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Abstracts

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 plon production without annihilation and not including strange par-
ticle production is 18.6 : §°g mb, Single pion production is found to
agree with the predictions o% the one pion exchange model for small
values of the four-momentum transfer. Double pion production in the
reaction pp + p5ﬁ+ﬂm 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
3/2 3/2 pion nucleon isobar antiisobar pair is produced. For these
events the Treiman Yang angular distribution and the decay angular

distributions of the isobars are also in agreement with the one pion

exchange model.



I, INTRODUCTION

Many details of the antiproton-proton interaction have been
established at incident energies >1 GeV mainly by bubble
chamber stﬁdies, but alsc by other techniques 1=13, Vhereas
at low energies the annihilation channel dominates the cha-
rgctexjof the interaction, the importance of the non-annihi-
lation channels increases with increasing energy. Pion pro-
duction in Pp dinteractions without annihilation has been
studied at 1.6 GeV/c 1?14 and between 3 and 4 Gev/c S290 19
15’16. Ve 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 17’18.

Among the attempits to gaingﬁertain 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 19’20’21. In contrast to many other applications

of OPEM, the pp and pp interaction offers a fairly straight-
forward 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 experiment in
many cases, even for small values of the square of the four-
momentum transfer A 2. Of the attempts to improve the situ-
ation, we shall follow here Perrari and Selleri, They modi-
fied the pole approximation by introducing multiplicative
correction functions for the pion propagator and the vertex
functions, These correction functions depend essentially

only on;alg and have a much weaker dependance on A ? than the
piqn propagator, Once they have been found by comparison with
measurements at a specific energy, they can be used to pre-
dict the results of experiments at other energies and in-
volving different reactions, The theory contains ‘then no

ad justable parameters and gives for example absolute values

of cross sections.,
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Ferrari and Selleri 22 had remarkable success in fitting pion pro-
duction in pp interactions between 1.6 GeV/c and 3.7 GeV/c with
a unique choice of these correction functions. The same functions
should be valid for pp interactions, leading to a definite pre-

diction for the measurements,

pp and pp pion production processes are different in three im-

portant respects:

(1) PFinal state interactions are different (annihilation),

(2) The reactions have a different symmetry character (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 pp interaction this would be a strong argu-
ment for a dominant contribution of one pion exchange both for
pp and pp interactions. Experimental studies of this problem
were carried out by several authors., The CERN group, studying
single pion production in pp interactions at % 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 3{40 o A
similar result was reached by Baltay et al.9 at 3.25 GeV/c. Por
double pion production, Baltay et al. found good agreement with
the OPEM for events with small momentum transfer and for the
total cross section, In a previous communication 23 we found

good agreecment for single and double pion production at 3.6 GeV/o,
provided one restricts oneself to small values of the four-
momentum transfer. In this paper we shall present a more detasiled

and more general comparison,
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Il, EXPERIMENTAL PROCEDURE

The measurements were made on a sample of 14400 photographs from
the Saclay 81 cm hydrogen bubble chamber exposed to an eleciro-
statically separated beam 24 of antiprotons from the CERN proton

synchrotron, 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 7, In this experiment it gave the ratio (pions + muons)/
(all beam particles) = 0,149 I 0,010, The fraction of pions was
determined by looking for interacting beam particles with a knock-
on electron with momentum > 16 MeV/c, This gave a ratio (pions/

all beams tracks) = 0,015 X 0,015,

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 independent times., A hydrogen density of
0,0602 gcm_3 was used, A detailed account of all corrections

made has been published previously 26.

The total number of two- and four prong events measured in this
experiment was 2216, The measurements 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 spacial
reconstruction of the tracks the geometry program WELAGA written
by G. Wolf and H., Schneider was used. The kinematic fitting was
done by GRIND 27. We tried to identify all tracks with momenta

£ 1.8 GeV/c by their ionisation, either visually or by measure-
ment of the mean gap length 28, 29. Thig information prooved to
be very valuable for deciding on the correct hypothegis for an

event,
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The identification was done in the following way., An inter-
pretation of a particular event was considered established
if it fulfilled all of the following three conditions:

(1) It must be consistent with the ionization,

(2y X 2 from the kinematic fitting by GRIND must be smaller
than a certain limit. This limit was;(Z <14 for elastic
events,):2<530 for 4-prong events without neutral particles,
andJXZ < 6 for events with one neutral particle. For
events with more than one neutral particle, the missing

mass had to have a consistent value,

{3) All other possible interpretations must be ruled out.
An interpretation was considered ruvled out, if it fulfilled

one or more of the following criteria:

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

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

{(3) If the interpretation involved more than one neutrsal
particle, it was inconsistent with the misging 4-momentum.

