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Decays of the i'(3097) to baryon-antibaryon final states
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A high-statistics study of g decays into baryon final states has been done with the Mark II detec-
tor at SPEAR. A detailed test of baryon-antibaryon decay modes is presented. Substantial reso-
nance formation is observed in multibody decays of the tl involving baryons. Branching ratios for a
large number of decay modes are given, including the radiative decay tippy. The flavor-SU(3)-
forbidden decays tl ~X—(1385)X+ + charge conjugate are observed with substantial branching ra-

tios.

I. INTRQDUCTI(DN

We begin with a discussion of the implications of the
flavor-SU(3) [SU(3)f] content of the g(3097) for exclusive
final states. Due to the large mass difference between the
charmed quark and the up, down, and strange quarks, the
P is expected to be predominantly a pure charmonium
state, with very little mixing of lighter quarks. Thus the g
should be almost a pure SU(3)f singlet, and its decay am-
plitude into baryon-antibaryon final states of the same
SU(3)f structure should be the same, except for phase-
space considerations. In addition, the decay amplitude for
nonsinglet baryon-antibaryon final states should be
strongly suppressed relative to singlet final states.

Substantial branching ratios for direct photon decays of
the g are a prediction' ' of QCD. A substantial fraction
of the predicted direct photon contribution is accounted
for by exclusive decays of the g, such as yg, yg',
yf (1270), and the recently observed"' yt(1420) or
yE(1420) and y8(1640). The ratio of the inclusive
direct-photon width to the hadronic width is calcul-
able' ' to first order in @CD. The predicted (and ob-
served)' ' feature is that the direct-photon width is
suppressed by only about an order of magnitude relative
to the badronic width.

This paper is organized as follows. The Introduction is
followed by a discussion of the apparatus. Track and ver-
tex selection is discussed in Sec. III, followed by a discus-
sion of the Monte Carlo simulation, used for acceptance
calculations, as well as the normalization calculation. Sec-
tion V discusses decays of the type' P~B8Bs, while Sec.

VI discusses decays of the type $~8&oBto. We find ex-
cellent agreement with the flavor independence of the P
decay to baryon-antibaryon. Section VII discusses decays
of the type' Q~BsS,o. The clear evidence for these
types of SUf(3)-forbidden decays is surprising in light of
the results of the previous two sections. Section VIII
discusses radiative decays of the P, while Sec. IX discusses
a large variety of thrm-body decay modes of the tb. Mul-
tibody decay modes of the i' are discussed in Sec. X, while
Sec. XI summarizes the results of this paper.
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FIG. '1. Mark II detector (beam-line view). Detector com-
ponents are shown in figure.
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II. THE MARK II APPARATUS

The Mark II apparatus, as configured for SPEAR
operation, has been fully discussed elsewhere, and will
only be recalled briefly here. Figure 1 shows the detector
from a beam-line view. Charged particles are detected
over 85% of 4Ir sr by 16 cyclindrical layers of drift
chamber immersed in a uniform 4.16-kG magnetic field.
The momentum resolution o.

z for tracks constrained to
pass through the beam-beam interaction point (IP) is

III. TRACK AND VERTEX SELECTION

For decay modes which do not involve weakly decaying
particles, we require the charged particles to come within
1.5 cm in the transverse direction and 8 cm in the longitu-
dinal direction with respect to the IP. To improve
momentum resolution, charged tracks are constrained to
the IP. Such a charged track is called a prong.

Charged particles are identified by the TOF system. A
normalized weight

1
W(m) =—exp

[t —t~(m)]

20
(2)

where t is the measured flight time, tz(m) is the predict-
ed flight time for mass hypothesis m, cr is the TOF resolu-
tion, and N is the sum of the weights, is calculated for
each of the ~, K, and p mass hypotheses. Track assign-
ments are based on the highest weight of the three. In
case of inconsistent or missing TOF information, the as-
signment defaults to a pion. The TOF resolution
separates protons from kaons at the several-standard-
deviation level for momenta less than 1.2 GeV/c.

The A is detected by its pm decay mode, and is select-
ed by cuts on the decay vertex. The decay vertex is re-
quired to lie within 1.5 cm transversely from the line de-
fined by the A momentum vector and the IP. In addition,
the decay length must be more than —5 cm from the IP,
where the sign of the decay length is determined by the A
direction. This allows for A decays very near the IP.
These loose cuts dramatically decrease the beam-gas con-
tamination while eliminating few real A events. A cut of
1.110&m(A) ~1.122 GeV/c on the pm mass is ap-

=[(0.015) +(0.007p) ]'~
p

where p is the momentum in GeV/c.
Outside the drift chambers is a cyclindrical array of 48

time-of-flight (TOF) scintillation counters covering 75%
of 4n. sr, having 300-ps resolution for hadrons. Outside
the TOF system is the aluminum magnet coil of 1.36 radi-
ation lengths, followed by eight lead —liquid-argon (LA)
shower-counter modules covering 65% of 4Ir sr, with an
energy resolution of 12%/v E, where E is in GeV.

The Mark II is triggered by one or more charged parti-
cles identified by hardware track processors ' which take
information from selected drift-chamber layers and the
TOF system to form track candidates. For the decay
modes considered here, the trigger efficiency is)99.7%%uo.
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FIG. 2. m(pm ) for a11 pairs after vertex selection, showing
the A signal. Note that the charge-conjugate mode is not in-
cluded in this plot.

plied, and the decay products are constrained to the decay
vertex to improve momentum resolution. Figure 2 shows
the resultant pm. mass spectrum after vertex cuts.

Photons are reconstructed in the LA shower counters.
Corrections are made in software for correlated detector
noise which may produce false photons. This analysis
uses only the reconstructed photon direction but not the
measured energy. The detection efficiency for photons in
the LA fiducial volume is ~ 95% for photon energy
Ez ~ 600 MeV, but falls to zero near E&——100 MeV due to
interactions in the magnet coil, electronics noise, and
depth segmentation.

IV. MONTE CARLO SIMULATION
AND NORMALIZATION

~(~ X) N(X)
eN(g) '

where N(X) is the observed number of events, N(f) is the

(3)

The detection efficiency for exclusive final states is es-
timated via a Monte Carlo simulation of detector perfor-
mance. The detector simulation has been discussed else-
where and we discuss here only the physical assumptions
contained within the Monte Carlo generator.

All Monte Carlo simulations assume a uniform phase-
space distribution, and systematic errors in this assump-
tion are separately estimated for each decay mode based
on the acceptance and the actual data distributions. These
systematic uncertainties are included in the quoted sys-
tematic error for each decay mode.

