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This report is based on about 10 500 pp collision events produced in the 81-cm Saclay hydrogen bubble
chamber at CERN. Cross-section values for the different identified final states and resonances are given.
The isobars ¹1238,¹14gp, ¹1518,N 1688, ¹192p,and ¹Q360were identified and their production cross-
section values were found via a best-fit analysis of different invariant-mass histograms. About 70'Po of
the isobars are connected with the quasi-two-body reactions pp-+¹N and pp-+¹¹.The reaction
pp ~ n¹»»(pm+) with a cross section oi 3.25~0.16 mb was analyzed in terms of a peripheral absorption
model, which was found to be in good agreement with the data. Various decay modes of the ¹1518and
N*1688 isobars were observed and their branching ratios determined. The branching ratio of e~+ to pm+21-

was found to be 0.77&0.45 for ¹&;&sand 0.67&0.40 for ¹~ses.The branching ratio of ¹rsn(pn+)sr to
p~+21- of ¹16»was estimated to be 0.74&0.14. Pion production turned out to be mainly due to decay of
isobars. Production of meson resonances turned out to be less important; the reaction pp -+ ppm' —+ ppw+~ ~'
was identified with a cross-section value of 0.11+0.02 mb. Finally, the production of neutral strange particles
with a cross section of 0.45+0.04 mb is descussed. Strong formation of F 1385 is observed.

I. INTRODUCTION
' 'N this paper we present results of a comprehensive
&. study of proton —proton interactions at 5.5 GeU/c.
In particular we have investigated the contribution of
the production of various isobars to the multipion
final-state configurations in the Pp collisions. Several
reports on special aspects of this study, based on about
a third of the number of events given here, have been
published earlier, ' ' and will be referred to whenever
necessary. The results of this experiment are compared
in the different sections with similar hydrogen-bubble-
chamber work at various momenta. ' '

Section II is a description of the general experimental
procedure, including exposure and event identification.
Experimental results on the pp elastic scattering at 5.5
GeV/c are given in Sec. III. In Sec. IV the procedure
which was used to 6t various con6gurations of 6nal-
state particles and resonances to the invariant-mass dis-
tributions is described and evaluated. This procedure is
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then used in the later sections in which the different pp
final states are arialyzed. Finally in Sec. X we deal with
the production of neutral strange particles in pp
collisions.

II. EXPEMMENTAL PROCEDURE

The experiment was carried out with 30 000 pictures
taken with the Saclay 81-cm hydrogen bubble chamber
exposed to a secondary 5.5-6eV/c proton beam at
CERN. Measurement on a sample of long incident
proton tracks (longer than 50 cm) yielded an average
inomentum of 5.52&0.01 GeV/c. The contamination of
the proton beam entering the bubble chamber was esti-
mated by the 8-ray analysis method. A total contamina-
tion of 3.9% was found, of which about 1.5% was due
to K+ contamination and 2.4% to sr+, tt+, and e+ con-
tamination. "The 6hn was scanned twice for pp inter-
actions in an inscribed fiducial volume, with an over-all
efliciency of 95%, yielding a total pp cross section of
41.6&1.4 mb. This value includes a correction of 1.35
mb due to loss of small-angle pp-elastic-scattering events
described in Sec. III.

A randoin sample of about 10 500 pp collision events
was measured and analyzed via the rIIREsH and GRIND

programs. Ambiguous events were further resolved by
ionization estimation. Cross-section values for the dif-
ferent final-state con6gurations are summarized in
Table I together with results of earlier experiments at
different momenta.

Among the two-prong events about 75% were identi-
fied uniquely to be one of the reactions (1), (2), and (3)
described in Table I. Very few two-prong events yielded
a good Qt to reaction (1) as well as to reaction (2) or
(3); but 53 events yielded good lit to both reactions (2)
and. (3). Part of the ambiguity between reactions (2)
and (3) was resolved by angular-distribution considera-

B. Haber, M.Sc. thesis, Weizmann Institute of Science, 1964
(unpublished).
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TABLE I. Summary of pp-fmal-state cross sections at 5.5 GeV/c compared with values
obtained in earlier experiments at lower incident momenta.

Final
state

No. of
events

P=5.5 GeV/c
of this expt.

(mb)

P=3.68 GeV/c P=2.81 GeV/c P=2.23 GeV/c P=1.66 GeV/c
of Ref. 9 of Ref. 8 of Ref. 7 of Ref. 6

(mb) (mb) (mb) (mb)

(1) PP
(2) pms+
(3) Pp~'

2p+ &2 neutrals
(4) pps.+vr-

(5) PN~+~+~-
(6) pps.+s.-s.o

4P+ &2 neutrals
(7) pp~+~+~-~-
(8) n'ps+ad. +s.+s s.
(9) pp~+~+~-~-~0
(10) Neutral

strange-particle
production

2512
1682
581

1645
1120
1127
729
614
91
39
36

156

11.99 ~0.25
8.03 +0.19
2.77 &0.11
7.85 ~0.20
2.84 ~0.08
2.85 ~0.08
1.84 +0.07
1.55 ~0.06
0.227+0.023
0.098~0.015
0.088+0.014
0.45 ~0.04

15.6 +0.77
11.65+0.66
2.95+0.31

2.72+0.13
1.17+0.09
0.75&0.07

17.97~0.45
15.02+0.41
3.60&0.21

2.35~0.14
0.38&0.04
0.20+0.03

20.27+0.07
17.57+0.60
4.06&0.27

1.24~0.14

0.02+0.02

24.9 ~0.6
18.4 ~0.7
3.7 ~0.3

0.01~0.01
0
0

tions. The angular distributions of the two 6nal-state
nucleons in the unambiguous events shows a strong
forward. -backward correlation (Figs. 1 and 2). Using
this correlation, some of the ambiguous events were
identiied by choosing the hypothesis in which the nu-
cleons were definitely more forward-backward-peaked.
A total of 1645 two-prong events did not 6t any of the
reactions (1), (2), and (3) and were therefore assumed
to have more than one neutral particle in the 6nal state.

In addition to the reactions (1), (2), and (3), we have
also looked for the possible production of deuterium
through, the reaction pp~ds+. Most of the events
which did Gt the deuterium-production hypothesis also
Gtted other reactions, and hence it was practically im-
possible to evaluate a cross-section value for the reac-

tion pp ~ ds.+ in this experiment. Two events yielded
a unique ftt to the pp~dr+ reaction; however, one
cannot rule out the possibility that these events may in
fact be a reaction of the beam contamination such as
s+p —+ ps.+. From the extrapolation of o(pp —+ ds~)
data at lower incident proton momenta compiled by
Cocconi eI, ul. ,

" one expects a value of about 20 pb,
which is equivalent in our experiment to approximately
4 events.

In this analysis of 3493 four-prong events, 2717
events yielded at least one good 6t to the reactions
(4-6) in Table I, 14 events were found unmeasurable,
and the remaining 614 events did not yield any fit. Most
of these remaining events were connected with a large
missing mass and are presumably due to reactions with
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(a) (b)
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FzG. 1. Folded angular distribu-
tion of the pnm. + Gnal-state par-
ticles. (a) neutrons; (b) protons;
(c) s-+ mesons.
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r'.G. Cocconi, E. Lillethun, J. P. Scanlon, C. A. Stahlbrandt, C. C. Ting, J. Walters, and A. M. Wetherell, Phys, Letters 7, 222
(1963).
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FIG. 2. Folded angular distribution of the pp7I anal-state
particles. (a) protons; (b) s' mesons.

» A. H. Rosenfeld, A. Barbaro-Galtieri, W. H. Barkas, P. L.
Bastien, J, Kirz, and M. Roos, Rev. Mod. Phys. 37, 633 (1963).

more than one neutral particle in the 6nal state. Most
of the fitted events ( 95%%uz) were uniquely identified.

Six-prong events are rather rare at this incident pro-
ton momentum, and hence their study was extended to
an additional 27 000 pictures taken in the same expo-
sure. Altogether 355 six-prong events were found in the
inscribed fiducial volume, out of which Ave events were
found unmeasurable. In addition, 4 eight-prong events
were found in the scan, out of which three yielded a
good 6t. The results of the 6-prong-event cross sections
are given in Table I.

The production of neutral strange particles was also
studied in 57000 pictures. The 61m was specially
scanned twice for events with neutral decays (Vs
events). A sample of 153 PP interactions associated with
either A or E» decay events was found in the inscribed
fiducial volume with an over-all efliciency of 99%.
Among these, 142 events yielded a unique Qt to the
strange-particle-production hypothesis, 18 events
yielded two good fits, and 23 events failed to yield any
good 6t. Of the un6tted events, 14 were associated with
large missing mass and were assumed to have more than
one neutral particle in the final state. The remaining
9 events are attributed to measurement dBBculties,
contamination events, or V decay too near to the apex
to be measurable. Another three A decay events in which
the h. interacted with a proton in the chamber were also
used for the cross-section evaluation. A cutoR of 3 mm
in the projected plane was imposed on all single-Vo

events, and each accepted event was weighted accord-
ingly. In addition, to each event there was also assigned
a weight for unobservable decays and scanning losses.
The weights were calculated using the branching ratios
given by Rosenfeld et ul."and assuming an equal pro-
duction rate for E~' and E2'. The over-all cross section
for t/' production in this experiment is given in Table
I; detailed cross section values for the diferent Vo

6nal-state conhgurations are discussed in Sec. X.

