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This report summarizes the study of the reaction K~p —> K°TT~P over the range of energies from 1.0 to 
1.7 BeV/c. The reaction is shown to be dominated by the K*~p final state from threshold (1.08 BeV/c) to the 
highest energy available in this experiment. The best values for K*~~ parameters are shown to be 891 and 
46 MeV for the central value and full width of the resonance, respectively. It is shown that the one-pion-
exchange contribution dominates the low-momentum-transfer events at the higher energies. On the assump­
tion that T = 3/2 KTT interaction is negligible, which is strongly indicated by the data of Galtieri et aL, the 
T = 1/2 KTT S-wave phase shift is shown to be small and positive and roughly linear with the center-of-mass 
momentum in the Kir system. Influence of other unstable meson and baryon states on this reaction is 
discussed. 

I. INTRODUCTION 

THE reaction K~p —» K°ir~p provides a convenient 
process to study pion production by K~ mesons 

by using the bubble chamber technique. In this paper 
we present the results on the analysis of 5165 examples 
of this reaction in the energy range from 1.0 to 1.7 
BeV/c. The reaction is dominated by the K* production 
from threshold up to the highest energy accessible in 
this experiment. 

Section I I discusses briefly the details of the exposure 
and the data-analysis system used in the experiment. In 
Sees. I l l and IV we discuss the cross sections and the 
gross features of the reaction. Sections V and VI deal 
with the applicability of the one-pion-exchange model 
to this reaction. Using the Chew-Low formalism, we ob­
tain cross sections and phase shifts for the Kir scattering. 
Finally, the last section discusses the effect of the other 
final-state interactions upon the reaction in question. 

II. EXPERIMENTAL METHOD 

The experiment was performed by exposing the 
Lawrence Radiation Laboratory's 72-in. bubble cham­
ber to a high-energy, 2-stage, separated K~ beam de­
signed and built under the direction of H. K. Ticho.1 

The exposure lasted from September 1961 to June 1962. 
Altogether eight different momentum settings were used, 
ranging from 1.05 to 1.7 BeV/c. The lowest two (1.05 
and 1.11) were obtained by tuning the beam for trans­
mission of 1.22-BeV/c K mesons and then degrading 
them to the desired momentum by means of a uranium 
or copper absorber placed in front of the chamber. All 
other energies were obtained by tuning the magnets 
for the appropriate momentum. The typical momentum 
spread was ± 3 or 4%. The pion contamination was al­
ways less than 15%, and since it cannot contribute 
significantly to the topology under study, it does not 
concern us here. The typical K flux per picture ranged 

* This work was done under the auspices of the U. S. Atomic 
Energy Commission. 

t Present address: L'Ecole Polytechnique, Paris, France. 
1 R. Hubbard, D. O. Huwe, G. Kalbneisch, J. Kirz, D. Miller, 

J. B. Shafer, D. Stork, H. K. Ticho, and C. Wohl, Lawrence 
Radiation Laboratory Report UCRL-10690, 1964 (unpublished). 

from one at the lowest momentum to about 10 in some 
parts of the film at 1.70 BeV/c. 

The events under study include only those in which 
K° decayed in the chamber via the two-charged-pion 
mode. All of the film was scanned at least twice for that 
topology. A subsequent check of bona fide K°p7r~ events 
indicated that they were missed less than 5 % of the 
time on each scan. For three of the momenta—-1.32, 
1.42, and 1.51 BeV/c—part of the film was subsequently 
rescanned to reject those events that involved a sure A 
decay, in order to reduce the number of measurements 
required. I t was verified that this procedure resulted in 
no loss of genuine K°pir~ events. 

An IBM card was punched for each event found, and 
these in turn were converted into a magnetic-tape 
master list by using Alvarez Group library program 
LINGO. Under control of the LINGO program, cards were 
then generated for those events that one desired to have 
measured. These cards were used to control the measur­
ing projector (Franckenstein) to the extent of stopping 
the film at the correct frame, centering the stage in the 
vicinity of the vertex, and entering the correct indicative 
information on paper tape. An operator recorded on this 
paper tape coordinates of several points on each track 
along with the appropriate reference points (fiducial 
marks) on the surface of the chamber glass. Typical 
measuring time for a V° 2-prong event was of the order 
of 10 min. 

After conversion of paper tape to magnetic tape, the 
data were processed through the IBM program PANAL. 
PANAL edited the data into a more compact format and 
also performed some basic checks. The PANAL output in 
turn served as the input to the spatial-reconstruction 
and kinematical-contraint program PACKAGE. The first 
part of PACKAGE reconstructed all tracks in space and 
calculated their curvatures, taking into account energy 
loss. Energy on all quantities were also calculated here. 
In the second part of PACKAGE, kinematical fits were 
attempted to all hypotheses involving a A or K°, two 
charged prongs, and one or no missing neutrals. The 
PACKAGE output was in the form of a binary tape which 
contained a summary of all attempted fits as well as the 
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TABLE I. Data on path lengths 

K-
momentum No. of events 

(BeV/c) 

1.05 
1.11 
1.215 
1.32 
1.42 
1.505 
1.60 
1.695 

(uncorrected) 

56 
71 

577 
587 
406 

2511 
339 
618 

w~p R E A C T I O N 

j and cross 

Path length 
(events /mb) 

(from 
(from r interaction 
count) 

141 
216 

1170 
1475 
800 

5090 
675 

1065 

count) 

1275 
1385 
810 

5190 
730 

1085 

sections. 

