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Abstract: We analyze the transverse momentum (pT) spectra of π+, π−, K+, K−, p, p̄, Λ, Λ̄, Ξ, Ξ̄,

Ω−, Ω̄+ or Ω− + Ω̄+ in different centrality intervals in gold–gold (Au–Au) and lead–lead (Pb–Pb)

symmetric collisions at 200 GeV and 2.76 TeV, respectively, by Tsallis–Pareto-type function. Proton–

proton collisions at the same centre of mass energies are also analyzed for these particles to compare

the results obtained from these systems. The present work extracts the effective temperature T, non-

extensivity parameter (q), the mean transverse momentum spectra (〈pT〉), the multiplicity parameter

(N0), kinetic freeze-out temperature (T0) and transverse flow velocity (βT). We reported a plateau

structure of pT , T, T0, βT , pT and q in central collisions. Beyond the plateau region, the excitation

function of all the above parameters decreases towards the periphery, except q, which has a reverse

trend. The multiplicity parameter is also extracted, which is found to be decreasing towards the

periphery from the central collisions. In addition, we observed that the excitation function of pp

collisions is nearly the same to that of the most peripheral symmetric nucleus–nucleus collisions at

the same colliding energy. Throughout the analyses, the same multiplicity parameters for particles

and their antiparticles have been reported, which show the symmetric production of particles and

their antiparticles.

Keywords: identified particles; strange particles; effective temperature; non-extensivity parameter;

centrality bins; multiplicity parameter; kinetic freeze-out stage; multiple freeze-out scenario

1. Introduction

It is well known that ordinary matter contains nucleons, protons and neutrons, the
colourless bound states of quarks [1], and gluons [2]. Quarks and gluons do not exist
freely in nature, a phenomenon called quark confinement. However, the developments
in quantum chromodynamics (QCD) and experiments have shown that the collisions of
heavy nuclei, particularly Au–Au and Pb–Pb collisions, at relativistic energies leads to the
formation of a very hot and highly dense state of matter, where quarks and gluons are
assumed to be asymptotically free, called quark gluon plasma (QGP) [3–7]. The study of
QGP has revealed that the properties of QGP resemble the properties of the early universe,
particularly the enormous temperature and density [8–12]. When two Lorentz-contracted
nuclei collide with each other at relativistic energies, they are most likely to form QGP.
Due to the pressure gradient and to attain equilibrium with the surrounding, the matter
expands, which cools it down approximately adiabatically [3,13] and eventually starts
hadronization. The unstable hadrons produced due to hadronization decay into stable
hadrons and fly off toward the detectors fixed around the beam axis.
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During the evolution of the QGP, the two freeze-out stages, the chemical freeze-out
stage and the thermal or kinetic freeze-out stage, are very significant to have true knowledge
about the nature of the QGP. The chemical freeze-out stage is the stage at which the inelastic
interactions among the constituents of the fireball stop; hence no new particle production
will take place after this stage. The temperature at this stage is called the chemical freeze-out
temperature [14–16]. The stage at which the elastic interactions among the constituents of
the fireball cease and hence no exchange of energy and momentum etc., takes place among
them is known as the thermal or kinetic freeze-out stage. The temperature at this stage is
known as thermal or kinetic freeze-out temperature [17,18]. Kinetic freeze-out is the last
but not the least stage in the evolution process, and the particles spectra are fixed at this
stage, which carries the crucial information of the final state particles.

Transverse momentum (pT) distributions are the best tools to extract information about
the degree of the thermal excitation function and the collective expansion of the system,
and one can use various hydrodynamical and statistical models for this purpose. These
models include but are not limited to the non-extensive Tsallis distribution [19–23], the
Hagedorn model with embedded transverse flow velocity [24], the standard distribution
with a single and two-component temperatures [25] and the Blast Wave Model [26–30].
Each of these models depends on a different combination of free parameters and has its
own regime of applicability. The parameters, namely the effective temperature, kinetic
freeze-out temperature, chemical freeze-out temperature and kinetic freeze-out volume
can be extracted from these models. Among them, the kinetic freeze-out temperature
is controversial in the literature. For instance, Refs. [31–33] shows a decreasing trend
of the kinetic freeze-out from central collisions toward the periphery while Refs. [34,35]
show the opposite behaviour, and Ref. [36] shows the invariant behaviour of the effective
temperature from central to peripheral collisions and that the degree of thermal excitation
does not change from central to peripheral collisions.

This study provides insights into the freeze-out process of the particles, and in fact,
freezing-out of the particles is different in different studies. Ref. [37] shows a single
freeze-out for all the particles where a single set of parameters is used for the particles;
the same reference also shows separate sets of parameters for the light (identified) and
heavy (strange) particles which give a double kinetic freeze-out scenario. In Ref. [38],
a triple kinetic freeze-out scenario is observed where the identified, single-strange and
multi-strange particles have separate sets of parameters. These two issues discussed above
are in fact open questions in the community which need to be solved.

Before going to the next section, we would like to point out that the study of high
temperature and high density is very important because these are the possible regions for
QGP. The higher density and higher temperature is possible at relativistic energies as well
as in heavy nuclear (such as Au–Au or Pb–Pb) reactions rather than hadronic reactions. In
this work, we will study Au–Au and Pb–Pb symmetric collisions at 200 GeV and 2.76 TeV,
respectively. This work searches for the QGP formation in the possible regions of central
collisions. However, we also presented the study of pp collisions at 200 GeV and 2.76 TeV in
order to compare the thermodynamic properties of pp collisions with that of AA collisions.

The rest of the paper has been organized as follows: Section 2 deals with the description
of the method and formalism, while Section 3 describes the results and discussion, and in
Section 4 we concluded our work.

2. The Method and Formalism

The transverse momentum distribution of the outgoing particles encodes important
information about the freeze-out stage of the system produced in the relativistic heavy ion
collision. Therefore, the pT distribution is assumed to be the best observable in studying the
true nature of QGP and its different stages of evolution . The Boltzmann–Gibbs exponential
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function, given in Equation (1), has been used for decades to describe the pT spectra of
outgoing particles.

f (E) ∝ exp

(

− E − µ

T

)

, (1)

where E denotes energy, µ is the chemical potential, and T is the corresponding temperature.
However, the Boltzmann–Gibbs exponential function fails at pT > 3 GeV/c, i.e., at high pT

regimes. This is because, in this regime, particle production has been governed by different
physical processes and is assumed to be governed by non-thermal and non-equilibrium
perturbative QCD processes. Instead of an exponential function, a power law distribution
is more promising in such a regime [39]. To formulate the power law distribution, the
Boltzmann–Gibbs theory is generalized in the context of non-extensive statistics, i.e., the
statistical picture has been modified, and what has been obtained in this generalization
is called the non-extensive Tsallis–Pareto distribution function [40,41]. The function used
to describe pT spectra of the particles in their simplest form is given in Equation (2) or
Equation (3).

f (E, q, T, µ) =

[

1 +
q − 1

T
(E − µ)

]− 1
q−1

(2)

At mid-rapidity, use µ = m0, where m0 denotes the rest mass of the outgoing hadron,
also at this rapidity E = mT =

√

pT
2 − m0

2, making these substitutions one can obtain,

d2N

2 π pT dpT dy
= A mT

[

1 +
q − 1

T
(mT − m0)

]− q
(q−1)

(3)

where T denotes the effective temperature. Generally, T = T0 + m0〈βT〉 where T0 is the
kinetic freeze-out temperature and 〈βT〉 is the mean transverse flow velocity. q is called
the non-extensivity parameter, the system’s thermalization level increases if q approaches
unity. At q = 1, the Tsallis–Pareto function approaches the Boltzmann–Gibbs exponential

function, A is the normalization constant and is given as A =
CygV

(2π)3 . Where Cy denotes

the shorthand notation of the correcting factor for the data recorded in the experiments,
g represents the degeneracy factor, V is the kinetic freeze-out volume of the outgoing
particles, mT =

√

pT
2 − m0

2, is the transverse mass, and m0 represents the rest mass of the
outgoing particle. For pseudo rapidity differential yields, Cy = mT

pT
and for the rapidity

differential yield, Cy = 1; we will be dealing with the latter case, as we are using rapidity
yield in Equation (3).

