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Entropy creation in multiparticle system is investigated by analysing the experimental data on ion-ion collisions at AGS and SPS
energies and the results thus obtained are compared with those predicted by multiphase transport and correlation-free Monte Carlo
models. Entropies produced in limited- and full-phase space are observed to increase with increasing beam energy. The entropy
values, normalized to the maximum rapidity and plotted against pseudorapidity (bin width also normalized to the maximum
rapidity), are found to be energy independent, exhibiting a kind of entropy scaling. Such scaling is observed in the full phase
space as well as in the regions confined to the forward or backward hemispheres. The findings also reveal that there exist strong
correlations amongst the particles produced in the forward and backward hemispheres around the midrapidity. These correlations
are found to be of short range in nature, and the contributions from the long-range correlations seem to be absent. PACS numbers:

25.75-q, 25.75.Gz.

1. Introduction

One of the main goals of studying nucleus-nucleus (AA)
collisions at relativistic energies is to study the properties
of strongly interacting matter under extreme conditions of
initial energy density and temperature, where formation of
quark-gluon-plasma (QGP) is envisaged to take place [1,
2]. Fluctuations in the physical observables in relativistic
AA collisions are regarded as one of the important signals
for QGP formation because of the idea that in many body
systems, phase transition may cause significant changes in
the quantum of fluctuations of an observable from its average
behaviour [2, 3]. For example, when a system undergoes a
phase transition, heat capacity changes abruptly, whereas the
energy density remains a smooth function of temperature [3].
Entropy is regarded as the most significant characteristic of
a system having many degrees of freedom [4-7]. Processes
in which particles are produced may be regarded as the so-
called dynamical systems [4-8] in which entropy is gen-
erally produced. Investigations involving the local entropy
produced in relativistic AA collisions are expected to provide
direct information about the internal degrees of freedom
of the QGP medium and its evolution [9]. It has been

suggested [4-7, 9-12] that the event coincidence probability
method of measuring entropy proposed by Ma [13-15] is well
suited for the analysis of local properties in multiparticle
systems produced in high energy collisions. This method is
applicable to both hadron-hadron and AA collisions [9, 11].
In AA collisions, entropy measurement can be used not only
to search for QGP formation but it may also serve as an
additional tool to investigate the correlations and event-by-
event fluctuations [4-7, 9]. Analysis of the experimental data
on hh collisions over a wide range of incident energy (up to
V/s = 900 GeV) carried out by Simak et al. [16] indicates that
entropy increases with beam energy, while the entropy per
unit rapidity seems to be an energy independent quantity.
These findings indicate the presence of ultimate scaling over
an energy range extending up to a few TeV. Such scaling has
also been observed in pp collisions at LHC energies [17].
For AA collisions, however, only a few attempts have been
made [18-21] to study the entropy production in multiparticle
systems. It was, therefore, considered worthwhile to carry out
a well-focused study of entropy production and subsequent
scaling in AA collisions by analysing the experimental data
over a wide range of incident energies. The findings are
compared with the predictions of a multiphase transport



(AMPT) and an independent emissions hypothesis (IEH)
models.

2. Method of Analysis

In high energy AA collisions, as the two colliding nuclei inter-
penetrate, the collision between the participating nucleons
causes the combined system to fly apart. Initially, there would
be a large random component to the particles’ velocities,
which is described by temperature [22]. As the particles
move outwards, their velocity vectors become more and
more oriented in radial direction with a reduced random
component [22]. In thermodynamic terms, the nuclear gas
cools, with thermal energy converted to collective flow energy
in the radial direction. As the time elapses, volume of the
system, V, increases, whereas the temperature, T, decreases.
At a certain point of time, collisions between participating
nucleons cease and the measurable characteristics of the
system freeze out [22], but the thermodynamic analysis of
the system in terms of V and T is very difficult as both
the quantities change rapidly with time. It has, however,
been suggested by Seimens and Kapusta [23] that instead
of studying T' and V, entropy may easily be studied as it
grows rapidly only during the initial stage of the collision
and does not significantly change in the later stage, when
the system expands and cools. Since, in heavy-ion collision
experiments, measurements are confined only to the final
state particles, which are mostly hadrons, net entropy is,
therefore, expected to provide invaluable insight into the
state of matter the in early stage of the collision, as it is
nearly conserved between initial thermalization and freeze-
out [24]. After freeze-out, when particles freely stream out,
entropy remains essentially constant. Entropy may increase
only because of viscous effects, shock waves, and decoupling
processes. The entropy from the final state, thus, provides and
an upper bound for the entropy of the initial state.