Detailed checks have been made on the simulation
program for possible systematic biases in the efficiencies
estimated by the program. The biases encountered are al-
most always small compared to the statistical error from
the data distributions used in the checks, which ranges
fmtn 2.7 to 8.4% depending on the check performed. As
a result, the errors from these checks are added in quadra-
ture with other systematic errors as a measure of the un-
certainty between the simulation and the actual detector
PeIforIIlaIlce.

All of the branching-ratio calculations in this paper are
of the form
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TABLE I .Summary of produced g by run cycle. 150

Run cycles 1 and 2
Run cycles 3 (no LA system)
Total

6.S7 && 10'
6.64~ 10'
1.32 && 10' il

100 ~l
le

g'~m++ (4)

may satisfy the trigger requirements and thus the trigger
information for the g decay products may be investigated.
This information is used to determine the number of pro-
duced P in the data sample. Table I summarizes the re-
sults of these calculations.

The final quoted systematic error for the measurements
presented here has folded in quadrature the statistical er-
rors from the bias checks, the error in the normalization
calculation, and either an estimated model-dependent un-
certainty based on our acceptance and the decay topology,
or, for those two-body modes where the angular distribu-
tion has been measured, the uncertainty due to the mea-
sured angular distribution.

number of produced P's, and e is the detection efficiency.
For brevity, we shall simply quote the result of such a cal-
culation in the text and in Table VI. The details are fully
discussed elsewhere. 2~

The number of produced f is calculated by knowing the
trigger efficiency for g decays. The trigger efficiency cal-
culation has been fully discussed in Ref. 16. It relies on
the fact that the charged pions from the decay
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FIG. 4. (a) Angular distribution of pp pairs from the g and
(b) angular distribution for P—+AA (arbitrary units). Solid
curves are fits described in the text.

V. THE DECAYS Q~B8E8

In this section, we discuss decays of the type Q~BSBS.
We first discuss the decay

P~pp (5)

The invariant-mass distribution for all events with both a
proton and antiproton identified by TOF is shown in Fig.
3(a), while Fig. 3(b) shows the mass distribution for two-
prong pp events. There is a clear signal of events centered
near 3.1 GeV/c, which we attribute to the decay (5).

For events with 3.02&m(pp) &3.17 GeV/c, we plot

de/d(cos8) of the pair in Fig. 4(a), where 8 is the angle
between the proton direction and the positron beam direc-
tion. Since the acceptance is constant in the region

I
cos8

I
&0.7, we may determine the angular distribution

of pp pairs directly from the detected distribution. A fit
of the form

dX =No(1+acos 8)2

d cos8

gives

a =0.61+0.23 . (7)
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The branching ratio is

B (Q~pp ) =(2.16+0.07+0. 15) && 10

where in this and all following cases the first error is sta-
tistical and the second is systematic. Note again that the
systematic error includes errors in normalization, angular
distribution, and the Monte Carlo simulation.

Figure 5 shows the inclusive momentum spectrum of A
and A at the g, where we have imposed the additional re-
quirement that the decay vertex lie at least 8 mm in the
radial direction from the IP. There is a clear enhance-
ment centered near p = 1.07 GeV/c, which corresponds to
the decay

FICx. 3. (a) pp mass for all pairs and (b) two-prong events
only. The peak near 3.1 GeV/c is from the decay g~pp.
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clear evidence for a peak centered near 3.1 GeV/c from
the decay f~AA, a broader peak centered near 2.9
GeV/c, and a very broad line shape lying below 2.8
GeV/c, to be discussed later.

We now discuss the enhancement between 2.8 and 3
GeV/c . Due to the small Q involved in X decay, essen-
tially all events from reaction (12) have 2.8 & m (AA) & 3.0
GeV/c . There are two other possible sources for events
in this region. The decays

(13)

0
0,8 0.9 1 ~ 2

p(A) (GeV/c)

FICx. 5. Inclusive momentum spectrum of A or A at the g, (a)

A, (b) A, and (c) both A and A added. The peak near 1.08
CxeV/c is due to the decay g~AA. Solid curve is fit described
in text.

e =0.72+0.36 . (10)

We individually fit the momentum distribution for each
charge mode, correct for acceptance, and combine the re-
sults to obtain

For events which have a A or A with 1.05~p ~1.12
GeV/c, we form the angular distribution of the A direc-
tion, shown in Fig. 4(b). Only one A per event is allowed
to enter the plot if both are reconstructed. The
acceptance-corrected distribution is fit to the hypothesis
(6), which yields the result

(14)

dN =N&&( 1+a cos 8)2

d cos8

is done to the angular distribution, from which we get

(15)

20
l

(a) z z

are isospin forbidden and as such are strongly
suppressed. As a result, the events in the region
2. 84&m(AA) &2.96 GeV/c are predominantly from the
decay (12).

Since the X is never actually reconstructed, we use the
A from the X decay to measure the X direction. Due to
the small Q of the X decay, the laboratory angle between
the A and the X is always less than 4'. Thus, to a very
good approximation, the A direction mimics the X direc-
tion. Figure 7(a) shows the folded X X angular distribu-
tion, corrected for acceptance. A fit of the form

8 (Q~AA) =(1.58+0.08+0.19)X 10

%'e now turn our attention to the decay

x'r. ' (12)

Figure 6 shows the AA invariant-mass distribution for all
events with both a reconstructed A and a A, where the A
and A are selected only by invariant-mass cuts. There is
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cussed in the text.
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FICl. 7. (a) /~X Xo angular distribution and (b) angular dis-
tribution for f += =+ (arbitrary un—its). Solid curves are fits
described in text. The angular distributions have been reflected
about zero due to low statistics.
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charge-conjugate mode is implied, unless stated to the contrary.

a=0.7+1.1 .
This yields the result

&(f~& & )=(1.58+0.16+0.25) X 10

Finally, we discuss the decay
——=+

(16)

(17)

(18)

An example of a fully reconstructed tp~:-:-+
event. Both A's decay over 10 cm from the primary vertex, and
the = vertices are visible as neither of the other two pions seem
to come from the primary vertex. Track 1 is an antiproton,
track 6 is a proton, tracks 3 and 4 are m+'s, and tracks 2 and 5
are n. 's. A dot has been sketched to indicate the A vertices.
The numbers next to the small rectangular boxes give the ap-
proximate TOF in ns. The liquid-argon modules were inopera-
tive during this run and hence do not register energy deposition,
indicated by the 0.0 next to each of the charged tracks in the LA
system.
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FICi. 9. Missing mass against = . The peak near 1.32
GeV/c is from the decay g-+= =+, while the enhancement
above 1.48 CxeV/c is discussed in the text.

