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ABSTRACT

Attempts to describe nuclear matter under extreme pressure and energy conditions
are explored in this work. Different Monte Carlo studies are proposed to study the
initial conditions in collisions of ions at relativistic energies where non-perturbative
quantum chromodynamics phenomena become relevant.

The structure of the medium formed in heavy ion collisions is examined within
a model framework. The analysis focuses on the radial distribution function of the
transverse representation of model-dependent color flux tubes, aiming to under-
stand the medium’s structure. The findings reveal that the Color String Percolation
Model (CSPM) exhibits ideal gas behavior. At the same time, its modified version,
known as the core-shell CSPM (CSCSPM), induces a transition from a gas-like to
a liquid-like structure. Similarly, the Color Glass Condensate (CGC) framework
produces systems that resemble non-ideal gases for AuAu central collisions at RHIC
energies and liquid-like structures for PbPb central collisions at LHC energies.

On the other hand, the shear and bulk viscosity to entropy density ratios are
calculated in the CSPM framework, the effects of system size, which deviate signifi-
cantly from the thermodynamic limit, are considered. The results indicate that the
interplay between viscosity components suggests a system where the bulk viscosity
transitions from a gas-like state to one where fluctuations become more prominent
near the critical temperature. This behavior can be interpreted as a non-equilibrium
phase transition that characterizes small collision systems. To understand the in-
fluence of initial state conditions, a modification of the color reduction factor in
the CSPM is considered. A universal global color reduction function is proposed,
applicable across proton-proton to nuclear collisions.

The results align with computations from Lattice QCD and Bayesian methods,
supporting the notion of a strongly interacting medium formation similar to nuclear
collisions but with a phase transition occurring beyond the thermodynamic limit.

Keywords: Quark-Gluon Plasma, Color String Percolation Model, QCD Phase
transition, Small Collision Systems, Heavy Ion Collision






RESUMEN

En este trabajo se exploran los estudios sobre la materia nuclear bajo condiciones de
presién y energia extremas. Desde simulaciones Monte Carlo se estudian las condi-
ciones iniciales en colisiones de iones a energias relativistas donde los fenémenos
de cromodindmica cudntica no perturbativa adquieren relevancia.

La estructura del medio formado en colisiones de iones pesados se examina en
el marco de distintos modelos. El anélisis se centra en la funcién de distribucién
radial de la representacion transversal de los tubos de flujo de color dependientes
modelo-dependientes. Los hallazgos revelan que el Modelo de Percolacién de
Cuerdas de Color (CSPM) exhibe un comportamiento de gas ideal, mientras que
su version modificada, llamada CSCSPM induce una transicidén de una estructura
similar a un gas a un liquido. El Color Glass Condensate (CGC) produce sistemas
que se asemejan a gases no ideales para colisiones centrales de AuAu a energias de
RHIC y estructuras similares a liquidos para colisiones centrales de PbPb a energias
del LHC.

Por otro lado, las relaciones de viscosidad sobre densidad de entropia se calculan
en el marco del CSPM, se consideran los efectos del tamafio del sistema que se
desvian significativamente del limite termodindmico. Los resultados indican que
la interaccién entre los componentes de la viscosidad sugiere un sistema en el
que la viscosidad global sufre una transiciéon de un estado similar al de un gas
en el que las fluctuaciones se vuelven mdas prominentes cerca de la temperatura
critica. Este comportamiento se puede interpretar como una transicién de fase en
un sistema fuera del equilibrio, como los que caracterizan a los sistemas pequefios
que no alcanzan a termalizar. Para comprender la influencia de las condiciones del
estado inicial, se considera una modificacion del factor de reduccién de color en el
CSPM. Se propone una funcién de reduccion de color universal, aplicable a desde
colisiones protén-protén hasta nucleos pesados.

Los resultados obtenidos son consistentes con los calculos de Lattice QCD y
los métodos bayesianos, lo que respalda la nocién de una formacién media de
interaccion fuerte similar a las colisiones nucleares pero con una transicién de fase

que ocurre fuera del limite termodindmico.
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Introduction

High Energy Physics (HEP) searches through the most massive science experiments
and attempts to confirm the proposed theories, like The Standard Model of particle
physics, one of the field’s most valuable successes.

One of the major unsolved problems of modern physics is explaining how the
hadrons acquire mass. In the study of this phenom, we found us while the universe
was in its earliest stages, the Quark-gluon plasma or QGP, which was theoretically
proposed to study the properties of matter under conditions of extreme temperature
and pressure (temperatures of hundreds of MeV, of the order of 10! degrees Kelvin),
and thus restore approximate symmetries in the theory of strong interactions. This
state of matter is studied from the point of view of phenomenological models and
with the help of simulations.

Since the 80s, minimal bias proton-proton collisions were used as the basis for
comparison, where the absence of QGP was assumed to understand the systems
created in nuclear collisions. Recently, the analysis of proton-proton collisions
as a function of the number of particles produced per event has revealed new
phenomena of collectivity. This fact has given rise to new discussions and proposes
a change in the heavy ion paradigm. For this community, it is crucial to understand
the origin of the similarities between the systems created in collisions pp, pA, and
AA.

To introduce the problem specifically, it is necessary to review the theory behind
it; The Standard Model of elementary particles is one of the most important motiva-
tions for experiments since it provides a description of the objects that participate
in the interactions studied experimentally. On the other hand, the physics behind
particle accelerators is necessary for the proposal of effective models that describe
the properties of the systems present in hadron collisions since they must be based

on direct measurements from experiments; this includes understanding transverse



momentum and multiplicity spectra, particle abundance, as well as correlations
between observables. Measurements in proton-proton collisions are required for
all experiments and serve as a reference for the correct interpretation of the results
coming from collisions between heavy ions. This is why deeply understanding the
signals measured in this type of collision is necessary.

In this doctoral thesis, a phenomenological study is carried out through Monte
Carlo simulation techniques to study the initial conditions of the medium created
in collisions of ions at relativistic energies, where it is expected to find signs of the
re-establishment of chiral symmetry.

For this, the thesis is structured as follows: in Chapter I, the theoretical founda-
tions that are a source of motivation for model developments are reviewed. Chapter
IT presents some of the notable phenomena of non-perturbative QCD, specifically
the general aspects of heavy ion physics and the different approaches used to study
the phenomena present there, among which I highlight the models of strings. In
Chapter III, I describe the color string percolation model, which is the basis of the
study of this thesis. In chapter IV, I present the results of the study of the structure
of the medium described from certain models; in chapter V, I present the results
of the thermodynamic quantities predicted by the model and the respective con-
siderations that I discuss in previous chapters. Finally, a chapter of conclusions is

presented.



Chapter 1

Theoretical Fundamentals

1.1 Standard Model

The Standard Model of elementary particles and fundamental interactions de-
scribes what is known about the phenomenology of particle physics and is the
quantum-relativistic, effective, and renormalizable theory of strong, weak, and
electromagnetic interactions; it is built on the basis of the gauge symmetry of the
group SUc(3) x SUL(2) x Uy(1) which unifies these 3 interactions [1,2]. The gauge
group of the Standard Model is divided into three subgroups:

1. For SUc(3) eight gluonic fields are associated with it G
2. For SUp (2) three connectors denoted as W,i.
3. For Uy(1) one is associated with it, the hypercharge field B,,.

The symmetry group identified as SUy (2) x Uy (1) composed by the Special Unitary
matrices of 2 x 2 with isospin (L) and the hypercharge group (Y) unifies electro-
magnetic interactions, the Quantum Electrodynamics (QED), and the weak nuclear
interactions. The color group, formed by Special Unitary matrices 3 x 3, denoted
as SU.(3), is the object of study of Quantum Chromodynamics (QCD) that charac-
terizes strong interactions. While gluons mediate the strong interaction, the weak
interaction results from the exchange of massive gauge bosons (after the sponta-
neous symmetry breaking) Wj and Zg, while the electromagnetic interaction is
mediated by the photon field A,. Elementary particles are of two types: fermions
and bosons.



1.1.1 Fermions

Fermions are the fundamental constituents of matter; they are described as 1/2-spin

material particles in the fermionic sector.
* Leptons: are light particles classified as:
— Charged: the electron, the muon, and the tau (e, j1, T), all with charges
—e (minus the fundamental electric charge).
— Neutrals: the corresponding neutrinos of the electron, muon, and tau

(Ve, vy, v¢), that are electrically neutral.

* Quarks: also classified into two types and differentiating them by their family
(flavor) :

— Type up: the quarks up (u), charm (c), top (t), with charge 2e/3.
- Type down: these are the quarks down (d), strange (s), bottom (b), with
charge —e/3.

The stable bound states of quarks (particles composed of quarks) are called
hadrons which can be classified into mesons and baryons depending on
whether they are grouped into antiquark quark pairs (g4) for the inns or if

they are made up of three quarks (g49).

Fermions respect the Pauli exclusion principle and are described by the Fermi

statistic and the quantization rule given by the anti-commutation rule:

{w(x),11(x)} = ihd(xr — 1), (1.1)

where I, = 3(0u7) is their corresponding conjugate moment.

1.1.2 Bosons

Known as mediating particles of interactions (Fig. 1.1), given according to the
exchange in the corresponding interaction, as well as to the quantization of the

respective field, they are divided into the gauge bosons (vector) and scalar boson:



Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions) (bosons)
| 1] 1
mass = =2.2 MeV/c? =1.28 GeV/c? =173.1 GeV/c? 0 =124.97 GeVlc?
@ - @ | @ . @ |- H
up charm top gluon I higgs
=4.7 MeV/c? =96 MeV/c? =4.18 GeV/c? 0
‘'O IN® || @
down strange bottom photon I
=0.511 MeV/c? =105.66 MeV/c? =1.7768 GeV/c? =91.19 GeV/c?
- @O I'® || @
electron muon tau Z boson
<1.0 eV/c? <0.17 MeV/c2 <18.2 MeV/c? =80.360 GeV/c?
@ IQ@ |F® | @
neutrino | | neutrino | | neutrino | | W boson

Figure 1.1: Elementary particles according to the Standard Model: the 12 fermions
and 5 fundamental bosons. The background of different shades of brown indicates
which bosons can be coupled with the different fermions. The image is from public
domain.

* The electromagnetic interaction, which is of infinite range produced by the
electric charge, is associated with a bosonic field whose boson is the photon,
with spin 1.

* A weak nuclear interaction, which is in the range of 10~1® m produced by the
weak charge, is associated with three bosonic fields whose bosons are the W,
the W~ and the Z°; all with spin 1.

e To the strong nuclear interaction, which is of range < 10> m produced by
the color charge, 8 gluon fields are associated with it, and all of them with spin
1.


https://en.wikipedia.org/wiki/Quark#/media/File:Standard_Model_of_Elementary_Particles.svg
https://en.wikipedia.org/wiki/Quark#/media/File:Standard_Model_of_Elementary_Particles.svg

* The Higgs boson, which is scalar in nature, which gives particles mass through

spontaneous symmetry breaking and the Higgs mechanism.

The bosons do not respect the Pauli exclusion principle and are described by the

Bose-Einstein statistic and the quantization rule given by:

[p(x), T(x)] = ihé(xr — 1), (1.2)

where 77, = 5 (gﬁq)) is their corresponding conjugate moment.
I3

1.1.3 Gauge Symmetry

As mentioned above, gauge invariance allows us to build the theory. An intro-
ductory example is to consider the quantum-relativistic Lagrangian of a free Dirac
particle:

£ = §in"a, —m)e, (13)
if ¢ describes the field of a free electron, the gauge transformation we consider is

Y =y’ = expliqu(x)]y, (1.4)

where «(x) is a function, g is the electron charge associated with the gauge group
U(1). Then a vector field is considered A, associated with the photon, which is
transformed:

So that the Lagrangian of the equation 1.3 is invariant under these transformations
it is introduced D, defined:
D, =0, +igAy, (1.6)

whence the Lagrangian of the electron in QED remains as:
L= 9(iv" Dy —m)yp = P(in"0y —m)yp — qpy" Ayyp, (1.7)
what is the free Lagrangian plus an interaction

L=Lo— A = qpr'y. (1.8)

10



This suggests that the gauge symmetry determines the interaction. To obtain the
complete Lagrangian of QED, the invariant term that describes the free electromag-

netic field is introduced:
—1F"Fy, Ewv=0,A, —0,Ay. (1.9)

the mass term m%AV A, /2 breaks the group invariance, so the mass of the photon is
considered m.,, = 0. So the full QED Lagrangian is:

1 -
Loep = —ZFWFW + P(iy" Dy — m)ip. (1.10)

1.2 Quantum Chromodynamics

In 1953 the physicists Murray Gell-Mann and Kazuhiko Nishijima classified parti-
cles not only by their charge and isospin but also by their strangeness [3-5], later
in 1961, Gell-Mann and Yuval Neeman classified hadrons into groups with similar
properties and masses using “octuplets” [6]. Two years later, in 1963, Gell-Mann
himself and George Zweig (in addition to Petermann, published a few years later)
proposed that the group structure could be explained by the existence of three
flavors of small particles within hadrons: the quarks [7-9].

Color quantum numbers are the characteristic charges of the strong interaction
and are not involved in electrical interactions. They were discovered as a conse-
quence of the classification of the quark model, when it was appreciated that the
baryon A*™ with charge 2e and with spin and isospin of 3/2 required three up
quarks, of the same electric charge, with parallel spins and zero orbital angular
momentum. For this reason, the baryon A™* could not have an antisymmetric
wavefunction! unless there was an additional quantum number. In 1965 this prob-
lem was solved when Oscar Greenberg suggested that quarks have one more degree
of freedom, later called color charge and that quarks interact via an octet of vector
gauge bosons, the gluons, which is the theory that is used today [10-12].

QCD assigns a color state to each quark, which must be conserved during strong
interactions; the quantum states for quarks are (red, blue, and green), while for anti-

quarks, they are (anti-red, anti-blue, and anti-green). Hadrons should be colorless,

'The quantum numbers considered at that time occupied the same value, which is not allowed
by the Pauli exclusion principle.

11



achieved by combining the colors of the quarks that compose it; for example, a
meson can contain red and anti-red quarks to produce a neutral color. The typically
named “baryon” is made up of the three quarks in their red, blue, and green states,
whose total vector sum also forms the neutral color [13].

The dynamics of quarks and gluons are controlled by the Lagrangian of QCD
after the spontaneous symmetry breaking and Higgs mechanism that give mass to
the quarks

»CQCD ZIIJJ ’VVDP, ik — WZf§ ) l[)lgf) 4GZVGHV (1.11)

where (x)!f), are triplets in the fundamental representation of the gauge group
SU(3) and represent the fields of the different flavors of quarks (f = u,d,s,c,t,b),
the components of the triplet correspond to the independent addresses in the color
space, which are indexed by j, k; D, is the covariant derivative of the group; /* are
Dirac matrices that connect the spinor representation with the vector representation
of the Lorentz group [14]. Analogous to the electromagnetic field strength tensor,
Fyv, the symbol Gy, represents the intensity tensor of the gluonic field, which is
given by:

Gy = 0, AY — 9, AL + g f AL AS, (1.12)
where Aj,(x) are the eight fields associated with each gluon in the attached repre-
sentation of the group SU(3), indexed by a,b,...;y f abe are the structure constants
of SU(3). The rules for raising or lowering the color index a,b, or ¢ are trivial
(+,--+,4) so that f”bc = fabe = f',.» while for the indices y o v, we have the rela-
tivistic rules corresponding to the metric of flat Minkowski space-time (4, —, —, —).
Variables my y g5 correspond to the masses of the quarks and the coupling constant

of the theory, respectively [14]. The gauge transformations of these objects are:

g = 9 = expligeat(x) Tl

(1.13)
Af, = A’ZV = Af, — 9y (x) — gsf‘;]c(xb(x)A;,
together with the covariant derivative:

where T, are the generators of SU(3), arrays 3 x 3 null trace satisfying Lie algebra
[T, Tp] = ifapcTe [14]. At this level, the most relevant difference between QCD and

12



QED is that the gauge group SU(3) is non-abelian, unlike U(1), the fact that is
reflected in the construction of the curvatures wa and F,,, this difference is crucial
to describe the behavior of the coupling constants theoretically.

