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Annihilations of Antiprotons at Rest in Hydrogen. IV. 5p — KK==t

N. BarasH, L. Kirsce, D. MirLer,* anp T. H. Tan§
Columbia University, New York, New York
(Received 23 December 1965)

In a study of 735 000 antiproton annihilations at rest in the hydrogen bubble chamber, 3424 events of the
reaction p+p — KKnr were observed. We present here the invariant-mass distributions and scatterplots
for this reaction, separated according to the three channels KiKirtr~, K1(K%)r*7~, and KiK*r 0. Also
presented are branching ratios into the various channels. K* production is found to dominate in all cases.
The fraction of pp annihilations into K*K* is (4.52:0.9) X 1073, and into K*Kr is (7.741.7)X1073.

I. INTRODUCTION

S a continuation of our study of antiproton
annihilations at rest, we present here the results
of the experimental study of the reactions

p+p— K 0RO+~
p+p — KOKEr=n0,

We shall present and discuss the scattergrams,
invariant-mass distributions, and annihilation rates for
the various charge channels. The results have been, in
part, reported earlier.! Some of the results of a similar
study by Armenteros et al.2 have been published.

II. EXPERIMENTAL TECHNIQUE

This study is based on an exposure of the Columbia-
BNL 30-in. hydrogen bubble chamber to a low-energy
separated beam at the Brookhaven AGS. Approxi-
mately 630000 pictures, containing 735000 stopped
antiprotons were analyzed.

The scanners were instructed to select all events
consisting of an antiproton annihilation into two
charged prongs plus one or two V’s. The events having
these topologies were measured and processed using
the Nevis Laboratories spatial-reconstruction program
NP54.3 The GrIND kinematics program* was used to fit
the V’s to the three-constraint hypothesis K1® — #tn—.

At the antiproton-annihilation vertex, events with
two V’s were fitted to the four-constraint hypothesis:

Pp — KLKfntn— 491 events. (1)

t Work supported in part by the U. S. Atomic Energy
Commission.
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Events with one V were fitted to the one-constraint
hypotheses:
(2)

©)

where the particles enclosed in parentheses are unseen.
An event was accepted if the X2<5X (number of con-
straints). For the one-V events an additional require-
ment was that the apparent track density, as estimated
by the measurer, be consistent with the calculated
ionization for the hypothesis. The number of accepted
events is given in (1)-(3).

Of the one-V events 339 are acceptable as both
K(K%atr— and K°K*r= (). These ambiguous events
are plotted in all distributions to which they may
belong, although in the determination of annihilation
rates a corrected number of events has been used. The
correction also accounts for losses due to true
K=K (n%) or K{*(K°)n*n— events, which failed either
in the fitting process or in the ionization test.

The corrected numbers of events were determined by
using the accepted two-V events to simulate the one-V
events. These pseudo one-V events were subject to the
same acceptance criteria as the observed events. From
the fraction of these events which fit K{(K%rtnr—
alone, we estimate the true number of events in reaction

Pp — KL2(KO)7wtn— 1418 events,
— KK=r=(7%) 1910 events,
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Fi1c. 1. Triangle plot of m(Kin™) versus m(Kin™)
for the reaction p+p — K Kixta™.
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Fi1c. 2. Triangle plot of m(K1K1) versus m(ztz™)
for the reaction p+p — KiKirtr™.

(2) to be 1550490. The true number of events in
reaction (3) is estimated to be 17904100 events. The
branching ratios into a given channel will be calculated,
using these corrected numbers, and not the observed
numbers.

III. RESULTS

The results of this experiment are displayed in the
scattergrams of Figs. 1-7 and in the KK, 7w, K7, K,
and KK combined mass plots of Figs. 8-13. The
smooth curve drawn on the histograms represents the
invariant phase space for the reaction j+4p — KK,
normalized to the total numbers of events.

A. Final-State Production Rates

In order to obtain the branching ratios for annihila-
tion into the various channels, it is necessary to know
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FiG. 3. Triangle plot of m (K°r*) versus m (K%™)
for the reaction p+p — K1 (KO)xtzn™.
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the p flux and the efficiencies for observing and retaining
events:

1. Flyx. From a count of antiprotons in 18 000
frames distributed over 509, of the film, we estimate
the total number of antiprotons in the entire exposure
to be (7.3540.74)X105. After correcting for annihila-
tion in flight, this corresponds to (6.324-.74X)105 anti-
protons which annihilate at rest.

2. Scanning Efficiency. All film was scanned twice.
From the rescan and selected triple scannings, we esti-
mate a scanning efficiency of 0.9524-0.05.

3. Geometrical Detection Efficiency. There is a loss of
K”s due to the finite size of the chamber, and the
difficulty of observing events which decay close to the
annihilation vertex. These losses are approximated by
an efficiency function which is unity between 0.2 and
12.0 cm and zero elsewhere. Using the average K°
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F1a. 4. Triangle plot of m (K°K®) versus m(w*n™)
for the reaction p+p — K1 (KO w7,

momentum of 350 MeV/c, the detection efficiency for
observing K{* — #*tr— is 0.9140.03.