Here, and in what follows, we designate the antibaryon
charge with the actual charge of the antiparticle, i.e., the
:-+ is the antiparticle of the = . Figure 8 shows the in-
variant mass for Am events, where no distance of closest
approach cuts are made on the additional m. from the
weak decay of the = . There is a clear enhancement, cen-
tered near 1.32 GeV/c, indicating = production. For
events with 1.312&m(An ) &1.33 GeV/c, the three-
body mass is set to the = mass, and the = energy is re-
calculated. Figure 9 shows the missing mass m opposite
the = system. There is a clear enhancement, centered

y~= =++'

or possibly the SU(3)f-forbidden decay

:-+(1530) .

(19)

(20)

Reaction (20) is of particular interest due to the results in
Sec. VII on SU(3)f-forbidden decays, but it is difficult to
make a positive identification due to its low efficiency and
the background from reaction (19). This experiment can-
not separate the two contributions.

For events which have 1.26&m (:- ) &1.36 GeV/c,
we plot in Fig. 7(b) the folded angular distribution,
corrected for acceptance. A fit done to the hypothesis
(15), gives the result

a = —0.13+0.55,
and the branching ratio is

B(Q~:-:-+)=(1.14+0.08+0.20) X 10

(21)

(22)

Returning to Fig. 6, we discuss the region below 2.8
GeV/c . Any decay which has a final-state topology of
AAnnwill populate the. .region below 2.8 GeV/c . If the
decay

near 1.32 GeV/c, which comes from the decay (18). Fig-
ure 10 shows a beautiful example of a P~:-:-+event.

The events of Fig. 9 in the vicinity of m (:" )=1.38
GeV/c are from background under the = peak. The
events with m~(:- ) & 1.5 GeV/c are due to the decay
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TABLE II. Reduced branching fractions
~
M

~

2 for Q~BsBs
(units of 10 3).

2.0—

Decay mode

g—+AA
y~yog 0

-0 0

Value

1.73+0.13
1.45 +0.18
1.58+0.30
1.39+0.26

(23)

1.8—

CU
C3

g) 1.6—
CD

lM
1.4—

occurs with the same strength as the decay P~:-:-+
(18), as one would expect from isospin considerations,
then we would expect a total of 126+14 events with
m (AA) &2.8 GeV/c from decays (18) and (23), where in
fact there are 326+18 events. It is clear that there are
substantial contributions below 2.8 GeV/c from other
processes than decays (18) and (23), including decays dis-
cussed in Sec. VI, such as (28) and (30).

We now compare the results of this section. Table II
shows the reduced branching fraction

~
M

~

for all de-
cays of the type

4~8sBs
where we have divided out the phase-space factor of

7TP
Rp ——~

(24)

(25)

corresponding to two-body phase space, and have com-
bined in quadrature statistical and systematic errors. Here
p is the momentum of the final-state particle in the g rest
system. As mentioned in the Introduction, if the f is an
SU(3)J singlet, the matrix elements for $~8sBs should
be the same. All four of the reduced branching fractions
in Table II are consistent with the g being a pure SU(3)f
singlet.

Table III summarizes the measurements of angular dis-
tributions for the decays P—+BsBs. These are compared
to two recent calculations, one in the asymptotic limit,
and the other including mass effects. The data tend to
prefer the latter calculation.

1.2—

I

2.01.4 1.6

m(px )(GeV/c )

FIG. 11. Cxoldhaber plot of m(pm+) vs m(pm ) from the de-
cay P~ppm+m . Box is f~A++Z signal region.

1.81.2

The decay mode

/~X (1385)X+(1385) (28)

is observed. The inclusive Am. mass spectrum has been
replotted in Fig. 13(a). There is a narrow = peak, dis-

naturally arises out of analysis of the reaction
P~ppm+~ (73), discussed in Sec. X. Figure 11 shows
the Goldhaber plot for doubly charged pn combinations
for reaction (73), while Fig. 12 shows the summed per+
projections of Fig. 11, illustrating a strong 6++ signal.
We define the square bounded by 1.18& m (pm+) & 1.32
GeV/c in Fig. 11 as the signal region for reaction (26).
The Monte Carlo simulation is used as an estimate of the
nonresonant background population. This takes into ac-
count not only the nonuniform phase space inherent in the
Goldhaber plot, but also acceptance variations over the
plot. The background subtraction yields the result

8(g 6++1 ) =(1.10+0.09+0.28) X 10

TABLE III. Angular distributions for $~8sS8 {u for
1+acos 8 angular distribution).

Decay mode

pp
f~AA

goy 0

+

This experiment

0.61+0.23
0.72+0.36
0.7+1.1

—0.13%0.59

Ref. 28 Ref. 29

0.46
0.32
0.31
0.16

VI. THE DECAYS $~8 ioS&o

We now turn our attention to decays of the type
Q~B,oB,o. The decay

(26)
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FIG. 12. m (pm+) for f~ppm. +n events. The peak near
1.23 CieV/e is from the decay 6++—+pm+. Solid histogram is
phase-space distribution normalized to same number of events.
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GeV/c in (a) is from the decay = ~Am, while the peak near
1.38 GeV/c in both (a) and (b) is from the decay "(1385)~Am. .

We can also perform the analogous analysis for the
charge-symmetric mode of reaction (28). The invariant
mass of the Am. + system is shown in Fig. 13(b). There is a
clear peak centered near 1.38 GeV/c, indicating
X+(1385) production on top of a substantial combinatoric
background. This distribution differs from that in Fig.
13(a) in that there is no corresponding state to the =
The missing mass for events with 1.36~m (An+) ~ 1.41.
GeV/c, is shown in Fig. 14(b). There is a peak centered
near 1.38 CxeV/c, indicating the decay

cussed in Sec. V, and a broader peak centered near 1.38
GeV/c, which we attribute to the P13 I =1 strange
baryon resonance, the X (1385). For events with
1.36&m(Am. ) &1.41 GeV/c, we plot the missing mass
against the X (1385), shown in Fig. 14(a). There is clear
evidence of a peak near 1.38 GeV/c, which comes from
reaction (28). The background subtraction assumes a
smooth curve above and below the X (1385) and yields
the result

B(1(~X (138S)X+(1385)) = (0.86+0.18+0.22) X 10

ee
6 1.7

Q I I I I

We now make the same comparison for the decays

B10B10

as was done for the octet baryons in Sec. V. Table IV
shows the reduced matrix elements for decays of the type
(32). The three measurements in Table IV are also in good
agreement with each other, again consistent with the f be-
ing'a pure SU(3)f singlet. In particular, there is no evi-
dence for isospin violation in the comparison of reactions
(28) and (30).

VII. THE DECAYS Q~B8S1p

We now investigate the SU(3)f-forbidden decays of the
type Q~BsB10. As mentioned in the Introduction, such
decays should be strongly suppressed, and the observation
of such decays is the first indication of a substantial
branching fraction for a SU(3)f-forbidden decay.

