. CLEO 

extended D-$ correlation measurements described in the section 

on hadronic B decays to obtain the flavor specific decay rate 

r ( ~  ~ DX)lower vertex/I~total . This quantity should be 1 minus 
corrections for charmonium production, b ---, u transitions, 

t3 -~ baryons, and Ds production at the lower vertex. Most 

importantly, the b --~ sg rate must also be subtracted. To 

remove uncertainties due to B(D ~ -* K - n + ) ,  CLEO normalizes 

E l e c t r o m a g n e t i c  p e n g u i n  decays:  The observation of the 

decay B ~ K*(892)7, reported in 1993 by the CLEO II 

experiment, provided first evidence for the one-loop penguin 

diagram [138]. Using a larger data sample, the analysis was 

re-done in 1999 [139] yielding a total of 125 events and 

B ( B  0 _~ K*07) = (4 .~+o.72 ~= 0.34) x 10 -5 (22) 
~, . . . .  - 0 . 6 8  

B ( B +  .._, K*+7) = +o.s9 (3.76_o.83 4- 0.28) x 10 -6 . (23) 

The decay B ~ K~(1430)7 was seen with a branching fraction 

of (1.66+~ + 0.13) • 10 -5. No evidence for the decays B -~ P7 

and B - ,  ~7 was found. The current upper limit for the ratio 

B(B ~ ( p / w ) 7 ) / B ( B  -~ K*'y) is 0.32 at 90% CL. The limit on 

the ratio of branching fractions implies that IVtd/V~s] < 0.75 at 

90% CL. 

The observed branching fractions were used to constrain a 

large class of Standard Model extensions [140]. However, due to 

to F (B  ---* DXgve)/F(-B --* Xgvg). Their preliminary result is 

F ( B  ~ D X ) I  o . . . .  ertex/rt~ = 0.901 =h 0.034 + 0.014 (27) 
r ( ~  --, OXtv t ) / r (~  -~ Xt.r 

whereas 0.903+0.018-(b -~ sg) was expected. This corresponds 

to an upper limit of B(b ~ sg) < 6.8% at 90% CL [122]. 

DELPHI [147] studied the PT spectrmn of charged kaons in 

B decays and found a model-dependent limit B(b --* s9) < 5% 

(95% C.L.). These results agree well with the Standard Model 

prediction of B(B ~ nocharm) = (1.6 + 0.8)% [148], and there 

is little experimental support for new physics and an enhanced 

b --~ sg rate [149]. However, experimental uncertainties are still 

large, and it is too early to draw final conclusions. 

Exclusive decays such as B ~ K+Tr - are suppressed at 

tree level and are expected to proceed via loop processes. 

CLEO studied these decay modes, and all 4 KTr combinations 

have been observed [131]. The results are listed in Table 8. 
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D,  D ' ,  or D= modes 

F 8 D -  ~r + 
r 9 D -  p+ 
rio ~o~+~- 
F l l  D * ( 2 0 1 0 ) -  ~r + 

F12 D -  .a-+ ~r+ -a - -  
F13 (D-~r+:,r+~r - ) nonresonant 
F14 D -  ~r + p0 
F15 D -  a 1(1260) + 
F16 D*(2010)- ~+ ~ ~ 
r17 D * ( 2 0 1 0 ) - p  + 
F18 D* (2010) -~+~+~ - 
F19 ( D * ( 2 0 1 0 ) - / r +  ~r+ ~r - ) non- 

resonant 
F2o D* (2010)- ~r + pO 
r21 D * ( 2 0 1 0 ) -  a 1(1260) + 
r22 D * ( 2 0 1 0 ) -  7r+ ~r+ ~r- 7r 0 

[-23 D~ (2460) -~ r+  

F24 D ~ ( 2 4 6 0 ) - p +  

r25 D-  D + 
r26 D -  D + 

r2~ D*(2010)- D, + 
1-28 D -  D~ + 

F29 D*(2OIO)-D; + 
r3o D + ~ -  

[-31 D~ +~ r -  

r32 D + p -  

1-33 D~ + p -  

F34 D + a 1 (1260) -  

['35 D; + a1(1260)- 
[ '36 D~- K + 

1-37 D ; -  K + 

F38 D~" K* (892)  + 

r39 0 ; - K * ( 8 9 2 )  + 

F4O D~- ~r + K 0 

r41 D~ ~ + K  0 

F42 D~- ~T + K* (892)  0 

3.0 • ) x 10 - 3  
7.9 • ) x 10 - 3  
1.6 x 10 - 3  
2.76• x 10 - 3  
8,0 •  ) x 10 - 3  
3.9 • ) x 10 - 3  
1.1 • ) x 10 - 3  
6.0 • ) x 10 - 3  

1.5 •  ) % 
6.8 4-3.4 ) x 10 - 3  
7.6 • ) x 10 -3  
0.0 • ) x 10 -3  

( 5.7 • ) x  10 -3  
(1.304-0.27) % 
( 3.5 -'-1.8 )% 

< 2.2 x 10 - 3  

< 4.9 x 10 -3 
< 1.2 x 10 -3 

( 8.0 • ) x 10 - 3  

( 9.6 • ) x 10 - 3  

( 1.0 • )% 

( 2.0:50,7 )% 

< 2.8 x 10 - 4  

< 5 x 10 - 4  

< 7 x 10 - 4  

< 8 x 10 -4 

< 2.6 x 10 - 3  

< 2.2 x 10 -3  

< 2.4 x 10 -4  

< 1.7 x 10 - 4  

< 9.9 x 10 - 4  

< 1.1 x 10 - 3  

< 5 X 10 - 3  

< 3,1 x 10 - 3  

< 4 x 10 - 3  

CL=90% 

S=1.4 

CL=90% 

CL=90% 

CL=90% 

CL=90% 

CL=90% 

CL=90% 

CL=90% 

Ct=90% 

CL=90% 

CL=90% 

CL=90% 

CL=90% 

CL=90% 

CL=90% 

CL=90% 

s 

['43 D*-Tr + K*(892)  0 < 2.0 x 10 - 3  CL=90% 
~ ~o r44 < 1.2 x 10 - 4  CL=90% 

r45 ~ o p o  < 3.9 x lO  - 4  CL=90% 
F46 ~oT/ < 1.3 x 10 - 4  CL=90% 
['47 NOT/'. < 9,4 x 10 -4 EL=90% 

. F40 D~ < 5.1 x 10 -4 CL=90% 
[-49 D* (2007)  ~ 1 7 6  < 4.4 x 10 -4  CL=90% 
['5o D*(2007)0p 0 < 5.6 x 10 - 4  eL=90% 

r51 D*(2007)~ < 2.6 x 10 - 4  CL=90% 
1-82 D*(2007)0~/~ < 1.4 x 10 - 3  CL=90% 

F53 D * ( 2 0 0 7 ) 0 ~  < 7.4 • 10 - 4  CL=90% 

1-54 D*(2010)  + D * ( 2 0 1 0 ) -  ( 6.2 +4.1 --3.1 ) x 10 -4 

r55 D*(2010)  + D -  < 1.8 x 10 - 3  CL=90% 
1-56 D(* )OD(*)  ~ < 2.7 % CL=90% 

Channonlum modes 
1-57 J/~(1S) K 0 ( 8.9 4-1.2 ) x 10 -4 
F58 J/@(15) K+~r - ( 1.2 4-0.6 ) x t 0  - 3  
['59 J/@(1S) K*(892)  ~ (1.504-0.17) x 10 - 3  
r6o J/~b(lS)~r ~ < 5.8 x 10 -5  CL=90% 
F61 J/'C'(1S)'q < 1.2 x 10 -3  CL=90% 
r62 j /~b( is )p  0 < 2.5 x 10 -4 CL=90% 
r63 J/~b(1s)~ < 2.7 x 10 - 4  CL=90% 
F64 ~ ( 2 5 )  K 0 < 8 x 10 - 4  CL=90% 

[-65 #~(25) K + ~f- < 1 x 10 -3 EL=90% 
F66 %b(2S)K*(892) ~ ( 9.3 • ) x l 0  - 4  
[-67 Xcl(1P)K 0 < 2.7 x 10 - 3  CL=90% 
r68 Xcl(1P) K*(892)  0 < 2.1 x 10 - 3  CL=90% 
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K or K *  modes 

1-69 K + ~  - ( 1.5 +0.5 ) •  10-5 - 0 . 4  

FTo KOx 0 < 4.1 x 10 - 5  CL=90% 

F71 ~/~K 0 ( 4.7 +2.8 ) x 1 0 - 5  -2.2 
r72 T/IK*(892)0 < 3.9 x 10 - 5  EL:90% 
F73 T/K*(892) ~ < 3.0 x 10 - 5  EL=90% 
F74 T/K 0 < 3.3 x 10 -5  CL=90% 
[75 w K ~  < 5.7 x 10 - 5  CL=90% 
F76 uJK*(892) 0 < 2.3 x 10 - 5  s 
F77 K + K -  < 4.3 x 10 - 6  CL-90% 
F70 K ~  ~ < 1.7 x 10 - 5  CL=90% 
F79 K + p -  < 3.5 • 10 - 5  CL-90% 

F80 K~ ~T - 
['81 K 0 p  0 < 3,9 • 10 - 5  CL=90% 

1-82 K 0 f0(980) < 3.6 x 10 - 4  CL=90% 
F83 K*(892)+Tr  - < 7.2 x 10 - 5  CL=90% 
['84 K* (892)  0~r0 < 2.8 x 10 - 5  CL=90% 
['85 K~(1430) + ~'-  < 2.6 x 10 - 3  CL=90% 

F86 K 0 K + K -  < 1.3 x 10 - 3  CL=90% 
r07 KOr < 3.1 x 10 - 5  CL=90% 
r88 K - ~ + ~ + ~ r  - [b] < 2,3 x 10 - 4  CL=90% 
r89 K* (892)~  - < 1.4 x 10 -3  EL=90% 
rgo K * ( 8 9 2 ) ~  0 < 4.6 x 10 - 4  CL=90% 
['91 K*(892)0fo(980)  < 1.7 x 10 - 4  CL=90% 
['92 K1(1400) + ~ -  < 1.1 x 10 - 3  EL=90% 
r93 K-a1(1260) + [b] < 2,3 x 10 - 4  CL=90% 
F94 K*(892)  0 K + K -  < 6.1 x 10 - 4  CL=90% 
r95 K*(892)~162 < 2.1 x 10 - 5  CL=90% 
r96 K1(1400)Op 0 < 3.0 x 10 - 3  CL=90% 
['97 K1(1400)0(~ < 5.0 x 10 - 3  CL=90% 
r98 K.~(1430)~ 0 < 1.1 x 10 - 3  CL=90% 

[-99 K~(1430)0~ < 1.4 x 10 - 3  CL=90% 

r l00 K*(892)~ ( 4.0 4-1.9 ) x lO - 5  
El01 K1(1270)0"7 < 7.0 x 10 - 3  CL=90% 
r i o  2 Kl(1400)o~f < 4.3 x 10 -3  CL=90% 
r i o  3 K~(1430)03 " < 4.0 x 10 - 4  EL=90% 

1-104 K*(1680)0-y < 2.0 x l0 - 3  EL=90% 
F105 K ; (1780)03  ' < 1.0 % EL=90% 

['106 K~(2045)03 ' < 4.3 x l0 - 3  CL=90% 

Light unflavored meson modes 

r107 ~T + ~r- < 1.5 x 10 - 5  CL=90% 
r io 0 ~01r ~ < 93 x l 0  -6 CL:90% 
rio9 ~/~o < 8 • -6 CL=90% 
['110 fiT/ < 1.8 • -5 CL=90% 
r l i  I T/t/r~ < 1.1 x 10 -5 CL=90% 
r112 T/IT/J < 4.7 x l0 -5 CL=90% 
r l l  3 T/~/ < 2.7 x l0 -5  CL=90% 
r114 T/;pO < 2.3 x l0 - 5  CL=90% 
r115 7/p 0 < 1,3 x 10 -5 CL=90% 
1-116 oJ~/ < 1.2 x10 - 5  CL=90% 
['117 c~T/! < 6,0 x 10 - 5  CL=90% 
['118 cup 0 < 1.1 x l0 - 5  CL=90% 
['119 cdo) < 1.9 x 10 - 5  CL=90% 
r120 ~Tr 0 < 5 x lO - 6  CL=90% 
r121 ~bT/ < 9 x 10 -6  CL=90% 
r122 ~T/t < 3.1 X 10 -5  CL=90% 
F123 q~p0 < 1.3 x l0  - 5  CL=90% 
F124 ~ j  < 2,1 x l0 - 5  CL=90% 
[-125 @r < 1.2 x l0 - 5  CL=90% 
r126 / r+Tr - / r  0 < 7.2 x lo - 4  CL=90% 
F127 p0R0 < 2.4 x 10 - 5  EL=90% 
[-128 p T ~ +  [c] < 8.8 • 10 - 5  CL=90% 
r129 7r + "/i"-/i" + 7r- < 2,3 x 10 - 4  CL=90% 
r130 pop0 < 2.8 X 10 - 4  CL=90% 

F131 a1(1260):F~ "4- [c] < 4.9 x 10 - 4  CL=90% 
F132 a2(132O):F~r • [c] < 3,0 x 10 - 4  CL=90% 
r133 ~r + ~r- 7r 011-0 < 3.1 x 10 - 3  CL=90% 
r134 p+p-  < 2,2 x 10 - 3  CL=90% 
1-135 a1(1260)~ ~ < 1.1 x 10 - 3  CL=90% 
1-136 ojlr 0 < 1.4 x 10 - 5  CL:90% 
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r137 ~+ ~r + ~r- ~T-- ~r 0 

r138 al(1260)+p - 
F139 al (1260)o pO 

]-140 ~r+ ~r+ ;T+ ~T-- ~r-- ~r- 

]-141 a l ( 1 2 6 0 ) + a l ( 1 2 6 0 )  - 
F142 ~r+/r+ ~ + / r -  ~r- ~ r - / r  0 

['143 PP 
]-144 P P ~ +  ~-- 
]-145 p A ~ r -  

F146 AA 
F147 ~0~0 
F14 8 A + +  A - -  

['149 ~c -A++ 

r15o A~- P=+ ~- 
]-151 A~- P 
]-152 AcP ~r~ 

r l s  3 .Ac p ~ +  ~ -  ~ 0 

rl54 Ac p~r+ ~r- ~r+')r- 

< 9,0 x i0 -3 

< 3.4 x 10 -3 

< 2.4 • 10 -3 

< 3.0 • 10 -3 

< 2.8 x 10 -3 

< I.i % 

Baryon modes 
< 7.0 x I0 -6 
< 2.5 x 10 -4 
< 1.3 x 10 - 5  

< 3.9 x 10 - 6  

< 1.5 x 10 -3 

< 1.I X 10 -4 

CL=90% 

EL--90% 

EL=90% 

EL=90% 

C L = ~ %  

EL=90% 

CL=90% 

CL-90% 

CL=90% 

CL=90% 

CL-90% 

EL-90% 

< 1.0 x 10 - 3  CL=90% 

( 1.3 •  ) x  10 - 3  

< 2.1 x 10 - 4  CL=90% 

< 5.9 x 10 - 4  CL=90% 

< 5.07 x 10 - 3  CL-90% 

< 2.74 • 10 - 3  CL=90% 

r(D*(2ozo)-t+ vt)/r~j r31r 
VALUE EVTS DOCUMENT ID TEEN COMMENT 
0.04604- 0.0027 OUR AVERAGE 
0.0508•177 36ACKERSTAFF 97G OPAL e + e  - ~ Z 
0.0553•177 37 BUSKULIC 97 ALEP e + e- ~ Z 
0.0552•177 38ABREU 96P DLPH e + e  - ~ Z 
0,0449•177 376 39 BARISH 95 CLE2 e + e -  ~ T(45)  
0.045 • • 40ALBRECHT 94 ARG e + e - ~  T(45)  
0.047 • • 235 41ALBRECHT 93 ARG e + e - ~  T(4S) 
0.040 • • 42BORTOLETTO89B CLEO e+e  - ~ T(45)  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.0518•177 410 43 BUSKULIC 95N ALEP Sup. by 
BUSKULIC 97 

seen 398 44SANGHERA 93 CLE2 e + e  - ~ T(45)  
0.070 • • 45ANTREASYANg0B CBAL e + e  - ~ T(45)  

46ALBRECHT 89c ARG e + e  - ~ T(45)  
0.060 • • 47ALBRECHT 89J ARG e + e  - ~ T(45)  
0.070 • • 47 48ALBRECHT 87J ARG e + e  - ~ T(45)  

36 ACKERSTAFF 97G assumes fraction (B + }  = fraction (B 0) = (37.8• and PDG 96 

values for B lifetime and branching ratio of D*  and D decays. 
37BUSKULIC 97 assumes fraction (B + )  = fraction (B 0) = (37.8 ~ 2.2)% and PDG 96 

values for B lifetime and D* and D branching fractions, 
38 ABREU 96P result is the average of two methods using exclusive and partial D*  recon- 

Lepton Family number (LF) violating modes, or 
AB = 1 weak neutral current (BI) modes 

F155 3'7 < 3.9 x lO -5 EL=90% 

F156 e + e -  B1 < 5.9 x 10 - 6  EL=90% 

r l57 # + # -  B1 < 6.8 x 10 - 7  CL-90% 

I-t58 K 0 e + e -  B1 < 3.0 x 10 - 4  CL=90% 

['159 K 0 # + #  - B1 < 3.6 x l0  - 4  EL=90% 

F16 o K * ( 8 9 2 )  ~  + e -  Sl  < 2.9 x 10 - 4  EL-90% 

r161 K * ( 8 9 2 ) ~  - Sz < 4.0 x l0  - 6  EL=90% 

['162 K * ( 8 9 2 )  0 u ~  B1 < 1.0 •  - 3  CL=90% 

['163 e• ~: LF to] < 3.5 • 10 -6 CL-9O% 
F164 ei:T :~ LF [c} < 5.3 x 10 -4 CL=90% 
[-165 # + r -F  LF [c] < 8.3 x l0  - 4  CL=90% 

[a] An s indicates an e or a # mode, not  a sum over  these modes. 

[b] B 0 and B 0 cont r ibut ions not  separated. L im i t  is on weighted average of  

the two  decay rates: 

[c] The value is for  the sum of  the charge states or par t ic le /ant ipar t ic le  

states indicated. 

B 0 BRANCHING RATIOS 
For branching ratios in which the charge of the decaying B is not deter- 
mined, see the B • section. 

r(t + vt anything)/rtotal rz / r  
VALUE DOCUMENT ID TEEN COMMENT 
0.1~ : t :0.~8 OUR AVERAGE 
0.1078•177 30ARTUSO 97 CLE2 e + e  - ~ T(45)  
0.093 • • ALBRECHT 94 ARG e + e  - ~ T(4S)  
0.099 • • HENDERSON 92 CLEO e + e  - ~ T(4S)  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.109 • • ATHANAS 94 CLE2 Sup. by ARTUSO 97 

30ARTUSO 97 uses partial reconstruction of B ~ D ' r u t .  and inclusive semileptonic 
branching ratio from BARISH 96B (0.1049 • 0.0017 • 0.0043). 

r (D - t+v t ) / r t~ ,  
l denotes e or /z, not the sum. 

VALUE DOCUMENT ID TEEN COMMENT 
0.0210=E0.0019 OUR AVERAGE 
0.0209•177 31 BARTELT 99 CLE2 e + e  - ~ T(45) 
0.0235•177 32BUSKULIC 97 ALEP e + e  - ~ Z 
0.018 +0.006 • 33FULTON 91 CLEO e + e - ~  T(4S) 
0.020 +0.007 +0.006 34ALBRECHT 89J ARG e + e - ~  T(45) 

rdr 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.0187•177 35 ATHANAS 97 CLE2 Repl. by BARTELT 99 

31Assumes equal production of B + and B 0 at the T(45).  
32BUSKULIC 97 assumes fraction (B + )  = fraction (B 0) = (37.8 • 2.2)% and PDG 96 

values for B lifetime and branching ratio of D* and D decays. 
33FULTON 91 assumes assuming equal production of B 0 and B + at the T(4S) and uses 

Mark III D and D* branching ratios. 
34ALBRECHT BgJ reports 0.018 + 0.006 + 0.005. We rescale using the method described 

in STONE 94 but with the updated PDG 94 B(D 0 ~ K - ~ r + ) .  
35 ATHANAS 97 uses missing energy and missing momentum to reconstruct neutrino. 

struction. 
39 BARISH 95 use B(D 0 --~ K - ~ r  + )  = (3.91 • 0.08 • 0.17)% and B(D * +  ~ D07r + )  

= (68.1 ~ 1.0 + 1.3)%. 
40ALBRECHT 94 assumes B(D * +  ~ D0~r + )  = 68.1 - 1.0 • 1.3%. Uses partial recon- 

struction of D *+  and is independent of D O branching ratios. 
41ALBRECHT 93 reports 0,052 • 0,005 • 0.006. We rescale using the method described 

in STONE 94 but with the updated PDG 94 B(D 0 ~ K - ~ r + ) .  We have taken their 
average e and # value. They also obtain a =  2 . r O t ( r  - + r + ) - I  = 1.1 • 0.4 • 0.2, 
A A F  = 3 /4 . ( I - -  - I - + ) / r  = 0.2 • 0.08 :~ 0.06 and a value of IVcbl = 0.036-0.045 
depending on model assumptions. 

42We have taken average of the the BORTOLETTO 898 values for electrons and muons, 
0.046 • 0.005 • 0.007. We rescale using the method described in STONE 94 but with 
the updated PDG 94 B(D 0 ~ K - ~ + ) .  The measurement suggests a D* polarization 
parameter value (~ = 0.65 • 0.66 • 0.25. 

43 BUSKULIC 95N assumes fraction (B •  = fraction (B 0) = 38.2 • 1.3 • 2.2% and rB0 

= 1.58 • 0.06 ps. r ( D * -  t +  ut)/total = [5.18 - 0 .13 ( f rac t i on (BO) -38 .2 ) - l . 5 ( ' rBO - 

z 58)]% 
44Combining D * O l + v  l and " D * - l + v  t SANGHERA 93 test V - A  structure and fit the 

decay angular distributions to obtain AFB = 3 / 4 . ( r -  - r + ) / r  = 0.14 • 0.06 • 0.03. 
Assuming a value of Vcb, they measure V, A1, and A2, the three form factors for the 

D * l u  I decay, where results are slightly dependent on model assumptions. 

45ANTREASYAN 90B is average over B and 9"(2010) charge states. 
46 The measurement of ALBRECHT 89c suggests a D* polarization 7 L / ~ T  of 0.85 • 0.45. 

or ~ = 0.7 • 0.9. 
47ALBRECHT 89J is ALBRECHT 87J value rescaled using B(D* (2010) -  ~ D07r - )  = 

0.57 • 0.04 • 0,04. Superseded by ALBRECHT 93. 
48ALBRECHT 87J assume/~-e universality, the B(T(4S) ~ B 0 B  0) = 0.45, the B(D 0 

K -  7r + )  = (0.042 • 0.004 • 0.004), and the B(D* (2010) -  ~ D0~ - )  = 0.49 • 0.08. 
Superseded by ALBRECHT 893. 

r (p - t% , t ) / r t~ l  rdr 
l = e or #, not sum over e and /~ modes. 

VALUE {units 1O -4 ) CL ~/o DOCUMENT ID TEEN COMMENT 

2.'7::EO.:~+g:~3~ 49BEHRENS O0 CLE2 e + e - ~  T(4S) I 

�9 �9 �9 We do not use the following data for averages, fits, limits, e t c . � 9  �9 �9 

2.5 •  +0.7  50 ALEXANDER 96T CLE2 Repl. by BEHRENS 00 
-0 .9  

<4.1 90 51 BEAN 93B CLE2 e + e -  ~ T (4S)  

rr +033 49BEHRENS 00 reports systematic e ors -0146 ~ 0.41, where the second error is theo- I 
retical model dependence. We combine these in quadrature. 

SOALEXANDER 96T gives systematic errors +0.5 + 0.5 where the second error reflects -0 .7  
the estimated model dependence. We combine these in quadrature. Assumes isospin 
symmetry: r (B  0 ~ p - l + u l )  = 2 • r (B  + ~ p01+u l )  ~ 2 x r (B  + ~ ~ t + v l ) .  

81 BEAN 93B limit set using ISGW Model. Using isospin and the quark model to combine 
r ( p O t + u t )  and r ( ~ t + u l )  with this result, they obtain a limit <(1.6-2.7) • 10 - 4  at 

90% CL for B + ~ (~or p O ) t + ~ l .  The range corresponds to the ISGW, WSB, and 
KS models. An upper limit on iVub /Vcb l  < 0.08-8.13 at 90% EL is derived as well. 

r(=-~Me)/r~l rdr 
VALUE (unir~ 10 -4 ) DOCUMENT ID TECN COMMENT 

1,11.1.0A:1:0.4 52 ALEXANDER 96T CLE2 e + e -  ~ T(45)  

52ALEXANDER 96T gives systematic errors • -- 0.2 where the second error reflects 
the estimated model dependence. We combine these in quadrature. Assumes isospin 
symmetry: r (B  0 ~ l r -  t +  u l )  = 2 x F(B + ~ ~rO t +  us 

r(x-/A + v . ) / r ~ , ,  r6/r  
VALUE DOCUMENT ID TEEN 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

seen 53 ALBRECHT 91C ARG 

531n ALBRECHT 91C, one event is fully reconstructed providing evidence for the b ~ u 
transition. 
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I-(K + anything)/rtoc=l rz /r  
VALUE DOCUMENT ID TECN COMMENT 

0.784"0,08 54 ALBRECHT 960 ARG e + e -  ~ T(45) 

54 Average multiplicity. 

r(o-.+)/r~., rdr  
VALUE EVT5 DOCUMENT ID TECN COMMENT 
0.0030~0.0004 OUR AVERAGE 
0.0029+0.0004• 81 55ALAM 94 CLE2 e+e - ~ T(4$) 
0.0027-4-0.0006-4-0.0005 56 BORTOLETTO92 CLEO e + e -  ~ T(4S) 
0.0048d:0.0011• 22 57ALBRECHT 90J ARG e+e - ~ T(45) 
0 0051 + 0'0028 + 0"0013 " -0.0025-0.0012 4 58BEBEK 87 CLEO e+e - ~ T(4S) 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.0031.4.0.0013,4,0.0010 7 57ALBRECHT 88K ARG e+e - ~ T(4S) 

55ALAM 94 reports [B(B 0 ~ D - ~  •  x B(D + ~ K - ~ + ~ + ) ]  -= 0.000265 • 
0.000032 -4- 0.000023. We divide by our best value B(D + ~ K- :T+:T +)  = 
(9.0:5 0.6) x 10 - 2 ,  Our first error is their experiment's error and our second error 
is the systematic error from using our best value. Assumes equal production of B + and 
B 0 at the T(4S). 

56BORTOLETTO 92 assumes equal production of B + and B 0 at the T(45) and uses 
Mark III branching fractions for the D. 

57ALBRECHT B8K assumes B 0 ~0:B + B -  production ratio is 45:55. Superseded by AL- 
BRECHT 90J which assumes 50:50. 

58BEBEK 87 value has been updated in BERKELMAN 91 to use same assumptions as 
noted for BORTOLETTO 92. 

r(D-~+)/r==a, r , / r  
VALUE EVTS DOCUMENT /D TECN COMMENT 
0.0079+0.0014 OUR AVERAGE 
0.0078~0.0013• 79 59ALAM 94 CLE2 e+e - ~ T(45) 
0,009 -4-0.005 • 9 60ALBRECHT 90J ARG e+e - ~ T(4S) 
�9 �9 �9 We do nut use the following data for averages, fits, limits, etc, �9 �9 �9 

0,022 ,4,0,012 -4-0.009 6 60ALBRECHT 88K ARG e+e - ~ T(4S) 

59ALAM 94 reports [B(B 0 ~ D - p  + )  x B(D + ~ K-~r+~r+) ]  ~ 0.000704 -4- 
0.000096 -4- 0.000070. We divide by our best value B(D + ~ K-~r+~r + )  = 
(9.0 -4- 0.6) x 10 -2 .  Our first error is their experiment's error and our second error 
is the systematic error from using our best value, Assumes equal production of B + and 
B 0 at the T(4S). 

60ALBRECHT 88K assumes BOB0:B + B -  production ratio is 45:55. Superseded by AL- 
BRECHT 90J which assumes 50:50. 

r('~.+,-)/rtot= r~0/r 
VALUE CL~  EVTS DOCUMENT ID TEEN COMMENT 

<0.0016 90 61 ALAM 94 CLE2 e + e -  ~ T(4S) 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.007 90 62BORTOLETT092 CLEO e + e - ~  T(4S) 
<0.034 90 63BEBEK 87 CLEO e + e - - ~  T(4S) 

0.07 -4-0.05 5 64BEHRENDS 83 CLEO e + e - ~  T(45) 

error from using our best value. Assumes equal production of B + and B 0 at the T(45) 
and uses Mark III branching fractions for the D. 

68ALBRECHT 90J reports 0.0028:5 0,0009 :I: 0.0006 for B(D*(2010} + ~ D0:T + )  = 
0.57 -4- 0.06. We rescale to our best value B(D*(2010) + ~ O0~r + )  -= (67.7:5 0.5) x 
10 - 2  . Our first error is their experiment's error and our second error is the systematic 
error from using our best value. Assumes equal production of B + and B 0 at the 7"(45) 
and uses Mark III branching fractions for the D. 

69 t 0  0015 +0 0010 BEBEK 87 reports 0.0028_010012_010006 for B(D*(2010) + D07r + )  = 0.57 -4- 

0.06. We rescale to our best value B(D*(2010) + ~ D0~r + )  = (67.7 -4- 0.5) x 10 - 2 .  
Our first error is their experiment's error and our second error is the systematic error 
from using our best value. Updated in BERKELMAN 91 to use same assumptions as 
noted for BORTOLETTO 92 and ALBRECHT 90J. 

70Assumes B(Z ~ bb) = 0.217 and 38% B d production fraction. 
71ALBRECHT 87C use PDG 86 branching ratios for D and D*(2010) and assume 

B(T(4S) ~ B + B  - )  = 55% and B(T(4S) ~ B0B 0) = 45%. Superseded by AL- 
BRECHT 90J. 

72ALBRECHT 86F uses pseudomass that is independent of D O and D + branching ratios. 
73Assumes B(D�9 + D0:T •  - 0 6 n+0.08 Assumes B(T(4S) ~ BOB O) = - ' ~-0.15" 

8.40 -4- 0.02 Does not depend on D branching ratios. 

r (D -  ~r+ ~+ x-)/r~al rl=/r 
VALUE DOCUMENT ID TECN COMMENT 

0.0080.k.0.0021~.0.0014 74 BORTOLETTO92 CLEO e+e - ~ T(4S) 

74BORTOLETTO 92 assumes equal production of B + and B 0 at the T(45) and uses 
Mark III branching fractions for the D. 

r (( D -  ~r + x + ~ -  ) nonresonant)/Ftotal r . / r  
VALUE DOCUMENT ~ TEEN COMMENT 

0.0039.1.0.0014::i:0.0013 75 BORTOLETTO92 CLEO e + e -  ~ T(4S) 

75BORTOLETTO 92 assumes equal production of B + and B 0 at the T(45) and uses 
Mark Ill branching fractions for the D, 

r (D-~r+pO) / r~ l  rz4/r 
VALUE DOCUMENT ID TEEN C, OMMENT 

0.0011::1:0.0009.,k0.0004 76 BORTOLETT092 CLEO e + e -  --* T(4S) 

76BORTOLETTO 92 assumes equal production of B + and B 0 at the T(4S) and uses 
Mark III branching fractions for the D, 

F(D-~(z2S0) +)/rteml rzdr 
VALUE DOCUMENT ID TEEN COMMENT 

0.0060:t:0.0022:E0.0024 77 BORTOLETTO92 CLEO e + e  - ~ T(4S) 

77BORTOLETTO 92 assumes equal production of B + and B o at the T(4S) and uses 
Mark III branching fractions for the D. 

r (D" (2010)- ~r+ ~r~ rzdr 
VALt, IE EVT5 DOCUMENT ID TEEN COMMENT 

0.01w 51 78ALBRECHT 90J ARG e+e - ~ ?'(45) 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.015 i0.008 • 8 79ALBRECHT 87C ARG e+e - ~ T(45) 

61Assumes equal production of B + and B 0 at the T(45). 
62BORTOLETTO 92 assumes equal production of B + and B 0 at the T(4S) and uses 

Mark III branching fractions for the D. The I~oduct branching fraction into D~(2340) 7r 

followed by D~(2340) ~ D0:T is < 0.0001 at 90% CL and into D~(2460) followed by 

D~(2460) ~ D0~r is < 0.0004 at 90% CL. 

63BEBEK 87 assume the T(45) decays 43% to BOB ~ ) .  We rescale to 50%. B(D 0 
K-T r  + )  = (4.2 -4- 0.4 -4- 0.4)% and B(D 0 ~ K -  :T+lr+Tr - )  = (9.1 + 0.8 -4- 0.8)% 
were used. 

64Corrected by us using assumptions: B(D 0 --* K - :T  + )  = (0.042:5 0.006) 
and B(T(45)  ~ BOB O) = 50%. The product branching ratio is B(B 0 
D0~+~r - )B(D0  ~ K'• - )  = (0.39 ~ 0.26) x 10 -2 ,  

r (D ' (20t0) - , r+) / r~= qdr  
VALUE EVT5 DOCUMENT ID TECN COMMENT 
0.00276+0.00021 OUR AVERAGE 
0.00281-4-0.00024-4-0.00008 65BRANDENB... 98 CLE2 e+e - ~ T(45) 
0.0026 • -4-0.0004 82 66 ALAM 94 CLE2 e + e -  ~ 3"(45) 
0.00337-4-0,00096-4-0.00002 67BORTOLETTO92 CLEO e+e - ~ T(4S) 
0.00236•177 12 68ALBRECHT 90J ARG e+e - ~ T(45) 

+0.00150 0.00236_0.00110:50.00002 5 69BEBEK 87 CLEO e + e - ~  T(4S} 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.010 • • 8 70AKER5 94J OPAL e+e - ~ Z 
0.0027 .4.0.0014:50.0010 5 71ALBRECHT 87r ARG e+e - ~ T(45) 
0.0035:50.002 :50.002 72ALBRECHT 86F ARG e+e - ~ T(45) 
0.017 -4-0,005 -4-0.005 41 73GILES 84 CLEO e+e - ~ T(45) 

65 BRANDENBURG 98 assume equal production of B + and B 0 at T(4S) and use the D* 
reconstruction technique. The first error is their experiment's error and the second error 
is the systematic error from the PDG 96 value of B(D* ~ DTr). 

66ALAM 94 assume equal production of B + and B 0 at the T(4S) and use the CLEO II 
B(D*(2010) + ~ D0~r •  and absolute B(D 0 ~ K-~r  + )  and the PDG 1892 B(D 0 
K- ; , r + : , rO ) /B (D  0 ~ K - T r  + )  and B(D 0 ~ K - - ~ r + T r + : T - ) / B ( D  0 ~ K - : T + ) .  

67BORTOLETTO 92 reports 0,0040 4- 0.0010 4- 0.0007 for B(D*(2010) + ~ D0~ +)  = 
0.57 -4- 0,06. We rescale to our best value B(D*(2010) + ~ D0~r "• = (67.7 4- 0.5) x 
10 - 2  . Our first error is their experiment's error and our second error is the systematic 

78ALBRECHT 90J reports 0.018 -4- 0.004 • 0.005 for B(D*(2010) + ~ D0~r +)  = 0.57 -4- 
0.06, We rescale to our best value B(D*(2010) + ~ D0~r +)  = (67.7:5 0.5) x 10 - 2 .  
Our first errcf is their experiment's error and our second error is the systematic error 
from using our best value. Assumes equal production of B + and B 0 at the T(45 )  and 
uses Mark III branching fractions for the D. 

79ALBRECHT 87c use PDG 86 branching ratios for D and D*(2010) and assume 
B(T(45) ~ B + B  - )  = 55% and B(T(45) ~ B0B 0) = 45%. Superseded by AL- 
BRECHT 90J. 

r(o'(2010)-p+)/rto=, r~dr 
VALUE EVTS DOCUMENT ID TECN COMMENT 
0.00~ a-0.00~14 OUR AVERAGE 
0.0160 9:0.0113 .4.0.0001 80 BORTOLETTO92 CLEO e+e - ~ T(4S) 
0.00589•177 19 81 ALBRECHT 90J ARG e + e -  -.-* T(4S) 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.0074 9:0.0010 ,4,0.0014 76 82.83 ALAM 94 CLE2 Sup. by JESSOP 97 

0.081 :50.028 +0.059 19 84CHEN 85 CLEO e + e - - - *  T(4S) -0.024 

BOBORTOLETTO 92 reports 0.019 4- 0,008 :E 0.011 for B(D*(2010) + --~ D07r + )  ---- 
0.57 -4- 0.06. We rescale to our best value B(D*(2010) + --* D0~r + )  = (67.7 +0.5)  x 
10 -2 .  Our first error is their experiment's error and our second error is the systematic 
error from using our best value. Assumes equal pr~176 Of B + and B 0 at the T(45)  
and uses Mark III branching fractions for the D. 

81 ALBRECHT 90J reports 0.007 4- 0.003:5 0.003 fo r B(D*(20]0) + ~, D O : T + ) =  0.57 -4- 
0.06. We rescale to our best value B(D*(2010) + -,~ D0~r+) = (67.7 ;E 0.5) X 10-2.  
Our first error is their experiment's error and our second error is the systematic error 
from using our best value. Assumes equal production of B + and B o at the T(45)  and 
uSes Mark III branching fractions for the D; 

82 ALAM 94 assume equal production of B + and B 0 at the T (45 )and  use the CLEO II 
B(D*(2010) + -*  D0~r +)  and absolute B(D 0 -*  K-~r  + )  and the PDG 1992 B(D 0 
K - x + : T O ) / B ( D O  . K '~ r+ )and  B(D0- . -~K-~r+Tr+~r - ) /B(DO.-~  K - : T + ) ,  

83This decay is nearly completely longitudinally,polarized, r r . / r  = (93 -4- 5 :5  5)%, as 
expected from the factorlzatlon hypotlleds (ROSNER 90). The nonresonant l r+~  0 
contribution under the p§ is Jess than 9% at 90% CL. 

84Uses B(D* --, D0:T •  = 0.6 =l: 0.15 and B(T(45) ~ B0B 0) = 0.4. Does not depend 
on D branching ratios. 
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r(D'(2010) -,+~r +~r-)/r~= qdr  
VALUE CL~ EVTS DOCUMENT 10 TEEN COMMENT 

0.00764"0.00111 OUR AVERAGE Error includes scale factor of 1.4. See the ideogram 
below. 

0.0063-0.0010• 49 85,86ALAM 94 CLE2 e + e  - 
r ( 4 s )  

0.01344-0.00364-0.0001 87BORTOLETTO92 CLEO e + e  - - *  
T(4S) 

0.0101 4-0.0041 4-0.0001 26 88 ALBRECHT 90J ARG e + e -  
7`(45) 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.033 • 4-0.016 27 89ALBRECHT 87E ARG e + e  - 
T(4S) 

<0.042 90 90 BEBEK 87 CLEO e + e -  
7`(4S) 

85ALAM 94 assume equal production of B + and B 0 at the T(45)  and use the CLEOII 
B(D*(2010) + ~ D0~r + )  and absolute B(D 0 ~ K -  ~r + )  and the PDG 1992 B(D 0 
K - ~ r + ~ r O ) / B ( D  0 ~ K - ~ r  + )  and B(D 0 --* K - ~ r +  ~ r + ~ r - ) / B ( D  0 ~ K - ~ r + ) .  

86The three pion mass is required to be between 1.0 and 1.6 GeV consistent with an a 1 

meson. (If this ch . . . .  I is dominated by a +, the branching ratio for D * -  a + is twice 

that for D * -  ~r + x + ~r-.) 
87BORTOLETTO 92 reports 0.0159 • 0,0028 4- 0.0037 for B(D*(2010) + ~ D0~r + )  = 

0.57 4- 0.06. We rescale to our best value B(D*(2010) + ~ D0~r + )  = (67.7 4- 0.5) x 
10 - 2  . Our first error is their experiment's error and our second error is the systematic 
error from using our best value. Assumes equal production of B + and B 0 at the 7`(4S) 
and uses Markl l l  branching fractions for the D, 

88ALBRECHT 90J reports 0.012 4- 0.003 4- 0304 for B(D*(2010) + ~ D0~r 4-) = 0.57 4- 
0.06. We rescale to our best value B(D*(2010) + ~ D0~r + )  = (67.7 4- 0.5) x 10 - 2 .  
Our first error is their experiment's error and our second error is the systematic error 
from using our best value. Assumes equal production of B + and B 0 at the T(45) and 
uses Mark III branching fractions for the D. 

89ALBRECHT 87c use PDG 86 branching ratios for D and D*(2010) and assume 
B(7"(4S) ~ B + B  - )  = 55% and B(T(4S) ~ BOB (3) = 45%. Superseded by AL- 
BRECHT 90J. 

90BEBEK 87 value has been updated in BERKELMAN 91 to use same assumptions as 
noted for BORTOLETTO 92. 

94ALAM 94 assume equal production of B + and B 0 at the 7"(45) and use the CLEO II 
B(D*(2010)4- ~ D0~r §  and absolute B(D 0 ~ K - l r  + )  and the PDG 1992 B(D 0 
K - x + T r O ) / B ( D O  ~ K - l r + ) a n d  B ( D 0 ~  K - ~ r + ~ r + ~ r - ) / B ( D O  ~ K - ~ r + ) .  

95BORTOLETTO 92 reports 0.018 4- 0.006 4- 0.006 for B(D*(2010} + ~ D0~ §  = 
0.57 • 0.06. We rescale to our best value B(D*(2010) + ~ D0~ -i-) = (67.7 4- 0.5) • 
10 - 2  . Our first error is their experiment's error and our second error is the systematic 
error from using our best value. Assumes equal production of B § and B 0 at the 7"(45) 
and uses Mm'k Ill branching fractions for the D. 

r(D* (2010)- x+ f+ x-  x ~ r~ / r  
VALUE EVT$ DOCUMENT ID TEEN COMMENT 

0.0345:E0.0181• 28 96 ALBRECHT 90J ARG e + e -  ~ 7"(4S) 

96ALBRECHT 90J reports 0.041 4- 0.015 -- 0.016 for B(D*(2010) + ~ D0~r + )  = 0.57 4- 
0.06. We rescale to our best value B(D*(2010) + -~ D07r + )  = (67.7 4- 0.5) x 10 - 2 .  
Our first error is their experiment's error and our second error is the systematic error 
from using our best value. Assumes equal production of B + and B 0 at the 7"(45) and 
uses Mark III branching fractions for the D. 

r(D~(246o)-,+)/r== ra/r 
VALUE CL~ DOCUMENT ID TEEN COMMENT 

<0.0022 90 97ALAM 94 CLE2 e + e  - ~ 7"(45) 

9?ALAM 94 assumes equal production of B § and B 0 at the T(45)  and use the CLEO II 
absolute B(D 0 ~ K - ~ r  + )  and B(D~(2460) + ~ DOg §  = 30%. 

r ( ~ 2 ( 2 4 6 0  ) -  p + ) / r ~ =  r 2 4 / r  
VALUE CL~ DOCUMENT ID TECN COMMENT 

<0.0049 90 98 ALAM 94 CLE2 e + e -  ~ 7"(45) 

98ALAM 94 assumesequal production of B + and B 0 at the T(4S) and use the CLEOII 
absolute B(D 0 ~ K - x  + )  and B(D~(2460) + ~ DO~r + )  = 30%. 

r(D-D+)lrto~, rz~/r 
VALUE CL. ~__~ DOCUMENT /D TECN COMMENT 

< 5 . 9 x 1 0  - 3  90 BARATE 9BQALEP e + e  - ~ Z 
<1.2x10  - 3  90 ASNER 97 CLE2 e + e - ~  T(45)  

r(D- D+)/r~, r~/r 
VALUE EVT$ DOCUMENT ID TECN COMMENT 
0.00e0"l'0.0030 OUR AVERAGE 

0r~R4~-o 00~n +0"0020 99 GIBAUT 96 CLE2 e + e -  ~ 7"(4S) 
. . . . . . . . .  -0,0021 

0.013 4-0.011 4-0.003 IOOALBRECHT 92G ARG e + e  - ~ 7"(45) 
0.007 4-0.004 4-0.002 101 BORTOLETTO92 CLEO e + e  - ~ 7"(45) 
�9 �9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

0.012 +0.007 3 102 BORTOLETTO90 CLEO e + e -  ~ 7`(4S) 

99GIBAUT 96 reports 0.0087 4- 0.0024 4- 0.0020 for B(Ds+ ~ ~ + )  = 0.035. We rescale 

to our best value B(Ds+ ~ ~b~r + )  = (3.6 4- 0.9) x 10 - 2 ,  Our first error is their 
experiment's error and our second error is the systematic error from using our best value. 

100ALBRECHT 92G reports 0.017 4- 0.013 • 0.006 for B(D~ ~ ~b~r -{-) = 0.027. We 

r((D'(2010)-~r+ ~+x- )  nonresonant)/rt==l r10/1 
VALUE DOCUMENT ID TEEN COMMENT 

0.0000-k0.~19:t:0.0016 91BORTOLETTO92 CLEO e + e - - - *  7"(45) 

91BORTOLETTO 92 assumes equal production of B + and B 0 at the 7"(4S) and uses 

Mark III branching fractions for the D and D*(2010). 

r(D'(2010)-.+ p0)/r=., r2o/r 
VALUE DOCUMENT ID TEEN COMMENT 

0.00573-1-0.00317-1-0,00004 92BORTOLETTO92 CLEO e + e  - ~ 7"(4S) 

92BORTOLETTO 92 reports 0.0068 4- 0.0032 • 0.0021 for B(D*(2010) + ~ D0~r + )  -- 
0.57 4- 0.06. We rescale to our best value B(D*(2010) + ~ DO~: + )  = (67.7 4- 0.5) • 
10 - 2  . Our first error is their experiment's error and our second error is the systematic 
error from using our best value. Assumes equal production of B + and B 0 at the 7"(45) 
and uses Mark III branching fractions for the D. 

r(o*(2olo)- ~(1260)+)/rto.~ r=/r 
VA~U~ DOCUMENT ID TEEN COMMENT 
0J~30-1"0.002"t OUR AVERAGE 
0.0126• 93 '94ALAM 94 CLE2 e+e  - ~ T(4S) 
0.0152• 95 BORTOLETTO92 CLEO e + e -  ~ 7"(4S) 

93ALAM 94 value is twice their r ( D * ( 2 0 1 0 ) - x + l r + l r - ) / r t o t a  value based on their 
observation that the three pions are dominantly in the a1(1260 ) mass range 1.0 to 1.6 
GeV. 

rescale to our best value B(Os+ ~ ~ + )  = (3.6 4- 0.9) x 10 - 2 .  Our first error is their 
experiment's error and our second error is the systematic error from using our best value. 
Assumes PDG 1990 D + branching ratios, e.g., B(D + ~ K - ~ + ~  + )  = 7,7 4- 1.0%. 

101 BORTOLETTO 92 reports 0.0080 4- 0,0045 4- 0.0030 for B(Ds+ ~ ~ 4 - )  = 0.030 4- 

0,011. We rescale to our best value B(D~ ~ ~ + )  = (3.6 i 0.9) x 10 - 2 .  Our first 
error is their experiment's error and our second error is the systematic error from using 
our best value. Assumes equal production of B + and B 0 at the T(4S) and uses Mark III 
branching fractions for the D. 

Z02BORTOLETTO 90 assume B(D s ~ ~ + )  = 2%. Superseded by BORTOLETTO 92. 

r(o.(2olo)- o+)/r==, r27/r 
VALUE EVT5 DOCUMENT ID TEEN COMMENT 
0.00N'I'0.00~I4 OUR AVERAGE 
0.00904-&00274-0.0022 103GIBAUT 96 CLE2 e + e - ~  7"(45) 
0.010 4-0.008 :[:0.003 104 ALBRECHT 92G ARG e + e -  ~ T(45)  
0.013 4-0.008 4-0.003 105BORTOLETTO92 CLEO e + e - ~  T(4S) 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.024 4-0.014 3 106 BORTOLETTO90 CLEO e + e  - ~ 7"(45) 

103GIBAUT 96 reports 0.0093 4- 0.0023 4- 0.0016 for B(Ds+ ~ ~Tr + )  = 0.035. We rescale 

to our best value B(Ds+ ~ ~b~r + )  = (3.6 4- 0.9) x 10 - 2 .  Our first error is their 
experiment's error and our second error is the systematic error from using our best value. 

104ALBRECHT 92G reports 0.014 4- 0.010 4- 0.003 for B(Ds+ ~ bE + )  = 0.027. We 

rescale to our best value B(D~ ~ ~Tr + )  = (3.6 4- 0.9) x 10 - 2 .  Our first error is their 
experiment's error and our second error is the systematic error from using our best value. 
Assumes PDG 1990 D + and D*(2010) + branching ratios, e.g., B(D 0 ~ K - T r  + )  = 
3.71 4- 0.25%, B(D  + --~ K - ~ r + ~  + )  = 7.1 • 1.0%, and B(D*(2010) + ~ DOzr + )  
= 55 4- 4%. 

105 BORTOLETTO 92 reports 0,016 4- 0,009 -4- 0.006 for B(Ds4- ~ ~lr + )  = 0,030 4- 0.011. 

We rescale to our best value B(Ds+ ~ ~ r  + )  = (3,6 4- 0.9) x 10 - 2 .  Our first error 
is their experiment's error and our second error is the systematic error from using our 
best value. Assumes equal production of B + and B 0 at the 7"(45) and uses Mark III 

branching fractions for the D and D*(2010). 
106BORTOLETTO 90 assume B(D  s ~ d~Tr + )  - 2%. Superseded by BORTOLETTO 92. 



See key on paEe 239 

r(o- D;+)IF~,, r=o/r 
VALUE DOCUMENT ID TECN COMMENT 
0.0104"0.005 OUR AVERAGE 
0.0104.0.004•  107GIBAUT 96 CLE2 e + e  - ~ T ( 4 $ )  
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r(D~+ p-)/r~o~, r~3/r 
V A ~  ~ DOCUMENT IO TECN ~OMMENT 

<:0.0000 90 119 ALEXANDER 93BCLE2 e + e - ~  T(4S)  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.020+0,014• 10BALBRECHT 92G ARG e+e  - ~ T(45) 

107GIBAUT 96 reports 0.0100 + 0.0035 • 0.0022 for B( D+ ~ @~r +)  = 0,035. We rescale 

to our best value B(Ds+ ~ r = (3.6 • 0.9) x 10 -2 .  Our first error is their 
experiment's error and our second error is the systematic error from using our best value. 

108ALBRECHT 92G reports 0.027 + 0.017 4- 0.009 for B(D s- ~ ~ r  + )  = 0.027. We 

rescale to our best value B(Ds+ ~ r  = (3.6 4. 0.9) x 10 - 2 .  Our first error is their 
experiment's error and our second error is the systematic error from using our best value. 
Assumes PDG 1990 D + branching ratios, e.g., B (D § ~ K - - ~ + ~ r  + )  - 7.7 4. 1.0%. 

[r (m(2o10)- D +) + r (D'(20~0)- D;+)]/r~,~ (r~+r~)/r 
VALUE (units 10 -2)  E V T S  DOCUMENT ID TECN COMMENT 

4.15"1. |1"1"0:0~ 2 22 1 0 9 B O R T O L E T T O 9 0  CLEO e + e - ~  T(4S}  

1 0 9 B O R T O L E T T O  90 reports 7,5 4- 2.0 for B(Ds+ ~ ~ + )  = 0.02. We rescale to our 

best value B(Ds+ ~ lb~ + )  = 43.6 4- 0.9) x 10 - 2 .  Our first error is their experiment's 
error and our second error is the systematic error from using our best value. 

F(D'(2010)- D~+)/rto~au r~/r 
VALUE DOCUMENT 10 TECN COMMENT 
0.0204"0.007 OUR AVERAGE 
0.0204.0.006•  110 GIBAUT 96 CLE2 e + e  - ~ T (4S)  
0.019•  111 ALBRECHT 92G ARG e + e  - ~ T(4S)  

110GIBAUT 96 reports 0.0203 4- 0.0050 • 0.0036 for B (D  + ~ ~ + )  = 0.035. We rescale 

to our best value B4Ds+ ~ ~ + )  = (3.6 • 0.9) x 10 - 2 .  Our first error is their 
experiment's error and our second error is the systematic error from using our best value. 

111ALBRECHT 92G repoRs 0.026 • 0.014 • 0.006 for B ( D ~  ~ ~b~r + )  = 0.027. We 

rescale to our best value B ( D ~  ~ ~ + )  = 43.6 • 0.9) x 10 - 2 ,  Our first error is their 
experiment's error and our second error is the systematic error from using our best value. 
Assumes PDG 1990 D + and D '42010) - -  branching ratios, e.g., B (D  0 ~ K - ~  + )  = 
3.71 • 0.25%, B (D  + ~ K - ~ + ~  + )  = 7.1 • 1.0%, and B(D* (2010)  + ~ D 0 ~  + )  
= 55 • 4%. 

r(D+,r-)/r~o,,, r=/r 
VALUE ~ DOCUMENT ID TECN COMMENT 

<0.00021] 90 112 ALEXANDER 93B CLE2 e + e -  ~ T ( 4 5 )  
�9 �9 �9 We do not use the following data for averages, flts, l imits, etc. �9 �9 �9 

<0.0013 90 113 BORTOLETTO90  CLEO e + e -  ~ 7'445 ) 

112ALEXANDER 93B reports < 2.7 x 10 - 4  for B(Ds+ ~ r + )  = 0.037. We rescale to 

our best value B(Ds+ ~ ~ + )  = 0.036. 

1 1 3 B O R T O L E T T O  90 assume B(D s ~ r  = 2%. 

r(D;+~r-)/r~a, r~/r  
VALUE CL~ DOCUMENT ID TECN COMMENT 

<0.0005 90 114ALEXANDER 93B CLE2 e + e  - ~ T ( 4 5 )  

114ALEXANDER 93B reports < 4.4 x 10 - 4  for B(D + ~ <~r+) = 0.037. We rescale to 

our best value B(D + ~ @~+) = 0,036. 

[F(D + ~r-) + F(D;- K+)] / r~l  (r~o+r~)/r 
VALUE CL~ DOCUMENT ID TECN COMMENT 

<0.0013 90 115 ALBRECHT 93E ARG e + e -  ~ T (4S)  

115ALBRECHT 93E reports < 1.7 x 10 - 3  for B(Ds+ ~ ~ + )  = 0.027. We rescale to our 

best value B(Ds+ ~ r  = 0.036. 

[F(D; + . - )  + F(D;- K+)]/r~o.. (r~+r~)/r 
VALUE CL% DOCUMENT ID TECN COMMENT 

<0.0009 90 116 ALBRECHT 93E ARG e + e -  ~ T (4S)  

116ALBRECHT 93E reports < 1.2 x 10 - 3  for B(Ds+ ~ @~+)  = 0.027. We rescale to our 

best value B (D  + ~ r  = 0.036. 

r(D.+~-)/rto., r~/r 
VALUE CL% DOCUMENT /D TECN COMMENT 

<0.0007 90 117 ALEXANDER 93B CLE2 e + e -  ~ T(4S)  
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<0.0016 90 118 ALBRECHT 93E ARG e + e -  ~ T (4S)  

117A A LEX NDER 93B reports < 6.6 x 10 - 4  for B(Ds+ ~ r + )  = 0.037. We rescale to 

our best value B4Ds+ ~ ~b~ + )  = 0.036. 

118ALBRECHT 93E reports < 2.2 x 10 - 3  for B(Ds+ ~ (bx + )  = 0.027. We rescale to our 

best value B(Ds+ ~ @E+) = 0.036. 

<0.0019 90 120 ALBRECHT 93E ARG e + e -  ~ T (4S)  

119ALEXANDER 93B reports < 7.4 x 10 - 4  for B ( D ~  ~ ~ ,~+)  = 0.037. We rescale to 

our best value B(Ds+ ~ r  = 0.036. 

120ALBRECHT 93E reports < 2.5 x 10 - 3  for B ( D ~  ~ @~+)  = 0.027. We rescale to our 

best value B (D  ~ ~ ~ + )  = 0.036. 

r(D + ~_(126o)-)/r~,, r~/r 
VALUE CL~ DOCUMENT ID TECN COMMENT 

<0.0026 90 121 ALBRECHT 93E ARG e + e -  ~ T ( 4 5 )  

121ALBRECHT 93E reports < 3.5 x 10 - 3  for B(Ds+ ~ ~ E + )  = 0.027. We rescale to our 

best value B (D  + ~ ~b~ + )  = 0.036. 

r(o7 ~(1260)-)/Go., r~/r 
VALUE CL.~%..~ DOCUMENT ID TECN COMMENT 

<0.0022 90 122 ALBRECHT 93E ARG e + e -  ~ T (4S)  

122ALBRECHT 93E reports < 2.9 x 10 - 3  for B(Ds+ ~ ~ r  + )  = 0.027. We rescale to our 

best value B(D + ~ ~ + )  = 0.036. 

F(D; K+)/rtotat r36/r 
VALUE CL~ DOCUMENT ID TECN COMMENT 

<0.00024 90 123 ALEXANDER 93B CLE2 e + e -  ~ T (4S)  
�9 �9 �9 We do not use the following data for averages, fits, l imits, e t c . � 9  * �9 

<0.0013 90 124 BORTOLETTO90  CLEO e + e -  ~ T445  ) 

123ALEXANDER 93B reports < 2.3 x 10 - 4  for B(Ds+ ~ r + )  = 0.037. We rescale to 

our best value B ( D ~  ~ q ~ + )  = 0.036. 

1 2 4 B O R T O L E T T O  90 assume B(D s ~ @~+)  = 2%. 

F(D;- K +)/Ftotal r3dr 
VALUE CL~ DOCUMENT ID TECN COMMENT 

<0.00017 90 125 ALEXANDER 93B CLE2 e + e -  ~ T ( 4 5 )  

125ALEXANDER 93B reports < 1.7 x 10 - 4  for B(Ds+ - *  ~ + )  = 0.037. We rescale to 

our best value B(D s- ~ ~Tr + )  = 0.036. 

F(D~ K*(Bg2)+)/rtotal r~/r  
VALUE CL~ DOCUMENT ID TECN COMMENT 

<0.0010 90 1 2 6 A L E X A N D E R  93BCLE2 e + e - ~  T(4S)  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.0034 90 127 ALBRECHT 93E ARG e + e -  ~ T(4S) 

126ALEXANDER 93B reports < 92 x 10 - 4  for B(D + ~ r +)  = 0,037. We rescale to 

our best value B4 D+ ~ r  = 0.036. 

127 ALBRECHT 93E reports < 4.6 x 10 - 3  for B(D + ~ r +) = 0,027. We rescale to our 

best value B(D + ~ ~,T +) = 0.036. 

F(D~- K*(892)+)/Ftotal r39/r 
VALUE CL~ DOCUMENT ID TECN COMMENT 

<0.0011 90 128 ALEXANDER 93B CLE2 e + e -  ~ T445 ) 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<0.004 90 129 ALBRECHT 93E ARG e + e  - ~ T(45) 

128ALEXANDER 93B reports < 11.0 x 10 - 4  for B(Ds+ ~ ~b~r + )  = 0.037. We reScale to 

our best value B(Ds+ ~ r + )  = 0.036. 

129 ALBRECHT 93E reports < 5.8 x 10 - 3  for B4Ds+ ~ @~r + )  = 0.027. We rescale to  our 

best value B ( D ~  ~ @Tr + )  = 0.036. 

r(D;-  + K~ r4o/r 
VALUE CL~ DOCUMENT ID TE~N COMMENT 

<0.005 90 130ALBRECHT 93E ARG e + e  - ~ T (4S)  ~ 

130 ALBRECHT 93E reports < 7.3 x 10 - 3  for B(Ds+ ~ @lr + )  = 0.027. We rescale to our 

best value B( D +  ~ ~ + )  = 0.036. 

F(D;- Ir + K 0) Irtota, r41 IF 
VALUE ~ DOCUMENT IO TECN COMMENT 

<0.0031 90 131 ALBRECHT 93E ARG e + e" ~ T (4S )  

131 ALBRECHT 93E reports < 4.2 x 10 - 3  for B(Ds+ ~ @~r + )  = 0.027. We rescale to  our 

best value B(Ds+ ~ ~ T  + )  = 0.036. 

r(D;'.+ K'(Sg2)~ r~/r 
VAr C1~ DOCUMENT ID TEEN E{)H~4~NT 

<0.004 90 132 ALBRECHT 93E ARG e + e -  ~ T(4S) 

132ALBRECHT 93E reports < 5.0 x 10 - 3  for B ( D ~  --+ r  = 0.027. We rescale to our 

best value B(Ds• ~ ~ r  + )  = 0.036. 
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r(D;- .+ K*(892) 0)/r~o~, re / r  
VALUE ~ DOCUMENT ID TEEN COMMENT 

<0,0020 90 133 ALBRECHT 93E ARG e + e -  ~ T(45)  

133ALBRECHT 93E reports < 2.7 x 10 - 3  for B(Ds+ ~ ~ r  + )  = 0.027. We rescale to our 

best value B(Ds§ ~ ~ r  + )  = 0.036. 

r~,O)Ir~,,= r . l r  
VALUE ~ DOCUMENT ID TEEN COMMENT 

r(-~'(2007)o ~ ) / r t~  
VALUE CL~ 

<0.00012 90 134 NEMATI 98 CLE2 e + e -  ~ T(4S) 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.00048 90 135 ALAM 94 CLE2 Repl. by NEMATI 98 

134 NEMATI 98 assumes equal production of B + and B 0 at the T(4S) and use the PDG 96 
values for D 0, D *0, r/, ~/r, and o) branching fractions. 

135ALAN 94 assume equal production of B + and B 0 at the 7(45) and use the CLEO II 
absolute B(D 0 ~ K -  ~r + )  and the PDG 1992 B(D 0 ~ K -  ~r + ~r0)/B(D 0 ~ K - ~ r  + )  
and B(D 0 ~ K - ? t ' §  0 ~ K - z : ' §  

r(-O%0)/rto= r~ / r  
VALUE CL% EVTS DOCUMENT ID TEC. N COMMENT 

<0.0003Y 90 136 NEMATI 98 CLE2 e + e -  ~ T(4S) 
�9 �9 We do not use the following data for averages, fits, limits, e t c . � 9  �9 �9 

<0.00055 90 137 ALAM 94 CLE2 Repl. by NEMATI 98 
<0.0006 90 138 BORTOLETTO92 CLEO e4- e -  ~ T(4S) 
<0.0027 90 4 139 ALBRECHT 88K ARG e + e -  ~ T(45)  

136 NEMATI 9B assumes equal production of B + and B 0 at the T(4S) and use the PDG 96 
values for D 0, D *0, 7/, ~/~, and ~ branching fractions. 

137ALAM 94 assume equal production of B + and B 0 at the T(45)  and use the CLEO II 
absolute B(D 0 ~ K - ~  + )  and the PDG 1992 B(D 0 ~ K - ~ r + ~ : O ) / B ( D  0 ~ K - ~ r  + )  
and B(D 0 ~ K - ~ + ~ r + ~ r - ) / B ( D  0 ~ K - ~ r + ) .  

138 BORTOLETTO 92 assumes equal production of B4- and B 0 at the T(4S) and uses 
Mark III branching; fractions for the D. 

139ALBRECHT 88K reports < 0,003 assuming BOB0:B4- B -  production ratio is 45:55. 
We rescale to 50%, 

r (b%) / r , ~  r,~/r 
VALUE EL% DOCUMENT ID TEEN COMMENT 

<0.00013 90 140NEMATI 98 CLE2 e + e - - ~  T(4S) 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.00068 90 141 ALAN 94 CLE2 Repl. by NEMATI 98 

140 NEMATI 98 assumes equal production of B + and B 0 at the T(45)  and use the PDG 96 

values for D 0, D *0,  ~), ~l ~, and ~ branching fractions. 
141 ALAN 94 assume equal production of B + and B 0 at the T(45)  and use the CLEO It 

absolute B(D 0 ~ K -  x + )  and the PDG 1992 B(D 0 ~ K -  ~r + ~r0)/B(D 0 ~ K -  ~r + }  
and B(D 0 ~ K - ' r r + ' K §  0 ~ K - - E §  

r ( P ~ ' ) / r ~ . ~  q d r  
VALUE ~ DOCUMENT ID TEEN COMMENT 

<0,00094 90 142 NEMATI 98 CLE2 e + e - - ~  T(45) 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0,00086 90 143 ALAM 94 CLE2 RepL by NEMATI 98 

142 NEMATI 9B assumes equal production of B + and B 0 at the T(45)  and use the PDG 96 
values for D 0, D *0, ~/, Vr, and ~ branching fractions. 

143ALAN 94 assume equal production of B § and B 0 at the T(45)  and use the CLEO II 
absolute B(D 0 ~ K -  ~r + )  and the PDG 1992 B(D 0 ~ K -  ~r4- ~r0)/B(D 0 ~ K -  ~r + )  
and B(D 0 ~ K - ~ + ~ r + ' t r - ) / B ( D  0 ~ K - ~ r + ) .  

r(P=)/rto=, r~ / r  
VALUE EL% DOCUMENT ID TEEN COMMENT 

<0.0005~, 90 144NEMATI 98 CLE2 e + e - ~  T(45)  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.00063 90, 145 ALAM 94 CLE2 Repl. by NEMATI 98 

144 NEMATI 9B assumes equal production of B § and B 0 at the T(45)  and use the PDG 96 
0 ~*0  . values for D , p , . .  ~ ,  and ~ branching fractions. 

145ALAM 94 assume equal production of B § and B 0 at the T(45)  and use the CLEO II 
absolute B(D 0 ~ K-~r + )  and the PDG 1992 B(D 0 ~ K - ~ r  + ~r0)/B(D 0 ~ K - x  + ) 
and B(D 0 ~ K - ~ r + ~ r + ~ - ) / B ( D  0 ~ K-~r '§  

F(D" (2007) 0 P )  lEna,  r4, / r 
VALUE CL_~_~/~ DOCUMENT tO TEEN COMMENT 

<0.00044 90 146 NEMATI 98 CLE2 e'§ - ~  T(45) 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.00097 90 147 ALAN 94 CLE2 Repl. by NEMATI 98 

146 NEMATI 90 assumes equal production of B + and B 0 at the T(45)  and use the PDG 96 
values for D 0, D *0, ~/, 8 t  and ~ b~anchin 6 fractions. 

147ALAN 94 assume equal production of B4- and B 0 at the T(4S) and use the CLEO II 
B(D*(2007) 0 ~ D0~ 0) and absolute B(D 0 ~ K -  ~r + )  and the PDG 1992 B(D 0 
K - ~ §  0 ~ K - ~ r  + )  and B(D 0 ~ K - x §  0 ~ K - ~ r §  

<0.00056 90 

DOCUMENTID 
148 NEMATI 

TEEN 

98 CLE2 

r~o/r 
COMMENT 

e+ e- ~ T(4S) 

B(D*(2007) 0 ~ D0x  0) and absolute B(D 0 ~ K - ~  + )  and the PDG 1992 B(D 0 
K - T r + T r O ) / B ( D  0 ~ K - ~ r + ) a n d  B(D 0 ~ K - ~ r + l r + T r - ) / B ( D  0 ~ K - ~ r + ) .  

r(~,(2007) ov)/rt~l rsl/r 
VALUE ~ DOCUMENT ID TEEN COMMENT 

<0.000~ 90 150 NEMATI 98 CLE2 e + e-- ~ T(45)  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.00069 90 151 ALAN 94 CLE2 Repl, by NEMATI 98 

150 NEMATI 98 assumes equal production of B + and B 0 at the T(45)  and use the PDG 96 
values for D 0, D *0, ~, ~/t, and ~ branching fractious. 

151ALAM 94 assume equal production of B + and B 0 at the T(4S)  and use the CLEO II 
B(D*(2007) 0 ~ D07r 0) and absolute B(D 0 ~ K - w  + )  and the PDG 1992 B(D 0 
K-~ r+~r0 ) /B (D  0 ~ K - ~ r  + )  and B(D 0 ~ K - 1 r + ~ + ~ ' - - ) / B ( D  0 ~ K - ' K + ) .  

r ( - 0 . ( 2007 )0  ~ ) / r ~ ,  r s 2 / r  
VALUE EL%_% DOCUMENT ID TEEN COMMENT 

<0.0014 90 BRANDENB... 98 CLE2 e + e  - ~ T(4S) 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.0019 90 152 NEMATI 98 CLE2 e + e -  ~ T(45)  
<0.0027 90 153 ALAM 94 CLE2 Repl. by NEMATI 9B 

152 NEMATI 90 assumes equal production of B + and B 0 at the T(4S) and use the PDG 96 
values for D 0, D *0, ~/, 7/r, and ~ branching fractions. 

153ALAM 94 assume equal production of B + and B 0 at the T(45)  and use the CLEOII 
B(D*(2007) 0 ~ D01r 0) and absolute B(D 0 ~ K - T r  + )  and the PDG 1992 B(D 0 
K - T r +  TrO)/B(D 0 ~ K - ~  + )  and B(D 0 ~ K - ~ +  ; r+  T r - ) / B ( D  0 ~ K - ' ~ + ) .  

r ( D *  ( 2 0 0 7 ) % ) / r = . ,  r . l r  
VALUE - -  ~ DOCUMENT ID TEEN COMMENT 

<0.00074 90 154 NEMATI 98 CLE2 e' i 'e - -~ T(4S) 
+ �9 �9 We do not use the following data for averages, fits, limits, e t c . � 9  �9 �9 

<0.0021 90 155 ALAM 94 CLE2 Repl. by NEMATI 98 

154 NEMATI 98 assumes equal production o f B  + and B 0 at the T(45 )  and use the PDG 96 
0 ~ *0  7/, and + branching fractions. values for D , u , ~/, 

155ALAM 94 assume equal production of B § and B 0 at the T(.45) and use the CLEO II 
B(D*(2007) 0 ~ D0~r 0) and absolute B(D 0 ~ K - ~ r  + )  and the PDG 1992 B(D 0 
K - ~ - ' §  l rO) /B(D 0 ~ K - T r 4 - )  and B(D 0 ~ K - ~ r §  Tr'§ T r - ) / B ( D  0 ~ K-Tr '4-) .  

r ( D ' ( 2 0 1 0 )  + D ~  I s 4 / r  
VALUE C'__~__~ DOCDMENT'D TEEN COMMENT 

(6.2+_4:0:E1.0) X10 -4  156ARTUSO 99 C,E2 e'i'e-~ TOS) I 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

< 6.1 x 10 -3 90 157 BARATE 98Q ALEP e § e-  ~ Z | 
< 2.2 x 10 - 3  90 158 ASNER 97 CLE2 Repl. by ARTUSO 99 

156ARTUSO 99 uses B(T(45)  ~ BOB0)=(48 4- 4)%. | 
157 BARATE 980 (ALEPH) observes 2 events with an expected background of 0.10 • 0.03 I 

which corresponds to a branching ratio of (2.3+--]: 9 4- 0.4) x 10 - 3 .  I 

158ASNER 97 at CLEO observes 1 event with an expected background of 0.022 4- 0.011. 
This correcsponds to a branching ratio of (5,3+-711 4- 1.0) x 10 - 4 .  

r(D*(20z0) + O-)lrt== r~ / r  
VALUE EL% DOCUMENT ID TEEN COMMENT 

<1.8 x 10 - 3  90 ASNER 97 CLE2 e + e- ~ T(45)  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<5.6 x 10 - 3  90 BARATE 98Q ALEP e + e- ~ Z I 

r(o(,)o~(,)o)/rto~l r561r 
VALUE ~ DOCUMENT /D TEEN COMMENT 

<0.027 90 BARATE 98Q ALEP e + e -  ~ Z I 

r ( J / @( lS) K o)/rto~ rsdr 
VALUE (units 10 -4) CL~ EVTS DOCUMENT ID TEEN COMMENT 

s.~-~.= ou~ ~vee.~e 
B.5+]:4~• 159JESSOP 97 CLE2 e + e - ~  T(4S) 

11,54-2.34..1, 7 160 ABE 96H CDF p~ at 1.8 TeV 
7.0=54.14-0.1 161BORTOLETTO92 CLEO e + e - ~  T(4S) 
9.3:E7.34-0.2 2 162 ALBRECHT 90J ARG e + e -  ~ T(4S) 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

7.54:2.44-0.8 10 161 ALAM 94 CLE2 Sup. by JESSOP 97 
<50 90 ALAM 06 CLEO e + e - ~  T(4S) 

159Assumes equal production of B + and B 0 at the T(4S). 
160ABE 96H assumes that B(B + ~ J/~,bK "§ = (1.02 4- 0.14) • 10 - 3 .  

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.00117 90 149 ALAM 94 CLE2 Repl. by NEMATI 98 

148 NEMATI 98 assumes equal production of B + and B 0 at the T(4S) and use the PDG 96 
values for D 0, O *0, 7, ~ l  and r branching fractions. 

149ALAM 94 assume equal production of B § and B 0 at the T ( 4 5 )  and use the CLEO II 
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161BORTOLETTO 92 reports 6 • 3 • 2 for B(J/ t#(15) ~ e + e - )  = 0.069 • 0.009. We 
rescale to our best value B(J/V)(15) ~ e + e  - )  = (5.93 • 0,10) x 10 - 2 .  Our first 
error is their experiment's error and our second error is the systematic error from using 
our best value. Assumes equal production of B + and B 0 at the 7"(45). 

162ALBRECHT 90J reports 8 :5  6 : 5  2 for B ( J / ~ ( 1 5 )  ~ e + e  - )  = 0.069 • 0.009. We 
rescale to our best value B(J/',#(15) ~ e + e  - )  _ (5.93 • 0.10) x 10 - 2 .  Our first 
error is their experiment's error and our second error is the systematic error from using 
our best value. Assumes equal production of B + and B 0 at the T (45 ) .  

r(JIf~OS) K+ x-) lrt~ r . / r  
VALUE CL~, EVT5 DOCUMENT ID TEeN COMMENT 

0.00116:E0.00056+0.00002 163 BORTOLETTO92  CLEO e + e -  
7 ( 4 5 )  

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.0013 90 164 ALBRECHT 87D ARG e + e- 
T(4S)  

<0.0063 90 2 GILES 84 CLEO e + e -  
T (4S)  

163BORTOLETTO 92 reports 0.0010 -- 0.0004 • 0.0003 for B(J /~ (15 )  ~ e + e  - )  = 

0.069:5 0.009. We rescale to our best value B(J/O(1S) ~ e + e  - )  = (5.93 • 0.10) x 
10 - 2  . Our first error is their experiment's error and our second error is the systematic 
error from using our best value. Assumes equal production of B + and B 0 at the T(4S) .  

164ALBRECHT 87D assume B + B - / B O B  0 ratio is 55/45. K~r system is specifically se- 
lected as nonresonant. 

r (J/@(1s) K*(892) 0) IFtotal r . / r  
VALUE EVT5 COMMENT 
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DOCUMENT ID TECN 
0.001504-0.00017 OUR AVERAGE 
0.00174•  165 ABE 98o CDF p~  13  TeV 
0 .00132•177 166JESSOP 97 CLE2 e + e  - ~ T ( 4 5 )  
0 .00128•177 1 6 7 B O R T O L E T T O 9 2  CLEO e + e  - ~ 7 ( 4 5 )  
0 .00128•177 6 1 6 8 A L B R E C H T  90J ARG e + e  - ~ T (4S)  
0.0041 •  •  5 169BEBEK 87 CLEO e + e  - ~ 7 (45 )  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 * �9 

0 .00136•177 170 ABE 96H COF Sup. by ABE 980 
0.00169:50.00031• 29 171 A L A M  94 CLE2 Sup. by JESSOP 97 

172 ALBRECHT 94G ARG e + e -  ~ 7 ( 4 5 )  

0.0040 •  173 ALBAJAR 91E UA1 EP~n= 630 GeV 

0.0033 :~0.0018 5 174 ALBRECHT 87D ARG e + e -  ~ T (4S)  
0 .0041 :50 .0018  5 175 A L A M  86 CLEO Reph by BEBEK 87 

165ABE 980 reports [B(B 0 ~ J /@(1S)K*(892)O) I / [B(B + ~ J / t b ( 1 S ) K + ) ]  =1.76 • 
0.~.4 • 0.15. We multiply by our best value B (B  + ~ J /~ (15 )  K + )= (9 .9  • 1.0) x 10 - 4 .  
Our first error is their experiment 'serror and our second erro~ is the systematic error from 
using our best value. 

166Assumes equal production of B + and B 0 at the T(4S) .  

1 6 7 B O R T O L E T T O  92 reports 0.0011 + 0.0005 • 0.0003 for B(J /~ (1S)  ~ e + e  - )  = 

0.069 • 0.009. We rescale to our best value B(J/ ' r  ~ e + e - )  = (5.93 • 0.10) x 
10 - 2  . Our first error is their experiment's error and our second error is the systematic 
error from using our best value. Assumes equal production of  B + and B 0 at the T(4S) .  

168 ALBRECHT 90J reports 0.0011 • 0.0005:5 0.0002 for B(J /~ (1S)  ~ e + e - )  = 0.069:5 
0.009. We rescale to our best value B(J/~I,(1S) ~ e + e  - )  = (5.93 • 0.10) x 10 - 2 .  
Our f irst error is their experiment's error and our second error is the systematic error 
from using our best value. Assumes equal production of B + and B 0 at the T(4S) .  

169 BEBEK 87 reports 0 .0035+0.0016:50.0003 for B(J /~(1S)  ~ e + e - )  = 0.069•  

We rescale to our best value B(J /~ (1S)  ~ e + e  - )  ~ (5.93 • 0.10) x 10 - 2 ,  Our first 
error is their experiment's error and our second error is the systematic error from using 
our best value. Updated in B O R T O L E T T O  92 to use the same assumptions. 

170ABE 96H assumes that B(B + ~ J / t bK  + }  - (1.02:5 0.14) x 10 -3. 
171The neutral and charged B events together are predominantly longitudinally polarized, 

r(Jl~(lS)~)lr~ r61/r  
VALUE CL~ DOCUMENT /D TEeN 

<1.2 x 10 - 3  90 178 ACCIARRI 97C L3 

178AECIARRI 97c assumes B 0 production fraction (39.5 • 4.0%) and B s (12.0 • 3.0%). 

r(J/~(lS) p~ r~ / r  
VALUE CL~ DOCUMENT ID TECN COMMENT 

<2.5  X 10 - 4  90 BISHAI 96 CLE2 e + e -  ~ 7 (45 )  

r(J/@Os)~)/r~al r . / r  
VALUE CL% DOCUMENT ID TECN COMMENT 

< 2 . 7 X 1 0  - 4  90 BISHAI 96 CLE2 e + e  - ~ T (45 )  

r (@(2S) K 0) / r ~ l  r~  / r 
VALUE CL~ DOCUMENT ID TEeN COMMENT 

<0.00010 90 1 7 9 A L A M  94 CLE2 e + e  - ~ T ( 4 5 )  
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<0.0015 90 179 BORTOLETTO92  CLEO e + e -  ~ T (4S)  
<0.0028 90 179 ALBRECHT 90J ARG e + e -  ~ T(4S)  

179Assumes equal production of B + and B 0 at the T(4S) .  

r(e(2s) K + , - ) / r ~ ,  r6s/r 
VALUE CL% DOCUMENT ID TECN COMMENT 

<0.001 90 180 ALBRECHT 90J ARG e + e -  ~ 7 ( 4 5 )  

180Assumes equal production of B + and B 0 at the T(4S) .  

r(@(2S) K*(892) ~ r6g/r 
VALUE CL~ DOCUMENT ID TECN COMMENT 

(9.3 =1:2.3 ) X 10 - 4  OUR AVERAGE 
0.00090•177 181 ABE 980 CDF p~  1.8 TeV 
0.0014 •  •  182 BORTOLETTO92  CLEO e • e -  ~ T (4S)  

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

< 0.0019 90 182 A L A M  94 CLE2 e • e -  ~ 7 ( 4 5 )  
< 0.0023 90 162 ALBRECHT 90J ARG e + e -  ~ T (4S)  

181ABE 980 reports [B(B 0 ~ ~(2S)  K*(g92)O) ] / [B(B • ~ J / ~ ( 1 S )  K + ) ]  =0.908 • 
0 .194•  We multiply by our best value B(B  + ~ J/~b(1S) K + ) = ( 9 . 9 •  1.0)• 10 - 4 ,  
Our first error is their experiment's error and our second error is the systematic error from 
using our best value. 

182Assumes equal production of B + and B 0 at the T (4S) .  

F (XcL (1P) KO) /Ftotal 
VALUE CL.~_~ DOCUMENT ID TECN 

<0.0027 90 183 A L A M  94 CLE2 

1 8 3 B O R T O L E T T O  92 assumes equal production of B + and B 0 

r(x~(ZP) K*(892)~ I 
VALUE CL% DOCUMENT /D TECN 

<0.0021 90 184 A L A M  94 CLE2 

1 8 4 B O R T O L E T T O  92 assumes equal production of B + and B 0 

r(K§ 
VALUE (unltS 110 -5)  CL~ DOCUMENT ID TEeN 

1`5_+~ GODANG 98 CLE2 

�9 �9 �9 We do not use the following data for averages, fits, l imits, 

r6~/r 
COMMENT 

e +e- ~ T(4S) 
at the T(4S) .  

r ~ / r  
COMMENT 

e+ e- ~ T(4S) 
at the T (45 ) .  

r./r 
COMMENT 

e + e -  ~ T (4S)  

etc, �9 �9 �9 

F / . /F  --0.080 • 0.08 • 0.05. This can be compared with a prediction using HQET, 0.73 

(KRAMER 92). This polarization indicates that the B ~ ~ K *  decay is dominated by 
the CP = - 1 CP eigenstate, Assumes equal production of  B + and B 0 at the 7 ( 4 5 ) .  

172 ALBRECHT 94G measures the polarization in the vector-vector decay to be predominantly 
longitudinal, r T / F  = 0.03 • 0.16 • 0.15 making the neutral decay a CP eigenstate when 
the K *0 decays through KOTr 0. 

173 ALBAJAR 91E assumes B 0 production fraction of 36%. 

174 ALBRECHT 87D assume B + B - / B  0 ~0  ratio is 55/45. Superseded by ALBRECHT 90J. 

2.4+_~:17• 185 A D A M  96D DLPH e + e  - --* Z 

< 1~7 90 ASNER 96 CLE2 Sup. by A D A M  96D 
< 3.0 90 106 BUSKULIC 96v ALEP e + e -  ~ Z 
< 9 90 187 ABREU 95N DLPH Sup. by A D A M  96D 
< 8.1 90 108AKER$ 94L OPAL e + e  - --* Z 
< 2.6 90 189BATTLE  93 CLE2 e + e  - ~ T (4S)  
<18 90 ALBRECHT 91B ARG e + e  - ~ T (4S)  
< 9 90 190 AVERY 898 CLEO e + e -  - *  T (4S)  

1 7 5 A L A M  86 assumes B-I - /B 0 ratio is 60/40. The observation of the decay B + 
J / ~ K * ( 8 9 2 )  + (HAAS 85) has been retracted in this paper. 

r (J/~(1S) K*(892) 0) Ir(Jl@OS) K O) r . / rsz  
VALUE DOCUMENT ID TEeN COMMENT 

i.~,-,-o.,6-,-o.io ABE 96~ CDF p~ 

r{Jl~( lS)~ro)lrt~ r ~ / r  
VALUE CL~ E V T S  DOCUMENT ID TEeN COMMENT 

< 5 . g x l O  - 5  90 BISHAI 96 CLE2 e + e  - ~ T (4S)  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<3.2  x 10 - 4  90 176 ACCIARRI 97C L3 
<6.9 x 10 - 3  90 1 177 ALEXANDER 95 CLE2 Sup. by BISHAI 96 

176ACClARRI 97C assumes B 0 production fraction (39,5 • 4.0%) and B s (12.0 • 3.0%). 
177Assumes equal production of B + B -  and B 0 B  0 on T (45 ) .  

<32  90 AVERY 87 CLEO e + e  - ~ T ( 4 5 )  
185 0 A D A M  96D assumes fBo = f B -  = 0.39 and fB$ = 0.12. Contribution s f rom B and 

B s decays cannot be separated, Limits are given for the weighted average of  the decay 
rates for the two neutral B mesons. 

186 BUSKULIC 96v assumes PDG 96 production fractions for B O, B + ,  B s, b baryons, 

187Assumes a B 0, B -  production fraction of  0.39 and a B s production fraction of 0,12. 

Contributions from B 0 and Bs0 decays cannot be separated. Limits are given for the 
weighted average of the decay rates for the two neutral B mesons. 

188 0 0 o o Assumes B (Z  ~ bb) = 0.217 and B d (Bs}  fraction 39,5~ (12~) .  

189 BATTLE 93 assumes equal production of BOj~ 0 and B + B -  at T (4$ ) .  
190 Assumes the T{4S)  decays 43% to B 0 ~0 .  

r(K~176 rT0/r 
VALUE CL~ DOCUMENT ID TEeN COMMENT 

<4.1 X 10 - 5  90 GODANG 98 CLE2 e + e-- --~ 7 ( 4 5 )  
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<4.0 x 10 - 5  90 ASNER 96 CLE2 Rep. by GODANG 98 
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r(e K~ rnlr  
VALUE DO(~UMENT IO TECN COMMENT 

(4.7+~:07"I'0.9) X10  - S  BEHRENS 98 CLE2 e + e - - ~  T(4$)  

r(~ K'(Sg2)~ r72/r 
VALUE CL~  DOCUMENT /D TEEN COMMENT 

<3.9 x 10 - 5  90 BEHRENS 98 CLE2 e + e -  ~ T(45)  

r (~ K* (892) 0) I rtotal r731r  
VALUE ~ DOCUMENT /D TEEN COMMENT 

<3.0 X 10 - 5  90 BEHREN5 98 CLE2 e + e -  ~ T(4$)  

r(T?Ko)/rtot=, rz4/r 
VALUE CL._~_~ DOCUMENT ID TECN COMMENT 

<3.3 x 10 - 5  90 BEHRENS 98 CLE2 e + e -  ~ T(4.R) 

r(~,K o)/rtozal rTslr 
VALUE CL~ DOC~JMENT /D TEEN 

<3.7 X 10 - 5  90 191 BERGFELD 98 CLE2 

191Assumes equal production of B + and B 0 at the T(45).  

r(= K*(S92)~ r~6/r 
VALUE CL% DOCUMENT IO TEEN 

<2.3 x 10 - S  90 192 BERGFELD 98 CLE2 

192 Assumes equal production of B + and B 0 at the T ( 4 5 ) ,  

[r(K + lr-) + r(.+.-)]/I-tota I (rgy+rlo?)/r 
VALUE EVT5 DOCUMENT ID TECN COMMENT 

(1.94-0.6 ) x 10 . 5  OUR AVERAGE 

(2.8_+~:05:I:2.0) • 10 -5  193 ADAM 96D DLPH e+e  - ~ Z 

1 R+0"6+0'3~ x 10 - 5  17,2 ASNER 96 CLE2 e+e  - T(45)  "~--0.5-- 0,4/ 
�9 �9 = We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

(2.4+0184-0,2) x 10 - 5  194 BATTLE 93 CLE2 e+e  - ~ T(4S) 

193ADAM 96D assumes fBo = f B -  = 0.39 and fBs = 0.12. Contributions from B 0 and 
B s decays cannot be separated. Limits are given for the weighted average of the decay 
rates for the two neutral B mesons. 

194BATTLE 93 assumes equal production of B 0 B  0 and B + B -  at T(4S). 

F(K + K-)/rtm=, rn / r  
VALUE CL~ DOCUMENT ID TECN COMMENT 

< 4 . 3 X I 0  - 6  90 GODANG 98 CLE2 e+e  - ~ T(4S) 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<4.6 x 10 - 5  195 ADAM 96D DLPH e + e -  ~ Z 
<0.4 • 10 - 5  90 ASNER 96 CLE2 Repl. by GODANG 9B 
<1.8 x 10 - 5  90 196 BUSKULIC 96v ALEP e+e - ~ Z 

<1.2 x 10 - 4  90 197 ABREU 95N DLPH Sup. by ADAM 96D 

<0.7 x 10 - 5  90 198 BATTLE 93 CLE2 e + e -  ~ T(4S) 

195ADAM 960 assumes fBo = fB- = 039 and fBs = 0.12, Contributions from B D and 

B s decays cannot be separated. Limits are given for the weighted average of the decay 
rates for the two neutral B mesons. 

196BUSKULIC 96v assumes PDG 96 production fractions for B 0, B +, B s, b baryons. 

197Assumes a B 0, B -  production fraction of 0.39 and a B s production fraction of 0.12. 

Contributions from B 0 and Be0 decays cannot be separated. Limits are given for the 
weighted average of the decay rates for the two neutral B mesons. 

198BATTLE 93 assumes equal production of B 0 B  0 and B + B -  at T(4S). 

r (K~ r70Ir 
VALUE ~ DOCUMENT ID TECN COMMENT 

<1.7 X 10 - $  90 G O D A N G  98 CLE2 e + e -  ~ T(4S) 

r(K+p-)Ir~,l r . / r  
VALUE CL~ DOCUMENT ID TEEN COMMENT 

<3.5 X 10 - 5  90 ASNER 96 CLE2 e + e -  ~ T(45}  

r (K%+.- ) / r~ , l  rBo/r 
VALUE CL~ DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<4.4 x 10 - 4  90 ALBRECHT 91E ARG e + e -  ~ T(45)  

r(Kopo)/rto., r . / r  
VALUE ~ DOCUMENT ID TECN COMMENT 

<3.9 x l 0  - 5  90 ASNER 96 CLE2 e + e  - ~ T(45)  
�9 �9 �9 We do not use the following data f<x averages, fits, limits, etc, �9 �9 �9 

<3,2 • 10 - 4  90 ALBRECHT 91B ARG e + e -  ~ T(45)  
<5.0 x i0  - 4  90 199 AVERY 89B CLEO e + e -  ~ T(45)  
<0.064 90 200 AVERY 87 CLEO e + e -  ~ T(45)  

199AVERY BgB reports < 5.8 x 10 - 4  assuming the T(45)  decays 43% to BOB ~ ] .  We 
rescale to 50%. 

200AVERY 87 reports < 0.08 assuming the T(45)  decays 40% to B 0 B  0. We rescale to 
50%. 

r(K ~ ~(gso))Ir~= rB21r 
VALUE ~ DOCUMENT ID TEEN COMMENT 

<3.g X 1 0 - 4  90 201 AVERY 89B (LEO e + e-- ~ T(4$)  

201AVERY 890 reports < 4.2 x 10 - 4  assuming the T(4S) decays 43% to B 0 B  0, We 
rescale to 50%. 

r(/('(892) + x - ) / r t ~ ,  r=Ir  
VALUE ~ DOCUMENT /D TECN COMMENT 

< 7 . 2 x 1 0  - 5  90 ASNER 96 CLE2 e + e  - ~ T(45)  
<3.0 x 10 - 4  90 202 AVERY 89B CLEO e + e -  ~ T(4S) 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<6.2 x 10 - 4  90 ALBRECHT 91B ARG e + e -  ~ T(45)  
<5.6 • 10 - 4  90 203 AVERY 87 CLEO e + e -  ~ T(45)  

202AVERY 89B reports < 4.4 • 10 - 4  assuming the T(4S) decays 43% to B 0 B  0, We 
rescale to 50%�9 

203AVERY 87 reports < 7 • 10 - 4  assuming the T(45)  decays 40% to B0B  O. We rescale 

<2.g X 10 - 3  90 ALBRECHT 910 ARG e + e -  ~ T(4S) 

r(K o K+ K-)/r~=, reg/r 
VALUE CL.~L~o DOCUMENT ID TEEN COMMENT 

< 1 . 3 X 1 0  - 3  90 ALBRECHT 91E ARG e + e  - ~ T(4S) 

r(K~ redr 
VALUE CL~ DOCUMENT ID TECN COMMENT 

<3.1 X 10 - 5  90 204 BERGFELD 98 CLE2 
�9 �9 �9 We do not use the following data for averages, fits, limits, e t c . � 9  �9 �9 

<8.8 x 10 - 5  90 ASNER 96 CLE2 e + e -  ~ T{4S) 
<7.2 • 10 - 4  90 ALBRECHT 91B ARG e + e -  ~ T(45)  
<4.2 • 10 - 4  90 205 AVERY 89B CLEO e + e-- ~ T(4S) 
<1.0 x 10 - 3  90 206 AVERY 87 CLEO e + e -  ~ T(4S) 

204Assumes equal production of B + and B 0 at the T(4S). 
205AVERY 898 reports < 4.9 • 10 - 4  assuming the T(4S) decays 43% to B 0 B  - 0 .  We 

rescale to 50%�9 
206 AVERY 87 reports < 1.3 • 10 - 3  assuming the T(4S) decays 40% to B 0 ~0.  We rescale 

to 50%. 

r ( K - x  + x  + x - ) I r ~ =  r . / r  
VALUE CL~ DOCUMENT ID TECN COMMENT 

<2.3 X 10 - 4  90 207 ADAM 96D DLPH e + e -  ~ Z 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 = 

<2.1 x 10 - 4  90 208 ABREU 95N DLPH Sup. by ADAM 96D 

207ADAM 96D assumes f~0 = f = 0 39 and fB = 0.12. Contributions from B 0 and 
D B-  " s 

B s decays cannot be separated. Limits are given for the weighted average of the decay 
rates for the two neutral B mesons. 

208Assumes a B 0, B -  production fraction of 0.39 and a B s production fraction of 0.12. 

Contributions from B 0 and Bs0 decays cannot be separated. Limits are given for the 
weighted average of the decay rates for the two neutral B mesons. 

r(K ~ (892)  0 , +  I r - ) / r ~ , ,  r , / r  
VALUE CL~ DOCUMENT ID TECN COMMENT 

<1.4 X 10 - 3  90 ALBRECHT 91E ARG e + e -  ~ T(4S) 

F(K' (892)opo)/rt=al r . t r  
VALUE CL~ DOCUMENT /O TECN COMMENT 

<4.6 X 10 - 4  90 ALBRECHT 91B ARG e + e -  ~ T(4S) 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<5.8 x 10 - 4  90 209 AVERY 890 CLEO e + e -  ~ T(4S) 
<9.6 x 10 - 4  90 210 AVERY 87 CLEO e + e -  ~ T(45)  

209AVERY 89B reports < 6.7 x 10 - 4  assuming the T(4S) decays 43% to B 0 B  0. We 
rescale to 50%. 

210 AVERY 87 reports < 1.2 x 10-3  assuming the T(45)  decays 40% to B 0 ~ 0  We rescale 
to 50%. 

r(K'(892) ~ fo(980))/rt~=l rol/r 
VALUE CL~ DOCUMENT ID TEEN COMMENT 

<1.7 X 10 - 4  90 211 AVERY 89B CLEO e + e -  ~ T(45)  

211AVERY 890 reports < 2.0 x 10 - 4  assuming the T(45)  decays 43% to B 0 B  0. We 
rescale to 50%, 

r(Kl(1400) + , r ) / r~=  r . / r  
VALUE CL~ DOCUMENT ID TECN COMMENT 

<1.1 x 10 - 3  90 ALBRECHT 91B ARG e + e-- ~ T(4S) 

to 50%. 

r(K'(892) ~ ~ r . / r  
VALUE CL~ DOCUMENT /D TE~:N ~OMMENT 

<2.8 X 10 - S  90 ASNER 96 CLE2 e + e -  ~ T(45)  

r ( K  I ( 1 4 3 0 )  + ~ r - ) / r ~ ' ,  r B s / r  
VALUE CL~ DOCUMENT ID TECN COMMENT 



See key on page 239 

F(K- az (1260) + ) / r~ . ,  
VALUE ~ DOCUMENT ID TECN COMMENT 

<2.3 x 10 - 4  90 2L2 ADAM 96D DLPH e + e -  ~ Z 

r95/r 

Meson 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<3.9 x 10 - 4  90 213 ABREU 95N DLPH Sup. by ADAM 96D 

212ADAM 96D assumes fBo = f B -  = 0.39 and fB5 = 0.12. Contributions from B 0 and 
B decays cannot be separated Limits are given for the weighted average of the decay s 
rates for the two neutral B mesons. 

213Assumes a B 0, B -  production fraction of 0.39 and a B s production fraction of 0.12. 

Contributions from B 0 and B0 s decays cannot be separated. Limits are given for the 
weighted average of the decay rates for the two neutral B mesons. 

F(K'(8921 ~ K + K-)/r,o,., r . / r  
VALUE ~ DOCUMENT ID TECN COMMENT 

<6,1 x 10 - 4  90 ALBRECHT 91E ARG e + e -  ~ T(4S) 

r (K*(892) 0 ~)/FLora I rgs/r 
VALUE ~ DOCUMENT ID TECN COMMENT 

<2.1 x 10 - 5  90 214 BERGFELD 98 CLE2 
�9 �9 �9 We do not use the following data for averages, fits, limits, e t c . � 9  �9 �9 

<4.3 x 10 -5 90 ASNER 96 CLE2 e + e  - ~ T(4S) 
<3.2 x 10 - 4  90 ALBRECHT 91B ARG e + e  - ~ T(45)  
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r(K'(ls8o)%)/r=ul rlo4/r 
VALUE ~ DOCUMENT ID TECN COMMENT 

< 0 , 0 ~  90 223 ALBRECHT 89G ARG e + e -  ~ T(4S)  

223ALBRECHT 89G reports < 00022 assuming the T(4S) decays 45% to B 0 B  0. We 
rescale to 50%. 

r(K;(1780)%)/rtotal rl05/r 
VALUE ~ DOCUMENT ID TECN COMMENT 

<0.010 90 224 ALBRECHT 89G ARG e + e -  ~ T(4S) 

224 ALBRECHT 89G reports < 0.011 assuming the T(45)  decays 45% to B 0 ~0.  We rescale 
to 50%. 

r (Kl(204S)~ rlo6/r 
VALUE CZ% DOCUMENT ID TECN COMMENT 

<0.0043 90 225 ALBRECHT 89G ARG e + e -  ~ T(45)  

225ALBRECHT 89G reports < 0.0048 assuming the T(45)  decays 45% to B 0 B  0. We 
rescale to 50%. 

r( ,+,-) ir~, ,  rloTlr 
VALUE ~ E V T S  DOCUMENT IO TECN ~OMMENT 

< 1 . 5 X 1 0  - 5  90 GODANG 98 CLE2 e + e  - ~ T(45}  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<3.8 x 10 - 4  90 215 AVERY 89B CLEO e + e -  ~ T(4S) 
<3.8 x 10 - 4  90 216 AVERY 87 CLEO e + e -  ~ T(45)  

214Assumes equal production of B + and B 0 at the T(45) .  
215AVERY 89B reports < 4.4 x 10 - 4  assuming the "/'(45) decays 43% to B0B  0. We 

rescale to 50%. 
216AVERY 87 reports < 4.7x 10 - 4  assuming the T(4S) decays 40% to B0B  - 0 .  We rescale 

to 50%. 

r(K104oo)OpO)/rt=,, r~/r 
VALUE ~ DOCUMENT I0 TECN COMMENT 

<3.0 X 10 - 3  90 ALBRECHT 91B ARG e + e -  ~ T(45)  

r(Kl0400)~ ~)/r~,l rodr 
VALUE ~ DOCUMENT IO TECN COMMENT 

<5.0 X 10 -~1 90 ALBRECHT 91B ARG e + e-- ~ 3"(4S) 

r(K~(1430)o po)/r~=, r ~ / r  
VALUE CL % DOCUMENT I D TECN COMMENT 

<1.1 x 10 ~3  90 ALBRECHT 91B ARG e + e -  ~ T(4S) 

r (K~(1430) 0 @) Ir~,, r . l r  
VALUE ~ DOCUMENT IP TECN COMMENT 

<1.4 X 10 -31 90 ALBRECHT 91B ARG e + e -  ~ T(45)  

r(K*(S92)%)/rtot,l rloolr 
VALUE (un(tS 10 -5 ) CL_._~ EVT5 DOCUMENT ID TECN COMMENT 

4.0"l'1.74"0,5 8 2:[7 AMMAR 93 CLE2 e + e -  
T(4S) 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

< 21 90 218 ADAM 96D DLPH e + e -  ~ Z 
< 42 90 ALBRECHT 89G ARG e + e  - 

T(4S) 
< 24 90 219 AVERY 89B CLEO e + e -  

T(4S) 
<210 9D AVERY 87 CLEO e -F e- 

T(4S) 

217 AMMAR 93 observed 6.6 • 2.8 events above background. 
218ADAM 96D assumes fBo = f B -  = 0.39 and fBs = 0.12. 

219AVERY 89B reports < 2.8 x 10 - 4  assuming the T(45) decays 43% to B0B --0. We 
rescale to 50%. 

r (K1 (1270)~ -r)/rt=tal rlodr 
VALUE CL% DOCUMENT IP TECN COMMENT 

<0.0070 90 220 ALBRECHT 89G ARG e + e -  ~ T(45) 

< 4 . 5 x 1 0  - 5  90 226ADAM 96DDLPH e + e  - ~ Z 
<2.0 x 10 - 5  90 ASNER 96 CLE2 Repl. by GODANG 98 
<4.1 x 10 - 5  90 227 BUSKULIC 96v ALEP e + e -  ~ Z 
<5.5 x 10 - 5  90 228 ABREU 95N DLPH Sup. by ADAM 96D 
<4.7 x 10 - 5  90 229 AKERS 94L OPAL e + e -  ~ Z 
<2.9 • 10 - 5  90 230 BATTLE 93 CLE2 e + e -  ~ T(4S) 
<1.3 x 10 - 4  90 230 ALBRECHT 90B ARG e + e -  ~ T(45)  
<7.7 • 10 - 5  90 231 BORTOLETTO89 CLEO e + e -  ~ T(4S) 
<2.6 x 10 - 4  90 231 BEBEK 87 CLEO e + e -  ~ T(4S) 
<5 x l0  - 4  90 4 GILES 84 CLEO e + e - ~  T(4S) 

226ADAM 96D assumes fBo = fB-  = 0.39 and fB5 = 0.12. 

227 BUSKULIC 96V assumes PDG 96 production fractions for B O, B + ,  Bs, b baryons. 

228Assumes a B O, B -  production fraction of 0.39 and a B s production fraction of 0.12. 

229Assumes B(Z ~ bb) = 0.217 and B O (Bs0) fraction 39.5% (12%). 

230Assumes equal production of B 0 B  0 and B + B  - at T(45) .  
231paper assumes the T(4S) decays 43% to BOB -( } .  We rescale to 50%. 

r(.~176 r1=Ir 
VALUE CL~ DOCUMENT ID TECN COMMENT 

<9.3 X l 0  - 6  90 GODANG 98 CLE2 e + e - ~  T(45)  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.91 x 10 - 5  90 ASNER 96 CLE2 Repl. by GODANG 98 
<6.0 x 10 - 5  90 232 ACCIARRI 95H L3 e + e -  ~ Z 

232ACCIARRI 95H assumes fBo = 39.5 • 4.0 and fBs = 12.0 • 3.0%. 

r(~~ rlog/r 
VALUE ~ DOCUMENT ID TECN COMMENT 

<8 x 10 - 6  90 BEHRENS 98 ELL2 e + e -  ~ T(4$)  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<2.5 x 10 - 4  90 233 ACCIARRI 95H L3 e + e -  ~ Z 
<1.8 x 10 - 3  90 234 ALBRECHT 90B ARG e + e  - ~ T(4S) 

233ACClARRI 95H assumes fBo = 39.5 • 4.0 and fBs = 12.0 d: 3.0%. 

234ALBRECHT 90B limit assumes equal production of B 0 B  0 and B + B  - at T(45).  

r(~)/rt~l ruo/r 
VALUE CL~  DOCUMENT ID TE~I~ COMMENT 

< l . S x l 0  - 5  90 BEHRENS 98 CLE2 e + e - ~  T(4$)  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<4.1 x 10 - 4  90 235 ACCIARRI 95H L3 e + e -  ~ Z 

235ACClARRI 95H assumes fBo = 39.5 • 4.0 and fBs = 12.0 4- 3.0%. 

220ALBRECHT 89G reports < 0.0078 assuming the T(4S) decays 45% to B0B  0. We 
rescale to 50%. 

r(KlO4OO)%)/rtoml rloz/r 
VALUE ~ DOCUMENT ID TEEN COMMENT 

<0.0043 90 22] ALBRECHT 89G ARG e + e -  ~ T(4S) 

221 ALBRECHT 89G reports < 0.0048 assuming the T(4S) decays 45% to B 0 B  0, We 
rescale to 50%. 

r(K~(143o)%)/rto=, rlo3/r 
VALUE ~ DOCUMENT ID TECN COMMENT 

<4,0 X 10 - 4  90 222 ALBRECHT 89G ARG e + e -  ~ T(4S) 

222ALBRECHT 89G reports < 4.4 x 10 - 4  assuming the T(4S) decays 45% to B 0 B  0, We 
rescale to 50%. 

r(#~O)Irto~, r1111r 
VALUE CL~ DOCUMENT ID TE~,N., COMMENT 

<1.1 X 10 - 5  90 BEHRENS 98 CLE2 e + e -  --* T(4S) 

r(,/r rl12/r 
VALUE ~ DOCUMENT tO TECN COMMENT 

< 4 . 7 X 1 0  - w  90 BEHRENS 98 CLE2 e + e - - ~  T(45)  

r(Vn)/r~.l rl ldr 
VALUE CL~ DOCUMENT ID TECN COMMENT 
<2.7 X 10 - 5  90 BEHRENS 98 CLE2 e + e -  ~ T (45)  

r(r176 rl14/r 
VALUE CL~ DOCUMENT ID TECN COMMENT 

<2.3 X 10 - 5  90 BEHRENS 98 CLE2 e + e -  ~ T(4S) 
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r(~~ 
VALUE CL~  

<1.3 x 10 - 5  90 

r(~,D/rt=il 
VA L UE EL__%_% 

DOCUMENT ID TEEN COMt~fENT 

ru5/r 

BEHRENS 98 CLE2 

DOCUMENT ID TEEN 

e + e -  ~ T(45) 

rzze/r 

r (~+.-x+. - ) / r~= rl~/r 
VALUE EL% DOCUMENT ID TEEN COMMENT 

<2.3 x 10 - 4  90 250 ADAM 96D DLPH e + e -  ~ Z 
�9 �9 i We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<2.8 x 10 - 4  90 251 ABREU 95N DLPH Sup, by ADAM 96D 
<6.7 x 10 - 4  90 252 ALBRECHT 90B ARG e + e -  ~ 7"(45) 

<1.2 x 10 - 5  

236 Assumes equal 

r(~d)/rt~ 
VALUE 

<5.0 x 10 - 5  

237 Assumes equal 

r(~p~ 

90 236 BERGFELD 98 CLE2 

)roduction of B + and B 0 at the T(45).  

DOCUMENT ID TEEN 

90 237 BERGFELD 98 CLE2 

>reduction of B + and B 0 at the T(45).  

VALUE C L ~  DOCUMENT ID TEEN 

<1. I  x 10 - 5  90 238 BERGFELD 98 CLE2 

238Assumes equal Jroduction of B + and B 0 at the T(45).  

VALUE ~ DOCUMENT ID TECN 

<1.9 x 10 - 5  90 239 BERGFELD 98 CLE2 

239Assumes equal )roduction of B + and B 0 at the 7"(45). 

r@.~  
VALUE C L ~  DOCUMENT ID TEEN 

<0.5 x 10--5 90 240 BERGFELD 98 CLE2 

240Assumes equal )roduction of B + and B 0 at the 7`(45). 

r (~ ) / r~ ,  
VALUE ~ DOCUMENT ID TEqN 

<0.9 x 10 . 5  90 241 BERGFELD 98 CLE2 

241Assumes equal ]roduction of B + and B 0 at the T(45).  

r(~d)/r~= 
VALUE EL ~/~ DOCUMENT ID TEEN 

<3.1 x 10 - 5  90 242 BERGFELD 98 CLE2 

242Assumes equal production of  B + and B 0 at the T ( 4 5 ) .  

r(~p~ 
VALUE ~ DOCUMENT ID TEEN 

<1.3 x 10 - 5  90 243 BERGFELD 98 CLE2 

243Assumes equal production of B + and B 0 at the 7`(45). 

VAt UE CL ~ DOCUMEN T /D TEEN 

<2.1 x 10 - 5  90 244 BERGFELD 98 CLE2 

244Assumes equal production of B + and B 0 at the T(4S). 

r(~)/r~t= 

r11dr 

r115/r 

rll,/r 

rl~/r 

r121/r 

rl../r 

r l~/r  

r124/r 

rl~/r 
VALUE EL% DOCUMENT ID TEEN COMMENT 

<1.2 x 10 - 5  90 245 BERGFELD 98 CLE2 
�9 �9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

<3.9 x 10 - 5  90 ASNER 96 CLE2 e + e -  ~ T(45)  

245 Assumes equal production of B + and B 0 at the 7"(45). 

r( .+.- .o) /r=. ,  rz~/r 
VALUE EL~ DOCUMENT ID TEEN COMMENT 

<7.2 X 10 - 4  90 246 ALBRECHT 90B ARG e + e -  ~ T(45)  

246ALBRECHT 90B limit assumes equal production of BOB 0 and B + B- -  at T(4S). 

r(p ~ x ~ / rtom r12T/r 
VALUE CL% DOCUMENT ID TECN COMMENT 

< 2 . 4 x 1 0  - 5  90 ASNER 96 CLE2 e + e - ~  T(45) 
I �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 i 

<4.0 x 10 - 4  90 247 ALBRECHT 900 ARG e + e -  ~ T(45) 

24/ALBRECHT 90B limit assumes equal production of B0B 0 and B + B -  at T(45). 

r C.~.*)/rto~l r125/r 
VALUE EL~~ ~)OCUMENT D TEEN COMMENT 

<5.6 x 10 - 5  90 ASNER 96 CLE2 e + e-  ~ 7`(45) 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<5.2 x 10 -4  90 240 ALBRECHT 900 ARG e + e -  ~ 7"(45) 
<5.2 x 10 -3  90 249 BEBEK 87 CLEO e + e -  ~ T(45) 

248ALBRECHT 90B limit assumes equal production of B 0 ~  and B + B -  at T(4S). 
249 B K re 3 BE E 87 ports < 6.1 x 10 -  assuming the 7(45)  decays 43% to B 0~0.  We rescale 

to 50%. 

250ADAM 96D assumes fBO = f B -  = 0.39 and fBs = 0.12. 

251Assumes a B 0, B -  production fraction of 0.39 and a B s production fraction of 0.12. 

252ALBRECHT 908 limit assumes equal production of B 0 B  0 and B + B -  at T(4S). 

r ( l ) ) / r ,= . ,  rl~/r 
VALUE CL~.~ DOCUMENT ID TECN COMMENT 

<2.0 X 10 - 4  90 253 ALBRECHT 900 ARG e + e -  ~ 7`{45) 
i �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<2.9 x 10 - 4  90 254 BORTOLETTOB9 CLEO e + e -  ~ T(45) 
<4.3 x 10 - 4  90 254 BEBEK 87 CLEO eft- e -  ~ 7`(45) 

253ALBRECHT 900 limit assumes equal production of B0B 0 and B + B -  at 7`(45). 
254 Paper assumes the T(4S) decays 43% to B 0 ~ .  We rescale to 50%. 

r(.~(1260)T.*)/rt~il rz31/r 
VALUE ~ DOCUMENT ID TEEN COMMENT 

<4.9 X 10 - 4  90 255 BORTOLETTO89 CLEO e + e -  ~ T{45)  
�9 �9 * We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<6.3 x 10 - 4  90 256 ALBRECHT 900 ARG e § e -  ~ 7"(45) 
<1.0 x 10 -3  90 255 BEBEK 87 CLEO e + e -  ~ 7"(45) 

255 Paper assumes the T(4S) decays 43% to B 0 ~0. We rescale to 50%. 
256ALBRECHT 90B limit assumes equal production of B0B 0 and B + B-- at T(4S). 

r(a2(1320) =F ~r •  r132/r 
VALUE ~ DOCUMENT ID TEEN COMMENT 

< 3 . 0 x 1 0  - 4  90 257BORTOLETTO89 CLEO e + e - ~  7"(45) 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<1.4 x 10 - 3  90 257 BEBEK 87 CLEO e + e -  ~ 7'(45) 

257 Paper assumes the T(4S) decays 43% to B0~ D. We rescale to 50%. 

r ( .+ . - .~176 r133/r 
VALUE CL~  DOCUMENT ID TEEN COMMENT 

<3.1 x 10 - 3  90 258 ALBRECHT 90B ARG e + e -  ~ 7`(45) 

258 ALBRECHT 900 limit assumes equal production of B 0 ~0 and B + B -  at T(4S). 

r(p+p-)/r~l rz~/r 
VALUE CL~  DOCUMENT ID TEEN COMMENT 

<2.2 x 10 - 3  90 259 ALBRECHT 90B ARG e + e -  ~ 7`(45) 

259ALBRECHT 90B limit assumes equal production of B 0 B  0 and B + B  - at 7`(4S). 

r(~(12so)%~ r13B/r 
VALUE CL~  DOCUMENT ID TEEN COMMENT 

<1.1 x 10 - 3  90 260 ALBRECHT 900 ARG e + e -  ~ T(4S) 

260ALBRECHT 900 limit assumes equal production of B 0 B  0 and B + B  - at 7`(45). 

r(~O)/r~= rl~/r 
VALUE CL__~/* DOCUMENT ID TEEN COMMENT 

<1.4 x 10 - 5  90 261 BERGFELD 98 CLE2 
�9 �9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

<4.6 x 10 - 4  90 262 ALBRECHT 900 ARG e + e -  ~ 7"(45) 

261 Assumes equal production of B + and B 0 at the T(4S). 
262ALBRECHT 90B limit assumes equal production of B0B 0 and B § B -  at "F(4S). 

r ( .+ .+ . -  m.0) Ir, o~i 1"13,/r 
VALUE EL% DOCUMENT ID TEEN COMMENT 

<9.0 x 10 - 3  90 263 ALBRECHT 900 ARG e + e -  ~ 7`(4S) 

263ALBRECHT 900 limit assumes equal production of B 0 B  0 and B + B -  at T(4S). 

r(~.(1260)+p-)/rto~, r l = / r  
VALUE ~ DOCUMENT tO TEEN COMMENT 

<3A x 10 - 3  90 264 ALBRECHT 900 ARG e + e-- ~ 7`(45) 

264ALBRECHT 900 limit assumes equal production of B0B  0 and B + B  - at T(45) .  

r(al(126o)~176 r139/r 
VALUE EL~ DOCUMENT ID TECN COMMENT 

<2.4 x 10 - 3  90 265 ALBRECHT 90B ARG e + e-- ~ 7"(45) 

265ALBRECHT 90B limit assumes equal production of B 0 B  0 and B + B  - at T(4S). 

r (~+ .+ .+ . - . -  f-)Irto~l r140/r 
VALUE CL~ DOCUMENT ID TECN COMMENT 

<3.0 X 10 - 3  90 266 ALBRECHT 90B ARG e + e -  ~ 7"(45) 

266ALBRECHT 90B limit assumes equal production of B 0 B  0 and B + B  - at T(4S). 
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r(.~(1260)§ r141/r 
VALUE CL~ DOCUMENT I D TEEN COMMENT 

<2.8 x 10 - 3  90 267 BORTOLETTO89 CLEO e + e -  ~ 7(45)  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<6.0 • 10 - 3  90 268 ALBRECHT 90B ARG e + e -  ~ T{4S) 

267BORTOLETTO 89 reports < 3.2 x 10 - 3  assuming the 7(45)  decays 43% to BOB O. 
We rescale to 50%. 

268ALBRECHT 90B limit assumes equal production of B 0 B  0 and B § B -  at 7(45).  

r (~+ ~+ ~+ ~- T-  ~r- ~o)/rtotaw r142/r 
VALUE EL% DOCUMENT ID TEEN COMMENT 

<1.1 X 10 - 2  90 269 ALBRECHT 90B ARG e + e -  ~ T(4S) 

269ALBRECHT 90B limit assumes equal production of B 0 B  0 and B + B -  at T(4S). 

r(p~)/r,== r143/r 
VALUE ~ DOCUMENT ID TEEN COMMENT 

< ? . 0 x l 0  - $  90 270COAN 99 CLE2 e + e  - ~ 7(45)  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc, �9 �9 �9 

<1.8 x 10 - 5  90 211 BUSKULIC 96v ALEP e+e  - ~ Z 
<3.5 • 10 - 4  90 272 ABREU 95N DLPH Sup. by ADAM 96D 
<3.4 • 10 - 5  90 273 BORTOLETTO89 CLEO e + e -  ~ T(4S) 
<1.2 • 10 - 4  90 274 ALBRECHT 88F ARG e + e -  ~ T(4S} 
<1.7 x 10 - 4  90 273 BEBEK 87 CLEO e + e -  ~ T(4S) 

270Assumes equal production of B + and B 0 at the T(4S). 
271BUSKULIC 96v assumes PDG 96 production fractions for B 0, B + ,  Bs, b baryons. 

272Assumes a B 0, B -  production fraction of 0.39 and a B s production fraction of 0.12. 

273paper assumes the 7(4S) decays 43% to B 0 B  0. We rescale to 50%. 
274ALBRECHT 88F reports < 1.3 • 10 - 4  assuming the 7(45)  decays 45% to B 0 B  0. We 

rescale to 50%, 

r(p~.+.-)/r~., r l~/r 
VALUE (units 10 -4) CL~ DOCUMENT ID TECN COMMENT 

<2.5 90 275BEBEK 89 CLEO e + e - ~  7(45)  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<9.5 90 276 ABREU 95N DLPH Sup, by ADAM 96D 
5 .4•177 277ALBRECHT 88F ARG e •  - ~ T(4S) 

275 BEBEK 89 reports < 2,9 x 10 - 4  assuming the T(4S) decays 43% to B 0 ~O. We rescale 
to 50%. 

276Assumes a B 0, B -  production fraction of 0.39 and a B s p~oduction fraction of 0.12. 

277ALBRECHT 88F reports 6.0 • 2.0 • 2.2 assuming the T(4S) decays 45% to B 0 B  0. 
We rescale to 50%. 

r(p~.-)/r~.l r lu/r  
VALUE CL ~ DOCUMENT ID TEEN COMMENT 

<1.3 x 10 - 5  90 278 COAN 99 CLE2 e + e -  ~ T(4S) 
�9 �9 �9 We do not use the following data for averages, fits. limits, etc. �9 �9 �9 

< 1 . 8 x 1 0  - 4  90 279ALBRECHT 88F ARG e + e  - ~ 7(45)  

278Assumes equal production of B + and B 0 at the T(4S), 
279 ALBRECHT 88F reports < 2.0 x 10 - 4  assuming the 7(45)  decays 45% to B 0 B  0, We 

rescale to 50%. 

r~A)/rtot,~ r l~/r 
VALUE ~ DOCUMENT ID TEEN COMMENT 

< 3 . 9 X 1 0  - 6  90 280COAN 99 ELE2 e + e - - ~  T(45) 

280Assumes equal production of B + and B 0 at the 7{45) ,  

r(a~ r14dr 
VALUE CL% DOCUMENT tD TECN COMMENT 

<0.0015 90 281 BORTOLETTO89 ELEO e+e  - ~ 7(45)  

281 BORTOLETTO 89 reports < 0.0018 assuming 7(45)  decays 43% to B 0 B  o. We rescale 
to 50%. 

r(A++ A--)/r~x.~ r l . / r  
VALUE ~ DOCUMENT ID TEEN COMMENT 

< 1 . 1 x 1 0  - 4  90 282BORTOLETTO89 CLEO e + e - ~  T(45) 

282 BORTOLETTO 89 reports < 1.3 x 10 - 4  assuming 7(45)  decays 43% to B 0 B  0. We 
rescale to 50%. 

r(~;- A++)Irt~,, r14,1r 
VALUE EL% DOCUMENT ID TEEN COMMENT 

<0.0010 90 283 PROCARIO 94 CLE2 e + e -  ~ T(45)  

283pROCARIO 94 reports < 0.0012 for B(Ac+ ~ p K  ~ + )  = 0.043. We rescale to our 

best value B(Ac+ ~ p K - ~ r  + )  = 0.050. 

r~;p~+.-)/rtot= rl~o/r 
VALUE (units 1o-al DOCUMENT ID TECN COMMENT 

II.~'I '8:~,0.3" / 284 FU 97 CLE2 e+e  - ~ 7(45) 

284FU 97 uses PDG 96 values of A C braoching fraction. 
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<4.0 • 10 - 5  90 ABBOTT 98B DO p~ 1.8 TeV 
< 1 3  • 10 - 5  90 295 ACCIARRI 97B L3 e + e-- ~ Z 
<1.6 x 10 - 6  90 296 ABE 96L CDF Repl. by ABE 98 
<5.9 • 10 - 6  90 AMMAR 94 CLE2 e + e -  ~ T(45)  

<8.3 • 10 - 8  90 297 ALBAJAR 91c UA1 E p ~ -  630 GeV cm-- 
<1.2 • 10 - 5  90 298 ALBAJAR 91c UA1 E p ~ -  638 GeV c m -  
<4.3 • 10 - 5  90 299 AVERY 89B CLEO e + e -  ~ 7(45) 
<4,5 • 10 - 5  90 300 ALBRECHT 87D ARG e + e -  ~ 7(45) 
<7.7 • 10 - 5  90 301 AVERY 87 CLEO e + e -  ~ 7(45)  
<2 x 10 - 4  90 GILES 84 CLEO Repl. by AVERY 87 

294ABE 98 assumes production of r 0) = r and r ) = 1/3. They nor- 

malize to their measured c,(BO.pT(B)> 6,1y I < 1.0) = 2.39 • 0,32 • 0,44/Jb. 
295 ACCIARRt 97B assume PDG 96 production fractions for B + ,  B 8, B~;, and A b, 

296ABE 96L assumes equal B 0 and B + production, They normalize to their measured 
~(B + ,  PT(B)>  6 GeV/c, lYl < 1) = 2.39 • 0.54 #b. 

297 B 0 and Bs0 are not separated. 

298 Obtained from unseparated B 0 and B 0 measurement by assuming a BOmB 0 ratio 2:1. 

299AVERY 89B reports < 5 x 10 - 3  assuming the T(4S) decays 43% to B 0 ~  0. We rescale 
to 50%. 

300ALBRECHT 87D reports < 5 x 10 - 5  assuming the 7(4S) decays 45% to B0"~ 0. We 
rescale to 50%. 

301 AVERY 87 reports < 9 x 10 - 5  assuming the T(4S) decays 40% to B 0 B  0. We rescale 
to 50%. 

r (#.+ ~-)/r==. r l . / r  
Test for L~B = 1 weak neutral current. Allowed by higher-order electroweak Interac- 
tions. 

VALUE CL~ DOCUMENT ID TEEN COMMENT 

<$.0 X 10 - 4  90 ALBRECHT 91E ARG e + e -  ~ T (45)  
�9 �9 �9 We do not u~  the following data for averages, fits, limits, etc. �9 �9 �9 

<5,2 x 10 - 4  90 302 AVERY 87 CLEO e + e -  ~ 7(4,$) 

302 4 in th AVERY 87 reports < 8,S x 1 0 -  assure g e 7(45)  decays 40% to BO B O. Werescale 
to 50%. 

r(~;p)/r=~ r l . / r  
VALUE ~ DOCUMENT ID TEEN COMMENT 

<2.1 x 10 - 4  90 285 FU 97 CLE2 e + e -  ~ T(45)  

285FU 97 uses PDG 96 values of A c branching ratio. 

FF; p.0)/r,o., r;~/r 
VALUE ~ DOCUMENT ID TEEN COMMENT 

<5.9 x 10 - 4  90 286 FU 97 CLE2 e + e-- ~ T(45)  

286FU 97 uses PDG 98 values of A c branching ratio. 

r~;  p.§ r ~  r l . / r  
VALUE ~ DOCUMENT ID TEEN COMMENT 

<5.07 X 10 - 3  90 287 FU 97 CLE2 e + e -  ~ T(45)  

287FU 97 uses PDG 96 values of A c branching ratio. 

r~Ep.+.-.+.-)/r,~., r l . / r  
VALUE ~ DOCUMENT I0 TEEN COMMENT 

<2.74 x 10 - 3  90 288 FU 97 CLE2 e + e -  ~ T(4S) 

288 FU 97 uses PDG 96 values of A c branching ratio. 

r (~) / r~ ,  r l . / r  
VALUE ~ DOCUMENT ID TEEN COMMENT 

< 3 . 9 X 1 0  - 5  90 289ACCIARRI 951 L3 e + e -  --* Z 

289ACCIARRI 951 assumes fBo = 39.5 • 4.0 and fBs = 12.0 • 3.0%. 

r(e+ e-)/rt== r l . / r  
Test for D,B = i weak neutral current. Allowed by higher-order electroweak interac- 
tions. 

VALUE ~ DOCUMENT iD TEEN COMMENT 

<S,g x 10 - 6  90 AMMAR 94 CLE2 e + e -  ~ T(4S) 
�9 �9 �9 We do not use the following data for averages, fits, limits, e t c . � 9  �9 �9 

<1.4 x 10 - 5  90 290 ACCIARRI 978 L3 e + e -  ~ Z 
<2.6 x 10 - 5  90 291 AVERY 898 CLEO e + e -  ~ T(4S) 
<7.6 • 10 - 5  90 292 ALBRECHT 87D ARG e -F e -  ~ 7(4$)  
<8.4 • 10 - 5  90 293 AVERY 87 CLEO e + e -  ~ T(4S) 
<3 • 10 - 4  90 GILES 84 CLEO Repl. by AVERY 87 

290ACCIARRI 97B assume PDG 96 production fractions for B +,  B O, B s, and A b, 
291 AVERY 89B reports < 3 x 10 - 5  assuming the 7(4S) decays 43% to B 0 B  0, We rescale 

to 50%, 
292ALBRECHT 878 reports < 8.5 x 10 - 5  assuming the 7(45)  decays 45% to B0B  ̀0. We 

rescale to 50%. 
293AVERY 87 reports < 8 x 10 - 5  assuming the 7(45)  decays 40% to BOB ~0.  We rescale 

to 50%. 

r0,+l,-)/rt== r.T/r 
Test for A B  -- 1 weak neutral current. Allowed by higher-order electroweak interac- 
tions. 

VALUE CL• DOCUMENT ID TECN COMMENT 

<6.8 x 10 - 7  90 294 ABE 98 CDF p~ at 1.8 TeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 
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r(K ~ r1591r 
Test for A B  = 1 weak neutral current. Allowed by higher-order eleutroweak interac- 
tions. 

VALUE ~ DOCUMENT ID TECN C. OMMENT 

<$.6  x 10 - 4  90 303 AVERY 87 CLEO e + e -  ~ 7"(4S) 
�9 * = We do not use the following data for averages, fits, l imits, etc. * �9 �9 

<5.2 x 10 - 4  90 ALBRECHT 91E ARG e + e -  ~ 7"(4S) 

303 AVERY 87 reports < 4.5 x 10 - 4  assuming the 7"(4S) decays 40% to B 0 ~ 0  We rescale 
to 50%. 

r (K*(S92) 0 e + e-)/l'total rlgo/r 
Test for & B  = 1 weak neutral current, 

VALUE ~ DOCUMENT ID TECN COMMENT 

< 2 . 9 X 1 0  - 4  90 ALBRECHT 91E ARG e + e  - ~ T (4S)  

r (K*(892) 0 #+ p - ) / r ~ ,  rlSl/r 
Test for ~ B  = 1 weak neutral current. 

VALUE CL_~_~ DOCUMENT ID TECN COMMENT 

<4 ,0  x 10 - 0  90 304 AFFOLDER 99B CDF p~  at 1.8 TeV I 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<2.5 • 10 - 5  90 305 ABE 96L CDF Repl. by AF- 
EOLDER 99B 

<2.3 x 10 - 5  90 306 ALBAJAR 91C UA1 EcPmP= 630 GeV 

<3.4 x 10 - 4  90 ALBRECHT 91E ARG e + e-- ~ T (4S)  

304AFFOLDER 998 measured relative to B 0 ~ J / r  0. I 
305ABE 96L measured relative to B 0 ~ J / ~ ( 1 S )  K*(S92)  0 using PDG 94 branching ratios. 
306 ALBAJAR 91r assumes 36% of bquarks give B 0 mesons. 

r(K'(892) ~ v v ) / r ~  r~62/r 
Test for A B  = 1 weak neutral current. 

VALUE CL~ DOCUMENT ID TECN COMMENT 

<1.0  X 10 - 3  90 307 A D A M  96D DLPH e + e -  ~ Z 

307ADAM 96D assumes fBo = f B -  = 0.39 and fBs = 0.12. 

r(e• r l u / r  
Test of  leptou family number conservation, 

VALUE CL_%_% DOCUMENT ID TECN COMMENT 

<3 .5  x 10 - 6  90 ABE 98v CDF p~  at 1.S TeV I 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<1,6 x 10 - 5  90 308 ACCIARRI 97B L3 e + e-- ~ Z 
<5,9 x 10 - 6  90 A M M A R  94 CLE2 e + e -  ~ 7`(45) 
<3.4 x 10 - 5  90 309 AVERY 89B CLEO e + e -  ~ 7`(4S) 
< 4 . 5 x 1 0  - 5  90 3 1 0 A L B R E C H T  87DARG e + e  - ~ 7`(45) 
<7.7 x 10 - 5  90 311 AVERY 87 CLEO e + e -  ~ 7`(45) 
<3  x 10 - 4  90 GILES 84 CLEO Repl. by AVERY 87 

308ACClARRI 97B assume PDG 96 production fractions for B •  B O, Bs, and A b, 

309paper assumes the 7"(4S) decays 43% to B O ~ .  We rescale to 50%. 
310ALBRECHT 87D reports < 5 • 10 - 5  assuming the T(4S)  decays 45% to B 0 B  0. We 

rescale to 50%. 
311 AVERY S7 reports < 9 x 10 - 5  assuming the 7"(4S) decays 40% to B 0 B  0. We rescale 

to 50%. 

r (e•  r164/r 
Test of  lepton family number conservation. 

VALUE ~ DOCUMENT ID TECN COMMENT 

< 5 . 3 X 1 0  - 4  90 A M M A R  94 CLE2 e + e - ~  7"(45) 

r ( / j * r ~ ) i r ~ , ,  r1~ I r  
Test of  lepton family number'conservation. 

VALUE CL~ DOCUMENT ID TECN COMMENT 

<0.3  X 10 - 4  90 A M M A R  94 CLE2 e + e -  ~ 7"(45) 

POLARIZATION IN B ~ DECAY 

r,/r in B o -~ J /V) (1S)K* (892)  ~ 
r L / r  = 110] would indicate that B 0 ~ J/~)(1S) K* (892)  0 followed by K* (892)  0 

K O x0 is a pure CP eigenstate with CP = - 1[+ 1}. 

VALUE E V T S  DOCUMENT ID TECN COMMENT 
0.604-0.09 OUR AVERAGE Error includes scale factor of  1.4. See the ideogram below. 

0 .52 •177  312 JESSOP 97 CLE2 e + e -  ~ 7"(45) 
0 .65 •177  65 ABE 95z CDF p ~  at 1.8 TeV 
0 .97•177 13 3 1 3 A L B R E C H T  94(3 ARG e + e  - ~ 7"(45) 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. * �9 * 

0 .80 •177  42 313 A L A M  94 CLE2 Sup. by JESSOP 97 

312 JESSOP 97 is the average over a mixture of B 0 and B + decays. The P-wave fraction 
is found to be 0.16 • 0.08 • 0.04. 

313Averaged over an admixture of B 0 and B + decays, 

rdr in B ~ ---* D*-p + 
VALUE EVT$ DOCUMENT I0 TECN COMMENT 

0.~J-k0 .06~0.05 76 A L A M  94 CLE2 e + e -  ~ T (4S)  

B ~  ~ M I X I N G  

Written March 2000 by O. Schneider (Univ. of Lausanne) 

Formal i sm in quantum mechanics  
There are two neutral B ~  ~ meson systems, Bd-B d and 

Bs-Bs (generically denoted Bq-Bq, q = s, d), which exhibit the 
phenomenon of particle-antiparticle mixing [1]. Such a system is 

produced in one of its two possible states of well-defined flavor: 
]B ~ (bq) or ]~0) (b~). Due to flavor-changing interactions, this 
initial state evolves into a time-dependent quantum superposi- 
tion of the two flavor states, a(t)lB ~ + b(t)]B~ satisfying the 
equation 

.o laltl  = ( - - -  r176 
' ~  \ b ( O ]  \ b ( t ) ]  ' (~) 

where M and s known as the mass and decay matrices, 
describe the dispersive and absorptive parts of B ~  0 mixing. 
These matrices are hermitian, and C P T  invariance requires 

Mlt = M22 = M and Fll = F22 ~ F ,  where M and P are the 
mass and decay width of the B ~ and ~0 flavor states. 

The two eigenstates of the effective hamiltonian matrix 

(M - 2 r )  are given by 

IB• = plB ~ • q l~~  (2) 

and correspond to the eigenvalues 

q ( M 1 2 - ~  12) (3) , r  , 

where 

q IMp2 - i  * ~F12 
- = ~ (4) 
P M12 -- ~F12 

We choose a convention where Re(q/p) > 0 and CPIB ~ = I-B~ 
An alternative notation is 

]B• (1 + e)lB ~ • (1 - e)]B ~ with 1 - e q = = - .  (5) 
v ~ + l ~ P )  t+ r  p 

The time dependence of these eigenstates of well-defined 

masses M• = Re(A• and widths F+ = - 2  Im(A• is given by 
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1 
the phases e -ix~t : e-iM• the evolution of a pure IB ~ 

or I ~ )  state at t = 0 is thus given by 

q 
IB~ =g+(t)IB~ + P g_(t) IB~ , (6) 

I~~ =g+( t ) IB ~ + Pg_(t)IB~ (7) 

where 
1 �9 e_iA_t ) ~• = ~ (e -'~+* + . (s) 

This means that the flavor states oscillate into each other with 
time-dependent probabilities proportional to 

Ig+(t)lz = T cosh t +cos (Amt)  , (9) 

where 

A m  = 1/14+ - M - l ,  Ar = IF+ - r - l .  ( i 0 )  

Time-integrated mixing probabilities are only well defined when 

considering decays to flavor-specific final states, i.e. final states 
f such that the instantaneous decay amplitudes A]  = (]IH[B ~ 

and AI = (flH]-B~ where H is the weak interaction hamilto- 

nian, are both zero. Due to mixing, a produced B ~ can decay 

to the final state f (mixed event) in addition to the final state 

f (unmixed event). Restricting the sample to these two decay 
channels, the time-integrated mixing probability is given by 

X'~176 = f o  I <]IHI B~ 12dr 
f o  I<-]IHIB~ 2dr + f ~  I<flHIB~ 2dr 

I~SI~(z2 + y2) 
= iCy12(x2 + y2) + 2 + x 2 - y2'  (11) 

q A ]  and where we have defined ~f = P 

Am AF 
x = ---F--, y = - ~ - .  (12) 

mixing probability X~ ~176 for the case of a produced The 
~0 is obtained by replacing (y with 1/~ I in Eq. (11). It is 

different from Xi  ~ 1 7 6  if I~/I 2 ~ 1, a condition reflecting non- 

invariance under the CP transformation. CP violation in the 

decay amplitudes is discussed elsewhere [2] and we assume 

IA~I = IAII from now on. The deviation of Iq/pl 2 from 1, 

namely the quantity 

2 4Re(e) ( ( R e ( e )  ~2~ 
1- pq- -1+1~1~+o.\1+1~12) ) ,  (13) 

describes CP violation in B ~  ~ mixing. As can be seen from 

Eq. (4), this can occur only if M12 # 0, F12 ~ 0 and if the 

phase difference between M12 and F12 is different from 0 or 7r. 
In the absence of CP violation, ]q/p]2 = 1, Re(e) = 0, the 

mass eigenstates are also CP eigenstates, 

CP IBm> -- + IB ,> ,  (14) 

the phases qOMx 2 = arg(M12) and qor~ 2 = arg(F12) satisfy 

sin(gPMt2 - -  Vr~) = O, (15) 
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the mass and decay width differences reduce to 

Am = 2 IMI21, AF = 2 Ir121, (16) 

and the time-integrated mixing probabilities Xl  ~ 1 7 6  and 

X~ ~176 become both equal to 

x 2 + y2 (17) 
X - - 2 ( x 2 + l ) .  

Standard Model predictions and phenomenology 
In the Standard Model, the transitions B ~ ---+ B--q ~ and 

~qo ___, B D are due to the weak interaction. They are described, 

at the lowest order, by the box diagrams involving two W bosons 

and two up-type quarks, as is the case for K ~  ~ mixing. 

However, the long range interactions arising from intermediate 

virtual states are negligible for the neutral B meson systems, 

because the large B mass is away from the region of hadronic 

resonances. The calculation of the dispersive and absorptive 

parts of the box diagrams yields the following predictions for 

the off-diagonal element of the mass and decay matrices [3], 

2 2 2 GFmW~BmBqBBJBq 2 2 
M12 = 127r 2 So(m t /mw)  ( Y t ; Y t b )  2 (18) 

f~2 m2_r _ z) t2 
F12 = ~F bqB~ 

87r 

• (V';V'b)2+Y~qY~bY:#~ \m~) 

o(m' 11 (19) + (v:~v~b)2 \m~)J 

where GF is the Fermi constant, mw the W mass, mi the mass 

of quark i, and where mBq = M, fB~ and BBq are the B ~ mass, 

decay constant and bag parameter. The known function So(xt) 
can be approximated very well with 0.784xt ~ [4] and V/j are 

the dements of the CKM matrix [5]. The QCD corrections r/B 
and r/~3 are of order unity. The only non negligible contributions 

to M12 are from top-top diagrams. The phases of M12 and F12 

satisfy 

(2o) 

implying that the mass eigenstates have mass and width dif- 

ferences of opposite signs. This means that, like in the K ~  ~ 

system, the "heavy" state with mass Mheavy = max(M+, M_) 
has a smaller decay width than that of the "light" state with 

m a s s  M l i g h t  = min(M+, M_). We thus redefine 

Am ---- Mheavy - Mlight, AF =Fngbt - I'heavy, (21) 

where Am is positive by  definition and AF is expected to be 

positive in the Standard Model: 

Furthermore, since F12 is, l ike M12' dominated by the 

top-top diagrams, the quantity 

I"12 3~ m~ 1 { m ~  
~12 "" --~----~- ..... 2 '2 ~ O (22) 2 m w &(m, lmw) \m~)  
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is small, and a power expansion of [q/pl 2 yields 

q = 1 +  ~ s i n ( ~ M 1 2 - ~ r ~ 2 ) + O \ l ~ 1 2 1  ] . 

Therefore, considering both Eqs. (20) and (22), the CP-  

violating parameter 

2 
1 _  q ~ .  ( r 1 2 ~  ,m (24) 

is expected to be tiny: ~ O(10 -3) for the Bd-Bd system and 

5 0(10-4) for the Bs-Bs system [6]. 

In the approximation of negligible C P  violation in the 

mixing, the ratio A F / A m  is equal to the small quantity 

IF12/M12I of Eq. (22); it is hence independent of CKM matrix 

elements, i.e. the same for the Bd-Bd and Bs-Bs  systems. It 

can be calculated with lattice QCD techniques; typical results 

are ~ 5 x 10 -$ with quoted uncertainties of 30% at least. Given 

the current experimental knowledge (discussed below) on the 

mixing parameter x, 

xd = 0.73 + 0.03 (Bd--Bd system) (25) 
xs~>20 at 95% CL (Bs--B8 system) ' 

the Standard Model thus predicts that A F / F  is very small 

for the B d Bd system (below 1%), but may be quite large 

for the Bs-Bs system (up to ~ 20%). This width difference 

is caused by the existence of final states to which both the 

B ~ and ~0 mesons can decay. Such decays involve b --* c~q 

quark-level transitions, which are Cabibbo-suppressed if q = d 

and Cabibbo-allowed if q = s. If the final states common to 

Bs ~ and ~0 are predominantly CP-even as discussed in Ref. 7, 

then the Bs-Bs  mass eigenstate with the largest decay width 

corresponds to the CP-even eigenstate. Taking Eq. (21) into 

account, one thus expects Flight = F +  and 

Ares = M_ - M+ > 0, AFs = F+ - F_ > 0. (26) 

Exper imen ta l  i s sues  and  me thods  f o r  osc i l la t ion  anal- 

yses 

Time-integrated measurements of B ~  ~ mixing were pub- 

lished for the first time in 1987 by UA1 [8] and ARGUS [9], and 

since then by many different experiments. These are typically 

based on counting same-sign and opposite-sign lepton pairs 

from the semileptonic decay of the produced bb pairs. At high 

energy colliders, such analyses cannot easily separate the Bd 

and Bs contributions, therefore experiments at T(4S) machines 

are best suited to measure Xd. 

However, better sensitivity is obtained from time-dependent 

analyses aimed at the direct measurement of the oscillation 

frequencies Amd and Ares, from the proper time distributions 

of Bd or Bs candidates identified through their decay in (mostly) 

flavor-specific modes and suitably tagged as mixed or unmixed. 

This is particularly true for the Bs-Bs system where the large 

value of xs implies maximal mixing, i.e. Xa ~- 1/2. In such 

analyses, performed at high-energy colliders, the neutral B 

mesons are either partially reconstructed from a charm meson, 

or selected from a lepton with high transverse momentum 

with respect to the b jet, or selected from a reconstructed 

displaced vertex. The proper time t = m B L  is measured from 
P 

the distance L between the production vertex and the B decay 

vertex, as measured with a silicon vertex detector, and from an 

estimate of the B momentum p. 

The statistical significance S of an oscillation signal can be 

approximated as [10] 

s ~ Nv~- iAig  (1 - 27) e - (~m~ ' )~n  , (27) 

where N and fsig a re  the number of candidates and the fraction 

of signal in the selected sample, y is the mistag probability, and 

at is the proper time resolution. The quantity S decreases very 

quickly as Am increases; this dependence is controlled by at, 

which is therefore a critical parameter for Am8 analyses. The 
mB 

proper time resolution at ~ -7~-O'L �9 t ~ includes a constant 
/ P )  P 

contribution due to the decay length resolution o- L (typically 

0.1-0.3 ps), and a term due to the relative momentum resolution 

gP (typically 10-20% for partially reconstructed decays), which 
P 

increases with proper time. 

In order to tag a B candidate as mixed or unmixed, it 

is necessary to determine its flavor state both at production 

(initial state) and at decay (final state). The initial and final 

state mistag probabilities, ~/i and Yf, degrade S by a total 

factor (1 -27/) -- ( 1 -  27h)(1- 27/f). In inclusive lepton analyses, 

the final state is tagged by the charge of the lepton from 

b ~ g- decays; the biggest contribution to ~/f is then due to 

--o ~ --~ l -  decays. Alternatively, the charge of a reconstructed 

charm meson (D*- from B ~ or D~- from B~ or that of a kaon 

thought to come from a b ~ c ~ s decay [11], can be used. 

For fully inclusive analyses based on topological vertexing, final 

state tagging techniques include jet charge [12] and charge 

dipole methods [11]. 

The initial state tags are somewhat less dependent on the 

procedure used to select B candidates. They can be divided in 

two groups: the ones that tag the initial charge of the b quark 

contained in the B candidate itself (same-side tag), and the 

ones that tag the initial charge of the other b quark produced in 

the event (opposite-side tag). On the same side, the charge of a 

track from the primary vertex is correlated with the production 

state of the B if that track is a decay product of a B** 

state or the first particle in the fragmentation chain [13,14]. 

Jet charge techniques work on both sides. Finally, the charge 

of a lepton from b -~ g-  or of a kaon from b -~ c -~ s can 

be used as opposite side tags, keeping in mind that their 

performance depends on integrated mixing. At SLC, the beam 

polarization produced a sizeable forward-backward asymmetry 

in the Z -~ bb decays and provided another very interesting 

and effective initial state tag based on the polar angle of the 

B candidate [11]. Initial state tags have also been combined 

to reach ~i ~ 26% at LEP [14,15] or even 16% at SLD [11] 
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with full efficiency. The equivalent figure at CDF is currently 

,,-. 40% [16 ] .  

In the absence of experimental evidence for a width dif- 

ference, and since A F / A m  is predicted to be very small, 

oscillation analyses typically neglect AF and describe the data 

with the physics functions Fe-r t (1  :t= cos Amt)/2.  As can be 

seen from Eq. (9), a non zero value of AF would effectively 

reduce the oscillation amplitude with a small time-dependent 

factor that would be very difficult to distinguish from time 

resolution effects. Whereas measurements of Amd are usually 

extracted from the data using a maximum likelihood fit, no 

significant Bs-Bs oscillations have been seen so far, and all Bs 

analyses set lower limits on Ams. The original technique used 

to set such limits was to study the likelihood as a function 

of Ares. However, these limits turned out to be difficult to 

combine. A method was therefore developed [10], in which a 

Bs oscillation amplitude ~4 is measured at each fixed value of 

Ares, using a maximum likelihood fit based on the functions 

Fse-r~t(1 + Jt cos Amst)/2.  To a very good approximation, the 

statistical uncertainty on A is Gaussiau and equal to 1 /S  [10]. 

Measurements of ~4 performed at a given value of Ares can be 

averaged easily. If Ares = / k i n  T M  8 , one expects ~4 = 1 within 

the total uncertainty OA; however, if Ares is far from its true 

value, a measurement consistent with ~4 = 0 is expected. A 

value of Ares can be excluded at 95% CL if .A + 1.645 aA _< 1. 

If Am~ rue is very large, one expects r = 0, and all values 

of Am8 such that 1.645r < 1 are expected to be ex- 

cluded at 95% CL. Because of the proper time resolution, the 

quantity aA(Ams) is an increasing function of Ares and one 

therefore expects to be able to exclude individual Ams values 
s e n s  up to Amsenss , where Am s , called here the sensitivity of the 

analysis, is defined by 1.645 crA(Am seas) = 1. 

Bd mix ing  s tudies  
Many Bd-Bd oscillations analyses have been performed 

by the ALEPH [17,12], CDF [13,18], DELPHI [19], L3 [20], 

OPAL [21] and SLD [11] collaborations. Although a variety 

of different techniques have been used, the Amd results have 

remarkably similar precision. The systematic uncertainties are 

not negligible; they are often dominated by sample compo- 

sition, mistag probability, or b-hadron lifetime contributions. 

Before being combined, the measurements are adjusted on 

the basis of a common set of input values, including the 

b-hadron lifetimes and fractions published in this Review. 

Some measurements are statistically correlated. Systematic cor- 

relations arise both from common physics sources (fragmen- 

tation fractions, lifetimes, branching ratios of b hadrons), 

and from purely experimental or algorithmic effects (effi- 

ciency, resolution, tagging, background description). Combin- 

ing all published measurements [17,13,19,20,21] and accounting 

for all identified correlations as described in Ref. 22 yields 

Am~ = 0.478 + 0.012(stat) 4- 0.013(syst) ps -1. 

On the other hand, ARGUS and CLEO have published time- 

integrated measurements based on semileptonic decays [23,24], 

, r(4s) which average to Ad = 0.156 + 0.024. The width difference 

AFd could in principle be extracted from the measured value 

of F d, and the above averages for Amd and Xd (see Eqs. (12) 

and (17)). The results are however compatible with AFd = 0, 

and their precision is still insufficient to provide an interesting 

constraint. Neglecting AFd and using the measured Bd lifetime, 

the Arn d and Xd results are combined to yield the world average 

Amd = 0.472 • 0.017 ps -1 (28) 

or, equivalently, 

Xd = 0.174 + 0.009. (29) 

Evidence for CP violation in Bd mixing has been searched 

for, both with semileptonic and inclusive Bd decays, in samples 

where the initial flavor state is tagged. In the semileptonic 

case, where the final state tag is also available, the following 

asymmetry 

N(-B~ ~ g+vtX) - N(B~ --~ i - ~ t X )  

N(-BOd(t) ~ t+vtX) + N(BOd(t) --~ g-YtX) 

4Re(ed) (30) 
= a c p  ~- 1 - I q / P l ]  ~- 1 + I ,dl  2 

has been measured, either in time-integrated analyses at 

CLEO [24] and CDF [25], or in more recent and sensitive 

time-dependent analyses at LEP [26,27,28]. In the inclusive 

case, also investigated at LEP [29,27,30], no final state tag is 

used, and the asymmetry [31] 

N(B~ --~ all) - N(-B~ --~ all) 

N(B~ ~ all) + N(-B~ --* all) 

must be measured as a function of the proper time to extract 

information on CP violation. In all cases asymmetries compat- 

ible with zero have been found, with a precision limited by 

the available statistics. A simple average of all published and 

preliminary results [24-30] neglecting small possible statistical 

correlations and assuming half of the systematics to be corre- 

lated, is acp ~ -  -0.017 + 0.016, a result which does not yet 

constrain the Standard Model. 

The Amd result of Eq. (28) provides an estimate of IM121 

and can be used, together with Eqs. (16) and (18), to ex- 

tract the modulus of the CKM matrix element Vtd within 

the Standard Model [32]. The main experimental uncertainties 

on the resulting estimate of IVtdl c o m e  from mt and Amd; 

however, these are at present completely dominated by the 

15-20% uncertainty usually quoted on the hadronic matrix 

element fB~ BV/-B~ ~ 200 MeV obtained from lattice QCD 

calculations [33]. 

Bs mix ing  studies 

Bs-B ,  oscillation has been the subject of many recent stud- 

ies from ALEPH [14]! C D F  [34],DELPHI [35,15], OPAL [36] 

and SLD [37]. No oscillation signal has been found so far. The 
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F i g u r e  1: Combined measurements of the Be 
oscillation amplitude as a function of Ams I22], 
including all preliminary results available at the 
end of 1999. The measurements are dominated 
by statistical uncertainties. Neighboring points 
are statistically correlated. 

most sensitive analyses appear to be the ones based on inclusive 

lepton samples, and on samples where a lepton and a Ds meson 

have been reconstructed in the same jet. All results are limited 

by the available statistics. These are combined to yield the 

amplitudes .A shown in Fig. 1 as a function of Ams [22]. 

As before, the individual results have been adjusted to 

common physics inputs, and all known correlations have been 

accounted for; furthermore, the sensitivities of the inclusive 

analyses, which depend directly through Eq. (27) on the as- 

sumed fraction fs of Bs mesons in an unbiased sample of 

weakly-decaying b hadrons, have been rescaled to a common 

value of fs = 0.100 • 0.012 [22]. The combined sensitivity for 

95% CL exclusion of Am8 values is found to be 14.5 ps -1. All 

values of Ams below 14.3 ps -1 are excluded at 95% CL, and no 

deviation from ~4 = 0 is seen in Fig. 1 that would indicate the 

observation of a signal. 

Some Am8 analyses are still preliminary [15,37]. Using only 

published results, the combined Ares result is 

Ares > 10.6 ps -1 at 95% CL, (32) 

with a sensitivity of 12.1 ps -1 . 

The information on ]Vtsl obtained, in the framework of 

the Standard Model, from the combined limit is hampered by 

the hadronic uncertainty, as in the Bd case. However, many 

uncertainties cancel in the frequency ratio 

Ams _ roBs ~2 Yts 2 (33) 

where f = (fB, V / ~ ) / ( / B d X / - ~ ) ,  of order unity, is currently 

estimated from lattice QCD with a 5-6% uncertainty [33]. 

The CKM matrix can be constrained using the experimental 

results on Amd, Ams, IVub/Vcbl and eg, together with theoret- 

ical inputs and unitarity conditions [32]. Given the information 

available from IVub/Vcbl and eK measurements, the constraint 

from our knowledge on the ratio Amd/Am8 is presently more 

effective in limiting the position of the apex of the CKM 

unitarity triangle than the one obtained from the Amd mea- 

surements alone, due to the reduced hadronic uncertainty in 

Eq. (33). We note also that the Standard Model would not 

easily accommodate values of Ams above ,.~ 25 ps -1. 

Information on AF8 can be obtained by studying the proper 

time distribution of untagged data samples enriched in B8 

mesons [38]. In the case of an inclusive Bs selection [39] or 

a semileptonic Bs decay selection [40,41], both the short- 

and long-lived components are present, and the proper time 

distribution is a superposition of two exponentials with decay 

constants Fs + AFs/2. In principle, this provides sensitivity to 

both F8 and (AFs/Fs) 2. Ignoring AF8 and fitting for a single 

exponential leads to an estimate of F8 with a relative bias 

proportional to (AFs/Fs)  2. An alternative approach, which is 

directly sensitive to first order in AFs/Fs,  is to determine 

the lifetime of Bs candidates decaying to CP eigenstates; 

measurements already exist for B~ --* J / r162  [42] and B~ ---* 

D~*)+D! *)- [43], which are mostly CP-even states [7]. An 

estimate of AFs/Fs has also been obtained directly from a 

measurement of the B 0 ~ D~*)+D! *)- branching ratio [43], 

under the assumption that these decays practically account for 

all the CP-even final states. 

Present data is not precise enough to efficiently constrain 

both Fs and AFs/Fs;  since the Bs and Bd lifetimes are 

predicted to be equal within less than a percent [44], an 

expectation compatible with the current experimental data [45], 

the constraint Fs = Fd can also be used to extract AFs/Fs.  

Applying the combination procedure described in Re/. 22 on 

the published B8 lifetime results [40,42,46] yields 

 rs/r  < 0.65 at 95% CL (34) 

without external constraint, or 

Ars/r~ < 0.33 at 95% CL (35) 

when constraining 1 / r s  to the measured Bd lifetime. These 

results are not yet precise enough to test Standard Model 

predictions. 

Average b-hadron mixing and b-hadron production frac- 
tions 

Let /~, /d, fs and /baryon be the Bu, Bd, Bs and b- 

baryon fractions composing an unbiased sample of weakly- 

decaying b hadrons produced in high energy colliders. LEP 

experiments have measured f8 • BR(B ~ ~ D;l+vtX) [47], 

BR(b ---* Ag) • BR(A ~ ~ A+t-VtX) [48] and Ba(b ---+ .Fb) x 

BR(~  b ---* ~ - g - V t X )  [49] from partially reconstructed final 



See key on page 239 

623 

M e s o n  Part ic le  List ings  
BO 

states including a lepton, ]baryon from protons identified in b 

events [50], and the production rate of charged b hadrons [51]. 

The various b hadron fractions have also been measured at CDF 

from electron-charm final states [52]. All the published results 

have been combined following the procedure and assumptions 

described in Ref. 22, to yield fu = fd = (38.4 + 1.8)%, fs = 

(11.7 4-3.0)% and fbaryon : (11.5-t-2.0)% under the constraints 

fu = fd and fu q- fd q- fs -t~ fbaryort  : 1. (36) 

Time-integrated mixing analyses performed with lepton 

pairs from bb events produced at high energy colliders measure 

the quantity 

: /~  xd + f~ xs, (37) 
where f~ and fs r are the fractions of Bd and Bs hadrons in 

a sample of semileptonic b-hadron decays. Assuming that all 

b hadrons have the same semileptonic decay width implies 

: fq/(Fqrb) (q = s, d), where T b is the average b-hadron 
lifetime. Hence ~ measurements can be used to improve our 

knowledge on the fractions ]u, fd, fs and fba~yon. 
Combining the above estimates of these fractions with the 

Run II at the Tevatron, where both Ares and AFs are expected 

to be measured; CDF will be able to observe Bs oscillations 

for values of Ares up to ~ 40 ps -1 [53], well above the current 

Standard Model prediction. 
C P  violation in B mixing, which has not been seen yet, 

as well as the phases involved in B mixing, will be further 

investigated with the large statistics that will become available 

both at the B factories and at the Tevatron. 
B mixing may not have delivered all its secrets yet, because 

it is one of the phenomena where new physics might very well 
reveal itself (for example new particles involved in the box 

diagrams). Theoretical calculations in lattice QCD are becom- 

ing more reliable and further progress in reducing hadronic 

uncertainties is expected. In the long term, a stringent check 

of the consistency, within the Standard Model, of the Bd and 

Bs mixing measurements with all other measured observables 

in B physics (including C P  asymmetries in B decays) will be 
possible, allowing to place limits on new physics or, better, 

discover new physics. 
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Xd 

B ~  0 MIXING PARAMETERS 

For a discussion of B0-B 0 mixing see the note on "B0-B 0 Mixing" in the 
B 0 Particle Listings above, 

Xd is a measure of the tlme-integrated B 0 - ~  mixing probability that a 
produced B0(B 0) decays as a B--O(BO), Mixing violates L~B ~- 2 rule. 

x~ 
Xd - 2 ( 1 + x 2 )  

x d = ~ = (m% - mo~) "O0, 
FB0 

where H, L stand for heavy and light states of two B 0 CP eigenstates and 
1 TBO = ~ "  

This B0-B 0 mixing parameter is the probability (integrated over time) that a produced 
B 0 (or B 0) decays as a B 0 (or B0), e.g. for inclusive lepton decays 

Xd = r( B0 ~ l - x  (via ~0))/F(B0 , 14-X) 

= F(B 0 ~ ~+X (via B0)) /F(B 0 ~ 14-X) 
Where experiments have measured the parameter � 9  X/(1-X),  we have converted to 
X- Mixing violates the AB ~ 2 rule. 

Note that the measurement of X at energies higher than the T(4S) have not separated 
Xd from Xs where the subscripts indicate B0(bd) or B0(bs). They are listed in the 

BS0-~ s MIXING section. 

The experiments at T(45) make an assumption about the B 0 ~  0 fraction and about 
the ratio of the B4- and B 0 semileptonic branching ratios (usually that it equals one). 

OUR EVALUATION, provided by the LEP B Oscillation Working Group, includes Xd 
calculated from AmBU and TB0. 

VALUE ~ DOCUMENT ID TECN COMMENT 
0.174~:0.009 OUR EVALUATION 
0.%56=1:0.024 OUR AVERAGE 
0.16 4-0.04 4 - 0 . 0 4  314ALBRECHT 94 ARG e + e - ~  T(45) 
0.149• 315 BARTELT 93 CLE2 e + e-  ~ T(4S) 
0.1714-0.048 316ALBRECHT 92t. ARG e+e - ~ T(4S) 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.20 ::I:1s 4-0.12 317 ALBRECHT 96DARG e + e - ~  T{4S) 
0.19 4-0.07 4-0.09 318 ALBRECHT 960 ARG e + e-  ~ T(4S) 
0.24 4-0.12 319 ELSEN 90 JADE e + e -  35-44 GeV 

0 ~R+0"052 ARTUSO 89 CLEO e + e - ~  T(45) . . . .  -0.059 
0.17 4-0.05 320ALBRECHT 871 ARG e + e - ~  T(45) 

<0.19 90 321 BEAN 87B CLEO e + e -  ~ T(4S) 
<0.27 90 322 AVERY 84 CLEO e + e -  ~ T(45) 

314 ALBRECHT 94 reports r=0.194 4- 0.062 4- 0.054. We convert to x for comparison. Uses 
tagged events (lepton + pion from D*). 

315BARTELT 93 analysis performed using tagged events (lepton+pion from D*). Using 
dilepton events they obtain 0.157 4- 0 016 +0.033 " --0.028' 

316 ALBRECHT 92L is a combined measurement employing several lepton-based techniques. 
It uses all previous ARGUS data in addition to new data and therefore supersedes AL- 
BRECHT 871. A value of �9 = 20.6 4- 7.0% is directly measured. The value can be used 
to measure x = z~M/r = 0.72 4- 0.15 for the B d meson. Assumes f + - / f o  = 1.0 4- 0.05 
and uses ~'B• -~ (0.95 4- 0.14) ( f+- / fO)"  

317 Uses D *+  K + correlations. 
318 Uses (D *+ t - )  K + correlations. 
319 These experiments see a combination of B s and B d mesons. 
320 ALBRECHT 871 is inclusive measurement with like-sign dileptons, with tagged B decays 

plus leptons, and one fully reconstructed event. Measures r=0.21 4- 0.08. We convert 
to X for comparison. Superseded by ALBRECHT 92L. 

321 BEAN 87B measured r < 0.24; we converted to X. 
322Same-sign dilepton events. Limit assumes semileptonic BR for B + and B 0 equal. If 

BO/B 4- ratio <0.58, no limit exists. The limit was corrected in BEAN 87B from �9 
< 0.30 to r <  0.37. We converted this limit to X. 

AmBO is a measure of 2~ times the B0-B 0 oscillation frequency in time-dependent 

mixing experiments. 

The second "OUR EVALUATION" (0,478 4- 0.018) is an average of the data listed 
below performed by the LEP B Oscillation Working Group as described in our "Review 
of B-B Mixing" in the B 0 Section of these Listings. The averaging procedure takes 
into account correlations between the measurements. 

The first "OUR EVALUATION" (0.472 4- 0.017), also provided by the LEP B Oscil- 
lation Working Group, includes Am d calculated from Xd measured at T(45). 

VALUE (IO 12 1~. s -1) EVTS DOCUMENT ID TECN COMMENT 
0.472• EVALUATION 
0.470:1:0.018 OUR EVALUATION 
0.5034-0.0644-0.071 323 ABE 99K CDF p~ at 1.8 TeV 
0.5004-0.0524-0.043 324 ABE 99Q CDF p~ at 1.8 TeV 
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0.5164-0.0994-00:029 325 AFFOLDER 99C CDF p~ at 1.8 TeV 

0~171 +0.078 +0.033 326 ABE 98C CDF p~ at 1.8 TeV 
. . . .  - 0 . 0 6 8 -  0.034 

0A584-0.0464-0,032 327 ACCIARRI 98D L3 e + e -  ~ Z 
0.437• 328 ACCIARRI 98D L3 e + e -  ~ Z 
0.4724-0.0494-0.053 329 ACCIARRI 98D L3 e + e -  ~ Z 
0.5234-0.0724-0.043 330ABREU 97N DLPH e+e - ~ Z 
0.4934-0.0424-0.027 328 ABREU 97N DLPH e+e - ~ Z 
0.4994-0.0534-0.015 331 ABREU 97N DLPH e + e -  ~ Z 
0.4804-0.040• 327 ABREU 97N DLPH e + e -  ~ Z 

0.444:t:0.029+_010207 328ACKERSTAFF 97u OPAL e+e - ~ Z 

0,4304-0.0434-~:0208 327 ACKERSTAFF 97V OPAL e + e -  - -  Z 

0,4824-0,0444-0.024 332 BUSKULIC 97D ALEP e + e -  ~ Z 
0.4044-0.0454-0,027 328 BUSKULIC 970 ALEP e + e -  ~ Z 
0,4524-0.0394-0.044 327 BUSKULIE 97D ALEP e + e -  ~ Z 
0.5394-0.060+0.024 333 ALEXANDER 96V OPAL e + e -  ~ Z 

+ 0 029 0.5674-0.009_01023 334ALEXANDER 96v OPAL e+e - ~ Z 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.444+0.0284-0,028 335 ACClARRI 9OD L3 e+e - ~ Z 
0.4974-0,035 336 ABREU 97N DLPH 

0.467+0.0224-0:0]7 337 ACKERSTAFF 97V OPAL 

0.4464-0.032 338 BUSKULIC 97D ALEP 
0 5 "~1 +0"050 ~ ~ ~  339 ' " ' --0.046 ~v.u~o ABREU 96Q DLPH 

+0.055 327 0.496_0.0514-0.043 ACCIARRI 96E L3 

05,84-00504-00:~ 340 ALEXANOER 96v OPAL 

0.496 4- 0.046 341 AKERS 95J OPAL 

0 A~9+0.040+0.052 327 AKERS 95J OPAL 
. . . .  -0.053-0.035 

0,50 4-0.12 4-0.06 330ABREU 94M DLPH 
0.5084-0,0754-0.025 333 AKERS 94C OPAL 

0.57 4-0.11 4-0,02 153 334AKERS 94H OPAL 

0,50 +0,07 +0,11 327 BUSKULIC 94B ALEP -0.06 -0.10 

0.52 +0.10 +0.04 '334BUSKULIC 93K ALEP -0.11 -0.03 

323 Uses di-muon events. 
324 Uses jet-charge and lepton-flavor tagging. 
325 Uses l-- D * + - t  events. 
326Uses 7r-B in the same side. 
327 Uses l-l. 
328 Uses/'Qhem" 
329 Uses l- l  with impact parameters. 
330 Uses D*4--Qhe m. 

331 Uses x~ t-Qhem- 

332 Uses O*4--#./ Qhe m. 
333 Uses D*4- l-Qhe m. 
334 Uses D*4--t. 
335 ACCIARRI 980 cumbines results from t-I,  I-Qhem, and l - I  with impact parameters. 

336ABREU 97N combines results from D*• t-Qhem, ~r~l-Qhem, and l - t .  

337ACKERSTAFF 97v combines results from l-Z, t-Qhem, D*-l ,  and D=4--Qhem . 
338 BUSKULIC 970 combines results from D*4--l/Qhem, l-Qhem, and l-& 
339ABREU 96Q analysis performed using lepton, kaon, and jet-charge tags. 
340 ALEXANDER 96v combines results from D* : : - t  and D * •  t'Qhem" 
341AKERS 95J combines results fromt charge measurement, D *d: l'Qhem and l- l .  

x~ = Amgo/rBo 
The second "OUR EVALUATION" (0,740 4- 0.031) is an average of the data listed 
in AmBO section performed by the LEP B Oscillation Working Group as described 

in our "Review of B-B Mixing" in the B 0 Section of these Llstln p .  The averaging 
procedure takes into account correlations between the measurements. 

The first "OUR EVALUATION" (0.730 4- 0.029), also provided by the LEP B Oscil- 
lation Working Group, includes Xd measured at T(4S). : 

VALUE DOCUMENT ID, 
0.730 :l: 0.029 OUR EVALUATION 
0.7404"0.031 OUR EVALUATION 

e+e - ~  Z 

e+e - ~ Z 

e + e - ~  Z 

Sup. by ABREU 97N 

Repl. by ACCIARRI 98D 

e + e - - ~  Z 

Repl. by ACKER- 
STAFF 97v 

Repl. by ACKER- 
STAFF 97v 

Sup. by ABREU 97N 
Repl. by ALEXAN- 

DER 96v 
Repl. by ALEXAN- 

DER 96v 
Sup. by BUSKULIC 970 

Sup. by BUSKULIC 970 
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C P  V I O L A T I O N  I N  B D E C A Y  - S T A N D A R D  
M O D E L  P R E D I C T I O N S  

Revised January 2000 by H. Quinn (SLAC) and A.I. Sanda 
(Nagoya University). 

With the commissioning of the asymmetric B Factories at 

KEKB and PEP II, and of CESR III and with the completion 

of the main ring injector at Fermilab, we are headed into an 

exciting time for the study of C P  violation in B meson decays. 

This review outlines the basic ideas of such studies. For the 

most part, We follow the discussions given in Refs. [1-3]. 

Time  evolu t ion  o f  neu tra l  B m e s o n  s ta tes  

This review focuses on the Bd system, but also mentions 

some possibly interesting studies for C P  violation in Bs de- 

cays, which may be pursued at hadron colliders. Much of the 

discussion here can be applied directly for Bs decays with the 

appropriate replacement of the spectator quark type. 

The time evolution of states starting out at time t = 0 as 

pure B ~ or ~0 is given by: 

IB~ = g+(t)lB ~ + q g_( t ) [~  ~ 

I~~ = g+(t)l~ ~ + P g_(t)lB~ (4) 

Neutral B mesons, like neutral K mesons, have mass eigen- 

states which are not flavor eigenstates. This subject is reviewed 

separately [4]. Here we give some formulae to establish the 

notation used in this review. The mass eigenstates are given by: 

where 1[ 1] 
g+(t) = 1 -iMlt - - r l t  ~e e 2 14- e-iZlMte-2 Art . 

IB1) = plB ~ + ql ~~  , 

IB2) = pIB ~ - ql ~-~ , (1) 

where B ~ and ~-o are flavor eigenstates containing the b and b 

quarks respectively. The ratio 

M1"2 - ~r12 
q = + i F (2) 
P M12 - ~ 15 

We define 

A(f) = ( : IHIB ~ , 

A(.:) = (.flHI~), 

X(f)  ~(f) = ~ = p(:)-i, 

(5) 

Here, the C P  operator is defined so that CPIB  ~ = IB-~ and 

C P T  symmetry is assumed. We define M12 = M12e i~, where 

the phase ~ is restricted to -�89 < ~ < l~r, and M12 is taken 

to be real but not necessarily positive; and similarly (with a 

different phase) for Ft2. The convention used here is that the 

real part of q/p is positive. 

The differences in the eigenvalues A M  = M 2 -  M1 and 

AF = F1 - F2 are given by 

i F AM =-2Re (q(Mt2- ~ 12)) 

--~ -2M12 

(6) 

where f is a final state that is possible for both B ~ and ~-0 

decays. The time-dependent decay rates are thus given by 

r (B~ ~ $) 

e - r : l A ( S ) l  2 [K+(t) + K_(t)  q 2 I~(S)I2 

+2Re[L*(t)(q)P(S)]] , 

i F AF = - 4 I m  ( q ( M 1 2 -  ~ t2)) 

-~ 2P12 cos r  (3) 

Here we denoted F1____~_2 = r e i ( "  As we expect r ,~ 10 -3 in the 
M12 

Standard Model for Bd, we kept only the leading order term 

in r. In the Standard Model, with these conventions and given 

that all models give a positive value for the parameter BB, 

AM is positive, so that B2 is heavier than Bt; this is unlikely 

to be tested soon. (Note that a common alternative convention 

is to name the two states BL and BH for light and heavy 

respectively; then the sign of q/p becomes the quantity to be 

tested.) 

r (~~  --, f )  

e-r:lX(f)12[K+(t) + K_(t) p 2 Ip(f)12 

+ 2 R e [ L * ( t ) ( P ) P ( S ) ] ] ,  

where 

Ig+(t)l 2 = l e - r , t K •  , 

g_(t)g;(t)  = ~e-r l tL*( t ) ,  

�89 ~ .  K• = 1 + e '~rt + ze coszalvl r , 

L*(t) 1 e ~rt " ~" l zirt " = - +zze  sm A M t .  

(7) 

(8) 

(9) 

For the case of Bu decays the quantity A F / F  is small and is 

usually dropped, for Bs decays it may be significant [6] and 

hence is retained in Eqs. 4-8. 
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Three classes of  C P  violation in B decays 
When two amplitudes with different phase-structure con- 

tribute to a B decay, they may interfere and produce CP- 
violating effects [5]. There are three distinct types of CP viola- 

tion: (1) CP violation from nonvanishing relative phase between 

the mass and the width parts of the mixing matrix which gives 

Iq/Pl # 1, often called "indirect;" (2) Direct CP violation, 

which is any effect that indicates two decay amplitudes have 

different weak phases (those arising from Lagrangian couplings), 

in particular it occurs whenever IP(f)I ~ 1; (3) Interference be- 

tween a decays with and without mixing which can occur for 

decays to CP eigenstates whenever Arg((q/p)-~(f)) ~ O. This 

can occur even for modes where both the other types do not, 

i.e. Iq/Pl, Ip(/)l-- 1. 
(1) Indirect  C P  violation 

In the next few years, experiments will accumulate a large 

number of semileptonic B decays. Any asymmetry in the wrong- 

sign semileptonic decays (or in any other wrong-flavor decays) 

is a clean sign of indirect CP violation. 

The semileptonic asymmetry for the wrong sign Bq decay, 

where q = d or s, is given by 

r(Bq(t)  --0 e+X) - r(Bq(t  ) --0 ~ -X)  

- e-x) 

Ip/ql 2 -  Iq/pl 2 
- ip/ql2 + lq/pl2 -- ra~ sinCBq , (10) 

where we kept only the leading order term in rBq. Within the 

context of the Standard Model, if hadronic rescattering effects 

are small then sin r is small because M12 and I~12 acquire their 

phases from the same combination of CKM matrix elements. 

Since this asymmetry is tiny in the Standard Model, this may 

be a fruitful area to search for physics beyond the Standard 

Model. 

(2) Direct C P  violation 
Direct CP violation is the name given to CP violation that 

arises because there is a difference between the weak phases 

of any two decay amplitudes for a single decay. Weak phases 

are those that arise because of a complex coupling constant in 

the Lagrangian. Note that a single weak phase from a complex 

coupling constant is never physically meaningful because it can 

generally be removed by redefining some field by a phase. Only 

the differences between the phases of couplings which cannot 

be changed by such redefinitions are physically meaningful. The 

strong and electromagnetic couplings can always be defined 

to be real but, as Kobayashi and Maskawa first observed, 

in the three generation Standard Model one cannot remove 

all the phases from the CKM matrix by any choice of field 

redefinitions [7]. 

There are two distinct ways to observe direct CP-violation 

effects in B decays: 

�9 [-AT/Asl r 1 leading to rate asymmetries for CP-conjugate 

decays. Here, two amplitudes with different weak phases must 

contribute to the same decay; they must also have different 
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strong phases, that is, the phases that arise because of absorp- 

tive parts (often called final-state interaction effects). When the 

final state f has different flavor content than its CP conjugate, 

this gives a rate asymmetry that is directly observable. The 

asymmetry is given by 

2A1A2 sin(~l - ~2) sin(51 - 52) (11) 
a = A2 + A] + 2A1A2 cos(~l - ~2) cos(51 - 52) ' 

where the Ai are the magnitudes, the ~i are the weak phases, and 

the 5i are the strong phases of the two amplitudes contributing 

to AI. The impact of direct CP violation of this type in decays 

of neutral B's to flavor eigenstates is discussed below. 

�9 Any difference (other than an overall sign) between the CP 
asymmetries for decays of Bd mesons to flavor eigenstates, 

or between those of neutral Bs mesons, is an evidence of 

direct CP violation. As is shown below, such asymmetries arise 

whenever the decay weak phase is not canceled by the mixing 

weak phase, hence any two different results imply that there is a 

difference between the weak phases of the amplitudes for the two 

decays. Only if the asymmetries are the same can one choose a 

phase convention which ascribes all CP-violat ing phases to the 

mixing amplitude. For example, the expected asymmetries for 

the B --+ J/~bKs and B ~ rTr decays are different (whether or 

not penguin graphs add additional direct CP-violat ing effects 

of the type ]-AT/AII # 1 in the latter channel) because the 

dominant decay amplitudes have different weak phases in the 

Standard Model. 

(3) Decays of  B 0 a n d  ~o  to C P  eigenstates 
In decays to CP eigenstates, the time-dependent asymmetry 

is given by 

r (B~ ---* "f) - r (B~ --* f )  (12) 
a/(t) = r(~_0(t) --, i )  + r(B0(t)  - , / )  ' 

Asymmetry is generated if: (i) both A(B --* f )  and A(B ~ f )  
are nonzero; and (ii) the mixing weak phase in -q is different 

P 
from the weak decay phase in ~(f) .  To the leading order in r, 

the Standard Model predicts 

q/p = Vt;Vt~ = e--i2r . (13) 

If there is only one amplitude (or two with the same weak phase) 

contributing to A(B ~ f)  and A(B ~ f )  then IP(f)l = 1 and 

the relationship between the measured asymmetry and the 

Kobayshi-Maskawa phases is cleanly predicted by 

af(t) = Im ( qp( f ) )  sin AMt  

= -7/i  sin 2(r -1- r sin A M t .  (14) 

Here we have used the fact that in such cases we can write 

-~(f) = 7]ie-i2r where r/l = :t: is the CP eigenvalue of the 

state f .  The weak phases Cmixing and Cdeeay are parameteriza- 

tion dependent quantities, but the combination Cmlxing if- Cdeeay 
is parameterization independent. This is CP violation due to 

the interference between decays with and without mixing. Note 
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that a single measurement of sin(2r yields four ambiguous 

solutions for r 

When more than one amplitude with different weak phases 

contribute to a decay to a CP eigenstate there can also be direct 

the triangle is the point p, 7/, where these parameters are defined 

by the Wolfensteia parameterization of the CKM matrix [11]. 

If 7/= 0, the CKM matrix is real and there is no CP violation 

in the Standard Model. 

CP violation effects lay = (q/p)P(f)l # 1 and the asymmetry 

takes the more complicated form 

al(t ) = (IA/I 2 - 1) cos(AMt) + 2ImAy sin(AMt) (15) 

(1 + IAsl 2) 

The quantity A s involves the ratio of the two amplitudes that 

contribute to A s as well as their relative strong phases and 

hence introduces the uncertainties of hadronic physics into the 

relationship between the measured asymmetry and the K-M 

phases. However in certain cases such channels can be useful in 

resolving the ambiguities mentioned above. If cos(20) can be 

measured as well as sin(0) only a two-fold ambiguity remains. 

This can be resolved only by knowledge of the sign of certain 

strong phase shifts [8]. 

When a B meson decays to a CP self-conjugate set of 

quarks the final state is in general a mixture of CP even 

and CP odd states, which contribute opposite sign and hence 

partially canceling asymmetries. In two special cases, namely 

the decay to two spin zero particles, or one spin zero and one 

non-zero spin particle there is a unique CP eigenvalue because 

there is only one possible relative angular momentum between 

the two final state particles. Quasi-two-body modes involving 

two particles with non-zero spin can sometimes be resolved into 

§ V~d - V~b V~d 

\ 
, V ' r " - ~ V ~ b  V~a , , ,  

-V~bV~a ~ $ ~  ~ V~bV~d~-,~r \ -  
. ) 

- Vcb Vcd 
F i g u r e  1: Angles of the unitarity triangle are 
related to the Kobayashi-Maskawa phases of the 
CKM matrix. The right-hand rule gives the pos- 
itive direction of the angle between two vectors. 
This figure was reproduced from Ref. 1 with 
permission from Cambridge University Press. 

The angles of the triangle are 

01 : - arg ( - - V ; b V ,  d ]  : 
k - v : , v ~ )  ' 

\ -v~% Ga ) ' 

r : arg k_U,b y-----~d ] = 7 .  (17) 

contributions of definite CP by angular analysis of the decays 

of the "final-state" particles [9]. 

There can also be a direct CP violation in these channels 

from the interference of two contributions to the same decay 

amplitude, [p(f)[ # 1. This introduces dependence on the rela- 

tive strengths of the two amplitude contributions and on their 

relative strong phases. Since these cannot be reliably calculated 

at present, this complicates the attempt to relate the measured 

asymmetry to the phases of CKM matrix elements. 

Standard Model predictions for  CP-violat ing asymme- 

tries 

�9 Unitarity Triangles 

The requirement that the CKM matrix be unitary leads 

to a number of relationships among its entries. The constraints 

that the product of row i with the complex conjugate of row j is 

zero are generically referred to as "unitarity triangles" because 

they each take the form of a sum of three complex numbers 

equal to zero and hence can he represented by triangles in 

the complex plane. There are six such relationships, (see for 

example Ref. 10); the most commonly studied is that with all 

angles of the same order of magnitude, given by the relationship 

V~dV:b + V~aVs + Y~aVt*b = O. (16) 

This relation can be represented as a triangle on the complex 

plane, as shown in Fig. 1, where the signs of all three angles are 

also defined. When the sides are scaled by [VcaVc~ l, the apex of 

Two naming conventions for these angles are commonly used 

in the literature [12,13]; we provide the translation dictionary 

in Eq. (17), but use the r notation in the remainder of this 

review, where r is the angle opposite the side V~V/d of the 

unitarity triangle and i represents the i-th up-type quark. As 

defined here, for consistency with the measured value of eK, 

these angles are all positive in the Standard Model, thus a 

determination of the sign of these angles constitutes a test of 

the Standard Model [14]. 

There are two other independent angles of the Standard 

Model which appear in other triangles. These are denoted 

x = arg \~) = g~ 

(-my.. 
X' : arg \ V ~ d c s  ) ,  V, = - f ig  �9 (18) 

Again there are two naming conventions in common usage so we 

give both. These angles are of order A 2 and A 4 respectively [15], 

where A = Vus. The first of them is the phase of the Bs mixing 

and thus is in principle measurable, though it will not be easy 

to achieve a result significantly different from zero for such a 

small angle. The angle X r will be even more difficult to measure. 

Meaningful standard model tests can be defined which use the 

measured value of A coupled with X and any two of the three 

r [16]. 
A major aim of CP-violation studies of B decays is to make 

enough independent measurements of the sides and angles that 
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this unitarity triangle is overdetermined, and thereby check the 

validity of the Standard Model predictions that relate various 

measurements to aspects of this triangle. Constraints can be 

made on the basis of present data on the B-meson mixing and 

lifetime, and on the ratio of charmless decays to decays with 

charm (Vub/Vcb), and on e in K decays [17]. These constraints 

have been discussed in many places in the literature; for a 

recent summary of the measurements involved, see Ref. [18]. 

Note, however, that any given "Standard Model allowed range" 

cannot be interpreted as a statistically-based error range. The 

ranges of allowed values depend on matrix element estimates. 

Improved methods to calculate such quantities, and understand 

the uncertainties in them, are needed to further sharpen tests 

of the Standard Model. Recent progress in lattice simulation 

using dynamical fermions seems encouraging [19]. It can be 

hoped that reliable computations of fB ,  BB,  and B K  will be 

completed in the next few years. This will reduce the theoretical 

uncertainties in the relationships between measured mixing 

effects and the magnitudes of CKM parameters. 

In the Standard Model there are only two independent phases 

in this triangle since, by definition, the three angles add up to 

7r. The literature often discusses tests of whether the angles add 

up to ~r; but this really means tests of whether relationships 

between different measurements, predicted in terms of the two 

independent parameters in the Standard Model, hold true. For 

example, many models that go beyond the Standard Model 

predict an additional contribution to the mixing matrix. Any 

change in phase of M12 will change the measured asymmetries so 

that r (measured) ~ r  Chew and r (measured) ~ r + r . . . .  

Thus the requirement that the sum of the three angles must 

add up to r is not sensitive to Cnew [20]. However, the angles 

as determined from the sides of the triangle would, in general, 

no longer coincide with those measured from asymmetries. It 

is equally important to check the asymmetries in channels for 

which the Standard model predicts very small or vanishing 

asymmetries. A new mixing contribution which changes the 

phase of M12 will generate significant asymmetries in such 

channels. In the Standard Model the CKM matrix must be 

unitary, this leads to relationships among its entries. 

�9 S t a n d a r d  M o d e l  decay  a m p l i t u d e s  

In the Standard Model, there are two classes of quark- 

level diagrams that contribute to hadronic B decays, as shown 

in Fig. 2. Tree diagrams are those where the W produces 

an additional quark-antiquark pair. Penguin diagrams are loop 

diagrams where the W reconnects to the same quark line. 

Penguin diagrams can further be classified by the nature of 

the particle emitted from the loop: gluonic or QCD penguins 

if it is a gluon, and electroweak penguins if it is a photon or 

a Z boson. In addition, one can label penguin diagrams by 

the flavor of the up-type quark in the loop; for any process 

all three flavor types contribute. For some processes, there are 

additional annihilation-type diagrams; these always contribute 

to the same CKM structure as the corresponding trees. For a 
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detailed discussion of the status of calculations based on these 

diagrams, or rather on the more complete operator product 

approach which also includes higher order QCD corrections see, 

for example, Ref. 21. Note that the distinction between tree 

and penguin contributions is a heuristic one, the separation of 

contributions by the operator that enters is more precise. 

(a) 

/ 
C 

gluon r 

W 

Figu re  2: Quark level processes for the exam- 
ple of b ~ ces. (a) Tree diagram; (b) Penguin 
diagram, l[n the case of electroweak penguin 
contributions, the gluon is replaced by a Z or a 
3'. 

To explore possible C P  violations, it is useful to tabulate all 

possible decays by the CKM structure of the various amplitudes. 

Let us first consider decays b ~ q~'s. The CKM factors for the 

diagrams for such decays are given in Table 1. Here we have 

used the fact that, for all such decays, the contribution to the 

amplitude from penguin graphs has the structure 

Ap(q~s)  = VtbVt*sPt + VcbVc*sP c + VubY:sP u , (19) 

where the Pi quantities are the amplitudes described by the loop 

diagram with a flavor i quark apart from the explicitly shown 

CKM factor (i.e., including strong phases). These are actually 

divergent quantities, so it is convenient to use a Standard Model 

unitarity relationship, VtbVt* s + VcbVc* 8 + VubV* s = O, to regroup 

them in the following way 

Ap(q~s)  = VcbVc* (Pc - Pt) + VubV~*s(Pu - Pt) , (20) 

or, equivalently, 

Ap(q~s) = ~W~;(P, - P c )  + V .W~s(Pu - Pc) �9 (21) 

The first term is of order A 2, whereas the second is of 

order A 4, and can be ignored in most instances. For modes with 

q' r q, there are no penguin contributions. Note also that  for 

the q~/= u~, dd cases, the QCD penguin graphs contribute only 

to the isospin zero c0mbinations, whereas tree graphs contribute 
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only for u~ and hence have both A I  = 0 and AI  ----- i parts, as 

do electroweak penguins. 

The CKM coefficients for b ---* q~ td  are listed in Table 2. A 

similar exercise to that  described above for the penguins yields 

A p ( q ~ d )  = VtbVt*g(Pt - P c )  + VubV~*d(Pu - Pc) �9 (22) 

Here the two CKM contributions are of the same order of 

magnitude A3, so both must be considered. This grouping is 

generally preferred over the alternative, because the second 

term here is somewhat smaller than the first term; it has 

no top-quark contribution and would vanish if the up and 

charm quarks were degenerate. In early literature it was often 

dropped, but, particularly for modes where there is no tree 

contribution, its effect in generating direct C P  violation may 

be important [22]. Here the q~ = u~, dd cases in the penguin 

graph contribute only to the isospin zero combinations, yielding 

A I  ~- 1/2 for the three-quark combination, whereas tree graphs 

and electroweak penguins have both AI  = 1/2 and AI  = 3/2 

parts. For q~ = c~, isospin does not distinguish between tree 

and penguin contributions. 

M o d e s  w i t h  d i r e c t  C P  v i o l a t i o n  

The largest direct C P  violation is expected when there are 

two comparable magnitude contributions with different weak 

phases. Modes where the tree graphs are Cabibbo suppressed, 

compared to the penguins or modes with two comparable 

penguin contributions, are thus the best candidates. As can be 

seen from the tables and expressions for penguin contributions 

above, there are many possible modes to study. Because strong 

phases cannot usually be predicted, there is no clean prediction 

as to which modes will show the largest direct CP-violation 

effects. One interesting suggestion is to study three-body modes 

with more than one resonance in the same kinematic region. 

Then the different amplitudes can have very different, possibly 

known, strong phase structure because of the resonance (Breit- 

Wigner) phases [23]. 

Over the past two years, new information has become avail  

able from the CLEO Collaboration which suggests that  penguin 

contributions, at least for some modes, are larger than initial 

estimates suggested. This is seen by using SU(3) and com- 

paring B ---* K~r and B ---* ~rTr decays. To get an order of 

Table  1: B ---* q~s decay modes 

Quark Sample B d Sample Ba 
process Leading term Secondary term B d modes angle Bs modes angle 

b ~ c~s VcbV*s = AA 2 VubV~s = AA4(p - iT) J/~b K s  /3 J/~b~ 0 

tree + penguin(c - t) penguin only(u - t) DsD, 

b ~ s~s VcbV~ = AA 2 VubV* s = AA4(p - i~) r K S  fl r 0 

penguin only(e - t) penguin only(u - t) 

b --, u~s VebV* = AA 2 VubV* ~ = AAi(p - i~?) ~r 0 K S competing Cr ~ competing 
b --* dds penguin only(c - t) tree + penguiu(u - t) p K s terms K s - K s  terms 

Table  2: B ~ q~d  decay modes 

Quark Sample B d Sample B, 
process Leading term Secondary term B a modes angle B8 modes angle 

b ~ c~d VcbV*d = - A A  3 VtbVt* d = A~3(1 - p + i71) D + D  - *~ J / ~  K s *fls 

tree + peuguin(c - u) penguin only(t - u) 

b ---* s~d VtbVt* d = AA3(1 - p + iT) VcbV* d = AA a Cr competing C K  S competing 
penguin only(t - u) penguin only(c - u)  K s - K  s terms terms 

b ---* u~d VubV* d = A)~3(p - iT) VtbVt* d = AA3(1 - p + i~l) ~rr; 7rp *c~ lrOKs competing 
b ---, d-dd tree + penguin(u - c) penguin only(t - c) 7r al p ~  s terms 

b --~ c~d VcbV*d = AA 2 0 D~ ~ D ~  ~ /3 D ~  0 

I ~l~ C P  eigenstate L C P  eigenstate 

*Leading terms only, large secondary terms shift asymmetry. 
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magnitude picture, we ignore such details as Clebsch-Gordan 
coefficients and assume that top penguins dominate the penguin 

contributions. Thus, we identify the tree and penguin contribu- 
tions, minus their CKM coefficients, as T and P, the same for 

both modes. Writing AT,p(KTr) for the tree and penguin con- 
tributions to the Krr amplitude, and similarly for 7rTr from the 
Tables, we see that IAT(KTr)/AT(Trrr)I = O(A). Thus, if the tree 

graph matrix elements were to dominate both decays, we would 

expect Br(B --4 gTr) /Br(B ---* rrTr) ~ O(A2). Naively, this was 
expected, since the ratio of tree to penguin contribution was 

estimated to be P aS l m2 = ~ og~-~.? ~ 0(0.02). Experimentally, 
" " o  

this is not so [24]; in fact, the KTr branching ratio is larger. 
This indicates that AP(KTr) ,,~ AT(TrTr), which suggests that 
P 

= O(A) or larger, considerably bigger than expected. Note 

that this is one way that new physics could be hidden in modes 

with IP(f)I ~ 1; any new physics contribution can always be 
written as a sum of two terms with the weak phases of the 

two Standard Model terms (for example in Eq. (22)), and thus, 
when added to the Standard Model contributions, appears only 

as a change in the sizes of P and T from that expected in the 
Standard Model. However, we cannot calculate these relative 
sizes well enough to identify such an effect with confidence. 

From the point of view of looking for direct CP-violation 

effects, a large P I T  is good news. The largest asymmetry 
is expected when the interfering amplitudes have comparable 

magnitudes. This may be so in B --* KTr decay (or the penguin 

contribution may even be larger than the tree). There is no rea- 
son for the strong phases to be equal (although they could both 
be small). Therefore, B + --* K + r  is a likely hunting ground 

for direct C P  violation. (Note there is no gluonic penguin con- 
tribution to charged B --* 7rTr, and hence, no significant C P  

violation expected in the Standard Model.) However, as we will 
see below, a large P I T  complicates the relationship between 

the measured asymmetry in neutral B decays to r+Tr - and 
KM phases. 

Studies  o f  C P  e igens ta tes  

�9 f = J / r  
The asymmetry in the Golden Mode B ~ J / r  [25] will 

be measured soon. Since, using Eq. (20), the dominant penguin 

contribution has the same weak phase as the tree graph, and the 
remaining term is tiny, there is effectively only one weak phase in 

the decay amplitude. Hence, in the asymmetry, all dependence 
on the amplitudes cancel. With about 1% uncertainty, 

q~(J/~bKs) ~- Vt*bVtd �9 VcbV~s �9 VcsV~d - e -2ir , (23) 

�9 B o ~ 7r+Tr - 

The tree and penguin terms appear at the same order in 
A (see Eq. (22) and Table 2.) If penguin decays were negligible 
the asymmetry would directly measure sin(2r Given the 
enhanced penguin contribution seen from comparing rTr and 
KTr decays, the penguins cannot be ignored, and a treatment 
that does not assume IP(f)l = 1 must be made. 

If all six modes of B + --* 7r+Tr ~ B ~ --* 7r+Tr - ,  B ~ ~ 7r~ ~ 
and their charge conjugates can be measured with sufficient 
accuracy, r can be extracted using an isospin analysis [26], up 
to small corrections from electroweak penguins. However, the 
branching ratio for the charged modes is less than 10 -5 [24], and 
that for the more difficult to measure B ~ ~ 7r~ ~ is expected to 
be even smaller. Therefore, further ingenuity is needed to get 
at this angle cleanly. A future possibility is to study the Dalitz 
plot of B ~ 37r decays [27]. 

Fur the r  M e a s u r e m e n t s  
As Tables 1 and 2 suggest there are many more CP-  

eigenstate modes that are interesting to study, both for Bd and 
similarly for Bs decays. The latter states are not accessible for 
the B factories operating at the T(4S) resonance, but may be 
studied at hadronic colliders. The CDF result on the asymmetry 
in the J / r  mode is an indication of the capabilities of 
such facilities for B physics [29]. Upgrades of the Fermilab 
detectors are in progress and proposals for new detectors with 
the capability to achieve fast triggers for a larger variety of 
purely hadronic modes are under development, promising some 
future improvement in this capability. 

In addition to CP-eigenstate modes there are many addi- 
tional modes for which particular studies have been proposed, 
in particular those focussed on extracting r (7). Modes such as 
D K ,  DK*  and D*K where the D mesons decay to C P  eigen- 
states provide theoretically clean extraction of this parameter 
but have small branching ratios [30]. Other approaches involve 
the more copious KTr modes but rely on the use of isospin 
and SU(3) (U-spin) symmetries, so have larger theoretical un- 
certainties [31]. This is an active area of current theoretical 
work. 

For a recent review of how predictions for CP-violat ing 
effects are affected by Beyond Standard Model effects see 
Ref. 28. There are also many ways to search for new physics 
effects in B decays that do not involve just the CP-violat ion 
effects. For example searches for isospin breaking effects in KTr 
modes have recently been suggested as a likely method to isolate 
such effects [32]. 
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1. Much of what is presented is explained in further detail 
P ~tbVt=d Vc*bVcs Vc*sVa d --  

where the last factor arises from the K ~  ~ mixing ampli- 
tude and appears because of the KS in the final state. The 

asymmetry is thus given by 

aJ/~K s - ~  sin(2r sin A M t  , (24) 

where the angle r is defined in Fig. 1. Given current constraints 
a large positive value for sin(2r will be strongly suggestive 

that the KM ansatz for C P  violation is at least one of the 
sources of this interesting phenomenon. 
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CP VIOLATION PARAMETERS 

Re(~eo)/(l+leao I =) 
CP Impurity in B 0 system. It is obtained from either a l l ,  the charge asymmetry in 

like-sign dilepton events or acp, the time-dependent asymmetry of  inclusive B 0 and 

~0  decays. 

VALUE DOCUMENT/D TEEN COMMENT 
0.0024-0.007 OUR AVERAGE 
0 .001•  342ABBIENDI  99J OPAL e + e  - ~ Z I 
0 .002•177  343 AEKERSTAFF 97u OPAL e + e -  ~ Z 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<0.045 344 BARTELT  93 CLE2 e + e -  ~ T ( 4 5 )  

342Data analyzed using the time-dependent asymmetry of  inclusive B 0 decay�9 The pro- I 
duct• flavor of  B 0 mesons is determined using both the jet charge and the charge of I 
secondary vertex in the opposite hemisphere. 

343 ACKERSTAFF 97u assumes CPT and is based on measuring the charge asymmetry in a 
sample of B 0 decays defined by lepton and Qhem tags. If CPT is not invoked, Re(eB) = 
- 0 . 0 0 6  • 0.010 • 0.006 is found. The indirect CPTv io la t ion  parameter is determined 
to Im(6B}  = - 0 . 0 2 0  • 0.016 • 0.006. 

344BARTELT 93 finds ar t  = 0�9 • 0.096 • 0.032 which corresponds to laltl < 018, 
I 2 which y'elds the above IRe({BO)/(Z+I~Bo I I" 

sln(2~) 
For a discussion of CP violation, see the note on "CP Violation in B Decay Standard 
Model Predictions" in the B 0 Particle Listings above, sin(2~3) is a measure of the 
CP-violating amplitude in the B 0 ~ J / r  KO 5. 

VALUE DOCUMENT /D TEEN COMMENT 
0.9 4-0.4 OUR AVERAGE 

0 7 ~+0 '41  345 AFFOLDER 00C CDF p ~  at 1.8 TeV I �9 " -  0.44 

3.2 +1 .8  •  346ACKERSTAFF 98z OPAL e + e  - ~ Z I - 2 . 0  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1,8 • • 347ABE 98U CDF Reph by AF- I 
FOLDER 00c 

345AFFOLDER 00c uses about 400 B 0 ~ J/@(1S)K 0 events. The production flavor of I 
B 0 was determined using three tagging algorithms: a same-side tag, a jet-charge tag, I 
and a soft-lepton tag. 

346ACKERSTAFF 98z uses 24 candidates for BO d ~ J / r  0 decay. A combination I 

of jet-charge and vertex-charge techniques were used to tag the B O production flavor. I 

347ABE 98u uses 198 • 17 BO d ~ J / r  O events. The production flavor of  B 0 was I 
determined using the same side tagging technique. 

B 0 --~ D * - t + u t  FORM FACTORS 
R 1 (form factor ratio ~ V/A1)  

VALUE DOCUMENT ID TEEN COMMENT 

1.184-0.30=E0.12 DUBOSCQ 96 CLE2 e + e - ~  T(4S} 

R 2 (form factor ratio ~ A2/A1)  
VALUE DOCUMENT ID TEEN COMMENT 

0.71:EO.22:::EO.O"/ DUBOSCQ 96 CLE2 e + e - ~  T(4S)  

p2 [  (form factor slope) 

VALUE DOEUMENT ID TEEN COMMENT 

0.91:1:0.15:E0.06 DUBOSCQ 96 CLE2 e + e  - ~ T ( 4 5 )  
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I B• ADMIXTURE I 

B DECAY MODES 

The branching fraction measurements are for an admixture of B mesons at 
the "/ ' (45). The values quoted assume that  B ( T ( 4 $ )  ~ B B )  = 100%. 

For inclusive branching fractions, e.g., B ~ D •  the t reatment  
of mul t ip le D 's  in the f inal state must be defined, One possiblity would be 
to count the number of events w i th  one or-more D's and divide by the total  
number of B's. Another possibility would be to count  the tota l  number  of 
D's and divide by the total  number of B's, which is the definit ion of average 
mult ipl icity. The two definit ions are identical when only one of the specified 
particles is allowed in the final state. Even though the "one-or-more" 
definition seems sensible, for practical reasons inclusive branching fractions 
are almost always measured using the mul t ip l ic i ty  definit ion. For heavy 
f inal state particles, authors cal l  thei r  results inclusive branching fractions 
while for l ight particles some authors call their  results mult ipl ici t ies. In the 
B sections, we list all results as inclusive branching fractions, adopting a 
mul t ip l ic i ty  definit ion. This means tha t  inclusive branching fractions can 
exceed 100% and tha t  inclusive partial widths can exceed tota l  widths. 
jus t  as inclusive cross sections can exceed tota l  cross sections. 

modes are charge conjugates of the modes below. Reactions indicate 
the weak decay vertex and do not include mixing. 

Scale factor /  
Mode Fraction (Fi/F) Confidence level 

r l  

r 2  

Fs 

F4 

F5 

F6 

F7 

F8 

F9 

F lU  

F1] 

F12 

F13 

F14 

F15 

F16 

r 1 7  

r i g  

F19 

i-2o 

Semileptonic and leptonic modes 
B - ,  e+veanything Eat ( 10.41• 

B ~ ~e+veanything < 1.6 xlO -3  
B --, #+v#anything Eat ( 10.3 • )% 
B --, ~+vlanything [a,b] (10.45• % 

B -~ D-e+vlanything [b] ( 2.7 • )% 
B - ~  D~163 [b] ( 7.0 • )% 
B --* D* - t+v lany th ing  
B -~ D*~ 
B ~ -D**t+~t [~,c] 2.7 • )% 

B -~ D l ( 2 4 2 0 ) t + v l a n y  - 7.4 +1 .6  ) x 10 - 3  
thing 

B -~ D~l+vtanything + 2.3 -i-o.4 ) % 
D* 7r ~+ v lanything 

B -~ D~(2460)t+vtany - < 6.5 x 10 -3  
thing" 

B - *  D* -~r+~+utany - ( 1.00• 
thing 

B -~ D s t + v t a n y t h i n g  [b] < 9 x 10 - 3  

B-~  D~s [b]< 6 xlO -3  
B -~ D~t+vtK~ [b] < 9 x lO -3  

B -~ t + ulnoncharmed [b] 
B - ~  K+l+v/anything [b] ( 6.0 • )% 
B -~ K - l + v t a n y t h i n g  [b] ( 10 ::E4 ) x ]o - 3  

B-~ K~176 [b] ( 4,4 •  )% 

S=1.2 

CL=90% 

CL=95% 

CL=90% 

C L = 9 0 %  

CL=90% 
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Meson Particle Listings 
B• ~ ADMIXTURE 

D, ~ ' ,  or  D s modes 
B -~ D - a n y t h i n g  24.1 
B --* D ~ 1 7 6  63.5 
B 22.7 
B 26.0 
B [dI 10.0 

B [d,e] 7.1 

b ( 22 
B [d,e] ( 4.9 
B [dl < 5.9 
B [d] < 5.5 
B gall < 3.1 

B [d,e] ( 9 

B -~ D * ( 2 0 1 0 ) 7  < 1.1 
B - ~  D + l r - ,  D ;  + ~ - ,  D + p - ,  [ d ]<  S 

D*s+ p - ,  + o D s ~r , D*5 + ~ ~  

D + ~/, O ; +  ,i, Os+ pO, 

D*s+pO, D s+~), D*s+~ 
F35 B --* Ds l (2536)+any th ing  < 9.5 x 10 - 3  

Charmonium modes 
F36 B -~ J /~ (1S)any th ing  ( 1.154-0.06)% 
r37 B -~ J/~b(1S)(direct) any- ( 8.0 4-0.8 ) x 10 - 3  

th ing 

r21 

F22 
F23 --~ D* (2010)4- anything 
F24 --~ D* (2007)0 anything 
r25 ---, D ~  anything 

r26 -~ D ( * ) D ( * ) K  0 + 
D ( * ) D ( * )  K- -  

F27 -~ C~S 
F28 ---, D s ( * ) ~ ( * )  
r29 -~ D* D*(2010)  • 
r30 --* D D * ( 2 0 1 0 ) •  + D * D "  
r31 -~ D D "  

r32 -~ D s ( * ) ' ~ ( * ) X ( n T r "  ) 

F33 
F34 

,,1.9 )% 
• ) % 
�9 .1.0 )% 
--2.7 ) % 
--2.5 ) % 

+2.7 ) % 
--1.7 

�9 - 4  )% 
,,1.3 )% 

x 10 - 3  
x 10 - 3  
x I0 -3 

x I0 - 3  

x 10 -4 

S=1.1 

CL=90% 
CL=90% 
CL=90% 

CL=90% 
CL=90% 

CL=90% 

r76 

F77 
F78 
F79 
rso 
r81 
r82 
F83 
rB4 
F05 
FB6 

F87 
F88 
rB9 

B -~ - + a n y t h i n g  4.5 +1.3 -1.2 ) x 10 - 4  

x B ( "  + -~ - - -~ r+~r  + )  

B - *  p / ~ a n y t h i n g  [d] 8.0 • )% 
B --~ p / ~ ( d i r e c t )  anything [d] 5.5 --0.5 )% 
B --~ A / A a n y t h i n g  [d] 4.0 • )% 
B ~ Aanyth ing 
B ~ Aanyth ing 
B --* - - - / ~ + a n y t h i n g  [d] 2.7 • ) • 10 - 3  
B --* baryons anything 6.8 --0.6 ) % 
B --* p~any th ing  2.474-0.23) % 
B --* A ~ / A p a n y t h i n g  [d] 2.5 • )% 
B --~ AAany th ing  < 5 x 10 - 3  CL=90% 

Lepton Family number (LF)  violat ing modes or 
A B  = 1 weak neutral current (B1)  modes 

B -4 e + e -  5 01 < 5.7 x I0 -5 CL=90% 
B -~ p .+p, -$  B1 < 5.8 x 10 - 5  CL=90% 
B --, e •  LF < 2.2 x 10 - 5  CL=90% 

[a] These values are model dependent. See 'Note on Semileptonic Decays' 
in the B + Particle Listings, 

[b] An t indicates an e or a/~ mode, not a sum over these modes. 

[c] D**  stands for the sum of the O(1 1p1), D ( I  3Po), D(1 3p1), D ( I  3p2), 
D(2 150), and D(2 151) resonances. 

[d] The value is for the sum of the charge states or part icle/antipart icle 
states indicated. 

F38 B -~ ~b(25)anything ( 3.5 
r39 B --* Xc l (1P)any th ing  ( 4.2 
r40 B -~ Xc l ( IP ) (d i r ec t )  any- ( 3.7 

th ing 
F41 B -~ Xc2(1P)anything < 3.8 
r42 B --~ ~/c(15)anything < 9 

K or K* modes 
F43 B -~ K +any th ing  [d] 
F44 B --* K + a n y t h i n g  
r45 B -~ K - a n y t h i n g  
r46 B --* K ~ 1 7 6  [d] 
F47 B -~ K * ( 8 9 2 ) ' a n y t h i n g  
r48 B -~ K* (892 )~  - [d] 

th ing 
1-49 B -~ K * ( 8 9 2 ) 7  
r50 B -~ K1(1400)7  < 4.1 
F51 B --~ K~(1430)7 < 8.3 
F52 B --* K2(1770)7 < 1.2 

F53 B - *  K~(1780)3 '  < 3.0 
F54 B -~ K,~(2045)7 < 1.o 

F55 B- -~  b - - *  57 ( 2.3 • 
F56 B --~ b --~ ~gluon < 6.8 
r57 B -~ qanyth ing < 4.4 

F58 B - ~  r /any th ing  ( 6.2 _+2[~ 

Ught unflavored meson modes 
Fs9 B -~ 7r" anything [d,f] (358 --7 
F60 B -* 7/anything ( 17.6 ..1.6 
F61 B ~ pO anything ( 21 --5 
F62 B ~ w anything < 01 
F63 B -~ @ anything ( 3.5 • 
F64 B -~ ~ K * ( 8 9 2 )  < 2.2 

Baryon modes 
res B - *  Ac~anything ( 6.4 4-1.1 

F66 B ~ A+any th ing  

F67 B -~ Acany th ing  

FoB B ~ A c e + a n y t h i n g  

F69 B --* A c P a n y t h i n g  

rTo B -~ A~ pe+ ue 
F71 B --~ ~ ' - a n y t h i n g  

F72 B ~ - a n y t h i n g  

r73 B Z r~_anyth ing 
r?4 B - ~  ~ _ _ ~ N ( N = p o r n )  
r?s B --, --~.anything 

x B ( - 0 c - ~  - - - T r  + )  

�9 -0 .5  ) x 10 - 3  
�9 -0 .7  ) x 10 - 3  
4-0.7 ) x 10 - 3  

78.9 • )% 
66 --5 ) % 
13 4-4 ) % 
64 4-4 ) % 
18 4-6 ) % 
14.6 4-2.6 ) % 

< 3.2 

( 3.6 - -02 

< 1.5 
( 4.2 --2.4 

< 9.6 
( 4.6 • 

< 1.5 
( 1.4 •  

x 10 - 3  
x 10 - 3  

x 10 -4 

x 10 -4 

x 10 -3 

x I0 -3 

x 10 -3 

) x 10 - 4  
% 

• 10 - 4  

) • 10 - 4  

)% 
)% 
)% 

% 

),/o 
x I0 -5 

x 10 -3 
% 

• 10-3 

• 10 - 3  

x 10 - 3  

x 10 - 3  
x 10 -3 
x 10 -4 

CL=90% 
CL=90% 

CL=90% 
CL=90% 

CL=90% 
CL=90% 

CL=90% 

CL-90% 
CL=90% 

CL=90% 
S=1.8 

CL=90% 

CL=90% 

CL=90% 

CL:90% 

CL-90% 

[e] D(* )D(* )  stands for the sum of D ' D * ,  D*  D, D D * ,  and D D .  

[ f ]  Inclusive branching fractions have a mult ipl ici ty definit ion and can be 
greater than 100%. 

B• ~ ADMIXTURE BRANCHING RATIOS 

r ( L  H" v t  a n y t h i n g ) / r t ~ l  r 4 / r  
These branching fraction values are model dependent. See the note on "Semileptonic 
Decays of B Mesons at the beginning of the B + Particle Listings. 

VALUE DOCUMENT ID TECN COMMENT 
0.1045-k0.0021 OUR AVERAGE Includes data from the 2 datablocks that follow this 

one. 
0.108 • 4-0.0056 1 HENDERSON 92 CLEO e - -e -  ~ T(45) 

1 HENDERSON 92 measurement employs e and #. The systematic error contains 0.004 in 
quadrature from model dependence. The authors average a variation of the Isgur, Scora, 
Grinstein, and Wise model with that of the ARarelli-Cabibbo-Corb~-Maiani-Martinelli 
model for semileptonic decays to correct the acceptance. 

r ( e  + ve anything)/rtotal r l / r  
These branching fraction values are model dependent. See the note on "Semileptonic 
Decays of B Mesons at the beginning of the B + Particle Listings. 

VALUE DOCUMENT ID TECN COMMENT 
The data in this block is included in the average printed for a previous datablock. 

0.1041-1"0.0029 OUR AVERAGE Error includes scale factor of 1.2. 
0.1049•177 2 BARISH 96B CLE2 e L e -  ~ T(4S) 
0.097 -I-0.005 • 3 ALBRECHT 93H ARG e L e -  ~ T(45) 
0.100 • --0.003 4yANAGISAWA 91 CSB2 e+e - ~ T(45) 
0.103 • --0.002 5 ALBRECHT 90H ARG e + e -  ~ T(4S) 
0.117 • ..0.010 6WACHS 89 CBAL Direct e at T(45) 
0.120:50.007 • CHEN 84 CLEO Direct e at T(45) 
�9 �9 �9 We do not use the following data for averages, fits. limits, etc. * �9 * 
0.132 ,,0.00B ..0.014 7 KLOPFEN... 83B CUSB Direct e at T(45) 

2 BARISH 96B analysis performed using tagged semileptonic decays of the B. This tech- 
nique is almost model independent for the lepton branching ratio. 

3ALBRECHT 93H analysis performed using tagged semileptonic decays of the B. This 
technique is almost model independent for the lepton branching ratio. 

4yANAGISAWA 91 also measures an average semileptonic branching ratio at the T(55) 
of 9.6-10.5% depending on assumptions about the relative production of different B 
meson species. 

5ALBRECHT 90H UseS the model of ALTARELLI 82 to correct over all lepton momenta. 
0.099 ,, 0.006 is obtained using ISGUR 89B. 

6Using data above p(e) = 2.4 GeV, WACHS 89 determine ~r(B ~ evup)/E(B 
evcharm) < 0.065 at 90% CL. 

7Ratio ~(b ~ evup)/~(b ~ eucharm) <0.055 at CL = 90%. 

r ( #  + v .  anything)/rtotal ra/r 
T~'ese branching fraction values are model dependent. See the note on "Semileptonic 
Decays of B Mesons at the beginning of the B + Particle Listings. 

VALUE DOCUMENT/D TECN COMMENT 
The data in this block is included in the average printed for a previous datablock. 

0.105• OUR AVERAGE 
0.1004-0.0064-0.002 8ALBRECHT 90H ARG e - e -  ~ T(4S) 
0.108,,0.006,,0.01 CHEN 84 CLEO Direct # at T(4S) 
0.112• LEVMAN 84 CUSB Direct # at T(45) 

8ALBRECHT 90H uses the model of ALTARELLI 82 to correct over all lepton momenta. 
0.097 4- 0.006 is obtained using ISGUR 89B. 



See key on pace 239 

r (i~e+ ~e anything)/r=~ r2/r 
VALUE CL% DOCUMENT ID TECN COMMENT 

<0.0016 90 ALBRECHT 90H ARG e + e  - ~ T(4S)  

r(D-t+ ~, anythi.g)/r(t+ ~, =.ything) rdr4 
t = eor /~ .  

VALUE DOCUMENT ID TECN COMMENT 

0-~4"0.074"0-04 9 F U L T O N  91 CLEO e + e  - ~ 77(45) 

9 FULTON 91 uses B(D + ~ K -  ~T + ~ + )  = (9.1 4-1.3 4. 0.4)% as measured by M A R K  III. 

r ~ t + .t anything) if(t+ ~t anything) rg/r4 
t =  e o r # .  

VALUE DOCUMENT ID TEEN COMMENT 

0.67~0.09"1"0.10 10FULTON 91 CLEO e + e - - ~  T (45 )  

10FULTON 91 uses B(D 0 ~ K - w  -F) = 44.2 4- 0.4 4- 0.4)% as measured by M A R K I I I .  

r ( D * - t  ~" ulanything)/r~,, rdr  
VALUE {units 10 -2) DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0.64-0.34-0.1 11 BARISH 95 CLE2 e + e  - ~ T(4S)  

11 BARISH 95 use B (D  0 ~ K -  ~ + )  = (3.91 ~: 0.08 4- 0.17)% and B(D * +  ~ D0~r + )  
= (68.1 4- 1.0 4. 1.3)%. 

r (D*~ t+ vl anything) / rtotal r0/r 
VALUE (units 10 -2 )  DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.64.0.64-0.1 12BARISH 95 CLE2 e + e  - ~ 77(45) 

t 2 B A R I S H  95 use B (D  0 ~ K - T r  + )  = (3.91 4- 0.08 4. 0.17)%, B (D  * +  ~ D 0 ~  + )  - 
(68.1 4. 1.0 4. 1.3)%, B (D  *0 ~ O0~r 0) = (63.6 4- 2.3 4- 3.3)%. 

r CE~" t+.~)/r~= r, /r  
P * *  stands for the sum of the D(1 1P1), D(1 3Po), /3(1 391), D(1 3P2), D42 150), 

and s 151) resonances, t = e or p, not sum over e and/~ modes. 
VALUE ~ EVTS DOCUMENT tO TECN COMMENT 

0.027:E0.005~0.006 63 13 ALBRECHT 93 ARG e + e -  
T (4S)  

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.028 95 14 BARISH 95 CLE2 e + e -  
77(4S) 

13ALBRF:CHT 93 assumes the GISW model to correct for unseen modes. Using the B H K T  
model, the result becomes 0.023 4. 0.006 4. 0.004. Assumes B4 D * +  ~ D 0 ~  + )  = 
68.1%, B(D 0 ~ K - x - - )  = 3.65%, B (D  0 ~ K - x + ~ r - ~  + )  - 7.5%. We have 
taken their average e and ~ value. 

14BARISH 95 use B (D  0 ~ K - ~  + )  = (3.91 4- 0.08 4- 0.17)%, assume all nonresonant 
channels are zero, and use GISW model for relative abundances of D * *  states. 

F ( ' ~  1 ( 2 4 2 0 )  L H" u l a n y t h i n g ) / r t o t a  I q o / r  
VALUE DOCUMENT iD TEEN COMMENT 

0.0074-1-0.0016 15 BUSKULIC 97B ALEP e + e -  ~ Z 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 i �9 

seen 16 BUSKULIC 95s ALEP Repl. by BUSKULIC 97B 

15BUSKULIC 97B assumes B (D l (2420  ) ~ D*Tr)  = 1, B (D l (2420  ) ~ D * ~ 4 . )  = 2/3, 
and B(b ~ B)  = 0.378 4- 0.022. 

16BUSKULIC 95B reports fB x B (B  ~ D142420)01+u lany th ing)  x B(Dl (2420)O 

D * ( 2 0 1 0 ) -  7r + )  - (2.04 4. 0.58 4. 0.34)10 - 3 ,  where fB Is the production fraction for 
a single B charge state. 

[ r (D : t  + ~ anything) + r ( D ' . t +  ~, anything)]/r~a, r . / r  
VALUE DOCUMENT ID TECN COMMENT 

0.0~2~.1.0.0029-1.0.0033 17 BUSKULIC 97B ALEP e + e -  ~ Z 

17BUSKULIC 97B assumes B(b ~ B)  = 0.378 4. 0.022 and uses isospin invariance by 
assuming that all observed D O ~r + ,  D *0 ~r + ,  D + ~r - ,  and D * +  ~ -  are from D * *  states. 
A correction has been applied to account for the production of Bs0 and A0 b. 

r(-d;(24~0) t+ ~anything)/rt~,~ qz/r 
VALUE CL~ DOCUMENT ID TECN COMMENT 

<0 .00 f~  95 18 BUSKULIC 97B ALEP e + e -  ~ Z 
�9 * �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

not seen 19 BUSKULIC 95B ALEP e + e -  ~ Z 

18A revised number based on BUSKULIC 97B which assumes B(D~(2460)  ~ D*~r4-) = 
0.20 and B(b ~ B)  = 0.378 4. 0.022. 

19 BUSKULIC 95B reports fB x B(B  ~ D~(2460)Ot  + utanything) • B(D~(2460)  0 

D * ( 2 0 1 0 ) - ~  + )  < 0.81 x 10 - 3  at CL095%,  where fB is the production fraction for a 
single B charge state. 

F(D*- ~r+l+ v~ anything)/rtota! q~/r  
Includes resonant and nonresonant contributions. 

VALUE (units 10 -3  ) DOCUMENT ID TECN COMMENT 

10.0:1:2.7:J:2.1 20 BUSKULIC 95B ALEP e + e -  ~ Z 

20BUSKULtC 95B reports fB x B(B  ~ D * ( 2 0 1 0 ) - ~ + t + u ~ a n y t h i n g )  = (3.7 4. 1.0 4- 

0.7)10 - 3 .  Above value assumes fB - 0.37 4- 0.03. 
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r(D;-t  + vt anything)/rto.i q4/r  
VALUE CL% DOCUMENT ID TECN COMMENT 

<0.009 90 21 ALBRECHT 93E ARG e + e  - ~ 77(45) 

21 ALBRECHT 93E reports < 0.012 for B ( D ~  ~ ~I r  + )  = 0.027. We rescale to our best 

value B(Ds+ ~ ~ r  + )  = 0.036. 

F(D;- t + v~ K + anything)/rto~, rls/r 
VALUE CL% DOCUMENT ID TEEN COMMENT 

<0.006 90 22 ALBRECHT 93E ARG e + e -  ~ T (45 )  

2 2 A L B R E C H T  93E reports < 0.008 for B (D  + ~ ~ l r  + )  = 0.027. We rescale to our best 

value B(D + ~ q ~ + )  = 0.036. 

r (D;  t + ~l K ~ anything)/rtotal r lg/r 
VALUE CL~ DOCUMENT /D TECN COMMENT 

<0.009 90 23 ALBRECHT 93E ARG e + e -  ~ T (4S)  

2 3 A L B R E C H T  93E reports < 0.012 for B(Ds+ ~ ~ E + )  = 0.027. We rescale to our best 

value B(D + ~ <~r + )  = 0.036. 

r ( t  + v~ noncharmed)/r(L H" vl anything) rzT/r4 
t denotes e or #, not the sum. These experiments measure this ratio in very limited 
momentum intervals. 

VALUE CL% EVTS DOCUMENT ID TECN COMMENT 

24 ALBRECHT 94C ARG e + e -  ~ T445  ) 
107 25 BARTELT 93B CLE2 e + e -  ~ T (4S)  

77 26 ALBRECHT 91C ARG e + e -  ~ T (4S)  
76 27 FULTON 90 CLEO e + e -  ~ T (4S)  

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

41 28 ALBRECHT 90 ARG e + e -  ~ 77(4S) 
<0.04 90 29BEHRENDS 87 CLEO e + e - ~  77(45) 
<0.04 90 CHEN 84 CLEO Direct e at T (4S  ) 
<0.055 90 KLOPFEN...  83B CUSB Direct e at 77(4S) 

2 4 A L B R E C H T  94C find r ( b  ~ c ) / r ( b  ~ all) = 0.99 4- 0.02 + 0.04. 
2 5 B A R T E L T  938 (CLEO II) measures an excess of 107 4. 15 • 11 leptons in the lepton 

momentum interval 2.3-2.6 GeV/c which is attributed to b ~ u l v  t .  This corresponds to 

a model-dependent partial branching ratio A B u b  between (1.15 4- 0.16 4. 0.15) x 10 - 4 ,  

as evaluated using the KS model (KOERNER 88), and (1.54 4. 0.22 4. 0.20) x 10 - 4  
using the A C C M M  model (ARTUSO 93). The corresponding values of I Vub l / I  Vcb  I are 
0.056 4- 0.006 and 0.076 4. 0.008, respectively. 

26 ALBRECHT 91c result supersedes ALBRECHT 90. Two events are fully reconstructed 
providing evidence for the b ~ u transition. Using the model of  ALTARELLI  82, they 
obtain I V u b / V c b  I = 0.11 4- 0.012 from 77 leptons in the 2.3-2.6 GeV momentum range. 

27 FULTON 90 observe 76 • 20 excess e and /= (lepton) events in the momentum interval 
p = 2,4-2.6 GeV signaling the presence o f  the b ~ u transition. The average branching 
ratio, (1.8 4. 0.4 4- 03)  x 10 - 4 ,  corresponds to a model-dependent measurement of  
approximately I V u b / V c b l  = 0.1 using B(b ~ of.u) = 10.2 4- 0.2 4- 0.7%. 

2 8 A L B R E C H T  90 observes 41 4. 10 excess e and # (lepton) events in the momentum 
interval p = 2.3-2.6 GeV signaling the presence of the b ~ u transition. The events 
correspond to a model-dependent measurement of  I V u b / V c b l  = 0.10 4. 0.01. 

29The quoted possible l imits range from 0.018 to 0.04 for the ratio, depending on which 
model or momentum range is chosen. We select the most conservative l imit they have 
calculated. This corresponds to a l imit on I v u b l / I v E b l  < 020.  Wb,e  the endpoint 
technique employed is more robust than their previous results in CHEN 84, these results 
do not provide a numerical improvement in the limit. 

r(K+ tlutanything) lr(t+ utanything) r10/r4 
t denotes e or #, not the sum. 

VALUE DOCUMENT ID TE~N COMMENT 
0.58 +0.05 OUR AVERAGE 
0.5944.0.0214.0.056 ALBRECHT 94C ARG e + e  - ~ 77445) 
0.54 4.0.07 4-0.06 30 A L A M  87B CLEO e + e-- ~ T ( 4 5 )  

30 A L A M  87B measurement relies on lepton-kaon correlations. 

r ( K -  t + u t a n y t h i n g ) / r ( t  + u t a n y t h i n g )  r l , / r 4  
t denotes e or /~, not the sum. 

VALUE DOCUMENT ID TE~N EOMMENT 
0.0~2:t:0.035 OUR AVERAGE 
0.0864.0.0114-0.044 ALBRECHT 94c ARG e+e- ~ T(45) 
0.10 4.0.05 4.0.02 31ALAM 87BCLEO e+e" --* T(4$) 

31ALAM 87B measurement relies on lepton-kaon correlations. 

0 v---'0 r(K / K t +  v t a n y t h i n g ) / r ( t 4 " v t a n y t h l n l {  ) r ~ / r 4  

t denotes e or #, not the sum. Sum over K 0 and }~0 states. 
VALUE DOCUMENT ID TECN ~QMM~NT 
0.42 <-0.05 OUR AVERAGE 
0.4524-0.0384-0.056 3 2 A L B R E C H T  94C ARG e + e  - ~ T (4S )  
0.39 4-0.06 +0.04 3 3 A L A M  87B CLEO e + e  - --* ? ' (45)  

32 ALBRECHT 94C assume a K O / K  - ' 0  multiplicity twice that of  K O. 

33 A L A M  87B measurement relies on lepton-kaon Correlations. 
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{"c) 
VALUE DOCUMENT ID TECN COMMENT 

1.104.0.05 34 GIBBONS 97B CLE2 e + e -  ~ 7"(45) 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.984-0.164-0.12 35 A L A M  878 CLEO e + e  - ~ 7"(45) 

34GIBBONS 978 from charm counting using B(Ds+ ~ q~ )  = 0.036 4- 0.009 and B(Ac+ 

p K - ~  + )  = 0.044 4- 0.006. 
35 From the difference between K -  and K + widths. A L A M  87B measurement relies on 

lepton-kaon correlations. It does not consider the possibility of  B B  mixing. We have 
thus removed it from the average. 

r (D4- anything)/rtotal r2~/r 
VALUE E V T 5  DOCUMENT ID TECN COMMENT 
0.241 4- 0.019 OUR AVERAGE 

0.2404-0.0134-0,.0~5 36 GIBBONS 97B CLE2 e + e -  ~ 7"(45) 

0.25 4-0.04 4-0.02 37 BORTOLETTO92  CLEO e + e -  ~ 7"(45) 

0.23 4-0+05 00 .01  3 8 A L B R E C H T  91H ARG e + e  - ~ 7 ' (45) - 0 . 0 2  
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 i �9 

0.21 4-0.05 4-0.01 20k 39 BORTOLETTO87  CLEO Sup. by BORTO-  
LETTO 92 

36GIBBONS 97B reports [B (B  ~ D+any th ing)  • B (D  + ~ K - ~ 4 - ~ r + ) ]  = 0.0216 4- 
0.0008 4- 0.00082. We divide by our best value B (D  + ~ K - T r + ~ r  + )  = (9.0 4- 0.6) x 
10 - 2  . Our first error is their experiment's error and our second error is the systematic 
error from using our best value. 

37 B O R T O L E T T O  92 reports [B(B ~ 04-  anything) x B (D  + ~ K -  ~ +  ~T+)] = 0.02264- 
0.0030 4- 0.0018. We divide by our best value B ( D  + ~ K -  7r + 7r + )  = (9.0 4- 0.6) x 
10 - 2  . Our first error is their experiment's error and our second error is the systematic 
error from using our best value. 

3 8 A L B R E C H T  91H reports [B (B  ~ DgCanything) x B(O + ~ K -  7r+Tr+)]  = 0.0209 4- 

0.0027 4- 0.0040. We divide by our best value B ( D  + ~ K - ~ T + ~  + )  = (9.0 4- 0.6) x 
10 - 2  . Our first error is their experiment's error and our second error is the systematic 
error from using our best value. 

39 B O R T O L E T T O  87 reports [B(B ~ s anything) x B (D  + ~ K - ~ +  ~r + ) ]  = 0.019 4- 
0.004 4- 0.002. We divide by our best value B(D + ~ K -  ~r + ~r + )  = (9.0 4- 0,6) x 10 - 2 .  
Our first error is their experiment's error and our second error is the systematic error from 
using our best value. 

r(o ~ anything)/rto~ r=/r 
VALUE E V T 5  DOCUMENT tO TECN COMMENT 
0.6354.0.029 OUR AVERAGE Error includes scale factor of  1.1. 
0,6554-0.0254-0.015 40 GIBBONS 978 CLE2 e + e-- ~ 7`(45) 
0.61 4-0.05 4-0.01 41 BORTOLETTO92  CLEO e + e  - ~ 7`(45) 
0.51 4-0.08 4-0.01 4 2 A L B R E C H T  91H ARG e + e  - ~ 7`(4S) 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 * �9 

0.55 4-0.07 4-0.01 21k 43*BORTOLETTO87 CLEO e + e - ~  7`(45) 
0.63 4-0.19 4-0.01 44 GREEN 83 CLEO Repl. by BORTO- 

LETTO 87 
40GIBBONS 978 reports [B(B ~ D 0 / D 0 a n y t h i n g )  x B (D  0 ~ K - ~ + ) ]  = 0.0251 4- 

0.00064-0.00075. We divide by our best value B (D  0 ~ K -  ~ + )  = (3.834-0.09) x 10 - 2 .  
Our first error is their experiment's error and our second error is the systematic error from 
using our best value. 

41 B O R T O L E T T O  92 reports [B(B ~ D O / ~ 0  anything) x B (D  0 ~ K -  ~r + ) ]  = 0.0233 • 
0,00124- 0.0014. We divide by our best value B(D 0 ~ K -  ~r + )  = (3 .834-0 .09)x10 - 2 .  
Our first error is their experiment's error and our second error is the systematic error from 
using our best value. 

4 2 A L B R E C H T  91H reports [B(B ~ D0 /D0any th i ng )  x B(s 0 ~ K - ~ r + ) ]  = 0.0194 4- 
0.0015 4- 0.0025. We divide by our best value B (D  0 ~ K -  ~r + )  = (3.83 4- 0.09) x 10 - 2 ,  
Our first error is their experiment's error and our second error is the systematic error from 
using our best value. 

43 B O R T O L E T T O  87 reports [B (B  ~ s  anything) x B(D 0 ~ K -  ~ + ) ]  = 0.02104- 
0.0015 4- 0.0021. We divide by our best value B (D  0 ~ K -  ~ + )  = (3.83 4- 0.09) x 10 - 2 .  
Our first error is their experiment's error and our second error is the systematic error from 
using our best value. 

44 GREEN 83 reports [B(B ~ D O / ~ 0  anything) x B (D  0 ~ K - ~ + ) ]  = 0.024 4- 0.006 • 
0.004. We divide by our best value B(D 0 ~ K - ~  + )  = (3.83 4- 0.09) • 10 - 2 .  Our 
first error is their experiment's error and our second error is the systematic error from 
using our best value. 

F (D* (2010)4. anything)/Ftotal r=3/r 
VALUE EVTS DOCUMENT ~0 rECN COMMENT 
0.2274. 0.016 OUR AVERAGE 
0.2474-0.0194-0.01 45 GIBBONS 97B CLE2 e + e -  ~ 7"(45) 
0.2054-0.0194-0.007 4 6 A L B R E C H T  96D ARG e + e  - ~ 7"(45) 
0.2304-0.0284-0.009 4 7 B O R T O L E T T O 9 2  CLEO e + e - ~  7"(4S) 
�9 �9 �9 We do not use the following data for averages, fits. l imits, etc. �9 �9 �9 

0.283+0.0534-0.002 48 ALBRECHT 91H ARG Sup. by AL- 
BRECHT 960 

0.22 9~0.04 +0.07 5200 49 B O R T O L E T T 0 8 7  CLEO e + e -  ~ 7"(4S) -- 0.04 

0.27 4-0.06 +0.08 510 50 CSORNA 85 CLEO Repl. by BORTO- - 0.06 
LETTO 87 

45 GIBBONS 978 reports B(B  ~ D*(2010)  + anything) = 0.239 4- 0.015 4- 0.014 4- 0.009 
using CLEO measured D and D*  branching fractions. We rescale to our PDG 96 values 
of D and D * branching ratios. Our f irst error is their experiment's error and our second 
error is the systematic error from using our best value. 

4 6 A L B R E C H T  96D reports B(B  ~ D* (2010)+any th ing)  0+196 4" 0.019 using CLEO 
measured B(D* (2010)  + ~ D 0 ~  + )  = 0.681 4- 0.01 4- 0.013, B (D  0 ~ K - x  + )  = 
0.0401 4- 0.0014, B (D  0 ~ K -  7r+ ~r4- ~ - )  = 0.081 4- 0.005., We rescale to our PDG 96 
values of D and D*  branching ratios. Our first error is their experiment's error and our 
second error is the systematic error from using our best value. 

4 7 B O R T O L E T T O  92 reports B(B  ~ D* (2010)+any th ing)  = 0.25 4- 0.03 • 0.04 using 
M A R K I I  B (D* (2010)  + ~ D 0 ~  + )  = 0.57 4- 0.06 and B(D 0 ~ K - ~  + )  = 0.042 4- 
0.008. We rescale to our PDG 96 values of D and D*  branching ratios. Our f irst error is 
their experiment's error and our second error is the systematic error from using our best 
value. 

48 ALBRECHT 91H reports 0.348 4- 0.060 4- 0.035 for B (D* (2010)  + ~ D O x + )  = 0.55 4- 
0.04. We rescale to our best value B(D* (2010)  + ~ D 0 ~  + )  = (67.7 4- 0.5) x 10 - 2 ,  
Our first error is their experiment's error and our second error is the systematic error 
from using our best value. Uses the PDG 90 B (D  0 ~ K--~r + )  =0.0371 4- 0.0025. 

49 BORTOLETTO 87 uses old M A R K  III (BALTRUSAITIS 86E) branching ratios B(D 0 

K - l r  + )  = 0.056 4- 0.004 4- 0.003 and also assumes B(D* (2010)  + ~ D0~r + )  = 
0 ~n+0.08 " ~ - 0 . 1 5 '  The product branching ratio for B (B  ~ D*(2010)  + )  B (D* (2010)  + 

D0~r + )  is 0.13 4- 0.02 4- 0.012. Superseded by B O R T O L E T T O  92. 
50 V - A  momentum spectrum used to extrapolate below p = 1 GeM. We correct the value 

assuming B (D  0 ~ K -  T + )  = 0.0424-0.006 and B ( D  * +  ~ D O .-+~j . . . .  - n A+0.08_0.15 . . . .  Tho 

product branching fraction is B(B  ~ D * + X ) . B ( D  * +  ~ ~T+D0) .B(D 0 ~ K - ~ r  + )  
= (68 4- 15 :E 9) x 10 -4.  

r(o* (2007) 0 anything)/r~,, r24/r 
VALUE DOCUMENT ID TECN COMMENT 

0.260+0.025~:0.015 51 GIBBONS 978 CLE2 e + e -  ~ 7"(45) 

51GIBBONS 97B reports B (B  ~ D*(2007)0anyth lng)  0.247 4- 0.012 4- 0.018 4- 0.018 
using CLEO measured D and D ~ b~anching fractions. We rescale to our PDG 96 values 
of D and D*  branching ratios. Our first error is their experiment's error and our second 
error is the systematic error from using our best value. 

r ( o~ anything) /rw(a, r25/r 
VALUE E V T 5  DOCUMENT ID TECN COMMENT 
0,1004-0.025 OUR AVERAGE 

0.1174-0.009 00:002298 5 2 G I B A U T  96 CLE2 e + e - ~  3"(45) 

0,0814-0.0144-_8:819 5 3 A L B R E C H T  926 ARG e - - e -  ~ 7"(45) 

0.0854-0.0134-_0:8210 257 + 4 B O R T O L E T T O g 0  CLEO e + e  - - -  7"(45) 

0.1054-0.0284-8:025 5 5 H A A S  86 CLEO e + e - ~  7"(45) 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0.1164-0.0304-0.028 5 6 A L B R E C H T  87H ARG e + e  - ~ 7"(45) 

52 GIBAUT 96 reports 0.1211 4- 0.0039 4- 0.0088 for B(D + ~ @~+)  = 0.035. We rescale 

to our best value B(Ds4- ~ ~ r  + )  = (3.6 4- 0.9) x 10 - 2 .  Our f irst error is their 
experiment's error and our second error is the systematic error from using our best value. 

53ALBRECHT 92G reports [B(B ~ D~any th ing)  x B(Ds4- ~ ~ : r  = 0.00292 4- 

0.00039 4- 0.00031. We divide by our best value B(Ds+ ~ ~ r  + )  = (3.6 4- 0.9) x 10 - 2 ,  
Our first error is their experiment's error and our second error is the systematic error 
from using our best value. 

5 4 B O R T O L E T T O  90 reports [B(B ~ D~any th ing)  x B(Ds+ ~ @~+) ]  = 0.00306 4- 

0.00047. We divide by our best value B(Ds+ ~ r  = (3.6 4- 0.9) x 10 - 2 .  Our first 
error is their experiment's error and our second error is the systematic error from using 
our best value. 

