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Pion Production and Elastic Scattering in Antiproton-Proton
Collisions at 6.94 BeV/c*
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Yale University, Nem Haven, Connecticut and Brookhaven National Laboratory, Upton, Neer York
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We have studied nonstrange p-p interactions observed in 7000 pictures of the 80-in. Brookhaven National
Laboratory hydrogen bubble chamber exposed to an antiproton beam with a momentum of 6.94 BeV/c. The
total cross section was measured to be 58.7+2.8 mb, and the elastic interaction cross section 14.2+1.2 mb.
The elastic differential cross section for four-momentum transfers (—t) &0.3 (BeV/c)2 is well described by
the exponential form do-, l/dt = (d0/dt) ~ 0e ', where b = 13.1+1.1 (BeV/c) '. The single-pion production cross
section is 4.0&0.9 mb. This channel proceeds 70/f7 through resonance formation. N (1238) isobar and anti-
isobar formation dominates pion production in four- and six-pronged events; the double-isobar formation
cross section in the final state P7i-+p7r is 1.35&0.2 mb. Isobar production was observed to be consistent with
the predictions of a dominant one-particle-exchange process. The pion-annihilation process, which has a cross
section of 25&5 mb, shows substantial pion resonance formation.

I. INTRODUCTION

t "N this paper we report the results of an investigation
& - of antiproton-proton collisions which involved final
states containing pions and/or nucleons exclusively.
This experiment, which used the Brookhaven National
Laboratory (BNL) Alternating Gradient Synchrotron
(AGS) in conjunction with the 80-in. hydrogen bubble
chamber, is part of a collaborative Yale-BNI. study of

p+p interactions; preliminary results have been re-
ported. ' We have measured 3000 two-pronged events,
1800 four-pronged events, and 1800 six-pronged events.

After a brief description of the analysis procedures,
we present in Sec. II a study of the elastic interactions.
Section III summarizes our results for the single-pion
production channels. Multimeson production in non-
annihilation events as seen in four- and six-pronged
events and especially double isobar LAT*(1238)j pro-
duction are discussed in Sec. IV. In Sec. V, results of
preliminary investigations into multipion annihilations
are given.

The beam particles were taken at 7' oif a 2 in. (long)
X0.1 in. (high) aluminum target installed at the AGS
I-10 position. There were approximately 10 antiprotons
per pulse entering the chamber. ' Seven thousand photo-

* Part of this work was submitted by J. A. Johnson in partial
fulfillment of the requirements for the Ph.D. degree at Yale Uni-
versity, 1965. Research supported in part by the U. S. Atomic
Energy Commission under Contract No. Yale-2726-519.

f Present address: University of Rochester, Rochester, N. Y.
' Preliminary results on the data reported in this paper may be

found in T. Ferbel, A. Firestone, J. Johnson, J. Sandweiss, and
H. Taft, Nuovo Cimento 38, 12 (1965);38, 19 (1965).Results on
hyperon production may be found in C. Y. Chien, J. Lach, J.
Sandweiss, H. D. Taft, N. Yeh, Y. Oren, and M. Webster, Phys.
Rev. 152, 1171 (1966).' Some details concerning the design, construction, and operation
of the 80-in. BNL bubble chamber and the separated antiproton
beam may be found in J. G. Androulakis, J. A. Bamberger, D. P.
Brown, H. O. Courtney, B.B.Culwick, J.J.Diener, W. B.Fowler,
C. L. Goodzeit, J.Hanush, E.L. Hart, H. Houtsager, J.E.Jensen,
D. A. Kassner, D. T. Liverios, R. I. Louttit, S. C. Mo, T. W.
Morris, R. B. Palmer, P. A. Pion, R. R. Rau, R. Rutan, R. P.
Shutt, H. H. Sondericker, A. M. Thorndike, W. A. Tuttle, I. J.
Winters, H. Woelfel, D. H. Wright, S. S. Yamamoto, F. Anderson,
H. W. Courant, and H. L. Kraybill, Nucl. Instr. Methods 20,
100 (1962);I. Skilljcorn hand M, Vj'ebster, Internal Report Brook-

graphs of the bubble chamber were scanned for all
events using orthodox scanning techniques. Conven-
tional measuring machines were connected on-line to a
DEC PDP-1 computer which served as a measurement-
quality monitoring device. '