1.2 1.3 1.4 1.5
m Z(1385)(GeV/c2)

FIG. 14. (a) Missing mass against X (1385) and (b) missing
mass against X+(1385). The peaks near 1.38 QreV/c in both (a)
and (b) are due to the decays 1// —+X(1385}X(1385},while the
peaks near 1.19 GeV/c2 in both (a) and (b) are primarily due to
reactions (33) and (35). Here, we denote as X(1385) a Am system
in the mass region defined in the text.

@~X+(1385)X (1385) . (30)
TABLE IV. Reduced branching fractions

~

M
~

for
1//~81pS]p fol' (units of 10 3).

A similar background subtraction as above yields the re-
sult

Decay mode Value

1.12+0.30
1.21+0.40
1.48 +0.46

B(/~X+(1385)X (1385))=(1.03+0.24+0.2S) X 10

(31)

1l~g++g ——

1l-+X (1385}X+(1385)
1l-+X+(1385}X (1385}
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15.0 TABLE V. Reduced branching fractions ! M !
2 for

ri/~BsBip (units of 10 3).

10.0

Decay mode

@~X (1385)X+

/~X+(1385}X

Value

0.3710.20
0.39+0.20

5.0—
CU

O

0.0
15.0

Ltj

10.0—

I l I l Il~ l I l

(57)

We choose events which have 1.14&m (AIr+ ) & 1.24 as
having a X recoiling against them. Figure 15(b) shows
the Am. + mass opposite the X recoil. There is again
good evidence for the SU(3)f-forbidden reaction (35). We
fit the peak in the same way as for the charge-symmetric
mode, which gives the result

5.0— l I l I l

~II
~
I~I~ Ik

Il Il

1.61.4 1.5
m(A~)(Gev/c }

FICx. 15. (a) Am mass opposite X recoil and (b) Am. + mass
opposite X recoil. The peaks near 1.38 CseV/c in (a) and (b) are
from the decays /~XX(1385). Solid 1ines are fits described in
the text.

The first decay mode to be discussed is

P-+X (1385)X+ . (33)

The X (1385) is detected by its AIr decay mode. Events
are selected as for the reaction

B($—+X (138S)X+ )= (0.29+0.11+0.10) && 10 (34)

We now search for the analogous SU(3)f-forbidden ef-
fect in the charge-symmetric mode

/~X+(1385)X (35)

Again, events are selected as in Sec. IX below for the de-
cay

(55)

discussed in Sec. IX below. We choose Am. events which
have 1.14&m~(Am }&1.24 as having a X+ recoiling
against them. Figure 15(a) shows the Am. mass opposite
the X+ recoil. If indeed these events have a X+ recoiling
against the Am system, the events should all have at
most four charged tracks in them, as the charged X+ al-
ways decays to Nrr. In addition, some fraction of the time
a charged track from the X+ decay should miss the IP as
the X+ decays weakly. The events have been hand
scanned and are topologically consistent with the event
hypothesis. Thus, Fig. 15(a) provides good evidence for
the SU(3)f-forbidden reaction (33). We fit the peak, using
a Breit-Wigner form of width I =40 MeV/c, which
gives the result

B{y~X+(1385)X )=(0.31+0.11+0.11)X 10

(36)

The fact that we see the same SU(3)f-forbidden effect in
two independent modes at the same strength is strong cor-
roboration of this striking result.

As was done in Secs. V and VI, we compare the reduced
matrix elen1ents for

W~B8B10 ~ (37)

shown in Table V. The magnitude of the SU(3)f-
forbidden effect is large especially when compared with
the results in Tables II and IV. This indicates a sizable
SU(3)f violation in the two-body decays of the g. It is in-
teresting that SU(3)f-forbidden effects do not seem to be
present in those channels where there is an SU(3)f-allowed
amplitude. Note that while we cannot prove the existence
of the reaction P~:-:- (1S30) (18), which is another
SU(3)f-forbidden reaction, the data cannot rule out the
presence of this reaction at a level comparable to that of
reactions (34) and (36).

VIII. RADIATIVE DECAYS OF THE rt/

In this section, we search for exclusive radiation decays
of the P, predicted to first order in QCD. The search en-
compasses charged-particle states opposite the direct pho-
ton. Events from the decay

(38)

are detected by observing a single photon opposite the pp
state. More than one photon per event is allowed due to
noise in the LA shower counters. Events from the decay
P~pp are eliminated by requiring m (pp) & 2.97 GeV/c .
%'e cut on the kinematics of the two-prong pp system to
eliminate multipion final states. The variable
U—=E —p c is used, where E~ and p~ are, respectively,
the missing energy and missing momentum opposite the
pp system. We accept a region of —0.07& U&0.06 GeV,
which corresponds to a longitudinal band near the bottom
of Fig. 16. Note that U is related to m~ by the relation-
ship
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FIG. 16. Scatterplot of pp mass versus U, in all pp pairs. The

band in the vicinity of U =0.3 CxeV is due to the decay l(~ppq,
while the band near U =0 VeV is due to the decays
P~ppy(n ). The dark region near m (pp)=3. 1 CyeV/c is from
the decay lt ~pp.

0
0 0.01 0.015

q 2 [(GeV/c)~]

FIG. 17. q2 distribution of observed photons from
f~ppy{m)even. ts So.lid histogram is expected contribution
from sum of m and y decays, discussed in text. Dashed histo-
gram is direct-photon contribution only.

0.005 0.02

gion from false photons due to noise in the LA system to
be small. The feedthrough from reaction (40) is estimated
from the population in the region 0.003 & q & 0.01
(GeV/c), where the direct-photon contribution is negligi-
ble. The corresponding contribution for q & 0.001
(GeV/c) is removed. The resulting branching fraction is

=(E~+p c)U . (39) 8(g~ppy) =(0.38+0.07+0.07) X 10 (42)

The advantage of the variable U is that the error in the
quantity U is to first order independent of the energy of
the missing y(m ), whereas the error in m~ increases with
the energy of the missing y(m. ). The U cut essentially re-
moves all multipion final states opposite the proton-
antiproton pair, while losing very little of the single y(rr )

signal.
It is impossible to discriminate between reaction (38)

and the reaction

in the Mark II detector without photon detection, as the
resolution in m~ is not sufficient. Events from (40) are
suppressed by using the transverse momentum squared q
of the photon relative to the missing momentum, defined

If the direct-photon decay proceeds via P~ggy, where
the final-state hadrons result from the fragmentation of
the two gluons in a color singlet state, the possibility of a
two-gluon bound state exists. ' The unsubtracted pp
mass spectrum is shown in Fig. 18. The spectrum shows
no obvious structure, although it is consistent with an
enhancement just above threshold, as discussed below in
Sec. IX.

