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Abstract

Using the two-component Tsallis-Hagedorn Model with Transverse Flow (THMTF), this
study analyzes centrality dependencies of midrapidity transverse momentum (pr) spectra
for identified light-flavor hadrons in asymmetric p+Pb collisions at \/5? =5.02TeV, com-
paring them with symmetric Pb+Pb collision data at M =2.76 and 5.02 TeV at the LHC.
The analysis successfully describes ALICE experimental data up to p;y =20 GeV/c across
seven multiplicity classes in p+Pb collisions, estimating that collective flow emerges at
(Npare) =4.0£0.5 along with simultaneous transitioning of kinetic freeze-out temperature
to a nearly plateau region. The kinetic freeze-out temperature parameter shows distinct,
system-dependent behavior before stabilization with an increase in (N,4,¢) in p+Pb and
Pb+Pb collisions at the LHC. Furthermore, the findings suggest that collective flow and
particle production correlate with increased thermalization, with spectral analysis indi-
cating different dynamics at hard p; region between p+Pb and Pb+Pb collision systems.

Keywords: high-energy p+Pb and Pb+Pb collisions at the LHC; transverse momentum
spectra of identified light-flavor hadrons; QCD-inspired Hagedorn function; Tsallis
distribution with embedded transverse flow; two-component model function;
power-index n; momentum scale parameter Po; non-extensivity parameter g; transverse
flow velocity; kinetic freeze-out temperature; mechanisms of hadron production at the
LHC; (crossover) phase transition from the dense hadronic matter to QGP state;
correlations among kinetic freeze-out parameters

1. Introduction

High-energy Xe+Xe and Pb+Pb collisions at the LHC (Large Hadron Collider, Swit-
zerland) are primarily aimed at producing QGP (Quark-Gluon Plasma), a very dense state
of nearly free quarks and gluons, and studying its various properties and evolution along
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with understanding the strong interaction at extreme matter densities. Our Universe is
believed to have been in a QGP state a few microseconds after the Big Bang, which marks
the origin of the Universe. Production of QGP was firmly established [1-9] in high-energy
AutAu and Pb+Pb collisions at the RHIC (Relativistic Heavy-Ilon Collider, Brookhaven
National Laboratory, New York, USA) and LHC/CERN experiments. QGP with a very
short lifetime of the order of 10-% s behaves as nearly perfect quark-gluon liquid with very
small viscosity [8,9]. Produced QGP decays very quickly into a large number of particles
during the hadronization stage. Afterwards, a very dense and hot system of produced
hadrons, called fireball, expands and cools down very swiftly, going through the chemical
and kinetic freeze-out stages. At the chemical freeze-out, the particles of a fireball stop
interacting inelastically, which fixes the numbers of produced hadron species. The tem-
perature of the system (Ta) and chemical potential (1) at the chemical freeze-out stage are
extracted from yield ratios of various particle species using thermal or statistical hadroni-
zation models [10-15]. At the kinetic freeze-out, the particles of the fireball stop interacting
elastically, and the momenta and energies of the final particles do not change anymore
until they reach detectors. Therefore, it is important to analyze the transverse momentum
(pr) distributions of the final particles with the help of various thermodynamic and phe-
nomenological models to extract the thermodynamic and hydrodynamic parameters of
the fireball at the moment of kinetic freeze-out.

Traditionally, analysis of high-energy proton-proton and proton-nucleus collisions
was considered as a reference study to extract the collective parameters of the collision
system, including those of QGP, in high-energy nucleus-nucleus collisions at the same
center-of-mass collision energy per nucleon pair. However, many signatures of QGP pro-
duction, like significant enhancement of yield of multi-strange particles with respect to
non-strange hadrons and development of a strong radial flow, were also observed [16—45]
in high-energy proton-proton and proton-nucleus collisions. The proton-to-pion yield ra-
tio did not change with multiplicity, while the ratios of a strange-hadron to pion yields
increased considerably with an increase in multiplicity in proton-proton collisions at +/s
=7 TeV at midrapidity at the LHC [19]. Larger enhancement was observed for hadrons
with a higher strangeness content [19]. The thermal abundances in the hadron yields in
high-energy proton-proton collisions, along with an exponential component found in
their pr spectra, were considered as the clear signature of thermalization [27,31]. Measure-
ments revealed [41,42] strong azimuthal, long-range particle correlations (the “ridge” ef-
fect) in p+Pb collisions at \/Sn_n =5.02 TeV at the LHC. The development of a significant
collective radial flow in high-energy proton-proton collisions with large enough multi-
plicities was demonstrated in Refs. [20,24,25,33,34]. Strong flow-like effects were also re-
ported [39-43] in high-multiplicity p+Pb collisions at /s, =5.02 TeV at the LHC. The
evidence of significant radial flow developed with increasing centrality of p+Pb collisions
at the LHC was given in Refs. [44,45]. Investigation of various properties of proton-lead
(p+Pb) collisions at the LHC is especially important because it bridges the gap between
elementary proton-proton collisions and heavy-ion (Pb+Pb) collisions.

The present work is an important extension of our recent work [45], which was de-
voted to the analysis of the evolution of the kinetic freeze-out parameters in p+Pb colli-
sions at \/sn_n = 5.02 TeV at the LHC with changing collision centrality, expressed by
(Npar¢)- The analysis of Ref. [45] was performed via simultaneous minimum x? fits in the
pr region up to 5 GeV/c of the midrapidity pr spectra of the charged pions and kaons,
protons and antiprotons, measured by the ALICE Collaboration [43], using a Tsallis dis-
tribution function with embedded transverse flow. In Ref. [43] the (N,4,¢) dependencies
of the global transverse flow velocity parameter, (), common kinetic freeze-out temper-
ature, To, and non-extensivity parameter, g, for particle species of Tsallis function with
incorporated transverse flow in p+Pb collisions at \/ﬂ = 5.02 TeV were analyzed. The
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transverse flow velocity ((8r)) was absent at the first (N,4,¢) point, corresponding to 80-
100% centrality of p+Pb collisions, and then (fr) started emerging and increased further
with an increase in (Npg¢). The border (threshold) (Np...) value, where the collective
transverse flow starts emerging simultaneously with To transitioning to almost constant
(plateau) region in p+Pb collisions at \/sz =5.02 TeV, was estimated to be (Npq,) =4.0
+0.5. Non-extensivity parameter q decreased systematically for all studied particle species
with an increase in (N,q,¢), suggesting an increase in degree of the system thermalization
and equilibrium with centrality of p+Pb collisions at \/sn_n =5.02 TeV, in agreement with
the similar result obtained in high-energy Xe+Xe and Pb+Pb collisions at the LHC [46-48].
Inequality g (kaons) > g (pions) > g ((anti)protons) was observed for non-extensivity pa-
rameter g in p+Pb collisions at \/Sn_n =5.02 TeV, in agreement with the relation g(baryons)
< g(mesons), established previously [33,34,46—48] in high-energy proton-proton and nu-
cleus-nucleus collisions.