From the known energy and measured range of 33
stopping muons from the decays of stopping x+ mesons,
the liquid-hydrogen density was found to be 0.062
&0.003 g/(cm). s From a study of the observed width of
the momentum spectrum for 900 incident antiprotons
tracks, the setting error was found to be 75 p.4 A sample
of 110 8 rays with electron momenta in excess of 30
MeV/c was used to estimate the beam purity. This was
done by comparing the experimental momentum spec-
trum with the known diGerential collision probability
for charged particles of diGerent mass on electrons. '
The measured contamination was (5&1)'Pq and was
consistent with the assumption that all beamlike im-
purities were muons, The beam momentum as deter-
mined from kinematic 6tting was found to be 6.94
&0.04 BeV/c, with a spread of 1.5%.

The measured pp total cross section of 58.7&2.8 mb
is consistent with more precise determinations. ' Table
I contains a summary of the major production cross
sections.

haven National Laboratory Report No. BNL H-10, 1962 (un-
published).

I For a discussion of this technique, see H. D. Taft and P.
Martin, in Proceedings of the Twelfth International Conference on
High-Energy Physics, Dubna, 1964 (Atomizdat, Moscow, 1965),
Vol. 2, p. 390.

4The measuring error in the momentum can be expressed,
neglecting the inherent spread in the beam, as a function of par-
ticle momentum, particle velocity, bubble-chamber magnetic
field, track length, number of measured points on the track. , and
the setting error. When the measuring accuracy is determined,
the setting error can be calculated; see J. A. Johnson III, Ph.D.
thesis, 1965, Yale University (unpublished).

~ For the detailed procedure see T. Ferbel et al. , Phys. Rev.
137, B1250 (1965);also, Tohoku University Report No. TUHEL-
5, 1967 (unpublished).

6 W. Galbraith, E. Jenkins, T. F. Kycia, B. A. Leontic, R. H.
Phillips, and A. L. Read, Brookhaven National Laboratory Rc-
port No. BNL-8744 {unpubhshed).
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TAHr, z I. Major cross sections in p+p collisions at 6.94 BeV/c.

pip ~ 0 prongs
2 prongs'
4 prongs
6 prongs
8 prongs
Total

2-prong/total" =
4-prong/total =
6-prong/total =

1.4~0.3 mb
32.6~2 mb
16.6~1.5 mb
6.9~0.8 mb
1.2~0,5 mb

58.7~2.8 mb
(55.6a2.2)y
(28.3a0.9) /o
(11.8~0.5) j

& This includes a 6.2-mb correction for small-angle elastic scattering
losses.

II. ELASTIC INTERACTIONS

The X' distribution, the distribution in the square of
the missing mass, and the spectrum of deviations from
coplanarity for the 835 elastic interactions found in the
two-pronged event sample are given in Fig. 1. The tail
of the X' distribution is thought to have arisen from the
influence of non-Gaussian errors in track parameter
measurements for short tracks made by low-momentum
protons. The spectrum of the missing mass squared is
centered, as expected, near zero; the slight asymmetry
observed here is caused by the systematic tendency of
errors in momentum measurement to be larger than the
associated errors in the determination of the energies. '
The observed deviations from coplanarity are shown to
be centered on zero and Gaussian-distributed when
each coplanarity is normalized to its calculated error.

The total elastic interaction cross section is 14.2
&1.2 mb. This number takes account of a 40% scan-
ning loss for low-momentum-transfer events; the cor-
rection is made assuming an exponential form for the
elastic scattering distribution at small angles. The ob-
served elastic interactions comprised 31% of all two-

pronged events measured. The extrapolated differenti'd
cross section at 0' is consistent with the assumption of
no real part to the forward scattering amplitude. He-

cause of poor statistics, however, we cannot improve on
the limit quoted in Ref. 8.

When the target nucleon is approximated by a purely
absorbing disk of radius R and the fraction of the inci-
dent wave absorbed at impact parameter d is constant
for d&R and is zero for d&R, the elastic angular dis-
tribution for small 0, and large kR is'

do, ~ J~(kR sine. ) '
)

dQ sin8,

where k is the c.m. wave number. In Fig. 2, this pre-
diction is compared with the data; a radius R=1.3 F
was found to give a satisfactory fit for 0.94(cos8,
(0.98. The data do not clearly show any of the recently
observed diffraction minima. "

A least-squares fit of the data shown in Fig. 2 was
made to an exponential in t of the form

do-, l k'
ot„t 82 bt

d& 16~'

for values of —t between 0.08 and 0.30 (BeV/c)'. The
best fit gave b = 13.1&1.0 (BeV/c) ' or r= 1.4&0.1 F.'
A study of ln(dIr, &/dt) versus ln( —t), as suggested by
Serber, "showed these data to be consistent with

for (—t)&0.2 (BeV/c)'.

