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Resumo
O plasma de Quarks e Gluons tem valiosas informações que podem ser providas através
dos quarks pesados, partículas produzidas em colisões de íons pesados. No cenário atual,
há disponíveis vários modelos que se empenham para decifrar e entender melhor as
propriedades do meio. Cada modelo tem ferramentas que conseguem prover informações
sobre o plasma de quarks e gluons, porém ainda temos situações que permanecem sem
resolução. Ademais, há propostas de colisões com sistemas pequenos nos experimentos
do LHC para o RUN-3. A presente proposta traz consigo perguntas sobre a permanência
de propriedades atribuídas ao QGP permanecerem em sistemas pequenos. As Partículas
pesadas são essenciais nesse cenário, pois são geradas nos instantes iniciais da colisão
e suas propriedades permitem que elas tragam consigo informações das interações ao
longo de toda a evolução do sistema. Contudo, a análise e comparção entre os dados
experimentais e predições teóricas ou fenomenológicas na área de partículas pesadas não
são capazes de explicar completamente o acoplamento de quarks pesados com o meio e os
processos ulteriores. Este trabalho apresenta um estudo dos efeitos do plasma interagindo
com quarks pesados, sendo eles o bottom e charm. Neste trabalho analisamos como a
adição de um novo ingrediente, um processo estocástico chamado coalescência afetará
os nossos resultados. O programa DABMOD (STATE-OF-ART) é utilizado para gerar
eventos (2d+1) event-by-event de quarks pesados atravessando um meio hidrodinâmico
para os sistemas simétricos, porém com diferentes geometrias. Os quarks pesados interagem
com o meio e essa interação é realizada através de parametrizações de modelos de perda
de energia. Os espectros finais de partículas são obtidos após a hadronização destes quarks
e ulteriores decaimento dos mésons pesados. A simulação fornece resultados de observáveis
RAA, v2 {2} e v3 {2} apresentando consistência e dentro das barras de erros com os dados
disponíveis na literatura. Neste trabalho, fazemos comparações de condições iniciais com os
modelos de perda de energia para PbPb √sNN =5.02 TeV e para XeXe √sNN =5.44 TeV,
além de realizar predições para os sistemas ArAr √sNN =5.85 TeV, e OO √sNN =6.02 TeV.
Neste trabalho, também é apresentada a razão v2 {4} /v2 {2}, uma ferramenta utilizada
para análise das condições iniciais e o setor de quarks leves. Também investigamos as
correlações entre as anisotropias de mésons pesados e todas as partículas carregadas para
entender melhor como os quarks pesados se acoplam ao plasma de quarks e glúons em
expansão hidrodinâmica.

Palavras-chaves: Física de alta energia. hadrons. quarks.





Abstract
Quark Gluon Plasma has valuable information that can be provided through heavy quarks,
particles produced in heavy ion collisions. In the current scenario, several models are
available that strive to decipher and better understand the properties of the medium. Each
model has tools that can provide information about the plasma of quarks and gluons,
but we still have situations that remain unresolved. In addition, there are proposals for
collisions with small systems in the LHC experiment for RUN-3. This proposal brings with
it questions about the permanence of properties attributed to the QGP to remain in small
systems. Heavy particles are essential in this scenario, as they are generated in initial
moments of the collision and its properties allow them to bring with them information
about interactions throughout the evolution of the system. However, the analysis and
comparison between experimental data and theoretical or phenomenological predictions
in the area of heavy particles are not able to fully explain the coupling of heavy quarks
with the medium and subsequent processes. This work presents a study of the effects of
plasma interacting with heavy quarks, which are the bottom and charm. In this work we
analyze how the addition of a new ingredient, a stochastic process called coalescence will
affect our results. The DABMOD program (STATE-OF-ART) is used to generate events
(2d + 1) event-by-event of heavy quarks crossing a hydrodynamic medium for symmetric
systems, but with different geometries. Heavy quarks interact with the environment and
this interaction is performed through parameterization of energy loss models. The final
particle spectra are obtained after the hadronization of these quarks and further decay
of heavy mesons. The simulation provides results of observables RAA, v2 {2} and v3 {2}
showing consistency and within the bars of errors with the data available in the literature.
In this work, we make comparisons of initial conditions with the energy loss models for
PbPb √sNN = 5.02 TeV and for XeXe √sNN =5.44 TeV, in addition to making predictions
for the ArAr √sNN =5.85 TeV, and OO √sNN =6.02 TeV systems. This work also presents
the reason v2 {4} /v2 {2}, a tool used to analyze the initial conditions and the light quarks
sector. We also investigated the correlations between heavy meson anisotropies and all
charged particles to better understand how heavy quarks attach to hydrodynamically
expanding quarks and gluons plasma.

Keywords: High Energy physics. Hadrons. quarks.
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1

Chapter

1
INTRODUCTION

Particle Physics has the goal to search for the fundamental constituents of matter
and understanding of their interactions. The Greek philosopher Demokritos 460-370 B.C.
(22) postulated that everything is built from forms, the so-called, atoms, from the Greek
word ἄτομος, that means indivisible.

All the knowledge acquired through the Standard Model (23, 24, 25) describes
several of the measurements made by the particle accelerators. However, there are still
several questions to be answered. We can list some of these questions. For example: How to
include gravity in the standard model, the origin of dark matter and dark energy found in
astrophysical observations, the confinement of quarks and gluons within the atomic nuclei.
In order to understand and try to answer some of these questions, one of the tools used is
the collision of particles. The collision of particles with relativistic speeds and the study
of the consequences of this collision have been the most used means to understand the
unknown behavior of elementary particles. This physics area, ultra-collisions of relativistic
heavy ions, aims to help to understand this scenario. The Large Hadron Collider (LHC) in
Geneva, from the European Research Center (CERN-Conselil Européen pour la Recherche
Nucléaire) is currently the principal and most large experimental program that has been
built to study collisions and the properties of the nuclear physics and elementary particles.
Currently, several scientific groups around the world with several collaborations join forces
to build experiments that test those questions and explore the universe’s properties. We
have experiments like Relativistic Heavy Ion Collider (RHIC), in Brookhaven. We also
have FAIR, at Schwerionenforschung - Germany. We also have Belle-2, experiment at
Japan and others around the world.

The motivation of this work is to study the effects of (2 + 1)d event-by-event
fluctuating relativistic hydrodynamic backgrounds on the nuclear modification factor
and momentum anisotropies, with some correlations for hard and soft vn of heavy-flavor



2 Chapter 1. INTRODUCTION

mesons for tiny systems with a new ingredient, the coalescence, a stochastic process. The
properties of the smallest systems have been studied although polarized beams (26) and
ultracentral deformed ion-ion collisions (27). This twain may distinguish between different
scenarios in these light nuclei collisions. The structure and properties of strong interaction
could be the key to understand more deeply the Quantum Chromodynamics (QCD). One
of the questions about the scenario is that quarks and gluons seem to be confined inside
the hadrons. This is widely accepted from an experimental point of view and calculations
of lattice QCD, but its formal proof in a rigorous mathematical way is still unsolved. One
way to study this question is through a form hot and dense matter that resembles the
first moments of the universe. This environment has quarks and gluons deconfined. This
state of matter is called Quark-Gluon Plasma (QGP). We can access this stage of matter
through relativistic heavy-ion collisions in particle accelerators. There are also ways to
identify meaningful indications of the Quark-Gluon-Plasma such as collective flow (28, 29),
strangeness enhancement, and suppression of hard probes. The study of the QGP can
help to understand important open questions of the QCD such as confinement, jets, and
hadronization. According to the called "hard probes", like jet quenching (30), particle
production ratios, Fourier Coefficients of the Azimuthal distribution, we can quantify, and
learn more about this big small system.

