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Measurement of theBg-Eg flavor oscillation frequency and study of same side flavor tagging
of B mesons inpp collisions
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BS-E?, oscillations are observed in “self-tagged” samples of partially reconstrugtew:sons decaying into
a lepton and a charmed meson collectedoim collisions at\s=1.8 TeV. A flavor tagging technique is
employed which relies upon the correlation between the flav@r miesons and the charge of a nearby particle.
We measure the flavor oscillation frequency toMay=0.471"53%8+ 0.034 ps. The tagging method is also
demonstrated in exclusive samplesBjf—J/4K™* and BgaleK*°(892), where similar flavor-charge cor-
relations are observed. The tagging characteristics of the various samples are compared with each other, and
with Monte Carlo simulationd.S0556-282(99)05901-9

PACS numbgs): 14.40.Nd, 13.20.He, 13.25.Hw

I. INTRODUCTION the mass eigenstates of quarks, described in the standard
The study ofB mesons has been important for under-Mode! by the Cabibbo-Kobayashi-Maskad@KM) matrix

standing the relationships between the weak interaction ang]' Early studies were based on bfa”Ch'”g fraction aT‘d life-
time measurements. However, since the observations of

_ B°-B® mixing, first in an unresolved mixture d&S and BY
*Visitor. by UA1[2], and then specifically for thBS by ARGUS[3],
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a new window on the CKM matrix was opend®f mixing,  reconstructed® decays which offer another test of its effec-
analogous t&K® mixing, is possible via higher order weak tiveness:B —J/yK* and BS—J/yK*°(892) 1 Although
interactions, and is governed by the mass differeloebe-  our samples are too small to yield precise tagging results,

tween the two mass eigenstates. Unlike KfeK® system, they are the largest currently in existence and serve as a
the B® mixing amplitude is dominated by the exchange ofPrototype for tagginﬁBS#J/de%[lo,lﬂ, the centerpiece of
virtual top quarks, and so provides a view of weak chargeduture CP violation studies wittB mesong5]. The tagging
current transitions between a top quark and the quarks confesults from thel/y/K samples are compared to those from
posing thes? .. ID®™), and also to Monte Carlo simulations. The simulation
Mixing measurements are predicated upon identifying theffers further insights into the behavior of this SST method.
“flavor” of the B meson at its time of formation and again _ 'NiS paper is structured as follows. We review the rel-
when it decays, where by “flavor” we mean whether the 8vant aspects of our detector and data collection in Sec. II.

meson contained k or b quark. Determination of the initial Section Il summarize®°-B® mixing, and is followed by
flavor is the primary difficulty, as knowledge of the decay SOMe remarks on tagging and a description of our specific
flavor is usually a byproduct of th® reconstruction, even if SS(T method in Sec. IV. Same side tagging is applied to the
it is only partial. ID™) sample in Sec. V, whlch .|ncludes dlscussmnl?ofe—

The effective size of flavor taggeBl samples is a critical  cOnstruction, sample composition, proper decay time mea-
limitation of current measurements, especially for exclusivesUrement and corrections, the tagging asymmetries, and fi-
B reconstructions. This fact has motivated efforts to develog'@lly extraction of Amy and tagging dilutions. This
a variety of tagging techniques to fully exploit existing data. COMpletes our main result. o
There has been considerable progress in recent years in uti- aving established the technique iD™), we extend
lizing a variety of tagging methods ai? samples, as illus- SST to the exclusivd/ /K modes in Sec. VI. We discuss the

trated by the diversity of mixing measuremefitd. Even sample selection, the fitting method, and the resultant tag-
though a new generation of high statist&experiments will ging dilutions. Special attention is given to handling tagging

soon come on-ling5], many tagging-based studies—such asbiases. Finally in Sec. VIl we present some checks of our
CP violation in B mesons—uwill still be statistics limited. Measurements and compare the behavior of this tagger in

Thus, improvements in tagging capabilities will be valuableth®se two different types @& decays. Aspects of the data are
in the next generation 0B experiments as well as for the also compared to Monte Carlo simulations, and the behavior

current ones. of this SST method is discussed. We close with a few re-
We have reported in an earlier Let{@] the development marks concerning future applications of this type of SST

and application of a “self-tagging” method based on the Méthod.

proposal[7] that the electric charge of particles produced

“near” the reconstructedd meson can be used to determine  |I. THE CDF DETECTOR AND DATA COLLECTION

its initial flavor. Such correlations, first observed éfie”

— 7% bb events by OPAL[8], are expected to arise from . . .
particles produced from decays of the orbitally excist The data discussed here were collected using the Collider
mesons, as well as from the fragmentation chain that forme®etector at FermilafCDF) in the Tevatron Run | period
the B. We refer to this approach as “same side tagging” during 1992-1996, and comprise approximately 110"
(SST), in contrast to other tagging methods which rely uponintegrated luminosity opp collisions at\s=1.8 TeV. De-
the otherb-hadron in the event. tails of the CDF detector have been previously published
We applied SST to a large sample Bf 4—ID *)X de- [12,13, and only the features relevant to this analysis are
cays: the expected time dependent flavor oscillation was ob€viewed here: the tracking system by which charged par-
served, and its frequencym, was measured with a preci- ticles are identified and their momenta precisely measured,
sion similar to other single tagging results. In addition to thethe central calorimeters for electron identification, and the
intrinsic interest of obtaining a supplementary measuremerfhuon chambers for muon identification. Our coordinate sys-
of Amy, this result also demonstrated that this type of tagtem is such that théspherical polar angle6 is measured
ging method is effective even in the complex environment offfom the outgoing proton direction(z-axis) and the azi-
a hadron collider. A variant of this approach has also beemuthal angle# from the plane of the Tevatron.
studied by ALEPHO] in exclusively reconstructe’s atthe ~ The tracking system consists of three detectors immersed
Z° pole. in a 1.4 T magnetic field generated by a superconducting
In this paper we describe in detail the SST method wesolenoid 1.5 m in radius. The innermost tracking device is a
have developed and its previously reported application tgilicon microstrip vertex detectofSVX) [13], which pro-
Bu'dﬂm(*)x decays. Experimental complications sur- vides spatial measurements prOJectgd onto th_e plane trans-
rounding the use of these decays are described in detail, i.&/€rse to the beam line. The SVX active region is 51 cm long
both the cross-talk betweds]” andBg, and the contamina- and composed of two 25 cm long cylindrical barrels. Each
tion from tagging orB decay products. The value afmy,
as well as the purity of the flavor-charge correlations, are
reported. IReference to a specific particle state implies the charge conjugate
This paper extends the application of SST to two fully state as well; exceptions are clear from the context.

A. Apparatus
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barrel has four layers of silicon strip detectors, ranging intrigger have varying efficiency turn-on characteristics, gen-
radiusr from 3.0 to 7.9 cm from the beam line. The impact erally dependent upon tragi;’s or calorimeterE¢’s. The
parameter resolution of the SVX isy(pr)=(13+40/p;)  behavior of the trigger has been extensively studied. Since
um, wherepy is the transverse momentum of the track rela-the analyses presented here are largely insensitive to trigger
tive to the beam line in Ge\¢/. The geometrical acceptance Pehavior, we refer the interested reader to REfé,15 for

of the SVX is about 60% for the data presented here due tgetailed discussion of the triggers and their performance.
the ~30 cm rms spread of thep interactions along the

beam line. Outside the SVX is a set of time projection cham- B. Inclusive lepton data set

bers(VTX) which measure the position of the primary inter-  The inclusive lepton data set is composed of electron and
action vertex along the-axis, and is in turn surrounded muon triggers. Electron identification is based on energy
by the central tracking drift chambegiCTC). This 3 m  clusters in the CEM with an associated CTC track. The prin-
long chamber radially spans the range from 0.3 to 1.3 mgipal single electron trigger required a level-2 trigdes

and covers the pseudorapidity intervaly|<1.1 (  threshold of 8 GeV, and an associated track wjth
=—In[tan(®2)]) relative to the nominalpp interaction >7.5 GeVk. The offline reconstruction requires tighter
point. The 84 radial wire layers of the CTC are organizedmatching between the position of the CES cluster and the
into nine “superlayers.” Five “axial” superlayers consist associated tracki.e., r/{A¢|<3.0 cm and|Az|<5.0 cm).

of wires strung parallel to the beamline. InterspersedThe CEM cluster is also required to have a shower profile
between these five are four “stereo” superlayers in whichconsistent with an electron shower, i.e., a longitudinal profile
the wires are turned 3°; the two types of superlayers useith less than 4% leakage in the hadron calorimeter, and a
together yield three-dimensional charged track reconstrudateral profile in the CEM and CES consistent with electron
tion. Within each superlayer the wires are further organizedest beam data.

into “cells” which are rotated 45° relative to the radial di- ~ Muon identification is based on matching CTC tracks
rection. This rotation assists the resolution of left-right am-with track segments in the muon chambers. The inclusive
biguities in track reconstruction. The CTC and SVX com-sample is based on a level-2 trigger with a nomipal
bined provide a transverse momentum resolutiomrlg)Tf/pT threshold of 7.5 Ge\W. Each muon chamber track is re-

~(0.907)2+ (6.6 X 103, with py in GeV/c. quired to match its associated_ CTC track. Track segments in
Outside the magnet coil, and covering the pseudorapidit)pOth CMU an.d CMP are Feq“'fed to reduce packground;.
range of the SVX-CTC system, are electromagn&iEM) The inclusive lepton triggers are the dominant contribu-

and, behind them, hadronf€HA) calorimeters. They have a tlonl_tqﬂour Saf"p'fh- I:?k\]/veve:,_the offtl)lne stglipttljonAﬂoes ntot
projective tower geometry with a segmentation Afp explicitly require that these triggers be salishied. events

X An=15°x0.11. The CEM is a lead-scintillator stack 18 With "?‘.'epFO” track_ 0pr>6.0 GeVk, and_passing the above
radiation lengths thick. It has a resolution of 13.50&k |qent!f|cat|on quality cuts, may enter this sample. The con-
plus a constant 2%' added in quadrature Whﬁe tr|_but|on from other triggers is small, and the bulk of events
—E sin(d), E is the measured energy of the cell ’in Gev andW'th leptonp; below the nominal 7.5 Qe‘¢/thresho|d arise
gis its pol’ar angle. A layer of proportional chambé@E§ When the leptorpy reconstructed offllne is lower than that'
embedded near shower maximum in the CEM provi(;Ies estimated by the trigger system. Finally, only lepton candi-

. ] Yates using SVX tracking information are considered, so as
more precise measurement of electromagnetic shower pr

files both in azimuth(¢) and along the beane) direction. o be able to do precision vertexing.
The CHA is an iron-scintillator calorimeter 4.5 interaction
lengths thick, and has a resolution of 509k plus a con- C. I data set
stant 3% added in quadrature. The J/ sample is based on a dimuon trigger. The trigger
The calorimeters also act as a hadron absorber for thand selection on each muon are similar to that for the inclu-
muon chambers which surround them. The central muon sysive muons described above, except for a lower nonpral
tem (CMU), consisting of four layers of drift chambers cov- threshold of~2 GeV/c [15]. The CMU-CMP requirement is
ering | 7|<0.6, can be reached by muons wjth in excess also relaxed: the muon candidates may be in any of the muon
of ~1.4 GeVk. These are followed by 60 cm of additional chambergCMU, CMP, or CMX), and in any combination.
steel and another four layers of chambers referred to as thEhe level-3 trigger requires the presence of two oppositely
central muon upgradéCMP). The central muon extension charged muon candidates with combined invariant mass be-
(CMX) covers approximately 71% of the solid angle for tween 2.8 and 3.4 Ge¢f. In offline reconstruction we fur-
0.6<|7|<1.0 with four free-standing conical arches com-ther impose tighter track matching and requine
posed of drift chambers sandwiched between scintilléftor  >1.5 GeVkt for each muon. We also require a minimum
triggering. energy deposition of 0.5 GeV for each muon in the hadron
The data samples of interest in this paper, inclusive elecealorimeter, as expected for a minimum ionizing particle.
trons and muons, and dimuons in the mass region around thgain, the dimuon sample is not explicitly required to have
J/ ¢, were collected using CDF’s three-level trigger systempassed the dimuon trigger.
The first two levels are hardware triggers, and the third level At this stage, no SVX tracking requirement is imposed,
is a software trigger based on offline reconstruction codend there are about 400,00 ¢'s reconstructed, with a
optimized for computational speed. Different elements of thesignal-to-noise of about 10:1. Only about half of these are
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fully contained within the SVX. The uncertainty on a measurement of the asymmegiry
from a sample oN (background-freeevents is

. B%-B® MIXING
2 _ 212 2__ 2
The phenomenon d8%-B° mixing, analogous td°-K° 4= (1= A"D%)/INeD"=1/Ne D", ©
mixing, occurs via higher order weak interactions. Starting
with an initially pure sample oB”’s at proper timg=0, the  wheree is the efficiency to obtain a flavor tag for the method
numbers oB° andB® mesons decaying in the interval from being employed. The figure of meritD?, is called the “ef-
t to t+dt aredN(t)go_go anddN(t)go_. 5o respectively; and ~ fective tagging efficiency” of the method.
they are given by
IV. FLAVOR TAGGING

dN(t)go_go  N(0)go A. Tagging methods
dt N 279 e "e(1+cosamy @ There is now a considerable inventory&ff mixing mea-
surements availablet]. Most rely on determining the flavor
of the second-hadron in the event to infer the initial flavor
dN(t)go_go  N(O)go _, of the originally reconstructe® meson. Examples include
at =25, © °(1—cosAmt), (2)  lepton tagging 2] and jet-charge tagginflL6]. We refer to

these as “opposite side taggingOST) methods. Reliance
on the opposite-sidé-hadron can have several disadvan-

where, is the average lifetime of the two neutBlmeson  tages. _ _
eigenstates, andm is the mass difference between them. At the Tevatron, once onB meson is produced in the

To observe mixing one must experimentally determinecentral rapidity region covered by CD@pproximately be-
the flavor of the neutraB meson at the times of formation tween *1), the secondb-flavored hadron is present only
and decay, a process referred to as “flavor tagging.” The™40% of the time in this region. In the other60% of
flavor at decay is usually well known from the observed€vents the second-hadron is unavailable for tagging. For
decay products. The initial flavor determination is more dif-lepton tagging, there is the additional inefficiency arising
ficult and is discussed in the next section. from the semileptonic branching ratio of tBe as well as the

In an experiment with no background and perfect flavorconfusion from daughter charmed particles decaying to lep-

tagging and lifetime reconstruction, the mixing frequencytons. For jet-charge tagging, the purity of the flavor-tag de-
Am can be determined from the asymmetry cision is reduced by the presence of charged tracks from the

proton-antiproton remnants and possible confusion with
gluon (or light quark jets. Finally, tagging based on OST

d - suffers from the inevitable degradation arising from mixing
GiN(Msogo— = N(1)go-go of the second-flavored hadron when it is BC. In spite of
Ao(t)= d =cosAmt. (3) these complications, OST methods have proven to be pow-
et el — erful tagging methods in previous mixing measurements
dtN(t)Bo—>B(’+ dtN(t)BOABO [17.18.

A contrasting approach is “same side taggingSST),
which ignores the secortaiflavored hadron and instead con-

If the flavor tag correctly identifies thB® flavor at pro-  siders flavor-charge correlations of charged particles pro-
duction with only a probabilityP,, then the amplitude of the guced along with th® meson of interest.Such correlations
measured asymmetiyl {"*#9(t) is reduced by a factoD,  are expectedi7] to arise from particles produced in the frag-
=2P,—1, called the “dilution,” i.e., mentation chain and from decays Bf* mesons.

A simplified picture of the possible fragmentation paths
for ab quark is displayed in Fig. 1. If the quark combines
with a u quark to form aB_ , then the remaining quark
may combine with & quark to form asr~. Alternatively, if

/ € 5 _
A parallel series of expressions may be written when tagginghe P quark fragments to form &g, the correlated pion
B.’s, but there is no time dependence, so

AGe®(t)=(2Py— 1)cosAmt=DocosAmt.  (4)

A3 (t)= (2P, —1)=D, . 5 2Jet-charge tagging has been extended by combining the opposite
. . and same side jet-chargesZ8—bb [19]. A same side jet-charge
Tagging charged’s can be used to infer the flavor of the (5 is clearly correlated with the SST approach of this paper, but the
otherb hadron in the event, but in this paper it is principally philosophy is different. The jet-charge method is based on a
of interest as a test of the tagging method. The charged angleighted average of charged tracks reflecting the primary quark’s
neutral dilutions need not be equal, &d cannot in general charge[20], while the proposal of Ref7] is based more on select-
be used as a direct measureZ®yf. ing a specific charged particle to determine the flavor.
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b B meson direction 7\’3
B : N
" PB + TR
G
d m . p\Trel
= Drel__
d P
7 __.--Cone
d B
( - " Candidate rack P,
d
u 7{' FIG. 2. Schematic drawing of the momentum vectors determin-
C ing p¥¥' andp/® of an SST candidate.
U

seemed less vulnerable to tagging B8ndecay products
missed in partiaB reconstructiongSec. V B.3

For our specific SST algorithm, we consider all charged
particles that pass through all stereo layers of the CTC and
are within thez-¢ cone of “radius” AR=0.7 centered along
would be anwt. These correlations are the same as thosgnhe direction of theB meson. If theB is partially recon-
produced fromB** decays, such aB}* °—>BE,*)+7T* or  structed, we approximate this direction with the momentum
B+ +—>B£,*’°7r*. We do not attempt to differentiate the sum from the partial reconstruction. Tracks are required to be
sources of correlated pions. consistent with having originated from the fragmentation

In this simple picture oB- correlations, naive isospin chain or the decay oB** mesons, i.e., coming from the

considerations imply that the tagging dilutions Bf's and primary vertex of thegyp-interaction. This translates into the
B*'s should be the same. However. this need not be the cas emand that tracks must have at least 3 out of 4 SVX hits,
u . 3

[21], and we make no such assumption. Furthermore, we
generically refer to the tagging particle as a pion, althougq
we do not attempt to experimentally identify it as one.

FIG. 1. A simplified picture of fragmentation paths forba
quark.

ol 09<3 whered, is the distance of closest approach of the

ack trajectory to the primary vertex when projected onto

he plane transverse to the beam limed plane and o is

the estimated error othy, and the closest approachamimust

be within 5 cm of the primary vertex.

B. Same side tagging algorithm Due to chamber design, the CTC is known to have a
lower reconstruction efficiency for negative tracks compared

General considerations of correlations betw@flavor {0 positive ones at lowpr (Sec. VIC 3. To suppress this
and particles produced in fragmentation offer only qualita-0ias; all candidate tracks must havpaabove a threshold of
tive guidance in constructing an SST algorithm. String frag-PT(SST)=400 MeVic. _ _
mentation models indicate that the velocity of fragmentation At this point, more than one candidate tag may be avail-
particles are close to that of ti&, and similarly for pions able for.a giverB. To serleelcthetag, we choose the candidate
from B** decays. Motivated by this observation, a numbertraCk with the smallespr™.
of variables were studied for selecting a tagging track usinqh

A B is tagged if there is at least one track that satisfies
data and Monte Carlo simulations, among théinthe maxi- ese selection requirements. The fractionBotandidates
mum p+ track, (i) the minimum B-track mass(using the

with a tag is the tagging efficiency, and it1s60—70% for
pion mas§ (iii) the minimum AR= (A 7)%+(A$)? be-

this algorithm in our data.
tween theB and a track{iv) the minimum of the track mo- V. FLAVOR OSCILLATIONS IN THE LEPTON +CHARM
mentum component transverse to the combined momentum SAMPLE

of theB (Pg) plus track P+g) momentum p'e', see Fig. 2,
and (v) the maximum of the track momentum component We apply our SST method to a sampleRfy decays to
along theB-track system momentunp[®'), as well as sev- @ lepton plus charmed meson. We form the asymmetry,
eral others. We found that these five variables have similagnalogous to Eq(3), between the decay flavor and the
performance, and moreover were highly correlated in selecicharge of the tag track, and we fit this asymmetry using a
ing the same track as the tag. Future studies with higher

statistics samples may enable one to optimize the choice, but

we were unable t? identify one method as clearly superior. 3if not for this issue, our studies tended to fayjf', essentially
We chose to uspT', as this variable was among the best for the same variable employed in RE8] for tagging exclusively re-

correctly identifying the flavofi.e., had a largeD), and it  constructed® samples.
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TABLE I. Kinematic and geometric selection cuts for the five decay signatures. The impact parameter
significance cutdy/oy is applied toD daughter tracksLXy(D)/aLxy is the D decay length significance
relative to the primary, whilety is the proper decay length of thHe with respect to theéB vertex, and
Am(D*) is the mass difference between thé candidate and th® candidate plus pion mass.