III. SINGLE-PION PRODUCTION

Cross sections for the reactions

p+p ~ p+p+~' (1)

P+P —+ P+7E +n (2)
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were determined from the distributions in the missing
mass squared for all two-pronged events which did not
give an acceptable fit to the elastic interpretation
(X')30.0). Smooth-curve approximations to back-
ground contributions were extrapolated through the
regions in missing mass squared where the signals from
reactions (1) and (2) were expected. Clear evidence for
single pion production was given by these procedures.
Figure 3 displays the nucleon and pion angular dis-
tribution obtained from these events with pionlike and
nucleonlike missing masses. Ionization studies of all
two-pronged events which did not fit the elastic inter-

15 25 35 45 -4 -2 0 2 4
X2 COPL/6(COPL)

FIG. 1. x2, missing mass squared, and coplanarity distributions
for elastic interactions. The x' spectrum is compared with the
theoretical four-constraint y' curve, using a 1.3 expansion factor
on the horizontal scale. The coplanarity distribution is given
in units of 0 (standard deviation) and is compared. with a Gaussian
curve with o =-1.

~This point is elucidated in A. H. Rosenfeld and W. E.
Humphrey, Ann. Rev. Nucl. Sci. 13, 103 (1963).

' K. J. Foley, S. J. Lindenbaum, W. A. Love, S. Ozaki, J. J.
Russell, and J. Yuan, Phys. Rev. Letters 11, 503 (1963).

'This is the usual optical model treatment. See S. Fernbach
et al. , Phys. Rev. 75, 1352 (1949); G. A. Smith et al., ibid. 123,
2160 {1961}."B.Barish, D. Fong, R. Gomez, D. Hartill, J. Pine, A. V.
Tollestrup, A. Maschke, and T. F. Zipf, Phys. Rev. Letters 17,
720 {1966);W. M. Katz, B. Forman, and T. Ferbel, ibid. 19, 265
(1967)."R. Serber, Phys. Rev. Letters 10, 357 (1963).
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TA@I.K II. Single-pion production.

Cross section

0.1

Reaction

P+P P+P+7r
p+ .+n
P+~'+n
X*(1238)+X
A'*(1512)+Ã
X*(1688)+X

(mb)

1.3 ~0.3
1.1 ~0.3
1.1 +0.3
1.25+0.4
1.3 +0.4

0,01--

0.00 1

R=1.4 F

—0.96 - 0.88 -0.80

target nor the beam particles are polarized, their cross
sections were equated. Table II contains a summary of
single-pion production cross sections.

The diffractionlike nature of reactions (1) and (2)
is indicated in Fig. 3. Nucleon production [i.e., proton
production in (1) and (2)j in single-pion production
data was reasonably well described for —0.95&cos8,
& —0.80 by

FIG. 2. Optical-model treatment: the black absorbing disk. The
curves shown are the theoretical predictions for assumed values of
the disk radius R.

pretations but which did fit (X'&6.0) reactions (1) or
(2) (or both) showed that the background is primarily
due to kinematic ambiguities between reactions (1),
(2), and (3). The measured cross sections for reactions
(1) and (2) were 1.3&0.3 and 1.1&0.3 mb, respectively.
It was not possible to measure the cross section for

p+p ~ p+e+w+ (3)

due to poor mass resolution; since reactions (3) and (2)
are equivalent under C invariance when neither the

d(cos8) d(cos8) I80

= exp[—(1.35+3)(cos8+1)].

In reaction (1), 69'%%uo of all neutral pions were produced
with Icos8.

I

)0.5. These reactions are clearly domi-
nated by low four-momentum-transfer processes.

The effective masses (M) for the nucleon-pion and
the antinucleon-pion pair were computed for each
single-pair-production event. The results are given in
Fi~ 4 M'(p vr') and M'(p vr ) are plotted as M'(1Vp. )
and M (p,m. ) and M2(n, ~ ) are plotted as M2(XIm).
These Dalitz-plot distributions do not follow the pre-
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FIG. 3. Single-pion production angular distributions. In the
p~ (a) and p7r A (b) Gnal states, the contamination was less
than 8'Po.

