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Abstract

Multiplicity distributions in wvarious rapidity intervalslfbr
all charged particles produced in collisions of 360 GeV/c protons
with aluminium (Al) and gold (Au) targets are presented. The
data were analysed separately for the forward and backward
hemispheres. Each distribution is well described by a negative
binomial distribution. The experimental distributions are
compared with the predictions of the multi-chain model calculated
by the Monte Carlo program MCMHA 1in which the intranuclear
cascade process is included, and also with the Lund Monte Carlo
FRITIOF. The results of MCMHA reproduce guite well the

multiplicity distributions for various rapidity intervals.



1. Introduction

Multiplicity distributions P(n) of charged particles have
been studied in detaii in experiments with hédron and lepton
beams at cenfer of mass energies up tQ 900 Gev [1-4]. These
measurements have providéd impoftant constraints for mechanisms
of multiparticle production. Several phenomenological models
have been proposed to | parameterise multiplicity
distributions [1,5-8]. Recently the UA5 collaboration [1] has
found that the charged multiplicity distribution can be described
with a negative binomial distribution (NBD). It was shown that
the NBD describes quite well the multiplicity not only of all
charged particles produced in the full phase space, but also of

those produced in the limited pseudorapidity regions.

The NBD is given by the following form:

- k(k-1)....(k+n-1) a Yok AR
P(N;K,0) = —mmmmeemeemmmmmmm oo (_:___)(_:___) .
n+k n+k

where k and n are free parameters. The average multiplicity <np>
and the dispersion D are related to +the NBD parameters as

follows:

{]
o]}

<n>

D2 =

(2)

g1

+ ﬁz/k

After the original observation of the UAS5 collaboration,
similar analyses have been performed_ for hadron-hadron
collisions [2], for é+e_ annihilation [3] and for 1lepton-hadron
scattering [4], and have shown that their charged multiplicity

distributions in various rapidity intervals follow an NBD.



Several models have been put forward in order +to interpret
these experimental results. In the clan model [9] particle
production can be explained in terms of stimulated emissions, or
of cascading decays via independent clusters (clans). The NBD
rule may hold for other interpretations [10-12]. The dependence
of +the NBD parameters on energy and raplidity interval, has also

been discussed previously [1,12-13].

It has been found for interactions of 200 GeV/c protons with
argon and xenon nuclei [14] that the charged multiplicity
distributions in selected rapidity regions follow an NBD. It is
interesting that the multiplicity distributions of hadron-nucleus
interactions, considered as multiple c¢ollisions between a
projectile and nucleons in a target nucleus, are also described
by the NBD as well as those of the elementary particle
interactions, i.e. hadron-hadron, e+ei and lepton-hadron
collisions. This analysis has shown ciear differences in the
behaviour of the NBD parameters between the forward and backward
hemispheres. An A-dependence of the parameters has also been
observed. Results of this analysis were interpreted in the
framework of the clan model [8] and one could observe that the
absolute number of "clans" for p-nucleus collisions turns out to
be significantly smaller in the backward than in the forward

hemisphere, in particular for large rapidity intervals.

In our previous paper [15], we have found that multiplicity
distributions of shbwer pérticles show a deviation from the
universal KNO scaling curve. when the target mass number is
increased. The ekpefimental data were well described in the

whole rapidity range by Monte Carlo calculations [16-17] based on

- 4 -



the multi-chain model [18]. This calculation takes into account
propexrly the formation zone concept and the intranuclear cascade

pProcess.

The presént ahalysis was darried cut for the multiplicity
distributions 'obtained'ffom cdllisioné of 360 GeV/c protons with
aluminium and gold nuclei. Investigations of multiplicities are
performed for various rapidity intervais, and also for the
forward and backward hémispheres separétely. This papér is
organized as follows: in section 2 a brief description of the
experimental data is given. The procedure for the analysis and
the results are described in section 3, and comparisons to
predictions of the Monte Carlo calculations are made in section
4, followed by a discussion. The conclusions are summarised in

section 5.

