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Abstract: The transverse momentum distributions of charged hadrons produced in proton-proton collisions at cen-
ter-of-mass energies ( /s) of 0.9 TeV and 2.36 TeV, as measured by the CMS detector at the Large Hadron Collider
(LHC), have been analyzed within various pseudorapidity classes utilizing the thermodynamically consistent Tsallis
distribution. The fitting procedure resulted in the key parameters, namely, effective temperature (7), non-extensivity
parameter (g), and kinetic freezeout volume (7). Additionally, the mean transverse momentum ({pr)) and initial
temperature (7)) of the particle source are determined through the fit function and string percolation method, respect-
ively. An alternative method is employed to calculate the kinetic freezeout temperature (7) and transverse flow ve-
locity (Br) from 7. Furthermore, thermodynamic quantities at the freezeout, including energy density (¢), particle
density (n), entropy density (s), pressure (P), and squared speed of sound (C,?), are computed using the extracted T
and q. It is also observed that, with a decrease in pseudorapidity, all thermodynamic quantities except ¥ and ¢ in-
crease. This trend is attributed to greater energy transfer along the mid pseudorapidity. ¢ increases towards higher
values of pseudorapidity, indicating that particles close to the beam axis are far from equilibrium. Meanwhile, V re-
mains nearly independent of pseudorapidity. The excitation function of these parameters (g) shows a direct (inverse)
correlation with collision energy. The ¢, n, s, and P show a strong dependence on collision energies at low pseu-
dorapidities. Explicit verification of the thermodynamic inequality & > 3P suggests the formation of a highly dense
droplet-like Quark-Gluon Plasma (QGP). Additionally, the inequality 7; > T > Ty is explicitly confirmed, aligning
with the evolution of the produced fireball.
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I. INTRODUCTION

The concepts of confinement and asymptotic free-
dom within Quantum Chromodynamics (QCD) have
sparked numerous discussions regarding the thermal and
transport characteristics of highly dense and hot matter.
According to confinement principles, nuclear matter is
assumed to consist of low-energy hadrons, forming a
sparsely interacting gas of these particles. Conversely, at
ultra-relativistic energies, asymptotic freedom implies ex-
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tremely weak interactions between quarks and gluons, de-
picting nuclear matter as a weakly interacting gas of these
constituents. It is believed that a phase transition occurs
between these configurations, leading to the disappear-
ance of hadrons' degrees of freedom and the formation of
Quark—Gluon Plasma (QGP), achievable at very high
temperatures or densities [1—6]. QGP was present during
the early universe, a few microseconds post-Big Bang,
and potentially exists in certain forms within the cores of
neutron stars. The occurrence of ultra-relativistic heavy-
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ion collisions has provided a systematic means to gener-
ate and explore various phases of bulk nuclear matter.

Multiple experiments conducted at facilities like the
Super Proton Synchrotron (SPS) [7, 8], Relativistic
Heavy Ion Collider (RHIC) [9, 10], and Large Hadron
Collider (LHC) [11, 12] have yielded extensive experi-
mental data. The experiments conducted on the nucleus-
nucleus (4-A4) collisions at RHIC and LHC have led
particle and nuclear physicists to announce the discovery
of QGP in 2000 [13, 14]. Proton—proton (p-p) collisions
are fundamental for establishing a base to explore colli-
sions involving heavy ions (4-4) or proton-nucleus (pA).
In the A4-A4 collisions, collective flow emerges as a not-
able feature within the dense thermal medium of this
strongly interactive substance (QGP) [15, 16]. High-mul-
tiplicity p-p collision events have also exhibited this col-
lective behaviour [17, 18]. Other notable features ob-
served in high-multiplicity p-p events include increased
strangeness [19]; the generation of a substantial number
of particles [20]; equivalent values of effective temperat-
ure, kinetic freeze-out temperature, and flow velocity
compared to those seen in 4-4 collisions [21, 22]; and
correlations akin to multi-particle ridges [23]. Therefore,
it is crucial to conduct thorough investigations into p-p
collisions.