FIG. 4. Dalitz plot for single-pion. production. Smooth curves
are Lorentz-invariant phase-space predictions. The masses of
E*(1238), $*(1512),Ã~(1688), and E~(1910) are indicated by
the A, 8, C, and D arrows, respectively.
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FIG. 5. Angular distributions for p+p-+ p+p+~++m . The
nucleon angular distributions were combined using

coee, (nucleon) =cos|j, (proton),
cos8, (nucleon) = —cos6l, .m. (antiproton).

No such reQection is made in the pion angular distribution.

dictions of Lorentz-invariant phase space. If all sig-
ni6cant deviations from I.orentz-invariant phase space
are interpreted as evidence for Xx resonance formation,
70% of single-pion production is seen to proceed via
N*(1238), N*(1512), and N*(1688) production. Com-
parisons of the data from this experiment with that
from experiments at lower p energies" show continued
prominence of I= ~3 zA resonance production. However,
the percentage of the total cross section which proceeds
via the single-pion-production channels has decreased.

60:-

IV. MULTIPION PRODUCTION

294 events were identified as examples of

p+p —& p+p j~++jr—. (4)

The cross section for this reaction was 2.7+0.2 mb.
In this sample 98% of the events were unambiguously
resolved through a study of observed track bubble
densities. The angular distributions for these events axe

10 TRIEMAN-YANG ANGLES
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(a)

0
Pion Scattering Angles
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Q) N~ p+rr+
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z

shown in Fig. 5. Reaction (4) is dominated by low four-
momentum transfers to the doubly charged 7' system.
Figure 6 shows evidence for strong N*++(1238) Pand
N*—(1238)j production, including the simultaneous
production of Ã*++(1238) in the reaction

p+ p —& N*++(1238)+N*=(1238). (5)

No other resonances were observed clearly in reac-
tion (4).

p+p N+N"
1100&M ( TT, p) ~1400
1100= M (rr, p) ~ 1400

4

0,
1.0 0.5 0.0 0.5 1.0

COS ~
(b)

FIG. 7. (a) Treiman- Yang angle distributions. The distribu-
tions for N* and N* are added since under C invariance, the N*
and N* production processes are identical and statistically inde-
pendent. The straight line is for do-/d(1'Yangle) =const. (b) Pion
scattering angle distribution. The virtual pion scattering angle is
given by cosp=mN* N*&,b, where mN+ is a unit vector along the
x+ direction in the N* rest frame and N*l,b is a unit vector along
N* direction in the laboratory system. The smooth curve is for
do/dP (1+3cos'P).
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FxG. 6. Effective-mass distributions for p+p —& p+p+~++~ .
The equivalent (N, m.) final states are combined and compared with
Lorentz-invariant phase space.

"(a) H. Dehne, E. Lohrmann, E. Raubold, P. Soding, M.
Teucher, and G. Wolf, Phys. Rev. 136, B843 (1964); (b) T. Ferbel,
A. Firestone, J. Sandweiss, H. D. Taft, M. Gailloud, T. W. Morris,
A. H. Bachman, P. Baumel, and R. M. Lea, ibM. 137, B1250
(196S).
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Fzo. 8. Comparisons with OPE models. The theoretical curves
shown are the predictions of the pole model (P.M.) and modified
pole model (M.P.M.).
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For reaction (5) which accounts for about 50'%%u~ of
reaction (4), and for those examples of reaction (4)
which occur with low four-momentum transfers LP(pIr+),
the dominant production process at lower energies was
thought to be one-pion exchange (OPE)."

We have investigated the applicability of various
one-particle exchange hypotheses to our data. " "For
a OPE mechanism, the distribution in the Treiman-
Vang angles is expected to show isotropy"; Fig. 7

shows this expectation to be well satisfied for reaction
(5). For J=ss, J,=-', isobar decay, without fInal-state
interferences, the distribution in pion scattering angles
is expected to show a (1+3cos'P) behavior. Figure 7

indicates that within the statistical uncertainties this is
also satisfied.

50--

p + p~ p + p + 2 lT + 2TT

86 EVENTS

Ir) 40
LLI

U
I- 30-
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-1.0 -0.5 0 0.5
COS e c rr)

1.0 - 1.0 -0.5 0 0.5 10
cos ec.rn.