1.2.1 Asymptotic freedom and confinement

Asymptotic freedom is a fundamental property in non-abelian gauge theories,
where the interactions between particles become asymptotically weaker as the
energy scale increases and the corresponding length scale decreases.

Asymptotic freedom in QCD was discovered in 1973 by David Gross and Frank
Wilczek [15], and independently by David Politzer in the same year [16]. This
phenomenon implies that in high-energy scattering, quarks move within hadrons
as free particles that do not interact. Quarks interact weakly at high energies, so
perturbative calculations are useful on this scale; However, the confinement of
quarks and gluons within hadrons is a phenomenon that occurs at low energies,

so its study involves non-perturbative QCD tools. The variation of the intensity

— 0.25 — ———— et
S i —4— CMS Ry, ratio —_— HERA
St —ii— CMS tt prod. —{— LEP
0.20 —4— CMSincl. jet —— PETRA |
I —&4— CMS 3-jetmass —V— SPS 1
—(— Tevatron |
0.15}
0.10}
[ —— as(Mz) = 0.11714338%5 (3-jet mass)
005l B= os(Mz) = 0.1185 4+ 0.0006 (World average) ]

10 | IHIH1IOO | IHH1I(I)00
Q[GeV]

Figure 1.2: Behavior of the strong coupling constant according to the measurement
of the inclusive cross section in production of 3-jet in collisions pp to 7 TeV [17] .

of the interactions under variations of scale can be understood qualitatively as the

13



effect of the excitation of the quantum vacuum, from which interacting particles
emerge, decreasing or increasing this intensity; that is, in the vicinity of a charge,
the vacuum becomes polarized: virtual particles of opposite charge are attracted
to the charge and virtual particles of similar charge are rejected. Thus, the field
is partially canceled at any finite distance. The effect of the vacuum decreases,
and the effective charge increases as we get closer to the source. In QCD, virtual
quark-antiquark pairs appear, which tend to shield the color charge (classically,
the effective potential energy of this effect is the Yukawa potential and is given by:
V(r) = —%6%). However, an additional fact does not exist in QED: the force-
carrying particles, gluons, have a color charge. Each gluon carries a charge of the
color and an anti-color charge (of a different color). The net effect of virtual gluon
polarization in a vacuum is not to shield the field but to increase it and affect its
color. Approaching a quark decreases the effect of anti shielding of the surrounding
virtual gluons; therefore, the contribution of this effect is to weaken the effective
color charge of a quark with a decrease in distance.

Since virtual quarks and virtual gluons contribute opposite effects, the prevailing
effects depend on the number of flavors of quarks. Because there are 3 known
families of quarks (and no more than 8, which would facilitate matching these
contributions), anti-shielding prevails and the theory is asymptotically free.

The coupling constant g is a number that determines the intensity of an inter-
action. The Callan-Symanzik beta function, 5(g), determines the variation of the
coupling constant and is defined by the relation:

)
B(g) = uﬁ, (1.15)

where y is the energy scale of a physical process given [18-20]?, the coupling
constant of QCD decreases logarithmically at high energies, which can be observed
from the solutions to different orders of the equation in terms of s = g2 /4m [21]:

d o ;
Wayz = B(a) = — Z‘bﬁna”“, q= “4(7;;). (1.16)

2The mass of the boson is regularly used Z°, My, to define the renormalization scale from where
the coupling starts to vary.

14



Depending on the number quarks ny = 6, the first terms of the beta function
are [20-22]:

2 38 2857 5033 325 ,
,BO :11—§Tlf, ‘31 —102——71](, ‘32 an#—ﬁnf,
__ 149753 1078361 508 50065 6472 1093
Pz =% +3564§3_< To2 C) ( Tez T ) nE+ T,
(1.17)

where (3 = 1.202056903 denotes Riemann zeta function evaluated at 3. The behavior
of the coupling constant in QCD is mainly due to the presence of self-interactions
of the gauge bosons. This behavior of the coupling constant implies the two most
important properties of QCD. For high values of transferred moment Q? ~ 2, the
coupling constant becomes small; this gives the property of asymptotic freedom.
The coupling constant diverges for small values of Q2. This qualitative property
is known as “color confinement” and is the reason why we can never observe
free quarks and gluons in nature, instead, they form “singlets” of color known
as hadrons. As this feature is not fully understood from an analytical point of
view, there are different methods that describe different domains of QCD. At small
distances (high values of Q?), perturbative QCD (pQCD) methods can be applied,
while phenomenological models are used at long distances (Q?little). An example in
non-perturbative QCD is the numerical calculations in Lattice QCD, which allowed
us to know the mass of the hadrons [23], where it is shown that more than 95% of
the mass of a hadron is due to the strong interaction and not to the masses of the

quarks that constitute them.

1.2.2 Symmetries in QCD

In addition to the aforementioned gauge symmetry, there are various symmetries
in QCD that give rise to relevant phenomena within the heavy ion area.

1.2.2.1 Isoespin Symmetry

When considering the Lagrangian of QCD for light quarks 1 and d, we see that if
the masses of the two quarks were equal, m, = my, the Lagrangian of QCD would

be invariant under the transformations.

u — au+ fBd, x B\ -
d oo Det(,Y 5>—DetV—1, (1.18)
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namely, V € SU(2). u and d form an isospin doublet (the rest of the quarks s, ¢, b, ¢
are isoespin singlets). Actually, m, < my, and the isospin group is only approximate
symmetry. The piece of the Lagrangian that breaks symmetry is the mass term,
which we can write

I %(mu ) (i + dd) + %(md ) (dd— ) (119)

The member’s first term to the right of Eq. 1.19 is invariant under SU(2), but the
second term breaks the symmetry. The mass difference m; — m, plays the role of
breaking the parameter of symmetry. The existence of nearly degenerate isospin
multiplets implies that the second term is a small disturbance and, therefore the
difference m; — m, is small. The invariance of the strong interactions against the
isospin in QCD is explained by the fact that the difference between the masses of
the quarks u and d it is almost nil.

1.2.2.2 Chiral Symmetry

In considering the case where m, = m; = 0, not only is an invariance obtained
against isospin symmetry but also with respect to chiral transformations [24], that
is, isospin independent rotations of the positive (right) and negative (left) helicity

components of u y d.

URr UR ur, ur
() s (), () v (4), veviesuw.  a

The corresponding symmetry group is the direct product of the two isospin groups
SU(2);, x SU(2)g. The group generators are the three ordinary isospin operators I
plus the three chiral isospin operators I5s. Both the components of I(I*,1~,I°) as
the T5(15“L s, Ig) they are conserved. Within this context, it is verified that:

1. Energy levels form degenerate multiplets, resulting in multiplets of hadrons
of equal mass.

2. Operators I generate transitions within multiplets, for example a neutron |r)
is transformed into a proton |p) for I't, [T |n) = |p).

3. The fundamental state |()~) (Q)~ is composed of three quarks s) is a singlet of
isospin, I|Q)~) = 0.
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If chiral symmetry is respected, the states must be grouped into degenerate mul-
tiplets of the group SU(2); x SU(2)g. Like operators I5 carry negative parity,
multiplets should contain members with opposite parity, but there is no evidence
that this occurs in nature. In general, if a transformation S of a group leaves the
void invariant, that is, S|Q)) = |Q)),

S|Q) = e“Q|Q) ~ (1+ieQ)|Q) = |Q), (1.21)

and therefore Q|Q)) = 0. But in our case, I|Q)) = 0 and I5|Q) # 0, so we say that
the vacuum breaks the symmetry, or that the symmetry is spontaneously broken.
Then, as the Hamiltonian of QCD commutes with the generators T5, the three states
I5/Q) have the same energy as a vacuum, Is it takes no time and |Q) has zero
moment, then there must be three particles with zero mass, which is a fact due to
the theorem of Goldstone [25] which says that, in general, spontaneous symmetry
breaking gives rise to the same number of non-massive particles (Goldstone bosons)
as generators of the broken symmetry group. The quantum numbers of I5|Q) will
0

be zero spin, negative parity and I = 1, that matches the set (7", 7, 17), so it is

natural to identify
E10) =|7%), Blo)=|r), |Q)=|r"). (1.22)

Given the m,, m; # 0, the chiral symmetry of the Lagrangian of QCD is broken
so that the Hamiltonian can be written as an invariant part Hy and the term with
masses that breaks the symmetry:

H = Hy+ Hy, Hgp = [dx(myiiu+mydd),
(1.23)
where [Ho, I] = 0 = [Hy, I5),

since chiral symmetry only involves quarks u and d, the rest of the quarks are

singlets, and their corresponding mass terms are in Hp.

1.2.2.3 Scale Symmetry

When considering transformation

x = Ax, g = 2320 g A, (1.24)
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We find that the Lagrangian of QCD is invariant except only for the mass term
of the quarks, so it is part of the set of approximate symmetries of QCD [26, 27].
This approximate scale symmetry is respected at the classical level, but it breaks
due to quantum corrections, since the renormalization process involves a scale [26,
27]. By Noether’s theorem, we know that any continuous transformation defines
an associated current, and we know that if this transformation is a symmetry,
the corresponding current is conserved. The current associated with the scale

transformations can be calculated 1.24, giving as resulting [28]:

dust = Tl = ﬁz(;’gf) GG+ [1+7(gs)] ;mf(sjklp](f Jyd) (1.25)
where 7(gs) is the anomalous dimension acquired by the mass of the quarks in the
renormalization process, and the function (gs) defined in section 1.2.1, A which
indicates how the coupling constant varies. The second term in the equation 1.25
shows what is expected: quark masses explicitly break the symmetry. The first
term, however, is unexpected: it shows that the scale invariance is also broken by
the fact that the function B of QCD is not zero. The function B it is an intrinsic
quantum effect, and this result illustrates that the scale symmetry is anomalous;
it is an approximate symmetry of the classical theory that is explicitly broken by
fluctuations of the quantum vacuum of QCD.

The trace of the energy tensor moment of matter, T),, plays a very important
role at finite temperature near the QCD phase transition. In a broader context, the
elements of the energy-moment tensor trace are the observable characteristics of a
fluid from the hydrodynamic description since the expected value of its components

is related to the thermodynamic observables in the macroscopic limit [29]:
Y (Tii) =3P, (Too) =¢, (1.26)
i
with ¢ energy density and P the pressure. The expected value of the trace of the
energy-moment tensor of QCD provides a thermodynamic description of the sys-

tems that reach the phase transition, or in other words, this observable characterizes
the collective properties that are appreciated in these systems since:

(T)/) =¢—3P, (1.27)

18



the behavior of this quantity shows a maximum in the critical temperature region,
so it is a quantity very sensitive to the phase transition between hadronic matter
and deconfinement [29], the collective properties of these systems will be discussed
in detail in subsequent chapters.
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Chapter 2
QCD Matter

In 1974, T. D. Lee and G. Wick proposed the possibility of finding new physics by
distributing the nuclear matter energy density in a finite volume; in this way;, it
would be possible to restore broken symmetries of the physical vacuum and create
new abnormal states of dense nuclear matter [30]. Asymptotic freedom in QCD
was found to imply the existence of a very dense form of nuclear matter made up
of deconfined quarks and gluons [31-33], which was later called Plasma of Quarks
and Gluons [34]. You can understand the phase transition between ordinary nuclear
matter and a “gas” quarks and free gluons as a change in the number of degrees of
freedom [35], between a free hadron gas (HG) to T < T and a gas of quarks and
free gluons for T > T,:

2
fhe = 3T ~ T*

30
U (2.1)
2 7 4 2 4
eqap = 55 [2X 845 x2(3) x2x2x3| T = 25 [16+21(315)] T*

For the energy density of a Hadron gas (eyg), The Bose-Einstein statistic was
considered, where factor 3 corresponds to the three states of the pions (7t+, 7%, 77)
despising their masses. On the other hand, in the energy density of the QGP (eqgp),
the 8 color states of the gluons were considered, each of them with 2 possible states
of helicity, and 2 (3) classes of quarks and antiquarks, each of them with two spin
states and 3 colors. The 7/8 factor is due to the fermionic character of quarks and

antiquarks.
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Rough estimates of the energy density achieved in central nuclear collisions

(AA with impact parameter b = 0), using Bjorken’s formula [36]

dN

(pr) =
e Wl (2.2)
 wRZA3 '

for a while 1y =1 fm/c after the collision, at the highest energies studied at CERN’s
Proton Supersynchrotron (SPS) and at BNL's Relativistic Heavy Ion Accelerator
(RHIC), for collisions PbPb y AuAu respectively, find values above the critical
energy density for the phase transition obtained in Lattice QCD [37,38]:

e ~ 0.5 GeV/fm®. (2.3)

2.1 Lattice QCD and phase diagram

In the finite temperature network of QCD (Lattice QCD), the deconfinement order
parameter is provided by the vacuum expectation value of the loop from Polyakov
L(X) defined in Euclidean space

N
L(%) =Tr[ JAs(Z 1), (2.4)
t=1

L(X) is the ordered product of the temporal gauge variables of SU(3), A4(X,t),
in a fixed spatial position, where N, is the number of points of the network in
the direction of time and Tr denotes the trace over the color indices [39]. The loop
Polyakov corresponds to a static source of quarks, and its vacuum expectation value

is related to free energy F, single quark
L(X) xexp (—F;/T). (2.5)

Below the critical temperature, T, quarks are confined y F; is infinite, which implies
(L(X)) = 0. In an unconfined environment F; becomes finite, therefore for T > T,
(L(X)) # 0. Chiral symmetry breaking is controlled by chiral condensate X(T) =
(Y1) o< My, which measures the masses of the constituent quarks obtained from
a Lagrangian with massless quarks. At high temperatures, this mass is “melted”,

therefore
X(T) >0, T<T,,
(2.6)
X(T)=0, T> Ty
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T defines another critical temperature so that for T > Ty, it is possible to reestablish
the broken symmetries due to the presence of the masses in the Lagrangian of
QCD [29,39]. The corresponding derivatives with respect to T from (L) and X, the
susceptibilities have been studied in Lattice at finite temperature in a low baryon
number, showing a sharp peak that defines respectively T, and T, that, within the
errors, coincide. The reported value of T, it is 154+9 MeV [40-42].

A phase transition in the strict sense of Statistical Mechanics requires a disconti-
nuity in the energy density or in one of its derivatives at the limit of infinite volume.
Based on the calculations in Lattice QCD, the phase transition to QGP appears to be
a cross-over, that is, a rapid change without discontinuity, although this conclusion
has a strong dependence on the number of flavors introduced and the value of the
masses. The energy density has been studied in detail in Lattice, with 2 and 3 light
flavors, or in the most realistic case, 2 + 1 flavors, two light and one heavy. These
results show that energy density grows rapidly from an initial low-density state to
saturation in a high-density region, as would be expected in such a phase transi-
tion [39]. As we will see in later chapters, Lattice predicts energy density values
below those of Eq. 2.1, for T/T, = 1/3; this indicates that only at temperatures
much higher than the critical temperature will the almost free QGP that predicts
the asymptotic freedom of QCD be obtained, for moderate temperatures, Lattice
QCD points to a QGP with strong residual interactions (called sQGP). Many of the
properties of the system, determined by the equation of state, behave similarly to
what would occur in a strict phase transition. In particular, in the phase transition,
the pressure shows a continuous increase without abrupt change, increasing slowly
in a region where the energy density increases by an order of magnitude. The speed
of sound ¢2 = dP/de, is very low in that region (as we will see later). This fact, the
“smoothing” of the equation of state around the phase transition, is a key fact to
study when a collective flow of the system occurs when the Plasma expands.