Cross 
section 

(mb) 

0.78±0.11 
1.51±0.20 
1.49±0.12 
1.44±0.12 
1.81±0.15 
1.73=1=0.12 
1.85=1=0.2 
2.24±0.25 
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fitted quantities for those hypotheses that gave a suc­
cessful fit. This tape served as the input to a EORTRAN 
language program EXAMIN, which decided on the basis 
of %2,sfor various hypotheses whether the event "passed" 
or not. In addition it also calculated quantities of inter­
est for passing events. The EXAMIN program wrote a 
binary tape (data-summary tape) with this information 
(typically several hundred words, i.e., numbers per 
event) which was used to update a master data-summary 
tape (DST). This latter operation was performed under 
the control of the LINGO program in such a manner that 
events not on the master list or events that passed pre­
viously were rejected. Thus the DST was protected 
against having duplicate good measurements of the 
same event entered on it. The DST was then the master 
tape serving as the input to various FORTRAN programs 
which either summarized (e.g., in form of histograms) 
the data as it was on the tape, or used these data to cal­
culate new quantities. I t should be mentioned that at 
each stage in this analysis system some BCD (printer 
tape) output was also generated to allow one to check 
the whole operation.2 

The separation of the K°p7r~ reaction from others of 
the same topology could ordinarily be achieved by refer­
ence to x2 only. Even at the highest momentum, the 
number of ambiguities was only of the order of 2%, and 
those could always be resolved by inspecting the ioniza­
tion of the two positive tracks. 

III. CROSS SECTIONS 

The path length in this experiment was determined in 
the following manner: 

(a) At the lower two momenta (1.05 and 1.11) all 
3-prong events were measured, and thus an accurate 
count of r decays was obtained. For all practical pur­
poses, scanning efficiency for r topology at these mo­
menta was 100% because of relatively low energy of the 
beam and low track density. 

2 For a more complete description of the Alvarez group data-
reduction system, see, for example, W. E. Humphrey and A. H. 
Rosenfeld, "Analysis of Bubble Chamber Data," submitted to 
Annual Review of Nuclear Science (Annual Reviews, Inc., Palo 
Also, California, 1963), Lawrence Radiation Laboratory Report 
UCRL-10812, June 17, 1963 (unpublished). 
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FIG. 1. Cross section for the reaction K~p —> K°w~p as a func­
tion of momentum. The low-energy points are from Bastien and 
Berge (Ref. 19) and Alston et al., Phys. Rev. Letters 6, 300 
(1961). 

(b) At the higher momenta (P beam >1.22 BeV/c) 
two independent methods were used to obtain the path 
length. The first method involved counting all 3-prong 
events, and then correcting for scanning efficiency and 
1-prong decays with a Dalitz pair. The second method 
was based on counting all interactions in approximately 
every tenth roll of film and then normalizing to the total 
film sample by the use of those interactions that were 
scanned for in all of the film (e.g., V° 2 prongs). The 
path length was then obtained by referring to the coun­
ter measurements of the K~p cross sections in this 
energy region.3 The number of pion interactions was de­
termined mainly from the number of observed double- V 
associated productions. At the highest momentum, 
where the pion contamination was the largest, this num­
ber was checked by counting the 2-prong interactions 
with energetic 8 rays. 

The data on the path length, as well as on the num­
ber of events observed at each momentum setting, is 
summarized in Table I. The size of the discrepancy be­
tween these two methods of obtaining path length 
gives us some idea of the absolute accuracy of these 
methods. 

The cross sections for the reaction under study are 
displayed in Fig. 1. Above the K* threshold, the cross 
section appears to stay reasonably constant, with a pos­
sible slight rise at the higher energies. To obtain the 
cross sections, we multiplied the raw data by 3 to allow 
for the K2° and neutral decay modes of the K°, by about 
1.06 for very short K° (this number was obtained by 
studying the lifetime curve of the K°), and by 1.0 to 1.25 
at various momenta for events that failed to go through 
the system. A study of remeasurements at 1.22 and 
1.51 BtV/c, where extensive second and third measure­
ments were carried out on failing events, indicated that 
the absence of the events that fail on the first pass does 
not bias any of the distributions studied. 

3 V. Cook, Bruce Cork, T. F. Hoang, D. Keefe, L. T. Kerth, 
W. A. Wenzel, and F. T. Zipf, Phys. Rev. 123, 320 (1961). 
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FIG. 2. Mass spectrum of the KQTT system. The curve rep­
resents 75% K* production (M* = 891 MeV and T=46 MeV) and 
25% phase space. 
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FIG. 3. Dalitz plot for the reaction K~p —>K°p7r~ for the events 
defined by 1.15 <PK~< 1.45 BeV/c. The envelopes correspond 
to incoming momenta of 1.15 and 1.45 BeV/c. 
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FIG. 4. Dalitz plot for the reaction K~p —> K°pTv~ for the events 
defined by 1.15 <PK~< 1.45 BeV/c. The envelopes correspond to 
incoming momenta of 1.15 and 1.45 BeV/c. 

IV. GENERAL FEATURES OF THE REACTION 

Except for the lowest momentum (1.05 BeV/c) all 
other momentum intervals under study lie above the K* 
threshold. The opening up of this new channel is clearly 
seen in Fig. 1 as a sharp jump in the cross section in the 
vicinity of 1.08 BeV/c. The extent to which the K* 
dominates our reaction can be seen from the mass plot 

