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Interactions of antiprotons were studied at a momentum of 3.6 GeV/c in a hydrogen bubble chamber.
Particular attention was paid to single and multiple pion production without annihilation. Cross sections
for the various pion-production channels are given. The total cross section for pion production without
annihilation and not including strange-particle production is 18.6_3 324 mb. Single pion production is found
to agree with the predictions of the one-pion-exchange model for small values of the four-momentum trans-
fer. Double pion production in the reaction pp — pprta— agrees with the one-pion-exchange model for all
values of the four-momentum transfer, if all possible diagrams are taken into account. The main contribution
comes from events where a $-§ pion-nucleon isobar-anti-isobar pair is produced. For these events the
Treiman-Yang angular distribution and the decay angular distributions of the isobars are also in agreement
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Pion Production without Annihilation in Antiproton-Proton Interactions at 3.6 GeV/c

with the one-pion-exchange model.

I. INTRODUCTION

ANY details of the antiproton-proton interaction

have been established at incident energies >1

GeV mainly by bubble-chamber studies, but also by
other techniques.'™® Whereas, at low energies the anni-
hilation channel dominates the character of the inter-
action, the importance of the nonannihilation channels
increases with increasing energy. Pion production in §p
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interactions without annihilation has been studied at
1.6 GeV/c'* and between 3 and 4 GeV/c.8-10.15.16 We
present here a fairly systematic investigation of these
processes at 3.6 GeV/c. The measurements can be
compared with measurements of pion production by
proton collisions which have been carried out at about
the same energy 1718

Among the attempts to gain a certain theoretical
understanding of the experimental results for pp and
Pp collisions in the GeV region, the one-pion-exchange
model (OPEM) has been very popular.®=2 In contrast
to many other applications of OPEM, the pp and pp
interaction offers a fairly straightforward experimental
check, since all coupling constants and cross sections
which enter in the calculations are known. Strictly
speaking, this is true only in the pole approximation,
which neglects off-shell effects. As is well known, this
approximation gives rather bad agreement with experi-
ment in many cases, even for small values of the square
of the four-momentum transfer A% Of the attempts to
improve the situation, we shall follow here Ferrari and
Selleri. They modified the pole approximation by intro-
ducing multiplicative correction functions for the pion
propagator and the vertex functions. These correction
functions depend essentially only on A% and have a much
weaker dependence on A? than the pion propagator.
Once they have been found by comparison with meas-
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urements at a specific energy, they can be used to
predict the results of experiments at other energies and
involving different reactions. The theory contains then
no adjustable parameters and gives for example ab-
solute values of cross sections.

Ferrari and Selleri®? had remarkable success in fitting
pion production in pp interactions between 1.6 and 3.7
GeV/c with a unique choice of these correction func-
tions. The same functions should be valid for pp
interactions, leading to a definite prediction for the
measurements.

pp and pp pion production processes are different in
three important respects:

(1) final-state interactions are different (annihila-
tion),

(2) the reactions have a different symmetry charac-
ter (Pauli principle for the protons),

(3) in the two reactions different isospin states are
involved.

If in spite of these differences the OPEM would give a
good description of the p interaction, this would be a
strong argument for a dominant contribution of one-
pion exchange for both pp and $p interactions. Experi-
mental studies of this problem were carried out by
several authors. The CERN group, studying single pion
production in $p interactions at 3 and 4 BeV, found
that the OPEM gives too large a value for the total
single pion-production cross section by roughly a factor
of 2.810 A similar result was reached by Baltay ef al.? at
3.25 GeV/c. For double pion production, Baltay ef al.
found good agreement with the OPEM for events with
small momentum transfer and for the total cross section.
In a previous communication® we found good agree-
ment for single and double pion production at 3.6
GeV/c, provided one restricts oneself to small values of
the four-momentum transfer. In this paper we shall
present a more detailed and more general comparison.

II. EXPERIMENTAL PROCEDURE

The measurements were made on a sample of 14 400
photographs from the Saclay 81-cm hydrogen bubble
chamber exposed to an electrostatically separated
beam?® of antiprotons from the CERN proton syn-
chrotron. The beam momentum was 3.6 GeV/c.

The contamination of the beam was determined from
the photographs by looking for high-energy knock-on
electrons produced by beam tracks.?® In this experiment
it gave the ratio (pions+muons)/(all beam particles)
=0.1494-0.010. The fraction of pions was determined
by looking for interacting beam particles with a knock-

2 F, Ferrari and F. Selleri, Nuovo Cimento 27, 1450 (1963).

2 H. C. Dehne, E. Raubold, P. Séding, M. W. Teucher, G.
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on electron with momentum >16 MeV/c. This gave a
ratio (pions/all beams tracks)=0.015240.015.