Fro. 10. Angular distributions for p+p ~ p+p+2x++2~ .
(See Fig. 5 for conventions used. )

Decay Par arneters

0.2

Re I'3,]
-02 ~

Q2-

Rep 0.0
I "0.2-

04
Q2

02 04

( BeV/c)

p+p ~ N+N

F-B
F+B 00 I

-02

P-E o2-
P+E oo

-0.2

I

0.2 04

( BoV/c )
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"universal" in application. '~ In the absorption model

(A.M.), quasi-two-body 6nal states are treated in

terms of the strong absorptive processes in the entrance

and exit channels arising from the presence, at high

energies, of numerous competing open channels. ' Evalu-
ations of the predictions of these models for reaction

(5) were made in terms of predicted total and differen-

tial cross sections and in terms of angular correlations.
In Fig. 8 the 6'(p, x+) spectrum for events with

M(pp+) and M(P, s. ) between 1100 and 1400 MeV
and the effective mass spectrum of 7r+p and s. P com-

binations for As(P, s.+)(0.2 (BeV/c)' are given. The
absolute predictions of the P.M. and the M.P.M. are

also shown. "The cross-section prediction of the A.M.
is too large by a factor of about 5."The importance of

EFF ECTIVE MASS DISTRIBUTION

p + p ~ p + p ~ 2 IT~ 217
86 EVENTS

FIG. 9. Comparisons with OPE models. Smooth curves are
predictions of the absorptive model (A.M.). (See Ref. 20.) I', 8,
P, and E specify cosp&0.0, cosp&0,

l
cosp

l
&0.5 and lcospl &0.5

respectively, where p is the scattering angle of the virtual pion.
/See Fig. 7(b).j The p's are elements of the density matrix. The
dashed lines were drawn for experimental (real} x+p scattering
(ignoring Coulomb effects).

If the fact that the exchanged pion is off the mass
shell is ignored, then the prediction of the pole model

(P.M.) are obtained. " In the modified pole model

(M.P.M.) empirical form factors for the pion propagator
and for off shell scattering at the interaction vertices
are prescribed which, once determined, should be

10-

Lr) 30-
Z
LLI

20-

lQ

20-I
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(I

I I I

1400 1800 2200
M(p, n', rT') +M(p, TT, n )

fI
I I I

1200 1600 20 00
M(p, n')+M(p, TT)

2600

I

2400

'3 The importance of nucleon isobar formation in high-energy
interactions has been emphasized by R. M. Sternheimer and S. J.
Lindenbaum, Phys. Rev. 105, 1874 (1957); Phys. Rev. Letters
5, 24 (1960); and Phys. Rev. 123, 333 (1961).

"S.D. Drell, Rev. Mod. Phys. 33, 458 (1961) gives a review of
pole models.

"See S. B. Treiman and C. N. Yang, Phys. Rev. Letters 8,
140 (1962)."F.Salzman and G. Salzman, Phys. Rev. 121, 154 (1961).

7 See E. Ferrari, Nuovo Cimento 30, 240 (1963); E. Ferrari
and F. Selleri, ibid. 27, 1450 (1963).' Many authors have contributed to these developments. See
J. D. Jackson, Rev. Mod. Phys. 37, 484 (1965) for references
to several earlier articles and a review of absorptive-model
techniques.

1200 1600 2000
M(p, rT ).M(p, TT')

2400

MeV

FxG. 11. Effective-mass distributions for p+p —+ p+p+2~+
+2m .The equivalent (Ep-) and (E,~p.) Anal states are combined
and compared with Lorentz-invariant phase space.

' There are no free parameters in these predictions. See Refs.
12(b) and 21.