The experimental differential cross-section distribu-
tion folded around 90' is shown in Fig. 3 as a function
of the invariant momentum transfer squared, 5, of the
unambiguous events. Also shown in this figure is the
"optical point" (do/dt), s ot,,t,

'——/16rr calculated from
the total pp cross section of 41.6&1.4 mb measured in
this experiment. As can be seen from Fig. 3 there is a
definite loss of small-angle scattering events below a
momentum transfer of ~t~ (0.03 (GeV/c)' which was
taken as the lower experimental cuto6 for the follow-
ing analysis. The data were analyzed in terms of two
spin-independent expressions for the differential cross
section of the type do/dt =exp(a+ bt) and drr/dt
=exp(A+Bt+Ct'), omitting the Coulomb-scattering
contribution, which is negligible in the region t)0.03
(GeV/c)'. The best values for the . parameters tt, b, A,
8, and C are given in Table II.They were obtained from
a fit to the data inside the region of 0.03&~~t~ ~&0.75
(GeV/c)'. These values varied only slightly with a
change in the momentum-transfer region used for the
6t. The value of the parameter b may be associated with
an interaction radius r of an opaque diffraction sphere
with a sharp boundary through the relation r =2(—b) 't'.
The value obtained for r is also given in Table II. The
present results are compared in Table II with results
given by Harting et al. at higher incident proton mo-
menta of 8.5, 12.4, and 18.4 GeV/c. '4

Recent data on pp elastic scattering have shown that
the real part of the forward scattering amplitude Re
f(0) is not zero. The value of n=Re f(0)/Im f(0) has
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FIG. 3. DifFerential cross section of the reaction pp —+ pp.
Solid line represents best Gt of the data to the expression d~/dt=exp(A+Bt+Ct').

4 D. Harting, P. Blackall, B. Elsner, A. C. Helmholtz, %. C.
Middelkoop, B. Powell, B. Zacharov, P. Zanella, P. Dalpiaz, M.
N. Focacci, S. Focardi, G. Giacomelli, L. Monari, J. A. Beaney,
R. A. Donald, P. Mason, L. W. Jones, and D. O. Caldwell, Nnovo
Cimento 38, 60 (1963).
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TABLE II. Best-Gt values of the elastic PP collisions to the expressions drr/dt= exp(a+bt) and do/dl =exp(A+Bt+Ct') T.he last
row gives the "optical point". The results of the present experiment are compared with results of Harting el rd. (Ref. 14) at 8.5, 12.4, and
18.4 GeV/c.

Incident P
mornenrum (GeV/c)

Reference

[t~ Range (GeV/c)'

b [(GeV/c) ']
r (fermi)
[ t

~
Range (GeV/c) '

A
8 [(GeV/c) ']
C [(GeV/c) 4]
c" [mb/(GeV/c) ']
o ror'/16rr

[mb/(GeV/c) ']

5.5
Present

experiment

0.03—0.75
4.39 &0.04—7.17 &0.18
1.056~0.014
0.03—0.75
4.45 ~0.05—7.96 a0.41
1.50 ~0.75
85.9 &4.0
88.9 ~5.4

8.5
Harting

et d. Ref. 14

0.13-0.50
4.198+0.028—7.75 ~0.11
1.099+0.008
0.13—0.95
4.241~0.044—8.16 ~0.28
0.84 &0.36
69.5 &3.1
83.7 &4.1

12.4
Harting

et al. Ref. 14

0.13-0.50
4.150+0.033—8.19 +0.13
1.129+0.009
0.13—0.95
4.259+0.053—9.05 ~0.34
1.41 +0.44
70.7 ~3.8
79.7 &4.0

18.4
Harting

et al. Ref. 14

0.13—0.50
4.178~ 0.080—8.58 ~ 0.25
1.156+ 0.016
0.13—0.95

4.391~0.131—9.79 & 0.63
1.53 ~0.69
80.7 ~10.6
79.7 ~ 4.0

also been estimated from dispersion relations" ' and
was found to be in good agreement with the experi-
mental data. '7 From these dispersion-relation calcula-
tions it is expected that 0. will be equal to about —0.3
at an incident proton momentum of 5.5 GeV/c, corre-
sponding to an increase in (do/dt), rr of about 10% above
the "optical point. " In this experiment no meaningful
value of 0. could be derived, because of the limited
statistics, the loss of small-angle scattering events, and
the error in the total pp cross section. In fact the value
of (drr/dt)r s derived from the fit to the expression
do/dt=exp(A+Bt+Ct') is lower than the "optical
point" by about one standard deviation. The same
situation obtains in the 6t to the data of Harting et ul. '4

at 8.5 and 12.4 GeV/c (see Table II). The total elastic-
scattering cross section given in Table I has been ob-
tained by integrating the diQerential cross section and
extrapolating it to a point 10% above the "optical
point.

IV. METHOD FOR RESONANCE CROSS-
SECTION EVALUATION

The major part, about 75 jz, of the total-pp cross sec-
tion at 5.5 GeV/c is due to pion-producing reactions.
The pions are produced directly or through intermediate
states of baryonic or mesonic resonances. In the follow-
ing chapters the diferent 6nal-state conigurations
listed in Table I are studied. In this study we try to
identify the diBerent resonance channels that partici-
pate in each 6nal-state coniguration and to evaluate
their partial cross sections. The main tool in this re-
search program is the best-G. t analysis to the various
observed invariant-mass histograms. The relative rates
of the di6erent resonance channels are found in each
case by a maximum-likelihood Gt between, on the one
hand, the observed invariant mass histogram, and on

"P.Soding, Phys. Letters 8, 285 (1964).
I. I. I evintov and G. M. Adelson-Velsky, Phys. Letters 13,

185 (1964).
rr S. J. Lindenbaum, in Procecd&sgs of the Oxford International

Conference on Elementary Partzctar, 1965 (Rutherford High Energy
Laboratory, Harwell, England, 1966), p. 95.

the other hand, a linear combination of phase-space and
corresponding mass distributions of the resonance
channels.

In this analysis only well-established resonances were
taken into account. The possibility of new resonances
was considered only when the data could not have been
otherwise explained.

The validity of such a method is mainly based on the
following assumptions:

(a) The reactions leading to the final-state particles
can be described in terms of independent partial chan-
nels; and the total final-state cross section is the sum of
the partial-channel cross sections.

(b) Interference effects between the various channels
can be neglected.

The invariant-mass distributions of ordinary phase
space and resonance channels were evaluated after
Pinski. "This method was also used to calculate Inass
distributions of simple conigurations with a cutoff at
a small invariant momentum transfer 6'. More com-
plicated invariant-mass distributions were calculated,
and in particular a study of peripheral effects was made,
via a Monte-Carlo-type calculation using the program
RAxDsTAR. " In forming the invariant-mass distribu-
tions the ambiguity of the two identical particles in a
final state like prpsrr+rr was treated in two ways: (a)
Both combinations including the identical particles
were taken. In this method the proper invariant-mass
distributions f of the two protons were evaluated; for
example: f= fr(M(prrr+))+ fs(M(psrr+)). (b) Only one
combination, with the minimum momentum transfer
5, was chosen for the invariant-mass histograms. This
was achieved in two steps. In the first, each (say) prr+

combination, was assigned a momentum transfeI
A'(prr+) which was defined as the minimum momentum
transfer of the combination to the incident and target
protons: A'(prr+) =minLrrr (prr+); trrrs(prr+)). This step
is equivalent to a fold in the angular distribution

r' G. Pinski, Nuovo Cimento 24, 719 (1962)."G. Yekutieli (unpublished).
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FIG. 4. Invariant-mass distribution of pm+ in the
reaction pp -+ pnm+.

through 90'. The second step was to choose that psr+

combination with the minimal value of 6'. This choice
of double-minimum delta (DMD) may be justified only
for peripheral reactions.

The mixture of channels for any particular invariant

I I I

960 pp~ pn7l Events

50—

30—

where f(i) and n; are the expected and observed num-
bers of events in the ith bin of the mass plot. The error
of the best set of channels rates a1, a2, a~ was found
by varying the likelihood function L(abas, ass) by one
standard deviation, that is L(a,-tr Aa;) =L(a;)/Qe. In
this estimate of the error we have varied together with
a, only the rate of the most competing channel, leaving
all other rates fixed. It was found that in simple cases
the error ha; thus calculated for resonance production
was in fact very near to the statistical error 1/QN,
where X was the number of events in the resonance
peak.

The partial-cross-section values obtained in this way
(Tables III to VI) thus represent the relative percentage
of the diferent channels for which their combined mass
distribution best 6tted the data; the reliability of these
values is subject to the assumptions discussed earlier
and to the validity of the calculated invariant mass dis-
tributions. The errors given in the tables are evaluated
from the fit only.

V. pp~ NNvs REACTIONS

The reactions pp —+ psssr+ and pp —+ ppn' were ana-
lyzed in terms of various X*1~2 and /3~2* productions
in the reaction pp ~ 1V*1V with a subsequent 1V* s 1Vsr

decay. In Figs. 4 and 5 are plotted the invariant-mass
distributions of the psr+ and sssr+ combinations of the
uniquely identi6ed events, and in Fig. 6 the scatter
diagram of M'(psr+) versus M'(ssrr+). In the 3I(prr+)
there is a strong formation of 1V*rsss(pm+) and weaker
formation of 1Vatsss(psr+). There is also evidence for
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FzG. 5. Invariant-mass distributions of nm+ configuration in
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Fro. 6. Dalitz plot of 3P(P7r+) versus Ms(nsr+)
in the pp —+ pn~+ reaction.
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the formation of Jt'/*ssso(por+), which is, however, less
reliable, particularly since events in this region have a
somewhat higher probability of remaining ambiguous
after the 6t and the ionization estimation.