55HAAS 86 reports [B(B ~ Ds~ anything) x B (D  + ~ 4 ~ + ) ]  = 0.0038 4- 0.0010. We 

divide by our best value B(Ds+ ~ ~b~r + )  = (3.6 4- 0.9) x 10 - 2 .  Our f irst error is their 
experiment's error and our second error is the systematic error from using our best value. 
64 4- 22% decays are 2-body. 

5 6 A L B R E C H T  87H reports [B (B  ~ D~any th ing)  x B(Ds+ ~ ~ r + ) ]  = 0.0042 4- 

0.0009 • 0.0006. We divide by our best value B(Ds+ ~ <.bTr + )  = (3.6 4- 0.9) x 10 - 2 .  
Our first error is their experiment's error and our second error is the systematic error 
from using our best value. 46 4- 16% of B ~ DsX decays are 2-body. Superseded by 
ALBRECHT 926. 

[F(D(*)'B(*) K 0) + F(D(*)~(*)K*)]/rm.j r25/r 
VALUE DOCUMENT ID TECN COMMENT 

0 n=l 00"025 + 0.010 �9 v .  - - 0 . 0 1 5 - 0 . 0 0 9  57 BARATE 98Q ALEP e + e -  ~ Z 

57 The systematic error includes the uncertainties due to the charm branching ratios. 

r(c~s) lrto.i r27/r 
VALUE DOCUMENT ID TECN COMMENT 

0,219.4.0.037 58 COAN 98 CLE2 e + e -  ~ T (4S)  

58 COAN 98 uses D- t  correlation. 

r (Os(* )D( ' ) ) / r (D~ anything) r25/r25 
Sum over modes, 

VALUE DOCUMENT ID TEEN COMMENT 
0.49:1:0.04 OUR AVERAGE 
0.56 +0.21 +0,09 I -0.15 -0+08 59 BARATE 98Q ALEP e + e -  ~ Z 

0.4574-0.0194-0.037 GIBAUT 96 CLE2 e + e - ~  T ( 4 5 )  
0.58 4-0.07 4-0.09 ALBRECHT 926 ARG e + e  - ~ T (4S)  
0.56 4-0.10 BORTOLETTOg0  CLEO e + e  - ~ "s 
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59BARATE 98Q meas . . . .  B(B ~ D S ( * ) D ( * )  ) = 0"056+0"021-0.015-+0"000089+0"019, -0 .011 '  where | 
the third error results from the uncertainty on the different D branching ratios and is I 
dominated by the uncertainty on B(Ds+ ~ ~ + ) .  We divide B(B ~ D s ( * ) D ( * )  ) by I 
our best value of B(B ~ Dsanything)= 0.1 • 0.025. I 

r(mD'(2010) *)/rt~= r~/r 
VALUE CL ~/o DOCUMENT /0 TECN C.OMMENT 

<5.9 X 10 - 3  90 BARATE 98Q ALEP e + e -  ~ Z I 

[F(D D*(2010) • + r(o" D:E)]/r==l r30/r 
VALUE CL~ DOCUMENT ID TEEN COMMENT 

<5.5 X 10 - 3  90 BARATE 98Q ALEP e + e -  ~ Z 

r ( D D~ ) /rtotal r31/r 
VALUE CL~/~ DOCUMENT ID TECN COMMENT 

<3.1 X 10 - 3  90 BARATE 98Q ALEP e + e -  ~ Z 

r(o s (*)• X (n~r+)) Irtotai r321r 
VALUE DOCUMENT ID TECN COMMENT 

0094 +0.040+0.034 60BARATE 98q ALEP e+e  - ~ Z 
�9 - 0 . 0 5 1 - 0 . 0 2 4  

60 The systematic error includes the uncertainties due to the charm branching ratios. 

r(D�9 r~3/r 
VALUE ~ DOCUMENT ID TECN COMMENT 

<1.1 X 10 - 3  90 61 LESIAK 92 CBAL e + e -  ~ T(4S) 

61LESIAK 92 set a limit on the iuclusive process B(b ~ s~) < 2.8 x 10 - 3  at 90% CL 
for the rauge of masses of 892-2045 MeV, independent of assumptions about s-quark 
hadronization. 

r(..+.-, D;+.- o.+,-, o;+.-, O.+. ~ o;+.o, o+~, o'+- D+. ~ , $ Xl, $ , 

D;+ p O, D+I~, D;+ =) /rtot,, r . / r  
Sum over modes. 

VALUE CL~ DOCUMENT ID TEEN COMMENT 

<0.0005 90 62ALEXANDER 93B CLE2 e+e  - ~ T(4S) 

62ALEXANDER 93B reports < 4.8 • 10 . 4  for B(Ds+ ~ ~)~r + )  = 0.037. We rescale 

to our best value B(Ds+ ~ ( ~ + 7  = 0.036. This branching ratio limit provides a 

model-dependent upper limit IV.br/Ivcbl < 016 at CL=90%. 

r ( D ~  (2536)  + a n y t h i n g ) / r t o t a  I r ~ s / r  

DS1(2536)+ is the narrow P-wave Ds+ meson with JP = 1+ .  

VALUE CL94 DOCUMENT ID TECN COMMENT 

<0.0095 90 63 BISHAI 98 CLE2 e + e -  ~ T(4S) 

63Assuming factorization, the decay constant f + is at least a factor of 2.5 times smaller 

r(J/@(1S)(direct) anything)/rtotal rsT/r 
VALUE DOCUMENT ID TECN COMMENT 

0.0000-1"0.0008 70 BALEST 95B CLE2 e + e -  ~ T(4S) 

70 BALEST 95B assume PDG 1994 values for sub mode branching ratios. J /~(1S)  mesons 
are reconstructed in J/ ' r  ~ e + e -  and J/tp(15) ~ p +  # - ,  The B ~ J /~ (1S)  X 
branching ratio contains J / r  mesons directly from B decays and also from feeddown 
through ~(25) ~ J/VJ(15), Xc l (1P)  ~ J /~ (15 ) ,  or Xc2(1P) ~ J /~ (1S) .  Using 
the measured inclusive rates, BALEST 95B corrects for the feeddown and finds the B 
J /~ (1S)  (direct) X branching ratio. 

r(r anythinlz)/rtotal r , , / r  
VALUE EVT5 DOCUMENT /D TECN COMMENT 
0.0035~0.0005 OUR AVERAGE 
0.0034•177 240 71 BALEST 95B CLE2 e - - e -  ~ 7"(45) 
0.0048•177 8 ALBRECHT 87D ARG e-Ue - ~ T(4S) 

71 BALEST 95B assume PDG 1994 values for sub mode branching ratios. They find B iB  
~(2S)X, ~/,(25) ~ t + . / - )  = 0.30 • 0.05 + 0.04 and B(B ~ VJ(2S)X, ~(25) 
J /~ (15 )  ~r + x - )  = 0.37 • 0.05 • 0.05. Weighted average is quoted for B(B ~ ~(25) X). 

r(xcz (1 P) anything)/r~otal r39/r 
VALUE E V T S  DOCUMENT ID TECN COMMENT 
0.0042=E0.0007 OUR AVERAGE 
0.0040•177 112 72BALEST 95B CLE2 e + e  - ~ T(4S) 
0.0105•177 73 ALBRECHT 92E ARG e L e-- ~ T(4S 7 

72BALEST 95B assume B(XEt (1P ) ~ J / r  ~ (27.3 • 1.67 • 10 - 2 ,  the PDG 1994 
value. Fit to 9-photon invariant mass distribution allows for a Xc l (1P)  and a XC2(1P) 
component. 

73ALBRECHT 92E assumes no XC2(1P) production. 

F(Xcl(1P) (direct) anything)/r~l r4o/r 
VALUE DOCUMENT /D TEEN COMMENT 

0.0037:1:0.0007 74 BALEST 95B CLE2 e + e -  ~ T(4S) 

74 BALEST 95B assume PDG 1994 values. J/V)(15) mesons are reconstructed in the e + e -  
and # + # -  modes. The B ~ X c l ( I P ) X  branching ratio contains Xc l (1P)  mesons 
directly from B decays and also from feeddown through ~)(25) ~ Xcl(1P)~/. Using 
the measured inclusive rates, BALEST 95B corrects for the feeddown and finds the B 
Xcl(1P)(d i rect )  X branching ratio. 

r(x~ (1P) anything)/rtotsl 141/r 
VALUE CL% EVT5 DOCUMENT ID TECN COMMENT 

<0.1)038 90 35 75 BALEST 95B CLE2 e + e -  ~ T(4S) 

75BALEST 95B assume B(Xc2(1P ) ~ J /~ (1S)~ )  - :  (13.5 • 1.1) • 10 - 2 ,  the PDG 1994 

value. J / ~ ( 1 5 )  mesons are reconstructed in the e + e  - and # + p -  modes, and PDG 
1994 branching fractions are used. If interpreted as signal, the 35 • 13 events correspond 
to B(B ~ Xc2(1PTX) - (0.25 • 0.10 • 0.037 x 10 - 2 .  

r(rtc(lS) anything)/rtotal r4=/r 
than fD+.  

r(J/@(1s) anythlng)/rtots, r~ / r  
VALUE (units 10 -2) EVT5 DOCUMENT /D TECN COMMENT 
1.154"0.06 OUR AVERAGE 
1.13•177 1489 64BALEST 95B CLE2 e + e  - ~ T(4S) 
1.30•177 27 65 MASCHMANN 90 CBAL e + e -  ~ T(4S) 
1.24• 120 66ALBRECHT 87D ARG e + e  - ~ T(45) 
1.37•177 52 67ALAM 86 CLEO e + e  - ~ T(45) 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1.4 +0,6 7 68 ALBRECHT 85H ARG e + e -  ~ T(4S) 
- 0 . 5  

VALUE CL% DOCUMENT ID TECN COMMENT 

<0.009 90 76 BALEST 95B CLE2 e + e -  ~ T(4S 7 

76 BALEST 95B assume PDG 1994 values for sub mode branching ratios. J/~(1S)  mesons 
are reconstructed in J/@(1S) ~ e + e -  and J /~ (15 )  ~ p +  # - .  Search region 2960 

<m~c(1S7 <3010 MeV/c 2, 

r(K • anything)/rtotal r~ / r  
VALUE DOCUMENT ID TECN COMMENT 
0.789:E0.025 OUR AVERAGE 
0.82 • • ALBRECHT 94c ARG e+e  - ~ T(45} 
0,775•177 77ALBRECHT 931 ARG e+e  - - - - ,  T(4S 7 
0.85 • •  ALAM 87B CLEO eTe  - -  T(45) 

1.1 •177 46 69 HAAS 85 CLEO Repl. by ALAM 86 

64 BALEST 95B reports 1.12 • 0.04 • 0.06 for B(J/~)(1S) ~ e + e - )  = 0.0599 • 0.0025. 
We rescale to our best value B ( J / ~ ( 1 $ )  ~ e + e  - )  - (5.93 • 0.10) x 10 - 2 .  Our 
first error is their experiment's error and our second error is the systematic error from 
using our best value.. They measure J/@(1S) ~ e + e -  and/~+/~- and use PDG 1994 
values for the branching fractions. The rescaling is the same for either mode so we use 
e + e - .  

65 MASCHMANN 90 reports 1.12•177 f(x B(J/V)(15) ~ e + e - )  = 0.059• 
We rescale to our best value B(J /~ (1S)  ~ e + e - )  - (5.93 • 0.10) x 10 - 2 .  Our first 
error is their experiment's error and our second error is the systematic error from using 
our best value. 

66 ALBRECHT 87D reports 1.07 • 0.16 • 0.22 for B(J/~b(1S) ~ e + e - )  = 0.069 • 0.009. 
We rescale to our best value B(J/~)(1S) ~ e + e - )  = (5.93 • 0.10) x 10 - 2 .  Our first 
error is their experiment's error and our second error is the systematic error from using 
our best value. ALBRECHT 87D find the branching ratio for J /~  not from ~(25) to be 
0.0081 • 0.0023. 

67ALAM 86 reports 1.09 • 0.16 • 0.21 for B(J /~ (15 )  ~ / ~ + # - )  = 0.074 • 0,012. We 
rescale to our best value B(J/tp(15) ~ p + # - )  = (5.88 • 0.10) • 10 - 2 .  Our first 
error is their experiment's error and our second error is the systematic error from using 
our best value. 

68 Statistical and systematic errors were added in quadrature, ALBRECHT 85H also report 
a CL = 90% limit of 0.007 for B ~ J/ ' rb(15)+ X where m X <1 GeV. 

69 Dtmuon and dielectron events used, 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

seen 78BRODY 82 CLEO e ' re  - ~  T(4$)  
seen 79GIANNINI 82 CUSB e + e - ~  T(4S) 

77ALBRECHT 931 value is not independent of the sum of B ~ K§ and B 
K -  anything ALBRECHT 94c values, 

78Assuming T(4S 1 ~ BB, a total of 3.38 • 0.34 + 0.68 kaons per T(4$)  decay Is found 
(the second error is systematic). In the context of the standard B-decay model, this 
leads to a value for (b-quark ~ c-quark)/(b-quark ~ all} of 1.09 • 0.33 • 0.13. 

79 GIANNINI 82 at CESR-CUSB observed 1.58 • 0.35 K 0 per hadronic event m~eb higher 
than 0.82 + 0.10 below threshold. Consistent with predominant b ~ cX decay�9 

r ( K + anything)/rtoc=l r~ t r  
VALUE DOCUMENT ID T~(~N COMMENT 

0.66 ~0.06 80ALBRECHT 94C ARG e4"e - ~ T(4S) 
�9 �9 �9 We do not use the following data fOr averages, fits, limits, etc. �9 �9 �9 

0.620•177 81 ALBRECHT 94C ARG e~'e - ~ T(4S) 
0.66 • • 81ALAM 87B CLEO e v e  - ~ T(4S) 

80 Measurement relies on lepton-kaon correlations. It is for the weak decay vertex and does 
not include mixing of the neutral B meson. Mixing effects'were cOrrected fOr by assuming 
a mixing parameter r Of {15.1 • 4.3)%. 

81 Measurement [eltes On lepton-kaoll coCrelatlon$. It InCludes production through mixing 
of the neutral B meson. 
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r(K- anything)/Ftotal r ~ / r  
VALUE DOCUMENT ID TEEN COMMENT 

0.13 ~:0.04 82 ALBRECHT 94C ARG e + e -  ~ T (4S)  
�9 * * We do not use the following data for averages, fits, l imits, etc. * * * 

0.165• B3ALBRECHT 94c ARG e + e  - ~ T ( 4 5 )  
0.19 4-0.05 4-0.02 B 3 A L A M  87B CLEO e + e  - ~ T ( 4 5 )  

82Measorement relies on lepton-kaon correlations. It is for the weak decay vertex and does 
not include mixing of the neutral B meson. Mixing effects were corrected for by assuming 
a mixing parameter r of  (18.1 4" 4.3)%. 

83 Measurement relies on lepton-kaon correlations. It includes production through mixing 
of the neutral B meson. 

r(K 0/~0anything)/r,== r~ / r  
VALUE DOCUMENT ID TEEN COMMENT 
0.64 :E0.04 O U R  A V E R A G E  

0,6424"0.010• 84ALBRECHT 94c ARG e+e  - ~ T(4S) 
0.63 4-0.06 •  A L A M  87B CLEO e + e  - ~ T ( 4 5 )  

8 4 A L B R E C H T  94c assume a K O / K  0 multiplicity twice that of  K O. 

r(~/anything)/rt==l 
VALUE 

F(K*(892) ~" anything)/rt~al r~z/r 
VALUE DOCUMENT ID TEEN COMMENT 

0.182:E0.054-k0.024 ALBRECHT 94J ARG e + e -  --* T (4S)  

r(K*(S92)~ /',~*(SS2)~ /rtotal r~ / r  
VALUE DOqUMENT ID TEEN COMMENT 

0.146:E0.0164-0.020 ALBRECHT 94J ARG e + e  - ~ T ( 4 5 )  

F(K'(892)-},) Irtoc=, r49/r 
VALUE C L ~  DOCUMENT I p TEEN COMMENT 

�9 * �9 We do not use the following data for averages, fits, limits, etc. �9 * �9 

<1.5x10 -3 90 85LESIAK 92 CBAL e+e - ~ T(4S)  
<2.4 x 10 -4  90 ALBRECHT 88H ARG e + e -  ~ T(4S) 

< 4 . 4  x 10  - 4  

85LESIAK 92 set a l imit on the inclusive process B(b ~ s3') < 2,8 x 10 - 3  at 90% CL 
for the range of masses of  892-2045 MeV. independent of  assumptions about s-quark 
hadronization. 

r(Kl(i~oo)-r)Ir~= rsolr 
VALUE EL% DOCUMENT ID TEEN COMMENT 

<4.1 x 10 - 4  90 ALBRECHT 88H ARG e + e -  ~ T (4S)  
�9 * �9 We do not use the following data for averages, fits, limits, etc, �9 �9 �9 

<1.6  x 10 - 3  90 86 LESIAK 92 CBAL e + e -  ~ T (4S)  

86LESIAK 92 set a l imit on the inclusive process B(b ~ s~) < 2.8 x 10 - 3  at 90% CL 
for the range of masses of 892-2045 MeV, independent of  assumptions about s-quark 
hadronization. 

r (KI(1430) ~)/rtota, r31 / r 
VALUE EL% DOCUMENT ID TEEN COMMENT 

<8.3  X 10 - 4  90 ALBRECHT 88H ARG e + e -  ~ T ( 4 5 )  

r(K2(Z77o)~)Irt=,, r~/r 
VALUE CL~ DOCUMENT /D TEEN COMMENT 

<1.2 x 10 - 3  90 87 LESIAK 92 CBAL e + e -  ~ T (4S)  

87LESlAK 92 set a l imit on the inclusive process B(b ~ 33') < 2.8 x 10 - 3  at 90% CL 
for the range of  masses of  892-2045 MeV, independent of assumptions about s-quark 
hadronization. 

r(K;(t780)~)/rt== r./r 
VALUE CL~ DOCUMENT tD TEEN COMMENT 

<3.0  x 10 - 3  90 ALBRECHT 88H ARG e + e -  ~ T (4S)  

r(K~(2o4s)'y)/rto~l r~ / r  
VALUE EL~ DOCUMENT ID TEEN COMMENT 

<1.0  X 10 - 3  90 88 LESIAK 92 CBAL e + e -  -~ T(4S}  

88LESIAK 92 set a l imit on the inclusive process B(b ~ s'~) < 2.8 x 10 - 3  at 90% CL 
for the range of masses of 892-2045 MeV, independent of  assumptions about s-quark 
hadronization. 

VALUE DOCUMENT ID TEEN COMMENT 

(2.324-0.574-0.35) x 10 - 4  A L A M  95 CLE2 e + e -  ~ T (4S)  

r(B-~ ~r r~/r 
VALUE CL% EVT5 DOCUMENT ID TEEN COMMENT 

< 0 . 0 6 0  90 89COAN 98 CLE2 e + e  - ~ T(4S)  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.08 2 90 ALBRECHT 95D ARG e + e -  ~ T (4S)  

89 COAN 98 uses D- t  correlation. 
90ALBRECHT 95D use full reconstruction of one B decay as tag. Two candidate events 

for charmless B decay can be interpreted as either b ~ sgluon or b ~ u transition. 
I f  interpreted as b ~ sgluon they find a branching ratio of  ~ 0.026 or the upper l imit 
quoted above. Result is highly model dependent. 

CL % DOCUMEN T ID TEEN 

90 91 BROWDER 98 CLE2 

rsT/r  
COMMENT 

e + e -  ~ T (4S)  

VALUE DOCUMENT ID TEEN COMMENT 
0 . 0 3 5 : 1 : 0 . 0 0 7  O U R  A V E R A G E  Error includes scale factor of  1.8. 
0.03904-0.0030• ALBRECHT 94J ARG e + e  - ~ T ( 4 5 )  
0.023 --0.006 4"0.005 BORTOLETTO86 CLEO e + e - ~  T(4S) 

F(~K*(892))/rtotal rs4/r 
VALUE ~ DOCUMENT ID TEEN 

<2.2  x 10 - 5  90 94 BERGFELD 98 CLE2 

94Assumes equal production of B + and B 0 at the T(4S) .  

F(A~ anything)/rtota I r . / r  
VALUE CL~Woo DOCUMENT ID TEEN COMMENT 

0.0r 95 CRAWFORD 92 s e + e -  ~ T (4S)  
�9 �9 * We do not use the following data for averages, fits, l imits, etc. * * �9 

0.14 4"0.09 9 6 A L B R E C H T  88E ARG e + e  - ~ T ( 4 5 )  
<0.112 90 97 A L A M  87 CLEO e + e -  ~ T (4S)  

95CRAWFORD 92 result derived from lepton baryon correlations. Assumes all charmed 
baryons in B 0 and B • decay are A c .  

96 ALBRECHT 88E measured B (B  ~ AC+ X).B(Ac+ ~ p K -  ~r + )  = 40.30 • 0.12 • 0.06)% 
+ o and used B(Ac+ ~ p K -  ~r ) = (2.2--  1.0) J/o from A B R A M S  80 to obtain above number. 

97Assoming all baryons result from charmed baryons, A L A M  86 conclude the branching 
fraction is 7,4 :I: 2.9%. The l imit given above is model independent. 

r (A + anything)/r(A c anything) r66/r67 
VALUE DOCUMENT ID TEEN COMMENT 

0.19.4-0.13.;.0.04 98 A M M A R  97 CLE2 e + e -  ~ T ( 4 5 )  

98 A M M A R  97 uses a high-momentum lepton tag (P t  > 1,4 GeV/c 2 ) ,  

r (-A c e + anything) Ir(A~ anything) r . / r ~  
VALUE CL~ DOCUMENT ID TEEN COMMENT 

<0.05 90 99 BONVlC iNI  98 CLE2 e + e-- ~ T (4S)  

99 BONVICINI  98 uses the electron with momentum above 0.6 GeV/c. 

r(-li-~ panythlng) lr  ( A~c anythlng) r69/r~ 
VALUE DOCUMENT ID TEEN COMMENT 

0.57"1"0.05-I"0.05 BONVICINI  98 CLE2 e + e -  ~ T (4S)  

rCA; pe + ve) Ir(~; panything) rT0/r69 
VALUE ~ DOCUMENT /D TEEN COMMENT 

<0.04 90 100 BONVICINI  98 CLE2 e L e -  ~ T (4S)  

100 BONVIClNI  98 uses the electron with momentum above 0.6 GeV/c, 

r ~ ; -  anything)/r~,, rn/r 
VALUE EVT$ DOCUMENT ID TEEN COMMENT 

0.0042+0.0021:1:0.0011 77 101pROCARIO 94 CLE2 e + e - ~  T(4S)  

101pROCARIO 94 reports [B(B ~ ~ c - a n y t h i n g )  x B(Ac+ ~ p K - - ~ ' + ) ]  = 0.00021 -- 

0.00008 • 0.00007. We divide by our best value B(Ac+ ~ p K - T r  + )  = (5,0 • 1,3) x 

10 - 2  , Our first error is their experiment's error and our second error is the systematic 
error from using our best value. 

0.025 • 0,080. 

r(~ anything)/rtota, rgo/r 
VALUE DOCUMENT IO TEEN COMMENT 

o.17~,o.o11,oo12 KUBOTA 96 CLE2 e + e - ~  T(4S) 

r(p 0 anything)/rtotal r l i l / r  
VALUE DOCUMENT /D TEEN COMMENT 

0.208-1"0.042-1-0,032 ALBRECHT 94J ARG e + e -  ~ T ( 4 5 )  

r(~ anything)/rt~ll r62/r 
VALUE CL__~ DOCUMENT ID TEEN COMMENT 

<0 .01  90 ALBRECHT 94J ARG e + e -  ~ T(4S)  

r(~ anything)/r~l r . / r  

91BROWDER 98 search for high momentum B ~ t lX  s between 2,1 and 2.7 GeV/c.  

r(~ anythlng)/rtota, rse/r 
VALUE DOCUMENT ID TEEN COMMENT 

(6.2: t :1.6"I '1:03}X10 - 4  9 2 B R O W D E R  98 CLE2 e + e - ~  T ( 4 5 )  I 

92BROWDER 98 observed a signal of  39.0 4" 11.6 events in high momentum B ~ ~trXs I 
production between 2.0 and 2.7 GeV/c.  The branching fraction is based on the inter- I pretation of b ~ sg, where the last error includes additional uncertainties due to the 
color-suppressed b ~ backgrounds, 

r(lr -'~ anything)/rtotal rsg/r 
VALUE DOCUMENT [D TEEN COMMENT 

3,SIm't -0.025~0.070 9 3 A L B R E C H T  931 ARG e + e - ~  T (4S)  

93ALBRECHT 93 excludes ~r4- from K O and A decays. I f  included, they find 4.105 4- 



See key on page 239 

r(~; anything)/Ftotal r72/r 
VALUE CL~ DOCUMENT ID TECN COMMENT 

<0.010 90 102 PROCARIO 94 CLE2 e + e -  ~ T (4S)  

102pROCARIO 94 reports [B(B ~ ~ c  anything) • B(Ac+ ~ p K - ~ r + ) ]  = < 0.00048. 

We divide by our best value B(A + ~ p K - l r  + )  = 0.050, 

r(-~, anything)/rt=ai rzdr 
VALUE EVT5 DOCUMENT ID TECN COMMENT 

0.0046".1"0.0021".1"0.0012 76 103 PROCARIO 94 CLE2 e + e-- ~ T(4S)  

103pROCARIO 94 reports [B(B ~ ~0any th ing)  • B(Ac4- ~ p K - ~ r + ) ]  = 0.00023 4. 

0.00008 • 0.00007. We divide by our best value B(Ac+ ~ p K - ~ r  + )  = (5.0 • 1.3) • 

10 - 2  . Our first error is their experiment's error and our second error is the systematic 
error from using our best value. 

r(-s176 N(N = p or.))/rto., r74/r 
VALUE CL% DOCUMENT ID TECN COMMENT 

<0.0015 90 104 PROCARIO 94 CLE2 e + e -  ~ T (4S)  

104pROCARIO 94 reports < 0,0017 for B(A + ~ p K - l r  + )  = 0.043, We rescale to our 

best value B(Ac+ ~ p K - ~  "+)  = 0,050, 

r(_--ecanything x S(---~c ~ E-x+))/r'total r75/r 
VALUE (units l0 -3)  DOCUMENT ID TECN COMMENT 

0.1444.0,0484.0.021 105 BARISH 97 CLE2 e + e-- ~ T(4S)  

105 BARISH 97 find 79 • 27 - 0  c events, 

I-(E+anything x B( - +  ~ E- .+ .+) ) / r tota l  r76/r 
VALUE (units 10 -3 )  DOCUMENT tO TECN COMMENT 

0.4~..~1"1-0.10964"8[l~.~ 106BARISH 97 CLE2 e + e - ~  T ( 4 5 )  

106BARISH 97 find 125 • 28 ---c + events. 

r(plPa.ythinr rn l r  
Includes p and p from A and A decay. 

VALUE EVT5 DOCUMENT ID TECN COMMENT 
0.080-1-0.004 OUR AVERAGE 
0.080•  ALBRECHT 931 ARG e + e - ~  T(4S)  
0 ,080•  CRAWFORD 92 CLEO e + e  - ~ T ( 4 5 )  

0 '+0 013 T(4S) 0.082•  05_01010 2163 1 0 7 A L B R E C H T  89K ARG e + e  - 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

>0.021 108 A L A M  83B CLEO e + e -  ~ T (4S)  

107 ALBRECHT 89K include direct and noodirect protons. 
1 0 8 A L A M  83B reported their result as > 0.036 • 0.006 • 0.009. Data are consistent with 

equal yields of  p and ~. Using assumed yields below cut, B (B  ~ p +  X)  = 0.03 not 
including protons from A decays. 

r(p/p(direct) anything)/rm~ai rzdr 
VALUE EVT5 DOCUMENT ID TECN COMMENT 
0.055 4. 0.005 OUR AVERAGE 
0 .055•177  ALBRECHT 931 ARG e + e  - ~ T ( 4 5 )  
0.056•  CRAWFORD 92 CLEO e + e - ~  T ( 4 5 )  
0,0554.0.015 1220 109 ALBRECHT 89K ARG e + e -  ~ T(4S)  

109 ALBRECHT 89K subtract contribution of A decay from the inclusive proton yield. 

r ( A /-Aanything) /rto~i r~,/r  
VALUE E V T S  DOCUMENT ID TECN COMMENT 

0.0404-0.005 OUR AVERAGE 
0.0384.0.004+0,006 2998 CRAWFORD 92 CLEO e + e  - ~ T (4S)  
0 .042•177  943 ALBRECHT 89K ARG e + e  - ~ T (4S)  

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0.0224.0.0034.0.0022 110 ACKERSTAFF 97N OPAL e + e -  ~ Z 
>0.011 1 1 1 A L A M  83B CLEO e + e  - ~ T (45 )  

110ACKERSTAFF 97N assues B(b ~ B) = 0.868 • 0.041, i.e., an admixture of  B 0, B4., 
and B s. 

111 A L A M  83B reported their result as > 0,022 • 0.007 4. 0.004. Values are for 
( B ( A X ) + B ( A X ) ) / 2 .  Data are consistent with equal yields of p and ~. Using assumed 
yields below cut, B (B  ~ AX)  = 0.03. 

F(Aafiything)/r~anything) r~o/r .  
VALUE DOCUMENT 10 TECN COMMENT 

0.434.0.09:E0.07 1 1 2 A M M A R  97 CLE2 e + e  - ~ T (4S)  

1 1 2 A M M A R  97 uses a high-momentum lepton tag (P~ > 1.4 GeV/c2).  

r ( - -  / --=+anything)/r~o~i r~ / r  
VALUE EVT$ DOCUMENT ID TECN COMMENT 
0.00274-0.0006 OUR AVERAGE 
0.00274.0,0005• 147 CRAWFORD 92 CLEO e + e  - ~ T(4S)  
0.0028• 54 ALBRECHT 89K ARG e + e  - ~ T(4S)  
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B• / B ~ A D M I X T U R E  

r (baryofis afiything)/rtotzl res/r 
VALUE DOCUMENT ID TECN COMMENT 

0.0684.0,0054.0.003 ]13 ALBRECHT 920 ARG e + e -  ~ T (4S)  
�9 �9 * We do not use the following data for averages, fits, limits, etc. �9 * �9 

0 .076•  114 ALBRECHT 89K ARG e + e -  ~ T (4S)  

113 ALBRECHT 920 result is from simultaneous analysis of p and A yields, p~  and A~ corre- 
lations, and various lepton-baryon and lepton-baryon-antibaryon correlations. Supersedes 
ALBRECHT 89K. 

114 ALBRECHT 89K obtain this result by adding their their measurements (5.5 • 1.6)% for 
direct protons and (4.2 • 0.5 4- 0.6)% for inclusive A production. They then assume 
(5.5 + 1.6)% for neutron production and add it in also. Since each B decay has two 
baryons, they divide by 2 to obtain (7.6 • 1A)%.  

r(ppanything)/rm=l r • / r  
Includes p and p from A and A decay. 

VALUE EVT5 DOCUMENT ID TECN COMMENT 
0.0247+0.0023 OUR AVERAGE 
0.024 •  •  CRAWFORD 92 CLEO e + e - ~  T ( 4 5 )  
0.025 •  4.0.002 918 ALBRECHT 89K ARG e + e  - --~ T (4S)  

r (p-panything) / r (p l Panythinr r~/rn 
Includes p and p from A and A decay. 

VALUE DOCUMENT IO TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0 .304-0.02•  115CRAWFORD 92 CLEO e + e - ~  T ( 4 $ )  

115CRAWFORD 92 value is not independent of  their r (p~any th ing ) / r to ta  I value. 

r(Ap / Apanything) /rtotal res/r 
Includes p and ~ from A and A decay. 

VALUE E V T S  DOCUMENT ID TECN COMMENT 
0,025 4.0.004 OUR AVERAGE 
0 .029•177  CRAWFORD 92 CLEO e-t-e - ~ T ( 4 5 )  
0.0234.0,004•  165 ALBRECHT 89K ARG e + e -  ~ T (4S)  

r ( AP l T( panything) / r ( A / 7(anything) rss/r75 
Includes p and ~ from A and A decay. 

VALUE DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0 .764.0 .11•  116CRAWFORD 92 CLEO e + e - ~  T ( 4 5 )  

116 CRAWFORD 92 value is not independent of  their 
[F (A~any th ing)4 -F(~pany th ing)J / r to ta  I value. 

r (AAanything)/rt==l r ~ / r  
VALUE CL~ EVT5 DOCUMENT ID TECN COMMENT 

<0.005 90 CRAWFORD 92 CLEO e + e - - ~  T ( 4 5 )  
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc, �9 �9 �9 

<0.0088 90 12 ALBRECHT 89K ARG e + e-- ~ T ( 4 5 )  

r (A~anything)/r(A/~anything) r . / r75  
VALUE C L ~  DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, e t c . � 9  �9 �9 

<0.13 90 117 CRAWFORD 92 CLEO e + e  - ~ T (45 )  

117 CRAWFORD 92 value is not independent o f  their F(AAanyth ing) /Ftota I value. 

r(e+ e- s)/rt, r,,i r571r 
Test for & B  = I weak neutral current. 

VALUE CL~ DOCUMENT ID TECN COMMENT 

<5.7  x l 0  - s  90 GLENN 98 CLEO e + e - ~  T (4S)  
�9 * �9 We do not use the following data for averages, fits, limits, etc. �9 �9 e 

<0,05 90 BEBEK 81 CLEO e + e - ~  T (4S)  

r0,+l.-  s) I r ~ ,  r . I r  
Test for A B  = 1 weak neutral current. 

VALUE CL_~_% DOCUMENT ID TECN, ~OMMENT 

<5.8  x l 0  - 5  90 GLENN 98 CLEO e + e - ~  T ( 4 5 )  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.017 90 CHADWICK 81 CLEO e + e  - - - ~  T ( 4 5 )  

[r(e + e- s) + r(.+~,- s)]/r~.,  ( r . + r . ) I r  
Test for A B  = I weak neutral current. 

VALUE ~ DOCUMENT ID T~,~N COMMENT 

<4.2 X 10 - 5  90 GLENN 98 CLEO e + e -  --* T ( 4 5 )  
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<0.0024 90 118 BEAN 87 CLEO Repl. by GLENN 98 
<0.0062 90 119 AVERY 84 CLEO Repl, by BEAN 87 

118 BEAN 87 reports [ ( p + p - ) ~ ( e  + e - ) ] / 2  and we converted It, 

119Determine ratio of B + to B o semileptonic decays to be In the range 0.25-2.9. 

r ( e * . ~ s ) / r w  r . , / r  
Test for lepton family number conservation. 

VALUE CL~ DOCUMENT ID TECN COMMENT 

<2,2  x 10 - 5  90 GLENN 98 CLEO e + e -  ~ T ( 4 5 )  
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B• / B ~ ADMIXTURE, B• / B~ / B~ / b-baryon ADMIXTURE 

B• ~ ADMIXTURE REFERENCES 

BARATE 98Q EPJ C4 387 R. Barate et a/. (ALEPH C08ab.) 
BERGFELD 98 PRL 81 272 T. Bergfeld et al. (CLEO Collab.) 
BISHAI 98 PR D57 3847 M. Bishal et aL (CLEO Collab.) 
BONVICINI 98 PR D57 6604 G. Bonvicini et aL (CLEO Collab,) 
BROWDER 98 PRL 81 1786 T.E. Browber et a6 (CLEO Collab.) 
COAN 98 PRL S0 1150 T.E. CQan et aL (CLEO Eol&ab.) 
GLENN 98 PRL 80 2289 S. Glenn et aL (CLEO Collab.) 
ACKERSTAFF 97N ZPHY C74 423 K. Ackerstaff et at. (OPAL Collab.) 
AMMAR 97 PR D55 13 R. Ammar et al, (CLEO Cellab.) 
BARISH 97 PRL 79 3599 B, Barish et at. (CLEO Collab.) 
BUSKULIC 97B ZPHY C73 S01 D. Buskulic et al. (ALEPH Collab.) 
GIBBONS 97B PR D56 3783 L Gibbons et aL (CLEO Collab.) 
ALBRECHT 96D PL B374 256 H. Albrecht et at, (ARGUS Collab.) 
BARISH 968 PRL 76 1570 B,C. Barish et aL (CLEO Collab.) 
GIBAUT 96 PR D53 4734 D. Gibaut et aL (CLEO Cohab.) 
KUBOTA 96 PR D53 6033 Y. Kubota et aL (CLEO Collab.) 
PDG 96 PR D54 1 
ALAM 95 PRL 74 2885 M,S, Alam et aL (CLEO Collab,) 
ALBRECHT 950 PL B353 554 H. Albrecht et at. (ARGUS Collab.) 
BALEST 958 PR D52 2661 R. Balest et ah (CtEO Codab.) 
BARISH 95 PR 05] 1014 B.C. Barish et aL (CLEO Collab.) 
BUSKUMC 95B PL B345 108 D. Buskulic et al. (ALEPH Collab,) 
ALBRECHT 94C ZPHY E62 371 H. Albrecht et at. (ARGUS Collab.) 
ALBRECHT 94J ZPHY C61 1 H. Albrecht et a6 (ARGUS Collab.) 
PROCARIO 94 PRL 73 1306 M. Procario et al. (CLEO Collab.) 
ALBRECHT 93 ZPHY C57 533 H. Albrecht et aL (ARGUS Collab.) 
ALBRECHT 9SE ZPHY CSD 11 H. Albrecht et aL (ARGUS Col)ab.} 
ALBRECHT 93H PL B318 397 H. Albrecht et aL (ARGUS Collab.) 
ALBRECHT 931 ZPHY C5B 191 H. Albrecht et al. {ARGUS Collab.) 
ALEXANDER 93B PL B319 365 J. Alexander et aL (CLEO Collab.) 
ARTUSO 93 PL B311 307 M. Artuso (SYRA) 
BARTELT 93B PRL 71 4111 J.E, Barter et aL (CLEO Eollab.) 
ALBRECHT 92E PL B277 209 H. Albrecht et aL (ARGUS Collab,) 
ALBRECHT 92G ZPHY C54 l H Albrecht el al. (ARGUS Collab.) 
ALBRECHT 920 ZPHY C56 1 H. Albrecht et aL (ARGUS Co,ab.) 
BORTOLETTO 92 PR D45 21 D. Bortoletto et ah (CLEO Collab.) 
CRAWFORD 92 PR D45 752 G. Crawford et aL (CLEO CoIlab,) 
HENDERSON 92 PR D45 2212 S. Henderson et al. (CLEO Collab.) 
LESIAK 92 ZPHY C55 13 T. Lesiak et al. (Crystal Ball Collab.) 
ALBRECHT 91C PL B255 297 H. Albrecht et at, (ARGUS Collab.) 
ALBRECHT 91H ZPHY C52 353 H. Albrecht et al. (ARGUS Collab.) 
FULTON 91 PR D43 651 R. Fulton et aL (CLEO Collab.) 
YANAGISAWA 91 PRL 66 2436 C. Yanagisawa et al. (CUSB II Collab.) 
ALBRECHT 90 PL B234 409 H. Albrecht et aL (ARGUS Collab,) 
ALBRECHT 90H PL B249 359 H, Albrecht et aL (ARGUS Collab) 
BORTOLETTO S0 PRL 64 2117 D, Bortoletto et aL (CLEO Collab.) 

Also 92 PR D45 21 D. Bortoletto et al. (CLEO Collab.) 
FULTON 90 PRL 64 16 R, Fulton et at. (CLEO Collab.) 
MASCHMANN 90 ZPHY C46 555 W.S. Maschmann et aL (Oystal Ball Collab.) 
PDG 90 PC 8239 J J, Hernandez et at. (IFIC, BOST, ClT+) 
ALBRECHT 8SK ZPHY C42 519 H. Albrecht et aL (ARGUS Collab.) 
ISGUR BgB PR D39 799 N. IsK~r et at. (TNTO, CIT) 
WACHS 89 ZPHY C42 as K. Wachs et at. (Crystal Ball Collab.) 
ALBRECHT aBE PL B210 263 H. Albrecht et aL (ARGUS Collab.) 
ALBRECHT BaH PL 8210 258 H. Albrecht eL aL (ARGUS Collab.) 
KOERNER 88 , ZPHY C38 511 J,G. Korner, G.A. Schuler (MANZ, DESY) 
ALAM 87 PRL 59 22 M.S. Alam et aL (CLEO Collab.) 
ALAM 87B PRL 58 1814 M.S. Alam et ah (CLEO Codab,) 
ALBRECHT 870 PL B199 451 H, Albrecht et at, (ARGUS Collab.) 
ALBRECHT B7H PL B187 425 H, Albrecht et aL (ARGUS Collab.) 
BEAN 87 PR D35 3533 A. Bean et at. (CLEO Collab.) 
BEHRENDS 87 PRL 59 407 S. Behrends et at. (CLEO Collab.) 
BORTOLETTO 87 PR D35 19 D. 8ortoletto et aL (CLEO Collab.) 
ALAM 86 PR D34 3279 M.S, Alam et aL (CLEO Collab.) 
BALTRUSAIT..,B6E PRL 56 2140 R.M. Baltrusaltis et al. (Mark 01 Collab.) 
BORTOLETTO 86 PRL 56 BOO D. Bortoletto et at, (CLEO Collab.) 
HAAS 86 PRL 56 2781 J. Haas et a6 (CLEO Collab.) 
ALBRECHT 85H PL 162B 395 H, Albrecht et aL (ARGUS Collab.) 
CSORNA 85 PRL 54 1894 S.C. Csorna et at. (CLEO CoBab.) 
HAAS 85 PRL 55 1248 J. Haas et aL (CLEO Collab,) 
AVERY 84 PRL 53 1309 E Avery et aL (CtEO Collab.) 
CHEN 84 PRL 52 1084 A. Chen et al. (CLEO Collab.) 
LEVMAN 64 PL 141B 271 G.M. Levman et aL (CUSB Collab.) 
ALAM 8SB PRL 51 1143 M.S, Alara et at. (CLEO Collab.) 
GREEN 8S PRL 51 347 J. Green et aL (CLEO Collab.) 
KLOPFEN... 838 PL 130B 444 C. Klopfenstein et at. (CUSB Collab.) 
ALTARELLI 82 NP 8208 365 G, Altarelli et at. (ROMA, INFN, FRAS) 
BROOY 82 PRL 48 1070 A.D. Brody et al. (CLEO Collab.) 
GIANNINI 82 NP B206 1 G. Giannini et al. (CUSB Eollab.) 
BEBEK 81 PRL 46 84 C. Bebek et al. (CLEO Cogab.) 
CHADWICK 81 PRL 46 88 K. Chadwick et at. (CLEO Eollab.) 
ABRAMS 80 PRL 44 10 G.S Abrams et at. (SLAC, LBL) 

I B+/B~176176 ADMIXTURE I 

B~'/B~176 ADMIXTURE MEAN LIFE 

Each measurement of the B mean life is an average over an admixture 
of various bottom mesons and baryons which decay weakly. Different 
techniques emphasize different admixtures of produced particles, which 
could result in a different B mean life. 

"OUR EVALUATION" is an average of the data listed below performed by the LEP 
B Lifetime Working Group as described in our review "Production and Decay of b- 
flavored Hadrons" in the B4- Section of these Listings. The averaging procedure takes 
into account correlations between the measurements and asymmetric lifetime errors, 
but ignores the smag differences due to different techniques. 

VALUE (1O- 12 S) EVTS DOCUMENT ID TECN COMMENT 

1,564:1:0.014 OUR EVALUATION 

1 5334" n nI~+0'035 1 ABE 9BB CDF p~ at 1.8 TeV 
....... --0.031 

1.549•177 2ACCIARRI 90 L3 e + e  - ~ Z 
1.611•177 3ACKERSTAFF 97F OPAL e + e  - ~ Z 
1.582• 3ABREU 96E DLPH e + e  - ~ Z 
1,533•177 19.8k 4 BUSKULIC 96F ALEP e + e -  ~ Z 

1.564•177 5ABE,K  958 SLD e + e  - ~ Z 
1.5424-0.021• 6ABREU 94L DLPH e + e  - ~ Z 
1.523•177 5372 7 ACTON 93L OPAL e + e -  ~ Z 
1.511•177 8 BUSKULIC 930 ALEP e + e  - ~ Z 

�9 * �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1.575•177 

1.50 40.24 •  
-0 ,21 

1.46 •  • 5344 

1.23 40.14 •  188 
-0 ,13  

1.49 4-0.11 •  253 

1.51 40,16 • 130 
-0 .14  

1.535•177 7357 
1.28 • 

1.37 • • 1354 

1.49 •  • 

1.35 +0.19 •  
-0 .17  

1,32 •  •  1386 

1,32 +0,31 •  37 
- 0 .25  

1,29 •  •  2973 

1.36 +0.25 
-0 .23  

1.13 •  
1.35 •  •  

0.98 •  •  

1.17 +0,27 40.17 
-0 ,22  -0 .16  

1.29 •  :k0.21 

1.02 40.42 301 
-0.39 

9 ABREU 96E DLPH e + e -  ~ Z 

10 ABREU 94P DLPH e + e -  ~ Z 

11 ABE 93J CDF Repl. by ABE 98B 

12 ABREU 930 DLPH Sup. by ABREU 94L 

13 ABREU 930 DLPH Sup. by ABREU 94L 

14 ACTON 93c OPAL e + e -  ~ Z 

7 ADRIANI 93K 63 Repl. by ACCIARRI 98 
15 ABREU 92 DLPH Sup, by ABREU 94L 
16 ACTON 92 OPAL Sup, by ACTON 93L 
17 BUSKULIC 92F ALEP Sup, by BUSKULIC 96F 

18 BUSKULIC 92G ALEP e + e -  ~ Z 

19 ADEVA 91H L3 Sup. by ADRIANI 936 

20ALEXANDER 916 OPAL e + e  - ~ Z 

21 DECAMP 91C ALEP Sup. by BUSKULIC 92F 

22 HAGEMANN 90 JADE E ~ =  35 GeV 

23 LYONS 90 RVUE 
BRAUNSCH... 898 TASS Eceem= 35 GeV 

e e _  ONG 89 MRK2 E c m -  29 GeV 

ee _ 29 GeV KLEM 88 DLCO Ecm--  

ee _ 29 GeV 24 ASH 87 MAC E c m -  

ee -- 29 GeV 25 BROM 87 HRS Ecru-- 

1 Measured using inclusive J / r  ~ p +  # -  vertex. 
2 ACCIARRI 98 uses inclusively reconstructed secondary vertex and lepton impact param- 

eter. 
3 ACKERSTAFF 97F uses inclusively reconstructed secondary vertices. 
4 BUSKULIC 96F analyzed using 3D impact parameter. 
5 ABE,K 95B uses an inclusive topological technique. 
6ABREU 94L uses charged particle impact parameters. Their result from inclusively re- 

constructed Secondary vertices is superseded by ABREU 96E. 
7 ACTON 93L and ADRIANI 936 analyzed using lepton (e and #) impact parameter at Z, 
8 BUSKULIC 930 analyzed using dipole method. 
9 Combines ABREU 96E secondary vertex result wi th ABREU 94L impact parameter result. 

10From proper t ime distribution of b ~ J / ~ ( 1 5 ) a n y t h i n g .  

11ABE 93J analyzed using J / ~ ( 1 5 )  ~ ~ #  vertices. 

12 ABREU 93D data analyzed using D / D * t  anything event vertices. 
13 ABREU 930 data analyzed using charged and neutral vertices. 
14 ACTON 93c analysed using D / D*  (anyth ing event vertices. 
15ABREU 92 is combined result of muon and hadron impact parameter analyses. Hadron 

tracks gave (12.7 • 0.4 • 1.2) • 10 - 1 3  s for an admixture of B species weighted by pro- 
duction fraction and mean charge multipl icity, while muon tracks gave (13.0 • 1.0 • 0.8)• 
10 - 1 3  s for an admixture weighted by production fraction and semileptonic I~anching 
fraction. 

16 ACTON 92 is combined result of muon and electron impact parameter analyses. 
17BUSKULIC 92F uses the lepton impact parameter distribution for data from the 1991 

rUB. 
18 BUSKULIC 92G use J / r  tags to measure the average b lifetime. This is comparable 

to other methods only if the J / ~ ( 1 S )  branching fractions of the different b-flavored 
hadrons are in the same ratio. 

19 Using Z ~ e + X or # +  X, ADEVA 91H determined the average lifetime for an admixture 
of B hadrons from the impact parameter distribution of the lepton. 

20 Using Z ~ J / # ( 1 5 ) X ,  J / 9 ( 1 $ )  ~ l + t  - ,  ALEXANDER 91G determined the average 
lifetime for an admixture of B hadrons from the decay point of the J / ~ ( 1 5 ) .  

21 Using Z ~ eX or .~X, DECAMP 91C determines the average lifetime for an admixture 
of B hadrons from the signed impact parameter distribution of the lepton. 

22 HAGEMANN 90 uses electrons and muons in an impact parameter analysis. 
23 LYONS 90 combine the results of the B lifetime measuresments of O N G  89, BRAUN- 

SCHWEIG 89B, KLEM 88, and ASH 87, and JADE data by private communication. 
They use statistical techniques which include variation of the error wi th the mean life, 
and possible correlations between the systematic errors. This result is not independent 
of the measured results used in our average. 

24 We have combined an overall scale error of 15% in quadrature with the systematic error 
of •  to obtain --2.1 systematic error. 

25Statistical and systematic errors were combined by BROM 87. 

CHARGED b-HADRON ADMIXTURE MEAN LIFE 

VALUE (10 -12 s) DOCUMENT ID TECN COMMENT 

1.72:EO,OS=EO,06 26ADAM 95 DLPH e + e - ~  Z 

26 ADAM 95 data analyzed using vertex-charge technique to tag b-hadron charge. 

NEUTRAL b-HADRON ADMIXTURE MEAN LIFE 

VALUE (10 -12 s) DOCUMENT ID TECN COMMENT 

1.58"1-0o114"0.09 27ADAM 95 DLPH e + e - ~  Z 

27 ADAM 95 data analyzed using vertex-charge technique to tag b-hadron charge, 



See key on page 239 

MEAN LIFE RATIO ~c~arl~l b-hidron/l"~'utril b--hadro. 

VALUE DOCUMENT 10 TEEN COMMENT 

1 09 + 0 1 1  �9 _O:10:I:0.01B 28ADAM 95 DLPH e + e - ~  Z 

28 ADAM 95 data analyzed using vertex-charge technique to tag b-hadron charge. 

l"b, ~ arid I~bl are the meal] life average and difference between b and 

hadrons, 

VALUE DOCUMENT [O TEEN COMMENT 
--0.001• 29ABBIENDI 99J OPAL e+ e - ~ Z I 
29Data analyzed using both the jet charge and the charge of secondary vertex in the I 

opposite hemisphere. 
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B • 1 7 6 1 7 6  A D M I X T U R E  

PRODUCTION FRACTIONS AND DECAY MODES 

The branching fraction measurements are for an admixture of B mesons 
and baryons at energies above the T(4S). Only the highest energy results 
(LEP, Tevatron, SpaS) are used in the branching fraction averages. In 
the following, we assume that the production fractions are the same at 
the LEP and at the Tevatron. 

For inclusive branching fractions, e.g., B ~ D • the treatment 
of multiple D's in the final state must be defined. One possiblity would be 
to count the number of events with one-or-more D's and divide by the total 
number of B's. Another possibility would be to count the total number of 
D's and divide by the total number of B's, which is the definition of average 
multiplicity. The two definitions are identical when only one of the specified 
particles is allowed in the final state. Even though the "one-or-more" 
definition seems sensible, for practical reasons inclusive branching fractions 
are almost always measured using the multiplicity definition. For heavy 
final state particles, authors call their results inclusive branching fractions 
while for light particles some authors call their results multiplicities. In the 
B sections, we list all results as inclusive branching fractions, adopting a 
multiplicity definition. This means that inclusive branching fractions can 
exceed 100% and that inclusive partial widths can exceed total widths, 
just as inclusive cross sections can exceed total cross sections. 

The modes below are listed for a b initial state, b modes are their charge 
conjugates. Reactions indicate the weak decay vertex and do not include 

, mixing. 

Scale factor/ 
Mode Fraction ( r i / r )  Confidence level 

PRODUCTION FRACTIONS 

The production fractions for weakly decaying b-hadrons at high energy 
have been calculated from the best values of mean lives, mixing param- 
eters, and branching fractions in this edition by the LEP B Oscillation 
Working Group as described in the note "Production and Decay of b- 
Flavored Hadrons" in the B • Particle Listings. Values assume 

B(b ~ B +) = B(b ~ B 0) 
B(b ~ B +)  + B(b ~ B 0) +B(b ~ B0s) + B(b ~ b-baryon) = 100 %. 

The notation for production fractions varies in the literature (fd, dBo, 

feb ~ ~0), Br(b ~ ~0)). We use our own branching fraction notation 
here, B(b ~ B0). 

r I B + ( 38.9 • 1.3 )% 
r 2 B ~ ( 38.9 4- 1.3 )% 
r 3 B ~ ( :0.7 4- 1.4 )% 
r 4 b-baryon ( 11.6 4- 2.0 )% 
r5 Bc 

DECAY MODES 

r2o 

r21 

[22 

[-23 

[24 
F25 
r26 
r27 
r28 
r29 

r3o 

r31 
r32 
[33 
r34 
r35 
r36 

F37 
F38 
F39 

r4o 
r41 
r42 

r43 
r44 

r45 

r46 
r47 

F48 

F49 
Fso 

F51 
r82 
F53 

Charmed meson and baryon modes 
D~ ( 60.5 - 3.2 ) %  

D ~  go] ( 9.1 _+ 

D:D~anything [c] ( 4.0 

D~176 [c] ( 8.1 + 

D ~ 1 7 7  [c] ( 2.7 +_ 

D4. D Tanything go] < 9 
D - a n y t h i n g  23.1 -4- 
D*(2010)  + anything 17.3 • 
D1(2420)0 anything 5.0 • 

D*(2010)  T D~  anything [c] 3.3 +_ 

D~ D*(2010)4. anything go] 3.0 + 

D*(2010)4- D T anything go] 2.5 _+ 

D*(2010)4- D*(2010)  :F anything gel 1.2 4- 
D~(2460)~ anything 4,7 • 

Ds anything 18 • 
Ac anything 9.7 • 
~ / c a n y t h i n g  [d] (117 • 

Charmonium modes 
( 1.16• OLO)% 
( 4.8 -- 2.4 ) x  10 - 3  

( :.8 - o.s)% 

K or K* modes 
( 3,1 • 1.1 ) x 10 - 4  
( 74  4- 6 )%  
( 29.0 • 2.9 )% 

Pion modes 
(397 4,21 )% 

[d] (278 • )% 

Baryon modes 
( 13.1 4- 1.: )% 

Other modes 
[d] (497 4- 7 ) % 

( 1.7 + :,o 
- -  0.7 ) x I0 -5 

( 7 • ) x 10 -3  

Baryon modes 
s.9 • 0.6 )% 

:0.2 • 2.8 )%  

J / ~;(1S) anything 
%b(25) anything 
Xcl  (1P) anything 

K • anything 
K 0 anything 

7r4. anything 
7r~ anything 

p / ~ a n y t h i n g  

charged anything 

hadron + hadron-  

charmless 

A /Aany th i ng  
b-baryon anything 

A B  = 1 weak neutral current (BI)  modes 

e + e -  anything 
# + / ~ -  anything B1 < 3.2 
v~any th ing  

CL=90% 

Semileptonic and leptonic modes 
r 6 vany th ing  ( ~23.1 4- 1.5 ) % 
r 7 s  [a] ( 10.734- 0.18)% 
r 8 e + u e anything ( 10.864. 0.35) % 

r9 # +  v# anything (10.95 + 00:29) % 

F10 D - s  [a] ( 2.024. 0.29) % 
r:1 D 0 s  [a] ( 6.6 4. 0.6 )%  
r12 D * - l + v l a n y t h i n g  [a] ( 2.764. 0.29) % 
r13 -D~ ~.+ v t anything [a,b] seen 

F14 D~- l + v I anything [a,b] seen 

r l s  D.~ (246o)~ t +  Ul anyt hing seen 

F16 D ~ ( 2 4 6 0 ) - ~ + v t a n y t h i n g  seen 
r17 charmless t ~  e [a] ( 1.7 4- 0.6 ) x 10 - 3  
r18 T + v r a n y t h i n g  ( 2.6 • 0.4 )% 
r19 ~ -~ l - ~ l a n y t h i n g  [a] ( 8.3 • 0.4 ) % 

[a] An l indicates an e or a # mode, not a sum over these modes. 

[b] Dj represents an unresolved mixture of  pseudoscalar and tensor D**  (P -  
wave) states. 

[c] The value is for the sum of the charge states or part ic le/ant ipart ic le 
states indicated. 

[d] Inclusive branching fractions have a mult ipl icity definit ion and can be 
greater than 100%. 

S=LZ 
B:~/B~176 ADMIXTURE BRANCHING RATIOS 

r(BD/[r(e+) + r(eO)] r,/(rl+r=) 
VALUE DOCUMENT ]D TEE.N,,, COMMENT 
0.21 4-0.04 OUR AVERAGE 
0.213i0.068 30 AFFOLDER 00E CDF p~ at 1.8 TeV I 

I 0,21 •  n~+0'038 31 ABE 99P CDF ~p at 1.8 TeV 
. . . .  --0.030 

30AFFOLDER 00C uses several electron-ch~arm final states in b ~ c e - X .  I 
31 * O * + ABE 99P uses the numbers of K (892) , K (892) , and ~b(1020) events produced in I association with the double semileptonic decays b ~ c # - X  with c ~ s#+X.  

r(b-baryon)/[r(B +) + r (B~ r4 / ( r l + r2 )  
VALUE DOCUMENT/p TEEN COMMENT 
0,111hi:0.042 32 AFFOLDER 00E CDF p~ at 1,8 TeV I 

32AFFOLDER 00E uses several electron-charm final states in b ~ c e -  X. I 

3.9 )% 
2.8 
2.3 )% 
1.8 
20 )% 
1.8 
1.8 )% 
1.6 

x 10 - 3  
2.3 )% 
2.0 )% 
1.5 )% 
1.6 )% 
1.3 
: .1  )% 
0.9 

1.2 
:.o )% 
0.4 )% 
2.7 )% 
5 )% 
2.9 )% 
4 )% 

x 10 -4  EL=90% 
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B-'-/B~176 A D M  I •  R E  

I'(vanything)/r~ot= r d r  
VALUE DOCUMENT ID TECN COMMENT 

0.230~0.0077=E0.0124 33,34 ACCIARRI 96c L3 e + e-- ~ Z 

33ACCIARRI 96c assumes relative b semileptonic decay rates e:/~:T of 1:1:0.25. Based on 
missing-energy spectrum. 

34 Assumes Standard Model value for R B- 

r(t + vlanything)/Ftotal rT/r 
VALUE DOCUMENT ID TECN COMMENT 
0.1073:1:0.001g OUR AVERAGE Error includes scale factor of 1.1. 

4.0 0028 I 0.10834.0.0010_010024 35 ABBIENDI 00E OPAL e4- e -  ~ Z 

0.10164-0.00134.0.0030 36ACCIARRI O0 L3 e4-e-  ~ Z | 
0.10854-0.00124-0.0047 37,38 ACCIARRI 96C L3 e'+e - ~ Z I 
0.11064-0.00394-0.0022 39ABREU 95D DLPH e+e - ~ Z 
0.114 4-0.003 :t:0,004 40BUSKULIC 94G ALEP e'i'e - ~ Z 
0.100 4-0.007 4-0,007 41 ABREU 93c DLPH e+e - ~ Z | 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.105 4-0.006 4-0,005 42 AKERS 930 OPAL Repl. by ABBIENDI 00E 

35ABBIENDI 00E result is determined by comparing the distribution of several kinematic | 
variables of leptonic events in a lifetime tagged Z ~ bb sample using artificial neural I network techniques. The first error is statistic; the second error is the total systematic 
error. 

36ACCIARRI 00 result obtained from a combined fit of R b =  r(z ~ bE) / r ( z  ~ hadrons) | 
and B(b ~ s using double-tagging method. I 

37 ACCIARRI 96C result obtained by a fit to the single lepton spectrum. 
38 Assumes Standard Model value for R B. 

39ABREU 95D give systematic errors 4-0.0019 (model) and 0.0012 (Re) .  We combine 
these in quadrature. 

40 BUSKULIC 94G uses e and/~ events. This value is from a global fit to the lepton p and 
PT (relative to jet) spectra which also determines the b and c production fractions, the 
fragmentation functions, and the forward-backward asymmetries. This branching ratio 
depends primarily on the ratio of dileptons to single leptons at high PT,  but the lower 
P T  portion of the lepton spectrum is included in the global fit to reduce the model 
dependence, The model dependence is 4-0.0026 and is included in the systematic error. 

41ABREU 93C event count includes ee events. Combining ee, #/~, and e# events, they 
obtain 0.100 4- 0.007 4- 0.007. 

42 AKERS 93B analysis performed using single and d0epton events, 

r (e+ -e anything) / r~,al rglr 
VALUE EVT5 DOCUMENT ID TECN COMMENT 
0.101~:E0.0og5 OUR AVERAGE 

o107~4-oooo8+_Lo%~.o 43ABB,END, ooE OPAL e'i'e- -- Z I 
0.10894-0.00204-0.0051 44'45ACClARRI 96C L3 e+e - ~ Z 
0.107 • • 260 46ABREU 93C DLPH e'i'e - ~ Z 
0.138 4-0.032 4-0.008 47ADEVA 91c L3 e ' i ' e -  ~ Z 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.086:1:0.027 • 48 ABE 93E VNS Eceem= 58 GeV 

0.109 +0.014 -0.013 4-0.0058 2719 49 AKERS 93B OPAL Repl. by ABBI- 
ENDI 00E 

0.111 :E0.028 4-0.026 BEHREND 900 CELL Eceem= 43 GeV 

0.150:1:0.011 4-0.022 BEHREND 90D CELL Ecee= 35 GeV 

0.112 :t:0.009 4-0.011 ONG 88 MRK2 Eeem= 29 GeV 

0.149 § PAL 86 DLCO gee=  29 GeV 
-0.019 

0310 4.0.018 • AIHARA 85 TPC E ~ =  29 GeV 
0.111 4-0.034 4-0.040 ALTHOFF 84J TASS g e e =  34.6 GeV 
0.146 4-0.028 KOOP 84 DLCO Repl. by PAL 86 
0.116 4.0.021 4-0.017 NELSON 83 MRK2 E ~ =  29 GeV 

43ABBIENDI 00E result is determined by comparing the distribution of several kinematic I 
variables of leptonic events in a lifetime tagged Z ~ bb sample using artificial neural I network techniques. The first error is statistic; the second error is the total systematic 
error. 

44 ACCIARRI 96C result obtained by a fit to the single lepton spectrum. 
45 Assumes Standard Model value for R B .  

46ABREU 93C event count includes ee events. Combining ee, /~#, and e/~ events, they 
obtain 0.100 4- 0.007 4- 0.007. 

47ADEVA 91C measure the average B(b ~ eX) branching ratio using single and double 
tagged b enhanced Z events. Combining e and # results, they obtain 0.113 4- 0.010 4- 
0.006. Constraining the initial number of b quarks by the Standard Model prediction 
(378 ~ 3 MeV) for the decay of the Z into bb,  the electron result gives 0.112 4- 0.004 
0.008. They obtain 0.119 4- 0.003 4- 0.006 when e and p results are combined. Used to 
measure the bb width itself, this electron result gives 370 ~: 12 4- 24 MeV and combined 
with the muon result gives 385 4- 7 4- 22 MeV. 

48 ABE 93E experiment also measures forward-backward asymmetries and fragmentation 
functions for b and c. 

49AKERS 930 analysis performed using single and dilepton events. 

r(~+..anythlnK)/rtotal r d r  
VALUE EVT5 DOCUMENT ID TECN COMMENT 

0 109~+0"0~2~ 9 OUR AVERAGE �9 - u,uu/~ 

+ 0 0034 0.1096:E0.0008_010027 50 ABBIENDI 00E OPAL e + e -  ~ Z 

0.10824-0.0015:50.0059 51,52ACCIARRI 96c L3 e4-e- ~ Z 
0.110 4-0.012 :E0.O07 656 53ABREU 93c DLPH e + e - ~  Z 
0.113 • :~0.006 54ADEVA 91c L3 e+e - ~ Z 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.122 4-0.006 4-0.007 52 UENO 96 AMY 

0.101 4-0.010 4-0.0055 4248 55AKERS 93B OPAL -0.009 

0.104 4-0.023 4-0.016 BEHREND 900 CELL 

0.148 4-0.010 4-0.016 BEHREND 90D CELL 

0.118 • • ONG 88 MRK2 

0.117:50.016 4-0.015 BARTEL 87 JADE 

0.114 4-0.018 4-0.025 BARTEL 85J JADE 
0.117 4-0.020 4-0.010 ALTHOFF 84G TASS 

0.105 4-0.015 4-0.013 

0.155 4-0.054 
--0.029 

e + e-- at 57.9 GeV 

Repl. by ABBI- 
ENDI 00E 

Eceem= 43 GeV 

Eceem= 35 GeV 
e e _  Ecm-  29 GeV 

Eceem= 34.6 GeV 

RepL by BARTEL 87 
Ec~m = 34.5 GeV 
Eceem= 33-38.5 GeV 

E~&= 29 CeV 
AOEVA 83B MRKJ 

FERNANDEZ 83D MAC 

50ABBIENDI 00E result is determined by comparing the distribution of several kinematic I 
variables of leptonic events in a lifetime tagged Z ~ bb sample using artificial neural I network techniques. The first error is statistic; the second error is the total systematic 
error. 

51 ACCIARRI 96C result obtained by a fit to the single lepton spectrum. 
52 Assumes Standard Model value for R B.  

53ABREU 93C event count includes/~# events. Combining ee, #p, and e/~ events, they 
obtain 0.100 4- 0.007 4- 0.007. 

54ADEVA 91c measure the average B(b ~ eX) branching ratio using single and double 
tagged b enhanced Z events. Combining e and p results, they obtain 0.113 4- 0.010 • 
0.006. Constraining the initial number of b quarks by the Standard Model prediction 
(378:E 3 MeV) for the decay of the Z into bb, the muon result gives 0.1234- 0.003• 
They obtain 0.119 4- 0.003 4- 0.008 when e and p results are combined. Used to measure 
the bb width itself, this muon result gives 394 4- 9 • 22 MeV and combined with the 
electron result gives 385 • 7 4. 22 MeV. 

55 AKERS 93B analysis performed using single and dilepton events. 

F ( D -  t ~" vt any th ing ) /F t~a l  F l o / F  
VALUE DOCUMENT ID TECN COMMENT 

0.0202+0.0026.1-0.0013 56 AKERS 950 OPAL e + e -  ~ Z 

56AKERS 950 reports [B(b ~ D- l+u lany th ing  ) • B(D + ~ K-x '+~r4.) ]  = (1.82 4- 
0.20 • 0.12) x 10 -3 .  We divide by our best value B(D + ~ K -  x "i" ~r4-) = (9.0 4- 0.6) x 
10 - 2 .  Our first error is their experiment's error and our second error is the systematic 
error from using our best value. 

r (-t)~ IYI" pl anything)/Floral Fll/F 
VALUE DOCUMENT ID TECN COMMENT 

0.l)66:1:0,006:i:0,001 57 AKERS 95Q OPAL e + e -  ~ Z 

57 AKERS 950 reports [B(b ~ D 0 l +  utanything ) x B(D 0 ~ K -  ~'+)] = (2.52 4- 0.14 4- 
0.17) x 10 - 3 .  We divide by our best value B(D 0 ~ K -  7r "+) = (3.83 4- 0.09) x 10 - 2 .  
Our first error is their experiment's error and our second error is the systematic error 
from using our best value. 

F(D*-  ~ ut anything )/Floral F12/F 
VALUE DOCUMENT ID TEC.N COMMENT 

O.02"#6:E0.0027:E0.0011 58 AKERS 95Q OPAL e + e -  ~ Z 

58AKER5 950 reports [B(b ~ D * l ' + u t X  ) x B(D *+  ~ D0x "+) x B(D 0 ~ K - ~ + ) ]  
= ({7.53 4- 0.47 4- 0.56) x 10 - 4 )  and uses B(D *+  ~ D0~r "+) = 0.681 4- 0.013 and 
B(D 0 ~ K - ~  + )  - 0~0401 4- 0.0014 to obtain the above result. The first error is the 
experiments error and the second error is the systematic error from the D *+  and D O 
branching ratios. 

r (-b~] t+ vg anything)/r~ r l d r  
Dj  represents an unresolved mixture of pseudoscalar and tensor D** (P-wave) states. 

VALUE DOCUMENT JD TECN COMMENT 

seen 59 AKERS 95Q OPAL e4- e-- ~ Z 

59 AKERS 950 quotes the product branching ratio B(b ~ ~ t + ~'tX) B ( ~  ~ D *+  ~r-) 

= ((6.1 4- 1.3 • 1.3) x 10-3).  

I" (D~- t+ vt anything)/Ftota r14/r 
Dj  represents an unresolved mixture of pseudoscalar and tensor D** (P-wave) states. 

VALUE DOCUMENT ID TE.. CN COMMENT 

60 AKERS 950 OPAL e + e -  ~ Z 

60 AKERS 95Q quotes the product branching ratio B(b ~ D 7 t + ~,tanything) B(D 7 

0 % - )  : ((7,0 4- 1.9_+~:~) • 10-3). 

r(~(246o) ~ r ,5 / r  
VALUE DOCUMENT ID TECN COMMENT 

seen 61 AKERS 950 OPAL e + e -  ~ Z 

81AKERS 95Q quotes the product branching ratio B(b ~ D~(2460)0t+utanything ) 

B(D~(2460) 0 ~ D 4 . ~ - )  = (1.6 ~ 0.7 4- 0.3) x 10 - 3 .  

r(D~(2460)- ~ v~ anything)/r~l r~ur 
VALUE DOCUMENT ID TECN COMMENT 

62 AKERS 95Q OPAL e + e -  ~ Z 

62AKER5 950 quotes the product branching ratio B(b ~ D~(2460)l+vlanything ) 

B(D~(2460) "i" ~ D0~r - )  = 4.2 4- 1.3_+017. 
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B:~ / B~ / B~ / b-baryon A D M I X T U R E  

r (charrnless tP~)/rto~! rzdr  
"OUR EVALUATION" is an average of the data listed below performed by the LEP 
Heavy Flavour Steering Group. The averaging procedure takes into account correla- 
tions between the measurements. 

VALUE DOCUMENT IO TEEN COMMENT 
0.001674-0.00055 OUR EVALUATION 
0.0017 4.O.O00S O U R  AVERAGE 
0.00187•177 63ABREU 00D DLPH e + e  - ~ Z 
0.001734-0.00055• 64BARATE 99G ALEP e + e  - ~ Z 
0.0033 • • 65ACCIARRI 98K L3 e + e  - ~ Z 

63ABREU O0D result obtained from a fit to the numbers of decays in b ~ u enriched and 
depleted samples and their lepton spectra, and assuming I Vcb l  = 0,0384 • 0,0033 and 
Tb= 1.564 • 0.014 pS. 

[ r (P  D o anything) + r(D o O4. anything)]/rto=, (r~+r24)/r 
VALUE DOCUMENT ID TEEN COMMENT 

O0~m + 0.020 + 0.018 I " " ' - -0,018--0,016 80 BARATE 98Q ALEP e + e -  ~ Z 

80The systematic error includes the uncertainties due to the charm branching ratios. I 

F(D4- O :F anything)/Ftotal r2s/r 
VALUE EL% DOCUMENT ID TEEN COMMENT 

<:0.009 90 BARATE 980 ALEP e + e -  ~ Z I 

F(D- anythtng)/rt~ r . / r  
VALUE DOCUMENT ID TEEN COMMENT 

0.237:1:0.017-1.-0.015 81 BUSKULIC 96Y ALEP e + e  - ~ Z 
64 Uses lifetime tagged bb sample. 
65ACCIARRI 98K assumes R b =  0.2174 • 0.0009 at Z decay. 

r ( ,+u ,  anything )/rtota I rldr 
VALUE (un[ts ]O -2  ) EVTS DOCUMENT iD TEEN COMMENT 

2.6 4.0,4 OUR AVERAGE 
1.7 •  •  66'67ACCIARRI 96C L3 e + e - ~  Z 
2.75•177 405 68BUSKULIC 95 ALEP e + e  - ~ Z 
2.4 4-0.7 •  1032 69ACCIARRI 94C L3 e + e  - ~ Z 
�9 �9 �9 We do not use the following data for averages, fits, limits, e t c . � 9  * �9 

4.08•177 BUSKULIC 93B ALEP Repl. by BUSKULIC 95 

66 ACCIARRI 96C result obtained from missing energy spectrum. 
67Assumes Standard Model value for R B. 

68 BUSKULIC 95 uses missing-energy technique. 
69This is a direct result using tagged bb events at the Z, but species are not separated�9 

r(~ -., ~ - ,  t -Ptanyth lng) / r tota I rzg/r 
VALUE DOCUMENT/D TEEN COMMENT 
0.1~3 4.0.004 OUR AVERAGE 

I 0o04o• 'oA~,E.o,  o0~ OPAL e• ~ Z 
0,07704-0,0097• 71 ABREU 95D DLPH e + e  - ~ Z 
0,082 • • 72BUSKULIC 94G ALEP e + e - ~  Z 
�9 = �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

81BUSKULIC 96Y reports 0,234 :I: 0,013 4- 0,010 for B(D + ~ K -  ~+  x + )  = 0.091. We 
rescale to our best value B(D + ~ K - x + x  + )  = (9.0 4. 0,6) • 10 - 2 .  Our first error 
is their experiment's error and our second error is the systematic error from using our 
best value. 

r(o'(20z0)+ anything)/rtotal r2~/r 
VALUE DOCUMENT ID TEEN COMMENT 

0.1734.0.0164.0.012 82 ACKERSTAFF 98E OPAL e + e -  ~ Z | 

82Uses lepton tags to select Z ~ bb events. I 

F(D 1 (2420) 0 anything)/rtota I r20tr 
VALUE DOCUMENT ID TEeN COMMENT 

0.050::E0.0144.0.006 83ACKERSTAFF 97wOPAL e +  e - ~ Z I 

83ACKERSTAFF 97w assumes B(D~(2460) 0 ~ D*+~r - )  = 0.21 ~: 0.04 and 

rb~/rhadron s = 0.216 at Z decay. 

F(D*(20Z0) :F D~ anything)/rwm I r=9/r 
VALUE DOCUMENT ID TEEN COMMENT 

0 033 +0"010+0"012 84 BARATE 980 ALEP e + e -  ~ Z I 
�9 - 0.009 - 0.009 

84The systematic error includes the uncertainties due to the charm branching ratios. I 

r (Do D*(2010)4. anything)/Ftota I r,o/r 
VALUE DOCUMENT ID TEEN COMMENT 

0.077 • • 73AKERS 93B OPAL Repl. by ABBIENDI 00E 

70ABBIENDI 00E result is determined by comparing the distribution of several kinematic I 
variables of leptonic events in a lifetime tagged Z ~ bb sample using artificial neural I network.techniques. The first error is statistic; the second error is the total systematic 
error. 

71ABREU 95D give systematic errors 4-0.0033 (model) and 0.0032 (Re) .  We combine 

these in quadrature. This result is from the same global fit as their r (b ~ t + u l X )  
data. 

72BUSKULIC 94G uses e and # events. This value is from the same global fit as their 

r (b  ~ t + v t a n y t h i n g ) / r t o t a  I data. 
73 AKERS 93B analysis performed using single and dilepton events. 

r('D~ anything)/rtouJ r=0/r 
VALUE DOCUMENT ID TEEN COMMENT 

0.6054.0.0294.0.014 74 BUSKULIC 96Y ALEP e 4- e-- ~ Z 

74BUSKULIC 96Y reports 0.605 • 0,024 • 0.016 for B(D 0 ~ K - ~  + )  = 0.0383. We 
rescale to our best value B(D 0 ~ K - I t  + )  = (3.83 ~ 0.09) • 10 - 2 .  Our first error is 
their experiment's error and our second error is the systematic error from using our best 
value. 

F(D 0 O~ anything)/rtota I r21/r 
VALUE DOCUMENT ID TEEN COMMENT 

0 P'eI+0.020"P0.034 75BARATE 980 ALEP e + e  - ~ Z I 
. . . .  --0.018--0.022 

75 The systematic error includes the uncertainties due to the charm branching ratios. I 

r(D a: D~ anything)/rto., r==/r 
VALUE DOCUMENT /D TEEN COMMENT 

0 040 + 0,017 + 0.016 I " -0.014--0.011 76 BARATE 980 ALEP e + e -  ~ Z 

76 The systematic error includes the uncertainties due to the cbarm branching ratios, I 

[F(D 0 D~ anything) + F(D ~: D=4- anything)]/l'tota I (r=z+rzz)/r 
VALUE DOCUMENT ID TEEN COMMENT 

131+0.026+0.048 77 BARATE 980 ALEP e + e -  ~ Z I 
�9 --0.022--0.031 

77 The systematic error includes the uncertainties due to the charm branching ratios. I 

r(b-o OOanything)/Ftotal r~ / r  
VALUE DOCUMENT /D TEEN COMMENT 

0~r  78 BARATE 980 ALEP e + e -  ~ Z I 
" ~ "  - -0 .014 - -0,011 

78 The systematic error includes the uncertainties due to the charm branching ratios. I 

r (DO O • anything) Irma, r~ / r  
VALUE DOCUMENT IO TEEN COMMENT 

0n,JT+ 0.015 + 0.010 I ' ' - - 0 . 0 1 3 - - 0 . 0 0 9  79 BARATE 98Q ALEP e + e -  ~ Z 

79 The systematic error includes the uncertainties due to the charm branching ratios. I 

0n30 +0'O0(J+O'00u 8SBARATE 98QALEP e + e  - ~ Z | 
.v - 0 . 0 0 0 - - 0 . 0 0 5  

85 The systematic error includes the uncertainties due to the charm branching ratios. 

F(D*(2010) :1: D :F anything)/Ftota I r31/r 
VALUE DOCUMENT ID TECN COMMENT 

0 025 +0"010+0'006 80 BARATE 98Q ALEP e + e-- ~ Z I 
" - 0.00g - 0,005 

86The systematic error includes the uncertainties due to the charm branching ratios. I 

r(D*(2010) 4- D*(2010) :F anything)/rtoul r32/r 
VALUE DOCUMENT ID TEEN COMMENT 

0 012 +0.004"~n ~ 87 I �9 _ 0 , 0 0 3 ~ v , w L  BARATE 98Q ALEP e + e -  ~ Z 

87 The systematic error includes the uncertainties due to the charm branching ratios, I 

r (D~(2460)~ anything)/rtotal rs3/r 
VALUE DOCUMENT ID TEEN (:OMMENT 

0.0474-0.0244-0.013 88ACKERSTAFF 97wOPAL e+e  - ~ Z I 

88ACKERSTAFF 97W assumes B(D~(2460) 0 ~ D*+Tr  - )  = 0.21 • 0,04 and I 

rb~/rhadron s - 0,216 at Z decay. I 
r(~sanything)/r~l r34/r 
VALUE DOCUMENT ID TEEN COMMenT ,, 

0.184-0.02.1.0.04 89 BUSKULIC 96Y ALEP e + e -  -~ Z 

89BUSKULIC 96Y reports 0.183 • 0~019 4- 0.009 for B(Ds+ -+ ~ r  + }  -- 0.036. We 
~- -t- 2 rescale to our best value B(D  s ~ @Tr ) = (3.6 4- 0.9) x 10 -  . Our first erro r is their 

experiment's error and our second error is the systematic error from using our best value. 

r(b --, Acanything)/rto~ r ~ / r  
VALUE DOCUMENT/O T.~EN COMMENT 

0.0974.0.0134.0.025 90 BUSKULIC 96Y ALEP e + e -  --~ Z 

90BUSKUL]C 96Y reports 0.110 • 0.014 4. 0.006 for B(A~ ~ p K - r r  "P) = 0.044. We 

rescale to our best value B(A + ~ p K - T r  ~ )  = (5.0 4- 1.3) x 10 - 2 ,  Our first error is 
their experiment's error and our second error is the systematic error from using our best 
value. 

r(~'/canything)/rtotal r ~ / r  
VALUE DOCUMENT ID TEEN COMMENT 
1.17 4.0.04 OUR AVERAGE 
1.1474-0.041 91ABREU 98D DLPH e + e  - ~ Z 
1.230• 92BUSKULIC 96Y ALEP e + e  - ~ Z 

91ABREU 98D results are extracted from a fit to the b-tagging probabltlity distribution 
based on the impaCt paKameter. 

92BUSKULIC 96Y assumes PDG 96 ~roducl~ion fractions for B O, B ' - ,  B s, b baryons, and 

PDG 96 branching ratios for charm decays. This is sum of their Inclusive ~-0, D - ,  Ds,  
and A c branching ratios, correCted to Include Inclusive E c and charmonlum. 
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M e s o n  P a r t i c l e  L i s t i n g s  

B+ / B~ / B~ b-baryon A D M I X T U R E  

r(J /9(15) anything) /Ftom r3dr 
VALUE (units 10 -2) CL% EVT5 DOCUMENT IO TECN COMMENT 

1.164"0.10 OUR AVERAGE 
1.12~0.12• 93ABREU 94P OLPH e+e - ~ Z 

1.16•177 121 94 ADRIANI 03J L3 e + e -  ~ Z 

1.21•177 BUSKULIC 92G ALEP e + e  - ~ Z 
�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

1.3 •  •  95ADRIANI 92 L3 e + e - ~  Z 
<4.9 90 MATTEUZZI 83 MRK2 Ece~= 29 GeV 

93ABREU 94P is an inclusive measurement from b decays at the Z. Uses J / ~ ( 1 S )  

e + e -  and p +  p -  channels. Assumes F(Z ~ bb) / rhadron=0.22.  
94ADRIANI 93J is an inclusive measurement from b decays at the Z.  Uses J /~ (15 )  

# + p -  and J/ 'V)(15) ~ e + e -  channels. 
95ADRIANI 92 measurement is an inclusive result for B (Z  ~ J / ~ ( 1 5 ) X )  ~ (4.1 • 03 • 

0.3) x I0 - 3  which is used to extract the b-hadron contribution to J / ' ~ ( 1 5 )  production. 

r(@(2S) anything)Ir~, r~Ir 
VALUE DOCUMENT ID TEEN COMMENT 

0.0048:1:0.0022:1:0.0010 96 ABREU 94P DLPH e + e  - ~ Z 

96ABREU 94P is an inclusive measurement from b decays at the Z. Uses @(25) 

J / l b ( 1 5 ) l r + T r - ,  J / r  ~ # + p -  channels. Assumes r ( z  ~ bb) / thadron=0 .22 .  

r (xct (1P) anything) /Ftocal r39/r 
VALUE EV.T.S DOCUMENT ID TEEN COMMENT 
0.015~0.005 OUR AVERAGE 

0o14• ,7 AB EU ,.P OLP. o+e- - z 
0.024•177 19 98 ADRIANI 93J L3 e + e -  ~ Z 

97ABREU 94P is an inclusive measurement from b decays at the Z. Uses X c l ( 1 P )  

. . I /~b(15)% J / ~ ( 1 5 )  ~ p +  u , -  channels. Assumes no X c 2 ( 1 P )  and r ( z  

bb) /Fhadron =0.22. 
9BADRIANI 93J is an inclusive measurement and assumes X c l  come from b decays at Z. 

Uses J/@(15) ~ # + # -  channel. 

r (xc~ (1P ) anything) l r ( a / @( Z S ) anything) r . / r ~  
VALUE EVT5 DOCUMENT ID TEC. N COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

1.92• 121 99ADRIANI  93J L3 e + e  - ~ Z 

99 ADRIANI 93J is a ratio of inclusive measurements from b decays at the Z using only the 
J / r  ~ p +  # -  channel since some systematies cancel. 

r(z~)Irt=,, r~olr 
VAtUE (units lO - 4  ) EL% DOCUMENT ID TEEN COMMENT 

3.11"1"0.80-1-0.72 100BARATE 981 ALEP e + e - ~  Z 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etE. �9 �9 �9 

< 5.4 90 101 ADAM 960 DLPH e + e  - ~ Z 
<12 90 102ADRIANI 93L L3 e + e  - ~ Z 

100BARATE 981 uses liff ime tagged Z ~ b b  sample. 
101ADAM 960 assumes fBO = f B -  - 0,39 and fBs = 0.12. 

r (hadron + hadron-)/rtetal r47/r 
VALUE (units 1.0 -5) - -  DOCUMENT ID TEEN COMMENT 

1.7__.1:0.0.2 105,106 BUSKULIC 96v ALEP e § e -  - -  Z 

105BUSKULIC 96v assumes PDG 96 l~oduction fractions for B O, B +,  B s, b baryons. 

106Average branching fraction of weakly decaying B hadrons into two long-lived charged 
hadrons, weighted by their production cross section and lifetimes. 

r(charmless)/FLoral r~/r 
VALUE DOCUMENT ,D TEC~.. COMMENT 
0.0074.0.021 107 ABREU 98D DLPH e + e-- ~ Z 

107 ABREU 98D results are extracted from a fit to the b-tagging probablil ity distribution 
based on the impact parameter. The expected hidden charm contribution of 0,026 • 0.004 
has been subtracted. 

F ( A I-Aanythlng) l r  ~ l  r49/r 
VALUE DOCUMENT tD TEEN COMMENT 
0,06g :1:0.006 OUR AVERAGE 
0.0587•177 A C K E R S T A F F  97N OPAL e + e  - ~ Z 
0.059 • •  ABREU 95E DLPH e + e - ~  Z 

r(b-baryon anything)/FLoral rso/r 
VALUE DOCUMENT ID TECN COMMENT 

0.102::E0.007.4.0,027 108 BARATE 98v ALEP e + e -  ~ Z I 

108BARATE 98v assumes B ( B  s ~ pX)  = 8 • 4% and B(b-baryon ~ pX)  = 58 :~ 6%. I 

r(#+i,- anything)/rtom rs2/r 
Test for ~,B = 1 weak neutral current. 

VAL U E ~ DOCUMENT ~D TEEN COMMENT 

,(3.2 x 10 - 4  90 ABBOTT 900 DO p~ 1.8 TeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<5.0 x 10 - 5  90 109 ALBAJAR 91C UA1 EPPm = 630 GeV 

<0.02 95 ALTHOFF 84G TASS Eceem= 34.5 GeV 

<0.007 95 ADEVA 83 MRKJ Eceem= 30-38 GeV 

<0.007 95 BARTEL 83B JADE Eceem= 33-37 GeV 

109Both ABBOTT 980 and GLENN 98 claim that the efficiency quoted in ALBAJAR 91c 
was overestimated by a large factor. 

[r(e+ e- anything) + r(# + # -  anything)]/Ftoc= I (rsz +rs=)/r 
Test for ~ B  = 1 weak neutral current. 

VALUE CL~_~A DOCUMENT ]D TEC N COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 
e e _  <0.008 90 MATTEUZZI 83 MRK2 Ecru-- 29 GeV 

r(vpanything)/FLoral r . / r  
VALUE DOCUMENT ID TECN CpMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

< 3 . 9 X 1 0  - 4  110GROSSMAN 96 RVUE e + e  - ~ Z 

110GROSSMAN 96 l imi t  is derived from the ALEPH BUSKULIC 95 l imi t  B ( B  + ~ T + V T }  

< 1.8 X 10 . 3  at CL=90% using conservative simplifying assumptions. 

102ADRIANI 93L result is for b ~ ~-f is performed inclusively. 

r(K• 
VA'UE DOCUMENT ,D TEeN COMMENT 
0.744-0.06 OUR AVERAGE 
0.72:E0.02• BARATE 9BV ALEP e + e  - ~ Z 
0 ,88•177 ABREU 95c DLPH e + e  - ~ Z 

r(K~anything)/Ftot=, 
VALUE DOCUMENT ID TEEN COMMENT 

r4~/r 

r42/r 

0.2r ABREU 95c DLPH e + e  - ~ Z 

r(x ~= anythlng)/rto=l r43/r 
VALUE DOCUMENT ID TECN COMMENT 

3.97• BARATE 98v ALEP e + e -  ~ Z 

r (.o anything)/rtoc=l r~/r 
VALUE DOCUMENT ~D TECN COMMENT 
2.784-0.15:t:0.60 103ADAM 96 DLPH e + e  - ~ Z 

103ADAM 96 measurement obtained from a fit to the rapidity distribtuion of ~r 0t8 in Z 
b b  events. 

r (p /~anythlng) /rtotal 
VALUE DOCUMENT /D TEEN COMMENT 
0,131-1-0.011 OUR AVERAGE 
0.131•177 BARATE 90v ALEP e + e  - ~ Z 
0.141•177 ABREU 95c DLPH e + e  - --* Z 

r(charged anyLhing)/Ftot=l 
VALUE DOCUMENT ID TECN COMMENT 

4.874.0.03.1.0.06 104 ABREU 98H DLPH e + e  - ~ Z 

r~/r 

r~Ir 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

5.84•177 ABREU 95c OLPH Repl. by ABREU 98H 

104 ABREU 98H measurement excludes the contribution from K 0 and A decay. 

B+/BO/B~ ADMIXTURE REFERENCES 

ABBIENDI 00E EPJ C]3 225 G. Abb]endi et aL 
ABREU 00D PL B478 14 P. Abreu et aL 
ACCIARRI 00 EPJ C13 47 M. Acciarri et at. 
AFFOLDER 00E PRL 64 1663 T. Aflolder et aL 
ABBIENDI 9gJ EPJ C12 609 G. Abbiendi et aL 
ABE 99P PR D60 092005 F. Abe et aL 
BARATE 99G EPJ E6 555 R. Barate et aL 
ABBOTT 98B PL B423 419 B. Abbott et at. 
ABE 90B PR D57 5382 F. Abe et al. 
ABREU 980 PL 0426 1.93 P. Abreu et aL 
ABREU 98H PL B425 399 P. AbFeu et at, 
ACCIARRI 90 PL 8416 220 M. Acciarri et aL 
ACCIARRI 9BK PL 843S 1.74 M. Acdarri et at. 
ACKERSTAFF 9BE EPJ C1 439 K. Acke~staff et aL 
8ARATE 981 PL B429 169 R. 8arate et aL 
BARATE 98Q EPJ C4 3B7 R. Bara1.e et aL 
BARATE 98V EPJ C5 205 R. Barate et al. 
GLENN 98 PRL 80 2269 S. Glenn et al, 
ACKERSTAFF 97F ZPHY C73 397 K. Ackerstaff et at. 
ACKERSTAFF 97N ZPHY C74 423 K. Ackerstaff et aL 
ACKERSTAFF 97W ZPHY C76 425 K. Acl~rstaff et al. 
ABREU 96E PL 0377 185 P. Ai~-eu et al. 
ACCIARRI 96C ZPHY C71 379 M. Acciarrl et aL 
ADAM 96 ZPHY C69 561 W. Adam et aL 
ADAM 96D ZPHY C72 207 W. Adam et aL 
BUSKULIC 96F PL 8369 1.51 D. 8uskulic et aL 
BUSKULIC 96V PL B384 471 D. Busku]ic et aL 
BUSKULIC 96Y PL 0380 648 D. Buskulic et aL 
GROSSMAN 96 NP 8465 369 Y. Grossman, Z. Ligeti, E. Nardl 

AIsg 968 NP 0480 7S3 (erratum) 
PDG 96 PR 054 1 
UENO 96 PL B3BI 365 K. Ueno et aL 
ABE,K 95B PRL 75 3624 K. Abe et aL 
ABREU 95C PL 8347 447 P. Abreu et at. 
ABREU 9SD ZPHY E66 323 P. Abreu et at. 
ADAM 95 ZPHY C68 363 W. Adam et aL 
AKERS 95Q ZPHY C67 57 R. Akers et at, 
BUSKULIC 95 PL B343 444 D. Buskulic et aL 
ABREU 94L ZPHY C63 3 P. Ab(eu et aL 
ABREU 94P PL 0341 [09 P. AIxeu et al. 
ACCIARRI 94C PL B332 201 M. Acciarri et a]. 
BUSKULIC 94G ZPHY C62 179 D. B~Iskullc et aL 
ABE 93E PL 8313 286 K. Abe et aL 
ABE 93J PRL 7t 3421 F. Abe et 3L 

(OPAL Collab.) 
IDELPHI Collab.) 

(k3 Collab.) 
(CDF Collab.) 

(OPAL Collab,) 
(COP CrJflab.) 

(ALEPH Codab.) 
(DO Collab.) 

(CDF Co[lab,) 
(DELPHI Collab,) 
(DELPHI CoIlab.) 

(L3 Collab.) 
(C3 C~IlaU.) 

(OPAL Collab.) 
(ALEPH Col]ab.) 
(ALEPH Collab.) 
(ALEPH CDIIab.) 

(CLEO Collab.) 
(OPAL Colla b.) 
(OPAL Colla b.) 
(OPAL Collab.) 

(DELPHI Collab.) 
(L3 Collab.) 

(DELPHI Codab.) 
(DELPHI Collab.) 
(ALEPH Collab.) 
(ALEPH Collab.) 
(ALEPH Collab.) 

(REHO, CIT) 

(AMY Collab.) 
(SLD Collab.) 

(DELPHI Colla b.) 
(DELPHI Collab.) 
(DELPHI Collab.) 

(OPAL Collab.) 
(ALEPH Eollab,) 

(DELPHI Eollab.) 
(DELPHI CoflaU.) 

(L3 Codab.) 
(ALEPH Collab.) 
(VENUS Collab.) 

(CDF Colla b.) 
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Meson Particle Listings 
B • / B ~ / B~/b-baryon A D M I X T U R E ,  B * ,  B ~ ( 5 7 3 2 )  

ABREU 93C PL 8301 145 
ABREU 9SD ZPHY C57 181 
ABREU 93G PL 6312 253 
ACTON 93C PL 6307 247 
ACTON 93L ZPHY C60 217 
ADRIANI 93J PL BJt7 467 
ADRIAN] 93K PL Ba17 474 
ADRIANI 93L PL 8317 637 
AKERS 938 ZPHY C6O 199 
BUSKULIC 93B PL B258 479 
BUSKULIC 930 PL B314 459 
ABREU 92 ZPHY C53 507 
ACTON 92 PL B274 513 
ADRIANI 92 PL B288 412 
BUSHULIC g2F PL B295 174 
BUSKULIE g2G PL B295 396 
ADEVA 91C PL 6261 177 
ADEVA 91H PL 8270 111 
ALBAJAR 91C PL 8262 163 
ALEXANDER 91G PL 8266 485 
DECAMP 91C PL B257 492 
6EHREND 900 ZPHY C47 333 
HAGEMANN go ZPHY c4e 4oi 
LYONS 90 PR D41 982 
BRAUNSEH,. BDB ZPHY C44 ] 
ONG 09 PRL 62 1236 
KLEM 88 PR D37 41 
ONG 8a PRL 60 2587 
ASH 87 PRL 58 640 
BARTEL 87 ZPHY C33 339 
BROM 87 PL BL95 301 
PAL 86 PR D33 2708 
AIHARA 85 ZPHY C27 39 
BARTEL 85J PL 163B 277 
ALTHOFP 84G ZPHY C22 219 
ALTHOFF 84J PL 1466 443 
KOOP 84 PRL 52 970 
ADEVA 83 PRL 50 799 
ADEVA 838 PRL 5k 440 
BARTEL 838 PL 1328 241 
FERNANDEZ 83D PRE 50 2054 
MATTEUZZI 83 PL ]296 141 
NELSON a3 PRL 50 1542 

P. Abreu et al. (DELPHI Collab.) 
P. Abreu et al (DELPHI Collab.) 
P. Abreu er aL (DELPHI Collab ) 
PD. Acton et aL (OPAL Collab.) 
P.D. Adon et al, (OPAL Collab.) 
O. Ad~'iani et aE (L3 Co]lab.) 
O. Adriani et aL (L3 Collab) 
O. Adriani et al (L3 Collab.) 
R. Akers et aL (OPAL Collab.) 
D. Buskulic et al. (ALEPH CoIlabr) 
D. Buskulic et aL (ALEPH Collab.) 
P. Abreu et aL (DELPHI Collab.) 
D.P. Acton et aL (OPAL Collab.) 
O. Adriani et aL (L3 Collab.) 
D. Buskulic et aL (ALEPH Collab.) 
D. Buskulic et al. (ALEPH Collab.) 
B. Adeva et al. (L3 Collab.) 
B. Adeva et aL (L3 Corlab) 
C. Albajar et aL (UA[ Collab.) 
G. Alexander et aL (OPAL Collab) 
D. Decamp et aL (ALEPH Collab.) 
H.J. Behrend et aL (CELLO Collab ) 
J. Hake�9 er aL (JADE Collab) 
L. Lyons, A.J. Martin, DH. Saxon (OXF, BRIS+) 
R. Braunschweig et al. [TASSO Collab.) 
R.A. On~ el aL (Mark II Collab) 
D.E. Klem el al. (DELED Collab) 
R.A. Dug et at. (Mark II Collab.) 
W.W. Ash et aL (MAC Collab.) 
W. Barrel et aL (JADE Collab,) 
J.M. Btom el al, (HRS Eollab.) 
T. Pal et al. {DELED Collab.) 
H. A]hara et at, (TPC Collab,) 
W. Bartel et at. (JADE Collab.) 
M. AIt~olT et aL (TASSO Collab.) 
M. Altl~off 01 al. (TASSO Collab.) 
D.E. Koop et el. {DELCO Collab.) 
B. Adeva et aL (Mark-J Collab.) 
B. Adeva et aL (Mark-J Collab.) 
W, 6ariel et al. (JADE Co]lab.) 
E. Fernandez et aL (MAC Collab.) 
C. Matteuzzi et al. (Mark #I Collab.) 
M.E. Nelson et aL (Mark II Collab.) 

F;1 
I, J, P need confirmation. 
model predictions. 

I(J P) : �89 

Quantum numbers shown are quark- 

B* MASS 

From mass difference below and the average of our B masses 

, { m B i  + m B o ) / 2 .  

VALUE (MeV 1 DOCUMENT ID 

5325.0:1:0.6 OUR FIT 

B*  REFERENCES 

ACKERSTAFF 97M ZPHY C74 413 K. Ackerstaff et aL (OPAL Collab.) 
BUSKULIC 96D ZPHY C69 393 D. Buskulic el aL (ALEPH Collab.) 
ABREU 95R ZPHY C60 353 P, Abreu et aL (DELPHI Collab,) 
ACCIARRI 95B PL 8345 589 M. Acclarri et at. (L3 Co0ab.) 
AKERIB 91 PRL 67 169"2 D.S. Akerib et al. (CLEO Collab) 
WLI 91 PL 6213 177 Q.W, wu el aL (CUSB II Collab.) 
LEE-FRANZINI 90 PRL 65 2947 J. Lee-Franzini et aL (CUSB II Collab.) 
HAN 85 PRL 55 36 K. Han et al. (COLU, LSU, MPIM, STON) 

I B;(5732) I : ?(??> 
or B** I, J, P need confirmation. 

OMITTED FROM SUMMARY TABLE 
Signal can be interpreted as stemming from several narrow and broad 
resonances .  Needs  confirmation. 

B~(5732) MASS 

VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT 
56974- 9 OUR AVERAGE Error includes scale factor of 1.3. See the ideogram below. 

569~+17 1 BARATE 98L ALEP e + e  - ~ Z I ~ - 1 9  
5704• 4 •  1944 2 BUSKULIC 96D ALEP E~em = 88-94 GeV 

5732• 5 •  2157 ABREU 958 OLPH Eceem= 88-94 GeV 

5681• 1738 AKERS 95s OPAL Eceem= 88-94 GeV 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

5713• 2 3ACCIARRI 99N L3 e + e  - ~ Z I 

1BARATE 98L uses ful ly reconstructed B mesons to search for B * *  production in the I 
Brr4- system. In the framework of heavy quark symmetry (HQS), they also measured I 

the mass of B~ tO be 5739+_18-- +6  MeV/c 2 and the relative production rate of B(b ~ I 

B~ ~ B ( * ) T r ) / B ( b  ~ B u , d )  : (31 • 9-+56)%. I 

2Using m B ~ r - m  B = 424 : :  4 • 10 MeV. 
3ACCIARRI 99N uses inclusive reconstructed B mesons to search for B * *  I~'oduction in 

the B ( * ) ~  • system. In the framework of HQET, they measured the mass of B~ and B~ 

to be 5 6 7 0 • 1 7 7  MeV and 5768 • 5 •  wi th the B(b ~ B * * ) =  ( 3 2 • 1 7 7  - 2 .  
They also reported the evidence for the existence of an excited B-meson state or mixture 
of states in the region 5.9-6.0 GeV. 

VALUE {MeV) EVTS 

45.18:J:0.35 OUR FIT 
45.78• OUR AVERAGE 
46.2 4-0.3 J:O.8 

45.3 ~0 .35 •  4227 

45.5 •  •  

46.3 --1.9 1378 

46.4 •  • 

45.6 •  
45.4 •  

m B .  - m B 

DOCUMENT ID TEEN COMMENT 

1 ACKERSTAFF 97M OPAL e + e -  ~ Z 
1 BUSKULIC 96D ALEP Eceem= 88-94 GeV 

1 ABREU 958 DLPH Eceem= 88-94 GeV 

1 ACClARRI 956 L3 E C ~ =  88-94 GeV 

2AKERIB 91 CLE2 e + e  - ~ 7X  
2 W U  91 CSB2 e + e  - ~ 3'X, "~tX 
3LEE-FRANZINID0 CSB2 e + e - ~  T(SS) 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

52 •  + 4  1400 4HAN 85 CUSB e + e  - ~ -yeX 

1 u, d, s flavor averaged. 
2These papers report E? in the B*  center of mass. The r o b ,  - m B is 0.2 MeV higher. 

Ecru = 10.51-10.7 GeV. Admixture of B 0 and B + mesons, but not B s. 

3 LEE-FRANZlNI 90 value is for an admixture of B 0 and B + . They measure 46.7 • 0.4 • 
0.2 MeV for an admixture of B o, B + ,  and B s, and use the shape of the photon line to 
separate the above value. 

4 HAN 85 is for Ecru = 10,6-11,2 GeV, giving an admixture of B 0, B + ,  and B s. 

I(mBo+ - rob+ ) - (�9 - m~) I 
VALUE (MeV) CL~ DOCUMENT ID TEEN COMMENT 

e e _  <6  95 ABREU 95R DLPH Ecm--  88-94 GeV 

B= DECAY MODES 

Mode Fraction ( r i / r )  

r I B ' ) '  dominant 

B~(5732) WIDTH ~ , 

VALUE {MeV) EVT5 DOCUMENT ID TECN COMMENT 
1284-111 OUR AVERAGE . . . . .  ' + 
145+28 2157 ABREU 9'56 DLPH E~"em = 88-94 GeV 

116• 1738 AKERS 95E OPAL E~m= 88~94 GeM 

B.~(ST,J2) DECAY MODES 

Mode ~ictlon ( r ] / r )  

r I B * ~ r ~  Brr dominant 
�9 i 

B~(5732) REFERENCES .... 

ACCJARRI 99N PL 6465 323 M, Accia rJ et al. (L3 Collab.) 
BARATE 9eL ~'L 84~5 2f5 " R. Bata~ ~ '  ~L (ALEPH Collab.) 
BUSKULIC %D IPHY C69.3~3 D. h r~ l k ;  ~t a/, (ALEPH Coltab.) 
ABREU 9~B PL I~lS 598 P. A~eu et aL (DELPHI Collab.) 
~,KERS 9SE ZPHY C66 19 R. A~rs et aL (OPAL Col~ab.) 

i 
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B o 

II BOTTOM, STRANGE MESONS 
(B = +I ,  5 =  :FI) 

Bs ~ = sb, ~o  = ~b, similarly for B ; ' s  

I ( J P )  = 0 ( 0 - )  

l, J, P need confirmation. Quantum numbers shown are quark- 
model predictions. 

B o MASS 

VALUE tMeV) EVTS DOCUMENT ID TECN COMMENT 
5369.6i 2.4 OUR FIT 
5369.6=b 2.4 OUR AVERAGE 
5369,9+ 2.3• 32 1 ABE 96B CDF p~ at 1.8 TeV 
5374 • •  3 ABREU 94D DLPH e+e - ~ Z 
5359 /=19 •  1 1 AKERS 94J OPAL e+e - ~ Z 
5368.6• 5.6• 2 BUSKULIC 93G ALEP e+e - ~ Z 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

5370 4-40 6 2AKERS 94J OPAL e+e - ~ Z 
5383.34- 4.5• 14 ABE 93F CDF Repl by ABE 96B 

! From the decay B s ~ J/@(15)r 

2 From the decay B s ~ D s x+. 

m ~  - mB 

m B is the average of our B masses ( m B •  + m B o  )/2. 

VALUE (MeV) CL~/oo DOCUMENT ID TECN COMMENT 
g0.4• OUR FIT 
119.7:b2.7-I-1.2 ABE 96B CDF p~ at 1.8 TeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. * �9 �9 

80 to 130 68 LEE-FRANZINI90 CSB2 e + e -  ~ T(55) 

mao,. - mso, 

See the Bs0-B--~s MIXING section near the end of these Bs0 Listings. 

B ~ MEAN LIFE 

"OUR EVALUATION" is an average of the data listed below performed by the LEP 
B Lifetimes Working Group as described in our review "Production and Decay of b- 
flavored Hadrons" in the B • Section of the Listings. The averaging procedure takes 
into account correlations between the measurements and asymmetric lifetime errors. 

VALUE (10 -12 s) EVTS DOCUMENT ID TECN COMMENT 
1.4(J3:1:0.062 OUR EVALUATION 
1.36 • +0.06 3 ABE 990 CDF p~ at 1,B TeV 

-0.05 

1.34 +0.23 • 4 ABE 98B CDF p~ at 1.B TeV -0.19 

1.72 +0.20 + 0 . 1 8  5ACKERSTAFF 98F OPAL e+e - ~ Z 
-0.19 -0.17 

1.50 +0.16 -0.15 4 - 0 . 0 4  3ACKERSTAFF 98G OPAL e+e - ~ Z 

1.47 +0.14 +0.0B 6BARATE 98C ALEP e + e - ~  Z 

1.56 +0.29 +0.08 3ABREU 96F DLPH e+e - ~ Z 
-0.26 -0.07 

1.65 +0.34 4-0.12 6ABREU 96F DLPH e+e - ~ Z -0.31 

1.76 4-0.20 +0.15 7ABREU 96F DLPH e+e - ~ Z -0.10 

1.60 • +0.13 BABREU 96F DLPH e+e - ~ Z -0.15 

1,54 +0.14 • 38USKULIC 96MALEP e+e - ~ Z -0.13 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1.51 4-0.11 9BARATE 98C ALEP e+e - ~ Z 

1.34 +0.23 4-0.05 10 ABE 96N CDF Repl. by ABE 98B --0.19 
1.67 4-0.14 l lABREU 96F DLPH e+e - ~ Z 

1.61 +0.30 +0.18 90 6 BUSKULIC 96E ALEP Repl, by BARATE 9Bc -0.29 -0.16 

1.42 +0.27 4-0.11 76 3ABE 95R CDF Repl. byABE99D -0.23 

1.74 +1.08 4-0.07 8 12ABE 95R CDF Sup. by ABE 96N --0.69 

1.54 +0.25 • 79 3 AKERS 95G OPAL Repl. by ACKER- -0.21 STAFF 98G 

1.59 +0.17 • 134 3 BUSKULIC 950 ALEP Sup. by BUSKULIC 96M --0.15 
0.96 • 41 13 ABREU 94E DLPH Sup, by ABREU 96F 

1.92 +0.45 3 -0.35 • 31 BUSKULIC 94c ALEP Sup. by BUSKULIC 950 

1,13 +035 3 --0.26 4-0.09 22 ACTON 93H OPAL Sup. by AKERS 95G 

3 Measured using D s t + vertices. 

4Measured using fully reconstructed B s ~ J/@(1S) 4, decay. 

5ACKERSTAFF 98F use fully reconstructed D;- ~ @rr- and D-s ~ K * O K  - in the 

inclusive Bs0 decay. 

6 Measured using D s hadron vertices. 
7 Measured using ~ t  vertices. 
8 Measured using inclusive D s vertices. 

9Combined results from D ; - l  + and D s hadron. 

10ABE 96N uses 58 • 12 exclusive B s ~ J /V) (1S) r  events. 
11 Combined result for the four ABREU 96F methods. 
12 Exclusive reconstruction of B s ~ r 
13ABREU 94E uses the flight-distance distribution of D s vertices, @-lepton vertices, and 

D s p vertices. 

I"r~,l/r~, 
FBsO and Iz~rB9 I= are the decay rate average and difference between two 

B0 s CP eigenstates. 

The first "OUR EVALUATION," < 0.33 (CL=95%), also provided by the 
LEP B Oscillation Working Group, including the assumption of r s = 1 

T Bd " 

The second "OUR EVALUATION," < 0.65 (CL=95%), is an average of 
all available B s semi-leptonic lifetime measurements with the A F B o / F  s 

s 
analyses performed by the LEP B Osciallation Working Group as described 
in our "Review on B-B Mixing" in the B 0 Section of these Listings. 

VALUE CL% DOCUMENT ID TECN COMMENT 
<0.65 (CL = 95%) OUR EVALUATION 
<0.33 (CL : 95%) OUR EVALUATION 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.83 95 14 ABE 99D CDF p~ at 1.8 TeV 
<0.67 95 15 ACCIARRI 98s L3 e + e -  ~ Z 

14ABE 99D assumes TB0= 1.55 + 0.05 ps. 
5 

15 ACClARR198S assumes T o = 1.49 • 0.06 ps and PDG 98 values of b production fraction. 
B s 

B o DECAY MODES 

These branching fractions all scale with B(b ~ Bs0 ), the LEP Bs0 pro- 

duction fraction. The first four were evaluated using B(b ~ Bs0 ) = 

(103 + 1.4)% and the rest assume B(b ~ B 0) = 12%. 

The branching fraction B(B 0 ~ D s t  + utanything ) is not a pure mea- 

surement since the measured product branching fraction B(b ~ Bs0 ) x 

B(Bs0 ~ D ~ t + u t a n y t h i n g  ) was used to determine B(b ~ Bs0 ), as 
described in the note on "Production and Decay of b-Flavored Hadrons." 

Mode Fraction (r i / r)  Confidence level 

I- 1 D;-  anything (92 • )%  

F 2 D;-t+vtanything [a] ( 8.1 4- 2.4)% 

r 3 D ; - / [  + < 13 % 

r 4 D s ( * ) + D s ( * )  - < 21.8 % 90% 
F 5 J / ~ b ( ] 5 ) @  ( 9.3 + 3.3)x 10 - 4  
F 6 J / % b ( 1 5 ) r r  0 < 1.2 x 10 -3  90% 

r 7 j / ~b (15 )7  l < 3.8 x lO - 3  90% 

[-8 ~b(25)(~ seen 
r 9 /[+/[- < 1.7 x I0 -4 90% 

Fl 0 ;TO/[0 < 2.1 x 10 -4 90% 

F l l  ~/;r 0 < 1.0 • 10 -3 90% 

r12 7/71 < 1.5 x 10 -3 90% 

r13 /[+ K- < 2,1 x 10 -4 90% 

F14 K + K -  < 5.9 x 10 - 5  90% 
F15 p~ < 5.9 x 10 -5 90% 
F16 "77 < 1.48 x 10 -4 90% 
F17 ~b 7 < 7 x 10 -4 90% 

Lepton Family number ( L F )  violatinK modes or 
A B  = 1 weak neutral current  (BJ) modes 

F18 /~+ p,- B1 < 2.0 )<10 -6  90% 
F19 e + e- B1 < 5,4 • 10 -5 90% 

r20 e+~ T LF [b] < 6.1 • 10 -6 90% 

r21 ~t2~ BI < 5.4 x 10 -3 90% 

[a] Not a pure measurement. See note at head of Bs 0 Decay Modes. 

[b] The value is for the sum of the charge states or part ic le/ant ipart ic le 

states indicated. 



See key on page 239 

B 0 B R A N C H I N G  R A T I O S  

r(DCanything)/r=,, rl/r 
VALUE EVT$ DOCUMENT ID TECN COMMENT 
0.924-0.31 OUR AVERAGE 
0.814-0.244-0.22 90 16BUSKULIC  96E ALEP e + e  - ~ Z 
1.564-0.584-0.44 147 17 ACTON 92N OPAL e + e -  ~ Z 

16 BUSKULIC 96E separate c~  and bb  sources of Ds Jr mesons using a lifetime tag, subtract 

generic b ~ W + ~ D + events, and obtain B(b ~ B0s) • B(Bs0 ~ Dsany th ing  ) 

= 0.088 4- 0.020 4- 0.020 assuming B ( D  s ~ r = (3.5 • 0.4) x 10 - 2  and PDG 1994 
values for the relative partial widths to other D s channels. We evaluate usinB our current 

values B(b ~ BsO ) = 0.107 4- 0.014 and B ( D  s ~ ~l r )  = 0.036 + 0.009. Our first 

error is their experiment's and our second error is that due to B(b ~ Bs0 ) and B(D  s 
~=) .  

17ACTON 92N assume that excess of 147 4- 48 D O events over that expected from B 0, 

B + ,  and c~  is all f rom BsO decay. The product branching fraction is measured to be 

B(b ~ BsO)B(BO ~ D s a n y t h i n g ) x B ( D  s ~ r  = (5.9 4- 1.9 4- 1.1) x 10 - 3 .  

We evaluate using our current values B(b ~ Bs0 ) = 0.107 + 0.014 and B (D  s ~ ~Tr) 
= 0.036 • 0.009. Our f irst error is their experiment's and our second error is that due 
to B(b ~ BOs) and B(D  s ~ @~). 

F ( D ; "  L H" e L a n y t h i n g ) / F t o t a l  r 2 / r  
The values and averages in this section serve only to show what values result i f  one 
assumes our B(b ~ Bs0 ). They cannot be thought of  as measurements since the 

underlying product branching fractions were also used to determinine B(b ~ Bs0 ) as 
described in the note on "Production and Decay of b-Flavored Hadrons." 

VALUE EVTS DOCUMENT ID TECN COMMENT 
0.0el 4-0.024 OUR AVERAGE 

0.0764-0.012• 134 18 BUSKULIC 95o ALEP e + e  - ~ Z 
0.107+0.0434-0.029 1 9 A B R E U  92M DLPH e + e  - ~ Z 
0.1034-0.0364-0.028 18 2 0 A C T O N  92N OPAL e + e  - ~ Z 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0.13 4-0.04 4-0.04 27 21 BUSKULIC 92E ALEP e + e  - ~ Z 

18BUSKULIC 950 use Dsf. correlations. The measured product branching ratio is B(b 

Bs) x B i B  s ~ O ;  t +  v tanyth ing ) : (0.82 : :  0.09_+00:~3)% assuming B(D  s ~ @~) 

= (3.5 4- 0.4) x 10 - 2  and PDG 1994 values for the relative partial widths to the six 
other D s channels used in this analysis. Combined with results from T(4S)  experiments 

'this can be used to extract B(b ~ BS) - -  (11.0 4- 1.2_+2:5)%. We evaluate using our 

current values B(b ~ B 0) = 0.107 4- 0.014 and B(D s ~ ~bTr) = 0.036 4- 0.009. Our 

first error is their experiment's and our second error is that due to B(b ~ B0s) and 
B(D  s ~ (~Tr). 

19ABREU 92M measured muons only and obtained product branching ratio B (Z  ~ bor 

3)  x B ( b ~  BS) x B i B  s ~ D s P +  ul~anything ) x B (D  s ~ ~ l r )  = (184-B) x10 -5 .  

We evaluate using our current values B(b ~ B 0) = 0.107 4- 0.014 and B(D s ~ @;r) 
= 0.036 4- 0.009. Our first error is their experiment's and our second error is that due 
to B(b ~ BS0 ) and B(D  s ~ (b=). We use B ( Z  ~ bor b) : 2B(Z  ~ bb) : 
2x(0.2212 4- 0.0019). 

2 0 A C T O N  92N is measured using D s ~ (b~c + and K* (892)  0 K + events. The product 

branching fraction measured is measured to be B(b ~ B0s)B (Bs0 ~ D~- ~+ ut anything) 

x B ( D ~  ~ @~r-) = (3.9 4- 1.1 4- 0.8) x 10 - 4 .  We evaluate using our current values 

B(b ~ B 0) = 0.107 4- 0.014 and B i D  s ~ ~b~r) = 0.036 4- 0.009. Our first error is 

their experiment's and our second error is that due to B(b ~ Bs0 ) and B(D s ~ ~b~r). 

21BUSKULIC 92E ts measured using D s ~ ~b~ + and K * ( 8 9 2 ) 0 K  + events. They use 

2.7 4- 0.7% for the @~+ branching fraction. The average product branching fraction is 
measured to be B ib  ~ Bs0)B(BsO ~ D~-, - t 'u tanyth ing)  =0.020 4- 0 .0055+0:  005. 

We evaluate using our current values B(b ~ Bs0 ) = 0.107 4- 0.014 and B(D  s ~ (b~) 
= 0.036 4- 0.009. Our first error is their experiment's and our second error is that due 
to B(b  ~ Bs0 ) and B(D  s ~ r ~ ) .  Superseded by BUSKULIs  95o. 

r(D;-.+)/r~ rdr 
VALUE EVT5 DOCUMENT ID TECN COMMENT 

<0,13 6 22AKERS 94J OPAL e + e  - ~ Z 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

seen 1 BUSKULIC 93G ALEP e + e  - ~ Z 

22AKERS 94J sees < 6 events and measures the l imit on the product branching fraction 

f ( b  ~ BOs).B(BO ~ D s - x  + )  < 1.3% at CL : 90%. We divide by our current value 

B(b ~ Bs0 ) = 0.105. 

r ( D, (')+ O, (*)-) l r~, ,  r4/r 
VALUE CL~ DOCUMENT ID TECN COMMENT 

<0.218 90 BARATE 98q ALEP e + e -  ~ Z 
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r(Jl~(ls)~)lrto~l rslr 
VALUE (units 10 -3  ) EVT5 DOCUMENT ID TECN COMMENT 

0.g34-0.294-0.17 23 ABE 96Q CDF p~  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<6  1 24 AKERS 94J OPAL e + e -  ~ Z 
seen 14 25 ABE 93F CDF p~  at 1,8 TeV 
seen 1 26 ACTON 92N OPAL Sup. by AKERS 94J 

23ABE 96Q assumes fu = fd and f s / fu  = 0.40 4- 0.06. Uses B ~ J/V)(1S) K and B 

J / ~ ( 1 5 )  K *  branching fractions from PDG 94. They quote two systematic errors, 4-0.10 
and 4-0.14 where the latter is the uncertainty in fs" We combine in quadrature. 

24AKERS 94J sees one event and measures the l imit on the product branching fraction 
f ( b  ~ BSO).B(B0 ~ J/~(1S)~b) < 7 x 10 - 4  at CL = 90%. We divide by B(b 

BS0 ) = 0.112. 

25ABE 93F measured using J / ~ ( 1 5 )  ~ # + # -  and ~ ~ K + K  - ,  
261n ACTON 92N a l imit on the product branching fraction is measured to be 

f ( b ~  Bs0)-B(BO s ~ J/-,/,(1S)r~) < 0 . 2 2 •  10 - 2 ,  

r(Jlr rdr 
VALUE CL% DOCUMENT ID TEEN 

<1.2  x 10 - 3  90 27 ACCIARRI 97C L3 

27ACCIARRI 97C assumes B 0 production fraction (39.5 4- 4.0%) and B s (12.0 4- 3.0%). 

r(JI,POs)~)lrto.i rdr 
VALUE ~ DOCUMENT ID TEEN 

<3.8 x 10 - 3  90 28 ACCIARRI 97C L3 

28ACCIARRI 97C assumes B 0 production fraction (39.5 4- 4.0%) and B s (12.0 + 3.0%). 

r(~(2s)~)/rtml rs/r 
VALUE EVTS DOCUMENT ID TECN COMMENT 

1 BUSKULIC 93G ALEP e + e -  ~ Z 

r0r+~-)/r~x,i 
VALUE 

r, /r  
COMMENT CL% DOCUMENT ID TECN 

< 1 . 7 X 1 0  - 4  90 29BUSKULIC 96v ALEP e + e  - ~ Z 

298USKULIC 96v assumes PDG 96 production fractions for B O, B4-, B s, b baryons. 

r(,,~176 rlo/r 
VALUE ~ DOCUMENT ID TECN COMMENT 

<2.1 x 10 - 4  90 30 ACCIARRI 95H L3 e + e -  ~ Z 

30ACCIARRI 95H assumes fBo = 39.5 4- 4,0 and fBs = 12.0 4- 3.0%. 

r(~,r~ r11/r 
VALUE ~ DOCUMENT 119 TECN COMMENT 

<1.0  X 10 - 3  90 31 ACCIARRI 95H L3 e + e -  ~ Z 

31 ACCIARRI 95H assumes fBo - 39.5 4- 4.0 and fBs - 12.0 • 3.0%. 

r(,ln)/rto,,i rldr 
VALUE CL% DOCUMENT ID TECN COMMENT 

<1.5 x 10 - 3  90 32 ACCIARRI 95H L3 e4-e--  ~ Z 

32ACCIARRI 95H assumes fBo = 39.5 4- 4.0 and fBs = 12.0 4- 3.0%. 

r( .+ K-)/r,~, rldr 
VALUE ~ DOCUMENT ID TECN COMMENT 

<2.1 X 10 - 4  90 33 BUSKULIC 96v ALEP e + e -  ~ Z 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<2.6 x 10 - 4  90 34 AKERS 94L OPAL e4- e -  ~ Z 

33 BUSKULIC 96v assumes PDG 96 production fractions for B 0, B + ,  B s, b baryons. 

34Assumes B (Z  - -  bb) = 0.217 and B O (BsO) fraction 39.5% (12%). 

r(K+ K-)/r~,~ r14/r 
VALUE CL~  DOCUMENT ID TEEN COMMENT 

<5.9 X 10 - w  90 35 BUSKULIC 96V ALEP e T e -  ~ Z 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<1.4 x 10 - 4  90 36 AKERS 94L OPAL e -I- e -  ~ Z 

35 BUSKULIC 96v assumes PDG 96 production fractions for B 0, B "~, 'Bs, b baryons. 

36Assumes B (Z  - -  bb) = 0.217 and B 0 (Bs0) fraction 39.5% (12%). 

r (p~ / r~ l  r . / r  
VALUE CL~ DOCUMENT tD TECN C O M M E N T  

<5.9 X 10 - w  90 37 BUSKULIC 96v ALEP e + e -  ~ Z 

37 BUSKULIC 96v assumes PDG 96 PrOduCtion fractions for B O, B §  Bs, b baryons. 

r(-rr)Ir~,, r161r 
VAlVe, ~ DOCUMFJVT ID TECN COMMENT 

< 1 r  X 10 - 5  90 38 ACCIARRI 951 L3 e T e -  ~ Z 

38ACCIARRI 951 assumes fBo = 39,5 4- 4.0 and fBs = 12.0 4- 3.0%. 
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r(~)Ir~,, 
VALUE CL~ DOCUMENT IO TEEN COMMENT 
<7 X 10 - 4  90 39 ADAM 96D DLPH e + e -  ~ Z 

r l~ / r  

39ADAM 960 assumes fBo = fB -  = 039 and fBs = 0.12. 

r ( .+~- ) / r~ . ,  r l s / r  
Test for A B  = 1 weak neutral current. 

VALUE EL% DOCUMENT ID TEEN COMMENT 

<2.0 x 10 - 6  90 40 ABE 98 CDF p p  at 1.8 TeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, e t c . � 9  �9 �9 

<3.8 x 10 - 5  90 41 ACCIARRI 978 L3 e-- e -  ~ Z 
<8.4 x 10 - 6  90 42 ABE 96L CDF Repl. by ABE 98 

40ABE 98 assumes production of a(B 0) - (7(B + )  and a(Bs)/(7(BO ) _ 1/3. They nor- 

malize to their measured (7(BO,pT(B)> 6,]y I < 1.0) = 2.39 • 0.32 4- 0.44 #b. 

41ACCIARRI 978 assume PDG 96 production fractions for B +,  B 0, Bs, and A b. 
42ABE 96L assumes B ' / B  s production ratio 3/1. They normalize to their measured 

r  + ,  P T ( B ) >  6 GeV/c, lYl < 1) : 2.39 4- 0.54/~b. 

r(e+ e-)/r,~., r l , / r  
Test for A B  - 1 weak neutral current. 

VALUE EL% DOCUMENT ID TEEN COMMENT 
< 5 . 4 x 1 0  - 5  90 43ACCIARRI 97B L3 e+e  - ~ Z 

43 ACCIARRI 97B assume PDG 96 production fractions for B +,  B O, Bs, and A b. 

r(e*~)/r~o.,  r~o/r 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.136 :t:0.037 4-0.040 54 UENO 96 AMY e + e -  at 57.9 
GeV 

0.I44 • +0.017 55ABREU 94F DLPH Sup. by 
-0.011 

AB'REU 94J 
0.131 • 56ABREU 94J DLPH e + e - ~  Z 
0,123 • • ACClARRI 94D L3 Repl. by AC- 

CIARRI 99D 
0.157 • 4-0.032 57 ALBAJAR 94 UA1 v/~ = 630 GeV 

0.121 ---0.044 -0 .040 4-0.017 1665 58ABREU 93c DLPH Sup. by 
ABREU 94J 

0.143 --0.022 -0.021 • 59AKERS 938 OPAL Sup. by 
ALEXAN- 
DER 96 

0.145 --0.04] 4-0.018 60ACTON 92C OPAL e + e  - ~ Z 
-0 .035 

0.121 • 4-0.006 61 ADEVA 92C L3 Sup. by AC- 
CIARRI 940 

0.132 • +0.015 823 62DECAMP 91 ALEP e + e - ~  Z -0.012 

0.178 --0.049 --0.040 4-0.020 63ADEVA 90P L3 e+e - ~ Z 

037 +0.15 64,65 WEIR 90 MRK2 e + e -  29 GeV 
-0 .08 

0.21 --0.29 64 BAND 88 MAC Eceem= 29 GeV -0.15 
64 >0.02 9O BAND 88 MAC E~m= 29 GeV 

0.121 • 64,66 ALBAJAR 87(: UA1 Repl. by AL- 
BAJAR 91D 

90 64,67 SCHAAD 85 MRK2 E~m= 29 GeV <0,12 

test of lepton family number conservation. 
VALUE ~ DOCUMENT ID TEEN COMMENT 
<6.1 x 10 - 6  90 ABE 98v CDF p~ at 1.8 TeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, e t c . � 9  �9 �9 

<4.1 x 10 - 5  90 44 ACCIARRI 97B L3 e + e -  ~ Z 

44ACClARRI 978 assume PDG 96 production fractions for B +,  B 0, Bs, and A b. 

r(~) /r~l  
Test for AB  = 1 weak neutral current. 

VALUE CL~ DOCUMENT ID TEEN COMMENT 

<5.4 x 10 - 3  90 45ADAM 96D DLPH e + e  - ~ Z 

45ADAM 96D assumes fBO = f B -  = 0.39 and fBs = 0.12. 

r21/r 

POLARIZATION IN B~ DECAY 

FL/F in BOs --~ J/~b(1S)r 
VALUE EVT5 DOCUMENT ID TEEN 

0 . ,  0 21_+0~ 19 ABE 9S~ ~DF 

COMMENT 

pp at 1.8 TeV 

BsO-~'~s MIXING 
0 0 For a d'seussion of Bs--B s mixing see the note on "BO-B 0 Mixing" in the 

B 0 Particle Listings above. 

Xs is a measure of the time-integrated B0-B 0 mixing probability that s $ 
produced BS0(B~S} decays as a B0(B0).  Mixing violates A B  ~C2 rule. 

xs = 2(]+~) 

AmBO 

xs = FB~ - ( m B ~  mR0--sL ) TBOs ' 

where H, L stand for heavy and light states of two Bs0 CP eigenstates and 
1 

,e  o= 0.s(reo +FBOL)" 

XB at high energy 
This is a B-B mixing measurement for an admixture of B 0 and B 0 at high energy. 

XB = f ldXd + flsXs 
where f~/ and fs are the branching ratio times production fractions of B O and Bs0 
mesons relative to all b-flavored hadrons which decay weakly. Mixing violates AB  
2 rule. 

VALUE CL% EVTS 
0.110 "-0.005 OUR AVERAGE 
0.1192 ~ 0.0068 4- 0.0051 
0.131 4-0.020 4-0.016 
0.1107 4- 0.0062 4- 0.0055 
0.121 4-0.016 4-0.806 
0,114 4-0.014 4-0.008 
0.129 4-0.022 
0,176 4-0.031 4-0.032 1112 
0.148 • 4-0.017 

DOCUMENT ID TEEN COMMENT 

46 ACClARRI 990 L3 e + e -  ~ Z 
47 ABE 971 CDF p~ 1.8 TeV 
48ALEXANDER 96 OPAL e + e  - ~ Z 
49ABREU 94J DLPH e ' e -  ~ Z 
50BUSKULIC 940 ALEP e + e  - ~ Z 
51 BUSKULIC 92B ALEP e - - e -  ~ Z 
52 ABE 916 CDF pp 1.8 TeV 
53 ALBAJAR 91D UA1 p~ 630 GeV 

46 ACCIARRI 99D uses maximum-likelihood fits to extract Xb as well as the Ab B in Z ~ I 

bb events containing prompt leptons. 
47 Uses di-muon events. 
48ALEXANDER 96 uses a maximum likelihood fit to simultaneously extract X as well as 

the forward-backward asymmetries in e-t-e - ~ Z ~ bb and c~. 
49 This ABREU 94J result is from 5182 t,t and 279 A I  events. The systematic error includes 

0.004 for model dependence. 
50 BUSKULIC 940 data analyzed using ee, ep, and #/~ events. 
51 BUSKULIC 92B uses a jet charge technique combined with electrons and muons. 
52ABE 910 measurement of X is done with e/~ and ee events. 
53ALBAJAR 91D measurement of X is done with dimuons. 
54 UENO 96 extracted x from the energy dependence of the forward-backward asymmetry. 
55ABREU 94F uses the average electric charge sum of the jets recoiling against a b-quark 

jet tagged by a high PT muon. The result is for ~ = fdXd+O.gfsxs-  
56This ABREU 94J result combines tt,, At., and jet-charge t, (ABREU 94F) analyses. It is 

for X = fdXd + O.96fsXs. 
57ALBAJAR 94 uses dimuon events. Not independent of ALBAJAR 910. 
58ABREU 93C data analyzed using ee, e#, and /~# events. 
59 AKERS 93B analysis performed using dilepton events. 
60ACTON 92c uses electrons and muous. Superseded by AKERS 938. 
61ADEVA 92(: uses electrons and muons. 
62 DECAMP 91 done with opposite and like-sign dileptons. Superseded by BUSKULIC 92B. 
63ADEMA 90P measurement uses ee, ##, and e# events from 118k events at the Z. 

Superseded by ADEVA 92s 
64 These experiments are not in the average because the combination of B s and B d mesons 

which they see could differ from those at higher energy. 
65The WEIR 90 measurement supersedes the limit obtained in SCHAAD 85. The 90% EL 

are 0.06 and 0.38. 
66 ALBAJAR 87C measured X = (~0 ~ B 0 ~ p+  X) divided by the average production 

weighted semileptonic branching fraction for B hadrons at 546 and 630 GeV. 
67 Limit is average probability for hadron containing B quark to produce a positive lepton. 

A m ~  -- m ~ ,  - m~L 

~ m  o is a measure of 27r times the B0-B 0 oscillation frequency in time-dependent 
B s 

mixing experiments. 

"OUR EVALUATION" is an average of the data listed below performed by the LEP 
B Oscillation Working Group as described in our "Review of B-B Mixing" in the B 0 
Section of these Listings. The averaging procedure takes into account correlations 
between the measurements. 

VALUE (10 t2 h s- 1 ) CL_~_~ DOCUMENT ID TEEN COMMENT 
>10.6 (CL = 95%} OUR EVALUATION 

> 5.2 95 68ABBIENDI 998 OPAL e - - e -  ~ Z 
> 5.8 95 69 ABE 99J CDF p~ at 1.8 TeV 
> 9.6 95 70 BARATE 99J ALEP e + e -  ~ Z 
> 6.5 95 71 ADAM 97 DLPH e + e -  ~ Z 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<96 95 72 ABE 990 CDF p~ at 1.8 TeV I 
> 7.9 95 73 BARATE 98c ALEP Repl. by BARATE 99J 
> 3.1 95 74ACKERSTAFF 97u OPAL Repl. by ABBIENDI 998 
> 2.2 95 75 ACKERSTAFF 97v OPAL Repl. by ABBIENDI 99s 
> 6.6 95 76 BUSKULIC 96M ALEP Repl. by BARATE 98c 
> 2.2 95 75 AKERS 95J OPAL Sup. by ACKER- 

STAFF 97v 
> 5.7 95 77 BUSKULIC 95J ALEP e + e -  ~ Z 
> 1.8 95 75 BUSKULIC 94B ALEP e + e -  ~ Z 

6Buses l-Qhe m and l- I .  
69ABE 99J uses ~ I - t  correlation. I 

70 BARATE 99J uses combination of an inclusive lepton and D~--based analyses. I 

71ADAM 97 combines results from Dsl-Qhe m, t-Ohem, and I - L  



See key on page 2 3 9  

72ABE 99D assumes TBs0= 1.55 : :  0.05 ps and ~r/Am= (5.6 + 2.6) x 10 - 3 .  

73BARATE 98C combines results from D s h - t / Q h e  m,  D s h - K  in the same side, D s l -  
t / Q h e  m and D s t - K  in the same side. 

74 Uses t -Qhe m. 

75 Uses l - t .  
76 BUSKULIC 96M uses D s lepton correlations and lepton, kaon, and je t  charge tags. 

77BUSKULIC 95J uses l -Qhe  m. They find A m  s > 5.6 [>  6.1] for f s = l O %  [12%]. We 
interpolate to our central value fs=10.5%. 

x, = Am~lr~ 
This is derived by the LEP B Oscil lation Working Group from the results on A m B O  

and "OUR EVALUATION" of the Bs0 mean lifetime, 

VALUE CL% DOCUMENT It:) 

>15.7 (EL = 95%) OUR EVALUATION 

Xs 
This  BOs-BO s integrated mix ing parameter is derived from x s above, 

VALUE CL~ DOCUMENT ID 

>0,4980 (eL = 95%) OUR EVALUATION 

B~ REFERENCES 

ABBIENDI 99S EPJ C l l  587 G, Abbiend[ et aL (OPAL Collab,) 
ABE 99D PR D59 032004 F. Abe et at. (CDF Cellab.) 
ABE 9gJ PRL 82 3576 P. Abe et aL (CDF Collab.) 
ACEIARRI 99D PL B448 152 M. Acciarri et aL (L3 Cellab.) 
BARATE 99J EPJ C7 5S3 R Barate et aL (ALEPH Coliab.) 

Aiso O0 EPJ C12 181 (erratum) (ALEPH Collab.) 
ABE 95 PR D57 R3811 F. Abe et aL (CDF Collab.) 
ABE 985 PR D57 5382 F. Abe et aL (CDF Collab.) 
ABE 9BV PRL 81 5742 F, Abe et aL (CDF Collab,) 
ACCIARRI 988 PL B438 417 M. Acciarri et aL (L3 Collab.) 
ACKERSTAFF 98F EPJ C2 407 K. Ackerstalr et aL (OPAL Collab,) 
ACKERSTAFF 98G PL B426 161 K. AckerstalT et aL {OPAL Collab.) 
BARATE 98C EPJ C4 367 R. Barate et aL (ALEPH Collab,) 
BARATE 98Q EPJ C4 387 R. Barate et aL (ALEPH Codab.) 
PDG 98 EPJ C3 1 C. Case et aL 
ABE 971 PR D55 2546 F. Abe et aL (CDF Co[lab,) 
ACCIARRI 976 PL 6391 474 M, Acciarri et aL (L3 Collab.) 
ACCIARRI 97C PL 6391 481 M, Acciarri et aL (L3 Coltab.) 
ACKERSTAFF 97U ZPHY C76 401 K. Ackerstaff er aL (OPAL Coltab.) 
ACKERSTAFF 97V ZPHY C76 417 K. Ackerstaff et aL (OPAL Collab,) 
ADAM 97 PL B414 382 W. Adam et aL (DELPHI Collab.) 
ABE 96B PR D53 3496 F. Abe et aL (CDF Collab.) 
ABE 96L PRL 76 4675 F. Abe et at. {CDF Collab.) 
ABE g6N PRL 77 1945 F. Abe et at. (CDF Collab.) 
ABE 96Q PR D54 6596 F. Abe et at. {CDF Collab,) 
ABREU 56P ZPHY C71 11 P. Abreu et a6 (DELPHI Collab.) 
ADAM 56D ZPHY C72 207 W. Adam et aL (DELPHI Collab.) 
ALEXANDER 96 ZPHY C70 357 G. Alexander et al. (OPAL Collab.) 
BUSKULIC 9BE ZPHY C69 585 D. Buskullc et aL {ALEPH Collab.) 
BUSKULIC 96M PL 6377 205 D. Buskulic et aL (ALEPH Collab.) 
BUSKULIC 96V PL 6384 471 D. Buskulic et aL (ALEPH Collab.) 
PDG 98 PR D54 ] 
UENO 96 PL B381 365 K. Ueno er al. (AMY Coliab,) 
ABE 95R PRL 74 4988 F. Abe et at. (CDF Collab.) 
ABE 95Z PRL 75 3068 F. Abe er aL (CDF Collab.) 
ACCIARRI 95H PL B363 127 M. Acciarri et at. (L3 Collab.) 
ACCIARRI 951 PL B363 137 M. Acciarri et at. (L3 Collab.) 
AKERS 95G PL 6350 273 R. Akers et aL (OPAL Collab.) 
AKERS 95J ZPHY C6b 555 R. Akers et aL (OPAL Collab.) 
BUSKULIC 95J PL 6356 409 D. Buskulic et aL (ALEPH Collab,) 
BUSKULIC 950 PL 6361 221 D. Buskulic et aL (ALEPH Collab,) 
ABREU 94D PL 6324 500 P, Abreu et aL (DELPHI Cellab,) 
ABREU 94E ZPHY C61 407 P. Abreu et aL (DELPHI Collab) 

Also 92M PL B289 199 P. Abreu et aL (DELPHI Collab,) 
ABREU 94P PL 6322 459 P. Abreu et a/. (DELPHI Collab) 
ABREU 94J PL 6332 488 P. Abreu et al. (DELPHI Collab) 
ACCIARRI 94D PL 6335 542 M, Acciarri et aL (L3 Collab,) 
AKERS 54J PL B337 196 n. Akers et aL (OPAL Collab.) 
AKERS 94L PL Ba37 893 n. Akers et aL (OPAL Collab.) 
ALBAJAR 94 ZPHY C61 41 C. AJbajar et a/. (UA1 Collab.) 
BUSKULIC 94B PL 6322 441 D, Buskul~c et al. (ALEPH Collab.) 
BUSKULIC 94C PL 6322 275 D. Buskulic et al. (ALEPH Collab.) 
BUSKULIC 94G ZPHY C62 179 D, Buskul[c et al. (ALEPH Collab.) 
PDG 94 PR DSO 1173 L, Montanet et al, (CERN, LBL, BAST+) 
ABE 53F PRL 71 1685 F. Abe et aL {CDF Collab.) 
ABREU 93C PL B30t 145 P, Abreu et af. (DELPHI Collab.) 
ACTON 93H PL B312 501 P,D. Acton et al. (OPAL Collab.) 
AKERS 93B ZPHY C60 199 R, Aker$ et aL (OPAL Collab.) 
BUSKULIC 93G PL 6311 425 D. Buskulic et aL {ALEPH Collab.) 
ABREU 92M PL 6289 199 P. Abreu et aL (DELPHI Collab.) 
ACTON 92C PL B275 379 D.P, Acton et aL (OPAL Col[ab.) 
ACTON 92N PL B295 357 P.D, Acton et aL (OPAL Cellab.) 
ADEVA 92C PL 6285 395 B. Adeva et aL (L3 Coliab.) 
BUSKULIC 925 PL 6284 177 D. Buskullc et aL (ALEPH Collab.) 
BUSKULIC 92E PL 6294 145 D. Buskulic et aL (ALEPH Collab.) 
ABE 9ZG PRL 87 3351 F. Abe et aL (CDF Collab.) 
ALBAJAR 91D PL B262 171 C, Albajar et al. (UA1 Collab,) 
DECAMP 91 PL B258 236 O. Decamp et at. (ALEPH Collab.) 
ADEVA 90P PL B252 703 B. Adeva et al. (L3 Coliab.) 
LEE-FRANZINI 90 PRL 6S 2947 J Lee-Franzini el aL (CUSB II Collab.) 
WEIR 90 PL B240 289 A.J. Weir et aL (Mark II Collab.) 
BAND 88 PL B200 221 H.R. Band et aL (MAC Collab.) 
ALBAJAR 87E PL B156 247 E. Albajar et al. (UAI Collab.) 
SCHAAD 85 PL 160B 188 T. Schaad et aL {Mark II Collab.) 

649 

Meson Particle Listings 
B ~ B;,  B : : ( 5 8 5 0 )  

l(J P) = 0 ( I - )  

OMITTED FROM SUMMARY TABLE 
I, J, P need confirmation. Quantum numbers shown are quark- 
model predictions. 

B.~ MASS 

From mass difference below and the BsO mass. 

VALUE (MeV) DOCUMENT ID 

5416.64-3.,5 OUR FIT 

me; - me, 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

47.04-2.6 OUR FIT 
47.0-t-2.6 i LEE-FRANZINI�0 CSB2 e + e  - ~ T (5S)  

1LEE-FRANZINI  90 measure 46.7 • 0.4 • 0.2 MeV for an admixture of B 0, B + ,  and 
B s.  They use the shape of the photon line to separate the above value for B s.  

I(me; - tuba)- (me, - roB) I 
VALUE IMeV) C L ~  DOCUMENT ID TECN COMMENT 

< 6  95 ABREU 95R DLPH E c ~ =  88-94 GeV 

B; DECAY MODES 

Mode Fraction ( F I / F )  

r l  Bs')' dominant  

B~ REFERENCES 

ABREU 9SR ZPHY C68 353 P, Ab~eu et at. 
LEE-FRANZINI 90 PRL 65 2947 J. Lee-Franzini et at. 

I 

I I = B ; j ( 5 8 5 0 )  l, J, P need confirmation. 

(DELPHI Collab.) 
(CUSB II Collab.) 

OMITTED FROM SUMMARY TABLE 
Signal can be interpreted as coming from bs states. Needs confir- 
mation. 

B~](5850) MASS 

VALUE IMeV) EVTS DOCUMENT /O TECN COMMENT 

58534-15 141 AKERS 95E OPAL Eceem= 88-94 GeV 

B;](5850) WIDTH 

VALUE (MeV) EVTS DOCUMENT I0  TECN COMMENT 

ee _ 88-94 GeV 474-22 141 AKERS 95E OPAL Ecm- 

B*](5850) REFERENCES 

AKER8 95E ZPHY C66 19 R. Akers et aL (OPAL Collab.) 
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M e s o n  P a r t i c l e  L i s t i n g s  

Bc �9 

II BOTTOM C"ARMEOMESONSII  C �9 
B + = cb, B c = s  similarly for B~'s 

r ~  t(J P) = 0 ( 0 - )  
I, J, P need confirmation. 

Quan tum numbers shown are quark-mode l  predict ions, 

Bc ~ MASS 

VALUE (GeV) DOCUMENT ID TEEN COMMENT 

6 .4  ~0.594-0 .15  1 ABE 98M CDF p~  1.B TeV I 
�9 * * We do not use the following data for averages, fits, l imits, etc. * * �9 

6 .32•  2ACKERSTAFF 980 OPAL e 4 - e -  ~ Z I 

1ABE 98M observed 20 4 + 6 . 2  events in the B + ~ J/ '~( ls) f .ut .  with a significance of I �9 - 5 . 5  c 
> 4.8 standard deviations. The mass value is estimated from m ( J / r 1 6 3  | 

2 ACKERSTAFF 980 observed 2 candidate events in the B c ~ J/-~(15) ~r+ channel with I 
an estimated background of 0.63 • 0.20 events. 

B~ MEAN LIFE 

VALUE (10 -12 S} DOCUMENT IO TEEN COMMENT 

0 46 + 0 ' l g - L n  n~ I . _ 0 . 1 6 ~ v . v a  3 ABE 98M CDF p~  1.8 TeV 

3 The lifetime is measured from the J / ~ ( 1 5 ) I t  decay vertices. I 

B + DECAY MODES x B(b --* Bc) 
B c modes are charge conjugates of the modes below. 

Mode Fraction (F i /F )  Confidence level 

The following quanities are not pure branching ratios; rather the fraction 
r i / r  x B(3 ~ Bc). 

F 1 J/~(1S)~+utanything (5.2+2: 4) x 1o -5 

F 2 J/~(1S)Tr + < 8.2 x 10 -5  
F 3 J / @ ( I S ) n + ~ r + T r  - < 5.7 x 10 - 4  

F 4 J/%b(IS)al(1260 ) < 1.2 x 10 -3  

F 5 D*(2010)+D ~ < 6.2 x 10 -3  

B + BRANCHING RATIOS 

r(J/~(1S)t+ulanythlng)/Ftotal x B('6--* Be) 
VALUE CL~ DOCUMENT tD TEEN 

(5 2"{'2"4~ X 10 - 5  4 ABE 98M CDF 

90% 

90% 

90% 

90% 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<2.4 x 10 - 4  90 9 ACKERSTAFF 980 OPAL e 4 - e -  --* Z I 
<3.4 x 10 - 4  90 10 ABREU 97E DLPH e4- e -  ~ Z 

<2.0 x 10 - 5  95 11 ABE 96R CDF p~  1.8 TeV 

8 B A R A T E  97H reports B ( Z  ~ B c X ) / B ( Z  ~ q q ) . B ( B  c ~ J/@(15)~r)  < 3.6 x 10 - 5  
at 90%CL  We rescale to our PDG 96 values of B ( Z  ~ bb).  

9ACKERSTAFF 980 reports B (Z  ~ B c X ) / B ( Z  ~ q q ) x B ( B  c ~ J / r  + )  < | 

1.06 x 10 - 4  at 90%CL. We rescale to  our PDG 98 values of B ( Z  --* bb). I 
10ABREU 97E value listed is for an assumed ~-Bc = 0.4 ps and improves to 2.7 x 10 - 4  for 

~'Bc = 1.4 ps. 

11ABE 96R reports B(b ~ B c X ) / B ( b  ~ B + X ) - B ( B r  + ~ J / V ) ( 1 5 ) ~ + ) / B ( B  + 

J / @ ( 1 5 ) K  + )  < 0.053 at 95%CL for :rBc = 0.Sps. It changes from 0.15 to 0.04 for 

0.17 ps< TBc < 1.6 ps. We rescale to our PDG 96 values of B(b ~ B + )  = 0.378 +0 .022  

and B(B  + ~ J / r  §  = 0.00101 • 0 .00014 .  

r (J le ( lS) .+ .+x- ) l r~ l  x B('b--, Be) r d r  x B 
VALUE CL~ DOCUMENT ID TECN COMMENT 

<5.7  X 10 - 4  90 12 ABREU 97E DLPH e + e -  ~ Z 

12 ABREU 97E value listed is independent of  0.4 ps< rBc < 1.4 ps. 

r(J/@(15) al(1260))/r~,, x B(~-~ Be) n / r  x B 
VALUE CL~ DOCUMENT 10 TECN COMMENT 

<1.2  X 10 - 3  90 13 ACKERSTAFF 980 OPAL e + e -  ~ Z I 

13ACKERSTAFF 980 reports B ( Z  ~ B c X ) / B ( Z  ~ q q ) x B ( B  c ~ J /@(1S)a l (1260) )  I 
< 5.29 x 10 - 4  at 90%EL. We rescale to our PDG 98 values of  B ( Z  ~ bb).  I 

r(o.(20~o)+P)/r~,, x B ~  Bc) r d r  x B 
VALUE ~ DOCUMENT ID TEEN COMMENT 

<6.2  X 10 - 3  90 14 BARATE 98Q ALEP e + e -  ~ Z I 

14BARATE 98Q reports B ( Z  ~ B c X ) x B ( B  c ~ D * ( 2 0 1 0 ) 4 - D  0) < 1.9 x 10 - 3  at I 
90%CL. We rescale to our PDG 98 values of  B ( Z  ~ bb). I 

B~ REFERENCES 

ABE 98M PRL 83[ 2432 F. Abe et at. (CDF Collab.) 
Also 98R PR D58 112004 F. Abe et aL (CDF Collab.) 

ACKERSTAFF 980 PL B420 157 K. Ackerstaff et aL (OPAL Collab.) 
BARATE 98Q EPJ C4 387 R. Barate et aL (ALEPH Collab.) 
PDG 98 EPJ C3 1 C. Case et aL 
ABREU 97E PL B398 207 P. Abfeu et aL (DELPHI Collab,) 
BARATE 97H PL B402 2[3 R. Barate et gL (ALEPH Eollab.) 
ABE 96R PRL 77 5176 F. Abe et aL (CDF Collab,) 
PDG 96 PR D54 1 

rl/r x B 
COMMENT 

p~ 1.8 TeV | 

�9 �9 i We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

< 1.6 x 10 -4  90 5 ACKERSTAFF 980 OPAL e -k e-  ~ Z | 
< 1.9 x 10 -4  90 6 ABREU 97E DLPH e + e-  ~ Z 
< 1.2 x 10 -4  90 7 BARATE 97H'ALEP e -F e-- ~ Z 

4ABE 98M result is derived from the measurement of [c(Bc)xB(B c ~ .//tb(15)lut) ] / | 
4- 4- 1 K + 1 2 4-0 041 4-0 032 [ r  ) x B ( B  ~ J / r  )] = 0. 3 _0Z037(stat)- ,-0.031(sys)_01020(l i f teime) I 

by using PDG 98 values of B(b ~ B4-) and B(B  + ~ J / ~ ( 1 S )  K + ) .  I 
5ACKERSTAFF 980 reports B ( Z  ~ B c X ) / B ( Z  ~ q q ) x B ( B  c ~ J /@(1S)s  < | 

6.95 x 10 - 5  at 90%CL. We rescale to our PDG 98 values of B (Z  bb). I 
6ABREU 97E value listed is for an assumed rBc = 0.4ps and improves to 1.6 x 10 - 4  for 

TBc = 1.4 ps. 

7 B A R A T E  97H reports B (Z  ~ B c X ) / B ( Z  ~ q q ) . B ( B  c ~ J / '~ (1S) lu f . )  < 5.2 x 10 - 5  

at 90%EL, We rescale to our PDG 96 values of B (Z  ~ bb). A B +  c ~ J/ '~(1S) l~ + up 

candidate event is found, compared to all the known background sources 2 x 10 - 3 ,  

" which gives mBc -- 5.9 a+0.25v_0.19 GeV and TBc = 1.77 • 0,17 ps. 

r(JI,Kls).+)/rto~ x B(6-. Be) r2 / r  x B 
VAL~IE CL~ DOCUMENT ID TECN COMMENT 

<0.2 X 10 - 5  90 8 BARATE 97H ALEP e + e -  ~ Z 



See key on page 239 

6 5 1  

Meson Particle Listings 
Charrnonium, rk(15) 

II MESONS II 
I G ( j P C )  0 + ( 0  - + )  I c( S)'l - -  

~I'c(15) MASS 

VALUE IMeV) EVTS DOCUMENT ID TECN COMMENT 
297g.g4- 1.8 OUR AVERAGE Error includes scale factor of 1.9. See the ideogram below, 
2975.8• 3.9• 1.2 1,2BAI 998 BE$ ~b~_25) ~ 3,X 
2999 • 8 25 ABREU 980 DLPH e -  e -  ~ e + e -  

+hadrons 
2988.3 + 3.3 ARMSTRONG 95F E760 PP ~ 73' - 3.1 
2974,44- 1,9 1 BISELLO 91 DM2 J/'O ~ 71E3  ̀
2969 4- 4 • 4 80 BAI 908 MRK3 J / r  

,y K+ K -  K+ K - 

2.7 12 BAGLIN 878 SPEC PP ~ "/'7 2982"6+ - 2,3 

2980.2• 1.6 1 BALTRUSAIT..~6 MRK3 J / r  ~ ~c'1 
2984 :c 2.34- 4.0 GAISER 86 CSAL J /~  ~ 7X, r 

7X 
2982 • 8 18 3 HIMEL 808 MRK2 e + e -  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. , �9 
2956 4-12 4-12 BAI 90B MRK3 J/'~ 

7K + 
2976 4- 8 4 BALTRUSA|T..B4 MRK3 J / r  
2980 • 9 3 PARTRIDGE 808 CBAL e + e -  

1Average of several decay modes. 
2Using an ~/c width of 13.2 MeV. 
3 Mass adjusted by us to correspond to J/~(15) mass = 3097 MeV. 
4hE ~ r 

WEIGHTED AVERAGE 
2979.8+1.8 (Error scaled by 1.9) 

K-K~K~ 
2@3  ̀

I . �9 ABREU 980 OLPH 5.8 
- f -  . . . . . . .  ARMSTRONG 95F E760 7.5 

. . . . . . . . .  SISELLO 91 DM2 8.1 
�9 \ . . . . . . . . .  BAI 908 MRK3 3.7 
~ \ ,  . . . . . . . .  SAGLIN 87B SPEC 1.5 

.~ . . . . . . . .  BALTRUSAIT... 86 MRK3 0.1 
- .F - \  . . . . . . . .  GAISER 86 CSAL 0.8 

- -  }'---~ �9 �9 "~ ' �9 ' HIMEL 808 MRK2 0.1 
28.4 

(Confidence Level 0.001) 
I i 

2960 2980 3OO0 3020 304O 

~c(IS) mass (MeV) 

~c(1S)  W I D T H  

VALUE (MeV) CLYQ_YQ E V T ~  DOCUMENT I0 TEEN COMMENT 

13.2 + &g  OUR AVERAGE - 3.2 

23 9 +12'6 ARMSTRONG 95F E760 PP ~ 3`7 " - 7.1 

7.0 + 7.5 12 BAGLIN 878 SPEC PP ~ 73' - 7,0 

10 1 +33.0 23 S BALTRUSAIT..~6 MRK3 J/'O ~ "rPP " - 8.2 
11.5• 4.5 GAISER 86 CBAL J/'O ~ "rX, 0(25) 

~X 
�9 t �9 We do not use the following data for averages, fits, limits, etc. * �9 �9 

<40 90 18 HIMEL 80B MRK2 e + e -  
<20 90 PARTRIDGE 80B EBAL e4- e -  

5 Positive and negative errors correspond to 90% confidence level. 

~c(1S)  DECAY M O D E S  

Mode Fraction ( r i / r )  Confidence level 

Decays involv ing hadronic  resonances 

F 1 T/(958)~-~- (4.1 • % 
F 2 pp (2,6 • % 
F 3 K*(892)~ c.c. (2.0 +0.7) % 
I- 4 K * ( B 9 2 ) K * ( 8 9 2 )  (B.S • x 10 -3 
r 5 r (7.1 4-2.s) • 10 - a  

F 6 a0(980) ~ < 2 % 
r 7 a2 (1320) r  < 2 % 
r 8 K * ( 8 9 2 ) K +  c.c. < 1,28 % 
F 9 f2(1270) r/ < 1.1 % 
FI0 WW < 3.1 x 10 -3 

D e c a y s  into  stable hadrons 

rll K K T r  (53 4-1.7)% 
/12 ~TF~ (4,9 • % 

F13 ~ + ~ - K + K  - (2.0 +0:7)% 
r14 2 ( K  + K - )  (2.1 • % 
F18 2(Tr+~r - )  (1,2 4-0,4}% 
rl6 pp (1.2 4-0.4) x 10 -3 
r17 KK~? < 3.1 % 
r18 7r + 71"- pp < 1,2 % 
[19 AA < 2 x 10 - 3  

Radia t ive  decays 

F20 77 (3.0 4-1.2) x 10 - 4  

9O% 
90% 
9O% 
90% 

90% 

90% 
9O% 

90% 

THE CHARMONIUM SYSTEM 
v(2S) 

hadrons ? /  

nc(1S),, ~ 

hadrons 

7 
: Xc2(1P) 

In, 7 ~  ' 

hadrons g* radiative 

jPO = 0-+ 1 - -  0 ++ 1 ++ 2 ++ 

The current state of knowledge of the charmonium system and transitions, as interpreted by the charmonium 
model. Uncertain states and transitions are indicated by dashed lines. The notation -y* refers to decay processes 
involving intermediate virtual photons, including decays to e+e - and #+#-. 
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r/c(1S ) PARTIAL WIDTHS 

r(-r~) 
VALUE (keY) EVTS 
7.44" 1.4 OUR AVERAGE 
6.94- 1.7~E 2.1 76 • 

19 
27 4-16 •  S 

_ 2.4 
6"7+ 1.74- 2.3 

11.34- 4.2 

5.9 + 2.1 1.9 
- 1 . 8  :s 

6.4 + 5.0 
- 3.4 

28 4-15 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

8.04- 2.34- 2.4 17 7 A D R I A N I  93N L3 e + e  - ~ e+e- - t / c  

6 Re-evaluated by A IHARA 88D. 
7 Superseded by ACCIARRI 99T. 

DOCUMENT ID TEEN COMMENT 

ACCIARRI 99T L3 "73" 

SHIRAI 98 A M Y  58 e + e -  

ARMSTRONG 95F E760 ~p  ~ "},3" 

ALBRECHT 94H ARG "73' 

EHEN 90B CLEO e + e  - ~ e+e--~/c 

A i H A R A  8 8 D T P C  e + e  - ~ e + e - X  

6BERGER 86 PLUT "73" ~ KK~r  

r2o 

~c(1S) r(i)r(?-r)/r(total) 

r ( K ~ r )  x r(~)/rtot= r . r~o / r  
VALUE (keV) CL~ EVT5 DOCUMENT ID TEEN COMMENT 

0.94-1"0.18 OUR AVERAGE 
0.844-0.21 8 A L B R E C H T  94H ARG "73" ~ K4- KO ~r ~ 

1.064-0.414-0.27 11 BRAUNSCH... 89 TASS "73' ~ KK~T 

1.5 +0 .60~_n~  7 8BERGER 86 PLUT 3"3"~  K K ~  
_0.45 ~",~ 

�9 �9 �9 We do not use the following data for averages, fits, limits, e t c . � 9  �9 �9 

<0.63 95 8 BEHREND 89 CELL "73' ~ K O s K A - ~  

<4.4  95 ALTHOFF 85B ] 'ASS "73" ~ KK~r  

8 KA- K 0 ~ T  corrected to KK~r  by factor 3. 

~/c(1S) BRANCHING RATIOS 

- -  HADRONIC DECAYS - -  

r (~(gSS)~r~r)/rto., 
VALUE EVT5 DOCUMENT ID TEEN COMMENT 

0.041+0.017 14 9BALTRUSAIT. . ,86  MRK3 J / r  ~ t/C'~ 

r(~p)/rt==, 
VALUE (units 10 -3)  EL% EVT$ DOCUMENT ID TEEN COMMENT 

26 4- 9 OUR EVALUATION (Treating systematicerrors as correlated.) 
25 4" 8 OUR AVERAGE 
26.0--  2,44-8.8 113 9BISELLO 91 DM2 j / ~  ~ "TpOpO 
23.64-10.64-8.2 32 9 BISELLO 91 DM2 J / ~  ~ " T p + p -  

�9 �9 �9 We do not use the following data for averages, fits, l imits, e t c . � 9  �9 �9 

<140 90 9BALTRUSAIT . . 36  MRK3 J/~, ~ t/c3t 

r (K*(892) 0 K -  x + + c.c.) / Ftotal 
VALUE EVT5 DOCUMENT I0 TEEN COMMENT 

0,02 :t:0,OO7 63 9 BALTRUSAIT. . ,86 MRK3 J / ~  ~ t /c~ 

r (K" (S92)K" (892)) / r,=,, 
VALUE {units 10 -4  ) EVT5 
8S + 31 OUR AVERAGE 
82:~284-27 14 

904-50 9 

r (g ' (892)~+ c.c.)/rtota 
VALUE EL% 

<0.012B 90 

<0.0132 90 

r(§ 
VALUE (units L0 -4  ) EVTS 

rdr  

r=/r 

r,/r 

rA/r 
DOCUMENT ID TEEN COMMENT 

9 BISELLO 91 DM2 e + e -  
7 K +  K - ~ + E  - 

9 BALTRUSAIT . .36  MRK3 J/~) ~ ~1c3" 

rdr  
DOCUMENT ID TEEN COMMENT 

K 0 KA-~F  BISELLO 91 DM2 J / ~  ~ 3" 5 

9BISELLO 91 DM2 J / r  ~ ~ IK+ K - ~ r  0 

rs/r 
DOCUMENT ID TEEN COMMENT 

714"28 OUR EVALUATION (Treating systematic errors as correlated.) 
71 4" 22 OUR AVERAGE 
744-184-24 80 9 BAI 90B MRK3 J / ~  

"TK+ K -  K +  K - 
674-214-24 9 BAI 90B MRK3 J / ~  

3"K+ K--  KOsKO L 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

314- 74-10 19 9 BISELLO 91 DM2 J / ~  
.~K+ K - K +  K - 

30_+~824-i0 5 9 BISELLO 91 DM2 J / ~ -  

r(~o(~s0).)/r~= rdr  
VALUE CL~ DOCUMENT ID TEEN COMMENT 

<:0.02 90 9 ,10BALTRUSAIT . .36  MRK3 J / d ) ~  ~lC~ 

r(.~(1320)~r)/rt~, 
VALUE EL% DOCUMENT ID TEEN COMMENT 

9 BALTRUSAIT. .~6  MRK3 J/d) ~ t/C~ 

rdr  

<0,02 90 

r(f2(1270)~)/rtot= 
VALUE ~ DOCUMENT ID TEEN COMMENT 

<0,011 90 9BALTRUSAIT. . ,86  MRK3 J / d ) ~  ylc3" 

r(~.=,)/r==., 
VALUE EL% DOCUMENT ID TEEN COMMENT 

<0.0031 90 9BALTRUSAIT. .EI6  MRK3  J / ~  ~ rio3" 

rg/r 

q0/r 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<0.0063 9 BISELLO 91 DM2 J/~b ~ 3"a)~ 

r ( K ~ ) / r ~ ,  rll/r 
VALUE CL~ E V T S  DOCUMENT ID TECN COMMENT 

0.055 4"0.011 OUR EVALUATION (Treating systematic errors as correlated.) 
0.055 =t:0.008 OUR AVERAGE 
0.0690-}-0.0142• 33 9 BISELLO 91 DM2 J / ~  

7 K +  K - ~ O  
0.05434-0.00944-0.0094 68 9 BISELLO 91 DM2 J/d) 

"TK•  K 0 

0.048 4-0.011 95 9,11 BALTRUSAIT . .36  MRK3 J/d) ~ t/c3" 

0.161 +0.092 1 2 H I M E L  80B MRK2 ~ ( 2 5 ) ~  t/c3" 
- 0 . 0 7 3  

�9 �9 a We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<0.107 90 9 PARTRIDGE 80B CBAL J/d) ~ t/C3" 

r(...)/rto~, rz2/r 
VALUE E V T S  DOCUMENT ID TECN COMMENT 
0.049-l-0.0111 OUR EVALUATION 
0.0474-0.015 OUR AVERAGE 
0.0544-0.020 75 9 B A L T R U S A I T . . 3 6  MRK3  J / ~  ~ t/c3" 
0.0374-0.0134-0.020 18 9 PARTRIDGE 80B CBAL J/d) ~ ~ + ~ - ' 7  

r ( .+ . -  K+ K-)/F~., qdr  
VALUE EVTS DOCUMENT ~D TEEN COMMENT 

0 020+O'-DI~- 7 OUR AVERAGE �9 - 0.u,~ 
0.0214-0.007 110 9 BALTRUSAIT. . ,86 MRK3 J / ~  ~ t/c3" 

0 0 l a+0 "022  12 HIMEL 80B MRK2 ~ (25 )  ~ t/c3" " " ~ -  0.009 

r ( 2 ( ~ + , - ) ) / r t o , ,  r l s / r  
VALUE E V T 5  DOCUMENT ID TEEN COMMENT 
0.012 4-0.004 OUR EVALUATION 
0.0120"1"0.0031 OUR AVERAGE 
0.01054-0.00174-0.0034 137 9 BISELLO 91 DM2 J / ~  

�9 727r+ 2 ~ -  
0.013 4-0,006 25 9BALTRUSAIT . .R6  MRK3 J / d ) ~  rio3" 

0.020 +0.015 1 2 H I M E L  80B MRK2 ~ ( 2 5 ) ~  t/c3" 
- 0 , 0 1 0  

r(2(K + K-) ) / r to. ,  rzA/r 
VALUE DOCUMENT ID TECN COMMENT 

0.021-1-0.010-1-0.006 ALBRECHT 94H ARG "73"/ ~ K + K -  K + K -  

r(pp)/r,=,, qg/r 
VALUE (units ]O - r  E V T S  DOCUMENT ID TEEN COMMENT 
12:1:4 OUR AVERAGE 
104- 3:54 18 9BISELLO 91 DM2 J / ~  ~ 3"p'~ 
114- 6 23 9 BALTRUSAIT . .~6  MRK3  J / ~  ~ ~lc'7 

2Q+29 " - 1 5  1 2 H I M E L  80B MRK2 d)(2S) ~ ~/C 3' 

r(K~.)/r~., r~7/r 
VALUE CL~< DOCUMENT ID TEEN COMMENT 

<0.031 90 9 B A L T R U S A I T . . ~ 6  MRK3 J / ~  ~ ~C3" 

r(~+.-p~)/r=., rzdr 
VALUE CL~ DOCUMENT ID TEEN COMMENT 

<0,012 90 HIMEL 80B MRK2 t~(25) ~ t/c3" 

r(AA-)/r,=., rz#r 
VALUE ~ DOCUMENT ID TECN COMMENT 

<0,002 90 9 BISELLO 91 DM2 e + e -  ~ "TAA 

rFr/l'2mt= in pp-~ ~/c(15) -~ ~# qsrs/r2 
VALUE Iunits 10 -s )  DOCUMENT ID TECN COMMENT 

4 0 + $ ' ~  BAGLIN 89 SPEC ~ p ~  K + K - K + K  - �9 --3.z 

9The quoted branching ratios use B ( J / ~ ( 1 S )  ~ 7 ~ c ( 1 5 ) )  = 0.0127 4- 0.0036. Where 
relevant, the error in this branching ratio is treated as a common systematic in computing 
averages. 

10We are assuming B(a0(980 ) ~ t /~)  >0.5. 
11Average from K + K - 7 r  0 and KA- K0 'SE ~ decay channels. 
12Estimated using B (~ (25 )  ~ 3"t/c(15)) = 0.0028 -- 0.0006. 
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n~(15)rJ/r 

- -  RADIATIVE DECAYS - -  

r(.r~)Ir~,, 
VALUE (UllltS 10 -4} CLY~ DOCUMENT ID TECN COMMENT 

3.0 4-1.2 OUR AVERAGE 

2 8n+0 .67  ~_~ �9 ~ _ 0 . 5 8 ~ , . u  ARMSTRONG 95F E760 PP ~ 77 

6 _ +~ - -4  BAGLIN 87B SPEC ~ p  ~ 77 

�9 �9 �9 We do not use the following data fc~ averages, fits, limits, etc, �9 �9 �9 

< 9 90 9 BISELLO 91 DM2 J / r  ~ 7 7 7  

<18 90 1 3 B L O O M  83 CBAL J/r no'7 

13Using B(J/%b(15) ~ 7~/c(1511 = 0.0127:5 0.0036. 

r F f l r ~ ,  in p ~ - - ~  ~ c ( 1 S )  --~ 77 
VALUE (units 10 -6 ) EVT5 DOCUMENT ID TECN COMMENT 

0.3~ +0 .no  OUR AVERAGE Error includes scale factor of 1.1. - 0,07 

0 3 ~ + 0 " 0 8 0  ARMSTRONG 95F E760 PP ~ 77 " ~ -  0.070 

0.68 +0 .42  12 BAGLIN 87B SPEC ~ p  ~ 7 7  
- 0 . 3 1  

r~o/r 

r,6r~olr ~ 

~/c ( 1 5 )  R E F E R E N C E S  

ACCIARRI 99T PL 8461 155 M. Acc]arri et al. (L3 CoIlab.) 
BAI 998 PR D60 072001 3.Z. Bai et BL (BES Collab.) 
ABREU 980 PL B441 479 P. Abreu et at. (DELPHI Collab,) 
SHIRAI 98 PL B424 405 M. Shiral et aL (AMY Collab.) 
ARMSTRONG 95F PR D52 4839 T.A. Armstrong et aL (FNAL, FERR, 6ENO+) 
ALBRECHT 94H PL B038 390 H. Albrecht et ai. (ARGUS Collab.) 
ADRIANI 93N PL B318 575 O. Adrlani et at. (L3 Collab.) 
BISBLLO 91 NP B350 1 D. Bisello el aL (DM2 Collab.) 
BAI 908 PRL 65 1309 Z. Bai et aL (Mark 10 Collab.) 
CHEN 908 PL B243 169 W,Y. Chert et aL (CLEO Collab.) 
BAGLIN 89 PL B231 557 C. Baglin, S. Baird, G. Basso�9 (RI04 Collab.) 
BEHREND 89 ZPHY C42 367 H.J. Behrend et al. (CELLO Collab.) 
BRAUNSCH... 89 ZPHY C41 533 W. Braunschweig el at. (TASSO Collab,) 
AIHARA 88D PRL 60 2355 H. Aihara et aL (TPC Collab,) 
BAGLIN 87B PL 8187 191 C, BaElln et aL (R704 Collab.) 
BALTRUSAIT...86 PR D30 629 R.M. Baltrusaitis et aL (Mark 01 Collab.) 
BERGER 86 PL 107B 120 C. Berger et at. (PLUTO Collab.) 
GAISER 86 PR D34 711 J. Gaiser et al. (Crystal Ball Collab.) 
ALTHOFF 858 ZPHY C29 189 M. Althoff et aL (TASSO Collab.) 
BALTRUSAIT... 84 PRL 52 2126 R.M Baltrusaitis el aL (CIT, UCSE+)JP 
BLOOM 83 ARNS 33 143 E.D. Bloom, C. Peck (SLAC, CIT) 
HIMEL BOB PRL 45 1146 T,M. Himel et aL (SLAC, LBL, UCB) 
PARTRIDGE BOB PRL 45 1150 R. Partridge et aL (CIT, HARV, PRIN+) 

- -  OTHER RELATED PAPERS - -  

ARMSTRONG 89 PL 8221 216 T.A. Armstrong et aL (CERN, CDEF, BIRM+) 

I G ( j  P C )  = 0 - ( 1 - - )  

J / @ ( 1 S )  M A S S  

VALUE (MeV) EVT .S  DOCUMENT IO TECN COMMENT 
$09~.87-1-0.04 OUR AVERAGE 
3096.89:50.09 502 1 A R T A M O N O V  00 OLYA e + e  - ~ hadrons I 
3096.87--0.03--0.03 ARMSTRONG 938 E760 ~p  ~ e + e  - 
3096.95--0.1 "-0.3 193 BAGLIN 87 SPEC p p  ~ e + e - X  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

3097.5 +0 .3  GRIBUSHIN 96 FMPS 515 ~ -  Be ~ 2 # X  
3098.4 4-2.0 38k LEMOIGNE 82 GOLI 190 ~r-  Be ~ 2# 
3096.93•  502 2 Z H O L E N T Z  80 REDE e + e  - 
3097.0 •  3 B R A N D E L I K  79c DASP e + e  - 

1Reanalysis o f  ZHOLENTZ 80 using new electron mass (COHEN 87) and radiative cor- I 
rections (KURAEV 85). 

2 Superseded by A R T A M O N O V  00. 
3 From 0 simultaneous f i t  to e + e - ,  /~+ # -  and hadronic channels assuming r (e  + e - )  I 

= r ( . + , ~ - ) .  

J/@(1S) WIDTH 

VALUE IkeV) DOCUMENT ID TECN COMMENT 

87 4- 5 OUR AVERAGE 
84.44- 8.9 BAI 95B BES e + e  - 
99 •  ARMSTRONG 93B E760 ~ p  ~ e + e  - 

85.5 + 6.1 4 HSUEH 92 RVUE See T mini-review 
- 5.8 

4 Using data from COFFMAN 92, BALDINI -CELIO 75, BOYARSKI 75, ESPOSiTO 75B, 
BRANDELIK 79C. 

J/@(1S) DECAY MODES 
Scale factor/  

Mode Fraction (F i /F )  Confidence level 

r I hadrons  (87.7 -4-0.5 ) % 

r 2 v i r tual . ) ,  -~  had rons  (17.0 •  ) %  

r 3 e + e- (5.93:50.10) % 

[-4 # + / z -  ( 5.88 :50 .10)% 

Decays involving hadronic resonances 
F 5 pTr 
1-6 pO ~TO 

I- 7 a 2 ( 1 3 2 0 ) p  

r8 w ~ + ~ + ~  

r 9 w~+~r - 
FlO ~ f 2 (1270 )  
F n K * ( 8 9 2 ) 0 g ~ ( 1 4 3 0 1 ~  + c.c. 

F12 w K * ( 8 9 2 ) K +  c.c.  

F13 K + K * ( 8 9 2 ) - +  c.c. 

F14 K O K ' * ( 8 9 2 ) ~  c.c. 

F15 K 1 ( 1 4 0 0 ) •  K m 
1-16 w~rO~rO 

El7 b1(1235):5 7r ~- 
1-18 ~ K +  K~ 

F19 b 1 ( 1 2 3 5 ) ~  ~r ~ 

1-2o 4 K * ( 8 9 2 ) K +  c.c. 

F21 ~ K K  

F22 ~ f 0 ( 1 7 1 0 )  ~ w K K  

r23 42 (7 r  + / r - )  

1-24 " 6 ( 1 2 3 2 )  + +  P~- 

F25 wr/  

F26 4 K K  
F27 4 f o ( 1 7 1 0 ) - - *  4 K - R  

F28 P P ~  
F29 " 6 ( 1 2 3 2 1 + +  ~ ( 1 2 3 2 )  - -  

F3O Z ( 1 3 8 5 ) - Z ' ( 1 3 8 5 )  + (o r  c.c.) 

r31 p~/'(958) 
F32 4 f~(1525) 
F33 4~ +~r- 
F34 4 K - -  K ~ r m  

F35 ~ f 1 ( 1 4 2 0 )  

F36 4~/ 
F37 5(1530) --+ 

F38 pK-Z(13851 ~ 
1-39 u)7[0 

1-40 4 f l ' ( 9 5 8 )  

r41 4 f 0 ( 9 8 0 )  
F42 --(1530)0-- 0 

1-43 Z(13851- ~ +  (or C.C.) 

F44 46(1285) 
F45 p~/ 
F46 wF/(958) 
F47 w f0(980) 
F48 pT / ' ( 958 )  

F49 , o P 4  

rso a 2 ( 1 3 2 0 ) - -  ~rm 

F51 KK~(1430) + c.c. 

F52 K1(1270)'- K m 
F53 K~(1430)0 K~(143010 

F54 K * ( 8 9 2 ) ~  

F55 4 f2 (12701  

F56 p - p p  

F57 4fl(1440) ~ 4~/~r~r 
F58 ~ f~(1525) 

1-59 Z(1385) O~ 

1-6o A(1232)+P 

F61 Z ~ 
F62 4~T 0 

F63 2(x+x-)~ ~ 
F64 3(~T+/r--) 7r 0 

F65 ~r +Tr-Tr ~ 
F66 7r+ ~-Tr~ K+ K - 
F67 4(Tr+Ir-) ~r 0 

F68 7r + T r - K  "~K- 
F69 KKTr 

F70 p ~ r +  7r - 

F71 ;(Tr+~ - )  
F72 3(~r+~ - )  
F73 n~,a '+  ~T - 
F74 ~ '0 "~0 

F75 2 ( ~ T + T r - )  K '~  K - 

1-76 p ~ l r  + ~T-- 7r 0 

[a] 
[,~] 

[a] 

[a] 

[a] 

S=1.3 

5=1.7  

S=2.7 

1.27--0.09) % 
4.2 --0.5 ) x 10 -3 

1.09"-0.22) % 

8.5 "-3.4 x 10 - 3  

7.2 "-1.0 x 10 - 3  

4.3 •  • 10 - 3  

6.7 --2.6 • 10 - 3  

5.3 -'-2.0 x 10 - 3  

5 . 0 : 5 0 . 4  x 10 - 3  

4.2 •  X 10 - 3  

3.8 • , x 10 -3 
3.4 • i x 10 -3 
3.0:50.5 I x 10 -3 
2.9 • x 10 -3 

2.3 "-0.6 x 10 -3 

2.04:50.28) x 10 -3 
1.9 "-0.4 ) • 10 -3  

4.8 • ) x 10 -4 

1.60• • 10 -3 
L6:50.5 ) x 10 -3 

L58::0.16) x 10 -3 
1.48•  x 10 - 3  

3.6 4-0.6 ) x 10 -4 

1.30"-0.25) • 10 -3 
1.10:50.291 • 10 - 3  

1.03:50.131 x 10 - 3  

9 :54 x 10 -4 
8 + 4  x 10 - 4  

8.0 --1.2 x 10 -4 
7.2 --0.9 x 10 -4  

6.8:52.4 X 10 -4  
6.5 • • 10 -4  

5.9 "-1.5 • 10 - 4  

5 . 1 : 5 3 . 2  x 10 - 4  

4.2 • x 10 -4 
3.3:50.4 x 10 -4  
3.2 "-0.9 x 10 -4  
3.2 • L4 x 10 -4 
3.1 "-0.5 x 10 -4 

2.6:50.5 x 10 -4 

1.93"-0.231 x 10 -4 
1.67"-0.251 x 10 -4 
1.4 "-0.5 ) x 10 -4 

1.05"-0.181 x 10 -4 
4 . 5 : 5 1 . 5  ) x 10 - 5  

4.3 x 10 - 3  

4.0 x 10 - 3  

3.0 X 10 -3 
2.9 X 10 - 3  

5 x 10 - 4  

3.7 x 10 - 4  

3.1 x 10 - 4  

2.5 x 10 - 4  

2.2 x 10 - 4  

2 x 10 - 4  
• 10 - 4  

x 10 - 5  

x 10 - 6  

S=1.4 

S=1.9 

S=1,1 

[a] < CL=90% 

< CL=90% 

< CL=90% 

< CL=90% 

< CL=90% 

< CL=90% 

< CL=90% 

< CL--90% 

< CL=90% 

< CL=90% 

< 1 CL=90% 

< 9 CL=90% 

< 6.8 CL--90% 

Decays Into stable hadrons 

[u] 

3.37"+0.26) % 

2.9 •  ) %  

1.50'+-0.20) % 

1.20'-0.30) % 
9.0:1:3~0 ) • 10 - 3  

7.2 ':52.3 ) x 10 - 3  

6,1 •  ) x 10 - 3  

6.0 "-0.5 ) x 10 - 3  

4.0 "-1,0 ) x 10 - 3  

4,0 -I-2.0 ) x 10 - 3  

4 :]::4 ) x 10 - 3  

1 .27•  x 10 - 3  

3.1 ::::1.3 ) x 10 - 3  

2.3 + 0 . 9  ) • 10 - 3  

S=1.3  

S=1.9 
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J/~(1S) 
r77 pp 
r78 pp~/ 
F79 p ~ r -  

rso ,~ 
r8z E -  
re2 AA 
r83 p#~O 
rB4 A~-~r+  (or c.c.) 
rBs p K -  A 
r86 2 ( K  + K - )  

F87 p K - ~ 0  

r 0 0  K + K -  

F89 A A ~ r  0 

too ~r + ~ r -  
0 0 

r91 K s K  L 

r92 A F _ +  c.c.  
0 0 

F93 K s K s 

[4 

< 

< 

Radiative decays 
F94 3`~c(15) 
F95 77F+;T--2;T ~ 
F96 "), z/~r ~r 

r97 3`~/(1440) -~ ~ I K K ' ; ~  

r98 7~/(1440)--, 77p 0 
F99 7~/(1440) --~ 3`7/~+;T-- 

r100 3`pp 
rlOl "y~/2(1870) --, 7;T+~r - 

F102 3`7/I(958) 
r l o  3 3 '27r+ 27r - 

r i o  4 , T K  + K - ~ r  + T r -  

r lO5  "Y f 4 ( 2 0 5 0 )  

r lo 6 3`{~w 
FlO ? 3'7/(1440)--, 3`pOpO 

rlo8 ~ f 2 ( 1 2 7 0 )  

F109 3`fo(1710)--~ 7 K K  

r l l  o 3`fo(1710)~ 3`~:T 

r111 3'r/  
F l l  2 3 ` f 1 ( 1 4 2 0 ) - - ,  ? K K ~ r  

r113 3' f l  ( 1 2 8 5 )  

Fl14 ?f1(1510) -~ "~m+~r - 
F11 s 3  ̀f~)(1525) 
r~16 3  ̀f2(1950) -~ 

3  ̀K*(892)K'(892) 
Fl17 7 K*(892)K*(892) 
Fl18 7@@ 
Fl19 3`PP 
F120 3`~/(2225) 
r121 3`~/(1760)--, ~pOpO 
F122 3`~r 0 
El23 7 p p ~ r +  ~r - 

1-124 "y3` 
F125 3 ` A A  

r126 33, 

r127 3, f 0 ( 2 2 0 0 )  

r128 3, f J ( 2 2 2 0 )  

r129 3 , 0 ( 2 2 2 0 ) . . - )  3,~r~ 

r13o  3 ' 0 ( 2 2 2 0 ) - ~  3 , K K  

F131 ? f J ( 2 2 2 0 )  - ~  3 ` p ~  

r132 3` f0 ( 1 5 0 0 )  

r13 3 3,e+e - 

[4 

2.12:1:0.10) x 10 - 3  

2.094"0.18) x 10 - 3  

2.004,0.10) x 10 - 3  

2.2 4-0.4 ) x 10 - 3  

1.8 4-0.4 ) x 10 - 3  

1.304,0�9 x 10 -3 
1.094,0.09) x 10 -3 
1.064,0.12) x 10 -3 
8.9 4"1.6 ) x 10 -4 
7.0 4-3.0 ) x 10 - 4  

2.9 4-0.8 ) x 10 - 4  

2.374,0.31) • 10 - 4  

2.2 4-0.6 ) x 10 - 4  

1.474,0.23) • 10 - 4  

1.084.0,14) x 10 - 4  

1.5 x 10 - 4  

5.2 x 10 -6 

1.3 :[:0.4 ) %  

8.3 •  ) • 10 - 3  

6.1 4"1.0 ) • 10 - 3  

9.1 4"1.8 ) • 10 - 4  

6.4 4"1.4 ) X 10 - 5  

3.0 4-0.5 ) x I0 -4 
4.5 ::E0.8 ) x 10 - 3  

6.2 4-2.4 ) x 10 - 4  

4.314,0.30) x 10 - 3  

2.8 4-0.5 ) x I0  - 3  

2.1 4-0.6 ) x i0 -3 
2.7 4-0.7 ) x 10 -3 
1.594,0.33) x 10 _3 
1.7 4-0�9 ) x 10 -3 
1.384,0.14) x 10 -3 

05 +_~:~ )• lO-4 

0.6:1:0.8 x 10 - 4  

8.3 4,1.5 x 10 - 4  

6,1 4-0.9 x 10 - 4  

4.5 4.1.2 • 10 - 4  

4.7 + 0 : 7  x 10 - 4  

7.0 4-2.2 • 10 - 4  

4.0 4.1.3 x 10 -3 
4.0 4,1.2 x 10 -4 
3.8 4.1.0 • 10 -4 
2.9 4-0.6 x 10 -4 
1.3 4-0.9 x 10 - 4  

3.9 -11,3 x 10 - 5  

< 7.9 x 10 - 4  

< S • 10 - 4  

< 1,3 x 10 - 4  

< 5.5 x 10 -5 

> 2.50 x 10 -3 
( 8 4-4 )•  -s 
{ 8.1 +3 .0  ) x 10 - 5  

( 1.5 4-0.8 )x  I0 -5 
<( 5.7 4,0.B )x  I0 -4 

( 8.8 4.1.4 )x  10 -3 

S = I . 8  

S - l . l  

E L - 9 0 %  

CL=90% 

S = I . 9  

S=1.3 

S -1 .2  

S-2 .1  

CL=90% 

EL=90% 

EL=90% 

E L - 9 0 %  

CL-99 .9% 

[a] The value is for the sum of the charge states or particle/antiparticle 
states indicated. 

[b] Includes p~Tr+Tr-7 and excludes pp'q, ppuJ, p-~zl ~. 
[c] See the "Note on the F/(1440)" in the 7/(1440) Particle Listings. 

J/9(15) PARTIAL WIDTHS 

r(hadrons) 
VALUE (keY) DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

74.14, 8.1 BAI 95B BE$ e + e  - 
59 :t:24 BALDINI- . . .  75 FRAG e + e  - 
59 4"14 BOYARSKI 75 MRK1 e + e  - 
50 4-25 ESPOSITO 75B FRAM e + e  - 

rz 

r(vir tual-r-* hadrons) r2 
VALUE (keY) DOCUMENT ID TEEN COMMENT 

1 2 : 1 : 2  5 BOYARSKI 75 MRK1 e -F e -  

51ncluded in r(hadrons). 

r (e+e  - )  r~ 
VALUE IkeV) OOCUMENT ,D TEEN COMMENT 
5.26-1-0.37 O U R  E V A L U A T I O N  
�9 * �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

5.14• BAI 9SB BES e + e  - 

5 3 ~+0"29 6 HSUEH 92 RVUE See 7" mini-review 
�9 ~ -  0.28 

4.724-0.35 ALEXANDER 89 RVUE See T mini-review 
4~4 4-0�9 6 BRANDELIK 79c DASP e + e -  
4.6 4,0.8 7 BALDINI- . . .  75 FRAG e -F e -  
4.8 4-0.6 BOYARSKI 75 MRK1 e + e  - 
4.6 4,1.0 ESPOSITO 75B FRAM e4- e -  

6 From a simultaneous fit to e + e - ,  /~+ # - ,  and hadronic channels assuming r (e  + e - )  

= r ( ~ +  ~ - ) .  
7Assuming equal partial widths for e4- e -  and p +  # - .  

r ( ~ + ~ - )  r ,  
VALUE (keY) DOCUMENT IO TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

5.134,0.52 BAI 95B BES e + e  - 
4.8:1:0.6 BOYARSKI 75 MRK1 e + e  - 
5 4.1 ESPOSITO 75B FRAM e + e  - 

r(,r~) r,24 
VALUE (eV) EL.~o DOCUMENT ID TEEN COMMENT 

<5.4  90 BRANDELIK 79c DASP e + e -  

J/f~Os) r(i)r(e+ e-) / r ( tota0 

This combination of a partial width with the partial width into e + e -  
and with the total width is obtained from the integrated cross section into 
channel I in the e + e  - annihilation. 

r(hadrons) x r(e+e-)/r~, q r d r  
VALUE (keV) DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the fogowing data for averages, fits, l imits, etc. �9 �9 �9 

4 4-0.8 8 BALDINI- . . .  75 FRAG e + e -  
3.94-0.0 B ESPOSITO 75B F R A M e  + e -  

r (e+e - )  x r (e+e- ) / r to~ l  r 3 ra / r  
VALUE (keY) DOCUMENT tD TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.354-0.02 BRANDELIK 79c DASP e4"e - 
0.324-0.07 8BALDINI - . . .  75 FRAG e + e  - 

0.34•  8 ESPOSlTO 75B FRAM e + e  - 
0.364,0.10 8 FORD 75 SPEC e + e -  

r ( . + # - )  x r (e+e- ) I r tm,  r4rdr  
VALUE IkeV) DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0.51:~0.09 DASP 75 DASP e + e -  
0384-0 .05  8 ESPOSITO 758 FRAM e + e -  

r(pp) x r ( e + e - ) I r ~ , ,  r n r d r  
VALUE (eV) DOCUMENT (D TEEN COMMENT 

9.7-t-1.7 9 ARMSTRONG 930 E760 ~ p  ~ e + e -  

8 Data redundant with branching ratios or partial widths above�9 

9Using r to ta  I = 85.5+_61~ MeV. 

J/r BRANCHING RATIOS 

For the first four b~anching ratios, see also the partial widths, and (partial 

widths) x r ( e  + e - ) / r t o t a  I above. 

r(hadrons)/rt=a 
VALUE DOCUMENT ID TEEN COMMENT 
0.877-1-0.00S O U R  A V E R A G E  

0.870+ 0.005 BAI 95B BES e + e  - 
0.86:1:0.02 BOYARSKI 75 M R K I  e + e  - 

r(vlrtual? -~ hadrons)/rtotal 
VALUE DOCUMENT ID TEEN COMMENT 

0.17 d:0.02 10 BOYARSKI 75 MRK1 e + e -  

10 Included in r (hadrons) / r to ta  I, 

r11r 

r d r  



See key on page 239 

r(e+a-)/r~,l 
VALUE 
0.05934-0.0010 OUR AVERAGE 
0.0590/: 0.0005 4- 0.0010 
0.0609/:0.0033 
0.0592/:0.00154-0.0020 
0.069 /:0.009 

r (p+#- ) / r ,oca l  
VALUE 
5.05884-0.001.0 OUR AVERAGE 
0.0584/:0.0006:50.0010 
0.0608/:0.0033 
0.0590/: 0.0015/: 0.0019 
0,069 +0,009 

DOCUMENT ID TEEN COMMENT 
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J/~J(1S) 

rdr  

r(e+e-)/r~+~, -) 
VALUE 

BAI 98D 
BAI 95B 
COFFMAN 92 
BOYARSKI 75 

DOCUMENT ID 

BAI 98D BE5 
BAI 95B BES 
COFFMAN 92 MRK3 
BOYARSKI 75 MRK1 

DOCUMENT ID TEEN 

BES ~(2S) ~ J / r  

BES e + e  - 
MRK3 ~ ( 2 S ) ~  Jl 'Ox+' , , r  - 

MRK1 e + e -  

f u r  
TEEN COMMENT 

~(2S) ~ J / r  

e+e - 
@(2S) ~ J l r  

e + e -  

rglr~ 
COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

1.00/:0.07 BAI 95B BES e + e  - 
1,00/:0.05 BOYARSKI 75 MRK1 e + e  - 

0.91/:0,15 ESPOSITO 75B FRAM e-Fe - 
0.93/:0.10 FORD 75 SPEC e + e  - 

HADRONIC DECAYS 
r(~.)/rt== 
VALUE EVT~ DOCUMENT ID TEEN COMMENT 
0.01-27444440.0009 OUR AVERAGE 
0.0121/:0.0020 BAI 96D BES e + e  - ~ p~  
0.0142/:0.0001/:0.0019 COFFMAN 88 MRK3 e + e  - 
0,013 /:0.003 150 FRANKLIN 83 MRK2 e + e  - 
0.016 /:0.004 183 ALEXANDER 78 PLUT e + e  - 
0.0133/:0.0021 BRANDELIK 78B DASP e + e -  
0.010 /:0.002 543 BARTEL 76 CNTR e + e  - 
0.013 /:0.o03 153 JEAN-MARIE 75 MRK1 e + e  - 

r(~%~ 
VALUE DOCUMENT IO TEEN COMMENT 

5.3254.5.0054-0.027 COFFMAN 88 MRK3 e + e  - 

rs/r 

rur5 

�9 �9 �9 We do not use the fol lowing data fc~ averages, fits, limits, etc, �9 �9 �9 

0.35 / :0.08 ALEXANDER 78 PLUT e - - e -  
0.32 /:0.08 BRANDELIK 78B DASP 
0.39 /:0.11 BARTEL 76 CNTR 
0.37 -+-0.09 JEAN-MARIE 76 MRK1 

r(,~(132o) p)/rtot=~ 
VALUE (units 10 -3 ) EVTS DOCUMENT ID TEEN 

1-o.,4444.=.= ou, . v ~ E  
11.7~0.7 / :2 .5  7584 AUGUSTIN 89 DM2 

8.4 =E 4.5 36 VANNUCCl 77 MRK1 

r(,,,,~+,-+,r-,,-)Irto=, 
VALUE (units 10 -4) EVTS DOCUMENT IO TEEN 

g544444k -~14 140 VAN N UCCl 77 MRK1 

r(~,+.-)/r~ 
VALUE {units 10 -3) EVTS DOCUMENT ID TEEN 

7.24-1.0 OUR AVERAGE 
7.0-J- 1.6 18058 AUGUSTIN 89 DM2 
7.84"1.6 215 BURMESTER 770 PLUT 
6.8/ :1.9 348 VANNUCCI 77 MRK1 

r(~, .+.-) /r(2(.+.-) .o) 
VALUE DOCUMENT ID TEEN 

e + e  - 

e + e-- 
e + e -  

rz/r 
COMMENT 

e + e - - ~  2 (~+ ~r--)~t0 

rg/r 
COMMENT 

e + e  - ~ 3 ( , r + , r - ) , r  0 

r#r  
COMMENT 

J / ~  ~ 2 ( ~ + , ~ - ) ~  o 

e + e-  
e + e  - ~ 2 0 T + ~ - ) ~ r  0 

r # r .  
COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.3 11JEAN-MARIE 76 MRK1 e + e  - 

11 Final state (~r + ~r--)~r 0 under the assumption that ~ r  is isospin 0. 

F(K~176 c.c.)/Ftom r . / r  
VALUE {units 10 -&) E V T S  DOCUMENT ID TEEN COMMENT 

574444425 40 VANNUCCI 77 MRK1 e + e -  
~ + ~ - K + K  - 

r@, K'(S92)K+ c.c.)/rt~= rz=/r 
VALUE (units 10 -4) EVTS DOCUMENT ID TEEN COMMENT 

g34.144.1-4 530/: BECKER B7 MRK3 e + e - ~  hadrons 
140 

r( .  6(12zo))/rt=,, 
VALUE {units 10 -3 ) EVT$ DOCUMENT ID TEEN COMMENT 

4.34.0.~ OUR AVERAGE 
4.3 / :0 .2 / :0 .6  5860 AUGUSTIN 89 DM2 e + e  - 
4.0/ :1.6 70 BURMESTER 77D PLUT e + e  - 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

1.9•  81 VANNUCCI 

F(K+R'(g92) --I- C.C.)/Ftotal 
VALUE (units 10 -3 ) EVT5 DOCUMENT ID 

5~ 444440.4 OUR AVERAGE 
437 • 0.17/:  0.70 2285 JOUSSET 
5 .26 / :0 ,13 / :0 .53  COFFMAN 

rlo/r 

77 MRK1 e + e  - ~ 2 (Tr+Tr - ) l r  0 

ris/r 
TEEN COMMENT 

90 DM2 J / ~  ~ hadrons 
88 MRK3 J / ~  K - I - K O ~  ~ ,  

K +  K - ~ O  
�9 �9 �9 We do not use ti le following data for averages, fits, l imits, etc. �9 = �9 

2.6 / :0 .6  24 FRANKLIN 83 MRK2 J / ' ~  K + K - ~  "O 

3.2 / :0 .6  48 VANNUCa 77 MRK1 J / . , , b~  K •  t :  

4.1 / :1 .2  39 BRAUNSCH... 76 DASP Jl@ ~ K/:X 

F(K5~'*(892) 5 + c.c.)/r~xai r1-4/r 
VALUE {units 10 .3  ) EVTS DOCUMENT ID TEEN COMMENT 

4.2 444440.4 OUR AVERAGE 
3.96• 1192 JOUSSET 90 DM2 J / ~  ~ hadrons 
433 / :0 .12 / :0 .45  COFFMAN 88 MRK3 J / 9 ~  K / : K O ~  :F 

�9 �9 i We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

2.7 + 0 , 6  45 VANNUCCl 77 MRK1 J / ~  K-I-KDs~:~: 

F(K ~ ~ + c.c.)/r(K + ~~ + c.c.) r~4/r1-3 
VALUE DOCUMENT ID 

0.82-1- 0.05:b0.09 COFFMAN 

F(Kl(1400)• K~)IF~= 
VALUE {units 10 -3) DOCUMENT ID 

3.8 4.0.a 4.1.2 12 BAI 

12Assuming B(K1(1400 ) ~ K*Tr)=0.94 / :  0.06 

r(~.%~ 
VALUE (units 10 -3 ) EVT~S 

3.44"0.$'+'0.7 509 

r(b~(123s) +,r*)/r=., 
VALUE (units 10 -4} EVTS 

30-I-5 OUR AVERAGE 
31/ :  6 4600 
2 9 + 7  87 

r(~ K4. K 01r*)/rto=, 
VALUE {units 10 -4 ) EVTS 

29.5"I"1.4444447.0 8794- BECKER 
41 

r(~(z2~)o.o)Ir.,= 
VALUE (units 10 -4 ) EVT___~S DOCUMENT ID 

23,-I-34.g 229 AUGUSTIN 

F(~K'(892)R+ c.c.)/r,o,,, 
VALUE (units ]O -4) E V T S  DOCUMENT ID 

20.4"1"2,8 OUR AVERAGE 
20.7+2.44"3.0 FALVARD 

20 ~ 3  + 3  155/:  BECKER 
20 

r(iKlt')/rtoiil 
10 -4 ) EVT$ DOCUMENT ID VALUE (.,,its 

TEEN COMMENT 

88 MRK3 J / t#  

K'K*(892)-FC.C. 

r1-s/r 
TEEN COMMENT 

99c BES e + e -  

DOCUMENT ID TEEN COMMENT 

r, /r 
AUGUSTIN 89 DM2 J / ~  ~ l r+~r -3~r  0 

r l d r  
DOCUMENT ID TEEN COMMENT 

AUGUSTIN 89 DM2 J / r  ~ 2( l r+~r - )~r  0 

BURMESTER 770 PLUT e + e -  

r./r 
DOCUMENT ID TECN COMMENT 

87 MRK3 e + e -  ~ hadrons 

r . / r  
TECN COMMENT 

89 DM2 e + e -  

r2o/r 
TEEN COMMENT 

88 DM2 J / ~  ~ hadrons 
87 MRK3 e - l - e - ~  hadrons 

r , , / r  
TEEN COMMENT 

19 4. 4 OUR AVERAGE 
19.8+ 2 ,1+3.9  13FALVARD 88 DM2 . / / r  hadr0ns 
16 / :10 22 FELDMAN 77 MRK1 e + e  - 

13 Addition of ~ K + K -  and ~ K O K  - ' 0  branching ratios. 

r(,) f0(1710)~ ~K~')/Fmtil r ~ / r  
VALUE (units 10 -4 ) DOOJMENT ID TEEN COMMENT 

4.g.1.I.14.0.$ 14,15 FALVARD 88 DM2 J/V/ - -~  hadrons 

14includes unknown branching fraction f0(1710) ~ K ~ .  

15Addition of f0(1710) ~ K + K  - and f0(1710) --~ K 0 K  0 branching ratios. 

r(#,2(,,-+,r-))/rw r=/r  
VALUE (units 10 -4  ) DOCUMENT ID TEEN COMMENT 

16.0J,-1.04.g.0 FALVARD 88 DM2 J / ~  ~ hadrons 
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J/VOs) 

r2dr r(--=(lS3O)-~+)Ir~= r3,1r 
VALUE (units 10 -3) EVTS DOCUMENT ID TEEN COMMENT 

0.594-0.094-0.12 75 • HENRARD 87 DM2 e + e  - 
11 

r../r r(~x-~(l~)O)/r~, r~/r 
VALUE (units 10 -3) EVTS DOCUMENT ID TEEN COMMENT 

0.=;1-1-0.26-1-0.10 89 EATON 84 MRK2 e + e -  

r(.~,rO)Ir,~., r~,Ir 
r~/r VALUE (units 10 -3) EVT5 DOCUMENT ID TEEN COMMENT 

0.42 4.0.06 OUR AVERAGE Error includes scale factor of 1.4. 
0.360•177 222 JOUSSET 90 DM2 J/V) ~ hadrons 
0.482• COEFMAN 88 MRK3 e + e - ~  ~ r 0 ~ + ~ - ~  o 

r(A(1232) ++ ~ r - )  Ir~., 
VALUE (units 10 -3) EVT5 DOCUMENT IO TEEN COMMENT 

1.584-0.234-0.40 332 EATON 84 MRK2 e + e -  

r(~)/rto~ 
VALUE (uRTtS 10 -3 ) EVTS DOCUMENT ID TEEN COMMENT 

1.584-0.16 OUR AVERAGE 
1.43•177 378 JOUSSET 90 DM2 J/V) ~ hadrons 
1.71•177 COFFMAN 88 MRK3 e + e - - - ~  3x~/ 

r(§ 
VALUE (units 10 -4 ) EVTS DOCUMENT IO TEEN COMMENT 

14.84-2.2 OUR AVERAGE 
14.6•177 16 FALVARD 88 DM2 J/V) ~ hadrons 
18 •  14 FELDMAN 77 MRK1 e + e -  

16Addition of @K + K -  and @KOK 0 branchinK ratios. 

F(§ fo(1710)-+ @KK--)/r~l 
VALUE (unlts lO - 4  ) DOCUMENT ID TEEN COMMENT 

3.6.k0.24-0.6 17,18 FALVARD 88 DM2 J/V) ~ hadrons 

17including interference with f~(1525). 

18Includes unknown branching fraction f0(1710) ~ KK .  

r(p~)/r=o., 
VALUE (units 10 -3) EVTS DOCUMENT ID TEEN COMMENT 

1.304"0,25 OUR AVERAGE Error includes scale factor of 1.3. 
1.10• 486 EATON 84 MRK2 e+e  - 
1.6 •  77 PERUZZl 78 MRK1 e+e  - 

r (,~(1232) ++ 3"( 1232)- - ) / r= , ,  
VALUE (un~ts lO - 3  ) EVTS DOCUMENT IO TEEN COMMENT 

1.104-0.094-0.28 233 EATON 84 MRK2 e + e -  

r(z(l~)-~(i~85)+ (or c.c.))/r~,, 
VALUE (units t0 -3) EVTS DOCUMENT ID TEEN COMMENT 

1.034-0.13 OUR AVERAGE 
1,00•177 631 • HENRARD 

25 
1.19•177 754+ HENRARD 

27 
0.86 4- 0.18 • 0.2'2 56 EATON 
1.03 • 0.24 • 0.25 68 EATON 

r(§ r~o/r 
VALUE (units 10 -3 ) CL~ EVTS DOCUMENT ID TEEN COMMENT 

r27/r 0.33 -I-0.04 OUR AVERAGE 
0.41 +0.03 • 167 JOUSSET 90 DM2 J / ' ~  

hadrons 
0,308•177 COFFMAN 88 MRK3 e + e  - 

K + K - -  rl l 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<1,3 90 VANNUCCl 77 MRKI e+e - 

r=s/r r(§ r4~/r 
VALUE (units 10 -4 ) EVTS DOCUMENT ID TEEN COMMENT 

3.2"1"0,9 OUR AVERAGE Error includes scale factor of 1,9, 
4 .6•  21 FALVARD 08 DM2 J/V~ ~ hadrons 
2.6• 50 21 GIDAL 81 MRK2 J / ~  

K + K - K + K  - 
r~Ir 21Assuming B(f0(980 ) . x~r) : 0.78. 

r(-=(lS3O)~176 r,alr 
r~o/r VALUE (units 10 -3) EVTS DOCUMENT IO TEEN COMMENT 

0.324-0.124-0.07 24 • HENRARD 87 DM2 e + e -  
9 

87 DM2 e + e - - ~  Z * -  r(~(1385)-~+(orc.c.))/rtml r~/r 
87 DM2 e + e -  ~ ~ +  VALUE (units 10 -3) EVTS DOCUMENT ID TEEN COMMENT 

0,314-0.05 OUR AVERAGE 
84 MRK2 e + e - ~  , ~ * -  0.30•177 7 4 +  HENRARD 87 DM2 e + e - ~  ~ * -  
84 MRK2 e + e - ~  Z-*+ B 

0.34• 77 4- HENRARD 87 DM2 e + e -  ~ ~T*+ 

r(pp~'(gse))/r=t= r3dr 
VALUE (units 10 -3) EVTS DOCUMENT ID TEEN COMMENT 

0.9 "1"0.4 OUR AVERAGE Error includes scale factor of 1.7, 
0.684-0.234-0.17 19 EATON 84 MRK2 e+e  - 
1.8 •  19 PERUZZl 78 MRK1 e+e  - 

r(~ f~(lS2S))/r,=,, r~Ir  
VALUE (units 10 -4) EVTS DOCUMENT ID TEEN COMMENT 

8 4"4 OUR AVERAGE Error includes scale factor of 2.7. 
12.3+0.6• 19,20 FALVARD 88 DM2 J / l#  ~ hadrons 
4.8+1.8 46 19 GIDAL 81 MRK2 J/~# 

K + K - K + K  - 
19 r Re-evaluated using B(f2(1525 } ~ K K }  = 8.713. 

28 Including interference with f0(1710). 

r ( ~ + . - ) / r ~ ,  r . / r  
VALUE (units 10 -3) EVTS DOCUMENT ID TEEN COMMENT 

0.304-0.12 OUR AVERAGE 
0,78• FALVARD 88 DM2 J/V) ~ hadrons 
2.1 +0.9 23 FELDMAN 77 MRK1 e + e  - 

r(~ K + K~-.~) Ir~., r~Ir 
VALUE (units 10 -4) EVT$ OOCUMENT 10 TEEN COMMENT 

7.24-0.9 OUR AVERAGE 

9 
0.29• 26 EATON 84 MRK2 e + e - ~  ~ * -  
0.31•177 28 EATON 84 MRK2 e + e - ~  ~ * +  

r(~f1(12Bs))Ir~= r.~Ir 
VALUE (units 10 -4} EVTS DOCUMENT ID TEEN COMMENT 

2.6-1"0.5 OUR AVERAGE Error includes scale factor of 1.1. 
3 .2•  JOUSSET 98 DM2 J/V) ~ @ 2 0 r + ~ -  ) 
2 .1•  25 22JOUSSET 98 DM2 J/V) ~ C T I T r + ~ -  

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0 .6•177 16 • nECKER 87 MRK3 J / O  ~ O K K ~ t  
6 

22We attrribute to the f1(1285) the signal observed in the E+ 7r- 7/invariant mass distri- 
bution at 1297 Mev. 

r(p.)Ir~,, r.~Ir 
VALUE (units 10 -3) EVT5 DOCUMENT tO TEEN COMMENT 

0.1934.0.023 OUR AVERAGE 
0.194•177 299 JOUSSET 90 DM2 J / ~  ~ hadrons 
0,193+0.013• COFFMAN 88 MRK3 e + e - ~  7r+~r-~ 

r@,d(gsg))Ir~,, r~Ir 
VALUE (units 10 -3 ) EVT$ DOCUMENT IO TEEN COMMENT 

0.1674-0.025 OUR AVERAGE 

0.18 +0.10 -0 .08 • 6 JOUSSET 90 DM2 J/V) ~ hadrons 

7.4•177 FALVARD 88 DM2 J/V) ~ hadrons 
7 •177  163• nECKER 87 MRK3 e + e - ~  hadrons 

15 

r(.J ~(14~))/r~ r~/r 
VALUE (units 10 -4) EVT5 DOCUMENT ID TEEN COMMENT 

6.1B+~'~'1"1.7 111 +31 BEEKER B7 MRK3 e + e - ~  hadrons -- . - 2 6  

r(~.) /r~ r3dr 
VALUE (units t0 -3 ) EVT5 DOCUMENT ID TEEN COMMENT 

0.6S 4-0.07 OUR AVERAGE 
0.64 • • 346 JOUSSET 90 DM2 J/V) ~ hadrons 
0.661• COFFMAN 88 MRK3 e + e - ~  K + K - 7 1  

0.166•177 COFFMAN 88 MRK3 e + e - - ~  3~rF/r 

r (~ fo(980))/ritual r4-t/r 
VALUE (units 10 -4) DOCUMENT IO TEEN COMMENT 

1.414-0.274-0.47 23 AUGUSTIN 89 DM2 J/V) ~ 2(~r+~r-)Tr o 

23Assuming B(f0(980 ) ~ 7r~) = 0,78. 

r ( H ( 9 s 8 ) ) / r t =  = r ~ / r  

VALUE (units 10 -3) EVTS DOCUMENT /D TEEN COMMENT 

0.1054"0.018 OUR AVERAGE 
0.083+0.030• 19 JOUSSET 90 DM2 J/V) ~ hadrons 
0.114:E0.014+0.016 COFFMAN 88 MRK3 J / V ) ~  ~ r + T r - ~  I 
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r(p~)Ir..= 
VALUE (units 10 -4 ) 

0.454-0.154-0.07 

r(.M1320)*.~:)/rto~, 
VALUE (units 10 -41 C L ~  

<43 90 

r(K~O~0)+ c.c.)/r~, 
VALUE (units 10 -4  ) CL~/< 

<40 90 

DOCUMENT ID TEEN COMMENT 

FALVARD 88 DM2 J / t#  ~ hadrons 

DOCUMENT ID TECN COMMENT 

BRAUNSCH...  76 DASP e + e -  

DOCUMENT ID 

VANNUCCl  

r40/r 

r~o/r 

r . / r  
TEEN COMMENT 

77 MRK1 e + e - - - ~  KOK~  0 

�9 �9 * We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<65 90 BRAUNSCH.. .  76 OASP e + e  - ~ K •  -F 

F(Kl(1270)4- K=~)lrto~. rs2/r 
VALUE (units 10 -3  ) CL.._.~ DOCUMENT ID TEEN COMMENT 

<5.0 90 24 BAI 99c BES e + e -  

24Assuming B(K1(1270 ) ~ Kp )=0 .42  • 0.06 

r(K~(1430)~176 rs~/r 
VALUE (units 10 -4  ) C L . ~  DOCUMENT ID TECN COMMENT 

<29 90 VANNUCCl  77 MRK1 e + e -  
~r + ~r -  K-F K -  

r (K'(892)~ ~" (892)~ I r . / r  
VALUE (units 10 -4  ) CL~'~ DOCUMENT ID TEEN COMMENT 

< 5  90 VANNUCCl  77 MRK1 e + e  - 
~r+ ~.- K+ K- 

r(§ r.lr 
VALUE (units 10 -41 CL~ DOCUMENT ID TEEN COMMENT 

<3.7  90 VANNUCCl  77 MRK1 e + e  - 
,K+ ~ -  K +  K - 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<4.5 90 FALVARD 88 DM2 J / ~  ~ hadrous 

r(~p) Ir~, r . l r  
VALUE (units 10 -3) CL~% DOCUMENT ID TEEN COMMENT 

<0.31 90 EATON 84 MRK2 e + e - ~  hadrons? 

r (§ #n~-r)/r~=, rsz/r 
VAtUE(un~tslO -4  ) CL__~ DOCUMENT IO TEEN COMMENT 

<2.5  90 25 FALVARD 88 DM2 J / r  ~ hadrons 

25Includes unknown branching fraction ~/(1440) ~ ~/~rTr. 

r(.~ f~(lS2S))/r~, r . / r  
VALUE (units 10 -4) CL ~/~o DOCUMENT ID TEEN COMMENT 

<2.2  90 26VANNUCCI  77 MRK1 e + e  - 
7r+ T r -~O K +  K -  

�9 �9 �9 We do not use the following data for averages, fits, l imits, e t c . � 9  �9 �9 

<2.8 90 26 FALVARD 88 DM2 J/V) --~ hadrons 

26Re-evaluated assuming B( f~(1525)  ~ K K )  = 0.713. 

r(.+.-.~)/r~, 
VALUE EVT$ 

0.015 • 168 

r(Tr+ r - .P  K+ K-)lrt~= 
VALUE EVTS. 

0.012 4-0.003 309 

r(4(.+,r-).O)/rt~, 
VALUE {unitS 10 -4 ) EVTS 

904-30 13 

r(~ + r -  g+ K-)/r~.= 
VALUE (units 10 -4 ) EVTS 

724-23 205 

r(K~-)/rto., 
VALUE (units 10 -4)  EVTS 

61 4-10 OUR AVERAGE 
55.2•  25 
78 .0•  126 

r(p~.+.-)/r~., 
VALUE (units 10 -3)  EVTS 
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J/tb(1S) 

DOCUMENT ID TEEN COMMENT 

FRANKLIN 83 MRK2 e + e  - 

DOCUMENT ID TEEN COMMENT 

VANNUCCl  77 MRKI e + e-- 

DOCUMENT ID TEEN COMMENT 

JEAN-MARIE 76 MRK1 e + e  - 

DOCUMENT ID TEEN COMMENT 

VANNUCCI 77 MRK1 e + e  - 

DOCUMENT ID TEEN COMMENT 

r~/r 

r~dr 

rsdr 

r . / r  

r . / r  

FRANKLIN 83 MRK2 e +  e -  ~ K +  K - ~  0 

VANNUCCI 77 MRK1 e + e - ~  KOsK4-w q: 

rTolr 
DOCUMENT ID TEEN COMMENT 

5.0 4-0.5 OUR AVERAGE Error includes scale factor of  1.3. See the ideogram below. 

6 . 46 •177  1435 EATON 84 MRK2  e + e  - 
3.8 • 48 
5.5 •  533 

rg:(l~s)O~/r== r . / r  
VALUE (units 10 -3 ) CL~.% DOCUMENT ID TEEN COMMENT 

<0.2  90 HENRARD 87 DM2 e + e -  

r(A(1232)+~)/rt== r . / r  
VALUE (units 10 -31 CL~_% DOCUMENT ID TEEN COMMENT 

<0.1 90 HENRARD B7 DM2 e + e -  

r (~-~  r . / r  
VALUE (units 10 -41 CL.~_~ DOCUMENT ID TEEN COMMENT 

<0.9  90 HENRARD 87 DM2 e+e  - 

r(§176 r62/r 
VALUE (units 10 -41 CL~J; DOCUMENT ID TEEN COMMENT 

<0.068 90 COFFMAN 88 MRK3 e + e - ~  K + K - T r  0 

r(2(.+.-).O)Ir=o~i r . / r  
VALUE EVT$ DOCUMENT ID TEEN COMMENT 
0.03374-0.0026 OUR AVERAGE 
0.0325•  46055 AUGUSTIN 89 DM2 J / O  ~ 2(~ + ~ - )  ~r0 
0 .0317•  147 FRANKLIN 83 MRK2 e + e - ~  hadrons 
0.0364•  1500 BURMESTER 77D PLUT e + e  - 
0.04 •  675 JEAN-MARIE 76 MRK1 e + e  - 

r(3(lr + r ) l r  ~ r . / r  
VALUE EVTS DOCUMENT ID TEEN COMMENT 
0.029+0.006 OUR AVERAGE 
0.028•  11 FRANKLIN 83 MRK2 e + e - ~  hadrons 
0 .029•  181 JEAN-MARIE  76 MRK1 e + e  - 

BESCH 81 BONA e + e-  
PERUZZI 78 MRKI e+e - 

r(2(.+.-)) /r~, rn/r 
VALUE E V T E  DOCUMENT ID TEEN COMMENT 

0,004 •  75 JEAN-MARIE  76 MRK1 e + e  - 

r(s(.+.-))/rto., r~/r 
VALUE (units 10 -4}  E V T S  DOCUMENT 10 TEEN COMMENT 

40:}:20 32 JEAN-MARIE 75 MRK1 e + e  - 

r ( .~ .+ . - ) / r~ l  r . / r  
VALUE (units 10 -3)  E V T S  DOCUMENT ID TEEN COMMENT 

3.8-~S,6 5 BESCH 81 BONA e + e -  

r(~-~176 r74/r 
VALUE (units t0 -s )  E V T S  DOCUMENT ID TEEN COMMENT 

1.27:1:0.17 OUR AVERAGE 
1 ,06 •177  8 8 4 •  PALLIN 87 DM2 e + e  - ~ Z'01~ -0 

3O 
1.58• 90 EATON 84 MRK2 e + e - ~  E 0 r 0  
1.3 •  52 PERUZZI 78 MRK1 e + e - ~  EOE---0 
�9 * �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

2.4 •  3 BESCH 81 BONA e + e  - --~ ,E-I-F - 

r(2(f + ~-) K + K-) /rtota, rzs/r 
VALUE (units 10 -4  ) E V T S  DOCUMENT ID TEEN COMMENT 

51"; '13 30 VANNUCCI 77 MRK1 e + e  - 
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J/%b(1S) 
r ( p ~ . + . - , r  o) / r~ , ,  rzs/r 

Including p ' ~ r + ~ - - ' y  and excluding ~,  ~/, ~/t 

VALUE (units 10 -3  ) EVTS DOCUMENT ID TEEN COMMENT 
2.5 4-0.9 OUR AVERAGE Error includes scale factor of 1.9. 

3.364-0.65• 364 EATON 84 MRK2 e + e  - 
1.6 • 39 PERUZZI 78 MRK1 e+e  - 

r (~i~)/r~.= r~/r 
VALUE (units 10 -3) EVT5 DOCUMENT ID TEEN COMMENT 
2,124-0.10 OUR AVERAGE 
1.97• 99 BALDINI 98 FENI e + e  - I 
1.91•177 PALLIN 87 DM2 e + e  - 
2.164-0.074-0.15 1420 EATON 84 MRK2 e + e  - 
2.5 •  1 3 . 3  BRANDELIK 79r DASP e + e  - 

2.0 •  BESCH 78 BONA e + e  - 
2.2 •  331 27pERUZZI 78 MRK1 e + e  - 
�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

2.0 4-03 48 ANTONELLI 93 SPEC e + e  - 

27 Assuming angular distribution ( l+cos2#) .  

r (p i~ ) I r~ . ,  r~slr 
VALUE (units 10 -3 ) EVT5 DOCUMENT ID TEEN COMMENT 
2.094-0.10 OUR AVERAGE 
2.03•177 826 EATON 84 MRK2 e + e  - 
2.5 •  BRANDELIK 79c DASP e + e  - 
2.3 •  197 PERUZZI 78 MRK1 e + e  - 

r(p~,r-)Irt=,, r~,Ir 
VALUE (units 10 -3 ) EVTS DOCUMENT ID TEEN COMMENT 
2.004-0.10 OUR AVERAGE 

2.024-0.07• 1288 EATON 84 MRK2 e + e - ~  p E ~  
1 .93•177 1191 EATON 84 MRK2 e + e - ~  ~;T ~- 
1.7 •  32 BESCH 81 BONA e + e - - ~  ptr- -  
1.6 •  5 BESCH 81 BONA e + e - ~  ~ r  + 
2.16• 194 PERUZZl 78 MRKI  e + e - ~  p ~ -  
2.04• 204 PERUZZI 78 MRK1 e + e - ~  .b~r + 

r(-=_=-)Ir~., r . l r  
VALUE (units 10 -3) EVT5 DOCUMENT ID TEEN COMMENT 
1.8 4-0.4 OUR AVERAGE Error includes scale factor of 1.8. See the ideogram below. 

1 .40•177 , 1324- HENRARD 87 DM2 e + e  - ~ - = - - ~ +  
11 

2 .28•177 194 EATON 84 MRK2 e + e - ~  - - - - ~ +  
3.2 •  71 PERUZZI 78 MRK1 e + e  - 

r ( .~) I r ,~ . ,  
VALUE (units 10 -2) EVTS DOCUMENT ID TEEN COMMENT 
0.22 4-0.04 OUR AVERAGE 
0.231• 79 BALDINI 98 FENI e •  - 
0.18 •  BESCH 78 BONA e + e  - 
�9 �9 = We do not use the fol lowing data for averages, fits. l imits, etc. �9 �9 �9 

0.190• 40 ANTONELLI 93 SPEC e + e  - 

r(A~/r=~ 
VALUE (units 10 -3) EVT5 DOCUMENT ID TEEN COMMENT 
1.304-0.12 OUR AVERAGE Error includes scale factor of 1.1. 

1.08• 631 BAI 98G BES e + e  - 
1.3B• •  1847 PALLIN 87 DM2 e + e  - 
1 .5B•177 365 EATON 84 MRK2 e + e  - 
2.6 4-1.6 5 BESCH 81 BONA e + e  - 
1,1 •  196 PERUZZI 78 MRK1 e + e  - 

r(ppx~ 
VALUE (units l0 -3 ) EVTS 

1.09::E0.09 OUR AVERAGE 
1.13•177 685 
1.4 ~0.4 
1.oo• ~o9 

r(Ar- ~+ 1= c.c.))/r~., 
VALUE (units 10 -3) EVTS 
1.064"0.12 OUR AVERAGE 
0.90:50.06• 225~ 

15 
1.11•177 342• 

18 
1.53•177 135 
1.38--0.21• 118 

r(pK-~/r~ ,  
VALUE (units 10 -3) EVTS 

o. .o .oT .o . ,  so7 

r (2 (K  + K - ) ) / r t = a ,  
VALUE (units 10 -4 ) 

7 4-5 

r ( p K - r ~  
VALUE (units i0 -s ) EVTS 

o.=,4-o.o64-o.= 8o 

r(x+ x-)/r~., 
VALUE (units 10 -4 ) EVT5 

2.374-0.31 OUR AVERAGE 
2.39 • 0.24 • 0.22 107 
2.2 •  6 

r (A3 .~  
VALUE (units 10 -3 ) EVTS 

0,224"0,06 OUR AVERAGE 
0.23•177 11 
0.22• 19 • 

4 

r ( .+ , r - ) / r ,o . ,  
VALUE (units 10 -4 ) EVTS 

1,474-0.23 OUR AVERAGE 
1.58•177 84 
1.0 •  5 
1.6 •  1 

r(~s ~) / r~. .  
VALUE (units I0 -4 ) EVT5 

1.084-0.24 OUR AVERAGE 
1.18•177 
101• 7, 

r(Ar+ c.c.)Irt=,, 
VALUE {units 10 -3 ) C L ~  

<0.15 90 

r ( ~ s ) I r ~ , ,  
VALUE (units 10 -4 ) CL~'~ 

<0.052 90 

28 Forbidden by CP. 

rso/r 

I 

r .2/r  

DOCUMENT ID TEEN COMMENT 

EATON 84 MRK2 e + e  - 
BRANDELIK 79C DASP e + e -  
PERUZZI 78 MRK1 e + e -  

DOCUMENT ID TECN COMMENT 

r . / r  

r~/r 

HENRARD 87 DM2 e +  e - ~ A ~ +  ~ - 

HENRARD 87 DM2 e + e  - ~ A ~ - ~  + 

EATON 84 MRK2 e + e - ~  A E + w  - 

EATON 84 MRK2 e + e - ~  A ~ - - T r  + 

rss/r 
DOCUMENT ID TEEN COMMENT 

EATON 84 MRK2 e + e -  

r~/r 
DOCUMENT [D TEEN COMMENT 

VANNUCCI 77 MRK1 e + e  - 

DOCUMENT ID TECN COMMENT 

EATON 84 MRK2 e + e-- 

DOCUMENT ID TECN COMMENT 

BALTRUSAIT..,85D MRK3 e + e -  
BRANDELIK 79C DASP e + e  - 

DOCUMENT ID TEEN COMMENT 

BAI 98(; BES e + e  - 
HENRARD 87 DM2 e + e -  

DOCUMENT ID TECN COMMENT 

BALTRUSAIT..,85D MRK3 e + e  - 
BRANDELIK 78B DASP e + e  - 
VANNUCCI 77 MRK1 e + e  - 

DOCUMENT ID TEEN COMMENT 

JOUSSET 90 DM2 J / ~  ~ hadrons 
BALTRUSAIT..,85D MRK3 e + e -  

DOCUMENT ID TECN COMMENT 

PERUZZI 78 MRK1 e + e - ~  AX 

DOCUMENT ID TEEN COMMENT 

28 BALTRUSAIT...85C MRK3 e + e  - 

r . / r  

- -  RADIATIVE DECAYS - -  

r . / r  

r(~dls))/rto., 
VALUE EVTS DOCUMENT ID TEEN COMMENT 

0.01274-0.0036 GAISEB 86 CBAL J / r  ~ ~lX 

�9 �9 �9 We do not use the fol lowing data for averages, fits. limits, etc. �9 �9 �9 

seen 16 BALTRUSAIT..,84 MRK3 J/~b ~ 2 # ~  

r(~/x + ~r- 2~r 0 ) / r = , ,  
VALUE (units t0 -3) DOCUMENT ID TEEN COMMENT 

8.34-0.24-3.1 29 BALTRUSAIT..~6B MRK3 J/%b ~ 4 ~  

294~r mass less than 2.0 GeV. 

r (~, lxx) /r t~l  
VALUE (units 10 -3 ) DOCUMENT ID 

6.1 =t:1.0 OUR AVERAGE 
5.85 • 0.3 • 1.05 30 EDWARDS 
7.8 • 1 7 7  30 EDWARDS 

30 Broad enhancement at 1700 MeV. 

r . / r  

r,o/r 

r , i / r  

r,,/r 

r . / r  

r . / r  

rgs/r 

r96 / r  
TEEN COMMENT 

83B CBAL J / ~  ~ TITr+ ~r - 

83B CBAL J/'#; ~ ~/2~r 0 
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r(-,~(~o)--, 1'K~-)/rt~al r~zir 
VALUE (units la -3 )  DOCUMENT ID TEEN COMMENT 
0 . ~  4-0.1B OUR AVERAGE 
0 .83 •177  31,32 AUGUSTIN 92 DM2 J/V} ~ 7KK'~r  

1 ~ + 0 . 2 1  +0 ,26  31,33 BAI 90C MRK3 J/V} ~ 3  ̀KO 5 K •  ~, ' ~ - -0 .18-  0.19 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1 .78 •177  31,34 AUGUSTIN 92 DM2 J/V} ~ 3 ` K K ~  
3.B 4-0.3 •  31AUGUSTIN  90 DM2 J / V } ~  " r K ' K ~  

0~+0"17+0'24"~--0.16-0.15 31,35 BAI 90C MRK3 J/V} ~ " y K O K •  g: 

4�9 •  •  31 EDWARDS 82E CBAL J / ~  ~ K + K -  ~03` 
4.3 •  31 '36SCHARRE 80 MRK2 e + e  - 

31includes unknown branching fraction ~/(1440) ~ K K ~ .  
32 From fit to the K* (892)  K 0 - + partial wave, 
33 From K * ( 8 9 0 ) K  final state. 
34From fit to the a0(980)~  0 - + partial wave. 

35 From a0(980 ) ~r final state. 
36 Corrected for spin-zero hypothesis for ~/(1440). 

r(~(1440)--, .r~O)Ir~,, r~Ir  
VALUE{units tO -s )  DOCUMENT ID TEEN COMMENT 

6.4.1.1.2.1.0. 7 37 COFFMAN 90 MRK3 J/V} ~ 77~ + ~r- 

37Includes unknown branching fraction ~/(1440) ~ 7 p  O, 

r(~044o)-~ ~,~.+ r r . / r  
VALUE (units 10 -4  ) EVT5 DOCUMENT ID TEEN COMMENT 

g,O :1:0.15 OUR AVERAGE 
2.6 •  •  BAI 99 BES J/V} ~ ? r l ~ r+~  - 

3 .38 •177  38BOLTON 92B MRK3 J/V} ~ 3'r/~+~r - 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

7.0 •149 •  261 39AUGUSTIN 90 DM2 J/V} ~ "rFl~+~r - 

38 Via a0(980 ) ~r. 

39 Includes unknown branching fraction to r /E+ ~ - .  

r(.r~)Irt~, rzoolr 
VALUE (units 10 -3)  C L ~  DOCUMENT ID TEEN COMMENT 

4.5 4-0.8 OUR AVERAGE 
4.7:1:0.3 •  40 BALTRUSAIT..,B6B MRK3 J/V} ~ 4~3' 
3 .75 r177  41 BURKE 82 MRK2 J/V} ~ 4~3" 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<0.09 90 42 BISELLO 89B J/V} ~ 4~ 7 

404~r mass less than 2.0 GeV. 
414x mass less than 2.0 GeV, 2p 0 corrected to 2p by factor of 3. 
424~" mass in the range 2.0-25 GeV. 

r(-tQ(z87o) -~ ' T x + x - ) I r t o ~ ,  rio~Ir 
VALUE (units tO -4 )  DOCUMENT ID TEEN COMMENT 

6.24-2.24-0.9 BAI 99 BES J/V} ~ "~l~ + ~ -  I 

r(~'(gss))/r~o., qodr  
VALUE (units 10 -3) EVT5 DOCUMENT ID TEEN COMMENT 

4.31:1:0.30 OUR AVERAGE 
4 .50+0 ,14•  BOLTON 92B MRK3 J/V} ~ 7~r+~r - ~l, ~ 

7 7  
4 .30•177  BOLTON 928 MRK3 J/V} ~ "/~r + ~r-~1, ~1 

4 ,04•177  622 AUGUSTIN 90 DM2 J/V} ~ 3 ` ~ - + ~ r -  
4 ,39 •177  2420 AUGUSTIN 90 DM2 J/V} ~ 7 ~ r + ~ r -  

4.1 4-0.3 •  BLOOM 83 CBAL e + e  - ~ 33' + 
hadrons7 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 

2.9 4-1.1 6 BRANDELIK  79c DASP e + e  - ~ 33' 
2.4 •  57 BARTEL 76 CNTR e + e - ~  2"yp 

r (~2x+2,- ) / r~ r l . l r  
VALUE (units 10 -3)  DOCUMENT ID TEEN COMMENT 

2.8 4"0,5 OUR AVERAGE Error includes scale factor of  1.9, See the ideogram below. 
4.324-0.14• 43 BISELLO 89B DM2 J/V} ~ 4~r 7 
2 .08•177  44 BISELLO 89B DM2 J/V} ~ 4~ ' r  
3 ,05•177  44 BALTRUSAIT. .~6B MRK3 J/V} ~ 4~r 7 

4,85•177  45 BURKE 82 MRK2 e + e -  

434~ mass less than 3.0 GeV. 
444~r mass less than 2.0 GeV. 
454~r mass less than 2.5 GeV. 
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J/~(1S) 

r(-r~(2oso))Ir~,,, qoslr 
VALUE (u~its 10 -3)  DOCUMENT ID TEEN COMMENT 

2.7"1"0.5"1"0..~ 46 BALTRUSAIT. . ,87 MRK3 J/V} ~ " f ~ +  7r -  

46Assurning branching fraction f4(2050) ~ ~r~/ total = 0.167. 

r(7~w)/rto~ rlo6/r 
VALUE (units 10 -3)  EVT5 DOCUMENT ID TEEN COMMENT 
1.594'-0.33 OUR AVERAGE 
1.41•  •  120=  BISELLO 87 SPEC e + e  - ,  hadrons'}, 

17 
1 .76+0 .09 •  BALTRUSAIT. .~5C MRK3 e + e  - ~ hadrons'r 

r(~(z44o)-~ -ypo pO)Irtm, r lodr 
VALUE (units tO -3)  DOCUMENT ID TEEN COMMENT 
1.7 "I"0,4 OUR AVER/~E Error includes scale factor o f  1.3. 
2.1 4-0.4 BUGG 95 MRK3  J/V} ~ ~ + T r - ~ r + ~ r  - 
1.36•  47,48 BISELLO 89B DM2 J/V} ~ 47r'f 

47 Estimated by us from various fits�9 
48 Includes unknown branching fraction to p0 p0. 

r(-r f=(1270))/r~xal rz0g/r 
VALUE (units 10 -3)  E V T S  DOCUMENT ID TEEN CHG COMMENT 
1,38:• OUR AVERAGE 
1 ,33 •177  49 AUGUSTIN 87 DM2 J/V} ~ 7 ~ + ~  - 

1 .36 •177  49 BALTRUSAIT. . ,87 MRK3 J/V} ~ 7 ~ + ~  - 

1,48•  178 EDWARDS 82B CBAL e + e  - ~ 2 ~ 0 7  
2.0 4-0.7 35 ALEXANDER 78 PLUT 0 e + e  - 
1,2 4-0.6 30 5 0 B R A N D E L I K  78B DASP e + e  - 

.~-+ .~- - ..., 

49Estimated using B(f2(1270 ) ~ ~r~)=0.843 • 0.012. The errors do not contain the 
uncertainty in the f2(1270) decay. 

50 Restated by us to take account of  spread of El ,  M2, E3 transitions. 

r(7 fo071o)-~ .rKK--)/rt== rzo,/r 
VALUE (units 10 -4)  EL% POCUMENT ID TEEN COMMENT 

8.5+01:2 OUR AVERAGE Error includes scale factor o f  1.2. 

5.0._0.8+~:~ 51,52BAI 96c BES :/~ ~ ~K+K- 
9,2•  52AUGUSTIN  88 DM2 J / V } ~  3 ` K + K  - 

1 0 � 9 1 7 7 1 7 7  52AUGUSTIN  88 DM2 J/V} --, "TKO KO S 

9 . 6 • 1 7 7  52 BALTRUSAIT. .37  MRK3 J/V} ~ " fK  + K -  

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

1 6 •  + 0 ' 6  52 ,53BAI  96c BES J/V} ~ ~ I K + K  - �9 " -u .2  
< 0.8 90 54 BISELLO 89B J/V} ~ 4~r'y 

1 . 6 • 1 7 7  55 BALTRUSAIT..~87 MRK3 J/V} ~ "y~r+~r - 

3.84-1,6 56 EDWARDS 82D CBAL e + e -  ~ ~r/.-( 

51Assuming JP  = 2 + for f0(1710). 

52 Includes unknown branching fraction to K + K -  or K 0 K 0 We have multiplied K + K -  5 S" 
measurement by 2, and K O K O by 4 to obtain KK-  result. 

53Assuming JP  = 0 + for f0(1710). 

54Includes unknown branching fraction to pOpO. 

55 Includes unknown branching fraction to ~r + ~r- .  
56 Includes unknown branching fraction to ~/fl. 

r(-r K+ K-.+,r-) /rt~l  qo4/r 
VALUE (units 10 -3)  E V T S  DOCUMENT ID TEEN COMMENT 

2.1 :l:O.1 :E0.6 1516 BAI 00B BES J/~b 

7 K  + K0~r+  lr - 
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Jl ( s) 
r(7fo(1710)--, 7--)Ira,t,, r11o/r 
VALUE (units 10 -4 )  DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

2 . 5 • 1 7 7  BAI 98H DES J/V) ~ ~}TOvr 0 

r('vq)/rtotal r l l l / r  
VALUE {units 10 -3)  EVT5 DOCUMENT /O TEEN COMMENT 
0.864"0.08 OUR AVERAGE 
0 . 8 8 • 1 7 7  BLOOM 83 CBAL e + e -  
0 .82•  BRANDELIK  79C DASP e + e  - 
1.3 ~0 ,4  21 BARTEL  77 CNTR e + e  - 

r(~/f1(1420) ~ ? KRx)/rtotai ru=/r  
VALUE {units 10 -3 )  DOCUMENT ID TECN COMMENT 
0.83:1:0.15 OUR AVERAGE 
0,764-0,154"0,21 57,58 AUGUSTIN 92 DM2 J/V) ~ ~fK-KJr 

0.07• 57BA, 9oc MB~3 , iv)- ~ o ~ •  
57Included unknown branching fraction f1(1420) ~ K K ~ .  

