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The general features of pp interactions at 32 GeV/¢ are analysed in a bubble chamber
experiment with a statistics of 5.2 ub/event. The inclusive production of neutral strange
particles and pions is analysed and compared to results obtained at other energics and in
pp interactions. Total cross sections are determined for various 4C reactions and the rela-
tive contributions of diffractive dissociation and AA production to the reaction pp —
pprt T are estimated.

1. Introduction

We present here some general features of pp interactions at 32 GeV/c. The data
are obtained from the analysis of about 12 000 pictures taken in the Mirabelle
bubble chamber exposed to a RF separated beam at the Serpukhov accelerator.
The pictures were scanned twice for all interactions in 2 2 m long fiducial volume
with an overall efficiency of 99%. The events were measured on film plane digitiz-
ers and reconstructed with the Hydra geometry. 4C fits were attempted for all

* [ISN—1IKW, Belgium.
* Also at Universitaire Instelling, Antwerp, Belgium,

365



366 M. Jabiol et al. [ pp interactions

topologies using either Grind or Hydra kinematics. Finally all reconstructed cvents
were checked on the scanning table in order to flag slow protons (Py,, < 1.2 GeV/c),
and to discard fits inconsistent with the observed bubble densities. After two passes
the overall efficiency for data processing is of the order of 85%.

In the following sections we will successively evaluate the topological cross sec-
tions, analyse the inclusive production of neutral particles and of charged pions
and analyse the 4-constraint reactions.

2. Topological cross sections

The sample used in this analysis includes 5726 events and corresponds to
5.2 ub/event. Topological cross sections are obtained by normalizing the total
number of events corrected for scanning and processing losses to the total cross
section of 46 mb [1]. Elastic events were selected on the basis of the kinematical
fits and corrections were applied to take into account the events which failed to
give a 4C fit (~5% of the total elastic sample) and the unobservable events near
the forward direction (]7] < 0.06 GeV?). The resulting clastic cross section

Table 1
Topological cross sections
Topology  opp(mb) opp(mb) app(mb) opp ~ Opp(mb)
Pp,p (proton) < 1.2
(GeV/e)

0 0.46 £ 0.06 0.46 + 0.06

2 15.96 + 0.30 154104 0.56 + 0.42

2e¢l 8.68 £ 0.24 8.33:0.3

2 inel 7.28 £ 0.23 2.850.14 7.06:0.3 022204

4 12.2310.29 459+ 0.18 11.2 £0.3 1.03 ¢z 8:32

6 9.58 £ 0.26 2.09+0.13 7.4 0.3 2.18 £ 0.36

8 4,92+ 0.19 0.47 £+ 0.06 3.2 0.2 1.72 £ 0.28
10 2.16 £ 0.12 0.06 £ 0.02 0.98 ¢+ 0.1 1.15 £ 0.17
12 0.52 £ 0.06 0.13 1 0.05 0.39 + 0.08
14 0.14 £ 0.03 0.09 + 0.03 0.05 £ 0.04
16 0.02 £ 0.01 0.02 £ 0.015
Totalinel. 37.31 ¢ 0.51 9.98+ 0.4 30.1 +0.6 7.23+0.8
Total 45.99 + 0.60 384 $0.6

(ne»=5.0910.03 (np> = 0.27 £ 0.03 (ng»=6.720.7
D = (nd) -nx?)V? D=30:10
=2.541038

fa =ingng = )3 - (nH?
=1.29 £ 0.15
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(8.7 £ 0.3 mb) is in agreement with the value given in ref. {2] (8.8 £ 0.5 mb).

A correction has also been applied for the loss of inclastic 2-prong events

with |#] <0.03 GeV?2. The corrected topological cross sections and the cross sec-
tions for events with an identified proton are listed in table 1. Preliminary values
of these cross sections which are in agreement with the present values have
already been published [3,4]. The average charged multiplicity (n.) per inclastic
event is found equal to 5.09 + 0.03 and the average number of recognized protons
(np) per inclastic event is equal to 0.27 £ 0.03. A comparison with the interpo-
lated pp topological cross sections [5] shows that the annihilation cross sections
ol - og;)) are on average associated to a higher multiplicity:

Pp
(n it = 67107

3. Inclusive particle production
3.1. vV events

3.1.1. Total cross sections and muldtiplicities

A total of 1268 Vs fitting cither the 7y, the K" (K° or K°), the A or the A
hypothesis were found in the present analysis. The VO's ambiguous between an
¢*e” pair and a hadronic hypothesis (<19 of the total) were assigned to the e*e ~
channel. Those fitting several hadronic hypotheses (~4% of the total) were
removed trom the sample and the remaining ones were weighted by a momentum-
dependent factor taking into account the probability to yield an unambiguous fit.
The usual corrections for decays (or y conversion) outside the fiducial volume or
too close to the production vertex and for unseen decay modes were also applied.
The resulting cross sections are listed in table 2.