2. Experimental Data

The data used in the present study were bbtained by an
exposure of +the Rapid Cycling Bubble Chamber (RCBC) with the
European Hybrid Spectrometer (EHS) to a 360 GeV/c proton bean
({CERN experiment .NA23). Nuclear targets were installed in the
RCBC, filled with liquid hydrogen. The targets were made of
aluminium (Al, mass number A=27) and gold (Au, A=197) foils with
thicknesses of 1.6 mm and 0.3 mm, respectively. Details of the
experimental set-up and data processing have been described

elsewhere [15,19].



After scanning the film, 608 foil interaction candidates
were measured and passed through the hybrid geometry
reconstruction programs. We selected proton-nucleus events by
applying the following criteria: l)the reconstructed primary
vertex must lie in the region corresponding to +the position of
foil targets, and 2)the reconstructed beam tracks in the RCBC and
upstream beam chambers must match. 45 events of p-Al and

174 events of p-Au interactions were thus selected.

For this sample, the contamination of P-p interactions was
estimated to be 1.5 % for p-Al and 7.5 % for p-Au interactions.
Measurement and reconstruction losses were less than 1 % for p-Al
and 5 % for p-Au collisions, respectively. Tracks with a
momentum accuracy Ap/p > 50 % were rejected; such tracks were
less than 2.5 % of all tracks found in the scanning. The average
multiplicity and dispersion of multiplicity distributions are
given in Table 1. Concerning particle identification, protons in
the momentum range from 0.2 to 1.2 GeV/c were identified in the

scanning, while the remaining particles were treated as pions.

3. Multiplicity Distributions

Hadron-nucleus collisions are generally understood as
successive multiple collisions between a projectile and nucleons
in a nucleus. Most of the particles produced in the forward
hemisphere come directly from the fragmentation processes of the
multiple collision, while those in +the backward hemisphere

include the particles produced by a different production process,

the so-called intranuclear cascade [15].



Charged multiplicity distributions have been analysed
separately in the forward and backward hemispheres, which are
divided at 1aboratory rapidity Yiab = 3.32 correspdnding to a cms

rapidity vy = 0 for proton-proton collisions at 360 GeV/c. We

cms
consider eight rapidity intervals of width Ay'varying from 0.5 to
4.0, centred at Yrab = 3.32 and extending to the forward and
backward hemispheres. The wvalue Ay = 4.0 correspdnds to the full
phase space. Figs. 1 and 2 show the multiplicity distributions

for p-Al and p-Au collisions, respectively. The errors in the

figures are statistical only.

' The multiplicity distributions of charged particles in the
selected rapidity intervals were fitted to the negative binomial
distribution, eqg.(l), with two free parameters. The fitted
parameters, n énd 1/k, are summarised in Table 2 for both
hemispherés, where the xz and the number of degrees of freedom
NDF are given for each fit. The fit results are shown by the

histograms in figs. 1 and 2.

The fitted parameters, n and 1/k, of the NBD as a function
of rapidity interval are also displayed in fig. 3 for each target

and for each hemisphere.

This analysis shows that the charged multiplicity
distributions in wvarious rapidity interwvals for both Al and Au
targets are well described with negative binomial distribufions,

i.e. eg.(l). We can summarise this analysis as follows;



- The A-dependence is clearly seen in the parameter n.

- In the forward hemisphere, the parameter n increases linearly
with the width of the rapidity interval chosen and then
saturates in the region of large rapidity interval. On the
other hand, the parameter 1/k is generally decreasing with

increasing rapidity interwval.

- In the backward hemisphere, the parameter n shows a 1linear
increase proportional to the rapidity interval, and does not
saturate. The parameter 1/k stays almost constant around
0.5-0.7. This behaviour of 1/k is remarkably different from
the forward hemisphere. Furthermore, this feature cannot be

lfound in other reactions, i.e. pp [2]1, e'e” [3] and up
interactions [4]. These characteristics in the backward
hemisphere are connected with the existence of the

intranuclear cascade process due to slow particles [14-15].

4. Comparison with Models and Discussion

4.1. Multi-chain Model for Hadron-Nucleus Collision

We have developed a Monte Carlo program MCMHA [16-17] based
on the multi-chain model [18] in order to describe hadron-nucleus
collisions. In this model, a hadron-nucleus c¢ollision is
separated into two stages, one of which corresponds to successive
multiple collisions between the projectile and nucleons inside
the nucleus and the other to the fragmentation of hadronic chains
stretched between them. We have also included the cascade

process due to secondary particles inside the target nucleus.