58From f i t  to the K* (892)  K 1 + + partial wave. 

r(7&(128s))/r=l r l l d r  
VALUE (unlts lO -3 ) DOCUMENT ID TEEN COMMENT 
0.61 :t:0.09 OUR AVERAGE 
0.45 •  •  5 9 B A I  99 DES J / V ) ~  "Vr/~r+~: - 
0.625•  60 BOLTON 92 MRK3 J/~ ~ ,-/f1(1285) 
0.70 •  •  61 BOLTON 92B MRK3 J/V) ~ "lTl~r+~r - 

59Assuming F( f l (1285 ) -~ F/~T~r)/Ftota I =0.5 • 0.18. 
60 Obtained summing the sequential decay channels 

B(J/V) ~ '7f1(1285 ) , f1(1285)  ~ ~r~r~r~r) = (1.44 • 0.39 • 0.27) • 1 0 - 4 ;  
B(J/V) ~ 3 ' f l ( 1285 ) , f l ( 1285  ) --* a0(980)~r,a0(980 ) ~ ~/~r) = ( 3 . 9 0 • 1 7 7  

1 0 - 4 ;  
B(J/V) - -  3,f1(1285), f1(1285) ~ a0(980)~ ,a0(980 ) ~ K 'K)  = (0.66 • 8.26 • 

0,29) x 1 0 - 4 ;  

B(J/V) ~ -r f1(1285 ) , f1(1285) ~ ~p0)  = (0.25 • 0.07 • 0.03) x 10 - 4 .  

61Using B( f l (1285  ) ~ ao(gg0)~r ) = 0.37, and including unknown branching ratio for 
a0(980 ) ~ rt~r. 

r(vfl(1510)--* 7,lx+~r-)/riml rl~,/r 
VALUE (units 10 -4 )  DOCUMENT (D TECN COMMENT 

4.54" 1.04" 0.7 BAI 

r(7 f~(zs2s))Irtot,, 
VALUE (units 10 -3}  CL~ EVT5 

0 47 "F0"07 OUR AVERAGE �9 -0 . tm 

036• 
0 . 5 6 • 1 7 7  

0 . 4 5 • 1 7 7  

0 . 6 8 • 1 7 7  

99 DES J/V) ~ 3'~/~r + 7 r -  

r l ls/r  
DOCUMENT ID TEEN COMMENT 

62 BAI 96C BES J/V) 
"yK + K -  

62 AUGUSTIN 88 DM2 J/V) 

~ K +  K - 
62 AUGUSTIN 88 DM2 J l ~  

~ K  0 K 0 
S 5 

62 BALTRUSAIT . .~7  MRK3 J/V) 

.v K +  K - 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<0.34 90 4 63 BRANDELIK  79C DASP e + e -  
~r+ ~r- 3, 

<0.23 90 3 ALEXANDER 7B PLUT e + e -  
K +  K - ~ f  

62Using B(f,l>(1525) ~ KK-) = 0.888. 

63 Assuming isotropic production and decay of the f~(1525) and isospin. 

r(vf=(igs0)-* 7K*(892)R'(Bgi))/rtotal rz ldr  
VALUE (unIts lO -3 ) DOCUMENT I0 TECN COMMENT 

0.7 4"0.1 4"0.2 BAI 00B DES J/V) 
, , I K +  K O x + x  - 

r(7 K'(S92)~*(892))/rtot= r l l d r  
VALUE (units 10 -3)  E V T S  DOCUMENT IO TEEN COMMENT 

4.04"0.34"1.3 320 64 BAI 

64 Summed over 011 charges. 

OOB DES J/,~ 
~fK+ KO~r+ ~r - 

r(7~r 
VALUE (units l0 -4)  EVT5 DOCUMENT/D TEEN COMMENT 
4o04-1o2 OUR AVERAGE Error includes scale factor o f  2.1. See the ideogram below, 
7.5 • 1 7 7  168 BAI 
3 .44-0 .8•  33 • 65 BISELLO 

7 

3 . 1 • 1 7 7  65 BISELLO 

65~@ mass less than 2.9 GeV, ~/c excluded. 

rllB/r 

r(.rpp) lrt== r l l d r  
VALUE (units 10 -3)  CL% E V T S  DOCUMENT ID TEEN COMMENT 

0.38-1-0,07-1-0.07 49 EATON 84 MRK2 e + e -  
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<0.11 90 PERUZZI 78 MRK1 e + e -  

r(~n(2225))/rt== rl=o/r 
VALUE (units 10 -3)  DOCUMENT ID TEEN COMMENT 
0.294-0.06 OUR AVERAGE 
0 .33 •  66 BAI 90B MRK3 J/V) 

.t K +  K -  K +  K - 
0 . 2 7 • 1 7 7  66 BAI 90B MRK3 J/V) 

.r K +  K -  KO KO L 

0 ~a+0.15  67,68 BISELLO 89B DM2 J/V) - -  4~3" 
"~-0. I0  

661ncludes unknown branching fraction to ~b~b. 
67 Estimated by us from various fits. 
68includes unknown branching fraction to p0 p0. 

r(-rr/(1760) ~ 7p~176 rl=z/r 
VALUE (units 10 -3}  DOCUMENT ID TEEN COMMENT 

0.13-{-0.09 69,70 BISELLO 89B DM2 J/V) ~ 47r',/ 

69 Estimated by us from various fits, 
70 Includes unknown branching fraction to pO pO, 

r(7,rO)/r=t,, r l , , /r  
VALUE (unitS 10 -3)  E V T S  DOCUMENT 10 TEEN COMMENT 
0,039"*'0,013 OUR AVERAGE 
0 .036•177  BLOOM 83 CBAL e + e  - 
0 .073•  10 BRANDELIK  79c DASP e + e  - 

r(vpi~r + ~r-)/rt==l r l l3/r  
VALUE (units 10 -3)  CL~ DOCUMENT/D TEEN COMMENT 

<0.?9 90 EATON 84 MRK2  e + e  - 

r(77)/r=,,, rl=4/r 
VALUE (units t0 -3)  CL~ DOCUMENT ID TEEN COMMENT 

<0.5  90 BARTEL 77 CNTR e + e -  

r(vA3) Irt=,, r l~ / r  
VALUE (units to -3)  EL% DOCUMENT ID TEEN COMMENT 

<0.13 90 HENRARD 87 DM2 e + e -  
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<0.16 90 BAI 98G DES e + e -  I 

r (~) /r ioi= F la i r  
VALUE (units 10 -3)  CL_~_~ DOCUMENT ID TECN COMMENT 

<0,055 90 PARTRIDGE 80 EBAL e + e -  

90B MRK3 J/V) ~ '74K 
90 DM2 J/V) 

.v K +  K- -  KOs KOLL 

86B DM2 J/V) 
,,( K +  K - -  K +  K - 



See key on page 239 

r (-r fo(2200))/rt=a q=dr 
VALUE (units 10 -4 ) DOCUMENT ID TEEN COMMENT 

�9 �9 = We do not use the fol lowing data for averages, f l ts, l imits, etc. �9 �9 �9 

~ K 0 K 0 1.5 71 AUGUSTIN 88 DM2 J/V)  ~ ~ 5 S 

71 Includes unknown branching fraction to K O K O. 

I" (I' fj (2220)) / Ftot=! q = . / r  
VALUE (units 10 -5 )  CL~ EVTS DOCUMENT ID TECN COMMENT 

>250 99.9 72 HASAN 96 SPEC ~ p  ~ 7T + 7r -  
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

>300 73 BAI 968 BES e + e-- 
3'PP, KK" 

< 2.3 95 74 AUGUSTIN 88 DM2 J/V) 

3 ` K +  K - 
< 1.6 95 74 AUGUSTIN 88 DM2 J / r  

 KoKo 
12.4-+5614• 23 74 BALTRUSAIT. .36D MRK3 J/V"  

"f KOg KO s 

8 .4 -+3 :4 •  93 74 BALTRUSAIT..~B6D MRK3 J/V)  

3 ` K +  K - 

72 Using BAI 968. 
73 Using BARNES 93. 
74Includes unknown branching fraction to K + K -  or K O K O. 

r(-r fj(2220) --* "f ~.~.)/rt==, q . / r  
VALUE (units 10 -4 )  DOCUMENT tO TECN COMMENT 

0.84-1-0.26-1-0.30 BAI 96B BES e +  e - ~ J / ~  ~ 

3' ~r+ ~r-  
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 = �9 

1.4 • • BAI 98H BES j /V)  ~ I 
F(-r fJ(2220)~ "r K K---)/Ftot=l FIso/F 
VALUE (units 10 -S ) DOCUMENT/O TEEN COMMENT 

8.1 443.0 OUR AVERAGE 
6 . 6 • 1 7 7  BAI 96B BES e +  e - ~ J /V)  ~ I 

3` K +  K - 
10.8•177 BAI 96B BES e + e -  ~ J/V)  ~ I 

F('T fj(2220)~ */P~)/Ftor FI31/F 
VALUE (units 10 -5 )  DOCUMENT ID TECN COMMENT 

1,w r, BAI 96B BES e + e  - ~ J /V)  ~ 3`PP I 

r(-r f0(1500))/rtotal r l~2/r  
VALUE (units 10 -4)  DOCUMENT ID TECN COMMENT 

> 5 . 7 •  75,76 BUGG 95 MRK3 J/V)  ~ 3 ` ~ r + l r - ~ + ~  - 

75 Including unknown branching ratio for f0(1500) ~ ~ +  ~T- 7r + ~ - .  

76 Assuming tha t  f0(1500) decays only to two S-wave dipions. 

r(-r e+ e-)/rto=,l r .s / r  
VALUE (units 10 -3 ) DOCUMENT ID TEEN COMMENT 

8.g441.3440.4 77ARMSTRONG 96 E760 ~ p ~  e - - e - 3 `  

77For E? > 100 MeV. 

J1#2(15) REFERENCES 

ARTAMONOV 00 PL 8474 427 A,S. Artamonov et at. 
BAI 00B PL B472 200 J.Z. Bat et at. {BES Collab.) 
BAI 99 PL B446 356 J.Z. Bal et at. (BES Collab.} 
BAt 99C PRL 83 1918 J.Z. Bat et at. {BES Collab.} 
BAI 98D PR 058 092006 J.Z. Bat et aL (8ES Collab.) 
BAI 98G PL B424 213 J,Z. Bat et at. (BES Collab.) 
BAI 98H PRL 01 1179 J.Z. Bat et at. (BES CoIlab.) 

661 

Meson Particle Listings 
J/~(lS),Xco(1P) 

AUGUSTIN 87 ZPHY C36 369 J.E. Augustin et aL (LALO, CLER, FRAS+) 
BAGLIN 87 NP B266 592 C. Baglin et aL (LAPP, CERN, GENO, LYON+) 
BALTRUSAIT...87 PR D35 2077 R.M. Battrusaitis et al. (Mark III Collab,) 
BECKER 87 PRL 59 ]86 JJ. Becker et al. (Mark HI Codab.) 
BISELLO 87 PL B192 239 D. Bisello et at. (PADO, CLER, FRAS+) 
COHEN 87 RMP 59 1121 E.R. Cohen. B.N. Taylor (RISE, NBS) 
HENRARD 87 NP B292 670 P. Henrard et at. (CLER, FRAS, LALO+) 
PALLIN 87 NP B292 653 D. Pallln et al. (CLER, FRAS, LALO, PADO) 
8ALTRUSAIT.. 86B PR D33 1222 R.M. BaltrusaiGs et aL (Mark IR Collab.) 
BALTRUSAIT.. 86D PRL 56 107 R.M. Banrusaitis (CIT, UCSC, ILL, SLAC+) 
BISELLO 86B PL B179 294 D. Bisello et aL (DM2 Collab.) 
GAISER 86 PR D34 711 J. Gaiser et aL (Crystal 8all Eollab.) 
BALTRUSAIT.-85C PRL 55 1723 R,M. Baltrusaltis et at, (CIT, UCSC+) 
BALTRUSAIT.. 85D PR D32 566 R.M. Baltrusaltis et aL (CIT, UCSC+) 
KURAEV BS SJNP 41 466 E.A. Kuraev, V.S. Fadin (NOVO) 

Translated from YAF 41 733. 
BALTRUSAIT.., 84 PRL 52 2126 R.M. Baltrusa~t]s et aL (CIT, UCSC+) 
EATON 64 PR D29 804 M.W. Eaton et aL (LBL, SLAC) 
BLOOM 83 ARNS 33 143 E.D. Bloom, C. Peck (SLAC, CIT) 
EDWARDS BSB PRL 51 850 C. Edwards et aL (CIT, HARV, PRIN+} 
FRANKLIN 83 PRL 51 963 M.E.B. Franklin et at. (LBL, SLAC) 
BURKE 82 PRL 49 632 D.L. Burke et aL (LBL, SLAC) 
EDWARDS 82B PR D25 3065 C. Edwards et at, (CIT, HARV, PRIN+) 
EDWARDS 82D PRL 48 458 C. Edwards et aL (CIT, HARV, PRIN+) 

Also 83 ARNS 33 163 E.D. Bloom, C. Peck (SLAC, CIT) 
EDWARDS 82E PRL 49 259 C, Edwards e{ al, (ClT, HARV, PRIN+) 
LEMOIGNE 82 PL 113B 509 Y. Lemolgne et aL (SACL, LOIC. SHMP+) 
BESCH 01 ZPHY C8 1 H.J. Bosch et at. (BONN, DESY, MANZ) 
GIDAL 81 PL 1078 158 G. Gidal et aL (SLAC, LBL) 
PARTRIDGE 80 PRL 44 712 R. Partridge et aL (CIT, HARV, PRIN+) 
SCHARRE 80 PL 978 329 D.L. Scharre et aL (SLAC, LBL) 
ZHOLENTZ 80 PL 968 2L4 A.A. Zholents et aL (NOMO) 

Also 81 SJNP 34 814 A.A. Zholents et aL (NOVO) 
Translated from YAF 34 1471. 

BRANDELIK 79C ZPHY Ct 233 R. Brandelik et at. (DASP Collab.) 
ALEXANDER 78 PL 728 493 G. Alexander et al. (DESY, HAMB, SIEG+) 
BESCH 78 PL 78B 347 H.J. Besch et at. (BONN, DESY, MANZ} 
BRANDELIK 788 PL 74B 292 R. Brandelik et at. (DASP Collab.} 
PERUZZl 28 PR D17 2901 I. Peruzzl et at. (SLAC, LBL) 
BARTEL 77 PL 668 489 W. Barrel et aL (DESY, HEIDP) 
BURMESTER 77D PL 72B 135 J. 8urmester et at. (DESY, HAMB, SIEG+) 
FELDMAN 77 PRPL 33C 285 G,J. Feldman, M.L. Pod (LBL, SLAC) 
VANNUCCI 77 P8 D15 1814 F. Vannucci et aL (SLAC, LBL) 
8ARTEL 76 PL 64B 485 W, Bartel et al. (DESY, HEIDP) 
8RAUNSCH.. 76 PL 638 467 W, Braunschweig et at. {DASP Collab.) 
JEAN-MARIE 76 PRL 36 291 B. Jean-Marle et at. (SLAC, LBL) IG 
BALDINI-.. 75 PL 5BB 471 R. Baldini-Celio et at. (FRAS, ROMA) 
BOYARSKt 75 PRL 34 1357 A.M. Boyarski et at. {SLAC, LBL)JPC 
DASP 75 PL 56B 491 W, Braunschweig et at. (DASP Collab.) 
ESPOSITO 75B LNC 14 73 8. Esposito et at, (FRAS, NAPL, PADO+) 
FORD 75 PRL 34 604 R.L. Ford et at. {SLAC, PENN) 

OTHER RELATED PAPERS - -  
8UGG 99 PL B458 511 D.V. Bug& et aL 
CHEN 98 PRL 80 5060 Y.Q. Chen, E. 8raaten 
SUZUKI 98 PR D57 5717 M, Suzuki 
HOU 97 PR D55 6952 Wei-Shu Hou 
BARATE 83 PL 121B 449 R. Borate et af. (SACL, LOIC, SHMP, IND) 
ABRAMS 74 PRL 33 1453 G.S. Abrams et aL (LBL, SLAC) 
ASH 74 LNC 11 705 W.W. Ash et at. (FRAS, UMD, NAPL, PADO+) 
AUBERT 74 PRL 33 1404 J.J. Aubert et al. (MIT, BNL) 
AUGUSTIN 74 PRL 33 1406 J.E. Augustin et at. (SLAC, LBL) 
BACCI 74 PRL 33 14OB C. Bacci et at. (FRAS) 

AlSO 748 PRL 33 1649 C. Bacci 
BALDINI-... 74 LNC 11 711 R. Baldini-Celio e/ at. (FRAS, ROMA) 
BARBIELLINI 74 LNC 11 718 G. Barbiell~ni et at. (FRAS, NAPL, PISA+) 
BRAUNSCH.. 74 PL 53B 393 W. Braunschweig et aL (DASP Collab.) 
CHRISTENS... 70 PRL 25 1523 J.C. Chrlstenson et at. (COLU, BNL, CERN) 

Ixc0(1P) I : o+(o+§ 

Xc0(1P) MASS 

VALUE (MeV) DOCUMENT tO TECN COMMENT 

3415.0+ 0.8 OUR AVERAGE 

3417.4-- + ~18•  AMBROGIANI  99B E835 ~p ~ e+e--3` 

3414.1•  0 . 6 •  BAI 998 BES @(25) ~ 3`X 
3 4 1 7 . 8 i  0 . 4 •  1 GAISER 86 CBAL V)(25) ~ "~X 

3422 •  2 BARTEL 78B CNTR e + e -  --* J / r  

3416 • 3 :E4 2 TANENBAUM 70 MRK1 e + e -  

3415 • 9 2 B I D D I C K  77 CNTR e + e  - -~ "}'X 

BALDINI 98 PL B444 111 
ARMSTRONG 96 PR D54 7067 
BAI 96B PRL 76 3502 
BAI 96C PRL 77 3959 
BAI 96D PR D54 1221 
GRIBUSHIN 96 PR D53 4723 
HASAN 96 PL 8358 376 
BAI 958 PL 8355 374 
BUGG 95 PL 8353 378 
ANTONELLI 93 PL 8301 317 
ARMSTRONG 938 PR D47 772 
BARNES 93 PL 8309 469 
AUGUSTIN 92 PR D46 1951 
BOLTON 92 PL B278 495 
BOLTON S2B PRL 69 1528 
COFFMAN 92 PRL 68 282 
HSUEH 92 PR D45 R2181 
AUGUSTIN 90 PR D42 10 
BAI 90B PRL 65 1309 
8AI 90C PRL 65 2507 
BISELLO 90 PL 8241 617 
COFFMAN 90 PR D41 1410 
JOUSSET 90 PR D41 1389 
ALEXANDER 89 NP B320 45 
AUGUSTIN 89 NP B320 1 
BISELLO 898 PR D39 70I 
AUGUSTIN 80 PRL 60 2238 
COFFMAN 88 PR D38 2695 
FALVARD 88 PR D38 2706 

R. Baldini et ah (FENICE Collab.) 
T.A. Armstrong et aL (E760 CoBab.) 
J.Z. Bal et aL (BES Collab.) 
J.Z. Ba] et al. (BES Collab.) 
J,Z. Ba] et aL (BES Coltab.) 
A. Gribushln et aL 
A. Hasan, D,V. Bugg (BRUN, LOOM) 
J.Z. Bar et aL (8ES Collab.) 
D.V. Bu u et aL (LOOM, PNPI, WASH) 
A. Antonelli et aL (FENICE Collab,) 
T.A. Armstrong et aL (FNAL E760 Collab.) 
P.D. Barnes. P. Biden. W.H. Breunl[ch 
J.E. Augustin, G. Cosine (DM2 Collab) 
T. Bolton et aL (Mark III Collab) 
T. BoIton et at. (Mark III Codab.) 
D.M. Coffman et aL (Mark ]11 Collab,) 
S. Hsueh, S. Palestln[ (FNAL, TORI) 
J.E. AuKustin et aL (DM2 Collab.) 
Z. Bal et at. (Mark III Collab,) 
Z. Bat et al, (Mark III Collab.) 
D. Bisello et aL {DM2 Collab.) 
D.M. ColTman et aL (Mark III ColJab.) 
J. Jousset et aL (DM2 Collab.) 
J.P. Alexander et at. (LBL, MICH, SLAC) 
J.E. Augustin. G. Cosine (DM2 Collab.) 
G, Busetto et al. IDM2 Collab.) 
J.E. Augustin et aL (DM2 Collab.} 
D.M Coffman et aL (Mark III Collab.) 
A. Fa~vard et aL (CLER, FRAS, LALO+) 

1 Using mass of .4)(25) = 3686.0 MeV. 

2Mass value shifted by us by amount appropriate for ~ ( 2 5 )  mass = 3686 MeV and 
J / r  mass = 3097 MeV. 

Xc0(1P) WIDTH 

VALUE (MeV) DOCUMENT /D TEEN COMMENT 

14.94"22:6 OUR AVERAGE 

16.6+512:E0.1 AMBROGtANI 998 Eg3s ~p~ e+e-~ I 
1 4 . 3 • 1 7 7  BAI 981 BES %b(25) ~ 3`~r+~r - I 
1 3 . 5 • 1 7 7  GAISER 86 CBAL V)(2S) ~ "TX, 3`~'0~r0 
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X~0(1P) 

Mode 

Xco(1P) DECAY MODES 

Fraction ( r i / r )  
Scale factor/  

Confidence level 

rl 2(~,,,-) 
r 2 ~+ ~ -  K + K -  
r3 # 0 ~ + ~ -  
r4 3(~ + ~ - )  
r5 K ' K * ( 8 9 2 ) ~  ~ -  + c.c. 
re ~+ ~-  
r 7 K + K -  

r 9 K + K -  K + K -  
0 0 

r i o  K s K  s 

F11 @@ 
r12 x 0 ~r 0 

r13 ~/~, 
F14 K~ +;r-+ c.c. 
F15 P P  

rl6 ~I J /~( lS)  
F17 "7"7 

Hadronic decays 
(2.0 4:0.9 ) %  

(18 --0.6 ) % 
(16 4-0.5 ) % 
(1 .24, ,  0.22) % 

(1.2 4-0.4 } % 

(5.0 4-0.7 ) x 10 - 3  

(5.9 4-0.9 ) x 10 - 3  

(1.8 4-0.9 ) x 10 - 3  

(2.1 --0.5 ) • 10 - 3  

(2.0 --0.6 ) x 10 - 3  

(9 -4-5 ) x 10 - 4  

< 7.1 x 10 - 4  

(2.2 , ,1.3 ) x 10 - 4  

Radiative decays 
(6.6 ,,1.8 ) x lO -3 
(2.7 . .1 .9  ) x 10 - 4  

S=2.7 

S=1.9 

S=1.6 

CL=90% 

S=2.1 

Xco(tP) PARTIAL WIDTHS 

r (~ )  r,, 
VALUE (keV) CL~  DOCUMENT IO TEEN COMMENT 

4.0"1"2,0 LEE 85 CBAL 91 ~ photons 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

< 5.5 95 ACCIARRI 99T L3 "7"Y 
< 6.2 95 CHEN 90B CLEO e - e -  ~ e + e - X c O  

<17 95 A I H A R A  88D TPC e ' e -  ~ E + e - - X  

Xco(1P) BRANCHING RATIOS 

HADRONIC DECAYS 

r(2(~ + ~-))/r~= rdr 
VALUE DOCUMENT ID TECN COMMENT 
0,020 4"0.009 OUR AVERAGE Error includes scale factor of  2.7, 
0.01544-0.0005--0.0037 3 BAI 990 BES ~;(25) ~ "~/XcO 

0,037 4-0.007 4 T A N E N B A U M  78 MRK1 9 (25 )  ~ "IXcO 

r ( f +  ~r- K + K - ) / r ~ l  r=/r  
VALUE DOCUMENT ID TECN COMMENT 
0.018 -I-0.006 OUR AVERAGE Error includes scale factor of  13.  
0.0147,,0.0007:::I:0.0038 3 BAI 990 BES 9 (25 )  ~ ~/XcO 

0,030 4-0~007 4 T A N E N B A U M  78 MRK1 9 ( 2 5 ) ~  "~XcO 

r~.+.- ) / r~. ,  rdr 
VALUE DOCUMENT ID TEEN COMMENT 

0.016-1"0.005 4 T A N E N B A U M  78 MRK1 ~ b ( 2 S ) ~  ~'XcO 

r(3(*+x-))/r~.l  r4/r 
VALUE DOCUMENT /O TECN COMMENT 
0.0124-1-0.0022OUR AVERAGE 
0.0117. .0 .0010, ,0 ,0023 
0,015 , ,  0.005 

r (K + K*(892) 0 x -  + c . c . ) / r ~ =  

3 BAI 998 BES ~ (25 )  ~ f fXc0 
4 T A N E N B A U M  78 MRK1 ~ ( 2 S ) ~  "YXc0 

rs / r  
VALUE 

0.012 -I- 0.004 

r(~+,r) /r=ui 
VALUE (u~its 10 -3)  EVTS 

5.0:1:0.7 OUR AVERAGE 
4 .68•  720-- 

32 
7 4-3 
8 4-3 

r ( K +  K - ) / r t ~ ,  
VALUE (units 10-37 EVT5 

5.9:1:0.9 OUR AVERAGE 
5.68--0.35--0.85 774-- 

38 
6 •  
9 4-4 

DOCUMENT ID TEEN COMMENT 

4 T A N E N B A U M  78 MRK1 ~ ( 2 5 ) ~  3'Xc0 

DOCUMENT ID TEEN COMMENT 

3 BAI 981 BES ~ (25 )  ~ ~'Xc0 

4 BRANDELIK 796 DASP 9 (25 )  ~ "TXcO 

4 T A N E N B A U M  78 MRK1 9 ( 2 5 ) ~  "TXcO 

DOCUMENT 10 TECN COMMENT 

3 BAI 981 BES ~b(2S) ~ 3'Xc0 

4 BRANDELIK  790 DASP 9 (25 )  ~ "TXcO 
4 T A N E N B A U M  78 M R K I  9 ( 2 5 ) ~  "/XcO 

r6/r 

r,/r 

r(,r+ - -  pp)/r==, rdr 
VALUE (units 10 -3 ) DOCUMENT ID TEEN COMMENT 
1.0:1:0,9 OUR AVERAGE Error includes scale factor of  1.6. 
1.574-0,21:J:0.54 3 BAI 990 BES 9 ( 2 5 )  ~ ~Xco  I 
5 4-2 4 T A N E N B A U M  78 MRK1 9 ( 2 5 ) ~  "YXcO 

F(K + K -  K + K - ) / F ~ . i  ro/r 
VALUE (units t0 -3)  DOCUMENT ID TEEN COMMENT 

2.14::E0.26:E0.40 3 BAI 990 BES 9 (  25}  ~ "YXc0 I 

r(~s~s)/r=a, rl0/r 
VALUE (units t0 -3 )  DOCUMENT ID TEEN COMMENT 

1.96"4-0.28:t:0.52 3 BAI 998 BES 9 (25 )  ~ " fXco I 

r(§ r::/r 
VALUE (units 10 -3)  DOCUMENT /D TEEN COMMENT 

0.g2::E0.34::I:0;N 3 BAI 990 BES 9 (25 )  ~ "fXcO I 

r(~~176 rldr 
VALUE (units 10 -3  ) DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

3.14-0.4:1:0.5 3 LEE 85 CBAL 9 e ~ photons 

r(~)/rto= rz3/r 
VALUE (units 10 -3)  DOCUMENT ID TECN COMMENT 

= �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

2 .5 - -0 .8 •  3 LEE 

F(K o K+ ~r- + c.c.)/r=.,  r l d r  
VALUE (units 10-37 CL__~ DOCUMENT ID 

<0.71 90 3 BAI 

r(p~/rto~, rls/r 
VALUE (units 10 -3)  CL~  DOCUMENT ID 

85 CBAL ~t ~ photons 

TEEN COMMENT 

99B BES 9 (25 )  ~ "TXcO 

TECN COMMENT 
0.22 -I-0.13 OUR AVERAGE Error includes scale factor of  2.1, 

0.48 +0.09 +0.21 5 A M B R O G I A N I  99B E835 ~ p  ~ e + e - ~  I 
- 0 . 0 8  - 0 . 1 1  

0.1594-0.0434-0.053 3 B A I  981 BES 9(25) -  ~ x c o  I 
�9 �9 i We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<0.9 90 4 BRANDELIK 79B DASP 9 (25 )  ~ "TXcO 

3Calculated using B(~b(2S) ~ ~fXc0(1P))  = 0.093 4- 0.008. 

4Calculated using B(V)(2S) ~ ~fXc0(1P))  = 0.094; the errors do not contain the uncer- 
tainty in the ~b(2S) decay. 

5Estimated using B(Xc0 ~ 7 J / 9 ) =  (6.0 ~: 1.8) x 10 - 3  and B(J/V;  ~ e + e - ) =  I 
(6,02 4- 0.19) x 10 - 2 .  

- -  RADIATIVE DECAYS 

r(TJl~OS))lr~= 
VALUE (units 10 -4 ) 

66:i: 18 OUR AVERAGE 
604- 18 

3204-210 
1504-100 
2104-210 

r(-r~)/r~=, 
VALUE (units 10 -4)  

DOCUMENT ID TEEN COMMENT 

r,,/r 

GAISER 86 CBAL 9 ( 2 5 ) ~  "YXc0 
6 BRANDELIK 79B DASP 9 (25 )  ~ ~Xc0  
6 BARTEL 780 CNTR 9 (25 )  ~ "TXcO 
6 T A N E N B A U M  78 MRK1 9 ( 2 5 ) ~  ~Xc0  

DOCUMENT ID TECN COMMENT 

rzdr 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

4.04-2.04-1.1 3 LEE 85 CBAL 9 r ~ photons 

6Calculated using B ( 9 ( 2 5 )  ~ "~Xc0(1P)) = 0.094; the errors do not contain the uncer- 
tainty in the 9 (25 )  decay. 

Xco(1P) REFERENCES 

- -  OTHER RELATED PAPERS - -  

OREGLIA 82 PR D25 2259 MJ. Oreglia et aL (5LAC, CIT, HARV+) 
FELDMAN 750 PRL 35 821 GJ. Feldman et aL (LBL, SLAC) 

AlSO 75C PRL 35 1t89 GJ. Feldman 
Erratum. 

TANENBAUM 75 PRL 35 1323 W,M. Tanenbaum et at. (LBL, SLAC) 

ACCIARRI 99T PL 8461 155 M. Acciarri et aL (L3 Collab.) 
AMBROGIANI 990 PRL 83 2902 M. Amb~ogiani et aL (FNAL E835 Collab.) 
BAI 990 PR D60 072001 J.Z. Bal et aL (BES Collab.) 
BAI 981 PRL 81 3091 J.Z. Bal et aL (BES Collab.) 
CHEN 90B PL 8243 169 W.Y. Chen et aL [CLEO Coliab.) 
AIHARA 88D PRL 60 2355 H, Aihara et al. (TPC Coltab.) 
GAISER e6 PR D34 711 J. Gaiser et aL (Crystal Ball Collab.) 
LEE 85 SLAC 282 R.A. Lee (SLAC) 
BRANDELIK 79B NP BI60 426 R. Brandelik et at. (DASP Collab.) 
BABTEL 780 PL 79B 492 W, Bartel et al. (DESY, HEIOP) 
TANENBAUM 78 PR Dr7 t73[ W,M. Tanenbaum er M. (SLAC, LBL) 

Also 82 Private Comm. G. Trilling (LBL, UCB) 
BIDDICK ;'7 PRL 38 1324 CJ, Biddick et aL (UCSD, UMD, PAVI+) 
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Meson Particle Listings 
X~,(1P) 

Ix ,(1P)l IG(J PC) = 0+(1 + +)  

X c l ( 1 P )  MASS 

VALUE (MeV) EVT$ DOCUMENT ID TEEN COMMENT 
3510.514" 0-12 OUR AVERAGE 
3509.4 : :  0.9 BAI 99B BES r  ~ 7 X  
3510.53:: 0 .04: :0 .12 513 ARMSTRONG 92 E760 ~ p  ~ e + e -  3' 
3511.3 : :  0.4 4-0.4 30 BAGLIN 868 SPEC ~p- -~  e + e - - X  
3512.3 • 0.3 4-4.0 1 GAISER 86 CBAL 9 ( 2 S ) ~  3.X 
3507.4 : :  1.7 91 2 LEMOIGNE 82 GOLI 190 ~ -  Be ~ 3.2/~ 
3810.4 4- 0.6 OREGLIA 82 CBAL e + e - ~  J/~23. 
3510.1 4- 1.1 254 3 H I M E L  80 MRK2 e + e - ~  J / 9 2 7  
3509 •  21 BRANDELIK  79B DASP e + e  - ~ J /92" /  
3507 • 3 3 B A R T E L  78B CNTR e + e  - ~ J/~23. 
3505.0 : :  4 4-4 3 , 4 T A N E N B A U M  78 MRK1 e-Fe - 
3513 4- 7 367 3 B IDDICK 77 CNTR ~ ( 2 5 ) ~  3.X 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. * �9 �9 

3500 :510 40 T A N E N B A U M  75 MRK1 Hadrons '7 

1 Using mass of ~(2S)  - 3686.0 MeV. 
2 J / 9 ( 1 5 )  mass constrained to 3097 MeV. 
3Mass value shifted by us by amount appropriate for 9 (25 )  mass = 3686 MeV and 

J/',~(1S) mass = 3097 MeV. 
4 From a simultaneous f i t  to radiative and hadronic decay channels. 

Xc~(1P) WIDTH 

VALUE (MeV) CL% E V T S  DOCUMENT ID TEEN COMMENT 

0.811-1"0.114"0.011 513 ARMSTRONG 92 E760 ~ p  ~ e + e - 3 .  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<1.3  95 BAGLIN 86B SPEC ~p  ~ e + e - X  
<3.8  90 GAISER 86 CBAL 9 ( 2 5 ) ~  1'X 

Xc~(1P)  DECAY MODES 

Mode Fraction ( r i / r )  Scale factor 

Hadronlc decays 
rl 3(~r+ 7r - ) 
r 2 2(~+~ - )  
r 3 7r + Ir-  K + K -  
r4 pO ~+ lr- 
r 5 K+ K*(892)~ + c.c. 
r 6 K~ - 
r 7 ~+ ~r- p~ 
r 8 K + K - K + K  - 
r9 pp 
FlO ~r+~r - + K + K  - 

r l l  "y J/r 
r12  77 

6.3: :1 .4)  x 10 - 3  

5 .6 : :2 .6)  x 10 - 3  

4.94-1.2) x 10 - 3  

3 .9 : :3 .5)  x 10 - 3  

3 .2 : :2 .1)  • 10 - 3  

2 .5 : :0 .8)  • 10 - 3  

5.44-2.1) x 10 - 4  

4 .2 : :1 .9)  x 10 - 4  

8,24-1.3) x 10 - 5  

< 2.1 x 10 - 3  

Radiative decays 
(27.3: :  1.6) % 

2.2 

1.1 

1.2 

X c l ( 1 P )  PARTIAL WIDTHS 

r(p~) r~ 
VALUE (eV) E V T S  DOCUMENT ID TECN COMMENT 
744" ej OUR AVERAGE 
764-10 : :5  513 5 A R M S T R O N G  92 E760 ~ p  -~ e + e - 3 .  

6 9 ~ 3 6 •  5BAGLIN  86BSPEC ~ p ~  e + e - - X  

5Restated by us using B ( X c l ( 1 P  ) -~ J /9 (15 ) ' y )B (J /~ (1S)  ~ e+  e - )  = 0.0171 : :  
0.0011. 

X c l ( 1 P )  BRANCHING RATIOS 

- - -  HADRONIC DECAYS 

r0(,r+.-))/rt~l 
VALUE (units 10 -3 )  DOCUMENT ID TEEN COMMENT 
6.34"1.4 OUR AVERAGE 
5.84-0.74-1.2 6 BAI  99B BES ~b(2S) ~ 3.Xcl 

22 4-0 7 T A N E N B A U M  78 MRK1 9 ( 2 5 ) ~  3.Xcl 

r ( 2 0 r +  f ) ) / r t o ~ ,  

VALUE (ImltS 10 -3 )  DOCUMENT ID TEEN COMMENT 
5.64"2.6 OUR AVERAGE Error includes scale factor of  2.2. 
4.94-0.44-1.2 6 B A I  99B BES ~b(2S} ~ 3.Xcl  

16 4-5 7 T A N E N B A U M  78 MRK1 ~ ( 2 5 ) ~  ? X c l  

rdr 

r2/r 

rot + . -  K + K - ) / r ~ , ,  r3/r 
VALUE (units 10 -4)  DOCUMENT ID TEEN COMMENT 
494"12 OUR AVERAGE Error includes scale factor of  1.1. 
45 : :  44-11 6 BAI 998 BES 9(2S)  ~ "~Xcl 
9 0 r  7 T A N E N B A U M  78 MRK1 9 ( 2 5 ) ~  3.Xcl 

r ~ + f - ) / r ~ l  rdr 
VALUE (units 10 -4)  DOCUMENT ID TEEN COMMENT 

39"1":35 7 T A N E N B A U M  78 MRK1 ~ b ( 2 S ) ~  " /Xc l  

r(K+~'(892)%-+ c.c.)/rt== rs/r 
VALUE (units 10 -4  ) 

324-21 

r(KO K+ .-)lrto., 
VALUE (units 10 -3  ) 

2.46=1:0.44 -I-0.65 

VALVE (units L0 -4  ) 
5.4-1"2.1 OUR AVERAGE 
4.9 : :1 .3 : :1 .7  

14 ::9 

r (K  + K -  K + K-)/rtotal 
VALUE (unitS 10 -3  ) 

OA2-1- 0.15-+-0.12 

r (p~/r~,  

DOCUMENT ID TEEN COMMENT 

7 T A N E N B A U M  78 MRK1 ~ b ( 2 S ) ~  3.Xc1 

rdr 
DOCUMENT ID TEEN COMMENT 

6 BAI 99B BES 9(25) ~ 3.Xc l  I 
rdr 

DOCUMENT ID TEEN COMMENT 

6 BAI 99B BES 
7 T A N E N B A U M  78 MRK1 9 ( 2 S ) ~  3.Xcl  

~(2s) ~ 3.xcl 

r e / r  
DOCUMENT ID TEEN COMMENT 

6 BAI 99B BES ~b(2S) ~ 3.Xcl  I 

rg/r 
VALUE (units 10 -4  ) CL~ E V T S  DOCUMENT ID TECN COMMENT 

0J24-0 .13  OUR AVERAGE Error includes scale factor o f  1.2. 
0 .42+0 .22 : :0 .28  4.2 • 6 BAI 981 BES 9 ( 2 5 )  ~ 7 X c l  I 

2.2 
0.86: :0.12 513 8 ARMSTRONG 92 E760 ~ p  ~ e + e - 3 .  

�9 �9 �9 We do not use the following data for averages, fits. l imits, etc. * �9 �9 

> 0.54 95 BAGLIN 86B SPEC ~p ~ e + e -  X 
<12.0 90 7 BRANDELIK  798 DASP .~(2S) ~ 3.Xcl 

[r(~r+lr - )  + r (K  + K- ) ] / r to~ ,  rl0/r 
VALUE (units 10 -4  ) CL.~_~ DOCUMENT iD TEEN COMMENT 

<21 7 FELOMAN 77 MRK1 9 (25 )  ~ " lXc l  
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<38 90 7 BRANDELIK 79B DASP ~,b(2S) ~ 3.Xcl 

6Using B (9 (25 )  ~ 3.Xc l (1P))  = 0.087 : :  0.008. I 
7Estimated using B( r  ~ 7 X c l ( 1 P ) )  = 0.087. The errors do not contain the 

uncertainty in the .#(25) decay. 
8Restated by us using B(Xc l (1P)  ~ J /9(1S)3. )B(J /O(1S)  ~ e + e  - )  = 0.0171 

0.0011. 

- -  RADIATIVE DECAYS 

r(~JI,KlS))lr~= 
VALUE EVT5 DOCUMENT ID TEEN COMMENT 
0.2734-0.016 OUR AVERAGE 
0.2844-0.021 GAISER 86 CBAL 9 ( 2 S ) ~  7 X  
0.2744-0.046 943 9OREGLIA  82 CBAL ~ ( 2 S ) ~  ~lXcl 
0.28 4-0.07 9 H I M E L  80 MRK2 ~ b ( 2 S ) ~  7 X c l  
0.19 4-0.05 9 BRANDELIK 79B DASP ~b(25) ~ 3.Xcl  
0.29 +0.05 9 BARTEL 78B CNTR r  ~ 3.Xcl 
0.28 •  9 T A N E N B A U M  78 MRK1 r  3 .~c l  

rldr 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0 .57  4-0.17 9 B IDDICK 77 CNTR ~ (25 ) - -~  3.X 

r(,y~)/r~= q=/r 
VALUE ~ DOCUMENT ID TEEN COMMENT 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.0015 90 9 Y A M A D A  77 DASP e + e -  ~ 3'7 

9Estimated using B ( 9 ( 2 5 )  ~ 7 X c l ( 1 P ) )  = 0.087. The err'ors do not contain the 
uncertainty in the 9 (2S)  decay. 

Xcl(1P) REFERENCES 

BAI 99B PR D6O 07200t J.Z. Bal ~r aL (BES Collab,) 
BAI 981 PRL 81 3091 J.Z. Bai at aL (RES Collab.) 
ARMSTRONG 92 NP 8373 35 T.A. Armstrong et al. (FNAL FERR, GENO+) 

A~so 928 PRL 68 t468 T.A. ArmStrong et aL (FNAL, FERR. GENO+) 
BAGLIN 868 PL B172 455 C. Baglin (LAPP, CERN, GENO, LYON, OSLO+) 
GAISER 86 PR D34 711 J. Gaiser et al. (Crystal Ball Collab.) 
LEMOIGNE 82 PL II3B 509 Y. Lemorgne et at. (SACL LOIC, SHMP+) 
OREGLIA 82 PR D25 2259 M.J. Or�9 et aL (5LAC, CIT, HARV+) 

Also 82B Private Comm. M.J. Or�9 (EFI) 
HIMEL 80 PRL 44 920 T. Himel et aL (LBL, SLAC) 

Also 82 Private Comm. G. Trilling (LBL. UCB) 
BRANDELIK 79B NP B160 426 R. Bran0elik et aL (DASP Co, lab.) 
BARTEL 78B PL 79B 492 W. Barrel et aL (DESY, HEIDP) 
TANENBAUM 78 PR D17 173] W.M. Tanenbaum et aL (SLAC, LBL) 

Also 82 Private Comm. G, Trilling (LBL, UCB) 
BIDDICK 77 PRL 38 1324 C.J. Biddick eZ aL (UCSD, UMD, PAVI+) 
FELDMAN 77 PRPL 33C 285 G J. Feldman. M.L. Pad (LBL, SLAC) 
YAMADA 77 Hamburg Conf. 69 S. Yamada {DASP Collab.) 
TANENBAUM 75 PRL 35 1323 W.M. Tanenbaum et aL (LBL, SLAC) 
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Meson Particle Listings 
Xc,(1P), hc(1P), X ~ 2 ( 1 P )  

OTHER RELATED PAPERS 
BARATE 83 PL 1218 449 R. Barate et aL (SACL, LOIC, SHMP, IND) 
BRAUNSCH... 756 PL 57B 407 W. Braunschwelg et al. (DASP Co,lab,) 
SIMPSON 75 PRL 35 699 J.W, Simpson et aL (STAN. PENN) 

I hc(1P) I = :W:} 
OMITTED FROM SUMMARY TABLE 

Needs conf i rmat ion .  

hc(1P) MASS 

DOCUMENT ID TECN COMMENT 

ARMSTRONG 92D E760 ~p  ~ J / ~ x  0 
BAGLIN 86 SPEC ~p  ~ J / r  

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

3527 •  42 A N T O N I A Z Z I  94 E705 300 x4-,  pLi  
J/t~ ~r 0 X 

VALUE (MeV) EVTS 
3528.144-0.24 OUR AVERAGE 
3526,204-0.15•  59 
3525.4 •  •  5 

hc(1P ) WIDTH 

VALUE (MeV) CL% EVT5 DOCUMENT ID TECN COMMENT 

<1.1 90 59 ARMSTRONG 92D E760 ~ p  ~ J/V)~T 0 

hc(1P ) DECAY MODES 

Mode Fraction (F i /F )  

1-1 J/~(lS) ;'r~ seen 
1-2 J/~,(IS) 7r ~r not seen 

1-3 PP 

r(Jl'~Os)x~r)lr(Jl~(lS), ~ 
VALUE CL~ DOCUMENT ID TECN 

<0.18 90 ARMSTRONG 920 E760 

r d q  
COMMENT 
pp  ~ j / , ~ O  

hc(1P) REFERENCES 

ANTONIAZZI 94 PR D5O 4258 L Antoniazzi et aL 
ARMSTRONG 92D PRL 69 2337 T.A. Armstrong et al. 
BAGLIN 86 PL B171 135 C. Baglin el aL 

(E705 Collab.) 
(FNAL, FERR, GENO+) 

(LAPP, CERN, TORI, STRB+) 

Xc2(1P) DECAY MODES 

Mode Fraction ( r i / r )  

rl 2(~+~-) 
r2 ~+ ~-  K 4 K -  
r3 3 ( , 4 . - )  
I- 4 p0 7r + 7 r -  

F5 K + K * ( 8 9 2 ) % r -  + c.c. 

r6 7r + 7r- p~ 
r7 r 
r8 ~4~-  
1-9 K + K-  
rl0 K+ K -  K+ K - 

1-12 p~ 
1-13 ~r0~0 

r14 ~ 
F15 J/~(IS)Ir+ ~r-~ 0 
F16 K 0 K + ?r- + c.c, 

Hadronic decays 
( 1.2 • % 
(10 •  x 10 - 3  

9.2 •  x 10 - 3  

7 •  x 10 - 3  

4.8 •  x 10 - 3  

1.4 4-0.6 x 10 - 3  

2.0 •  x 10 - 3  

1 .52•  x 10 - 3  

8.1 •  ) x 10 - 4  

1.5 •  ) x 10 - 3  

6.1 4-2.3 ) x 10 - 4  

9.8 4-1.0 ) x 10 - 5  

< 1.5 % 
< 1.06 x 10 - 3  

Radiative decays 
F17 ~fJ/@(1S) ( 1 3 3  •  ) %  

i-18 "y')' ( 1.6 •  ) • 10 - 4  

Scale factor /  
Confidence level 

Ix: (1P)l IG(J PC) = 0+(2 + +  ) 

Xc2(1P) MASS 

VALUE (MeV) E V T S  DOCUMENT ID TECN COMMENT 
3556.164- 0.13 OUR AVERAGE 
3556.4 • 0.7 BAI 99B BES r  ~ 7 X  
3556.15•  0 .07•  585 ARMSTRONG 92 E760 ~ p  ~ e + e - ' 7  
3556.9 -4- 0.4 4-0.5 50 BAGLIN 86B SPEC ~ p  ~ e 4 e - X  
3557.8 4- 0.2 4-4 1 GAISER 86 CBAL V}(2$) ~ 3'X 
3553.4 • 2.2 66 2 LEMOIGNE 82 GOLI 190 ~r-  Be ~ "y2/~ 
3555.9 • 0.7 3ORF:GLIA 82 CBAL e 4 e - ~  J/~2" i '  
3557 • 1 3  69 4 H I M E L  80 MRK2 e + e - ~  J /~23 '  
3551 •  15 BRANDELIK  796 DASP e + e  - ~ J /~23 '  
3553 4- 4 4 BARTEL 788 CNTR e + e  - ~ J /~2-y 
3553 • 4 •  4 , 5 T A N E N B A U M  78 MRK1 e + e  - 
3563 • 7 360 4 B I D D I C K  77 CNTR e + e - ~  ~ X  
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

3543 4-10 4 WHITAKER 76 MRK1 e + e - ~  J/1~2"7 

1 Using mass of ~ (25 )  = 3686.0 MeV. 
2 J / r  mass constrained to 3097 MeV. 
3Assuming r  mass = 3686 MeV and J /9 (1S)  mass = 3097 MeV. 

S=2.2 

S=2.0 

4Mass value shifted by us by amount appropriate for ~ (25 )  mass = 3686 MeV and 
J / r  mass = 3097 MeV. 

5 From a simultaneous fit to radiative and hadroflic decay channels. 

Xc2(1P) WIDTH 

VALUE (MeV) E V T S  DOCUMENT ID TECN COMMENT 
2.004-0.111 OUR AVERAGE 
1 .98 •177  585 ARMSTRONG 92 E760 ~ p  ~ e + e - 3  , 

2.6 4 1 . 4  50 BAGLIN 868 5PEC ~p  ~ e + e - X  
- 1 . 0  

2.8 +2.1  6GAISER 86 CBAL ~ ( 2 S ) ~  3,X - 2 . 0  

6 Errors correspond to 90% confidence level; authors give only width range. 

S=1.5 

CL=90% 

CL=90% 

r16 

0 

~2 
. . . . . . . . . . . . . .  ACCIARRI 99E L3 1.7 

I . . . . . . . .  ACKER..,K... 98 OPAL 4.5 
I . . . . . . . . . . . . . .  DOMINICK 94 CLE2 2.5 

. . . . . . . . . . . . . . . . . . .  ARMSTRONG 93 E760 1.8 
~ BAUER 93 TPC 2.3 

I . . . . .  BAGUN 87B BPEC 4.1 
16.9 

(Confidence Level = 0.005) 
~ ~ 1  

1 2 3 4 5 

1.08 •  •  DOMIN ICK  94 CLE2 e 4 e - ~  e 4 e - X c 2  
0 .326•177  10 ARMSTRONG 93 E760 PP ~ T'Y 
3.4 •  •  BAUER 93 TPC e + e  - ~ e 4 e - X c 2  

2.0 4 0 . 9  4-0.3 10 BAGLIN 878 5PEC PP ~ 3"Y 
- 0 . 7  

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<1.4 95 ACCIARRI 99T L3 3'~ I 
<4.2 95 UEHARA 91 VNS e 4 e  - ~ e + e - - X c 2  
<1.0 95 CHEN 906 CLEO e 4 e  - ~ e 4 e - X c 2  

<4.2 95 A IHARA 88D TPC e 4 e  - ~ e 4 e - X  

8Systematic error includes, added in quadrature, error due to B(Xc2 ~ J/V'3') and I 

B ( J / @  ~ l + t  - )  uncertainties. 

9 Using B(xc2  ~ J / ~ 7 )  = 13.5 • 1.1% and B ( J / ~  ~ t + l  - )  = 12.03 • 0.27%. I 
10Using B(Xc2(1P) ~ p~)  = (0.98 • 0.10) x 10 - 4  and r to ta  I = 2.00 • 0.18 MeV. 

WEIGHTED AVERAGE 
0.46tO.17 (Error scaled by 1.9) 

XC2(1P) PARTIAL WIDTHS 

r(pp--) r~= 
VALUE (eV) Etrrs DOCUMENT ID TECN COMMENT 
2064-22 OUR AVERAGE 
1 9 7 • 1 7 7  585 7 A R M S T R O N G  92 E760 ~ p ~  e 4 e - 7  

252+s~4-21 7 BAGUN 068 SPEC ~p ~ e+e-X 

7Restated by us using B(XE2(1P) ~ J I~(1S)7)B(J /VJ(1$)  ~ e + e  - )  = 0.0085 • 
0.0007. 

r(7-r) r l ,  
VALUE (keY} CL~ DOCUMENT ID TECN COMMENT 

0.46 4"0.11 OUR AVERAGE Error includes scale factor of  1.9. See the ideogram 
below. 

1.02 4-0.40 4-0.17 8ACClARRI  99E L3 e + e - ~  e 4 e - X c 2  
1.76 4-0.47 +0 .40  B,SACKER..,K.. .  98 OPAL e 4 e - ~  e 4 e - X c 2  
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Xc2(1P) BRANCHING RATIOS 

HADRONIC DECAYS - -  

r(2(=+=-))/r~=~ 
VALUE DOCUMENT ID TEEN COMMENT 
0.012 -I-0.l~15 OUR AVERAGE Error includes scale factor of 2.2. 
0.0096+-0.0005+-0.0024 11 BAI 99B BES ~(28)  ~ 7Xc2 
0.022 •  12TANENBAUM 78 MRK1 r  ~ 7Xc2  

r ( .+ . -  K + K - ) / r ~ , ,  
VALUE DOCUMENT ,D TEEN COMMENT 
0.010 4"0.004 OUR AVERAGE Error includes scale facto< of 2.0. 
0.0079• 11 BAI 99B BES ~(28)  ~ 7Xc2  

0.019 +-0.005 12TANENBAUM 78 MRK1 ~ ) ( 2 S ) ~  7Xc2  

q/r  

Meson 
665 

Particle Listings 
X E 2 ( 1 P )  

r~/r 

r(~(.+.-))/r==, rdr 
VALUE DOCUMENT ID TEEN COMMENT 
0.0092::E0.0022 OUR AVERAGE 
0.009 +-0.001 +-0.002 11 BAI 998 BES V)(2S) ~ ~ x c 2  i 
0.012 •  12 TANENBAUM 78 MRK1 4 ( 2 5 ) ~  "~Xc2 

r(~O.+.-) /r~. ,  rdr  
VALUE (units 10 -4) DOCUMENT ID TEEN COMMENT 

684-40 12TANENBAUM 78 MRK1 ~ ( 2 5 ) ~  ~'XE2 

F(K+R'(892) ~ x -  + c.c. ) / r~. ,  r~ I r  
VALUE (units 10 -4 ) DOCUMENT ID TEEN COMMENT 

484"28 12 TANENBAUM 78 MRK1 ~ ) ( 2 8 ) ~  "7Xc2 

r ( .+. -p~) /r t~ rdr 
VALUE (units [0 -4 ) DOCUMENT ID TEEN COMMENT 

14 -I- 6 OUR AVERAGE Error includes scale factor of 1,5, 
12,3+- 2 ,0•  11 BAI 99B BES %b(28) ~ 3,Xc 2 I 

33 •  12 TANENBAUM 78 MRK1 t ~ ( 2 S ) ~  "~Xc2 

r(§ rz/r 
VALUE (uniIs lO -3  ) DOCUMENT ID TEEN COMMENT 

2.00.1.0.55.1.0.61 11 BAI 99B BES ~b(25) ~ ~Xc2  J 

r ( ~ + x - ) / r ~  re/r 
VALUE (units 10 -3 ) EVT5 DOCUMENT ID TEEN COMMENT 

1.52~0,2~ OUR AVERAGE 
1.49+0,14+0.22 185•  11 BAI 981 BES ~(28)  ~ "7Xc2 I 

16 
1.9 •  4 12BRANDELIK 79C DASP ,#(25) ~ 7Xc2  

[r(~+.-) + r(K+ K-)]/r~=, (ro+r~)/r 
VALUE (units 10 -4) DOCUMENT ID TEEN COMMENT 

r(~%o]/rto~, r,~/r 
VALUE {units 10 -3) DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1.1+0.24-0.2 11 LEE 85 CBAL ~1 ~ photons 

r (~) / r~ ,  rldr 
VALUE (units 10 -4} DOCUMENT /D TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

7.9• 11 LEE 85 CBAL 4 / ~ photons 

r(J/,/,(lS),r+,r- =O)/r~l r . / r  
VALUE . CL~ DOCUMENT IO TECN COMMENT 

<0.015 90 BARATE 81 SPEE 190 GeV x -  Be 
2~2p  

r(~s K + -- + C.C.)/Ftotal rzo/r 
VALUE (units 10 -3 ) CL__~_~ DOCUMENT IO TEEN COMMENT 

<1.06 90 11 BAI 998 BES r  ~ 7Xc2 

11 Calculated using B(@(2S) ~ " rXc2 (1P) )  = 0.078 • 0.008. 

12 Estimated using B(r  ~ 7XE2(1P) )  = 0.078; the errors do not contain the uncer- 
tainty in the 4(25)  decay. 

13Restated by us using B(Xc2(1P)  ~ J / , ~ ( 1 S ) 7 ) B ( J / ~ ( 1 5 )  ~ e + e  - )  = 0.0085 • 
0.0007. 

14Assuming isotropic XC2(1P) ~ "V'/ distr ibution, 

- -  RADIATIVE DECAYS 

r(-fJl~(lS))lrto=l r=dr 
VALUE E V T S  DOCUMENT ID TEEN COMMENT 
0.135:E0.011 OUR AVERAGE 
0.124• 
0.162• 479 
0.14 •  
0.18 :E 0,05 
0.13 •  
0,13 •  

GAISER 86 CBAL ~ b ( 2 5 ) ~  "TX 
1SOREGLIA 82 CBAL ~ , ( 2 S ) ~  " l x c2  

15 HIMEL 80 MRK2 4 ( 2 5 ) ~  7Xc2  

15 BRANDELIK 79B DASP ~b(2S) ~ "YXc2 
15 BARTEL 78B CNTR ~b(2S) ~ ~ X c 2  

15TANENBAUM 78 M R K t  4 ( 2 5 ) ~  ~Xc2  

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

0.28 •  15 BIDDICK 77 CNTR 4 ( 2 5 ) ~  7 X  

15 Estimated using B(r ~ 7XE2(1P))  = 0.078; the errors do not contain the uncer- 
tainty in the 4(25)  decay. 

r(7-1)Ir~,, qolr 
VALUE (units lO -4) DOCUMENT /D TEEN COMMENT 

1.604.0.39.1.0.23 18 ARMSTRONG 93 E760 ~ p  ~ "y~ 

16Using B(Xc2(1P) ~ p~)  = (1.00 • 0,23) x 10 - 4 .  

Xc2(1P) REFERENCES 
24:1:10 

F(K+ K- ) / r~ l  
VALUE (units 10 -3  ) EVTS 

0.81-1-0.19 OUR AVERAGE 
0,79•  1154" 

13 
1.5 ~1.1  2 

r(K+ K- K + K-)IFt=., 
VALUE (units 1O -3 ) 

1.48-t-0.26:1:0.32 

r ( K ~ ) / r = ,  
VALUE (units 10 -3) 

0.614-0.17-1-0.16 

r(pp)/rt~i 
VALUE (units 10 -4) 

0.964-0.10 OUR AVERAGE 
0.58• •  

1.00• 

o 97+~177 og 

12TANENBAUM 78 MRK1 ~ b ( 2 5 ) ~  7Xc2  

DOCUMENT ID TECN COMMENT 

11 BAI 981 BES 4(25)  ~ 7Xc2  

12 BRANDELIK 79c DASP ~(25)  ~ "YXc2 

DOCUMENT ID TECN COMMENT 

11 BAI 998 BES ~(25) ~ "IXc2 

DOCUMENT ID TECN COMMENT 

11 BAI 99B BES ~)(25) ~ 7Xc2  

CL~ E V T S  DOCUMENT /D TEEN COMMENT 

rs/r 

qo/r 

rzz/r 

rz2/r 

4.7 • 11 BAI 981 BES ~(25)  --~ ?Xc2  
2.5 
585 13ARMSTRONG 92 E760 ~ p ~  e + e - ' ~  

BAGLIN 86B SPEC ~p ~ e + e - X  

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc, �9 �9 �9 

<9.5 90 12 BRANDELIK 79B DASP ~(25)  ~ 7Xc2 

Qrf/r2to~l in pp--,  X~(1P)  ~ 7"f rz2rza/I~ 
VALUE (units ]0 -7 ) EVT5 DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

0.160•177 ARMSTRONG 93 E760 PP ~ 7 7  

0.99 +0.46 6 14 BAGLIN 878 SPEC PP ~ 77  -0 ,35  

ACClARRI 99E PL B453 73 M. Acdarri et aL (L3 Collab.) 
ACCIARRI 99T PL B461 155 M. Acciarri et aL (L3 ColJab.) 
BAI 99B PR D60 07200l J.Z. Bal et aL (BES Colfab.) 
ACKER.,K.. 98 PL B439 197 K. Ackerstaff et al. (OPAL Collab.) 
BAI 981 PRL 81 3091 J.Z. Bai et aL (BE$ Collab.) 
DOMINICK 94 PR DSe 4265 J. Dom~nick et aL (CLEO Collab.) 
ARMSTRONG 93 PRL 70 2988 T.A. Armstrong et al. (FNAL E760 CoBab.) 
BAUER 93 PL B302 345 D.A. Bauer et aL (TPC CoBab.) 
ARMSTRONG 92 NP B373 35 T.A. Armstrong et al. (FNAL, FERR, GENO+) 

Also 92B PRL 68 1468 T.A. Armstrong et al. (FNAL, FERR, GENO+) 
UEHARA 91 PL B266 t88 8. Uehara et at. (VENUS Collab.) 
CHEN 908 PL B243 169 W.Y, Chen et a/. (CLEO Collab.) 
AIHARA SaD PRL S0 2355 H. Aihara et aL {TPC Collab.) 
BAGLIN 87B PL B187 191 C, Baglin et al. (R704 CoBab. ) 
BAGLIN 86B PL Bt72 455 C. Baglin (LAPP, CERN, GENO, LYON, OSLO+) 
GAISER 86 PR D34 7t l  J. Gaiser et aL (Crystal Ball Collab.} 
LEE 85 SLAC 282 R.A, Lee (SLAC) 
LEMOIGNE 82 PL 113B 509 Y. Lemoigne et aL (SACL, LOIC, SHMP+) 
OREGLIA 82 PR D25 2259 M.J. Or�9 et aL (SLAC, CIT, HARV+) 

Also 82B Private Comm. M.J. Or�9 (EFI) 
BARATE 81 PR D24 2994 R. Barate et all (SACL, LOIC, SHMP, CERN+) 
HIMEL 80 PRL 44 920 T, Himel et al. (LBL, SLAC) 

Also 82 Private Comm. G. Trilling (LBL, UCB) 
BRANDELIK 79B NP B160 426 R. Brand�9 et at. (DASP Collab,) 
BRANDELIK 79C ZPHY C1 233 R. Brandelik et aL (DASP Collab.) 
BARTEL 78B PL 79B 492 W. Bar[el et aL (DESY, HEIDP) 
TANENBAUM 78 PR D17 t73t W.M Tanenbaum et al, (SLAC, LBL) 

Also 82 Private Comm. G. Trilllng (LBL, UCB) 
BIDDICK 77 PRL a8 1324 C.J. Bi~dick et =1/, (UCSO, UMD, PAVI+) 
WHITAKER 76 PRL 37 1596 J.S. Whitaker el aL (SLAG, LBL) 

OTHER RELATED PAPERS 

BARATE 83 PL 121B 449 R. Barate et aL (SACL LOIC, SHMP, IND) 
FELDMAN 758 PRL 35 821 G,J. Feldman et aL (LBL, SLAG) 

AlSO 75C PRL 35 t189 GJ, Fe]dman 
Erratum. 

TANENBAUM 75 PRL 35 [323 W.M, Tanenbaum et al, (LBL, SLAC) 
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Meson Particle Listings 
F/c(2S), ~b(2S) 

ln (2s)l : ??v+} 
OMITTED FROM SUMMARY TABLE 

Needs conf i rmat ion.  

~c(2S) MASS 

@(2S) WIDTH 

DOCUMENT /D TEEN COMMENT 

VALUE (MeV) DOCUMENT ID 

35r ,.I. w 1 EDWARDS 

1Assuming mass of r  = 3686 MeV. 

TECN COMMENT 

82C CBAL e + e-- ~ 7X 

nc(2S) WIDTH 

VALUE (MeV} CL~_~ DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<8.0 95 EDWARDS 82c CBAL e + e  - ~ 7 X  

VALUE (key I 
277:1:31 OUR AVERAGE 
3 0 6 • 1 7 7  ~ p  ~ e + e  - 
2 4 3 + 4 3  

5Uses r (ee )  from ALEXANDER 89 and B(ee)  = (08 • 13) • 10 - 4  from F E L D M A N  77. 

Error includes scale factor of  1.1. 
ARMSTRONG 93B E760 

5 PDG 92 RVUE 

nc(2S) REFERENCES 

ABREU 980 PL B441 479 P. Abreu et at. (DELPHI Collab,) 
LEE 85 SLAC 282 R.A. Lee (SLAC) 
EDWARDS 82C PRL 48 70 C. Edwards et aL (CIT. HARV, PRIN+) 

- -  OTHER RELATED PAPERS - -  

OREGLIA 82 PR D25 2259 MJ. Oreglia et al. {SLAC, CIT. HARV+) 
PORTER 81 SLAC Summer Inst. 355 F.C. porter et al, (ClT, HARV. PRIN+) 
BARTEL 78B PL 798 492 W. Barrel et aL (DESY, HEIDP) 

I , ( 2 s ) I  IG(j PC) = 0 - ( I - - )  

r MASS 

VALUE (MeV) EVT5 DOCUMENT ID TEEN COMMENT 

~ . ~ : 1 : 0 . 0 9  OUR AVERAGE 
3685.95• 413 1 A R T A M O N O V  00 OLYA e + e-- ~ hadrons I 
3680.02•177 ARMSTRONG 93B E760 ~p  ~ e + e  - 
�9 * * We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

3684 •  GRIBUSHIN 98 FMPS 515 ~r-  Be ~ 2 # X  
3683 •  77 A N T O N I A Z Z I  94 E705 300 ~4-, pLi  

J / r  

3680.00• 413 2 Z H O L E N T Z  80 OLYA e 4 - e -  

1Reanalysis of  ZHOLENTZ 80 using new electron mass (COHEN 87) and radiative cor- | 
rections (KURAEV 85). 

2 Superseded by A R T A M O N O V  00. I 

r38 
1-37 
1-38 

1-39 

1-40 

1-41 

r 4 2  

1-43 

1-44 

1-45 

F46 
m~(2$ ) - m//r 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 

$89.07:1:0.13 OUR AVERAGE 
589.7 •  LEMOIGNE 82 GOLI 190 ~t-- Be ~ 2# 
589.074-0.13 3 ZHOLENTZ 80 OLYA e + e -  
588.7 4-0.8 LUTH 75 MRK1 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 * �9 

588 4-1 4 B A I  98E BES e + e  - 

3 Redundant with data in mass above. 
4 Systematic errors not evaluated. 

F5 
~c(25) DECAY MODES 1-6 

F7 
Mode Fraction ( r i / r )  1-8 

1-1 hadrons seen r 9 
F2 ~7 1-1o 

~/c(25) BRANCHING RATIOS 

1-(hadrons)/r~,~ r,/r 
VALUE DOCUMENT ID TEEN COMMENT 

seen EDWARDS 82C CBAL e + e  - ~ 7X 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

not seen ABREU 980 DLPH e + e -  ~ e + e -  I 
+hadrons 

r(-m)/r~,, r2/r 
VALUE ~ DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.01 90 LEE 85 CBAL @t ~ photons 

J/d/(1S)anything (55 • )% 
J/~p(1S)neutrals (23.1 • ) % 
Jl@(1S)Tr+Ir - (31.o • ) % 
J/f)(15)~TO~r 0 (18.2 ::2.3 ) % 
J/%b(IS)FI ( 2.7 • )% 
J/ '~(1S)x 0 ( 9.7 • ) x 10 -4  

Hadronic decays 
1-11 3(x+x-) ~~ 
r n  2 ( ~ + ~ - ) ~  ~ 
1-18 ~f2(1270) 
F14 p a 2 ( 1 3 2 0 )  

1-15 lr + ~ - K  + K -  
r16  K * ( 8 9 2 ) K ~ ( 1 4 3 0 )  0 

1-17 K 1 ( 1 2 7 0 )  • K :F 

1-18 ~r+ ~ r -  P P  
F19 K + K * ( 8 9 2 ) ~  ClC, 
r 2o  b y  ~r :F 

r 2 !  2(~r + ~ r - )  

1-22 p07r + 7 r -  

1-23 P P  
F24 30r+Tr - )  
1-25 PP xo 
F26 K + K -  
1-27 ~ - + / r -  ~r 0 

1-28 p l r  

r29 ~r + ~- 

F3o A A  

F31 K 1 ( 1 4 0 0 )  • K ~: 

1-32 = -  ~ +  
F33 K + K -  7r ~ 

F34 K+ K*(892)- + c.C. 

F35 @f~(1525) 

8,0 •  
6,7 •  

5.2 •  

4.5 •  
4.2 •  

1.9 •  

1.5 •  

1.4 + 0 3  

( 1.0 •  

(8 :ks 
< 8.3 

(8 • 
< 4 

< 3.1 

< 2 

< 2.96 

< 5.4 

< 4.5 

Radiative decays 
7Xco(IP) 9.3 • 
7 X c l ( 1 P )  8.7 4-0.8 

7Xc2(IP) 7.8 •  

")'F/c (1 5 ) 2.8 •  

7nc(25) 
77r 0 

7~ ' (958 )  1.5 •  
77/ < 9 
") '7 < 1.6 

7~(1440) -~ 7KK~" < 1.2 

Mode needed for f i t t ing purposes 
1. - other fit modes (21 I s  

3 3  +1 .6  ) x 10 - 3  

3.0 •  ) x 10 - 3  

1.7 x 10 - 4  

2.3 x 10 - 4  

L 6  •  ) x 10 - 3  

1,2 x 10 - 4  

1 .00•  x 10 - 3  

x 10 - 4  

x 10 - 4  

x 10 - 4  

x 10 - 4  

x 10 - 4  

x 10 - 4  

x 10 - 4  

• 10 - 4  

• 10 - 4  

x 10 - 5  

• 10 - 5  

) x 10 - 5  

x 10 - 4  

• 10 - 4  

x 10 - 4  

x 10 - 5  

x 10 - 5  

x 10 -5 

)% 
)% 
% 
• 10 -3 

X 10 -4 
• 10 -5 
X 10 -4 
X 10 -4 

S=1.6 

CL=90% 

CL=90% 

EL=90% 

CL=90% 

EL=90% 

EL=90% 

EL=90% 

CL=90% 

EL=90% 

EL=90% 

EL=90% 

EL=90% 

EL=90% 

F 1 hadrons (98.104-0.30) % 
r 2 virtual 7 -~ hadrons ( 2.9 • ) %  
r 3 e+e - ( 8.8 i l . 3  ) •  -3 
I- 4 /z-F/z - ( 1 . 0 3 + 0 . 3 5 ) %  

Decays into J/@(1S)and anything 

r DECAY MODES 

Scale factor/  
Mode Fraction ( r f / F )  Confidence level 
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C O N S T R A I N E D  F I T  I N F O R M A T I O N  

An overal l  f i t  to 10 branching ratios uses 17 measurements and 
one constra int  to determine 8 parameters. The overall f i t  has a 

x 2 = 9.0 for 10 degrees of  freedom. 

The fo l lowing o f f -d iagona l  array elements are the  correlation coefficients 

< ~ x i ~ x i l / ( g x i . ~ x i ) ,  in percent, f rom the  f i t  to  the  branching fractions, x i ----- 

r i / r t o t a l .  
one. 

x 7 27 

x 8 17 

x 9 2 

x36 0 

x37 0 

x38 0 

x46 - 30 

x4 

The f i t  constrains the  x i whose labels appear in th is  array to sum to  

63 

9 3 

0 0 0 

- 1  - 5  0 0 

0 - 2  0 0 0 

- 8 9  - 8 3  - 1 5  - 1 7  - 1 3  - 1 5  

x7 x8 x9 x36 ;(37 x38 

@(25) PARTIAL WIDTHS 

r(hadrons) q 
VALUE {keY} DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

224• LUTH 75 MRK1 e + e  - 

r(e+e - )  r ,  
VALUE {keY) DOCUMENT ID TEEN COMMENT 

2.124-0.111 OUR AVERAGE 
2.07• 6 B A I  98E BES e + e  - 
2.144-0.21 ALEXANDER 89 RVUE See T mini-review 
�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

2.0 4-0.3 BRANDELIK 79c DASP e + e  - 
2.1 4-0.3 7LUTH 75 MRK1 e + e  - 

6Value includes radiative corrections computed by ALEXANDER 89. 
7 From a simultaneous f i t  to e + e - ,  #4 - / J - ,  and hadronic channels assuming r (e + e - )  

: r ( p  + p -  ). 

r ( ~ )  r~  
VALUE (eV) CL~ DOCUMENT ID TECN COMMENT 

<41 90 BRANDELIK 79c DASP e + e -  

@(2S) r(i)r(e + e-) /r(total)  

This combiuation of a partial width with the partial width iuto e + e -  
and with the total width is obtained from the integrated cross section into 
channel I in the e + e -  annihilation. We list only data that have not been 
used to determine the partial width r( I)  or the branching ratio r ( I ) / to ta l .  

r(hadrons) x r(e+e-)irto~, qrdr 
VALUE (keY) DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

2.24-0.4 ABRAMS 75 MRK1 e + e  - 

@(25) BRANCHING RATIOS 

r(hadrons)/l'~xa, q / r  
VALUE DOCUMENT ID TEEN COMMENT 

0.9al -1"0.003 8 LUTH 75 MRK1 e + e -  

r(virtuaI,y ~ hadrons)/Ftota I rdr 
VALUE DOCUMENT IO TEEN COMMENT 

0.029-4-0.004 9 LUTH 75 MRK1 e + e -  

r(e + e-)/rto.I rs/r 
VALUE (units 10 -4 ) DOCUMENT ID TEEN COMMENT 

884.13 10 FELDMAN 77 RVUE e + e -  
�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 * 

834- 54-7 11ARMSTRONG 97 E760 ~ p  ~ t~(2S)X 

r (p+#-) / r tmi l  r q r  
VALUE (units 10 -4 ) DOCUMENT ID TEEN COMMENT 

774"17 12 HILGER 75 SPEC e + e -  
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rO,+~,-)/r(e+e- ) rdr3 
VALUE DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. * �9 �9 

0.894-0.16 BOYARSKI 75c MRK1 e + e  - 

8 Includes cascade decay into J / ~ ( 1 S ) .  

9 Included in r (hadrons) / r to ta  I. 

10From an overall f i t  assuming equal partial widths for e4 -e -  and p + # - .  For a mea- 
surement of the ratio see the entry r ( / ~ + # - ) / r ( e + e  - )  below. Includes LUTH 75, 
HILGER 75, BURMESTER 77. 

11 Using B ( J / ~  ~ e + e - )  = 0.0599 • 0.0025 and B(~(2S) ~ J/~b(1S)anything) = 
0.57 • 0.04. Not an independent measurement, see GU 99. 

12Restated by us using B(~(2S) ~ J / ~ ( 1 S )  a n y t h i n g ) =  0.55. 

- -  DECAYS INTO J/@(IS)AND ANYTHING - -  

r(J/@(15)anything)/rtotal rE/r = (rT+rB+rg+o.273r37+o.135rgg)/r 
VALUE DOCUMENT ID TEEN COMMENT 
0.55-t'0.05 OUR FIT 
0.554"0.07 OUR AVERAGE 
0.51• BRANDELIK 79C DASP e + e  - ~ # + / ~ - X  
0.574-0.08 ABRAMS 7SB MRK1 e + e  - ~ p + p - X  

r ( J l @ClS) neutrals)/r~l 
rG/r = (0.9761ro+o.715rg+o.273r37+o.135r~)/r 

VALUE DOCUMENT ID 
0.23114-0.023 OUR FIT 

r(J/@(lS) neutrals)/r(J/@(1S)anything) rg/rs = (0.9761r8+ 
0.715Fg+0.273F37+0.135Fu)/(Fz+ Fo+Fg+0.273Fsz+0.13SF.) 
VALUE DOCUMENT iD TEEN COMMENT 
0.4104"0.019 OUR FIT 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.44 •  13ABRAMS 75B MRK1 e + e  - ~ J / ~ X  

r(J/@(1S) neutrals)/r(J/@(15)Ir+ ~r - )  
Fg/Fz = (0.9761ro+0.715Fg+0.273rgz+0.135F~)/F7 

VALUE DOCUMENT ID TEEN COMMENT 
0.75:t:0.06 OUR FIT 
0.7~t.1.0.09 13 TANENBAUM 76 MRK1 e + e -  

r(Jl@(ls),+ ,-) lr~,,  rdr 
VALUE E V T S  DOCUMENT ID TEEN COMMENT 
0.310=I:0.028 OUR FIT 
0.32 4"0.04 ABRAMS 75B MRK1 e + e  - ~ J/~bTr+~ - 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0.283•177 363 14 ARMSTRONG 97 E760 ~ p  ~ ~(2S)X 

r (J/@(1s) x ~ lr ~  rdr 
VALUE EVT5 DOCUMENT 10 TEEN COMMENT 
0.11~:1:0.023 OUR FIT 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.1844-0.0194-0313 157 14 ARMSTRONG 97 E760 ~ p  ~ ~(2S)X 

r(J/@(lS) ,o ~r o)/r(J/@(lS) ~+ x-)  ro/r7 
VALUE DOCUMENT ID TEEN COMMENT 
0.59 4-0,06 OUR FIT 
0.6094"0.079 15 GU 99 RVUE 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 * �9 

0.53 ~0.06 16TANENBAUM 76 MRK1 e + e  - 
0.64 •  17 HILGER 75 SPEC e + e  - 

r(Jl@OS).+.-)lr(,+,-) rz/r4 
VALUE DOCUMENT ID TEEN COMMENT 
30 4"10 OUR FIT 
30.24" 7.1"1"6.8 18 GRIBUSHIN 96 FMPS 515 7r -Be ~ 2 p X  

r(Jl@(lS)~l)lrtotat rg / r  
VALUE E V T S  DOCUMENT ID TEEN COMMENT 
0.027 "1"0.004 OUR FIT Error includes scale factor of 1.6. 
0.027 +0.004 OUR AVERAGE Error includes scale factor of 1.6. See the ideogram 

below. 
0.025 • 166 HIMEL 80 MRK2 e + e  - 
0.02184-0,00144-0.0035 386 OREGLIA 80 CBAL e + e  - J/~b2~ 
0.036 4-0.005 164 BARTEL 780 CNTR e + e  - 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0.032 4-0.010 • 36 19ARMSTRONG 97 E760 ~ p  ~ ~ (2S)X  
0.035 4-0.009 17 19 BRANDELIK 790 DASP e 4 - e -  

J / r  
0.043 • 44 19TANENBAUM 76 MRK1 e + e  - 
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F(S/@(1S)~l)/F(J/@(1S)anything) 
Fg/F5 = Fg/(F7+Fs+Fs+0.273F~7+0.135F~) 

VALUE DOCUMENT ID TECN 
0.049~0,00e O U R  F I T  Error includes scale factor of 1.3. 
0.062,0.016 15GU 99 RVUE 

r(Jl@(1S)~r ~ r~o/r 
VALUE (units 10 -4) EVT5 DOCUMENT ID TECN COMMENT 

9 .7 :1 :2 .1  O U R  A V E R A G E  

15 •  7 HIMEL B0 MRK2 e+e - 
9 •  •  23 OREGLIA B0 CBAL V)(2S) 

J / ~ 2 * f  

13The ABRAMS 75B measurement of F6/F 5 and the TANENBAUM 76 result for r 6 / r  7 
are not independent. The TANENBAUM 76 result is used in the fit because it includes 
more accurate corrections for angular distributions. 

14Using B(J/~ ~ e+e - )  = 0.0599 4- 0.0025 and B(~b(25) ~ J / ~ ( 1 S ) a n y t h i n g } =  
0.57 �9 0.04. 

15 Using data from'ARMSTRONG 97. 
16 Not independent of the TANENBAUM 76 result for F6/F 7. 
17Ignoring the J/@(1S)TI and J/@(1S) 'y 'y  decays. 
18Using B(J/V)(1S)  ~ p + # - )  = 0.0597 • 0,0025. 
19 Low statistics data removed from average. 

HADRONIC DECAYS 

r(3(~+,r-).~ r11/r 
VALUE (u~its 10 -4 ) EVT~;  DOCUMENT ID TECN COMMENT 

354-16 6 FRANKLIN 83 MRK2 e + e - ~  hadrons 

r(2(~+--)~~ rldr 
VALUE (units 10 -4 ) E V T S  DOCUMENT /D TECN COMMENT 

$0-1-g 42 FRANKLIN g3 MRK2 e + e- 

r ( . + . -  K + K- ) / r~=  
VALUE (units 10 -4) DOCUMENT IO TECN COMMENT 

16"+'4 20TANENBAUM 78 MRK1 e + e  - 

r(Kl(~70) ~ K :F)/r=o~ 
VALUE (units 10 -4) DOCUMENT IO TECN COMMENT 

10.04"1.8:1:2.1 21 BAI 99c BES e + e -  

r ( ~ r + r  
VALUE (unlt~ 10 -4 ) 

8 : 1 : 2  

r ldr 

r ldr 

r . / r  

r ldr 

r~/r  

DOCUMENT ID TECN COMMENT 

20TANENBAUM 78 MRK1 e + e  - 

r(K+~'~ + c.c.)/rto~, 
VALUE(unitslO -4  ) DOCUMENT ID TECN COMMENT 

6.7:1:2.5 TANENBAUM 7B MRK1 e+e - 

r (~ . * ) / r~ ,  
VALUE (units 10 -4) DOCUMENT IO TECN COMMENT 

5.2~0.6:E1.0 22 BAI 99C BES e + e -  | 

r(2(.+~-))/r~=, r21/r 
VALUE (units 10 -4 ) DOCUMENT ID TECN COMMENT 

4.54"1.0 TANENBAUM 78 MRK1 e + e -  

r(~ ~027o))/r~, r . / r  
VALUE (unlts 10 -4) CL~__~ DOCUMENT IO TECN COMMENT 

<1.7 90 BAI 98J BES e + e -  | 

r(p%+.-)/r~= 
VALUE (units 10 -4) DOCUMENT ID TECN COMMENT 

4.2"4"1.5 TANENBAUM 78 MRK1 e+e - 

r(p.~(132ol)/rtom 
VALUE (units 10 -4) C L ~  DOCUMENT ID TECN COMMENT 

<2.3 90 BAI 98J BES e + e -  

r(pp) l r~ l  
VALUE (units 10 -4) EVT5 DOCUMENT ID TECN COMMENT 

1 , 9 : E 0 . 5  O U R  A V E R A G E  

1.4+0.8 4 BRANDELIK 79C DASP e + e -  
2,3+0.? FELDMAN 77 MRK1 e+e - 

r ( 3 ( . + , r - l ) / r ~ l  
VALUE (unlts 10 -4) DOCUMENT ID TECN COMMENT 

1.5"{-1.0 20TANENBAUM 78 MRK1 e + e  - 

r(pp,C)/r~, 
VALUE (units 10 -4 ) EVT5 DOCUMENT 10 TECN COMMENT 

1.4-t'0.5 9 FRANKLIN 83 MRK2 e + e  - 

r(x+ K - ) / r ~ .  
VALUE (units 10 -4) CL.__~ DOCUMENT tO TECN COMMENT 

1.0::i:0.7 BRANDELIK 79c DASP e+e - 
�9 * * We do not use the following data for averages, fits, limits, etc. �9 * �9 

<0.5 90 FELDMAN 77 MRK1 e + e -  

r ( . + ~ - ) / r ~ l  
VALUE lunits 10 -4 ) CL~_~ DOCUMENT ID TECN COMMENT 

0.8:E0.5 BRANDELIK 79E DASP e+e - 
�9 * * We do not use the following data for averages, fits, limits, e tc . *  �9 * 

rz2/r 

<0.5 90 FELDMAN 77 MRK1 e + e -  

r(~+.-xo)/rtot= r2dr 
VALUE Iu.its 10 -4 ) E V T S  DOCUMENT ID TECN COMMENT 

0.85-1-0.46 4 FRANKLIN 83 MRK2 e + e - ~  hadrons 

r(A~/rto.i r3o/r 
VALUE (units 10 -4) . C L ~  DOCUMENT ID TECN COMMENT 

<4 90 FELDMAN 77 MRK1 e + e  - 

r(Kl0400) ~= K~)/r=,l r31/r 
VALUE (units 10 -4) CL~o DOCUMENT IO TECN COMMENT 

<3.1 90 23 BAI 99E BES e + e -  

r(---=-+)/r~= r~=/r 
VALUE (units 10 -4) CL~% DOCUMENT ID TECN COMMENT 

<2 90 FELDMAN 77 MRK1 e + e -  

r (p . ) / r~ ,  r=8/r 
VALUE (units 10 -4} CL% E V T S  DOCUMENT ID TECN COMMENT 

< 0.83 90 1 FRANKLIN 83 MRK2 e + e  - 

�9 * * We do not use the following data for averages, fits, limits, etc, * * * 

<10 90 BARTEL 76 CNTR e+e - 
<10 90 24ABRAMS 75 MRK1 e+e - 

r(K+ K- .~  r=/r  
VALUE (units 10 -5) CL% E V T S  DOCUMENT ID TECN COMMENT 

<2.0,6 90 1 FRANKLIN 83 MRK2 e + e - ~  hadrons 

r(K+~'(892) - + c.c.)/l'to~, r . / r  
VALUE (units 10 -5 ) CL~_~o DOCUMENT ID TECN COMMENT 

<5.4 90 FRANKLIN B3 MRK2 e + e - ~  hadrons 

r (K*(892)s176 rz6/r 
VALUE (unit~ 10 -4) CL__~_~ DOCUMENT tO TECN COMMENT 

<1.2 90 BAI 98J BES e + e -  

r(§ r~ / r  
VALUE (units 10 -4} CL. ~176 DOCUMENT IO TECN COMMENT 

<0.45 90 BAI 98J BES e +  e - ~ 2(K+ K - )  

20 Assuming entirely strong decay, 
21Assuming B(K1(1270 ) ~ Kp)=0.42 • 0.06 

22Assuming B(b I ~ ~ r ) = l .  
23Assuming B(Kl(1400 ) ~ K*~r)=0,94 i 0.06 
24 Final state p0 ~ 0  

r,,/r 

r . / r  

r2dr 

r2,/r 

r~,/r 

r~/r 



See key on page 239 

- -  R A D I A T I V E  DECAYS - -  

r(.Txco(1O))lrta 
VALUE (units 10 -2  ) DOCUMENT /D TEEN COMMENT 

9.34-0.9 OUR FIT 
9.34-0.8 OUR AVERAGE 
9~9:E0,5• 25GAISER 86 CBAL e+e  - ~ 3,X 
7.2+2,3 25BIDDICK 77 CNTR e+e  - ~ 3,X 
7,5+2.6 25WHITAKER 76 MRK1 e+e  - 

r(Txcl(1p))/rt=al 
VALUE (units i0 -2 ) DOCUMENT ID TECN COMMENT 

8.74-0.8 OUR FIT 
0.7:1:0.0 OUR AVERAGE 
9.0•177 26GAISER 86 CBAL e+e  - ~ 7X 
7,1~:1.9 2 7 B I D D I C K  77 CNTR e + e  - ~ 3,X 

r(.rxc2(1P))/r~.=. 
VALUE (units 10 -2  ) DOCUMENT ID TECN COMMENT 

7.84"0.8 OUR FIT 
7.84"0.8 OUR AVERAGE 
8,0+0,5:I:0.7 28GAISER 86 CBAL e + e  - ~ 7X 
7.0:I:2.0 27BIDDICK 77 CNTR e + e  - ~ 3,X 

r(~.~(zs))/r~,, 
VALUE (units 1O -2)  DOCUMENT ID TEEN COMMENT 

0.2B4"0.06 GAISER 86 CBAL e + e - ~  3,X 

r(~,ir 
VALUE (units 10 -2 ) C L ~  DOCUMENT /D TECN COMMENT 

r=/r 

ra?/r 

rae/r 

r39/r 

r~o/r 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.2 to 1.3 95 EDWARDS 82C CBAL e + e -  ~ 3,X 

r(Tx~ r41/r 
VALUE Iunlts io -4 ) C L ~  DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

< 54 95 29 LIBERMAN 75 SPEC e + e -  

<100 90 WI IK  75 DASP e + e -  

r(~r r~/r 
VALUE {units 10 -4 )  CL% EVT5 DOCUMENT tD TEEN COMMENT 

1.544"0.314"0.20 ~ 43 BAI 98F BES ~)(25) 

ir + ~r-- 2% 

~'+ ~'- 33, 
�9 �9 = We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

<60 90 30 BRAUNSCH... 77 DASP e + e -  

< I i  90 31 BARTEL 76 CNTR e + e-  

r(~)/r~=l ra/r 
VALUE (units 10 . 4  ) CL_~_~ DOCUMENT ID TEEN COMMENT 

<0 .9  90 BAI 98F BES t~(2S) ~ ~r+Tr-33,  

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

<2  90 Y A M A D A  77 DASP e + e -  ~ 33" 

r(~n(144o)--, ~lK~x)/rtot.. r~/r  
VALUE (units I0 -3  ) CL.__~ DOCUMENT ID TEEN COMMENT 

<0 .12  90 325CHARRE 80 MRK1 e + e  - 

25 Angular  distr ibut 'on (1+cos28)  assumed. 

26 Angular  distr ibut ion ( 1 - 0 . 1 8 9  cos 2 8) assumed. 

27Val id  for isotropic distr ibut ion of the photon. 

28 Angular  distr ibut ion ( 1 - 0 . 0 5 2  co528) assumed. 

29Restated by us using B ( r  ~ ,r # - )  = 0.0077. 

30 Restated by us using tota l  decay width 228 keV. 

31 The value is normalized to the branching ratio for r ( J / 9 ( 1 5 ) ~ / ) / r t o t a  I. 

32Includes unknown branching fraction ~/(1440) ~ KK~r .  

@(25) REFERENCES 
ARTAMONOV 0O PL B474 427 A.5. Artamonov et aL 
BAI 99C PRL 83 19IS J.Z. Bai et al. 
GU 99 PL B449 361 Y.F Gu, X H. Li 
BAI 98E PR D57 3854 J.Z. Baiet 31. 
BAI 98F PR D58 097101 J.Z. Baiet al. 
BAI 98J PRL 81 5080 J.Z Bai et aL 
ARMSTRONG 97 PR D55 1153 T A. Armstron~ et al. 
GRIBUSHIN 96 PR D53 4723 A. Grlbushi, et al. 
ANTONIAZZl 94 PR DS0 4258 L Antoniazzl et at. 
ARMSTRONG 93B PR D47 772 T.A, Armstrong et al. 
PDG 92 PR D45, 1 June, Part II K. Hikasa et at. 
ALEXANDER 89 NP B320 45 J.P. Alexander et at. 
COHEN 87 RMP 59 112t E.R. Cohen, B,N. Taylor 
GAISER a6 PR D34 711 J. Gaiser et aL 
KURAEV 85 SJNP 41 465 E.A, Kuraev, V.5, Fadin 

Translated from YAF 41 733. 

(BES Collab.) 

(BES Collab,) 
(BES Codab ) 
(BES Collab,) 
{E760 Collab.) 

(E705 Collab.) 
(ENAL E760 Collab.) 
(KEK, LBL, BOST+) 
(LBL, MICH, SLAG) 

(RlSC, NBS) 
(Crystal Ball Collab.) 

(NOVO) 
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g,(25) ,  '~(3770) 

FRANKLIN 
EDWARDS 
LEMOIGNE 
HIMEL 
OREGLIA 
SCHARRE 
ZHOLENTZ 

BRANDELtK 
BRANDEUK 
BARTEL 
TANENBAUM 
BIDDICK 
BRAUNSCH.,. 
BURMESTER 
FELDMAN 
YAMADA 
BARTEL 
TANENBAUM 
WHITAKER 
ABRAMS 
ABRAMS 
BOYARSKI 
HILGER 
LIBERMAN 
LUTH 
WIIK 

CHEN 
SUZUKI 
HOU 
BARATE 
AUBERT 
BRAUNSCH... 
CAMERINt 
FELDMAN 
GRECO 
JACKSON 
SIMPSON 
ABRAMS 

83 PRL 51 953 M.E.B. Franklin et at. {LBL, SLAC) 
82C PRL 48 70 C. Edwards et aL {aT, HARV, PRIN+) 
82 PL l t3B 509 Y. Lemoigne et aL (SACL, LOIC, 5HMP+) 
80 PRL 44 920 T. Himel et 31. (LBL, SLAC) 
80 PRL 45 959 M.J. Oreglia et ah (5LAC, CIT, HARV+) 
80 PL 978 az9 D.L Scharre et aL (5LAC, LBL) 
80 PL 968 2]4 A.A, Zholents et 31. (NOVO) 
8t SJNP 34 8t4 A.A. Zholents et a/. (NOVO) 

Translated from YAF 34 ]471, 
79B NP 8160 425 R. Brandelik et al. (DASP Cogab.) 
79C ZPHY C1 233 R. Brandelik et al. (DASP Collab.) 
7aB PL 79B 492 W. Bartel et aL (DESY, HEIDP) 
78 PR D17 1731 W.M Tanenbaum et al. (SLAC, LBL) 
77 PRL 38 1324 C.J. Biddick et aL (UCSD, UMD, PAV[+) 
77 PL 67B 249 W. Braunschweig et al. (OASP Collab) 
77 PL 65B 395 J. Burmester et aL (DESY, HAMB. 51EG+) 
77 PRPL 33C 285 G.J. Feidman, M.L. Ped (LBL, SLAC) 
77 Hamburg Conf. E9 S. Yamada (DASP Collab.) 
76 PL 64B 483 W. Barrel et aL (DESY, HEIDP) 
76 PRL 36 402 W.M, Tanenbaum et aL (SLAC. LBL) iG 
76 PRL 37 1596 J.S. Whitaker et aL {SLAG, LBL) 
75 Stanford Syrup. 25 G,S. Abrams (LBL} 
75B PRL 34 1181 G.S. Abrams er al. (LBL, 5LAC) 
75C Palermo Conf. 54 A.M, Boyarski et 31. (SLAC, LBL) 
75 PRL 35 625 E. H~lger et al. (STAN, PENN} 
75 Stanford Syrup. 55 A.D. Liberman {STAN) 
75 PRL 35 1124 V. Luth et aL (5LAC, LBL) JPC 
75 5tanfo{d Syrup. 69 B.H. Wiik (DESY) 

O T H E R  R E L A T E D  PAPERS 

9a PRL 80 5060 Y,Q. Chen, E. Braaten 
9B PR D57 5717 M. Suzukl 
97 PR D55 6952 Wei-Shu Hou 
83 PL 12tB 449 R. Barate et aL (SACL, LOiC, SHMP, IND) 
75B PRL 33 1624 J.J. Aubert et aL {MIT, BNL) 
75B PL 578 407 W. Braunschweig et al. (DASP Codab,) 
75 PRL 35 483 U. Camerinl et aL (WISE, 5LAC) 
758 PRL 35 821 G.J, Feldman er 31. (LBL SLAC) 
75 PL 56B 367 M. Greco, G. Pancheri-Srivastava, Y. Srlvastava 
75 NIM 128 13 J.D. Jackson, D L Scharre (LBL) 
75 PRL 35 599 J.W. Simpson et at. (5TAN, PENN) 
74 PRL 33 1453 G S. Abrams et al. (LBL, SLAG) 

1 (377o)1 16(j PC) = 0 - ( 1 - - )  

@(3770)  MASS 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 

3769.94"2.5 OUR EVALUATION Error includes scale factor of 1.8. From m ~ ( 2 S  ) and 

mass difference below. 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. i �9 �9 

3764 :E5 1 $CHINDLER 80 MRK2 e + e -  

3770 •  1 BACINO 78 DLCO e + e -  

3772 •  1 RAPIDIS 77 MRK1 e + e -  

l Errors include systematic common to all experiments. 

mM(3T/0 ) - -  mM(2$ ) 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 

g3.9-1-2.4 OUR AVERAGE Error includes scale factor of 1.8. See the ideogram below. 

80 •  SCHINDLER 80 MRK2 e + e  - 

86 •  2 BACINO 78 DLCO e + e -  

88 + 3  RAPIDIS 77 MRK1 e + e  - 

2SPEAR ~(2S)  mass subtracted (see SCHINDLER 80). 
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~b(3770), ~b(3836), ~b(4040) 

VALUE (MeV} 

@(3770) WIDTH 

DOCUMENT ID TECN COMMENT 
1r 1 IG(jPC) = 0 - ( I - - )  

23.64"2.7 OUR FIT Error includes scale factor of 1.1. 
25.34"2.9 OUR AVERAGE 
24 •  SCHINDLER 80 MRK2 e + e  - 
24 •  BACINO 78 DLCO e + e  - 
28 •  RAPIDIS 77 MRK1 e + e  - 

@(4040) MASS 

VALUE (MeV) DOCUMENT/D TECN COMMENT 

4040"+'10 BRANDELIK 78C DASP e + e  - 

@(3770) DECAY MODES 

Mode Fraction ( r / r )  Scale factor 

r I D D  dominant 

F2 e + e -  (1.12• x 10 - 5  1.2 

@(4040) WIDTH 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

52"1"10 BRANDELIK 78c DASP e + e  - 

~(4040) DECAY MODES 

Mode Fraction ( r i / r )  
@(3770) PARTIAL WIDTHS 

r(e+.-) 
VALUE (keY) DOCUMENT ID TECN COMMENT 

0,26 4"0.04 OUR FIT Error includes scale factor of 1.2. 
0.24 4-0.05 OUR AVERAGE Error includes scale factor of 1.2. 

0.276• SCHINDLER 80 MRK2 e + e  - 
0.1B +0.06 BACINO 78 DLCO e + e  - 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. * �9 �9 

0.37 •  3RAPIDIS 77 MRK1 e + e  - 

3See also r ( e +  e - ) / l ' t o t a  I below. 

F2 

@(3770) BRANCHING RATIOS 

r(oN/r~,, 
VALUE DOCUMENT ID TECN COMMENT 

dominant PERUZZl 77 MRK1 e + e  - ~ D D  

r~/r 

r2/r 

r I e + e-  (1.4 • 0.4) x 10 -5  

r 2 ODD 0 seen 

r 3 D * ( 2 0 0 7 ) 0 D O +  C.C. seen 

I- 4 D*(2007)~ ~ seen 

r 5 J / ~ ( 1 S )  hadrons 
r 6 /z+# - 

@(4040) PARTIAL WIDTHS 

r(,+e-) 
VALUE (keV) DOCUMENT ID TECN COMMENT 

O.754-0.15 BRANDELIK 78C DASP e + e-- 

r l  

@(4040) BRANCHING RATIOS 

r(e+e-)Ir=., 
VALUE (units 10 -5  ) DOCUMENT ID TECN COMMENT 

1.124.0.17 OUR FIT Error includes scale factor of 1.2. 

1.3 4"0.2 RAPIDIS 77 MRK1 e + e -  

@(3770) REFERENCES 

SCHINDLER BO PR D2I 2716 R.H. Schindler el al. (Mark II Collab.) 
BACINO 78 PRL 40 671 W.J. Bacino et aL (SLAC. UCLA, UCl) 
PERUZZI 77 PRL 39 1301 I. Perozzl et aL (Mark I Collab.) 
RAPIDIS 77 PRL 39 526 P.A. Rapidi$ et al. (Mark I Collab.) 

Ie(3836) I = 0 (2 - )  
OMITTED FROM SUMMARY TABLE 

Quantum numbers are not established. 

Seen in ~r • Li interactions by ANTONIAZZI 94 as a peak in the 
invariant mass of the J/@( iS)~r+~ - system. Possibly seen also 
in pLi interactions. Interpretation as a 3D 2 ( 2 - - )  charmonium 
state favored. Not  seen by BAI  98E in e + e -  interact ions. Needs 
conf i rmat ion.  

VALUE (MeV) EVT.~S 

@(3836) MASS 

DOCUMENT ID TECN COMMENT 

r(e+r)IF~= 
VALUE (ullits 10 -5 } DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

1.0 FELDMAN 77 MRK1 e + e -  

r(o ~176 o~o + c.c.) 
VALUE DOCUMENT ID TEEN COMMENT 

0.05 4"0.03 1 GOLDHABER 77 MRK1 e + e -  

r(o* (2007)~176 (O* (2007)0 ~ 0 + c.c.) 
VALUE DOCUMENT ID TECN COMMENT 

32.04.12.0 1 GOLDHABER 77 MRK1 e + e  - 

1 Phase*space factor (p3) explicit ly removed. 

r , / r  

r=Irs 

F41r3 

r REFERENCES 

BRANDELIK 78C PC 76B 361 R. Brandelik et aL 
AlSo 79C ZPHY C1 233 R. Brandelik et aL 

FELDMAN 77 PRPL 33C 285 G.J, Feldman. M.L Perl 
GOLDHABER ;'7 PL 69B 503 G, Goldhaber et aL 

OTHER RELATED PAPERS - -  
HEIKKILA 
ONO 
SIEGRIST 
AUGUSTIN 
BACO 
BOYARSKI 
ESPOSITO 

(DASP Collab,) 
(DASP Collab,) 

(LBL, SLAC) 
(Mark I Collab.) 

84 PR D2g 110 K. Heikkila, N.A. Tomqvist, S. Ono (HELS, AACHT) 
84 ZPHY C26 307 S. Ono (ORSAY) 
82 PR D26 969 J.L Siegrist er aL (SLAC. LBL) 
75 PRL 24 764 J.E. Augustln e! aL (SLAC, LBL) 
75 PL 58B 481 C. Bacc[ et aL (ROMA, FRAS) 
75B PRL 34 762 A.M Boyarski et al. (SLAC. LBL) 
75 PL 5aB 478 B. Esposito et aL (FRAS, NAPL, PADO+) 

3836"t-13 58 + ANTONIAZZI  94 E705 ~r'l-Li ~ J / ~ + ~ - X  m 
21 

@(3836) DECAY MODES 

Mode Fraction ( r ) / r )  

F I J/~(1 S) :r "K- seen 

~(3836) REFERENCES 

BAI 98E PR D57 3854 J.Z. Bal et M. (BES Collab.) 
ANTONIAZZl 94 PR D50 425B L. Antonlazzi et aL (E705 Collab.) 
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1 ,(416o)1 I6(j PC) = 0 - ( 1 - - )  

@(4160) MASS 

VALUE IMeV~ DOCUMENT ID TECN COMMENT 

41594-20 BRANDELIK 78c DASP e + e  - 

@(4160) WIDTH 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

711=E20 BRANDELIK 78c DASP e + e  - 

@(4160) DECAY MODES 

Mode Fraction ( F i / F )  

FI e+e - (lO• x 10 - 6  

@(4160) PARTIAL WIDTHS 

r(,+o-) 
VALUE (keY) DOCUMENT ID TECN COMMENT 

0.7/-1"0,2.3 BRANDELIK 78C DASP e + e  - 

F1 

@(4160) REFERENCES 

BRANDELIK 78C PL 76B 36t R. Brandelik er aL 

OTHER RELATED PAPERS 

IDDIR 98 PL B433 125 F. Iddlr et aL 
ONO 84 ZPHY C26 307 S. Ono 
BURMESTER 77 PL 66B 395 J. Burrnester et al. 

(DASP Collab.) 

(ORSAY) 
(DESY, HAMB, SIEG+) 

le(4415)1 
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%b(4160), %#(4415) 

Ie(J PC) = 0 - ( i - - )  

@(4415) MASS 

VALUE (MeV) DOCUMENT IO TECN COMMENT 

4415 -I- 6 OUR AVERAGE 
4 4 1 7 •  BRANDELIK 78C DASP e §  - 

44144- 7 SIEGRIST 76 MRK1 e + e  - 

@(4415) WIDTH 

VALUE (MeV) DOCUMENT /D TCCN COMMENT 

43=E15 OUR AVERAGE Error includes scale factor of 1,8. 

66:E15 BRANDELIK 78c DASP e + e  - 

3 3 ~ 1 0  SIEGRIST 76 MRK1 e + e  - 

@(4415) DECAY MODES 

Mode Fraction ( F i / F )  

F 1 hadrons dominant 
F 2 e + e-  (1.1• x 10 -5 

@(4415) PARTIAL WIDTHS 

r(,+,-) 
VALUE {keV) DOCUMENT iD TECN COMMENT 

0.474-0,10 OUR AVERAGE 
0 .49 •  BRANDELIK 78C DASP e + e  - 

0 A 4 •  SIEGRIST 76 MRK1 e + e  - 

@(4415) BRANCHING RATIOS 

r(hadrons)/rtot=, 
VALUE DOCUMENT ID TECN COMMENT 

dorfllnaM SIEGRIST 76 MRK1 e + e -  

@(4415) REFERENCES 

BRANDELIK 78C PL 76B 361 R. Br<~ndelik et al. 
SIEGRIST 76 PRL 36 700 J.L. Siegrist et al. 

- -  OTHER RELATED PAPERS 

BURMESTER 77 PL 66B 395 J. Burmester et aL 
LUTH 77 PL 70B 120 V. Luth et a/. 

F2 

n/r 

(DASP Collab ) 
(LBL. SLAC) 

(DESY, HAMB, SIEG+) 
{LBL, SLAC) 



672 

Meson Particle Listings 
Bottomonium 

II II 
W I D T H  D E T E R M I N A T I O N S  O F  
T H E  ~" S T A T E S  

As is the case for the J / r  and r  the full widths 

of the bb states T(1S), T(2S), and T(3S) are not directly 

measurable, since they are much narrower than the energy 

resolution of the e+e - storage rings where these states are 

produced. The common indirect method to determine F starts 

from 

r = rtdBet, (1) 

where Ftt is one leptonic partial width and Ble is the cor- 

responding branching fraction (2 = e, #, or ~-). One then 

assumes e-~-7- universality and uses 

Fee : Fee 

Bee = average of Bee, Bgg, and BT~ �9 (2) 

The electronic partial width Fee is also not directly measur- 

able at e+e - storage rings, only in the combination [~eeI~had/F, 

where Fhad is the hadronic partial width and 

Fhad + 3Fee = r .  (3) 

This combination is obtained experimentally from the energy- 

integrated hadronic cross section 

a(e+e - --~ ~ hadrons)dE T 

r e s o n a n c e  

6r  2 FeeFhad 67r 2 F~0e)Fhad C(0) 
=M~ V C~-MS V ~ ' (4) 

where M is the T mass, and Cr and C (~ are radiative correction 

factors. Cr is used for obtaining Fee as defined in Eq. (1), and 

contains corrections from all orders of QED for describing 

(bb) ~ e+e - .  The lowest order QED value F(e ~ relevant for 

comparison with potential-model calculations, is defined by the 

lowest order QED graph (Born term) alone, and is about 7% 

lower than Fee. 

T H E  B O T T O M O N I U M S Y S T E M  

T(l1020) 

T (10860) 

T (4S) 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

BB threshold 

-" "~i(~5 "~ b0(2P) Xbl (2P) Zb2 (2P) 

h a d r o n ~ ~ ~ ' - - - ~  

"" "~b'(i};" "" T (1S) 

jPC = 0-+ 1--  1 +- 0 ++ 1 ++ 2 ++ 

The level scheme of the bb states showing experimentally established states with solid lines. Singlet states are 
called 7]b and hb, triplet states T and XbJ. In parentheses it is sufficient to give the radial quantum number and 
the orbital angular momentum to specify the states with all their quantum numbers. E.g., hb(2P) means 21p1 
with n = 2, L = 1, S = 0, J = 1, P C  = + - .  If found, D-wave states would be called 7]b(nD) and Tj (nD) ,  
with J = 1,2,3 and n = 1, 2, 3, 4, . . . .  For the Xb states, the spins of only the Xb2(1P) and Xbl(1P) have been 
experimentally established. The spins of the other Xb are given as the preferred values, based on the quarkonium 
models. The figure also shows the observed hadronic and radiative transitions. 



See key on page 239 

The Listings give experimental results on Bee, B , ~ I ~ ,  Brr, 
and Feerhad/F. The entries of the last quantity have been 
re-evaluated consistently using the correction procedure of 
KURAEV 85.The partial width Fee is obtained from the average 

values for FeeFhad/F and B~t using 

Feerhad 

Fee = F(1 - 3Bt~) " (5) 

The total width F is then obtained from Eq. (1). We do not 

list Fee and F values of individual experiments. The Fee values 
in the Meson Summary Table are also those defined in Eq. (1). 

ir( s)l : o-<1--> 

T(1S) MASS 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 

9460.304-0.26 OUR AVERAGE Error includes scale factor of 3.3. 
9460.51•177 1 ARTAMONOV 00 MD1 e•  - ~ hadrons | 
9459.97• MACKAY 84 REDE e+e - ~ hadrons 
�9 �9 e We do not use the following data for averages, fits, limits, etc. �9 �9 * 

9460.60•177 2,3BARU 92B REDE e+e - ~ hadrons 
9460.59• BARU 86 REDE e+e - ~ hadrons 
9460.6 • 3,4ARTAMONOV 84 REDE e•  - ~ hadrons 

1 Reanalysis of BARU 92B and ARTAMONOV 84 using new electron mass (COHEN 87). I 
2 Superseding BARU 86. 
3 Superseded by ARTAMONOV 00. I 
4Value includes data of ARTAMONOV 82. 

?(IS) WIDTH 

VALUE (keV) DOCUMENT ID 

52.54"1.8 'OUR EVALUATION See the Note on Width Determinations of the T states. 

T(1S) DECAY MODES 

Mode Fraction (Fi/F) Confidence level 

rl , + , -  (2.67+~:Ib'/. 
F 2 e + e- (2.38• % 

r3 ~,+#- (2.48• % 

Hadronic decays 
1- 4 Jlr (1.1 • ) X 10 -3  
r5 p. < 2 x 10 -4 

r 6 /i .4- 7r-- < 5 x 10 -4 

r7 K+K- < 5 x 10 - 4  
r8 p~ < 5 x 10 - 4  

r9 ~o Ir + 7r-- < 1.84 x 10 - 5  

r i o  D * ( 2 0 1 0 ) •  anything 

Radiative decays 
ru 7~+~r - (6.3 •  ) x 10 - 5  

F12 71r0;T 0 (1.7 • ) x 10 - 5  

F13 7 2 h + 2 h  - (7.0 • ) x 10 - 4  
1-14 7 3 h + 3 h  - (5.4 • ) x l 0  - 4  
F15 7 4 h + 4 h  - (7.4 • ) x 10 - 4  
r16 77r+rr-K+K - (2.9 --0.9 )xl0 -4 

El7 72~+2~r  - (2.5 • ) x 10 - 4  
r18 ")'3~r+3~r - (2.5 • ) x l o  - 4  
F19 7 2 r + 2 ~ r - K + K  - (2.4 • ) x l O  -4  
[-20 7 1 r + T r - P P  (1.5 • ) x l o  - 4  
[-21 727r + 2 ~  p p  (4 •  } x 1 0  - 5  

90% 
90% 
90% 
90% 

90% 
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F22 7 2 K + 2 K  - (2.0 • ) x 10 . 5  
r23 1,r/(958) < 1.3 x 10 - 3  90% 

r24 77 < 3.5 x 10 - 4  90% 
1-25 7 f ~ ( 1 5 2 5 )  < 1.4 x 10 - 4  90% 

F26 7 f2(1270)  (8 •  ) x 10 - 5  
F27 77(1440)  < 8.2 x 10 - 5  90% 
r20 7f0(1710) -~ 7 H E  < 2.6 x 10 - 4  90% 
r29 7fo(2200)  ~ 7 K + K  - < 2 x 10 - 4  90% 
r3o 7 f j ( 2 2 2 o )  -~ 7 K + K  - < 1.5 x lO - 8  90% 

r31 717(2225) ~ 7r < 3 x 10 - 3  90% 
F32 "TX < 3 x 10 - 5  90% 

X = pseudoscalar with m <  7.2 GeV) 

1-33 7XX < 1 x 10 - 3  90% 
X X  --- vectors with m <  3.1 GeV) 

r(1S) r(i)r(e + e-)/r(tota0 

r(~+e-) x r0,+l,-)/r~, r2r31r 
VALUE (eV) DOCUMENT ID TECN COMMENT 

31.24-1.64:1.7 KOBEL 92 CBAL e+e - ~ # 4 - p -  

r(hadro.@ x r(,+e-)/r~, ror2/r 
VALUE (keV} DOCUMENT ID TEEN COMMENT 

1.2164-0.027 OUR AVERAGE 
1.187•177 5 BARU 92B MD1 e + e -  ~ hadrons 
1.23 • • 5 JAKUBOWSKI 88 CBAL e + e - ~  hadrons 
1.37 • • 6 GILES 84B CLEO e + e - - ~  hadrons 
1.23 • • 6 ALBRECHT 82 DASP e + e - ~  hadrons 
1.13 • • 6NICZYPORUK 82 LENA e+e - ~ hadrons 
1.09 • 6BOCK 80 CNTR e+e - ~ hadrons 
1.35 • 7BERGER 79 PLUT e+e - ~ hadrons 

5 Radiative corrections evaluated following KURAEV 85. 
6Radiative corrections reevaluated by BUCHMUELLER 88 following KURAEV 85. 
7 Radiative corrections reevaluated by ALEXANDER 89 using B(##) = 0.026. 

T(iS) PARTIAL WIDTHS 

r(e+o-) 
VALUE (keV) DOCUMENT ID TEEN 

1.$24-0.04.1.0.03 8 ALBRECHT 95E ARG 

0 Applying the formula of Kuraev and Eadin. 

COMMENT 

e § e- ~ hadrons 

F2 

T(1S) BRANCHING RATIOS 

r(r+ T-)/rt=i i  
VALUE EVT5 

0 0267 +0"0014 t~ ,o  AVERAGE 
�9 - 0.001g v v ,  

0 0261 • 0 0012 +0.0009 �9 " -0.0013 25k 
0.027 4-0.004 4-0.002 

0.034 • • 

DOCUMENT ID 

n / r  
TECN COMMENT 

CINABRO 

9 ALBRECHT 

GILES 

9413 CLE2 e+e - --* ~ ' + r -  

85C ARG T(2S) 
~-4- x . - , r+  r - 

83 CLEO e + e -  ~ r 4 - ' r -  

9Using B(T(15) ~ ee) = B ( T ( I $ )  ~ /~#) = 0.0256; not used for width evaluations. 

rO,+~,-)/r~, rs/r 
VALUE E V T S  DOCUMENT ID TEEN COMMENT 
0.0248•  OUR AVERAGE 
0.0249•177 ALEXANDER 98 CLE2 T(25) 

7r+~r- # + # -  

0.0212•177 10 BARU 92 MD1 e+e - 
#+  # -  

0.0231• 10KOBEL 92 CBAL e+e - 
#4- # -  

0.0252•177 CHEN 898 CLEO e+e - -~ 
p + / ~ -  

0.0261•177 KAARSBERG 89 CSB2 e+e - ~+.- 
0.0230 • 0,0025 • 86 ALBRECHT 87 ARG T(2S} 

~ r + x - p + / ~ - -  
0.029 d-0.003 • 864 BESSON 84 CLEO T(2S)--*  

~+ ~r-/~+ #-- 
0.027:1:0.003 • ANDREWS 83 CLEO e + e - ~  

/~§ 

0.032 • • ALBRECHT 82 DASP e+e - 
/~+#-- 

0.038 • • NICZYPORUK 82 LENA e+e - 
# + / j -  

0.014 +0.034 BOCK 80 CNTR e+e - -0.014 # + / _  

0.022 4:0.020 BERGER 79 PLUT e + e - ~  
# + / ~ -  

10 Taking into account interference between the resonance and continuum, 
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r(e + e - ) / r~ l  rdr 
VALUE E V T S  DOCUMENT ID TECN COMMENT 
0.02~-I- 0.0011 OUR AVERAGE 
0.0229•177 ALEXANDER 98 CLE2 T(2S) 

~ r + ~ r - e +  e - 
0.0242 • 0.0014 :E 0.0014 307 ALBRECHT 87 ARG T(2S)  

.~+ ~ - e +  e - 
0.028 •  •  826 BESSON 84 CLEO 7 ( 2 5 )  

~ + ~ - e + e  - 
0.051 •  BERGER 80C PLUT e+e  - 

e + e  - 

r(J/,~(ZS) anythinr r4/r 
VALUE (units 10 -3  ) CL~'~ DOCUMENT ID TECN COMMENT 

< 0,68 90 ALBRECHT 92J ARG e + e -  ~ e + e -  X, 
e + e  - ~ p + # - X  

1.1 -1-0.4:b0.2 11 FULTON 89 CLEO e + e  - ~ / J + # - X  
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

< 1.7 90 M A S C H M A N N  90 CBAL e + e -  ~ hadrons 
<20 90 NICZYPORUK 83 LENA 

11Using B ( { J / r  ) ~ # + p - )  = 46,9 ~ 0.9)%, 

r0r+ x-)/F~xa F6/F 
VALUE (units ]0 -41 CL~ DOCUMENT ID TECN COMMENT 

<5  90 BARU 92 MD1 T (1S)  ~ ~r+x  - 

r(K+ K-) Ir~= rdr  
VALUE (units 10 -4  ) C L . ~  DOCUMENT ID TECN COMMENT 

< 5  90 BARU 92 MD1 T (1S)  ~ K + K -  

r(pp-)Ir~, ro/r 
VALUE {units 10 -41 C L ~  DOCUMENT ID TEEN COMMENT 

<5  90 12 BARU 96 MD1 7(151  ~ p~  

12 Supersedes BARU 92 in this node. 

r(~O x+ ~-)/r~.~ rdr 
VALUE {units 10 -5  ) C L ~  DOCUMENT ID TEEN COMMENT 

<1.1~ 90 ANASTASSOV 99 CLE2 e + e -  ~ hadrons 

r(~x)/r~,, rsdr 
( X  = pseudoscalar with m <  7.2 GeV) 

VALUE (u~its 10 -5  ) CL.~.~ DOCUMENT ID TECN COMMENT 

< 3  90 13 BALEST 95 CLEO e + e -  ~ 3' + X 

13 For a noninteractin~ p~udoscalar X wi th mass < 7,2 GeV. 

r ( - / x ~ ) / r ~  r3z/r 
4XX" = vectors with m <  3.1 GeV) 

VALUE (units ]0 -3  ) CL__~_~ DOCUMENT ID TEEN COMMENT 

<1  90 14 BALEST 95 CLEO e + e- ~ 3' + XX 

14For a noninteracting vector X with mass < 3.1 GeV. 

r(-r~+~r-)Ir==, 
VALUE (units 10 -4}  EVTS DOCUMENT ID TECN COMMENT 

r10/r 

<10 90 BLINOV 90 MD1 T(1S)  ~ p0~0  
<21 90 NICZYPORUK 83 LENA T ( 1 5 )  ~ p01r0 

r (D* (2010)• an~hing) Irtotam rzo/r 
VALUE(units 10 -3 ) CL.__~ DOCUMENT ID TEEN COMMENT 

I <19 90 1 7 A L B R E C H T  92J ARC e + e  - ~ DOx- I 'X  

17For xp > 0.2. 

r(~(z44o))/r~= r2~/r 
VALUE (units 10 -5}  C L ~  DOCUMENT ID TEEN COMMENT 

<8 .2  90 18FULTON 90B CLEO T ( I S )  ~ " I K + ~ : K  0 

18includes unknown branching ratio of  r/41440 ) ~ K • ~:1: K O. 

r(~r r~/r 
VALUE(unitslO -3 ) C L ~  DOCUMENT ID TEEN COMMENT 

<1.3  90 S C H M I T T  88 CBAL 7 (1S)  ~ "yX 

r(~)/r~. ,  r=4/r 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

r(~.+.-)fr~,i  rldr 
VALUE (units tO -5 ) DOCUMENT ID TEEN COMMENT 

0.$.1.1.24.1.3 15 ANASTASSOV 99 CLE2 e + e -  ~ hadrons I 
15For mTrTr >1 GeM. I 

r(~.~176 rldr 
VALUE {units 10 -51 DOCUMENT IO TEEN COMMENT 

1,7-1-0,6-F0,3 16 ANASTASSOV 99 CLE2 e + e -  ~ hadrons m 
16For m~r~r >1 GeV, I 

r(~2.+2~-)/rto., rzdr 
VALUE (units 10 -4 )  EVTS DOCUMENT ID TECN COMMENT 

2.5-1-0.7"I'0.5 26 • FULTON 90B CLEO e + e  - ~ hadrons 
7 

r(7. +,r- K + K- ) / r~ . ,  rldr 
VALUE (u~its IO -4  ) EVT5 DOCUMENT 10 TEEN COMMENT 

2.eJ'I-0.7~0,6 29 • FULTON 908 CLEO e + e -  ~ hadrons 
8 

r(~.+.-pp)/r~l  ra/r 
VALUE (units 10 -4  ) EVTS DOCUMENT ID TECN COMMENT 

1.5"1-0.5-1"0.3 22 • FULTON 90B CLEO e + e -  ~ hadrons 
6 

r(~2K+2K-)lrto~l r . / r  
VALUE {units 10 -4)  E V T S  DOCUMENT ID TEEN COMMENT 

0.2 4-0.2 2 :5  2 FULTON 90B CLEO e + e -  --* hadrons 

VALUE lu'nits 10 -( ) CL__~ DOCUMENT fD TEEN COMMENT 

<3.5  90 S C H M I T T  88 CBAL T ( I S )  ~ 3"x 

r(~(zs25))/r,~., r2./r 
VALUE (units 10 -5 ) CL~  DOCUMENT ID TEEN COMMENT 

< 1 4  90 19 FULTON 90B CLEO 7 (1S)  ~ " / K + K  - 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<19.4 90 1 9 A L B R E C H T  89 ARG 7 4 1 5  ) ~ 3 " K + K  - 

19Assuming: B(f~41525 ), ~ K K )  = 0.71. 

r ( ~  f o ( Z T Z O ) - *  7 K ~ / r ~ a ,  r 2 0 / r  

VALUE {units 10 -4 ) CL~  DOCUMENT /D TEEN COMMENT 

< 2.6 90 2 0 A L B R E C H T  89 ARG 7 ( 1 S )  ~ ? K + K  - 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

< 6.3 90 20 FULTON 90B CLEO T(1S)  ~ " fK  + K -  

<19 90 20 FULTON 90B CLEO 7 ( 1 5 )  ~ ~ K  0 K 0 

< 8 90 21 ALBRECHT 89 ARG T ( 1 5 )  ~ 3"~r+~r- 
<24  90 2 2 S C H M I T T  88 CBAL 7 (151  ~ 'TX 

20Assuming B(f0(1710 ) ~ K K )  = 0.38. 
21Assuming B(f041710 ) ~ ~rx) = 0.04. 
22Assuming B(f0(1710 ) ~ ~ / )  = 0.18. 

r(~ f2(1270))/r~,,, r~/r 
VALUE (units 10 -5~ , C L ~  DOCUMENT ID TEEN COMMENT 

8.14-2.3+_2:? 9 23 ANASTASSOV 99 CLE2 e + e - ~  hadrons I 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<21 90 23 FULTON 90B CLEO 7 (1S)  ~ 3"~r + ~ -  
<13  90 2 3 A L B R E C H T  89 ARC 7 (151  ~ 3 " ~ + x -  
<81 90 S C H M I T T  88 CBAL 7(151 ~ 3"X 

23Using B(f2(1270 ) -~ x x )  = 0.84. 

2.5 -I-0.9=1=0.8 17 • 
5 

r (7 2~r+ 27- K + K- ) / r ~ l  
VALUE (units 10 -4  ) EVTS 

2.4 :E0.9+0.6  18 • 
7 

r(~2~+ 2x- pp) /r~,  
VALUE (units 10 .4  ) EVT5 

0 . 4 * 0 . 4 * 0 . 4  7 :J: 6 

r(,y2h+ 2h-) /r~  
VALUE (units 10 -4 ) EVTS 

7,0:1::1.1 ::1:1.0 80 • 
12 

r (-f 3h+ 3h-) /rtotal 
VALUE (units 10 -4  ) EVTE 

5.4::J::1.5• 1.3 39 • 
11 

r(-f4h+ 4h-)/rtotil 
VALUE (units 10 -4)  EVTS 

7.4::E 2.5:E 2,5 36 • 
12 

r(p.)/r~., 
VALUE {units 10 -4 ) CL.~.~ 

< 2 90 

FULTON 90B CLEO e + e  - ~ hadrons 

r21/r 
DOCUMENT ID TEEN COMMENT 

FULTON 90B CLEO e + e -  ~ hadrons 

r~s/r 
DOCUMENT I0 TEEN COMMENT 

FULTON 90B CLEO e + e  - ~ hadrons 

rz4/r 
DOCUMENT ID TECN COMMENT 

FULTON 90B CLEO e + e  - ~ hadrons 

rzs/r 
DOCUMENT ID TEEN COMMENT 

FULTON 90B CLEO e + e -  ~ hadrons 

rdr 
DOCUMENT ID TEEN COMMENT 

FULTON 90B T(1S)  ~ p0~r0 

FULTON 908 CLEO e + e  - ~ hadrons 

r~,/r 
DOCUMENT ID TECN COMMENT 



See key on page 239 

r(~ 0(2220) -,  7 K+  K - ) / r ~ = ,  r~o/r 
VALUE (units 10 -5 ) CL~.~ DOCUMENT ID TEEN COMMENT 

< 1.5 90 2 4 F U L T O N  90B CLEO T ( 1 5 )  ~ 3 " K + K  - 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. i �9 �9 
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Meson Particle Listings 
T ( 1 S ) ,  Xbo(1P), Xbl(1P) 

< 2.9 90 2 4 A L B R E C H T  89 ARG T ( 1 S )  ~ ~ K + K  - 

<20 90 24 BARU 89 MD1 T ( 1 5 )  ~ 3"K + K -  

24Including unknown branching ratio of fJ(2220) ~ K + K - - .  

F(-r r/(2225) --, -y~)/Ftocal r s d r  
VALUE EL% DOCUMENT ID TECN COMMENT 

' (0 .00 "~ 90 25 BARU 89 MD1 T (1S)  

3 " K +  K -  K +  K - 

25 Assuming tha t  the x/(2225) decays only into ~ ~. 

r(-/fo(2200) --, "yK + K-)Ir~otai r~Ir 
VALUE ~ DOCUMENT ID TEEN COMMENT 

<0.0002 90 26 BARU 89 MD1 T ( l S )  ~ 3 . K + K  - 

26 Assuming tha t  the f0(2200) decays only into K + K - .  

T(15) REFERENCES 

ARTAMONOV O0 PL B474 427 A.S. Artamonov et aL 
ANASTASSOV 99 PRL 82 286 A. Anastassov et al. 
ALEXANDER 9S PR D58 052004 J.P. Alexander et at. 
BARU 96 PRPL 267 71 S.E. Baru et aL 
ALBRECHT 95E ZPHY C65 619 H. Albrecht et aL 
BALEST 95 PR D51 2053 R. Balest et aL 
CINABRO 94B PL B340 129 D. Cinabro et aL 
ALBRECHT 92J ZPHY CSS 25 H. Albrecht et al. 
BARU 92 ZPHY C54 229 S,E. Baru et aL 
BARU 92B ZPHY CS6 547 S.E. Baru et al. 
KOBEL 92 ZPHY C53 193 M, Kobei et aL 
BLINOV 90 PL B245 311 A.E. Blinov et aL 
FULTON 90B PR D41 1401 R. Fulton et aL 
MASCHMANN 90 ZPHY C46 555 W.S. Maschmann et at. 
ALBRECHT 89 ZPHY C42 349 H. Albrecht et aL 
ALEXANDER 89 NP B320 45 J.P. Alexander et aL 
BARU 89 ZPHY C42 505 S.E. Baru et aL 
CHEN 89B PR D39 3528 W.Y. Chen et aL 
FULTON 89 PL B224 445 R. Fulton et aL 
KAARSBERG 89 PRL 62 2077 T.M. Kaacsberg et at. 
BUCHMUEL.. 88 HE e+e - Physics 412 W. Buchmueller. S. Cooper 

Editors: A. All and P. Soedlng. World Scientific. Singapore 
JAKUBOWSKI 88 ZPHY C40 49 Z. Jakubowski et al. 
SCHMITT 88 
ALBRECHT 87 
COHEN , 87 
BARU 86 
ALBRECHT 85C 
KURAEV 85 

ARTAMONOV 84 
BESSON 84 
GILES S4B 
MACKAY 84 
ANDREWS 83 
GILES a3 
NtCZYPORUK 83 
ALBRECHT 82 
ARTAMONOV 82 
MCZYPORUK 62 
BERGER 80C 
BOEK 80 
BERGER 79 

KOENIGS... 
ALBRECHT 
ARTAMONOV 
ARTAMONOV 
BERGEn 
BIENLEIN 
DARDEN 
GAREDCK 
KAPLAN 
YOH 
COBB 
HERB 
INNES 

ZPHY C40 199 P. Schmitt et al. 
ZPHY C35 283 H. Albrecht et at. 
RMP 59 1121 E,R. Cohen. B,N. Taylor 
ZPHY C30 551 S.E. Baru'et aL 
PL 154B 452 H. Albrecht et aL 
SJNP 4t 466 E.A. Kuraev. V.S. Fadin 
Translated from YAF 4t 733. 
PL ]37B 272 A.S. Artamonov et aL 
PR D30 1433 D. Besson et al. 
PR D29 1285 R. Giles et al. 
PR D29 2483 W.W. MacKay et at. 
PRL 50 807 D.E. Andrews et at. 
PRL 50 877 R. Giles et 31. 
ZPHY C17 ]97 B. Niczyporuk et aL 
PL ]I6B 383 H. Albrecht et 3L 
PL 1laB 225 A.S. Artamonov et aL 
ZPHY C]S 299 B. Niczypo~uk et 3/. 
PL 93B 497 C. Berger et al. 
ZPHY C6 126 P. Bock et aL 
ZPHY C] 343 C. Berger et al. 

- -  OTHER RELATED PAPERS - -  

DESY 86/136 K. Koenigsmann 
PL ]34B 137 H. Albrecht et aL 
PL 137B 272 A.S. Artamonov et aL 
PL 1taB 225 A.S. Artamonov et aL 
PL 76B 243 C. Berger et 31. 
PL 78B 360 J.K. Bienleln et al. 
PL 76B 246 C,W. Darden et al. 
PR D18 945 D.A. Garelick et at. 
PRL 40 435 D,M. Kaplan et aL 
PRL 41 684 J.K. Yoh et a/. 
PL 72B 273 J.H. Cobb et al. 
PRL 39 252 S.W. Herb et aL 
PRL 39 1240 W.R. Innes et aL 

(CLEO Coilab.) 
(CLEO Coflab.) 

(NOVO) 
(ARGUS Coqlab.) 

(CLEO Collab.) 
(CLEO Collab,) 

(ARGUS Collab.) 
(NOVO) 
(NOVO) 

(Crystal Ball Collab.) 
(NOVO) 

(CLEO Collab.) 
(Crystal Ball Collab.) 

(ARGUS Collab.) 
(LBL. MJCH. SLAg) 

(NOVO) 
(CLEO Coffab.) 
(CLEO CoHab.) 
(CUSB Collab.) 

(HANN. DESY. MIT) 

(Crystal Ball Collab.)IGJPC 
(Crystal Ball Collab.) 

(ARGUS Collab.) 
(RISE. NBS) 

(NOVO) 
(ARGUS Collab.) 

(NOVO) 
(NOVO) 

(CLEO Eollab.) 
(CLEO Collab.) 
(CUSB Collab.) 
(CLEO Collab.) 

(HARV. OSU. ROCH. RUTG+) 
(LENA Collab.) 

(DESY, DORT. HEIDH+) 
(NOVO) 

(LENA Collab,) 
(PLUTO Collab.) 

(HEIDP. MPIM. DESY, HAMB) 
(PLUTO Coflab.) 

(OESY) 
(ARGUS Colla b.) 

(NOVO) 
(NOVO) 

(PLUTO Collab.) 
(DESY. HAMB. HEIDP+) 
(DESY. DORT. HEIDH+) 

(NEAS. WASH. TUFTS) 
(STON. FNAL. COLU) 
(COLU, FNAL. STON) 

(BNL. CERN. SYRA. YALE) 
(COLU. FNAL. STON) 
(COLU. FNAL. STON) 

I I IG(jPC) = 0+(0 + +) Xb0(1P) J needs confirmation. 

Observed in radiative decay of the T(2S), therefore C = +. Branch- 
ing ratio requires E1 transition, M1 is strongly disfavored, therefore 
P = + .  

X~o(1P) MASS 

VALUE (MeV} DOCUMENT ID TEEN COMMENT 

NSg.9-1-1,0 OUR AVERAGE 
9860.0:50.8:51.2 1 EDWARDS 99 CLE2 T (2S)  ~ 3 `x (1P)  
9859 .9 :50 .5 •  1 ALBRECHT 85E ARG T ( 2 S )  ~ conv.3`X 
9 8 5 8 . 1 • 1 7 7  1 NERNST 85 CBAL T(2S)  ~ 3`X 
9864 .0 •  •  1 HAAS 84 CLEO T ( 2 5 }  ~ conv.3.X 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, e t c . � 9  �9 �9 

9 8 7 2 . 8 • 1 7 7  1 KLOPFEN.. .  83 CUSB T ( 2 5 )  ~ 3`X 

1 From 3' energy below, assuming T (2S)  mass = 10023.3 MeV. 

-/ENERGY IN T(2S)  DECAY 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 

162.1=1:1.0 OUR AVERAGE 
1 6 2 . 0 • 1 7 7  EDWARDS 99 CLE2 T (2S)  ~ 3 `x (1P)  
162.1:50.5:51.4 ALBRECHT 85E ARG T ( 2 5 )  ~ conv.3`X 
1 6 3 . 8 • 1 7 7  NERNST 85 CBAL T ( 2 5 )  ~ 3`X 
158 .0 •  •  HAAS 84 CLEO T ( 2 S ) ~  conv.3.X 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 * �9 

149.4:50.7:55.0 KLOPFEN.. .  83 CUSB T(2S)  ~ 3`X 

Xbo(1P) DECAY MODES 

Mode Fraction ( F i / i - )  Confidence level 

F 1 -y T ( 1 S )  <6 % 90% 

Xbo(1P) BRANCHING RATIOS 

r(7 T(ls) ) / r~,  r11r 
VALUE CL~ DOCUMENT ID TEEN COMMENT 

<0,06 90 WALK 86 CBAL T (2S)  ~ 3 ` ' T t + t  - 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

<0.11 90 PAUSS 83 CUSB T (2S)  ~ 3.3`~+t- 

Xbo(1P) REFERENCES 

EDWARDS 99 PR D59 032003 K.W. Edwards et aL (CLEO Collab.) 
WALK 86 PR D34 2611 W.S. Walk et al. (Crystal Barl Collab.) 
ALBRECHT 85E PL 160B 331 H. Albrecht et aL IARGUS Collab.) 
NERNST 85 PRL 54 2195 R. Nemst et at. (Crystal Ball Collab.) 
HAAS 84 PRL 52 799 J. Haas et aL (CLEO Collab.) 
KLOPFEN... 83 PRL 51 160 C. Klopfenstein et at. (CUSB Collab.) 
PAUSS 83 PL 130B 439 F. Pauss et aL (MPIM, COLU. CORN, LSU+) 

Iz ,(1P)l IG(J PC) = 0 + ( 1 + + )  
J needs confirmation. 

Observed in radiative decay of the T(2S), therefore C = +, Branch- 
ing ratio requires E1 transition, M1 is strongly disfavored, therefore 
P = +. J = 1 from SKWARNICKI 87. 

Xbl(1P) MASS 
VALUE (MeV) DOCUMENT ID TEEN COMMENT 

91192.7-1"0.6 OUR AVERAGE Error includes scale factor of 1.1. 
9893 .7 :50 .4+0 .6  i EDWARDS 99 CLE2 T ( 2 S )  ~ 3`x(1P)  

9 8 9 0 . 7 •  1 W A L K  86 CBAL T ( 2 5 )  - ~  3 ` 3 ` l + l  - 
9890 .7 :50 .3•  1 ALBRECHT 85E ARG T (2S)  --* conv.3`X 
9 8 9 1 . 8 •  1 NERNST 85 CBAL T (2S)  --~ 3.X 
9 8 9 3 . 5 • 1 7 7  1 HAAS 84 CLEO T ( 2 5 )  ~ conv.3`X 

9894 .4 :50 .4 •  1 KLOPFEN...  83 CUSB T (2S)  ~ 3`X 

9892 •  Z PAUSS 83 CUSB T (2S)  ~ 3`3`l+t - 
1 From 3. energy below, assuming T ( 2 5 )  mass = 10023.3 MeV. 

7 ENERGY IN T(2S) DECAY 

VALUE {MeV) DOCUMENT ID TEEN COMMENT 

129.84"0.5 OUR AVERAGE Error includes scale factor of 1.1. 

1 2 8 . 8 • 1 7 7  . . . .  EDWARDS 9 9  C L E 2  T ( 2 5 )  --* 3 .x (1P)  
131.7 :50 .9•  WALK 86 CBAL T ( 2 5 )  --~ 3 . 3 ` t + l  - 
131.7:50.3:51.1 ALBRECHT 85E ARG T ( 2 5 )  ~ conv.3`X 
130.6:50.8:52.4 NERNST 85 CBAL T ( 2 5 )  ---* "yX 
129 •  HAAS 84 CLEO T ( 2 $ ) - *  conv.3.X 
1 2 8 . 1 • 1 7 7  KLOPFEN...  83 CUSB T ( 2 $ )  ~ 3`X 

130.6:53.0 PAUSS 83 CUSB T ( 2 S )  ~ 3`3`s  - 



676 

Meson Particle Listings 
Xb~(1P), Xb2(1P), 7"(25) 

Xbl(1P) DECAY MODES 

Mode Fraction (Q/r)  

r~ ,y T(15) (35::8) % 

Xbl(1P) BRANCHING RATIOS 

r(~ T(lS))/F~= rdr 
VALUE DOCUMENT ID TECN COMMENT 
0.:14"0.0g OUR AVERAGE 
0.32•177 WALK 86 CBAL T(2S) ~ ~i " ( t+r  - 

0,47• KLOPFEN... 83 CUSB T(2S) ~ ~ l - f t + l  - 

Xbl(1P) REFERENCES 

EDWARDS 99 PR DSS 032003 K.W. Edwards et aL (CLEO Collab.) 
SKWARNICKI 87 PRL 58 972 T. Skwarnicki et aL (Crystal Ball Collab.)J 
WALK 86 PR D34 2611 W.S. Walk et aL (Crystal Ball Collab.) 
ALBRECHT 8SE PL 160B 331 H. Albrecht et al. (ARGUS Collab,) 
NERNST 85 PRL 54 2195 R. Nernst et aL (Crystal Ball Collab.) 
HAAS 84 PRL 52 799 J. Haas et at. (CLEO Collab.) 
KLOPFEN... 83 PRL 51 160 C. Klopfenstein et al. (CUSB Collab.) 
PAUSS 83 PL 130B 439 F. Pauss et aL (MPIM, COLU, CORN, LSU+) 

I I IG(jPC) = 0 + ( 2 +  +)  
X b 2 ( 1  P) J needs confirmation. 

Observed in radiative decay of the T(2S), therefore C = +. Branch- 
ing ratio requires E1 transition, M1 is strongly disfavored, therefore 
P = +. J = 2 from SKWARNICKI 87. 

Xt~(1P) MASS 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

9912.64"0.5 OUR AVERAGE Error includes scale factor of 1.1. 
9911.9•177 1 EDWARDS 99 CLE2 T(2S) ~ 3 'x(1P) 
9915.7•177 1 WALK 88 CBAL T(2S) ~ ~13,E+t - 

9912.1•177 1 ALBRECHT 85E ARG T(2S) ~ conv.~X 
99123• I NERNST 85 CBAL T(25)  ~ 3'X 
9913.2•177 1 HAAS 84 CLEO T(2S) ~ conv.3"X 
9914.5•177 1 KLOPFEN... 83 CUSB T(2S) ~ ? X  
9914 •  1 PAUSS 83 CUSB T ( 2 S )  ~ 3 , ~ t + l  - 

1 From ~ energy below, assuming T(25)  mass = 10023.3 MeV. 

'7 ENERGY IN T(2S) DECAY 

VALUE (MeV) DOCUMENT /D TEEN COMMENT 

110.14"0.5 OUR AVERAGE Error includes scale factor of 1.1. 
t10.8•177 EDWARDS 99 CLE2 T(2S) ~ "Tx(1P) 
107.0•177 WALK 86 CBAL T(25)  ~ " ~ ' ~ t + t  - 
110.8•177 ALBRECHT 85E ARG T(2S) ~ conv.3'X 
110.4•177 NERNST 85 CBAL T(2S) ~ 3'X 
109.5•177 HAAS 84 CLEO T(25)  ~ conv.3'X 
108.2•177 KLOPFEN... 83 CUSB T(2S) ~ 3'X 

108.8• PAUSS 83 CUSB T(2S) ~ ~3 , t+ l  - 

Xb2(1P) DECAY MODES 

Mode Fraction ( F i / F )  

I- 1 ~ T ( I ~ )  (22+4)  % 

X~(1P) BRANCHING RATIOS 

r(~ TOs))/r,~t r l / r  
VALUE DOCUMENT tO TECN COMMENT 
0.22• OUR AVERAGE 
0.27•177 WALK 86 CBAL T(2S) ~ 3,3~s - 
0.20• KLOPFEN... 83 CUSB T(25)  ~ 3,3,t+l - 

X~(1P) REFERENCES 

EDWARDS S9 PR D59 032003 K.W. Edwards et al. (CLEO Collab,) 
SKWARNEKI 87 PRL 58 972 T. Skwarnlcki et at. (Crystal Ball Collab.)J 
WALK 86 PR D34 2611 W.S. Walk et aL (Crystal Ball Collab.) 
ALBRECHT 85E PL 160B 331 H. Albrecht et al. (ARGUS Collab.) 
NERNST $5 PRL 54 2195 R. Nernst et aL (Crystal Ball Collab.) 
HAAS 84 PRL 52 799 J. Haas et aL (CLEO Codab.) 
KLOPFEN.. 83 PRL 51 160 C. Klopfenstein et aL (CUSB Collab.) 
PAUSS 83 PL 1308 439 F. Pauss et aL (MPIM, COLU, CORN. LSU+) 

IG(j PC) = 0-(1--) 

T(2S) MASS 

VALUE (GeV) DOCUMENT ID TEcN COMMENT 

10.02326=E0.00051 OUR AVERAGE 
10.0235 • 1 ARTAMONOV 00 MD1 e + e -  ~ hadrons 
10.0231 • BARBER 84 REDE e + e - ~  hadrons 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

10.0236 • 2,3 BARU 868 REDE e + e -  ~ hadrons 

1 Reanalysis of BARU 86B using new electron mass (COHEN 87). 
2 Reanalysis of ARTAMONOV 84. 
3 Superseded by ARTAMONOV 00. 

T(2S) WIDTH 

VALUE IkeV} DOCUMENT ID 

44"1"7 OUR EVALUATION See the Note on Width Determinations of the T states 

T(2S) DECAY MODES 

Mode Fraction ( F i / r )  Confidence level 

r~ T(15) ; r+~ - (18.8 • )% 
I- 2 T(1S):r~ 0 ( 9.0 • )% 
F 3 - r + ' r  - ( 1.7:1:1.6 ) %  

I- 4 # + # - -  ( 1 . 3 1 •  % 

r5 e + e  - (1.18• % 
r6 T ( 1 S ) T r  0 < 1.1 x 10 - 3  90% 

F 7 T(1S);, ' /  < 2 x 10 - 3  90% 

r 8 J / r  < 6 x zo - 3  90% 

Radiative decays 
F9 ~(Xbl(1P) ( 6.8 :E0.7 )% 
rl0 ~(Xb2(1P) ( 7.0 •  ) %  

r l l  ? X b o ( 1 P )  ( 3.8 •  ) %  

r12 ~/fo(1710) < 5.9 x l 0  - 4  90% 

1-13 3 ' f~ , (1525)  < 5.3 • 10 -4  90% 

F14 ") , f2(1270) < 2.41 x l O  - 4  90% 

rzs "y fj(2220) 

"r(2s) r(i)r(e+ e-)/r(tota0 
r(e+~-) x r0,+~-) /r==, 
VALUE {W) 
6.5:1:1.5:1:1,0 

r(hadrons) x r(e+e-)/rt== 
VALUE (keV) 
0.553::E0.023 OUR AVERAGE 
0.552 +0.031 • 
0.54 •  •  
0.58 :• •  
0.60:1:0.12 •  

0.54 •  +0.09 
--0.05 

0.41 ~0.18 

rsr4/r 
DOCUMENT ID TECN COMMENT 

KOBEL 92 CBAL e + e  - ~ / ~ + p -  

For, IF 
DOCUMENT ID TECN COMMENT 

4BARU 96 MD1 e + e  - ~ hadrons 
4 JAKUBOWSKI 88 CBAL e + e -  ~ hadrons 
S GILES 848 CLEO e + e -  ~ hadrons 
5 ALBRECHT 82 DASP e -i- e -  ~ hadrons 

5 NICZYPORUK 81C LENA e + e -  ~ hadrons 

S BOCK 80 CNTR e + e -  ~ hadrons 

4 Radiative corrections evaluated following KURAEV 85. 
5 Radiative corrections reevaluated by BUCHMUELLER 88 following KURAEV 85. 

T(2S) PARTIAL WIDTHS 

r(e+e-) 
VALUE (keV) DOCUMENT /D TECN 

0.52 ::bO.03 4-0.01 6 ALBRECHT 95E ARG 

6 I Applying the formula of Kuraev and Fad'n. 

COMMENT 

e + e-- ~ hadrons 

Fs 

7"(25) BRANCHING RATIOS 

r(J/~(l$) anything)/rtotal rg/r 
VALUE CL~ DOCUMENT ID TECN COMMENT 

<0.006 90 MASCHMANN 90 CBAL e + e  - ~ hadrons 



See key on page 239 

r(T(~s),~+ . - ) / r t~,  rd r  
VALUE EVTS DOCUMENT ID TECN COMMENT 
0.11N+0.006 OUR AVERAGE 
0 . 1 9 2 • 1 7 7  52,6k 

0.181 • 0,005 •  11,6k 

0 ,169•  

0 , 1 9 1 • 1 7 7  

0 ,189•  

0.21 •  7 

7 A L E X A N D E R  98 CLE2 ~ r + ~ r - t + t  - ,  I 
~r + ~r-  MM 

ALBRECHT 87 ARG e + e -  
~r+ ~r -  MM 

GELPHMAN 85 CBAL e + e -  
e+  e - ~ r + ~ r  - 

BESSON 04 CLEO ~r + ~ r -  MM 

FONSECA 84 CUSB e + e -  
t +  ~,- ~r+ ~r - 

N ICZYPORUK 818 LENA e •  - 
l + t - ~ + ~  - 

7Using B ( T ( 1 5 }  ~ e + e  - )  = (2.52 :I: 0.17)% and B ( T ( 1 S )  ~ # + / z - )  = (2.48 • I 
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Listings 
T'(2S) 

o.o7)%. 

r(r(lS)~%~ r2/r 
VALUE EVT5 DOCUMENT ID TECN COMMENT 
O.090=EO.OOg OUR AVERAGE 
0 . 0 9 2 • 1 7 7  275 8 A L E X A N D E R  98 CLE2 e + e  - _ ~+E-.o.0 I 
0,095• 25 ALBRECHT 87 ARG e + e  - ~ ~ 0 ~ 0 1 + ~ -  

0.080•  GELPHMAN 85 CBAL e + e  - ~ t + s  0 

0 .103•  FONSECA 84 CUSB e + e  - ~ t + t - ~ O ~  0 

8 Using B ( T ( 1 5 )  e + e  - )  = (2.52 • 0.17)% and B ( T ( 1 S )  ~ p + # - - )  = (2.48 • I 
o.o7)%. 

r ( ,+,- ) I r== rdr  
VALUE DOCUMENT ID TECN COMMENT 

0.017: i :0,015:E0.006 HAAS 84B CLEO e +  e - ~ T +  T - 

r(~,+j,-)/r~,, rd r  
VALUE CL~ 

r(-r fo(1710))/F=ta, r~21r 
VALUE (units 10 -5 )  CL~ DOCUMENT /D TEEN COMMENT 

<59 90 11ALBRECHT 89 ARG T ( 2 S )  ~ ~ I K + K  - 

�9 �9 = We do not use the fol lowing data for averages, fits, l imits, etc. = �9 = 

< 5,9 90 1 2 A L B R E C H T  89 ARG T ( 2 S )  ~ 3,~+7r - 

11Re.evaluated assuming B(f0(1710 ) ~ K § K - )  = 0.19. 

12Includes unknown branching ratio of f0(1710) ~ w + ~ r - -  

r(-r f~ (1525) ) / r~ .=  r . l r  
VALUE (units 10 - s )  C L ~  DOCUMENT IO TECN COMMENT 

<53  90 1 3 A L B R E C H T  89 ARG T ( 2 S )  ~ " y K + K  - 

13Re-evaluated assuming B( f~(1525)  ~ K K )  = 0.71. 

r ( ~  f=(1270)) IFto m r . l r  

VALUE (units 10 -5 )  CL.__.~ DOCUMENT ID TECN COMMENT 

<24.1 90 1 4 A L B R E C H T  89 ARG T ( 2 5 )  ~ - r~r+~ - 

14Using B(f2(1270 ) ~ E l f )  = 0.84. 

r ( ~  0 ( 2 2 2 0 ) ) / r ~ =  r ~ s / r  

VALUE (units 10 -5 )  CL_~o DOCUMENT /D TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. = �9 �9 

<6.8 90 15ALBRECHT 89 ARG T(25) ~ ~ K + K  - 

151ncludes unknown branching ratio of fJ(2220) ~ K + K - .  

DOCUMENT ID TECN COMMENT 
0,0131"1"0.0021 OUR AVERAGE 
0 .0122 •177  9 KOBEL 92 CBAL e + e  - ~ / ~ + # -  

0 .0138 •177  KAARSBERG 89 CSB2 e + e  - ~ / ~ + # -  

0.009 • • 10ALBRECHT 85 ARG e + e - ~  # + # -  

0.018 •  •  HAAS 84B CLEO e + e - ~  / z + #  - 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

<0.038 90 NICZYPORUK 81c LENA e + e  - ~ # 4 - # -  

9Tak ing  into account interference between the resonance and cont inuum. 
lORe-evaluated using B ( T ( 1 S )  ~ # + / J - )  = 0,026. 

r(T(zs),O)/r~,, rd r  
VALUE ~ DOCUMENT ID TECN COMMENT 

<0.00111 90 ALEXANDER 98 CLE2 e + e  - ~ ,+t-~? I 
�9 �9 i We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

<0.008 90 LURZ 87 CBAL e + e - ~  l + l - ~  

r(7"(15) q)/r=o~, rT/r 
VALUE CL~~ DOCUMENT ID TECN COMMENT 

<0.002 90 FONSECA 84 CUSB 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. = = �9 

<0.0028 90 ALEXANDER 98 CLE2 e+e-- -  ~+~-. I 
<0~005 90 ALBRECHT 87 ARG e + e -  

~r+ ~ r - l +  s  MM 
<0.007 90 LURZ 87 CBAL e + e  - ~ t + l - ( 3 , ' y ,  

31r0) ALEXANDER 
<0.010 90 BESSON 84 CLEO WALK 

ALBRECHT r(.rx~lOP))lr~,, rd r  ARTAMONOV 
ANDREWS 

VALUE DOCUMENT ID TEEN COMMENT GREEN 
0.068::I:0.007 OUR AVERAGE BIENLEIN 

0 .069•  EDWARDS 99 CLE2 T ( 2 5 )  ~ ~ x ( 1 P )  I KAPLANDARDEN 

0 .091 •177  ALBRECHT 85E ARG e+e - ~ 3,cony. X YOH 
COBB 

0.065•177 NERNST 85 CBAL e+e - ~ ~'X HERB 
0 .080+0 .017 •  HAAS 84 CLEO e + e  - ~ ~,conv. X INNES 

0 .059•  KLOPFEN.. .  83 CUSB e - r e  - ~ "fX 

r('ixu2(zP))lrt~, rz0/r 
VALUE DOCUMENT /D TECN COMMENT 

0.0"/'0+0.006 OUR AVERAGE 
0 .074 •177  

0 . 0 9 8 • 1 7 7  

0 . 0 5 8 • 1 7 7  

0 .102 •177  

0 .061•  

r('IxboCZP))lr~l 
VALUE DOCUMENT ID TECN COMMENT 
0.0311:1:0.006 OUR AVERAGE 
0 .034 •177  EDWARDS 99 CLE2 T (2S)  ~ ~ 'x (1P)  I 
0 .064 •177  ALBRECHT 85E ARG B + e  - ~ ~'conv. X 

0 .036 •177  NERNST 85 CBAL e + e  - ~ ")'X 

0 . 0 4 4 • 1 7 7  HAAS 84 CLEO e + e  - ~ ~,conv. X 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0 ,035•  KLOPFEN.. .  83 CUSB e + e  - ~ ~ X  

EDWARDS 99 CLE2 ?'(25)- ~ x ( 1 P )  I 
ALBRECHT 85E ARG e 'Fe - ~ 3,cony. X 

NERNST 85 CBAL e - re  - ~ "},X 

HAAS 84 CLEO e + e -  ~ "},cony. X 

KLOPFEN.. .  83 CUSB e + e -  --* "}'X 

rlzlr 

T(2S)  REFERENCES 

ARTAMONOV O0 PL B474 427 A.S* Altamonov et al. 
EDWARDS 99 PR D59 032003 K.W. Edwards et aL (CLEO Collab.) 
ALEXANDER 98 PR D58 052004 J.P. Alexander et al. (CLEO Collab.) 
BARU 96 PRPL 267 71 S.C. Baru et al. (NOVO) 
ALBRECHT 95E ZPHY C65 61g H. ALbrecht et aL (ARGUS Collab.) 
KOBEL 92 ZPHY C53 193 M. Kobel ez aL (Crystal Ball Collab.) 
MASCHMANN 90 ZPHY C46 555 w.s. Maschmann et aL (Crystal Ball Collab.) 
ALBRECHT 89 ZPHY C42 349 H. Albrecht et at. (ARGUS Collab.} 
KAARSBERG 89 PRL 62 2077 T.M. Kaarsberg et aL (CUSB Collab.) 
BUCHMUEL... 88 HE e+e - Physics 412 W. Buchmueller, 8. Cooper (HANN, DESY, MIT} 

Edito's: A. All and P. Soedlng. World Scientific, Singapore 
JAKUBOWSKI 88 ZPHY C40 49 Z. Jakubowski et aL (Crystal Ball Collab.) IGJPC 
ALBRECHT 87 ZPHY C35 283 H. Albrecht et aL (ARGUS Collab.) 
COHEN 87 RMP 59 1121 E.R. Cohen, B.N. Taylor (RISC, NBS) 
LURZ 87 ZPHY C36 383 B. Lurz et al. (Crystal Ball Collab.) 
BARU 86B ZPHY C32 622 S.C. Baru et aL (NOVO) 
ALBRECHT 85 ZPBY C28 45 H. Albrecht et a/. (ARGUS Collab.) 
ALBRECHT 85E PL 1608 331 H. Albrecht et al. (ARGUS Collab.) 
GELPHMAN 85 PR D1] 2693 D. Gelphman et aL (Crystal Ball Collab.) 
KURAEV 85 SJNP 41 466 E.A. Kuraev, V.S. Fadin (NOVO) 

Translated from YAF 41 733. 
NERNST 85 PRL 54 21% R. Nernst et al. (Crystal Ball Collab.) 
ARTAMONOV 84 PL 1378 272 A.S. Artamonov et aL (NOVO) 
BARBER 84 PL 135B 498 D.P. Barber et aL 
BESSON 84 PR Da0 1433 D. Besson et aL (CLEO Collab.) 
FONSECA 84 NP B242 31 V. Fonseca el aL (CUSB Collab.) 
GILES 848 PR D29 1285 R. Giles et al. (CLEO Coffab.} 
HAAS 84 PRL 52 799 J. Haas et al. (CLEO Collab.) 
HAAS 84B PR D30 1996 J. Haas et aL (CLEO Col~ab.) 
KLOPFEN... 83 PRL 51 160 C. Klopfenstein et al. (CUSB Collab.) 
ALBRECHT 82 PL 116B 383 H. Albrecht et al. (DESY, DORT, HEIDH+) 
NICZYPORUK 81B PL 100B 95 B. Niczyporuk et al. (LENA Co,lab.) 
NICZYPORUK 81C PL 99B 169 B. Niczyporuk et at. (LENA Collab.) 
BOCK 88 ZPHY C8 125 P, Book et aL (HEIBP, MRIM, DESY, HAMB ) 

- -  OTHER RELATED PAPERS ~ 

NP B320 45 J,P. Alexander et al. 
PR D34 2611 W.S. Waik et aL 
PL 1348 137 H. Albrecht et aL 
PL 137B 272 A.S. Artarnonov et a/. 
PRL 50 807 D.E. Andrews et aL 
RRL 4g 617 J. Green et al. 
PL 78B 360 J.K. Bienlein eta/ .  
PL 768 246 C.W. Darden et aL 
PRL 40 435 D.M. Kaplal~ et aL 
PRL 41 684 J.K. Yoh et aL 
PL 728 273 J.H. Cobb et al. 
PRL 3g 252 S.W. Herb et al. 
PRL 39 1240 W.R. Innes et al. 

89 (LBL, MICH, SLAC) 
86 (Oystal Ball Collab.) 
84 (ARGUS Collab.) 
84 (NOVO) 
83 (CLEO Collab.) 
82 (CLEO Collab.) 
78 (DESY, HAMB, HEIDP+) 
78 (DESY, DORT, HEIDH+) 
78 (STON, FNAL, COLU) 
78 (COLU, FNAL, STON) 
77 (BNL, CERN. SYRA, YALE) 
77 (COLU, FNAL, STON) 
77 (COLU. FNAL, STON) 
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M e s o n  P a r t i c l e  

Xbo(2P), Xb (2P) 
L i s t i n g s  

I I IG(jPC) = 0+(0 + +)  
Xbo(2P)  J needs con.rmation. 

Observed in radiative decay of the T(3S), therefore C = +. Branch- 
ing ratio requires E1 transition, M1 is strongly disfavored, therefore 
p _ - + .  

Xbo(2P) MASS 

VALUE (GeV) DOCUMENT ID TEEN COMMENT 
10.2321 =1:0.0006 OUR AVERAGE 
10.2312•177 1 HEINTZ 92 CSB2 e + e  - ~ 3 , X , l + l - 3 , 3 `  
10.2323• 2 MORRISON 91 CLE2 e + e -  ~ 3,X - 

1From the average photon energy for inclusive and exclusive events and assuming T(35) 
mass = 10355.3 • 0.5 MeV. Supersedes HEINTZ 91 and NARAIN 91. 

2From 3' energy below assuming T(35) mass = 10355.3 4- 0.5 MeV. The error on the 
7`(3S) mass is not included in the individual measurements. It is included in the final 

,average. 

3' ENERGY IN T ( 3 S )  DECAY 

VALUE (MeV) EVT$ DOCUMENT /D TEEN COMMENT 
122.g-l-0.5 OUR AVERAGE Error includes scale factor of 1.1. 
123.0• 4959 3HEINTZ 92 CSB2 e+e - ~ 3,X 
124.6• 17 4HEINTZ 92 CSB2 e+e - ~ t+ l - - ; ,3`  
122,3•177 9903 MORRISON 91 CLE2 e+e - ~ 3,X 

3A systematic uncertainty on the energy scale of 0.9% not included. Supersedes 
NARAIN 91. 

4A systematic uncertainty on the energy scale of 0.9% not included. Supersedes 
HEINTZ 91. 

Xbo(2P) DECAY M O D E S  

Mode Fraction ( r i / r )  

r l  ~ T ( 2 5 )  (4,6• % 

r2 ~ T ( 1 S )  (9 • )x18 - 3  

Xb0(2P)  BRANCHING RATIOS 

r(3, T(2S))/r~! h/ r  
VALUE CL~ DOCUMENT ID TECN COMMENT 

<0.089 90 5CRAWFORD 92B CLE2 e + e  - ~ t + l - . r - ~  
0.046"1"0.020"1"0.007 6HEINTZ 92 CSB2 e+  e - -~ t +  t - ' ~  

5 Using B(7`(2S) ~ # + # - )  = (1.37 • 0.26)%. B(7`(351 ~ 3,3` T(2S))• B(T(2S) 
# + . u - )  < 1.19 • 10 - 4 ,  and B(7`(3S) ~ Xbo(2P)3,) = 0.049. 

6Using B(7`(2S) ~ # + # - )  = (1.44 • 0.10)%, B(7`(351 ~ 3,Xbo(2P)) = (6.0 • 
0.4 • 0.6)% and assuming e# universality. Supersedes HEINTZ 91. 

r ( ~  T ( 1 S ) ) / r t , ~ ,  rdr 
VALUE C L P ;  DOCUMENT ID TECN COMMENT 

<0.025 90 7CRAWFORD 92B CLE2 e+e - ~ t+ l -3 ,3 `  
0.009:1:0.006:E0.001 8HEINTZ 92 CSB2 e+  e - ~ l +  t - ' r 3 `  

7 Using B(7`(15) ~ # + # - ) =  (2.57 • 0.07)%, B(T(3S) ~ "}"7 7`(15))x2 B(T(1S) 
# + # - )  < 0.63 x 10 -4 ,  and B(T(3S) ~ Xb0(2P)3,) = 0.049. 

8Using B(7`(151 ~ p e p - )  = (2.57 • 0.07)%, B(7`(3S) ~ 3`Xbo(2P)) = (6.0 • 
0.4 • 0.6)% and assuming e# universality. Supersedes HEINTZ 91. 

Xbo(2P) REFERENCES 

CRAWFORD 92B PL 8294 139 G. Crawford. R. Fulton (CLEO Collab.) 
HEINTZ 92 PR D46 1928 U. He~ntz et at. (CUSB II Collab.) 
HEINTZ 91 PRL 66 1563 U. Helntz et aL (CUSB Collab.) 
MORRISON 91 PRL 67 1696 R.J. Mordson et aL (CLEO Collab.} 
NARAIN 91 PRL 66 3113 M. Narain et al. (CUSB Collab,) 

O T H E R  RELATED PAPERS 

EIGEN 82 PRL 49 1616 G. EiKen et aL (CUSB Col~ab.) 
HAN 82 PRL 49 1612 K. Han et aL (CUSB Collab.) 

I I I G ( j P C )  = 0 + ( 1  + + )  Xbl(2P) J needs conf irmation. 

Observed in radiative decay of the T(3S),  therefore C = +.  Branch- 
ing ratio requires E1 transition, M1 is strongly disfavored, therefore 
P = -t-. 

Xbl(2P) MASS 

VALUE (GeV) DOCUMENT ID TECN COMMENT 
10.2552=1:0.00~i OUR AVERAGE 
10.2547•177 1 HEINTZ 92 CSB2 e L e -  ~ 3,X,t-l-t-3,3` 
10.2558• 2 MORRISON 91 CLE2 e + e -  ~ 3`X 

1 From the average photon energy for inclusive and exclusive events and assuming 7`1"(351 
mass = 10358.3 • 0.S MeV. Supersedes HEINTZ 91 and NARAIN 91. 

2From 3, energy below assuming 7"(35) mass = 10355.3 • 0.5 MeV. The error on the 
7`(35) mass is not included in the individual measurements. It is included in the final 
evaluation. 

mx~(2p) - mx~o(2P ) 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

23.5-l-0.7"+0.7 3HEINTZ 92 CSB2 e+e - ~ 3,X,t+l-3`3` 

3From the average photon energy for inclusive and exclusive events. Supersedes 
NARAIN 91. 

3, ENERGY IN T ( 3 S )  DECAY 

VALUE (MeV) E V T S  DOCUMENT ID TEEN COMMENT 
99o90:1:0.26 OUR AVERAGE 
99 • 169 CRAWFORD 92B CLE2 e+e - ~ t + l - 3 , ' T  

100.1 • 11147 4HEINTZ 92 CSB2 e+e - ~  3,X 
100.2 • 223 5HEINTZ 92 CSB2 e + e - ~  l + t - 3 , ~  
993 • • 25759 MORRISON 91 CLE2 e+e - ~  3,X 

4A systematic uncertainty on the energy scale of 0.9% not included. Supersedes 
NARAIN 91. 

5A systematic uncertainty on the energy scale of 0.9% not included. Supersedes 
HEINTZ 91. 

X b t ( 2 P )  DECAY M O D E S  

Mode Fraction ( r i /F )  Scale factor 

F 1 "y T(2S)  (21 •  ) % 1.s 
F2 "r T ( 1 S )  ( 8.5• 1.3 

X b l ( 2 P )  B R A N C H I N G  RATIOS 

r(3, T(2S))/r~, rl /r  
VALUE DOCUMENT ID TECN COMMENT 
0.21 "1"0.04 OUR AVERAGE Error includes scale factor of 1.5. 
0.356•177 6CRAWFORD 92B CLE2 e+e - ~ t+ l - . } . .~  
0.199• 7HEINTZ 92 CSB2 e+e - ~ t+ l - -3 ,~  

6 Using B(T(2S) ~ # + p - )  = (1.37 • 0.26)%, B(7`(3S) ~ 3,3` T(251)• B(T(2S) 
# - : -# - )  = (10.23•177 1.26)x10 - 4 ,  and B ( T ( 3 S ) ~  3`Xbl(2P))= 0.105_+010023• 
0.013. 

7Using B(T(2S) ~ # + # - )  = (1.44 • 0.10)%, B(T(3S) ~ 3,Xbl (2P))  = (11.5 • 
0.5 • 0.5)% and assuming ep universality. Supersedes HEINTZ 91. 

r(3, T(lS))/r~,~ rdr 
VALUE DOCUMENT ID TECN COMMENT 
0.0115"1-0.013 OUR AVERAGE Error includes scale factor of 1.3. 
0.120•177 8CRAWFORD 928 CLE2 e+e - ~ t + t - . y ~ ;  
0.080•177 9 HEINTZ 92 CSB2 e + e -  ~ l + l - 3 `3 ,  

8 Using B(T(15) ~ p + p - )  = (2.57 • B(T(3S) ~ 3,3' T (15 ) )x2  B(T(1S) 
.+.-) =  ,47• 1,12• • and B(7`(3sl = 0 10s-+ :00  
0.013. 

9 Using B(7`(151 ~ #+ #- )=(2.57 ~ 0.07)%, B(7`(351 ~ 3'Xbl(2P)) = (11.5 • 0.5 • 
0.5)% and assuming e# universality. Supersedes HEINTZ 91. 

X b l  ( 2 P )  REFERENCES 

CRAWFORD 92B PL B294 139 G. Crawford. R. Fulton (CLEO Collab.) 
HEINTZ 92 PR D46 1928 U. Heintz et aL (CUSB II Collab.) 
HEINTZ 91 PRL 66 1563 U. Helntz et aL (CUSB Cotlab.) 
MORRISON 91 PRL 67 1696 R.J. Mort• e/ al. (CLEO Collab.) 
NARAIN 91 PRL 66 3113 M. Narain et al. (CUSB Collab.) 

O T H E R  RELATED PAPERS 

EIGEN 82 PRL 49 16t6 G, Eigen et at. (CUSB Collab.) 
HAN 82 PRL 49 1612 K. Han et aL (CUSB Collab.) 



See key on page 239 

I G ( J  P C )  = 0 + ( 2 + + )  Ixo ( P)l J needs confirmation. 

Observed in radiative decay of the T(3S),  therefore C =  +. Branch- 
ing ratio requires E1 transition, M1 is strongly disfavored, therefore 
P = + .  

X~(2P) MASS 

VALUE (GeV) DOCUMENT ID TEEN COMMENT 
10.268S=1:0.0004 OUR AVERAGE 
10.2681+0.0004• 1 HEINTZ 92 CSB2 e + e  - ~ - ~ X , t + t - ~ / 3  , 
10.2685• 2 MORRISON 91 CLE2 e+e - ~ 3'X 

1 From the average photon energy for inclusive and exclusive events and assuming T(3S) 
mass = 10355.3 + 03  MeV. Supersedes HEINTZ 91 and NARAIN 91, 

2 From 3' energy below, assuming T(3S) mass = 10355,3 + 0.5 MeV. The error on the 
T(35) mass is not included in the individual measurements. It is included in the final 
average. 

mxec(2p ) - -  mxN,(2p ) 
VALUE {MeV) DOCUMENT ID TEEN COMMENT 

13,5=1=0.4-1-0.5 3HEINTZ 92 CSB2 e+  e - ~ ~( X, t .+  t -  "r'r 

3From the average photon energy for inclusive and exclusive events. Supersedes 
NARAIN 91. 

"r ENERGY IN T(3S) DECAY 

VALUE (MeV) EVT$ DOCUMENT /D TEEN COMMENT 
e6.64"1-0.23 OUR AVERAGE 
86 •  101 CRAWFORD 928 CLE2 e + e  - ~ t + l ~ - ' ~ ' r  
86.7 +0.4 10319 4HEINTZ 92 CSB2 e+e - ~ "~X 
86.9 +0.4 157 5HEINTZ 92 CSB2 e + e - ~  l +s  
86.4 +0.1 • 30741 MORRISON 91 CLE2 e+e - ~ 'TX 

4A systematic uncertainty on the energy scale of 0.9% not included. Supersedes 
NARAIN 91. 

5A systematic uncertainty on the energy scale of 0.9% not included. Supersedes 
HEINTZ 91. 

Xb2(2P) DECAY MODES 

' Mode Fraction ( r i / r )  

r I .7 T ( 2 S )  (16.2• % 

r 2 ,7 T(I5) ( 7,1+1.0)% 

X~(2P) BRANCHING RATIOS 

r(~ T(2S))/r~a, rdr 
VALUE DOCUMENT ID TEEN COMMENT 
0.162-1-0.024 OUR AVERAGE 
0.135:E0.025+0.035 6CRAWFORD 928 CLE2 e+  e - ~ t +  l ! - ' y  7 
0.173+0.821+8.019 7HEINTZ 92 CSB2 e+  e - ~ t.+ t . -~ l~  

6 Using B(T(2S) ~ P + i ~ - )  - (1.37 + 0.26)%, B(T(3S) ~ "Y~/T(2S))x2 B(T(2S) 
# + / ~ - )  = (4.98 •177 x I0 - 4 ,  and B(T(3S} ~ " /Xb2(2P}) = 0.135 +0.003~- 
0.017. 

7Using B(T(25) ~ /~+/~-) = (1.44 + 0.10)%, B(T(3S) ~ "YXb2(2P)) - (11.1 • 
0.5 + 0.4)% and assuming e/= universality, Supersedes HEINTZ 91. 

r(-r T(lS))lr=t= r2/r 
VALUE DOCUMENT iD TEEN COMMENT 
0.071 4440.010 OUR AVERAGE 
0.072• 8CRAWFORD 92B CLE2 e+e - ~ t + t ~ - ? . . i  
0.070+0,010• 9HEINTZ 92 CSB2 e+e - ~ t + t . - ' y ' r  

8 Using B(T(1S) ~ # + / ~ - )  = (2.57 + 0.07)%, B(T(35) ~ "~'r T(25) )x  2 B(T(1S) 
p + p . - )  = (5.03+0.94 +0 .63 )x l0  - 4 ,  and B(T(3S) ~ 3,Xb2(2P)) - 0.135+0.003+ 
0.017, 

9Using B(T(1S) ~ # + p - )  = (2.57 + 0.07)%, B(T(3S) ~ ~Xb2(2P))  = (11.1 + 
0.5 • 0.4)% and assuming e# universality. Supersedes HEINTZ 91. 

Xb2(2P) REFERENCES 

CRAWFORD 92B PL B294 139 G. Crawford, R. Fulton (CLEO Collab.) 
HEINTZ 92 PR D46 1928 U. Helntz et al. (CUSB II Collab.} 
HEINTZ 91 PRL 66 1563 U. Heintz e{ aL (CUSB Collab.) 
MORRISON 91 PRL 67 1696 RJ. Morrison et aL (CLEO Collab.) 
NARAIN 91 PRL 66 3113 M. Naraln et aL (CUSB Collab.) 

OTHER RELATED PAPERS 
EIGEN 82 FRL 49 1616 6. Eigen et aL (CUSB Collab.) 
HAN 82 PRC 49 1612 K. Han et at. (CUSB Collab.) 

679 

Meson Particle Listings 
Xb2(2P), T'(3S) 

I  '(3s)l IG(J PC) = 0 - ( 1 - - )  

T(3S) MASS 

VALUE (GeV) DOCUMENT ID TEEN COMMENT 

10.35524440.0005 1 ARTAMONOV 00 MD1 e + e -  ~ hadrons 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

10.3553+0.0005 2,3 BARU 868 REDE e + e -  ~ hadrons 

1 Reanalysis of BARU 868 using new electron mass (COHEN 87). 
2 Reanalysis of ARTAMONOV 84. 
3 Superseded by ARTAMONOV 00. 

T(3S) WIDTH 

VALUE (keV) DOCUMENT ID 
26.34443.5 OUR EVALUATION See the Note on Width Determinations of the T states 

T(35) DECAY MODES 
Scale factor/ 

Mode Fraction ( r i / r )  Confidence level 

r 1 T ( 2 5 ) a n y t h i n g  (10.6 -I-0.8 )% 
r 2 T ( 2 S ) ~ + ~  - ( 2.8 +0.6 )% S=2.2 
r 3 T (2S)~0~r  0 (2.00+0.32) % 

r4 T(2S)~, - r  ( 5.0 • )%  
r s T ( 1 S ) ~ + ~  - ( 4.48+0.21} % 
r 6 T ( lS )~ r~  0 ( 2.06• % 
r 7 T'(1S)~/ < 2.2 x 10 - 3  EL=90% 
r 8 p,+#-- (1.81+0.17) % 
r 9 e + e -  seen 

Radiative decays 

r i o  ? X b 2 ( 2 P )  (11.4 +0.8 )% S=1.3 
r11 ? X b z ( 2 P )  (11.3 +0.6 )% 
F12 "YXb0(2P) ( 5.4 +0.6 )% S=1.1 

T(3S) r(i)r(e + e-)/r(total) 

r(hadron5) x r(e+e-)/r~,= rordr 
VALUE (keY) DOCUMENT ID TEEN COMMENT 

0.454-0.034-0.O3 4 GILES 84B CLEO e+e - ~ hadrons 

4 Radiative corrections reevaluated by BUCHMUELLER 88 following KURAEV 85. 

T(3S) BRANCHING RATIOS 

r ( T(2S) anythlng) /rtotal 
VALUE E V T S  DOCUMENT ID TEEN 
0,106 4440,00il OUR AVERAGE 
0.1023+0,0105 4625 5,6,7 BUTLER 948 CLE2 
0.111 • 4891 6,7,8 BROCK 91 CLEO 

r ( T(2s)~+ ~-) l r~l l  
VALUE E V T S  DOCUMENT ID 

rdr 
COMMENT 

e + e  - ~ l + l - X  
e+ e-- ~ i r + l r - X ,  

~ + x - t + t -  

r2/r 
TEEN COMMENT 

0.028 4440.006 OUR AVERAGE Error includes scale factor of 2.2. See the ideogram 
below. 

0.0312+0.0049 980 5,9 BUTLER 94B CLE2 e'Fe - 
~ r + ~ r - t + t -  

0.0482• 138 8WU 93 CUSB T(3S) 

0.0213+0.0038 974 8 BROCK 91 CLEO e + e -  --~ 
~ + ~ - X ,  

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. i �9 �9 

0.031 +0.020 5 MAGERAS 82 CUSB T(3S) 
lr+ ~ r - l + t -  
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Meson Particle Listings 
T(3S), T(4S) 

r ( T(2s).o .~ /r~a, 
VALUE EVTS DOCUMENT ID 
0.0200-1-0.0032 OUR AVERAGE 
0.0216• 9,10 BUTLER 
0.017 4-0.005 ~0.002 10 11 HEINTZ 

r ( r(2Sl,rd l r~ , ,  
VALUE DOCUMENT ID 

0.0E02-+-0,0069 9 BUTLER 948 CLE2 

r('r0s).+,-)/rto=, 
VALUE EVTS DOCUMENTID 
0.0448-1-0,0021 OUR AVERAGE 
0.04524-0.0035 11830 6 BUTLER 

0.04464-0.00344-0.0050 451 6 W U  

0.0446 4- 0.0030 11221 6 BROCK 

rdr 
TEEN COMMENT 

94B CLE2 e + e  - ~ ~ + t - ~ r O ~ r  0 

92 CSB2 e + e  - ~ ~ + t - ~ O ~ r 0  

r d r  
TEEN COMMENT 

e + e  - ~ t + l - 2 ~  

rdr  
TEEN COMMENT 

945 CLE2 e + e -  
ll-+ 1r X, 
~ + ~ r - - t + t - -  

93 CUSB T(35)  
~r4- ~r- t +  t -  

91 CLEO e + e -  
;,r+ : r -  X,  
zr+ z r -  t +  t -  

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc, �9 �9 �9 

0,049 4-0.010 22 GREEN 82 CLEO T(3S) 

0.039 • 26 MAGERAS 82 CUSB T(3S} 
~r+~r-  t + l -  

r(ros).~176 rdr  
VALUE EVTS DOCUMENT I,D TEEN COMMENT 
0.02064"0.0028 OUR AVERAGE 
0,0199• 56 6 BUTLER 945 CLE2 e + e  - ~ t + t - ~ 0 ~  0 
0.022 +0.004 4-0,003 33 12HEINTZ 92 CSB2 e + e - ~  t + t - x 0 ~  0 

r(ros)~)lq..~ rdr  
VALUE ~ DOCUMENT IO TEEN COMMENT 

<0.0022 90 BROCK 91 CLEO e + e -  
7t+~-~Ot+ t -  

r(~+o-)/rt== rdr  
VALUE EVTS DOCUMENT ID TEEN COMMENT 
0.0181-I-0.0017 OUR AVERAGE 
0.0202• CHEN 89B CLEO e + e  - 

p.+ #-- 

0.01734-0.00154-0.0011 KAARSBERG 89 CSB2 e + e  - 
/~+ ,u -  

0,033 4-0.013 4-0,007 1096 ANDREWS 83 CLEO e + e  - 
/~+ /~ -  

r(~x~(2P))/rt=al r,olr 
VALUE EVT5 DOCUMENT IO TEEN COMMENT 
0.114~0.008 OUR AVERAGE Error includes scale factor of 1.3. 
0.1114-0,0054-0.004 10319 13HEINTZ 92 CSB2 e + e  - ~ ~( 

0 ,135-0 .003•  30741 MORRISON 91 CLE2 e + e  - ~ ~X  

r("rx~l(2P))lrto~l rl~/r 
VALUE EVT5 DOCUMENT /D TEEN COMMENT 
0.113-1-0.006 OUR AVERAGE 
0,115• 11147 13 HEINTZ 92 CSB2 e + e-- ~ 

I + 0  003 0, 05_010024-0.013 25759 MORRISON 91 CLE2 e + e  - ~ 3'X 

I'(~Xbo(2P)) Irto=, r l d r  
VALUE EVT5 DOCUMENT IO TEEN COMMENT 
0o0544"0.006 OUR AVERAGE Error includes scale factor of 1.1. 
0.0604-0.004• 4959 13HEINTZ 92 CSB2 e + e  - ~ 3, 

+ 0  003 0,049_01004• 9903 MORRISON 91 CLE2 e + e  - ~ ~ X  

5Using B (~ (25 )  ~ T ( IS ) ' ~? )  = (0.038 4- 0.007)%, and B(T(2S)  ~ T(1S)Tr0~ O) = 

( 1 / 2 ) B ( T ( 2 5 )  ~ T ~ l S ) ~ + T r - ) .  
6Using B (T (15 )  ~ /~'P/~-) = (2.48 • 0.06)%, With the assumption of e# universality, 
7Using B (T (25 )  ~ T ( 1 S ) x + l r  - )  = (18.5 • 0,8)%, 
8 Using B (T (2S)  ~ # + # - )  = (1,31 • 0.21)%, B (T (25 )  ~ T ( ] S ) ' y ? ) x 2 B ( T ( 1 S )  

# + # - )  = (0.188 4- 0.035)%, and B (T (2S)  ~ T ( 1 S ) ~ r O T r O ) x 2 B ( T ( 1 S )  ~ # + # - )  
= (0.436 4- 0.056)%. With the assumption of e/~ universality. 

9 From the exclusive mode. 
10 B (T (25 )  ~ # ~  # - )  = (1,31 • 0.21)% and assuming e#  universality, 
11B(T (25 )  ~ # + # - )  = (1.44 -I- 0.10)% and assuming e# universality, Supersedes 
12 HEINTZ 91. 

Using B (T (15 )  ~ /~+#- - )  = (2,57 4-0.07)% and assuming e~u universality. Supersedes 
HEINTZ 91. 

13 Supersedes N ARAIN 91. 

T(3S) REFERENCES 
ARTAMONOV 00 PL 8474 427 A.S. Artamonov et al. 
BUTLER 94B PR b49 40 F. Butler et aL 
WU 93 PL B301 307 Q.W. Wu et al, 
HEINTZ 92 PR D46 1928 U. Heintz er at. 
BROCK 91 PR D43 144B I.E. Brock et aL 
HEINTZ 91 PRL 66 L563 U. Helntz et at. 
MORRISON 91 PRL 67 1696 R.J. Morrison et aL 
NARAIN 91 PRL 66 3113 M. Narain et at. 
CHEN 89B PR D39 3526 W.Y. Chert et al. 
KAARSBERG 89 PRL 62 2077 T.M. Kaarsberg el al. 
BUCHMUEL.. 88 HE e+e - PhySics 412 W. Buchrnueller S. Cooper 

Editors: A. Ati and P. Soedng, World Scent C, Singapore 
COHEN 87 RMP 59 1121 E.R. Cohen, B.N. TaylOr 
BARU 86B ZPHY C32 622 S.C. Baru ct aL 
KURAEV as SJNP 41 4616 E,A. Kuraev, V.S. Fadin 

Translated from YAF 41 733, 
ARTAMONOV 84 PL ISTB 272 A.S, Artamon~v et aL 
GILES 84B PR D29 1285 R. Gi~es er aL 
ANDREWS 83 PRL 50 807 D,E. Andrews et aL 
GREEN 82 PRL 49 617 J. Green et aL 
MAGERAS 82 PL 115B 453 G. Mageras et ah 

O T H E R  RELATED PAPERS - -  

ALEXANDER 89 NP 8320 45 J.P. Alexander et aL 
ARTAMONOV 84 PL 1378 272 A.S, Artamonov et ai, 
GILES 848 PR D29 1285 R. Giles et a/. 
HAN 82 PRL 49 1612 K. Hart e[ at, 
PETERSON 82 PL 114B 277 D. Peterson et aL 
KAPLAN 70 PRL 40 435 DM. Kaplan el aL 
YOH 78 PRL 41 684 J.K. Yoh et aL 
COBB 77 PL 728 273 J.H. Cobb et aL 
HERB 77 PRL 39 252 S.W. Herb el at. 
INNES 77 PRL 39 1240 W.R, Innes et aL 

(CLEO Collab,) 
(CUSB Coliab.) 

(CUSB II Coaab.) 
(CLEO Collab,) 
(CUSB Collab.) 
(CLEO Colla b.) 
(CUSB Colla b.) 
(CLEO Colla b.) 
(CUSB Collab.) 

(HANN, DESY, MIT) 

(RISC, NBS) 
(NOVO) 
(NOVO) 

(NOVO) 
(CLEO Collab.) 
(CLEO CoIlab,} 
(CLEO Collab.) 

(COLU. CORN. LSU+) 

[LBL, MICH, SLAC) 
(NOVO) 

(CLEO Collab.) 
(CUSB Collab.) 
(CUSB CoIlab.) 

STUN, ICOLU, FNAL, COLU) 
FNAL, STUN) 

(BNL CERN, SYRA, YALE) 
(COLU, FNAL, STUN) 
(COLU, FNAL, STUN) 

I I6(J PC) = 0 - ( 1 - - )  

T(~) MASS 

VALUE (GeV} DOCUMENT ID TEEN COMMENT 

10.5800.1.0.0035 1 BEBEK 87 CLEO e4- e -  ~ hadrons 
�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

10.5774• 2 LOVELOCK 85 CUSB e4 -e -  ~ hadrons 

1 Reanalysis of BESSON 85. 
2 No systematic error given. 

T(45) WIDTH 

VALUE (MeV) DOCUMENT tO TEEN COMMENT 
14 4"5 OUR AVERAGE Error includes scale factor of 1.7. 
10,04-2.8• 3ALBRECHT 95E ARG e + e  - ~ hadrons 
20 4-2 •  BESSON 85 CLEO e + e  - ~ hadrons 
�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

25 •  LOVELOCK 85 CUSB e + e  - ~ hadrons 

3Using LEYAOUANC 77 parametrization of r (s) .  

1"(45) DECAY MODES 

Mode Fraction ( F i l l " )  Confidence level 

B e  > 96 % 95% 

n o n - B B  < 4 % 95% 

e + e  - (2 .84 -0 .7 )  x 10 - 5  

J /~ (3097)any th ing  (2 ,24 -0 .7 )  x 10 - 3  

D * +  a n y t h i n g  + c.c. < 7.4 % 90% 

C a n y t h i n g  < 2.3 x 10 - 3  90% 

T ( 1 5 ) a n y t h i n g  < 4 x 10 - 3  9o% 

T ( 1 S ) l r + ~ r  - < 1.2 x 10 - 4  90% 

T ( 2 S ) T r + ~ r  - < 3.9 x 10 - 4  90% 

E l  

r2 
I- 3 

F4 

i- 5 

r6 
r7 
1- 8 

I- 9 



See key on page 239 

7'(45) PARTIAL WIDTHS 

r(e+e -)  r3 
VALUE (keY) DOCUMENT IO TECN COMMENT 

0 .248+0 .031  OUR AVERAGE Error includes scale factor of 1,3, See the ideogram below. 

0.28 •  +0 .01  4 A L B R E C H T  95E ARG e + e  - ~ hadrons 

0 , 1 9 2 •  BESSON 85 CLEO e + e  - ~ hadrons 

0 .283•  LOVELOCK 85 CUSB e + e  - ~ hadrons 

4 Using LEYAOUANC 77 parametrization of F(s). 

r(e+e-)Ir~, 
VALUE Iunits I0 -s) 

2:r/:I: 0.50 :I: 0.49 

7"(45) BRANCHING RATIOS 

r3/r 
DOCUMENT ID TECN COMMENT 

5 ALBRECHT 95E ARG e + e -  ~ hadrons 
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IG(J Pc) = o-(1-  :)  

7"(10860) MASS 

VALUE {GeV) DOCUMENT IO TECN COMMENT 

| 0 .8 t54"0 .008  OUR AVERAGE Error includes scale factor of 1.1. 

10 .868+0 .006+0 .005  BESSON 85 CLEO e + e  - ~ hadrons 

10 .845•  LOVELOCK 85 CUSB e + e-- ~ hadrons 

T(10860) WIDTH 

VALUE {MeV) DOCUMENT ID TECN COMMENT 

1104-13 OUR AVERAGE 
1 1 2 • 1 7 7  BESSON 85 CLEO e + e  - ~ hadrons 

1 1 0 + 1 5  LOVELOCK 85 CUSB e + e  - ~ badrons 

7`(10860) DECAY MODES 

Mode Fraction ( F i / i - )  

F I e + e- ( 2 . 8 •  x 10 - 6  

7`(10860) PARTIAL WIDTHS 

r(e+e-) 
VALUE (keY) DOCUMENT ID TECN COMMENT 

0.31 "1-0.07 OUR AVERAGE Error includes scale factor of 1,3. 

0.22 •  +0 .07  BESSON 85 CLEO e + e - ~  hadrons 

0 .365•  LOVELOCK 85 CUSB e + e  - ~ hadrons 

7`(10860) REFERENCES 

BESSON 85 PRL 54 381 D. Besson er aL (CLEO Collab,) 
LOVELOCK 85 PRL 54 377 D.M.J. Lovelock er al. (CUSB Collab.) 

I r(11o2o)I IG(j PC) = 0 - ( 1 - - )  

r l  

5 Using LEYAOUANC 77 parametrization of F(S). 

F (J/@(3097) anything)/Floral r4/r  
VALUE DOCUMENT ID TECN COMMENT 

0.0022"1"0.0006"1"0.0004 ALEXANDER 90c CLEO e + e  - 

[ r (m+ anything) + r (c.c.)]/r~,, rs/r 
VALUE ~ DOCUMENT IO TECN COMMENT 

<0.074  90 6 A L E X A N D E R  90C CLEO e + e  - 

rur 
DOCUMENT ID TECN COMMENT 

6For  x > 0.473. 

r(Oanything)/r~a 
VALUE C L ~  

<0.0023 90 

7 F o r x >  0.52. 

r ( T(Z S) anything) /l'tom 
VALUE C L ~  

<0.004 90 

r(7`(ls)~+.-)/r=o~l 
VALUE (units ]0 - 4 )  CL_._~ 

<1 .2  90 

r(7`(2s),r+,-)/r~l 
VALUE (units 10 -4  ) CL__%% 

<3.9 90 

r(no.-a~Ir~,,  
VALUE CL~ 

<0,04 95 

7 ALEXANDER 90C CLEO e + e -  

rdr 
DOCUMENT ID TECN COMMENT 

ALEXANDER 90c CLEO e + e -  

rdr 
DOCUMENT ID TECN COMMENT 

GLENN 99 CLE2 e + e  - 

rdr 
DOCUMENT }D TECN COMMENT 

GLENN 99 CLE2 e + e -  

r2/r 
DOCUMENT ID TECN COMMENT 

BARISH 96B CLEO e + e -  

7"(45) REFERENCES 

GLENN g9 PR D59 052003 S. Glenn el aL 
BARISH %B PRL 16 1570 B,C. Barish et aL 
ALBRECHT 95E ZPHY C65 619 H. Albrecht et al. 
ALEXANDER S0C PRL 64 2226 J. Alexander et aL 
BEBEK 87 PR D36 1289 C. Bebek et M. 
BESSON 85 PRL 54 381 D, Besson et aL 
LOVELOCK 85 PRL 54 377 D.M.J, Lovelock et aL 
LEYAOUANC 77 PL 071 397 A. Le Yaouanc et al. 

- -  OTHER RELATED PAPERS 
HENDERSON 92 PR D45 2212 S. Henderson et aL 
ANDREWS 80B PRL 45 219 D. Andrews et aL 
FINOCCHI... 80 PRL 45 222 G. Finocchiaro el at. 

(CLEO Cotlab.) 
(ARGUS Colla b.) 

(CLEO Collab.) 
(CLEO CoIlab.) 
(CLEO Collab.) 
(CUSB Collab~) 

(ORSAY) 

(CLEO Collab.) 
(CLEO Collab.) 
(CUSB r 

7"(11020) MASS 

VALUE (GeV) DOCUMENT ID 

11.019=t:0.008 OUR AVERAGE 
11.019 + 0.005 + 0,007 BESSON 

11.020 +0 .030  LOVELOCK 

TECN COMMENT 

85 CLEO e + e -  ~ hadrons 

85 CUSB e -F e -  ~ hadrons 

7`(11020) WIDTH 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

7 9 •  OUR AVERAGE 
6 1 + 1 3 •  BESSON 85 CLEO e + e  - ~ hadrons 

9 0 •  LOVELOCK 85 CUSB e + e  - ~ hadrons 

T(11020) DECAY MODES 

Mode Fraction ( I - i / r )  

I- 1 e + 8 -  ( 1 . 6 + 0 . 5 )  • 10 - 6  

T(11020) PARTIAL WIDTHS 

r(,+,-) 
VALUE (keV) DOCUMENT ID TECN COMMENT 

0.1304-0.030 OUR AVERAGE 
0,095+0.03 +0 .035  BESSON 85 CLEO e + e - ~  hadrons 

0 ,156•  LOVELOCK 85 CUSB e + e  - --~ hadrons 

r l  

T(11020) REFERENCES 

BESSON 85 PRL 54 361 D~ Besson er aL (CLEO Collab.) 
LOVELOCK 05 PRL 54 377 D.M.J. lovelock et al. (CUSB Coltab,) 
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NON-q  CANDIDATES [I 
We include here mini-reviews and reference lists on gluonium and 
other non-q~ candidates. See also NN(1100-3600) for possible 
bound states. 

NON-q~ MESONS 

Written March 2000 by C. Amsler (University of Ziirich) 

See also NN(l l00  - 3600) for possible multiquark states. 

The constituent quark model describes the observed meson 

spectrum as bound q~ states grouped into SU(3) flavor nonets. 

The self-coupling of gluons in QCD suggests that additional 

mesons made of bound gluons (glueballs) or q~-pairs with an 

excited gluon (hybrids) may exist. Multiquark color singlet 

states like qq~-~ or qqqqqq have also been predicted (JAFFE 

77). Among the signatures naively expected for glueballs are 

(i) no place in q~ nonets, (ii) enhanced production in gluon 
rich channels such as central production and radiative J/r  
decay, (iii) decay branching fractions incompatible with SU(3) 

predictions for q~ states, and (iv) reduced 77 couplings. How- 

ever, mixing effects with isoscalar q~ mesons (AMSLER 96, 

ANISOVICH 97, WEINGARTEN 97,CLOSE 97B) and decay 

form factors (BARNES 97) may obscure these simple signatures. 
Lattice calculations (BALI 93, SEXTON 95, MORN- 

INGSTAR 99), QCD sum rules, flux tube and constituent 

glue models agree that the lightest glueballs have quantum 
numbers jPC = ,0++ and 2 ++ (for a review see SWANSON 

97). On the lattice, the scale parameter (estimated from the 
string tension in heavy quark mesons) gives by extrapolation to 

zero lattice spacing a mass of 1611 • 163 MeV for the ground 

state (0 ++) gluebail, while the first excited state (2 ++) has a 

mass of 2232 • 310 MeV (MICHAEL 97). Hence the low mass 
glueballs lie in the same mass region as ordinary isoscalar q~ 

states, that is in the mass range of the 13p0(0++), 23P2, 33p2, 

and 13F2(2 ++) q~ states. The 0 -+ state and exotic gluebails 

(with non-q~ quantum numbers like 0 - - ,  0 +-, 1 -+, 2 +-, etc.) 

are expected above 2 GeV (BALI 93). 

The lattice calculations assume that the quark masses are 
infinite and therefore neglect q~ loops. However, one expects 

that glueballs will mix with nearby q~ states of the same 

quantum numbers. The effect of q~ loops on the glueball mass 

is not clear and the size of the q~ admixture in the glueball 

wave]unction is not predicted by lattice calculations. However, 
the presence of a glueball mixed with q~ would still lead to 

a supernumerary isoscalar in the SU(3) classification of q~ 

mesons. 

For earlier experimental searches we refer to the Notes in 

the 1996 and 1998 issues of this Review. See also the review 

on exotic mesons by LANDSBERG 99. 

We first deal with non-q~ candidates in the scalar sector. 
Five isoscaiar resonances are well established: the very broad 

]0(400- 1200) (or a), the ]0(980), the broad ]0(1370), and 
the comparatively narrow f0(1500) and ]0(1710) (see the Note 

on "Scalar Mesons" and also AMSLER 98). The ]0(1500) was 

observed in many experiments, e.g., in pion induced reactions 

r - p  (BINON 83, AMELIN 96B), in ~p annihilations (AMSLER 
95B, 95C, BERTIN 97C), in central collisions (REYES 98, 

BARBERIS 99, BELLAZZINI 99), in J / r  radiative decays 

(BUGG 95) and in D8 decays (FRABETTI 97D). The ]0(1710), 

with controversial spin (0 or 2), was recently shown to have 
spin 0 (DUNWOODIE 97, BARBERIS 99, FRENCH 99) and to 

decay mainly into K K  (BARBERIS 99, 99B, 99D). This points 
to a mostly s~ structure, although no signal was reported 

in K - p  ~ K s K s A  interactions, but the data sample was 
rather small (ASTON 88D). In 77 collisions leading to K s K s  

(BRACCINI 99) a signal is observed at the ]0(1710) mass 

(although its spin cannot be determined) but ]0(1500) is absent, 

while in 77 collisions leading to 7r+~r - neither f0(1710) nor 

]0(1500) are observed (BARATE 00E). The production rate 

for f0(1710) and the absence of ]0(1500) in both K K  and ~rn 

favor the former to be mainly s~ and the latter to have a small 

coupling to 7"7 at most compatible with an s~ state (AMSLER 
99). 

On the other hand, the K K  decay branching ratio of 

]0(1500) is small compared to ~r~r (ABELE 96B, 98, BARBERIS 

99D) indicating that this state cannot be dominantly s~. Since 

]0(1370) does not couple strongly to s~ either (BARBERIS 

99D), ]0(1370) or ]0(1500) appear to be supernumerary. Note 
that ]0(1370) and ]0(1500) have rather different decay patterns. 

The former decays to aa and pp, while the latter does not 

decay to pp (BUGG 95, THOMA 99). The narrow width 

of ]0(1500) and its enhanced production at low transverse 

momentum transfer in central collisions (CLOSE 97, 98B) 

favor ]0(1500) to be non-q~. In AMSLER 96 the ground state 
scalar nonet is made of a0(1450), ]0(1370), K~(1430) and the 

at the time missing s~ state which could now be identified 

as ]0(1710). The isoscalars ]0(1370) and ]0(1710) contain 

a small fraction of glue while ]0(1500) is mostly gluonic. 

Alternative, less straightforward, mixing schemes have been 

proposed (TORNQVIST 96, ANISOVICH 97, BOGLIONE 97, 

WEINGARTEN 97, MINKOWSKI 99). 

The a0(980) and ]0(980) could be four-quark states (JAFFE 
77) or K K  molecular states (WEINSTEIN 90, LOCHER 98) 

due to their strong affinity for K K ,  in spite of their masses being 

very close to threshold. For q~ states the expected 7"Y widths 
(OLLER 97B, DELBOURGO 99) are not significantly larger 

than for molecular states (BARNES 85). A better filter might 

be radiative r decay to a0(980) and ]0(980). Recent 

data (ACHASOV 98B, 98I, AKHMETSHIN 99C) favor these 

mesons to be four-quark states (ACHASOV 97C), although not 
everybody agrees (MALTMAN 99B, DELBOURGO 99). Also, 

the ]0(980) is strongly produced in D + decay (FRABETTI 

97), suggesting a large s~ component, while hadronic Z ~ decay 

favors in contrast a large u~ + dd component (ACKERSTAFF 

98Q). 
We now turn to the 2 ++ sector. The isoscalar 13p2(2 ++) 

q~ mesons, ]2(1270), and ]~(1525), are well known. Above 

the ]~(1525) none of the reported isoscalars can be definitely 
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assigned to the 23p2, 33p.2, or 13F2 nonets and therefore the 

identification of the 2 ++ glueball is premature. Three states 

appear to be solid. The f2(1565) observed in pp annihilation 

at rest (MAY 90, BERTIN 98) is perhaps the same state as 

]2(1640) reported to decay into ww (ALDE 90, BAKER 99) 

and 47r (ADAMO 92). This could be one of the 23p2 isoscalars 

or a nucleon-antinucleon resonance. The rather broad ]2(1950) 

is observed by several experiments, e.g., in central production 

(BARBERIS 97B) and in ~p annihilation in flight (ABELE 

99B). Finally, a broad structure (of perhaps several states) 

decaying to r162  was reported around 2300 MeV in ~r-N re- 

actions (BOOTH 86, ETKIN 88) in pp annihilation in flight 

(EVANGELISTA 98) and in central collisions (BARBERIS 98). 

The evidence for a narrow meson, fJ(2220) (possibly a 

tensor), is fading with new formation data in ~p annihilation 

(KISIEL 99, see the Note under the fJ(2220) section). The 

measured partial width to ~p in radiative J / r  decay (BAI 96B) 

is too large and inconsistent with the upper limit from pp anni- 

hilation into 7rr (AMSLER 99). However, the suprisingly large 

r162 cross section in ~p just above threshold (EVANGELISTA 

98) could be due to the production of the 2 ++ glueball. In 

fact, the broad enhancement was reanalyzed by PALANO 99. 

The dominating contribution was found to be 2 ++ , resonating 

at a mass of 2231 MeV with a width of 70 MeV, in accord with 

earlier observations in ~r-N reactions (BOOTH 86, ETKIN 88). 

Let us now deal with hybrid states. Hybrids may be viewed 

as q~ mesons with a vibrating gluon flux tube. In contrast to 

glueballs, they can have isospin 0 and 1. The mass spectrum of 

hybrids with exotic (non-q~) quantum numbers was predicted 

by ISGUR 85 while CLOSE 95 also deals with non-exotic 

quantum numbers. The ground state hybrids with quantum 

numbers (0 -+,  1 -+,  1 - - ,  and 2 -+)  are expected around 1.7 

to 1.9 GeV. Lattice calculations predict that the hybrid with 

exotic quantum numbers 1 -+  lies at a mass of 1.9 =k 0.2 GeV 

(LACOCK 97, BERNARD 97). Most hybrids are rather broad 

but some can be as narrow as 100 MeV (PAGE 99). They 

prefer to decay into a pair of S- and P-wave mesons. 

A j P C  _ 1-+ exotic meson with a mass of 1370 MeV and a 

width of 385 MeV was reported in 7r-p -~ ~lr-p (THOMPSON 

97, CHUNG 99). This state, called ~(1405) in our previous 

edition, has now been renamed 7h(1400). It was observed as an 

interference between the angular momentum L = 1 and L = 2 

777r amplitudes, leading to a forward/backward asymmetry in 

the ~/~r angular distribution. This state was reported earlier 

in ~r-p reactions (ALDE 88B) but ambiguous solutions in 

the partial wave analysis were pointed out by PROKOSHKIN 

95B, 95C. A resonating 1 -+  contribution to the Uzr P-wave 

is also required in the Dalitz plot analysis of pn annihilation 

into r-Tr~ (ABELE 98B) and in ~p annihilation into ~r%r~ 

(ABELE 99). The mass of 1400 MeV and the width of 310 

MeV (ABELE 98B) are consistent with THOMPSON 97. 

Another 1 -+  state at 1593 MeV with a width of 168 

MeV, r1(1600), decaying into p~ was reported in the reaction 

~r-p --~ zc-p~ (ADAMS 98B). It was observed earlier in the 

decay modes p~r, 7/'7r, and b1(1235)~r, but not ~?Tr (GOUZ 92). 

A strong enhancement in the 1 -+  u~lr wave, compared to ~r, 

was reported at this mass by BELADIDZE 93. DONNACHIE 

98 suggest that a Deck generated ~Tr background from final 

state rescattering in r1(1600) decay could mimick ~h(1400). 

However, this mechanism is absent in ~p annihilation. The 

y~rTr data require 7h(1400) and cannot accommodate a state at 

1600 MeV (DUENNWEBER 99). 

Hence we now have evidence for two 1 -+  exotics, r1(1400) 

and lr1(1600), while the flux tube model and the lattice concur 

to predict a mass of about 1.9 GeV, where a signal had 

been reported earlier (LEE 94). As isovectors, ~r1(1400) and 

7h(1600) cannot be glueballs. The coupling to y~r of the former 

points to a four-quark state while the strong y~zr coupling of the 

latter is favored for hybrid states (CLOSE 87B). Its mass is not 

far below the lattice prediction. 

Finally, 0 -+ ,  1 - - ,  and 2 -+  hybrids were also reported. 

The 7r(1800) decays mostly to a pair of S- and P-wave mesons 

(AMELIN 95B), in line with expectations for a 0 -+  hybrid me- 

son, although recent data contradict this, indicating a strong pw 

decay mode (ZAITSEV 97). This meson is also rather narrow 

if interpreted as the second radial excitation of the the pion. 

The evidence for 1 - -  hybrids required in e+e - annihilation 

and in T decays has been discussed by DONNACHIE 99. A 

candidate for the 2 -+  hybrid, the ~(1870), was reported in 7")' 

interactions (KARCH 92), in i~p annihilation (ADOMEIT 96) 

and in central production (BARBERIS 97B). The near degen- 

eracy of 72(1645) and ~r2(1670) suggests ideal mixing in the 2 -+  

q~ nonet and hence the second isoscalar should be mainly s~. 

However, ~72(1870) decays mainly to a2(1320)Tr and f2(1270)Tr 

(ADOMEIT 96) with a relative rate compatible with a hybrid 

state (CLOSE 95). 
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Non-q~ Candidates, 

I Non-q~ Candidatesl 
OMITTED FROM SUMMARY TABLE 

NON-q'q CANDIDATES REFERENCES 

BARATE 00E PL B472 t89 R. Barate et aL (ALEPH Collab.) 
ABELE 99 PL B446 349 A. Abele et aL {Crystal Barrel Collab,) 
ABELE 99B EPJ C8 67 A. Abele et aL (Crystal Barrel Collab.) 
AKHMETSHIN 99C PL B462 360 R.R. Akhmetshin et aL (CMD*2 Collab.) 
AMSLER 99 NP A663 and 664 93C C. Amsler 

Proceedings XV Particle and Nucle Int, Conf., Uppsala 
BAKER 99 PL B449 114 C.A. Baker et aL 
BARBERIS 99 PL B453 305 D. Barberis e! aL (Omega expt.) 
BARBERIS 99B PL B453 316 D. Barberis ef aL (Omega expt.) 
BARBERIS 99D PL B~.62 462 O. Barberls et aL {Omega expt.) 
BELLAZZINI 99 PL B467 296 R. Bellazzinl et aL 
BRACCINI 99 Hadron Spectroscopy 53 S. Braccini 

Frascat[ Physics Series XV (1999) 53, Proceedings Workshop on Hadron Spectroscopy 
BUGG 99 PL B458 511 D.V. BU~ el al. 
CHUNG 99 PR D60 092001 S.U, Chung et aL (BNL E852 Collab.) 
DELBOURGO 99 PL B446 332 R. Delbourgo, D, Liu, M. Scadron 
DONNACHIE 99 PR DTO 114011 A. Donnachie, Yu.S. Kalashnikova 
DUENNWEBER99 NP A 663 + 664, 592C W. Duenn~eber 

Proc. XV Particles and Nuclei Int. Conf., Uppsala 
FRENCH 99 PL B214 213 B. French et ai, (WA75 Collab.) 
GODFREY 99 RMP 71 1411 S. Godfrey, J. Napolitano 
KISEL 99 Proc.  Workshop on Hadron Spectroscopy 

Frascat[ Physics Series XV 357 
LANDSBERG 99 SPU 42 871 LG, Landsberg 

Translated from UrN 42 96t. 
MALTMAN 99B PL 8462 t4 
MINKOWSKI 99 EPJ C9 283 P. Minko*'ski, W. Ochs 
MORNINGSTAR99 PR 060 034509 
PAGE 99 PR 059 034016 
PALANO 99 Hadron Spectroscopy 363 A. Palano 

Frascat~ Physics Series XV 363. Proceedings Workshop on Hadron Spectroscopy 
THOMA 99 Hadron Spectroscopy 45 U. Thoma 

Fracati Physics Series XV 45, Proceedings Workshop on Hadron Spectroscopy 
EPJ Ct l  359 N. Tornqvist 
PR D57 3860 A. Abele ef aL 
PL 8423 175 A. Abele ef aL 
PL B436 441 M.N. Achasov et aL 
PL B440 442 M.N. Achasov et aL 
EPJ C4 19 K, Ackerstaff et aL 
PRL 81 5760 G.S. Adams et aL 
RMP 70 3293 C, Amsler 
PR D57 59 A. Bertin et al. 
PL B419 387 
PR D58 114012 A. Donnachie et aL 
PR 057 5370 C. Evangelista et aL 
EPJ C4 317 M,P. Locher et at. 
PRL 81 4079 M.A. Reyes et al. 
PR D56 4084 N,N, Achasov et aL 
PR 056 203 N.N Achasov et aL 
IJMP A12 5019 N,N. Achasov ef aL 
I~L B395 t23 A.V. Anisovich, A.V. Satantsev 
ZPHY A357 123 A.V. Anisovich et aL 
PL B413 137 
PAN 60 1892 A.V. Anisovlch et al. 
Translated from YAF 60 2065. 

TORNQVIST 99 
ABELE 98 
ABELE 98B 
ACHASOV 98B 
ACHASOV 951 
ACKERSTAFF 98Q 
ADAMS 9BB 
AMSLER 98 
BERTIN 98 
CLOSE 9BB 
DONNACHIE 90 
EVANGELISTA 90 
LOCHER 9B 
REYES 98 
ACHASOV 97C 
AEHASOV 97D 
ACHASOV 97E 
ANISOVICH 97 
ANISOVICH 97B 
ANISOVICH 97C 
ANISOVICH 97E 

BARBERIS 97 PL B397 339 
BARBERIS 97B PL B413 217 
BARBERIS 97C PL B413 225 
BARNES 97 PR D55 4157 
BERNARD 97 PR D56 7039 
BERTIN 97 PL B400226 
BERTIN 97C PL B408 476 
BOGLIONE 97 PRL 79 1998 
BUGG 97 PL B396 295 
CLOSE 97 PL B397 333 
CLOSE 97B PR 955 5749 
DUNWOODIE 97 Hadron 97 Conf. 
FRABETTI 97D PL B407 79 
GERASYUTA 97 ZPHY C74 325 
HOU 97 PR D55 6952 
KISSLINGER 97 PL 8410 l 
LACOCK 97 PL 8401 305 
MICHAEL 97 Hadron 97 ConE 

AlP Conf. Proc. 432 657 
OLLER 97B Hadro~ 97 Cone 

AlP Cone Proc. 432 413 
PAGE 97 PL B402 IB3 
PAGE 97B NPB 495 268 
PAGE 97C PL B415 205 
SWANSON 97 Hadron 97 Cone 

AlP Cone Proc. 432 471 
THOMPSON 97 PRL 79 1690 
WEINGARTEN 97 NPPS 53 232 
YAN 97 JP G23 L33 
ZAITSEV 97 Hadron 97 Conf. 

AlP Cone Proc, 432 461 
ABELE 96 PL B380 453 
ABELE 96B PL B385 425 
ADOMEIT 96 ZPHY C71 227 

D. Barberis et aL 
D. Barberis et aL 
D. Barberis ef aL 
T. Barnes et al. 
Bernard et aL 
A. Bertin et at. 
A. Bertin et aL 
M. Boglione et al. 
D,V. B u ~  et al. 
F, Close et aL 
F. Close et aL 
W. Dunwoodie 
P.L Frabetti ez aL 
S.M, Gerasyuta ef aL 
Wei-Shu HOU 
L.S. Kisslinger et aL 
P. Lacock et aL 
C, Michael 

J.A. Oiler. E. Oset 

P.R. Page 
P.R. Page 
P.R. Page 
E.S. Swanson 

D.R. Thompson et a/. 
D. Weingarten 
Y. Yan et ah 
A. Zaitsev 

A. Abele et aL 
A. Abele et aL 
J. Adomeit et al. 

(Crystal Barrel Coltab.) 
(Crystal Barrel Collab.) 

(Novosibirsk SND Collab,) 

(OPAL Collab.) 
(MPS Collab.) 

(OBELIX Col~ab.) 

(PSI) 

(PNPI) 
(PNPI) 

(PNPI) 

(WA102 Cofiab.) 
(WA102 Collab.) 
(WA102 Collah,) 

(ORNL, RAL, MCHS) 

IOBELIX Collab.) 
IOBELIX Collab.) 

(RAL. BIRM) 
(RAL, RUTG, BEIJT) 

(SLAC) 
(FNAL E687 Collab.) 

(EDIN, LIVP) 

(CEBAF) 

(E892 Collab.) 

(Crystal Barrel Collab.) 
(Crystal Barrel Collab.) 
(Crystal Barrel Collab.) 

AMELIN 96B PAN 59 976 
Translated from YAF 59 

AMSLER 96 PR D53 295 
AMSLER 96B ZPHY C70 219 
AMSLER %C Third Paper 
BAI %B PRL 76 3502 
BAI 96C PRL 77 3959 
BAJC 96 ZPHY A356 187 
CLOSE 96 PL B366 323 
SZCZEPANIAK 96 PRL 76 2011 
TORNQVIST 96 PRL 75 1575 
AMELtN 95B PL B356 595 
AMSLER 95B PL B342 433 
AMSLER 95C PL 8353 571 
AMSLER 95D PL B355 425 
AMSLER 95E PL B353 385 
AMSLER 95F PL 8358 389 
BERTIN 95 PL B361 187 
BUGG 95 PL B353 378 
CLOSE 95 NP 8443 233 
PROKOSHKIN 95B PAN 58 606 

Translated from YAF 58 
PROKOSHKIN 95E PAN 58 853 

Translated from YAF 58 
SEXTON 95 PRL 75 4563 
ALBRECHT 94Z PL B332 451 
AMSLER 94D PL 8333 277 
ANISOVICH 94 PL B323 233 
BERDNSKOV 94 PL B337 219 
LEE 94 PL B323 227 
TORNQVIST 94 ZPHY C6t 525 
ALEEV 93 PAN 56 1358 

Translated from YAF 56 
AOYAGI 93 PL B314 246 
BALI 93 PL B309 378 
BARNES 93 PL B309 469 
BELADIDZE 93 PL 313 276 
DONNACHIE 93 ZP C60 187 
ERICSON 93 PL B309 426 
MANOHAR 93 NP B399 17 
ADAMO 92 PL B287 368 
AMSLER 92 PL B291 347 
BARNES 92 PR D46 131 
OOOLEY 92 PL B275 478 

D.V, Amelin ef aL (SERP, TBIL) 
1021. 
C. Amsler, F.E. Close (ZURI, RAL) 
C. Amsler et aL (Crystal Barrel Collab.) 
C, Amsler et aL (Crystal Barrel Collab.) 
J.Z. Bal et al. (BES Collab,) 
J.Z, Bai e! al. (BES Coliab.) 
B. Bajc et al. 
F.E, Close, P.R. Page (RAL) 
A. Szczepaniak et aL (NCARO) 
N.A. Tornqvist, M. RODS (HELS) 
O.V. Amelin et aL (SERP, TBIL) 
C. Amsler et aL (Crystal Barrel Collab.) 
C. Amsler ef al. (Crystal Barrel Collab.) 
C. Amsler ef aL (Crystal Barrel Collab.) 
C, Amsler, F.E. Close (ZURI, RAL) 
C. Amsler et aL (Crystal Barrel Collab.) 
A. Bertin et aL (OBELIX Collab,) 
D,V. Bug8 ef al. (LOQM, PNPI, WASH) 
F,E. Close. P.R. Page (RAL) 
Y.D. Prokoshkin, S,A, Sadovsky (SERP) 
662. 
Y,D, Prokoshkin, S.A. Sadovsky (SERP) 
921. 
J. Sexton et aL (IBM) 
H. Albrecht ez aL (ARGUS Collab.) 
C. Amsler et aL (Crystal Barre~ Collab.) 
V.V. Anisovlch et aL 
E,B. Berdnikov et aL (SERP, TBIL) 
J.H. Lee et aL (BNL IND, KYUN, MASD+) 
N.A. Tornqvist (HELS) 
A.N. Ateev et aL (BIS-2 Collab.) 
100. 
H. Aoyagl et aL (BKEI Coliab.) 
G,S. Bali et aL (LWP) 
P.D. Barnes, P. Birien, W.H. Breunllch 
G.M. Beladldze et aL (VES Collab.) 
A. Donnachie. Yu.S. Kalashnikova, A.B. CleEK (BNL) 
T,E,O. Ericson, G. Karl (CERN) 
A.V. Manohar, M.B. Wise (MIT) 
A. Adamo et at. (OBELIX Collab.) 
C. Amsler et aL (Crystal Barrel Collab.) 
T. Barnes. E.g. Swanson (ORNL) 
K. Dooley, E.S. Swanson, T. Barnes (ORNL) 

GOUZ 92 Dallas HEP 92, p. 572 Yu.P. Gouz et aL 
Proceedings XXVI Int. Cone on High Energy Physics 

KARCH 92 ZPHY C54 33 
ALBRECHT 91F ZPHY CS0 1 
DOVER 91 PR C43 379 
FUKUI 91 PL B257 241 
TORNQVIST 91 PRL 67 556 
ACHASOV 90 TF 20 (178) 
ALOE 90 PL B241 600 
BREAKSTONE 90 ZPHY C48 569 
BURNETT 90 ARNPS 46 332 
LONGACRE 90 PR D42 874 
MAY 90 ZPHY C46 203 
WEINSTEIN 90 PR D41 2236 
ALOE 89 PL B216 447 
ARMSTRONG 898 PL B221 221 
ARMSTRONG 890 PL B227 186 

89 PL B225 450 
88 PL B207 199 
88 PR D97 28 
88 PL B201 160 
B8B PL 8209 397 
88D NP B30[ 525 
888 ZPHY C38 521 
88 PRL 6] 1557 
88 ZPHY C40 313 
P~ PL B201 568 
88 PC 8205 564 
87 ZPHY C36 161 
87 NP B292 693 
87 PL B188 383 
87 RPP 51 833 
86 PRL 57 1296 
86 NP B273 677 
06 PL 8172 113 
86 PL B177 223 
85 PL B165 434 
85 PRL 55 779 
85 PRL 54 869 
85 ZPHY C28 309 
84E ZPHY C2t 205 
83 NP 8224 241 
83 NC 7BA 313 
B3B PR D27 588 
82 PR D37 28 
82 ZPHY C16 13 
82 PL B116 365 
81 PL B103 153 
80B PL 897 448 
79 ZP C1 391 
77 PR D15 267,281 
75 JETPL 23 333 

Translated from ZETFP 23 369, 
67 NC 50A 393 P.H. Baillon et aL 

MAY 
ACHASOV 
AIHARA 
ALDE 
ALDE 
ASTON 
BERGER 
BIRMAN 
CLEGG 
ETKIN 
IDDIR 
ACHASOV 
ASTON 
BITYUKOV 
CLOSE 
ANDO 
BOOTH 
BOURQUIN 
LONGACRE 
BARNES 
EHUNG 
ISGUR 
LEYAOUANC 
BEHREND 
BARNES 
BINON 
WEINSTEtN 
AIHARA 
ALTHOFF 
BARNES 
BURKE 
BRANDELIK 
GUTBROD 
JAFFE 
VOLOSHIN 

BAILLON 

(VES Collab.) 

K. Karch et aL (Crystal Bali Collab.) 
H. Albrecht ef aL (ARGUS Collab.) 
C,B, Dover, T, Gutsche, A, Faessler (BNL) 
S. Fukui ef aL (SUGI, NAGO, KEK, KYOT+) 
N.A. Tornqvist (HELS) 
N.N. Achasov, G.N. Shesfakov (NOVM) 
D,M. Aide et aL (SERP, BELG, LANL, LAPP+) 
A.M. Breakstone et aL (ISU, BGNA, CERN+) 
T.H. Burnett, S.R. Sharpe (RAL) 
R.S. Longacre (BNL) 
B. May et aL (ASTERIX Collab.) 
J. Weinsteln, N. Isgur (TNTO) 
D.M. Aide ef aL (SERP, BELG, LANE LAPP) 
T,A. Armstrong el aL (CERN, CDEF, BIRM+) 
T.A, Armstrong. M. Benayoun (ATHU, BARI, BIRM+) 
B, May et aL (ASTERIX Collab.) 
N,N. Achasov, A.A, Kozhevnikov (NOVM) 
H, Aihara et aL (TPC-2"7 Collab.) 
D.M. Aide et aL (SERP, BELG. LANL, LAPP+) 
D.M. Aide et aL (SERP, BELG, LANL, LAPP) 
D, Aston et aL (SLAC, NAGO, CINC, INUS) 
C. Berger et aL (PLUTO Collab.) 
A. Birman et aL (BNL, FSU, IND, MASD) 
A.B. Clegg, A. Donnachle (MCHS, LANC) 
A. Etkin et al. (BNL, CUNY) 
F. Iddir ef ~1. (ORSAY. TOKY) 
N.N. Achasov, V.A. Karnakov. G.N. Shestakov (NOVM) 
D, AStOn ef al. (SLAC, NAGO, CINC. INUS) 
S.h Bityukov et aL (SERP) 

(RHEL) 
A. Ando et a/. (KEg, KYOT, NIRg, SAGA+) 
P.S.L. Booth et aL (LIVP, GLAS, CERN) 
MH.  Bourquin et af. (GEVA. RAL, HEIDP+) 
R.S, Longacre ef aL (BNL, BRAN, CUNY+) 

S.U. Chung et aL (BNL, FLOR, tND+) 
N. Isgur, R. Kokoski, J. Paton (TNTO) 
A. Le Yaouanc et al. (ORSAY) 
H,J. Behrend et aL (CELLO Col]ab.) 
T. Barnes et aL (RA t  LOUV) 
F.G. Binon et al. (BELG, LAPP, SERP+) 
J. Welnstein, N. Isgur (TNTO) 
H, Aihara et aL (TPC Collab.) 
M, AIthoff et aL (TASSO Collab.) 
T. Barnes. F.E. Close (RHEL) 
D.L. Burke et al, (Mark II Collab,) 
R. Brandelik et aL (TASSO Collab.) 
F. Gutbrod, G. Kramer, C. Rumpf (DESY) 
R. Jaffe (MIT) 
M.B. Voloshln, LB. Okun (ITEP) 

(CERN, CDEF, IRAD) 
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II N BARYONS bl (S = O, I =  1/2) 
p, N + = uud; n, N O = udd 

B I(J P) : �89189 Status: * * * *  

p MASS 
The mass is known much more precisely in u (atomic mass units) than 
in MeV; see the footnote. The conversion from u to MeV, 1 u - 
931.494013• M e V / c  "2 (MOHR 99, the 1998 CODATA value), 
involves the relatively poorly known electronic charge. 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 

931B,2"/'19984-0.000038 1 MOHR 99 RVUE 1998 CODATA value 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

938.27231 •  2 COHEN 87 RVUE 1986 CODATA value 
938.2796 •  COHEN 73 RVUE 1973 CODATA value 

1 The mass is known much more precisely in u: m = 1.00727646688 • 0.00000000013 u. 
2The  mass is known much more precisely in u: m = 1.007276470 • 0.000000012 u. 

Imp-n~l/mp 
A test of  CPT invariance. Note that the ~ / p  
below, is much better determined. 

charge to-mass ratio, given 

VALUE DOCUMENT ID TEEN COMMENT 

< $ X 1 0  - 7  3 T O R I I  99 SPEC ~ e - H e a t o m  I 

3TORI I  99 uses the more-precisely-known constraint on the ~ charge-to-mass ratio of  I 
GABRIELSE 95 (see below) to get this result. This is not independent o f  the TORI I  99 I 
value for lqp+~lle, below. I 

-~/p CHARGE-TO-MASS RATIO, Jmal/(mp)-~- ~J- 

A test of  CPT invariance. Listed here are measurements involving the 
inertial masses. For a discussion of what may be inferred about the ratio 
of  ~ and p gravitational masses, see ERICSON 90; they obtain an upper 
bound of 1 0 - 6 - 1 0  - 7  for violation of the equivalence principle for ~'s. 

VALUE DOCUMENT ID TEEN COMMENT 

0.gg9999999914-0.0OOODOO0009 GABRIELSE 99 T R A P  Penning trap 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1.0000000015 •  4 GABRIELSE 95 T R A P  Penning trap 
1.000000023 •  5 GABRIELSE 90 T R A P  Penning trap 

4Equation (2) of  GABRIELSE 95 should read M(~) /M(p )  = 0.999999998_5(11) 
(G. Gabrielse, private communication). 

5GABRIELSE 90 also measures m ~ / m  e -  = 1836.152660 • 0.000083 and mp/me_  
= 1836.152680 • 0.000088. Both are completely consistent with the 1986 CODATA 
(COHEN 87) value for m p / m  e -  of  1836.152701 :E 0.000037. 

(1_•.1_ q_L~/qJ_ 
I trl l  I mp/tmp 

A test of  CPT invariance. Taken from the ~ / p  charge-to-mass ratio, 
above. 

VALUE DOCUMENT/O 

( - 9 4 - 9 )  x 10 - 1 1  OUR EVALUATION 

lq. + ~II, 
A test of  CPT invariance. Note that the "PiP charge-to-mass ratio, given 
above, is much better determined. See also a similar test involving the 
electron. 

VALUE DOCUMENT ID TECN COMMENT 

< 5  x 10 - 7  6 TORII  99 SPEC ~ e - H e  atom I 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<2  x 10 - 5  7 HUGHES 92 RVUE 

6TORI I  99 uses the more-precisely-known constraint on the ~ charge-to-mass ratio of I 
GABRIELSE 95 (see above) to get this result. This is not independent of  the TORII  99 I 
value for [ m p - m ~ l / m p ,  above. I 

7HUGHES 92 uses recent measurements of Rydberg-energy and cyclotron-frequency ra- 
tios. 
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p 

Iqp + q.l# 
See DYLLA 73 for a summary of experiments on the neutrality of matter. 
See also " r /CHARGE"  in the neutron Listings. 

VALUE DOCUMENT ID COMMENT 

<1 .0  x 10 - 2 1  8 DYLLA 73 Neutrality of  SF 6 
�9 * �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<0.8 x 10 - 2 1  MARINELLI  84 Magnetic levitation 

8Assumes that qn = qp+qe"  

p MAGNETIC MOMENT 
See the "Note on Baryon Magnetic Moments" in the A Listings. 

VALUE (l~N~ DOCUMENT ID TECN COMMENT 

2.7928473374-0.000000029 MOHR 99 RVUE 1998 CODATA value 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

2.792847386• COHEN 87 RVUE 1986 CODATA value 
2.7928456 •  COHEN 73 RVUE 1973 CODATA value 

MAGNETIC MOMENT 
A few early results have been omitted. 

VALUE (#N) DOCUMENT ID TECN COMMENT 
--2.800 -I-0.008 OUR AVERAGE 
- -2 .8005•  KREISSL 88 CNTR ~ 208pb 1 1 4  10 X-ray 
--2.817 •  ROBERTS 78 CNTR 
-2 .791  •  HU 75 CNTR Exotic atoms 

A test of  CPTinvariance. Calculated from the p and ~ magnetic moments, 
above. 

VALUE DOCUMENT ID 

( - 2 . 64 -2 .9 )  x 10 - 3  OUR EVALUATION 

p ELECTRIC DIPOLE MOMENT 
A nonzero value is forbidden by both T invariance and P invariance. 

VALUE (IO -23 ecra) E V T S  DOCUMENT ID TEEN COMMENT 

- 3,74- 6.3 CHO 89 NMR TI  F molecules 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

< 400 DZUBA 85 THEO Uses 129Xe moment 
130 • 200 9 W l L K E N I N G  84 
900 •  10 WILKENING 84 
700 • 900 tG HARRISON 69 MBR Molecular beam 

9This  WlLKENING 84 value includes a finite-size effect and a magnetic effect. 
10 This WILKENING 84 value is more cautious than the other and excludes the finite-size 

effect, which relies on uncertain nuclear integrals. 

p ELECTRIC POLARIZABILITY ~p 

VALUE I10 -4 fro31 DOCUMENT ID TEEN COMMENT 

12.1:1:0.8 :E0.5 11 MACGIBBON 95 RVUE global average 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

12.5 •  +0 .9  MACGIBBON 95 CNTR "~p Compton scattering 
9.8 •  •  HALLIN 93 CNTR ~fp Compton scattering 

i n  ~ + 1 . 2 5 + 1 , 0 7  ZIEGER 92 CNTR 3'P Compton scattering 
. . . .  - 1 , 1 9 - - 1 . 0 3  

10.9 •  •  ]2  FEDERSPIEL 91 CNTR "}'p Compton scattering 

11 MACGIBBON 95 combine the results of  ZIEGER 92, FEDERSPIEL 91, and their own 
experiment to get a "global average" in which model errors and systematic errors are 
treated in a consistent way. See MACGIBBON 95 for a discussion. 

12 FEDERSPIEL 91 obtains for the (static) electric polarlzablity COp, defined in terms of the 

induced electric dipole moment by D = 4~r~0c=pE, the value (7.0:E 2.2 • 1.3) • 10 - 4  fm 3. 

MAGNETIC POLARIZABILITY ~p P 
The electric and magnetic polarizabilities are subject to a dispersion sum- 
rule constraint ~ + ~ = (14.2 • 0 3 )  x 10 - 4  fm 3, Errors here are 
anticorrelated with those on ~p  due to this constraint, 

VALUE (10 -4  fm 3 ) DOCUMENT ID TEEN COMMENT 

2.1 4-0.18 "I"0.5 13MACGIBBON 95 RVUE global average 
�9 �9 �9 We do not use the following data for averages, f i ts,  limtts, etc. �9 �9 �9 

1.7 •  +0 .9  MACGIBBON 95 CNTR "yp Compton scattering 
4,4 •  +1,1  HALLIN 93 CNTR "TP Compton scattering 

3 ~ + 1 . 1 9 •  ZlEGER 92 CNTR ~fp Compton scattering 
" ~ -  1.25 - 1.07 

3.3 •  +1 .3  FEDERSPIEL 91 CNTR "TP Compton scattering 

13 MACGIBBON 95 combine the results of  ZIEGER 92, FEDERSPIEL 91, and their own 
experiment to get a "global average" in which model errors and systematic errors are 
treated in a consistent way. See MACGIBBON 95 for a discussion, 
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p MEAN LIFE 

A test of baryon conservation. See the "p Partial Mean Lives" section below for limits 
that depend on decay modes, p = proton, n - bound neutron. 

LIMIT 
(~ears) PARTICLE DOCUMENT ID TEEN 
>1.6 x 1025 p, n 14,15 EVANS 77 

�9 �9 �9 We do not use the followin~ data for averages, fits, limits, etc. �9 �9 �9 

>3 x 1023 p 15 DlX 70 CNTR 
>3 x 1023 p, n 15,16 FLEROV 58 

14 Mean lifetime of nucleons in 130Te nuclei. 
15 Converted to mean life by dividing half-life by In(2) = 0.693. 
16 Mean lifetime of nucleons in 232Th nuclei. 

MEAN LIFE 

The best limit by far, that of GOLDEN 79, relies, however, on a number of 
astrophysical assumptions. The other limits come from direct observations 
of stored antiprotons. See also "~ Partial Mean Lives" after "p Partial 
Mean Lives," below. 

LIMIT 
(years) CL ~ E V T 5  DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

>0.28 GABRIELSE 90 TRAP Penning trap 
>0.08 90 1 BELL 79 ENTR Storage ring 
>1 x 107 GOLDEN 79 SPEC #/p, cosmic rays 
>3.7 x 10 - 3  BREGMAN 78 ENTR Storage ring 

p DECAY MODES 

Below, for N decays, p and n distinguish proton and neutron partial life- 
times. See also the "Note on Nucleon Decay" in our 1994 edition (Phys. 
Rev. D,~dD, 1673) for a short review. 

The "partial mean life" limits tabulated here are the limits on r IB  i, where 
r is the total mean life and B i is the branching fraction for the mode in 
question. 

Mode 
Partial mean life 
(1030 years) Confidence level 

r 1 N - ~  e + ~  

?-2 N - ~  #+;T  
T 3 N - ~  u~ 

?-4 P'-+ e+r /  

?-5 p - ~  p+7/  
?-6 /?--~ /-'77 

?-7 N -~ e + p 

78 N -~ # + p 
?-9 N --, up 

r10 P --~ e+u) 

?-11 p --~ # + w  
?-12 n --4 t/~J 

?-13 N -~ e + K 
e + K o 

?-14 P Z e + ~  
?-15 P K 

?-16 N - ~  /~+K 
q 7  P -~ # +  K ~  

q8 P -~ # +  KC 

q 9  N ~  uK 

?-20 P -~ e+ K* (892 )  ~ 
?-21 N -~ u K * ( 8 9 2 )  

1"22 P --~ e + ; T + ; T -  
1.23 p __~ e + ;TO ;TO 

i-24 /1 _~ e + ~- ~o 

?-25 P --~ #+;T+;T- -  
r26 p _, #+ ;TO ;TO 

"/-27 n --* #+  ;T-- ;TO 

?-28 n ~ e + K ~  - 

?-29 n --~ e -  ;T+ 

?-30 n --* p -  ;T+ 
?-31 n -~ e -  p+ 

?-32 D --4 ~-- p+ 
?-33 n ~ e -  K + 
?-34 n --~ /~- K + 

Antilepton + meson 
> 158 (n), > 16oo (p) 

> 1o0 (n), > 473 (p) 

> 112 (n), > 25 (p) 
> 313 

> 126 

> 158 
> 217 (n), > 75 (p) 

> 228 (n), > ii0 (p) 

> 19 (n), > 162 (p) 

> 107 

> 117 

> 108 

> 17 (n), > 150 (p) 

> 76 

> 44 

> 26 (n), > 120 (p) 

> 64 

> 44 

> 86 (n), > 670 (p) 

> 84 

> 78 (n), > 51 (p) 

Antilepton + mesons 
> 82 
> 147 
> 52 

> 133 
> i01 

> 74 

> 18 

Lepton + meson 
> 65 
> 49 
> 62 
> 7  

> 32 
> 57 

9O% 
9O% 
9O% 
9O% 
9O% 
9O% 
90% 
9O% 
9O% 
9O% 
9O% 
9O% 

90% 
90% 

9O% 

90% 
9O% 

90% 

9O% 
9O% 

9O% 

90% 
9O% 
9O% 
90% 
90% 
90% 
9O% 

9O% 
9O% 
9O% 
9O% 

90% 
90% 

1-35 

?-36 
r37 

~-38 
T39 

?-40 

?-41 
1"42 
1"43 
1"44 
T48 

?-46 
?-47 
?-48 
r49 

?-50 
1"51 

?-53 
r54 
T55 
T56 

?-87 

p -~ e-~+~+ 
n --~ e-;T+;T 0 
p-+ #- ~+ ;T+ 

n --~ /~-/r+;T 0 

p --~ e - r +  K +  
p --, # - ~ r +  K + 

p--~ e+7 

P - ~  /~+7 
n--~ u-), 

p - -~  e + 7 7  
/1 --~ u77 

p~ e + e + e  - 
p ---* e + # + # -  

p -~ e + v u  

/1 --~ # + e - u  

n --~ # + # - v  
p -~ # + e + e  - 
p --* # + # + / ~ -  

p ~ # + u u  

p --+ e - p . + # +  
n - - ,  3u 
/1--, 5v 

?-88 N -~ 

?-59 N -~ 
%0 N -~ 
1"61 N - *  
T62 N --* 

e + anything 
# +  anything 
z/anything 

e + r ~ anything 
2 bodies, ~,-free 

Lepton + mesons 
> 30 
> 29 
> 17 
> 34 

> 75 
> 245 

Antilepton + photon(s) 
> 670 
> 478 
> 28 
> 100 

> 219 

Three (or moR) leptons 
> 793 
> 359 
> 17 
> 257 

> 83 
> 79 
> 529 

> 675 
> 21 
> 6  
> 0,0005 

Inclusive modes 
> 0.6 (n, p) 
> 12 (n, p) 

> 06 (n, p) 

ZIB = 2 dinucleon modes 

The following are lifetime limits per iron nucleus. 