Fig., 1 shows the Y2 distribution for elastic and inelastic 2-

prong events, fig. 2 for 4-prong events,

There were of course events, for which no single unambiguous
interpretation was obtained. They were treated in the follow-
ing way: For 2-prong events, i1t was checked if the momentum
and lab angle of the positively charged particle satisfied the
relation expected for elastic scattering., A certain fraction
of these could be unambiguously identified as elastic in this
vay. FPor the remaining (2- and 4-prong) events the true inter-
pretation was considered unknown, and the limits of error for
the partial cross sections include the uncertainty of the '

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

0
Cen

(1) Pp ~> D p T : contamination < 15 %, mainly by pp—eTH 7% ..

(2) Pp —> W p T 7: contamination ¢ 20 %, mainly by Bpuﬁgfﬁmﬁﬁ?“
+
(3) pp —= D n T : contamination not known, therefore not

used for differential cross sections
+
(4) E@ —> D PT T ¢ contamination < 5 %,

ITI, CROSS SECTIONS

A summary of the cross sections obtained is given in table I,

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

+
In the case of the 2 prong reaction pp—s=NR T~ (F°...), an
upper limit of 4.5 mb was obtained from the observed number of
evenis involving?r+ and T~ and having a missing mass larger than
2 nucleon masses., The contribution of the annihilation reaction
P —nebﬁ+ﬁﬂﬂoﬁp (°...) to this sample of events was estimated
with the help ofastatistical model from the observed number of
reactions pp H—%ﬁiﬁ‘ﬁowo (7%...) 12 which the missing mass was
smaller than 2 nucleon masses and which thus could be uniguely
identified as annihilations. This led to a cross section of
2,5 mb for the non-annihilation channel pp —s=1n7 & (T%e.s)e
This value was however only used to get a most probable value
of the inelastic cross section. The errors given for this cross
section include the uncertainty coming from the contamination [rom

the annihilation channel,
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For the reaction Pp —e nn @ T % 7 (T°e..), an upper limit to
the cross section of 0.6 mb was obtained by using the inform-

ation contained in the missing mass,

The cross section for non-annihilation reactionswith 2 6

charged outgoing particles was estimated from the ionigation

of the outgoing tracks, and by comparison with the statistical
model and with pp interactions at 3.67 GeV/c 18, to be< 0,15 mh,

In order to get the total non-annihilating 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 neu-
tral outgoing particles), 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 1.5 %. We assumed that
211 5 or 7 prong events were due to np annihilation and that the
np and pp cross sections for annihilation were equal 30 at the
energies considered, Various sources of background were checked
and found to be negligiible., From the antineutron stars, we ob-
tained for the sum of the cross sections (pp ~—> Emﬁn%oﬁToe.eD
the value (3,9 & ?:2 } mb,

From the electron-positron-pairs assoziated with O-prong events
the average nunber ofﬁro mesons emltted from these interactions
was found to be 0,55 i 0.15. This suggests a large relative
contribution of elastic charge exchange pp —=nn to the O-prong
events 31. If one estimates the average number of neutral pions
produced in an annihilation pp —>iow® (%%...), from the
statistical model, and the T ° fmultiplicity in the reaction Pp—>
m7° (7°...) from camparison with the charged mode pPp—> o7 ©
(% %...), 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 fhe absolute number ofﬁ‘o's produced in the O-prong

anmihilations using the statistical model,



The remaining number of neutral pions would then correspond to
8 cross section of 2,1 mb for the inelastic charge exchange

reaction.

