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Abstract. Multiplicity distributions of charged particles produced in interactions of 800 GeV protons with
emulsion nuclei in various rapidity windows are presented. The data is also analyzed separately for the
forward and the backward hemispheres, for rapidity windows of different widths. It is found that the
Negative Binomial Distribution (NBD) describes well the multiplicity distribution of secondary particles
in various rapidity windows and also in both the hemispheres. We have compared the NBD parameters, in
both the hemispheres, at 200 GeV and 360 GeV, with those at 800 GeV. The behaviour of NBD parameters
in rapidity windows of different widths and for different targets has also been studied.

PACS. 13.85.-t Hadron-induced high- and super-high-energy interactions (energy > 10 GeV) — 13.85.Hd

Inelastic scattering: many-particle final states

1 Introduction

In recent years, the study of Multiplicity Distributions
(MDs) in high-energy interactions has revealed that
charged-particle MDs have a Negative Binomial (NB)
shape over a wide energy range in full phase space. A vari-
ety of collisions such as hadronic, hadron-nucleus, nucleus-
nucleus, leptonic and semi-leptonic (see e.g. [1-15] and ref-
erences therein) are well described by Negative Binomial
Distribution (NBD). It has attained the status of a new
empirical law. NBD is of the form [16]

k(k+1)..(n+k+1) n" k"
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where, P(n) is the probability of finding n charged parti-
cles in the final state, 7 is the average multiplicity and &
is related to dispersion D by
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The parameter 1/k is considered as a measure of aggrega-
tion of particles into clans and is given by

1 P(2)

kT R(2)’

i.e., it corresponds to the ratio of the probability to have
two particles in the same clan, P;(2), to the probability to
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have the two particles into two separate clans, P»(2). So,
in effect, k governs the width of the distribution. Also, in
more general terms, k is linked to the two-particle correla-
tion function Ca(y1,y2) and to the second-order factorial
cumulant, ko, by the equation

1
7 = he= /02(y17y2)dy1dy2-

Various theoretical attempts have been made to obtain
a NBD law from general principles but the most widely
used approach is the clan model [17,18]. Negative bino-
mial distribution can be produced by a two-step process.
In the first step, the clans are distributed as a Poisson dis-
tribution and in the second step, each clan decays into fi-
nal particles independently, with logarithmic distribution.
Hence, overall multiplicity distribution is of NB form.

The clan parameters, namely, the average clan mul-
tiplicity N and average clan size 7i; are related to NBD
parameters, i.e., m and k by

N =k In[l +7/k],
ne=7/N. (3)

3

The clan model is meaningful for 1/k > 0, (N < n, iz >
1), i.e., for the genuine NBD. The value of 1/k is a measure
of the particle aggregation (1/k =0 for 7, = 1).

At parton level, clan formation can be explained by
Generalized Simplified Parton Shower (GSPS) model [19].
In this model, energy-momentum conservation laws are
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relaxed locally, but are maintained at the global level, ac-
cording to the physical existence of the clans [20]. Clans
are considered as independent active parton sources, the
average number of clans in each event coinciding with the
number of steps of the cascade originating from an initial
parton, i.e., with the number of splittings of the ancestor
(an ancestor splits n times, giving rise to n sub-processes,
one sub-process at each split, and these are identified with
the clans). The generation of clans is independent of the
previous history, and hence, the process is Markoffian. The
simple physical picture of the parton level presented above
can be carried over to the hadronic level by Generalized
Local Parton-Hadron Duality (GLPHD) [21]. It was pro-
posed on the basis of the approximate occurrence of NBD
both at the final parton level in Monte Carlo simulations
and at the final hadron level.

The wide application of NBD has prompted us
to check its validity in proton-nucleus interactions at
800 GeV, which is the highest available energy for fixed
targets. One of us (RKS) had shown earlier [22] that NBD
fits the multiplicity distribution well over the entire phase
space. In this paper, we try to fit NBD in limited rapidity
windows and also, for different target masses. We find that
NBD fits well for each of the rapidity windows and also
for each target. We have also analyzed the variation of 7,
1/k, N and m; with change in width of An, and also with
change in primary energy. We find that these parameters
show similar behavior for different primary energies, dif-
ferent targets, and different rapidity windows, i.e., they
are like “universal” parameters. It would be interesting
to see if such a behaviour of NBD parameters would be
exhibited at LHC energies.