9o% 
9o% 
9o% 

90% 
9o% 
9o% 

90% 
9o% 
9o% 
9o% 
9o% 

9o% 
9o% 
9o% 
9o% 
9o% 

90% 
9o% 

9o% 
9o% 

90% 
9o% 

90% 
90% 

9o% 

774 p ~ e -  7 > 7 x 105 90% 

T75 P--~ # - 7  > 5 x 1 0 4  90% 
1"/6 p --~ e -  ;T0 > 4 x 105 90% 
T77 p - -~  p,--/r 0 > 5 x 1 0 4  90% 

"F78 p ~ e - / ]  > 2 x 104 90% 
179 p ~ /~- z/ > 8 x 103 90% 

?-80 p -~ e -  K~ > 900 90% 

?-81 p -~ #--  K~ > 4 x lO 3 90% 

7-82 # --* e -  KL 0 > 9 x 103 90% 

r83 ~ - - *  # - K  0 > 7 •  3 90% 

"/84 p ~  e - T q  > 2 x 1 0 4  90% 
1"85 P ~  # - q 7  > 2 x 1 0 4  90% 
1"86 p --~ e -  p > 200 90% 
?-87 p --* e - - ~  > 200 90% 
?-88 ~ - ~  e -  K * (892 )  ~ > 1 x 1 0 3  90% 

?-63 p p - - ~  ;T+ ;T+ > 0 7  90% 
T64 p tl --~ 7r+;T 0 > 2  90% 

/-65 n/1 --~ ;T+ ;T- >0.7 90% 
T66 n/1 --* ;T O ;T O > 3.4 90% 

T67 pp -~ e + e + > 5.8 90% 

~'68 p p  -~ e + #+  > 3.6 90% 

%9 p p  ~ i~+#  + > 1.7 90% 
~70 p n  --, e + F  > 2.8 90% 
T71 p n - ~  # + F  > 1.6 9o% 
1-72 nn --~ t.,e~ e > 0.000012 90% 
T73 nn ~ u~PI~ >0.000006 90% 

DECAY M O D E S  

Partial mean life 
Mode (years) Confidence level 



See key on page 239 

p P A R T I A L  M E A N  L I V E S  

The "partial mean llfe" l imits tabulated here are the l imits on T /B  i ,  where 
r is the total mean life for the proton and B i is the branching fraction for 
the mode in question. 

Decaying particle: p = proton, n = bound neutron, The same event may 
appear under more than one partial decay mode. Background estimates 
may be accurate to a factor of two. 

- -  Ant i lep ton  + meson  - -  

~(N-* e+.) n 
LIMIT 
(1030 ),ears) PARTICLE EL% EVT5 BKGD E f T  DOCUMENT ID TEEN 

> 190 /I gO 3 5 MCGREW 99 IMB3 
>1600 p gO 0 0.1 SHIOZAWA 98 SKAM 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

90 0 0.2 MCGREW 99 IMB3 > 540 p 
> 70 p 
> 70 n 
> 550 p 
> 260 p 
> 130 n 
> 310 p 
> 100 n 
> 1,3 n 
> 1.3 p 
> 258 p 
> 31 n 

> 64 p 
> 26 n 
> 82 p (free) 
> 250 p 
> 25 n 

> 15 p, n 
> 0.5 p 
> 0.5 n ' 

> 5.8 p 
> 5,8 n 
> 0.1 n 

90 0 0.5 BERGER 91 FREJ 
90 0 _< 0.1 BERGER 91 FREJ 
90 0 0.7 17 BECKER-SZ... 90 IMB3 
90 0 <0,04 HIRATA 89C KAMI 
90 0 <0.2 HIRATA 89C KAMI 
90 0 0.6 SEIDEL 88 IMB 
90 0 1.6 SEIDEL 88 IMB 
90 0 BARTELT 87 SOUD 
90 0 BARTELT 87 SOUD 
90 0 0.3 HAINES 86 IMB 
90 8 9 HAINES 86 IMB 
90 0 <0.4 ARISAKA 85 KAMI 
90 0 <0.7 ARISAKA 85 KAMI 
90 0 0.2 BLEWITT 85 IMB 
90 0 0.2 BLEWITT 85 IMB 
90 4 4 PARK 85 IMB 
90 0 BATTISTONI 84 NUSX 
90 1 0.3 18 BARTELT 83 SOUD 
90 1 0.3 18 BARTELT 83 SOUD 
90 2 19 KRISHNA... 82 KOLR 
90 2 19 KRISHNA... 82 KOLR 
90 20 GURR 67 CNTR 

17 This BECKER-SZENDY 90 result includes data from SEIDEL 88. 
18 Limit based on zero events. 
19 o 20We have,calculated 90~ CL l imit  from 1 confined event. 

We have converted half-life to 90% CL mean life. 

,-(N--, .+,,) 
LIMIT 
(1030 years) PARTICLE CL% EVTS BKGD E f T  DOCUMENT ID TECN 

>41"/3 p 90 0 0.6 MCGREW 99 IMB3 
> 1 0 0  n 90 0 <0.2 HIRATA 89c KAMI 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

90 1 1.9 MCGREW 99 IMB3 
90 0 0.2 BERGER 91 FREJ 
90 1 1.0 BERGER 91 FREJ 
90 0 <0.07 HIRATA 89C KAMI 
90 0 0.5 SEIDEL 88 IMB 
90 0 0.5 SEIDEL 88 IMB 
90 2 1 HAINES 86 IMB 
90 8 7 HAINES 86 IMB 
90 0 <0.7 ARISAKA 85 KAMI 
90 0 <0.4 ARISAKA 85 KAMI 
90 0 0.2 BLEWITT 85 IMB 
90 1 0.4 BLEWlTT 85 IMB 
90 1 4 PARK 85 IMB 
90 0 BATTISTONI 84 NUSX 
90 0 ALEKSEEV 81 BAKS 

~3 

CL% EVT$ BKGD E fT  DOCUMENT ID TECN 

90 6 6.6 MCGREW 99 IMB3 

> 90 n 
> 81 p 
> 35 n 
>230 p 
>270 p 
> 63 n 
> 76 p 
> 23 n 
> 46 p 
> 20 n 
> 59 p (free) 
>100 p 
> 38 n 

> 10 p.n 
> 1.3 p. n 

~(N--* ,,.) 
LIMIT 
(1030 years) PARTICLE 

> 1 1 2  n 
> 25 p 90 32 32.8 HIRATA 89C KAMI 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

> I0 p 90 15 20.3 MCGREW 99 IMB3 
> 13 n 90 I 1.2 BERGER 89 FREJ 
> 10 p 90 I I  14 BERGER 89 FREJ 
>100 n 90 1 3 HIRATA 89c KAMI 
> 6 n 90 73 60 HAINES 86 IMB 
> 2 p 90 16 13 KAJITA 86 KAMI 
> 40 n 90 0 1 KAJITA 86 KAMI 
> 7 n 90 28 19 PARK 85 IMB 
> 7 n 90 0 BATTISTONI 84 NUSX 
> 2 p 90 < 3 BATTISTONI 84 NUSX 
> 5.8 p 90 1 21 KRISHNA... 82 KOLR 
> 0.3 p 90 2 22 CHERRY 81 HOME 
> 0.1 p 90 23 GURR 67 CNTR 

21W v o e ha e calculated 90~ CL l imit  from 1 confined event. 
22 We have converted 2 possible events to 90% CL l imit .  
23We have converted half-life to 90% CL mean life. 
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,-(p-, .+,) .. 
LIMIT 
([030 years) PARTICLE EL% EVTS BKGD EST DOCUMENT ID TEEN 

>313 p 90 0 0.2 MEGREW 99 IMB3 I 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

> 44 p 90 0 0.1 BERGER 91 FREJ 
>140 p 90 0 <0.04 HIRATA 89C KAMI 
>100 p 90 0 0.6 SEIDEL 88 IMB 
>200 p 90 5 3.3 HAINES B6 IMB 
> 64 p 90 0 <0.8 ARISAKA 85 KAMI 
> 64 p (free) 90 5 6.5 BLEWlTT 85 IMB 
>200 p 90 5 4.7 BLEWlTT  85 IMB 
> 1.2 p 90 2 24 CHERRY 81 HOME 

24We have converted 2 possible events to 90% CL l imit .  

, '(p-..+,7) 
LIMIT 
([030 years) PARTICLE EL% EVT5 BKGD E fT  DOCUMENT ID TEEN 

>126  p 90 3 2.8 MCGREW 99 IMB3 I 
�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

> 26 p 
> 69 p 
> 1.3 p 
> 34 p 
> 46 p 
> 26 p 
> 17 p (free) 
> 46 p 

, ( , - - '  . , )  

LIMIT 
(1030 years) PARTICLE 

>158 n 
�9 �9 �9 We do not use the 

> 29 n 
> 54 n 
> 16 n 
> 25 n 
> 30 n 
> 18 n 
> 0.6 n 

90 1 0.8 BERGER 91 FREJ 
90 1 <0.08 HIRATA 89c KAMI  
90 0 0.7 PHILLIPS 89 HPW 
90 1 1.5 SEIDEL 88 IMB 
90 7 6 HAINES 86 IMB 
90 1 <0.8 ARISAKA 85 KAMI  
90 6 6 BLEWITT 85 IMB 
90 7 8 BLEWlTT  85 IMB 

EL% EVTS 8KGD EST DOCUMENT ID TEEN 

90 0 1.2 MCGREW 99 IMB3 
following data for averages, fits, limits, etc. �9 �9 �9 

90 0 0.9 BERGER 89 FREJ 
90 2 0.9 HIRATA 89s KAMI 
90 3 2.1 SEIDEL 88 IMB 
90 7 6 HAINES 86 IMB 
80 0 0.4 KAJITA 86 KAMI 
90 4 3 PARK 85 IMB 
90 2 25 CHERRY 81 HOME 

25We have converted 2 possible events to 90% CL l imit .  

,-(N --, .+p) 
LIMIT 
([030 years) PARTICLE EL% EVTS BKGD EST DOCUMENT ID TECN 

>211 n 90 4 4.0 MCGREW 99 IMB3 
> 15 p 90 2 2,T HIRATA 89C KAMI 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

> 29 p 90 0 2.2 BERGER 91 FREJ 
> 41 n 90 0 1.4 BERGER 91 FREJ 
> 58 n 90 0 1.9 HIRATA 89C KAMI 
> 38 n 90 2 4,1 SEIDEL 88 IMB 
> 1.2 p 90 0 BARTELT 87 SOUD 
> 1.5 n 90 0 BARTELT 87 SOUD 
> 17 p 90 7 7 HAINES 86 IMB 
> 14 n 90 9 4 HAINES 86 IMB 
> 12 p 90 0 <1.2 ARISAKA 85 KAMI 
> 6 n 90 2 <1 ARISAKA 85 KAMI 
> 6.7 p (free) 90 6 6 BLEWITT 85 IMB 
> 17 p 90 7 7 BLEWlTT 85 IMB 
> 12 n 90 4 2 PARK 85 IMB 
> 0.6 n 90 1 0.3 26 BARTELT 83 SOUD 
> 0.5 p 98 1 0.3 26 BARTELT 83 SOUD 
> 9.8 p 80 1 27 KRISHNA... 82 KOLR 
> 0.8 p 90 2 28 CHERRY 81 HOME 

26 Limit based on zero events. 
27We have calculated 90% EL l imit  from 0 confined events, 
28 o We have converted 2 possible events to 90% EL l imit. 

,-(N--, .+.) 
LIMIT 
{1030 years) PARTICLE EL% EVTS BKGD E$T DOCUMENT ID 

>220 n 90 $ 0.6 MCGREW 
>110 p 90 0 1,7 HIRATA 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

TECN 

99 IMB3 
89s KAMI 

> 12 p 90 0 0.S BERGER 91 FREJ 
> 22 n 90 0 1.1 BERGER 91 FREJ 
> 23 n 90 1 1.8 HIRATA 89c KAMI  
> 4,8 p 90 0 0.7 PHILLIPS 89 HPW 
> 30 p 90 0 O.S SEIDEL 88 IMB 
> 11 n 90 1 1.1 SEIDEL 88 IMB 
> 16 p 90 4 4.5 HAINES 86 IMB 
> 7 n 90 6 5 HAINES 86 IMB 
> 12 p 90 0 <0.7 ARISAKA 85 KAMI  
> 5 n 98 1 <1.2 ARISAKA 85 KAMI  
> 5.5 p (free) 88 4 5 BLEWlTT  85 IMB 
> 16 p 90 4 5 BLEWlTT  85 IMB 
> 9 n 90 1 2 PARK 85 IMB 



688 

Baryon Particle Listings 
p 

,(N~ .p) 
LIMIT 
(1030 years) PARTICLE EL% EVT5 BKGD EST DOCUMENT IO 

>162 p 90 15 21.7 MCGREW 
> 19 n 90 0 0.5 SEIDEL 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 * �9 

TECN 

99 IMB3 
88 IMB 

> 9 n 90 4 2.4 BERGER 89 FREJ 
> 24 p 90 0 0.9 BERGER 89 FREJ 
> 27 p 90 5 1.5 HIRATA 89s KAMI 
> 13 n 90 4 3.6 HIRATA 89C KAMI 
> 13 p 90 1 1.1 SEIDEL 88 IMB 
> 8 p 90 6 5 HAINES 86 IMB 
> 2 n 90 15 10 HAINES 86 IMB 
> 11 p 90 2 1 KAJITA 86 KAMI 
> 4 n 90 2 2 KAJITA 86 KAMI 
> 4.1 p (free) 90 6 7 BLEWITT 85 IMB 
> 8,4 p 90 6 5 BLEWlTT 85 IMB 
> 2 n 90 7 3 PARK 85 IMB 
> 0.9 p 90 2 29 CHERRY 81 HOME 
> 0.6 n 90 2 29 CHERRY 81 HOME 

I 

29We have converted 2 possible events to 90% CL l imit .  

�9 r ( p - -~  e + ~ )  4 o  
LIMIT 
(]030 years) PARTICLE EL% EVT5 BKGD EST DOCUMENT ID TEEN 

>107 p 90 7 10.8 MCGREW 99 IMB3 I 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

> 17 p 90 0 1,1 BERGER 91 FREJ 
> 45 p 90 2 1.45 HIRATA 89c KAMI 
> 26 p 90 1 1.0 SEIDEL 88 IMB 
> 1.5 p 90 0 BARTELT 87 SOUD 
> 37 p 90 6 5.3 HAINES 86 IMB 
> 25 p 90 1 <1.4 ARISAKA 85 KAMI 
> 12 p (free) 90 6 7.5 BLEWITT 85 IMB 
> 37 p 90 6 5.7 BLEWlTT 85 IMB 
> 0.6 p 90 1 0.3 30 BARTELT 83 SOUD 
> 9.8 p 90 1 31 KRISHNA... 82 KOLR 
> 2.8 p 90 2 32 CHERRY 81 HOME 

30 Limit  based on zero events. 
31We have calculated 90% CL l imit  from 0 confined events. 
32We have converted 2 possible events to 90% CL l imit .  

r(p-~ ~,+ ~) n l  
LIMIT 
(1030 years) PARTICLE CL% EVT5 BKGD EST DOCUMENT ID TECN 

>117 p 90 11 12.1 MCGREW 99 IMB3 
�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

> 11 p 90 0 1.0 BERGER 91 FREJ 
> 57 p 90 2 1.9 HIRATA B9C KAMI 
> 4.4 p 90 0 0.7 PHILLIPS 89 HPW 
> 10 p 90 2 1.3 SEIDEL 88 IMB 
> 23 p 90 2 1 HAINES 86 IMB 
> 6.5 p (free) 90 9 8.7 BLEWlTT 85 IMB 
> 23 p 90 B 7 BLEWITT 85 IMB 

~'(R--+ u~d) 4/'12 
LIMIT 
(1030 years~_ PARTICLE EL% EVT5 BKGD EST DOCUMENT ID TECN 

>100 n 90 12 22,5 MCGREW 99 IMB3 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

> 17 n 90 1 0,7 BERGER 89 FREJ 
> 43 n 90 3 2,7 HIRATA 89C KAMI 
> 6 n 90 2 1.3 SEIDEL 8B IMB 
> 12 n 90 6 6 HAINES 86 IMB 
> 18 n 90 2 2 KAJITA 86 KAMI 
> 16 n 90 1 2 PARK 85 IMB 
> 2.0 n 90 2 33 CHERRY 81 HOME 

33 We have converted 2 possible events to 90% CL l imit. 

r ( N - - ' ~  e +  K )  n 3  

LIMIT 
(1030 years) PARTICLE CL% EVTS BKCD EST DOCUMENT ID TECN 

> 17 /I 90 35 29.4 MCGREW 99 IMB3 
>150 p 90 0 <0.27 HIRATA 89C KAMI 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. * �9 �9 

> 31 p 90 23 25.2 MCGREW 99 IMB3 
> 60 p 90 0 BERGER 91 FREJ 
> 70 p 90 0 1.8 SEIDEL 88 IMB 
> 77 p 90 5 4 5  HAINES 86 IMB 
> 38 p 90 0 <0,8 ARISAKA 85 KAMI 
> 24 p (free) 90 7 8.5 BLEWITT 85 IMB 
> 77 p 90 5 4 BLEWITT 85 IMB 
> 1.3 p 90 0 ALEKSEEV 81 BAKS 
> 1.3 n 90 0 ALEKSEEV 81 BAKS 

,-(p-, ~+ K.~) 4, 
LIMIT 
(]030 }'ears} PARTICLE EL% EVTS BKGD EST DOCUMENT ID TEEN 

>76 p 90 0 0,5 BERGER 91 FREJ 

~" (p ~ e + K~,) "rj. 5 
LIMIT 
(1030 ),ears) PARTICLE CL% EVTS BKGD EST DOCUMENT ID TEEN 

>44 p 90 0 --<0.1 BERGER 91 FREJ 

T(N  - - * / ~ +  K) 46 
LIMIT 
(1030 years) PARTICLE CL% EVT5 BKGD EST DOCUMENT ID TECN 

>120 p 90 4 7.2 MCGREW 99 IMB3 I 
> 26 n 90 20 28.4 MCGREW 99 IMB3 I 
>120 p 90 I 0.4 HIRATA 89C KAMI 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

> 54 p 90 0 BERGER 91 FREJ 
> 3.0 p 90 0 0.7 PHILLIPS 89 HPW 
> 19 p 90 3 2.5 SEIDEL 88 IMB 
> 1.5 p 90 0 34 BARTELT 87 SOUD 
> 1.1 n 90 0 BARTELT 87 SOUD 
> 40 p 90 7 6 HAINES 86 IMI3 
> 19 p 90 1 <1.1 ARISAKA 85 KAMI 
> 6.7 p(free) 90 11 13 BLEWITT 85 IMB 
> 40 p 90 7 8 BLEWlTT 85 IMB 
> 6 p 90 1 BATTISTONI 84 NUSX 
> 0.6 p 90 0 35 BARTELT 83 SOUD 
> 0.4 n 90 0 35 BARTELT 83 SOUD 
> 5.8 p 90 2 36 KRISHNA... 82 KOLR 
> 2.0 p 90 0 CHERRY 81 HOME 
> 0.2 n 90 37 GURR 67 CNTR 

34BARTELT 87 l imi t  applies to p ~ # +  K O. 

35 Limit based on zero events. 
36We have calculated 90% CL l imit  from 1 confined event. 
37We have converted half-life to 90% CL mean life. 

7"(p --~ #+/~S) 47  
LIMIT 
(1030 }'ears) PARTICLE CL% EVTS BKGD EST DOCUMENT ID "FECAl 

> .  , 90 o 1.2 BERGER ,1 FRE, 

,-(p-, .+ K?) n ,  
LIMIT 
{1030 }'ears) PARTICLE CL% EVTS BKGD EST DOCUMENT ID TEEN 

>44 p 90 0 ----- 0.1 BERGER 91 FREJ 

~'(N-* uK) 49 
LIMIT 
(1030 },ears) PARTICLE CL% EVT5 BKGD EST DOCUMENT ID TECN 

>670 p 90 HAYATO 99 SKAM I 
> 86 n 90 0 2,4 HIRATA 89c KAMI 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

>151 p 90 15 21.4 MCGREW 99 IMB3 
> 30 n 
> 43 p 
> 15 n 
> 15 p 
>100 p 
> 0.28 p 
> 0,3 p 
> 0.75 n 
> I0 p 
> 15 n 
> 28 p 
> 32 n 
> 1.B p (free) 
> 9.6 p 
> 10 n 
> 5 n 
> 2 p 
> 0.3 n 
> 0.1 p 
> 5.8 p 
> 0.3 n 

90 34 34.1 MCGREW 99 IMB3 
90 1 1.54 38 ALLISON 98 SOU2 
90 1 1,8 BERGER 89 FREJ 
90 1 1,8 BERGER 89 FREJ 
90 9 7.3 HIRATA BgC KAMI 
90 0 0.7 PHILLIPS 89 HPW 
90 0 BARTELT 87 SOUD 
90 0 39 BARTELT 87 SOUD 
90 6 5 HAINES 86 IMB 
90 3 5 HAINES 86 IMB 
90 3 3 KAJITA 86 KAMI 
90 0 1.4 KAJITA B6 KAMI 
90 6 11 BLEWITT 85 IMB 
90 6 5 BLEWlTT  85 IMB 
90 2 2 PARK 85 IMB 
90 0 BATTISTONI 84 NUSX 
90 0 BATTISTONI 84 NUSX 
90 0 40 BARTELT 83 SOUD 
90 0 40 BARTELT 83 SOUD 
90 1 41 KRISHNA... 82 KOLR 
90 2 42 CHERRY 81 HOME 

38This ALLISON 98 l imit  is with no background subtraction; with subtraction the l imit 
becomes > 46 x 1030 years. 

39BARTELT 87 l imi t  applies to n ~ e K  O. 

40 Limit  based on zero events. 
41We have calculated 90% CL l imit  from 1 confined event. 
42We have converted 2 possible events to 90% CL l imit .  
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~'(p ~ e + K'(892)  0) ~'~ 
LIMIT 
(1030 Years) PARTICLE CL% EVTS BKGD EST DOCUMENT ID TECN 

> 6 4  p 90  38 52.0  MCGREW 99 IMB3 I 
�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

>10 p 90 0 0.8 BERGER 91 FREJ 
>52 p 90 2 1.55 HIRATA 89c KAMI 
>10 p 90 1 <1 ARISAKA 85 KAMI 

r(N~ v K*(892}) "r21 
LIMIT 
(1030 )'ears) PARTICLE el% EVT5 BKGD EST DOCUMENT ID TEeN 

>51 p gO 7 9.1 MCGREW 99 IMB3 I 
>76 n 90 40 50 MCGREW 99 IMB3 I 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, e t c . � 9  �9 �9 

>22 n 90 0 2.1 BERGER 89 FREJ 
>17 p 90 0 2.4 BERGER 89 FREJ 
>20 p 90 5 2.1 HIRATA 89C KAMI 
>21 n 90 4 2.4 HIRATA 89C KAMI 
>10 p 90 7 6 HAINES 86 IMB 
> 5 n 90 8 7 HAINES 86 IMB 
> 8 p 90 3 2 KAJITA 86 KAMI 
> 6 n 90 2 1.6 KAJITA 86 KAMI 
> 5.8 p (free) 90 10 16 BLEWITT 85 IMB 
> 9.6 p 90 7 6 BLEWITT 85 IMB 
> 7 n 90 1 4 PARK 85 IMB 
> 2.1 p 90 1 43 BATTISTONI 82 NUSX 

43We have converted 1 possible event to 90% CL l imit .  

Antilepton + mesons 

~(p--, e+~+,r-) 
LIMIT 
(1030 "/ears) PARTICLE CL% EVT5 BKGD EST DOCUMENT ID TECN 

>82 p gO 16 23.1 MCGREW 99 IMB3 
�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

>21 p 90 0 2.2 BERGER 91 FREJ 

r(p--, e+ ~r%r ~ 
LIMIT 
(1030 :/ears I PARTICLE CL% EVTS BKGD EST DOCUMENT ID TECN 

>147 p 90 2 0.8 MCGREW 99 IMB3 
�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

> 38 /~ 90 i 0.5 BERGER 91 FREJ 

'r(R---P e + l r - l r  O) P24 
LIMIT 
(1030 )'ears) PARTICLE CL% EVT5 BKGD EST DOCUMENT ID TEeN 

>52 /I gO 3g 34,2 MEGREW 99 IMB3 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

>32 n 90 1 0.8 BERGER 91 FREJ 

l"(p --* #+~ '+  x - )  
LIMIT 
(1030 years) PARTICLE el% EVT5 BKGD EST DOCUMENT IO TEeN 

>133 p 90 25 38.0 MCGREW 99 IMB3 
�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

> 17 p 90 1 2.6 BERGER 91 FREJ 
> 3.3 p 90 0 0.7 PHILLIPS 89 HPW 

�9 r (p  --~ p + x 0 x  0) 
LIMIT 
(1030 )'ears) PARTICLE CL% EVT5 BKGD EST DOCUMENT ID TEeN 

>101 p go 3 1.6 MCGREW 99 IMB3 
�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

> 33 p 90 1 0.9 BERGER 91 FREJ 

~'(n --./~+ ~-- a -o) ~,7 
LIMIT 
{)O 30 ),ears) PARTICLE CL% EVT5 RKGD EST DOCUMENT IO TECN 

>74 n 90 17 20,8 MEGREW 99 IMB3 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 * 

>33 n 90 0 1.1 BERGER 91 FREJ 

~'(n~ e+ K%r -) 
LIMIT 
(1030 )'ears ) PARTICLE CL% EVT5 BKGD EST DOCUMENT ID TEEN 

>18 f/ 90 1 0.2 BERGER 91 FREJ 

- -  Lepton + meson 
, ( , - - .  ,-,~+) ,.~ 
LIMIT 
(1030 )'ears) PARTICLE CL% EVT5 BKGD EST DOCUMENT ID TECN 

> •  I'1 gO O 1.6 S EIDEL 88 ,MB 
�9 We do i~ot use the fol lowing data for averages, fits, limits, e t c . � 9  �9 �9 

>55 n 90 0 1.09 BERGER 91B FREJ 
>16 n 90 9 7 HAINES 86 IMB 
>25 n 90 2 4 PARK 85 IMB 
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�9 ( " - "  . - ' + )  ,~0 
LIMIT 
I1030 years) PARTICLE el% EVTS BKGD EST DOCUMENT IO TEeN 

>49 n gO 8 0.5 SEIDEL 88 IMB 
�9 �9 = We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

>33 n 90 0 1.40 BERGER 91B FREJ 
> 2.7 n 90 0 0.7 PHILLIPS 89 HPW 
>25 n 90 7 6 HAINES 86 IMB 
>27 n 90 2 3 PARK 85 IMB 

~(.--,  e-p+) ~I 
LIMIT 
(1030 years) PARTICLE CL% EVTS BKGD EST DOCUMENT ID TECN 

>r'2 n gO 2 4.1 SEIDEL 88 IMB 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

>12 n 90 13 6 HAINES 86 iMB 
> ] 2  n 90 S 3 PARK 85 IMIB 

"1"~  , - p §  .~2 
LIMIT 
(1030 )'ea~s) PARTICLE el% EVT5 BKgD EST DOCUMENT IO TEeN 

> 7  n 90 1 1.1 SEIDEL 88 IMB 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

>2.6 n 90 0 0.7 PHILLIPS 89 HPW 
>9 n 90 7 5 HAINES 86 IMB 
>9 n 90 2 2 PARK 85 IMB 

T(. --, e- K +) ~3 
LIMIT 
(1030 years) PARTICLE el% EVT5 BKGD EST DOCUMENT ID TEeN 

>32 n gO 3 2.96 BERGER 918 FREJ 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

> 0.23 n 90 0 0.7 PHILLIPS 89 HPW 

~-(,,--, ~,- K+) 
LIMIT 
I1030 years) PARTICLE el% EVT5 BKGD EST DOCUMENT 10 TEeN 

>57 n 90 0 2.18 BERGER 91B FREJ 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

> 4.7 n 90 0 0.7 PHILLIPS 89 HPW 

- -  Lepton + mesons 

~(p-~ e-~+,+) 
LIMIT 
(1030 years) PARTICLE CL% EVTS BKGD EST DOCUMENT IO TEeN 

> 3 0  p 90 1 2.50 BERGER 91B FREJ 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

> 2.0 p 90 0 0.7 PHJLL,PS 89 HPW 

~-(. --, e-..+ ~.o) 
LIMIT 
(1030 }'ears) PARTICLE EL% EVT5 BKGD EST DOCUMENT ID TEeN 

>29 n go 1 0.t'8 BERGER 91B FREJ 

r(p-~ p-~r+ ~r+) ~3z 
LIMIT 
(1030 },ears) PARTICLE el% EVT5 BKGD EST DOCUMENT ID TEeN 

>17 p 90 1 1.72 BERGER 91B FREJ 
�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

> 7.8 p 90 0 0.7 PHILLIPS 89 HPW 

~( . - - ,  j.-.r+~0) 
LIMIT 
(1030 )'ears) PARTICLE el% EVTS BKGD EST DOCUMENT ID TEeN 

>34 n go O 0.78 BERGER 9tB FREJ 

T(p--* e-•r + K +)  "r39 
LIMIT 
(1030 )'ears) PARTICLE el% EVT$ BKGD EST DOCUMENT ID TEeN 

>75 p 90 81 127.2 MCGREW 99 IMB3 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 = �9 

>20 p 90 3 2.50 BERGER 918 FREJ 

r (p  -+ # -  lr + K +)  "r4o 
LIMIT 
(1030 Years I PARTICLE el% EVT$ BKGD EST DOCUMENT ID TEeN 

> 2 4 5  O 90  3 4 .0  MCGREW 99 IMB3 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

> S p 90 2 0.78 BERGER 91B FREJ 
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- -  Antilepton + photon(s) - -  

~(p --, e+'r) ~41 
LIMIT 
(1030 years) PARTICLE CL% EVTS BKGD EST DOCUMENT ID TEEN 

>610 p 90 0 0.1 MCGREW 99 IMB3 
�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

>133 p 90 0 0.3 BERGER 91 FREJ 
>460 p 90 0 0.6 SEIDEL 88 IMB 
>360 p 90 0 0.3 HAINES 86 IMB 
> 87 p (free) 90 0 0.2 BLEWITT 85 IMB 
>360 p 90 0 0.2 8LEWlTT  85 IMB 
> 0.1 p 90 44 GURR 67 CNTR 

44We have converted half-life to 90% CL mean life. 

r(p-~ IJ+'y) r42 
LIMIT 
(1030 },ears) PARTICLE EL% EVTS BKGD EST DOCUMENT IO TEEN 

>418 p 90 0 0.1 MCGREW 99 IMB3 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

>155 p 90 0 0.1 BERGER 91 FREJ 
>380 p 90 0 0.5 SEIDEL 88 IMB 
> 97 p 90 3 2 HAINES 86 IMB 
> 61 p (free) 90 0 0.2 BLEWlTT 85 IMB 
>280 p 90 0 0.6 BLEWtTT 85 IMB 
> 0.3 p 90 45 GURR 67 ENTR 

45We have converted half-life to 90% EL mean life. 

�9 (n- ,  .~,) ~ 
LIMIT 
(1030 years) PARTICLE EL% EVT5 BKGD EST DOCUMENT ID TEEN 

>28 n 90 163 144.1 MCGREW 99 IMB3 I 
�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

>24 n 90 10 6.86 BERGER 91B FREJ 
> 9 n 90 73 60 HAINES 86 IMB 
>11 n 90 28 19 PARK 85 IMB 

"r(p--~ e+,y3 ,) 1"44 
LIMIT 
(1030 years} PARTICLE EL% EVTE BKGD EST DOCUMENT ID TEEN 

7100 p 90 I O.O BERGER 91 FREJ 

r ( .  -~ ~ ' r )  r~s 
LIMIT 
(1030 years) PARTICLE CL~/Q EVTS BKGD EST DOCUMENT ID TEEN 

721g n 90 5 7.w MCGREW 99 IMB3 I 

- -  Three (or more) leptons - -  

,-(p --. e+e+e-)  
LIMIT 
(1030 years) PARTICLE EL% EVTS BKGD EST DOCUMENT ID 

7793 p gO 0 0,5 MCGREW 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

TEEN 

"/'46 

99 IMB3 I 

>147 p 90 0 0.1 BERGER 91 FREJ 
>510 p 90 0 0.3 HAINES 86 IMB 
> 89 p (free} 90 0 0.5 BLEWITT 85 IMB 
>510 p 90 0 0.7 BLEWITT 85 IMB 

r(p--~ e+/~+p - )  r41 
LIMIT 
(1030 years} PARTICLE EL% EVTS BKGD EST DOCUMENT ID TEEN 

>359 p 90 1 0.9 MCGREW 99 IMB3 I 
�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

> 81 p 90 0 0.16 BERGER 91 FREJ 
> 5.0 p 90 O 0.7 PHILLIPS 89 HPW 

~(p--, e+ . . )  ~u 
LIMIT 
(1030 years) PARTICLE EL% EVT5 BKGD EST DOCUMENT ID TEEN 

>11 p 90 152 153.1 MCGREW 99 IMB3 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc.  �9 �9 �9 

>11 p 90 11 6.08 BERGER 91B FREJ 

r(fl --+ e + e- iv) r49 

LIMIT 
(1030 years) PARTICLE CL% EVT$ BKGD EET DOCUMENT /D TECN 

>251 /I 90 5 1.5 MCGREW 99 IMB3 
�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

> 74 n 90 0 < 0.1 BERGER 91B FREJ 
> 45 n 90 5 5 HAINES 86 IMB 
> 26 n 90 4 3 PARK 85 IMB 

r(n --* /~+ e- P) 75o 

LIMIT 
(1030 years) PARTICLE EL% EVTS BKGD EST DOCUMENT IO TEEN 

>g3 n 90 25 29.4 MCGREW 99 IMB3 I 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

>47 n 90 O < 0.1 BERGER 91B FREJ 

r (n - ,  l,+ l , -v) ~z 
LIMIT 
(]030 years} PARTICLE CL% EVTS BKGD EST DOCUMENT ID TEEN 

90 100 145 MCGREW 99 IMB3 I >79 n 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

>42 n 90 0 1.4 BERGER 91B FREJ 
> 5.1 n 90 0 0.7 PHILLIPS 89 HPW 
>16 n 90 14 7 HAINES 86 IMB 
>19 n 90 4 7 PARK 85 IMB 

r(p--, ~+ e + e-) ~= 
LIMIT 
(1030 years) PARTICLE EL% EVTS BKGD EST DOCUMENT ID TEEN 

>529 p 90 0 1.0 MCGREW 99 IM83 I 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

> 91 p 90 0 < 0.1 BERGER 91 FREJ 

LIMIT 
(1030 years) PARTICLE EL% EVTS BKGD EST DOCUMENT ID TEEN 

>615 p 90 0 0.3 MCGREW 99 IMB3 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

>119 p 90 0 0.2 BERGER 91 FREJ 
> 10.5 p 90 0 0.7 PHILLIPS 89 HPW 
>190 p 90 1 0.1 HAINES 86 IMB 
> 44 p (free) 90 1 0.7 BLEWlTT  85 IMB 
>190 p 90 1 0.9 BLEWITT 85 IMB 
> 2.1 p 90 1 46 BATTISTONI 82 NUSX 

46We have converted 1 possible event to 90% CL l imit .  

LIMIT 
(1030 years) PARTICLE EL% EVTS BKGD EST DOCUMENT ID TEEN 

721 p 90 I 11.23 BERGER 91B FREJ 

r(p--~ e-p+ p +) ~SS 
LIMIT 
(1030 years} PARTICLE EL% EVT5 BKGD EST DOCUMENT ID TECN 

76.0 p 90 0 0.1 PHILLIPS 89 HPW 

~-(n-, 3~) 
LIMIT 
(1030 years} PARTICLE CL% EVT5 BKGD EST DOCUMENT ID TECN 

70.00049 R 90 2 2 47 SUZUKI 93B KAMI 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

>0,0023 n 90 48 GLIEENSTEIN 97 KAMI 
>0.00003 n 90 11 6.1 49 BERGER 91B FREJ 
>0.00012 n 90 7 11.2 49 BERGER 91B FREJ 
>0.0005 n 90 0 LEARNED 79 RVUE 

47 The SUZUKI 93B l imit  applies to any of v e Ve~ e, up v,u ~#,  or u T u T ~~-. 

48GLICENSTEIN 97 uses Kamioka data and the idea that the disappearance of the neu- 
tron's magnetic moment should produce radiation. 

49The first BERGER 91B l imit  is for n ~ Ue~,e~ e, the second is for n ~ v # v / ~ # .  

,-(n--, 5,,) ~1 
LIMIT 
(1030 },ears) PARTICLE CL% EVT5 BKGD EST DOCUMENT ID TEEN 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. * �9 �9 

>0.0017 o 90 50 GLICENSTEIN 97 KAMI 

50GLICENSTEIN 97 uses Kamioka data and the idea that the disappearance of the neu- 
tron's magnetic moment should produce radiation. 

- -  Inclusive modes - -  

r(N ~ e+anything) "rse 
LIMIT 
(1030 years) PARTICLE EL% EVT5 BKGD EST DOCUMENT ID TEEN 

70.6 p, n 90 51 LEARNED 79 RVUE 

51 The electron may be primary or secondary. 

T(N --+ p+anything) ~9  
LIMIT 
(]030 years) PARTICLE CL% EVTS BKGD EST DOCUMENT ID TECN 

>12 p, n 90 2 52,53 CHERRY 81 HOME 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

> 1.8 p, n 90 53 COWSIK 80 CNTR 
> 6 p, n 90 53 LEARNED 79 RVUE 

52 We have converted 2 possible events to 90% CL l imit .  
53 The rouen may b e primary or secondary. 



See key on page 239 

~'(N --~ uanything) "r6o 
Anything = ~r, p, K, etc. 

LIMIT 
(1030 ~ears) PARTICLE EL% EVTS BKGD EST DOCUMENT ID TEEN 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

>0.0002 p, n 90 (} LEARNED 79 RVUE 

r ( N  ---, e+~r0 anything) 9"61 
LIMIT 
(1030 years) PARTICLE EL% EVTS BKGD EST DOCUMENT 10 TEEN 

>0.6  p, n gO 0 LEARNED 79 RVUE 

r (N--~ 2 bodies, ~free) r62 
LIMIT 
(1030 years) PARTICLE EL% EVTS BKOD EST DOCUMENT (D TEEN 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc, �9 �9 �9 

>1.3 p, n 90 0 ALEKSEEV 81 BAKS 

- -  & B  = 2 dinucleon modes - -  

"r(pp-~ "~'+'lr+) 
LIMIT 
(1030 years) CL% EVTS BKGD E5T DOCUMENT ID 

>0.7 gO 4 2.34 BERGER 91B FREJ 

.~(p.__, ,+~o) 
LIMIT 
(1030 years) EL% EVTS BKGD EST DOCUMENT ID TEEN 

>2.0  90 0 0.31 BERGER 91B FREJ 

9 - ( n t t - ~  ~ r +  ~r - )  

LIMIT 
(1030 years) EL% EVTS BKGD EST DOCUMENT ID TEEN 

>0.7  90 4 2,10 BERGER 91B FREJ 

9-(nn-.-~ ~rO~r O) 
LIMIT 
I10 sO years) EL% EVTS BKOD EST DOCUMENT ID TECN 

> 3 . 4  go  0 0 . 7 8  BERGER 91B FREJ 

9-(pp..-* e+ e +) 
LIMIT 
(1030 years) EL% EVTS ~KGD EST DOCUMENT ID TEEN 

>6.8  gO 0 <0.1  BERGER 91B FREJ 

"r(pp~ e+/~ +) 
LIMIT 
(1030 :tears) EL% EVTS BKGD EST DOCUMENT tD TEEN 

>3.6  go 0 <0.1  BERGER 91B FREJ 

"r(pp~ p,+ #+) 
LIMIT 
(1030 years) EL% EVTS BKGD EST DOCUMENT ID TEEN 

>1.7  90 0 0.62 BERGER 91B FREJ 

9-(pn-* e+~) 
LIMIT 
(1030 years) EL% EVTS BKGD EST DOCUMENT ID TEEN 

>2.0  90 5 9.67 BERGER 91B FREJ 

~'(pn~ #+P) 
LIMIT 
(1030 years) EL% EVTS BKGD EST DOCUMENT ID TEEN 

>1.6  gO 4 4.37 BERGER 91B FREJ 

~-(.n~ ~ )  
LIMIT 
(1030 years) EL% EVTS BKGD EsT DOCUMENT fD TEEN 

> 0 . 0 0 0 0 1 2  9 0  6 9.7 BERGER 91B FREJ 

~(..-~ ~ . )  
LIMIT 
(1030 years) EL% EVT5 BKGD EST DOCUMENT ID TEEN 

>0.00goO6 gO 4 4.4 

W~3 
TEEN COMMENT 

T per iron nucleus 

COMMENT 

~" per Iron nucleus 

~ss 

COMMENT 

T per iron nucleus 

COMMENT 

T per Iron nucleus 

~'OZ 

COMMENT 

~" per Iron nucleus 

COMMENT 

~" per Iron nucleus 

~'6~ 

COMMENT 

~" per iron nucleus 

COMMENT 

T per iron nucleus 

COMMENT 

T per iron nucleus 

COMMENT 

-r per iron nucleus 

COMMENT 

BERGER 91B FREJ T per iron nucleus 

PARTIAL MEAN LIVES 

The "partial mean life" l imits tabulated here are the limits on ~ / B i ,  where 
is the total mean life for the antiproton and B i is the branching fraction 

for the mode in question. 

~(~-~ ~-~) 
VALUE (years) CL~'~ DOCUMENT /D TEEN COMMENT 

> 7 X 105 90 GEER 00 APEX 8.9 GeV/c ~ beam 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

>1848 95 GEER 94 CALO 8.9 GeV/c  ~ beam 
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~(~--' ~'-'0 ~,o 
VALUE (years) C L ~  DOCUMENT (D TEEN COMMENT 

>6  X 104 90 GEER 00 APEX 8.9 GeV/c  ~ beam I 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

>5.0 x 104 90 HU 98B APEX 8.9 GeV/c  ~ beam I 

~(p-. e - -  ~ ~,6 
VALUE (years) C L ~  DOCUMENT ID TEEN COMMENT 

> 4 x 1 0 5  90 GEER 00 APEX 8 . 9 G e V / c ~ b e a m  I 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

>554 95 GEER 94 CALO 8.9 GeV/c  ~ beam 

VALUE (years) CL_%_% DOCUMENT ID TEEN COMMENT 

>5  X 104 90 GEER O0 APEX 8.9 GeV/c  ~ beam I 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

>4.8 x 104 90 HU 98B APEX 8.9 GeV/c ~ beam I 

~(~-~ e-~) ~0 
VALUE (years) CL~ DOCUMENT ID TEEN COMMENT 

> 2 X 104 90 GEER 00 APEX 8.9 GeV/c.~ beam I 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

>171 95 GEER 94 CALO 8.9 GeV/c ~ beam 

VALUE(years) CL ~/o DOCUMENT ID TEEN COMMENT 

>8  X 103 90 GEER 00 APEX 8.9 GeV/c ~ beam I 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

>7.9 x 103 90 HU 98B APEX 8,9 G e V / c ~  beam I 

VALUE (years) ELSIe DOCUMENT ID TEEN COMMENT 

>900 90 GEER 00 APEX 8.9 G e V / c  ~ beam I 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

> 29 95 GEER 94 CALO 8.9 GeV/c  ~ beam 

VALUE (years) C L ~  DOCUMENT ID TEEN COMMENT 

>4  X 11~ 1 90 GEER 00 APEX 8.9 GeV/c  ~ beam I 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

>4.3 x 103 90 HU 98B APEX 8.9 GeV/c  ~ beam I 

~(~-. e- K ~ ,~= 
VALUE (years) CL ~ DOCUMENT ID TEEN COMMENT 

>9  X 103 90 GEER 00 APEX 8.9 GeV/c  ~ beam I 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

>9  95 GEER 94 CALO 8 9  GeV/c ~ beam 

~(~ -- . -  ~) ~3 
VALUE I~ars) CL~'~ DOCUMENT ID TEEN COMMENT 

>7  X 103 90 GEER 00 APEX 8.9 GeV/c ~ beam I 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

>6.5 x 103 90 HU 98B APEX 8.9 GeV/c~ beam I 

~(~-~ e-~'r) ~. 
VALUE (years) C L ~  DOCUMENT ID TEEN COMMENT 

>2  X 104 90 GEER 00 APEX 8.9 GeV/c ~ beam I 

VALUE(years) C L ~  DOCUMENT ID TEEN COMMENT 

>2  X 104 90 GEER 00 APEX 8.9 GeV/c  ~ beam I 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

>2.3 • 104 90 HU 98B APEX 8.9 GeV/c  ~ beam I 

VALUE (years) EL% DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

>200 90 54 GEER 00 APEX 8.9 GeV/c  ~ beam I 

54This GEER 00 measurement has been withdrawn (APEX Collaboration, private commu- I 
nication). 

VALUE (years) CL._...~_._~ DOCUMENT ID TEEN COMMENT 

>200 90 GEER 00 APEX 8.9 GeV/c  ~ beam I 

T ( ~  e -  K*(gg2) ~ 
VALUE (years) CL~% DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc.  �9 �9 �9 

>1 x 103 90 55 GEER 00 APEX 8.9 G e V / c ~  beam I 
55This GEER 00 measurement has been withdrawn (APEX Collaboration, private commu- I 

nication). 
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p, n 

p REFERENCES 

GEER 00 PRL 84 590 S. Geer et aL (FNAL APEX Collab.) 
GABRIELSE 99 PRL 82 3198 G. Gabrielse et aL 
HAYATO 99 PRL 83 1529 Y. Hayato et aL (Super-Kamiokande Collab.) 
MCGREW 99 PR D59 052004 C, McGrew et aL (IMB-3 Collab.) 
MOHR 99 JPCRD 28 1713 P.J. Mohr, B.N. Taylor (NIST) 

Also 00 RMP 72 351 P.J. Mohr, B,N. Taylor (NIST) 
TORU 99 PR ASS 223 H.A. T(xii et aL (EERN-PS-205 Collab.) 
ALLISON 98 PL B427 217 W, WM.  Allison et aL (Soudan-2 Collab.) 
HU 988 PR D58 111101 M. Hu et al. (FNAL APEX Collab.) 
SHIOZAWA 98 PRL 81 3319 M. Shiozawa et al. (Super-Kamlokal~de Collab.) 
GLICENSTEIN 97 PL B411 326 J.F. Glicenstein (SACL) 
GABRIELSE 95 PRL 74 3544 G. Ga~ieFse et aL (HARV, MANZ, SEOUL) 
MACGIBBON 95 PR C52 2097 B.E, MacGibbon et aL (ILL, SASK. INRM) 
GEER 94 PRL 72 1596 S. Geer et aL (FNAL, UCLA, PSU) 
HALLIN 93 PR C48 1497 E.L Hallin et al. (SASK, BOST, ILL) 
SUZUKI 93B PL B31] 357 Y. Suzuki et al. (KAMIOKANDE Collab.) 
HUGHES 92 PRL 69 57e R,J, Hughes, B.I. Deutch (LANL AARH) 
ZIEGER 92 PL B278 34 A. Zieger et aL (MPCM) 

Also 928 PL B281 417 (erratum) A, Zieger et aL (MPCM) 
BERGER 91 ZPHY C50 385 C, Berger et at, (FREJUS Collab.) 
BERGER 91B PL B269 227 C, Berger et aL (FREJUS Collab.) 
FEDERSPIEL 91 PRL 67 1511 F.J, Federspiel et al. (ILL) 
BECKER-SZ.. 90 PR D42 2974 R.A. Becker-Szendy et at. (gMB-3 Collab.) 
ERICSON 90 EPL 1] 295 T,E,O. Ericson, A. Richter (CERN, DARM) 
GABRIELSE 90 PRL 65 1317 G, Gabrielse et aL (HARV, MANZ, WASH+) 
BERGER 89 NP B313 509 C, Berger et aL (FREJUS Collab.) 
CliO 89 PRL 63 2559 D. Cho, K. Sangster, E.A. Hinds (YALE) 
HIRATA 89C PL B220 308 K,S, Hirata et at. (Kamiokande Collab.) 
PHILLIPS 89 PL 8224 348 T.J. Phillips et at. (HPW Collab.) 
KREISSL 88 ZPHY C37 557 A. Kreissl et aL (CERN PS176 Collab.) 
SEIDEL 88 PRL 61 2522 S. Seidel et at. (IMB Collab.) 
BARTELT 87 PR D36 1990 J,E. Bartelt et at. (Soudan Collab.) 

AlSO 89 PR D40 1701 erratum J.E. Bar]eli et aL (Soudan Collab,) 
COHEN 87 RMP 59 1121 E.R. Cohen, B.N. Taylor (RISE, NBS) 
HAINES 86 PRL 57 1986 T,J, Haines et at. (IMB Collab.) 
KAJITA 86 JPSJ 55 711 T. Kajlta et at, (Kamiokande Codab,) 
ARISAKA 85 JPSJ 54 3213 R. Arisaka et aL (Kamiokande Collab,) 
BLEWITT 85 PRL 55 2114 G.B, Blewitt et aL (IMB Collab.) 
DZUBA 85 PL 1548 93 V.A. Dzuba, V.V. Flambaum, P,G. Silvestrov (NOVO) 

( r n .  - m- n )/mn 
A test of C P T  invariance. Calculated from the n and ~ masses, above. 

VALUE DOCUMENT ID 

(94-5) X 10 - s  OUR EVALUATION 

m n - m p  

VALUE (MeV) DOCUMENT ID TEEN COMMENT 

1,29'=j3310:+0,0000005 8 MOHR 99 RVUE 1998 CODATA value I 
�9 �9 �9 We do not use the following data for averages, fits. l imits, etc. �9 �9 �9 

1.293318 • 9 COHEN 87 RVUE 1986 CODATA value 
1.2933328,1,0.0000072 GREENE 86 SPEC n p  ~ d ' f  

1.293429 • COHEN 73 RVUE 1973 CODATA value 

8Calculated by us from the MOHR 99 ratio m n / m  p = 1,00137841887 • 0.00000000058. I 

In u, m n --  m p  = (1.3884489 -- 0.0000006) x 10 - 3  u. I 

9Calculated by us from the COHEN 87 ratio n i n / n i  p = 1.001378404 ,1, 0.000000009, In 
u, ni  n - n i p  = 0.001388434 + 0.000000009 u. 

n MEAN LIFE 

We now compile only direct measurements of the lifetime, not those in- 
ferred from decay correlation measurements. (Limits on lifetimes for b o u n d  

neutrons are given in the section "p PARTIAL MEAN LIVES.") 

For a review, see EROZOLIMSKII 89 and papers that  follow it  in an 
issue of NIM devoted to the "Proceedings of the International Workshop 
on Fundamental Physics wi th Slow Neutrons" (Grenoble 1989). For later 
reviews and/or commentary, see FREEDMAN 90, SCHRECKENBACH 92, PARK 85 PRL 54 22 H,S, Park et aL (IMB Collab.) 

BATTISTONI 84 PL 133B 454 G. Battistoni et aL (NUSEX Collab.) 
MARINELLI 84 PL 1378 439 M, Marinelli, G. Morpurgo (GENO) 
WILKENING B4 PR A29 425 Wilkening, Ramsey, Larson (HARV, VIRG) 
BARTELT 83 PRL 50 651 J.E Bartelt et aL (MINN, ANL) 
BATTISTONI 82 PL 118B 461 G. Battistoni et aL (NUSEX CoUab.) 
KRISHNA... 82 PL 115B 349 M,R. Kdshnaswamy et al. (TATA, OSKC+) 
ALEKSEEV 81 JETPL 33 651 E.N. Alekseev et at. (PNPI) 

Translated from ZETFP 33 664. 
CHERRY 51 PRL 47 1507 M,L. Cherry et al. (PENN, BNL) 
COWSIK 50 PR D22 2204 R. Cowsik, V.S. Narasimham (TATA) 
BELL 79 PL 86B 215 M. BelF et al. (CERN) 
GOLDEN 79 PRL 43 1196 R.L. Golden et aL (NASA. PSLL) 
LEARNED 79 PRL 43 907 J.G. Learned, F. Reines. A. Soni (UCI) 
BREGMAN 78 PL 788 174 M. Bregman et aL (CERN) 
ROBERTS 70 PR D17 358 B,L, Roberts (WILL, RHEL) 
EVANS 77 Science 197 989 J.C. Evans Jr., R,I. Steinberg (BNL, PENN) 
HU 75 NP A254 403 E. Hu et al. (COLU, YALE) 
COHEN 73 JPCRD 2 663 E.R, Cohen, B.N, Taylor (RISE, NBS) 
DYLLA 73 PR A7 1224 H.F. Dylla, J,G. King (MIT) 

and PENDLEBURY 93. 

VALUE (s) DOCUMENT ID TEEN COMMENT 

806,1 a" 1.9 OUR AVERAGE Error includes scale factor of 1.2. 
889.2• 3.0"1" 3.8 BYRNE 96 CNTR Penning trap 
882.6-1- 2.7 10 MAMPE 93 CNTR Gravitational trap 
888,4-1- 3 .1•  1.1 NESVIZHEV... 92 CNTR Gravitational trap 
878 ,1,27 ,1,14 KOSSAKOW... 89 TPC Pulsed beam 
887.6,1, 3.0 MAMPE 89 CNTR Gravitational trap 
877 ,1,10 PAUL 89 CNTR Storage ring 
876 ,1,10 ,1,19 LAST 88 SPEC Pulsed beam 
B91 ,1, 9 SPIVAK 88 CNTR Beam 
903 4-13 KOSVINTSEV 86 CNTR Gravitational trap 
918 ,1,14 CHRISTENSEN72 CNTR 

DLX 70 Thesis Case F.W, Dix (CASE) 
HARRISON 69 PRL 22 1263 G.E. Harrison, P.G.H. Sandars, 5.J. Wright (OXF) 
GURR 67 PR 158 1321 H.S. Gurr et al. (CASE, WITW) 
FLEROV 58 DOKL 3 79 Flerov et aL (ASCI) 

r•l i(jP) = 1~1+~ Status: * * *  ~t2 J 

We have omi t ted  some results t ha t  have been superseded by later  
exper iments.  See our  earlier edit ions. 

n MASS 

The mass is known much more precisely in u (atomic mass units) than 
in MeV; see the footnotes, The conversion from u to MeV, 1 u = 
931.494013• MeV/c  2 (MOHR 99, the 1998 CODATA value), 
involves the relatively poorly known electronic charge. 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 

9 ~ . ~ 4 . 0 . 0 0 0 0 3 8  1 MOHR 99 RVUE 1998 CODATA value J 
�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc, �9 �9 �9 

939.565331+0.000037 2 KESSLER 99 SPEC n p  ~ d ' y  I 

939.56565 -1-}-0.00028 3,4 DIFILIPPO 94 TRAP Penning trap 
939,56563 +0.00028 5 COHEN 87 RVUE 1986 CODATA value 
939.56564 ,1,0.00028 4,6 GREENE 86 SPEC n p  ~ d " /  

939.5731 ,1,0.0027 4 COHEN 73 RVUE 1973 CODATA value 

1The mass is known much more precisely in u: m = 1.00866491578 - 0.00000000055 u. | 
2We use the 1998 CODATA u-to-MeV conversion factor (see the heading above) to I get this mass in MeV from the much more precisely measured KESSLER 99 value of 

1,00866491637 + 0.00000000082 u. 
3The mass is known much more precisely in u: ni = 1.0086649235 • 0.0000000023 u. 

We use the 1986 CODATA conversion factor to get the mass in MeV. 
4These determinations are not independent of the m n - n i p  measurements below. 

5The mass is known much more precisely in u: m = 1.008664904 ,1, 0.000000014 u. 
6The mass is known much more precisely in u: m = 1.008664919 ,1, 0.000000014 u. 

MASS 

VALUE (MeV) EVTS DOCUMENT ID TEEN COMMENT 

939.4&5::EO.051 59 7 CRESTI 86 HBC ~ p  ~ f i n  

7This is a corrected result (see the erratum). The error is statistical. The maximum 
systematic error is 0.029 MeV. 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

888.4-1-} . 2.9 ALFIMENKOV 90 CNTR See NESVIZHEVSKII 92 
893.6,1, 3.B+ 3.7 BYRNE 90 CNTR See BYRNE 96 
937 4-18 11 BYRNE 80 CNTR 
875 +95  KOSVINTSEV 80 CNTR 
881 + 8 BONDAREN... 78 CNTR See SPIVAK 88 

10 IGNATOVICH 95 calls into question some of the corrections and averaging procedures 
used by MAMPE 93. The response, BONDARENKO 96, denies the validity of the 
criticisms. 

11This measurement has been withdrawn (J. Bynie, private communication, 1990). 

n MAGNETIC MOMENT 

See the "Note on Baryon Magnetic Moments" in the A Listings. 

VALUE (#N)  DOCUMENT ID TEEN COMMENT 

--1.913042724"0.00000045 MOHR 99 RVUE 1998 CODATA value 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc, �9 �9 �9 

-1,91304275,1,0,00000045 COHEN 87 RVUE 1986 CODATA value 
-1.91304277+0,00000048 12 GREENE 82 MRS 

12GREENE 82 measures the moment to be (1.04187564 ,1, 0.00000026) x 10 - 3  Bohr 
magnetons. The value above is obtained by mult ip ly ing this by m p / m  e = 1836.152701,1, 

0.080037 (the 1986 CODATA value from COHEN 87). 

n ELECTRIC DIPOLE MOMENT dn 

A nonzero value is forbidden by both T invariance and P invariance. 
A nurnlber of early results have been omitted. See RAMSEY 90 and 
GOLUB 94 for reviews. 

VALUE (10 -25 ecrn) EL% DOCUMENT ID TEEN COMMENT 

< 0.63 90 13 HARRIS 99 MRS d = ( - 0 , 1  + 0.36) x 10 - 2 5  I 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

< 0.97 90 ALTAREV 96 MRS (+0.26 • 0.40 i 0.16) x 10 - 2 5  
< 1.1 95 ALTAREV 92 MRS See ALTAREV 96 
< 1.2 95 SMITH 90 MRS See HARRIS 99 
< 2.6 95 ALTAREV 86 MRS d = ( - 1 . 4 + 0 . 6 )  x 1 0  - 2 5  

0,3 +4 .8  PENDLEBURY84 MRS Ultracold neutrons 
< 6 90 ALTAREV 81 MRS d = (2.1 • 2.4) • 10 -25 
<16 90 ALTAREV 79 MRS d = (4.0 • 7.5) x 10 -25 

13This HARRIS 99 result includes the result of SMITH 90. However, the averaging of the l 
results of these two experiments has been criticized by LAMOREAUX 0D. I 



See key on page 239 

n ELECTRIC POLARIZABILITY an 

Following is the electric polarizability c~ n defined in terms of the induced 
electric dipole moment by D = 4x~0cznE. For a review, see SCHMIED- 
MAYER 89. 

VALUE (10 -3  rm 3) 

+0 19 0.N_0:2 $ OUR AVERAGE 

0,0:1:0.5 
1.20 + 0.1S :l: 0.20 

1 n7+0.33 
"~" - 1.07 

0.8 =EI.O 
1.2 =i: 1.0 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

1 17+0"43 ROSE 90 CNTR See ROSE 90B "'--1.17 

14KOESTER 95 uses natural Pb and the isotopes 208, 20?, and 206. See this paper for a 
discussion of methods used by various groups to extract ~n  from data. 

DOCUMENT ID TECN COMMENT 

Error includes scale factor of 1.1. 

14 KOESTER 95 CNTR n Pb, n Bi transmission 
SCHMIEDM...  91 CNTR n Pb transmission 

ROSE 908 CNTR "Td ~ ~ n p  

KOESTER 88 CNTR n Pb, n Bi transmission 
SCHMIEDM_. 88 CNTR n Pb, n C transmission 

n CHARGE 

See also " lq  p + qe l /e "  in the proton Listings. 

VALUE (10 -21 e) DOCUMENT ID TECN COMMENT 

-- 0.4 -I- 1.1 15 BAUMANN 88 Cold n deflection 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

- 1 5  •  16 GAEHLER 82 CNTR Reactor neutrons 

15The BAUMANN 88 error •  gives the 68% CL limits about the the value -0 .4 .  
16The GAEHLER 82 error •  gives the 90% CL limits about the the value - 1 5 .  

LIMIT ON nTl OSCILLATIONS 

Mean Time for nTi Transition in Vacuum 
A test of z~B=2 baryon number nonconservation. MOHAPATRA 80 and MOHAPA- 
TRA 89 discuss the theoretical motivations for looking for n~ oscillations. DOVER 83 
and DOVER 85 give phenomenological analyses. The best l imits come from look- 
ing for the decay of neutrons bound in nuclei. However. these analyses require 
model-dependent corrections for nuclear effects. See KABIR 83, DOVER 89, and 
ALBERICO 91 for discussions. Direct searches for n ~ ~ transitions using reactor 
neutrons are cleaner but give somewhat poorer l imits. We include l imits for both free 
and bound neutrons in the Summary Table. 

VALUE Is) EL~ DOCUMENT ID TECN COMMENT 

>8.6 x 107 90 BALDO-...  94 CNTR 
>1.2 x 10 s 90 BERGER 90 FREJ 

>1.2 x 10 w 90 TAKITA 86 CNTR 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, 

>I  x 107 90 BALDO-... 90 CNTR 
>4.9 x 10 S 90 BRESSI 90 CNTR 
>4.7 x 105 90 BRESSI 89 CNTR 
>1 x 106 90 FIDECARO 85 CNTR 
>8.8 x 107 90 PARK 85B CNTR 
>3 x 107 BATTISTONI 84 NUSX 

> 2.7 x 107-1.1 x 108 JONES 84 CNTR 
>2 x 107 CHERRY 83 CNTR 

Reactor (flee) neutrons 
n bound in iron 
Kamiokande 

etc. �9 �9 �9 

See BALOO-CEOLIN 94 
Reactor neutrons 
See BRESSI 90 
Reactor neutrons 

n DECAY MODES 

Mode Fraction ( r i / r )  Confidence level 

r I pe-P e lOO % 

r 2 h y d r o g e n - a t o m  ~ e 

Charl~ conservation (Q)  violating mode 
r 3 pZle~ e Q < 8 x 10 - 2 7  68% 

n BRANCHING RATIOS 

r(hydrogen-atompe)/Ftotal r21r 
VALUE ~ DOCUMENT ID TECN 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

<3 x 10 - 2  95 17 GREEN 90 RVUE 

17 4 m a GREEN 90 infers that r(hydrogen-atom~e) > 3 • 10 s by co p ring neutron lifetime 
measurements made in storage experiments wi th those made in /3-decay experiments. 
However, the result depends sensitively on the lifetime measurements, and does not of 
course take into account more recent measurements of same. 
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n 

r(p.,pe)Ir~= r31r 
Forbidden by charge conservation. 

VALUE CL~ DOCUMENT ID TECN COMMENT 

<8  X 10 -2 - /  68 18 NORMAN 96 RVUE 71Ga ~ 71Ge neutrals 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<9.7 x 10 -18 90 ROY 83 CNTR ll3cd ~ 113mlnneut. 
<7.9 x 10 -21 VAIDYA 83 CNTR 87Rb ~ 87mSrneut. 
<9 x 10 -24 90 BARABANOV 80 CNTR 71Ga ~ 71GeX 
<3 x 10 - 1 9  NORMAN 79 CNTR 87Rb ~ 87mSrneut. 

18 NORMAN 96 gets this l imi t  by attr ibuting SAGE and GALLEX counting rates to the 
charge-noncunserving transition 71Ga ~ 71Ge+neutrals rather than to solar-neutrino 
reactions. 

B A R Y O N  D E C A Y  P A R A M E T E R S  

Written 1996 by E.D. Commins (University of California, Berke- 
ley). 

B a r y o n  semi lep ton ic  decays 

The typical spin-l/2 baryon semileptonic decay is described 

by a matrix element, the hadronic part of which may be written 

a s :  

B / [  fl(q2)7;~ + i f2(q2)a~gq ~ + gl(q2)7~75 + g3(q2)T5qx ] Bi �9 
(1) 

Here Bi and B /  are spinors describing the initial and final 

baryons, and q = Pi - P/,  while the terms in f l ,  f2, gl, and g3 

account for vector, induced tensor ("weak magnetism"), axial 

vector, and induced pseudoscalar contributions [1]. Second-class 

current contributions are ignored here. In the limit of zero mo- 

mentum transfer, f l  reduces to the vector coupling constant gv, 
and gl reduces to the axial-vector coupling constant gA. The 

latter coefficients are related by Cabibbo's theory [2], general- 

ized to six quarks (and three mixing allgles) by Kobayashi and 

Maskawa [3]. The g3 term is negligible for. transitions in which 

an e + is emitted, and gives a very small correction, which can 

be estimated by PCAC [4], for I* + modes. Recoil effects include 

weak magnetism, and are taken into account adequately by 

considering terms of first order in 

_ m i  - m f ,  ( 2 )  

m i + my 

where mi and mf  are the masses of the initial and final baryons. 

The experimental quantities of interest are the total decay 

rate, the lepton-neutrino angular correlation, the asymmetry 

coefficients in the decay of a polarized initial baryon, and the 

polarization of the decay baryon in its own rest frame for an 

unpolarized initial baryon. Formulae for these quantities are 

derived by standard means [5] and are analogous to formulae 

for nuclear beta decay [6]. We use the notation of Ref. 6 in the 

Listings for neutron beta decay. For comparison with experi- 

ments at higher q2, it is necessary to modify the form factors 

at q2 = 0 by a "dipole" q2 dependence, and for high-precision 

comparisons to apply appropriate radiative corrections [7]. 

The ratio gA/gV may be written as 

gA/gv = I gA/gv l e ~ * ~  �9 (3)  

The presence of a "triple correlation" term in the transition 

probability, proportional to Im(gA/gV) and of the form 

ai'(Pt • Pv) (4) 
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/7 

for initial baryon polarization or 

af'(Pe • P~) (5) 

for final baryon polarization, would indicate failure of time- 

reversal invariance. The phase angle r has been measured 

precisely only in neutron decay (and in 19Ne nuclear beta 

decay), and the results are consistent with T invariance. 

Hyperon  n o n l e p t o n i c  decays 

The amplitude for a spin-l/2 hyperon decaying into a 

spin-l/2 baryon and a spin-0 meson may be written in the form 

M = GF m 2" B I  (A - B75) Bi , (6) 

where A and B are constants [1]. The transition rate is propor- 

tional to 

R = 1 + 7 ~ s  ~ + ( t  - ~ ) ( ~ .  ~ ) (~ .  a) 

+ ~(~s '  ~ + ~ "  a) + ~ .  (~s • ~ ) ,  (7) 

where fi is a unit vector in the direction of the final baryon 

momentum, and wi and ~ f  are unit vectors in the directions of 

the initial and final baryon spins. (The sign of the last term in 

the above equation was incorrect in our 1988 and 1990 editions.) 

The parameters a, fl, and 7 are defined as 

c~ = 2 Re(s*p) / ( Is  [2 + [p 12) , 

= 2Im(s*p)/(I  sl 2 + [pt 2 ) , 

" y = ( I s l  2 -  I p l ~ ) / ( I s l 2 + l p l 2 ) ,  (8) 

where s = A and p = I P l  I B / ( E I  + m/) ;  here E l and py are 

the energy and momentum of the final baryon. The parameters 

a, ~3, and 7 satisfy 

a 2 + 1 3 2 + 3 , 2 : 1 .  (9) 

If the hyperon polarization is Py ,  the polarization P u  of the 

decay baryons is 

PB = (a + P y .  fi)fi + f l ( P r  • fi) + "~fi • (Py  • fi) (10) 
1 + a P r  �9 fi 

Here PB is defined in the rest system of the baryon, obtained 

by a Lorentz transformation along fi from the hyperon rest 

frame, in which fi and P y  are defined. 

An additional useful parameter r is defined by 

= (I - ~)~/~ sine. (ii) 

In the Listings, we compile a and r for each decay, since 

these quantities are most closely related to experiment and are 

essentially uncorrelated. When necessary, we have changed the 

signs of reported values to agree with our sign conventions. 

In the Baryon Summary Table, we give a, r and A (defined 

below) with errors, and also give the value of 7 without error. 

Time-reversal invariance requires, in the absence of final- 

state interactions, that s and p be relatively real, and therefore 

that /~ = 0. However, for the decays discussed here, the final- 

state interaction is strong. Thus 

s = ] s [e i~ and p = ]Pl e~P , (12) 

where 68 and 6p are the pion-baryon s- and p-wave strong 

interaction phase shifts. We then have 

- 2 1 ~ 1 1 p l  
= I s 12 + I p 12 sin(6~ - ~v) �9 (13) 

One also defines A = - tan- i (~3/a) .  If T invariance holds, 

A = ~ s - ~ p - F o r  A --* pTr- decay, the value of A may be 

compared with the s- and p-wave phase shifts in low-energy 

zr-p scattering, and the results are consistent with T invariance. 

Radia t i ve  hyperon  deosys  

For the radiative decay of a polarized spin-l /2 hyperon, 

Bi --+ BfT, the angular distribution of the direction ~ of the 

final spin-l/2 baryon in the hyperon rest frame is 

dF 7 
4~ ^ P~), (14) d ~  = (1 + (~TP" 

where Pi  is the hyperon polarization and the asymmetry pa- 

rameter a 7 is "" 

2Re [ g ~ ( 0 ) I ~ ( 0 ) ]  (15) 
~ = ig~(0)l 2 + I /M(0)I  2 �9 

Here fM -- (mi -- mr) [(mi + mf) f~  -- f~] where f~(q2), 
(m~--+ m f  ) 

/~(q2), and g~(q2) are the AQ = 0 analogs of the IAQI = 1 

form factors defined above. 
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n, N's and z 's 
KOESTER 95 PR C51 3363 L. Koester e t  aL (MUNT. JINR, LATV) 
KUZNETSOV 95 PRL 75 794 I.A. Kuznetsov et aL (PNPI, KIAE. HARV+) 
SCHRECK... 95 PL B349 427 K. Schreckenbach et al. (MUNT. ILLG, LAPP) 
BALDO-,.. 94 ZPHY C63 409 M. Baldo-Ceolin et al, (HELD, ILLG, PADO+) 
DIFILIPPO 94 PRL 73 1481 F. DiFilippo et al. (MIT) 

Also 93 PRL 71 1998 V. Natarajan e[ aL (MIT) 
GOLUB 94 PRPL 237C 1 R. Golub, K. Lamoreaux (HAHN, WASH) 
MAMPE 93 JETPL 57 82 B. Mampe et aL (KIAE) 

Translated from ZETFP 57 77. 
PENDLEBURY 93 ARNPS 43 687 J.M. Pendlebury (ILLG) 
ALTAREV 92 PL B276 242 1.5, A]tarev et aL (PNPt) 
NESVlZHEV... 92 JETP 75 405 V.V. Ne%vizhevsky et aL (PNPI, JINR) 

Tlanstated Rom ZETF 102 740, 
SCHRECK .. 92 3PG 18 1 K, Schreckenbach, W. Mampe 0LEG) 
ALBERICO 91 NP A323 488 W.M. Albedco, A. de Pace, M, Pignone (TORI) 
DUBBERS 91 NP A527 239C D. Dubbers (ILLG) 

Also 90 EPL 11 195 D. Dubbers, W. Mampe, J. Oohner (ILLG. HELD) 
EROZOLIM.. 91 PL B261 33 BG. Erozolinlsky et eL (PNPI. KIAE) 

Also 90 SJNP 52 999 B.G. Er{)zolimsky e[ aL (PNPI. KIAE) 
Translated from YAF 52 1583. 

EROZOLIM.. glB SJNP 53 260 B.G. ErOzolimsky, Y.A. Mostovoy (KIAE) 
Translated from YAF 53 418. 

SCHMIEDM... 91 PRL 66 1015 J. Schmiedmayer et aL (TUW, ORNL) 
WOOLCOCK 91 MPL A5 2579 W.S. WooIcoCk (CANB) 
ALFIMENKOV 90 JETPL 52 373 V.P. AIEmenkov et aL (PNPI. JiNR) 

Translated from ZETFP 52 984. 
BALOO-.. 90 PL B236 95 M. Baldo-Ceolin et al. (PADO. PAVI, HEIDP+) 
BERGER 90 PL 8240 237 C. Berger et aL (FREJUS Collab.) 
BRESSI 90 NC 103A 731 G. Bressi et al. (PAVI, ROMA. MILA) 
BYRNE 90 PRL 65 289 J. Byrne et al. (SUSS, NBS. SCOT. CBNM) 
FREEDMAN 90 CNPP 19 209 S,J, Freedman lANE) 
GREEN 90 JPG 16 L75 M.G. Green, Thompson (RAL) 
RAMSEY 90 ARNPS 40 1 N.F. Ramsey (HARV) 
ROSE 90 PL 8234 460 K.W. Rose et aL (GDET, MPCM. MANZ) 
ROSE 908 NP A514 621 K.W. Rose et aL (GOET. MPCM) 
SMITH 90 PL B234 191 K.F. Smith e t  aL (SUSS, RAL. HARV+) 
BRESSI 89 ZPHY C43 175 G. Bressi et  at. {INFN, MILA, PAVI, ROMA) 
DOVER 89 NIM A284 13 C.B. Dover. A. Gal, J.M. Richard (BNL, HEAR+) 
EROZOLIM.. 89 NIM A204 89 B.G. Erozolimsky (PNPI) 
KOSSAKOW,.. 89 NP A503 473 R. Kos~akowski et at. (LAPP, SAVO, ISNG+) 
MAMPE 89 PRL 63 593 W. MatuRe et ah {ILLG, RISE, SDSS, URI) 
MOHAPATRA 89 NIM A284 1 R.N. Mohapatra (UMD) 
PAUL 89 ZPHY C45 25 W. Paul et aL (BONN, WUPP, MPIH, ILLG) 
SCHMSEDM,.. 89 NIM A284 137 J. Schmiedmayer, H. Rauch, P. Riehs (WIEN) 
BAUMANN 88 PR D17 3107 J. Baumann et al. (BAYR, MUNI, ILLG) 
KOESTER 88 ZPHY A329 229 L, Koester, W. Waschkowski, Meier (MUNI, MUNT) 
LAST 88 PRL 60 995 L Last et aL (HEIDP, ILLG, ANL) 
SCHMIEDM... 88 PRL 61 1065 J. Schmledmayer, H. Rauch, P. Riehs (TUW) 

Also 088 PRL 61 2509 erratum J. Schmiedmayer. H. Rauch. P. Riehs (TUW) 
SPIVAK 88 JETP 57 1735 P.E. Spivak (KIAE) 

Translated Rom ZETF 94 1. 
COHEN 87 RMP 59 1121 E.R. Cohen, B.N. Taylor (RISC, NBS) 
ALTAREV 86 JETPL 44 460 LS. Altarev et aL {PNPI) 

Translated from ZETFP 44 360. 
BOPP 86 PRL 56 919 P. Bopp et af. (HEIDP, ANL, ILLG) 

AlSO 88 ZPHY C17 179 E. Klempt et aL (HEIDP, ANL, ILLG) 
CRESTI 86 PL B117 206 M. Crestl el ah (PADO) 

Also 88 PL B2OO 587 erratum M. Cresti et al. (PADO) 
GREENE 86 PRL 56 819 G.L. Greene et at, (NBS, ILLG) 
ROSVINTSEV 86 JETI~L 44 571 Y.Y. Rosvintsev, V.h Morozov, G.I. Terekhov (KIAE) 

Translated from ZETFP 44 444. 

N A N D  A R E S O N A N C E S  

Revised January 2000 by R.L. Workman (George Washington 
University, Virginia Campus). 

I. I n t r o d u c t i o n  

The excited states of the nucleon have been studied in 

a large number of formation and production experiments. The 
conventional (i.e., Breit-Wigner) masses, pole positions, widths, 

and elasticities of the N and z~ resonances in the Baryon 

Summary Table come largely from partial-wave analyses of 7rN 

total, elastic, and charge-exchange scattering data. Partial-wave 

analyses have also been performed on much smaller data sets 
to get N~I, A K ,  and S K  branching fractions. Other branching 

fractions come from isobar-model analyses of ~rN --~ NTrTr data. 

Finally, many N 7  branching fractions have been determined 
from photoproduction experiments (see Sec. III). 

Table i lists all the N and A entries in the Baryon Listings 

and gives our evaluation of the status of each, both overall and 

channel by channel. Only the "established" resonances (overall 

status 3 or 4 stars) appear in the Baryon Summary Table. 
We generally consider a resonance to be established only if it 

has been seen in at least two independent analyses of elastic 
scattering and if the relevant partial-wave amplitudes do not 

behave erratically or have large errors. 

No new elastic partial-wave analyses have been published 

since our last edition. Preliminary new results from the Virginia 

Tech group were reported at MENU 99 [1]; this reference 
TAKITA 86 PR D34 902 M. Takita et al. (KEK. TOKY+) 
DOVER 85 PR C31 1423 C,B. Dover, A. Gal. J,M. Richard (BNL) 
FIDECARO 85 PL 1568 122 G. Fidecaro et al, (CERN, ILLG, PADO+) 
PARK 85B NP 8252 261 H.S. Park et aK lIMB Codab.) 
BATTISTONI B4 PL 1338 454 G. Battistoni et aL (NUSEX Collab,) 
JONES 84 PRL 52 720 T,W. Jones et aL lIMB Codab.) 
PENDLEBURY 84 PL 1368 327 J.M. Pendlebury et aL (SUSS, HARV. RAL+) 
CHERRY 83 PRL 50 1334 M.L, Cherry et aL (PENN, BNE) 
DOVER 83 PR D27 1090 CB. Dover, A. Gal, J.M. Richard (BNL) 
KABIR 83 PRL 51 231 P.K. Kabir (HARV) 
MOSTOVOY 83 JETPL 17 196 Y,A. Mostovoy (KIAE) 

Translated from ZETFP 37 162. 
ROY 83 PR D28 1770 A. R(~y et aL (TARA) 
VAIDYA 03 PR D27 486 S.C. Valdya et aL (TATA) 
GAEHLER 82 PR D25 2887 R. Gahter, J. Kalus, W. Mampe (BAYR, ILEG) 
GREENE 82 Metrologia 18 93 G,L. Greene el aL (YALE, HARV, ILLG+) 
ALTAREV 81 PL 102B 13 I.S. Altarev et aL (PNPI) 
BARABANOV 80 JETPL 32 359 hR, Barabanov et aL (PNPI) 

Translated from ZETFP 32 384. 
BYRNE 80 PL 928 274 J. Byme et aL (SUSS, RE) 
KOSVINTSEV 80 JETPL 31 236 Y,Y, Kosvlntsev et ah (JINR) 

Translated from ZETFP 31 257. 
MOHAPATRA 80 PRL 44 1316 R.N. Mohapatra, R.E. Marshak (CUNY. VPI) 
ALTAREV 79 JETPL 29 730 L5. Altarev et aL (PNPI) 

Translated from ZETFP 29 794. 
ERDZOLIM... 79 SJNP 30 356 B.G. ErozoSmsky et aL (KIAE) 

TransLated from YAF 30 692. 
NORMAN 79 PRL 43 1226 E.B. Norman, A.G. Seamster (WASH) 
BONDAREN... 78 JETPL 28 303 L.N. Bondarenko et a/. (KIAE) 

Translated from ZETFP 28 328. 
Also 82 Srno{~nice Conf. P,G. Bondarenko (KIAE) 

EROZOLIM... 78 SJNP 28 48 B.G. Erozolimsky et aL (KIAE) 
Translated from YAF 28 98, 

STRATOWA 78 PR D18 3970 C. Stratowa, R. Dobrozemsky, P. Wei~zierl (SEIB) 
EROZOLIM.., 77 JETPL 23 663 B.G. Erozolimsky et al. (KIAE) 

Translated from ZETFP 23 720. 
STEINBERG 76 PR D13 2469 R.L Steinberg et aL (YALE, ISNG) 
OOBROZE... 75 PR D l l  510 R. Dolxozemsky et at. (SEIB) 
KBOHN 75 PL 5SB 175 V.E, Kroh~, G.R, Ringo (ANL) 
EROZOLIM_. 74 JETPL 20 345 B.G, Erozollmsky et at, 

Tra~lated from ZETFP 20 745. 
KROPF 74 ZPHY 267 129 H. kropf, E. Paul (LINZ) 

AlSO 70 NP A134 160 H. Paul (VIEN) 
STEINBERG 74 PRL 33 41 RJ. Steinberg et aL (YALE, tSNG) 
COHEN 73 JPCRD 2 663 E,R. Cohen. B.N. Taylor (RISC, NBS) 
CHRISTENSBN 72 PR O5 I628 C.3. Christensen et a/. (RISO) 
CHRISTENSEN 70 PR C1 1693 C.J. Christensen, V.E. Krohn, G.R. Ringo (ANL) 
EROZOLIM,.. 70C PL 338 351 B.G. Erozolimsky et at. (KIAE) 
GRIGOREV 68 SJNP 6 239 V,K. Grlgoriev et aL (ITEP) 

Translated from YAF 6 329. 
i 

also reports recent studies of the 7rN sigma term, scattering 
lengths, and possible isospin-breaking effects. Two extensions 

of an earlier [2] multi-channel analysis have appeared since our 

last edition. The first [3] extracted pole positions and residues 

for the N(1535) and N(1650). The second [4] added 7 N  --* NTr 
multipoles to the previous set of 7rN ~ N r ,  r N  --* N~I and 

~/N -* N~/data and amplitudes. 

The interested reader will find further discussions in the 

proceedings of three recent conferences [1,5,6], and in two older 
reviews [7,8]. 

II. Aga ins t  B r e i t - W i g n e r  parameter s  - -  a p o l e - e m i c  

Written December 1997 by G. HShler (University of Kazlsruhe). 

(1) All theoretical approaches to the resonance phenomenon 

have in common that the variation of a partial-wave amplitude 

T ( W ) ,  where W is the total c.m. energy, is related to a nearly 

bound state of the projectile-target system (see e.g., Refs. [9- 

13]). In 7rN scattering, this state is an excited state of the 
nucleon (= isobar). The nearly bound state is described in the 

framework of S-matrix theory by a pole of the S-matrix element 

at Wp = M - iF~2 in the lower half of the complex W-plane, 
close to the real axis; M and F are called the mass and width 

of the resonance. The location of the resonance pole is the same 
for all reactions to which the resonance couples. 
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Table 1. The status of the N and `5 resonances. Only those with an 
overall status of *** or **** are included in the main Baryon Summary 
Table. 

Status asseen i n - -  
Overall 

Particle L21.2j status NTr Nr I AK XK An Np N 7 

N(939) Pn  **** 
N(1440) Pll  **** **** * 
N(1520) D13 **** **** �9 
N(1535) Stl **** **** **** 
N(1650) $11 **** **** * 
N(1675) D15 **** **** * 
N(1680) F15 **** **** 
N(1700) Dla *** *** * 
N(1710) P n  *** *** ** 
N(1720) P13 **** **** * 
N(1900) P13 ** ** 
N(1990) F17 ** ** * 
N(2000) F15 ** ** * 
N(2080) D13 ** ** * 
N(2090) Sn  * * 
N(2100) Pll * * * 
N(2190) GI't **** **** * 
N(2200) D15 ** ** * 
N(2220) H19 **** **** * 
N(2250) GlO **** **** * 
N(2600) 111!. *** *** 
N(2700) Kl13 ** ** 
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,5(1232) P33 **** 
,5(1600) P33 *** 
A(1620) $31 **** 
A(1700) D33 **** 
,5(1750) P31 * 
/1(1900) $31 ** 
`5(1905) F35 **** 
A(1910) P31 **** 
A(1920) P33 *** 
`5(1930) D35 *** 
3(1940) D33 * 
A(1950) F37 **** 
,5(2000) F35 ** 
`5(2150) $31 * 
A(2200) G37 * 
`5(2300) H39 ** 
`5(2350) D35 * 
3(2390) F37 * 
A(2400) G39 ** 
A(2420) H311 **** 
A(2750) /313 ** 
` 5 ( 2 9 5 0 )  K 3 1 5  * *  

earlier work by Wigner ,  derived for elastic sca t t e r ing  the  t ime-  

delay Q. Expressed  in t e rms  of the  amp l i t ude  T(W) ,  it  is 

* * *  * * * *  

* * * *  * * * *  * * * *  

* * *  * * *  

* *  * * *  * *  * * *  

* * * *  * * * * *  

* * * *  * * * *  * * * *  

* * *  * * *  

* * *  * * * *  

* * * *  * *  

* * * *  F * * * *  

* * *  o * * *  * * *  

* * * *  r * * * *  * * * *  * * *  

* * * *  b * * * *  * *  * * *  

* i 

** d * * ** * 
**** d * ** ** *** 
, ,** e , �9 * �9 
*** n * **  * 
* * *  * * *  

* F 

* * * *  o * * * * *  * * * * *  

r * *  

* b 

* i 

** d 
* d 

* e 

* *  n 

* * * *  * 

**** Existence is certain, and properties are at least fairly well explored. 
*** Existence ranges from very likely to certain, but further confir- 

mation is desirable and/or quantum numbers, branching fractions, 
etc. are not well determined. 

** Evidence of existence is only fair. 
* Evidence of existence is poor. 

Q = 2Sp(W) ,  where Sp(W) = IdT/dW[ is the  speed with  

which the  complex vector T t raverses  the  A r g a n d  d iag ram.  

If the  background  can be neglected,  a resonance  pole leads 

to a peak of Sp(W) at  W = M (see the  cited books  and  

aefs .  [17-19]). 

(3) It is an  old t rad i t ion  t h a t  au tho r s  of par t ia l -wave 

analyses  de te rmine  conventional resonance parameters f rom fits 

to generalized Bre i t -Wigner  formulas .  Each  group has  its own 

prescr ipt ion for the  t r e a t m e n t  of analyt ic i ty ,  t he  choice of the  

background,  and  o ther  details ,  so the  mode l -dependence  is m u c h  

larger t h a n  in the  de t e rmina t ion  of pole pa rame te r s .  A ser ious  

sho r t coming  is the  poor  or miss ing  in fo rmat ion  on inelas t ic  

channels .  The  convent ional  pa r ame te r s  are the  "mass"  m ,  the  

"width" F ( W )  at W = m,  and  the  b ranch ing  ratios.  Following 

are some prob lems  wi th  these  pa ramet r i za t ions ,  

(a) The  convent ional  A(1232) pa r ame te r s  come from a fit 

to the  P33 par t ia l  wave. It is well known from the  Chew- 

Low plot and  dispers ion rela t ions [20] t h a t  th is  par t i a l  wave 

has  a large background from the nucleon pole term. Th e  pole 

posi t ion,  1210 - 50 i MeV, belongs to the  A- resonance ,  whereas  

the  convent ional  pa ramete r s ,  m = 1232 MeV and  F ( m )  = 120 

MeV, belong to the  A together with the large background in 

~rN scattering. 

(b) The  N(1535)  511 is the only l-star resonance that does 

not show a signal in the speed plot. The  s ignal  is p robab ly  par t  

of  the  large peak due to the  th resho ld  for 7/ p roduc t ion  [21]. 

In this  case, poles in o ther  R i e m a n n  sheets  are expected to 

give cont r ibu t ions  of comparab le  m a g n i t u d e .  One  of these  poles 

produces  the  th reshold  cusp [14]. In the  1960's, th is  problem 

was t rea ted  in m a n y  papers  (see Ref. 21). In calculat ions tha t  

rely on the  convent ional  mas s  of  1535 MeV, one cannot  see 

t ha t  one has  to s t u d y  a combined  resonance  plus  threshold-cusp  

phenomenon .  

A similar  s i tua t ion  of poles in different sheets  arises in m r  

In the  inelast ic  region, a resonance  is associa ted  wi th  a 

cluster  of poles on different R i e m a n n  sheets.  If one of these 

poles is located  near  the  real axis and  sufficiently far f rom 

branch  points ,  it  will be s t rong ly  dominan t .  If one of the  final- 

s t a te  par t ic les  i tself  has  a s t rong  decay, one also has  to consider 

branch po in t s  in the  lower ha l f  p lane  t h a t  belong to thresholds  

for two-part ic le  final s ta tes  (see e.g., Refs. [14,151). 

(2) If the  fo rma t ion  of an  uns t ab le  in te rmedia te  particle 

occurs in a sca t t e r ing  process,  one expects  a time-delay between 

the arrival of the incident wave packet and its departure from 

the collision region. Goldberger  and  W a t s o n  [16], s t a r t i ng  f rom 

sca t te r ing  near  the  K K  threshold.  See remarks  in footnotes  to 

our  f0(980) Listing. 

(c) Around  1440 MeV, the  VPI  group found two poles in 

the Pll amplitude in different Riemann sheets [22]. Th i s  was 

in terpreted,  by other  authors ,  as evidence for the  exis tence 

of two near ly  degenera te  P n  resonances,  in conflict wi th  the  

cons t i tuen t  quark  model.  Cutkosky  pointed  out  t h a t  the  b ranch  

poin t  for Air decay is located near  the  poles, so the  poles  

belong to the  s ame  resonance.  This  was conf i rmed by a new 

calculat ion [23], which also led to convent ional  p a r a m e t e r s  of  

m = 1471 MeV and F (m)  = 545 MeV; which are much different 

from the pole parameters, 1370 - 114i and  1360 - 120i MeV. 

The  speed plot conf i rms  t ha t  the  fo rmat ion  of the  u n s t a b l e  

part icle N(1440)  P n  occurs at  a considerably  lower energy  

t h a n  expected from the  Conventional pa rame te r s .  

Conclusion:  In cont ras t  to the  convent ional  pa rame te r s ,  t h e  

pole posi t ions and  speed plots  have a well-defined re la t ion  
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to S-matrix theory. They also give more information on the 

resonances and thresholds and can be used for predictions on 

other reactions that couple to the excited states. 

I II .  E l e c t r o m a g n e t i c  in t e rac t ions  

Revised January 2000 by R.L. Workman (George Washington 
University, Virginia Campus). 

Nearly all the entries in the Listings concerning electromag- 

netic properties of the N and A resonances are N7  couplings. 

These couplings, the helicity amplitudes A1/2 and A3/2, have 

been obtained in partial-wave analyses of single-pion photo- 

production, ~ photoproduction, and Compton scattering. Most 

photoproduction analyses have taken the existence, masses, and 

widths of the resonances from the lrN ---+ 7rN analyses, and 

have only determined the N7  couplings. This approach is only 

applicable to resonances with a significant Nr coupling. A brief 

description of the various methods of analysis of photoproduc- 

tion data may be found in our 1992 edition [24]. 

Our Listings omit a number of analyses that are now ob- 

solete. Most of the older results may be found in our 1982 

edition [25]. The errors quoted for the couplings in the List- 

ings are calculated in different ways in different analyses and 

therefore should be used with care. In general, the systematic 

differences between the analyses caused by using different pa- 

rameterization schemes are probably more indicative of the true 

uncertainties than are the quoted errors. 

Probabl~ the most reliable analyses, for most resonances, 

are ARAI 80, CRAWFORD 80, AWAJI 81, FUJII  81, CRAW- 

FORD 83, and ARNDT 96. Several special cases are discussed 

separately below. The errors we give are a combination of the 

stated statistical errors on the analyses and the systematic 

differences between them. The analyses are given equal weight, 

except ARNDT 96 is weighted, rather arbitrarily, by a factor of 

two because its data set is at least 50% larger than those of the 

Problems associated with the E2/M1 ratio at Q2 = 0 [26] were 

discussed in our 1998 Review [27]. 

The E2/M1 ratio has been given at Q2 = 2.8 and 

4.0 (GeV/c) 2, based on analyses of Jefferson Lab p(e,e%u ~ 
data [28], and at 3.2 (GeV/c) 2, based on a re-analysis of older 

DESY measurements [29]. Results are not yet stable, and de- 

pend upon the method employed. This is particularly evident 

in analyses of the DESY measurements, which have resulted in 

E2/M1 ratios differing in both sign and magnitude [28,30,31]. 

Results for the E2/M1 ratio at Q2 = 2.8 and 4.0 (GeV/c) 2 

are 0.039+0.029 and 0.044-0.031 from Ref. 30, compared to 

-0.020 4- 0.012 • 0.005 and -0.031 4- 0.012 4- 0.005 from Ref. 28. 

Notice the difference in sign. There is general agreement that 

the ratio remains small relative to the perturbative QCD ex- 

pectation that E2/M1 should approach unity. 

The method [32] used in Ref. 30 gives values for the Q2 = 0 

NV amplitudes, A1/2 and A3/2, that are about 30% smaller 

(in magnitude) than our previous estimates. While this shift 

improves agreement with quark models, there is no consensus 

on its validity [26]. 

The ratio of scalar quadrupole and magnetic dipole am- 

plitudes (SI+/MI+) is also problematic. A previous fit [33] 

to the DESY measurements gave 0.074-0.02=t=0.03 at Q2=3.2 

(GeV/c) 2. This disagrees with a recent fit [28] to the Jefferson 

Lab data, -0.112 =t= 0.013 4- 0.01 and -0.148 4- 0.013 4- 0.01 at 

Q2=2.8 and 4.0 (GeV/c) 2, and with a fit [30] to both DESY 

and Jefferson Lab data sets, -0.049 4- 0.029, -0.099 4- 0.041, 

and -0.085 =k 0.021 at Q2=2.8, 3.2, and 4.0 (GeV/c) 2. 

New results for pTl: Fits to r]-photoproduction data have 

given N 7  amplitudes for the N(1535) that are substantially 

larger than those extracted from fits to ~r-photoproduction 

data (see the 1998 Review [27] for details). More recent anal- 

yses [34,35] have considered the sensitivity of this reaction to 

contributions from the N(1520). The ratio of N(1520) --* N 7 
other analyses and contains many new high-quality measure- 

ments. The A(1232) and N(1535) are special cases, discussed 

below. 

The Baryon Summary Table gives N'~ branching fractions 

for those resonances whose couplings are considered to be 

reasonably well established. The N7  partial width F 7 is given 

in terms of the helicity amplitudes A1/2 and A3/2 by 

k 2 2MN 
F'r -- ~ ( 2 J - ~ ) M R  [IA1/212 + ]A3/2]2] " (1) 

Here MN and MR are the nucleon and resonance masses, J is 

the resonance spin, and k is the photon c.m. decay momentum. 

New results for A(1232)  ---+ p~[: Recent studies of the 

z2(1232) have focussed on the problem of separating background 

from resonance, and on the E2/M1 ratio at nonzero values of 

Q2. The electric quadrupole (E2) and magnetic dipole (M1) 

amplitudes are related to our helicity amplitudes by 

vZ3(M1-  E 2 ) ( 2 )  All2 = -  ( M 1 + 3 E 2 )  and A3/2 = - ~ -  

amplitudes, A3]2/A1/2, was found to be -2 .5  + 0.5 + 0.4 in 

Ref. 34 and -2.1 4-0.2 in Ref. 35. Results inferred from ~r- 

photoproduction are about a factor of three larger in magnitude 

(see the Particle Listings). The ~-photoproduction result is par- 

ticularly surprising, as the N(1520) has a very clean resonance 

signature in ~r photoproduction. 

Recent p(e, e'p)~ cross-section measurements [36] have been 

fitted to extract the N(1535) transition amplitude. Values for 

A1/2 are 0.0504-0.007 GeV -1/2 at 2.4 (GeV/e) 2 and 0.035-k0.005 

GeV -1/2 at 3.6 (GeV/c) 2. These are in qualitative agreement 

with the results of Ref. 37. 

New results for prl': A fit to SAPHIR total and differential 

cross sections has been made [38], assuming resonance domi- 

nance and taking only S- and P-wave multipoles. The extracted 

resonance parameters are 811(M,r) = (1897 + 50_+~~ 4- 
+35 +10 +60 115_45 ) MeV and P l l ( M , F )  -= (1986 • 26_30,296 + 100_10 ) 

MeV. Other reaction mechanisms have been proposed [39], 

and more definitive statements will require the measurement of 

polarization observables. 
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New results f o r  AK+:  Recent measurements of 7P ~ AK + 
total cross sections from SAPHIR [40] suggest a broad structure 

around 1900 MeV. An analysis [411 of these and associated dif- 

ferential cross-section and recoil-polarization data suggests the 

influence of a broad D13 state. The fitted resonance parameters 

are D13(M, F) = (1895, 372) MeV. The choice of a D13 state 

was based on agreement with quark-model predictions, and 
further polarization measurements are needed to support this 

claim. 

IV. Non-qqq baryon candidates 
Revised January 2000 by R.L. Workman (George Washington 
University, Virginia Campus). 

The standard quark-model assignments for baryons are 

outlined in Sec. 13.3, "Barygns: qqq states." Just as with mesons 

(see the "Note on Non-q~ mesons"), there have been suggestions 
that non-qqq baryons might exist, such as hybrid (qqqg) baryons 

and unstable meson-nucleon bound states [42] (see the "Note 

on the A(1405)"). 
If non-qqq states exist, they will be more difficult to verify 

than hybrid mesons: Hybrid baryons would not have the clean 

signature of exotic quantum numbers. They should also mix 

with ordinary qqq states. Their identification will be based on 

(a) characteristics of their formation and decay, and (b) an 

over-population of expected qqq states. 
Most investigations have focused on the properties of the 

lightest predicted hybrids. If the first hybrid state lies below 
2 GeV, as is suggested by bag-model calculations [43,44,45], 

it may already exist in our Listings. (However, some estimates 

put the lightest state well above 2 GeV [46].) At present, there 

are actually not enough known resonances to fill the known 
multiplets. If an existing resonance is identified as a hybrid, yet 

another ordinary qqq state must be found. 

The Roper resonance, the N(1440)Pll, has been a hybrid 
candidate based upon its quantum numbers [43,47] and diffi- 

culties with its mass and electromagnetic couplings. If so, this 

would alter our interpretation of the low-lying P1], P]3, P31, 

and P33 resonances [43,48]. In Ref. 48, both the N(1440)Plz 

and A(1600)P33 are hybrid candidates, and N(1540)P13 and 

A(1550)/)31 states are predicted. One-star P13 and P31 states 

were listed in our 1990 Review [491 but were then removed. 
Both photoproduction [48,50,51] and electroproduetion [51,52] 

have been considered in the search for a unique hybrid signa- 

ture. In Ref. 53, QCD counting rules were used to reveal a 

characteristic of hybrid electroproduction at high Q2. If the 

N(1440) is a hybrid, its transverse form factor is expected to 
fall asymptotically O(1/Q 2) faster than for a pure qqq state. 

However, mixing between qqq and qqqg states will make this 

identification difficult. 

A number of recent experiments have searched for pen- 

taquark (qqqq~) resonances and H dibaryons (uuddss states). 
Narrow structures found in proton-nucleus scattering [54] have 

been attributed to qqqs-$ states, an association based on anoma- 

lously large branching fractions to strange-particle channels. 
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The H-dibaryon experiments, while finding possible candi- 

dates [55], have generally quoted upper limits [56] for exotic 
resonance production. Searches for narrow dibaryons in the 

nucleon-nucleon interactions are also continuing [57]. 
Finally, there has been a report [58] of resonances lying 

below the A(1232). A very weak signal was found using the 

reaction pp --* r+pX ~ An earlier search [59] for isospin-3/2 

states, using pp --~ n X  ++, found a null result in the mass range 

between MN and MN + MTr. At present, there appears to be no 

evidence for such low-mass states from other reactions. 
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IN(1440) P~I ' ( :P)  = 1,1+'~ Status: ~::~*:4: 2~2 

Most of the results published before 1975 are now obsolete and have 
been omitted. They may be found in our 1982 edition, Physics 
Letters UlB (1982). 

N(1440) BREIT-WIGNER MASS 

VALUE (MeV) DOCUMENT tO TECN COMMENT 

1430 to 1410 (~ 1440) OUR ESTIMATE 
1462 •  M A N L E Y  92 IPWA 7rN ~ ~ N  & N~Tr 

1440 •  CUTKOSKY 80 IPWA ~ N  ~ ~rN 
1410 •  HOEHLER 79 IPWA ~rN ~ 7rN 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 * 

1463•  7 ARNDT 96 IPWA "~N ~ ~-N 
1467 ARNDT 95 DPWA ~ N  ~ N~  
1421 •  BATINIC 95 DPWA i r N  ~ N~,  N~  
1465 LI 93 IPWA " IN  ~ ~ N  
1471 CUTKOSKY 90 IPWA ~rN ~ ~ N  
1411 CRAWFORD 80 DPWA 7 N  ~ ~'N 

1472 1 BAKER 79 DPWA ~ - - p  ~ n~/ 

1417 BARBOUR 78 DPWA 7 N  ~ ~rN 
1460 BERENDS 77 IPWA ~/N ~ ~rN 
1380 2 LONGACRE 77 IPWA ~TN ~ N~r~r 
1390 3 LONGACRE 75 IPWA ~rN ~ N~r~r 

N(1440} BREIT-WlGNER WIDTH 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

250 to 450 (m 350) OUR ESTIMATE 

3 9 1 •  34 MANLEY 92 IPWA l r N  ~ ~ N  
5 4 5 •  CUTKOSKY 90 IPWA 7rN ~ ~ N  

3 4 0 •  70 CUTKOSKY 80 IPWA 7rN ~ ~rN 
1 3 5 •  10 HOEHLER 79 IPWA 7rN ~ 1cN 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc, �9 �9 �9 

N~T/r 

3 6 0 •  20 A R N D T  96 IPWA 7 N  ~ l r N  
440 A R N D T  95 DPWA 7rN ~ N x  
2504- 63 BATINIC 95 DPWA ~rN ~ N~r, NF/ 
315 LI 93 IPWA 7 N  ~ ~rN 
334 CRAWFORD 80 DPWA 7 N  ~ ~rN 

113 1 BAKER 79 DPWA 7r-- p ~ nT/ 
331 BARBOUR 78 DPWA 7N ~ ~rN 
279 BERENDS 77 IPWA 7 N  ~ ~rN 
200 2 LONGACRE 77 IPWA 7rN ~ N~r~r 
200 3 LONGACRE 75 IPWA 7rN ~ N~rTr 

N(1440) POLE POSITION 

REAL PART 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

1345 tO 1385 (~ 1350) OUR ESTIMATE 

1346 4 ARNDT 95 DPWA l r N  ~ N~r 
1305 5 HOEHLER 93 SPED ~N ~ ~-N 

1370 CUTKOSKY 90 IPWA ~TN ~ 7rN 
1 3 7 5 •  CUTKOSKY 80 IPWA ~rN ~ 7rN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

1360 6 ARNDT 91 DPWA ~rN ~ 7rN Soln 5M90 
13BI or 1379 7 LONGACRE 78 IPWA 7rN ~ N~r~r 
1360Or1333  2LONGACRE 77 IPWA 7 r N ~  N~r~T 
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- 2xlMAGINARY PART 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

160 tO 260 (~ 210) OUR ESTIMATE 
176 4 A R N D T  95 DPWA x N ~  N~r 
164 5 HOEHLER 93 SPED ~rN ~ ~ N  
228 CUTKOSKY 90 IPWA ~rN ~ ~rN 
1 8 0 •  CUTKOSKY 80 IPWA ~rN ~ ~rN 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

252 6 A R N D T  91 DPWA ~r N ~ ~r N Soln SM90 
209 or 210 7 LONGACRE 78 IPWA ~r N ~ N~r~r 
167 or 234 2 LONGACRE 77 IPWA ~rN ~ N~r~r 

N(1440) ELASTIC POLE RESIDUE 

MODULUS I'1 
VALUE tMeV) DOCUMENT ID TEEN COMMENT 

42 4 A R N D T  95 DPWA ~ r N ~  N~  
40 HOEHLER 93 SPED ~rN ~ z~N 
74 CUTKOSKY 90 IPWA ~ N ~ x N 
5 2 •  CUTKOSKY 80 IPWA ~rN ~ ~ N  

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

109 6 A R N D T  91 DPWA ~r N ~ ~ N Soln SM9D 

PHASE 
VALUE (o) DOCUMENT ID TEEN COMMENT 

--101 4 A R N D T  95 DPWA ~rN ~ N~r 
-- 84 CUTKOSKY 90 IPWA ~rN ~ ~ N  
- 1 0 0 •  CUTKOSKY 80 IPWA ~rN ~ ~ N  
�9 �9 * We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

-- 93 6 A R N D T  91 DPWA ~ r N ~  ~ rNSo lnSMg0  

N(1440) DECAY MODES 

The following branching fractions are our estimates, not fits or averages. 

Mode Fraction (F i /F )  

r l  N~r 60-70 % 

r 2 N~/ 
r3 N~r~r 30-40 % 

r 4  ,'%r 20-30 % 

r 5 z 3 ( 1 2 3 2 )  ~r, P - w a v e  

F 6 N p  <8 % 

r 7 N p ,  5 = 1 / 2 ,  P - w a v e  

F 8 N p ,  5 = 3 / 2 ,  P - w a v e  
r9 f=o N (' trot) S-wave 5-10 % 

rio P3' 0.035-0.048 % 

Fli PT, helicity---I/2 0.035-0.048 % 

r]2 n7 0.009-0.032 % 

F13 n 7, he l id ty= l /2  0.009-0.032 % 

N(1440) BRANCHING RATIOS 

r(N~r)/r~,, r l / r  
VALUE DOCUMENT ID TEEN COMMENT 
0.0 tO 0.7 OUR ESTIMATE 
0.69•  M A N L E Y  92 IPWA ~ N  ~ ~rN & N~r~ 
0 .68•  CUTKOSKY 00 IPWA ~ N  ~ ~tN 
0 .51•  HOEHLER 79 IPWA ~ N  ~ ~ N  
�9 �9 * We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0.68 A R N D T  95 DPWA ~tN ~ N~r 
0 .56•  BATINIC 95 DPWA ~rN ~ N~,  N~/ 

(r,r~)Y'Irto~, in N~r - *  N(1440) --* N .  (rlr2)Y'Ir 
VALUE DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

seen 1 BAKER 79 DPWA ~ -  p ~ rift 
+0.328 8 FELTESSE 75 DPWA 1488-1745 MeV 

Note: Signs of couplings from ~ N  ~ N ~  analyses were changed in the 
1986 edition to agree with the baryon-first convention; the overall phase 
ambiguity is resolved by choosing a negative sign for the A(1620) $31 
coupling to  A(1232)~r.  

(rlrf)~/rtoml in N~r --~ N(1440) - *  Z~(1232)~r, P-wave (rl  rs)V~/r 
VALUE ~ M E N T  ID TECN COMMENT 
+0.37 tO +0.41 OUR ESTIMATE 
+ 0 . 3 9 •  M A N L E Y  92 IPWA ~rN ~ ~ N  & N~t~ 
+0.41 2,9 LONGACRE 77 IPWA ~rN ~ NEar 
+0.37 3 LONGACRE 75 IPWA ~ N  ~ N~r~ 
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(rFf)~Irto.l in N~r ~ N(1440) ~ Np, S=112, P-wave (qr~)~Ir  
VALUE DOCUMENT ID TEEN COMMENT 

-t-0.01 tO -I-0,2S OUR ESTIMATE 
- 0 1 1  2,9 LONGACRE 77 IPWA ~ N  ~ NlrTr 
+0.23 3 LONGACRE 75 IPWA ~rN ~ N l r ~  

(rFr)~/r~., , in N,r - ,  N(1440)~ Np, S=3/2, P-wave (rlrg)~,/r 
VALUE DOCUMENT ID TEEN COMMENT 

+0.18 2,9 LONGAERE 77 IPWA ~ N  ~ N = ~  

( rFf )V2/r to~l  in N~r ~ N(1440) --* I=0 N(-- )s_.. (qrglV'Ir 
VALUE DOCUMENT ID TEEN COMMENT 

-1-0.17 tO -I-0.25 OUR ESTIMATE 
+ 0 . 2 4 •  M A N L E Y  92 IPWA ~ N  ~ ~ N  & NTrlr 
- 0 . 1 8  2,9 LONGACRE 77 IPWA 7rN ~ N~rTr 
- 0 . 2 3  3 LONGACRE 75 IPWA ~rN ~ N~rTr 

N(1440) PHOTON DECAY AMPLITUDES 

N(1440) --~ p.y, helicity-1/2 amplitude A1/2 
VALUE (GeV-I/2 ) 

-0.065 ::h0.004 OUR ESTIMATE 
- 0.063 •  A R N D T  96 
- 0 . 0 6 9  •  CRAWFORD 83 
- 0 . 0 6 3  •  AWAJI 81 
- 0 . 0 6 9  •  ARAI  80 
- 0.066 •  ARAI  80 
- 0 . 0 7 9  +0.009 BRATASHEV.. .  80 
- 0 . 0 6 8  4-0.015 CRAWFORD 80 
- 0.0584• ISHII 80 

DOCUMENT IO TEEN COMMENT 

IPWA 3`N ~ xN 
IPWA 3`N -~ 7rN 
DPWA 3`N ~ ~rN 
DPWA ~(N ~ ~rN (f i t  1) 
DPWA 3`N ~ ~ N  (f i t  2) 
DPWA "tN ~ x N  
DPWA 3' N ~ 7r N 
DPWA Compton scattering 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

- 0 . 0 8 5  •  LI 93 IPWA ,yN ~ ~ N  
- 0 . 1 2 9  1 0 W A D A  84 DPWA Cornpton scattering 
- 0 . 0 7 5  •  BARBOUR 78 DPWA 3`N ~ ~rN 
-0.125 11 NOELLE 78 3`N ~ 7iN 
- 0 . 0 7 6  BERENDS 77 IPWA " rN ~ 7rN 
- 0 , 0 8 7  •  FELLER 76 DPWA 3`N ~ ~rN 

N(1440) --* n3', helicity-1/2 amplitude A1/2 
VALUE (GeV -1/2)  DOCUMENT ID TEEN COMMENT 

+0.040:E0.010 OUR ESTIMATE 
0.045•  A R N D T  96 [PWA 3`N ~ 7rN 
0.037•  AWAJI 81 DPWA 3`N ~ ~rN 
0.030•  FUJII 81 DPWA 3`N ~ ~rN 
0.023•  ARAI 80 DPWA 3`N ~ ~rN (f i t  1) 
0 .019•  ARAI  80 DPWA 3'N ~ ~rN (fit 2} 
0 .056•  CRAWFORD 80 DPWA 3`N ~ ~rN 

- 0 . 0 2 9 •  T A K E D A  80 DPWA 3`N ~ ~rN 
* �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0 .085•  LI 93 IPWA 3'N ~ ~ N  
+0.059~:0.016 BARBOUR 78 DPWA 3'N ~ ~ N  

0.062 11 NOELLE 78 3`N ~ ~rN 

N(1440) FOOTNOTES 
1BAKER 79 finds a coupling of the N(1440) to the Nr/channel near (but slightly below) 

threshold. 
2 LONGACRE 77 pole positions are from a search for poles in the unitarized T-matr ix ;  the 

first (second) value uses, in addition to ~rN ~ N ~  data, elastic amplitudes from a 
Saclay (CERN) partial-wave analysis. The other LONGACRE 77 values are from eyeball 
fits with Breit-Wigner circles to the T-mat r ix  amplitudes. 

3 From method II of  LONGACRE 75: eyeball fits with Breit-Wigner circles to the T -mat r i x  
amplitudes. 

4 A R N D T  95 also finds a second-sheet pole with real part = 1383 MeV, - 2 x i m a g i n a r y  
part = 210 MeV, and residue with modulus 92 MeV and phase = - 5 4  ~ 

5 See HOEHLER 93 for a detailed discussion of the evidence for and the pole parameters 
of N and z~ resonances as determined from Argand diagrams of ~ N elastic partial-wave 
amplitudes and from plots of  the speeds with which the amplitudes traverse the diagrams. 

6 A R N D T  91 (Soln SM90) also finds a second-sheet pole with real part = 1413 MeV, 
- 2  x imaginary part = 256 MeV, and residue = (78-153/ )  MeV. 

7 LONGACRE 78 values are from a search for poles In the unitarized T-matr ix ,  The first 
(second) value uses, in addition to ~ N  ~ N ~ r  data, elastic amplitudes f rom a Saclay 
(CERN) partial-wave analysis. 

8 An alternative which cannot be distinguished from this is to have a P13 resonance with 
M = 1530 MeV, F = 79 MeV, and elasticity = +0.271.  

9 LONGACRE 77 considers this coupling to be well determined . . . . . . .  
1 0 W A D A  84 is inconsistent with other analyses; see the Note on N and A Resonances. 
11Converted to our conventions using M = 1486 MeV, r = 613 MeV from NOELLE 78. 
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N ( 1 4 4 0 )  REFERENCES 

For early references, see Physics Letters 111B 70 (1982). 

ARNDT 96 PR C53 430 R.A. Aradt, I.I. Strakovsky, RL. Workma~ (VPI) 
ARNDT 95 PR C52 2120 R.A, Ar~dt et al. (VI~ BRED) 
BATINIC 95 PR C51 2310 M. I~atinic et al. (BOSK, UCLA 1 

AlSO 98 PR C57 1004 (e;ratum) M. ~atinic et aL 
HOEHLER 03 tr N Newsletter 9 I G. Holler (KARL) 
LI 93 PR C47 2759 Z.J. Li et aL (VPI) 
MANLEY 92 PR D45 4002 D.M Manley, E.M. Saleski (KENT) UP 

Also 84 PR D30 904 D.M Manley et aL (VP0 
ARNDT 91 PR D43 2tat R.A. Arndt et aL (VPI, TELE) UP 
CUTKOSKY 90 PR D42 235 R.E. Cutkosky, S. Wang (EMU) 
WADA 84 NP 8247 3[3 Y. Wada et a/. (INUS) 
CRAWFORD 83 NP 8211 1 R.L Crawford, W.T. Morton (GLAS) 
PDG a2 PL 111B M. RODS el aL (HELS, EIT. CERN) 
AWAJI 8t Bonn Conf. 352 N. Awaji, R, Kajikawa (NAGO) 

Also 82 NP 8197 365 K. Fuiil et aL (NAGO) 
FUJII 51 NP 6187 53 K. F~jii et aL (NAGO, OSAK) 
ARAI SO Toronto Conf. 93 I. Arai (INUS) 

Also 82 NP 8194 25t I. Arai. H. Fujli (INUS) 
BRATASHEV... 80 NP B166 525 A.S. Bratashevsky et aL (KFTI) 
CRAWFORD 80 Toronto Cone 107 RL. Erawford (GLAS) 
CUTKOSKY 80 Toronto Conf. t9 R.E. Cutkosky et aL (CMU, LBL) IJP 

Also 79 PR D20 2839 R.E. Cutkosky et af, (CMU, LBL) IJP 
ISHII 60 NP B165 189 T. Ishii et aL (KYOT, INUS) 
TAKEDA a0 NP B168 17 H. Takeda et aL (TOKY, INUS) 
BAKER 79 NP 8156 93 R.D. Baker et aL (RHEL) IJP 
HOEHLER 79 PDAT 12-I G. Hohler et al. (KARLT) IJP 

Also 80 Toronto Conf. 3 R. Koch (KARL]') IJP 
BARBOUR 78 NP B141 253 I.M. Barbour, R.L, Cfawfocd, N.H. Parsons (GLAS) 
LONGACRE 78 PR DI7 1795 R.S. Longacre et aL (LBL, SLAE) 
NOELLE 78 PTP 60 778 P. Noelle [NA60) 
BERENDS 77 NP B136 317 F.A. Berends, A. Donnachie (LEID, MCH5) IJP 
LONGACRE 77 NP B122 493 RS. Lon~acre, J. Dolbea~ (SACL) IJP 

Also 76 NP B]08 365 J. Dolbea~ r aL (SACL) IJP 
FELLER 76 NP 6104 219 P. Feller et aL (NAGO, OSAK) UP 
FELTESSE 75 NP 893 242 J, Feltesse et aL (.SAEL) IJP 
LONGACRE 75 PL 55B 4]5 R.S. Longacre et aL (LBL, SLAC) IJP 

I I ' ( '  ) S ta tus :  ak ~ Y6 N(1520) D13 , ( j P )  = 1 3 -  

Most  of the  results publ ished before 1975 are now obsolete and have 
been omi t ted .  They may be found in our 1982 edit ion, Physics 

Letters 1116 (1982). 

N(1520) BREIT-WIGNER MASS 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 

1515 tO 1530 (~ 1520) OUR ESTIMATE 
15244- 4 MANLEY 92 IPWA ~rN ~ ~ N  & N ~  
15254-3`0 CUTKOSKY 80 IPWA ~rN ~ ~ N  
15194- 4 HOEHLER 79 IPWA ~rN ~ ~rN 
�9 * �9 We do Rot use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

1516• ARNDT 96 IPWA 3'N ~ ~rN 
1515 ARNDT 95 DPWA ~rN ~ N~r 
15264-18 BATINIC 95 DPWA ~rN ~ N~,  N~/ 
1510 LI 93 IPWA ? N  ~ ~rN 
1504 CRAWFORD 80 DPWA ? N  ~ ~rN 
1503 BARBOUR 78 DPWA ? N  ~ ~ N  
3`510 BERENDS 77 IPWA ~ N  ~ ; rN 
1510 1 LONGACRE 77 IPWA ; rN ~ N~r~r 
1520 2 LONGACRE 75 IPWA ~rN ~ N ~ r  

N(1520) BREIT-WIGNER WIDTH 

VALUE iMeV ) DOCUMENT I0  TECN COMMENT 

110 to 135 (~ 120} OUR ESTIMATE 
124-- 8 MANLEY 92 IPWA ~rN ~ ~rN & N ~ r  
120:1:15 CUTKOSKY 80 IPWA :TN ~ ~rN 
1144- 7 HOEHLER 79 IPWA ~rN ~ ~rN 
* �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

1064- 4 ARNDT 96 IPWA 3'N ~ ~rN 
3.06 ARNDT 95 DPWA ~ N  ~ N~r 
1434-32 BATINIC 95 DPWA ~rN ~ N~,  N~/ 
120 LI 93 IPWA ~fN ~ ~ N  
124 CRAWFORD 80 DPWA 3,N ~ ~rN 
183 BAKER 79 DPWA ~ -  p ~ n~/ 
135 BARBOUR 78 DPWA "yN ~ ~-N 
105 BERENDS 77 IPWA "7N ~ ~N 
110 1 LONGACRE 77 IPWA ~rN ~ N~r~r 
150 2 LONGACRE 75 IPWA ~r N ~ N~r~ 

N(1520) POLE POSITION 

R E A L  PART 
VALUE (MeV) DOCUMENT ID TEEN COMMENT 

1505 to 1515 (~ 1510} OUR ESTIMATE 
1515 ARNDT 95 DPWA 
1510 3 HOEHLER 93 ARGD 
153`04-5 CUTKOSKY 80 IPWA 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, 

1511 ARNDT 91 DPWA 
1514 or 1511 4 LONGACRE 78 IPWA 
1508 or 1505 1 LONGACRE 77 IPWA 

-2xlMAGINARY PART 
VALUE (MeV) DOCUMENT 119 TEEN COMMENT 

110 tO 120 (~ 115) OUR ESTIMATE 
110 ARNDT 95 DPWA 7rN ~ NTr 
120 3HOEHLER 93 ARGD 7 r N ~  ~rN 
114• CUTKOSKY 80 IPWA l rN  ~ ~rN 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

108 ARNDT 91 DPWA ~rN ~ ~rN Soln SM90 
146 or 137 4 LONGACRE 78 IPWA ~rN ~ N~r~r 
109 or 3`07 I LONGACRE 77 IPWA ~rN ~ N~r~r 

; rN ~ NTr 
7rN ~ 7rN 
l rN  ~ zrN 
etc. i �9 �9 

~-N ~ 7rN Soln SMg0 
~rN ~ NTr/r 
~ N  ~ N ~ l r  

N(1520) ELASTIC POLE RESIDUE 

MODULUS I'1 
VALUE (MeV) DOCUMENT 10 TEEN COMMENT 

34 ARNDT 95 DPWA ~rN ~ N~r 
32 HOEHLER 93 ARGD ~ N  ~ ~rN 
354-2 CUTKOSKY 80 IPWA ~rN ~ 7rN 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

33 ARNDT 91 DPWA 7rN ~ ~ N  Soln SMg0 

PHASE e 
VALUE I ~ ) DOCUMENT ID TECN COMMENT 

2 ARNDT 95 DPWA ~rN ~ N;T 
-- 8 HOEHLER 93 ARGD 7rN ~ ~ N  
- 1 2 4 - 5  CUTKOSKY 80 IPWA 7rN ~ ~ N  
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

- 1 0  ARNDT 91 DPWA 7rN ~ 7rN Soln SM90 

N(1520) D E C A Y  M O D E S  

The following branching fractions are our estimates, not fits or averages. 

Mode Fraction ( r i / r )  

F 1 N~r 50-60 % 

r 2 NF/ 
r 3 NsTTr 40-50 % 

r 4 A Tr 15-25 % 

r5  A ( 1 2 3 2 ) ~ r ,  S -wave  5-12 % 

r 6 A ( 1 2 3 2 ) T r ,  D -wave  10-14 % 

r 7 N p  15-25 % 

re  N p ,  5 = 1 / 2 ,  D -wave  

F 9 N p ,  S = 3 / 2 ,  S -wave  

r t 0  N p ,  5 " = 3 / 2 ,  D -wave  
I = 0  

r l l  N ( l r ~ ) s _ w a v  e <8  % 

F12 p,), 0.46-0.56 % 

F13 p-y ,  h e l i c i t y = i / 2  0.001-0,034 % 

F14 p ~ ,  helicity=3/2 0.44-0.53 % 

['15 n'), 0.30-0.53 % 

F16 ng ' ,  h e l i c i t y = l / 2  0 .04-0J0 % 

F17 n '7 ,  h e l i c i t y = 3 / 2  0.25-o.45 % 

N(1520) BRANCHING R A T I O S  

r(N~r)/r~, rl/r 
VALUE DOCUMENT ID TEEN COMMENT 

0.5 tO 0.6 OUR ESTIMATE 
0.594-0.03 MANLEY 92 IPWA ~rN -~ ~'N & NTrTr 
0.584-0,03 CUTKOSKY 80 IPWA ~rN ~ ~ N  
0.544-0.03 HOEHLER 79 IPWA ~tN ~ ~rN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.61 ARNDT 95 DPWA ~ N  ~ N~ 
0.464-0.06 BATINIC 95 DPWA ~-N ~ NTr, N~/ 

r(N~)Irtot,, r21r 
VALUE DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

0.00084-0.0001 TIATOR 99 DPWA 'TP ~ P~ 
0.001 4-0.002 BATINIC 95 DPWA I rN ~ Nvr, NF/ 



See key on page 239 

(rFf)Y~/rto~l in N~r --~ N(1520) --~ N~/ 
VALUE DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

(rlr2)~/r 

0.02 BAKER 79 DPWA ~ -  p ~ n~ 
+0.011 FELTESSE 75 DPWA Soln A; see BAKER 79 
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Note: Signs of couplings from ~ N  ~ N~r~ analyses were changed in the 
1986 edition to agree wi th the baryon-first convention; the overall phase 
ambiguity is resolved by choosing a negative sign for the A(1620) 531 
coupling to A(1232)~r. 

(rF~)V, ir,o~, in N~r --* N(1520) --* ~(1232)~r, S-wave (r~r~IV, ir 
VALUE DOCUMENT ID TEEN COMMENT 
--0.26 tO - 0 . 20  OUR ESTIMATE 
-0.184-0.05 MANLEY 92 IPWA ~rN ~ ~ N  & N~r~ 
--0.26 1,5 LONGACRE 77 IPWA ~rN ~ N ~ r  
--0.24 2 LONGACRE 75 IPWA ~ N  ~ N ~ r  

(FFf)V~/F~ in N~ --* N(1520) --* Z~(1232) ~r, D-wave (r l r~)V' / r  
VALUE DOCUMENT ID TEEN COMMENT 
- 0 . 28  tO - 0 . 2 4  OUR ESTIMATE 
-0.294-0.03 MANLEY 92 IPWA ~ N  ~ ~rN & N ~  
-0 .21  I 'SLONGACRE 77 IPWA ~ r N ~  N ~ r  
- 0 . 3 0  2 LONGACRE 75 IPWA ~rN ~ N~r~r 

( r F f ) % / r t ~ ,  in N~r --~ N(1520) ~ Np, 5--3/2, S-wave (rlr,)~/r 
VALUE DOCUMENT ID TEEN COMMENT 
--0.85 tO --0.31 OUR ESTIMATE 
-0.35:E0.03 MANLEY 92 IPWA ~ N  ~ ~rN & N~r~ 
-0 .35  1,5 LONGACRE 77 IPWA ~rN ~ N~T~r 
--0.24 2 LONGACRE 75 IPWA ~rN ~ N~T~r 

( r F ~ ) ~ / r t ~ l  in N~r -~ N(1520) --, 1=o N( ~r~ )s_wave (r~ru)~'Ir 
VALUE DOCUMENT ID TEEN COMMENT 
--0.22 to --0.06 OUR ESTIMATE 
--0.13 1,5 LONGACRE 77 IPWA w N  ~ N ~  
--0.17 2 LONGACRE 75 IPWA ~rN ~ N}T~r 

N(1520) PHOTON DECAY AMPLITUDES 

N(1520) --*, pff, hellcity-1/2 amplitude Al l  2 

N(1520) --* nff, heliclty-1/2 amplitude Al l  2 
VALUE {GeV -1/2) DOCUMENT ID TEEN COMMENT 

--0.059:E0.009 OUR ESTIMATE 
-- 0.048 4- 0,008 ARN DT 
- 0.0664-0.013 AWAJI 
-0.0674-0.004 FUJII 
-0.0764-0.006 ARAI 
- 0.071 4- 0.011 ARAI 
- 0.056 4- 0.011 CRAWFORD 
- 0.050• TAKEDA 
�9 �9 * We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

-0.0584-0.003 LI 93 IPWA ~,N ~ ~rN 
-0.0554-0.014 BARBOUR 78 DPWA 3'N ~ ~rN 
-0 .060  7 NOELLE 78 7 N  ~ 7rN 

N(1520) --* n'y, helicity-3/2 amplitude A3/2 
VALUE (GeV -1 /2 )  DOCUMENT ID TECN COMMENT 

-0.139:1:0.011 OUR ESTIMATE 
--0,1404.0.010 ARNDT 
- 0.124 4- 0.009 AWAJI 
-0.1584-0.003 FUJII 
-0.1474-0.008 ARAI 
-0.1484-0.009 ARAI 
-0.1444-0.015 CRAWFORD 
- 0.118 4- 0.011 TAKEDA 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

-0.1314-0.003 LI 93 IPWA -yN ~ ~ N  
-0.1414-0,015 BARBOUR 78 DPWA "yN ~ ~ N  
-0 .127 7NOELLE 78 ~/N ~ ~rN 

96 IPWA 7 N  ~ 7rN 
81 DPWA 7 N  ~ 7rN 
81 DPWA 7 N  ~ ~ N  
80 DPWA ~(N ~ 7rN (fit 1) 
80 DPWA 7 N  ~ ~ N  (fit 2) 
80 DPWA ~ N  ~ ~rN 
80 DPWA 7 N  ~ 7rN 

VALUE (GeV -I/2 ) 

-0 .024  -I-0,009 OUR ESTIMATE 
- 0.020 4-0.007 ARNDT 96 

-0.028 4-0.014 CRAWFORD 83 

-0.007 4-0.004 AWAJI B1 
-0.032 4-0.005 ARAI 80 

--0.032 4-0.004 ARAI 80 
--0.031 4-0.009 BRATASHEV... 80 
-0 .019 4-0.007 CRAWFORD 80 

DOCUMENT ID TEEN COMMENT 

IPWA 3'N ~ 7rN 
IPWA 3'N ~ ~ N  
DPWA 7 N  ~ 7rN 
DPWA 7 N  ~ 7tN (fit 1) 
DPWA 7 N  ~ ~N (fit 2) 
DPWA "~N ~ l rN 
DPWA 'TN ~ 7rN 

96 IPWA 7 N  ~ ITN 
81 DPWA 7 N  ~ ~rN 
81 DPWA 7 N  ~ ~rN 
80 DPWA "},N ~ ~ N  (fit 1) 
80 DPWA "TN ~ ~ N  (fit 2) 
80 DPWA 3' N ~ 77 N 
80 DPWA 7 N  ~ ~TN 

N(lS20) FOOTNOTES 
1 LONGACRE 77 pole positions are from a search for poles in the unitarized T-matrix; the 

first (second) value uses, in addition to 7tN ~ N ~  data, elastic amplitudes from a 
Saclay (CERN) partial-wave analysis. The other LONGACRE 77 values are from eyeball 
fits with Breit-Wigner circles to the T-matr ix amplitudes. 

2 From method II of LONGACRE 75: eyeball fits wi th Breit-Wigner circles to the T-matr ix 
amplitudes. 

3See HOEHLER 93 for a detailed discussion of the evidence for and the pole parameters 
of N and A resonances as determined from Argand diagrams of 7r N elastic partial-wave 
amplitudes and from plots of the speeds with which the amplitudes traverse the diagrams. 

4LONGACRE 78 values are from a search for poles in the unitarized T-matr ix.  The first 
(second) value uses, in addition to ~rN ~ N~Tr data, elastic amplitudes from a Saclay 
(CERN) partial-wave analysis. 

5 LONGACRE 77 considers this coupling to be well determined. 
6 MUKHOPADHYAY 98 uses an effective Lagrangiao approach to analyze ~/photoproduc- I 

tion data. The ra t io  of the A 3 / 2  and A l l  2 amplitudes is determined, with less model I 

dependence than the amplitudes themselves, to be A 3 / 2 / A 1 / 2  = - 2 . 5  4- 0.5 4- 0,4. l 

7Converted to our conventions using M = 1528 MeV, F = 187 MeV from NOELLE 78. 

N(lS20) REFERENCES 

For early references, see Physics Letters 111B 70 41982). For very early 
-0 .0430+0.0063 ISHII 80 DPWA Compton scattering 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

--0,052 ~-0,010 4-0.007 6 MUKHOPAD.. .98 - /p ~ 7/p 
-0 .020  4-0.002 LI 93 IPWA 3' N ~ ~ N  
-0 .012  WADA 84 DPWA Compton scattering 
-0 .016  4-0.008 BARBOUR 78 DPWA 3'N ~ ~TN 
--0.008 7 NOELLE 78 7 N  ~ l rN 
-0 .021 BEREND5 77 IPWA 7 N  ~ ~ N  
-0 .005 4-0.005 FELLER 76 DPWA " /N ~ ~N 

N(1520) --* p'y, helicity-3/2 amplitude As/2 
VALUE(GeV -I/2) DOCUMENT ID TECN COMMENT 

+0.160 -I-0.005 OUR ESTIMATE 
0.167 4-0.005 ARNDT 96 IPWA ~/N ~ ~rN 
0.156 4-0.022 CRAWFORD 83 IPWA 3'N ~ 7rN 
0.168 4-0.013 AWAJI 81 DPWA "},N ~ i rN 
0.178 =t:0.003 ARAI 80 DPWA 7 N  ~ 7rN (fit 1) 
0.162 4-0.003 ARAI 80 DPWA 7 N  ~ ~N (fit 2) 
0.166 :=0.005 BRATASHEV...80 DPWA 7 N  ~ x N  
0.167 4-0.010 ERAWFORD 80 DPWA 7 N  ~ 7TN 
0.16954-0.0014 ISHII 80 DPWA Eompton scattering 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0d30 4-0.020 •  6 MUKHOPAD.. .98 3"P ~ r/p 
0.167 4-0.002 LI 93 IPWA ~fN ~ ~ N  
0.168 WADA 84 DPWA Compton scattering 

+0.157 4-0.007 BARBOUR 78 DPWA 7 N  ~ ~ N  
0.206 7NOELLE 78 7 N ~ ~rN 

+0.075 BERENDS 77 IPWA 3'N ~ 7rN 
+0.164 4-0.008 FELLER 76 DPWA 7 N  ~ 7TN 

references, see Reviews of Modern Physics 31 633 (1965). 

TIATOR 99 
MUKHOPAD.. 98 
ARNDT 96 
ARNDT 95 
BATINIE 95 

Also 98 
HOEHLER 93 ~N Newsletter 9 1 
LI 93 PR C47 2759 
MANLEY 92 PR D45 4002 

Also a4 PR D30 904 
ARNDT 91 PR D4S 2131 
WADA 84 NP B247 313 
CRAWFORD 83 NP B211 1 
PDG B2 PL l l l B  
AWAJI 81 Bonn Conf. 352 

Also 82 NP B197 365 
FUJII 81 NP B1B7 53 
ARAI 80 Toronto Cone 93 

Also 82 NP BlS4 251 
BRATASHEV,,. 80 NP B166 525 
CRAWFORD SO Toronto Conf, 107 
CUTKOSKY B0 Toronto Conf. 19 

AlSO 79 PR D20 2839 
ISHI[ a0 NP B155 189 
TAKEDA 80 NP B168 17 
BAKER 79 NP B156 93 
HOEHLER 79 PDAT 12-1 

AlSO 80 Toronto Conf. 3 
BARBOUR 78 NP B14] 253 
LONGACRE 78 PR D17 1795 
NOELLE 78 PTR 60 778 
BERENDS 77 NP B336 317 
LONGAERE 77 NP Bt22 493 

Also 76 NP Blab 365 
FELLER 76 NP B104 239 
FELTESSE 75 NP B93 242 
LONGACRE 75 PL 5SB 415 

PR C60 035210 t. Tiator et aL 
PL B444 7 N.C. Mukhopadhyay. N. Mathur 
PR C5S 430 R.A. Arndt, LL Strakovsky, R.L. Workman (VPI) 
PR E52 2120 R.A. Arndt et al. (VPI, BRCO) 
PR C51 2310 M. Batinic et aL (BOSK, UCLA) 
PR C57 1004 (erratum) M. Batinic et aL 

G. Hohler (KARL 
Z.J. Li et al. (VPI) 
D.M Manley, E.M. Saleski (KENT) IJP 
D,M Manley etal. (VPI) 
R.A. Arndt et al. (VPI, TELE) IJP 
Y. Wada et aL {INUS) 
R.L, Crawford, W.T. Morton (GLA5) 
M. ReDS et aL (HEL$, CIT, CERN) 
N. Awajl, R. Kajikawa (NAGO) 
K. Fujii et at. (NAGO) 
K. Fujil etal. (NAGO, OSAK} 
I. Arai (INUS) 
I. Arai, H. Fujil (INUS) 
A.S. Bratashevsky et al. (KFTI) 
R,L Crawford (GLAS) 
R,E. Eutkosky et aL (CMU, LBL) IJP 
R.E. Cutkosky et aL (CMU, LBL) UP 
T. Ishil er aL (KYOT, INUS) 
H. Takeda et aL (TOKY, INU$) 
R.D. Baker et al. (RHEL) IJP 
G. Hohler et aL (KARLT) IJP 
B. Koch (KARLT) I JR 
I.M. Barbouc Ri.  Crawford, N.H. Parsons (GLAS) 
R.S. Longacre et aL (LBL, SLAC) 
R. NoeBe (NAGO) 
F.A. Berends, A. Donnachie (LEID, MCHS) IJP 
R.S, Longacre, J. Oolbeau (5ACL) IJP 
J. Dolbeau et aL (SACL) IJP 
P. Feller et aL (NAGO, OSAK) I JR 
J. Feltesse et a/. (SACL) UP 
R.S. LonKacre et al. {LBL, 5LAC) UP 
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I I ~[(~ ) Sta tus :  ~k @ ~ N(1535) S~ ~(:P)_ ] l -  
Most of  the results publ ished before 1975 are now obsolete and have 
been omi t ted.  They may be found in our  1982 edi t ion,  Physics 
Letters 111B (1982). 

N(1535) BREIT-WIGNER MASS 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 
1520 to 1555 (~ 15315} OUR ESTIMATE 
1534~ 7 MANLEY 92 IPWA ~rN ~ ~rN & N;,r~r 
1550• CUTKOSKY 80 IPWA ~rN ~ ~rN 

1549• 2 ABAEV 96 
1525 • 10 ARNDT 96 
1535 ARNDT 95 
1542• 6 BATINIC 95 
1537 BATINIC 95B 
1544• KRUSCHE 95 
1518 LI 93 
1513 CRAWFORO 00 
1511 BARBOUR 78 
1500 BERENDS 77 
1547 ~: 6 BHANDARI 77 
1520 1 LONGACRE 77 
1510 2 LONGACRE 75 

N(1535) ELASTIC POLE RESIDUE 

MODULUS Irl 
VALUE (MeV} DOCUMENT ID TEEN COMMENT 

31 ARNDT 95 DPWA ~rN ~ N~r 
120• CUTKOSKY 80 IPWA ~ N  ~ ~ N  
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

23 ARNDT 91 DPWA ~rN ~ ~rN Soln SMg0 

PHASE 
VALUE (o} DOCUMENT ID TEEN COMMENT 

--12 ARNDT 95 DPWA ~rN ~ N~  
+ 1 5 •  CUTKOSKY 80 IPWA ~ N  ~ ~rN 

1526• 7 HOEHLER 79 IPWA ~rN ~ ~rN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

1532• S ARMSTRONG 99B DPWA 3'*P ~ P~/ 
DPWA ~ - p  ~ ~/n 
IPWA "~N -~ ~rN 
DPWA ~rN ~ N~r 
DPWA ~ N ~  N~r, N~/ 
DPWA ~rN ~ N~r, N~ 1 
DPWA ? p  ~ p~  
IPWA 3'N ~ ~rN 
DPWA 3'N ~ ~rN 
DPWA ")'N ~ ~ N  

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

- 1 3  ARNDT 91 DPWA ~'N ~ ~ N  Soln SM90 

N(1535) DECAY MODES 

The following branching fractions are our estimates, not fits or averages. 

Mode 

r I N~T 

F 2 N ~  
r 3 N~r~r 

IPWA ~ N  ~ ~ N  
DPWA Uses N~ cusp 
IPWA ~rN ~ N~r~r 
IPWA E N  ~ NEE 

N(1535) BREIT-WIGNER WIDTH 

VALUE (MeV} - -  DOCUMENT ID TEEN COMMENT 
100 to 250 (~ 150) OUR ESTIMATE 
148.2• 8.1 GREEN 97 DPWA ~-N ~ ~rN, ~/N 
151 •  MANLEY 92 IPWA ~ N  ~ ~rN & N~rE 
240 •  EUTKOSKY 80 IPWA ~rN ~ ~rN 
120 =t:20 HOEHLER 79 IPWA ~ N  ~ v N  
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

154 •  ARMSTRONG 998 DPWA 3'*P ~ pr/ 
212 :E20 3 KRUSCHE 97 DPWA 3'N ~ ~/N 
169 +12 ABAEV 96 DPWA ~ - p  ~ t in 
103 • 5 ARNDT 96 IPWA "TN ~ ~ N  

66 ARNDT 95 DPWA x N ~  N~r 
150 •  BATINIC 95 DPWA ~ N  ~ N~,  N~/ 
145 BATINIE 95B 
200 •  KRUSCHE 95 

84 LI 93 
136 CRAWFORD 80 
180 BAKER 79 
132 BARBOUR 78 

57 BERENDS 77 
139 •  BHANDARI 77 
135 1 LONGACRE 77 
100 2 LONGACRE 75 

DPWA ~ N  ~ N~r, N~I 
DPWA ? p  ~ p~/ 
IPWA 3'N ~ ~rN 
DPWA ")'N ~ ~rN 
DPWA ~ r - p  ~ n~/ 
DPWA 3"N ~ ~rN 
IPWA 3'N ~ ~rN 
DPWA Uses N~/cusp 
IPWA ~rN ~ NEE 
IPWA ~rN ~ N~r~ 

N ( 1 5 3 5 )  P O L E  POSITION 

REAL PART 
VALUE (MeV) DOCUMENT ID TEEN COMMENT 
1495 to 1515 (r 1505) OUR ESTIMATE 
1510:t:10 4 A R N D T  98 DPWA ~ r N ~  ~ r N , ~ N  
1501 ARNDT 95 DPWA ~rN ~ N~r 
1487 5 HOEHLER 93 SPED ~rN ~ ~rN 
1510~:50 CUTKOSKY 80 IPWA ~rN ~ ~rN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

1499 ARNDT 91 DPWA ~r N ~ ~rN Soln SM90 
1496 or 1499 6 LONGACRE 78 IPWA ~r N ~ N~r~r 
1519~ 4 BHANDARI 77 DPWA Uses Nr/cusp 
1525 or 1527 I LONGACRE 77 IPWA ~-N ~ N~r~r 

-- 2 X IMAGINARY PART 
VALUE (MeV) DOCUMENT ID TEEN COMMENT 
90 to 250 {~ 170) OUR ESTIMATE 

170• 4 A R N D T  98 DPWA ~ r N ~  ~rN, r /N 
124 ARNDT 95 DPWA ~ N  ~ N~r 
260• CUTKOSKY 80 IPWA ~rN ~ ~rN 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

110 ARNDT 91 DPWA 7r N ~ ;,r N Soln SM90 
103or105 6LONGACRE 78 IPWA l r N ~  NTr~ 
140~32 BHANDARI 77 DPWA Uses Nrt cusp 
135 or 123 1 LONGACRE 77 IPWA 7rN ~ N~r~r 

Fraction ( r i / r )  

N(1535) BRANCHING RATIOS 

r ( N l r ) / r t o t i ,  r l / r  
VALUE DOCUMENT /D TEEN COMMENT 
0.35 to 0.55 OUR ESTIMATE 
0.394~0.009 GREEN 97 DPWA ~ N  ~ 7rN, ~/N 
0.51 •  MANLEY 92 IPWA x N  ~ ~rN & NTr~r 
0.50 •  CUTKOSKY 80 IPWA ~ N  ~ ~rN 
0.38 :c0.04 HOEHLER 79 IPWA ~rN ~ I rN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.31 ARNDT 95 DPWA ~rN ~ N~r 
0.34 •  BATINIE 95 DPWA ~ N  ~ N~r, N~/ 
0.297• BHANDARI 77 DPWA Uses Nrj cusp 

r(N~)/rto=, r2/r 
VALUE ~ DOCUMENT ID TEEN COMMENT 

+0.30 to 0..55 OUR ESTIMATE 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

> 0.45 95 7 ARMSTRONG 998 DPWA p (e,etp) ~/ 
0.568• GREEN 97 .DPWA ~rN ~ ~rN, ~/N 
0.59 •  ABAEV 96 DPWA ~ r - p  ~ ~n 
0.63 •  BATINIC 95 DPWA 7rN ~ N~,  Nz/ 

(rlrf)~/rt~i In N~r --* N(1535) --~ NI/  (rlr=)~/r 
VALUE DOCUMENT ID TEEN COMMENT 
+0.44 tO +0.S0 OUR ESTIMATE 
+0.47•  MANLEY 92 IPWA 7rN ~ ~rN & NTr~r 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

+0.33 BAKER 79 DPWA ~ r - p  ~ n~ 
+0.48 FELTESSE 75 DPWA 1488-1745 MeV 

Note: Signs of couplings from 7rN ~ N~rTr analyses were changed in the 
1986 edition to agree wi th the baryon-first convention; the overall phase 
ambiguity is resolved by choosing a negative sign for the A(1620) 531 
coupling to A(1232) ~'. 

( r l r f ) ~ / r w ,  al in N~r --* N ( 1 5 3 5 )  - ~  Z ~ ( 1 2 3 2 ) f ,  D - w a v e  (rlrs)V2/r 
VALUE DOCUMENT /D TECN COMMENT 
-0.04 tO +0 .~  OUR ESTIMATE 
+0.00•  MANLEY 92 IPWA ~ N  ~ I rN & N~Tr 

0.00 1 LONGACRE 77 IPWA ~rN ~ N~Tr 
--0.06 2 LONGACRE 75 IPWA ~rN ~ NTr~ 

35-55 % 

30-55 % 

1-10 % 
I- 4 A:q- <1% 
r 5 A ( 1 2 3 2 ) ~ ,  D - w a v e  

r 6 N p  <4  % 

r7  N p ,  S = 1 / 2 ,  S -wave  

r g  N p ,  5 = 3 / 2 ,  D -wave  
r 9  I = 0  N (?r l r )s_wav e <3 % 

r i o  N(1440)~ r  <7  % 

r l l  p-), 0.15-0.35 % 

F12 P T ,  h e N d t y = l / 2  0.15-0.35 % 

r13 n 7 0.004-0.29 % 

r14 n ' y ,  h e l i c i t y = l / 2  0.004-0.29 % 



Seekeyonpage239 

(rlrt.)%/rtot=l In N~r --* N(1535) -* Np, 5==1/2, S-wave 
VALUE DOCUMENT ID TECN COMMENT 
--0.14 tO --0.06 OUR ESTIMATE 

7O5 

Baryon Part ic le  Listings 
N(1535), N(1650) 

(rlrT)~'Ir N(1535) REFERENCES 
For early references, see Physics Letters 111B 70 (1982). 

- 0 . 1 0 •  MANLEY 92 IPWA ~rN - *  ~rN & N~r~r 
- 0 .10  1 LONGACRE 77 IPWA ~rN --~ N~r~r 
- 0 .89  2 LONGACRE 75 IPWA ~rN ~ N~r~r 

(rFf)~Irtot= in N~r--* N(1535)-* N(~r~r)/-~ (rzr~)~ir 
VALUE DOCUMENT ID TECN COMMENT 
+0.03 tO +0.13 OUR ESTIMATE 
+0,87•  MANLEY 92 IPWA ~ N  ~ ;~N & N ~ r  
+0.08 1 LONGACRE 77 IPWA ~tN ~ N~r~ 
§ 2 LONGACRE 75 IPWA ~rN ~ N~r~t 

(rF,)Y'/rto=~ in N~r ~ N(1535) --* N(1440)~r (r,r~o)Y,/r 
VALUE DOCUMENT ID TECN COMMENT 

+0 .10•  MANLEY 92 IPWA ~rN ~ ~rN & N~r~r 

ARMSTRONG 998 PR D60 052004 C.5. Armstrong et aL 
ARNDT 9B PR C58 3636 R.A. Arndt el al. 
GREEN 97 PR C55 R2167 A.M. Green, S. Wycech {HELS, WINR) 
KRUSCHE 97 PL B397 171 B. Krusche et al. (GIES, RPI, SASK) 
ABAEV 9S PR C53 385 V.V, Abaev, 8.M.K. Nelkens (UCLA) 
ARNDT 96 PR C53 430 R.A. Arndt, I.I. Strakovsky, R,L. Workman (VPI) 
ARNDT 95 PR CS2 2128 R.A. Arndt el al. (VPI, aRGO) 
BATINIC 95 PR C51 23]0 M. Batinic et at. (8OSK, UCLA) 

Also 98 PR C57 1004 (erratum) M. Batinic et at. 
BATINIC gSB PR C52 2188 M. Batinic, L Slaus, A. Svarc (BOSK) 
BENMERROU...9$ PR D51 3237 M. Benmerrouche. N.C. Mukhopadhyay, JF. Bhang 
KRUSCHE g5 PRL 74 3736 B. Kru~he et aL (GIES, MANZ, GLAS+) 
KRUSCHE 95C PL Bgs8 40 B. Krusche et aL (GIES. MANE, GLAS§ 
MUKHOPAD.,. 95B PL B364 1 N,C. Mukhopadhyay, J.F. Zhang, M. Benmerrouche 
HOEHLER g3 ~ N Newsletter 9 t G. Hohler {KARL) 
LI 93 PR C47 2759 Z.J. LT et al. (VPI) 
MANLEY 92 PR 045 4002 D.M. Manley, E.M. Saleskl (KENT) IJP 

AlSO 84 PR 030 904 D.M. Manley et al. (VPI) 
ARNDT 91 PR 043 2131 R.A. Arndt et 31. (VPI. TELE) IJP 
BENMERROU...9] PRL 67 1070 M. Benmerrouche, N.C. Mukhopadhyay (RPI) 

N(1535) PHOTON DECAY AMPLITUDES 

N(1535) ~ Pg, helicity-1/2 amplitude A~/2 
VALUE(GeV - ] / 2  ) DOCUMENT ID TECN COMMENT 
+0.090 4-0.030 OUR ESTIMATE 

0.120:50.011 •  3 KRUSCHE 97 DPWA 3'N ~ ~/N 
0.060:50.015 ARNDT 96 IPWA 3'N ~ ~rN 
0.097 •  BENMERROU..95 DPWA ~N ~ N~ 
0.095 •  8 BENMERROU..91 "yp ~ pr/ 
0.053 •  CRAWFORD 83 IPWA "TN ~ ~rN 
0.077 • AWAJI 81 DPWA "~N ~ ~rN 
0.083:50.007 ARAI 80 DPWA 3"N ~ ~rN (fit 1) 
0.080:50.007 ARAI 80 DPWA "~N ~ ~rN (fit 2) 
0.029 •  BRATASHEV...80 DPWA "~N ~ ~rN 
0.065 •  CRAWFORD 80 DPWA "TN ~ ~rN 
0.0704:50.0091 ISHII 80 DPWA Compton scattering 

* �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

8.110 to 0.140 KRUSCHE 95 DPWA 3'P ~ P~/ 
0.125:50.025 KRUSCHE 95r IPWA "yd ~ ~ IN (N)  
0.061:50.003 LI 93 IPWA ")'N ~ ~rN 
0.055 WADA 84 DPWA Compton scattering 

:50.082:50.019 BARBOUR 78 DPWA 3'N ~ ~rN 
0,046 9 N'OELLE 78 3"N ~ ~rN 

+0.034 , BERENDS 77 IPWA 3'N ~ ~rN 
+0 .070 :50 .004  FELLER 76 DPWA "yN ~ ~rN 

N(1535) --* n'y, helicity-1/2 amplitude A~/2 
VALUE (GeV -1 /2  ) DOCUMENT ID TECN COMMENT 
--0.0464-0.027 OUR ESTIMATE 
-0 .020•  ARNDT 96 IPWA 3'N ~ ~rN 

0.035::0.014 AWAJI 81 DPWA "rN ~ ~rN 
-0,062~:0.003 FUJII 81 DPWA ~ N  ~ ~rN 
-0 .075•  ARAI 88 DPWA 3'N ~ ~rN (fit 1) 
-0 .075•  ARAI 80 DPWA 3'N ~ ~rN (fit 2) 
-0.098:50.026 CRAWFORD 80 DPWA "yN ~ ~rN 
-0 .011•  TAKEDA 80 DPWA 3'N ~ ~rN 
* �9 * We do not use the fol lowing data for averages, fits, l imits, etc. * �9 �9 

-0 .100•  KRUSCHE 95C IPWA " (d  ~ ~ IN (N)  

-0.046:50.005 LI 93 IPWA 3'N ~ ~rN 
-0,112:58.034 BARBOUR 78 DPWA 3"N ~ ~ N  
-0 .848  9 NOELLE 78 ")'N ~ ~rN 

N(1535) ~ N3', ratio A[/=/APl2 
VALUE (GeV -1/2) DOCUMENT ID TEEN 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

- 0 . 8 4 + 0 . 1 5  MUKHOPAD.. .  958 IPWA 

N(1535) FOOTNOTES 

WADA 84 NP B247 313 Y. Wada et al. ONUS) 
CRAWFORD 83 NP B211 1 R.L Crawford, W.T. Morton (GLAS) 
PDG 82 PL t t lB  M. Roos el aL (HELS, ClT, CERN) 
AWAJI 81 Bonn Conf. 352 N. Await, R. Kajikawa (NAGO) 

Also 82 NP 8197 365 K. Fujii et at. (NAGO) 
FUJII 81 NP 8187 53 K. Fujii et aL (NAGO, OSAK) 
ARAI 80 Toronto Conf. 93 I, Arai (INUS) 

AlSO 82 NP 8194 251 I, Arai, H. Fujii (INUS) 
8RATASHEV.. 80 NP B]66 325 A.S. Bratashevsky et at. (KFTI) 
CRAWFORD 80 Toronto Conf. 107 R.L Crawford (GLAS) 
CUTKOSKY 80 Toronto Conf. ig R.E. Cutkosky et al. (CMU, LBL) IJP 

Also 79 PR 020 2839 R.E. Cutkosky et aL (s LBL) IJP 
ISHU 80 NP B165 189 T. Ishil et aL (KYOT, INUS) 
TAKEDA 80 NP 8168 17 H, Takeda et aL (TOKY, INUS) 
BAKER 79 NP 8156 93 R.D. Baker et at. (RHEL) IJP 
HOEHLER 79 PDAT 12-1 G. HoMer et aL (KARLT) IJP 

Also 80 Toronto Conf. 3 R. Koch (KARLT) IJP 
BARBOUR 78 NP B141 253 I.M. Barbour, R.L. Crawford, NH. Parsons (GLAS) 
LONGACRE 78 PR D]7 1795 R.S. Longacre et at. (LBL, SLAG) 
NOELLE 78 PTP 60 778 P. Noelle (NAGO) 
BERENDS 77 NP 8136 317 F.A. Berends, A. Donnachie {LEID, MCHS) IJP 
BHANDARI 77 PR 015 192 R. 8handarL Y.A. Chao (CMU) IJP 
LONGACRE 77 NP B122 493 R.S. Longacre, J. Dolbeau (SACL) IJP 

Also 76 NP 8108 365 J. Dolbeau et aL (SAGL) IJP 
FELLER 76 NP BIO4 2t9 P, Feller et aL (NAGO, OSAK) JJP 
FELTESSE 75 NP B93 242 J. Feltesse et al. (SACL) IJP 
LONGAGRE 75 PL 55B 415 R.S. Longacre et at. (LBL. SLAG)IJP 

I I ~(~ ) Status: ~ N(1650) S11 i(:P) = l 1- 
Most of the  results publ ished before 1975 are now obsolete and have 
been omi t ted .  They may be found in our  1982 edit ion, Physics 
Letters I I I B  (1982). 

N(1650) BREIT-WIGNER MASS 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

1640 to 16110 ( ~  1650) OUR ESTIMATE 
1659• 9 MANLEY 92 IPWA x N  ~ 7rN & NTrTr 

1650• CUTKOSKY 80 IPWA 7rN ~ ~rN 
1670:5 8 HOEHLER 79 IPWA ~rN ~ ~rN 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1677:5 8 ARNDT 96 IPWA 7 N  ~ l rN  
1667 ARNDT 95 DPWA ~rN - *  NTr 
1712 1 A R N D T  95 DPWA ~rN ~ N~r 
1669:517 BATINIC 95 DPWA 7rN ~ NTr, NT/ 
1713:527 2 BATINIC 95 DPWA ~rN ~ Nlr ,  NT/ 
1674 LI 93 IPWA ")'N ~ ~rN 
1688 CRAWFORD 80 DPWA 3'N ~ 7rN 
1672 MUSETTE 80 IPWA 7 r - p  ~ A K  0 

1680 SAXON 80 DPWA w - p  ~ A K  0 

1680 BAKER 78 DPWA l r - p ~  A K  0 

1694 BARBOUR 78 DPWA "yN ~ ~rN 
1700:5 5 3BAKER 77 IPWA ~ : - p ~  A K  0 

1680 3BAKER 77 DPWA l r - p ~  A K  0 

1 LONGACRE 77 po!e positions are from a search for poles in the unitarized T-matrix; the 
first (second) value uses, in addition to l rN  ~ N~rTr data, elastic amplitudes from a 
Saclay (CERN) partial-wave analysis. The other LONGACRE 77 values are from eyeball 
fits wi th Breit-Wigner circles to the T-matr ix amplitudes. 

2 r F om method II of LONGACRE 75: eyeball fits with Breit-Wigner circles to the T-matr ix 
amplitudes. 

3 KRUSCHE 97 fits wi th the mass fixed at 1544 MeV. 
4ARNDT 98 also lists pole residues, which display more model dependence than do the I 

associated pole positions. 
5 See HOEHLER 93 for a detailed discussion of the evidence for and the pole parameters 

of N and .,1 resonances as determined from Argand diagrams of x N elastic partial-wave 
amplitudes and from plots of the speeds with which the amplitudes traverse the diagrams. 

6 LONGACRE 78 values are from a search for poles in the unitarized T-matrix. The first 
(second) value uses, in addition to 7rN ~ N~r~r data, elastic amplitudes from a Saclay 
(CERN) partial-wave analysis. 

7The best value ARMSTRONG 99B obtains is _~ 0,58; this assumes $11 dominance in I 

the reaction p(e,  e rp )  ~ at O2= 4 (GeV/c) 2. I 
8 BENMERROUCHE 91 uses an effective Lagrangian approach to analyze r/photoproduc- 

tion data. 
9 Converted to our conventions using M = 1548 MeV, F = 73 MeV from NOELLE 78. 

1700 4 LONGACRE 77 IPWA ~rN --* NTr~r 
1675 KNASEL 75 DPWA ~ - p  ~ A K  0 
1660 5 LONGACRE 75 IPWA 7rN ~ NwTr 

N(1650) BREIT-WIGNER WIDTH 

VALUE IMeV) DOCUMENT ID TECN COMMENT 

145 to 190 (r~ 150) OUR ESTIMATE 
167.9+ 9.4 GREEN 97 DPWA ~rN ~ 7rN, 7/N 
173 :512 MANLEY 92 IPWA 7rN ~ 7rN & N~rTr 
150 •  CUTKOSKY 80 IPWA ~rN ~ 7rN 
180 4-20 HOEHLER 79 IPWA 7rN ~ ~rN 
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Baryon Particle Listings 
N(1650 )  

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

160 •  ARNDT 96 IPWA 3'N ~ ~rN 
90 ARNDT 95 DPWA ~rN ~ N~r 

184 1ARNDT 95 DPWA ~ r N ~  N~r 
215 + 3 2  BATINJC 95 DPWA ~rN ~ N~r, Nr/ 
279 •  2BATINIC 95 DPWA ~rN ~ N~r, N~ 
225 LI 93 IPWA 3`N ~ ~rN 
183 CRAWFORD 80 DPWA 3'N ~ ~r N 
179 MUSETTE 80 IPWA ; ' r - -p ~ AK  0 

120 SAXON 80 DPWA ~ r - p ~  A K  0 

90 BAKER 78 DPWA ~ r - p ~  A K  0 

193 BARBOUR 78 DPWA "7N ~ r N  
130 ::El0 3BAKER 77 IPWA ~ r - p ~  A K  0 

90 3BAKER 77 DPWA ~ r - p ~  A K  0 

170 4 LONGACRE 77 IPWA ~r N ~ N;'r~r 
170 KNASEL 75 DPWA ~ r - p ~  A K  0 
130 5 LONGACRE 75 IPWA "KN ~ N~';'r 

N(1650) POLE POSITION 

REAL PART 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

1640 to 1680 (~. 16~0) OUR ESTIMATE 
1660J:10 6 A R N D T  98 DPWA ~ r N ~  ~rN,~IN 
1673 ARNDT 95 DPWA ~rN ~ N~ 
1689 1 ARNDT 95 DPWA ~r N ~ N~r 
1670 7HOEHLER 93 ARGD ~ r N ~  ~rN 
1640• CUTKOSKY 80 IPWA ~rN ~ ~rN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

1657 ARNDT 91 DPWA ~rN ~ ~rN Soln SM90 
1648 or 1651 8 LONGACRE 78 IPWA ~rN ~ N r r  
1699 or 1698 4 LONGACRE 77 IPWA ~rN ~ Nr~r  

- 2 x IMAGINARY PART 
VALUE IMeV) DOCUMENT ID TECN COMMENT 

150 to 170 (~= 160) OUR ESTIMATE 
140+20 6 ARNDT 9B DPWA ~rN ~ ~rN, ~/N 

82 ARNDT 95 DPWA ~rN ~ N~- 
192 1 ARNDT 95 DPWA ~-N ~ N~r 
163 7HOEHLER 93 ARGD ~ r N ~  ~rN 
150:J:3D CUTKOSKY 80 IPWA ~rN ~ ~rN 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

160 ARNDT 91 DPWA ~ N  ~ ~'N Soln SM90 
117 or 119 8 LONGACRE 78 IPWA ~rN ~ N~r~r 
174 or 173 4 LONGACRE 77 IPWA ~rN ~ Nr~r 

N(1650) ELASTIC POLE RESIDUE 

MODULUS I"1 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

22 ARNDT 95 DPWA ~rN ~ N~r 
72 1 A R N D T  95 DPWA ~ r N ~  N~r 
39 HOEHLER 93 ARGD ~ r N ~  ~ N  
60+10 CUTKOSKY 80 IPWA ~rN ~ ~rN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 = �9 

54 ARNDT 91 DPWA ~rN ~ ~rN Soln SM90 

PHASE e 
VALUE( ~ ) DOCUMENT ID TECN COMMENT 

29 ARNDT 95 DPWA ~rN ~ N~r 
- 8 5  1 A R N D T  95 DPWA ~ r N ~  N~r 
- 3 7  HOEHLER 93 ARGD ~rN ~ ~rN 
- 7 5 •  CUTKOSKY 80 IPWA ~rN ~ ~rN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

- 3 8  ARNDT 91 DPWA ~rN ~ ~rN Soln SM90 

N(1650) DECAY MODES 

The following branching fractions are our estimates, not fits or averages. 

Mode Fraction ( r i / r )  

F 1 N~r 55-90 % 

r2 Nr/ 3-10 % 
r3 AK 3-11% 
r4 z K 
r5 Nr~r 10-20 % 

r 6 A~r  1-7 % 

r 7 A ( 1 2 3 2 ) ~ r ,  D -wave  

r 8 N p  4-12 % 

r 9 N p ,  5=1/2,  S-wave 

rzo  N p ,  5 = 3 / 2 ,  D-wave  
I = 0  r l l  N (',T',T) S_wav e <4 % 

F12 N ( 1 4 4 0 )  ~r <5 % 

r13 p ~  
F14 p 3 ' ,  h e l i c i t y = l / 2  

F15 n,'f 
F16 n~ ' ,  h e l i c i t y = l / 2  

0.04-0.18 % 

0.04-0.18 % 

0.003-0.17 % 

0.003-0.17 % 

N(1650) BRANCHING RATIOS 

r(N=)/rto=, rl/r 
VALUE DOCUMENT ID TECN COMMENT 
0.55 to 0.90 OUR ESTIMATE 
0.735• GREEN 97 DPWA / rN ~ ~rN, ~N 
0.89 •  MANLEY 92 IPWA ~rN ~ ~rN & N~r~r 
0.65 •  CUTKOSKY 80 IPWA ~rN ~ ~rN 
0.61 •  HOEHLER 79 IPWA ~rN ~ ~ N  
�9 �9 �9 We do not use the following data for averages, fits. l imits, etc. �9 = �9 

0.99 ARNDT 95 DPWA ~rN ~ N~" 
0.27 1 ARNDT 95 DPWA x N  ~ N~r 
0.94 --0.07 BATINIC 95 DPWA ~rN ~ N~r, Nr/ 
0.49 • 2 BATINIC 95 DPWA ~rN ~ N~r, N~/ 

r(N,~)/r~ rdr 
VALUE DOCUMENT IO TECN COMMENT 

�9 �9 �9 We do not use the fo~'owing data for averages, fits, l imits, etc. �9 �9 �9 

0.06• BATINIC 95 DPWA :,rN ~ N~r, N~ 
0.02• 2 BATINIC 95 DPWA 7rN ~ NTr, N~ 

(rF,)Y,/r===l in N~r --* N(16S0) --* Nq ( I - lr2)Y' /r  
VALUE DOCUMENT ID TECN COMMENT 

* �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

- 0 .09  9BAKER 79 DPWA 7 r - p ~  nT/ 

(rFr)~/r~,l in Nlr--* N(1650) ~ AK (rlr3)~/r 
VALUE DOCUMENT ID TECN C. OMMENT - -  

-0.27 to --0.17 OUR ESTIMATE 
- 0 . 22  BELL 83 DPWA ~ - p  ~ A K  0 
-0 .22  SAXON 80 DPWA ~:-  p ~ A K  0 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

- 0 .25  10 BAKER ,78 DPWA See SAXON 00 
-0 .23 •  3BAKER 77 IPWA : , r - p ~  A K  0 

- 0 . 25  3BAKER 77 DPWA " , ~ - p ~  A K  0 

0.12 KNASEL 75 DPWA ~ -  p ~ A K  0 

(rF~)~/rtot= in N~r -*  N (1650)~  ~ K  (rlrA)q'/r 
VALUE DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

-0 .254  LIVANOS 80 DPWA t rp ~ ~ K  
0.066 to 0.137 11 DEANS 75 DPWA ~ N  ~ ~ K  
0.20 KNASEL 75 DPWA 

Note: Signs of couplings from ~ N  ~ Nlr~r analyses were changed in the 
1986 edition to agree with the baryon-first convention; the overall phase 
ambiguity is resolved by choosing a negative sign for the A(1620) 531 
coupling to Zl(1232)~r. 

(rFf)~/r~i in N f  ~ N(1650) --* A(1232)7, O-wave (rlro~/r 
VALUE DOCUMENT It:) TECN C. OMMENT 
+0.15 tO 0.23 OUR ESTIMATE 
+0.12•  MANLEY 92 IPWA ~rN ~ 7rN & N~r~r 
+0.29 4,12 LONGACRE 77 IPWA ~rN ~ N ~ r  
+0.15 5 LONGAERE 75 IPWA ~rN ~ N~rlr 

(r~rr)Y,/r~,, in N f - - *  N(1650)--p Np,5=l/2,S-wave (rlrog=/r 
VALUE DOCUMENT ID TECN COMMENT 

=1:0.03 to =E0.19 OUR ESTIMATE 
- 0 . 0 1 •  MANLEY 92 IPWA ~rN ~ 7rN & N~rTr 
+0.17 4,12 LONGACRE 77 IPWA 7rN ~ N~r~r 
-0 .16  5 LONGACRE 75 IPWA ~rN ~ N~rTr 

(rFf)~/rto=l in Nx--~ N(1650)--* Np, 5=3/2,  D-wave ( r l r lO)Y' / r  
VALUE DOCUMENT ID TEEN COMMENT 
+0.17 to +0.29 OUR ESTIMATE 
+0.16•  MANLEY 92 IPWA ~rN ~ l rN  & NTrTr 
+0.29 4,12 LONGACRE 77 IPWA ~ N  ~ NTr~- 

(rlr f)~/rtot=l in N~r ~"  N(1650) --* I=o N (~rTr)s_wave (rlr11)~'/r 
VALUE DOCUMENT ID TECN COMMENT 
+0.04 to +0.18 OUR ESTIMATE 
+0.12•  MANLEY 92 IPWA ~rN ~ ~ N  & NTrTr 

0.00 4,12 LONGACRE 77 IPWA ~rN ~ NEE 
+0.25 5 LONGACRE 75 IPWA TrN ~ N~Tr 
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(rFf)~=/rtotol in N~r--* N(1650)~ N(1440)~r (rlrl=)~,/r 
VALUE DOCUMENT 18 TECN COMMENT 

+0 .11 •  MANLEY 92 IPWA ~rN ~ ~rN & N~r~r 

N(1650) PHOTON DECAY AMPLITUDES 

N(1650) -* p3", he,• amplitude A1/2 
VALUE(GeM - 1 / 2  ) DOCUMENT tD TECN COMMENT 

+0.053::E0.01g OUR ESTIMATE 
0,069• ARNDT 96 IPWA "TN ~ ~rN 
0.033• CRAWFORD 83 IPWA "fN ~ ~rN 
0.050• AWAJI 81 DPWA "TN ~ ~rN 
0.065:s ARAI 80 DPWA " /N ~ ~ N  (fit 1) 
0.061• ARAI 80 DPWA ? N  ~ ~rN (fit 2) 
0.031• CRAWFORD 80 DPWA "rN ~ ~rN 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.068• LI 93 IPWA 'TN ~ ~rN 
0.091 WADA 84 DPWA Compton scattering 

+0.048•  BARBOUR 78 DPWA "rN ~ ~rN 
+0.068•  FELLER 76 DPWA "~N ~ ~rN 

N(1650) --~ ns', helicity-l/2 amplitude Al l  2 
VALUE (GeM - l / 2  ) DOCUMENT ID TECN COMMENT 

-0.015=1:0.021 OUR ESTIMATE 
-0 .015•  ARNDT 96 IPWA 3'N ~ ~rN 
-0 .008•  AWAJI 81 DPWA 3"N ~ ~rN 

0.004• FUJII 81 DPWA 3'N ~ ~rN 
0.010• ARAI 80 DPWA "~N ~ ~ N  (fit 1) 
0,008• ARAI 80 DPWA ~ N  ~ ~rN (fit 2) 

-0 .068•  CRAWFORD 80 DPWA ? N  ~ ~ N  
-0 .011•  TAKEDA 80 DPWA *fN ~ ~ N  
�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

-0 .002•  LI 93 IPWA "TN ~ ~rN 
-0.045:L0.024 BARBOUR 78 DPWA ~ N  ~ ~rN 

N(1650) "}'p ~ AK + AMPLITUDES 

(Flrf)~/Ftotal in 03' --~ N(1650) --~ AK + (E0+ amplitude) 
VALUE (unlts 18 -3) DOCUMENT ID TECN 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

7.8 •  WORKMAN 90 DPWA 
8.13 TANABE 89 DPWA 

p3" -~ N(1650)  --* AK + phase angle O lEo+ amplitude) 
VALUE Idej~rees) DOCUMENT tD TECN 

�9 * �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

- 1 0 7  •  WORKMAN 90 DPWA 
- 107.8 TANABE 89 DPWA 

N(1650) FOOTNOTES 
1ARNDT 95 finds two distinct states. 
2BATINIC 95 finds two distinct states, This second resonance was associated with the 

N(2090) S11. 
3The two BAKER 77 entries are from an IPWA using the Barrelet-zero method and from 

a conventional energy-dependent analysis, 
4 LONGACRE 77 pole positions are from a search for poles in the unitarized T-matrix; the 

first (second) value uses, in addition to ~rN ~ N ~  data, elastic amplitudes from a 
Saclay (CERN) partial-wave analysis. The other LONGACRE 77 values are from eyeball 
fits wi th Breit-Wigner circles to the T-matr ix amplitudes. 

5 From method II of LONGACRE 75: eyeball fits wi th Breit-Wigner circles to the T-matr ix 
amplitudes. 

6ARNDT 98 also lists pole residues, which display more model dependence than do the l 
associated pole positions. 

7 See HOEHLER 93 for a detailed discussion of the evidence for and the pole parameters 
of N and ,~ resonances as determined from Argand diagrams of ~r N elastic partial-wave 
amplitudes and from plots of the speeds wi th which the amplitudes traverse the diagrams. 

8LONGACRE 78 values are from a search for poles in the unitarized T-matrix. The first 
(second) value uses, in addition to ~ N  ~ N ~ r  data, elastic amplitudes from a Saclay 
(CERN) partial-wave analysis. 

9 BAKER 79 fixed this coupling during fitt ing, but the negative sign relative to the N(1535) 
is well determined. 

10The overall phase of BAKER 78 couplings has been changed to agree with previous 
conventions. Superseded by SAXON 80. 

11 The range given for DEANS 75 is from the four best solutions. 
12 LONGACRE 77 considers this coupling to be well determined. 

N(1650) REFERENCES 
For early references, see Physics Letters 1118 70 (1982). 

ARNDT 98 PR C58 3636 R.A. Arndt et at. 
GREEN 97 PR C55 R2167 A.M. Green, S. Wycech (HELS. WINR) 
ARNOT 96 PR C53 430 B.A. Arndt, I.I. Strakovsky, R.L Workman (VPI) 
ARNDT 95 PR C52 2120 R.A. Arndt et aL (VPI, BRCO) 
BATINIC 95 PR C51 2310 M. Bat• et al. (BOSK, UCLA) 

AlSo 98 PR C57 1004 (erratum) M. Bat• et al 
HOEHLER 93 ~r N Newsletter 9 1 G. Hohler (KARL) 
LI 93 PR C47 2769 Z J, Li et aL (VPP) 
MANLEY 92 PR 045 4002 D.M. Manley, E.M. Saleski (KENT) IJP 

Also 84 PR 030 904 D.M Manley et aL (VPI) 
ARNDT 91 PR D4S 2131 R.A. Arndt et aL (VPI, TELE) IJP 
WORKMAN 98 PR C42 781 R,L. Workman (VPI) 
TANABE 89 PR C39 741 H. Tanabe, M. Kohno, C, Bennhold (MANZ) 

Also 89 NC 102A 193 M. Kohno, H. Tanabe, C, Bennhol8 (MANZ) 
WADA 84 NP B247 313 Y. Wada et aL ONUS) 
BELL 83 NP B222 389 K,W Bell et aL (RL) IJP 
CRAWFORD 83 NP B211 1 R.L. Crawford, W.T. Morton (GLAS) 
PDG 82 PL 1118 M. RODS et at. (HELS. CIT, CERN) 
AWAJI 81 Bonn ConE 352 N. Awaji, R. Kajikawa (NAGO) 

Also 82 NP 8197 365 K. Fuji~ et aL a~ (NAGO) 
PUJII 81 NP B187 53 K. Fujil et aL (l~rO, GO, OSAK) 
ARAI 80 Toronto Conf. 93 I. Arai (INUS) 

Also 82 NP B194 25t I. Arai, H. Pujii (INUS) 
CRAWFORD 80 Toronto Conf. 107 R.L Crawford (GLAS) 
CUTKOSKY 80 Toronto Conf. 19 R,E. Cutkosky et at. (CMU, LBL) IJP 

Also 79 PR 020 2839 R.E. Cutkosky et 31. (CMU, LBL) UP 
LIVANOS 80 Toronto Conf. 35 P. Livanos et al. (SACL) IJP 

.MUSETTE B0 NC 57A 37 M. Musette (BRUX) IJP 
~AXON 80 NP B162 522 D.H. Saxon et a/. (RHEL, BRIS) IJP 
TAKEDA 80 NP 8168 17 H. Takeda et al. (TOKY, INUS) 
BAKER 79 NP B156 93 R.D. Baker et al. (RHEL) IJP 
HOEHLER 79 PDAT 12-1 G. HoMer et aL (KARLT) IJP 

Also 80 Toronto Conf 3 R. Koch (KARLT) IJP 
BAKER 78 NP 8141 29 R.D, Baker et al. (RL, CAVE) IJP 
BARBOUR 78 NP 6141 253 I.M. Barbour, R.L. Crawford, N.H. Parsons (GLA5) 
LONGACRE 78 PR D17 1796 R.S. Longacre et a/. (LBL. SLAC) 
BAKER 77 NP B126 36S R.D. Baker et at. (RHEL) IJP 
LONGACRE 77 NP B122 493 R,S. Longacre, J, Dolbeau (SACL) UP 

Also 76 NP B108 365 J. Dorbeau et al. (SACL) IJP 
FELLER 76 NP Bt04 219 P. Feller et al. (NAGO. OSAK) UP 
DEAN5 75 NP B96 90 S.R. Deans et aL (SFLA, ALAH) IJP 
KNASEL 75 PR 011 Z T.M. Knas~l et al. (CHIC, WUSL, OSU+) UP 
LONGACRE 75 PL 55B 415 R.S. Longacre et al. (LBL SLAC) IJP 

IN(1675) D,, I ,(P)-- * * * *  

Most of the results publ ished before 1975 are now obsolete and have 
been omi t ted .  They may be found in our 1982 edi t ion,  Physics 
Letters 111B (1982). 

N(1675) BREIT-WIGNER MASS 

VALUE {MeV) DOCUMENT ID TECN COMMENT 

1670 to 1685 (~  1675) OUR E.STIMATE 
1676• 2 MANLEY 92 IPWA 7rN ~ 7rN & N~r~r 
1675• CUTKOSKY 80 IPWA ~rN ~ 7rN 
1679• 8 HOEHLER 79 IPWA ~rN ~ 7rN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

1673• 5 ARNDT 96 IPWA 3"N ~ ~rN 
1673 ARNDT 95 DPWA 7rN ~ N~r 
1683+19 BATINIC 95 DPWA ~rN ~ NTr, Nr/ 
1666 LI 93 IPWA 3'N ~ 7rN 
1685 CRAWFORD 80 DPWA "rN ~ 7rN 
1670 SAXON 80 DPWA 7 r - p  ~ A K  0 

1680 BARBOUR 78 DPWA 3'N ~ ~rN 
1650 1 LONGACRE 77 IPWA ~ N  ~ N~rTr 
1660 2 LONGACRE 75 IPWA ~rN ~ N~r~r 

N(1675) BREIT-WIGNER WIDTH 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

140 tO 180 (== 150) OUR ESTIMATE 
159• 7 MANLEY 92 IPWA ~rN ~ ~rN & NTrTr 
160• CUTKOSKY 80 IPWA ~rN ~ ~ N  
120•  HOEHLER 79 IPWA ~rN ~ ~-N 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 I �9 

154 + 7 ARNDT 96 IPWA 3'N ~ ~rN 
154 ARNDT 95 DPWA ~rN ~ NTr 
142• BATINIC 95 DPWA 7rN ~ NTr, N~ 
136 LI 93 IPWA 3'N ~ ~rN 
191 CRAWFORD 80 DPWA 3'N ~ ~rN 

40 SAXON 80 DPWA ~ r - p  ~ A K  0 

88 BAKER 79 DPWA ~ r - p  ~ nT/ 
192 BARBOUR 78 DPWA 3'N ~ ~ N  
130 1 LONGACRE 77 IPWA ~rN ~ N~r~r 
150 2 LONGACRE 75 IPWA 7rN ~ NTr~r 
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N(1675) P O L E  P O S I T I O N  

R E A L  P A R T  
VALUE (MeV) DOCUMENT ID TEEN COMMENT 

1655 to 1665 (R~ 1660) OUR ESTIMATE 
1663 A R N D T  95 DPWA ~rN ~ N ~  
1656 3HOEHLER 93 ARGD ~ r N ~  ~ N  
1660•  CUTKOSKY 80 IPWA ~rN ~ ~ N  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1655 A R N D T  91 DPWA t rN  ~ ~ N  Soln SM90 
1663 or 1668 4 LONGACRE 78 IPWA ~r N ~ N~r ~r 
1649 or 1650 1 LONGACRE 77 IPWA ~r N ~ N~r~r 

-- 2XlMAGINARY PART 
VALUE (MeV} DOCUMENT ID TECN COMMENT 

125 to 155 (~ 140) OUR ESTIMATE 
152 A R N D T  95 DPWA ~rN -+ N~r 
126 3 HOEHLER 93 ARGD ~rN --* ~rN 
140•  CUTKOSKY 80 IPWA ~rN ~ ~rN 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

124 A R N D T  91 DPWA ~rN ~ ~rN Soln SM90 
146 or 171 4 LONGACRE 78 IPWA ~ N ~ N~r~r 
127 or 127 1 LONGACRE 77 IPWA ~rN --, N~r~ 

N(1675) E L A S T I C  P O L E  R E S I D U E  

M O D U L U S  I ' I  
VALUE (MeV) DOCUMENT ID TECN COMMENT 

29 A R N D T  95 DPWA ~rN ~ N~r 
23 HOEHLER 93 ARGD ~ r N ~  ~rN 
3 1 •  CUTKOSKY 80 IPWA ~r N ~ ~rN 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

28 A R N D T  91 DPWA ~rN ~ ~rN Soln SM90 

P H A S E  
VALUE (~ DOCUMENT /D TECN COMMENT 

-- 6 A R N D T  95 DPWA ~rN ~ N ~  
- 2 2  HOEHLER 93 ARGD ~ r N ~  ~rN 
- 3 0 •  CUTKOSKY 80 IPWA ~rN ~ ~rN 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

- 1 7  A R N D T  91 DPWA ~rN ~ ~ N  Soln SMg0 

N ( 1 6 7 5 )  D E C A Y  M O D E S  

The following branching fractions are our estimates, not fits or averages. 

Mode Fraction (F i /F )  

I- 1 N~r 40-50 % 

F 2 N~/ 

F 3 A K  <~ % 

F 4 ~ K 

F 5 N~r~r 5o-6o % 

F 6 Z)nr 50-60 % 
r 7 Z l ( 1 2 3 2 ) ~ r ,  D - w a v e  

r 8 z3 (1232 )  ~r, G -wave  

r 9 N p  < 1-3 % 

FIO N p ,  5 = 1 / 2 ,  D - w a v e  

r l l  N p ,  5 = 3 / 2 ,  D - w a v e  

F12 N p ,  5 = 3 / 2 ,  G-wave  
/ = o  F13 . N (~r~)S_wave 

F14 p') '  0.004-0.023 % 

F15 P3' ,  h e l i c i t y = l / 2  0.0-0.015 % 

r16 p3 ' ,  h e l i c i t y = 3 / 2  0 .0-0 .011% 

r17 n1' 0.02-0.12 % 

F ig  n3 ' ,  h e l i c i t y = l / 2  0.006-0.046 % 

F19 n3 ' ,  h e l i c i t y = 3 / 2  O.Ol-O.O8 % 

N ( Z 6 7 5 )  B R A N C H I N G  R A T I O S  

r(N-)/rt~l 
VALUE DOCUMENT ID TEEN 
0.4 to  0.5 OUR ESTIMATE 
0.47• M A N L E Y  92 IPWA 
0.38• CUTKOSKY 80 IPWA 
0.38• HOEHLER 79 IPWA 
�9 �9 �9 We do not use the following data for averages, fits, limits, 

0.38 A R N D T  95 DPWA 
0.31•  BATINIC 95 DPWA 

rd r  
COMMENT 

~ N ~  ~ N & N ~  

~ N  ~ ~ N  
~rN ~ ~ N  

etc. �9 i �9 

~rN ~ N i t  
l rN  ~ N',,r, N i  1 

r(N,~)Irto., rd r  
VALUE DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.001• BATINIC 95 DPWA ~rN ~ N~r, N~/ 

(r,r,)Y,/r=~= in N.-~ N ( 1 6 7 5 )  ~ N ~  ( I -  z r = ) ~ / r  
VALUE DOCUMENT ]D TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

- 0 . 0 7  BAKER 79 DPWA ~ r - p ~  nr/ 
+0 .009 FELTESSE 75 DPWA Soln A; see BAKER 79 

(r~r~)Y'/rto~, i. N,r-~ NO~TS)-. AK (r~r3)~/r 
VALUE DOCUMENT ID TECN COMMENT 

-1-0.04 to  -I-0.0~ OUR ESTIMATE 
- 0 . 0 1  BELL 83 DPWA : r  ~ A K  0 

+0.036 5 S A X O N  80 DPWA ~ r - p ~  A K  0 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. = �9 �9 

- 0 .034•  0.006 DEVENISH 74B Fixed-t dispersion rel. 

(r~r.)Y.lr~, I. N.-~ N ( 1 6 7 5 ) - - ~  Z ' K  (qr~)~ir 
VALUE DOCUMENT ]D TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.003 6 DEANS 75 DPWA w N  ~ _T'K 

Note: Signs of couplings from w N ~ N~r~r analyses were changed in the 
1986 edition to agree with the baryon-flrst convention; the overall phase 
ambiguity is resolved by choosing a negative sign for the A(1620) 531 
coupling to A(1232)Tr. 

(r~rr)Y,/r~.l in NTr ~ N(1675) ~ Z~(1232)x, D-wave (rz rT)~/r 
VALUE DOCUMENT ID TEEN COMMENT 
+0.46 to +0..50 OUR ESTIMATE 
+0 .496 •  M A N L E Y  92 IPWA 7rN ~ ~rN & NTr~ 
+0.46 1,7 LONGACRE 77 IPWA l rN  ~ NTr~ 
+0.50 2 LONGACRE 75 IPWA ~ N  ~ N~r~ 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

+ 0 . 5  8 NOVOSELLER 78 IPWA ~ N  ~ NTrTr 

(r~rf)~/rto=~ in N x  --*  N ( 1 6 7 5 )  ~ N O ,  5 = 1 / 2 ,  D - w a v e  (1" l r ~ 0 ) ~ / r  
VALUE DOCUMENT ID TEEN COMMENT 

+ 0 . 0 4 •  MANLEY 92 IPWA ~rN ~ 7rN & N~r~r 

(r~rr)Y'/r~,l i. N~r--~ N(1675) --* Np, 5=3/2,  D-wave (rl rz~)~/r 
VALUE DOCUMENT /D TEEN COMMENT 
--0.12 to  - -0.06 OUR ESTIMATE 
- 0 . 0 3 •  M A N L E Y  92 IPWA ~ N  ~ ~rN & N~r~r 
- 0 . 1 5  1,7 LONGACRE 77 IPWA ~rN ~ N~r~r 

(1"11"f)Z/2/ l ' total  in N~ r  --* N ( 1 6 7 5 )  ---* t = o  N(,r.)s_.. . (r~ r . ) ~ / r  
VALUE DOCUMENT ID TEEN COMMENT 

+0.03  I ' 7 L O N G A C R E  77 IPWA ~rN ~ N~r~r 

N(1675) PHOTON DECAY A M P L I T U D E S  

N(1675) --* p ' / ,  h e l i c i t y - 1 / 2  a m p l i t u d e  A1/2 
VALUE (GeV -1/2 ) DOCUMENT ID TEEN COMMENT 

+0.0194"0.008 OUR ESTIMATE 
0.015•  A R N D T  96 IPWA ~'N ~ ~ N  
0.021• CRAWFORD 83 IPWA "yN ~ ~rN 
0.034•  AWAJI 81 DPWA 3'N ~ ~ N  
0,006•  ARAI 80 DPWA 3'N ~ ~ N  (f i t 1) 
0 .006•  ARAI 80 DPWA "}'N ~ ~ N  (f i t 2) 
0 .023•  CRAWFORD 80 DPWA ~ N  ~ ~rN 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0 .012 i0 ,002  LI 93 IPWA ~'N ~ ~rN 
+0 .022 •  BARBOUR 78 DPWA "rN ~ l rN  
+0 .034 •  FELLER 76 DPWA ~fN ~ l rN  

N(1675) ~ p% h e l l c l t y - 3 / 2  a m p l i t u d e  A3/2 
VALUE fGeV -1 /2 )  DOCUMENT ID TEEN COMMENT 

+0.015-1-0.009 OUR ESTIMATE 
0.010•  A R N D T  96 IPWA "TN ~ ~rN 
0.015:~0.009 CRAWFORD 83 tPWA ? N  ~ ~rN 
0.024•  AWAJI 81 DPWA 3'N ~ ~ N  
0.030•  ARAI  80 DPWA "}'N ~ ~ N  (f i t 1) 
0.029=1=0.004 ARAI 80 DPWA 3'N ~ l rN  (f i t  2) 
0 .003•  CRAWFORD 80 DPWA 3'N ~ ~rN 

�9 �9 �9 We do not use the following data for averages, fits, l imits, e t c . � 9  �9 �9 

0 .021•  LI 93 IPWA ~'N ~ I rN  
+0 .015 •  BARBOUR 78 DPWA ~'N ~ l rN  
+0 .019 •  FELLER 76 DPWA ~'N ~ ~ N  
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N(1675) --~ n'),, helldty-1/2 amplitude All 2 
VALUE (GeM -h /2 }  DOCUMENT ID TECN COMMENT 

--0.043=E0.012 OUR ESTIMATE 

- 0 . 0 4 9 + 0 . 0 1 0  ARNDT 96 IPWA "~N ~ ~ N  
- 0 . 0 5 7 •  AWAJI 81 DPWA "~N ~ ~rN 
- 0 . 0 3 3 •  FUJII 81 DPWA 3'N ~ vrN 
- 0 . 0 3 9 •  ARAI 80 DPWA "~N ~ ~rN (fit 1) 
- 0 . 0 2 5 •  ARAI 80 DPWA 3'N ~ ~rN (fit 2) 
- 0 . 0 5 9 4 - 0 . 0 1 5  CRAWFORD 80 DPWA ~ N  ~ ~rN 
- 0 . 0 2 1 •  TAKEDA 80 DPWA 3'N ~ E N  

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc, �9 �9 �9 

- -0 .0604-0.003 LI 93 IPWA 3'N ~ ~rN 
- -0 .0664-0.020 BARBOUR 78 DPWA ~fN ~ ~ N  

N(1675) --* n-f, helicity-3/2 amplitude A~/2 
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N(1675), N(1680) 

I N(168~ = ,'~1'5+', Status: ~<* ~<>~ 

Most of the results published before 1975 are now obsolete and have 
been omitted. They may be found in our 1982 edition, Physics 
Let ters  111B (1982) .  

N(1680) BREIT-WlGNER MASS 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 

1675 to 1690 (r 1680) OUR ESTIMATE 
1684~  4 M A N L E Y  92 IPWA ~ N  ~ E N  &. N~r~r 
1 6 8 0 •  CUTKOSKY 80 IPWA ~ N  ~ ~rN 
16844- 3 HOEHLER 79 IPWA ~rN ~ ~ N  

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc.  �9 �9 �9 

VALUE (GeV - 1 / 2 )  DOCUMENT ID TECN COMMENT 

--0.058-1-0.013 OUR ESTIMATE 
- 0 . 0 5 1 ~ 0 . 0 1 0  ARNDT 96 IPWA ? N  ~ x N  
- 0 . 0 7 7 4 - 0 . 0 1 8  AWAJI 81 DPWA ~/N ~ ~ N  
- 0 . 0 6 9 4 - 0 . 0 0 4  FUJII 81 DPWA *yN ~ x N  
- 0 . 0 6 6 4 - 0 . 0 2 6  ARAI 80 DPWA 3'N ~ E N  (f i t  1) 
- -0 .0714-0.022 ARAI 80 DPWA "yN ~ ~rN (f i t  2) 
- 0 .0594 -0 .020  CRAWFORD 80 DPWA 3 'N ~ ~rN 
-0 .0304 -0 .012  TAKEDA 80 DPWA " rN  ~ 7rN 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

-0 .0744 -0 .003  LI 93 IPWA " tN  ~ ~rN 
- 0 . 0 7 3 •  BARBOUR 78 DPWA "~N ~ ~rN 

1679•  5 ARNDT 96 IPWA 3 'N ~ ~rN 
1678 ARNDT 95 DPWA E N  ~ Nw 
16744-12 BATINIC 95 DPWA ~rN ~ N~r, Nr/  

1682 CRAWFORD 80 DPWA "~N ~ ~rN 
1680 BARBOUR 78 DPWA ~,N ~ ~rN 
1660 1 LONGACRE 77 IPWA ~rN ~ NEE 

1685 KNASEL 75 DPWA ~ r - p  ~ A K  0 

1670 2 LONGACRE 75 IPWA E N  ~ N~r~r 

VALUEIMeV ) 

N(1680) BREIT-WlGNER WIDTH 

DOCUMENT ID TECN COMMENT 

N(1675) FOOTNOTES 
1 LONGACRE 77 pole positions are from a search for poles in the un~tadzed T-matr ix ;  the 

f irst (second) value uses, in addit ion to ~rN ~ N~r~ data, elastic ampli tudes from a 
Saclay (CERN) partial-wave analysis. The other LONGACRE 77 values are from eyeball 
fits w i th  Brei t -Wigner circles to the T -mat r i x  amplitudes. 

2 From method II of LONGACRE 75: eyeball f i ts w i th  Brei t -Wigner circles to the T-mat r ix  
amplitudes. 

3 See HOEHLER 93 for a detailed discussion of the evidence for and the pole parameters 
of N and Zl resonances as determined from Argand diagrams of x N elastic partial-wave 
ampl i tudes and from plots of the speeds wi th  which the ampli tudes traverse the diagrams. 

4LONGACRE 78 values are from a search for poles in the unitarized T-matr ix .  The first 
(second) value uses, in addition to ~rN ~ N~r~ data, elastic amplitudes from a Saclay 
(CERN) part ial-wave analysis. 

5SAXON 80 finds the coupl ing phase is near 90 ~  

6The  range given is from the four best solutions. DEANS 75 disagrees wi th  w + p  

120 to 140 (~= 1S0) OUR ESTIMATE 
1394- 8 MANLEY 92 IPWA ~rN ~ ~ N  & N~r~r 
1204-10 CUTKOSKY 80 IPWA 7rN ~ 7rN 
1284- 8 HOEHLER 79 IPWA 7rN ~ 7rN 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 * 

1 2 4 •  4 A R N D T  96 IPWA ~/N ~ ~ N  
126 A R N D T  95 DPWA I rN  ~ NTr 
1264-20 BATINIC 95 DPWA ~rN ~ N~r, Nr/  
121 CRAWFORO 80 DPWA 3'N ~ ~ N  
119 BARBOUR 78 DPWA "TN ~ 7rN 
150 I LONGACRE 77 IPWA ~rN ~ N E E  

155 KNASEL 75 DPWA ~ ' - p  ~ A K  0 

130 2 LONGACRE 75 IPWA ~ N  ~ N~r~r 

N(1680) POLE POSITION 
~ +  K + data of WINNIK  77 around 1920 MeV. 

7 LONGACRE 77 considers this coupling to be well determined. 
8 A  Brei t -Wigner fit to the HERNDON 75 IPWA. 

N(1675) REFERENCES 

For early references, see Physics Letters 111B 70 (1982). 

ARNDT 96 
ARNDT 95 
BATINIC 95 

Also 98 
HOEHLER 93 
LI 93 
MANLEY 92 

Also 84 
ARNDT 91 
BELL 83 
CRAWFORD 83 
PDG 82 
AWAJI 81 

AlSO 82 
FUJII 81 
ARAI 80 

Also 82 
CRAWFORD 80 
CUTKOSKY 80 

AlSO 79 
SAXON e0 
TAKEOA a0 
BAKER 79 
HOEHLER 79 

Also 80 
BARBOUR 78 
LONGACRE 7B 
NOVOSELLER 78 

Also 78B 
LONGACRE 77 

AlSO 76 
WINNIK 77 
FELLER 76 
DEANS 75 
FELTESSE 75 
HERNDON 75 
LONGACRE 75 
DEVENISH 74B 

PR C53 430 R.A. Arndt, LI. Strakovsky, R.L. Workman (VPI) 
PR C52 2120 R.A, Amdt et al. (VPI, BRCO) 
PR C51 2310 M, Batinic et al. (BOSK, UCLA) 
PR C57 ]004 (erratum) M Batinic et at. 
~rN Newsletter 5 l G. HoMer (KARL) 
PR C47 2759 Z.J. Li et aL (VPI) 
PR D454002 D.M. M~nley, E.M, Saleski (KENT) IJP 
PR D30 904 DM. Manley et al. (VPI) 
PR D43 2131 R.A. Arndt et aL (VPI, TELE) IJP 
NP B222 389 K.W. Bell et at. (RL) IJP 
NP B211 ] R.L. Crawford, W.T. Morton (GLAS) 
PL 111B M RODS et aL (HELS, ClT, CERN) 
Bonn Conf 352 N. AwajL R. Kajikawa (NAGO) 
NP B197 365 K. Fujil et a]. (NAGO) 
NP BIB7 53 K. Fuji; et aL (NAGO, OSAK) 
Toronto ConlL 93 I, Arai (INUS) 
NP B[94 25l h Arai, H. Fuj[i IINUS) 
Toronto Conf. 107 R.L. Crawford (GLAS) 
Toronto Co~f 19 R.E. Cutkosky el aL (CMU. LBL) IJP 
PR D20 2839 R.E. Cutkosky et aL (CMU. LBL) IJP 
NP BIb2 522 D.H. saxon et ah (RHEL. BRIS) IJP 
NP B168 17 H. Takeda et al. (TOKY. INUS) 
NP B156 93 R.D. Baker et al. (RHEL) IJP 
PDAT 12-1 G. Hel~ler et aL (KARLT) IJP 
To~onto ConL 3 R. Koch (KARLT) IJP 
NP B]41 253 IM. Barbour, R.L. Crawford, N.H. Parsons (GLAS) 
PR D17 1795 R.S. Longacre et aL (LBL, SLAC) 
NP Bh3r 509 D.E. Novoseller (CIT) IJP 
NP B137 445 D.E. Novoseller (EIT) IJP 
NP B122 493 n.s. Longacre, J, Dolbeau (SACL) IJP 
NP BIOB 365 J. Oolbeau et al. (SACL) IJP 
NP B12S 66 M. Winnik et al. (HALF) I 
NP B104 219 P. Feller et al. (NAGO, OSAK) IJP 
NP B96 90 S.R. Deans et aL (SFLA, ALAH) IJP 
NP B93 242 J. Feltesse et al. (SACL) IJP 
PR D]I  3183 D. Herndon et aL (LBL, SLAC) 
PL 55B 415 RS. Longacre et aL {LBL, SLAC) IJP 
NP B81 330 R,C,E. Dev~nish. C,D. Froggatt. B.R, Martin (DESY+) 

REAL PART 
VALUE (MeV) DOCUMENT ID TEEN COMMENT 

1665 to 1675 (~ 1670} OUR ESTIMATE 
1670 ARNDT 95 DPWA ~ N  ~ N~  
1673 3 H O E H L E R  93 ARGO 7 r N ~  ~rN 
1 6 6 7 + 5  CUTKOSKY 80 IPWA ~rN ~ 7rN 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, erE. �9 �9 �9 

1670 ARNDT 91 DPWA ~ N  ~ ~rN Soln SM�0 
1668 or 1674 4 LONGACRE 78 IPWA l r N  ~ N;r~r 
1656 or 1653 1 LONGACRE 77 IPWA l r N  ~ N E E  

-2xlMAGINARY PART 
VALUE IMeV) DOCUMENT ID TECN COMMENT 

105 to 135 (~ 120) OUR ESTIMATE 
120 A R N D T  95 DPWA l r N  ~ N~r 
135 3 HOEHLER 93 ARGD 7rN ~ ~rN 
1104-10 CUTKOSKY 80 IPWA ~rN ~ x N  

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

116 ARNDT 91 DPWA E N  ~ 7rN Soln SM�0 
132 or 137 4 LONGACRE 78 IPWA 7rN --* N~rlr 
145 or 143 1 LONGACRE 77 IPWA 7rN ~ NEar 

N(1680) ELASTIC POLE RESIDUE 

MODULUS Irl 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

40 ARNDT 95 DPWA E N  ~ N~r 
44 HOEHLER 93 ARGO ~ N  ~ E N  
344-2 CUTKOSKY 80 IPWA ~rN ~ E N  

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

37 ARNDT 91 DPWA ~rN ~ ~ N  Soln SMg0 

PHASE e 
VALUE (o) DOCUMENT ID TECN COMMENT 

+ i A R N D T  95 DPWA E N  ~ N~r 
- - ] 7  HOEHLER 93 ARGD E N  ~ ~rN 
- 2 5 4 - 5  CUTKOSKY 80 IPWA E N  ~ ~rN 

�9 i �9 We do not use the following data for averages, fits, l imits, etc,  �9 �9 i 

- 1 4  A R N D T  91 DPWA E N  ~ ~rN 801n SM90 
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Baryon Particle Listings 
N(1680) 

N(1680) DECAY MODES 
The fol lowing branching fractions are our estimates, not fits or averages. 

Mode Fraction (F i /F )  

r] N~r 60-70 % 

F 2 N ~  

F 3 AK 
F 4 Z- K 

I- 5 N~r~r 30-40 % 

F 6 , ~ r  5-15 % 

F 7 A ( 1 2 3 2 ) ~ r ,  P -wave  6-14 % 

F 8 Z3(1232)~r,  F-wave <2 % 

F 9 N p  3-15 % 

FlO N p ,  S = 1 / 2 ,  F -wave  

F l l  N p ,  S = 3 / 2 ,  P -wave  <12 % 

F]2 N p ,  5 = 3 / 2 ,  F -wave  ~-5 % 
/ = 0  

F13 N (~Tr)5_wave 5-20 % 

F14 p~ '  0.21-0.32 % 

F15 p-~, h e l i c i t y = l / 2  0.00~-0.01] % 

F16 p ? ,  h e l i c i t y = 3 / 2  0.20 0.32 % 

FI? n7 0.021-0.046 % 

Ft8 n-' f ,  h e l i c i t y = l / 2  0.004-0.029 % 

F]9 n~f, h e l i c i t y = 3 / 2  O.Ol-0.024 % 

0 n n l ~  + 0,0035 
. . . . .  --0.0010 

0.01 -- 0,004 
0.0005 or 0.001 
0.0004 
0.003 4-0.002 

F(N,t) IF(N,) 
VALUE 

N(1680) BRANCHING RATIOS 

r(Nx)/rto~,l  r l / r  
VALUE DOCUMENT ID TECN COMMENT 
0.6 tO 0.? OUR ESTIMATE 
0.704-0.03 MANLEY 92 IPWA ~rN ~ ~rN & N~r~r 
0.624-0.05 CUTKOSKY 80 IPWA ~rN ~ ~rN 
0.654-0.02 HOEHLER 79 IPWA ~rN ~ ~rN 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.68 ARNDT 95 DPWA ~ N  ~ N~r 
0.694-0.04 BATINIC 95 DPWA ~r N ~ N~r, N~ 1 

(qr~)�89 Nx-~  N(1680)--* N~/ (rlr=)%/r 
VALUE DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

not seen BAKER 79 DPWA ~r- p ~ n~ 

r(N,~)/r~l rdr 
VALUE DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

TIATOR 

BATINIC 
5 CARRERAS 
5 BOTKE 
5 DEANS 

99 DPWA "/p ~ p~/ 

95 DPWA ~ N  ~ N~r, N~ 
70 MPWA t pole + resonance 
69 MPWA t pole + resonance 
69 MPWA t pole 4- resonance 

r~Irl 
TECN COMMENT DOCUMENT ID 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 * 

<0.027 HEUSCH 66 RVUE x 0  ~l photoproduction 

(qr~)%/rt~, in N~r ~ N(1680) ~ AK (rlr3)~/r 
Coupling to A K  not required in the analyses of BAKER 77, SAXON 80, or BELL 83. 

VALUE DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.01 KNASEL 75 DPWA ~r -  p ~ A K  0 

-0.009.s DEVENISH 748 Fixed-t dispersion rel. 

(qr,)~/rto.i in Nx -~ N(1680)--, r E  (rlr4)~/r 
VALUE DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

<0.001 6DEANS 75 DPWA ~ N ~  ~ K  

Note: Signs of couplings from ~rN ~ Nzr~r analyses were changed in the 
1986 edition to agree with the baryon-first convention; the overall phase 
ambiguity is resolved by choosing a negative sign for the A(1620) 531 
coupling to A(1232) ~r. 

(qr,)~/rto=, i. N . - *  NOSS0)-~ A(1232)x, P-wave (rlrz)%/r 
VALUE DOCUMENT ID TECN COMMENT 
--0.31 to -0.21 OUR ESTIMATE 
- 0 . 2 6 •  MANLEY 92 IPWA ~'N ~ ~rN & N~rx 
-0 .27  1,7 LONGACRE 77 IPWA ~r N ~ N~r~r 
- 0 .25  2 LONGACRE 75 IPWA ~ N  ~ N~r~ 
�9 �9 �9 We do not use the following data for averages, fits, )imits, etc. �9 �9 �9 

-0 .38  8 NOVOSELLER 78 IPWA ~rN ~ N~r~r 

(r~rr)~/r=al In N~r -~ N(1680) ~ ZI(1232)~r. F-wave (rlrg)%/r 
VALUE DOCUMENT IO TECN COMMENT 
+0.03 tO +0.11 OUR ESTIMATE 
4-0.074-0.03 MANLEY 92 IPWA ~ N  ~ ~rN & N ~  
+0.07 1,7 LONGACRE 77 IPWA ~ N  ~ N1rlr 
4-0.08 2 LONGACRE 75 IPWA ~ N  ~ N ~ r  
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

+0.05 8 NOVOSELLER 78 IPWA ~ N  ~ NTr~r 

(rlrf)~/r~l In Nlr ~ N(1680)--* Np. 5=-3/2. P-wave (rlr11)~/r 
VALUE DOCUMENT ID TECN COMMENT 
--0.30 to --0.10 OUR ESTIMATE 
- 0 . 2 0 •  MANLEY 92 IPWA ~ N  ~ 7rN &_ N~r~r 
-0 .23  1,7 LONGACRE 77 IPWA ~ N  ~ N~rTr 
- 0 .30  2 LONGACRE 75 IPWA ~rN ~ N~rTr 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

-0 .34  8 NOVOSELLER 78 IPWA ~rN ~ Nzr~r 

(rlrf)~/rto~l In N x  --* N(1680) ~ NO. 5=3/2. F-wave (rlr12)~/r 
VALUE DOCUMENT ID TECN COMMENT 
-0.18 tO --0.10 OUR ESTIMATE 
-0.134-0.03 MANLEY 92 IPWA ~rN ~ 7rN & N~r~r 
-0 .15  1,7 LONGACRE 77 IPWA ~ N  ~ N~r~r 

( r~r f )~ / r t~n in Nx --~ N(1680) --,. /=o N(~r~)s.w,~ (rlr13)~Ir 
VALUE DOCUMENT ID TECN COMMENT 
+0.25 to +0.35 OUR ESTIMATE 
+0.29•  MANLEY 92 IPWA ~ N  ~ ~rN &_ N ~  
+0.31 1,7 LONGACRE 77 IPWA ~rN ~ N~r~r 
+0.30 2 LONGACRE 75 IPWA ~ N  ~ N~r~r 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

+0.42 8 NOVOSELLER 78 IPWA ~tN ~ N~r~r 

N(1680) PHOTON DECAY AMPLITUDES 

N(1680) ~ P3'. helicity-1/2 amplitude A1/2 
VALUE(GeV -1 /2 )  DOCUMENT iD TECN COMMENT 

--0.0154.0.006 OUR ESTIMATE 
-0.0104-0.004 ARNDT 96 IPWA 3'N ~ 7rN 
-0.0174-0.018 CRAWFORD 83 IPWA 3'N ~ ~TN 
--0.0094-0.006 AWAJI 81 DPWA 3'N ~ zrN 
-0.0284-0.003 ARAI 80 DPWA I ' N  ~ ~ N  (fit 1) 
-0.0264-0.003 ARAI 80 DPWA ")'N ~ ~TN (f i t  2) 
--0.0184-0.014 CRAWFORD 80 DPWA " I N - 4  ~rN 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

-0.006:t_0.002 LI 93 IPWA 3'N ~ ~rN 
-0.0054-0.015 BARBOUR 78 DPWA 3'N ~ ~ N  
-0.0094-0.002 FELLER 76 DPWA 3'N ~ 7rN 

N(1680) ~ P3'. helicity-3/2 amplitude .6.3/2 
VALUE (GeV ~1/2) DOCUMENT iD TECN COMMENT 

+0.1334-0.012 OUR ESTIMATE 
0.1454-0.005 ARNDT 96 IPWA ")'N ~ l rN 
0.1324-O010 CRAWFORD 83 IPWA "yN ~ ~rN 
0.1154-O008 AWAJI 81 DPWA 3'N ~ ~rN 
0.1154"0.003 ARAI 80 DPWA "}'N ~ 7rN (fit 1) 
0.1224-0.003 ARAI 80 DPWA 3'N ~ 7rN (fit 2) 
0.1414-0.014 CRAWFORD 80 DPWA "}'N ~ 7rN 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc, �9 �9 �9 

0.1544-0.002 LI 93 IPWA 3'N ~ 7rN 
--0.1384-0.021 BARBOUR 78 DPWA 7 N  ~ 7rN 
+0.1214-0.010 FELLER 76 DPWA 3'N ~ 7rN 

N(1680) --~ n-/. helicity-1/2 amplitude A1/2 
VALUE (GeV -1/2) DOCUMENT ID TECN COMMENT 

-t-0.029-t-0.010 OUR ESTIMATE 
0.0304-0,005 ARNDT 96 IPWA "}'N ~ 7rN 
0.0174-0,014 AWAJI 81 DPWA "}'N ~ ~ N  
0.0324-0,008 FUJII 81 DPWA "}'N ~ ~rN 
0.0264-0,005 ARAI 80 DPWA "yN ~ zrN (fit 1) 
0.0284-0.014 ARAI 80 DPWA 3'N ~ 7rN (fit 2) 
0.0444-0.012 CRAWFORD 80 DPWA 3'N ~ ~ N  
0.0254-0.010 TAKEDA 80 DPWA "}'N ~ zrN 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.0224-0.002 LI 93 IPWA 3'N ~ 7rN 
+0.0374-0.010 BARBOUR 78 DPWA 3'N ~ 7rN 



See key on page 239 

N(1680) --~ n,y, helicity-3/2 amplitude A3/2 
VALUE ( GeV - 1 / 2  ) DOCUMENT ID TEEN COMMENT 

--0.0331-1-0.009 OUR ESTIMATE 
-0.0404-0,015 ARNDT 96 IPWA ")'N ~ ~ N  
-0.033-i-0.013 AWAJI 81 DPWA "yN ~ ~ N  
-0 .023•  FUJII 81 DPWA 'yN ~ ~ N  
-0 .024•  ARAI 80 DPWA - /N ~ ~ N  (fit 1) 
-0.0299:0.017 ARAI 80 DPWA "yN ~ ~rN (fit 2) 
-0.0334-0.015 ERAWFORD 80 DPWA ~fN ~ ?rN 
--0.0354-0.012 TAKEDA 80 DPWA 3'N ~ ~rN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 i i 

-0.0484-0.002 LI 93 IPWA "),N ~ wN 
--0.0384-0.018 BARBOUR 78 DPWA " IN ~ ~N 

N(1680) FOOTNOTES 
1 LONGACRE 77 pole positions are from a search for poles in the unitarized T-matrix; the 

first (second) value uses, in addition to ~rN ~ N~'~T data, elastic amplitudes from a 
Saclay (CERN) partial-wave analysis. The other LONGACRE 77 values are from eyeball 
fits wi th Breit-Wigner circles to the T-matdx  amplitudes. 

2 From method II of LONGACRE 75: eyeball fits with Breit-Wigner circles to the T-matr ix 
amplitudes. 

3See HOEHLER 93 for a detailed discussion of the evidence for and the pole parameters 
of N and /% resonances as determined from Argand diagrams of ~-N elastic partial-wave 
amplitudes and from plots of the speeds with which the amplitudes traverse the diagrams. 

4LONGACRE 78 values are from a search for poles in the unitarized T-matrix. The first 
(second) value uses, in addition to ~rN ~ N~r~r data, elastic amplitudes from a Saclay 
(CERN) partial-wave analysis. 

5 The parametrization used may be double counting. 
6The range given is from 3 of 4 best solutions; not present in solution 1. DEANS 75 

disagrees with ~r+p ~ .~'4- K + data of WINNIK 77 around 1920 MeV. 
7 LONGACRE 77 considers this coupling to be well determined. 
8A  Breit-Wigner fit to the HERNDON 75 IPWA. 

N(1680) REFERENCES 

For early references, see Physics Letters 111B 70 (1982). For very early 
references, see Reviews of Modern Physics 37 633 (1965). 

TIATOR 99 PR C60 035210 L. Tiator et al. 
ARNDT 96 PR C53 430 R.A. Arndt, LL Strakovsky, R.L. Workman (VPI) 
ARNDT 95 PR s 2120 R.A. Arndt et aL (VPI, 9RCO) 
BATINIC 95 PR C51 2310 M. Batinic et al. (BOSK, UCLA) 

Also 98 PR C57 1004 (erratum) M. Batinic et aL 
HOEHLER 93 ,~r N Newsletter 9 1 G. Hohler (KARL) 
LI 93 PR C47 2759 Z.J. U et aL (VPI) 
MANLEY 92 PR D45 4002 D.M. Manley, E.M. Safeskl (KENT) IJP 

Also 84 PR D30 904 D.M. Manley et aL (VPI) 
ARNDT 9] PR D43 2131 R.A. Ar~dt et aL (VPI, TELE) IJP 
BELL 83 NP B222 389 K.W. Bed et aL (RL) IJP 
CRAWFORD 83 NP 821] 1 R.L. Crawf(xd, W.T. Morto~ (GLAS) 
PDG 82 PL 111B M. ROOS et aL (HELS, CIT, CERN) 
AWAJI 81 Bonn Conf. 352 N. Await, R. Kajikawa (NAGO) 

Also 82 NP 8197 365 K. Fujil et aL (NAGO) 
FUJII 81 NP B187 53 K. Fujil e( aL (NAGO, OSAK) 
ARAI 80 Toronto Conf. 93 I. Arai (INUS) 

AlSO 82 NP B194 251 I. Arai, H. Fujii ONUS) 
CRAWFORD 80 Toronto Conf. 107 R.L Crawford (GLAS) 
CUTKOSKY 80 Toronto Conf. ]9 R.E. Culkosky et aL (CMU, LBL) IJP 

Also 79 PR D20 2839 R.E. Cutkosky et aL (CMU, LBL) IJP 
SAXON 80 NP B162 522 D.H. Saxon et at. (RHEL, BRIS) IJP 
TAKEDA B0 NP 8168 [r H. Takeda et aL (TORY, INUS) 
BAKER 79 NP B156 93 R.D. Baker et aL (RHEL) IJP 
HOEHLER 19 PDAT 12-1 G. Hohle~ et aL (KARLT) IJP 

Also 80 Toronto Conf. 3 R. Koch (KARLT} IJP 
BARBOUR 78 NP B141 253 I.M. Barbour, R.L. Crawford, NH. Parsons (GLAS) 
LONGACRE 78 PR D17 1795 R.S. Longacre et aL (LBL, SLAC) 
NOVOSELLER 78 NP Bla7 509 D.E. Novoseller (CIT) IJP 

Also 78B NP 8137 445 D.E. Novoseller (CIT) IJP 
BAKER 7r NP 8126 365 R.D. Baker et aL (RHEL) IJP 
LONGACRE 77 NP B122 493 R.S. Longacre, J. Dolbeau (SACL) IJP 

Also 76 NP B108 355 J. Dolbea~ et at. (8ACL) IJP 
WINNIK T7 NP B128 66 M. Winnlk et al. (HALF) I 
FELLER 76 NP 8104 219 P. Feller et al. (NAGO, OSAK) IJP 
DEANS 75 NP 896 90 S,R. Deans et aL (SFLA, ALAH) IJP 
HERNDON 75 PR Dl l  3183 D. Herndon et al. (LBL, SLAC) 
KNASEL 75 PR D l l  1 T.M. Knasel et at. (CHIC, WUSL, OSU+) IJP 
LONGACRE 75 PL 558 415 R.S. Longacre et al. (LBL, SLAC) IJP 
DEVENISH 74B NP 881 130 R.C.E. Devenlsh, C.D. Fro~gatt, B.R. Martln (DESY+) 
CARRERAS 70 NP B16 35 B. Carreras, A. Donnachie (DARE. MCDS) 
BOTKE 69 PR 180 ]417 J.C. Botke (UCSB) 
DEANS 69 PR 185 1797 S,R. Deans, J.W. Wooten (SFLA) 
HEUSCH 66 PRL 17 1019 C.A. Heusch, C.Y. Prescott. RF. Dashen (CIT) 
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Part ic le  List ings 
N(1680),  N(1700) 

I I , ( ,  ) Status: �9 :~ N(1700) D13 /(JP) = , 3- 
Most of the  results publ ished before 1975 are now obsolete and have 
been omi t ted .  They may be found in our  1982 edi t ion,  Physics 
Letters 111B (1982). 

The various part ia l -wave analyses do no t  agree very wel l .  

N(1700) BREIT-WlGNER MASS 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

1650 to 1750 (e= 1700) OUR ESTIMATE 
17374-44 MANLEY 92 IPWA ~rN ~ ~ N  & N~r~r 
16754-25 CUTKOSKY 80 IPWA ~TN ~ ~rN 
17314-15 HOEHLER 79 IPWA ~rN ~ ~rN 

�9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

17914-46 BATINIC 95 DPWA ~ N  ~ N~,  NT/ 
1709 CRAWFORD 80 DPWA "}'N ~ ~ N  
1650 SAXON 80 DPWA x - p  ~ A K  0 

1690 to 1710 BAKER 78 DPWA ~ - p  ~ A K  0 

1719 BARBOUR 78 DPWA ~,N ~ ~rN 
16704-10 1 BAKER 77 IPWA ~ r - p  --~ A K  0 

1690 1 BAKER 77 DPWA I r - - p  ~ A K  0 

1660 2 LONGACRE 77 IPWA ~rN ~ N~r~r 
1710 3 LONGACRE 75 IPWA ~rN ~ N~r~r 

N(1700) BREIT-WlGNER WIDTH 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

50 to 150 (== 100) OUR ESTIMATE 
2504-220 MANLEY 92 IPWA ~rN ~ 7rN & N;TTr 

904- 40 CUTKOSKY 80 IPWA ~rN ~ ~rN 
1104- 30 HOEHLER 79 IPWA ~rN ~ ~rN 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

215•  60 BATINIC 95 DPWA ~rN ~ Nlr ,  N~/ 
166 CRAWFORD 80 DPWA 7 N  ~ 7rN 

70 SAXON 80 DPWA x - p  ~ A K  0 

70 to 100 BAKER 78 DPWA x - p  ~ A K  0 

126 BARBOUR 78 DPWA 3'N ~ 7rN 
904- 25 1 BAKER 77 IPWA I r - p  ~ A K  0 

100 1 BAKER 77 DPWA ~ r - p  ~ A K  0 

600 2 LONGACRE 77 IPWA ~rN ~ NTrlr 
300 3 LONGACRE 75 IPWA ~rN ~ NzrTr 

N(1700) POLE POSITION 

REAL PART 
VALUE (MeV) DOCUMENT 119 TECN COMMENT 

1630 to 1730 ( ~  1680) OUR ESTIMATE 
1700 4 HOEHLER 93 SPED ~-N ~ ~ N  
16604-30 CUTKOSKY 80 IPWA ~'N ~ ~ N  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

not seen ARNDT 91 DPWA I rN ~ ~N Soln SMS0 
1710 or 1678 5 LONGACRE 78 IPWA ~rN ~ NTrTr 
1616 or 1613 2 LONGACRE 77 IPWA ~rN ~ N~rTr 

-2xlMAGINARY PART 
VALUE(MeV) DOCUMENT ID TECN COMMENT 

50 to 150 (~  100) OUR ESTIMATE 
120 4HOEHLER 93 SPED x N ~  7rN 

904-40 CUTKOSKY 80 IPWA 7rN ~ 7rN 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

not seen ARNDT 91 DPWA ~rN ~ ~ N  Soln SM90 
607 or 567 5 LONGACRE 78 IPWA l rN  ~ N w ~  
577 or 575 2 LONGACRE 77 IPWA ~ N  ~ N ~ l r  

MODULUS I'1 
VALUE (MeV) 

5 
64-3 

PHASE 0 
VALUE( ~ ) 

04-50 

N(1700) ELASTIC POLE RESIDUE 

DOCUMENT ID TECN COMMENT 

HOEHLER 93 SPED "trN ~ 7rN 
CUTKOSKY 80 IPWA 7rN ~ ~rN 

DOCUMENT /D TECN COMMENT 

CUTKOSKY 80 IPWA ~:N ~ ~ N  
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Baryon 
N(1700)  

Particle Listings 

N(1700) DECAY MODES 

The following branching fractions are our estimates, not fits or averages. 

Mode Fraction ( i - i / r )  

r l  N~r 5-15 % 
r2 Nr/ 
r 3 AK <3% 
r4 E K  
r8 N ~  85-95 % 
r 6 z ~  
r~ A(1232)~r, S-wave 
r8 A(1232)~r, D-wave 
r 9 N p  <35 % 

r l 0  N p ,  5 = 1 / 2 ,  D - w a v e  

rl~ N p ,  5 = 3 / 2 ,  S-wave 

F i2  N p ,  5 = 3 / 2 ,  D - w a v e  
I = 0  

r t 3  N ( / r / r )s_wave 

r14 P"7 0.01-0.05 % 
r15 p3', hel idty=l /2 0.0-0.024 % 
rte P3", helicity=3/2 0.002-0.026 % 
rz7 n,~ O,Ol-O.13 % 
rt8 n3', helicity=l/2 o.o-o.o9 % 
F19 n3 ' ,  h e l i c i t y = 3 / 2  o.ol-0.08 % 

N(1700) BRANCHING RATIOS 

r(N.)/r~, r l / r  
VALUE DOCUMENT ID TEEN COMMENT 
0.05 tO 0.15 OUR ESTIMATE 
0,01• MANLEY 92 IPWA ~rN ~ ~ N  & N~r~ 
0.114-0.05 CUTKOSKY 80 IPWA w N  ~ ~ N  
0.08+-0.03 HOEHLER 79 IPWA ~rN ~ ~rN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. = �9 �9 

0.04• BATINIC 95 DPWA ~rN ~ N~r, Nt/ 

r(N,~)/rto=~ r=/r 
VALUE DOCUMENT /D TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

0.10+-0.06 BATINIC 95 DPWA ~ N  ~ N~r, N~/ 

(hr~)~/rto=, In N~r-* N(1700) -~ A K  ( q  r~)~/r 
VALUE DOCUMENT /D TEEN COMMENT 
--0.06 tO +0.04 OUR ESTIMATE 
-0 ,012 BELL 83 DPWA ~ r - p  ~ A K  0 

-0 .012 SAXON 80 DPWA ~ r - p  ~ A K  0 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

-0 .04  6 BAKER 78 DPWA See SAXON 80 
-0 .03  +-0.004 ] BAKER 77 IPWA ~ r - p  ~ AK  0 

-0 .03  1 BAKER 77 DPWA ~ r - p  ~ AK  0 

+0,026+-0.019 DEVENISH 74B Fixed-t dispersion rel. 

( r l r f ) ~ / l t ~ l  in N~r--* N(1700)--* ~ K  ( I - l r4 )~ / r  
VALUE DOCUMENT /D TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

not seen LIVANOS 80 DPWA ~rp ~ ~ K  
<0.0t7  7DEANS 75 DPWA ~ r N ~  ~ K  

Note: Signs of couplings from ~rN ~ N~r~r analyses were changed in the 
1986 edition to agree with the baryon-first convention; the overall phase 
ambiguity is resolved by choosing a negative sign for the A(1620) $31 
coupling to A(1232) ~. 

(rF4~'/rto,,, in N~r ~ N(1700) --* Zl(1232)~r, S-wave ( r l rz )Y ' / r  
VALUE DOCUMENT ID TEEN COMMENT 

0.00 to 4-0.08 OUR ESTIMATE 
+0.02+0.03  MANLEY 92 IPWA ~ N  ~ ~rN & N~r~r 

0.00 2 LONGACRE 77 IPWA ~ N  ~ N ~ r  
-0 .16  3 LONGACRE 75 IPWA ~ N  ~ N ~  

(r,r~)~/r~., in N x  --* N(1700) --, Z~(1232)x, ~wave (rlr.)~/r 
VALUE DOCUMENT ID TEEN COMMENT 

::t:0.04 to 4-0.20 OUR ESTIMATE 
+0.10+0.09 MANLEY 92 IPWA �9 N ~ ~rN & N ~  
-0 .12  2LONGACRE 77 IPWA ~ N ~  N ~ r  
+0.14 3LONGACRE 75 IPWA ~ r N ~  N ~ r  

(rFf)Y'/rto~l In N r  --~ N(1700) --* Np, 5=3/2,  S-wave ( r l r l l ) ~ / r  
VALUE DOCUMENT ID TEEN COMMENT 

4-0.01 to 4-0.13 OUR ESTIMATE 
-0.04+-0.06 MANLEY 92 IPWA ~rN ~ ~rN & N ~  
-0 .07  2 LONGACRE 77 IPWA ~rN ~ N~rTr 
+0.07 3 LONGACRE 75 IPWA ~rN ~ N T l r  

(rlrf)~/rtotal In N~" --~ N(1700) --~ I=0 N ( ~r  )S..ave (r~r.)~'/r 
VALUE DOCUMENT ID TEEN COMMENT 

4-0.02 to 4-0.20 OUR I=r 
+0,02+-0.02 MANLEY 92 IPWA ~ N  ~ ~ N  & NTrTr 

0.00 2 LONGACRE 77 IPWA ~ N  ~ N~r~r 
+0 .2  3 LONGAERE 75 IPWA ~ N  ~ Nx~r  

N(1700) PHOTON DECAY AMPLITUDES 

N(1700) --~ pa', helicity-1/2 amplitude Az/z 
VALUE(GeM -1/2 ) DOCUMENT IO TEEN COMMENT 

--0.0184.0.013 OUR ESTIMATE 
-0.016+-0.014 ERAWFORD 83 IPWA ~'N ~ E N  
--0.002+-0.013 AWAJI 81 DPWA "~N ~ 7rN 
-0.028+-0.007 ARAI 80 DPWA " iN ~ ~ N  (f i t  1) 
-0.029+-0.006 ARAI 80 DPWA 3'N ~ ~ N  (f i t  2) 
-0.024+-0.019 CRAWFORD 80 DPWA "yN ~ ~rN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

-0.033+-0.021 BARBOUR 78 DPWA ~'N ~ ~ N  
-0.014+-0.025 FELLER 76 DPWA 3'N ~ ~ N  

N(1700) --, pa', helicity-3/2 amplitude Aa/2 
VALUE(GeV -1/2 ) DOCUMENT ID TEEN COMMENT 
--0.0024.0.024 OUR ESTIMATE 
--0.009+-0.012 CRAWFORD 83 IPWA 3'N ~ ~ N  

0.029+-0.014 AWAJI 81 DPWA ")'N ~ ~rN 
-0.002+-0.005 ARAI 80 DPWA ")'N ~ ~rN (fit 1) 

0.014+0.005 ARAI 80 DPWA ")'N ~ 7rN (f i t  2) 
-0.017+-0.014 CRAWFORD 80 DPWA "}'N ~ 7rN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

-0.014+-0,025 BARBOUR 78 DPWA "),N ~ 7rN 
0,0 4-0.014 FELLER 76 DPWA ")'N ~ ~ N  

N(1700) --~ n3', helicity-l/2 amplitude Al l  2 
VALUE(GeV -1/2 ) DOCUMENT ID TEEN COMMENT 

0.0004.0.050 OUR ESTIMATE 
0.006+0.024 AWAJI 81 DPWA 3'N ~ ~rN 

-0.002+-0.013 FUJII 81 DPWA ~'N ~ ~ N  
-0.052+-0.030 ARAI 80 DPWA 3'N ~ 7rN (f i t  1) 
-0.0554-0.030 ARAI 00 DPWA 3'N ~ l t N  (f i t  2) 

0.052+-0.035 ERAWFORD go DPWA I ' N  ~ w N  
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

+0.050+-0.042 BARBOUR 78 DPWA "},N ~ ~rN 

N(1700) --* n3', helicity-3/2 amplitude Aa/2 
VALUE (GeV -1/2) DOCUMENT/[9 TEEN COMMENT 

--0.003"1-0,044 OUR ESTIMATE 
-0.033+-0.017 AWAJl 81 DPWA ~'N ~ 7rN 

0.018+-0.018 FUJII 81 DPWA 3'N ~ ~rN 
-0.037+-0.036 ARAI 80 DPWA 3'N ~ 7rN (fit 1) 
-0 .035+0 .024  ARAI 80 DPWA 3'N ~ zrN (f i t  2) 

0.041+-0.030 CRAWFORD 80 DPWA "}'N ~ ~ N  
* �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

+0.035/ :0.030 BARBOUR 78 DPWA 3'N ~ ~rN 

N(1700) "/p -~ AK + AMPLITUDES 

(glrf)~/rtotal in 03' --~ N(1700) --, AK + (E 2_ amplitude) 
VALUE (units 10 -3) DOCUMENT IO TECN 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

4.09 TANABE 89 DPWA 

(rFf)Y'/rto~l in 03' --' N(1700) --* AK + (M 2_ amplitude) 
VALUE (units 10 -3) DOCUMENT ID TEEN 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

-7 .09  TAN ABE 89 DPWA 

pa' ~ N(1700) ~ AK + phase ankle O (E-2_ amplitude) 
VALUE (del~rees) DOCUMENT [D TEEN 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

- 35 .9  TANABE 89 DPWA 



See key on pace 239 

N(1700) FOOTNOTES 
1 The two BAKER 77 entries are from an IPWA using the Barrelet-zero method and from 

a conventional energy-dependent analysis. 
2 LONGACRE 77 pole positions are from a search for poles in the unitarized T-matrix; the 

first (second) value uses, in addition to ~ N  ~ N~r~r data, elastic amplitudes from a 
Saclay (CERN) partial-wave analysis. The other LONGACRE 77 values are from eyeball 
fits with Breit-Wigner circles to the T-matr ix amplitudes. 

3 From method II of LONGACRE 75: eyeball fits wi th Breit-Wigner circles to the T-matr ix 
amplitudes. 

4See HOEHLER 93 for a detailed discussion of the evidence for and the pole parameters 
of N and -", resonances as determined from Argand diagrams of ~rN elastic partial-wave 
amplitudes and from plots of the speeds with which the amplitudes traverse the diagrams. 

5LONGACRE 78 values are from a search for poles in the unitarized T-matrix. The first 
(second} value uses, in addition to ~ N  ~ N ~ r  data, elastic amplitudes from a Saday 
(CERN) partial-wave analysis. 

6The overall phase of BAKER 78 couplings has been changed to agree with previous 
conventions. 

7 The range given is from the four best solutions. 

N(1700) REFERENCES 
For early references, see Physics Letters 111B 70 (1982). 

BATINIC 95 PR C51 2310 M. Batlnic et M. (BOSK, UCLA} 
AlSO 78 PR C57 1004 (erratum) M. Batinlc et 3L 

HOEHLER 93 tr N Newslette~ 9 1 G. Hohler (KARL I 
MANLEY 92 PB D45 4002 D.M. Manley, E.M, Saleski (KENT) UP 

Also a4 PR D30 904 D,M. M~nley et a/. (VPI) 
ARNDT 9L PR D43 2131 R,A. Arndt et al. (VPI, TELE) UP 
TANABE 89 PR C39 741 H, Tanabe, M. Kohno. C. Benllhold (MANZ) 

AlSO 89 NC 102A 193 M. Kohno, H. Tanabe, C. Bennhold (MANZ) 
BELL B3 NP B222 389 K.W. Bell et al. (RL) IJP 
CRAWFORD 83 NP B2L1 l R.L Crawrord, W.T. Morton (GLAS) 
PDG 82 PL 111B M. RoDS et aL {HELS, CIT, CERN) 
AWAJI 81 Bonn Conf. 352 N. Awaji, R. Kajlkawa (NAGO) 

Al~o 82 NP B197 365 K. Fujii et aL (NAGO) 
FUJII 81 NP B187 53 K. Fujii et aL (NAGO. OSAK) 
ARAI 80 Toronto Cone 93 I. Aral (INUS) 

AlSo 82 NP BL94 251 I. Arai, H. Fujii {INUS) 
CRAWFORD 80 Toronto Cone 107 R.L. Crawford (GLAS) 
CUTKOSKY 80 Toronto Conf. 19 R.E. Cutkosky #t aL (CMU, LBL) IJP 

Also 79 PR D2O 2839 R.E. OJtkO~ky et aL (CMU, LBL) UP 
LIVANOS 80 Toronto Conf. 35 P. Livanos et al. (SACL) IJP 
SAXON 80 NP B162 522 D.H. Saxon et aL (RHEL, BRIS) IJP 
HOEHLER 79 PDAT 12-1 G. Hohler et aL (KARLT) UP 

Also 80 Toronto Conf. 3 R. Koch (KABLT} IJP 
BAKER 78 NP B141 29 RD. Baker et aL {RL, CAVE) UP 
BARBOUR 78 NP B14L 253 hM. Barbour, R,L. Crawford, N.H. Parsons {GLAS) 
LONGACRE 78 PR O17 1795 R.S. Longacre et aL (LBL, SLAC) 
BAKER 77 NP B126 365 R.D. Baker et aL (RHEL) rJP 
LONGACRE 77. NP B122 493 R.S. Longacre, J Dolbeau (SACL) IJP 

AlSO 76 NP BI08 365 J. Oolbeau et aL (SACL) UP 
FELLER 76 NP BL04 219 P. Feller et aL (NAGO, OSAK) UP 
DEANS 75 NP B96 90 SR. Deans et al, (SFLA, ALAH) IJP 
LONGACRE 75 PL 55B 415 n.s. Longacre er at. (LBL, SLAC) IJP 
DEVENBH 14B NP B81 330 R.C.E. Oevenish, C.D. Froggatt, B.R. Marlin (DESV+) 

I N ( 1 7 1 0 )  P~ I ~(JP) = 1,1+, Status: * * *  

Most of the results pubfished before 1975 are now obsolete and have 
been omitted. They may be found in our 1982 edition, Physics 
Letters 111B (1982). 

The  various par t ia l -wave analyses do not  agree very wel l .  

N(1710) BREIT-WlGNER MASS 

VALUE (MeV) DOCUMENT 10 TEEN COMMENT 

1680 to 1740 (~  1710) OUR F..STIMATE 
1717~28 MANLEY 92 IPWA ~rN ~ ~rN & N~r~r 
1700• CUTKOSKY 80 IPWA ~rN ~ ~rN 
17239:9  HOEHLER 79 IPWA ~rN ~ ~rN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

1720• ARNDT 96 IPWA *FN ~ ~rN 
1766• 1 BATINIC 95 DPWA ~rN ~ N~r, N~/ 
1706 CUTKOSKY 90 IPWA ~rN ~ ~ N  
1692 CRAWFORD 80 DPWA "TN ~ ~'N 
1730 SAXON 80 DPWA ~ r - p  ~ A K  0 

1690 BAKER 79 DPWA ~ r - p  ~ nT/ 
1650 to 1680 BAKER 78 DPWA ~r- p ~ A K  0 

1721 BARBOUR 78 DPWA "yN ~ ~rN 
16259:10 2 BAKER 77 IPWA ~ r - p  ~ A K  0 

1650 2BAKER 77 DPWA ~ r - p ~  AK 0 

1720 3 LONGACRE 77 IPWA ~rN ~ N~r~r 
1670 KNASEL 75 OPWA ~ r - p  ~ A K  0 

1710 4 LONGACRE 75 IPWA ~rN ~ N~r~r 

N(1710) BREIT-WlGNER WIDTH 

VALUE (MeV) . . . .  DOCUMENT ID TECN COMMENT 

50 to 250 (~ 100) OUR ESTIMATE 
480:t:230 MANLEY 92 IPWA ~rN ~ ~rN & N ~ "  

93:1:30 CUTKOSKY 90 IPWA ~rN ~ ~rN 
9 0 9 : 3 0  CUTKOSKY 80 IPWA ~ N  ~ ~ N  

1209:15 HOEHLER 79 IPWA ~rN ~ ~rN 
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Baryon Particle Listings 
N(1700), N(1710) 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

105•  10 ARNDT 96 IPWA ~ N  ~ / rN 
185•  61 BATINIC 95 DPWA 7rN ~ N~,  Nq  
540 BELL 83 DPWA ~ - p  ~ A K  0 

200 CRAWFORD 80 DPWA " /N ~ ~ N  
550 SAXON 80 DPWA ~ r - p  ~ A K  0 

97 BAKER 79 DPWA E - p  ~ n~/ 
90 to 150 BAKER 78 DPWA ~ r - p  ~ A K  0 

167 BARBOUR 70 DPWA 3'N ~ ~rN 
160~ 6 2 B A K E R  77 IPWA ~ r - p ~  A K  0 

95 2BAKER 77 DPWA ~ - p  ~ A K  0 

120 3 LONGACRE 77 IPWA ~rN ~ N~r~r 
174 KNASEL 75 DPWA ~ r - p  ~ A K  0 

75 4LONGACRE 75 IPWA ~rN ~ N~r~r 

N(1710) POLE POSITION 

REAL PART 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

1670 to 1770 (~= 1720) OUR ESTIMATE 
1770 ARNDT 95 DPWA ~TN ~ N~  
1690 5 HOEHLER 93.  SPED 7rN ~ ~rN 
1698 CUTKOSKY 90 ~IPWA ~rN ~ 7rN 
16909:20 CUTKOSKY 80 -JPWA ~'N ~ l rN  
�9 �9 �9 We do not use the following data for averages, f i ts ; l imi ts,  etc. �9 �9 �9 

1636 ARNDT 91 D P w A  ~ N  ~ ~ N  Soln SM90 
1708 or 1712 6 LONGACRE 78 II:~VA ~'N ~ N E E  
1720 or 1711 3 LONGACRE 77 IPWA ~rN ~ N~r~r 

- 2xIMAGINARY PART 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

80 to 380 (~ 230) OUR ESTIMATE 
378 ARNDT 95 DPWA ~rN ~ NTr 
200 5 HOEHLER 93 SPED ~ N  ~ ~ N  

88 CUTKOSKY 90 IPWA ~ N  ~ ~ N  
80•  CUTKOSKY 80 IPWA 7rN ~ ~rN 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

544 ARNDT 91 DPWA 7rN ~ 7rN Soln SM90 
17 O~ 22 6 LONGACRE 78 IPWA ~T N ~ N ~ r  

]23 or 115 3 LONGACRE 77 IPWA ~ N  ~ NTrTr 

N(1710) ELASTIC POLE RESIDUE 

MODULUS Irl 
VALUE (MeV) DOCUMENT It:) TECN COMMENT 

37 ARNDT 95 DPWA ~rN ~ N l r  
15 HOEHLER 93 SPED ~ r N ~  ~rN 

9 CUTKOSKY 90 IPWA ~rN ~ l rN  
8 i 2  CUTKOSKY 80 IPWA ~ N  ~ / rN 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

149 ARNDT 91 DPWA 7rN ~ ~rN Soln 5M90 

PHASE 8 
VALUE re} DOCUMENT ID TECN COMMENT 

--167 ARNDT 95 DPWA 7rN ~ N~ 
- 1 6 7  CUTKOSKY 90 IPWA ~rN ~ ~ N  

1 7 5 i 3 5  CUTKOSKY 80 IPWA 7rN ~ ~rN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

149 ARNDT 91 DPWA ~ N ~  ~ N S o I n S M 9 0  

N(1710) DECAY MODES 

The following branching fractions are our estimates, not fits or averages. 

