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NUCLEUS-NUCLEUS INTERACTIONS

The multiplicity fluctuations in the relativistic charged particles produced in 28 Si-nucleus in-
teractions at two different energies are investigated in terms of a scaled variance. The main
binning condition used in the present study is to expand the range of pseudorapidity along both
sides of a central rapidity which is obtained from the rapidity distribution of each interaction
considered. The dependence of the multiplicity fluctuations on the projectile energy and target
size is investigated, and the results are compared with those obtained from the FRITIOF model.
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1. Introduction

The last one and a half decade has observed a great
spurt in the study of heavy-ion collisions at relativis-
tic energies. This is attributed to the realization that,
in such interactions and under the extreme conditions
of energy density and temperature, conditions simi-
lar to those which existed within a few microseconds
after the Big-Bang could be achieved [1]. It is be-
lieved that the intermediate fireball produced in the
collision consists of the partonic phase of a decon-
fined quark-gluon plasma (QGP), which evolves ulti-
mately into the hadronic phase due to the freeze-out
[2]. Keeping in view the importance of reaching to
such a phase of matter, several heavy-ion collisions
programs where initiated at AGS-BNL and CERN-
SPS earlier. However, in the last decade, the progress
has been tremendous in the field with the advent of
Relativistic Heavy Ion Collider (RHIC) at BNL and
Large Hadron Collider (LHC) at CERN, wherein a
general consensus has been reached at the formation
of a strongly interacting QGP [3-6]. The main aim of
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carrying out heavy-ion collision experiments at RHIC
and LHC is to study the nature of the phase transi-
tion and understand the QGP in detail. Since the ex-
periments therein result in the production of a large
number of particles, the extraction of dynamic vari-
ables on the event-by-event basis has become a signif-
icant tool for investigating the source. The event-by-
event fluctuations in temperature, mean transverse
momentum, particle multiplicity, and particle ratios
have been found [7-13] of utmost importance in hav-
ing an idea of the evolution of the various stages of the
formation of QGP and its freeze-out to the hadronic
phase.

The final distributions of the particles produced
in relativistic heavy-ion collisions is very much influ-
enced by the dynamics of the initial process [14]. As
such, the multiplicity distributions have an impor-
tant role to play when it comes to having a first hand
information on the multiparticle production mecha-
nism in these collisions. The formation of a QGP and
its transition to the hadronic phase is expected to
be reflected in terms of large dynamical fluctuations
in the multiparticle production [15]. Thus, the study
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of fluctuations has become an important tool in en-
visaging the process of phase transition in relativistic
nuclear interactions [16]. A great deal of work [17-23]
has been carried out in this field over a wide range of
energies. Earlier, it has been suggested [24] that the
deconfinement should result in the non-monotonous
trends in the behavior of multiplicity fluctuations,
which could act as an indicator for the observance of
the critical point [25]. One of the tools to study the
multiplicity fluctuations is the scaled variance which
is defined [26] as
2 2
L Var() _ () = (n)? "
(n) (n)

where Var(n) = Y, (n — (n))*P(n) and ((n) =
= Y nP(n) are the variance and mean of the mul-
tiplicity distribution. It has been suggested [27-29]
that an estimate of the scaled variance would be a
direct measure of multiplicity fluctuations. The main
idea behind these types of studies is that the multi-
plicity fluctuations are a reflection of particle correla-
tions amongst the particles produced in heavy ion col-
lisions. As such, any correlation amongst the particles
would be inferred in terms of a deviation of the mul-
tiplicity from the Poissonian one [27]. This is because
the independent particle production is represented by
a Poisssonian distribution, for which the variance is
equal to its mean resulting in (w = 1). Any posi-
tive (negative) deviation would make the distribution
broader (narrower) from the Poissonian one. Thus, if
the scaled variance is greater than unity, it would be
indicative of the presence of a correlation amongst the
particles produced. The strength of the corelation can
be realized by the amount of deviation of (w) from 1.