2 Experimental details

A stack of 40 Ilford G5 emulsion pellicles of dimensions
10 x 8 x 0.06 cm?® was exposed to a proton beam of en-
ergy 800 GeV at Fermilab. The beam flux was 8.7 x 10%
particles/cm?. The scanning of the interactions was done
under 40x objective of the high-resolution microscopes
by the area scanning method. The scanning efficiency, for
each observer, was calculated using the double-scan data
and the overall efficiency was found to be 99%. All the
interactions were followed back, in order to ensure that
they are due to beam tracks only. The interactions lying
within 25 pum each from the air and glass surface have
not been considered for measurement. Taking these crite-
ria into account, the total number of primary interactions
was found to be 3390. All the measurements were done
under 100x oil immersion objective. Following the usual
emulsion terminology, the secondary particles having ion-
isation I < 1.41y and I > 1.41, were designated as shower
(Ng) and heavy tracks (NVy), respectively, where I is the
ionization of the primary particle. The space angle (6) and
the azimuthal angle (¢) of the shower tracks with respect
to beam tracks were measured by the co-ordinate method.
The values of z, y and z co-ordinates at the vertex and
two points each on the shower and beam tracks were mea-
sured, and their angles were determined. The uncertainty
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Fig. 1. Normalized multiplicity distribution, (N (n)/Nt, where
N(n) is the number of shower particles in n-th bin and Nt
is the total number of events) for different rapidity windows:
a) =20 < n < 1.0,b) 1.0 < n < 2.0, ¢) 20 < n < 3.0,
d) 3.0 <n<40,e)4.0<n <53, f) 53 <n<7.7 Only the
p-AgBr interactions are shown for clarity.

in angle measurement was 8 x 10~* radians. Pseudorapid-
ity (n) of shower particles is given by

n = —In[tan(8/2)],

and it is a good approximation to rapidity for very high
energies. It has been shown [23] that the target nucleus
can be broadly identified on the basis of value of Ny, as
Ny, reflects the number of nucleons of the target nucleus
that have participated in the interaction. The interactions
having Ny, < 1,2 < Ny < 5 and N, > 9 can be as-
sumed to belong to nucleon, CNO and AgBr targets, re-
spectively. The interactions with Ny < 1 are either due
to collision with pure H nuclei or due to the interactions
with a single nucleon of other emulsion nuclei, wherein the
rest of the nucleus remains a spectator during the colli-
sion. The shower particle production takes place only
in the elementary proton-nucleon collision. The interac-
tions with 2 < N}, < 5 were considered to belong mostly
to proton-light nuclei (CNO) interactions. The interac-
tions with 6 < N, < 8 are not considered as they could
be from collisions with light nuclei as well as with heavy
nuclei. The interactions with Ny, > 9 are unambiguous
interactions with AgBr nuclei. In the present work, the
total number of interactions of the type proton-nucleon,
proton-CNO and proton-AgBr are found to be 615, 908
and 1388, respectively.

3 Results and discussion

The predictions of NB distributions have been fitted to
the observed multiplicity distribution for proton-nucleon
(p-N) and proton-nucleus interactions at 800 GeV for dif-
ferent rapidity windows. The average multiplicity from ex-
periment is taken to be the input for fitting the NBD to
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Table 1. Values of average multiplicity (7), k, average clan multiplicity (N) and average clan size (7ic) for different rapidity

windows and different targets.

Rapidity windows k n N Ne

-2.0<79<1.0 Ny-all 0.63£0.01 1.114+0.02 0.6 £0.01 1.7 £ 0.03
N, <1 0.41£0.02 0.31+£0.01 0.240.01 1.34+0.05

2<Ny,<5 0.514+0.02 0.69£+0.02 0.4+£0.01 1.6+0.05

Ny, >9 1.20£0.03 1.944+0.05 1.2+0.03 1.7£0.05

1.0 <7n <20 Nyp-all 1.28 +0.02 2.47+ 0.05 1.440.02 1.84+0.03
N, <1 1.62£+0.07 0.92+£0.04 0.7£0.03 1.3+0.05