The isobar production cross section has been evalu-
ated through a 6t of the invariant-mass histograms to a
linear combination of NNx phase space and to %*X
with subsequent N* —+ Nm distributions. The latter dis-
tribution used was of the form":

r(M„)()
f(Mrs) ~

(MN„2 M122)2+MN 2rs(M12)

r(M )=ro(st/go)"+',

6.5—

6.0—

5.5—

5.0-
N

4.5-
C9

4.0-
Ol

cu 3,5

3.0—

2.5-

2.0—

s ~ ~ ~ ~ ~

t t t I & 4

where MN* is the mass of the resonance; 3f12 is the
invariant mass of the Nx con6guration; I'0 is the width
of the resonance; q is the momentum of the pion in the
M» center-of-mass system; q0 is the value of q at
M1~=MN*, / is the orbital angular momentum of the
X*resonance; and Q~ is the momentum of the spectator
nucleon in the pp center-of-mass system.

The result of the best ftt to the M(por+) is shown in
Fig. 4 and in Table III. The same fitting procedure was
adopted for the M(tsor+) histogram, where the data were
fitted with a linear combination of phase space, N*1238,
N*1420 E 1518 and N 1688 distributions. The best Gt
is shown in Fig. 5(a) for the M(Nor+) histogram, where
all events with M (por+) in the 1V*ssss(por+) region where
removed. In Fig. 5(b) the fit to M(ttor+) using all events
is shown, The 6rst method is less a6ected by our knowl-
edge of the influence of /t/*tsss(por+) on the M(nor+) dis-
tribution. Both methods yielded approximately the
same results, apart from the case of X*tsss(nor+) produc-
tion, where the first method yielded a value for the

TABLE III. Partial cross sections of channels contributing to
the np7f+ and pp7I-' 6nal states, compared with isospin predictions.
Errors quoted are from best-fit procedure only.
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FIG. 7. Dalitz plot of Ms(poor ) versus M (pior )
in the pp —+ pp7f reaction.

cross section of 0.75&0.08 mb and the second 1.48&0.16
mb. The results of the best 6t are shown in Table III;
the value given for pp-+ Xetsss(nor+)p is the one ob-
tained from the first method.

The Dalitz plot for the 6nal state in the reaction
pp ~ ppor is shown in Fig. 7, and in Fig. 8 theinvariant-
mass distribution M(Por') is presented for both Pore com-
binations of each event. There is some indication for the
production of 1V*tsss(por ), X*tsso(por ), and 1V*tsss(ps').
The best fit to the data is shown in Fig. 8 and the corre-
sponding cross section values are given in Table III.
Finally the values for the isobar production cross sec-
tions are compared with predicted branching ratios ob-
tained from isospin considerations (Table III).

The production angular distribution of M(por+) in the
X*isss(por+) region of 1.18—1.30 GeV is shown in Fig.
9. In the same figure the expected pp ~ X*tssstt pro-

Channel

A N ++isss(por+)rs

3(*+1238(N7t-+)P
C N*+isss(Por )P
D N*++ioso(por+)rs

K N is so(nor+) P
F N'+ioso(Piro}P
G ~*++»60(P~+)~
H N*+ssso(Nor+) p
» *" o(p ')p
J Q*+142U(nest. +)P

o(p ')p
L N +isis(rior+)P

M X*+&:»(p~0)p
N N*+isss(nor+) p
0 ~*' .(p ')p

o (mb}

3.25~0.16
0.75~0.08
0.72~0.05
0.32~0.16

0
0

0.20&0.08
0
0

0.80&0.16
0.36&0.06
0.44~0.20

0%0.04
0.32&0.16
0.22&0.06

Isospin branching-
ratio predictions

9/12
1/12
2/12
9/12
1/12
2/12
9/12
1/12
2/12
2/3
1/3
2/3
1/3
2/3
1/3

I, i I I

2x495 pp~ ppa Events

25—
OJ

c 20)
LLt

p l5 —-
0

J1) rg

5-
)r,

l0 l2
t I I I t t

lA l.6 I.S 2.0 '

2.2 24 2.6
M (p~4)GeV

"J.D. Jackson, Nuovo Cimento 34, 1644 (1964).
Fio. 8. Invariant-mass distribution of px in

the pp —+ ppm0 reaction.
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0.96 0.92 0.88 0.84
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Frc. 9. Di6'erential cross
section of the PP ~ nE*I238
reaction. The curves corre-
spond to calculated cross
sections with the unmodi-
fied OPE model and with
modified OPE models using
different forms of absorp-
tion corrections (see text).

do/dt= (oi,P/16s)exp( —(1/2)v'j. The last method ap-
plied to the data was the sharp-cutoff (SCO) method,
where only partial waves of J&J, contribute to the
absorption channels. The result for the best value J,=8
is shown in Fig. 9.

In Fig. 10 the decay distributions of the ps+ combina-
tion inside (a,b) and outside (c,d) the E tsss invariant-
mass region are shown. The angles 0 and y are described
in a reference frame in which the s axis is parallel to the
direction of the incoming proton, the y axis is perpen-
dicular to the per+ production plane, and the x axis is
perpendicular to the y—s plane. In this frame of reference
the angular distribution of the X*~238 decay proton is
given by"

W(cose, y) = (3/4ir) (ps, s sin'0+ pi, i(a+ cos'0)
—sv3(Reps, i sin'8 cos2y+Reps, t sin2(I cosy)),

cos 8N+

duction differential cross section da/dQ is shown for the
simple one-pion-exchange (OPE) model (dashed line),
and for the OPE model taking into account effects
arising from competing channels (solid lines) in the
absorption models. The absorption modifications to the
OPE model used in this work are described in detail in
an earlier paper. ' In Fig. 9 the solid line marked
"absorption" is obtained by taking the absorption factor
from the elastic scattering pp~ pp information ob-
tained in this work and assuming that the same do/dQ
behavior describes the E*~238n elastic scattering. In the
method of absorption with free parameter (AWP), the
elastic scattering of E*~~38e was taken as a free param-
eter which was fitted to the data. The best fit obtained
was v=0.12, where v is defined through the expression

where p, ~ are the density-matrix elements. The values
of p3 3, Repa ~, and Repa, ~ for the simple OPE model,
OPE with absorption, OPE with AYVP, and SCO, as
functions of cos8, are shown in Fig. 11. In the same

I I I I

Re Ps Re pg,

0-
(2)

I
I-----P--—
i

I r

.96 .96 .94 .92
I I I I

96 94 92

cos 8

i i

.98 .96 .94 .92

FIG. 11. Experimental values of the parameter p for the total
sample (Iilled circles) and for diGerent cose intervals (open circles).
The curves correspond to calculated p values using the diferent
OPE models. (1—OPE; 2 —ABS; 3—AWP; 4—SCO.)

40 — (0)

30-

20-

IO-C:
4l

LLj

80- (c )

R

60-

40-

figure are also shown the parameters p as obtained from
the data. The full circles are calculated from the tot*1
sample, the hollow circles from data at different cose
regions.

Several experiments on the production of isobars in
the reaction pp~1V*tsssp have been reported at dif-
ferent energies using counter techniques. " "Anderson
et al." have studied the reaction pp —+iV*tsssp at 6
GeV/c, that is 0.5 GeV/c higher than the present experi-
ment. The S*~~38 was studied in the momentum-
transfer region 0.01~&6'&~0.11 (GeV/c)' and the dif-
ferential cross section was fitted with the expression
da/dt=A exp( —0

~
I

~
). The best values obtained in the

20

I

-1.0 -0.5 0 0.5 I 0
cos e

Fro. 10. The distribution of cos8 and q, where 8 and y are the
angles of the decay proton in the IV*»&s c.m. system. (a) and (b)
correspond to events with 11'IO MeV~&M(per+) ~& 1300 MeV; (c)
and (d) correspond to events with 1300~&&(pir+) &&1800 MeV.
Solid lines represent best Gt to the data.

"K. Gottfried and J. D. Jackson, Nouvo Cimento 33, 309
(1964).

"G. Cocconi, E. Lillethun, J. P. Scanlon, C. A. Stahlbrandt,
C. C. Ting, J. Walters, and A. M. Wetherell, Phys. Letters 8,
134 (1964).

2' C. M. Ankenbrandt, A. R. Clide, B. Cork, D. Keefe, L.'I)T.
Kerth, W. M. Layson, and W. A. Wenzel, Nuovo Cimento 35,
1052 (1965).

'4 E.W. Anderson, E.J.Bleser, G. B.Collins, T.Fujii, J.Menes,F. Turkot, R. A. Carrigan, Jr., R. M. Edelstein, N. C. Hien, T. J.
McMahon, and I. Nadelhaft, Phys. Rev. Letters 16, 855 (1966).



PROTON —PROTON INTERACTIONS AT 5. 5 GeV/c 1291

400- (b) (c)

FIG. 12. Folded angular distri-
bution of the pp~+~ final-state
particles. Shaded area in (a):
events belonging to N Isss(pg3+);
in (c): events belonging to N*1318
X (PI2+23 ) and N*ssss(PI3+gI' ).
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fit of A = 2.96&0.58 mb/(GeV/c)' and b= 15.8&2.9
(GeV/c) 2 were then assumed to hold for the full
kinematically possible 6' region, yielding a cross section
of Ir(PP ~ N*2228P) =0.376+0.076 mb. These results
may be compared with the present results of pp~ N 2238P at 5.5 GeV/c. Using a similar A2 region of
0.02 to 0.11 (GeV/c) ' for the N*2223(Pgr+) data we multi-
plied the resulting cross sections by the isospin-predicted
ratio of IT(PP ~ N 1238P)/Ir(PP ~ N 123822) = s. In this
way we have obtained A =4.68&1.1 mb/(GeV/c)' and
b= (12.3&3.5) (GeV/c)', corresponding to a cross-
section value of o(pp ~ 1V 2228p) =0.76&0.30 mb. This
last value is lower than the value 1.08&0.05 mb de-
duced from the invariant-mass-distribution study of
N*~»» with the same division by 3 (see Table III).