Transverse momentum distributions of particles generated in high-energy collisions
are characterized by exponential behavior in the low-pr part and power-like distribution,
typical for perturbative Quantum-Chromo-Dynamics (pQCD), in the high-pr part. The
low-pr part (pr < 2 GeV/c) of hadron spectra contains valuable information about the col-
lective radial expansion and thermal parameters of the system at kinetic freeze-out along
with resonance decays [9]. Quark recombination processes, which lead to an enhancement
of the proton-to-pion yield ratio in nuclear collisions compared to proton-proton collisions,
contribute mainly to the intermediate pr range (2 GeV/c <pr < 4-5 GeV/c) of transverse
momentum spectra. Quark and gluon fragmentation, QCD hard scatterings, production
of quark-gluon jets and their energy loss in the QGP medium, contribute mostly to the
hard-pr part (pr > 5 GeV/c) of hadron spectra [9]. While hard-pr hadrons originate mostly
from parton (quark or gluon) fragmentation, the dense QGP matter formed in nuclear
collisions allows for partons to recombine, which favors baryon over meson production
mainly in the intermediate pr range [9]. There are no exact pr borders between various
processes and mechanisms, contributing to the measured pr spectra of hadrons and over-
lapping significantly in different pr regions. Unfortunately, these various processes and
mechanisms, contributing differently to the final pr spectra of hadrons, still lack an unam-
biguous theoretical description and can be reproduced by various phenomenological
models only.

Here it is worth commenting on the pioneering work of Bediaga et al. [49], who suc-
cessfully applied Tsallis nonextensive statistics to model hadron production in high-en-
ergy e*te- collisions, showing that a nonextensive entropic index of g = 1.1 accurately fits
high-energy experimental data. This work demonstrated [49] that high-energy collisions
create systems with long-range correlations, requiring a modified thermodynamic equi-
librium to explain power-law tails in transverse momentum distributions. This study [49]
is one of the foundational works for using nonextensive statistics in high-energy physics
to facilitate analysis of complex collisions at the LHC and RHIC.

To reproduce accurately the measured long pr ranges of the midrapidity pr distri-
butions of charged particles at various centralities of high-energy heavy-ion collisions at
the LHC, the specific two-component model function, which is the sum of thermodynam-
ically consistent Tsallis function with embedded transverse flow and inverse power-law
function (which is asymptotic of QCD-inspired Hagedorn function at high pr values), was
proposed in our recent work [50]. The first and second terms of this two-component model
function are assumed to describe the soft (low) and hard components, respectively, of
midrapidity transverse momentum distributions of hadrons in high-energy collisions.
This new two-component model function, called Tsallis-Hagedorn model with transverse
flow (THMTF), described [50] very well the experimental midrapidity transverse momen-
tum spectra of primary charged particles in the whole pr range up to 50 GeV/c, measured
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by ALICE Collaboration in minimum bias p+p collisions at /s =2.76 and 5.02 TeV [51],
minimum bias p+Pb collisions at \/Sn_n =5.02 TeV [51], and nine collision centrality inter-
vals of Xe+Xe collisions at \/5? =5.44 TeV [52] and Pb+Pb collisions at \/sn_n =2.76 and
5.02 TeV [51]. The dependencies of the extracted parameters of THMTF function on Xe+Xe
and Pb+Pb collision centrality at the LHC, expressed by (Npq,) aswellas (dN,/dn), and
c.m. collision energy (per nucleon pair) were analyzed and interpreted successfully in Ref.
[50].

The main aim of the present work is to analyze the centrality ({Np.r¢)) dependencies
of midrapidity pr spectra of the charged pions and kaons, protons and antiprotons in the
whole measured pr range at seven centrality classes, expressed by (Npg¢), in p+Pb colli-
sions at \/sn_n =5.02 TeV at the LHC, measured [43] by the ALICE collaboration, using
the new two-component THMTF model function, introduced and probed successfully in
Ref. [50]. The trends of (N4} dependencies of the parameters of the two-component
THMTF model function, obtained in the present work in p+Pb collisions at \/ﬂ =5.02
TeV at the LHC, will be compared systematically with the (N,,¢) tendencies of the cor-
responding parameters of the same model function, established recently [50] in Pb+Pb
collisions at \/sn_n =2.76 and 5.02 TeV at the LHC.

2. The Experimental Data and Two-Component Model

In the present work, we analyze the midrapidity (|y| < 0.5) transverse momentum
distributions of the charged pions and kaons, protons and antiprotons measured [43] at
seven centrality intervals in p+Pb collisions at \/ﬂ =5.02 TeV by the ALICE Collabora-
tion. The average numbers of participant nucleons ({Npq.+)) and (dN.,/dn) values, calcu-
lated in Refs. [53,54], respectively, in seven centrality classes of p+Pb collisions at \/S; =
5.02 TeV, are shown in Table 1.

Table 1. The calculated average number of participant nucleons [53] and (dN.,/dn) [54] in the an-
alyzed centrality classes of p+Pb collisions at ,/s,;, =5.02 TeV. The mean values and their uncer-
tainties are obtained by the ALICE Collaboration with Glauber Monte Carlo Calculations.

Centrality (Npart) (dN/dn)
0-5% 15.10 £ 0.75 414+1.5
5-10% 13.5+0.7 35.1+1.3
10-20% 12.2+0.6 31.0+1.1
20-40% 10.1+£0.5 245+0.9
40-60% 74+03 17.1+0.6
60-80% 49+0.1 10.8 £ 0.4
80-100% 2.99 +0.03 48+0.2

The following equation [55-57] of non-extensive Tsallis distribution [58-60] function,
derived for a zero chemical potential (i = 0 at the TeV energy range) at midrapidity (<y>
=0), satisfies the thermodynamic relations for pressure, temperature, particle number, en-
ergy, and entropy densities [56]:

d?N
2nNeypTdpTdy ’ M
where C; is the fitting constant, Neo—the total number of inelastic collision events, my =

-q/(q-1)
=Cq-mr- (14 (-1 2F)

\/P? + m3 —the transverse energy (mass), and mo is the hadron’s rest mass. Parameter T is
the effective temperature, and g is the non-extensivity parameter. The parameter g is fun-

damental for the Tsallis distribution, and it describes the fluctuations in the system’s tem-
Var

(?. The difference from unity of this param-
<T>

eter, g — 1, is assumed to quantify the degree of non-thermalization and non-equilibrium

perature through the relationship g —1 =
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within the system. When g approaches 1, the Tsallis distribution transitions to the expo-
nential Boltzmann-Gibbs distribution, which describes systems in equilibrium. The closer
the g parameter is to one (1), the larger the degree of thermalization (equilibrium) of the
system. We call the function in Equation (1) the thermodynamically consistent Tsallis
function. The thermodynamic consistency of the function in Equation (1) was proved in
Ref. [56]. The normalization constant is related to the system’s freeze-out volume (V)
[55,56] via the expression Cq = gV/(2m)?, where g is the degeneracy factor of the hadron
species.

The effective temperature (T) in Equation (1) comprises contributions from both cha-
otic thermal motion and transverse radial flow. To separate these two factors, the velocity
of transverse flow should be incorporated into the Tsallis distribution function. The trans-
verse flow is incorporated into a thermodynamically consistent Tsallis distribution in
Equation (1) by substitution my = (y1)-(mt — pr«{Br)), as made for the first time in Ref.
[46], to obtain the function:

= Gy () - (= pr - (B) (1 + () - D . @

The substitution my = (yr)-(my — pr{Br)) means [46] the Lorentz transformation to

)—Q/(q—l)

a system co-moving with an average transverse flow velocity, (Br), of the system of par-
ticles in the transverse plane, assuming that such a flow of particles exists in this system.
The thermodynamically consistent Tsallis function with embedded transverse flow in
Equation (2) reproduced [45-48] very well the midrapidity pr spectra of identified charged
hadrons in the low and intermediate pr ranges up to 5 GeV/c in high-energy p+Pb, Xe+Xe,
and Pb+Pb collisions at the LHC, allowing for the physically meaningful interpretation of
the obtained freeze-out parameters and their dependencies on collision centrality ((Npgrt))
and system size.