In cases where the hard process (pT > 3 GeV/c) is taken into account, then the power
law distribution is found to be more prominent and is given as

f (pT) =
1

N

dN

dpT
= ApT

(

1 +
pT

p0

)−n

, (4)

where A denotes the normalization constant and n and p0 are the free parameters.
We can use the superposition principle when the hard scattering is involved which is

as follows:

f (pT) =
1

N

dN

dpT
= k fS(pT) + (1 − k) fH(pT). (5)

where fH and fS represent soft and hard processes and k is the contribution fraction of the
soft process to the hard process. The contribution of the soft component is from 0 to 2 or
3 GeV/c or a little more, while the hard component contributes to the whole pT region.
The soft component is the main contributor in the low pT region, and in high pT , the only
contributor is the hard component and it comes from the inverse power law.
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In this work, we have used the soft component of the model only, but we discussed the
hard model in order to understand the whole phenomenology in case the hard component
is included. It should also be noted that if the hard component is included, despite the soft
component playing a main role in low pT region, the hard component covers the whole
pT region.

3. Results and Discussion

Figures 1 and 2 represent the pT spectra of light (π+, π−, K+, K−, p and p̄) and heavy
(Λ, Λ̄, Ξ, Ξ̄, Ω− and Ω̄+ or Ω− + Ω̄+. Different symbols represent the experimental data
while the solid lines are our fit lines obtained through fitting by using Equation (3). The
spectra are scaled by some factors, listed in Table 1, to avoid overlapping and enhance their
visibility. Each plot has a Data/Fit panel at its bottom, presenting the fitting quality. The
values of different parameters, including T, q, 〈pT〉, N0, χ2 and NDF have been obtained
from fitting and are listed in Table 1. Where NDF represents the number of degrees of
freedom and χ2 is given as [34]

χ2 = ∑
i

(R
Exp
i − RTheor

i )2

ǫ2
. (6)

χ2 is the deviation of the fit line from the experimental data points providing the fit

quality. In Equation (6), R
Exp
i denotes the experimentally measured data, ǫ is the uncertainty

in this measurement and RTheor
i denotes the values calculated through our model.

Figure 1a,b,c,d,e,f represent the event centrality-dependent double differential pT

spectra of π+, π−, K+, K−, p and p̄, respectively, at
√

sNN = 200 GeV in the Au–Au collision
measured by PHENIX at RHIC [42]. The data for these particles have been analyzed at
all available centrality events of 0–5%, 5–10%, 10–15%, 15–20%, 20–30%, 30–40%, 40–50%,
50–60%, 60–70%, 70–80% and 80–92%. Similarly, Figure 1g,h,i,j,k represent the pT distribu-
tion of Λ, Λ̄, Ξ, Ξ̄, Ω− + Ω̄+, respectively, measured by STAR collaboration at RHIC [43],
at centrality events of 0–5%, 10–20%, 20–40%, 40–60% and 60–80%. The symbols with
different colours show different centrality bins and the solid lines are the fit results. One
can easily see that the fit results of Equation (3) agree with the experimental data.

Figure 2a,b,c,d,e,f represent the pT distribution of π+, π−, K+, K−, p and p̄, respec-
tively, at

√
sNN = 2.76 TeV in the Pb–Pb collision measured by ALICE at LHC [44]. The

analyses for these particles have been carried out for 0–5%, 5–10%, 10–20%, 20–30%, 30–
40%, 40–50%, 50–60%, 60–70%, 70–80% and 80–92% centrality bins. Similarly, panel (g),
(h), (i), (j) and (k) of this figure represent the pT distribution of Λ, Λ̄, Ξ, Ξ̄, Ω− and Ω̄+,
respectively, measured by ALICE at LHC [45,46] in 0–10%, 10–20%, 20–40%, 40–60% and
60–80% centrality events. Different symbols with colours denote different centrality bins,
while the solid lines show our fit results using Equation (3). One can see that Equation (3)
agrees with the experimental data.

In addition to the A–A collision, we also analyzed the p–p collision for the same
particles and at the same energies. Figure 3a represents the pT distribution of different light
and heavy hadrons in p–p collisions at

√
s = 200 GeV measured by STAR collaboration at

RHIC [47,48], while Figure 3b represents the pT spectra of light hadrons at
√

s = 2.76 TeV
measured by CMS at LHC [49]. Figure 3a has two types of distributions along the y-axis,

the distribution, 1
(2πpT)

d2 N
dydpT

is for light particles and the distribution, 1
(2πNev pT)

d2 N
dydpT

is for

heavy particles.
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Figure 1. Plots (a–k) represent the event centrality-dependent double differential pT spectra of light

particles at |η| < 0.35 measured by PHENIX Collaboration at RHIC [42] and heavy hadrons, at |y| < 1

for Λ and Λ̄ and |y| < 0.5 for Ξ, Ξ̄ and Ω- + Ω̄+ measured by STAR at RHIC [43] at
√

sNN = 200 GeV

in Au–Au collision. The data for these particles have been analyzed at all available centrality events

indicated in each plot. Different symbols with different colours are used for different centralities,

while the solid lines are the results of our fit by using Equation (3). Each plot has the Data/Fit ratio at

its bottom, which shows the fit quality.
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Figure 2. Plots (a–k) represent the event centrality-dependent double differential pT spectra of

different light and heavy hadrons at
√

sNN = 2.76 TeV in Pb–Pb collision measured by ALICE

Collaboration at LHC at |y| < 0.5 [44–46]. The symbols are used for experimental data and curves

are our fit results by Equation (3).
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Figure 3. Transverse momentum distribution of (a) light and heavy particles in p–p collision at√
s = 200 GeV measured by STAR at RHIC at |y| < 0.5 [47,48] and (b) light particles in p–p collision

at
√

s = 2.76 TeV measured by CMS Collaboration at LHC at |y| < 1 [49]. The symbols are used to

represent the experimental data of different particles, and solid curves are our fit results.

Table 1. Values of free parameters T and q, N0, 〈pT〉 and χ2/NDF extracted from the Tsallis–Pareto-

type function given in Equation (3).

Collision Particle Centrality
Scaling
Factor

T [GeV] q 〈pT〉 [GeV/c] N0 χ
2/NDF

Figure 1 0–5% 105 0.120 ± 0.005 1.093 ± 0.003 0.248 ± 0.013 18,002.8 ± 500 21.146/25

Au–Au 5–10% 104 0.120 ± 0.005 1.093 ± 0.003 0.248 ± 0.013 15,202.8 ± 200 21.920/25

200 GeV 10–15% 103 0.120 ± 0.005 1.093 ± 0.003 0.248 ± 0.013 12,912.8 ± 150 23.199/25
15–20% 102 0.120 ± 0.005 1.093 ± 0.003 0.248 ± 0.013 10,932.7 ± 150 26.539/25
20–30% 10 0.120 ± 0.005 1.093 ± 0.003 0.248 ± 0.013 8132.8 ± 140 35.312/25

π+ 30–40% 1 0.120 ± 0.005 1.093 ± 0.003 0.248 ± 0.013 5842.5 ± 120 83.160/25
40–50% 10−1 0.120 ± 0.005 1.093 ± 0.003 0.248 ± 0.013 3472.9 ± 100 61.810/25

50–60% 10−2 0.110 ± 0.004 1.110 ± 0.004 0.232 ± 0.012 2079.8 ± 90 17.099/25
60–70% 10−3 0.103 ± 0.004 1.118 ± 0.004 0.220 ± 0.012 1160.8 ± 30 9.500/25

70–80% 10−4 0.093 ± 0.003 1.125 ± 0.005 0.200 ± 0.011 604.9 ± 10 5.473/25

80–92% 10−5 0.081 ± 0.003 1.135 ± 0.005 0.176 ± 0.009 396.5 ± 5 15.930/25

Figure 1 0–5% 105 0.120 ± 0.005 1.093 ± 0.003 0.248 ± 0.013 18,002.8 ± 500 25.491/25