2< N, <5 1.95 4+ 0.06 1.58 £0.05 1.2+0.02 1.4+£0.02

Ny >9 2.22+0.06 3.89+0.22 2.2+0.06 1.74+0.05

2.0 <n<3.0 Np-all 1.804+0.03 3.91+£0.07 2.14+0.04 1.9+£0.04
N, <1 1.26 £0.05 2.18 £0.09 1.34+0.05 1.74+0.07

2<Ny,<5 2.05+0.07 2.99+£0.22 1.8+£0.03 1.6+0.03

Ny, >9 2.81+0.07 5.46 £0.15 3.0£0.08 1.84+0.05

3.0<n<4.0 Np-all 2.15+0.04 4.744+0.08 2.54+0.04 1.94+0.03
N, <1 1.954+0.08 3.27+0.13 1.94+0.08 1.74+0.07

2< N, <5 2.12+£0.07 3.98+0.13 2.2+0.07 1.84+0.06

Ny > 9 2.63+0.07 5.98+0.16 3.1£0.08 1.94+0.05

4.0 <n<5.3 Ny-all 3.11+£0.05 5.10£0.09 3.0£0.05 1.74+0.03
N, <1 5.00£0.20 5.11+0.21 3.5+04 1.5+£0.06

2< N, <5 3.50£0.12 5.38+0.18 3.3+£0.11 1.74+0.05

Ny, >9 2.29+£0.06 6.11+£0.16 3.04+0.08 2.14+0.06

5.3 <n<7.7 Nyp-all 0.41+0.01 0.82+0.02 0.5+£0.01 1.84+0.03
N, <1 0.52£0.02 1.05+0.04 0.6 +0.01 1.8+0.03

2<N,<5 0.48 £0.02 0.93+0.03 0.5£0.02 1.84+0.06

Nn>9 0.37+0.01 0.61+0.02 0.4+0.01 1.74+0.04

Table 2. Values of average multiplicity (7), 1/k, average clan multiplicity (V) and average clan size (7ic) for p-nucleus inter-

actions at different primary energies.

Primary Interaction F/B Average Average clan Average clan
energy type region multiplicity 1/k multiﬁlicity size Ref.
(GeV) (M) ) (mc)
200 p-Xe F 5.78+£0.22 0.077+0.014 4.78+0.16 1.21+£0.04 [3]
B 14.00£0.53 0.648 +0.038 3.57+0.13 3.934+0.18
200 p-Ar F 5.26£0.14 0.1224+0.024 4.154+0.21 1.27+0.05 [3]
B 9.2240.40 0.487 4+ 0.047 3.50+0.17 2.64£0.16
360 p-Al F 6.55+0.70 0.250+0.120 3.87+0.41 1.6940.18 [24]
B 12.68 £2.33 0.640 + 0.200 3.454+0.63 3.67+0.67
360 p-Au F 7.14£0.31 0.150 + 0.050 4.85+0.21 1.47+0.06 [24]
B 19.17+0.99 0.620 +0.070 4.1240.21 4.65+0.24
800 p-emulsion F 9.2240.16 0.480 £+ 0.009 3.52+0.06 2.624+0.05 Present
B 11.794+0.20 0.498 + 0.009 3.87+0.07 3.044+0.05 work

the data and the value of k is obtained by the CERN
computer program MINUIT.

We have studied here the MDs for p-N, p-CNO, and p-
AgBr interactions separately. The rapidity windows that
we have chosen are in the backward region (—2.0 < 7 <
1.0 and 1.0 < 7 < 2.0), central region (2.0 < n < 3.0,
3.0 < n < 4.0 and 4.0 < n < 5.3) and forward region
(5.3<n<1.7).

Figure 1 shows the experimental multiplicity distribu-
tion for different rapidity windows. The solid line gives the

NBD fit to experimental values. For brevity, only the MDs
for p-AgBr interactions have been shown. It can be seen
that the NBD reproduces well the experimental values, in
each of the rapidity windows. We obtained x?/DOF < 1
for all the distributions. Similar results were obtained for
p-N and p-CNO interactions. This supports the proposi-
tion that NBD is a “universal” distribution, independent
of the target mass, and rapidity window considered.