The total cross section was determined from the
number of events and beam tracks inside a certain
fiducial volume. Most of the film was scanned 3 inde-
pendent times. A hydrogen density of 0.0602 g cm—3
was used. A detailed account of all corrections made has
been published previously.2¢

The total number of two- and four-prong events
measured in this experiment was 2216. The measure-
ments were carried out in all three views, using digitized
projectors. A maximum detectable momentum of
>250 GeV/c was determined from measurements on
beam tracks in photographs without magnetic field. For
the spatial reconstruction of the tracks the geometry
program WELAGA written by Wolf and Schneider was
used. The kinematic fitting was done by GrinD.2” We
tried to identify all tracks with momenta <1.8 GeV/¢
by their ionization, either visually or by measurement
of the mean gap length.28? This information proved to
be very valuable for deciding on the correct hypothesis
for an event.

The identification was done in the following way. An
interpretation of an event was considered established if
it fulfilled all of the following three conditions:

(1) It must be consistent with the ionization.

(2) x? from the kinematic fitting by GRIND must be
smaller than a certain limit. This limit was x2<14 for
elastic events, x2<30 for four-prong events without
neutral particles, and x2<6 for events with one neutral
particle. For events with more than one neutral par-
ticle, the missing mass had to have a consistent value.

(3) All other possible interpretations must be ruled
out.

An interpretation was considered ruled out, if it
fulfilled one or more of the following criteria:

(1) It was inconsistent with ionization by >2.5
standard deviations.

(b) For an interpretation with no or one neutral
particle, there was no corresponding fit in GRIND.

(c) If the interpretation involved more than one
neutral particle, it was inconsistent with the missing
four-momentum.

There were of course events for which no single
unambiguous interpretation was obtained. They were
treated in the following way: For two-prong events, it
was checked if the momentum and lab angle of the
positively charged particle satisfied the relation ex-
pected for elastic scattering. A certain fraction of these

26 B. Escoubes, A. Fedrighini, Y. Goldschmidt-Clermont, M.
Guinea-Moorhead, T. Hofmokl] ef al., Phys. Letters 5, 132 (1963).

%7 R. Bock, Kinematics Program Manual, ¢riND 709 (un-
published).

28 N. N. Biswas, I. Derado, K. Gottstein, V. P. Kenney, D.
Luers, G. Liitjens, and N. Schmitz, Nucl. Instr. 20, 135 (1962).

» B. Sechi-Zorn and G. T. Zorn, Nuovo Cimento Suppl. 26, 197
(1963), and references given therein.
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TaBLE I. Cross sections.

Cross
Reaction section (mb)
Pp — all channels 76.2 1.8
PP 209 +0.8
ppm° 1.9 £0.3
fipm™ 2.6 =04
purt 2.2 £04 »
Pt 3.8 +0.2
pprtnmd 0.6 0.1
Pho 0.06-£0.02
Aprta— ™ 0.5 0.3
pua~w ot 0.6 0.3
single pion
production, total 8.7 o t11
multiple pion
production, total 9.8 _s.¢t21
total pion production 18.6 _3 5t

a C invariance is used to determine this cross section.

could be unambiguously identified as elastic in this way.
For the remaining (two- and four-prong) events the
true interpretation was considered unknown, and the
limits of error for the partial cross sections include the
uncertainty of the interpretation in these cases.

In particular, the following numbers are upper limits
on the possible contamination of the most interesting
reactions by other channels:

(1) pp— ppr°: contamination <159, mainly by
pp— 7wt 070 . . R

(2) pp— Apr—: contamination <209, mainly by
Pp— om0 - -,

(3) pp— prrt: contamination not known, therefore
not used for differential cross sections,

(4) pp— pprtr—: contamination <S5%,.

III. CROSS SECTIONS

A summary of the cross sections obtained is given in
Table I.

A principal difficulty in obtaining the cross section
for multiple pion production without annihilation is
caused by the presence of the channel pp — 7in4-pions,
which cannot be distinguished from annihilation, if no
additional information (e.g., secondary interactions) is
known.

In the case of the two-prong reaction pp — Anwtr—
(a®- - -), an upper limit of 4.5 mb was obtained from the
observed number of events involving =+ and =~ and
having a missing mass larger than 2 nucleon masses.
The contribution of the annihilation reaction pp—
w070 (x°- - +) to this sample of events was estimated
with the help of a statistical model from the observed
number of reactions pp— wtr—a’n® (a°---) in which
the missing mass was smaller than 2 nucleon masses and
which thus could be uniquely identified as annihilations.
This led to a cross section of 2.5 mb for the nonannihila-
tion channel pp— Anatr— (x° --). This value was,
however, only used to get a most probable value of the
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inelastic cross section. The errors given for this cross
section include the uncertainty coming from the con-
tamination from the annihilation channel.