Decay Signatures

Selection Cuts ID° ID~ ID*~
Kta~ Ktm m Ktm™ Ktoe mta Ktm 70

p+()> (GeVic) 6.0 6.0 6.0 6.0 6.0
pr(K)> (GeVic) 0.7 0.6 - - 1.0
pr(m)> (GeVic) 0.5 - - - 0.8
pr(D)> (GeVic) 2.0 3.0 - - -
do/oo> 3.0 2.0 1.0 0.5 1.0
ny(D)/any> 3.0 5.0 1.0 1.0 1.0
[Am(D*)|< (MeV/c?) - - 3.0 2.0 -
Im(K7)—1.9< (GeVic?) - - - - 0.2
m(ID)< (GeVic?) 5.0 5.0 5.5 5.5 5.5
—-0.5<ctp< (mm) 1.0 2.0 1.0 1.0 1.5

minimization to obtainAmy. As a by-product, the tagging decay sequence as a label. The sampleB%g consist of
dilutions are also determined. As we are henceforth confour decay signatures, org’— vl "D~ signature and three
cerned specifically witlB] andBY, the subscripts are sup- B®— vl *D* "

pressed for the remainder of this paper.

The incomplete reconstruction of tiBés introduces sev-
eral complications(i) missing decay products means that the
precise By-factor to compute the proper decay time is notgo_, ,;+p*~ p*- D%~ DO—K' 7 ®)
known; (i) a missed charged decay product results B'a ’ *
being classified as B° and vice versa; andii) a missed
charged decay product may be chosen as the tag, biasing the_,,,|*p* - p=* ~ D%, DK 7 7wt 9)
asymmetry. The latter two issues are the principal subtleties
of this analysis, and necessitate careful consideration of the
composition of the sample. Not all the branching ratio infor-g0—, | *p*~ D*~— D%,
mation required is well known, and when not, we rely inter-
nally on our data set. Because the unknown sample compo-
siton parameters depend themselves on other sampikshere we adopt the convention thatrefrom aD* or D**
composition parameters we use an enlarg@élnction to fit ~ decay is labeled by a*** or * ** subscript. For theB*’s,
globally for Am4 and the unknown composition parameters.We use only one decay signature:

We first describe the sample selection and then discuss
issues of sample composition. The proper time measurement,
and the corrections for missing particles, is fairly standard,
but B%—B™ cross-talk introduces additional corrections. We
then discuss the measured and expected flavor-charge asyfs noted above, the decay signatures do not represent a spe-
metry given the complications of the sample compositioncific sequence of decays; they in fact include several se-
including the biases of tagging dd decay products. We quences, for instance, E(L1) includes the decay chal*
finally discuss the? fit, results, and the effects of systematic _, ,| *D*° followed by D*°—D%#% and D°—K*7~,

uncertainties oAmy and the tagging dilutions. where thex? is not identified
" .

The B selection starts with the inclusive leptoa &nd u)
samples of Sec. Il B. The tracks of tlE*) daughters must
lie within a cone ofAR= 1.0 around the lepton, pass through

We use partially reconstructégts consisting of a lepton all nine CTC superlayers, have enough hits for good track
and a charmed meson. A particuBreconstruction does not reconstruction, and satisfy g requirement(see Table )L
necessarily arise from a unique sequence of bottom anAll tracks (except one in the case @°—K* 7w 7~ x")
charm decay modes when there are unidentified decay pro#iust use SVX information, and they must also be consistent
ucts (Sec. V B. We therefore refer to the variol recon-  with originating in the vicinity of the same primary vertex.
structions as ‘“decay signatures,” and use the predominanthe candidate tracks must form an invariant mass in a loose

B—vI™D", D =K m o~ (7

DO—K* 7~ 70, (10

B*—»™D° DO—=K*'#m . (11

A. B candidate selection
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lepton ~ 250 T T ~ 240 T T
P O7981 £ 36 events | & [ 783 £ 37 events
Primary = s
Vertex B vertex 1) 1)
0 7o}
D vertex (@] -
-~ K S5t lep + D] ©
o o
~ ~
T 2 2
T c <
: N :
. . L oE PR Nl Bl J o= 1 hid 1
FIG. 3. A typlcaIB—wI_D event topology, where B meson is 260 o T 90 195 2 50 o T90 o5
produced at the event primary vertex, and decays after traveling ¢ 5 2
Kr Mass (GeV/c?) K3m Mass (GeV/c?)

short distance into a lepton,zameson, and a neutrin@ndetected,
and not showh The D later decays into a kaon and one or more
pions.

| 2928 + 65 events |

1997 +_65 events

[
Q
o

window around the nomindDd mass, where all permutations
of mass assignments consistent with the charm hypothesi
are attempted.

The candidate tracks are combined in a fit constraining
them to aD decay vertex;y?> and mass window cuts are 0
imposed. With theD vertex established, we select the pri- 180 1.85 190 195 1.80 1.85 190 195
mary vertex from thosereconstructed in the VTX as the one K Mass (GeV/c?) K Mass (GeV/c?)
nearest inz to the D. The transverse coordinates of the FIG. 4. The mass distributions of the fully reconstrucBedan-
primary vertex are obtained from & dependent average didates(solid histogran for: 17D*~, D°—~K*«~ (upper lefi;
beam position, as measured by the SVX over a large numbgr p» - B0 K+ 7~ #* 7~ (upper righi; "D, D~ —K* 7~ 7~
of collisions recorded under identical Tevatron Opera-oyer jefy andi*D°, DK "~ (lower right. The dashed his-
ting conditions. We require th® tracks to be displaced ,4rams are the distributions of the wrong-sigiiK *) candidates.

from this primary vertex do/o cut in Table ), and the  The number of signal events from the(olid curve is indicated in
projected transverse distantg (D) between theD vertex  each plot.

and the primary vertex to be greater than its uncertaint
[LXy(D)/crLXy cut in Table ]. The projected distande, (D)

IS
Q
Q

Events / 0.005 GeV/c?
g
Events / 0.005 GeV/c?

date that makes the mass differemegd %7, ) —m(D°) con-

is defined as sistent with the known mass difference betweenDfie and
_ (Xp—Xprim) - P(D) D [22]. Since them(D°x,)—m(D% distribution for real
Lxy(D)= [5(D)| , (12 p*~sis very narrow (-1 MeV), this removal is very effi-

_ ) N cient once ther, is reconstructed.

where the two vertices are given by the position Vectors The numbers oB candidates are extracted from a fit of
Xprim @ndXp , and theD transverse momentum (D). the charm mass distributions. Figure 4 shows the invariant

We next find theB vertex. For theB®—»I*D*~ signa-  mass distributiongsolid histogram for the four channels of
ture the lepton and the, from theD* ™ decay both come  exclusively reconstructed charm. The signal components of
from theB decay point. We fit for th@ vertex by intersect- the D mass distributions are modeled by Gaussians, and the
ing the lepton and ther, tracks, and require that thB  combinatorial backgrounds by linear functiofs®lid curves
points back to it. For th&°—vl*"D~ or B*—»I"D% sig-  in Fig. 4.
natures there is no additional track emerging from Bie The dashed histograms in Fig. 4 represent tBg"‘mass
vertex. TheD is projected back to the lepton track and their distributions forB candidates where the lepton and the kaon
intersection determines tfRvertex, as sketched in Fig. 3. A have the wrong charge correlatioh"K ™). These “wrong-
loose cut is applied to thB proper decay length relative to Sign” events can be combinatorial background, as well as
the B vertex (Ctp in Table ). The charges of the lepton and cases where there was a réaland a fake lepto. The
the charm candidates are required to be consistent with th@bsence of a peak in the wrong-sigh* mass distribution
decay of a singldB, i.e., al*K= correlation.

The B°—»l*D*~ decays followed byD* ~—D%x,
also contribute to the* D® samples. The separation between °The number of wrong-sign events for the'D° and D°
B® andB* is improved by removing all*DO° candidates — K7 signaturellower right plot in Fig. 4 is substantially larger

that also participate in the D* ~ reconstruction. We define than the right-.sign sideband background,.in cor.ﬂrast to the other
aD*- candidate as a vali®® candidate with a7~ candi- signatures. This is a result qf the fact that, in addmo_n to the nqrmal
* contributions to the wrong-sign events, a large fraction of the right-
sign D° signal events enter the wrong-sign distributiomithin the
plotted mass windoywvhen the incorredk " -7~ mass assignments
“4It is not so uncommon to have multiplep interactions in a are made. For the other signatures there is little contribution from
single bunch crossing at the higher Tevatron luminosities. the signal events in the wrong-sign distributions.
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— T T T T T TABLE II. The expectedD** states and properties. The clas-
2515 £ 70 events ] sification into wide and narrow states follows the predictions of
600 |- heavy quark effective theory.
NO
> Name JP Width Decay Modes
D]
o w00 DX 0+ wide D7
) D* 1+ wide D*
8 D,(2420) 1 narrow D* 7
~ D% (2460) 2" narrow Dm, D*7
[9]
q:) 200
w (i) Missing thewr, from the D~ decay.For example,
PR T K T TR TR N S S S | ~ (
135 0.155 0. BY— vl "D° (13)

175 0.195
Mass(Knr,) — Mass(Kr) (GeV/c?)

FIG. 5. The distribution om(K =, ) —m(K) for the signa-  can be mimicked by the decay sequence
ture D*~—D%, , D°—=K* 7 7% (#° not reconstructed The
upper histogram is the distribution of the right-sigh candidates,
and the lower histogram is for the wrong-sigh combinations. The B— vl tD* ™
solid curve is the fit of the right-sign distribution, with the fitted
background component shown by the upper dashed curve. This
background shape is obtained from &liiwer dashed curyeof the *—_. 00, —
wrong-sign data. D* " —D'm, (14

demonstrates that the right-sign sample is a clean signal of

ID®™) pairs coming from singl® mesons. if th_g w, is not part 21‘ the reconstruction. _
In the case of the decdy D* - DOK* a0 the 70 (i) B decays to D* -mesonsThe decay chain
is not reconstructed, and thér invariant mass distribution
has a broad excess below tii® mass. However, in the B0, »| TD** ~ (15)
m(Kw,)—m(K) distribution a relatively narrow peak
appears at the valua(D* ") —m(D?), as seen in Fig. 5. We
parameterize the combinatorial background by the shape of D** 7_)5077;* (16)

the wrong-sign (*K™) distribution (lower dashed curye
This shape, combined with the signal function, is then fit to

me':irégh;_s'gn ("K™) data, and is shown by the solid curve will also mimic thel *D° signature of th8* when ther_,

és unidentified.

This completes our sample selection, which has yielde . . o
P P y The first case is of concern as it is not unusual for the

almost 10 00 mesons. However, before we can use them,

several other issues must be addressed. momentum ofr, to fall below ourpy cut. Then, tends to
be soft because of the small energy release in the decay,
B. The composition of thelD®) sample coupled with the modest boost of most of d&is. We iden-
tify the 7, only with some efficiencye(, ).
1. B%~B™ cross-talk In the other case, we do not attempt to find the, from

As noted earlier, the SST correlation depends on whethehe D** . There are four expected orbitally excitéf**
the B meson was charged or neutral. However, only the’eésonancegsee Table i, some of which decay int® m,
ground state charm mesons and d»& decay mode were Others taD* 7, and one to both. The total decay rate to these
reconstructed in the previous section, and the existence @fates is not well known, and the proportions of the four
the intermediate resonanc®$ andD** introduce contami- PossibleD** states are almost totally unknown. There is
nation fromB* decays intoB® decay signatures, and vice evidence that thd,(2420) andD3(2460) states are pro-
versa, when charged decay daughters are unidentified or uguced at some level iB decays[23]. There may also be
reconstructed. We disentangle this cross-talk by relating theon-resonanb*) 7 production 8— »I1D *)7) [23], which
charged and neutraB fractions to the number of recon- has the same cross-talk effect. It would be extremely difficult
structed charm mesons through relative branching ratios ari¢ distinguish these decays from the tl5™ resonances
reconstruction efficiencies. This section details this connecwhich are predicted to be broad by heavy quark effective

tion. theory[24]. We therefore subsume the effects of fdwit*
There are two causes of tt&8°—B™ cross-talk in this resonances, as well as the four-body semileptonic decay of
analysis: the B meson, into our treatment ofD** ’s.
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and decay chains blg. The symbol ‘B®—hek” is inter-
preted as “the decay chaim originates from &B° and con-
tributes to the decay signatuke” We write the fraction of
neutral and charged mesons contributing to a decay signature

k as
d
aNE(t)
Ft= (17
FrNKD+ N (D)
d
aNQ(t)
Feh=7 : (18
FIG. 6. The state diagram for all possikde—ID®*)X transi- &{Ng(t)"‘N;(t)}

tions. Thef, f*, and f** are semileptoni® branching ratios to

charm mesons. where thedN* (t) are the numbers of events of signatire

) o _originating fromB® or B* which decayed in the proper time
The complete picture of the decay chains is more compliinterval fromt to t+dt. These numbers are sums over all the
cated, since bottB® and B* decay into ‘D**™s, and  decay chain resulting in the signaturk:
D** ~ andD** © decay into bottD* ~ andD*°, as well as

— 0 —t/7
D~ andDP®. The full complexity of the decays is illustrated dNy (1) _ Nge "™

> B(B°—h)e(B°—h) (19

in the state diagram shown in Fig. 6. To reiterate our termi- dt 270 g0 hek

nology, a specific sequence of decays in Fig. 6 is called a

* decay chaiti’ and the reconstructed final state is a@é’cay dNJ (t)  Nge ¥+ N .
signature” Several decay chains may contribute to the same at 21, B+Eh ) B(B"—h)e(B"—h),

decay signhature. Decay chains in which Bidecays directly (20
into a decay signatur@.e., no particles except the neutrino

are missef are called ‘direct decay chain8 Equations \yhere we assume equal numbersBSfs andB*'s are pro-

(13), (14), and(16) are examples of decay chains; E&3) is  duced (i.e., Ng=2N"=2N°); 7,, are theB%" lifetimes,

also a direct decay chain. Each of the five decay signaturegnd B(B%* —hek) and e(B®*—hek) are the branching
considered in this analysis consists of several decay chaingatios and reconstruction efficiencesf a B®* decaying
three for everyl "D*~, nine for thel "D™, and twelve for  through the chairh and resulting in signatur. The sums

thel "D (see Table Il]. for the two mesons are different since they are over a differ-
ent set of decay chains for signatuke Knowing all the
2. Determining the sample composition branching ratios and efficiencies, we can calculate the
; 0+
Due to theB%—B™ cross-talk, a simple computation of Sample fractions=y ™ . o
the time-dependent charge-flavor asymmetry of Bgfor a The efficienciese(B™" —hek) share common factors

ID*) decay signature will result in a weighted average ofaCross decay chains. Since only _th_e ra_tios are _needed in I_Eqs.
the B® andB* asymmetrie$Egs. (4) and (5)]. The weight- (17) and (18), we express the efficiencies relative to the di-
ing is determined by the fractional contributions @ and ~ "€Ct decay chaiw, for signaturex,
B* decays to that decay signature; we call these fractions the h

" . . e(BM—hek)
“sample composition.” The fraction dB® andB™ decays in = —m -
a decay signature is essentially determined by the branching e(B'"—dek)
ratios and reconstruction efficiencies for each decay chaiq_h iots )" and “( d)” he ch ¢
contributing to that signature. Since only fractions are in- h € supﬁr?‘cnp.ts_ 1t) danheh( )d (;eprr]eg,en.tt 3charg(::-, °
volved, it is convenient to use ratios of branching ratios and"€ B Which originated theh andd chains; and the D'
relative efficiencies. These quantities, along with Bfeand superscript is a reminder that these relative efficiencies are

B* lifetimes, fully describe the sample composition as aIargely determined by the type of charm mesons in the decay

. . . D _
function of proper time and are referred to as the “samplechain. For the direct decay chamn=d, and soe,=1. We

composition parameters.” We now discuss how we deterﬂ_eterm'_nefEh for each decay chaih from a Monte Carlo
mine the fractions oB® and B* mesons contributing to a Simulation as discussed in the next section.
signature, given our choice of sample composition param-
eters.

We tabulatgTable Il1) all possible decay chains that feed éwe apply the term “reconstruction” only to those parts of the
into each signature, and classify them as originating from @ecay we identify; neutrinos and decay products which are not part
B® or B*. For compactness, we label decay signaturek,by of the decay signature are not included.

(21)
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TABLE Ill. Table of the variousB decay chains and their contributions to the sample composition of the three general categories of

decay signaturedD* ~, ID ~, andID?). Dashes indicate that a particular decay chain makes no contribution. The total contribution to a

given sample is simply the sum over the entries in a vertical column. The branching rBtfo-eXY is denoted by ‘B* (XY).” All 77?*)'8,

T4 'S, and y's are lost from the reconstruction, and 's are identified with efficiency(, ). See the text for a discussion of the other

parameters.

Decay Signatures

B® Decay Chains ID*~

ID~

—D** 7|ty
D** 7_)5*0,”_;*
5*0_)50772 -
5*04)50)/ -
D**~—D* w3, B
D*’—>D°7r;o f** Py(1/3)B* (D7, ) e( )
D*"—D™m, -
D*~"—D "y -
D** 7H507T;* -
D** 7—>D77TO _
**
—D* Iy
D* " —D%r, f*B* (D7, ) e(ry)
D* —D 7 -
D*"—=D "y -

—D 1%y -

B* Decay Chains

HB**OFFV
5**0—>D*77T::*
D*~—D%r, f** Py (2/3)B* (D7, ) e(,)
D* —D 70 -
D***}SO,}/ -
5**0*>6*07T0
ok
5*0_,50772 -
5*0_>50,y -
5**0—>D77T:* -
5**0_)50772* -
—D*O*y
5*04)50772 -
D*O*)DO'}/ -

—D% "y -

f** Py(1/3)B* (D~ 72
f** P(1/3)B* (D~ )

f* (1—Py)(1/3)

f*B*(D~72)
f*B*(D"y)
f

f** Py(2/3)B* (D~ 72
f** Py(2/3)B* (D )

f** (1— Py)(1/3)

f** Py(2/3)B* (D~ 72
f** Py (2/3)B* (D%)

f** Py (1/3)B* (D%, ) (1— e(m,))

f** (1—Py)(2/3)

f*B* (D, ) (1— ()

f** Py (2/3)B* (D7, ) (1— e(m,))

f** Py(1/3)B* (D%7)
f** P, (1/3)B* (D%y)

f** (1—Py)(1/3)

f* B* (D7)
f*B*(D°)
f

Similarly, only the branching ratios relative to the the respectively, then the branching ratios relative to the direct
direct chain branching ratio are required here, iBB(M  chain are:
—hek)/B(BY—-dek). Rather than attempting to use
each branching ratio explicitly, not all of which are well B(B°—ack) B(B°—vl*D** ")B(D** ~—D* =y, )
known, we can re-express the required ratios in terms of ag(B’—dek) B(B°— vl "D* )
few relative branching fractions by using a few simplifying (22)
assumptions. We outline this process by considering a spe-
cific example using thé8® signaturek=''1"D*~.”” The and
direct chain isB®— vl *D*~, and there are two D**” o o
chains(m,, 's are unidentifiegl B°— »| *D** ~ followed by ~ B(B*—bek) B(B*—vI"D**%)B(D**°~D* 7], )
D** ~—D* 7%, , and B'—»"D**° with D*° BB dek) B(B°— v "D*") '
—D* "/, . If we index these three chains loly a andb (23
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The ratio of semileptoni® decays can conveniently be with theB lifetimes as the only additional parameter. We use
re-expressed using ratios relative to the inclusive branchinthe B° lifetime and the ratio oB lifetimes as our two inde-
fraction to the lowest-lyingD state, including decays via pendent parameters, with the values
intermediateD* andD** states,B(B— vIDX):

CTo=468+18 um (33
; B(B%* —vID) (24
0+= R'ROT . IDX ) T
BB™ —vIDX) 2 —1.02¢0.05 (34
0
. _ BB —vID*)
fo= BB = IDX) (25  obtained from world averagég2].
The final branching ratios required are those for the charm
B(B%* — pID**) decays. ForB(D** —D*m,, ), we need the fraction of

*k*k —

0+ B(B** = wIDX)

(26) D** states that decay viB* 7, or Dm, . Isospin sym-
metry gives relative exclusive branching ratios for a particu-

