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This study presents the investigations on the occurrence of multiplicity
correlations in the particle multiplicities in forward and backward hemi-
sphere in the multiparticle states produced in 2®Si nuclei with various tar-
gets at two different energies. The forward—forward and forward-backward
dispersions are looked into. The variation of the correlation strength as a
function of the pseudorapidity range is investigated and its dependence on
target mass as well as the incident energy is studied. In order to estimate
the contribution of non-statistical fluctuations, we use the deviation of the
value of effective cluster multiplicity from unity as the benchmark.
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1. Introduction

One of the major goals of studying heavy-ion collisions at relativistic
energies is to have a better understanding of the formation and evolution
of the QCD matter |1] in such collisions. This is because the quantum
chromodynamics (QCD) predicts that in relativistic heavy-ion collisions, the
conditions of sufficiently high energy density, of the order of 0.5 GeV /fm? [2],
which is necessary to establish the presence of a deconfined phase of quarks
and gluons are produced. Most of the heavy-ion programs around the world
are being executed with a special focus on disentangling the information
about this particular phase of matter which is referred to as the quark—gluon
plasma (QGP). In the most recent past, experimental studies at the RHIC [3]
and LHC [4] have had convincing evidence in support of the formation of
a deconfined phase of quarks and gluons. Although the theoretical physics
community has proposed a great deal of insight into the possible occurrence
of the deconfined phase [5], for an experimentalist, it is also important to
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have an understanding of the observables which could actually be tested on
a theoretical model to establish the physical phenomena taking place during
the process and to have an understanding of the evolution of the processes.
One such approach is to investigate the correlations amongst the particles
emitted at the freeze-out of QGP which could actually shed light on the
earlier stages of the heavy-ion collisions too. Most recently, the correlations
have beeen studied in proton—nucleus and nucleus—nucleus collisions at the
LHC and RHIC [6, 7].

In the present work, we are investigating the forward-backward (FB) cor-
relations of charged particle yields (the multiplicity correlations) in nucleus—
nucleus collisions at 4.5 A and 14.5 A GeV /c energies.

The paper is organized as follows. In Section 2, we briefly discuss the
importance of studying the forward—backward correlations in the multiplic-
ities of the final state particles produced in relativistic heavy-ion collisions.
In Section 3, the method of analysis and the various observables have been
defined. Section 4 exhibits the details of the experimental data which have
been used for the analysis in the present study. In Section 5, we discuss the
results on these observables and the various analyses carried out. Finally, in
Section 6, a brief summary of the findings is presented.

2. Forward—backward correlations

The investigation of forward-backward (FB) correlations between vari-
ous observables is considered to be a powerful tool for defining the initial
conditions for the formations of QGP [8, 9]. These types of correlations could
have components coming from both short-range as well as long-range cor-
relations. The short-range correlation component arises from narrow pseu-
dorapidity regions whereas the long-range components originate from the
extended pseudorapidity interval [10]. Investigation of FB multiplicity cor-
relations have been carried out in the past over a wide range of energies and
for a wide spectrum of projectile-target combinations [11-15]. Recently,
NA22 Collaboration [16] investigated in detail the correlations in nucleus—
nucleus collisions. Most recent studies on this very important aspect have
been based on the data from the STAR experiment at RHIC [17, 18] and
ALICE experiment at the LHC [10].

The importance of studying FB correlations is multi-dimensional. One
of the motivation comes from the realization that during a nucleus—nucleus
collision, quark—gluon strings originating from hadron—hadron collision and
stretched in rapidity may be formed [19]. These strings in the environment
of high energy density could interact [20] resulting in the string fusion lead-
ing to the formation of QGP. Several studies [21] indicated that the study of
forward—backward correlations of particles produced in heavy-ion collisions
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at high energies could be a strong tool to have a more clear understanding of
the processes of the string fusion, the cluster formation and other decay pro-
cesses. The long-range correlations between various observables, measured in
sufficiently separated rapidity intervals, may appear as the signal relevant to
string fusion, while a decay of clusters of particles and resonances is marked
by increased short-range correlations [10]. The formation of Colour Glass
Condensates (CGC) [22] is yet another field which has been proposed [23] to
be studied with the help of the multiplicity correlation strength in relativis-
tic heavy-ion collisions. Therefore, the detailed experimental studies of the
correlation strength and its rapidity structure are crucial for understanding
of the physics of the hadron—nucleus and nucleus—nucleus collision process,
in general.