In the present work, results on the scaled variance
for the interactions of 28Si nuclei with various targets
at two different energies, i.e., 4.5A and 14.5A4 GeV /¢,
are presented. The results have been put on test using
the FRITIOF [30] model.

2. Experimental Details

A random sample of 555 interaction events for the col-
lisions of 28Si nuclei with the emulsion at 4.54 GeV /¢
energy has been analyzed. These events pertain to
the emulsion stacks exposed to 4.5A4 GeV/c sili-
con beam from Synchrophasotron at DUBNA. These
events correspond to those interactions, for which
ns > 2, where ng represents the number of relativis-
tic charged particles produced in an event. The other
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details of the measurement procedures used and the
description of the emulsion stacks can be found else-
where [31, 32]. For having an idea of the variation in
the results with increase in the energy, the results
pertaining to these interactions are compared with
those pertaining to the interactions of 28Si with var-
ious targets in the case of an exposure of emulsion
stacks to the 14.5A4 GeV/c silicon beam from AGS at
BNL. For the classification of various particles emit-
ted in various interactions considered for the present
study, the usual emulsion terminology [33] has been
used. The emitted particles are classified in three cat-
egories (black, grey, and shower particles), according
to the following criteria:

e Black particles: (ny) These are referred to the tar-
get fragments with ionization I > I, where Iy repre-
sents the the minimum ionization of a single charged
particle. Black tracks are characterized by velocities
v < 0.3c and a range R < 3 mm in the nuclear emul-
sion.

* Grey particles: (ng) These are referred mainly
to the recoil protons in addition to few kaons and
a small amount of low-energy pions. They fall within
the ionization range (1.41y < I < 91). Grey particles
are characterized by velocity 0.3¢c < v < 0.7c and a
range R > 3 mm in the nuclear emulsion.

e Shower particles: (ns) Shower particles are the
relativistic charged particles produced in the interac-
tion. Most of these particles are charged pions with
small amount of fast protons and kaons. The particles
have velocities v > 0.7c. These particles have largest
range amongst all the particles produced in an inter-
action.

In the present study, we have classified the inter-
actions due to different targets on the basis of the
number of heavily ionizing particles (nj) produced
in an interaction. Heavy particles are defined as the
sum of black and grey tracks produced in an inter-
action, i.e., nj, = ny + ngy. The interaction events for
which 2 < nj, < 7 are considered to be the interac-
tions resulting from the CNO target of the emulsion,
whereas all the interaction events, for which n;, > 8
are attributed to the interactions due to the AgBr
target. The phase space variable, which has been uti-
lized to characterize the relativistic charged particles
in the various interactions, is the pseudorapidity vari-
able n = —1In tang with 0 representing the emission
angle of the particle with respect to the direction of
the projectile beam.
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3. Results and Discussion
3.1. Mean Multiplicity

One of the fundamental observables to characterize
a heavy-ion collision is the multiplicity of a particle
produced in the interaction [34]. The multiplicity of
each kind of particles is viewed as a diagnostic tool
to have an insight of the interaction, from which it
results. The results on the mean multiplicity of the
various interactions investigated in the present study
are exhibited in Table. It is seen that the black and
grey particle multiplicities show no significant change,
when the projectile energy increases almost three-
fold. However, the relativistic charged particle multi-
plicity does increase significantly with increase in the
incident energy. Further, it is observed that the mul-
tiplicities of all types of particles are pronouncedly
effected by the target size. In fact, there is an evident
increase in the multiplicities of the produced parti-
cles, when the target size increases.