4. Reconstruction Efficiency. The events which failed
in the spatial reconstruction program were not re-
measured. The corresponding efficiency of an event
surviving reconstruction is 0.86+0.04 for reaction (1)
and 0.914-0.03 for reactions (2) and (3).

5. K{® Decay. The charged decay branching ratio of
the K1° is given by?®

(K0 — atr—) /(KL — all)=0.72£0.05.

From the corrected number of events fitting reactions
(1)-(3), we can determine the total rate of antiproton
annihilations into channels KK %tr—, K K ntn,
and K°K=r=z°. In order to obtain the branching ratios,

5 A. Rosenfeld ef al., Rev. Mod. Phys. 36, 977 (1964).
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we first define the following efficiencies:

a is the probability of observing K°K %r*n~ as a two-V
event.
a= (reconstruction efficiency)
X (probability of charged K° decay)?
X (geometric detection efficiency)?
=0.349, @

B is the probability of observing K{°K%z*=~ as a one-V
event.

B=2X (reconstruction efficiency)
X (probability of charged K° decay)
X (geometric detection efficiency)
X[ (probability of neutral K{® decay)
+ (probability of unobserved charged K° decay) ]

=0.416, )
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Fi1G. 5. Triangle plot of m (K*x~) versus m (Kn®)
for the reaction p+p — K1 K+ no.

v is the probability of observing K°KSr*r~ or
K°’K*r=n9 as a one-V event.

v= (reconstruction efficiency)
X (probability of charged K° decay)
X (geometric detection efficiency)

=0.574. ©6)
The total number of K1°K "z F =0 events is given by
[Number fitting reaction (1)]/a.
The number of K°KSrtn— events is determined by
subtracting the number of K°K%z*«—, which would be

observed in the reaction K:°(K°)rtnr—, from the total
number in this reaction, and is given by (1/v) {number
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Fic. 6. Triangle plot of m (K1x™) versus m(K*n°)
for the reaction p+p — K1K*x=r®.

fitting reaction (2)— (8/a) X[number fitting reaction

(EON}R
The total number of K/K*#T " events is given by

[Number fitting reaction (3)]/v.

Thus, using the p flux and scanning efficiency, we
obtain the rates:

pp— KK Pro—  (2.3320.30)X 1073,
Bp — KOK St~ (2.794+0.42)X 103,
Pp— KEK 0r=r®  (5.19-£0.61)X10-3.

B. K* Production Rates

The four-body final-state KK can proceed through
the intermediate states

pp— K*Kr
— K*K*.
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Fi1c. 7. Triangle plot of m (K K*) versus m (x™n%)
for the reaction p+p — K K*+a™n®.
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It is apparent from the scattergrams of Figs. 1-7 that
both states are present, although in amounts that vary
in the different charge channels. In order to estimate
the rates for these processes we have fitted the scatter-
grams in the region of K7 combined mass indicated in
Fig. 14. The theoretical function used to describe the
data assumes a constant matrix element plus Breit-
Wigner resonance functions. We also assume no inter-
ference between the various amplitudes contributing

to the process.

Let us define BW, FBW_, BW,, BWy, to be Breit-
Wigner resonance distributions in the K*+, K*—, K*O,
and K* mass, respectively, and ¢ to be the invariant
phase space function of the dynamical variances.
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BW= (3T)/[ (mx.-mx*)*+ GT)],
mg+=890 MeV,
I'=50 MeV.

For reactions (1) and (2) the transition rate is taken to
be of the form

((11+(12BW++(13BW_+G4BW+XBW_)¢ . (7)

Here, @, is the nonresonant intensity, a; and ¢; measure
the contributions of single K** and K*- production,
respectively, and a4 is the contribution of double K*
production.

For reaction (3) the transition rate is

(b1+5:BW,+bsBW_+5.BW,.
XBW_+b:BWot+b6BWo+5:BWoX BWr)gp.  (8)

The a; and b; are taken as free parameters in the fit.
The branching ratios for double-K* production were

determined by first dividing the scatterplots in the

region indicated in Fig. 14, into 15 bins, each 60X60-
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F1c. 12. Histogram of the (K#r) invariant mass
for the reaction p+p — K1 K*r 770,

MeV wide. A Monte Carlo program was used to
generate KKmm events according to the distributions
(7) and (8). In the case of reactions (1) and (2), each
Monte Carlo event was plotted twice on the same
graph for each of the two possible K= associations. A
least-squares fit was made by comparing the number
of Monte Carlo events in a bin for each term of (7) and
(8) to the number of observed events in the same bin.