. lar D** species decaying to@ or D*, such as
We assume that all the charged and neutral ratios are equaél‘, P ying

e.g..f=fy=f, . Since theD* andD** decay strongly they

- - 0 D% 0__ ()0, 0
all ultimately result in aDX signature, and thug+f* B(D** ~—D™) 77**): B(D**°—~D™) Tk ) :}
+f** =1. Because th8—vID** fractions are the least B(D** ~—D®)0- B(D** 0 D™~ 7t ) 2’
well known, we elect as our two independent parameters: b ** (35)

Ry=f*/f=2.5+0.6, (27)  Asnoted before, we use the symbdD** " to represent the

sum over all fourD** states(Table Il) as well as two non-
f**=1-f-1*=0.36-0.12, (28)  resonant channels. The variou®** " states, however, de-
cay differently toD and D*. Reference to aB—D**
where the values are derived from world avera@® and D) decay chain implies summing over all possible

the f+ f* average from CLEQ25]. “D** ” states. We usé,, to denote the inclusive probability
We may now express Eq22) as that aD** decay yields &D* as opposed to ®, and it is
B(B’—aek) f** given by
B(BG—>dek):f_*B(D**__)D*_WS*)’ (29 B B(B—D** —»D*m,, )
Pv=3E=D" —D*my, )+ B(B—D** =D, )

solely in terms off’'s and D branching ratios. On the other

hand, in Eq.(23) we can use (36)
P, also depends upon the relative fractions of the various
B(B*—wplTD** %) f** B(B*—ul*DX) B—D** decays sinc®y, is an effective average over all the
5 e T 0 ——o, (300 D** states produced in th® decay.
B(B™—»I"D*7)  1* B(B'—»I"D7X) Equation(29) then becomes
Where_the ratio of tEe mcl_uswe b(r)anchlng fractlon§ to semi- B(B°—ack) f** (1
leptonic decays oB™ relative toB~ must be taken into ac- =Py, (37)

count. B(B—dek) f*

The ratioB(B*™— vl *D°X)/B(B°— vI "D~ X) can be ap-
proximated by the ratio of thB* andB° inclusive semilep-
tonic branching ratios3s(B™)/Bg(B°). According to the
spectator model, the semileptonic width, is expected to be
the same for thé&® andB™. The ratio of the semileptonic
branching ratios Bs;=T'g,/T"yo;) for the B* andB° is then

3

where the “1/3" is the isospin factdrisimilar to Eq.(35)]. A
parallel expression may be written for E§2). Py, is poorly
known and is often assumed to lie between 0.34 and 0.78
[26]. However, it can bdweakly) constrained by our data,
and we therefore let it vary as a free fit parameter in/oon

proportional to the ratio of their lifetimes, i.e., fit (Sec. v F); B =0 ,
For thel"D~ and| ™ D" decay signatures, we also need
By(BT) Tg(BYH)Tio(BY) Tyoi(BY 7 D* branching fractions. Th®*° always decays to ®°

Bo(BY) ~ To(BY)To(BY) Tl BY) T—;- (B)  witha=? or photon, and the signature is alwd)fsﬁo_. on
the other hand th®* ~ has two decay channels which feed
This allows us to also rewrite ER3) in terms off’s andD into different signatures. These ratios are well knd&a]:
branching ratios as

B(D*~—D%r,)=(68.3+1.3)% (39)
B(B*—bek) 7, f** =0 e 4
BEYSdek) 7, Fr BRTToDT ML), (32 B(D*~ D~ 7%)=(31.7+0.8)%. (39)
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From this| *D* =~ example we have seen the basic ingre- We use data rather than Monte Carlo to deternsifwe, ),
dients for determining the sample composition. In order tosince the absolute detector response for suchggwarticles

use a general notation, we define the relative ratio: is difficult to model. We use a related quantity, which can
" both be calculated frone(s,) and other sample composi-
B(B™—hek) 74 (40) tion parameters, as well as be measured in data. This quan-

Pn= BBD—1IDX) 7’ tity is the fraction ofl * D* ~ candidates reconstructed out of

_ the entireD®—K* 7~ sample(i.e., before thdd* remova),
where byB(® we denote theB charge state for the direct T ple( )

decay chain, and byy its lifetime. 7, is the lifetime of the N(I*D* ")
B™ from which the chairh originates. In Eq(40) the 74/ 7, Rf =~ (44)
ratio is included in order to cancel out the lifetime ratio that N(*D% ;)

may appear in the branching ratiBsy Eq.(31) [e.g., in Eq.

(32)] so that thed,'s depend only on branching ratios av- where | *D%(7>)" signifies | *D° candidates befor®* -

eraged over botf8 meson species. Théyy's are compiled  remgyal. The measurement in daf@* (M3 is accom-
in Table 11l along with ther, reconstruction efficiency fac- plished by fitting thel * D* - and 1 "D (without D* ~ re-

tor, which is d|scuss§d in the next section. . . mova) mass distributions simultaneously, and returns
We then determine the sample composition fracnonsR*(meaS:OMgtooos

0.+ i 0,+
j—koyft) for &gnaturel; from the numbers oB™" mesons The calculation ofR* consists of summing over all the
N¢™ (1) [Egs.(19) and(20)] as decay chains which give the desired signatures. Each term is

dNO(t) weighted by reconstruction efficiencies. The denominator
dkt =M qe V7 > ¢kh6|'3h (41) sums over all decay chains which haveD in their final
B%—hek states, includind®* ~ decays:
dN; (1) —o, =+
(; =M " 2 dnerns (42 N(*D2(m,))
t BT —hek
j— ” - O — P + —
with the normalization factor - fo [dtNHDOX(t)—’_ dtN|+00x(t) dt
d d — _
=NBB(B( )—>V|DX)6(B( )—>d€k) NBG(V|+D0)B(B+—>V|+DOX)
kd= 5 .43 -
Td 27,

When calculating the ratios fQT—“E'+(t) this factor cancels
out. It is with the}“(k)'*(t) fractions that we fully quantify the
sample composition.

X

D D
Tv X _ et To D _ bkneknls
B*—hel*DO B~ hel*D?
(45
3. Reconstruction efficiencies

We use a Monte Carlo simulation to calculate the relatiVewhere the lifetime factors result from integrating the expo-

. .. ." D . nential factors over time.
reconstruction efficienciesgy, for each decay chaih con- The numerator of Eq44), on the other hand, only sums
tributing to signature relative to the direct decay chain for w00 o decay chainé wﬁich givdd ~, and is,then mul-
k. Many systematic effects cancel out in these ratios Oﬁplied by e(r, ) to make it the number c'ﬁ)**’s which are
lepton+charm reconstruction efficiencies. In fact, these ra—fuIIy reconstrljcted ie
tios depend almost exclusively on the decay kinematics, T
which are reliably simulated. N(I*D* ")

We use our singld8 Monte Carlo generatotAppendix
Al) to produce and decafp mesons, and we pass them 0 0 d .
through the standard CDF detector simulation. We then ap- — fo gr o x(OF GeNpepe—x (D)
ply the selection cuts and calculate the relative efficiencies.
The eEh vary from about 0.2 to 1.5, with most of the varia- [NBE( vl +5°)B(B+—>vl +50x)

dt

tion arising from the effects of the fixed leptes threshold =
on the reconstruction of the variolls stateq 27].

27,

One last efficiency is needed. T ~— D%, recon-

2 1
* *k D *x D *x D
struction efficiency includes a contribution for the efficiency % T*(f 3 Pvea | 7o ey +1 3 Pvec )
of finding ther, , which cancels out in the ratias),. Loss _ 0
XB(D* ™ —D"7, )e(m,). (46)

of the m, makesD* ~—D°x_ look like aD®. SinceD%x,

candidates are removed from e sample, we need to e have explicitly substituted the sample composition pa-
know the absolute efficiency(w, ) to quantify the separa- rameterse,,’s from Table Il in the square bracket term
tion of theD* ~ andD° signatures. since it is relatively simple in this case. The subscripts on the
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relative efficiencies refer to the following chainsa)(B* 1500 e 1.10 -
—1*D** 0, D**0,p* 77 : (b) B~I"D*"; and () S o one .

B°—I*D** ~, D** ~—D* #2, . All D*'s decay to 21000' 1< )

-0 - . . 0.85 1
D%, . We see that the ratio of these two expressions, the 2 sool ] “T-’

prediction for R*, is directly proportional toe(s,), and v X

only depends upon previously defined sample composition

parameters. When the sample composition dependent predic- 82 0.70 120 093 755
tion for R* is constrained to the valug* (M3 in the Amy K—factor m(ID) (GeV)

fit, we find thate(,)~0.85(Sec. VF 2. o
FIG. 7. The distribution ofC=p.(ID)/p+(B) (left), and K vs

m(ID) (right) with a fit of a quadratic function, for the direct decay
] 0 . . ] I*D*~, D°—=K"#~. The “error” bars in the/C vs m(ID) plot

The fractions of th8” andB™ decays in each of the five epresent the rms spread of thiedistribution in each bin, and not
decay signatures are described by a set of sample compO$ie error on the bin mean df.

tion parameters. Among therR;, f**, andr, /7, are ob-

tained from other experiments, and te, are calculated The correction factor varies with decay chain, so the com-

from Monte Carlo simulation. The parametefr, ) iS €x-  hete scale factor, KO, for signaturek is a sample
pressed in terms of the other sample composition parameteE%mposition-weighted average of th&;'s

(via R*) and R*(M€a3 (gbtained from the dajaThe final

4. Summary of the sample composition

parameterpP,,, will be a free parameter to be determined in s D 4
the Amy fit. o BO— h®kn€knKkh 49

— k™ D

MeasuringB?-B° oscillations also requires the determina- Zg0—hPrn€kh

tion of the proper time of th& decay. This will be discussed _

next, but sample composition effects must be included theréor B%s, and an analogous expression 16§ . In order to

as well. simplify averaging over the sample composition and cancel

systematic uncertainties, we replag, in Eq. (49) by Kyq

X (Kgn!Kyq), Whered is the direct chain contributing th.

We factor K, 4 outside the summation leaving the ratio
The true proper timé of aB decay may be determined by Kyn/Kq behind. The set of factors we then use arekhg

using its projected transverse decay length relative to thwith them(ID) dependent corrections, and thgy,/Cyq av-

C. Proper time of the B decay

primary vertexL,,(B) [following Eq. (12)], by eraged ovem(ID) [where them(ID) dependence largely
cancels out B
ci=L,(B) m(B) , 47) The factorsk? andK; are different by virtue of the sum-
Y pr(B) mation over different decay chains f&”s andB™’s. The

dependence of the sample compositignon the lifetimes is
wherem(B) is the mass of th& andpy(B) is its transverse accounted for by using the corrected times,
momentum. Since thB is only partially reconstructed here,
we use Monte Carlo—derived average correctibipgs relat-
ing the reconstructed parts of the transverse momentum
p1(ID) to that of the completg(B), i.e.,

mm)EW~& (50)

0,+__
e =B 5 ipy M

as an estimate of the true proper timen the sample com-

E< DT(|D)> (48) position fractions, e.g., for Eq17) we write
"\ pr(B) [ e
d
_ - _ S Nk(et)

for decay chairh contributing to signaturd. FOct0 et )= dt (51)

The K-factors are determined from the same simulation KPRk g :

. oD —{NR(ct)) + N (ct)}

(Appendix Al) as the efficienciesy,. An example of a gt Uk Etk k (Cl

p(ID)/p1(B) distribution is shown in Fig. 7. The distribu-
tion is relatively well concentrated because the lepton trigger e yse ofp7(ID) rather than the trup.(B) smears the

threshold favors decays where the neutrino takes only @y gisribution in addition to theaverageshift considered

small portion ofpy(B), thereby making théD system afair  5pqve The difference between the reconstructed proper de-
representation of thB. The direct decay chains have means . 0+ . A .
cay distancect,” and the true distancet is (suppressing

of ~85%, and rms’s of~10%. Also shown in Fig. 7 is the .

mean ofp(ID)/p+(B) as a function of théD massm(ID); most super- and subscripts
less of a correction is needed the closg{iD) is to theB 0s -
mass. We improve our resolution by usingnélD) depen- Act=cty” —ct=A(Lyy(B)/Br7). (52
dent correction on an event-by-event basis. Approximating 131y with its mean valug1/B+y) gives
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e 1000 T o 2400 T TABLE IV. The parameters of the linear model of tbéreso-
74% of 126u ~ RMS = 0.139 lution [Eq. (54)] for the five direct decay chains.
3
o 26% of ,633u g 1600 [ ]
i 500} IR Signature a°4(0) (um) b
[2]

2 € soop 1 1*D~, D~ =K 7 a~ 39 0.108
s > I*D*~, DOK 7™ 52 0.075

S 0.00 0.20 9 0 1 I"D*~, DKt m w o 49 0.073

Alxy (cm) A1/ Bry) /(1 / Bry) 1¥D*~, DO—K* 7~ 70 62 0.070
£ 0.040 +DO DO Kt 45 0.092
G G o*(0) = 0.0052 I"D", D' —K'm
8 2400F RMS =0.014 T \9/ slope = 0.075
S 1600 < TN
© a 1 <0.020t 4 (o)t
~ 5 o (Cyg) = Tl Ctea), (55
9 soof 10 (okd)et
C
=
o
G0 . 0.000 L where o 4(C is the parametrization o or the
> -0.10 0.00 o1oD: 0.00 0.25 h k(Clia) i the p trizat f Ed54) for th
Act (cm) ct (em) direct chaind, and the bar indicates an average over contrib-

uting chains while the angle brackets denote an average over
FIG. 8. The simulation for the direct chaid* ~, with D°  Ct. Thus(oyg)c is the ct-averagedct resolution for direct

—K*m™: AL,(B) distribution, fitted with two Gaussians with chaind, and(o); is the sample composition-weighted av-

relative fractions and rms values listed(top left); erage, over all decay chains contributing ko of the

A(1/B1y)/(LiBry) distribution (top righy; Act distribution (bot-  ct-averaged resolution. The parameter,).; not only re-

tom left); and the rms of thelct distribution as a function oft  flects the differentt resolutions of the various decay chains,

along with the linear fit foroiy(ctyq) (bottom righy. but also the fact that the earlier use of the average correction

factorlf‘k’*, rather tharC,;,, introduces additional smearing

A(1/Bry) [27].

Ao (53

(1/Bty)

which illustrates the effect of the reconstruction resolution
via theAL,,(B) term, and the additional smearing due to our

1
Act={ —)AL,,(B)+ct
<,3T7> Y
D. Tagging ID*) and the sample composition

We apply the SST algorithm to tH® *) sample and find
that ~70% of the events are tagged. We classify events for

average corrections b (1/8+17). , ¢ 3 NN
An example of the simLIated;L (B) distribution is each decay signature as having the “unmixed” lepton-tag
i arge combinatione.g., | *#* for B”s and |t 7~ for

shown in Fig. 8. It has a Gaussian-like shape and an avera%g,s) or the “mixed” oné with the invertedr charge. Each

resolution of a few hundred microns. Also shown is the frac-> e . . ;
set is further subdivided into 6t,4 bins wherect,g is the

proper time obtained using the direct decay chaicorrec-
tion factor for signaturd [like Eq. (50), but only usinglCy4].

The charm mass distribution for each of thedg, sub-
samples is fit to a Gaussian signal plus linear background.
The mean and width of the Gaussian, and the background
slope, are all constrained to the same value for all the sub-
samples of a given signature. The fitted numbers of unmixed
[NY(cte)] and mixed N} (ctq)] events for signaturk in
the discretect, 4 bin are then used to compute the measured

tional A(1/B+7) distribution, which is sharply peaked (rms
~14%), and is essentially a mirror imagep#f’/p-'? (Fig. 7).
The combined effect of both factors is shown by thet
distribution in Fig. 8, it has an rms of 14@m.

Given the linear dependence &tt on the proper time in
Eq. (53), we parametrize thet resolution as

oC(ct)=0cY(0)+bXxct. (54

We use the rms spread of tidect distribution for binct as

the resolutiono°'(ct), and fit the rms values of the various 2SYMmetry,
ct bins for the slope and offset of E¢p4). The linear model NY(ct.) — NM(ct
works well as seen for the sample chain shown in Fig. 8. Ameas ey, )= i (Clia) ~ Nic (Clio) (56)

U M .
This process is repeated for all five direct decay chains, and Ny (Ctig) + Ny (Ctyq)

the results are listed in Table IV. Each chain has a somewhat ) ) )

different slope, but the intercepts are similar to the intrinsicNumerically, the value of thet,q bin center is chosen as the

detector resolution of 40—50xm obtained when vertexing 2average over the candidates4's in the bin, thus account-

pairs of highp; tracks at lowct [15]. ing for the nonuniformct distribution from the exponential
The different decay chains that compose a decay signatut%ecay-

are topologically similar. Simulation shows that the de-

pendence of thet resolution among the decay chains within

a signature are very similar. We make tt@mal) sample "We cannot uset) to bin the data because the sample compo-

composition correction to thet resolution for signaturk by  sition is not completely known until after the binned data have been

approximating it as fit (Sec. V B.
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Denoting the true asymmetries fBf andB™ as.4° and lepton
A", one has for a pure, perfectly identifi@&f sample the
“predicted” asymmetry Ak[o](ct)=A°(ct)=cos(Amdt),
where “k[0]” indicates thatk is a B® signature. Wherk
also includesB* decay chains, one has

Zk[O](Ctkd)=7:E(Ct0 et ) A%ctd)
+Fo(ety et){—At(ct)), (57

primary track

FIG. 9. A schematic representation oBa-vID** decay. SST
for the prediction. The true asymmetries are combined in &andidate tracks originate from the primary vertex, while g
sample composition-weighted average, with the fractionalack originates from th& decay vertex. The impact parameter of a
contributions?—‘ﬁ* from Eqs.(17) and(18). Furthermore, the track with respect to the primary vertex @ while the impact

observed proper time must now be corrected for the sampl%"’1rameter with respect to tiivertex is given bydg . When theB

o . t d the pri t [ ted, #fje track
composition by using thet{}* from Eq.(50). The A" term vertex and the primary vertex are well separated, 4fjg trac

. . S . usually has a largel, and a smalldg. The converse is true for
appears with a negative sign since the charge of the ﬂaVO‘b'rimary tracks.

correlated tag is reversed wheia is mistaken for &8°. A

similar expression, albeit with signs reversed, holds fBr'a — . o4 . .
signature. try Ayo; given the true asymmetried ™", the 7, tagging

A further correction forzk is necessary because there is probability ¢, and the sample compositiafs.

the possibility of selecting ther,, from aD** decay[see
Eqg. (16)] as a tag by mistake. No attempt was made in the
sample selection to identifyr,, 's. The lepton and ar,, The 7, tagging probabilityé depends on the tagging
tag almost alwayshave the right charge correlation for an algorithm, the kinematics and geometry of tBeand D**
unmixedB, given the apparent charge of the reconstructedlecays, as well as the characteristics of the fragmentation
B. The,, contribution is quantified by the relative number and underlying event tracks. We use a full event simulation
of D** ’s present {** ) and the probability¢ of selecting the ~ (Appendix A23 to model the decay kinematics and
Wf* as a tag in a tagged event in Whichﬂ@* was pro- geometry—which it does reliably—to obtain tle¢ depen-
duced. With this definition of the effect of the tagging dence ofé, denoted byéyc(ct). The decay kinematics and
algorithm is separated from tH2** branching ratios. geometry determine thé shape, whereas the relative com-
We split theB® andB™ decays into those with and with- petition between ther,, and the other tracks to become the
out a7, , and define]-",?*** as the fraction of decay tag affects the overallr,, tagging probability. This obser-
signaturek in which a7, was producedj—"(k)'** is calcu- vation enables us to use our data to determine the global
lated in the same way ag(k) in Eq. (17), except that here the norma_lization ofé¢, instead of relying on the_ simulation’s
numerator is a sum only of the decay chains involvingzg ~ Modeling of nearby tracks. We therefore define
fromiBO,. Fo** is calculated analogously. iny a fractign £(Ct) = Enorm Emcl(Ch), (59)
of 7, 's are selected as tags, and we split Becompo-
nents intaZy— £F** and£FP** | and similarly forB™’s.  where&,,,n, is the normalization needed to scale the simula-
We then generalize E457) to include,, tags in the pre- tion to agree with the data.