Calculations in Lattice QCD suggest that QCD could have a first-order phase
transition for high baryon densities pp and low temperature, while at high tem-
perature and low baryon density, it would be the cross-over already mentioned.
Therefore, a critical point must be indicated in Fig. 2.1. In this region of QCD, the
masses of the quarks can be neglected (1, d, s), and the system has chiral symmetry;,
despite the fact that both quarks and gluons acquire collective masses, m ~ g;T. At

temperatures below the critical temperature, the quarks and gluons are confined
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in the hadrons, and the chiral symmetry of QCD breaks spontaneously. In this
way, the QGP search [43] is important not only because it is the form of the high
temperature or high baryon density QCD matter that was present during the first
microseconds after the Big-Bang and that it can exist in neutron stars, but because
it provides us with information about the origin of most of the ordinary mass and
about the confinement of quarks and gluons.
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Figure 2.1: Schematic of the possible phase diagram in QCD of [44].

The best description of the system is currently being sought, which implies
having a phase diagram in QCD as detailed as possible. Fig. 2.1 exposes the
fundamental ideas in a schematic way, the regions explored by the experiments and
what is described by the simulations in Lattice QCD are illustrated; It should be
mentioned that for the dates in which this work is presented, the critical point has
not yet been found.
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2.2 Heavy ion collisions

The simple description of a nuclear collision at the LHC is as follows: a pair of
heavy nuclei hurtle towards each other, circling in opposite directions around the
27-kilometer ring of the LHC. Stripped of their electrons, the positively-charged
ions have been accelerated to nearly the speed of light by the collider’s powerful
electromagnetic field. Due to relativistic length contraction, they resemble nearly-
flat disks.

Upon collision, the disks collide, transferring their kinetic energy to a nucleus-
sized area and generating temperatures of approximately T ~ 300 MeV, equivalent
to about 3 x 102 K—over 100,000 times hotter than the core of the Sun (1.6 x 107
K). Approximately 1 fm/c (femtosecond per speed of light) after the collision, the
quarks and gluons that originally constituted the protons and neutrons within the
lead nuclei have broken free, forming an extremely hot and dense state of matter
with fluid-like properties known as the QGP.

Previously mentioned, QCD suggests that its constituents become deconfined
under conditions of high temperatures and density. In the modern era, superdense
celestial objects like neutron stars potentially harbor a phase similar to the QGP,
yet their remote location from Earth poses challenges in studying them compre-
hensively. In laboratory settings, high-energy nuclear collisions serve as the sole
means to replicate such extreme conditions. The idea of conducting these collisions
to explore a state characterized by free quarks and gluons, hot and dense, traces
back to the 1970s.

In a high-energy collision involving heavy nuclei, the Lorentz-contracted nuclei
move away from each other along the z-axis, leaving behind a created droplet of
QGP. Bjorken provided a fundamental description of the spacetime evolution of
these collisions in 1982. The QGP is initially located near the origin and expands
hydrodynamically in both the transverse (x — y) plane and the longitudinal (z)
direction. At any given position along the z axis, the fluid exhibits an approximate
longitudinal velocity of z/t. As the nuclei continue to move apart, the fluid forms
at later times at locations further away from z = 0, approximately following the

trajectory of a spacetime hyperbola determined by a constant “proper time”.

T=vVt2—2z2~1fm/c. (2.7)
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The counterpart to proper time is the spacetime rapidity, denoted as 7, which is

1 t+z

defined as:

This variable determines the position along the hyperbolic trajectories of proper
time. Spacetime rapidity is a useful kinematic quantity as Lorentz boosts simply
combine when expressed in terms of rapidity. In other words, a boost of 772! followed
by a subsequent boost of 75 is equivalent to a single boost of 7' + 5.

The system exhibits approximate Lorentz boost invariance near central rapidity
(175 ~ 0) due to the extreme boosts of the nuclei (Lorentz factor y > 1000 at the LHC)
according to Bjorken’s argument. This implies that the collision dynamics appear
similar in all near-center-of-mass frames, resulting in a central plateau structure in
the density distribution with respect to rapidity. Additionally, particle production
remains constant per unit rapidity within the plateau region. This approximation,
known as “boost-invariance,” is supported by experimental data, as demonstrated
in the following section, and serves as a crucial simplification for hydrodynamic
models.

As the QGP expands and cools down, the strong force rapidly becomes dom-
inant, leading to the recombination of quarks and gluons into hadrons. Recent
calculations indicate that this conversion occurs through a crossover phase transi-
tion around T ~ 145-165 MeV at zero net baryon density, where the matter and
antimatter components are in equal proportions. Simultaneously, a first-order phase
transition occurs from normal nuclear matter to a color superconductor at zero
temperature and high baryon density.

Drawing on these insights, the schematic phase diagram of QCD, as presented
in the previous section, begins to take shape and align with (2.1).

Following the established convention, the phase diagram is depicted as a func-
tion of temperature T and baryon chemical potential y5, which represents the net
baryon density, where positive yp indicates an excess of baryons over antibaryons.
Given the observed crossover at zero yup and the first-order transition at zero tem-
perature, it is natural to represent the phase boundary as a first-order transition
terminating at a critical point corresponding to a specific combination of (T, up).
However, the existing experimental evidence for the presence of a QCD critical

point remains inconclusive.
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Our understanding of the crossover phase transition at zero yp is primarily
derived from lattice QCD calculations of the equation of state, which establishes
the connection between various thermodynamic quantities such as temperature,
pressure, and energy density. At sufficiently high collision energies, the value of
up becomes small enough to approximate it as zero, as is the case at the LHC, for
instance.

Heavy-ion collisions traverse different trajectories in the phase diagram, starting
as a QGP at high temperatures and gradually cooling down into a hadron gas. The
transition can be either a crossover or a first-order phase transition, depending on
the value of pg. Higher energy collisions correspond to higher initial temperatures
and lower baryon chemical potentials, enabling the exploration of distinct regions
within the phase diagram.

The conversion of the system back into particles, known as hadronization, is
completed at a proper time of T ~ 10 fm/c. At this stage, the system transforms
into a hadron resonance gas (HRG), primarily composed of pions, the lightest
hadrons, along with protons, neutrons, and numerous other species, including
various unstable resonances. The gas continues to expand and cool as particles
scatter and resonances decay into stable species. Following hadronization, the
decay and other chemical interactions come to a halt, resulting in the freezing of the
system’s composition, known as “chemical freeze-out.” As the temperature reaches
approximately T ~ 120 MeV, the system becomes dilute enough for scatterings
to cease, thereby fixing the particle momenta in a process referred to as “kinetic
freeze-out.” After a few nanoseconds, the particles stream into the experimental
detector, where their tracks are recorded and subsequently processed to obtain
observable quantities.

This provides an overview of ultra-relativistic heavy-ion collisions. However,
direct observation of the system is not feasible due to its small and fleeting nature,
as well as the QCD color confinement preventing the direct detection of free quarks
and gluons. Consequently, much of our knowledge is inferred by comparing
computational collision models with experimental observations. The primary
objective of this work is to systematically perform this model-to-data comparison
and provide quantitative insights into the physical properties of the QGP and the
intricate dynamics occurring in heavy-ion collisions. In the following sections of
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this chapter, I will introduce the key experimental observations essential for this

comparison and outline the properties that we aim to measure.

2.3 Experimental Observations

There are two particle accelerators with ongoing heavy-ion programs: the Relativis-
tic Heavy-ion Collider (RHIC) at Brookhaven National Lab in Upton, NY, and the
aforementioned Large Hadron Collider (LHC), operated by the European Organiza-
tion for Nuclear Research (CERN) near Geneva, Switzerland (the accelerator ring
intersects the French-Swiss border).

RHIC has been operational since 2000, colliding assorted combinations of nuclear
species, including gold, uranium, copper, aluminum, protons, deuterons, and
helium-3 at center-of-mass energies ranging from /s = 7.7 to 200 GeV per nucleon-
nucleon pair. The LHC, which turned on in 2009, runs proton-proton, proton-lead,
and lead-lead collisions. Although the LHC focuses on proton-proton, the lead-lead
collisions, at energies of \/8 =2.76 and 5.02 TeV, are the most relevant to this work.
The two facilities are complementary: While the LHC achieves higher energy, RHIC
can run more collision systems over a wide energy range—crucial for exploring the
QCD phase diagram.

For heavy-ion collisions, size is the principal difference among the various pro-
jectile species; the larger the nucleus, the higher the produced QGP. Most nuclei
used in collisions are approximately spherical, the notable exception being ura-
nium, whose deformed spheroidal shape has some interesting consequences for the
collision dynamics.

Both colliders have several experimental detectors distributed around their
accelerator rings, each optimized for studying certain phenomena of high-energy
collisions. In this work, I use data from ALICE (A Large Ion Collider Experiment)
at the LHC, which specializes in heavy-ion collisions. The ALICE Collaboration has
published consistent data for pp /s = 0.9 and 13 TeV suitable for direct comparison
with computational models. The other heavy-ion experiments at the LHC are
ATLAS and CMS; at RHIC, there is STAR, PHENIX, PHOBOS, and BRAHMS
(although these all stand for something, most are fairly contrived, and the acronyms
are used almost exclusively).
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2.3.1 Particle production

The most straightforward measurable quantities in high-energy collisions are the
particle multiplicity (number of produced particles) and the energy yield. Despite
their simplicity, these observables should not be underestimated, as they provide
crucial insights into the thermal properties of the QGP and serve as important
constraints for computational models.

Typically, particle and energy yields are reported per unit of rapidity y or pseu-
dorapidity 7. It is important to note that pseudorapidity # and spacetime rapidity
1s have similar mathematical forms but operate on different quantities. The rapidity,

1 E+p,
y = ylog ( o pz) , 29)

depends on the particle’s total energy or mass, which may not always be directly

defined as

measurable in experiments.
On the other hand, the pseudorapidity is sometimes more accessible as it solely
relies on the polar angle of the momentum vector relative to the beam axis (cos § =

p2/|p|). Itis given by
0 1 lp| + P2
5 2 2% Jp[— p (

In the ultra-relativistic limit (p > m), the rapidity and pseudorapidity become

equivalent.

Particles emitted perpendicular to the beam, known as midrapidity (near 77 = 0),
represent the purest sample of matter produced in the collision.

Fig. 2.2 illustrates the charged particle multiplicity per unit pseudorapidity,
dNg,/dn, in the central rapidity unit (7 < 0.5) from ALICE measurements of
lead-lead collisions at /s = 2.76 and 5.02 TeV, as well as proton-proton and proton-
lead collisions for comparison. The multiplicities are plotted as a function of the
number of participating nucleons, Npart, and scaled by participant pair, Npart /2. In
this context, a “participant” refers to a nucleon that engages in inelastic collision
processes, while a spectator continues unaffected along the beam pipe. Collisions
classified as “central,” meaning those with a small impact parameter and significant
nuclear overlap, have a larger number of participants, while “peripheral” collisions
with large impact parameters have fewer participants. The maximum number of

participants in a 208Pb nucleus collision is 416.
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Figure 2.2: Charged-particle multiplicity at midrapidity per participant pair as a
function of the number of participants. The circle diagrams show the approximate
nuclear overlap of the collision depending on Npart [45—48].
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Due to the high collision energy, a substantially greater number of particles are
produced compared to the initial number of nucleons. In the most central collisions
with the highest number of participants (Npart ~ 400), approximately 10 charged
particles are produced per participant pair, resulting in approximately dN, /dn ~
2000 total particles within the central rapidity unit alone at 5.02 TeV. However, par-
ticle production is not directly proportional to the number of participants. Central
collisions exhibit a higher efficiency in particle production per participant compared
to peripheral collisions. This trend is consistent at both beam energies, with 5.02
TeV collisions generating approximately 20% more particles than 2.76 TeV collisions
in a uniform manner.

Another commonly used measure of the produced matter is the transverse
energy, denoted as Er. It is computed as the sum of the total energy, E;, multiplied
by the sine of the angle, 8;, with respect to the beam, for each particle i. The
transverse energy is closely related to charged-particle production and exhibits a
similar dependence on Npart. Figure 2.3 illustrates the average transverse energy

per charged particle at midrapidity for lead-lead collisions at 2.76 TeV and RHIC
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Figure 2.3: Average transverse energy per charged particle at midrapidity as a
function of the number of participants [49-52].

AuAu collisions at 200 GeV. The ratio remains constant within the uncertainty as
a function of Npart, but it is evident that higher-energy collisions produce more
transverse energy per particle.

In previous discussions, I have introduced the concept of centrality and its
association with Npart- However, as the primary classifier of heavy-ion collision
events, centrality deserves a dedicated explanation. Centrality categorizes events
based on a final-state observable that quantifies the amount of matter produced
in the collision, such as N, (charged particle multiplicity) or Et. By establishing
a connection between these observables and the underlying geometric properties
of the initial state, such as Npart and the impact parameter b, centrality estimation
allows for the characterization of events using a geometric initial condition model,
even though Npart and b themselves are not directly measurable.

In the last decades, many experiments have been carried out to create QGP in
the laboratory. Starting with the ISR experiments at CERN and AGS at BNL, and
later at SPS and RHIC, which reached energies of \/s = 200 GeV. In 2010 the LHC
at CERN reached the energies of /s = 2.76TeV for Lead-Lead collisions. RHIC
data shows very strong suppression of particles with high transverse momentum in
collisions Au-Au with respect to the expected number, given by the product of the
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number of nucleon-nucleon collisions with the proton-proton production, which is
what would be expected from the application of the factorization theorem.

In addition, the central collision data Au-Au show that when a jet in a given
direction, there is a deletion of the jet expected in the opposite direction, contrary to
what is seen in collisions p-p where both jets are clearly visible. On the other hand,
a strong suppression of the number of particles produced has been observed that
leads to a saturation of the multiplicity per nucleon participating in the collision
and an elliptical flow whose behavior and dependence on the mass of the particles
is consistent with hydrodynamic calculations that assume that the system created in
the collision is isotropic very quickly [53-56]. All these results point to the creation
of high-density matter, with partonic degrees of freedom [57]. The initial state of
the collision could be described by parton saturation models such as the one called
Color Glass Condensate (CGC), hydrodynamically described as an almost perfect
fluid (very low viscosity). Due to the existence of this medium constituted by an
almost perfect partonic fluid of very high density, the propagation of particles with
high transverse momentum is strongly modified with respect to its propagation in

a vacuum.

2.3.2 Thermalization and Elliptical Flow

Matter produced in ultrarelativistic ion collisions in RHIC is believed to be thermal-
ized, and such thermodynamic equilibrium is reached very soon. This is deduced
from the abundance of the different classes of hadrons, the distribution of the
particles produced at low transverse momentum, and the elliptical flow.

The production of foreign particles allows us to verify if thermalization has
been achieved. In collisions e”-¢* y p-p, the abundances of the different types
of hadrons are reasonably well described by statistical models [58,59]. Due to
the small size of the system, in these cases, the production of strangeness is sup-
pressed. The strangeness suppression factor can quantify the degree of equilibrium,
vs = 2(s +3)/(u + i1 + d + d), which describes the ratio between the number of
particles with the quarks or the antiquark 5 and the number of non-strange particles
with quarks and antiquarks u, i, d, d, vs = 1 indicates a complete balance. Experi-
mental data on collisions Au-Au a /s = 200GeV by nucleon show that the ratios
Kt/nt,K=/n~,p/nt, p/ 7~ they increase rapidly in peripheral collisions until

they are saturated in semi-central and central collisions. Comparisons with the
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grand canonical statistical model obtain a value of y; very close to 1. Therefore, the
strangeness is balanced at RHIC energies, consistent with the chemical equilibrium
obtained before hadronization [60].
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Figure 2.4: Overlap of two nuclei in the plane perpendicular to the collision axis z,
and spatial and momentum asymmetries in the collision [61].