VI, THE REACTION PP —+ PP22+22

compared with its appropriate phase-space distribution
(dashed line). Deviations from the phase-space distri-
bution are found in all invariant-mass histograms; in
particular, they are obvious in 3f (Pgr+gr ), M(Pgr+), and
M(Pgr ).In these histograms there are indications for the
production of the isobars: N 2228(pgr+), N*1518(pgr+gr-),
and N'toss(pgr+gr-).

Best-fit calculations using all the events show that all
six histograms in Fig. 13 may be explained in a consist-
ent way by the same mixture of channels. The cross-
section values of the different channels are summarized
in Table IV. The peripheral nature of the interactions,
the correlations between the different channels, and the

TABLE IV. Partial cross sections of channels contributing to
the PPm+7I. Anal state. Errors quoted are from best-fit procedure
only.

The reaction (4) in Table I, pp~ ppgr+gr, was
studied in a sample of 1050 uniquely identified events.
The c.m. angular distribution (folded around 90') of
the proton produced in this reaction is given in Fig. 12,
where each event contributes twice to the histogram.
The protons are strongly peaked backward, and forward
along the incident-particle direction, with a median
angle of cos0=0.9, suggesting a peripheral production
mechanism. The pions, on the other hand, are more iso-
tropically distributed, with some peaking in the

~
cos8~)0.8 cone (Fig. 12(b)).

Information about resonance production in the 6nal
state PPgr+gr can be obtained from a study of the in-
variant-mass distributions of its various particle corn-
binations. Invariant-mass histograms of the two- and
three-particle configurations of the reaction (4) are
shown in Fig. 13. Each invariant-mass histogram is

Channel

A N 1318(pgs+m' )p
B 1V*1888(PI2 m' )p
C N*Igso(pw'+gI )p
D N*ssso(pg2+gI )p
E N Isss(pa+) ps'

1238(pgl' )N 1238(PW' )
N*1228(P23+)N 1428(PII )

123&(p )N 113318(P23 )
I N*1238(pgs+)N*1888(pg3 )
J N 1238 (PII )pgs

K N*1428(pw )Px+
L N 1318(PI2 )pg2+

M N*1888(pg2 )PI3+
N pppgss(21'+go )
o pp+-

Cross section
(mb)

0.57+0.05
0.48~0.04
0.42&0.06

~0
0.28+0.04
0.25+0.04
0.13+0.04
0.02&0.02
0.21~0.04
0.12~0.01
0.04~0.01
0.08~0.02
0.02~0.02
0.07~0.05

~0
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FyG. j3. Various invariant-mass histograms in the pp~+m. 6nal state. Shaded area includes events outside E «23g(pm+) region.

detailed study of the diferent channels contributing to
the reaction pp~ ppn+vr are discussed in the next
sections.

P. The p~+~ Combination

The angular distribution of the three-particle com-
bination pm.+~, which is equivalent to the proton an-
gular distribution, shown in Fig. 12(c), is limited to a
narrow cone around the incident direction indicating
very peripheral production. The c.m. angular distribu-
tion of the px+m combination associated with the iso-
bars X*$8/8(P~+~-) and 1V*„88(P~+~-), shown by the
shaded area in Fig. 12(c), is somewhat more forward-
backward peaked than that of the rest of the events.
This fact indicates that the X*$518(px+x ) and &*1688-
(pm+~ ) are pheripherally produced in the reactions
pp-+ E*+p. This peripheral nature may be used to
resolve the ambiguity between the proton belonging to
the isobar (Pq) and the other proton (P8). To this end,
the invariant mass M(pn. +x ) was plotted as follows:
6rst, for small $A'(p~m+~ )&0.45 (GeV/c)'j and large
P8(P8vr+~ ))0.45 (GeV/c)'] momentum transfer, as
shown in Figs. 14(a) and (b); and second, only the pe+~
combination in each event which had the smaller mo-
mentum transfer (DMD method), as shown in Fig.
14(c).

The results of the best 6t to these histograms are
shown as the solid lines in Fig. 14(a), (b), and (c). It ap-
pears that the separation between combinations with

small and large momentum transfer is quite effective for
the distinction between the proton belonging to the
isobar (P&) and the other proton (P8). In fact the small-
6'(p&n+m ) histogram is well accounted for by the in-
variant-mass distribution of E*q888(Pw+) w—,
(Pm+~ ), and S*q888(Per+~ ); while the large-h8(P, ~+~—

)
mass histogram is explained by the reAection of the
same contributions. There is a general agreement be-
tween the best-6t results to the M(pm+ad ) histogram
displayed in the diBerent methods. The most probable
mixture of channels is summarized in terms of cross-
section values in Table IV.

In Fig. 14(d) the M(p~+m. ) distribution is shown for
those events where M(pm+) is in the 1IT*~888(pm+) region,
that is 1175&~M(pn. +)&~1305 MeV. The solid line in the
same Ggure represents the best 6t to the data indicating
theproduction of thethree isobars: E*q8~8(Pz+n. ) 20'Po;
E q888(Pm.+~ ) 20%%uq, and S i888(P7r+x ) 10/o. The
appearan. ce of heavy isobars in the X*$838(P8.+)m mass
histogram suggests that part of the production of E*~238-
(pw+) is in fact a decay product of these heavier isobars
1lt'*(pn.+m )~ N*+88(pn.+)n . To study this possibility,
the invariant mass M(pm~) was plotted for events be-
longing to different M(pn. +vr ) regions. The M(pm+)
histogram for events in the region 1460&~M(p~+n )
~& 1580 MeV ij.ts well both the pm+ phase-space distribu--
tion, and a Breit-Wigner —type curve of the 1V~q888(pn. +)
isobar. It is for this reason that we were unable to esti-
mate the decay rate of %*~8~8(P~+m —) ~ 1V*~888(P7r+)vr—.
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Fro. 14. Invariant-mass distributions of p~r+ir in the ppir+~ final state for (a) events with 6'(pir+s. ) &0.45 GeV', (b) events with
hs(pir+s. ) )0.45 GeV', (c) all events, chosen with the DMD method, (d) events with M(pir+) in the fli~i238(pir+) region /broken line:
DMD of M(pis. +ir )g, and (e) events with N(pir ) in th'e iV*llms(pn ) region.

The histogram of M(Ps+) in the region 1640&~M(Pir+ir )
&&1740 MeV clearly shows N*»«(pir") formation. The
best fit to this M(pir+) histogram yields (67+3)%
N»3s(pir+) and (33+3)% phase-space distributions.
This result was then used to obtain a branching value of

I'LN*tsss(P7r+ir ) ~ N*»«(Pir+)s' jR= =0.74a0.14
I'LN*t«, (prr+~-) ~ p7r+rr-(all modes) j

after the following facts had been taken in account: (a)
Only about 50% of the events with 1.64&&M(ps+s )
&~1.74 GeV are decay products of the Ne»»(Pir+s. -)
isobar, and (b) an additional 30% of the events are
associated with a directly produced N*»ss(pir+) isobar
in the M(p7r+) histogram.

A similar value for this branching ratio was obtained
in a second independent way. For a branching-ratio
value R, the fraction F(R) of N*t«s(prr+m ) decay
events lying inside the region of 1.175 ~& M(Per+) ~& 1.305
GeV is given by F(R)=(1—R)F(0)+RF(1); where
F(0)=0.31 for pure phase space (spin effects were ne-
glected), and F(1)=0.594 for pure N*tsss~N*»sss
decay. The best 6t to the experimental M(ptir+ir )
invariant-mass histogram (a) of all events and (b) only
of events with 1.175 &~M(pgr+) ~& 1.305 GeV, both
chosen with the BMD method, are shown in Fig. 14(c)
and 14(d) (dashed lines). These Gts yielded a value of

F=0.52&0.11 for the fraction of N*t«s(pir+ir ) events
with 1.175 ~& M(pts. +) ~& 1.305 GeV, which in turn deter-
mines the branching ratio to be R= 0.7&0.4.

The situation with regard to the production of
N*i,ss(pir+s- ) is somewhat less certain. In Fig. 13(d) no
enhancement above background is seen in the region of
1.92 GeV; on the other hand, the best 6t to the data of
events, DMD-selected events, and /*~238m selected
events yield large values of 15%, 20%, and 10%, re-
spectively, for the N*tgss(pir+ir ) production. At the
same time the data are consistent with no N*ssss(prr+rr )-
production.

B. The pss+ and pm Con6gurations

The M(prr+) invariant-mass histogram shown in pig.
13(a) is consistent with about 60% N*»»(Ps.+) isobar
production. It has been shown previously that part of
this N*»ss(ps. +) is contributed from the d.ecay of heavy
isobars. The invariant-mass histogram of M(pir ) shown
in Fig. 13(b) is different from that of M(ps+). The
N*»ss(pw ) is less pronounced, and there are slight en-
hancements in the regions of the N t420(pir-), N*lsls-
(prr

—
), and N*t«s(ps —) isobars above the best-fit curve

of the main isobar channels in Table IV. With the aid. of
the best-Gt curves to the invariant-mass histograms
M(ps+ad

—
), it was estimated that in about 50% of the
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pp ~ pps+s events, either 1V 1238(psr ) or + 1238(psr )
isobars were directly produced.