The following inverse power law —QCD-inspired Hagedorn function [61-63] repro-
duced very well the high transverse momentum part of pr spectra of hadrons in nucleon-
nucleon collisions at high energies:

d2N n

2nNeypTdpTdy =G (1 + IIZ_Z) ! ®)
where C, is the fitting constant, proportional to the freeze-out volume of the system, and
n and Po are free parameters, which are related to underlying mechanisms of hadron pro-
duction. Parameter P, is the characteristic momentum scale, and it represents the typical
momentum scale where the production mechanism transitions from soft (thermal/expo-
nential) to hard (power-law/perturbative) processes. This parameter could also feature the
average transverse momentum, contributed by partons before they fragment into hadrons.
The power-index parameter n characterizes the hardness of the interaction. A low value
of n reflects a hard spectrum dominated by perturbative QCD (pQCD) scattering and jet
production. The QCD cross sections at high energies are demonstrated [61,64] to scale as
- (pr)™", in which the power-index n can be phenomenologically expressed as n =2 -
ng — 4, where n, is the number of active flavors or the number of partons (quarks or
gluons) participating in a scattering. For the leading twist, simple scattering, the dominant
process is a simple point-like scattering between two quarks, q + q — q + g, with the
number of participating partons, n, =4. This leads to the power-index parameter n = 2 -
ng — 4 = 4. For the higher twist, multiple scattering, multiple quark-quark or quark-had-
ron scatterings occur, resulting in an increase in the n value. This shows involvement of
more constituent participants in particle production. The n value varies significantly as a
function of the constituent quark content, differing between mesons and baryons. These
variations in the n-value stem from the distinct quark structures and production mecha-
nisms of mesons and baryons, explicitly depending on the number of constituent partons
required to coalesce into the final hadron. Within a statistical framework, the Hagedorn
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d2N B
27Neyprdprdy

= 6Cxnr = 1)+ Cq - {yn) - (my = pr- (Br) - (1 + () - CRLTED

parameter n scales inversely with the Tsallis non-extensivity parameter g according to the
relation n =1/(q — 1).

In the limit of high pr, the QCD-inspired Hagedorn function in Equation (3) reduces
to the asymptotic form of a simple inverse power law:

2 -n
ZﬂNevc;TI\;PTdy =G (i_;:) ’ )

In order to accurately describe the measured long pr ranges of midrapidity trans-
verse momentum spectra for charged particles at different centralities in high-energy
heavy-ion and proton—proton collisions, a new two-component model function composed
of the sum of a thermodynamically consistent Tsallis function with embedded transverse
flow (Equation (2)) and a simple inverse power-law function (Equation (4)) was proposed
recently in our work [50]:

)—q/(q—l) )

-n
+ 6(pT - xthr) : Cn ' (Z_Z) ’
where 6(x) is the Heaviside function with the following properties: 8(x) = 0 if x <0,
and 6(x) =1 if x > 0. This two-component model function in Equation (5) is called the
Tsallis-Hagedorn model with transverse flow (THMTF). Parameter x, is the optimal

To

value of prborder between the corresponding pr fit ranges of the first and second term
in Equation (5). The first term in Equation (5) is assumed to describe the low (soft) and
intermediate pr range, while the second term should describe the high (hard) pr region.
It is well known that at the TeV collision energy range at the LHC, soft bulk particle pro-
duction dominates below pr =2 GeV/c, while above py =4-5 GeV/c hard fragmentation
becomes the primary mechanism for particle production. In our work, we use fixed x.p, =
5 GeV/c to make sure that pr >5 GeV/cregion is practically entirely governed by the hard
scattering perturbative QCD processes, described by the second power-law term in Equa-
tion (5). Moreover, the first term in Equation (5), expressed by a thermodynamically con-
sistent Tsallis function with incorporated transverse flow, given in Equation (2), repro-
duced very well the midrapidity transverse momentum distributions of identified
charged particles at various centralities of high-energy heavy-ion collisions in the low and
intermediate py range up to pr =5 GeV/c [45-48]. Using x,, = 5 GeV/c in Equation (5)
denotes that the hadron pr spectrum is reproduced by a thermodynamically consistent
Tsallis function with embedded transverse flow (Equation (2)) in pr <5 GeV/cregion and
by an inverse power-law function (Equation (4)) in pr >5 GeV/c range.

To study the correlation between two sets of parameters x and y of the two-compo-
nent model function in Equation (5) in the present work, we calculate the Pearson coeffi-
cient of linear correlation as follows:

R(x,y) = B (o) iy ©
JERim <) S im<y>)?

Z?:1 Yi
n

where <x >= and <y >= are the mean values of the parameters x and

n
y. The Pearson correlation coefficient, R(x,y), changes from -1 to +1, being a statistical
measure of a linear correlation between two sets of data. The R(x,y) =1 values denote
a perfect linear dependence between parameters x and y with all data points (x;, i) lying
on a line in the XY plane. The R(x,y) =0 value implies an absence of a linear correlation
between parameters x and y. The positive and negative values of R(x,y) show the posi-
tive and negative (linear) correlation, respectively, between parameters x and y.

To evaluate the uncertainty in the R(x,y) values, the standard error of the Pearson

correlation coefficient is calculated as follows:
1-R? (x,
5, = /ﬂ (7)
n-2
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The formula in Equation (7) is obtained under the assumption that the data are nor-
mally distributed and with the null hypothesis that there is a zero correlation between x
and y.

In the present work, we analyze the midrapidity pr spectra of the charged pions and
kaons, protons and antiprotons at seven multiplicity classes (see Table 1) in p+Pb collisions
at \/ﬂ = 5.02 TeV at the LHC, measured [43] by the ALICE collaboration, using the
THMTF function presented in Equation (5). References [65,66] state that analyzing a single
particle species via model fits fails to yield physically meaningful collective properties,
including kinetic freeze-out temperature and radial transverse flow velocity. In contrast,
extracting collective parameters like global freeze-out temperature and average transverse
flow velocity becomes physically meaningful when performing simultaneous fits to vari-
ous particle species produced in a collision [65,66]. Simultaneously fitting pion, kaon, pro-
ton, and antiproton spectra allows for an efficient comparison of different collision sys-
tems using only a few parameters [33,34,45-48,65,66]. In the present analysis, simultane-
ous minimum x? fits using the THMTF function (Equation (5)) were applied to the trans-
verse momentum spectra of charged pions and kaons, protons and antiprotons across
each centrality class in p+Pb collisions at \/_ﬂ =5.02 TeV. This procedure was executed
using the Nonlinear Curve Fitting package within Origin 9.1 Data Analysis and Graphing
Software. During the simultaneous fitting procedure, the parameters To, <fr>, and Po were
treated as global (shared) variables across all analyzed particle species. Error bars de-
picted in the figures of the present work show the combined (added) statistical and sys-
tematic uncertainties. This total uncertainty is mostly dominated by systematic compo-
nents, which are significantly larger than the statistical ones. Minimum x? fits were exe-
cuted by weighting each experimental data point by the inverse square of its combined
uncertainty, (1/(combined error)?). Following the approach in Refs. [45-48,64,66], the low-
transverse-momentum region of pr < 0.5 GeV/c for charged pions was excluded from the
fitting procedure. This exclusion is a standard, commonly accepted procedure [65,66] be-
cause the low pr<0.5 GeV/c region contains a significant fraction of pions originating from
baryon resonance decays. The simultaneously fitted pr ranges have been as follows: [0.5—-
20.0] GeV/c for m* + m~, [0.2-20.0] GeV/c for K* + K~, and [0.3-20.0] GeV/c for p+p.