Mode Fraction (ri/r) 

r 1 /V~r 10-20 % 

r 2 N r /  

F 3 A K  5-25 % 

t- 4 ~T" K 
I- 5 NT r l r  40-90% 

I- 6 A ~T 15-40 % 
F 7 z3(1232)  7r, P -wave  

r 8 N p  5-25 % 

r 9 N p ,  5 = 1 / 2 ,  P -wave  

FIG N O ,  5 = 3 / 2 ,  P -wave  

r , l  N (Trot)~-%%ve 10-40 % 

F12 p~,  0.002-0.05% 

F13 P3 ' ,  h e l i c i t y = l / 2  0.002-0.05% 

F14 n'), 0.0-0.02% 

r l s  n ? ,  h e l i c i t y = ] / 2  0.0-0.02% 
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Baryon Particle Listings 
N(1710)  

N(1710) BRANCHING RATIOS 

r ( N f ) / r t ~ l  q / r  
VALUE DOCUMENT tO TECN COMMENT 
0,10 ~ 0.20 OUR ESTIMATE 
0.09=1=0.04 MANLEY 92 IPWA x N  ~ ~rN & N ~ x  
D.20~:0.04 CUTKOSKY 80 IPWA ~ N  ~ ~rN 
0.12+0.04 HOEHLER 79 IPWA ~rN ~ ~rN 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.084-0,14 BATINIC 95 DPWA ~ N  ~ N~,  Nq 

r(m~)/r~t= r~/r 
VALUE DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc, �9 �9 �9 

0,16• BATINIC 95 DPWA ~rN ~ N~r, N~ 

(Drf)~/rto~l in Nx ~ N(1710) ~ N~/ (r~r~)~/r 
VALUE DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 

0.22 BAKER 79 DPWA ~r- p ~ n~/ 
+0.383 FELTESSE 75 DPWA $oln A; see BAKER 79 

(r, rf)%Irt~ in N~" ~ N(1T10)--~ AK (qr, )~Ir  
VALUE DOCUMENT ID TECN COMMENT 
+0.12 tO +o.la OUR ESTIMATE 
+0.16 BELL B3 DPWA 
+0.14 SAXON 80 DPWA 
�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, 

-0 .12  7 BAKER 78 DPWA 
-0 .05+0 .03  2 BAKER 77 IPWA 
-0.I0 2 BAKER 77 DPWA 

0.10 KNASEL 75 DPWA 

(rFf)�89 N~r--* N(1710)---* E K  
VALUE DOCUMENT tO TEEN 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

-0.034 LIVANOS B0 DPWA ~rp ~ Z K  
0.0751o0.203 8DEANS 75 DPWA ~ N ~  Z K  

Note: Signs of cauplings from ~rN ~ N ~ r  analyses were changed in the 
1986 edition to agree wi th the baryon-first convention; the overall phase 
ambiguity is resolved by choosing a negative sign for the A(1620) 53] 
coupling to A(1232) ~r. 

(hr,)~/r~, ,  i. N=-. N(1710) --* ~(1232)x, P - w a v e  (qr , )~ / r  

I r - -p~ A K  0 

~.--p ~ AK 0 
etc. �9 �9 �9 

See SAXON 80 
~ - - p  ~ A K  0 

~ r - p  ~ AK 0 
~ r - p ~  AK 0 

( r~ r4 )~ / r  
COMMENT 

N(1710) ~ n'/, hellcity-1/2 amplitude At/2 
VALUE(GeV -1 /2 )  DOCUMENT ID TECN COMMENT 

--0.0024-0.014 OUR ESTIMATE 
--0.002+0.015 ARNDT 96 IPWA "~N ~ ztN 

0.000:50.018 AWAJI 81 DPWA 3'N ~ ~ N  
-0 .001+0.003  FUJII 81 DPWA q,N ~ ~ N  

0.005+0.013 ARAI 80 DPWA ~ N  ~ ~ N  (fit 1) 
0.011+0.021 ARAI 80 DPWA "TN ~ ~rN (fit 2) 

-0 .017•  CRAWFORD B0 DPWA "fN ~ ~rN 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0.052+0,003 LI 93 IPWA ~fN ~ v N  
-0 .02B•  BARBOUR 7g DPWA ~ N  ~ w N  

N(1710) 9P "-~ AK+ AMPLITUDES 

(rFf)Y'/r~= in p~ ~ N(1710) -~ AK + (M 1_ amplitude) 
VALUE (units 10 -3) DOCUMENT ID TEEN 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 

- 10 .6  •  WORKMAN 90 DPWA 
- 7.21 TANABE 89 DPWA 

p-/--* N(1710) --* AK + phase ankle O (M~_ amplitude) 
VALUE Ide~rees ) DOCUMENT ID TECN 

�9 �9 �9 We do Rot Use the following data for averages, fits, l imits, etc. �9 �9 �9 

215 + 3  WORKMAN 90 DPWA 
176.3 TANABE 89 DPWA 

N(1710) FOOTNOTES 
1 BATINIC 95 finds a second state wi th a 6 MeV mass difference. 
2 The two BAKER 77 entries are from an IPWA using the Barrelet-zero method and from 

a conventional energy-dependent analysis. 
3 LONGACRE 77 pole positions are from a search for poles in the unitarized T-matrix; the 

first (second) value uses, in addition to ~rN ~ N~r~ data, elastic amplitudes from a 
Saclay (CERN) partial-wave analysis. The other LONGACRE 77 values are from eyeball 
fits wi th Breit-Wigner circles to the T-matr ix amplitudes. 

4 From method II of LON GACRE 75: eyeball fits with Breit-Wigner circles to the T-matr ix 
amplitudes. 

5 See HOEHLER 93 for a detailed discussion of the evidence for and the pole parameters 
of N and Zl resonances as determined from Argand diagrams of ~r N elastic partial-wave 
amplitudes and from plots of the speeds wi th which the amplitudes traverse the diagrams. 

6LONGACRE 78 values are from a search for poles in the unitarized T-matr ix.  The first 
(second) value uses, in addition to ~ N  ~ N~r~t data, elastic amplitudes from a Saday 
(CERN) partial-wave analysis. 

7The overall phase of BAKER 78 couplings has been changed to agree with previous 
conventions. 

8The range given for DEANS 75 is from the four best SOIBtions. 
VALUE DOCUMENT ID TECN COMMENT 

+0.16 tO -I-0.22 OUR ESTIMATE 
- 0 . 2 1 + 0 . 0 4  MANLEY 92 IPWA ~ N  ~ ~ N  & N ~ l r  
-0 .17  3 LONGACRE 77 IPWA ~r N ~ NTr~r 
+0.20 4 LONGACRE 75 IPWA Ir N ~ N~rlr 

(rF,I~/rt== in N~r --, N(1710) --+ Np, 5=1/2,  P-wave (qrgl~/r 
VALUE DOCUMENT ID TECN COMMENT 

'-I-0.09 tO :EO.19 OUR ESTIMATE 
+0.05•  MANLEY 92 IPWA ~ N  ~ ~rN & N~Tr 
+0.19 3 LONGACRE 77 IPWA ~ N  ~ N~r~ 
-0 .20  4 LONGACRE 75 IPWA ~rN ~ N~r~ 

(r,r,)~'/rt~ in Nlr --* N(1710) ~ Np, S==3/2, P-wave (rl qo)Y'/r 
VALUE DOCUMENT tD TECN CO_MMENT 

+0.31 3 LONGACRE 77" IPWA 7rN ~ NTr~ 

( rFf)~/r t~,  i. N~r --* N(1710) --, x N(~ )s-.~l=~ (qr.)~/r 
VALUE DOCUMENT ID TECN COMMENT 

4-0,14 tO 4-0.22 OUR ESTIMATE 
+0.04:E0.05 MANLEY 92 IPWA ~ N  ~ ~ N  & N~r~r 
-0 .26  3 LONGACRE 77 IPWA ~tN ~ N~r~r 
-0 .28  4 LONGACRE 75 IPWA ~rN ~ NTrTr 

N(1710) REFERENCES 

For early references, see Physics Letters 111B 70 (1982). 

ARNDT 96 PR C53 430 R.A. Arndt, I.I. Strakovsky, R.L Workman (VPI) 
ARNDT 95 PR C52 2120 R.A. Arndt et aL (VPI. BRCO) 
BATLNIC 95 PR CSt 2310 M. Batlnlc et aL (BASK, UCLA) 

Also 9S PR C57 1004 (erratum) M. Batinic et aL 
HOEHLER 93 ~ N Newsletter S t G. Hohlef (KARL) 
LI 93 PR C47 2759 Z.J. Li et aL (VPI) 
MANLEY 92 PR D45 4002 D.M. Manley, E.M. Saleski (KENT) IJP 

Also 84 PR D30 904 O.M. Maniey et aL (VPI) 
ARNDT 91 PR D43 2131 R.A. Amdt et at. (VPI, TELE} IJP 
CUTKOSKY 90 PR D42 235 R.E. Cutkosky, S. Wang (CMU) 
WORKMAN 90 PR C42 781 R.L. Workman (VPI) 
TANABE 89 PR C39 741 H. Tanabe, M. Kohl~o, C, Bennhold (MANZ) 

Also 89 NC 102A 193 M. Kohno, H. Tanabe, C. Bennhoid (MANZ) 
BELL 83 NP B222 389 K.W. Bell et aL (RL) tJP 
CRAWFORD 83 NP B211 1 R.L Crawford, W.T, Morton (GLAS) 
PDG B2 PL 111B M. RoDs et aL (HELS, CIT, CERN) 
AWAJI 81 Bonn Conf. 352 N. Awajl, R. Kajikawa (NAGO) 

Also 82 NP Btg7 365 K. Fujii e~ al. [NAGO) 
FUJII 81 NP 8187 53 K. Fujii er al. (NAGO, QSAK) 
ARAI 80 Toronto Conf. 93 k Arai ONUS) 

Also 82 NP B194 251 I. Arai, H. Fuji] (INUS) 
CRAWFORO 80 Toronto Conf. 101 R.L Crawford (GLAS) 
CUTKOSKY 80 Toronto Conf. 19 R.E. Cutkosky et al. (s LBL) IJP 

Also 19 PR D2O 283g R.E. Cutkosky et al. (CMU, LBL) UP 
LIVANOS 80 Toronto Conf. aS P. Livanos et at. (SAEL) UP 
SAXON 80 NP B162 522 D.H. Saxon et aL (RHEL, BRIS) IJP 
BAKER 79 NP B156 93 R.D, Baker et aL (RHEL) IJP 
HOEHLER 79 PDAT 12-1 (3. Hohler et aL (KARLT) liP 

Also BO Toronto Conf. 3 R. Koch (KARLT) IJP 
BAKER 78 NP B141 29 R.D. Baker et al. (RL, CAVE) UP 
BARBOUR 78 NP Btal 253 I.M. Barbour, R.L Crawford, N.H. Parsons (GLAS) 
LONGACRE 78 PR D17 1795 R.S, Longacre et al. (LBL. SLAC) 
BAKER 77 NP Bt26 365 R.D. Baker et aL (RHEL) IJP 
LONGACRE 7? NP B122 493 R.S, Lone, acre, J Dolbeau (SACL) IJP 

AlSO 76 NP B108 365 J. Dolbeau et al. (SACL) UP 
FELLER 76 NP 8104 219 P. Feller et aL (NAGO, OSAK) IJP 
DEANS 75 NP B90 90 S.R. Deans et al. (SFLA. ALAH) UP 
FELTESSE 75 NP B93 242 J. Feltesse er aL (SACL) UP 
KNASEL 75 PR DIt 1 T.M. Knasel er aL (CHIC, WUSL, OSU+) UP 
LONGACRE 75 PL 558 415 R.S. LonF, acre et aL (LBL SLAC) UP 

i 

N(1710) PHOTON DECAY AMPLITUDES 

N(1710) --+ Pg, helicity-1/2 amplitude A1/2 

VALUE (GeV -1 /2)  DOCUMENT ID TECN COMMENT 
+0.009-1-0,022 OUR ESTIMATE 

0.007+0.015 ARNOT 96 IPWA 3'N ~ 7rN 
0.006+0.018 ERAWFORD 83 IPWA 'TN ~ ~N 
0.028=I=0.009 AWA}I 81 OPWA ~ N  ~ ~rN 

-0 .009~0.006 ARAI 80 DPWA T N ~ ~ N (fit 1) 
-0 .012+0.005  ARAI 80 DPWA 3, N ~ ~:N (fit 2) 

0.015+0.025 CRAWFORD 80 DPWA "TN ~ ~N 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 * 

- 0 . 0 3 7 i 0 . 0 0 2  LI 93 IPWA 3'N ~ ~rN 
+0.001+0.039 BARBOUR 78 DPWA -yN ~ 7rN 
+0,053+0.019 FELLER 76 DPWA ~ N  ~ 7rN 



See key on page 239 

I N(172~ P"I = ,'~21'3+" Status: * * * Y ~  

Most of  the  results publ ished before 1975 are now obsolete and have 
been o m i t t e d .  They  may be found in our 1982 edit ion, Physics 
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Baryon Particle Listings 
N ( 1 7 2 0 )  

Letters 111B (1982). 
- -  130 

N(1720) BREIT-WIGNER MASS 

VALUE (MeV) DOCUMENT /D TEEN COMMENT 

1650 tO 1750 (~  1720) OUR ESTIMATE 
1717• MANLEY 92 IPWA ~TN ~ ~rN & N ~  
1700• CUTKOSKY 80 IPWA ~rN ~ ~ N  
17104-20 HOEHLER 79 IPWA ~:N ~ ~rN 
�9 �9 ,* We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

17134-10 ARNDT 96 IPWA 3'N ~ ~rN 
1820 ARNDT 95 DPWA ~rN ~ N~r 
1711• BATINIC 95 DPWA ~ N  ~ N~r, N~/ 
1720 LI 93 IPWA "yN ~ ~ N  
1785 CRAWFORD 80 DPWA "TN ~ ~rN 
1690 SAXON 80 DPWA ~ r - p ~  AK 0 
1710 tO 1790 BAKER 78 DPWA ~ r - p  ~ A K  0 

1809 BARBOUR 78 DPWA 3'N ~ ~rN 
1640~:10 1 BAKER 77 IPWA ~ r - p  ~ A K  0 

1710 i BAKER 77 DPWA ~ r - p  ~ A K  0 
1750 2 LONGACRE 77 IPWA ~rN ~ N~r~r 
1850 KNASEL 75 DPWA ~ r - p ~  A K  0 
1720 3 LONGACRE 75 IPWA / rN ~ N ~  

N(1720) BREIT-WlGNER WIDTH 

VALUE (MeV} DOCUMENT ID TEEN COMMENT 

100 tO 200 (~  150) OUR ESTIMATE 
380• MANLEY 92 IPWA ~rN ~ ~rN & N~r~r 
125•  70 CUTKOSKY 80 IPWA ~rN ~ ~ N  
1904- 30 HOEHLER 79 IPWA ~ N  ~ ~rN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

1534- 15 ARNDT 96 IPWA " IN ~ trN 
354 ARNDT 95 DPWA ~rN ~ N~r 
2354- 51 BATINIC 95 DPWA ~rN ~ N~,  N~/ 
200 ' LI 93 IPWA ")'N ~ ~rN 
308 CRAWFORD B0 DPWA 3'N ~ ~ N  
120 SAXON 80 DPWA ~ r - p - - :  A K  0 

447 BAKER 79 DPWA ~ -  p ~ nr/ 
3 0 0 t o 4 0 0  BAKER 70 DPWA ~ - p ~  A K  8 
285 BARBOUR 78 DPWA 3'N ~ ~rN 
2004- 50 1 BAKER 77 IPWA ~ r - p  ~ A K  0 

500 1 BAKER 77 DPWA ~ r - p  ~ A K  0 

130 2LONGACRE 77 IPWA ~ r N ~  N~r~r 
327 KNASEL 75 DPWA ~ r - p  ~ AK  0 

150 3 LONGACRE 75 IPWA ~rN ~ N~T~T 

N(1720) POLE POSITION 

REAL PART 
VALUE(MeV) DOCUMENT ID TEEN COMMENT 

1650 tO 1750 (~ 1700) OUR ESTIMATE 
1717 ARNDT 95 DPWA ~ N ~ N~ 
1686 4 HOEHLER 93 SPED ~ N  ~ ~ N  
1680• CUTKOSKY 80 IPWA ~rN ~ r N  
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

1675 ARNDT 91 DPWA ~TN ~ ~rN Soln SM90 
1716 or 1716 5 LONGACRE 78 IPWA ~rN ~ N~T~r 
1745 or 1748 2 LONGACRE 77 IPWA ~rN ~ N~r~r 

- 2 x IMAGINARY PART 
VALUE IMeV) DOCUMENT /D TEEN COMMENT 

110 tO 390 (~ 250) OUR ESTIMATE 
388 ARNDT 95 DPWA ~rN ~ N~ 
187 4 HOEHLER 93 SPED ~ N  ~ ~rN 
1204-40 CUTKOSKY 80 IPWA ;TN ~ ~ N  
�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

114 ARNDT 91 DPWA ~rN ~ ~rN Soln SM90 
124 or 126 5 LONGACRE 78 IPWA ~rN ~ N ~ r  
135or123 2LONGACRE 77 IPWA ~ N ~  N ~  

N(1720) ELASTIC POLE RESIDUE 

MODULUS Irl 
VALUE (MeM) DOCUMENT ID TEEN COMMENT 

39 ARNDT 95 DPWA ~rN ~ N~r 
15 HOEHLER 93 SPED ~ N  ~ ~rN 
8 •  CUTKOSKY 80 IPWA ~-N ~ ~ N  

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

11 ARNDT 91 DPWA ~ N  ~ ~rN Soln SM90 

ARNDT 91 DPWA ~ N  ~ ~rN Soln SM90 

N(1720) DECAY MODES 

The following branching fractions are our estimates, not fits or averages. 

Mode Fraction ( r i / r )  

F 1 N/r 10-20 % 

F 2 NF/ 

F 3 A K 1-15 % 

F 4 Z ' K  

F 5 N~Tr >70 % 
F 6 .A~r 

F 7 zS(1232)Tr,  P -wave  

r 8 N p  70-05 % 
r 9 Np, 5=1/2, P-wave 
Fro Np, 5=3/2, P-wave 

1=0 
F11 N (~r~T)5_wave 

F12 P7 0.003-0.10 % 

F13 P T ,  h e l i c i t y = l / 2  0.003-0.00 % 

F14 P T ,  h e l i c i t y = 3 / 2  0.001-0.03 % 

Fl5 n~f 0.002-0.39 % 

r16 nT, helicity=l/2 0.0-0.002 % 

F17 n T ,  h e l i c i t y = 3 / 2  0.0Ol-O.39 % 

N(1720) BRANCHING RATIOS 

r(N~)/r~,l r l / r  
VALUE DOCUMENT ID TEEN COMMENT 
0.10 tO 0.20 OUR ESTIMATE 
0.134-0,05 MANLEY 92 IPWA ~rN ~ ~'N & N ~ i r  
0.10+0.04 CUTKOSKY 80 IPWA ~ N  ~ ~ N  
0.14• HOEHLER 79 IPWA ~ N  --, ~ N  
�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc, �9 �9 �9 

0.16 ARNDT 95 DPWA ;TN --, N~r 
0.18:50.04 BATINIC 95 DPWA ~rN ~ NTr, N~ 

r(N,7)/rt=ai r2/r 
VALUE DOCUMENT IO TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0.0024-0.01 BATINIC 95 DPWA ~ N  ~ NTr, N~ I 

(r~rf)V2/rt~,l in N~r ~ N(17201 --~ Ny/ ( l l r2 )V ' / r  
VALUE DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

- 0 . 0 8  BAKER 79 DPWA ~ ' -  p ~ m/  

(r~r~)Y'/r~,l In N,  ~ N07201 -~ A K (I-lr3)Y'/r 
VALUE DOCUMENT IO TEEN COMMENT 
--0.14 to --0.06 OUR ESTIMATE 
- 0 . 09  BELL 83 DPWA ~ - p  ~ A K  0 
-0 .11  SAXON 80 DPWA ~ - p  ~ A K  0 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

- 0 .09  6 BAKER 78 DPWA See SAXON 80 
-0 .06 •  1 BAKER 77 IPWA " r r - p  ~ A K  0 

-0 .09  1 BAKER 77 DPWA ~ - p  ~ A K  0 

(r, rr)V~/r~,l in Nlr -~ N(1720) -~ ~ K  (rlr4lV'/r 
VALUE DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0.051 to 0,087 7 DEANS 75 DPWA ~r N ~ ~ K 

Note: Signs of couplings from 7rN ~ N ~ r  analyses were changed in the 
1986 edition to agree with the baryon-first convention; the overall phase 
ambiguity is resolved by choosing a negative sign for the ~(1620) $31 
coupling to Z1(1232)it. 

(rlrr)~/r~,l in Nlr -~ N(1720) ~ a(1232)lr, P-wave (rlrT)V'/r 
VALUE DOCUMENT ID TECN COMMENT 

. 4-0.27 tO :1:0,37 OUR ESTIMATE 
- 0 , 17  2LONGACRE 77 IPWA l r N ~  NTrTr 

PHASE 0 
VALUE (o) DOCUMENT ID TEEN COMMENT 

-- 70 ARNDT 95 DPWA ~rN ~ N~r 
- 1 6 0 •  CUTKOSKY 80 IPWA ~ N  ~ ~ N  
�9 �9 * We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 
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N(1720), N(1900) 
(rFf)~/rt~l In N~r --~ N(1720) --* Np, S==1/2, P-wave (r, ro~/r 
VALUE DOCUMENT ID TEEN COMMENT 

+0 .34•  MANLEY 92 IPWA ~ N  ~ ~rN & N~r~r 
- 0 . 2 6  2 LONGACRE 77 IPWA ~r N ~ N~r~r 
+0,40 3 LONGACRE 75 IPWA ~rN ~ N~Nr 

(rFf)~/r~l in P'r --~ N(1720) ~ A K  + 
VALUE (units 1O -3} DOCUMENT ID TEEN 

�9 �9 �9 We do not use the following: data for averages, fits, l imits, etc. �9 �9 �9 

- 4 . 5  •  WORKMAN 90 DPWA 
3.18 TANABE 89 DPWA 

(rFr)l/rto~i in N~r ~ N(1720) - *  Np, S=-3/2, P-wave (r~rzo)~/r 
VALUE DOCUMENT ID TEEN COMMENT 

+0.15 2 LONGACRE 77 IPWA * N  ~ N~r~r 

(rFf)%/r~o~l in N,r - *  N(1720) --~ I=0 NOrx)s.wive (rlru)Vl/r 
VALUE DOCUMENT ID TEEN COMMENT 

--0.19 2 LONGACRE 77 IPWA zrN ~ N~r~r 

N(1720) PHOTON DECAY AMPLITUDES 

N(1720) ~ p~/, helidty-1/2 amplitude AU2 
VALUE {GeV - 1 / 2 )  DOCUMENT ID TEEN COMMENT 

+0.018-1-0.030 OUR ESTIMATE 
-0 .015•  ARNDT 96 IPWA 3'N ~ ~rN 

0.044• CRAWFORD 83 iPWA "yN ~ 7rN 
-0 .004•  AWAJI 81 DPWA "~N ~ *rN 

0.051• ARAI 80 DPWA "~N ~ ~rN (fit 1} 
0.071• ARAI 80 DPWA "r N ~ ~r N (fit 2) 
0.038• CRAWFORD 88 DPWA ~N ~ ~rN 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc, �9 �9 �9 

0.012• LI 93 IPWA -).N ~ ~rN 
+0.111+0.047 BARBOUR 78 DPWA "),N ~ ~rN 

N(1720) --+ p-f, helicity-3/2 amplitude As/2 
VALUE (GeV -1/2) DOCUMENT ID TEEN COMMENT 

-0.019:::E0.020 OUR ESTIMATE 
0.007• ARNDT 96 IPWA 3,N ~ ~rN 

-0 .024•  CRAWFORD 83 IPWA "~N ~ 7rN 
-0 ,040•  AWAJI 81 DPWA 3'N ~ 7rN 
-0 .058•  ARAI 80 DPWA 3'N ~ ~rN (fit 1) 
-0 ,011•  ARAI 80 DPWA "TN ~ ~rN (fit 2) 
-0 ,014•  CRAWFORD 80 DPWA 3'N ~ ~rN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

-0 .022•  LI 93 IPWA ? N  ~ l rN 
-0 .063•  BARBOUR 78 DPWA "TN ~ ~rN 

N(1720) --* n'),, helicity-1/2 amplitude At/~ 
VALUE (GeV -1/2) DOCUMENT ID TEEN COMMENT 

+ 0.001=t: 0.015 OUR ESTIMATE 
0.007• ARNDT 96 IPWA 'yN ~ ~rN 
0.002• AWAJI 81 DPWA ~'N ~ ~rN 

-0 .019•  ARAI B0 DPWA 3'N ~ ~rN (fit 1) 
0.001• ARAI 80 DPWA ")'N ~ ~rN (fit 2) 

-0,0034-0.034 CRAWFORD 80 DPWA 3'N ~ x N  
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.050• LI 93 IPWA 3'N ~ ~tN 
+0.007•  BARBOUR 78 DPWA "}'N ~ ~rN 

N(1720) - *  m},, heliclty-3/2 amplitude As/2 
VALUE (Gev-l/21 DOCUMENT )D TEEN COMMENT 

--0.029-t-0.061 OUR ESTIMATE 
-0 .005•  ARNDT 96 IPWA "yN ~ ~rN 
-0 .015•  AWAJI 81 DPWA ~/N ~ ~rN 
-0 .139•  ARAI 80 DPWA ~/N ~ 7rN (fit ] )  
-0 .134•  ARAI 80 DPWA - /N ~ 7rN (fit 2) 

0.018• CRAWFORD 80 DPWA ~ N  ~ 7rN 
i �9 �9 We do not use the fol lowing data for averages, fits, limits, e t c . � 9  �9 �9 

-0 .017•  LI 93 IPWA -).N ~ l rN 
+0.051•  BARBOUR 78 DPWA ~ N  ~ ~ N  

N(1720) -/p --* AK + AMPLITUDES 

(rFf)~/rtotal  in p ' f  -~ N(1720) --* AK + (El+ amplitude) 
VALUE (units 10 -3) DOCUMENT ID TEEN 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

10,2 •  WORKMAN 90 DPWA 
9.52 TANABE 89 DPWA 

P'T -'* N(1720) ~ AK + phase angle # (El+ amplitude) 
VALUE (de&Res) DOCUMENT ID TEEN 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

- 1 2 4  •  WORKMAN 90 DPWA 
- 103A TANABE 89 DPWA 

(Ms+ amplitude) 

N(1720) REFERENCES 
For early references, see Physics Letters J.11B 70 (1982). 

ARNDT 96 PR C53 430 R.A. Amdt, I.I. Strakovsky, RL. Workman (VPI} 
ARNDT 95 PR C52 2120 R.A. Arndt et at. IVPI. BRED) 
BATINIC 95 PR C51 2310 M, Batinic et aL (BOSK. UCLA} 

AlSO 98 PR C57 1004 (erratum) M. Batinic et at. 
HOEHLER 93 ~r N Newsletter S t G. Hohler (KARL) 
LI 93 PR E47 2759 Z,J. Li et aL (VPI) 
MANLEY 92 PR D45 4002 DM. Manley, E.M, Saleski (KENT) tJP 

Also 84 PR D3O 904 D.M. Manley et aL (VPI) 
ARNDT 91 PR D43 2131 R.A, Arndt et al. {VPI, TELE) IJP 
WORKMAN 90 PR C42 781 R.L Workman - (VPI) 
TANABE 89 PR C39 741 H. Tanabe, M. Kohno. C. Bennhold (MANZ) 

Also 89 NC 102A 193 M. Kohno, H. Tanabe, C. Bennhold (MANZ) 
BELL 83 NP B222 389 K.W, Bell et al. (RL) IJP 
CRAWFORD 83 NP B211 t R.L. Crawford, W.T. Morton (GLAS) 
PDG B2 PL l l I B  M. ROO~ et aL (HELS, EIT, EERN) 
AWAJI 81 Bonn Conf. 352 N. Awaj~, R. Kajikawa (NAGO) 

AlSO 82 NP B197 a65 K. Fuj~i et aL (NAGO) 
ARAI 80 Toronto Cone 93 I, Arai (INUS) 

AlSO 82 NP B194 251 I. Arai, H. Fujll ONUS) 
CRAWPORD 80 Toronto Conf. 107 R,L. Crawford (GLAS) 
CUTKOSKY 80 Toronto Conf. 19 R,E. Cutkosky et aL (CMU, LBL) UP 

Also 79 PR D20 2839 R,E. Cutkosky et aL (CMU, LBL) IJP 
SAXON 80 NP Bt62 522 D.H, Saxon et aL (RHEL, BRIS) IJP 
BAKER 79 NP Bt56 93 RD. Baker et aL (RHEL) IJP 
HOEHLER 79 PDAT 12-1 G, Hohler et aL (KARLT) IJP 

Also 80 Toronto Cone 3 R. Koch (KARL]') IJP 
BAKER 78 NP Bib.1 29 R.D. Baker et aL (RL, CAVE) UP 
BARBOUR 78 NP B141 253 I.M. Barbour, R.L. Crawford, N.H, Parsons (GLAS) 
LONGACRE 78 PR D17 t795 R.S. Longacre et at. (LBL. SLAC) 
BAKER 77 NP B126 365 R.D. Baker et at. (RHEL) IJP 
LONGACRE 77 NP B122 493 R.S. LonKacre, J. Dolbeau (SACL) IJP 

Also 76 NP B1O8 365 J. Dolbeau et at, (SACL) IJP 
WINNIK 77 NP B128 66 M. Winnik er aL (HALF) I 
DEANS 75 NP B96 90 S.R, Deans et al. (SFLA, ALAH) IJP 
KNASEL 75 PR D l l  1 T.M Knasel et al. (CHIC, WUSL, OSU+) IJP 
LONGACRE 75 PL 55B 415 R.S. Longacre et al. (LBL, SLAC) IJP 

I N(1900 )  I ,(:") : ' , '§ * *  

OMITTED FROM SUMMARY TABLE 

N(1900) BREIT-WIGNER MASS 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

=u 1900 OUR ESTIMATE 
1879• MANLEY 92 IPWA ~rN ~ ; rN & N~r~ 

N(1900) BREIT-WlGNER WIDTH 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 

498+78 MANLEY 92 IPWA ~rN ~ *rN & N~r~r 

N(1900) DECAY MODES 

Mode 

r I N~r 
r 2 N~rTr 
r3 N p ,  S = 1 / 2 ,  P -wave  

N(1720) FOOTNOTES 
1 The two BAKER 77 entries are from an IPWA using the Barrelet-zero method and from 

a conventional energy-dependent analysis. 
2 LONGACRE 77 pole positions are from a search for poles in the unitarized T-matrix; the 

first (second) value uses, in addition to w N  ~ NTr~r data, elastic amplitudes from a 
Saday (CERN) partial-wave analysis. The other LONGACRE 77 values are from eyeball 
fits with Breit-Wigner circles to the T-matr ix amplitudes. 

3 From method II of LONGACRE 75: eyeball fits wi th Breit-Wigner circles to the T-matr ix 
amplitudes. 

4 See HOEHLER 93 for a detailed discussion of the evidence for and the pole parameters 
of N and A resonances as determined from Argand diagrams of lr N elastic partial-wave 
amplitudes and from plots of the speeds wi th which the amplitudes traverse the diagrams. 

5LONGACRE 78 values are from a search for poles in the unitarized T-matrix. The first 
(second) value uses, in addition to ~rN ~ NJrTr data, elastic amplitudes from a Saday 
(CERN) partial-wave analysis. 

6The overall phase of BAKER 78 copulings has been changed to agree wi th previous 
conventions. 

7The range given is from the four best solutions. DEANS 75 disagrees with ~ + p  
~ +  K + data of WINNIK 77 around 1920 MeV. 



See key on page 239 

N('1900) BRANCHING RATIOS 

r(N~)Ir~B, q l r  
VALUE DOCUMENT ID TECN COMMENT 

0 .26 •  MANLEY 92 IPWA / rN  ~ ~rN & N~r~r 
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Baryon Particle Listings 
N(1900) ,  N (1990 )  

(rlrf)%/rtotal in N~r--* N(1900) --* Np, S= 1/2, P-wave (qr~)~/r 
VALUE DOCUMENT ID TECN COMMENT 

- - 0 . 3 4 ~ 0 . 0 3  M A N L E Y  92 IPWA ~rN ~ ~ N  & N~r~r 

MANLEY 92 PR D4S 4002 
Also 84 PR D30 904 

N(1900) REFERENCES 

D,M Manley, EM. Saleski (KENT) 
D.M Manley et aL (VPI) 

I N( 1990 ) F~71 '(P): ' "  ' "  + '  

OMITTED FROM SUMMARY TABLE 
Most of the results published before 1975 are now obsolete and have 
been omitted. They may be found in our 1982 edition, Physics 
Letters 111B (1982). 

The various analyses do not agree very well with one another. 

N(1990) BREIT-WIGNER MASS 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 

1990 O U R  E S T I M A T E  
2086 •  28 M A N L E Y  92 IPWA ~rN ~ ~ N  & N ~  
2018 CRAWFORD 80 DPWA "yN ~ ~ N  
19704- 50 CUTKOSKY 80 IPWA ~rN ~ ~rN 
2005 •  HOEHLER 79 IPWA ~ N  ~ ~rN 
1999 BARBOUR 78 DPWA "TN ~ ~rN 

N(1990) BREIT-WIGNER WIDTH 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

5359:120 M A N L E Y  92 IPWA ~ N  ~ ~ N  & N ~ t  

295 CRAWFORD 80 DPWA , iN  ~ ~ N 
3 5 0 •  CUTKOSKY 80 IPWA ~ N  ~ ~ N  
3 5 0 •  HOEHLER 79 IPWA ~ N  ~ ~rN 

216 BARBOUR 78 DPWA " iN  ~ ~rN 

N(1990) POLE POSITION 

REAL PART 
VALUE (MeV) DOCUMENT /D TEEN COMMENT 

1 9 0 0 •  CUTKOSKY 80 IPWA ~ N  ~ 7rN 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

not seen ARNDT 91 DPWA ~rN ~ ~ N  Soln SMg0 

-2•  PART 
VALUE (MeV) DOCUMENT ID TEEN COMMENT _ _  

260=[=60 CUTKOSKY 80 IPWA ~ N  ~ ~rN 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

not seen A R N D T  91 DPWA ~rN ~ ~ N  Soln SMg0 

N(1990) ELASTIC POLE RESIDUE 

MODULUS Ir l 
VALUE (MeV) DOCUMENT (D TEEN COMMENT _ _  

9 •  EUTKOSKY 80 IPWA ~rN ~ 7rN 

PHASE 8 
VALUE( ~ ) DOCUMENT ID TEEN COMMENT 

- -609 :30  CUTKOSKY 80 IPWA ~rN ~ ~tN 

N(1990) DECAY MODES 

Mode 

I- 1 N~r 
r 2 NT/ 
r 3 AK 
r 4 _TK 
r 5 N ~  
F6 P'7, helicity=I/2 
r7 p'7, helicity=3/2 
I-8 n3', helicity=i/2 
r 9 n'7, helicity=3/2 

N(1990) PHOTON DECAY AMPLITUDES 

N(1990) --* p% helicity-1/2 amplitude Az/2 
VALUE ( GeV 1/2) DOCUMENT ID TEEN COMMENT 

0.030~-0.029 AWAJI 81 DPWA q 'N ~ ~ N  
0 .001•  CRAWFORD 80 DPWA , i N  ~ 7rN 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.040 BARBOUR 78 DPWA -yN ~ ~rN 

N(1990) --* p'/, helicity-3/2 amplitude A3/2 
VALUE (GeV -1 /2 )  DOCUMENT ID TECN COMMENT 

0.086~0.060 AWAJI 81 DPWA , i N  ~ ~rN 
0 .004•  CRAWFORD 80 DPWA "TN ~ zrN 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

+0.004 BARBOUR 78 DPWA " iN ~ ~ N  

N(1990) --~ n-/, helicity-1/2 amplitude A1/2 
VALUE (GeV - 1 / 2  ) DOCUMENT ID TECN COMMENT 

--0.001 AWAJI 81 DPWA 3 'N ~ ~ N  
- 0 . 0 7 8 •  CRAWFORD 80 DPWA " iN  ~ l r N  

�9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

- 0 . 0 6 9  BARBOUR 78 DPWA ? N  ~ 7rN 

N(1990) ~ n'/, helicity-3/2 amplitude A3/2 
VALUE (GeV - 1 / 2  ) _ _  DOCUMENT ID TECN COMMENT 

- 0 . 1 7 8  AWAJI 81 DPWA ~ N  ~ ~ N  
~ 0 . 1 1 6 •  CRAWFORD 80 DPWA " iN  ~ ~ N  
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

- 0 . 0 7 2  BARBOUR 78 DPWA "},N ~ 7rN 

N(1990) FOOTNOTES 
1 The range given for DEANS 75 is from the four best solutions. 

N(1990) REFERENCES 

For early references, see Physics Letters 111B 70 (1982), 

MANLEY 92 
Also 84 

ARNDT 9] 
BELL 83 
PDG 82 
AWAJI 81 

Also 82 
CRAWFORD 80 
CUTKOSKY 80 

Also 79 
SAXON 80 
BAKER 79 
HOEHLER 79 

AlSO 80 
BARBOUR 78 
DEANS 75 
LONGACRE 75 
DEVENISH 74B 
LANGBEIN 73 

PR D45 4002 D.M. Manley, E,M. Saleski (KENT) IJP 
PR 030 904 D.M. Manley et aL (VPI) 
PR 043 213~ R.A. Amdt et aL (VPI, TELE) UP 
NP B222 389 K.W. Bell et at. (RL) UP 
PL l l l B  M. RODs et aL (HELS, ClT, CERN) 
Bonn Conf. 352 N, Awaji, R. Kajikawa (NAGO) 
NP B197 365 K. Fujii et al. (NAGO) 
Tcronto Conf. 107 R.L. Crawford (GLAS) 
TOronto Co~sf. 19 R.E, C~tkosky et aL (CMU, LBL) IJP 
PR 020 2839 R.E. CutkOSky et aL (CMU. LBL) ]JP 
NP B]62 522 D.H. Saxon et al. (RI{EL, BRIS) IJP 
NP B156 93 RD. Baker et aL (RHEL) IJP 
PDAT 12§ G. HOMer et aL (KARLT) IJP 
Toronto Conf. S R. Kc~zh (KARLT) IJP 
NP B141 253 I.M. Barbour, R.L, Crawl'oral, N.H. Parsons (GLAS} 
NP B96 90 S.R. Deans et aL (SFLA, ALAH) UP 
PL 5SB 415 R,S: Longacre et al. (LBL, SLAC) UP 
NP Bal 330 R.C.E. Devenish, C.D. F,o88att, B.R. Martil7 (DESY+) 
NP BSS 25] W. Langbein, F. Wagner IMUNI) IJP 

N(1990) BRANCHING RATIOS 

r(N.)/rt~, rz/r 
VALUE DOCUMENT ID TECN COMMENT 

0.06-4-0.02 MANLEY 92 IPWA 7rN ~ = N  & N~r= 
0.064-0.02 CUTKOSKY 80 IPWA 7rN ~ ~rN 

0 .04+0,02  HOEHLER 79 IPWA ~rN ~ ~tN 

(rFf)~/rt~l in Nx--*  N(1990)--~ N~/ (rlr2)~/r 
VALUE DOCUMENT I0 TECN COMMENT 

--0.043 BAKER 79 DPWA 7 r - p  ~ nr/ 

(rlrfl~/rto~l in NTr--, N(1990) --~ AK (rlr3)~/r 
VALUE DOCUMENT ID TEEN COMMENT 

+0.01  BELL 83 DPWA ~ ' - p ~  A K  0 

not seen SAXON 80 DPWA ~ - p  ~ A K  0 

- 0 . 0 2 1 •  DEVENISH 74B Fixed- r dispersion rel. 

(rFf)Y'/rt~l in N.-~ N(1990) ~ Z'K (rzrA)~/r 
VALUE DOCUMENT ID TECN COMMENT 

0.010 to 0.023 1 DEANS 75 DPWA 7r N ~ Z ' K  

0.06 LANGBEIN 73 IPWA ~rN ~ ~ -K  (sol. 1) 

(rF~)Y,/rt~l in Nw ~ N(1990) --* N • r  (r~rs)~'/r 
VALUE DOCUMENT ID TEEN COMMENT 

not seen LONGACRE 75 IPWA l r N  ~ N ~  
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Baryon Particle Listings 
N (2000), N (2080) 

IN(2000) F,, I ,(;P) : 2,21'5+'J Status: * *  

OMITTED FROM SUMMARY TABLE 
Older results have been retained simply because there is little infor- 
mation at  all abou t  t h i s  possible state.  

VALUE(MeV} 

N(2000) BREIT-WlGNER MASS 

DOCUMENT IO TECN COMMENT 

(rFf)%Irtotal In p'f--~ N(2000) ~ AK (r~r3)%Ir  
VALUE DOCUMENT ID TEEN COMMENT 

0.0022 DEANS 72 MPWA 3~p ~ A K  (sol, D)  

N(2000) FOOTNOTES 
1 Not seen in solution 1 of LANGBEIN 73. 
2Value given is from solution I of DEANS 75; not present in solutions 2, 3, cr 4. 

N(2000) REFERENCES 
~a 2000 OUR ESTIMATE 

19034-87 MANLEY 92 IPWA ~rN ~ ~rN & N~r~r 
18824-10 HOEHLER 79 IPWA ~ N  ~ ~rN 
2025 AYED 76 IPWA ~rN ~ ~rN 
1970 1 LANGBEIN 73 IPWA ~rN ~ Z-K  (sol. 2) 
2175 ALMEHED 72 IPWA ~rN ~ ~rN 

1930 DEANS 72 MPWA ~lP ~ A K  (SOL D) 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

1814 A R N D T  95 DPWA ~ N  ~ N~  

ARNDT 95 PR C52 2120 R.A. Arndt et aL (VPI, BRED) 
MANLEY 92 PR D45 4002 D.M. Manley, E.M. Saleski (KENT) IJP 

Also 84 PR D3O 904 D.M. Manley et aL (VPI) 
SAXON 80 NP B162 522 D.H. Saxon et aL (RHEL, BRIS)IJP 
BAKER 79 NP B156 93 R.D. Baker et aL (RHEL) UP 
HOEHLER 79 PDAT 12-t G. Hohler et at. (KARLT 1 UP 

Also 80 Toronto Calif. 3 R. Koch (KARLT) IJP 
AYED 76 Thesis CEA-N-1921 R. Ayed (SACL 11JP 
DEANS 75 NP B96 90 S.R. Deans et aL (SFLA, ALAH)IJP 
LANGBEIN 73 NP 853 251 W. Langbein, F. Wagner (MUNI) IJP 
ALMEHED 72 NP B40 157 S, Almehed, C. Lovelace (LUND, RUTG)IJP 
DEANS 72 PR D6 1~05 S.R. Deans et aL (SFLA) IJP 

N(2000) BREIT-WIGNER WIDTH 

VALUE(MeV) DOCUMENT ID TEEN COMMENT 

4904-310 M A N L E Y  92 IPWA ~rN ~ ~rN & N~r~r 
954- 20 HOEHLER 79 IPWA ~rN ~ ~rN 

157 AYED 76 IPWA ~rN ~ ~rN 
170 1 LANGBEIN 73 IPWA ~rN ~ ~ K  (sol. 2) 
150 ALMEHED 72 IPWA ~rN ~ ~ N  
112 DEANS 72 MPWA 3'P ~ A K  (sol. D)  

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc, �9 �9 �9 

176 A R N D T  95 DPWA ~rN ~ N~r 

N(2000) DECAY MODES 

Mode 

I N(2080) D13 1 I ( jP)  = 1 3 -  ~(:~ ) Status: * *  

OMITTED FROM SUMMARY TABLE 
There is some evidence for two resonances in this wave between 
1800 and 2200 MeV (see CUTKOSKY 80). However, the solution 
of HOEHLER 79 is quite different. 

Most  of t he  resul ts  pub l ished before 1975 are now obsolete and have 

been om i t t ed .  They  may  be f ound  in our  1982 ed i t ion ,  Physics 

Let ters 111B (1982) .  

r I N~ 
r2 Ng 
r3 AK 
r4 ~ K  
r 5 N ~  
r 6 A(1232)~,  P-wave 
r 7 Np, S=3/2, P-wave 
r 8 Np, S=3/2, F-wave 
F9 P~ 

r(N,)Irto~, 
VALUE 

N(2000) BRANCHING RATIOS 

DOCUMENT ID TEEN COMMENT 

N(2080) BREIT-WIGNER MASS 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 

2080 OUR ESTIMATE 
18044- 55 MANLEY 92 IPWA ~rN ~ ~rN & N~r~r 

1920 BELL 83 DPWA ~r-  p ~ A K  0 

1880 •  1 CUTKOSKY 80 IPWA ~rN ~ ~rN 
20604- 00 1 CUTKOSKY 80 IPWA ~rN ~ ~rN 

1900 SAXON 80 DPWA ~ r - p  ~ A K  0 

20814- 20 HOEHLER 79 IPWA ~ N  ~ ~rN 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

1986•  75 BATINIC 95 DPWA ~rN ~ N~r. N~/ 

1880 BAKER 79 DPWA ~ r - p  ~ nr~ 

r z / r  

N(2080) BREIT-WlGNER WIDTH 

VALUE {MeV) DOCUMENT IO TEEN COMMENT 

4504-185 MANLEY 92 IPWA ~rN ~ ~rN & N ~ r  

0.084-0.05 MANLEY 92 IPWA ~rN ~ ~rN & N~r~r 
0.044-0.02 HOEHLER 79 IPWA ~ N  ~ ~rN 

0.08 AYED 76 IPWA ~rN ~ ~rN 
0.25 ALMEHED 72 IPWA ~rN ~ ~rN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.10 ARNDT 95 DPWA 7rN ~ N~r 

(r~rr)%/rto~l in N~r ~ N(2000) --* N~  (qr~)~/r 
VALUE DOCUMENT ID TEEN COMMENT 

+0.03  BAKER 79 DPWA ~ r - p  ~ n~/ 

(rF~)~=/rt=,l in N~r --* N(2000) ~ AK (r~r~)~/r 
VALUE DOCUMENT ID TEEN COMMENT 

not seen SAXON 80 DPWA ~ r - p  ~ A K  0 

(rF~)9,/r~= in N~r ~ N(2000)--~ ~ ' K  ( r~r~)~ / r  
VALUE DOCUMENT ID TEEN COMMENT 

0.022 2DEANS 75 DPWA ~ r N ~  -~K 
0.05 1 LANGBEIN 73 IPWA ~rN ~ ~ K  (sol. 2) 

(rlrr)~Irto~i in N,-~ N(2000) ~ A(1232)Ir, P-wave (rlr6)q'/r 
VALUE DOCUMENT ID TEEN COMMENT 

+ 0 . 1 0 •  MANLEY 92 IPWA 7rN ~ ~ N  & NTr~ 

(qr~)V'/rto~ in Nlr ~ N(2000) ~ Np, 5--3/2, P-wave (r~rTl~'/r 
VALUE DOCUMENT ID TEEN COMMENT 

- -0.224-0.08 MANLEY 92 IPWA 7rN ~ ~rN & N ~  

(rFr)~,/rt~,l in N x  "-~ N(2000) --~ Np, S=3/2, F-wave (rlrg)~/r 
VALUE DOCUMENT [D TEEN COMMENT 

+ 0 . 1 1 •  MANLEY 92 IPWA 7rN ~ ~ N  & N~Tr 

320 BELL 83 DPWA l r -  p ~ A K  0 

1804- 60 1 CUTKOSKY 80 IPWA ~rN ~ ~rN (lower m) 
3004-100 1 CUTKOSKY 80 IPWA 7rN ~ ~rN (higher m) 

240 SAXON 80 DPWA l r - p  ~ A K  0 

2654- 40 HOEHLER 79 IPWA 7rN ~ ~rN 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

10504-225 BATINIC 95 DPWA ~rN ~ NTr, NT/ 

87 BAKER 79 DPWA 7r-  p ~ nr/ 

N(2080) POLE POSITION 

REAL PART 
VALUE (MeV) DOCUMENT /D TEEN COMMENT 

18804-100 1 CUTKOSKY 80 IPWA 7rN ~ ~rN (lower m) 
20504- 70 1 CUTKOSKY 80 IPWA ~rN ~ 7rN (higher m) 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

not seen A R N D T  91 DPWA 7rN ~ ~rN Soln SM90 

-2xlMAGINARY PART 
VALUE {MeV / DOCUMENT ID TEEN COMMENT 

1604-80 1 CUTKOSKY 80 IPWA l r N  ~ ~rN (lower m) 
200.1:80 1 CUTKOSKY 80 IPWA 7rN ~ x N  (higher m) 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

not seen ARNDT 91 DPWA ~rN ~ l r N  Soln SM90 

N(2080) ELASTIC POLE RESIDUE 

MODULUS Irl 
VALUE (MeV} DOCUMENT ID TEEN COMMENT 

104- 5 1 CUTKOSKY 80 IPWA ~rN ~ ~rN (lower m) 
30J:20 1 C U T K O S K Y  80 IPWA ~ N  ~ 7rN (higher m) 
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PHASE e 
VALUE (o) DOCUMENT i_D TECN COMMENT 

1004- 80 t CUTKOSKY 80 IPWA ~ N  ~ ~rN (lower m) 
0• t CUTKOSKY 80 IPWA ~rN ~ ~rN (higher in)  

N(2080) DECAY MODES 

Mode 

r t  N~ 
r 2 N~/ 
r 3 AK 
r 4 Z K  
r S N ~ r  
r 6 A(1232)~, S-wave 
r 7 13(1232) ~r, D-wave 
r 8 Np, 5=3/2, S-wave 
F9 I = 0  N (~r~)s-wave 
rio p~,, helicity=l/2 
Ell p')', helicity=3/2 
1-12 ns', helicity=l/2 
r13 n-),, helicity=3/2 
F14 PS' 

r(N.)/rto., 
VALUE 

0.234-0.03 
0.104-0.04 

0.144-0,07 
0.064-0.02 HOEHLER 79 IPWA ~rN ~ ~ N  
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.094-0.02 BATINIC 95 DPWA ~ N  ~ N~ ,  N~/ 

r(Nn)/rto=, 
VALUE DOCUMENT IO TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

N(2080) BRANCHING RATIOS 

rl/r 
DOCUMENT ID TEEN COMMENT 

M A N L E Y  92 IPWA ~rN ~ ~ N  & NEar 
1 EUTKOSKY 80 IPWA ~tN ~ ~rN (lower m) 

1 CUTKOSKY 80 IPWA ~rN ~ ~ N  (higher m) 

r2/r 

0 .07 •  BATINIC 95 DPWA ~rN ~ N~r, N~) 

(rFf)V~/r'tota~ in Nx--*  N(2080)--, N~/ (rlr=)~,/r 
VALUE DOCUMENT ID TECN COMMENT 

0.065 BAKER 79 DPWA ~ -  p ~ nt /  

(r,r,IV'/rt~., in N~r ~ N(20801 ~ AK (rlr~)Y,/r 
VALUE DOCUMENT ID TEEN COMMENT 

+0 .04  BELL 83 DPWA ~r -  p ~ A K  0 

+0 .03  SAXON 80 DPWA z : - p  ~ A K  0 

(rF~)Y'/rto., i .  N~r --, N(2080) --~ ~" K ( r l r~ )V ' / r  
VALUE DOCUMENT ID TECN COMMENT 

0.014 to 0.037 2 DEANS 75 DPWA ~r N ~ Z K 

( r l r f ) ~ l r t o t i l  i .  Nlr  --~ N(2080) -~ ~(1232) 1r, S-wave (rlrJ2/r 
VALUE DOCUMENT ID TEEN COMMENT 

- - 0 . 0 9 + 0 . 0 9  MANLEY 92 IPWA 7rN ~ ~TN & N x ~  

(r l r f )~/r total  in NTr --~ N(2080) --* ,9,(1232)7r, D-wave (rlrz)V,/r 
VALUE DOCUMENT ID TEEN COMMENT 

+0.224-0 .07  MANLEY 92 IPWA ~ N  ~ 7rN & N~r~ 

(rFf)V~/rt=, in N x  --+ N(2080) --+ NO, S=3/2, S-wave (r l  rg)V~/r 
VALUE DOCUMENT ID TEEN COMMENT 

- -0 .244-0.06 MANLEY 92 IPWA ~TN ~ ~ N  & N ~  

(rF,)~/rt~, in N~r --* N(2080) --* I=o N ( ..)s_.av= (rz rgl~/r 
VALUE DOCUMENT 119 TEEN COMMENT 

+0.254-0 .06  MANLEY 92 IPWA l r N  ~ 7rN & N~r~r 

(rfff)~/rt~l in p'1 ~ N(2080) --~ N~/ (r14r2)~/r 
VALUE DOCUMENT ID TEEN COMMENT 

0.0037 HICKS 73 MPWA "yp ~ pr/ 

N(2080) PHOTON DECAY AMPLITUDES 

N(2080) --~ P'r, helidty-1/2 amplitude Al l  2 
VALUE (GeV -1 /2  ) DOCUMENT ID TEEN COMMENT 

- -0 .0204-0.008 AWAJI 81 DPWA "~N ~ 7rN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.0264-0.052 DEVENISH 74 DPWA ? N  ~ ~TN 
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Baryon Particle Listings 
N(2080) ,  N(2090)  

N(2080) --* p'1, hellcity-3/2 amplitude A3/2 
VALUE (GeV -1 /2 )  DOCUMENT ID TEEN COMMENT 

0.0174-0.011 AWAJI 81 DPWA 3 'N ~ ~TN 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0.1284-0.057 DEVENISH 74 DPWA " /N  ~ ~TN 

N(2080) --* n'y, hellcity-1/2 amplitude Al l  2 
VALUE (GeV -1 /2 )  DOCUMENT ID TEEN COMMENT 

0.0074-0.013 AWAJI 81 DPWA " fN  ~ ~rN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.0534-0,083 DEVENISH 74 DPWA * rN ~ 7rN 

N(2080) --* n'1, helicity-3/2 amplitude A3/2 
VALUE IGeV-1/2) DOCUMENT ID TEEN COMMENT 

- -0 .053 •  AWAJI 81 DPWA "yN ~ l r N  
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.1004-0.141 DEVENISH 74 DPWA " iN  ~ ~TN 

N(2080) -fp ~ A K  + AMPLITUDES 

( r l r f ) ~ / r m t = l  in p' l  ~ N(2080) --, A K  + (E2- amplitude) 
VALUE (units t0 -9)  DOCUMENT ID TEEN 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etC. �9 �9 �9 

5.5 4-0.3 W O R K M A N  90 DPWA 
4.09 TANABE 89 DPWA 

p'1 --* N(2080) ~ A K  + phase angle O (E 2_ amplitude) 
VALUE (degrees I DOCUMENT ID TEEN 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

- 4 8  4-5 W O R K M A N  90 DPWA 
- 3 5 . 9  TANABE 89 DPWA 

(rlrf)Y=/rtotai in p'1 -~ N(2080) - ,  AK + (M 2_ amplitude) 
VALUE (units 10 -3  ) DOCUMENT IO TEEN 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

- 6 . 7  4-0.2 WORKMAN 90 DPWA 
- 4 . 0 9  TANABE 89 DPWA 

N(2080) FOOTNOTES 
1 CUTKOSKY 80 finds a lower mass D13 resonance, as well as one in th is region. Both 

are listed here. 
2 The range given for DEANS 75 is from the four best solutions. Disagrees wi th  ; r4-p  

~ +  K + data of WINNIK 77 around 1920 MeV. 

N(2080) REFERENCES 
For early references, see Physics Letters 111B 70 (1982).  

BATINIC 95 PR C51 2310 M, Batlnic et aL (BOSK. UCLA} 
Also 98 PR C57 1004 (erratum) M. Batinic et aL 

MANLEY 92 PR D45 4002 D.M. Manley, E.M. Saieski (KENT) IJP 
Also 84 PR D30 904 D.M. Manley et al. (VPI) 

ARNDT 9I PR D43 2t31 B.A. Arndt et al. (VPI, TELE) IJP 
WORKMAN 90 PR C42 781 R.L. Workman (VPI) 
TANABE 89 PR (:39 74] H. Tanabe, M. Kohno, C. Bennhold (MANZ) 

Also 89 NC 102A 193 M, Kohno, H. Tanabe, C. Bennhold (MANZ) 
BELL 83 NP B222 389 K.W. Bell et aL (RL) IJP 
PDG 82 PL lUB M. RODS et aL (HELS, CIT, CERN) 
AWAJI 81 Bonn Coal'. 352 N, Awaji, R, Kajikawa (NAGO) 

Also 82 NP B197 365 K. Fujii et aL {NAGO) 
CUTKOSKY 88 Toronto Conf. 19 R.E. Cutkosky et 3l. (CMU, LBL) IJP 

Also 79 PR D20 2839 R.E. CutkOSky et al. (CMU, LBL) IJP 
SAXON 80 NP B]62 522 D.H. Saxon et aL {RHEL, BRIS) IJP 
BAKER 79 NP B156 93 R.D. Baker et aL (RHEL) UP 
HOEHLER 79 PDAT ]2-1 G. Hohler eL aL {KARLT) IJP 

Also 80 Toronto Conf. 3 R. Koch (KARLT) UP 
WINNIK 77 NP B128 66 M. Winnik et aL (HALF) I 
DEANS 75 NP B96 90 S.R. Deans et al. (SFLA, ALAH) IJP 
DEVENISH 74 PL 52B 227 R,C.E. Oeve~ish, D,H, Lyth, W.A, Rankln (DESY+) IJP 
HICKS 73 PR D7 26]4 H.R. Hicks et at. (CMU, ORNL, SFLA) UP 

I I 2(2 ) Status: N ( 2 0 9 0 )  Sn  /(JP) = 1 1- 

OMITTED FROM SUMMARY TABLE 
Any  s t ruc tu re  in  t he  $11 wave above 1800 MeV  is l isted here. A 

few early resul ts t h a t  are now obsolete have been o m i t t e d .  

N(2090) BREIT-WIGNER MASS 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 

2090 OUR ESTIMATE 
19284-59 M A N L E Y  92 IPWA ~TN ~ ~ N  & NTrTr 

21804-80 CUTKOSKY 80 IPWA ~TN ~ * N  
18804-20 HOEHLER 79 IPWA 7rN ~ 7TN 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

18974 -50_  + 3 0  PLOETZKE 98 SPEC ~ ' p ~  p~ / (958)  
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Baryon Particle Listings 
N(2090),N(2100) 

N(2090) BREIT-WIGNER WIDTH 

VALUE (MeV) _ _  DOCUMENT ID TEEN COMMENT 

414•  MANLEY 92 IPWA ~rN ~ ~rN & N~r~r 
3504-100 CUTKOSKY 80 IPWA ~ N  ~ ~tN 

954- 30 HOEHLER 79 IPWA ~rN ~ ~rN 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

396 •  35 PLOETZKE 98 SPEC " f p ~  p~/t(958) 

N(2090) POLE POSITION 

REAL PART 
VALUE (MeV) DOCUMENT ID TEEN COMMENT 

21504-70 CUTKOSKY 80 IPWA E N  ~ ~rN 
1937 or 1949 1 LONGACRE 78 IPWA ;,r N ~ N;,r~- 

- 2xlMAGINARY PART 
VALUE (MeV) DOCUMENT /D TEEN COMMENT 

3504-100 CUTKOSKY 80 IPWA ~ N  ~ ~rN 
139 or 131 1 LONGACRE 78 IPWA ~r N ~ N ~  

N(2090) ELASTIC POLE RESIDUE 

MODULUS Irl 
VALUE (MeV) DOCUMENT /D TEEN COMMENT 

40 •  CUTKOSKY 80 IPWA ~TN ~ ~rN 

PHASE 
VALUE (o) DOCUMENT ID TEEN COMMENT 

04-90 EUTKOSKY 80 IPWA ~ N  ~ ~rN 

Mode 

r] N~T 
r 2 A K 
r 3 N~r?r 

N(2090) DECAY MODES 

N(2090) BRANCHING RATIOS 

r(N~)/rt~, fur  
VALUE DOCUMENT ID TEEN COMMENT 

0 .10 •  MANLEY 92 IPWA ~ N  ~ ~rN & N~r~r 
0 .18•  CUTKOSKY 80 IPWA ~tN ~ zrN 
0.094-0.05 HOEHLER 79 IPWA ~ N  ~ ~rN 

(rF~)%Irt=,, in N~r ---, N(2090) --~ AK (rzr=)V~Ir 
VALUE DOCUMENT ID TECN COMMENT 

not seen SAXON 80 DPWA ~ -  p ~ A K  0 

N(2090) FOOTNOTES 
t LONGACRE 78 values are from a search for poles in the unitarized T-matr ix .  The first 

(second) value uses, in addit ion to ~rN ~ N~r~r data, elastic amplitudes from a Saclay 
(CERN) partiaFwave analysis. 

N(2090) REFERENCES 

PLOETZKE 98 PL 8444 555 R. Ploetzke et al (Bonn SAPHIR Collab.) 
MANLEY 92 PR D45 4002 DM. Manley, E.M. Saleski (KENT) IJP 

Also 84 PR D30 904 D.M. Manley et aL (VPI) 
CUTKOSKY 80 Toronto Conf. 19 R.E. Cutkosky et at. (CMU, LBL)IJP 

Also 79 PR 020 2838 R.E OJtkosky et at. (CMU, LBL) 
SAXON 80 NP B162 522 D.H Saxon et aL (BHEL. BRIS)IJP 
HOEHLER 79 PDAT 12-1 G. Hohle( et af. (KARLT)IJP 

Also 80 Toronto Conf. 3 R. Kocl~ (KARLT) IJP 
LONGAERE 78 PR D17 t785 RS. Longacre et af. (LBL, SLAC) 

I N(2100)  P~ I 'UP) = 1,1+, Status: * 

OMITTED FROM SUMMARY TABLE 

N(2100) BREIT-WIGNER MASS 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 

2100 OUR ESTIMATE 
1885•  MANLEY 92 IPWA 7rN ~ ~ N  & N~r~r 
2125•  CUTKOSKY 80 IPWA ~rN ~ ~ N  
2050 •  HOEHLER 79 IPWA ~rN ~ ~ N  

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

1986• 0 PLOETZKE 98 SPEs 3 " p ~  p~'/'(958) 

2203 •  BATINIC 95 DPWA ~ N ~ N~ ,  N~/ 

N(2100) BREIT-WlGNER WIDTH 

VALUE (MeV) DOCUMENT JD TEEN COMMENT 

1 1 3 •  44 MANLEY 92 IPWA 7rN ~ ~ N  & N~F;T 
260 •  CUTKOSKY 80 IPWA 7rN ~ ~ N  
2 0 0 •  30 HOEHLER 79 IPWA 7rN ~ ~ N  

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

296• PLOETZKE 98 SPEC 3 ' p ~  pU'(9S8) 

4184-171 BATINIC 95 DPWA ~ N  ~ N~r, NT/ 

N(2100) POLE POSITION 

REAL PART 
VALUE (MeV} DOCUMENT ID TEEN COMMENT 

2 1 2 0 •  CUTKOSKY 80 IPWA 7rN ~ ~rN 

�9 �9 �9 We do not use the fol lowing data  for averages, fits, l imits, etc. �9 �9 �9 

not seen ARNDT 91 DPWA ~rN ~ 7rN Soln SM90 

-2xlMAGINARY PART 
VALUE IMeV) DOCUMENT ID TEEN COMMENT 

2 4 0 •  CUTKOSKY 80 IPWA ~ N  ~ ~rN 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

not seen ARNDT 91 DPWA ~rN ~ ~TN Sole SM90 

N(2100) ELASTIC POLE RESIDUE 

MODULUS Irl 
VALUE (MeV) DOCUMENT /D TEEN COMMENT 

1 4 •  CUTKOSKY 80 IPWA x N  ~ 7rN 

PHASE 0 
VALUE (o) DOCUMENT ID TEEN COMMENT 

3 5 •  CUTKOSKY 80 IPWA ~rN ~ 7TN 

Mode 

N(2100) DECAY MODES 

rl NTr 
r 2 Nq 
r a N?rTr 
F 4 A(1232) 7r, P-wave 

N(2100) BRANCHING RATIOS 

r(N~r) Irt~l r11r 
VALUE DOCUMENT ID TECN COMMENT 

O 1 5 •  MANLEY 92 IPWA ~ N  ~ ~rN & N ~ r  

0 .12 •  CUTKOSKY 80 IPWA ~ N  ~ ~ N  
0.10~:0.04 HOEHLER 79 IPWA ~ N  ~ ~rN 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0.114-0.07 BATINIC 95 DPWA ~rN ~ N~', Nf i  

r (Nil)/rioiai r~/r 
VALUE DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

O 8 6 •  BATINIC 95 DPWA ~ N  ~ N~r, N~/ 

(r,r,)Y,/rt~, in N x - *  N(21001 --* A(1232)~-, P -wave  (qr4~/r 
VALUE DOCUMENT ID TECN COMMENT 

- - 0394 -0 .08  M A N L E Y  92 IPWA ~TN ~ 7rN & N~r~r 

N(2100) REFERENCES 

PLOETZKE 98 PL B444 558 R. Ploetzke el al (Bonn SAPHIR Collab.) 
BATINIC 95 PR C51 2310 M. Batlnlc et aL (BOSK, UCLA) 

Also 98 PR C57 1004 (erratum) M. Batinlc et al. 
MANLEY 92 PR D45 4002 D.M. Mallley. E.M. Saleskl (KENT) UP 

Also 84 PR D30 904 D.M Ma~ley et al. (VPI) 
ARNDT 91 PR 043 2131 R.A. hrndt et al. (VPI, TELE) IJP 
CUTKOSKY 80 Toronto Conf. 19 R.E. Cutkosky et al. (CMU. LBL)IJP 

Also 79 PR D20 2839 R.E. Cutkosky ez al. (CMU. LBL) 
HOEHLER 79 PDAT ]2 I G. Hohler et al. (KARLT) IJP 

AlsO 80 Toronto Conf. 3 B. Koch (KARLT)IJP 



See key on page 239 

I I 2 ( ' 2  ) S t a t u s :  , ~k ~< g< N(2190) G17 /(jP) = l ~ -  

Most  of the resul ts pub l ished before 1975 are now obsolete and have 

been omi t ted .  They  may be found in our  1982 edi t ion.  Physics 

Let ters 1 1 1 8  (1982) .  

N(2190) BREIT-WIGNER MASS 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

2100 tO 2200 (~ 2190) OUR ESTIMATE 
2127•  9 MANLEY 92 IPWA ~ N  ~ ~rN & N~r~r 
2200 •  EUTKOSKY 80 IPWA ~ N  ~ ~rN 
2140•  HOEHLER 79 IPWA ~ N  ~ ~'N 
2140 •  HENDRY 78 MPWA x N  ~ ~ N  

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

2131 ARNDT 95 DPWA ~rN ~ N~r 
2198•  BATINIC 95 DPWA ~ N  ~ N~,  N~/ 

2098 ERAWFORD 80 DPWA "rN ~ ~ N  
2180 SAXON 80 DPWA ~r-  p ~ A K  0 
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Baryon Particle Listings 
N ( 2 1 9 0 )  

N(2190) DECAY MODES 
The fol lowing branching fractions are our estimates, not fits or averages. 

Mode Fraction ( r l / r )  

F 1 N~r 
F 2 Nr/ 
F 3 AK 
F 4 ~ K  
F 5 N~r= 
F 6 Np 
F 7 Np, 5=3/2, D-wave 
F8 Pg', helicity=]/2 
F9 PT, helicity=3/2 
FlO n?, helicity=l/2 
Fll n 7, helicity=3/2 

1 0 - 2 0 %  

N(2190) BRANCHING RATIOS 

2140 BAKER 79 DPWA x -  p ~ n~ 
2117 BARBOUR 78 DPWA " rN  ~ ~ N  

N(2190) BREIT-WlGNER WIDTH 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 

350 tO 550 (~ 450) OUR ESTIMATE 
5504- 50 M A N L E Y  92 IPWA ~ N  ~ ~ N  & N~r~r 
5009:150 CUTKOSKY 80 IPWA ~ N  ~ ~rN 
3904- 30 HOEHLER 79 IPWA ~rN ~ w N  
2704- 50 HENDRY 78 MPWA ~rN ~ ~ N  

�9 �9 �9 We do not use the fol lowing da ta  for averages, fits, l imits, etc. �9 �9 �9 

476 ARNDT 95 DPWA ~rN ~ N~r 
805+140  BATINIC 95 DPWA ~rN ~ N~r, N~/ 

238 CRAWFORD 80 DPWA 3'N ~ ~rN 
80 SAXON 80 DPWA ~ r - p  ~ A K  0 

319 BAKER 79 DPWA ~ - p  ~ n~/ 
220 BARBOUR 78 DPWA "/N ~ ~ N  

N(2190) POLE POSITION 

REAL PART 
VALUE (MeV) DOCUMENT tO TEEN COMMENT 

1950 tO 2150 (== 2050) OUR ESTIMATE 
2030 ARNDT 95 DPWA ~rN ~ N~r 
2042 1 HOEHLER 93 SPED ~r N ~ ~r N 
2100 •  CUTKOSKY 80 IPWA ~rN ~ ~rN 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

2060 ARNDT 91 DPWA ~ N ~ ~r N Soln SMg0 

-2x lMAGINARY PART 
VALUE (MeV) DOCUMENT ID TEEN COMMENT 

350 tO 550 (~ 450) OUR ESTIMATE 
460 A R N D T  95 DPWA ~rN ~ N~r 

482 1 HOEHLER 93 SPED ~rN ~ ~ N  
4 0 0 •  CUTKOSKY 80 IPWA ~rN ~ ~rN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

464 A R N D T  91 DPWA ~rN ~ ~ N  Soln SM90 

N(2190) ELASTIC POLE RESIDUE 

MODULUS I'1 
VALUE (MeV / DOCUMENT ID TEEN COMMENT 

48 A R N D T  95 DPWA 7rN ~ N~  
45 HOEHLER 93 SPED ~ N  ~ ~ N  
254-10 CUTKOSKY 80 IPWA 7rN ~ ~ N  

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

54 ARNDT 91 DPWA 7rN ~ ~ N  Soln SM90 

PHASE e 
VALUE (o) DOCUMENT tO TEEN COMMENT 

- -23 A R N D T  95 DPWA ~ N  ~ N~  
- 3 0 •  CUTKOSKY 80 IPWA ~rN ~ T N  

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

- 4 4  ARNDT 91 DPWA ~ N  ~ ~rN Soln SM90 

r(N.)/rto.,  rl/r 
VALUE DOCUMENT ID TECN COMMENT 

0.1 tO 0.2 OUR ESTIMATE 
0.22•  MANLEY 92 IPWA 7rN ~ ~rN & NTrTr 
0 .12•  CUTKOSKY 80 IPWA ~rN ~ ~rN 
0 .14 •  HOEHLER 79 IPWA ~rN ~ ~rN 
0 .16 •  HENDRY 78 MPWA ~rN ~ ~rN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.23 ARNDT 95 DPWA 7rN ~ N~r 
0.194-0.05 BATINIC 95 DPWA ~ N  ~ NTr, N~/ 

r(N,t)/rt==l r2/r 
VALUE DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.0014-0.003 BATINIC 95 DPWA ~ N  ~ N~r, NT/ 

(rFf)Y'/rt~l in N~r --, N(2190) - ,  Nr/ (rz r2l~'/r 
VALUE DOCUMENT ]D TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

+0 .052  BAKER 79 DPWA ~ - p  ~ nf i  

(qr r )~ / r~=  in N. -~  N(2190)-. AK (qra)~/r  
VALUE DOCUMENT ID TEEN COMMENT 

- 0 . 0 2  BELL 83 DPWA 7 r -  p ~ A K  0 

- 0 . 0 2  SAXON 80 DPWA 7 r -  p ~ A K  0 

(rFr)V'/rto., in N. -~  N(2190)--. ZK (rlr4)~'/r 
VALUE DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.014 to 0.019 2 DEANS 75 DPWA �9 N ~ ~ K  

(rlr~)~/r~,l in Nx--*  N(2190)--* Np, S=3/2,  D-wave (1" l r z ) ~ / r  
VALUE DOCUMENT ID TEEN COMMENT 

- -0.259:0.03 MANLEY 92 IPWA ~ N  ~ 7rN & N1rlr 

N(2190) PHOTON DECAY AMPLITUDES 

N(2190) -~ P3', heliclty-1/2 amplitude Az/2 
VALUE (GeV -L /2)  DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

- 0 . 0 5 5  CRAWFORD 80 DPWA 3'N ~ ~tN 
- 0 . 0 3 0  BARBOUR 78 DPWA 3'N ~ ~ N  

N(2190) --* PT, helicity-3/2 amplitude Aa/2 
VALUE IGeV -1 /2)  DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.081 CRAWFORD 80 DPWA 3,N ~ ~ N  
+0.180 BARBOUR 78 DPWA I , N  ~ ~ N  

N(2190) --* n'y, hellcity-1/2 amplitude A1/2 
VALUE (GeV -1 /2)  DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

- 0 . 0 4 2  CRAWFORD 80 DPWA " IN  ~ 7rN 
- 0 . 0 8 5  BARBOUR 78 DPWA " IN  ~ ~rN 

N(2190) --* n'r, helicity-3/2 amplitude A3/2 
VALUE (GeV - t / 2  ) DOCUMENT ID TEEN COMMENT 

�9 �9 * We do not use the following data for averages, fits, gmits, etc. �9 �9 �9 

- 0 . 1 2 6  CRAWFORD g0 DPWA " /N  ~ 7rN 
+0 .007  BARBOUR ;'8 DPWA 3 'N ~ ~ N  



722 

Baryon Part ic le  List ings 

N(2190), N(22002, N(2220) 

N(2190) ~p- - ,  AK + AMPLITUDES 

( rFr )~ / r t== in P3' --' N(2190) --~ A K  + (E 4_ amplitude) 
VALUE (units IO -3) DOCUMENT ID TEEN 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

2.5 •  W O R K M A N  90 DPWA 
2.04 TANABE 89 DPWA 

p'~ --* N(2190) --* AK + phase angle # (F--4- amplitude) 
VALUE (de~rees) DOCUMENT iD TECN 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

- 4 :E9 W O R K M A N  90 DPWA 
- 2 7 . 5  TANABE g9 DPWA 

(rzr~)V~/rt~ in p'/--~ N(2190) --* AK + (M 4_ amplitude) 
VALUE (~nlts 10 -3  ) DOCUMENT ID TECN 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc, �9 �9 �9 

- 7 . 0  •  W O R K M A N  90 DPWA 
- 5 . 7 8  TANABE 89 DPWA 

N(2190) FOOTNOTES 
1 See HOEHLER 93 for a detailed discussion of the evidence for and the pole parameters 

of N and A resonances as determined from Argand diagrams of ~ N elastic partial-wave 
amplitudes and from plots of the speeds wi th  which the ampli tudes traverse the diagrams. 

2The range given for DEANS 75 is from the four best solutions. Disagrees wi th  ~ + p  

. ~ +  K + data of WINNIK  77 around 1920 MeV. 

N(2190) REFERENCES 
For early references, see Physics Letters 111B 70 (1982). 

ARNOT 95 PR C52 2120 R.A. Amdt et al. (VPI, BRCO) 
BATINIC 95 PR CSl 2310 M. Batinlc et aL {BOSK, UCLA) 

Also 98 PR C57 ]004 (erratum) M. Batinic et at. 
HOEHLER 93 ~r N Newsletter 9 ] G. Hohler {KARL) 
MANLEY 92 PR D45 4002 D.M. Manley, E.M, Saleski (RENT) UP 

Also 84 PR D30 904 D.M Manley et aL (VPI) 
ARNDT 91 PR D43 2131 RA. Arndt et al. (VPI, TELE) IJP 
WORKMAN 90 PR C42 781 R,L. Workman {VPI) 
TANABE 8g PR C39 741 H. Tanabe, M, Kohno, C. Bennhotd (MANZ) 

Also 89 NC 102A 193 M. Kohno, H. Tanabe, C. Bennhold (MANZ) 
BELL 83 NP B222 389 K.W. Bell et aL (RL) IJP 
PDG 82 PL*1118 M. RODS et al, (HELS, CIT, CERN) 
CRAWFORD 80 Toronto Conf. ]07 R.L. Erawford (GLAS) 
CUTKOSKY 80 Toronto Conf. 19 R.E. Eutkosky et aL {CMU, LBL) IJP 

Also ~9 PR D20 2839 R.E. Cutkosky et aL (CMU, LBL} IJP 
SAXON 80 NP 8162 522 O.H. Saxon et aL (RHEL, BRIS) UP 
BAKER 79 NP B15E* 93 R.D. Baker et al. (RHEL) IJP 
HOEHLER 79 PDAT 12-1 G. HoNer et aL (KARLT) IJP 

AlSO 80 Toronto Conf. 3 R. Koch (KARLT) IJP 
BARBOUR 78 NP B141 253 I.M. Barbour, R.L Crawford, N.H, Parsons {GLAS) 
HENDRY 78 PRL 41 222 A.W, Hel~dry (IND. LBL) IJP 

Also 81 ANP ]36 1 A.W. ]tend~y (IND) 
WINNIK 77 NP B]28 66 M. Wianlk et aL (HALF) I 
DEANS 7S NP B96 98 S.R, Deans et 3L (SFLA, ALAH) IJP 

I I ~(~ ) Status: * *  N(2200) D15 /(jP) = ~ 5- 
OMITTED FROM SUMMARY TABLE 

The mass is not well determined. A few early results have been 
omi t t ed .  

N(2200) BREIT-WIGNER MASS 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 

2200 OUR ESTIMATE 
1900 BELL B3 DPWA : r - - p  ~ AK 0 

2 1 8 0 •  CUTKOSKY 80 IPWA ~rN ~ ~rN 
1920 SAXON 80 DPWA ~ r - p  ~ A K  0 

2 2 2 8 •  HOEHLER 79 IPWA ~r N ~ ~rN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

2 2 4 0 •  BATINIC 95 DPWA ~rN ~ N~r, N~/ 

N(2200) BREIT-WlGNER WIDTH 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 

130 BELL 83 DPWA ~ r - p ~  A K  0 

400• CUTKOSKY 80 IPWA ~ N  ~ ~ N  

220 SAXON 80 DPWA ~r -  p ~ A K  0 

310:E 50 HOEHLER 79 IPWA ~rN ~ ~rN 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

7 5 1 •  BATINIC 95 DPWA ~ N  ~ N~r, N~/ 

REAL PART 
VALUE (MeV) 
2 1 0 0 •  

N(2200) POLE POSITION 

DOCUMENT ID TEEN 

-2xlMAGINARY PART 
VALUE (MeV) 

360 • 80 

DOCUMENT ID TEEN COMMENT 

CUTKOSKY 80 IPWA ~rN ~ ~ 'N 

MODULUS I"1 
VALUE (MeV) 

2 0 •  

PHASE 0 
VALUE (~ 
- 9 0 + 5 0  

N(2200) ELASTIC POLE RESIDUE 

DOCUMENT ID TECN COMMENT 

CUTKOSKY 80 IPWA ~rN ~ 7rN 

DOCUMENT (D TEEN COMMENT 

CUTKOSKY 80 IPWA ~ N  ~ 7rN 

Mode 

r t  NTr 
r 2 NT/ 
r 3 AK 

N(2200) DECAY MODES 

N(2200) BRANCHING RATIOS 

r(N.)/rto~, qlr 
VALUE DOCUMENT/D TEEN COMMENT 

0 .10 •  CUTKOSKY 80 IPWA ~rN ~ ~rN 
0 .07 •  HOEHLER 79 IPWA 7rN ~ l r N  
* �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0 .08•  BATINIC 95 DPWA ~ N  ~ NTr, N~ 

r(Nrt) I r~ i  rl/r 
VALUE DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0 ,001•  BATINIC 95 DPWA 7rN ~ N~r, N~/ 

( r l r f )~ / r t~ l in  N~r--* N(2200)--, NT/ (rlr2)~'/r 
VALUE DOCUMENT ID TEEN COMMENT 

0.066 BAKER 79 DPWA ~ r - p  ~ n~  

(rFfl~/r~==, in Nlr ~ N(2200) .-* AK (rlrs)~'/r 
VALUE DOCUMENT ID TEEN COMMENT 

- -0.03 BELL 83 DPWA ~ r - p ~  AK 0 

-0.05 SAXON 80 DPWA 7:- p ~ AK 0 

N(2200) REFERENCES 

BATINIC 95 PR C5] 2310 M. Batinic et aL {BOSK, UCLA) 
Also 98 PR C57 1004 (erratum) M. Bati~ic et aL 

BELL 83 NP 8222 389 K.W. Bell et aL {RL) UP 
CUTKOSKY 80 Toronto Conf. 19 R,E. Cutkosky et aL (CMU, LBL) IJP 

Also 79 PR D20 2839 R.E. Cutkosky et aL (CMU, LBL) 
SAXON B0 NP B162 522 D.H. Saxon et aL (RHEL, BRIS) IJP 
BAKER 79 NP B156 93 R.D. Baker et at. (RHEL)IJP 
HOEHLER 79 PDAT 12-I G. HoNer et aL (KARLT)IJP 

AlSO 80 Toronto Conf. 3 R. Koch {KARLT)tJP 

IN(2220) H191 " ~ )  = 1,9+,  Status: , �9 , ,  

Most  of the  resul ts pub l ished before 1975 are now  obsolete and have 

been om i t t ed .  They  may  be found  in our  1982 ed i t ion,  Physics 

Let ters  111B (19822. 

N(2220) BREIT-WIGNER MASS 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 

2180 to 2310 (~  2220) OUR ESTIMATE 
2230~  80 CUTKOSKY 80 IPWA ~ N  ~ ~rN 
2205•  10 HOEHLER 79 IPWA ~ N  ~ 7rN 

2300•  HENDRY 78 MPWA ~ N  ~ ~rN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

2258 ARNDT 95 DPWA ~rN ~ NTr 

2050 BAKER 79 DPWA T - p  ~ nT/ 

N(2220) BREIT-WIGNER WIDTH 

VALUE (MeV I DOCUMENT ID TECN COMMENT 

320 tO 550 (~ 400) OUR ESTIMATE 
500 •  CUTKOSKY 80 IPWA 7rN ~ ~rN 
3 6 5 •  30 HOEHLER 79 IPWA ~rN ~ 7rN 
450 •  HENDRY 78 MPWA ~ N  ~ l r N  

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

334 A R N D T  95 DPWA 7rN ~ N~r COMMENT 

CUTKOSKY 80 IPWA ~rN ~ ~ N  



See key on page 239 

N(2220) POLE POSITION 

REAL PART 
VALUE (MeV I DOCUMENT ID TEEN COMMENT 
2100 to 2240 (r 2170) OUR ESTIMATE 
2203 A R N D T  95 DPWA ~rN ~ N~r 
2135 I HOEHLER 93 ARGD ~r N ~ ~r N 
2160•  CUTKOSKY 80 IPWA ~rN ~ ~rN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

2253 A R N D T  91 DPWA ~TN ~ ~rN Soln SM90 

-2xlMAGINARY PART 
VALUE (MeV) DOCUMENT ID TEEN COMMENT 
370 to 570 (~ 470) OUR ESTIMATE 
536 ARNDT 95 DPWA ~rN ~ N~r 
400 I HOEHLER 93 ARGD ~rN ~ ~rN 

4 8 0 •  CUTKOSKY 80 IPWA ~ N  ~ ~rN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etr �9 �9 �9 

640 ARNDT 91 DPWA ~ N ~ ~rN Soln SM90 

N(2220) ELASTIC POLE RESIDUE 

MODULUS Irl 
VALUE (MeV) DOCUMENT ID TEEN COMMENT 

68 ARNDT 95 DPWA ~rN ~ N~r 

40 HOEHLER 93 ARGD ~ N  ~ ~rN 
4 5 •  CUTKOSKY 80 IPWA ~ N  ~ ~rN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

85 ARNDT 91 DPWA ~ N  ~ ~rN Soln SM90 

PHASE 
VALUE( ~ ) DOCUMENT LD TEEN COMMENT 

- -43 A R N D T  95 DPWA E N  ~ NE 
- -50 HOEHLER 93 ARGO ~ N ~  ~rN 
- 4 5 •  CUTKOSKY 80 IPWA ~rN ~ ~TN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

- 6 2  A R N D T  91 OPWA ~rN ~ ~ N  Soln SMg0 

N(2220) DECAY MODES 
The fol lowing branching fractions are our estimates, not fits or averages. 

Mode Fraction ( r i / r )  

E l  N~r  10-20 % 

r 2  N r /  

r 3 A K  

N(2220) BRANCHING RATIOS 

r(N.)/rt~j rdr 
VALUE DOCUMENT ID TEEN COMMENT 
0.1 to 0.2 OUR ESTIMATE 
0 .15 •  CUTKOSKY 80 IPWA ~rN ~ ~ N  

0 .18•  HOEHLER 79 IPWA ~rN ~ ~rN 
0 .12 •  HENDRY 78 MPWA ~rN ~ ~ N  
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.26 A R N D T  95 DPWA ~ N  ~ N~r 

(r~r~)V=/rt~ in N~r--+ N(2220)--~ N~/ (rzr=)Y~/r 
VALUE DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.034 BAKER 79 DPWA ~ r - p ~  n~/ 

(rFf)V~/rt== In N~r ~ N(2220) --* AK (r lr~)V,/r  
VALUE DOCUMENT IO TECN COMMENT 

not required BELL 83 DPWA ~ - p  ~ A K  0 

not seen SAXON 80 DPWA ~ - p  ~ A K  0 

N(2220) FOOTNOTES 
1See HOEHLER 93 for a detailed discussion of the evidence for and the pole parameters 

of N and z l  resonances as determined from Argand diagrams of ~ N elastic part ial-wave 
ampli tudes and from plots of the speeds wi th  which the ampli tudes traverse the diagrams, 

N(2220) REFERENCES 
For early references, see Physics Letters 111B 70 (1982). 

ARNDT 95 PR C52 2120 R.A. Arndt et al. (VPI, BRED) 
HOEHLER 93 ~" N Newsletter 9 I G. Hohler (KARL) 
ARNDT 91 PR 043 2131 R.A, Arndt et a/. (VPL TELL) IJP 
BELL 83 NP B222 389 KW. Bell et al. (RL) IJP 
PDG 82 PL 1118 M. RoDs et al. (HELS, CIT, CERN) 
CUTKOSKY 80 Toronto Conf 19 R.E. Eutko$ky et af. (CMU, LBL) IJP 

Also 79 PR 020 2839 R.E. Cutkosky et 3h {CMU, LBL) IJP 
SAXON 80 NP B162 522 D.H. Saxon et aL (RHEL, BRIS) UP 
BAKER 79 NP B156 93 R.D. Baker et aL (RHEL) UP 
HOEHLER 79 PDAT 12-t G. HoMer et at. (KARLT) UP 

Also S0 Toronto Conf, 3 R. Koch (KARLT) IJP 
HENDRY 78 PRL 41 222 A.W. Hendry (IND, LBL) IJP 

Also 81 ANP I36 ] A.W. Hendry (IND) 
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Baryon Particle Listings 
N(2220), N(2250) 

I N(2250) G~91 I(jP) = 1 ( 9 - )  Status: ~ 2 

N(2250) BREIT-WIGNER MASS 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 

2170 tO 2310 (~= 2250) OUR ESTIMATE 
2250--  80 CUTKOSKY 80 IPWA ~ N  ~ ~rN 
2268 •  18 HOEHLER 79 IPWA 7rN ~ 7rN 

2200 •  HENDRY 78 MPWA 7rN ~ ~ N  
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

2291 ARNDT 95 DPWA i r N  ~ N ~  

N(2250) BREIT-WlGNER WIDTH 

VALUE IMeV) DOCUMENT ID TECN COMMENT 

290 to 470 (== 400) OUR ESTIMATE 
4 8 0 •  CUTKOSKY 80 IPWA ~rN ~ ~rN 
3 0 0 •  40 HOEHLER 79 IPWA ~rN ~ ~rN 
350 •  HENDRY 78 MPWA ~ N  ~ ~rN 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

772 ARNDT 95 DPWA ~rN ~ N~r 

N(2250) POLE POSITION 

REAL PART 
VALUE (MeV) DOCUMENT /D TEEN COMMENT 

2080 tO 2200 (~ 2140) OUR ESTIMATE 
2087 ARNDT 95 DPWA ~rN ~ N~r 
2187 1 HOEHLER 93 SPED ~rN ~ 7rN 

2150+50  CUTKOSKY 80 IPWA ~ N  ~ 7TN 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

2243 ARNDT 91 DPWA ~ N  ~ l r N  Soln SMg0 

-2xlMAGINARY PART 
VALUE (MeV I DOCUMENT ID TEEN COMMENT 

280 to 680 ( ~  4 ~ )  OUR ESTIMATE 
680 ARNDT 95 DPWA ~rN ~ N~  
388 1 HOEHLER 93 SPED ~rN ~ E N  
3 6 0 •  CUTKOSKY 80 IPWA ~TN ~ ~ N  

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

650 A R N D T  91 DPWA ~TN ~ ~ N  Soln SMg0 

N(2250) ELASTIC POLE RESIDUE 

MODULUS Id 
VALUE (MeV) DOCUMENT ID TEEN COMMENT 

24 ARNDT 95 DPWA l r N  ~ N~  

21 HOEHLER 93 SPED l r N  ~ ~rN 
2 0 •  CUTKOSKY 80 IPWA ~ N  ~ ~rN 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

47 ARNDT 91 DPWA ~rN ~ ~ N  Soln SM90 

PHASE 8 
VALUE (o) DOCUMENT ID TEEN COMMENT 

- 4 4  ARNDT 95 DPWA 7rN ~ N l r  

- 5 0 •  CUTKOSKY 80 IPWA ~ N  --* ~rN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

- 3 7  ARNDT 91 DPWA ~ N  ~ 7rN Soln SM90 

N(2250) DECAY MODES 

The fol lowing branching fractions are our estimates, not fits or averages. 

Mode Fraction ( F i / r )  

rl NTr 5-15 % 
r 2 Nr/ 
r 3 AK 

N(2250) BRANCHING RATIOS 

r(N,r)/r=t=, 
VALUE DOCUMENT ID TEEN COMMENT 
0.05 to 0.15 OUR ESTIMATE 
0 .10•  CUTKOSKY 80 IPWA ~rN ~ ~rN 
0 .10•  HOEHLER 79 IPWA 7rN ~ ~rN 

0 .09•  HENDRY 78 MPWA ~rN ~ 7rN 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.10 ARNDT 95 DPWA ~rN ~ N i t  

rdr 
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Baryon Particle Listings 
N(2250), N(2600), N(2700), N(~ 3000) 
(rFf)~/rtot= in N~r-~ N(2250) ~ N~/ (r, r2)~/r 
VALUE DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

--0.043 BAKER 79 DPWA ~ -  p ~ n~/ 

(rF,)Yqrtota, In N~r---* N(2250)--* AK (qr~)VVr 
VALUE DOCUMENT ID TECN COMMENT 

--0.02 BELL 83 DPWA ~r -  p ~ A K  0 

not seen SAXON 80 DPWA ~r -p  ~ A K  0 

N(2250) FOOTNOTES 
1See HOEHLER 93 for a detailed discussion of the evidence for and the pole parameters 

of N and A resonances as determined from Ars diagrams of ~" N elastic partlal-wave 
amplitudes and from plots of the speeds with which the amplitudes traverse the diagrams. 

N(2250) REFERENCES 

ARNDT 95 PR C52 2120 RA. ArnUt et aL (VPI, BRCO) 
HOEHLER 93 /rN Newsletter 9 ] G Hohler (KARL) 
ARNDT 91 PR D43 2131 RA. Arndt et al. (VPI, TELE) I JR 
BELL 83 NP B222 389 K.W. Bell et aL (RL) IJP 
CUTKOSKY 80 Toronto Conf. 19 RE. Cutkosky et at. (CMU, LBL)UP 

Also 79 PR D2O 2839 R.E. Cutkosky et aL (CMU. LBL) IJP 
SAXON 80 NP B162 522 D.H. Saxon et ah (RHEL. BRIS) IJP 
BAKER 79 NP B156 93 RD. Baker et aL (RHEL) UP 
FtOEttLER 79 POAT 12-1 G. Hohler el at. (KARLT)IJP 

Also 80 To~onto Conf 3 R. Koch (KARLT) IJP 
IIENORY 78 PRL 41 222 A.W. Hendry (IND, LBL)IJP 

Also 81 ANP 136 1 A.W. Hendry fIND) 
i 

I.( 000) ,,,,11 ,<,v) : �89 * * : r  

N(2600) BREIT-WIGNER MASS 

VALUE (MeV 1 DOCUMENT ID TEEN COMMENT 

2550 to 2750 ( ~  2600) OUR ESTIMATE 
2577~E 50 HOEHLER 79 IPWA ~ N  ~ 7rN 
2700• HENDRY 78 MPWA ~ N  ~ ~ N  

N(2600) BREIT-WIGNER WIDTH 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 

500 to 800 ( ~  650) OUR ESTIMATE 
400• HOEHLER 79 IPWA ~ N  ~ ~ N  
900• HENDRY 78 MPWA ~ N  ~ ~-N 

N(2600) DECAY MODES 

Mode Fraction (ri/r) 

F t NTr 5 - t0  % 

N(2600) BRANCHING RATIOS 

r(N.)Ir~,, 
VALUE DOCUMENT ID TEEN COMMENT 

0.05 to 0.1 OUR ESTIMATE 
0.05• HOEHLER 79 IPWA 7rN ~ ~rN 
0.08• HENDRY 78 MPWA 7rN ~ ~rN 

q/r 

N(2600) REFERENCES 

ItOEItLER 79 PDAT 12-1 G. HoNer et aL (KARLT) I JR 
AlSO 80 Toronto Conf. 3 R, Koch (KARLT) IJP 

IENDRY 78 PRL 41 222 A.W. ttendry (IND, LBL) UP 
Also 81 ANP 136 1 A.W. Ilendry (INO) 

IN(2700) KU31 ' < ~ P )  = t ' 1 3 + ' S t a t u s :  * * 

O M I T T E D  F R O M  S U M M A R Y  T A B L E  

N(2700) BREIT-WIGNER MASS 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

=u 2700 OUR ESTIMATE 
2612• 45 HOEHLER 79 IPWA ~ N  ~ ~rN 
3000-L]00 HENDRY 78 MPWA 7rN ~ ~rN 

N(2700) DECAY MODES 

TEEN COMMENT 

79 IPWA l rN  ~ TrN 
78 MPWA ~rN ~ ~'N 

qlr 

N(2700) REFERENCES 

HOEHLER 79 POAT 12-t G. HoNer et at. 
AlSO 80 Toronto Conf. 3 R. Koch 

tlENDRY 78 PRL 41 222 A.W. Hendry 
Also 81 ANP 136 1 A.W. Hendry 

(KARLT) IJP 
(KARLT) UP 

(IND, LBL) IJP 
(IND) 

I N(~ 3000 Region) I 
Partial-Wave Analyses I 

O M I T T E D  F R O M  S U M M A R Y  T A B L E  
We list here miscellaneous high-mass candidates for isospin-1/2 res- 
onances found in part ia l -wave analyses. 

Our  1982 edi t ion had an N(3245) ,  an N(3690) ,  and an N(3755) ,  
each a narrow peak seen in a product ion exper iment .  Since no th ing  
has been heard f rom them since the 1960's, we declare them to be 
dead. There was also an N(3030) ,  deduced from to ta l  cross-section 
and 180 ~ elastic cross-section measurements; i t  is the KOCH 80 

L I , tS  state below. 

N(~ 3000) BREIT-WIGNER MASS 

VALUE {MeV) DOCUMENT ID TEEN COMMENT 

31)00 OUR ESTIMATE 
2600 KOCH 80 IPWA ~rN ~ 7rN D13 
3100 KOCH 80 IPWA 7rN ~ 7rN L1,15 wave 

3500 KOCH 80 IPWA- ~ N  ~ ~ N  M1,17 wave 

3500 to 4000 KOCH 80 IPWA zr N ~ ~r N N 1,19 wave 

3500• HENDRY 78 MPWA 7rN ~ ~rN L1,15 wave 

3800• HENDRY 78 MPWA 7rN ~ zrN M1,17 wave 

4100• HENDRY 78 MPWA ~ N  ~ 7rN N1,19 wave 

N(~ 3000) BREIT-WIGNER WIDTH 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 

]300•  HENDRY 78 MPWA 7rN ~ ~rN L1,15 wave 

] 6 0 0 i 2 0 0  HENDRY 78 MPWA ~rN ~ ~rN M1,17 wave 

1900• HENDRY 78 MPWA ~rN ~ ~ N  N1,19 wave 

N(~ 3000) DECAY MODES 

Mode 

r l  N~ 

N(~ 3000) BRANCHING RATIOS 

r(N~r)/rt~i r i / r  
VALUE DOCUMENT ID TEEN COMMENT 

0.055• HENDRY 78 MPWA ~ N  ~ 7rN L1,15 wave 

0.040~0.015 HENDRY 78 MPWA ~rN ~ 7rN M1,17 wave 

0.030~0.015 HENDRY 78 MPWA 7rN ~ ~ N  N1,19 wave 

KOCH 80 Toronto ConE 3 R. Koch (KARLT)IJP 
HENDRY 78 PRL 41 222 A.W. He,dry fIND. LBL) IJP 

Also 8! ANP 136 ] A.W. ttend~y fIND) IJP 

N(N 3000) REFERENCES 

N(2700) BREIT-WIGNER WIDTH 

VALUE (MeV} DOCUMENT ID TEEN COMMENT 

350• 50 HOEHLER 79 IPWA ~rN ~ 7rN 
900!150 HENDRY 78 MPWA ~rN ~ 7rN 

Mode 

r I N~r 

N(2700) BRANCHING RATIOS 

r(N-)/rt~l 
VALUE DOCUMENT IO 

0.04:E0.01 HOEHLER 
0.07 :h0.02 HENDRY 



See key on page 239 

Zi BARYONS 
(S = 0, I =  3/2) 

Zl + +  = u u u ,  A + = u u d ,  A ~ = u d d ,  A -  = d d d  

Most  of  the  resu l ts  pub l i shed  before 1977 are now obsolete and have 

been om i t t ed .  T h e y  may  be found  in ou r  1982 ed i t ion,  Physics 

Let ters  111B  (1982) .  

A(1232) BREIT-WIGNER MASSES 

MIXED CHARGES 
VALUE (MeV) DOCUMENT ID TEEN COMMENT 

1230 to 1234 (~ 12~2) OUR ESTIMATE 
1 2 3 1 •  MANLEY 92 IPWA ~rN ~ ~ N  & N ~  

1 2 3 2 •  CUTKOSKY 80 IPWA ~rN ~ ~rN 
1 2 3 3 •  HOEHLER 79 IPWA ~rN ~ ~ N  
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

1233 ARNDT 95 DPWA ~rN ~ N~  

Z~(1232) ++ MASS 
VALUE (MeV) DOCUMENT tO TEEN COMMENT 

1230.5--0.2 ABAEV 95 IPWA ~ N  ~ ~ N  
1230 .9 •  KOCH 80B IPWA ~ N  ~ ~ N  
1231 .1 •  PEDRONI 78 ~ N  ~ ~ N  71~370 

MeV 

A(1232) + MASS 
VALUE (MeV) DOCUMENT tO TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, e t c . � 9  �9 �9 

CRAWFORD 80 DPWA "~N ~ ~rN 
MIROSHNIC.. .  79 Fit photoproduction 
BARBOUR 78 DPWA "~N ~ ~rN 
BERENDS 75 IPWA ~ p  ~ ~ N  

1231.6 
1234.9 • 1.4 
1231.2 
1231.8 

Z1(1232) ~ MASS 
VALUE (MeV) 

1233.1•  
1233.6•  
1233.8•  

DOCUMENT tD TEEN COMMENT 

ABAEV 95 IPWA ~ N  ~ ~ N  
KOCH BOB IPWA ~ N  ~ ~ N  
PEDRONI 78 �9 N ~ ~r N 70-370 

MeV 

m A o -  m~++ 

VALUE IM~V) DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, e t c . � 9  �9 �9 

2 .25 •  BERNICHA 96 Fit  to PEDRONI 7B 
2.6 •  ABAEV 95 IPWA ~rN ~ ~rN 
2.7 •  1 PEDRONI 78 See the masses 

~1(1232) BREIT-WlGNER WIDTHS 

MIXED CHARGES 
VALUE (MeV) DOCUMENT ID TEEN COMMENT 

115 to 125 (;u 120) OUR ESTIMATE 
1 1 8 •  MANLEY 92 IPWA 7rN ~ ~rN & N ~ r  
1 2 0 •  CUTKOSKY 80 IPWA 7rN ~ ~ N  
1 1 6 •  HOEHLER 79 IPWA ~rN ~ ~ N  
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

114 ARNDT 95 DPWA 7rN ~ NTr 

Z~(1232) ++  WIDTH 
VALUE (MeV) DOCUMENT tO TEEN COMMENT 

111 .0 •  KOCH 80B IPWA ~rN ~ ~ N  
111 .3 •  PEDRONI 78 ~rN ~ ~ N  70-370 

MeV 

Z1(1232) + WIDTH 
VALUE (MeV) DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

111.2 CRAWFORD 80 DPWA ? N  ~ ~ N  
131 .1 •  MIROSHNIC.. .  79 Fit photoproduction 
111.0 BARBOUR 78 DPWA -yN ~ ~ N  

Z1(1232) ~ WIDTH 
VALUE (MeV) DOCUMENT ID TEEN COMMENT 

113 .0 •  KOCH 80B IPWA ~ N  ~ l r N  
117 .9 •  PEDRONI 78 ~ N  ~ ~rN 70-370 

MeV 

725 

Baryon Particle Listings 
z~(1232) 

A0.A++ WIDTH DIFFERENCE 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

8 .45•  BERNICHA 96 Fit  to PEDRONI 78 
5.1 + 1 . 0  ABAEV 95 IPWA ~ N  ~ 7rN 
6.6 • 1.0 PEDRONI 78 See the widths 

Z1(1232) POLE POSITIONS 

REAL PART, MIXED CHARGES 
VALUE (MeV) DOCUMENT /D TEEN COMMENT 

1209 tO 1211 (~ 1210) OUR ESTIMATE 
1211 ARNDT 95 DPWA 7rN ~ N ~  
1209 2HOEHLER 93 ARGD ~ N ~  7rN 
1210 •  CUTKOSKY 80 IPWA ~ N  ~ 7rN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

1210 ARNDT 91 DPWA 1:N ~ ~ N  Soln 5M90 

-2xlMAGINARY PART, MIXED CHARGES 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

98 to 102 (~ 100) OUR ESTIMATE 
100 ARNDT 95 DPWA ~ N  ~ N~r 
100 2HOEHLER 93 ARGD ~ N ~  ~ N  
100:52 CUTKOSKY 80 IPWA ~ N  ~ ~ N  

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

100 ARNDT 91 DPWA ~ N  ~ ~TN 5oln SM90 

REAL PART, Z1(1232) ++ 
VALUE (MeV) DOCUMENT ID COMMENT 

1209.6•  3 VASAN 76B Fit tO CARTER 73 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

1210.5 to 1210.8 4 VASAN 768 Fit to CARTER 73 

-2xlMAGINARY PART, Z1(1232) ++ 
VALUE (MeV) DOCUMENT ID COMMENT 

100 .8 •  3 VASAN 76B Fit  to CARTER 73 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. i �9 �9 

99.8 to 100 4 VASAN 76B Fit  tO CARTER 73 

REAL PART, z1(1232) + 
VALUE (MeV) DOCUMENT ID TEEN COMMENT 

1208.0 •  CAMPBELL 76 Fit photoproduct ion 

�9 * �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

1211 •  to 1212 • 1 HANSTEIN 96 DPWA "yN ~ 7rN 
1206.9:50.9 to 1210.5 • 1.8 MIROSHNIC...  79 Fit  photoproduct ion 

- 2 x IMAGINARY PART, A(1232) + 
VALUE (MeV) DOCUMENT ID TEEN COMMENT 

106 •  CAMPBELL 76 Fit  photoproduction 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc.  �9 �9 �9 

102 •  to 99 • 2 HANSTEIN 96 DPWA -},N ~ ~ N  
111 .2•  to 116.6 • 2.2 MIROSHNIC.. .  79 Fit  photoproduction 

REAL PART, Z1(1232) 0 
VALUE IMeV) DOCUMENT ID COMMENT 

1210,75•  3 VASAN 76B Fit  tO CARTER 73 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

1210,2 4 VASAN 768 Fit to CARTER 73 

-2xlMAGINARY PART, ~(1232) ~ 
VALUE (MeV) DOCUMENT ID COMMENT 

105.6•  3 VASAN 76B Fit  tO CARTER 73 

�9 �9 �9 We do not use the following data for averages, fits, l imits, e t c . � 9  �9 �9 

105.8 to 106.2 4 VASAN 768 Fi t  to CARTER 73 

Z1(1232) ELASTIC POLE RESIDUES 

ABSOLUTE VALUE, MIXED CHARGES 
VALUE IMeV) DOCUMENT ID TEEN COMMENT 

38 ARNDT 95 DPWA ~ N  ~ N ~  
50 HOEHLER 93 ARGD l r N  ~ 7rN 
5 3 •  CUTKOSKY 80 IPWA ~ N  ~ ~ N  

�9 �9 i We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

52 ARNDT 91 DPWA 7rN ~ x N  Soln SMg0 

PHASE, MIXED CHARGES 
VALUE (o) DOCUMENT ID TEEN COMMENT 

- -22 ARNDT 95 DPWA ~rN ~ NTr 
- 4 8  HOEHLER 93 ARGD 7rN ~ ~TN 
- 4 7 + 1  CUTKOSKY 80 IPWA ~TN ~ ~TN 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

- 3 1  ARNDT 91 DPWA 7rN ~ ~ N  5oln SM90 
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Baryon 
A(1232) 

Particle Listings 

ABSOLUTE VALUE, A(1232) ++ 
VALUE (MeV) DOCUMENT ID COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

52.4 to 53.2 3 VASAN 76B Fit to CARTER 73 
52.1 to 52.4 4 VASAN 76B Fit to CARTER 73 

PHASE, z1(1232)+§ 
VALUE (rad) DOCUMENT ID COMMENT 

�9 * �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 * 

-0 .822 to -0 .833 3 VASAN 76B Fit to CARTER 73 
-0 .823 to -0 .830 4 VASAN 76B Fit to CARTER 73 

ABSOLUTE VALUE, z1(1232) ~ 
VALUE {MeV) DOCUMENT ID COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

54.8 to 55.0 3 VASAN 76B Fit tO CARTER 73 
55.2 to 55.3 4VASAN 76B Fit tO CARTER 73 

PHASE, A(1232) 0 
VALUE (rad) DOCUMENT ID COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

-0 .840 to -0 .847  3 VASAN 76B Fit to CARTER 73 
-0 .848 to -0 .856  4VASAN 76B Fit to CARTER 73 

~1(1232) DECAY MODES 
The following branching fractions are our estimates, not fits or averages. 

Mode Fraction (F i /F )  

F 1 N ~  >99 % 

F 2 N? 0.52-0.60 % 

F 3 N ~ ' ,  h e l i c i t y = l / 2  0.11-0.13 % 

F 4 N ? ,  h e l i c i t y = 3 / 2  0.41-0.47 % 

�9 �9 = We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

-0.2522 HANSTEIN 98 DPWA 3'N ~ w N  
-0 .262 •  LI 93 IPWA -)'N ~ ~rN 
-0 .254 --0.011 DAVIDSON 90 FIT See DAVIDSON 91B 
--0.271 •  BARBOUR 78 DPWA 3'N ~ ~rN 
-0 .247 5 NOELLE 78 3'N ~ ~rN 
-0 .256 •  FELLER 70 DPWA ~'N ~ ~rN 

a(1232) --* N% E2/M 1 ratio 
VALUE DOCUMENT ID TECN COMMENT 
--0.025 • OUR ESTIMATE 
-0 .0254•  HANSTEIN 98 DPWA -~N ~ ~ N  
-0 .015  •  6 ARNDT 97 IPWA ~'N ~ ~ N  
-0 .025 •  • BECK 97 IPWA ~ N  ~ ~rN 
-0 .030  •  • BLANPIED 97 DPWA "~N ~ ~ N .  "(N 
--0.0319• DAVIDSON 97 DPWA "TN ~ ~rN 
--0.015 • WORKMAN 92 IPWA ~'N ~ w N  
-0 .0157•  DAVlDSON 91B FIT "TN ~ ~'N 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

--0.0233• HANSTEIN 98 IPWA ~rN ~ ~rN 
-0 ,027 •  • KHANDAKER 95 DPWA ~ N  ~ ~rN 
-0 .0107•  DAVIDSON 90 FIT ~fN ~ ~rN 
-0 .015  +0.002 DAVIDSON 86 FIT ~ N  ~ ~rN 
+0.037 •  TANABE 85 FIT ~ N  ~ ~rN 

D(1232) --* N?, absolute value of E2/M t ratio at pole 
VALUE DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 = �9 

0.065• ARNDT 97 DPWA ~ N  ~ ~rN 
0.058 HANSTEIN 96 DPWA 3,N ~ ~rN 

~(1232) --~ N?, phase of E2/M1 ratio at pole 
VALUE DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 

- 1 2 2  •  ARNDT 97 DPWA -yN ~ ~ N  
-127 .2  HANSTEIN 96 DPWA 3'N ~ ~ N  

A(1232) BRANCHING RATIOS 

r(N,r)/r~.l rdr 
VALUE DOCUMENT ID TECN COMMENT 
0.993 tO 0,995 OUR ESTIMATE 
1.0 MANLEY 92 IPWA 7rN ~ ~rN &. NTr~ 

z1(1232) ++ MAGNETIC MOMENT 

The values are extracted from UCLA and SIN data on ~r+ p bremsstrahlung 
using a variety of diRerent theoretical approximations and methods. Our 
estimate is only a rough guess of the range we expect the moment to lie 
within. 

1.0 CUTKOSKY 80 IPWA ~rN ~ ~rN 
1.0 HOEHLER 79 IPWA ~rN ~ 7rN 
�9 �9 * We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

1.0 ARNDT 95 DPWA ~rN ~ N~r 

Z1(1232) PHOTON DECAY AMPLITUDES 

Z1(1232) -*  N,},, helicity-1/2 amplitude All  2 
VALUE (GeV - t / 2 )  DOCUMENT ID TECN COMMENT 

VALUE (#N) DOCUMENT ID COMMENT 
3.1 tO 7.5 OUR ESTIMATE 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

4 .52•177 BOSSHARD 91 7r+p ~ 7r+p3 ' (SIN data) 
3.7 to 4.2 LIN 91B ~ + p  ~ ~r+p3 , (from UCLA data) 
4.6 to 4.9 LIN 910 ~ + p  ~ ~ + p " f  (from SIN data) 
5.6 to 7.5 W I T T M A N  88 7r•  ~ lr +p ' ) '  (from UCLA data) 
0.9 to 9.8 HELLER 87 ~ + p  ~ ~r +p-}, (from UCLA data) 
4,7 to 6.7 NEFKENS 78 ~r+p ~ ~r +p3 ,  (UCLA data) 

--0.135 • OUR ESTIMATE 
-0 .1294•  HANSTEIN 98 IPWA 
-0 .135  •  ARNDT 97 IPWA 
-0.1278 • DAVIDSON 97 DPWA 
--0.141 •  ARNDT 96 IPWA 
-0 ,135  •  DAVIDSON 91B FIT 
-0 ,145  •  CRAWFORD 83 IPWA 
-0 ,138 •  AWAJI 81 DPWA 
-0 .147  • ARAI 80 DPWA 
-0 ,145  • ARAI 80 DPWA 
--0.136 •  CRAWFORD 80 DPWA 
�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, 

-0 .1312 HANSTEIN 98 DPWA 
--0.143 •  LI 93 IPWA 
-0 .140  •  DAVIDSON 90 FIT 
-0 .142 •  BARBOUR 78 DPWA 
-0 .140 5 NOELLE 78 

~ N  ~ 7rN 
"TN ~ ~rN 
3, N ~ ~ N  
3'N ~ ~ N  
"yN ~ l rN 
3'N ~ l rN 
? N  ~ ~ N  (fit 1) 
"yN ~ ~ N  (fit 2) 
3'N ~ l rN 
etc. �9 �9 �9 

3 'N  ~ ~ N  
See DAVIDSON 918 
~ N  ~ 7rN 
3,N --* ~rN 

A(1232) FOOTNOTES 
1Using x •  as well, PEDRONI 78 determine ( M -  - M + + )  + (M 0 - M •  = 

4.6 • 0.2 MeV. 
2 See HOEHLER 93 for a detailed discussion of the evidence for and the pole parameters 

of N and /'. resonances as determined from Argand diagrams of ~r N elastic partial-wave 
amplitudes and from plots of the speeds with which the amplitudes traverse the diagrams. 

3This VASAN 70B value is from fits to the coulomb-barrier-corrected CARTER 73 phase 
shift. 

4This VASAN 768 value is from fits to the CARTER 73 nuclear phase shift wi thout 
coulomb barrier corrections. 

5Converted to our conventions using M = 1232 MeV, F = 110 MeV from NOELLE 78. 
6This ARNDT 97 value is very sensitive to the database being fitted. The result is from a 

fit to the full pion photoproduction database, apart from the BLANPIED 97 cross-section 
measurements. 

A(1232) REFERENCES 
For early references, see Physics Letters 1110 70 (1982). 

--0.141 • 

Z1(1232) --* N"f, helicity-3/2 
VALUE (GeV -1/2 ) 
--0.255 -I-0.008 OUR ESTIMATE 
-0 .2466•  
-0 .250 •  
-0 .2524•  
--0,261 • 
--0.251 • 
-0.263 • 
- 0.259 • 
-0 .264 --0.002 
-0 .261 •  
-0 .247 •  

FELLER 76 DPWA 3'N ~ ~rN 

amplitude A3/2 
DOCUMENT ID TECN COMMENT 

HANSTEIN 98 IPWA 
ARNDT 97 IPWA 
DAVIDSON 97 DPWA 
ARNDT 96 IPWA 
DAVIDSON 91B FiT 
CRAWFORD 83 IPWA 
AWAJI 81 DPWA 
ARAI 80 DPWA 
ARAI 80 DPWA 
CRAWFORD 80 DPWA 

3'N ~ ~ N  
"TN ~ ~ N  
~/N ~ ~N 
~/N ~ ~N 
3'N ~ ~N 
3'N ~ 7rN 
"~N ~ ~ N  
"TN ~ ~ N  (fit 1) 
7 N  ~ 7rN (fit 2) 
~ N  ~ 7rN 

HANSTEIN 9B 
ARNDT 97 
BECK 97 

Also 97B 
Also 97C 
Also 97D 

BLANPIED g7 
DAVIDSON 97 
ARNOT 96 
BERNICHA 96 
HANSTEIN g6 
ABAEV 95 
ARNDT 95 
KHANDAKER 95 
HOEHLER 93 
LI 93 
MANLEY 92 

Also B4 
WORKMAN 92 
ARNDT 91 
BOSSHARD 91 

AlSO 90 
DAVIDSON 910 

NP A632 561 O. Hansteln, D. Drechsel, L. Tiator 
PR C56 577 R.A. Arndt, I.I. Srrakovsky, R.L Workman (VPI) 
PRL 78 606 R. Beck et aL (MANZ. SACL. PAVe. GLAS) 
PRL 79 4510 R.L BeCk. H.P. Krahn (MANZ) 
PRL 79 4512 R.L. Beck, H.P. Krahn (MANZ) 
PRL 79 4515 (erratum) R.L. Beck et a/. (MANZ. SACL. PAVI. GLAS) 
PRL 79 4337 G,S. Blanpied et aL (LEGS Collab,) 
PRL 79 4509 R.M. Davidson. N.C.A. Mukhopadhyay (RPI) 
PR C53 430 R.A. Arndt. IJ. Strakovsky. R.L Workman (VPI) 
NP A597 623 A. Bernicha, G. Lopez Castro, J. Pestieau (LOUV+) 
PL B385 45 O. Hanstein, D. Drechsel, L, Tiat(x IMANZ) 
ZPHY A352 e5 V,V. Abaev, S.P. Kruglov (PNPI) 
PR C52 2120 R.A. Arndt er aL (VPI. BRCO) 
PR D51 3966 M. Khandaker, A.M. Sandorfi (BNL, VPI) 
~N Newsletter 9 1 G. Hohler (KARL) 
PR C47 2759 Z.J. Li er aL (VPI) 
PR 046 4002 D.M. Manley. E.M. S~leski (KENT) IJP 
PR D30 904 D.M. Manley et aL (VPI) 
PR C46 1546 R.L Wo(kman, R.A. Arndt. Z.J. Li (VPI) 
PR 043 2131 R.A. Artldt er aL (VPI. TELE) IJP 
PR D44 1962 A. Bosshard et aL (ZURI. LBL. VILL+) 
PRL 64 2619 A, Bosshard et aL (CATH, LAUS, LBL+) 
PR 043 71 R.M. Davidson. N.C. Mukhopadhyay, R.S. Wirrman 



See key on page 239 

LIN AlSO 91B PR C44 1819 D,H. Lin, M.K. Liou, ZIM. Ding (CUNY, CSOK) 
91 PR C43 R930 D. tin, MIK. Liou (CUNY) 

DAVIDSON 90 PR D42 2D R.M. Davidson, N.C. Mukhopadhyay (RPI) 
WITTMAN 88 PR C37 2075 R. Wittman (TRIU) 
HELLER 87 PR C35 718 L. Heller et aL (LANL, MIT. ILL) 
DAVIDSON 86 PRL 56 804 R.M. Davidson, N.C. Mukhopadhyay, R. Wlttman (RPI) 
TANABE 85 PR C31 1876 B. Tanabe, K. Ohta {KOMAB) 
CRAWFORD 83 NP 8211 1 R.L Crawford, W.T. Morton (GLAS) 
PDG 82 PL ]11B M. RODS et aL (HELS. CIT, CERN) 
AWAJI 81 Bonn Conf. 352 N. Await, R. Kajikawa (NAGO) 

Also 82 NP B197 365 K. Fujii et al. (NAGO) 
ARM 80 Toronto Conf. 93 I. Aral (INUS) 

AlSO 82 NP B194 251 L Arai, H. Fujil (INUS) 
CRAWFORD 80 Toronto Cor~f. 107 RIL. Crawford (GLAS) 
CUTKOSKY 80 Toronto Conf. 19 R.E. Cutkosky et ah (CMU, LBL) UP 

Also 79 PR D20 2839 R.E. Cutkos~y et aL (CMU, LBL) 
KOCH 808 NP A336 331 R. Koch, E. Pietarlnen {KARLT) IJP 
HOEHLER 79 PDAT 12-1 (3. Hohler er ah (KARLT) IJP 

Also 80 Toronto Conf. 3 R. Koch {KARLT) IJP 
MIROSHNIC... 79 SJNP 29 94 hE Miroshnichenko et aL (KFTI) IJP 

Translated from YAF 29 188. 
BARBOUR 78 NP B141 253 LM. Barbour, R.L; Crawford, N.H. Parsons (GLAS) 
NEFKENS 78 PR DI8 3911 B.MIK, Nefkens et aL (UCLA, CATH) IJP 
NOELLE 78 PTP 60 778 P. No�9 (NAGO) 
PEDRONI 78 NP A300 321 EI PedronT el at. {SIN, ISNG, KARLE+) IJP 
CAMPBELL 76 PR D14 "2481 R,R. Campbell, G,L. Shaw, J.S. Ball (BOIS, UCI+) IJP 
FELLER 76 NP B1O4 219 P. Feller et at. (NAGO, OSAK) IJP 
VASAN 76B NP BL06 535 S.S, Vasari (CMU) IJP 

Also 76 NP B106 526 S.S Vasan (CMU) IJP 
BERENDS 75 NP B84 342 F.AI Berends, A. Donnachie (LEID, MCHS) 
CARTER 73 NP 858 378 J.R. Carter, D.V. BugE, J.R, Carter (CAVE, LOQM)IJP 

I A(1600 )  ' ( ' P )  = 3 , 3 + ,  S t a t u s :  * # : ~ :  

Most  of  t he  resul ts  pub l ished before ] 9 7 5  are now obsolete and have 

been omi t ted .  T h e y  may  be found  in ou r  1982 ed i t ion,  Physics 

Le t te rs  111B  (1982) .  

T h e  var ious analyses are no t  in good agreement .  

D(1600) BREIT-WlGNER MASS 

VALUE (MeV) DOCUMENT /D TECN COMMENT 

1550 to 1700 (=u 1800) OUR ESTIMATE 
1 7 0 6 •  M A N L E Y  92 IPWA ~r N ~ ~rN & N~r~r 
1600 •  CUTKOSKY 80 IPWA ~ N  ~ ~rN 
1522 •  HOEHLER 79 IPWA ~rN ~ ~rN 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

1672 •  , A R N D T  96 IPWA 3"N ~ ~rN 
1706 LI 93 IPWA ? N  ~ ~rN 

1690 B A R N H A M  80 IPWA ~TN ~ N~r~r 
1560 1 LONGACRE 77 IPWA ~ N  ~ N~r~r 
1640 2 LONGACRE 75 IPWA ~rN ~ N ~ r  

Z1(1600) BREIT-WlGNER WIDTH 

VALUE (MeV} DOCUMENT ID TEeN COMMENT 

250 tO 450 (~= 350) OUR ESTIMATE 
4 3 0 •  73 MANLEY 92 IPWA ~ N  ~ ~rN & N~r~ 

3 0 0 •  CUTKOSKY 80 IPWA ~TN ~ ~rN 
2 2 0 •  40 HOEHLER 79 IPWA ~ N  ~ ~rN 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

3 1 5 •  20 A R N D T  96 IPWA ~/N ~ ~rN 
215 LI 93 IPWA "~N ~ ~rN 
250 BARNHAM 80 IPWA . ~rN ~ N~r~r 
180 1 LONGACRE 77 IPWA ~rN ~ N~r~r 
300 2 LONGACRE 75 IPWA ~r N ~ N ~ r  

Z~(1600) POLE POSITION 

REAL PART 
VALUE (MeV) DOCUMENT ID TEeN COMMENT 

1500 tO 1700 (=U 1600) OUR ESTIMATE 
1675 ARNDT 95 DPWA ~ r N ~  N~r 
1550 3HOEHLER 93 SPED ~ r N ~  ~rN 

1550 •  CUTKOSKY 80 IPWA ~rN ~ ~rN 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

1612 ARNDT 91 DPWA ~rN ~ ~rN Soln SM90 
1609 or 1610 4 LONGACRE 78 IPWA ~rN ~ N~r~r 
1541 or 1542 I LONGACRE 77 IPWA ~rN ~ N~r~r 

-2xlMAGINARY PART 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

200 tO 400 (== 300) OUR ESTIMATE 
386 A R N D T  95 DPWA ~rN ~ N~r 
2 0 0 •  CUTKOSKY 80 IPWA ~rN ~ ~rN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

230 ARNDT 91 DPWA ~rN ~ ~rN Soln SMg0 
323 or 325 4 LONGACRE 78 IPWA ~r N ~ N~r~r 
178 or 178 1 LONGACRE 77 IPWA ~r N ~ N~rT 
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Baryon Particle Listings 
z3(1232), z5(1600) 

A(1600) ELASTIC POLE RESIDUE 

MODULUS Id 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

52 ARNDT 95 DPWA ~ N  ~ N ~  
1 7 •  CUTKOSKY 80 IPWA ~-N ~ ~TN 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

16 ARNDT 91 DPWA ~rN ~ ~ N  Soln SM90 

PHASE e 
VALUE( ~ ) DOCUMENT ID TECN COMMENT 

+ 14 ARNDT 95 DPWA ~rN ~ N~r 
- 1 5 0 •  CUTKOSKY 80 IPWA ~ N  ~ ~ N  

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

- 73 ARNDT 91 DPWA ~rN ~ ~rN Soln SM90 

11(1600) DECAY MODES 

The fol lowing branching fractions are our estimates, not fits or averages. 

Mode Fraction ( r t / r )  

r l  NTr 10-25 % 

r 2 Z K  
r 3 NTrTr 75-90 % 
r 4 A ~- 40-70 % 
r 5 A(1232)~r, P-wave 
F 6 ~(1232)~r, F-wave 
r 7 Np <25 % 
r 8 Np, 5=1/2, P-wave 
r 9 N p ,  5 = 3 / 2 ,  P - w a v e  

r i o  N p ,  5 = 3 / 2 ,  F - w a v e  

rll N(1440)~r 10-35 % 
r12 N(1440)lr, P-wave 
r13 N? o.001-0.02 % 
r14 N?, helicity=l/2 0.0-0.02 % 
rls N'7, helicity=3/2 o.ool-o.oos % 

11(1600) BRANCHING RATIOS 

r(N.)Irto=, rdr 
VALUE DOCUMENT ID TEeN COMMENT 
0.10 tO 0.25 OUR ESTIMATE 
0 .12+0 .02  MANLEY 92 IPWA 7rN ~ ~rN & N~Tr 
0 .18 •  CUTKOSKY 80 IPWA 7rN ~ T N  
0 .21+0 .06  HOEHLER 79 IPWA 7rN ~ ~rN 

(rFr)~Irt== in Nlr --* a(1600) --~ ~ K ( r l r2)~ ' / r  
VALUE DOCUMENT ID TECN COMMENT 
--0.36 tO -0.28 OUR ESTIMATE 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0.006 to 0.042 5 DEANS 75 DPWA ~rN ~ ~ K  

Note: Signs of couplings from ~r N ~ N~Tr analyses were changed in the 
1986 edition to agree wi th  the baryon-first convention; the overall phase 
ambiguity is resolved by choosing a negative sign for the A(1620)  531 
Coupling to Z1(1232)7r. 

(rlrr)~'Ir~,~ In N r - *  4(1600) --> L1(1232)11-, P-wave (rl rs)q'Ir 
VALUE DOCUMENT ID TEeN COMMENT 
-I-0.27 tO +0.33 OUR ESTIMATE 
+0.29 :50 .02  MANLEY 92 IPWA 7rN ~ 7rN & NTrTr 
+ 0 . 2 4 •  BARNHAM 80 IPWA ~rN ~ NTr~r 
+0 .34  1,6 LONGACRE 77 IPWA 7rN ~ N~r~r 
+0 .30  2 LONGACRE 75 IPWA 7rN ~ N~Tr 

(rFr)~/r~,l in Nit ~ A(1600) --~ A(1232)lr, F-wave (I-t ro)V~/r 
VALUE DOCUMENT ID TECN COMMENT 
--0,15 tO --0,03 OUR ESTIMATE 
- -0.07 1,8 LONGACRE 77 IPWA 7rN ~ NwTr 

(rFr)'h/r~, i. N1r ~ .4(1600) --~ Np, S=I /2 ,  P-wave (rlrg)~/r 
VALUE DOCUMENT ID TEeN COMMENT 

+0 .10  1,6 LONGACRE 77 IPWA ~ N  ~ N~r~r 

(rFf)~Ir=a~ in N~r-* A(1600) --~ Np, S=3/2, P-wave (rl r,)~Ir 
VALUE DOCUMENT ID TECN COMMENT 

+0 .10  1,6 LONGACRE 77 IPWA 7rN ~ N~r~r 
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Baryon Particle Listings 
A(1600), /I(1620) 

(rFf)%Irtot= In N~r ~ ,4(1600) -*  N(1440)~r, P-wave (rzr~2)V~ir 
VALUE DOCUMENT ID TEEN COMMENT 

+0.15 to +0.23 OUR ESTIMATE 
+0.16•  MANLEY 92 IPWA ~rN ~ x N  & N~r~r 
+0.23•  BARNHAM 80 IPWA ~rN ~ N~r~r 

,4(1600) PHOTON DECAY AMPLITUDES 

,4(1600) -~ Nff, helicity-1/2 amplitude Al l  2 
VALUE (GeV i /2) DOCUMENT ID TEEN COMMENT 

-0,0234-0.020 OUR ESTIMATE 
-0,018• ARNDT 96 IPWA "yN ~ ~rN 
-0,039• CRAWFORD 83 IPWA ~ N  ~ ~rN 
-0.046• AWAJI 81 DPWA "yN ~ ~rN 

0.005• CRAWFORD 80 DPWA ~/N ~ ~ N  

I A(1620) 53~ I 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

-0.826+0.002 LI 93 IPWA "yN ~ ~ N  
-0.200 7 WADA 84 DPWA Compton scattering 

0.000• BARBOUR 78 DPWA " fN ~ ~ N  
0.0 • FELLER 76 DPWA 3'N ~ ~rN 

,4(1600) --, N'r, helicity-3/2 amplitude A3/2 
VALUE (GeV -1/2) DOCUMENT ID TEEN COMMENT 

--0.0094-0.021 OUR ESTIMATE 
-0.025• ARNDT 96 IPWA "TN ~ ~tN 
-0.013• CRAWFORD 83 IPWA "TN ~ ~rN 

0.025• AWAJI 81 DPWA "TN ~ ~rN 
-0.009• CRAWPORD 80 DPWA "TN ~ ~rN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

i ( . i  P )  = 3 ~ -  2(2 ) Status: Y 6 ~ h k  

Most of the results publ ished before 1975 are now obsolete and have 
been omi t ted .  They may be found in our  1982 edi t ion,  Physics 

Letters 111B (1982). 

,4(1620) BREIT-WIGNER MASS 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 

1616 to 1675 (~ 1620) OUR ESTIMATE 
1672 • 7 MANLEY 92 IPWA ~rN ~ ~rN & N;T~" 
1620 •  CUTKOSKY 80 IPWA ~rN ~ ~rN 
1610 • 7 HOEHLER 79 IPWA ~rN ~ ~ N  
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

1672 • 5 ARNDT 96 IPWA 3"N ~ ~rN 
1617 ARNDT 95 DPWA ~rN ~ N~r 
1669 LI 93 IPWA 'TN ~ ~rN 
1620 BARNHAM 80 IPWA ~rN ~ N~rx 
1712.8+ 6.0 1CHEW 80 BPWA ~ r + p ~  ~ r + p  

1786.7• 2.0 1CHEW 80 BPWA ~ r + p ~  ~r+p 
1657 CRAWFORD 80 DPWA 3"N ~ ~rN 
1662 BARBOUR 78 DPWA "TN ~ ~ N  
1580 2 LONGACRE 77 IPWA x N  ~ N~r~ 
1600 3 LONGACRE 75 IPWA x N  ~ N ~  

-0.016• LI 93 IPWA 3'N ~ ~rN 
0.023 WADA 84 DPWA Compton scattering 
0.000• BARBOUR 78 DPWA 3,N ~ ~rN 
O.0 +0.015 FELLER 76 DPWA "rN ~ ~'N 

~(1600) FOOTNOTES 
I LONGACRE 77 pole positions are from a search for poles in the unitarized T-matrix; the 

first (second) value uses, in addition to ~ N  ~ N ~  data, elastic amplitudes from a 
Saday (CERN) partial-wave analysis. The other LONGACRE 77 values are from eyeball 
fits with Breit-Wigner circles to the T-matr ix amplitudes. 

2 From method II of LONGACRE 75: eyeball fits wi th Breit-Wtgner circles to the T-matr ix 
amplitudes. 

3See HOEHLER 93 for a detailed discussion of the evidence for and the pole parameters 
of N and /', resonances as determined from Argand diagrams of ~ N elastic partial-wave 
amplitudes and from plots of the speeds with which the amplitudes traverse the diagrams. 

4 LONGACRE 78 values are from a search for poles in the [}nitarized T-matrix. The first 
(second) value uses, in addition to ~rN ~ N~r~r data, elastic amplitudes from a Saclay 
(CERN) partial-wave analysis. 

5The range given is from the four best solutions. DEANS 75 disagrees with x-+-p 
~ +  K + data of WINNIK 77 around 1920 MeV. 

6 LONGACRE 77 considers this coupling to be well determined. 
7WADA B4 is inconsistent with other analyses - -  see the Note on N and A Resonances. 

VALUE(MeV) 

`4(1620) BREIT-WIGNER WIDTH 

DOCUMENT /D TEEN COMMENT 

`4(1600) REFERENCES 
For early references, see Physics Letters 111B 70 (1982). 

ARNDT 96 
ARNDT 95 
HOEHLER 93 
LI 93 
MANLEY 92 

Also B4 
ARNDT 91 
WADA 84 
CRAWFORD 83 
PDG 82 
AWAJI 81 

Also 82 
[}ARNHAM 80 
CRAWFORD 80 
CUTKOSKY 80 

Also 79 
HOEHLER 79 

Also so 
BARBOUR 78 
LONGACRE 78 
LONGACRE 7( 

Also 75 
WINNIK 7~ 
FELLER 76 
DEANS 75 
LONGACRE 75 

PR CS3 430 R.A. Ar~dt, I.I. Strakovsky, RL. Workman (VPI) 
P8 C52 2120 R.A. Arl~dt et aL (VPI, BRED) 
~" N Newsletter g 1 G. HohFer (KARL) 
PR C47 2759 Z.J. Li et aL (VPI) 
PR D45 4002 D.M. Manley, E.M. Saleskl (KENT) IJP 
PR D30 904 D.M. Manley et aL (VPI) 
pR D43 2131 R.A. Amdt et a/. (VPI, TELE) IJP 
NP B247 313 Y. Wada et aL (INUS) 
NP 8211 1 R.L Crawfo~d, W.T. Morton (GLAS) 
PL I l l B  M. RoDs et aL (HELS, ClT, CERN) 
Bonn Conf. 352 N. Awaji, R. Kajlkawa (NAGO) 
NP B197 365 K. Fujii et a/. (NAGO) 
NP [}168 243 K.W.J. Barnham et at. (LOE) 
To~orito Conf. 107 R.L. Oawfocd (GLAS) 
To~onto Conf. 19 R.E Cutkosky et aL (CMU. LBL) IJP 
PR 020 2839 R.E. Cutkosky et aL (CMU, LBL) IJP 
PDAT 12-1 G. Hohler et aL (KARLT} IJP 
Toronto Conf. 3 R. Koch (KARLT) IJP 
NP 8141 253 I.M. [}arbour, RL. Crawford, N.H. Parsons (GLAS) 
PR D17 1795 R.S. Longac~e et aL (LBL, SLAC) 
NP [}122 493 R.S. Longacre, J Dotbeau (SACL) IJP 
NP 8108 365 J. Dolbeau et aL (SACL) IJP 
NP [}128 56 M. Winnik et aL (HALF) I 
NP B104 219 P. Feller et al. (NAGO, OSAK) IJP 
NP [}96 90 S.R. Deans et at. (SFLA, ALAH) IJP 
PL 55B 415 R.S. Longacre et aL (LBL, SLAC) IJP 

120 to 180 ( ~  150) OUR ESTIMATE 
154 •  MANLEY 92 IPWA 
140 •  CUTKOSKY 80 IPWA 
139 •  HOEHLER 79 IPWA 
�9 �9 �9 We do not use the following data for averages, fits, l imits, 

147 • 8 ARNDT 96 IPWA 
108 ARNDT 95 DPWA 
184 LI 93 IPWA 
120 BARNHAM 80 IPWA 
228.3• 1 CHEW 80 BPWA 

30.0• 6.4 1 CHEW 80 BPWA 

161 CRAWFORD 80 DPWA 
180 BARBOUR 78 DPWA 
120 2 LONGACRE 77 IPWA 
150 3 LONGACRE 75 IPWA 

~rN ~ = N  & NTr~r 
l rN  ~ 7rN 
~rN ~ ~rN 
etc. �9 �9 �9 

~,N ~ ~ N  
~TN ~ N~  
3'N ~ ~ N  
* N  ~ N~rlr 

~r+p ~ ~r+p (lower 
mass) 

~r+p ~ ~r+p (higher 
mass) 

f iN  ~ ~ N  
1'N ~ ~ N  
~ N  ~ N ~  
~ N  ~ N ~  

A.(1620) POLE POSITION 

REAL PART 
VALUE (MeV) DOCUMENT ID TEEN 

1580 to 1620 (~ 1600) OUR ESTIMATE 
COMMENT 

=4(1620) ELASTIC POLE RESIDUE 

MODULUS Id 
VALUE (MeV) DOCUMENT ID TEEN COMMENT 

14 ARNDT 95 DPWA ~ N  ~ N~ 
19 HOEHLER 93 SPED x N  ~ x N  
1 5 •  CUTKOSKY 80 IPWA KN ~ ~rN 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

15 ARNDT 91 DPWA x N  ~ ~ N  Soln SMg0 

1585 ARNDT 95 DPWA ~rN ~ N~r 
]608 4 HOEHLER 93 SPED / rN ~ ~rN 
1600• CUTKOSKY 80 IPWA l rN  ~ 7rN 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

1587 ARNDT 91 DPWA x N  ~ TrN Soln SM9O 
1583or1583 5LONGACRE 78 IPWA x N ~  N~rTr 
1575or1572 2LONGACRE 77 IPWA x N ~  N~r~r 

- 2xlMAGINARY PART 
VALUE (MeV) DOCUMENT ID TEEN COMMENT 

100 to ].30 (~  115) OUR ESTIMATE 
104 ARNDT 95 DPWA 7rN ~ NTr 
116 4HOEHLER 93 SPED 7 r N ~  l rN 
120• CUTKOSKY 80 IPWA / rN ~ zfN 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

120 ARNDT 91 DPWA ~rN ~ ~rN Soln SMg0 
143or149 5LONGACRE 78 IPWA ~ N ~  N ~  
119 or 128 2 LONGACRE 77 IPWA ~N ~ N ~  



See key on page 239 

PHASE e 
VALUE (o) DOCUMENT ID TECN COMMENT 

-121  ARNDT 95 DPWA ~rN ~ N~r 
- 95 HOEHLER 93 SPED ~ N  ~ ~rN 
- 1 1 0 •  CUTKOSKY 80 IPWA ~rN ~ ~rN 

729 
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/ I (  1620  ), Z I ( 1 7 0 0 )  

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.0424-0.003 LI 93 IPWA ~ N  ~ ~rN 
0.066 WADA 84 DPWA Compton scattering 

+0.034•  BARBOUR 78 DPWA "yN ~ ~rN 
-0 .005•  FELLER 76 DPWA "rN ~ ~ N  

�9 �9 �9 We do not use the fol lowing data for averases, fits, l imits, etc. �9 �9 �9 

- 1 2 5  ARNDT 91 DPWA :,rN ~ ;,rN Soln SMg0 

Z1(1620) DECAY MODES 

The following branching fractions are our estimates, not fits or averages. 

Mode Fraction ( r i / r )  

r I N ~  20-30 % 

r 2 N~r~r 70-80 % 

r 3 A~r  30-60 % 

r 4 A ( 1 2 3 2 ) ~ r ,  D -wave  

r 5 N p  7-25 % 

r 6 Np, 5=1/2, S-wave 

r 7 N p ,  S = 3 / 2 ,  D -wave  

r 8 N(1440)~r 

r 9 N-}, 0.004-0.044 % 

r t o  N T ,  h e l i c i t y = l / 2  0.004-0.044 % 

A(1620) BRANCHING R A T I O S  

r(m,r) Ir~,,, rllr 

A ( 1 6 2 0 )  F O O T N O T E S  

1CHEW 80 reports two 531 resonances at somewhat higher masses than other analyses. 
Problems wi th this analysis are discussed in section 2.1.11 of HOEHLER 83. 

2LONGACRE 77 pole positions are from a search for poles in the unitarized T-matrix; the 
first (second) value uses, in addition to ~ N  ~ N ~  data, elastic amplitudes from a 
Saclay (CERN) partial-wave analysis. The other LONGACRE 77 values are from eyeball 
fits with Breit-Wigner circles to the T-matr ix amplitudes. 

3 From method II of LONGACRE 75: eyeball fits with Breit-Wigner circles to the T-matr ix 
amplitudes. 

4See HOEHLER 93 for a detailed discussion of the evidence for and the pole parameters 
of N and A resonances as determined from Argand diagrams of �9 N elastic partial-wave 
amplitudes and from plots of the speeds with which the amplitudes traverse the diagrams. 

5LONGACRE 78 values are from a search for poles in the unitarized T-matr ix.  The first 
(second) value uses, in addition to ~rN ~ N~r~ data, elastic amplitudes from a Saclay 
(CERN) partial-wave analysis. 

6 LONGACRE 77 considers this coupling to be well determined. 

A ( 1 6 2 0 )  REFERENCES 

For early references, see Physics Letters 111B 70 (1982). 

ARNDT 96 PR C5S 430 R.A. Arndt, I.I. Strakovsky, R.L. Workman (VPI) 
ARNDT 95 PR C52 2[20 R.A. Arndt et aL (VPI, BRCO) 
HOEHLER 93 ~N Newsletter 9 1 G. HoMer (KARL) 
LI 93 PR C47 2759 Z.J. Li et aL (VPI) 
MANLEY 92 PR D45 4002 D.M. Ma~ley, E.M. Saleskl (KENT) IJP 

Also 84 PR D30 904 D.M. Manley et al. (VPI) 
ARNDT 91 PR D4S 2131 R.A. Arndt et aL (VPI. TELE) IJP 
WADA 84 NP 0247 313 Y. Wada et at. (INUS) 
CRAWFORD 83 NP 0211 1 R.L Ctawford, W.T. Morton (GLAS) 
HOEHEER 83 Landolt-Boernstein 1/902 G. Holller (KARLT) 
PDG 82 PL I11B M. ROOS et at. (HELS, CIT, CERN) 
AWAJI 81 Bonn Conf. 552 N. Awaji, R. Kajikawa (NAGO) 

Also 82 NP B197 365 K. Fujii et aL (NAGO) 
ARAI 80 Toronto Color. 93 L Arai (INUS) 

Also 82 NP B194 251 I. Arai, H. Fujli (INUS) 
BARNHAM 80 NP B168 243 K.W.J. Barnllam et aL (LOIC) 
CHEW 80 Toronto Eo~f 123 D.M Cllew (LBL) IJP 
CRAWFORD 80 Toronto Conf. 107 R.L. Crawford (GLAS) 
CUTKOSKY 80 Toronto Eonf. 19 RE. Cutkosky et al. (CMU, CBL) IJP 

Also 7g PR D20 2839 R.E. Cutkosky et al. (CMU, LBL} IJP 
TAKEDA 80 NP B168 17 H. Takeda et aL (TORY, INUS) 
HOEHLER 79 PDAT 12-1 G. Hohle~ et aL (KARLT) IJP 

Also 80 Toronto Conf. 3 R. Koch (KARLT) IJP 
BARBOUR 78 NP 0141 253 I.M. Barbour, R.L Crawford, N.H. Parsons (GLAS) 
LQNGAERE 78 PR D17 1795 R.S. Longacre et al. (LBL, SLAC} 
LONGACRE 77 NP 8122 493 R.S. Longacre, J. Dolbeau (SACL} IJP 

Also 76 NP 8108 365 J. Dolbeau et aL (SACL) IJP 
FELLER 76 NP 8104 219 P. Feller et al. (NAGO, OSAK) IJP 
LONGACRE 75 PL 55B 4]5 R.S. Lon~acre et aL (LBL, SLAC) IJP 

VALUE DOCUMENT ID TECN COMMENT 
0.2 to 0.3 OUR ESTIMATE 
0.09• MANLEY 92 IPWA ~TN ~ ~rN & N ~  
0.254-0.03 CUTKOSKY 80 IPWA ~TN ~ E N  
0.35• HOEHLER 79 IPWA ~ N  ~ zrN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.29 ARNDT 95 DPWA ~rN ~ N~t 
0.60 1 CHEW 80 BPWA ~ r + p  ~ ~ + p  (lower 

mass) 
0.36 1 CHEW 80 BPWA ~ r + p  ~ ~ + p  (higher 

mass) 

Note: Signs of couplings from ~rN ~ N~rx analyses were changed in the 
1986 edition to agree with the baryon-first convention; the overall phase 
ambiguity is resolved by choosing a negative sign for the A(1620) 531 
coupling to A(1232)~.  

(rlrf)~/rtom in N ~  - ~  A ( 1 6 2 0 )  - ~  AC1232)~r ,  D - w a v e  (rlr~)%/r 
VALUE DOCUMENT ID TECN COMMENT 
--0.36 tO --0.28 OUR ESTIMATE 
- 0 , 2 4 •  MANLEY 92 IPWA ~ N  ~ ~ N  & N ~  
- 0 . 3 3 •  BARNHAM 80 IPWA ~ N  ~ N ~ x  

I z (17oo) D,, I I ( j P )  = 3 3 -  2 ( 2  ) S ta tus :  ~ > ~  

-0 .39  2'6LONGACRE 77 IPWA ~ N  ~ N ~  
-0 .40  3LONGACRE 75 IPWA ~ N  ~ N ~  

(r, rr)V'/rt~,, in Nlr ~ A(1620) --* Np, 5=1/2 ,  S-t~rave (r~rs)~,/r 
VALUE DOCUMENT ID TECN COMMENT 
+0.12 to +0.22 OUR ESTIMATE 
+0.154-0.02 MANLEY 92 IPWA ~ N  ~ ~ N  & NTr~ 
+0.404-0.10 BARNHAM 80 IPWA ~ N  ~ N ~  
+0.08 2,6 LONGACRE 77 IPWA ~ N ~ N~r~r 
+0.28 3 LONGACRE 75 IPWA ~ N  ~ N~r~r 

(rFf)V~/rt~ll. N~-~ Z1(1620)--* Np,5=3/2, D-wave (rlr#)V,/r 
VALUE DOCUMENT ID TECN COMMENT 

--0.15 to --0.03 OUR ESTIMATE 
-0.064-0,02 MANLEY 92 IPWA ~ N  ~ ~ N  & N ~  
-0 .13  2,6 LONGACRE 77 IPWA ~ N  ~ N~r~ 

(rFf)Y~/rto~l in N . - *  A ( 1 6 2 0 ) - ~  N ( 1 4 4 0 ) ~ r  (rlr,)~/r 
VALUE DOCUMENT ID TECN COMMENT 

0.11• BARNHAM 80 IPWA ~ N  ~ N ~  

A ( 1 6 2 0 )  P H O T O N  D E C A Y  A M P L I T U D E S  

A(1620) --* N~ ,  helicity-1/2 amplitude A1/2 
VALUE (GeV - [ / 2 )  DOCUMENT ID TECN COMMENT 

+0.0274-0.011 OUR ESTIMATE 
0.0354-0.020 ARNDT 96 IPWA "KN ~ ~ N  
0.0354-0.010 CRAWFORD 83 IPWA "rN ~ ~ N  
0.0104-0.015 AWAJI 81 DPWA "/N ~ ~TN 

-0.0224-0.007 ARAI 80 DPWA "rN ~ EN (fit 1) 
--0.0264-0.008 ARAI 80 DPWA ~tN ~ ~ N  (fit 2) 

0.0214-0.020 CRAWFORD 80 DPWA 7 N  ~ ~ N  
0.1264-0.021 TAKEDA 80 DPWA ")'N ~ ~ N  

Most of the results publ ished before 1975 are now obsolete and have 
been omi t ted.  They may be found in our  1982 edi t ion,  Physics 
Letters 111B (1982). 

A(1700) BREIT-WlGNER MASS 

VALUE IMeV) DOCUMENT tD TECN COMMENT 

1670 tO 1770 (~ 1700) OUR ESTIMATE 
1762 4-44 MANLEY 92 IPWA ~ N  ~ 7rN & N~r~ 
1710 •  CUTKOSKY 80 IPWA ~rN ~ ~rN 
1680 4-70 HOEHLER 79 IPWA ~rN ~ ~rN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

1690 4-15 ARNDT 96 IPWA 7 N  ~ ~ N  
1680 ARNDT 95 DPWA 7rN ~ NTr 
1655 LI 93 IPWA "}'N ~ 7rN 
1650 BARNHAM 80 IPWA ~ N  ~ NTr~r 

17184+_~:~ 1CHEW 80 BP~ ,+~ -  ,+~ 
1622 CRAWFORD 80 DPWA "}'N ~ ~ N  
1629 BARBOUR 78 DPWA "}'N ~ ~ N  
1600 2 LONGACRE 77 IPWA ~TN ~ N ~ x  
1680 3 LONGACRE 75 IPWA ~ N  ~ NTr~ 

//(1700) BREIT-WIGNER WIDTH 

VALUE (MeV) DOCUMENT /D TECN COMMENT 

200 tO 400 (~ 300) OUR ESTIMATE 
600 4-250 MANLEY 92 IPWA ~ N  ~ ~ N  & N ~ l r  
280 4- 80 CUTKOSKY 80 IPWA 7rN ~ ~ N  
230 4- 80 HOEHLER 79 IPWA ~ N  ~ l rN 



7 3 0  

Baryon 
A(1700) 

Particle Listings 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

285 • 20 A R N D T  96 IPWA 7 N  ~ ~rN 
272 A R N D T  95 DPWA ~rN ~ N s  
348 LI 93 IPWA 3"N ~ ~rN 
160 B A R N H A M  80 IPWA ~rN ~ Nzr~r 
I 93 .3 •  26.0 1 C H E W  80 BPWA z r + p ~  ~r+p 
209 CRAWFORD 80 DPWA 7 N  ~ ~rN 
216 BARBOUR 78 DPWA 'TN ~ ~rN 
200 2 LONGACRE 77 IPWA E N  ~ NEar 
240 3 LONGACRE 75 IPWA E N  ~ NEzr 

- 4 ( 1 7 0 0 )  P O L E  P O S I T I O N  

R E A L  P A R T  
VALUE {MeV) DOCUMENT ID TEEN COMMENT 
1620 to 1700 (=u 1660) OUR ESTIMATE 
1655 A R N D T  95 DPWA E N  ~ N~r 
1651 4 HOEHLER 93 SPED E N  ~ E N  
1675:{-25 CUTKOSKY 80 IPWA E N  ~ ~rN 
�9 �9 = We do not use the following data for averages, fits, l imits, etc. �9 = = 

1646 A R N D T  91 DPWA E N  ~ ~rN Soln SM90 
1681 or 1672 5 LONGACRE 78 IPWA E N  ~ N E E  
1600 or 1594 2 LONGACRE 77 IPWA E N  ~ N E E  

- - 2 x l M A G I N A R Y  P A R T  
VALUE (MeV) DOCUMENT ID TEEN COMMENT 
150 to 250 (=u 200) OUR ESTIMATE 
242 A R N D T  95 DPWA E N  ~ NE 
159 4 HOEHLER 93 SPED E N  ~ ~rN 
220•  CUTKOSKY 80 IPWA E N  ~ ~rN 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

208 A R N D T  91 DPWA ~rN ~ ~rN Soln SM90 
245 or 241 5 LONGACRE 78 IPWA ~rN ~ N~rE 
208 or 201 2 LONGACRE 77 IPWA ~rN ~ N E E  

, 4 ( 1 7 0 0 )  E L A S T I C  POLE RESIDUE 

MODULUS H 
VALUE (MeV} DOCUMENT ID TECN COMMENT 

16 A R N D T  95 DPWA ~ N  ~ N ~  
i0 HOEHLER 93 SPED E N  ~ ~rN 
1 3 •  CUTKOSKY 80 IPWA ~ N  ~ ~rN 
�9 �9 �9 We do not use the following data for averages, fits, limits, �9 �9 �9 �9 

13 A R N D T  91 DPWA ~rN ~ ~rN Soln SM90 

P H A S E  0 
VALUE (o) DOCUMENT ID TEEN COMMENT 

--12 A R N D T  95 DPWA ~rN ~ N ~  
- 2 0 •  CUTKOSKY 80 IPWA ~rN ~ ~ N  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

- 2 2  A R N D T  91 DPWA E N  ~ ~ N  Soln SM90 

A ( 1 7 0 0 )  D E C A Y  MODES 

The following branching fractions are our estimates, not fits or averages. 

Mode Fraction ( r i / r )  

r 1 N ~  10-20 % 

r 2 E K  

r 3 N ~  80-90 % 

F 4 /%7[ 30-60 % 
r 5 /%(1232)~ r ,  5 - w a v e  25-50 % 

r 6 /%(1232)~ r ,  D - w a v e  1-7  % 

r 7 N p  30-55 % 

r 8 N p ,  5=I/2, D - w a v e  

r 9 N p ,  5 = 3 / 2 ,  S - w a v e  5-20 % 

rlo N p ,  S = 3 / 2 ,  D - w a v e  

r n  N7 0.12-0.26 % 

F12 N T ,  h e l i c i t y = l / 2  o.o8-o.16 % 

F13 N 7 ,  h e l i c i t y = 3 / 2  0.025-0.12 % 

Z~(1700 )  B R A N C H I N G  R A T I O S  

r(N,r)/rto=l r l lr  
VALUE DOCUMENT tO TEEN COMMENT 
0.10 tO 0.20 OUR ESTIMATE 
0.14+0.06 M A N L E Y  92 IPWA ~rN ~ ~rN & N~r~r 
0 .12•  CUTKOSKY 80 IPWA ~rN ~ ~rN 
0.20•  HOEHLER 79 IPWA ~rN ~ ~rN 
�9 * = We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.16 A R N D T  95 DPWA ~rN ~ NE 
0.16 1 C H E W  80 BPWA ~ r + p ~  ~r+p 

( r l r f ) ~  l r t o c i l  in N x  --~ A ( 1 7 0 0 )  ~ E K (rlr2)~/r 
VALUE DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.002 LIVANOS 80 DPWA ~ p  ~ E K  
0.001 to 0,011 6 DEANS 75 DPWA ~rN ~ ~ K  

Note: Signs of couplings from ~ N  ~ N ~  analyses were changed in the 
1986 edition to agree with the baryon-first convention; the overall phase 
ambiguity is resolved by choosing a negative sign for the Z1{1620) 531 
coupling to A(1232) 7r. 

(rFr)%/rtot= in N x  --* A ( 1 7 0 0 )  ~ Z~(1232)1r, S-wave (rlrs)~/r 
VALUE DOCUMENT ID TECN COMMENT 
+0.21 tO +0.29 OUR ESTIMATE 
+ 0 . 3 2 •  M A N L E Y  92 IPWA E N  ~ l rN  & N~r~r 
+ 0 . 1 8 •  B A R N H A M  80 IPWA E N  ~ NTr~r 
+0 .30  2,7 LONGACRE 77 IPWA E N  ~ NTrTr 
+0 .24  3 LONGACRE 75 IPWA 7rN ~ NTrTr 

(rFr)~/r~= in N ,  - -*  / t ( 1 7 0 0 )  - -*  A ( 1 2 3 2 ) ~ r ,  D - w a v e  (rlr6l~/r 
VALUE DOCUMENT ID TEEN COMMENT 
+0.05 tO +0.11 OUR ESTIMATE 
+ 0 . 0 8 •  M A N L E Y  92 IPWA E N  ~ ~ N  & NTrTr 

0 .14•  B A R N H A M  80 IPWA E N  ~ N~r~r 
+0 .05  2,7 LONGACRE 77 IPWA E N  ~ N~r~r 
+0 .10  3 LONGACRE 75 IPWA ~ N  ~ N~r~r 

(r/rf)~/rtotal in N x  ~ A ( 1 7 0 0 )  --~ N p ,  5 = 1 / 2 ,  D - w a v e  (rlrg)~/r 
VALUE DOCUMENT/D TEEN COMMENT 

+ 0 . 1 7 •  B A R N H A M  80 IPWA ~ N  ~ N~rTr 

( r l r f ) % / r t o t a l  in N x  ~ Z~(1700)  --~ N p ,  5 = 3 / 2 ,  S - w a v e  ( r l r g ) ~ / r  
VALUE DOCUMENT ID TEEN COMMENT 

"1"0.11 tO 4"0.19 OUR ESTIMATE 
+ 0 . 1 0 •  M A N L E Y  92 IPWA E N  ~ ~rN & NEE 
+0 .04  2,7 LONGACRE 77 IPWA ~rN ~ N~r~r 
- 0 . 3 0  3 LONGACRE 75 IPWA E N  ~ NTrTr 

(rFf)Yqrtot= in N~ r  - -*  Z~ (1700 )  - *  N p ,  S = 3 / 2 ,  D - w a v e  ( r l Q o ) ~ / r  
VALUE DOCUMENT ID TECN COMMENT 

0.18:1:0.07 B A R N H A M  80 IPWA 7rN ~ N ~ E  

A ( 1 7 0 0 )  P H O T O N  D E C A Y  A M P L I T U D E S  

' 4 ( 1 7 0 0 )  ~ N g ' ,  h e l l c i t y - 1 / 2  a m p l i t u d e  A 1 / 2  

VALUE IGeV-]/2) DOCUMENT ID TECN COMMENT 
+0.1044-0.015 OUR ESTIMATE 

0.090•  A R N D T  96 IPWA 3'N ~ 7rN 
0.111•  CRAWFORD 83 IPWA "TN ~ 7rN 
0.089•  AWAJI 81 DPWA 7 N  ~ 7rN 
0.112•  ARAI 80 DPWA "?N ~ 7rN (f i t  1) 
0 .130•  ARAI 80 DPWA 3~N ~ ~rN (f i t  2) 
0 .123•  CRAWFORD 80 DPWA 3~N ~ 7rN 

�9 = = We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0 .121•  LI 93 IPWA 3,N ~ 7rN 
+0 .130 •  BARBOUR 78 DPWA 3'N ~ 7rN 
+0 .072 •  FELLER 76 DPWA 7 N  ~ ~rN 

A ( 1 7 0 0 )  --* N T ,  h e l l c i t y - 3 / 2  a m p l i t u d e  A a / 2  

VALUE (GeV -1/2)  DOCUMENT ID TECN COMMENT 
+0.085::1:0.022 OUR ESTIMATE 

0.097•  A R N D T  96 IPWA 7 N  ~ 7rN 
0,107•  CRAWFORD 83 IPWA 7 N  ~ 7rN 
0,060•  AWAJI 81 DPWA 7 N  ~ 7rN 
0.047•  ARAI 80 DPWA 7 N  ~ 7rN (f i t  1) 
0 .050•  ARAI 80 DPWA 7 N  ~ 7rN (f i t  2) 
0 .102•  CRAWFORD 80 DPWA 3'N ~ ~rN 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 = 

0.115•  LI 93 IPWA 7 N  ~ ~rN 
+0 .098 •  BARBOUR 78 DPWA 3'N ~ 7rN 
+0 .087 •  FELLER 76 DPWA 7 N  ~ 7rN 

A ( 1 7 0 0 )  F O O T N O T E S  

1 Problems with CHEW 80 are discussed in section 2.1.11 of HOEHLER 83. 
2 LONGACRE 77 pole positions are from a search for poles in the unitarized T-matr ix;  the 

first (second) value uses, in addition to E N  ~ N x ~  data, elastic amplitudes from a 
Saclay (CERN) partial-wave analysis. The other LONGACRE 77 values are from eyeball 
fits with Breit-Wigner circles to the T-mat r ix  amplitudes. 

3 From method II of  LONGACRE 7S: eyeball fits with Breit-Wigner circles to the T-matr ix 
amplitudes. 

4 See HOEHLER 93 for a detailed discussion of the evidence for and the pole parameters 
of  N and A resonances as determined from Argand diagrams of ~r N elastic partial-wave 
amplitudes and from plots of  the speeds with which the amplitudes traverse the diagrams. 



See key on pace 239 

5LONGACRE 78 values are from a search for poles in the unitarized T-matr ix .  The first 
(second) value uses, in addition to ~ N  ~ N~r~r data. elastic ampli tudes from a Saclay 
(CERN) partial-wave analysis. 

6The  range given is from the four best solutions. DEANS 75 disagrees wi th  ~ r+p  

~ +  K § data of WINNIK  77 around 1920 MeV, 
7 LONGACRE 77 considers this coupl ing to be well determined. 

z1(1700) REFERENCES 
For early references, see Physics Letters 111B 70 (1982). 

ARNDT 96 PR C53 430 R.A. Arndt, I.I. Strakovsky, R.L. Workman (VPI) 
ARNDT 95 PR s 2120 R.A. Amdt et aL (VPh BRED) 
HOEHLER 93 ~1" N Newsletter 9 1 G, Hohler (KARL) 
LI 93 PR C47 2759 Z.J. Li et aL (VPI) 
MANLEY 92 PR D45 4002 D,M, Manley, E,M. Saleskl (KENT) IJP 

Also 84 PR D30 904 D,M. Manley et at. (VPI) 
ARNDT 91 PR D43 213t R.A. Arndt er aL (VPI, TELE) IJP 
CRAWFORD 83 NP B211 1 R.L. Crawford, W.T. Morton (GLAS) 
HOEHLER 83 Landolt-Boernsteln 1/9B2 G. Hohle~ (KARLT) 
PDG 82 PL 111B M. RODS et aL (HELS, CIT, CERN) 
AWAJt 81 Bonn Conf. 352 N, Awaji, R. Kajikawa (NAGO) 

Also 82 NP Bt97 365 K. Fujii el aL (NAGO) 
ARAI 80 Toronto Conf. 93 I. Aral (INUS) 

Also 82 NP BI94 25i I. Aral, H. Fuji[ (INUS) 
BARNHAM 80 NP B168 243 K.W.J. Barnham et 31. (LOIC) 
CHEW B0 Toronto ConE 123 D,M. Chew (LBL) IJP 
CRAWFORD B0 Toronto Conf. 107 R.L. Crawford (GLAS) 
CUTKOSKY B0 Toronto Conf. 19 R.E. Cutkosky et at. (CMU, LBL) IJP 

Also 79 PR D20 2839 R.E. Cutkosky et aL (CMU, LBL) IJP 
LIVANOS 80 Toronto Cone 35 P. Livanos et at. (SACL) IJP 
HOEHLER 79 PDAT 124 G. Hohler et al. (KARLT) IJP 

Also 80 Toronto Conf. 3 R. Koch (KARLT) IJP 
BARBOUR 78 NP B14t 253 IM. Barbour, R.L, Crawford, N.H. Parsons (GLAS) 
LONGACRE 78 PR D17 1795 R.S. Longacre et aL (LBL, SLAC) 
LONGACRE 77 NP B122 493 R.S. Longacre, J. Dolbeau (SACL) IJP 

Also 76 NP B108 365 J. Oolbeau et aL (SACL) IJP 
WINNIK 77 NP B128 68 M. Winnik et aL (HALF) I 
FELLER 76 NP B104 2t9 P, Feller et at. (NAGO, OSAK) IJP 
DEANS 75 NP B96 90 SR, Deans et aL (SFLA. ALAH) IJP 
LONGACRE 75 PL 55B 4]5 R.S. Longacre et aL (LBL, SLAC) IJP 

I z (175~ ,u = :~,~r3'1+', Status: * 

O M I T T E D  F R O M  S U M M A R Y  T A B L E  

Z~(1750) BREIT-WlGNER MASS 

VALUE (MeV) DOCUMENT I0 TEEN COMMENT 
1750 OUR ESTIMATE 
1744 4-36 MANLEY 92 IPWA ~rN ~ ~rN & N~r~r 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

1715,29:21.0 1 CHEW 80 BPWA ~r+p  ~ ~ + p  

1 7 7 8 . 4 9 : 9 . 0  1 CHEW 80 BPWA ~r+p  ~ ~r+p 

A(1750) BREIT-WIGNER WIDTH 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 

300 4-120 M A N L E Y  92 IPWA ~ N  ~ ~rN & N~r~r 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

9 3 . 3 9 : 5 5 , 0  1 C H E W  80 BPWA ~ + p ~  ~ r+p  

23,04- 29,0 1 C H E W  80 BPWA ~ r 4 - p ~  ~ + p  

A(1750) DECAY MODES 

Mode 

r l  N~r 
r2 N~T~- 
r 3 N(]440)~r 

r(N.)Ir==, rllr 
VALUE DOCUMENT ID TEEN COMMENT 

0.089:0.03 MANLEY 92 tPWA ~rN ~ ~rN & N~r~r 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.18 1 CHEW 80 BPWA ~ r + p  ~ ~ r + p  

0.20 1CHEW 80 BPWA ;,r+p~ ~:+p 

(qrr)~/rtot= in N~r--* Z1(1700) ~ N(1440)~r (q  r~l~/r 
VALUE DOCUMENT ID TEEN COMMENT 

+0,154-0 .03  MANLEY 92 IPWA ~rN ~ ~rN & N ~  

~(1750) FOOTNOTES 
1 CHEW 80 reports four resonances in the P31 wave - -  see also the A(1910) .  Problems 

wi th  this analysis are discussed in section 2.1.11 of HOEHLER 83. 

Z~(1750) REFERENCES 

731 

Baryon Particle Listings 
A(1700) ,  A (1750 ) ,  A (1900 )  

i (19oo) s,, I = { ( �89  Status: ~F>k 

OMITTED FROM SUMMARY TABLE 

Z~(1900) BREIT-WIGNER MASS 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 

1850 to 1950 (~ 1900) OUR ESTIMATE 
1920 4-24 M A N L E Y  92 IPWA I rN  ~ ~rN & N~r~r 
1890 9:50 CUTKOSKY 80 IPWA 7rN ~ ~rN 
1908 4-30 HOEHLER 79 IPWA ~ N  ~ l r N  

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

1918.54-23.0 CHEW 80 BPWA ~ r + p ~  l r 4 -p  

1803 CRAWFORD 80 DPWA * fN ~ ~rN 

Z1(1900) BREIT-WIGNER WIDTH 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 

140 tO 240 (m  200) OUR ESTIMATE 
263 4-39 MANLEY 92 IPWA ~rN ~ ~rN & N ~ t r  
170 4-50 CUTKOSKY 80 IPWA ~rN ~ ~rN 
140 4-40 HOEHLER 79 IPWA I rN  ~ ~rN 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

93.54-54.0 CHEW 80 BPWA ~ r + p ~  ~ r+p  
137 CRAWFORD 80 DPWA "TN ~ ~rN 

Z~(1900) POLE POSITION 

REAL PART 
VALUE (MeV) DOCUMENT ID TEEN COMMENT 

1780 1 HOEHLER 93 SPED ~rN ~ ~rN 

18704-40 CUTKOSKY 80 IPWA ~ N  ~ ~rN 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

not seen ARNDT 91 DPWA ~ N  ~ ~rN Soln SM90 
2029 or 2025 2 LONGACRE 78 IPWA 7rN ~ N ~  

-2xlMAGINARY PART 
VALUE (MeV) DOCUMENT ID TEEN COMMENT 

1809:50 CUTKOSKY 80 IPWA ~rN ~ ~rN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

not seen ARNDT 91 DPWA ~ N  ~ ~ N  Soln SM9O 
164 or 163 2 LONGACRE 78 IPWA ~rN ~ N ~ l r  

�9 't(1900) ELASTIC POLE RESIDUE 

MODULUS H 
VALUE (MeV) DOCUMENT ID TEEN COMMENT 

104-3 CUTKOSKY 80 IPWA ~rN ~ ~ N  

PHASE 6 
VALUE (o) DOCUMENT ID TEEN COMMENT 

4-204-40 CUTKOSKY 80 IPWA ~ N  ~ ~rN 

D(1900) DECAY MODES 

The fol lowing branching fractions are our estimates, not fits or averages. 

Mode Fraction ( F i / F )  

10-30 % r I N~ 

r2 EK 
r 3 N~ 

r4 z ~  
r S z1(1232) ~, D-wave 
r6 Np 
I- 7 Np, 5=1/2, S-wave 
r 8 N p ,  5 = 3 / 2 ,  D - w a v e  

r 9 N ( 1 4 4 0 )  7r, ~ w a v e  

r l 0  N , y ,  h e l i c i t y = ] / 2  

MANLEY 92 PR D45 4002 D.M. Manley, E.M. Saleskl (KENT) 
Also 84 PR DS0 904 D.M. Manley et al. (VPI) 

HOEHLER 83 tandolt-Boernstein 1/9B2 G. Hohler (KARLT) 
CHEW 80 Toronto Conf. 123 D.M. Chew (LBL) 

A(1900) BRANCHING RATIOS 

r(Nx) I r ~ ,  r l / r  
VALUE DOCUMENT ID TECN COMMENT 
0.1 to  0.3 OUR ESTIMATE 
0,414-0.04 MANLEY 92 IPWA ~rN ~ ~rN & NTr~ 
0.109:0.03 CUTKOSKY 80 IPWA ~rN ~ l r N  
0,089:0.04 HOEHLER 79 IPWA ~rN ~ ~rN 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0.28 CHEW 80 BPWA 7r + p ~ ~ + p  
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Baryon Particle Listings 
z3(1900), ZI(1905) 

(FiFf)~/Ftotal in N~r ,-+ ,4(1900) ~ Z'K ( r l r~ )%/ r  
VALUE DOCUMENT ID TEEN COMMENT 

<0.03 CANDLIN 84 DPWA ~ r + p ~  ~ ' + K  + 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. * �9 �9 

0.076 3 DEANS 75 DPWA ~rN ~ ZK 

0.11 LANGBEIN 73 IPWA ~rN ~ Z K  (sol. 1) 
0.12 LANGBEIN 73 IPWA ~ N  ~ .ZK  (s01. 2) 

(r,r~)~4/r~, in  N ~  --*  , 4 ( 1 9 0 0 )  --~ , 4 ( 1 2 3 2 ) ~ ,  D - w a v e  (rlrs)~/r 
VALUE DOCUMENT ID TEEN COMMENT 

+0 .25 •  MANLEY 92 IPWA ~ N  ~ ~rN & N~r~ 

(r,r,)~/rto~, in N~r ~ ,4(1900) ~ Np, 5=112, S-wave (rlrz)Yqr 
VALUE DOCUMENT IO TECN COMMENT 

- 0 . 1 4 •  M A N L E Y  92 IPWA ':,':N ~ ~rN & N~zr  

( r~rf ) �89 in N~" ~ ,4(1900) ~ NO, S=3/2, D-wave (r l  r s ) ~ / r  
VALUE DOCUMENT ID TECN COMMENT 

- -0 .37+0.0? M A N L E Y  92 IPWA x N  ~ ~rN & N~r~r 

(r~r,)Y'/rto,,, in N~" ~ ,4(1900) -..* N ( 1 4 4 0 ) ~ r ,  S - w a v e  (rlr~)Y'/r 
VALUE DOCUMENT ID TEEN COMMENT 

- 0 . 1 6 •  M A N L E Y  92 IPWA ~rN ~ ~rN & N~r~r 

,4(1900) PHOTON DECAY AMPLITUDES 

,4(1900) .-, Na,, helicity-1/2 amplitude A1/2 
VALUE (GeV 1/2) DOCUMENT ID TEEN COMMENT 

--0.004~:0.016 CRAWFORD 83 IPWA 7 N  ~ ~ N  
0.029• AWAJI 81 DPWA "7N ~ ~rN 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

-0 .006  to - 0 . 0 2 5  CRAWFORD 80 DPWA 7 N  ~ ~ N  

[ z (1905) I ( j P )  = 3~s+~ Status: ) 6 . * *  

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

HOEHLER 93 ~- N Newsletter 9 I G. Hohler (KARL) 
MANLEY 92 PR D45 4C~2 DM. Manley, E.M. Saleski (KENT) IJP 

Also 84 PR Da0 504 D.M. Manley et al. (VPI) 
ARNDT 91 PR D43 213] R.A Amdt et al. (VPI, TELE) IJP 
CANDLIN 84 NP B238 477 D.J CandUn et a/. (EDIN, RAL, LOWC) 
s 83 NP 8211 1 R.L. Crawford, W.T. Morton (GLAS) 
AWAJI 81 Bonn Conf. 352 N. Awaji. R. Kajikawa (NAGO) 

Also 82 NP 8197 365 K. Fujii et aL (NAGO) 
CHEW 80 Toronto Conf 123 DM. Chew (LBL) IJP 
CRAWFORD 80 Toronto Cant 107 R.L Crawford (GLAS) 
CUTKOSKY 8O Toronto Cone 19 R. r,  Cutkosky et aL (CMU, LBL) IJP 

Also 79 PR D20 2839 R.E. Cutkosky et at. (CMU, LBL) IJP 
HOEHLER 79 PDAT 12-L G. Hohler et aL (KARLT) IJP 

Also 80 Toronto Conf. 3 R. Koch {KARLT) IJP 
LONGACRE 78 PR D17 1795 R.S Lor~gacre et aL (LBL, SLAC) 
DEANS 75 NP B96 90 S.R. Deans et aL (SFLA. ALAH) IJP 
LANGBEIN 73 NP BSS 251 W. La~KbeaL F. Wagne{ (MUNI) IJP 

1895 • 8 ARNDT 96 IPWA 7 N  ~ ~ N  
1850 ARNDT 95 DPWA ~ N  ~ N~r 

1960 •  CANDLIN 84 DPWA ~ r + p ~  ~ ' + K  + 

1787.0 + 6.0 CHEW 80 BPWA ~ •  ~ ~ r+p  - 5.7 

1880 CRAWFORD 80 DPWA 7 N  ~ ~rN 
1892 BARBOUR 78 DPWA "?N ~ ~ N  
1830 1 LONGACRE 75 IPWA ~rN ~ N ~  

Z3(1905) BREIT-WIGNER WIDTH 

` 4 ( 1 9 0 0 )  REFERENCES 

For early references, see Physics Letters 111B 70 (1982). 

A ( 1 9 0 0 )  F O O T N O T E S  

VALUE (MeV) DOCUMENT ID TEEN COMMENT 

280 to 440 ( ~  3150) OUR ESTIMATE 
327 • 51 MANLEY 92 IPWA ~rN ~ ~ N  & N ~ r  
400 •  CUTKOSKY 80 IPWA 7rN ~ ~rN 
260 • 20 HOEHLER 79 IPWA ~ N  ~ ~rN 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

354 • 10 ARNDT 96 IPWA 7 N  ~ ~rN 
294 ARNDT 95 DPWA ~ N  ~ N~r 

270 • 40 CANDLIN 84 DPWA ~r+p  ~ Z ' + K  + 

66.0--  24.0 CHEW 80 BPWA ~r+p  ~ ~ + p  -- 16.0 
1 See HOEHLER 93 for a detailed discussion of the evidence for and the pole parameters 

of N and A resonances as determined from Argand diagrams of ~r N elastic partial-wave 
amplitudes and from plots of the speeds wi th  which the ampli tudes traverse the diagrams. 

2LONGACRE 78 values are from a search for poles in the unitarized T-matr ix .  The first 
(second) value uses, in,addit ion to ~rN ~ N~r~ data, elastic ampli tudes from a Saclay 
(CERN) partial-wave analysis. 

3The value given is from solution 1; the resonance is not present in solutions 2, 3, or 4. 

193 CRAWFORD 80 DPWA 7 N  ~ ~rN 
159 BARBOUR 78 DPWA 7 N  ~ ~ N  
220 1 LONGACRE 75 IPWA ~rN ~ N ~  

`4(1905) POLE POSITION 

REAL PART 
VALUE (MeV} DOCUMENT ID TEEN COMMENT 

18(;0 to 1860 (~ 1830) OUR ESTIMATE 
1832 ARNDT 95 DPWA ~rN ~ N l r  
1829 2 HOEHLER 93 SPED ~ N  ~ ~ N  

1830•  CUTKOSKY 80 IPWA x N  ~ ~ N  

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

1794 ARNDT 91 DPWA x N  ~ 7rN $oln SM�0 
1813 or 1808 3 LONGACRE 78 IPWA ~ N  ~ N ~ r  

-2x lMAGINARY PART 
VALUE (MeV) DOCUMENT ID TEEN COMMENT 

230 to 330 (~ 280) OUR ESTIMATE 
254 ARNDT 95 DPWA 7rN ~ N~r 
303 2 HOEHLER 93 SPED E N  ~ ~ N  

2 8 0 •  CUTKOSKY 80 IPWA ~rN ~ ~rN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

230 ARNDT 91 DPWA ~rN ~ x N  Soln SM90 
193 or 187 3 LONGACRE 78 IPWA 7rN ~ N ~  

A ( 1 9 0 5 )  E L A S T I C  P O L E  RESIDUE 

MODULUS ld 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

12 ARNDT 95 DPWA ~-N ~ N~r 
25 HOEHLER 93 SPED ~ N  ~ E N  
2 5 •  CUTKOSKY 80 IPWA ~rN ~ ~ N  

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

14 ARNDT 91 DPWA ~ N  ~ 7rN Soln SM90 

PHASE 0 
VALUE( a ) DOCUMENT ID TECN COMMENT 

-- 4 ARNDT 95 DPWA ~ N  ~ N ~  
- 5 0 •  CUTKOSKY 80 IPWA ~ N  ~ ~rN 
�9 �9 * We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

- 4 0  ARNDT 91 DPWA ~ N  ~ ~rN Soln SM90 

A(1905) BREIT-WIGNER MASS 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 

1870 to 1920 (~ lg05) OUR ESTIMATE 
1881 •  MANLEY 92 IPWA ~rN ~ ~ N  & N ~  
1910 •  CUTKOSKY 80 IPWA ~ N  ~ ~ N  
1905 •  HOEHLER 79 IPWA ~ N  ~ ~ N  

Most  of t he  resul ts pub l ished before 1975 are now obsolete and have 

been om i t t ed .  They  may  be found  in our  1982 ed i t ion,  Physics 

Let ters 111B (1982) .  
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Z1(1905) DECAY MODES 

The following branching fractions are our estimates, not fits or averages. 

Mode Fraction (F I /F)  

F 1 N~T 5-15 % 

F 2 E K  

r 3 N;TTr 85-95 % 

r 4 zs~ <25 % 

F 5 A ( 1 2 3 2 ) ; r ,  P -wave  

r 6 A ( 1 2 3 2 )  ~r, F -wave  

r 7 N p  >60 % 

F B N p ,  5 = 3 / 2 ,  P -wave  

r 9 N p ,  5 = 3 / 2 ,  F -wave  

Fie N p ,  5 2 1 / 2 ,  F -wave  

r l l  N 7  O.Ol-0.o3 % 

F12 N T ,  h e l i c i t y = l / 2  o .o-o .1% 

r13 N 7 ,  h e l i c i t y = 3 / 2  0.004-0.03 % 

A ( 1 9 0 5 )  B R A N C H I N G  R A T I O S  

r ( N ~ ) / r ~ m  r l / r  
VALUE DOCUMENT ID TEEN COMMENT 

0 . ~  to 0.15 OUR ESTIMATE 
0.124-0.03 MANLEY 92 IPWA ~ N  ~ ~ N  & N ~  
0.08+0.03 CUTKOSKY 80 tPWA ~ N ~ ~ N  
0.15• HOEHLER 79 IPWA ~rN ~ ~rN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

0.12 ARNDT 95 DPWA ~TN ~ NT 
0.11 CHEW 80 BPWA ~ r + p ~  ~ + p  

(r,r,)V'Irt=,, in N~ ~ ,4(1905) ~ Z K (FIF2)V'IF 
VALUE DOCUMENT ID TEEN COMMENT 

--0.015+0.003 CANDLIN 84 DPWA ~ + p ~  ~ + K  + 
�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

-0 .013 LIVANOS 80 DPWA ~rp ~ Z ' K  
0.021 tO 0.054 4 DEANS 75 DPWA ~rN ~ Z ' K  

Note: Signs of couplings from ~r N ~ N~T~ analyses were changed in the 
1986 edition to agree with the baryon-first convention; the overall phase 
ambiguity is resolved by choosing a negative sign for the D(1620) 531 
coupling to A(1232) ~r. 

(rF,)~/rtot=, in N~r ~ Z~(1905)-* /t(1232)~r, P - w a v e  (rlr~)V'Ir 
VALUE DOCUMENT ID TEEN COMMENT 

--0.044-0.05 MANLEY 92 IPWA ~rN ~ ~rN & N~r~ 

(r,r,)~,lrt~, in N~r --* A ( 1 9 0 5 )  --* Z ~ ( 1 2 3 2 ) . ,  ~ve ( r ~ r J = / r  
VALUE DOCUMENT ID TECN COMMENT 

40.024-0.03 MANLEY 92 IPWA x N  ~ ~rN & N~r~r 
40.20 1 LONGACRE 75 IPWA ~rN ~ N~r~r 
�9 �9 �9 We do not use the following data for averages, flts, limits, etc, �9 �9 �9 

+0.17 5 NOVOSELLER 78 IPWA ~rN ~ N~r~r 
+0,06 6 NOVOSELLER 78 IPWA ~ N  ~ N~:,r 

(r/rf)V~/rt=al in Nx ~ Z},(1905) --* Np, S---3/2, P -wave  (rlrs)V'/r 
VALUE DOCUMENT ID TEEN COMMENT 

+0.030 to +0.36 OUR ESTIMATE 
+0.33 4-0.03 MANLEY 92 IPWA ~tN ~ ~ N  & N ~  
40.33 1 LONGACRE 75 IPWA ~T N ~ N ~ r  
�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

+0.26 5 NOVOSELLER 78 IPWA ~r N ~ N~rr  
40.11 tO 40.33 7 NOVOSELLER 78 IPWA ~rN ~ N~r~T 

�9 4 ( 1 9 0 5 )  P H O T O N  D E C A Y  A M P L I T U D E S  

Z1(1905)  - - ,  N S ' ,  h e l i c i t y - 1 / 2  a m p l i t u d e  A l l  2 

VALUE {GeV -1/2) DOCUMENT ID TEEN COMMENT 

+O.026:E0.0U OUR ESTIMATE 
0.022:E0.005 ARNDT 96 IPWA " iN ~ ~ N  
0,0214-0.010 CRAWFORD 83 IPWA ' i N  ~ l rN 
0.0434-0.020 AWAJI B1 DPWA " iN ~ 7rN 
0.0224-0.010 ARM B0 DPWA " IN ~ ~rN (fit 1) 
0.031+0.009 ARM 80 DPWA " iN ~ 7rN (fit 2) 
0.0244-0.014 CRAWFORD 80 DPWA " iN ~ ~ N  

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0.0554-0.004 LI 93 IPWA 7N ~ ~ N  
40.0334-0.018 BARBOUR 78 DPWA " iN ~ ~rN 
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Baryon Particle Listings 
z ~ ( 1 9 0 5 ) ,  Z ~ ( 1 9 1 0 )  

Z~(1905) --* N'},, helicity-3/2 amplitude As/2 
VALUE(Gev-L/2 } DOCUMENT ID TEEN COMMENT 

--0.04521:0.020 OUR ESTIMATE 
-0.0454-0.005 ARNDT 96 IPWA 7 N  ~ 7rN 
-0.0564-0.028 CRAWFORD 83 IPWA ' i N  ~ 7rN 
-0.0254-0.023 AWAJI 81 DPWA ' i N  ~ ~rN 
-0.0294-0.007 ARAI 80 DPWA ' i N  ~ ~rN (fit 1) 
-0.0454-0.006 ARAI 80 DPWA " iN ~ ~rN (fit 2) 
-0.0724-0.035 CRAWFORD 80 DPWA " iN ~ ~ N  
�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

0.0024-0.003 LI 93 IPWA " iN ~ 7rN 
-0 .055+0 .019  BARBOUR 78 DPWA ' i N  ~ ~rN 

A ( 1 9 0 5 )  FOOTNOTES 
1 From method II of LONGACRE 75: eyeball fits with Breit-Wigner circles to the T-matr ix 

amplitudes, 
2See HOEHLER 93 for a detailed discussion of the evidence for and the pole parameters 

of N and Z~ resonances as determined from Argand diagrams of 7r N elastic partial-wave 
amplitudes and from plots of the speeds with which the amplitudes traverse the diagrams. 

3LONGACRE 78 values are from a search for poles in the unitarized T-matrix. The first 
(second) value uses, in addition to ~rN ~ N~r~r data, elastic amplitudes from a Saclay 
(CERN) partial-wave analysis. 

4The range given for DEANS 75 is from the four best solutions. 
5A Breit-Wigner fit to the HERNDON 75 IPWA. 
6A Breit-Wigner fit to the NOVOSELLER 78B IPWA. 
7A Breit-Wigner fit to the NOVOSELLER 78B IPWA; the phase is near 90 ~  

Z~(190S) R E F E R E N C E S  

For early references, see Physics Letters 111B 70 (1982). 

ARNDT 96 PR C53 430 R.A. Arndt, I.E Strakovsky, R.L. Workman 
ARNDT 95 PR C52 2120 R.A. Arndt et aL 
HOEHLER 93 7r N Newsletter 9 1 G, HoMer 
LI 93 PR C412759 Z.J. Li et al. 
MANLEY 92 PR D45 4002 D.M. MalTley, E.M. Saleski 

Also 84 PR DSO 904 D.M. Manley et aL 
ARNDT 91 PR D43 2131 R.A. Arndt et aL 
EANDLIN 84 NP B238 477 DJ. Candlin el at. 
CRAWFORD 83 NP B211 1 R.L. Crawford, W.T. Morton 
PDG 82 PL ] 11B M. Reos et at. 
AWAJI Bl Bonn Conf. 352 N. Awaji, R. Kajikawa 

Also 82 NP B197 365 K. Fujii et aL 
ARAI 80 Toronto Cone 93 I. Alai 

Also 82 NP B194 251 L Arai, H. Fujii 
CHEW 80 Toronto Conf. 123 D.M. Chew 
CRAWFORD 80 Toronto Conf. 102 R.L. Crawford 
CUTKOSKY 80 Toronto Col~f 19 R.E. Cutkosky et al. 

Also 79 PR D20 2839 R.E. Cutkosky et aL 
LIVANOS 80 Toronto Conf. 35 P, tivanos et aL 
HOEHLER 79 PDAT 12-1 G. HoMer et al. 

AlSo 80 Toronto Conf. 3 R. Koch 
BARBOUR 7B NP B141 253 I.M. Barbour, R.L Crawford, NH. Parsons 
LONGACRE 78 PR DI7 1195 R.S. Longacfe et M. 
NOVOSELLER 78 NP B137509 D.C. Novoseller 
NOVOSELLER 78B NP B137445 D.C. Novoselle( 
DEANS 75 NP B96 90 S.R. Deans et aL 
HERNDON 75 PR Dl l  3183 D. Herndon et al. 
LONGACRE 75 PL 55B 415 R.S. Longacre et aL 

(vP0 
(VPI, BRED) 

(KARL) 
(VPI) 

(KENT) IJP 
(vPi) 

vPI, TELE) IJP 
(EDIN, RAL, LOWC) 

(GLAS) 
(HELS, CIT. CERN) 

(NAGO) 
(NAGO) 
(INUS) 
ONUS) 
(LBL) IJP 

(GLAS) 
(CMU. LBL) UP 
(CMU, LBL) IJP 

(SACL) IJP 
(KARLT) IJP 
(KARLT) IJP 

(GLAS) 
(LBL, SLAC) 

(CIT) IJP 
(ClT)IJP 

(SFLA, ALAH) IJP 
(LBL SLAC) 
(LBL, SLAC) IJP 

I z (191~ = * * * *  

Most of the  results publ ished before 1975 are now obsolete and have 
been omi t ted .  They may be found in our 1982 edi t ion,  Physics 

Letters 111B (1982). 

Z~(1910) BREIT-WlGNER MASS 

VALUE IMeV) DOCUMENT ID TEEN COMMENT 

1870 to 1920 (~ 1910) OUR ESTIMATE 
1882 4-10 MANLEY 92 IPWA ~rN ~ 7rN & N~Tr 
1910 4-40 CUTKOSKY 80 IPWA ~rN ~ EN 
1888 +20 HOEHLER 79 IPWA 7rN ~ x N  

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

2152 ARNDT 95 DPWA ~rN ~ N~r 
1960.1+21.0 1 CHEW 80 BPWA ~r+p ~ ~ + p  

2121,,_+~:o 1CHEW 00 BPWA , + p -  ~+~ 
1921 CRAWFORD 80 DPWA " iN ~ •N 
1899 BARBOUR 78 DPWA " iN ~ 7rN 
1790 2 LONGACRE 77 IPWA ~rN ~ NTrTr 

A(1910) BREIT-WIGNER WIDTH 

VALUE IMeV) DOCUMENT ID TEEN COMMENT 

190 to 270 (~= 250) OUR ESTIMATE 
239 4-25 MANLEY 92 IPWA ~rN ~ ~ N  & Nzr~ 
225 4-50 CUTKOSKY 80 IPWA 7iN ~ 7rN 
280 4-50 HOEHLER 79 IPWA ~rN ~ 7rN 
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Baryon Particle Listings 
A(1910) 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. * �9 �9 

760 ARNDT 95 DPWA ~rN ~ N~T 

152.9•  1 CHEW 80 BPWA ~r+p  ~ ~r + p 

172.2•  1 CHEW 80 BPWA ~r + p ~ ~r + p 
351 CRAWFORD 80 DPWA 3'N ~ ~rN 
230 BARBOUR 78 DPWA "yN ~ ~rN 
170 2 LONGACRE 77 IPWA ~rN ~ N~r~r 

Z~(1910) POLE POSITION 

REAL PART 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

1830 to 1880 (~u 185,5) OUR ESTIMATE 
1810 A R N D T  95 DPWA ~ N  ~ N~r 
1874 3 HOEHLER 93 SPED ~N ~ "A'N 
1880•  CUTKOSKY 80 IPWA ~ N  ~ ~rN 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

1950 ARNDT 91 DPWA ~TN ~ ~rN Soln SM90 
1792 or 1801 2 LONGACRE 77 IPWA ~r N ~ N~r ~r 

-2xlMAGINARY PART 
VALUE (MeV) DOCUMENT ID TEEN COMMENT 

200 to 500 (=u 350) OUR ESTIMATE 
494 ARNDT 95 DPWA ~rN ~ N~r 
283 3 HOEHLER 93 SPED ~ N  ~ ~rN 
200--40 CUTKOSKY 80 IPWA ~rN ~ ~rN 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

398 ARNDT 91 DPWA ~rN ~ ;TN Soln SM90 
172 or 165 2 LONGACRE 77 IPWA ~r N ~ N~r~r 

11(1910) ELASTIC POLE RESIDUE 

MODULUS Irl 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

53 A R N D T  95 DPWA ~rN ~ N~  
38 HOEHLER 93 SPED ~rN ~ ~rN 
2 0 •  CUTKOSKY 80 IPWA ~rN ~ ~rN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

37 A R N D T  91 DPWA ~r N ~ ~ N  Soln SM�0 

PHASE # 
VALUE (o) DOCUMENT ID TEEN COMMENT 

-176 ARNDT 95 DPWA ~N ~ N~r 
- 90 - -30  CUTKOSKY 80 IPWA ~ N  ~ ~rN 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. = �9 �9 

- 91 ARNDT 91 DPWA ~ N  ~ ~rN Soln SM90 

D(1910) DECAY MODES 

The fol lowing branching fractions are our estimates, not fits or averages. 

Mode Fraction ( r l / r )  

rl N~ 15-30 % 
r 2 E K 
r 3 N~r~r 
r 4 z~r 
r s A(1232)~, P-wave 
r 6 Np 
r7 Np, 5=3/2, P-wave 
r 8 N(1440)~r 
r 9 N(1440)~r, P-wave 
rzo NS" 0,0-0,2 % 
r11 N~/, hel ic i ty=I /2 0.0-0.2 % 

A(1910) BRANCHING RATIOS 

r(N.)/r~,, rdr 
VALUE DOCUMENT ID TE~N COMMENT 
0.15 tO 0.3 OUR ESTIMATE 
0.23•  MANLEY 92 IPWA ~rN ~ ~rN & N ~ r  
0 .19•  CUTKOSKY 80 IPWA ~rN ~ ~rN 
0 .24•  HOEHLER 79 IPWA ~rN ~ ~rN 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. * �9 * 

0.26 ARNDT 95 DPWA ~ N  ~ Nw 
0,17 I CHEW 80 BPWA ~r + p ~ ~ +  p 

0.40 1 CHEW 80 BPWA ~r + p ~ ~-+ p 

( r l r f ) ~ / r t o ~ l  in N~r ~ A(1910) --~ E K (r~r2)~'/r 
VALUE DOCUMENT ID TEEN COMMENT 

< 0.03 CANDLIN 84 DPWA ~ r + p  ~ T +  K + 

= �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

- 0 . 0 1 9  LIVANOS 80 DPWA ~rp ~ E K  

0.082 to 0.184 4 DEANS 75 DPWA ~r N ~ E K  

Note: Signs of couplings from ~r N ~ NTr 7r analyses were changed in the 
1986 edition to agree wi th  the baryon-first convention; the overall phase 
ambiguity is resolved by choosing a negative sign for the .*,(1620) $31 
coupling to A(1232)Tr. 

(Flrf)~/rtotal in Nx --~ ~(1910) --~ A,(1232)lr, P-wave (rl  rs)~/F 
VALUE DOCUMENT /D TEEN COMMENT 

+0 .06  2 LONGACRE 77 IPWA l r N  ~ N ~  

(rFf)~/rtot= in Nlr --* A(1910) - *  Np, 5=-3/2, P-wave (rlr~)~/r 
VALUE DOCUMENT ID TEEN COMMENT 

+0 .29  2 LONGACRE 77 IPWA ~rN ~ N~r~r 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

+0 .17  5 NOVOSELLER 78 IPWA 7rN ~ N~r~r 

(rFf)V=/rt~l in Nlr--, Z~(1910) --~ N(1440)lr, P-wave (rzr�l~/r 
VALUE DOCUMENT ID TEEN COMMENT 

- 0 . 3 9 •  MANLEY 92 IPWA ~ N  ~ ~rN & NTrTr 

ZI(1910) PHOTON DECAY AMPLITUDES 

,~(1910) --~ N'y, helicP.'y-1/2 amplitude Az/2 
VALUE(GeV-1/2 } DOCUMENT ID TEEN COMMENT 

+0.003:E0.014 OUR ESTIMATE 
- 0 , 0 0 2 " 0 . 0 0 8  A R N D T  96 IPWA 3 'N ~ 7rN 

0 .014•  CRAWFORD 83 IPWA "TN ~ 7rN 
0.025-*-0.011 AWAJI 81 DPWA "yN ~ 7rN 

- 0 . 0 1 2 . . 0 . 0 0 5  ARAI 80 DPWA 3 'N ~ 7rN (f i t  1) 
- 0 . 0 3 1 - - 0 . 0 0 4  ARAI 80 DPWA 3 'N ~ 7rN (f i t  2) 
- 0 . 0 0 5 . . 0 . 0 3 0  CRAWFORD 80 DPWA 3 'N ~ ~ N  

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.032--0.003 LI 93 IPWA "yN ~ ~rN 
- 0 . 0 3 5 •  BARBOUR 78 DPWA 3, N ~ 7rN 

4(1910) FOOTNOTES 
1 CHEW 80 reports four resonances in the P31 wave - -  see also the A(1750). Problems 

with this analysis are discussed in section 2.1.11 of HOEHLER 83. 
2 LONGACRE 77 pole positions are from a search for poles in the unitarized T-mat r ix ;  the 

first (second) value uses, in addition to ~rN ~ N~r~r data, elastic ampli tudes from a 
Saclay (CERN) partial-wave analysis. The other LONGACRE 77 values are from eyeball 
fits w i th  Breit-Wigner circles to the T -mat r i x  amplitudes. 

3See HOEHLER 93 for a detailed discussion of the evidence for and the pole parameters 
of N and A resonances as determined from Argand diagrams of 7r N elastic partial-wave 
amplitudes and from plots of the speeds wi th  which the ampli tudes traverse the diagrams. 

4The  range given for DEANS 75 is from the four best solutions. 

5Evidence for this coupling is weak; see NOVOSELLER 78. This  coupl ing assumes the 
mass is near 1820 MeV. 

/L(1910) REFERENCES 

For early references, see Physics Letters 111B 70 (1982), 

ARNDT 96 PR C53 430 R.A. Arndt, I.L Strakovsky, R.L. Workman (VPI) 
ARNDT 95 PR E52 2120 R.A. Arndt et aL (VPI, BRED} 
HOEHLER 93 ~ N Newsletter 9 I G. Hohler (KARL) 
LI 93 PR C47 2759 Z J, Li et al. (VPI) 
MANLEY 92 PR D45 4002 D.M. Manley, E.M. Saleski (KENT) IJP 

Also 84 PR D30 904 D.M. Manley et at. (VPI) 
ARNDT 91 PR D43 2131 R.A. Arl~dt et aL (VPI, TELE) IJP 
CANDLIN 84 NP B238 477 D.J. Candlin et aL (EDIN, RAL, LOWC) 
CRAWFORD 83 NP B211 l R.L Crawford, W.T. Morton {GLAS) 
HOEHLER 83 Landolt-Boernsteln 1/9B2 G. HoMer (KARLT) 
PDG 82 PL 111B M, RODS et at. (HELS, CIT, CERN) 
AWAJI 81 Bonn Conf. 352 N. Awajl, R. Kajikawa (NAGO) 

Also 82 NP B197 365 K. Fujii et at. (NAGO) 
ARAI 80 Toronto Conf, 93 I. Aral (INUS) 

AI~O 82 NP B]94 251 I, Aral, H. Fujll (INUS) 
CHEW 80 Toronto Conf. 123 DM. Chew (LBL) IJP 
CRAWFORD 80 Toronto Conf. 107 R.L Crawford (GLAS) 
EUTKOSKY 80 Toronto Conf. 13 R.E. Cutko~y et aL (CMU, LBL) IJP 

Also 79 PR D20 2839 R.E. Cutkoshy et aL (CMU, LBL) IJP 
LIVANOS 80 Toronto Conf. 35 P, Livanos et aL (SACL) iJP 
HOEHLER 79 PDAT 12-1 G. HoMer et al. (KARLT) IJP 

Also 80 Toronto Conf. 3 R. Koch (KARLT) IJP 
BARBOUR 78 NP B141 253 I.M. Barbour, R.L, Crawford, N.H. Parsons (GLAS) 
NOVOSELLER 78 NP B137 509 D.E. Novoseller {CIT) IJP 

Also 78B NP B137 445 D.E. Novose~ler (aT) IJP 
LONGACRE 77 NP B122 493 R.S. Longacre, J. Dolbeau {SAEL) IJP 

Also 76 NP BIOa 365 J. Dolbeau et aL (SACL) IJP 
DEANS 75 NP B96 90 S.R. Deans et aL (SFLA, ALAH) IJP 



See key on page 239 

I A(192~ = ~,~Sr3+x, Status: * * *  

Most of the results published before 1975 are now obsolete and have 
been omitted. They may be found in our 1982 edition, Physics 
Letters 111B (1982). 

,A(1920) BREIT-WIGNER MASS 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 

1900 to 1970 (~u 1920) OUR ESTIMATE 
2014 •  MANLEY 92 IPWA ~rN ~ ~rN & N~-~ 
1920 -I-80 CUTKOSKY 80 IPWA ~rN ~ ~ N  
1868 ~10  HOEHLER 79 IPWA ~rN ~ ~ N  
�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

1840 =[:40 CANDLIN 84 DPWA ~ + p  ~ Z ' + K  + 
1955.0• 1 CHEW 80 BPWA ~ r + p  ~ ~ + p  

2065 n +13 '6  1 CHEW 80 BPWA ~r+p ~ ~ + p  "v--12.9 
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Baryon Particle Listings 
ZI(1920), ZI(1930) 

~(1920) BREIT-WIGNER 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 

150 to 300 (~ 200) OUR ESTIMATE 
152 • 55 MANLEY 92 IPWA ~rN ~ ~rN & N~rx 
300 •  CUTKOSKY 80 IPWA ~ N  ~ ~rN 
220 • 80 HOEHLER 79 IPWA ~ N  ~ ~ N  
�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

200 • 40 CANDLIN 84 DPWA ~r+p ~ ~ + K  + 
88.3•  35.0 1 CHEW 80 BPWA ~r+p ~ ~r+p 
62.0•  44,0 1 CHEW 80 BPWA ~r+p ~ ~r--p 

WIDTH 

Z~(1920) POLE POSITION 

REAL PART 
VALUE {MeV) DOCUMENT /D TEEN COMMENT 

1gO to 1950 (~ 1900) OUR ESTIMATE 
1900 2 HOEHLER 93 SPED ~ N ~ ~ N  

(rFr)'h/rtot= in N x - - ,  Z~(1920) --, ~ K (I" 1F2)%/F 
VALUE DOCUMENT ID TEEN COMMENT 

-0.052:E0.015 CANDLIN 84 DPWA ~ : + p ~  [ + K  + 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

-0 .049  LIVANOS 80 DPWA ~rp ~ -~K 
0.848 to 0.120 3 DEANS 75 DPWA ~TN ~ ~ K  

(qrr)~/r~ in N~r ~ Z~(1920) ~ Z~(1232)~r, P-wave (qr~)V,/r 
VALUE DOCUMENT ID TECN COMMENT 

- -0.13• MANLEY 92 IPWA ~ N  ~ ~ N  & N ~ r  
0.3 4 NOVOSELLER 78 IPWA ~rN ~ N~r~ 
0.27 5 NOVOSELLER 78 IPWA ~ N  ~ N~r~T 

(FFf)Y~/F~ in N~r--* Z1(1920) --~ N(1440)~r, P-wave (rlrs)~/r 
VALUE DOCUMENT /D TECN COMMENT 

+0.06•  MANLEY 92 IPWA ~rN ~ ~ N  & N ~  

A(1920) PHOTON DECAY AMPLITUDES 

A(1920) ~ N-f, helicity-1/2 amplitude All 2 
VALUE IGeV-1/2) DOCUMENT ID TECN COMMENT 

0.040• AWAJI 81 DPWA ~/N ~ ~rN 

A(1920) ~ N3', helicity-3/2 amplitude A3/2 
VALUE (GeV -1/2) DOCUMENT ID TEEN COMMENT 

0.023• AWAJI 81 DPWA ~,N ~ ~rN 

z~(1920) FOOTNOTES 
1 CHEW 80 reports two P33 resonances in this mass region. Problems with this analysis 

are discussed in section 2.1.11 of HOEHLER 83. 
2 See HOEHLER 93 for a detailed discussion of the evidence for and the pole parameters 

of N and z l  resonances as determined from Argand diagrams of 7r N elastic partial-wave 
amplitudes and from plots of the speeds with which the amplitudes traverse the diagrams. 

3The range given for DEANS 75 is from the four best solutions. 
4A  Breit-Wigner fit to the HERNDON 78 IPWA; the phase is near - 9 0  ~ 
5A  Breit-Wigner f i t  to the NOVOSELLER 78B IPWA; the phase is near - 9 0  ~ 

1900• CUTKOSKY 80 IPWA ~ N  ~ 7rN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

not seen ' ARNDT 91 DPWA x N  ~ x N  Soln SM90 

- 2 xIMAGINARY PART 
VALUE {MeV} DOCUMENT /D TECN COMMENT 

200 to 400 ( ~  300) OUR ESTIMATE 

300• CUTKOSKY 80 IPWA 7rN ~ ~rN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

not seen ARNDT 91 DPWA l rN  ~ ~rN Soln SM90 

4(1920) REFERENCES 

For early references, see Physics Letters 111B 70 (1982). 

HOEHLER 93 ~N Newsletter 9 1 G. Hohler (KARL) 
MANLEY 92 PR D45 4002 D.M. Manley, E.M, Saleskl (KENT) IJP 

Also 84 PR D3O 904 O.M. Manley et at. {VPI) 
ARNDT 91 PR D43 2131 R.A. Arndt et at. (VPI, TELE) IJP 
CANDLIN B4 NP B238 477 D.J. Candlin et al. (EDIN, RAL, LOWC) 
HOEHLER 83 Landolt-Boernstein 1/982 O, Hohler (KARLT) 
PDG 82 PL 1lIB M. ROOS et at. (HELS, CIT, CERN) 
AWAJI B1 Bonn Conf. 352 N. Awaj], R. Kajikawa (NAGO) 

Also B2 NP B197 365 K, FujTi et al. {NAGO) 
CHEW 80 Toronto Conf. 123 D.M. Chew (LBL) IJP 

Z~(1920) ELASTIC POLE RESIDUE 

MODULUS Id 
VALUE (MeV) DOCUMENT ID TEEN COMMENT 

2 4 •  CUTKOSKY 80 IPWA ~ N  ~ ~ N  

PHASE # 
VALUE( ~ ) DOCUMENT ID TECN COMMENT 

- -150•  CUTKOSKY 80 IPWA ~ N  ~ ~ N  

Z~(1920) DECAY MODES 

The following branching fractions are our estimates, not fits or averages. 

Mode Fraction (F i /F )  

F 1 NTr 
I- 2 ~FK 
F 3 N ; r ~  

r 4 /1 (1232)  ~ ,  P -wave  

r 5 N(1440) 7r, P-wave 

F 6 N~,, he l i c i t y= I /2  

F 7 N-),, hel ic i ty=3/2 

5-20 % 

4(1920) BRANCHING RATIOS 

r(N.)/r~, 
VALUE DOCUMENT ID TEEN COMMENT 
0.05 to 0.2 OUR ESTIMATE 
0.02:E0.02 MANLEY 92 IPWA * N  ~ 7rN & N ~ r  
0.20-I-0.05 CUTKOSKY 80 IPWA 7rN ~ ~rN 
0.14-1-0.04 HOEHLER 79 IPWA ~rN ~ * N  
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0,24 1 CHEW 80 BPWA ~ + p  ~ 7r+p 
0.18 1 CHEW 80 BPWA 7r+p ~ 7r+p 

CUTKOSKY 80 TOrOntO COnE 19 R.E. Cutkosky et aL (CMU, LBL) IJP 
Also 79 PR D20 2839 R.E. Cetkosky et al. (CMU, LBL) IJP 

LIVANOS B0 Toronto ConE 35 P. Livanos et al. (SACL) IJP 
HOEHLER 79 PDAT 12-1 G. Hohler et at, (KARLT) IJP 

Also 80 Toronto Conf. 3 R. Koch (KARLT) IJP 
NOVOSELLER 78 NP B137 509 D.E. Novoseller (CIT) 
NOVOSELLER 7BB NP 8137 445 D.E. Novoseller (CIT) 
DEANS 75 NP B96 90 s.n. Deans et aL (SFLA, ALAH) IJP 
HERNDON 78 PR DI1 3183 D. He~don et aL (LBL, SLAC) 

J z3(1930) D35 J i(JP) = 3(5-) Status: * * *  
Most of the results published before 1975 are now obsolete and have 
been omitted. They may be found in our 1982 edition, Physics 
Letters 111B (1982). 

The various analyses are not  in good agreement. 

rl/r 

Z~(1930) BREIT-WIGNER MASS 

VALUE (MeV) DOCUMENT/D TEEN COMMENT 

1920 to 1970 (~  1930) OUR ESTIMATE 
1956 -I-22 MANLEY 92 IPWA ~ N  ~ 7rN & N ~  
1940 •  CUTKOSKY 80 IPWA ~rN ~ ~ N  
1901 :~15 HOEHLER 79 IPWA ~ N  ~ ~ N  
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. = �9 �9 

1955 •  ARNDT 96 IPWA "TN ~ ~rN 
2056 ARNDT 95 DPWA ~ N  ~ N~  
1963 LI 93 IPWA ~'N ~ ~rN 

1910 n+15"0 CHEW a0 BPWA ~ r + p  ~ l r + p  
, v -17 ,2  

2000 CRAWFORD 80 DPWA "},N ~ ~ N  
2024 BARBOUR 78 DPWA 3'N ~ 7rN 
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Baryon Particle Listings 
z 3 ( 1 9 3 0 ) ,  , 4 ( 1 9 4 0 )  

Z~(1930) BREIT-WlGNER WIDTH 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 

250 to 450 (;u 350) OUR ESTIMATE 
530 •  M A N L E Y  92 IPWA ~ N  ~ ~rN & N~r~r 

320 • 60 CUTKOSKY 80 IPWA ~ N  ~ ~rN 
195 • 60 HOEHLER 79 IPWA ~rN ~ ~rN 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

350 • 20 ARNDT 96 IPWA *(N ~ ~rN 

590 ARNDT 95 DPWA ~rN ~ N~r 
260 LI 93 IPWA "TN ~ ~rN 

17.0 
7 4 ' 8 +  - 18.0 CHEW 80 BPWA ~ + p ~  ~ r+p  

442 CRAWFORD 80 DPWA "yN ~ ~rN 
462 BARBOUR 78 DPWA "yN ~ ~ N  

~(1930) POLE POSITION 

REAL PART 
VALUE (MeV) DOCUMENT tD TECN COMMENT 

1840 tO 1940 ( ~  1890) OUR ESTIMATE 
1913 ARNDT 95 DPWA ~ N  ~ N~  
1850 1 HOEHLER 93 SPED ~ N  ~ ~rN 
1890 •  CUTKOSKY 80 IPWA ~ N  ~ x N  

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

2018 ARNDT 91 DPWA ~r N ~ ~-N Soln SM90 

- 2x IMAGINARY PART 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

200 tO 300 ( ~  250) OUR ESTIMATE 
246 ARNDT 95 DPWA ?rN ~ N~r 
180 1 HOEHLER 93 SPED ~r N ~ ~r N 

2 6 0 •  CUTKOSKY 80 IPWA ~rN ~ ~rN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

398 A R N D T  91 DPWA ~ N  ~ ~rN Soln SM9O 

~(1930) ELASTIC POLE RESIDUE 

MODULUS Id 
VALUE (MeV I DOCUMENT ID TEEN COMMENT 

8 ARNDT 95 DPWA ~rN ~ N ~  
20 HOEHLER 93 SPED ~ N  ~ ~rN 
1 8 •  CUTKOSKY 80 IPWA E N  ~ ~rN 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

15 ARNDT 91 DPWA ~rN ~ ~rN Soln SM90 

PHASE 
VALUE( ~ ) DOCUMENT ID TECN COMMENT 

--47 ARNDT 95 DPWA t N  ~ N~r 
- 2 0 •  CUTKOSKY 80 IPWA 7rN ~ ~rN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

- 2 4  ARNDT 91 DPWA ~rN ~ ~rN Soln SM9O 

,4(1930) DECAY MODES 

The fol lowing branching fractions are our estimates, not fits or averages. 

Mode Fraction ( r i / r )  

F 1 N ~r 10-20 % 

r 2 _ F K  

r 3  N ~  

r 4 N-), o.o-o.02 % 

rs N,),, helicity=l/2 o.o-o.ol % 
r8 N3'. helicity=3/2 o.o-O.Ol % 

Z~(1930) BRANCHING RATIOS 

r(N,)/rt== r11r 
VALUE DOCUMENT ID TEEN COMMENT 

0,1 tO 0.2 OUR ESTIMATE 
0.18•  MANLEY 92 IPWA ~ N  ~ ~ N  & N ~ x  
8.14•  CUTKOSKY 80 IPWA 7rN ~ ~ N  
0 .04•  HDEHLER 79 IPWA ~rN ~ ~ N  

�9 �9 We do not use the fol lowing data for averages, fits, l imits, etc.  �9 �9 �9 

0.11 ARNDT 95 DPWA ~rN ~ N~r 

0.11 CHEW 80 BPWA ~r+p ~ ~ r+p  

(rFf)V'/rto~ In N~r--* A(1930)--* r K  (rlr=)~/r 
VALUE DOCUMENT IO TECN COMMENT 

< 0.015 CANDLIN 84 DPWA ~r + p ~ , ~ +  K § 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc, �9 �9 �9 

- 0 . 0 3 1  LIVANOS 80 DPWA 7 r p ~  ~ K  
0.018 tO 0.035 2 DEANS 75 DPWA 7r N ~ ~T K 

(rFf)~/r~., in Nlr--, Z~(1930) ~ N~x (rlr3)~/r 
VALUE DOCUMENT ID TEEN COMMENT 

not seen LONGACRE 75 IPWA ~rN ~ N~r~- 

A(1930) PHOTON DECAY AMPLITUDES 

Z~(1930) --* N3', helidty-1/2 amplitude A1/2 
VALUE (GeV -1 /2)  DOCUMENT ID TEEN COMMENT 

--0.0094-0.025 OUR ESTIMATE 
- 0 . 0 0 7 •  ARNDT 96 IPWA 3 'N ~ I rN  

0 .009•  AWAJI 81 DPWA ~ N  ~ 7oN 
- 0 . 0 3 0 •  CRAWFORD 80 DPWA " fN ~ ~rN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 * �9 

- 0 . 0 1 9 •  LI 93 IPWA 3'N ~ ~rN 
- 0 . 0 6 2 •  BARBOUR 78 DPWA 3'N ~ 7rN 

z~(1930) ~ N,~, helidty-3/2 amplitude As/= 
VALUE (GeV -1 /2)  DOCUMENT iD TECN COMMENT 

--0.0184-0.028 OUR ESTIMATE 
0.005•  ARNDT 96 IPWA 3'N ~ 7rN 

- 0 . 0 2 5 •  AWAJI 81 DPWA 3'N ~ 7rN 
- 0 . 0 3 3 •  CRAWFORD 80 DPWA 3'N ~ ~rN 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.009•  LI 93 IPWA 3'N ~ l r N  
+ 0 . 0 1 9 •  BARBOUR 78 DPWA "TN ~ l r N  

A(1930) FOOTNOTES 
1See HOEHLER 93 for a detailed discussion of the evidence for and the pole parameters 

of N and A resonances as determined from Argand diagrams of 7r N elastic part ial-wave 
amplitudes and from plots of the speeds wi th  which the ampli tudes traverse the diagrams. 

2The range given for DEANS 75 is from the four best solutions. 

�9 4(1930) REFERENCES 

For early references, see Physics Letters 111B 70 (1982). 

ARNDT 96 PR C53 430 R,A. Arndt, IJ. Strakovsky, R.L Workman (VPI) 
ARNDT 95 PR C52 2120 R,A. Arndt et aL (VPI, BRCO) 
HOEHLER 93 ~ N Newsletter 9 1 G, HoMer (KARL) 
LI 93 PR C47 2759 Z.J. Li et al. (VPI) 
MANLEY 92 PR D45 4002 D.M Manley, E.M. Saleski (KENT) IJP 

Also 84 PR 030 904 D.M. Manley et aL (VPI) 
ARNDT 91 PR D43 213] R.A. Arndt et aL (VPI, TELE) IJP 
CANDLIN 84 NP 8238 477 D.J. s et a/. (EDIN, RAL, LOWC) 
PDG 82 PL 111B M. RoDS et aL (HELS, ClT, CERN) 
AWAJI 81 Bonn Conf. 852 N. AwajL R. Kajikawa (NAGO) 

Also 82 NP 8197 365 K. Fujii et aL (NAGO) 
CHEW 80 Toronto Conf. 123 D.M Chew (LBL) IJP 
CRAWFORD 80 Toronto Conf. 107 R.L. Crawford (GLA8) 
CUTKOSKY 80 Toronto Conf. 19 RE. Cutkosky et aL (CMU, LBL) IJP 

Also 79 PR D20 2839 R.E. Cutkosky et aL (CMU, LBL) IJP 
LIVANOS 80 Toronto Conf. 35 P. Livanos et al. (SACL) IJP 
HOEHLER 79 PDAT 12-1 G. HoMer et aL (KARLT) IJP 

Also 80 Toronto Conf, 3 R. Koch (KARLT) IJP 
BARBOUR 75 NP B141 253 I.M. Barbour. R.L. Crawford, N.H. Parsons (GLAS) 
DEANS 75 NP B96 90 S.R. Deans et aL (SFLA. ALAH) IJP 
LONGACRE 75 PL 55B 415 R.S. Longacre et aL (LBL, SLAC) IJP 

I I "2(3 ) Status: * ,4(1940) 033 I(jP) = 3 3 -  

OMITTED FROM SUMMARY TABLE 

z~(1940) BREIT-WIGNER MASS 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 

1940 OUR ESTIMATE 
2057 •  MANLEY 92 IPWA ~ N  ~ ~ N  & N ~  

2058.1•  34.5 CHEW 80 BPWA 7r + p ~ 7r + p 
1940 •  CUTKOSKY 80 IPWA 7rN ~ 7rN 

Z~(1940) BREIT-WIGNER WIDTH 

VALUE (MeV 1 DOCUMENT ID TEEN COMMENT 

460 •  MANLEY 92 IPWA ~rN ~ ~rN & N~r~r 

198 .4 •  45,5 CHEW 80 BPWA 7 r + p ~  7 r+p  
200 •  CUTKOSKY 80 IPWA ~ N  ~ ~TN 

,4(1940) POLE POSITION 

REAL PART 
VALUE (MeV) DOCUMENT ID TEEN COMMENT 

1900•  CUTKOSKY 80 IPWA 7rN ~ ~rN 
1915 or 1926 1 LONGACRE 78 IPWA 7rN ~ N~r~r 

- 2xlMAGINARY PART 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

2 0 0 •  CUTKOSKY 80 IPWA ~'N ~ 7rN 
190 or 186 1 LONGACRE 78 IPWA ~rN ~ N~rTr 



See key on pace 239 

MODULUS Irl 
VALUE (MeV} 

84-3 

PHASE # 
VALUE( ~ ) 

135 4- 45 

`4(1940) ELASTIC POLE RESIDUE 

DOCUMENT ID TECN COMMENT 

CUTKOSKY 80 IPWA ~ N  ~ ~ N  

DOCUMENT ID TECN COMMENT 

CUTKOSKY 80 IPWA w N  ~ ~ N  

Mode 

A(1940) DECAY MODES 

rl N~r 
r 2 E K 

r 4 A(1232)~r, S-wave 
r 5 A(1232) ~r, D-wave 
r 6 Np, 5=3/2, S-wave 
r 7 N,y, helicity=l/2 
F 8 N,),, helicity=3/2 

`4(1940) BRANCHING RATIOS 

r (Nx) / r to t i i  F u r  
VALUE DOCUMENT ID TECN COMMENT 

0.184"0~12 M A N L E Y  92 IPWA ~rN ~ ~rN & N~r~r 

0.18 CHEW 80 BPWA ~r+p ~ ~'+p 
0.054-0.02 CUTKOSKY 80 IPWA ~ N  ~ ~ N  

(r~rr)%/rtot= in N~r-~ ,4(1940)--* Z K (qr~)~/r 
VALUE DOCUMENT /D TECN COMMENT 

<0.015 CANDLIN 84 DPWA ~ r + p ~  E + K  + 
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Baryon Particle Listings 
/ I ( 1 9 4 0 ) ,  A ( 1 9 5 0 )  

1 (195o) F,, I ,u : 
Most  of t he  resul ts pub l ished before 1975 are 

been omi t ted ,  They  may  be found in ou t  

Let ters 111B (1982). 

3f7+~ Status: ~<~<~< 

now obsolete and have 

1982 edi t ion,  Physics 

`4(1950) BREIT-WIGNER MASS 

VALUE fMeV ) DOCUMENT ID TECN COMMENT 

1940 to 1960 (~  1950) OUR ESTIMATE 
1945 4- 2 MANLEY 92 IPWA ~rN ~ ~rN & N~r~ 
1950 4-15 CUTKOSKY 80 IPWA ~ N  ~ ~ N  
1913 4- 8 HOEHLER 79 IPWA ~rN ~ ~rN 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

1947 4- 9 ARNDT 96 IPWA " /N ~ ~ N  
1921 ARNDT 95 DPWA x N  ~ N~r 
1940 LI 93 IPWA 7 N  ~ ~rN 

1925 4-20 CANDLIN 84 DPWA ~4-p  ~ E + K  + 
+11 0 1855.0_1010 CHEW 80 BPWA m'+p ~ ~ r + p  

1902 CRAWFORD 80 DPWA 3'N ~ ~rN 
1912 BARBOUR 78 DPWA 3'N ~ ~ N  
1925 1 LONGACRE 75 IPWA ~ N  ~ N~r~r 

`4(1950) BREIT-WIGNER WIDTH 

VALUE (MeV) DOCUMENT tD TECN COMMENT 

290 tO 350 ( ~  300) OUR ESTIMATE 
300 4" 7 MANLEY 92 IPWA x N  ~ ~ N  & N ~ r  
340 •  CUTKOSKY 80 IPWA ~rN ~ ~:N 
224 •  HOEHLER 79 IPWA ~ N  ~ ~rN 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

302 4- 9 ARNDT 96 IPWA " rN ~ ~rN 
232 ARNDT 95 DPWA ~rN ~ N~r 

(rlrf)~/l/rtotal in N~r ~ `4(1940) ---, A(1232)x, S-wave (r~r4)~/r  
VALUE DOCUMENT ID TECN COMMENT 

+8.II:E0.10 M A N L E Y  92 IPWA ~ N  ~ ~ N  & N~r~r 

(rlrf)llllrtotai in N~ --* `4(1940) --* `4(1232)~r, D-wave (rzrs)V,/r 
VALUE DOCUMENT ID TECN COMMENT 

+0.27-4-0.16 M A N L E Y  92 IPWA ~ N  ~ ~ N  & N ~ r  

(rFr)V'Irt~, in N~r --* `4(1940) -~ Np, 5=3/2, S-wave (r~r~)~/r 
VALUE DOCUMENT ID TECN COMMENT 

+ 0 . 2 5 + 0 , 1 0  MANLEY 92 IPWA ~ N  ~ ~ N  & N~r~r 

A(1940) PHOTON DECAY AMPLITUDES 

`4(1940) -4 N~/, helicity-1/2 amplitude At/2 
VALUE(GeM -1 /2  ) DOCUMENT ID TEEN COMMENT 

- -0.0364-0.058 AWAJI 81 DPWA '7N ~ l r N  

`4(1940) --* N~, hellcity-3/2 amplitude A3/2 
VALUE IGeV-l /2)  DOCUMENT /D TECN COMMENT 

- -0,0314-0.812 AWAJI 81 DPWA 3'N ~ 7rN 

`4(1940) FOOTNOTES 
1 LONGACRE 78 values are from a search for poles in the unitarized T-matrix. The first 

(second) value uses, in addition to ~rN ~ N~s data, elastic amplitudes from a Saday 
(CERN) partial-wave analysis. 

`4(1940) REFERENCES 

MANLEY 92 PR 045 4002 D.M, Manley, E.M. Salesk~ (KENT) (JP 
Also 84 PR 030 904 D.M. Manley et aL (VPI) 

CANDLIN 84 NP B238 477 D.J, Candlin et aL (EDIN, RAL, LOWC) 
AWAJI B] Bonn Conf. 352 N. Awaji, R. Kajikawa (NAGO) 

Also 82 NP B197 365 K, Fujii et 3L (NAGO) 
CHEW 80 Toronto Conf. 123 D.M, Chew (LBL) IJP 
CUTKOSKY 80 Toronto Conf. 19 R,E. Cutkosky et aL (CMU. LBL)IJP 

AlSO 79 PR D20 2839 R.E, Cutkosky et aL (CMU, LBL) 
LONGACRE 78 PR DL7 I~95 R.S. Lons et aL (LBL, SLAC) 

306 LI 93 IPWA "yN ~ ~ N  

330 4"40 CANDLIN 84 DPWA ~ + p  ~ F - + K  + 

225 CRAWFORD 80 DPWA "TN ~ E N  
198 BARBOUR 78 DPWA 3 'N ~ ~rN 
240 1 LONGACRE 75 IPWA ~ N  ~ N~t~ 

A(1950) POLE POSITION 

REAL PART 
VALUE IMeV) DOCUMENT ID TECN COMMENT 

1880 to 1890 (~ 1885) OUR ESTIMATE 
18B0 ARNDT 95 DPWA ~rN ~ NTr 
1878 2HOEHLER 93 ARGD ~ - N ~  I rN 
1 8 9 0 •  CUTKOSKY 80 IPWA 7rN ~ ~rN 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

1884 ARNDT 91 DPWA ~rN ~ ~rN Soln SM�0 
1924 or 1924 3 LONGACRE 78 IPWA 7rN ~ N~r~r 

-2xlMAGINARY PART 
VALUE {MEV) DOCUMENT ID TECN COMMENT 

210 to 270 (== 240) OUR ESTIMATE 
236 ARNDT 95 DPWA ~rN ~ NTr 
230 2HOEHLER 93 ARGD ~ N ~  7iN 

2604"40 CUTKOSKY 80 IPWA ~rN ~ ~ N  

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 = 

238 ARNDT 91 DPWA ~rN ~ ~rN Soln SM90 

258 or 258 3 LONGACRE 78 IPWA w N  ~ N~r~" 

`4(19s0) ELASTIC POLE RESIDUE 
MODULUS Irl 
VALUE IMeV) DOCUMENT tO TECN COMMENT 

54 ARNDT 95 DPWA ~ N  ~ N ~  
47 HOEHLER 93 ARGD ~ N  ~ ~ N  
5 0 + 7  CUTKOSKY 80 IPWA 7rN ~ ~ N  

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

61 ARNDT 91 DPWA 7rN ~ ~ N  Soln SM90 

PHASE e 
VALUE( ~ ) DOCUMENT ID TECN COMMENT 

- -17 ARNDT 95 DPWA ~ N  ~ N ~  
- 3 2  HOEHLER 93 ARGD ~rN ~ 7rN 
- 3 3 4 - 8  CUTKOSKY 80 IPWA ~ N  ~ ~rN 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

- 2 3  A R N D T  91 DPWA 7rN ~ ~rN Soln SM9D 
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Baryon Particle Listings 
A(1950), A(2000) 

`4(1950) DECAY MODES 
The following branching fractions are our estimates, not fits or averages. 

Mode Fraction (F i /F )  

r 1 N~r 35-40 % 
r 2 z K 
r 3 N~r~r 

F 4 ,g ~F 20-30 % 

F 5 A ( 1 2 3 2 ) ~ r ,  F -wave  

r 6 A(1232)~r, H-wave 
r 7 Np <~o % 
r 8 Np, 5=1/2, F-wave 
r 9 Np, 5=3/2, F-wave 
r i o  N ?  0.08-0.13 % 

r n N 7 ,  h e l i d t y = l / 2  o.o3-o.oss % 

F12 N 7 ,  h e l i c i t y = 3 / 2  0.05-0.075 % 

`4(1950) BRANCHING RATIOS 

r(N.)Ir,o~, rdr 
VALUE DOCUMENT ID TEEN COMMENT 
0.35 tO 0.4 OUR ESTIMATE 
0.38• MANLEY 92 IPWA ~rN ~ ~ N  & N ~ r  
0.39• CUTKOSKY 80 IPWA ~ N  ~ 7rN 
0.38• HOEHLER 79 IPWA l rN  ~ 7rN 
�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 = �9 

0AS ARNDT 95 DPWA 7r N ~ N~r 
0.44 CHEW 80 BPWA E + p  ~ E + p  

(rlrf)V2/rto~l in N~r-* `4(1950)-* Z K  ( r ,  r2)V2/F 
VALUE DOCUMENT ID TECN COMMENT 

--0.053:E0.005 CANDLIN 84 DPWA ~ +  p ~ ~ +  K + 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. * �9 �9 

0.022 to 0,040 4 DEANS 75 DPWA ~t N ~ Z K  

Note: Signs of couplings from ~ N  ~ N ~  analyses were changed in the 
1986 edition to agree with the baryon-first convention; the overall phase 
ambiguity is resolved by choosing a negative sign for the Z~(1620) 531 
coupling to z~(1232) E. 

(rFd~/rt=,l In N~r --* `4(1950) --* `4(1232)~r, F-wave (r~rs)~/r 
VALUE DOCUMENT ID TECN COMMENT 
+0,28 tO +0.32 OUR ESTIMATE 
+0.27•  MANLEY 92 IPWA ~rN ~ EN & NEE 
+0.32 1 LONGACRE 75 IPWA ~rN ~ N~r~r 
�9 = �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 * = 

0.21 5 NOVOSELLER 78 IPWA ~r N ~ N~rE 
0.38 6 NOVOSELLER 78 IPWA E N ~ N~rE 

(rFf)Y~Irto~i in N~r -*  `4(1950) - *  N O, S=3/2, F-wave (r ,  r s ) ~ / r  
VALUE DOCUMENT ID TECN COMMENT 

+0.24 1 LONGACRE 75 IPWA ~rN ~ N ~ r  
�9 = = We do not use the fol lowing data for averages, fits, l imits, etc. = �9 = 

0,24 7 NOVOSELLER 78 IPWA ~ N  ~ N~r~r 
0.43 8 NOVOSELLER 78 IPWA E N  ~ N~r~r 

`4(1950) PHOTON DECAY AMPLITUDES 

�9 4(1950) --* NT,  helicity-1/2 amplitude A1/2 
VALUE(GeV -1 /2  ) DOCUMENT ID TEEN COMMENT 
--0.076=1:0.012 OUR ESTIMATE 
-0 .079•  ARNDT 96 IPWA 7 N  ~ E N  

--0.068:E0.007 AWAJI 81 DPWA 7 N  ~ ~rN 
-0 ,091•  ARAI 80 DPWA 7 N  ~ ~rN (fit 1) 
-0 .083•  ARAI 80 DPWA ";'N ~ ~tN (fit 2) 
-0~067• CRAWFORD 80 DPWA 3"N ~ E N  
�9 �9 = We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

-0 .102•  LI 93 IPWA 7 N  ~ E N  
--0.058• BARBOUR 78 DPWA 7 N  ~ l rN  

,4(1950) --* NT,  hellcity-3/2 amplitude A3/2 
VALUE (GeV -1/2) DOCUMENT ID TEEN COMMENT 
-0.097-1-0,010 OUR ESTIMATE 
-0 .103•  ARNDT 96 IPWA ~ N  ~ ~rN 
-0 .094•  AWAJI 81 DPWA 7N ~ ~rN 
-0 .101•  ARAI 80 DPWA 7 N  ~ ~rN (fit 1) 
-0.100:t :0.005 ARAI 80 DPWA ~ N  ~ ~rN (fit 2) 
-0.082==0.017 CRAWFORD B0 DPWA 7 N  ~ ~rN 
�9 = �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 = = 

-0.115=1:0.003 LI 93 IPWA 7 N  ~ 7rN 
-0 .075•  BARBOUR 78 DPWA 7 N  -~ E N  

`4(1950) FOOTNOTES 
1 From method II of LONGACRE 75: eyeball fits with Breit-Wigner circles to the T-matr ix 

amplitudes. 
2 See HOEHLER 93 for a detailed discussion of the evidence for and the pole parameters 

of N and A resonances as determined from Argand diagrams of ~r N elastic partial-wave 
amplitudes and from plots of the speeds wi th which the amplitudes traverse the diagrams. 

3LONGACRE 78 values are from a search for poles in the unitarized T-matr ix.  The first 
(second) value uses, in addition to E N  ~ N~rE data, elastic amplitudes from a Saclay 
(CERN) partial-wave analysis. 

4The range given is from the four best solutions. DEANS 75 disagrees with ~r+p 
Z + K  + data of WINNIK 77 around 1920 MeV. 

5A Breit-Wigner fit to the HERNDON 75 IPWA; the phase is near - 6 0  ~  
6 A Breit-Wigner fit to the NOVOSELLER 78B IPWA; the phase is near - 6 0  ~  
7A Breit-Wigner fit to the HERNDON 75 IPWA; the phase is near 120 ~  
8A  Breit-Wigner fit to the NOVOSELLER 78B IPWA; the phase is near 120 ~  

`4(1950) REFERENCES 

ARNDT 96 PR C53 430 R.A. Arndt, I.h Strakovsky, R.L. Workman (VPI) 
ARNDT 95 PR C52 2120 R.A. Arndt et aL (VPI, BRCO) 
HOEHLER 93 ~rN Newsletter 9 1 G. HoMer (KARL) 
LI 93 PR C47 2759 Z.J. Li eL aL (VPI) 
MANLEY 92 PR D45 4002 D.M, Manley, E,M. Saleski (KENT) IJP 

Also 84 PR D30 904 D.M, Manley et al. (VPI) 
ARNDT 91 PR D43 2131 R.A. Arndt et aL (VPI, TELE)IJP 
EANDLIN 84 NP B238 477 D.J. Eandlin et at. (EDIN, RAL, LOWC) 
PDG 82 PL 1118 M. Roos et aL (HELS, OT, CERN) 
AWAJI 81 Bonn Cone 352 N. AwajL R. Kajikawa (NAGO) 

Also 82 NP 8197 365 K. Fujli et aL (NAGO) 
ARAI 80 Toronto Conf. 93 I. Aral (INUS) 

Also 82 NP 8194 251 I. Arai, H. Fujii (INUS) 
CHEW 80 Toronto Conf. 123 D.M. Chew (LBL)IJP 
CRAWFORD 80 Toronto Conf. 107 R.L. Crawford (GLAS) 
CUTKOSKY 80 Toronto COnE 19 R.E. Cutkosky er a/, (CMU. LBL) IJP 

Also 79 PR D20 2839 R.E. Cutkosky et a/. (CMU. LBL)IJP 
HOEHLER 79 PDAT 12-] G. HoMer et at. (KARLT)IJP 

Also 80 Toronto Cone 3 R. Koch (KARLT)IJP 
BARBOUR 7B NP B141 253 LM. Barbour. R.L, Crawfocd, N.H. Parsons (GLAS) 
LONGACRE 78 PR D17 1795 R.S. Longacre et aL (LBL. SLAC) 
NOVOSELLER 7B NP B137 509 D.C. Novoseller (EIT) IJP 
NOVOSELLER 78B NP B137 445 D.E Novoseller (CIT) IJP 
WINNIK 77 NP B128 66 M. Winnik et aL (HAIF)I 
DEANS 75 NP B96 90 S.R. Deans et aL {SFLA. ALAH)IJP 
HERNDON 75 PR Dl1 3183 D. Herndon et aL (LBL, SLAC) 
LONGAERE 75 PL 558 415 R.S. Longacre et aL (LBL. SLAC)IJP 

I A(2000) F35 1 '(JP) = '2t~3'5+', Status: * * 

OMITTED FROM SUMMARY TABLE 

A(2000) BREIT-WlGNER MASS 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 
~= 2000 OUR ESTIMATE 

1752• 32 MANLEY 92 IPWA ~rN ~ l rN  & N ~ x  
2200+125 CUTKOSKY 80 IPWA l rN  ~ l rN  

A(2000) BREIT-WIGN ER WIDTH 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 

251•  93 MANLEY 92 IPWA 7rN ~ ~rN &: N~r~- 
400+125 CUTKOSKY 80 IPWA ~rN ~ z N  

4(2000) POLE POSiTiON 

REAL PART 
VALUE (MeV) DOCUMENT ID TEEN COMMENT 

2150• CUTKOSKY 80 IPWA ~ N  ~ E N  

- 2xlMAGINARY PART 
VALUE (MeV) DOCUMENT ID TEEN COMMENT 

350+100 CUTKOSKY 80 IPWA ~rN ~ ~ N  

A(2000) ELASTIC POLE RESIDUE 

MODULUS H 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

1 6 + 5  CUTKOSKY 80 IPWA EN ~ ~rN 

PHASE 0 
VALUE (o) DOCUMENT ID TECN COMMENT 

150• CUTKOSKY 80 IPWA EN ~ ~rN 

Mode 

A(2000) DECAY MODES 

FI N~ 
r2 N~r 
F 3 A(1232) ~r, P-wave 
r 4 A(1232)~r, F-wave 
r s Np, 5=3/2, P-wave 



See key  on p a g e  2 3 9  

,4(2000) BRANCHING RATIOS 

739 

Baryon Particle Listings 
Z~(2000), A(2150), Z~(2200) 

r(N.)/r~.,  r11r 
VALUE DOCUMENT ID TECN COMMENT 

0.024-0.01 M A N L E Y  92 IPWA ~rN ~ ~ N  & N~r~r 
0.074-0.04 CUTKOSKY 80 IPWA ~'N ~ ~rN 

(r,r,)~/r=o~, in N.-~ ,4(2000)-. , 4 ( 1 2 3 2 ) ~ ,  P-wave (r~r3)~/r 
VALUE DOCUMENT tD TECN COMMENT 

+0,074-0 .03  M A N L E Y  92 IPWA ~rN ~ ~ N  & N~r~r 

,4(2150) FOOTNOTES 
1 CHEW 80 reports two $31 resonances in this mass region, Problems wi th  this analysis 

are discussed in section 2,1.11 of HOEHLER 83. 