The angular distribution of the ps+ con6guration is
shown in Fig. 12(a). The strong forward-backward
peaking of the shaded area in this figure, which belongs
to events with invariant mass lying inside the E ~238-

(Psr~) region, suggests a peripheral production of the
E»»(psr+). The direct production of X*1238(psr ) was
further studied in an enriched sample from which all
events associated with either %*1618(Ps.+sr—) or X*lsss-
(Psr+Ir ) were removed. The ambiguity of the two 6nal-
state protons was resolved by the minimal-momentum-
transfer method described earlier (DMD). Finally the
triangle plOt Of M(psr+) VerSuS M(psr ) iS ShOWn in Fig.
15(a). There is a concentration of events in the X*1238-
(psr+) band. The M(Psr ) histograms of events with
M(Par+) inside and outside the E1238(Psr+) band, to-
gether with their best-Gt curves, are presented in Figs.
15(b) and (c), respectively. From the study of M(PIr+)

and M(PIr ) in the different methods described above,
the cross sections for various direct E*(EIr)productions
were estimated, and they are given in Table IV.

C. The ~+~ Configuration

The general shape of the M(3~m ) histogram is well
explained by the mixture of isobars channels listed in
Table IV. The best 6t to the data in Fig. 13(c) yields a
p-meson production cross section of 0.07&0.05 mb. A
partial sample, from which all events associated with

1238(PIr'), &*1618(Pn' Ir ), and %*1688(PIr+sr ) were
omitted, yielded the same small amount of p production.
Thus one may conclude that there is very little p pro-
duction in the pp a ppn. +m reaction.

D. The PP23+ and PPm Con6gurations

The invariant-mass histograms of the two possible
+=2 combinations pp~+ and pp~- are well described
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by the isobar channels dealt with earlier Lsee Figs. 13(e)
and (f)j. There is no evidence for the production of a
8=2 resonance state in the present experiment. In par-
ticular we can put an upper limit of 0.06 mb on the
possible PP2r+ state at M=2.52 GeV reported b) Kidd
et cl."

VIL THE REACTION PP —+ nP23+23 23+

The reaction PP~nPn. +2r 2r+ was studied with a
sample of 960 uniquely identified events. The c.m.
angular distributions of the nucleons and pions pro-
duced in this reaction are given in Fig. 16. The angular
distributions of the Nm combinations are very similar
to those of the proton and the neutron. The angular
distribution of the pions is nearly isotropic.

The ambiguity between the two x+ mesons in the
np2r+2r 2r+ final state may be resolved by choosing as
the 'right" pion, m~+, the one with the minimum mo-
mentum transfer (DMD) i.e., LV(P1ri+)(LV (Pvrg+). The
angular distribution of the "right" P2ri+ combination is
more peaked in the forward-backward direction (with
a median of

~

cose
~

=0.88) than the angular distribution
of the protons alone (with a median of

~
cose~ =0.83).
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Fre. 16. Folded angular distributions of the
npm+~+m final-state particles.

A. Production of the N gj2(1238) Isobar

The invariant-mass histograms of the various nu-
cleon-pion combinations in the final state np2r+2r+2r are
plotted in Fig. 17. The best-fit analysis of the PIr+ and
nx configurations show appreciable production of the
isobar states X*1238(PIr+) and X*1238(nir ). On the other
hand, the best-fit solution of the Pir histogram gave
zero E*iggg(p2r ) isobar production, while the nrr+ fit
yielded 5% 181*1238(n2r+) in the final state nPrr+& rr+. -

The correlation between the two isobar states N*~238-

(p2r+) and X*»88(nir ) was studied by a triangle plot of
M(pIr+1) versus M(n2r ) (see Fig. 18), where the p2ri+

combinations were chosen by the DMD method. This
plot shows evidence for double isobar production:
pp ~+ 1238(p2r )++ 1238(n1r )+2I

The amounts of N*1238(P1r+) and X 1238(n2r ) found
by the beSt-fit analySiS Of the VariOuS pir+ and n2r

histograms (see Fig. 19) are: o (%*1238(prr+)nir+2r )
= 1.44~0.25 mb, Ir(X*1288(p2r+)1V*»83(n2r )2r+) =0.75
&0.16 mb, and a(X*1238(n2r )P2r+2r )=0.22+0.15 mb.
These total cross sections include some contributions
from the decay of heavier isobars like X*»18(pir+2r ) and
X*1313(nrr+rr ).
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$
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band, and (c) using events with M(PGr+) inside the
1Vaisss(psr+) band (Fig. 20).

The cross sections for direct 1V*isss(psr+)rtsr+Gr and
tsss(psr+)1V*isss(msr )Gr+ production listed in Table V

(channels A and D) were obtained after the contribu-
tions from heavier isobar decays (channel G in Table
V) were substracted from their respective total values
obtained from the psr+ and rtir histograms in the
previous section. At the same time the cross section of
1V*isis(ttsr sr+) (channel G, Table V) account for all the
amount of 1V isss(rtir )p7r+Gr+ found in the ttGr invariant-
mass histogram, and it is consistent with no direct
production of 1V*isss(nsr )p7r+Gr+ in the pp collisions at
this incident momentum.

80-
N'of '

events/25 MeV

Fio. 18. Plot of Ã(nIr ) versus 3II(prr+) in the final state
np7I-+7I-+m . The p7I-+ combination was chosen with the DID
method (see text).

C. The per+62+ Combination at M= 1580 MeV

In a previous analysis of pp interactions at 5.5 GeV/c,
SuppOrting eVidenCe fOr a pOSSible psr+Gr+ reSOnanCe at
&=1580 MeV" was given. ' This resonance will be
discussed presently with three times as many events.

3. Production of the N*isis(pss+62 ) and N*55is(n52+Gr )
Isobar States

TABLE V. Partial cross sections of channels contributing to the
rIPm-+7f+7f anal state. Errors quoted are &rom best 6t only.

The invariant-mass histogram of M(psr+Gr ) with
both x+ meson combinations, was used to study the
amount of the N*isis(psr+Gr ) and 1V*isss(pGr+Gr ) in the
final state ttpsr+Gr Gr+. The best-Qt analysis yields 25%
1V*tsis(pir+Gr ) production (see channel I in Table V) and
practically zero 1V*i«s(pir+Gr ) production.

The cross-section values for the 1V*ists(stir sr+) pro-
duction (channels 8 and G in Table V) were obtained
through the best-lit method to the 1III(rtsr+Gr ) mass
histograms displayed in three different ways: (a) using
only events with M(NGr ) inside the 1V*lsss(stir ) band,
(b) using events with M(PGr+) outside the 1V 1232(PGr )

Channel

A N*I556(PGr+) Nv+rr

B N*I555(per+)N*I556(rter+Ir )
C N*I556(per+)N*I556(55er Ir )
D N" 5555(pIr )N"5255(555r )Ir+
E N*I555 (r55r )per+Ir

F N 5256 (rter+)per+Ir

G N*1516(5552+Ir )pIr+

H N*I565(rter+7r )pm+

I N*I555(per+Ir )555r+

J N*I566(pv+~ )55~+

K sp~+~ ~'

Cross section
(mb)

1.02a0.15
0.15&0.02
0.06+0.02
0.59+0.16

~0
0.17&0.06
0.26+0.03
0.04&0.02
0.42W0. 18
0.07&0.02
0.24+0.03

60-

ru 40-

O
tA

20-

515

40
0

80—

60—
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r, .
I.I l.5

(a)

(b) 80-

60-
/

I
40-

I

20—

I I 1

l.9 2.3 M(pg&)GeV I.5 l.9 23 M(n7r ) GeV

The inVariant-maSS hiStOgram Of the Psr+Gr+ COmbina-

tion plotted on Fig. 17(f) and shows two asymmetric
enhancements with peaks around 1.7 and 2.0 GeV, re-
spectively. The peak at 2.0 GeV is due to the reAection
of the 1V*isss(NGr ) found in the final state Npsr+Gr Gr+,

and it is completely absent when all events with 1.08
&~ALII(m. ) ~&1.30 GeV are omitted from the sample
LSee shaded. area in Fig. 17(f)j.

The enhancement at 1.7 GeV could be due to the
combination 1V*~tsss and or the possible PGr+Gr+ reso-
nance at M=1580 MeV .The best-6t solution to this
histogram yields: 30% 1V*~isssGr+ and (15&4.0)%
psr+Gr+ resonance at IM'=1580 MeV. Attempts to fit
the histogram on Fig. 17(f) without a resonance at

I.I l.5 l,9 2.3M(p~t&)GeV I.I l.5 1.9 23 M(nest )GeV

FIG. 19.Two-body invariant-mass distributions of the np71+m+71

final state. (a) pIr+5, 5 for events inside and (b) outside N 5556(NIr )
region; (c) NIr for events inside and (d) outside N*I556(p52+)
region.

2' G. Goldhaber, S. Goldhaber, T.O'Halloran, and B.C. Shen, in
Proceedtrtgs of the Ittterlattortal Cortferertce o55 Htgh Prtergy Phys-
ics, Dubna, 1964 (Atomizdat, Moscow, 1965),p. 480; G. Goldhaber,
in Proceedelgs of the Secoml Coral Gables Conference ort Symmetry
Particles at High-Energy, edited by B.Kursunoglu, A. Perlmutter,
and I. Sakmar (VV. H. Freeman and Company, San Francisco,
California, 1965).
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FIG. 20. Invariant-mass
distributions of nm1+m. in
the np~+m. +~ final state for
events (a) with M(nm. ) in
the N*~2ss(mv ) region, (b)
with M(p7r2+) inside N*&gas
X(ps.2+), (c) with M(pcs+)
outside Ng23s(pvr2").
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D. Other Combinations of Nucleons and Pions

The invariant-mass histograms of the combinations
Iss+s+, ply+, pea, p7r+w s.+, andls+s. w+ were studied.
The best-fit solutions of these histograms agree in gen-
eral with phase-space distributions, together with the
isobar channels found in the reaction pp ~ np7r+s- s+
as listed in Table V. No evidence for new isobar states
was found in these histograms.