of the Kw system (Fig. 2), as well as in the Dalitz plots 
of this reaction (Figs. 3 through 8). In the Dalitz plots 
we have divided the data into three momentum 
intervals—1.15 to 1.45 BeV/c, 1.45 to 1.55 BeV/c, and 
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FIG. 5. Dalitz plot for the reaction K~p —> K°pw~ for the events 
defined by 1.45 <PK~< 1-55 BeV/c. The envelopes correspond to 
incoming momenta of 1.45 and 1.55 BeV/c. 
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FIG. 6. Dalitz plot for the reaction K~p —> K°p7r~ for the events 
defined by 1.45 <PK~< 1.55 BeV/c. The envelopes correspond to 
incoming momenta of 1.45 and 1.55 BeV/c. 
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FIG. 7. Dalitz plot for the reaction K~p —» K0pir~ for the events 
defined by 1.55 <PK~< 1.75 BeV/c. The envelopes correspond to 
incoming momenta of 1.55 and 1.75 BeV/c. 
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1.55 to 1.7 BeV/c. Clearly, the K* is just as dominant 
right above threshold (the lowest momentum interval) 
as it is at higher energies. To first order, there are no 
other effects (which would exhibit themselves as bands 
on the Dalitz plot) contributing to this reaction. In a 
subsequent section, we look into the question of second­
ary resonances in more detail, but for the purposes of 
this discussion it is clear that other effects do not 
seriously influence the study of K* production and de­
cay. The curve drawn over Fig. 2 represents a mixture 
of 75% K* formation (represented by a Breit-Wigner 
curve with a central value of 891 MeV and V of 46 
MeV) and 25% phase space. The fit is very good, and 
this 3:1 ratio seems to represent the data quite well at 
all energies in this experiment. 

The higher energy region in this experiment, PK> 1.45 
BeV/c, should give a fairly accurate central value and 
width of the K*. Firstly, as remarked previously, we 
observe no other strong effects in the reaction. Secondly, 
the K* occurs roughly in the middle of phase space at 
those energies, and thus the kinematical factors do not 
influence the parameters in question. 

The K-K mass spectrum in the vicinity of the K* is dis­
played in Fig. 9 in 5-MeV intervals. The data were 
divided according to the incident momentum—-those 
with 1.45<P*:< 1.55 BeV/c in Fig. 9(a), and the ones 
with 1 .55<PK<1.75 BeVA in Fig. 9(b). After sub­
traction of the estimated background (straight dashed 
line), the data were fitted with a Breit-Wigner curve 
with two parameters, the central value Jkf * and the full 
width T. Both subsets of data gave the best fit to iden­
tical values of these parameters, namely, -M*=891±l 
MeV and r = 4 6 ± 3 MeV.4 The quoted errors are only 
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FIG. 8. Dalitz plot for the reaction K~p —> K°pTr~ for the events 
defined by 1.55 <PK~< 1.75 BeV/c. The envelopes correspond to 
incoming momenta of 1.55 and 1.75 BeV/c. 

4 This central value should be compared to 892db 2 MeV ob­
tained for the neutral member of the K* multiplet by R. Kraemer 
L. Madansky, I. Miller, A. Pevsner, C. Richardson, R. Singh, and 
R. Zdanis, in Proceedings of the Athens Topical Conference on 
Recently Discovered Resonant Particles (Ohio University, Athens, 
Ohio, 1963), p. 130. 
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FIG. 9. Mass spectrum of the K^iT system near the K* region 
for events defined by (a) 1.45 <PK~< 1.55 BeV/c, and (b) 1.55 
<Pj3T<1.75 BeV/c. The straight dashed line represents our esti­
mate of the background. The dashed curves represent a Breit-
Wigner curve with M* = 891 MeV and r = 4 6 MeV. 

statistical and do not include the uncertainties inherent 
in this procedure. The x2 for the fit using these param­
eters corresponds to a probability of 50 and 6% for the 
lower- and higher-momentum data, respectively. 

V. ONE-PION-EXCHANGE MODEL 

In 1959 Chew and Low proposed a way to analyze ex­
periments with virtual particles as targets (as for ex­
ample pions in the cloud surrounding the nucleus).5 

They conjectured that the cross sections and scattering 
distributions for reactions of the type irir—^inr or 
irK—*irK could be obtained by measuring the two-
dimensional distribution <9V(A2,co2)/da;2dA2, where co is 
the mass of the TTTT (or Kir) system, and A2 is the in­
variant four-momentum transfer squared given to the 
nucleon. More specifically, if applied to our reaction, the 
conjecture states that the distribution in question, 
dV(A2,co2)/dco2dA2 when extended to the nonphysical 
values of A2, will have a pole at the value A2 = —y2 where 
/x is the mass of the exchanged particle—TT° in this case—• 
and the residue at this pole is related to the wK cross 
section at that value of w2. Quantitively, if applied to 

5 G. F. Chew and F. E. Low, Phys. Rev. 113, 1640 (1959). 
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ir° 
FIG. 10. One-pion-exchange 

Feynman diagram for the reac­
tion K-p->K°7r-p. 

this reaction we have 

d2a f A2/M
2 

dco^A2 A2 ̂ 2 2TT (AHV)2 

[ico4-Jc2(Mi2+M22)+i(Mi2~M22)2] 

qiL2 

where /xi is the mass of the incident particle (K~), /x2 the 
mass of the target particle (x°), qiL the laboratory mo­
mentum of the K meson, and f2 the pion-nucleon cou­
pling constant equal to 0.08. In other words, we postu­
late that one-pion exchange (Fig. 10) must dominate 
the reaction at A2=—fi2. The same general statements 
can be made about the three-dimensional distribution 
dV(o}2,A2,cos0)/dco2dA2dcos#, where 0_ is the angle be­
tween the incident K~ and outgoing K° as defined in the 
K°TT~ barycentric system. Thus the Kir scattering dis­
tribution can be obtained in a similar method as 
the total cross section by extrapolating this three-
dimensional distribution to the pole. 

In practice, the extrapolation experiments have 
proved to be very difficult since very large amounts of 
data at very low momentum transfers are required to 
make the extrapolation reliable.6 On the other hand, the 
one-pion-exchange mechanism may dominate the physi­
cal region, so that extrapolation would not be necessary. 
The Chew-Low prescription then could be used to re­
late the laboratory quantities to the quantities in the 
KIT (or ww system). Basically, this amounts to saying 
that just a linear term is sufficient in extrapolation. 