To obtain the freeze-out parameters, different meth-
ods, models, and techniques are used, and their extrac-
tion from the pr of charged particles is one of the most
common methods. pr distributions carry true informa-
tion about the kinetic freeze-out stage of the expanding
system because at and after this stage, the particles do not
exchange their energies and momenta till their arrival at
the detectors. Different statistical and hydrodynamical
models are incorporated to extract or decode the informa-
tion from the pr spectra. The heavy ion collision results
in the production of an intricate system in which particles
are not in the thermal equilibrium and have long-range
correlations. Under such conditions, models like the
Boltzmann-Gibbs distribution function [24] and Blast
Wave model [25] cannot explain this system precisely as
they consider the produced system to be in thermal equi-
librium; the Tsallis model is best suited for such an intric-
ate non-equilibrated system with its non-extensive para-
meter (¢). Moreover, the Tsallis distribution exhibits a
power-law tail allowing for a good fit to high pr regions,
while the other models may behave inadequately in high
pr regions. Based on thermodynamic consistency, the
Tsallis distribution may either be thermodynamically
consistent or inconsistent [26-28]; the earlier consistently
obeys all the basic thermodynamic laws while the latter
does not. Due to the aforementioned preferences of the
Tsallis distribution over the others and keeping the ther-
modynamic consistency in view, we use the thermody-
namically consistent Tsallis model in the present analysis
to describe the py distribution of charged hadrons in p-p
collision at /s = 0.9 TeV and 2.36 TeV in different pseu-

dorapidity (7) intervals.

There are two ways to extract the parameters: dir-
ectly and indirectly. Extracting the effective temperature,
non-extensive parameter, and Kinetic freeze-out volume
of the system from the fitting of the thermodynamically
consistent Tsallis model with the p; distribution is the
direct way of extracting parameters, while T, and Sr are
extracted indirectly. Additionally, other very crucial ther-
modynamic quantities, including 7;, energy density (&),
particle density (n), entropy density (s), pressure (P), and
squared speed of sound (C,?), are also calculated at dif-
ferent values of 77 at +/s = 0.9 TeV and 2.36 TeV. All of
these parameters are very significant to the equation of
state of the system, as they all define different physical
states of the system at distinct stages of the evolution of
the system, from the initial stages to the stage of thermal
freeze-out. In the present analysis, the average values of
intervals have been used. For instance, for the # interval
of 0-0.2, 0.1 has been used; similarly for the interval
0.2-0.4, 0.3 has been used, etc.

In our prior studies [29, 30] and [31, 32], we ex-
amined the changing tendencies of the freeze-out para-
meters concerning alterations in collision energies and
centrality, respectively. The current study focuses on the
scrutiny of the parameters T, ¢, V, Ty, Br, T:, €, 1, S, p,
and C,%, particularly their reliance on # and collision en-
ergies.

The remainder of this paper is structured as follows:
Section II outlines the model applied in this study. Fol-
lowing that, the Section III details the outcomes, and Sec-
tion IV gives the conclusions of this research endeavour.

II. METHOD AND FORMALISM

The standard thermal models like standard distribu-
tion and Boltzmann-Gibbs distribution consider the
particles of the produced system in thermal equilibrium.
However, the system produced in high-energy collisions
is away from thermal equilibrium. The Tsalis distribution,
with its non-extensive parameter, is the better choice to
study such a system as it does not consider the system in
thermal equilibrium. There are various forms of the Tsal-
lis distribution function, among which we have used the
one best suited to the currently analyzed experimental
data. This form of the Tsallis distribution function is giv-
en by [33]

&N prmr cosh(y)
dprdy (2m)?

g
mr cosh(y)—pu | 1-a)

X |14+(g—1) T

(1

Where g is the degeneracy factor, and V, 7, and u are the
volume of the produced system, effective temperature
and chemical potential, respectively. ¢ is the non-extens-
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ivity parameter, which measures how far or close a sys-
tem is to the thermal equilibrium. Generally, ¢ > 1 repres-
ents a system away from the thermal equilibration. For
q = 1, the Tsallis distribution simplifies to the Boltzmann-
Gibbs distribution, which considers the system to be in
thermal equilibrium. my is the transverse mass given by
mr = +/p>+mg?, where my is the rest mass of the pro-
duced charged hadron [34]. The effective temperature is a
temperature-like parameter that includes both the thermal
effect, in the form of kinetic freeze-out temperature (7),
and the flow effect, in the form of transverse flow velo-
city (Br), of the QGP medium and is defined as [35, 36]
T =Ty+meBr.

At RHIC and LHC, due to the symmetric production
of particles and anti-particles, the chemical potential is
assumed to be zero. Now, at u=0 and at mid rapidity
y=0. Eq. (1) can be written as

_9
&*N  prm (-9
dedy—gV Ty {1+( it } . )

In high-energy collisions, # is often used instead of y,
where the conversion between the two is given as

2
d_ L (3)

dp m3 cosh’y

Using Eq. (3) in Eq. (2), the pseudorapidity distribu-
tion at y = 0 is given in the following form [37]:

N _ oy P [ ig- ] W

=gV
dprdn 8" @2y

The above Tsallis distributions are individual particle
distributions as they satisfy the experimental p; spectra
for only a single particle at a time. As charged particles
are dealt with in this work, which contains 7*, K* and
p(p), there should be three Tsallis distributions each for
the separate species of particles. Under such conditions,
Eq. (4) is written as

q

}@- )

3
21: (2)2{

dp dn

Here, i = n*,K*, and p, while my; is the mass of particle i.
The factor of 2 is introduced in the above equation to ac-
count for the equal contributions from the anti-particles
because both particles and their antiparticles are estim-
ated to be equally produced at high energies in RHIC and
LHC.