The values of 64 and oz are compatible within errors as required by C invari-
ance. The inclusive 7% cross section (assumed to be half of the 7y cross section), the
K™ and the combined A/A cross sections are shown in fig. 1 together with values

Table 2
Total inclusive cross sections corrected tor unseen decays and average multiplicities tor 4, K™,
A and A production

Number of observed o(mb) [€2))
unambiguous V°'s

940 140.0 £ 4.3 375 £0.12

Y
KN 156 6.2+ 0.7 0.17 £0.02
A 79 1.8 £ 0.3 0.048 £ 0.005
A

51 1.4 £ 0.3 0.037 £ 0.00S
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Fig. 1. Inclusive cross sections tor 7% K" and A/A production in pp and pp interactions as a
function of Py,y. The curves are only to guide the cye.

obtained at other energies and in pp interactions [6,7]. We observe that our results
fit rather well with the 12, 22 and 100 GeV/¢ data. The three cross sections clearly
increase at a slower rate than in pp interactions in the same energy range.

The topological cross sections for 7%, K™ and A/A production are listed in table
3. In order to compare these values with data at different energies we present in
fig. 2 the dependence of the average number of 7°'s, K"’s and A/A’s on the number
of charged particles and in fig. 3 the fractions of the inclusive K" and A/A cross
sections corresponding to each topology. Although the statistical errors are large

Table 3

Topological cross sections for 70, K" and A/A production

Number ot

oz 0(mb)

prongs

0 0.96 + 0.19

2 10.22 £ 0.86

4 20.06 = 1.20

6 22.55 £ 1.36

8 10.59 £ 0.83
10 4.43 £ 0.60
12 1.00 £ 0.32
14 0.10 0.07
16

0.10 = 0.05

ogMmb)

0.19£0.10

1.00+0.19
1.59+0.24
1.86 = 0.27
0.96 = 0.19
0.35£0.13
0.25+ 0.18

IA/AL mb)

0.057 2 0.03
0.87 £0.15
1.14 +0.17
0.86 1+ 0.14
0.17 +0.06
0.026 £ 0.026
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Fig. 2. Average n0 K" and A/A multiplicities as a function of the charged multiplicities for pp
interactions.

we observe that the dependence of {ngn) on the number of charged prongs is weaker
at 32 than at 100 GeV/c. A strong difterence also appears in the behaviour of
{na;x> which is almost independent of the topology at 100 GeV/c and strongly
decreasing at 32 GeV/c. Furthermore it is interesting to note that at the two energies
considered in fig. 3, K" production is on average associated to a higher charge multi-
plicity than A/A production.
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3.1.2. Differential cross sections
The invariant structure functions

2 d?o
F(x)=— — dp1
(x) = 7T\/S dxd p3 Pr

where x = (p}/p*™2%) are shown in figs. 4 a ¢ for v, K", A and A production
respectively. The first two distributions (which are expected to be symmetric by C
invariance) have been folded around x = 0. The third one shows that A’s and A’s are
preferentially _cmittcd in the backward and forward hemispheres respectively. The
combined A/A distribution folded around x = 0 is shown in fig. 4d.
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Fig. 4. The invariant structure function F(x) for v, K", A and A production. The full line on
(a) shows the result of the fit to an exponential distribution.

Table 4

Average transverse momentum for v, K, and A/A production at 32 and 100 GeV/c

(Pp) (GeV/e)

Piap

32 GeV/e
0.17 £ 0.01
0.43 £ 0.05

0.45 £ 0.05

100 GeV/c

0.16 = 0.01
0.46 £ 0.03
0.52  0.04
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For vy production we observe that the structure function peaks at |x| =0 and
can be described by an exponential Ae~2!* with B =10.7 + 0.7. A similar behaviour
has been observed at 14.75 and 100 GeV/c [6¢, 8a] but the distributions seem to
become slightly stceper with increasing energy. Furthermore for 0.05 < |x| <0.25
our results seem to fall slightly above the 100 GeV/¢ data.