,4(2150) REFERENCES 

CANDLIN 84 NP B238 477 D,J. Candlln et al. (EDIN, RAL, LOWC) 
HOEHLER 83 Landolt-Boernstei~ 1/9B2 G. Hohler (KARLT) 
CHEW 80 Toronto Cone 123 DM. Chew (LBL) IJP 
CUTKOSKY 80 T(xonto Cone 19 R.E. Cutkosky et al. (CMU, LBL)UP 

Also 79 PR D2O 2889 R.E. Cutkoshy et aL {CMU, LBL) 

( r F f ) ~ / r t m l  in N~r ~ ,4(2000) ~ A(1232)x-, F-wave (rzr4)Y, lr 
VALUE DOCUMENT ID TEEN COMMENT 

+0,094-0 .04  M A N L E Y  92 IPWA ~rN ~ ~rN & N~r~r 

(r,r,)V'/rto~, in N~r --* ,4(2000) ~ Np, S=3/2, P-wave (nrs)~/r 
VALUE DOCUMENT ID TECN COMMENT 

- - 0 , 0 6 •  MANLEY 92 IPWA ~rN ~ ~ N  & N ~ r  

,4(2000) REFERENCES 

MANLEY 92 PR 045 4002 D.M. Ma~ley, E.M. Saleski (KENT) IJP 
AlSO 84 PR 030 904 D.M. Ma~ley et at. (VPI) 

CUTKOSKY 80 Toronto Conf. 19 RE. Cutkosky et at. (CMU. LBL) 
Also 79 PR D20 2839 R.E. Cutkosky et al. (CMU, LBL) 

J I 2(~ ) Status: , 4 ( 2 2 0 0 )  G37 /(jP) = 3 7- 

OMITTED FROM SUMMARY TABLE 
The  var ious analyses are not  in good agreement .  

,4(2200) BREIT-WIGNER MASS 

VALUE (MeV) DOCUMENT /D TECN COMMENT 

2200 OUR ESTIMATE 
22004-80 CUTKOSKY 80 IPWA ~rN ~ ~rN 
22154-60 HOEHLER 79 IPWA ~rN ~ ~rN 
22804-80 HENDRY 78 MPWA ~rN ~ ~ N  

J I 2(2 ) Status: A(2150) 53~ , (~)  = 31-  

OMITTED FROM SUMMARY TABLE 

A(2150) BREIT-WIGNER MASS 

VALUE (MeV} DOCUMENT ID TECN COMMENT 
e~ 2150 OUR ESTIMATE 

2047.44- 27.0 1 C H E W  80 BPWA ~ + p ~  7 r + p  

2203.24- 8.4 1 CHEW 80 BPWA 7r + p ~ ~r4- p 
2150 4-100 CUTKOSKY 80 IPWA ~rN ~ ~rN 

,4(2150) BREI'r-WIGNER WIDTH 

VALUE'{MeV} DOCUMENT ID TECN COMMENT 

121.64- 62.0 1 CHEW 80 BPWA ~r + p ~ ~r+ p 

120.54- 45.0 1 C H E W  80 BPWA ~ r + p ~  ~ r+p  
200 4-100 CUTKOSKY 80 IPWA ~rN ~ l r N  

,4(2150) POLE POSITION 

REAL PART 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

21404-80 CUTKOSKY 80 IPWA ~ N  ~ ~rN 

-2xlMAGINARY PART 
VALUE (MeV) DOCUMENT tD TECN COMMENT 

2004-80 CUTKOSKY 80 IPWA 7rN ~ ~rN 

,4(2150) ELASTIC POLE RESIDUE 

MODULUS H 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

74-2 CUTKOSKY 80 IPWA 7rN ~ l r N  

PHASE # 
VALUE (o) DOCUMENT ID TECN COMMENT 

- -604-90  CUTKOSKY 80 IPWA ~ N  ~ l r N  

Mode 

r I NTr 
I- 2 Z K  

,4(2150) DECAY MODES 

,4(2150) BRANCHING RATIOS 

r(Nx)/r~x., rdr 
VALUE DOCUMENT ID TECN COMMENT 

0.41 1 CHEW 80 BPWA 7 r+p  ~ =4 -p  

0.37 1 CHEW 80 BPWA ~ + p  ~ ~ + p  

0.084-0,02 CUTKOSKY 80 IPWA ~ N  ~ l r N  

(rF,)~'/rto~ in NTr ~ ,4(2150) --* ~ K (q r2)Y,/r 
VALUE DOCUMENT ID TEEN COMMENT 

<0.03 CANDLIN 84 DPWA ~r+p  ~ ~ +  K + 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

2 2 8 0 •  CANDLIN 84 DPWA 7r4-p ~ Z4 -  K + 

,4(2200) BREIT-WlGN ER WIDTH 

VALUE (MeV) DOCUMENT /D TECN COMMENT 

4504-100 CUTKOSKY 80 IPWA ~rN ~ ~rN 
4004-100 HOEHLER 79 IPWA ~ N  ~ l r N  
4004-150 HENDRY 78 MPWA E N  ~ ~rN 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

4004- 50 CANDLIN 84 DPWA ~r4-p ~ ~ +  K + 

4(2200) POLE POSITION 

REAL PART 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

21004-50 CUTKOSKY 80 IPWA ~rN ~ ~rN 

-2xlMAGINARY PART 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

3404-80 CUTKOSKY 80 IPWA 7rN ~ ~ N  

A(2200) ELASTIC POLE RESIDUE 

MODULUS Irl 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

8 •  CUTKOSKY 80 IPWA ~ N  ~ ~ N  

PHASE e 
VALUE (o) DOCUMENT ID TECN COMMENT 

- -704-40  CUTKOSKY 80 IPWA ~rN ~ ~rN 

A(2200) DECAY MODES 

Mode 

r l  N~ 
r 2 Z K  

`4(2200) BRANCHING RATIOS 

r(N.)/r==, n/r 
VALUE DOCUMENT /D TECN COMMENT 

0 .06 •  CUTKOSKY 80 IPWA ~rN ~ ~rN 
0.054-0.02 HOEHLER 79 IPWA ~rN ~ ~ N  
0,094-0.02 HENDRY 78 MPWA ~rN ~ ~ N  

(r, rr)~'Irt~, in Nz--* `4(2200)--* Z'K (rlr2l~,ir 
VALUE DOCUMENT ID TECN COMMENT 

- -0.0144-0.005 CANDLIN 84 DPWA a'+p ~ Z + K  + 

4(2200) REFERENCES 

CANDLIN 84 NP B238 477 D.J. Candlin et at. (EDIN, RAL, LOWC) 
CUTKOSKY 80 Toronto Conf. 19 R.E. Cutkosky et aL {CMU, LBL) IJP 

Also 79 PR 020 2838 R.E, Cutkosky et aL (CMU, LBL)UP 
HOEHLER 79 PDAT 12-1 G. HoNer e~ at. (KARLT) UP 

Also 80 Toronto Conf. 3 R. Kocil (KARLT) UP 
HENDRY 78 PRL 41 222 A.W. Hendry (IND. LBL)UP 

Also 81 ANP 136 I A.W. Hendry (IND) 



740 

Baryon Particle Listings 
,4(2300), A(2350) 

[ A(2300) /-/391 'uP) -~ 2'23{9+'! Status: * * 

OMITTED FROM SUMMARY TABLE 

,4(2300) BREIT-WlGNER MASS 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

2300 OUR ESTIMATE 
2204 .5 •  3,4 CHEW 80 BPWA ~ r + p  ~ ~ r + p  
2400 •  CUTKOSKY 00 IPWA E N  ~ ~'N 
2217 • 80 HOEHLER 79 IPWA ~'N ~ ~rN 

2450 •  HENDRY 78 MPWA ~rN ~ ~rN 
�9 �9 �9 We do not use the fol lowin~ data for averages, fits, l imits, etc. �9 �9 �9 

2400 CANDLIN 84 DPWA ~ r - - p ~  E + K  + 

,4(2300) BREIT-WIGNER WIDTH 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 

32 .3 •  1.0 CHEW 80 BPWA ~ + p ~  ~ r + p  
425 •  CUTKOSKY 80 IPWA ~rN ~ ~rN 

300 •  HOEHLER 79 IPWA ~rN ~ ~ N  
500 •  HENDRY 78 MPWA ~rN ~ z N  
�9 �9 �9 We do not use the following; data for averages, fits, l imits, etc. �9 �9 �9 

200 CANDLIN 84 DPWA ~r+ p ~ E +  K + 

,4(2300) POLE POSITION 

REAL PART 
VALUE (MeV) DOCUMENT tD TEEN COMMENT 

2370 •  CUTKOSKY 80 IPWA 7rN ~ zrN 

- 2xlMAGINARY PART 
VALUE (MeV) DOCUMENT ID TEEN COMMENT 

4 2 0 •  CUTKOSKY 80 IPWA ~rN ~ ~rN 

I I , ( ,  ) Status: * A ( 2 3 5 0 )  D3s l(jP) = 3 5- 

OMITTED FROM SUMMARY TABLE 

El,(2350) BREIT-WIGNER MASS 

VALUE IMeV) DOCUMENT ID TEEN COMMENT 

2350 OUR ESTIMATE 
2171+  18 MANLEY 92 IPWA ~rN ~ 7rN & N ~ r  
2400•  CUTKOSKY 80 IPWA 7rN ~ ~rN 
2305•  26 HOEHLER 79 IPWA ~rN ~ ~rN 

,4(2350) BREIT-WlGNER WIDTH 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 

264+  5]  MANLEY 92 IPWA ~ N  ~ ~ N  &- N~Tr 
4 0 0 •  CUTKOSKY 80 IPWA 7rN ~ ~-N 

3 0 0 •  70 HOEHLER 79 IPWA ~ N  ~ ~ N  

,4(2350) POLE POSITION 

REAL PART 
VALUE (MeV) DOCUMENT ID TEEN COMMENT 

2400•  CUTKOSKY 80 IPWA ~rN ~ ~TN 

- 2xlMAGINARY PART 
VALUE (MeV) DOCUMENT ID TEEN COMMENT 

400 •  CUTKOSKY 80 IPWA ~rN ~ x N  

,4(2300) ELASTIC POLE RESIDUE 

MODULUS I'I 
VALUE (MeV) - -  DOCUMENT ID TEEN COMMENT 

1 0 •  CUTKOSKY 80 IPWA 7rN ~ 7rN 

PHASE 9 
VALUE (o) DOCUMENT ID TEEN COMMENT 

- - 2 0 •  CUTKOSKY 80 IPWA ~ N  ~ ~ N  

,4(2300) DECAY MODES 

Mode 

rl N~r 
r 2 E K  

,4(2350) ELASTIC POLE RESIDUE 

A(2300) BRANCHING RATIOS 

r(N~r) Ir t~,  r11r 
VALUE DOCUMENT ID TEEN COMMENT 

MODULUS I'I 
VALUE (MeV) DOCUMENT ID TECN COMMENT 

1 5 •  CUTKOSKY 80 IPWA 7rN ~ ~ 'N 

PHASE 0 
VALUE( ~ ) DOCUMENT ID TEEN COMMENT 

- - 7 0 •  CUTKOSKY 80 IPWA ~ N  ~ ~rN 

~(2350) DECAY MODES 

Mode 

rx N?r 
r 2 E K  

92 IPWA 7rN ~ 7rN & N~r~r 

80 IPWA 7rN ~ ~ 'N 
79 IPWA 7rN ~ ~ N  

(rlr2)~/r 

0.05 CHEW 80 BPWA 7 r+p  ~ ~ + p  
0 .06•  CUTKOSKY 80 IPWA 7rN ~ ~rN 
0.03:t:0.02 HOEHLER 79 IPWA ~ N  ~ ~ N  
0 .08•  HENDRY 78 MPWA ~ N  ~ ~ N  

(rFr)VVrt~, in N~r~ A(2300)~ E K  (rlr=)~/r 
VALUE DOCUMENT /D TECN COMMENT 

--0.017 CANDLIN 84 DPWA 7 r + p ~  E + K  + 

,4(2300) REFERENCES 

CANDLIN 84 NP B238 477 D.J. Candli~ et al. 
CHEW 80 Toronto Conf. 123 D.M. Chew 
CUTKOSKY 80 Toronto Conf. 19 R.E. Cutkosky et aL 

Also 79 PR 020 2839 RE. Cutkosky et al. 
HOEHLER 79 PDAT 12-1 G ftohler el al. 

Also 80 Toronto COM. 3 R Koch 
HENDRY 78 PRL 4l 222 AW. Hendry 

Also 81 ANP 136 1 A.W Hendry 

(EDIN, RAL LOWC} 
{LBL) IJP 

(CMU, LBL) IJP 
(CMU, LBL) 

(KARLT) IJP 
(KARLT) IJP 

(IND, LBL) IJP 
(IND) 

<0.015 CANDLIN 84 DPWA 7 r + p ~  E + K  + 

A(2350) REFERENCES 

MANLEY 92 PR 045 4002 D.M. Manley. E.M. Saleski (KENT)UP 
Also 84 PR D30 904 D.M. Manley et al. {VPI) 

CANDLIN 84 NP B23B 477 D.J. Candlln et al, (EDIN. RAL. LOWC) 
CUTKOSKY 80 Toronto Conf. 19 R.E. Cuthosky et al. (CMU, LBL) IJP 

Also 79 PR D20 2839 R.E. Cutkosky et aL (CMU, LBL} 
HOEHLER 79 PDAT 12-1 G. Hohier et at. (KARLT) IJP 

Also 80 Toronto Co~f. 3 R. Koch (KARLT) IJP 

4(2350) BRANCHING RATIOS 

r(N,r)/r~., 
VALUE DOCUMENT ID TEEN COMMENT 

0 . 0 2 0 i  0.003 MANLEY 
0.20 •  CUTKOSKY 

0.04 •  HOEHLER 

(r, rr)~'Ir~= in Nlr --~ ,4(2350) ~ E K  
VALUE DOCUMENT IO 

rdr 

TEEN COMMENT 



See key on page  2 3 9  

I z (239~ ,,p, = 2'23'7+', Status: >k 

OMITTED FROM SUMMARY TABLE 

,4(2390) BREIT-WlGNER MASS 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 

2390 OUR ESTIMATE 
23504.100 CUTKOSKY 80 IPWA I rN  ~ ~'N 

24254- 60 HOEHLER 79 IPWA ~rN ~ ~rN 

/t(2390) BREIT-WIGNER WIDTH 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 

3004.100 CUTKOSKY 80 IPWA 7rN ~ ~rN 
3004. 80 HOEHLER 79 IPWA ~rN ~ ~rN 

A(2390) POLE POSITION 

REAL PART 
VALUE (MeV} DOCUMENT ID TEEN COMMENT 

2:]504-100 CUTKOSKY 80 IPWA ~rN ~ ~rN 

-2xlMAGINARY PART 
VALUE (MeV) DOCUMENT ID TEEN COMMENT 

260-#100 CUTKOSKY 80 IPWA 7rN ~ 7rN 

4(2390) ELASTIC POLE RESIDUE 

MODULUS Irl 
VALUE (MeV) DOCUMENT tO TEEN COMMENT 

12• CUTKOSKY 80 IPWA ~ N  ~ ~ N  

PHASE 6 
VALUE( ~ ) DOCUMENT ID TEEN COMMENT 

--904.60 CUTKOSKY 80 IPWA ~rN ~ ~'N 

A(2390) DECAY MODES 

Mode 

rl N?r 
r 2 Z K  

A(2390) BRANCHING RATIOS 

r(N.)/rto=l fu r  
VALUE DOCUMENT ID TEEN COMMENT 

0.084-0.04 CUTKOSKY 80 IPWA ~rN ~ ~rN 

0.074-0.04 HOEHLER 79 IPWA 7rN ~ ~ N  

(rFr)~'/rtot., in Nlr ~ 4(2390) ~ E K (qr2)~/r 
VALUE DOCUMENT ID TEEN COMMENT 

<'0,015 CANDLIN 84 DPWA 7r4-p ~ E ' + K  § 

A(2390) REFERENCES 

CANDUN 84 NP B238 477 DJ. Candlin et aL 
CUTKOSKY 80 Toronto Conf. 19 R.E. Cutkosky et al. 

Also 29 PR D20 2839 R.E. Cutkosky et aL 
IIOEIILER 79 PDAT 12-1 G. HoMer et aL 

Also 80 Toronto ConL 3 R. Koch 

(EDIN, RAL, LOWC) 

741 

Baryon Particle Listings 
A(2390), A(2400) 

I I 2(2 ) Status: A(2400) G39 /(jP) : 3 , -  

OMITTED FROM SUMMARY TABLE 

4(2400) BREIT-WIGNER MASS 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 

2400 OUR ESTIMATE 
2300• CUTKOSKY 80 IPWA 7rN ~ ~ N  

24684. 50 HOEHLER 79 IPWA TrN ~ ~ N  
22004.]-00 HENDRY 78 MPWA 7rN ~ 7rN 

41,(2400) BREIT-WIGNER WIDTH 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 

3304.100 CUTKOSKY 80 IPWA ~rN ~ ~rN 

4804-100 HOEHLER 79 IPWA ~rN ~ 7rN 

4504.200 HENDRY 78 MPWA ~rN ~ ~rN 

A(2400) POLE POSITION 

REAL PART 
VALUE IMeV) DOCUMENT ID TEEN COMMENT 

22604.60 CUTKOSKY 80 IPWA ~rN ~ 7rN 

-2xlMAGINARY PART 
VALUE (MeV) DOCUMENT ID TEEN COMMENT 

320+160 CUTKOSKY 80 IPWA 7rN ~ ~rN 

A(2400) ELASTIC POLE RESIDUE 

MODULUS Irl 
VALUE IMeV) DOCUMENT /D TEEN COMMENT 

8 •  CUTKOSKY 80 IPWA 'trN ~ s  

PHASE 0 
VALUE I ~ DOCUMENT /D TEEN COMMENT 

--254.15 CUTKOSKY 80 IPWA 7rN ~ ~rN 

A(2400) DECAY MODES 

Mode 

r 1 NTr 
r 2 Z K 

A(2400) BRANCHING RATIOS 

r(N.)/r=~l r l / r  
VALUE UOCUMENT ID TECN COMMENT 

0.054-0,02 CUTKOSKY 80 IPWA ~rN ~ 7rN 

0,0610.03 HOEHLER 79 IPWA 7rN ~ ~rN 

0.]04-0.03 HENDRY 78 MPWA 7rN ~ ~rN 

(rFr)~/rtot= in N l r ~  4(2400)-~ Z'K (r]`r=)~/r 
VALUE DOCUMENT [D TEEN COMMENT 

"<0.015 CANDLIN 84 DPWA ~ r + p ~  Z '4 .K  + 

(CMU, LBL) IJP 
(CMU, LBL) 

(KARLT) IJP 
(KARLT) IJP 

4(2400) REFERENCES 

CANDLIN 84 NP B238 477 D.J. Ca~dlin et al. (EDIN, RAL, LOWC) 
CUTKOSKY 80 Toronto Conf. ]9 R.E, Cutkosky et at. (CMU, LBL)IJP 

Also 19 PR D20 2839 R.E. Cutkosky el aL ICMU, LBL) 
ItOEHLER 79 PDAT 12-1 G. Hohler et aL" (KARLT) IJP 

Atso 80 Toronto Conf. 3 R. Koch (KARLT)IJP 
HENDRY 78 PRL 41 222 A.W. Hendry (IND, LBL)IJP 

A~so 81 ANP 136 ] A.W. Hendry (IND) 
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Baryon Particle Listings 
z3(2420), Z~(2750), z3(2950) 

l z~(2420) H3,~ I ,(~P) : 3 ' z t+ 'S ta tus :  ~ F * * *  

Most of  the results published before 1975 are now obsolete and have 
been omitted. They may be found in our 1982 edition, Physics 
Letters 111B (1982). 

Z~(2420) BREIT-WIGNER MASS 

VALUE (MeV) DOCUMENT /D TEEN COMMENT 

2300 to 2500 (r= 2420} OUR ESTIMATE 
2400 •  CUTKOSKY 80 IPWA ~rN ~ ~N 
2416 -- 17 HOEHLER 79 IPWA ~ N ~  ~rN 
2400 • 60 HENDRY 78 MPWA ~rN ~ ~rN 
�9 �9 * We do not use the following data for averages, fits, limits, etc. �9 �9 

2400 CANDLIN 84 DPWA ~+ p ~ Z + K + 
2358.0-- 9.0 CHEW 80 BPWA ~ + p  ~ ~ + p  

A ( 2 4 2 0 )  B R E I T - W I G N E R  W I D T H  

VAL.UE (MeV) DOCUMENT ID TEEN COMMENT 

300 to ,500 (=u 40(]) OUR ESTIMATE 
450 •  CUTKOSKY 80 IPWA x N  ~ ~rN 
340 • 28 HOEHLER 79 IPWA x N  ~ ~rN 
460 --100 HENDRY 78 MPWA ~rN ~ ~rN 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

400 CANDLIN 84 DPWA ~r + p ~ Z + K + 

202.2-- 45.0 CHEW 80 BPWA ~ r + p ~  ",'r+p 

A(2420) POLE POSITION 

R E A L  PART 
VALUE (MeV / DOCUMENT /D TEEN COMMENT 

2260 to 2400 (~ 2330) OUR ESTIMATE 
2300 1 HOEHLER 93 ARGO ~rN ~ ~N 
2360• CUTKOSKY 80 IPWA ~N ~ ~rN 

- 2 x l M A G I N A R Y  P A R T  
VALUE (MeV) DOCUMENT IO TEEN COMMENT 

350 to 750 (~  550) OUR ESTIMATE 
620 IHOEHLER 93 ARGD x N ~  ~rN 

420• CUTKOSKY 80 IPWA ~rN ~ ~N  

4C242o )  E L A S T I C  P O L E  RESIDUE 

MODULUS Irl 
VALUE (MeV) DOCUMENT tO TEEN COMMENT 

39 HOEHLER 93 ARGD ~ r N ~  ~N 
18--6 CUTKOSKY 80 IPWA IrN ~ ~rN 

P H A S E  
VALUE (o) DOCUMENT ID TEEN COMMENT 

- 6 0  HOEHLER 93 ARGD ~ N ~  ~rN 
- -30•  CUTKOSKY 80 IPWA ~rN ~ ~rN 

'4(2420) DECAY MODES 

The following branching fractions are our estimates, not fits or averages. 

Mode Fraction ( r i / r )  

r I N ~  5-15 % 

F2 Z K 

A ( 2 4 2 0 )  REFERENCES 

HOEHLER 93 ~rN Newsletter 9 I G HoNer 
CANDLIN 84 NP B238 477 D.J. Candiin et al. 
PDG 82 PL ]118 M. ROOS et aL 
CHEW 80 Toronto Conf. 123 D.M Chew 
CUTKOSKY 80 Toronso Conf. 19 

AlSO 79 PR 020 2839 
HOEHLER 79 PDAT 12-1 

Also 80 To~'onto Conf. 3 
HENDRY 78 PRL 41 222 

Also 81 ANP 136 ! 

(KARL) 
(EDIN, RAL, LOWC) 
(HELS, CIT, CERN) 

R.E. Cutkosky et aL 
R.E. Cutkosky et aL 
G. Hohler et at. 
R. Koch 
A,W, Hendry 
A.W, Hendry 

I z (275~ 
O M I T T E D  F R O M  S U M M A R Y  T A B L E  

(LBL) iJP 
(CMU, LBL) IJP 
(CMU, LBL) 

(KARLT) IJP 
(KARLT) IJP 

0ND, LBL) IJP 
(IND) 

I ( J  P )  = ~ (~2~ - )S ta tus :  * *  

A ( 2 7 5 0 )  B R E I T - W l G N E R  M A S S  

VALUE {.MeV) DOCUMENT ID TEEN COMMENT 
~= 2750 OUR ESTIMATE 

2794-- 80 HOEHLER 79 IPWA x N  ~ 7rN 

2650--100 HENDRY 78 MPWA ~N  ~ ~rN 

,~ (2750)  B R E I T - W I G N E R  W I D T H  

VALUE (MeV) DOCUMENT ID TEEN COMMENT 

350--100 HOEHLER 79 IPWA ~rN ~ ~rN 
500--100 HENDRY 78 MPWA ~N  ~ ~N  

'~(2750) DECAY MODES 

Mode 

F] N ~  

z~(2750)  B R A N C H I N G  R A T I O S  

F(N~)IF~,I qlr 
VALUE DOCUMENT ID TEEN COMMENT 

0.04--0.015 HOEHLER 79 IPWA ~rN ~ 'trN 
0,05--0.01 HENDRY 78 MPWA ~'N ~ "~'N 

Z~(2420) B R A N C H I N G  R A T I O S  

r(N.)/r~=, rz/r 
VALUE DOCUMENT ID TEEN COMMENT 
0.05 to 0.15 OUR ESTIMATE 
0.08--0.03 CUTKOSKY B0 IPWA ~rN ~ ~tN 
0.08--0.015 HOEHLER 79 IPWA 7rN ~ ~N 
0.11--0.02 HENDRY 78 MPWA 7rN ~ ~rN 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 

0,22 CHEW 80 BPWA 7 r + p ~  ~ + p  

(FF,)VVFt== in N~" --~ Z~(2420) ~ Z ' K  (qr2)Vqr 
VALUE DOCUMENT ID TEEN COMMENT 

-0 .016 CANDLIN 84 DPWA x + p  ~ E + K  + 

A ( 2 7 5 0 )  REFERENCES 

HOEHLER 79 PDAT 124 G. Hohler et aL (KARLT)IJP 
AlSO B0 Toronto Conf. 3 R. Koch (KARLT) IJP 

HENDRY 78 PRL 41 222 A.W. nendry (IND, LBL)IJP 
Also 81 ANP 136 1 A.W. Hendry (IND) 

I A ( 2 9 5 0 ) . . . . . I  ,,,P): ~(~+)status: * •  

O M I T T E D  F R O M  S U M M A R Y  T A B L E  

Z~(2950) BREIT-WlGNER M A S S  

VALUE IMeV) DOCUMENT ID TEEN COMMENT 

2950 OUR ESTIMATE 
2990--100 HOEHLER 79 IPWA ~N  ~ ~tN 
2850--100 HENDRY 78 MPWA x N  ~ ~ N  

A ( 2 9 5 0 }  B R E I T - W l G N E R  W I D T H  

VALUE tMeV) DOCUMENT ID TEEN COMMENT 

330• HOEHLER 79 IPWA ~'N ~ 7tN 
700--200 HENDRY 78 MPWA 7rN ~ x N  

4 ( 2 4 2 0 )  F O O T N O T E S  

1 See HOEHLER 93 for a detailed discussion of the evidence for and the pole parameters 
of N and /', resonances as determined from Argand diagrams of �9 N elastic partial-wave 
amplitudes and from plots of the speeds with which the amplitudes traverse the diagrams. 

z~(2950} DECAY MODES 

Mode 

r l  N?r 

r(N,)/r,~,i 
VALUE 

A ( 2 9 5 0 )  B R A N C H I N G  R A T I O S  

DOCUMENT ID TEEN COMMENT 

0.04--0.02 HOEHLER 7g IPWA EN ~ ~rN 
0.03--0.01 HENDRY 78 MPWA ~N ~ ~N  

,A(2950) REFERENCES 

q/r 

HOEHLER 79 POAT 12-i 
AtSO 80 Toronto Conf, 3 

HENDRY 78 PRL 41 222 
Also 81 ANP ]36 I 

G. Hohler et at. 
R. Koch 
A.W. Hendry 
A.W. Hendry 

(KARLT) IJe 
(KARLT) IJP 

(IND. LBL) IJP 
0ND) 



See key on page 239 

J ZI(,,-, 3000 Region) J 
Partial-Wave Analyses J 

OMITTED FROM SUMMARY TABLE 
We list here miscellaneous high-mass candidates for isospin-3/2 res- 
onances found in partial-wave analyses. 

Our 1982 edition also had a `5(2850) and a ,5(3230). The evidence 
for them was deduced f rom to ta l  croSs-section and 180 ~ elast ic cross- 
section measurements.  The  ,5(2850)  has been resolved in to  the 
,5(2750}  /3,13 and `5 (2950)  K3,15. The  ,5 (3230)  is perhaps related 
to  the K3,13 of  H E N D R Y  78 and to  the L3,17 o f  K O C H  80. 

VALUE (MeV) 
== 3000 OUR ESTIMATE 

4 ( ~  3000) BREIT-WIGNER MASS 

DOCUMENT ID TECN COMMENT 

3300 1 KOCH 80 IPWA w N  ~ ~TN L3,17 wave 

3500 1 KOCH 80 IPWA 7rN ~ ~ N  M3,19 wave 

2850•  HENDRY 78 MPWA l rN  ~ 7rN /3,11 wave 

3200•  HENDRY 78 M P W A  ~rN ~ 7rN K3,13 wave 

3300•  HENDRY 78 M P W A  ~ N ~ ?rN L3,17 wave 

3700:1:200 HENDRY 78 M P W A  ~rN ~ ~ N  M3,19 wave 

4100•  HENDRY 78 M P W A  7rN ~ ~ N  N3,21 wave 

z~(~ 3000) BREIT-WlGNER WIDTH 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

700•  HENDRY 78 M P W A  7rN ~ ~rN 13,11 wave 

1000•  HENDRY 78 M P W A  ~ N ~ 7TN K3,13 wave 

1100•  HENDRY 78 M P W A  ~rN ~ ~ N  L3,17 wave 

1300~:400 HENDRY 78 M P W A  ~TN ~ ~rN M3,19 wave 

1600•  HENDRY 78 M P W A  7TN ~ 7rN N3,21 wave 

Mode 

F1 NTr 
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~(N 3000) BRANCHING RATIOS 

r(N,r)/r~=, rur 
VALUE DOCUMENT /D TECN COMMENT 

0.06 +0.02 HENDRY 78 M P W A  7TN ~ 7TN/3,11 wave 

0 .045•  HENDRY 78 MPWA w N  ~ ~ N  K3,13 wave 

0.03 •  HENDRY 78 MPWA 7rN ~ 7rN L3,17 wave 

0.025•  HENDRY 78 M P W A  ~rN ~ 7rN M3,19 wave 

0.018•  HENDRY 78 M P W A  * N  ~ l rN  N3,21 wave 

A(~ 3000) FOOTNOTES 
1 In addition, KOCH 80 reports some evidence for an $31 z~(2700) and a P33 Z~(2800). 

A(~ 3000) REFERENCES 

KOCH 80 Toronto Conf. 3 R. Koch (KARLT) IJP 
HENDRY 78 PRL 41 222 A.W. Hendry (IND, LBL)IJP 

Also 81 ANP 136 I A.W. Hendry (IND) 

Z~(~ 3000) DECAY MODES 
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II A BARYONS Ir 
( s = - z , / = 0 )  

A ~ = uds  

B I ( J  P)  = 0(�89 + )  S ta tus :  * * : ~ *  

We have omi t ted  some results t ha t  have been superseded by later 
experiments. See our earlier edit ions. 

A MASS 

The fit uses A, .~+ ,  ~ 0  ~ -  mass and mass-difference measurements. 

VALUE (MeV) EVT5 DOCUMENT iD TEEN COMMENT 
l l l S . M I 3 : : E 0 . ~  OUR FIT 
1115.683-1-0.006 OUR AVERAGE 
1115.678• 2Ok HARTOUNI 94 SPEC pp 27.5 GeV/c 
1115.690•177 18k 1 HARTOUNI 94 SPEC pp 27.5 GeV/c 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1115.59 +0.08 935 HYMAN 72 HEBC 
1115.39 •  195 MAYEUR 67 EMUL 
1115.6 .1.0.4 LONDON 66 HBC 
1115.65 .1.0,07 488 2 SCHMIDT 65 HBC 
1115,44 •  3 BHOWMIK 63 RVUE 

l w e  assume CPT invariance: this is the A mass as measured by HARTOUNI 94. See 
below for the fractional mass difference, testing CPT. 

2The SCHMIDT 65 masses have been reevaluated using our April 1973 proton and K • 
and 7r • masses. P. Schmidt, private communication (1974). 

3The mass has been raised 35 keV to take into account a 46 keY increase in the proton 
mass and an 11 key decrease in the r •  mass (note added Reviews of Modern Physics 
39 1 (1967)). 

(mA - m-A) / m A 
A test of CPT invariance. 

VALUE (units 10 -5) EVT5 DOCUMENT /D TECN COMMENT 
-- 0.1 "1" 1.1 OUR AVERAGE Error includes scale factor of 1.6. See the ideogram 

below. 
+ 1 . 3 : 5  1.2 31k 4RYBICKI  96 NA32 ~ - C u ,  230 GeV 
- 1.08• 0.90 HARTOUNI 94 SPEC pp 27.5 GeV/c 

4.5 5= 5.4 CHIEN 66 HBC 6.9 GeV/c ~p  
�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

- 2 6  •  BADIER 67 HBC 2.4 GeV/c pp 

4RYBICKI 96 is an analysis of old ACCMOR (NA32} data. 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

2.69 ~0.05 6582 ALTHOFF 73B OSPK T+n  ~ AK + 
2.54 •  4572 BALTAY 71B HBC K - p  at rest 
2.535• 8342 GRIMM 68 HBC 
2.47 =E0,08 2600 HEPP 88 HBC 
2.35 :t:0.09 916 BURAN 66 HLBC 
2 4 ~ + 0.056 " " ' - 0 . 0 5 4  2213 ENGELMANN 66 HBC 

2.59 •  794 HUBBARD 64 HBC 
2.59 •  1378 SCHWARTZ 64 HBC 
2.36 •  2239 BLOCK 63 HEBC 

( r ,  - rX) I r~ 
A test of CPT invariance. 

VALUE DOCUMENT ID TEEN COMMENT 
0.044:1:0.085 BADIER 67 HBC 2.4 GeV/c ~ p  

B A R Y O N  M A G N E T I C  M O M E N T S  

Written 1994 by C.G. Wohl (LBNL). 

The figure shows the measured magnetic moments of the 

stable baryons. It also shows the predictions of the simplest 

quark model, using the measured p, n, and A moments as 

input. In this model, the moments are [1] 

A MEAN LIFE 

Measurements wi th all error > 0.1 • 10 - 1 0  s have been omitted alto- 
gether, and only the latest high-statistics measurements are used for the 
average. 

VALUE (10 - l e  S) EVTS DOCUMENT ID TECN COMMENT 
2.~124"0.020 OUR AVERAGE Error includes scale factor of 1.6. See the ideogram below. 

2.69 .1.0.03 53k ZECH 77 SPEC Neutral hyperon beam 
2.611.1.0.020 34k CLAYTON 75 HBC 0,96-1.4 GeV/c K - p  
2.626• 36k POULARD 73 HBC 0.4-2.3 GeV/c K -  p 

03 

3 m 

2 - -  

1 - -  

0 - -  

- 2  - -  

Experi- Simple 
ment model 

input ~ +  

X o 

/ / / / ~ m  

input A 
X -  

I - - X ~  
.(2- 

, - ~ ' "  input n 



See key on page 239 

#p = (4#u - # d ) / 3  #n = (4#@ -- # u ) / 3  

/ z -o  = ( 4 # ,  - -  #u)/3 # Z -  = (4#, - #d)/3 
~A = m ~zo = (2~. + 2~  - ~) /3  

# n -  = 3ps 

and the ~0 ~ A transition moment is 

The quark moments that result from this model 
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are 

CONSTRAINED FIT INFORMATION 

An overall f i t  to 5 branching ratios uses 20 measurements and one 

constraint to determine 5 parameters. The overall f i t  has a X 2 = 
10.5 for 16 deErees of freedom. 

The following off-diagona/ array elements are the correlation coefficients 

( S x i S x j l / ( & x t . 6 x j ) ,  in from the fit to the branching fractions, -~ percent, x i  

FJFtota I. The fit constrains the x~ whose labels appear in this array to sum to 
one. 

x 2 - I 0 0  

x 3 - 2  - 1  

Pu = +1.852 #N, Pd = --0.972/~N, and #s = -0.613 PN. The 
corresponding effective quark masses, taking the quarks to be 

Dirac point particles, where # = qh/2m, are 338, 322, and 510 

MeV. As the figure shows, the model gives a good first approx- 
imation to the experimental moments. For efforts to make a 

better model, we refer to the literature [2]. 

References  

1. See, for example, D.H. Perkins, Introduction to High Energy 
Physics (Addison-Wesley, Reading, MA, 1987), or D. Grif- 
fiths, Introduction to Elementary Particles (Harper &: Row, 
New York, 1987). 

2. See, for example, J. Franklin, Phys. Rev. D29, 2648 (1984); 
H.J. Lipkin, Nucl. Phys. B241, 477 (1984); 
K. Suzuki, H. Kumagai, and Y. Tanaka, Europhys. Lett. 2, 
109 (1986); 
S.K. Gupta and S.B. Khadkikar, Phys. Rev. D36, 307 
(1987); 
M.I. Krivoruchenko, Soy. J. Nucl. Phys. 45, 109 (1987); 
L. Brekke and J.L. Rosner, Comm. Nue]. Part. Phys. 18, 
83~(1988); 
K.-T. ChaD, Phys. Rev. D41, 920 (1990) and references 
cited therein Also, see references cited in discussions of 
results in the experimental papers.. 

A MAGNETIC MOMENT 

See the "Note on Baryon Magnetic Moments" above. Measurements with 
an error > 0.15 ,a N have been omitted. 

VALUE (#N) EVT5 DOCUMENT ID TECN COMMENT 
-0.613 4-0.004 OUR AVERAGE 
-0.606 4-0.015 200k COX 81 SPEC 
-0.61384-0.0047 3M SCHACHIN... }'8 SPEC 
-0 .59 4-0.07 350k HELLER 7}' SPEC 
--0.57 • 1.2M BUNCE 76 SPEC 
-0 .66 2:0.07 1300 DAHL-JENSENTI EMUL 200 kG field 

A ELECTRIC DIPOLE MOMENT 

A nonzero value is forbidden by both Tinvariance and P invariance. 

VALUE (10 -16 ecrn) CL ~/o DOCUMENT I D TECN 

< 1.5 95 5 PONDROM 81 SPEC 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<10O 95 6 BARONI 71 EMUL 
<500 95 GIBSON 66 EMUL 

5pONDROM 81 measures ( - 3 . 0  4- 7.4) • 10 - 1 7  e-cm. 
6 BARONI 71 measures ( - 5 . 9  4- 2.9) x 10 - 1 5  e-cm. 

A DECAY MODES 

Mode Fraction ( r i / r )  

r I p~ r -  (63,9 4-0.5 )%  

r 2 nTr ~ (35.8 4-0.5 ) % 

r3 n7 (1.75+0.15) x 10 . 3  

F4 P ~ - 7  [a]( 8,4 •  ) • 10 - 4  

F 5 p e - D  e (8.324-0.14) • 10 - 4  

F 6 p # - ~ #  (1.574-035) x 10 - 4  

[a] See the Listings below for the pion momentum range used in this mea- 
surement. 

46 - 4 6  - 1  

0 0 0 0 

Xl x2 x3 x5 

r(p.-) lr(N,O 
VALUE EVTS 
0.f~!14.0.~ OUR FIT 
0.640-1-0.005 OUR AVERAGE 
0.646 :L 0.008 4572 
0.635 4- 0,007 6736 
0.643 4- 0.016 903 
0.624 4- 0,030 

r ( . ~ r ~  
VALUE EVTS 
0.359• OUR FIT 
0.310+0.025 OUR AVERAGE 
035 4-0.05 
0.291 4-0.034 75 

r(.7)Ir~.l 
VALUE (units 10 -a) EVTS 
1.754-0.12 OUR FIT 

A BRANCHING RATIOS 

DOCUMENT ID TECN 

BA LTAY 71B HBC 
DOYLE 69 HBC 
HUMPHREY 62 HBC 
CRAWFORD 59B HBC 

DOCUMENTID TECN 

BROWN 63 HLBC 
CHRETIEN 63 HLBC 

rd(rl+r=) 
COMMENT 

K - p  at rest 
l r - p ~  AK 0 

~ - p  ~ AK 0 

F2/(FI+F2) 

DOCUMENT ID TECN COMMENT 

r, /r  

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1.32 4-0.15 218 7 LINDQUIST 71 OSPK See LINDQUIST 77 

7Changed by us from r ( p e - P e ) / r ( N ~  ) assuming the authors used r ( p ~ r - ) / r t o t a  I = 
2/3. 

8Changed by us from F ( p e - ~ e ) / F ( N ~ r  ) because s  is the directly mea- 
sured quantity. 

r(p#-p~)/r(N~r) r6 / ( r~+r2 )  
VALUE (units 10 -4) E V T S  DOCUMENT ID TECN COMMENT 
1.574.0.39 OUR FIT 
1.57:1:0.35 OUR AVERAGE 
1.4 4-0.5 14 BAGGETT 72B HBC K - p  at rest 
2.4 d_0.8 9 CANTER 71B HBC K - p  at rest 
1.3 4-0,7 3 LIND 64 RVUE 
1,5 4-1.2 2 RONNE 64 FBC 

2.862:0.744-0.57 24 BIAGI 86 SPEC SPS hyperon beam 

r(p.-~)Ir(p~-) r4r l  
VALUE (units ]0 -3) E V T S  DOCUMENT ID TECN COMMENT 

1.32-1-0,22 72 BAGGETT 72c HBC ~r- < 95 MeV/c 

r (pe-P,) /r (pf-) r s / r l  
VALUE Iunits 10 -3) E V T S  DOCUMENT ID TECN COMMENT 
1,301 4.0.019 OUR FIT 
1.301 4. 0.019 OUR AVERAGE 
1.3354-0.056 7111 BOURQUIN 83 SPEC SPS hyperon beam 
1.3134-0.024 10k WISE 80 SPEC 
1.23 10.11 544 LINDQUIST 77 SPEC 7 r - p  ~ KOA 
1.27 4-0.07 1089 KATZ 73 HBC 
1.31 4-0.06 1078 ALTHOFF 71 OSPK 
1.17 4-0.13 B6 7 CANTER "/1 HBC K - p  at rest 
1.20 4-0.12 143 8 MALONEY 69 HBC 
1.17 +0.18 120 8 BAGLIN 64 FBC K -  freon 1.45 GeV/c 
1.23 4-0.20 150 8 ELY 63 FBC 

1.75=1:0.15 1816 LARSON 93 SPEC K - p  at rest 
�9 �9 * We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1 784-n 2 ~+0"14 287 NOBLE 92 SPEC See LARSON 93 . . . . .  -0 .16  

r( ,~) Ir( . ,  ~ r~Ir2 
VALUE (units 10 -3) E V T S  DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 
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A DECAY PARAMETERS A REFERENCES 

See the "Note on Baryon Decay Parameters" in the neutron Listings. Some 
early results have been omitted. 

a_ FOR A --* pX-- 
VALUE EVT5 DOCUMENT ID TEEN COMMENT 

0.642• OUR AVERAGE 
0.5844-0.046 8500 ASTBURY 75 SPEC 
0.6494-0.023 10325 CLELAND 72 OSPK 
0.67 •  3520 DAUBER 69 HBC From - -  decay 

0 .645•  10130 OVERSETH 67 OSPK A from ~r -  p 

0.62 •  1156 CRONIN 63 CNTR A from 7r -  p 

ANGLE FOR A --. pTr- (tan~ = ~ / 3,) 
VALUE (o) EVT5 DOCUMENT /D TEEN COMMENT 

- 6.5• 3.5 OUR AVERAGE 
- 7.04- 4.5 10325 CLELAND 72 OSPK A from ~ - p  

-- 8.04- 6.0 10130 OVERSETH 67 OSPK Afrom~r-p 
13.04-17.0 1156 CRONIN 63 OSPK A from 7r- p 

=o / a_ = a(A -~ n~ ~ I a(A - .  p . - )  
VALUE EVT5 DOCUMENT ID TECN COMMENT 

1.01 • OUR AVERAGE 
1.000:50.068 4760 90LSEN 70 OSPK ~r+n ~ AK + 
1.10 4-0.27 CORK 60 CNTR 

90LSEN 70 compares proton and neutron distributions from A decay. 

[~_(A) + ~+(~11 [~_(A) - ~+(~1 
Zero i f  CP is conserved; ~ _  and e +  are the asymmetry parameters for A ~ pTr -  

and A ~ ~Tr + decay. 
VALUE EVTS D~9CUMENT ID TEEN COMMENT 

--0.034-0.06 OUR AVERAGE 
+0.014-0 .10  770 TIXIER 88 DM2 J/%b ~ AA 
-0.07=I=0.09 4063 BARNES 87 CNTR ~ p  ~ AA LEAR 
- 0 . 0 2 4 - 0 . 1 4  10k 10 CHAUVAT 85 CNTR pp,  ~ p  ISR 

IOCHAUVAT 85 actual ly gives (~+(A) /c~_(A)  = - 1 . 0 4  4- 0.29. Assumes polarization is 

same in ~ p  ~ AX  and p p  ~ AX. Tests of this assumption, based on C-invariance and 
fragmentat ion, are satisfied by the data. 

gA / Ev FOR A -'* Pe-'Pe 
Measurements with fewer than 500 events have been omitted. Where necessary, signs 
have been changed to agree with our conventions, which are given in the "Note on 
Baryon Decay Parameters" in the neutron Listings, The measurements all assume that  
the form factor 82 ~ 0. See also the footnote on DWORKIN 90. 

VALUE EVT5 DOCUMENT tO TECN COMMENT 

--0.710• OUR AVERAGE 
-0 .719 : i :0 .0164-0 .012  37k 11 DWORKIN 90 SPEC e v  angular corr. 

-0.70 4-0.03 7111 BOURQUIN 83 SPEC - - ~  A x -  
-0.7344-0.031 10k 12 WISE 81 SPEC eu angular correl. 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

--0.63 4-0.06 817 ALTHOFF 73 OSPK Polarized A 

11The tabulated result assumes the weak-magnetism coupling w =_ gw(O)/gv(O) to be 
0.97, as given by the CVC hypothesis and as assumed by the other listed measurements. 
However, DWORKIN 90 measures w to be 0.15 • 0.30, and then g A / g V  = -0.731 4- 
0.016. 

12 This experiment measures only the absolute value of gA /gV .  

We have omit ted some papers tha t  have been superseded by later experi- 
ments. 

RYBICKI 86 
HARTOUNI 94 

Also 94B 
LARSON 93 
NOBLE 92 
DWORKIN 90 
TIXIER 88 
BARNES 87 
BIAGI 86 
CHAUVAT 85 
BOURQUIN 83 
COX 81 
PONDROM 81 
WISE 81 
WISE 80 
SCHAEHIN,.. 78 
HELLER 77 
LINDQUIST 77 

Also 76 
ZECH 77 
BUNCE 76 
ASTBURY 75 
CLAYTON 75 
ALTHOFF 73 
ALTHOFF 738 

See our earlier editions. 

APP B27 2135 K, Rybicki 
PRL 72 1322 E.l~ Hartouni et aL (BNL E766 Collab,) 
PRL 72 2821 (erratum) E.P. Hartouni et aL (BNL E766 Collab.) 
PR D47 799 K.D. Larson et al. (BNL-B]I Collab.) 
PRL 69 414 A.J. Noble et aL (BIRM, BUST, BRED+) 
PR D41 780 J. Dworki~ et al. (MICH, WISE. RUTG+) 
PL 8212 523 M.H. Tixier et aL (DM2 Collab,) 
PL B199 147 P.D. Barnes et al. (CMU, SACL, LANL+) 
ZPHY C30 201 S.F. Biagi et aL (BRIS. CERN, GEVA+) 
PL 163B 273 FL Chauvat et aL (CERN, CLER, UCLA+) 
ZPHY C21 1 M.H. Bourquin et aL (BRIS, GEVA, HEIDP+) 
PRL 46 877 P,T. COX et al. (MICH, WISE. RUTG, MINN+} 
PR D23 814 L. Pondrorn et al. (WISC, MlCtt, RUTG+) 
PL 98B 123 J.E. Wise et al. (MASA. BNL) 
PL 91B 165 J.E. Wise et al. (MASA, BNL) 
PRL 41 1348 L. Schachinger et aL (MEN, RUTG, WISC) 
PL 68B 480 K. Holler et aL (MICH, WISE, HEIDH) 
PR D16 2104 J. Li~dl~uist et at. (EFI, OSU. ANL) 
JPG 2 L211 J. Lindquist et at. (EFI, WUSL, OSU+) 
NP 8124 413 G. Zech et al. (SIEG, CERN, DORT, HEIDH) 
PRL 36 1113 E.R.M. Bunco et aL (WISE, MICH, RUTG) 
NP B99 30 P. Astbury et aL (LOIC, CERN, ETH+) 
NP B95 130 E,F. Clayton et aL (LDIs RHEL) 
PL 43B 237 K.H. Althoff et at. (CERN, HELD) 
NP B68 29 K.H, AlthoR et al. {CERN, HELD) 

KATZ 
POULARD 
BAGGETT 
BAGGETT 
CLELAND 
HYMAN 
ALTHOFF 
BALTAY 
BARONI 
CANTER 
CANTER 
DAHL-JENSEN 
LINDQUIST 
OLSEN 
DAUBER 
DOYLE 
MALONE'# 
GRIMM 
HEPP 
BADIER 
MAYEUR 
OVERSETH 
PDG 
BURAN 
CHIEN 
ENGELMANN 
GIBSON 
LONDON 
SCHMIDT 
BAGLIN 
HUBBARD 
LIND 
RONNE 
SCHWARTZ 
BHOWMIK 
BLOCK 
BROWN 
CHRETIEN 
CRONIN 
ELY 
HUMPHREY 
CORK 
CRAWFORD 

73 
73 
72B 
72C 
72 
72 
11 
71B 
71 
71 
7IB 
71 
71 
70 
69 
89 
69 
68 
68 
67 
67 
67 
67 
66 
66 
66 
66 
86 
65 
64 
64 
64 
64 
64 
53 
63 
83 
63 
63 
63 
62 
60 
598 

Thesis MDDP-TRq4-044 C.N. Katz (UMD) 
PL 468 t35 G. Poulard, A. Givernaud, A,C, Borg (SACL) 
ZPHY 252 362 M.J. Baggett et al. (HELD) 
PL 42B 379 M.J. Baggett et aL (HELD) 
NP B40 22t W.E. Cleland et aL (s EEVA, LUND) 
PR D5 1063 LG. Hyman et al. (ANL, CMU) 
PL 37B 531 K,H. Althoff et aL (CERN. HELD) 
PR D4 670 C. Baltay et aL (EOLU. BING) 
LNC 2 1256 G. Baroni, S. Petrera. G. Romano (ROMA) 
PRL 26 868 J, Canter et aL (STUN. COLU) 
PRL 27 58 J, Canter et aL (STUN, COLU) 
NC 3A 1 E. DahI-Jensefl et aL (CERN, ANKA, LAUS+) 
PRL 27 612 J. Lilldquist et at. (EFI, WUSL, OSU+) 
PRL 24 843 S.L. Olsen et aL (WISE, MICtt) 
PR 179 1262 PM. Dauber et al. (LRL) 
Thesis UCRL 18139 J.C, Doyle (LRL) 
PRL 23 425 J.E. Maloney, B, Ss (UMD) 
NC 54A 187 H.J. Gdmm (HELD) 
ZPHY 214 71 V. Hepp, H. Schleich (HELD) 
PL 25B 152 J Badier et al. (EPOL) 
U.Lilx.Brux.BuL 32 C. Mayeur, E. Tompa. JM. Wickens (BELG, LOUC) 
PRL 19 391 O,E. Overseth, R.F. Ruth (MICa, PRIN) 
RMP 39 1 A.H. Rosenfeld et aL (LRL, CERN, YALE) 
PL 20 318 T. Buran el aL (OSLO) 
PR 152 t171 C.Y. Chien et aL (YALE, BNL) 
NC 45A 103B R. Engelmann et at. (HELD, REHO) 
NC 45A 882 W,M. Gibson, K, Green (BRIS) 
PR 143 1034 G.W. London et at. {BNL, SYRA) 
PR 140B 1328 P. Schmidt (COLU) 
NC 35 977 C. Bagli• et al. (EPOL, CERN, LOUC, RHEL4-) 
PR 1358 183 J.R. Hubbard et at, (LRL) 
PR 135B 1481 V,G. Lind et al. (WISE) 
PL 11 357 B.E. Roche et al. (CERN, EPOL LOUC+) 
Thesis UCRL 11360 Schwartz (LRL) 
NC 2S 1494 B. Bhowmik, D.P. Goyal (DELH) 
PR 130 766 M.M, Block et at. (NWES, BGNA, SYRA+) 
PR 130 769 J,L. Brown et aL (LRL, MICH) 
PR 131 2208 M. Chretien et al. (BRAN, BROW, HARV+) 
PR 128 ]795 J.W. Cronin, O.E. Overseth (PRIN) 
PR 131 868 R.P. Ely et aL (LRL) 
PR 127 1305 W.E. Humphrey. R.R Ross (LRL) 
PR 120 1000 B. Cork et aL (LRL. PRIN, BNL) 
PRL 2 266 F.S. Crawford et aL (LRL) 
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A A N D  ~ '  R E S O N A N C E S  

I n t r o d u c t i o n :  There are no new results at  all on A and 

57 resonances. The field remains at  a standstill  and will only be 

revived if a kaon factory is built. Wha t  follows is a much abbre- 

viated version of the note on A and X Resonances from our 1990 

edition. In particular, see tha t  edition for some representative 

Argand plots from partial-wave analyses. 

Table 1 is an a t tempt  to evaluate the status, both  overall 

and channel by channel, of each A and Z7 resonance in the 

Particle Listings. The evaluations are of course partly subjec- 

tive. A blank indicates there is no evidence at all: either the 

relevant couplings are small or the resonance does not really 

exist. The main Baryon Summary Table includes only the es- 

tablished resonances (overall status 3 or 4 stars). A number of 

the 1- and 2-star entries may eventually disappear, but  there 

are certainly many resonances yet to be discovered underlying 

the established ones. 

S i g n  c o n v e n t i o n s  f o r  r e s o n a n c e  coup l ings :  In terms of 

the isospin-0 and -1 elastic scattering amplitudes Ao and A1, the 

amplitude for K - p  ~ -K~ scattering is +(A1 - A0)/2, where 

the sign depends on conventions used in conjunction with the 

Clebsch-Gordan coefficients (such as, is the baryon or the meson 

the "first" particle). If this reaction is partial-wave analyzed 

and if the overall phase is chosen so that ,  say, the 57(1775)D15 

amplitude at resonance points along the positive imaginary axis 

(point~ "up" ), then any 57 at resonance will point "up" and any 

A at resonance will point "down" (along the negative imaginary 

axis). Thus the phase at resonance determines the isospin. The 

above ignores background amplitudes in the resonating partial 
waves. 

That  is the basic idea. In a similar but  somewhat more 

complicated way, the phases of the K N  ~ ATr and K N  ~ 57~r 

amplitudes for a resonating wave help determine the SU(3) 

multiplet  to which the resonance belongs. Again, a convention 

has to be adopted for some overall arbi trary phases: which 

way is "up"? Our convention is tha t  of Levi-Setti [1] and is 

shown in Fig. 1, which also compares experimental results with 

theoretical predictions for the signs of several resonances. In the 

Listings, a + or - sign in front of a measurement of an inelastic 

resonance coupling indicates the sign (the absence of a sign 

means tha t  the sign is not determined, not tha t  it is positive). 

For more details, see Appendix II of our 1982 edition [2]. 

B r r o r s  o n  m a s s e s  a n d  w i d t h s :  The errors quoted on 

resonance parameters from partial-wave analyses are often only 

statistical, and the parameters can change by more than  these 

errors when a different parametrization of the waves is used. 

Furthermore, the different analyses use more or less the same 

data, so it is not really appropriate to t reat  the different 

determinations of the resonance parameters as independent  or 

to average them together. In any case, the spread of the masses, 

widths, and branching fractions from the different analyses is 

certainly a bet ter  indication of the uncertainties than  are the 

quoted errors. In the Baryon Summary Table, we usually give a 

range reflecting the spread of the values rather  than  a particular 

value with error. 

For three states, the A(1520), the A(1820), and the 57(1775), 

there is enough information to make an overall fit to the various 

branching fractions. It is then necessary to use the quoted 

errors, but  the errors obtained from the fit should not  be taken 

seriously. 

P r o d u c t i o n  e x p e r i m e n t s :  Partial-wave analyses of 

course separate partial waves, whereas a peak in a cross section 

or an invariant mass distribution usually cannot  be disentangled 

from background and analyzed for its quantum numbers; and 

more than one resonance may be contr ibut ing to the peak. 

Results from partial-wave analyses and from production exper- 

iments are generally kept separate in the Listings, and in the 

Baryon Summary Table results from production experiments 

--Zn 

--An 

{to} {s} {8} {s} {8} {to} {1} 
Z(1385) A(1670) A(1690) A(1820) A(1830) X(2030) A(2100) 

P13 Sol DO3 F05 DO5 F17 GO7 
�9 X X x X 

.. .... ,.. .... ,,.._..,.. . . . .  , , . + . , . i , , . . . J , . . .  i...+.,,.. .... . . . / . . . i . .  / 
�9 X X x X x X 

Sol Do3 D13 
AU405~ AU~.0) ~U670) 
{I} {l} {8} 

�9 x 

P13 D13 
,~(1385) Z(1670) 

{to} {+} 

Sll D15 F15 
~(1750) ~(1775) ~(1915) 

{8} {8} {8} 

~} {8} {8} 00} 
X(1750) E(1775) X(1915) X(2030) 

Sll D15 F15 F17 
X 

~ j l  x j /  
X X x 

Figure 1. The signs of the imaginary parts of resonating amplitudes in the K N  --~ ATr and Z'TF channels. The signs of the Z(1385) 
and A(1405), marked with a *, are set by convention, and then the others are determined relative to them. The signs required by the 
SU(3) assignments of the resonances are shown with an arrow, and the experimentally determined signs are shown with an x. 
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Table 1. The status of the A and Z resonances. Only those with an 
overall status of *** or **** are included in the main Baryon Summary 
Table. 

Status a s  s e e n  i n  - -  

Overall 
Particle LI.2J status .NK- An L'z Other channels 

A(1116) 1~ 
A(1405) Sol 
A(1520) Do3 
A(1600) P01 
A(1670) Sol 
A(1690) D03 
A(lS00) Sol 
A(1810) Pol 
A(lS20) F05 
A(1838) Dos 
A(1890) P0a 
A(2000) 
A(2020) Fo7 
A(2100) G07 
A(2110) F05 
A(2325) Don 
A(2350) 
A(2585) 

**** F N~r(weakly) 
* * * *  * * * *  o * * * *  

**** **** r **** ATrr, A 7 
*** *** b ** 
**** **** i * * * *  A,7  

**** **** d **** ArTr, L:~r ~r 
*** *** d ** NK*, Z:(1385)z 
* * *  * * *  e * *  N K *  

**** **** n **** Z'(1385)Tr 
**** *** F **** .U(1385)z- 
**** **** o ** NK*,  2(1385)7r 
* r * Aw, N K *  
* * b * 

**** **** i *** Aw, N K *  

*** ** d * Aw, N K*  
* * d Aw 
* * *  * * *  e * 

* *  * *  n 

]A(1405) So~] ,(p) = 0 ( 1 - )  Status: * * * *  

T H E  A ( 1 4 0 5 )  

Revised March  1998 by R.H. Dali tz  (Oxford Universi ty) .  

It is general ly accepted t ha t  the  A(1405) is a well-established 

j R  = 1 / 2 -  resonance.  It  is ass igned to the  lowest L = 1 

supermul t ip le t  of the  3-quark sy s t em and  paired wi th  the  

j R  = 3 / 2 -  A(1520). Lying abou t  30 MeV below the  N K  

threshold ,  the  A(1405) can  be observed direct ly only as a 

resonance b u m p  in the  ( ~ r )  ~ s u b s y s t e m  in final s ta tes  of 

p roduc t ion  exper iments .  It was first repor ted  by A L S T O N  61B 

in the  react ion K - p  ~ ~Trmr at  1.15 G e V / c  and  has  since been 

seen in at  least  eight o ther  exper iments .  However, only two of 

2(1193) Pn  **** Nn(weakly) 
~'(1385) /)13 **** **** **** 
27(1480) * * * * 
L1(1580) ** ** ** 
2,1(1580) DIn ** * * 
:U(1620) Sn ** ** * * 
2(1880) Pn  *** *** * ** 
�9 '(1670) D13 **** **** **** **** several others 
,bl(1890) ** * ** * AzcTr 
s  S l l  * * *  * * *  **  * • r /  

X7(1770) Pll * 
�9 7(1775) D15 ~ **** **** **** *** several others 
Z'(1840) /~ * * ** * 
�9 7(1880) P n  ** ** ** NK-* 
S(1915) Fls . . . . . . . . . . . . . .  S(1385)Tr 
Z'(1940) D13 *** * *** ** quasi-2-body 
X'(2000) Sn  * * NK*, A(152O)r 
,U(2030) F17 **** **** **** ** several others 
~'(2070) FI5 * * * 
~'.'(2080) P13 ** ** 
~7(2100) G17 * * * 
2,1(2250) *** *** * * 
L'(2455) ** * 
r(2620) ** * 

2(3000) * * * 
2(3170) * multi-body 

�9 *** Existence is certain, and properties are at least fairly well explored. 
�9 ** Existence ranges from very likely to certain, but further confir- 

mation is desirable mid/or quantunl numbers, branching fractions, 
etc. are not* well determined. 

�9 * Evidence of existence is only fair. 
�9 Evidence of existence is poor. 

t h e m  had  enough  events  for a detai led analysis:  T H O M A S  73, 

wi th  abou t  400 27• ~ events  f rom 7r-p --+ K~ ~ at  1.69 

GeV/c ;  and  H E M I N G W A Y  85, wi th  766 57+~r - and  1106 

~ -Tr  + events  f rom K - p  ~ (ZTrTr)+r - at  4.2 Ge V/c ,  after 

the  selections 1600 < M ( Z T r r )  + < 1720 MeV and  m o m e n t u m  

t ransfer  < 1.0 (GeV/c)  2 to pur i fy  the  A(1405) -+ (57~r) ~ sample.  

These  expe r imen t s  agree on a mas s  of  abou t  1395 1400 MeV 

and  a wid th  of abou t  60 MeV. (Hemingway ' s  m a s s  of 1391 4- 1 

MeV is f rom his best ,  bu t  unaccep tab ly  poor,  Bre i t -Wigner  fit.) 

The  Byers-Fens ter  tes ts  on these  d a t a  allow any  sp in  and  

ei ther parity: ne i ther  J nor P ha s  yet been  de t e rmined  directly. 

The  early indicat ions  for j R  _= 1 / 2 -  came  f rom f inding Re Al=o 

to be large and  negat ive  in a cons t an t - sca t t e r ing - l eng th  analysis  

of low-energy N K  react ion d a t a  (see KIM 65, S A K I T T  65, and 

earlier references cited therein) .  T h e  first mu l t i channe l  energy- 

dependen t  K - m a t r i x  analysis  (KIM 67) s t r e n g t h e n e d  the  case 

for a resonance a round  1400 1420 MeV s t rong ly  coupled to the 

I = 0 S-wave N K  sys tem.  

T H O M A S  73 and  H E M I N G W A Y  85 b o t h  found the  A(1405) 

b u m p  to be a s y m m e t r i c  and  not  well f i t ted by a Bre i t -Wigner  

resonance funct ion  wi th  cons tan t  pa ramete r s .  The  a s y m m e t r y  

involves a rapid  fall in in tens i ty  as the  N K  th reshold  energy is 

approached  from below. This  is readily u n d e r s t o o d  as due to 

a s t rong  coupl ing of the  A(1405) to the  S-wave N K  channel  

are used  only for the  low-mass  s ta tes .  The  57(1385) and  A(1405) 

of course lie below the  K N  th reshold  and  near ly  every th ing  

abou t  t h e m  is learned fronl p roduc t ion  exper iments ;  and  pro- 

duc t ion  and  fo rmat ion  exper imen t s  agree qui te  well in the  case 

of A(1520) and  resul ts  have been combined.  There  is some dis- 

ag reement  between p roduc t ion  and  format ion  exper imen t s  in 

the  1600 1700 MeV region: see the  note  on the  57(1670). 

R e f e r e n c e s  

1. R. Levi-Setti ,  in Proceedings of  the L und  Internat ional  
Conference on E lementary  Part icles  (Lund,  1969), p. 339. 

2. Part icle D a t a  Group,  Phys .  Lett .  l l l B  (1982). 

(see DALITZ  81). This  s t r ik ing S - s h a p e d  cusp behavior  at  a 

new threshold  is character is t ic  of S-wave coupling;  the  other 

below-threshold  hyperon,  the  57(1385), has  no such threshold  

d is tor t ion  because  i ts  N K  coupl ing is P-wave .  For the  A(1405), 

this  a s y n n n e t r y  is the  sole direct evidence t h a t  j R  = 1 / 2 - .  

Following the  early work cited above, a considerable  litera- 

ture  has  developed on proper  procedures  for phenomenologica l  

ex t rapo la t ion  below the  N K  threshold,  par t ly  in order to 

s t r eng then  the  evidence for the  sp in-par i ty  of the  A(1405),  and 

par t ly  to provide an e s t ima te  for the  amp l i t ude  f ( N K )  in 

the  unphys ica l  d o m a i n  below the  N K  threshold;  the  la t te r  is 

needed for the  evaluat ion of the  d ispers ion re la t ion for N K  

and N K  forward sca t te r ing  ampl i tudes .  For recent  reviews, 

see M I L L E R  84 and  B A R R E T T  89. In m o s t  recent  work, the 

(577r) ~ p roduc t ion  s p e c t r u m  is included in the  d a t a  fi t ted (see, 

e.g., C H A O  73, M A R T I N  81). 
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It is now accepted that the data can be fitted only with an 

S-wave pole in the reaction amplitudes below N K  threshold 

(see, however, FINK 90), but there is still controversy about 

the physical origin of this pole (for a review, see DALITZ 81 

and DALITZ 82). Two extreme possibilities are: (a) an L = 1 

SU(3)-singlet uds state coupled with the S-wave meson-baryon 

systems; or (b) an unstable N K  bound state, analogous to 

the (stable) deuteron in the N N  system. The problem with 

(a) is that the A(1405) mass is so much lower than that of 

its partner, the A(1520). This requires, in the QCD-inspired 

quark model, rather large spin-orbit couplings, whether or 

not one uses relativistic kinetic energies. CAPSTICK 86 and 

CAPSTICK 89 conclude that a proper QCD calculation leads 

only to small energy splittings, whereas LEINWEBER 90, using 

QCD sum rules, obtains a good fit to this splitting. 

On the other hand, the problem with (b) is that then 

another JP = 1/2-A is needed to replace the A(1405) in the L = 

1 supermultiplet, and it would have to lie close to the A(1520), 

a region already well explored by N K  experiments without 

result. Intermediate structures are possible; for example, the 

cloudy bag model allows the configurations (a) and (b) to mix 

and finds the intensity of (a) in the A(1405) to be only 14% 

(VEIT 84, VEIT 85, JENNINGS 86). Such models naturally 

predict a second 1 /2-  A close to the A(1520). 

The determination of the mass and width of the resonance 

from (ZTr) ~ data is usually based on the "Watson approxima- 

tion," whihh states that the production rate R(Zn)  of the (ZTr) ~ 

state has a mass dependence proportional to (s in26~)/q,  q be- 

ing the Z?r c.m. momentum, in a 57r mass range where 6~ is 

not far from rr/2 and only the ZTr channel is open, i.e., between 

the Zrr and the N K  thresholds. Then q R(ZTr) is proportional 

to sin26z~, and the mass M may be defined as the energy at 

which sin26E~ = 1. The width F may be determined from the 

rate at which 6 ~  goes through ~r/2, or from the FWHM; this 

is a matter of convention. 

This determinatioi, of M and F from the data suffers from 

the following defects: 

(i) The deternfination of sin26z~ requires that R(Zrr) be 

scaled to give s in26~ = 1 at the peak for the best fit to the 

data; i.e., the bump must be assumed to arise from a resonance. 

However, this assumption is supported by the analysis of the 

low-energy N K  data and its extrapolation below threshold. 

(ii) Owing to the nearby N K  threshold, the shape of the 

best fit to the M ( Z n )  bump is uncertain. For energies below 

this threshold at Egg,  the general form for 6z~ is 

l + ~ a  
q cot 6Z~ -- . (1) 

7 + n ( ~ 7  - O 2) 

Here a, fl, and 7 are the (generally energy-dependent) NN, 

N Z ,  and Z Z  elements of the I = 0 S-wave K-matrix for the 

(Zr,  NK)  system, and n is the magnitude of the (imaginary) 

c.m. momentum kK for the N K  system below threshold. The 

elements a, ~, 7 are real functions of E; they have no branch 

cuts at the ETr and N K  thresholds, but they are permitted 

to have poles in E along the real E axis. The resonance 

asymmetry arises from the effect of n on 6~2~. We note that 

6Z~ = r/2 when ~; = - 1 / o .  

Accepting this close connection of 6 ~  with the low-energy 

N K  data, it is natural to analyze the two sets of data together 

(e.g., MARTIN 81), and there is now a large body of accurate 

N K  data for laboratory momenta between 100 and 300 MeV/c 

(see MILLER 84). The two sets of data span c.m. energies 

from 1370 MeV to 1490 MeV, and the K-matrix elements will 

not be energy independent over such a broad range. For the I = 

0 channels, a linear energy dependence for K -1 has been adopted 

routinely ever since the work of KIM 67, and it is essential when 

fitting the q R(Zrr) and N K  data together. However, q R(ZTr) 

is not always well fitted in this procedure; the value obtained 

for the A(1405) mass M varies a good deal with the type of 

fit, not a surprising result when the ~Tr mass spectrum below 

the pK -  threshold contributes only nine data points in a total 

of about 200. The value of M obtained from an overall fit 

is not necessarily much better than from one using only the 

q R(Zrr) data; and M may be a function of the representation-- 

K-matrix, K-l-matr ix ,  relativistic-separable or nonseparable 

potentials, etc.-- used in fitting over the full energy range. 

DALITZ 91 fitted the q R ( ~ + r  - )  Hemingway data with each 

of the first three representations just mentioned, constrained 

to the I = 0 N K  threshold scattering length from low-energy 

N K  data. The (nonseparable) meson-exchange potentials of 

MULLER-GROELING 90, fitted to the low-energy N K  (and 

NK)  data, predicted an unstable N K  bound state with mass 

and width compatible with the A(1405). 

Prom the measurement of 2p --+ ls  x rays from kaonic- 

hydrogen, the energy-level shift A E  and width F of its ls 

state can give us two further constraints on the (ZTr, NK)  

system, at an energy roughly midway between those from the 

low-energy hydrogen bubble chamber studies and those from 

q R(Z~r) observations below the pK-  threshold. IWASAKI 97 

have reported the first convincing observation of this x ray, with 

a good initial estimate: 

AE - iF~2 = (-323 + 63 + 11) - i(204 4- 104 + 50) eV.  (2) 

The errors here encompass about half of the predictions made 

following the various analyses and/or models for the in-flight 

K - p  and sub-threshold qR(~Trr) data. Better measurements 

will be needed to discriminate between the analyses and pre- 

dictions. Now that A E  is known with some certainty, we can 

anticipate much-improved data on kaonic-hydrogen, perhaps 

from the DA~NE storage ring at Frascati, information vital for 

our quantitative understanding of the (~Tr, NK)  system in this 

region. This will lead to better knowledge of kaonic coupling 

strengths and to more reliable dispersion-theoretic arguments 

concerning strange-particle processes. 

The present status of the A(1405) thus depends heavily 

on theoretical arguments, a somewhat unsatisfactory basis for 

a four-star rating. Nevertheless, there is no known reason to 

doubt its existence or quantum numbers. The 3-quark model 
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for baryons has been broadly successful in accounting for all of 

the L P = 1- excited baryonic states (CAPSTICK 89), apart 

from the relatively large mass separation between the A(1405) 

and A(1520). Quark model builders have no reservations about 

accepting the A(1405) as a 3-quark state. However, calculations 

with broken-chiral-symmetric models, which combine internal 

3-quark configurations with external meson-baryon states (e.g., 

VEIT 85, KAISER 95) end up with descriptions of the A(1405) 

dominated by the meson-baryon terms in the wavefunctions. 

Models using meson-baryon potentials readily fit its mass, and 

give A E  negative, as is found empirically. The problem is 

not so much one of "either (a) or (b)," but rather how to 

achieve "both (a) and (b)." Theoreticians have not yet been 

able to deal with the full coupled-channels system, with qqq and 

qqqq~ configurations (at the least) being treated on the same 

footing. On the experimental side, better statistics are needed, 

both above and below the p K -  threshold. To disentangle the 

physics, the I = 1 channels also need more attention. For 

example, low-energy p K  0 interactions have not been studied at 

all in the last 25 years. 

EXTRAPOLATIONS BELOW NK THRESHOLD 
VALUE (MeV) DOCUMENT 10 TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

30 3 MARTIN B1 K-matr ix fit 
55 4,6 CHAO 73 DPWA 0-range fit (sol. B) 
20 MARTIN 70 RVUE Constant K-matr ix 
29 4.6 MARTIN 69 HBC Constant K-matr ix 
50 4-5 KIM 67 HBC K-matr ix f i t  
34.14-4.1 5 KITTEL 66 HBC 
37.04.3.2 KIM 65 HBC 
28.24-4.1 5 SAKITT 65 HBC 

Mode 

F 1 Z'~r 
r2 A3' 
F 3 zo .}, 
F4 NK 

r(A~) 
VALUE (keV) 

A(1405) DECAY MODES 

Fraction ( r i / r )  

A(1405) MASS 

PRODUCTION EXPERIMENTS 
VALUE (MeV) E V T S  DOCUMENT ID TEEN COMMENT 

1406.5 "1- 4.0 1 DALITZ 91 M-matr ix fit 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

1391 4" 1 700 
1405 400 
1405 120 
1400 4" 5 67 
1382 4" 8 
1400 4" 24 
1410 

1405 

1405 

EXTRAPOLATIONS BELOW N ~  THRESHOLD 
VALUE(MeV) DOCUMENT 10 TECN 

1HEMINGWAY 85 HBC K - p 4 . 2 G e V / c  

2 THOMAS 73 HBC ~r- p 1.69 GeV/c 
BARBARO-... 68B DBC K - d  2.1-2.7 GeV/c 
BIRMINGHAM 66 HBC K - p  3.5 GeV/c 
ENGLER 65 HDBC ~ - p ,  7r4"d 1.68 GeV/c 
MUSGRAVE 65 HBC ~Sp 3-4 GeV/c 
ALEXANDER 62 HBC ~ -  p 2.1 GeV/c 
ALSTON 62 HBC K - p  1.2-0.5 GeV/c 
ALSTON 61B HBC K--p 1.15 GeV/r 

COMMENT 

100% 

A(1405) PARTIAL WIDTHS 

DOCUMENT ID COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

2 7 ~ 8  BURKHARDT 91 Isobar model f i t  

r(~:%) 
VALUE (keY) DOCUMENT I0 COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

1411 3 MARTIN 81 K-matr ix fit 
1406 4 CHAO 73 DPWA 0-range fit (sol. B) 
1421 MARTIN 70 RVUE Constant K-matr ix 
1416 + 4  MARTIN 69 HBC Constant K-matr ix 
1403 4-3 KIM 67 HBC K-matr ix fit 
1407.5• 5 KITTEL 66 HBC 0-effective-range fit 
1410.74.1,0 KIM 65 HBC 0-effective-range fit 
1409.64.1,7 5 SAKITT 65 HBC 0-effective-range fit 

A(1405) WIDTH 

PRODUCTION EXPERIMENTS 
VALUE (MeV) E V T 5  DOCUMENT IP TECN COMMENT 

50 4- 2 1 DALITZ 91 M-matr ix fit 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, e t c . � 9  �9 �9 

32 4- 1 700 1HEMINGWAY 85 HBC K - p 4 . 2 G e V / c  

45 to 55 400 2 THOMAS 73 HBC ~ r - p  1.69 GeV/c 

35 120 BARBARO-...  688 DBC K -  d 2.1-2.7 GeV/c 
50 4.10 67 BIRMINGHAM 66 HBC K - p  3.5 GeV/c 
89 4.20 ENGLER 65 HDBC 
60 4.20 MUSGRAVE 65 HBC 
35 4- 5 ALEXANDER 62 HBC 
50 ALSTON 62 HBC 
20 ALSTON 61B HBC 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

10 4- 4 or 23 4- 7 BURKHARDT 91 Isobar model fit 

A(1405) BRANCHING RATIOS 

r(NK--)/r(l:.) 
VALUE ~ DOCUMENT ID TEEN COMMENT 

�9 = �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

<3 95 HEMINGWAY 85 HBC K - p  4.2 GeV/c 

F2 

rs 

r,/q 

A(1405) REFERENCES 

BURKHARDT 91 PR C44 607 H Burkhardt, J Lo~e (NOTT, UNM, BIRM) 
DALITZ 91 JPG 17 289 B.H. Dalitz, A. Deloff (OXFTP. WINR) 
HEMINGWAY 85 NP B253 742 R.J. HemTngway (CERN) J 
MARTIN B1 NP B179 33 A.D. Martin (DURtl) 
CHAO 73 NP B55 46 Y.A. Chad et al. (RHEL, CMU, LOUC) 
THOMAS 73 NP B56 15 D.W. Thor~las et at. (CMU) J 
MARTIN 70 NP B16 479 A.D. Marlin, G.G, Ross (DURH) 
MARTIN 69 PR 183 1352 B.R. Martin, M, Sakitt (LOUC, BNL) 

Also 69B PR 183 1345 B.R. Martin, M. Sakitt (LOUC, BNL) 
BARBARO-... 68B PRL 21 573 A. Barbaro-Galtieri et aL (LRL, SLAE) 
KIM 67 PRL 19 1074 J,K. Kim (YALE) 
BIRMINGHAM 66 PR 152 1].48 BirminKham (BIRM. GLAS. LOIC, OXF, RtlEL) 
KITTEL 66 PL 21 349 W. Kittel, G. Otter. I. Wacek (VIEN) 
ENGLER 65 PRL 15 224 A. Engler et aL {CMU, BNL)IJ 
KIM 6S PRL 14 29 Kim (COLU) 
MUSGBAVE 65 NC 35 735 B. Musgrave et al. (BIRM. CERN. EPOL+) 
SABITT 65 PR 139B 719 M Sakitt et at. (UMD. LRL) 
ALEXANDER 62 PRL S 447 G. Alexander et aL (LRL) I 
ALSTON 62 CERN Conf. 311 M.H. Alston et al. (LRL)I 
ALSTON 61B PRL 6 698 M.H, Alston et 31. (LRL)I 

OTHER RELATED PAPERS 
IWASAKI 97 PRL 78 3067 M. Iwasak~ et al. (KEK-228 Collab) 
rINK 90 PB C41 2720 P.JJr. Fink et aL (IBMY, OBST, ANSM) 
LEINWEBER 90 ANP 198 203 D B. Leinweber (MCMS) 
MUELLER GR...90 NP A513 557 A. Mueller+Groeling. K. Hollede, J. Speth (JUL 0 
BARRETT B9 NC ]O2A 179 RC. Barrett (SURR) 
BATTY 89 NC 102A 255 C.J. Batty. A. Gal (RAL, HEBR) 
CAPSTICK a9 Excited Baryons 8B. p.32 S, CapsBck (GUEL) 
LOWE 89 NC I02A 167 J, Lowe (BIRM) 

A(1405) FOOTNOTES 
1DALITZ 91 fits the HEMINGWAY 85 data. 
2THOMAS 73 data is fit by CHAO 73 (see next section). 
3 The MARTIN 81 f i t  includes the K4"p forward scattering amplitudes and the dispersion 

relations they must satisify. 
4 See also the accompanying paper of THOMAS 73. 
5 Data of SAKITT 65 are used in the fit by KITTEL 66. 
6An asymmetric shape, with 1"/2 = 41 MeV below resonance, 14 MeV above. 



See key on page 239 

WHITEHOUSE 89 PRL 63 1352 O.A. Whitebouse et aL (BIRM, BOST, BRCO+) 
SIEGEL 88 PR C38 2221 P.B. Siegel, W. Welse (REGE) 
WORKMAN 88 PR D37 3117 R.L Workman, H.W, Fearlng (TRIU) 
SCHNICK 87 PRL S8 1719 J. Schnick, R.H Landau (ORST) 
CAPSTICK 86 PR D34 2809 S. Capstich. N. Isgur (TNTO) 
JENNINGS 86 PL B176 229 B.K. Jennings (TRIU) 
MALTMAN 86 PR D34 1372 K. Maltman, N. Isgur (LANL, TNTO) 
ZHONG 86 PL B171 471 Y.S. Zhong et a/. (ADLD, TRIU, SURR) 
BURKHARDT 85 NP A440 653 H. Burkhardt, J. Lowe, A.S. nosenthal (NOTT+) 
DAREWYCH 85 PR O32 1765 J,W, Darewych, R. Koniuk. N. Isgur (YORKC, TNTO) 
VEIT 86 PR D31 1033 E.A. Veil et at, (TRIU, ADLD, SURR) 
KIANG 84 PR C30 1638 D. Kiang et aL (DALH, MCMS) 
MILLER 84 Miller (LOUC) 

Conf. InteesecEons between Particle and Nuclear Physics, p. 783 
VANDIJK 84 PR D30 937 W. van Dijk (MCMS) 
VEIT 84 PL 137B 415 E.A, Veit et el, (TRIU, SURR, CERN) 
DALITZ 82 Dalitz et el. (OXFTP) 

Heidelberg CovE, p. 201 
DALITZ 81 O alitz. McGinley (OXFTP) 

LC~V and Intermediate Energy Kaon-Nucleon Physics, p,3Bl 
MARTIN 81B LEE. K-N PhyS., p. 97 A.D. Martin (OURH) 
OADES 77 NC 42A 462 G.C, Oades, G Rasche (AARH, ZURI) 
SHAW 73 Purdue Conf. 417 G.L Shaw (UCl) 
BARBARO-... 72 LBL~555 A. Barbare-Galtieri (LBL) 
DOBSON 72 PR D6 3256 P.N. Dobson, R. McEIhaney (HAWA) 
RAJASEKA... 72 PR 05 610 G. Rajasek~ran (TATA) 

Earlier papers also cited in RAJASEKARAN 72. 
CLINE 71 PRL 26 1194 D. Cllne, R. Laumann, J. Mapp (WISC) 
MARTIN 71 PL 35B 62 A.D. Martin, A.D. Marti~, G.G. ROSS (DURH, LOUC+) 
DALITZ 67 PR 153 1617 R.H, Dalitz. T.C. Wong, G. Rajaseharan (OXFTP+) 
DONALD 66 PL 22 711 R.A. Donald el at. (LIVP) 
KADYK 66 PRL 17 599 J.A. Kadyk et at, (LRL) 
ABRAMS 65 PR 139B 454 G.S. Abrams, B. Sechi-Zo~n (UMD) 
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CONSTRAINED FIT INFORMATION 
An overal l  f i t  t o  9 branching rat ios uses 24 measurements and one 

constra in t  to  determine 6 parameters. The  overal l  f i t  has a X 2 = 
16.5 for  19 degrees o f  f reedom. 

The  fo l lowing o f f - d i agona l  array elements are the corre lat ion coeff ic ients 

( 6 x ~ 6 x j l / { 6 x s  in percent, f rom the f i t  to  the branching fract ions, x i - -  

F i /F to ta  I. The  f i t  constrains the x i whose labels appear in this array to  sum to  
one. 

x2 
x3 
x7 
x8 
x9 

I A(1520) Oo, I , ( , P )  = 0 ( ~ - - )  S ta tus :  * * * *  

Discovered by F E R R O - L U Z Z I  62; the e laborat ion in W A T S O N  63 
is the classic paper on the Bre i t -Wigner  analysis o f  a mul t ichannel  
resonance, 

The  measurements o f  the mass, w id th ,  and elast ic i ty  published be- 
fore 1975 are now obsolete and have been omi t ted .  They were last 
l isted in our  1982 edi t ion Physics Let ters 1 1 1 6  (1982) .  

Product ion  and fo rmat ion  exper iments  agree qui te well, so they are 
l isted together  here. 

A(1520) MASS 

VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT 

1519,5 4-1.0 OUR ESTIMATE 
1519.504-0.18 OUR AVERAGE 
1517.3 4-1.5 300 BARBER 80D SPEC "TP ~ A(1520)K + 
1519 4-1 GOPAL 80 DPWA KN ~ KN 
1517.8 • 5k BARLAG 79 HBC K-p 4.2 GeV/c 
1520.0 4-0,8 ALSTON-... 78 DPWA KN ~ KN 
1519.7 • 4k CAMERON 77 HBC K-p 0.96-1.36 GeV/c 
1519 4-1 GOPAL 77 DPWA KN multichannel 
1519,4 4-0.3 2000 CORDEN 75 DBC K -  d 1.4-1.8 GeV/c 

/I(1520) WIDTH 

VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT 

15.6 4-1.0 OUR ESTIMATE 
15.594-0,27 OUR AVERAGE 
16.3 • 300 BARBER 80D SPEC 3'P ~ A(1520)K + 
16 •  GOPAL 60 DPWA KN ~ KN 
14 • 677 I BARLAG 79 HBC K -  p 4.2 GeV/c 
15.4 • ALSTON-... 78 DPWA ~ N  ~ ~ N  
16.3 • 4k CAMERON 77 HBC K -  p 0.96-1.36 GeV/c 
15.0 4-0.5 GOPAL 77 DPWA K 'N  multichannel 
15.5 4-1.6 2000 CORDEN 75 DBC K - d  1.4-1.8 GeV/c 

- 6 3  

- 3 2  - 3 3  

- 4  - 3  - 1  

- 9  - 8  - 4  0 

- 2 4  - 2 1  - 1 0  - 1  - 2  

Xl  x2 x3 x7 x8 

A(1520) BRANCHING RATIOS 

See "Sign conventions for resonance couplings" in the Note on A and -~ 
Resonances. 

F(NK----)IFt~ I q / r  
VALUE DOCUMENT ID TECN COMMENT 
0.45 4-0.01 OUR ESTIMATE 
0.4484-0,007 OUR F IT  Error includes scale factor of  1.2. 
0.4554-0.011 OUR AVERAGE 
0.47 •  GOPAL 80 DPWA K N  ~ K N  
0.45 •  ALSTON-. , .  78 DPWA K 'N  ~ K N  
0.448•  CORDEN 75 DBC K - d  1.4-1.8 GeV/c  
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. * �9 i 

0.47 •  GOPAL 77 DPWA See GOPAL 80 
0.42 M A S T  76 HBC K - p  ~ -KOn 

r(z.)Irto~, r21r 
VALUE DOCUMENT IP TECN COMMENT 
0.42 4-0.01 OUR ESTIMATE 
0.4214-0.007 OUR FIT Error includes scale factor o f  1.2. 
0.423-1-0.011 OUR AVERAGE 
0.426 • CORDEN 75 OBC K -  d 1.4-1.8 GeV/c 
0,418• BARBARO-... 696 HBC K - p  0.28-0.45 GeV/c 
�9 * * We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0,46 K IM 71 DPWA K-matr ix  analysis 

F(z,O/F(NN r2/rl 
VALUE DOCUMENT ID TEEN COMMENT 
0.940• OUR FIT Error includes scale factor of  1.3. 
0.95 4-0.04 OUR AVERAGE Error includes scale factor of  1.7. See the ideogram below. 
0.98 •  2 GOPAL 77 DPWA K N  multichannel 
0.82 •  B U R K H A R D T  69 HBC K -  p 0.8-1.2 GeV/c  
1.06 •  SCHEUER 68 DBC K-N 3 GeV/c 
0.96 •  DAHL 67 HBC ~ -  p 1.6-4 GeV/c  
0.73 •  DAUBER 67 HBC K-p 2 GeV/c 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1,06 • BERTHON 74 HBC Quasi-2-body (7 
1.72 •  MUSGRAVE 65 HBC 

A(1520) DECAY MODES 

Mode Fraction (F i /F )  

F 1 NK 45 • 1% 
F 2 ~F~r 42 • 1% 

F 3 ATrTr 10 • 1% 

F4 -~(1385)7r 

F 5 Z'(1385)~T(-~ ATrTr) 

F6 A(~rzr)S-wave 
F 7 ~F~r~T 0.9 • 0.1% 

F 8 A-), 0.8 • 0.2% 

F9 y-O.y 

WEIGHTED AVERAGE 
0.9510.04 (Error scaled by 1.7) 

, 

0.4 0.6 0.8 1 

r (Z-,)IF(N~) 

Values above of weighted average, error, 
and scale factor are based upon the data in 
this ideogram only, They am not neces- 
sarily the same as our 'best' values, 
obtained from a idast-SClUeras cons~alnecl fit 
utilizing mNsummenW of other (related) 
quantities as additional information. 

~ 2  

. . . . . . .  GOPAL 77 DPWA 1,0 

. . . . . . .  BURKHARDT 69 HBC 2.7 
I - - - - - -  �9 �9 SCHEUER 68 DeC 0.6 
. . . .  DAHL 67 HBC 0.0 
. . . . . . .  DAUBER 67 HBC 4.0 

8.3 
(Confidence Level = 0.083) 

1.2 1.4 1.6 



752 

Baryon Particle Listings 
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r(A..r) IFto., rdr 
VALUE DOCUMENT ID TEEN COMMENT 
0.10 =E0.01 OUR ESTIMATE 
0.0954"0.005 OUR FIT Error includes scale factor of 1.2. 
0.096:E0.00g OUR AVERAGE Error includes scale factor of 1.6. 

0.091• CORDEN 75 DBC K - d  1.4-1.8 GeV/c 
0.11 • 3 M A S T  73B IPWA K - p ~  A~r~ 

r(A.x) Ir(N K--) rdr~ 
VALUE DOCUMENT ID TEEN COMMENT 
0.213:50.012 OUR FIT Error includes scale factor of 1.2. 
0,202:1:0.021 OUR AVERAGE 
0.22:50.03 BURKHARDT 69 HBC K -  p 0.8-1.2 GeV/c 
0.19:50.04 SCHEUER 68 DBC K -  N 3 GeV/c 
0.17:50.05 DAHL 67 HBC ~r--p 1.6-4 GeV/c 
0.21:50.18 DAUBER 67 HBC K -  p 2 GeV/c 
�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

0.27 •  BERTHON 74 HBC Quasi-2-body ~, 
0.2 KIM 71 DPWA K-matr ix analysis 

r(z.)/r(A~r~) r~/r~ 
VALUE DOCUMENT ID TECN COMMENT 
4.42-t-0.25 OUR FIT Error includes scale factor of 1.2. 
3.9 +0.6 OUR AVERAGE 
3.9 +1 .0  UHLIG 67 HBC 
3 .3 :51 .1  BIRMINGHAM 66 HBC 
4.5 •  ARMENTEROS65c HBC 

r(zo~gs),r)Ir~., 
VALUE DOCUMENT ID TEEN 

K -  p 0.9-1.0 GeV/c 
K -  p 3.5 GeV/c 

r, /r  
COMMENT 

0.~1:50.005 CHAN 72 HBC K - p  ~ A ~  

r(zosss),(--. A,r,))lr(A,,) rs/r, 
The ATTTT mode is largely due to E(1385)~r. Only the values of (Z(1385) ~) / (A2~r) 
given by MAST 73B and CORDEN 75 are based on real 3-body partial-wave analyses. 
The discrepancy between the two results is essentially due to the different hypotheses 
made concerning the shape of the (~Tx)S_wave state, 

VALUE DOCUMENT ID TECN COMMENT 

0.58• CORDEN 75 DBC K - d  1.4-1.8 GeV/c 
0.82• 4 MAST 735 IPWA K - p  ~ A~r~: 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

0.39:50.10 5BURKHARDT 71 HBC K - p ~  ( A ~ r ~ ) ~  

r(A(,r.r)s-wave)Ir(A.r.r) r, /r,  
VALUE DOCUMENT ID TECN COMMENT 

0,~1"1-0.08 CORDEN 75 DBC K -  d 1.4-1.8 GeV/c 

r(z.~)Irt~, r, /r  
VALUE DOCUMENT ID TEEN COMMENT 
0.009 -I-0.001 OUR ESTIMATE 
0.0086=E0.0005 OUR FIT 
0.0086:E0.0005 OUR AVERAGE 
0.007:50.002 6 CORDEN 75 DBC K -  d 1.4-1.8 GeV/c 
0.0085• 7 MAST 73 MPWA K -  p ~ Z~r~ 

0.010:50,0015 BARBARO-... 695 HBC K -  p 0.28-0.45 GeV/c 

r(,~.y)/rt~l rdr  
VALUE EVTS DOCUMENT ID TECN COMMENT 
0.008 ::E0.002 OUR ESTIMATE 
0.0079:E0.0014 OUR FIT 
0.00804"0.0014 238 

r(z%)/rtou, 
VALUE 
0.0195-1-0.0034 OUR FIT 
0.02 ~0.0035 

MAST 6BB HBC Using r ( N K ) / F t o t a  I = 
0.45 

Fg/F 
DOCUMENT ID TEEN COMMENT 

8 MAST 68B HBE Not measured; see note 

A ( 1 5 2 0 )  F O O T N O T E S  

1 From the best-resolution sample of A~rTt events only. 
2The K N  ~ ~Tr  amplitude at resonance is +0 .46 :5  0.01. 
3Assumes r ( N K ) / r t o t a  I = 0,46:5 0.02. 

4Both ~(1385)~r D503 and .E(~r~r) DP03 contribute. 

5The central bin (1514-1524 MeV) gives 0.74:5 0.10; other bins are lower by 2-to-5 
standard deviations. 

6 Much of the Z ~  decay proceeds via Z(1385} l r .  

7 Assumes r ( N K ) / r t o t a  I = 0.46. 

8Calculated from r ( A T ) / r t o t a  I, assuming SU(3). Needed to constrain the sum of all the 
branching ratios to be unity. 

A(1520) REFERENCES 

PDG 82 PL 111B M, ROOS et at, (HELS, CIT, Cs 
BARBER 80D ZPHY C7 17 D.P. Barber et ab (DARE, LANC, SHEF) 
GOPAL 80 Toronto Conf. 159 G.P. Gopal (RHEL)IJP 
BARLAG 79 NP B149 220 S.J.M. Barlag el aL (AMST, CERN, NIJM+) 
ALSTON-.. 78 PR D]8 182 M, Alston-Garnjost et eL (LBL, MTHO+)IJP 

Also 77 PRL 38 1007 M, Alston-Garnjest et aL (LBL, MTHO+)IJP 
CAMERON 77 NP B131 399 W. Cameron et aL (RHEL, LOIC) IJP 
GOPAL 77 NP B]19 362 G.P. Gopal et aL (LOIC. RHEL)IJP 
MAST 76 PR D14 13 T.S. Mast et at. (LBL) 
CORDEN 75 NP BB4 306 M.J. Cordon et al. {BIRM) 
BERTHON 74 NC 21A 146 A. Berthon et aL (CDEF, RHEL SACL+) 
MAST 73 PR D7 3212 T.S. Mast et aL (LBL) IJP 
MAST 73B PR D7 5 T.S. Mast et aL (LBL) IJP 
EHAN 72 PRL 28 256 S.B. Cban el al. (MASA, YALE) 
BURKHARDT 71 NP 527 64 E. Burkhardt et aL (HELD, CERN, SACL) 
KIM 71 PRL 27 356 J.N. Kim (HARV) IJP 

Also 70 Duke Conf. 161 J.K. Kim (HARV) IJP 
BARBARO-... 65B Lund Conf. 352 A, Barbaro-Galtled et al. {LRL) 

AlSO 70 Duke Conf. 95 Tripp (LRL) 
BURKHARDT 69 NR B14 106 E. Burkhardt et al. (HELD, EFI, CERN+) 
MAST 685 PRL 2] 1715 T.S. Mast et aL (LRL) 
SCHEUER 68 NP B8 503 J.C. Scheuef et al, (SABRE Collab.) 
DAHL 67 PR 163 1377 O,I. Dahl et aL (LRL) 
DAUBER 67 PL 24B 525 P.M. Dauber et aL (UCLA} 
UHLIG 67 PR 155 1448 R.P. Uhlig et al. (UMD, NRL) 
BIRMINGHAM 65 PR 152 1148 Birmingham (BIRM, GLAS, LOIC. OXF. RHEL) 
ARMENTEROS 65C PL 19 338 R. Armenteros et al. (CERN, HELD, 5ACL) 
MUSGRAVE 65 NC 35 735 B, Mus~rave et aL (BIRM, CERN, EPOL+) 
WATSON 63 PR 131 2248 M.B. Watson, M. Ferro-LuzzL R.D, Tripp (LRL)IJP 
FERRO-LUZZI 62 PRL 8 28 M, Ferro-LuzzL B.D. Tripp, M.B. Watson (LRL)DP 

I ( J  P )  = 0(�89 + )  S ta tus :  * * *  I A(1600) P011 
See also the  A(1810) P01. There are qui te  possibly two  P01 states 
in th is  region. 

A(1600) MASS 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 

1560 tO 1700 ( ~  1600) OUR ESTIMATE 
1568:5 20 GOPAL 80 DPWA K N  ~ K N  
1703:5100 ALSTON-... 78 DPWA K N  ~ K N  
1573:5 25 GOPAL 77 DPWA K N  multichannel 
1596:5 6 KANE 74 DPWA K -  p ~ Z ~  
1620:5 I0 LANGBEIN 72 IPWA K N  multichannel 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

1572 or 1617 1 MARTIN 77 DPWA K N  multichannel 
1646:5 7 2 CARROLL 76 DPWA Isospin-0 total (7 
1570 KIM 71 DPWA K-matr ix analysis 

A ( 1 6 0 0 )  W I D T H  

VALUE (MeV) DOCUMENT ID TECN COMMENT 

50 to 250 (;u 150) OUR ESTIMATE 
116:5 20 GOPAL 80 DPWA K 'N  ~ K 'N 
593:5200 ALSTON-... 78 DPWA K N  ~ K N  
147:5 50 GOPAL 77 DPWA K N  multichannel 
175:5 20 KANE 74 DPWA K - p  ~ ETr 

60•  10 LANGBEIN 72 IPWA K N  multichannel 
* �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

247 or 271 1 MARTIN 77 DPWA K N  multichannel 
20 2 CARROLL 76 DPWA Isospin-0 total 
50 KIM 71 DPWA K-matr ix analysis 

A ( 1 6 0 0 )  D E C A Y  M O D E S  

Mode Fraction (r i /r) 

r l  N K  15-30 % 

r 2 ZTr  10-60 % 

The above branching fractions are our estimates, not fits or averages. 

A ( 1 6 0 0 )  B R A N C H I N G  R A T I O S  

See "Sign conventions for resonance couplings" in the Note on A and 
Resonances. 

r(N~/rt~,l 
VALUE DOCUMENT ID TECN COMMENT 
0.15 to 0.30 OUR ESTIMATE 
0.23-t-0.04 GOPAL 80 DPWA K N  ~ K N  
0 .14+005  ALSTON-... 78 DPWA K N  ~ K N  
0.25• LANGBEIN 72 IPWA K N  multichannel 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.24-E0.04 GOPAL 77 DPWA See GOPAL B0 
0.30 or 0.29 1 MARTIN 77 DPWA K N  multichannel 

r~Ir 



See key on page 239 

(rnrf)~lGo~l In N'K--~ A(1600) ~ ~ x  ( r l r2 )~ / r  
VALUE DOCUMENT ID TECN COMMENT 

-0.16:E0.04 GOPAL 77 DPWA K N  multichannel 
-0,334-0,11 KANE 74 DPWA K - p ~  ~ r  

0,28:50,09 LAN(;BEIN 72 IPWA K N  multichannel 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

- 0 .39  Or - 0 . 3 9  1 MARTIN 77 DPWA K N  multichannel 
not seen HEPP 76B OPWA K -  N ~ ~'~r 

A(1600) FOOTNOTES 
1The two MARTIN 77 values are from a T-matr ix pole and from a Breit-Wigner fit. 
2A  total  cross-section bump wi th ( J + 1 / 2 )  Fel / Ftota I = 0,04. 

A(1600) REFERENCES 

GOPAL ao Toronto Conf, t59 G,P. Gopal (RHEL) IJP 
ALSTON-... 78 PR [318 182 M. Alston-Garnjost et al. (LBL, MTHO+) IJP 

Also 77 PRL 38 1007 M. Alston-Garnjost et at. (LBL, MTHO+) UP 
GOPAL 77 NP Bl19 362 G.P. Gopal et aL (LOIC, RHEL)IJP 
MARTIN 77 NP B127 349 B.R. MartEn. M.K. Pidcock, R.G. MoorhouSe (LOUC+) IJP 

Also 77B NP B126 266 B.R. Martin, M,K, Pid(;ock (LOUC) 
AlSO 77C NP B126 285 B.R. Martin, M.K. Pidcock (LOUC) IJP 

CARROLL 76 PRL 37 B06 A,S. Carroll et aL (BNL) I 
HEPP ?6B PL 65B 487 V. Hepp et al. (CERN, HEIDH. MPIM) IJP 
KANE 74 LBL-2452 D.F, Kane (LBL) UP 
LANGBEIN 72 NP B47 477 W. LBngbein, F. Wagner (MPIM) IJP 
KIM 71 PRL 27 356 J,K, Kim (HARV) UP 

IA(1670) 5o, I 
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I(JP) = 0 ( �89  Status: ak ~< ~< >~ 

(r, rr)V'/r~= in N ~ - ~  A(1670)-* Z'x (rlr~)q,/r 
VALUE DOCUMENT IO TECN COMMENT 

- -0.26• KOISO 05 DPWA K - p  ~ "Zlr 
-0 .31- -0 .03  GOPAL 77 DPWA K N  multichannel 
-0.294-0.03 HEPP 76B DPWA K -  N ~ ,['Tr 
-0.234-0.03 LONDON 75 HLBC K - p  ~ ~ 0 ~ 0  

-0,274-0,02 KANE 74 DPWA K - p  ~ , ~ r  

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 * �9 

-0 .13  1 MARTIN 77 DPWA "KN multichannel 

(r,r~)~Ir~,j, in N~-*  A(1670) ~ Af; (rlr~)~/r 
VALUE DOCUMENT ID TEEN COMMENT 

+0.20•  BAXTER 73 DPWA K - p  ~ neutrals 
�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

0,06 ABAEV 96 DPWA ~ r - - p ~  ~/n 
0.24 KIM 71 DPWA K-matr ix analysis 
0.26 ARMENTEROS69c HBC 
0.20 or 0.23 BERLEY 65 HBC 

(r, rfl~&Irt~,, in NK.-~ A(1670) --~ Z'(1385)~r (rlr4)V, Ir 
VALUE DOCUMENT ID TECN COMMENT 

--0,184-0.05 PREVOST 74 DPWA K -  N ~ ~(1385)~T 

A(1670) FOOTNOTES 
1 MARTIN 77 obtains identical resonance parameters from a T-matr ix pole and from a 

Breit-Wigner fit. 

A(1670) REFERENCES 
The measurements of  the mass, w id th ,  and elast ici ty publ ished be- 
fore 1974 are now obsolete and have been omi t ted .  They were last 
l isted in our  1982 edi t ion Physics Letters U l B  (1982). 

A(1670) MASS 

VALUE (MeV) DOCUMENT [D TECN COMMENT 
16SO to 1680 (u~ 1670) OUR ESTIMATE 
1670.84-1.7 KOISO 85 DPWA K - p  ~ ~ r  

1667 4-5 GOPAL 80 DPWA K N  ~ K N  
1671 4-3 ALSTON-... 78 DPWA ~-N ~ K N  
1670 •  GOPAL 77 DPWA K N  multichannel 
1675 4-2 HEPP 76B DPWA K - N  ~ , ~ r  

1679 •  KANE 74 DPWA K - p  ~ ,~Tr 

1665 •  PREVOST 74 DPWA K -  N ~ ~'(1385) 7r 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

1669 •  ~ABAEV 96 DPWA 7 r - p  ~ r/n 
1664 1 MARTIN 77 DPWA K N  multichannel 

A(1670) WIDTH 

VALUE IMeV) DOCUMENT ID TECN COMMENT 
25 to 50 (~ 35) OUR ESTIMATE 
34.14- 3.7 KOISO 85 DPWA K - p ~  ,E~ 

29 4- 5 GOPAL 80 DPWA K N  ~ K N  
29 4- 5 ALSTON-... 78 DPWA K N  ~ K N  
45 •  (;OPAL 77 DPWA K N  multichannel 
46 • 5 HEPP 760 DPWA K - N  ~ ,ETr 

40 4- 3 KANE 74 DPWA K - p  ~ ~ r  

19 4- 5 PREVOST 74 DPWA K - N ~  Z'(1385)x 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 

21 • 4 ABAEV 96 DPWA ~ - p  ~ ~/n 
12 1 MARTIN 77 OPWA K N  multichannel 

Mode 

A(1670) DECAY MODES 

Fraction ( r i / r )  

F 1 N K  15-25 % 
F 2 ,_FTr 20-60 % 
F 3 AT/ 15-35 % 
F4 Z(1385)~r 

The above branching fractions are our estimates, not fits or averages. 

A(1670) BRANCHING RATIOS 
See "Sign conventions for resonance couplings" in the Note on A and Z- 
Resonances. 

r(N~Irt~, ,  
VALUE DOCUMENT ID TECN COMMENT 
0.15 to 0.25 OUR ESTIMATE 
0.18• GOPAL 80 DPWA K N  ~ "KN 
0.174-0,03 ALSTON-... 78 DPWA K N  ~ K N  
�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

0.204-0.03 GOPAL 77 DPWA See GOPAL 80 
0.15 1 MARTIN 77 DPWA K N  multichannel 

ABAEV 96 PR C53 385 V.V. Abaev, B.MK. Nel~ens (UCLA) 
KOISO 85 NP A433 619 H. KoisD et al. (TOKY, MASA) 
PDG 82 PL 1lIB M. RoDs et aL (HELS, ClT, CERN) 
GOPAL 80 Toronto Conf, 159 G.P. Gopal (RHEL) IJP 
ALSTON-... 7B PR 018 182 M. Alston-Gamjost et aL (LBL, MTHO+) IJP 

Also 77 PRL 38 1007 M. Alston-Garnjost et aL (LBL, MTHO+) IJP 
GOPAL 77 NP BtlS 362 G,P, Gopal er aL (LOIC, RHEL) IJP 
MARTIN 77 NP B127 349 B,R. Martin. M.K, Pidcock, R,G, Moorhouse (LOUC+) UP 

Also 77B NP 0126 266 B.R. Martin, MK. Pidcock (LOUC) 
Also 77C NP e126 285 B.R. Martin, M.K. Pidcock (LOUC)IJP 

HEPP 76B PL 65B 487 V, Hepp et aL (CERN, HEIDH, MPIM) IJP 
LONDON 75 NP 085 289 G.W. London et ai. (BNL, CERN, EPOL+) 
KANE 74 LBL-2452 D.F, Kane (EBL) IJP 
PREVOST 74 NP B69 246 J. Prevost et at. (SACL. CERN, HEID) 
BAXTER 73 NP B67 L25 [3.F. Baxter et al. (OXF)IJP 
KIM 71 PRL 27 356 J.K. Kim (HARV) IJP 

AlSO 70 Duke Conf. 161 J.K. Kim (HARM) IJP 
ARMENTEROS 69C Lund Papel 229 R. Armenteros el al. (CERN, HEll3, SACL) IJP 

Values are quoted in LEVI-SETTI 69. 
BERLEY 65 PRL 15 641 0. Bedey et aL (BNL) IJP 

i 

IA(169~  0,1 I(J P) = 0 ( 3 - )  Status: : ~ * ~ <  

The measurements of the  mass, w id th ,  and elast ic i ty publ ished be- 
fore 1974 are now obsolete and have been omi t ted .  They were last 

l isted in our 1982 edit ion Physics Letters 111B (1982). 

A(1690) MASS 

VALUE (MeV) DOCUMENT ~O TECN COMMENT 

1685 to 1695 ( ~  lS90) OUR ESTIMATE 
1695.7~:2.6 KOISO 85 DPWA K - p  --~ .ETr 
1690 •  GOPAL 80 DPWA K N  ~ K N  
1692 4-5 ALSTON-... 78 DPWA ~ N  ~ K N  
1690 4-5 GOPAL 77 DPWA K N  mult ichannel 
1690 •  HEPP 76B DPWA K -  N ~ ~Tr 
1689 •  KANE 74 DPWA K - p - *  ,~Tr 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

1687 or 1689 1 MARTIN 77 DPWA K-N multichannel 
1692 i 4  CARROLL 76 DPWA Isospin-0 total a 

r11r 

A(1690) WIDTH 

VALUE {MeV) DOCUMENT ID TECN COMMENT 

SO to 70 (~ 60) OUR ESTIMATE 
67.24- 5.6 KOISO 85 DPWA K - p  ~ , ~ r  

61 • 5 GOPAL B0 DPWA K N  ~ K N  
64 4-10 ALSTON-.. .  78 DPWA K N  ~ K N  
60 4- 5 GOPAL 77 DPWA K N  multichannel 
82 4- 8 HEPP 76B DPWA K - N  ~ , ~ r  

60 4- 4 KANE 74 DPWA K - p ~  ETr 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

62 or 62 1 MARTIN 77 DPWA ~ N  multichannel 
38 CARROLL 76 DPWA Isospin-0 total  cr 
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Baryon Particle Listings 
A(1690) ,  A(1800)  

A(1690) DECAY MODES 

Mode Fraction (rilP) 

r l  NK 20-30 % 

r2 z / r  20-40 % 

F 3 A~r~r ~ 25 % 

F 4 E ~  ~ 20 % 

F 5 A~/ 
F 6 E(1385)~r, 5-wave 

The above branching fractions are our estimates, not fits or averages. 

A(1690) BRANCHING RATIOS 

The sum of all the quoted branching ratios is more than 1.0. The two- 
body ratios are from partial-wave analyses, and thus probably are more 
reliable than the three-body ratios, which are determined from bumps in 
cross sections, Of the latter, the E~r~r bump looks more significant. (The 
error given for the A~r~- ratio looks unreasonably small.) Hardly any of 
the E ~ r  decay can be via E(1385), for then seven times as much A~r~r 
decay would be required. See "Sign conventions for resonance couplings" 
in the Note On A and E Resonances. 

r (N~ I r t~  
VALUE DOCUMENT /D TEEN COMMENT 

0.2 tO 0.3 OUR ESTIMATE 
0.23• GOPAL 80 DPWA K N  ~ K N  
0.22• ALSTON-... 78 DPWA K N  ~ K N  
�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

q/r 

0.24• GOPAL 77 DPWA See GOPAL 80 
0.28 or 0.26 I MARTIN 77 DPWA K N  multichannel 

(r~rf)~/r~ in N'K ~ A(1690) --* E~r (qr2)~,/r 
VALUE DOCUMENT /O TE~N COMMENT 

--0.34:E0.02 KOISO 85 DPWA K - p ~  ~ r  

- 0 . 2 5 •  GOPAL 77 DPWA K N  multichannel 
- 0 . 2 9 •  HEPP 76B DPWA K -  N ~ ~ 
- 0 . 2 8 •  LONDON 75 HLBC K - p  ~ E O ~  0 

- 0 . 2 8 •  KANE 74 DPWA K - p ~  E~r  

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

-0 .30  or - 0 .28  1 MARTIN 77 DPWA K N  multichannel 

(r~r~)'l'Irt== in N K - *  A(1690) ~ A~ (qrs)'hlr 
VALUE DOCUMENT ID TECN COMMENT 

0.00• BAXTER 73 DPWA K - p  ~ neutrals 

(qr~)�89 in N'~--, A(1690)~ Alrlr (rlr3)~/r 
VALUE DOCUMENT tO TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

0.25• 2 BARTLEY 68 HDBC K - p  ~ ATrTr 

(rlrf)%Irt~i In NK--* A(1690) - ,  E~r~r (rlr~)~/r 
VALUE DOCUMENT ID TECN COMMENT 

0.21 ARMENTEROS68E HDBC K -  N ~ E~r~ 

(r~r~)V'/rto~l in NK-- ,  A(1690) -~ E(1385)~r, S-wave (qrg)~'/r 
VALUE DOCUMENT ID TECN COMMENT 

+0 .27•  PREVOST 74 DPWA K - N  ~ E(1385) *  

A(1690) FOOTNOTES 
1The two MARTIN 77 values are from a T-matr ix pole and from a Breit-Wigner fit. 

Another [903 A at 1966 MeV is also suggested by MARTIN 77, but is very uncertain. 

2BARTLEY 68 uses only cross-section data. The enhancement is not seen by PRE- 
VOST 71. 

A(1690) REFERENCES 

KOISO 05 NP A433 619 H. Koiso et of. (TOKY, MASA) 
PDG 82 PL L11B M. Roos et at. (HELS, CIT, CERN) 
GOPAL 80 Toronto Conf. 1.59 G.P. Gopal (RHEL) IJP 
ALSTON~... 78 PR O18 182 M. Alston-Garnjost et aL (LBL, MTHO+) IJP 

Also 77 PRL 38 1007 M. Alston-Garnjost et al. (LBL, MTHO+) IJP 
GOPAL 7;' NP B1.19 362 G.P. Gopal et aL (LOIC, RHEL) UP 
MARTIN 77 NP B127 349 B.R. Martin, M.K. Pidcock, R.G Moorhouse (LOUC+) IJP 

AlSO 77B NP B126 266 B.R, Martin, M.K, Pidcock (LOUC) 
Also 77C NP B126 285 B.R. Martin, M.K Pidcock (LOUC) IJP 

CARROLL 76 PRL 37 806 A.S. Carroll et al. (BNL) I 
HEPP 76B PL 650 487 V. Hepp et al. (CERN, HEIDH, MPIM) UP 
LONDON 75 NP BSS 289 G.W. London et af. (BNL, CERN, EPOL+) 
BANE 74 LBL-2452 D.F. Kane (LBL) IJP 
PREVOST 74 NP B69 245 J. Prevost et al. (SACL, CERN, HELD) 
BAXTER 73 NP B67 125 D.F Baxter et at. (OXF) IJP 
PREVOST 71 Amsterdam Conf J. Prevost (EERN, HELD, SACL) 
ARMENTEROS 68C NP B8 216 R. Armenteros et of. (EERN, HELD, SACL} I 
BARTLEY 68 PRL 21 11ll J,H, BarUey et aL (TUFTS, FSU, BRAN)I 

I A(1800) So~ I ,(,) = 0(�89 Status: * * * 

This  is the  second resonance in the  501 wave, the first be ing the 
A(167o), 

N~so0) MASS 
VALUE (MeV} DOCUMENT ID TEEN COMMENT 

1720 to 1850 (~  1800) OUR ESTIMATE 
1841• GOPAL 80 DPWA K N  ~ K N  
1725• ALSTON-... 78 DPWA K N  ~ K N  
1825• GOPAL 77 DPWA K N  multichannel 
1830• LANGBEIN 72 IPWA K N  multichannel 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

1767 or 1842 1 MARTIN 77 DPWA K N  multichannel 
1780 KIM 71 DPWA K-matr ix analysis 
1872• BRICMAN 70B DPWA K N  ~ K N  

A(1800) WIDTH 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 

200 tO 400 (=~ 300) OUR ESTIMATE 
228--20 GOPAL 80 DPWA K N  ~ K N  
185• ALSTON-... 78 DPWA K N  ~ K N  
230• GOPAL 77 DPWA K N  multichannel 

70•  LANGBEIN 72 IPWA K N  multichannel 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

435 or 473 1 MARTIN 77 DPWA K N  multichannel 
40 KIM 71 DPWA K-matr ix analysis 

100• BRICMAN 70B DPWA K N  ~ K N  

A(1800) DECAY MODES 

Mode Fraction ( I - i / r )  

rl NK 25-40 % 

r 2 _T'Tr seen 

I- 3 Z(1385)Tr seen 

F 4 N K * ( 8 9 2 )  seen 

r 5 NK*(892), 5=1/2, 5-wave 
r 6 NK*(892), 5=3/2, D-wave 

The above branching fractions are our estimates, not fits or averages. 

A(1800) BRANCHING RATIOS 

See "Sign conventions for resonance couplings" in the Note on A and r 
Resonances. 

r(NK--)/rto~l q/r 
VALUE DOCUMENT ID TEEN COMMENT 

0.25 tO 0.40 OUR ESTIMATE 
0.36• GOPAL 80 DPWA K N  ~ K N  
0.28• ALSTON-... 78 DPWA K N  ~ K N  
0.35• LANGBEIN 72 IPWA K N  multichannel 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0.37• GOPAL 77 DPWA See GOPAL 80 
1.21 or 0.70 1 MARTIN 77 DPWA K N  muttichannel 
0.80 KIM 71 DPWA K-matr ix analysis 
0.18• BRICMAN 70B DPWA K N  ~ K N  

(qrr)%/r~.= i. NK-+ A(1800) -*  E l f  (qr2)~/r 
VALUE DOCUMENT ID TECN COMMENT 

- -0,08• GOPAL 77 DPWA K N  multichannel 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc, �9 �9 �9 

- 0 ,74  or - 0 .43  1 MARTIN 77 DPWA K N  multichannel 
0.24 KIM 71 DPWA K-matr ix analysis 

(rsrr)~/rto~l in N K ~  A(1800) ~ E(1385)lr (rlr3)~/r 
VALUE DOCUMENT ID TEEN COMMENT 

+0.056•  2CAMERON 78 DPWA K - p  ~ E(1385) l r  

( r f r f )~ / I -~ , inNR --, A(1800)-, N-K'(892),$=1/2,S-wave (rlrs)�89 
VALUE DOCUMENT ID TECN COMMENT 

- -0.17• 2CAMERON 78B DPWA K - p  ~ N K *  

(r~rr)~/r~ in N~-~ ~(z800)-~ NK*(892), S=3/2, D-wave (qrg)~/r 
VALUE DOCUMENT ID TECN COMMENT 

- -0.13• CAMERON 78B DPWA K - p  ~ N K *  



See key on page 239 

A(1800) FOOTNOTES 
1 The two MARTIN 77 values are from a T-matr ix pole and from a Breit-Wigner fit. 
2 The published sign has been changed to be in accord wi th the baryon-first convention, 

A(1800) REFERENCES 

6OPAL BO Teronto Cone 159 G.P. Gopal (RHEL) IJP 
ALSTON-... 78 PR D18 182 M. Alston-Garnjost et aL (LBL, MTHO+)IJP 

Also 77 PRL 38 1007 M. Alston-Garnjost et aL (LBL, MTHO+)IJP 
CAMERON 78 NP B]43 189 W. Cameron et aL (RHEL, LOIC)IJP 
CAMERON 78B NP B146 327 W. Cameron et aL (RHEL LOIC)IJP 
GOPAL 77 NP B119 362 G.P. Gopal et aL (LOIC, RHEL)IJP 
MARTIN 77 NP B127 349 B.R. Martin, M,K Pidcock, R,G. Moofhouse (LOUC+) IJP 

Also 77B NP B126 266 B.R. Martin, M.K. Pidcock (LOUC) 
Also 77C NP B126 285 B.R, Martin, M.K, Pidcock (LOUC)IJP 

LANGBEIN 72 NP B47 477 W. Langbeln, F, WaKner (MPIM) UP 
KIM 71 PRL 27 356 J.K, Kim (HARV)IJP 

Also 70 Duke ConE 161 J.K. Kim (HARV)IJP 
BRICMAN 70B PL 33B 51t C. Bricman, M. Ferro-Luzzi, J.P, Lagnaux (CERN) IJP 

IA(1810) p0, I ,uP) = 0(�89 + )  S ta tus :  * * *  

A lmos t  al l  the recent analyses contain a P01 state, and sometimes 
t w o  of them,  bu t  the  masses, w id ths ,  and branching ratios vary 

greatly. See also the  A(1600) P01. 

/1(1810) MASS 

VALUE (MeV~ DOCUMENT ID TEEN COMMENT 

1750 to 1850 (R= 1810) OUR ESTIMATE 
1841~:20 GOPAL 80 DPWA K N  ~ K N  
1853• GOPAL 77 DPWA K N  multichannel 
1735• 5 CARROLL 76 DPWA Isospin-0 total 
1746:510 PREVOST 74 DPWA K - N ~  ~(1385)~r 
1780• LANGBEIN 72 IPWA K N  multichannel 
�9 �9 * We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

1861 or 1953 1 MARTIN 77 DPWA K N  multichannel 
1755 KIM 71 DPWA K-matrix analysis 
1800 ARMENTEROS70 HBC K N  ~ K N  
1750 ARMENTEROS70 HBC K N  ~ _F~r 
1690:510 BARBARO-._ 70 HBC K N  ~ Z'~r 
1740 BAILEY 69 DPWA K N  ~ K N  

1745 ARMENTEROS68B HBC K-N ~ K N  

A(1810) WIDTH 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 

50 to 250 ( ~  150) OUR ESTIMATE 
164• GOPAL 80 DPWA K N  ~ K N  

90:520 CAMERON 78B DPWA K - p  ~ N K *  

166• GOPAL 77 DPWA K N  multichannel 
46:520 PREVOST 74 DPWA K - N  ~ ~(1385)7r 

120:510 LANGBEIN 72 IPWA K N  multichannel 
�9 = �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

535 or 585 1 MARTIN 77 DPWA K N  multichannel 
28 CARROLL 76 DPWA Isospin-0 total 
35 KIM 71 DPWA K-matrix analysis 
30 ARMENTEROS70 HBC K N  ~ K N  

70 ARMENTEROS70 HBC K N  ~ E ~  
22 BARBARO-...  70 HBC K N  ~ ~'Tr 

300 BAILEY 69 DPWA K N  ~ K N  
147 ARMENTEROS68B HBC 

A(1810) DECAY MODES 

Mode Fraction ( r i / r )  

r l  NK 2o-50 % 
r2 z~r 10-40 % 
r3 ~F(1385)Tr seen 
r 4 NK*(892) 3o-60 % 
r 5 NK*(892),  S=1/2, P-wave 
r6 NK*(892),  S=3/2, P-wave 

The above branching fractions are our estimates, not fits or averages, 
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Baryon Particle Listings 
A(1800), A(1810), A(1820) 

A(1810) BRANCHING RATIOS 
See "Sign conventions for resonance couplings" in the Note on A and 
Resonances. 

r(NK---}/rtotal r l / r  
VALUE DOCUMENT ID TEEN COMMENT 

0.2 to 0.5 OUR ESTIMATE 
0.24• GOPAL 80 DPWA K N  ~ K N  
0.36• LANGBEIN 72 IPWA K-N multichannel 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0.21• GOPAL 77 DPWA See GOPAL 80 
0,52 or 0.49 1 MARTIN 77 DPWA K N  muir�9 
0,30 KIM 71 DPWA K-matr ix analysis 
0.15 ARMENTEROS70 DPWA "KN ~ K N  
0.55 BAILEY 69 DPWA K N  ~ K N  
0.4 ARMENTEROS68B DPWA K N  ~ K N  

(rFr)~/r~= in N K ~  A(1810)--* ~ r  (rlr=)~6/r 
VALUE DOCUMENT ID TECN COMMENT 

- -0.24• GOPAL 77 DPWA K N  multichannel 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 t 

+0,25 or +0.23 1 MARTIN 77 DPWA K N  molt�9 
< 0,01 LANGBEIN 72 IPWA K N  toBit�9 

0.17 KIM 71 DPWA K-matr ix analysis 
+0.20 2 ARMENTEROS70 DPWA "KN ~ ~ x  
- 0 . 1 3 •  BARBARO-... 70 DPWA K N  ~ ~ r r  

(rsrf)g21rto:i in N~--*  A(1810) ~ ~(13851, (rlra)V~/r 
VALUE DOCUMENT ID TEEN COMMENT 

+0.18•  PREVOST 74 DPWA K -  N ~ s 

(r,r,)~./r=., in N ~ - *  A(1B10) ~ N~'(892), S=1/2, P-wave (rlrs)~/r 
VALUE DOCUMENT /D TEEN COMMENT 

- -0.14• 2CAMERON 78B DPWA K - p ~  N K *  

(r,r,)~/r~, in NK--* A(1810) --~ NK*(892), 5=3/2, P-wave (qrB)~/r 
VALUE DOCUMENT ID TEEN COMMENT 

+0.35:50.00 CAMERON 78B DPWA K - p  ~ N K *  

A(1810) FOOTNOTES 
1The two MARTIN 77 values are from a T-matr ix pole and from a Breit-Wigner fit. 
2 The published sign has been changed to be in accord wi th the baryon-first convention. 

A(1810) REFERENCES 

GOPAL 80 Toronto Conf. 159 G.P. Gopal (RHEL) UP 
CAMERON 78B NP B146 327 W. Cameron et aL (RHEL, LOIC) IJP 
GOPAL 77 NP Bl19 362 G.P. Gopal et aL (LOIC, RHEL) IJP 
MARTIN 77 NP B12r 349 B.R. Martin, M.K. Pidcock, R.G. Moorhouse (LOUC+) IJP 

Also 77B NP B126 266 B.R. Martin, M.K. Pidcock {LOUC} 
Also 77C NP B126 285 B.R, Martin, M.K. Pidcock (LOUC) IJP 

CARROLL 76 PRL 31 806 A.S, Carroll et aL (BNL) I 
PREVOST 74 NP B69 246 J. Prevost et aL (SACL, CERN, HELD) 
LANGBEIN 72 NP B47 477 W. Langbein, F. Wagner (MPIM) UP 
KIM 71 PRL 27 356 J.K. Kinl (HARV) IJP 

Also 70 Duke Conf. 16t J.K. Rim (HARM) IJP 
ARMENTEROS 70 Duke Conf. 123 R. Arrnenteros et al. {CERN, HE~D, SACL) IJP 
BARBARO-.., 70 Duke Conf. 173 A. Barbaro*Galtieri (LRL)IJP 
BAILEY 69 Thesis UCRL 50617 J.M. Bailey (LLL)IJP 
ARMENTEROS 6BB NP B8 195 R, Armenteros et al. (CERN, HELD, SACL) IJP 

lA(182o) F0s I ,uP) : status: * * * *  
This  resonance is t he  cornerstone for all part ia]-wave analyses in th is  

region. Most of the results publ ished before 1973 are now obsolete 
arid have been omi t ted .  They may be found in our  1982 edi t ion 
Physics Letters 111B (1982). 

Most of the  quoted errors are stat ist ical  on ly ;  the  systemat ic errors 
due to the part icular  parametr izaUons used in the  par t ia l -wave anal- 
yses are no t  included. For th is  reason we do no t  calculate weighted 
averages for the  mass and w id th .  

A(1820) MASS 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 

181S tO 1825 (~ 1020) OUR ESTIMATE 
1823:53 GOPAL 80 DPWA K N  ~ K N  
1819• ALSTON-... 78 DPWA K N  ~ K N  
1822:52 GOPAL 77 DPWA K N  molt�9 
1821• KANE 74 DPWA K - - p  ~ ~ r  

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

1830 DECLAIS 77 DPWA K N  ~ K N  
1817 or 1819 1 MARTIN 77 DPWA K N  molt�9 
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Baryon Particle Listings 
,4(1820), A(1830) 

A(1820) W I D T H  

VALUE (MeV) DOCUMENT tO TEEN COMMENT 

70 to 90 (~ 80) OUR ESTIMATE 
77•  GOPAL 80 DPWA K N  ~ K N .  
72+5  ALSTON-... 78 DPWA K N  ~ K N  
8 1 •  GOPAL 77 DPWA K N  multichannel 
8 7 •  KANE 74 DPWA K - p ~  . ~  

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

82 DECLAIS 77 DPWA K N  ~ K N  

76 or 76 1 MARTIN 77 DPWA K-N multichannel 

A(1820) DECAY MODES 

Mode Fraction (F i /F )  

r I N K  55-65 % 

r 2 ,E ;,r 8-14 % 
r 3 Z(1385)~r 5-10 % 

F 4 Z'(1385) ~r, P-wave 
F 5 Z'(1385) ~T, F-wave 

F 6 AFt 
F 7 Z~r~r 

I/i(1830 ) D0~l ,(~P) = 0(~-)Status: 

For results published before 1973 (they are now obsolete), see our 
1982 edition Physics Letters 111B (1982). 

The best evidence for this resonance is in the ,_F~r channel. 

A(18~0) MASS 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 

1810 to 1830 (~ 1830) OUR ESTIMATE 
1831• GOPAL 80 DPWA K N  ~ K N  
1825+10 GOPAL 77 OPWA K N  multichannel 
1825• 1 KANE 74 DPWA K - p ~  , ~ r  

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

1817 or 1818 1 MARTIN 77 DPWA K N  multichannel 

T h e  above  b r a n c h i n g  f rac t ions  are ou r  es t imates ,  no t  f i ts  or  averages. 

A ( 1 8 3 0 )  W I D T H  

VALUE (MeV) DOCUMENT tO TEEN COMMENT 

60 tO 110 (m 95) OUR ESTIMATE 
100•  GOPAL 80 DPWA K N  ~ K N  

94•  GOPAL 77 DPWA K N  multichannel 
119• a KANE 74 DPWA K - p ~  , ~ r  
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc, �9 �9 �9 

A ( 1 8 2 0 )  B R A N C H I N G  R A T I O S  

Errors quoted do not include uncertainties in the parametrizations used in 
the partial-wave analyses and are thus too small. See also "Sign conven- 
tions for resonance couplings" in the Note on A and ~ Resonances. 

r(Nk-)Ir~,, 
VALUE DOCUMENT ID TEEN COMMENT 
0.55 tO 0.65 OUR ESTIMATE 
0.58• GOPAL 00 DPWA K N  ~ K-N 
0.60• ALSTON-... 78 DPWA K N  ~ K N  
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

rl/r 

56 or 56 1 MARTIN 77 DPWA K N  multichannel 

A(1830) DECAY MODES 

Mode Fraction (F i /F )  

F I N K  3-1o % 

F 2 - ~  35-75 % 

F 3 Z ( 1 3 8 5 ) ~ r  > 1 5 %  

F 4 ~ ' ( 1 3 8 5 )  ~r, D -wave  

F 5 AFt 

0.51 DECLAIS 77 DPWA K N  ~ K N  
0.57:E0.02 GOPAL 7;' DPWA See GOPAL 80 
0.59 or 0.58 1 MARTIN 77 DPWA K N  multichannel 

(Qrf)~/rto~, in NK--~ A(1820)-~ E~r (r,r,)~ir 
VALUE DOCUMENT tO TECN COMMENT 

- -0,28• GOPAL 77 DPWA K N  multichannel 
- 0 . 2 8 •  KANE 74 DPWA K - p  ~ ~ r  

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

- 0 .25  or - 0 .25  1 MARTIN 77 DPWA K N  multichannel 

(Qrr)~Irto~ it, NR'--+ A(1820) --, A n (rlr~)~Ir 
VALUE DOCUMENT ID TEEN 

--0 0 oA+0"040 RADER 73 MPWA 
" "~ -0 .020 

r(~. . ) /r to~ rz/r 
VALUE DOCUMENT 10 TEEN COMMENT 

no clear signal 2 ARMENTEROS68C HDBC K -  N ~ ~'~r~r 

(rlrf)Y'/rtot= in N - K - ~  A ( 1 8 2 0 )  ~ s  P - w a v e  (qr~)~/r 
VALUE DOCUMENT ID TEEN COMMENT 

--0.107• 3 CAMERON 78 DPWA K -  p ~ -~(1385}~r 
+0.27 •  PREVOST 74 DPWA K -  N ~ ~'(1385)x 

(Qrf)�89 In m ~ - *  A ( 1 8 2 0 )  ~ ~ ' ( 1 3 8 5 ) ! ' ,  F -wave  (qrs)~/r 
VALUE DOCUMENT /D TECN COMMENT 

+0.065•  3CAMERON 70 DPWA K - p ~  ~T(1385)~r 

A ( 1 8 2 0 )  FOOTNOTES 
1The two MARTIN 77 values are from a T-matr ix pole and from a Breit-Wigner fit. 
2There is a suggestion of a bump, enough to be consistent wi th what is expected from 

E(1385) ~ ~ decay. 
3 The published sign has been changed to be in accord with the baryon-first convention. 

A ( 1 8 2 0 )  REFERENCES 

A ( 1 8 3 0 )  B R A N C H I N G  RATIOS 

see "sign conventions for resonance couplings" in the Note on A and E 
Resonances. 

r(NK---)/rtot=l F1/F 
VALUE DOCUMENT ID TECN COMMENT 
0,03 tO 0,10 OUR ESTIMATE 
0.U8• GOPAL 80 DPWA K N  ~ K N  
0.02• ALSTON-... 70 DPWA K N  ~ K 'N 
�9 �9 * We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0.04• GOPAL 77 DPWA See GOPAL 80 
0.04 or 0.04 ] MARTIN 77 DPWA K N  multichannel 

(qrr)V'/r~=,, in N K - ~  A ( 1 8 3 0 )  --* s (FIF2)V=/F 
VALUE DOCUMENT ID TEEN COMMENT 

- -0,17• GOPAL 77 DPWA K N  multichannel 
- 0 . 15 •  KANE 74 DPWA K -  p ~ ~ r  

�9 * We do not use the following data for averages, fits, l imits, etc. �9 * �9 

--0.17 or -0 .17  1 MARTIN 77 DPWA K N  multichannel 

(r, rf)V~Ir~,, in m~ --* A(1830) ~ AT/ (rlrs)~/r 
VALUE DOCUMENT ID TEEN 

--0.044:50.020 RADER 73 MPWA 

(r,r,)Y, lr~, in  N ~ - ~  A ( 1 8 3 0 )  --~ ~(1385) I r  (rlrs)~/r 
VALUE DOCUMENT ID TEEN COMMENT 

+0.141+0,014 2 CAMERON 78 DPWA K - p  ~ ~(1385)~r 
+0.13 •  PREVOST 74 DPWA K - N  ~ ~(1385)~r 

A(1830) FOOTNOTES 
1The two MARTIN 77 values are from a T-matrix pole and from a Breit-Wigner fit. 
2The CAMERON 70 upper limit on G-wave decay is 0.03. The published sign has been 

changed to be in accord with the baryon-first convention. 

PDG 82 PL 111B 
GOPAL 80 Toronto COM. 159 
ALSTON-... 78 PR DtB 182 

Also 77 PRL 38 1007 
CAMERON 78 NP B[43 189 
DECLAIS 77 CERN 77-16 
GOPAL 77 NP 0119 362 
MARTIN 77 NP 0127 349 

Also 770 NP B126 266 
AlSO 77C NP B126 285 

KANE 14 LRL-2452 
PREVOST 74 NP 06~ 246 
RADER 73 NC 16A 178 
ARMENTEROS 68C NP B8 216 

M. RODS et al. (HELS, CIT, CERN) 
G.P. Gopal (RHEL) UP 
M. Alston-Garnjo$t et aL (LBL, MTHO+)IJP 
M. Alston-Garnjost et aL (LBL. MTHO+) IJP 
W. Cameron et aL (RHEL. LOIC)UP 
Y. Decla[s et aL (CAEN, CERN)IJP 
G.P. Gopal et aL (LOIC, RHEL)IJP 
B.R. Martin. M.K. P]dcock, R.G. Moorhouse (LOUC+) IJP 
B.R. Mart~n. M.K. P]dcock (LOUC) 
B.R. Martin, M.K. P]dcock (LOUC) IJP 
D,F. Kane (LBL) IJP 
J. Prevost et aL (SACL, CERN, HELD) 
R.K, Rader et at. (SACL. HELD, CERN+) 
R. Armenteros el at, (CERN, HELD, SACL) I 

i 

PDG 82 PL 1lIB M. RODS et at. {HELS, CIT, CERN) 
GOPAL 80 Toronto Conf. 159 G.P. Gopal (RHEL)IJP 
ALSTON-,,. 78 PR D18 182 M, Alston-Garnjost et aL (LBL, MTHO+)IJP 

Also 77 PRL 38 1007 M. Alston-Garnjost et aL (LBL MTHO+)IJP 
CAMERON 78 NP 8143 189 W. Cameron el aL (RHEL, LOIC)IJP 
GOPAL 77 NP B]19 362 G.P. Gopal et aL (LOIC, RHEL)IJP 
MARTIN 77 NP B127 349 B.R. Martin. M.K. Pidcock, R.G. Moorhouse (LOUC+)IJP 

AlSO 77B NP B]26:266 B.R. Martin, M.K. P;dcock (LOUC) 
AlSO 77C NP B]26 285 B.R. Martin. M.K. Pidcock (LOUC)IJP 

KANE 74 LBL-2452 D,F. Kane (LBL) IJP 
PREVOST 74 NP B69 246 J. Prevost el aL (SACL. CERN. HEID) 
RADER 73 NC 16A 170 R.K. Rader et aL (SACL, HEID, CERN+) 

A(1830) REFERENCES 

T h e  above b r a n c h i n g  f rac t ions  are ou r  es t ima tes ,  n o t  f i ts  or  averages. 
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Particle Listings 
A(1890), A(2000) 

IAO 89~ n,I : 0(-~ +) Status: ~F~<:~ < 

For results published before 1974 (they are now obsolete), see our 
1982 edition Physics Letters 111B (1982). 

The J P  = 3/2 + assignment is consistent with all available data 
{including polarization) and recent partial-wave analyses. The dora* 
inant inelastic modes remain unknown. 

A(~s90) MASS 

(rF~)Y~Irtm, i in N K - ,  A(1890) --* N~'(892) (qr~)Y'Ir 
VALUE DOCUMENT ID TEEN COMMENT 

-0.074-0,03 3,4 CAMERON 78B DPWA K -  p ~ N K *  

A(1890) FOOTNOTES 
1 The two MARTIN 77 values are from a T-matrix pole and from a Breit-Wigeer fit. 
2 Found in one of two best solutions. 
3 The published sign has been changed to be in accord with the baryon-first convention. 
4 Upper limits on the P3 and F 3 waves are each 0.03. 

A(1890) REFERENCES 
VALUE (MeV) _ _  DOCUMENT__ID TEEN COMMENT 

1850 to 1910 (~ 1890) OUR ESTIMATE 
18974- 5 GOPAL 80 DPWA K N  ~ K N  
1908• ALSTON-... 78 DPWA K N  ~ K N  
19004- 5 GOPAL 77 DPWA K'N multichannel 
18944-10 HEMINGWAY 75 DPWA K - p ~  K N  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1856 or 1868 1 MARTIN 77 DPWA "KN multichannel 
1900 2NAKKASYAN 75 DPWA K - p ~  A ~  

A(1890) WIDTH 

VALUE {MeVI DOCUMENT 10 TEEN COMMENT 

60 to 200 (~ 100) OUR ESTIMATE 
744-10 GOPAL 80 DPWA K N  ~ "KN 

1194-20 ALSTON-... 78 DPWA K N  ~ K N  
724-10 GOPAL 77 DPWA K N  multichannel 

1074-10 HEMINGWAY 75 DPWA K - p ~  -KN 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

191 or 193 1 MARTIN 77 DPWA K N  multichannel 

PDG B2 PL 111B M. RODS et al. (HELS, CIT, CERN) 
GOPAL 80 Toronto Conf. 159 G,P. Gopal (RHEL) IJP 
ALSTON*... 78 PR O18 182 M. Alston-Gar~jost et aL (LBL, MTHO+) IJP 

Also 77 PRL 38 1007 M. Alston-Garnjost et at. (LBL. MTHO+)IJP 
CAMERON 7B NP B]43 ]89 W. Cameron et aL (RHEL, LOIC)IJP 
CAMERON 78B NP B146 327 W. Cameron et aL {RHEL. LOIC)IJP 
BACCARI 77 NC 41A 96 B. Baccari et aL (SACL, CDEF)UP 
GOPAL 77 NP Bl19 362 G,P, Gopal et aL (LOIC, RHEL)UP 
MARTIN 77 NP B127 34g B.R, Mart~n, M.K, Pidcock, R.G. Moc~house (LOUC+) UP 

Also 77B NP B126 266 B.R. Martin, M.K. Pidcock (LOUC) 
Also 77C NP B126 285 B.R. Martin, M.K. Pidcock (LOUC) IJP 

HEMINGWAY 75 NP B91 12 R.J. Hemin~.way et aL (CERN, HEIDH, MPIM) UP 
NAKKASYAN 75 NP B93 85 A. Nakkasyan (CERN) IJP 

I A(2000) I 'UP) = 0('??) Status: ~< 

OMITTED FROM SUMMARY TABLE 
We list here all the ambiguous resonance possibilities with a mass 
around 2 GeV. The proposed quantum numbers are D 3 (BARBARO- 
GALTIERI 70 in Z~r), D 3 + F 5 ,  P 3 + D 5 ,  or P I + D 3  (BRANDSTET-  

TER 72 in Ao~), and S 1 (CAMERON 78B in N K * ) .  The first two 
of the above analyses should now be considered obsolete. See also 

100 2 NAKKASYAN 75 DPWA K - - p  ~ A~  

A(1890) DECAY MODES 

Mode Fraction ( r i / r }  

r l  NK 20-35 % 

r2 ~ ~ 3-1o % 
r3 Z-(1385)~r seen 
r 4 ,E(1385) ~r, P-wave 
r s ~(1385) ;'r, F-wave 
r 8 NK*__(892) seen 
r 7 NK*(892), 5=1/2, P-wave 
r8 A~ 

NAKKASYAN 75. 

A(2000) MASS 

VALUE (MeV) DOCUMENT tD TEEN COMMENT 
2000 OUR ESTIMATE 
20304-30 CAMERON 78B DPWA K - p  ~ N-K* 

1935 to 1971 1 BRAN DSTET...72 DPWA K - p  ~ A~  

1951 to 2034 1 BRANDSTET...72 DPWA K - p  ~ A~  

2010• BARBARO-... 70 DPWA K - p ~  ~ r  

A(2000} WIDTH 

VALUE (MeV t DOCUMENT IO TEEN COMMENT 

125• CAMERON 78B DPWA K - - p  ~ N K  ~ 

The above branching fractions are our estimates, not fits or averages. 

A(1890) BRANCHING RATIOS 

See "Sign conventions for resonance couplings" in the Note on A and 
Resonances, 

r(N~)/r~al rdr 
VALUE DOCUMENT /D TEEN COMMENT 
0,20 to 0.35 OUR ESTIMATE 
0.204-0,02 GOPAL 80 DPWA K N  ~ K N  
0.34+0.05 ALSTON-... 78 DPWA ~ N  ~ K N  
0.244-0.04 HEMINGWAY 75 DPWA K - p ~  K N  

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.18• GOPAL 77 DPWA See GOPAL 80 
0.36 or 0.34 1 MARTIN 77 DPWA K N  multichannel 

(rFr)~'/rto=l in N~-~ AO890)-~ Z~ (rlr2)~/r 
VALUE DOCUMENT ID TEEN COMMENT 

--0.09• GOPAL 77 DPWA K-N multichannel 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

+0.15 or +0.14 1 MARTIN 77 DPWA K N  multichannel 

( r F t ) ~ / r t ~ l  in N ~ - - ,  A(1890)-~ A~ ( rz re )~ / r  
VALUE DOCUMENT ID TEEN COMMENT 

seen BACCARI 77 IPWA K -  p ~ A~ 
0.032 2 NAKKASYAN 75 DPWA K - p  ~ A~ 

(rfrrl~/rto~ i. N~- .  AOSg0)--, ~'03~Sl~r, P-wa~ (qr~l~/r 
VALUE DOCUMENT /D TEEN COMMENT 

<0.03 CAMERON 78 DPWA K - p  ~ ~(1385)~ 

(rFr)Y'/rt~l in N'~---~ A(1890) --* Z'(1385):r, F-wave (qrs)~/r 
VALUE DOCUMENT ID TEEN COMMENT 

--0.1264-0.055 3 CAMERON 78 DPWA K - p  ~ Z'(1385)x 

180 to 240 1 BRANDSTET...72 DPWA (lower mass) 
73 to 154 1 BRANDSTET...72 DPWA (higher mass) 

1304-50 BARBARO-.., 70 DPWA K - p ~  ~_Tr 

Mode 

A(2000) DECAY MODES 

r I N K  

r 2 Z ' ~  
r 3 A ~  
r 4 N K * ( 8 9 2 ) ,  5 = 1 / 2 ,  S-wave 

r 5 N K * ( 8 9 2 ) ,  5 = 3 / 2 ,  D-wave  

A(2000) BRANCHING RATIOS 

See "Sign conventions for resonance couplings" In the Note on A and 'Z" 
Resonances. 

(rF4~/rt~,l In N~- ,  A(2ooo)-, ~:,r (rlr2)~/r 
VALUE DOCUMENT ID TEEN COMMENT 

--0.20+0.04 BARBARO-... 70 DPWA K - p  ~ ZTr  

(rFr)Y'/rto=l in N~ ' - *  A(20001--, Au (qr3)V2/r 
VALUE DOCUMENT IO TEEN COMMENT 

0.17 to 0.25 1 BRANDSTET..72 DPWA (lower mass) 
0.04 to 0.15 1 BRANDSTET...72 DPWA (higher mass) 

(rFr)~/r~,l  In N~- - *  A(2000) ~ N'~*(B92), S=1/2, 5-wave (qr4)~/r 
VALUE DOCUMENT ID TEEN COMMENT 

--0.124-0.03 2 CAMERON 78B DPWA K -  p ~ N K *  

(r lr4~/r~. l  In N~'-. A(2000) -~ N'~*(892), 5=3/2, D-wave (1"1 rs)%/r 
VALUE DOCUMENT ID TEEN COMMENT 

+0.09-E0.03 CAMERON 788 DPWA K - p  ~ N K *  
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Baryon Particle Listings 
A( 2000 ), A( 2020 ), A( 2100) 

?,(2000) FOOTNOTES 
1 The parameters quoted here are ranges from the three best fits; the lower state probably 

has J < 3/2, and the higher one probably has J < 5/2. 
2 The published sign has been changed to be in accord with the baryon-first convention. 

IA(21~176  o,I ,,,) = 0 ( ~ - ) S t a t u s :  

?'(2000) REFERENCES 

CAMERON 78B NP 0146 327 W. Cameron et al. (RHEL. LOft) IJP 
NAKKASYAN 75 NP B93 85 A. Nakkasya~ (CERN) IJP 
BRANDSTET.. 72 NP 039 13 A.A. Brandstetter et at. (RHEL, CDEF+) 
BARBARO-... 70 Duke Coaf. 173 A. Barbaro-G~ltieri (LRL) IJP 

Discovered by COOL 66 and by WOHL 66. Most of  the results 
published before 1973 are now obsolete and have been omitted. They 
may be found in our 1982 edition Physics Letters 111B (1982). 

This entry only includes results from partial-wave analyses. Param- 
eters of  peaks seen in cross sections and in invariant-mass distribu- 
tions around 2100 MeV used to be listed in a separate entry immedi- 
ately following. It may be found in our 1986 edition Physics Letters 

IA(2020) Fozl ' ( "  = 0(~-+) Status: * 

OMITTED FROM SUMMARY TABLE 
In L ITCHFIELD 71, need for the state rests solely on a possibly 
inconsistent polarization measurement at 1.784 GeV/c.  HEMING- 
WAY 75 does not require this state. GOPAL 77 does not need i t  

in either NKor_T~r.  With new K -  n angular distributions included, 
DECLAIS 77 sees it. However, this and other new data are included 
in GOPAL 80 and the state is not required. BACCARI 77 weakly 
supports it. 

170B (1986). 

A(2100) MASS 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 

2090 tO 2110 (~U 2100) OUR ESTIMATE 
2104• GOPAL 80 DPWA K N  ~ K N  
21064-30 DEBELLEFON 78 DPWA K N  ~ K N  
21104-10 GOPAL 77 DPWA K N  multichannel 
21054-10 HEMINGWAY 75 DPWA K - p ~  K N  

2115+10 KANE 74 DPWA K - p  ~ . ~  

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

2094 BACCARI 77 DPWA K - p  ~ A~ 
?,(2020) MASS 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 

2020 OUR ESTIMATE 
2140 BACCARI 77 DPWA K - p ~  A ~  
2117 DECLAIS 77 DPWA K N  ~ K N  
21004-30 LITCHFIELD 71 DPWA K - p  ~ K N  

20204.20 BARBARO-.,. 70 DPWA K - p  ~ T~r 

?,(2020) WIDTH 

VALUE (MeV) DOCUMENT ID TEEN COMMENT 

128 BACCARI 77 DPWA K - p  ~ Ao~ 

167 DECLAIS 77 DPWA K N  ~ K N  
1204"30 LITCHFIELD 71 DPWA K - p  ~ K N  

1604-30 BARBARO-... 70 DPWA K - p  ~ .E= 

?,(2020) DECAY MODES 

Mode 

F~ N K  
r 2 ETr 
r 3 AoJ 

?,(2020) BRANCHING RATIOS 
See "Sign conventions for resonance couplings" in the Note on A and [" 
Resonances. 

r(NK--)/rt=,, q/r 
VALUE DOCUMENT /D TECN COMMENT 

0.05 DECLAIS 77 DPWA K N  ~ K N  
0.054-0.02 LITCHFIELD 71 DPWA K - p ~  K N  

( r F f ) ~ / F t ~ ,  in NK--*  ?,(2020) --~ Z'~r (qr2)~/r 
VALUE DOCUMENT /D TECN COMMENT 

-0.154-0.02 BARBARO-... 70 DPWA K - - p  ~ ,'Z~ 

(rlrf)~/rto~l In NK---~ ?,(2020)---* A~ (rlr3)~lr 
VALUE DOCUMENT ID TEEN COMMENT 

<0.05 BACCARI 77 DPWA K - p  ~ A ~  

?,(2020) REFERENCES 

GOPAL 80 Toronto Conf. 159 G.P. Gopal (RHEL) 
BACCARI 77 NC 4tA 96 B. Baccad et al. (SACL, CDEF)IJP 
DECLAIS 77 CERN 77-16 Y, Decla[s et ai. (CAEN, CERN)IJP 
GOPAL 77 NP B119 362 G.P. Gopal et aL (LOIC, RHEL) 
HEMINGWAY 75 NP B91 12 R,J. Hemingway et at (CERN, HEIOH, MPIM)IJP 
LITCHFIELD 71 NP B3O 125 PJ. Litchfield et aL (RHEL, CDEF, SACL)IJP 
BARBARO-.. 70 Duke Conf. 173 A. Barbaro-Gaitied (LRL) IJP 

2094 DECLAIS 77 DPWA K N  ~ K N  
2110or2089 1NAKKASYAN 75 DPWA K - p ~  Ao~ 

/1(2100) WIDTH 

VALUE (MeV} DOCUMENT ID TECN COMMENT 

100 to 250 (su 200) OUR ESTIMATE 
1574.40 DEBELLEFON 78 DPWA K N  ~ K N  
250+30 GOPAL 77 DPWA K N  multichannel 
2414-30 HEMINGWAY 75 DPWA K - p ~  K N  

1524-15 KANE ;'4 DPWA K - p  ~ .~;r 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

98 BACEARI 77 DPWA K -  p ~ A~  
250 DECLAIS 77 DPWA K N  ~ K N  
244or302 1NAKKASYAN 75 DPWA K - p ~  A ~  

A(2100) DECAY MODES 

Mode Fraction ( F i / r )  

I- 1 N K  25-35 % 
r- 2 T -~  ~ 5  % 

I- 3 AT/ <3 % 

[4 _-- K <3 % 
r 5 A ~  <8 % 

r 6 N K * ( 8 9 2 )  10-2o % 

r 7 N K * ( 8 9 2 ) ,  S : 1 / 2 ,  G-wave 

r 0 N K * ( 8 9 2 ) ,  5 = 3 / 2 ,  D-wave 

The  above branching f ract ions are our  est imates, not  f i ts  or averages. 

A(2100) BRANCHING RATIOS 
See "Sign conventions for resonance couplings" in the Note on A and E 
Resonances. 

r(N~/rt~ 
VALUE DOCUMENT /D TECN 

0.25 tO 0.35 OUR ESTIMATE 
0.344-0.03 GOPAL 80 DPWA 
0.244-0.06 DEBELLEFON 78 DPWA 
0.314-0.03 HEMINGWAY 75 DPWA 
�9 �9 �9 We do not use the following data for averages, fits, limits, 

0.29 DECLAIS 77 DPWA 
0.304-0,03 GOPAL 77 DPWA 

( Q r f ) ~ / r t ~ l  in N ~  4(2100) ~ ~'x 
VALUE DOCUMENT ID 

+0.124-0.04 GOPAL 77 DPWA 
-I- 0.114- 0.01 KANE 74 DPWA 

(rF~)~/rt~l in NK-~  ?'(2100) ~ At/ 
VALUE DOCUMENT ID TEEN 

- 0.050 4- 0.020 RADER 

COMMENT 
rllr 

N multichannel 
K - p  ~ ~ r  

(rl r3)V~/r 
COMMENT 

73 MPWA K -  p ~ A T 

K N  ~ K N  

-KN ~ K N  

K - p ~  K N  

etc. �9 �9 �9 

K N  ~ K N  
See GOPAL 80 

(qr2)~/r 
TEEN COMMENT 



See key on page 239 

( r / r f ) % / r t o t a l  In N K ~  A ( 2 1 0 0 ) ~  - - K  ( I ' I I ' 4 )VZ /F  
VALUE DOCUMENT ID TECN COMMENT 

0.035• LITCHFIELD 71 DPWA K - p  ~ - - K  
= �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.003 MULLER 69B DPWA K -  p ~ - -K  
0.05 TRIPP 67 RVUE K - p  ~ - - K  

(rFr)Yqr~= in NK--~ A(2100) ~ A~ (rzrs)~Ir 
VALUE DOCUMENT ID TEEN COMMENT 

--0.070 2 BACCARI 77 DPWA 6D37 wave 
+0.011 2 BACCARI 77 DPWA GG17 wave 
+0.008 2 BACCARI 77 DPWA GG37 wave 

0.122or0.154 1NAKKASYAN 75 DPWA K - p ~  Aw 

(r,r,)~=/rt~,, in NK'--~ A(2100) --~ N ' K ' ( 8 9 2 ) ,  S = 3 / 2 .  O-wave (rzr,)~/r 
VALUE DOCUMENT ID TEEN COMMENT 

+0.21+0.04 CAMERON 78S DPWA K - p  ~ N K *  

(r,r,)~/rt~,, in NK--*  A(2100) --~ N~' (892) ,  5=1/2, G-wave ( r l r z ) ~ / r  
VALUE DOCUMENT ID TEEN COMMENT 

--0.04• 3 CAMERON 78B DPWA K - p  ~ N K *  

759 
Baryon Particle Listings 
A(2100), A(2110), A(2325) 

4 ( 2 1 0 0 )  F O O T N O T E S  

1The NAKKASYAN 75 values are from the two best solutions found. Each has the 
A(2100) and one additional resonance (P3 or FS). 

2Note that the three for 8ACCARI 77 entries are for three different waves. 
3The published sign has been changed to be in accord with the baryon-first convention. 

]-he upper limit on the G 3 wave is 0.03. 

A(2100) REFERENCES 

Mode 

A(2110) DECAY MODES 

Fraction ( F i / r )  

F 1 N K  5-25 % 

F 2 Z'~r 10-40 % 
I- 3 Ac~ seen 

r 4 Z(1385)Tr seen 

r 5 Z ' (1385); , r ,  P-wave 

r 6 N K * ( 8 9 2 )  10-60 % 

r 7 N K * ( 8 9 2 ) ,  5 = 1 / 2 ,  F-wave 

The above branching fract ions are our  est imates, not  f i ts  or averages. 

A (2110)  B R A N C H I N G  R A T I O S  

see "Sign conventions for resonance couplings" in the Note on A and 
Resonances. 

r(N~/r~t= r l l r  
VALUE DOCUMENT ID TEEN COMMENT 
0,05 tO 0.25 OUR ESTIMATE 
0.07+0.03 GOPAL 80 DPWA K N  ~ K N  
0.27+0.06 2 DEBELLEFON 78 DPWA K'N ~ K N  
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.07+0.03 GOPAL 77 DPWA See GOPAL 80 

(r,r,)Y=/rto=, in N~'-~ A(2n0)-* z, (rlr2)~/r 
VALUE DOCUMENT ID TEEN COMMENT 

+014+0 ,01  DEBELLEFON 77 DPWA K - p  ~ Z~r 

+0,20+0.03 KANE 74 DPWA K -  p ~ Z~r 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

+0.10+0.03 GOPAL 77 DPWA K N  multichannel 
PDG 85 PL 170B M. Aguilar-Benitez et aL (CERN. CIT+) 
PDG 82 PL 111B MI ROOS et at. (HEL5, CIT, CERN) 
6OPAL 80 Toronto Conf. 159 G,P. Gopal (RHEL) IJP 
CAMERON 78B NP B146 327 W. Cameron et aL (RHEL. LOIC) IJP 
DEBELLEFON 78 NC 42A 403 A. de Bellefon et at. (CDEF, SACL) IJP 
BACCARI 77 NC 4]A 96 B. Baccari et <1/. (SACL, CDEF) IJP 
DECLAIS 77 CERN 77§ Y. Declais et at. (CAEN, CERN) IJP 
GOPAL 77 NP B119 362 G,P. Gop~l et al. (LOIC, RHEL) IJP 
HEMtNGWAY 75 NP B91 t2 R.J. HemlnEway et al. (CERN, HEIDH, MPIM) IJP 
NAKKASYAN 75 NP B93 85 A. Nakkasyan (CERN) IJP 
KANE 74 LBL-2452 D.F. Kane (LBL) UP 
RADER 73 NC 16A 178 R.K. Rader et al. (SACL. HELD, CERN+) 
LITCHFIELD 71 NP 830 125 P.J. Litchfield et aL (RHEL. CDEF, SACL) UP 
MULLER S98 Thesis UCRL 19372 R.A. Muller (LRL) 
TRIPP 67 NP 83 10 R,D. Tripp et aL (LRL, SLAC. CERN+) 
COOL 66 PRL 16 1228 R.L Cool et aL (BNL) 
WOHL 66 PRL 17 107 C.G WoM, F.T. Solmitz, M.L Stevenson (LRL) IJP 

I A(2110) l I ( J  P )  = 0 (~  + )  Status: * * *  

(r,rf)~/rt==, in N~- - *  A(2110)--* Aw (rlr,)~/r 
VALUE DOCUMENT ID TECN COMMENT 

<0.05 BACCARI 77 DPWA K - p  ~ A~  

0.112 I NAKKASYAN 75 DPWA K - p  ~ A~  

(r,rr)Y=/rtot= in N~-* A(2110) --+ Z(1385)Tr (rzr4lY=/r 
VALUE DOCUMENT /D TEEN COMMENT 

+0.071+0.025 3CAMERON 78 DPWA K - p ~  Z(1385)~r 

(r, rr)V=/rto=, in N K - *  A (2110 )  --* N K * ( 8 9 2 )  (rzr~)V=/r 
VALUE pOCUMENT /D TEEN COMMENT 

--0,17• 4 CAMERON 78B DPWA K - p  ~ N K *  

A(2110 )  F O O T N O T E S  
For results published before 1974 (they are now obsolete), see our 
1982 edition Physics Letters 111B (1982). All the references have 
been retained. 

This resonance is in the Baryon Summary Table, but the evidence 
for it could be better. 

,4(2110) MASS 

VALUE (MeV) DOCUMENT ID TECN COMMENT 

2090 tO 2140 (R= 2110) OUR ESTIMATE 
2092+25 GOPAL 80 DPWA K N  ~ K N  
2125• CAMERON 78B OPWA K - p  ~ N-K* 
2]06•  DEBELLEFON 78 DPWA K N  ~ K N  
2140• DEBELLEFON 77 DPWA K - p ~  .E~ 
2100• GOPAL 77 DPWA K N  multichannel 
2112• 7 KANE 74 OPWA K - p  ~ ZTr 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

2137 BACCARI 77 DPWA K - p  ~ A~ 

2103 1NAKKASYAN 75 DPWA K - p ~  A~  

A ( 2 1 1 0 )  W I D T H  

VALUE (MeV) DOCUMENT ID TEEN COMMENT 

150 tO 250 (~ 200) OUR ESTIMATE 

2 4 5 i 2 5  GOPAL 80 DPWA K N  ~ K N  
160+30 CAMERON 78B DPWA K - p  ~ N K *  
251• DEBELLEFON 78 DPWA K N  ~ K N  

140• DEBELLEFON 77 DPWA K - p ~  Z~ 
200+50 GOPAL 77 DPWA K N  multichannel 
190+30 KANE 74 DPWA K - p ~  ~_~r 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

132 BACCARI 77 DPWA K - p ~  A~) 

391 1NAKKASYAN 75 DPWA K - p ~  A~  

1 Found in one of two best solutions, 
2 The published error of 0.6 was a misprint. 
3The CAMERON 78 upper limit on F-wave decay is 0.03. The sign here has been changed 

to be in accord with the baryon-first convention. 
4 The published sign has been changed to be in accord with the baryon-first convention. 

The CAMERON 78B upper limits on the P3 and F 3 waves are each 0.03. 

A(2110) REFERENCES 

PDG a2 PL 1lIB M. RODS et al. (HELS, CIT, CERN) 
GOPAL 80 Toronto Conf, t59 G.P. Gopal (RHEL)IJP 
CAMERON 78 NP B143 189 W. Cameron et al. (RHEL LOIC) IJP 
CAMERON 78B NP B146 327 W. Cameron et a/. (RHEL, LOIC) IJP 
DEBELLEFON 78 NC 42A 403 A. de 8ellefon et a/. (CDEF, SACL) IJP 
BACCARI 77 NC 41A 96 B. Baccari et a/. (SACL, CDEF)IJP 
DEBELLEFON 77 NC 37A 175 A. de Bellefon et al. (CDEF. 5ACL) IJP 
GOPAL 77 NP B119 362 G.P. Gopal et al. (LOIC, RHEL)IJP 
NAKKASYAN 75 NP 893 85 A. Nakkasyan (CERN) IJP 
KANE ?4 LBL-2452 D.F. Kane (LBL) IJP 

JA(2325) Do3 J ,u P) = 0( -)Status: * 
O M I T T E D  F R O M  S U M M A R Y  T A B L E  

BACCARI 77 finds this state with either JP  = 3 / 2 -  or 3 /2  + in a 

energy-dependent partial-wave analyses of K -  p -~ A ~  from 2070 
to 2436 MeV. A subsequent semi-energy-independent analysis from 

threshold to 2436 MeV selects 3 / 2 - .  DEBELLEFON 78 (same 
group) also sees this state in an eneray-dependent partial-wave anal- 

y s i s o f K - p ~  K N d a t a ,  and finds J P  = 3 / 2 -  or 3 /2  + . They 

again prefer J P  = 3 / 2 - ,  but only on the basis of  model-dependent 

considerations. 
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Baryon Particle 
A(2325), A(2350), 

VALUE(MeV) 

~232SOURESTIMATE 
2342•  30 
2327 • 20 

Listings 
A(2585) Bumps 

A(2325) MASS 

DOCUMENT ID TEEN COMMENT 

DEBELLEFON 78 DPWA K N  ~ K N  
BACCARI 77 DPWA K - p  ~ A ~  

A(2325) WIDTH 

DOCUMENT iO TEEN COMMENT VALUE (MeV) 

1 7 7 •  DEBELLEFON 78 DPWA K N  ~ K N  
1 6 0 •  BACCARI 77 IPWA K - p  ~ A~  

A(2325) DECAY MODES 

Mode 

r I N K  

r 2 Aup 

A(2325) BRANCHING RATIOS 

F(NK----') Ir~al rzlr 
VALUE DOCUMEN T I D TECN COMMENT 

0.194-0.06 DEBELLEFON 78 DPWA K N  ~ K N  

(rFr)~'/rtot= In N ~  A(2325)~ A~ (rzr=)~/r 
VALUE DOCUMENT ID TEEN COMMENT 

Mode 

A(2350) DECAY MODES 

Fraction ( r / / r )  

r I N K  ~ 12 % 

r 2 ET r  ~ 10 % 

r 3 A ~  

T h e  a b o v e  b ranch ing  f r a c t i o n s  are ou r  es t ima tes ,  n o t  f i t s  or  averages.  

A(2350) BRANCHING RATIOS 
See "Sign conventions for resonance couplings" in the Note on A and ~- 
Resonances. 

r(NK--)Irt== 
VALUE DOCUMENT ID TEEN COMMENT 

0.12 OUR ESTIMATE 

rdr 

0.12•  DEBELLEFON 78 DPWA KN ~ KN 

(rFf)~/rt== In NK--~ A(2350) -~ s (r~ r2) ~/r 
VALUE DOCUMENT ID TEEN COMMENT 

- 0 . 1 1 •  DEBELLEFON 77 

(rlrf)~lrmtal In NK--* ~2350) ~ A~ 
VALUE DOCUMENT 10 

<0.05 BACCARI 77 

0.06•  1 BACCARI 77 IPWA D533 wave 
0 .05•  1 BACCARI 77 DPWA DD13 wave 
0 .08•  1 BACCARI 77 DPWA DD33 wave 

A(2325) FOOTNOTES 
1 Note that the three BACCARI 77 entries are for three different waves, 

A(2325) REFERENCES 

DEBELLEFON 7B NC 42A 403 A, de Bellefon et al (CDEF, SACL) IJP 
BACCARI 17 NC 41A 96 B. Baccari et al. {SACL, COEF)IJP 

F IA(2350) "o 1 , ( ~ )  : 0(~ -I-) Status: >k~<>k 

D A U M  68 favors J P  = 7 / 2 -  or 9 / 2  + ,  B R I C M A N  70 favors 9 / 2  + .  
LAS INSK I  71 suggests three states in this region using a Pomeron 
+ resonances model .  There  are now also three format ion experi-  

A(2350) REFERENCES 

DPWA K - p  ~ ~Tr 

(r~r3)V~Ir 
TEEN COMMENT 

DPWA K - p  ~ A~  

DEBELLEFON 78 NC 42A 403 A. de Beltefon et aL (CDEF, SACL)IJP 
BACCARI 17 NC 41A 96 B. Baccari e! al. (SACL, CDEF)IJP 
DEBELLEFON 77 NC 37A 175 A. de Bellefon et al. (CDEF, SACL) IJP 
LASINSKI 71 NP B29 125 T,A. Laslnski (EFI) IJP 
BRICMAN 70 PL 31B |52 C. Bricman et aL (CERN, CAEN. SACL) 
COOL 70 PR D1 1887 R.L Cool et aL (BNL)I 

AlSo 66 PRL 16 1228 R.L. Cool et aL (BNL)I 
LU 70 PR D2 L848 D.C LU et at. (YALE) 
BUGG 68 PR 168 1466 D.V. Bu~=& et aL (RHEL, BIRM, CAVE) I 
DAUM 68 NP B7 19 C. Daum er aL (CERN) JP 

ments f rom the College de France-Saclay group, D E B E L L E F O N  77, 

B A C C A R I  77, and D E B E L L E F O N  78, which f ind 9/'2 + in energy- 
dependent par t ia l -wave analyses o f K N  ~ E~r, Ao~, and NK.  

IA(2585) Bumpsl ,(,P): o(??) 
OMITTED FROM SUMMARY TABLE 

A(2350) MASS 

VALUE (MeV) DOCUMENT/D TECN COMMENT 
2340 to  23"/0 (== 2350) OUR ESTIMATE 
2370•  DEBELLEFON 78 DPWA K N  ~ K N  
2365 •  DEBELLEFON 77 DPWA K - p  ~ ~ I r  

2358 •  6 BRICMAN 70 CNTR Total, charge exchange 
�9 �9 �9 We do not use the following data fcr averages, fits, limits, ete. �9 �9 �9 

2372 BACCARI 77 DPWA K - p  ~ A~  

2344•  COOL 70 CNTR K - p ,  K - d  total 
2 3 6 0 •  LU 70 CNTR -yp ~ K + Y *  
2340•  7 BUGG 68 CNTR K - p , K - d t o t a l  

A(2585) MASS 
(BUMPS) 

A(2350) WIDTH 

VALUE {MeV) DOCUMENT ID TEEN COMMENT 
2585 OUR ESTIMATE 

Status: ~ ak 

VALUE (MeV) DOCUMENT /D TEEN COMMENT 
100 tO 250 (~= 150) OUR ESTIMATE 
2 0 4 •  DEBELLEFON 78 DPWA K N  ~ K N  
110 •  DEBELLEFON 77 DPWA K - p ~  ~ r  
324 •  BR ICMAN 70 CNTR Total, charge exchange 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

257 BACCARI 77 DPWA K - p  ~ A~  

3.90 COOL 70 CNTR K - p ,  K -  d total 
55 LU 70 CNTR -yp ~ K + Y *  

140~20 BUGG 68 CNTR K - p ,  K - d t o t a l  

U+�89 r11r 
so only ( J + � 8 9  x r ( N  K--)/rtota I can be given, J is not known, 

VALUE DOCUMENT ]D TEEN COMMENT 

1 A B R A M S  70 CNTR K -  p, K -  d total 
0.124"0.12 1 BRICMAN 70 CNTR Total, charge exchange 

A(2585) FOOTNOTES 
(BUMPS) 

1 The resonance is at the end of the region analyzed - -  no clear signal. 

A(2585) REFERENCES 
(BUMPS) 

ABRAMS 70 PR DI 1917 R J. Atxams el aL 
Also 66 PRL 16 1228 R.L Cool et al. 

BRIEMAN 70 PL 31B 152 C. Bricman et al. 
LU TO PR D2 1846 D.C. Lu et aL 

(BNL)I 
(BaL)l 

(CERN, CAEN, SACL) 
(YALE) 

A(2585) BRANCHING RATIOS 
(BUMPS) 

VALUE (MeV) DOCUMENT IO TECN COMMENT 

300 ABRAMS 70 CNTR K - p ,  K - d t o t a l  
150 LU 70 CNTR ? p  ~ K + Y*  

A(2585) DECAY MODES 
(BUMPS) 

Mode 

r 1 NK 

A(2585) WIDTH 
(BUMPS) 

25854-45 ABRAMS 70 CNTR K - p ,  K - d t o t a l  
2530 •  LU 70 CNTR 7P  ~ K +  Y*  
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Baryon Particle Listings 
E +  

IJ  BARYONS II (S=-1, I= 1) 
,~+ = uus, .E ~ = uds, E -  = dds 

r ~ l  i(JP) = 1(�89 Status: ~ ~< >I< ~< 

We have omitted some results that have been superseded by later 
experiments. See our earlier editions. 

Z + MASS 

The fit uses ~ + ,  Z0,  E - ,  and A mass and mass-difference measurements. 

VALUE {MeV} E V T S  DOCUMENT ID TECN COMMENT 
1189.3"/4"0.07 OUR FIT Error includes scale factor of 2.2. 
1189.374"0.06 OUR AVERAGE Error includes scale factor of 1.8. See the ideogram 

below. 
1189.33• 607 1 BOHM 72 EMUL 
1189.16• HYMAN 67 HEBC 
1189.61• 4205 SCHMIDT 65 HBC See note with A mass 
1189.48• 58 2 BHOWMIK 64 EMUL 
1189.38• 144 2 BARKAS 63 EMUL 

1BOHM 72 is updated with our 1973 K - ,  ~ - ,  and 7r 0 masses (Reviews of Modern 
Physics 45 No. 2 Pt. II (1973)). 

2These masses have been raised 30 keV to take into account a 46 keV increase in the 
proton mass and a 21 keY decrease in the lr 0 mass (note added 1967 edition, Reviews 
of Modern Physics 39 1 (1967)). 

Z "+ MAGNETIC MOMENT 

See the "Note on Baryon Magnetic Moments" in the A Listings. Measure- 
ments with an error _> 0.1 #N  have been omitted. 

VALUE (#'N) E V T S  DOCUMENT ID TECN COMMENT 
2.458 • OUR AVERAGE Error includes scale factor of 2.1. See the ideogram 

below. 
2.4613•177 250k MORELOS 93 SPEC pCu 800 GeV 
2.428 • • 12k 5 MORELOS 93 SPEC pCu 800 GeV 
2,479 • • 137k WILKINSON 87 SPEC pBe 400 GeV 
2,4040• 44k 6 ANKENBRA... 83 CNTR pCu 400 GeV 

5We assume CPT invariance: this is (minus) the r -  magnetic moment as measured by 
MORELOS 93. See below for the moment difference testing CPT. 

6ANKENBRANDT 83 gives the value 2.38 • 0.02#N. MORELOS 93 uses the same 
hyperon magnet and channel and claims to determine the field integral better, leading 
to the revised value given here. 

Z + MEAN LIFE 

Measurements with fewer than 1000 events have been omitted. 

VALUE (10 -10 S) E V T S  DOCUMENT ID TEEN COMMENT 
0.80104" 0.0026 OUR AVERAGE 
0.8038•177 BARBOSA 00 E761 hyperons, 375 GeV 
0.8043•177 3 BARBOSA 00 E761 hyperons, 375 GeV 
0.798 • 30k MARRAFFINO 80 HBC K - p  0.42-0.5 

GeV/c 
0.B0? • 5719 CONFORTO 76 HBC K-p 1-1.4 GeV/c 
0.795 • 20k EISELE 70 HBC K - p  at rest 
0.803 • 10664 BARLOUTAUD69 HBC K - p  0.4-1.2 

GeV/c 
0.83 • 1300 4 CHANG 66 HBC 

3 This is a measurement of the r -  lifetime. Here we assume CPT invariance; see below I 
for the fractional Z + - r -  lifetime difference obtained by BARBOSA 00. I 

4We have increased the CHANG 66 error of 0,018; see our 1970 edition, Reviews of 
Modern Physics 42 NO. 1 (1970). 

(rz+ - rr_ ) / r r+  

A test of CPT invariance. 

VALUE DOCUMENT ID TECN COMMENT 

( - -6 4"12 ) X 10 - 4  BARBOSA 00 E761 hyperons, 375 GeV I 

(/~z+ + / * r - )  / / ~ z +  
A test of CPT invariance. 

VALUE DOCUMENT ID TECN COMMENT 

0.014.1.0.016 7 MORELOS 93 SPEC pCu 800 GeV 

7This is our calculation from the MORELOS 93 measurements of the ~ +  and r -  
magnetic moments given above. The statistical error on # ~ _  dominates the error here. 

E + DECAY MODES 

Mode Fraction ( r i / r )  Confidence level 

r I p ; r  ~ 

r 2 nTr + 

r3 p~f 
r 4 nTT+~/ 

r 5 Ae+ue 

r 6 ne+ue 
rr . .+ u. 
F B p e + e  - 

(51.57• % 

(48.31• 0.30) % 

(1 .23•  x 10 - 3  

[a] ( 4,5 •  ) x  10 - 4  

( 2.0 • )x  lO -5 

AS = A Q  (SQ) vlolatlng modes or 
AS = 1 weak neutral current (S1) modes 

SO < 5 x 10 - 6  

5Q < 3.0 x 10 - 5  

$1 < 7 x 10 - 6  

90% 
90% 

[a] See the Listings below for the pion momentum range used in this mea- 
surement. 

CONSTRAINED FIT INFORMATION 

An overall f i t  to 2 branching ratios uses 14 measurements and one 

constraint to determine 3 parameters. The overall f i t  has a X 2 = 
7.7 for 12 degrees of freedom. 

The following off-diagonal array elements are the correlation coefficients 

( 6 x i 6 x j ) / ( 6 x i . 6 x j ) ,  in percent, from the f i t  to the branching fractions, x i ~_ 

I- i / I-tota I. The fit constrains the x i whose labels appear in this array to sum to 
one. 

x 2 •  

x 3 12 - 1 4  

Xl X2 
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B a r y o n  

z +  

P a r t i c l e  L i s t i n g s  

Z + BRANCHING RATIOS 

r(..+)/r(N,r) 
VALUE EVTS 
0.41835-t-0.0030 OUR FIT 
0.4836:J: 0.0030 OUR AVERAGE 
0.4828• 0.0036 10k 
0.488 -" 0.008 1861 
0.484 -'0.015 537 
0.488 • 1331 
0.46 • 534 
0.490 • 308 

8 MARRAFFINO 80 actually 

r(p'~)lr(p~r ~ 
VALUE (units 10 -3 ) EVTS 
2.38:E0.10 OUR FIT 
2.38:E0.10 OUR AVERAGE 
232-'0~1• 32k 
2 81-'0 39_+0~ 408 
2,52-'0.28 190 

2 ,~A + 0.30 155 
" ~ - 0 . 3 5  

2.11-'0.38 46 
2.1 - '0.3 45 
2.76• 31 
3.7 •  24 

DOCUMENT ID 
rd(rl+r=) 

TEEN COMMENT 

8 MARRAFFINO 80 HBC K - p  0.42-0.5 GeV/c 
NOWAK 78 HBC 
TOVEE 71 EMUL 
BARLOUTAUD69 HBC K - p  0.4-1.2 GeV/c 
CHANG 66 HBC 
HUMPHREY 62 HBC 

gives r (pxO)/ r ( to ta l )  = 0.5172 • 0.0036. 

r~/rz 
DOCUMENT ID TEEN COMMENT 

T IMM 95 E761 Z + 375 GeV 

HESSEY 89 CNTR K - p ~  E+~ - at 
rest 

9KOBAYASHI 87 CNTR ~ r + p ~  Z + K  + 

BIAGI 85 CNTR CERN hyperon beam 

MANZ 80 HBC K - p ~  . ~ + ~ -  
ANG 69B HBC K - p  at rest 
GERSHWIN 698 HBC K -- p ~ Z +  Tr - 
BAZIN 65 HBC K - p  at rest 

9 KOBAYASHI 87 actually gives r (pT) / r ( to ta l  ) = (1.30 + 0.15) x I0 -3.  

r(nx+7)/r(nlr +) I"4/I-2 
The ~+  momentum cuts differ, so we do not average the results but simply use the 
latest value in the Summary Table. 

VALUE (units LO -3 ) EVT5 DOCUMENT ID TEEN COMMENT 

0.93::E0,10 180 EBENHOH 73 HBC ~+  < 150 MeV/c 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc, = �9 �9 

0.27-'0.05 29 ANG 698 HBC 
1.8 BAZIN 658 HBC 

r(Ae+ ~.)/rt~l 
VALUE (units 10 -5) E V T S  DOCUMENT ID TEEN 
2.0"4-0.3 OUR AVERAGE 
1.6•  5 BALTAY 69 HBC 

2.9--1.0 10 EISELE 69 HBC 
2.0-'0.8 6 BARASH 67 HBC 

r(,e+~.)/r(,.+) 

~r + < 110 MeV/c 
7r + < 116 MeV/c 

rs/r 
COMMENT 

K - p  at rest 
K - p  at rest 
K - p  at rest 

rs/r2 
Test of A 5  = A Q  rule. Experiments with an effective denominator less than 100,000 
have been omitted. 

EFFECTIVE DENOM. E V T S  DOCUMENT ID TEEN COMMENT 

< 1.1 X 10 - 3  OUR LIMIT Our 90% EL limit = (2.3 events)/(effectlve denominator 
sum). [Number of events increased to 2.3 for a 90% 
confidence level.] 

111000 0 10 EBENHOH 74 HBC K -  p at rest 
105000 0 10 SECHI-ZORN 73 HBC K -  p at rest 

10 Effective denominator calculated by us. 

r(n#+..)/r(.~+) rT/r2 
Test of AS = AQ rule. 

EFFECTIVE DENOM. EVT5 DOCUMENT ID TEEN 

< 6.2 x 10 . 3  OUR LIMIT Our 90% CL limit = (6.7 events)/(effective denominator 
sum}. [Number of events increased to 6.7 for a 90% 
confidence level.] 

33800 0 BAGGETT 69B HBC 
62000 2 11 EISELE 698 HBC 
10150 0 12 COURANT 64 HBC 
1710 0 12 NAUENBERG 64 HBC 

120 1 GALTIERI 62 EMUL 

11 Effective denominator calculated by us. 
12 Effective denominator taken from EISELE 67. 

r(pe + e-)/rto=, rdr 
VALUE (units 10 -6) DOCUMENT ID TEEN COMMENT 

<7 13 ANG 69B HBC K -  p at rest 

13 AN G 698 found three pe + e -  events in agreement with 3' ~ e + e= conversion from 
,_r+ ~ p~. The limit given here is for neutral currents. 

r(z+-~ .e+~.) /r(z--~ .e-~.) 
VALUE EL% E V T S  DOCUMENT I D TEEN COMMENT 

<{I.009 OUR LIMIT Our 90% CL limit, using r (ne + V e ) / r ( n ~ +  ) above. 

�9 �9 * We do not use the following data for averages, fits. limits, etc. �9 �9 * 

<0.019 90 0 EBENHOH 74 HBC K - p  at rest 
<0.018 90 0 SECHI-ZORN 73 HBC K - p  at rest 
<0.12 95 0 COLE 71 HBC K - p  at rest 
<0.03 90 0 EISELE 698 HBC See EBENHOH 74 

r (~+- .  , , + . , ) / r (~ -  -~ n,-~,)  
VALUE EVT5 DOCUMENT ID TEEN COMMENT 

<0.12 OUR LIMIT Our 90% CL limit, using r ( n p + v p ) / r ( n ~ r  + )  above. 

�9 i �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0 06 +0.045 2 EISELE 698 HBC K - p  at rest " -u .03 

r(z+--. , ~ ) / r ( z -  -~ , r v )  
Test of AS = AQ rule. 

VALUE EVT$ DOCUMENT ID TEEN 

<0,043 OUR LIMIT Our 90% CL limit, using [ r ( n e + u e )  + r ( n p  + u p ) ] / r ( n ~ + ) .  

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<0.08 1 NORTON 69 HBC 
<0.034 0 BAGGETT 67 HBC 

Z + DECAY PARAMETERS 

See the "Note on Baryon Decay Parameters" in the neutron Listings. A 
few early results have been omitted. 

a OFORZ " + ~  p~r ~ 
VALUE EVT5 DOCUMENT ID TEEN COMMENT 

0 + 0 017 -- .980_0:015 OUR FIT 

-0.O_+oO:oO h, OOR ,VERA~.~ 

haAS+0"055 1259 14LIPMAN 73 OSPK ~ r + p ~  "Z+ 
- ~  . . . .  -0 .042 
-0.940- '0.045 16k BELLAMY 72 ASPK E + p ~  [ + K  + 

-0 .98  +0.05 15 , E + K  + -0 .02  1335 HARRIS 70 OSPK 7 :+p  

-0.9994-0.022 32k BANGERTER 69 HBC K - p  0.4 GeV/E 

14 Decay protons scattered off aluminum. 
15 Decay protons scattered off carbon. 

4'0 ANGLE FOR ~ +  --~ p7 0 (tan #o =/~/7) 
VALUE {o) EVT5 DOCUMENT ID TEEN COMMENT 
36:1:34 OUR AVERAGE 

R1+35.7 1259 16LIPMAN 73 OSPK ~ ' + p ~  [ + K  + 
~ " - 3 7 , 1  

22 - '90 17HARRIS 70 OSPK ~ r + p ~  ~ + K  + 

16 Decay proton scattered off aluminum. 
17 Decay protons scattered off carbon. 

a +  / a 0 
Older results have been omitted. 

VALUE EVT5 DOCUMENT ID TEEN COMMENT 
--0.069-1"0.013 OUR FIT 
--0.073::E0.021 23k MARRAFFINO 80 HBC K - p  0.42-0.5 GeV/c 

a + F O R Z  " + ~  nlr + 
VALUE E V T S  DOCUMENT ID TEEN COMMENT 
0.0U1-1-0.013 OUR FIT 
0.065::E0.015 OUR AVERAGE 
0.037• 4101 BERLEY 708 HBC 
0.069• 35k BANGERTER 69 HBC K - p  0.4 GeV/c 

4'+ ANGLE FOR Z "+ --* n~r + (tan 4% =/~/7) 
VALUE (o) E V T S  DOCUMENT ID TEEN COMMENT 
1674-20 OUR AVERAGE Error includes scale factor of 1.1. 
184-'24 1054 18 BERLEY 70B HBC 
143-'29 560 BANGERTER 69B HBC K - p  0.4 GeV/c 

18Changed from 176 to 184 ~ to agree with our sign convention. 

FOR s  ~ P7 
VALUE E V T S  DOCUMENT ID TEEN COMMENT 
-0.76 :b0.06 OUR AVERAGE 
-0.720-'0.086-'0.045 3Sk 19 FOUCHER 92 SPEC Z + 375 GeM 
-0.86 +0.13 -'0.04 190 KOBAYASHI 87 CNTR 7 r+p~  Z + K  + 

-0.53 +0.38 46 MANZ 80 HBC K - p  ~ ,~+~-  -0.36 

-1.03 +0.52 61 GERSHWlN 698 HBC K - p  ~ ,~+7r- -0.42 

19See T IMM 95 for a detailed description of the analysis. 
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Z + REFERENCES 

We have omit ted some papers that  have been superseded by later experi- 
ments. See our earlier editions, 

BARBOSA O0 
TIMM 95 
MORELOS 93 
FOUCHER 92 
HESSEY 89 
KOBAYASHI 87 
WILKINSON 87 
BIAGI 85 
ANKENBRA... 83 
MANZ 
MARRAFPINO 
NOWAK 
CONFORTO 
EBENHOH 
EBENHOH 
LIPMAN 73 
PDG 73 
SECHI-ZORN 73 
BELLAMY 72 
BOHM 72 

Also 73 
COLE 71 
TOVEE 71 
BERLEY 70B 
EISELE 70 
HARRIS 70 
PDG 70 
ANG 69B 
BAGGETT 69B 
BALTAY 69 
BANGERTER 69 
BANGERTER 69B 
BARLOUTAUD 69 
EISELE 69 

Also 64 
EISELE 698 
GERSHWIN 698 

AlSO 69 
NORTON 69 
BAGGETT 67 

AlsO 68 
AlSO 688 

BARASH 67 
EISELE 67 
HYMAN 67 
PDG 67 
CHANG 66 

AlSO 65 
BAZIN 65 
BAZIN 65B 
SCHMIDT 65 
BHOWMIK 64 
COURANT 64 
NAUENBERG 69 
BARKAS 63 

AlSO 61 
GALTIERI 62 
HUMPHREY 62 

PR D61 031101R R.F. Barbosa et aL (FNAL E761 ColJab.) 
PR D51 4638 S. Timm et aL (FNAL E761 Collab.) 
PRL 71 3417 A. Morelos et aL (FNAL E761 Collab.) 
PRL 68 30Q4 M. Foucher et aL (FNAL E751 Collab.) 
ZPHY C42 175 N.P, Hessey et aL (BNL-811 Coliab.) 
PRL 59 868 M. Kobayashi et at (KYOT) 
PRL 58 855 C.A. Wilkinson et aL (wlsc, MICH, RUTG+) 
ZPHY C28 495 S.F. Biagl et aL (CERN WA62 Collab.) 
PRL 51 863 C.M. Ankenbra~dt et al. (FNAL, IOWA, ISU+) 

8{) PL 968 217 A. Manz et at. (MPIM, VAN(]) 
80 PR O21 2501 J. Marraffillo et al. (VAND, MPIM) 
78 NP B139 61 R.J. Nowak et aL (LOUC, BELG, DURH+) 
76 NP 8105 189 B. Conf~to et al. (RHEL, LOIC) 
74 ZPHY 266 367 N. EUenhoh et at. (HEIDT) 
73 ZPHY 264 413 W. Ebenhoh et aL (HELOT) 

PL 438 89 N,H. Mpman et ah (RHEL, SUSS, LOWC) 
RMP 45 No. 2 Pt. II T.A, Lasinskl et aL (LBL, BRAN, CERN+) 
PR 08 12 B. Sechi-Zorn, G.A. Snow (UMD) 
PL 39B 299 E.H. Bellamy et aL (LOWC, RHEL SUSS) 
NP 848 I G. Bohm et al. (BERL, KIDR, BRUX, IASD+) 
IIHE-73,2 NOv G. Bohm (BERL, KIDR, BRUX, IASD, DUUC+) 
PR D4 631 J. Cole et aL (STON, COLU) 
NP B33 493 D,N. Tovee et aL (LOUC, KIDR, BERL+) 
PR D1 2015 D. Berley et aL (BNL, MASA, YALE) 
ZPHY 238 372 F. Eisele et aL (HELD) 
PRL 24 165 F. Harris et aL (MICH, WlSC) 
RMP 42 NO. 1 A. Barbafo-Galtieri et at. (LRL, BRAN+) 
ZPHY 228 151 G. Ang et aL {HELD) 
Thesis MDDP-TR-97S N.V. Baggett (UMD) 
PRL 22 615 C. Baltay et aL (COLU. STON) 
Thesis UCRL 19244 R.O. Bangerter (LRL) 
PR 187 1821 R,O. Ballgerte( et at. (LRL) 
NP B14 1.53 R, Barloutaud et al. (SACL, CERN, HELD) 
ZPHY 221 1 F. Eisele et aL (HELD) 
PRL 13 291 W. Willis et at. (BNL, CERN, HEID, UMO) 
ZPHY 221 401 F. Eisele et al. (HELD) 
PR 188 2077 LK. Gershwin et aL (LRL) 
Thesis UCRL 19246 L.K. Gefshwin (LRL) 
Thesis Nevis 175 H. Norton (COLU) 
PRL 19 1458 N. BaEEett et al. (UMD) 
Vienna Abs. 374 N.V. Ba~ett, B. Kehoe (UMD) 
Private Comm. N.V. Bag~ett IUMD) 
PRL 19 181 N. Barash et al. (UMD) 
ZPHY 205 409 F. Eisele et aL (HELD) 
PL 258 376 LG. Hymafl et aL (ANL, CMU, NWES) 
RMP 39 1 A.H. Rosenfeld et .W. (LRL, CERN, YALE) 
PR 151 1081 C.Y. Chang (COLU) 
Thesis Nevis 145 Chang {COLU) 
PRL 14 154 M. Bazin et ah (PRIN, COLU) 
PR 140B 1358 M. Bazin et aL (PRIN, RUTG, COLU) 
PR 1408 1328 P. Schmidt (COLU) 
NP 53 22 B. Bhowmlk el aL (DELH) 
PR 1368 1791 H. Courant et aL (CERN, HELD, UMD+) 
PRL 12 679 U. Nauenberg et aL {COLU, RUTG, PRIN) 
PRL 11 26 W.H. Barkas, J.N. Dyer, H.H, Heckman (LRL) 
Thesis UCRL 9450 J.N. Dyer (LRL) 
PRL 9 26 A Barbaro-Galtieri et at. (LRL) 
PR 127 t305 W,E. Humphrey, R.R. Ross (LRL) 

r ~  I(J P) = 1(�89 + ) Status: Y F * *  

COURANT 63 and ALFF-STEINBERGER 65, using Z 0 ~ Ae + e -  
decays (Dalitz decays), determined the Z 0 parity to be positive, 
given that J = 1/2 and that certain very reasonable assumptions 
about form factors are true. The results of experiments involving 
the Primakoff effect, from which the Z 0 mean life and Z -0 ~ A 
transition magnetic moment come {see below), strongly support J 
= 1/2. 

MASS 

The f i t  uses ~ + ,  ~-0, ~ - ,  and A mass and mass-difference measurements. 

VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT 
1192.642-1"0.024 OUR FIT 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

1192.65 •  3327 1 WANG 97 SPEC ~-0 ~ A7 

( p T r - ) ( e +  e - ) 

1This  WANG 97 result is redundant w i th  the Z 0 - A  mass-difference measurement below. 

m r -  - m ~ o  

VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT 

4.8074-0.035 OUR FIT Error includes scale factor of 1.1. 
4.1~ 4-0.08 OUR AVERAGE Error includes scale factor of 1.2, 
4.87 •  37 DOSCH 65 HBC 
5.01 •  12 SCHMIDT 65 HBC See note wi th A mass 
4.75 •  18 BURNSTEIN 64 HBC 

mzo - m A 
VALUE (MeV) E V T S  DOCUMENT I0 TECN COMMENT 
76.9594-0.023 OUR FIT 
76.966-1-0.020"1-0.013 3327 WANG 97 SPEC Z 0 ~ A~ 

( p ~ - )  (e+ e - ) 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

76.23 +0.55 109 COLAS 75 HLBC E 0 ~  A-), 
76.63 •  208 SCHMIDT 65 HBC See note with A mass 

7 6 3  

Baryon Particle Listings 
Z + , Z 0 

s MEAN LIFE 

These lifetimes are deduced from measurements of the cross sections for 
the Primakoff process A ~ E 0 in nuclear Coulomb fields. An alterna- 
tive expression of the same information is the ~ 0 - A  transit ion ma2gnetic 
moment given in the fol lowing section, The relation is ( # ~ A / I ~ N )  r = 

1.92951 x 10 - 1 9  s (see DEVLIN 86). 

VALUE {10 -20 S) DOCUMENT ID TECN COMMENT 

7.4"I-0.7 OUR EVALUATION Using # Z A  (see the above note), 

6.5_+~17 2 DEVLIN 86 SPEC Primakoff effect 

7 . 6 + 0 . 5 i 0 . 7  3 PETERSEN 86 SPEC Primakoff  effect 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

5 .8+1 .3  2 DYDAK 77 SPEC See DEVLIN 86 

2 DEVLIN 86 is a recalculation of the results of DYDAK 77 removing a numerical approx- 
imation made in that  work. 

3 An addit ional uncertainty of the Primakoff formalism is estimated to be < 5%. 

I/~(Z-~ --~ A)I TRANSIT ION MAGNETIC M O M E N T  

See the note in the Z 0 mean-life section above. Also, see the "Note on 
Baryon Magnetic Moments" in the A Listings. 

VALUE (#N) DOCUMENT ID TECN COMMENT 

1.61-1-0.08 OUR AVERAGE 
1 7~+0 '17  4 DEVLIN 86 SPEC Primakoff effect 

" ' ~ - 0 . 1 9  
1 . 5 9 + 0 . 0 5 + 0 . 0 7  5 PETERSEN 86 SPEC Primakoff effect 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

1 RgJrO"25 4 DYDAK 77 SPEC See DEVLIN 86 
' ~ " -  0.18 

4DEVLIN 86 is a recalculation of the results of DYOAK 77 removing a numerical approx- 
imation made in that  work. 

5 An addit ional uncertainty of the Primakoff formalism is estimated to be < 2,5%, 

Z ~ DECAY MODES 

Mode Fraction (Fi/r) Confidence level 

Fi A7 100 % 
F2 A77 < 3 % 
r 3 Ae + e -  [a] 5 x 10 -3 

90% 

[a] A theoretical value using QED. 

Z "~ BRANCHING RATIOS 

r(A~)Ir~= r=Ir 
VALUE CL~o  DOCUMENT ID TECN 

<0,03 90 COLAS 75 HLBC 

r(Ae + e-)Ir~,= r d r  
See COURANT 63 and ALFF-STEINBERGER 65 for measurements of the invariant- 
mass spectrum of the Dali tz pairs. 

VALUE DOCUMENT ID COMMENT 

0.00545 FEINBERG 58 Theoretical QED calculat ion 

z-OREFERENCES 

WANG 97 PR D56 2544 M,H.LS, Wang et aL (BNL-E766 Collab.) 
DEVLIN a6 PR D34 [626 T. Devli~, P.C. Petersen, A, Reretvas (RUTG) 
PETERSEN 86 PRL 57 949 P.C. Petersen et ah (RUTG. WISC, MICH+) 
DYDAK 77 NP 8118 1 F. Dydak et aL (CERN, DORT, HEIDH) 
COLAS 75 NP B91 253 J. Colas et aL (ORSAY) 
ALFF-... 65 PR 137B 1105 C. Alff-Steinberger et al. (COLU, RUTG+} P 
DOSCH 65 PL 14 239 H.C. Dosch et aL (HELD) 
SCHMIOT 65 PR 140B 1328 P. Schmldt (COLU) 
BURNSTEIN 64 PRL 13 66 RA. Burnstein et 31 (UMD) 
COURANT 63 PRL 10 409 H. Courant et aL (CERN, UMD) P 
FEINBERG 58 PR 109 1019 G Feinberg (BNL) 
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- B A R Y O N S  
(5 = - 2 ,  I =  1 / 2 )  

~0 = uSs, - - -  = dss 

r ~ 1  l (JP)  = :~ ~ 1 (1+ )  Status: * * * *  

The parity has not actually been measured, but + is of course ex- 
pected. 

MASS 

The fit uses the --0, _~- ,  and --~+ mass and mass difference measure- 
ments, 

VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT 
1314.83:1:0.20 OUR FIT  
1314.82-1"0.20 OUR AVERAGE 
1314.824.0.06• 3120 FANTI 00 NA48 p Be, 450 GeV 
1315.2 •  49 WILQUET 72 HLBC 
1313.4:1:1.8 1 PALMER 68 HBC 

m - -  - m__-o 

The fit uses the --0, - - - ,  and -~+ mass and mass difference measure- 
ments. 

VALUE (MeV) EVT5 DOCUMENT IO TECN COMMENT 

6.484-0.24 OUR FIT  
6.3 4-0.7 OUR AVERAGE 
6.9 •  29 LONDON 66 HBC 
6.1 •  88 PJERROU 65B HBC 
6.8 •  23 JAUNEAU 63 FBC 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

6.1 •  45 CARMONY 64B HBC See PJERROU 65B 

MEAN LIFE 

VALUE (10 -10 S) EVT5 DOCUMENT IO TECN COMMENT 

2.904-0.09 OUR AVERAGE 
2,834"0.16 6300 1 ZECH 77 SPEC Neutral hyperon beam 

2 8 R+0.21 ' ~-0.]9 652 BALTAY 74 HBC 1.75 6eV/c K-p 

2 9 n+0"32  157 2 MAYEUR 72 HLBC 2.1 GeV/c  K -  " ~ -0 ,27  

3 07 +0"22 340 DAUBER 69 HBC " -u.zu 

3.0 / :0 .5  80 PJERROU 65B HBC 

2.5 + 0 . 4  101 HUBBARD 64 HBC - 0 , 3  

3.9 +1.4 --0.8 24 JAUNEAU 63 FBC 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

3.5 +1 .0  45 C A R M O N Y  64B HBC See PJERROU 65B --0.8 

1The ZECH 77 result is T -  o = [2 .77- (~-A-2 ,69) ]  x 10 - 1 0  s, in which we use r A = 

2.63 • 10 - 1 0  s. 
2The  MAYEUR 72 value is modified by the erratum. 
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_--0 

AS = A Q  (SQ) violating modes or 
AS = 2 forbidden ($2) modes 

F 6 ~ -e+ / - 'e  5Q < 9 x 10 -4  CL=90% 

F 7 Z - / ~ + ~  SQ < 9 x 10 - 4  CL=90% 

F B pTf- 52 < 4 x 10 - 5  CL=90% 

F 9 pe -~  e 52 < 1.3 x 10 -3  

rio p#-P~ 52 < 1.3 x 10 -3  

C O N S T R A I N E D  F I T  I N F O R M A T I O N  

An overal l  f i t  t o  3 branching rat ios uses 5 measurements and one 

constra in t  to  determine 4 parameters.  The  overal l  f i t  has a X 2 = 
4.2 for  2 degrees of  f reedom. 

The  fo l lowing of f -d iagona l  array elements are the corre lat ion coeff ic ients 

{ 6 x i ~ x j > / ( 6 x i . 6 x j ) ,  in percent, f rom the f i t  to  the branching fract ions, x i _-- 

F i /F to ta  I. The  f i t  constrains the x i whose labels appear in th is array to  sum to 
one. 

x 2 - 6 2  

x 3 - 7 8  0 

x 4 - 8  0 0 

Xl x2 x3 

__-o BRANCHING RATIOS 

r(A't) Ir(A. ~ r,/n 
VALUE (units 10 -3) EVT5 DOCUMENT ID TECN COMMENT 

1.19-I"0.310 OUR FIT Error includes scale factor of  2.0. 
1.194-0.310 OUR AVERAGE Error includes scale factor of  2,0. 
1 .91 •177  31 3 FANTI  00 NA48 p Be, 450 GeV I 
1 .06•  116 JAMES 90 SPEC FNAL hyperons 

3FANTI  00 used our 1998 value of 99.5% for the --0 ~ ATr 0 branching fraction to get I 
F( - 0  ~ AT) /F to ta l  = (1.90 • 0.34 • 0.19) • 10 - 3 .  We adjust slightly to go back to I 
what was directly measured. 

r(~-r) Ir(A, ~ r31r, 
VALUE {units 10 -3)  E V T S  DOCUMENT ID TECN COMMENT 

3.5 "1"0.4 OUR FIT  
3.5 4-0.4 OUR AVERAGE 
3 .16 •177  17 4 FANTI  00 NA48 p Be, 450 GeV I 
3 .56•  85 TEIGE 89 SPEC FNAL hyperons 

4FANTI  00 used our 1998 value of 99,5% for the - -0 ~ ATr 0 branching fraction to get I 
F( - 0  ~ _I-0-7)/Ftotal= (3.14 • 0.76 4" 0.32) x ]0  - 3 .  We adjust slightly to go back I 
to what was directly measured. 

r(z+ e-~,)Ir,=,l F4/r 
VALUE (units 10 -4)  E V T S  DOCUMENT ID TECN COMMENT 

2,7 -I-0.4 OUR FIT 
2.714-0.22:E0.31 176 AFFOLDER 99 K T E V  p nucleus 800 GeV 

r(z+~,-v.)/r(A,o) r,/rl 
VALUE (units 10 -3 ) CL% EVT$ DOCUMENT ID TECN COMMENT 

<1,1 90 0 YEH 74 HBC Effective denom.=2100 
�9 �9 e W e d o n o t u s e  thefo l lowingdata foraverages,  fits, l imits, e t c . � 9  �9 �9 

<1.5 DAUBER 69 HBC 
<7 HUBBARD 66 HBC 

__--0 MAGNETIC MOMENT 

See the "Note on Baryon Magnetic Moments" in the A Listings. 

VALUE (FN) E V T S  DOCUMENT ID TECN 

--1.2504" 0.014 OUR AVERAGE 
- 1 .253•  270k COX 81 SPEC 
- 1 . 2 0 : 5 0 . 0 6  42k BUNCE 79 SPEC 

--o DECAY MODES 
Scale factor/  

Mode Fraction (F i /F )  Confidence level 

r I A?r  0 (99.51-- 0.05) % S=1.2 

F 2 A 7 (1.18• • 10 -3 S=2.0 
F 3 Z~ ( 3.5 • ) x  10 -3 
[-4 ~ ' + e - ~ e  ( 2.7 • )x10 -4 

r 5 ~ + / z - p #  < 1.1 x 10 - 3  CL=90% 

r(z-  e+.,)Ir(A,rO) rdr l  
Test of  A S  = A Q  rule, 

VALUE(units 10 -3  ) CL~ E V T S  DOCUMENT ID TECN COMMENT 

<0.9  90 0 YEH 74 HBC Effective denom.=2500 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<1.5 DAUBER 69 HBC 
<6  HUBBARD 66 HBC 

r(z-1,+..)ir(A,r ~ rTlrl 
Test of A 5  = A Q  rule. 

VALUE (units 1O -3)  CL~ E V T S  DOCUMENT ID TECN COMMENT 

<o.g 90 0 YEH 74 HBC Effective denom.=2500 
�9 �9 * We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<1.5 DAUBER 69 HBC 
<6  HUBBARD 66 HBC 

r(p,-)/r(A, ~ ro/rl 
A S = 2 .  Forbidden in first-(xder weak interaction. 

VALUE {units 10 -5  ) CL~ EVTS DOCUMENT ID TECN COMMENT 

< $.6 90 GEWENIGER 75 SPEC 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc, �9 * �9 

<180 90 0 YEH 74 HBC Effective denom.=1300 
< 90 DAUBER 69 HBC 
<500 HUBBARD 66 HBC 
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Baryon Particle Listings 
Charmed Baryons 

CHARMED BARYONS 
(C= +1) 

A + = udc, .~++ = UUC, "~+c = udc, zOc --- ddc,  
= + -  USC, --0 c = dsc ,  I20 =SSC - - c  - -  

C H A R M E D  B A R Y O N S  

Revised April 2000 by C.G. Wohl (LBNL). 

There are now ten (!) known charmed baryons, each with 

one c quark. Figure l (a)  shows the mass spectrum, and for 

comparison Fig. l (b)  shows the spectrum of the lightest strange 

baryons. The Ac and ~c spectra ought to look much like the 

A and ,U spectra, since a Ac or a Zc is obtained from a A or a 

E by changing the s quark to a c quark. However, a ~" or an 

/-2 has more than one s quark, only one of which is changed to 

a c quark to make a ~,c or an Oc. Thus the ~c and Y2c spectra 

ought to be richer than the ~ or/ '2 spectra. 

Before discussing the observed spectra, we review the theory 

of SU(4) multiplets, which tells us what charmed baryons we 

should expect to find; this is essential, because the spin-parity 

assignments given in Fig. l (a)  have not been measured but  have 

been assigned in accord with expectations of the theory. 

S U ( 4 )  m u l t i p l e t s - - B a r y o n s  made from u, d, s, and c quarks 

belong to SU(4) multiplets. The multiplet numerology, analo- 

gous to 3 x 3 • 3 = 10 + 81 + 82 + 1 for the subset of baryons made 

from just u, d, and s quarks, is 4 x 4 • 4 = 20 + 20] + 20~ + ZL 

Figure 2(a) shows the 20'-plet whose bo t tom level is an SU(3) 

octet, such as the octet tha t  includes the nucleon. Figure 2(b) 

shows the 20-plet whose bot tom level is an SU(3) decuplet, such 

as the decuplet tha t  includes the A(1232). One level up in each 

multiplet are the baryons with one c quark. The ZI multiplet  

(not shown), an inverted tetrahedron, contains a A, a A + C J  a 

--'+ and a ~o  (states at the centers of the four faces of the 

20t-plet). All the baryons in a given multiplet have the same 

spin and parity. Each N or ,4 or SU(3)-singlet-A resonance 

calls for another 20 L or 20- or ?l-plet, respectively. 

The flavor symmetries shown in Fig. 2 are of course very 

badly broken, but  the figure is the simplest way to see what  

charmed baryons should exist. For example, from Fig. 2(a), we 

expect to find, in the same J P  = 1/2 + 20r as the nucleon, 

a Ac, a ~Ue, two ~c s, and an /2c. Note tha t  this g2c is not in 

the same SU(4) multiplet as the famous J P  = 3/2 + /2- .  

> 
0 

0 

0 
..Q 

6 0 0  

4 0 0  - -  

2 0 0  - -  

0 . . . . . . .  

(a) 

312- 

1/2- 

3/2- 

3/2 + 

1/2 + 

1/2 + ~" 
O 

3/2 + 
< 

0 
1/2 + -~ 

1/2 + 

(b) 

3/2- 

1/2- 

3/2- 

3/2 + 

3/2 + 

3/2 + 

1/2 + 

112 + 

1/2 + 1/2 + . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Ac Zc -c= s A Z E f~ 

F i g u r e  1. (a) The known charmed baryons, and (b) the lightest strange baryons. The baseline masses are m(Ac) = 2284.9 MeV 
and re (A)  = 1115.7 MeV. Isospin splittings are not shown. Note tha t  there are two d P = 1/2 + ~c states, and tha t  the s does not 
have d = 3/2.  In fact, none of the d P values of the charmed baryons has been measured (except perhaps for the 1/2+Ac), but  they 
are all very likely as shown--see the discussion. 
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Charmed Baryons 

CHARMED BARYONS 
(C= +1) 

A + = udc, .~++ = UUC, "~+c = udc, zOc --- ddc,  
= + -  USC, --0 c = dsc ,  I20 =SSC - - c  - -  

C H A R M E D  B A R Y O N S  

Revised April 2000 by C.G. Wohl (LBNL). 

There are now ten (!) known charmed baryons, each with 

one c quark. Figure l (a)  shows the mass spectrum, and for 

comparison Fig. l (b)  shows the spectrum of the lightest strange 

baryons. The Ac and ~c spectra ought to look much like the 

A and ,U spectra, since a Ac or a Zc is obtained from a A or a 

E by changing the s quark to a c quark. However, a ~" or an 

/-2 has more than one s quark, only one of which is changed to 

a c quark to make a ~,c or an Oc. Thus the ~c and Y2c spectra 

ought to be richer than the ~ or/ '2 spectra. 

Before discussing the observed spectra, we review the theory 

of SU(4) multiplets, which tells us what charmed baryons we 

should expect to find; this is essential, because the spin-parity 

assignments given in Fig. l (a)  have not been measured but  have 

been assigned in accord with expectations of the theory. 

S U ( 4 )  m u l t i p l e t s - - B a r y o n s  made from u, d, s, and c quarks 

belong to SU(4) multiplets. The multiplet numerology, analo- 

gous to 3 x 3 • 3 = 10 + 81 + 82 + 1 for the subset of baryons made 

from just u, d, and s quarks, is 4 x 4 • 4 = 20 + 20] + 20~ + ZL 

Figure 2(a) shows the 20'-plet whose bo t tom level is an SU(3) 

octet, such as the octet tha t  includes the nucleon. Figure 2(b) 

shows the 20-plet whose bot tom level is an SU(3) decuplet, such 

as the decuplet tha t  includes the A(1232). One level up in each 

multiplet are the baryons with one c quark. The ZI multiplet  

(not shown), an inverted tetrahedron, contains a A, a A + C J  a 

--'+ and a ~o  (states at the centers of the four faces of the 

20t-plet). All the baryons in a given multiplet have the same 

spin and parity. Each N or ,4 or SU(3)-singlet-A resonance 

calls for another 20 L or 20- or ?l-plet, respectively. 

The flavor symmetries shown in Fig. 2 are of course very 

badly broken, but  the figure is the simplest way to see what  

charmed baryons should exist. For example, from Fig. 2(a), we 

expect to find, in the same J P  = 1/2 + 20r as the nucleon, 

a Ac, a ~Ue, two ~c s, and an /2c. Note tha t  this g2c is not in 

the same SU(4) multiplet as the famous J P  = 3/2 + /2- .  

> 
0 

0 

0 
..Q 

6 0 0  

4 0 0  - -  

2 0 0  - -  

0 . . . . . . .  

(a) 

312- 

1/2- 

3/2- 

3/2 + 

1/2 + 

1/2 + ~" 
O 

3/2 + 
< 

0 
1/2 + -~ 

1/2 + 

(b) 

3/2- 

1/2- 

3/2- 

3/2 + 

3/2 + 

3/2 + 

1/2 + 

112 + 

1/2 + 1/2 + . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Ac Zc -c= s A Z E f~ 

F i g u r e  1. (a) The known charmed baryons, and (b) the lightest strange baryons. The baseline masses are m(Ac) = 2284.9 MeV 
and re (A)  = 1115.7 MeV. Isospin splittings are not shown. Note tha t  there are two d P = 1/2 + ~c states, and tha t  the s does not 
have d = 3/2.  In fact, none of the d P values of the charmed baryons has been measured (except perhaps for the 1/2+Ac), but  they 
are all very likely as shown--see the discussion. 



800 

Baryon Particle Listings 
Charmed Baryons, Ac + 

F i g u r e  2:  SU(4) multiplets of baryons made 
of u, d, s, and c quarks. (a) The 20-plet with 
an SU(3) octet on the lowest level. (b) The 
20-plet with an SU(3) decuplet on the lowest 
level. 

Figure 3 shows in more detail the middle level of the 20'-plet 

of Fig. 2(a); it splits apart into two SU(3) multiplets, a 3 and a 

6. The states of the 3 are antisymmetric under the interchange 

of the two light quarks (the u, d, and s quarks), whereas the 

states of the 6 are symmetric under this interchange. We use 

a prime to distinguish the ~,c in the 6 from the one in the 3. 

F i g u r e  3: The SU(3) multiplets on the second 

states in Fig. l(b). Similarly, the mass differences between the 

J P  = 1/2+ Ec(2455) ~ ~e='e, and j%0t the particles along the left 

edge of Fig. 3(b), should be equal--assuming, of course, that 

they do all have the same JP. And the observed differences are 

126.6 :E 3.3 MeV and 125.2 =E 5.1 MeV--perfect, within errors. 

In fact, the mass difference between the presumed JP = 3/2 + 

,~c(2520) ~ and ~c(2645) e is the same, 127.0 =E 2.3 MeV, which 

would put the 3/2 + J2c 0 at about 2772 MeV (= 487 MeV on 

Fig. l(a)). 
(3) Other evidence comes from the decay of the Ac(2593). 

The only allowed strong decay is Ac(2593) + ~ A+~rTr, and this 

appears to be dominated by the submode ~(2455)7r, despite 

little available phase space for the latter (the 'Q'  is about 2 

MeV, the c.m. decay momentum about 20 MeV/c). Thus the 

decay is almost certainly s-wave, which, assuming that the 

E~(2455) does indeed have jR  = 1/2 +, makes JP = 1 /2-  for 

the Ac(2593). 
(4) The heavier c baryons, such as the J P  = 1 /2-  and 

3 /2 -  At's, have much narrower widths than do their strange 

counterparts, such as the A(1405) and A(1520). The clean 

Ac spectrum has in fact been taken to settle the decades-long 

discussion about the nature of the A(1405)--true 3-quark state 

or mere K N  threshold effect?--unambiguously in favor of the 

first interpretation; which is not to say that the proximity of 

the K N  threshold has no effect on the A(1405). 

F o o t n o t e s :  

t This is not the place to discuss the details of the models, 

nor to attempt a guide to the literature. See the discovery 

papers of the various charmed baryons for references to the 

models that lead to the quantum-number assignments. 
t A reminder about the Particle Data Group naming scheme: 

A particle that decays strongly has its mass as part of its 

name; otherwise it doesn't. Thus E(1385) and 5;c(2455) 

but ~ -  and =1 

r ~  i(j P) = 0(�89 +) Status: **~r 

level of the SU(4) multiplet of Fig. 2(a). 

The observed spectra--(1) The parity of the lowest Ac is 

defined to be positive (as are the parities of the p, n, and A); and 

the limited evidence about its spin is consistent with J = 1/2. 

Otherwise, however, none of the JP quantum numbers in 

Fig. l(a) has been meast~red. Models using spin-spin and 

spin-orbit interactions between the quarks, with parameters 

determined using a few of the masses as input, lead to the jR  

The parity of the A + is defined to be positive (as are the parities of 
the proton, neutron, and A). The spin J has not actually been mea- 

sured yet. Results of an analysis of p K - I r  + decays (JEZABEK 92) 
are consistent with the expected J = 1/2. The quark content is 
udc. 

We have omitted some results that have been superseded by later 
experiments. The omitted results may be found in earlier editions. 

A + MASS 

Measurements with an error greater than S MeV or that are otherwise 
obsolete have been omitted. 

The fit also includes ~ - A _  + and A*_+-A +_ mass-difference measurements, 
C C 

assignments shownfl There are no surprises: the JP = 1/2 + 

states come first, then the jR  = 3/2 + states . . .  

(2) There is, however, strong evidence that at least some 

of the j R  assignments in Fig. l(a) are correct. As is well 

known, the successive mass differences between the JP = 3/2 + 

A(1232)-, •(1385)-, ~(1535)- ,  and J?-,  those particles along 

the lower left edge of the 20-plet in Fig. 2(b), should be, 

according to SU(3), and nearly are equal; see the jR  = 3/2 + 

VALUE {MeV) EVTS DOCUMENT ID TECN COMMENT 
2284.9-'1"0.6 OUR FIT 
2284.gd:0.6 OUR AVERAGE 
2284.7-J-0.6• 1134 AVERY 91 CLEO Six modes 
2281.7•177 29 ALVAREZ 90B NA]4 p K - ~  + 
2285.8•177 101 BARLAG 89 NA32 p K - ~  + 
2284.7•177 5 AGUILAR-... 88B LEBC pK-Tr  + 
2283.1+1.7• 628 ALBRECHT 88C ARG p K - ~ + ,  p~O, A3~ 
2286.2~ 1.7~ 0.7 97 ANJOS B8B E691 pK- ' f :  + 
2281 •  2 JONES 87 HBC pK--'K + 
2283 •  3 BOSETTI 82 HBC p K - ~  + 
2290 •  1 CALICCHIO 80 HYBR p K - s  + 
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A + MEAN LIFE 

Measurements with an error _> 0.1 x 10 -12 s or with fewer than 20 
events have been omitted. 

VALUE (I0 -12 S) E V T 5  DOCUMENT ID TECN COMMENT 
0.206• OUR AVERAGE 
0.2154,0.0164,0.008 1340 FRABETTI 930 E687 7Be, A + ~ p K - r  + 

0.18 4-0.03 4,0.03 29 ALVAREZ 90 NA14 7, A + ~ PK - x +  

0.20 • 4-0.03 90 FRABETTI 90 E687 -)'Be, A+ c ~ p K - ~  + 

0.196_+0:0223 101 BARLAG 89 NA32 p K - . + + c . c .  

0.22 4-0.03 4-0.02 97 ANJOS 880 E691 pK-~ r++c .c .  

A + DECAY MODES 

Nearly all branching fractions of the A~ are measured relative to the 

p K -  ~+ mode, but there are no model-independent measurements of this 
branching fraction. We explain how we arrive at our value of B(A2 

p K -  ~r +)  in a Note at the beginning of the branching-ratio measurements, 
below. When this branching fraction is eventually well determined, a0 the 
other branching fractions will slide up or down proportionally as the true 
value differs from the value we use here. 

Scale factor/ 
Mode Fraction (F//F) Confidence level 

Hadronic modes with a p and one "~" 
( 2.3 4. 0.6 r l  p~O ) % 

F2 pK-Ir + [a] ( s.o 4, 1.3 )% 
F3 pK*(892) ~ [b] ( 1.6 4. 0.S )% 
r 4 /%(1232) ++ K- ( 8.6 -4- 3.0 ) x 10 - 3  
rs A(1520)~ + [b] ( 5.9 4, 2.1 )x 10 -3 
ro pK-~+nonresonant  ( 2.8 - 0.8 )% 
F7 p~0n.o  ( 3.3 4, 1.0 )% 

r 8 pK~ ( 1.2 • 0.4 )% 
F9 p~O~+r- ( 2.6 • 0.7 )% 
r io pK-r+~r  ~ ( 3.4 • 1.0 )% 
rl~. pK*(892)-~r + [b] ( 1.1 • 0.s )% 
El2 p(K- r r+ )nonresonan tT r  0 ( 3.6 + 1.2 )% 
r13 13(1232)K*(892) seen 
F14 pK-r+~+~r - ( 1.1 4- 0.8 ) x l O  - 3  
FlS p K - r + r ~  ~ ( 8 • 4 ) x l 0  - 3  
F16 p K - r + ~ r ~  ~ ( 5.0 4- 3.4 ) x l0  -3 

Hadronic modes wlth a p and zero or two K's 
r17 p~r+~ - ( 3.5 4. 2.0 ) x 10 - 3  
r18 Pf0(980) [hi ( 2.8 4, 1.9 ) • 10 - 3  
F19 p ~ + ~ + ~  /r ( 1.8 • 1,2 )x 10 - 3  
r2o p K + K  - ( 2.3 • 0.9 ) x l O  - 3  
r21 PC [b] ( 1.2 • 0.5 ) x  10 - 3  

Hadronic modes with a hyperon 
( 9.0 :i: 2.8 ) x  10 - 3  r22 A~r + 

r23 A~r + 7r ~ 
F24 A p  + 
r2s A~r+ ~r+ ;r - 

F26 A ~r + 
F27 /(1385) + r/ [b] 
F28 AK+-K ~ 
F29 Z 0 ~+ 
F3 o Z+ ~0 

r31 z "+ 7/ 
F82 _7.+ 7r + ~r- 
r~3 Z+ po 
r34 [- ;+ 7r + 
F3 s ~-0=+~r0 
F36 _F07r+ ~r+ ~r- 
F37 Z '+  ~-+ ;T- ;T 0 
r3B Z + UP [b] 

r39 /[+ 7r+ ~r+ ~ ~r 

r4o Z + K + K- 

r4z Z + r [b] 

F42 Z+ K+Ir - 

1-43 --0 K + 

F4 4 --- K + ~r + 

F45 50530) 0 K + [b] 

( 3 . 6 4 -  
< 5 

3.3 • 
1.8 • 
8.5 • 
6 .04 ,  
9.9 • 
1.00• 
5.5 • 
3.4 • 

< 1.4 
( 1.8 
( 1.8 
( 1.1 

( 2.7 

( 3.0 

( 3.s 
( 8.5 
( 7  

( 3.9 
( 4.9 
( 2.6 

1.3 )% 
% 

1.0 )% 
0.6 )% 
3.3 ) x 10 - 3  
2.1 ) • 10 - 3  
3.2 ) x 10 -3  

0.34) % 
2.3 ) x 10 - 3  

i.o )% 
% 

4. 0.0)% 
4,o,s)% 
4 -0 .4 )% 

d: 1.0)% 

_+ ~:~I• lO-3 
4. 1.2 ) x 10 -3 
4. 1.7 ) x 10 -3  

+ 46 ) x l O  - 8  

::= 1.4 ) • 10 -3  
~: 1.7 ) • 10 - 3  
4. 1,0 ) x 10 - 3  

CL=95% 

CL=95% 
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A: 

F46 A s u l 
F47 A e + u e 
F48 A# + up 

F49 e +anything 
Fso pe+ anything 
F51 Ae+ anything 
Fs2 p anything 
rs3 p anything (no A) 
Fs4 p hadrons 
Fss n anything 
rs6 n anything (no A) 
Fs7 A anything 
rs8 z 4" anything 

r59 
r6o 

Semileptonic modes 
[c] ( 2.0 4, o.6 )% 

( 2.1 4. 0 .8)% 
( 2.0 4- 0.7 )% 

Inclusive modes 
{ 4.5 :E 1.7 
( 1.8 :h 0.9 

{d] 

(so +16 % 
(12 +19 % 

(50 4-16 ) % 
(29 4,17 ) % 
(35 4,11 ) % 
(lO • s ) % 

S=1.4 

A C =  1 weak neutral current (CI) modes, or 
Lepton number (L) violating modes 

p/~+/~-  CI < 3.4 • 10 - 4  CL=90% 
~' -J$+/~+ L < 7.0 x 10 - 4  CL=90% 

[a] See the "Note on A + Branching Fractions" below. 

[b] This branching fraction includes all the decay modes of the final-state 
resonance. 

[c] An s indicates an e or a # mode, not a sum over these modes. 

[d] The value is for the sum of the charge states or particle/antiparticle 
states indicated. 

Ac+ B R A N C H I N G  F R A C T I O N S  

Revised 2000 by P.R. Burchat (Stanford University). 

Most A + branching fractions are measured relative to the 

decay mode A + --+ p K - l r  +. However, there are no model- 

independent measurements of the absolute branching fraction 

for A + --* p K - l r  +. Here we describe the measurements that 

have been used to extract B(A + ~ pK-Tr+), the model- 

dependence of the results, and the method we have used to 

average the results. 
ARGUS (ALBRECHT 88C) and CLEO (CRAWFORD 92) 

measure B(B ---+ A+X) x B(A + ---, p g - T r  +) to be (0.30 =E 0.12 + 

0.06)% and (0.273 =5 0.051 + 0.039)%. Under the assumptions 
that decays of B mesons to baryons are dominated by B ---* 

A+X and that A+X final states other than A+NX can be 

neglected, they also measure B(B ~ A+X) to be (6.8 =t= 0.5 i 

0.3)% (ALBRECHT 920) and (6.4 + 0.8 4- 0.8)% (CRAWFORD 

92). Combining these results, we get B(A + ~ pK-Tr  +) = 

(4.14+0.91)%. However, the assumption that B decay modes to 

baryons other than A+NX are negligible is not on solid ground 
experimentally or theoretically [1]. Therefore, the branching 

fraction for A + -* pK-Tr  + given above may be low by some 

undetermined amount. 

The second type of model-dependent determination of 

B(A + ~ pK-~r  +) is based on measurements by AR- 

GUS (ALBRECHT 91G) and CLEO (BERGFELD 94) of 
a(e+e - --* A+X).B(A + ---+ Ag+ut) = (4.154-1.03-t-1.18) pb and 

(4.77:t= 0.25 =t: 0.66) pb. ARGUS (ALBRECHT 96E) and CLEO 

(AVERY 91) have also measured a(e+e - --~ A+X) �9 B(A + --* 
p K - r + ) .  The weighted average is (11.2 4- 1.3) pb. 

From these measurements, we extract R - B(A + ---* 

p K - T r + ) / B ( A  + --+ Ag+ut) = 2.40 + 0.43. We estimate the 

A + ~ pK-Tr  + branching fraction from the equation 
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B(A~ + - .  p g - ~ + )  = n / F r ( D  -~ x~+~).  7"(A+) (1) 
1 + IV~/v . I  ~ 

where f = B(A + --~ As + ~ Xae+r't) and 

F = r ( A  + ~ X, l+v , ) / r (D ~ ~ X~+v,).  W h e n  we use  

l+]Vca/Vcal 2 = 1.05 and the world averages F ( D  --+ X l + v , )  = 

(0.163• x 10 -12 s -1 and T(A +) = (0.206• • 10 -12 s, 

we calculate B(A + ~ pK-~r +) = (7.7 • 1.5)%. f F.  Theoretical 

estimates for f and F are near 1.0 with significant uncertainties. 

So, we have two results with significant model-dependence: 

B(A + ~ pg-~r  +) = (4.14• from B decays, and B(A + 

pK-~r +) = (7.7 4- 1.5)%- f F from semileptonic A + decays. If 

we set f F = 1.0 in the second result, and assign an uncertainty 

of 30% to each result to account for the unknown model- 

dependence, we get the consistent results B(A + ~ pK-~r +) = 

(4.14 • 0.91 • 1.24)% and B(A + ~ p K - x  +) = (7.7 • 1.5 • 

2.3)%. The weighted average of these two results is B(A + 

pK-~r +) = (5.0 • 1.3)%, where the uncertainty contains bo th  

the experimental uncertainty and the 30% estimate of model 

dependence in each result. 

This procedure is clearly rather  arbitrary, but  so is any other 

procedure until  good measurements of the absolute branching 

fraction are made. Therefore, we have assigned the value (5.0 • 

1.3)% to the A + ~ pK-~r + branching fraction (given as PDG 00 

below). As was noted earlier, most of the other modes are 

measured relative to this mode. 

New methods for measuring the A + absolute branching 

fractions have been proposed [1,2]. 

R e f e r e n c e s  

1. I. Dunietz, Phys. Rev. D58,  094010 (1998). 

2. P. M i g l i o z z i  e~ al., Phys. Lett. B462,  217 (1999). 

A + BRANCHING RATIOS 

- -  Hadronic modes with a p and one 

r(pP)lr(pK-.+) 
VALUE EVTS DOCUMENT ID TECN COMMENT 

e.47:l:e.04 OUR AVERAGE 
0.46--0.02• 1025 ALAM 98 CLE2 e+e - ~ 7"(4S) 

0.44--0,07:k0,05 133 AVERY 91 CLEO e + e- 10,5 GeV 
0,55--0.17• 45 ANJO5 90 E691 -'/Be 70-260 GeV 

0.62--0.15• 73 ALBRECHT 88r ARG e + e -  10 GeV 

r (pK- .+) / r~ ,  

r l / r= 

r , / r  
See the "Note on A + Branching Fractions" above. 

VALUE DOCUMENT ID TECN COMMENT 

e.0~l-l-e.013 PDG 00 See note at top of ratios 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.041--0.010 1,2ALBRECHT 920 ARG e+e - .~ T(4S) 
0.044--0.012 1,3CRAWFORD 92 CLEO e+e - 10.5 GeV 

1To extract r ( p K -  ~+) / r to ta  I, we use B(~ ~ A + X).B(A~ - -  p K -  =+)  = (0.28 • 
0.06)%, which is the average of measurements from ARGUS (ALBRECHT 88C) and 
CLEO (CRAWFORD 92). 

2ALBRECHT 920 measures B(B ~ A~X) = (6.8 4- 0.5 • 0.3)%. 

3CRAWFORD 92 measures B(B ~ Ac~X ) = (6.4 • 0.8 4- 0.8)%. 

r(p~"(892)e)/r(pK- lr +) r3/r2 
Unseen decay modes of the K*(892) 0 are included. 

VALUE EVTS DOCUMENT ID TEEN COMMENT 
0.314-0.04 OUR AVERAGE 
0.29• 4 AITALA O0 E791 ~r- N, 500 GeV I 

+0 06 0.35_0107• 39 BOZEK 93 NA32 ~r- Cu 230 GeV 

0.42--0.24 12 BASILE 81B CNTR p p  ~ A ~ e - X  

�9 �9 = We do not use the following data for averages, fits, limits, etc. �9 * �9 

0.35--0.11 BARLAG 90D NA32 See BOZEK 93 

4AITALA O0 makes a coherent 5-dimensional amplitude analysis of 946 4- 38 A~ ~ I 

p K -  7r + decays. 

r(a0~2)++K-)/r(pK-,+) rdr= 
VALUE EVT5 DOCUMENT ID TECN COMMENT 
0.174-0.04 OUR AVERAGE Error includes scale factor of 1.1. 
0.18+0.03• 5 AITALA 00 E791 7r- N, 500 GeV I 

0.12+00:004--0.05 14 BOZEK 93 NA32 . -  Cu 230 GeV 

0.40--0.17 17 BASILE 81B CNTR p p  ~ A ~ e - X  

5AITALA 00 makes a coherent 5-dimensional amplitude analysis of 946 • 38 A~ ~ I 

p K -  7r + decays. 

r(MlS20),r+)/r(pK- ~r +) rur2 
Unseen decay modes of the A(1520) are included. 

VALUE EVT5 DOCUMENT ID TEEN COMMENT 

0 119+0"03,~ 2 OUR AVERAGE 
' - 0.ucll 

0.15 --0.04 --0.02 6 AITALA 00 E791 ~ -  N, 500 GeV I 

0.09 +0.04 --0.02 12 BOZEK 93 NA32 r - C u  230 GeV --0.03 

6AITALA 00 makes a coherent 5-dimensional amplitude analysis of 946 -- 38 Ac+ ~ I 

p K -  7r + decays. 

r(p K - . +  nonresonant) Ir(p K-  . + )  r6/r2 
VALUE EVTS DOCUMENT ID TEEN COMMENT 

0.554"0.06 OUR AVERAGE 
0.55--0.06• 7 AITALA 00 E791 ~ -  N, 500 GeV I 

+0  07 0.56_0109 4-0'05 71 BOZEK 93 NA32 ~r- Cu 230 GeV 

7 AITALA 00 makes a coherent 5-dimensional amplitude analysis of 946 • 38 A~ ~ I 

p K -  r + decays. 

r (pP .o)/r (p K- ~r +) rdr2 
VALUE Ev'r5 DOCUMENT ID TEEN COMMENT 

0.66-t-0.05::E0.07 774 ALAM 98 CLE2 e + e -  .~ T(45) 

r(pg%)/r(pK-. +) re/r2 
VALUE EVTS DOCUMENT ID TEEN COMMENT 

0.25-1-0.04-1-0.04 57 AMMAR 95 CLE2 e + e -  ~ T(4S) 

r (pP.+ . - ) / r (pK- .+)  
VALUE EVTS DOCUMENT ID TEEN COMMENT 

rg/r2 

0.514-0.06 OUR AVERAGE 
0.52--0.04--0.05 985 ALAM 98 CLE2 e - - e -  ~ 7"(45) 
0.43:1:0.12• 83 AVERY 91 CLEO e + e -  10.5 GeV 
0.98--036--0.08 12 BARLAG 90D NA32 ~ -  230 GeV 

r(pK-,+ ,~ +) r i o / r =  
VALUE EVT5 DOCUMENT ID TEEN COMMENT 

0.67+0.04:E0.U 2606 ALAM 98 CLE2 e + e -  ~ T(45) I 

r(pK'(e92)-,,+)lr(p~lr + *r-) r, l l r ,  
Unseen decay modes of the K (892)- are included. 

VALUE EVTS DOCUMENT ID TEEN COMMENT 

0.44-1-0.14 17 ALEEV 94 BIS2 n N  20-70 GeV 

r(p (K-  ~'+)nonruoMnt lr~ Ir(p K-  lr +) rl=/r= 
VALUE EVTS DOCUMENT ID TEEN COMMENT 

0.73-1-0.12-1"0.05 67 BOZEK 93 NA32 ~--Cu 230 GeV 

r (z1(1232)~* (892))/rtotal q3 / r  
VALUE EVT5 DOCUMENT ID TEEN COMMENT 

seen 35 AMENDOLIA B7 SPEC ~,Ge-Si 

r(pK-~+ .+ ~-)lr(pK-.+) r141r2 
VALUE DOCUMENT ID TEEN COMMENT 

0.0224-0.015 BARLAG 90D NA32 x -  230 GeV 

r(pK-.+ .o.~ /r(pK-. +) r . l r 2  
VALUE EVT5 DOCUMENT ID TEEN COMMENT 

0.16"1"0.074"0.03 15 BOZEK 93 NA32 ~r-Cu 230 GeV 
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r(pK-.+x~176 +) riur2 
VALUE E V T S  DOCUMENT ID TEEN COMMENT 

0.10• 8 BOZEK 93 NA32 ~--Cu 230 GeV 

Hadronic modes with a p and 0 or 2 K's - -  

r(plr +~--) Ir(p K- .+)  rlT/r~ 
VALUE DOCUMENT ID TEEN COMMENT 

0.069• BARLAG 90D NA32 / r -  230 GeM 

r(p fo(980))/r(p K-  x +) rzg/r2 
Unseen decay modes of the f0(980) are included. 

VALUE DOCUMENT /D TEEN COMMENT 

0.0554"0,036 BARLAG 90D NA32 ~ -  230 GeV 

r (p ,+ ,P , r - , r - ) / r (pK-x  +) r ldr2 
VALUE DOCUMENT /D TEEN COMMENT 

0,036"1"0.023 BARLAG 90D NA32 ~r- 230 GeV 

F(pK + K-) IF(pK- .  +) r~/r2 
VALUE E V T 5  DOCUMENT Ia TEEN COMMENT 
0.046:t:0.012 OUR AVERAGE Error includes scale factor of 1.2. 

