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We have measured the branching ratios for a number of (3095) decay modes involving protons or A’s. We
present an analysis of the properties of these final states, which provides mformatlon on Y(3095) quantum
numbers and the presence of resonances in the final states.

.I. INTRODUCTION

The ¥(3095), hereafter denoted by the symbol ¥,
is now usually interpreted as a bound state of a
charmed quark and a charmed antiquark (cC). The
discovery of the charmed mesons D and D* gives
considerable support to this interpretation,'*? The
study of the exclusive states from ¥ decay is there-
fore of great interest: The relative branching ra-
tios and other properties can in fact be compared
with those expected from a ¢T bound state. Since
its discovery several decay modes of the ¢ have
been measured. We have already reported® studies
of the multipion decays of the ¥ which established
that (a) isospin is conserved in ¥ hadronic decays
and (b) the ¥ has isospin zero as expected from
the ¢T model, We have also. reported* measure-
ments of the branching ratios for a number of
mesonic 'decays of the ¥ containing kaons, w, ¢,
etc. This study showed that the ¥ follows the gen-
eral pattern of behavior expected for the decay of
an SU(3) singlet via an SU(3)-symmetric interac-
tion.

In this paper we present the branching ratios
for a number of baryonic decay channels of the ¥,
The sum of these decays accounts for a few per-
cent of all ¥ decays. Their study presents several
interesting features. The angular distribution of
the pP and AA collinear pairs gives information
about the form of the baryon coupling to the ¥. The
comparison of the AR and T decay rates is an in-
dependent measure of the ¥ isospin, and the com-
parison of pp and AKX decay rates provides addi-
tional information on the SU(3) character of ¢ de-
cays. The relative amount of ppn and ppn’ com-
pared with pp7° and ppw is a possible test of the
hypothesis that the 7 and 7’ mesons have a non-
zero c¢C quark content.®

II. THE APPARATUS

The data presented here are based on the analy-
x8is of approximately 150 000 hadronic decays of
the ¥, recorded by the SLAC-LBL magnetic detec-
tor operating at the SLAC electron-positron col-
liding-beam facility SPEAR. This sample cor-
responds to an integrated luminosity of 150 nb™%,

The general properties of the detector have al-
ready been published.*’® We will summarize here
the relevant elements, with emphasis on the parts
which are essential for proton and A detection.

Figure 1 shows a cross-sectional view of the
detector, The magnet is a solenoid, with a 1-ra-
diation-length-thick coil, coaxial with the beam,

3 m long, 1.7'm in radius, and provides a field of
about 4 kG, which is uniform to a few percent,

The momentum and direction of the charged par-
ticles produced. in the collision region are mea-
sured in two cylindrical proportional chambers
and four sets of cylindrical wire magnetostrictive
spark chambers. Each set of wires has two gaps
(4 wire planes), one with a 2° stereo angle and one
with a 4° stereo angle,

Just inside the coil are a set of 48 scintillation
counters (2.6 m long, 0.23 m wide, at a distance
of 1.5 m from the beam), which provide the trigger
signals and time-of-flight (TOF) information for
particle identification. _

Outside the coil there is a hodoscope of 24 lead-
scintillator shower counters, each consistingiof a
sandwich of five 0.64-cm-thick (about 1-radiation-
length) lead sheets and five 0,64-cm-thick plastic
scintillator sheets., These counters are 0.48 m
wide and have an active length of 3.10 m. Their
signals are sent to the trigger circuitry and are
also used to identify electrons and photons. Out-
side the shower counters there is the iron flux
return and the muon-identification system, The
trigger normally requires signals in the pipe
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counters (which surround the vacuum chamber)
in time with the beam crossing and two or more
coincidences of trigger counters with a backing
shower counter, To satisfy this trigger condition,
an event must have two or more charged particles
with momenta =200 MeV /c (if pions). In the case
of protons this momentum threshold is higher be-
cause to reach the trigger counters a proton must
have at least ~350 MeV /c (the beam pipe, the pipe
counters, and the proportional chambers have a
combined thickness of 1.9 g/ecm?), In order to give
a pulse in both the trigger counter and the asso-
ciated shower counter a proton must have at least
~680 MeV/c, On the other hand, an antiproton
which reaches the trigger counter has close to
unit probability to give a signal in the associated
shower counters because of the high likelihood of
interaction. In order to symmetrize the trigger
for the pp inelastic pairs, the more recent sample
of data (about  of the total) has been taken with a
looser trigger requirement, i.e., two signals in
the trigger counters, but only one trigger-shower
coincidence.