When two nuclei collide that impinge on each other in the direction z, the spatial
distribution of the overlap is an ellipsoid. Any strong interaction in this initial
state of the collision converts this spatial anisotropy into an anisotropy at moments,
which is observed as an elliptical flow of the produced particles. Since the pressure
gradient is greatest on the smallest axis of the ellipsoid, axis x, the spatial asymmetry
disappears quickly since the highest moments of the produced particles will be
in the direction of the gradient unless, in the initial state of the collision, there is
a very strong interaction between the produced particles. This interaction could
be partonic or hadronic, although experimental data point to a strong partonic
interaction.

The collective flux is quantified in terms of the first coefficients of the Fourier
series expansion of the azimuth angle distribution [62]. The inclusive cross-section

of particle production k quickly y! transverse momentum pr and azimuth angle ¢

ISpeed is usually denoted by the same letter as one of the spatial coordinates, y.
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(measured from a fixed angle ¢r) is given by

AN, dNg 1 - -
dydp?d¢ B dydp? 27 [1+2v1cos(¢p — ¢pr) +2v3c082(p —Ppr) +---], (2.11)

being v; radial flow and v; the elliptical flow,

2 _ 2
Px—P
v1 = (cos(¢p — Pr)) = <&>, vy = (cos2(¢ — Pr)) = a 5 Y (2.12)
pr Pt
that depends on the detected particle k, its speed, its transverse momentum, and
the degree of centrality of the collision. If the elliptical flow reflects an initial spatial
anisotropy expressed by eccentricity (written in terms of the coordinates x y v):

2 2
y-—X
€= <y2 x2> (2.13)

that requires, so that it does not disappear, an interaction between the formed
matter, it would be expected that v, was proportional to the eccentricity and the
density of interactions. The latter will be proportional to the density of charged
particles produced per unit of speed y, namely,

€dN,
Uy~ — ch

Sy (2.14)

where S is the transverse area of the ellipsoid formed in the collision. The propor-
tionality given by Eq. 2.14 it has been verified for AGS, SPS and RHIC energies,
and for a very wide range of projectiles and targets. At energies lower than AGS
of 11.8 GeV per nucleon, v; no longer verifies Eq. 2.14 and it is even negative. The
reason for this is that at low energy, non-participating nucleons (called spectators)
prevent the “output” of the interacting matter by the shortest axis of the ellipsoid,
with which there is a greater production of particles along the longest axis, where
there are no nucleons. Also, it has been experimentally seen that the flux is higher
for light particles [57].

Predictions from hydrodynamic models are consistent with experimental mea-
surements [63]. The existence of an asymmetric collective flow velocity field is
proposed, common to all particles: pions, kaons, protons, lambdas, etc. Agreement
is obtained only when an equation of state is entered “soft”, that is, with speed of
sound c? very small, as shown by the Lattice QCD result close to critical temperature
Tc previously mentioned.
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There is a scale law that has been verified with a very good approximation,
07 /n in function of Et/n = (\ / pzT +m2 — m) /n, with n the number of quarks or
antiquarks of the particle. This law was predicted by various models that assume a
medium formed by partons [64].

In fluid dynamics, the different characteristics of flows are classified by dimen-
sionless numbers. Thus, low viscous fluids are characterized by a large Reynolds
number, R, = ¢Lvy /15, where ¢, vy y 775 are respectively the energy density, the fluid
velocity and the shear viscosity (shear viscosity), while L is the longitudinal scale
of the system. Similarly, the Mach number M, = v¢/cs quantifies the difference
between incompressible fluids, M, < 1, and compressible, M, ~ 1. Finally, the
Knudsen number, K;, = A/L, where A is the mean free path, it marks the difference
between systems with a low number of collisions per particle of the medium, that
is, large K, as in the case of freely flowing gases, and liquid-type systems where
there are many collisions per particle, K;, < 1. These three numbers are related
since 77; = ecsA and therefore, M, = R, x K;,. As matter formed in collisions be-
tween heavy ions expands, the corresponding flow is compressible and M, ~ 1. So,
R, >~ 1/K;, implying yes K, it is small, the viscosity is small.

As a function of the inverse of the Knudsen number, K;, !, the expected depen-
dence of the elliptical flow is the one represented in Fig. 2.5. Indeed, it is natural to
expect that the elliptical flow increases with the number of interactions, and that it
disappears in the absence of these. The opposite case is the limit of the ideal fluid
in which v, it is finite. For larger values of K, 1 v, it remains constant according to
the scale invariance in the ideal fluid description. This behavior means that if we
have an ideal fluid, thermalized and with low viscosity, a curvature must appear
that causes the increasing behavior of the elliptical flow against the multiplicity [65]

lead to expected saturation.
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Figure 2.5: Behavior of the elliptical flow coefficient v, against the inverse of the
Knudsen number K;, !

The possibility that the partonic matter formed is an ideal low-viscosity liquid
has been of interest to physicists in string theory. The Anti-de Sitter correspon-
dence in conformal field theory (AdS / CFT) allows calculating the properties of
a supersymmetric Yang-Mills theory with N' = 4 in terms of gravity in a curved
space. The strong coupling limit (great constant of 't Hooft, g?N. — o0) corresponds
to the weak coupling of gravity. In the supersymmetric Yang-Mills theory with
N = 4, the ratio of viscosity to entropy density satisfies 75 /s > 1/47, approaching
the limit of the dimension when the coupling becomes infinite [66]. Although
supersymmetric theories with A = 4 do not correspond to the physical world, it
has been argued that this bound could be a consequence of the strong coupling in
QCD. The limit is reached when the mean free path of a particle equals its de Broglie
wavelength. Below this limit, the “amusement” and scattering are suppressed by

quantum coherence.

2.3.3 Jet Quanching

Suppression of particles with high transverse momentum (Jets) due to the effect of
the loss of energy due to the interaction with a dense medium, it is a prediction
due to Bjorken in 1982 [67]. The disappearance of the jets in opposite directions
when one of them escaped crossing a small distance in the middle and the other
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was absorbed by traveling a great distance in it. The observable with which this
suppression is measured is known as jet quenching, the nuclear suppression factor
in collisions A-B for a particle k:

AN
dydpr

ANk
pp
<NCOZZ> dyde

R 5y, pr) = (2.15)

The numerator in this expression is the quantity measured in the nuclear collision.
The denominator is the quantity that would be expected if there were no nuclear
effect: the rate of production in proton-proton collisions multiplied by the number
of nucleon-nucleon collisions for a given centrality of the nuclear collision, (Ny;).
The Glauber model calculates this last quantity, which contains information on
nuclear geometry. Thus, in the absence of nuclear effects, R¥,; = 1. There are initial
state effects, that is, not due to the creation of a medium after the collision but
to the fact that the partonic densities in the nucleons of the colliding nuclei are
different from those in a proton, for reasons of both isospin and genuinely nuclear
effects [68]. These effects could cause RIAB # 1 even in the absence of a medium.
Control experiments, and the study of particles whose propagation is not affected
by the medium, such as photons not coming from decays of other particles (direct
photons), as seen in Fig. 2.6, have allowed us to conclude that the suppression, of
approximately a factor 5 for pr > 7GeV, It is due to the creation of a medium in
the collision between heavy ions. This is repeated for other strongly interacting
particles, such as protons, which, however, show a different behavior at a lower
transverse moment [53-56].
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PHENIX Au+Au (central collisions):
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Figure 2.6: Nuclear suppression factor at central speed, measured in collisions
Au-Au central at 200 GeV per nucleon, for direct photons, ¥ y # [69].

The absence of suppression in direct photons and the large suppression for
other particles, in addition to the suppression of correlations between particles
in one direction and particles in the opposite direction, show that the medium
created in the collision is very opaque and dense. The fact that two particles

whose fragmentation is as different as 7°

or 17 show the same suppression, and
their persistence until the highest measured transverse moments, suggests that this
phenomenon is due to something that happens before fragmentation, that is, at the
partonic level, while the projection of the partons on final hadrons takes place out of
the middle. Hence the conclusion drawn at RHIC is that a dense partonic medium
is produced that lasts long enough to very strongly disturb the propagation of the
particles that pass through it.

Other evidence found in RHIC appears when studying the azimuthal corre-
lations at central speed y = 0 between the particles produced with respect to a
high transverse moment. Considering that the highest particle pr of the event
establishes the trigger and marks the azimuthal angle 0, it would be expected to
observe a peak at 180 degrees by compensation of transverse momentum, as it is

observed in collisions p-p. What is measured is that if a particle is studied trigger
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of very high momentum and associated high momentum particles, the peak that
would be expected at 180 degrees disappears. On the other hand, if associated low
momentum particles are studied, a flat structure appears or even with a depression
at 180 degrees that is not yet understood, and may be associated with the lost energy
of the jet or to the disturbance of the environment when a very energetic particle
passes through: it.

The usual explanation for this phenomenon is radiation losses induced in a
medium [70-72], although other collisional mechanisms or at the hadronic level
cannot be excluded for the suppression of particles containing heavy quarks c y
b. Induced gluon radiation occurs due to gluon auto-coupling in QCD. The study
of this radiation, together with the phenomena of finite coherence length (Landau-
Pomeranchuk-Migdal effect), leads to the following result for energy loss AE of a
very energetic parton:

AE ~ as§CgrL2 (2.16)

with L the length of the medium and Cr the color charge of the radiating parton.
That is, the energy loss is independent of the energy of the parton, proportional to
its color charge, and proportional to the square of the length of the medium. This
last feature is peculiar to QCD and does not appear in QED. Finally, the energy loss
is proportional to a transport coefficient of the medium, §, which is proportional in
turn to the density of the medium by the effective section of scattering between the
middle and the parton that crosses it.

The LHC experiments have extended the study of flux to the other harmonics,
confirming that the medium formed in nuclear collisions strongly interacts [73-77].
Currently, the LHC results point to the creation of a strongly interacting medium
even in pPb and pp collisions [78-81].

2.4 Color Glass Condensate

There are reasons to think that the initial state of the matter formed in the collision
has its origin in the saturation of partons, forming in the nuclei that collide with
colored condensates (Color-Glass Condensate) [82,83]. Such condensates, after cross-
ing, develop longitudinally extended color flux tubes. These coherent color fields
form the so-called “glasma”, within the string models, of forming a cluster formed
by overlapping strings when they reach a critical density (percolation of strings).
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This type of model allows us to understand both the behavior of multiplicities with
energy and the amount of nuclear matter involved in the collision, and they offer a
framework in which to calculate the distribution of particles and their dynamics
prior to thermalization.

When considering a projectile that interacts with a nucleus A at high energies,
small values of x (the fraction of momentum of the hadron carried by a parton),
due to the uncertainty principle, the interaction develops over large longitudinal
distances ~ (mx)~!, where m is the mass of the nucleon. The projectile cannot
distinguish between nucleons located forward and backward in the nucleus and
all partons within a transverse area for distances greater than nuclear size ~ 1/Q?
they participate in the interaction consistently.

The density of partons in the transverse plane is

~ M ~ AL/3.

2.17)
nR%

PA

The projectile interacts with the partons of the nucleus with a cross-section o ~
2(Q?%)/Q?. According to A, Q y x there are two regions:

a) cpa < 1, the usual regime of dilute partons and incoherent interaction.
b) cpa > 1, dense regime where the interaction is coherent.

The border between the two regimes, given by the condition cp4 = 1, determines
the so-called saturation scale Qq:

| o () XG4 (v, B2)
BT R

(2.18)

Note that the gluon density, xG4, results inversely proportional to as from this
equation, which is the typical behavior of a condensate.

In Fig. 2.7 the low and high-density regions are shown, as well as the behavior of
the gluon distribution as a function of x at various values of resolution Q (equivalent
to the size of gluons 1/Q). As indicated in the figure, there is an increase in
the number of gluons with increasing energy and making smaller values of x
and larger than Q. This growth is due to the linear multiplicative effect in QCD;
gluons generate more gluons producing exponential growth. However, for gluons
measured at a fixed resolution, a saturation effect limits their growth. The gluons
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are packed very close to each other, forming a highly coherent state, the CGC. Since
the typical gluon spacing is very small, Qs is big, and as(Q?) < 1. Although the
coupling constant is small, since the system acts coherently (in the same way that
the gravitational interaction is weak, but there is an overlap of the gravitational
forces of the individual particles), the resulting fields are very large. A glass is a
messy system but it evolves very slowly compared to natural timescales. In this
case, the high-momentum gluons (high x) radiate low-momentum gluons, and this
is the scale of natural evolution. At saturation, the low-momentum gluons are out
of order, producing a classical field that evolves very slowly relative to the radiation

times of the high-momentum gluons.

Low energy

Q%= 20 GeV?

Gluon
density
grows

T Q= 200 GeV2

High energy

Figure 2.7: Behavior of gluon density within a hadron at different energy scales [57].

The dimensionless density of gluons p (the number of gluons per unit phase
space) can be characterized by the number of particles produced with rapidity y
and transverse momentum pt, normalized to the area of a collision (central) ﬂRi.

This density is saturated at the value 1/a5(Q?), namely:

1 &N 1
= 7R dydpr © a(Q2)

(2.19)

the saturation scale Qs(x, A) controls gluon occupancy number 1/as(Q?), that
being tall allows the use of semi-classical methods. The behavior of the density
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described in Eq. 2.19 is only valid for pr < Qs. For wavelengths 1/ pr smaller than
1/Qs, we are outside the saturation region, and since the coupling constant is even
smaller, we can use the usual perturbative methods.

Eq. 2.19 indicates that the number of particles produced in collisions A-A per
unit area, or equivalently per pair of participating nucleons, hardly depends on the
centrality of the collision, that is, on the number of participating nucleons [84]. The
only dependence of Eq. 2.19 in this number comes through dependence on a; en
Qs, and of this in the nuclear size A. This dependence originates only a logarithmic
behavior with the number of participants that agrees with the experimental data [53—
56]. The CGC has also been successful in describing experimental data such as the
scaling law observed in scattering electron-hadron [85,86].

In CGC, a collision between two nuclei can be thought of as the collision be-
tween two CGC disks. At the center of mass of the collision, they appear as thin
disks at ultrarelativistic energies due to the Lorentz contraction. Due to the large
number of gluons, these can be treated as classical fields that are in the plane
perpendicular to the axis of the collision. It can be shown that the fields change
rapidly from transverse to longitudinal because the collision generates opposite
chromo-electromagnetic charges on the two disks. These coherent longitudinal
tields form the so-called glasma [87], due to the overlap of the strings formed by the
color fields joining the projectile and target partons once the critical string density
(which is related to the saturation scale) is exceeded.

The CGC can provide the initial conditions needed to estimate the transport
coefficients and bulk properties of the strong-interacting matter created in heavy
ion collisions [88]. The strong coherent gluon fields lead to parton saturation
controlled by a dynamically generated transverse momentum scale, the saturation
scale Qs [89-99]. The high gluon densities correspond to strong classical fields,
and their quantum corrections are incorporated via nonlinear renormalization
group equations. The nonlinear density-dependent terms in the CGC evolution
equations can be identified as gluon recombination processes that saturate the
increment in gluon densities below Q. The value of Qs sets the scale of gluon field
fluctuations that can describe the bulk multiplicity and its fluctuations depending
on the considered colliding system [100-102]. The particle multiplicity distributions
are intrinsically dependent on event-by-event fluctuations of the incoming nuclear

wave functions.
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Within the Color Glass Condensate (CGC) framework, the Impact Parameter
(IP) Glasma model is utilized to capture the characteristics of the systems under
study. This model combines the IP saturation dipole model [103] with the nonlinear
dynamics of gluon fields [102,104]. The distribution of Q? (saturation scale) can be
employed to sample various color field configurations within the proton, following
the McLerran-Venugopalan (MV) model [82,105].