The study of pion production by pions has indicated 
that at low-momentum transfers to the nucleon, re­
actions like ir+N —•» TT+TT+TV can be interpreted as the 
interaction of the incident pion with one of the pions in 
the cloud surrounding the nucleon, i.e., pion-pion scat­
tering.7 Even though detailed investigations of this 
phenomenon have shown that other mechanisms also 
contribute,8 it is clear that, at least at a semiquantitative 

6 See, for example, L. B. Auerbach, T. Elioff, W. B. Johnson, 
J. Lach, C. E. Wiegand, and T. Ypsilantis, Phys. Rev. Letters 9, 
173 (1962). 

7 D. Carmony and R. Van de Walle, Phys. Rev. Letters 8, 73 
(1962); V. Hagopian and W. Selove, ibid. 10, 533 (1963); Z. G. T. 
Guiragossian, ibid. 11, 85 (1963). 

8 See, for example, E. Pickup, D. K. Robinson, and E. O. Salant, 
Phys. Rev. Letters 9, 170 (1962). 

level, the one-pion-exchange (OPE) model gives a 
faithful representation of the low-momentum-transfer 
data in irN interactions. 

There has been considerably less work on the mecha­
nisms involved in pion production by K mesons. The 
OPE model appears remarkably successful in explaining 
the behavior of the reaction K++p -> K*°+N*++ 
studied by Chinowsky et al.,9 Kraemer et al.,A and 
Ferro-Luzzi et al.10 On the other hand, in the three-body 
states arising from K+p collisions, a much more im­
portant contribution appears to come from the p ex­
change.10-13 This can be attributed at least partially to 
the fact that the OPE model cannot lead to an iV* along 
with a K meson, and iV* production appears to dominate 
the KirN final states. 

In this section we would like to discuss the data in 
light of the OPE model. Since, as mentioned before, the 
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FIG. 11. Scatter dia­
gram of A2 versus_co2 for the 
reaction Krp -> KQiTp. The 
three parts of the figure are 
defined according to the in­
cident momentum: (a) 1.15 
<PK~< 1.45 BeVA, (b) 1.45 
<Px-<1 .55 BeV/c, and (c) 
1.55 < P i r - < 1.75 BeVA. 
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9 W. Chinowsky, G. Goldhaber, S. Goldhaber, W. Lee, and T. 
O'Halloran, Phys. Rev. Letters 9, 330 (1962); also G. Goldhaber, 
Proceedings of the Athens Topical Conference on Recently Discovered 
Resonant Particles (Ohio University, Athens, Ohio, 1963), p. 80. 

10 M. Ferro-Luzzi, R. George, Y. Goldschmidt-Clermont, V. P. 
Henri, B. Jongejans, D. Leith, G. Lynch, F. Muller, and J. M. 
Perreau; submitted to the 1963 Sienna International Conference 
on Elementary Particles. 

11 S. Goldhaber, in Proceedings of the Athens Topical Conference 
on Recently Discovered Resonant Particles (Ohio University, Athens, 
Ohio, 1963), p. 92. 

12 B. Kehoe, Phys. Rev. Letters 11, 93 (1963). 
13 G. B. Chadwick, D. J. Crennell, W. T. Davies, M. Derrick, 

J. H. Mulvey, P. B. Jones, D. Radojicic, C. A. Wilkinson, A. 
Bettini, M. Cresti, S. Limentani, L. Perusso, and R. Santangelo, 
Phys. Rev. Letters 6, 309 (1963). 
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i£* appears to be the only strong final-state resonance, 
a priori we might expect this situation to favor study 
of the pion-exchange mechanism much more than in the 
case of K+ interactions. 

In the region of validity of the OPE model, the data 
must satisfy several conditions. Firstly, the recoil 
nucleon in general exhibits backward peaking. I t is 
difficult to state this requirement quantitatively since, 
in general, the form factors at the two vertices on each 
side of the propagator have some A2 dependence. 

Secondly, there can be no correlation between the 
orientations of the particles forming vertex A and those 
forming vertex B (see Fig. 10). This observation was 
first made by Treiman and Yang and stems from the 
fact that the pion is spinless and thus can carry no 
orientation information from one vertex to another.14 

Quantitively, the requirement can be stated that the 
distribution in angle <j> must be isotropic, where <f> is the 
angle between PinXPout and K°X«~ in the incident K~~ 
rest frame. Here Pi n and Pout refer to the momentum 
vectors of the target proton and the recoil proton, 
respectively. 

Thirdly, the relative cross section for the production 
of the various possible charge states is no longer arbi­
trary, but represents the requirements of charge in­
dependence at both vertices. This point need not con­
cern us further here, since we are studying only one 
charge state. 

Fourthly, the scattering distributions for the Kw final 
state must be characteristic of the predominant angular-
momentum state. 

For this discussion we have divided the data into 
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FIG. 12. Treiman-Yang angle for the low-
momentum-transfer events. 

FIG. 13. Distribution in the Kir 
scattering angle for the events with 
incident momenta between 1.45 
and 1.55 BeV/c. (a) M(KTT)<S00 
MeV, (b) S00<M(KTT) <865 MeV, 
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MC&)>960MeV. 
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14 S. B. Treiman and C. N. Yang, Phys. Rev. Letters 8, 140 
(1962). 

three momentum intervals—l. lS<Px-<1.45 BeV/c, 
1 .45<Pz-<1.55 BeV/c, and 1.55<PK -<1.75 BeV/c. 
The A2 distribution for each of these intervals as a func­
tion of the KIT mass is shown in Fig. 11. I t is clear that 
the number of low-momentum protons increases as the 
energies of the incident K~~ become greater. This is easy 
to understand since, as the energy increases, the physi­
cal region approaches the pole at A2= — JJL2. 