The momentum resolution for tracks which ori--
ginate in the beam interaction region is o(p)/p
=0.013Xp (in GeV/c). It is poorer by about a fac-

FIG. 1. A cross-sectional view of the SLAC-LBL magnetic detector.

tor 2 for the decay products of long-lived particles
such as A’s, since in this case the beam-beam in-
teraction point cannot be used as a constraint in the
fit to the track. Below 110 MeV/c the resolution
without the beam position deteriorates rapidly,
being ~12% at 75 MeV/c and ~20% at 55 MeV /c,
since the track no longer traverses all the cham-
bers.

III. PARTICLE IDENTIFICATION
A. Protons

The protons and antiprotons are identified on the
basis of the joint measurement of time of flight
(TOF), momentum, and path length of the tracks,

The TOF is calibrated using e*e” collinear events
from Bhabha scattering. A number of software
corrections are applied to the measured TOF in
order to optimize the resolution of the system.

The time measured from each photomultiplier is
corrected using the pulse-height information. The
values obtained from the two photomultipliers of
the same counter are then averaged. This average
is performed taking into account the point of im-
pact on the counter. Calibration constants for each
counter are monitored on a run-by-run basis to
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FIG. 2. Mass squared for each track, reconstructed

from TOF and momentum measurements versus mom-
entum.

maintain the resolution at its optimal value over
long periods of time. Figure 2 shows a typical
plot of the mass squared obtained from the mea-
surement of TOF and path length as a function of
the track momentum, The three bands correspond
to pions, kaons', and protons, At a momentum of
1.23 GeV/c, corresponding to pp pair production
from the ¥ and hence to the maximum possible pro-
ton momentum, the difference in time between a
kaon and a proton is about 2.5 standard deviations
(s.d.) (the resolution of the TOF is typically 0.35
nsec).

To select the sample of events to which this anal-
ysis refers, we have used the following criteria:
We have selected all ¥ events which contain at
least one track with momentum less than 1.35
GeV/c whose time of flight corresponds to a pro-
ton within 4 s.d. This selection leaves a small
kaon contamination, which is, however, negligible
for events which have both a proton and antiproton
candidate. In some cases, as for the decay
y—pAin”~, only one proton is produced; the back-
ground from misidentified kaons is then eliminated
by a one-constraint (1C) fit. In the case of pp pair
production or the decay into ppn'7™, a 4C fit can
be performed and there is no need of TOF identi-
fication. :

B. A’s

In our detector we can identify the A (A) as a peak
in the p7~ (P7") invariant-mass distribution. Fig-
ure 3(a) shows the p7~,pn" mass distribution where
the proton is identified by a loose mass cut [m?
>0.4 GeV/c®?], The A +X signal contains 1559 62
events with an rms mass resolution of 5 MeV. We
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FIG. 3. Invariant-mass spectra for p7= and pn*
combinations with (a) no cuts applied and (b) cuts on the
reconstructed vertex, as explained in the text.

define a A as a (p)° pair with invariant mass be-
tween 1,105 and 1,125 GeV/c2; the signal fraction
in this region is 60%. o

When the statistics are sufficient, a better sig-
nal-to-background ratio can be achieved with the
following procedure: For each p7~ or p7" pair of
tracks we determine the projection of the intersec-
tion point in the x-Y plane (the one perpendicular

- to the beams). In order to ensure a good resolu-

tion in the vertex position, pairs which have a pro-
jected opening angle of less than 10° or more than
a 170° are rejected. Usually for each pair of
tracks there are two intersections, one of which,
the unphysical one, lies far away from the inter-
action region and can be easily eliminated. In case
of ambiguity, the third coordinate is used and the
solution for which the intersection of the tracks is
closer in the z direction (along the beam line) is
chosen. A cut of 16 cm on the distance of the ver-
tex from the interaction point is applied, which
corresponds to the radius of the inner proportional
chamber. The intersection is then checked using
the third coordinate: Tracks which dare separated
by more than 16 cm are rejected. The momentum
of each track is then calculated at the intersection
point, and the angle between the total momentum
and the vector pointing to the vertex is checked.