The invariant-mass histograms of two- and three-pion
combinations LFigs. 22(a) and 22(b)j in the final state

50- 50-

ni 40-
O
IA
rn g0-

o 20-
cI

~ 40-
O

ol g0

Ol

20-
O

M(ps+ad+)=1580 MeV were less successful. Previous
reports connected the pm+a. + resonance with small mo-
mentum transfer, and it was best observed for a sample
wit»'(p~+~+) &o 8 («V)' The M(p~+~+)»stog«m
for all events with small momentum transfer A'(ps+ad+)
(0.8 (GeV)' Lsee Figure 21(a)$ shows a wide peak be-
tween 1.48 and 1.7 GeV. The best-fit solution for this
histogram histogram yields: zero M(ps+7r+)=1580-
MeV resonance, and 85'%%uo E*~isss7r+ combination.

Finally, the relation between the possible ps.+s.+ reso-
nance and the combination N*+"~238m.+ was studied.
M(ps+s+) was plotted for all events with 1.08 &~ M(ps+)
&&1.30

l
see Fig. 21(b)$. The best fit to this histogram

yields zero 1580-MeV resonance and /O%%u~ 1V* issuer+

combination.
We may conclude that the analysis of the present

data of the mps+s+7r final state does not provide
sufhcient evidence to prove the existence of a new
ps.+sr+ resonance at M = 1580 MeV.

VIH. THE REACTION PP~ PPes+ee'ee

The reaction PP -+ PPs+vres- was studied in a sample
of 620 uniquely identified events. The c.m. angular dis-
tribution of the proton in the final state pp7r+s's Lace
Fig. 23 (a)j is peaked in the forward-backward direction
with a median of lcos8l =0.83. The pions (or+,s',s=)
in the same final state have almost isotropic c.m. angu-
lar distribution t see Figs. 23 (b), 23(c), and 23 (d)j.The
nucleon-pion combinations )see Figs. 23(e), 23(f), and
23(g)] are also peaked in the forward-backward direc-
tion„but slightly less so than the protons alone. The pm+,

120

(o)

I

80—

60-

80-

~ 40-'

LA

co 3

oIz
80

60

.5 .7 .9 I.I 1.3
M(m, ~-)GeV

I ~ I ~ I

///20— /
OP /

/

O01' I I

.9 I.I I.3 l,5
M(m~+ w+ m )GeV

O
OI

-l so-'

60

tsps.+s. s-+ did not show any evidence for a mesonic
resonance. The best-fit solutions to these histograms
were consistent with reQections of the N*++]$38 and
N~~238 isobars.

Finally, the cross section for the nonresonance fina1
state (i.e., phase space) is o (np7r+m s.+) =0.25&0.03 mb
(listed in Table V channel E) was found by subtracting
the cross section values of all the main isobar channels
from the total pp~mps-+s. s-+ cross section of 2.85
&0.08 mb.

IO-
/

I.5 L5 I.7 I.9 2 I 2.5
M(p~ ~+)GeV

IO-

L5 1.5 L7 I.9 2.I 23
M (N'" ')GeV

0
2.I 2.3 2.5 2.7 2.9 3.I

M (pn Yr+, ) GeV

20

0 I i I IQ
2.I 2.3 2.5 2.7 2,9 3.I

M(pnm- )GeV

FIG. 21. Invariant-mass histograms of the px x configuration
in the Npv+v+s. 6nal state, for events with (a) a'(pv+s+) &0.8
(GeV)' and (b) M(ps.+) in the N~iws(pm+) region.

FIG. 22. Invariant-mass distributions of
nPx+m. +x final-state configurations.
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"right" proton by its "right" ptir+ combination through
the DMD method LV (pisr+) (6'(psir+). The angular dis-
tribution of the combination Ptsr+ so chosen is more
peaked than that of all the protons, with a median

i
cosei =0.88.
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FIG. 23. Folded angular distributions of the ppm+~ ~' final-
state particles. Shaded area in (e) includes only events belonging
to X"lsss(plr+).

Pire, and Psr configurations have similar angular distri-
butions with the same median

~

cose
~

=0.79. Finally the
pir+ configuration, in the N*is»-isobar mass region, has
angular distribution t see shaded area in Fig. 23(e)j
like that of the protons, with a median

~
cos8~ =0.83.

An attempt was made to resolve the double-proton
ambiguity in the final state ppsr+m'sr by choosing the

40-
(0) r

1
/ t

80-
(b)

80

(c)

The M(Pt, sir+), M(Pi, ssrs), and M(P, sir ) invariant-
mass histograms show peaks in the 1.240-6eV region.
The best-fit ca,lculations yield 60% N*»»(Psr+), 35%

12»(psr'), and 19% N*»»(pir ) for each histogram,
respectively, (Fig. 24).

Some of the events have double isobars in their final
state. In order to study the double-isobar events, the
invariant masses M(psir ), M(ps'. ), and M(psst'sr )
were plotted for events with 1.175 «& M (pisr) «& 1.305 GeV
(see Figs. 25 (a), 25 (b), (25 (c)].The best-fit results show
evidence for double-isobar final states such as S*$238-
(prr+)N*is»(prr )z', and N*is»(prr+)N*ts»(pir )x and
also very small amounts of N*uss(psr+)N*isis(psr')sr
and N*js»(psl )N isis(prl )rl At the same time, the
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FIG. 25. Various invariant-mass distributions of pp7I 7I" x' final-

state conilgurations. (a) pssr lr, (b) pslr, (c) pss' for events with
M(Pllr+) inside E*12ss(Pllr ) region.
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results did not show any contribution of the Anal state
12»(Psr )N 1518(Psr sr ) ~

The cross sections for the de'erent charge states of
the X*~238 isobar deduced from the best fits described in
this chapter include some contributions from the decay
of heavier isobars like N*+tsss~ psr+vr . At the same
time, the X*»» cross sections are not mutually exclu-
sive, and in some events the same proton appears
simultaneously with the x+ and the ~' in the S*~~38
mass region.
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B. The N~~ Configuration
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Fro. 24. Various invariant-mass distributions of
ppm. +m m final-state configurations.

The invariant-mass histograms of the three pos-
sible Nsrsr configurat. ions M(Prr sr'), M(Psr+sr ), a-nd

M(psr+trs) are plotted in Fig. 24. Both M(psr+sr ) and
M(px+m') histograms show enhancements above the
phase-space distribution in the 1.4- 1.7- GeV region,
while the M(Psr'sr ) histogram deviates slightly from
phase-space distribution in the vicintiy of 31=1.520
GeV.

The best-fit solutions show production of the E*~sys
in the two channels pp ~ N isis(psr+sr=) psrs (24%) and
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pp ~N*igis(psr'sr )psr+ (6%). The prOduCtiOn Of the
N*iggs isobar in similar channels is smaller: 9% Niggs*

(psr+sr ) and 1%N*iggs(psrosr ), respectively. The shape
of the M(psr+srg) histogram is explained by the reflec-
tions of the two isobar channels p p ~ N*iggs(psr+) p7r'sr

and pp ~ N iggs(psr )psr+sr
Best-fit solutions were found also for the histograms

of M(Pisr+sr ) and M(Pssr'sr ) with A'(Pisr+) &A'(Pgsr+)
(DMD method). The results obtained in this way are
consistent with those mentioned above. Cross sections
obtained from the fitting analysis of the M(Psr+sr ) and
M(psr sr') invariant-mass histograms are given in Table
VI.

C. Mesonic Resonances

The invariant-mass histograms of the two-pion con-
figurations M(sr+sro), M(sr+sr ), and M(sr'sr ) (see Figs.
26(a), 26(b), and 26 (c)j do not show any clear evidence
for p production (see Table VI).

The general shape of these histograms is well fitted
by reflection distributions of the isobars found in the
final State ppsr+srosr .

The invariant-mass histogram for the three-pion con-
figuration M(sr+sresr ) shows a peak at 780 MeV. The
best fit yields (6+1)%for the o33 meson with M„g= 783
MeV and F„o=30MeV. The large width of the oP used
in the fit is due to the experimental resolution. The
co' production cross section with the subsequent co'

-+ sr+srosr decay mode is o (pp -+ ppsos) = 110&20pb.
The M(sr+sr sr') histogram Lsee Fig. 26(d)j also shows

some indication for very small p' production in the reac-
tion pp —+ ppsI' —+ ppsr+srogr (see Table VI).

Channel

A N*I23g (psr+) ps sr

II N 3238(psr )N Igrg(pgr II' )
C N "Issg(pgr+)N Issg(pgr )Ir
D N gIs(p8sr)N Issg(psr )sr

E X*1238 (P7I.0)P7I.+7f.

F N*3238(pgr )pgr+Irg

G N*I 338(pgr srg) pg+
H N*1688(Prr srg)Prr+

I N Igrg(psr+rr )psrg

J N*3 888(psr+gr )psrg

K ppgr+p;83(sr srg)

L PPrr=P232(sr+sr')

M PPmop763(m+m-)

. N ppg342(Ir+rr srg)

0 pp44I'i82(sr sr sr )
P PP71-+7I- m 0

Cross section
(mb)

0.20~0.02
~0

0.26+0.05
0.26~0.06
0.30~0.03
0.01~0.01
0.11+0.04
0.02&0.02
0.44~0,09
0.17~0.13
0.07&0.07
0.05~0.05

~0
0.02~0.01
0.11~0.02
0.16~0.02

reSOnanCe CrOSS SeCtiOnS frOm the tOtal o(ppsr+sr'gr )
final-state cross section. The errors for the resonance
cross sections are the best-fit errors.