E. Determination of the =5, fraction &

diction for the measured asymmetry: The topology of aB— vID** decay chain is shown in
Fig. 9. Thect dependence of is the result of the impact
ZK[O]:{fg_gj:E,** 1A+ gj.-g,** {-1} parameter significance cutl{/0y<<3.0) in the SST selec-

tion (Sec. IV B. By removing this cut, we remove thet

H{Fe—eFI*H-AY) dependence frong. Figure 10 showséyc(ct) with the

do /o cut removedtop), and with the cut applied as normal
(bottom). Without the cut the distribution is flat, as expected,
] and corresponds to a 33% probability to tag ong given
where the —1 (+1) asymmetry factors in the second that one is present. Applying thiy /o cut rejects most of
(fourth) term reflect the perfe(_:t_correlanon s 120S. the 7>, tags, especially oncet is beyond a few hundred
All releyant _effects fo_r a mixing measurement using SSThicrons. The&(ct) shape is modeled by a Gaussian, cen-
are contained in E(58); it describes the observed asymme- igre(d at zero, with a constant term.
To determine the normalizatiorg, o, We remove the
do/oq cut from the datdanalogous to Fig. 10, t9pthereby
®TheB* chain that cascades throught* °—D* ~—-D?, tags on  eliminating +the ct dependence as well as enriching the
the 7, , and loses ther, in the reconstruction, is an exception. sample in7_, tags. We divide the tagged events into right-
However, this has a small contribution, i.5,"** ~0.5% in Eq.  Sign and wrong-sign tags, and make the distribution of the
(59). impact parameter significancesth respect to the B vertex

+EF T {+1}, (59
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CDF Monte Carlo We extend our notation so thadl,c is éuc(ct) when the
1.00 . . . I : . . . I i .
L ) impact significance cutdy/0y<<3.0, is removed.dy.c is
[ Nod/o,cut ] then independent aft. The R**’s are simply
[ #ue = 0.33 ]
3 0.50 —{Mc _ R:* =&normémc
C
@ _—-.-n.._. - —.QT—.—........... ...........: *®
s [T i X fo [FO¥ ()+ FF* ()}dt,  (61)
w L ]
o 0.00H : : : | : t : . o %
g L _ for decay signatur&. Thus,&,q,m is simply related tdR;™ ,
o - do/Cfo <3.0 . the other sample composition parameters, épd . Rather
'_z I £vc(ct) = 0.04 + 0.21 * Gouss(0, 0'02): than attemptlng**to compgte an average,,, we WI|.| con-
€ 050k _ strain the fiveRy™ predictions to the measured ratios in the
I - 1 Amy fit (Sec. VF 1.
W be ]
L e R F. Fitting the asymmetries
0.00 | —u._"""ﬁ—““‘.““".“l‘“‘““‘uu """" il
" 0.00 0.20 0.40 1. The x? function

P “ength, . . . .
roper Decay Length, ct (cm) The observed tagging asymmetries can be predicted in

FIG. 10. Monte Carlo Ca'%u|ati0n Buc as a f““CtiS“ of cor-  terms of the sample composition parameters and the true
rected proper decay lengtbfyq, for decay signaturé™D™: 0 5oummetries. The true asymmetry for & is constant in
dy /o cut (top), anddy/oy< 3.0 (bottom). ct, while for B it follows a cosine dependence, and ac-

(dg/og of Fig. 9. An example of such a distribution is counting for thect resolution one has

shown in Fig. 11. The excess of right-sign events near A'(ct)=D, (62
dg/og=0 is due to ther,, tags. Their numbeN(#729), is
determined by fitting the distribution to a Gauss{aantered
at zero and with a unit rmsfor the 7, ’s, plus am,,

background shape obtained from the wrong-sign distribution.
The wrong-sign distribution renormalized to the fit result isyhere @ denotes convolution of the physical time depen-
overlaid onto the right-sign distribution in Fig. 11. It is seen dence(cosine and/or exponential functionsith the ct reso-
to agree very well with the right-sign distribution at large |ytion functionG(ct;ct’,o°") overct’. The latter function is
dg/og, and displays a clear excess near zero. a normalized Gaussian of meat and rmso®'. However,

We also count, again without thep/og cut, the total  the measuredt, and associated resolution, depends upon the
number of tagdN(tags) and compute the fraction @& de-  sample composition. Therefore, the proper times used for the

G(ctict’, o) @{e /0D, cog Amyct’)}

ACct)= ;
G(ct;et’,cY)@e 0

. (63

cays wherer,,, 's are tags, predicted asymmetries are thg"* [Eq. (50)] obtained using
tag the sample composition-averagé&dfactor. For the resolu-
wr _ N ti ot th ition-weighted luti
RE* = , (60) ion o' we use the composition-weighted resolution
N(tags) otl(ct)™) from Eq. (55).

We form ay? function to simultaneously fikmy, D, ,

for signaturek. The measured ratios are given in Table V'andDO over allct-bins of all decay signatures by comparing

0———F—"7 T T the predictionsZk(ctkd) calculated via Eq(58) against the
. . . ies{M®3(ct, ), Wherect,y is used for
- signal with normalized bk . measureq asymmetries, (_C kd/ kd )
40 + exgcess 45 + 17 ever?ts A({Me33 since we were restricted to the direct chaifyg
[0} = . . = . . —
= when binning the datéSec. V D. The A, (ct,y) asymmetry
L;;j i %}+¥+ﬂ$ ¢ ] depends not only upon the parametanmsy, Dy, andD, ,
20 =+= -
¢ ’+= i¢¢ '¢':$: :i: | TABLE V. The fractions of taggwith no dy /o cut) identified
Y L P B B 2 4 A .:i:. .:$: asw,, candidatesR**, measured in the five decay signatures.
0 5 10 15 20
ds/0s Decay signature R** (meay
FIG. 11. Impact parameter significance distribution with respect{*p~, D~ —K* 7 7~ 0.056+0.022
to the B v;ertex (;]jB/gB)ar:ordth/e I*D~, D’—>K*7T_;|rrl; déacayb 1*D*~ DO K*a~ 0.003+0.029
signature from the daténo dy/o, cut, D mass sideband sub- = _ _ _
tracted. Right-sign tags are shown by the solid points. Wrong-sign! D, D —K 0.016-0.026
tags (open circles are renormalized to model the right-sign con- | *D*~, D°—K* 7~ 7° 0.034£0.021
tinuum at large impact parameter significance, as described in theD°, D K* 7~ 0.029+0.018

text. The right-sign excess near zero is due to#fje tags.
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which are of direct interest, but also a, 7./7, f**, P, . Its incorporation into the? function automatically en-
Py, €(m,), and &,o/m through the F%*’s. The last two ables it—like the other parameters—to vary within the al-
parameters are also expressed as functiol®*ond R;* , lowed experimental constraints and propagates the associ-

as well as the other composition parameters. The comparisgted uncertainty to the fit parameters.

of A{M€39 and A, corresponds to the first summation in our
Ak A P 2. Result of the fit

x? function:
- , The x? function is minimized over the sigt bins for all
5 AMea (et ) — A(Clyg) five decay signatures simultaneously, letting the unknown
X =, < o (Cleg) parameters float freely, and the known inputs to vary within
Tk (meas k_ kd ) their errors. The fit results in the following values
FiMea9—F. (f** Py ,R¢,e(my)...)
j j [AIAVALAS B S, _
+§j: ( of , (69 Amyg=0.471" 308 ps?
— 0.039
wherek is an index that runs over the five decay signatures, D, =0.267 gz
a_nd cty symbolizes the summation over the proper time D— 0,187+ 0.036
bins. 0=Y.16L gp31
The second summation is over the set of fit input param- 0.073
eters:F{™® is the measured input value for parameger e(m,)=0.845 58

jF is its error, and the “predicted” value is

F;(f** ,Py,Ry,€(m,),...). This prediction is a function of

the sample composition parameters, and in most cases it is a

trivial substitution, such a&;(f** ,Py,R¢,e(m,),...)=19

for the B lifetime. However,e(,), €norm, @ndPy are not it the nominal fit errors quoted. The? of the fit is 26.5

directly measured but are constrained in the fit by their apo; 30 degrees of freedom.

pearance in the predictions for other measured quantities, The 7, efficiency is quite high, thereby limiting one

namelyR* and Ry* . Allowing e(m), &norm, andPy 0 source of theB%—B* cross-talk. TheD** contribution to

float in the fit constrained by the measured sample compostross-talk is quantified b,,, which is on the low side of

tion parameters was one of the motivations for extending thene range0.34—0.78 that is sometimes assumgzs], but is

x? function with the second summation. virtually the same as the 34% used by ALEPHhe final
The reconstruction efficiency for tHe* pion e(, ) can sample composition yields: 82% of thel *D°X signature

be obtained(Sec. VB3 from R*(M¢9, measured in the  joc fromB* decays, while~80% of thel *D~X and

data to be 0.2490.008. Since the predictioR* is a func-  _g504 of thel T D* ~X 01riginate fromBO.

tion of the sample composition parametesgr,) depends Figure 12 shows the result of the fit overlaid on top of the

on them also[Egs. (44)—~(46)] and must be recomputed measured asymmetries, where all thi€d* ~ signatures

whenever the sample composition parameters change. Thige combined. Figure 13 gives the thieeD* ~ signatures

recomputation naturally occurs in the minimization by  separately. The cross-talk is relatively modest, and the sig-

allowing the composition parameters that determitfeto  natures dominated b° generally show a fairly clear oscil-

g
— 0.470
fnorm_ 0.74 —-0.292

Py=0.331"J3%%,

float, coupled with the constraint of the~;” term latory behavior in the raw observed asymmetries. For the
R*(mea9—R_*(e(w )Y 2 B*Tdominated'signaturé,*DO,_ the raw asymmetry is com-
_ ¥ (65)  Patible with being a constafig. 12), but the residual effect
o of the B cross talk is visible in the fitted curve in the form of

a slight oscillation. The effect of th8™ contamination in the

v . B? signatures amounts to a constant shift in the asymmetry
A 5|m|Iar. approach holds .fofnorm and Py, using the and is therefore not readily apparent.

R**’s. In this case there are fivey™ s, one for each decay  Theg fit parameters constrainedagriori measured values
signature, and &; term for each. The prediction & is  are shown in Table VI along with the value and error output
proportional toé,orm by Eq. (61). Because,orm is common  py the fit. Except forf** , these parameters are largely de-
across decay signatures, it is essentially determined by theupled from the other fit parameters, and are virtually un-
average of all fiveRi* (M@%'s. Py, the relativeD** decay changed from their input values. The data are more sensitive
rate toD* vs D [Eq. (36)], is treated as completely un- to the value off** because it governs the amount of cross-
known. However, it is also related to thR{* ’s. If Py,=0, talk betweerB® andB™.

there would be nd** —D* decays, and consequently no

m,, 'S inthel *D* ~ signatures, resulting in the correspond-

ing Ry™ =0. The values of th&™ 's relative to each other  sye have not, however, studied the systematic uncertainties on
determine P,. While the errors onRg* (mead are large  our fitted P, such as those arising from different models of the
(Table V), and thereforeP,, is not tightly constrained, this D** states. We expect that these effects to be much smaller than
method is preferable to just using a theoretical estimate foour rather large statistical uncertainty % .

in the x2.
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TABLE VI. The fit input and output values of the measured 0.60 — T T T ——
sample composition parameters. 0'40'_ lepton + D° ]

. . - —— l N
input Fit Input Fit Output 0.20 kg oo = ? -
Parameter Value Error Value Error E‘ 0.00 U L L L L | L L 1 L

QE) 0.00 0.125 0.25
fr* 0.360 *0.120 0.309 *+0.100 c E I ' ' ' ' I Ile tlon + D'I ]
Ry 2.50 +0.60 251 +0.60 > 010t —4— P 3
¢ (um) 468 +18 468 +18 g 1 E e E
74 17 1.020  +0.050 1.021  +0.049 e otoF B s —

g —0.30 C_l 1 1 1 1 | 1 1 1 1 7

S 0.00 0.125 0.25

T T T T T T T T T T ]

The correlation coefficients of the fit parameters with = F+ lepton + D 7
Amy, D, andD, are shown in Table VII. We see that the 0'105_ A » E
lifetimes are largely decoupled from other parameters. On  _g 1oF [ oS L E
the other handf**, &,,,m,» andPy, are strongly coupled to 3 | T ]
Amg, D, , andDy, underscoring the importance of the, =030 =5 0125 005
corrections to the analysis. The correlation betw&em, and Proper Decay Length, ct (cm)
D, is stronger than betweetmy and Dy. The reason for _ )
this stronger corrrelation is that the effect Bf. enters via FIG. 12. Measured asymmetries as a function of the corrected

theB* contamination of th&° signatures and is manifested Proper decay lengtht,q for the decay signaturds D° (dominated
by a downward translation of thB° oscillation in Fig. 12. bYB"),17D", and the sum of all thre" D* ~ (dominated byB°).
As the oscillation is translated down, the intercept with zero! "€ threel "D* ™~ signatures are combined only for display pur-
asymmetry moves to shorter times, thereby decreasing. ~ P0Ses- The dashed line is the result of the fit.

On the other hand, iD, is varied, the oscillation amplitude
varies symmetrically about the vertical axis addny is
weakly affected.

the sample compositiofEq. (58)]. These parameters
are not correlated among themselves; only their effects
onAmy, D, , andD, are.

Uncorrelated systematics:systematic uncertainties

] ) . ) caused by imperfect simulation models of the physics
We fit for Amgy, D, , andD, using ay? function which processes or the detector.

also incorporates the sample composition parameters. The _ _ o
errors it returns are a combination of statistical and system- ~ Systematics from physics backgroundsicertainties

G. Statistical and systematic uncertainties

atic effects, yet the errors only partially account for the sys- ~ due to other physics processes that contributeBto
tematic uncertainties. The sources of the uncertainty can be ~ —vID™*) data samples that have been hitherto ne-
divided into statistical and three systematic categories: glected.
Statistical: the error that is directly correlated with the 0.50 ————————————————
ID*) sample size. C lepton + D, D° = Km 1
. - 0.00 g —
Correlated systematicgarameters of the fitf(* , R, 5 ;
7, /79 and 1), coupled toAmy, D, , andD, through 2o osobll v ooy
2 o'soo.oo 0.125 0.25
TABLE VII. The fit correlation coefficients foAmy, D, , and e L |+ lepton ' D™, D° = K3n ]
Dy, with respect to all ten fit parameters. & Frorteeoa ]
0 p p 2 0.00 . ++‘|L' _"_..
Name Am D, D, I
7 —0.50 L L L L L 1 L L ) 7
Amy 1.00 —0.372 -0.172 S 0.500:00 0.125 0.25
D, -0.372 1.000 0.372 s T Y " Tlepton + D, D° = Knn°]
Do —-0.172 0.372 1.000 + ________ .
Ry —0.020 0.126 0.007 0.00r ' —
fr* —0.385 0.406 0.504
Py —0.326 —0.284 —0.310 —0.50o E)o — . 1'25 THR E E— s
e(my) —0.031 —0.082 0.100 ' Proper Decay Length, ct (cm) '
&norm 0.304 —0.355 —0.445
To —0.005 0.002 —0.001 FIG. 13. The breakdown of the measured asymmetries of
717 —0.051 —0.157 0.009 I"D*~ into the thred *D* ~ decay signatures. The result of the fit
is overlaid.

032001-19



F. ABE et al. PHYSICAL REVIEW D 59 032001

TABLE VIil. Table of the ID™) systematic uncertainties. was obtained from & cross section analysis using an inclu-
sive electron sample. The shifts in fit parameters using this
Source o(Amy) a(D.) (Do) weighted pr spectrum are taken as the associated uncer-
i +0.0295 +0.0216 +0.0225 tainty.
Ezrzzlri gs:;frzs;tlon i’(;'gzlgo i’oo_‘ggéz i’(;’.'glgb ~ The isolation requirement of the inclusive electron trigger
e isolation cuts +0.0045 00036 - 0.0047 (l.e., no matchmg cIu;ter in the hadr.onlc ca}lorlm)ateould,
Decay model :0 0115 :0 0005 :0 0045 if poorly 3|mulat.ed, bias the decay klnemgtlcs of the se_lected
. e e e B’s, and result in an erroneous-factor. Since this require-
Ly resolution +0.0033  £0.0003  =0.0000  0ntis hot present in the inclusive muon trigger, we use the
Euc(ct) shape +0.0035  +0.0002  =0.0015  yigfarance obtained in the fit when using the electron sample
B—D{ID)X +0.0010 +0.0006 +0.0004 composition parameters versus those of the muon for this
Bs—vID%* +0.0010 +0.0019 +0.0008 uncertainty.
g—cc—ID™) +0.0006  +0.0012  *0.0025 Various calculationge.g., of efficiencieskC-factors..) are
Total * o033 ooty * 30150 sensitive to the differences in tie decay dynamics to B,

D*, or D**. The systematic uncertainty due to the decay

. L model is obtained by repeating the analysis where the decays
We determine the uncertainties from each of these four catsre governed by phase space instead.

egories in turn to estimate the statistical and systematic un- tha|  resoiution used in this analysis is from the CDF
Xy

certainty for our final res_ult.. . _detector simulation. The systematic uncertainty is obtained
We separgte_ the _statlstlcal a_nd correllate_d systematic eB’y varying the intrinsic resolution byt 20%, and the result-
rors of the original fit by repeating the fit with the sample ;. chifts are taken as the uncertainty.

compositiqn pargmeters fixed to the results of the original fit, The last uncorrelated systematic error is due to the shape
and only six variablesAmg, D, Do, €(ms), énorm» @NA  of = (¢4); the time dependence of the probability to tag on
Py) floating. The errors from the six-variable fit are just am,, fromD** decay. An alternative shape fégc(ct) is
statistical (o), While the errors from the full fit are the 25 g by using théD* ~ signature instead diD -, and
combined statistical and correlated systematic error%sing a variant of the CDE detector simulation. %(Ct)
(0starrc.s). In @ Gaussian approximation, we estimate thejg aqain well described by a Gaussian plus a constant, but the

correlated systematic errasc s , by new rms of the Gaussian is 40@m, which is twice the
3 . nominal value. The shifts in the fit resulting from this wider
0c.s.= VOstat+c.s.~ Tstat (66)

Euc(ct) are taken as the systematic uncertainty.
Our results may also be affected by physics backgrounds
not included in the sample composition which result in

Amy=0.47170078 +0033 ;1 67 vID ®)X with the correct correlation df andD*):
- -—-0.068 —0.034 ’

and find, for example,

where the first error is purely statistical and the second isthe (i) B—D{*)D®*)X, followed by D) — vIX;
correlated systematic. This correlated error is listed in Table  (ji) B, vID** , followed by D** —D®)K;
VIl under “Sample Composition,” and is by far the domi- (iii) gluon splittingg— cc, followed by c—IX and¢c
nant systematic uncertainty. D)y,

The “uncorrelated” uncertainties include the contribu-

tions from the uncertainty in the Monte Carlo modeling, ) o ]
which are also listed in Table VIII. An uncertainty in the '€ fractional contributions of the first two processes to our

b-quark production spectrurfAppendix A 1) carries over ~Sample are estimatg@7] by Monte Carlo simulatior(Ap-
into the determination of th&-factor distributions. The sys- Pendix A 1. The fractions, listed in Table IX, are small.
tematic uncertainty was estimated by weighting the gener- Because of the uncertainty in accurately predicting the

atedp(B) distribution by a power law factor whose range rate and other characteristics of gluon splitting, we use data
rather than simulation to set an upper bound on this contri-

TABLE IX. Fractional contribution of B—~D{*)D®)x, B  bution. For this background the appar@wertex is recon-
structed from two different charm decays, so the recon-

—D¥*)ID™), andg—cc—ID™) to thelD™) samples. _ arm gecay _
structedD will have a broactty distribution, including cases

Fractional Contribution where theD apparently decayeteforethe “B.” There is
some(statistically marginalevidence of a right sign f K*)

Decay Signature B—D{)D™ B—wID* g—ID™  gignal in thect,<—1 mm region in the data. We use the
1*D~ D~ K" 7 a 0.017 0.011 0.005 size of the far negativety tail to constrain the potential size
e =0 4 of the gluon contributioh27]. Because of the large statistical
I*D*~ DOK*ar 0.005 0.008 0.002 . .

" uncertainty, we take as the upper bound on the gluon contri-
I*D*7, DO~K*a a*a™  0.005 0.008 0005 pytion the central value of our fitted fraction plus twice the
I*D*~, D°—K* 7 P 0.006 0.009 0019  statistical error on the fractiofTable 1X). Doubling the sta-
1*D°, DO—K* 7~ 0.009 0.011 0.005 tistical error isad hog but we wished to be conservative in

accounting for this poorly constrained process.