Au–Au 5–10% 104 0.120 ± 0.005 1.093 ± 0.003 0.248 ± 0.013 15,202.8 ± 200 27.524/25

200 GeV 10–15% 103 0.120 ± 0.005 1.093 ± 0.003 0.248 ± 0.013 12,912.8 ± 150 32.500/25
15–20% 102 0.120 ± 0.005 1.093 ± 0.003 0.248 ± 0.013 10,932.7 ± 150 33.872/25
20–30% 10 0.120 ± 0.005 1.093 ± 0.003 0.248 ± 0.013 8132.8 ± 140 37.682/25

π− 30–40% 1 0.120 ± 0.005 1.093 ± 0.003 0.248 ± 0.013 5642.5 ± 120 77.190/25
40–50% 10−1 0.120 ± 0.005 1.093 ± 0.003 0.248 ± 0.013 3372.9 ± 100 63.068/25

50–60% 10−2 0.110 ± 0.004 1.110 ± 0.004 0.232 ± 0.012 2079.8 ± 90 19.137/25
60–70% 10−3 0.103 ± 0.004 1.118 ± 0.004 0.220 ± 0.012 1160.8 ± 30 10.345/25

70–80% 10−4 0.093 ± 0.003 1.125 ± 0.005 0.200 ± 0.011 604.9 ± 10 4.824/25

80–92% 10−5 0.081 ± 0.003 1.135 ± 0.005 0.176 ± 0.009 396.5 ± 5 27.306/25

Figure 1 0–5% 105 0.199 ± 0.006 1.060 ± 0.003 0.399 ± 0.020 1880.8 ± 90 40.931/13

Au–Au 5–10% 104 0.199 ± 0.006 1.060 ± 0.003 0.399 ± 0.020 1540.7 ± 70 23.196/13

200 GeV 10–15% 103 0.199 ± 0.006 1.060 ± 0.003 0.399 ± 0.020 1290.8 ± 50 18.055/13
15–20% 102 0.199 ± 0.006 1.060 ± 0.003 0.399 ± 0.020 1060.8 ± 30 17.045/13
20–30% 10 0.199 ± 0.006 1.060 ± 0.003 0.399 ± 0.020 779.9 ± 20 21.988/13

K+ 30–40% 1 0.199 ± 0.006 1.060 ± 0.003 0.399 ± 0.020 495.8 ± 10 30.512/13
40–50% 10−1 0.199 ± 0.006 1.060 ± 0.003 0.399 ± 0.020 291.5 ± 7 79.333/13

50–60% 10−2 0.175 ± 0.004 1.070 ± 0.004 0.360 ± 0.018 189.1 ± 7 43.277/13
60–70% 10−3 0.160 ± 0.004 1.081 ± 0.005 0.337 ± 0.018 98.9 ± 4 69.408/13

70–80% 10−4 0.155 ± 0.003 1.111 ± 0.006 0.336 ± 0.017 41.9 ± 2 14.914/13

80–92% 10−5 0.139 ± 0.003 1.122 ± 0.007 0.310 ± 0.016 23.8 ± 1 18.862/13
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Table 1. Cont.

Collision Particle Centrality
Scaling
Factor

T [GeV] q 〈pT〉 [GeV/c] N0 χ
2/NDF

Figure 1 0–5% 105 0.199 ± 0.006 1.070 ± 0.003 0.402 ± 0.020 1740.7 ± 80 18.282/13

Au–Au 5–10% 104 0.199 ± 0.006 1.070 ± 0.003 0.402 ± 0.020 1440.7 ± 50 16.330/13

200 GeV 10–15% 103 0.199 ± 0.006 1.070 ± 0.003 0.402 ± 0.020 1180.8 ± 30 16.330/13
15–20% 102 0.199 ± 0.006 1.070 ± 0.003 0.402 ± 0.020 971.6 ± 15 25.125/13
20–30% 10 0.199 ± 0.006 1.070 ± 0.003 0.402 ± 0.020 719.8 ± 10 27.379/13

K− 30–40% 1 0.199 ± 0.006 1.070 ± 0.003 0.402 ± 0.020 453.8 ± 7 71.082/13
40–50% 10−1 0.199 ± 0.006 1.070 ± 0.003 0.402 ± 0.020 266.6 ± 6 99.387/13

50–60% 10−2 0.175 ± 0.004 1.080 ± 0.004 0.363 ± 0.018 174.2 ± 4 22.910/13
60–70% 10−3 0.160 ± 0.004 1.088 ± 0.005 0.339 ± 0.018 89.7 ± 3.7 88.802/13

70–80% 10−4 0.155 ± 0.003 1.111 ± 0.006 0.336 ± 0.017 40.9 ± 2 14.391/13

80–92% 10−5 0.139 ± 0.003 1.122 ± 0.007 0.310 ± 0.016 23.1 ± 1 17.794/13

Figure 1 0–5% 105 0.291 ± 0.007 1.011 ± 0.003 0.586 ± 0.029 471.8 ± 20 78.267/19

Au–Au 5–10% 104 0.291 ± 0.007 1.011 ± 0.003 0.586 ± 0.029 394.8 ± 15 59.704/19

200 GeV 10–15% 103 0.291 ± 0.007 1.011 ± 0.003 0.586 ± 0.029 325.9 ± 13 39.207/19
15–20% 102 0.291 ± 0.007 1.011 ± 0.003 0.586 ± 0.029 270.3 ± 10 31.674/19
20–30% 10 0.291 ± 0.007 1.011 ± 0.003 0.586 ± 0.029 202.2 ± 7 33.076/19

p 30–40% 1 0.291 ± 0.007 1.011 ± 0.003 0.586 ± 0.029 130.3 ± 5 56.559/19
40–50% 10−1 0.291 ± 0.007 1.011 ± 0.003 0.586 ± 0.029 76.3 ± 3 137.801/19

50–60% 10−2 0.240 ± 0.005 1.041 ± 0.003 0.513 ± 0.026 54.3 ± 2 10.924/19
60–70% 10−3 0.210 ± 0.004 1.071 ± 0.004 0.472 ± 0.024 31.1 ± 1.5 5.877/19

70–80% 10−4 0.180 ± 0.003 1.089 ± 0.005 0.430 ± 0.022 16.1 ± 0.6 7.078/19

80–92% 10−5 0.151 ± 0.003 1.105 ± 0.007 0.381 ± 0.019 9.1 ± 0.4 7.293/19

Figure 1 0–5% 105 0.291 ± 0.007 1.011 ± 0.003 0.586 ± 0.029 345.8 ± 17 127.757/19

Au–Au 5–10% 104 0.291 ± 0.007 1.011 ± 0.003 0.586 ± 0.029 291.8 ± 12 105.070/19

200 GeV 10–15% 103 0.291 ± 0.007 1.011 ± 0.003 0.586 ± 0.029 242.8 ± 11 75.153/19
15–20% 102 0.291 ± 0.007 1.011 ± 0.003 0.586 ± 0.029 202.8 ± 10 59.718/19
20–30% 10 0.291 ± 0.007 1.011 ± 0.003 0.586 ± 0.029 148.3 ± 7 63.202/19

p̄ 30–40% 1 0.291 ± 0.007 1.011 ± 0.003 0.586 ± 0.029 96.1 ± 3 69.226/19
40–50% 10−1 0.291 ± 0.007 1.011 ± 0.003 0.586 ± 0.029 57.0 ± 2 127.930/19

50–60% 10−2 0.240 ± 0.005 1.041 ± 0.003 0.513 ± 0.026 41.6 ± 1.3 9.229/19
60–70% 10−3 0.210 ± 0.004 1.071 ± 0.004 0.472 ± 0.024 23.0 ± 1 6.521/19