Entropy of produced particles is calculated from their
multiplicity distribution using [20]:

S=-YP,InP, )

where P, is the probability of # relativistic charged particles
being produced in an interaction. If there are v-independent
sources which contribute to the particle production, the
entropy being an additive quantity may be expressed as [20]:

S=-)S, )

The invariance of entropy under an arbitrary change of
multiplicity scale allows to choose a subsample of particles,
like charged particles. The entropy of the emitted relativistic
charged particles is, therefore, calculated for the experimental
and simulated data sets selected in the present study.

3. Details of the Data

A stack of G5 emulsion, horizontally exposed to 14.5A GeV/c
28Gi jons from AGS at BNL, is used. The events were searched
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for by following an along the track method and the ones
which satisty the following criteria were selected for carrying
out various measurements and analysis:

(i) the tracks of the incident particles producing events
should not be inclined more than 3° with respect to
the mean beam direction and

(ii) the events should lie at a depth >20 ym from the top
or the bottom surface of the emulsion pellicle.

Adopting the above criteria, a sample consisting of 1039
interactions characterized by N, > 0 were collected; N,
denotes the number of tracks with ionization, I > 1.4I,
I, is the minimum ionization produced by a singly charged
relativistic particle. From this sample, events produced due
to the AgBr group of target were sorted out on the basis
of their N, values. Events with N;, > 8 are envisaged to
be produced exclusively due to the interactions with AgBr
targets, whereas those having Nj, <7 are produced either due
to the interactions with H or CNO group of nuclei or due
to peripheral collisions with AgBr nuclei [25-31]. Following
these criteria, 561 events due to AgBr targets were selected
for the present analysis. Furthermore, two other sets of data
on the interactions of '°O ions with AgBr targets at 60
and 200A GeV/c, from the emulsion experiment performed
by EMUOLI collaboration [25-28], are also analysed; number
of events in these data sets are 422 and 223, respectively.
It should be emphasized that the conventional emulsion
technique has two main advantages over the other detectors:
(i) its 47 solid angle coverage and (ii) emulsion data are
free from biases due to full phase space coverage. In the
case of other detectors, only a fraction of charged particles
are recorded due to limited acceptance cones. This not only
reduces the charged particle multiplicity but also distorts
some of the event characteristics, such as particle density
fluctuations [32]. Emission angle, 0, and azimuthal angle,
¢, were measured for each track produced by relativistic
charged particles with respect to the mean beam direction.
Using the measured values of 0s, pseudorapidity variable,
n of each of the produced relativistic charged particles is
estimated using the relation # = —Intan(6/2). The number
of relativistic charged particles in a selected 7 window is,
thus, counted to estimate the probability of producing n
charged particles, P,(Ar) for the entire data sample. P,(A#)
values, thus obtained, were used to determine the entropy
produced in a particular #-window using (1), as described
in the next section. In order to compare the findings of the
present study with the predictions of Monte Carlo model
and AMPT [33], event samples matching the real data are
simulated using the code ampt-v-1.2.21. The number of events
in each simulated data set is equal to that in the real data
sample. The events are simulated by taking into account the
percentage of interactions which occur in the interactions of
projectile with various target nuclei in emulsion [29]. The
values of impact parameter for each data set is so set that the
mean multiplicities of relativistic charged particles become
nearly equal to those obtained for the real data sets.
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4. Results and Discussion