The distribution in the Treiman-Yang angle for the 
low-momentum-transfer events for these three energy 
intervals is displayed in Fig. 12. Within each momentum 
interval we have divided the data according to the Kir 
mass spectrum into three bins—below, at, and above 
the K* resonance. Low-momentum-transfer events are 
defined here as those with c o s ^ - p < — 0 . 9 , —0.8, and 
— 0.7 for the lowest, middle, and highest momentum 
bins, respectively. This cutoff was obtained by inspect­
ing the variation of the distribution in the Kir scattering 
angle as a function of the production angle in the K* 
mass band, 865<M(Kir)<910 MeV. Since at greater 
angles the COS26KT term appears to vanish, the OPE 
diagram could not be dominant (at least for this mass 
interval). We conclude from these distributions that 
the data do not show any statistically significant de­
partures from isotropy at the two higher energy inter­
vals but are inconsistent with the OPE diagram at the 
lowest energy. 

The Kw scattering-angle distributions at the two 
higher energies are shown in Figs. 13 and 14. Their 
general behavior is again consistent with the peripheral 
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mechanism, exhibiting an S-wave background with a 
strong P-wave, characteristic of K* resonance in the 
middle mass bin. The scattering-angle distributions at 
the higher momentum transfers (not shown) agree with 
isotropy for all mass intervals. The data thus appear to 
be consistent with the statement the OPE diagram 
dominates the reaction under study for low-momentum-
transfer events above 1.45 BeV/c. Low momentum 
transfer here means cos^x-p<— 0.8(A2<9m7r

2) at ~ 1 . 5 
BeV/c, and cos^K-„<-0.7(A2<14w7r

2) at 1.65 BeV/c. 

VI. KK CROSS SECTIONS AND PHASE SHIFTS 

In the preceding section we have shown that the low-
momentum-transfer data at the higher energies appear 
to be dominated by the OPE diagram. Here we would 
like to interpret these data along the lines suggested by 
Chew and Low to obtain Kw cross sections and phase 
shifts in this energy region. 

The cross section for the Kir scattering obtained by 
using the Chew-Low prescription is shown in Fig. 15. 
The dashed curve indicates the behavior of a resonant 
T= 1/2 P-wave cross section for a reaction K~ir° —> K°if~. 
The factor of 2/9 arises from Clebsch-Gordan coef­
ficients. That the numbers came out quite reasonable 
gives us an added assurance of the validity of our 
procedure. 

To arrive at numbers for the phase shifts, we must 
make certain basic assumptions as to the behavior of 
KIT system. First, we assume that the phase shifts are 
real, i.e., there is no appreciable absorption in Kir col­

lisions. This assumption is probably quite good in view 
of a much lower cross section for double-pion produc­
tion by K mesons in this energy region and a very low 
K* —> KTVIT decay rate.15 Second, we assume that the 
only partial waves that contribute significantly are S 
waves in the T= 1/2 and T=3/2 states, and a T= 1/2 
P wave. Then, under these assumptions the angular 
distribution for the process K~TT° —> K°ir~ is given by 

da 
—=X2{2/9[sin2§o1+sin250

3-2 sinSo1 sin50
3 c o s ^ - S o 8 ) ] 

dQ 
+4/3[sin50

1 sinSi1 cos^o 1 -^ 1 ) 

— sinSi1 sinSo3 cos^i1—5o3)] cos0-|-2 sin2^!1 cos20} , 

where X is the reduced K~ wavelength in the Kir sys­
tem, and the phase shifts are denoted by dj2T. 

The scattering distributions for the KIT system are 
illustrated in Figs. 13 and 14. The curves are a fit to the 
data up to and including the quadratic term in cos0 
and appear to represent the data quite well. However, 
because of the small number of events, we cannot con­
strue this as a very strong argument against D waves. 
The coefficients of the power series 

do- 2 
— = X 2 E AnQO^d 
dQ, n=0 

resulting from this fit are given in Tables I I and I I I . 
The general behavior of the data appears consistent 
with a dominant P wave at the resonance and a reason­
ably constant 5-wave background. 

In principle, one could fit the phase-shift expansion to 
the data and get the phase-shift solutions by the method 
of least squares. However, we feel that systematic errors 
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FIG. 15. Cross section for the reaction K~Tr°-^K°7r~ obtained 
by using the Chew-Low prescription, (a) Events with 1.45 
<PK-<1.55 BeV/c and (b) 1.55<PK~< 1.75 BeV/c. 

15 S. G. Wojcicki, M. H. Alston, and G. R. Kalbfleisch, Phys. 
Rev. 135, B495 (1964), following paper. 
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TABLE II . Coefficients of the power series Sn==0
2 An cosn0 

fitted to the data with 1.45<PK< 1.55 BeV/c. 

Mass 
interval 
(MeV) 

638 to 800 
800 to 865 
865 to 910 
910 to 960 
960 to 1200 

A, 

0.03±0.01 
0.12±0.02 
0.33±0.04 
0.16±0.03 
0.09±0.03 

A, 

0.01±0.01 
0.17±0.Q3 
0.07±0.06 

-0.10±0.06 
-0.12±0.04 

A2 

-0.01±0.01 
0.08±0.05 
0.34d=0.11 
0.08db0.08 
0.20±0.08 

would be introduced in this manner because of additional 
small mechanisms (besides the OPE) contributing to 
the reaction even at low momentum transfers. Thus, for 
example, p (or o>) exchange leading to K* formation 
would result in a sin20KT distribution, as opposed to 
COS26KT for the OPE model.16 This would have the effect 
of reducing the P-wave phase shift and increasing the 
5-wave contribution. 

