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A study was made of the reaction pp—ppnrat. The cross section for this reaction is 1.502£0.07 mb at 2.4
GeV/cand 2.574-0.10 mb at 2.9 GeV/c. The data at both momenta are consistent with nearly 1009, A~ ~A* +
double-resonance production. The reaction is peripheral at both momenta, the distribution of the c.m.
scattering angle between the incoming p and the outgoing p=~ system being peaked at small angles. The
p1,1 spin-density matrix element has strong dependence on A? the square of the four-momentum transfer
from the incoming p to the outgoing =~ system. The joint spin-density matrix elements indicate no cor-
relation between the A~ ~ and A* * production at either momentum. Calculations using the double-isobar
one-pion-exchange model with form factors are compared to the data. The reactions pp—pprta—=°,
pratrta, and fipr—r—wT have cross sections of 105, 14410, and 17410 ub, respectively, at 2.4 GeV /¢
The corresponding values at 2.9 GeV/¢ are 124440, 143470, and 127470 ub.

I. INTRODUCTION

ULTIPLE-PION production without annihila-

tion in antiproton-proton interactions has been
reported in bubble-chamber experiments at antiproton
laboratory momenta of 1.6 to 2.2,' 2.52 2.73 2.83*
3.28 and 3.66,5 3.6,% 5.7,78 and 7.0° GeV/c. The cross
section for the double-pion production reaction

pp—ppriT (1)

is found to increase rapidly with beam momentum
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from 0.17 mb at 1.96 GeV/c to a maximum of 3.8 mb
at 3.6 GeV/c, then decrease slowly. A prominent fea-
ture of reaction (1) at all of the above momenta is
the dominance of the intermediate quasi-two-body
reaction

Pp—AT +(1236) AT +(1236). (2)
The one-pion-exchange (OPE) model calculations for
this reaction at 2.7 GeV/c were found? to give rea-
sonably good predictions of the pat and fr~ invariant-
mass distributions and of the distribution of A2, the
four-momentum transfer from the incoming % to the
outgoing pm— system. However, the model did not
predict the decay angular distributions correctly, and
the py,1 spin-density matrix element was found to have
a strong A? dependence not explained by the model.

Presented here is an investigation of reaction (1)
at 2.4 and 2.9 GeV/c and comparisons of the inter-
mediate reaction (2) with the OPE model predictions.
Also presented are the cross sections for the triple-
pion production reactions

pp—pprtaa’, (3)
pp—pratrte, (4)
pp—oapr . (5)

Preliminary reports of this investigation at 2.9
GeV/c%1t and of other final states in these experi-
mentsZ have been presented elsewhere.

The experimental procedure is discussed in Sec. II,
and the experimental results are given in Sec. III.
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TasrE I. Numbers of events accepted.

2.4GeV/c 2.9GeV/c
pprtaT 897 1015
D p7r+7r—7r° 6 46
Z'Jn1r+1r+7r— 8 53
fpr ww T 10 47

These results are compared with the predictions of
the OPE model in Sec. IV, and the investigation is
summarized in Sec. V.

II. EXPERIMENTAL PROCEDURE

The Brookhaven National Laboratory 31-in. hy-
drogen bubble chamber was exposed to an electro-
statically separated beam of 2.9-GeV/c¢ antiprotons
and, subsequently, to one of 2.4 GeV/c. In tuning
the beam, a clear separation of the pions, kaons,
and antiprotons was seen at both momenta, ensuring
that a reasonably pure sample of antiprotons reached
the bubble chamber. In addition, the purity of the
beam was monitored by a Cerenkov counter, which
recorded pions and muons. At each momentum, this
procedure resulted in a beam which was estimated to
be more than 999, antiprotons, and no corrections
were made for beam contamination. The beam flux
was determined by counting the number of beam
tracks entering the fiducial volume in every tenth
frame of the film. The flux was found to be 8.8 beam
tracks per picture at each momentum. The beam
momenta were determined to be 2375475 and 28854
80 MeV/c for the two data samples.

Approximately 60 000 pictures at the lower mo-
mentum and 40000 at the higher were scanned for
four-prong events, resulting in samples of 18 000 and
10000 events, respectively, in the fiducial volume
used. Approximately 10 000 pictures at each momen-
tum were scanned a second time to determine the
efficiency of locating four-prong events. It was de-
termined that the first scan was 889, efficient at 2.4
GeV/c and 929, at 2.9 GeV/c. The events were mea-
sured in three stereoscopic views, reconstructed in
space, and then kinematically fitted. An attempt was
made to fit each event to all mass hypotheses for
four or five particles in the final state consistent with
the selection rules of the strong interactions. An event
was said to have a fit to reaction (1) if the missing

Tasre IT. Cross sections.