The text is structured as follows: First, an introduction about Quantum Chromody-
namics, a brief description of the Quark Gluon Plasma and global properties; after this,
the second Chapter is about basic tools that support the phenomenological and theoretical
development on high energy physics; Chapter 3 describes a discussion about small systems;
Chapter 4 continues describing the evolution of the heavy quark; Chapter 5 describe how
was developed of the simulation program. Finally, the results obtained from the simulation
are presented and discussed in Chapter 6.

1.1 Quantum Chromodynamics

The knowledge about the constituents of the matter was only three (protons,
neutrons, and electrons) until a few decades before the early 20th century(23) and after.
The discovery of several particles increased enormously when particle accelerators to began
to be used as a tool in Particle Physics in the 1950s. In order to understand the new
particles, Gell-Mann (31) and Zweig (32) proposed independently a geometrical scheme,
which is established on the quantum numbers of charge and strangeness of baryons and
mesons(23). In 1964, Oscar W. Greenberg1 (24) introduced a new charge that could have
three different values, usually called color2 degrees of freedom. The scheme of the quark

1 See (33) for more basic details about Lie Groups.
2 This proposal explained the inconsistency wiht the Pauli principle observed in the ∆++(1232) barion.

In this notation, the number denotes the mass in MeV, i. e., 1232MeV, while ∆++ denotes the quark
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model that classifies particles according to elementary constituents, which are called quarks
(23, 25, 35, 36).

The current theories that describe elementary particles and their interactions save
gravity are arranged into Standard Model (23, 24, 25). According to this theory, the
elementary particles are composed of quark, leptons, and mediators. Quarks have degrees
of freedom called (up, down, strange, charm, bottom, and top). See in Fig. 1.

u
2.2 MeV/c²
2/3
1/2

up
c

1.3 GeV/c²
2/3
1/2

charm
t

1.73 GeV/c²
2/3
1/2

top

d
4.7 MeV/c²
-1/3
1/2

down
s

96 MeV/c²
-1/3
1/2

strange
b

4.2 MeV/c²
2/3
1/2

bottom

g
0 GeV/c²
0
1

gluon

Mass
Charge
Spin

Quarks

Figure 1 – Particles from the Standard Model that interact through the strong force
(QCD). Data of the mass and other properties are taken from Ref.(1).

They carry fractional electric charges in addition to a quantum number named
color (red, blue, and green). The Table 1.1 is a qualitative picture of the fundamental
forces with the relative strength evaluated for Q=1 GeV.

Interaction Approx. potential Parameter Values Relative strength
Strong 12π/23

Q2ln(Q2/Λ2) Λ ≈ 0.2GeV 1
electromagnetic αem

Q2 αem ≈ 1/37 1.4 ×10−2

Weak αem

Q2−M2
W

M2
W ≈ 80GeV/c2 2.2× 10−6

Gravity GNm1m2
Q2 GN ≈ 6.7×10−39

GeV 2 1.2× 10−38

Tab. 1 – Qualitative picture of the fundamental forces with the relative strengths evaluated
for Q = 1GeV . This table was taken from (21).

and isospin content of the state, which in this case corresponds to a baryon of isospin 3/2 with charge
+2 (34).
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The gauge theory of color was first proposed in 1965 and introduced the gluons
(37, 38) like an octet in a SU(3) symmetry group theory as mediators of the strong force
between the quark particles. The gluon field is the mediator and the color is the strong
interaction (39). The existence of the quarks was first observed at the Stanford Linear
Accelerator Center (SLAC) (40, 41) in inelastic scattering of electrons into protons and
neutron targets. Two results contributed to the interpretation of the proton structure
observed at SLAC. The first proposal to understand properties of hadron interaction is the
parton model (36, 25, 23, 21), proposed by Feynman, in which the goal is to describe any
particle within a hadron, describe cross sections of collisions in order to understand the
behavior of quarks, and finally understand better The Strong Interaction. The word parton
is a generic term for one of the constituents under the conditions in which it participates
in the short-distance range of a collision3. The Deep Inelastic Scattering (DIS) led to
different theoretical interpretations that constitute the basis for the parton model. There
is a study proposed by Bjorken (42). He showed that the structure that describes the cross
section of electron-proton collisions can be written in terms of a fraction of the momentum
carried by quarks inside the nucleon in collisions at high energy. The scaling property
predicted by Bjorken (42) is defined as:

x = −q2

2Mν
, (1.1)

which q is the momentum transfer from the electron to the hadrons, ν is the energy
transfer in the rest frame of the hadron and M is the mass of the target hadron. This
interpretation of x was understood as the fraction of the hadron momentum carried by a
given parton, a point-like constituent inside the hadrons (43).

The Quantum Chromodynamics (QCD) was developed from the color gauge theory
and the Yang-Mills theory, in 1973 (39, 44). This theory has a local gauge symmetry
SU(3). The Lagrangian is:

L = −1
4G

a
µνG

a,µν + Ψ̄(iγµDµ −m)Ψ, (1.2)

in which:

• Ψ is the field to fermionic particle;

• Ga
µν is the gauge invariant gluon field strength tensor given by Ga

µν = ∂µA
a
ν − ∂νAaν +

gwabcAbµA
c
ν , in which wabc are the structure constants of SU(3);

• Dµ is the covariant derivate Dµ = ∂µ − igtaAaµ, which g is gauge coupling, and ta is
the generators of Lie group which defines the gauge symmetry;

3 See (21, ch. 6), for more details about Parton Model.
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• Aaν is the gluon field;

• a is the index of the generators of the SU(3);

• m is the quark mass. This theory has more than one quark, so you should sum the
last term over all the different quarks.

We have important properties from QCD. First, we have the asymptotic freedom.
These properties is well understood when we look look at the Perturbative Quantum
Chromodynamics (pQCD), in which are obtained calculations that the coupling constant
αs play significant rules. In general, corrections needed to be done for scatterings 2→ 2.
The asymptotic freedom of QCD was discovered by David Gross and Frank Wilczek (45).
The correction is done through renormalization and regularization methods (23, 46). The
first-order solution of the renormalization group equation for the QCD is:

αS(Q) = αS
1 + (αSb0/2π) log (Q/M) , (1.3)

which Q is the energy scale, b0 = 11− 2/3nf and nf is the number of fermions. Usually, is
common to define a scale (ΛQCD) that satisfies the Eq. 1.4:

1 = g2 b0

8π2 log (M/ΛQCD), (1.4)

If we combine the Eq. 1.3 with Eq. 1.4, we can obtain Eq.1.5. When we analyze the
Eq. 1.5, we can see for values of Q(Q/ΛQCD >> 1) the interaction becomes weaker. For
the limit Q/ΛQCD → ∞ the coupling constant vanishes αS → 0. This behavior making
quarks and gluons roughly free particles. This limit corresponds to very high energy.