3. Analysis and Results

The parameters obtained from simultaneous fits with the two-component model
(THMTE) function (Equation (5)) of experimental midrapidity pr spectra of the charged
pions and kaons, protons and antiprotons in seven multiplicity classes in p+Pb collisions
at m =5.02 TeV using the fixed xur = 5 GeV/c parameter value are presented in Table
2. The corresponding minimum x? simultaneous fit curves of experimental midrapidity
pr spectra of the studied particle species in all seven analyzed centrality classes of p+Pb
collisions at \/sn_n =5.02 TeV are shown in Figure 1. As seen from Figure 1 and y?/n.d.f.
values in Table 2, the THMTF function in Equation (5) describes quite well the experi-
mental midrapidity p; spectra of the charged pions and kaons, protons and antiprotons
in the whole measured p; range up to 20 GeV/c at all seven multiplicity classes in p+Pb
collisions at \/sﬂ =5.02 TeV. To perform the stability check and show that varying the
xur parameter does not shift significantly the extracted parameters and their (N,q¢) de-
pendencies, we performed simultaneous fits with a two-component model (THMTF)
function of experimental midrapidity pr spectra of the charged pions and kaons, protons
and antiprotons in seven multiplicity classes in p+Pb collisions at \/sn_n =5.02 TeV using
also the fixed xur = 5 + 1 GeV/c parameter values. The corresponding parameters of the
THMTF function, obtained using the fixed xur =4 GeV/c and xur = 6 GeV/c parameter val-
ues, are presented in Table 3.
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Figure 1. Simultaneous minimum y? fits (solid blue curves) with two-component model (THMTF)
function (Equation (5)) of experimental midrapidity pr spectra (symbols) of the charged pions and
kaons, protons and antiprotons in different centrality classes of p+Pb collisions at ./s,, =5.02TeV:
(a)—(0-5)%, (b)—(05-10)%, (c)—(10-20)%, (d)—(20-40)%, (e)—(40-60)%, (f)—(60-80)%, and (g)—
(80-100)% centrality.
Table 2. The results obtained from minimum x? simultaneous fits with a two-component model
(THMTF) function (Equation (5)) of experimental midrapidity pr spectra of the charged pions and
kaons, protons and antiprotons in different centrality classes of p+Pb collisions at /s, =5.02 TeV
using the fixed xur = 5 GeV/c parameter value.
Centralit _ _ 2In.d.f.
e »y (Br)  To,(MeV) Po,GeVic  q(m) q(K) q(p, D) n(r) n(K?) n(p, p) X(n'; f{
part 0.
0-5% 0.39+0.01 93+3 123 1.128 £0.002 1.132+0.002 1.115+0.001 6.30+0.10 6.14+0.10 7.33+0.16 0.29 (125)
(15.1 £0.75) T B +0.09 T T T T T T )
5-10% 1.21
(135 + é 7 036+0.01 94+3 +0.08 1.131£0.002 1.135+0.002 1.117+0.001 6.26+0.09 6.08+0.09 7.31+0.16 0.26 (125)
10-20% 0.33 £0.01 93+2 117 1.134+0.001 1.138+0.001 1.118+0.001 6.15+0.08 5.99+0.08 6.88+0.13 0.23 (125
(122+06) 008 T SRR s s 7= o= 23 (125)
20-40% 1.14
(10.1+0.5) 0.28 +0.01 95+2 £0.08 1.138£0.001 1.142+0.001 1.121+0.001 6.18+0.07 6.07+0.08 6.99+0.12 0.20 (125)
40-60% 1.08
(74+03) 0.21£0.01 95+2 £0.08 1.140+0.001 1.145+0.001 1.120+0.001 6.13+0.07 5.98+0.07 6.62+0.11 0.17 (125)
= OO 1 1
60-80% 0.09+0.01 96+2 0 1.145+0.001 1.152+0.001 1.124+0.001 6.10+0.06 5.88+0.05 6.53+0.09 0.09 (125)
4.9+0.1) +0.07
(288;108 (/;3) ~10-12 87 +2 _3)'9097 1.147+0.001 1.152+0.001 1.120+0.001 5.91+0.08 6.04+0.08 6.60+0.05 0.19 (125)
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Table 3. The same as in Table 2 obtained using the fixed xu =4 GeV/c and xur = 6 GeV/c parameter

values.
. _ _ Xiin.d.f.
Centrality (Bt) To, (MeV) Po, GeV/c q(m) q(K*) q(p, D) n(m=) n(K*) n(p, P) (n.d.f)
0-5% 0.37 £ 0.02 94+3 1.24 1.129+0.002 1.135+0.002 1.120+0.002 6.29+0.06 6.11+0.07 7.32+0.10 0.25 (125)
(xiir = 4 GeV/c) +0.10
0-5% 0.40 + 0.02 92+£2 122 1.128 £0.002 1.131+£0.002 1.112+0.002 6.24+0.16 6.10+0.14 7.16+0.24 0.32 (125)
(xir = 6 GeV/c) +0.09
5-10% 0.34 +0.02 95+3 121 1.132+0.002 1.137+0.002 1.122+0.003 6.22+0.06 6.06+0.07 7.28+0.10 0.23 (125)
(xiir = 4 GeV/c) +0.09
5-10% 0.37+0.01 93+2 1.20 1.130+0.002 1.134+0.002 1.114+0.002 6.29+0.15 6.07+0.14 7.20+0.25 0.30 (125)
(xir = 6 GeV/c) +0.08
10-20% 0.31+£0.02 95+3 117 1.135+0.002 1.140+0.002 1.123+0.002 6.13+0.05 599+0.06 6.91+0.08 0.19 (125)
(xiir = 4 GeV/c) +0.09
10-20% 0.35+0.02 92+£2 116 1.133+0.001 1.136+0.002 1.115+0.002 6.12+0.14 6.00+0.12 6.76 +0.20 0.27 (125)
(xmr =6 GeV/c) +0.08
20-40% 0.26 £ 0.02 96 +3 L1 1.138 £0.002 1.144+0.002 1.125+0.002 6.15+0.05 6.02+0.05 7.03+0.07 0.16 (125)
(xtnr =4 GeV/c) +0.10
20-40% 0.30 +0.02 94 +2 110 1.136+0.001 1.141+0.001 1.117+0.002 6.17+0.12 6.12+0.10 6.81+0.20 0.24 (125)
(xmr =6 GeV/c) +0.09
40-60% 0.20+0.01 95+3 1.06 1.141+0.001 1.147+0.002 1.123+0.001 6.08+0.05 5.94+0.05 6.68+0.07 0.14 (125)
(xir = 4 GeV/c) = +0.08 = = = = = =
40-60% 0.22 £0.01 94 +2 105 1.140 £0.001 1.145+0.001 1.119+0.001 6.13+0.11 597+0.10 6.51+0.18 0.18 (125)
(xtnr = 6 GeV/c) +0.09
60-80% 0.08 +0.01 95+2 101 1.146 +0.001 1.154+0.002 1.126+0.002 6.06 +0.04 5.87+0.04 6.62+0.06 0.08 (125)
(xmr =4 GeV/c) +0.08
60-80% 0.10 £0.01 96 +2 101 1.144+£0.001 1.151+0.001 1.122+0.002 6.12+0.09 591+0.08 6.42+0.14 0.10 (125)
(xtnr = 6 GeV/c) +0.08
80-100% 0.90
(i = 4 GeV/c) =~10-12 80+3 +0.10 1.153+0.002 1.158+0.001 1.124+0.001 5.96 +0.05 597+0.06 6.82+0.15 0.10 (125)
80-100% 0.88
(i = 6 GeV/c) ~10-12 80+3 1012 1.152+0.001 1.158+0.001 1.125+0.001 5.77+0.12 6.11+0.10 6.20+0.22 0.09 (125)