70–80% 10−4 0.180 ± 0.003 1.089 ± 0.005 0.430 ± 0.026 11.1 ± 0.4 12.705/19

80–92% 10−5 0.151 ± 0.003 1.105 ± 0.007 0.381 ± 0.019 7.1 ± 0.2 10.149/17

Figure 1 0–5% 102 0.300 ± 0.009 1.009 ± 0.003 0.622 ± 0.031 343.8 ± 15 72.802/14
Au–Au 10–20% 10 0.300 ± 0.009 1.009 ± 0.003 0.622 ± 0.031 261.7 ± 12 8.956/14
200 GeV Λ 20–40% 1 0.300 ± 0.009 1.009 ± 0.003 0.622 ± 0.031 140.7 ± 7 13.088/14

40–60% 10−1 0.291 ± 0.008 1.019 ± 0.004 0.611 ± 0.031 53.5 ± 2.3 30.242/14

60–80% 10−2 0.233 ± 0.006 1.055 ± 0.005 0.522 ± 0.026 23.1 ± 1 20.914/14

Figure 1 0–5% 102 0.300 ± 0.009 1.009 ± 0.003 0.622 ± 0.031 330.7 ± 15 11.805/14
Au–Au 10–20% 10 0.300 ± 0.009 1.009 ± 0.003 0.622 ± 0.031 198.6 ± 11 8.060/14
200 GeV Λ̄ 20–40% 1 0.300 ± 0.009 1.009 ± 0.003 0.622 ± 0.031 110.8 ± 5 8.478/14

40–60% 10−1 0.291 ± 0.008 1.019 ± 0.004 0.611 ± 0.031 42.5 ± 2 31.308/14

60–80% 10−2 0.233 ± 0.006 1.055 ± 0.005 0.522 ± 0.026 19.1 ± 0.9 22.080/14

Figure 1 0–5% 102 0.317 ± 0.010 1.007 ± 0.003 0.675 ± 0.034 56.4 ± 2.5 6.539/12
Au–Au 10–20% 10 0.317 ± 0.010 1.007 ± 0.003 0.675 ± 0.034 35.1 ± 1.6 14.221/12
200 GeV Ξ− 20–40% 1 0.317 ± 0.010 1.007 ± 0.004 0.675 ± 0.034 17.6 ± 0.6 6.523/12

40–60% 10−1 0.310 ± 0.009 1.009 ± 0.005 0.665 ± 0.033 6.6 ± 0.3 14.694/11

60–80% 10−2 0.288 ± 0.008 1.039 ± 0.006 0.637 ± 0.032 1.7 ± 0.06 1.126/4

Figure 1 0–5% 102 0.317 ± 0.010 1.007 ± 0.003 0.675 ± 0.034 48.5 ± 2 5.077/12
Au–Au 10–20% 10 0.317 ± 0.010 1.007 ± 0.003 0.675 ± 0.034 28.6 ± 1.3 6.937/12
200 GeV Ξ̄+ 20–40% 1 0.317 ± 0.010 1.007 ± 0.003 0.675 ± 0.034 15.2 ± 0.4 12.527/12

40–60% 10−1 0.310 ± 0.009 1.009 ± 0.004 0.665 ± 0.033 5.7 ± 0.2 7.698/11

60–80% 10−2 0.288 ± 0.008 1.039 ± 0.005 0.637 ± 0.032 1.6 ± 0.04 7.577/4
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Table 1. Cont.

Collision Particle Centrality
Scaling
Factor

T [GeV] q 〈pT〉 [GeV/c] N0 χ
2/NDF

Figure 1
Ω− + Ω̄+

0–5% 10 0.340 ± 0.011 1.005 ± 0.003 0.756 ± 0.038 11.4 ± 0.3 8.195/2
Au–Au 20–40% 1 0.340 ± 0.011 1.005 ± 0.003 0.756 ± 0.038 3.6 ± 1 1.038/2
200 GeV 40–60% 10−1 0.326 ± 0.010 1.020 ± 0.004 0.740 ± 0.037 1.2 ± 0.02 4.844/2

Figure 2 0–5% 105 0.139 ± 0.006 1.112 ± 0.003 0.299 ± 0.015 35,532.8 ± 1600 92.407/38

Pb–Pb 5–10% 104 0.139 ± 0.006 1.112 ± 0.003 0.299 ± 0.015 29,152.6 ± 1000 98.374/38

2.76 TeV 10–20% 103 0.139 ± 0.006 1.112 ± 0.003 0.299 ± 0.015 21,852.5 ± 900 109.029/38
20–30% 102 0.139 ± 0.006 1.112 ± 0.003 0.299 ± 0.015 14,662.4 ± 700 130.250/38
30–40% 10 0.139 ± 0.006 1.112 ± 0.003 0.299 ± 0.015 9302.4 ± 450 150.174/38

π+ 40–50% 1 0.139 ± 0.006 1.112 ± 0.003 0.299 ± 0.015 5612.4 ± 250 177.151/38
50–60% 10−1 0.122 ± 0.004 1.133 ± 0.004 0.272 ± 0.014 3692.4 ± 150 110.983/38

60–70% 10−2 0.117 ± 0.003 1.137 ± 0.005 0.261 ± 0.013 2012.4 ± 100 110.343/38
70–80% 10−3 0.109 ± 0.003 1.146 ± 0.006 0.246 ± 0.012 1004.3 ± 50 88.114/38

80–90% 10−4 0.099 ± 0.002 1.152 ± 0.007 0.225 ± 0.011 454.3 ± 22 50.313/38

Figure 2 0–5% 105 0.139 ± 0.006 1.112 ± 0.003 0.299 ± 0.015 35,422.7 ± 1600 88.847/38

Pb–Pb 5–10% 104 0.139 ± 0.006 1.112 ± 0.003 0.299 ± 0.015 29,151.3 ± 1000 88.816/38

2.76 TeV 10–20% 103 0.139 ± 0.006 1.112 ± 0.003 0.299 ± 0.015 21,850.2 ± 900 100.893/38
20–30% 102 0.139 ± 0.006 1.112 ± 0.003 0.299 ± 0.015 14,660.1 ± 700 117.337/38
30–40% 10 0.139 ± 0.006 1.112 ± 0.003 0.299 ± 0.015 9300.3 ± 450 139.216/38

π− 40–50% 1 0.139 ± 0.006 1.112 ± 0.003 0.299 ± 0.015 5610.1 ± 250 169.678/38
50–60% 10−1 0.122 ± 0.004 1.133 ± 0.004 0.272 ± 0.014 3690.3 ± 150 97.970/38

60–70% 10−2 0.117 ± 0.003 1.137 ± 0.005 0.261 ± 0.013 2012.1 ± 100 96.553/38
70–80% 10−3 0.109 ± 0.003 1.146 ± 0.006 0.246 ± 0.012 1004.3 ± 50 79.539/38

80–90% 10−4 0.099 ± 0.002 1.152 ± 0.007 0.225 ± 0.011 454.3 ± 22 44.653/38

Figure 2 0–5% 105 0.243 ± 0.007 1.075 ± 0.004 0.485 ± 0.024 3630.7 ± 150 21.814/33

Pb–Pb 5–10% 104 0.243 ± 0.007 1.075 ± 0.004 0.485 ± 0.024 3000.6 ± 140 15.458/33

2.76 TeV 10–20% 103 0.243 ± 0.007 1.075 ± 0.004 0.485 ± 0.024 2250.3 ± 100 10.306/33
20–30% 102 0.243 ± 0.007 1.075 ± 0.004 0.485 ± 0.024 1500.5 ± 70 5.780/33
30–40% 10 0.243 ± 0.007 1.075 ± 0.004 0.485 ± 0.024 964.5 ± 40 9.591/33

K+ 40–50% 1 0.243 ± 0.007 1.075 ± 0.004 0.485 ± 0.024 578.5 ± 25 34.837/33
50–60% 10−1 0.224 ± 0.006 1.081 ± 0.005 0.453 ± 0.023 347.6 ± 15 13.505/33