αS(Q) = 2π
b0 log (Q/ΛQCD) . (1.5)

This is the regime in which perturbative QCD is valid. See plot in Fig. 1.1

The second property is the color confinement. This behavior can be understood
following the scheme:

• The QCD potential is approximately linear for large distances.

• If the distance increases the interaction grows.

• If we increase the distance, we need more energy to separate the two particles.

• The energy required to separate the particles is large so that it becomes incredibly
favorable to produce a new pair qq̄.
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Figure 2 – Evolution of the running coupling constant of QCD as function of the energy
scale (Q). The degree of perturbation theory used is indicated in brackets. The
Figure was taken from Ref. (1).

The confinement is not yet fully understood. Currently, this problem is one the
Millennium Problems from the Clay Mathematics Institute (47).

There is another approach to study the confinement towards examining this scenario
is the lattice gauge theory, i.e., lattice QCD or just (lQCD). This theory exists since
the 1970s (48). The conclusion for the first studies was that confinement is strictly a
low-temperature phenomenon (48). This approach addresses solutions in non-perturbative
regimes.

1.2 Creation of Quark Gluon Plasma(QGP): Collision and Phase

transitions

The Quark Gluon Plasma is expected to be created in conditions of high temperature
or pressure, such as the first moments of the Universe. The Primordial matter at these
temperatures is not made of hadrons. When the matter (into experimental acellerators)
achieves these temperatures, we have, for a short moment, a soup of quarks and gluons.
Understanding the properties of the phases of QCD will teach us about the phase diagram
of hot QCD matter, as a function of temperature and baryon chemical potential (Fig. 3).
This sketch illustrates the current understanding of the expected features of the phase
diagram of QCD. The transition from QGP to hadrons is a crossover near the vertical
axis. Currently, we can understand this crossover from lattice QCD calculations (49, 48).

Understanding of the thermodynamic properties of QGP can be measured through
the equation of state, current conservation, and energy-momentum. First-order transition
or second-order transition studies are not required, but are not excluded from QGP
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Figure 3 – Schematic QCD phase diagram for nuclear matter. The Figure was taken from
Ref. (2).

discoveries (50).

The equation of state of an ideal gas of massless quarks and gluons is predicted by
theoretical calculations for degrees of freedom and your determination(51):

[h] εSB3T 4 = pSB
T 4 = [2(nc − 1) + 7

2ncnf ]
π2

90 , (1.6)

In order to explore the properties of the phase diagram and understand the QGP, it
is necessary to recreate extreme conditions of density and temperature. Usually it is used
lead, gold, and xeon nuclei in particles accelerators. Once created, the environment is not
static, The environment evolves with time. The time lapse in Fig. 4 illustrates the stages
of the system evolution after the collision. This collision generates a very high temperature
due to the energy of the collisions and a higher density. The setup for collisions under
direct control are: which two nuclei collinding and with some energie4. However, the impact
parameter b (the transverse distance between the center of masses of two participant
nuclei) is unknown. Neither the location and motion of the nucleons in the nuclei. The
quarks and gluons location in the nucleons are not measurable. They have to be inferred,
as best as possible or as needed, event by event, from the observed outcome of the collision.

After the collision of two nuclei, the system undergoes a series of stages. We can
set it into the following stages:
4 Usually use

√
SNN , energy of center of mass.
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• Pre-Equilibrium: After the collision. Partons with large momentum (pT >> 2GeV/c)
and mass (b,c and t quarks) are produced in this stage.

• Quark-Gluon-Plasma (QGP): This stage is the moment where quarks and gluons
are no longer confined inside the hadrons. Tha particles cross the medium and loose
energy in radiative emission (gluons) or due to collisions. This stage remains until
the temperature reaches a critical temperature TC where we have the initial of the
freeze-out.

• Mixed- phase: at this stage, the QGP can coexist with another state of the nuclear
matter, some hadronic matter.

• Hadronization: at this stage, the partons will be confined in hadrons. The hadroniza-
tion can happen with two different mechanisms: fragmentation and coalescence.

• Chemical freeze-out: The particles are fixed.

• Hadron gas: in this stage, the medium is still expanding. We don’t have free quarks
and gluons.

• Freeze-out: this part the density becomes low due to the expansion. The particles
will now travel in the detector. They might decay or not. These particles will be
measured by sensitive detectors.

Figure 4 – Scheme of the matter created in relativistic heavy ion collision time-by-time.
This figure was taken from Ref.(3)

1.3 Quark Gluon Plasma: Global properties

We can learn about QGP once we have the right tools to understand this big scenario.
We need to know some physics aspects to understand well this field. As I commented before,
The Quantum Chromodynamics is widely accepted as the fundamental theory describing
the behavior of hadrons. Once we need to recreate matter at the corresponding high energy
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density, id est, colliding heavy nuclei (also called "heavy ions") at ultrarelativistic energies,
it is important to use and understand the best tool and model for describing this scenario.

In relativistic collisions, usually, we use kinematic variables that take simple forms
under Lorentz transformations for the change of frame of reference. Usually, space-time
rapidity is used to understand t and z projection of the collision. The space-time rapidity
is defined as:

ηs = 1
2 ln( t+ z

t− z
), (1.7)

which t is the proper time of the collision and z, regularly, is called longitudinal.
For (x-y) it is called perpendicular. So now, we can define ”y” rapidity as:

y = 1
2 ln(E + pz

E − pz
), (1.8)

This quantity is related to the ratio of the forward light cone to backward light-cone
momentum. The Lorentz boost can give an illustrative representation:

 ct′
x

 =
 cosh y sinh y

sinh y cosh y

 ct

x

 (1.9)

The advantage of rapidity variable is that the shape of the rapidity distribution
remains unchanged under a longitudinal Lorentz boost. We can define rapidity in beam
perspective like:

y = sinh−1( pz
mb

), (1.10)

which mb is the mass of the nucleon (See A.1 for more details).

When we assume that a particle is emitted at an angle θ relative to the beam axis.
So, we can write rapidity as

η = −ln(tan θ2), (1.11)

which η is called the pseudorapidity. We also can write η in terms of the momentum
as

η = 1
2 ln( |p|+ pz
|p| − pz

), (1.12)

which pz is longitudinal momentum. Here, θ is the only quantity to be measured for the
determination of pseudorapidity, independent of any particle identification mechanism.
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We can write 1.12 in this way:

eη =

√√√√ |p|+ pz
|p| − pz

, (1.13)

e−η =

√√√√ |p| − pz
|p|+ pz

(1.14)

So, adding both of the equations, the result is:

|p| = pT cosh η. (1.15)

So, we can write in this form:

pT =
√
|p|2 − p2

z, (1.16)

and now,

pz = pT sinh η, (1.17)

In this way, Thus, it is possible and appropriate to use rapidity and transverse momentum
to analyze the experiments with heavy ion collisions.



11

Chapter

2
Quark Gluon Plasma: Evolution

In order to study the main aspects of QGP as a configuration, it is necessary, as
commented before, to analyze changes over time. Since thermalization of the medium is
assumed to be a fairly rapid process until the next step, the hadronization, the QGP can
be described using a hydrodynamic model, which must consider the fluctuations of the
initial conditions generated by the collision. Therefore, one of the main configuration steps
of this study is the choice of the initial conditional model.

This configuration step is added to the algorithm. The relationship between the
large degrees of collectivity evidenced by the Fourier harmonics and the strongly-coupled
medium with small shear-viscosity η/s1 are considered in the calculations. One can describe
central collisions with increased elliptic flow through ideal hydrodynamics.