IV, SINGLE PION PRODUCTION

The total cross sections are given in table 1, the branching
ratio is
. =y — _
26(ppm) = 0,78 ¥ 0,17
G(RApT) +G(pnTT)

The statistical model gives 0,80, the pure I = 3 isobar model
2

2 and the one pion exchange model (see sec, VI) 0,85 for thig
ratio., In the region of incident antiproton momenta of 1.6 GeV/c
to 4 GeV/c, this branching ratio is found to decrease from

1,69 to 0.76 119,

Only the two channels

. = 0
Ppp—> p

P
P

=l

—

were studied in more detsil, The differential cross section
a6 / dzﬁz is shown in fig, 3,132 being the square of the four-
momentum transfer between the initial and final nucleon.

hage
Comparison with th%W%paoe shows a strong predominance of small

VAN 2. The region of small 112 is separately exhibited in fig. 3
where one sees that 4G / dzl2 rises from O to a maximum value
which is reached at about lec:Z/ug,/ulis the mass of the pion.
In fig, 4, 4%/ dM ¥ is given as a function of M *, the mass of
the pion-antinucleon system, with the additional restriction to
events with sma11.£x2<:7lﬁt2, for which an unambiguous discri-
mination against annihilation was possible. Comparison with phase

space shows the influence of the I:J:% pion antinucleon resonance.
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V., MULTIPLE PION PRODUCTION

The following final states are possible for non—-annihilation

processes leading to 4 charged outgoing particles:

Pr_., Bp AT )
pp THTF TR )
ap AT T (7%)
ot vt AT
m Tt oAme)

We concentrated on the first of these reactions, which has
by far the largest cross section, 455 events corresponding

to this reaction were found.

Phe mass distributions of the combinations px , DT, BT +

%" for the reaction P p—~—s p p % ¥ % 7 are schown in fig.5
a, b,c, The importance of the formation of the Iszg pion

nucleon isobar and anti-isobar is clearly seen, The peak value

is at 1.220 GeV, the full width st half maximum is 120 MeV.

This is in good agreement with observations made at 3,25 GeV/oaS.

The distribution of theﬁr+‘ﬁm masg is also shown in fig., 5d.

There is no evidence for the production of the‘e meson., The

—

mass distribution of the combination p% %  send p ¥ T
is given in fig. Se. Since for the small values of A ° the
double isobar production predominates, the distribution is
piven separately for events with 432j> 0.3 GeV2 » This elimi-
nates 65% of the double isobar production.é}z is the square

of the 4-momentum transfer between initisl nucleon and final
p1r+ system, Por the further discussion, we denote the masses
of the p T " and P T ~ systems by Mi and M ; respectively, and

z *
define the IxJ:% isobar region by 1.13 GeV < M 15; 1.33 GeV,

Bvidence for simultaneous isobar - antiisobar production can be

*
obtained from & scatter plot M 4 versus M *
2
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The cross section for double isobar formation was obtained

by subtracting in the scatter plot the phase space contribution
of four uncorrelated particles, The phase space was normalized
in the reglon outside the I= qu resonance, i, 60*1 42 GeV £

(m ¥ i, M 2) < 1.88 GeV, We find @& (pp —+ T N ) =

2.1% L 0,13 mb, This is 56% of the total cross section for the
reaction pp —= pp T M . (In the more extended isobar region
1,12 GeV & (M, M, )< 1,38 GeV used by Perbel et al. '°,
we get a cross section of 2.45 t 0,15 mb in agreement with their
value of 2,6 = 0,3 mb at 3.25 GeV/c.)

Fig. 6 shows the distribution of Z&g, which is strong evidence
for the peripheral nature of the reaction, The distribution of
the transverse momentum Py and of the longitudinal momentum Py,
of the p ® ~ system in the overall center-of-mass system is
given in fig. 7. Ve find a mean value <p@> = 0,339 GeV/c. In
about 3% of the events the T T ~ system goes backwards in
the CHMS.

The following tests 52 for charge conjugation (C) and for CP
invariance were made: CMS angular distribution of Tr+ vee W

and of p vs, D, mass distribution of the pT ' system vs. p T,
and azinuthal angle ¢p7r+ vs. ¢ P~ , fig. 8, Por all distri-
butions tested, the agreement with C and CP invariance is above

the 5% confidence level,

Pig. 9 shows the distribution of the angle between the two
normals of the decay planes for the isobar and the antiisobar,
evaluated in the overall CMS, The distribution is shown for
several upper limiis of é&2. ALl the distributions are con-

sistent with isotropy,.