3.2. Pseudorapidity distributions

In the present study, we have investigated the multi-
plicity fluctuations for the interactions of 28Si nuclei
with various targets in different rapidity window sizes
centering about a central rapidity value for each in-
teraction. The central value has been identified from
the rapidity distributions shown in Fig. 1 for all the
interactions. The central value corresponds to that
value of rapidity, for which the number of particles is
maximum. A rapidity window (An) is afterword de-
fined as a symmetric region of rapidity around both
sides of this central value. Although many workers
[29] have used asymmetric regions for finalizing An,
it is a general understanding that even if, as in the
present study, we include the region of lower rapidity,

Mean multiplicities of various particles produced
in the interactions of 28Si nuclei with various targets

Energy

A | Tareet | (m) (ng) (ns)
4.5 Emulsion | 6.7440.40 | 3.71 £0.41 | 13.26 - 0.45
4.5 CNO 2.92£0.10 | 1.934+0.10 | 10.82£0.48
4.5 AgBr 15.00£0.81 | 7.824+0.82 | 20.54 £ 0.82
14.5 Emulsion | 6.9540.22 [ 4.69 4+ 0.21 | 22.02 +0.61
14.5 CNO 3.22+0.11|2.044+0.10 | 16.75+£0.63
14.5 AgBr 10.79+£0.24 | 7.34£0.23 | 27.07£0.93
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this is not going to affect our calculations, because
the multiplicity in these regions would automatically
go down, thereby not making any difference whether
we take a symmetric or asymmetric rapidity region
for finalizing the window size.

3.3. Scaled Variance

In the present case, we have analyzed the data within
the interval —6.0 < 7, < 6.0 (7, is the central rapidity
value) for all the interactions. The intervals have been
varied with a step size of 0.5 on both sides of the cen-
tral rapidity value so that the rapidity window size,
An, varies from 1 to 12 in each case. The variation of
the scaled variance with the rapidity window for the
interactions of 22Si nuclei with an emulsion target at
4.5A and 14.5A GeV /c are exhibited in Fig. 2. It is ob-
served that the maximum variance occurs within the
region of —2.0 < 5. < 2.0 i.e., at Anp = 4.0 for both
the energies. However, one significant observation is
that there is an apparent difference in the amount
of fluctuations in the two interactions between the
inner region and the outer region, i.e., for the rapid-
ity window sizes An < 4 and An > 4; the scaled
variance for the interactions at two different ener-
gies shows a varying behavior. At lower energy, the
maximum multiplicity fluctuations are found to per-
tain to the lower rapidity windows, whereas, at higher
energy, the trend is completely opposite. Further, it
is worth noting that, after a certain rapidity inter-
val, the scaled variance shows the saturation even if
the size of a rapidity window is increased. Such type
of behavior is in agreement with what has been ob-
served [29] in many nucleus-nucleus interactions at a
wide range of energies.

The experimental findings have been compared
with those obtained from analyzing an event sam-
ple using the FRITIOF code, which is based on the
Lund Monte-Carlo model [30]. This model visualizes
the collision between two nuclei as a composition of
various constituent nucleon-nucleon collisions. The fi-
nal multiparticle state is viewed as a result of the cre-
ation of the longitudinally excited strings between the
nucleons, which ultimately get fragmented to produce
the final-state particles. In the present study, a large
event sample consisting of about 5000 events pertain-
ing to both the energies has been generated, and the
results with the experiemntal findings are compared
in Fig. 3. It is quite clear that the FRITIOF model be-
havior is quite not supporting the experimental find-
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Fig. 1. Rapidity distributions of the interactions of 2®Si with various targets at 4.5A and

14.5A GeV/c

ings. However, the trend of the variation is the same
in both cases.

In order to investigate the influence of the size of
a target on the scaled variance, we present the varia-
tions of the parameter in the case of the interactions
arising due to CNO and AgBr targets for both the
energies considered in Fig. 4. In both cases, we see
that the correlation strength has an increasing trend
with the rapidity window. However, it is important to
note that the scaled variance has higher values in the
case of interactions caused by heavier targets at a par-
ticular rapidity window. This behavior is observed at
both incident energies. Thus, we see an increase of the
scaled variance toward the mid-rapidity region. Such
type of behavior has been attributed to a strong cor-
relation in the momentum space in the case of Pb—Pb
collisions at various energies at CERN SPS.