The next section will describe the equation of the motion, the hydrodynamic model
of the medium that is one of the most widely used, the smoothed-particle hydrodynamics,
usually, to describe the flow of high energy, and entropy with the low baryon number
density fluid. Together, the initial conditions model and the Cooper-Frye prescription will
be described.

2.1 Equations of motion

The ideal hydrodynamics is defined as a special case dissipative hydrodynamics,
where we have conditions for transport coefficient. This theory was derived by Eckart and
Landau-Lifshitz (52, 53). Relativistic hydrodynamics introduces the flow uµ(x) which is

1 η is described as being shear viscosity and s is entropy.
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defined as a 4-velocity, i.e., uµ = γ(1, vx, vy, vz) which γ is Lorentz dilation factor:

γ = 1√
1− v2

x − v2
y − v2

z

. (2.1)

This flow is normalized as uµuµ = 1. The system is fundamentally described by
the energy-momentum tensor T µν , conserved charge current Nµ, and the entropy current
Sµ (54, 55, 56).

∂µN
µ = 0, (2.2)

∂µT
µν = 0, (2.3)

and finally the 2nd law of thermodynamics:

∂µS
µ ≥ 0. (2.4)

The energy-momentum tensor is expressed as the Eq. 2.5, where the spatial projec-
tion operator ∆µν = gµν − uµuν is defined with Minkowski metric gµν = diag(+,−,−,−).

∂µT
µν = εuµuν − P∆µν , (2.5)

which ε and P are energy density and pressure.

The other densities variables can be obtained as:

Nµ
eq = nuµ, (2.6)

Sµeq = suµ. (2.7)

The orthogonality for the Eq. 2.5 is satisfied with ∆µνuν = 0. For equilibrium state
is assumed when is fully specified by (n, ε,u) or with the thermal potential α = µ/T and
the inverse 4-temperature βµ = uµ/T , in which the quantity µ is the chemical potential.
The pressure p can be obtained from (54, 55, 56):

Sµ = pβµ − αdNµ
eq + βλdT

µν
eq . (2.8)

Based on the above by using the Gibbs-Duhem equation d(pβµ) = Nµ
eqdα− T µνeq dβλ, the

entropy current rate can be expressed as (54, 55, 56):

dSµeq = −αdNµ
eq + βλdT

µν
eq . (2.9)
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Once that the system is not in equilibrium, the particle current, entropy current, and
energy-momentum current rate can be expressed as:

Nµ = Nµ
eq + δNµ = nuµ + V µ, (2.10)

Sµ = Sµeq + δSµ = suµ + Φµ, (2.11)

T µν = T µeq + δT µ = [εuµuν − p∆µν ] + Π∆µν + πµν + (W µuν +W νuµ), (2.12)

which V µ describe the net flow of charge, Φµ is the entropy flow, and W µ the
energy flow. In the Eq. 2.12 Π = −1

3∆µνT
µν − p is the bulk viscous pressure, and

πµν = [(1/2)(∆µσ∆ντ+∆νσ∆µτ−(1/3)∆µν∆στ )]Tστ is the shear stress tensor. It’s important
to take a note about the Landau Frame (uµ) whose is the eigenvector of energy-momentum
tensor. For the rest frame, usually is used as:

uνT
µν = εuµ. (2.13)

For the Eq. 2.9, equilibrium relation is made an assumption. He is valid near
equilibrium state so that it can be generalized as:

dSµ = −δNµ∂µα + δT µν∂µβν + ∂µQ
µ, (2.14)

in which the term Qµ is the deviation of the particle current, and energy-momentum
tensor. Usually, is needed to choose the value for Qµ for obtaining first order theories or
second order theories2. For Israel-Stewart theory, the most general form of Qµ can be
written as:

Qµ = −(β0Π2 − β1q
νqν + β2πνλπ

νλ) u
µ

2T −
α0Πqµ
T

+ α1π
µνqν
T

, (2.15)

in which the term βi and αi are thermodynamics coefficients, and qµ is the heat flow.

The entropy production rate can be expressed, after generalization to the near
equilibrium state, as (54, 55, 56):

T∂µS
µ = ΠX − qµXµ + qµνXµν , (2.16)

2 Qµ = 0 is to first order theory.
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in which the thermodynamics forces are defined as: X = −∇ · u, Xµ = ∇µµ/T −
uν∂νu

µ, and Xµν = ∇〈νµ〉u3.

Postulating a linear relation between the dissipative flows and thermodynamic
forces the second law ∂µS

µ ≥ 0 is satisfied. Based on the Eq. 2.16, we can define as:

Π = −ζθ, (2.18)

qµ = −λ nT
2

ε+ p
∇µ(µ

T
), (2.19)

πµν = 2η∇〈µν〉u, (2.20)

in which, ζ, λ, η are the positive transport coefficients, bulk viscosity, heat conduc-
tivity, and shear viscosity, respectively.

Several studies use first order theory (57, 58, 59), but causality is violated. So, it’s
important to know about the theoretical limits.

2.2 FORMULATION OF THE SMOOTHED PARTICLE HYDRODY-

NAMICS

In order to increase knowledge about the hydrodynamic behavior of QGP, Smoothed
Particle Hydrodynamics (SPH) was used. This approach fits perfectly with variational
formalism. Once we have relativistic nuclear collisions, where an extremely compressed
and high-temperature hadronic matter expands within a very large space region, The SPH
is widely used because of your fixed conserved quantity and changes of geometry. The SPH
parametrizes the matter flow in terms of discrete Lagrangian coordinates attached to some
conserved quantity. For the use of this method in the study of Heavy-ion Collisions, it is
interesting to use hyperbolic coordinates to use this tool. We can define the coordinates as:

τ =
√
t2 + z2, (2.21)

η = 1
2 tanh t+ z

t− z
. (2.22)

3 This indicates the symmetric involving trace-free projection. The symmetric trace-free projection is
the traceless part of the spatial projection defined as:

A〈αβ〉 = (∆λ
α∆µ

β −
1
3∆αβ∆λµ)Aλµ (2.17)
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The metric tensor for this coordinate system is:

g =


1 0 0 0
0 −1 0 0
0 0 −1 0
0 0 0 −τ 2

 ,

with √−g = τ .

Once the metric is independent of space, the parametrization can be defined as4:

τγisi =
n∑
j=1

vjW (qij). (2.23)

The use of SPH determines an amount to be conserved. Once defined, one can write:

τγisi → s∗ =
n∑
j=1

vjW (~r − ~r′, h), (2.24)

in which s∗(~r, t) = γs, W being positive represents a function called Kernel whose
normalization is given by:

∫
W (~r − ~r′, h)d~r = 1, (2.25)

where h is defined as the kernel size. The choice of smoothing kernel is an important one.
The role of W is to introduce a sort of short-wavelength cut in the Fourier representation
of the density variable. This means that will we have a continuous and well defined first
derivative and we are replacing the continuous fluid by a collection of SPH particles (60)
(61). Within the limit of h→ 0, we will have:

lim
h→0

W (~r − ~r′, h) = δ(~r − ~r′), (2.26)

A is defined as an extensive thermodynamic quantity, so we had s = dA/dV , where
dV is an infinitesimal volume element.