The dependencies of the obtained parameters To, < ft >, and g of two-component
model (THMTF) function (Equation (5)), given in Table 2, on the average number of par-
ticipant nucleons ({(Npg,)) in p+Pb collisions at \/.q =5.02 TeV are illustrated in Figure
2. The dependencies of the obtained parameters Po and n of the two-component THMTF
function, given in Table 2, on (Npg¢) in p+Pb collisions at \/.q =5.02 TeV are demon-
strated in Figure 3. It is necessary to mention that varying the fixed xu-=5 GeV/c parameter
value by #1 GeV/c, as seen from comparison of Tables 2 and 3, shift most of the extracted
parameters within their fitting uncertainties only and, therefore, practically does not
change the (N,4,;) dependencies and trends of the parameters To, < fr >, g, Po, and n
observed in Figures 2 and 3. The dependencies of the extracted parameters To, < ft >, g,
Po, and n of two-component model (THMTF) function (Equation (5)), given in Table 2, on
the average pseudorapidity density of the number of charged particles ({(dN.,/dn)) in
p+Pb collisions at \/g =5.02 TeV are shown in Figure 4. The dependencies of the pa-
rameters g, To, Po, and 1 on (Np4,), obtained in Ref. [50] from minimum x? fits with two-
component THMTF function of the experimental py spectra of the primary charged par-
ticles at nine centrality classes in Pb+Pb collisions at \/sn_n =2.76 and 5.02 TeV, are pre-
sented in Figure 5 for a comparison. Pearson correlation coefficients, R(x,y), between var-
ious parameters of two-component THMTF function, extracted in present work from sim-
ultaneous minimum Y2 fits of experimental midrapidity pr spectra of the charged pions
and kaons, protons and antiprotons in p+Pb collisions at @ =5.02 TeV and given in
Table 2, are presented in Table 4. The corresponding Pearson correlation coefficients,
R(x,y), between various parameters of two-component THMTF function, obtained in Ref.
[50] from minimum ¥? fits of experimental midrapidity pr spectra of primary charged

https://doi.org/10.3390/universe12090261



Universe 2026, 12, 261

10 of 23

particles in Pb+Pb collisions at @ =2.76 and 5.02 TeV, are shown in Table 5 for a com-
parison. The two-tailed p-values, determined from Student’s t-test with the null hypothe-
sis that there is a zero correlation between parameters x and y (R(x,y) =0), are also given
for each R(x,y) value in Tables 4 and 5. To test the null hypothesis, the alpha level (sig-
nificance threshold), @ = 0.05, which corresponds to a 95% confidence level, is usually set.
If p < a (p £0.05), the null hypothesis gets rejected, and the result is statistically significant.
On the contrary, if p > a (p > 0.05), one fails to reject the null hypothesis, and the result is
statistically insignificant.

100
l 04+ ; 3
96| J I l I i 3
> ~l 3
SRRt | e
s 92 A I
% l j %T 0.2} L
88|
I 4,
l (@) . (b)
. . . . . . 0.0-e . . . . . .
2 4 6 8 10 12 14 16 2 4 6 8 10 12 14 16
<Npan> <Npart>

@ -charg. pions
1.16L A - charg. kaons
Ml - (anti)protons

114+

112+

(c) I
2 4 6 8 10 12 14 16

<N

part

1.10

Figure 2. The dependencies of the obtained parameters To (a), < fr > (b), and g (c) of the two-
component model (THMTF) function (Equation (5)), given in Table 2, on the average number of
participant nucleons ({(Npgy¢)) in p+Pb collisions at /s,, =5.02 TeV. The vertical lines in panels (a)
and (b).
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Figure 3. The dependencies of the obtained parameters Po (a) and 7 (b) of the two-component model
(THMTF) function (Equation (5)), given in Table 2, on the average number of participant nucleons
({Npgrt)) in p+Pb collisions at /s,,, =5.02TeV.

Table 4. Pearson correlation coefficient, R(x, ), and its corresponding standard error between var-
ious parameters of the two-component model function (Equation (5)), extracted from combined
minimum x?2 fits of experimental midrapidity transverse momentum spectra of the charged pions
and kaons, protons and antiprotons in p+Pb collisions at \/g =5.02 TeV and given in Table 2. The

corresponding two-tailed p-value is given inside round brackets below each R(x, y) value (for n.d.f.

= 6).

R(x, y) Value R(x, y) Value
+0.44 + 0.40 R(g, <Br>) 2097 +0.11
Ri<pr>, To) (0.3135) (for pions) (0.000118)
+0.98 £ 0.08 R(g, <pt>) -0.97+0.11
Ri<pr>, P) (0.000018) (for kaons) (0.000118)
+0.30 + 0.43 R(g, <Br>) 2073+ 0231
R(Py, To) (0.5115) (for (anti)protons) (0.0567)
10.99 + 0.04 R(q, <Nyari>) 20.99 + 0.05
R(Po, <Npar>) (0.00000029) (for pions) (0.0000011)
+0.99 + 0.08 R(g, <Npar>) 20,99 +0.06
RU<pr>, <Npar>) (0.000017) (for kaons) (0.00000316)
10.33 +0.42 R(g, <Npar>) 20.80+0.27
R(To, <Npurs>) (0.4618) (for (anti)protons) (0.0252)
R(<fr>, 1) +0.93+0.17 R(Po, 1) +0.90 +0.20
(for pions) (0.0016) (for pions) (0.0041)
R(<fr>, 1) +0.57 +0.37 R(Po, 1) +0.68 + 0.33
(for kaons) (0.1745) (for kaons) (0.0851)
R(<pr>, 1) 10.86 +0.23 R(Po, 1) 10.93+0.16
(for (anti)protons) (0.00963) (for (anti)protons) (0.0011)
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R(q, To) -0.28 +0.43 R(n, To) +0.63 £ 0.35
(for pions) (0.5398) (for pions) (0.122)
R(q, To) -0.22+0.44 R(n, To) -0.31+0.42
(for kaons) (0.6349) (for kaons) (0.4929)
R(g, To) +0.24 £ 0.43 R(n, To) +0.12 £ 0.44
(for (anti)protons) (0.5970) (for (anti)protons) (0.794)
R(g, Po) -0.99 +0.07 R(n, <Npar>) +0.91 £0.18
(for pions) (0.00000781) (for pions) (0.00232)
R(g, Po) -0.99 +£0.05 R(n, <Npar>) +0.64 £ 0.34
(for kaons) (0.0000011) (for kaons) (0.1089)
R(g, Po) -0.81£0.26 R(n, <Npar>) +0.92£0.18
(for (anti)protons) (0.0207) (for (anti)protons) (0.0022)

Table 5. Pearson correlation coefficient, R(x, y), and its corresponding standard error between var-
ious parameters of the two-component model function (Equation (5)), obtained in Ref. [50] from
minimum X2 fits of experimental midrapidity transverse momentum spectra of primary charged
particles in Pb+Pb collisions at \/.ﬂ =2.76 and 5.02 TeV. The corresponding two-tailed p-value is

given inside round brackets below each R(x, y) value (for n.d.f. = 8).