We may also determine the branching fraction for
g~pp no(40) usin. g the q distribution. The region
beyond q =0.003 (GeV/c) is essentially free of other

10

q =4@ sin —,
2 ' (41)

where g is the angle between the observed photon direc-
tion and the direction of the missing momentum of the pp
system. The q distribution of the observed photon is
shown in Fig. 17. The q distributions for reactions (38)
and (40) exhibit markedly different characteristics. The
q distribution of direct-photon events is very strongly
peaked, with =80%%uo of the events having q & 0.001
(GeV/c), while the q distribution of m. events is much
broader. The large excess of events with q

2 ~ 0.001
(GeV/c) in Fig. 17 arises from the decay (38). This re-
gion will subsequently be referred to as the direct-photon-
signal region.

We have determined the contribution to the signal re-

CU
O)
CD

6 —II

CO
lA

CD

CD

2—
II II II II

0
2

I

2.2 2.4 2.6
m (pp)(GeV/c )

2.8

FIG. 18. Mass of pp pairs opposite direct photons. The rise
near 2.9 GeV/c is probably due to P~pp events coupling with
noise photons, as the q~ cut is not very stringent for low-
momentum photons.
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backgrounds, and yields a result consistent with the result
obtained in Sec. IX without use of the LA system. This
result is a good confirmation of the performance of the
LA shower counters as estimated by the simulation.

The Mark I experiment reported '

8(g—+ppy) &0.11X10 (43)

and

+ppm. +n. —y (44)

(+15% systematic errors) as the 90%-C.L. upper liinit.
The y branching fraction (42) is a factor of 3 larger than
the Mark I upper limit (43). The Mark II shower-counter
efficiency has been found to be in good agreement with
the Monte Carlo simulation, and consequently we are con-
fident of the result (42).

We have also looked for direct-photon decays of the P
in the four-prong exclusive channel with two charged
pions in addition to the dibaryon system. The selection
criteria for this channel are completely analogous to that
for the decay /~ay (38). For these events, we plot the
quantity U for the ppm+nsys. tem, shown in Fig. 19.
Events from the decay f~pp are eliminated by requiring
m (pp) & 2.99 GeV/c . There is a clear band of events lo-
cated near the bottom of Fig. 19, which is consistent with
the decays

25

& 15-
II

C)
C) 10—
CL
CO

UJ

ll

II
ii ii
~ll

0
0 0,005 0.01 0.015 0.02

q~f(GeVic) ]
FIG. 20. q of observed photon in P~ppn. +~ y(m ) events.

Histogram is expected contribution from f~ppm+sr ~ .

IX. THREE-BODY DECAY MODES OF THE g

We now turn our attention to the large variety of three-
body decay modes of the P. As will be shown, nearly all
three-body decay modes with a baryon-antibaryon pair
which are allowed proceed at a rate of order I X 10 . We
first discuss the reaction

P~ppm+m. (45) 4~pp'rr
Figure 20 shows the q of the observed photon relative

to the missing rnoinentum of the ppm+m system. Events
with four-prong mass &2.99 GeV/c have been eliminat-
ed to remove f~ppm. +m events. There is no evidence
for a direct photon opposite the pp m+m system.

Taking q &1X10 (GeV/c) as the signal region, we
place a limit of

B(g~ppm+my) & 0..79.X 10

at the 90% confidence level.

As previously mentioned, we cannot separate the reaction
/~ay (38) from the decay g~ppm. (40) without photon
detection. The contribution from reaction (38) was ascer-
tained in Sec. VIII, and the remainder of events in the re-
gion —0.07& U&0.06 of Fig. 16 are due to the decay
(40). Events from the decay g~pp are removed by re-
quiring m (pp) &2.99 GeV/c . We take the U projection
of Fig. 16, shown in Fig. 21. The bins about U =0 are fit
to a Gaussian, shown as a solid line in Fig. 21. The ex-
pected feeddown from P~ppy (38) events is subtracted,
which yields the result

5 8(g +ppn ) =(1.13—+0.09+0.09) X 10 (47)

4

3 150—

.2

—.2
2.4 2.6 2.8 3.0 3.2

m( pp~+~ )(GeV/c )
FIG. 19. Scatter plot of the quantity U vs m(ppn. +m ). The

band near U =0 is from the decays f~ppn+n y(n ), while the
dot near 3.1 CxeV/c~ is from the decay g~ppn+n
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-0.25 0
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FIG. 21. The quantity U for all two-prong pp pairs with

m(pp) &2.97 GeV/c . The peak near U=O is from the decays
PP1'(~')
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FIG. 22. pp mass for events consistent with a missing y(m ).
Note the enhancement near threshold.
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FIG. 23. m against N~ system, (a) pm, (b) pm+, and (c)
both charge modes. The peaks near m =0.88 (CxeV/c ) are
from the decays f +pm+n. Solid curves are des—cribed in text.

Figure 22 shows the mass spectrum of pp pairs for
those events consistent with either a missing m or y. A
striking feature is a clear threshold enhancement for pp
mass below 2 GeV/c . Note that the events in Fig. 22 are
predominantly from P~ppm. (40), but that this threshold
enhancement also shows up in Fig. 18, which is known to
correspond to direct-photon events.

There is another argument which supports the interpre-
tation of this enhancement as associated with a photon. If
it were associated with a m. , then the isoscalar nature of
the y demands the pp system be in an I =1 state. It must
therefore also show up as an enhancement in the charge-
symmetric reaction g~pnn. (48). The Dalitz plot in
Fig. 24 shows no such enhancement at low pn mass as one
would expect for an I= 1 state.

We now turn our attention to the charge-symmetric
three-body decay mode. The m~ opposite the pm sys-
tern is shown in Fig. 23, for each charge mode separately
as well as the sum. There exists a clear peak of events
centered about m~ =0.88 (GeV/c ), which we attribute
to the decay

f~pn~ (48)

The rn~ spectrum of each charge mode is separately fit
to account for differences due to nuclear interactions

1.0
1.0

I I I I

1.8 2.6 3.4 4.2 5.0
m (pn)[(GeV/c ) ]

FIG. 24. Dalitz plot for P +pnvr—+ and charge conjugate.
The events in the plot are kinematically constrained to the event
hypothesis.

within the material between the interaction point and the
first drift-chamber layer. Note that we do not assume the
charge-conjugate mode in this paragraph. We obtain the
results

and

B(P~pnvr ) = (2.02+0.07+0.16) )& 10

B(P~pn m+ )= (1.93+0.07+0.16) )& 10

(49)

(50)

60—
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(b)
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75 — item
50 —eo
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0 &ly&l~ g

&e

25— 0

0
2 4

(a)—

3

m (pw)I(GeV/c ) ]
FICx. 25. Dalitz projections for g~pnm+, (a) pm. projection, .

(b) p~+ projection, and (c) both charge modes added. The peak
near m~ =2.2 (GeV/c ) are from the decays
Q~Xc(1440—1535)n Solid hist. ogram is phase-space predic-
tion normalized to same number of events.