If the distance of the vertex is less than 6 mm this
angle is subject to substantial measurement error,
so all the pairs of tracks in this category are ac-
cepted. Otherwise a cut of 20° is applied. The
(p7)° invariant mass distribution obtained with
these criteria is shown in Fig. 3(b), where the A
+A peak contains 907 +37 events, The rms resolu-
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tion is .3 MeV and the signal fraction in the mass
interval 1.105 to 1.125 GeV /c? is 82%. These cuts
thus reduce the background from 40% to 18%.

IV. EFFICIENCY CALCULATION

In order to translate the number of events for a
given process into branching ratios, the overall
efficiency has been calculated using a Monte Carlo
technique. The geometry of the detector, the mea-
surement resolution, the trigger requirements, the
counter inefficiencies, and all the other known ex-
perimental effects are simulated in the Monte
Carlo program. The simulated events are then
analyzed with the same technique used for the real
events in order to take into account all of the selec-
tion criteria. The fact that in each case we con-
sider a specific channel removes much of the mod-
el dependence of such efficiency calculations. We
have, however, included in the quoted errors on
the branching ratios a 10% systematic uncertainty
in the value of the efficiency. In addition, there is
a 15% uncertainty in the overall efficiency for
P —hadrons which is not explicitly included in the
quoted errors.

V. DECAYS INVOLVING NONSTRANGE BARYONS

The results of the branching ratio determination
for the decays of the ¥ into nonstrange baryons are
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summarized in Table I, along with the number of
‘events found for each final state and the respective
detection efficiency.

In the following discussion we describe the cri-
teria by which the samples used in these determi-
nations were selected. Unless otherwise specified,
we will always sum each final state with its charge
conjugate.

A. y->pp

The pair production of protons from the ¢ has al-
ready been reported.”® This process is easily
identified within the collinear two-prong events
‘without use of the TOF, Figure 4 shows the mass
for these events (after removing the electron
pairs), reconstructed from the measurement of the
average momentum of the two tracks: MZ2=E g% -p?,
where E  is the energy of incident e~ or €" beam.
The peak centered near zero corresponds to the
muon pairs; the other peak is centered at the pro-
ton mass and contains 331 +18 events. This trans-
lates into a branching fraction for ¥ —pp of (2.2
+0,2)X10"2 in good agreement with the measure-
ments of Refs. 8 and 9. Figure 5 shows the angu-
lar distribution of the proton pairs with respect to
the beam axis. The angular distribution of the
muon pairs; which has been measured to be pro-
portional to 1 +cos?d, is shown in the same plot

TABLE 1. Decay modes of the ¥(3095) to states containing baryons.

Number
Decay Topology of events Efficiency Branching ratio
D 2 prongs collinear 331+18 0.38 (2.2 £0.2) x1073
pan™ " P ' 19417 0.22 (2.16£0.29) x1073
pnt prt 204 +18 0.25 (2.04 £0.27) x107°
ppm° P 109+13 0.27 (1.00£0.15) x1073
PPY pp +shower <8 0.18 <1.1 x1074
pbN pb 142+19 0.15 (2.3 £0.4) x107°
ppt 3310 0.03
pprtm” 22+ 6 0.03
ppw pprt 4214 0.05 (1.6 +0.3) x107%
ppmtm”. 35+ 8 0.06
bl ppr* 19+10 0.025 (1.8 £0.6) x1073
pprimT 21+ 8 0.03
pprrTT ppt 178 +25 0.07 (5.5 +0.6) x1073
prtn” 135+24 0.06
pprtTT 220+16 0.11
pprtaTnd+ pprtaT 39+14 0.06 (1.6 +0.6) Xx1073
ppmiTy
(excluding ppn,
ppw, and ppn’)
AKX A+X 153 £24 0.33 (1.1 +0.2) x1073
AR 43+ 8 0.10
z0x0 AR 52+10 0.10 (1.3 +0.4) X1073
EOE0+ EEr AKR 71+12 0.05 (3.2 £0.8) x1073
=R ET+X 5115 0.09 (1.4 +0.5) x1073
AZ0+AX0 A+X <20 0.33 <1.5 x1074
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FIG. 4. Distribution of the invariant mass squared
for two prong collinear, non-e*, tracks calculated
from the energy of the incident beam and the measured
momentum.
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normalized to the same number of events. - The
two distributions agree well within the statistics.
We have performed a fit to the proton angular
distribution using a maximum likelihood technique
and taking into account the geometrical efficiency
of the apparatus. Using the fitting function 1 + &
cos?8, we have obtained for a the value 1.45+0.56,

T T T T T T T
y (3095) —=pp !