It is important to note that one could argue that Eq.
(5) is inappropriate for the two types of particles with

roughly equal masses, the proton and phi meson (¢); as
their degeneracy factors are 2 and 3, respectively, their
yield ratio is 2/3 in accordance with Eq. (5), which may
be different from the experimentally measured yield ratio.
The distribution can be a helpful tool for fitting the trans-
verse momentum spectra of particles generated in colli-
sions with high energies. It works well for capturing the
power law behaviour and non-thermal features found in
the momentum spectra of different particles, not just pi-
ons. Nevertheless, when degeneracy factors and ob-
served yield ratios diverge significantly, the model is not
fully capable of predicting yield ratios for various spe-
cies of particles. Proton-to-phi meson yield ratio, as
measured by ALICE and other experimental groups, dif-
fers from that estimated by the Tsallis distribution-based
degeneracy factors. Despite the Tsallis distribution’s
good fit to the p; spectra, this discrepancy suggests that it
does not naturally take into consideration the complexity
of particle yields. When predicting particle yields, the
Tsallis distribution is not very accurate. It excludes ele-
ments that are critical for precise yield estimates and have
a substantial impact on the relative abundances of vari-
ous particle species, such as resonance decays and other
post-collision interactions. Consequently, when employ-
ing the fitting of p; spectra of charged particles such as
protons, kaons, and phi mesons, Eq. (5) is accurate.

Regardless of the form of particle momentum distri-
bution, the pr-dependent probability density function is
given as follows [38]:

For) = ld—N ©)

Which is naturally normalized to unity.
/ Sflpr)dpr=1. (7
0

The mean transverse momentum, {pr), can be ob-
tained directly from the fit function by using the probabil-
ity density function in the following form:

/ pr f(pr) dpr
pr)=———. 3
/ f(pr) dpr
Making use of Eq. (7), we get,
{pr)= / pr f(pr) dpr. )
0

Similarly, the root mean square py is given as
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/ PT2 f(PT) dPT
v (pr*) = B .

= (10)
/ f(pr) dpr
0

VApr?) = / pr? f(pr) dpr. (11)
0

According to the string Percolation model [39—41],
the initial temperature, 7;, of the system at the parton
level is calculated by the following equation from

\Y <pT2> (pTrms):

PT s
T, =—=. 12
V2 (12

The effective temperature is not a real temperature as
it contains the thermal and flow effects, to obtain the real
temperature at the kinetic freeze-out stage, called the kin-
etic freeze-out temperature (7, ), and the transverse flow
velocity (Br), the following two empirical formulae are
used, respectively [42]:

7, = %4, (13)

Br = (1—2k0) (_PT)_ (14)
my 'y

In high-energy A-A or p-p collisions, the participants
from both projectile and target contribute equally to the
(pr). Therefore, according to the multi-source thermal
model, each participant of projectile and target contrib-
utes 1/2 to {pr) and each of these halves is equally con-
tributed by the thermal and flow effects, which is why we
introduced 2 in the denominator of Eq. (13) and Eq. (14).
In the last two equations, k, and 11—k, are the contribu-
tion fractions of thermal motion (thermal effects) and
flow effects, respecitevly. The value of %, is collision en-
ergy dependent and is given as

ko =0.03-0.011n(Vs). (15)

Where +/s is in the units of GeV. ¥ is the mean Lorentz
factor and is given as follows:

E

my

Y= (16)

Because

y=—. (17)

my

Here, E and E are energy and mean energy of the pro-
duced charged hadron, respectively. The energy in the
source rest frame is formulated as follows for ¢ = 1:

E = +\/p*+my?, (18)

Making use of pr=psind or equivalently pr=
p/cscd in the above equation, we get,

E = \/(prcsch)? +my?, (19)

Where 0 is the emission angle of the produced cha-
rged hadrons, which satisfies the following equation [42]:

6 =2sin"' (V/r), (20)

Here, r is a number in the random loop [0, 1] calculated
through Monti-Carlo (MC) simulations. After repetitive
calculations via the MC method, one can get E (also
equal to the mean moving mass, m). Now, using Eq. (20)
in Eq. (19), one can get