We feel that the following approach is more satis­
factory. We take the P-wave phase shift to be deter­
mined from the parameters of the K* resonance and a 
proper behavior at low energies. The shape of the K* 
resonance is assumed to follow a Breit-Wigner curve 
modified by X2 down to ^815 MeV, where it joins 
smoothly with a qA curve, which is the required behavior 
for a P-wave scattering cross section. The point at 815 
MeV was chosen because at that point the two curves 
have roughly the same slope. On the high-energy side 
we feel that the Breit-Wigner curve should give a re­
liable estimate of the P-wave cross-section curve up to 
about 960 MeV, i.e., ^ 3 P / 2 , but beyond that extension 
of the curve would not be justified. Accordingly we shall 
not use the last mass bin, especially since above that 
mass value, D waves might become appreciable, and 
the momentum transfer involved also becomes larger. 

Having obtained a P-wave phase shift in this manner 
[Fig. 16(a)], we can calculate a T=l/2 or T=3/2 
-5-wave phase shift from the coefficient of the linear 
term in cos#, if we assume that only one isotopic spin 
predominates. This method has the advantage that most 

TABLE III . Coefficients of the power series 2 n = 0
2 An cosn9 

fitted to the data with 1.55<PK< 1.75 BeV/c. 

Mass 
interval 
(MeV) 

638 to 800 
800 to 865 
865 to 910 
910 to 960 
960 to 1200 

A, 

0.04±0.008 
0.16±0.04 
0.55±0.08 
0.22±0.05 
0.09±0.02 

Ax 

0.03±0.01 
0.17±0.04 
0.01rb0.12 

--0.14=1=0.07 
-0.10±0.03-

A2 

O.OliO.02 
0.12=1=0.09 
0.85=1=0.11 
0.18=1=0.14 
O.lliO.07 

16 See, for example, G. A. Smith, J. Schwartz, D. H. Miller, 
G. R. Kalbfleisch, R. W. Hurl, O. I. Dahl, and G. Alexander, 
Phys. Rev. Letters 10, 138 (1963); and Robert W. Huff, Lawrence 
Radiation Laboratory Report UCRL-11003, 1963 (unpublished). 
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FIG. 16. (a) Assumed T=l/2 P-wave phase shift for Kir scat­
tering, (b) r = l / 2 5-wave phase shift obtained by using the data 
with incident momenta between 1.45 and 1.55 BeV/c, and (c) 
T=l/2 S-wave phase shift obtained by using the data with inci­
dent momenta between 1.55 and 1.75 BeV/c. The dashed curve 
represents the cm. momentum in the Kir system. 

other production mechanisms will be incoherent with a 
one-pion exchange leading to a Kir state in a P wave, 
and thus will not contribute to A i.16 

Next, we want to estimate roughly the magnitude of 
the T = 3 / 2 Kir interaction. The study of the reaction 
Krn —> K~ir~p by Galtieri et al. has shown that there 
appear to be no strong final-state effects in the KTTT 
(pure P = 3 / 2 state) system.17 For purposes of com­
parison, we show in Fig. 17 the A2 dependence of our 
reaction as well as of the reaction studied by Galtieri 
et al. Since we are interested primarily in the relative 
size of the S-wave interaction in the two isospin states, 
we have displayed only the events characterized by 
Af(l&r)<800 MeV. There appears to be more pro­
nounced backward peaking of the proton in Fig. 17(b), 
which would suggest that the peripheral mechanism 
plays a stronger role in the reaction K~p —>K°w~p than 
in the reaction K-n—>K-ir~p; i.e., the T=3/2 KT in­
teraction is relatively weak. 

To estimate quantitatively the size of the T=3/2 Kir 
interaction we treat the reaction K~n —> K~7r~p in the 
same way as K-p-*K?ir-p; i.e., we assume that all 
of the events with A 2<9 are produced by the OPE 
mechanism. This assumption gives us a cross section 
of about 3 mb for the process K~w~ —» K~w~ in the 
energy range up to 800 MeV. Putting in the factor of 
2/9 arising from the Clebsch-Gordan coefficients, we 
conclude that out of_the total cross section of 5 mb for 
the process K~w° —> K°T~, less than 0.7 mb is contributed 
by the T=3/2 state. Accordingly, in the following dis-

17 A. Barbaro-Galtieri, A. Hussain,' and R. D. Tripp, Phys 
Letters 6, 296 (1963). 
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A* (Mw±z) 

FIG. 17. The distribution in momentum transfer (A2) for events 
with M(Kw) <800 MeV. In Fig. 17(a) we show the data of Galtieri 
et at. (Ref. 17) for the reaction K~n-^K~ir-p at 1.5 BeV/c; 
in Fig. 17(b) are shown our data for the reaction K~p ~>K0ir~p 
for the events with 1.45<PjK:<1.55 BeV/c. 

cussion we neglect the J = 3 / 2 state and assume that 
only T=l/2 contributes significantly to the reaction. 
The coefficient of the linear term in cosfl reduces then to 
4/3 sinV sinSi1 cos (So1-Si1). 

The phase shifts obtained under these assumptions 
are shown in Fig. 16(b) and (c). I t should be mentioned 
that this method involves a fourfold ambiguity. Firstly 
there is another solution in which the phase shifts are 
near 90 deg. Secondly, two more sets are obtained by 
adding 180 deg to these two solutions. The solutions 
near 90 deg can be excluded, since they require a much 
larger isotropic term than is consistent with the data 
for low Kir mass values. We feel that the solutions shown 
in Fig. 16 have the most likely physical behavior. 

For comparison purposes we also show in Fig. 16 the 
center-of-mass momentum, P 0 .m . in the Kir system. I t 
can be seen that the phase shifts appear to go roughly 
as Pc.m. with the increasing energy. This is the behavior 
expected if the zero-effective-range approximation is 
valid. The scattering length a then turns out to be nega­
tive and roughly one-half of the Z-meson Compton 
wavelength. 