Pb+Pb Collisions at ./s,, = Pb+Pb Collisions at ./s,, =

Collision T
otision Type 2.76 TeV 5.02 TeV
R, T 000000454 000007
R, P 000000184) 00000107,
20.95+0.12 ~0.85 +0.20
R(Ps, T
(Po, To) (0.000047) (0.00280)
o e o
+0.94+0.13 +0.91+0.16
R(, T
g, To (0.0000898) (0.000461)
0.9+ 0.02 0.96+0.10
R(g, P
9, P) (0.0000000000307) (0.0000115)
o oo
R +0.97 +0.09 +0.90+0.17
v (0.00000484) (0.00073)
~0.94+0.13 Z0.88+0.18
R(g, <Nyar
(9, <Npar>) (0.0000898) (0.001211)
~0.97 + 0. ~0.89+0.17
R(Po, m) (0?090050(312(3):) (%.?)?)57%8)
+0.93 +0.14 +0.94+0.13
R(Po, <Npar
(Po, Npr>) (0.000162) (0.0000898)
+0.94+0.13 +0.96 +0.11
Ren, T
(n, To) (0.0000898) (0.0000232)
0.87+0.19 0.73+0.26
RG1, <Ny
(1, <Npar>) (0.00180) (0.02292)

Figure 2b shows that the transverse flow velocity is initially absent at the first data
point, which corresponds to the 80-100% centrality interval of p+Pb collisions. Beyond this
point, the average transverse velocity, < fr >, emerges and increases monotonically with
growing collision centrality, represented by (Npg¢). At the same time, Figure 2a indicates
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that the kinetic freeze-out temperature To rises with (Np,¢) up to approximately (Npgy¢)
= 4, after which it remains constant within the experimental uncertainties in the region
(Npare) >4. A closer inspection of Figure 2b reveals that while the transverse flow velocity
is zero at the first point (Npq,) =2.99, it becomes statistically noticeable (< fr > =0.1) by
the second point (Nper) =4.9. Consequently, the threshold value for the onset of collec-
tive transverse radial flow in p+Pb collisions at \/sn_n =5.02 TeV is estimated to be (Npgrt)
= 4.0 +0.5. This boundary is determined as the midpoint in (N, ;) between the first and
second data points in Figure 2b, which correspond to the 80-100% and 60-80% centrality
classes listed in Table 1, respectively. The uncertainty (+0.5) is estimated, similarly to Ref.
[45], as the half-width between the midpoint value of 4.0 and central values of the central-
ity bins 80-100% ({Npqr¢) =2.99) and 60-80% ({Npqr¢) =4.9). This boundary value, (Npgy¢)
= 4.0 + 0.5, estimated in present work from analysis of (N,,¢) dependencies of the pa-
rameters < fr > and To of the two-component model (THMTF) function (Equation (5)),
has coincided with the corresponding boundary (Np.) value, evaluated in Ref. [45]
from simultaneous analysis of midrapidity pr distributions of the charged pions and ka-
ons, protons and antiprotons in p+Pb collisions at \/Sn_n =5.02 TeV in region py < 0.5
GeV/c, using thermodynamically consistent Tsallis function with embedded transverse
flow (Equation (2)). Simultaneous analyses of < fr >, To and g as functions of (Npg¢) in
Refs. [46-48] have suggested that these boundary (Ny4,) values reflect not only the onset
of transverse radial flow, but possibly also the threshold for a possible crossover phase
transition from a dense hadronic state to a QGP. Indications of this possible transition
threshold have been observed across several collision systems and energies at the LHC,
including Xe+Xe collisions at \/sg =5.44 TeV [46], as well as Pb+Pb collisions at \/sg
=2.76 TeV [48] and \/g =5.02 TeV [47]. The corresponding threshold values have been
estimated to be (Npgr¢) =44 +5,71+5,and 71 +7 in Xe+Xe collisions at \/.q =544 TeV
[46], Pb+PDb collisions at M =2.76 TeV [48], and Pb+Pb collisions at M =5.02 TeV
[47], respectively.

The threshold (Np4¢) values for Pb+Pb collisions at \/sn_n =2.76 TeV [48] and 5.02
TeV [47] are significantly higher than those observed in Xe+Xe collisions [46] at M =
5.44 TeV. As noted in Refs. [47,48], this difference is likely due to the larger mass number
(A) of Pb relative to Xe, implying that the greater nuclear size naturally yields a higher
number of participant nucleons within the overlap zone, even though the threshold in
both systems corresponds to a similar centrality range (between the 40-50% and 50-60%
centrality classes). Conversely, the consistency of the threshold (N,4,¢) values between
the two Pb+Pb collision energies can be attributed to the identical collision system and
geometry [48].

In contrast, the threshold value of (Npq,¢) = 4.0 £ 0.5 estimated for p+Pb collisions at
M =5.02 TeV in the present work is substantially smaller than those reported earlier
for the heavier Xe+Xe [46] and Pb+Pb [47,48] collision systems at the LHC. This difference
is expected due to the considerably smaller overlap volume and the resulting lower num-
ber of participant nucleons in asymmetric p+Pb collisions compared to symmetric nucleus-
nucleus (Pb+Pb) systems.
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Figure 4. The dependencies of the obtained parameters To (a), < 1 > (b), g (c), Po (d) and #n (e) of
the two-component model (THMTF) function (Equation (5)), given in Table 2, on (dN,,/dn) inp+Pb

collisions at /s,, =5.02TeV.

Interestingly, the behavior of the freeze-out temperature To as a function of (Npg¢)
(or collision centrality) in p+Pb collisions at \/sg =5.02 TeV (Figure 2a) closely resembles
the To dependence on midrapidity charged-particle multiplicity density ((dN,,/dn)) pre-
viously observed [33,34] in p+p collisions at /s =7 and 13 TeV. In both small systems, To
initially rises up to the threshold (N,4,) value and subsequently stabilizes within uncer-
tainties, exhibiting a distinct plateau-like behavior at higher multiplicities [33,34]. This in-
itial increase in To in small systems can be attributed to higher initial energy density and
intense partonic hard scattering in higher-multiplicity events, which creates a hotter sys-

tem that decouples rapidly before undergoing significant expansion and cooling.
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Figure 5. The dependencies of the parameters g (a), To (b), Po (c), and # (d) on the average number
of participant nucleons ({Npq,¢)), obtained in Ref. [50] from minimum 2 fits with a two-component
model (THMTF) function of the experimental transverse momentum spectra of the primary charged
particles at nine centrality classes in Pb+Pb collisions at Js,l_n =2.76 and 5.02 TeV.

In contrast, nucleus-nucleus (A+A) collisions display a fundamentally different trend,
as recently reported for Xe+Xe collisions at \/ﬂ = 5.44 TeV [46], Pb+Pb collisions at
JSun =276 TeV [48], and Pb+Pb collisions at /s, =5.02 TeV [47]. In these heavy-ion
systems, To initially decreases up to the threshold (N,4¢) value before flattening into a
plateau in the more central region [46—48]. This behavior can be seen also in Figure 5b,
where the (Np,) dependence of To, obtained in Ref. [50] from minimum ¥ fits with two-
component THMTF function of the experimental p; spectra of the primary charged par-
ticles in Pb+Pb collisions at \/_ﬂ =2.76 and 5.02 TeV, is presented. This contrasting be-
havior can be understood through a geometric and expansion-driven mechanism: in large
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nuclear systems, more central collisions lead to a larger initial volume and stronger col-
lective radial flow. The resulting prolonged hydrodynamic expansion phase allows the
system to cool down more extensively before reaching the low-density decoupling limit,
effectively lowering the kinetic freeze-out temperature To before it stabilizes in more cen-
tral events.