3. Method of analysis

First of all, the whole pseudorapidity space in the center-of-mass coor-
dinate system is divided into the forward and backward hemispheres which
lie conventionally opposite to each other on the basis of the two opposite
sides of a reference value of pseudorapidity, which in our case is 19. The
forward and backward hemispheres in the present context can be realized
by the schematic representation of the regions shown in Fig. 1. Ny and Ny
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Fig. 1. Definition of forward and backward hemispheres.

are the charged particle multiplicities within the forward and backward in-
tervals within a width of An on the two sides of 79. In our analysis, we have
measured the correlations amongst the particles with varying An values on
both the sides. The parameter which is used to characterize FB correla-
tions is the correlation strength, beor Which is extracted from the slope of a
linear relationship between the average multiplicity measured in the back-
ward rapidity hemisphere, Ny, and the multiplicity in the forward rapidity
hemisphere, Nf. This relationship is expressed as [24]

<Nb (Nf)> = a + beorr IVt - (1)
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The correlation coefficient can be positive or negative within a range of
|beorr| < 1. The extreme values of —1 and +1, respectively, represent the to-
tal correlation and total anti-correlation of the produced particles separated
in rapidity. The value beory = 0 is the limiting case of entirely uncorrelated
particle production. The intercept, a, is related to the uncorrelated parti-
cle number in the collision. The correlation coefficient is also expressible in
terms of the covariance of forward—backward multiplicity and the variance
of the forward multiplicity. This form is obtained by performing a linear re-
gression of Eq. (1) and minimizing the y? so that the correlation coefficient
attains the following form

(NeNy) — (Np) (Ny) Dy

(NE)—(Np)* Di

bcorr = (2)
Di = (N¢Ny) — (Ng) (Np) and DE = (N#) — (Ng)?, respectively, represent
the forward—backward and forward—forward dispersions.

As stated earlier, the correlations could be having both short-range,
those pertaining to a narrow pseudorapidity window, as well as the long-
range component, those coming from wider pseudorapidities window. In
the present work, we have chosen the range which would actually cover the
whole experimental observation range. The individual contributions would
be investigated and discussed in Section 5.

It has been proposed |25, 26] that the FB correlations could be investi-
gated by comparing the charged particle multiplicities in forward (F) and
backward (B) hemispheres which are defined as the regions on the opposite
sides of the centre-of-mass rapidity 7, ¢.e., the forward regions correspond
to > 1., where as 1 < 7. represents the backward hemisphere. The be-
haviour of the variation of the charged particles produced in the two regions
is represented on an event-by-event basis by the asymmetry parameter, C,
defined as 27, 28|

Ny — Ny,

=N ®)
This parameter is useful in discriminating between the different kinematical
regions within a pseudorapidity space as it has been suggested [28| that for
bins covering similar kinematical regions, the asymmetry parameter should
tend to have a value very close to zero.
The variance of the asymmetry parameter is given by
Di + D}, —2D3

7 = (Nt + Ny )

where Dy, = <N§> — <Nb>2 represents the variance of the backward hemi-
sphere. The angular brackets refer to the fact that the quantities have been
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averaged over the whole event sample. The behaviour of this parameter is
usually used to investigate the presence/absence of non-statistical fluctua-
tions in the multiparticle production in relativistic heavy-ion collisions. If
the value of the variance is close to unity, i.e., 0'% ~ 1, this would actu-
ally refer to the absence of any dynamical fluctuations whereas a deviation
from the unit value would be an indication of the presence of non-statistical
fluctuations in the multiparticle production |27, 28].