'0 We are grateful to B.E. Y. Svensson for generously providing
us the unpublished density-matrix elements relevant to these
studies of angular correlations in p+p ~ S*+S.See Ref. 21 for
a comparison with lower energies.
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TABLE III. Multipion pl'oductlon. Ml SS I NG MASS D l ST R I BU TlO N

Reaction 40-
P + P~TT+TT+fjlfT

+p -+ p+p+~++x
p+p+2(m++m )
p+p+~++~-+~i'
p+p+2(~++a )+x'
Ã*++(1238)+¹ (1238)
E*(1238)+p+~-
X'(1238)+p+~-
g*(1238)+p+2~++~-
2V*(1238)+p+2~-+~+
Ã*(1238)+p+~-+~0
S'(1238)+p+~++~0
p+ .+".'+ =+"
p+".+;+ +"
p+ + +3,+"
p+~ +~ +3~'+s

2.7 ~0.3
0.26~0.04
1.3 ~0.3
0.14a0.03
1.35~0.2
0.54~0.3

0.21&0.06

0.44+0.2

30-

QO- 3 rf'

1000 2000 3000

tO P + P ~3lT + 3V + fT! TT

3 /7 l A 9 l7(30-

Ld
20-

I

1000 2000 3000

off-mass-shell corrections in reaction (5) is clearly
shown in Fig. 9, where isobar decay correlations and
pion scattering Rnglcs Rlc examined. Onc CRn conclude
from Figs. 8 and 9 that although the pole models satis-
factorily predict over-all features, careful considerations
of absorptive processes are required in order to explain
some details of this reaction in terms of the OPE
mech an1sIQ.

The cross section for the reaction

p+p-+ p+p+2~++2m-

l DEOG RAM OF THE SQ UARE OF THE; MlSSlNG MAQQ

25&--j P-2(TT'TT).V'

rr ineTT

1000 2000 3000
MeV

F&0. 13. Missing-mass spectra for annihilation candidates
The smooth curves are the predictions of Lorentz-invariant phase
space.

ls 0.26&0.04 mb. The production RnguIR1 d1st11but1ons
for the 86-event sample are shown. in Fig. 10.

Prominent production of the ¹(1238) [and X
(1238)j isohar 1s again ohserved in reaction (6). From
Fig. 11, which shows the M'(p, x+) and M(ps ) ef-
fective masses, wc conclude that the data are consistent
with at least one ¹(1238)or ¹(1238)in every event.
No other resonance production is observed. An examina-
tion of the three-body triply charged mass spectrum of
mE events showed no evidence for xE resonance
formatiOn. 22

TAaI.z IV. Annihilation cross sections. tn is the
average number of ~"s missing.

Reaction Closs section (mb)

FIG. 12. Missing-mass-squared distributions for one-constraint
annihilations. mo production in these events is evidenced by the
Gaussian-shaped clustering, above the background, at the ~0

xnass

"These results and further studies of isobar-anti-isobar pair
production from 3 to 7 BeV/c are discussed in T. Ferbel, 3ull,
Am. Phys. Soc. 10, 585 (1965); Yale University Report, 1965
(unpublished).

2-pl ong
p+p ~~++~

2~++2~
3% +3'1f
~++x. +no
2(~+++ +x'
3(~++~-)+~0
~++~ +mxo (N, =3)
2(~++ -)+~a (m=3.4)
3(~++~ )+mvro (m=3.0)
po~o

p'+msgr-+~0
p +3~ (4"plong)
GP+7f' +~
p'+2(x++g —)
p'+2(x++g-)+~o
p +5~ (6-prong)
~0+2 (~++ -)

&0.012
0.054&0.02
0.216+0.035

&0.29
0,42 +0.1
1.2 +0.1

10.0 ~1.0
10.5 ~1.5
3.9 ~0.5

&0,025
0.07 a0.03
0.21 +0.09

&0,04
0.09 &0.03
0.40 &0.07
0.10 &0.03
0.10 ~0.03

This ~ould be the I=2, J=& xS* resonance, discussed for
example, in H. Harari and H. J. Lipkin, Phys. Rev. Letters D,
345 (1964); R, H. Dalitz, in Eroreedings of the Athews 1'optical
CosPMttce ow EcceÃtlg D1$coMMZ EesoRQRt Icp'Acies, A th@$$, Oh&os

JP63, edited by S.A. Munic and I„J.Gallagher (Ohio University
Press, Athens, Ohio, 1963).
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Nonannihilation final states with one missing neutral
particle in four- and six-pronged events were too few in

number for detailed studies. Cross sections veen deter-
mined by examination of the missing mass distribu-
tions for RB events which made no four-constraint fits
(i.e., all events which could not be successfully inter-
preted assuming only charged particles in the final

state) and by ionization studies on selected small sam-

ples of events. This yielded cross section for

P+P~ P+P+k(Ir++Ir )+m', k=1, 2

2{Tr +rr )
32 Pions

-1.0 0.0 1.0

2(rr +rr )+re'
98 Pions

-1.0 0.0 1.0

3(rr'+n -)
444 Pions40-

30-

20
10

-1.0 0.0 1.0

COS 8, (TT )