A =
∫
d3~rs∗(~r, t). (2.27)

The longitudinal motion is presupposed to be uniform, so that velocity of all
particles in the medium is given by:

ui = (
√

1 + u2
x + u2

y, u
2
x, u

2
y, 0). (2.28)

4 The i and j index represent the index position of variables into the general definition of the SPH
particles. In relativistic hydrodynamics, this index can be related to the position of some extensive
quantity.
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For the SPH method, the associated current can be defined as (62):

J∗ = σuµ, (2.29)

which σ can be defined as a sum of small piece-wise distributions.

j(r, τ)∗ =
N∑
α=1

vα
drα(τ)
dτ

W [r− rα;h]. (2.30)

For the SPH method, the relation between σ and σ∗ can be written as:

σ∗(rα(τ)) = γσ(rα(τ)), (2.31)

so, the ”specific volume” associated with the particle α can be defined as (60):

Vα = vα
σ(r(τ)) = γαvα

σ∗r(τ) . (2.32)

These ingredients are sufficient to make a relation between the new density and
the reference density. The definition can be related as (60, 27):

a∗(r, τ) =
NSP H∑
α=1

= a(r(τ)) vα
σ(r(τ)) . (2.33)

For the case of Ideal Hydrodynamics (27), the lagrangian in the case of the Minkowski
metric is given by the action:

I =
∫
Ldt = −

∫
εd4x (2.34)

in which ε is the proper energy density of the fluid, and can be regarded as the Lagrangian
density. The SPH parametrization of this density can be defined as:

ISPH = −
∫ ∑

a

vαεα
γασα

dt =
∫ ∑

α

(E
γ

)αdt (2.35)

in which (vε/σ)α is the rest energy of the particle α. This formulation is written in the
local frame using 2.31.

After using SPH and compute the evolution of the medium, it is necessary to address
the decoupling of the medium. Usually, it is implemented The Copper-Frye method to
this medium freeze-out.

2.3 COOPER FRYE METHOD

After beginning the hydrodynamic evolution of the system, there will be a tendency
for inelastic collisions to decrease and hadrons to remain more prevalent in the final
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processes of the system. The Cooper-Frye (63) method can assist the study of QGP
through the freeze-out process mentioned above. Once there is expansion it can be
expected to increase free-path until the medium is no longer considered a liquid. Thus,
the descriptions so far associated with a local thermal equilibrium will no longer apply.

The Cooper Frye prescription definition uses some thermodynamics constraint
along with a hypersurface. The definition of this constraint is associated with the Eq. 2.36:

dn = f(x, p)d3p, (2.36)

in which p is the particle four-momentum and f(x, p) is the one-body distribution function.
In ideal hydrodynamics, it can be written as:

f(x, p) = g

(2π)3
1

exp[β(uµpµ − µ)]± 1 , (2.37)

in which g is the degeneracy factor of the particle, µ is the chemical potential and β is
1/T . The ± is to fermions and bosons respectively.

One can now formalize the current jµ associated with the density n as:

jµ =
∫ pµ

E
dn =

∫
f(x, p)p

µ

E
d3p. (2.38)

By integrating the above equation over the hypersurface the total number of particles is
obtained:

N =
∫
jµdσµ. (2.39)

The invariant distribution follows as:

E
dN

d3p
=
∫ pµdσµ

exp[β(uµpµ − µ)]± 1 . (2.40)

The Eq. 2.40 is the invariant distribution Cooper Frye equation.

2.4 EQUATION OF STATE

In the study of the hydrodynamics of heavy ion collision physics, the fundamental
parameters for relating thermodynamics and energy density, pressure, fluid particle number
is the equation of state (EOS). This equation of state can explicitly relate phase transition
to study effects and properties on the QGP and particle interactions with the medium
(56). In order to calculate EOS the lattice QCD is usually used (48, 50, 49, 64). There
are combinations of Lattice QCD with other models that try to describe systems like
tetraquarks (65).
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The equation of state can be defined as (56):

ε = 3P
T 4 = d2

T 2 + d4

T 4 + c1

T n1
+ c2

T n2
, (2.41)

in which di,ci, and ni are parameters, T is the temperature, P is the pressure and ε is the
energy density. The equation of state is the sp95p− v1 and sp95n− v1 in which this label
means fractions of the ideal entropy.

In this work the equation sp95n − v1 is used with parameters d2 = 0.2654GeV ,
d4 = 6.563×10−3GeV4, c1 = −4.370×10−5GeV8,n1 = 8, n2 = 9, and c2 = 5.774×10−6GeV9.

2.5 INITIAL CONDITIONS

In general, Initial conditions generate energy profiles or entropy at QGP with
thermalization time to involve fluid dynamics. Usually, these models are employed in
two ways: dynamic models, in which they explicitly simulate the start state and the
pre-equilibrium evolution of the collision (66, 67, 68) and a non-dynamic simplistic model,
in which it is neglected. The pre-equilibrium evolution and in which static profiles are
built along with a thermalization time.

2.5.1 TRENTO

In this work, we use IP-GLASMA (67), so-called Reduced Event-by-event Thickness
Nuclear Topology (TRENTO). IP-GLASMA uses weakly-coupled color-glass condensate
(CGC) effective field theory (69) in which Classical Yang-Mills evolution is also used to
describe the event-by-event data for higher order flow and other observables. At first, the
TRENTO is used to generate the initial conditions for proton-proton, proton-nucleus, and
nucleus-nucleus. The basis of its principle starts from the function TA,B(x, y). This one
represents two projectiles colliding along the z axis. Projectiles are represented by the
function Thickness:

TA,B(x, y) =
∫
dzρpartA,B(x, y, z), (2.42)

in which ρ is nuclear matter density. In this model, there is a scalar field defined as
f(TA, TB), where it is proportional to the entropy created at mid-rapidity and at the
hydrodynamic thermalization time. This function has been optimized so that we can define
it as:

f = TR(p,A,B) = (T
p
A + T pB

2 )2, (2.43)
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where p is an adjustment parameter for an interpolated shape between the values
of the two projectiles. From the configuration of function f it is possible to execute and
calculate multiplicity distributions. The Fig. 5 shows these results. The p parameter is
defined as a tool to transform the function TR. This mean that p interpolates among
qualitatively different physical mechanisms for entropy production. Each value of p means
that for a pair of nucleon participants we can set this entropy associated a some mechanism.
p = 1 (called arithmetic) the reduced thickness is equivalent to a Monte Carlo wounded
nucleon model and deposits a blob of entropy for each nucleon. For p = 0 (called geometric)
there is a single roughly symmetric blob at the mid-point of the collision and p = −1
means a suppression of entropy along the direction of the impact parameter.

Figure 5 – Multiplicity distributions for proton-proton, proton-lead, and lead-lead collisions.
These graphics were taken from (4). The p is dimensionless parameter that
can simplify the thickness function for certain values. Data points (triangles,
squares, circles) are experimental distributions from ALICE (5, 6).