Probability, P,(A#), of producing # relativistic charged parti-
cles in a pseudorapidity window of fixed width is calculated
by selecting a window of fixed width, A = 0.5. This window
is chosen so that its midposition coincides with the centre
of symmetry of # distribution, 7. Thus, all the relativistic
charged particles having their # values lying in the interval
n. — (Ay/2) < n < n. + (An/2) are counted to evaluate
P,. The window width is then increased in a step of 0.5
until a region 7. + 3.0 is covered. The values of entropy
for different # windows, ranging from 0.5 to 6.0, is then
calculated using (1). Variations of entropy, S, with Az for
the real and AMPT data samples are displayed in Figure 1.
It may be noted from the figure that with increasing A,
entropy first increases rather quickly then slows down and
thereafter saturates beyond Ay ~ 4.0. Such a trend is
expected because of the fact that with increasing Ay, particle
multiplicity increases, first rapidly and then slowly, causing
entropy to increase in a similar fashion. However, beyond
An ~ 4.0, multiplicity increases nominally yielding essentially
the same value of entropy. It may also be noted from the
figure that for a given Ay, entropy increases with increasing
beam energy. Furthermore, a comparison of the plots for
the real and AMPT simulated events, shown in Figure 1,
shows that the entropy values for the experimental data
are close to those predicted by the AMPT model. Studying
the multiplicity dependence of average phase space densities
and entropies of thermal pions, Sinyukov and Akkelin [34]
have reported the presence of deconfinement and chiral
phase transitions in AA collisions at relativistic energies. The
observed energy dependence of entropy per unit rapidity
by these workers have been interpreted as the chemically
equilibrium pion number which is frozen at initially very high
temperature that increases with collision energy [34] with
regard to the experimental scenario, entropy evolution has
been investigated by Simak et al. [16] in hh collisions in the
energy range of /s = 22 to 900 GeV. Entropy increase has
been observed [16] with increasing projectile energy in the
entire energy range considered. Similar energy dependence
of entropy has also been observed by Mizoguchi and Biajima
[17] at LHC energies (/s = 0.2 to 7 TeV).

To check whether the observed entropy behaviour is a
distinct feature of the data or arises solely due to fluctuations
in the event multiplicities, correlation-free Monte Carlo
events are generated and analysed. These events are generated
in the frame work of Independent emission hypotheses (IEH)
by adopting the following criteria [30, 31, 35, 36].

(1) Multiplicity distribution of the produced particles
should be similar to the one obtained for the exper-
imental data.

(2) There should be no correlation between the produced
particles.

(3) For each event, single particle inclusive distribution
in 7 space is set to have Gaussian shape with its
mean value, (), and dispersion, o, equal to their
corresponding values for the real event.
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FIGURE 1: Variations of entropy with #-bin width for the experimen-
tal, AMPT, and IEH events at various energies.

By applying the above criteria, three sets of correlation-free
Monte Carlo (IEH) events corresponding to the three real
data samples are simulated and analysed. The number of
events in each sample is equal to those for the real data.
Variations of S with Ay for these events at the three incident
energies considered are shown in Figure 1 (bottom panel).
It is evident from the figure that the trend of variation of S
with Ay for the IEH events is markedly different from those
observed for the real and the AMPT data. This indicates
that the observed entropy dependence on the width of #-
window is a distinct feature of the data and definitely not a
manifestation of statistics. These findings are, thus, in fine
agreement with those reported earlier [16] for hh collisions in
the energy range from ~2 GeV to a few TeV. In AA collisions
too, entropy has been observed by Khan et al. [21] to increase
with increasing beam energy.

It has been reported [16] that for hh collisions in the
energy range of ~22 to 900 GeV, total entropy produced in



a limited pseudorapidity bin, when normalized to maximum
rapidity in the centre-of-mass frame, is found to be essentially
independent of the energy and identity of the colliding
hadrons, indicating, thereby, the presence of a kind of entropy
scaling. Such a scaling of entropy has also been observed by
Mizoguchi and Biajima [17] in pp collisions at cms energy
range, 0.2-7 TeV. In case of AA collisions too, a similar scaling
behaviour has been observed by Khan et al. [21] in 4.5
and 14.5A GeV/c **Si-nucleus collisions and also by Ghosh
etal. [20] in 60A GeV/c 16O-AgBr and 200A GeV/c *S-
AgBr collisions. An attempt is, therefore, made to examine
the occurrence of entropy scaling with the present data that
would definitely cover a significant energy range (AGS and
SPS). For this purpose, values of the maximum rapidity in the
centre-of-mass frame, Y,,, are calculated using the relation
[20]