The probability that a projectile hadron collides with
v-nucleons inside a target nucleus at a given impact parameter is
calculated with the Glauber model [20]. At each collision the
projectile hadron loses a fraction of its momentum according to a

probability based on the multi-chain model [18].

After the first stage, the hadronic chains created by each
collision between the projectile and nucleons fragment into pions
and a recoll nucleon. The number of particles f:agmented from a
chain is determined by the KNO distribution for p-p
collisions [6] with the average multiplicity determined by the
energy available for the chain. The charge distribution of the
fragmented pions is calculated by a statistical model satisfying
charge conservation [21]. ° The rapidity of each pion 1is
determined according to a probability distribution which 'is
parameterised on the basis of experimental data for p-p

collisions.

The hadrons can materialise only after a characteristic
formation time [22]. We have introduced this formation zone
concept into the chain fragmentation stage, and have adopted a
proper time of 1 fm/c for the formation time of hadrons.
According .to the Lorentz time dilation,_ relativistic pions
generally materialise oﬁtside the nucleus, while slow pions and
recoil nucleons are forﬁed_ inside the nucleus. Secondary
particles thus formed propagate in the nucleus and may undergo
cascade interactions with other nucleons. The cascade process
produces grey particles knocked out of the nucleus. We have
simulated the intranuclear cascade process under the assumption
that the secondary particles formed in the nucleus interact with

-9 -



nucleons only through the following processes;
N -+ 7N,
- TA,
NN - NN and
= NA.
This approximation is appropriate because most of the particles

which undergo cascade interactions have relatively low momenta.

4.2, Comparisons and Discussion

We compare the results of the Monte Carlo calculations with
the experimental distributions. In fig. 1 and 2 solid lines
represent the MCMHA calculations under the same conditions as the
experimental data. All the MCMHA results are in good agreement
with the experimental data and also with the NBD fitted lines for
each hemisphere of both p-Al and p-Au collisions. 1In the same
figure, the dashed lines show the results of the Lund Monte Carlo
FRITIOF [23], in which the intranuclear cascade process is not
included. For the forward hemisphere the Lund FRITIOF describes
well the experimental results in each rapidity interval for both
p-Al and p-Au collisions. On the other hand, for the backward
hemisphere one can see some discrepancies from the experimental
data. In particular, this behaviour appears distinctly in the
high multiplicity region when the rapidity interval |ay| is

larger than 3.5 for p-Al and 3.0 p-Au collisions respectively.

The clan model [9] bhas explained the origin of the NBD. The
clan is considered as a cluster of particles with the same
originator in its cascading decay process. In +this model +the
average multiplicity ﬁc of decay particles in a clan is expressed

- 10 -



by the NBD parameters as follows;

_ -b
N = ====—-——---- (3
(1-b)in(1l-b)
where
b = n/(n+k) (4

The average number of produced clans is given by

N = n/nc, (5
and their distribution is considered to be a Poissonian. Fi
shows the dependences of ﬁc and N on the rapidity interval A

each hemisphere respectively.

)

).

)
g. 4

y in

Our experimental results are interpreted by the clan model

as follows:

- In the forward hemisphere the average multiplicity of a
igs about 1.5 for both p-Al and p-Au collisions, and

rapidity width of a clan seems to be small because n,

almost constant in the whole rapidity interval.

clan
the

is

- The average multiplicity of a clan in the backward hemisphere

is appreciably larger than that in the forward hemisphere.

The increase of ﬁc with Ay points out that the clans in

backward hemisphere have a larger rapidity width. The v

the

alue

of ﬂc in the backward hemisphere shows a clear A-dependence.

- The average number of clans produced in the forward

hemisphere has a 1little A-dependence. Furthermore,
number of clans produced in the forward hemigphere
systematically 1larger than in the backward hemisphere.
puzzling result has been observed in 200 GeV/c p-Ar and

- 11 -
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collisions [14].

5. Summary

We have analysed multiplicities of all charged particles

produced in collisions of 360 GeV/c proton with aluminium and

gold targets.