For the reaction fp — finatr—ztr— (a° - -), an upper
limit to the cross section of 0.6 mb was obtained by
using the information contained in the missing mass.

The cross section for nonannihilation reactions with
>6 charged outgoing particles was estimated from the
ionization of the outgoing tracks, and by comparison
with the statistical model and with pp interactions at
3.67 GeV/c,'® to be <0.15 mb.

In order to get the total nonannihilation pion-
production cross section, one also has to estimate the
contribution to the cross section coming from O-prong
events (i.e., events with only neutral outgoing parti-
cles). This estimate was made using the number of
antineutron interactions, electron-positron pairs and
neutral strange particle decays related to O-prong
events. The detection efficiency for antineutrons was
1.59,. We assumed that all five- or seven-prong events
were due to 7ip annihilation and that the 7p and pp
cross sections for annihilation were equal® at the
energies considered. Various sources of background
were checked and found to be negligible. From the
antineutron stars, we obtained for the sum of the
cross sections [pp— am, Aina® (x°---)] the value
(3.9_1,4+0‘3) mb.

From the electron-positron pairs associated with
O-prong events, the average number of #’ mesons
emitted from these interactions was found to be
0.55-£0.15. This suggests a large relative contribution
of elastic charge exchange pp— 7m to the O-prong
events.® If one estimates the average number of neutral
pions produced in an annihilation p — #%® (a°---),
from the statistical model, and the #° multiplicity in the
reaction pp — fina® (x° -+) from comparison with the
charged mode pp— ppn® (n°---), one gets as upper
limits 0.8 mb for O-prong annihilation and 3.0 mb for
inelastic charge exchange. In addition, one may also
estimate the absolute number of 7%s produced in the
0-prong annihilations using the statistical model.

The remaining number of neutral pions would then
correspond to a cross section of 2.1 mb for the inelastic
charge-exchange reaction.

1IV. SINGLE PION PRODUCTION

The cross sections are given in Table I. These yield
for the branching ratio

20 (ppr®)
o(pr™)+o(pnat)
The statistical model gives 0.80, the pure =% isobar

=0.784-0.17.

% C. K. Hinrichs, B. J. Moyer, J. A. Poirier, and P. M.. O. Ogden,
Phys. Rev. 127, 617 (1962).

3 At the somewhat lower incident momentum of 3.0 GeV/c the
CERN group has measured the cross section for elastic charge
exchange directly with the result 2.44-0.7 mb (Ref. 10).



B 846

'
05 Jo 20

A Gev?)

A (GeVd)

Fie. 1. Sum of differential cross sections for pp — ppr® and
Pp — npmr~ as a function of A% the square of the four-momentum
transfer to the proton. Curve () is phase space, (8) is the OPEM
prediction without a form factor (“pole approximation”), (v)
OPEM using a form factor with an effective cutoff at v =90u2 The
region A?2<10p? is separately exhibited. The number of events is
125. [For ppn® also the distribution of the invariant momentum
transfer to the antiproton is included (assuming C invariance).
TFor tgle absolute cross section every event has been counted only
once.

model 2 and the one- pion-exchange model (see Sec. VI)
0.85 for this ratio. In the region of incident antiproton
momenta of 1.6 to 4 GeV/c, this branching ratio is
found to decrease from 1.69 to 0.76.1:

Only the two channels

pp — ppr°
—> Npr—

were studied in more detail. The differential cross sec-
tion da/dA? is shown in Fig. 1, A? being the square of the
four-momentum transfer between the initial and final
nucleon. Comparison with the phase space shows a
strong predominance of small A% The region of small
A? is separately exhibited in Fig. 1, where one sees that
do/dA? rises from 0 to a maximum value which is

of
B8
- 6 Y
>
[
(O] d
E
lo‘§
VIO
2
1 t 14 16 1:8
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Fic. 2. Sum of differential cross sections for pp — Ppn® and
Pp — npn~ as a function of the mass M* of the final antinucleon-
plon system with simultaneous restriction of the invariant momen-
tum transfer A2<7u? (90 events). Curve («) is phase space, (8) is
the OPEM prediction without a form factor (“pole approxima-
tion”), (v) OPEM using a form factor with an effective cutoff at

=90u2.
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reached at about A?~2u% u is the mass of the pion. In
Fig. 2, do/dM* is given as a function of M*, the mass of
the pion-antinucleon system, with the additional re-
striction to events with small A2<7u2, for which an
unambiguous discrimination against annihilation was
possible. Comparison with phase space shows the
influence of the I=J=% pion-antinucleon resonance.