0.5-

04-

p+ p ~. Plorls

TT~ PRODUCTiON ANGLES

3(rr '+ rr -)+rr '
642 Pions

60]
40-~
20

I I

-10 00 10

of 1.3+0.3 and 0.14+0.03 mb for k=1 and k=2,
respectively. Prominent X*(1238) production for k= l
was also observed. Upper limits on the cross section for

p+7r +Ir++m' +8
p+Ir++Ir++s. +I
P+s++ Ir++3Ir-+8

p+Ir +m +37r++Ii

were 1.6 and 2.0 mb, respectively. In Table III, a.

summary is given. of RH multipion production cross sec-
tions measured.

V. ANNIHILATIONS

A kinematic fit to the reactions

P+P ~ k(Ir++s. ), k = 1, 2, 3

wRs RttcIDptcd foI' Rll two-) four-q Rnd six-pl ongcd
events, respectively. The fit was deemed acceptable
when the X' was &40.0. From studies of ambiguities
between one-constraint (a missing m-') and four-con-
straint fits it was determined that the ba, ckground which
arose ~rom ignoring all one-constra, int fits, when a four-
consi r I". ", 6t w'as successful, was less tlian 0%%. No
cvcnts %clc found which Blade thc fit for k= 1 glvlIlg

a cross section upper limit of 0.012 mb. For k=2, and
k=3, the cross sections were found to be 0.054~0.02
and 0.216+0.03 mb, respectively.

Every event wa, s considered to be a candidate for

lf thc cvcnt, hRd no RcccptRblc four-constraint fits» In
p+p colllslons w'1th Rn Unpolarized' beam Rnd targets
charge-conjugation invariance requires symmetric dis-
tributions of the cosine of the mm systems's production
angle in the c.m. system. "This criterion was used in
conjunction with the studies of the missing-mass-
sqURI'cd dlstllbUtlons to obtMQ estimates of cI'oss scc-
tlons. Fol k= B$= 1 R cross-section Upper llnilt of 0.29
mb was determined. Idcograms of the missing mass
squared for k=2 and k=3 are given in Fig. 12. The
deduced cross sections for m=1 are 0.4~0, 1 and 1,2
~0.2 mb for k= 2 and 0= 3, respectively. Cross-section

2(rr'rr }+(-3.4)rr' 3(rr+ rr )+(-3.0}rr'
4472 Pions 7080 Pions

500- 500-~00-~ 300-
100" 100-

-1.0 0.0 1.0 -1.0 0.0 1.0
COS e, (7T-)

2 4 6 8 10
Number of Pions

I'-io. 14. Charged-pion-production angles in annihilations; c.m.
production angles are plotted with respect to the incoming anti-
proton beam according to the prescription; cos8, (~+) =cos8,.~.
X(x ), cos80.m. (m+)= —cos&,.m. (x+). The decrease in forward-
backward asymmetry with increasing pion multiplicity is indi-
cated by q = (F—8)/(F+8).

determinations contMQ corI'cctlons foI' stlRngc-pRI'tlclc
product. ion. '4

The cross sections for multi-7i- production annihila-
tions (m&2) were determined by fitting appropriate
Lorentz-invariant phase-space predictions to the miss-
ing-mass spectra. Some examples of the curves used are
given in Fig. 13. A background in these events from

~(~', ~') ~ M(~-, ~'}
p+ p~2( 1T +17 )+TT

24 EVE N TS10-
6-
2
0 500 1000 1500 2000 2500

p + p~3( rr + rr ) + TT30-
20-

10-

LLi

Ltj

500 1000 1500 2000 2500

~ (I7', rr, rr')

0 p+ p~2(rr'+ TT )+TT'
24 EVENTS~IL

cQ

3Q- 115 E V EN TS

20-

IQ.
6-
2-

700
L I

1000 1500 2000 2500 3000
p + p~3( TT + Tr ) + rT

500 1000 I500 2000 2500 3000
M 8 V

Fio. j.5. EGective-mass spectra, in annihilations. M {++,x') and
M(m+p. p') are compared to Lorentz-invariant phase-space pre-
dictions for four- and six-pronged annihilations.