4. Details of the data

For the present investigations, a random sample of 555 interaction events
occurring in the interactions of 2®Si nuclei with emulsion at 4.5 A GeV energy
have been analyzed. These events have been taken from the emulsion stacks
exposed to 4.5 A GeV /¢ silicon beam from Synchophasotron at Dubna. We
have selected the events with ng > 2, where ng represents the number of
charged particles produced in an event with relative velocities 8 > 0.7. The
emission angles of all the relativistic charged particles were measured and
their pseudorapidities were determined. All other relevant details about the
stacks used, criteria employed for selecting the events and the method of
measuring the emission angles may be found elsewhere [29, 30] and the ref-
erences therein. For comparing the results with incident energy, a sample of
530 interactions of the same criteria obtained from the exposure of emulsion
stacks to 14.5 A GeV /¢ silicon beam from AGS at BNL have been used.

5. Results and discussion

The results on the variances, covariance, correlation coefficient and the
variance of the asymmetry parameter are discussed in the following subsec-
tions.

5.1. Dispersions

In the present work, the FB correlations have been studied for the in-
teractions of 28Si with various targets at two different energies, i.e., 4.5 A
and 14.5 A GeV /c. The forward—forward and forward-backward dispersions
have been calculated within a pseudorapidity gap extending up to 3.25 units
on both sides of the central value of the pseudorapidity which, in the present
case, is taken to be zero. The variations of the dispersions with the pseu-
dorapidity gap are exhibited in Fig. 2. One important observation which
comes to light is that the forward—forward dispersions are higher than those
of forward—backward dispersions. The difference is more prominent when
the energy increases. Further, it is observed that the prominence in the
difference between the two dispersions increases as the pseudorapidity gap
considered increases. It is also worth noticing that the trends seen in the
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plots indicate an almost constant dispersion (forward—forward as well as
forward—backward) after a certain value of the pseudorapidity window, with
this limit reaching more quickly and more prominently at higher energy.
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Fig. 2. Variation of the dispersions at two energies.

In Fig. 3, we present the results on forward—forward dispersion as a
function of the pseudorapidity window used at the two energies for different
targets in order to investigate if there exists any dependence of the variation
on the target size. It is seen that the dispersions are higher for heavier targets
at both the energies. However, one can observe that for higher energy, the
dispersions differ more at larger pseudorapidity windows whereas at lower
energy, the dispersions differ less at higher pseudorapidity window. This
might be an indication of the presence of long-range correlations amongst
the particles produced at higher energies and, at the same time, the presence
of short-range correlations at lower energies.
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Fig. 3. Target dependence of the forward—forward dispersions at two energies.
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In order to look for any target dependence of the forward—backward
dispersions, the variations of the same width An for different targets at the
two energies are exhibited in Fig. 4. There are two important observations
from the trends exhibited by the forward-backward dispersion. Firstly, it
is observed that the dispersions are higher for heavier targets, although
the difference becomes more prominent at larger pseudorapidity windows.
Secondly, the dispersions tend to saturate at higher An values. The first
observation may be an indication of the fact that with the increase in the
target size, we have more relativistic charged particles which normally lie in
the forward cone of the pseudorapidity space.
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Fig. 4. Target dependence of the forward—backward dispersions at two energies.

5.2. Correlation coefficient

Results on the variation of the correlation strength are presented in
Figs. 5 and 6. In Fig. 5, the variation of the correlation coefficient with
An is shown for the 28Si-emulsion interactions at 4.5 A and 14.5 A GeV /c.
It is observed that the correlation coefficient exhibits a similar trend with
the pseudorapidity interval at both the energies. However, within a partic-
ular pseudorapidity range, the correlation amongst the secondary particles
seems to be stronger at lower energy. One more observation from this figure
is that the correlation becomes stronger at around An = 1.5. This might be
a reflection of the fact that for the pseudorapidity range considered in the
present study, this value represents the central region on both sides of the
reference value. As such, it is expected that strongest correlation would exist
there. In order to understand if the target size plays a role in the correlation
strength, we have plotted the correlation coefficient for two different targets
at both the energies in Fig. 6. We observe that in the case of heavier target,
the correlation coefficient has a larger value. However, for both the targets,
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it seems that the correlation strength tends to saturate after a certain pseu-
dorapidity value which, in our case, may be attributed to lower statistics of
particles in that region.
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Fig.5. Variation of the correlation coefficient at two energies.
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Fig. 6. Variation of the correlation coefficient at two energies for different targets.
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5.8. Effective cluster multiplicity