The structure functions for K™ and A/A production show little energy depend-
ence between 12 and 100 GeV/c. On the other hand, the corresponding structure
functions tor pp interactions at 24 GeV/c [7a] are systematically lower than those
for pp interactions by a factor of ~2 over the whole range of x.

The average values of the transverse momentum for y’s, K™’s and A/A’s are given
in table 4. They are very close to the values obtained at 100 GeV/c. The same
similarity appears in the p% distributions (fig. 5) which seem to be almost energy-
independent except for an overall normalization factor. Fits to exponential distribu-
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Fig. 6. Average values of the transverse momentum in different intervals of x for K™ and A/A
production.
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Fig. 7. The invariant structure function F(x) tor negative pions in the backward hemisphere
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tions yield the following values of the slopes:
b=42+08(GeV/c)? for K" |
b=502%09(GeV/c) ? for A/A .

Finally we show the average values of pt for different intervals of x in fig. 6. The
results are consistent with those obtained at 12 GeV/c.

3.2. n* production

In fig. 7 we show the invariant structure function £(x) for all positive tracks
considered as pions, except those otherwise identified by their bubble density or
the results of the kinematical fit. This distribution is thus contaminated by unidenti-
fied protons and positive kaons. The same distribution is also given for negative
pions produced in the backward hemisphere only, the forward one being too con-

taminated by unidentified antiprotons.
Fits to exponential distributions A ,¢?** yield the following results:

A =96+02mb, b_=60+02, (x<0),

108 +0.2mb, b, =39x0.1, (x<0),

i

A
10.7+0.2mb, by =-62%202, (x>0).

Ay
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In the absence of any contamination the distributions for positive pions in the
forward hemisphere and for negative pions in the backward hemisphere should be
the same from C invariance. The results of the fits show that the slopes are indeed
the same, but the normalizations differ by ~10%.

This cffect is easily understood if one remembers that heavier particles considered
as pions are shifted towards higher values of x. We thus expect the contamination
1o be stronger in the #* distribution than in the 7 distribution near x = 0.

The corresponding rapidity distributions do/dy* are shown in fig. 8. The proton
contribution to the 7' central region distribution (—1.45 < v* < 0.05) has been
removed by extrapolating the p% distribution of recognized protons taken as pions
in each rapidity interval. On the other hand the K* contamination has been evaluated
from the K" rapidity distribution assuming equal charged and ncutral kaon produc-
tion. The total correction amounts to ~20% at y* = 0.

As stated previously the backward 77 distribution is expected to be almost un-
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Fig. 8. Distribution of the a* rapidity in center of mass. considering all unidentiticd positive
tracks as pions (@) and same distribution corrected for unidentified protons and K* ()i same
distribution tor 7~ in the backward hemisphere (folded).
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contaminated. This distribution has been folded around y* =0 to allow an easy
comparison with forward 7* production. The two distributions are compatible as
required by Cinvariance. However the 7~ distribution is slightly lower near y* =0
and becomes very close to the corrected backward n* distribution. For comparison
the forward n* distribution at 22.4 GeV/c [6e] and the backward 7~ distribution
at 100 GeV/c [8b] are also shown. The distributions become wider with increasing
encrgy but reach similar values in the central region.

The distributions of the transverse momentum squared are quite similar for 7*
and 7~ (fig. 9). They clearly differ from an exponential shape but can be fitted by
a sum of two terms:

o exp(—ﬁP.zr) +7 exp(- 8P%)
with
B, =15.6+1.4(GeV/e)™2, §, =4.6%0.3(GeV/e)™?,

B_=152+1.4(GeV/e)™%, §_=4.6+0.3(GeV/e)™?.

The average values of pt integrated over the x distribution are respectively equal to
0.330 £ 0.002 GeV/c and 0.322 £ 0.002 GeV/c for n* and 7. We observe also a
strong correlation between pt and x (fig. 10) with a reduction of {(Py) for | x| = 0
corresponding to the so-called seagull effect.

T T T T T T T T T

< Pr>g)= 0.326 20.002
< ’T>|,‘= 0.330 %0002
12+ < Rf>'-: 0.322 $0.002 .