Figures 5 and 6 exhibit, respectively, the compar-
isons of the experimental observations with those ob-
tained from the FRITIOF model for interactions due

ISSN 2071-0194. Ukr. J. Phys. 2017. Vol. 62, No. 1

0 i : *Si-emulsion interactions

I R

I ’

i LI LA T
s 7F

- ¢

s

e

°r

4} ¢

3(; ; 7 ¢ ; T i

An

Fig. 2. Variation of the scaled variance with rapidity window
for 28Si-emulsion interactions at 4.54 and 14.54 GeV/c

to the CNO and AgBr targets. It is observed that the
increasing trend is the same in the case of experi-
ments, as well as the FRITIOF predictions. However,
we see that, in the case of the lighter target, i.e., CNO,
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Fig. 3. Variation of the scaled variance with rapidity window for 28Si-emulsion interactions
at 4.5A and 14.5A GeV /c for experimental and FRITIOF data
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Fig. 4. Variation of the scaled variance with rapidity window for the interactions 2%Si with
the CNO and AgBr targets at 4.5A4 and 14.5A4 GeV/c
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there is a smaller difference between the experimen-
tal values and the FRITIOF predictions, whereas, for
the interactions due to the heavier target, i.e., AgBr,
there is a considerable disagreement between the ex-
periment and the FRITIOF. This kind of behavior
has [29] been noticed earlier in the case of 1°O-nucleus
interactions at 604 GeV/c.

4. Conclusions

The present study has been carried out to investi-
gate the nature of correlations amongst the relativis-
tic charged particles produced in the interactions of
288i nuclei with various targets at two different ener-
gies. The correlation was looked into in terms of the
scaled variance w which is considered to be close to
unity for uncorrelated particles. For the interactions
studied here, it is found that, for all the cases, the
scaled variance is far greater than 1, thereby indicat-
ing that the multiparticle state produced in these in-
teractions is pronouncedly correlated. We have found
that the correlation is stronger in the smaller rapid-
ity range in the case of interactions initiated by a
projectile with lower energy. However, for higher en-
ergy, the correlation strength is higher at wider rapid-
ity ranges. We also observed that the size of a target
does play a role in the formation of a correlated multi-
particle final state. The correlation strength is higher
for the interactions corresponding to a heavier tar-
get. The results are compared with the predictions of
the Lund Monte-Carlo model-based FRITIOF code,
and we have found that the varying trend of the cor-
relation strength with the rapidity range is well pre-
dicted by the FRITIOF model. But, in many inter-
actions, the amount of correlation strength does not
match with the experiment.
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YYTJIUBICTD OJIYKTYAILIN
MHO>KMHHOCTI O MIBUAKOCTI
Y BBAEMOIT AIEP ITPU BUCOKUX EHEPTIAX

Pesmowme

Hocuizkeno diryKTyalil MHOKHHHOCTI PEJIITUBICTCHKUX 3apsi-
[DKEHWX YaCTHHOK, HAPOMXKEHHX y B3aeMmomil 28Si smep mpm
JIBOX DI3HUX €Heprisgx y TepMiHax MaciiTaboBaHOI Juciiepcii.
Sk OCHOBHY MOJIEJIbHY YMOBY BHUKOPHCTAHO PO3IIUPEHHS JIi-
ala30Hy IICEeBIOIIBUIKOCTI B 00MiBa OOKHU BiJ| IEHTPAJILHOIO
3HAYEHHS IIBUJKOCTI, siKke BUBHAYAETHCS 3a PO3IO/IIJIOM IIBHUJI-
KOCTI JIJIs KOXKHOI B3aeMozil. Busueno 3asiexknocti dirykrya-
[iiff MHOXKMHHOCTI Bij| eHepril Ha/iTaro4oro siapa i po3Mipy Mi-
mreHi. IIpoBeneHo NOpPiBHAHHS 3 pe3yiabTaTaMU MOJEN KBapK-
IVIIOOHHOI CTPYHH.
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