Y, =In (£> , (3)

my

where +/s denotes the centre-of-mass energy of the partici-
pating system and m, represents the rest mass of a pion. The
value of +/s is calculated from [37]

where Ey,.,, is the energy of projectile nucleus in laboratory
frame, N, and N,, respectively, denote the numbers of
participating projectile and target nuclei, and 1 is the nucleon
mass. Values of N, and N, used for calculating +/s are
the event-averaged values estimated from the AMPT event
samples.

Variations of entropy normalized to maximum rapidity,
S/Y,, forthe experimental, AMPT and IEH data are exhibited
in Figure 2. It may be seen in the figure that for the
experimental and AMPT data, S/Y,, first increases up to
An/Y,, ~ 0.5 and thereafter tends to acquire almost a constant
value. It is interesting to point out that the data points
corresponding to various energies overlap and fall on a single
curve, indicating the presence of entropy scaling which is well
supported by AMPT. No such scaling is, however, observed in
the case of IEH data. This suggests that the observed scaling
in the case of real data is truly of dynamical nature and the
findings are in fine agreement with the AMPT predictions.

Investigations involving forward-backward (F-B) multi-
plicity fluctuations and correlations [30, 38-44] suggest that
event-by-event (ebe) multiplicities of relativistic charged par-
ticles in the forward (F) and backward (B) hemispheres are
not equal. This prompts one to study multiplicity fluctuations
by comparing the ebe multiplicity, ny, in a pseudorapidity
window of width A placed in the F region with the multiplic-
ity n, observed in an identical window in the B region; the two
windows are chosen in such a way that they are symmetric
around #,. Using these definitions, a number of attempts
have been made to investigate F-B multiplicity correlations
and fluctuations either by examining the dependence of n
on (n,) [42-46] or by considering [30, 38-41] a multiplicity

(nf - nb)/\/(nf+nb). These
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FIGURE 2: Dependence of S/Y,, on An/Y,, for the real, AMPT, and
IEH event samples at the three incident energies.

investigations observe presence of strong F-B correlations.
Such correlations are believed to arise due to isotropic decays
of cluster-like objects in F or B # region. The presence of
ebe multiplicity asymmetry, thus, indicates that the value of
the entropy in the two regions are different. In order to test
this, we have studied the entropy production and its scaling
separately in F and B regions by selecting a # window of
width, Az, and placing it in F region such that all the charged
particles having their # values lying in the interval 1. < # <
n. + Ay are counted to estimate the entropy values in the
F region. Similarly, the entropy values in the B region are
estimated by picking up the charged particles with their #
values in the range 1, > 17 > 1. — An. Dependence of entropy
on the #-bin width in F and B regions for the experimental
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FIGURE 3: Variations of S with A for the experimental and AMPT events in forward and backward hemispheres.

and AMPT data are displayed in Figure 3. Similar plots for the
IEH events are shown in Figure 4. Th following observations
may be made from these figures.

(i) In the case of experimental and AMPT data, entropy
increases with increasing Ay up to ~1.5 and thereafter
acquires nearly a constant value in both F and B
hemispheres.

(ii) For a given Ax, entropy increases with increasing
beam energy.

(iii) For IEH events, on the other hand, with increasing
A, the value of S first increases quickly then rather
slowly but does not saturate. Thus, the trends of
variations of S with Ay for the real and AMPT data are
observed to be quite different from those observed for
the IEH data.

(iv) It is interesting to note that for the IEH event samples,
the values of S against Ay in F and B regions are

nearly the same. For the real and AMPT data, on
the other hand, S acquires rather a larger value in
the F hemisphere as compared to those for the B
hemisphere. Such a difference in S values is noticed
in the entire Az region and for all the three energies
considered.

