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Kaonic Annihilations of Antiprotons in Hydrogen at 7 BeV/c*

N. Yen,f C. Y. CuEN} J. LacH, J. SANDWEISS, AND H. D. TAFT
Physics Department, Yale University, New Haven, Connecticut

AND

Y. Oren§ anD M. S. WEBSTER
Brookhaven National Laboratory, Upton, New York
(Received 20 January 1967)

Results are reported from an analysis of 80 000 pictures of 6.935-BeV/c antiprotons in hydrogen leading

to final states of the form K,\°+K,*+mmr, m=0,1,2 -

- - . Assuming equal probability for the various KK

charged states, we find the cross section for the reaction p+p — K+ K-+mm to be 2.5£0.5 mb. A compila-
tion of annihilation cross sections indicates that the kaonic-annihilation final states constitute approximately
109% of all annihilations from ~1.6-7 BeV/c. The production of K*(1400) has been observed, although the
formation of other resonances such as K*(890), w, and p is less copious at 7 BeV/c than at 3.7 BeV/c. A
K°K® enhancement near threshold is observed similar to that observed at lower-energy annihilation

reactions.

1. INTRODUCTION

HIS paper reports the results obtained from a
study of 6.935-BeV/c antiprotons annihilating in
hydrogen leading to K and = mesons in the final state.!
The data were obtained from 80000 pictures taken
with the 80-in. hydrogen bubble chamber exposed to a
separated beam of antiprotons at the Brookhaven
Alternating Gradient Synchrotron (AGS). Studies of
the pion,2 hyperon and antihyperon production® from
the same sample of film have been reported in the
literature. .
In this experiment, only events with at least one
visible kaon decay of the type K,®— wtr~ were ac-
cepted for measurement. Because of the ambiguity of
identifying charged kaons from pions for the single-vee
events, only events with two visible K, decays were
used in the analysis reported here.

II. EXPERIMENTAL METHOD

This experiment was performed at the AGS using the
high-energy electrostatically separated beam (Beam 3)*
in conjunction with the Brookhaven National Labora-
tory 80-in. liquid-hydrogen bubble chamber.5 Details
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1 For the sake of brevity, we will refer to the beam momentum
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2T. Ferbel, A. Firestone, J. Johnson, J. Sandweiss, and H. D.
Taft, Nuovo Cimento 38, 13 (1965).

3C. Y. Chien, J. Lach, J. Sandweiss, H. D. Taft, N. Yeh,
Y. Oren, and M. Webster, Phys. Rev. 152, 1171 (1966).

4 1. Skillicorn and M. S. Webster, Brookhaven National Labora-
tory Internal Report No. 8145 (unpublished).

5J. G. Androulakis, J. A. Bamberger, D. P. Brown, H. O.
Courtney, B. B. Culwick, J. J. Diener, W. B. Fowler, C. L.
Goodzeit, J. Hanush, E. L. Hart, H. Houtsager, J. E. Jensen,
D. A. Kassner, D. T. Liverios, R. I. Louttit, S. C. Mo, T. W.
Morris, R. B. Palmer, P. A. Pion, R. R. Rau, E. Rutan, R. P.

158

of the experimental procedure have been described else-
where®; we sketch the essential features here.

Figure 1 shows the schematic layout of the experi-
ment. Three 70-mm cameras were used to photograph
particle interactions in the bubble chamber. During the
experimental run, some of the light reflectors (retro-
directive “coat-hangers”) in the bubble chamber were
dislocated and this reduced the effective chamber
length to approximately 60 in. The magnetic field across
the chamber was kept constant throughout the course
of the experiment: the field at the chamber center was
20.2 kG, with ~109, variation over the chamber
volume.”

The purity of the beam,® determined from a study of
the 6-ray momentum spectrum produced by beam-like
particles was (9541)%,. Using elastic scattering events,®
the beam momentum at the beam entrance window was
found to be 6.935 BeV/c, with a spread Ap/p of
about +19%,.