2.4 GeV/e 2.9 GeV/e
pprnT 1.5040.07 mb 2.5740.10 mb
pprtaa® 1045 ub 124440 ub
pratataT 14410 ub 143470 ub
Apra 17410 ub 127470 ub

JESPERSEN, KERNAN, AND LEACOCK 1

mass differed from zero by less than 4 standard de-
viations and if x? was less than 31. An event was
said to have a fit to any of the reactions (3) through
(5) if the missing mass differed from the mass of the
postulated neutral particle by less than 4 standard
deviations and if x? was less than 13. It was found
that using more restrictive criteria eliminated real
fits, while less restrictive ones merely included more
simulated fits in the data samples.
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F16. 1. Scatter plots of the pn™ versus =~ invariant-mass
distributions. The kinematic limits are indicated by the solid
lines. The figures are based on 897 events at 2.4 GeV/c and 1015
events at 2.9 GeV/c.

Each event which had a fit to any of reactions
(1), (3), (4), or (5) was checked for ionization con-
sistence of all outgoing tracks. This proved to be a
strong requirement for reactions (1) and (3). It was
possible to positively identify either the proton or
the antiproton in more than 909, of the events having
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TasLE ITI. Fractions of zero-, single-, and double-resonance production and the associated mass and width.
2.4 GeV/e 2.9GeV/c
Fitted Best Fitted Best
value estimate value estimate
a(prpr™) 0.1740.04 0.1040.10 0.064-0.01 0.054-0.05
aBpr*) =a(prA) 0.0020.01  0.00=0.05 0.0020.02  0.00=:0.02
a(AA) 0.83+0.04 0.9040.10 0.944-0.02 0.954:0.05
Ty (MeV) 12847 120+8 126+3 1208
wo (MeV) 121342 122148 1220+1 123148
fits to reaction (1) at both 2.4 and 2.9 GeV/c. For Fits were attempted to the reactions
events having fits to both reactions (1) and (3) or _ _ -
more than one fit to either of these reactions, this pp—p(p)mhn, (6)
identification was usually sufficient to eliminate the pp—(P) prta—, (7

ambiguities. No fits to reactions (1) and (3) were
ambiguous with fits to reactions (4) or (5).

Although nearly every event which had a fit to
reaction (1) was accepted as being due to that re-
action, there were many simulated fits to reactions
(3)-(5), where one particle was unmeasured. In par-
ticular, events due to reaction (1) frequently had
simulated fits to reaction (3) in which the c.m. mo-
mentum of the fitted #° was close to zero. So an ad-
ditional requirement for acceptance of fits to reaction
(3) was that the c.m. momentum of the #° be greater
than 100 MeV/c. It was also required that the missing
mass be within 0.024 (GeV)? of the square of the
7 mass, and that x®> be less than 2.0. These cuts
were determined from examination of a scatter plot
of the x* versus missing-mass-squared distributions
for all fits to reaction (3). These requirements, ap-
plied to all reaction-(3) fits, eliminated all ambiguities
which had remained among the ionization-consistent
fits to reactions (1) and (3).

Many of the reaction-(4) and -(5) events, for which
only one of the two nucleons is observable, had no
positively identifiable antiproton or proton. For these
reactions there was a much greater degree of ambi-
guity than for the others. In order to determine which
fits were real, an attempt was made to estimate the x?
and missing-mass-squared distributions to be expected
from fits to reactions with an unseen nucleon. This
study consisted of reprocessing all the 2.9-GeV/c
events which had been accepted as due to reaction (1).

where the particles in parentheses were treated as
unmeasured. These were taken to be good approxi-
mations to reactions (4) and (5), respectively, in the
sense of having a particle of similar mass and mo-
mentum unmeasured. It was found by examining
scatter plots of x? versus missing mass squared that
88% of the reaction (6) events had missing mass
squared differing from the square of the proton mass
by less than 0.16 (GeV)? and had x? less than 2.0.
The corresponding values for reaction (7) were 0.12
(GeV)? and 4.0, the differences being due to the
tendency of the former reaction to have a high-mo-
mentum antiproton, while the latter more often has
a low-momentum proton. These values were then used
(along with ionization consistence) as the criteria for
acceptance of fits to reactions (4) and (5), respec-
tively, at both 2.4 and 2.9 GeV/c. It was estimated
that the events with accepted fits to reactions (3),
(4), or (5) constitued approximately 909, of all the
measured events due to those reactions.

Fits which passed all of the above requirements
were subjected to one final test. In order to eliminate
fits which were not associated with true beam tracks
or which resulted from poorly measured events, re-
strictions were made on the momentum and angles
of the incident beam particle. These restrictions were
determined from examination of the corresponding
distributions for all four-prong events. The momentum
was required to be within 165 MeV/c¢ of the appro-

TasLE IV. Independent spin-density matrix elements. The values from the 2.7-GeV/c¢ data are included here because of an error in
CLXK. In particular, the values of pum given in CLK on p. 1268 are incorrect.