V. MULTIPLE PION PRODUCTION

The following final states are possible for non-
annihilation processes leading to four charged outgoing
particles:

pp— ppriT
pprto—a® (n- - -)
apr—ata™ (a0 - -)
pratoat (70 - )

anmtr e (w0 - +).

We concentrated on the first of these reactions, which
has by far the largest cross section. 455 events cor-
responding to this reaction were found.

The mass distributions of the combinations pn™,
P, pr—+pnt for the reaction pp — pprta— are shown
in Fig. 3 (a), (b), and (c). The importance of the forma-
tion of the I=_J=3% pion-nucleon isobar and anti-isobar
is clearly seen. The peak value is at 1.220 GeV, the full
width at half-maximum is 120 MeV. This is in good
agreement with observations made at 3.25 GeV/c.1*

The distribution of the #+z— mass is also shown in
Fig. 4(a). There is no evidence for the production of the
p meson. The mass distribution of the combination
prtr— and prwt is given in Fig. 4 (b). Since for the small
values of A? the double isobar production predominates,
the distribution is given separately for events with
A?>0.3 GeV2. This eliminates 659, of the double isobar
production. A? is the square of the four-momentum
transfer between initial nucleon and final pr+ system.
For the further discussion, we denote the masses of the
prt and P systems by M* and M .*, respectively, and
define the 7=J=% isobar region by 1.13 GeV<M*
<1.33 GeV.

Evidence for simultaneous isobar-anti-isobar produc-
tion can be obtained from a scatter plot M * versus M o*.
The cross section for double isobar formation was de-
termined by subtracting in the scatter plot the phase-
space contribution of four uncorrelated particles. The
phase space was normalized in the region outside the
I=J=4% resonance, i.e., 1.48 GeV < (M *,M»*)<1.88
GeV. We find o(pp — N*N*)=2.134-0.13 mb. This is
569 of the total cross section for the reaction pp—
pprtr—. [In the more extended isobar region 1.12 GeV
<(M*,M5*)<1.38 GeV used by Ferbel et al.,'® we get
a cross section of 2.454-0.15 mb in agreement with their
value of 2.64-0.3 mb at 3.25 GeV/c.]

Figure 5 shows the distribution of A%, which is strong
evidence for the peripheral nature of the reaction. In
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Fic. 3. Mass spectra for
pp — Ppprtr~ of the com-
binations (a) prt, (b)
pr~, (c) pr~ and pr+ com-
bined. Curves are phase
space, normalized to events
outside the (%,3)- isobar
region for (a) and (b) and
to all events for (c).
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only about 39, of all cases the pr— system goes back-
wards in the over-all c.m. system. The mean value of
the transverse momentum of the pr— system is (pr)
=0.339 GeV/e.

The following tests® for charge conjugation (C) and
for CP invariance were made: c.m. system angular
distribution of #* versus =~ and of p versus f, mass
distribution of the prt system versus p=—, and azi-
muthal angle ¢,.+ versus ¢z.-, Fig. 6. For all distribu-
tions tested, the agreement with C and CP invariance
is above the 59, confidence level.

The distribution of the angle between the two normals
of the decay planes for_ the isobar and the anti-isobar
was evaluated in the over-all c.m. system, for several
upper limits of A% All the distributions are consistent
with isotropy.

Of the reactions with three pions in the final state, the
channel $p — pprtn—n® is the easiest one to identify
and was therefore the only one studied in detail. There
were 59 events of this type.

From the mass distribution for different particle
combinations, the following conclusions can be drawn:

(a)

40
F16. 4. Mass spectra for pp —

pprtr~ of the combinations (a)
wtr~, (b) prt7~ and prtr™ com-
bined. The phase-space curve is
corrected for the production of
pairs of isobars at the rate ob-
served, assuming isotropic decay
of the isobars. In (b) the mass
distribution for events with
A?>0.3 GeV? is separately exhib-
ited (dashed lines), with A? being
the squared four-momentum trans-
fer between initial p and final pr+
system.

[ w
o o

No. of events

3

10 12 1.2 16

Mp ﬁ(GeV)

14
Mp - and Mg p4GeV)

(a) In contrast to the strong occurrence of the
I=J=4% isobar in double pion production, no (anti)
isobar formation was found.

(b) The w7~ mass distribution follows phase space.

(c) The wtr—7° mass distribution shows the produc-
tion of the w meson. We estimate the cross section for
Pp— Ppw to be (60==20)ub. This agrees with the cross
section found for pp — ppw at about the same energy.®
No clear evidence for # production was found.