Half the sample of pictures was scanned and mea-
sured at Brookhaven National Laboratory, and the
other half was processed at Yale University, using
essentially the same techniques although the methods
employed at the two institutions differed somewhat in
detail. The measuring at Yale University, for instance,
was accomplished by using two digitized measuring
machines linked with a small computer, Digital Equip-
ment Corporation’s PDP-1. It served as an on-line
monitoring device® which not only checked measuring
errors but also performed a three-dimensional recon-
Shutt, J. H. Sondericker, A. M. Thorndike, W. A. Tuttle, I. J.
Winters, W. Woelfel, D. H. Wright, S. S. Yamamoto, F. Anderson,
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struction of tracks to determine the vertex of origin
and the nature of each vee.

Thus, the measurer completed the measurement of a
frame only after the nature and the associated vertex
of each vee had been determined. After an event had
passed the reconstruction checks and measuring pre-
cision tests, the measurement was recorded on a mag-
netic tape. These features greatly simplified our
bookkeeping and event analysis efforts.

The measurements from both laboratories were proc-
essed through the Yale reconstruction and kinematic
fitting program vAck. These events were fitted to
various final-state hypotheses, up to a maximum of 6
kaons in the final state.! In order to eliminate contami-
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Fic. 2. The combined K%z effective mass spectrum from four
final states. The unmarked curve represents the Lorentz invariant
phase space modified by 109, K*(890) production in the seven-
body final state.

10 For details, see Ref. 6.

nation from hyperon or antihyperon events, vees were
also fitted to A and A decays. Events were identified
by applying a set of X* and missing-mass criteria in
association with a bubble-density determination of the
charged tracks. In view of the relatively high laboratory
momenta of the particles, track ionization information
was not always capable of resolving the several final
state interpretations which were consistent for a given
event. This was particularly true of the events with one
vee. For this sample the charged tracks were unambigu-
ously identified in only 319, of the events. All the
charged tracks in approximately 609, of the two-vee
events were unambiguous, with a majority of these
having no more than one missing neutral particle and
hence were kinematically fittable. In the analysis that
follows, except where specifically stated, data were
taken from the two-vee events only.

III. RESULTS
A. Resonances and Other Effects

There is considerable current interest in mesonic
resonant states involving kaons. Data from our study
of kaonic annihilations have been studied with respect
to the production of several reported resonances. The
following reactions comprised a majority of the fittable
events from our two-vee topologies:

p+p— KL+K+rt+tn, (1
p+p— KPP +K+at+a"+70, 2
p+p— KP+K L +rttatta+a, €)
Pt p— EOHE Pt tattr+r—t.  (4)

A small fraction of these events were ambiguous with
four-kaon production, but they have been included
among the two-kaon final states since the level of four-
kaon contamination is less than 109%,.

Figure 2 shows the K’ effective mass distribution.
Two curves have been superimposed on the histogram:
one representing the Lorentz-invariant phase space
normalized to the total number of events, the other
being phase space modified by the production of the
K*(890). A discernible signal of K*(1400) is ob-
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served.'"1¥ We note that the K*(890) signal comes
mostly from reaction (4), whereas the contribution to
the K*(1400) signal consists almost entirely of events
from reactions (2) and (3).

There is no significant evidence for the production
of the p and w mesons among reactions (1)-(4). The 2x
and 37 mass spectra are consistent with phase-space
distributions.

A KK enhancement at low mass (near threshold) was
reported for kaonic annihilations in $-p interactions at
3.7 BeV/c.15 From our present study of the two-vee
events, we observe a similar enhancement in the
effective mass distribution of K1°K:%. Figure 3 shows
such a distribution for reactions (1)-(4), together with
the phase space predictions. It should be noted that the
ambiguous events included in Fig. 3 are ambiguous with
respect to the identity of charged particles emanating
from the production vertex and not with regard to the
identity of the two vees.