I
40

i

7
20-'.

I

80-

60-

20-

(e)

TABLE VI. Partial cross sections of channels contributing to
the pp~+~ m' final state. Errors quoted are from best-fit procedure
only.

D. Partial Cross Sections ) 80-

I

0.5 0.7 0.9 LI 1.3
M(~+~-)GeV

80-

2.1 2.3 2.6 2.7 ?9 3.1
M(ppn') GeV

The various cross-section values that were deduced
from the best-fit analysis of the different invariant-mass
histograms of the final state ppsr+srosr are given in
Table VI.

All the resonance cross sections listed in Table VI,
except those with a single N*312(1238) isobar (channels
A, E and F), were found independently from best-fit
solutions of the invariant-mass histograms of their own
decay configurations. The total cross sections for the
three charge states of the N*gis(1238) isobar in the final
state PPsr+sr'sr were found by similar fits, and they are:
rr(N lsgs(psr+)) = 1.08&0.13 mb, a(N*2233(psr ))=0.64
&0.13 mb and o(N*isgs(psr ))=0.35&0.02 mb. These
cross sections include contributions from the decay of
/~~5~8 isobars, as well as single and double X~~238 pro-
duction. The cross sections for direct production of
single N*iggs isobars (channels A, E, and F in Table VI)
were found by appropriate subtractions.

The cross sections for the mesonic resonances co and
3)' were found by independent fitting of the M(sr+sr'sr )
invariant-mass histogram. The partial cross section for
nonresonance (phase-space) production, i.e., pp
-+ ppsr+srosr 3 WaS fOund by .SubtraCting the main-

20-
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M(pp~')GGV

0.4 0.6 0.8 IQ l.2 I 4
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FIG. 26. Various invariant-mass distributions of pp~ 71 xo final-
state configurations. Shaded areas in (a), (b), and (c) include
events with M (psr+) outside the Ngssss(psr+) region.
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IX. FOUR- AND FIVE-PION
PRODUCTION REACTIONS

The c.m. angular distribution of the protons and pions
in the 6nal state ppm+rr+rr vr are shown in Figs. 27(a)
and 27(b). The pions are isotropically emitted, while
there is still some preference of the protons to be ejected
in the forward-backward direction. There is no evidence
for a peripheral production process in the 6nal state. In
general the various invariant-mass histograms follow
their phase-space distribution. No attempt has been
made to analyze this final state in terms of isobar pro-
duction, because of the large number (as many as 56) of
invariant-mass combinations which can be formed in
this reaction. Four invariant-mass histograms which are
of interest are given in Fig. 28 and are discussed in the
next paragraphs.

A. The pm+~+ Combination

The invariant-mass histogram of the combination
Prr+rr+ LFig. 28(c)j has a peak above the phase-space
curve (dashed line) at about M= 1570 MeV. We have
tried to explain this peak in terms of the well-established
isobar channels (a) pp -+ E*isss(p7r+) pir+ir rr, (b)
pp~E*tsss(pal )1V isss(pm+)m m-, (c) decayproductof
heavy isobars pp ~ 1V*qsss(pir+rr+rr )pir . Although
some of these calculated mass distributions attain their
maximum in the region of 1570 MeV, they cannot
explain well the rather narrow peak of the data. The
best fit to the data thus obtained was (60&15)/z
resonance at M=1570 MeV with a width of sing='70

MeV; (25&15)%%uz phase space; and (15~15)% single
X*~238m.+ mass distribution. It is worth noting that the
invariant-mass histogram M (pir+) is consistent with the
same channel mixture that was needed in the best 6t to
the M(pn. +m+) histogram.

B. The ~+~+~ ~—Combination

There is no significant evidence for resonance struc-
ture in the M(7r+ir+rr ir ) histogram. However, because
of the small total cross section of the ppir+rr+ir rr final

state, one may use this histogram to estimate aa. upper
limit to the reaction pp —+ ppf*rsss(rr+rr+s rr ) F.rom
Fig. 28(d) it was estimated that ir(pp~ ppf*1250
(rr+rr+ir ir ))(0.015 mb.

!5-

20- lo—

lO-

.6 .8 I.O L2 L4 L6

M(m'm 7rm-)GeVO

f40-

I20-
O

/

z I 00

80- 'I
t
I

I

60- 60—

r~' 7K

.8 l.0 l.2 l.4 l.6
M(m'7r'7r-vr-7r')GeV

(c)

40- 40-

20-.

I

I

l.o L2 l.4 l.6 I.8
M(p~') GeV

l.6 I.8 2.0
M(p 7r'7r') Ge V

LOgo
I ~ ~

0.6—

0.2-

Eho 02

-0.6—

I

FIG. 28. InVariant-maSS diStributiOnS Of pp7r+7r+7r 7r fina1-State
configurations (a) Ir+Ir~ir Ir, (b) pi, fair+, (c) pi ~Ir+Ir+, and (d)
7r+x+7r m=m. o Of the ppm+7r+m m. 7r0 anal State.

(o) 40- (c) 40- (e)

"l.O
-l.o "0.6 -0.2 OZ

cos 8&

~ 0

~9
0.6 LO

20-
40

C

ro

O

I I I I

Icos 8(~-) I

20

40—

I & I ~

Icosa {ir- )I

20

40—

I I I I

Icose(7i-)I

FlG. 29. Center-of-mass angular distributions of the two flnal-
state baryons in the reactions pp-+ApE+ and pp-+Z'pE+.
Filled circles correspond to h.0 events, open circles to Z' events,
and triangles to A.-Z ambiguous events.

C. The NN~~~~~ Final States
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Fro. 27. Folded c.m. angular distributions of (a) Ir~ and (b)
pi, q in the ppIr+Ir+Ir Ir finai state; (c) Ir+0 and (d) pi, i in the
PPIr+Ir+Ir Ir Iro final state; (e) Ir+ and (f) ri,P in the ePIr+Ir+Ir+n. Ir
anal state.

The c.m. angular distributions of both nucleons and
pionsin thefinal statesPPir+ir+ir s- irsand ePir+ir+rr+ir rr

are essentially isotropic )see, Figs. 27(c), 27(d), 27(e),
and 27(f)$. As in the ppir+ir+ir m final state, the
diQerent invariant-mass distributions are well described
by phase-space distributions. Because of the large
number of possible invaria, nt-mass distributions that
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TABI.E VII. Partial cross sections for neutral strange-particle production in PP collisions at 5.5 Gev/c.

i30i

Final state Events o (yb)
Partial

sums (p,b) Reaction Events
Partial

sums (pb)

XpE+
ZopE+
Z+pEo

13
4.5
1

35.8& 9.9
16.0~ 7.5
4.5~ 4.5

xpE+~+~-
h.pEom+m 0

Z'pE+~+~-
Z+pEom-+m

56~13

75.4+15.7
78.4+12.6
62.3&12.3
28.8+11.8
4.1~ 4.1
9.4& 6.6

anE+~+
ApEom+

A.pE+x
ZopEo~+
Z+~E0~+
Z+pEo~o

23
38.5
25.5
6.5
1
2

A.pEo~+~+~-
AeE+~+~+~-

Missing mass

216~24

A'(Z')+2 prongs
Eo+2 prongs

42~14

npE'E+ 3.5 19.4+10.4
ppEoEo 2.5 6.4~ 4.0 26~11 Unfitted events

Total cross section' for neutral-strange-particle production=0. 45+0.04 mb.

0.5
0.5

7.5
6.5

21.3~ 8.1
17.4+12.3
2.0a 2.0
4.1+ 4.1

0.9~ 1.3
1.1+ 1.6

30.5~11.5
28.2~11.0

24.6~ 8.3

45~15

2&2

59~16

a A correction of 0.02 mb on the total cross section accounts for contamination and p'f) events decaying on the apex.

one may form, no attempt has been made to detect
isobar production.

Some idea of the Xs meson production in pp collisions
can be obtained by studying the reaction pp ~ p ps.+7r-
s's.+s- . About 20% of any X' mesons produced in the
reaction PP~PPXs will eventually decay into Xs
—+ x x+~'x+x through the chain X —+ gz+x followed
by rf —+ s.+s. w'. Study of the M(s-+s- s.s7r+w ) histogram
)Fig. 28(d)j shows three events in the X' mass region.
Taking into account the decay rates of Xo~ q7l.x and

q —+ x+m x',"one obtains an upper limit on the X pro-
duction cross section of o.(pp —+ ppX')(11&5 pb.

X. NEUTRAL-STRANGE-PARTICI E PRODUCTION

A. The pp —+ F'KN Reactions

A cross-section value of 52&13 pb was found for the
hpK+ and Z pK+ final states, which amounts to about

12% of all neutral-strange-particle production in pp
collisions at 5.5 Gev/c (see Table VII). The c.m.
angular distribution of the t.wo final-state baryons, given
in Fig. 29, shows a marked forward-backward peaking.
The Dalitz plot and the two-body invariant-mass histo-
grams of the reaction pp —+ ApK+ are given in Figs. 30
and 31. An a,ccumulation of events can be seen in the
region of low EA. invariant mass. This accumulation
may be attributed to the reaction

(a) pp ~ N*,sss(AK+)p.
with an upper limit of 1.7&8 pb for the cross section.

B. The pp —+ A.NKm Reaction

The cross-section value of the pp —& ANKs. reaction
was found to be 216&24 pb, and consists of about 50%
of all neutral-strange-particle production (see Table
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Fzo. 30. Dalitz plot for pp-+ h.pX+ (solid line and squares)
and for pp ~ Z'pE+ (dashed line and circles). Triangles describe
two ambiguous events Z'-A (each event appears twice).
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Fro. 31. Two-body invariant-mass distributions for pp —+ ApE+.
Solid lines represent phase-space distributions.
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VII). The three possible final states of this reaction are:

(b)

(c)

(d)

pp ~ h'pE'rr+, .