The IP-Glasma model incorporates fluctuations in the positions of static large-x
color charges at the nuclear and sub-nuclear level. These fluctuations contribute to
the dynamical small x modes within the CGC effective field theory [106,107]. The
occupation probabilities of the QCD fields vary, resulting in global fluctuations in
observables such as energy density in the transverse plane of the collision. These
fluctuations, in turn, influence the fluctuations in charged hadron flow harmonics
during the system’s dynamical evolution [108].

It has been proposed that in each event, the value of Q? at every point in the
transverse plane fluctuates according to a probability distribution given by [109,110].

()] e[ () o

The chosen distribution of Qs/ (Qs) results in a skewed distribution centered
around 1. To describe heavy ion collisions ranging from AuAu to PbPb, we adopt
the value of ¢ = 0.6 as reported in [111].

In addition to the skewness, the saturation scale Qs exhibits dependence on the
size and energy of the colliding nuclei. Previous studies have indicated that Qs
grows with the size of the nuclei as ~ A!/3 [82,105,112], where A represents the
nucleon number. Furthermore, Qs increases with energy following a power law
~ \/EA (in the midrapidity region) with A = 0.252 [113]. For AuAu collisions at
/s = 130 GeV, the chosen value for the saturation scale is <Q§> =2 GeV? [84].
Utilizing the aforementioned scaling laws, we estimate the saturation scales for
central AuAu collisions at /s = 200 GeV and central PbPb collisions at /s = 2760
and 5020 GeV to be 2.23, 4.399, and 5.114 GeV?, respectively. These estimated values

are utilized in the subsequent analysis of heavy ion collisions.
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24.1 String Models

Most of the string models coincide in the dependence of the energy with the central-
ity given by the Glauber-Gribov model, then there is a difference that classifies the
string models in those with color exchange between the partons of the projectiles or
fixed targets, among these models stand out Dual Parton Model (DPM) [114-116],
Quark Gluon String Model (QGSM) [117], VENUS [116], EPOS [118] y DPMJET [119].
On the other hand, there are models without color exchange such as HIJING [120],
PYTHIA [121], AMPT [122], HSP and URQMD [123]. For this work, the exchange of
color is considered, and the DPM based on expansion is taken as motivation 1/ N,
of QCD that goes according to the calculations of the Gribov Reggeon.

A valid approach to studying the phase transition and the phenomena of collec-
tivity in QCD is the percolation of strings, which is the central theme of this thesis.
The percolation is not sourced directly from QCD but is inspired by the aforemen-
tioned string models. In string percolation, particle production is described in terms
of colored strings stretched along the line joining the projectile partons and targets
in heavy ion collisions; these strings decay in pairs -7 y 49-q9 then hadronizing,
producing the observed hadrons [124-128].

Due to confinement, the color of these chords is confined to a small region of
the transverse plane Sy = 7tr3, with rg = 0.2fm. With increasing power or system
size?, the number of strings increases and they agglomerate, forming the so-called
clusters, very similar to 2-dimensional disk percolation. Given a critical density, a
clustermacroscopic appears crossing the total area of the collision, this marks the
geometric phase transition that defines the percolation [129].

The basic elements of percolation are the strings, so to have a complete descrip-
tion of the system, it is necessary to know their total number, their extension in
the speed coordinate, how they fragment, and their spatial distribution. All of this
requires modeling and simulation, as do many of the QCD-inspired models, which
provide results consistent with theoretical model-independent predictions, as well
as being in accordance with experimental measurements.

The percolation of strings and the image of Glasma are related [130], at the high-
density limit there is a correspondence between the physical quantities that are
estimated in both parts. The number of color flow tubes in the image of Glassma,

%In nuclear collisions, this is determined by the centrality of the event.
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Q2R?, has the same dependence on energy and collision centrality as the effective
number of clusters of ropes in percolation. In both approximations, a negative
binomial distribution is obtained, where the parameter k, which controls width, has
the same energy dependence and centrality. The role of the occupation number
1/as in CGC is to play as the fraction of the total available surface covered by the
strings formed in the collision. The anisotropy of the color field in CGC results
in a reduction in the expected multiplicity. Similarly, the anisotropy of the color
tield of the n group strings stipulates that the resulting field strength is not n times
the strength of the individual color field but \/n. This reduction also implies a
reduction in the multiplicity of particles produced in the collision. Due to all these
similarities in both approaches, the predictions for different physical observables
are very similar. String percolation is able to also explore the region where the
high-density limit has not been reached.
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Chapter 3

Color String Percolation Model

Multiparticle production at high energies can be described by the formation of color
string and the subsequently breaking that gives rise to hadronization processes
[115-117,131-133]. The mechanism of particle creation bears a strong resemblance
to the well-known Schwinger mechanism of pair creation, where a constant electric
field pervades the entire space, with the exception that in the current scenario, the
space is finite in the transverse plane. Notably, pair creation divides the space
tilled with the chromoelectric field into two parts, with each part connected to
one of the initial and one of the created particles. Consequently, the evolution
of string dynamics involves progressive fragmentation, giving rise to multiple
interconnected strings. So the creation of particles goes via emission of g-7 pairs.
Is important to mention that, in the color string picture, the emitted partons have
average transverse momenta determined by the strength of the chromoelectric field
and do not depend on the transverse dimension of the string [127].

At low collision energies and when the atomic numbers of the colliding nuclei
are small, the presence of strings with finite dimensions has negligible impact on
the results, the color flux tubes are positioned at significant distances from each
other, and particle creation is not influenced by their interaction. However, as the
energy or atomic number of the colliding particles increases, the number of strings
also increases. When the strings acquire a nonzero dimension in the transverse
space, they begin to overlap, leading to the formation of a spanning cluster across
the interaction area.

Percolation theory governs the geometric arrangement of string clusters, but
to observe its implications, clustering dynamics must be introduced to describe

string interactions. These interactions refer to the behavior of a cluster formed by
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multiple overlapping strings. A naive assumption would be that nothing happens
when strings overlap; in other words, they continue to independently emit particles
without being influenced by their overlapping neighbors. However, this scenario
of non-interacting strings contradicts the notion that strings represent regions of
the transverse space filled with color field and, consequently, energy. In areas of
overlap, the energy should logically increase. In another limiting case, it is possible
to assume that a cluster formed by several overlapping strings behaves as a single
string with a correspondingly increased color field, often referred to as a “color
rope” [134]. This fusion scenario was proposed in [135-137] and later implemented
as a Monte Carlo algorithm. The model predicts a decrease in total multiplicities
and forward-backward correlations (FBC), as well as an enhancement in strange
baryons, which is in reasonably good agreement with the observed experimental
trends.

It is important to note that the previously discussed scenarios represent limiting
cases. In typical situations, strings only partially overlap, making it unlikely for
them to fuse into a single string-like object, particularly when the overlap is minimal.
Instead, the transverse space occupied by a cluster of overlapping strings is divided
into distinct areas, where varying numbers of strings overlap, including regions
where no overlapping occurs at all. In each of these areas, the color fields originating
from the overlapping strings combine. As a result, the overall cluster area is divided
into domains with different strengths of the color field.

As an initial approximation, if we neglect the interaction at the boundaries
between domains, we can assume that the emission of ¢-7 pairs within each domain
proceeds independently, governed by the field strength (referred to as “the string
tension”) specific to that domain. This perspective implies that the clustering of
strings actually leads to their proliferation rather than fusion since each individual
overlap can be considered as a separate string. It is important to note that the newly
formed regions not only differ in color but also in their transverse areas.

Taken all of these ideas into account, let me explain the basics ideas of the the
Color String Percolation Model (CSPM).
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3.1 Basics of the CSPM

The CSPM uses the two dimensional percolation theory [138-140] to study the
geometrical phase transitions of SU(3) semi-classical fields, which is useful to char-
acterize the medium formed in ultra-relativistic ion collisions from small systems
to heavy nuclei [127,141-152].

In the picture of the CSPM, the interaction between colliding nucleons is repre-
sented by the formation of extended color flux tubes which are stretching among
the colliding partons and carry a fraction of the partons momentum, as pictorially

illustrated in Fig. 3.1.

Figure 3.1: Sketch of two colliding protons where a set of color flux tubes is formed
representing the interaction between partons.

The color flux tubes project their transversal areas into an interaction area over
the impact parameter plane, the transverse strings formed are represented by fully
penetrable disks (as seen in Fig. 3.1), and we estimate the effective projection area
of disks from the parton-parton cross section ~ 3.5 mb [127,136,141,153], in fact,
each string has a radius r; ~ 0.2385 fm'.

A certain number of transverse strings (N) are created in the collision event and

each of them is placed over the total interaction area S as depicted in Fig. 3.2.

For simplicity, all the color strings are considered of the same area S;.
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Figure 3.2: Scheme of (N = 15) transverse color strings over interacting (gray) area
S.

3.2 Clustering of color sources

In the CSPM, the color field interaction in relativistic particle collisions are described
from the clustering of the color flux tubes projections. Since each individual color
string carries a semi-classical color field arbitrarily oriented Q; with color field
intensity Q7. Whit this considerations, it is possible to define a color density
po = Q1/S1. Every initial string produces particles at the final state, from this
assumption, each string has associated a multiplicity in a pseudorapidity interval
y1 and average squared transverse momentum (p%.); of particle distribution, both

are proportional to the string tension [127,141,153] as I show below.

3.2.1 Overlapping of two strings

The overlapping of strings gives rise to several overlapping regions named color
sources, with physical quantities that depend on the overlapping phenomena. To
illustrate this let me discuss, for example, the cluster formed of two overlapping
strings [154]. As depicted in Fig. 3.3 there are three different color sources: green
(1), cyan (2), and blue (3) of areas '), §'*) and S©) respectively.

In principle, (1) and (3) are two independent color sources with equal area
SG) = $(1) such that S = S — S(?) where the contributions of color fields sum
one another. The main idea is that each color source produces charged particles, it
means, each region has associated a certain color density which produces particle
multiplicity and transverse momentum distribution. Is easy to identify the color
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charge on the regions with no overlapping, from the color density pg the color

sources (1) and (3) has color charge:

QM = pps™ = Qi(sM/sy), (3.1a)

Q) — pQS(s) _ pQS(l) = Q. (3.1b)

Figure 3.3: Sketch of the interaction between two color sources.

For the overlapping region (2), the two strings has an equal vectorial contribution
to the color source, whit magnitude pQS<2) = Q1(5'”//S;). Thus the color charge
Q'?) of (2)is the vector sum considering that color sources (1) and (3)are of equal
color field intensity and in average (Q1,Q’1) = 0[134,148,155]. From where:

Q% = V2008 = v2Q1(5'7 /). (3.2)

The ratio of multiplicity /) over its corresponding color charge of a color source
is proportional to the string’s according to [127,141,153]:

(7)
P _NM
ol — 0O (3:3)
with j = 1,2, 3. Therefore, the total multiplicity of the cluster formed by 2 strings
can be expressed as the contribution of the individual color source [127,141,153]:

- 2 (1)ﬂ+ (2) P1
Q Q1 e Q1
s(1) 5(2)

- 2]/115—1 + \fzms—l. (3.4)
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The average squared transverse momentum contribution of every color source is
weighted by the multiplicity as [127,141, 153]:

u (3 4+ 5@ (p2) @) 4 p) (p2) )

(1) =

s g(2)
= 2%5—1@%)1 + \/E%—\/E@zﬂl- (3.5)

By using Eq. (3.4) and Eq. (3.5) and taking into account that $(!) + $(*) = S; a
natural relation between multiplicity and transverse momentum emerges [127,141,
153]:

(p7) _ 2(5'0/51) +2(8%/8)
(P 2(81/51) +V2(52)/8)
2

M1
— — =25, 3.6
2(SM/81) +v2(8%)/Sy) H >0

3.2.2 Overlapping of N strings

Now lets explain the general case of N strings in a cluster, where M color sources
are formed (as can be illustrated as an example in Fig. 3.2). u and (p%) are given by
the general case of Eq. 3.4 and Eq. 3.5 respectively [127,141]:

M M nis(i)
po= Z¢”=Z¢; p, (3.7)
i=1 i=1 1
M s
2 1 M (1) D) (Z) i§1< 1551 > 2
(1) = Y W) = —— (i (3.8)
H i=1 Z (\/’Tism)
i—1 51

The number of color sources M coincides with the number of regions S in
where there exists n; partial overlapping of strings. Note that the case n; = 1
corresponds to the remnant fraction surfaces with no overlapping (as regions (1)
and (3)in Fig. 3.3). By using the relations (3.8) and Zfﬁ 1 n;S(1) = NSy it is establish
the relation between (p%)/(p%)1 and ji/ 1, the general case of Eq. (3.6):

N_ﬁﬂ%% (39)

(pEh
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Eq. (3.9) can be interpreted as a conservation law for the transverse momentum
of the produced particles given the total multiplicity of the event [127,141,153].

Identifying the overlapping regions is a complicated task at a practical level, so
it is convenient to rewrite the expressions that involve sums in the number of color
sources of a cluster M in terms of the number of initial strings N. Eq. (3.7) can be
split as a sum of terms with fixed n;, where S! is identify as the sum of all regions

that has n = n; overlapped disks. Therefore:

M ns(z)
_ ZL

I
- anzl+_25"12+ ZS
1n1—1 zn, in;=
= Z 51 Y. SWnmn = Z \/—St‘“ (3.10)
= inj=n

and from Eq.(3.9) [127,141,153]:

2
—<’92T> =N = —N (3.11)
(PT)1 M Zn % Stot

As the small disks are distributed on a large surface uniformly, Eq. (3.10) be-

e W) i)
B Wn)o n
. s, S=N = (3.12)
where
&= NE;l (3.13)

is the string density or filling factor, which describes the occupation of N strings of
area Sy over the total interaction area S. And the average on the number of strings
is taken from a Poisson distribution [127,141, 153]:

n

P = exp(~2), (3.14)

where the fraction of the total area covered by disks is 1 — exp(—¢) [127]. From
Eq. (3.12) a damping on multiplicity appears and is given by a term named Color
Suppression Factor F(&):

F(§) = - _ ) (3.15)



this geometric scaling emerges naturally from cluster formation [156]. For a fixed ¢
and with N — oo, it means the Thermodynamic Limit (TL), F(&) becomes [127,141,
153]:
1 g
F2(g)  1-e?
which is very close to the exact calculation using the filling factor over the area
covered by disks [141]. By using left term in Eq. (3.12) and Eq. (3.9) the multiplicity

and squared average transverse momentum are expressed as a function of the color

(3.16)

suppression factor [157]:

u = mNF(), (3.17)
(r1) = (pEn/F(©). (3.18)

I verified the value of y; ~ 0.63 of Eq. (3.17) from fit over data [158-166] shown
in Fig. 3.6 (also with considering a specific geometry shape described below).

To calculate the filling factor ¢ in terms of F, it is necessary to solve Eq. (3.16), the
solution can be expressed in terms of the principal branch of the Lambert function

W [154]:
EF) =~ 4w (—e"p(;—;/#)) : (3.19)

3.3 Energy dependence

The multiplicity dependence on the center of mass collision energy +/s is completely
specified once the average number of strings in a pp collision is determined (see
Eq. (3.17)). At very low energies, the number of string is ~ 2. Then, the number of
strings N escalates with /s for a minimum bias distribution as a power law [149]:

2A
N =244 (i§> , (3.20)

S \my

with m, the proton mass and A = 0.196 & 0.005 a fit parameter determined as
shown in Fig. 3.6.