The observed difference in the entropy values in the two
regions for the experimental and AMPT events (and not with
the IEH events) may arise due to the strong correlations
existing between the particles belonging to the adjacent F
and B regions around midrapidity [9, 39-41]. It is commonly
believed [38-46] that the forward-backward correlations
observed are of short-range type and there are almost no or
very small contributions from the long-range correlations,
particularly at lower energies. In order to ensure further that
whether or not the observed entropy difference arises due to
the particle correlations of short-range type, entropy values
are calculated in F and B regions after leaving a gap of 27 units
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between the two regions; that is, particles with # < 7, + 1.0
in the F region and those with # > #, — 1.0 in the B regions
are not counted. Dependence of S on A for such regions are
displayed in Figures 5(a) and 5(b). Similar plots for an F-B
separation of 37 units are also shown in Figures 5(c) and 5(d).
It is interesting to note in Figure 5 that the entropy difference
in the two regions is much smaller as compared to those
reflected from Figure 3. Moreover, for the F and B regions
separated by 37 units, this difference almost vanishes and the
entropy values against Az in the two regions are nearly the
same (Figure 5). Results from the analysis of the AMPT events
also supports the experimental observations. These findings,
thus, suggest that there exist strong correlations amongst the
particles belonging to adjacent F and B regions and are mostly
of short-range type. On introducing a separation between the
two regions, the F-B correlations become weaker and finally
vanish for larger separations, giving nearly the same entropy
values for the two hemispheres.

In order to test whether the relativistic charged particles
emitted in F and B hemispheres exhibit the same kind of
entropy scaling as observed when the particles of the two
regions are collectively considered, variations of S/Y,, with

An/Y,, for the charged particles emitted in F and B regions
are examined for real, AMPT, and IEH data sets. These
variations are displayed in Figure 6. It is clear from the
figure that the data points corresponding to three energies
overlap and indicate the presence of entropy scaling in both
F and B regions. The observed scaling behaviour is nicely
reproduced by the AMPT data sets. Moreover, the results for
the IEH events confirm that the observed entropy scaling is a
distinguishable feature of the data rather than a manifestation
of statistics.

5. Conclusions

Based on the findings of the present work, the following
significant conclusions may be reached.

(1) With widening of the # windows, entropy first in-
creases and thereafter acquires nearly a constant
value.

(2) For a given Ay, entropy increases with increasing
beam energy.
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(3) Dependence of S/Y,, on Ay/Y,, shows the presence

of entropy scaling in AA collisions at AGS and SPS
energies. Such a scaling is observed to hold good even
if the particles emitted in the forward and backward
regions are separately considered.

(4) Entropy dependence on pseudorapidity bin width,

examined separately in forward and backward hemi-
spheres, indicates the presence of strong correlations
amongst the particles emitted in the two hemi-
spheres around mid-pseudorapidity. On effecting
a separation between the two hemispheres, these
correlations are observed to become weaker and
finally vanish when the separation between the two
hemispheres becomes relatively large. This suggests
that the observed correlations are of short range in

nature, arising due to the “clusters” and the high
mass states, produced during the initial stage of
collisions, which finally decay isotropically in their
centre-of-mass frame to real physical hadrons, while
the contributions from the long-range correlations
appear to be absent.

The findings of the present study reveal that entropy per
unit rapidity increases with collision energy, whereas when
normalized to maximum rapidity, becomes energy indepen-
dent. These results are in fair agreement with those obtained
from theoretical calculations of average phase space density
and entropy in thermal hadronic system at the final (freeze-
out) stage of AA collisions, carried out by Sinyukov and
Akkelin [34]. Theoretical investigation [24] of entropy per
unit rapidity at freeze-out with minimal model dependence
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from the available measurements of particle yields, spectra,
and source size indicates that at the same energy density, QGP
would be a high entropy state as compared to pion gas. It may
be stressed that an increase in the entropy density, if observed
at RHIC or LHC energies, might be taken as a signal of QGP
formation.
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