OPE model
2.4 GeV/c 2.7 GeV/e 2.9 GeV/e Prediction Agreement
P11 0.3234+0.013 0.348+0.015 0.308+0.013 0.5 bad
Reps 1 —0.033+0.014 —0.002+0.015 —0.02640.012 0.0 fair
Reps, 1 —0.028+0.014 —0.0384-0.016 —0.02640.014 0.0 fair
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Fic. 2. Scatter plots of the pz~ versus pr+ invariant-mass
distributions.

priate value reported above for each data sample.
The dip was required to be within 5° of zero, and
the azimuth was required to be within 1.5° of the
average value of the distribution as a function of the
vertex position along the incident beam direction.
These restrictions eliminated 1.69, of the accepted
fits to reaction (1) at both momenta. It was assumed
that this factor applied to all other final states as
well, and the beam track count used for determining
the cross sections was reduced by 1.6%. In Table I
are shown the numbers of events accepted as due to
reactions (1), (3), (4), and (5) at each momentum.

Approximately 40-45 events at each momentum
had an identified 7 or p but no acceptable fit to any
of reactions (1), (3), (4), or (5). These events were
considered to be due to reaction (1) for the purpose
of cross-section calculations, since statistics favor this
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over the other reactions in which there is a § or p
in the final state. These events, along with the reac-
tion-(1) events not found in the scanning, account for
a significant fraction of all the reaction-(1) events,
and indicate the possibility of biases in the final data
samples. This possibility was examined by looking
for apparent violations of C or CP invariance in all
of the distributions examined which are subject to
such tests. The specific distributions examined are
listed in CLK. All of the requirements are satisfied
within statistical limits at both beam momenta, in-
dicating that the final data samples for reaction (1)
are unbiased in this respect.

III. EXPERIMENTAL RESULTS

A. Cross Sections

The cross sections for reactions (1), (3), (4), and
(5) are given in Table II. The numbers of events
due to reactions (3)—(5) are so small that no further
study of these reactions was attempted. The remainder
of this paper is devoted to the investigation of reac-
tion (1).

B. Invariant-Mass Distributions and
Resonance Production

Figure 1 shows the two-dimensional scatter plots of
the invariant masses of the outgoing =~ and pn+
combinations. Each of these mass distributions is
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Fic. 3. Center of mass production angular distributions.
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F16. 4. (a) and (c): cosf distributions, where 4 is the polar angle between the incoming % (p) and the outgoing 5 (p) momenta in
the rest frame of the outgoing pr— (pxt) system. (b) and (d): ¢ distributions, where ¢ is the azimuthal angle corresponding to 6.
Each event appears twice (C invariance invoked) . The dashed curves are plots of Eqs. (11) and (12), using the density-matrix elements
obtained from the data. The solid curves are predictions of the double-isobar OPE model. All curves are normalized to the data.

strongly peaked at about 1220 MeV. The clustering
of each scatter plot about the overlap region shows
the dominance of simultaneous resonance production
at both 2.4 and 2.9 GeV/c, i.e., reaction (1) proceeds
primarily through the intermediate reaction (2).

In order to determine just what fraction of the
reaction goes through this intermediate state at each
momentum, fits were done to the scatter plots of
Fig. 1. Since the resonances can be produced doubly,
singly, or not at all, the theoretical expression for
these invariant-mass distributions was written as a
sum of expressions for each of these possibilities. The
form used is

L(&, w) =a(prpr*) F(pr—prt) +a(Bpat) F(Aprt)
+a(prA)F(pr=A)+a(BA)F(AD). (8)

In this expression, @ (w) is the invariant mass of the
outgoing pn~ (pmt) combination, the o’s are the frac-
tions of the events of the types indicated by the
arguments [e.g., «(AA) is the fraction of reaction (1)
going through the intermediate reaction (2)7], and the
F’s are phenomenological expressions representing the

production and decay of the state indicated by the
arguments [e.g., F(AA) represents phase-space pro-
duction of a A~—A*+ state followed by Breit-Wigner
decay of that state to pm—pr*]. The forms of these
functions are given in CLK, where the fitting pro-
cedure is described in detail. The form of the energy-
dependent width used in the Breit-Wigner shapes is
(P(w M2 m2))3 [Am2+[P(w0;M2, m2):|2]
\P(wo; M2, m?)] | AmP+[P(w; M2, m?) ]
9
The quantity in the large square brackets is an em-
pirical correction factor. The form of this factor is
from nuclear reactions theory, and the parameter
A=2.2 is from a phase-shift fit by Anderson as pre-
sented by Jackson.®® Physically, (Am?)~Y?is the radius
of interaction of the pat (or pm~) system. I is the
width parameter, with Anderson’s fit resulting in the
value 123 MeV."
13 J, D. Jackson, Nuovo Cimento 34, 1644 (1964).
1 Jackson notes that Gell-Mann and Watson choose 4=1.3

and T'y=116 MeV. In the present study, this value of 4 improves
the fit slightly, but then a somewhat larger I'q is preferred.