The unfittable two-vee events show a similar effect
near the K1°K* threshold, but the significance is some-
what difficult to evaluate since the comparison phase
space is not known. A sample of 50 events which
uniquely fitted the final states, K K+r "z~ and
KPK*rFrta—n0, also shows an excess of events near
the threshold of the KK spectrum. But since the identi-
fication of the charged kaons by track ionization is
highly dependent on the laboratory momentum of the
charged particles, this sample of unambiguous events
is biased in favor of low laboratory momentum chargéd
kaons.

It is interesting to note that in Fig. 3, there is an
enhancement at ~1140 MeV in the K°K,® effective
mass. A similar effect can be found in antiproton
annihilations at 3.7 BeV/¢, and in particular, in the
final state K{°K%rt7 7% This enhancement appears
to be at a mass of about 100 MeV above the previously
observed K1°K{° effect at 1068 MeV.16 _

A search for resonances in the Kwr and KKm
states'™2¢ has yielded negative results at the present
level of statistics. Shown in Figs. 4 and 5 are the effective
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mass distributions of the two charged states of the Knr
system from the two-vee events. Figure 6 shows the
KK mass spectra from the same data.

B. Cross Sections

The topological distribution of events is summarized
in Table I. For purposes of determining the total cross
section for two-kaon production, we have used only the
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two-vee events. Corrections were made for the following
detection losses: (a) scanning inefficiency, (b) decay of
the K° too near the production vertex, or outside our
fiducial volume, (c) decay of the K° into two neutral
pions, and (d) decay of the neutral K meson as a K.

To correct for the scanning losses, the film was
scanned at least twice to determine the scanning effi-
ciency. A MONTE CARLO computer program?’ was used
to calculate the detection losses due to the other
circumstances. Assuming that the neutral kaon decays
with equal probability as a K1’ and a K°, the cross sec-
tion for p+4p — K*+K°+mnr (m=0,1---) is 0.64-0.1
mb. With the assumption that K°K°, K+K—, K+K°,
and K—K° are produced with equal probability, we find
o(p+p— K+K-+mr) to be 2.5+0.5 mb.

There were no events which were consistent with the
final states K°4+K?° or KO+ K°4x°. There were likewise
no events consistent with K4 K* production without
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additional pions. We did observe four-kaon events with
and without pions, and these gave a cross section of
0.10_0.02™* mb for four-K-meson production. These
cross sections are summarized in Table II.

In Fig. 7 are shown the available data on annihilation
cross section.?® For comparison, the total $-p interaction
cross section is also indicated.?” There appears to be an
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TaBLE I. Topological distribution of events.

0 prong 2 prong 4prong Oprong 2prong 4 prong

Event topology® +1 vee +1 vee +1vee +2vees +2vees 2 vees
Total No. of events 127 278® 5770 12 108 88
No. with uniquely identified charged tracks 127 82 100 12 45 63
No. of fittable unique events 0 11 57 0 24 46

a There were 110 events belonging to other topologies whose vees were identified as K10 decays. Of these, 106 were 6 prong--1 vee, three were 2 prong
+3 vees and one 6 prong+2 vees. Some of these might not be annihilation events, however.

b These topologies were studied in the Yale University half of the film only.

over-all decrease in the kaonic- and total-annihilation
cross sections with increasing $-p energy. A similar
decrease also occurs for the p-p total cross section. The
rate of decrease in the three cross sections is approxi-
mately the same in the momentum range of 1.6-7
BeV/c: 96-58 mb for the total cross section, 51-25 mb
for all annihilations, and 5.2-2.5 mb for kaonic annihila-
tions. Figure 7 also shows the constancy (~10%) of
the fraction of annihilations proceeding to kaonic final
states, after an initial rise from antiproton capture at
rest. A calculation of the statistical theory?® extrapolat-
ing from low energy data predicts that the fraction of
annihilations proceeding to kaonic final states continues
to increase with incident energy in this energy region.

C. Angular Distributions

The production angular distributions of the K® and
= mesons from the two-vee final states have been
studied. They are compared with the data obtained
from kaonic annihilations at 3.7 BeV/c. These dis-
tributions are weighted according to the inverse of the
detection probability of the events (see Sec. III B).