Figure 2c shows that the non-extensivity parameter g consistently decreases across
all analyzed particle species as the centrality (or (Npq¢)) of p+Pb collisions at M =5.02
TeV increases. This decreasing trend of g can also be seen in Figure 5a, where the (Nyq.t)
dependence of parameter g, obtained in Ref. [50] from minimum X? fits with a two-com-
ponent THMTF function of the experimental p; spectra of the primary charged particles
in Pb+Pb collisions at \/sﬂ =2.76 and 5.02 TeV, is shown. It is worth noting that a slight
deviation/irregularity is visible for one of the data points in Pb+Pb collisions at \/sn_n =
5.02 TeV in Figure 5a. This localized deviation in the peripheral-to-intermediate centrality
transition region ({Npqr¢) = 50-70) could be attributed to significant initial-state geomet-
rical fluctuations, sensitivity to centrality selection estimators, and strong correlations (as
seen in Table 5) between the freeze-out temperature, To, and the non-extensivity parame-
ter, g, in peripheral heavy-ion collisions. This decline of g implies that the degree of system
thermalization and statistical equilibrium increases in more central collisions, as evi-
denced by g approaching unity (+1). Furthermore, the data reveal a clear hierarchy among
particle species: g (mesons) > q ((anti)protons). While the g values for kaons and pions
remain close to each other, they are significantly higher than those for (anti)protons. This
mass- or quark number-dependent ordering agrees well with the relation g (baryons) < g
(mesons) observed previously [45-48,50,67] in high-energy collisions.

Physically, this hierarchy could be explained qualitatively in terms of quark coales-
cence and flavor dynamics. Baryons, composed of three constituent quarks, require a
higher number of local partonic interactions to form compared to two-quark mesons. Con-
sequently, baryons preferentially sample the denser, more frequently interacting, and
highly thermalized core of the collision volume. This intensive interaction history could
drive baryons closer to a classical Boltzmann-Gibbs thermal distribution, resulting in a
lower q value. In contrast, lighter mesons seem to be more affected by surface production
and hard scattering. These processes could limit thermalization, increasing the g parame-
ter of mesons.

As illustrated in Figure 3a, the momentum scale parameter Po of the inverse power-
law component in Equation (5) rises steadily with (N,4¢) for p+Pb collisions at \/sn_n =
5.02 TeV. This rise in Po stems from increased energy-momentum transfer and more fre-
quent hard scatterings in more central collisions, which ultimately elevates the average
pr. Furthermore, comparing Figures 2b and 3a reveals that this continuous growth of Po
closely tracks the onset and evolution of the average transverse flow velocity (< fir >).
This is supported by the strong positive correlation between parameters < fr > and Po
with corresponding Pearson correlation coefficient, R(<fr>, Po) =+0.98 + 0.08, given in Ta-
ble 4. This alignment confirms that more central p+Pb collisions generate stronger pressure
gradients in the interaction zone, inducing a stronger transverse flow that pushes particles
toward higher p; values.

As seen from Figure 3b, the power index 1 for protons and antiprotons demonstrates
a significant increase with (Npq,) in p+Pb collisions at \/sn_n =5.02 TeV, whereas param-
eter n for pions and kaons, on the whole, shows a very weak increase with an increase in
collision centrality, staying nearly constant within uncertainties. In contrast to p+Pb colli-
sions, the power index n for primary charged particles in Pb+Pb collisions at \/Sn_n =276
and 5.02 TeV in Figure 5d demonstrates a significant decrease with (Np,.) in the region
up to (Npgre) =100, and then it stabilizes in the region (Npq,¢) >100, showing a very slight
decrease or almost plateau-like behavior.
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It is necessary to mention that the (dN.,/dn) dependencies of the parameters To,
< fr >, g, Poand n of the two-component model (THMTF) function (Equation (5)), demon-
strated in Figure 4, are similar to and reflect fully the (N,4,.) dependencies of the corre-
sponding parameters in p+Pb collisions at \/5? =5.02 TeV, observed in Figures 2 and 3.

While the momentum scale parameter Po reflects the initial local energy density
across these systems, the structural evolution of the hard-p; spectral tail, governed by the
power index n, reveals a strong contrast in the underlying physics between p+Pb and
Pb+Pb systems. Formally, the power index n quantifies the rate of fall-off of the hard-py
tail, where a decreasing n denotes spectral hardening due to hard partonic processes or
collective dynamics, and an increasing n indicates a softer spectral shape. In large-scale
Pb+Pb collisions, central events generate a dense, strongly coupled Quark-Gluon Plasma
(QGP) that induces immense hydrodynamic pressure gradients. This drives a powerful
collective radial flow (< fr >) that hydrodynamically shifts the bulk particle distribution
toward higher p; region. More frequent hard partonic scatterings lead to an increase in
the number of higher-p; hadrons with an increase in centrality of Pb+Pb collisions, which
results in a spectral flattening, represented mathematically by a decreasing n parameter,
observed in Figure 5d. In contrast, the p+Pb system is too small and light mesons form
primarily via vacuum-like jet fragmentation in p+Pb collisions. Consequently, their spec-
tral slope remains stable, yielding a negligible increase in 7 with (Nyq.), as seen in Figure
3b. Meanwhile, protons and antiprotons seem to be strongly affected by non-perturbative
processes like parton recombination or coalescence at intermediate p; values. This bar-
yon enhancement can populate heavily the mid-p; region, leaving the higher hard-p; tail
looking isolated and steeper. This can mathematically force a sharp increase in the fitted
power index n with an increase in (Npq¢), observed for protons and antiprotons in p+Pb
collisions in Figure 3b.

The similarities and differences in the (N,4,¢) dependencies of the parameters of the
two-component THMTF function, observed in p+Pb collisions at \/sn_n =5.02 TeV colli-
sions in Figures 2 and 3 and Pb+Pb collisions at m =2.76 and 5.02 TeV in Figure 5, are
reflected in the similarities and differences in the Pearson linear correlation coefficients
between corresponding parameters, presented in Tables 4 and 5, respectively.

As seen from Table 4, in case of p+Pb collisions at \/g =5.02 TeV, pairs of param-
eters such as <pr> and Po, Po and <Npa>, <fr> and <Nr> show strong statistically signifi-
cant correlations (p << 0.05), whereas pairs such as <gr> and To, Po and To, To and <Npar>
are characterized by statistically insignificant correlations (p > 0.05) consistent with
R(x,y) =0. Whereas in case of Pb+Pb collisions at \/sn_n =2.76 and 5.02 TeV, as seen from
Table 5, all presented pairs of parameters demonstrate strong statistically significant cor-
relations (p << 0.05). As seen from Tables 4 and 5, the correlation between parameters
< fr > and Py, as well as between parameters Po and (Np4,), is strongly positive in both
p+Pb collisions at m = 5.02 TeV and Pb+Pb collisions at \/sn_n =2.76 and 5.02 TeV.
This is because both < By > and Po rise with an increase in (Nyq,) in both p+Pb and
Pb+Pb collisions, as seen in Figures 2, 3, and 5. On the other hand, the correlation between
parameters g and Po, between parameters g and < fr > and between parameters g4 and
{Npar¢), is strongly negative in both p+Pb and Pb+Pb collisions. It is due to the similar
(Npar¢) dependencies of the parameters g, Po, and < fir > observed in p+Pb collisions and
Pb+Pb collisions in Figures 2, 3, and 5. As seen from Tables 4 and 5, the correlation be-
tween parameters < fr > and # is significantly positive for pions and (anti)protons in
p+Pb collisions, whereas it is strongly negative with R(<fr>, n) = -1 in Pb+Pb collisions.
This is due to opposite trends in (N,4) dependencies of power-index n in p+Pb and
Pb+Pb collisions, observed in Figures 3b and 5d: parameter n on the whole increases with
(Npgr¢) in p+Pb collisions in Figure 3b, whereas n generally decreases with an increase in
{Npar¢) in Pb+Pb collisions in Figure 5d. Table 4 shows practically no correlation between
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parameters g and To in p+Pb collisions, whereas the correlation between these parameters
is strongly positive with R(g, To) = +0.9 in Pb+Pb collisions in Table 5. This is, as discussed
earlier, due to significant differences in the (N,4,..) dependencies of Toin p+Pb and Pb+Pb
collisions, as seen in Figures 2a and 5b. The differences in the R(x,y) values of other pa-
rameters in p+Pb collisions in the present work and Pb+Pb collisions in Ref. [50] (Tables 4
and 5) can be explained similarly. These discrepancies come from the corresponding dif-
ferences observed in the (N,4,¢) dependencies of either the kinetic freeze-out tempera-
ture parameter (To) or the power index (1) in p+Pb and Pb+Pb collision systems.