® 33l pp
p ‘ I 11,000 /J.+,u—

EVENTS

cos 8

FIG. 5. Observed angular distribution of pp and p*p~
pairs with respect to the beam axis.
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with a X? of 0.48 per degree of freedom, As @ can
only vary in the range -1 to +1, we conclude from
our measurement that a is close to +1, This
means that the pp coupling is primarily of magnetic-
character, with at most a small electric contribu-
tion (“magnetic” and “electric” coupling in this
case are the analog of Gy and Gz, respectively,

for the virtual-photon—-pp coupling).

B. Y ~>pnn~ and pna*

To study this reaction we have selected two-
prong events in which one track is compatible with
being a proton; i.e., the TOF is that expected for
a proton within 4 s.d. and the other track does not
satisfy this criterion. The tracks are then assigned
to be a proton and a pion, respectively, and the
missing mass is calculated. Figure 6 shows the
missing-mass distributions to-the p7~ and p7*, re-
spectively. In both cases a clear peak is present
at the neutron mass. These events come from the
decay

Y—~puT™ 1)
and

p—=pnr*, @)
The number of events is 194 +17 for the p#7~ chan-
nel and 204 +18 for pn", :

The efficiencies are respectively 0.22 and 0.25.

(Events with a detected antiproton have higher trig-
gering efficiency than corresponding events with

detected protons.) The branching fractions are,
respectively,

P@=prn”) . -
T - (®16£0.20)x10°2,
C@—~pnr) _ -
W—(2.04 i0°27)X10 3.

We have investigated possible resonance forma-
tion in these p#7~ and pn7’ events. Figure 7 shows
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FIG. 6. Missing-mass spectrum in two-prong (a) pr-
and (b) pn* events.
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mass. The difference in shape between parts (a) and
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the NN and N7 invariant mass distributions. The
dotted lines are the Monte Carlo distribution ob-
tained using the hypothesis of pure phase-space
production. No clear structure is present in any
of these distributions. In particular, there is no
evidence for the isospin-violating decay
P—~12(1232)n at a level of about 5% of the ¥ —pna~
rate,

C. y=ppn’. oy

To search for the decay into a pP pair plus a w°,
we have selected two-prong noncollinear events in
which both tracks are identified as protons by a
4-g.d. cut in the time of flight. If we assign the
recoil mass to be that of a 7° and then calculate
the total invariant mass, we obtain the distribution

(smooth background subtracted). More information
about these events can be obtained from the analy-
sis of photons detected by the shower counters,
Out of the 224 events in the peak region, 151 have
a pulse in a shower counter which is approximately
in the direction of the missing momentum. Three
events have two shower-counter pulses which re-
construct the 7°, Figure 9 shows the distribution
of angle between the direction of the missing mo-
mentum and the photon (i.e., a pulse in the shower
counter not associated with a track in the spark
chambers) in the c¢.m. of the recoil system, which
is assumed to be a pion. The latter distribution
allows a discrimination between a missing ¥ or 7°,
In the case of a ¥ there should be a peak at zero
degrees, while in the case of a 7° there should be
a flat distribution. The result of this analysis is
that the angular distribution of photons is consis-
tent with being due exclusively to process (3). The
branching ratio calculated on the basis of 109 de-
tected events is

- L—-pp7°)

= ~3
T@=al) =(1.00£0,15)xX107°,
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From the measurement of reactions (1) and (2) we
expect about 110 events from reaction (3) if the ¢
has isospin 0.

To state an upper limit for reaction (4), we have
fitted the angular distribution of Fig. 9(b) with a
linear combination of the distributions expected
from reactions (3) and (4). The result is that the
upper limit for reaction (4), at 90% confidence
level (C.L.), is 8 events. This corresponds to the
following branching ratio upper limit:

T@~ppy)
T (- all)

The pp invariant-mass distribution from all the
events compatible with reaction (3) is shown in
Fig. 10 and does not show any significant structure,
From this distribution we can set an upper limit
for the product: B(y— X (2830))B(X (2830)~pp).