0f the reactions with 3 pions in the final state, the channel
p—= Pp T T T T% is the easiest one to identify snd was
therefore the only one studied in detail, There were 59 events

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

_ . D
(a) In contrast to the strong occurrence of the I~J~§ isobar

in double pion production, no (anti)isobar FTormation was

Tound,
(p) The T ™% ™ mass distribution follows phase space.,

R a4 : : : o
{(c) The 7" T T mass distribution shows the production of the

(o> meson., Ve estimate the cross section for pp—= vp (O *to

be (60 x EO)ﬂzb. This agrees with the cross section found
! 7
>  ppl at about the same energy ~°. No clear

for pp
evidence of V production was found.

VI. DISCUSSION IN TuRMS OF THE OND PION HXCHANGE MNODEL

The dominance of small 4-momentum transfers in single and double
pion production suggests an interpretation in terms of peripheral
processes, Therefore the OPEM contribution to these processes
wvere calculated and are here compared with the experimental

regults,

The contributing one pion exchange graphs shown in fig. 1o can be
calculated in a sirsightforward 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 contribution, but that allowance nust be made for the
Tact that one is observing these processes for values of the in-
variant four-momentun Lransfer élz which are a considerable
distance away from the one pion pole atlﬂ2 = M/u.ge In their

work on one pion exchange in nucleon - nucleon interactions,
Ferrari and Selleri 4 argued that the pole term should be modi-
fied by a multiplicative form facitor which may involve correct-
ions to the proper pion-nucleon vertex (I Lxgz }), corrections to
the pion propagator (F!( AC )) and finally correciions to the
plion-nucleon scattering vertices taking into account the off-the-

mass-—-shell charekter of the exchanged pion. They have shown that
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in the region of the Istg resonance the off-shell pion nucleon
scattering amplitude is equal to the on-shell (physical) ampli-
tude times & certain function F (&)Y, A%), Here M " is

the pion - nucleon mass, F (é)z) the vertex correction factor,
and Qf(M*,A)2) a function which they have explicitely calculated
(see (22), equ. 4.1 thru 4.4), Contrary to Y(M ,A%), the
functions F( A 2) and F' (A 2) can at present only be determined

by comparison with experiment.,

Thus there are apart from the pole expressions the following
overall multiplicative form factors in the amplitudes:

for disgramms (a), (b) (fig.10): »° (Z&Q).F' (As2)QV(M*p432) (1)
for diagramms (c), (d) : F2 (552).F' (Z&g)ly(mr,£§2)‘
Wory, A% (2)

where Z&z is the square of the four-momentum of the exchanged
pion, For diagramms (e) and (f) there is no corresponding theore-
tical argument, The unknown function F © (432).F’ (ékg) of A°

has been determined by Ferrari and Selleri by a comparison of

the OPEM prediction for the processes PR ——= pn W +, j ¢34 wm$>pp7ro
with the experimental results between 1.6 and 3,7 GeV/c 17’35’360
Remarkable agreement was found at all energies with the unigue

choice:
Fzz(Asz'(A2)=:m72 1+ A2 4 u2 [ =1 L o.08 (3)

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, however, arguments 22 that
the ratio of the on-shell to the off-shell pion nucleon elastic
amplitude depends mainly on[kg and only weakly on M *, so that
a reasonable approximation should be to replace qJ(M*,Zk2) by
an unknown function of £32 only. Accordingly, with an approxi-
mation of the form

2 (AZ).m (A2) 'LV(M*’A 2y~ " Aﬂ./uz* ! (4)

§

for the overall form factor for single pion production, Perrari
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and Selleri 22,31 tried to fit the sbhove mentioned pp reactions
for all M %and got good agreement in the whole energy region,
choosingggz:QO/Ago This one-pole agpproximation for the form
factor shows that the form factor constitutes only a small
correction to the pion pole contribution, since it corresvonds
to a pole at & distance=c:9Q/42,

In the present work we used function (2), inserting (3) for

p 2 (Z§2) o (132) in the calculation of the amplitude of dia-
gram (¢) (fig.10), because there the main contribution comes
from pion nucleon masses inside the first resonance., TFor

Pp — PP T, one must consider both diagranms (c¢) and (d),
In the '"double isobar region" for diagram (c) however, (&) con-
trivutes only 1.0% and therefore in an earlier paper 23 only the
dominant graph {c¢) was considered, In this paper we have also

included the contribution of diagram (d).