For a large number of strings in an event, it is required to have a large number of
partonic interactions which can be achieved at high collision energies or at a large

number of colliding partons.
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Figure 3.4: Elliptical interaction area in a pp collision with non-zero impact param-
eter E, the major and minor semiaxes are D = , /R% — (17/2)2 and d = Ry — b/2
respectively.
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Figure 3.5: Dependence of the elliptical interaction area as a function of the impact
parameter b.

In pp collisions the areas S and Sy can be described in terms of the radii ry ~
0.2385 fm (the radius of a single disk [167-170]) and R, ~ 1 fm (the radius of a
proton). However, to have a more precise description of the overlapping area, I
define it as an ellipse in terms of an effective impact parameter b as seen in Fig. 3.4.
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The interaction elliptical area in terms of b is:

2
S=m (Rp - g) R2 — (g) . (3.21)

For b — 0, Eq. (3.21) recovers the area of a circle S ~ an,, the transverse size of a

proton.
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Figure 3.6: Fit over experimental data for multiplicity measured on minumum bias
pp collisions from 53 MeV to 13 TeV [158-166].

3.4 Finite size effects on the CSPM

To make predictions for small collision systems, the parameter F(¢) is obtained from
experimental measurements, assuming TL [149-152]. This approach has proven
useful for predicting collective effects in small collision systems. However, it is
important to note that these systems are still far from reaching thermalization and
TL. In order to provide a more realistic description of the system, it is necessary to

consider size effects [171]. Consequently, studies have been conducted to investigate

56



finite-size effects and various initial state conditions [156,172,173], which will be
further explained below.

The classical CSPM picture considers a continuous plane with periodic boundary
conditions to resemble an infinite surface, where, for a fixed string density and
N — oo the F({) dependence with ¢ is [127,141,157]:

F(¢) = , (3.22)

The percolation threshold that marks the geometrical phase transition and the area
covered by disks can be determined using Monte Carlo methods [172].

As I mentioned in the previous section, a deeper step in precision is to consider
a finite interaction surface whose geometric shape is described by an ellipse param-
eterized by the effective impact parameter b. The eccentricity of the ellipse € can be

expressed in terms of b from:

e—y 1ot _ b (3.23)
B D2 \|R,+b/2 '

which corresponds to € = 0.675 £ 0.055 for the fit to pp minimum bias data.

To determine percolation thresholds, the critical density at which spanning clus-
ter formation occurs must be estimated. The main percolation threshold in CSPM
corresponding to TL is ¢, = 1.128 [174]. But when different types of geometries
began to be considered, the percolation parameter had to be estimated from Monte
Carlo simulation. The first results of considering different distribution profiles,
elliptical bounded systems and finite number of strings showed that there are shifts
in the percolation thresholds [172].

3.4.1 Percolation threshold

The Monte Carlo results reveal notable finite-size effects when a non-periodic
boundary is applied to the system, particularly when the number of strings is small.
In this case, the percolation threshold exhibits a strong dependence on the eccen-
tricity E for small values of N. This dependency arises from the cross-over length
approaching the string diameter at eccentricities greater than 0.7. Additionally, the

percolation threshold for elliptically bounded systems is observed to shift towards

57



e =0.0 e =05 € =0.8

N =13
£=06 :
N =9
£=09

Figure 3.7: Spanning cluster as a function of the eccentricity for N = 13, 96 and
different filling factor for uniform density profile. The filled circles are strings
belonging to the spanning cluster (image taken from [172]).

smaller values compared to the case of a circular boundary. Moreover, at higher
eccentricities, the system requires shorter distances to achieve percolation [172].

Furthermore, for small systems, there are no significant differences in the per-
colation threshold between the uniform and Gaussian profile distribution models.
This can be attributed to the similarities in the spatial distribution of the disks inside
the ellipse. However, in highly populated systems (large N values), the system
becomes independent of the eccentricity as it approaches the TL. In the case of
string percolation systems with a uniform density profile, the percolation thresh-
old converges closer to the value of approximately 1.13, which has been reported
for continuum percolation in the TL. Conversely, in Gaussian profile models, the
spanning cluster consists of a larger number of strings compared to the Uniform
model, given the same filling factor and eccentricity conditions [172], the samples
of elliptical bouded systems are shown in Fig. 3.7.

3.4.2 Area covered by disks

The next crucial quantity to evaluate is the coverage area occupied by disks, given by
1 — exp(—¢) in the case of TL. To determine the fraction of the overall area covered

by disks in string systems, it is necessary to generate percolating systems with
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specific boundary conditions and density profiles. This is achieved by constructing
an imaginary square lattice with a spacing of 2rq, centered on the geometric center
of the boundary, as the examples of Fig. 3.8. This lattice facilitates the mapping of
the string system onto a matrix representation. Subsequently, the fraction of the
lattice cell area covered by disks is estimated using Monte Carlo integration [173].

c) d)

Figure 3.8: Samples of string percolating system at { = 0.7 with small number of
disks (N = 13) for uniform density profile and different boundary shape condition
(image taken from [173]).

The MC results reveal a clear dependence of the fraction of area covered by the
disks on factors such as the number of disks, boundary shape, and density profile,
particularly in small systems. However, as the number of disks, N, increases, the
percolation system loses this dependency. This is because the behavior of the system
becomes indistinguishable between very large circles (compared to the disk size)
and other large geometric shapes such as ellipses or regular polygons. In essence,
the system approaches behavior akin to the thermodynamic limit [173].

Modifications in the fraction of area covered by the disks in small and bounded
systems introduce corrections to the color suppression factor, constituting a sec-
ondary contribution to color-damping arising from finite size and contour effects.
Interestingly, this effect becomes more pronounced as deviation from circular ge-
ometries appears, with triangular systems exhibiting maximum suppression and
even greater effects observed in highly eccentric ellipses (¢ — 1). Although the color
suppression factor exhibits small deviations from its thermodynamic limit value,
even for systems populated by N = 13, it is crucial to consider the finite effects of
size and shape for all relevant quantities when calculating observables [173]. These
considerations lead to significant deviations from thermodynamic limit determina-

tions, as elucidated in the subsequent sections.
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Figure 3.9: Color reduction factor as a function of ¢. The values that corresponds to
the maximum deviation from thermodynamic limit obtained from MC clustering
are shown in red marks, the fit of F;(¢) is shown in blue dotted line, compared with
F(¢) in green dotted line.

3.4.3 Color reduction factor not in the thermodynamic limit

To consider the maximum departure effect with respect to TL on F(¢) based on [173]
I propose a modification to the color reduction factor adding an additional damping
term that describes the effects found by analyzing the fraction of the area covered
by disks considering finite size effects:

K(¢) = mV—l - e"ép(_g) n C\/%, (3.24)

where m = 0.7714731 £ 0.01468 is a weight parameter of the TL contribution to F(¢),
the usual percolation model, and ¢ = 0.0609589 4 0.007527 is the corresponding

weight parameter of the deviation from nonTL in the percolating system. Notice

that in the equation Eq. (3.24) when ¢ = 0 (no extra damping from finite size effects
is considered) and m = 1 the TL is recover Eq. (3.22).

Fs(¢) has a larger suppression effect above critical string density, though for
regions right below critical string density which is a similar deviation to that
reported in [151,175].
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Thus, it is now possible to explain the effects on a broader set of multiplicity
experimental data [165,176-183] and it can give a more precise description of the
transport coefficients and bulk properties for temperature region below the critical
temperature for nonTL systems, as I will show in the next chapter.

By utilizing a linear interpolation method, I estimated the effective region of
F(¢) for such systems that are found between TL and nonTL. Moreover, such
effective region was estimated by an uncertainties propagation method for the

model-dependent observables.

3.5 Core-shell-color string percolation model

In [148] was proposed a hybrid core-shell model together with the traditional
CSPM, called CSCSPM. The idea was to take into account an excluding or repulsive
interaction between strings. To be precise, the authors introduced a concentric
region of exclusion into the strings (core region, the rest of the string area is called
the shell region) of diameter Ac (0 < A <1, ¢ denotes the diameter of the strings).
They also introduced a probability g, that determines whether a string can overlap
with another string in its core region, classifying strings as soft or hard depending on
whether they permit such overlaps. It is important to note that this overlap condition
applies solely to core-core interactions, as core-shell and shell-shell overlaps are
permitted.

In the same way that their predecessor, the CSCSPM model explains particle
production in collision physics through the formation of string clusters (same
strings as in the CSPM). Notice that the hard strings act as a fluid of hard disks of
diameter Ao, while the soft ones are still ideal particles. Moreover, the parameter
g, modules the number of hard strings distributed in the system. However, the
structures and phenomenology of the system depend on the combinations of both
parameters. For example, if A = 1 and g, = 0, the system recovers the picture of a
fluid of hard disks [184], which may exhibit a liquid structure for densities above a
particular string density. This condition prevents the formation of clusters, and then
each string should produce charged particles individually, but on average, their
transverse momentum squared will be the corresponding of one string divided by
the multiplicity. This mechanism inhibits the formation of charged particles with
higher transverse momentum. Also, if g, = 0, the model reproduces the continuum
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percolation of disks with hard cores [185,186]. Finally, If A = 0 or gy = 1, the
system corresponds to traditional 2D continuum percolation [174,187], which is the
geometric picture of the CSPM.

It was found in Ref. [148] that combinations of parameter values exist such that,
at the same time, allow the system the clustering of color strings and the formation
of coordination shells, the main indications of the changes in the structure of the
system.
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Chapter 4

Structure of the medium formed in
heavy ion collision

As mentioned previously, the QGP is a state of matter believed to have existed
shortly after the Big Bang in the early universe. The concept of QGP was first
proposed in the 1970s [34-36] as a way to understand the behavior of high-energy
collisions involving atomic nuclei. In the late 1990s, experimental evidence emerged
supporting the creation of QGP. The collision of heavy ions, such as AuAu at RHIC,
produced a “liquid” state composed of quarks and gluons. This liquid exhibited
an unusually low ratio of shear viscosity to entropy density compared to any other
known material [53,56,57]. These findings were later confirmed in PbPb collisions
at the LHC [73,75,188]. Similar properties have also been observed in other collision
types, including pp and pA collisions at the LHC [80], as well as dAu and *HeAu
collisions at RHIC [189].

In this chapter, I explore the structure of the medium created in ion collisions
using the CSPM [124,127,141,153], its core-shell modified version (CSCSPM) [148],
and the CGC framework [190,191]. Specifically, I demonstrate how these models
successfully predict the liquid-like behavior of the QGP.

One way to analyze the physical structure of a system is by examining the
radial distribution function (RDF), denoted as g (), which describes the variation in
average particle count as a function of distance r from a given point. This function is
commonly used to evaluate packing structures and provides valuable information
about long-range correlations and particle organization [192]. The structure of a
system can be inferred from g(r) as follows:

* A flat function indicates an ideal gas structure.
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* The presence of a peak signifies a non-ideal gas with more ordered behavior.

e Multiple peaks in g(r) indicate a liquid-like structure with increasingly smaller
peaks.

4,1 Simulation results

To estimate the RDF, the following steps were employed:

1. Generation of System Samples: Simulations were performed by generating
square boxes of size L = 80, where 0, represents the characteristic diameter
of the objects distributed in the transverse plane of each model. These boxes

serve as representative samples of the systems under investigation.

2. Generation of Suitable Configurations: Appropriate configurations of the
system were generated to satisfy the conditions specific to each model. These
configurations account for the relevant properties and interactions within
the system, ensuring that they align with the corresponding model’s require-
ments.

3. Calculation of the Radial Distribution Function: This function provides in-
sights into the structure of matter by analyzing variations in the positions
of its constituents, specifically the average local density of objects at a dis-
tance r from a reference object. The RDF serves as a quantitative measure of
the organization and spatial arrangement of particles within the simulated

system.

By following these steps, it can estimates the radial distribution function, which
played a crucial role in characterizing the structural properties of the investigated
systems.

The radial distribution function is estimated as follows

n(r)L?

$0) = N2rar(r + 0587 + 7Ar)’ (1)

where n(r) is the average number of objects at a distance between r and r 4+ Ar from
a trial disk allocated on the center of the square box, and N is the number of objects
distributed on the square box.
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In the subsequent analysis, I delve into the intricacies of the simulation process
and the structures observed within the CSPM, CSCSPM, and CGC. To facilitate a
comprehensive comparison between the models, the RDF is computed over a range
of distances, specifically from 0 to 3.5 times the characteristic diameter o,, with
increments of Ar/c, = 0.035.

By examining ¢() within this distance range, it can gain valuable insights into
the spatial arrangement and correlations among the constituents of the simulated
systems. This approach allows for a detailed assessment of the unique characteris-
tics exhibited by each model and enables meaningful comparisons between their
respective structural properties.

Note that by performing these computations and analyzing the resulting g(r)
values, a comprehensive understanding of the simulated systems and discern the
distinguishing features of the CSPM, CSCSPM, and CGC models can establish.

4.1.1 CSPM structure

In the previous chapter, I discussed the nature of the CSPM where strings are treated
as fully penetrable disks. This representation is analogous to a classical ideal gas,
and its influence is reflected in the RDF.

In the CSPM simulations, the framework of two-dimensional continuum percola-
tion of disks is followed. This means that color strings are uniformly and randomly
distributed within a square box, without any restrictions on overlapping between
them. Once a total of N disks have been added to the system, the radial distribution
function is computed using equation (4.1), as described in previous work [148].

Interestingly, regardless of the string density, the analysis has revealed that g(r)
exhibits a flat function in the CSPM. This observation is demonstrated in Figure 4.1,
which presents the results of () for the CSPM with different string densities.

The flat behavior of g() in the CSPM indicates a homogeneous distribution of
strings throughout the system. It suggests that the CSPM, resembling an ideal gas,
lacks any discernible long-range correlations or structural organization beyond the
random placement of color strings.

Further investigation and analysis of g(r) within the CSPM framework have
provided valuable insights into the characteristics of the model and its implications

for the distribution and arrangement of color strings in the simulated systems.
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Figure 4.1: Radial distribution function for CSPM systems [193].

The ideal gas structure of the Color String Percolation Model (CSPM) arises due
to the fully overlapping strings, which prevent the formation of coordination shells
or any distinct structural organization. However, it is important to note that the
overlapping between strings gives rise to the distinctive phenomenology observed
in the CSPM, as well as in the Core-Shell modified CSPM (CSCSPM).

It is worth mentioning that considering the CSPM as an ideal gas with a very
low density would not provide meaningful results due to the absence of color
string clusters. In an ideal gas scenario, where the particles are widely separated,
the relevant effects and phenomena associated with color string interactions and
clustering would not be captured.

Notably, other researchers have also predicted the ideal gas behavior of the
CSPM in their studies. For example, the finite-size analysis of the speed of sound,
which inspires the extra damping term in the CRF [173], the investigation of the elec-
trical and thermal conductivity of the QGP [194,195], and their findings supported
an ideal gas description of the system.

The consistency of these findings from multiple studies reinforces the under-
standing of the CSPM as an ideal gas-like system, emphasizing its unique char-
acteristics and highlighting its suitability for investigating various properties and
phenomena associated with color string interactions and the QGP.

4.1.2 CSCSPM structure

As mentioned earlier, the CSPM exclusively represents systems with an ideal gas
structure due to the fully penetrable nature of the color strings. However, by

introducing a repulsive interaction between the strings, other structures such as

66



non-ideal gas or liquid-like behavior can be observed, as demonstrated in the
Core-Shell modified CSPM (CSCSPM).