In the region around 2.83 GeV there is no excess

of events: If we make the unlikely assumption that
all 8 events with invariant mass between 2,80 and
2,86 GeV/c are from the X (2830) decay,!® then we
derive the upper limit

B(—~yX (2830))B(X (2830)~ pp) <4 X 105,

<1,1X107* at 90%C.L..

In conclusion we have measured the branching ra-
tios of decays (1), (2), and (3) and found that they
are in very good agreement with the relative ratios
predicted by the I =0 hypothesis: We also find that

() ¥ (3095) —=pp7° (b)

T T
80 |- H
60 —
LAB SYSTEM [} || 7° REST SYSTEM

R

EVENTS -

0
cos §19P

c.m.
cos 8

FIG. 9. Distribution of the angle between the direction
of the missing momentum and the central direction of the
shower for ppr° orPpy events (a) in the laboratory '
system and (b) in the c.m. of the n°. Note the break in
the vertical scale. The shaded events are those with
cos 0 in the laboratory system greater than 0.7. The
unshaded events are consistent with being primarily
background. The dashed line shows the predicted dis-
tribution if all of the shaded events were from the ppy
decay mode. '
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FIG. 10. Invariant-mass spectrum of the pp in ppd
and ppy events. The dashed line shows the phase-space
distribution and the arrow indicates the mass of the
X(2830).

the final state pPy has a branching ratio at least
one order of magnitude lower than that for ppu°,

D. y—>ppn,ppw, ppn’

The decay mode ¥ —~pPp7n can be seen in our data
as a peak centered at the 7 mass in the recoil mass
distribution against a pp pair. This peak is more
evident if only events with two detected prongs are
considered, as in Fig. 11(a). This is a consequence
of the fact that about 70% of the 1 decays involve
all neutrals. The width of this peak is just what we
expect from the resolution. The 7 peak in Fig.
11(a) contains 142 +19 events which translates
into a branching ratio of (2.3+0,34)X1073, i.e.,
about the same magnitude as that for ¢ —~pp.

No significant peak, but only a small excess can
be seen in Fig. 11(a) at the w or 1’ mass. However,
the efficiency is lower in this case by about a fac-
tor 5 because w and 1’ decay preferably into
charged particles, so that usually more charged
tracks than the two protons are present in the de-
tector. Figure 11(b) shows the recoil mass-distri-
bution against a pP pair when an additional pion is
detected and more than one more pion is missing.
(The recoil mass against the ppm system is re-
quired to be greater than 0.25 GeV to eliminate the
process Y—~ppmn~,) This distribution shows peaks
at the 7, w, and 0’ mass; the number of events are
33+10, 4214, and 19+10, respectively. Figure
11(c) shows the missing mass against the pp pair
when two more pions are detected; the total mo-
mentum is required to be more than 0.1 GeV/c and
events containing A candidates are rejected, This
distribution is similar to the preéceding one, with
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FIG. 11. Recoil-mass distribution against a pp pair in
(a) two-prong pp events, (b) three-prongppr* events,
and (c) Four-prong ppm*n~ events.

the number of events being 22 +6 for ppn, 35+8
for ppw, and 21 +8 for ppn’. The measurements

in the three and four detected prong topologies are
consistent with the respective efficiencies for all
three processes. Therefore in order to obtain the
branching ratios we combine both topologies. The
results are ; :

T@—-ppw) _ -

TUIPe) (1.6 20.9)x107
and

T@—-ppn’) -

W =(1.8 i0.6)><10 3,

In the case of the ppn’ decay the quoted error re-

flects the sizable uncertainty in the background
subtraction due to the location of the peak just at
the edge of the phase-space distribution,

E. y—=>pprtn”

The decay ¥~pPn'n is clearly seen in four-
prong events with a pp pair identified by TOF,
and kinematically fully reconstructed. Figure
12(a) shows the invariant mass of the four-prong
events, with one pp pair identified by TOF, once
all the events containing A candidates have been
removed. The presence of the peak at the ¥ mass,
with width compatible with the resolution, estab-
lishes the existence of the decay ppn"n~, The num-
ber of the events can be extracted more readily
from Fig. 13, where the correlation between in-
variant mass and total momentum is plotted for
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FIG. 12. Invariant-mass spectrum of ppr*m~ combi-
nationa in (a) events in which all four prongs are ob-
servéd, (b) events in which ap, p, and % are observed