Since the 1(t is an isoscalar, we can make an absolute pre-
diction for the ratio of these two decays and the decay
P~ppm. (40). From simple Clebsch-Gordan arguments,
it follows that the branching fractions f~ppm,
tt/ ann+, and—g~pnmshould be in . the ratios 1:2:2.
The results of this experiment (47), (49), and (50) are
1:1.71+0.25:1.79+0.25, in good agreement with this pre-
diction.

The events from reaction (48) are kinematically fit to
the hypothesis 1(~pnm . For the 2356 events with suc-
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FIG. 26. Dalitz projections for p~pnvr+, (a) nn projection,
(b) n~+ projection, and (c) both modes added. The peaks near
m~ =2.2 (GeV/&2) are from the decays
g~N (1440—1535)p. Other resonant structures may be
present. Solid histogram is phase-space prediction normalized
t.o same number of events.
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cessful fits we form the Dalitz plot, shown in Fig. 24.
The depopulations at high m (nn)and . high m (np) are
due to the kinematic cutoffs for soft pions and protons in
the apparatus. There is clear evidence for resonance for-
mation in the nmsyste. m. The skew of the resonance
band in the nm. system near 2.2 (GeV/c ) may be due to
the interference of two similar f decay amplitudes with
the same final state.

We note that if G parity is a good symmetry for the de-
cay under study, then the Dalitz plot for Fig. 24 should be
symmetric about the line m (pm )=m (nor ), except for
acceptance corrections. In addition, the Dalitz projec-
tions, shown in Figs. 25 and 26, should appear similar.
There is clear evidence of a peak near 2.25 (GeV/c ) in
Fig. 26, which we attribute to the decay

/~pe (1440—1535) . (51)

Note that a number consistent with G-parity conservation
is gotten from a similar analysis of the pm. channel.

A similar three-body decay mode of the g is the reac-
tion

f~h++pn. (53)

This decay mode arises naturally out of the discussion in
Sec. X regarding the decay g~ppm+n. (73). Figure 11

The evidence in Fig. 25 is less compelling. Here we
denote by Ã(1440—1535) unresolved baryon resonances
in the region of m (nm )=2.25 (GeV/c ) . In addition,
there may be other resonance behavior near 2.8
(GeV/c ) in Fig. 26. In both cases there is evidence for
destructive interference near 2.5 (GeV/c ) . The back-
ground is estimated by comparison with the phase-space
Monte Carlo simulation, modified by the observed shape
outside the resonance region. This yields

B{g~pN (1440—1535))=(0.93+0.15+0.32)X10

(52)

0 ~ ~ a
't

I

1.2 1.4

m (A~)(GeV/c )

1.6

FIG 27 (a) Missing mass opposite Am events where
—+A~ events have been excluded and (b) missing mass op-

posite Am+ events. The peak near 1.32 GeV/c in (a) is from
feedthrough of the decay g~:-:-+, the peaks near 1.38
GeV/c2 in (a) and (b) are due to the decays /~X(1385)T(1385),
and the peaks near 1.19 GeV/c in (a) and (b) are due to the de-
cays /~AXE

shows the distinct bands originating from 5++ produc-
tion. The reaction g~b, ++6 (26) has been discussed
in Sec. VI, and the remaining 6++ production is due to
reaction (53). The Monte Carlo simulation is used for an
estimate of the nonresonant background, which yields the
result

8 (g—+b, ++pm ) = (1.58+0.23+0.40) X 10

We now investigate the decay

f~AX+m

(54)

(55)

Candidate events are selected by taking Am events,
where the m is required to satisfy the tight distance of
closest approach cuts discussed in Sec. III. In addition,
the m is required not to originate from another secon-
dary vertex. Events with 1.3&m(A~ ) &1.32 GeV/c
are removed to eliminate events originating from = de-
cays. For the remaining events, we plot the missing mass
opposite the An system, shown in Fig. 27(a). There is a
clear enhancement centered near 1.18 GeV/c2, which
comes from reaction (55), a smaller peak near 1.32
GeV/c from feedthrough due to reaction g—+= =+
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FIG. 28. m ~ against two-prong pp pairs at g. The peak near

m 2=0 is from the decays g~ppy(no}w, hile the peak near
m 2=0.3 GeV/c2 is from the decay g~ppq.

0---
2 2.5 3 35 4 45

m (pg)[(GeV/c ) j
FIG. 30. pg projection of lt~ppg Dalitz plot. The peak

near the beginning of phase space is discussed in the text. Solid
histogram is phase-space normalized to same number of events.

B(f~AX+n )=(1.53+0.17+0.38)&&10 (56)

We now turn to the charge-symmetric mode and plot
the missing mass opposite the Am+ system, shown in Fig.
27(b). While the An can be the decay of a =, here no
such decay is present. There is good evidence for an
enhancement on top of a combinatorial background, cen-
tered near 1.18 GeV/c, which we attribute to the decay

/~AX n+ . (57)

(18), as well as a peak near 1.38 GeV/c from " (1385)
production.

We now discuss the background subtraction. Events
containing a real Am must have either a Am+ or a stable
particle like the X+ recoiling against it in order to simul-
taneously conserve charge, strangeness, and baryon num-
ber. As An threshold is about 1.25 GeV/c, the back-
ground must radically change slope in the vicinity of the
higher edge of the X peak. The background is taken as a
smooth curve whose slope changes quickly near this
threshold, which yields the result

B(lt/~AX n+) = (1.38+0.21+0.35) && 10 (58)

We extend our three-body search to include heavier
mesons opposite the XN system. Figure 28 shows the
m~ opposite two-prong pp events. There is a clear
enhancement centered at m~ =0.3 (GeV/c ), which we
attribute to the decay

(59)

A fit is done in Fig. 28, shown as a solid curve, which
yields the result

B(g~ppg) =(2.03+0.13+0.16) && 10 (60)

These events are kinematically fit to the event hy-
pothesis g~ppg. For the 1101 events which have suc-
cessful fits, we form the Dalitz plot for the events, shown
in Fig. 29. The depopulations at high pg mass are due to
detector inefficiencies for soft protons. The Dalitz plot
exhibits a highly nonuniform population which peaks at

The background is subtracted as above which leads to a
branching ratio
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FICx. 29. Dalitz plot for g~ppg. The events in this plot
have been kinematically constrained to the event hypothesis.
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FIG. 31. m(n+n ) in g +ppn'+n events, w—here g~AA

and f~b, ++6 events have been removed. Note the absence
of a p enhancement.
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B(f~ppp ) &0.31)&10

at the 90% confidence level.
The decay

t//~PE~

(62)

(63)

however, is clearly present. Figure 32 shows the missing
mass against the pp system, where now we allow more
than two charged prongs in the event due to the ~ decay
modes. There is a clear enhancement centered near 0.78
GeV/c, which comes from reaction (63). We fit the
missing-mass spectrum, and obtain

B(tt/ ppco) =(1.10+0.17+0.18) && 10 (64)

The constrained Dalitz plot for reaction (63) has been in-
vestigated. No evidence for resonant behavior is found.