4. Summary and Conclusions

In this work, we have presented a comprehensive systematic analysis of the centrality
({Npar¢)) dependencies of midrapidity transverse momentum (pr) spectra for identified
light-flavor hadrons—specifically charged pions and kaons, and protons/antiprotons in
asymmetric p+Pb collisions at @ =5.02 TeV. We have employed the new two-compo-
nent Tsallis-Hagedorn Model with Transverse Flow (THMTF) to reproduce the experi-
mental midrapidity pr spectra for identified light-flavor hadrons, measured by the AL-
ICE collaboration, across seven multiplicity classes, quantified by the average number of
participant nucleons ({Npgr)), in p+Pb collisions at \/g =5.02 TeV. This two-component
THMTF function is the sum of a thermodynamically consistent Tsallis function with em-
bedded transverse flow and an inverse power-law function (which is asymptotic to the
QCD-inspired Hagedorn function at high pr values), which are assumed to describe the
soft and hard p;r components of transverse momentum spectrum, respectively. The ex-
tracted THMTF function parameters and their physical trends with an increase in (Npq,¢)
in asymmetric p+Pb collisions at \/ﬂ = 5.02 TeV were systematically compared with
those of symmetric Pb+Pb collisions at \/sn_n =2.76 and 5.02 TeV.

The two-component THMTF model has successfully described the experimental
transverse momentum distributions across the entire measured pr range up to 20 GeV/c.
The high quality of the simultaneous fits of midrapidity pr spectra of identified light-
flavor hadrons, evidenced by the y?/n.d.f. values, establishes this new two-component
model as an efficient phenomenological tool capable of bridging the physics of small
asymmetric and large symmetric collision systems using just a few parameters.

The systematic mapping of the fit parameters as a function of (N,4,) has revealed
key insights into the thermodynamic and collective properties of the media produced in
high-energy collisions at the LHC. While collective radial flow is absent in peripheral p+Pb
collisions at (Npqr¢) =2.99, it emerges at higher multiplicities. The threshold for the onset
of collective transverse radial flow has been estimated to be (Np4¢) = 4.0 = 0.5. This
boundary is further supported by the (N,,,) dependence of the kinetic freeze-out tem-
perature To, which rises steadily with increasing centrality up to (Npgr) =4.0 £ 0.5 before
transitioning into a stable, constant plateau region. This threshold, representing the onset
of collective expansion in p+Pb collisions (and possibly the critical boundary for a crosso-
ver phase transition to a QGP), is substantially smaller than those reported earlier for sym-
metric systems ({(Npgre) = 44 5 and = 71 = 7 in Xe+Xe and Pb+Pb collisions at the LHC,
respectively). This scaling reflects the fundamental role of initial collision geometry,
where smaller overlap volumes naturally require fewer participant nucleons to initiate
collective behavior.

The kinetic freeze-out temperature parameter (To) exhibits fundamentally divergent
trends between small and large collision systems. In p+Pb collisions, To initially rises up
to the threshold (Nyq,) value before stabilizing into a plateau, closely resembling the
similar behavior observed in p+p collisions at /s = 7 and 13 TeV at the LHC. This is
driven by high initial energy densities and intense partonic hard scattering in high-multi-
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plicity proton-proton events, causing the hot tiny-volume system to decouple rapidly be-
fore undergoing significant expansion. Conversely, heavy-ion systems (Pb+Pb and Xe+Xe)
exhibit an initial decrease in To due to a larger initial volume and a prolonged hydrody-
namic expansion phase, which allows the medium to cool down extensively before reach-
ing the low-density decoupling limit.

In both p+Pb and Pb+Pb collision systems, the non-extensivity parameter g consist-
ently decreases toward unity (+1) as centrality increases, qualitatively indicating enhanced
thermalization and a transition toward classical Boltzmann-Gibbs statistical equilibrium
in central collisions. The observed hierarchy, g(mesons) > g(baryons), could possibly re-
flect the differences in quark contents and corresponding production mechanisms of me-
sons and baryons qualitatively.

The momentum scale parameter (Po) rises steadily with centrality in both p+Pb and
Pb+Pb collisions, strongly correlating with the average flow velocity (< fr >) (R(<Br>, Po)
~ +1). However, the power-index 1, which governs the high-p; spectral tail, reveals a
strong contrast in underlying physics of p+Pb and Pb+Pb systems. In large-scale Pb+Pb
collisions, n decreases with centrality (spectral flattening), which could be explained qual-
itatively by an increase in the number of hard partonic scatterings and produced higher-
pr hadrons. In small-scale p+Pb collisions, n remains nearly constant for light mesons
(consistent with their production via vacuum-like jet fragmentation), but increases
sharply for protons and antiprotons with an increase in (N, 4,). This increase in the pa-
rameter 1 for protons and antiprotons could qualitatively reflect the well-known phenom-
enon of intermediate-py baryon enhancement driven by non-perturbative parton recom-
bination/coalescence, which increases with an increase in collision centrality.

The physical differences between these two p+Pb and Pb+Pb collision environments
are further validated by Pearson linear correlation analyses. The correlation between the
average transverse flow velocity (< fr >) and the power-index 7 is significantly positive
in p+Pb collisions, but strongly negative (R(<pr>, n) = —1) in Pb+Pb collisions. This is due
to nearly opposite trends observed in (N,4,¢) dependencies of power-index n in p+Pb and
Pb+Pb collisions: parameter n on the whole increases with (Npg¢) in p+Pb collisions,
whereas 1 generally decreases with an increase in (Npg) in Pb+Pb collisions. Similarly,
the correlation between non-extensivity parameter g and freeze-out temperature, To, is
practically absent in p+Pb, but strongly positive (R(g, To) = +0.9) in Pb+Pb collisions. This
is due to significant differences in the (N,4,+) dependencies of Toin p+Pb and Pb+Pb sys-
tems. Similarly, the remaining differences in parameter correlations between the p+Pb and
Pb+Pb systems in Tables 4 and 5 can be explained simply by distinct centrality ((Npq¢))
dependencies of parameters To and 7 in p+Pb and Pb+Pb collisions.

Although both the small asymmetric (p+Pb) and large symmetric (Pb+Pb) collision
systems show signs of partial thermalization and collective radial expansion in more cen-
tral collisions, they appear to evolve through different dynamics. While high-energy
heavy-ion (Pb+Pb) collisions are characterized by strong fluid-like expansion and cooling,
the smaller p+Pb systems seem to be more influenced by localized partonic interactions
and rapid decoupling. These results establish critical benchmarks for theoretical models
describing the transition from microscopic interactions to collective behavior in high-en-
ergy collisions.
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