“and the m mass is assigned to the missing momentum,

and (e) events in which.a m*, «~, and either ap orp are
seen and the p mass is assigned to the missing momentum,
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FIG. 13. Correlation between total invariant mass and
total momentum for four—prong ppn* 7~ events.

the same sample of events. The decay into ppn'n~
produces a cluster of 220 +16 events at the ¥ mass
and total momentum compatible with zero which is
clearly separated from the rest of the events, The
same process can also be identified from the cate-
gory of three-prong events with a one constraint
fit on the missing mass: We find 135 £24 events

of the type 77 + missing proton and 178 £25 events

DECAYS OF THE ¢ (3095)

2909

of the type pP7* + missing pion [Figs, 12(b) and
12(c); in both cases all events containing a A° can-
didate were excluded], These measurements
translate into a branching fraction of

H{’f——&fé—’—u’;—) =(5.5+0.6)x 1073,
We have investigated the possible presence of
resonant structure between the four particles of
this process. Figure 14 shows the invariant mass
for the (pm)°, (pm)**, pp‘ ‘"7 pairs in the events
corresponding to app7 7~ decay of the ¥, The
dotted curves represent the distributions expected
from phase space. The (pm)** distribution shows
a clear &A™ or A™" signal of 263 £22 events above
the phase-space distribution. Thus about 25% of
the protons (or antiprotons) in the pp 7" 7~ final state
come from the decay of a & or 3~~, A study of
the correlation of the momentum and the invariant
mass of the p7* (P77) pairs shows an excess of-
events in the region corresponding to A" *A™" pair
production when compared with uncorrelated pro-

- duction simulated by Monte Carlo. Qualitatively

the process y~A"A"" could account for as much
as 15% of the ppn* 7~ mode. A more precise evalu-
ation of this effect is difficult because the A is too
wide and the A mass is close to the maximum of
the phase-space distribution for uncorrelated
PP 1™ production,

Comparison of the p7~ (p7") mass distribution
with the Monte Carlo for uncorrelated pp7° 7~ decay

FIG. 14. Invariant-mass spectra of different particle combinations for ppr’ " events with total momentum less than
100 MeV/c?.
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FIG. 15. (a) Invariant-mass distribution of ppr’ 7~ 70

combinations observed using ppr’ 7" r° events with
missing momentum, (b) missing- mass distribution
against the pp pair in the events in the peak at the ¥
mass in (a).

also shows an excess of events in the mass region
of the A° (&%), This signal appears smaller because
the A° decays to p7~ only one-third of the time.

F. y~>AA

Most of the events with ap, P, 7, and 7~ de-
tected which are not due to ¥ —~ppn 71~ satisfy the
hypothesis of having a 7° missing. Figure 15 shows
the total invariant-mass distribution when the 7°
mass is assigned to the recoil momentum. Analy-
sis of the "7~ 7° mass distribution for events in the
peak at the ¥ mass shows that 22 £5 are from the
decay ppn, 25 +5 from ppw, 6 +2 from ppn’, and
the remaining 39 +14 attributed to other decays of
the form

Y-pputan°
and
b-ppray.

The branching ratio corresponding to these 39
events is (1.6 £0.6)X1073,

A y~AR

We have described in Sec. III the technique we
use to-identify a A (or A) in our data, We will de-
scribe in this section the results obtained in the
analysis of the events containing at least one mea-
sured A or A,

The momentum distribution of the A +A ‘sample
is shown in Fig. 16. The peak centered at 1,07
GeV/c corresponds to the decay y~AA. This same
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FIG. 17. Invariant-mass spectrum of the AA in all
events containing a AA pair. The dashed lines show
the expected distributions from AKX, =°T°, and &
decay modes.
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FIG. 18. A momentum versus A momentum for all
events containing a AA pair.

process can be measured using the sample of
events with both a A and A reconstructed. In fact,
the invariant-mass distribution of the AA pair has
a peak centered at the ¥ mass (Fig. 17), and the
correlation between the momentum of the A versus
the momentum of the A cluster around 1.07 GeV/¢
(Fig. 18). The peak in the inclusive A momentum
distribution has 153 +24 events after a smooth
background subtraction. In the sample of events
containing both a detected A and A there are 438
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cos8