3 | | *
> - ' .
S osf v I n ‘*‘ .
/\ 1
" | 4 : ]
v | t
+ et
o4 . 4 HH e —
F T E
|
[«] 1 2 | 1 1 1 1 1 ]
Zo.8 oY) o 0.4 0.8
x

Fig. 10. Average values ot the transverse momentum in different intervals of x for inclusive 7™~
production (x < 0) and n* production (x > 0)
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4. Exclusive reactions
4.1. Total cross sections

The cross sections of the exclusive channels for which 4C fits were obtained are
listed in table 5. 4C fits to annihilation channels are only obtained for the highest
topologies (8 and 10 prongs). For all topologies the production of K*K ~ and pp
pairs is very small compared to the production of a7~ pairs. The production of
multiple charged pion pairs is also reduced compared to the production of a single
n*n "~ pair. In order to check to what extend these cffects depend on the incident
cnergy and on the beam particle we show in fig. 11 the variation of the ratios

_o(Ap—~> Ap2n"2n7) _o(Ap > ApK'K™)

' oAp—Aprin) 27 sAp

o(Ap— Aprin~)
A=p,p, K" K-, n", 77,

with the Q value of the reaction {9,10]. Both R and R, increase with the incident

energy and scem to be more or less independent of the beam particle.

4.2. The reaction pp > ppr'n

As shown in table 5, this reaction is the most frequent 4C inelastic reaction and
the only one for which an analysis can be performed with the present statistics
(~200 events). The total cross section 1.34 £+ 0.10 mb is in good agreement with

Table S
Total cross sections for 4C reactions

Number of Reaction o(mb)

prongs
2 PP— PP 8.67 + 0.30
4 pp—ppr'n 1.34 + 0.10
pp K K~ 0.045 £ 0.016
pPp PP < 0.03
6 pp—pp2rnt 20~ 0.44 = 0.06
PP KK ntn— 0.023 £ 0.012
2p2pwta 0.016 2 0.010
8 pp—pp 3nt 3~ 0.14 1 0.04
4t 4n— 0.015 £ 0.010
10 pp — ppdntan” 0.04 *0.02

Sa*sSn~ < 0.03
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the s~ 0:47£0.07
12).

The main features of the reaction are best seen on fig. 13 where the c.m. rapidity
of the ™ is plotted against the c.m. rapidity of the n*. The sectors where the two
rapidities have the same sign and the one corresponding to y»+ <Oand y>- >0
are almost equally populated while the remaining one is practically empty. The

energy dependence observed between 3.6 and 12 GeV/c [11] (fig.
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observed distribution is symmetric for reflection with respect to the diagonal
Yp+ = - vr— asrequired by Cinvariance.
The pr*a~ and pr'n~ mass distributions (fig. 14) show that the two sectors

with (y%+ - vZ ) > 0 correspond mainly to the diffractive dissociation of the target
or the beam particle. The cross section for these diffractive processes is estimated

T T T T
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T .
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B 2} ;
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1 I 1 1 1
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M (pu*) Gev
Fig. 15. Scatter plot of M(jr ™) versus M(pn*) for the ppr*a ~ events with vi+ < 0 and yy- > 0.
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to 760 £ 40 ub for M(prr) or M(pnm) smaller than 2.5 GeV and thus corresponds
to ~50% of the total cross section. In particular if we require M(pnm) <2.2.GeV,
we obtain a cross section of 320 * 30 ub for diffractive dissociation of the beam
particle in agreement with the results obtained by the CERN-IHEP boson spectro-
meter at neighbouring energies (301 £ 12 and 277 # 18 ub at 25 and 40 GeV/c
respectively) [12].

The scatter plot of M(pr™ ) versus M(pn") for the events with p*+ < 0and
»yi—>0is presented in fig. 15. It is clearly scen that these events correspond
mainly to the channel pp =~ A~ ~A*™*. The cvents falling in the area defined by
M(pr*) < 1.4 GeVand M(pn~) < 1.4 GeV correspond to a cross section of

190 = 40 ub a value which can be taken as an estimate of the pp > A~ " A"

cross section. This result is in excellent agreement with the s34 01 epergy

dependence observed between 3 and 12 GeV/e [11] (tig. 12).

The ratio between the number of events which fall in the non-diffractive sectors
s+ - yi-)<O0offig. 13 is cqual to 10 * 4, in good agreement with the value of
9 expected for A~ A*" and A®°A° production by 7 exchange.

It is a pleasure to thank the operating crews of the Mirabelie bubble chamber, the
THEP accelerator and the RF beam as well as the scanning and measuring teams of
the contributing laboratories.
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