VI. DISCUSSION IN TERMS OF THE
ONE-PION-EXCHANGE MODEL

The dominance of small four-momentum transfers in
single and double pion production suggests an inter-
pretation in terms of peripheral processes. Therefore the
OPEM contribution to these processes were calculated
and are here compared with the experimental results.

The contributing one-pion-exchange graphs shown in
Fig. 7 can be calculated in a straightforward way in
terms of the pion-nucleon coupling constant and pion-
nucleon cross sections. It is well known, however, that
the experiments do not agree well with this pion-pole

(b)

40

30

20

MperiGeV)

3 A, Pais, Phys. Rev. Letters 3, 242 (1959).

14 1.8 2.0

Mpyn and Mp pr(GeV)

# E. L. Hart, R. L. Louttit, and T. W. Morris, Phys. Rev. Letters 9, 133 (1962).
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contribution, but that allowance must be made for the
fact that one is observing these processes for values of
the invariant four-momentum transfer A? which are a
considerable distance away from the one-pion pole at
A%= — 2, In their work on one-pion exchange in nucleon-
nucleon interactions, Ferrari and Selleri* argued that
the pole term should be modified by a multiplicative
form factor which may involve corrections to the proper
pion-nucleon vertex [F(A?)], corrections to the pion
propagator [F’(A?7], and finally corrections to the
pion-nucleon scattering vertices taking into account the
off-the-mass-shell character of the exchanged pion.
They have shown that in the region of the I=J=%
resonance the off-shell pion-nucleon scattering ampli-
tude is equal to the on-shell (physical) amplitude times
a certain function F (A?)y (M*,A?). Here M* is the pion-
nucleon mass, I/(A?) the vertex correction factor, and
Y(M*,A% a function which they have explicitly calcu-
lated [see Ref. 22, Egs. (4.1)-(4.4)]. Contrary to
Y (M*,A%), the functions F (A?) and F’(A?) can at present
only be determined by comparison with experiment.

Thus there are apart from the pole expressions the
following over-all multiplicative form factors in the
amplitudes:

for diagrams (a), (b) (Fig. 7) : F2(A%)F' (A% (M*,A%), (1)
for diagrams (c), (d) : F2(A)F’ (A2 (M *,A%)¢ (M *,A%) ,
)

where A? is the square of the four-momentum of the
exchanged pion. For diagrams (e) and (f) there is no
corresponding theoretical argument. The unknown
function F2(A%)F’(A?) of A? has been determined by
Ferrari and Selleri by a comparison of the OPEM pre-
diction for the processes pp— purt, pp— ppa®
with the experimental results between 1.6 and 3.7
GeV/c.17:35:38 Remarkable agreement was found at all
energies with the unique choice:

AZ 2

F*(AY)F'(A?) =O‘72|:1—I-
4.7

—1

:| ~+0.28. 3)
3u?

For pion-nucleon mass values M* outside the region of
the first resonance, the above arguments for off-shell
pion nucleon scattering are not valid. There are, how-
ever, arguments? that the ratio of the on-shell to the
off-shell pion-nucleon elastic amplitude depends mainly
on A? and only weakly on M*, so that a reasonable
approximation should be to replace ¥ (M*,A%) by an
unknown function of A? only. Accordingly, with an
approximation of the form

AZ_‘_“Z —1
F(A)F (A (M*,4%) ~ [H— ] 4)
Y

3 E. Ferrari and F. Selleri, Nuovo Cimento 21, 1028 (1961).

3 W. J. Fickinger, E. Pickup, D. K. Robinson, and E. O. Salant,
Phys. Rev. 125, 2082 (1962). A

3% D. V. Bugg, A. J. Oxley, J. A. Zoll, J. G. Rushbroke, V. E.
Barnes et al., Phys. Rev. 133, B1017 (1964).

DEHNE, LOHRMANN, RAUBOLD, SODING, TEUCHER, AND

WOLF

-2
gg,(mb Gev™?)

60T-10

number of events

A% (GeV?)

Fic. 5. Reaction pp — pprta—; distribution of the square of the
four-momentum transfer A? between incident proton and final
prt system. Curves (o), (8) and (y) are the OPEM prediction
(not normalized) using diagrams (c)+(d), (e)4(f) and (c)4(d)
~+(e)+(f) (Fig. 7), respectively.

for the over-all form factor for single pion production,
Ferrari and Selleri®?" tried to fit the above-mentioned
pp reactions for all M* and got good agreement in the
whole energy region, choosing y=~90u% This one-pole
approximation for the form factor shows that the form
factor consitutes only a small correction to the pion pole
contribution, since it corresponds to a pole at a distance
~00u2.