I'(w) =T
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TaBLE V. Joint spin-density matrix elements. The values from the 2.7-GeV/¢ data of CLK are
presented here because they were not previously calculated.

OPE model
2.4 GeV/c 2.7 GeV/e 2.9 GeV/c Prediction  Agreement
2(p_33—p__L1) 0.0524-0.045 0.03340.050 0.0864-0.042 0.25 bad
Rep__31 —0.00240.045 0.0144-0.052 0.0044-0.040 0.0 good
Reps.— 0.034-£0.045 —0.010=:0.051 0.020:0.043 0.0 good
Rep__371 0.048+0.048 0.0634-0.054 0.02240.043 0.0 fair
Reps, 1 0.10740.046 0.000=0.052 —0.020=0.044 0.0 fair
Re(ps, 1= ps,179) —0.010=:0.031 —0.019-£0.036 —0.053-£0.029 0.0 fair
Re(p1,351—p1,5747%) 0.03040.031 0.01740.035 0.0194-0.028 0.0 good
Re(p31> 1 4ps, i 73) 0.0284-0.033 0.0404-0.038 0.079-0.031 0.0 fair
Re(p1,33 14p1,507%) —0.0044-0.032 0.0394-0.036 0.02740.032 0.0 fair
Re(ps, 31— pg, %) 0.018--0.034 0.0352:0.037 0.007-:0.030 0.0 good
Re(poy,#t—p_1,5717%) —0.026+0.033 0.08940.037 0.000+0.031 0.0 fair
Re(ps, > 14-pg,1173) 0.004-0.035 0.062-£0.040 0.038-£0.033 0.0 fair
Re(p_1,33 14p_1,5472) —0.016+0.035 —0.010+0.039 —0.026+0.034 0.0 good

A similar fitting procedure was used by Alles-Borelli
el al® at 5.7 GeV/c. The calculations of the pat and
pn~ invariant-mass distributions using the parameters
of the fit were found to be good representations of
their data. This is not the case for the 2.4- and 2.9-
GeV/c data, however. Apparently the expressions used
in the fit are not adequate this close to the AA thresh-
old. The calculated p#* and Hr— mass distributions
using the parameters of the fit are peaked slightly
below the peaks in the data. Similar difficulties were
noted at 2.7 GeV/c.%

To see if a better fit to the histograms could be
obtained, the empirical correction factor- 4 occurring
in the resonance-width expression (9) was used as an
additional adjustable parameter in the fitting pro-
cedure. The fits to the data at 2.4, 2.7, and 2.9 GeV/c
were found to be sensitive to the value of 4; in each
case the fits resulted in values of 4 near (but not
equal to) zero. With A approximately zero (corre-
sponding to a very long radius of interaction), the
calculated distribution with nearly 1009, double-reso-
nance production is a better representation of the
data at each momentum than is the corresponding
“best fit” with 4 fixed at 2.2.

In fitting the 2.4-GeV/c data, there is yet another
difficulty besides the form of the theoretical distribu-
tion. The kinematics require that the pat and pn—
invariant masses be in or very near the A~ ~At+
region. Consequently, zero- and single-resonance pro-
duction can contribute only to this region. This results
in the fit to the theoretical distribution of expression
(8) being rather insensitive to the fractions of zero-,
single-, and double-resonance production.

Because of all of these uncertainties “best esti-
mates” of the parameters are given along with the
fitted values. These estimates were based in part on

13 H. B. Crawley, Ph.D. thesis, Iowa State University of
Science and Technology, 1966 (unpublished).

the above discussion of the fitting. Also considered
were plots of the pr~ and pr+ invariant-mass distri-
butions for events in various A? bins. It is shown
below that there is strong A? dependence in the inter-
action. Events which do not involve double-resonance
production might be found by examination of these
mass distributions as functions of A% The scatter
plots of the pn— versus the px* invariant-mass distri-
butions binned on A? show very pronounced clustering
of the events in the A~~A*t" region at small A2
This clustering becomes less pronounced with increas-
ing A? owing, at least in part, to kinematic effects.
From these scatter plots it is clear that double-reso-
nance production accounts for nearly 1009, of the
events at small A2 but it is difficult to make a con-
clusion concerning the amount of nonresonant back-
ground at large A% Calculations using the OPE model
(Sec. 1V) indicate, however, that even the events at
large A? are consistent with nearly 1009, A~ —A*+
production at both momenta.

The best estimates based on these considerations
are that the double-resonance production is nearly
1009, at both 2.4 and 2.9 GeV/¢, any background
being entirely nonresonant. The estimated resonance
masses are the values which give peaks in the cal-
culated distributions corresponding to the peaks in
the data. These estimates are shown along with the
results of the four-parameter fits in Table III. The
errors quoted for the fitted values are purely statis-
tical and}fdo not reflect uncertainties in the forms
used for the functions F.