2
E= (pTcsc(2sin"(\/?)) +my?. @20

Incorporating this equation together with Eq. (16) in
Eq. (14), one can obtain B7. In the current analysis, we
extract 7, V, and g with the help of Eq. (5) and then use T
and ¢ to calculate other thermodynamic quantities at
freezeout. These thermodynamic quantities include ¢, n, s,
P, heat capacity at constant volume, and C,*>, whose
mathematical equations are given bellow [37]:

q

3 d3p E,' q
8:2;&»/(2”)3& {1+(q—1)?} ) (22)
3 d*p E; 1%1
n=2;gi/(2ﬂ_)3 {1‘*(‘1—1)?} > (23)
B . d®p E,-( E,-)lzq
s-2;gi/(2n)3 T 1+(C]—1)7
1
+(1+(q—1)%) "’] , 24)
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9

&p p E;| 1~
P= 22 /(2n)33E 1+(q—1)ﬂ , (25)
2¢-1
l-q
cv—zzglﬂ (2 )3 [H(q—l){ ,
(26)
2 oP\ _ s
M= (ag)v_cv' @7

In these equations, E is the energy of the produced
particles at the freeze-out stage.

III. RESULTS AND DISCUSSION

In this analysis, we used the minimum y? method
[43], which is

Exp RTheor)Z

=Y u , )

where R denotes the experimental data, o is the associ-
ated measurement uncertainty, and R™* signifies the
values computed using the function (model).

Figure 1 displays the double differential py distribu-
tion of charged hadrons in p-p collision at (a) /s = 0.9
TeV and (b) +/s =2.36 TeV at different values of pseu-
dorapidity (77) measured by CMS at LHC [44]. Different
geometrical symbols are incorporated to represent the ex-

10 T T

T T T
F Charged hadrons (a)

o r p-p, Vs = 0.9 TeV

108

M
¢ W
W

sl sl

10?

4 W
10 Fa =01 e n=03

A n=05 v n=07 n=09

d2N,,, / dn dpr [(GeV/c) ]

F
10°Fq n=1.1 » n=13 ® n=15

i* n=17 « n=19 @ n=21 & n=23

107 T T T T T
15 B

sl sl s

S oof hedpegfe st 4 g g
S 05 i
0.0 1 L L . I
0.0 0.5 1.0 15 2.0 25 3.0
pr [GeV/c]

Fig. 1.

perimental data for the pr distribution at different 7,
while the solid lines are the fit results obtained through
the Tsallis distribution. Each plot of Fig. 1 has a Data/Fit
ratio at its bottom, which shows the fit quality. It is obvi-
ous from the plots that the model is in good agreement
with experimental data. The data points and correspond-
ing fit lines for different # are scaled with different
factors to avoid the overlapping of the spectra over each
other and to enhance their visibility. These scaling factors
along with the other extracted parameters and y?/NDF
are listed in Table 1.

In the present analysis, we discuss the correlation of
freezeout and different thermodynamic properties with #
and collision energy; therefore, it is significant to quanti-
fy how strongly or weakly these parameters (quantities)
are correlated with # and collision energy. This can be
done by using the Pearson Correlation Coefficient,
defined as [45]

S =)= )

\/Z =P Y =)

where x and y are the two sets of parameters, and (x) and

.29

(y) are their mean values given by Zizlxi/n and

Zi:l)’i/n, respectively. Here, n is the number of para-
meters in each set of data. The values of r,, range
between +1, with +1 being used for strong positive cor-
relation and —1 for strong negative correlation. r,, = 0
means there is no correlation between the two sets of
parameters.

For the estimation of uncertainty in r,,, the following
formula is used, where the data points are assumed to be

10"

E ' ' Chargéd hadrons. (b) §
1o p-p, Vs =2.36 TeV 1
—_— 1
= W
o 10° E
> f 1
2 [ 1
g 10° 1
& W
1
° W
~ 1
P &
Nz" 10 Fa n=01 o =03 1
gl F4 n=05 v n=07 n=09 4
10°F4 n=1.1 » n=13 & n=15 1
E* N=17 & n=19 o n=21 & n=23 ;
107 F T T T T T
= 15 E B
[T
SoofPadegige st d b4
8 osh i
0oL L L L L L
0.0 05 1.0 15 20 25 30
pr [GeVic]

(color online) Plots (a) and (b) display the double-differential pr spectra of charged hadrons for different values of 77 at /s =