In the present work we used function (2), inserting
(3) for F2(A%)F’(A?) in the calculation of the amplitude
of diagram (c) (Fig. 7), because there the main con-
tribution comes from pion-nucleon masses inside the
first resonance. For §p — pprtn—, one must consider
both diagrams (c) and (d). In the “double isobar
region” for diagram (c) however, (d) contributes only
1.09, and therefore in an earlier paper® only the domi-
nant graph (c) was considered.

For the calculation of (a) and (b), we took the form
factor (4) trying different values of the cutoff parameter
v. This was done because, even if one restricts oneself
to, say, small four-momentum transfers to the proton,
i.e., small A? for diagram (a), then still, (b) contributes
significantly according to the calculations and for (b)
also large values of A? occur in the integration.

Finally, for diagrams (e) and (f) (Fig. 7) we took (4)
as form factor®® with v=90u?

37 E. Ferrari and F. Selleri, Phys. Rev. Letters 7, 387 (1961).
38 E. Ferrari, Nuovo Cimento 30, 240 (1963).
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A further approximation made in the calculations was
to neglect the interference between different partial
waves in the virtual pion-nucleon scattering. The un-
measurable cross section for 7% — prtr— needed for
the evaluation of diagrams (e) and (f) was taken from
the discussion in Ref. 38. For the momentum and
angular distribution of the secondary =~ needed to get
the p, (pr—) momentum transfer, plausible assumptions
were made guided by experiments of Kirz®* and New-
combe.® Possible interference terms between (c), (d),
(e), and (f) were neglected.

The comparison with the experimental results for
single pion production is given in Figs. 1 and 2. One gets
good agreement for do/dA? and do/dM*, if the cutoff v
introduced by the form factor is at 90p?*<y<120u? and
if the square of the four-momentum transfer A* to the
proton is small. The branching ratio ¢ (ppr°) /o (fipmr™)
=1.1240.23 for A2<7u? is also in agreement with the
prediction 1.15 of the OPEM.

While there is good agreement for small four-
momentum transfers, the OPEM cross section is too
large for A?>25u% as is shown in Fig. 1. It is not possible
to force agreement by choosing a smaller cutoff param-
eter in our case. This is because even for small four-
momentum transfers to the nucleon, i.e., small values
for the square of the four-momentum A? of the ex-
changed pion in diagram (a), the contributions from
diagram (b) where the virtual pion may have a rela-
tively large A? are not negligible. Therefore, if one tries
to get agreement also for large A? by adjusting v, one
gets disagreement for small A% The total cross sections
given by the OPEM (y=90u?) are 3.23 mb for pp —

(@) (b)
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F1c. 6. Reaction pp — ppr*n~. Distribution of the azimuthal
angle ¢ between the two particles prt (a) and pr~ (b). ¢pa+ is
defined as the angle in the over-all c. m. system between the pro-
jections of the p and =+ momenta on a plane perpendicular to the
momentum of the incident p, going from p to =+ in the positive
direction. CP invariance requires identity of the distributions of
¢pr+ and ¢pa-, C invariance of the ¢pr+ and [27—¢pr-] distribu-
tion (Ref. 32).

3 J. Kirtz, thesis, University of California Radiation Laboratory
Report No. UCRL 10720, 1963 (unpublished).

4“9 P, Newcombe, thesis, University of California Radiation
‘Laboratory Report No. UCRL 10563, 1962 (unpublished).
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F16. 7. One-pion-exchange diagrams taken into
account in the calculations.

Ppm® and 3.80 mb for pp — npr— differing roughly by a
factor of 1.6 from the measured values.

For double pion production in the reaction pp—
ppmta—, the comparison with the OPEM is made in
Fig. 5 which shows the distribution do/dA% Here A? is
the square of the four-momentum transfer between the
initial proton and the final pr+ system. It should be
noted that the A? distribution shown is not the square
of the four-momentum of the exchanged pion in the
case of the “Drell graphs” (e), (f) and of the graph (d).
This representation was chosen in order to be able to
present all data in one figure.

There is quantitative agreement for all values of A?
between the experimental data and the sum of all
contributions from graphs (c), (d), (e), and (f). No
parameter has been adjusted. Table II gives more
detailed information for the A? dependence of the
various cross sections. As is seen, the ‘“double isobar
diagram” (c) predominates for small A% This has been
pointed out in an earlier paper® and by Baltay et al.®

Figure 8 shows the combined pn* and pm— mass
distributions. The Drell graphs (e) and (f) contribute
239, in the isobar region, and only 89, in the double
isobar 1egion, but contribute practically all of the cross
section for pnt or pm— masses > 1.4 GeV. If one limits
oneself to events with A?<0.3 GeV?, the mass distri-
bution is completely described by the double isobar
graph (see remark above).