The asymmetry parameter, C, defined by Eq. (3) is insensitive to the
dependence of multiplicity on centrality of the collision [31]. It has been
proposed that the variance defined above by Eq. (4) measures the strength
of multiplicity fluctuations. If the fluctuations have purely statistical origin,
then 020 = 1 whereas a deviation from this value would be suggestive of the
dynamical origin of these fluctuations. The variations of o7, with the pseu-
dorapidity bin An for 8Si-emulsion interactions at 4.5 A and 14.5 A GeV/c
are plotted in Fig. 6. It is observed that with the increase in An, the value
of U% increases and so does its deviation from unity. This behaviour is in
agreement with what has been observed earlier [32] and explained on the
basis of cluster model. In Fig. 7, we also observe that at higher incident
energies, the deviations of 0'% from unity are higher, thereby indicating that
the multiplicity fluctuations at higher energies may have more dynamical
origin than at lower energies.
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Fig.7. Variation of o with the pseudorapidity window for 28Si-emulsion interac-
tions at 4.5 A and 14.5 A GeV/c.
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In order to investigate whether there is any role of target size in the
presence of non-statistical fluctuations, the variations of 0’% with the pseu-
dorapidity bin An for ?8Si nuclei with CNO and AgBr targets are plotted
in Fig. 8. It is observed that at 4.5 A GeV /¢, the values of U% are higher
in the case of interactions with AgBr than those in the case of interactions
with CNO in the whole range of pseudorapidity investigated in the present
study which indicates that interactions due to heavier target have more con-
tribution to the multiplicity fluctuations than those due to lighter target.
However, when the incident energy increases almost threefold, it is observed
that in a narrower pseudorapidity bin, An, the lighter target has more con-
tribution. When the range is widened, the deviation of the variance in the
asymmetry parameter is higher in the case of heavier target. This may be
due to the presence of large fluctuations in the pseudorapidity region which
is away from the centre-of-mass rapidity region.
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Fig.8. Variation of 0% with the pseudorapidity window for the interactions of?8Si
nuclei with CNO and AgBr targets at 4.5 A and 14.5 AGeV /c.

6. Summary

The forward—backward multiplicity correlations amongst the relativistic
charged particles produced in the interactions of 2®Si nuclei with various
targets at 4.5 A and 14.5 AGeV/c are investigated. It is found that the
forward—forward as well as forward—backward dispersions show an increas-
ing trend with increasing pseudorapidity range at both the energies. The
dispersions show a saturating behaviour with wider pseudorapidity which is
more prominent at higher energy. The dispersions show a similar trend at
all the targets chosen. However, it is observed that for the interactions due
to heavier target, the dispersions have higher values than the dispersions in
the case of interactions due to lighter targets.
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On comparison of the strength of the correlation at two different ener-
gies, it is found that the correlation coefficient has a higher value at higher
energy. Further, the comparison of the correlation coefficient for different
targets reveals that for the interactions due to heavier targets, the corre-
lations amongst the relativistic charged particles seems to be higher. The
presence of the non-statistical contribution to the fluctuations in the mul-
tiparticle final state is looked into in terms of the deviation of the effective
cluster multiplicity 0'%« from unity. The behaviour exhibited by this param-
eter in our study is well in agreement with what has been suggested on the
basis of the cluster model.

One of us (W.B.) acknowledges the help of Dr. Manzoor A. Malik,
presently the Head of the Department of Physics, support and fruitful dis-
cussions.
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