0.9 TeV and 2.36 TeV, respectively [44]. Distinct colours and geometrical symbols indicate varying values of #. Solid lines represent
the fitting results based on the Tsallis function. A Data/Fit ratio panel is included at the bottom of each plot to assess the fit quality.
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Table 1. Values of different parameters extracted from the Tsallis distribution function, along with the values of y?/NDF, where NDF

is the number of degrees of freedom. The errors in a certain extracted parameter across different values of # are very close to one anoth-
er. Therefore, when these errors are rounded off to the third decimal place, they become almost the same, and such rounded-off errors

are depicted in this table.

collision n Scaling factor T /GeV q V /fm3 X /NDF
0.1 10'! 0.094+0.002 1.138+0.003 333+4.828 5.733/11
0.3 1010 0.092+0.002 1.142+0.003 333+4.828 6.827/11
0.5 10° 0.089+0.002 1.146+0.003 333+4.828 9.632/11
0.7 108 0.088+0.002 1.148+0.003 333+4.828 5.237/11
0.9 107 0.086+0.002 1.15+0.003 333+4.828 9.434/11
1.1 100 0.084+0.002 1.151+0.003 333+4.828 6.482/11

p-p 0.9 TeV Fig. 1(a)
1.3 10° 0.083+0.002 1.152+0.003 333+4.828 13.547/11
1.5 104 0.082+0.002 1.153+0.003 333+4.828 12.167/11
1.7 103 0.081+0.002 1.154+0.003 333+4.828 15.6437/11
1.9 102 0.079+0.002 1.155+0.003 333+4.828 21.641/11
2.1 10 0.078+0.002 1.156+0.003 333+4.828 19.269/11
23 1 0.075+0.002 1.157+0.003 333+4.828 13.379/11
0.1 10'! 0.104+0.003 1.132+0.003 4424+6.409 11.334/11
0.3 1010 0.103+0.003 1.133+0.003 442+6.409 13.036/11
0.5 10° 0.102+0.003 1.134+0.003 4424+6.409 13.309/11
0.7 108 0.101+0.003 1.136+0.003 442+6.409 11.276/11
0.9 107 0.097+0.003 1.142+0.003 4424+6.409 19.6732/11
1.1 100 0.096+0.002 1.143+0.003 442+6.409 11.718/11
p-p 2.36 TeV Fig. 1(b)

1.3 10° 0.094+0.002 1.145+0.003 4424+6.409 12.969/11
1.5 104 0.093+0.002 1.147+0.003 442+6.409 18.362/11
1.7 103 0.091+0.002 1.149+0.003 4424+6.409 13.956/11
1.9 102 0.089+0.002 1.152+0.003 442+6.409 12.766/11
2.1 10 0.084+0.002 1.153+0.003 4424+6.409 14.203/11
23 1 0.083+0.002 1.154+0.003 442+6.409 16.747/11

normally distributed with no linear correlation between
the two sets of data points, i.e., the null hypothesis is ap-
plied; the values of S, enable us to quantify how well the
Pearson correlation fits normally or randomly distributed
data:

l_rzzcv
S, = : (30)

n-2"

When the fireball is created, to achieve thermal equi-
librium with its surroundings, it expands and cools down;
during expansion and cooling there are two primary
freeze-out stages. The stage at which inelastic collision
between particles of the system vanishes, elastic interac-
tions start, and the ratio of the particles turns to be fixed
is called the chemical freeze-out stage, and the corres-
ponding temperature of the system is called chemical
freeze-out temperature. After the chemical freeze-out

stage, the stage of thermal or kinetic freeze-out arrives,
where the corresponding temperature is called thermal or
kinetic freeze-out temperature, or even the effective tem-
perature can also describe the kinetic freeze-out stage. At
this stage, the mean free path of these particles becomes
greater than the size of the system, and they get separ-
ated from the parent system and move towards the detect-
ors. It must be noted that the thermodynamic quantities of
the produced system have been calculated at the thermal
and kinetic freeze-out stage.

In the following, the dependence of the freezeout
parameters 7, g, and V" and other thermodynamic quantit-
ies such as ¢, n, s, P, and C,? at the freeze-out will be dis-
cussed as a function of # and collision energy.