P+P —+ k(Ir++Ir )+e+n
did rot RGect the fitting for four- and six-pronged
cvcQts slncc thc fitting %'Rs confined to cvcnts with

~ A. Pais, Phys. Rev. Letters 3, 242 (1959). ~4
¹ Veh and C. Y. Chien (private communication).
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TAsLE V. Summary of all cross sections measured
in present experiment.

10.
6
2

p+ p~2(TT &n )+n
24 F VENTS

P. t1

500 1000 1500 2000 Reaction
Cross section

30-

10-

hJ

0

CO 15.

30
20
10

p+ p ~3(n +TT)+n
115 E VENTS

500 1000 1500 2000
(a}

p+ p—3(r7+r7 }
73 EVENTS

M(n', rr )

500 1000 1500 2000
M(TT', n', rr)+M(n', n, n )

P+P P+P
P+P+P+P—& annihilation {av. multiplicity 7.0}—+ pion production~ strange-particle productions~ pion resonancesb

Total

14.2 &1.2
«& 0.015
25 +5
14 ~4

&1.5
1.0 +0.5

58.7 +2.8

a N, Yeh and C. Y. Chien (private communication).
b The ratio (pion resonances jfittable pionic annihilation states) =0.6.

Table IV. Although it seems that total pion-resonance
production is not decreasing with increasing p energy,
accurate cross-section determinations are dificult to
make with the available statistics.

L

1000 2000 3000(t}
MeV

pro. 16. Effective-mass spectra in annihilations. (a} 3/X(m p=}
is given for four- and six-pronged annihilations with missing 7r 's;
{b}six-pronged annihilations with no missing neutrals.

missing masses equal to or less than I700 MCV. In
two-pronged events, the background from nonannihila-
tions with one or more charged nucleons which could
not be eliminated is not negligible and has probably
caused the cross section for these channels to be
ovcl cstlITlatcd.

Cross sections, along with average multiplicities for
all annihilation reactions, are given in Table IV. Al-

though the annihilation cross section is diminishing with
energy" it stiB accounts for a sizeable portion of the
total cross section even at 7 Bevic.

An examination of c.m. production angles for charged
pions, shown in Fig. 14, suggests that forward-backward
peaking in annihilations may increase with incident p
energies. 2' This CGect, along with high c.m. energies
(with respect to predictions from Lorentz-invariant
phase space) and highly collimated c.m. momenta for
charged particles, indicates that the annihilation process
is partially peripheral. Wc also observed that Rsym-

metries in pion correla, tion angles follow phase-space
predictions; diBerences observed at lower p energies" "
between Hke pions and unlike pions have diminished.

All annihilation Anal states were examined for multi-

pion resonance production. Figures 15 and 16 show the
CGectivc-mass con6gurations which w'ould IIldlcR'tc

and p production. The cross sections are given in

"T.Ferbel, A. Firestone, J. Sandweiss, H. Taft, M. Gailloud,
T. Morris, W. %'illis, A. Bachman, P. Baumel, and R. Lea, Phys.
Rev. 143, 1096 (1966},and references therein.

'6 J. A. Danysz and A. Shapira, CERN Report No. 65—8
(unpublished}.'7 G. Goldhaber, S. Goldhaber, W. Lee, and A. Pais, Phys. Rev.
I20, 300 (1960}.

v~. corn.USIOzs

Table V gives a summary of all cross sections mea-
sured in this experiment. In this section, some conclu-
sions will be drawn from these results.

First, peripheral-type mechanisms seem to be im-
portant for all interactions. This is clearly indicated in
the angular distributions which show predominantly
fol w'Rx'd-going Rntlpl otoIls Rlld ncgR'tlvc plons ln thc
final state. This is especially evident in the case of
double isobar production LA*(1238)j in the four-
pronged events.

Secondly, the importance of the production of multi-
pion and pion-nucleon resonance emerges in these data.
More than 75% of all nonannihilation four- and six-
pronged events, without neutral pion production,
showed pion-nucleon resonance production. More than
75% of sing1e-pion production proceeds through a
resonance production channel. Multipion resonance
production is prominent in the annihilation channels
even though detection of these anal states is diQicult.

Finallyq 'thc clas'tlc ln'tcrRctloII dlsplRys R chRIRctcl-
izing radius length which is roughly 1.4F. Although
some of the theoretical predictions for elastic interaction
parameters are successful, no over-all conclusions can
be drawn in this regard.
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