The decay

t/~PE I (65)

is kinematically just allowed. Since the decay g ~g~~

low pg mass, and is poorly described by phase space.
This may be seen by plotting the pg projections in Fig. 30.
The projections tend to peak at =2.52 (GeV/c ), but
there is no clear evidence for resonance formation. The
S'ii nucleon state N(1535) has a substantial branching
fraction (=55%) into Nri, and we may be seeing the in-
fluence of this resonance. Alternately, this effect may be
interpreted as the dominance of one pp partial wave in the
decay, leading to a broad enhancement near the maximum
of the allowed pp mass.

Another three-body decay we consider is the reaction

(61)

This analysis naturally arises out of the results in Sec. X
regarding the decay tt/~pprr+n. (73), where the g~AA
and t// +5++—Z events have been removed. Figure 31
shows the n+m mass plot for the remaining events. No
evidence is st for the decay (61). Attributing events in
the region 0.71&m(n.+m. ) &0.79 GeV/c to reaction
(61), we obtain a limit
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FIG. 33. a+gym. ass in g—+pprr+m y events. The peak
near 0.96 CxeV/c2 is froin the decay g~ppi)'.

0.8

(45)

As in the t// eppes. (y) ca—se, we cannot distinguish be-
tween (44) and (45) without photon detection. For events
which fall in this band, we perform a one-constraint fit to
the event hypothesis (44). For the 211 events of the four-
prong mass &3 GeV/c with successful fits, we plot the
m+n. y mass, shown in Fig. 33. There is a small but nar-
row enhancement centered at =0.95 GeV/c, which we
attribute to reaction (65). Note that the y from the rI' de-
cay is so soft that we cannot observe it in our apparatus,
consistent with the result (46). Taking as the signal region
the two bins centered at 0.945 and 0.955, we find

has a very small Q value, the g' is detected via its p y de-
cay mode. The branching fraction of the g' to p y is
much smaller than to gm.m, but this is compensated by the
increase in detection efficiency for the p y decay mode,
where the y is not observed. Figure 19 shows the quantity
U versus the mass of four-prong ppn. +m events. There is
a clear band of events centered near the bottom of Fig. 19,
which is consistent with the decays

(44)

600—
B (tP pprj') =(0.68+0.23+0.17) )& 10 (66)
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FIG. 32. Missing mass against inclusive pp pairs at the f.
The peak near 0.78=CxeV/c is from the decay f +ppco Solid— .
line is fit discussed in the text.

Charged kaon production is observed in events contain-
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FIG. 34. Missing mass opposite pi{ and pK+ pairs com-
bined. Note the resonant structure. The solid curve is from the
simultaneous fit to g—+p AIC' and i/j~p X IC, while the
dashed curve is from the fit to /AX 13{)8K5. Both fits are
described in text.
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ing baryons at the g. The inissing mass for two-prong
pE events is shown in Fig. 34. There are two clear
peaks in the vicinity of 1.15 GeV/c . The first peak, cen-
tered near 1.11S GeV/c, we attribute to the decay

g~p AE+, '

(67)

while the peak centered near 1.19 GeV/c comes from the
decay

1//~PXOX+ . (68)

Due to the proximity of the A and the X masses, we
simultaneously fit the missing-mass spectrum of both
peaks, shown as a solid line in Fig. 34. The simultaneous
flt properly accounts for the background under the peaks,
whence

8 (Q~pAK+) =(0.89+0.07+0. 14)X 10 (69)

8(/AX X+)=(0.29+0.06+0.OS) && 10 (70)

We have also investigated the constrained Dalitz plot for
events consistent with reaction (67). No evidence was
found for any resonance formation.

There is also a broad but unmistakable peak centered
near 1.38 Gev/c in Fig. 34, which we attribute to the de-
cay

tl'/~pX (1385)K+ . (71)

X. MUI.TIBODY DECAY MODES OF THE P

We now investigate decay modes of higher multiplicity.
Multibody decay modes usually have large resonant con-
tributions, which must be measured to determine the non-
resonant contribution. We first discuss the decay

The same data have been refitted to a Breit-Wigner form,
shown as a dashed line in Fig. 34. This yields the result

B(/~AX (1385)EC+)=(0.51+0.26+0. 18) )& 10 . (72)

B(g~ppm. +rr )= (6.46+0. 17+0.43) )& 10 (74)

The summed pir+ projections for reaction (73) have
been plotted in Fig. 12. The solid histogram corresponds
to a Monte Carlo phase-space calculation normalized to
the same number of events as the data. Taking the signal
region as 1.18 & m (pm. +) & 1.32, and using phase space as
an estimate of the background, the number of per+ com-
binations originating from b, ++ decays is 678+39 pairs.
Note that events from the decay g~h++Z (26) will
be counted twice in this plot. The fraction of time f, a
pm+ pair will be resonant as a 6++ is

f (pm. + as 5++)=0.195+0.030+0.049 . (75)

Much of the b, ++ production comes from reaction (26),
discussed in Sec. VII, while the residual production comes
from the decay tt/~4++pn. (53).

The 5++5 region, as defined in Sec. VI, is removed
from further analysis. We now return our attention to the
pm system. Shown in Fig. 36 is the invariant mass of
the p~ combinations. There is a slight excess of 78+22
events, centered near 1.22 GeV/c, which we attribute to
the neutral P33 resonance the b, . Correcting for the
b, ++X region subtracted out which reflects into the
pn signal region, we can quote the fraction of the time,
f, that the p~ system is in a b,o:

f (pn. as 6 ) =0.029+0.008+0.007 . (76)

Since the P is an isoscalar, all four of the I = —, isospin
states should be evenly populated. Consequently, the frac-

(73)

whose major background is the decay 1t~AA. We re-
move these events by making the Goldhaber plot for pm
combinations, and requiring all further events to lie out-
side a circle of radius 10 MeV/c2 about the nominal AA
mass point. For these events, we plot the mass of the
ppm+m system, as shown in Fig. 35. There is a clear ex-
cess of events centered at 3.1 GeV/c, which we attribute
to reaction (73). We take as the signal region
3.05 & m (ppm. +n. ) & 3.14 GeV/c, which yields the result
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FICx. 35. Mass plot for four-prong ppm+m events, where
events with both neutral pm combinations having the A mass
have been removed. The peak near 3.1 GeV/c is due to the de-
cay P~ppm+n