A. Effective temperature

Figure 2(a) displays the variation of T as a function of
n. Here the solid spheres represent various 7 values at dif-
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Fig. 2.

n

(color online) (a) 7, (b) ¢, and (c) V extracted though the fitting procedure using the Tsallis function for charged hadrons, as a

function of # in p-p collisions at /s = 0.9 TeV and 2.36 TeV. The Pearson correlation coefficients along with their errors are displayed

in the plots.

ferent # intervals, and the two distinct colours indicate the
two distinct collision energies. This figure suggests an in-
verse dependence of T on #. The reason for this depend-
ence is that the energy transfer to the system is greater
along the mid #, which results in the higher excitation of
the produced system. This energy transfer reduces as one
moves towards the beam axis (higher values of #), either
in the forward or backward direction, because of the
greater penetration of the particles along the beam direc-
tion where some of its energy is lost while interacting
with other particles. Here, by other particles, we mean the
remnants of the colliding beams, the system produced
close to the beam direction interacts with the beams’ rem-
nants, due to which, the system or produced particles lose
some of their energy, which results in the low temperat-
ure along the beam direction (high 7). The values of
ry =—-0.992+0.040 and r,, = —0.98+0.051 for s = 0.9
and 2.36 TeV, respectively, suggest a strong negative re-
lationship between T and 7. This figure also indicates that
with increasing +/s, T increases because of the greater ex-
citation of the system at higher energies.

B. Non-extensivity parameter

The non-extensivity parameter, ¢, plays a significant
role in the Tsallis statistics; it has been drawn as a func-
tion of 7 at /s = 0.9 and 2.36 TeV in Fig. 2(b). The fig-

ure shows that the value of ¢ increases with increasing 7,
which suggests the particles are emitted at higher # away
from the thermal equilibration. The calculated values of
ry for this plot are +0.955+0.094 for /s = 0.9 TeV
and +0.990+0.045 for +/s =2.36 TeV, which points to-
wards the strong positive correlation of the two paramet-
ers under consideration. In addition, one can see an in-
verse relationship between ¢ and +/s, which suggests the
system created at higher collision energy to be closer to
thermal equilibrium at the same value of #.

C. Volume of the produced system

Figure 2(c) displays V versus 7, with zero value of
Pearson correlation coefficient for both +/s = 0.9 TeV and
v/s =2.36 TeV. The zero values of r,, show that V' is in-
variant under varying . However, V directly varies with
/s because of the greater pressure gradient in the higher-
energy collisions, which results in the larger volume of
the produced system.

D. Mean transverse momentum

Mean transverse momentum, {(py), is obtained from
the fit function given in Eq. (9). Figure 3(a) represents
{pr) as a function of 7, where the former decreases with
increasing the latter due to the smaller energy deposition
at higher #. For this plot, the values of r,, are calculated
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to be —0.979+£0.064 and —0.926+0.119 at /s = 0.9 TeV
and 2.36 TeV, respectively, which suggest a strong negat-
ive dependence of (pr) on #. Figure 3(a) also indicates a
direct relationship between (p;) and +/s.

E. [Initial temperature of the emission sources

Unlike the other temperatures such as chemical
freeze-out temperature (7,;,), 7, and Ty, which are associ-
ated with the later stages of the system's evolution, 7; is
linked with the initial stages of the collision, where the
formation of the system is just taking place. This temper-
ature can be calculated using the string Percolation mod-
el given in Eq. (12). Figure 3(b) shows T; as a function of
the changing # in p-p collision at /s = 0.9 TeV and 2.36
TeV. The values of r,, have also been calculated for this
correlation along with their errors: —0.960 +0.088 for 0.9
TeV and -0.871+0.155 for 2.36 TeV. The values of r,,
indicate a strong negative dependence of 7; on 7. The
system produced near the beam direction (along high #
regions) interacts with beams’ remnants, due to which, it
loses some of its energy, and as a result, the initial tem-
perature along the beam direction falls. Meanwhile, along
the mid rapidity, the colliding beams’ remnants are al-
most absent and there is nothing to interact with in the
initial stages of the created system, which leads to the
higher initial temperature of the produced system.

Moreover, Fig. 3(b) also shows the increasing behaviour
of T; with increasing collision energies due to the violent
collisions at higher energies.

F. Kinetic freeze-out temperature

The Tsallis temperature, 7, includes thermal and flow
effects in the form of 7, and By, respectively. For disen-
tangling T, and By from T, we used an alternative way
given in Eq. (13) to calculate 7. Figure 3(c) represents
T, versus 7, where the former decreases with increasing
the latter due to the smaller energy deposition at higher #.
For this plot, the values of r,, are calculated to be —0.981+
0.061 and -0.923+0.122 at /s =0.9 TeV and 2.36 TeV,
respectively, which indicate a strong negative depend-
ence of T, on #. Figure 3(c) also shows a direct relation-
ship between T, and +/s.