For the calculation of {a) and (b), we took the form Ffactor (4)
trying different values of the cut~off varameter X . This was
done because even if one restricts oneself %o, say, small four-
momentun transfers to the proton, i.e. small A” for disgramn (a),
then still (b) contributes significsntly according to the cal -
culations and for (b) also large values of ﬁ;g occur in the

integration,

Finally, for diagrams (e) and (f) (fig. i1o) we took (4) as form-
factor 2O with y =90 m 2,

A further approximation made in the cslculations was to neglect
ne interference between different partial waves in the virtual
pion nucleon scattering. The unmeasurable cross section for

'WO p—> pxT @  needed for the evaluation of diagrams (e)
and (f) was taken from the discussion in reference (38). ™or

he momentum and angular distribution of the secondary T,

needed to get the D, (P T ) momentum trensfer, plausible
29

assumptions vere made guided by experiments of Kirsz and
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Newcombe 40. Possible interference terms between (c¢), (d), (e)

and (f) were neglectead,

The comparison with the experimentsl results for single pion
production is given in figs. 3 and 4. One gets good agreement
for 46 /ddx2 and d6&./4 M*, if the cutoffx introduced by the
form factor is at 9Qﬂ&2£,g < 120/&2 and if the square of the
four-momentum transferél2 to the proton is small. The branching
ratio G (PpT Y)/G(Fp 7 7) = 1.12 £ 0.23 for AZ<?‘/LL?‘ is also tn
agreement with the prediction 1,15 of the OPEM,

While there is good agreement for small four-mcmentum transfers,
the OPEM cross section is too large for &,2géﬁiﬂk2, as 1s shown
in fig. 3. It is not possible to force agreement by choosing a
smaller cutoff parameter din our case, This is because even for
small four-momentum transfers to the nucleon, i.e. small values
for the square of ‘the four—momentunLAz of the exchanged pion

in diagram (a), the contributions from diagram (b) where the
virtual pion may have a relatively 1argeé§2 are not negligible,
Therefore, if one tries to get agreement also for largezﬁz by
ad justing X, one gets disagreement for small A 2. The total
cross cections given by the OPEM (8 :90232) are 3.23 mb for

pp ~=ppT° and 3,80 mb for Pp~npT differing roughly by a
factor of 1,6 from the measured values,

For double pion production in the reasction Pp ——= PpT ' T

the comparision with the OPEM is made in fig. 6 which shows the
distribution.d(?/dd}2o Heretl2 is the sguare of the four-momentum
transfer between the initial proton and the final pﬂ+ systen,

It should be noted that theékz distribution shovm is not the
square of the four-momentum of the exchanged pion in the case

of the "Drell graphs" (e) (f). This representation was chosen

in order to be able to present all data in one figure.

There is guantitative agreement for all values of Z&g between
the experimental data and the sum of all cbntributions from
graphs (c), (d), (e) and (f). No parameter has been ad justed,
Table 2 gives more detailed information for thellz dependance
of the




various cross sections. As is seen, the "double isobar diagram"
{(¢) predominates for smallAzo Thig has been pointed out in an

4
23 and by Baltay et al. 9,

earlier paper
Pig. 11 shows the combined pﬂ& and pT mass distributions. The
Drell graphs (e) and (f) contribute 23 % in the isobar region,

and only 8 % in the double isobar region, but contribute practi-
cally all of the cross section for pif or p T masses > 1.4

GeV., If one limits oneself to events withz&2é.0n3 GeVg, the mass
distribution is completely deseribed by the double isobar graph

(see remark above.)