FIG. 19. Angular distribution of the AA collinear
pair with respect to beam axis, corrected for the de-
tector acceptance. The dashed curve shows a 1 + cos?6
distribution.
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events kinematically compatible with pair produc-
tion. Taking into account the efficiencies, these
two measurements are in very good agreement and
give the following branching ratio:

TE=AB)
T - all)

Figure 19 shows the angular distribution of the
A’s with momentum between 1.04 and 1.10 GeV/c,
corrected for the angular acceptance of the detec-
tor. The agreement with the hypothesis 1 +cos?¢
is good (the X2 is 8 for 14 DOF), We note that if
the ¥ has the properties of an SU(3) singlet we ex-
pect the same behavior for the pp and AA angular
distribution.

=(1,1£0,2)X1073,

B. y~>AZ, =%, EE, etc.

A’s from the decay ¥ —AA account for only a
fraction of the detected A’s; from the kinematic
properties of the A’s we can get information about
more complicated reactions producing A’s in the
final state. ) ‘ .

From the analysis of the A momentum spectrum
we can conclude that there is no clear evidence,
for other two-body decays of the kind ¥ ~AX, In
particular, we note that there is no evidence for
the I =1 AZ° or AZ° final states which would pro-
duce a peak at P, =1.03 GeV/c. There is a slight
excess in the region P, = 0.6 GeV /¢ which corre-
sponds to M(X)=1.670 GeV. Although a A* exists
at about this mass, this process cannot be clearly
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FIG. 20. Missing mass squared against the A versus
missing mass squared against the A for all events con-
taining a AApair. The boxes show the kinematic limits
for =" and & E decay modes.
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FIG. 21. Opening-angle distribution between the A and
the A for all events containing a AX pair.

separated with the statistics available for this
analysis.,

More information can be obtained by studying the
sample of events in which both the A and A are de-
tected. Figure 20 shows the correlation between .
the missing mass squared against the A and the A,
respectively. The events group in three cate- '
gories, one of which corresponds to AA pair pro-
duction. The rest of the events are mainly in the
regions kinematically compatible with 2°f° =R,
and E°Z° productmn, Inelastic processes such as
AAm®, AAT , AR 7070, and AZ7° have large regions
of overlap w1th the previous reactions; however,
the observed events populate only the regions which
correspond to Z and = pair production. Another
indication that these pair-production processes
are favored comes from the study of the angle be-
tween the A and A directions. This distribution,
shown in Fig. 21, is strongly peaked at 180°; out
of 198 events, 196 have cosf<-0.8 while inelastic
states with additional n’s or ¥’s should have a much
broader distribution. Assuming that the AR ine-
lastic pairs which we observe in the kinematical
regions compatible with Z and = pair production
come from these processes, we have the following
branching fractions:

' Dy~ 20%0)
T @~ all

and

=(1.3+0.4)X1073
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FIG. 22. Invariant-mass spectra of\(a) Ar* and Anr~
and (b) A~ and A7+ combinations.

%E—ﬁ,—:ﬁ;— =(3.2+0.8)%X107°,
We have also direct evidence of E~ (£") production
from the ¢ from the study of the invariant mass of
A7™ (A7), Figure 22 shows the A~ (A7) and An"
(A™") invariant-mass distributions. A signal is
clearly visible in the former with 153 +22 events
in the peak, Studying the correlation between An™
(A7) invariant mass and missing mass, we find
in fact an excess of events in the region corre-
sponding to E~E' production, This measurement,
takmg into account the efficiency to detect a single
= from this reaction, translates into a branching
fraction of

1-1( _.:--M-

T@@—all)

This is consistent with being one-half of the pre-
vious measurement of the sum of E°Z° and E~E'
production.