The new thickness functions can be calculated by:

TA =
Npart∑
i=1

wi

∫
dzρ(x− xi, y − yi, z − zi), (2.44)

in which wi and (x−xi, y−yi, z−zi) are the normalization and position of the participating
projectiles within the nucleus. After the Hydrodynamic evolution, the average charged-
particle multiplicity 〈Nch〉 is a good approximation to the total entropy (Eq. 2.46) and
can be written as (70):

〈Nch〉 ≈
∫
dxdxTR (2.45)

dS/dy|τ=τ0 ≈ TR(p;TA;TB). (2.46)

After this approach, the final number of charged particles is Poisson distribution,
i.e. P (Nch) = Poisson(〈Nch〉) (71).
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2.6 COALESCENCE

In this project, we had as one of our goals, to investigate the influence of the process
of coalescence in the QGP hadronization stage (72). To formulate this process, we worked
with the use of hybrid coalescence plus the fragmentation process. This process widely
used as an ”instant approach” of Coalescence (73, 74). This approach, the probability
distribution whose meson of momentum Pcoal[q,Q→M ] is formed by the coalescence of a
quark related with momentum pM , the heavy meson of momentum, is given by:

Pcoal[q,Q→M ](pq,u) = N
∫
d3pqfM(pq,pQ)nq(pq,u, Td)δ(pM − pq − pQ), (2.47)

where N is a normalization factor. nq is a momentum distribution of light quarks at
the hadronization time, and fM is the probability density that there are two quarks within
a meson state. To realize the differences of the mesons that obtained from the projection
of the two quark states onto the meson state, a basic harmonic oscillator model is used.
The quarks being relativistic, the projection is performed in their center-of-mass frame
following a Lorentz boost of their phase space coordinates from the global frame to the
center-of-mass frame. This setup is assuming that the light quarks have a uniform spatial
distribution in the medium cell where the heavy quark is located. one can average the
probability density over the spatial coordinates as follows:

f(pq,pQ) = gMhM
(2
√
πσ)3

(2π)3 e−p2
relσ

2
, (2.48)

in which gM is color-spin-isospin statistical factor for the two spin 1/2 quarks and
hM are a new ”thermal” factor. The width σ = 1√

µω
is given by the angular frequency of the

harmonic oscillator ω and the reduced mass of the two quark system µ = mqmQ/(mq+mQ).

We define prel as:

prel =
mqp′Q −mQp′q
mq +mQ

, (2.49)

in which the right side of the Eq. 2.49 is based in momenta in center-of-mass frame5.

The momentum density distribution of the light quarks nq is defined as:

nq = gq

e
√

(pcell2
q +m2

q/Td) + 1
= gq
epq .u/Td + 1 , (2.50)

where pcellq is the light quark momentum in the local rest frame of the medium
cell, gq = 6. gq is the degeneracy-spin factor of light quarks, pq · u is the four-product
5 The momenta is denoted with primed coordinates.
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between the four-momentum of the light quarks in the global frame, and u = (γu, γuu)
with γ = 1√

1−u2 . Once there is a dependence on the speed of the fluid concerning nq, the
derived coalescence probabilities will depend not only on the heavy quark momentum but
also on the angle between them and on the local flow.

This approach is also performed for the bottom Pcoal[q1, q2, Q→ B] in which the
heavy baryon of momentum pB is formed by coalescence of a heavy quark with momentum
pQ and two light quarks of momenta pq1 and pq2 is given by:

Pcoal[q1, q2, Q→ B](pq,u) =N
∫
d3pq1d3pq2fB(pq1,pq2,pQ)nq1(pq1,u, Td)×

nq2(pq2,u, Td)δ(pB − pq1 − pq2 − pQ),
(2.51)

in which N is the global normalization factor, fB is the probability density obtained
by combining the two light quarks first and then using their center of mass to merged
with the heavy quark. The Eq. 2.51 is given by:

fB(pq1, pq2, pQ) = gBhB
2
√
π

6(σ1σ2)3

(2π)6 e−p
2
relσ

2
1−prel2σ

2
2 , (2.52)

in which and hB are the ”thermal” factor included, and gB is the usual color-
spin-isospin degeneracy factor. This term inspired by the thermal model of hadronization
(74) has been included. The hH=H,B = exp[−(mH −mH0)/Td] in which H is the hadron
state for which we want to compute Pcoal, mH is the mass, and mH0 Is the mass of the
corresponding ground state H0.

In order to assist in the calibration of the coalescence model, the reference of low
and intermediate pT enhancement of the Λ+

c /D
0 ratio is considered. These data tend to

confirm the presence of heavy-light quarks coalescence in heavy ion collisions for lower
pT . The ratio for the prompt D+/D0 and D∗+/D0 are built with the basic coalescence
model 6. They are only based on the color-spin-isospin degeneracy factors, the rest of the
probabilities canceling out. The ratio is given by:

D+
prompt

D0
prompt

= D+
prompt +D+∗

prompt(D∗+prompt → D+)
D0
prompt +D+∗

dir(D+∗
prompt → D0) +D0

dir.(D0∗
dir. → D0) (2.53)

in which ”prompt” means including feed-downs from excited states and “dir.” means
the direct production (without feed-downs) that we obtain from the coalescence model.

6 i.e. without the thermal factors.
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3
SMALL SYSTEMS

After the first steps of the study of heavy ion collisions, one of the results was
the understanding that relativistic hydrodynamics plays an important role in the QGP
behavior. We can list some species of collisions made in the second half of the last century
that had an important influence on the properties of QGP and heavy quarks. Collisions as
p+Au, d+Au, and He+Au are examples of these collisions (75, 76). In this century there
are some questions about Quark Gluon Plasma for small systems1 that remain unclear.
One of them is about the existence of the QGP for small systems, as O+O, e Ar+Ar. Some
studies use theories already known, Glauber, to represent the mix of possible collisions
(77), being these collisions with p+O, O+O, He+Au, and Be+Au. In this work mentioned
above, it is used to generate the nuclei an Argonne V18 (78), and Ubarna (79). The
hydrodynamic part is performed using the program SONIC (80, 81). A good indication of
the QGP would be the positive contribution of v2 (82).

3.1 p-Pb Collisions Xe, Ar, and O collisions

As mentioned earlier, observables are corresponding to the QGP that can be tested
on small systems. Observable as v2 is possible to be measured in configurations with
measurements of long-range, near-side angular correlation by the CMS collaboration in
pp collisions at different energies (83). In 2013 the three heavy-ion LHC experiments
that measure collective flow (29, 84, 85, 86, 87) and this asymmetric collisions indicate
signatures of collective flow. The PHENIX collaboration at RHIC also reanalyzed data

1 It can be understood as being elements with atomic mass less than that observed in Lead, an essential
element for the study of the QGP and widely used. These types of elements (systems) directly affect
the characteristics of the nucleon in collisions.
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from d+Au collisions and confirmed the LHC discovery (88, 89) with certain caveats2

(eccentric protons for the initial conditions) (90). The collision p+A one becomes sensitive
to the assumed proton shape and its fluctuations, while in X(A,He,..)+A collisions spatial
eccentricities are dominated by nucleon size scale fluctuations.

At the LHC, Xe129 collisions were to study for analyzing small systems, which
had quite the unexpected result of measuring a deformed Xe129 in ultracentral collisions
(91, 92, 93). The most theoretical predictions for this system it appears that quantitatively
hold up to experimental data (94, 95) such that is well understood. The proposal is to
study the hydrodynamic in small symmetric ion collisions through DAB-MOD (96). These
results arise from a rather non-trivial interplay between the shrinking path length and the
enhancement of eccentricities in small systems at high multiplicity. There are theoretical
predictions for these systems (7).