For purposes of calculating the production angular
asymmetries, the barycentric angle 6* of the kaon
(anti-kaon) with respect to the initial proton (anti-
proton) direction is divided into four regions: polar
(| cos6*| >0.5), equatorial (| cos6*| <0.5), forward (cosf*
>0), and backward (cosf*<0).

Figure 8 shows the K° angular distributions from
this experiment. Shown for comparison are the corre-
sponding distributions from the 3.7-BeV/c¢ annihilation
study® (see Fig. 9). The charged- and neutral-pion
distributions are shown in Figs. 10 and 11. For the

TasLE II. Cross sections.

Reactions o (mb)
p+p — K+K4-mr (m=0,1,2--+) 0.60.1
p+p — K+K+mr 2.540.5%
p+p — KO+K0 <0.02
p+p— K+K* and R+K* <0.03
p+p — K+K+K+K+mr —0.10_, 0200

o (pp — K+K-+mr) /o (pp — all annihilations) = (10.243.1)%,

a Calculated with the assumption that K+K-, K+Ko, KoK=, and KoKo
are produced with equal probability.

8 E. Fermi, Progr. Theoret. Phys. (Kyoto) 5, 570 (1950);
J. McConnell and J. Shapiro, Nuovo Cimento 28, 1272 (1963).

charged pions, the 7~ meson direction has been plotted
with respect to the initial-antiproton direction, to
which have been added the =+ plotted with respect to
the initial-proton direction. The % mesons are histo-
grammed with respect to the antiproton direction.

It is interesting to note that the neutral pions from
kaonic annihilations are consistent with isotropic emis-
sion from the -p center of mass, whereas there is some
tendency for the charged pions to be emitted preferen-
tially in the polar regions. This is to be compared with
purely pionic annihilations where the pions are preferen-
tially emitted in the polar regions in the low-multiplicity
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D. Properties of the K;°

The lifetime distribution of the K, decays from the
present study is shown in Fig. 12. To avoid possible
scanning biases, only those types of events processed
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R. M. Lea, Phys. Rev. 143, 1096 (1966).
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at both Yale University and Brookhaven National
Laboratory have been included (See Table I). The
theoretical expectations based on the exponential decay
law, represented by the smooth curve, are shown super-
imposed on the data. Shown for comparison are the
data from the corresponding event topologies in the
3.7-BeV/c study.

For each event, we imposed the requirement that
both the production and decay vertices should lie
within our fiducial volume and that the K° decay occur
no less than 0.5 cm from the production vertex. These
cutoffs were translated into a minimum and a maxi-
mum proper time, Tmin and Tmax, respectively, consistent
with the observation of each vee. For each decay that
met these criteria, we evaluated the normalization
constant,

c,-=/ exp(—t/7%)dt,

where 7* is the assumed mean life of the decay. For the
total sample of vees, we evaluated the function

Ny 1 T+AT
F(T+AT)=Y - exp(—t/7%)dt
=1¢iJ T

for all time intervals. For the distributions shown, we
used the value of 7¥=0.90X 1072 sec. The errors shown
on the graphs are statistical. A comparison of our data
with the curves shows that they are in agreement with
theoretical expectations based on exponential decay.

With the same sample of events, maximum-likelihood
analysis was performed to obtain the K’ mean life and
the neutral kaon mass. Assuming exponential decay,
we maximized the likelihood function,

exp(—7i/7)

(911~
L(r)=]]- s
i=1 7 €XP(— Tmins/T) — €XP (— Tmaxi/7)

where 7 is the proper time of the observed K:° decay
and other quantities are as defined above. This yielded
a mean life of 7x,0= (0.964-0.06)X 1071 sec where the
error is statistical.

To determine the K° mass, we maximized the likeli-
hood function

2(m=T1 [1/(am)T exp{— (me—m)/L2(amD,

where m; is the mass of the kaon as determined from the
measured momenta of the decay products and Am; is
the average error of the mass determination. The
neutral kaon mass, according to this analysis, was
mxo= (497.94+0.6) MeV, where the error includes an
estimated systematic error of 0.4 MeV.