In contrast to the resonance production shown in
Fig. 1, there is no evidence for A°(1236) or A°(1236)
in the pnt and pr— invariant-mass distributions of
Fig. 2. The distributions are smooth, and there is no
clustering in the scatter plots. All other invariant-
mass distributions were also examined, and no evi-
dence for resonable production was seen in any of
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Fic. 5. Spin-density matrix elements as functions of A2, the square of the four-momentum transfer from the incident  to the out-
going pr— system. Each event appears twice in the independent density-matrix elements p11, Re p31, and Re ps, _1. The data at 2.7
GeV/c are presented here because the data (but not the solid curves) shown in Fig. 6 of CLK are incorrect. The joint density-matrix
elements at 2.7 GeV/c are also shown here because they were not previously calculated.

them (as would be expected for the case of 1009,
A~ -At+ production). No known resonances decaying
to wtn~ are energetically possible at 2.4 GeV/¢, and
p(765) is too close to the kinematic limit to be seen
in the 2.9-GeV/c data. Discussion of the prtr~ and
patr— invariant-mass distributions at 2.7 and 2.9
GeV/c has been presented elsewhere.!! Resonance
effects were reported in these distributions by Bacon
et alt at 2.8 GeV/c. However, the conclusion in
Ref. 11 is that the prtr~ and prt#r— invariant-mass
distributions are adequately explained, at least at 2.7
and 2.9 GeV/c¢, by the assumption of 1009, A~ —A*t+
production (see Sec. IV).

C. Production Angular Distributions

In the remainder of this paper, the above results
are considered to be consistent with 1009, A~ —At+
double-resonance production at both 2.4 and 2.9 GeV/c.
Comments are made at appropriate points to indicate

the effects of adding a small nonresonant background.
The distributions of the production angle 6, at the
two momenta are shown in Fig. 3. The reaction is
seen to be peripheral at 2.4 GeV/c, with 38% of the
events having cosf,> 0.8, and more strongly peripheral
at 2.9 GeV/¢, with 569, of the events having cosf,>
0.8. Previous experiments concerning this and other
quasi-two-body interactions have shown this tendency
of the forward peak to become narrower with in-
creasing beam momentum.'® An interpretation of the
peripheral character of the reaction is given in Sec. IV.

D. Decay Angular Distributions and
Density-Matrix Elements

The general form of the angular distribution of the
A== (AT *) decay products in the A=~ (A*+) rest

16 G. Wolf, Phys. Rev. Letters 19, 925 (1967).



2490 JESPERSEN, KERNAN, AND LEACOCK 1
1 1 1 T T T T Here (f(cos, ¢)) denotes the average value of the
(a) 2.4 Gev/c function f. The density-matrix elements were calcu-
120 1= 5 7] lated from expression (13) using the data for the
5 A=~ and A** decays combined (charge conjugation
90 ™ i N invoked). The results are shown in Table IV along
p with the predictions of the OPE model, which is
~ 60 p - discussed in Sec. IV. Inserting these values into ex-
s ressions (11) and (12) gave the “best fits” to the
N _ p g
g 30 -  data shown in Fig. 4. The fits to the cosf distribu-
- tions are reasonably good, except for a tendency of
2 —t ; { i oy the data at both 2.4 and 2.9 GeV/c¢ to have more
« ) events near cosf=1 than near cos#=—1. The fits to
& oL 296ev/e the ¢ distributions are not very good at either mo-
2 mentum. There are departures from isotropy, partic-
g L _ ularly at 2.4 GeV/c, but the calculation does not
“’ reproduce them very well. Further discussion of these
6o |- a distributions is given in Sec. IV.
Pilkuhn and Svensson'® have pointed out that still
30 | | more information about the decays can be found by
1 I ! | =R l 1 ‘ l 1
0 o6, 12 1.8 2.4 400 2.4 GeV/c  (a) pPp—ppwt7T™
A" (GeV/c)
F16. 6. A? distributions, where A? is the square of the four- 897 EVENTS |
momentum transfer from the incident § to the outgoing pz~ 320~
system. The solid curves are the predictions of the double-isobar
OPE model normalized to the data. The Feynman diagram for
this model is shown in (a). 240 ] _
frame can be written as”
. . 160~ -
W (cost, ¢) =C[ (3—p1,1) sin?6-+p;,1(3+ cos?)
— (2/V3) Reps,_1 sin%0 cos2p > sokb ' _
[}
—(2/V3) Reps;sin20 cosp], (10) =
o
where C is a normalization constant,  is the angle ™ | % Il ! }
between the incident % (p) and the outgoing p (p) in ﬁﬁ
= . . — 2. ¢ 1015 EVENTS
the A=~ (A++) rest frame, and ¢ is the corresponding Q. 400 2.9 GeV/ (b) 10
azimuthal angle. The p’s are the spin-density matrix C'Q
elements for the A in the 6, ¢ coordinate system. Z 320 -
The individual cosf and ¢ distributions are obtained L'>J
from expression (10) by integration over ¢ and cos§, LW :
respectively: 240 -
Wi(cosh) =Cil (3—pra) +3(pra—2) cos¥], (11)
Wa(p) =CiL(1—4/¥3) Reps, s cos2e],  (12) 160~ | N
where C; and C, are normalization constants. By
multiplying these expressions by various trigonometric 80— 7
functions of @ and ¢ and integrating, it is possible to
find the following expressions: | l |
pra=(15/8) (cos0)— 2, (13a) 1100 1300 1500
— +
Reps 1= — $V3(sin20 cos2e), (13b) MASS  pm~and pr™ MeV
Fic. 7. Combined pr*+ and px— invariant-mass distributions.
Repz,—1=—3V3{cos2¢). (13¢) TheI solid ct?rmve;nzre ’:}ie ?)Irledizgrions of the double-isobar OPE