The predominance of double isobar production provides a further
check for the OPEM, if one considers the decay angular distri-
bution of the isobars in their CMS. In case of real pion nucleon
scattering in the I:ng state,one expects a distribution of the
form 1 + 3 cos2 9 for the angle © between the incoming and out-
going (anti) proton in the (anti) isobar CMS. If the observed
angular distribution is averaged out oveﬁﬁ%esonance region, one
gets instead a distribution of the approximate form 1+2.5 cos” &
due 1o interference with small J—% contributions,

We combined the experimental angular distribution for the ot
ard p T 7 systems in the double isobar region (1,15 GeV £

(M:9 M;) < 1,33 GeV), with restriction to various upper limits
in[§2o The distributions were fitted with a polynomia[ of the
form 1 + B cos 8 + C 0082 9. Pig, 12 and table 3 show the results.
The forward-backward ratio, shown also in table 3, is consistent
with the value 1. The distribution obtained with the restriction
Alz;g 0.15 GeV® is in agreement with the expected distribution
1+ 2.5 cos 2 8 with a X . probability of 30%.

A further test for pion exchange is provided by the distribution
¥

of the Treiman-Yang angle 41 In the region of A ana M,

where the double isobar graph is expected to dominate, this angle

. s ot o — _

ig defined as the angle between (pout X T ) and (pin X (pout+ﬁ »

in the laboratory system, Another independent Treiman-Yang angle



- 16 =

may be defined in the D rest system in an analogous way. The
distributions were plotted with the restriction of the pﬁ‘+ and
P systems to be in the isobar region, and 2\ 24.0.3 GeV©,
The distributions were consistent with isotropy with a X 2
probability of 60%,

It has recently been suggested that all simple single particle
exchange models should be corrected for absorptive processes 42,
In principle a correction of this kind should undoubtedly be
made, however, the numerical estimate of such effects given in4
leads to very substantial changes in the predictions of such
models, In particular, one could expect quite different correct-
ions for pp and pp interactions, since the absorptive behaviour
is different, If this would be 80, the agreement of all our distri-
butions with the OPEM, and in particular the agreement with
predictions based on the pp reactions 17, 18, 35, 36 would
probably have to be ascribed to a chande coincidence,

VIi. CONCLUSIONS

From the present study of pion production without annihilation in
Pp interactions at 3,6 GeV/c, we may draw the following conclu-

sions;

(1) The total inelastic (non-annihilation) cross section
not including (anti) hyperon production is 18,6% g‘%mbc
This is smaller than the inelastic cross section .
found for pp interactions 17,18 at about the same
energy (26.5 mb), I3 may be compared with the result of
Baltay et al.? for PP interactions at 3.25 GeV/c(14,0mb)
and of Lynch et al. | and Hinrichs et 81,20 at 1,61 GeV/c

(5.1 mb)

(2) The most prominent pion production channel is §b-§§pﬁjwd,
which 1s strongly favoured by the formation of two
I:J:% pion (anti)nucleon resonant states. This reaction
was first observed by Perbel et al, '°. 56% of the




(3)

(4)

(5)
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events of thig channel proceed via "double isobar formation".
No indication of production of 9 or Q mesons was found,

The cross section for pp—> Ppo is 0,06 % 0,02 mb and
agrees with the cross section for pp —> pplo at about the
same energy 33.

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 trans-
fer A 2 to the nucleon is restricted to AZL T w © .

With this restriction, we find agreement with the absolute
(not normalized) distribution 4& /d A 2, Also the distribution
of the antinucleon pion effective mass 1s consistent with the
OPEM, PFor larger values of A 2, the experimental cross
sections are smaller than those from- the OPEM, This agrees with
similar observations of ILynch et al, T at 1,61 GeV/c,
Accordingly, the total single pion production cross 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
8, 10 44 3,0 GeV/c and 4,0 GeV/c and by Baltay et a1t ot

3,25 GeV/a,

Double pion production in the reaction pp —= PP T T
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 as /4 A 2,
for the distribution of the (anti)nucleon pion effective mass, for
the Treiman~Yang angular distribution and for the decay angular
distribution of the pion nucleon isobar. The main ¢ontribution

is given by the "double isobar diagram" (fig.lo ¢)., Similar
conclusions were reached by Baltay et al. 7 at 3.25 GeV/c. The
total cross section found is 3,80 to,o0 mb, the OPEM predicts