0 ,039•177 214 ALEXANDER 96E CLE2 e + e  - -.~ T(4S) 
0.096• 30 FRABETTI 93H E687 -/Be, E ' /  220 GeV 

0.048• BARLAG 90D NA32 X-- 230 GeV 

r(p~)/r(pK-x+) r2dr2 
Unseen decay modes of the @ are included. 

VALUE E V T S  DOCUMENT ID TECN COMMENT 

0.024:1:0.0064-0.003 54 ALEXANDER 96C CLE2 e + e  - ~ T(45)  
�9 �9 * We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

0.040• BARLAG 90D NA32 ~r- 230 GeV 

r(pr K-) r2zlr20 
Unseen decay modes of the (~ are included. 

VALUE CL~ DOCUMENT ID TECN COMMENT 

�9 * �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

<0.58 90 FRABETTI 93H E687 ")'Be, E.~ 220 GeV 

Hadronic modes with a hyperon 

r(,~.+)/r (p K-  lr +) r=/r2 
VALUE ~ E V T S  DOCUMENT ID TECN COMMENT 

0.180"1-0.032 OUR AVERAGE 
0.18 4-0.03 4-0.04 ALBRECHT 92 ARG e + e -  ~ 10.4 GeV 
0.18 4-0.03 4-0.03 87 AVERY 91 CLEO e + e  - 10.5 GeV 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

<0.33 90 ANJOS 90 E691 "},Be 70-260 GeV 
<0.16 90 ALBRECHT 88c ARG e + e -  10 GeV 

r(Ax+ x~ +) r~/r2 
VALUE E V T $  DOCUMENT ID TECN COMMENT 

0.T~14-0.09-1-0.16 464 AVERY 94 CLE2 e + e  - .~ T (3S) ,T(4S)  

F (Ap+ ) IF(p K-, + ) r2,/r2 
VALUE CL% DOCUMENT ID TEEN COMMENT 

<:0.95 95 AVERY 94 CLE2 e + e  - ~. T (3S) ,T (4S)  

r(A~r +:r +~r-)/r(pK-~r +) r=/r2 
VALUE E V T 5  DOCUMENT ID TEEN COMMENT 
0,66• OUR AVERAGE 
0.65+0.114-0.12 289 AVERY 91 CLEO e + e  - 103 GeV 
0 .82•177 44 ANJOS 90 E691 "}'Be 70-260 GeV 
0 .94•177 10 EIARLAG 900 NA32 ~r- 230 GeV 
0.61•177 105 ALBRECHT 88C ARG e+e - 10 GeV 

FOp.+ ~r-)/r(A~r+ ~r+ ~r-) r~/rz~ 
VALUE E V T 5  DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

2.64-1.2 ALEEV 96 SPEC n nucleus, 50 GeV/c 
4.34-1.2 130 ALEEV 84 BIS2 nC 40-70 GeV 

r(A.+ rl)/r(pK- ~r +) r . / r2  
VALUE E V T 5  DOCUMENT ID TEEN COMMENT 

0.35•177 116 AMMAR 95 CLE2 e + e  - ~ T(4S) 

r(z0~s)+ ~)/r(p K-  7r +) r2zlr2 
Unseen decay modes of the E(1385) + are included. 

VALUE E V T S  DOCUMENT ID TEEN COMMENT 

0.17•177  54 AMMAR 95 CLE2 e + e  - ~ T(4S) 
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TEEN 

95 CLE2 

TEEN 

94 CLE2 
92 ARG 

TEEN 

93 CLE2 

TEEN 

95 CLE2 

TEEN 

93 CLE2 

92 NA32 

TEEN 

r20/r2 
COMMENT 

e + e-- ~ T(4S) 

r~/r2 
COMMENT 

e + e  - -~ T (3S) ,T (45 )  

e + e -  ~ 10.4 GeV 

r30Ir2 
COMMENT 

e + e -  ~ T(4S) 

r31/r2 
COMMENT 

e+  e - ~ T(  4S) 

r321r2 
COMMENT 

e + e-- ~ T(45)  

l r - C u  230 GeV 

r3s/r2 
COMMENT 

e + e-- ~ 7 (45)  

r(AK+'gO)/r(pK- . +) 
VALUE E V T 5  DOCUMENT ID 

0.12,0.02 • 59 A M . A R  

r(z~ +) 
VALUE E V T 5  DOCUMENT tD 
0.204-0.04 OUR AVERAGE 

0.214- 0.02 4- 0.04 196 AVERY 
0.17 4- 0.06 • 0.04 ALBRECHT 

r (z+ .~  +) 
VALUE E V T S  DOCUMENT ID 

0.20 "1" 0.03 ::1:0.03 93 KUBOTA 

r(z+ ,~)lr(pK-,r +) 
VALUE E V T 5  DOCUMENT ID 

o.,,o.,,o.o~ 26 A . ~ A R  

r(z+,r + , r - ) / r (pK- ,+)  
VALUE E V T S  DOCUMENT ID 
0.68-1-0.09 OUR AVERAGE 
0.74 4- 0.07 4- 0.09 487 KUBOTA 

0 ~ + 0 . 1 8  11 BARLAG 
" ~ - 0 . 1 5  

r(z+ po)lr(pK-,+) 
VALUE CL~e DOCUMENT ID 

<0.27 95 

r(z-,r+ ,r+)lr(z+ ,r+ ,-)  
VALUE EVTS 

0.53::E0.15:E 0.07 56 

r(EOx+ xo) l r(pK-. +) 
VALUE EVT5 

o.~,o.o,~o., 117 

r (zo x+ .+ . - ) / r (o  K- ~r+) 
VALUE EVT$ 

o.21,o.0s,o.= 9o 

F(E+ .J)IF(pK-. +) 
Unseen decay modes of the ~ are included. 

VALUE EVTS 

o.~,• lO7 

r(z+ .+ .+ . - . - ) l r (pK- .+ ) 
VALUE EVT~ 

o.o6+o.~ 1 
--U.U4 

r (z+ K+ K- ) / r  (p K- 7r +) 
VALUE EVT~ 

0 0~0,0011• 59 

F(E + O) I r (pK- .  +) 
Unseen decay modes of the ~ are included. 

VALUE EVTS 

0,069 J" 0.023 • 26 

F(E + K + . - ) l r (pK-  .+) 
VALUE EVTS 

o 13+~ 2 2 
�9 --g.ur 

r(= --~ K+)lr(P K- Ir +) 
VALUE EVTS 

o.o~,o.013• 5o 

r(__=- K+ x+)lr(pK-Tr +) 
VALUE EVT$ 
0.0~•  OUR AVERAGE 

0,14 •  4-0.02 34 
0.0794-0,0134-0.014 60 
0.15 4-0.04 4-0.03 30 

KUBOTA 93 CLE2 

r~/r~ 
DOCUMENT ID TEEN COMMENT 

FRABETTI 94E E687 ")'Be, E3' 220 GeV 

r~/r2 
DOCUMENT ID TEEN COMMENT 

AVERY 94 CLE2 e + e  - ~ T(3S), 'F(4S) 

r3ur2 
DOCUMENT ID TEEN COMMENT 

AVERY 94 CLE2 e + e  - .~ T (3S) ,T (4S)  

r~/r2 
DOCUMENT ID TEEN COMMENT 

KUBOTA 93 CLE2 e + e -  ~. T(4S) 

r39/r2 
DOCUMENT ID TEEN COMMENT 

BARLAG 92 NA32 ~-- Cu 230 GeM 

r4o/r2 
DOCUMENT ID TEEN COMMENT 

AVERY 93 CLE2 e + e  - ~ 10.5 GeV 

r41/r2 
DOCUMENT ID TEEN COMMENT 

AVERY 93 CLE2 e + e -  ~- 10.5 GeV 

r42/r2 
DOCUMENT ID TEEN COMMENT 

BARLAG 92 NA32 ~r- Cu 230 GeV 

r43/r2 
DOCUMENT ID TECN COMMENT 

AVERY 93 CLE2 e + e -  ~ 10.5 GeV 

r . l r 2  
DOCUMENT ID TEEN COMMENT 

Error includes scale factor of 1.3, See the ideogram below. 

ALBRECHT 956 ARG e + e -  --~ 10.4 GeV 
AVERY 93 CLE2 e + e -  ~ 10.5 GeV 
AVERY 91 CLEO e + e -  10.5 GeV 
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WEIGHTED AVERAGE 
0.O98~t0.021 (Error scaled by 1.3) 

|iiil;~i~',i. 
. . . . . . .  ALBRECHT 95BARG 
. . . . . . .  AVERY 93 CLE2 

. . . . .  AVERY 91 CLEO 

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 

r ( - -  K+.+) / r (pK-.  + ) 

r(_--(153o) 0 K +)lr(pK-lr +) 
Unseen decay modes of the .---(1530) 0 are included. 

VALUE EVT$ DOCUMENT ID TEEN 
0.0524"0.014 OUR AVERAGE 
0.05 4-0.02 4,0.01 11 ALBRECHT 95B ARG 
0.053• 24 AVERY 93 CLE2 

- -  Semileptonic modes - -  

r(At+ z,t)/r(pK-, +) 
We average here the averages of the next two data blocks. 

VALUE DOCUMENT ID 
0.41 4-0.05 OUR AVERAGE 
0.42 • PDG 00 
0.39• PDG 00 

r C A e + . , . ) l r ( p K - . + )  
VALUE 
0.424-0.07 OUR AVERAGE 

DOCUMENT ID 

~C 2 
1.3 
1.0 
1.1 
3.4 

0.43 • 8,9 BERGFELD 
0.38• 9,10 ALBRECHT 

r./ri 
COMMENT 

e + e -  ~ 10.4 GeV 
e + e-- ~ 10.5 GeV 

r~/r2 
COMMENT 

Our r(Ae+ue)/r(pK-~+ ) 
Our r(Ap+vp)/r(pK - ~+) 

r47/r2 
TEEN COMMENT 

94 CLE2 e + e -  ~ T(4S) 
91G ARG e + e-- ~ 10.4 GeV 

8BERGFELD 94 measures o'(e+e - ~ Ac+X).B(Ac + ~ Ae+ue) = (4.87 4, 0.28 4- 
0.69) pb. 

9To extract F(A + - -  Ae + U e ) / r ( A +  ~ p K -  ~ + ) ,  we use c.(e + e -  ~ A + X ) . B ( A c  

p K - - 7 r  +)  = (11.2 • 1.3)pb, which is the weighted average of measurements from 
ARGUS (ALBRECHT 96E) and CLEO (AVERY 91). 

10ALBRECHT 91G measures o'(e+e - ~ A~X).B(A~ ~ Ae+ue) = (4.20 4, 1.28 4, 
031) pb. 

F(A/A+ u.)/r(~ K -  ~r + )  ra/r2 
VALUE DOCUMENT ID TEEN COMMENT 
0.39:1:0.08 OUR AVERAGE 
0.404-0.09 11,12 BERGFELD 94 CLE2 e + e  - ~ T(45) 
0.35:1:0.20 12,13 ALBRECHT 91G ARG e + e -  ~ 10.4 GeV 

11BERGFELD 94 measures o-(e+e - ~ A~X)-B(A~ ~ Ap+v#) = (4.43 4, 0.51 • 

0.64) pb. 

12 TO extract F(A~ ~ A #+ . . ) /F (A~  ~ p K -  7r +) . . . . . . .  (e + e-- ~ AC-- X)'B(A c 
p K - ~  "+)  = (11.2 + 1.3)pb, which is the weighted average of measurements from 
ARGUS (ALBRECHT 96E) and CLEO (AVERY 91). 

13ALBRECHT 91G measures o'(e+e - ~ A~X).B(A~ ~ A#+up) = (3.91 • 2.02 4. 

0.90) pb. 

- -  Inclusive modes - -  

r (e + anything)/rtml r49/r 
VALUE DOCUMENT ID TEEN COMMENT 

0.0454.0.017 VELLA 82 MRK2 e + e -  4.5-6.8 GeV 

r (p e+ anything) lrtotal rso/r 
VALUE DOCUMENT ID TEEN COMMENT 

0.0111-I'0.009 14 VELLA 82 MRK2 e + e -  4.5-6.8 GeV 

14VELLA 82 includes protons from A decay. 

r(A,+anything)/rt~al rsl/r 
VALUE DOCUMENT IO TEEN COMMENT 

I �9 �9 We do not use the following data for averages, fits, limits, etc. �9 * �9 

0.0114,0.008 15VELLA 82 MRK2 e + e  - 4.5-6.8GeV 

15VELLA 82 includes A's from ~0 decay. 

r (p  anything)/rtota I rs2/r 
VALUE DOCUMENT ,D TEEN COMMENT 
0,50:1:0.084.0.14 16 CRAWFORD 92 CLEO e + e -  10.5 GeV 

16 This CRAWFORD 92 value includes protons from A decay. The value is model dependent, 
but account is taken of this in the systematic error. 

r (p  anything (no A)) /rtoti l  rs3 / r  
VALUE DOCUMENT ID TEEN COMMENT 

0.124.0.104.0.16 CRAWFORD 92 CLEO e + e -  10.5 GeV 

r(n anything)/rt~xal r . / r  
VALUE DO~:UMENT }D TEEN COMMENT 

0.50.1.0.00.1.0.14 17 CRAWFORD 92 CLEO e + e -  10.5 GeV 

17This CRAWFORD 92 value includes neutrons from A decay. The value is model depen- 
dent, but account is taken of this in the systematic error. 

r(. anything (no A))/rmtal rs6/r 
VALUE DOCUMENT ID TEEN COMMENT 

0.29:1:0.09-1-0.15 CRAWFORD 92 CLEO e + e -  10.5 GeV 

r(p hadrons)/rtatal rs4/r 
VALUE DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.414.0.24 ADAMOVICH 87 EMUL ~fA 20-70 GeV/c 

F(A anything)/l'tota I r6dr 
VALUE EVT5 DOCUMENT ID TEEN COMMENT 
0.354.0oll OUR AVERAGE Error includes scale factor of 1.4. See the ideogram below. 

0.59• CRAWFORD 92 CLEO e + e  - 10.5 GeV 
0.494-0.24 ADAMOVICH 87 EMUL 7A 20-70 GeV/c 
0.234.0.10 8 18 ABE 86 HYBR 20 GeV "yp 

1BABE 86 includes A's from E 0 decay. 

WEIGHTED AVERAGE 
0.35:E0.11 (Error scaled by 1.4) 

-0.5 0 0.5 

F(A anyth ing) / r to ta  I 

~ 2  

. . . . . . .  CRAWFORD 02 CLEO 2.3 

. . . . . . .  ADAMOVICH 87 EMUL 0.3 

. . . . . . .  ABE 86 HYBR 1.5 
4.1 

(Confidence Level = 0.126) 

1 1.5 2 

A~ DECAY PARAMETERS 
See the "Note on Baryon Decay Parameters" in the neutron Listings, 

a FOR A + --~ A~ + 
VALUE EVT5 DOCUMENT IP TEEN COMMENT 
- -0.98+0,19 OUR AVERAGE 
-0.94• 414 19BISHAI 95 CLE2 e + e  - ~ T(4S) 
-0.964-0.42 ALBRECHT 92 ARG e + e -  ~ 10.4 GeV 
-1 .1  4-0.4 86 AVERY 908 CLEO e + e -  ~ 10.6 GeV 

19BISHAI 95 actually gives e -  0 9 4  + 0 " 2 1 + 0 " 1 2  chopping the errors at the physical - -  " - 0 . 0 6 - 0 . 0 6 '  
limit -1 .0 .  However, for cr ~ - 1.0, some experiments should get unphysical values 
(a < -1 .0) ,  and for averaging with other measurements such values (or errors that 
extend below - 1.0) should not be chopped. 

r ( ~ •  anyth inK) / r t~  r~/r 
VALUE E V T S  DOCUMENT ID TEEN COMMENT 

0.1 •  5 ABE 86 HYBR 20 GeV 3'P 

- -  Rare or forbidden modes 

r(pp+~-)/rt~l r./r 
A test for the Z~C=I weak neutral current. Allowed by higher-order electrov~ak inter- 
actions. 

VALUE _ ~ E V T S  DOCUMENT IP TEEN COMMENT 

<3.4 x 10 - 4  90 0 KODAMA 95 E653 ~r- emulsion 600 GeV 

r (z- .+#+) / r~ . ,  r6o/r 
A test of lepton-number conservation. 

VALUE CL~ E V T S  DOCUMENT ID TEEN COMMENT 

<7.0 x 10 - 4  90 0 KODAMA 95 E653 ~-- emulsion 600 GeV 
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a FOR A + ---* Z'+~r 0 
VALUE EVTS DOCUMENT ID TEEN COMMENT 

--0.45"1-0.$1-1"0.0~ 89 BISHAI 95 CLE2 e + e  - ~ T ( 4 5 )  

a FOR A~ - - - *  At+ ~,t 
The experiments don't cover the complete (or same incomplete) M(A~. +) range, but 
we average them together anyway. 

VALUE EVTS DOCUMENT/D TEEN COMMENT 

_o.~_+o:~.~ o u . * w . ~  
n R ~ + 0 " 0 9 +  0"06 700 20 CRAWFORD 95 CLE2 e + e -  ~. T ( 4 5 )  

- ~ ' ~ ' -  0 .06- -0 .03 

-0 .914 .0 .424 ,0 .25  21 ALBRECHT 948 ARG e + e  - -~ 10 GeV 

�9 �9 * We do not use the fol lowing data for averages, fits, l imits, etc. �9 = * 

n R(~+0.17+0.09 350 22 BERGFELD 94 CLE2 See CRAWFORD 95 --~'~'-- 0.11-- 0.05 

20 CRAWFORD 95 measures the form-factor ratio R_= f2/f l  for A+ c ~ Ae § Pe events to 

be -0.25 4- 0.14 4- 0.08 and from this calculates ~, averaged over q2, to be the above. 
21ALBRECHT 94B uses Ae + and A/~ § events in the mass range 1.85 <M(At+)< 2.20 

GeV. 
22BERGFELD 94 uses Ae 4" events. 
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B a r y o n  P a r t i c l e  L i s t i n g s  

A+,Ac(2593) + 

I A C ( 2 5 9 3 ) +  I i (JP)  = o ( � 8 9  Status: ~<~<~< 

Seen in Ac+~r+Ir- but not in A+= 0, so this is indeed an excited 

A + rather than a Z "+. The A + 7r + l r -  mode is largely, and perhaps 
entirely, ~'cTr, which is just at threshold; thus (assuming, as has 
not yet been proven, that the E c has JP = 1/2 + ) the JP here 
is almost certainly 1 /2 - .  This result is in accord with the theoret- 
ical expectation that this is the charm counterpart of the strange 
A(1405). 

Ac(2593) + MASS 

The mass is obtained from the A C ( 2 5 9 3 ) + - A +  c mass-difference measure- 
ments below. 

VALUE(MW) 
2593.94-0.8 OUR FIT 

DOCUMENTID 

Ac(2593) + - A + MASS DIFFERENCE 

VALUE (MeV) EVTS DOCUMENT ID TEEN COMMENT 

30&g: l :0 .6  OUR FIT Error includes scale factor of 1.1. 

308.94-0.6 OUR AVERAGE Error includes scale factor of 1.1, 

309 .74-0 .9+0.4  19 ALBRECHT 97 ARG e + e -  ~ 10 GeM 

309.24-0.74-0.3 14 1 FRABETTI  96 E687 "yBe, ES' ~ 220 GeV 

30734-0 .44-1 .0  112 2 EDWARDS 95 CLE2 e + e -  ~ 10.5 GeV 

1 FRABETTI  96 claims a signal of 13.9 4- 4,5 events. 

2 EDWARDS 95 claims a signal of 112.5 4. 16.5 events in Ac+ Jr + ~ r - .  

Ac(2593) + WIDTH 

VALUE (MeV) EVTS DOCUMENT ID TEEN COMMENT 

s.L+~: ~ ou. ^v~GE 
2.9+219_+] i  8 19 ALBRECHT 97 ARG e + e - ~  I O G e V  

39+_L~+_L8 112 EDWARDS 95 CLE~ e+o- ~ lO5 ~ov 

Ac(2593) + DECAY MODES 

A C + ~  and its submode Z 'c (2455)~  - -  the lat ter jus t  barely - -  are the 

only strong decays allowed to an excited Ac+ having this mass; and the 
submode seems to dominate. 

Mode Fraction ( r i / r )  

r I A + ~r + 7r- [a] ~ 67 % 
r2 ,~c(2455)++7r - 24 4- 7 % 
r 3 Z'c(2455) ~ 24 4- 7 % 

r 4 A + 7r + 7r- 3-body 18 4, 10 % 
r5 + o A c 'E not seen 

C 6 A + "y not seen 

[a] Assuming isospin conservation, so that the other third is A+ 7r%r ~ 

Ac(2593) + BRANCHING RATIOS 

r(zc(24~)++~-)/r(A + f+~-)  r2/rl 
VALUE DOCUMENT ID TEEN COMMENT 

0.36-1-0.10 OUR AVERAGE 
0.374 .0 .12r  ALBRECHT 97 ARG e + e  - ~ 10 GeV 

0.364.0.094,0.09 EDWARDS 95 CLE2 e + e  - ~ 10.5 GeV 

F(ZE(2~5) ~ rs/rl 
VALUE DOCUMENT ID TEEN COMMENT 

0.374-0.10 OUR AVERAGE 
0.294,0.104,0.11 ALBRECHT 97 ARG e + e -  ~ 10 GeV 

0.424-0.094-0.09 EDWARDS 95 CLE2 e + e  - ~ 10.5 GeV 

[r(zd2es)++,r-) + r(rc(2es)o,,+)]/r(A+,,+,,-) (r2+rs)/q 
VALUE CL~ DOCUMENT ID TE~: N COMMENT 

�9 * �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

0 6 ~+0"13  J-n n~ e + ' " - 0 , 1 6  ~ u , w  ALBRECHT 97 ARG e -  ~ 10 GeV 

>0.51 90 3 FRABETTI  96 E687 ~Be.  E 7  ~ 220 GeV 

3 The results of FRABETTI  96 are consistent wi th  th is rat io being 100%. 
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Baryon Particle Listings 
Ac(2593) +, Ac(2625) +, ~Fc(2455) 

Ac(2625) + DECAY MODES 

AC+ ~ ~ and its submode ~(2455)~ are the only strong decays allowed to 

an excited Ac+ having this mass. 

Mode Fraction ( r i / r )  Confidence level 

r(4~.O)/r(,~+,+,-) rs/n 
A + ~r 0 decay is forbidden by isospin conservation if  this state is in fact a A c .  

VALUE EL% DOCUMENT ID TECN COMMENT 

<3.53 90 EDWARDS 95 CLE2 e + e -  ~- 10.5 GeV 

F(A +~)Ir(A +,+,r-) r6/rl 
VALUE CL~ DOCUMENT ID TEEN COMMENT 

<0.90 90 EDWARDS 95 CLE2 e + e -  ~ 10.5 GeV 

Ac(2593) + REFERENCES 

ALBRECHT 9r PL B402 207 H, Albrecht et al. (ARGUS Collab,) 
FRABETTI 96 PL B365 46] P.L. Frabetti et al. (FNAL E687 Collab) 
EDWARDS 95 PRL 74 333] KW. Edwards et aL (CLEO Collab.) 

IAc(2625) I ' ( ' P )  = 0 ( ~ - )  Status: * : k  * 

I 
Seen in A + Ir + ~'-  but not in Ac + ~r 0 so this is indeed an excited A + 

rather than  a E + .  The spin-par i ty has no t  been measured bu t  is 

expected to be 3 / 2 - :  th is  is presumably the charm counterpar t  of 
the  strange A(1520).  

Ac(2625) + MASS 

The mass is obtained from the A C ( 2 6 2 5 ) + - A +  c mass-difference measure- 
ments below. 

VALUE (MeV) EVTS DOCUMENT ID TEEN COMMENT 

2626,64"0.8 OUR FIT Error includes scale factor of 1.2. 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 i 

2626.6• 42 1 ALBRECHT 93F ARG See ALBRECHT 97 

1 ALBRECHT 93F claims a signal of 42.4 • 8.8 events. 

Ac(2625) + A + MASS DIFFERENCE 

VALUE {MeV) EVTS DOCUMENT ID TECN COMMENT 

341.74-0.6 OUR FIT Error includes scale factor of 1.6. 
341.74-0.6 OUR AVERAGE Error includes scale factor of 1.6. See the ideogram below. 

342.1• 51 ALBRECHT 97 ARG e + e  - -~ 10 GeV 
342.24-0.2:t:0.5 245 2 EDWARDS 95 CLE2 e4- e -  ~ 10.5 GeV 
340.4• 40 3 FRABETTI 94 E687 3,Be, r 3, = 220 GeV 

2 EDWARDS 95 claims a signal of 244.6:5 19.0 events in A~ + 7r § ~r- .  

3 FRABETTI 94 claims a signal of 39.7 • 8.7 events. 

Ac(262S) + WIDTH 

VALUE(MeV) CL% EVTS DOCUMENT ID TEEN COMMENT 

<1.9 90 245 EDWARDS 95 CLE2 e + e -  ,~ 10.5 GeV 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

<3.2 90 ALBRECHT 93F ARG e + e  - ~ T(45)  

r I Ac4- 71- 4-/C-- [a] ~ 67% 

r 2 Ec(2455)++ ~T - <5 
r3 Zc(2455) 07r + <5 
r4 A + ~T + 7r- 3-body large 
r S Ac + / r  0 not seen 

r 6 Ac + "y not seen 

[a] Assuming isospin conservation, so that the other third is / i  c'+ ~~ 7r~ 

90% 
90% 

VALUE (MeV) DOCUMENT ID 

2452.24-0.6 OUR FIT 

ALBRECHT 97 PL B402 207 H. AIl~echt et at. (ARGUS Collab.) 
EDWARDS 95 PRL 74 3331 K.W. Edwards et ~1. (CLEO Collab.) 
FRABETTI 94 PRL 72 961 P.L. FrabetU et al. (FNAL E6B7 Collab.) 
ALBRECHT 93F PL B317 227 H. Albrecht et at. (ARGUS Collab.) 

Ac(2625) + REFERENCES 

I  Fc(2455) I '(') : s,.,us , * * *  

Neither J nor P has been measured; I / 2  + is the  quark model  pre- 

d ic t ion.  

Z'r MASSES 
The masses are obtained from the mass-difference measurements that fol- 
low, 

~c(2455) ++ MASS 
VALUE (MeV) DOCUMENT ID 

2452.8-1-0.6 OUR FIT 

Z'c (2455) + MASS 
VALUE IMeV) DOCUMENT ID 

2455.64-0.9 OUR FIT 

Z'c(2455) ~ MASS 

Ac(2625) + BRANCHING RATIOS 

r(zc(24ss)++.-)/r(A t .+ . - )  r2/q 
VALUE CL~ DOCUMENT ID TECN COMMENT 

<0.1~ 90 EDWARDS 95 CLE2 e + e -  ~ 10.5 GeV 

r(zc(24ss) ~ +.+.-) r~lq 
VALUE CL~ DOCUMENT ID TEEN COMMENT 

<0.07 90 EDWARDS 95 CLE2 e + e -  ~ 10.5 GeV 

[r (,%(2455)++, - )  + r(rc(2455)%r+)]lr(A+c~r+x -) ( r2+r3) /q  
VALUE CL~ EVTS DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<0.36 90 FRABETTI 94 E687 ')'Be, r ~  = 220 GeV 

0A6• 21 ALBRECHT 93F ARG e+e - ~ T(45) 

r(A~ +,+,-3-body)/F(A +lr +x-) r4/rl 
VALUE EVTS DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

0.544-0.14 16 ALBRECHT 93F ARG e - - e -  ~ T(45)  

r(A+ ,P) Ir(A+ ,~+ , -) rs/q 
A + ~0 decay is forbidden by isospin conservation if this state is in fact a A c. 

VALUE CL~ DOCUMENT ID TEEN COMMENT 

<0.91 90 EDWARDS 95 CLE2 e + e -  ~ 10.5 GeV 

r(A+.f) ir(A+ ,~+ ,r -) r61rl 
VALUE C L U e  DOCUMENT ID TEEN COMMENT 

<0.62 90 EDWARDS 95 CLE2 e + e -  ~ 10.5 GeV 



See key on page 239 

Z'c(2455 ) 

m~:~ - mat 

VALUE (MeV) EVT$ 

167,974- 0.19 OUR FIT 
1r'7.gT:::E 0.20 OUR AVERAGE 
167,76• 0.29• 122 
167.6 • 0.6 -I-0.6 56 

168,2 • 0.3 •  126 
167.8 • 0.4 =E0.3 54 
168.2 • 0.5 •  92 
167,4 • 0.5 •  46 
167 • 1 2 
168 • 3 6 

- A + MASS DIFFERENCES 

DOCUMENT ID TECN COMMENT 

AITALA 96B E791 ~r- N, 500 GeV 
FRABETTI  96 E687 "TBe, E'7 ~ 220 GeV 

CRAWFORD 93 CLE2 e + e -  ~ T(4S) 
BOWCOCK 89 CLEO e + e -  10 GeV 
ALBRECHT 88D ARG e + e- 10 GeV 
DIESBURG 81 SPEC nA ~ 600 GeV 
JONES 87 HBC vp in BEBC 
BALTAY 19 HLBC u Ne-H in 15-ft 

Baryon 
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Particle Listings 
Ec(2455) ,  Zc (2520 )  

Ec(2455 ) REFERENCES 

AITALA 96B PL B379 292 E.M. Aitala et al. (FNAL E791 Collab.) 
ALEEV 96 JINRRC 3 31 A.N. Aleev et al. (Serpukhov EXCHARM Collab.) 
FRABETTI 96 PL B365 461 P.L. Frabetti et aL (FNAL E687 Collab.) 
CRAWFORD 93 PRL 71 3259 G. Crawford et at. (CLEO Co]lab.) 
ANJOS 89D PRL 62 1721 J.C. Anjos et aL (FNAL E691 Collab.) 
BOWCOCK 89 PRL 62 1240 TJ.V. Bo','Kock et aL (CLEO Collab.) 
ALBRECHT 88D PL 0211 489 H. Albrecht et at. (ARGUS Coliab.) 
DIESBURG 87 PRL 59 27tl M. Diesburg et aL (FNAL E400 Collab.) 
JONES 87 ZPHY C36 593 G.T. Jones et aL (CERN WA2] Collab.) 
AMMAR 86 JETPL 43 5t5 R. Ammar et al. (ITEP) 

Translated from ZETFP 43 401. 
BOSETTI 82 PL 109B 234 P.C. Bosetti et aL (AACH3. BONN. CERN+) 
CALICCHIO 80 PL 930 521 M. Calicchio et al. (BARJ, BIRM, BRUX+) 
BALTAY 79 PRL 42 1721 C. Baltay et al. (COLU, BNL) I 
CAZZOLI 75 PRL 34 1125 E,G. Cazzofi et al. (BNL) 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

166 • 1 1 BOSETTI 82 HBC See JONES 87 
166 •  1 CAZZOLI 75 HBC u p  in BNL 7-ft 

VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT 

168.7:1:0.6 OUR FIT  

168 4-3 ! CALICCHIO 80 HBC v p  in BEBC-TST 
�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 i �9 

168 .5 •177  111 1 CRAWFORD 93 CLE2 e - e -  ~ T(45)  

1 This result enters the fit through m E +  - mEcO below. 

m ~  - mA+ 
VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT 
167.304-0.20 OUR FIT 
167.3114-0.21 OUR AVERAGE 
167.38•177 143 AITALA 960 E791 ~ -  N, S00 GeM 
167.8 •  •  ALEEV 96 SPEC n nucleus, 50 GeV/c 
166.6 • • 69 FRABETTI 96 E607 "7Be, E"7 ~ 220 GeV 

167,1 •  •  124 CRAWFORD 93 CLE2 e + e  - ~ T(4S) 
168.4 •  •  14 ANJOS 89D E691 ";,Be 90-260 GeV 
�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

167.9 •  •  48 2 BOWCOCK 89 CLEO e + e -  10 GeV 
167.0 •  •  70 2ALBRECHT 88D ARG e + e  - 10GeV 
178.2 •  •  85 3 DIESBURG 87 SPEC nA ~ 600 GeV 
163 • 1 AMMAR 86 EMUL u A  

2This result enters the fit through m ++ - m o given below. 
E c E c 

3See the note on DIESBURG 87 in the m E +  + - m E o  c section below. 
c 

Z'c(245S ) MASS DIFFERENCES 

mz++ - m ~  

VALUE (MeV) DOCUMENT IO TECN COMMENT 

0.574-0.23 OUR FIT 
0.664-0.28 OUR AVERAGE Error includes scale factor of 1.1. 

+ 0 .38•177 AITALA 96B E791 ~r- N, S00 GeV 
1.1 •  •  CRAWFORD 93 CLE2 e + e  - .~ T(45)  

- 0.1 •  :t:0.1 BOWCOCK 89 CLEO e + e  - 10GeV 
+ 1.2 •  •  ALBRECHT 88D ARG e + e - ~  10 GeV 
�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

- 10 .8  •  4 DIESBURG 87 SPEC nA ~ 600 GeV 

4 DIESBURG 87 is completely incompatible wi th the other experiments, which is surprising 
since it  agrees wi th them about mEc(2455)++ - m A + .  We go wi th the majority here. 

,~  - m ~  

VALUE (MeV) DOCUMENT fO TECN COMMENT 

1.44-0.6 OUR FIT 

1.44-0.w CRAWFORD 93 CLE2 e + e  - ..~ T(4S) 

I E c(2520)  I ~(:P) : z(~+) star.5: * * *  
Seen in the  A+~r  • mass spectrum. The natural  assignment is t h a t  

this is the  J P  = 3 / 2  + exci tat ion of  the  ~c(2455) ,  the charm coun- 
terpart  of  the  Z'(1385),  bu t  nei ther J nor P has been measured. 

s MASSES 

The masses are obtained from the mass-difference measurements that fol- 
low. 

Ec(2520) ++ MASS 
VALUE (MeV) EVT$ DOCUMENT ID TECN COMMENT 
2519.44-1.5 OUR FIT 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

2530 -~5 •  6 1 A M M O S O V  93 HLBC u p ~  / ~ - E c ( 2 5 3 0 ) + +  

1AMMOSOV 93 sees a cluster of 6 events and estimates the background to be 1 event. 

Ec(2520) ~ MASS 
VALUE (MeV} DOCUMENT ID 
2517.54-1.4 OUR FIT 

~c(2520) MASS DIFFERENCES 

mzclZ~2o)++ - m a+ 

VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT 
2314.,~4-1A OUR FIT 

234.$'I'1.14-0.11 677 BRANDENB...  97 CLE2 e + e  - ~ T(45)  

m z = ( 2 8 2 0 ) o  - -  m A +  ~ 

VALUE {MeV) EVT5 DOCUMENT ID TECN COMMENT 
232.6+1.31 OUR FIT 

232.64-1.0-I"0.0 504 BRANDENB...  97 CLE2 e + e  - ~ T(4S) 

m z c ( 2 , s 2 0 ) +  + - -  m z c ( 2 8 2 o ) O  

VALUE IMeV) DOCUMENT ID TECN COMMENT 
1.94"1.7 OUR FIT  

1.94-1.44-1.0 2BRANDENB. . .  97 CLE2 e + e  - ~ T(4S) 

2This BRANDENBURG 97 result is redundant wi th measurements in earlier entries. 

Ec(2520) ++ WIDTH 
VALUE (MeV) EVT~ 

17.9+i'B-t-4.0_ �9 677 

EE(2520) ~ WIDTH 
VALUE (MeV) EVTS 

131 o_+]:o74-4 o 50, 

Ec(2520) WIDTHS 

DOCUMENT ID TECN COMMENT 

BRANDENB...  97 CLE2 e + e  - ~-. T(4S) 

DOCUMENT /D TECN COMMENT 

BRANDENB...  97 CLE2 e + e  - ~ T(45)  

Ec(2455) DECAY MODES Ec(2520 ) DECAY MODES 

AC+ ~ is the only strong decay allowed to a E c having this mass. Ac ~r ,s the only strong decay allowed to a E c having this mass, 

Mode Fraction ( r / I F )  Mode Fraction (rdr) 

r l  Ac+ ~r ~ lOO % rz A + ~r >- zoo % 

Ec(2520 ) REFERENCES 

BRANDENB... 97 PRL 78 2304 G. Brandenburg et aL (CLEO Collab.) 
AMMOSOV 93 JETPL 58 247 V.V. Ammosov et al. (SERP) 

Translated from ZETFP 58 24]. 
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Baryon Particle Listings 
~ +  
~ C  

r ~  i ( j P )  = 1 ~ 1 + ~  Status: ~ g < ~  

According to the quark model, the zc+ (quark content usc) and 

=0 form an isospin doublet, and the spin-parity ought to be JP  - c  
1/2 + ,  None of I, J, or P has actually been measured, 

VALUE (MeV) EVTS 

2466.3 -I- 1.4 OUR FIT 
2466.4:1- 1,5 OUR AVERAGE 
2465.8• 1.9• 2.5 90 

2467.0• 1.6• 2.0 147 
2465.1~ 3,6• 1.9 30 
2467 4- 3 • 4 23 
24663• 2.7• 1.2 5 

=+ MASS --C 

The fit uses the .--c + and --0 c mass and mas~-difference measurements. 

DOCUMENT ID TECN COMMENT 

FRABETTI 98 E687 "7 Be, E3,= 220 GeV 

EDWARDS 96 CLE2 e + e -  ~ T(45) 
ALBRECHT 90F ARG e + e -  at T(45)  
ALAM 89 CLEO e + e -  10.6 GeV 
BARLAG 89c ACCM ~r- Cu 230 GeV 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

2464,4• 2.0• 1.4 30 FRABETTI 93B E687 See FRABETTI 98 
2459 • 5 •  56 1 COTEUS B7 SPEC n A m  600 GeV 
2460 •  82 BIAGI 83 SPEC E -  Be 135 GeV 

1Although COTEUS 87 claims to agree well with BIAGI 83 on the mass and width, there 
appears to be a discrepancy between the two experiments. BIAGI 83 sees a single peak 
(stated significance about 6 standard deviations) in the AK-~r+~r  + mass spectrum. 

COTEUS 87 sees two peaks in the same spectrum, one at the --c + mass, the other 75 

MeV lower. The latter is attributed to -=c + ~ E O K - ~ T + ~  + ~ ( A ? ) K - ~ r + ; r  + ,  
with the -/ unseen. The combined significance of the double peak is stated to be 5.5 
standard deviations. But the absence of any trace of a lower peak in BIAGI 83 seems to 
us to throw into question the interpretation of the lower peak of COTEUS 87. 

--+ BRANCHING RATIOS - - r  

=+ MEAN LIFE - - r  

VALUE (10 -]2 s) EVTS DOCUMENT ID TECN COMMENT 

0.33+01040 ~ OUR AVERAGE 

+0 07 0,34_0105• 56 FRABETTI 98 E687 7 Be, E,7= 220 GeV 

0 2 n+0"11 �9 ~-0,06 6 BARLAG 89C ACCM ~ -  ( K - )  Cu 230 GeV 

0.40_+00:~28• 102 COTEUS 87 SPEC nA -~ 600 GeV 

0 48 00"21 +0.20 53 BIAGI 88c SPEC E -  Be 135 GeV " - 0.15-- 0.10 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0 41 +0"11 • 30 FRABETTI 93B E687 See FRABETTI 98 �9 -0.08 

-=+ DECAY MODES 
No absolute branching fractions have been measured. The following are 
branching ratios relative to - - - E +  ~r +.  

3 This JUN 00 result is redundant with other results given below. 

r(z+~'(892)~ ( - -  ++.+) 1-511"8 
Unseen decay modes of the K*(892) 0 are included. 

VALUE E V T 5  DOCUMENT ID TECN COMMENT 

0.924"0.27-1-0.14 61 BERGFELD 96 CLE2 e + e - ~  T(4S) 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

seen 59 AVERY 95 CLE2 e + e - ~  T(4S) 

r (z ~ K -  ~+ lr +) /F(A K -  x + . + )  r u q  
VALUE EVTS DOCUMENT ID TECN COMMENT 

0.844"0.36 47 4 COTEUS 87 SPEC nA _~ 600 GeV 

4See, however, the note on the COTEUS 87 --c Jr mass measurement. 

r(=-~ rz/r0 
VALUE EVTS DOCUMENT ID TEEN COMMENT 

0.554"0.134"0.09 39 EDWARDS 96 CLE2 e + e -  ~ T(4S) 

r (= - -  l r+x+)/r totm r o / r  
VAL~IE EVTS DOCUMENT ID TECN . COMMENT 

Mode Fraction ( r i / r )  Confidence level 

r 1 A K - T r + T r  + [a] 0.58• 

r 2 A K * ( 8 9 2 ) ~  ~r + [a,b] <0.29 

r 3 2(1385) + K -  ;r [a,b] <0.41 

r 4 E + K- 7r + [a] 1.18• 

r s Z+K*(892) 0 [a,b] 0.92• 

F6 _F0 K -  ;I + ~ +  [a] 0.49 • 0.26 

r 7 5~ + [a] 0.5s• 
r 6 E-~+~+ [a] ---L0 
r 9 ---(1530)07r + [a,b] <0.2 

[10 _---0/re ~0 [a] 2.34 • 0.68 

r t t  5 0  ~r+ 7r+ ~r - [a] 1.7400.50 

F12 ---0e+Ve [a] 2.3 +0.7 - 0 . 9  

F13 p K -  7r + [a] o.2o• 

90% 

90% 

90% 

seen 131 BERGFELD 96 CLE2 e + e - ~  T(4S) 
160 AVERY 95 CLE2 e + e - ~  T(4S) 
30 FRABETTI 93B E687 "},Be, E , /~  220 GeM 

30 ALBRECHT 90F ARG e + e-- at T(4S) 
23 ALAM 89 CLEO e + e  - 10.6 GeM 

r(zomo)O.+)/r(--,+.+) r,/r,  
Unseen decay modes of the --(1530) 0 are included�9 

VALUE CL ~ DOCUMENT ID TECN COMMENT 

<0.2 90 BERGFELD 96 CLE2 e + e - ~  T(4S) 

r(=--~ ++.O)/r ( - - .+.+)  r,o/ro 
VALUE EVTS DOCUMENT ID TECN COMMENT 

2.34+0.574"0.37 81 EDWARDS 96 CLE2 e + e  - ~, T(45)  

r(_=(153o)O.+)/r (__-o .+ .o) r,/qo 
VALUE CL~ DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

[a] No absolute branching fractions have been measured. The following are 
branching ratios relative to - - - ~ +  ~r +. 

[b] This branching fraction includes all the decay modes of the final-state 
resonance�9 

<0.3 90 EDWARDS 96 CLE2 

r(= - ' ~  
VALUE EVTS DOCUMENT ID TECN 

1.74"0.424"0.27 57 EDWARDS 96 CLE2 

r(_ =~ 
VALUE EVTS DOCUMENT ID TECN 

2.3 "I"0,6 + 0'~ 41 ALEXANDER 95B CLE2 

e + e -  ~ r ( 4 s }  

r n / r s  
COMMENT 

e + e -  ~ T(45)  

rl=/ro 
COMMENT 

e + e - -~  T(4S) 

r(AK-++,+)/r~,,  q / r  
VALUE EVTS DOCUMENT /D TECN COMMENT 

seen 56 COTEUS 87 SPEC nA _~ 600 GeV 
82 2 BIAGI 83 SPEC E- -Be  135 GeV 

2BIAGI 85B looks for but does not see the ---c + in p K - K O x  + ( r ( p K - K O T r  + }  

/ r ( A K - T r + ~ r + )  <0.08 with 90% CL), p2K-2~r  + ( r ( p 2 K - 2 ~ r + )  / r ( A K - T r + T r + )  

<0.03, 90% CL), / 2 -  K -L ~r + ,  A K *0 ~r + ,  and E(1385) + K - ~r + .  

r ( A K - f  + 7 + ) / r ( - - ~ +  lr + ) r z / re  
VALUE EVTS DOCUMENT IO TECN COMMENT 

0.58-1"0.1g-1"0.07 61 BERGFELD 96 CLE2 e + e - . ~  T(4S) 

r(AR~176 x+x + ) r2/rl 
Unseen decay modes of the K+(892) 0 are included+ 

VALUE CL~ DOCUMENT ID TECN COMMENT 

.<0.5 90 BERGFELD 96 CLE2 e + e - ~  T(45)  

r(s + K-  ~r +) / r  (A K-lr +lr +) r 3 / r l  
Unseen decay modes of the ~(1385) + are included. 

VALUE CL~ DOCUMENT /D TECN COMMENT 

<0.7 90 BERGFELD 96 CLE2 e + e - ~  7"(45) 

r(r+ K-lr + ) / r ( - - . + . + )  r4/r, 
VALUE EVT5 DOCUMENT ID TECN COMMENT 

1.10-1"0"20-1"0.|7 119 BERGFELD 96 CLE2 e + e - . ~  T(4S} 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0.92•177 3 JUN 00 SELX ~ -  nucleus, 600 GeV 

0 na+0.13 +0.03 5 BARLAG 89C ACEM 2 ~ +  K - / r  + ,  3 , w _  0.06 - 0.02 _---~+~+ 



See key on page 239 

r(pK-,+) IF(Z + K -  ~r +)  1-13/F4 
VALUE EVTS DOCUMENT ID TEEN COMMENT 

0,22-1"0.064"0.03 76 JUN 00 SELX ~ -  nucleus, 600 GeV I 

r(pK-,+)/r(_--- ,+.+) rldr5 
VALUE EVTS DOCUMENT ID TEEN COMMENT 

0.204-0.044-0.02 76 JUN O0 SELX E -  nucleus, 600 GeV 

=+  REFERENCES - - r  

JUN 0e PRL 84 1857 S.Y, Jun et ai, (FNAL SELEX Collab.) 
FRABETTI 98 PC 8427 211 P.L, Frabetti et aL (FNAL E687 Collab.) 
BERGFELD 96 PL B365 431 T. Bergfeld #t aL (CLEO Collab,) 
EDWARDS 96 PL 8273 251 K.W. Edwards et aL (CLEO Collab.) 
ALEXANDER 958 PRL 74 3113 J. Alexander et al. (CtEO Collab.) 

Also 95E PRL 75 4155 (erratum) 
AVERY 95 PRL 75 4364 P. Avery et M. (CLEO Collab.) 
FRABETTI SSB PRL 70 1381 P.L. FrabetU el aL (FNAL E687 Collab.) 
ALBRECHT 9OF PL B247 121 H, Albrecht et aL (ARGUS Collab.) 
ALAM 89 PL B226 401 M.S. Alam et at. (CLEO Collab.) 
BARLAG 89C PL 8233 522 S. Barlag et at. (ACCMOR Collab.) 
COTEUS 87 PRL 59 1530 P. Coleus et aL (FNAL E400 CoSab) 
BIAGI 85B ZPHY C28 175 S.F. Biagi et aL (CERN WAS2 Collab) 
BIAGI 85C PL 150B 230 S.F. BiaKi et al. (CERN WAG2 Collab.) 
BIAGI 83 PL 122B 455 S.F, Biagi et ai, (CERN WA62 Collab.) 
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_---+ _---0 = ' / +  
~ C  r ~ C  r ~ C  

=o BRANCHING RATIOS --C 

r(A~)/rt~j rl/r  
VALUE EVTS DOCUMENT ID TECN COMMENT 

7 ALBRECHT 958 ARG e+e - ~ 10.4 GeM 

F(At~0 lr+ lr -  )/rtotal r z / r  
VALUE DOCUMENT ID TEEN COMMENT 

seen FRABETTI 988 E687 7 Be, E3, = 220 GeV 

r(AK-Tr +It +~r-)Irt~i r31r 
VALUE DOCUMENT ID TEEN COMMENT 

seen FRABETTI 986 E687 3, Be, E3, = 220 GeV 

r ( - - . + ) / r ( - - , + . + . - )  r,/r5 
VALUE DOCUMENT ID TEEN COMMENT 

0.304-0.12-1-0.06 ALBRECHT 90F ARG e + e -  at T (45)  

r(pK-R'(892)~ r6 / r  
VALUE DOCUMENT ID TEEN COMMENT 

BARLAG 90 ACCM x -  ( K - )  Cu 230 GeV 

r(~- K+)/F(.. =-.+) rdn 
VALUE EVTS DOCUMENT ID TEEN COMMENT 

0.504-0.214-0,05 9 HENDERSON 928 CLEO e + e -  ~ 10,6 GeV 

r(_=- e+~,)/r(_=-,+) r,/r4 
VALUE EVTS DOCUMENT ID TEEN COMMENT 

5.14-1.0~00:~ 54 ALEXANDER 95B CLE2 e + e - ~  T(4S) 

r ~ l  i(JP) = 1/1+~ ~ 2  j Status: * a k *  

Accord ing to the quark model ,  the  --0 (quark content  d s c )  and - -c  + 

form an isospin doublet ,  and the  spin-par i ty ough t  to be J P  = I / 2  + .  

None of  I ,  J ,  or P has actua l ly  been measured. 

F(-=- t+  anythinz)/r(.-=- x + ) r , / r 4  
The ratio is for the average (not the sum) of the - - -  e + anything and - - -  # +  anything 
modes. 

VALUE EVT5 DOCUMENT ID TEEN COMMENT 

0.964-0.,~34-0.111 18 ALBRECHT 93B ARG e+e - ~ 10.4 GeV 

r ( E - t +  anything)/r(=---lr+ Tr+ ~r - )  rg/r5 
The ratio is for the average (not the sum) of the - - -  e + anything and . - - - /~+  anything 
modes�9 

VALUE EVT._~SS DOCUMENT ID TEEN COMMENT 

0.29-t-0.124-0.04 18 ALBRECHT 93B ARG e + e -  ~, 10.4 GeV 

=o MASS ~ C  

The fit uses the ----0 c and --6 + mass and mass-difference measurements. 

VALUE (MeV} EVTS DOCUMENT ID TEEN COMMENT 

2471.84-1.4 OUR FIT 
2471.84-1.4 OUR AVERAGE 
2470.04-2.8:52.6 85 FRABETTI 98B E687 3' Be, E-v = 220 GeV 

[ 

2 4 6 9 : 5 2 : 5 3  9 HENDERSON 92B CLEO f 2 - K  § 
2472.1• 54 ALBRECHT 90F ARG e + e  - at T(45)  
2473.3:51.9• 4 BARLAG 90 ACCM ~ -  ( K - )  Cu 230 GeV 
2472 • • 19 ALAM 89 CLEO e+e - I0,6 GeV 
�9 �9 * We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

2462.1+3.1•  42 1 FRABETTI 93c E687 See FRABETTI 98B 
2471 •  :s 14 AVERY 89 CLEO See ALAM 89 

1The FRABETTI 93C mass is well below the other measurements. 

_-0 _ =+ MASS DIFFERENCE - -C - -C 

VALUE IMeV) DOCUMENT /D TEEN COMMENT 

5.54-1.8 OUR FIT 
6.34-2,3 OUR AVERAGE 

+7.0 / :4 .5 :52.2  ALBRECHT 90F ARG e + e  - at T (45)  
+6 .8+3 .3 :50 .5  BARLAG 90 ACCM ~ ' -  ( K - )  Cu 230 GeV 

+ 5  + 4  •  ALAM 89 CLEO --0 ~ E - l  r + - - . : +  
L 

_--~cREFERENCES 

FRABETTI 98B PL B426 403 P.L. Frabetti et at. (FNAL C687 Collab.) 
ALBRECHT 95B PL 8342 397 H. Albrecht et al. (ARGUS Collab.} 
ALEXANDER 958 PRL 74 3113 J. Alexal]der et aL (CLEO Collab.) 

Also 95E PRL 75 4155 {erralum) 
ALBRECHT 938 PL B303 368 H. Albrecht et ah {ARGUS Collab.) 
FRABETTI 93C PRL 70 2058 P,L. Frabetti et aL (FNAL E687 ColJab.) 
HENDERSON 92B PL B283 161 S. Henderson et aL (ELEO Collab.) 
ALBRECHT 9OF PL B247 121 H. Albrecht et aL (ARGUS Collab.) 
BARLA6 90 PL B236 455 S, Barlag et aL (ACCMOR Co[lab.) 
ALAM 89 PL B226 401 M.S. Alam et al. (CLEO Collab.) 
AVERY 89 PRL 62 863 P. Avery et ah (CLEO Collab.) 

I(jP) = 1 (1+ )  Status: ~ 2 2  

---~+x+ 

_-o MEAN LIFE 
--C 

VALUE (10 -12 s) EVTS DOCUMENT ID TEEN COMMENT 

0 098 +0"023 OUR AVERAGE 
' - 0 . 0 1 5  

0 i~I+0025~ �9 u _0[017~0.005 42 FRABETTI 93C E687 7Be, E3,= 220 GeV 

nn9--0.059 . . . .  -0 .030  4 BARLAG 90 ACCM 7t-  ( K - )  Cu 230 GeV 

The =c-I+ and =c-r0 presumably complete the SU(3) sextet whose 

other members are the E ++,  Z +, Ec 0' and f2~ see Fig. 3 in the 

Note on Charmed Baryons just before the the A + Listings. The 
q u a n t u m  numbers given above come f rom th is  presumpt ion bu t  have 

not been measured. 

='+ MASS - -C 

The mass is obtained from the mass-difference measurement that follows. 

VALUE (MeV) DOCUMENT ID 

_--o DECAY MODES - -C 

Mode Fraction ( r i / r )  

F 1 A K  0 seen 

F 2 A g  o ~r + 7r- seen 

F 3 A K -  ~T + 7r + ~r- seen 

r 4 ----  ~r + seen 

r 5 - = - / r  + 7r + "K- seen 

I- 6 p K -  K'* (892) 0 seen 

F 7 Q -  K + seen 

r B ---- e + u e seen 

F 9 _:=- s anything seen 

2574.14-3.3 OUR FIT 

--I+ - =+  MASS DIFFERENCE --C --C 

VALUE (MeV) EVT.__5 DOCUMENT ID TEEN COMMENT 

107.84-3.0 OUR FIT 
107.84-:1..74-2.5 25 JESSOP 99 CLE2 e + e - ~  ?'(45) 

~ +  DECAY MODES - - r  

The --~+--=c + mass difference is too small for any strong decay to occur. 

Mode Fraction (F i /F )  

r l  ---+ -- c 7 seen 
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= , +  =,o --c(2645) --~(2815) ~ C  r ~ C  P r 

-=~:+ REFERENCES 

JESSOP 99 PRL S2 492 C.P. Jessop et al, (CLEO Collab.) 

r ~  l t 1 + ~  Status: , ~ k ,  I ( J P )  = ~ ' 2  J 

See the note in the Listing for the =r+ above. - c  ' 

=~o MASS --C 

The mass is obtained from the mass-difference measurement that follows, 

VALUE (MeV) 
2578.04"3.2 OUR FIT 

DOCUMENT/D 

=~) _ _-o MASS DIFFERENCE --C --r 

E V T S  DOCUMENT ID TEEN COMMENT VALUE (MeV) 
107.0• OUR FIT 
107.0•177 28 JESSOP 99 CLE2 e + e - ~  T(4S) 

- ~  DECAY MODES 

The -c=J0 _ --0 c mass difference is too small for any strong decay to occur. 

Mode Fraction ( r i / r )  

F1 _--0 ~ seen 

=to REFERENCES - -C 

JESSOP 99 PRL B2 492 C.P. Jessop et aL (CLEO Collab.) 

I--(2645)1 ,(jP> : ~'~'/3+', Status: * * *  

A narrow peak seen in the Ec~ mass spectrum. The natural as- 
signmentis that this is the J P  = 3/2 + excitation of the ---c in the 
same SU(4) multiplet as the z3(1232), but the quantum numbers 
have not been measured. 

--c (2645) MASSES 

The masses are obtained from the mass-difference measurements that fol- 
low. 

~c(2645) + MASS 
VALUE (MeV) DOCUMENT ID 

2647.4• OUR FIT Error includes scale factor of 1.2. 

Ec(2645) ~ MASS 
VALUE (MeV) DOCUMENT ID 

2644.5• OUR FIT 

--c(2645) - -=c MASS DIFFERENCES 

m-cl2e4W+ - m_-o --r 
VALUE (M~V) E V T S  DOCUMENT IO TEEN COMMENT 

175.6• OUR FIT Error includes scale factor of 1.7. 
17w OUR AVERAGE Error includes scale factor of 1.7. 
177.1•177 47 FRABETTI 9BB E687 

174.3• • 1.0 34 GIBBONS 96 CLE2 

m~(2r~4s)o - m__.+ - r  
VALUE (MeV) E V T 5  DOCUMENT IO TEEN COMMENT 

178.2• OUR FIT 
178.2•177 55 AVERY 95 CLE2 e + e -  ~ T(4S) 

7 Be. E,), = 220 GeV 

e + e -  ~ T(4S) 

--c(2645) WIDTHS 

Ec(2645) + WIDTH 
VALUE (MeV) CL~ DOCUMENT ID TEEN COMMENT 

<3.1 90 GIBBONS 96 CLE2 e+e - ~ T(45) 

Ec(2645) ~ WIDTH 
VALUE (MeV) CL~ E V T 5  DOCUMENT ID TEEN COMMENT 

<w 90 55 AVERY 95 CLE2 e + e -  ~ T(45} 

---c(2645) DECAY MODES 

.---C ~ is the only strong decay allowed to a --c resonance having this mass. 

Mode Fraction (Fi/F) 

F 1 --=0 C "a "+ seen 

F2 ---c- ~r- seen 

Ec (2645) REFERENCES 

FRABETTI 900 PL 0426 403 P.L. FrabetU et aL (FNAL E6Bi" Conab.) 
GIBBONS 96 PRL 77 810 L.K. Gibbons et aL (CLEO Collab.) 
AVERY 95 PRL 75 4364 P. Avery et aL (CLEO Collab.) 

l-c(2815) I : � 8 9  Status: * > ~ <  

A narrow peak seen in the Ec~T~: mass spectrum. The simplest 
assignment is that this belongs to the same SU(4) multiplet as the 
A(1520) and the Ac(2625 ), but the spin and parity have not been 
measured. 

--c(2815) MASSES 

The masses are obtained from the mass-difference measurements that fol- 
low. 

Ec(2815) + MASS 
VALUE (MeV) DOCUMENT ID 

2814.9•  OUR FIT 

--c(2815) ~ MASS 
VALUE (MeV) DOCUMENT ID 

281t.0• OUR FIT 

--c(2815) - -=r MASS DIFFERENCES 

m~(28ts)+ - m_-+ 
- c  

VALUE IMeV) E V T 5  DOCUMENT ID TEEN COMMENT 

348.6• OUR FIT 
348.6-I-0.6::E1.0 20 ALEXANDER 99B CLE2 e+e - ~ T(4S) J 

m_=d~ls)o - m ~  
VALUE (MeV) E V T 5  DOCUMENT ID TEEN COMMENT 

347.2:t:2,1 OUR FIT 
34"7.24"0.74"2.0 9 ALEXANDER 99B ELE2 e + e -  ~ T(45) I 

Ec(2815 ) WIDTHS 

Ec(2815) + WIDTH 
VALUE (MeV) CL_~ DOCUMENT ID TEEN COMMENT 

<3.5 90 ALEXANDER 99B CLE2 e+e - ~-, T(45) J 

-~c(2815) o WIDTH 
VALUE (MeV) CL~ DOCUMENT ID TEEN COMMENT 

<6,5 90 ALEXANDER 99B CLE2 e + e -  ~ T(4S) J 

--r DECAY MODES 

The --c~r~ modes are consistent with being entirely via --o(2645)7r. 

Mode Fraction (r i / r )  

I- 1 _c ~=+  + l r -  seen 
r2 ---~ lr+;T- seen 

.~-(2815) REFERENCES 

ALEXANDER 99B PRL 83 3390 J,P. Alexander et aL (CLEO Collab.) 



See key on pace 239 

I ( J P )  = 0(�89 + )  Status: ~ >l<:r 

The quantum numbers have not been measured, but are simply 

assigned in accord wi th the quark model, in which the s is the 
s s c  ground state. 

f~c MASS 

VALUE (MeV) E V T S  DOCUMENT ID TEEN COMMENT 

27041 4- 4 OUR AVERAGE Error includes scale factor of 1.8. See the ideogram below. 
2699.94- 1.54-2.5 42 1 FRABETTI 94H E687 3`Be, E3.= 221 GeV 

2705.94- 3.34-2.0 10 2 FRABETTI 93 E687 3'Be, E3"= 221 GeV 

2719.04- 7.04-2.5 11 3ALBRECHT 92H ARG e+e  - --~ 10.6 GeV 
2740 4-20 3 BIAGI 85B 5PEC ~ - B e  135 GeV/c  

1 FRABETTI 94H claims a signal of 42.5 4- 8.8 E § K - K - 7 r  + events. The background 
is about 24 events. 

2FRABETT! 93 claims a signal of 10.3 4- 3.9 ~ - l r  + events above a background of 5.8 
events. 

3ALBRECHT 92H claims a signal of 11.5 4- 4.3 E -  K-~r+~r  + events. The background 
is about 5 events. 

WEIGHTED AVERAGE 
2704i-4 (Error scaled by 1.8) 

, ; 

~C 2 

. . . . . . . . . . . . . . .  FRABETTI 94H E687 2.0 

. . . . . . . . . . . . . . .  FRABETTI 93 E687 0.2 
-'1--- . . . . . . . . . . .  ALBRECHT 92H ARG 4.1 

. �9 BIAGI 85B SPEC 3.2 

~ o  9.5 
nfidenca Level = 0,023) 

2780 2800 2880 2700 272o 274o 2700 

1"2 0 mass (MeV)  

/~r MEAN LIFE 

VALUE (10 -12 S) EVTS DOCUMENT ID TEEN COMMENT 
0.13644-0.020 OUR AVERAGE 

0 n~+0"013+0"018 86 ADAMOVICH 95B WAS9 .Q-T t -T r+~  +, 
. . . .  -- 0.011 --0.023 

_=-  K - - ~ +  Tr+ 
+ 0  027 0 . 0 8 6  01020 4-0.028 25 FRABETTI 95D E687 Z + K -  K -  ~r + 

Mode 
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n o  

�9 ~c DECAY MODES 

Fraction ( r l / r )  

r l  Z + K -  K - z r  + seen 

r 2 _--- K - / r  + / r  + seen 

r 3 / 2 -  7r + seen 

i- 4 /2-11"- 7! + / r  + seen 

D O BRANCHING RATIOS 

r(Z+ K-K-~+)Irto~, 
VALUE EVTS DOCUMENT ID TEEN 

lleen 42 FRABETTI 94H E687 

r ( - -K- .+.+) / r  ~ ,  
VALUE E V T S  DOCUMENT ID TEEN 

seen 11 ALBRECHT 92H ARG 
seen 3 BIAGI 85B SPEC 

r(D- ~+)/r~= 
VALUE E V T S  DOCUMENT ID TEEN 

seen 10 FRABETTI 93 E687 

r(--K-~+,+)lr(n-.+) 

r11r 
COMMENT 

")'Be, E3`= 221 GeV 

r~Ir 
COMMENT 

e + e - - ~  10.6 GeV 
Z ' - B e  135 GeV/c 

rdr  
COMMENT 

,},Be, E3`= 221 GeV 

r=Ir3 
COMMENT 

J~c REFERENCES 

ADAMOVICH 95B PL B358 15h M.L Adamovich et aL (CERN WA89 Collab.) 
FRABETTI 95D PL B357 678 P.L Frabetti et aL (FNAL E687 Collab.) 
FRABETTI 94H PL B338 106 P.L. Frabetti et aL (FNAL E687 Collab.) 
FRABETTI 93 PL B300 190 P.L Frabetti et aL (FNAL E687 Collab.) 
ALBRECHT S2H PL B288 367 H. Albrecht et al. (ARGUS Collab.) 
BIAGI 85B ZPHY C2B I75 S.F. Biagi et aL (CERN WA62 Collab.) 

VALUE CL% DOCUMENT ID TECN 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. = �9 �9 

<2.8 90 FRABETTI 93 E687 ")'Be, E3`= 221 GeV 

r(~-~-,,+.+)/r(~-,,+) r4/r3 
VALUE CL~  DOCUMENT ID TEEN COMMENT 

Nen ADAMOVICH 95B WA89 ~ - -  340 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<1.6 90 FRABETTI 93 E687 3'Be, E3.= 221 GeV 
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BOTTOM BARYONS II (B = - 1 )  

r ~  i ( J P )  = 0(�89 + )  s tatus:  ~<>k~< 

In the quark model, a A 0 is an isospin-0 u d b  state. The lowest A 0 

ought to have JP = 1/2 + .  None of I, J, or P have actually been 
measured. 

A~ MASS 

VALUE (MeV) EVTS DOCUMENT ID TEEN COMMENT 
5t'24 "I" 9 OUR AVERAGE Error includes scale factor of 1.8. See the ideogram below. 
56214- 44- 3 1 ABE 97B EDF p~ at 1.8 TeV 
56684- 16:1:8 4 2ABREU 96N DLPH e + e - ~  Z 
56144- 214, 4 4 2BUSKULIC 96L ALEP e + e  - ~ Z 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

not seen 3 ABE 93B CDF Sup. by ABE 97B 
56404- 504-30 16 4 ALBAJAR 91E UA1 p~ 63O GeV 

5~,an+ 100 ~ - 2 1 0  52 BARI 91 SFM AO b ~ pDOTr - 

56~n+150~--200 90 BARI 91 SFM A O ~ A ~ + ~ - ~  - 

1ABE 97B observed 38 events above a background 18 ~ 1.6 events in the mass range 
5.60-5.65 GeV/c 2, a significance of > 3.4 standard deviations. 

2 Uses 4 fully reconstructed A b events. 

3ABE 93B states that, based on the signal claimed by ALBAJAR 91E, CDF should have 
found 30 4, 23 AO b --~ J/r A events, instead, CDF found not more than 2 events. 

4ALBAJAR 91E claims 16 4- 5 events above a background of 9 4, 1 events, a significance 
of about 5 standard deviations. 

WEIGHTED AVERAGE 
5624:1:9 (Error scaled by 1.8) 

, * 

5550 5600 

A 0 mass (MeV)  

X 2 

. . . . . . . . . . . . .  ABE 97B CDF 0.3 
I . . . . . .  ABREU 96N DLPH 6.1 

. . . .  �9 . . . . . . .  BUSKUUC g6L ALEP 0.2 
6.6 

~ t ~ ~ _ j C o n f i d e n c e  Level = 0.036) 

5650 5700 5750 5800 

A 0 MEAN LIFE 
These are actually measurements of the average lifetime of weakly decay- 
ing b baryons weighted by generally unknown production rates, branching 
fractions, and detection efficiencies. Presumably, the mix is mainly A O, 

with some --0 and --b" 

See b-baryon Admixture section for data on b-baryon mean life average 
over species of b-baryon particles. 

"OUR EVALUATION" is an average of the data listed below performed by the LEP 
B Lifetimes Working Group as described in our review "Production and Decay of b- 
flavored Hadrons" in the B 4" Section of the Listings. The averaging procedure takes 
into account correlations between the measurements and asymmetric lifetime errors. 

VALUE {10 -12 s) EVTS DOCUMENT ID TECN COMMENT 
1.229:1:0.000 OUR EVALUATION 

1.11 +0.19 4-0.05 5ABREU 99WDLPH e + e - ~  Z 
--0.18 

1.29 +0.24 4 - 0 . 0 6  5 A C K E R S T A F F  98G OPAL e+e - ~ Z 
--0.22 

1.21 :E0.11 5BARATE 98D ALEP e+e  - ~ Z 
1.32 4,0.15 4,0.07 ABE 96M CDF Excess A c t - ,  decay 

lengths 

�9 �9 * We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1.19 +0.21 +0.07 ABREU 96D DLPH Repl. by ABREU 99w 
-0.18 -0.0B 

1.14 +0.22 :E0,07 69 AKERS 9SK OPAL Repl. by ACKER- -0 .19 
STAFF 98G 

1.82 +0.23 4-0.06 44 BUSKULIC 95L ALEP Repl. by BARATE 980 -0.18 

5Measured using Act-- and Al+ t - .  

A o DECAY MODES 
These branching fractions are actually an average over weakly decaying 
b-baryons weighted by their production rates in Z decay (or high-energy 
p~), branching ratios, and detection efficiencies. They scale with the LEP 
b-baryon production fraction B(b ~ b-baryon) and are evaluated for our 
value B(b ~ b-baryon) = ( i l . 6  :E 2.0)%. 

The branching fractions B(b-baryon ~ A l -P lany th ing  ) and B(A 0 

Ac+ t- iTlanything ) are not pure measurements because the underlying 
measured products of these with B(b ~ b-baryon) were used to determine 
B(b ~ b-baryon), as described in the note "Production and Decay of 
b-Flavored Hadrons." 

Mode Fraction (FI/F) Confidence level 

El 

F2 

F3 

F4 

rs 

r6 

F7 

FB 

F9 

[a] 

J /~b( lS)A (4.74.2.8) x 10 - 4  
p DO Tr - 

A~  ~ -  seen 

A + a1(1260 ) -  seen 

A+  7r+ ~ -  ~r - 

A K ~ 27r + 27r-  

A + s  [a] (7.94,1.9) % 

p / r -  < 5.0 x 10 -5  

p K -  < 5.0 x 10 - 5  

Not a pure measurement. See note at head of A ~ Decay Modes. 

9O% 

9O% 

A~ BRANCHING RATIOS 

r(Jl@(is) A)/rt~a! rl /r  
VALUE {units 10 -4) EVTS DOCUMENT ID TEEN COMMENT 

4.7+ 2.14- 1.9 6 ABE 97B CDF p~ at 1.8 TeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

155.24,94.8+26.8 16 7ALBAJAR 91E UA1 J/~(1S) ~ # + # -  

6ABE 97B reports (0.037 4- 0.Ol7(stat)• for B(b ~ b-baryon) = 0.1 and 
for B(B 0 ~ J/~(1S)K O) = 0.037%. We rescale to our PDG 97 best value B(b 

b-baryon) = (10.1 _4-319)% and B(B o ~ J/'~(1S)K O) = (0.044 4- 0.006)%. Our first 
error is their experiments's error and our second error is the systematic error from using 
our best value. 

7ALBAJAR 91E reports 180 4- 110 for B(b ~ b-baryon) = 0.10. We rescale to our best 
value B(b ~ b-baryon) ~ (11.6 • 2.0) • 10 - 2 .  Our first error is their experiment's 
error and our second error is the systematic error from using our best value. 

r (po~ r2/r 
VALUE EVES DOCUMENT ID TEEN COMMENT 
�9 �9 t We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

seen 52 BARI 
seen BASILE 

r(A+ f-)Ir~,,l 
VALUE EVT5 DOCUMENTID 

seen 3 ABREU 

seen 4 BUSKULIC 

r(A+ ~0260)-)/r~,, 
VALUE EVTS DOCUMENT ID 

seen 1 ABREU 

r (A.+.+. - . - ) / r~. ,  
VALUE EVTS DOCUMENT ID 

91 SFM D O ~ K -~ r+  
81 SFM D O ~ K -  7r + 

r3/r 
TECN COMMENT 

96N DLPH A+ c ~ p K - ~ r  + 

96L ALEP A+ c ~ p K - ~ r +  p~O, 

A ~+ ~r + ~ -  

rdr 
TECN COMMENT 

96N DLPH A+ c ~ p K - ~ r  +, 

at- ~ gO :r 

1~r + "/r" /r 

r s / r  
TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

seen 90 BARI 91 SFM A+ c ~ pK-T r  + 

r(AK~ 2~-)Irtot=l 
VALUE EVTS DOCUMENT ID TEEN COMMENT 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

seen 4 8ARENTON 86 FMPS A K O 2 ~ + 2 ~  - 

8 See the footnote to the ARENTON 86 mass value. 

rg/r 
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Baryon Particle Listings 
A or --o, -o,=- b-baryon ADMIXTURE (Ao,--b, Zb,-(?b) 

r(A +t-~t anything)/r~,, rT/r 
The values and averages in this section serve only to show what values result if one 
assumes our B(b ~ b-beryon). They cannot be thought of as measurements since 
the underlying l~'oduct branching fractions were also used to determinine B(b ~ b- 
baryon) as described in the note on "Production and Decay of b-Flavored Hadrons." 

VALUE EVT5 DOCUMEN T ID TEEN COMMENT 
0.079:1:0.019 OUR AVERAGE 
0.074=50.013:50.013 9 BARATE 98D ALEP e + e  - ~ Z 

0 102 + 0  0 3 5 _ n  �9 _ 0 1 0 2 9 ~ . 0 1 8  29 10ABREU 955 DLPH e + e  - ~ Z 

�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

0.065:50.016:50.011 55 11 BUSKULIC 95L ALEP Repl. by BARATE 980 

0.13:50.05 4-0.02 21 12BUSKULIC 92E ALEP A+ c ~ pK - -~4 -  

9BARATE 98D reports [B(A~ ~ Ac+t . -P tanyth ing  ) x B(b ~ b-baryon)] = 0.0086:5 

0,0007:5 0,0014. We divide by our best value B(b ~ b-baryon) = (11.6 + 2.0) x 10 - 2 .  
Our first error is their experiment's error and our second error is the systematic error 
from using our best value. Measured using Ac t . -  and At.+t .  - .  

10ABREU 95S reports [B(A 0 ~ Ac+t . -~ tany th ing  ) x B(b  ~ b-baryon)[ = 0.0118:5 

0 0026 +-0"0031 We divide by our best value B(b ~ b-baryon) = (11.6 4- 2.0) x 10 - 2 .  " -o .0021"  
Our first error is their experiment's error and our second error is the systematic error 
from using our best value. 

11 BUSKULIC 95L reports [B(A 0 ~ A~  t -~ t .any th ing )  x B(b ~ b-baryon)[ : 0.00755 :E 

0.0014 4- 0.0012. We divide by our best value B(b ~ b-baryon) = (11.6 • 2.0) x 10 - 2 .  
Our first error is their experiment's error and our second error is the systematic error 
from using our best value. 

12BUSKULIC 92E reports [B(A O ~ A c + t . - ~ a n y t h i n g  ) x B(b ~ b-baryon)l = 0.015 4- 

0.0035 4- 0.0045. We divide by our best value B(b ~ b-baryon) = (11.6 4- 2.0) • 10 - 2 .  
Our first error is their experiment's error and our second error is the systematic error 
from using our best value. Superseded by BUSKULIC 95L. 

r(p~-)/r~l rg/r 
VALUE CLN DOCUMENT ID TECN COMMENT 

< : S . 0 x l O  - 5  90 ]3BUSKULIC 96V ALEP e + e  - ~ Z 

13 BUSKULIC 96V assumes PDG 96 production fractions for B O, B + ,  B s, b baryons. 

r(pK-)lrtml r g l r  
VALUE CL~ DOCUMENT ID TECN COMMENT 

<5.0 X 10 - 5  90 14 BUSKULIC 96V ALEP e + e -  ~ Z 
�9 �9 �9 We do not use the fol lowing data for averages, fits, limits, etc. �9 �9 �9 

<3.6 x 10 - 4  90 15 ADAM 96D DLPH e + e-- ~ Z 

14 BUSKULIC 96V assumes PDG 96 production fractions for B O, B + ,  B s, b baryons. 

15ADAM 96D assumes fBo = f B -  = 0.39 and fBs = 0.12. 

A o REFERENCES 

ABREU 99W EPJ ClO 185 P. Abreu et aL (DELPHI Co[lab.) 
ACKERSTAFF 9BG PL 8426 161 K. Acker~tal[ et aL (OPAL Collab.) 
BARATE 98D EPJ C2 197 R. 8arate et 31. (ALEPH Collab.) 
ABE 978 Pn D55 1142 F. Abe et aL (CDF Collab.) 
PDG 97 Unofficial 1997 WWW edition 
ABE 96M PRL 77 1439 F. Abe et aL (CDP Collab.) 
ABREU 96D ZPHY e l [  199 P. Abreu el at. (DELPItl Collab.} 
ABREU 96N PL 8374 351 P. Abreu et aL (DELPHI Collab.) 
ADAM 96D ZPHY C72 207 W, Adam et aL IDELPHI Collab.) 
BUSKULIC 96L PL B380 442 D. Buskulic et aL (ALEPH Collab.) 
BUSKULIC 96V PL B384 471 D. Buskulic et aL (ALEPH Eollab.) 
PDG 96 PR D54 1 
ABREU 955 ZPHY C68 375 P. Abreu et al. (DELPIII Collab.) 
AKERS 95K PL B353 402 R. Akers et aL (OPAL Collab.) 
BUSKULIC 95L PL 8357 685 D. BuskuIic et aL (ALEPH Collab.) 
ABE 93B PR D47 R2639 F. Abe el at. (CDF Collab.) 
BUSKULIC 92E PL 8294 145 D. Buskulic e! at. (ALEPH Collab.) 
ALBAJAR 91E PL 8273 540 C. Albajar et aL (UA1 Collab,) 
BARI 91 NC 104A 1787 G. B~ri el aL (CERN R422 Collab } 
ARENTON 86 NP 8274 707 M.W. Ar~nton et at. (ARIZ, NOAM, VAND) 
BASILE 81 LNC 31 97 M. Basile el aL (CERN R415 Collab.) 

I -~ - ; I  status: * 
OMITTED FROM SUMMARY TABLE 

ABREU 95V observe an excess of same-sign --T tT events in jets, 
which they interpret  as --b --~ - - - s  They f ind t h a t  the prob- 
abi l i ty  for these events to  come f rom non-b-baryon decays is less 
than 5 x 10 - 4  and t h a t  A b decays can account for less than  10% 
of these events. 

In the  quark model,  E 0 and --=b are an isodoublet  ( u s b ,  d s b )  state; 

the lowest 5 0 and E b ough t  to  have J P  = 1 /2  + .  None of  I ,  J, or 
P have actua l ly  been measured. 

-----b MEAN LIFE 
This is actually a measurement of the average lifetime of b-baryons that 
decay to a jet  containing a same-sign --:F t ~  pair. Presumably the mix is 
mainly --b, with some A b. 

"OUR EVALUATION" is an average of the data listed below performed by the LEP 
B Lifetimes Working Group as described in our review "Production and Decay of b- 
flavored Hadrons" in the B • Section of the Listings. The averaging procedure takes 
into account correlations between the measurements and asymmetric lifetime errors. 

VALUE (10 -12 s) E V T S  DOCUMENT ID TEEN COMMENT 
1.39"t-0.30 OUR EVALUATION 

1 ~ + 0 . 3 7 + 0 . 1 5  BUSKULIC 96T ALEP Excess - - - t - ,  impact 
~ -  0 . 2 8 -  0.17 parameters 

+_0147:50.3 8 ABREU 95V DLPH Excess 1.5 decay 
lengths 

--=b DECAY MODES 

Mode Fraction (F i / I - )  

F 1 ---- t -  ~t. anything seen 

--b BRANCHING RATIOS 

r (-=- t -  pt anything)/rt== r l / r  
VALUE DOCUMENT ID TECN COMMENT 

seen 1 BUSKULIC 96T ALEP Excess -----t-- over 
- - -  l +  

seen ABREU 95v DLPH Excess - - - l -  over 
- - -  l +  

1 BUSKULIC 96T measures [B(b ~ ~'b) x B(-- b ~ ---- t - -  ~ t  anything)] = (5.4 4-1.1 4- 

0.8) x 10 - 4  per lepton species, averaged over e and #. 

--=b REFERENCES 

BUSKULIC 95T PL 8384 449 D. Buskulic et aL (ALEPH Collab.) 
ABREU 95V ZPilY C68 541 P. Ab#eu et aL (DELPHI Collab.) 

I b-baryon ADMIXTURE (Ab, --b, Zb, s 

b-baryon ADMIXTURE MEAN LIFE 
Each measurement of the />-baryon mean life is an average over an ad- 
mixture of various bbaryons which decay weakly. Different techniques 
emphasize different admixtures of produced particles, which could result 
in a different b-baryon mean life. More b-baryon flavor specific channels 
are not included in the measurement. 

"OUR EVALUATION" is an average of the data listed below performed by the LEP 
B Lifetimes Working Group as described in our review "Production and Decay of b- 
flavored HadronS" in the B4- Section of  these Listings. The averaging procedure takes 
into account correlations between the measurements and asymmetric l ifetime errors. 

VALUE(10-12 S) E V T 5  DOCUMENT ID TEEN COMMENT 
1.2064-0.051 OUR EVALUATION 
1.16 4-0.20:50.08 1AaREU 99wDLPH e 4 - e -  ~ Z 
1.19 •  -E0.07 2ABREU 99WDLPH e + e - ~  Z 
1 .20 :50 .08 :50 .06  3 BARATE 98D ALEP e + e -  ~ Z 

1.10 +0.19 4-0.09 ABREU 96D DLPH Excess A # -  impact pa- 
-0 .17  rameters 

1.16 4-0.11 4-0.06 AKERS 96 OPAL Excess A t - ,  decay 
lengths and impact 
parameters 
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Baryon Particle Listings 
b-baryon ADMIXTURE (A~, Eb, ~b, -Qb) 
�9 * �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

1.14 • • 4ABREU 99wDLPH e + e - ~  Z 

1.46 +0.22 +0.07 ABREU 96D DLPH Repl. by ABREU 99W -0.21 -0.09 

1,27 +0.35 •  ABREU 955 DLPH Repl. by ABREU 99w 
-0 .29  

1.05 +0.12 -0 .11  •  290 BUSKULIC 95L ALEP Repl. by BARATE 980 

1.04 +0.48 •  11 5ABREU 93F DLPH Excess A /~- ,  decay 
-0 .38  lengths 

1,05 +0.23 • 157 6 AKERS 93 OPAL Excess At--, decay 
- 0 . 2 0  lengths 

1.12 +0.32 •  101 7 BUSKULIC 921 ALEP Excess A t - ,  impact pa- 
- 0 . 2 9  rameters 

1 Measured using A t -  decay length. 
2 Measured using p t -  decay length, 
3 Measured using the excess of A t - - ,  lepton impact parameter. 
4This ABREU 99W result is the combined result of the A t - ,  p t - ,  and excess A /~-  I 

impact parameter measurements. 
5ABREU 93P superseded by ABREU 960. 
6AKERS 93 superseded by AKERS 96, 
7BUSKULIC 921 superseded by BUSKULIC 95L. 

b-baryon ADMIXTURE (Aa,--b,~b,Db) 
These branching fractions are actually an average over weakly decaying 
b-baryons weighted by their production rates in Z decay (or high-energy 
p~),  branching ratios, and detection efficiencies. They scale with the LEP 
b-baryon production fraction B(b ~ b-baryon) and are evaluated for our 
value B(b ~ b-baryon) = (11.6 • 2.0)%. 

The branching fractions B(b-baryon ~ A t - ~ t a n y t h i n g  ) and B(A O 

A ~ t - P l a n y t h i n g  ) are not pure measurements because the underlying 
measured products of these with B(b ~ b-baryon) were used to determine 
B(b ~ b-baryon), as described in the note "Production and Decay of 
b-Flavored Hadrons." 

Mode Fraction (F i /F )  

F I p#-~anything ( 4.2_ + ~:5 8) % 
F 2 p~lanything ( 4,1• 1.0)% 
F 3 p a n y t h i n g .  (51 •  ) % 

F 4 A g - ~ t a n y t h i n g  ( 2.7,l, 0 .8)% 

F 5 A s  v t  a n y t h i n g  

F 6 Aanything 
F 7 A+ t -  ~t anything 

F 8 A/Aanything (20 • 7 )% 
F 9 - - - s  ( 4 .8 •  1.3) x 10 - 3  

b-baryon ADMIXTURE (A b, ---b, ~'b, ~b) BRANCHING RATIOS 

r (p/~- panything)/rtotal rdr 
VALUE EVT5 DOCUMENT ID TECN COMMENT 

0 042 +0"016-L n ~ �9 _ 0 . 0 1 3 ~ . w .  125 8ABREU 95S DLPH e + e  - ~ Z 

8 ABREU 95s reports [B(b-baryon ~ p /~ -  Panything) • B(b ~ b-baryon)] = 0.0049 • 
0 n n l l  + 0.0015 We divide by our best value B(b ~ b-baryon) = (11.6 • 2.0) x 10 - 2 .  ..... -0,0011" 
Our first error is their experiment's error and our second error is the systematic error 
from using our best value. 

r (ptpt anything) /rtom rdr 
VALUE DOCUMENT ID TECN COMMENT 

0.041-k0.007-1-0.007 9 BARATE 98v ALEP e + e -  - -  Z I 
9BARATE 98V reports [B(b-baryon ~ p t P t a n y t h i n g  ) x B(b ~ b-baryon)] = (4.72 • I 

0.66 • 0.44) x 10 - 3 ,  We divide by our best value B(b ~ b-baryon) = (11.6 • 2.0) x 
10 - 2  . Our first error is their experiment's error and our second error is the systematic 
error from using our best value. 

r (pt, Pl anythlng) /l'(panything) r=/r3 
VALUE DOCUMENT ID TEEN COMMENT 

0.060-l-0.012d:0.014 BARATE 98v ALEP e + e -  - -  Z I 

r(At- Pt anything)/rtot=l r41r 
The values and averages in this section serve only to show what values result i f  one 
assumes our B(b ~ b-baryon). They cannot be thought of as measurements since 
the underlying product branching fractions were also used to determinine B(b ~ b- 
baryon) as described in the note on "Production and Decay of b-Flavored Hadrons." 

VALUE EVTS DOCUMENT ID TECN COMMENT 
0.0'~4-0,006 OUR AVERAGE 
0.028•177 10 BARATE 98D ALEP e + e  - ~ Z 
0.025•177 11 AKERS 96 OPAL Excess of A t -  over A t  + 
0.026:E0.006• 262 12 ABREU 95S DLPH Excess of A t - -  over A t  + 
0.053•177 290 13 BUSKULIC 95L ALEP Excess of A t -  over A t  + 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

seen 157 14 AKERS 93 OPAL Excess of A t -  over A I  + 
0.060-+-0.018+0.010 101 15 BUSKULIC 921 ALEP Excess of A t -  over A t  + 

10BARATE 98D reports [B(b-baryon ~ A t - u t a n y t h i n g  ) x B(b ~ b-baryon)] = 
0.00326 + 0.00016 + 0,00039. We divide by our best value B(b ~ b-baryon) - 
(11.6 • 2,0) x 10 - 2 ,  Our first error is their experiment's error and our second error 

is the systematic error from using our best value. Measured using the excess of A l - ,  
lepton impact parameter. 

11 AKERS 96 reports [B(b-baryon ~ A l - P t  anything ) x B(b ~ b-baryon)] = 0.00291 • 

0.00023• We divide byour best value B(b ~ b-baryon) = (11 .6 •  - 2 .  
Our first error is their experiment's error and our second error is the systematic error from 
using our best value. 

12 ABREU 95s reports [B(b-baryon ~ A l - P  t anything) x B(b ~ b-baryon)] - 0 .0030-  

0.0006 • 0,0004. We divide by our best value B(b ~ b-baryon) = (11.6 • 2.0) x 10 - 2 .  
Our first error is their experiment's error and our second error is the systematic error 
from using our best value. 

13BUSKULIC 95L reports [B(b-baryon ~ A t - i ~ t a n y t h i n g  ) x B(b ~ b-baryon)] = 
0.0061 • 0.0006 4- 0.0010. We divide by our best value B(b ~ b-baryon) = (11.6 • 
2.0) x 10 - 2 .  Our first error is their experiment's error and our second error is the 
systematic error from using our best value. 

14AKERS 93 superseded by AKERS 96. 
15BUSKULIC 921 reports [B(b-baryon ~ A t - u t a n y t h i u g  ) x B(b ~ b-baryon)] - 

0.0070 • 0.0010 • 0.0018. We divide by our best value B(b ~ b-baryon) = (11.6 • 
2.0) x 10 - 2 .  Our first error is their experiment's error and our second error is the 
systematic error from using our best value. Superseded by BUSKULIC 95L. 

r (At~ v~anything)/r(Aanything) rs/r6 
VALUE DOCUMENT ID TECN COMMENT 

O.080H-O.O12:bO.O08 ABBIENDI 99L OPAL e + e -  - -  Z I 
* * �9 We do not use the following data for averages, fits, l imits, etc. �9 * �9 

0.070•177 ACKERSTAFF 97N OPAL Repl. by ABBIENDI 9% 

r(A/~anything)/rto~l rg/r 
VALUE DOCUMENT ID TECN COMMENT 

0.28:1:0.07 OUR AVERAGE 
0.30•177 16ABBIENDI 99L OPAL e + e  - ~ Z I 

0.19_+00:1~ •  17 ABREU 95C DLPH e + e -  ~ Z 

e �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

0 .34•177 18 ACKERSTAFF 97N OPAL Repl. by ABBIENDI 99L 

16ABBIENDI 99L reports [B(b-baryon ~ A/Aanyth ing)  x B(b  ~ b-baryon)] = 0.035 • I 
0.0032 -1- 0.0035. We divide by our best value B(b ~ b-baryon) = (11.6 • 2.0) • 10 - 2 .  
Our first error is their experiment's error and our second error is the systematic error 
from using our best value. 

17ABREU 95c reports 0.28+_00:~ 7 for B(b - -  b-baryon) = 0.08 • 0.02. We rescale t . . . .  

best value B(b ~ b-baryon) = (11.6 -I- 2.0) x 10 - 2 .  Our first error is their experiment's 
error and our second error is the systematic error from using our best value. 

18ACKERSTAFF 97N reports [B(b-baryon ~ A/Aanything)_ x B(b ~ b-baryon)] = 
0.0393 • 0.0046 • 0.0037. We divide by our best value B(b ~ b-baryon) = (11.6 4- 
2.0) x 10 - 2 .  Our first error is their experiment's error and our second error is the 
systematic error from using our best value. 

r(=-t-ptanything) lFtotal rs/r  
VALUE DOCUMENT ID TECN COMMENT 

0.0040-1"0,0013 OUR AVERAGE 
0.0047•177 19 BUSKULIC 96T ALEP Excess E - t -  over 

- - -  t +  
0.0051• 0.0020 • 20 ABREU 95v DLPH Excess - - -  t -  over 

_--- t +  

19BUSKULIC 96T reports [B(b-baryon ~ - - - t - P t a n y t h i n g  ) • B(b ~ b-baryon)] 
= 0.00054 • 0.00011 • 0.00008. We divide by our best value B(b ~ b-baryon) -- 
(11.6 4- 2.0) x 10 - 2 .  Our first error is their experiment's error and our second error is 
the systematic error from using our best value. 

20ABREU 95v reports [B(b-baryon ~ _ - - - t - D t a n y t h i n g  ) • B(b  ~ b-baryon)) = 
0.00059 • 0.00021 • 0.0001. We divide by our best value B(b ~ b-baryon) = (11.6 • 
2.0) x 10 - 2 .  Our first error is their experiment's error and our second error is the 
systematic error from using our best value. 

b-baryon ADMIXTURE (A b, E b, Eb, ~b) REFERENCES 

ABBIENDI 9SL EPJ C9 ] G. Abbiendi et aL (OPAL Collab.) 
ABREU 99W EPJ C10 185 P, A~-eu et aL (DELPHI Collab.) 
BARATE SaD EPJ C2 197 R. Barate et aL (ALEPH Collab,) 
BARATE 9av EPJ C5 205 R. Barate et al. (ALEPH Collab.) 
ACKERSTAFF 97N ZPHY C74 423 K Ackerstaff et at. (OPAL Collab,) 
ABREU 96D ZPHY C71 199 P. Abreu et al. (DELPHI Collab.) 
AKERS 96 ZPHY C69 195 R. Akers et a/, (OPAL Collab.) 
BUSKULIC 96T PL 0384 449 D. Buskullr et al. (ALEPH Collab,) 
ABREU 95C PL 8347 447 P. Abreu et aL (DELPHI Collab.) 
ABREU 95.5 ZPHY CGB 375 P. Abreu et aL (DELPHI Collab.) 
ABREU 95V ZPHY C68 54I P. Abreu et al. (DELPHI Collab.) 
BUSKULIC 95L PL BS57 685 O. Buskulic et aL (ALEPH Collab.) 
ABREU 93F PL Bal l  379 P. Abreu et aL (DELPHI CoIIab.) 
AKERS 93 PL B316 435 R. Akers et at. (OPAL CollBb.) 
BUSKULIC 921 PL 0297 449 O. Buskulic et aL (ALEPH Collab.} 

I 
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SEARCHES FOR 
MONOPOLES, 

SUPERSYMMETRY, 
TECHNICOLOR, 

COMPOSITENESS, etc. 
i I I II I Magnetic Monopole Searches 
M A G N E T I C  M O N O P O L E  S E A R C H E S  

Revised December 1997 by D.E. Groom (LBNL). 

"At the present time (1975) there is no experimental ev- 

idence for the existence of magnetic charges or monopoles, 

but chiefly because of an early, brilliant theoretical argument 

by Dirac, the search for monopoles is renewed whenever a 

new energy region is opened up in high energy physics or a 

new source of matter, such as rocks from the moon, becomes 

available [1]." Dirac argued that a monopole anywhere in the 

universe results in electric charge quantization everywhere, and 

leads to the prediction of a least magnetic charge g = e/2~, the 

Dirac charge [2]. Recently monopoles have become indispens- 

able in many gauge theories, which endow them with a variety 

of extraordinarily large masses. The discovery by a candidate 

event in a single superconducting loop in 1982 I6] stimulated 

an enormous experimental effort to search for supermassive 

magnetic monopoles [3,4,5]. 
Monopole detectors have predominantly used either induc- 

tion or ionization. Induction experiments measure the mono- 

pole magnetic charge and are independent of monopole electric 

charge, mass, and velocity. Monopole candidate events in single 

semiconductor loops [6,7] have been detected by this method, 

but no two-loop coincidence has been observed. Ionization 

experiments rely on a magnetic charge producing more ioniza- 

tion than an electrical charge with the same velocity. In the 

case of supermassive monopoles, time-of-flight measurements 

indicating v << c has also been a frequently sought signature. 

Cosmic rays are the most likely source of massive mono- 

poles, since accelerator energies are insufficient to produce 

them. Evidence for such monopoles may also be obtained from 

astrophysical observations. 

Jackson's 1975 assessment remains true. The search is 

somewhat abated by the lack of success in the 1980's and the 

decrease of interest in grand unified gauge theories. 

Re fe r ences  

1. J . D .  Jackson, Classical Electrodynamics,  2nd edition (John 
Wiley & Sons, New York, 1975). 

2. P.A.M. Dirac, Proc. Royal Soc. London A133, 60 (1931). 
3. J. Preskill, Ann. Rev. Nucl. and Part. Sci. 34, 461 (1984). 
4. C. Giacomelli, La Rivista del Nuovo Cimento 7, N. 12, 1 

(1984). 
5. Phys. Rep. 140, 323 (1986). 
6. B. Cabrera, Phys. Rev. Lett. 48, 1378 (1982) . 
7. A.D. Caplin et al., Nature 321,402 (1986) . 
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Searches Particle Listings 
Magnetic Monopole Searches 

Monopole Production Cross Section - -  Accelerator Searches 
X-SECT MASS CHG ENERGY 
(tin ? ) (GeV) (/~) (GeV} BEAM E V T S  DOCUMENT ID TEEN 

<0.65E-33 <3.3 > 2 11A 197Au 0 1 HE 97 
<1.90E 33 <B.1 > 2 160A 208pb 0 1 HE 97 
<3.E--37 <45,0 1.0 88-94 e + e  - 0 PINFOLD 93 PLAS 
<3 .E-37  <41.6 2.0 88-94 e + e  - 0 PINFOLD 93 PLAS 
<7 .E-35  <44.9 0.2-1.0 89 93 e + e  - 0 KINOSHITA 92 PLAS 
<2 .E-34  <850 > 0.5 1800 p~ 0 BERTANI 90 PLAS 
<1.2E-33 <800 > 1 1800 p p  0 PRICE 90 PLAS 
<1 .E-37  <29 1 50-61 e + e  - 0 KINOSHITA 89 PLAS 
<1 .E-37  <18 2 50-61 e + e  - 0 KINOSHITA 89 PLAS 
<1 ,E-38  <17 <1 35 e + e  - 0 BRAUNSCH... 88B CNTR 
<8 .E -37  <24 1 50-52 e + e  - 0 KINOSHITA 88 PLAS 
<1.3E-35 <22 2 50-52 e + e  - 0 KINOSHITA 8B PLAS 
<9 .E-37  <4 <0,15 10.6 e + e  - 0 GENTILE 87 CLEO 
<3 .E -32  <800 > 1 1800 p~ O PRICE 87 PLAS 
<3.E-38 <3 29 e+e - 0 FRYBERGER 84 PLAS 
<1.E-31 1,3 .540 p~ O AUBERT 83B PLAS 
<4 .E-38  <10 <6 34 e + e  - 0 MUSSET 83 PLAS 
<8 .E-36  <20 52 pp  0 2 DELL 82 CNTR 
<9 .E-37  <30 <3 29 e + e  - 0 KINOSHITA 82 PLAS 
<1 .E-37  <20 <24 63 pp  0 CARRIGAN 78 CNTR 
<1 .E-37  <30 <3 56 pp  0 HOFFMANN 78 PLAS 

62 pp O 2 DELL 76 SPRK 
<4 .E-33  300 p 0 2 STEVENS 76B SPRK 
<1 .E -40  <5 <2 70 p 0 3 ZRELOV 76 CNTR 
<2 .E-30  300 n 0 2 BURKE 75 OSPK 
<1 .E-38  8 v 0 4 CARRIGAN 75 HLBC 
<5 .E-43  <12 <10 400 p 0 EBERHARD 75B INDU 
<2 .E-36  <30 <3 60 pp  0 GIACOMELLI 75 PLAS 
<5 .E-42  <13 <24 400 p 0 CARRIGAN 74 CNTR 
<6 .E-42  <12 <24 300 p 0 CARRIGAN 73 CNTR 
<2 .E-36  1 0,001 3" 0 3 BARTLETT 72 CNTR 
<1 .E-41  <5 70 p 0 GUREVICH 72 EMUL 
<1 .E-40  <3 <2 28 p 0 AMALDI  63 EMUL 
<2 .E-40  <3 <2 30 p 0 PURCELL 63 CNTR 
<1 .E-35  <3 <4 28 p 0 FIDECARO 61 CNTR 
<2 .E-35  <1 1 6 p 0 BRADNER 59 EMUL 

1 HE 97 used a lead target and barium phosphate glass detectors. Cross-section 
well below those predicted via the DrelI-Yan mechanism. 

2 Multiphoton events. 
3 Cherenkov radiation polarization. 
4 Re-examines CERN neutrino experiments. 

limits are 

Monopole Production - -  Other Accelerator Searches 
MASS CHG ENERGY 
(GeV) - -  (K) SPIN {GeV) B E A M  DOCUMENT ID TEEN 

> 610 >_ 1 0 1800 p~ 5 ABBOTT 98K DO I 
> 870 _> 1 1/2 1800 pp 5 ABBOTT 98K DO I >1580 _> 1 1 1800 pp 5 ABBOTT 98K DO 
> 510 88-94 e + e-- 6 ACCIARRI 95c L3 

8ABBOTT 98K search for heavy pointlike Dirac monopoles via central production of a I 
pair of photons with high transverse energies. 

6ACCIARRI 95c finds a limit B(Z ~ 3'7"~) < 0.8 • 10 - 5  (which is possible via a 
monopole 10op) at 95% CL and sets the mass limit via a cross section model, 

Monopole Flux - -  Cosmic Ray Searches 
FLUX MASS CHG COMMENTS 
(cm-2sr-ls- l~ Gev) (4} (~ = vie) E V T S  DOCUMENT ID TEEN 

<1E--1w 1 1.1 X 10--4"-0.1 0 7AMBROSIO 97 MCRO 
<4,1E-15 1 (0.18 2 .7)E-3 0 8AMBROSIO 97 MCRO 
< I . 0 E -  15 1 0,0012-0.1 0 9 AMBROSIO 97 MCRO 
<0.87E- 15 (0.11-5)E-3 0 10 AMBROSIO 97 MCRO 
<6.8E-15 1 4 .0E-5  0 11 AMBROSIO 97 MCRO 
<2.8E-15 1 0.1-1 0 12AMBROSIO 97 MCRO 
<4.4E-15 1 0.1-1 0 13AMBROSIO 97 MCRO 
<5.6E-15 1 (0.18-3.0)E-3 0 14AHLEN 94 MCRO 
<2.7E-15 1 ,3 ~ ! x 10 - 3  0 15 BECKER-SZ.,. 94 IMB 
<8.7E-15 1 > 2 . E - 3  0 THRON 92 SOUD 
<4.4E-12 1 all/3 0 GARDNER 91 INDU 
<7.2E-13 1 all/3 0 HUBER 91 INDU 
<3.7E-15 >E12 1 / 3 -1 .E -4  0 18ORITO 91 PLAS 
<3.2E-16 >E l0  1 /3 > 0.05 0 16 ORITO 91 PLAS 
<3.2E-16 >E10-E12 2,3 0 16 ORITO 91 PLAS 
<3.8E-13 1 all/~ 0 BERMON 90 INDU 
<5 .E -16  I (i' < 1 . E - 3  0 15 BEZRUKOV 90 CHER 
<1.8E-14 I /3 >1 .1E-4  0 17 BUCKLAND 90 HEPT 
< 1 E - 1 8  3 .E -4  < /3  <1 .5E-3  0 18 GHOSH 90 MICA 
<7.2E-13 1 all/~ 0 HUBER 90 INDU 
<5 .E-12  >E7 1 3 . E - 4 < / 3 < 5 . E - 3  0 BARISH 87 CNTR 
< I . E - 1 3  I . E - 8  </~ <1 0 15 BARTELT 87 SOUD 
<1 .E-10  1 all/3 0 EBISU 87 INDU 
<2 .E-13  1 .E-4  </~ < 6 . E - 4  0 MASEK 87 HEPT 
<2 .E-14  4 .E-5  < /3  < 2 . E - 4  0 NAKAMURA 87 PLAS 
<2 .E-14  1 .E-3  < /3  <1 0 NAKAMURA 87 PLAS 
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Searches Particle Listings 
Magnetic Monopole Searches 
<5.E- 14 
<2.E-13 
<5.E- 14 
<5.E-12 
<I.E-13 
<7.E- 11 
<I .E-  18 
<5 .E -  12 
<6 .E -  12 
<6 .E -  10 
<3 .E -  15 
<2 .E-21  
<3 .E -15  
<5 .E -12  
<7 .E -12  
<7 .E -13  
<2 .E -12  
<6 .E -13  
<2 .E -  14 
<4 .E -  13 
<1 .E -16  
<1 .E -13  
<4 .E -  13 

>1 
<E17 

>200 

<4.E- 13 
< I .E-  12 
<3.E- 13 
<3.E- 12 
<4.E- 11 
<5.E-15 
<B.E-15 
<5.E- 12 
<2.E-12 
< I . E -  13 
<2 ,E -12  
6.E-  10 
<2 ,E -  11 
<2 .E -15  
< I . E -  13 
<5 .E -  11 
<2 .E -  11 
1 .E-1  
<2 .E -13  
< I . E -  19 
<5.E- 15 
<2,E- 11 

9.E-4 </3 <1.E-2 0 SHEPKO 87 CNTR 
4 .E -4  </3 <1 0 TSUKAMOTO 87 CNTR 

Monopole Flux - -  Astrophysics 
FLUX MASS CHG COMMENTS 

<15 

1 all/3 1 19 CAPLIN 86 INDU 
1 0 CROMAR 86 INDU 
1 7 . E - 4 < / 3  0 HARA 86 CNTR 
1 all/3 0 INCANDELA 86 INDU 

4 . E - 4 < / 3 < l . E - 3  0 18pRICE 86 MICA 
1 0 BERMON 85 INDU 
1 0 CAPLIN 85 INDU 
1 0 EBISU 85 INDU 

5 . E - S _ < / 3 < 1 . E - 3  0 15KAJITA 85 KAMI 
/3 < 1 . E - 3  0 15,20 KAJITA 85 KAMI 
1 .E -3  < /3  < I . E -  1 0 15 PARK 85B CNTR 

1 1 .E -4  < /3  <1 0 BATTISTONI 84 NUSX 
1 0 INCANDELA 84 INDU 
1 3 . E - 4 < / 3  0 17KAJINO 84 CNTR 
1 3.E--4 < /3  <1 .E -1  0 KAJINO 84B CNTR 
1 5 . E - 4 < / 3 < 1  0 KAWAGOE 84 CNTR 

I . E -  3 < /3  0 15 KRISHNA... 84 CNTR 
1 6 . E - 4 < / 3 < 2 . E - 3  0 LISS 84 CNTR 

3 . E - 4 < / 3 < l , E - 3  0 18pRICE 84 MICA 
1 1 .E -4  < /3  0 PRICE 84B PLAS 
1 6 . E - 4 < / 3 < 2 . E - 3  0 TARLE 84 CNTR 

7 21 ANDERSON 83 EMUL 
1 1 . E - 2 < / 3 < 1 , E - 3  0 BARTELT 83BCNTR 
1 7 . E - 3 < / 3 < 1  0 BARWICK 83 PLAS 
1 1 . E - 3 < / 3 < 4 . E - 1  0 BONARELLI 83 CNTR 

5 . E - 4 < / 3 < 5 . E - 2  0 15BOSETTI 83 CNTR 
1 0 CABRERA 83 INDU 
1 1 . E - 2 < / 3 < 1  0 DOKE 83 PLAS 

1 . E - 4 < / 3 < 1 . E - 1  0 15ERREDE 83 IMB 
1 l . E - 4 < / 3 < 3 . E - 2  0 GROOM 03 CNTR 

6 .E -4  < /3  <1 0 MASHIMO 83 CNTR 
1 /3=3.E-3 0 ALEXEYEV 82 CNTR 
1 7 . E - 3 < / 3 < 6 . E - 1  0 BONARELLI 82 CNTR 
I all/3 1 22CABRERA 82 INDU 

l . E - 2 < / 3 < 1 . E - 1  0 MASHIMO 82 CNTR 
concentrator 0 BARTLETT 81 PLAS 
1 .E -3  < /3  0 KINOSHITA 81B PLAS 
3 .E -4  < /3  <1.E-3 0 ULLMAN 81 CNTR 
concentrator 0 BARTLETT ?B PLAS 

2 1 23 PRICE 75 PLAS 
>2 0 FLEISCHER 71 PLAS 
>2 obsidian, mica 0 FLEISCHER 69C PLAS 
<3 concentrator 0 CARITHERS 66 ELEC 

<1-3  concentrator 0 MALKUS 51 EMUL 

Iem-2sr-ls -1)  (GeV) ._~ (~ = v/c) EVTS DOCUMENT ID TECN 

<1.3E--20 faint white dwarf 24 FREESE 99 ASTR I 
<1 .E -16  E17 1 galactic field 0 25 ADAMS 93 COSM 
<1 .E-23  Jovian planets 24 ARAFUNE 85 ASTR 
<1 .E-16  E15 solar trapping 0 BRACCI 85B ASTR 
<1 .E-18  1 0 24 HARVEY 84 COSM 
<3 .E-23  neutron stars KOLB B4 ASTR 
<7 .E-22  pulsars 0 24 FREESE 83B ASTR 
<1 .E-18  <E18 1 intergalactic field 0 24 REPHAELI 83 COSM 
<1 .E-23  neutron stars 0 24 DIMOPOUL... 82 COSM 
<5 ,E-22  neutron stars 0 24 KOLB 82 COSM 
<5 ,E-15  >E21 galactic halo SALPETER 82 COSM 
<1 ,E-12  E19 1 /3=3.E-3 0 26TURNER 82 COSM 
<1 .E-16  1 galactic field 0 PARKER 70 COSM 

24 Catalysis of nucleon decay. 
25ADAMS 93 limit based on "survival and growth of a small galactic seed field" is 

10 - 1 6  (m/1017 GeV) cm - 2  s -1  s r - 1  Above 1017 GeV, limit 10 -16  (1017 GeV/m) 

c m - 2  s -1  s r -1  (from requirement that monopole density does not overclose the uni- 
verse) is more stringent. 

26 Re-evaluates PARKER 70 limit for GUT monopoles. 

Monopole Density - -  Matter Searches 
CHG 

DENSITY (g) MATERIAL EVTS DOCUMENT ID TECN 

<6.9E-6/gram >1/3  Meteorites and other 0 JEON 95 INDU 
<2.E-7 /gram >0.6 Fe ore 0 27 EBISU 87 INDU 
<4.6E-6/gram > 0.5 deep schist 0 KOVALIK 86 INDU 
< l .6E-6 /g ram > 0.5 manganese nodules 0 28 KOVALIK 86 INDU 
< l .aE-6 /g ram > 0.5 seawater 0 KOVALIK 86 INDU 
>1.E+14/gram >1/3  iron aerosols >1 MIKHAILOV 83 SPEC 
<6.E-4/gram air, seawater 0 CARRIGAN 76 CNTR 
< 5 . E - i / g r a m  >0.04 11 materials 0 CABRERA 75 INDU 
<2,E-4/gram >0,05 moon rock 0 ROSS 73 INDU 
<6.E-7/gram <140 seawater 0 KOLM 71 CNTR 
< l . E - 2 / g r a m  <120 manganese nodules 0 FLEISCHER 69 PLAS 
< l . E - 4 / g r a m  >0 manganese 0 FLEISCHER 69B PLAS 
<2.E-3 /gram <1-3  magnetite, meteor 0 GOTO 63 EMUL 
<2 .E -  2/gram meteorite 0 PETUKHOV 63 CNTR 

27 Mass 1 x 1014-1 x 1017 GeV. 
28 KOVALIK 86 examined 498 kg of schist from two sites which exhibited clear minearalogic 

evidence of haivng been buried at least 20 krn deep and held below the Curie temperature. 

7AMBROSIO 97 global MACRO 90%CL is 0.78 x 10 - 1 5  at/3=1.1 x 10 - 4 ,  goes through 
a minimum at 0.61 x 10 - 1 5  near /3=(1,1-2.7) x 10 - 3 ,  then rises to 0.84 • 10 -15  
at /3=0.1. The global limit in this region is below the Parker bound at 10 - 1 5  . Less 
stringent limits are established for 4 x 10 - 5  < /3 < 1. Limits set by various triggers 
in the detector are listed below. All limits assume a catalysis cross section smaller than 
10rob. 

8AMBROSIO 97 "Scintillator D" (low velocity) 90%CL increases from 4.1 • 10 -15  at 
/3=2.7 • 10 - 3  to 14.6 x 10 - 1 5  at/3=0.006. 

9 AMBROSIO 97 "Scintillator B" 90%CL (single medium-velocity trigger with two analysis 
criteria). 

10AMBROSIO 97 streamer tube 90%CL. Tubes contain helium, and hence trigger is sen- 
sitive via the atomic induction mechanism. 

11AMBROSIO 97 CR39 90%CL improves to 4.3 • 10 - 1 5  at /3=1.0 • 10 - 4 .  CR39 is 
sensitive for 4 x 10 - 5  < /3  < 1 except for a window at 0.25 x 10 - 3  < /3  < 2.1 • 10 -3 ,  
In the middle region other triggers set better limits. 

12AMBROSIO 97 CR39 90%CL falls to 2.7 • 10 - 1 5  at/3=1 and increases at lower veloc- 
ities. Provides better limit than "Scintillator C'  for 0.1 < /3  < 1.0. 

13AMBROSIO 97 "Scintillator C" 90%CL, based on high absolute energy loss in two 
scintillator layers. 

14AHLEN 94 limit for dyons extends down to /3=0 .9E-4  and a limit of 1.3E- 14 extends 
to/3 = 0.8E-4. Also see comment by PRICE 94 and reply of BARISH 94. One loophole 
in the AHLEN 94 result is that in the case of monopoles catalyzing nucleon decay. 
relativisitic particles could veto the events. See AMBROSIO 97 for additional results. 

15 Catalysis of nucleon decay; sensitive to assumed catalysis cross section. 
16 ORITO 91 limits are functions of velocity. Lowest limits are given here. 
17 Used DKMPR mechanism and Penning effect. 
18 Assumes monopole attaches fermion nucleus. 
19Limit from combining data of CAPLIN 06, BERMON 85, INCANDELA 84, and CABR- 

ERA 83. For a discussion of controversy about CAPLIN 86 observed event, see GUY 87. 
Also see SCHOUTEN 87. 

20Based on lack of high- energy solar neutrinos from catalysis in the sun. 
21Anomalous long-range c~ (4He) tracks. 
22 CABRERA 82 candidate event has single Dirac charge within •  
23ALVAREZ 75, FLEISCHER 75, and FRIEDLANDER 75 explain as fragmenting nucleus. 

EBERHARD 75 and ROSS 76 discuss conflict with other experiments. HAGSTROM 77 
reinterprets as antinucleus. PRICE 78 reassesses. 

Monopole Density - -  Astrophysics 
CHG 

DENSITY (~) MATERIAL 

< l . E - 9 / g r a m  1 sun, catalysis 
<6.E-33/nucl  1 moon wake 
<2 .E -  28/nucl earth heat 
< 2 . E -  4/prot 42cm absorption 
< 2 . E -  13/m 3 moon wake 

29 Catalysis of nucleon decay. 

EVTS DOCUMENT tO TECN 

0 29 ARAFUNE 83 COSM 
0 5CHATTEN B3 ELEC 
0 CARRIGAN B0 COSM 
0 BRODERICK 79 COSM 
0 SCHATTEN 70 ELEC 

REFERENCES FOR Magnetic Monopole Searches 
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Also 96 
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PRL 60 1610 K. KTnoshita et al. (HARV. TISA. KEK+) 
PR D36 2641 B.C. Barish. G. Liu. C. Lane (CIT) 
PR D36 lS90 J.E. Bartelt et aL (5oudan Collab.) 
PR D40 1701 erratum J.E. Bartelt et aL (Soudan CoJlab.) 
PR D36 3359 T. Ebisu, T, Watanabe (KOBE) 
.IPG 11 883 T. Ebisu, T. Watanabe (KOBE) 
PR D35 1081 T. Gentile et aL (CLEO Collab.) 
Nature 325 463 J. Guy (LOIC} 
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Magnetic Monopole Searches, Supersymmetric Particle Searches 

MASEK 87 PR 035 2758 
NAKAMURA 87 PL B1B3 395 
PRICE 87 PRL 59 2523 
SCHOUTEN 87 JPE 20 850 
SHEPKO 87 PR D35 2917 
TSUKAMOTO 87 EPL 3 39 
CAPLIN 86 Nature 321 402 

AlSO 87 JPE 20 850 
Also 87 Nature 325 463 

CROMAR 86 PRL 56 2561 
HARA 86 PRL 56 553 
INCANDELA 86 PR D34 2637 
KOVALIK 86 PR A33 1183 
PRICE 86 PRL 56 1226 
ARAFUNE 85 PR D32 2586 
BERMON 85 PRL 55 1850 
BRACCI BSB NP B258 726 

Also 85 LNC 42 123 
CAPLIN 85 Nature 317 234 
EBISU 85 JPG 11 883 
KAJITA 85 JPSJ 54 4065 
PARK 858 NP 8252 261 
BATTISTONI 84 PL 1338 454 
FRYBERGER 84 PR D29 1524 
HARVEY 84 NP B236 255 
INCANDELA 84 PRL 53 2067 
KAJINO 84 PRL 52 1373 
KAJINO 848 JPG 18 447 
KAWAGOE 84 LNC 41 315 
KOLB 84 APJ 286 702 
KRISHNA... 84 PL 1428 99 
LI88 84 PR 030 884 
PRICE 84 PRL 52 1265 
PRICE 84B PL 140B 112 
TARLE 84 PRL 52 90 
ANDERSON 83 PR D28 2308 
ARAFUNE B3 PL 133B 380 
AUBERT B3B PL 120B 465 
BARTELT 83B PRL 50 855 
BARWICK 83 PR D28 2338 
BONARELLI 83 PL 1268 137 
BOSETTI 83 PL 133B 265 
CABRERA 83 PRL 51 1933 
DOKE 83 PL 129B 370 
ERREDE 83 PRL 51 245 
FREESE 83B PRL 51 1625 
GROOM 83 PRL 50 573 
MASHIMO 83 PL 128B 327 
MIKHAILOV 83 PL 130B 331 
MUSSET 83 PL 128B 333 
REPHAELI 83 PL 121B 115 
SCHATTEN 83 PR 027 1525 
ALEXEYEV 82 LNC 35 413 
BONARELLI 82 PL 112B 100 
CABRERA 82 PRL 48 1378 
DELL 82 NP B209 45 
DIMOPOUL.. 82 PL 1198 320 
KINOSHITA 82 PRL 48 77 
KOLB 82 PRL 49 1373 
MASHIMO �9 82 JPSJ 51 3067 
SALPETER 82 PRL 49 1114 
TURNER B2 PR 026 1296 
BARTLETT Bl PR 024 612 
KINOSHITA BIB PR 024 1707 
ULLMAN 81 PRL 47 289 
CARRIGAN 80 Nature 288 348 
BRODERICK 79 PR DI9 1046 
BARTLETT 78 PR OtB 2253 
CARRIGAN 78 PR D17 1754 
HOFFMANN 78 LNC 23 357 
PRICE 78 PR DIB 1382 
HAGSTROM 77 PRL 38 729 
CARRIGAN 76 PR 013 1B23 
DELL 76 LNC 15 269 
ROSS 76 LBL-4665 
STEVENS 76B PR 014 2207 
ZRELOV 76 CZJP B26 1306 
ALVAREZ 75 LBL-4260 
BURKE 75 PL 60B 113 
CABRERA 75 Thesis 
CARRIGAN 75 NP BgI 279 

AlSO 71 PR O3 56 
EBERHARD 75 PR 011 3099 
EBERHARD 75B LBL-4289 
FLEISCHER 75 PRL 35 1412 
FRIEDLANDER 75 PRL 35 1167 
GIACOMELLI 75 NC 28A 2t 
PRICE 75 PRL 35 487 
CARRIGAN 74 PR D10 3867 
CARRIGAN 71 PR D8 3717 
ROSS 73 PR D8 698 

AlSO 71 PR D4 3260 
Also 70 Science 167 701 

BARTLETT 72 PR D6 1817 
GUREVICH 72 PL 38B 549 

AlSO 72B 
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FLEISCHER 71 
KOLM 71 
PARKER 70 
SCHATTEN 70 
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FLEISCHER 69B 
FLEISCBER 69C 

Also 70C 
CARITHERB 66 
AMALDI 63 
GOTO 63 
PETUKHOV 63 
PURCELL 63 
FIDECARO 61 
BRADNER 59 
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S U P E R S Y M M E T R Y  

Revised October 1999 by Howard E. Haber (Univ. of California, 
Santa Cruz) Part I, and by M. Schmitt (Harvard Univ.) Part II 

This review is divided into two parts: 

Supersymmetry, Part I (Theory) 

1.1. Introduction 

1.2. Structure of the MSSM 

1.3. Parameters of the MSSM 
1.4. The supersymmetric-particle sector 

1.5. The Higgs sector of the MSSM 

1.6. Reducing the MSSM parameter freedom 

I.T. The constrained MSSMs: mSUGRA, GMSB, and SGUTs 

1.8. Beyond the MSSM 

Supersymmetry, Part II (Experiment) 

II.1. Introduction 

II.2. Common supersymmetry scenarios 

II.3. Experimental issues 
II.4. Supersymmetry searches in e+e - colliders 

II.5. Supersymmetry searches at proton machines 

II.6. Supersymmetry searches at HERA and fixed-target experiments 

II.7. Conclusions 

S U P E R S Y M M E T R Y ,  P A R T  I ( T H E O R Y )  

(by H.E. Haber) 

1.1. Introduction: Supersymmetry (SUSY) is a generaliza- 

tion of the space-time symmetries of quantum field theory that 

transforms fermions into bosons and vice versa. It also provides 

a framework for the unification of particle physics and grav- 
ity [1-3], which is governed by the Planck scale, Me ~ 10 TM GeV 

(defined to be the energy scale where the gravitational interac- 

tions of elementary particles become comparable to their gauge 

interactions). If supersymmetry were an exact symmetry of 
nature, then particles and their superpartners (which differ 
in spin by half a unit) would be degenerate in mass. Thus, 

supersymmetry cannot be an exact symmetry of nature, and 

must be broken. In theories of "low-energy" supersymmetry, 

the effective scale of supersymmetry breaking is tied to the 

electroweak scale I4-6], which is characterized by the Standard 
Model Higgs vacuum expectation value v = 246 GeV. It is thus 

possible that supersymmetry will ultimately explain the origin 

of the large hierarchy of energy scales from the W and Z masses 

to the Planck scale. 
At present, there are no unambiguous experimental results 

that require the existence of low-energy supersymmetry. How- 

ever, if experimentation at future colliders uncovers evidence 

for supersymmetry, this would have a profound effect on the 

study of TeV-scale physics and the development of a more fun- 

damental theory of mass and symmetry-breaking phenomena in 

particle physics. 
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1.2. Structure o f  She M S S M :  The minimal supersymmetric 

extension of the Standard Model (MSSM) consists of taking the 

Standard Model and adding the corresponding supersymmetric 

partners [2,7]. In addition, the MSSM contains two hypercharge 

Y = =kl Higgs doublets, which is the minimal structure for the 

Higgs sector of an anomaly-free supersymmetric extension of 

the Standard Model. The supersymmetric structure of the 

theory also requires (at least) two Higgs doublets to generate 

mass for both "up"-type and "down"-type quarks (and charged 

leptons) [8,9]. All renormalizable supersymmetric interactions 

consistent with (global) B -L  conservation (B =baryon number 

and L =lepton number) are included. Finally, the most general 

soft-supersymmetry-breaking terms are added [10]. 

If supersymmetry is associated with the origin of the scale of 

electroweak interactions, then the mass parameters introduced 

by the soft-supersymmetry-breaking terms must in general be of 

order 1 TeV or below [11] (although models have been proposed 

in which some supersymmetric particle masses can be larger, 

in the range of 1 10 TeV [12]). Some lower bounds on these 

parameters exist due to the absence of supersymmetric-particle 

production at current accelerators [13]. Additional constraints 

arise from limits on the contributions of virtual supersym- 

metric particle exchange to a variety of Standard Model pro- 

cesses [14,15]. In particular, the Standard Model fit (without 

supersymmetry) to precision electroweak data is quite good [16]. 

If all supersymmetric particle masses are significantly heavier 

than mz (in practice, masses greater than 300 GeV are suf- 

ficient [17]), then the effects of the supersymmetric particles 

decouple in loop-corrections to electroweak observables [18]. In 

this case the Standard Model global fit to precision data and 

the corresponding MSSM fit yield similar results. On the other 

hand, regions of parameter space with light supersymmetric 

particle masses can generate significant one-loop corrections, 

resulting in a poorer overall fit to the data [19]. Thus, the 

precision electroweak data provide some constraints on the 

magnitude of the soft-supersymmetry-breaking terms. 

As a consequence of B -L  invariance, the MSSM possesses 

a multiplicative R-parity invariance, where R = ( -1)  3(B-L)+2S 

for a particle of spin S [20]. Note that this formula implies that 

all the ordinary Standard Model particles have even R-parity, 

whereas the corresponding supersymmetric partners have odd 

R-parity. The conservation of R-parity in scattering and decay 

processes has a crucial impact on supersymmetric phenomenol- 

ogy. For example, starting from an initial state involving ordi- 

nary (R-even) particles, it follows that supersymmetric parti- 

cles must be produced in pairs. In general, these particles are 

highly unstable and decay quickly into lighter states. However, 

R-parity invariance also implies that the lightest supersymmet- 

tic particle (LSP) is absolutely stable, and must eventually be 

produced at the end of a decay chain initiated by the decay of 

a heavy unstable supersymmetric particle. 

In order to be consistent with cosmological constraints, 

a stable LSP is almost certainly electrically and color neu- 

tral [21]. Consequently, the LSP in a R-parity-conserving the- 

ory is weakly-interacting in ordinary matter, i.e. it behaves like 

a stable heavy neutrino and will escape detectors without being 

directly observed. Thus, the canonical signature for conven- 

tional R-parity-conserving supersymmetric theories is missing 

(transverse) energy, due to the escape of the LSP. Moreover, 

the LSP is a prime candidate for "cold dark matter" [22], a 

potentially important component of the non-baryonic dark mat- 

ter that is required in many models of cosmology and galaxy 

formation [23]. 

In the MSSM, supersymmetry breaking is accomplished by 

including the most general renormalizable soft-supersymmetry- 

breaking terms consistent with the SU(3)xSU(2)• gauge 

symmetry and R-parity invariance. These terms parameterize 

our ignorance of the fundamental mechanism of supersymmetry 

breaking. If supersymmetry breaking occurs spontaneously, 

then a massless Goldstone fermion called the goldstino (G) 
must exist. The goldstino would then be the LSP and could 

play an important role in supersymmetric phenomenology [24]. 

However, the goldstino is a physical degree of freedom only 

in models of spontaneously broken global supersymmetry. If 

the supersymmetry is a local symmetry, then the theory must 

incorporate gravity; the resulting theory is called supergravity. 

In models of spontaneously broken supergravity, the goldstino is 

"absorbed" by the gravitino (g3/2), the spin-3/2 partner of the 

graviton [25]. By this super-Higgs mechanism, the goldstino is 

removed from the physical spectrum and the gravitino acquires 

a m a s s  (m3/D. 
It is very difficult (perhaps impossible) to construct a model 

of spontaneously-broken low-energy supersymmetry where the 

supersymmetry breaking arises solely as a consequence of the 

interactions of the particles of the MSSM. A more viable scheme 

posits a theory consisting of at least two distinct sectors: 

a "hidden" sector consisting of particles that are completely 

neutral with respect to the Standard Model gauge group, and a 

"visible" sector consisting of the particles of the MSSM. There 

are no renormalizable tree-level interactions between particles 

of the visible and hidden sectors. Supersymmetry breaking is 

assumed to occur in the hidden sector, and then transmitted to 

the MSSM by some mechanism. Two theoretical scenarios have 

been examined in detail: gravity-mediated and gauge-mediated 

supersymmetry breaking. 

Supergravity models provide a natural mechanism for trans- 

mitting the supersymmetry breaking of the hidden sector to the 

particle spectrum of the MSSM. In models of gravi~y-mediaLed 
supersymmetry breaking, gravity is the messenger of super- 

symmetry breaking [26,27]. More precisely, supersymmetry 

breaking is mediated by effects of gravitational strength (sup- 

pressed by an inverse power of the Planck mass). In this 
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scenario, the gravitino mass is of order the electroweak- 

symmetry-breaking scale, while its couplings are roughly gravi- 
tational in strength [1,28]. Such a gravitino would play no role 

in supersymmetric phenomenology at colliders. 

In gauge-mediated supersymmetry breaking, supersymmetry 

breaking is transmitted to the MSSM via gauge forces. A typ- 
ical structure of such models involves a hidden sector where 

supersymmetry is broken, a "messenger sector" consisting of 
particles (messengers) with SU(3)•215 quantum num- 

bers, and the visible sector consisting of the fields of the 

MSSM [29,30]. The direct coupling of the messengers to the 
hidden sector generates a supersymmetry breaking spectrum 

in the messenger sector. Finally, supersymmetry breaking is 

transmitted to the MSSM via the virtual exchange of the 
messengers. If this approach is extended to incorporate grav- 

itational phenomena, then supergravity effects will also con- 

tribute to supersymmetry breaking. However, in models of 

gange-mediated supersymmetry breaking, one usually chooses 
the model parameters in such a way that the virtual exchange 

of the messengers dominates the effects of the direct gravita- 

tional interactions between the hidden and visible sectors. In 

this scenario, the gravitino mass is typically in the eV to keV 

range, and is therefore the LSP. The helicity +1 components of 

g3/2 behave approximately like the goldstino; its coupling to the 
particles of the MSSM is significantly stronger than a coupling 

of gravitational strength. 

1.3. P a r a m e t e r s  o f  the M S S M :  The parameters of the 

MSSM are conveniently described by considering separately 

the supersymmetry-conserving sector and the supersymmetry- 

breaking sector. A careful discussion of the conventions used 
in defining the MSSM parameters can be found in Ref. 31. For 

simplicity, consider the case of one generation of quarks, leptons, 

and their scalar superpartners. The parameters of the super- 
symmetry-conserving sector consist of: (i) gauge couplings: 

gs, g, and gr, corresponding to the Standard Model gauge 

group SU(3)• respectively; (ii) a supersymmetry- 

conserving Higgs mass parameter #; and (iii) Higgs-fermion 

Yukawa coupling constants: Au, Ad, and Ae (corresponding to 
the coupling of one generation of quarks, leptons, and their 

superpartners to the Higgs bosons and higgsinos). 

The supersymmetry-breaking sector contains the following 
set of parameters: (i) gaugino Majorana masses M3, M2 and 

M1 associated with the SU(3), SU(2), and U(1) subgroups of 

the Standard Model; (ii) five scalar squared-mass parameters 

for the squarks and sleptons, MQ, MS, M 2, M 2, and M~t~ 

[corresponding to the five electroweak gauge multiplets, i.e., 
e c  . superpartners of (u, d)L, UCL, dCL, (u, e-)L,  and L,], (iii) Higgs- 

squark-squark and Higgs-slepton-slepton trilinear interaction 

terms, with coefficients Au, Ad, and Ae (these are the so-called 
"A-parameters"); and (iv) three scalar Higgs squared-mass 

parameters--two of which contribute to the diagonal Higgs 
squared-masses, given by ml  2 + I/z[ 2 and m 2 + I/z[ 2, and one off- 

diagonal Higgs squared-mass term, m~2 ---- B# (which defines 

the "B-parameter"). These three squared-mass parameters can 

be re-expressed in terms of the two Higgs vacuum expectation 
values, Vd and vu, and one physical Higgs mass. Here, Vd 

(vu) is the vacuum expectation value of the Higgs field which 

couples exclusively to down-type (up-type) quarks and leptons. 

(Another notation often employed in the literature is Vl -- Vd 
and v2 -- vu.) Note that v 2 + v 2 = (246 GeV) 2 is fixed by the 

W mass, while the ratio 

tan/3 = v~/vd (1) 

is a free parameter of the model. 

The total number of degrees of freedom of the MSSM is 

quite large, primarily due to the parameters of the soft-super- 

symmetry-breaking sector. In particular, in the case of three 
generations of quarks, leptons, and their superpartners, M 2, 

M~, M 2, ME, and M 2E are hermitian 3 x 3  matrices, and the 

A-parameters are complex 3 • 3 matrices. In addition, M1, M2, 

M3, B and # are in general complex. Finally, as in the Standard 
Model, the Higgs-fermion Yukawa couplings, A I (f  = u, d, and 

e), are complex 3 x 3 matrices which are related to the quark 

and lepton mass matrices via: M f  = Afv l /v /2 ,  where v~ - Vd 

(with vu and vd as defined above). However, not all these 

parameters are physical. Some of the MSSM parameters can 

be eliminated by expressing interaction eigenstates in terms of 

the mass eigenstates, with an appropriate redefinition of the 

MSSM fields to remove unphysical degrees of freedom. The 
analysis of Ref. 32 shows that the MSSM possesses 124 truly 

independent parameters. Of these, 18 parameters correspond 

to Standard Model parameters (including the QCD vacuum 
angle 0QCD) , o n e  corresponds to a Higgs sector parameter (the 
analogue of the Standard Model Higgs mass), and 105 are 

genuinely new parameters of the model. The latter include: 

five real parameters and three CP-violating phases in the 
gangino/higgsino sector, 21 squark and slepton masses, 36 

new real mixing angles to define the squark and slepton mass 
eigenstates and 40 new CP-violating phases that can appear 

in squark and slepton interactions. The most general R-parity- 

conserving minimal supersymmetric extension of the Standard 

Model (without additional theoretical assumptions) will be 
denoted henceforth as MSSM-124 [33]. 

I..~. The  s u p e r s y m m e t r i c - p a r t i c l e  sec tor:  Consider the 

sector of supersymmetric particles (spartieles) in the MSSM. 

The supersymmetric partners of the gauge and Higgs bosons 

are fermions, whose names are obtained by appending "ino" at 

the end of the corresponding Standard Model particle name. 

The gluino is the color octet Majorana fermion partner of the 

gluon with mass M~ = IM31. The supersymmetric partners 
of the electroweak gauge and Higgs bosons (the gauginos and 

higgsinos) can mix. As a result, the physical mass eigenstates 
are model-dependent linear combinations of these states, called 

charginos and neutralinos, which are obtained by diagonalizing 

the corresponding mass matrices. The chargino-mass matrix 

depends on M2,/z, tan/3 and m w  [34]. 
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The corresponding chargino-mass eigenstates are denoted 

by ~+ and -+ X2, with masses 

- ~ = ~ I/4 + IMel 2 + 2 m ~  + (l~] 2 + IM~I 2 § 2m~r 2 

where the states are ordered such that M~+ _< M~+. If CP- 

violating effects are neglected (in which case, M2 and # are real 

parameters), then one can choose a convention where tan j3 and 

M2 are positive. (Note that the relative sign of M2 and # is 
meaningful. The sign of # is convention-dependent; the reader 

is warned that both sign conventions appear in the literature.) 

The sign convention for # implicit in Eq. (2) is used by the 
LEP collaborations [13] in their plots of exclusion contours 

in the M2 vs. # plane derived from the non-observation of 

e + e -  --+ ~ .  

The neutralino mass matrix depends on M1, 5/2, #, tan~,  

rag, and the weak mixing angle 9w [34]. The corresponding 
neutralino eigenstates are usually denoted by ~ (i -- 1 , . . .4) ,  

according to the convention that M ~  < M ~  _ M~] < M ~ .  

If a chargino or neutralino eigenstate approximates a particu- 

lar gaugino or higgsino state, it is convenient to employ the 

corresponding nomenclature. Specifically, if M1 and M2 are 

small compared to m z  and I#[, then the lightest neutralino ~0 

would be nearly a pure photino, ~, the supersymmetric partner 

of the photon. If M1 and m z  are small compared to M2 and 

IPl, then the lightest neutralino would be nearly a pure bino, 

/~, the supersymmetric partner of the weak hypercharge gauge 

boson. If M~ and m z  are small compared to M1 and [#], then 
the lightest chargino pair and neutralino would constitute a 
triplet of roughly mass-degenerate pure winos, W •  and ~ o ,  

the supersymmetric partners of the weak SU(2) gauge bosons. 

Finally, if ltz[ and m z  are small compared to M1 and M2, then 

the lightest neutralino would be nearly a pure higgsino. Each 

of the above cases leads to a strikingly different phenomenology. 

The supersymmetric partners of the quarks and leptons are 

spin-zero bosons: the squarks, charged sleptons, and sneutrinos. 

For simplicity, only the one-generation case is illustrated below 
(using first-generation notation). For a given fermion f ,  there 

are two supersymmetric partners fL and YR which are scalar 
partners of the corresponding left and right-handed fermion. 

(There is no PR in the MSSM.) However, in general, fL and 
YR are not mass-eigenstates since there is h - f R  mixing which 

is proportional in strength to the corresponding element of the 

scalar squared-mass matrix [35] 

] md(Ad -- # tan~3), for "down"-type f 
M2R = [ mu(Au - #cotj3), for "up"-type f ,  (3) 

where md (mu) is the mass of the appropriate "down" ("up") 

type quark or lepton. The signs of the A-parameters are also 

convention-dependent; see Ref. 31. Due to the appearance of 

the fermion mass in Eq. (3), one expects MLR to be small 
compared to the diagonal squark and slepton masses, with the 

possible exception of the top-squark, since mt is large, and the 

bottom-squark and tau-slepton if tan ~3 >> 1. 
The (diagonal) L- and R-type squark and slepton squared- 

masses are given by 

M 2 = M~ + m2i + (T3I - ef sin 20w)m2z cos 2fl, 
]L F 

Mf~ = M 2 + m~ + ey sin 2 Owm2z cos 2~3 (4) 
R R 

where M~ ~ M 2 [ME] for E L and dL [VL and g~], and 
F q 

M 2 = M 2 M~ and M~ for uR, dR, and eR, respectively. In 

addition, e I -~ 2 ~, - I ,  0, - 1  for f = u ,  d, v, and e, respectively, 
T3I--1 [_ 1] for up-type [down-type] squarks and sleptons, and 

mf  is the corresponding quark or lepton mass. Squark and 

slepton mass eigenstates, generically called .~ and ~ (these are 

linear combinations of fL and -fR), are obtained by diagonalizing 

the corresponding 2 x 2 squared-mass matrices. 

In the case of three generations, the general analysis is 

more complicated. The scalar squared-masses [M~ and M 2 in 
R 

Eq. (4)], the fermion masses m!  and the A-parameters are now 
3 x 3 matrices as noted in Section 1.3. Thus, to obtain the 

squark and slepton mass eigenstates, one must diagonalize 6 x 6 

mass matrices. As a result, intergenerational mixing is possible, 

although there are some constraints from the nonobservation of 

FCNC's [14,15]. In practice, because off-diagonal scalar mixing 

is appreciable only for the third generation, this additional 

complication can usually be neglected. 
It should be noted that all mass formulae quoted in this 

section are tree-level results. One-loop corrections will modify 
all these results, and eventually must be included in any 

precision study of supersymmetric phenomenology [36]. 

1.5. The Higgs sector  o f  the M S S M :  Next, consider the 

Higgs sector of the MSSM [8,9,37]. Despite the large number 

of potential CP-violating phases among the MSSM-124 param- 

eters, one can show that the tree-level MSSM Higgs sector is 

automatically CP-conserving. That is, unphysical phases can 

be absorbed into the definition of the Higgs fields such that 

tan ~ is a real parameter (conventionally chosen to be positive). 

Moreover, the physical neutral Higgs scalars are C P  eigenstates. 
There are five physical Higgs particles in this model: a charged 

Higgs boson pair (H i ) ,  two CP-even neutral Higgs bosons 

(denoted by//1~ and g ~ where mH[ <_ mH~ ) and one CP-odd 

neutral Higgs boson (A~ 
The properties of the Higgs sector are determined by the 

Higgs potential, which is made up of quadratic terms [whose 

squared-mass coefficients were mentioned above Eq. (1)] and 

quartic interaction terms. The strengths of the interaction 

terms are directly related to the gauge couplings by supersym- 
metry (and are not affected at tree-level by supersymmetry 

breaking). As a result, t a n ~  [defined in Eq. (1)] and one 

Higgs mass determine the tree-level Higgs-sector parameters. 

These include the Higgs masses, an angle a [which measures 
the component of the original Y = 4-1 Higgs doublet states 
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in the physical CP-even neutral scalars], and the Higgs boson 

couplings. 
When one-loop radiative corrections are incorporated, ad- 

ditional parameters of the supersymmetric model enter via 

virtual loops. The impact of these corrections can be sig- 

nificant [38]. For example, at tree-level, MSSM-124 predicts 

mHo < mz]cos2/3[ < m z  [8,9]. If this prediction were un- 

modified, it would imply that H ~ must be discovered at the 
LEP collider (running at its maximum energy and luminos- 

ity); otherwise MSSM-124 would be ruled out. However, when 
radiative corrections are included, the light Higgs-mass upper 

bound may be significantly increased. The qualitative behavior 

of the radiative corrections can be most easily seen in the large 
top-squark mass limit, where in addition, both the splitting 

of the two diagonal entries [Eq. (4)] and the two off-diagonal 

entries [Eq. (3)] of the top-squark squared-mass matrix are 

small in comparison to the average of the two top-squark 
ltM.2 + M2). In this case (assuming squared-masses, M~ - ~x 

mAo > m z ) ,  the upper bound on the lightest CP-even Higgs 
mass at one-loop is approximately given by 

where X t  =- A t  - I~ cot/3 is the top-squark mixing factor [see 
Eq. (3)]. A more complete treatment of the radiative correc- 

tions [39] shows that Eq. (5) somewhat overestimates the true 

upper bound of mH[.  These more refined computations, which 
incorporate renormalization group improvement and the leading 

two-loop contributions, yield mHo <~ 130 GeV (with an accuracy 

of a few GeV) for m t =  175 GeV and M s  ~< 1 TeV [39]. 
In addition, one-loop radiative corrections can also intro- 

duce CP-violating effects in the Higgs sector, which depend on 

some of the CP-violating phases among the MSSM-124 param- 
eters [40]. Although these effects are more model-dependent, 

they can have a non-trivial impact on the Higgs searches at 

LEP and future colliders. 

1.6.  R e d u c i n g  t h e  M S S M  p a r a m e t e r  f r e e d o m :  Even in 
the absence of a fundamental theory of supersymmetry break- 

ing, one is hard-pressed to regard MSSM-124 as a fundamental 

theory. For example, no fundamental explanation is provided 

for the origin of electroweak symmetry breaking. Moreover, 

MSSM-124 is not a phenomenologically viable theory over most 

of its parameter space. Among the phenomenologically defi- 

ciencies are: (i) no conservation of the separate lepton numbers 

Le, L~, and Lr;  (ii) unsuppressed FCNC's; and (iii) new 
sources of CP-violation that are inconsistent with the exper- 

imental bounds. As a result, almost the entire MSSM-124 
parameter space is ruled out! This theory is viable only at very 

special "exceptional" points of the full parameter space. 
MSSM-124 is also theoretically deficient since it provides 

no explanation for the origin of the supersymmetry-hreaking 

parameters (and in particular, why these parameters should 

conform to the exceptional points of the parameter space 

mentioned above). Moreover, the MSSM contains many new 

sources of C P  violation. For example, some combination of 

the complex phases of the gangino-mass parameters, the A- 
parameters, and/~ must be less than of order 10-2-10 -3 (for a 

supersymmetry-breaking scale of 100 GeV) to avoid generating 

electric dipole moments for the neutron, electron, and atoms in 

conflict with observed data [41,42]. 
There are two general approaches for reducing the param- 

eter freedom of MSSM-124. In the low-energy approach, an 

attempt is made to elucidate the nature of the exceptional 

points in the MSSM-124 parameter space that are phenomeno- 
logically viable. Consider the following two possible choices. 
First, one can assume that M~, M 2, M 2, M 2, M2E and the 

matrix A-parameters are generation-independent (horizontal 

universality [5,32,43]). Alternatively, one can simply require 

that all the aforementioned matrices are flavor diagonal in a 

basis where the quark and lepton mass matrices are diagonal 

(flavor alignment [44]). In either case, Le, L~, and LT are 

separately conserved, while tree-level FCNC's are automati- 
cally absent. In both cases, the number of free parameters 

characterizing the MSSM is substantially less than 124. Both 

scenarios are phenomenologically viable, although there is no 

strong theoretical basis for either scenario. 
In the high-energy approach, one treats the parameters of 

the MSSM as running parameters and imposes a particular 

structure on the soft-supersymmetry-breaking terms at a com- 

mon high-energy scale [such as the Planck scale (Mp)]. Using 

the renormalization group equations, one can then derive the 

low-energy MSSM parameters. The initial conditions (at the 

appropriate high-energy scale) for the renormalization group 

equations depend on the mechanism by which supersymmetry 
breaking is communicated to the effective low energy theory. 

Examples of this scenario are provided by models of gravity- 

mediated and gauge-mediated supersymmetry breaking (see 

Section 1.2). One bonus of such an approach is that one of the 

diagonal Higgs squared-mass parameters is typically driven neg- 

ative by renormalization group evolution. Thus, electroweak 
symmetry breaking is generated radiatively, and the resulting 

electroweak symmetry-breaking scale is intimately tied to the 
scale of low-energy supersymmetry breaking. 

One prediction of the high-energy approach that arises in 

most grand unified supergravity models and gauge-mediated 

supersymmetry-breaking models is the unification of gangino 

mass parameters at some high-energy scale Mx, i.e., 

M I ( M x )  = M 2 ( M x )  = M 3 ( M x )  = rnl/2 . (6) 

Consequently, the effective low-energy gaugino mass parameters 

(at the electroweak scale) are related: 

M3 = (g~/g2)M2 , )VII = (5g '2 /3g2)M2 ~- 0.5M2 . (7) 

In this case, the chargino and neutralino masses and mixing 

angles depend only on three unknown parameters: the gluino 

mass, #, and tan/3. If in addition I#1 >> M1, m z ,  then the 
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lightest neutralino is nearly a pure bino, an assumption often 

made in supersymmetric particle searches at colliders. 

Recently, attention has been given to a class of supergravity 

models in which Eq. (7) does not hold. In models where no 

tree-level gaugino masses are generated, one finds a model- 

independent contribution to the gaugino mass whose origin can 

be traced to the super-conformal (super-Weyl) anomaly which 

is common to all supergravity models [45]. This approach 

has been called anomaly-mediated supersymmetry breaking. 

Eq. (7) is then replaced (in the one-loop approximation) by: 

big 2 
Mi ~- 1~fi~2 m3/2 , (8) 

where m3/2 is the gravitino mass (assumed to be of order 1 TeV), 

and bi are the coefficients of the MSSM gauge beta-functions cor- 

responding to the corresponding U(1), SU(2) and SU(3) gauge 

groups: (bl,b2, b3) = (~ ,  1 , -3 ) .  Eq. (8) yields M1 -~ 2.8M2 

and M3 -~ -8.3M2, which implies that the lightest chargino 

pair and neutralino make up a nearly-mass degenerate triplet 

of winos. The corresponding supersymmetric phenomenology 

differs significantly from the standard phenomenology based 

on EQ. (7), and is explored in detail in Ref. [46]. Anomaly- 

mediated supersymmetry breaking also generates (approximate) 

flavor-diagonal squark and slepton mass matrices. However, in 

the MSSM this cannot be the sole source of supersymmetry- 

breaking in the slepton sector (which yields negative squared- 

mass contributions for the sleptons). 

L T. The cons trained M S S M s :  m S U G R A ,  G M S B ,  and 

S G U T s :  One way to guarantee the absence of significant 

FCNC's mediated by virtual supersymmetric-particle exchange 

is to posit that the diagonal soft-supersymmetry-breaking scalar 

squared-masses are universal at some energy scale. In models 

of gauge-mediated supersymmetry breaking, scalar squared- 

masses are expected to be flavor independent since gauge forces 

are flavor-blind. In the minimal supergravity (mSUGRA) 

framework [1 3], the soft-supersymmetry-breaking parameters 

at the Planck scale take a particularly simple form in which the 

scalar squared-masses and the A-parameters are flavor diagonal 

and universal [26]: 

low-energy values of M 2 and M 2 depend primarily on m 2 and 
F R 

m~/2. A number of useful approximate analytic expressions for 

superpartner masses in terms of the mSUGRA parameters can 

be found in Ref. 47. 

Clearly, in the mSUGRA approach, the MSSM-124 param- 

eter freedom has been sharply reduced. For example, typical 

mSUGRA models give low-energy values for the scalar mass 

parameters that satisfy M Z ~ M/~ < M~ ~ My  ~ M~ with 

the squark mass parameters somewhere between a factor of 1 3 

larger than the slepton mass parameters (e.g., see Ref. 47). 

More precisely, the low-energy values of the squark mass pa- 

rameters of the first two generations are roughly degenerate, 

while M ~  and M~3 are typically reduced by a factor of 1-3 

from the values of the first and second generation squark mass 

parameters because of renormalization effects due to the heavy 

top quark mass. 

As a result, one typically finds that four flavors of squarks 

(with two squark eigenstates per flavor) and bR are nearly 

mass-degenerate. The "bL mass and the diagonal ~'L and t'R 

masses are reduced compared to the common squark mass of 

the first two generations. (If tan/~ >> 1, then the pattern of 

third generation squark masses is somewhat altered; e.g., see 

Ref. 48.) In addition, there are six flavors of nearly mass- 

degenerate sleptons (with two slepton eigenstates per flavor for 

the charged sleptons and one per flavor for the sneutrinos); the 

sleptons are expected to be somewhat lighter than the mass- 

degenerate squarks. Finally, third generation squark masses 

and tan-slepton masses are sensitive to the strength of the 

respective fL fR mixing as discussed below Eq. (3). 

Due to the implicit ml/2 dependence in the low-energy 

values of M~ M~ and M-~, there is a tendency for the gluino ' u 

in mSUGRA models to be lighter than the first and second 

generation squarks. Moreover, the LSP is typically the lightest 

neutralino, N ~ which is dominated by its bino component. 

However, there are some regions of mSUGRA parameter space 

where the above conclusions do not hold. For example, one can 

reject those mSUGRA parameter regimes in which the LSP is 

a chargino. 

One can count the number of independent parameters in 

M~(Mp) = M~I(Mp) = M~(Mp) = m ~ l ,  

M~(Mp) = M2(Mp)  = m21, 

m2(Mp) : m22(Mp) = mE, 

Au(Mp ) = AD(Mp) = AL(Mp) = A o l ,  (9) 

the mSUGRA framework. In addition to 18 Standard Model 

parameters (excluding the Higgs mass), one must specify m0, 

ml/2, A0, and Planck-scale values for # and B-parameters 

(denoted by #0 and B0). In principle, A0, B0 and /z0 can be 

complex, although in the mSUGRA approach, these parameters 

are taken (arbitrarily) to be real. As previously noted, renor- 

malization group evolution is used to compute the low-energy 

where 1 is a 3 • 3 identity matrix in generation space. Renor- 

malization group evolution is then used to derive the values of 

the supersymmetric parameters at the low-energy (electroweak) 

scale. For example, to compute squark and slepton masses, 

one must use the low-energy values for M 2- and M 2 in Eq. (4). 
F R 

Through the renormalization group running with boundary con- 

ditions specified in Eq. (7) and Eq. (9), one can show that the 

values of the mSUGRA parameters, which then fixes all the pa- 

rameters of the low-energy MSSM. In particular, the two Higgs 

vacuum expectation values (or equivalently, mg and tan/3) can 

be expressed as a function of the Planck-scale supergravity 

parameters. The simplest procedure is to remove #0 and B0 in 

favor of m z  and tan fl (the sign of #0 is not fixed in this process). 

In this case, the MSSM spectrum and its interaction strengths 

are determined by five parameters: m0, Ao, ml/2, tan/~, and 



See key on page 239 

823 

Searches Particle Listings 
Supersymmetric Particle Searches 

the sign of/z0, in addition to the 18 parameters of the Standard 

Model. However, the mSUGRA approach is probably too sim- 

plistic. Theoretical considerations suggest that the universality 

of Planck-scale soft-supersymmetry-breaking parameters is not 

generic [49]. 

In the minimal gauge-mediated supersymmetry-breaking 

(GMSB) approach, there is one effective mass scale, A, that 

determines all low-energy scalar and gaugino mass parameters 

through loop-effects (while the resulting A-parameters are sup- 

pressed). In order that the resulting superpartner masses be of 

order 1 TeV or less, one must have A ,~ 100 TeV. The origin 

of the # and B-parameters is quite model dependent and lies 

somewhat outside the ansatz of gauge-mediated supersymme- 

try breaking. The simplest models of this type are even more 

restrictive than mSUGRA, with two fewer degrees of freedom. 

However, minimal GMSB is not a fully realized model. The 

sector of supersymmetry-breaking dynamics can be very com- 

plex, and no complete model of gauge-mediated supersymmetry 

yet exists that is both simple and compelling. 

It was noted in Section 1.2 that the gravitino is the LSP 

in GMSB models. Thus, in such models, the next-to-lightest 

supersymmetric particle (NLSP) plays a crucial role in the phe- 

nomenology of supersymmetric particle production and decay. 

Note that unlike the LSP, the NLSP can be charged. In GMSB 

models, the most likely candidates for the NLSP are ~0 and 

~ .  The NLSP will decay into its superpartner plus a gravitino 

(e:g., ~11 ~ "?'g3/~, ~o ~ Z'~3/2 or ~ ~ ~'• with lifetimes 

and branching ratios that depend on the model parameters. 

Different choices for the identity of the NLSP and its 

decay rate lead to a variety of distinctive supersymmetric 

phenomenologies [30,50]. For example, a long-lived ~ - N L S P  

that decays outside collider detectors leads to supersymmetric 

decay chains with missing energy in association with leptons 

and/or hadronic jets (this case is indistinguishable from the 

canonical phenomenology of the ~I-LSP). On the other hand, if 

X1 ~ ~ ~/g'3/2 is the dominant decay mode, and the decay occurs 

inside the detector, then nearly all supersymmetric particle 

decay chains would contain a photon. In contrast, the case of a 

r-~-NLSP would lead either to a new long-lived charged particle 

(i.e., the 7/~) or to supersymmetric particle decay chains with 

T-leptons. 

Finally, grand unification can impose additional constraints 

on the MSSM parameters. Perhaps one of the most com- 

pelling hints for low-energy supersymmetry is the unification 

of SU(3)•215 gauge couplings predicted by models of 

supersymmetric grand unified theories (SGUTs) [5,51] (with 

the supersymmetry-breaking scale of order 1 TeV or below). 

Gauge coupling unification, which takes place at an energy scale 

of order 10 TM GeV, is quite robust (i.e., the unification depends 

weakly on the details of the theory at the unification scale). 

In particular, given the low-energy values of the electroweak 

couplings g(mz) and g'(mz), one can predict as(mz) by using 

the MSSM renormalization group equations to extrapolate to 

higher energies and imposing the unification condition on the 

three gauge couplings at some high-energy scale, Mx. This 

procedure (which fixes Mx) can be successful (i.e., three run- 

ning couplings will meet at a single point) only for a unique 

value of as(mz). The extrapolation depends somewhat on 

the low-energy supersymmetric spectrum (so-called low-energy 

"threshold effects") and on the SGUT spectrum (high-energy 

threshold effects), which can somewhat alter the evolution of 

couplings. Ref. [52] summarizes the comparison of present 

data with the expectations of SGUTs, and shows that the mea- 

sured value of as(mz) is in good agreement with the predictions 

of supersymmetric grand unification for a reasonable choice of 

supersymmetric threshold corrections. 

Additional SGUT predictions arise through the unification 

of the Higgs-fermion Yukawa couplings (AI). There is some 

evidence that Ab = A~ leads to good low-energy phenomenol- 

ogy [53], and an intriguing possibility that Ab = 2r = At may 

be phenomenologically viable [54,48] in the parameter regime 

where tan/3 ~ mt/mb. Finally, grand unification imposes con- 

straints on the soft-supersymmetry-breaking parameters. For 

example, gaugino-mass unification leads to the relations given 

in Eq. (7). Diagonal squark and slepton soft-supersymmetry- 

breaking scalar masses may also be unified, which is analogous 

to the unification of Higgs-fermion Yukawa couplings. 

In the absence of a fundamental theory of supersymmetry 

breaking, further progress will require a detailed knowledge of 

the supersymmetric-particle spectrum in order to determine the 

nature of the high-energy parameters. Of course, any of the 

theoretical assumptions described in this section could be wrong 

and must eventually be tested experimentally. 

L 8. Beyond the MSSM: Non-minimal models of low-energy 

supersymmetry can also be constructed. One approach is to 

add new structure beyond the Standard Model at the TeV 

scale or below. The supersymmetric extension of such a theory 

would be a non-minimal extension of the MSSM. Possible new 

structures include: (i) the supersymmetric generalization of the 

see-saw model of neutrino masses [55,56]; (ii) an enlarged elec- 

troweak gauge group beyond SU(2)xU(1) [57]; (iii) the addition 

of new, possibly exotic, matter multiplets [e.g., a vector-like 

color triplet with electric charge le;  such states sometimes 

occur as low-energy remnants in E6 grand unification mod- 

els]; and/or (iv) the addition of low-energy SU(3) • SU(2) • U(1) 

singlets [58]. A possible theoretical motivation for such new 

structure arises from the study of phenomenologically viable 

string theory ground states [59]. 

A second approach is to retain the minimal particle con- 

tent of the MSSM but remove the assumption of R-parity 

invariance. The most general R-parity-violating (RPV) theory 

involving the MSSM spectrum introduces many new parameters 

to both the supersymmetry-conserving and the supersymmetry- 

breaking sectors. Each new interaction term violates either B 

or L conservation. For example, consider new scalar-fermion 

Yukawa couplings derived from the following interactions: 

(AL)pmnnpLmEn +(AL)pmnLpQmDn +(AB)pmnUp m n, (10) 



824 

Searches Particle Listings 
Supersymmetric Particle Searches 
where p, m, and n are generation indices, and gauge group 
indices are suppressed. In the notation above, Q, U c, D c, L, 
and ~c respectively represent (u, d)L, UCL, dCL, (u, e-)L, and e~ 
and the corresponding superpartners. The Yukawa interactions 
are obtained from Eq. (10) by taking all possible combinations 
involving two fermions and one scalar superpartner. Note that 
the term in Eq. (10) proportional to AB violates B, while the 
other two terms violate L. 

Phenomenological constraints on various low-energy B- and 
L-violating processes yield limits on each of the coefficients 

(~r.)pmn, ;~' ( L)pmn and (,~B)p,nn taken one at a time [60]. If 
more than one coefficient is simultaneously non-zero, then the 
limits are in general more complicated. All possible RPV terms 
cannot be simultaneously present and unsuppressed; otherwise 
the proton decay rate would be many orders of magnitude 
larger than the present experimental bound. One way to avoid 
proton decay is to impose B- or L-invariance (either one alone 
would suffice). Otherwise, one must accept the requirement 
that certain RPV coefficients must be extremely suppressed. 

If R-parity is not conserved, supersymmetric phenomenol- 

ogy exhibits features that are quite distinct from that of the 
MSSM. The LSP is no longer stable, which implies that not all 
supersymmetric decay chains must yield missing-energy events 
at colliders. Both AL = 1 and A L  = 2 phenomena are allowed 
(if L is violated), leading to neutrino masses and mixing [61], 
neutrinoless double beta decay [62], sneutrino-antisneutrino 
mixing [56,63,64]', and s-channel resonant production of the 
sneutrino in e+e - collisions [65]. Since the distinction between 
the Higgs and matter multiplets is lost, R-parity violation 
permits the mixing of sleptons and Higgs bosons, the mix- 
ing of neutrinos and neutralinos, and the mixing of charged 
leptons and charginos, leading to more complicated mass ma- 
trices and mass eigenstates than in the MSSM. Note that if 
Ak ~ 0, then squarks can behave as leptoquarks since the 

following processes are allowed: e+~m ~ ~n ~ e+um, ~-dm 
and e+dm ---* un --~ e+dm. (As above, m and n are generation 
labels, so that d2 = s, d3 = b, etc.) 

The theory and phenomenology of alternative low-energy 
supersymmetric models and its consequences for collider physics 
have recently begun to attract significant attention. In par- 
ticular, experimental and theoretical constraints place some 
non-trivial restrictions on R-parity-violating alternatives to the 
MSSM (see, e.g., Refs. [60,66] for further details). 
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S U P E R S Y M M E T R Y ,  P A R T  II  ( E X P E R I M E N T )  

Revised October 1999 by M. Schmitt (Harvard University) 

11.1. Introduction: The theoretical strong points of super- 

symmetry (SUSY) have motivated many searches for supersym- 

metric particles. Most of these have been guided by the MSSM 

and are based on the canonical missing-energy signature caused 

by the escape of the LSP's ('lightest supersymmetric particles'). 

More recently, other scenarios have received considerable atten- 

tion from experimenters, widening the range of topologies in 

which new physics might be found. 

Unfortunately, no convincing evidence for the production of 

supersymmetric particles has been found. The most far reach- 

ing laboratory searches have been performed at the Tevatron 

and at LEP, and these are the main topic of this review. In 

addition, there are a few special opportunities exploited by 

HERA and certain fixed-target experiments. 

Theoretical aspects of supersymmetry have been covered in 

Part I of this review by H.E. Haber (see also Ref. 1, 2); we use 

his notations and terminology. 

II.2. C o m m o n  supersymmetry  scenarios: In the 

'canonical' scenario [1], supersymmetric particles are pair- 

produced and decay directly or via cascades to the LSP. For 

most typical choices of model parameters, the lightest neutralino 

is the LSP. If R-parity is conserved, the LSP is stable. Since 

the neutralino is neutral and colorless, interacting only weakly 

with matter, it can be a candidate for cold dark matter, and in 

fact for a wide range of theoretical parameters, an appropriate 

density of relic neutralinos is expected. (See the Listings for 

current limits and constraints.) Assuming the conservation of 

R-parity, the LSP's will escape detection, giving signal events 

the appearance of "missing energy." In proton colliders, the 

momentum component along the beam direction is not useful, 

so one works with the so-called "missing transverse energy" 

(~T), which is the vector sum of the transverse components of 

all visible momenta. In e+e - machines, both the missing trans- 

verse momentum, p~iss (essentially the same quantity as 4~T), 

and the missing energy, E miss, which is the difference between 

twice the beam energy and the total visible energy, are utilized. 

There are always at least two LSP's per event. Collimated jets, 

isolated leptons or photons, and appropriate kinematic cuts 

provide additional handles to reduce backgrounds. 

The conservation of R-parity is not required in super- 

symmetry, however, and in some searches it is assumed that 

supersymmetric particles decay via interactions which violate 

R-parity (RPV), and hence, lepton and/or baryon number. For 

the most part the production of superpartners is unchanged, 

but in general the missing-energy signature is lost. Depending 

on the choice of the R-parity-breaking interaction, SUSY events 

are characterized by an excess of leptons or hadronic jets, and in 

many cases it is relatively easy to suppress SM backgrounds [3]. 

A distinction is made between "indirect" ItPV, in which the 

LSP decays close to the interaction point but no other decays 

are modified, and "direct" RPV, in which the supersymmetric 

particles decay to SM particles, producing no LSP's. In either 

case the pair-production of LSP's, which need not be ~~ or 

~'s, is a significant SUSY signal. 

In models assuming gauge-mediated supersymmetry break- 

ing (GMSB) [4], the gravitino g3/2 is a weakly-interacting 

fermion with a mass so small' that it can be neglected when 

considering the event kinematics. It is the LSP, and the lightest 

neutralino decays to it radiatively, possibly with a very long 

lifetime. With few exceptions the decays and production of 

other superpartners are the same as in the canonical scenario, 

so when the ~ lifetime is not too long, the event topologies are 

augmented by the presence of photons which can be energetic 

and isolated. If the ~1 lifetime is so long that it decays outside 

of the detector, the event topologies are the same as in the 

canonical scenario. In some variants of this theory the right- 

sleptons are lighter than the lightest neutralino, and they decay 

to a lepton and a gravitino. This decay might occur after the 

slepton exits the apparatus, depending on model parameters. 

Finally, in another scenario the gluino ~ is assumed to 

be light ( M y  < 5 GeV/c  2) [5]. Its decay to the lightest neu- 

tralino is kinematically suppressed, so long-lived supersymmet- 

ric hadrons (~ + g bound states called R~ are formed [6]. 

While the sensitivity of most searches at LEP and the Tevatron 

would be lost, specific searches at fixed target experiments seem 

to have closed this gap definitively. (See the review article by 

H. Murayama.) 

11.3. E~cperimental issues: Before describing the results of 

the searches, a few words about experimental isues are in order. 

Given no signal for supersymmetric particles, experimenters 

are forced to derive limits on their production. The most gen- 

eral formulation of supersymmetry is so flexible that few univer- 

sal bounds can be obtained. Often more restricted forms of the 
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theory are evoked for which predictions are more defini te--and 

exclusions more constraining. The most popular of these is 

minimal supergravity ( 'mSUGRA') .  As explained in the Part  I 

of this review, parameter  freedom is drastically reduced by re- 

quiring related parameters to be equal at the unification scale. 

Thus, the gaugino masses are equal with value ml/2, and the 

slepton, squark, and Higgs masses depend on a common  scalar 

mass parameter,  mo. In the individual experimental analyses, 

only some of these assumptions are necessary. For example, 

the gluon and squark searches at  proton machines constrain 

mainly M3 and a scalar mass parameter  mo for the squark 

masses, while the chargino, neutralino, and slepton searches 

at e+e - colliders constrain M2 and a scalar mass parameter  

mo for the slepton masses. In addition, results from the Higgs 

searches can be used to constrain ml /2  and mo as a function 

of tan  ~. (The full analysis involves large radiative corrections 

coming from squark mixing, which is where the dependence 

on ral/2 and mo enter.) In the mSUGRA framework, all the 

scalar mass parameters  mo are the same and the three gaug- 

ino mass parameters are proportional to ml/2, so limits from 

squarks, sleptons, charginos, gluinos, and Higgs all can be used 

to constrain the parameter  space. 

While the mSUGRA framework is convenient, it is based 

on several highly specific theoretical assumptions, so limits 

presented in this framework cannot easily be applied to other 

supersymmetric models. Serious a t tempts  to reduce the model 

dependence of experimental exclusions have been made. When 

model-independent results are impossible, the underlying as- 

sumptions and their consequences are carefully delineated. 

This is easier to achieve at  e+e - colliders than at proton 

machines. 

The least model-dependent result from any experiment is 

the upper limit on the cross section. It requires only the 

number  N of candidate events, the integrated luminosi ty/ : ,  the 

total  expected background b, and the acceptance e for a given 

signal. The upper limit on the number of signal events for a 

given confidence level N upper is computed from N and b (see 

review of Statistics). The experimental bound is simply 

e.  o < gupper/l : .  (1) 

This information is nearly always reported, but  some care 

is needed to unders tand how the acceptance was estimated, 

since it can be quite sensitive to assumptions about masses 

and branching ratios. Also, in the more complicated analyses, 

Y upper also changes as a result of the optimization for a variety 

of possible signals. 

The theoretical parameter  space is constrained by comput- 

ing e �9 a of Eq. (1) in terms of the relevant parameters while 

Nupper/~ is fixed by experiment. Even after the theoretical 

scenario and assumptions have been specified, some choice re- 

mains about  how to present the constraints. The quantity e �9 a 

may depend on three or more parameters, yet in a printed page 

one usually can display limits only in a two-dimensional space. 

Three ra ther  different tactics are employed by experimenters: 

�9 Select "typical" values for the parameters not 

shown. These may be suggested by theory, or val- 

ues giving more conservative--or more powerful--  

results may be selected. Although the values are 

usually specified, one sometimes has to work to 

understand the possible 'loopholes.' 

�9 Scan the parameters not shown. The lowest value 

for e . a  is used in Eq. (1), thereby giving the weakest 

limit for the parameters shown. As a consequence, 

the limit applies for all values of the parameters not  

shown. 

�9 Scan parameters to find the lowest acceptance e and 

use it as a constant in Eq. (1). The limits are then 

safe from theoretical uncertainties but  may be over- 

conservative, hiding powerful constraints existing in 

more typical cases. 

Judgment  is exercised: the second option is the most  correct 

but  may be impractical or uninteresting; most often repre- 

sentative cases are presented. These lat ter  become standard,  

allowing a direct comparison of experiments, and also the 

opportunity to combine results. 

Limits reported here are derived for 95% C.L. unless noted 

otherwise. 

II . .~.  S u p e r s y m m e t r y  s e a r c h e s  i n  e + e  - c o l l i d e r s :  The 

large electron-positron collider (LEP) at  CERN has been run- 

ning at center-of-mass energies more than twice the mass of the 

Z boson. After collecting approximately 150 pb -1 at  LEP 1 

(collider energy at the Z peak), each experiment (ALEPH, DEL- 

PHI, L3, OPAL) has accumulated large data  sets at  LEP 2: 

about  5.7 pb -1 at  v ~ ~ 133 GeV (1995), 10 pb -1 at  161 GeV 

and 11 pb -1 at  172 GeV (1996), 57 pb -1 near 183 GeV (1997), 

and most recently, 180 pb -1 at 189 GeV (1998). This review 

emphasizes the most recent LEP 2 results. 

The LEP experiments and SLD at SLAC excluded essen- 

tially all visible supersymmetric particles up to about  half the 

Z mass (see the Listings for details). These limits come mainly 

from the comparison of the measured Z widths to SM expec- 

tations, and are relatively insensitive to the details of SUSY 

particle decays [7]. The data  taken at  higher energies allow 

much stronger limits to be set, al though the complex interplay 

of masses, cross sections, and branching ratios makes simple 

general limits impossible to specify. 

The main signals come from SUSY particles with charge, 

weak isospin, or large Yukawa couplings. The gauge fermions 

(charginos and neutralinos) generally are produced with large 

cross sections, while the scalar particles (sleptons and squarks) 

are suppressed near threshold by kinematic factors. 

Charginos are produced via 7*, Z*, and Ue exchange. Cross 

sections are in the 1-10 pb range, but  can be an order of mag- 

nitude smaller when M~e is less than 100 GeV/c  2 due to the 

destructive interference between s- and t-channel amplitudes. 

Under the same circumstances, neutralino production is en- 

hanced, as the t-channel ~" exchange completely dominates the 
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s-channel Z* exchange. When Higgsino components dominate 

the field content of charginos and neutralinos, cross sections are 

large and insensitive to slepton masses. 

Sleptons and squarks are produced via V* and Z* exchange; 

for selectrons there is an important additional contribution from 

t-channel neutralino exchange which generally increases the 

cross section substantially. Although the Tevatron experiments 

have placed general limits on squark masses far beyond the 

reach of LEP, a light top squark (stop) could still be found 

since the flavor eigenstates can mix to give a large splitting 

between the mass eigenstates. The coupling of the lightest stop 

to the Z* will vary with the mixing angle, however, and for 

certain values, even vanish, so the limits on squarks from LEP 

depend on the mixing angle assumed. 

The various SUSY particles considered at LEP typically 

would decay directly to SM particles and LSP's, so signatures 

consist of some combination of jets, leptons, possibly photons, 

and missing energy. Consequently the search criteria are geared 

toward a few distinct topologies. Although they may be opti- 

mized for one specific signal, they are often efficient for others. 

For example, acoplanar jets are expected in both tit1 and ~ 0 ~  

production, and acoplanar leptons for both g+t -  and :~+~-. 

The major backgrounds come from three sources. First, 

there are the so-called 'two-photon interactions,' in which the 

beam electrons emit photons which combine to produce a low 

mass hadronic or leptonic system leaving little visible energy in 

the detector. Since the electrons are seldom deflected through 

large angles, p~iSS is low. Second, there is difermion production, 

usually accompanied by large initial-state radiation induced by 

the Z pole, which gives events that are well balanced with 

respect to the beam direction. Finally, there is four-fermion 

production through states with one or two resonating bosons 

(W+W -, ZZ, We~, Ze+e -, etc.) which can give events with 

large E miss and p~iss due to neutrinos and electrons lost down 

the beam pipe. 

In the canonical case, E miss and p~iss are large enough to 

eliminate most of these backgrounds. The e+e - initial state is 

well defined so searches utilize both transverse and longitudinal 

momentum components. It is possible to measure the missing 
_ #2 D/2~ which is small if pr~TiSS mass (Mmiss = {(x/~ -- Evis) 2 vis, , 

is caused by a single neutrino or undetected electron or photon, 

and can be large when there are two massive LSP's. The four- 

fermion processes cannot be entirely eliminated, however, and a 

non-negligible irreducible background is expected. Fortunately, 

the uncertainties for these backgrounds are not large. 

High efficiencies are easily achieved when the mass of the 

LSP is lighter than the parent particle by at least 10 GeV/c 2 

and greater than about 10 GeV/c 2. Difficulties arise when the 

mass difference A M  between the produced particle and the LSP 

is smaller than 10 GeV/c 2 as the signal resembles background 

from two-photon interactions. A very light LSP is challenging 

also since, kinematically speaking, it plays a role similar to a 

neutrino, so that, for example, a signal for charginos of mass 

85 GeV/c 2 is difficult to distinguish from the production of 

W + W  - pairs. The lower signal efficiency obtained in these 

two extreme cases has been offset by the large integrated 

luminosities delivered over the last two years, so mass limits are 

not degraded very much. 

Since the start of LEP 2, experimenters have made special 

efforts to cover a wide range of mass differences. Also, since 

virtual superpartners exchanged in decays can heavily influence 

branching ratios to SM particles, care has been taken to ensure 

that the search efficiencies are not strongly dependent on the 

final state. This ability to cover a wide range of topologies 

has driven the push for bounds with a minimum of model 

dependence. 

Charginos have been excluded up to 94 GeV/c  2 [8,9] except 

in cases of very low acceptance (AM = M~• ~< 3 GeV/c 2) 

or low cross section (M~e ~< 120 GeV/c2). When 1#1 << M2, the 

Higgsino components are large for charginos and neutralinos. 

In this case the associated production of neutralino pairs X1X2-~176 
is large and the problem of small mass differences ( M ~  - M~0) 

less severe. Experimental sensitivity now extends down to mass 

differences of 3 GeV/c 2, corresponding to M2 above 2 TeV/c 2. 

The possibility of extremely small mass differences has 

been raised in several theoretical papers, and the DELPHI 

Collaboration has engineered several searches to cover this 

scenario [10]. For A M  ~ 1 GeV/c  2, they distinguish signal 

from two-photon background on the basis of photons radiated in 

the initial state, which have different kinematic characteristics. 

For AM ~ 0.4 GeV/c 2, the chargino acquires a non-negligible 

lifetime, so they look for displaced vertices and tracks which 

do not originate from the interaction point. The modeling 

of lifetime and chargino decays required special care. When 

A M  < mr,  the lifetime is so long that the chargino appears 

as a heavily ionizing particle which exits the apparatus before 

decaying. The bounds on the chargino mass are weaker than 

in the canonical case with larger AM, but still are well above 

the bounds from LEP 1 (Fig. 1). 

The limits from chargino and neutralino production are 

most often used to constrain M2 and # for fixed tan/3. For 

large [#] (the gaugino case), chargino bounds limit M2, and 

vice versa (the Higgsino case). When tan/3 is not large, the 

region of parameter space with # < 0 and [#[ ~ M2 corresponds 

to 'mixed' field content, and the limits on M2 and [#[ are 

relatively modest, numerically. This is especially true when 

electron sneutrinos are light, leading to a degradation of the 

indirect limits on the LSP mass, as discussed below. 

When the sleptons are light, two important effects must 

be considered for charginos: the cross section is significantly 

reduced and the branching ratio to leptons is enhanced, es- 

pecially to v's via ~'s which can have non-negligible mixing. 

These effects are greatest when the chargino has a large gaugino 

component. The weakest bounds are found for small negative 

# and small tan/3, as the cross section is reduced with respect 

to larger [#], the impact of 7 mixing can be large, and the 

efficiency is not optimal because A M  is large. 
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F i g u r e  1: Ranges of excluded chargino and 
neutralino masses, for very small A M  , from 
DELPHI [10]. 

If the sneutrino is lighter than the chargino, then two-body 

decays ~+ ---* t+~ dominate, and in the 'corridor' 0 < M ~  - 

M ~ <  3 GeV/c  2 the acceptance is so low that no exclusion is 

possible [11,9]. 

The limits on slepton masses [12] fall a bit below the 

kinematic limit due to a phase space suppression near threshold. 

The simplest topology results from ~ ---* ~ 0 .  Considering the 

production of ~R only, the 189 GeV data from OPAL gives 

89 GeV/c  2 for eR, 82 GeV/c  2 for /SR, and 81 GeV/c 2 for T1. 

For selectrons and smuons there is a small improvement from 

the preliminary combination of the four LEP experiments [13], 

and one sees that the dependence on A M  = M ~ -  M ~  is 

weak for A M  > 5 GeV/c  2. Assuming a common scalar mass 

term m0, the masses of the left- and right-sleptons can be 

related as a function of tan l3, and one finds m~L > rain by 

a few GeV/c  2. Consequently, in associated CLeR production, 

the special case M-~< Men still results in a viable signature: a 

single energetic electron. ALEPH have used this to close the 

gap M~n - M~ ---* 0. In this same framework, bounds on the 

parameters roll 2 and m0 have been derived. 

In some GMSB models, photons from the decay ~0 ___, 7 g3/2 

accompany the leptons. The resulting limits are similar to the 

canonical case. In other GMSB models, sleptons may decay to 

g• g3/2 outside the detector, so the experimental signature is a 

pair of collinear, heavily ionizing tracks [14]. Combined search 

limits are 86 GeV/c  2 for ~R and ~R [15]. Shorter lifetimes 

are possible, however, so searches have been performed for 

displaced vertices, tracks with kinks, and tracks with large 

impact parameters. Combining these together, slepton mass 
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Figu re  2: Lower limit on the mass of ~R as 
a function of its lifetime, from the ALEPH 
183 GeV data [12]. The full line shows the 
actual mass limit obtained, while the long 
dashed line shows the limit expected from 
Monte Carlo studies. The short dashed lines 
indicate the limits from the three types 
of searches: acoplanar leptons (T < 10-gs), 
tracks with large impact parameters and kinks 
(10-11s < ~- < 10-Ts); and, heavily ionizing 
tracks (r  > 10-8s). 

limits independent of lifetime have been derived. The result 

from ALEPH for ~R is shown in Fig. 2 [12]. 

For these same GMSB models, it is possible that the lightest 

stau is significantly lighter than the other sleptons. If so, then 

special topologies may result, such as 4T final states from 

neutralino pair production. DELPHI has searched in this and 

related channels, finding no evidence for a signal [16]. 

Limits on stop and sbottom masses [17,18], vary with the 

mixing angle because the cross section does: for ~ = 56 ~ and 

~b = 67~ the contribution from Z exchange is "turned off." The 

stop decay ~1 ~ c~l proceeds through loops, giving a lifetime 

long enough to allow the top squark to form supersymmetric 

hadrons which provide a pair of jets and missing energy. If 

sneutrinos are light, the decay tl  ---' bl~ dominates, giving 

two leptons in addition to the jets. Access to small A M  is 

possible due to the visibility of the decay products of the c and 

b quarks. Limits vary from 91 GeV/c 2 for an unrealistic pure 

~L state to 89 GeV/c 2 if the coupling of t'l to the Z vanishes. 

The electric charge of the sbottoms is smaller than that of 

stops, leading to weaker limits, but the use of b-jet tagging 

helps retain sensitivity: the bounds range between 75 and 

90 GeV/c 2 depending on ~b' Limits from the Tevatron reach 

much higher masses, but only when the neutralino is much 

lighter than the stop or sbottom. ALEPH has interpreted the 
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results of their search in terms of generic squarks, excluding a 

rather small region not covered at the Tevatron [17]. 

In canonical SUSY scenarios the lightest neutralino leaves no 

signal in the detector. Nonetheless, the tight correspondences 

among the neutralino and chargino masses allow an indirect 

limit on M~o to be derived [9,11]. The key assumption is 

that the gaugino mass parameters M1 and M2 unify at the 

GUT scale, which leads to a definite relation between them at 

the electroweak scale: MI ~- 5 tan 20wM2. Assuming slepton 

masses to be at least 200 GeV/c 2, the bound on M~0 is derived 

from the results of chargino and neutralino searches and certain 

bounds from LEP 1. 

When sleptons are lighter than 120 GeV/c 2, all the effects of 

light sneutrinos on both the production and decay of charginos 

and heavier neutralinos must be taken into account. Although 

the bounds from charginos are weakened, useful additional con- 

straints from slepton and higher-mass neutralino searches rule 

out the possibility of a massless neutralino. The current OPAL 

limit [8], shown in Fig. 3, is M~o > 32.8 GeV/c 2 for tan/3 > 1 

and m0 ~ 500 GeV/c  2 (effectively, M~ > 500 GeV/c2). Allow- 

ing the universal scalar mass parameter m0 to have any value, 

have been performed. All sets of generational indices (Aijk, 

A',jk, A'i)k) have been considered, allowing for both direct and 

indirect RPV processes. Rather exotic topologies can occur, 

such as six-lepton final states in slepton production with LLE 
dominating, or ten-jet final states in chargino production with 

U D D dominating; entirely new search criteria keyed to an 

excess of leptons and/or jets have been devised [20]. Searches 

with a wide scope have found no evidence for supersymmetry 

with R-parity violation, and limits are as constraining as in 

the canonical scenario. In fact, the direct exclusion of pair- 

produced ~ ' s  rules out some parameter space not accessible in 

the canonical case. 

Visible signals from the lightest neutralino are also realized 

in special cases of GMSB which predict N 0 -~ 3'g3/2 with 

a lifetime short enough for the decay to occur inside the 

detector [21]. The most promising topology consists of two 

energetic photons and missing energy resulting from e+e - -* 

~ 0 .  For the DELPHI search, a technique was developed 

to identify photons which do not originate from the primary 

vertex. No excess was observed over the expected number of 

background events [21], leading to a bound on the neutralino 

the limit is M ~  > 31.6 GeV/c 2. 
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F i g u r e  3: Lower limit on the mass of the light- 
est neutralino, derived by the OPAL Collabora- 
tion using constraints from chargino, neutralino, 
and slepton searches [8]. The light shaded re- 
gion is obtained assuming m0 ~> 500 GeV/c2; 
the dark region, for any m0. 

mass of about 84 GeV/c 2. When the results are combined [22], 

the limit is M~o > 89 GeV/c  2. Single-photon production has 

been used to constrain the process e+e - ---* ~3/2~ ~ 

11.5. Supersymmetry  searches at proton machines:  Al- 

though the LEP experiments can investigate a wide range of 

scenarios and cover obscure corners of parameter space, they 

cannot match the mass reach of the Tevatron experiments 

(CDF and DO). Each experiment has logged approximately 

110 pb -1 of data at ~ = 1.8 TeV. Although the full energy 

is never available for annihilation, the cross sections for super- 

symmetric particle production are large due to color factors and 

the strong coupling. 

The main source of signals for supersymmetry are squarks 

(scalar partners of quarks) and gluinos (fermionic partners 

of gluons), in contradistinction to LEP. Pairs of squarks or 

gluinos are produced in s, t and u-channel processes, which 

decay directly or via cascades to at least two LSP's. The 

number of jets depends on whether the gluino or the squark 
The ALEPH Collaboration has explored the constraints 

coming from the negative results of Higgs searches [9]. These 

are depicted as excluded regions in the (m0,ml/2) plane and 

can be translated into bounds on M~o; they do not, however, 

substantially strengthen bounds coining from less complicated 

analyses. This work has also been performed by the LEP SUSY 

Working Group [19]. 

If R-parity is not conserved, searches based on missing 

energy are not viable. The three possible RPV interaction 

terms (LLE, LQD, U D D) violate lepton or baryon number, 

consequently precisely measured SM processes constrain prod- 

ucts of dissimilar terms. Collider searches assume only one 

of the many possible terms dominates; given this assumption, 

searches for charginos and neutrallnos, sleptons and squarks 

is heavier, with the latter occurring naturally in mSUGRA 

models. The possibility of cascade decays through charginos or 

heavier neutralinos also complicates the search. The u, d, s, c, 

and b squarks are assumed to have similar masses; the search 

results are reported in terms of their average mass M~ and the 

gluino mass M~. 

The classic searches [23] rely on large missing transverse 

energy ~T caused by the escaping neutralinos. Jets with high 

transverse energy are also required as evidence of a hard inter- 

action; care is taken to distinguish genuine ~T from fluctuations 

in the jet energy measurement. Backgrounds from W, Z and 

top production are reduced by rejecting events with identified 

leptons. Uncertainties in the rates of these processes are mini- 

mized by normalizing related samples, such as events with two 
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jets and one or more leptons. The tails of more ordinary hard- 

scattering processes accompanied by multiple gluon emission 
are estimated directly from the data. 

The bounds are derived for the (M~, Mq-) plane and have 

steadily improved with the integrated luminosity. If the squarks 

are heavier than the gluino, then M~>  180 GeV/c 2. If they all 
have the same mass, then that mass is at least 260 GeV/c 2, ac- 

cording to the DO analysis. If the squarks are much lighter than 
the gluino (in which case they decay via ~--~ q~0), the bounds 

from UA1 and CA2 [24] play a role giving M~> 300 GeV/c 2. 
All of these bounds assume there is no gluino lighter than 

5 GeV/c ~. 

Since these results are expressed in terms of the physi- 

cal masses relevant to the production process and experimental 

signature, the excluded region depends primarily on the assump- 

tion of nearly equal squark masses with only a small dependence 

on other parameters such as # and tan 8. Direct constraints on 

the theoretical parameters m0 and ml/2 ~ 0.34 M3 have been 
obtained by the DO Collaboration assuming the mass relations 

of the mSUGRA model [23]. In particular, m0 is keyed to the 

squark mass and roll 2 to the gluino mass, while for the LEP 
results these parameters usually relate to slepton and chargino 

masses. 

Charginos and neutralinos may be produced directly by 
annihilation (q~ ~ -~--~ Xi Xj) or in the decays of heavier squarks 

(~ ~ q ' ~ ,  q ~ ) .  They decay to energetic leptons (for example, 
~ •  ~v:~l ~ and ~0 _~ ~+~-~10) and the branching ratio can 

be high for some parameter choices. The presence of energetic 

leptons has been exploited in two ways: the 'trilepton' signature 

and the 'dilepton' signature. 

The search for trileptons is most effective for the associated 

production of ~la:~2 ~ [25]. The requirement of three energetic 
leptons reduces backgrounds to a very small level, but is efficient 

for the signal only in special cases. The results reported to date 

are not competitive with the LEP bounds. 
The dilepton signal is geared more for the production of 

charginos in gluino and squark cascades [26]. Jets are required 
as expected from the rest of the decay chain; the leptons should 

be well separated from the jets in order to avoid backgrounds 

from heavy quark decays. Drell-Yan events are rejected with 

simple cuts on the relative azimuthal angles of the leprous and 

their transverse momentum. In some analyses the Majorana 

nature of the gluino is exploited by requiring two leptons with 

the same charge, thereby greatly reducing the background. 

In this scenario limits on squarks and gluinos are almost as 

stringent as in the classic jets+ ~T case. 
It should be noted that the dilepton search complements 

the multijet+ ~T search in that the acceptance for the latter 
is reduced when charginos and neutralinos are produced in the 

decay cascades exactly the situation in which the dilepton 

signature is most effective. 

The top squark is different from the other squarks because 
its SM partner is so massive: large off-diagonal terms in the 

squared-mass matrix lead to large mixing effects and a possible 

831 

Searches Particle Listings 
Supersymmetric Particle Searches 

light mass eigenstate, M~ << M~. When the parameters A, # 

and tan j3 are suitably tuned, light bottom squarks can also be 
expected. Analyses designed to find light stops and sbottoms 

have been performed [27]. The first of these was based on the 

jets+ ~T signature expected when the the stop is lighter than 

the chargino. The search was improved by employing heavy- 

flavor tagging, which made the selection effective for sbottoms, 
too. A powerful limit My~> 115 GeV/c 2 was obtained for a 

neutralino mass around 40 GeV/c 2, shown in Fig. 4. 

F igure  4: Excluded stop and sneutrino masses, 
for the c ~  1 decay mode, from the CDF Collab- 
oration [27]. 

A search for the pair-production of light stops decaying 

to b~l ~ has been performed by DO [27]. The presence of two 
energetic electrons was required; backgrounds from W's were 
greatly reduced. Regrettably this experimental bound does not 

yet improve existing bounds on stop masses. 
The CDF and DO collaborations have searched for super- 

symmetry in certain RPV scenarios [28]. DO employs their 

search for events with two energetic electrons and jets, which is 

appropriate to decays ~1 ~ -* eqq. Within the mSUGRA frame- 

work they sum contributions from all processes predicted as a 

function of m0, ml/2 and tanfl, thereby obtaining exclusions in 

parameter space. CDF uses the same-sign dielectron and jets 
topology to look for gluino and squark production and obtain 

general upper limits on cross sections. They also consider a 

special case of ~ - ~  CFL followed by EL -* ed, motivated by an 
excess of rare events reported by the HERA collaborations. 

Interest in GMSB models was generated by an anomalous 

event observed by the CDF Collaboration [29]. These models 

predict large inclusive signals for p~ ~ 77 + X given kinematic 

constraints derived from the properties of the CDF event. 
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DO reported a result from events with two energetic photons 

and large ~T resulting in the limit M~0 > 75 GeV/c 2 [80]. 

DO also looked specifically for squaxks and gluinos in the 

scenario, which would give two photons and two or more jets, 

and obtained squark and gluino mass limits of 320 GeV/c 2. 

An analysis reported by CDF looks for virtually all thinkable 

topologies involving two energetic photons [30]. The neutralino 

mass limit is the same. 

11.6. Supersymmetry searches at HERA and fixed- 
target e~periments: The electron-proton collider (HERA) 

at DESY runs at a center-of-mass energy of 310 GeV and, 

due to its unique combination of beam types, can be used to 

probe certain channels effectively. Results were obtained on 

associated selectron-squaxk production with R-paxity conserva- 

tion [31]. An RPV search was performed assuming a dominant 

LQ-D interaction [32]. Squaxks would be produced directly 

in the s-channel, decaying either directly to a lepton and a 

quark via R-paxity violation or to a pair of fermions and a 

chargino or neutralino, with the latter possibly decaying via 

R-parity violation. From less than 3 pb -1, model-independent 

bounds on A~ll were derived as a function of the squark mass. 

The special case of a light t'l was also considered, and limits 

derived on A~31 as a function of My. 

It is difficult to conduct direct searches for light gluinos 

(M~<5  GeV/c 2) at colliders because they would form light, 

long-lived hadrons (R~ a g~ bound state) which would be 

difficult to identify. Certain fixed-taxget experiments, however, 

are well suited to the task. The most sensitive searches have 

been conducted by KTeV at Fermilab and NA48 at CERN, both 

designed to study very large samples of neutral kaons. KTeV 

looked for R ~ --* p0~ with p0 __. ~r+n- and also R ~ ~ ~r~ 

important below the 27r threshold [33]. NA48 searched for 

R ~ --* T/~ with 77 --4 37r ~ [34]. The searches required decay 

vertices fax downstream of the target and enough missing trans- 

verse momentum to eliminate KL ~ decays. BackgroUnds were 

estimated directly from data and fluxes measured using known 

K0L decay modes; the R ~ flux is related to the K ~ flux theo- 

retically. No evidence for R~ was found, and a wide range of 

R ~ lifetimes was ruled out for 0.9 GeV/e 2 < MRO ~ 5 GeV/c  2. 

These results definitively excludes the possibility of light gluinos 

with very light photinos (from light gluino decay) solving the 

cold dark matter problem. 

Table 1: Lower limits on supersymmetric particle masses. 'GMSB' refers to models with 
gauge-mediated supersymmetry breaking, and 'RPV' refers to models allowing R-parity violation. 

particle Condition Lower limit (GeV/c 2) Source 

gangino M~ > 500 GeV/c 2 94 LEP 2 

> M~• 75 LEP 2 

any My 45 Z width 

Higgsino M2 < 1 TeV/c 2 89 LEP 2 

GMSB 150 DO isolated photons 

RPV LLE worst case 87 LEP 2 

LQ-D m0 > 500 GeV/c 2 88 LEP 2 

N0 indirect any tan fl, My > 500 GeV/c 2 33 LEP 2 

any tan j3, any m0 32 LEP 2 

GMSB 83 DO and LEP 2 

RPV LLE worst case 23 LEP 2 

#R, TR 

e~l ~ A M  > 10 GeV/c 2 89 LEP 2 combined 

#~0 A M  > 10 GeV/e 2 84 LEP 2 combined 

~.~o M~o < 20 GeV/c 2 71 LEP 2 

43 Z width 

stable 71 LEP 2 combined 

c~ll any 0mix, A M  > 10 GeV/c 2 87 LEP 2 combined 
1 any  0mix, M~o < ~M~ 88 DO 

bs any 8mix, A M  > 7 GeV/c 2 90 LEP 2 combined 

any M -  190 DO je ts+~T q 
180 CDF dileptons 

M - =  M-  260 DO jets+~T q g 
230 CDF dileptons 
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H.7 .  Conc lus ions :  A huge variety of searches for super- 
symmetry have been carried out at LEP, the Tevatron, and 
in fixed-target experiments. Despite all the effort, no signal 
has been found, forcing the experimenters to derive limits. We 
have tried to summarize the interesting cases in Table 1. At 
the present time there is little room for SUSY particles lighter 
than M z .  The LEP collaborations will analyze more data 
taken at a center-of-mass energy of 200 GeV, and the Tevatron 
collaborations will begin a high luminosity run towards the end 
of the year 2000. If still no sign of supersymmetry appears, 
definitive tests will be made at the LHC. 
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SUPERSYMMETRIC MODEL ASSUMPTIONS 

Most of the results shown below, unless stated otherwise, 

are based on the Minimal Supersymmetric Standard Model 

(MSSM), as described in the Note on Supersymmetry. Unless 

otherwise indicated, this includes the assumption of common 
gaugino and scalar masses at the scale of Grand Unification 

(GUT), and use of the resulting relations in the spectrum and 

decay branching ratios. It is also assumed that R-parity (R) is 
conserved. Unless otherwise indicated, the results also assume 

that: 
1) The ~ is the lighest supersymmetric particle (LSP) 

2) m ~  = m~ , where fL,R refer to the scalar partners of left- 
and right-handed fermions. 

Limits involving different assumptions are identified in the 

Comments or in the Footnotes. We summarize here the nota- 

tions used in this Chapter to characterize some of the most 
common deviations from the MSSM (for further details, see the 

Note on Supersymmetry). 
Theories with R-parity violation (~) are characterised 

I C by a superpotential of the form: )~ijkLiLje~ 4- A~jkLiQjd ~ + 
I t  C r C A ijkuidjdk, where i , j ,  k are generation indices. The presence 

of any of these couplings is often identified in the following 
by the symbols LLE, LQD, and UDD. Mass limits in the 

presence of ~ will often refer to "direct" and "indirect" de- 

cays. Direct refers to ~ decays of the particle in consideration. 

Indirect refers to cases where R appears in the decays of the 

LSP. 
In several models, most notably in theories with so-called 

Gauge Mediated Supersymmetry Breaking (GMSB), the grav- 

itino (G) is the LSP. It is usually much lighter than any other 

massive marticle in the spectrum, and m~ is then neglected 
in all decay processes involving gravitinos. In these scenarios, 

particles other than the neutralino are sometimes considered 

as the next-to-lighest supersymmetric particle (NLSP), and are 

assumed to decay to their even-R partner plus G. If the lifetime 

is short enough for the decay to take place within the detector, 

is assumed to be undetected and to give rise to missing 

energy (~) or missing transverse energy (gT) signatures. 
When needed, specific assumptions on the eigenstate con- 

tent of ~0 and ~ -  states are indicated, using the notation 

(photino), H (higgsino), W (wino), and Z (zino) to signal that 

the limit of pure states was used. The terms gaugino is also 
used, to generically indicate wino-like charginos and zino-like 

neutralinos. 

(Llghtest Neutralino) MASS LIMIT 
~0 is often assumed to be the lightest supersymmetric particle (LSP). See also the 

~o, ~o, ~o sect,on be,~. 
We have divided the ,~0 listings below into four sections: 

1) Accelerator limits for stable ~ 0  

2) Bounds on ~0 from dark matter searches, 

3) Other bounds on ~0 from astrophysics and cosmology, and 

4) Bounds on unstable ~0. 

Accelerator limits for stable 
Unless otherwise stated, results in this section assume spectra, production rates, decay 
modes, and branching ratios as evaluated in the MSSM, with gaugino and sfermion 
mass unification at the GUT scale. These papers generally study production of -0  ~0 x~ x] 
( i  _> 1, j > 2), ~+~1- ,  and (in the case of hadronic collisions) ~ 2 0  pairs. The 

mass limits on ~0 are either direct, or follow indirectly from the constraints set by the 

non-observation of ~ and ~20 states on the gaugino and higgsino MSSM parameters 
M 2 and /~. 

Obsolete limits obtained from e -F e -  collisions up to ~ = 1 3 6  GeV have been removed 
from this compilation and can be found in the 1998 Edition (The European Physical 
Journal C3 1 (1998)) of this Review. Z lm0=m- 0 - m.  0. 

X2 XL 

VALUE (GeV) C [ ~  DOCUMENT ID TECN COMMENT 

>31.6 95 1- ABBIENDI 00H OPAL all tan~, all D,m 0 >5 GeV, all m 0 
>31,0 95 2 ABREU 00J OLPH tan/3 > 1, mD > 300 GeV 
>32.5 95 3 ACCIARRI 000 L3 tan~ > 0.7, Am 0 > 3 GeV. all m 0 
>27 95 4 BARATE 99P ALEP all tan/3, all m 0 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

>30.1 95 5 ABBIENOI 99G OPAL tan/3=1, all A m  0, m0=500 GeV 
>24.2 95 5 ABBIENOI 99G OPAL tanf l= l ,  all A m  0, all m 0 
>29.1 95 6 ABREU 99E DLPH tan/~ > 1, all Am O, m0= 1 TeV 

- •  2 ABBOTT 98C DO PP ~ X~:X 2 

>41 95 7 ABE 98J CDF PP ~ X1 X20 
>24.9 95 B ABREU 98 DLPH tan/3 > 1, m o = l  TeV 
>10.9 95 9 ACCIARRI 98F L3 tan13 >1 
>13.3 95 10 ACKERSTAFF 98L OPAL tan/3 > l 
>17 95 11 ELLIS 97C RVUE All tanfl 

1ABBIENDI OOH data collected at ~/s=189 GeV. The results hold over the full parameter 
space defined by 0 < M 2 < 2 TeV, # < 500 GeV, m 0 < 500 GeV, A = •  2, •  O, and 
0. The minimum rr~ass limit is reached for tan~=l .  Th-e results of ABBIENDI 99F are 

0 ~0 3' decays. used to constrain regions of parameter space dominated by radiative X2 
The limit improves to 48.5 GeM for m0=500 GeV and tan~=35. See their Table and 
Figs 4-5 for the tan/3 and m 0 dependence of the limits. 

2ABREU 00J data collected at ~/~=189 GeV. The parameter space is scanned in the 
domain 0 < M  2 < 3000 GeV, ]/~J < 200 GeV, l< tan~ < 35. The analysis includes the 
effects of gaugino cascade decays. In the case of radiative neutral• decays, the limits 
from Z ~ ~0~0 decays in ABREU 97J are assumed. 

3ACCIARRI 00D data collected at ~v~=189 GeV. The results hold over the full parameter 
space defined by 0.7 < tan/3 < 60, 0 < M 2 < 2 TeV, m 0 < 500 GeV, J/~l < 2 TeV 
The minimum mass limit is reached fortan/~--1 and large m 0. The results of-slepton 
searches from ACCIARRI 99w are used to help set constraints in the region of small m O. 

The limit improves to 48 GeV for m 0 ~> 200 GeV and tanfl ,~> 10. See their Figs. 6 8 for 
the tan/~ and m 0 dependence of the limits. 

4BARATE 991 = data collected at v~=183 GeV. The limit is also based on the constraints 
= 0 from the total and inv'sible Z width from ABBANEO 97, on direct searches for neu- 

tralinos at LEP1 from DECAMP 92 and on the slepton limits from BARATE 98K. The 
limit improves to 29 GeV if the unification of Higgs and sfermion masses is also assumed, 
and direct constraints on the Higgs mass are used. 

5 ABBIENDI 99G data collected at ~ < 184 GeV. The parameter space is scanned in the 
domain 0 < M  2 < 2000 GeV, /~ < 500 GeV, and for various values of A. No dependence 
of the limits on A s found. The analysis includes the effects of gang no cascade decays, n 
the case of radiative neutral• decays, the limits from ACKERSTAFF 98J are assumed. 
The limit for all values of m 0 assumes ml, e > 43 GeV and direct limits on charged 
sleptons. See Table 5 for limits under different assumptions on A m  D and tariff. 

6 ABREU 99E data collected at ~/s=183 GeV. These results include and update the limits 
from ABREU 98. The parameter space is scanned in the domain 0 < M  2 < 3000 GeV, 
I/~f < 400 GeV, 1 <tan/3 < 35. The analysis includes the effects of gaugino cascade 
decays. In the case of radiative neutral• decays, the limits from ABREU 97J are 
assumed. 

7ABE 98J searches for trilepton final states ( l=e,#) .  See footnote to ABE 90J in the 
Chargino Section for details on the assumptions. The quoted result corresponds to the 
best limit within the selected range of parameters, obtained fc~ m~ >m~, tan~=2, and 

p = -  600 GeV. 
8 ABREU 98 bound combines the chargino and neutral• searches at ~/s=161, 172 GeV 

with single-photon-production results at LEP-1 from ABREU 97J. 



See key on page 239 

9ACCIARRI 98F limit is obtained for 0 < M  2 < 2000, I#1 < 500, and 1<tan/3 < 40, but 
remains valid outside this domain. No dependeuce on the trilinear-coupling parameter A 
is found. The limit holds for all values of m 0 consistent with scalar lepton contraints. It 
improves to 24.6 GeV for m~ > 200 GeV. Data taken at ~/s = 130-172 GeV. 

IOACKERSTAFF 98L limit is obtained for 0 < M  2 < 1500, I/~] < 500 and tanB > 1, 
but remains valid outside this domain. The limit holds for the smallest value of m 0 
consistent with scalar lepton constraints (ACKERSTAFF 97H). It improves to 24.7 GeV 
for m0=l  TeV. Data taken at ,/s=130-172 GeV. 

11 ELLIS 97c uses constraints on X ~:, X 0, and ~ production obtained by the LEP experi- 
ments from e -F e -  collisions at ~/s = 130-172 GeV. It assumes a universal mass m 0 for 
scalar leptons at the grand unification scale. 

Bounds on ~11 from dark matter searches 
These papers generally exclude regions in the M 2 - p  parameter plane assuming that 

> 100 eV 
none 100 eV - (5-7) GeV 

none 100 eV - 15 GeV 

none 100 eV-5 GeV 
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27 OLIVE 91 COSM 
ROSZKOWSKI 91 COSM 
ELLIS 90 COSM 

28 GRIEST 90 COSM 
29 GRIFOLS 90 ASTR ~; SN 1987A 

KRAUSS 90 COSM 
27 OLIVE 89 COSM 
30 ELLIS 88B ASTR ~; SN 1987A 

SREDNICKI 88 COSM ~; m~=60 GeV 

SREDNICKI 88 COSM ~; m~:-]00 GeV 

ELLIS 84 COSM ~; for m~--100 GeV 

GOLDBERG 83 COSM 
n 

~ is the dominant form of dark matter in the galactic halo. These limits are based 
on the lack of detection in laboratory experiments or by the absence of a signal in 
underground neturino detectors. The latter signal is expected if ~10 accumlates in the 
Sun or the Earth and annihilates into high-energy u's. 

VALUE DOCUMENT ID TEEN 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

12 AMBROSlO 99 MCRO 
13 BOTTINO 97 DAMA 
14 LOSECCO 95 RVUE 

15 MORI 93 KAMI 
16 BOTTINO 92 COSM 
17 BOTTINO 91 RVUE 
18 GELMINI 91 COSM 
19 KAMIONKOW..91 RVUE 
20 MORI 91B KAMI 

none 4-15 GeV 21 OLIVE 88 COSM 

I2AMBROSIO 99 set new neutrino flux limits which can be used to limit the parameter 
space in supersymmteric models based on neutralino annihilation in the Sun and the 
Earth. 

13 BOTTINO 97 points out that the current data from the dark-matter detection experi- 
ment DAMA are sensitive to neutralinos in domains of parameter space not excluded by 
terrestrial laboratory searches. 

14LOSECCO 95 reanalyzed the IMB data and places lower limit on m~0 of 18 GeV if 

the LSP is a photino and 10 GeV if the LSP is a higgsino based on LSP annihilation in 
the sun producing high-enery neutrinos and the limits on neutrino fluxes from the IMB 
detector. 

15 MORI 93 excludes some region in M2- # parameter space depending on tan/3 and tightest 
scalar Higgs mass for neutralino dark matter m~o >roW, using limits on upgoing muons 

produced by energetic neutrinos from neutralino annihilation in the Sun and the Earth. 
16BOTTINO 92 excludes some region M2- p parameter space assuming that the lightest 

neutralino is the dark matter, using upgoing muons at Kamiokande, direct searches by 
Ge detectors, and by LEP experiments. The analysis includes top radiative corrections 
on Higgs parameters and employs two different hypotheses for nucleon-Higgs coupling. 
Effects of rescaling in the local neutralino density according to the neutralino relic abun- 
dance are taken into account. 

17 BOTTINO 91 excluded a region in M 2 - ,u plane using upgoing muon data from Kamioka 
experiment, assuming that the dark matter surrounding us is composed of neutralinos 
and that the Higgs boson is not too heavy. 

18GELMINI 91 exclude a region in M 2 - -#  plane using dark matter searches. 
19 KAMIONKOWSKI 91 excludes a region in the M2-/~ plane using IMB limit on upgoing 

muons originated by energetic neutrinos from neutralino annihilation in the sun, assuming 

31 KRAUSS 83 COSM ;~ 
VYSOTSKII 83 COSM 

22 ELLIS 98 updates ELLIS 97c (see relative footnote). Use is made of one-loop mass and 
coupling relations, as well as of charging limits from e+e - data at ~ = 1 8 3  GeV. The 
limits on tan~ from ELLIS 97C improve to: tan~ > 2 (# < 0) and tan~ > 1.65 (# > 0). 

23 ELLIS 98B assumes a universal scalar mass and radiative supersymmetry breaking with 
universal gauging masses. The upper limit to the LSP mass is increaded due to the 
inclusion of x - TR coannihilations. 

24 ELLIS 97c uses in addition to cosmological constraints, data from e + e -  collisions at 
170-172 GeV. It assumes a universal scalar mass for both the Higgs and scalar leptons, 
as well as radiative supersymmetry breaking with universal gauging masses. ELLIS 97C 
also uses the absence of Higgs detection (with the assumptions listed above) to set a 
limit on tan~ > 1.7 for/~ < 0 and tan~ > 1.4 for p > 0. This paper updates ELLIS 96B. 

25 ELLIS 96B UseS, in addition to cosmological constraints, data from BUSKULIC 96K and 
SUGIMOTO 96. It assumes a universal scalar mass m 0 and radiative Supersymmetry 
breaking, with universal gauging masses. 

26 Mass of the bino (-LSP) is limited to m~ ~ 350 GeV for m t ~ 174 GeV. 

27 Mas~ of the bino (-LSP) is limited to mB ,~ 350 GeV for m t <_ 200 GeV. Mass of 

the higgsino (=LSP) is limited to m~/ ~ 1 TeV for m t ~_ 200 GeV. 

28 Mass of the bino ( :LSP) is limited to m~ ,~ 550 GeV. Mass of the higgsino (-LSP) 

is limited to m~ ~ 3.2 TeV. 

29 GRIFOLS 90 argues that SN1987A data exclude a light photino ( ~ 1 MeV) if m~ < 1.1 
TeV, m~ < 0.83 TeV. 

30ELLIS 8BB argues that the observed neutrino flux from SN 1987A is inconsistent with 
a light photino if 60 GeV ~, m~/ ~, 2.5 TeV. If m(higgsino) is O(100 eV) the same 
argument leads to limits on the ratio of the two Higgs v.e.v.'s. LAU 93 discusses possible 
relations of ELLIS 888 bounds. 

31 KRAUSS 83 finds m~ not 30 eV to 2.5 GeV. KRAUSS 83 takes into account the gravitino 
decay. Find that limits depend strongly on reheated temperature. For example a new 
allowed region m~ = 4-20 MeV exists if mgravitino <40 TeV. See figure 2. 

Unstable ~ (Ughtest Neutralino) MASS LIMIT 
Unless otherwise stated, results in this section assume spectra and production rates as 
evaluated in the MSSM. Unless otherwise stated, the goidstino or gravitino mass m E 

is assumed to be negligible relative to all other masses. In the following, G is assumed 
to be undetected and to give rise to a missing energy (~) signature. 

that the dark matter is composed of neutralinos and that mHO " ~ 50 GeV. See Fig. 8 
L 

in the paper. 
20MORI 91B exclude a part of the region in the M2- # plane with m~ o < 80 GeV using 

a limit on upgoing muons originated by energetic neutrinos from neutralino annihilation 
in the earth, assuming that the dark matter surrounding us is composed of neutralinos 
and that m o ,~ 80 GeV. 

H 1 
21OLIVE 88 result assumes that photinos make up the dark matter in the galactic halo. 

Limit is based on annihilations in the sun and is due to an absence of high energy 
neutrinos detected in underground experiments. The limit is model dependent. 

Other bounds on ~ from astrophysics and cosmology 
Most of these papers generally exclude regions in the M2-/~ parameter plane by 
requiring that the ~0 contribution to the overall cosmological density is less than 
some maximal value to avoid overclosure of the Universe. Those not based on the 
cosmological density are indicated. Many of these papers also include LEP and/or 
other bounds. 

VALUE CL~ DOCUMENT ID TECN COMMENT 
> 42 95 22 ELLIS 98 RVUE 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 
<600 23 ELLIS 90B COSM 

> 40 
> 21.4 95 

EDSJO 97 COSM Co-annihilation 
24 ELLIS 97C RVUE 
25 ELLIS 96B RVUE tan~ > 1.2, # <0 
26 FALK 95 COSM CP-violating phases 

DREES 93 COSM Minimal supergravity 
FALK 93 COSM Sfermion mixing 
KELLEY 93 COSM Minimal supergravity 
MIZDTA 93 COSM Co-annihilation 
ELLIS 92F COSM Minimal supergravity 
KAWASAKI 92 COSM Minimal supergravity, 

mo=A=O 
LOPEZ 92 COSM Minimal supergravity, 

mo--A--O 
MCDONALD 92 COSM 
NOJIRI 91 COSM Minimal supergravity 

VALUE (GeV) CL_%~ 

�9 �9 �9 We do not use 

>27 95 

>86 95 

none 45-83 95 

>29 95 

>65 95 

>83 95 

>26.8 95 

>88.2 95 

I >29 95 

I >77 95 

>79 95 

>71 95 

>84 95 
>23 95 

DOCUMENT ID TEEN COMMENT 

the following data for averages, fits. limits, etc. �9 �9 �9 

32ABREU 001 DLPH ~(LLE) ,anyAmo,  1 <_ tan~ _< I 
30 

e + e - - -  ~0~0 (~o ~ ~ )  I 
e+e-  ~ o ( ~ o ~  ~a) I 
e +e- BB~B~ 7G) I 
e+ e- ~o ~y, ~, mo=SOO I 

33 BARATE 00G ALEP 
34 ABBIENDI 99F OPAL 
35 ABBIENDI 99F OPAL 
36 ABBIENDI 99T OPAL 

GeV, tan~ > 1.2 
37 ABE 991 CDF p~ ~ ~ .  ~=~0 2 , ~ ,  ~0 ~ I 

38ABREU 99DDLPH e + e - ~  B B ( B ~  -),G) | 
39ABREU 99F DLPH e+e - ~ ~10~0, with~10~ T~ I 

40 ACCIARRI 99t L3 ~10 ~10, ~. | 
41 ACCIARRI 99R L3 e+ e-  ~ a~0, ~0 ~ a~ I 

-0 -0 ~0 ~ I 42ACCIARRI 99R L3 e + e  - X I X 1 ,  X 1 ~ G7 
43 BARATE 99E ALEP R, LQD, tanfl=1.41, m0=500 I 

GeV 
44 ABBOTT 98 DO p~ ~ ~ ,  ~=~10,2,~1 d:, ~0 

45ABREU 98 DLPH e-t-e- ~ ~10~10 (~0 ~ "TG) 
46ACCIARRI 98V L3 e+e - ~1D (~0 _ ~a) I 
47ACCIARRI 98v L3 e- l-e- ~ B~' (B ~ "/G) I 
4OACKERSTAFE ~ OPAL e+e-  ~ ~0~0 (~0 ~ ~a)  
49 BARATE 98H ALEP e § e- ~-~0 (~0 ~ ~ a) I 
50 BARATE 98H ALEP e-l-e - BB (B ~ "TG) I 
51BARATE 98J ALEP e + e - ~  ~ 0 ( ~ 0 ~  "TG) I 

52BARATE 98J ALEP e+e - B ' B ( B ~  "fG) I 
53 BARATE 98s ALEP ~, LLE I 

--0 - 0 --0 84ACCIARRI 97V L3 e-Fe- ~ X~X~ (X~ ~ ~G) 

55ELLIS 97 THEO e + e - ~  X~X~, X ~  "YG 
56 CABIBBO 81 COSM 
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32ABREU 001 searches for the production of charginos and neutralinos in the case of R- 
parity violation with LLE couplings, using data from ~s=183 GeV. They investigate 
topologies with multiple leptons or jets plus leptons, assuming one coupling at the time 
to be non-zero and giving rise to direct or indirect decays. Limits are obtained in the 
M 2 versus # plane and a limit on the neutralino mass is derived from a scan over the 
parameters m 0 and tan/~. 

33 BARATE 00G search for diphoton + ~ topologies using data collected at .~=189 GeV. 
Limits are obtained from a scan of GMSB parameters space, under the assumption of a 
short-lived ~:0 NLSP. The limit is reduced to 45 GeV for long-lived neutralinos. 

34ABBIENDI 99F obtained an upper bound on the cross section for the process e+e - 
~;~(0 followed by the prompt decay ~(0 ~ ~.~ of 0.46-0.075 pb for m-0=91-183 GeV. 

X~ 
See Fig. 8 for the detailed dependence of m- 0. Data taken at ./s=183 GeV. 

X] 
35ABBIENDI 99F looked for 3`3`~ final states at .~=183 GeV. The limit is for pure bind 

and assumes m~eR=l.35m ~ and m-eL=2m~eR. See Fig. 13 for the cross-section limits as 
a function of m~ o. 

X] 
36 ABBIENDI 99T searches for the production of neutralinos in the case of R-parity violation 

with LLE, LQD, or UDD couplings using data from ~/s=183 GeV. They investigate 
topologies with muHtiple leptons, jets plus leptons, or multiple jets, assuming one coupling 
at the time to be non-zero and giving rise to direct or indirect decays. Mixed decays 
(where one particle has a direct, the other an indirect decay) are also considered for the 
UDD couplings. Upper limits on the cross section are derived which, combined with 
the constraint from the Z 0 width, allow to exclude regions in the M 2 versus # plane for 
any coupling. Limits on the neutra6no mass are obtained for non-zero LLE couplings 
> 10 -5.  The limit disappears for tan~ < 1.2 and it improves to 50 GeV for tan/~ > 20. 

37ABE 991 looked for chargino and neutralino ~oduction, where the lightest neutralino 
in their decay products further decays into 3`G. The limit assumes the gaugino mass 
unification, and holds for 1 <tan# < 25, M 2 < 200 GeV, and all p. ABE 99~ is an 
expanded version of ABE 98L. 

38ABREU 99D looked for 3`3`s final states at ~/s=130-183 GeV. The limit is for prompt 
decay of pure binoB and assumes m78R=l.lm ~ GeV. The limit reduces to 76 GeV for 
m~R=150 GeV. See Fig. 14 for the limits as a function of m~R. Model-independent 
cross-section limits in the range 0.10-0.13 pb are shown in Fig. 9, for neutralino masses 
in the range 45-81.5 GeV. Cross section limits were also derived, see Fig. 13, as function 
of the decay length, including non-pointing single photon final states. 

39 ABREU 99F looked for acoplanar ditaus, taus with large impact parameters, kinks, and 
stable heavy-charged tracks at ~s=130-183 GeV. See Table5 for explicit m ~  limits 

54 ACCIARRI 97V looked for ~3`~ final states at V~=161 and 172 GeV. They set limits on 
(~(e + e-  - O -0 XlXl ) in the range 0.25-0.50pb for masses in the range 45-85 GeV. The 
lower limits on m. 0 vary in the range of 64.8 GeV (pure bino with 90 GeV slepton} to 

X] 
75.3 GeV (pure higgsino). There is no limit for pure zino case. 

55 ELLIS 97 reanalyzed the LEP2 (~/s=161 GeV) limits of ~(3`3'+Emiss)< 0.2 pb to exclude 

m~(~ < 63 GeV if mbL=m~R < 150 GeV and ~0 decays to 3`G inside detector. 

56CABIBBO 81 consider ~ ~ 3`+ goldstino. Photino must be either light enough (<30 
eV) to satisfy cosmology bound, or heavy enough (>0.3 MeV) to have disappeared at 
early universe. 

~, ~, X~4 (Neutralinos) MASS LIMITS 
Neutralinos are unknown mixtures of photinos, z-inos, and neutral higgsinos (the su- 
persymmetric partners of photons and of Z and Higgs bosons}. The limits here apply 
only to ~p0, ~ ,  and ~ 0  ~OliS the lightest supersymmetrlc pardcle (LSP); see ~10 
Mass Limits. I t  is not possible to quote rigorous mass limits because they are ex- 
tremely model dependent; i.e. they depend on branching ratios of various ~0 decay 
modes, on the masses of decay products (b. ~, ~, ~), and on the ~ mass exchanged 
in e + e~ ~ Xi Xj .  Limits arise either from direct searches, or from the MSSM con- 
straints set on the gaugino and higgsino mass parameters M 2 and /~ through searches 
for lighter charginos and neutralinos. Often limits are given as contour plots in the 
m~.o - m~ plane vs other parameters. When specific assumptions are made, e.g, the 

neutralino is a pure photino (~), pure z-ino (Z), or pure neutral higgsino (~/0), the 
neutralinos will be labelled as such. 

Limits obtained from e+e - collisions at energies up to 136 GeV, as well as other 
limits from different techniques, are now superseded and have not been included in 
this compilation. They can be found in the 1998 Edition (The European Physical 
Journal C3 1 41998)) of this Review. 

VALUE (GeV) CL~ DOCUMENT ID TECN COMMENT 
> 5 5 . 9  95 57 ABBIENDI 0OH OPAL ~0, tan~=l.5, Am >10 GeM, all I 

m0 
>106.6 95 57 ABBIENDI O0H OPAL ~(0 tan/~=l.5, Am >10 GeV, all I 

m o 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

under different model assumptions. 
40 ACCIARRI 991 looked for multi-lepton and/or multi-jet final states from ~ prompt decays 

with LLE or UDD couplings at ~/s=130-183 GeV. The situations where the ~0 is the 

LSP (indirect decays) and where a ~; is the LSP (direct decays) were both considered and 
both yield the same mass limit. 

41ACCIARRI 99R searches for ~ final states using data from ~ = 1 8 9  GeV. From limits on 
cross section times branching ratio, mass limits are derived in a no-scale SUGRA model, 
see their Fig. 5. Supersedes the results of ACCIARRI 98v. 

42ACCIARRI 99R searches for 3`E final states using data from ~s=189 GeV. From a scan 
over the GMSB parameter space, a limit on the mass is derived under the assumption 
that the neutralino is the NLSP. Supersedes the results of ACCIARRI 98v. 

43BARATE 99E looked for the decay of gauginos via R-violating couplings LQ-D. The 
bound is significantly reduced for smaller values of m 0. Data collected at ~/s=130-172 
GeV. 

44ABBOTT 98 studied the chargino and neutralino production, where the lightest 
neutralino in their decay products further decays into 3' (5. The limit assumes the gaugino 
mass unification. 

45ABREU 98 uses data at ~/s=161 and 172 GeV. Upper bounds on -y3`~ cross section are 
obtained. Similar limits on " ~  are also given, relevant for e + e -  ~ ~0 ~ production. 

46ACCIARRI 98v obtained an upper bound on the cross section for the process e + e -  
(3~(10 followed by the prompt decay ~i 0 ~ G3` of 0.28-0.07 pb m-a:O-183 GeV. See 

XI 
Fig. 4b for the detailed dependence on m~(~. Data taken at v~=183 GeV, 

58ABBIENDI 99F OPAL e+e - ~ ~(0~0 (~(~ ~ ~/~(~) 

59 ABBIENDI 99F OPAL e + e -  2 2 

> 44 95 60 ABBIENDI 99(; OPAL ~0,:2 tanj3 > 1, Am 0 > 10 GeV 
>102 95 60 ABBIENDI 99G OPAL ~ ,  tan/3=1.5, Z~m 0 > 10 GeV 

-O -0  -0 3`~0) 61 ABREU 99b DLPH e + e -  ~ X 2 x 2 (X 2 
> 34.8 95 62 ACCIARRI 99t L3 ~0, ~. 

63ACCIARRI 99R L3 e + e -  ~ X2X2,1 , - - 0 - 0  ~(20 ~ ~(0.y 

64 ABBOTT 98c DO p~ ~ X~cX 2 

> 82.2 95 65 ABE 98J CDF PP ~ X1 X20 
> 92 95 66 ACCIARRI 98F L3 ~/0 tan/3=1.41, M 2 < 500 GeV 

67ACClARRI 98V L3 e+e - ~ X2X1,2~O-O (~0 

~) 
> 45.3 95 68 ACKERSTAFF 98L OPAL ~0,2 tan/] > 1 
> 75.8 95 68 ACKERSTAFF 98L OPAL ~0, tan/3 > 1 

> 53 95 69BARATE 98H ALEP e+e - ~ ~ ; y ( ~  .y~0) 
> 74 95 70 BARATE 98J ALEP e + e -  ~ ;~;7 (;r ~ .y~/0) 

71 ABACHI 96 DO p~ ~ X~:X 2 
72 ABE 96K CDF PP ~ )(1 ~0 

I 
47ACCIARRI 98V looked for 3`~f~ final states at ~./s=183 GeV. The limit is for pure binD B I 

and assumes m~/t,L=150 GeV. The limit improves to 84 GeV for m~R,L=lO0 GeV. See I 

Fig. 7 for the cross-section limits as a function of m.xl0, for different cases of neutralino I 

composition. 
48ACKERSTAFF 98J looked for 3`-ys final states at ~/s~161-172 GeV. They set limits on 

c(e + e -  ~ ~10~(10) in the range 0.22-0.50 pb for m~(.o in the range 45-86 GeV. Mass 
L 

limits for expllcit models from the literature are given in Fig. 19 of their paper. Similar 
limits on 3`},+missing energy are also given, relevant for ~(0 ~ production. 

49BARATE 98H obtained an upper bound on the cross section for the process e + e -  ~ | 
~ ( 0  followed by the prompt decay ~(10 ~ G3` of 0.4-0.75 pb for m~( 0 = 40-170 GeV, I 

I Data taken at ~/s = 161,172 GeV. 
50 BARATE 98H looked for 3`7 s final states at ~ : 161,172 GeV. The limit is for pure 

binoB with T(B)< 3ns and assumes m~eR ~ 1.SmB. See Fig. 5 for the dependence of I 
the limit on m~R. 

51BARATE 98J looked for q~ ~ final states at v/~ = 161-183 GeV. They obtained an upper I 
bound on the cross section of about 0,2 pb for the process e § e -  ~ X Y followed by I 
the prompt decay X ~ Y'y (T(X)< 0.1 ns) if m y  = 0, The bound applies for (;~C 0, I 

52BARATE 98J looked for 3`'y J~ final states at v/s = 161-183 GeV. The limit is for pure I 
bind B with T(B)< 3 ns and assumes m~R .~- 1.1m~. See Fig. 5 for the dependence of I 

the limit on m~eR. 

53 BARATE 98s looked for the decay of gauginos via R-violating coupling LL-E. The bound I 
improves to 25 GeV if the chargino decays into neutralino which further decays into I lepton pairs, Data collected at ~/5~130-172 GeV. 

> 86.3 95 73 ACKERSTAFF 96C OPAL ~:0 

8/ABBIENDI 00H used the results of direct searches in the e + e- -0-0 channels, XI X2'3 I 
as well as the indirect limits from ~0 and ~ searches, in the framework of the MSSM | 
with gaugino and sfermion mass unification at the GUT scale. See the footnote to I ABBIENOI 00H in the chargino Section for further details on the assumptions. Data 
collected at -vrs=189 GeV, The limits improve to 86.2 GeV (~0) and 124 GeV (~0) for I 
tan/3=35. See their Table 6 for more details on the tan/~ and m 0 dependence of the | 
limits. 

58ABBIENDI 99F looked for 3`~ final states at ~/s=183 GeV. They obtained an upper I 
^0 -0 bound on the cross section for the production e + e -  ~ X2X 1 followed by the prompt I 

decay ~0 ~ 3`~0 of 0.075-0.80 pb in the regio . . . .  o+m_o >mr, m_o=91-183 GeV, 
X 2 X] X 2 I 

and Am 0 > 5 GeV. See Fig. 7 for explicit limits in the (m.0,m_0) plane. 
X2 X1 I 

59ABBIENOI 99F looked for 3`-y~ final states at Vrs=183 GeV. They obtained an upper 
bound on the cross section for the production e + e -  ~ X2x2-O --0 followed by the prompt I 

decay ~0 ~ 3`~0 of 0.08-0.37pb for m_0=45-81.5 GeV, and Am 0 > 5 GeV, See 
I X2 

Fig. 11 for explicit limits in the (m~o,m-o) plane. 
X2 X1 

nO -0 channels, 60 ABBIENDI 99G uses the results of direct searches in the e + e -  ~ X1X2'3 I 
-0 - :5 as well as the indirect limits from X1,X 1 searches within the MSSM. See the footnote I 

tO ABBIENDI 99G in the Chargino Section for further details on the assumptions. Data I 
collected at v~=181-184 GeV. 

61 ABREU 990 looked for 3  ̀3, ~ final states at ~/s=183 GeV. They obtained upper bounds I 
in the range 0.1O-0.25pb on the cross section for the production e+e - ~ ~0~0 I 

followed by the prompt decay ~(0 ~ 3`~0 with Am 0 > 6 GeV. See Fig. 12 for explicit I 
limits in the (m~0.m~0) plane. 

X2 XI 
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62 ACCIARRI 991 looked for multi-lepton and/or multi-jet final states from ~ prompt decays I 
with LLE or UDD couplings at ~/s=130-183 GeV. The situations where the ~0 is the | 

LSP (indirect decays) and where a t is the LSP (direct decays) were both considered. I The weakest limit, quoted above, comes from direct decays with UDD couplings; indirect 
decays lead to a limit of 44.3 GeV. 

63ACCIARRI 99n searches for ~'~ and ~f3's final states using data from ~'s=189 GeV. I 
Limits on the cross section for the processes e + e-- ~ X 2~0X2~1"0 with the decay ~0 ~ I 

~10"/are derived, as shown in their Figs. 4 and 7. Supersedes the results of ACCIARRI 98v. | 

64ABBOTT 98C searches for trilepton final states (t~e,/~). See footnote to ABBOTT 98c I in the Chargino Section for details on the assumptions. Assuming a negligible decay rate 
of ~1 + and ~0 to quarks, they obtain m- 0 ~, 103 GeV. 

65ABE 98J searches for tr0epton final states (~=e,,~). See footnote to ABE 98J in the 
Chargiuo Section for details on the assumptions. The quoted result for m~ 0 corresponds 

to the best limit within the selected range of parameters, obtained for m~ >m~, tan~=2, 
and p=-600 GeV. 

~O -0 production 66ACCIARRI 98F is obtained from direct searches in the e+e - ~ X1,2X2 

channels, and indirectly from ~ and ~(10 searches within the MSSM. See footone to 
ACCIARRI 98F in the cbargino Section for futher details on the assumptions. Data taken 
at ~/s = 130-172 GeV. 

67ACCIARRI 98v looked for 3'(3')~ final states at -~/s=183 GeV. They obtained an upper I 
bound on the cross section for the production e + e -  ~ X2X1,2-0 ~0 followed by the prompt 

decay ~20 ~ "y~l 0. See Figs. 4a and 6a for explicit limits in the (m~.c),m~o) plane. 
X2 x, I 

68 ACKERSTAFF 98L is obtained from direct searches in the e + e -  ~0-0 production Xl. X2,3 

channels, and indirectly from ~(1 + and ~0 searches within the MSSM. See footnote to 
ACKERSTAFF 98L in the chargino Section for further details on the assumptions. Data 
taken at vrS=130-172 GeV. 

69BARATE 98H looked for ~ ~ final states at ~/~ = 161,172 GeV. They obtained an I 
-0 ~0 followed by the upper bound on the cross section for the production e + e -  ~ X2 X2 I 

prompt decay ~0 ~ .),~0 of 0.4-0.8 pb for mX2~o --- 10-80 GeV. The bound above is for I 

the specific case of ~0 = ~/0 and ~(20 = ~ and m~R = 100 GeV. See Fig. 6 and 7 for I 

explicit limits in the (~20,~ 0) plane and in the (~0,eR) plane. I 

70BARATE 98J looked for " ~  ~ final states at ~ = 161-183 GeV. They obtained an I -0 -0 upper bound on the cross section for the production e + e -  ~ X2X2 followed by the I 
prompt decay ~0 ~ ,T~0 of 0.08-0.24 pb for m~0x2 < 91 GeV. The bound above is for | 

the specific case of ~0 = ~0 and ~20 = ;r and m~R = 100 GeV. I 
71ABACHI 96 searches for 3-lepton final states. Efficiencies are calculated using mass 

relations and branching ratios in the Minimal Supergravity scenario. Results are presented 
as lower bound . . . .  (.~C~20) X B(~I+ ~ tutx.O ) x B(~ 0 ~ t+ t -~10  ) as a function 
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VALUE ( GeV) CL~ DOCUMENT ID TECN 
> 71,7 95 74 ABBIENDI 00H OPAL 
> 88.4 95 75 ABREU 00J DLPH 

> 67.7 95 76 ACCIARRI 00D L3 
> 68 95 77 BARATE 98X ALEP 
�9 �9 �9 We do not use the following data for averages, 

> 89 95 78 ABREU 001 DLPH 

> 94.1 95 79 ABREU 00J DLPH 

> 91 95 80 BARATE 

> 90.0 95 81 ABBIENDI 

> 69.1 95 81 ABBIENDI 
> 76 95 82 ABBIENDI 
>120 95 83 ABE 

> 89.4 95 84 ABREU 
> 88.8 95 84 ABREU 

> 90.5 95 85 ABREU 

> 85.5 95 86 ABREU 

87 ABREU 
> 76.9 95 88 AECIARRI 
> 82 95 89 BARATE 
> 51 95 90 MALTONI 

>150 95 91 ABBOTT 

92 ABBOTT 

> 81.5 95 93 ABE 
> 67.6 95 94 ABREU 
> 71.8 95 95 ABREU 
> 69.2 95 96 ACCIARRI 

97 ACKERSTAFF 
> 65.7 95 98 ACKERSTAFF 

99 ACKERSTAFF 
> 73 95 100 BARATE 

101 CARENA 

102 KALINOWSKI 

103 ABE 

COMMENT 
tan~=35, Am+ >S GeV, all m 0 I 
Am+ _> 3 GeV, m E >m~_, I 

tan/3 > 1 
tanl3 > 0.7, Am+ > 3 GeV, all m 0 I 
tang=l.41, all m 0 I 

fits, limits, etc. �9 �9 

(LLE), any Z~m 0, 1 < tan~ _< I 
30 

e + e - ~  ~+~::F ( ~ 0 ~  .r~:), I 
tan# > 1 

00H ALEP ~ LLE, LQD, UDD, m 0 > 500 I 
GeV 

99G OPAL tan/3=1.5, Am+ > 5 GeV, I 
m0=500 GeV 

99G OPAL tan~=l.5, Am 4_ > 5 GeV, all m 0 I 
99T OPAL ~, m0=500 GeV I 
991 CDF p~ ~ ~ ,  ~=~0,2,~(~ ' ~0 __ I 

99E DLPH Am+ > 10 GeV, m E > 300 GeV I 
99E DLPH Am+ > 5 GeV, m E > 41 GeV I 

99EDLPH e + e - - ~  X1+)(1, X10~ 3'G I 
99vDLPH e + e - ~  ~ ( + ~ - , ~ : ~  ~ v , ~ - ~  I 

99z DLPH e + e -  ~ ~(+~(-, Am+ < 3 GeV I 
991 L3 ~, LLE or rOD I 

I 

99E ALEP ~, LQD I 998 THEO EW analysis, Am+ ~ 1 GeV 

98 DO p~ ~ ~ ,  ~=~:10,2,~, ~0 

- + - 0  98C DO p~ ~ X1 X 2 

98~ CDF p~ ~ ~:~2 ~ 
98 DLPH Am > 10 GeV 
98 DLPH e + e - ~  ~+~-,~0 ~ a~ 
98F L3 tan/3 < 1.41, all m 0 
98K OPAL ~+ ~ t+  
98L OPAL Am+ > 3 GeV, Am v >2 GeV 
98V OPAL light gluino 
98S ALEP ~, LLE 
97 THEO g# - 2 

97 THEO W - - ~ I + X  0 

96K CDF p~ - -  ~ 2 0  
of m~l 0. Limits range from 3.1 pb (m~0 = 45 GeV) to 0.6 pb (m~o = 100 GeV). 

A 

72ABE 96K looked for tripleton events from chargino-neutralino production. They obtained 
lower bounds on m~o as a function of/J. The lower bounds are in the 45-50 GeV range 

for gaugiuo-dominant ~0 with negative p, if tan~ <10. See paper for more details of 
the assumptions. 

*0 ~ 0 production 73 ACKERSTAFF 96c is obtained from direct searches in the e + e -  ~ X1 X2, 3 

and indirectly from ~1 ~ searches within MSSM. Data from ~/s = 130, 136, and channel, 
161 GeV are combined. The same assumptions and constraints of ALEXANDER 96J 
apply. The limit improves to 94.3 GeV for m 0 = 1 TeV. 

~:1, ~ (Chaqlinos) MASS LIMITS 
Charginos are unknown mixtures of w-inos and charged higgsinos (the supersymmetric 

4- 
partners of W and Higgs bosons). A lower mass limit for the lightest chargino ( X l )  of 
approximately 45 GeV, independent of the field composition and of the decay mode, 
has been obtained by the LEP experiments from the analysis of the Z width and 
decays. These results, as well as other now superseded limits from e + e -  collisions 
at energies below 136 GeV, and from hadronic collisions, can be found in the 1998 
Edition (The European Physical Journal C3 1 (1998)) of this Review. 

Unless otherwise stated, results in this section assume spectra, production rates, decay 
modes and branching ratios as evaluated in the MSSM, with gaugino and sfermion 
mass unification at the GUT scale. These papers generally study production of ~c10~(20' 

X + ~ I  and (in the case of hadronic collisions) ~1+~ 0 pairs, including the effects of 

cascade decays. The mass limits on ~ :  are either direct, or 
/ 

follow indirectly from 

the constraints set by the non-observation of ~02 states on the gaugino and higgsino 
MSSM parameters M 2 and p. For generic values of the MSSM parameters, limits 
from high-enerKy e + e -  colliSions coincide with the highest value of the mass allowed 
by phase-space, namely m.~: ~ V~/2. At the time of this writing, preliminary and 

X1 
unpublished results from the 1999 run of LEP2 at v/s up to 202 GeV give therefore 
a lower mass limit of approximately 101 GeV valid for general MSSM models. The 
limits become however weaker in special regions of the MSSM parameter space where 
the detection efficiencies or production cross sections are suppressed. For example, 
this may happen when: (i)the mass differences A m + =  m~:  -- m~0 or Amu= 

m~i  -- m E are very small, and the detection efficiency is reduced; (ii) the electron 
1 

is small, and the ~ production rate is suppressed due to a destructive sneutrino mass 
interference between s and t channel exchange diagrams. The regions of MSSM 
parameter space where the following limits are valid are indicated in the comment 
lines or in the footnotes. 

> 62 95 104 ACKERSTAFF 96C OPAL e -  e -  ~ ~ + ) ( -  

74 ABBIEN DI 00H data collected at ~/s=189 GeV. The results hold over the full parameter 
space defined by 0 < M 2 < 2 TeV, #1 < 500 GeV, m 0 < 500 GeV, A = •  2, +m O, and 
0. The results of siepton searches fromABBIENDI 00G were used to he p set constraints 
in the region of small m 0. The limit improves to 78 GeV for tan/~=l.5. See their Table 5 
and Fig. 4 for the tan/~ and M 2 dependence of the limits. 

75ABREU 00J data collected at v~=189 GeV. They investigate topologies with multiple 
leptons, jets plus leptons, multi-jets, or isolated photons. The parameter space is scanned 
in the domain 0<M 2 < 3000 GeV, I#1 < 200 GeV, l<tanj3 < 35. The analysis includes 
the effects of gaugino cascade decays. 