7K. Gottfried and J. D. Jackson, Nuovo Cimento 33, 309
(1964).

model normalized to the data.

18H, Pilkuhn and B. E. Y. Svensson, Nuovo Cimento 38, 518
(1965).



1 TWO- AND THREE-PION PRODUCTION WITHOUT ANNIHILATION 2491
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1300
MASS

examining the joint decay distribution W (cosf,
cosf, &, ¢), where 8, & (0, ¢) are the decay angles of
the A=~ (At +). This allows the determination of 13
additional independent production amplitudes (but
not the complete density matrix). The expressions! are

3(p-t3—p__11)

= (25/16) ((1—3 cos®F) (1—3 cos?9) ), (14a)
Rep__31=—(25V3/16) {(1—3 cos?) sin2f cosp), (14b)
Reps,i—=—(25V3/16) {(1—3 cos?) sin20 cosp), (14c)
Rep_3~1=—(5V3/4) ((1—3 cos®) cos2p), (14d)
Reps,_—=—(5V3/4) ((1—3 cos?) cos2p), (14e)

Re(ps, Pt —pa %)
=(225/96) (sin20 sin26 cos(p+¢) ), (14f)

Re(prs#l—pr,s )
= (225/96) (sin28 sin2 cos(p—¢) ), (14g)
Re(ps 7+ psat*) = (15/8) (sin20 cos(2p+¢) ), (14h)
(14i)

Re(pr,* 1+ p1,37%) = (15/8) (sin26 cos(26—¢) ),

19 These expressions, derived by us, differ from those of Alles-
Borelli et al. (Ref. 8) in some cases.

1500
pm-m* AND pm-m*

1700, 1500

AT+ AND At

1300
MASS

Re(ps,s*1—ps,1717%) = (15/8) (sin28 cos(+2¢) ),

(14j)

Re(p1,81—p_1,5773) = (15/8) (sin2f cos(p—2¢) ),
(14K)
Re(ps, > ps,117°) =3(cos2(a+¢)),  (14l)
Re(p1,8" 1 4p1,87) =§(cos2(p—¢)), (14m)

where

p-""= p3 g™ tp_g, g™ —py ™" —p_1,-1™",

1,-1‘

—_—— 3,3 —3,—3 1,1 —
Pman = Pm,n +Pm,n Pm,n Pm,n

The values obtained from the data are given in Ta-
ble V, where they are compared to the predictions of
the OPE model (discussed in Sec. IV).

These matrix elements were also calculated as func-
tions of A2 the square of the four-momentum transfer
from the incident $ to the outgoing pr— system. This
was done by applying the method described above to
the data in various A? bins. The results are shown
in Fig. 5, and are discussed in Secs. IV and V.

IV. COMPARISON OF DATA WITH OPE MODEL

It was noted in Sec. III that reaction (1) is periph-
eral, particularly at 2.9 GeV/c. This indicates the
possibility of interpreting the data using the OPE
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model. In this section, the OPE calculations are dis-
cussed and compared to the data.

The calculations presented here are based entirely
on the contribution of the “double-isobar” diagram
shown in Fig. 6. The I,=} diagram (obtained by
interchanging the #~ and =% in Fig. 6) results in a
contribution which is approximately 19 of that of
the double-isobar diagram and hence is neglected. The
two “Drell” diagrams, in which a #° is exchanged
producing both final pions at the same vertex, can
contribute only to zero- or single-resonance produc-
tion. Since the data presented in Sec. III are inter-
preted as 1009, double-resonance production, the con-
tribution of the two Drell diagrams is neglected on
empirical grounds. Also neglected are possible contri-
butions from p meson exchange. The values of the
spin-density matrix elements predicted by the double-
isobar OPE model are p1,;=0.5 and Rep;,; =Rep;,_1=0.
The experimental results of Table IV disagree with
this value of p;,; at all three momenta. An even more
striking disagreement between the model and the data
is the strong A? dependence of pi; shown in Fig. 5.
A calculation by Svensson® taking into account ab-
sorption by other possible final states accounts for a
comparable effect in the data at 3.6 and 5.7 GeV/ec.
However, a similar calculation by Hite and Jackson
as presented in CKL failed to reproduce the effect
at 2.7 GeV/e.