5455 mb,
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Pable I, Cross sections.,

Reaction Cross section (mb)
Tp ——> all channels 76,2 ¥ 1.8

p 20,9 ¥ 0,8

o ° 1.9 £ 0.3

np T 2,6 £ 0,4

- + +

T 2,2 = 0.4 a)

— o +-

o W e 0.6 £ 0,1

PP W 0,06 £ 0,02

np TEE AT 0.5 + 0.3

O S 0.6 £ 0.3

single pion 8,7 & ;.1

production, total '

multiple pion + 2.1

908 - 2 6
production, total '
total pion production  18.6 % %’%

a) ¢ invariance is used to determine this cross section.
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T ABLE 1II,

Total cross sections for pp — 5pﬁ+frh=. The values predicted
by OPEM are compared with the experimental values for several
upper limits in the square of the four-momentum transfer A 2
between initial p and final p 7 © system, (ch{d),e),(f) denote the
contributions of the different diagrams in Pig, 1o,

> o & (OPENY (nb)
A /GeV (c))(d) (e))(f) total & (Expt, ) (mb)
£0,2 [1.,02 0,07 1,09 1,09 £ 0,10
<0.3 [ 1.44] 0,17 | 1.61 1,79 £ 0,13
<0.,5 (1,75 0,43 | 2.18 2,38 £ 0,15
all 2,041 1,51 5,55 3.80 £ 0,22

TABLE 111,

Reaction Pp ——» DpT ' T ~ coefficients of & fit 1 + B cos

0+C 00829 to the decay angulasr distribution of the isobar and
antiisobar and the forward/backward ratio f/b of the decay(antid
proton in the (anti-) isobar rest system for several upper
limits in the square of the four-momentum transferé&z between

P and pﬁ"+ isobar,

2 2 2

A20.306ev?  (A%2 0.200e72 | A% 0.15 Gev

B lo.16 2 0:12 1021 £ 0,19 |0.35 £ 0,31

I+

¢ [0.89 £ 0,29]|1,67 % 0,51 [2.48 % 0.36

I+

i+
o
-—
O

0,14 11,13

w
-
KN
\ N
1+
o
>
-
e

£/b 1,09




Fig,

Fig,

Mg,

Fig.

RFig,

1

2

- 25 -

PIGURE CAPTIONS

X 2—distributions for 2-prong events of type
(a) Pp — pp and (b) Pp —> PP T O, Pp—> P T .

X 2_distributions for A-prong events of type
(a) o~ ppT T = and (b) pp = Pp 7' ® T .,

Sum of differential cross sections for _
Pp —>=pp T ° and pp —> npW as a function of A 2,

'the square of the four-momentum transfer to the proton,

Curve {4 ) is phase space, ((3) ig the OPEM prediction
without a form factor ("pole approximation") (X } OPEM
using a form factor with an effective cutoff at

8 = 90 M 2, The region A 2 < 10/{/(.2 is separately
exhibited, The number of events is 125, For pp W °, also
the distribution of the invariant momentum transfer to
the antiproton is included (assuming ¢ invariance). For
the absolute cross section every event has been counted
only once.
Sum of differential cross sections for pp —= pp W °
and pp —>= np &  as a function of the mass M ¥ of the
final antinucleon pion system with simultaneous restriction
of the invariant momentum transfer £k22< T M gu
(90 events)., Curve () 1is phase space, ( ﬁ) is the OPEM
prediction without o form factor (“pole approximation'),
(K’) OPEM using a form factor with an effective cutoff

éﬁb& =9o/w2.
Mass spectra for pp—s> ppT % ~ of the combinations
(a) 7%, (0) D, (c) p™  and P T T combined,

(AT T, (&) p T~ and T 7T T  combined.
Curves are phase space, normalized to events outside
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the isobar region for (a) and (b), and to all events
for (¢). In (d) and (e) the phase space curve is cor-
rected for the production of pairs of isobars at the
rate ohserved, assuming isotropic decay of the isobars,
In {e) the mass distributions for events withzﬂz

> 0.3 GeV? is separately exhibited (dashed lines),
with A° being the squared four-momentum transfer

between initial p and final pﬁ“+ system,

Reaction pp——=> ppT % ; distribution of the square

of the four-momentum transfer A ° between incident
proton and final pT & system, Curves («), (p) and (K )
ate the OPEM-prediction {not normalized) using diagrams
(e} + (@), (e) + (f) and (c) + (4) + (e) + (£) (£ig.10),
respectively.