60–70% 10−2 0.209 ± 0.005 1.095 ± 0.007 0.431 ± 0.022 185.4 ± 7 14.853/33
70–80% 10−3 0.197 ± 0.004 1.101 ± 0.007 0.411 ± 0.021 85.3 ± 3 19.568/33

80–90% 10−4 0.180 ± 0.003 1.115 ± 0.008 0.384 ± 0.019 35.3 ± 1.4 24.426/33

Figure 2 0–5% 105 0.243 ± 0.007 1.075 ± 0.004 0.485 ± 0.024 3611.8 ± 150 13.938/33

Pb–Pb 5–10% 104 0.243 ± 0.007 1.075 ± 0.004 0.485 ± 0.024 3000.6 ± 140 12.678/33

2.76 TeV 10–20% 103 0.243 ± 0.007 1.075 ± 0.004 0.485 ± 0.024 2250.3 ± 100 9.671/33
20–30% 102 0.243 ± 0.007 1.075 ± 0.004 0.485 ± 0.024 1500.5 ± 70 5.821/33
30–40% 10 0.243 ± 0.007 1.075 ± 0.004 0.485 ± 0.024 964.5 ± 40 15.710/33

K− 40–50% 1 0.243 ± 0.007 1.075 ± 0.004 0.485 ± 0.024 578.5 ± 25 42.682/33
50–60% 10−1 0.224 ± 0.006 1.081 ± 0.005 0.453 ± 0.023 347.6 ± 15 25.433/33

60–70% 10−2 0.209 ± 0.005 1.095 ± 0.007 0.431 ± 0.022 185.4 ± 7 18.010/33
70–80% 10−3 0.197 ± 0.004 1.101 ± 0.007 0.411 ± 0.021 85.3 ± 3 22.596/33

80–90% 10−4 0.180 ± 0.003 1.115 ± 0.008 0.384 ± 0.019 35.3 ± 1.4 30.885/33

Figure 2 0–5% 105 0.370 ± 0.008 1.033 ± 0.003 0.724 ± 0.039 733.8 ± 31 60.283/39

Pb–Pb 5–10% 104 0.370 ± 0.008 1.033 ± 0.003 0.724 ± 0.039 612.7 ± 25 53.695/39

2.76 TeV 10–20% 103 0.370 ± 0.008 1.033 ± 0.003 0.724 ± 0.039 464.7 ± 20 42.885/39
20–30% 102 0.370 ± 0.008 1.033 ± 0.003 0.724 ± 0.039 321.5 ± 13 45.930/39
30–40% 10 0.370 ± 0.008 1.033 ± 0.003 0.724 ± 0.039 209.3 ± 7 69.347/39

p 40–50% 1 0.370 ± 0.008 1.033 ± 0.003 0.724 ± 0.039 119.1 ± 5 130.548/39
50–60% 10−1 0.330 ± 0.007 1.038 ± 0.004 0.660 ± 0.034 85.9 ± 3 81.913/39

60–70% 10−2 0.305 ± 0.006 1.044 ± 0.004 0.621 ± 0.031 47.8 ± 1.7 21.809/39
70–80% 10−3 0.269 ± 0.005 1.068 ± 0.005 0.572 ± 0.029 24.9 ± 1.2 20.626/39

80–90% 10−4 0.230 ± 0.003 1.079 ± 0.005 0.509 ± 0.025 11.5 ± 0.5 25.275/39
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Table 1. Cont.

Collision Particle Centrality
Scaling
Factor

T [GeV] q 〈pT〉 [GeV/c] N0 χ
2/NDF

Figure 2 0–5% 105 0.370 ± 0.008 1.033 ± 0.003 0.724 ± 0.039 733.7 ± 30 48.747/39

Pb–Pb 5–10% 104 0.370 ± 0.008 1.033 ± 0.003 0.724 ± 0.039 612.7 ± 25 45.637/39

2.76 TeV 10–20% 103 0.370 ± 0.008 1.033 ± 0.003 0.724 ± 0.039 464.7 ± 20 35.998/39
20–30% 102 0.370 ± 0.008 1.033 ± 0.003 0.724 ± 0.039 321.5 ± 13 41.931/39
30–40% 10 0.370 ± 0.008 1.033 ± 0.003 0.724 ± 0.039 209.3 ± 7 82.599/39

p̄ 40–50% 1 0.370 ± 0.008 1.033 ± 0.003 0.724 ± 0.039 119.1 ± 5 140.624/39
50–60% 10−1 0.330 ± 0.007 1.038 ± 0.004 0.660 ± 0.034 85.9 ± 3 22.102/39

60–70% 10−2 0.305 ± 0.006 1.044 ± 0.004 0.621 ± 0.031 47.8 ± 1 27.317/39
70–80% 10−3 0.269 ± 0.005 1.068 ± 0.005 0.572 ± 0.029 24.9 ± 1.2 17.769/39

80–90% 10−4 0.230 ± 0.003 1.079 ± 0.005 0.509 ± 0.025 11.4 ± 0.5 29.115/39

Figure 2 0–5% 103 0.400 ± 0.009 1.012 ± 0.003 0.781 ± 0.040 552.8 ± 25 104.160/23
Pb–Pb 5–10% 102 0.400 ± 0.009 1.012 ± 0.003 0.781 ± 0.040 4711.8 ± 20 84.937/23

2.76 TeV Λ 10–20% 10 0.400 ± 0.009 1.012 ± 0.003 0.781 ± 0.040 363.9 ± 15 56.286/23
20–40% 1 0.400 ± 0.009 1.012 ± 0.003 0.781 ± 0.040 199.8 ± 7 32.299/23
40–60% 4 × 10−1 0.380 ± 0.008 1.011 ± 0.004 0.749 ± 0.037 80.8 ± 3 20.298/23

60–80% 9 × 10−2 0.320 ± 0.007 1.047 ± 0.005 0.668 ± 0.033 23.1 ± 1.2 8.916/23
80–90% 25 × 10−3 0.278 ± 0.006 1.067 ± 0.005 0.606 ± 0.030 5.1 ± 0.23 14.769/23

Figure 2 0–10% 102 0.425 ± 0.010 1.003 ± 0.003 0.843 ± 0.042 70.2 ± 2 98.477/19
Pb–Pb 10–20% 10 0.425 ± 0.010 1.003 ± 0.003 0.843 ± 0.042 50.7 ± 2 49.606/19

2.76 TeV Ξ− 20–40% 1 0.425 ± 0.010 1.003 ± 0.003 0.843 ± 0.042 27.1 ± 1.2 25.780/19
40–60% 3 × 10−1 0.410 ± 0.009 1.005 ± 0.002 0.820 ± 0.041 9.8.0 ± 0.5 20.924/19

60–80% 7 × 10−2 0.363 ± 0.007 1.022 ± 0.002 0.754 ± 0.038 2.6 ± 0.2 15.382/16

Figure 2 0–10% 102 0.425 ± 0.010 1.003 ± 0.003 0.843 ± 0.042 67.3 ± 2 83.259/19
Pb–Pb 10–20% 10 0.425 ± 0.010 1.003 ± 0.003 0.843 ± 0.042 48.6 ± 2 40.399/19

2.76 TeV Ξ̄+ 20–40% 1 0.425 ± 0.010 1.003 ± 0.003 0.843 ± 0.042 27.1 ± 1.2 36.604/19
40–60% 3 × 10−1 0.410 ± 0.009 1.005 ± 0.002 0.820 ± 0.041 9.8 ± 0.5 21.082/19

60–80% 7 × 10−2 0.363 ± 0.007 1.022 ± 0.002 0.754 ± 0.038 2.4 ± 0.2 21.887/16

Figure 2 0–10% 102 0.474 ± 0.011 1.002 ± 0.003 0.964 ± 0.048 10.2 ± 0.5 10.323/10
Pb–Pb 10–20% 10 0.474 ± 0.011 1.002 ± 0.003 0.964 ± 0.048 6.9 ± 0.25 8.439/10

2.76 TeV Ω− 20–40% 1 0.474 ± 0.011 1.002 ± 0.003 0.964 ± 0.048 3.6 ± 0.15 11.302/10
40–60% 3 × 10−1 0.439 ± 0.010 1.004 ± 0.002 0.911 ± 0.046 1.4 ± 0.06 15.954/9