Using the OPE model predictions for the density-
matrix elements in expressions (11) and (12) results
in the predicted distribution W;(cosf) having the
simple form 143 cos®d, while Wy(p) is independent
of the azimuthal angle ¢. These forms are compared
with the data in Fig. 4. The agreement with the cosf
distributions is seen to be very poor at both 2.4 and
2.9 GeV/c, and the ¢ distributions show deviations
from isotropy, particularly at 2.4 GeV/c.

The OPE model predicts that all of the joint spin-
density matrix elements given in expressions (14) are
zero except for p_ ! in (14a). The predicted value
is $(p—33—p__11)=0.25. The experimental value of
this quantity shown in Table V does not agree with
this prediction. This is to be expected because of the
relationship of p_'! to p1,;, which also differs from
the prediction. All of the other joint density-matrix
elements in Table V are in reasonably good agree-
ment with the model, indicating little or no correlation
in the A=~ and A** production. Some A? dependence
. in a few of these terms is indicated in Fig. 5; however,
most of these fluctuations are not statistically sig-
nificant.

The OPE model predictions of the spin-density
matrix elements do not depend on any form factors
which may be used to account for the virtuality of
the exchanged pion and other off-shell effects. For
calculations which do depend on these quantities, the

20 B, E. Y. Svensson, Nuovo Cimento 39, 667 (1965).
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form factors of Diirr and Pilkuhn?! as fitted by Wolf'
were used. The differential cross section for reaction
(1) is given by Eq. (7) of CLK, with the form factor
Q replaced by

(@, 0, A?) =G*(A?) A(a, A?) A(w, A7),
where

2 2 . 2 A2)\2
A, 29 = (M)A <P(w,M, A)>

(M) 2—m2 \ P(w; M2, m?)

14 RLP(w; M2, m?) T
1+ R[P(w; M7, —22) T

and G(A?) = (¢c—m?) /(c+A2). Here @ (w) is the pr—
(p7*) invariant mass and A? is the square of the
four-momentum transfer from the incident 7 to the
outgoing pr~ system. The empirical parameters ¢ and
R were determined by Wolf from a fit to the data
for several reactions: ¢=2.2940.27 (GeV)? and R=
2.97£0.11 (GeV)~L

The double-isobar OPE model prediction of the
differential cross section with respect to A? at each
momentum is shown normalized to the data in Fig. 6.
The agreement is seen to be very good at 2.9 GeV/c,
even for large A%. At 2.4 GeV/c, the calculated peak
is slightly too broad, but is a reasonable representa-
tion of the data. The model prediction of the dif-
ferential cross section with respect to w at each mo-
mentum is shown normalized to the combined pm—
and prt invariant-mass distributions in Fig. 7. The
shapes of the calculated peaks are seen to be good
representations of the data, but they are centered at
slightly higher mass than are the data, particularly
at 2.4 GeV/c. The phase-space predictions for these
distributions are considerably broader than the double-
isobar curves and are peaked at somewhat lower mass.
The predictions of the double-isobar model were also
compared with the combined p»— and p#t invariant-
mass distributions in various A? bins (not shown).
The agreement was adequate in all A? bins at both
momenta, supporting the conclusion of nearly 1009
double-resonance production.

The double-isobar OPE model used above contains
no free parameters; however, as mentioned, the pre-
dictions of the model were normalized to the data in
the figures. The predictions of the model for the cross
sections for pp—A~—At+ at 2.4, 2.7, and 2.9 GeV/c
are 1.94, 2.60, and 2.82 mb, respectively, based on
the double-isobar diagram alone. These are compared
to the experimental cross sections for reaction (1) of
1.484-0.07, 1.934-0.16, and 2.5340.10 mb, respec-
tively, at these momenta. It is seen that the energy
dependence is roughly correct, but that the model
predictions are too large by an over-all multiplicative
constant (1.3 at 2.4 and 2.7 GeV/c, 1.1 at 2.9 GeV/c).

X

2 H, P. Diirr and H. Pilkuhn, Nuovo Cimento 404, 899 (1965).
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The double-isobar OPE model also predict the dif-
ferential cross section with respect to u, the patr—
invariant mass. The prtr~ and patr— invariant-mass
distributions are identical within statistical limits and
are shown combined in Fig. 8(a) at 2.4 GeV/c and
8(c) at 2.9 GeV/c. No outstanding enhancements are
seen in the 2.9-GeV/¢ data or in those at 2.7 GeV/¢,!115
although there are possible small effects at 2.7 GeV/¢
in the regions 1400-1450 MeV and 1600-1700 MeV.
In the 2.4-GeV/c¢ data there appears to be an effect
in the region 1440-1520 MeV.