The predominance of double isobar production pro-
vides a further check for the OPEM, if one considers
the decay angular distribution of the isobars in their
c.m. system. In case of real pion-nucleon scattering in
the I=J=4% state, one expects a distribution of the
form 143 cos® for the cosine of the angle 8 between the
incoming and outgoing (anti) proton in the (anti)
isobar c.m. system. If the observed angular distribution
is averaged out over the resonance region, one gets
instead a distribution of the approximate form 1+42.5
cos? due to interference with small J=4% contributions.

We combined the experimental angular distribution
for the pat and P~ systems in the double isobar region
[1.13 GeVLS (M *,M5*)<1.33 GeV], with restriction
to various upper limits in A2, The distributions were
fitted with a polynomial of the form 1+ B cosf+C cos?.
Table IIT shows the results. The forward-backward
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Fic. 8. Reaction Pp — pprta. Distribution of the mass M*
for the pn* dnd pr~ systems [do/dM*=1%(do/dM*14-do/dM*)].
Curves (@), (), and (v) are the OPEM results due to graphs
(©+(d), (eH-(f) and (c)+(d)+(e)+(f) (Iig. 7), respectively.

ratio, shown also in Table III, is consistent with the
value 1. The distribution obtained with the restriction
A?<0.15 GeV? is in agreement with the expected dis-
tribution 14-2.5 cos? with a x? probability of 309.

A further test for pion exchange is provided by the
distribution of the Treiman-Yang angle.! In the region
of A?and M*, where the double isobar graph is expected
to dominate, this angle is defined as the angle between
(PoutX7H) and [PinX (Pows+7—)] in the laboratory
system. Another independent Treiman-Yang angle may
be defined in the 7 rest system in an analogous way. The
distributions were plotted with the restriction of the
pnt and Pr— systems to be in the isobar region, and
A?<0.3 GeV2 The distributions were consistent with
isotropy with a x? probability of 609,

It has been suggested that all simple single-particle
exchange models should be corrected for absorptive
processes.®* In principle a correction of this kind

Tasre II. Total cross sections for pp — ppr*r~. The values
predicted by OPEM are compared with the experimental values
for several upper limits in the square of the four-momentum
transfer A? between initial p and final p=* system. (c), (d), (e), (f)
denote the contributions of the different diagrams in Fig. 7.

#(OPEM) (mb)

A/GeV:  (0),(d)  (e),(f)  total o (Expt.) (mb)
<0.2 1.02 0.07 1.09 1.09:£0.10
<03 1.44 0.17 1.61 1.790.13
<05 1.75 0.43 2.18 2.38+0.15
all 2.04 1.51 3.55 3.80-£0.22

(1;163) B. Treiman and C. N. Yang, Phys. Rev. Letters §, 140
2 M. Baker and R. Blankenbecler, Phys. Rev. 128, 415 (1962).
4 L. Durand, III, and Yam Tsi Chin, Phys. Rev. Letters 12,

399 (1964).
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TasLE III. Reaction §p — pprtn~ coefficients of a fit 1-+B
cosf+C cos?d to the decay angular distribution of the isobar and
anti-isobar and the forward/backward ratio f/b of the decay (anti-)
proton in the (anti-) isobar rest system for several upper limits in

the square of the four-momentum transfer A% between p and prt
isobar.

A2<0.30 GeV?  A2<0.20 GeV2 A?2<0.15 GeV?

B 0.160.12 0.21+0.19 0.35+0.31
C 0.8940.29 1.67+0.51 2.48-+0.86
/b 1.1340.11 1.09+4-0.14 1.13£0.19

should undoubtedly be made, however, there are at
present no reliable numerical estimates of such effects.
In particular, one would expect quite different correc-
tions for pp and pp interactions, since the absorptive
behavior is different. The agreement of all our distri-
butions for small momentum transfers with the OPEM,
and in particular the agreement with predictions based
on the pp reactions,'?:18:35:36 indicates that this correc-
tion is probably not so important for small momentum
transfers.

VII. CONCLUSIONS

From the present study of pion production without
annihilation in pp interactions at 3.6 GeV/c, we may
draw the following conclusions:

(1) The total inelastic (nonannihilation) cross section
not including (anti) hyperon production is 18.6_; s+
mb. This is smaller than the inelastic cross section found
for pp interactions'’!® at about the same energy
(26.5 mb). It may be compared with the result of
Baltay ef al.? for pp interactions at 3.25 GeV/c (14.0 mb)
and of Lynch ef al.! and Hinrichs ef al.* at 1.61 GeV/c
(5.1 mb).