Multiplicity distributions of particles produced in various
rapidity intervals are gquite well explained by a negative
binomial distribution for each hemisphere when the fitting has
been limited to either the forward or the backward hemisphere. A
description of the_multiplicity distribution with the negative
binomial distribution has been already done in other elementary
interactions and 200 GeV/c proton-nucleus collisions. We have
confirmed the observation in 200 GeV/c p-nucleus collisions in

360 GeV/c p-Al and p-Au collisions.

We can interpret the multiplicity distributions remarkably
well with the Monte Carlo program MCMHA. On the other hand, the
Lund Monte Carlo FRITIOF, which does not +take into account
intranuclear cascades, does well not describe the multiplicity
distribution particularly in the backward hemisphere. This fact
points out that the intranuclear cascade process is very

important in the backward hemisphere.

We have also interpreted the experimental results in the
framework of the clan model and have obtained similar results to
those of 200 GeV/c proton-argon and =xenon collisions. The

puzzling result about the average number of clans produced in the

- 12 -



forward and backward hemispheres could be understood by

considering the intranuclear cascade process.
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Table 1.

Table 2.

Table Captions

The average multiplicity and the dispersion of multiplicity
distributions for p-Al and p-Au collisions. Both values
obtained by the scanning and by the numbers of measured and

selected tracks are given.

Parameters of negative binomial distributions fitted to the
charged multiplicity distributions. The_x2 and the number
of degrees of freedom for various rapidity intervals Ay are
also given. a: p-Al forward hemisphere, b: p-Al backward
hemisphere, c¢: p-Au forward hemisphere and d: p-Au backward

hemisphere;
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Scan Selected track

Multiplicity Multiplicity
Al <n> 17.7 + 1.6 17.1 + 1.5
D 10.5 + 1.3 10.0 + 1.2
Au <n>» 27.1 £ 1.3 25.1 + 1.2
D 17.2 + 1.0 15.8 + 0.9

Table 1.



A B W W R PR e e e e A A L S R S R G M W W W e M e e e ek el e A A Sl il e ek ek

15.8/11
9.5/14

26.8/13
8.8/20

54.2/37

1/k

0.47 + 0.44
0.74 + 0.39
0.32 + 0.10
0.56 + 0.04
0.59 + 0.29
0.82 + 0.41
0.47 + 0.06
0.62 + 0.10
0.51 % 0.18
0.51 + 0.21
0.33 + 0.10
0.57 + 0.08
0.31 + 0.15
0.50 + 0.20
0.20 + 0.05
0.56 + 0.09
0.27 + 0.11
0.49 + 0.19
0.19 + 0.05
0.59 + 0.02
0.21 + 0.10
0.57 + 0.19
0.16 + 0.04
0.63 + 0.03
0.19 + 0.10
0.61 %+ 0.17
0.15 + 0.05
0.64 + 0.06
0.25 + 0.12
0.64 + 0.20
0.15 + 0.05
0.62 £ 0.07

0.7/5
30.9/15
56.6/42

Table 2



Fig. 1.
Fig. 2.
Fig. 3.
Fig. 4.

Figure Captions

Charged multiplicity distributions for p-Al collisions for
various rapidity intervals a) in the forward, b) in the
backward hemispheres. (as defined in the text). The
histograms show the negative binomial distributions fitted
to the data points. The s0lid and dashed 1lines show the
predictions of MCMHA and Lund FRITIOF, respectively. The
ordinates of the distribution for |Ay| = 4.0 have not been
rescaléd, but each consecutive. one is scaled down by an
additional factor of 10. The points with the lowest wvalues

and the 1largest errors are not shown because of the

‘logarithmic scale.

Charged multiplicity distributions for p-Au collisions.

The fitted values of the NBD parameters as a function of
the rapidity interval Ay for charged multiplicity
distributions. a), b) for n, and c), d) for 1/k for the
forward and backward hemispheres respectively. Circles and
diamonds show the wvalues for p-Al and p-Au collisions

respectively.

The deduced parameters of the clan model. a), b) for the
average decay multiplicity ﬁc of a clan, and c), d) for the
average clan multiplicity N as a function of the rapidity
interval Ay for charged particles. a), c) for the forward

hemisphere, and b), d) for the backward hemisphere.
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