T; is the temperature of the produced system at the
early or initial stages just after the collision, 7T is the ef-
fective temperature, which is related to the kinetic freeze-
out stage and is the sum of the thermal and flow effects
(already discussed in Section 2), and T, is the kinetic
freeze-out temperature, which is the real temperature at
the kinetic freeze-out stage. As the initial stage comes
first and kinetic freeze-out stage follows, where substan-
tial expansion and cooling have happened to the system
and also T 'is larger than Ty, the inequality 7; > T > T, oc-
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curs.

G. Transverse flow velocity

Br has been calculated using Eq. (14). Figure 3(d)
represents the variation of Br with changing #. It can be
seen that with decreasing #, Br increases because of the
greater energy deposition in the mid rapidity region,
which results in the greater pressure gradient in the low 7
regions, causing the system to expand rapidly. r,, = —0.968
+0.080 and -0.976+0.069 at +/s = 0.9 TeV and 2.36
TeV, respectively, are the calculated values for the rela-
tionship between Br and #, suggesting a strong negative
dependence of the former on the latter. Figure 3(d) also
makes clear the direct variation of 57 with /s because at
higher values of the latter, the squeeze in the produced
system is maximum. As a result, a larger pressure gradi-
ent is produced, which leads to the rapid expansion of the
fireball.

H. Energy density

Energy density, ¢, in the units of GeV/fm® has been
obtained using Eq. (22) and is plotted against # in
Fig. 4(a). The figure shows that ¢ is maximum at low 7
and decreases as one moves towards the regions of high
n. The reason for this dependence is that the energy trans-
fer to the system, of almost constant volume at all values
of 5, is greater along the low values of #, which results in
the higher energy density of the produced system. The
values of r,, for this relationship are —0.920+0.0124
and —0.937+0.110 for /s =0.9 and 2.36 TeV, respect-
ively, which suggest the strong negative dependence of ¢
on 7. In addition, this figure also indicates that & in-
creases with increasing collision energy for the same
reason as described for the dependence of ¢ on 7. Apart
from this, Fig. 4(a) also displays a large gap between the
values of ¢ at the two colliding energies from # = 0 to ap-
proximately 1.3, and beyond this, towards the beam axis,
they come close to each other. This shows the strong de-
pendence of ¢ on the collision energies at low # com-
pared to higher 7.

I. Particle density

Particle density, n, is calculated using Eq. (23) and is
plotted against # in Fig. 4(b). The figure displays an in-
verse dependence of the former on the latter. The reason
for this negative dependence is that the energy availabil-
ity for the new particle production at the lower # is great-
er compared to higher #, at almost constant V" at all val-
ues of 7, and hence results in the greater n at lower .
—0.926+0.119 and —0.897 +0.140 for +/s = 0.9 and 2.36
TeV, respectively, are the calculated values of r,, for this
relationship, which indicate a strong negative correlation
between the n and 7. This figure also shows increasing n
with increasing +/s because of the greater energy availab-
ility for the new particle production at higher collision en-

ergies. Figure 4(b) illustrates a substantial difference in
the n values between the two collision energies across the
range of # from 0 up to approximately 1.1. However, as
the values extend beyond this range towards the beam ax-
is, they converge closer to each other. This indicates that
n exhibits a more pronounced variation with collision en-
ergies at lower # values compared to higher #.

G. Entropy density

Entropy density, s, in the units of fm™ has been calcu-
lated using Eq. (24) and is represented as a function of #
in Fig. 4(c). The figure shows increasing s with decreas-
ing 5. The greater energy deposition in the regions away
from the beam direction, i.e., at lower values of #, stimu-
lates the greater disorder in the system of almost the same
V" at different values of #, which eventually results in the
greater entropy density. A strong negative dependence of
s on # is also obvious from r,, =—-0.959+0.090 and
—0.935+0.112 for +/s = 0.9 and 2.36 TeV, respectively.
Similarly, for the same reasons, s increases with increas-
ing +/s; this effect is obvious from the same figure. Fig-
ure 4(c) shows a notable distinction in the s values
between the two collision energies within the # range of 0
to approximately 1.1. Nevertheless, as these values pro-
gress beyond this range towards the beam axis, they draw
nearer to each other. This suggests that s demonstrates a
more significant change concerning collision energies at
lower # values compared to higher # values.

K. Pressure

Pressure, P, in the units of GeV/fm® has been ob-
tained using Eq. (25) and is displayed as a function of #
in Fig. 4(d). The inverse dependence of P on 5 can be
seen from the figure. A possible reason for this depend-
ence is the greater pressure gradient in the system at the
smaller values of #, as discussed earlier. The value of r,,
for this relation for /s = 0.9 TeV is —0.906+0.134 and
for /s =2.36 TeV is —0.926 +0.119, which show a strong
negative relationship between these parameters. Figure
4(d) also displays the increasing behaviour of P with in-
creasing +/s. Figure 4(d) illustrates a clear difference in
the P values between the two collision energies within the
n range from 0 to approximately 1.3. However, as these
values extend beyond this range towards the beam axis,
they tend to converge closer to each other. This indicates
that P exhibits a more pronounced variation in response
to collision energies at lower # values compared to high-
er 77 values.