60–80% 17 × 10−2 0.420 ± 0.009 1.019 ± 0.002 0.888 ± 0.044 0.22 ± 0.01 6.524/7

Figure 2 0–10% 102 0.474 ± 0.011 1.002 ± 0.003 0.964 ± 0.048 10.2 ± 0.5 10.661/10
Pb–Pb 10–20% 10 0.474 ± 0.011 1.002 ± 0.003 0.964 ± 0.048 7.5 ± 0.25 20.167/10

2.76 TeV Ω̄+ 20–40% 1 0.474 ± 0.011 1.002 ± 0.003 0.964 ± 0.048 3.6 ± 0.15 8.580/10
40–60% 3 × 10−1 0.439 ± 0.010 1.004 ± 0.002 0.911 ± 0.046 1.3 ± 0.06 14.629/9

60–80% 17 × 10−2 0.420 ± 0.009 1.019 ± 0.002 0.888 ± 0.044 0.22 ± 0.01 8.081/7

Figure 3 π+ - 105 0.083 ± 0.003 1.126 ± 0.005 0.178 ± 0.009 144.5 ± 5 78.052/20

p–p π− - 104 0.083 ± 0.003 1.126 ± 0.005 0.178 ± 0.009 144.5 ± 5 75.958/20

200 GeV K0
s - 103 0.144 ± 0.007 1.112 ± 0.007 0.317 ± 0.016 7.1 ± 0.25 41.866/19

p - 102 0.148 ± 0.002 1.110 ± 0.007 0.376 ± 0.019 4.0 ± 0.15 43.374/17
p̄ - 10 0.148 ± 0.004 1.110 ± 0.007 0.376 ± 0.019 4.0 ± 0.15 12.662/17
Λ - 1 0.225 ± 0.005 1.033 ± 0.006 0.509 ± 0.026 1.2 ± 0.05 72.374/18
Λ̄ - 10−1 0.225 ± 0.005 1.033 ± 0.006 0.509 ± 0.026 1.1 ± 0.04 107.538/18

Ξ− - 10−1 0.288 ± 0.008 1.029 ± 0.004 0.637 ± 0.032 0.04 ± 0.002 13.664/8

Ξ̄+ - 10−2 0.288 ± 0.008 1.029 ± 0.004 0.637 ± 0.032 0.04 ± 0.002 22.374/8
Ω− + Ω̄+ - 0.3× 10−2 0.326 ± 0.010 1.020 ± 0.003 0.737 ± 0.037 0.0055 ± 0.0003 0.487/0

Figure 3 π+ - 103 0.099 ± 0.003 1.152 ± 0.007 0.224 ± 0.011 162.2 ± 7 68.700/19
p–p π− - 102 0.099 ± 0.003 1.152 ± 0.007 0.223 ± 0.011 160.2 ± 7 56.251/19

2.76 TeV K+ - 10 0.176 ± 0.004 1.115 ± 0.008 0.377 ± 0.019 12.6 ± 0.6 11.354/14
K− - 1 0.176 ± 0.004 1.115 ± 0.008 0.377 ± 0.019 12.4 ± 0.5 13.413/14
p - 2 × 10−1 0.223 ± 0.005 1.079 ± 0.005 0.497 ± 0.025 4.2 ± 0.15 64.225/24

p̄ - 2 × 10−2 0.223 ± 0.006 1.079 ± 0.005 0.497 ± 0.025 4.1 ± 0.15 46.396/24
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Trends of Parameters

Figure 4 demonstrates the fluctuating behaviour of the parameters with centrality,
mass and size of the system. Different symbols are used in order to differentiate particles.
The behaviour of the parameters in panels (a)–(h) with changing centrality is indicated by
the trend of symbols from left to right, while panels (i)–(l) show the mass dependence of
the relevant parameters. Panels (a), (b), (c) and (d) present the behaviour of the relative
parameters obtained from Au–Au collisions at 200 GeV, while the parameters obtained
from Pb–Pb collisions are presented in panels (e), (f), (g) and (h). Panels (i), (j), (k) and
(l) show the dependence of the relevant parameters on particle species in pp collisions at
200 GeV and 2.76 TeV. In panels (i) to (l), the red-coloured symbols denote 200 GeV while
green symbols denote 2.76 TeV.
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Figure 4. Plots (a–d) show the dependence of T, q, 〈pT〉 and N0 on centrality (C%), respectively, in Au–

Au collision at
√

sNN = 200 GeV, while plots (e–h) represent the dependence of the same parameters

on C%, respectively, in Pb–Pb collision at
√

sNN = 2.76 TeV. Plots (i–l) present the dependence of

the said parameters on the rest masses of the produced particles, respectively, in p–p collision at√
s = 200 GeV and

√
s = 2.76 TeV.

We reported that the effective temperature T increases from peripheral to central
collisions as shown in Figure 4a,e, which specifies the non-violent reaction having happened
in the peripheral collisions that becomes intense as the system heads on towards more
central events. Due to the large number of participant nucleons, the intense reaction in
the central collisions leads the system to obtain a higher degree of excitation as a large
amount of energy is deposited per nucleon in the system. We note that overall, T increases
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from peripheral to central collisions, but a smooth behaviour is seen from 40 to 50% to
the most central collisions. This smooth behaviour is due to the fact that as the system
experiences more central collisions, it becomes more and more thermalized. T reaches
its maximum value at 40% or 50% centrality, and more collision energy is deposited in
a larger volume rather than higher temperature. The two observed regions correspond
to different mechanisms according to our belief. The region from 0 to 40% centrality
is a meson-dominated region where QGP is produced, while the region beyond this is
baryon-dominated, to the most periphery. As a large amount of energy is deposited in
the meson-dominated region, phase transition possibly occurs in this region, while the
baryon-dominated region absorbs less energy and hence it is difficult for the hot and
dense medium to be formed in this region. Such effect of meson domination is observed
in Refs. [50,51]. It is very important to notice that similar studies are present in the
literature [51,52], but the present work is different from them in several aspects. Firstly,
we need different functions to analyze the data because different functions and models
may have different results [32,53,54], and our present work has used a different function
from [55]. Secondly, we have studied the dependence of temperature on centrality, and our
result shows saturation of temperature in the central collisions which is not the case in other
sources in the literature to our knowledge. Furthermore, the present work reported a mass
differential freeze-out scenario. Massive particles are left behind in the system due to large
inertia because of their mass (but not due to large thermal or flow motion), therefore, they
freeze-out earlier than the lighter particles. It should be noted that we have performed the
individual fit which results in multiple kinetic freeze-out scenarios. One can also perform
the simultaneous fit and can obtain a single freeze-out scenario. In fact, the freeze-out of
the particles is a complex scenario and is an open question in the community. We have
used the individual fit due to the reason that a large number of particles are involved
in the collisions with different properties and production mechanisms. In simultaneous
fitting, all the particle spectra are fitted simultaneously, which can be challenging due to the
complexity of the system. It becomes difficult to account for all possible interactions and
dynamics that affect different particle species. While the individual fitting to each particle
allows a more focused analysis of each particle species, taking into account their specific
production mechanisms and interactions.

Figure 4b,f demonstrate the centrality-dependent q. q is an entropy-based parameter
which is used to measure of non-equilibriation of the system. We observed although from
the most central to 40–50%, q remains constant but overall q increases from central to
peripheral collisions. If q is closer to unity, it specifies the system to be closer to equilibrium.
In the present work, q in central collisions is closer to unity, therefore they approach the
full equilibrium quickly. T and q are directly related to the freeze-out conditions. We can
see that T is larger while q is more closer to unity which gives strength to the idea of quick
equilibriation of the central collision systems. Similarly, for heavier particles T is larger
while q is smaller, this strengthens the claim of the early freeze-out of the massive particles.
〈pT〉 as a function of centrality is shown in Figure 4c,g, and it follows the same trend as
T. In fact, a central collision system transfers large momentum and then further multiple
scattering happens. In this work, T is the reflection of 〈pT〉. We also observed that the
values of T, 〈pT〉 and q in p–p collisions are approximately equal to that in peripheral A–A
collisions at the same centre of mass energies. This indicates that the thermodynamic nature
of A–A peripheral collisions is similar to that of p–p collisions. This result is in agreement
with our previous results [56].

