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Thermodynamic properties of the hot and dense system produced in relativistic heavy-ion colli-
sions have been studied by analyzing the transverse momentum (pt) spectra of emitted particles
(pions, kaons, and protons). The spectra are fitted using the non-extensive Tsallis statistics. The fit
parameters, g and T, provide the degree of deviation of the system from an equilibrium state and
the effective temperature at freeze-out, respectively. These parameters are presented as a function
of collision energy, collision centrality, and different fit ranges in pt for available experimental
data at Relativistic Heavy Ion Collider (RHIC) and the Large Hadron Collider (LHC) energies.
An anti-correlation between the two fit parameters has been observed. With the increase of the
collision energy, g increases in a systematic manner whereas 7 has a decreasing trend. For central
collisions, ¢ and T have a strong dependence on the fitting ranges of pr, however, for peripheral
collisions there is a minor dependency on pr. The Tsallis parameters are found to have mass
ordering, which needs further investigation with the inclusion of radial flow.
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1. Introduction

Relativistic heavy-ion collisions, probed at experimental facilities of RHIC at Brookhaven
National Laboratory and LHC at CERN, produce matter at extreme conditions of temperatures and
energy densities in the form of quark-gluon plasma (QGP). The QGP is a transient stage which cools
down rapidly (7 — 10 fm/c) and finally freezing in the form of outgoing hadrons. The space-time
evolution of the system formed passes through two symbolic freeze-outs, chemical freeze-out and
kinetic freeze-out. The colliding medium first reaches chemical equilibrium and then cools down
by expansion. Due to this expansion of the system, the inelastic collisions cease when the mean
free path for the interactions becomes comparable to the system size. This is known as the chemical
freeze-out, at which point the abundances of different particle species become constant. After
this stage, even if the relative fractions of the particles are constant, these particles continue to
interact till a point where the final state interactions between the hadrons are no longer effective.
After this kinetic freeze-out all the interactions cease and the (transverse) momentum spectra of the
particles remain unchanged. The studies of the pt spectra of the outgoing particles provide direct
insight into the thermodynamical properties at kinetic freeze-out conditions. Boltzmann-Gibbs
(BG) distribution function with the blast-wave model is largely used by many experiments [1-6]
to explain the pr spectra and hence calculate temperature at the kinetic freeze-out. However, the
drawback of the BG blast-wave model is that it can explain pt spectra only at low pr ranges
(2 -3 GeV/c) [5-7].

The non-extensive Tsallis statistics is found to provide a better description of the pr spectra
at high-energy collisions [8—12], as it is successful in explaining the spectra up to high pt ranges
successfully. Tsallis statistics has been found to be appropriate to explain the pr spectra in proton-
proton (pp) [10, 11] as well as in heavy-ion collisions [12]. Since this distribution function does not
account for radial flow contributions, the temperatures obtained from the Tsallis fits are the effective
temperatures, different from the kinetic freeze-out temperatures.

The invariant momentum distribution in terms of Tsallis distribution can be written as,
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where E, T, and u are energy, effective temperature, and chemical potential, respectively. ¢ is the
entropy index that measures the deviation from the equilibrium of the system. Equation 1 in the
limit ¢ — 1 represents statistics of equilibrium state i.e. Boltzmann-Gibbs statistics. Equation 1

can be written as,
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Fitting the experimentally measured pr spectra in terms of transverse mass (mr) and rapidity (y),
one obtains the Tsallis parameters, ¢ and T. For all charged particles, at mid-rapidity, the above
expression becomes,
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where Ny, is charged particle multiplicity and 7 is the pseudo-rapidity. The sum runs over three
most abundant particles, 7, K and p. Factor 2 in Equation 3 accounts for both particles and their
anti-particles. The degeneracy factors (g) are unity for pions and kaons and 2 for protons.

2. Data analysis, results and discussion

The thermodynamic properties at the freeze-out of the medium formed can be understood by
analyzing the pt spectra of hadrons at different collisions energies (1/snn ) and collision centralities.
We have analyzed the pr spectra of all charged particles and identified particles from STAR (Au-Au
at y/snw =7.7, 11.5, 14.5 19.6, 27, 39, 62.4, and 200 GeV [3, 4, 13, 14]) and ALICE (Pb-Pb at
VSN =2.76 and 5.02 TeV [6, 15-17] and Xe-Xe at 5.44 TeV [18, 19]) using Tsallis fits. Figure 1
shows the Tsallis fit to pt spectra of pions for Xe-Xe collisions at \/syn =5.44 TeV, fitted up to
pr range of 2 GeV/c (left) and 5 GeV/c (right) for different centrality classes. The quality of the
fits can be inferred from the ratio plot shown in the lower panels. Similar fits are made for different
collision systems and energies, and the results are presented in Ref. [20].
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Figure 1: pr spectra of pions for different centralities in Xe-Xe at \/syn = 5.44 TeV [19], fitted using Tsallis
distribution for different pt ranges. The lower panels show the ratios of data to the obtained fits.

The variation of ¢ and T as a function of collisions energy for central and peripheral collisions
for pions are shown in Figure 2 for fits up to 2 GeV/c in pr . For both centralities, g increases with
v/snn whereas T decreases consistently. It can be seen that for all \/snn , T is higher for central
collisions compared to the peripheral ones. The variation of the parameters g and T with +/sxn for
the identified pions, kaons, and protons are shown in Figure 3 . Here fits are made for p ranges of
2 GeV/c, 3 GeV/c and 5 GeV/c for pions, kaons and protons, respectively. We see that the Tsallis
parameters have a mass dependency. For pions and kaons, ¢ increases with +/sxn , but protons
show an unusually different trend.

Tsallis parameters are found to have a dependency on the fitting range of pr as presented in
Figure 4. It can be seen that with the increase of the p range, g decreases and then becomes almost
constant after pt ~ 6 GeV/c. The variation of T with increasing the pt is also quite significant
and at mid pt (~ 5-10 GeV/c) the value is almost constant and then decreases. The mid-pt region
might be useful for different physics inferences as ¢ and 7' almost remain constant.
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Figure 2: Tsallis parameters ¢, T as a function of collisions energy at central and peripheral collisions. The
parameters correspond to fitting of the pt spectra up to 2 GeV/c for pions.
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Figure 3: Tsallis parameters ¢, T for pions, kaons and protons for fits up to pr range of 2 GeV/c, 3 GeV/c
and 5 GeV/c, respectively are shown as a function of collision energy.

3. Summary

The Tsallis distribution function has been used to successfully fit the pr spectra of charged
particles and pions up to a large pt . The parameter g shows an increasing trend with /syn where
T has a decreasing trend. In a centrality dependency study temperature 7" has a consistently lower
value in peripheral collisions compared to central collisions for all y/syn . The Tsallis parameters
show a mass ordering dependency which is a consequence of the presence of radial flow effect. It
is found that both ¢ and T depend on pr fitting ranges and the dependency is prominent in central
collisions. The Tsallis parameters are almost constant at mid-pt and independent of the pt ranges.
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