In principle, we could check our phase-shift assign­
ments by comparing the measured A o and A 2 coefficients 
with the values that we would expect from the phase 
shifts obtained above. If we do this, we see that the 
measured A 0 is consistently higher than predicted, and 
A 2 is consistently lower. One possible explanation of this 
behavior is that some p(or co or <j>) exchange contributes 
to the reaction even at the very low-momentum trans­
fers. We should stress, however, that the p exchange (or 
its interference with 7r-exchange processes) cannot con­
tribute to A i and thus does not invalidate our method. 

In summary, we would like to emphasize that these 
results should be interpreted only in a semiquantitative 
way. There are too many intrinsic difficulties and un­
certainties to allow a completely quantitative argu­
ment. On the other hand, the fact that the answers do 
have reasonable physical behavior and that the Kir 
cross section at resonance has the correct magnitude 
leads us to believe that the over-all procedure is reason­
ably valid. 

VII. INFLUENCE OF OTHER STATES 

I t is clear from the Dalitz plots (Figs. 3 through 8) 
that no strong final-state interactions dominate the 
reaction under study other than the 891-MeV K*. On 
the other hand, a weak contribution from other states 
would not readily exhibit itself on a Dalitz plot, es­
pecially in the presence of another, much stronger, reso­
nance. In this section we examine the mass plots to 
study any possible enhancements due to other processes. 

A. Pion-Nucleon Systems 

The only pion-nucleon isobar accessible kinematically 
in the whole energy region under study is the 1238-
MeV N* (3,3 resonance). The threshold for the produc­
tion of 1512-MeV pion-nucleon resonance occurs at 1.5 
BeV/c, and thus only in the highest energy region would 
we expect it to contribute to the reaction. 

The analogous K+p reaction, K+p —> K°pir+, shows 
very strong iV*(1238) production in the comparable 
energy region. Furthermore, study of production and 
decay angular correlations indicates that the dominant 
mechanism is p exchange.10-13 Accordingly, from the 
pure isotopic-spin factor at the ppN* vertex, we would 

"5 200 

1100 1200 1300 1400 1500 
Tr-p mass (MeV) 

1600 

FIG. 18. Mass spectrum of the piT system for the reaction 
K~p --» K°TT~P from all energies in this experiment. Figure 18(a) 
shows all the data; in Fig. 18(b) the events with 865 < i f (Kir) 
<910 MeV have been subtracted out. The curves show the distri­
bution expected if the reaction proceeded by K* production 75% 
of the time and 3-body phase space 25% of the time. 
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expect a suppression of iV* production in our reaction 
by a factor of 9, if p exchange were also to dominate 
here. Indeed, we do observe an almost negligible con­
tribution due to N* production [Fig. 18(a)] of about 
200 events, approximately a 4 % effect. Elimination of 
K* events does not seem to enhance the N* [Fig. 18(b)]. 
Needless to say, because of low signal-to-noise ratio, we 
can not say anything definite about the N* production 
mechanism in this reaction. For the 1512-MeV reso­
nance, even the highest energy interval does not show 
any statistically significant enhancement. 

B. K0^ Systems 

The only well-established T~\ resonance that can be 
producedjn this energy region and subsequently decay 
into the KN system is the 1660-MeV hyperon. Previous 
work based in part on a fraction of the data presented 
here (approximately one-third of the total data at 1.51 
BeV/c) indicated a very low__branching ratio of the 
1660-MeV isobar into the KN system (Tj^/Ttotai 
= #~0.04).18 The experiment of Bastien and Berge was 
shown to be inconsistent with a value of x smaller than 
0.16.19 In appraising the significance of this discrepancy, 
we must remember the difficulties associated with 
studying a resonance with a relatively low production 
cross section in the presence of a much stronger effect 
(K* in this case). A small alignment of the K* alongjts 
line of flight can alter considerably the expected KQp 
mass spectrum. 

Two additional experiments have recently indicated 
that the decay rate of F*(1660) into the KN system is 
relatively low. Firstly, study of high energy ir~p in­
teractions at Berkeley has given a value of approxi­
mately 0.2 for x.20 Secondly, the work of Alston et al21 

on the reactions K~n—*l^Tnr K~n —>2~7r+7r~ indi­
cates that the neutral component of F*(1660) is pro­
duced by 1.5-BeV/c K mesons incident on neutrons. 
Furthermore, the data of Galtieri et al. can be used to 
obtain an upper limit on how many events in the re­
action K~n~^K~n~p can be attributed to F*(1660).17 

Combining the numbers of Alston et al. with those of 
Galtieri et al., we obtain an upper limit of 1/8 on 
T(KN)/T(2T). Then, if we use the F*(1660) branching 
ratio given by Alvarez et al.,18 x turns out to be less than 
or equal to 0.04. Thus all indications are that the Y*KN 
decay rate is quite low, although the exact value is still 
undetermined. Hence, considering the cross sections for 
F*(1660) production in this energy region, we would 

18 L. W. Alvarez, M. H. Alston, M. Ferro-Luzzi, D. O. Huwe, 
G. R. Kalbrleisch, D. H. Miller, J. J. Murray, A. H. Rosenfeld, 
J. B. Shafer, F. T. Solrnitz, and S. G. Wojcicki, Phys. Rev. Letters 
10, 184 (1963). 

19 P. L. Bastien and J. P. Berge, Phys. Rev. Letters 10, 188 
(1963). 

20 Gerald A. Smith, in Proceedings of the Athens Topical Confer­
ence on Recently Discovered Resonant Particles (Ohio University, 
Athens, Ohio, 1963), p. 67. 