For the studied systems (Ar40, O16) we can take as a basis an entropy distribution
(Fig. 6). It is worth noting that, for the O + O system, despite being the smallest system,
entropy density predictions show a higher concentration of entropy in the central part of
the system (7).

For this system O + O compared to Pb + Pb it is clear that it will produce a
smaller system, it does not mean that these small droplets of the quark gluon plasma are
indistinguishable. The radius calculation of the initial condition is:

R2 =
∫
r2s(r, φ)rdrdφ∫
s(r, φ)rdrdφ , (3.1)

which it is worth noting that the radius is not of a sphere but rather the variance from
the center of mass. The radius described as a variance denotes implications for 〈r〉.

2 Caveat, according to Cambridge dictionary is a warning to consider something before taking any more
action, or a statement that limits a more general statement. For details about the proton caveats Cf.
Adare(89), 2015.
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Figure 6 – Entropy density plots of four example initial conditions TRENTO. Red (light
gray) indicates the largest entropy densities and blue (dark gray) indicates less
entropy density. This figure was taken from (7).
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4
Heavy Quark in QGP

When we have the creation of heavy quarks inside of QGP, they interact with
the medium before generating particles observed in the detector. The study of QGP has
one of the main observables that give information about nuclear effects are the nuclear
modification factor called RAA. The RAA is a measurement of the suppression factor
experienced by particles inside the QGP and it is defined as the ratio between the pT
spectra of the particles of interest (in this case, the heavy mesons B0 and D0 or leptons
produced from these mesons via semi-leptonic decays), with a normalization factor N
defined in terms of the number of binary collisions (97). The suppression or enhancement
(RAA > 1 or RAA < 1) represent connections with nuclear effects from QGP.

RAA = 1
N

dNAA/dpT
dNpp/dpT

(4.1)

In addition to the surprising reality that the nuclear modification factor gives us
information about QGP, we can get some properties, like collective behavior between
particles inside the medium. When we see the plot in Fig. 7, the experimental data can
show how many models we have in the literature and how they can make representation for
the data. In this work we oversample the number of heavy quarks for each hydrodynamic
background, we are able to reconstruct the entire RAA for each event.

The Fig. 7 represents the RAA for mid-central collsions30− 50% from D mesons.
These data are compared with different theoretical predictions for this observable. However,
we can observe that, although these predictions seem to describe the general behavior of the
data, there are divergences in the description of RAA and v2

1 that make transport models
have difficulty. For instance, the POWLANG-HTL predictions for the RAA seem to describe
well the result while v2 predictions underestimate the suppression. This problem involving
1 v2 is the azimuthal anisotropy usually defined as an expansion of a fourier series. The section 4.4 will

explain with more details about it.
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Figure 7 – Experimental measurements in PbPb collisions at √sNN = 5.02TeV. Average
non-strange D-meson RAA in the 30− 50% centrality class (left) and elliptic
flow v2 in the 30− 50% centrality class (right) measured in Pb–Pb collisions at√
sNN = 5.02 TeV, compared with the Transport models (8, 9, 10, 11, 12, 13,

14, 15).

the RAA and v2 has been around for a fairly long time (100, 101). In the literature, several
ingredients influence these results, such as the fluctuations of the initial conditions for the
quark gluon plasma, the heavy quarks energy loss mechanisms inside the medium and the
interactions among themselves. Moreover, different evaluations of the same observables
may lead to different biases that could harm the correct description of these data, as is
the case when analyzing some observable that is not sensitive to the initial conditions
fluctuations, for instance.

In this chapter, the interactions of the heavy quarks inside the QGP is discussed,
since its initial production until the decays to electrons. Also, the flow harmonics analysis
is described for different approaches in order to obtain an estimation method that leads to
unbiased results.

4.1 Heavy Quark Production

In the previous chapters and sections, the heavy quarks created inside the QGP
are not directly accessible and so what is measured in the experiments are heavy mesons
and light particles created from the heavy quarks. This being the current reality, you
should add these limits to the study of heavy quarks. The final cross-section σ obtained is
therefore defined as the convolution of the different stages of the evolution of the system:

E
d3σ

dp3 = E1
d3σ

dp3
i

⊗ P (E1 → Ef )⊗ P (Q→ HQ)⊗ P (HQ → e±), (4.2)
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in which the initial cross-section of the heavy quark Q is convoluted with the energy
loss, the hadronization, and finally the decay into the semi-leptonic channel. This equation
assumes the validity of the factorization property of the QCD and allows for a separate
study of each aspect of the collision.

To understand how the heavy quarks are created inside the plasma, one of the
conditions is that their masses are greater than the QCD scale ΛQCD in the Eq. 1.3.
As mentioned earlier the cross-section is calculable as a perturbation series in the QCD
running coupling α, evaluated at the mass of the heavy quark m. The Fig. 8 and 9 show
schematically the leading order and some of the next-to-leading order Feynman diagrams
of heavy flavor production in nucleus+nucleus collisions. For this production process
for heavy flavor, there is the inclusion of the gluon fusion, pair annihilation and further
corrections such as pair creation with gluon emission.

It is important to note that for this approach the Next-to-leading order calculations
(NLO) (102) fail at high pT ,i.e. pT >> m due to large logarithms of the ratio pT

m
. In view

of this situation arises all orders in the perturbative expansion. Those logarithms for
the inclusive transverse momentum distribution can be classified into α2

s[αslog(pT/m)]k

and α3
s[αslog(pT/m)]k, respectively leading- logarithmic order (LL) and next-to-leading-

logarithmic order (NLL). Both approaches have been tested to deal with this problem
(103, 104), but both cases led to different problems at different pT intervals. Subsequently,
calculations proposed that the merged both approaches in order to obtain all the terms
of order α2 and α3 exactly, including mass effects and also all the logarithmic terms
(105, 106).

The fixed-order NLO calculation leads to:

d2σNLO

dp2
T

= A(m)α2
s +B(m)α3

s +O(α4
s), (4.3)

.

To the NNL calculation is given by:

d2σNLL

dp2
T

= α2
s

∞∑
i=0

ai(αslog
µ

m
)i+

α3
s

∞∑
i=0

bi(αslog
µ

m
)i+

O[α4(αslog
µ

m
)i] +O(α2

s × PST ),

(4.4)

in which PST are suppressed terms at high pT by powers of m/pT , momentum, the
dependency on the collision energy and scale µ have not been made explicitly.
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Combine the result of the Eq. 4.3 and 4.4 we will have the following result:

d2σNLO

dp2
T

= A(m)α2
s +B(m)α3

s+

[α2
s

∞∑
i=0

ai(αslog
µ

m
)i + α3

s

∞∑
i=0

bi(αslog
µ

m
)i]×G(m, pT )+

O[α4
s(αslog

µ

m
)i] +O(α4

s × PST ),

(4.5)

in which G(m, pT ) is an arbitrary function that must approach unity in the limit
m/pT → 0. This term is given by:

G(m, pT ) = p2
T

p2
T + c2m2 (4.6)

For evaluate the cross-section of heavy quarks, the fixed-order FO part of the
computation needs to have its renormalization scheme changed to the same idea used by
the NLL calculations. The result of this step led to an exact match between two coefficients
of both terms, up to order α3

s. These terms follow as:

d2σFOM0

dp2
T

= a0α
2
s + (a1log

µ

m
+ b0)α3

s +O(α2
s × PST ). (4.7)

After this, FONLL can be written as:

FONLL = FO + (NLL− FOM0)×G(m, pT ). (4.8)

There are significant problems for the Eq. 4.8, particularly FOM0, which are corrected by
analyzing the transverse mass mT =

√
p2
T +m2 and mass. You can view the analysis at

(105). The G(m, pT ) function has to be chosen to suppress the correction (NLL−FOM0)
in that case.