In the CSCSPM, the configurations are generated using the random sequential
addition algorithm, which involves adding disks one by one. In each step of the
algorithm, a test string is randomly placed within the square box and designated
as either soft or hard. The acceptance or rejection of the test string, along with
its neighboring strings, is determined by the values of A and g,, ensuring the
validity of the configuration. If the test string does not satisfy the conditions, it is
rejected, and the process repeats with a new test string. This procedure continues
until the system is filled with the desired number of N strings. Once the CSCSPM
configuration is generated, the radial distribution function g(r) is computed using
equation (4.1).

Figure 4.2 showcases samples of core-shell-color string systems created using
the aforementioned algorithm, along with their corresponding radial distribution
functions. To obtain the radial distribution function, the results over 10° realizations
is averaged, allowing to capture the characteristic behavior of the system.

This analysis of the CSCSPM provides valuable insights into the structural
properties and correlations of core-shell modified color string systems, highlighting
the diverse range of behaviors that can be observed by incorporating a repulsive

interaction between the strings.
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Figure 4.2: Samples of systems for the CSCSPM along with their corresponding
radial distribution function. Note that in (b.2) and (b.3), it is observed a transition
from non-ideal gas to liquid-like structures [193].

The CSCSPM offers the advantage of allowing for more complex structures
beyond the ideal gas behavior. In a previous study [148], it was discovered that
specific values of A and g, result in the formation of liquid-like structures within
the systems, as depicted in Figure 4.2 (b.3). This finding highlights the model’s
ability to capture the emergence of non-ideal gas behavior.

Furthermore, it is worth noting that the CSCSPM predicts that the structural and
geometrical transitions occur almost simultaneously, with only a slight temperature
difference of 1 MeV. This indicates a close relationship between the formation of
specific structures and the system’s thermodynamic properties. Figure 4.3 provides
a representative sample of a CSCSPM system, showcasing its liquid-like structure
along with the presence of a spanning cluster.

By elucidating the connection between the values of A and g,, the emergence of
different structures, and the associated thermodynamic transitions, the CSCSPM
offers valuable insights into the complex behavior and phase transitions within
core-shell modified color string systems.
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Figure 4.3: Sample of a system that shows a liquid-like structure together with
the spanning cluster. This occurs with a difference in transition temperatures
(configurational and geometric) lower than 1 MeV [193].

4.1.3 CGC structure

To investigate the structural properties of systems described by the CGC model, it
is crucial to understand the distribution of the saturation scale Q2 and the running
coupling a;. These quantities dictate the initial conditions for the distribution of
gluons and their interactions. In the analysis, it was consider that Q? follows a
Log-normal distribution, as described by Eq. (2.20).

To simulate the values of Q?, the normal distribution was used. Each value
of Q? is obtained as Q? = (Q?)e*, where x is a random number drawn from a
normal distribution NV'(0,1). Here, (Q?) represents the average value of Q2. The
determination of (Q?) involves analyzing experimental data, which allows us to
calibrate and adjust the model accordingly.

To compute the values of the running coupling «; at zero order, the modified
minimal subtraction scheme (MS) is employed. This scheme provides a systematic
and well-defined approach for evaluating the values of & in the CGC model.

By incorporating these techniques, we gain insights into the structural properties
of the CGC systems and their behavior under different conditions. The interplay be-
tween the distribution of Q2 and the running coupling & elucidates the underlying

dynamics and helps to explain various experimental observations. Thus
47

$(Q?) = , 4.2

with Bp =11 —2n f /3, and AéCD being the QCD scale.
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To determine the value of fy, I consider a flavor number of ny = 3 and take
Agcp = 0.332 GeV [196]. It is worth noting that Agcp acts as a cutoff for the Qs
values, as lower values of Q; lead to nonphysical values of as.

In Figure 4.4, I present a sample of Qs values and their corresponding «; values
computed using (4.2). Additionally, I provide histograms to visualize the distribu-
tion of Qs and ;. This analysis allows us to understand the relationship between
Qs and a5 and provides insights into the behavior of these quantities within the
CGC framework.
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Figure 4.4: (a) Probability density function of Qs. (b) Sample of as-values as a
function of Qs. (c) Probability density function of a; of the systems under study:
AuAu at /s = 130 GeV (green lines and circles), AuAu at /s = 200 GeV (blue lines
and triangles), PbPb /s = 2760 GeV (magenta lines and stars), and PbPb /s =
5020 GeV (yellow lines and crosses.) [193].

The Lorentz-contracted nuclei in a nuclear collision confine the partons to a

flat region on the transverse plane. The Glasma fields that emerge from these
collisions are assumed to be proportional to the number of particles produced in a
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central pseudorapidity region at the saturation scale [113]. In the low transverse
momentum regime, the saturation scale is given by SQ? /os [84,107], where S
represents the overlapping area of the nuclei. From these relations, the gluon
density can be expressed as:

Q2
p= oc_:' (4.3)
Considering the saturation scale and the running coupling as random variables,
the gluon number density is expected to exhibit random fluctuations, as illustrated
in Figure 4.5 (a). Consequently, the average minimum distance between gluons,
computed from the gluon cross section, denoted as { = 1/,/p, is also a random

variable, as depicted in Figure 4.5 (b).
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Figure 4.5: Probability density function for (a) the gluon density and (b) the mini-
mum distances between gluon centers [193].

For the simulations, it is assume that the system is homogeneous and isotropic
in AA central collisions (0-6% centrality). As a length scale, the average value of the
gluon diameter is used, which is given by o = 2(r,) = 2(1/,/7p).

Following the same procedure as in the CSPM and the CSCSPM, a square box
with a side length of L = 8¢ is construct. Therefore, the number of gluons in the
system is given by Ny = 6402p.

Furthermore, the probability of observing a system with exactly N¢ gluons is
calculated as usual:

P(Ny) = [ Plo)de, (4.4)

where X represents the interval of p-values that satisfy | L?p| = Ng. Figure 4.6 (a)
displays the probability mass distribution for the gluon number obtained from the
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simulations. This distribution takes into account all the fluctuations arising from
the conditions of the CGC model and is crucial for computing the average of the
radial distribution function.

= ~AuAu 130 GeV ] 10°E ~AuAu 130 GeV
Z (a) ~AuAu200GeV 1 o b (D) ~AuAu 200 GeV ]
T “PbPb2760GeV | X [ ~PbPb 2760 GeV ]
%Nbpb 5020Gev | A< f = PbPb 5020 GeV 1

107 - E 107 = J( L E

107

[ I I BT S IR L. | B 1075t bt
40 60 80 100 120 140 160 0.0 0.5 1.0 1.5 2.0 2.5 3.0

N, &lo

Figure 4.6: Used histograms for simulation (a) the number of gluons in the square
and (b) classes of minimum distances among gluons normalized by the average
diameter of a gluon [193].

To ensure valid configurations of gluon positions in the simulations, a criterion
based on the probability density function of the minimal distance between nearest
neighbor gluons is employed. Similar to the number of gluons N, the discretized
probability density function is used as follows. The interval of {-values for which
P(¢) > 0.01is considered. In the systems analyzed in this manuscript, this event has
a probability of occurrence of 0.9968, 0.9971, 0.9985, and 0.9986, respectively. The
interval is then divided into ten equally sized sub-intervals, where the probability
of observing the i-subdivision is given by

[ P@)dE
fullgl X; P(C)d‘fl
which produces the histograms depicted in Fig. 4.6 (b). This approach imposes

P(i)

(4.5)

two restrictions on the random variable ¢ with zero probability, namely, (i) { /o <
0.2, and (ii) ¢ /o > 2.8.

The simulation is initialized by placing a trial gluon at the center of a square
box with a side length of L = 8¢ = 16(r¢). Then, N — 1 gluons are added one by
one, ensuring that the minimal distance between nearest neighbor gluons satisfies
0.2 < ¢/o < 2.8. After the addition of the N gluons, the system is thermally
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equilibrated by performing moves on individual gluons (excluding the trial gluon).
For each test gluon, a virtual random position is generated within a neighborhood of
the actual position, taking into account periodic boundary conditions. The distance
¢’ to the nearest gluon is calculated, and a uniformly random number within the
interval (0,1) is generated. The virtual position is accepted if P(¢') > x, where
P({") is obtained from the distribution in Fig. 4.6 (b). If the position is rejected, the
process is repeated for another gluon. This procedure is repeated for 10* moves per
particle.

After thermalization, the number of particles n(r, N) within a distance between
r and Ar is measured from the trial gluon, considering a system with N particles.
Samples of the systems after thermalization for AuAu and PbPb collisions at /s =
130 GeV, /s = 200 GeV, /s = 2760 GeV, and /s = 5020 GeV are shown in Fig. 4.7.
To maintain consistency, the same parameters used for the CSPM and CSCSPM
models in constructing the plot of g(r) are employed.

New valid configurations are generated by moving a random gluon as described
before and measuring n(r, N) again after 100 moves per gluon. Finally, the average

of the number of gluons n(r, N) is computed over 10* simulation runs.
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Figure 4.7: Samples of generated systems in the picture of the CGC after the ther-
malization for (a) AuAu collisions at /s =130 GeV, (b) AuAu collisions at /s =200
GeV, (c) PbPb collisions at /s =2760 GeV, and (d) PbPb collisions at /s =5020 GeV.
These systems correspond to a square box of around 1fm?. The inner dashed square
is the size of the simulated system for the purposes of the computation of the radial
distribution function [193].

The number of gluons in the system exhibits fluctuations depending on vari-
ous factors such as center-of-mass energy, centrality classification, pseudorapidity,

and nucleon number. To account for these fluctuations, the average of the radial
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distribution function is determined using the following expression:
EN Sy N 088 T (V)
TN, PON)

where P(N) corresponds to the distribution of the number of gluons shown
in Fig. 4.6 (a). The values of Ny, and Npax are determined as Npin = [(Ng) | —
3 { Var(Ng)J and Nmax = [ (Ng)| +3 b /Var(Ng)J respectively.

Figure 4.8 provides a summary of the results for the radial distribution function
in AuAu and PbPb central collisions at 1/s = 130 GeV, 200 GeV, 2760 GeV, and 5020
GeV respectively.

g(r) = , (4.6)
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Figure 4.8: Radial distribution function of systems in the picture of the CGC for (a)
AuAu collisions at /s =130 GeV, (b) AuAu collisions at /s =200 GeV, (c) PbPb
collisions at /s =2760 GeV, and (d) PbPb collisions at y/s =5020 GeV. The inner
plots correspond to the percentage of deviation of the radial distribution function
from the one obtained for AuAu collisions at /s =130 GeV [193].

By adopting three different models, CSPM, CSCSPM, and CGC, the structure
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of the medium formed in heavy-ion collisions can be investigated. The radial
distribution function of the distributed transverse representation of color flux tubes
was examined within each model.

The color string percolation model, due to the complete overlap condition of
the strings, exhibits a structure resembling that of an ideal gas. However, the
introduction of repulsive-like interactions between strings in the CSCSPM leads to
the emergence of more complex structures, resembling a gas of interacting particles
or a liquid-like fluid. The CSCSPM introduces two new characteristics of color
strings: a concentric core region and a probability for core-core interactions. This
results in a classification of strings as soft or hard, acting like ideal particles or hard
disks with a diameter of Ao, respectively.

Through fine-tuning of the CSCSPM parameters (A, g, ), the system undergoes a
structural phase transition simultaneous with a geometrical phase transition. The
former corresponds to a transition from a gas-like structure to a liquid-like one,
while the latter signifies the formation of the spanning cluster of color strings, which
can be interpreted as the onset of quark-gluon plasma formation. The CSCSPM
predicts that these transitions occur almost simultaneously, with a temperature
difference of 1 MeV.

Another aspect investigated is the color glass condensate, where the stochastic
CGC framework accounting for fluctuations in the saturation scale Q? is employed.
This leads to fluctuations in the running coupling as well as in other characteristics
of the CGC, including density, gluon size, and minimal distances between nearest
neighbor gluons. For AuAu central collisions at RHIC energies (130 and 200 GeV),
the distribution of gluons corresponds to a gas of interacting particles. In contrast,
evidence of a liquid-like structure is observed for PbPb central collisions at LHC
energies (2760 and 5020 GeV). However, further simulations are necessary to smooth
the radial distribution function shown in Fig.4.8 and apply a similar analysis to the
¢(r) function as described in Ref. [148].

It should be noted that while the simulated system representations assume
homogeneity and isotropy at the center of the transverse plane during collisions,
the system may become diluted towards the edges. As a result, the radial distribu-
tion function may resemble that of a diluted non-ideal gas, and possibly exhibit

characteristics of an ideal gas (flat function).
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Chapter 5

Model thermodynamical quantites

5.1 Thermal Distribution

The initial state properties can be described by introducing the local thermodynamic
quantities in terms of Fs (&). € rules the cluster distribution, and in consequence, the
behavior of all thermodynamic quantities, such as temperature which involves the
Schwinger mechanism for non-massive particles. The strings with higher tension x
will break producing g4 and gg-3j pairs which later on will combine and hadronize.

So, the transverse momentum distribution of charged particles is given by [197]:
dN 7
Iz~ exp (—n%) . (5.1)

The mean tension of the string (x?) fluctuates around its mean value describing
a Gaussian distribution of the fluctuations which convolutes with (5.1) giving a
thermal-like distribution characterized by the mean transverse momentum of a
single string (p3.)o = (x?)F(¢) /7 [141,167]:

dN 2F;
apz P ("’ T <p%(i) ) : ©-2)

from where I estimate the temperature:

2
T(¢) = ;ZT(?) (5.3)

The critical string density depends on the system’s characteristics [156,172,173].

I consider the critical temperature in terms of critical string density ¢, = 1.128 [174]
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in the same way as [149,198], where T, = T(¢.), so that, in TL:

T F(Z) _ 0.879947816

T, F(¢) F(¢)

Furthermore, I also see a shift in the critical temperature, now reached at lower

(5.4)

¢ for Fs(¢). I consider the critical temperature T, = 154 49 [41], and its respective
deviations with ¢ to estimate an effective area of the observables in function of
T/T..

5.2 Energy density

Energy density ¢ is an order parameter in the phase transition from Hadron Gas
(HG) to QGP, so it is natural to think that there is a direct relation between string
density ¢ and energy density ¢, given that ¢ is the order parameter that characterizes
phase transitions in AA collisions and ¢ is the local order parameter in the SPM
geometric phase transition [141].

In references [141,199,200], energy density from the Bjorken boost invariant
1D hydrodynamics formula [36] is found to be proportional to {. Given that each
initial state string can be interpreted as the extended fields among the interacting
partons, which has a direct contribution to energy density. This key idea holds for
small collision systems [149,150]. Consequently, we use the following relation to
estimate energy density:

€ =g¢, 5.5)

where we found in the same way as [199] that ¢ = ¢/, = 0.5601 GeV/ fm>, and
see a shift in the critical temperature T,(F;)/T,(F) = 1.096 with respect to the TL
scenario.

As we can see in Fig. 5.1, the behavior of the energy density over T* as a function
of T/ T, agrees with Lattice’s calculations [202].

78



18
LatticeQCD
—— p4

—¥— asgted

e/T?

16

14

12

10

6 String Percolation Model
=== Thermodynamic Limit
4
=== == non-Thermodynamic Limit
2 S Effective region
0 1 I 1 I 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1
0.8 1.0 12 14 16 18
TIT

Figure 5.1: Energy density over T* behavior respect to T/ T.. The cyan area shows
the effective region estimated with shifts in the Color Reduction Factor. The red
dashed line shows the energy density computed in nonTL with F; (&), Eq. (3.24) [201].
While the black dotted-dashed line is the TL calculation using F(¢&), Eq. (3.22) [141].
We include a comparison with Lattice QCD computations using staggered fermion
actions p4 (maroon triangles) and asqtad (green triangles) with their respective
parametrization (continuum lines) [202].