032001-20



MEASUREMENT OF THEB -Eg FLAVOR.. .. PHYSICAL REVIEW D 59 032001

The effect of each physics process on the asymmetry is A. Reconstruction and tagging ofB—J/#K
accounted for by adding two new terms to the predicted
asymmetry of Eq.58), one for tagging on fragmentation

frag ;
i%%‘éiyAWe 'ngd dztr:a ?tmhﬁ]ref(;;éﬁgg;n?heosl iicfr):ml?art? icél;Ctz[rZS], lifetimes[15,29, branching ratio$30], and production
' y '_~cross sectiong31]. The reconstruction criteria are somewhat

their upper bounds, and combined with the composition frac-". i ; - i .
tions repeat the fits to the observed asymmégy]. The different here; we wished to maximize the effective statistics

shift in fit output under each of these processes is taken a%nd were less concerned about accurately modeling efficien-
their contribution to the systematic uncertainty. cies or triggers. _ . _

Examination of Table VIII shows that by far the largest B reconstruction begins by forming charged particle com-
contribution to the systematic uncertainty comes from thedinations withJ/ s candidate¢Sec. Il Q. Since we require a
input sample composition parameters. The combined systeniell measured vertex, at least two particles of the decay
atic uncertainty is obtained by adding the individual contri-must be reconstructed in the SVX with loose quality require-
butions in quadrature. The combined systematics are stilnents(principally that the track used hits on at least 3 out of
smaller than the statistical uncertainties, especially in thé SVX layers. For thed/y/K ™ a single particle, assumed to
case ofAmy. As a mixing measurement, the application of be a kaon, witipr>1.75 GeVE is combined with thel/ .

same side tagging on tH® *) sample is still limited by The J/yK*© reconstruction uses pairs of oppositely charged
statistics. particles, each witlpt>0.5 GeVk. The pair is accepted as

aK*? candidate if a vertex-constraingd fit—considering
both permutations okK* and 7+ mass assignments—yields
* _ a mass within 80 MeW? of the K*° mass (896 MeW?),
H. Summary of the ID™*" analysis and hasp;(K*%)>3.0 GeVk. The fit includesdE/dx en-

We have applied our SST method to a partially recon-ergy loss corrections appropriate for the mass assignments. If
structedB— 1D *) sample and accounted for the effects of both permutations satisfy these requirements, the assignment
B%~B™ cross talk in the sample composition. The flavor closest to thé&<*® mass is selected. The high(K*°) cut is
oscillation is readily apparent, and the oscillation frequencynecessary to reduce the larger combinatoric background for

OurJ/ K samples have appeared in a number of previous
publications, in whole or part, on measurement8ahasses

and dilutions are found to be JIyK*O,
The particlés) making theK™ (K*©) are combined with
Amy=0.471" 2978 0,034 ps? (68 theu'p” pairina multiparticley? fit for the B with the

u" u” mass constrained to the world averalje mass, all
daughter particles originating from a common vertex, and the
entire system constrained to point to thp interaction ver-
tex. A run-averaged interaction vertex is used as was done
for thelD *) sample(Sec. V A. The rms spread of the trans-
verse beam profile is taken to be 40n. The resultingB
Do=0.181+0.028" 332 (70)  candidate must have(B)>4.5 GeVk.
Rather than cutting on thg? from the multiparticle fit,
we cut on only the portion coming from the transverseg)
Mrack parameter§.e., curvature, azimuthal angle, and impact
paramete{28]). The B pointing resolution to the primary
vertex in ther-z plane is very coarse in CDF, providing little
separation between signal and non-pointing backgrounds. In-
cluding thez-cot 6 contributions to the? tends to smear the
separation that is available from the precise transverse mea-
VI. TESTING SST IN B—J/¢K SAMPLES surements. We require the transverse tracking terms of the
2 sum to be less than 20, and similarly that the transverse
Having demonstrated that our SST algorithm is capable Ogomponents of the vertex? sum to be less than 4. Although
revealing the B°—B® flavor oscillation in a large formally ad hog we found these cuts to be a little better at
lepton+charm sample, we extend its use to the exclusivediscriminating signal from background than the fyf.
modes,B—J/yK™* andJ/yK*°(892), where one may fur- However, the final tagging analysis is insensitive to the type
ther test this method. The SST dilutions should, ignoringand value of they? cuts used in thé reconstruction.
some experimental biases, be independent of decay mode, Finally, if there are multipleB candidates in the same
and thel/ K samples should yield results comparable to theevent, the one with the smaller transverse track paramyéter
ID*) analysis. Thesd/ /K samples are too small to provide is taken.
precise tagging measurements, but they provide an experi- TheseB samples are used in a likelihood (Bec. VI B
mental opportunity to study flavor tagging in this type of employing a normalized mass varialg,, and so we dis-
exclusive mode. This study is especially interesting becauseuss the selection results in terms of this varialtg, is
it serves as a model for taggi®f— J/ /K2, which we con-  defined as Mgr—Mg)/or i1, WhereMg is the mass of
sider in Ref[11]. the B candidate from the fit described aboWwé, is the cen-

D, =0.267+0.032' 0023 (69)

bined systematic. OuAmy value compares well with a re-
cent world average of 0.4840.026 ps*! [22]. We will dis-
cuss the dilutions further in Sec. VII.
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CDF Run'| is the result of the likelihood fit performed in Sec. VI D,
450 where the mass is modeled by a Gaussian signal plus linear
[ B" = J/¥ K" + Charge Conjugate background. The fit yields 84635 B*’s and 365-22 B%'s
400F ct>0 (for all ct).

Events withct<0 are dominated by backgroufske Fig.
16 in Sec. VI D, and the mass distributions show no clear
signal. However, these events help constrain the background
behavior and are kept as part of the analysis.

These two samples are then tagged with the SST criteria
of Sec. IV B. We find about 63% of th# yK ™ andJ/yK*°
signal events are tagged.

B. Likelihood function for the J/¢K samples
The tagging correlations of thB—J/¢K samples have

100} the same physical time dependence as Ib&) samples
50; [Egs. (4) and (5)] but without the complications of sample
i composition and averagey-corrections. Maximal use of the
o: N T T R R R R smaller J/ K samples motivated a more sophisticated ap-
=20 =15 =10 -5 0 5 10 15 20 proach than used to fit tH® *) data.
My = (Mer—Mo) /0 An unbinned likelihood function is devised to simulta-
neously fit over various measured event properties and ob-
CDF_Run | tain the SST dilutions for thd/ /K samples. The likelihood
140l B® = J/¢ K® + Charge Conjugate function incorporates the candidate’s proper decay time and
L et >0 invariant mass to facilitate separation of signal and back-
I ground. It is also generalized to consider tagging biases.
=120] These are relatively unimportant in mixing measurements
= I which only use the relative flavor-charge asymmetry but are
=100 critical for CP violation measurements where the effect ap-
g I pears as an absolute charge asymmetry of the tag. AIthough
¢ 8ol our focus is on the charge-flavor correlations of SST, this
< i gengralized approach serves as a prototype&f@rviolation
.g sol studies[11].
= I The likelihood function to be maximized is given by
© I N
40
* c=11 [felat(1-To)(fLL+(1-T)LA)] (7D
20
ol v o where the product is over alNl events in the mass window
-20 -15 -0 -5 0 5 10 15 20 |[My|<20. The subscript8, L, andP respectively indicate
My = (Mer=Mo) /0y terms associated with thg-meson signal, long-lived back-

grounds, and prompt backgrounds. The fraction of events
that areB signal isfg. The backgrounds are subdivided into
k. two classes: “long-lived,” which are those consistent with a
non-zero lifetime, and “prompt,” which are those consistent
with zero lifetime. The fraction of long-lived background,
which are predominantly red’s that have been misrecon-
tral value of theB mass peak (5.277 Ge¥), " andoriris  structed, is given by, . The fraction of background that is
the mass error from the fit. Over the range|bfy|<20 we  prompt is thenfp=1—f .
have a total, signal plus background, of 12564 events in the The £, (¢=B, P, andL) are functions describing the
J/IyK* sample and 2339 for thd yK*©. relative probability for obtaining the following measured val-
Figure 14 shows the normalized mass distributions forues in an event: the normalized mabay(), the proper decay
candidates with reconstructed>0 [Eq. (47)]. Also shown time and its uncertaintyt(and o), the reconstructed decay
flavorr (r is +1 for B* andB°, and—1 for B~ andBY),
and the tag track siga (s is +1 for a positive track;-1 for
19The mean is systematically low by 2 Med# compared with the & negative track, and 0 if there was no)tag

world average mass because we do not make all the detailed cor- The density function for thé/¢K* signal describing the
rections of Ref[28]. mass and dependence, the relative numbersBdf andB

FIG. 14. Normalized mass distribution fafyK* andJ/yK*©
candidates with reconstructed™> 0. The smooth curve is a fit from
the full likelihood function of a Gaussian signal plus linear bac
ground parametrization.
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the flavor-charge tagging correlation, and the tagging effigeneric tagging method. The actual determination of the tag-

ciency is ging biases in our detector is discussed in Sec. VI C 3.
The density function for thel/yK*° signal takes the
Lg=G(My;0X)G(t;t", Yo )@ E(t;78) same basic form as fal/ K, but it now incorporates the

1+1Rg time-dependent flavor oscillatiad °(t") = cos@mgt’). Since

(1_rK;(S)DB)gB(S)_ (72) no particle identification is used, sondéyK*° events enter

the sample with the correckK-7 mass assignments
“swapped” (Sec. VI Q, for which the apparent flavor is
then inverted. The density function is divided into un-
swapped and swapped parts, with the reconstructed ftavor
for the swapped events appearing with a reversed sign. The
complete expression is

2

G(x;u,0) is a normalized Gaussian distribution ix

€ (—o,+) with meanu and rmso, andE(X; ) is a nor-
malized exponential distribution e [0,+ %) with meanr.
The first factor inLg is the shape of the mass distribution
(My), whereX is a scale factor for the mass error. The
second factor is the Gaussian resolution of the reconstructed ,

t, including a resolution scale factdt. The ® denotes con- Lg=(1-1g9G(My;0X)G(tL", Yoy

volution overt’, in this case with an exponential distribution 14TRg\ [ 1+1 kg(S)DeAy(t))
E of lifetime 75= 7, . The resolution scales{ andY, are ® E(t’;TB)( 5 ( 5 )EB(S)}
extra degrees of freedom to monitor our description of the
errors. 1-rRp

The density function next contains two asymmetry fac- +fsG(My;us, Xg)G(Gt, Yo ® E(t’;TB)( 5 )
tors. The first is the probability of reconstructing the ob-
served meson flavar, and depends upon 1—-rkg(S)DgAy(t’)

N(B*)—N(B")
(73

BTN brs L N D
N(BT)+N(B") wherefg is the fraction of swapped events, apd and Xg

This first factor decouples other flavor-related asymmetrie&'® the mean and rms of the normalized mass distribution for
from a “reconstruction asymmetryRg by accounting for the swappegl events_. The rest of the parameters parallel those
the different numbersN) of B*'s and B™'s that may be ©f the J/¥K", but with Dg="D.

reconstructed due to a detector bias, or simply a statistic% -Lh;" densnydfunqtlor) f_cl)r the rl10ng_—llve|d backg;oundl_for
fluctuation in the relative yield. oth decay modes is similar to the signal except for a linear

The second asymmetry factor represents the probability diass distribution, the presence (.)f three exponential lifetime
obtaining a tag of sigrs given the reconstructed flaver  distributions, and the lack of mixing:
The strength of the flavor-charge-6) correlation is the
usual dilution,Dg=D, . The effective tag for a track of B
sign's is kg(s). Since theB-7 correlation is betweeB™ L
(r==1) andw* (s=*1), therxg(s) term appears with a 1+1R
gz(gse)\t-we sign. Finally, the efficiency to obtain such a tag is X[szE(t,;TL2)+(1—f72)E(t,;TL1)]}( ; L)
This formulation withDg, «g(s), and Eg(s) is able to
account for the general situation where the tagging method
suffers from intrinsic tagging asymmetries, as might be
caused by detector biases. Tagging asymmetries may result
in different dilutions and efficiencies for the tw® flavors. The linear mass distribution is parameterized by a Smpe
We defineDg to be the flavor-averaged dilution, and we are gnd the width of the mass windoM | <W=20. The long-
able to incorporate all tagging asymmetry effects«if(s)  Jived background consists of positive- and negativem-
and&g(s). In the absence of tagging biases(s) is simply  ponents, with a fractiory, in the negative exponentiéivith
the charge of the tagging tradkcg(s)=s] and &(+1) |ifetime 7,,). The positivet background is described by two
=&(—1)=€p, Whereeg is the flavor-averaged tagging ef- exponentials, one with a large lifetimg,, plus a short one
ficiency. . of 7 5. The latter lifetime is fixed to be the same as for the
The “charge asymmetry corrected” tagg(s) and effi-  negativet tail. The fraction of positive- events (- fy)
ciency&p(s) are determined using two new parameters;  which compose the short lifetime exponentiaffis.
which is the charge asymmetry in selecting a tag track, i.e., & The background may also possess a reconstruction asym-
bias in selecting positive vs negative tags; aiagd whichis  metryR, , or a charge correlation between the tag and what
the b-flavor asymmetry in finding a tag track, i.e., having is assumed to be ths* or K*9, i.e., a dilutionD, . The
different efficiencies to tatp vs b mesons. For convenience background asymmetry description parallels that of the sig-
we sometimes normalize the latter by the dilutiopg nal with Ry, D4, k4, and &, defined independently for
= Jg/Dg. The derivation ofkg(s) and&g(s) may be found each event classf(=B, L, andP).
in Appendix B, along with a complete characterization of a The prompt background density function is

1+, My
2w

)G(t;t’,Ycrt)®{fNE(—t’;7,_2)+(1—fN)

1+rk (S)DL

5 EL(s). (75
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1+ pMy 1+rRp the p1(B) interval of the data, i.eus=—0.5£0.5 andXq
P=| 5w | G(t:0.Yoy) =5.0+2.0.
2W 2
1+rkp(S)Dp 3. Tagging biases
—F— | &p(9), (76) . . .
2 A tagging method may display two sorts of inherent

asymmetriegsAppendix B): selecting one charge more often
with the same variable definitions as before except that theyhan the other as a ta@), or having a greater efficiency to
apply to the prompt background. There is only a dependencgig on oneb-flavor over the othetd).
on the proper time through the resolution, and thus no  The charge asymmetry of the tags for a flavor symmetric
convolution is needed. sample is

When summed together and multiplied over all the se-

lected events in a particular dataset, the density functions N, —N_
form a properly normalized likelihood function. =N AN (80)

C. Input likelihood parameters whereN, (N_) is the number of positivénegative tags.

A number of the likelihood parameters are more accu-Since we reconstruct the decay flavor, we can correct for any
rately obtained from sources other than dug/K data. In  flavor asymmetry in our samples and determin&om the
this section we will discuss which parameters are fixed in thelata. This is done for the backgrounds by lettingand ap

fit, and their sources, values, and uncertainties. float in the likelihood fit.
However,a appears in the likelihood function partly as a
1. B meson parameters factor D/(1+ «) [Egs. (72) and (B7)]. We can essentially

The likelihood function relies on the temporal properties€liminate the influence of th®g-ag coupling in the fitted
of the B decay, and these are best obtained from world avPs PY fiXing ag to an independently measured value; we
erages. Since we wish to measure the tagging dilution, angPtain & better constraint arg as well. We determine; by
not the oscillation frequency, we includemy in this list. We ~ USing a large inclusive sample of non-pronigi/’s, i.e., a

use the following averages from the Particle Data Grouglavor-symmetricb sample. This is the sample 6fy's de-
[22]; scribed in Sec. Il C with the following additional require-

ments: both muons are in the SVX, and thie) projected
Amy=0.474+0.031 ps? (770 flight distanceL,(J/#) [Eq. (12)] exceeds 20Qum. This
last cut results in a sample which is more than 90% pure
7,=1.62+0.06 ps (78) hadron decays. We also requipg(J/ ) >4 GeV/c so that
the p's are similar to that of thd/#K samples.
_ - We have looked for tagging asymmetry dependencies in a
70=1.56:0.06 ps. 79 variety of variables, including ther andL,, of theJ/y, and
found only two variables of interest. First, there is an
a-dependence on the; of the tagging track, with more posi-
TheJ/ yK*© events include red®— J/ yK*° decays, but tive tracks reconstructed than negative ones atpew This
with the incorrectK-7 mass assignment. A Monte Carlo is due to the charge asymmetry inherent in the design of the
sample ofB° decays/Appendix A 1) was generated and then CTC (wire planes are oriented along the direction of positive
processed as data. The reconstruction tries both assignmeritgickg. Proton spallation from the beampipe might contrib-
and if both versions pass the selection criteria, the one witlute an additionalpr-dependent asymmetry, but this effect
the K7~ mass nearest thi€*%'s is chosen. The events with has been largely eliminated by the impact parameter signifi-
the K and 7 swapped have aM distribution which is cance cut on the SST candidates. The second variable is the
roughly Gaussian with meaps=—0.5 and rmsXs=4.9. number of goodpp interaction verticesn, found by the
The area of the swapped Gaussian is 9.8% of that for th¥TX. The number of vertices is an indicator of the total hit
unswapped distribution. The kinematic dependence of theccupancy in the CTC, which influences the tracking effi-
swapped events opy(B) has also been studig®2]. The  ciency.
fraction of swapped events is constant within a few percent Characteristics of théd/ /K samples, or the criteria of the
over our range op1(B), but the mean and rms ™ show tagging method, could modify the biases in the tracking
some systematic variation. asymmetry. We therefore compare the charge asymmetry in
The swapped component is difficult to fit in tdéyK*®  four types ofJ/¢ (L.,>200 um) subsamplesthe J/¢ is
data because it is difficult to distinguish these events fronused for theb direction: (i) the SST tags(ii) SST candi-
the combined shapes of the narrow central Gaussian and litates(i.e., no prTE’I selection, (iii) SST candidates passing a
ear background. The likelihood fit therefore fixes the inputb-vertex veto, andiv) all tracks satisfying the SST cuts ex-
parameterqug, Xg, andfg to the values from the simula- cept for being in a “side cone’awayfrom theJ/ -axis. The
tion. We allow for a 100% variation in the fractiofg  first case is the most direct extension of our analysis, but it is
=0.1+0.1, and assign uncertainties to the other swappingontaminated by tagging oB daughters. The second case
parameters which covers the range observed when spannih@s greater statistics as there are multiple track entries per

2. Incorrect K-7r assignment
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O7F where we have included offsets;, and ng, fixed to

08¢ O SST tags 20.0 (GeVt) 4 and 3.0 respectively, to remove the correla-
g‘ig . SST candidates tion between the’'s andb’s when fitting for them.

o3k A side cone candidates We determine these parameters by making subsamples for

SST candidates, b vertex veto ‘*

2 2.5 3 35 (2951 8104 ,
1/pr c/GeV a;=(3.9-1.9x10 (GeVic)

each integer value of,, and fitting them for the coefficient
of the py*—pyo term and a constant offset. The series of
these coefficients and offsets are then fit for the linear
dependence. We obtain the values

Charge Asymmetry

w
TTTT

SST tags b;=(1.3+0.4x10° (GeVic)*

SST candidates
SST candidates, b vertex veto
side cone candidates

©
o N @

o

T

a,=(1.4+0.4x10 2

> e 00O

b,=(2.6+0.8)xX10 2,

o ¢
o @
I

Charge Asymmetry
(o]
o S o

which give the curves in Fig. 15. If we consider the tags in

0. | | ‘ ‘ ‘ the J/ ¢ data[case(i)], we find the average tag asymmetry is
-0.1 — e e e . o
2 4 6 8 10 (1.6+£0.7)%. In the limit as Jg+— 0 the asymmetry param-
Reconstructed Interaction Vertices eterization gives (0.1#0.86)%. We use this parameteriza-

, tion to describe the tagging asymmetry for Bisignal e in
FIG. 15. Charge asymmetfyy) dependence on the track’sp}/ the likelihood fit(Sec. VI D.