~APE+rrs,

~AeE+~+.

Invariant-mass histograms of all possible two-body com-
binations are given in Fig. 32 together with their ap-
propriate phase-space curves. In these histograms the
events from reactions (b), (c), and (d) were added to-

FIG. 32.Two-body invariant-mass distributions for pp —+INK~.
Events from reactions (b)—(d) are added together. The shaded
areas describe events from reaction (b) in the M(Xs) histogram
and events from reaction (b) and (c) in 3f(1Cs)histogram.

gether, since no substantial differences were found
among the various groups. Only in the Em- and Ex mass
histograms are the distributions for certain charge con-
figurations shown separately. The main features of
these histograms are: (a) strong production of F*isss
resonance, (b) an enhancement in the AE invariant
mass histogram at 1.7—1.8 GeU, (c) small, if any, pro-
duction of N*isss, (d) no obvious deviation from phase
space in the EX, AX, and Ex mass histograms. A cross
section of 115&15 pb was found for the reaction
pp ~ I *iss5NE by fitting the M (Avr) histogram to a

]385 Breit—Wigner curve and to phase-space curves.
In Figs. 33, 34, and 35 the three-body invariant-mass

histograms and the c.m. angular distributions of the
various particles are shown. There is an obvious for-
ward-backward peaking in the angular distribution of
the baryons, while the mesons are more isotropically
distributed. The deviation from phase space in the
AiVE and AN mass histograms (Figs. 33 and 32) can be
explained by the forward-backward peaking of the
baryons.

In Fig. 36, are shown the AE and AEx invariant-mass
histograms in the F*isss band 1.34~& M(As-) & 1.42 GeV
and outside this band. The possibility of attributing the
accumulation of events around M(AE7r)~2 GeV to

20— 1 t I I35-
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FIG. 35. Folded
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butions of (a) ii's,
(b) nucleons, (c) ka-
ons, and (d) pions.

FIG. 33.Three-body invariant-mass distributions for pp —+ ANK'm.
Solid lines represent phase-space distributions.
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the reaction

pp ~ &*igao+&; &*tggo ~ F*tsso+E
Fxo. 37. One-pion-exchange dia-

gram for the pp ~ &*&335NK
reaction.

I
I

77'
I
I

I
I

was considered. As the mass sum of V*1385 and E is near
1920 MeV, it is expected that the accumulation of the
events in the M(AE7r) plot, if indeed due to S*iggo
decay, will be shifted towards somewhat higher mass
value. From isospin considerations, however, one
expects

in the 7~1385 region, and hence from kinematical con-
straints, the AK invariant mass attains a maximum in
the 1.7—1.8-GeV region.

XI. DISCUSSION AND CONCLUSIONS

(o) (c)

6-
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C9
LA0
C
u 12-

10-0
8-
6-

1.9 2.1 2.5 2,5
M(AK27)

(b)

1.9 2.& 2.5 2.5
M(AK1T)

for an I= 2 iosbar. From the possible F*]385K decay in
this experiment we obtain 8=0.2&0.1, which is in con-
tradiction with the assumption that the F»» is a decay
product of N*»20. An alternative way to account for
this accumulation of events is that the reaction pp—+ ANE7f is dominated by the one-pion-exchange dia-

In the present work a detailed analysis of all observ-
able pp reaction final states has been carried out. Of the
total pp cross section of 41.6 mb, we were able to account
for about 32 mb. The rest of about 10 mb was mainly
due to inelastic final-state events with more than one
neutral particle. It was found that nucleons carry with
them most of the momentum and are emitted in the
forward-backward direction. The pions on the other
hand, which are mainly decay product of isobars,
are emitted much more isotropically and carry less
momentum.

Isobar production is the most important phenomenon
in pp collisions at 5.5 GeV/c. Six different isobars were

identified, N*1238 N 1420 N 1518 N 1688 N 1920

N*236p. The production of these isobars was suflicient to
explain the various invariant-mass histograms. We are
unable in this experiment to distinguish between isobars
having nearby mass values —in particular, the recently
reported possible isobars with I=, . N*17pp and N*].688,

1.6 1.8 2.0 2.2
M(hK)

L6 I.8 20 2.2
Q(nK)

GeV

FIG. 36. AEs' and AE invariant-mass distributions for [(a) and
(b)j Y*j3oo events, [(c) and (d)j non-I'*agog events, compared with
appropriate phase-space distributions. The full line in (a) describes
the F*13$5Kphase-space distribution in pp-+ I"*NK.

3.3-

0

+ e cu
ROOD

gram shown in Fig. 37. The production of the F*1385
and E on the same vertex tends to enhance the low-

invariant-mass region. This last explanation is also con-
sistent with data on strange-particle production in
gr -p interactions" where the final state AEgr is domin-
ated by 7*1385 production.

From Fig. 36 one can see that the enchancement in
the EA mass histogram at 1.7—1.8 GeV is mainly due to
V*1385production. This fact is also well demonstrated in
the Dalitz plot where Mg(AE) is plotted against
Mg(As) for all events with M(AEir)(2. 05 GeV (Fig.
38). In the same figure the Dalitz plot of the AESgr
final state is given for events with M(AE7r) in the
1.9—2.0-6eV region. Most of the events in this plot fall

' D. H. Miller, G. Alexander, O. I. Dahl, L. Jacobs, G. R.
Kalbfleisch, and G. A. Smith, Phys. Letters 5, 279 (1963) and
references therein.
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PIG. 3S. Dalitz plot for M'(itE) versus M'(it~). The contours
are for 3f (gEs) =2 GeV (full line) and 1.92 GeV (dashed line).
The points represent pp~ phd events with M(Eius')(205
GeV.
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with spin and parity assignment ~~
—and 2 .'~ No evi-

dence for the production of the I= +~ E~690 resonance is
seen in the M(psr+) histogram of the reaction pp—+ npsr+. The possible production of a pir+sr+ resonance
at 1580MeV reported earlier' has been re-examined with
three times as many statistics. While the peak observed
in the psr+sr+ combination in the final state rtpm+7r+7r

may be explained completely by the well-established
resonances, it is unexplainable in the anal state ppn. +-
x+x x . However, because of the complexity of the
ppsr+sr+sr sr final state, no definite conclusion can be
derived from the observed peak in the psr+sr+ invariant-
mass distribution.

There is very little evidence for the production of
meson resonances. The total cross section for meson
resonances is estimated as o(pp —+ pp+meson reso-
nance) (0.13&0.03 mb.

A large part of the iosbar cross section is connected
with a quasi-t. wo-particle final state amounting to 9.7
mb out of a 31 mb identified inelastic pp cross section.
The various quasi-two-particle channels and estimates
of their cross sections based on the assumptions stated
in Sec. 4 are given in Tables III to VI. Two types of
quasi-two-body reactions were observed:

(a) Single-isobar production, including pp ~ 1V1V sts
and pp-+ 1V1V~tts with total identified cross sections of
5.7&0.2 mb and 3.2&0.2 mb, respectively.

(b) Double isobar production, including pp ~ 1V*isss
and pp ~ 1V*isss1V t/Q with total identified

cross section of 0.25&0.04 mb and 0.51&0.06 mb,
respectively.

In strange-particle production, the most outstanding
feature is the strong Y~~385 production and the absence
or very weak production of all other resonances. The
enhancement in the YEx invariant-mass distribution
around 2 GeV for Y*~385 events cound not be explained
in terms of decay product of an I= ~ isobar, as has
been shown from isospin considerations. A production
picture involving a one-pion-exchange mechanism in
which the Y*]385 and the E meson are produced on the

"See, for example, summary by Ch. Peyrou, in I'roceedzngs of
the Oxford 1nternateonat Conference on Etementary Particles, 1965
(Rutherford High Energy Laboratory, Harwell, England, 1966),
p. 131.

same vertex could account for the copious Y*~385 pro-
duction and for the enhancement at low M(F*isssE)
values.

Possible enhancements in the Ap system at threshold"
and at 2.32 GeV,"which could be attributed to a 8=2,
S=—1 resonance, have been reported. In the present
experiment, no signifi. cant enhancement in the AE in-
variant mass has been seen at these mass values (see
Figs. 31 and 32).

For several isobars, decay branching ratios can be ob-
tained from the cross section values given in Tables III
to VI. The estimated branching ratios were used to-
gether with isospin and charge-symmetry relations to
test the different channel cross-section values obtained
in this work. No severe inconsistencies were found.
However, because many cross-section values have a
rather large error, we are quoting only the most reliable
branching-ratio values.

(a) I'(1V*isis —r rtsr )/r (1V*»»—r pic+sr-) =0.77a0.45
(see channel I in Table III and channel A in Table IV).

(b) r(1V*,« ~ I +)/r(1V*„„~p~+ -)=0.67~0.4
(see channel N in Table III and channel 8 in Table IV).

(c) I'(1V*tsss(psr+sr ) —+ 1V"rsss(psr+)sr )/1'(1V*isss —+ p-
sr+sr (all modes)) =0.74&0.14 (see Sec. VI. 1), and

(d) r(1V'„~ AK+)/r(1V*„~ p~+ -)&3.4%
(from Sec. X and channel 8 in Table IV).

The value (c) was estimated from the best fit to the
M(psr+) with M(psr+sr ) in the 1V*isss band, which
yielded 67% 1V*»ss(psr+) and 33% phase-space distri-
butions (see Sec. VI.1); and after proper correction to
background events in the M(p7r+sr ) distribution.
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