21 Margaret H. Alston, A. Barbaro-Galtieri, A. H. Rosenfeld, 
and S. G. Wojcicki, Lawrence Radiation Laboratory Report 
UCRL-11137, December 1963 (unpublished). 
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FIG. 19. Mass spectrum of the K°p system for the reaction 
K~p —> K°ir~p from all energies in this experiment. Figure 19(a) 
shows all the data; in Fig. 19(b) the events with 8 6 5 < ^ J R : T < 9 1 0 
MeV and cosdK~P<— 0.5 have been subtracted out. The shaded 
region in Fig. 19(b) represents only those data with P . K < 1 . 4 5 
BeV/c. The curves show the distribution expected if the reaction 
proceeded by K* production 75% of the time, and 3-body phase 
space 25% of the time. The lower curve in 19(b) is normalized to 
the data outside of the 1660- and 1780-MeV regions. 

not expect a large effect in the K°p mass spectrum due 
to F*(1660). 

Galtieri et al. have recently observed an enhance­
ment in the K~p system at 1765 MeV.17 Furthermore, 
they have shown that the existing K~p and K~n data 
in the region from 800 MeV/c to 1.15 BeV/c can be in­
terpreted quite well, if one requires a T = l assignment 
for this effect. Accordingly, it is of great interest to see 
if a similar effect is present in the K°p system in our 
reaction. Assuming only production from the T=l 
state, we would expect in our data an enhancement of 
about 150 events at 1.51 BeV/c. Of course, one could 
make this enhancement arbitrarily small by requiring 
the proper phase and magnitude for the production am­
plitudes Jrom the r = 0 and T=l states. 

The K°p mass spectrum from all momenta under 
study is shown in Fig. 19(a). There are no significant 
departures from the distribution expected if the sole 
contribution to this channel were 75%i£* production 
and 25% phase space. 

On the other hand, to see if there is any contribution 
from the above-mentioned K°p resonant states we are 
justified in removing the events which would have a 
priori small possibility of showing any structure in the 
K°p system. These would be the events in the iv* band 
as well as the low-momentum-transfer events, since the 
latter are most likely dominated by the Kir interaction 
(see the preceding discussion). Because the energy re­
gion under study lies not too far above the threshold for 
these two states under discussion, we would not expect 
a sharp backward peaking of the nucleon, even if K* 
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FIG. 20. ,Mass spec­
trum of the K°TT~ system 
near the K region. The 
four parts of the figure 
correspond to (a) PK 
<1.15 BeV/c, (b) 1.45 
PK<1.55 BeVA, (c) 
P*>1.55 BeVA, and 
(d) data from all ener­
gies combined. 

exchange were the dominant production mechanism. 
The K°p mass plot after subtraction of these two 

groups of events is shown in Fig. 19(b). The curve again 
indicates the expected distribution if one takes into 
account the subtraction of K* events. I t is worth noting 
that the only positive departures from this curve are ob­
served in the region of these two excited hyperons. The 
enhancement near 1780 MeV has a statistical signifi­
cance of about three standard deviations if we remove 
the events with PK< 1.45 BeVA (shaded region), most 
of which lie below the threshold for the production of 
this state. We do not, however, believe that these data 
necessarily establish the existence of a T— 1 resonance 
in this region, even if the effect is accepted as statistically 
significant. An examination of the Dalitz plot at 1.5 
BeVA (Fig. 5) shows an effect that could be interpreted 
as a constructive interference of the K* with the N*. 
Thatregion of the Dalitz plot corresponds to the mass of 
the K°p system in the vicinity of 1780 MeV. Thus an 
alternative interpretation of the effect is that we are 
merely seeing the projection of these events on the K°p 
mass plot. Considering, however, the narrow width of 
this enhancement as well as the relatively large energy 
region in question (1.45 to 1.75 GeV/c), we feel that this 
latter hypothesis is less likely. 

To summarize the discussion of the K°p mass plots, 
we can clearly conclude that there are no strong con­
tributions to this reaction from any KN excited state. 
We feel that the most logical explanation of the data 
is that there are small contributions to the reaction 

from both Fi*(1660) and F1*(176S) productions 
amounting to approximately 2% and 1% of the total 
reaction, respectively. However, there are enough dif­
ficulties inherent in this analysis that we do not feel 
that the experiment can be said to establish the exis­
tence of a T~l resonance near 1765 MeV. 

C. Kappa Production 

In a previous communication we have shown that 
the data require a narrow K-T resonance with a central 
value of 723±3 MeV.22 The final data presented here 
contribute little new information on this phenomenon, 
because the only new data added since the last report 
come from momenta of 1.6 and 1.7 BeVA, where the 
cross section for K production is negligible. Accordingly, 
we only briefly summarize the results. The lower part 
of the KTT mass spectrum is shown in Figs. 20 (a)-(d), 
where the data are divided into the three momentum in­
tervals—PK< 1.45 BeVA, 1 .45<P*< 1.55 BeVA, and 
P#>1 .55 BeVA- To obtain a quantitative estimate of 
the K cross section, we subtract from the three 5-MeV 
bins centered at 725 MeV the average of the six neigh­
boring bins (three on each side). Assuming the T= 1/2 
assignment17,23 and no appreciable radiative decay 
modes, we obtain 30, 20, and 15 fjb for the cross section 
in the low, middle, and high momentum intervals. 
Obviously, these numbers should not be taken literally, 
but should serve merely as a rough indication of the 
size of the effect. 

As shown previously, any systematic effects present 
are not large enough to contribute any appreciable 
broadening to the K peak.22 The experimental resolution 
in this mass region is of the order of 6MeV (TR = 6 MeV). 
We feel, however, that because of limited statistics, it 
would be dangerous to conclude that the width is finite 
and that the data exclude zero width. 
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