Distribution of the longitudinal (a) and transverse (b)
momentum of the p % system in the overall CMS for

= et
pp-= PPN T .

Reaction Pp ~= ppT T ., Distribution of the azimuthal

angle @ between the two particles p=r+ (a) and T (b).

$ (p % 7) is defined as the angle in the overall GMS
between the projections of the p and W * momenta on a

plane perpendicular to the momentum of the incident p,

going from p to T ¥ in the positive direction. CP invari-
ance requires identity of the distributions of & (p7 )

and g (p m7),0 invariancgi%he g (pv7) and (2F- 8 (P 7™ 7))
distribution (ref. (32) ).

Distribution of the angle n between the normals of the
decay planes of the isobar and the antiisobar in the
overall CMS, for the reaction pp —= ppa 7 (with
restriction of the masses of p7 and D ¥ +t0 the "isobar

region'), (a), (v), (¢) correspond to events
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having squared four-momentum transfer 132 between p
ar.d p1r+ smaller than 0,30, 0.20 and 0,15 GeV2, re -

spectively.

Pig, 10 One pion exchange diagrams taken into account in the

calculations,

Fig, 11 Reaction pp —> pp ™ T T ~ . Distributions of the mass
M for the pft and DT systems dff/dM* = 1/2-
(a6 /aM’, + a6 /aM , ), Curves (), ({3 ) and (y)
are the OPEM results due to graphs (ec) + (&), (e) + (£)
and (c)+{d)+(e)+(f) (Pig.10), respectively.

Pig, 12 Reaction Pp ——=> Dpp % ' T ~ . Distribution of the
angle between the momenta of the incident and the final
proton in the rest system of the final pﬁf+ systen,
combined with the corresponding angular distribution
of the p T ~ system., The masses of both the p%t and
the p T systems are simultaneously restricted to the
5/2-3/2 isobar region (1.13 GeV £ M " 4 1,33 GeV), Different
upper limits of the sguare of four-momentum transfer A
between initial p and final p T‘+ system are employed as
indicated.



15

)
S © s Q
o
] T L) _- ¥
3 S 3 S =
s1uaAd JO Joquunu

10

Oy



(b)

40+

30

201
10-

SIUOAD O Joquinu




10

05

.20

15

A (GeV?)

1:-‘33

A% (G eVz)




(mb GeV™)

d6
dm*

1.8

‘\'r";‘

Fia 4



60
50f
40

27
10

L=} < o
.W o ~T ™

SjUDAS JO Jaguinu

1.8

-~
®
w0
<
2
- 12
=
o
)
o
=
Lo
O
S
2
2 o
=
~
2

(d)

(c)

40}
30p

=g
A 8

SiUdAe JO Joquinu

(e)

T TN
e 8 § =

S}UA® JO Joquinu

'Fig.f?“



g%(mb Gev™)

o

T

-l

=

30

e S o |
1T

M Ty

6010

5 3
Sjuane Jo 1oqunu

20

10

X (GGVZ)



(a)

10

~1.0

T
w
~

[ L]
[To) ol

SIU9A9 O Jaquinu

P.[GeV/i]

(b)

;|||r|JJ|lr|

10

i
[Te)
[

o
3 ~

S1UdA® O lagunu

P, [GeV/i ]

Tig 7



wn
(e

number of events

(a) (b)

o 180 3600 180 360

2 2 2 2 2 2
A=s.30 GeV A=5.20GeV A=s15GeV

(@) (b) (c)

0 %o wo T«

number of events

g Py



F’j‘f@



dé V'1
Sha(mb Ge )

-0

1.0




number of evenis

60 -

< 15 GeV?

A< 20 GeV?

—
~—

—
—

0

cCos ©

+1 -1

+1