(top), and number of primary vertices, in the eventbottom) for: S T . .
same side tagesquarel SST candidate trackepen circle, SST As well as an intrinsic bias towards positive or negative

candidate tracks with-vertex veto(solid circle3, and tracks in a  tagsa, the SST could also have a bidsto tagb and b
cone away from thel/y direction (triangleg. The curves are the Mesons with different efficiencigsee Appendix B i.e.,
results of least-squares fits of the asymmetry parametrizésiea
text) to the SST candidates with thevertex veto. E(H) —€(b)
o= —, (82
J/, but more importantly there is no bias associated with e(b)+e(b)
the p' cut. The third sample suppresses tagging Bn _ o _ _
daughters—such tags are impossible with the exclusivd/heree is the efficiency to tag on a given flavor. It is more
JIyK signal—by requiring that the SST candidate impactconvenlent to express its ratio relative to the dilution in the
parameter significance relative to tbay vertex,d, /o, is likelihood, so we often use/=4/D. We can constrainy
greater than 2. In the final case we select tracks with th©@m the data, and do so for the backgrounds by lettipg

basic SST cuts, but which are divorced from they using  float in the likelihood.
all tracks in a 1.6cAR<2.1 “side cone” relative to the In the likelihood functionyg appears partly as a factor
. (1= vyg)Dg. As with ag, an independent determination of

Since we wish to study pr dependence, and only sample 78 is preferable in order to decouple it from the dilution. The

(i) selects a unique track péfy, we relax the 400 Me\d inclusive J/ ¢'s cannot be used since we have no knowledge
SST cut on samplesii)—(iv). The upper plot in Fig. 15 ©f theb flavor. The higher statisticD *) data indicate that

shows the charge asymmetry as a function of the track'ds iS 1€ss than 15%. However, as discussed in Appendix C,

inverseps for these four samples. The asymmetry is fairly W& ¢&n improve upon this constraint by about a factor of

small at 1p;=2.5 (GeVk) ! (the nominal SSTpy cut of three by considering the behavior pf/ag . We find yg/ag

400 MeV/c) but then rises significantly. The asymmetry as aSPans f_?? range from 0.0 to about 2.5, and we yséug

function of number of vertices, is shown in the lower plot =21:0-1¢in the likelihood fit. S

in Fig. 15. None of the variables shows any significant dif-  This completes the list of input parameters fixed in the
With all four samples so similar, we consider the asym-

metry to be independent of the tagging, and choose sample D. Fitting the J/¢K™* and J/K*° samples

(iii) to determine a parameterization for the tag asymmetry We use the likelihood function to fit tha/yK samples

aB- '_I'?e Pr dependence ‘?f the asymmetry is well d(_ascnbe ith the parameters discussed in the last section fixed, and
by p;~ and a linear function for the number of vertices. In allow the others to float freely, i.e

terms of both variables we write
(1) fg, the fraction of events which are signal,

ny)={a,(ny—ng)+b —4_ -4 (2) f._, the fraction of background which is long-lived,
@e(Pr:Nv) ={a(Nv= o)+ b1}(Pr "~ Pro (3) fn, the fraction of the long-lived background in the
+{ay(ny—ng) +b,}, (81) negative lifetime tail,
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IS i . . CDF: B" = J/y K’
§102r Signal Region 1.75F 212F .
o _F10f
_ 1.5 > 8f
Lok c 6
* g 1.25H ~ 4
c L } I ok 3
o 1 H 1 H 0 L Ttedee® s ]
2 I T - [ -~ F 0 0.1 02 03 0.4
-01 -005 0 005 01 015 02 025 %o —_ *
Proper Decay Length (em) £
€ 10°F ] - % 0.5F
S Sideband Region < o
5 r
O 102 0.25H I _|—T
o : 0 !
(e
2 10 | :
& -0.25H
S L
L E . P R N | I -0.5 L . ;
_ = 0 0.05 0.1 0.15 0.2
0.1 0.05 0 0.05 0.1 0.15 0.2 025 Proper Decay Length  (cm)

Proper Decay Length (em)

FIG. 16. Thel/yK*? lifetime distributions for the signaitop) 1
and sidebandbottom) regions. Superimposed on the data are the
likelihood fit results(solid ling). In the signal region, thB compo-
nent is shown by the dashed line and the prompt plus long-lived
background by the dotted line.
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(4) f.,, the fraction of positive long-lived background
with lifetime 7 ,,
(5) ¢p and(,, the slopes of the prompt and long-lived
backgrounds in normalized mass,
(6) X, the error-scale factor for the normalized mass,
(7) Y, the error-scale factor for the decay time,
(8 7.1, the large lifetime of the positive long-lived
background, oul
(9) 7., the small lifetime used for positive and negative T ‘ ‘ ‘
long-lived backgrounds, 0 0.05 b OWD LO‘15th ( %2
(10) g, €p, ande_, the efficiencies for tagging signal, roper ecay teng om
and prompt and long-lived backgrounds, FIG. 17. The mass sideband subtracted flavor-charge asymmetry
(1)) Rg, Rp, andR_, the reconstruction asymmetries of as a function of the reconstructed (points: top isB*—J/yK™*,
the signal, and prompt and long-lived backgrounds, andB®— J/#K*? is below. Superimposed on the data are the like-
(12) ap and ¢, , the tagging asymmetries of prompt and lihood fit results(solid lineg. The insets are scans through the log-

Asymmetry
o
N

long-lived backgrounds, likelihood functions as the dilutions are varied about the fit maxima.
(13) 8p and &, , the tagging efficiency asymmetries of Also shown in the main plots are the results of simpféfits to the
prompt and long-lived backgrounds, and points (dashed lines, partially obscured by the solid lines

(14) Dy, Dp, andD,, the dilutions for the signal, and

the prompt and long-lived backgrounds. —2In(L/ Lyax) as a function of the dilution, wherg is the

value of the likelihood for a giverDg after maximization
. i L . with respect to all other free parameters, afigax is its
E)a?pkgﬁﬁ%(;n%iit'% ieparately fit by minimizing the NegativVgaiue at the global maximum. We see a well behaved, ap-
9 ) : o proximately parabolic, shape. The 1, 2, and&rors of the
The fit results are compared to thgy distribution in Fig.  jixelihood are indicated in the inset by the three horizontal
14. The fitted proper decay lengths are shown in Fig. 16 fofytied lines.
the J/yK*°, where we have defined—for display purposes as a simple check, the binned and mass sideband sub-
only—the signal region agM\|<3, and 3<[My|<20 as tracted asymmetries of Fig. 17 were fit to a constant for
sidebands. The data are well described by the fits. JIYK™, andD, cos@mgt) for J/yK*©, using a simplec? fit
To display the flavor-charge asymmetries, we comput&vithout any additional correctionée.g., tagging asymme-
the mass sideband subtracted asymmpdnalogous to Eq. tries, t resolution, etd. The resultgdashed line in Fig. 17
(56)] for the data irct bins. The results are shown in Fig. 17 agree very well with the likelihood fits, indicating that the
with the likelihood fits superimposedsolid line). The fits are driven by the basic asymmetries in the data and are
J/yK™ plot shows a clear correlation, consistent with beingnot significantly influenced by the refinements of the likeli-
constant, and thé/ 4K*° data is in good agreement with the hood fit. Of course, the fits are strongly dominated by the
mixing hypothesis. Also shown in the figure insets arestatistics.
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TABLE X. Likelihood fit results forB* — J/yK* andB°— J/¢K*°. The parameter of central interest is
the signal dilution in the bottom line.

Output Parameters BY—J/yK* B—J/yK*0
Frac. Signal fg 0.067+0.003 0.156:0.009
Frac. L-Lived Back. fL 0.160+0.008 0.222-0.023
Mass Error Scale X 1.34+0.05 1.54:0.10
cr Error Scale Y 0.99+0.01 1.0:0.03
Prompt:

Mass Slope ¥ 10 %) lp 11.0+0.9 4.4-2.4
Back. Tag Eff. €p 0.703+0.005 0.83a:0.011
Tag Asym. ap 0.033£0.013 0.092-0.031
Eff. Asym. Sp —0.002+0.007 0.012-0.013
Recon. Asym. Rp 0.003£0.011 0.036:0.029
Dilution Dp —0.069-0.013 —0.003+0.031
Long-Lived:

st Lifetime (um) Ty 595+53 37165
2nd Lifetime (um) Tio 135+9 99+21
Frac. Neg. Back. fn 0.1370.014 0.096:0.029
Frac. 2nd Lifetime fo 0.781+0.030 0.626:0.104
Mass Slope ¥ 10 %) L —12.3+2.7 —17.6+5.3
Back. Tag Eff. €L 0.771x0.014 0.778&0.031
Tag Asym. aL 0.015£0.037 —0.044+0.079
Eff. Asym. o, —0.026+0.018 —0.029+0.038
Recon. Asym. R, 0.030:0.034 0.095:0.070
Dilution D, —0.089+0.038 —0.050+0.079
B Signal:

Tag Eff. €g 0.624+0.020 0.635:0.030
Recon. Asym. Rg 0.0770.041 —0.086£0.068
Dilution Dg 0.185+0.052 0.165:0.112

The principal results of the likelihood fits are the dilutions low systematic uncertainties due to that input parameter.
Dg given in Table X, along with the other fitted parameters.Section VI C discussed the uncertainties assigned to these
A few remarks may be made on this table in passing. fThe input parameters. The results are shown in Table XI for
error scales are virtually unity, indicating that the lifetime J/¢K™ and in Table XII forJ/¢K*°, beginning with the
modeling and error estimates describe the data well. Xhe uncertainties associated with tBedecay properties.
scales(the rms of the signaMy Gaussiapare not 1.0, but Next are the systematic uncertainties arising from the un-
are instead close to the known scale of [28]. The tagging certainty in the parametefa’s andb’s of Eq. (81)] describ-
asymmetriesy for the background terms are generally con-ing the signal tagging asymmetryz . Because we used the
sistent with the (1.6:0.7)% found as the average value from constraint onyg/ag (Appendix Q, we cannot varyrg and
inclusive J/4’s (Sec. VI C 3, with ap for the B”s about  yg independently. We varyg by varying thea andb pa-
2.50 high. The reconstruction asymmetri@sare also not rameters individually by & for fixed “central” values of
statistically significant beyond 162 The background dilu- vyg/ag=0, 1, and 2.5, and remaximizing. In this case the
tions are, not surprisingly, consistent with zero when selectdilution shift is from the difference between the nominal and
ing pairs of tracks with no net charg&t°) from the event, shifted values where both use tsemefixed value ofyg/ag
but significant, and anticorrelated, when selecting singlén the fit. The maximum excursion of the dilution among the
charged particlesK ™). threeyg /g combinations is selected for eaah(b) param-

As a subsidiary check, we replace thg(pt,ny) param- eter as the uncertainty for that (b), irrespective of the
etrization in the likelihood bywg(pt,ny)+ @', wherea’ is  yg/ap value used for the othe’s andb’s. The tables list
a free parameter. The fit returas = —0.001+0.079 for the  all variations, including those not used. While this mixing of
B%s, anda’ =0.036+0.052 for theB™ result. If ag(pt,ny) ve/ap’s is nominally inconsistent, it provides a conservative
is a good description of the data, theh should be close to estimate.
zero, as indeed they are. The contributions from the uncertainty o/ ag follow

The systematic uncertainties of the dilution measurementi the tables using the nominalz . Table Xl also includes
are determined by successively shifting the parameters fixetthe effects from thé&k-= swap parameters.
in the fit up and down by & and repeating the fit. The The J/yK* systematic uncertainty is composed of
resulting shifts in the fitted dilution are taken as the high andoughly equal contributions from th& lifetime, tagging
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TABLE XI. The fixed inputs for theB* — J/ K™ fit, their central values, & variations, and the resulting
shifts of the central value dP, . The shifts are combined in quadratysee texk to obtain the combined
systematic uncertainty.

Shift in D,
Central
Parameter Value Variation Negative Positive
8 (um) 486 +18 —0.0012 0.0011
velag=1
a, x10™4 (GeVic)* 39 *18 —0.0001 0.0001
b, x 1073 (GeVic)* 1.3 +0.4 0.0003 —0.0003
a, X 1072 1.4 +0.4 0.0001 —0.0002
b, X 1072 2.6 +0.8 —0.0005 0.0005
ye/ag=0
a, X104 (GeVic)* 39 *18 0.0002 —0.0003
b, X103 (GeV/c)* 1.3 +0.4 0.0007 —0.0007
a, x 1072 1.4 +0.4 —0.0004 0.0003
b, X 1072 2.6 +0.8 —0.0010 0.0010
velag=2.5
a, X 10" (GeVic)* 39 *18 —0.0010 0.0009
b, X 1073 (GeVic)* 1.3 +0.4 —0.0005 0.0004
a, X 1072 1.4 +0.4 0.0015 —0.0019
b, X 1072 2.6 +0.8 0.0005 —0.0008
ag=Central Value
yelag -1 0.0015 —0.0034
+0.003
Combined Uncertainty
—0.004

charge asymmetry, and tagging efficiency asymmetry, bulieved to be responsible for the observed flavor-charge cor-
overall has a small systematic uncertainty. The largest effect®lations should not depend upon tBedecay mode, poten-
for the J/yK*° are due to the tagging asymmetry and thetial experimental biases could influence them differently, for
width of the swappedk- 7 mass distributiorXs, which has  instance the fact that th's in the ID *) data tend to have
a strong asymmetric effect. If the swappg, distributionis  higher pr's than those in tha/yK data. Given the limited
broad there is little effect; however, as it gets narrower it isStatistical power of these measurements, we complement the
more difficult to distinguish the swapped from the un- cOmparisons by alsc_) shovx_nng some results from Monte Carlo
swapped events and a larger uncertainty ensues. S|mulat|ons_. The S|mula_t|on_ provides a further means to
The positive(negative shifts of the dilution due to each Study possible systematic differences between the two data
parameter are added in quadrature to obtain the positivé@Mples, and to gain some insight into underlying mecha-
(negative “combined uncertainty” of the dilution in the MNISMS.

tables. We thereby obtain the result, It is not obvious to what extent one can rely upon a given
simulation to model particle distributions from fragmentation
D, =0.185-0.052" 5503 (83)  and underlying parton interactions irpg event. While con-
siderable effort has gone into developing and tuning simula-
Dy=0.165+0.11 8:85, (84)  tions for e’e  collisions, the state of the art is somewhat

less well developed for the more complex high-energy
These results are similar to the *) results of Eqs(69) and  hadron-hadron collisions. We therefore consider several ba-
(70). In the next section a detailed comparison will be madeSic comparisons between data and the simulation. We find

between the two sets of measurements. reasonable agreement and conclude that the simulation is a
fair model of the data, although our comparisons are neces-
VII. CHECKS AND COMPARISONS BETWEEN ID®) sarily rather coarse. Having developed some confidence in
AND J/4K DATA, AND WITH MONTE CARLO the simulations, we proceed to compd®2®*) and J/yK
SIMULATION dilutions. It should be stressed that prior to this point of

comparison the analyses described in this paper have not
This section presents checks on the robustness of our relepended upon accurately simulating the taggthgugh we
sults and makes a closer comparison between tagging in otiave used simulations to model decay kinematics, where the
ID®) andJ/ K samples as a means of furthering our studymodels are well establishedand indeed, the analyses were
of same side tagging. Although the physics processes belesigned with this independence in mind.
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TABLE XII. The systematic uncertainties from the fixBd— J/yK*° fit parameters. The table is similar
to that ford/ /K™ (Table XI) except for the addition of the oscillation frequengyn,, andfg, usandXg,
which model theK - 7w swapping in the<*° reconstruction. The shifts if, are combined in quadratutsee

text) to obtain the combined systematic uncertainty.

Shift in Dy
Central

Parameter Value Variation Negative Positive
g (um) 468 +18 —0.0002 0.0002
Am (ps™H 0.474 +0.031 —0.0005 0.0003

yelag=1
a; X 10" (GeVic)* 39 =18 —0.0008 0.0007
b, X 1073 (GeVic)* 1.3 +0.4 0.0024 —0.0025
a, X102 1.4 +0.4 0.0013 —0.0014
b, X 1072 2.6 +0.8 —0.0039 0.0038

velag=0
a, X 107* (GeVic)* 39 *18 —0.0008 0.0008
b, x 1073 (GeVic)* 1.3 +0.4 —0.0004 0.0004
a, X102 1.4 +0.4 —0.0002 0.0001
b, X 1072 2.6 +0.8 —0.0002 0.0001

velag=2.5
a; X 10" (GeVic)* 39 =18 —0.0011 0.0010
b, X103 (GeV/c)* 1.3 +0.4 0.0063 —0.0065
a, x 1072 1.4 +0.4 0.0040 —0.0044
b, X 1072 2.6 +0.8 —0.0092 0.0088
ag=Central Value
velag I 0.0031 —0.0057
fs 0.1 +0.1 0.0086 —0.0160
Xs 5.0 +2.0 0.0111 —0.0003
s -05 +0.5 —0.0008 0.0007
+0.018
Combined Uncertainty
—-0.021

For the simulations discussed in this section we have used
the PYTHIA Monte Carlo generator, albeit tuned to match the
charged particle distributions in tH®° mode as described
in Appendix A 2 b. Samples oB° and B mesons were
generated for theD *) and exclusivel/ ¢ decay modes. The
B decay modes were forced via specific channels for efficient
generation, and theD *) events had a sample composition
approximating that found in the data. The events were passed
through the CDF detector simulation, reconstruction and se-
lection code, and finally the SST algorithm.

A. General comparisons

We begin our comparison of data and simulation by ex-
amining distributions of some basic variables. In all these
comparisons we use mass sideband-subtracted data samples,
and we average over the decay modes according to their
contribution to thdD *) or J/¢/K sample. Within each class
of sample, the decay-mode specific distributions are very
similar to one another.

The multiplicity distribution of SST candidates pri.e., FIG. 18. Number distributions of candidate tagging tracks in

Frequency of Multiplicity
o

-2

10 F

10 b

| data MC

. % lep+D
A U J/yK

‘ 3 4567
Number of SST Candidotes

tracks which satisfy all SST cuts except for the criterion ofpoth D *) andJ/yK data(points and simulation(shaded bands

rel

minimum p7™) is shown in Fig. 18 for both data and simu- The widths of the shaded bands are the statistical errors from the

lation. There is general agreement between the simulationgonte Carlo sample size.
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FIG. 19. Thep+ distributions of the tag tracks in bot® *) and FIG. 20. Thep?®' distributions of tag tracks in bottD *) and
J/yK data(point9 and simulation(shaded bands, width indicating J/¢K data(pointg and simulationshaded bands, width indicating
the statistical error the statistical error

and data for bothD *) andJ/¢K. ThelD™*) channel tends Applying a different tagging cut to the same sample
to show on average slightly more tagging candidatesBper Means that somB’s will be tagged by a different particle,
than thed/ K. This difference is due to the higher energiesOthers will keep the same tag, and others will no longer be
which characterize théD*) candidates and to the extra 299ed at all. If a tag changes, the new tag is largely uncor-
tracks present fronB daughters which are not used in the '¢lated with the old, so that, with respect to the new tags, a
partial B reconstruction. We note as a point of contrast thatStatistically independent subset of the data is created. Thus,
the corresponding distributions for the sidebands show som&P€ating the analysis with different tagging cuts produces

significant variations across the decay modes, so the agregleasurements which are _partially correlated with each other.
ment seen in Fig. 18 is not a trivial result. The greater the change in the tagging cut, the weaker the

We impose the full SST criteria and show the distri- relative correlation. We do not attempt to unravel this com-
butions of the SST tags in Fig. 19. Again, there is goodplex pattern of correlations; we merely show variations with
agreement between the data and simulation for the two typd&€ Pt cut to show the dependence of the tagging results on
of data. The tag- distributions of the two types of modes Canges in th|§ parameter. We quote the naive statlstlc_al er-
are also very similar to each other. The distribution for rors from th? fits of.epT(SST) scan with the understand]ng
tagging candidates(not shown have a somewhat harder that the various points and their errors are correlated in an
track p spectrum in the higher-energ *) sample than in unspecified fashion.

the J/K mode, but in both cases the data and simulation We first consider the stability of our main physics result,

agree well there, too Amgy. Figure 21 shows the variation &fmy as the SSTpt
Finally, we c;)mp:are thep'®' distributions for the tag cut is varied from 0.3 to 1.6 Ge/in thelD*) sample. The

tracks in Fig. 20. The simulation again agrees well with theresults are fa|_rly typical of those where the tagging

data, and in this case tH®*) and J/yK modes are also j[hreshold is being §canned. The vaIue_s are reasonably stable,

very’similar i.e., smoothly varying in accordance with the subsample cor-
Compariéons using these three variables only provide 5elations mentioned above, and quite consistent with a con-

- . _Stant value.
limited test, but they are closely related to our SST algorithm We also examine the effectiveness of the tagging algo-

and indicate that the simulation reproduces basic character:- . .
istics of the data. rithm as thepy threshold is changed. Figure 22 shows the

neutral dilutions for thdD*) and J/4K*° data. They are
both relatively constant and are consistent with each other,
although thel/ yK*° values offer little discrimination. The
Our SST algorithm demands that tag candidates have simulation, also shown in Fig. 22, agrees well with the data.
minimum p; of 400 MeV/c as a compromise between the  TheB™ dilutions are shown in Fig. 23 and display a strik-
low-p+ tracking asymmetrySec. VI C 3 and the declining ing rise as the tagging cut is increased. THe/K ™ data,
tagging efficiency for an increasing threshold. In this sectiorthough with sizable statistical uncertainties, show a rise simi-
we consider the influence of this cut, in particular, the stabildar to ID®*) but perhaps offset to lower overall dilution.
ity of our results when repeating the analyses for a range ofhere is an apparent shape discrepancy between the simula-
pr(SST) thresholds. This variable is also a useful vehicle fotion and thel/ K" data. Appendix D describes y-based
exploring some of the features of SST. comparison between the simulation and data which indicates