__ We have also calculated the clan parameters —k, 7,
N and n— for each of the rapidity windows for the con-
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Table 3. Parameters of negative binomial distributions, for
different rapidity windows An; a) p-p forward hemisphere;
b) p-p backward hemisphere; c¢) p-CNO forward hemisphere;
d) p-CNO backward hemisphere; e) p-AgBr forward hemi-
sphere; f) p-AgBr backward hemisphere.
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Fig. 2. Normalized multiplicity distribution, (N (n)/Nt, where
N(n) is the number of shower particles in n-th bin and Nt
is the total number of events) for different rapidity windows
of span An = 0.5 to 3.5, a) forward hemisphere, b) backward
hemisphere. Only the p-AgBr interactions are shown for clarity.

sidered Ny values, which are given in table 1. It can be
observed that the value of average clan size Ti; remains be-
tween 1 and 2 for all the cases (even for p-N and p-nucleus
interactions), inspite of variation in 7 (average multiplic-
ity) with rapidity windows. This implies that even if total
number of final particles increases, only average number
of clans (N) increases and average number of particles per
clan remains nearly the same.

The clan parameters @, 1/k, N and 7z have also
been determined in forward and backward hemispheres
for proton-nucleus interactions, and have been compared
with those at 200 [3] and 360 [24] GeV as shown in table 2.
It is seen that the average number of clans N remains
unchanged with respect to primary energy as well as in
forward and backward regions. The values of the average
clan size 7. are higher in the backward as compared to
forward hemisphere, which could be due to higher value
of @ in the former in comparison to the latter hemisphere.
The higher value of @ in the backward hemisphere com-
pared to that in the forward hemisphere could be due to
multi-nucleon collisions in the former region.

Charged-particle multiplicity distributions have been
separately analyzed in the forward and backward hemi-

N

An n 1/k e
0.5 a) 2.80+0.13 0.498 £0.02 1.75+£0.08 1.60+0.07
b) 2.78 £0.14 0.500 £ 0.02 1.744+0.09 1.60+0.08
c) 2.82+0.10 0.493 £0.02 1.77+0.07 1.60+0.06
d) 3.09+0.12 0.500 £ 0.02 1.87+0.07 1.65+0.06
e) 3.81+0.11 0.495+0.01 2.14 4+ 0.06 1.78 £ 0.05
f) 4.04+0.12 0.500 £0.01 2.214+0.06 1.83+0.05
1.0 a) 5.424+0.23 0.500£0.02  2.62+0.11 2.07£0.09
b) 3.98+£0.18 0.500£0.02 2.1940.10 1.82+0.08
c) 5.65+0.19 0.500£0.02 2.68+0.09 2.11+£0.07
d) 4.71+0.17 0.498 £0.02  2.43+0.09 1.94+0.07
e) 7.46 £0.21 0.493 £0.01 3.134+0.09 2.38+0.07
f) 7.02£0.19 0.500 £0.01 3.01+0.08 2.33£0.06
1.5 a) 7.424+0.31 0.485+0.02 3.14+0.13 2.36£0.10
b) 5.01+0.22 0.500£0.02 2.51+0.11 2.00 £+ 0.09
c) 7.5440.26 0.493+£0.02 3.15+0.11 2.40+0.08
d) 6.23 £0.21 0.500£0.02 2.83+0.10 2.20+0.08
e) 9.37+0.26 0.487£0.01 3.53+0.10 2.66+0.07
f) 10.714+0.29  0.490 £0.01 3.744+0.10 2.86+0.08
2.0 a) 8.28 £0.34 0.481+£0.02 3.344+0.14 2.48+0.10
b) 5.64 +£0.24 0.500£0.02 2.68+0.12 2.224+0.09
c) 8.56 +0.29 0.485+£0.02 3.38+0.11 2.53 +£0.09
d) 7.494+0.25 0.500 £ 0.02 3.114+0.11 2.414+0.08
e) 10.214+£0.28  0.483 £0.01 3.69+0.10 2.77+0.08
f) 14.98 £0.41 0.478 £0.01 4.394+0.12 3.41+0.09
2.5 a) 8.64 +£0.35 0.476 £0.02 3.43+0.14 2.52+0.10
b) 6.194+0.27 0.500£0.02 2.824+0.12 2.20£0.09
c) 9.13+0.31 0.481£0.02 3.50+0.12 2.61+0.09
d) 8.62+0.29 0.498 £0.02 3.35+0.11 2.574+0.09
e) 10.614+0.29  0.481+0.01 3.76+0.10 2.82+£0.08
f) 18.74 4+ 0.51 0.469 £ 0.01 4.86+0.13 3.86+0.10
3.0 a) 8.88 £0.36 0.481£0.02 3.47+0.14 2.56=+0.10
b) 5.80 £0.25 0.498 £0.02 2.73+0.12 2.13+0.09
c) 9.29 £0.31 0.483£0.02 3.52+0.12 2.64=£0.09
d) 8.51+0.29 0.495+0.02 3.34+0.11 2.55 4+ 0.09
e) 10.774+0.30  0.481+0.01 3.79+0.11 2.84 +0.08
f) 20.87+0.56  0.467+0.01 5.08+0.14 4.11+0.11
3.5 a) 8.93 £0.36 0.474+£0.02 3.494+0.14 2.56+0.10
b) 5.95+0.26 0.495+£0.02 2.77+0.12 2.15+0.09
c) 9.324+0.31 0.481 £0.02 3.544+0.12 2.63 +0.09
d) 8.83 £0.30 0.495+0.02 3.39+0.11 2.614+0.09
e) 10.774+0.30  0.481+0.01 3.79+0.11 2.84 +0.08
f) 23.23+0.62 0.461+0.01 5.34+0.14 4.35+0.12