76ACCIARRI 00D data collected at V~=189 GeV. The results hold over the full parameter 
space defined by 0.7 < tan/~ < 60, 0 _< M 2 < 2 TeV, I#1 -< 2 TeV m 0 ~ 500 GeV. The 
results of slepton searches from ACCIARRI 99w are used to help set constraints in the 
region of small m 0. See their Figs. 5 for the tan/3 and M 2 dependence on the limits. See 
the text for the impact of a large B(~( + ~ TE~) on the result. 

77 BARATE 98x limit holds for all values of m 0 consistent with the slepton mass limits of 

BARATE 97N. The limit improves to 79 GeV for a mostly higgsino ~ (with Am > 5 

GeV) and to 85.5 GeV for a mostly gaugino ~(1 + ( / ~ - 5 0 0  GeV and m E > 200 GeV). 
The cases of m. •  >m/~ or nonuniversal scalar mass or nonuniversal gaugino mass are 

XI 
also studied in the paper. Data collected at V~=161-172 GeV. 

78ABREU 00E searches for the production of charginos and neutralinos in the case of R- 
parity violation with LLE couplings, using data from ~ = 1 8 3  GeV. They investigate 
topologies with multiple leptous or jets plus leptons, assuming one coupling at the time 
to be non-zero and giving rise to direct or indirect decays. Limits are obtained in the 
M 2 versus/~ plane and a limit on the neutralino mass is derived from a scan over the 
parameters m 0 and tau/~. 

79This ABREU 00J limit holds for Am._ > 10 GeV and m E > 300 GeV. For the other 
assumptions, see previous footnote to ABREU 00J in this Section. A limit of 94.2 GeV 
is obtained for Am+=1 GeV and m~ >m~• 

80 BARATE 00H data collected at v/s=183 GeV. The limit holds for any possible R-parity 
violating coupling. 

81ABBIENDI 99G data collected at ~ _< 184 GeV. The parameter space is scanned in the 
domain 0 < M  2 < 2000 GeV, # < 500 GeV, and for various values of A. No dependence 
of the limits on A is found. The analys s includes the effects of gaugino cascade decays. In 
the case of radiative neutralino decays, the limits from ACKERSTAFF 98J are assumed. 
The limit for all values of m 0 assumes mEe > 43 GeV and direct limits on charged 
sleptons. See Table 5 for limits under different assumptions on Am+ and tan~. 

82 ABBIENDI 99T searches for the production of neutralinos in the case of R-parity violation 
with LLE, LQD, or UDD couplings using data from v~=183 GeV. They investigate 
topologies with mulitiple leptons, jets plus leptons, or multiple jets, assuming one coupling 
at the time to be non-zero and giving rise to direct or indirect decays. Mixed decays 
(where one particle has a direct, the other an indirect decay) are also considered for the 
UDD couplings. Upper limits on the cross section are derived which, combined with the 
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constraint from the Z 0 width, allow to exclude regions in the M 2 versus # plane for any 
coupling. Limits on the chargino mass are obtained for non-zero LLE couplings > 10 - 5  
and assuming decays via a W*. 

83ABE 991 looked for chargino and neutralino production, where the lightest neutralino 
in their decay products further decays into 7G. The limit assumes the gaugino mass 
unification, and holds for 1 <tan~3 < 25, M 2 < 200 GeV, and all p. ABE 991 is an 
expanded version of ABE 98L. 

84ABREU 99E data collected at , ~  _< 183 GeV. These results include and update the 
limits from ABREU 98. The parameter space is scanned in the domain 0 < M  2 <: 3000 
GeV, IPl < 400 GeV, 1 <tan~ < 35. The analysis includes the effects of gaugino 
cascade decays. In the case of radiative neutralino decays, the limits from ABREU 97J 
are assumed. 

85This ABREU 99E limit holds for Am 0 > 10 GeV and m~ > 300 GeV. For the other 
assumptions, see previous footnote to ABREU 99E in this Section. A limit of 90.6 GeV 
is obtained for ~ m + = l  GeV and m~ >41 GeV. 

86ABREU 99v reinterprets search results at 183 GeV on ~- decays at the interaction vertex 
(ABREU 99E), visible decay vertices in the tracking devices or large impact parameters 
(ABREU 99F) and stable charged heavy particles (ABREU 98e). Limits are computed 
by scanning the GMSB parameter space where ~-1 is the NLSP, with the constraints 
that electroweak symmetry is broken radiatively and that trilinear couplings are zero at 
the messenger scale. All branching ratios in the above decay chain are taken equal to 
1. The limit holds for m~-m:~z  > 0.3 GeV, and any gravitino mass, in the domain 
m~: 1 > 68 GeV, not excluded by the direct ~- production searches of ABBEU 99F. The 
limit is reached for m~; < 1 eV and improves to 89 GeV for m~ > 100 eV. See Fig. 4 
for the dependence of the limit on m~:. 

87ABREU 99z searches for the production of charginos degenerate with ~(10, using data 
from v ~ =  130 to 183 GeV. The range Am% < 200 MeV is covered by a search for 
decays visible in the detector or for heavy stable particles identified by their ionization 
or Cherenkov radiation. The region 300 MeV< Am~ < 3 GeV is explored by searching 
events with initial state radiation and few low energy particles. For 200 MeV< Am_ F < 
300 MeV, no limits are obtained. For limits in various scenarios, see Fig. 12 and Table 3. 

88 ACCIARRI 99~ looked for multi-lepton and/or multi-jet final states from ~ prompt decays 
with LLE or UDD couplings at V'-~:130-183 GeV. The situations where the ~0 is the 

LSP (indirect decays) and where a ~ is the LSP (direct decays) were both considered. 
The weakest limit, quoted above, comes from direct decays with UDD couplings; indirect 
decays lead to a limit of 91.1 GeV for LLE and 90.9 GeV for UD~ couplings. 

89BARATE 99E looked for the decay of charginos via R-violating couplings LQD. The 
bound is reduced to 56 GeV for m0~80 GeV (in the case of decays via a neutralino), 
and to 51 GeV for rn0=70 GeV (in the case of direct R-violating decays). Data collected 
at ,~/~=130-172 GeV. 

90 MALTONI 99B studied the effect of light chargino-neutralino to the electroweak precision 
data with a particular focus on the case where they are nearly degenerate (Am+ ~ 1 
GeV) which is difficult to exclude from direct collider searches. The quoted limit is for 
higgsino-like case while the bound improves to 56 GeV for winD-like case. The values of 
the limits presentecl here are obtained in an update to MALTONI 996, as described in 
MALTONI 00. 

91ABBOTT 98 studied the chargino and neutralino production, where the lightest 
neutralino in their decay products further decays into 7 G. The limit assumes the gaugino 
mass unification. 

92 ABBOTT 98c searches for trilepton final states (t--e,/~). Efficiencies are calculated using 
mass relations in the Minimal Supergravity scenario, exploring the domain of parameter 
space defined by m~ ~ =m_ 0 and m. ~ =2m-o. Results are presented in Fig. 1 as upper 

X t X2 X z X] 
bounds on r ~ ~ l ~ 0 ) x B ( 3 t ) .  Assuming equal branching ratio for all possible 
leptonic decays, limits range from 2.6pb (m_• GeV) to 0.4pb (m_ • GeV) at 

X 1 XI 

95%CL. Assuming a negligible decay rate of ~1 ~ and ~20 to quarks, this corresponds to 
m_• > 103 GeV. 

X~ 
93ABE 98J searches for trilepton final states (t=e,/~). Efficiencies are calculated using 

mass relations in the Minimal Supergravity scenario, exploring the domain of parameter 
space defined by 1.1 <tan/3 < 8, -1000 < #(GeV)< -200, and m~/m~= l -2 .  In 
this region m ~  ~ m- oX2 and m~Xl• ~ 2m_xl0. Results are presented in Fig. 1 as upper 

bounds on G(p~ ~ ~ l ~ 0 ) x B ( 3 t ) .  Limits range from 0.gpb (m_• GeV) to 
X1 

0.23 pb (m~_=100 GeV) at 95%CL. The gaugino mass unification hypothesis and the 
X] 

assumed mass relation between squarks and gluinos define the value of the leptonic 
branching ratios. The quoted result corresponds to the best limit within the selected 
range of parameters, obtained for m~ >m~, tan/~=2, and /~=-600 GeV. Mass limits 
for different values of tan# and # are given in Fig. 2. 

94ABREU 98 uses data at ~/s=161 and 172 GeV. The limit is for 41 <m~ < 100 GeV, 
and tan/~ l -35.  The limit improves to 84.3 GeV for mb > 300 GeV. For Am§ below 
10 GeV, the limit is independent of rnb, and is given by 80.3 GeV for Am_}. = 5 GeV, 
and by 52.4 GeV for Am+ = 3 GeV. 

95ABREU 98 uses data at ~/s=161 and 172 GeV. The radiative decay of the lightest 
neutralino into gravitino is assumed. The limit is for Am > 10 GeV, 41 <m~, 4 100 
GeV, and tan/~=l-35. The limit improves to 84.5 GeV if either m~ > 300 GeV, or 
Am§ GeV independently of m~. 

96ACCIARRI 98F limit is obtained for 0 < M  2 < 2000, tan~ < 1.41, and # = -200 GeV, 
and holds for all values of m o. No dependence on the trilinear-coupling parameter A is 
found, It improves to 84 GeVfor large sneutrino mass, at p~ -200  GeV. See the paper 
for limits obtained with specific assumptions on the gaugino/hig~sino composition of the 
state. Data taken at ~ = 130-172 GeV. 

97 ACKERSTAFF 98K looked for dilepton+~ T final states at v~=130-172 GeV. Limits on 

o(e+e - ~ ~( l+~l)XB2(t) ,  with B(~)=B(x + ~ l .+utX O) (B( t )=B(x  + ~ ~+~s 
are given in Fig. 16 (Fig. 17). 

98ACKERSTAFF 98L limit is obtained for 0 < M  2 < 1500, # < 500 and tan# > 1, but 
remains valid outside this domain. The dependence on the tril near-coupl ng parameter A 
is studied, and found neglibible. The limit holds for the smallest value of m 0 consistent 
with scalar lepton constraints (ACKERSTAFF 97H) and for all values of m 0 where the 

condition Llm~ > 2.0GeV is satisfied. Am u > 10 GeV if ~ •  ~ l~ t .  The limit 
improves to 84.5 GeV for m0= l  TeV. Data taken at ~=130-172 GeV. 

99 ACK ERSTAFF 98v excludes the light gluin~ with universal gaugin~ mass where chargin~ I 
neutralinos decay as -~• ~0 oqg: from total hadronic cross sections at ~/-~130-172 | X1 ,X2 
GeV. See paper for the case of nonuniversal gaugino mass. 

I 100 BARATE 98S looked for the decay of charginos via R-violating coupling LLE. The bound 
improves to 78 GeV if the chargino decays into neutralino which further decays into lepton 
pairs. Data collected at ~ : 1 3 0 - 1 7 2  GeV. 

101 CARENA 97 studied the constraints on chargino and seeutrino masses from muon g -2 ,  
The bound can be important for large tan#. 

102 KALINOWSKI 97 studies the constraints on the chargino-neutralino parameter space 
from limits on r ( w  ~ ~C1~Cl 0) achievable at LEP2. This is relevant when ~1 i is 

"invisible," i.e., if ~ dominantly decays into ~;tt • with little energy for the lepton. 
Small otherwise allowed regions could be excluded. 

103ABE 96K looked for tripleton events from chargino-neutralino production. The bound 
on m~(~ can reach up to 47 GeV for specific choices of parameters. The limits on the 

combined production cross section times 3-lepton branching ratios range between 1.4 
and 0.4 pb, for 454m~• See the paper for more details on the parameter 

x ]  
del~ndence of the results. 

104 ACKERSTAFF 96c assumes the dominance of off-shell W-exchange in the chargino decay 
and applies for Am >10 GeV in the region of parameter space defined by: M 2 41500 
GeV, I#1 <500 GeV and tan/~ > 1.5. The bound is for the smallest ~,~ mass allowed by 
LEP, with the efficiency for ~•  ~ bv  decays set to zero. The limit improves to 78.5 
GeV for m 0 - 1 TeV. Data taken at ~/s = 130,136, and 161 GeV. 

Long-l ived ~1: (Charglno) MASS L I M I T S  
Limits on charginos which leave the detector before decaying. 

VALUE (GeV) CL~_% DOCUMENT ID TECN COMMENT 
nane 2-87.. K 95 105 ABREU 98P DLPH m p >  41 GeV I 
>89.5 95 106 ACKERSTAFF 98P OPAL I 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

>80 95 107 ABREU 97D DLPH 
>83 95 108 BARATE 97K ALEP 
>45 95 ABREU 90G DLPH 
>28.2 95 ADACHI 90C TOPZ 

105ABREU 98P searches for production of pairs of heavy, charged particles in e + e -  an- | 
nih0ation at v~=130-183 GeV. The upper bound improves to 89.5 GeV for m~ >200 I GeV. These limits include and update the results of ABREU 97D. 

106ACKERSTAFF 98P bound assumes a heavy sneutrino mb > 500 GeV. Data collected at I 
: 130-183 GeV. 

107ABREU 97D bound applies only to masses above 45 GeV. Data collected in e+e - 
collisions at ,/s~130-172 GeV. The limit improves to 84 GeV for m~ > 200 GeV. 

108 BARATE 97K uses e+e - data collected at Vrs = 130-172 GeV. Limit valid for tan~3 = 
V~ and m~, > 100 GeV. The limit improves to 86 GeV for my > 250 GeV. 

(Sneutr ino) MASS L I M I T  
The limit depends on the number, N(D), of sneutrinos assumed to be degenerate in 
mass. Only "~L (not UR) is assumed to exist. It is possible that ~ could be the lightest 
supersymmetric particle (LSP). 

We report here, but do not include in the Listings, the limits obtained from preliminary, 
unpublished constraints by the LEP Collaborations on the invisible width of the Z boson 
(AI-inv. < 2.0 MeV, LEP 00): m~; > 43.7 GeV ( N ( b ) : l )  and m~ > 44.7 GeV 
(N(~) :3)  . 

VALUE (GeV) CC__~ 
> 37.1 95 
> 41 95 
> 36 95 

> 31.2 95 

�9 �9 �9 We do not u~ 

DOCUMENT/D TECN COMMENT 
109 ADRIANI 93M L3 r ( z  ~ invisible); N(D)~I 
110 DECAMP 92 ALEP r(z ~ invisible); N(~) ;3  

ABREU 91F DLPH F(Z ~ invisible); N(~)~I  
111 ALEXANDER 91F OPAL F(Z ~ invisible); N(~) ;1 

the following data for averages, fits, limits, etc. �9 �9 �9 

112 ABBIENDI 00 OPAL ue,/z, ~, LLE or LQD decays 

> 62 95 113 ABREU 001 DLPH ~t, ~ LLE decays 
> 62 95 114 BARATE 00H ALEP Dr, ,~ LLE decays 

none 100-215 95 115 ABBIENDI 99 OPAL ~ # j ,  ~, (s+t)-channel 
none 100-195 95 116 ABBIENDI 99 OPAL ~T, R, s-channel 
none 100-160 95 117 ABBIENDI 99 OPAL ~;e, ~, t-channel 

118 ABREU 99A DLPH Ve,p,T, ~, (s+t)-channel 
> 51 95 119 BARATE 99E ALEP R, Dp. ~ j j  
> 49 95 120 BARATE 98S ALEP ~l~J' R, LLE decays 
> 58 95 120 BARATE 98S ALEP Ue, ~, LLE decays 
~- m z 95 121 ACCIARRI 97u L3 vT, ~, s-channel 
none 125-180 95 121 ACCIARRI 97u L3 ~;T, ~. s-channel 

122CARENA 97 THEO g# - 2 

> 46.0 95 123 BUSKULIC 95E ALEP N(P) - I ,  P ~ u u t l  s 
none 20-25000 124 BECK 94 COSM Stable ~, dark matter 
4600 125 FALK 94 COSM ~; LSP, cosmic abundance 

none 3-90 90 126 SATO 91 KAMI Stable Ue or ~#, 
dark matter 

none 4-90 90 126 SATO 91 KAMI Stable uT, dark matter 

]09ADRIANI 93M limit from ~,F(Z)(invisible)< 16.2 MeV. 
110DECAMP 92 limit is from F(invisible)/I-(lt) = 5.91 • 0.15 (N u ~ 2.97 • 0.07). 
111 ALEXANDER 91F limit is for one species of ~ and is derived from I'(invisible, new)/F(t l )  

< 0.38. 
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112 ABBIENDI O0 searches for the production of sneutrinos in the case of R-parity violation 
with LLE or LQD couplings, using data from ~,/s=183 GeV. They investigate topologies 
with multiple leptons, jets plus leptons, or multiple jets, assuming one coupling at the 
time to be non-zero and giving rise to direct or indirect decays. For non-zero LLE 
couplings, they obtain limits on the electron sueutrino mass of 88 GeV for direct decays 
and of B7 GeV for indirect decays with a low mass X O, For non-zero LQD couplings, 

the limits are 86 GeV for indirect decays of Ue with a low mass X 0 and 80 GeV for 
direct decays of Ue" There exists a region of small Am, of varying size, for which no 
limit is obtained, see Fig. 20. It is assumed that tan~=l.5 and p= -200  GeV. For muon 
sneutrinos, direct decays via LLE couplings lead to a 66 GeV mass limit and via LQD 
couplings to a 58 GeV limit. 

113 ABREU 001 studies decays induced by R-parity-violating LLE couplings, using data from 
v~=183 GeV. They investigate topologies with multiple leptons or jets plus leptons, 
assuming one coupling at the time to be non-zero and giving rise to direct or indirect 
decays. The limits, valid for each individual flavor, are determined by the indirect decays 
and assume a neutralino mass limit of 27 GeV, also derived in ABREU 001. Better limits 

removed from this compilation, and can be found in the 1998 Edition (The 
European Physical Journal C3 1 (1998)) of this Review. 

For decays with final state gravitinos (G), m~; is assumed to be negligible 
relative to all other masses. 

"~ (Selec'fs'on) MASS LIMIT 
VALUE (GeV) CL% DOCUMENT ID TECN COMMENT 
>'07.1 95 127 ABBIENDI 00G OPAL Am > S GeV, ~ ~ 

none 45-73.7 95 128 ABREU 99C DLPH m~ o < 40 GeV, e~ eR 
X~ 

>85.0 95 129 ACCIARRI 99wL3 Am > 7 GeV, eR~R 

>88 95 130 BARATE 99Q ALEP Am > 8 GeV, ~ e R  

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 
for specific flavors and for specific R couplings can be obtained and are discussed in the 
paper. 

114BARATE OOH data collected at ~/~=183 GeV. The limit holds for indirect ~, decays 
mediated by ~ LLE couplings, and improves to 66 GeV for direct decays. Better limits are 
obtained for specific flavors, or couplings. Limits are also given for direct decays via LQD 
couplings (mu~,~ > 59GeV) and for indirect decays via UDD couplings (mue > 70GeV 

with /~=-200 GeV and tan~=2). For LLE indirect decays, use is made of neutralino 
mass limits from BARATE 98S. 

115ABBIENDI 99 studied the effect of s- and t-channel T or p sneutrino exchange in 
e + e -  ~ e + e -  at v~=1300183 GeV, via the R-parity violatin coupling ~l~'lLILie~ 
(i=2 or 3). The limits quoted here hold for X1/1 > 0.13. The effect of t-channel electron- 
sneutrino exchange on rate and asymmetries of e + e -  ~ r § ~ -  leads to weaker limits 
on the electron sneutrino mass. 

116 ABBIEN DI 99 studied the effect of s-channel ~ sneutrino exchange in e4. e -  ~ #4. # -  
at ~,/s=130-183 GeV, in presence of the R-parity violating couplings ~i3iLiL3e~ (i=1 
and 2), with X131=2~232 . The limits quoted here hold for "~131 > 0.09. 

117 ABBIENOI 99 studied the effect of t-channel electron sneutrino exchange in e ~- e -  
~+ ~ -  at v~=1300183 GeV, in presence of the R-parity violating couplings "~131 L1L3e~' 
The limits quoted here hold for X131 > 0.6. 

118ABREU 99A searches for anomalies in the production cross sections and forward- 
backward asymmetries of the ~+t - ( '~ )  final states (E=e,/~,T) from e§ - collisions 
at ~=130-172  GeV. Limits are set on the s- and t-channel exchange of seeutrinos in 
the presence of ~ with XLLe c couplings. For points between the energies at which 
data were taken, information is obtained from events in which a photon was radiated. 
Exclusion limits in the (X,mb) plane are given in Fig. 13. 

119BARATE 99s looked for D~ pairs with decay b# ~ j j  via R-violating coupling LQD. 
Data collected at ~=130-172  GeV. 

120BARATE 985 looked for ~t pairs with decay ~t ~ t ~ l  0, where ~10 further decays to 

~+ E-~  ~via R-violating coupling LL-E. The limit assumes tan/~=2, The bound on ~e is 
for the higgsino region. It improves to 72 GeV for the gauging region. Data collected at 
v~=1300112 GeV. 

121 ACCIARRI 97u studied the effect of the s-channel tau-sneutrino exchange in e + e -  
e§  - at ~ = m  Z and ~=1300172 GeV, via the R-parity violating coupling 
~,131L1 Lie ~. The limits quoted here hold for X131 > 0.05. Similar limits were studied 

in e+e - ~ p + p - -  together with X232L2L3e ~ coupling. 
122 CARENA 97 studied the constraints on charging and sneutrino masses from muon g -  2. 

The bound can be important for large tan~. 
123BUSKULIC 95E looked for Z ~ ~ ,  where ~, ~ UXl 0 and X 0 decays via R-parity 

violating interactions into two ]eptons and a neutrino. 
124BECK 94 limit can be inferred from limit on Dirac neutrino using ~r(b) = 4c~(v). Also 

private communication with H.V. Klapdor-Kleingrothaus. 
125 FALK 94 puts an upper bound on m~ when ~; is LSP by requiring its relic density does 

not overclose the Universe. 
126 SATO 91 search for high-energy neutrinos from the sun produced by annihilation of 

sneutrinos in the sun. Sneutrinos are assumed to be stable and to constitute dark matter 
in our galaxy. SATO 91 follow the analysis of NG 87, OLIVE 88, and GAISSER 86. 

CHARGED SLEPTONS 
This section contains limits on charged scalar leptons (l, with t--e,p,T). 
Studies of width and decays of the Z boson (use is made here of 
AFin v <~ 2.0 MeV, LEP 00) conclusively rule out m~R < 40 GeV (41 

GeV for tL)  , independently of decay modes, for each individual slepton. 
The limits improve to 43 GeV (43.5 GeV for ~L) assuming all 3 flavors to be 
degenerate. Limits on higher mass sleptons depend on model assumptions 
and on the mass splitting Am= m~ -- m~0. The mass and composition 

of ~0 may affect the selectron production rate in e -I" e -  collisions through 
t-channel exchange diagrams. Production rates are also affected by the 
potentially large mixing angle of the lightest mass eigenstate t l = t R  sinai 
4- tL  cos~. It is generally assumed that only ~ may have significant mix- 
ing. The coupling to the Z vanishes for ~=0.82. In the high-energy limit 

of e + e collisions the interference between 3' and Z exchange leads to a 
minimal cross section for ~=0.91, a value which is sometimes used in the 
following entries relative to data taken at LEP2. When limits on m~R are 

quoted, it is understood that limits on ro l l  are usually at least as strong. 

0 Possibly open decays involving gaug'nos other than ~1 will affect the de- 
tection efgciencies. Unless otherwise stated, the limits presented here 
result from the study of l §  production, with production rates and 
decay properties derived from the MSSM. Limits made obsolete by the 
recent analyses of e § e -  collisions at energies above 161 GeV have been 

>72 95 131 ABBIENDI 00 OPAL e~, ~, light ~0 

>61 95 132 ABREU 001 OLPH ~R, ~ (LLE) 
>85 95 133 BARATE 00G ALEP l R ~ t G, any ~'(/R) 
>76 95 134 BARATE 00H ALEP ~R, ~ (LLE) 
>B0 95 135 ACCIARRI 99H L3 ~ ~ ,  Am > 20 GeV 
>29.5 95 136 ACCIARRI 991 L3 eR, ~, tan~ > 2 
>57 95 137 BARATE 99E ALEP eR, ~ (LQD), Am > 10 GeV 
>56 95 138 ACCIARRI 98F L3 Am > 5 GeV, eRk' eR' tan~ > 1.41 

>58.0 95 139 ACKERSTAFF 98K OPAL Am > 5 GeV, ~R + ~R 

>78 95 140 BARATE 98K ALEP Am > 5 GeV, ~l~'~R 

>77 95 141 BARATE 98K ALEP Any Am, ~ eR' ~R ~ e'~ 

>71 95 142 BARATE 98K ALEP ~ ,  ~ ,  eR ~ e C;, any r(~R) 

>65 95 143 BARATE 98K ALEP ~ §  ~-t- ~ -  universal scalar eReL, R, P'R#R , 
mass 

>64 95 144 BARATE 98s ALEP eR, I~ (LLE) 
>77 95 145 BREITWEG 98 ZEUS m~l=m ~, m(~01)= 40 GeV 

>58 95 146 BARATE 97N ALEP Am > 3 GeV, :e~ ~ 
>63 95 147 AID 96C H1 m-~m ~, m~o:35 GeV 

q e X1 
>45.6 95 148 BUSKULIC 95E ALEP te ~ e~lZ t 

127ABBIENDI 00G looked for acoplanar dielectron 4- ~ T  final states at ~v~=183-189 GeV. 
The limit assumes p < -100 GeV and t a n ~ l . 5  for the production cross section and 
decay branching ratios, evaluated within the MSSM, and zero efficiency for decays other 
than ~ ~ e~10. See their Fig. 14 for the dependence of the limit on Am and tan~. 

128 ABREU 99C looked for acoplanar dielectron 4-~ final states at ~v~= 130o172 GeV. The 
limit assumes ~= -200  GeV and tan~3=l.5 in the calculation of the production cross 
section, and B(~ ~ e~0)~100%. See Fig. ga for limits on the (m~ m-o) plane and 

R ' X 1 
for different tanl3 values. These results include and update limits from ABREU 960. 

129ACCIARRI 99w looked for acoplanar dielectron ~ T  final states at v/s=1300189 GeV. 
The limit assumes ,~=-200 GeV and tan~=~/2 for the production cross section and 
decay branching ratios, evaluated within the MSSM, and zero eBiciency for decays other 
than ~ ~ e~10. The scan of parameter space, covering the region l<:tan~ < 60, M 2 < 2 
TeV, /~1 < 2 TeV, m 0 < 500 GeV, leads to an absolute lower limit of 65.5 GeV. See 
their F gs. 5-6 for the dependence of the limit on Am and tan~. 

130 BARATE 99Q looked for acoplanar dielectron 4- ~ 'T final states at ~'s:189 GeV. The 
limit assumes # : - 2 0 0  GeV and tan~=2 for the production cross section and decay 
branching ratios, and zero efficiency for decays other than e ~ e~ l  0. Assuming a 

common scalar mass at the GUT scale, and extending the search to e~ eL ~ final states, 
a Am independent limit of 68 GeV is obtained. See their Fig. 3 for the dependence of 
the limit on ~m. The limits presented here make use of, and supersede, the results of 
BARATE 9BK. 

131ABBIENDI 00 searches for the production of selectrons in the case of R-parity violation 
with LLE or LQD couplings, using data from ~ : 1 8 3  GeV. They investigate topologies 
with multiple leptons, jets plus lemons, or multiple jets, assuming one coupling at tile 
time to be non-zero and giving rise to direct or indirect decays. For non-zero LLE 
couplings, they obtain limits on the selectron mass of 84 GeV both for direct decays and 
for indirect decays with a low mass ~ 0  For non-zero LQD couplings, the limits are 72 

GeV for indirect decays of eR with a low mass ~10 and 76 GeV for direct decays of eL" 
ft is assumed that tan~=l.5 and #= -200  GeV. 

132ABREU 001 studies decays induced by R-parity-violating LLE couplings, using data from 
~/s=lg3 GeV. They investigate topologies with multiple leptons or jets plus leptons, 
assuming one coupling at the time to be non-zero and giving rise to direct or indirect 
decays. The limits, valid for each individual flavor, are determined by the indirect decays 
and assume a neutralino mass limit of 27 GeV, also derived in ABREU 001. Better limits 
for specific flavors and for specific ~ couplings can be obtained and are discussed in the 
paper. 

133 BARATE 00G combines the search for acoplanar dileptons, leptons with large impact 
parameters, kinks, and stable heavy-charged tracks, assuming 3 flavors of degenerate 
sleptons, produced in the schannel. Data colleced at ~ : 1 8 9  GeV. 

134 BARATE 00H data collected at ~/s=103 GeV. The limit holds for indirect decays medi- 
ated by R LLE couplings, and improves to 82 GeV for direct decays with p = - 2 0 0  GeV 
and tan/I=2. Limits are also given for indirect decays via ~ couplings (m~R > 81 and 

m~L >70 GeV, with Am > 10 GeV). For LLE indirect decays, use is made of neutralino 

mass limits from BARATE 9gs. 
135ACCIARRI 99H looked for acoplanar dilelectron + ~ T  final states at Vrs~1300183 GeV. 

The limit assumes #= -200  GeV and tan~=vr2 for for the production cross section and 
zero efficiency for decays other than ~ ~ e~lO. See Fig. 6 for the dependence of the 
limit on Am. 

136ACCfARRf 991 establish indirect limits on m~R from the regions excluded in the M 2 

versus m 0 plane by their charging and neutralino searches at Vrs=1300183 GeV. The 
situations where the ~0 is the LSP (indirect decays) and where a / is the LSP (direct 
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decays) were both considered. The weakest limit, quoted above, comes from direct I 
decays with L / ~  couplings; LLE couplings or indirect decays lead to a stronger limit. I 

137BARATE 99E looked for eR pairs with decay eR ~ ex  0, where ~10 further decays via I 

R-violating coupling LQD. The limit assumes gaugino-like ~10. The limit is 52 GeV for I 
the case of eL pair production with eL ~ JJ decay. Data collected at vrs=130-172 I 
GeV. 

138ACCIARRI 98F looked for acoplanar dielectron+J~' T final states at -~=130-172 GeV. 
The limit assumes #= -200  GeV, and zero efficiecny for decays other than eR ~ e~c0' 
See their Fig. 6 for the dependence of the limit on Am. 

139 ACKERSTAFF 98K looked for dielectron+~,' final states at ,~=130-172 GeV. The limit 
assumes # < -100 GeV, tan~--35, and zero efficiency for decays other than eR 
e~ 0. The limit improves to 66.5 GeV for tan~3-1.5. 

140BARATE 98K looked for acoplanar dielectron + ~ final states at -~/s~ 161-184 GeV. 
The limit assumes # = - 2 0 0  GeV and tan~=2 in the calculation of the production cross 
section, and B(~ ~ e~c10)=100%. See Fig. 3 for limits on the (m~R,m~l) plane and 

for the effect of cascade decays. 
141BARATE 9BK looked for e + e - ~ /  + ~ final states at ~ =  161-184 GeV. The limit 

assumes # - - 2 0 0  GeV and tanG=2 for the evaluation of the production cross section. 
See Fig. 4 for limits on the (m~R,m~co) plane and for the effect of cascade decays. 

142 BARATE 98K combines the search for acoplanar dielectrons, electrons with large impact 
parameters, kinks, and stable heavy charged tracks at ~ =  161-184 GeV. The limit 
assumes no t-channel neutralino exchange diagram which can make the bound weaker. 
See Fig. 5 for limits as a function of the lifetime ~'(eR)' 

143BARATE 9BK combines the search for acoplanar dileptons and single electrons with 
universal scalar mass assumption at the GUT scale. The limit holds for all Am, and 
assumes #=--  200 GeV and tan~=2 for the evaluation of the ~ production cross section. 

144BARATE 98s looked for eR pairs with decay eR ~ ex  0, where ~10 further decays to 

t + l - u  via R-violating coupling LLE. The limit assumes tan/3=2 and gaugino-like ~0. 
Data collected at ~/s--130-172 GeV. 

145 BREITWEG 98 used positron+jet events with missing energy and momentum to look 
for e--q ~ ~ via gaugino-like neutralino exchange with decays into (e~0)(q~0). See 

paper for dependences in m(~), m(~0). 

146BARATE 97N uses e+e - data collected at ~/'s=161 and 172 GeV. The limit is for 
tanG=2. It improves to 75 GeV if Am >35 GeV. 

147 AID 96C used positron+jet events with missing energy and momentum to look for e -F q 
b~ via neutralino exchange with decays into (e~c0)(q~10). See the paper for dependences 
on m~, m~o. 

148 BUSKULIC 95E looked for Z ~ e~ eR where ~e R ~ exO 1 and X10 decays via R-parity 
violating interactions into two leptons and a neutrino. 

153 AB_BIENDIO0 searches for the ixoduction of smuons in the case of R-parity violation with 
LLE or LQO couplings, using data from ~/s=183 GeV. They investigate topologies with 
multiple leptons, jets plus leptons, or multiple jets, assuming one coupling at the time 
to be non-zero and giving rise to direct or indirect decays. For non-zero LLE couplings, 
they obtain limits on the smuon mass of 66 GeV for direct decays and of 74 GeV for 
indirect decays with a low mass ~10. For non-zero LQD couplings, the limits are 50 GeV 

for indirect decays of,~R with a low mass ~10 and 64 GeV for direct decays of ~L" It is 
assumed that tan~=l.5 and #= -200  GeV. 

154ABREU 00~ studies decays induced by R-parity-violating LL-E couplings, using data from 
�9 v/s=183 GeV. They investigate topologies with multiple leptons or jets plus leptons, 
assuming one coupling at the time to be non-zero and giving rise to direct or indirect 
decays. The limits, valid for each individual flavor, are determined by the indirect decays 
and assume a neutralino mass limit of 27 GeV, also derived in ABREU 001. Better limits 
for specific flavors and for specific ~ couplings can be obtained and are discussed in the 
paper. 

155 BARATE 00G combines the search for acoplanar dileptons, leptons with large impact 
parameters, kinks, and stable heavy-charged tracks, assuming 3 flavors of degenerate 
sleptons, produced in the schannel. Data colleced at v/s=lg9 GeV. 

156 BARATE 00H data collected at ~ = 1 8 3  GeV. The limit holds for direct decays mediated 
by ~ LL-E c couplings, and improves to 74 GeV for indirect decays. Limits are also given 
for direct decays via LQD couplings (rn~L > 61 GeV) for indirect decays via UDD 
couplings (m~R > 67 GeV and m~.iL > 70 GeV, with Am > 10 GeV). For LLE indirect 
decays, use is made of neutralino mass limits from BARATE 98S. 

157ACCIARRI 99H looked for acoplanar dimuon + ~ T  final states at V~=130-183 GeV. 
The limit assumes #= -200  GeV and tan/3=~/2 and zero efficiency for decays other than 

~ #~10. See Fig. 6 for the dependence of the limit on ~m. 

158 BARATE 99E looked for ~R pairs with decay ~i R ~ #~0, where ~Cl 0 further decays via 
R-violating coupling LQD. The limit is 52 GeV for the case of #L pair production with 
~L ~ ] ]  decay, Data collected at ~/s=130-172 GeV. 

159ACCIARRI 98F looked for dimuon+~ T final states at ~,/s=130-172 GeV. The limit 

assumes #= -200  GeV, and zero efficiecny for decays other than ~R ~ #X10" See their 
Fig. 6 for the dependence of the limit on Am. 

160ACKERSTAFF 98K looked for dimuon+~T final states at v~=130-172 GeV. The limit 
assumes # < -100 GeV, tan/3=1.5, and zero efficiency for decays other than ,~R 
#~10. The limit improves to 62.7 GeV for B(~ R ~ #~0)=1. 

161BARATE 98K looked for acoplahardimuo.n + ~ final states at ~/s= 161-184 GeV. The | 
limit assumes B(~ R ~ #~0)=1. See Fig. 3 for limits on the (m~, ,m~ 0) plane and for 

the effect of cascade decays. PR x, I 
162BARATE 98K looked for # + # - ~ '  + ~ final states at ~s=  161-184 GeV. See Fig. 4 I 

for limits on the (m -- ,m_0) plane and for the effect of cascade decays. 

.R x, I 1638ARATE 98K combines the search for acoplanar dimuons, muons with large impact 
(Smuon) MASS LIMIT 

VALUE (GeV) CL%% DOCUMENT ID TECN COMMENT 
)82,3 95 149 ABBIENDI 00G OPAL Am > 3 GeV, ~ , ~  I 
none 45-58.6 95 150 ABREU 99C DLPH Z1m > 5 GeV, ~ I 
>76.6 95 151 ACCIARRI 99w L3 Am > 5 GeV, .~/R ~ ~R I 
>80 95 152 BARATE 99Q ALEP ~.m > 5 GeV, ~ ~i R I 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

>50 95 153ABBIENDI 00 OPAL , ~ / ~ , ~ , A m > 5 G e V  I 
>61 95 154 ABREU 001 DLPH ~R, R (LLE) I 
>85 95 155 BARATE 00G ALEP t R ~ tG, any T(tR) I >61 95 156 BARATE O0H ALEP #R, R (LLE) 
>66 95 I57 ACCIARRI 99H L3 Am > 6 GeV, ~ , ~  
>45 95 158 BARATE 99E ALEP [JR, R (LQD), Am > 10 GeV | 
>55 95 159 ACCIARRI 98F L3 Am > 5 GeV, ~+,~R 

>55.6 95 160ACKERSTAFF 98KOPAL Am>4GeV,/~R+,~ ~ 

>71 95 Am > 5 GeV, ~ + ~  I 
>77 95 Any Am, ~R+~R , ~R ~ #~G I 
>71 95 #R#R' f i r  ~ #')'G' any I 

"(~R) 
>62 95 PR, ~ (LLE) I 
>51 95 Am > 5 GeV, , ~ + / ~  

>59 95 z~m > 10 GeV, ~+/'R 
>45.6 95 ~ ~ #ut t /  
>45 95 m~o <40 GeV, ~ R  

>45 95 m. 0 <41 GeV, ~R+~ 
Xt 

149ABBIENDI 00G looked for acoplanar dimuon + ~T  final states at ~=183-189 GeV. 
The limit assumes B(~ ~ #~10)=1. Using decay branching ratios derived from the 
MSSM, a lower limit of 81.7 GeV is Obtained for # < -100 GeV and tan~=l.5. See 
their Figs. 12 and 15 for the dependence of the limits on the branching ratio and on Am. 

150ABREU 99C looked for acoplanar dimuon +~ final states at v~= 130-172 GeV. The 
limit assumes B(~ ~ #~C0)=100%. See Fig. 8b for limits on the (mz m.0) plane. 

PR' XI 
These results include and update limits from ABREU 960. 

151ACCIARRI 99w looked for acoplanar dimuon + ~ T  final states at ,~=189 GeV. The 
limit assumes # = -  200 GeV and tan/~=~/2 and zero efficiency for decays other than ~ 
#~0. See their Fig. 5 for the dependence of the limit on Am and tanfl. 

152 BARATE 99Q looked for acoplanar dimuon + ~ T  final states at ~/s=189 GeV. The limit 
assumes/==-200 GeV and tan/3=2 for the decay branching ratios, evaluated within the 
MSSM, and zero efficiency for decays other than ~ ~ #~Cl 0. See their Fig. 3 for the 
dependence of the limit on Am. The limits presented here make use of, and supersede, 
the results of BARATE 98K. 

parameters, kinks, and stable heavy charged tracks at ~/'s= 161-184 GeV. See Fig. 5 for 
limits as a function of the lifetime ~'(~R)" 

164BARATE 98s looked for ~R pairs with decay #R ~ #X10, where ~01 further decays I 
to t + l - v  via R-violating coupling LLE. The limit assumes tan/3=2, Data collected at I 
v~=130-172 GeV. 

165ACKERSTAFF 97H limit is for m-  0 >12 GeV allowed by their chargino, neutralino 
Xl 

search, and for tan/3 _> 1.5 and I#1 > 200 GeV. The study includes data from e+e - 
collisions at ~ = 1 6 1  GeV, as well as at 130-136 GeV (ALEXANDER 97B). 

166BARATE 97N uses e+e - data collected at ~/s=161 and 172 GeV. The limit assumes 
B(/, - -  # ~ 0 )  = 1. 

167BUSKULIC 95E looked for Z ~ ~R~R'  where ~R ~ #X 0 and X10 decays via R-parity 
violating interactions into two leptons and a neutrino. 

(Stau) MASS LIMIT 
VALUE (GeV} CL~ DOCUMENT ID TECN COMMENT 
) 8 1 . 0  95 168 ABBIENDI O0G OPAL Am > 8 GeV, 8r=~r/2 I 

I 161 BARATE 98K ALEP 

162 BARATE 98K ALEP 

163 BARATE 98K ALEP 

164 BARATE 98S ALEP 
165 ACKERSTAFF 97H OPAL 

166 BARATE 97N ALEP 

167 BUSKULIC 95E ALEP 

ADRIANI 93M L3 

DECAMP 92 ALEP 

none 45-55 95 169 ABREU 99C DLPH m~o < 34 GeV, 0~=~/2 

none 45-52 95 169 ABREU 99c DLPH m~o < 35 GeV, 8T=0.82 I 

>71.5 95 170 ACCIARRI 99w L3 Am > 12 GeV, 8~=~r/2 I 
>60 95 170 ACCIARRI 99W L3 8 < Am < 42 GeV, 0 T =0.91 I >71 95 171 BARATE 99Q ALEP Z~m > 13 GeV, 0T= ~/2 
>66 95 171 BARATE 99Q ALEP 0T=0.91 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

>66 95 172 ABBIENDI 0O OPAL "7~ ~R' ~ '  light ~10 I 
>61 95 173 ABREU 001 DLPH ~R, R (LLE) I 
>85 95 174 BARATE 00G ALEP t R ~ t~., any T(~R) 

I >67 95 175 BARATE 00G ALEP ~:R ~ r G, any T(~:R) 
>61 95 176 BARATE 0OH ALEP ~:R, ~t (LLE) 
>55 95 177ABREU 99C DLPH ~R+~:R , ~:R ~ TG, any T(~-R) 

>68.5 95 178ABREU 99F DLPH ~R+~:~,~R ~ rG ,  anyT(~R) I 
>53 95 179 ACCIARRI 99H L3 Am > 10 GeV, 0T:0.91 I 
>45 95 180 BARATE 99E ALEP ~:R, R (LQD), Am > 10 GeV 

I >65 95 181 BARATE 98K ALEP ~m > 10 GeV, 0T=~r/2 
>62 95 181 BARATE 98K ALEP /Xm > 10 GeV, 8.r=0.82 
>52 95 182 BARATE 98K ALEP Any Am, 0.i.=~'/2, "rR 

none 2-35 95 183 BARATE 98K ALEP .~m >2, 8T=0.82 I 
>56 95 184 BARATE 98s ALEP ~R, R (LLE) I 
16gABBIENDI 00G looked for acoplanar ditau + ~ T  final states at ~/s=183-189 GeV. The I 

limit assumes B(~ ~ r ~ 0 ) = l .  Using decay branching ratios derived from the MSSM, I 
a lower limit of 75.9 at Am > 7 GeV is obtained for # < - 100 GeV and tan/9=1.5. See I their Figs. 13 and 16 for the dependence of the limits on the branching ratio and on Am. 
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169 ABREU 99C looked for acoplanar ditaus + ~  final states at ~,/s= 130-172 GeV. The limit 
assumes B(';: R ~ T~0)~ I .  See Figs. 4c and 4d for limits on the (m~:R,m~0) plane and 

and as a function of the mixing angle. 
170ACCIARRI 99w looked for acoplanar ditau + ~ T  final states at ~/s=189 GeV. See their 

Fig. 5 for the dependence of the limit on Am and tanfl. 
171 BARATE 99Q looked for acoplanar ditau + ~ T  final states at ~ = 1 8 9  GeV. The limit 

assumes B(~" ~ T~10)=1. See their Fig. 3 for the dependence of the limit on Am. The 
limits presented here make use of, and supersede, the results of BARATE 98K. 

172 ABBIENDI D0 searches for the production of staus in the case of R-parity violation with 
LLE or LQD couplings, using data from ,/s=183 GeV. They investigate topologies with 
multiple leptons, jets plus leptons, or multiple jets, assuming one coupling at the time to 
be non-zero and giving rise to direct or indirect decays. For non-zero LLE couplings, they 
obtain limits on the stau mass of 66 GeV both for direct decays and for indirect decays 
with a low mass X 0. For non-zero LQD couplings, the limits are 66 GeV for indirect 

exclude m~/.,/~ <44 GeV, mdR- <33 GeV, m~dL <44 GeV and, assuming all squarks 

degenerate, m~ <45 GeV. 

Limits which are obsolete relative to the current results are not included in this com- 
pilation, and can be found in the 1998 Edition (The European Physical Journal C3 1 
(1998)) of this Review. 

VALUE (OeV 1 CL_~_~ DOCUMENT ID TECN COMMENT 
>250 95 189 ABBOTT 99L DO tan/~=2, /~<O, A=0 
> 91.5 95 190 ACCIARRI 99v L3 Am > 10 GeV, e + e -  ~ ~i~ 
> 92 95 191 BARATE 99Q ALEP e + e -  ~ ~ ,  Am > 10 GeV 
>224 95 192 ABE 968 CDF m~ < rn~; with cascade 

decays 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

of ~R with a low mass x 0 and 63 GeV for direct decays of ~L" It is assumed that decays 
tanfl_l .5 and/~=-200 GeV. 

173 ABREU 001 studies decays induced by R-parity-violating LL-E couplings, using data from 
~ = 1 8 3  GeV. They investigate topologies with multiple leptons or jets plus leptons, 
assuming one coupling at the time to be non-zero and giving rise to direct or indirect 
decays. The limits, valid for each individual flavor, are determined by the indirect decays 
and assume a neutralino mass limit of 27 GeV, also derived in ABREU 001. Better limits 
for specific flavors and for specific ~ couplings can be obtained and are discussed in the 
paper. 

174 BARATE 00G combines the search for acoplanar dileptons, leptons with large impact 
parameters, kinks, and stable heavy-charged tracks, assuming 3 flavors of degenerate 
sleptons, produced in the schannel. Data colleced at ~/s=189 GeV. 

1758ARATE 00G combines the search for acoplanar ditaus, taus with large impact 
parameters, kinks, and stable heavy-charged tracks. Staus are also looked for in the 
decay chain ~ l  0 ~ ~T ~ ~-G;  see paper for results. Data cogeced at x/s~189 GeV. 

176 BARATE 00H data collected at -/s=183 GeV. The limit holds for direct decays mediated 
by R LL-E couplings, and improves up to 70 GeM for indirect decays, using the neutralino 
mass limits from BARATE 98S. 

L77 ABREU 99C combines the search for acoplanar ditaus, taus with large impact parameters, 
kinks, and stable heavy-charged tracks at ~/s= 130-172 GeV. See Fig. 11 for limits under 
different lifetime hypothesis. 

178 ABREU 99F combines the search for acoplanar ditaus, taus with large impact parameters, 
kinks, and stable heavy-charged tracks at ~/s=130-183 GeV. See Fig. 13 for limits under 
various lifetime scenarios. 

179ACCIARRI 99H looked for acoplanar ditau + ~ T  final states at v~=130-183 GeV. The 
limit assumes # = -  200 GeV and tanfl=.v~ and zero efficiency for decays other than ~: 
~-~0. See Fig. 6 for the dependence on the limit on Am. 

180BARATE 99E looked for rR pairs with decay ~R ~ TX01, where ~10 further decays via 
R-violating coupling L QD. Data collected at V's=130-172 GeV. 

181 BARATE 98K looked for acoplanar ditaus + ~ at v/s-- 161-184 GeV. The limit assumes 
zero efficiency for decays other than ~:R ~ TX0" See Fig. 3 for limits on the (re-,m-0) 

T XI 
plane and for the effect of cascade decays. 

182BARATE 98K looked for ~ + ~ - ~ 3 '  + ~ final states at ~/~= 161-184 GeV. See Fig. 4 

> 69 95 193 BARATE 00H ALEP ~R, St UOD I 
> 49 95 193 BARATE 00H ALEP d R, St I >240 95 194 ABBOTT 99 DO ~ ~ ~0X ~ ~0"yX. m~o - 

m~. 0 > 20 GeV 
X1 

>320 95 194ABBOTT 99 DO ~ ~ ~0x ~ a ~ x  I 
>243 95 195 ABBOTT 99K DO any m~, St, tanfl=2, # < 0 I 

>200 95 196 ABE 99M CDF PP St I 
>140 95 197 ACCIARRI 98J L3 e + e -  ~ q~, J~, A~0.3 

I >140 95 197 ACKERSTAFF 98V OPAL e + e -  ~ q~, St, X~0.3 
> 87 95 198 BARATE 98N ALEP e + e -  ~ qq, Am >5 GeV 
> 77 95 199 BREITWEG 98 ZEUS m~/=m~ e, m(~10)= 40 GeV 

200 DATTA 97 THEO ~'s lighter than ~ ,  ~0 

>216 95 201 DERRICK 97 ZEUS ep ~ q, Cl ~ I~] or T j ,  
none 130-573 95 202 HEWETT 97 THEO q~ ~ q, ~ --, q~;, with a 

light giuino 
none 190-650 95 203 TEREKHOV 97 THEO qg ~ ~g', ~ ~ q~:, with a 

light gluino 
>215 95 204 AID 96 H1 e+p  ~ ~, St, A=0.3 
>150 95 204 AID 96 H1 e+p ~ q; R, ~.=0.1 
> 63 95 205 AID 96c H1 m~=m~ e, m~o=35 GeV 

X] 
none 330-400 95 206 TEREKHOV 96 THEO ug ~ u~, u ~ U~ with a 

light gluino 
>176 95 207 ABACHI 95C DO Any m~ <300 GeV; with cas- 

cade decays 
208ABE 95T CDF ~ ~O ~ ~10.), 

> 45.3 95 209 BUSKULIC 95E ALEP St, (LLE) 
> 90 90 210 ABE 92L CDF Any m~ <410 GeV; with cas- 

cade decay 
>100 211 ROY 92 RVUE p~ ~ ~ ;  

212 NOJIRI 91 COSM 
for limits on the (m~R,m~o) plane and for the effect of cascade decays. 

I 
183 This limit also uses BARATE 97N to extend limit to low m: r, I 
184BARATE 98S looked for ~R pairs with decay "PR ~ TX O, where ~0 further decays to | 

t-F t - u  via R-violating Coupling LLE. The limit assumes tanfl=2, Data collected at I 
-v~=130-172 GeV. 

Long-lived t (Slepton) MASS LIMIT 
Limits on scalar leptons which leave detector before decaying. Limits from Z decays 
are independent of lepton flavor. Limits from continuum e + e -  annihilation are also 
independent of flavor for smuons and staus. However, selectron limits from continuum 
e + e -  annihilation depend on flavor because there is an additional contribution from 
neutral|no exchange that in general yields stronger limits, 

VALUE (GeV) CL__~% DOCUMENT ID TECN COMMENT 
>81.2 95 185 ACCIARRI 99H L3 #R' ~-R I 

none 2-80 95 186 ABREU 98P DLPH ,~R, ~R I ~.~.5 95 187 ACKERSTAFF 98P OPAL ~R, {-R 
>81 95 188 BARATE 98K ALEP P'R, ~R 

185ACCIARRI 99H searched for production of pairs of back-to-back heavy charged particles | 
at v~=130-183 GeV. The upper bound improves to 82.2 GeV for #L, ~;L" 

I 3"B6ABREU 98P searches for production of pairs of heavy, charged particles in e + e -  anni- 
hilation at -v/s=130-183 GeV. The upper bound improves to 81 GeV for ~L,:rL. These 
limits include and update the results of ABREU 97D. 

187ACKERSTAFF 98P bound improves to 83.5 GeV for #L, :rL" Data collected at ~/s = 
130-183 GeV. 

188The BARATE 98K mass limit improves to 82 GeV for ~L,:rL. Data collected at I 
v~=161-184 GeV. 

(Squark) MASS LIMIT 
For m~ > 60-70 GeV, it is expected that squarks would undergo a cascade decay 
via a number of neutralieos and/or charginos rather than undergo a direct decay to 
photinos as assumed by some papers. Limits obtained when direct decay is assumed 
are usually higher than limits when cascade decays are included. 

Limits from e + e -  collisions depend on the mixing angle of the lightest mass eigenstate 
Cl l_~lRsingq+CILcOs~ q. It is usually assumed that only the sbottom and stop squarks 
have non-trivial mixing angles (see the stop and sbottom sections). Here, unless 
otherwise noted, squarks are always taken to be either left/right degenerate, or purely 
of left or right type. Data from Zdecays have set squark mass limits above 40 GeV, 
in the case of q ~ qx1 decays if Am=m~l -- m-(; > 5 GeV. For smaller values of 

Am, current constraints on the invisible width of the Z (Arin v < 2.0 MeV, LEP 00) 

189 ABBOTT 99L consider events with three or more jots and large E T o Spectra and decay I 
rates are evaluated in the framework of minimal Supergravity. assuming five flavors of | 
degenerate squarks, and scanning the space of the universal gaugino (ml /2 )  and scalar I 
(rno) masses. See their Figs. 2-3 for the dependence of the limit on the relative value of I 
m~ and m~. 

190ACCIABRI 99V assumes four degenerate flavors and B(q ~ q~(0)=l, with Am=m~l - I 
m~0. The bound is reduced to 90 GeV if production of only qR states is considered. I 

See their Fig. 7 for limits in the (m- m_0) plane. Data collected at ~'s=189 GeV. 
q' X1 | 

191BARATE 99Q assumes five degenerate flavors and B(q ~ q~10)=1, with Am= m~/ - I 
m.  o.Xl Data collected at ./s=189 GeV. The limits presented here make use of, and I 

update, the results of BARATE 98N. 
192ABE 968 searched for production of gluinos and five degenerate squarks in final states 

containing a pair of leptons, two jets, and missing E T, The two leptons arise from the 
semileptonic decays of charginos produced in the cascade decays. The limit is derived for 
fixed tang = 4.0, # = -400 GeV, and mH+ = 508 GeV, and with the cascade decays 
of the squarks and gluinos calculated within the framework of the Minimal Supergravity 
scenario. 

193 BARATE D0H data collected at ~/s=183 GeV. The limits hold for direct decays of u-type | 
and d-type squarks, mediated by St UDD couplings. I 

194ABBOTT 99 searched for .7~T + > 2 jet final states, and set limits on ~(p~ ~ I 
~-FX).B((7 ~ "Ys The quoted limits correspond to m~ > m~, with B(~ 0 ~ I 

~C0"~)=1 and B(~C10 ~ G3,)=I, respectively. They improve to 310 GeV (360 GeV in the I 

case of 3'G decay) for m~=m~. | 
195ABBOTT 99K uses events with an electron pair and four jets to search for the decay I 

of the ~10 LSP via St LQD couplings. The particle specrum and decay branching ratios | 
are taken in the framework of minimal supergravity. An excluded region at 95% CL is I 
obtained in the (too,m1~2) plane under the assumption that A0=0, /~ < 0, tan~=2 and I 

t 
any one of the couplings ~ljk > 10-3 (]~1,2 and k=1,2,3) and from which the above | 
limit is computed. For equal mass squarks and gluinos, the corresponding limit is 277 

I GeM. The results are essentially independent of A o, but the limit deteriorates rapidly 
with increasing tan/3 or/~ >0. 

196ABE 99M looked in 107pb " 1  of p~ collisions at V~=1.8 TeV for events with like sign 
dielectrons and two or morejets from the sequential decays ~ - -  q~0 andS01 ~ eq~', I 

assuming St coupling LLQjDC k, With j :2 ,3  and k:1,2,3. They assume five degenerate | 

squark flavors, e(~ ~ q~0)= l ,  B(~:IO ~ eq~')=O.2S for both e + and e - ,  and m~ > I 
200 GeV. The limit is obtained for m_. OXI >__ m~t/2 and improves for heavier gluinos or I 

heavier Xl 0` 
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197ACKERSTAFF 98V and ACCIARR198J studied the interference of t-channel squark (dR) | 

exchange via R-parity v olat ng Al j  k L 1 Qjo~ k coupl ng n e -F e-- ~ q~. The limit is for | 

~.ljk~O.3. See paper for related limits on UL exchange. Data collected at v~=130-172 ] 
GeV. 

198BARATE 98N assumes five degenerate flavors UL,R, -dL,R, ~CL,R, ~SL,R, -bL,R, and I 

their direct decay ~ ~ q~(O. The bound applies for Am > 5 GeV. See Fig. 5 for limits | 

(Sbottom) MASS LIMIT 
Limits in e + e -  depend on the mixing angle of the mass eigenstate b 1 = bLCOSe b + 
bRsin~ b. Coupling to the Z vanishes for 8b ~ 1.17. As a consequence, no absolute 
constraint in the mass region ~, 40 GeV is available in the literature at this time from 

e + e -  collisions. In the Listings below, we use Am = m~l - m~l o. 

in the (m~,m~o) plane. Data collected at S/S:181 184 GeV. 

199 BREITWEG 98 osed positron+jet events with missing energy and momentum to look 
for e -F q ~ e~7 via gaugino-like neutralino exchange with decays into (e~0)(q~10). See 
paper for dependences in m~, m~0. 

200DATTA 97 argues that the squark mass bound by ABACHI 95C can be weakened by 
1(~20 GeV if one relaxes the assumption of the universal scalar mass at the GUT-scale 

that the ~_,~20 in the squark cascade decays have dominant and invisible 
k 

so decays to 

201 DERRICK~ 97 looked for lepton-number violating final states via_R-parity violating cou- 

plings X{jkL I Qjd k. When ~.11k~Sjk ~ 0, the pr . . . . .  eu ~ d* k ~ t i uS is possible. 

When X l j lX i j k  ~ O, the process ed ~ ~u~ ~ ~idk is possible. 100% branching 

fraction ~ ~ ~'j is assumed. The limit quoted here corresponds to ~" ~ Tq decay, with 
xr=0.3. For different channels, limits are slightly better. See Table 6 in their paper. 

202HEWETT 97 reanalyzed the limits on possilbe resonances in di-jet mode (~ ~ q~) 
from ALITTI 93 quoted in "Limits for Excited q (q*) from Single Production," ABE 96 
in "SCALE LIMITS for Contact Interactions: A(qqqq)," and unpublished CDF, D~D 
bounds. The bound applies to the gluino mass of 5 GeV, and improves for lighter gluino. 
The analysis has gluinos in parton distribution function. 

203TEREKHOV 97 improved the analysis of TEREKHOV 96 by including di-jet angular 

VALUE (GeV) C L ~ ;  DOCUMENT ID TECN COMMENT 
none 80-145 214 AFFOLDER 00O CDF b ~ b~c o, m~ O <50 GeV I 

X 1 
>89.8 95 215 ABBIENDI 99M OPAL b ~ b ~ ,  Oh=O, Am > 10 GeV I 

>74,9 95 215 ABBIENDI 99M OPAL b ~ b ~ ,  eb=1.17, Am > 10 GeV I 

>84 95 216 ACCIARRI 99V L3 b ~ b ~ ,  ~b:0,  Am > 15 GeV I 
>61 95 216 ACCIARRI 99v L3 b ~ b ~ ,  ~b:1.17, Am > 15 GeV I 

>86 95 217 BARATE 99Q ALEP t) ~ b~ u, 8b_0 , Am > 1O GeV I 

>'l~ 95 217 BARATE 99Q ALEP b ~ b ~ ,  8b: l .18,  Am > 1O GeV I 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

none 52-115 95 218 ABBOTT 99F DO b ~ b~ 0 m o < 20 GeV I 
1' x t  

>73 95 219 ABREU 99C DLPH b ~ b ~ ,  8b:0 ,  Am > 10 GeV I 

>44 95 219 ABREU 99c DLPH b ~ b ~ ,  ~b:X/2,  Am > 10 GeV I 

>57 95 220 ACCIARRI 99C L3 b ~ b~ v, 8b:1.17, Am > 35 GeV I 

none40-54.495 221ACKERSTAFF 99 OPAL ~b ~ b~! ,  Sb=1.17, Am > 7 GeV I 
>54 95 222 BARATE 99E ALEP ~, 8b:O I 
>73 95 223 BARATE 98N A L E P b  ~ b~10, ~b:0,  Am > 6 GeV 
>58 95 224 BARATE 98s ALEP J~, 8b=O I 

distributions in the analysis. 
204AID 96 looked for first-generation squarks as s-channel resonances singly produced in 

e+p  collision via the R-parity violating coupling in the superpotential W=,~ r L 1 Qld~. 
The degeneracy of squarks ~)1 and dl is assumed. Eight different channels of possible 
squark decays are considered. 

205 AI D 96c used positron +jet events with missing energy and momentum to look for e + q 
e~7 via neutralino exchange with decays into (e~10)(q~0). See the paper for dependences 
on m~, m~o. 

206TEREKHOV 96 reanalyzed the limits on possible resonances in di-jet mode (u ~ u~) 
from ABE 95N quoted in "MASS LIMITS for gA (axigluon)." The bound applies only 
to the case with a light gluino. 

207ABACH195C assume five degenerate Scluark flavors with m~L = m~l R. Sleptons are 
assumed to be heavier than squarks. The limits are derived for fixed tan~ = 2.0 # = 
-250 GeV, and m H+ =500 GeV, and with the cascade decays of the squarks and gluinos 
calculated within the framework of the Minimal Supergravity scenario. The bounds are 
weakly sensitive to the three fixed parameters for a large fraction of parameter space. 
No limit is given for mgluin o >547 GeV. 

208ABE 95T looked for a cascade decay of five degenerate squarks into ~0 which further 

decays into ~0 and a photon. No signal is observed. Limits vary widely depending on 
the choice of parameters. For/= = - 4 0  GeV, tan~ = 1.5, and heavy gluinos, the range 
50<m~ (GeV)<110 is excluded at 90% CL. See the paper for details. 

209BUSKULIC 95E looked for Z ~ q~, where q ~ qx01 and X10 decays via R-parity 
violating interactions into two leptons and a neutrino. 

210 ABE 92L assume five degenerate squark flavors and m~l L = m~l ~. ABE 92L includes the 
effect of cascade decay, for a particular choice of parameters, # = -250 GeV, tan~ = 
2. Results are weakly sensitive to these parameters over much of parameter space. No 
limit for rn~ < 50 GeV (but other experiments rule out that region). Limits are 10-20 

GeV higher if B(~ ~ q;~) = 1. Limit assumes GUT relations between gaugino masses 
and the gauge coupling; in particular that for I#[ not small, m~( 0 ~ rag/6. This last 

relation implies that as m~: increases, the mass of ~0 will eventually exceed rn~/ so that 
no decay is possible. Even before that occurs, the signal will disappear; in particular no 
bounds can be obtained for m8 >410 GeV. mH+=500 GeV. 

211 ROY 92 reanalyzed CDF limits on di-lepton events to obtain limits on squark production 
in R-parity violating models. The 100% decay (7 ~ q~ where ~C is the LSP, and the 
LSP decays either into t q d  or I t ~  is assumed. 

212NOJIRI 91 argues that a heavy squark should be nearly degenerate with the gluino in 
minimal supergravity not to overclose the universe. 

Long-lived ~ (Squark) MASS LIMIT 
The following are bounds on long-lived scalar quarks, assumed to hadronise into 
hadrons with lifetime long enough to escape the detector prior to a possible decay. 
Limits may depend on the mixing angle of mass eigenstates: ~?l-qLc~ + qRsin0q" 

The coupling to the Z 0 boson vanishes for up-type squarks when 8u=0.98, and for 
down type squarks when 0d~1.17. 

VALUE (GeV) CL~ DOCUMENT ID TECN COMMENT 
�9 * �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

none 2-85 95 213 ABREU 98P DLPH UL 
none 2-81 95 213 ABREU 98P DLPH uR 
none 2-80 95 213 ABREU 98P DLPH ~, 0u=0.98 
none 2-83 95 213 ABREU 98P DLPH d L 
none 5-40 95 213 ABREU 98P DLPH d R 
none 5-38 95 213 ABREU 98P DLPH d, 0d~1.17 

213 ABREU 98P assumes that 40% of the squarks will hadronise into a charged hadron, and 
60% into a neutral hadron which deposits most of its energy in hadron calorimeter. Data 
collected at v~130-183  GeV. 

214AFFOLDER 00D search for final states with 2 or 3 jets and ~T ,  one jet with a btag. ] 
See their Fig. 3 for the mass exclusion in the m-, m_ o plane. 

215 ABBIEND199M looked for events with two acoplanar jets and P T '  See Fig. 4 and Table 5 ] 
for the dependence on the limit on Am and 8 b. Data taken at v~s=161-189 GeV. These I results supersede ACKERSTAFF 99. 

216 r n ACCIARRI 99V looked for events with two acoplana b-tagged jets a d "~T, at V~:189 I 
GeM. See their Figs. 4 and 6 for the more general dependence of the limits on ~,m and | 
e b . 

217BARATE 99Q looked for events with two acoplanar b-tagged jets and P T .  The limit I 
assumes B(b ~ b~c0)=l. See their Fig. 2 for the dependence of the limit on Am and | 
8 b. Data taken at ~ = 1 8 9  GeV. I 218ABBOTT 99F looked for events with two jets, with or without an associated muon from 
b decay, and E T .  See Fig. 2 for the dependence of the limit on m- O. No limit for 

m- a > 47 GeV. 
x ]  

219ABREU 99c looked for b pair production at - ~ =  130-172 GeV. See Fig. 4 for other | 
choices of Am. These results include and update limits from ABREU 960. I 220 ACCIARR199C looked for b pair production at -/s=161-183 GeV. See Figs. 4-5 for other 
choices of 0 b and ~m. 

221ACKERSTAFF 99 looked for b pair production at vrS=130-183 GeV. The analysis in- I 
cludes and updates the results of ACKERSTAFF 97Q. See Table 11 and Fig. 12 for other ] 
choices of 8 b and Am. 

222BARATE 99E looked for bL pairs with decay bL ~ bx10, where ~10 further decays via ] 

R-violating coupling LQD. m~: 0 > 30 GeV. The limit is 73 GeV for the case of bL pair | 

production with bL ~ j u  decay. The limits for bR pairs with bR ~ bu jT  are much I weaker. Data collected at V's=130-172 GeV. 
223 BARATE 98N data taken at ~s=181-184 GeV. The 'limit is significantly reduced for 

8 b "~ 1.17. 
224 BARATE 98S looked for bL pairs with decay bL ~ b x  0, where ~c 0 further decays to | 

t + t - ~  via R-violating coupling LLE. The limit assumes tan/Y~2, Data collected at I 
~/s~130-172 GeV. 

"t (Stop) MASS LIMIT 
Limits depend on the decay mode. In e + e -  collisions they also depend on the mixing 
angle of the mass eigenstate ~r I = tLCOSet + -t:Rsin9 t. The coupling to the Z vanishes 
when e t -- 0.98. In the Listings below, we use Am _= m~[ -- m~t 0 or Am =-- 

m}l -- m~, depending on relevant decay mode. See also bounds in "c/(Squark) 

MASS LIMIT." Previous obsolete limits are not included in this compilation, and can 
be found in the 1998 Edition (The European Physical Journal C.3 1 (1998)) of this 

VALUE (G~V) CL~ DOCUMENT ID TECN COMMENT 
). 86.4 95 225 ABBIENDI 99M OPAL t ~ c~10, et=0.98, Am > 5 

GeV 
> 88.0 95 225 ABBIENDI 99M OPAL t ~ bt~, et=0.98, ~m > 10 

GeV 
> 87.5 95 225 ABBIENDI 99M OPAL t ~ bT~. ,  8t=0.98, Am > 

^ 10 Ge~/ 
> 63 95 226 ABREU 99c DLPH t ~ c~ 1, et=0.98, ~m > 10 

GeV 
> 81 95 227 ACCIARRI 99v L3 "t ~ c~ 0, et=0.96, ~m > 15 

GeV 
> 86 95 227 ACCIARRI 99v L3 ~: ~ bl~,, et=0.96, Am > 15 

GeV 
> 83 95 227 ACCIARRI 99v L3 } ~ b r ~ . ,  et=0,96, Am > 

15 Ge~/ 
> 84 95 228 BARATE 99Q ALEP t ~ C~l,  all 8 t, 10< Am < 

40 GeV 
> 86 95 228 BARATE 99Q ALEP } ~ bl~, all 0 t, Am > 10 

GeV 

Rewew. 



See key on page 239 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

> 76 95 229 ABBIENDI 00 OPAL ~, (UDD), all 0 t 
> 61 95 230ABREU 00~ DLPH R (LLE), et=0.98, Am > 4 

GeV 
none 68-119 95 231 AFFOLDER 00D CDF t ~ c~ 0, m_ a <40 GeV 

> 58 95 232 BARATE 00H ALEP [:L' ~ (UD~D) 
>120 95 233 ABE 99M CDF p~ ~ t}jt 1, ~ -- 
> 72.5 95 234 ACClARRI 99C L3 [: ~ c~1, ~t=0.98, ~m > 10 

GeV 
> 75.8 95 235 ACKERSTAFF 99 OPAL ~: ~ c~ 0, 8t=0.98, Am > 5 

GeV 
> 79.2 95 235 ACKERSTAFF 99 OPAL t ~ bt~, 0t=0.98, Am > 10 

GeV 
> 75.0 95 235 ACKERSTAFF 99 OPAL t ~ b~-~, 8t=0.98, Am > 

10 CteV 
> 48 95 236 BARATE 99E ALEP ~ (LQD), et=O 
> 65 95 237 BARATE 98N ALEP t ~ c~10, 8t=0.98, ~,m > 5 

GeV 
> 82 95 237 BARATE 98N ALEP t ~ b ~ ,  any et, Am > 10 

GeV 
> 44 95 238 BARATE 98s ALEP ~ (LLE), 8t=0.98 
none 61-91 95 239 ABACHI 96B DO l: ~ c~ 0 m~ 0 <30 GeV 

none 9-24.4 95 240 AID 96 H1 ep ~ t t ,  ~ decays 
>138 95 241 AID 96 H1 ep ~ "t, ~, ,~cose t > 0.03 
> 45 242 Cl io 96 RVUE B0-B 0 and {, et= 0.98, 

tan/3 <2 
none 11-41 95 243 BUSKULIC 95E ALEP ~ (LLE), et=0.98 
none 6.0-41.2 95 AKERS 94K OPAL -t ~ C~C~, Ot=O, Am >2 GeV 

none 5.0-46.0 95 AKERS 94K OPAL t c~ i ,  St=0, A.m >5 GeV 

none 11.2-253 95 AKERS 94K OPAL t c~1 , et=0.98, Am >2 
GeV 

none 7.9-41.2 95 AKERS 94K OPAL t ~ c~ 0, 8t=0.98 , Am >5 
GeV 

none 7.6-28.0 95 244 SHIRAI 94 VNS ~: ~ c~C10, any 8t, ,*.In >10 
GeV 

none 10-20 95 244 SHIRAI 94 VNS ~: ~ c~ 0, any 8 t, .&m > 2.5 
GeV 
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225ABBIENDI 99M looked for events with two acoplanar jets, ~ T ,  and, in the case of btE, | 
(b r~)  final states, two leptons (taus). Limits for 8t are ~ 2.5 GeV stronger. In the I 
case of c~c 0 decays, the limits with Am > 10 GeV improve to 90.3 for et=o and 8?.2 I 
for 8t=0.98. See Figs. 2-3 and Table 4 for the more general dependence of the limits on 

I ~m. Data taken at ~=161-189 GeV. All limits assume 100% branching ratio for the 
respective decay modes. These results supersede ACKERSTAFF 99. 

226ABREU 99s looked for t pair production at , /s= 130-172 GeV. The limit for 8 t is 72 
GeV. See Fig. 4 for other choices of Am, These results include and update limits from 
ABREU 960. 

227ACCIARRI 99v looked for events with two acoplanar lets, ~T and, in the case of bl~ I 
(bTP) fiual states, two leptons (taus). The limits for St=0 improve to 88, 89, and 88 

I GeV, respectively. See their Figs. 4-6 for the more general dependence of the limits on 
~m and 0 t. Data taken at ~/s=189 GeV. All limits assume 100% branching ratio for 
the respective decay modes, 

228 BARATE 99Q looked for events with two acoplanar jets, P T  and, in the case of bl ; ,  | 
final states, two leptons. All limits assume 100% branching ratio for the respective decay 

I modes, with flavor-independent rates in the case of semileptonic decays. See their Fig. 1 
for the dependence of the limit on Am and e t. Data taken at ~/s=189 GeV. The limits 
presented here make use of, and supersede, the results of BARATE 98N. 

229ABBIENDI 00 searches for the production of stop in the case of R-parity violation with | 
UDD or L@D couplings, using data from */s=183 GeV. They investigate topologies I with multiple leptons, jets plus leptons, or multiple jets, assuming one coupling at the 
time to be non-zero. For mass exclusion limits relative to LQD-induced decays, see their 
Table 5. 

230ABREU 001 searches for the production of stop in the case of R-parity violation wiht LLE | 
couplings, for which only indirect decays are allowed. They investigate topologies with 

I jets plus leptons in data from .~=183 GeV. The lower bound on the stop mass assumes 
a neutral|no mass limit of 27 GeV, also derived in ABREU 001. 

231AFFOLDER 00D search for final states with 2 or 3 jets and ~'T, one jet with a crag. 
See their Fig. 2 for the mass exclusion in the (m=z,m-e)x1 plane. The maximum excluded I 

m- value is 119 GeV for m-0=  40 GeV. 
t ' X1 

232 BARATE 00H data collected at vfs=183 GeV. The limit holds for indirect decays me- 
diated by ~. UDD couplings, and m~9 > 20 GeV. It improves to 61 GeV for indirect 

decays mediated by g LL'E couplings, with neutral|no mass limits from BARATE 98s. 
For direct decays, the limits from BARATE 00H in the squark section apply. 

233ABE 99M looked in 107pb - 1  of p~ collisions at ~/s=1.8 TeV for events with like sign 
dielectrons and two or more jets from the sequential decays q ~ q~ l  0 and ~10 ~ eq~ t, 

assuming R coupling L 1 QjDC k, with ]=2,3 and k=1,2,3. They assume B(I: 1 ~ C~10)=1, 

B(~ o ~ eq~l)=0.25 for both e -I- and e - ,  and m~l 0 _> m}1/2. The limit improves for 

heavier ~0. 

234 ACCIARRI 99C looked for t pair production at ~/s=161-183 GeV. See Figs. 4-5 for other 
choices of et and Am. These results update ACCIARRI 96F. 

235ACKERSTAFF 99 looked for t pair production. The analysis considers data taken at 
V~=130-183 GeV, and includes the results of ACKERSTAFF 97Q. Unless the ~=~ decay 
mode is explicitly indicated, the same branching fractions to t=e, #, and ~ are assumed 
for bl/~ modes. See Table 10 and Figs. 9-11 for other choices of et and Am. 

236BARATE 99E looked for tL pairs with decay tL " CXl0, where ~10 further decays via 

R-violating coupling LQD. m~co > 30 GeV. The limit is 62 GeV for the case o f t  L pair 

production with tL ~ q~" decays. Data collected at ,/'-~=130-172 GeV. 
237BARATE 98N assumes the lepton universality for the case of l: ~ bt.i, and the lower 

bound on m~ from Z decay is used. See Figs. 2 and 3 for limits as a function of Am. 
Data collected at ,/s=181-184 GeV. 

238BARATE 98S looked for t pairs with decay t ~ c~ 0' where ~10 further decays to I 

t + l - v  via R-violating coupling LLE. The limit assumes tanfl=2, Data collected at I 
,SS=130-172 GeV. 

239ABACHI 96B searches for final states with 2 jets and missing E T. Limits on m~: are 
I given as a function of m~ o. See Fig. 4 for details. 

X1 
I 240 AID 96 considers photoproduction of t t  pairs, with 100% R-parity violating decays of 

to eq, with q=d, s, or b quarks. 
241AID 96 considers production and decay of t via the R-parity violating coupling 

I ~' L1 o3 ~.  
242 CHO 96 studied the consistency among the B0-B ~ mixing, ~ in K0-K 0 mixing, and 

I the measurements of Veb, Vub/Vcb. For the range 253 GeV<m~: 1 <mz/2  left by 

I AKERS 94K for 8 t = 0.98, and within the allowed range in M2- p parameter space from 
chargino, neutral|no searches by ACCIARRI 95E, they found the scalar top contribution 

I to BO-B 0 mixing and �9 to be too large if tan/3 <2. For more on their assumptions, see 
the paper and their reference 10. 

243 BUSKULIC 95E looked for Z ~ t~, where t ~ cx 0 and x 0 decays via R-parity violating 
I interactions into two leptons and a neutrino. 
i 244 SHIRAI 94 bound assumes the cross section without the s-channel Z-exchange and the 

QCD correction, underestimating the cross section up to 20% and 30%, respectively. 
They assume mc=l.5 GeV. 

Heavy ~ (Gluino) MASS L I M I T  
For m~ > 60-70 GeV, it is expected that gluinos would undergo a cascade decay 
via a number of neutralinos and/or charginos rather than undergo a direct decay to 
photinos as assumed by some papers. Limits obtained when direct decay is assumed 
are usually higher than limits when cascade decays are included. 

VALUE (GeV) CL_~_~ DOCUMENT /D TECN COMMENT 
>190 95 245 ABBOTT 99L DO tan/3=2, # <0, A=0 I 
>260 95 245 ABBOTT 99I. DO m~=m~l I 
>173 95 246 ABE 97K CDF Any m~/; with cascade decays 

>216 95 246 ABE 97K CDF m~l=m~; with cascade decays 

>224 95 247 ABE 960 CDF m~ = m:~; with cascade de- 
cays 

>154 95 247 ABE 96D CDF m~ <m~; with cascade decays 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

>240 95 248ABBOTT 99 D0 g ~ x20X ~ ~(0"yX, m ~ o -  I 
m~ 0 > 20 GeV 

>320 95 248ABBOTT 99 DO ~ ~(Ox ~ G'yX I 
>227 95 249 ABBOTT 99K DO any m~, R, tanfl=2, # < 0 I 

>212 95 250 ABACHI 95C DO m~ > m~; with cascade decays 

>144 95 250 ABACHI 95C DO Any m~; with cascade decays 

251ABE 9ST CDF ~ ~ ~(02 ~ ~(10"7 

252 HEBBEKER 93 RVUE e + e -  jet analyses 
>218 90 253 ABE 92L CDF m~ _< m~; with cascade 

decay 
>100 254 ROY 92 RVUE pp ~ gg; ~- 

255 NOJIRI 91 COSM 
none 4-53 90 256 ALBAJAR 870 UA1 Any m~ > m~ 

none 4-75 90 256 ALBAJAR 870 UA1 m~ = m~ 

none 16-58 90 257 ANSARI 87D UA2 m~ ~ 100 GeV 

245ABBOTT 99L consider events with three or more jets and large ~ T "  Spectra and decay I 
rates are evaluated in the framework of minimal Supergravity, assuming five flavors of I 
degenerate squarks, and scanning the space of the universal gaugino (ml /2)  and scalar I 
(m0) masses See their Figs. 2-3 for the dependence of the limit on the relative value of I 
m~ and m~. 

246 ABE 97K searched for production of gluinos and five degenerate squarks in events with 
three or more jets but no electrons or muons and missing transverse energy ~ T  > 60 
GeV. The limit for any m~ is for #= -200  GeV and tan/3=2, and that for m~l=m ~ is 
for #= -400  GeV and tan/3=4. Different choices for tan/3 and # lead to changes of the 
order of • GeV in the limits. See Footnote [16] of the paper for more details on the 
assumptions, 

247ABE 96D searched for production of gluinos and five degenerate squarks in final states 
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semileptonic decays of charginos produced in the cascade decays. The limits are derived 
for fixed tanfl = 4.0, # = -400 GeV, and mH+ = 500 GeV, and with the cascade decays 
of the squarks and gluinos calculated within the framework of the Minimal Supergravity 
scenario. The bounds are weakly sensitive to the values of the three fixed parameters for 
a large fraction of parameter space. See Fig. 2 for the limits corresponding to different 
parameter choices. 

248ABBOTT 99 searched for ";'~T • _> 2 jet final states, and set limits on ~(p~ ~ I 
~+X).B(@ ~ "~J~TX). The quoted limits correspond to m~ >_ m~, with B(~20 I 
~0"}')=1 and B(~10 ~ G'y)=I, respectively. They improve to 310 GeV (360 GeV in the I 

case of" /G decay) for m~=m~. I 
249ABBOTT 99K Uses events with an electron pair and four jets to search for the decay I 

of the ~0 LSP via J~ LQD couplings. The particle specrum and decay branching ratios I 
are taken in the framework of minimal supergravity. An excluded region at 95% CL is | 
obtained in the (To,roll2) plane under the assumption that A0=0, # < O, tan/3=2 and I 

any one of the coup ngs Xl]k > 10-3 (]=1,2 and k=1,2,3) and from which the above | 
limit is computed. For equal mass squarks and gluinos, the corresponding limit is 277 I GeV. The results are essentially independent of A 0, but the limit deteriorates rapidly 
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844 

Searches Particle Listings 
Supersymmetric Particle Searches 

250ABACHI 95C assume five degenerate squark flavors with with m~L -- m~R. Sleptons 

are assumed to be heavier than squarks. The limits are derived for fixed tan/3 = 2.0 # = 
-250  GeV, and m H +  =500 GeV, and with the cascade decays of the squarks and gluinos 
calculated within the framework of the Minimal Supergravity scenario. The bounds are 
weakly sensitive to the three fixed parameters for a large fraction of parameter space. 

251 ABE 95T looked for a cascade decay of gluino into ~20 which further decays into ~10 and a 
photon. No signal is observed. Limits vary widely depending on the choice of parameters. 
For # = - 4 0  GeV, tanfl - 1.5, and heavy squarks, the range 50<m~ (GeV)<140 is 

excluded at 90% CL. See the paper for details. 
252HEBBEKER 93 combined jet analyses at various e - - e -  colliders. The 4-jet analyses 

at TRISTAN/LEP and the measured c~ s at P E P / P E T R A / T R I S T A N / L E P  are used. A 
constraint on effective number of quarks N=6.3 4- 1.1 is obtained, which is compared to 
that with a light gluino, N=8. 

253ABE 92L bounds are based on similar assumptions as ABACHI 95c. Not sensitive to 
mgluin O <40 GeV (but other experiments rule OUt that region). 

254 ROY 92 reanalyzed CDF limits on di-lepton events to obtain limits on gluino production 
in R-parity violating models. The 100% decay g- ~ q ~  where ~ is the LSP, and the 
LSP decays either into I q d  or t l ~  is assumed. 

255 NOJIR191 argues that a heavy gluino should be nearly degenerate with squarks in minimal 
supergravity not to overclose the universe. 

256The limits of ALBAJAR 87D are from pp  ~ g g X  (~g ~ qq;y)  and assume m~ > 

m~. These limits apply for m;f ~ 20 GeV and T(g) < 10 - 1 0  s. 

257The limit of ANSARI 87D assumes m~/ > m~ and m~ ~ 0. 

L I G H T  G L U I N O  

Written March 1998 by H. Murayama (UC Berkeley). 

It is controversial if a light gluino of mass below 5 GeV 

is phenomenologically allowed. Below we list some of the most 

important  and least controversial constraints which need to be 

met for a light gluino to be viable. For reviews on the subject, 

see, e.g., Ref. 1. 

1. Either m ~ < 1 . 5  GeV or m ~ 3 . 5  GeV to avoid 

the CAKIR 94 limit. See also Ref. 2 for similar 

quarkonium constraints on lighter masses. 

2. 

a 9O%CL exclusion of a light gluino (DEGOU- 
VEA 97). A combined LEP analysis based on all 
the Z ~ data and using the recent NLO calcula- 
tions [3] is warranted. 

6. Constraints from the effect of light gluinos on 
the running of as apply independently of the 
gluino lifetime and are insensitive to renormaliza- 
tion scale. They disfavor a light gluino at 70% CL 
(CSIKOR 97), which improves to more than 99% 

with jet analysis. 

The lifetime of the gluino or the ground state gluino- 
containing hadron (typically, g~) must be ~> 10 -10 s 258 ALAVI-HARATI99E KTEV 
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Long-lived/light ~ (Gluino) MASS LIMIT 
Limits on light gluinos (mg < 5 GeV), or gluinos which leave the detector before 

decaying. 
VALUE (GeV) CL~ DOCUMENT ID TECN COMMENT 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

p N  ~ R O, with R 0 ~ p0~, 
and R 0 ~ ~.0~, 

in order to evade beam-dump and missing energy 

limits [1,2]. 

3. Charged gluino-containing hadrons (e.g. ~ud) must 

decay into neutral  ones (e.g. R~ + Dr 

(~u~)e-Pe) with a lifetime shorter than about 10 -7 s 

to avoid the AKERS 95R limit. Older limits for 

lower masses and shorter lifetimes are summarized 

in Ref. 1. 

4. The lifetime of R ~ should be outside the ranges 

excluded by ALAVI-HARATI 99E (R ~ ~ ~r+r~ 

no?) and FANTI 99 (7/?). The R+([luud) state, 

which is believed to decay weakly into S~ • 
(FARRAR 96), must be heavier than 2 GeV or have 

lifetime TRp ~> 1 ns or rRp < 50 ps (e.g. if the strong 

decay into S ~  ~- is allowed), or its production cross 

sections must be at least a factor of 5 smaller than 

those of hyperons, to avoid ALBUQUERQUE 97 

limit. 

5. m~ > 6.8 GeV (95% CL) if the "experimental opti- 

mization" method of fixing the renormalization scale 

is valid and if the hadronization and resummation 

uncertainties are as estimated in BARATE 97L, 

from the D2 event shape observable in Z ~ de- 

cay. The 4-jet angular distribution is less sensi- 

tive to renormalization scale ambiguities and yields 

259 BAER 99 RVUE 
260 FANTI 99 NA48 
261 ACKERSTAFF 98v OPAL 

262 ADAMS 97B KTEV 
263 ALBUQUERQ...97 E761 

>6.3 95 264 BARATE 97L ALEP 
>5 99 265 CSIKOR 97 RVUE 
>1.5 90 266 DEGOUVEA 97 THEO 

267 FARRAR 96 RVUE 
none 1,9-13.6 95 268 AKERS 95R OPAL 

<0.7 269 CLAVELLI 95 RVUE 
none 1.5-3.5 270 CAKIR 94 RVUE 
not 3-5 271 LOPEZ 93C RVUE 

4 272 CLAVELLI 92 RVUE 
273 ANTONIADIS 91 RVUE 

>1 274ANTONIADIS 91 RVUE 
275 NAKAMURA 89 SPEC 

>3.B 90 276 ARNOLD 87 EMUL 
>3.2 90 276 ARNOLD 87 EMUL 

none 0.6-2.2 90 277 TUTS 87 CUSB 
none 1 -4.5 90 278 ALBRECHT 86c ARG 
none 1-4 90 279 BADIER 86 BDMP 
none 3-5 280 BARNETT 86 RVUE 
none 281 VOLOSHIN 86 RVUE 
none 0.5-2 282 COOPER-... 85B BDMP 

none 0.5-4 282 COOPER-... 85B BDMP 

none 0.5-3 282 COOPER-... B5B BDMP 

none 2-4 283 DAWSON 85 RVUE 
none 1-2.5 283 DAWSON 85 RVUE 

none 0.5-4.1 90 284 FARRAR 85 RVUE 
>1 285 GOLDMAN 85 RVUE 
>1-2 286 HABER B5 RVUE 

287 BALL 84 CALO 
288 BRICK 84 RVUE 
289 FARRAR 84 RVUE 

>2 290 BERGSMA 83C RVUE 

291 CHANOWITZ 83 RVUE 
>2-3 292 KANE 82 RVUE 
>1.5 2 FARRAR 78 RVUE 

Stable ~ hadrons 
pBe ~ R 0 ~ ~ 

p N  ~ RO ~ pO~i 
R+(uud~)~ S0(udsg)~+, 

X - ( s s d ~ ) ~  sO~ - 
Color factors 
fl function, Z ~ jets 
Z ~ j j j j  
RO ~ ~0~ 

Z decay into a long-lived 

quarkonia 
T(1S) ~ 3'+ gluinonium 
LEP 
a s running 
o= s running 
p N  ~ missing energy 
R..,',+ + 
7r-- (350 GeV), cr _~ A 1 
7r-- (350 GeV). o- _~ A 0"72 
T(15)  ~ 3'+ gluinonium 
l x 1 0  -11 ~ r ~ l x10-9s 
I x 10 -10 < r < 1 x 10-7s 
p~ ~ gluino gluino gluon 
If (quasi) stable; ~ u u d  
For m~=300 GeV 

For rn~ <65 GeV 

For m~=150 GeV 

r > 10-7  s 
For m~=100 GeV 

FNAL beam dump 
Gluononium 

For m~ <100 GeV 

g u d ,  ~guud 
Beam clump 
R-hadron 
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LSP decays either into I q d  or t l ~  is assumed. 
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m~. These limits apply for m;f ~ 20 GeV and T(g) < 10 - 1 0  s. 

257The limit of ANSARI 87D assumes m~/ > m~ and m~ ~ 0. 
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met for a light gluino to be viable. For reviews on the subject, 

see, e.g., Ref. 1. 

1. Either m ~ < 1 . 5  GeV or m ~ 3 . 5  GeV to avoid 

the CAKIR 94 limit. See also Ref. 2 for similar 

quarkonium constraints on lighter masses. 

2. 

a 9O%CL exclusion of a light gluino (DEGOU- 
VEA 97). A combined LEP analysis based on all 
the Z ~ data and using the recent NLO calcula- 
tions [3] is warranted. 

6. Constraints from the effect of light gluinos on 
the running of as apply independently of the 
gluino lifetime and are insensitive to renormaliza- 
tion scale. They disfavor a light gluino at 70% CL 
(CSIKOR 97), which improves to more than 99% 

with jet analysis. 

The lifetime of the gluino or the ground state gluino- 
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and R 0 ~ ~.0~, 

in order to evade beam-dump and missing energy 
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3. Charged gluino-containing hadrons (e.g. ~ud) must 

decay into neutral  ones (e.g. R~ + Dr 

(~u~)e-Pe) with a lifetime shorter than about 10 -7 s 

to avoid the AKERS 95R limit. Older limits for 

lower masses and shorter lifetimes are summarized 

in Ref. 1. 
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which is believed to decay weakly into S~ • 
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sections must be at least a factor of 5 smaller than 
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Technicolor l 
D Y N A M I C A L  E L E C T R O W E A K  S Y M M E T R Y  
B R E A K I N G  

Written October 1999 by R.S. Chivukula (Boston Univ.) and 
J. Womersley (Fermilab). 

In theories of dynamical electroweak symmetry breaking, 

the electroweak interactions are broken to electromagnetism 

by the vacuum expectation value of a fermion bilinear. These 

theories may thereby avoid the introduction of fundamental 

scalar particles, of which we have no examples in nature. In 

this note, we review the status of experimental searches for the 

particles predicted in technicolor, topcolor, and related models. 

I. Technicolor 
The earliest models [1,2] of dynamical electroweak symme- 

try breaking [3] include a new non-abelian gauge theory ("tech- 

nicolor") and additional massless fermions ("technifermions") 

which feel this new force. The global chiral symmetry of the 

fermions is spontaneously broken by the formation of a tech- 

nifermion condensate, just as the chiral symmetries in QCD 

are broken to isospin by the formation of a quark conden- 

sate. If the quantum numbers of the technifermions are chosen 

correctly (e.g. by choosing technifermions in the fundamen- 

tal representation of an SU(N) technicolor gauge group, with 

the left-handed technifermions being weak doublets and the 

right-handed ones weak singlets) this condensate can break the 

electroweak interactions down to electromagnetism. 

The breaking of the global chiral symmetries implies the ex- 

istence of Goldstone bosons, the "technipions" (TrT). Through 

the Higgs mechanism, three of the Goldstone bosons become 

the longitudinal components of the W and Z, and the weak 

gauge bosons acquire a mass proportional to the technipion de- 

cay constant (the analog of f ,  in QCD). The quantum numbers 

and masses of any remaining technipions are model dependent. 

There may be technipions which are colored (octets and triplets) 

as well as those carrying electroweak quantum numbers, and 

some technipions could be dangerously light [4,5]. The lightest 

technicolor resonances are expected to be the analogs of the 

vector mesons in QCD. The technivector mesons can also have 

color and electroweak quantum numbers and, for a theory with 

a small number of technifermions, are expected to have a mass 

in the TeV range [6]. 

While technicolor chiral symmetry breaking can give mass 

to the W and Z particles, additional interactions must be intro- 

duced to produce the masses of the standard model fermions. 

The most thoroughly studied mechanism for this invokes "ex- 

tended technicolor" (ETC) gauge interactions [4,7]. In ETC, 

technicolor, color and flavor are embedded into a larger gauge 

group which is broken to technicolor and color at an energy 

scale of 100-500 TeV. The massive gauge bosons associated 

with this breaking mediate transitions between quarks/leptons 

and technifermions, giving rise to the couplings necessary to 

produce fermion masses. The ETC gauge bosons also medi- 

ate transitions among technifermions themselves, leading to 

847 

Searches Particle Listings 
Technicolor 

interactions which can explicitly break unwanted chiral sym- 

metries and raise the masses of any light technipions. The 

BTC interactions connecting technifermions to quarks/leptons 

also mediate technipion decays to ordinary fermion pairs. Since 

these interactions are responsible for fermion masses, one gen- 

erally expects technipions to decay to the heaviest fermions 

kinematically allowed (though this need not hold in all models). 

In addition to quark masses, ETC interactions must also 

give rise to quark mixing. One expects, therefore, that there are 

ETC interactions coupling quarks of the same charge from dif- 

ferent generations. A stringent limit on these flavor-changing 

neutral current interactions comes from K ~  0 mixing [4]. 

These force the scale of ETC breaking and the corresponding 

ETC gauge boson masses to be in the multi-hundred TeV range 

(at least insofar as ETC interactions of first two generations are 

concerned). To obtain quark and technipion masses that are 

large enough then requires an enhancement of the technifermion 

condensate over that expected naively by scaling from QCD. 

Such an enhancement can occur if the technicolor gauge cou- 

pling runs very slowly, or "walks" [8]. Many technifermions 

typically are needed to make the TC coupling walk, implying 

that the technicolor scale and, in particular, the technivector 

mesons may be much lighter than 1 TeV [3,9]. It should also 

be noted that there is no reliable calculation of electroweak 

parameters in a walking technicolor theory, and the values of 

precisely measured electroweak quantities [10] cannot directly 

be used to constrain the models. 

In existing colliders, technivector mesons are dominantly 

produced when an off-shell standard model gauge-boson "res- 

onates" into a technivector meson with the same quantum 

numbers [11]. The technivector mesons may then decay, in 

analogy with p ~ 7rr, to pairs of technipions. However, in 

walking technicolor the technipion masses may be increased to 

the point that the decay of a technirho to pairs of technipions 

is kinematically forbidden [9]. In this case the decay to a tech- 

nipion and a longitudinally polarized weak boson (an "eaten" 

Goldstone boson) may be preferred, and the technivector meson 

would be very narrow. Alternatively, the technivector may also 

decay, in analogy with the decay p ---* 7r'),, to a technipion plus 

a photon, gluon, or transversely polarized weak gauge boson. 

Finally, in analogy with the decay p ---* e+e - ,  the technivector 

meson may resonate back to an off-shell gluon or electroweak 

gauge boson, leading to a decay into a pair of leptons, quarks, 

or gluons. 

If the dominant decay mode of the technirho is WLTrT, 
promising signal channels [12] are p~ ~ W•176 T and pO _, 

W• Both channels yield a signal of W(~v) + 2jets, with 

one or more heavy flavor tags. Recently, the CDF collaboration 

has carried out a search in this final state [13] based on 

Run I data and using PYTHIA [14] version 6.1 for the signal 

simulation. The results are shown in Fig. 1. We see that 

the search is sensitive to a .  B > 1 0  pb and that roughly 

170 < rapt < 190 GeV is excluded at the 95% confidence level, 

for m~T ,~ mpT/2. 
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F i g u r e  1: 95% CL exclusion region [13] for 
light technirho's decaying to W • and a 7rT, and 
in which the rT decays to two jets including at 
least one b quark. 

CDF has also searched [15] for the process ~o  -4 .~r o, 

yielding a signal of a hard photon plus two jets, with one or 

more heavy flavor tags. The sensitivity to cr �9 B is of order 

1 pb. The excluded region is shown in Fig. 2 and is roughly 

140 < m~ T < 290 GeV at the 95% level, for m~ T ~ m w T / 3 .  

The analysis assumes four technicolors, QD = QU - 1 = �89 

and M T  = 100 GeV/c  2. Here Qu and QD are the charges of 

the lightest technifermion doublet and M T is a dimensionful 

parameter,  of order 100 GeV/c  2, which controls the rate of 

PT , WT -4 ~77CT. 

Both DD [16] and CDF [17] have searched for low-scale 
technicolor resonances RT and mT decaying to dileptons, using 
inclusive e+e - (both experiments) and /~+#- (CDF) samples 
from Run [. In the search, the PT and WT are assumed to be 

degenerate in mass. The absence of structure in the dilepton 

invariant mass distribution is then used to set limits. Those 

from DO are slightly more restrictive. Masses rapt ~- mwT < 

250 GeV are excluded, provided rapt  < rn~ T + roW, or provided 

M T  > 300 GeV. The latter case is shown in Fig. 3. Wi th  2 fo -1 

of data  in Run II, the sensitivity will extend to rapT ~- m ~ T  

500 GeV. 

L3 [18] has reported a search for four topologies: e+e - -4 

W + W - ;  e+e - -4  W : ~  -4  fvbc;  e+e - -4  r T r  T -4  b~c; 

e+e - -~ 7 r T  -4  7bb. All processes proceed through an in- 

termediate PT or WT resonance, which are assumed to be 

degenerate in mass. No excess is seen in any channel, based 

250 
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F i g u r e  2: 95% CL exclusion region [15] for 
light techniomega's decaying to 7 and a lrT, and 
in which the ~r T decays to two jets including 
at least one b quark. (Inset: cross section limit 
for t o r t  -= 120 GeV.) 

on 176 pb -1 of data taken at an average center of mass en- 

ergy of 189 GeV. The excluded region in r a p t  , ranT parameter  

space is shown in Fig. 4 and rules out mpT < 190 GeV, for all 

values of re,T, for the range of parameters considered. This 

L3 analysis is the only one so far to make use of the latest 

calculations [19] of technihadron production and decay, as im- 

plemented in PYTHIA version 6.126 and higher [20]. All the 

other analyses described in this review used older versions of 

PYTHIA and the limits are not directly comparable. 

Searches have also been carried out at  the Tevatron for 

colored technihadron resonances [21,22]. CDF has used a search 

for structure in the dijet invariant mass spectrum to set limits 

on a color-octet technirho PT8 produced by an off-shell gluon 

and decaying to two real quarks or gluons. As shown in Fig. 5 

masses 260 < rapT s < 480 GeV are excluded; in Run II the 

limits will improve to cover the whole mass range up to about  

0.8 TeV [23]. 

The CDF third-generation leptoquark search [241 has also 

been interpreted in terms of the complementary PT8 decay 

mode: p~ -4  PT8 --+ ~rLQTrLQ -4  Tqwq. Here 7rLQ denotes a 

color-triplet technipion carrying bo th  color and lepton number, 

assumed to decay to ~- plus quark. Fig. 6 shows tha t  tech- 

nirho m a s s e s  mp~. s ( 465 GeV and technipion masses up to 

mpTs /2  are excluded in this picture (m~rLq < 99 GeV already 

having been ruled out by the s tandard continuum-production 

leptoquark searches). 
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Figure 6: :95% CL exclusion region [24] in the 
technirho-technipion mass plane for pair pro- 
duced technipions, with leptoquark couplings, 
decaying to Tq. 
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F i g u r e  8: Cross section limits for a narrow 
resonance decaying to t t  [29] and expected cross 
section for a topcolor Z ~ bosom 

I I .  Top C o n d e n s a t e  and Related Mode l s  
The top quark is much heavier than other fermions and must 

be more strongly coupled to the symmetry-breaking sector. It 

is natural  to consider whether some or all of electroweak- 

symmetry breaking is due to a condensate of top quarks [25,3]. 

Top-quark condensation alone, without additional fermions, 

seems to produce a top-quark mass larger [26] than observed 

experimentally, and is therefore not favored. Topcolor assisted 

technicolor [27] combines technicolor and top-condensation. In 

addition to technicolor, which provides the bulk of electroweak 

symmetry breaking, top condensation and the top-quark mass 

arise predominantly from "topcolor," a new QCD-like interac- 

tion which couples strongly to the third generation of quarks. 

An additional, strong, U(1) interaction (giving rise to a topcolor 

Z t) precludes the formation of a <bb) condensate. 

CDF has searched [28] for the "topgluon," a massive color- 

octet vector which couples preferentially to the third generation, 

in the mode pp --* gt -~ bb. The results are shown in Fig. 7. 

As shown, topgluon masses from approximately 0.3 to 0.6 TeV 

are excluded at 95% confidence level, for topgluon widths in 

the range 0.3mg~ < F < 0.7mg~. Preliminary results have also 

been reported by CDF [29] on a search for narrow resonances 

in the t t  invariant mass distribution. The cross section limit 

is shown in Fig. 8 and excludes a topcolor Z t with masses less 

than 650 GeV/c  2, for the case where its width F = 0.012 mz,.  

This choice of width maximizes the cross section. A broad 

topgluon could also be detected in the same final state, though 

no results are yet available. In Run II, the Tevatron [23] should 

be sensitive to topgluon and topcolor Z ~ masses up to of order 

1 TeV in bb and t t  final states. 

The top-quark seesaw model of electroweak symmetry 

breaking [30] is a variant of the original top-condensate idea 

which reconciles top-condensation with a lighter top-quark 

mass. Such a model can easily be consistent with precision 

electroweak tests, either because the spectrum includes a light 

composite Higgs [31] or because additional interactions allow 

for a heavier Higgs [32]. The unique role of the top quark is, in 

a sense, lost in seesaw models. By adjusting parameters in the 

theory, it is possible to generate any required fermion mass. 

Flavor-universal versions of the seesaw model [33] are possi- 

ble in which all left-handed quarks (and possibly leptons as well) 

participate in the electroweak symmetry-breaking condensate 

with separate (one for each flavor) right-handed weak singlets. 

A universal prediction of these models, is the existence 

of new heavy gauge bosons, coupling to color or flavor, at  

relatively low mass scales. The absence of an excess of high-ET 

jets in DiD data  [34] has been used to constrain strongly- 

coupled flavor-universal colorons (massive color-octet bosons 

coupling to all quarks). A mass limit of between 0.8 and 

3.5 TeV is set [35] depending on the coloron-gluon mixing 

angle. Precision electroweak measurements constrain [36] the 

masses of these new gauge bosons to be greater than  1-3 TeV 

in a variety of models, for strong couplings. These limits are 

all summarized in Table 1. 
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Table 1: Summary of the mass limits. Sym- 
bols are defined in the text. 

Process Excluded mass range Decay channels Ref. 

p~----,~T----~7gT 

PP ~ PT ~ W?rT 170 < rapT < 190 GeV PT ---* W r T  [13]* 
for mlrT "~ rapT~2 ~r 0 ---* bb 

rr~r ---* b~ 
140 < rn,~ r < 290 GeV w T ---* 7~rT [15] 

for m~ r ~ m ~ T / 3  nOT ~ bb 
and M T  = i00 GeV r~, ~ b~ 

pp  ~ WT/PT mw T = rapT < 250 GeV WT/PT ---* l + l  - [16]* 

e + e - - - * ~ T / P T  

PP --~ PT8 
PP -'~ PT8 

PP---~ gt 

for mwT < m~ T -F m W 
or M T  > 300 GeV 

mwT : rapT < 190 GeV 

pp ---~ Z' 

PT ~ W W ,  [18]* 
WTgT , 7rTTr T 

w T --+ ~/7; T 

~o _~ b~ 

7r~T ~ b~ 
260<rapt  s <480GeV P T S ~ q q ,  gg [22] 

rapt  8 < 465 GeV PT8 ~ 7rLQTrLQ [24] 
7CLQ ~ Tq 

0.3 < m~, < 0.6 TeV gt ---* bb [28] 
for 0.3rag, < F < 0.7rag t 

mz, < 650 GeV Z ' ~ tt [29]* 
for F = 0.012mz, 

*Preliminary, not yet published. 
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MASS LIMITS for Resonances 
in Models of Dynamical Electroweak Symmetry Breaking 

VALUE (GeV} CL~_% DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

none 350-440 95 1 ABE 99F CDF color-octet techni-p, 
PT ~ bb 

>465 95 2 ABE 99H CDF color-octet techni-p, 
PT ~ 2~T 

3 ABE 99N CDF color-octet techni-~, 
~o T ~ 3'bb 

none 260-480 95 4 ABE 97G CDF color-octet techni-p, 
PT ~ 2 jets 

none 320-480 95 5 ABE 95N CDF color-octet techni-p, 
PT ~ 2 jets 

1 ABE 99F search for a new particle X decaying into bb in p~  collisions at Ecm = 1.8 TeV. 
See Fig. 7 in the above Note on "Dynamical Electroweak Symmetry Breaking" for the 
upper limit on a(p~  ~ X ) •  ~ bb).  ABE 99F also exclude top gluons of width 
F=0.3M in the mass interval 280 < M <  670 GeV, of width F=O.5M in the mass interval 
340 < M <  640 GeV, and of width r = O . T M  in the mass interval 375 < M <  560 GeV, 

2 ABE 99H search for the color-octet techni-p decaying into a pair of color-triplet technip- 
ions which subsequently decay into T +  jet. See Fig, 6 in the above Note on "Dynamical 
Electroweak Symmetry Breaking" for the exclusion plot in the MpT--Ml r  T plane. 

3ABE 99H search for the techni-~ decaying into 7~r T.  The technipion is assumed to 
decay r T ~ bb, See Fig. 2 in the above Note on "Dynamical Eiectroweak Symmetry 
Breaking" for the exclusion plot in the Mt~T-MTr T plane. 

4ABE 97G search for a new particle X decaying into dijets in p~ collisions at Ecru= 1,8 
TeV, See Fig. 5 in the above Note on "Dynamical Electroweak Symmetry Breaking" for 
the  upper  limit on a ( p ~  ~ X ) x B ( X  ~ 2]).  

5ABE 95N search for a new particle decaying into dijets in p~  collisions at Ecm = 1,8 
TeV. 

as typical examples. Such interactions can arise by constituent 
interchange (when the fermions have common constituents, e.g., 

for ee ---* ee) and/or by exchange of the binding quanta (when- 
ever binding quanta couple to constituents of both particles). 

Another typical consequence of compositeness is the appear- 

ance of excited leptons and quarks (~* and q*). Phenomeno- 

logically, an excited lepton is defined to be a heavy lepton 

which shares leptonic quantum number with one of the existing 
leptons (an excited quark is defined similarly). For example, 

an excited electron e* is characterized by a nonzero transition- 

magnetic coupling with electrons. Smallness of the lepton mass 

and the success of QED prediction for g-2 suggest chirality 

conservation, i.e., an excited lepton should not couple to both 

left- and right-handed components of the corresponding lepton. 

Excited leptons may be classified by SU(2)• quantum 

numbers. Typical examples are: 

1. Sequential type 

L REFERENCES FOR Technicolor 
ABE 99F PRL 82 2038 F Abe et aL (CDF Collab.) 
ABE 99H PRL 82 3206 F Abe et aL (CDF Coliab.) 
ABE 99N PRL 83 3124 F Abe et at, (EDF Collab) 
ABE 97G PR D55 R5263 F Abe et a;. (CDF Collab) 
ABE 95N PRL 74 3538 F. Abe et M. (CDF Collab) 

I Quark and Lepton Compositenessrl 
Searches for ,, 

SEARCHES FOa QUARK *ND 

u~ is necessary unless ~* has a Majorana mass. 

2. Mirror type 

. 

[~;], tL, e* " 
R 

3. Homodoublet type 

L E P T O N  C O M P O S I T E N E S S  

Revised 1999 by K. Hagiwara (KEK) and K. Hikasa (Tohoku 
Univ.). 

If quarks and leptons are made of constituents, then at the 

scale of constituent binding energies, there should appear new 

interactions among quarks and leptons. At energies much below 

the compositeness scale (A), these interactions are suppressed 

~, , g ,  
L R 

Similar classification can be made for excited quarks. 

Excited fermions can be pair produced via their gauge 
couplings. The couplings of excited leptons with Z are listed 

in the following table (for notation see Eq. (1) in "Standard 

Model of Electroweak Interactions"): 
by inverse powers of A. The dominant effect should come from 

the lowest dimensional interactions with four fermions (contact 

terms), whose most general chirally invaviant form reads [1] 

g2 
L = - ~  [TILL -~L ̀ 7# ~)L ~L 7# ~JL -}- ~TRR eR 7# O R ~R 7̀1~ ~b R 

+2qLR ~L ̀7" eL eR '7" OR] " (1) 

Chiral invaviance provides a natural explanation why quark and 

lepton masses are much smaller than their inverse size A. We 

may determine the scale A unambiguously by using the above 
form of the effective interactions; the conventional method [1] 

Sequential type Mirror type Homodoublet type 

V t* - �89 + 2 sin28w -21- + 2 sin28w - 1  + 2 sin20w 
0 

w;  +�89 +1 
1 0 AV~ +1 -~ 

VV;~ 0 0 - -  
AV~ +1 - 1  - -  

is to fix its scale by setting g2/47r = g2(A)/47r = 1 for the new 

strong interaction coupling and by setting the largest magnitude 

of the coefficients ~a# to be unity. In the following, we denote 

A = A~L for 

h = A~r R for 

A = A~/v for 

A = A~A for 

(TILL, IIRR, rILR) : (:kl, 0, 0) , 

(%L' nRR, %R) = (0, +1, O), 

(%L' ~RR' %R) = (+1, ~1, + l ) ,  

O?LL, rIRU' 'ILR) = (+1, =1=1, +1) , (2) 

Here u~) (u~/) stands for Dirac (Majorana) excited neutrino. 

The corresponding couplings of excited quarks can be easily 
obtained. Although form factor effects can be present for the 

gauge couplings at q2 :~ 0, they ave usuMly neglected. 
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In addition, transition magnetic type couplings with a 
gauge boson are expected. These couplings can be generally 
parametrized as follows: 

Several different conventions are used by LEP experiments 
to express the transition magnetic couplings. To facilitate com- 
parison, we reexpress these in terms of Az and A7 using the 

~('f') e 
2ml .  J ~,'IL 2 

A(zF) e 
-t-rIR 2 )fZl~u 

Ag*), + "'W u-~* ,uvl_.=y.~ . . ,  

2mr* ~ a 2 uvv#u 

A~*)g  

+h.c .  , (3) 

following relations and taking sin20w = 0.23. We assume chiral 
couplings, i.e., Icl = Idl in the notation of Ref. 2. 

1. ALEPH (charged lepton and neutrino) 

)~zALEPH 1 = ~Az (1990 papers) (8a) 

2c A z  

A - me[or m~.] (for Icl = Idl) (8b) 

2. ALEPH (quark) 

~ALEPH sin 8W cos ~W 
= Az  = 1.11Az (9) 

I ~ _ 2  2 8 4  
~sin 8w + ~sin ~w 

where g = e /  s in~w,  Ft~v = Ot, Av - O~At~ is the photon field 
strength, Zt, v = O~,Zv - O~Z~, etc. The normalization of the 
coupling is chosen such that  

max(hal,  b~l) = 1. 

Chirality conservation requires 

~L,R = O. (4) 

These couplings can arise from SU(2)xU(1)-invariant 
higher-dimensional interactions. A well-studied model is the 
interaction of homodoublet type i* with the Lagrangian [2,3] 

E = 1 ~ ,  #u, -r"T-,a ~-~ a ~ g l ~ - w ~ v + g ' f ' Y B # u ) l - 2 7 5 L + h . c . ,  (5) 

where L denotes the lepton doublet (u,/),  A is the compositeness 
scale, g, g' are SU(2) and U(1)y gauge couplings, and W ~  
and B~v are the field strengths for SU(2) and U(1)y gauge 

fields. The same interaction occurs for mirror-type excited 
leptons. For sequential-type excited leptons, the t* and u* 

couplings become unrelated, and the couplings receive the extra 
suppression of (250GeV)/A or mL*/A.  In any case, these 
couplings satisfy the relation 

AW = -v~s in2~w(Az  cot Ow + AT) �9 (6) 

Additional coupling with gluons is possible for excited 
quarks: 

s =~___-~,aU V [ , )~,Ga ~.a a . ' " Y B  \ 

x L ~ Q  + h.c . ,  (7) 

where Q denotes a quark doublet, gs is the QCD gauge coupling, 
and G ~  the gluon field strength. 

Some experimental analyses assume the relation r/L = r/R = 

1, which violates chiral symmetry. We encode the results 
of such analyses if the crucial part  of the cross section is 
proportional to the factor T/2 + r/~ and the limits can be 
reinterpreted as those for chirality conserving cases (qL, ~R) = 
(i, 0) or (0, 1) after rescaling A. 

3. L3 and DELPHI (charged lepton) 

~L3 = ~DELPHI ~- 

4. L3 (neutrino) 

v~  

cot 8w - tan Ow 
A z = - I . 1 0 A z  (10) 

f~3 =V%z (li) 

rg"~ 
- -  1.56 ---~ (12) 

mg, 

If leptons are made of color triplet and antitriplet con- 
stituents, we may expect their color-octet partners. Transitions 
between the octet leptons (gs) and the ordinary lepton (g) may 
take place via the dimension-five interactions 

1 
L : ~ - ~ E { - ~ g s F ~ , a ' u V ( q L i L  + q R i R ) - I - h . c .  } (15) 

t 

where the summation is over charged leptons and neutrinos. 
The leptonic chiral invariance implies •L ~R = 0 as before. 
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,~DELPHI _ 1 (14) 

5. OPAL (charged lepton) 

fOPAL 2 .'~Z 

A cot Ow - tan ~w mr* 

6. OPAL (quark) 

f OPALc -- ~Z 

A 2mq. 

7. DELPHI (charged lepton) 

(for Icl = Id]) (13) 
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SCALE LIMITS for Contact InteractJons: A(eeee) 
Limits are for A~: t only. For other cases, see each reference. 

A~L (TeV) A~-L (TeV) CL~ DOCUMENT ID TEEN COMMENT 

> 3.5 > 3.2 95 1 BARATE 001 ALEP Ecru = 130-183 GeV I 
-- 130-136, 161-172, >3.1 > 3.8 95 ABBIENDI 99 OPAL Ecm ~ I 

GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

>2.2 >2.8 95 ABREU 99A DLPH Ecru= 130-172 GeV I 
>2.7 >2.4 95 ACCIARRI 98J L3 Ecru = 130-172 GeV I >3.0 >2.5 95 ACKERSTAFF 98V OPAL Ecru = 130-172 GeV 
>2.4 >2.2 95 ACKERSTAFF 97s OPAL 
>1.7 >2.3 95 2 ARIMA 97 VNS 
>1.6 >2.0 95 3 BUSKULIC 93Q ALEP 
>1.6 95 3,4 BUSKULIC 93Q RVUE 

>2,2 95 BUSKULIC 93Q RVUE 
>3.6 95 5 KROHA 92 RVUE 

>1.3 95 5 KROHA 92 RVUE 
>0.7 >2.8 95 BEHREND 91C CELL 
>1.3 >1.3 95 KIM 89 AMY 
>1.4 >3.3 95 6 BRAUNSCH... 88 TA55 
>1.0 >0.7 95 7 FERNANDEZ 87s MAC 
>1.1 >1.4 95 8 BARTEL 86C JADE 
>1.17 >0.87 95 9 DERRICK 86 HRS 
>1.1 >0.76 95 

Ecm = 130-136, 161 GeV 
Ecru = 57.77 GeV 
Ecru =88.25-94.25 GeV 

Ecm =35 GeV 
Ecm =50-57 GeV 
Ecru =12-46.8 GeV 
Ecm =29 GeV 
Ecm =12-46.8 GeV 
Ecm =29 GeV 

10 8ERGER 85B PLUT Ecm-34.7 GeV 

1BARATE 001 limits are from e + e-  ~ q~ cross section and jet-charge asymmetry at I 
130-183 GeV. 

2Z-Z  I mixing is assumed to be zero. 
3 BUSKULIC 93Q uses the following prescription to obtain the limit: when the naive 95%CL 

limit is better than the statistically expected sensitivity for the limit, the latter is adopted 
for the limit. 

4This BUSKULIC 93Q value is from ALEPH data plus PEP/PETRA/TRISTAN data re- 
analyzed by KROHA 92. 

5KROHA 92 limit is from fit to BERGER 85B, BARTEL 86C, DERRICK 86B, FERNAN- 
DEZ 87B, BRAUNSCHWEIG 88, BEHREND 91B, and BEHREND 91C. The fit gives 
~/A2LL : +0.230 • 0.206 TeV - 2 .  

6BRAUNSCHWEIG 88 assumed m Z = 92 GeV and sin2e W = 0.23. 
7FERNANDEZ 878 assumed sin2ew - 0.22. 
8BARTEL 86c assumed m z = 93 GeV and sin28 W = 0.217. 
9DERRICK 86 assumed m z = 93 GeV and g2 v = ( -1/2+2sin2ew) 2 = 0.004. 

10BERGER 858 assumed m Z = 93 GeV and sin2e w = 0.217. 

^+Lcr,v) ^Acrw) cL~ 

SCALE LIMITS for Contact Interactions: A(ee##) 
Limits are for A~: L only. For other cases, see each reference. 

DOCUMENT ID TEEN COMMENT 

> 4.0 > 4.7 95 11 BARATE 001 ALEP Ecru = 130-183 GeV I 
> 4.5 >4.3 95 ABBIENDI 99 OPAL Er = 130-136, 161-172, I 

~83 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

>3.4 >2.7 95 ABREU 99A DLPH Ecru= 130-172 GeV 
>3.6 >2.4 95 ACCIARRI 98J L3 Ecru-  130-172 GeV 
>2.9 >3.4 95 ACKERSTAFF 98v OPAL Ecru :  130-172 GeV 
>3.1 >2.0 95 MIURA 98 VNS Ecru-  57.77 GeV 
>2.4 >2.9 95 ACKERSTAFF 97c OPAL Ecru = 130-136, 161 GeV 
>1.7 >2.2 95 12 VELISSARIS 94 AMY Ecru-57.8 GeM 
>1.3 >1.5 95 12 BUSKULIC 930 ALEP Ecru=88.25-94.25 GeV 
>2.6 >1.9 95 12,13 BUSKULIC 93Q RVUE 
>2.3 >2.0 95 HOWELL 92 TOPZ Ecru=52-61.4 GeV 

>1.7 95 14 KROHA 92 RVUE 
>2.5 >1.5 95 BEHREND 91s CELL Ecru=35-43 GeV 
>1.6 >2.0 95 15 ABE 901 VN5 Ecru=50-60.8 GeV 
>1.9 >1.0 95 KIM 89 AMY Ecru=50-57 GeV 
>2.3 >1.3 95 BRAUNSCH... 88D TASS Ecru=30 46.8 GeV 
>4.4 >2.1 95 16 BARTEL 86C JADE Ecm=12-46.8 GeV 
>2.9 >0.86 95 17 BERGER 85 PLUT Ecru=34.7 GeV 

11BARATE 001 limits are from e + e -  ~ q~ cross section and jet-charge asymmetry at I 
130-183 GeV. 

12BUSKULIC 93Q and VELISSARIS 94 use the following prescription to obtain the limit: 
when the naive 95%CL limit is better than the statistically expected sensitivity for the 
limit, the latter is adopted for the limit. 

13This BUSKULIC 93Q value is from ALEPH data plus PEP/PETRA/TRISTAN data re- 
analyzed by KROHA 92. 

14KROHA 92 limit is from fit to BARTEL 86C, BEHREND 87E, BRAUNSCHWEIG 88D, 
BRAUNSCHWEIG 89C, ABE 901, and BEHREND 91c. The fit gives TI/A2LL ~ -0.155 • 

0.095 TeV - 2 .  
15ABE 901 assumed m Z =91.163 GeV and sin28w = 0.231. 
16BARTEL 86c assumed m z = 93 GeV and sin28 W _ 0.217. 
17BERGER 85 assumed m z -- 93 GeV and sin28w = 0.217. 

SCALE LIMITS for Contact Interactions: A(ee~T) 
Limits are for AL• L only. For other cases, see each reference. 

A ~FL (TeV) A~-L (TeV) EL% DOCUMENT ID TEEN COMMENT 

> 3,9 > 3.7 95 18 BARATE 001 ALEP Ecru = 130-183 GeV 
130-136, 161-172, >3.8 > 4,0 95 ABBIENDI 99 OPAL ECTs~ GeV 

�9 �9 �9 We do not 
>2.8 >2.6 
>2.4 >2.8 
>2.3 >3.7 
>1.9 >3.0 

>1.4 >2,0 
>1.0 >1.5 
>1.8 >2.3 95 
>1.9 >1.7 95 

>1.9 >2.9 95 
>1.6 >2.3 95 

>1.8 >1.3 95 

>2.2 >3.2 95 

use the following data for averages, flts, limits, etc. �9 �9 �9 
95 ABREU 99A DLPH Ecru = 130-172 GeV 
95 ACCIARRI 98J L3 Ecru = 130-172 GeM 
95 ACKERSTAFF 98v OPAL Ecru = 130-172 GeV 
95 ACKERSTAFF 97C OPAL Ecm = 130-136, 161 GeV 
95 19 VELISSARIS 94 AMY Ecru=57.8 GeV 
95 19 BUSKULIC 93Q ALEP Ecru=88.25-94.25 GeV 

19,20 BUSKULIC 93Q RVUE 
HOWELL 92 TOPZ Ecru=52-61.4 GeV 

21 KROHA 92 RVUE 
BEHREND 91C CELL Ecm=35-43 GeV 

22 ABE 901 VNS Ecm=50-60.8 GeV 
23 BARTEL 86 JADE Ecm=12-46.8 GeV 

18BARATE 001 limits are from e + e  - ~ q~ cross section and jet-charge asymmetry at I 
130-183 GeV. 

19 BUSKULIC 93Q and VELISSARIS 94 use the following prescription to obtain the limit: 
when the naive 95%CL limit is better than the statistically expected sensitivity for the 
limit, the latter is adopted for the limit. 

20This BUSKULIC 93Q value is from ALEPH data plus PEP/PETRA/TRISTAN data re- 
analyzed by KROHA 92. 

21 KROHA 92 limit is from fit to BARTEL 86C BEHREND 89B, BRAUNSCHWEIG 89C, 
ABE 901, and BEHREND 91C. The fit gives ~I/A2 L = +0.095 • 0.120 TeV - 2 .  

22ABE 901 assumed m z =91.163 GeV and sin28w = 0.231. 
23BARTEL 86 assumed m z = 93 GeV and sin29w = 0.217. 

SCALE LIMITS for Contact Interactions: A(tMt) 
assumed. Limits are for A~I only. For other cases, see each Lepton universality 

reference. 
A LFL (TeV) A~L (TeV) CL~ DOCUMENTID TECN COMMENT 

> 5.3 > 5.5 95 24 BARATE 001 ALEP Ecru = 130-183 GeV 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

>5.2 >5.3 

>4.4 >4.2 
>4.0 >3.1 
>3.4 >4.4 

>2.7 >3.8 
>3.0 >2.3 
>3.5 >2.8 
>2.5 >2.2 
>3.4 >2.7 

95 ABBIENDI 99 OPAL Ecru = 130-136, 161-172, 
183 GeM 

95 ABREU 99A DLPH Ecru = 130-172 GeV 
95 25 ACCIARRI 98J L3 Ecm = 130-172 GeV 
95 ACKERSTAFF 98v OPAL E c m -  130-172 GeV 
95 ACKERSTAFF 97( OPAL Ecru = 130-136, 161 GeV 
95 25,26 BUSKULIC 93Q ALEP Ecm=88.25-94.25 GeV 
95 26,27 BUSKULIC 93Q RVUE 
95 28 HOWELL 92 TOPZ Ecru=52-61.4 GeV 
95 29 KROHA 92 RVUE 

24 BARATE 001 limits are from e + e -  ~ q~ cross section and jet-charge asymmetry at I 
130-183 GeV. 

25From e ~ e  - ~ e+e  - ,  # + / ~ - ,  and ~ + r - .  
26 BUSKULIC 93Q uses the following prescription to obtain the limit: when the naive 95%CL 

limit is better than the statistically expected sensitivity for the limit, the latter is adopted 
for the limit. 

27This BUSKULIC 93Q value is from ALEPH data plus PEP/PETRA/TRISTAN data re- 
analyzed by KROHA 92. 

28 HOWELL 92 limit is from e + e -  ~ /~+ # -  and T + T - .  
29 KROHA 92 limit is from fit to most PEP/PETRA/TRISTAN data. The fit gives "~/A2 L 

= -0.0200 • 0.0666 TeV - 2 .  

SCALE LIMITS for Contact Interactions: A(eeqq) 
Limits are for AL~L only. For other cases, see each reference. 

A ~-L (TeV) ALL (TeV) Ct~ DOCUMENT ID TEEN COMMENT 

> 5.4 > 6.2 95 30 BARATE 001 ALEP (eeqq) 
> 5.6 > 4,9 95 31 BARATE 001 ALEP (eebb) 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

>4.4 >2.8 95 
>4.0 >4.8 95 
>3.3 >4.2 95 
>2.4 >2.8 95 
>4.4 >3.9 95 
>1.0 >2.4 95 
>1.0 >2.1 95 
>4.0 >3.4 95 
>4.3 >5.6 95 
>3.0 >2.1 95 
>3.4 >2.2 95 
>4.0 >2.8 95 
>2.5 >3.7 95 
>2.5 >2.1 95 
>3.1 >2.9 95 
>7.4 >11.7 95 

>2.3 >1.0 95 
1.7 >2.2 95 

>1.2 95 

>1.6 95 

>0.6 >I .7 95 

>I.I >I.8 95 
>0.9 95 

>1.7 95 

>1.05 >1.61 95 

>1.21 >0.53 95 

32 ABBIENDI 99 OPAL (eeqq) 
33 ABBIENDI 99 OPAL (eebb) 
34 ABBOTT 990 DO (eeqq) 
35 ABREU 99A DLPH (eeqq) (d or s quark) 
35 ABREU 99A DLPH (eebb) 
35 ABREU 99A DLPH (eeuu) 
35ABREU 99A DLPH (eecc) 
36 ZARNECKI 99 RVUE (eedd) 
36 ZARNECKI 99 RVUE (eeuu) 
37 ACCIARRI 98J L3 (eeqq) 
38 ACKERSTAFF 98v OPAL (eeqq) 
39 ACKERSTAFF 98v OPAL (eebb) 
4DABE 97T CDF (eeqq) (isosinglet) 
41 ACKERSTAFF 97c OPAL (eeqq) 
42ACKERSTAFF 97s OPAL (eebb) 
43 DEANDREA 97 RVUE eeuu, atomic parity viola- 

tion 
44 AID 95 H1 (eeqq) (u, d quarks) 
45 ABE 910 s (eeqq) (u, d quarks) 
46 ADACHI 91 TOPZ (eeqq) 

(flavor-universal) 
46 ADACHI 91 TOPZ (eeqq} 

(flavor-universal) 
47 BEHREND 91c CELL (eeoc) 
47 BEHREND 91c CELL (eebb) 
48 ABE 89L VNS (eeqq) 

(flavor-universal) 
48 ABE 89L VNS (eeqq) 

(flavor-universal) 
49 HAGIWARA 89 RVUE (eecc) 
50 HAGIWARA 89 RVUE (eebb) 
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30BARATE 001 limits are from e + e  - ~ q~ cross section and jet-charge asymmetry at I 
130-183 GeV. 

31 BARATE 001 limits are from R b and jet-charge asymmetry at 130-183 GeV. I 
32ABBIENDI 99 limits are from e + e  - ~ q~ cross section at 130-136, 161-172, 183 I 

GeV. 
33ABBIENDI 99 limits are from R b at 130-136, 161-172, 183 GeV. I 
34ABBOTT 99D limits are from e + e  - mass distribution in p~ ~ e + e - X  at Ecm = I 

1.8 TeV. 
35ABREU 99A limits are from flavor-tagged e + e-- ~ q~ cross section at 130-172 GeV. 
36 ZARNECKI 99 use data fr~ HERA' LEP' Tevatrou' and vari~ I~ experiments' I 
37 ACCIARRI 98J limits are from e + e -  ~ q+ cross section at Ecru= 130-172 GeV, I 

38ACKERSTAFF 98v limits are from e + e-- ~ q~ at Ecm = 130-172 GeV. I 
39ACKERSTAFF 98v limits are from R b measurements at Ecm = 130-172 GeV. i 
40 ABE 97T limits are from e + e-- mass distribution in ~p ~ e + e -  X at Ecru =1.8 TeV. 

41 ACKERSTAFF 97C limits are from e + e -  ~ q~ cross section at Ecru = 130-136 GeV 
and 161 GeV. 

42ACKERSTAFF 97c limits are R b measurements at Ecru = 133 GeV and 161 GeV. 
43 DEANDREA 97 limit is from atomic parity violation of cesium. The limit is eluded if the 

contact interactions are parity conserving. 
44AID 95 limits are from the O 2 spectrum measurement of ep ~ eX. 
45 ABE 91D limits are from e + e -  mass distribution in p~ ~ e + e -  X at Ecru = 1.8 TeV. 
46 ADACHI 91 limits are from differential jet cross section. Universality of A(e e q q) for five 

flavors is assumed. 
47BEHRENO 91C is from data at Ecm = 35-43 GeV. 
48 ABE 89L limits are from jet charge asymmetry. Universality of A(e eqq)  for five flavors 

is assumed. 
49The HAGIWARA 89 limit is derived from forward-backward asymmetry measurements of 

D / D *  mesons by ALTHOFF 83E, BARTEL 84E, and BARINGER 88. 
50The HAGIWARA 89 limit is derived from forward-backward asymmetry measurement of 

b hadrons by BARTEL 84D. 

SCALE LIMITS for Contact Interactions: A(/z/lqq) 
A~L (TeV) h LL ('TeV) CL~ DOCUMENT ID TECN COMMENT 

> 2.9 > 4.2 95 51 ABE 97T CDF ( p # q q )  (isosinglet) 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

>1.4 >1.6 95 ABE 92B CDF (# l~qq) (isosinglet) 
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51 ABE 97T limits are from # + / ~ -  mass distribution in ~p ~ p+  # -  X at Ecm=l .8  TeV. 

SCALE LIMITS for Contact Interactions: A(~utu) 
VALUE (TeV) CL__~ DOCUMENT ID TECN COMMENT 

>3.10 90 52 JODIDIO 86 SPEC A~:R(u#~e/~e ) 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

>3.8 53 DIAZCRUZ 94 RVUE A~L('r,vTe~,e) 

>8.1 53DIAZCRUZ 94 RVUE AL-s 

>4.1 54 DIAZCRUZ 94 RVUE A+L(~Z~#u#) 

>6.5 54DIAZCRUZ 94 RVUE ALL(~UT#~#) 

52 JODIDIO 86 limit is from #+  ~ ~/~ e + Ue" Chirality invariant interactions L = (o,2/A 2) 

[FILL (VlzL'YC+P'L) (eL'Yo:UeL) + FILR (i~#L"i~VeL (~R'Y(~/~R)] with ~2/4~r = 1 and 

(FILL,FILR) = (0,+1) are taken. No limits are given for A~L with (~LL,FILR) = (• 
For more general constraints with right-handed neutrinos and chirality nonconserving 
contact interactions, see their text. 

53DIAZCRUZ 94 limits are from F(T ~ e ~ , )  and assume flavor-dependent contact in- 
teractions with A(Tu7 eve) << A(l~,#eue). 

54DIAZCRUZ 94 limits are from F(T ~ /~vu) and assume flavor-dependent contact 
interactions with A(TvT/~v/~ ) << A(#u# e~e). 

55 The quoted limit is from inclusive dijet mass spectrum in p~ collisions at Ecm=l .8  TeV. I 
ABBOTT 99C also obtain AL- L > 2.4 TeV. All quarks are assumed composite. I 

56ABBOTT 98G limit is from dijet angular distribution in p~ collisions at Ecru = 1.8 TeV. | 
All quarks are assumed composite. I 57 BERTRAM 98 obtain limit on the scale of color-octet axial-vector flavor-universal contact 
interactions: AA8 > 2.1 TeV. They also obtain a limit AV8 > 2.4 TeV on a color-octet I 
flavor-universal vectorial contact interaction. 

58 ABE 96 finds that the inclusive jet cross section for E T >200 GeV is significantly higher 

than the O(c~ 3) perturbative QCD prediction. This could be interpreted as the effect of a 
contact interaction with ALL ~ 1.6 TeV. However, ABE 96 state that uncertainty in the 
parton distribution functions, higher-order QCD corrections, and the detector calibration 
may possibly account for the effect. 

59 ABE 96s limit is from duet angular distribution in p~ collisions at Ecm = 1.8 TeV. The 

limit for ALL is > 1.4 TeV. ABE 96S also obtain limits for flavor symmetric contact 

interactions among all quark flavors: A~" L > 1.8TeV and ALL > 1.6TeV. 

60ABE 93G limit is from dijet mass distribution in p~ collisions at Ecru = 1,8 TeV. The 
limit is the weakest from several choices of structure functions and renormalization scale. 

61Limit is from inclusive jet cross-sectiou data in p~ collisions at Ecm = 1.8 TeV. The 
limit takes into account uncertainties in choice of structure functions and in choice of 
process scale. 

62ABE 92M limit is from dijet angular distribution for mdije t >550 GeV in p~ collisions at 

Ecm=l .8  TeV. 
63 ALITTI 91B limit is from inclusive jet cross section in p~ collisions at Ecru = 630 GeV. 

The limit takes into account uncertainties in choice of structure functions and in choice 
of process scale. 

64ABE 89H limit is from dijet angular distribution for mdije t > 200 GeV at the Fermilab 
Tevatron Collider with Ecru ~ 1.8 TeV. The QCD prediction is quite insensitive to choice 
of structure functions and choice of process scale. 

65 ARNISON 86c limit is from the study of inclusive high-PT jet distributions at the CERN 
~p collider (Ecru = 546 and 630 GeV). The QCD prediction renormalized to the luw-p T 
region gives a good fit to the data. 

66ARNISON 86D limit is from the study of dijet angular distribution in the range 240 < 
m(dijet) < 300 GeV at the CERN ~p collider (Ecru = 630 GeV). QCD prediction using 

EHLQ structure function (EICHTEN 84) with AQC D = 0.2 GeV for the choice of Q2 = 

p T  2 gives the best fit to the data. 

67APPEL 85 limit is from the study of inclusive high-PT jet distributions at the CERN 
~p collider (Ecru = 630 GeV). The QCD prediction reuormalized to the Iow-PT region 
gives a good description of the data. 

68 BAGNAIA 84C limit is from the study of jet PT and duet mass distributions at the CERN 
~p collider (Ecru = 540 GeV). The limit suffers from the uncertainties in comparing the 
data with the QCD prediction. 

SCALE LIMITS for Contact Interactions: A(uuqq) 
Limits are for AL:E L only. FOr other cases, see each reference. 

A ~FL (TeV) A ~-L (TeV) CL~ DOCUMENTID TECN COMMENT 

>5.0 >5.4 95 69 MCFARLAND 98 CCFB v N  scattering I 

69 MCFARLAND 98 assumed a flavor universal interaction. Neutrinos were mostly of muon I 
type. 

SCALE LIMITS for Contact Interactions: A(qqqq) 
Limits are for AL:E L with color-singlet isoscalar exchanges among UL'S and dL'S only, 

unless otherwise noted. See EICHTEN 84 for details. 
VALUE (TeV) CL% DOCUMENT ID TECN COMMENT 

>2.7 95 55 ABBOTT 99C DO p~ ~ dijet mass. A~L  I 
�9 * �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

>2.1 95 56 ABBOTT 98G DO p~ ~ duet angL A~- L I 

MASS LIMITS for Excited e (e*) 

Most e + e -  experiments assume one-photon or Z exchange. The limits 
from some e + e-- experiments which depend on .~ have assumed transition 
couplings which are chirality violating (FIL - ~R)" However they can be 
interpreted as limits for chirality-cooserving interactions after multiplying 
the coupling value ,~ by v~;  see Note. 

Excited leptons have the same quantum numbers as other ortholeptons. 
See also the searches for ortholeptons in the "Searches for Heavy Leptons" 
section. 

57 BERTRAM 98 RVUE p~ ~ dijet mass 
58 ABE 96 CDF p~ ~ jets inclusive 

>1.6 95 59 ABE 96S CDF p~ ~ dijet anglo; AL+ L 

>1.3 95 60 ABE 93G CDF p~ ~ dijet mass 
>1.4 95 61 ABE 92D CDF p~ ~ jets inclusive 
>1.0 99 62 ABE 92M CDF p~ ~ dijet angl. 
>0.825 95 63 ALITTI  91B UA2 p~ ~ jets inclusive 
>0.700 95 61 ABE 89 CDF p~ ~ jets inclusive 
>0330 95 64 ABE 89H CDF p~ ~ duet angl. 
>0.400 95 65 ARNISON 86s UA1 p~ ~ jets inclusive 
>0.415 95 66 ARNISON 86D UA1 p~ ~ dijet angl. 
>0.370 95 67 APPEL 85 UA2 pp  ~ jets inclusive 
>0.275 95 68 BAGNAIA 84c UA2 Repl. by APPEL 85 

Umits for Excited e (e*) from Pair Production 
These limits are obtained from e + e -  ~ e *+  e * -  and thus rely only on the (elec- 
troweak) charge of e*. Form factor effects are ignored unless noted. For the case 
of limits from Z decay, the e* coupling is assumed to be of sequential type. Possi- 
ble t channel contribution from transition magnetic coupling is neglected. All limits 
assume e* ~ e~ decay except the limits from I-(Z), 

For limits prior to 1987, see our 1992 edition (Physical Review O4~ 1 June, Part II 
(1992)). 

VALUE (GeV) CL~ DOCUMENT ID TECN COMMENT 

>90.7 95 70 ABREU 990 DLPH Homodoublet type 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

>85.0 95 71 ACKERSTAFF 98c OPAL e + e -  ~ e* e* Homodoublet type 
72 BARATE 98u ALEP Z ~ e* e* 

>79.6 95 73,74 ABREU 97B DLPH e + e -  ~ e ' e *  Homodoublet type 
>77.9 95 73,75ABREU 97B DLPH e + e  - ~ e ' e *  Sequential type 
>79.7 95 73 ACCIARRI 97G L3 e + e -  ~ e* e* Sequential type 
>79.9 95 73,76 ACKERSTAFF 97 OPAL e + e -  ~ e* e* Homodoublet type 
>62.5 95 77 ABREU 96K DLPH e + e -  ~ e* e* Homodoublet type 
>64.7 95 78 ACCIARRI 96D L3 e + e -  ~ e* e* Sequential type 
>66.5 95 78 ALEXANDER 96Q OPAL e + e  - ~ e ' e *  Homodoublet type 
>65.2 95 78 BUSKULIC 96wALEP e + e -  ~ e e Sequential type 
>45.6 95 ADRIANI 93M L3 Z ~ e* e* 
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>45.6 95 ABREU 92C DLPH Z ~ e* e* 
>29.8 95 79BARDADIN-... 92 RVUE F(Z) 
>26.1 95 80DECAMP 92 ALEP Z ~  e*e* ;F (Z )  
>46.1 95 DECAMP 92 ALEP Z ~ e ' e *  
>33 95 80ABREU 91F DLPH Z ~  e*e* ;F (Z)  
>45.0 95 81 ADEVA 90F L3 Z ~ e* e* 
>44.9 95 AKRAWY 901 OPAL Z ~ e ' e *  
>44.6 95 82DECAMP 90G ALEP e + e  - ~ e ' e *  
>30.2 95 ADACHI 89B TOPZ e + e  - ~ e ' e *  
>28.3 95 KIM 89 AMY e + e  - ~ e ' e *  
>27.9 95 83 ABE 88B VNS e + e -  ~ e* e* 

70 From e + e -  collisions at ~/'s= 183 GeV. f : f r  is assumed. ABREU 990 also obtain limit I 
for f = _ f t  (e* ~ uW):  me, > 81.3 GeV. I 

71 From e + e -  collisions at ~,/s=170-172 GeV. ACKERSTAFF 98c also obtain limit from 
e* ~ ~, W decay mode: me, > 81.3 GeV. 

72BARATE 98u obtain limits on the form factor. See their Fig. 14 for limits in mass-form i 
factor plane. 

73From e+e  - collisions at v ~ =  161 GeV. 
74 ABREU 97B also obtain limit from charged current decay mode e* ~ u W, me, > 70.9 

GeV. 
75 ABREU 97B also obtain limit from charged current decay mode e* ~ u W, me, > 44.6 

GeV. 
76ACKERSTAFF 97 also obtain limit from charged current decay mode e* ~ uW, m , > 

u e 
77.1 GeV. 

77 From e + e -  collisions at ~ =  130-136 GeV. 
78From e + e  - collisions at vfs= 130-140 GeV. 
79BARDADIN-OTWlNOWSKA 92 limit is independent of decay modes. Based on 

AF(Z)<36 MeV. 
80 Limit is independent of e* decay mode. 
81 ADEVA 90F is superseded by ADRIANI 93M. 
82 Superseded by DECAMP 92. 
83 ABE 88B limits assume e + e -  ~ e � 9  e*-- with one photon exchange only and e* 

e3' giving ee3'3'. 

Umlts for Excited e (e*) from Single Production 
These limits are from e ' re  - ~ e 'e ,  W ~ e ' v ,  or ep --* e*X  and depend on 
transition magnetic coupling between e and e*. All limits assume e �9 ~ e~/ decay 
except as noted. Limits from LEP, UA2, and H1 are for chiral coupling, whereas all 
other limits are for nonchiral coupling, r/L = ~/R = 1. In most papers, the limit is 
expressed in the form of an excluded region in the h-me ,  plane. See the original 
papers. 

For limits prior to 1987, see our 1992 edition (Physical Review I)45, 1 June, Part II 
(1992)). 

VALUE (GeV) CL_~o DOCUMENT ID TECN COMMENT 

none 20-170 95 84 ACCIARRI 98T L3 e3' ~ e* ~ e3' I 
none 30-200 95 85 BREITWEG 97c ZEUS ep ~ e *X  
>89 95 ADRIANI 93M L3 Z ~ ee*, A Z > 0.5 
>88 95 ABREU 92c DLPH Z ~ ee*, '~Z > 0.5 
>91 95 DECAMP 92 ALEP Z ~ ee*, A z >1 
>87 95 AKRAWY 901 OPAL Z ~ ee*, ~Z > 0.5 
�9 �9 �9 We do not use the following data f(x averages, fits, limits, etc. * * = 

86ABREU 990 DLPH e + e  - ~ ee* I 
87ACKERSTAFF 98s OPAL e + e  - ~ ee* 
88 BARATE 98u ALEP e + e -  --* ee* I 

89,90ABREU 97B DLPH e + e  - ~ ee* 
89,91ACCIARRI 97G L3 e + e  - ~ ee* 

92ACKERSTAFF 97 OPAL e-re - ~ ee* 
93 ADLOFF 97 H1 Lepton-flavor violation 
94ABREU 96K DLPH e ' re  - ~ ee* 
95ACCIARRI 96D L3 e + e  - ~ ee* 
96ALEXANDER 96Q OPAL e ' re  - ~ ee �9 
97BUSKULIC 96WALEP e ' re  - ~ ee* 
98 DERRICK 95B ZEUS ep ~ e * X  
99ABT 93 H1 ep ~ e*X 

>86 95 ADRIANI 93M L3 .~.), > 0.04 

100 DERRICK 93B ZEUS Superseded by DERRICK 95B 
>86 95 ABREU 92c DLPH e + e -  ~ ee*, '~3' > 0.1 

>88 95 101 ADEVA 9OF L3 Z ~ ee*, ~'Z > 0.5 
>86 95 101 ADEVA 90F L3 Z ~ ee*, "~Z > 0.04 
>81 95 102 DECAMP 90G ALEP Z ~ ee*, ~'Z >1 
>50 95 ADACHI 89B TOPZ e + e  - ~ ee*, "~3' > 0.04 

>56 95 KIM 89 AMY e -F e -  ~ ee*, "~3' > 0.03 

none 23-54 95 103 ABE 88B VNS e "r e -  ~ ee* "~3' > 0.04 

>75 95 104 ANSARI 87D UA2 W ~ e* u; '~W > 0.7 
>63 95 104 ANSARI 87D UA2 W ~ e * . ;  '~W > 0.2 
>40 95 104 ANSARI 87D UA2 W ~ e * . ;  '~W >0.09 

84ACCIARRI 98T search for single e* production in quasi-real Compton scattering. The | 
limit is for 12~1 > 1.0 x 10 -1  and non-chiral coupling of e*. See their Fig. 7 for the | 
exclusion plot in the mass-coupling plane. 

85 BREITWEG 97c search for single e* production in ep collisions with the decays e* 
e"(, eZ, u W. f=- f~=2A/rne,  is assumed for the e* coupling. See their Fig. 9 for the 
exclusion plot in the mass-coupling plane. 

86 ABREU 990 result is from e-r e -  collisions at v/s= 183 GeV. See their Figs. 4 and 5 for I 
the exclusion limit in the mass-coupling plane. 

87 ACKERSTAFF 98c from e § e -  collisions at , /s=170-172 GeV. See their Fig. 11 for the 
exclusion limit in the mass-coupling plane. 

88 BARATE 98u is from e + e -  collision at .,/'s=M Z. See their Fig. 12 for limits in mass- I 
coupling plane 

89From e + e  - collisions at v ~ =  161 GeV. 
90 See Fig. 4a and Fig. 5a of ABREU 97B for the exclusion limit in the mass-coupling plane. 
91 See Fig. 2 and Fig. 3 of ACCIARRI 97G for the exclusion limit in the mass-coupling plane. 
92ACKERSTAFF 97 result is from e + e -  collisions at ~/s= 161 GeV. See their Fig. 3 for 

the exclusion limit in the mass-coupling plane. 
93ADLOFF 97 search for single e* production in ep collisions with the decays e* ~ e% 

eZ, v W. See their Fig. 4 for the rejection limits on the product of the production cross 
section and the branching ratio into a specific decay channel. 

94ABREU 96K result is from e + e  - collisions at v ~ =  130-136 GeV. See their Fig. 4 for 
the exclusion limit in the mass-coupling plane. 

95 ACCIARRI 96D result is from e + e -  collisions at ~/s= 130-140 GeV. See their Fig. 2 for 
the exclusion limit in the mass-coupling plane. 

96ALEXANDER 96Q result is from e + e -  collisions at V~= 130-140 GeV. See their Fig. 3a 
for the exclusion limit in the mass-coupling plane. 

97 BUSKULIC 96w result is from e + e -  collisions at ~ =  130-140 GeV. See their Fig. 3 
for the exclusion limit in the mass-coupling plane. 

98 DERRICK 95B search for single e* production via e* e~, coupling in e p collisions with 
the decays e* ~ e~,, eZ, u W. See their Fig. 13 for the exclusion plot in the m e . - X ~  
plane. 

99ABT 93 search for single e* production via e* e~' coupling in ep collisions with the 
decays e* ~ e?, eZ, v W. See their Fig. 4 for exclusion plot in the me,-~, ~, plane. 

100DERRICK 93B search for single e* production via e*e~, coupling in ep collisions with 
the decays e* ~ e %  e Z ,  u W .  See their Fig. 3 for exclusion plot in the me,-.~3, plane. 

101 Superseded by ADRIANI 93M. 
102 Superseded by DECAMP 92. 
103ABE 88B limits use e + e  - ~ ee* where t-channel photon exchange dominates giving 

e'r(e) (quasi-real compton scattering). 
104ANSARI 87D is at Ecru = 546-630 GeV. 

Umits for Excited e (e*) fl~m e+e - --~ T'r 
These limits are derived from indirect effects due to e* exchange in the t channel and 
depend on transition magnetic coupling between e and e*. All limits are for X3' = 1. 
All limits except ABE 89J are for nonchiral coupling with ~L = ~R = 1. 

For limits prior to 1987, see our 1992 edition (Physical Review D45, 1 June, Part II 
(1992)). 

VALUE (GeV) CL.~_~ DOCUMENT ID TECN COMMENT 

>306 95 ABBIENDI 99P OPAL ~/~= 189 GeV ] 
�9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

>231 95 ABREU 98J DLPH ~/s= 130-183 GeV 
>194 95 ACKERSTAFF 98 OPAL Vrs=130-172 GeV 
>227 95 ACKER..K... 98B OPAL v ~ =  183 GeV 
>250 95 BARATE 98J ALEP V~=  183 GeV 
>160 95 105 BARATE 98u ALEP 
>210 95 106 ACCIARRI 97w L3 v ~ =  161, 172 GeV 
>129 95 ACCIARRI 96L L3 v~=133 GeV 
>147 95 ALEXANDER 96K OPAL 
>136 95 BUSKULIC 96z ALEP ,/~=130, 136 GeV 
>146 95 ACCIARRI 95G L3 

107 BUSKULIC 93Q ALEP 
>127 95 108 ADRIANI 92B L3 
>114 95 109 BARDADIN-... 92 RVUE 
> 99 95 DECAMP 92 ALEP 

110 SHIMOZAWA 92 TOPZ 
>100 95 ABREU 91E DLPH 
>116 95 AKRAWY 91F OPAL 
> 83 95 ADEVA 90K L3 
> 82 95 AKRAWY 90F OPAL 
> 68 95 111 ABE 89J VNS TIL=I, TIR=0 
> 90.2 95 ADACHI 89B TOPZ 
> 65 95 KIM 89 AMY 

105 BARATE 98U is from e + e -  collision at ,,/'s= M Z. See their Fig. 5 for limits in mass- I 
coupling plane 

106 ACCIARRI 97w also obtain a limit on e* with chiral coupling, me, > 157 GeV (95%CL). I 

107 BUSKULIC 93Q obtain A + >121 GeV (95%CL) from ALEPH experiment and A + >135 
GeV from combined TRISTAN and ALEPH data. These limits roughly correspond to 
limits on me,. 

108 ADRIANI 92B superseded by ACCIARRI 95G. 
109BARDADIN-OTWlNOWSKA 92 limit from fit to the combined data of DECAMP 92, 

ABREU 91E, ADEVA 9OK, AKRAWY 91F. 
110 SHIMOZAWA 92 fit the data to the limiting form of the cross section with me. >> Ecru 

and obtain me. >168 GeV at 95%CL. Use of the full form would reduce this limit by a 
few GeV. The statistically unexpected large value is due to fluctuation in the data. 

111The ABE 89J limit assumes chiral coupling. This corresponds to 2,~ = 0.7 for nonchiral 
coupling. 



See key on page 239 

Indirect Umi ts  for  Excited e (e*) 
These limits make use of loop effects involving e* and are therefore subject to theo- 
retical uncertainty. 

VALUE (GeV) DOEUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

112 DORENBOS... 89 s P#e ~ ~#e and 
V# e ~ v/~e 

113 GRIFOLS 86 THEO u/~e ~ v#e 

114 RENARD 82 THEO ~ - 2  of electron 

112DORENBOSCH 89 obtain the limit A2A 2 /m 2 < 2.6 (95% EL), where Acu t is the "7 C u t  ~ e* 
cutoff scale, based on the one-loop calculation by GRIFOLS 86. If one assumes that Acu t 
= 1 TeV and A 3, = 1, one obtains me~ > 620 GeV. However, one generally expects 
A,y ~ me,/Acu t in composite models. 

113GRIFOLS 86 uses v#e ~ u/~e and ~/~e ~ P#e data from CHARM Collaboration to 
derive mass limits which depend on the Scale of eompositeness. 

114RENARD 82 derived from g - 2  data limits on mass and couplings of e* and #*. See 
figures 2 and 3 of the paper. 

MASS L I M I T S  for Excited # (/~*) 

Limits for  Excited # ( # * )  f rom Pair Product ion 
These limits are obtained from e + e -  ~ #*+ # * -  and thus rely only on the (elec- 
troweak) charge of #*. Form factor effects are ignored unless noted. For the case of 
limits from Z decay, the #* coupling is assumed to be of sequential type. All limits 
assume #* ~ #'y decay except for the limits from r (z ) .  

For limits prior to 1987, see our 1992 edition (Physical Review [)4.% 1 June, Part II 
(1992)). 

VALUE (GeV) CL.~_~ DOCUMENT ID TEEN COMMENT 

>90.7 95 115 ABREU 990 DLPH Homodoublet type 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 

>85.3 

>79.6 
>78.4 
>79.9 
>80.0 
>62.6 
>64.9 
>~6.8 
>65.4 
>45.6 
>45.6 
>29.8 
>26.1 
>46.1 
>33 
>45.3 
>44.9 
>44.6 
>29.9 
>28.3 

95 116 ACKERSTAFF 98(: OPAL e + e-  ~ #* #* Homodoublet type 
117BARATE 98U ALEP Z ~ /~*#* 

95118,119 ABREU 97B DLPH e+e - ~ # *p*  Homodoublet type 
95 118,120 ABREU 97B DLPH e ' e -  ~ /~*#* Sequential type 
95 118 ACCIARRI 97G L3 e + e-- ~ #* #* Sequential type 
95 118,121 ACKERSTAFF 97 OPAL e + e -  ~ /J*/~* Homodoublet type 
95 122 ABREU 96K DLPH e + e -  ~ /~* #* Homodoublet type 
95 123 ACCIARRI 96D L3 e + e-- ~ #* #* Sequential type 
95 123 ALEXANDER 96Q OPAL e "  e -  ~ # *# *  Homodoublet type 
95 123 BUSKULIC 96wALEP e "  e -  ~ /~*#* Sequential type 
95 ADRIANI 93ML3 Z ~  #*#*  
95 ABREU 92(: DLPH Z ~ #*#*  
95 124BARDADIN-... 92 RVUE r ( z )  
95 125 DECAMP 92 ALEP Z ~ #*/~*; F(Z) 
95 DECAMP 92 ALEP Z ~ /~*#* 
95 125ABREU 91F DLPH Z ~  #*/=*;F(Z) 
95 126 ADEVA 90F L3 Z ~ /=*#* 
95 AKRAWY 90l OPAL Z ~ /~*#* 
95 127DECAMP 90G ALEP e - - e -  ~ / J p *  
95 ADACHI 89B TOPZ e + e - ~  /~*#* 
95 KIM 89 AMY e+e - ~ # *# *  

115 From e + e -  collisions at -~s= 183 GeV. f = f l  is assumed. ABREU 990 also obtain limit I 
for f = _ f l  (p* ~ ~W): rap, > 81.3 GeV. I 

116 From e + e -  collisions at ~/s=170-172 GeV. ACKERSTAFF 98(: also obtain limit from 
#* ~ u W  decay mode: m#. > 81.3 GeV. 

117BARATE 98u obtain limits on the form factor. See their Fig. 14 for limits in mass-form I 
factor plane. 

1]8From e ' e -  collisions at ~/~= 161 GeV. 
119 ABREU 97B also obtain limit from charged current decay mode/~* ~ u W, m/~. > 70.9 

GeV. 
120 ABREU 97B also obtain limit from charged current decay mode #*  ~ u W, m#,  > 44.6 

GeV. 
121ACKERSTAFF 97 also obtain limit from charged current decay mode #* ~ pW, 

m;~ > 77.1 GeV. 

122From e "  e -  collisions at v~=  130-136 GeV. 
123From e+e - collisions at ~/s= 130-140 GeV. 
124BARDADIN-OTWlNOWSKA 92 limit is independent of decay modes. Based on 

At (Z)<36 MeV. 
125 Limit is independent of #* decay mode. 
126 Superseded by ADRIANI 93M. 
127Superseded by DECAMP 92. 
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Limits for  Exd ted / J  (/~*) f rom Single Production 
These limits are from e+e - ~ /~*# and depend on transition magnetic coupling 
between # and/~*. All limits assume p* ~ / ~  decay. Limits from LEP are for chiral 
coupling, whereas all other limits are for nonchiral coupling, r/L = T/R = 1. In most 
papers, the limit is expressed in the form of an excluded region in the ~ - m / ~  plane. 

See the original papers. 

For limits prior to 1987, see our 1992 edition (Physical Review D45, 1 June, Part II 
(1992))1 

VALUE (GeV) CL~ DOCUMENT ID TE(:N COMMENT 

>89 95 ADRIANI 93M L3 Z ~ /~#*, "~Z > 0.5 
>88 95 ABREU 92C DLPH Z ~ /~#*, A Z > 0.5 
>91 95 DECAMP 92 ALEP Z ~ ##*,  A z >1 
>87 95 AKRAWY 901 OPAL Z ~ ##* ,  A Z >1 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

>85 
>75 
>80 
>50 

>46 

128 ABREU 990 DLPH e + e -  ~ #p*  
129 ACKERSTAFF 98c OPAL e + e -  ~ ##*  
130 BARATE 98u ALEP Z ~ /~#* 

131,132ABREU 97B DLPH e+e - ~ #~* 
131,133 ACCIARRI 97G L3 e + e -  ~ ##*  

134ACKERSTAFF 97 OPAL e ' e -  ~ ##* 
135 ABREU 96K DLPH e + e -  ~ /L#* 
136 ACCIARRI 96D L3 e - - e -  ~ #/~* 
137 ALEXANDER 96Q OPAL e + e-- ~ /=#* 
138BUSKULIC 96wALEP e ' e -  ~ ##* 

95 139 ADEVA 90F L3 Z ~ ##*, AZ > 1 
95 139ADEVA 90F L3 Z ~  /~#*,A z >0.1 
95 140 DECAMP 90G ALEP e + e -  ~ /~/=*, AZ-1 
95 ADACHI 89B TOPZ e+e - ~ #/~*, A.y:0.7 

95 KIM 89 AMY e ' e -  ~ p # * ,  ,~1,=0.2 

128ABREU 990 result is from e + e -  collisions at ~/s-  183 GeV. See their Figs. 4 and 5 for I 
the exclusion limit in the mass-coupling plane. 

129 ACKERSTAFF 98(: from e-- e -  collisions at ,~-170-172 GeV. See their Fig. 11 for the 
exclusion limit in the mass-coupling plane. 

130BARATE 98u obtain limits on the Z/~#* coupling. See their Fig. 12 for limits in mass- | 
coupling plane 

131 From e + e -  collisions at ~s= 161 GeV. 
132 See Fig. 4a and Fig. 5a of ABREU 97B for the exclusion limit in the mass-coupling plane. 
133 See Fig. 2 and Fig. 3 of ACCIARRI 976 for the exclusion limit in the mass-coupling plane. 
134 ACKERSTAFF 97 result is from e + e -  collisions at v ~ =  161 GeV. See their Fig. 3 for 

the exclusion limit in the mass-coupling plane. 
135ABREU 96K result is from e + e -  collisions at v/s= 130-136 GeV. See their Fig. 4 for 

the exclusion limit in the mass-coupling plane. 
136 ACCIARRI 96D result is from e -F e -  collisions at ~ =  130-140 GeV. See their Fig. 2 for 

the exclusion limit in the mass-coupling plane. 
137 ALEXANDER 96Q result is from e + e -  collisions at , /s= 130-140 GeV. See their Fig, 3a 

for the exclusion limit in the mass-coupling plane. 
138BUSKULIC 96w result is from e ' e -  collisions at ~/s= 130-140 GeV. See their Fig. 3 

for the exclusion limit in the mass-coupllng plane. 
139 Superseded by ADRIANI 93M. 
140 Superseded by DECAMP 92. 

Indirect Limits for  Exc'rbed # ( # * )  
These limits make use of loop effects involving #* and are therefore subject to theo- 
retical uncertainty. 

VALUE (GeV) DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 * 

141 RENARD 82 THEO g - 2  of muon 

141RENARD 82 derived from g - 2  data limits on mass and couplings of e* and #*. See 
figures 2 and 3 of the paper. 

MASS L I M I T S  for Excited r ( r * )  

Limits for  Exdted T ( r * )  f rom Pair Product ion 
These limits are obtained from e + e -  ~ T * + r  * -  and thus rely only on the (elec- 
troweak) charge of T*. Form factor effects are ignored unless noted. For the case of 
limits from Z decay, the T* coupling is assumed to be of sequential type. All limits 
assume T* ~ T3' decay except for the limits from F(Z). 

For limits prior to 1987, see our 1992 edition (Physical Review D45, 1 June, Part II 
(1992)). 

VALUE (GeV} EL~ DOCUMENT ID TEEN COMMENT 

>89.7 95 142 ABREU 990 DLPH Homodoublet type 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. * �9 �9 

>84.6 95 143 ACKERSTAFF 98(: OPAL e + e -  ~ T* T* Homodoublet type 
144 BARATE 98u ALEP Z ~ ~* T* 

>79.4 95 145,146 ABREU 97B DLPH e + e -  ~ ~* T* Homodoublet type 
>77.4 95 145,147 ABREU 97B DLPH e -F e -  ~ T* r *  Sequential type 
>79.3 95 145 ACCIARRI 97G L3 e + e -  ~ T* T* Sequential type 
>79.1 95 145,148 ACKERSTAFF 97 OPAL e + e-- ~ T* ~* Homodoublet type 
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>62.2 95 149 ABREU 96K DLPH 
>64.2 95 150 ACCIARRI 96D L3 
>65.3 95 150 ALEXANDER 96Q OPAL 
>64.8 95 150 BUSKULIC 96w ALEP 
>45.6 95 ADRIANI  93M L3 
>45.3 95 ABREU 92C DLPH 
>29.8 95 151 BARDADIN-. . .  92 RVUE 
>26.1 95 152 DECAMP 92 ALEP 
>46.0 95 DECAMP 92 ALEP 
>33  95 152 ABREU 91F DLPH 
>45.5 95 153 ADEVA 90L L3 

>44.9 95 AKRAWY 901 OPAL 
>41.2 95 154 DECAMP 90(; ALEP 

e + e -  ~ r *  T*  Homodoublet type 
e + e  - ~ r ' r *  Sequential type 
e + e -  ~ r *  r *  Homodoublet type 
e + e  - ~ ~ - * r *  Sequential type 

r(z) 
z ~ r 'T* ;  r(z) 
Z ~ T*  T* 
z ~ ~*~*; r ( z )  

Z ~ "r* T* 

Z ~ T'T* 

e + e  - ~ T*T �9 

>29.0 95 ADACHI  89B TOPZ e + e -  ~ r *  T* 

142 From e + e-- collisions at ~,/s= 183 GeV. f = f t  is assumed. ABREU 990 also obtain l imit I 

for f = _ f l  ( ' r* ~ v W ) :  m r ,  > 81.3 GeV. I 
143 From e + e -  collisions at , /~=170-172  GeV. ACKERSTAFF 98E also obtain l imit from 

~-* ~ v W  decay mode: m r ,  > 813  GeV. 

144 BARATE 98U obtain l imits on the form factor. See their Fig. 14 for l imits in mass-form I 
factor plane. 

145 From e + e -  collisions at v rs=  161 GeV. 
146ABREU 97B also obtain l imit from charged current decay mode r *  ~ u W, mT,  > 70.9 

GeV. 
147ABREU 978 also obtain l imit from charged current decay mode z*  ~ u W, m ,  > 44.6 

GeV. 

MASS LIMITS for Excited Neutrino (~') 

Umits for Excited u (v') from Pair Production 
These limits are obtained from e + e -  ~ u*  u*  and thus rely only on the (electroweak) 
charge of u*.  Form factor effects are ignored unless noted. The u*  coupling is assumed 
to be of sequential type unless otherwise noted. Limits assume u* ~ u 3' decay except 
for the F(Z)  measurement which makes no assumption about decay mode. 

VALUE IGeV ) EL.._~ DOCUMENT ID TEEN COMMENT 

>gO.0 95 170 ABREU 990 DLPH Homodoublet type 
�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

148ACKERSTAFF 97 also obtain l imit from charged current decay mode T* ~ u W ,  
mu,r > 77.1 GeV. 

149 From e § e -  collisions at ~ =  130-136 GeV. 
150From e + e -  collisions at ~ =  130-140 GeV. 
1 5 1 B A R D A D I N - O T W I N O W S K A  92 l imit  is independent of  decay modes. Based on 

A t ( Z ) < 3 6  MeV. 
152 Limit  is independent of  r *  decay mode. 
153 Superseded by ADRIANI  93M. 
154 Superseded by DECAMP 92. 

Limits for Excited r (r') from Single Production 
These limits are from e + e  - ~ r * T  and depend on transition magnetic coupling 
between T and T* .  All l imits assume r *  ~ r3'  decay. Limits from LEP are for chiral 
coupling, whereas all other limits are for nonchiral coupling, x/L = 7/R = 1. In most 
papers, the l imit is expressed in the form of an excluded region in the A - r o T ,  plane. 
See the original papers. 

VALUE (GeV) ELFo DOCUMENT I(] TEEN COMMENT 

>88 95 ADRIANI  93M L3 Z ~ TT* ,  A z > 0.5 
>87 95 ABREU 92C DLPH Z ~ ~'~'*, AZ  > 0.5 
>90 95 DECAMP 92 ALEP Z ~ r r * ,  A z > 0.18 
>86.5 95 A K R A W Y  901 OPAL Z ~ r~ '* ,  A Z >1 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

158 ABREU 990 DLPH e + e -  ~ 'rT* 

156ACKERSTAFF 98C OPAL e+e - ~ I-.,,-* 

157 BARATE 98U ALEP Z ~ T~'* I 
158,159 ABREU 978 DLPH e + e -  ~ r l " *  
158,160 ACCIARRI 97G L3 e + e -  ~ "rr* 

161 ACKERSTAFF 97 OPAL e + e -  ~ 'I-T* 

162ABREU 96K DLPH e+e - ~ r r *  

163ACCIARRI 96D L3 e+e - ~ "r'r* 

164ALEXANDER 96q OPAL e+e - ~ TT* 

1658USKULIC  96WALEP e + e  - ~ r~ '*  
>88 95 166 ADEVA 90L L3 Z ~ T T * ,  A z >1  
>59 95 167 DECAMP 906 ALEP Z ~ TT* *  AZ=I 
>40 95 1 6 8 B A R T E L  86 JADE e + e  - ~ T r  y, A T = l  

>41.4 95 169BEHREND 86 CELL e + e  - ~ rr*, AT=I 

>40.8 95 169 BEHREND 86 CELL e + e -  ~ 1 - ' r *  , A7=0.7  

155A I BREU 990 result "s from e + e -  collisions at vFs= 183 GeV. See their Figs. 4 and 5 for I 
the exclusion l imit in the mass-coupling plane. 

156ACKERSTAFF 98c from e + e -  collisions at v /s=170-172 GeV. See their Fig. 11 for the 
exclusion l imit in the mass-coupling plane. 

157BARATE 98u obtain l imits on the Z T r *  coupling. See their Fig. 12 for limits in mass- I 
coupling plane 

158 From e + e -  collisions at ~/s= 161 GeV. 
159 See Fig. 4a and Fig. 5a of ABREU 97B for the exclusion l imit in the mass-coupling plane. 
160 See Fig. 2 and Fig. 3 of  ACClARRI 976 for the exclusion l imit in the mass-coupling plane. 
161 ACKERSTAFF 97 result is from e + e -  collisions at , / s =  161 GeV. See their Fig. 3 for 

the exclusion l imit in the mass-coupling plane. 
162 ABREU 96K result is from e + e -  collisions at ~ /s= 130-136 GeV. See their Fig. 4 for 

the exclusion l imit in the mass-coupling plane. 
163 ACCIARRI 96D result is from e + e -  collisions at v ~ =  130-140 GeV. See their Fig. 2 for 

the exclusion l imit in the mass-coupling plane. 
164ALEXANDER 96Q result is from e + e -  collisions at ~/s= 130-140 GeV. See their Fig. 3a 

for the exclusion l imit in the mass-coupling plane. 
165BUSKULIC 96w result is from e + e -  collisions at ~/s= 130-140 GeV. See their Fig. 3 

for the exclusion l imit in the mass-coupling plane. 
166Superseded by ADRIANI  93M. 
167 Superseded by DECAMP 92. 
168 BARTEL 86 is at Ecm = 30-46.78 GeV. 
169BEHREND 86 l imit is at Ecm = 33-46.8 GeV. 

>84.9 

>77.6 
>64.4 
>71.2 
>77.8 
>61.4 
>65.0 
>63.6 
>43.7 
>47 
>42.6 
>35.4 
>46 

171 ABBIENDI  99F OPAL 
95 172 ACKERSTAFF 98C OPAL e + e -  ~ u*  u*  Homodoublet type 

173 BARATE 98u ALEP Z ~ ~*  v *  
95 174,175 ABREU 978 DLPH e + e  - ~ v ' v *  Homodoublet type 
95 174,176 ABREU 97B DLPH e + e  - ~ u ' u *  Sequential type 
95 174,177 ACCIARRI 976 L3 e + e -  ~ v ' v *  Sequential type 
95174,178 ACKERSTAFF 97 OPAL e + e  - ~ v ' u *  Homodoublet type 
95 179,180 ACCIARRI 96D L3 e + e -  ~ v *  p*  Sequential type 
95 181,182 ALEXANDER 96Q OPAL e + e -  ~ v *  ~,* Homodoublet type 
95 179 BUSKULIC 9 6 w A L E P  e + e -  ~ v *  u*  Sequential type 
95 183 BARDADIN- . . .  92 RVUE F(Z)  
95 184 DECAMP 92 ALEP 
95 185 DECAMP 92 ALEP F(Z)  
95 186,187 DECAMP 900 ALEP r ( z )  
95 187,188 DECAMP 900 ALEP 

170 From e + e -  collisions at ~/s= 183 GeV. f = f l  is assumed. ABREU 990 also obtain l imit ] 
for f : _ f l :  mue, > 87.3 GeV, my#  * > 88.0 GeV, m y . .  > 81.0 GeV. I 

171 From e + e -  collisions at ,,/~= 130-183 GeV, ABBIENDI  99F obtain l imit on c,(e-- e -  

l 
u ' u * )  B(u*  ~ v~') 2. See their Fig. 13. The l imit ranges from 0.094 to 0.14 pb for 
v~/2>me, > 45 GeV. 

172From e + e  - collisions at ~ = 1 7 0 - 1 7 2  GeM. ACKERSTAFF 98C also obtain l imit from 
charged decay modes: mue, > 84.1 GeV, mu~, "~' > 83.9 GeV, and mu,  r > 79.4 GeV. 

173BARATE 98u obtain l imits on the form factor. See their Fig. 14 for l imits in mass-form I 
factor plane. 

174From e + e  - collisions at v ~ =  161 GeV. 
175ABREU 97B also obtain l imits from charged current decay modes, mu,  > 56.4 GeV. 

176ABREU 978 also obtain l imits from charged current decay modes, mu,  > 44.9 GeV. 

177ACCIARRI 975 also obtain l imits from charged current decay mode u e ~ e W, m y ,  > 
64.5 GeV. 

178ACKERSTAFF 97 also obtain l imits from charged current decay modes row; > 78.3 

GeV, m > 78.9 GeV, 76.2 GeV, u~ m , > 
u r 

179From e + e -  collisions at ~/s= 130-140 GeV. 
180ACClARRI 96D also obtain l imit from u* ~ e W  decay mode: mu,  > 57.3 GeV. 

181From e + e -  collisions at ~ s =  130-136 GeV. 
182ALEXANDER 96Q also obtain limits from charged current decay modes: i n v .  > 66.2 

e 
GeV, rout  # > 66.5 GeV, mu~ " > 64.7 GeV. 

1 8 3 B A R D A D I N - O T W I N O W S K A  92 l imit is for Dirac u*.  Based on A F ( Z ) < 3 6  MeV. The 
l imit is 36.4 GeV for Majorana u*,  45.4 GeV for homodoublet u* .  

184Limi t  is based on B (Z  ~ u * P * ) x B ( v *  ~ vT)  2 < 5 x 10 5 (95%CL) assuming 

D i racu* ,  B(u*  ~ uT) = 1. 
185 Limit is for Dirac o r .  The l imit is 34.6 GeV for Majorana e* ,  45.4 GeV for homodoublet 

v * .  
186DECAMP 900 l imit is from excess ~ F ( Z )  < 89 MeV. The above value is for Dirac u* ;  

26.6 GeV for Majorana u* ;  44.8 GeV for homodoublet u* .  
187 Superseded by DECAMP 92. 
188DECAMP 900 l imit based on B (Z  ~ u * u * ) . B ( u *  ~ uT)  2 < 7 • 10 - 5  (95%CL), 

assuming Dirac u* ,  B (v*  ~ v-),) = 1. 

Limits for Excited v (u') from Single Production 
These limits are from Z ~ ~,v* or ep ~ u * X  and depend on transition mag- 
netic coupling between u /e  and v* .  Assumptions about v *  decay mode are given in 
footnotes. 

VALUE (GeV) CL~ DOCUMENT ID TEEN COMMENT 

none ~ 95 189 BREITWEG 97c ZEUS ep ~ e * X  
>91  95 ADRIANI  93M L3 A Z >1,  u* ~ v 7  

�9 ~ e W  >89 95 ADRIANI  93M L3 A Z >1,  u e 
>91t 95 190 DECAMP 92 ALEP A Z >1 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

191 ABBIENDI  99F OPAL | 
192 ABREU 990 DLPH e + e -  ~ r e *  I 
193ACKERSTAFF 98C OPAL e + e  - ~ u ' v *  Ho- 

modoublet type 
194 BARATE 98U ALEP Z ~ uu* I 

195,196 ABREU 97B DLPH e + e -  ~ uu* 

197 ABREU 971 DLPH u*  ~ t W,  v Z  
198 ABREU 97J DLPH u*  ~ u7  

195,199 ACCIARRI 97G L3 e + e-- ~ uu*  

200 ACKERSTAFF 97 OPAL e + e -  ~ uu*  



See key on page 239 

>87 
>74 

>74 
>91 
>83 
>74 
>90 
>74.7 

201 ADLOFF 97 H1 Lepton-flavor violation 
202 ACCIARRI 96D L3 e + e -  --* uu* 
203 ALEXANDER 96Q OPAL e + e -  ~ uu* 
204BUSKULIC 96wALEP e+e - ~ uv*  
205 DERRICK 98B ZEUS ep ~ u*X 
206ABT 93 H1 e p ~  u*X 

95 ADRIANI 93M L3 ~Z > 0.1, u* ~ u3' 
95 ADRIANI 93M L3 XZ > 0.1, u~ ~ e W 

207 BARDADIN-... 92 RVUE 
95 190 DECAMP 92 ALEP "~Z > 0.034 
95 208,209 ADEVA 900 L3 ~Z > 1 
95 209ADEVA 90oL3 "~Z >0.1, v * ~  u'7 
95 209ADEVA 90OL3 XZ >0" l ,  V e ~  eW 
95 210,211 DECAMP 900 ALEP "~Z >1 
95 210,211 DECAMP 90O ALEP "~Z > 0.06 

189BREITWEG 97C search for single u* production in ep collisions with the decay v* 
v~. f = - f r=2A /mv ,  is assumed for the v* coupling. See their Fig. 10 for the exclusion 
plot in the mass-coupling plane. 

190DECAMP 92 limit is based on B(Z ~ v*~)xB(~*  ~ v-7) < 2.7 x 10 - 5  (95%CL) 
assuming Diracu*, B(e* ~ ~,'~) = 1. 

191 From e + e -  collisions at ~/'s= 130-183 GeV, ABBIENDI 99F obtain limit on ~(e + e -  ~ | 
ue*)  B(~,* ~ e'}'). See their Fig. 8. I 192 ABREU 990 result is from e + e -  collisions at ~,/s= 183 GeV. See their Figs. 4 and 5 for 
the exclusion limit in the mass-coupling plane. 

193 ACKERSTAFF 98c from e-- e -  collisions at ,/s=170-172 GeV. See their Fig. 11 for the 
exclusion limit in the mass-coupling plane. 

194BARATE 98u obtain limits on the Zu.u* coupling. See their Fig. 13 for limits in mass- | 
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coupling plane 
195From e+e - collisions at ~/s- 161 GeV. 
196 See Fig. 4b and Fig. 5b of ABREU 978 for the exclusion limit in the mass-coupling plane. 
197ABREU 971 limit is from Z ~ uv*.  See their Fig. 12 for the exclusion limit in the 

mass-coupling plane. 
198ABREU 97J limit is from Z ~ uu*, See their Fig. 5 for the exclusion limit in the 

mass-coupling plane. 
199 See Fig. 2 and Fig. 3 of ACCIARRI 97G for the exclusion limit in the mass-coupling plane. 
200 ACKERSTAFF 97 result is from e -F e -  collisions at v ~  161 GeV, for homodoublet u*. 

See their Fig. 3 for the exclusion limit in the mass-coupling plane. 
201ADLOFF 97 search for single e* production in ep collisions with the decays e* ~ e% 

eZ, u W. See their Fig. 4 for the rejection limits on the product of the production cross 
section and the branchin~ ratio. 

202 ACCIARRI 96D result is from e + e-- collisions at , /s= 130-140 GeV. See their Fig. 2 for 
the exclusion limit in the mass-coupling plane. 

212ADRIANI 93M limit is valid for B(q* ~ qg)> 0.25 (0.17) for up (down) type. 
213BARATE 98u obtain limits on the form factor. See their Fig. 16 for limits in mass-form I 

factor plane. 
214ADRIANI 92F search for Z ~ q*~* followed with q* ~ q'7 decays and give the limit 

~Z . B(Z ~ q*~*)  . B2(q * ~ q~) <2pb at 95%CL. Assuming five flavors of 
degenerate q* of homodoublet type, B(q* ~ q3') <4% is obtained for mq, <45 GeV. 

215 BARDADIN-OTWINOWSKA 92 limit based on AF(Z)<36 MeV. 
216 These limits are independent of decay modes. 
217Limit is f orB(q* ~ qg)+B(q* ~ q3,)=1. 
218BEHREND 86C search for e+e - ~ q ' q *  for mq, >5 GeV. But m < 5 GeV excluded 

by total hadronic cross section. The limits are for point-like photon couplings of excited 
quarks. 

Umits for Exc'~ed q (q*) from Single Production 
These limits are from e+e - ~ q*~ or p~ ~ q*X and depend on transition 
magnetic couplings between q and q*. Assumptions about q* decay mode are given 
in the footnotes and comments. 

VALUE (GeV) CL~ DOCUMENT ID TECN COMMENT 
>570 (ClL = g5%) OUR EVALUATION 
none 200-520 and 95 219 ABE 97G CDF p~ ~ q 'X ,  q* ~ 2 

580-760 Jets 
none 40-169 95 220 BREITWEG 97E ZEUS ep ~ q* X 
Itollel 1~-570 95 221 ABE 95N CDF p~ ~ q 'X ,  q*  ~ qg 

q% qW 
>288 90 222ALITTI 93 UA2 p ~  q * X , q * ~  qg 
> 88 95 223 DECAMP 92 ALEP Z ~ qq*,  ~Z >1 
> 86 95 223AKRAWY 90J OPAL Z ~  qq* ' )~Z >1.2 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

203ALEXANDER 96Q result is from e+e - collisions at v ~ =  130-140 GeV for 
homedoublet ~,*. See their Fig. 3b and Fig. 3c for the exclusion limit in the mass-coupling 
plane. 

204BUSKULIC 96w result is from e + e -  collisions at v ~  130-140 GeV. See their Fig. 4 
for the exclusion limit in the mass-coupling plane. 

205 DERRICK 95B search for single =,* production via u*e W coupling in ep collisions with 
the decays v* ~ u3', uZ, e W. See their Fig. 14 for the exclusion plot in the m v . - X  3" 
plane. 

206ABT 93 search for single u* production via v *eW coupling in ep collisions with the 
decays =,* ~ v% uZ, eW. See their Fig. 4 for exclusion plot in the mv,-A W plane. 

207See Fig. 5 of BARDADIN-OTWINOWSKA 92 for combined limit of ADEVA 900, DE- 
CAMP 900, and DECAMP 92. 

208Limit is either for v* ~ v3' or ~* ~ e W. 
209 Superseded by ADRIANI 93M. 
210DECAMP 900 limit based on B(Z ~ ue*).B(~,* ~ u3') < 6 x 10 - 5  (95%CL), 

assuming B(~,* ~ v?) = 1. 
21] Superseded by DECAMP 92. 

none 80-540 95 

> 79 95 

> 75 95 

> 39 95 

224ABREU 99oDLPH e+ e - ~ qq* 
225 BARATE 98u ALEP Z ~ qq* 
226 ADLDFF 97 H1 Lepton-flavor violation 
227 DERRICK 95B ZEUS ep ~ q*X 
228 ABE 94 CDF pp ~ q 'X,  q* ~ q3', 

q W  
229 ADRIANI 93M L3 Az(L3)> 0.06 
230 ABREU 92D DLPH Z ~ qq* 
231 ADRIANI 92F L3 Z ~ qq* 
229 DECAMP 92 ALEP Z ~ qq*,  I Z  >1 
232 ALBAJAR 89 UA1 p~ ~ q* X, 

q* ~ qW 
233 BEHREND 86C CELL e+e - -~ q*~  (q* 

qg,q~), ~ = 1  

MASS LIMITS for Excited q (q*) 

Limits for Excited q (q*) from Pair,Production 
These limits are obtained from e + e -  ~ q* ~* and thus rely only on the (electroweak) 
charge of the q*. Form factor effects are ignored unless noted. Assumptions about 
the q* decay are given in the comments and footnotes. 

VALUE (GeV) CL_~ DOCUMENT ID TEEN COMMENT 

>415.6 95 212 ADRIANI 93M L3 U or d type, Z ~ q* q* 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 i 

213 BARATE 98u ALEP Z ~ q* q* 
214ADRIANI 92F L3 Z ~ q ' q *  

>41.7 95 215 BARDADIN-... 92 RVUE u-type, F(Z) 
>44.7 95 215 BARDADIN-... 92 RVUE d-type, F(Z) 
>40.6 95 216 DECAMP 92 ALEP u-type, F(Z) 
>44.2 95 216 DECAMP 92 ALEP d-type, F(Z) 
>45 95 217 DECAMP 92 ALEP u or d type, 

Z ~ q ' q *  
>45 95 216 ABREU 91F DLPH u-type, F(Z) 
>45 95 216 ABREU 91F DLPH d-type, F(Z) 
>21.1 95 218 BEHREND 86C CELL e(q*) = -1 /3 ,  q* 

qg 
>22.3 95 218 BEHREND 86C CELL e(q*) = 2/3, q* ~ qg 
>22.5 95 218 BEHREND 86c CELL e(q*) _ -1 /3 ,  q* 

q~y 
>23.2 95 218 BEHREND 86C CELL e(q*) = 2/3, q* ~ q3' 

219 ABE 97G search for new particle decaying to dijets. 
220BREITWEG 97c search for single q* production in ep collisions with the decays q* 

q'7, qW. fs=O, and f=--f l--2A/mq, is assumed for the q* coupling. See their Fig. 11 

for the exclusion plot in the mass-coupling plane. 
221ABE 95N assume a degenerate u* and d* with f s= f= f r~A /mq , .  See their Fig, 4 for 

the excluded region in mq, - f plane. 

222ALITTI 93 search for resonances in the two-jet invariant mass. The limit is for fs = f 
= f l  = A / m q , .  u* and d* are assumed to be degenerate. If not, the limit for u* (d*) 

is 277 (247) GeV if md, >> mu. (mu, >> md, ). 

223Assumes B(q* ~ q3') = 03. 
224ABREU 990 result is from e+e - collisions at ,,/'s= 183 GeV. See their Fig. 6 for the 

exclusion limit in the mass-coupling plane. 
225BARATE 98u obtain limits on the Zqq*  coupling. See their Fig. 16 for limits in mass- I 

Coupling plane 
226ADLOFF 97 search for single q* production in ep collisions with the decay q* ~ q'7. 

See their Fig. 6 for the rejection limits on the product of the production cross section 
and the branching ratio. 

227 DERRICK 95B search for single q* production via q* q3' coupling in ep collisions with 
the decays q* ~ qW, qZ, qg, q3'- See their Fig. 15 for the exclusion plot in the 
m q , - X ~  plane. 

228 ABE 94 search for resonances in jet-? and jet-W invariant mass in p~ collisions at Ecru 

].8 TeV. The limit is for fs ~ f ~ f t  = A/mr * and u* and d* are assumed to be 

degenerate. See their Fig. 4 for the excluded region in mq,- f  plane. 

229Assumes B(q* ~ qg) = 1. 
230ABREU 92D give ~(e+e - ~ Z ~ q*~or  q~* )xB(q*  ~ q~) <15 pb (95% EL) 

for mq, <80 GeV. 

231ADRIANI 92F search for Z ~ qq* with q* -* q3' and give the limit ~Z " B(Z 

qq*) �9 B(q* ~ q~r) <(2-10)pb (95%CL) for mq, = (46-82) GeV. 

232ALBAJAR 89 give G(q* ~ W+ jet) /~(W) < 0.019 (90% CL) for mq, > 220 GeV. 

233BEHREND B6c has Ecm = 42.5-46.8 GeV. See their Fig. 3 for excluded region in the 

mq,- (A~/mq, )  2 ~  plane. The limit is for 2, 3. = 1 with T/L = f i r  ~ 1. 

MASS LIMITS for Color Sextet Quarks (~ )  
VALUE (GeV) CL~ DOCUMENT ID TEEN COMMENT 
>84 95 234 ABE 69D CDF PP ~ q6q6 

234ABE 89D look for pair production of unit-charged particles which leave the detector 
before decaying. In the above limit the color sextet quark is assumed to fragment into a 
unit-charged or neutral hadron with equal probability and to have long enough lifetime 
not to decay within the detector. A limit of 121 GeV is obtained for a color decuplet. 
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MASS LIMITS for Color Octet Charged Leptons (re) 
3, =_ m l B / A  

VALUE (GeV) C L ~ , ~  D O C U M E N T  IO TEEN C O M M E N T  

>86  95 235 ABE 89D CDF Stable 18: p ~  ~ t818 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

2 3 6 A B T  93 H1 e8: e p ~  e8X 

none 3.0-30.3 95 237 KIM 90 A M Y  e8: e + e -  ~ ee + 
jets 

none 3.5-30.3 95 237 KIM 90 A M Y  /~8: e + e -  ~ /~/~ + 
jets 

238 HIM 90 A M Y  e8: e + e -  ~ g g ;  R 

>19.8 95 239 BARTEL 87B JADE e8, #8,  T8: e+  e - ;  R 

none 5-23.2 95 239 BARTEL 87B JADE /~8: e + e -  ~ ,u# + 
jets 

240 BARTEL 85K JADE e8: e + e -  ~ g g ;  R 

235ABE 89D look for pair production of unit-charged particles which leave the detector 
before decaying. In the above l imit  the color octet lepton is assumed to fragment into a 
unit-charged or neutral  hadron wi th  equal probabil ity and to have long enough lifetime 
not to decay w i th in  the detector. The l imit  improves to 99 GeV if  i t  always fragments 
into a unit-charged hadron. 

2 3 6 A B T  93 search for e 8 production via e-gluon fusion in e p  collisions wi th e 8 ~ eg.  See 
thei r  Fig. 3 for exclusion plot in the m e B - A  plane for me8 = 35-220 GeV. 

237 KIM 90 is at Ecru = 50-60.8 GeV. The same assumptions as in BARTEL 873 are used. 

238KIM 90 result ( m e B A M ) l / 2  > 178.4 GeV (95%CL, c~ s = 0.16 used) is subject to the 

same restriction as for BARTEL 85K. 
239BARTEL 873 is at Ecru = 46.3-46.78 GeV. The l imits assume t 8 pair production cross 

sections to be eight t imes larger than those of the corresponding heavy lepton pair 
production. 

2401n BARTEL 85K, R can be affected by e + e  - ~ g g  via eq  exchange. Their l imi t  

me8 >173 GeV (CL=95%)  at A = m e B / A  M = 1 (r/L = 17 R = 1) is not listed above 
because the cross section is sensitive to the product ? C I R ,  which should be absent in 
ordinary theory wi th  electronic chiral invariance. 

MASS LIMITS for Color Octet Neutrinos (us) 
=_ m t s / A  

VALUE IGeV) CL~_~ D O C U M E N T  ID TEEN C O M M E N T  

>110  90 241 BARGER 89 RVUE u8: p ~  ~ v 8 p  8 

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

none 3,8-29.8 95 242 KIM 90 A M Y  u8: e + e -  ~ acoplanar 
jets 

none 9-21.9 95 243 BARTEL 87B JADE u8: e + e -  ~ acoplanar 
jets 

241 BARGER 89 used ABE 89B l imit  for events w i th  large missing transverse momentum.  
Two-body decay u8 ~ u g  is assumed. 

242 KIM 90 is at Ecru = 50-60.8 GeV. The same assumptions as in BARTEL 87B are used. 

243BARTEL 87B is at Ecm = 46.3-46.78 GeV. The l imit  assumes the u 8 pair production 
cross section to be eight t imes larger than tha t  of the corresponding heavy neutr ino pair 
production. This assumption is not valid in general for the weak couplings, and the l imit  
can be sensitive to its S U ( 2 ) L X U ( 1 ) y  quantum numbers. 

MASS LIMITS for W 8 (Color Octet W Boson) 
VALUE IGeV) D O C U M E N T  ID TEEN C O M M E N T  

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

244ALBAJAR 89 UA1 P P w 8  ~WB~l/g 

244ALBAJAR 89 give a ( W  8 ~ W +  j e t ) / # ( W )  < 0.019 (90% EL) for m w B  > 220 GeV. 

Limits on ZZ'7 Coupling 
Limits are for the electric dipole transit ion form factor for Z ~ "yZ* parametrized 
as f ( s  r) = l ~ ( s r / m 2 - 1 ) ,  where s t is the v i r tual  Z mass. In the Standard Model 

/3 ~ 10 - 5 .  

VALUE CL% D O C U M E N T / D  TEEN C O M M E N T  

�9 �9 �9 We do not use the fol lowing data for averages, fits, l imits, etc. �9 �9 �9 

<0.80 95 ADRIANI 92J L3 Z ~ 3 'u~  
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IwIMPs and Other Particle Searches I 
OMITTED FROM SUMMARY TABLE 
W I M P S  A N D  O T H E R  P A R T I C L E  S E A R C H E S  

Revised March 2000 by K. Hikasa (Tohoku University). 

We collect here those searches which do not appear in any 

of the above search categories. These are listed in the following 

order: 

1. Galactic WIMP (weakly-interacting massive parti- 

cle) searches 
2. Concentration of stable particles in matter 
3. Limits on neutral particle production at accelerators 
4. Limits on jet-jet resonance in hadron collisions 

5. Limits on charged particles in e+e - collisions 
6. Limits on charged particles in hadron reactions 

7. Limits on charged particles in cosmic rays 

8. Search for low-scale gravity effects 

Note that searches appear in separate sections elsewhere for 

Higgs bosons (and technipions), other heavy bosons (including 

2 BELL! 99C give a < 10 pb for the spin-dependent X0-proton cross section. 
3 See the following subsection for claim of a possible signal. 
400TANI 99 give a < 40 pb for the spin-dependent neutralino-proton cross section. The 

cross-section limit extends to lower masses compared to other experiments. 
5 BERNABEI 98c use pulse shape discrimination to enhance a possible signal. The limits 

a < 3 x 10 - 4  pb (90%CL) for spin-independent X0-nucleon cross section (assuming 
isosealar), and ~r < 20pb (90%CL) for spin-dependent (assuming Z 0 exchange) are 
given. 

6 KLIMENKO 98 limit is for inelastic scattering X 0 73Ge ~ X 0 73Ge* (13.26 keY). 
7 BERNABEI 97 give a < 12 pb (90%CL) for the spin-dependent X0-proton cross section. 
8BELLI 96 limit for inelastic scattering X 0 129Xe ~ X 0 129Xe*(39.58 keV). 
9BELLI 96c use background subtraction and obtain a < 150pb (< 1.51"o) (90%CL) for 

spin-dependent (independent) XO-proton cross section. The confidence level is from R. 
Bernabei, private communication, May 20, 1999. 

10 BERNABEI 96 use pulse shape discrimination to enhance the possible signal. The limit 
here is from R. Bernabel, private communication, September 19, 1997. 

11SARSA 96 search for annual modulation of WIMP signal. See SARSA 97 for details of 
the analysis. The limit here is from M.L. Sarsa, private communication, May 26, 1997. 

12 SMITH 96 use pulse shape discrimination to enhance the possible signal. A dark matter 
density of 0.4 GeV cm- 3 is assumed. 

13GARCIA 95 limit is from the event rate. A weaker limit is obtained from searches for 
diurnal and annual modulation. 

14SNOWDEN~IFFT 95 look for recoil tracks in an ancient mica crystal. Similar limits are 
also given for 27AI and 285i. See COLLAR 96 and SNOWDEN-IFFT 96 for discussion 
on potential backgrounds. 

15REUSSER 91 limit here is changed from published (0.04) after reanalysis by authors. 
J.L. Vuilleumier, private communication, March 29, 1996. 

For mxo = 100 GeV 
VALUE (nb) CL_..~ DOCUMENT IO TECN COMMENT 

�9 �9 * We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

16 BELLI 00 

WR, W r, Z ~, leptoquarks, axigluons), axions (including pseudo- 
Goldstone bosons, Majorons, familons), heavy leptons, heavy 
neutrinos, free quarks, monopoles, supersymmetric particles, 
and compositeness. We include specific WIMP searches in the 
appropriate sections when they yield limits on hypothetical 
particles such as supersymmetric particles, axions, massive 

neutrinos, monopoles, etc. 
We omit papers on CHAMP's, millicharged particles, and 

other exotic particles. We no longer list for limits on tachyons 
and centanros. See our 1994 edition for these limits. 

RVUE 
17 AMBROSIO 99 MCRO 
18 BAUDIS 99 CNTR 76Ge 

90 19 BELLI 99c CNTR F 
20 BERNABEI 99 CNTR Nal 
21 BRHLIK 99 RVUE 
22 OOTANI 99 BOLO LiF 
23 BERNABEI 98 CNTR Nal 
24 BERNABEI 98c CNTR 129Xe 

< 0.008 95 25 KLIMENKO 90 CNTR 73Ge, inel. 
< 0.08 95 26 KLIMENKO 98 CNTR 73Ge, inel. 

27 BERNABEI 97 CNTR F 
< 4 ALESSAND... 96 CNTR O 
<25 ALESSAND... 96 CNTR Te 
< 0.006 90 28 BELLI 96 CNTR 129Xe, inel. 

29 BELLI 96c CNTR 129Xe 
< 0.001 90 30 BERNABEI 96 CNTR Na 
< 0.3 90 30 BERNABEI 96 CNTR I 
< 0.7 95 31 SARSA 96 CNTR Na 
< 0.03 90 32 SMITH 96 CNTR Na 
< 0.8 90 32 SMITH 96 CNTR I 
< 0.35 95 33 GARCIA 95 CNTR Natural Ge 
< 0.6 95 QUENBY 95 CNTR Na 
< 3 95 QUENBY 95 CNTR I 
< 1.5 x 102 90 34 SNOWDEN-,.. 95 MICA 160 
< 4 x 102 90 34 SNOWDEN-... 95 MICA 39K 
< 0.08 90 35 BECK 94 CNTR 76Ge 
< 2,5 90 BACCI 92 CNTR Na 
< 3 90 BACCI 92 CNTR I 
< 0.9 90 36 REUSSER 91 CNTR Natural Ge 
< 0.7 95 CALDWELL 88 CNTR Natural Ge 

GALACTIC WIMP SEARCHES 
Cross-Section Umits for Dark Matter Particles (X ~ on Nuclei 

These limits are for weakly-interacting stable particles that may constitute 
the invisible mass in the galaxy. Unless otherwise noted, a local mass 
density of 0.3 GeV/cm 3 is assumed; see each paper for velocity distribution 
assumptions. In the papers the limit is given as a function of the X 0 mass. 
Here we list limits only for typical mass values of 20 GeV, 100 GeV, and 1 
TeV. Specific limits on supersymmetric dark matter particles may be found 
in the Supersymmetry section. 

For mxa = 20 GeV 
VALUE (rib) CL~ DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

1 BAUDIS 99 CNTR 76Ge 
90 2 BELLI 99C CNTR F 

3 BERNABEI 99 CNTR Nal 
400TANI  99 BOLO LiF 
3 BERNABEI 98 CNTR Nal 
S BERNABEI 98c CNTR 129Xe 

< 0.04 95 6 KLIMENKO 98 CNTR 73Ge, inel. 
7 BERNABEI 97 CNTR F 

< 0.8 ALESSAND... 96 CNTR O 
< 6 ALESSAND... 96 CNTR Te 
< 0.02 90 8 BELLI 96 CNTR 129Xe, inel. 

9 BELLI 96C CNTR 129Xe 
< 0.004 90 10 BERNABEI 96 CNTR Na 
< 0.3 90 10 BERNABEI 96 CNTR I 
< 0.2 95 11 SARSA 96 CNTR Na 
< 0.015 90 12 SMITH 96 CNTR Na 
< 0.05 95 13 GARCIA 95 CNTR Natural Ge 
< 0.1 95 QUENBY 95 CNTR Na 
<90 90 14 SNOWDEN-... 95 MICA 160 
< 4 x 103 90 14SNOWDEN-... 95 MICA 39K 
< 0.7 90 BACCl 92 CNTR Na 
< 0.12 90 15 REUSSER 91 CNTR Natural Ge 
< 0.06 95 CALDWELL 88 CNTR Natural Ge 

1 BAUDIS 99 give the limit a < 1 x 10 - 4  pb for scalar X0-nucleon cross section, 

16BELLI 00 discuss the effect of astrophysical uncertainties on the WIMP interpretation of 
the BERNABEI 99 signal. 

17AMBROSIO 99 search for upgoing muon events induced by neutrinos originating from 
WIMP annihilations in the Sun and Earth. 

18BAUDIS 99 give the limit a < 7 x 10 - 6  pb for scalar X0-nucleon cross section. I 
19 BELLI 99c give a < 4.8 pb for the spin-dependent X0-pfoton cross section. I 20BERNABEI 99 search for annual modulation of the WIMP signal. The data favor the 

hypothesis of annual modulation at 99.6%CL and are consistent with mxo=59--174 GeV l 

and spin-independent X0-proton cross section of (7.0 + 10"24) x 10 - 6  pb (1 a errors). I 
21 BRHLIK 99 discuss the effect of astrophysical uncertainties on the WIMP interpretation I 

of the BERNABEI 99 signal. 
22OOTANI 99 give a < 0.1 nb for the spin-dependent neutralino-proton cross section. I 
23 BERNABEI 98 search for annual modulation of the WIMP signal. The data is consistent I 

with m _~a+36 GeV and spin-independent xO-proton cross section of (1.0 +0"1) x | X O - ~ _  19 - . 
10 -5  pb (1 a errors). 

I 24 BERNABEI 9SO use pulse shape discrimination to enhance a possible signal. The limits 
a < ? x 10 - 6  pb (90%CL) for spin-independent X0-nucleon cross section (assuming 
isoscalar), and a < 0.6 pb (90%CL) for spin-dependent (assuming Z 0 exchange) are 
given. 

25 KLIMENKO 98 limit is for inelastic scattering X 0 73Ge ~ X 0 73Ge* (13.26 keY). I 
26KLIMENKO 98 limit is for inelastic scattering X 0 73Ge ~ X 0 73Ge* (66.73 keV). I 
27 BERNABEI 97 give # < 5 pb (90%CL) for the spin-dependent X0-proton cross section. 
28BELL! 96 limit for inelastic scattering X 0 129Xe ~ X 0 129Xe*(39.58 keV). 
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29 BELLI 96C use background subtraction and obtain ~ < 0.35 pb (< 0.15 fb} (90%CL) for 
spin-dependent (independent) X0-proton cross section. The confidence level is from R. 
Bernabei, private communication, May 20, 1999. 

30 BERNABEI 96 use pulse shape discrimination to enhance the possible signal. The limit 
here is from R. Bernabei, private communication, September 19, 1997. 

31 SARSA 96 search for annual modulation of WlMP signal. See SARSA 97 for details of 

CONCENTRATION OF STABLE PARTICLES IN MATTER 

Concentration of Heavy (Charge + 1) Stable Particles in Matter 
VALUE CL~;  DOCUMENT ID TECN COMMENT 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<4 x 10 - 1 7  95 56 YAMAGATA 93 SPEC Deep sea water, 
the analysis. The limit here is from M.L. Sarsa, private communication, May 26, 1997. 

32 S MITH 96 use pulse shape discrimination to enhance the possible signal. A dark matter 
density of 0.4 GeV c m -  3 is assumed. 

33GARCIA 95 limit is from the event rate. A weaker limit is obtained from searches fur 
diurnal and annual modulation. 

34 SNOWDEN-IFFT 95 look for recoil tracks in an ancient mica crystal. Similar limits are 
also given for 27AI and 28Si. See COLLAR 96 and SNOWDEN-IFFT 96 for discussion 
on potential backgrounds. 

35 BECK 94 uses enriched 76Ge (86% purity). 

36 REUSSER 91 limit here is changed from published (0.3) after reanalysis by authors. 
J.L. Vui0eumier, private communication, March 29, 1996. 

For rnxo = 1 TeV 
VALUE(fib) CL% DOCUMENT ID TECN COMMENT 

m=5-1600mp 

<6 x 10 -15  95 57 VERKERK 92 SPEC Water, m= 105 to 3 x 
107 GeV 

<7 x 10 -15  95 57 VERKERK 92 SPEC Water, m= 104, 6 x 107 
GeV 

<9 • 10 - 1 5  95 57 VERKERK 92 SPEC Water, m= 108 GeV 
<3 • 10 -23  90 58 HEMMICK 90 SPEC Water, m = 1000rap 

<2 x 10 -21  90 58 HEMMICK 90 SPEC Water, m = 5000rap 

<3 x 10 - 2 0  90 58 HEMMICK 90 SPEC Water, m = 10000rap 

<1. x 10 - 2 9  SMITH 82B SPEC Water, m=30-400rnp 

<2. x 10 - 2 8  SMITH 82B SPEC Water, m=12-1000mp 

<1. x 10 - 1 4  SMITH 82B SPEC Water, m >1000 mp 

<(0.2-1.) • 10 -21  SMITH 79 SPEC Water, m=6-350 mp 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

90 37 BELLI 99c CNTR F 
38 BERNABEI 99 CNTR Nal 
39 BERNABEI 99D CNTR SIMP 
40 DERBIN 99 CNTR SIMP 
41 OOTANI 99 BOLe LiF 
38 BERNABEI 98 CNTR Nal 
42 BERNABEI 98C CNTR 129Xe 

< 0.06 95 43 KLIMENKO 98 CNTR 73Ge, ineL 
< 0.4 95 44 KLIMENKO 98 CNTR 73Ge, inel. 

45 BERNABEI 97 CNTR F 
< 40 ALESSAND... 96 CNTR O 
<700 ALESSAND... 96 CNTR Te 
< 0~05 90 46 BELLI 96 CNTR 129Xe, inel. 
< 1.5 90 47 BELLI 96 CNTR 129Xe, inel. 

48 BELLI 96c CNTR 129Xe 
< 0.01 90 49 BERNABEI 96 CNTR Na 
< 9 90 49 BERNABEI 96 CNTR I 
< 7 95 50 SARSA 96 CNTR Na 
< 0.3 90 51 SMITH 96 CNTR Na 
< 6 90 51 SMITH 96 CNTR I 
< 6 95 52 GARClA 95 CNTR Natural Ge 
< 8 95 QUENBY 95 CNTR Na 
< 50 95 QUENBY 95 CNTR I 
< 7 x 102 90 53 SNOWDEN-... 95 MICA 160 
< 1 x 103 90 53 SNOWDEN-... 95 MICA 39K 
< 0.B 90 54 BECK 94 CNTR 76Ge 
< 30 90 BACCI 92 CNTR Na 
< 30 90 BACCI 92 CNTR I 
< 15 90 55 REUSSER 91 CNTR Natural Ge 
< 6 95 CALDWELL 88 CNTR Natural Ge 

37 BELLI 99c give ~ < 28 pb for the spin-dependent XO-proton cross section. 
:38 See the previous subsection for claim of a possible signal. 
39 BERNABEI 99D search for SIMPs (Strongly Interacting Massive Particles) in the mass 

range 103-1016 GeM. See their Fig. 3 for cross-section limits. 
40 DERBIN 99 search for SIMPs (Strongly Interacting Massive Particles) in the mass range 

102-1014 GeV. See their Fig. 3 for cross-section limits. 
41 OOTANI 99 give c~ < 1 nb for the spin-dependent neutralino-proton cross section. 
42 BERNABEI 98C use pulse shape discrimination to enhance a possible signal. The limits 

< 4 x 10 - 5  pb (90%CL) for spin-independent X0-nucleon cross section (assuming 
isoscalar), and ~ < 4 pb (90%CL) for spin-dependent (assuming Z 0 exchange) are given. 

43KLIMENKO 98 limit is for inelastic scattering X 0 ?3Ge ~ X 0 73Ge* (13.26 keV). 
44KLIMENKO 98 limit is for inelastic scattering X 0 73Ge -~ X 0 73Ge* (66.73 keV). 
45 BERNABEI 97 give r < 32 pb (90%CL) for the spin-dependent X0-proton cross section. 
46BELLI 96 limit for inelastic scattering X 0 129Xe ~ X 0 129Xe*(39.58 keV). 
47BELLI 96 limit for inelastic scattering X 0 129Xe ~ X 0 129Xe*(236.14 keV). 
48 BELLI 96c use background subtraction and obtain r < 0.7 pb (< 0.7 fb) (90%CL) for 

spin-dependent (independent) X0-proton cross section. The confidence level is from R. 
Bernabei, private communication, May 20, 1999. 

49 BERNABEI 96 use pulse shape discrimination to enhance the possible signal. The limit 
here is from R. Bernabei, private communication, September 19, 1997. 

50SARSA 96 search for annual modulation of WlMP signal. See SARSA 97 for details of 
the analysis. The limit here is from M.L. Sarsa, private communication, May 26, 1997. 

51 SMITH 96 use pulse shape discrimination to enhance the possible signal. A dark matter 
density of 0.4 GeV c m -  3 is assumed. 

52GARCIA 95 limit is from the event rate. A weaker limit is obtained from searches for 
diurnal and annual modulation. 

53 SNOWDEN-IFFT 95 look for recoil tracks in an ancient mica crystal. Similar limits are 
also given for 27AI and 28Si. See COLLAR 96 and SNOWDEN-IFFT 96 for discussion 
on potential backgrounds. 

54BECK 94 uses enriched 76Ge (86% purity). 

55REUSSER 91 limit here is changed from published (5) after reanalysis by authors. 
J.L. Vuilleumier, private communication, March 29, 1996. 

56yAMAGATA 93 used deep sea water at 4000 m since the concentration is enhanced in 
deep sea due to gravity. 

57VERKERK 92 looked for heavy isotopes in sea water and put a bound on concentration 
of stable charged massive particle in sea water. The above bound can be translated into 
into a bound on charged dark matter particle (5 x 106 GeV), assuming the local density, 
p=0.3 GeV/crn 3, and the mean velocity (v)=300 krn/s. 

58See HEMMICK 90 Fig. 7 for other masses 100-10000 rnp. 

Concentration of Heavy (Charge - 1 )  Stable Particles 
VALUE ~ DOCUMENT ID TEEN COMMENT 
�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<4 x 10 - 2 0  90 59 HEMMICK 90 SPEC C, M = lO0mp 

<8 • 10 - 2 0  90 59 HEMMICK 90 SPEC C, M = 1000mp 

<2 x 10 -16  90 59 HEMMICK 90 SPEC C, M = 10000rap 

<6 • 10 -13  90 59 HEMMICK 90 SPEC Li, M = 1000rap 

<1 • 10 -11  90 59 HEMMICK 90 SPEC Be, M = 1000rap 

<6 • 10 -14  90 59 HEMMICK 90 SPEC B, M = 1000mp 

<4 x 10 -17  90 59 HEMMICK 90 SPEC O, M = 1000rnp 

<4 x 10 -15  90 59 HEMMICK 90 SPEC F, M : 1000rap 

< 1.5 x 10-13/nudeon 68 60 NORMAN 89 SPEC 206pbX- 
< 1.2 x 10-12/nucleon 68 60 NORMAN 87 SPEC 56,5BFeX- 

59See HEMMICK 90 Fig. 7 for other masses 100-10000 rap. 
60 Bound valid up to m X_ ~ 100 TeV. 

LIMITS ON NEUTRAL PARTICLE PRODUCTION 

Production Cross Section of Radiatively-Decaying Neutral Particle 
VALUE Ipb) CL~_~ DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<(2.5-0.5) 95 61ACKERSTAFF 97B OPAL e + e  - ~ x O y  O, 

<(1.6-0.9) 95 62 ACKERSTAFF 97B OPAL e + e -  ~ 0 
X 0 ~ y0.y 

61 ACKERSTAFF 97B associated production limit is for mxo  = 00-160 GeV, myo=O from 

10.0 pb - 1  at ~ = 161 GeM. See their Fig. 3(a). 
62ACKERSTAFF 97B pair production limit is for mXo = 40-80 GeM, mye=O from 

10.0pb - 1  at V's = 161 GeV. See their Fig. 3(b). 

Heavy Particle Production Cross Section 
VALUE (crn2/N) CL~ E V T $  DOCUMENT tD TECN COMMENT 

* �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

63 ADAMS 97B KTEV m= 1.2-5 GeV I 
< 10-36-10 - 3 3  90 64 GALLAS 95 TOF m=  0.5-20 GeV 
< ( 4 - 0 3 ) •  - 3 !  95 65AKESSON 91 CNTR m = 0 - 5 G e V  
<2 • 10 - 3 6  90 0 66 BADIER 86 BDMP T = (0.05-1.) • 10--8s 
<2.5 • 10 - 3 5  0 67 GUSTAFSON 76 CNTR T > 10 - 7  s 

63 ADAMS 97B search for a hadr~ neutral particle pr~ in pN interacti~ which I 
decays into a p0 and a weakly interacting massive particle. Upper limits are given for the 
ratio to K L production for the mass range 1.2-5 GeV and lifetime 10--9-10 - 4  s. See I 
also our Light Gluino Section. 

64 GALLAS 95 limit is for a weakly interacting neutral particle produced in 800 GeV/c pN  
interactions decaying with a lifetime of 10 -4 -10  - 8  s. See their Figs. 8 and 9. Similar 
limits are obtained for a stable particle with interaction cross section 10-29-10 - 3 3  cm 2. 
See Fig. 10. 

65AKESSON 91 limit is from weakly interacting neutral long-lived particles produced in 
pN reaction at 450 GeV/c performed at CERN SPS. Bourquin-Gaillard formula is used 
as the production model. The above limit is for ~ > 10 - 7  s. For T > 10 - 9  S, 
(T < 10 -30  crn-2/nucleon is obtained. 

66BADIER 86 looked for long-lived particles at 300 GeV ~r- beam dump. The limit 
applies for nonstrongly interacting neutral or charged particles with mass >2 GeV. The 
limit applies for particle modes, # + ~ r - ,  # + # - ,  ~ + T r - X ,  ~ r+~-~r  • etc. See their 
figure 5 for the contours of limits in the mass-T plane for each mode. 

67GUSTAFSON 76 is a 300 GeV FNAL experiment looking for heavy (m >2 GeV) long- 
lived neutral hadrons in the M4 neutral beam. The above typical value is for m = 3 
GeV and assumes an interaction cross section of I rnb. Values as a function of mass and 
interaction cross section are given in figure 2. 
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Production of New Penetrating Non-v Like States in Beam Dump 
VALUE DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 * �9 

68 LOSECCO 81 CALO 28 GeV protons 

68No excess neutral-current events leads to r x ~(interaction)xacceptance 
< 2.26 x 10 - 7 1  cm4/nucleon 2 (CL = 90%) for light neutrals. Acceptance depends on 

Branching Fraction of Z ~ to a Pair of Stable Charged Heavy Fermions 
VALUE CL~ DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 = 

<5 x 10 -6  95 81 AKERS 95R OPAL m= 40.4-45.6 GeV 
<1 x 10 - 3  95 A K R A W Y  900 OPAL m = 29-40 GeV 

81 AKERS 95R give the 95% CL l imit ~ ( X  X ) / ~ ( # # )  < 1.8 x 10 - 4  for the pair production of 
models (0.I to 4. x 10--4). 

LIMITS ON JET-JET RESONANCES 

Heavy Particle Production Cross Section in p~ 
Limits are for a particle decaying to two hadronic jets. 

Units(pbJ EL% Mass(GeV) DOCUMENT ID TEEN COMMENT 

�9 * �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

69 ABE 99F CDF 1.8 TeV p~  ~ b b +  any- 
thing 

70 ABE 97G CDF 1.8 TeV p~  ~ 2 jets 
<2603 95 200 71 ABE 93G CDF 1.8 TeV pp ~ 2jets 
< 44 95 400 71 ABE 93G CDF 1.8 TeV p~  ~ 2jets 
< 7 95 600 71 ABE 93G CDF 1.8 TeV p~  ~ 2jets 

singly- or doubly-charged stable particles. The l imit applies for the mass range 40.4-45.6 
GeV for X • and < 45.6 GeV for X • 1 7 7  See the paper for bounds for Q = •  •  

LIMITS ON CHARGED PARTICLES IN HADRONIC REACTIONS 

Heavy Particle Production Cross Section 
VALUE (nb} CL~ E V T S  DOCUMENT IO TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<0.05 95 82 ABE 92J CDF m - 5 0 - 2 0 0  GeV 
<30-130 83 CARROLL 78 SPEE m=2-2 .5  GeV 
<100 0 84 LEIPUNER 73 CNTR m=3-11  GeV 

82ABE 92J look for pair production of unit-charged particles which leave detector before 
decaying. Limit  shown here is for m - S 0  GeV. See their Fig. 5 for different charges and 
stronger limits for higher mass. 

69ABE 99F search for narrow bb resonances in p~  collisions at Ec ru= l ,8  TeV. Limits on I 

<x(p~ ~ X +  any th ing )xB(X  ~ bb) in the range 3-103 pb (95%CL) are given for I m x = 2 0 0 - 7 5 0  GeM. See their Table I. 

70ABE  97G search for narrow dijet resonances in p~  collisions with 106 pb - 1  of data at 
Ecru = 1.8 TeV. Limits on # ( p ~  ~ X + anything).B(X ~ ] ] )  in the range 104-10 - 1  pb 
(9S%CL) are given for dijet mass m=200-1150  GeV with both jets having I~1 < 2 0  and 

the duet system having Icose* I < 0.67. See their Table I for the list of limits. Supersedes 
ABE 93G. 

71ABE  93G gives cross section t imes branching ratio into light (d, u, s, c, b) quarks for r 

83CARROLL 78 look for neutral, 5 = - 2  dihyporon resonance in pp ~ 2 K + X .  Cross 
section varies within above limits over mass range and Plab - 5.1-5.9 GeV/c .  

04LEIPUNER 73 is an NAL 300 GeV p experiment. Would have detected particles with 
lifetime greater than 200 ns. 

Heavy Particle Production Differential Cross Section 
VALUE 
(cm2;r- IGev- 1) EL% E V T S  DOCUMENT ID TEEN CHG COMMENT 

�9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

<2.6 x 10 - 3 6  90 0 85 BALDIN = 0.02 M. Their TableH gives l imits for M = 200-900 GeV and r = (0.02-0.2) M. 

LIMITS ON CHARGED PARTICLES IN e+e - 

Heavy Particle Production Cross Section in e+e - 
Ratio to # ( e + e  - ~ # + # - )  unless noted. See also entries in Free Quark Search 
and Magnetic Monopole Searches. 

VALUE ~ E V T 5  DOCUMENT ID TEEN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

72 ACKERSTAFF 98P OPAL Q=1,2/3,  m -45 -89 .5  
GeV 

73 ABREU 970 OLPH O-1 ,2 /3 ,  m=45-84  
GeV 

74 BARATE 97K ALEP 0 = 1 ,  m--45-85 GeV 
<2  x 10 - 5  95 75 AKERS 95R OPAL 0 - 1 ,  m =  5-45 GeV 
<1 x 10 - 5  95 75 AKERS 95R OPAL 0-2 ,  m -  5-45 GeV 
<2  x 10 - 3  90 76 BUSKULIC 93C ALEP 0 = 1 ,  m--32-72 GeV 
< ( 1 0 - 2 - 1 )  95 77 ADACHI  90c TOPZ 0 = 1, m =  1-16, 18-27 

GeV 

76 CNTR - Q= 1, m=2.1-9 .4  
GeV 

<2.2 x 10 - 3 3  90 0 86 ALBROW 75 SPEC • Q -  •  m = 4 - 1 5  
GeV 

<1.1 x 10 - 3 3  90 0 86 ALBROW 75 SPEC • Q= •  m=6 -27  
GeV 

<8. x 10 -35 90 0 87 JOVANOV... 75 CNTR • m=15-26 GeV 
<1.5 x 10 - 3 4  90 0 87 JOVANOV.. .  75 CNTR �9 Q= •  m=3 -10  

GeV 
<6.  x 10 - 3 5  90 0 87 jOVANOV. . .  75 CNTR • Q= •  

m - 1 0 - 2 6  GeV 
<I. X 10 i31 90 0 88 APPEL 74 CNTR • m--3.2-7.2 GeV 
<5.8 x 10 -34 90 0 09 ALPER 73 SPEC • m-1.5-24 GeV 
<1.2 x 10 - 3 5  90 0 90 ANTIPOV 71B CNTR - Q=-, m:2.2-2.8 
<2.4 x 10 -35 90 0 91 ANTIPOV 71C CNTR - Q = - ,  m=1.2-1.7, 

2.1-4 
<2.4 x 10 - 3 5  90 0 BINON 69 CNTR - Q : - ,  m = l - l . 8  

GeV 
<1,5 x 10 - 3 6  0 92 DORFAN 65 CNTR Be target m = 3 - 7  

GeV 
<3.0 x 10 - 3 6  0 92 DORFAN 65 CNTR Fe target m : 3 - 7  

GeV 
<7 x 10 -2  90 78 ADACHI 90E TOPZ Q = I, m = 5-25 GeV 
<1.6 x 10 -2  95 0 79 KINOSHITA 82 PLAS Q-3-180, m <14.5 GeV 
<5.0 x 10 -2  90 0 80 BARTEL 80 JADE Q-(3,4,5)/3 2-12 GeV 

72 ACKERSTAFF 98P search for pair production of long-lived charged particles at ~/s be- 
tween 130 and 183 GeV and give limits a <(0.05-0.2) pb (95%CL) for spin-0 and spin- 
1/2 particles with m=45-09.5 GeV, charge I and 2/3. The limit is translated to the 
cross section at -,/s-183 GeV with the sdependence described in the paper. See their 
Figs. 2-4. 

73ABREU 97D search for pair production of long-lived particles and give limits 
<(0.4-2.3)  pb (95%CL) for various center-of-mass energies . /rs=130-136, 161, and 

172 GeV, assuming an almost flat production distribution in cosg. 
74 BARATE 97K search for pair production of long-lived charged particles at ~ = 130, 

136, 161, and 172 GeV and give limits o" <(0 .2-0 .4)  pb (95%CL) for spin-0 and sp in- l /2  
particles,with m=45-85  GeV. The l imit is translated to the cross section at - ~ = 1 7 2  
GeM with the ~ dependence described in the paper. See their Figs. 2 and 3 for limits 
on J = 1/2 and J = 0 cases. 

75AKERS 95R is a CERN-LEP experiment with Wcm ~ m Z. The l imit is fur the 

production of a stable particle in multihadron events normalized to c(e  + e -  ~ hadrons), 
Constant phase space distribution is assumed. See their Fig. 3 for bounds for Q = • 2/3,  
•  

76 BUSKULIC 93C is a CERN-LEP experiment with Wcm = m z .  The l imit is for a pair or 
single production of  heavy particles with unusual ionization loss in TPC. See their Fig. 5 
and Table 1. 

77 ADrApCrHo~ugO~o~ oafKaEsKaLrRioSrTAiNn.el;Pe;mtintle.Wi~heeV~i~s. 3 ? :d  60. GeV The l imit is for 

78 ADACHI  90E is KEK-TRISTAN experiment with Wcm = 52-61.4 GeV. The above l imit 

is for inclusive production cross section normalized to ~(e + e -  ~ # +  # - ) . f l ( 3  - n2 )/2, 

where f l  -- (1 - 4 m 2 / W 2  m)1 /2 ,  See the paper for the assumption about the production 
mechanism. 

79 KINOSHITA 82 is SLAC PEP experiment at Wcm = 29 GeV using lexan and 39Cr plastic 
sheets sensitive to highly ionizing particles. 

80 BARTEL 80 is DESY-PETRA experiment with Wcrn = 27-35 GeV. Above l imit is for 
inclusive pair production and ranges between 1, x 10 - 1  and 1. x 10 - 2  depending on 
mass and production momentum distributions. (See their figures 9, 10, 11). 

85BALDIN  76 is a 70 GeV Serpukhov experiment. Value is per AI nucleus at e = 0. For 
other charges in range - 0 . 5  to - 3 . 0 ,  CL = 90% limit is (2.6 x 10-36) / l ( charge) l  for 
mass range (2.1-9.4 GeV) x I(charge)l. Assumes stable particle interacting with matter 
as do antiprotons. 

B6ALBROW 75 is a CERN ISR experiment with Ecm = 53 GeV. e = 40 mr. See figure 5 
for mass ranges up to 35 GeV. 

87 jOVANOVICH 75 is a CERN ISR 26+26 and 15+15  GeV pp  experiment�9 Figure 4 
covers ranges Q = 1/3 to 2 and m = 3 to 26 GeV. Value is per GeV momentum. 

8BAPPEL 74 is NAL 300 GeV p W  experiment. Studies forward production of heavy (up 
to 24 GeV) charged particles with momenta 24-200 GeV ( -charge)  and 40-150 GeV 
(+charge). Above typical value is for 75 GeV and is per GeV momentum per nucleon. 

89ALPER 73 is CERN ISR 26+26  GeV pp  experiment, p >0.9  GeV, 0.2 < f l  <0.65. 
9 0 A N T I P O V  710 is from same 70 GeV p experiment as A N T I P O V  71c and BINON 69. 
91 A N T I P O V  71C limit inferred from flux ratio. 70 GeV p experiment. 
92 DORFAN 65 is a 30 GeV/c  p experiment at BNL. Units are per GeV momentum per 

nucleus. 

Long-Lived Heavy Particle Invariant Cross Section 
VALUE 
(cm2/GeV2/N) CL% E V T S  DOCUMENT ID TEEN CHG COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc, �9 �9 �9 

< 5 x 1 0 - 3 5 - 7  x 1 0 - 3 3 9 0  0 93 BERNSTEIN 88 CNTR 
< 5 x 1 0 - 3 7 - 7  x 1 0 - 3 5 9 0  0 93 BERNSTEIN 88 CNTR 
<2.5 x I0 -36 90 0 94 THRON 85 CNTR - 

<1. x l 0  - 3 5  90 1 9 4 T H R O N  85 CNTR + 

<6. x 10 - 3 3  90 0 95 ARMITAGE 79 SPEC 

<1.5 x 10 - 3 3  90 0 95 ARMITAGE 79 SPEC 

0 96 BOZZOLI 79 CNTR - 

<1.1 x 10 -37 90 0 97 CUTTS 

<3,0 x 10 - 3 7  90 0 98 V IDAL 

Q= 1, 
m=4-12 
GeV 

Q-l, 
m-4-12 
GeV 

m=1.87 
GeM 

m=1.5 -3 .0  
GeV 

Q = (2/3,  
1, 4/3, 
2) 

m = 4 - 1 0  
GeV 

m = 4 . 5 - 6  
GeV 

78 CNTR 

78 CNTR 

93BERNSTEIN 88 limits apply at x = 0,2 and PT = 0. Mass and lifetime dependence 
of limits are shown in the regions: m = 1.5-7.5 GeV and r = 1 0 - 8 - 2  x 10 - 6  s. First 
number is for hadrons; second is for weakly interacting particles. 
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94THRON 85 is FNAL 400 GeV proton experiment. Mass determined from measured 
velocity and momentum. Limits are for 7 > 3 x 10 - 9  s. 

95ARMITAGE 79 is CERN-ISR experiment at Ecru = 53 GeV. Value is for x = 0.1 and 
PT = 0.15. Observed particles at m = 1.87 GeV are found all consistent with being 
antideuterons. 

96BOZZOLI 79 is CERN-SPS 200 GeV p N  experiment. Looks for particle with 7 larger 
than 10 - 8  s. See their figure 11-10 for production cross-section upper l imits vs mass. 

97CUTTS 78 is pBe experiment at FNAL sensitive to particles of T > 5 x 10 - 8  s. Value 
is f o r - 0 . 3  < x < 0 a n d  PT = 0 . 1 7 5 .  

98VIDAL 78 is FNAL 400 GeV proton experiment. Value is for x = 0 and PT = O. Puts 

lifetime l imit  of  < 5 x 10 - 8  s on particle in this mass range. 

Long-Uved Heavy Particle Production 
(g(Heavy Particle) / o'(~r)) 
VALUE EVT5 DOCUMENT ID TECN CHG COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

< 1 0 - 8  99 N A K A M U R A  89 SPEC 3= Q= ( - 5 / 3 , ~ 2 )  
0 100 BUSSlERE 80 CNTR 3= Q= (2/3,1,4/3,2)  

99 N A K A M U R A  89 is KEK experiment with 12 GeV protons on Pt target. The l imit applies 
for mass <,~ 1.6 GeV and lifetime ~ 10 - 7  s. 

100 BUSSIERE 80 is CERN-SPS experiment with 200-248 GeV protons on Be and AI target. 
See their figures 6 and 7 for cross-section ratio vs mass. 

Production and Capture of Long-Lived Massive Particles 
VALUE (10 -3s cm 2) EVT5 DOCUMENT IO TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<20 to 800 0 101 ALEKSEEV 76 ELEC T=5  ms to 1 day 
<200 to 2000 0 101 ALEKSEEV 76B ELEC ~'=100 ms to 1 day 
<1.4 to 9 0 102 FRANKEL 75 CNTR T=50 ms to 10 hours 
<0.1 to 9 0 103 FRANKEL 74 CNTR T = I  to 1000 hours 

101ALEKSEEV 76 and ALEKSEEV 76B are 61-70 GeV p Serpukhov experiment. Cross 
section is per Pb nucleus. 

102FRANKEL 75 is extension of FRANKEL 74. 
103 FRANKEL 74 looks for particles produced in thick AI targets by 300-400 GeV/c  protons. 

Long-Uved Particle Search at Hadron Collisions 
Limits are for cross section t imes branching ratio. 

VALUE 
{pb/nucleon) CL~ E V T S  DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<2 90 0 104 BADIER 86 B D M P  7 = (0.05-1.)  x 1 0 - 8 s  

104BADIER 86 looked for long-lived particles at 300 GeV ~ -  beam dump, The l imit 
applies for nonstrongly interacting neutral or charged particles with mass >2  GeV. The 
l imit applies for particle modes, # + ~ - ,  / ~ + # - ,  ~ + ~ - X ,  7 r + ~ - ~  3= etc. See their 

106 SAITO 90 candidates carry about 450 MeV/nucleon. Cannot be accounted for by con- 
ventional backgrounds. Consistent with strange quark matter hypothesis, 

107 MINCER 85 is high statistics study of calorimeter signals delayed by 20-200 ns. Cali- 
bration with AGS beam shows they can be accounted for by rare fluctuations in signals 
from low-energy hadrons in the shower. Claim that previous delayed signals including 
BJORNBOE 68, DARDO 72, BHAT 82, S A K U Y A M A  83B below may be due to this fake 
effect. 

108 S A K U Y A M A  83B analyzed 6000 extended air shower events. Increase of delayed particles 
and change of lateral distribution above 1017 eV may indicate production of very heavy 
parent at top of  atmosphere. 

109 BHAT 82 observed 12 events with delay > 2. x 1 0  - 8  s and with more than 40 particles. 1 
eV has good hadron shower. However all events are delayed in only one of two detectors 
in cloud chamber, and could not be due to strongly interacting massive particle. 

110MARINI  B2 applied PEP-counter for TOF. Above l imit is for velocity = 0.54 of light. 
Limit  is inconsistent with YOCK 80 YOCK 81 events i f  isotropic dependence on zenith 
angle is assumed. 

111yOCK 81 saw another 3 events with ~ = 4-1 and m about 4.Smp as well as 2 events 
with m >5.3mp,  Q = 4.8.75 4- 0.05 and m >2.Bmp,  Q = 4.0.70 :I: 0.05 and 1 event 
with m = (9.3 4. 3.)rap, Q = 4.0.89 4. 0.06 as possible heavy candidates. 

112yOCK 80 events are with charge exactly or approximately equal to unity. 
113BHAT 78 is at Kolar gold fields. Limit is for T > 10 - 6  s. 

114 YOCK 74 events could be tritons. 

Superheavy Partlde (Quark Matter) Flux In Cosmic Rays 
VALUE 
(cm- 2sr - ls -  1) CLP; E V T S  DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<1.8 x 10 - 1 2  90 115 ASTONE 93 CNTR m > 1.5 x 10 -13g ram 
<1.1 x 10 - 1 4  90 116 AHLEN 92 MCRO 10 - 1 0  < m <  0.1 gram 
<3.2 x 10 - 1 1  90 0 117 N A K A M U R A  85 CNTR m > 1.5 • 10 -13gram 
<3.5 x 10 - 1 1  90 0 118 ULLMAN 81 CNTR Planck-mass 1019GeV 
<7.  x 10 - 1 1  90 0 118 ULLMAN 81 CNTR m _< 1016 GeV 

115 ASTON E 93 searched for quark matter ("nudeari tes") in the veloci ty/c range = 1 0 - 3 - 1 .  
Their Table i gives a compilation of searches for nuclearites. 

116 AHLEN 92 searched for quark matter ("nuclearites"). The bound applies to velocity/c 
< 2,5 x 10 - 3 .  See their Fig. 3 for other veloci ty/c and heavier mass range. 

117 N A K A M U R A  85 at KEK searched for quark-matter. These might be lumps of strange 
quark matter with roughly equal numbers of u, d, s quarks. These lumps or nuclearites 
were assumed to have veloci ty/c of  1 0 - 4 - 1 0  - 3 .  

118 ULLMAN 81 is sensitive for heavy slow singly charge particle reaching earth with vertical 
velocity 100-350 kin/s,  

Highly Ionizing Particle Flux 
VALUE 
(m- 2yr - 1  ) CL~ EVT$ DOCUMENT ID TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. t �9 �9 
figure 5 for the contours of l imits in the mass-~ plane for each mode. 

Long-Lived Heavy Particle Cross Section 
VALUE (pb/sr) CL~ DOCUMENT iD TECN COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

<34  95 105 RAM 94 SPEC 1 0 1 5 < m x +  + <1085 
MeV 

<75 95 105 RAM 94 SPEC 920<mx+ + <1025 
MeV 

105 RAM 94 search for a long-lived doubly-charged fermion X + +  with mass between m N 

and mN+mTr and baryon number +1 in the reaction pp ~ X-l-4.n. No candidate is 
found. The l imit is for the cross section at 15 ~ scattering angle at 460 MeV incident 
energy and applies for T (X  §  >> 0.1 #s. 

<0.4 95 0 K INOSHITA 81B PLAS Z/,6 30-100 

SEARCH FOR LOW-SCALE GRAVITY EFFECTS 
This section contains experimental papers searching for effects of  real or 
virtual gravitons (massless and massive, denoted by G) with observable 
coupling strength. This is expected if there are extra spacetime dimensions 
with a size larger than the electroweak scale, in which case the fundamental 
gravity scale can be around TeV, not 1019 GeV. 

VALUE DOCUMENT ID TECN 

�9 �9 i We do not use the following data for averages, fits, limits, etc. �9 �9 �9 

119 ABBIENDI  99P OPAL | 
120 ACCIARRI 99M L3 I 121 ACCIARRI 99R L3 
122 ACCIARRI 995 L3 

119ABBIENDI  99P search for s-channel graviton exchange effects in e + e  - ~ ~'y at | 
Ecm=189  GeV. The limits G+ > 660 and G > 634 are obtained from combined I 

LIMITS ON CHARGED PARTICLES IN COSMIC RAYS 

Heavy Particle Flux in Cosmic Rays 
VALUE 
Icm-2sr- ls  - 1  ) CL % E V T S  DOCUMENT IO TECN CHG COMMENT 

�9 �9 �9 We do not use the following data for averages, fits, l imits, etc. �9 �9 �9 

6 x 10 - 9  2 106 SAITO 90 O _~ 14, m 
370rap 

< 1.4 x 10 - 1 2  90 0 107 MINCER 85 CALO m > 1 TeV 
108 S A K U Y A M A  83B PLAS m ~ 1 TeV 

< 1.7 x 10 - 1 1  99 0 109 B H A T  82 CC 
< 1. x 10 - 9  90 0 110 MARINI  82 CNTR ~: Q= 1, m 

4.5mp 

2. x 10 - 9  3 111 YOCK 81 SPRK 4. Q= 1, m 
4.5mp 

3 111 YOCK 81 SPRK Fractionally 
charged 

3.0 x 10 - 9  3 112 YOCK 80 SPRK m ~ 4.5 mp 

(4 4.1) x 10 - 1 1  3 GOODMAN 79 ELEC m > 5 GeV 
< 1.3 • 10 - 9  90 113 BHAT 78 CNTR 4. m >1 GeV 
< 1.0 x 10 - 9  0 BRIATORE 76 ELEC 
< 7. x 10 - 1 0  90 0 YOCK 75 ELEC 3= Q >7e or < 

- 7 e  
> 6. x 10 - 9  5 114 YOCK 74 CNTR m >6  GeV 
< 3.0 x 10 - 8  0 DARDO 72 CNTR 
< 1.5 x 10 - 9  0 T O N W A R  72 CNTR m >10  GeV 
< 3.0 x 10 - 1 0  0 BJORNBOE 68 CNTR m >5  GeV 
< 5.0 x 10 -11 90 0 JONES 67 ELEC m=5-15 GeV 

Ecm=183 and 189 GeV data, where G• is a scale related to the fundamental gravity 
sca~e, 

120ACCIARRI 99M search for the reaction e + e  - ~ ~/G and ~-channel graviton exchange I 
effects in e + e -  ~ ~Y'7, W § W - ,  Z Z ,  e + e - ,  # + / ~ - ,  ~'-P r - ,  q~  at Ecm=183  GeV. I 
Limits on the gravity scale are listed in their Tables i and 2. 

121ACCIARRI 99R search for the reaction e4. e -  ~ ~ G at Ecm=189  GeV. Limits on the I 
gravity scale are listed in their Table 4. 

122ACCIARRI 99s search for the reaction e + e  - ~ Z G  and s-channel graviton exchange I 
effects in e + e -  ~ ?'i', W + W - ,  Z Z, e -l" e - , / ~ + / ~ - ,  7 + ~-- ,  q~  at Ecm=189  GeV. I 
Limits on the gravity scale are listed in their Tables i and 2. 
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