B. Influence of the taggingp+ threshold
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FIG. 21. The extracted value dfm, from the taggedD *) as P(SST) Threshold (Gev/c)

a function of the tagy threshold. Error bars are the naive statistical g 23. Tagging dilution as a function of tag cut forB* data
errors returned from the fit, and they are correlated with each othety, he D *) (solid circles andJ/yK (triangles modes. The corre-
as are the points themselvesee text sponding simulations are shown by the shaded bawitith indi-

cates the statistical erforThe various points and their errors are
that statistical fluctuations among these correlated measureorrelated with each othésee text

ments can produce such disagreeménitdarge) about 22% N .
of the time. is amplified because when the associated kaonKg athe

The different magnitudes and behaviors of the chargedinal charged kaon is alwayska, i.e., B°K* followed by
and neutral dilutions, as seen in Figs. 22 and 23, may at fir{*0_, K~ 7+ versusB*K* ~ followed by K* ~—K ™ 7°. A
be surprising in light of the isospin symmetry of tBem  similar argument can be made that the tagging contribution
system. However, these differences may result from the fagtom (antjprotons also degraded, and enhance®. . We
that tags include not only pions, but kaons and Protons agest this hypothesis in the simulation by restricting SST to
well [21]. For instance, &~ would be associated wWithB",  tag only on prompt pions. The calculated results are shown
while aB® should be accompanied byk&, which cannot be in Fig. 24, where it is seen that this restriction makes the
a tag. The contrast between the charged and neutral dilutiortharged and neutral dilutions virtually identical to one an-
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FIG. 22. Tagging dilution as a function of tgm; cut for B® FIG. 24. Dilution as a function of the tag; cut from Monte

mesons. Data are plotted with solid circld®(*)) and triangles Carlo simulation for thep,(B) range appropriate for thé/yK
(J/yK), and the corresponding simulations are shown by themodes ofB%s (solid squarg and B*’s (solid circle. When the
shaded band$width indicates the statistical erjorThe various tagging is restricted to prompt pions only, the neutral dilution be-
points and their errors are correlated with each otkee text comes the open squares, and the charged the open circles.
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themselves over a range of bjns

As noted in Sec. lll, the error on an asymmetry measure-
ment scales with the “effective tagging efficiency?D?
¢ lep+D data [Eq. (6)]. The decline in efficiency with increasing(SST),
along with the relatively constant neutral dilution, imply that
the optimum SST threshold should be relatively low Bts
and somewhat higher foB*’s. Our a priori choice of
400 MeV/lc was a balance between the falling efficiency as
the pt threshold is increased and the inherent tracking asym-
metry at lowp; (Sec. VIC 3. These simulations indicate
that the maximumsDé occurs for apy threshold of about
400-500 MeVE for our ID®*) samples, and about
600—700 MeVt for the J/yK*°. The rising charged dilu-
tions compensate for the falling efficiency such tea??
shows a broad plateau starting at about 600 Meldf the
ID™). For theJ/yK*, ¢D? reaches a maximum around

o
©
AR

A J/YK data

Tagging Efficiency
e o9
~ [0 4]

o
o

0.4 |

0.3 |

02 f

01 F
f 700 MeV/c, but then declines for larger(SST). Except for
0 ‘0.4‘ ‘ \0‘6\ ‘ ‘o‘s‘ - 11 - -1|2- s ‘1w4‘ ‘ D2 from ID®), the data are not sufficiently precise to
: : : : : confirm these predictions for the optimum threshold. Al-
pi(SST) Threshold (Gev /) ! oo PrECICHONS pum S

though our SST threshold was not based on éhmosteriori
analysis, the+ cut is in fact close to the optimum suggested
by the Monte Carlo simulation.

FIG. 25. Tagging efficiency as a function of the fagthreshold
for ID ™) (solid circle$ andJ/¢K (open trianglesdata. The results
from the simulation are shown by the shaded bamddth indicates
the statistical uncertainty o )
C. Dilution comparison betweenID *) and J/¢K data
other. The ability of the simulation to reproduce the striking A cursory comparison of Eq$69) and(70) to Egs.(83)
behavior of Figs. 22 and 23 offers indirect quantitative evi-and (84) already shows that the dilutions measured in the
dence that tagging on non-pions is the effect in play Rére. |D*) andJ/yK samples are very similar. We consider here
A similar computation, with the same implications, was re-how well they should agree.
ported in Ref[9] for a variant of same side tagging &f The main difference between th®*) and J/yK data
—bb. Although the measured charged and neutral dilutionsamples lies in their differenp(B) ranges. ThelD*)
showed a difference consistent with this effect, the uncertainsample requires a single-lepton trigger which has a higher
ties were so large that no definite conclusion was made theréepton p; threshold than the two-lepton trigger used in the

Finally, we show the tagging efficiencies in Fig. 25 as aJ/#K samples. The averagg of the B mesons in théD *)
function of p(SST). We again average all the modes of asample (based on the corrections of Sec. ¥ & about
given type. The data do not show a clear difference in thl GeVk, whereas it is about 12 Ge¥/in the J/yK
efficiencies among the separate modes, but the simulaticsamples. The spectra are shown in Fig. 26.
indicates that the efficiency for charg8dmesons is shifted We look for apq(B) dependence by dividing the data
higher than the neutrals by-2% (absolut¢ consistently samples intopt(B) bins and repeating the analysis sepa-
over thispt(SST) range. The calculated shapes agree fairlyately for each birt? The results are shown in Fig. 27. No
well with the data, but in the case D *) at least, there is a apparentp(B) dependence is observed, though the statisti-
small systematic shift in the efficiency: in the simulation cal sensitivity of the data is very limited. The dilution from
there are too few cases where there is no SST candidatBe J/#K* point around 15 Ge\W is anomalously low, but
associated with théD *). This effect can also be seen in the other measurements are consistent witHEH&) values,

Fig. 18 where the simulation is slightly below the data in thesuggesting that the low point is simply an unusually large
zero bin. However, the shape of the efficiency curve trackdluctuation.

the data well in Fig. 25, reflecting the good description of the  Since the data samples are too small to be sensitive to a
track py distribution. Also note that the efficiency falls off p(B) dependence in the dilution, we turn to Monte Carlo
much more slowly than the tagr distribution (Fig. 19,  simulation. We again use our tunedTHIA generator; how-
because as the threshold is raised and tags faibtheut, ever, in order to generate the very large samples needed for
another track will often be available as a tag. THéK data  an accurate study we dispense with the full detector simula-
shows some tendency to have a higher efficiency than th#on and instead make simple fiducial cuts and apply a
calculations, but the difference is statistically margifra-  p-dependent track efficiency parametrization. We remove
call that the points are correlated and fluctuations manifesall non-prompt particles from consideration as tags in lieu of

This observation indicates that the SST dilution for neual 12n the case of théD *) analysis, we now fixAmy to the world
can be significantly improved with particle identification. average as in thé/ ¢/K analysis.
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the SST impact parameter significance cut. The dilutions cal- 0.2l
culated from this simulation are also shown in Fig. 27 i :
(dashed curve and they exhibit a common shape, rising r
with p1(B) up to about 15 Ge\W, above which they fall 0.1 +
slowly. The ratio of charged to neutral dilutions, around I
1.35, shows no significant dependencepa(B).*® i
We can use the calculated(B)-dependent dilution Of
along with thep+(B) spectra from data to compare the data
and simulation without having to subdivide the data into I
even smaller subsamples, as was done for Fig. 27. The ~015" 51075 20 20 30 35 40 252 50
pt(B)-weighted average dilutions appropriate to each data B Transverse Momentum  (GeV/c)
sample are shown in Table XIIl. The simulation reproduces
the data measurements quite well. We also calculate the ra- FIG. 27. Tagging dilution as a function & mesonpy for
tios between the data and simulation values; we find that theharged(top) and neutralbottom mesons. The dilution measure-
ratios are all consistent with one another, and also with 1.@nents are plotted at ther(B)-weighted centroid of each bin, and

(the measured/ K™ dilution being 1.3 low; see Fig. 27, the horigomal error bars span the W[dth of the fmrows indicate
that a bin is unbound@dThe closed circles are th® *) data, and

the open triangles aré/¢/K's. The dotted lines mark the average
dilution for the data points, and the dashed curves are Monte Carlo
The fact that the simulation agrees well with the data, asalculations of thepr dependence.

exemplified by the comparisons between the calculated and

measured dilutions in Table XIlI, suggests a method byments involvingB tagging where, unlike in th&°-B° mix-

which the SST dilution in an sample of a similapr range  ing case, the dilution is not given by the analysis itself.

can be determined. Such knowledge is essential for measure- The average dilution for a given sample Bf is calcu-
lated by weighting the Monte Carlo dilution shape by the
sideband-subtracteg(B) spectrum for that sample, as

*The dilutions are also observed to be insensitive toBeseu- ~ above. The dilution extrapolation is obtained by multiplying
dorapidity, where acceptance and trigger effects could have beelhis average by the factdPy,i,/Dyc . Since the simulation
important. describes both the neutral and charged dilutions well, one

e Lepton—D¥
A J/YK

D. Extrapolating dilutions
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TABLE XIIl. Calculated and measured dilutions for thg *) eters (+0.010) and from varying the fraction of non-pion
and J/¢K samples. The calculated values are from the simplifiedtags (£0.008). The systematic uncertainty from the non-
simulation. The ratios are of the measured values divided by thejon contribution is one of the larger uncertainties, and could
Monte Carlo calculations. be largely eliminated by not using thHB, measurements.
This, however, would result in an overall larger uncertainty

Sample MC Calculation _ Data Meas. Data/MC Ratio due to the increased statistical error. On the other hand, the
B'—ID®™) 0.196 0.18%+0.035 0.92%0.179 systematic uncertainty is relatively small even usihg ,

BO— J/yK*© 0.189 0.163%0.112 0.87%0.593 and the dilution determination is not very sensitive to the
BT —ID®) 0.266 0.2670.037  1.0040.139 simulation.

BT —J/yK* 0.254 0.18%0.052 0.7280.205 This general method can be used to estimate the dilutions

in a variety of B meson samples of interest for precision

can incorporate both of these dilutions in determining themeasurements of CKM parameters that will be performed in

ratio Dyaea/ Dy . This factor is 0.90& 0.101 when averag- the future. In the upcoming Run I, CDF expects+to have tens
ing all the ratios in Table Xlli(including the correlations of thousand_s of exclu5|vely_recon_struc1BQi an(()jB decays
between thdD *) measurements through various channels, |ncIUQ||'@(’—>J/¢KS, m, K,

The uncertainties on such a dilution extrapolation comendB®*—D®)a. The above recipe can be applied to all of
from both the measurement uncertainties of tbé*) and  them in spite of their likely differences in selection criteria.
J/yK dilutions (shown aboveand from the modeling uncer- Moreover, further dilution measurements can 9a3|ly bg incor-
tainties of the simulation. To estimate the latter, we vary thePorated intoDyaia/Duc, thereby facilitating increasingly
parameters that control the simulation over a fairly widePrecise measurements. The individual large exclusive
range. The variations used for the tunedtHiA are de- Samples will yield good dilution determinations relatively
scribed in Appendix A2c. We note, however, that thqulckly and easily, and refined determinations combining
Monte Carlo-derived dilutions always enter the above calcudifferent modes can follow.
lation in ratios, i.e., the relative variation t® *) to J/yK,
and charged to neutral, dilutions as a functiorpgfB). We E. Comparison summary
have studied the variations of these rgtios as we change the \y/e have made several checks on the tagging characteris-
mputs toPYTHIA. The IargesF change in the ratio tﬂ)(*.) tics of SST in our data. ThED *) measurement oAmy is
(high-p7) to J/¢K (low-p) dilutions is 8% from changing |argely insensitive to the threshold of the tagging algo-
the fragmentatiopy width to 360 MeVk (Table XVI). The  jthm 'However, the charged dilution shows a dependence on
ratio of charged to neutral dilutions shifts by at most 4%,the - threshold of the tagging algorithm, in contrast with
also when the fragmentatigrny width is set to the low value. the yelatively threshold-independent behavior of the neutral

_We have seefFig. 24 that the dilutions are also affected gjjytion above a 400 Me\d threshold. This pattern is appar-
differently by tagging on pions and non-pions. This differ- gnt in hothiD *) andJ/y¥K analyses, and is also reproduced
ence introduces another source of uncertainty, especiallyy the Monte Carlo simulation. The simulation indicates that
when relying onD, to constrainD, as suggested above. thjs difference in threshold dependence is due to tagging on
One could forgo this additional constraint and accept a SOMe&:harged kaons and protons.
what larger error ofD,, but the extrapolation usin, and Comparisons with other variables show considerable con-
Dy is not unduly sensitive to the fraction of non-pion tags.sistency in the characteristics of the tagging across decay
As discussed in Appendix A 2 ¢, we estimate the uncertaintynodes and with Monte Carlo simulation. The general agree-
due to this effect by allowing thi{ ™ to 7" ratio of tags t0  ment with our tunedPyTHIA is good, although the current
vary by +30%, and thep to 7" ratio by +50%, and find  gata samples are insufficient to confirm some of the more
that the ratioDy /D, changes by*+0.084 due to the kaons sybtle behavior suggested by the simulation. In particular,
and *0.045 for protons. A simple extrapolation fronfa.  the tagging does not appear to be particularly sensitive to the
measurement t@, would translate into a neutral dilution different kinematics of the exclusive and semi-exclusive
uncertainty of~0.02 (given aD.. of 0.25. However, since  samples in the variables examined, such aspthef the B,
we propose extrapolating from both charged and neutral disuggesting that SST has more general applicability than to
lution measurements to a neutral dilution, the SPECieSthe decay modes examined here.
sensitive scaling factor}, /D, ) only applies to the charged
measurement. The significance of the uncertainty on the frac- VIIl. SUMMARY
tion of non-pion tags is thereby reduced in this application.

As an example, if we applied the above prescription to We have developed a same side taggiB$T) method
calculate the dilution appropriate for odifyyK*© sample us- based on the flavor-charge correlations betwBemesons
ing all four measurements of Table XllI, then the dilution and a nearby charged partic{e =) at production. We
obtained would beD,=0.171+0.012-0.013. The first un- have used SST to tag the initil flavor in two classes oB
certainty is from the statistical uncertainty on the scale factoreconstruction, while th&nomina) decay flavor was ob-
above. The other is the systematic uncertainty from the extained from theB reconstruction. Comparison of the initial
trapolation. The latter uncertainty is the quadrature sum ofind decay flavors allows one to quantitatively study the
the uncertainties obtained from varying theTHIA param-  strength(i.e., dilution of the B-7= correlation, and to ob-
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serve theB®-BP flavor oscillations. Run Il of the Tevatron we expect to colleet2 fb* of data

The first sample consisted &— 1D *)X decays, which, Wwith the upgraded CDF detector. This should result in tens of
because it is only a partial reconstruction, involved addi-thousands of exclusively reconstruct8andB™ decays in
tional complications. We have discussed extensively thesearious channels that can be used for precision measure-
complications, including the separation®f andB° decays ments of CKM parameters. The same side tagging technique
as well as the corrections for tagging Bndecay products. Wwill be useful for those measurements where initial flavor
We observedB-7* correlations, used them to reveal the determination is critical.
time-dependent flavor oscillation &9's, and measured its
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eD2=52+1.2"3% (86)
2 0 APPENDIX A: MONTE CARLO SIMULATIONS
€D3=2.4+0.7"5%, (87)

In this paper, two types of Monte Carlo simulations are
which are the largest values demonstrated to date for taggingsed. Calculations depending only on the production and de-
methods applied to high energy hadron collider ddt8)]. cay of B mesons employ a Monte Carlo generator that simu-
Although other tagging methods may actually have highetates only a singl®. Situations which depend upon the frag-
dilutions than SST, the combination of good dilution andmentation particles resulting from the hadronization ofltthe
very high tagging efficiency for SST results in the largestquark, as well as the “underlying event” particles, use the
eD? to date. full event generatoPYTHIA.

This SST method was further tested in the exclusively The entireID®*) analysis uses the singlB generator
reconstructedB ™ —J/yK* and B°—J/yK*? decays. The simulation, with the one exception of the determination of
flavor-charge correlations were observed, and the flavor oghe &y c(ct) shapeSec. V B, which uses the defaubty THIA
cillation was again seen with thB%’s; however, the small simulation. Thel/ /K analysis also uses the sind3egenera-
sample size did not permit an accurate determination ofor, and the comparisons made in Sec. VIl rely on a specially
Amy. The dilutions measured in these samples agree wetlined variant oPYTHIA.
with those obtained from th® *) data, although with much

less precision. _ _ 1. Simulation of a singleB meson
The behavior of SST was also studied by comparing the . ) . .
two classes of data samples to a version offthieHiA Monte Monte Carlo simulation of only a singl® meson is based

Carlo program tuned to charged particle distributions fromPn the following elements. Singlb quarks are generated
our ID® data. Comparing the behavior of several kinematicuSing the inclusivés-quark production calculation of Nason,
quantities, the data and the simulation both portray a consi®2@wson and Elli§33], and the Martin-Roberts-Stirling Set
tent picture, indicating that the simulation captures the basi®0 (MRSDO) [34] parton distribution functions. Thie quark
features of this SST. Of particular note, the differences in thdS then transformed into B meson, with no additional had-
charged and neutral dilutions are principally due—accordind®nization products, using the_ Peterson fragmentanon model
to the simulation—to tagging on kaons. Also, despite thel€=0.006)[35]. TheB meson is decayed using the QQ pro-
different kinematics of outD™) and J/yK selections, the 9ram(Version 9.1 [36] developed by the CLEO Collabora-
tagging largely behaves the same way for both, as exemplfion. The sample composition parameters governingBhe
fied by the weak dependence of the dilutions onghef the ~ decay are listed in Table XIV.
B. Furthermore, we have developed a general method to es-
timate the dilution in a sample & mesons starting from the 2. Monte Carlo simulation of the whole event
dilution measurements i *) andJ/ K samples. We also
expect this dilution to be fairly close to the dilution observed
in ID®), provided that the averagB momentum is not The PYTHIA Monte Carlo(PYTHIA 5.70ETSET7.4) [37] is
vastly different. used in instances where more than just a single decaing
This same side tagging method has been demonstrated f@eson is requireckYTHIA simulates a completgp interac-
be a powerful means to tag the initigl flavor, even in the tion: thebb pair, the hadronization products, and the remain-
complex environment of a hadron collider. In the upcominging beam fragments‘underlying event”). PYTHIA uses an

a. “Default” PYTHIA
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TABLE XIV. The values of the sample composition parameters TABLE XV. The ¢(B) ratios represent the relative production
used in the QQ(V9.1) B decay program. The resonanB ( rates used imYTHIA for the differentB mesons. The relative ratios
—vID**) and non-resonantB— vID™*) s, X) fractions, fX¥  are labeled by spectroscopic notation or their spire.g., “o(B
andf}* respectively, sum by definition tb** . +B**:S=0)" represents the sum of cross sectionsBoandB**
states with zero spin.