spheres. Figure 2 shows the corresponding distributions
for different rapidity windows of widths An = 0.5 to 3.5.
The solid line shows the NBD fit to experimental val-
ues. For purposes of clarity, the distribution for the widest
width (3.5) is shown on the ordinary scale and each pre-
ceding distribution is scaled down by a factor of 10. For
the purposes of present analysis, we define that a parti-
cle belongs to the forward (backward) hemisphere when
its laboratory rapidity npap is > 3.77 (< 3.77). The value
NLab = 3.77 corresponds to a center-of-mass rapidity of
zero. We have considered seven rapidity intervals of width
An, ranging from 0.5 to 3.5 units, all of them extending
from the central value npa, = 3.77 to the right (left), cor-
responding to forward (backward) hemisphere. The value
An = 3.5 practically corresponds to the full phase space
in forward or backward hemisphere. The dependence of
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Fig. 3. Fitted values of NBD parameters as a function of rapidity windows An, for different target masses a) average multiplicity
(m) for the forward hemisphere, b) average multiplicity (%) for the backward hemisphere, c) 1/k for the forward hemisphere,
d) 1/k for the backward hemisphere, e) average clan multiplicity (V) for the forward hemisphere, f) average clan multiplicity
(N) for the backward hemisphere, g) average clan size (7i;) for the forward hemisphere, h) average clan size (72c) for the backward
hemisphere. For certain values of Az, two or more values are overlapping, which is shown by different error-bars at the same
point.
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fitted parameters, @, 1/k, N and 7, of the NBD, on the
rapidity interval is shown in fig. 3, both for forward and
backward hemisphere, separately for each of the targets.
Table 3 gives the values of all the parameters, i.e., 7, 1/k,
N and 7 for different rapidity windows.

The conclusions of the above study are as hereunder:

— The average multiplicity, 7, shows a clear target mass
dependence, both in the forward and the backward
hemisphere.

— In the forward hemisphere, average multiplicity, 7, first
increases linearly with increasing width of the rapid-
ity interval and then saturates in the region of large
rapidity interval.

— In the backward hemisphere, parameter 7 shows a lin-
ear increase, with respect to An window, but does not
show any saturation for wider windows, in p-nucleus
interactions.

— In a particular window, 1/k remains essentially inde-
pendent of the target. However, it does not show any
significant variation for different rapidity windows.

— From the variation of @ with An for forward hemi-
sphere, we observe that 7; does not show a significant
variation with A7n, and maximum 7 remains around
2.5. In addition, the clans are seen to be almost iden-
tical for p-p and p-nucleus collisions. The number N
of such clans increases with the rapidity span An.

The above results match well with the corresponding
results at 200 GeV [3] and 360 GeV [24]. Tannenbaum [25]
and Tannenbaum et al. [26] have also obtained excellent
fits of NBD with data in resticted rapidity windows for A-
A collisions. In contrast to our results, they found a linear
increase in the values of parameter k£ with An. As pointed
out by Tannenbaum [25], this linear increase of k with An
indicates that the multiplicity distributions in adjacent An
intervals are statistically independent, while the constancy
of k with An intervals indicates 100% correlation. The
existence of strong, short-range correlations in the present
interactions is also supported from our earlier work [27].
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