The total number of K*’s produced in each channel
was determined by fitting the K= histograms in the
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region 720-1040 MeV, assuming the background can
be described by a function which is a quadratic in the
K7 mass. The results are given in Table I.

We note that for reaction (1), the K* rate observed
here is (59411)9, which is not in agreement with the
result of Armenteros et al., who observe no appreciable
K* production in this channel. The results contained in
Table I can be used to determine the absolute rates for
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in fitting for the reaction p+p — K*K*.

annihilations which proceed via K* production into
the final states K°K%*r~ and K°K*n=x%. The final
state K°K°rtn~ is related to the observed rates for K0
and K4 production by

I'(K°Rrt7) =20 (K 2K Pn+n=) +T (K 2K datn) .
The rate for K{°K 77— is obtained in the same

manner as in Sec. A by subtraction of KK %rtn—

TasLe I. Number of K* events produced in pp — KEKr.

Reaction Number of events

1) p+p— KiKiwtar™

Total number of events= 4914-22

Total number of K¥s = 289451
— K¥:K0rF 1374101
— Kt 7644

(2) p+p— Ki(KO)xta~  Total number of events=1550-4-90

Total number of K¥s =10474-95
— K#£K07+ 9714208
— K¥HKH 38493

@B) p+p— KLKErwn0 Total number of events=1790-100

Total number of K** = 621466

Total number of K = 514465
— KoK+ 98464
— KK 070 ~ 0
— K¥K 07+ 18077
— K#£K7 g0 16875
— K¥tK+ 138459
— KHE# 246144
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1101

TasLE II. Fraction of antiproton annihilations producing K*'s.

Final state of KKz~ Rate
p+p — K¥=Kr= (3.63+0.97) X103
— K¥tK+ (0.57+0.37) X103

Final state KOK*n 70 Rate
p+p — K¥OK*g~ (0.5740.38) X103
— K¥EK770 (0.9740.45) X103

— K*EK0,+
— K¥tK%
— KHO0R#0

(1.04:£0.45) X 10-2
(0.77:£0.32) X 10-2
(1.43:0.30) X 10~

events from K°(K%rtr—. From the values given in
Table I and the antiproton flux, we obtain the annihila-
tion rates given in Table IT.

We note that isotopic-spin invariance predicts the
following relationships between the rates for K*
production :

K*K*= — KK +g—

K*K*-— K"Kivrﬂr":

and _
K*:K%F — K°K'%tn—

K*KorF — KOKErFnd

Experimentally, we obtain for these ratios 0.744-0.58
and 3.4841.77, in agreement with the predicted
values.

The observed channels represent only a fraction of
the total annihilation rate into K*s. Using isospin
invariance, we obtain the total K* rates, which are
given in Table III.

C. Other Resonances

1. p and ¢. The four-body final state can proceed
through the intermediate states:

Pp— KKp

— ¢rtr.

As can be seen from Fig. 9, the phase-space curve for
the wm combined mass differs everywhere substantially
from the data. Thus, it would be unreasonable to
attempt to estimate the amount of p production by
fitting the data to the assumption of a constant matrix
element plus a Breit-Wigner curve for the p.

The ¢ would be observed near the lower kinematic
limit of the KK combined-mass distribution. In this
region the phase space is changing rapidly, making it
difficult to estimate the amount of ¢ production.



1102

TasLE III. Total branching ratios for antiproton
annihilation into K*’s.

Reaction Branching ratio
Pt+p— K¥TK* (1.5£0.6) X103
P+p — KRR (3.0£0.7) X 1073
p+p — K¥*K'7= (4.6£1.0) X103
p+p — KxEKwn0 (1.440.7) X103
P+p— KOKEr= (1.7£1.2) X103
p+p — K¥K'0 ~0

Based upon observations of the ¢ in the reaction
pp— K¥K—rtr—, we would expect seventy-five ¢
events in K{*(K%n*z—.% Our data are compatible with
this number.

2. C% Armenteros et al.2 have analyzed the Kzm and
7w mass plots by assuming the existence of a (Krr)°
resonance of mass 1215 MeV and a width of 60 MeV.
These authors observe the C° to decay into K% 809,
of the time. They observe no enhancement in the
(Kwm)* combination at the same mass.

We observe similar deviations from phase space in
the neutral Kwr mass distribution. To test the C°
hypothesis, we have attempted simultaneously to fit
the five invariant mass distributions KK, =w, K,
Krr, and KK from reactions (1) and (2). In addition
to pure phase space we have assumed that the following

8 D. Miller, Nevis Report No. 131 (unpublished).
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intermediate states may be present:
pp— C°K°
N
Kortg—
{KOPO
K*iﬂ'*
— K*:K0r=,

The method of least squares was used to determine the
relative amount of each state. We failed to obtain what
seemed to us a reasonable fit to the five distributions.
Because of this, we do not know whether this deviation
from phase space constitutes a resonance, or is due to
some other property of the antiproton-annihilation
matrix elements.
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