The presence of a resonance decaying to pata— or
prta~ would be inconsistent with the conclusion that
reaction (1) is dominated by nearly 1009, A——At+
production. However, in a recent study of the reaction
pp(n)—ppntr—(n) at 2.8 GeV/c by Bacon et al.,
effects were reported in the patr~ and prtr— mass
distributions. These effects were assigned masses of
1400410 MeV and widths of 80420 MeV. It was
also reported that resonance production (A~—At+
plus some single-resonance production) accounts for
only 729, of the events at 2.8 GeV/c. Since these
findings are not in agreement with the 2.7- and 2.9-
GeV/c results, an investigation was done!! to deter-
mine whether the prtz— and patr— invariant-mass
distributions at 2.7 and 2.9 GeV/c¢ could be explained
by the double-isobar OPE model. The conclusion was
that the model does give an adequate representation
of the data and that reaction (1) proceeds essentially
1009, through the A~ —At+ channel at both momenta.
Ferbel et al.5 found that a similar calculation gives an
acceptable representation of the data for reaction (1)
at 3.28 and 3.66 GeV/c. The calculations are given
in Ref. 11 and are not repeated here. Since the 2.4-
GeV/c data were not shown in Ref. 11, they are
presented here (along with the 2.9-GeV/¢ data for
completeness) in Fig. 8.

The data having both $n~ and prt invariant masses
in 1236115 MeV and in the more restricted region
1236450 MeV are shown in Figs. 8(b) and 8(d) at
2.4 and 2.9 GeV/c, respectively. The corresponding
calculated distribution is shown normalized to the
data in each case. The agreement is seen to be quite
good at 2.9 GeV/c, and is also good at 2.7 GeV/c.!
However, the model does not represent the data well
at 2.4 GeV/e.

The prta~ and prtnr— mass distributions were also
examined for events having either the pr— or pnt
mass outside the A region, and for events having
both pr— and pmt masses outside the A region. While
the numbers of events meeting these requirements
are limited, both of these restrictions yielded pmta—
and prtr~ mass distributions at 2.4 GeV/c¢ which
lacked the apparent enhancement in the 1400-1520-
MeV region. Apparently this effect is associated with
the double-resonance production. Further, the predic-

tion of phase space is peaked well above 1520 MeV,
which argues against the effect being due to a large
nonreasonant background.

V. CONCLUSIONS

The cross section for reaction (1) is 1.5040.07 mb
at 2.4 GeV/c¢c and 2.5740.10 mb at 2.9 GeV/c. The
data are consistent with nearly 1009, double-reso-
nance production at 2.4, 2.7, and 2.9 GeV/c.

Reaction (1) is peripheral at both 2.4 and 2.9
GeV/¢, the distribution of the c.m. scattering angle
being peaked near cosf,=1; this peak becomes sharper
with increasing beam momentum. Wolf'® has shown
that this effect is consistent with the double-isobar
OPE model. In contrast, the decay angular distribu-
tions are not well predicted by the model.

The p1,1 spin-density matrix element has a strong
dependence on the square of the four-momentum
transfer, falling at each momentum reported here
from a value of about 0.5 at A2=0 to about 0.2 in
the region A2~0.6 (GeV/c)?, then rising again for
larger A?. A similar behavior is seen in the data at
higher momenta, where it has been explained in terms
of the OPE model with absorption.?® No correlation
in the A=~ and A** production is indicated by the
joint spin-density matrix elements reported here.

The double-isobar OPE model gives a good repre-
sentation of the A? distribution, but a somewhat less
satisfying prediction of the pr~ and prt invariant-
mass distributions. The predictions for both distribu-
tions are better at 2.9 GeV/¢ than at 2.4 GeV/e.
The predictions of the prtr~ and prta— invariant-
mass distributions are acceptable at 2.9 GeV/c; but
are not at all good at 2.4 GeV/c. It is clear that the
form-factor OPE model, though accurate in some of
its predictions, is not completely adequate for de-
scribing the data.?

ACKNOWLEDGMENTS

The authors express their gratitude to the staffs
of the Alternating Gradient Synchrotron and the
31-in. bubble chamber at Brookhaven National Labo-
ratory. The assistance of Dr. H. N. Brown of BNL
with the operation of the beam he designed is most
gratefully acknowledged. The work of the scanning,
measuring, and programming staffs at the Ames
Laboratory is also gratefully acknowledged. The as-
sistance of Dr. T. L. Schalk on the data acquisition
with the on-line measuring system is also appreciated.
C. H. Hafen provided valuable help in checking the
spin-density matrix element formulas.

22 Including absorption in the OPE model calculations improves
the agreement between the theoretical and experimental values
of the spin-density matrix elements, but still does not perfectly
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