L. Squared speed of sound

A parameter named squared speed of sound, C2, has
also been calculated using Eq. (27) for different # inter-
vals. The varying C? as a function of # is displayed in
Fig. 4(e). From this figure, one can deduce an inverse de-
pendence of C? on 7. This dependence suggests the pro-
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(color online) (a) ¢, (b) n, (¢) s, (d) P, and C,? calculated using Egs. (22), (23), (24), (25), and (27), respectively, for charged

hadrons versus # at /s = 0.9 TeV and 2.36 TeV in p-p collisions. The Pearson correlation coefficients and their errors are also dis-
played in each plot. In this figure, the Y-axes of all plots are on a log scale.

duction of a stiffer medium or system along the low-# re-
gions compared to the regions with higher values of
rapidity. The values of r,,, which are —0.979+0.064 for
Vs =0.9 TeV and —0.847 +0.030 for /s =2.36 TeV, rep-
resent a strong negative relationship between C? and . In
addition, this figure also reveals greater C? at /s = 2.36
TeV than +/s = 0.9 TeV which again points towards the
production of a stiffer medium at higher collision energy.
Unlike &, n, s, and P, the consistency in the fluctuation of
C? remains constant across the entire 7 range for both
collision energies, as depicted in Fig. 4(e). This indicates
an equal degree of sensitivity in C? at different collision
energies, irrespective of the # range.

Generally, the system produced in the p-p collision
has a smaller density and temperature, due to smaller en-
ergy transfer in the collision, compared to the system pro-
duced in the nucleus-nucleus (4-4) collision. This leads
to the production of a less stiff medium in p-p collisions,
which results in low C?. The same explanation may ap-
ply to all other extracted and calculated parameters.

IV. CONCLUSION

The Tsallis distribution was employed to analyse the
transverse momentum distributions of charged hadrons
generated in proton-proton collisions at energy levels of

104107-10



Dependence of thermodynamic quantities at freeze-out on pseudorapidity...

Chin. Phys. C 48, 104107 (2024)

s =0.9 TeV and 2.36 TeV across various pseudorapid-
ity classes. This analysis involved extracting key para-
meters, such as the effective temperature, non-extensiv-
ity parameter, and kinetic freezeout volume. We then
computed the kinetic freezeout temperature and trans-
verse flow velocity by an alternative method from the ef-
fective temperature. We further extracted the mean trans-
verse momentum from the fit function and the initial tem-
perature of the emission of source particles by the string
percolation method. Similarly, using the effective temper-
ature and non-extensive parameter, we calculated various
thermodynamic quantities at the freeze-out stage, includ-
ing energy density, particle density, entropy density, pres-
sure, and squared speed of sound.

Besides the kinetic freezeout volume and non-extens-
ivity parameter, other parameters demonstrate an in-
crease as pseudorapidity decreases. This behavior can be
linked to the greater energy transfer occurring along the
mid-pseudorapidity region. The non-extensivity paramet-
er rises with higher values of pseudorapidity, indicating
that particles near the beam axis are far away from equi-
librium. Interestingly, the kinetic freezeout volume ap-
pears to remain largely unaffected by changes in pseu-
dorapidity. Moreover, the behavior of these parameters
with collision energy shows a direct correlation, except
for the non-extensivity parameter, which exhibits an in-
verse correlation. The values of ¢, n, s, and P at /s =0.9
TeV exhibit a considerable deviation from their corres-

ponding values at +/s =2.36 TeV within the # range of 0
to approximately 1.2. However, as these values extend
beyond this range towards the beam axis, they converge.
This underlines a notable dependency of these paramet-
ers on collision energies, particularly pronounced at
lower # compared to higher #. Meanwhile, the consist-
ency in the fluctuation of C? persists consistently
throughout the entire # range for both collision energies,
indicating an equivalent sensitivity of C? across different
collision energies, regardless of the 7 range.

This study explicitly verifies the thermodynamic in-
equality € > 3P, which is believed to exist only for such
systems having extremely high densities compared to
their internal pressure and hence suggests the formation
of'a QGP droplet. The analysis also confirms the inequal-
ity T;>T > Ty, consistent with the evolution pattern of
the generated fireball.
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