N0 is shown to be increasing from peripheral to central collisions in Figure 4d,h.
Although N0 is the parameter of normalization, it expresses particle multiplicity. Indeed,
the central reaction consists of a large number of participants, which corresponds to a harsh
reaction, and correspondingly results in large multiplicity. N0 is also dependent on particle
species. The more massive the particle, the less the multiplicity. Moreover, one can clearly
see from Table 1 that the multiplicity parameter for a particle and its antiparticle is the
same, which means that both are produced in equal amounts or produced symmetrically.
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Figure 4i–l demonstrate the dependence of the parameters on particle species in p–p
collisions. These parameters are dependent on particle species as they are in Au–Au and
Pb–Pb collisions. Larger T and 〈pT〉 and smaller q and N0 for the heavier particles are
observed in p–p collisions. T and 〈pT〉 are obviously seen to be larger at LHC than RHIC,
showing their energy dependence.

From the above results, we also reported that T, 〈pT〉 and N0 are dependent on the
size of the colliding system. The larger the collision system, the larger these parameters
are. As larger collision systems have participants involved in the interaction, it experiences
an intense reaction, where more energy is deposited in the system, which corresponds
to a large transfer of momentum that naturally leads the system to be highly excited.
Furthermore, due to the large transfer of energy (momentum), further multiple scattering
happens and that results in a larger N0 (multiplicity). We have seen that pions are almost
identical in Au–Au and Pb–Pb collisions. We believe that the pions are abundant hadrons
produced in a collision and their production mechanisms are well-established. The larger
number of pions provide a statistically significant measurement, allowing for a precise
determination of their freeze-out temperature. The dominance of pions in the hadron
spectra can outweigh the contributions of other particles, which result in a consistent
freeze-out temperature for pions across different collision systems.

To see the correlations among different parameters, we combine different panels of
Figure 4 in Figure 5. Figure 5a shows the correlation of T and 〈pT〉, while Figure 5b–e show
the correlation of T and q, q and 〈pT〉, T and N0, and 〈pT〉 and N0. The correlation of T
and 〈pT〉 can be explained by noting that large participants in the central reaction result
in a very large energy (momentum) transfer in the system that corresponds to a higher
degree of excitation of the respective system. Similarly, larger T in the central system refers
to the early freeze-out of the system, while smaller q suggests the system quickly reaches
equilibrium. In fact, larger T and small q are obtained in central collisions, while smaller
T and larger q are in peripheral collisions. This is consistent with [57] where the authors
presented a positive correlation among T and n where they used the Tsallis distribution for
Maxwell–Boltzmann particles. n = 1/(q − 1), since the present work specifies a negative
correlation of T and q, therefore they are concordant. This result also agrees with another
work [58]. The correlation between T and q is observed to be considerable. Meanwhile,
the correlation of q and 〈pT〉 in Figure 5c gives strength to the result of the correlation of
T and q because T is the reflection of 〈pT〉. It means that T ∝ 〈pT〉 ∝ 1/q. Panel (d) and
(e) present the correlation of T and N0 and 〈pT〉 and N0. They have a positive correlation.
Larger T corresponds to larger N0. This can be explained observing that the central collision
system consists of a large number of participants to be involved in the interaction, which
naturally results in the production of a large number of multiple scatterings, and the degree
of excitation of the system is larger in central collisions due to the harsh collision reaction
where more energy is deposited in the system and ultimately result in larger 〈pT〉. This
shows that T ∝ 〈pT〉 ∝ N0. It should be noted that 〈pT〉 basically provides information
about the collective motion and flow of the particles in the system. The relation between T
and 〈pT〉 arises from the interplay between the collective motion and temperature during
the freeze-out process. As the system expands, the collective motion of the particles can
attribute to the transverse momentum, and this collective motion is influenced by the
temperature of the system. In the present work, we observed T to be proportional to
approximately 2*〈pT〉 which may indicate a balance between thermal motion and collective
flow. The factor 2 can arise due to specific dynamics of the system and statistical behaviour
of the particles. We also noted that T is independent of the particle multiplicity as the
later observable does not remain constant in the central collisions. The behaviour of
multiplicity with T can depend on several factors such as the collision system, collision
energy regime, and analysis techniques. Different theoretical models and experimental
observables may also lead to variations in the observed behaviors. Studying the interplay
between various physical processes and their effects on T and particle multiplicity provides
valuable insights into the dynamics of heavy ion collisions, and the properties of the created
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system. In deed, more studies are needed to fully understand the relationship between T
and particle multiplicity.
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Figure 5. Plots (a–e) show the correlation of T and 〈pT〉, T and q, q and 〈pT〉, T and ln(N0), and

〈pT〉 and ln(N0), respectively, in different centrality bins in Au–Au collision at
√

sNN = 200 GeV and

in Pb–Pb collision at
√

sNN = 2.76 TeV, plots (a–c) also show the results from p–p collision at these

collision energies which are comparable to the results of peripheral A–A collision at the same energy.

As mentioned earlier, T depends on the kinetic freeze-out temperature and flow
velocity; we can extract both these parameters from T if the centrality interval for all of
them is the same. In the present work, the centralities of all the particles are not the same
and it is difficult to make them the same and is in fact beyond the focus of the present
work. But to show the extraction of the kinetic freeze-out temperature T0 and transverse
flow velocity βT from T, we took the particles with the same centrality and extracted the
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two parameters from it. We can see that the centrality intervals of the light particles are
the same, so we took the light particles and performed the linear fitting among T and m0

by x = am0 + b in Figure 6a,b for Au–Au and Pb–Pb collisions, respectively. The slopes
and intercepts along with the value of χ2 are extracted and are labelled in Table 2 where
a is the slope and b is the intercept, and the intercepts in Figure 6a,b are regarded as the
kinetic freeze-out temperature [57,59–61]. For the extraction of transverse flow velocity, we
performed the linear fit among 〈pT〉 and mean moving mass (m̄). The intercepts, slopes and
values of χ2 are presented in Table 3. The slope is regarded as the transverse flow velocity
(βT) [62]. Figure 7a,b represent the average kinetic freeze-out temperature and average
transverse flow velocity of the particles obtained through the linear fitting as a function
of the collision centrality. The green symbols show the result for Au–Au collisions, while
the red symbols are used to represent the results of Pb–Pb collisions. One can see that the
trend of T0 and βT with centrality is similar to that of T which evinces that the excitation
function of T, and T0 as well as βT are similar. We noticed that the parameters from the most
central collisions to 0–50% centrality classes are the same with same uncertainties but have
different data/fit ratios and different values of χ2. The same values of the parameters in
these centrality bins suggest that the system has reached a similar degree of thermalization
across these centrality intervals. This can be due to the fact that the collision dynamics and
resulting particle production processes are similar in these centrality intervals. However
the data/fit ratios and the values of χ2 changes due to statistical fluctuation. Both the
experimental data and theoretical models are subjected to statistical uncertainties, which
can lead to variations in the data/fit ratio and values of χ2.
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Figure 6. Dependence of T and m0 in panels (a), (b) and 〈pT〉 and m̄ in panels (c) and (d), respectively.

The curve over the data points is the fit by linear equation.
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Figure 7. Dependence of (a) 〈T0〉 and (b) 〈βT〉 on centrality in Au–Au and Pb–Pb collisions, respectively.

Table 2. Values of intercepts, slopes and χ2 obtained from the linear fitting of T vs. m0 plot.