1.4

rn(p~ )(GeV/c2)

I

1.6

FICx. 36. m(pn ), where P—+AA and g~h++Z e, .ents
have been subtracted. The slight enhancement near 1.23
GeV/c is from the decay 5 ~pw
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tion of 6++ pairs should be nine times that of the 6
pairs, as the 6 decays to pm. only one third of the time.
The ratio is

i00—

f(pn. + as b, ++)
f(peas b, )

consistent with isospin conservation.
We now discuss the reaction

g-ppn+m .m. (45)

80—)
p 60—

L

CL

co 40
(D
O

LU 20—
From the null result for the reaction g-pp~+n y (44)
obtained in Sec. IX, we attribute essentially all events in
the band centered near U =0 to reaction (45). The quanti-
ty U is shown in Fig. 37 for all events with
m(ppm+n )&3 GeV/c. Included are contributions
from g-ppco (63) and P-ppg (59). Figure 38 shows the
missing mass against the pp system for these events, where
the events have been constrained to the event hypothesis
(45) to improve mass resolution. The contributions from
the decays (63) and (59) are clearly visible. These resonant
contributions have been calculated and agree well with the

0 a
—0.1

JJ

0.2 0.30.1

U(Gev)

&(f-pp~+n. n. )=(3.36+0.65+0.28) X 10—'. (78)

FIG. 37. The quantity U for all pp~+m events. The peak
near U=0 is from the decays P-ppm'+m y(mo). Solid curve is
fit described in text.

previous calculations. A subtraction of these contribu-
tions yields the result

TABLE VI. Summary of g decay modes (units of 10 ).

Decay mode'

+AA—
y-XOXO

——=+
y-g++g ——

P-X (1385)X+(1385)
g-X+(1385)X (1385)
f-X (1385)X+

cP-X+( 1385)X

P-ppn. +~ y
pp"

g~pnm
[incl. pN (1440—1535)]

P~pnvr+
[incl. pN+(1440 —1535)]

f-pN+(1440 —1535)
q-a++p~-
g-AX+sr

[incl. X (1385)X+]
g-AX m+

[incl. X+(1385)X ]
pPn
pPp'

P~pp~

P-pX A
P-pX X
g-pX X (1385)
g-ppm. +m

(incl. A++K
and 6++pm. )

lp-pp77 7I 77

Events

1420+37
365+19

90+9
194+14
233+19
56+14
68+16
26+10
28+10
49+9
&12

685+56
1288+47

1191+47

189+31
332+49
135+15

118+18

826+52
38+16

486+73
19+6

307+25
90+19
89+46

1435+38

364+70

0.497
0.176
0.043
0.129
0.160
0.050
0.050
0.067
0.068
0.195
0.023
0.458
0.482

0.467

0.153
0.159
0.067

0.065

0.309
0.158
0.323
0.021
0.262
0.236
0.132
0.168

0.082

8 for this experiment

2. 16+0.07*0.15 (8)
1.58+0.08+0.19 (11)
1.58+0.16+0.25 (17)
1.14+0.08+0.20 (22)
1.10+0.09+0.28 (27)
0.86+0.18+0.22 (29)
1.03+0.24+0.25 (31)
0.29+0.11+0.10 (34)
0.31+0.11+0.11 (36)
0.38+0.07+0.07 (42)

& 0.79 (46)
1.13+0.09+0.09 (47)
2.02+0.07+0.16 (49)'

1.93+0.07+0.16 (50)'

0.93+0.15+0.32 (52)
1.58+0.23+0.40 (54)
1.53+0.17+0.38 (56)

1.38+0.21+0.35 (58)

2.03+0.13+0.15 (60)
& o.31 (62)

1.10+0.17+0.18 (64)
0.68+0.23+0.17 (66)
0.89+0.07+0.14 (69)
0.29+0.06+0.05 (70)
0.51+0.26+0. 18 (72)
6.46+0.17+0.43 (74)

3.36+0.65+0.28 (78)

Mark I (Ref. 31)
(+15% systematic errors)

2.2 +0.2
1.1+0.2
1.3+0.4
1.4+0.5

& 0.11

1.00+0.15
2. 16+0.29

2.04+0.27

2.3+0.4

1.6+0.3
1.8+0.6

5.5%0.6

1.6+0.6

For those cases in which the final states and their charge conjugates are not the same, both are included in the quoted numbers with
the exception of reactions (49) and (50) for which each charge-conjugate state is quoted separately.
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XI. SUMMARY AND CONCLUSIONS

Table VI summarizes the measurements made by this
experiment. A comparison to those previously reported
by the Mark I experiment is also given. A substantial
number of new decay modes have been measured, while
the results of this experiment are in good agreement with
those of the Mark I experiment.

This experiment has ineasured a number of two-body
decay modes of the g, which allow a detailed test to the
SU(3)~ structure of the @. The results of Secs. V and VI
regarding the decays $~8s8s (24) and $~8ip8ip (32)
are totally compatible with the P being a pure SU(3)~
singlet. However, the results of Sec. VII on the decays
$~8s8ip (37) give within the limited statistics the first
indication of a substantial branching ratio for a SU(3)y-
forbidden decay. It seems surprising that the SU(3)~-
forbidden amplitude in Sec. VII does not appear to influ-
ence the results of Secs. V and VI.

The exclusive radiative decay f +ppy (3—8) has been ob-
served with a rate relative to the decay g~pp (5) compar-
able with that of the first-order inclusive QCD prediction.
This experiment is not sensitive enough to observe any
other exclusive direct-photon decays involving baryons.
There is no conclusive evidence for a bound state opposite
the direct photon, although a broad enhancement near
threshold is observed in events consistent with the decays
P~ppy (38) and P~pp~ (40).

%'e have presented in Sec. IX measurements of a large
variety of three-body decay modes of the P, nearly all of
which have branching ratios of order 1&10 . The ex-
ception is the decay P~ppp, which appears suppressed.
This is particularly interesting in that the decay g~pprp
(63) is not suppressed relative to the other allowed three-
body states. Included in these measurements are several
charge-symmetric modes. These measurements are totally

40—
O

il

20— II II

Ibi)

P 0 W&e t ~I 4

0.4 0.5 0.6 0.7 0.8 0.9

m (pp)(GeVlc )

FIG. 38. Missing mass opposite the pp system for
g~ppn+m ~ (y) events. The events in this figure have been
constrained to the hypothesis @~ppm+rr n Th.e peaks near
0.55 and 0.78 GeV/c are due to the decays P~ppr) and
g—+ppco, respectively.

consistent with the g being an isoscalar. Substantial reso-
nance formation is observed in three-or-more-body decay
modes of the g. Both b, ++ and 6 production are ob-
served in the decay g—+ppm+m. , at rates again consistent
with the g being an isoscalar.
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