IV. CONCLUSIONS

The production of several well-known resonances
such as the K*(890), w and p, which have been ob-
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served in p-p kaonic annihilations at 3.7 BeV/c, has
decreased with the increased initial-state energy. The
production of K*(890) has dropped from the 509, level
at 3.7 BeV/c to ~109%, at 7 BeV/c among the final
states examined. Neither p nor w has been observed
among the two-vee events at 7 BeV/c, although there
is some evidence for the formation of K*(1400).

A study of the energy dependence of the fraction of
annihilation events leading to kaons and pions in the
final state indicates that after an initial rise (from
~49%,) for antiproton capture at rest, the kaonic
annihilations reach ~109%, of the total annihilation
cross section and remain fairly constant up to 7 BeV/c,
where the fraction is (10.24-3.1)9,. This is inconsistent
with the predictions of the statistical theory.

Our data at 7 BeV/c¢ show a K1°K{® enhancement near
threshold similar to the effect observed at 3.7 BeV/c.
There is also a K1°K{®* enhancement at 1140 MeV, but
no conclusive statement can be made concerning the

ANTIPROTONS IN H:

AT 7 BeV/c 1281
significance of this effect because of the limited sta-
tistics. It is interesting, however, that a similar effect
exists in the 3.7-BeV/¢ data.
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The reaction K*p — K*prtn~ at 2.26 BeV/c is investigated. It is found to be dominated by the simulta-
neous production of the K* (895 MeV) and N* (1238 MeV) resonances. The production and decay angular
distributions of these resonances in the double-resonance channel are analyzed and the results compared
with the predictions of a single-particle-exchange model. These distributions are consistent with the assump-

+, -

tion that the primary production mechanism responsible for the reaction K*p — KMN*t++ — Ktr—7tp at
2.26 BeV/c is the exchange of a single = meson. A search is conducted in this channel for other possible
resonant states. A Monte Carlo analysis is utilized for this purpose. The data are not found to be consistent
with the production of any other resonances except the aforementioned K* (895 MeV )and N* (1238 MeV).

1. INTRODUCTION

E have investigated the reaction K+p — K+prta—

in the 20-in. hydrogen bubble chamber at

Brookhaven National Laboratory. In our exposure, the

K+ beam had a laboratory momentum at the chamber

entrance window of 2.260 BeV/¢ with a full width at
half-maximum of 0.045 BeV/c.

We find this reaction to be highly resonant and domi-
nated by the simultaneous production of the K* (895
MeV) and N*(1238 MeV). In addition, there is evidence
for the production of these resonances singly via the
channels K+p — K*pr+ and K+p — N*++K+r—.1

* Supported in part by the National Science Foundation, the
Air Force Office of Scientific Research Grant No. AF AFOSR 234-
65, and the U. S. Atomic Energy Commission Computation
Center.

L A preliminary report on this work was made at the 1963
Athens Conference on Resonant Particles,

We have analyzed the production and decay angular
distributions of the K* and N* in the double-resonance
channel and compared our results with theoretical pre-
dictions of a single-particle-exchange model.2~¢ These
experimental distributions are consistent with the as-
sumption that the primary production mechanism re-
sponsible for the reaction K+p — K*¥ON*++ — K+p—gtp
is the exchange of a single 7 meson between the incoming
particles.

We have also conducted an extensive search for other
possible resonant states which could be observed in the

2 J. D. Jackson, Nuovo Cimento 34, 1644 (1964).
i 93 612) Gottfried and J. D. Jackson, Nuovo Cimento 33, 309
a 4 6Ii).'cottfried and J. D. Jackson, Nuovo Cimento 34, 735

964).

5 J. D. Jackson, Rev. Mod. Phys. 37, 484 (1965).

¢ J. D. Jackson, J. T. Donahue, K. Gottfried, R. Keyser, and
B. E. Y. Svennson, Phys. Rev, 139, B428 (1965).