5.3 Shear viscosity

The observable behavior of the elliptic flow suggests that matter created in AA
collisions behaves as a near-perfect fluid with a very low viscosity [53-56,73-77]. It
was proposed the indirect measurement of the shear viscosity over entropy density
as a probe of the viscosity of the medium created in the collision. More recently, this
probe has shown signs of a strongly interacting medium in small collision systems
as well [78-80,203,204].

It is possible to estimate the transport coefficients not in thermodynamic equilib-
rium, assuming that the medium expands as a function of the initial state properties,
as was initially proposed in [199].

For computing the ratio of shear viscosity, over entropy density 7 /s in terms

of the SPM parameters we considered the relation given by the relativistic kinetic
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Figure 5.2: Ratio of shear viscosity over entropy density as a function of T /T,
calculated on the SPM framework, the red dashed line corresponds to the #/s
computation on the nonTL using F; (&) that considers geometry effects on the mean
free path, the black dotted-dashed line is the computation in TL using F(¢) as
reported in [149], and the pink area is the estimate effective region [201]. The results
from Bayesian Method [205] are shown in the violet region. The limit of AdS/CFT
(n/s > 1/(4m)) from [66] is included (black continuum line). The magenta squares
correspond to the Lattice calculation in SU(3) gauge theory [206]. The green and
red solid lines corresponds to the fits for quasiparticle excitations with medium-
dependent self-energies (QPM) [207].

theory [208], which was also previously used for small collision systems [149, 150]:

TA
g ==, (5.6)
where A = 1/(noy,) is the mean free path, with n the number density of an ideal
gas of partons and o3, the transport cross section of its constituents. The number
density is directly extracted from the initial number of strings damped by F(¢),

which gives the collective effects of the medium:

_ N;F(¢)
"L

(5.7)
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where L ~ 1 fm is the longitudinal extension along the beam axis, with N; and
S as defined previously. In the same way, the transport cross section is given by
o = SoF (&), the transverse size of a single string multiplied by F(¢) [199]. This
leads us to estimate the mean free path using the definition of the string density

from Eq. (3.13):
1 SL L
A= noy  SoNsF2 — ¢F2° (8)

From which:
n TL

s 5¢F2
Note that CPZ is the area covered by color sources, which is 1 — e~ ¢ in the case of
TL [173].

The results on 7 /s show that its minimum value for TL associated with F(¢)
is reached at T/T. = 1.13187, while the one associated with F;(¢) for nonTL is
reached at T/ T, = 1.22508; the results show an increase in the minimum value of
11/s by a factor of 1.4218 from 0.190018 for TL to 0.270179 for nonTL as shown in
Fig. 5.2.

Trace anomaly A measures the deviation with respect to the conformal behavior

(5.9)

and identifies residual interactions in the medium formed [211-213]. It is expected
that this observable is related to the medium’s viscosity properties. In previous
works, it has been observed qualitatively that the trace anomaly can be approxi-
mated as the inverse of shear viscosity over entropy density [198,214]:

s—SPNi
T s

A (5.10)

Trace anomaly as well as the viscosity coefficients are susceptible to QGP phase
transition [215]. The behavior of the trace anomaly for nonTL goes accordingly to
that reported by Wuppertal-Budapest Collaboration [210] and HotQCD Collabo-
ration [209], showing a maximum for TL in T/ T, = 1.13621 and maximum value
T/T. = 1.21918 for nonTL (Fig. 5.3).
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Figure 5.3: Behavior of the trace anomaly respect to T/ T, using the inverse of
/s in TL (black dotted-dashed line) and nonTL (red dashed line) limits and the
effective region (pink area) in the SPM framework [201]. The results from Lattice
QCD 2+1 flavor QCD-EoS using staggered fermion actions p4 (maroon triangles)
and asqtad (green triangles) with their respective parametrization (continuum
lines) [202]. The continuum extrapolated results from the HotQCD Collaboration
of highly improved staggered quark action (HISQ) [209] and from the Wuppertal-
Budapest Collaboration (W-B) using the Symanzik improved gauge and a stout-link
improved staggered fermion action [210] are shown in magenta circles and blue
squares respectively.

Pressure P is obtained from Eq. (5.10) and from the first law of thermodynamics
(Ts = € + P [36]) we calculated the entropy density s of the system. See the results
of 3P/T* and s/ T° respectively in Fig. 5.4. A comparison with LQCD [202] is also
shown.

However, the SPM results surpass the value of the thermodynamic quantities
in the range of temperature below 1.5T.. Pressure begins saturation over 3T,. For
this reason, we can see the less pronounced slope in the decreasing region of trace
anomaly, after Fig. 5.3 maximal point.
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Figure 5.4: Behavior of the pressure over T* (upper figure) and entropy density
over T3 (lower figure) against T/ T, for TL (black dotted-dashed lines) and nonTL
(red dashed lines) cases, we show the effective estimate region in the blue area [201].
In both figures, the comparison with Lattice QCD results p4 (maroon triangles) and
asqtad (green triangles) actions with their respective parametrization (continuum
lines) [202] are included.
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5.4 Bulk properties

The effects of bulk viscosity are known to be very small, which in most of the high
energy collisions were neglected due to the thermalization of the system. However,
great attempts have been made to obtain their value from nuclear collisions from
RHIC to LHC [216,217].

Bulk viscosity corresponds to the resistance to the expansion of the fluid. The
radial components seem damped due to the non-zero effect of bulk viscous pressure
affecting the energy density profile of the created medium and converting it into
pressure gradients changing the speed of sound c? [200]. This effect is related to
the small perturbations produced in the medium formed [200], such as vibrations
and rotations of the medium components. In the SPM framework, these effects
correspond to the fluctuations of strings (color field, string tension, etc).

5.4.1 Speed of sound

To determine the bulk viscosity we calculate the speed of sound, which is given by

a thermodynamic relation [36]:

oP oT sT dF
= (%), (%)~ -

From Egs. (3.22) and (3.24) it is simple to obtain dF /d¢ of Eq. (5.11), In Fig. 5.5
we compute the effective region of c2. F(&) gives a different behavior from what
was previously reported in [141, 146, 147,200], and we also include the results of cg
reported for elliptical geometry [173].

Specifically, we observed a large deviation from TL in the region below the
critical temperature, showing a “dip-and-bump” effect, this behavior is in agree-
ment with other phenomenological models [218], and goes accordingly with those
reported from the Lattice QCD 2+1 flavor staggered fermion actions p4 and asqtad
from [202], the stout-link improved staggered fermion action from Wuppertal-
Budapest Collaboration [210] and the highly improved staggered quark action from
HotQCD Collaboration [209].
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Figure 5.5: Dependence of speed of sound squared with T/ T, calculated in the SPM
framework using Eq. (5.11), the effective estimate region (golden area), the nonTL
(red dashed line) and TL (black dotted-dashed line) limits are shown [201]. The set
of lines (from dotted blue to continuum brown) corresponds to an elliptical initial ge-
ometry of a percolating system for different numbers of strings as reported in [173].
The blue squares correspond to the predictions of Lattice QCD 3L-Symanzik/2S
stout-link staggered fermions extrapolated results from the Wuppertal-Budapest
Collaboration (W-B) [210], the magenta circles are the HIQS action extrapolated
results from the HotQCD Collaboration [209]. Meanwhile, the maroon and green
triangles correspond to p4 and asqtad staggered fermion actions respectively, with
their respective parametrization in continuum lines [202].

5.4.2 Bulk viscosity

The first approximation of bulk viscosity over entropy density (/s is given by the

C_y51 (1 2
s Pslams)

which describes the bulk viscosity coefficient in terms of shear viscosity and speed

simplest kinetic model [219]:

(5.12)

of sound calculated in the SPM framework. The result of this approach using F(¢)
and F;(¢) is shown in dashed lines of Fig. 5.6.
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As a second approach, we use the results reported and verified in [220-225]
of the projection operator approach to obtain the microscopic formulas for the
transport coefficients in causal dissipative relativistic fluid dynamics (CDRF), in
terms of the SPM observables T, s, A, ¢;. The reported microscopic formula of the
bulk viscosity ¢ with its respective relaxation time 17 of CDRF is given by [220-226]:

g = (% — cg) T — %A, (5.13)
where 177 is considered of the order of a fermi and the fraction 2/9 has to do with

the number of fermionic degrees of freedom.
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Figure 5.6: Bulk viscosity over entropy density as a function of T/ T¢ calculated from
the kinetic model Eq. (5.12) (dotted lines), the CDRF formalism Eq. (5.13) (dashed
lines), and the lower limit of the bulk viscosity over entropy density of gauge
theory plasma at strong coupling using Eq. (5.14) (continuum lines) on the SPM
framework. Distinguish TL in gray scale lines and nonTL in red lines [201]. Results
of {/s reported from viscous relativistic hydrodynamics Bayesian Method [205] are
included (violet region). The parametrization of Hadron Gas [227] to QGP [228]
presented in [229,230] is shown in the continuum green line. The magenta squares
correspond to the Lattice calculation in SU(3) gauge theory [231].
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The results of Eq. (5.13) in TL (blue dotted line) and nonTL (red dotted line) are

shown in Fig. 5.6 labeled as CDRF.

On the other hand, in [232] is conjectured a lower limit on bulk viscosity of

strongly coupled gauge theory plasmas as:

blue lines for nonTL.

Z 1
522<§—

c?)%z

1 /1
2 (379).

considering /s > 1/(4m) [66]. Which is shown in Fig. 5.6 in solid red for TL and

TL nonTL
(/s (Max) T/T, |C/s(Max)| T/T;
Kinetic | 35132.6 | 0.873553 | 1.84112 | 0.146509
CDRF | 0.152694 | 0.873553 | 0.111427 | 0.940129
Bound | 0.0530515 | 0.873553 | 0.0390168 | 0.903653

Table 5.1: Results of the maximum value of bulk viscosity over entropy density for
different approaches in TL and in our parametrization (nonTL).

In Table 5.1, we present the maximum values of { /s for the kinetic theory, CDRF
formalism, and conjectured bound with its respective T/ T; value for TL and nonTL.
We can observe that in all cases { /s reaches its maximum value below the critical
temperature. And the TL goes much higher than nonTL, reaching its maximum
value. For the CDRF formalism, it is reached just 73.54% of the TL. For the lower
conjectured bound it is 72.97% and for the case of the simplest kinetic model, we
see a discrepancy in the values around 0.0052%, because the value of ¢2 for TL
vanishes at T/ T, = 0.873553, Eq. (5.12) gives the same tendency as shear viscosity
over entropy density in TL.

In Fig. 5.7 we show the interplay between shear and bulk viscosity, given by
the ratio (/7 computed in the SPM framework, where we can observe a maximum
value around the critical temperature region in all cases. For the case of the Kinetic
Model, the (/7 ratio shows its maximum value in T < T, for TL and nonTL
scenarios, and for the CDRF formalism we can see a change in the slope in the
region just below T = T, for TL case, and for nonTL right before T = T..
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Figure 5.7: The results of the bulk-shear viscosity ratio against T/T, from the
kinetic theory (dotted lines), CDRF (dashed lines), and the gauge theory plasma
at strong coupling limit (continuum lines) [232] calculated in the SPM framework.
Distinguish TL in gray lines and nonTL in red lines [201].
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Conclusions

In this work, recent results were compiled, using Monte Carlo simulation techniques,
for the study of the initial state in systems that are created in collisions of ions at
relativistic energies. From small systems like proton-proton to heavy ions like PbPb.

In this study, the aim was to investigate the properties of the medium formed
in heavy-ion collisions within the framework of the CGC by analyzing the radial
distribution function of the gluon configuration in the transverse plane.

To capture the essential features of the CGC, a stochastic CGC framework was
employed, taking into account fluctuations in the saturation scale Q? and their
consequences on the running coupling, as well as various characteristics of the CGC,
including gluon density, gluon size, and minimum distances between neighboring
gluons. The analysis focused on AuAu central collisions at RHIC energies (130 and
200 GeV) and PbPb central collisions at LHC energies (2760 and 5020 GeV).

The results revealed that the gluon distribution in AuAu collisions exhibited
characteristics reminiscent of an interacting gas, suggesting a gas-like behavior.
On the other hand, for PbPb collisions at LHC energies, evidence pointed towards
a liquid-like structure in the system. It is important to note that although the
simulations assumed a homogeneous and isotropic representation of the system at
the center of the transverse plane, there is a possibility of dilution at the system’s
edges. This dilution effect could lead to a radial distribution function resembling
that of a diluted interacting gas or even an ideal gas, resulting in a relatively flat
function.

By employing the analysis of the radial distribution function within the CGC
framework, valuable insights were gained regarding the structure and properties of
the medium formed in heavy-ion collisions, shedding light on the transition from a
gas-like to a liquid-like behavior as the collision energy increased.
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On the other hand, by introducing a parametrization for a universal color re-
duction function in the color string percolation model, denoted as F(&) — F({),
the phase transition in the CSPM is considered beyond the thermodynamic limit,
accounting for small system effects. This new description of F;(&) enables the
estimation of effective regions in the CSPM, incorporating uncertainties through in-
terpolation methods. This approach provides a more comprehensive understanding
of transport coefficients and bulk properties.

The study focuses on investigating properties of small collision systems at
LHC energies, considering system size effects. Specifically, the results for the bulk
viscosity to entropy density ratio and shear viscosity to entropy density ratio are
presented in Fig.5.2 and Fig.5.6.

In Fig. 5.2, the effective region of the shear viscosity to entropy density ratio
is computed as a function of T/ T; and compared with relativistic hydrodynamics
Bayesian Method [205]. The results indicate different minimum values for the
thermodynamic limit (TL) and non-thermodynamic limit (nonTL) within the region
T. < T < 1.23T,, consistent with previous findings [149] that identify the phase
transition region. Notably, the phase transition occurs at a higher temperature for
nonTL.

Fig. 5.3 displays the results for A, where TL and nonTL reach their maximum
values at T > T, in agreement with predictions from Lattice QCD [202,209,210].
The maximum value for nonTL is attained at a higher temperature compared to TL.

With this new perspective, the speed of sound does not vanish at low tem-
peratures (Fig.5.5) and makes a significant contribution to the calculation of bulk
viscosity, as depicted in Fig.5.6.

Both shear and bulk viscosities exhibit similar orders of magnitude compared to
previous studies [205,217,233-237] and display similar behaviors in the vicinity of
the critical temperature region, as shown in Fig.5.6 and Fig.5.2.

Two formalisms were employed to calculate the bulk viscosity to entropy density
ratio ({/s) and compare it to the strong coupling bound. In the color reduction
function (CDRF) formalism, the bulk viscosity vanishes at T/ T, = 1.17 for TL and
at T/T. = 1.32 for nonTL, as depicted in Fig. 5.6. In the kinetic model, {/s reaches
higher values below the critical temperature, as summarized in Table 5.1. Both
formalisms exceed the strong coupling bound for T/T. < 1.1, where the maximum

values are reached. This indicates that in this temperature region, the contribution
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of { becomes relevant, implying a strong influence of vibrational and rotational
effects in the phase transition, driven by string fluctuations (e.g., color field, string
tension).

Furthermore, the ratio of bulk viscosity to shear viscosity for TL and nonTL
scenarios exhibits a shift in the location of the maximum point, with the maximum
value reached at a higher temperature for nonTL. This suggests that nonTL requires
a higher temperature to undergo the phase transition due to fluctuations arising
from bulk contributions.

The aforementioned description provides a consistent scenario for a possible

phase transition in a non-equilibrium medium in small collision systems.
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