Parameter Value
Parameter Value
Ry 2.722
fro: 0.231 o(B*)/o(B+B* +B**) 0.7625
res .
frx 0.125 o(B** :1P,)/o(B+B** :S=0) 0.320
non .
frx 0.356 a(B** :3Py)/o(B* + B** :S=1) 0.033
Py 0.687 o(B** :°Py)/o(B* +B** :S=1) 0.099
ol 1.014 o(B** :3P,)/o(B* +B** :S=1) 0.165

round theB direction, and in severgl; bins. The data are
ound to have a higher multiplicity of underlying event
tracks (as measured away from tig e.g.,AR>0.4) than

improved string fragmentation model tuned to experimenta
data, mostly from high energg"e™ collisions.
Our PYTHIA generation uses most of the typical default .
T . PYTHIA predicts.
parameters. The CTEQZ38] parton d|str|bu_t|on functions We may obtain a good description of the charged particle
are used, and the quarks are fragmented using the Petersonmulti licities and distributions by adjusting several
fragmentation model {=0.006) [35]. B** states are also P bt y adusing

\ ) . PYTHIA parameters. The properties of multiple interactions
generated by the fractions listed in Table XV. Howevgr, W€and beam remnants are controlled primarily through the mul-
suppress the actu@d decay performed byyYTHIA and in-

. . tiple interaction cross sectiofPARR31)], the model for
.Sl_teélld I;](\Il\(;kel thti.QQ program W't? .the same .p?ratmgters 'heir generatiofMSTR(82)], the ratio ofgg andqq multiple
ave - N IS way we maintain a consisten ecayinteractions[PARF(85,86], and the width of the Gaussian
model across the two different generators. . :
pr spread of particles produced in the breakup of color
) ) strings[PARJ21)]. Once these parameters are adjusted to
b. “Tuned” PYTHIA obtain agreement with the data away from thgets, we
The PYTHIA generator is controlled by a series of param-assume the underlying event is well modeled. We then adjust
eters whose default values have been adjusted to achietke Peterson constant PARS) so that the generated multi-
good agreement with, primarily, high energy e  data. plicity of tracks inside the[AR|<1 cone around theb
Discrepancies between the “defaultyTHIA (as defined matches the observed one. Table XVI lists the default and
above and CDFpp data are apparent, especially when con-tuned values of the relevar¥THIA parameters. More details
sidering particle production that does not originate from themay be found in Ref[39].
b hadronization, i.e., the “underlying event.” We have made As an example of the effects of the tuning, we show in
a separate study9] of the fidelity of the “default” PyTHIA  Fig. 28 thep distribution of SST candidatege., tracks that
generator(after detector simulationby comparing it to the satisfy the SST selection cuts except for f§& requirement
ID? data(Sec. V A. This comparison studied track multi- [Sec. IV B]) in ID*) data and the two simulations. The tun-
plicities (with SST quality cutsin AR and A¢ intervals ing procedure uses this distribution from th&D©

TABLE XVI. The pyTHIA parameters modified from their defaults in order to agree Bith vID°,
D°—K* 7~ data.

Parameter Default Tuned Description
MSTP(82) 1 3 model of multiple interactions
PARR85) 0.33 1.0 fraction of color-connected

gg multiple interactions
PARR86) 0.66 1.0 total fraction ofjg

multiple interactions
MSTP(33) No Yes multiply cross sections by PARF)
PARR31) 1.00 1.66 increase cross sections by 66%
PARJ21) 0.36 0.6 o{;fg
MSTJ11) 4 3 use Peterson frag. fdr,c
PARJ55) —0.006 —0.0063 — €p
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O B L B B LA B the Peterson fragmentation paramedgr and the combined
| contribution of theB** modes(see Tables XV and XVl
® Data 1 These four were selected as parameters that most directly
o ] 1 influence the track momentum and multiplicity of potential
9 O Default Pythio tags, and hence the dilution.
#7? O Tuned Pythia 1 We varieda:;r:‘g from our tuned value down to 0.36he

¢¢ 1 default valug¢ and up to 0.8, though the statistical uncertainty
% ] from tuning this parameter on the data was only (.89).
¢ 1 Likewise, we varied the cross section scale factor from 1.0
1 (the default valugup to 2.5, even though its tuned uncer-
tainty was only 0.04. The range was selected by varying the
parameter tqapproximately span a symmetric range about
the tuned value that included the defaeMTHIA value. The
large ranges we used for these two parameters were chosen
as conservative allowances for the applicability of this
ooolero b Lol b b model**
00 %jof SgTBConJiéotes1(%ev/§)o ~ The parametegg and the fraction oB mesons originat-
ing from B** have been measured elsewhere, and their ef-
FIG. 28. Thep; distribution of tracks satisfying SST selection fects on the model are better understood. We vagjettom
cuts except for the'®' requirement: average fob *) data(solid ~ 0.004 to 0.008 and thB** fraction up and down by 25%.
circles, default pyTHIA (open squargs and tunedPYTHIA (open  These ranges are indicative of the statistical uncertainties de-
circles. rived from the tuning studiel39].

As an additional systematic uncertainty on the behavior of
subsample—except that the tracks were not restricted tthe dilutions, we varied the fractions of kaon and proton tags
AR<0.7 around théB as they are in Fig. 28—so the agree- in our samples. Section VII B indicates that the difference
ment of the tuned version with the data is to be expectedbetweenD, and D, in the simulation is due to tagging on
The shape of the defaubtyTHIA p; spectrum shows a clear kaons and protons. We varied the kaon fraction-h80%
disagreement with the data. While there is much better agreend the proton fraction by-50% to evaluate this uncer-
ment between data and the turredrHIA in the shapes of the tainty.
pt and the frequency distribution of SST candidat= Fig.

18), the tuned Monte Carlo underestimates the number of 3. Detector simulation
ID*) events that fail to tag by a few percefsee Fig. 25

@
o

o©
o
U|

Fraction per 100 MeV
o
o
———7 77—

e ; The outputs of the physics simulations are passed through
Th?hﬁgsr:gfd?s?rgﬁa?(ta:tlz?l sd|I2ult|(;|;113 3;; {ﬁgiﬂ;)onv%frstihoensss-[he standard CDF fast detector simulation. This simulation is
(F))thhe simulation differ bg ﬁot more than 2o of the Monte based on parametrizations of detector responses determined
o Y . . 7 - rom data, often test beam measurements. The detector simu-
Carlo statistical uncertainty; despite the better description Ofation output can be reconstructed using standard CDF soft-

tmhﬁcgaéﬁf:é;?Eewtv\?::nvm?t’wtgii:ﬁggggn;esuns are not ware. These reconstructed Monte Carlo events may then be
: treated as real data in the analysis.

: 0
ThiW(\aNtheg hnav? ? vi?antngfjvaﬂ)lAmtuged tg douﬂa d:ta.n The inclusive lepton trigger introduces a strong kinematic
S was cone for only 0 0de, and COMPpariSons i, iy thef D (*) analysis. This bias must be well modeled in

with the others, or thd/yK modes, are independent of the the simulation to obtain the proper relative reconstruction

tuning. We find the tuned version generally provides betterefﬁciencies andt corrections, otherwise an incorrect sample
agreement than the default version with all the data sampl

e .. . ..
considered in this paper, in spite of the fact that the tunin éomposmon will result. We take an empirical approach

RN SN . Yather than simulate the trigger directly. The trigger is mod-
used.only gIo_baI multlpl|c_|ty ang distributions and did not eled by a simple error function parametrization of the ratio of
consider particle correlations.

the observed leptop; distribution in the data to that gener-

ated by the simulatiof27]. Examples of such ratios and the

error function fits are shown in Fig. 29 for one signature.
For the study presented in Sec. VII D, we rely on theOnly the region 8<p(l1)<20 GeVck is fit, since this is

tunedPYTHIA to calculate the dependence of the dilution onwhere the effect of the trigger turn-on is the most pro-

the pr of the B meson being tagged. In order to determine anounced. Fits are performed on all five decay signatures, and

systematic uncertainty on the dilution extrapolation due to

the simulation, we regenerated Monte Carlo samples varying

selectecPYTHIA input parameters. , “The pyTHIA default,o{?9=0.36, results from tuning to CERN
The four parameters we varied were the string fragmen- Pr

. . s o
. frag . . o, € € collider LEP data. This “string-breaking” parameter should
tation model parametearpT which describes the distribu be, to first order, the same fef e~ andpp colliders. The sizeable

tion of particle momenta transverse to the string directiongdifference with the LEP value may signal a limitation of the tuning
the underlying event cross section scale fa¢RARR31)],  procedure, or be a hint that the model is inadequate.

c. Systematic uncertainties for the dilutions derived fromyTHIA
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accurate representation of the data.

——
lect o
2 o_ g 356 gecv rons For the J/4/K we found that thep(B) distribution that
g’ _ 1'79 Cev results after detector simulation and selection cuts compares

fairly well with the data without additional trigger simula-
i - + ++ tion. The trigger turn-on at very low(u) is largely gov-
- + erned by the energy loss in the material before the muon
_ chambers. This effect is already included in the detector
T simulation, and thus no specific trigger simulation is done for
the J/ K Monte Carlo samples.

N(data)/N(MC)

APPENDIX B: CHARGE ASYMMETRY TAG
CORRECTIONS FOR THE J/¢K SAMPLES

N(data)/N(MC)

A charge bias in the SST algorithm could fake an asym-
metry. The maximum likelihood approach described in Sec.
VI B provides a natural tool for the parametrization of a
charge bias and its effect on data.

FIG. 29. The ratios of th@+(l) distributions of the data to the A tagging algorithm is characterized by the probability
Monte Carlo simulation, for electrorftop) and muongbottom), for P(S| p) that a given production flavop vyields a tag of
thel™D~, D™ —K" 7~ «r~ signature. The distributions are fit with charges. The production flavop follows the same conven-
the error function, wherep$ is the midpointp(l) and Op, the tion as the reconstructed flaver p=+1 for B* and BO,

width” of the turn-on. The overall normalizations are immaterial and—1 for B~ andBP. The tags, takes the value of 1 for

since thelD *) analysis requires only relative efficiencies. . - . .
y a Y tagging on a positive track; 1 for a negative track, and 0 if

e - - ere is no tag. This probability can be written in a form
the sample-weighted average of the five sets of fit paramete%@zmilar to the expression dP(s|r) used in our likelihood

10 20
lepton Py (GeV/¢c)

is used to describe the electron and muon trigger efficiencies. "
These parametrizations are then applied to the Monte Carl nction[e.g., Eq.(72)], namely
events to obtain simulated data sets with the correct trigger
turn-on. _ _ S 1+pxy(S)D,
A comparison of some kinematic distributions from the P¢(S|p)=(f) Ey(S), (B1)
data and the simulation is given in Fig. 30 for a sample decay
signature. As can be seen, this procedure provides a fairly

which is characteristic of an asymmetry pix 4(s) with am-
240 - - T plitude D, (¢=S, P, orL for the type of event

o
[}
S

’\5 N{ The sixP 4(s|p) describing a tagging methdébr a given
? 200 E ¢) are reduced to four by the two constraints
- ~,
hdl o
\ SN’
£ 100 > P4s(+[p)+Py(—[p)+Py(0lp)=1 (B2)
[5) c
& g
i " " pf - o e e for either p. Four independent variables may be chosen to
pr(lepton) (GeV/c) m(lep D) (GeV/c?) describe the tagging in terms of these probabilities as
400 T 300 T
Q 3 :P¢(+|+)+P¢(_|_)_P¢(_|+)_P¢(+|_)
% ¢ 2 200} ] PP (H[H)+P(—[ =)+ Py (—[+)+Py(+]-)
%) (G} (BS)
N 200 1 &
< <
5] [%] L i
kS *qc:m . :P¢(+|+)+P¢(+|_)+P¢(_|+)+P¢(_|_)
o i ¢ 2
00 20 40 00 2‘0 40 (84)
ps(lep D) (GeV/¢) corrected p,(lep D) (GeV/c)
FIG. 30. A ison between the dégmints and the singl @ _ Dol )+ Pt 1) Pl +) = Pyl ])
5 o 30 comparison between the dgpaints an e single- ) Py(H] )+ Py(+] )+ P (—[+)+Py(—[—)
onte Carlo simulation for the decay signaturéD~, D (B5)

—K* 7~ ™. The distributions compared arp; of the lepton,e
and u combined(top left), mass of thdD ~ system(top right), the
pr of the D~ system(bottom lefy, and p(ID ™) after correcting _ Py(+ [+)+ P¢(_|+)_ Py(+ |-)- Py(— )

for the missing neutringbottom righy. Only the agreement in the ¢ Py(+ |+)+ Py(+ =)+ Py(— |+)+ Pu(— [—)"
correctedp;(ID ™) distribution relates directly to the analysis. (B6)
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The first quantityD,, is the usual dilutiort? and the second  tector, buts remains zerolf andb mesons have the same
quantity €, is the charge-averaged tagging efficiency. Thepositive tag exce$sOn the other hand, preferential loss of
charge bias in the tagging algorithm is given @ [Ed.  one charge make&+ 0. An efficiency asymmetry is created

(80], and 4, is the flavor asymmetry in the tagging effi- qin0B0 events are more likely to tag on negative tracks than

ciency[Eq. (82)]. We find it more convenient to express the B®s—this correlation, after all, is why SST works. The CTC

latter asymmetry ag,=6,/D,; .

Solving for P4(s|p) in terms of D, €,, a4, andy,,
and then casting the expressions in the form of(Bqd), one
derives the following expressions fot,(s), the charge
asymmetry corrected tag, anf,(s), the corrected effi-
ciency:

1+s
7¢) for s==1,
Ky4(S)= (B7)
¢ Yo€o
- for s=0,
1_6¢
e¢(1+8a¢) for S:tl,
= B
£4(s) {2(1—%) for s=0. (B8)

has such a reduced efficiency for log+ negative tracks
(Sec. VIC 3.

We consider the situation where we have a net loss of
negative tracks, as is actually observed in our data. Losing a
track has one of three outcomes. First, if there was no other
SST candidate in the event, the tag would simply be lost,
giving a net positive tagging asymmetry. If, on the other
hand, the SST tagged on another negative track, then the loss
has no effect, since it is only the sign of the tag which mat-
ters. However, if the SST tagged instead on a positive track,
then the tagging asymmetry would be enhanced over that
from simply losing negative tags.

If Dy and ey are the nominal tagging dilution and effi-
ciency in the absence of negative track loss € 6’ =0),
then the probabilitieP(s|p) [Eqg. (B1)] with the negative
track loss can be rewritten in terms of the nominal quantities

Notice that the untagged events may actually have a sma#ls
finite dilution sincex ,(0) need not be zero. This non-zero

dilution arises because the untagged events contain a greater _ 1+D(’ﬁ / 1_D:b
number of events whickhouldhave been tagged with the P(+|+)_€¢ 2 Ty 2 4B €Y
sign against which the tagging efficiency is biased.
These equations provide us with a formulation to incor- , 1—7)(’ZS
porate tagging asymmetries in the likelihood functi@ec. P(—[+)=¢€} 5| (1= (C2
VI B).
(1-D, [1+D,
APPENDIX C: CONSTRAINTS ON THE TAGGING P(+|-)=€y| —5— | tey| — | nf2 (€3
EFFICIENCY ASYMMETRY
As discussed in the Iatter_part of Sec. VI C 3, a tagging P(—|-)=¢ ( 1+D¢>(1_ ) (Ca)
method may not tag oh andb mesons with equal efficien- 2 ’

ies. The effici t§, is given by Eqs(82 . . . .
?I|3868) ar?de ;(;Isggzlsa?xmt?ee r‘%ﬁelﬁh%\ézn fu)?lcticz)sn( v)iz;(: wherez is the fraction of negative tags which are lost hot

=6,/D in Eq. (B7). We determines,, for the J/yK counting those which re-tag on another negative track, and

backgrounds by letting them float in the likelihood fit. How- f1(2) is the fraction ofp=+1 (p=—1) [or B(B)] which,
ever, for theB signal, we independently constraip, as having lost a negative tag, re-tag on a positive track.
explained here. We can calculate the ratiy,/a, by substituting Egs.
With an ideal detector the tagging method would be de{C1)—(C4) into Egs.(B3), (B5), and(B6), and obtain
scribed by some “true” dilution and efficiency, and the
and § asymmetries would be zero. A detector bias could alter
this situation by adding or losing tracks based on their — = E—— . ; = ,
charge. For example, positive tracks may be added to the @y {1+ E-DyATH2D,— n(Dy[1+F]—Af)}
event by proton spallation from the beam pipe. This effect is (C9
actually very small, but in any case, it adds tracks equally — .
around bothb and b mesons. This generates a non-zefo wheref = (T, +15)/2 andAf=(f,~;)/2. The behavior of

ey . . ~ yglag is shown in Fig. 31 for values akg=2% andDg
(more positive tags than negatvia what was an ideal de =16.5%, values which are close to what is observed in data.

We also use

vs 2= n(1-f+DyAT )HDy[1-F]+Af}

with this convention, the dilution is positive for taggimf’s
and negative foB™’s where the sign correlation is reversed. How-
ever, we explicitly invert the sign in front of ther'kg(s)Dg"” term
in Eq.(72) for J/yK ™, so thatDy is positive in Table X foboth B’
andB*. All the background dilutions follow the nominal conven- obtained from Eq(B5). The nominal dilution used is actu-
tion of Eq. (B3). ally the observed dilution id/ /K data after negative track

2a¢

n= — : (Co)
(1+ay)+(1—ay)(f-D)AT)
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% &(Data) = 16.7
' P (Data) = 22%

Number per unit ¢
co
T

it: 12.7 DOF

FIG. 32. The distribution of? values obtained fromd/yK ™"
o Monte Carlo samples equivalent to the data. A fit to the stangard
FIG. 31. Variation ofy,,/a, versusf, andf; for «,=2% and jstribution is shown by the solid curve and yields 12.7 degrees of
nominal dilutionD;,=16.6%. Note that0,0) is the leftmost corner  freaqom. The vertical line indicates th? value obtained from the
and(1,1) the rightmost, and that the function is not defined for theJ/¢K+ data sample, and Monte Carlo samples with larger values of

regionAf<O0. £? are shaded.

loss (Sec. VIQ, but the two dilutions are expected to be might be naively expected. We consider here a test to gauge
similar in light of the small charge asymmetry ag~2%  the statistical significance of the shape differences.

(Sec. VIC3. o The dilution differences between adjacg(SST) cut-
The largesty,/a, is achieved withf=Af=0.5, which  offs (say from 0.4 to 0.5 Ge\&) are much less correlated
gives than the absolute dilutions. The common components largely

cancel in the differences. We estimate the probability to ob-
, B , tain dilution differences similar to thd/¢K* data and use
Yo _ (Dy+1)(4—(1+Dy) ) _ (C7) that estimate as a measure of the statistical likelihood to ob-
ay  (3=Dy)(4Dy+(1-3Dy)7) tain shape disagreements like the data.
We calculate g? comparing the dilution differences be-
tween the data and the Monte Carlo simulation, i.e.,

For values ofag andDy close to what is expected in signal
events, this maximal value is about 2.5. The maximum cor- 0
responds to the unrealistic situation where all the lost nega- ) 86— 6
tive tags(which do not re-tag negatiyealwaysre-tag on a =2 ( a( 5i))
positive track forB%’s and neverre-tag on a positive track

_O, . . . .
for B_ S. F_or the likelihood fit we choose the nominal vall_Je wherei is the index of thep-cut (13 values in 0.1 GeW
of this ratio to be 1.0, and for the purpose of evaluating. crements starting from 0.3 Ged), 8, =D, .~D,, D, is
systematic uncertainties this ratio is varied between 0 and’ 9 ) PO L T

2.5. Sinceag is on the order of 2%y lies between 0 and the measured dilution at &, is the corresponding difference
5%. from the tunedPYTHIA (Sec. A2 D, ando(§;) is the statis-

tical uncertainty ons,. We calculate these differences rela-

(DY)

APPENDIX D: STATISTICAL SIGNIFICANCE OF D, VS t'l‘:’_e t°2 the P;TH'A ;&aluiai since D, (;/anes with pT(SSJ)
p7(SST) SHAPE DIFFERENCES (Fig. 23 and would otherwise introduce an unwanted sys-

tematic contribution ta’?.

The variation of thel/¢K* charged dilution versus the We subdivide therYTHIA sample into 100 subsamples,
pr cutoff shown in Fig. 23 apparently does not agree veryeach with statistics equivalent to th#4K* sample, and
well with either thelD *) data or the tune@YTHIA simula-  compute/? for each[32]. These subsamples should have the
tion aroundp(SST)~0.6 GeVk. As noted in Sec. VIIB, same sort of statistical fluctuations as the data. Zheistri-
neighboring points are highly correlated and it is difficult to bution for the Monte Carlo subsamples is shown in Fig. 32.
judge the significance of trends across several points frorifhe value obtained from thd/yK* data, (>=16.7, is
the drawn(naive error bars. The correlation is complicated marked by the vertical line. The data is higher than typical,
because events which lose their tags agtH&ST) cutoffis  but well within the spread of the Monte Carlo samples.
raised will sometimes re-tag on another, higper, track in The distribution of thez?’s should, if the dilution differ-
the event. This effect causes the fluctuations to be larger thaemces are truly uncorrelated, follow the standgfdlistribu-
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tion for n degrees of freedom, which in this case is the num- We compute from this fit the probability for a sample the
ber of differences. A fit of they?-distribution to the 100 size of thed/y¢K* data to yield a/? at, or above, the 16.7

subsamples, with as a free parameter, is also shown in Fig.observed in the data to be 22%. Thus, we conclude that the
32. The fit yieldsn=12.71+0.48, in good agreement with observed differences in the dilution shape with( SST) are

there having been 13 differences in tffesum.

not statistically unusual.
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