Collision Centrality Intercept Slope χ
2

0–5% 0.0911 ± 0.001 0.2150 ± 0.002 0.0015
5–10% 0.0911 ± 0.001 0.2150 ± 0.002 0.0015

10–15% 0.0911 ± 0.001 0.2150 ± 0.002 0.0015
15–20% 0.0911 ± 0.001 0.2150 ± 0.002 0.0015
20–30% 0.0911 ± 0.001 0.2150 ± 0.002 0.0015

Au–Au 30–40% 0.0911 ± 0.001 0.2150 ± 0.002 0.0015
200 GeV 40–50% 0.0911 ± 0.001 0.2150 ± 0.002 0.0015

50–60% 0.0901 ± 0.003 0.1620 ± 0.005 0.0053
60–70% 0.0880 ± 0.004 0.1330 ± 0.007 0.0100
70–80% 0.0864 ± 0.010 0.1080 ± 0.016 0.0132
80–92% 0.0787 ± 0.012 0.0864 ± 0.019 0.0152

0–5% 0.0993 ± 0.001 0.2890 ± 0.001 0.00098
5–10% 0.0993 ± 0.001 0.2890 ± 0.001 0.00098

10–20% 0.0993 ± 0.001 0.2890 ± 0.001 0.00098
20–30% 0.0993 ± 0.001 0.2890 ± 0.001 0.00098

Pb–Pb 30–40% 0.0993 ± 0.001 0.2890 ± 0.001 0.00098
2.76 TeV 40–50% 0.0993 ± 0.001 0.2890 ± 0.001 0.00098

50–60% 0.0904 ± 0.004 0.2582 ± 0.006 0.0052
60–70% 0.0885 ± 0.004 0.2333 ± 0.006 0.0046
70–80% 0.0882 ± 0.007 0.1988 ± 0.011 0.0092
80–90% 0.0859 ± 0.010 0.1606 ± 0.020 0.0128

Table 3. Values of intercepts, slopes and χ2 obtained from the linear fitting of 〈pT〉 vs. m̄ plot.

Collision Centrality Intercept Slope χ
2

0–5% 0.0815 ± 0.002 0.3340 ± 0.002 0.0018
5–10% 0.0815 ± 0.002 0.3340 ± 0.002 0.0018

10–15% 0.0815 ± 0.002 0.3340 ± 0.002 0.0018
15–20% 0.0815 ± 0.002 0.3340 ± 0.002 0.0018
20–30% 0.0815 ± 0.002 0.3340 ± 0.002 0.0018

Au–Au 30–40% 0.0815 ± 0.002 0.3340 ± 0.002 0.0018
200 GeV 40–50% 0.0815 ± 0.002 0.3340 ± 0.002 0.0018

50–60% 0.0804 ± 0.002 0.3163 ± 0.002 0.0016
60–70% 0.0799 ± 0.003 0.2946 ± 0.003 0.0024
70–80% 0.0791 ± 0.008 0.2807 ± 0.009 0.0076
80–92% 0.0763 ± 0.020 0.2572 ± 0.021 0.017
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Table 3. Cont.

Collision Centrality Intercept Slope χ
2

0–5% 0.0900 ± 0.005 0.3487 ± 0.004 0.0044
5–10% 0.0900 ± 0.005 0.3487 ± 0.004 0.0044

10–20% 0.0900 ± 0.005 0.3487 ± 0.004 0.0044
20–30% 0.0900 ± 0.005 0.3487 ± 0.004 0.0044

Pb–Pb 30–40% 0.0900 ± 0.005 0.3487 ± 0.004 0.0044
2.76 TeV 40–50% 0.0900 ± 0.005 0.3487 ± 0.004 0.0044

50–60% 0.0831 ± 0.003 0.3420 ± 0.003 0.003
60–70% 0.0723 ± 0.042 0.3352 ± 0.036 0.0382
70–80% 0.0720 ± 0.026 0.3336 ± 0.024 0.0234
80–90% 0.0717 ± 0.012 0.3072 ± 0.011 0.0101

We want to clarify that the transition from QGP to hadronic matter is seen to be
estimated between 90 and 100 MeV in the present work, which is different from the values
of lattice QCD and thermal and statistical models where the phase transition between QGP
and hadronic matter occurs at 160 MeV [63–68], while according to Ref. [69], it occurs at
155 MeV. Ref. [70] shows the analysis based on finite size scaling and hydrodynamics, this
temperature is 165 MeV, and the result from the realistic Polyakov–Nambo–Jona-Lasinio
(rPNJL) model shows this temperature to be 93 MeV [71]. This is because different models
have different thermometric scales. It is noteworthy that the initial and chemical freeze-out
temperatures occur before the kinetic freeze-out temperature. The former occurs at the
initial while the latter occurs at the intermediate stage of collisions, which is very helpful in
the study of QGP. The temperature at the initial stages is so high that the matter created is
far from equilibrium which, renders the temperature of the system to be not well-defined.
Hence the temperature at the initial stages of collision may not be a good indicator of
showing the phase transition. After a while, the particle yields become fixed at the stage
of chemical freeze-out, and the chemical temperature is generally larger than the kinetic
freeze-out temperature. Hence the chemical composition of the particles established before
the kinetic freeze-out, and the phase transition may not be directly observed through the
chemical freeze-out temperature. However, in the expansion of the fireball, the system
cools down and reaches the stage of thermal freeze-out where the particles stop interacting.
The particles follow a simple distribution during the kinetic freeze-out, which depends on
temperature. The temperature extracted from such a distribution is believed to be close
to the actual temperature of the particles at which the particles stop the interaction. We
believe that the properties of the particles at the time of freeze-out are affected by the phase
transition. For instance, if QGP is formed, it will affect how the quarks and gluons combine
to form hadrons, which can give information about the properties of QGP.

Before heading toward the next section, we would like to comment that the present
work could be more improved if we included the Higgs as well as top production, but
unfortunately they are not presented in this study due to the reason that both the top quarks
and Higgs particles are very massive particles, and their production is rare compared to
the light particles, which makes it more challenging to detect and study. Furthermore, they
have very short lifetimes and decay instantly after their production, and it is very difficult
to identify or measure the decay products of these particles.

4. Summary and Conclusions

In this work, the transverse momentum (pT) distributions of light and heavy particles
in Au–Au and Pb–Pb collisions at

√
sNN = 200 GeV and

√
sNN = 2.76 TeV, respectively, are

analyzed by a Tsallis–Pareto-type function which fits the experimental data well. Proton–
proton collisions at the same colliding energy for the same particles are also analyzed
in order to compare the thermodynamic nature of the two systems. We extracted the
parameters T, q, T0, βT , N0 and 〈pT〉; T and q are extracted directly from the pT spectra
while T0 and βT are extracted from T by an alternative method. We reported that the trend
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of T, T0, βT , 〈pT〉 and q is the same and they are saturated in the central collisions up to 40
or 50% centrality, and beyond this, the former four parameters decrease while the latter one
increases. This saturated trend shows the phase transition of QCD. The region in central
collisions is meson-dominant while the peripheral collision region is baryon-dominant.
The increase in temperature, flow velocity and the decrease in the entropy parameter from
peripheral towards central collision are seen beyond the saturation region, which suggests
that the peripheral collisions are far from equilibrium.

Additionally, the study of each particle with different T and q provides insights into
the freeze-out process as the larger temperature and smaller q for the massive particles
indicate that the massive particles freeze-out earlier than the lighter ones, and it reveals
the multiple kinetic freeze-out scenario. The parameter N0 is extracted and is reported to
be decreasing towards the periphery which shows that the multiplicity decreases from
central to peripheral collisions. All the above parameters have nearly the same values in
p–p collisions to that in peripheral A–A collisions at the same colliding energy. We also
reported the correlations among various parameters. The correlation of T and pT , T and
N0, 〈pT〉 and N0 is positive, while that of T and q and 〈pT〉 is negative.
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Abbreviations

The following abbreviations are used in this manuscript:

pT transverse momentum

Te f f kinetic freeze-out temperature

〈Te f f 〉 effective temperature

βT transverse flow velocity

〈βT〉 average transverse flow velocity

MC Monte Carlo

LHC Large Hadron Collider

Nch number of channels
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