Finally we note that the sum of the exclusive pro-

=(1.440.5)%10"3,
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cesses for which we have measured the branching
fraction accounts for only about 50% of all the de-
tected A’s, The remaining A’s could come from
modes such as AZ7, Z%Z, ANK etc. We do not
quote an inclusive fractmn for decays containing a
A because the efficiency depends strongly on the
nature of the final state,

The results we have described in this section
are summarized in Table I. The branching frac-
tion for Z and = pair production may be overesti-
mated, as we have attributed all the events kine-
matically compatible with these processes as due
to them,

VII. SUMMARY

We have measured a number of branching ratios
for the decay of the ¥ into baryonic modes. The
number of detected protons per event is much
higher at the ¥ energy than in €'¢” production off
resonance, and these final states therefore cannot
be attributed to second-~order electromagnetic pro-
cesses,

We have added more evidence for the I =0 assign-
ment for the ¢:

(a) There is a substantial AA decay mode, where-
as there is no evidence for ¥ decays to{ = 1 fmal
states such as NA, AE" or AAn®°,

(b) The branchmg ratms to the final states pin~,
pnm”, and ppu° are in the ratio 2:2:1, as expected

TABLE II.
particular charge state of that mode.

for the I =0 assignment. _

The pP and the AA pair from ¥~ pp and y—~AA,
respectively, have within statistics the same angu-
lar distribution. The fact that this distribution is
of the type 1 +cos?6 demonstrates that the coupling
of the ¥ to baryon-antibaryon pairs 1s of magnetic
rather than electric character.

If the ¥ is an SU(3) singlet decaying via an SU(3)-
symmetric interaction, the ratio 7 = I‘(lP*AA)/

T'(y ~pP) should be ~0.9 for an S wave and ~0.5 for
a D wave, From the angular-distribution measure-
ment, we know that it is a coherent mixture of the
two which should give ¥ ~0.74. Our result ¥ =0,5
£0.,1 is slightly lower than the SU(3) prediction.

We have shown evidence that the final states pp,
phn, ppw, ppn°, ppn’ are produced with comparable
branching ratios. We do not have evidence that the
1 and the 7’ mesons are preferred with respect to
the m or the w, although the phase space for the.
decay y-— pPn’" is considerably smaller than for
the others,

We have also shown that the ppn*n~ state has the
highest branching ratio of all the states containing
baryons, and a non-negligible fraction has a p and
T resonant as a A,

It is of some interest to examine what can be in-
ferred from the specific observed states about the
population of states with the same particle multi-
plicities but different (and unobservable in our ap-
paratus) charge combinations, For this purpose

Branching ratios B into general modes computed‘ from the observation of one

Statistical model

General _B(observed) B(observed)
Observed Mode B(general) B(general) (%) B(general) B(general) (%)
P NN t 0.44 +0.04 T 0.44 £0.03
prn”
pnmt NN % 0.62£0.05 & 0.62+0.05
pB
ppn NN7 t 0.46+0.08 1 0.46 £0.07
ppw NNw 1 0.32+0.06 % . 0.32+0.12
ppn’ NNy’ t 0.36+0.12 + 0.36+0.12
pprtT NNnw tot 1.65+0.18 to 3.30£0.36 L 2.20+0.24
pprta~n®  NNmmrw E-% 0.32+0.12 to 2.40 0,90 & 0.72+£0.27
AR AKX 1 0.11+0.02 1 0.11+0.02
z0Z0 =z i 0.39£0.12 3 0.39+0.12
=050
- } EE 1 0.32+0.08 1 0.32+0.08
ETE*
Total 5.0 0.3 to 8.7 1.0 5.9 *0.4
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we use the known zero isospin of the ¥ and isospin
conservation in the decay process to calculate the
ratio between the observed state and the sum of

all states with the same multiplicity and particles
in all charge combinations.!**'? In some cases only
limits can be obtained, and the range of the allowed
values is rather broad. Using the statistical mod-
el'® in which all available isospin states are popu-.
lated in proportion to their statistical weights, we
can obtain a unique prediction. Table II contains.
the results of this analysis.

The sum of branching-ratio lower limits for ¢
decays into states containing a baryon pair dis-
cussed in this paper is (5.0+0.3)%; if the statisti-
cal model is assumed, the total branching ratio is’
(5.9+0.4)%.

This latter number can be added to the (30.2

£3.3)% of ¥ decays which were accounted for by
the statistical model on the basis of measurement
of mesonic decay modes.* This total of (36.1
+3,3)% of ¥ decays should be compared to the 69%
of ¥ decays which do not arise from second-order
electromagnetic processes.'* The 33% of ¥ decays
which are currently unaccounted for are presum-
ably decays with higher multiplicities and decays
involving photons and/or 7’s.
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