(2) The most prominent pion-production channel is
pp — Ppwtn—, which is strongly favored by the forma-
tion of two I =J =3 pion-(anti) nucleon resonant states.
This reaction was first observed by Ferbel ef all®
Fifty-six percent-of the events of this channel proceed
via “double isobar formation.”

(3) No indication of production of p or n mesons was
found.

The cross section for ip — Ppw is 0.064-0.02 mb and
agrees with the cross section for pp — ppw at about the
same energy.®

(4) An application of the OPEM with Ferrari-
Selleri form factors to single pion production leads to
agreement with experiment within statistics, if the
square of the four-momentum transfer A? to the nucleon
is restricted to A2<7u?. With this restriction, we find
agreement with the absolute (not normalized) distri-
bution do/dA?. Also the distribution of the antinucleon
pion effective mass is consistent with the OPEM. For
values of A22>25 u?, the experimental cross sections are
smaller than those from the OPEM. This agrees with
similar observations of Lynch et al.! at 1.61 GeV/c.
Accordingly, the total single pion-production cross
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section is smaller than predicted by the OPEM by a
factor of the order of 2. The same result has also been
obtained by the CERN group®* at 3.0 and 4.0 GeV/¢
and by Baltay et al.® at 3.25 GeV/ec. '

(5) Double pion production in the reaction pp—
pprtr— agrees perfectly with the OPEM for all values
of the four-momentum transfer, if all possible one-pion-
exchange graphs are taken into account. In particular,
this holds for do/dA?, for the distribution of the (anti)
nucleon-pion effective mass, for the Treiman-Yang
angular distribution and for the decay angular distri-
bution of the pion-nucleon isobar. The main contribu-
tion is given by the “double isobar diagram” [ Fig. 7(c)].
Similar conclusions were reached by Baltay et al.® at
3.25 GeV/c. The total cross section found is 3.8040.22
mb, the OPEM predicts 3.55 mb.
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From a consideration of the elastic unitarity equations for the propagators A and vertex function T', it is
argued that the following high-energy behaviors are self-consistent :

T1(s) mstatbteDing A (s) ~sns, -« -

for the interactions among three particles 4, B, and C (spins @, b, and ¢, respectively).

1. INTRODUCTION

GREAT deal of attention during recent years has

been devoted to the asymptotic region of the four-
point function, but by comparison the two- and three-
point functions have suffered neglect in this respect.
Physically, the explanation is obvious: The scattering
amplitude is directly accessible to experiment, whereas,
the two- and three-point functions are not. Neverthe-
less, even in practical S-matrix theory calculations, the
propagators A and vertex function I' often make an
appearance when the “pole approximation” is invoked,
and since a knowledge of the asymptotic characteristics
of A and T is more basic in many respects than that of
the higher n-point functions because A and I' are the
“building blocks” of field theory, we wish in this paper,
by adopting the simplest possible set of assumptions,
to make some more definite predictions regarding their
high-energy behavior using as little information as pos-
sible about many-particle S-matrix elements. Essen-
tially all that has previously been stated on this subject
is that the complete propagator is more singular than
the Feynman propagator! and that I' must fall off to
zero at high-momentum transfer.?

* Supported in part by the National Science Foundation.

UH. Lehmann, Nuovo Cimento 11, 342 (1954); O. Steinman,
J. Math. Phys. 4, 583 (1963).

*H. Lehmann, K. Symanzik, and W. Zimmermann, Nuovo
Cimento 2, 425 (1955).

Our method for deriving such asymptotic properties
hinges on the unitarity equations for A and I' where we
restrict our attention to two-particle intermediate
states (elastic unitarity). By approximating to the
elastic scattering at large energy and momentum
transfer by the one-particle exchange T'AT', this leads to
a set of relations among A, T', and their imaginary parts,
themselves connected to A and I by dispersion relations.
Our “simplest set of assumptions” consists in assuming
power-law behaviors of the type s for ImA(s) and
ImI-1(s) at large s, and demanding that in this region
the propagator depend only on the spin of the particle.
Then by requiring that these asymptotic forms re-
produce one another when inserted into the unitarity
equations we deduce the following self-consistent be-
haviors in the (e,0) Weinberg field representations.?
As(p)=m(p)st Ins, Tjl(s)=msieD Ins; s=p2
7%(p) is a monomial of degree 2¢ in p and T;(s) is the
jth multipole form factor with B and C placed on the
mass shell. Passing to the more familiar tensor represen-
tation the above implies for the proper vertex function,

Pptg, bp—g) = per e (np) .

On the above basis, the vertex and wave function re-
normalization constants must vanish (for renormaliza-

3 S. Weinberg, Phys. Rev. 133, B1318 (1964) ; 134, B882 (1964).
Our metric is different from his and our states are normalized
differently.