Figure 8 – Leading order Feynman diagrams of heavy flavor production mechanisms in
nuclei collisions.
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Figure 9 – Example of the Next-to-Leading order Feynman diagrams of heavy flavour
production mechanisms in nuclei collisions.

4.2 Energy Loss

There are two main mechanisms of energy loss of heavy quarks in the Plasma of
quarks and Gluons and this mechanism can be done by collisions, related to the loss of
energy due to quasi-elastic scattering or by radiative loss, being this mechanism due to
gluonic radiation (107). Once the two mechanisms have been established in the study of the
QGP, the comparison with the data in the intermediate pT regimes is better represented.
It is observed for high pT the dominance of energy loss by radiation. On the other hand,
it is observed the elastic scattering dominance in low pT and radiative scattering. These
types of behaviors can be observed in Fig. 10.

Figure 10 – Comparison between elastic scattering and gluon radiation induced energy
loss for heavy quarks charm (left) and bottom (right)(16)

During their propagation through a thermalized QCD matter, heavy quarks lose
energy via both quasi-elastic scatterings with light patrons in the medium and gluon
radiation induced by multiple scatterings. In this work, we utilize the following modified
Langevin equation. We can describe this time evolution of energy and momentum as:

d~p

dt
= −ηD(p)~p+ ~ξ (4.9)

with ηD the momentum drag coefficient and the stochastic term ξ(t) that delivers random
momentum “kicks” uncorrelated in time, given by:

〈ξi(t)ξj(t′)〉 = κδijδ(t− t′), (4.10)
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in which 3κ is the mean-squared momentum transfer per unit time (108).

For a thermal heavy quark of mass m� T and typical momentum p ≈
√
mT , the

stochastic solution of equation ?? leads to:

〈p2〉 = 3mT = 3κ
2ηD
⇒ ηD = κ

2mT (4.11)

and the diffusion constant in space is obtained as (108):

D = T

mηD
= 2T 2

κ
(4.12)

subject to the determination of κ. The leading-order calculation can show that the
momentum loss per time is very similar to the one obtained with a constant momentum
drag coefficient leading to

dp

dt
∝ p (4.13)

Assuming the diffusion coefficients to be isotropic and the momentum space
diffusion coefficient k to be independent of the heavy quark momentum p, one can write
the relativistic Langevin equation as:

dxi = pi
E
dt (4.14)

dpi = −Γ(p)pidt+
√
dt
√
kρ, (4.15)

in which the index i = x, y corresponds to transverse plane coordinates, ρ is the
fluctuating force described classically by white noise in a Markovian process, and Γ is the
drag coefficient.

For this work, it was necessary to perform Lorentz boosts between the local rest
frame of the moving medium (in which the heavy quark interacts) and the global laboratory
frame (where it propagates). After the boost of the heavy quark 4−momentum, pi can be
written as:

pi = p′i − Γ(p)p′idt+
√

∆t′
√
kρ, (4.16)

in which the time ∆t′ in the local rest frame of the medium is given by:

∆t′ = ∆t
pµvflowµ

E
= ∆tγ[1− ||p||||vflow||

E
cos(ϕQ − ϕflow)], (4.17)
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in which vflow = (γ, γvflow), δt is associated with the time step in the global frame,
and γ =

√
1− vflow2 is the Lorentz factor. The boost of the heavy quark 4-momentum

back to the global frame and so the propagation is evaluated in the transverse plane via:

xi(t+ ∆t) = xi(t) + pi
E

∆t. (4.18)

This operation is repeated until reaching the hadronization temperature.

For this work, we use two diffusion coefficients. The first parameter is denoted by
”kMT”. This parameter is inspired by Moore e Teaney (109). In this model, the spatial
diffusion coefficient is:

D = fMT/2πT. (4.19)

The second parametrization in this work is denoted by GA. This model is based on
a running coupling constant and an optimized hard thermal loop correction of the gluon
propagator (110). To obtain a tunable parameter we multiply the drag ”AGA” by a kGA.
The result is:

ΓGA = kGA · AGA (4.20)

We have also in literature other models, like Boltzman equation used by other
groups that study hadronization(111). This models, within a common scheme devised
for understanding nuclear factor modification, could be a powerful tool to increase the
knowledge about the hadronization. The Linear Boltzmann Transport (LBT) model has
been developed by the CCNU-LBNL (112), for example. They use this equation:

pµ1∂µf(x1, p1) = E1(Cel + Cinel), (4.21)

in which Cel and Cinel are collision integrals for elastic and inelastic scatterings.

An interesting conclusion for multiple scatterings in the QGP is that we can describe
it as Brownian motion.(113) which will lead to the Fokker-Planck equation:

∂

∂t
= ∂

∂pi
[τFPD] + τFP

(
∂

∂p

)2

D, (4.22)

in which D is the distribution due to the motion of the particles , p is the initial
momentum of the particle and the transport coefficients are given by:

τFP = piA, (4.23)
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τFP2 = B0, (4.24)

The Fokker-Planck equation can be also be obtained from a discretization of the
Langevin equation (108).

Langevin approaches for the computation of collisional energy loss of the heavy
quarks have successfully described experimental data in a low transverse momentum
regime. In this case, the gluon emission is reduced and thus, radiative energy loss becomes
useless. Otherwise, it is generally assumed that radiative energy loss will dominate the
evolution of the heavy quarks at higher momentum. Moore and Teaney (108) argue that,
even then, elastic scattering is the dominant energy loss mechanism. There are many other
different models based on the Langevin approach for the collisional energy loss mechanism
(114, 115, 116, 117, 118, 119).

One can add a new term to the Langevin equation in order to include radiative
energy loss of the heavy quarks. The new Langevin equation can then be written as:

dpi
dt

= ξi(t)− ηDpi + (fg), (4.25)

in which fg = dpg/dt is the recoil force experienced by the heavy quarks from the
medium-induced gluon radiation due to gluon momentum pg. The pg term is obtained from
a gluon distribution function. This function leads to the probability of gluon radiation from
a heavy quark. There is a possible model to this goal given by the higher-twist calculations
(72, 120, 121)

dNg

dxdk2dt
= 2αsP (x)q̂

πk4
⊥

sin2(t− ti2τf
)( k2

⊥
k2
⊥ + x2m2 ), (4.26)

in which P (x) is the gluon splitting function, τf is the gluon formation time, m is
the heavy quark , x is the fractional energy taken by the emitted gluon from the heavy
quark, and the k2

⊥ gluon transverse momentum. Recently in the literature, work was
launched in which the comparison of the Langevin energy loss model with Gluon radiation
indicates a strong correlation between decoupling temperature (122).

The dead cone effect (123, 124) is based in the last term of the Eq. 4.26.

The gluon transport coefficient q̂ in Eq. 4.26 and 4.25 can be obtained from the
quark diffusion coefficient (72):

q̂ = 2κCA
CF

(4.27)



4.3. Hadronization and particle decay 35

4.3 Hadronization and particle decay

Once the quarks are created in the guark-gluon plasma, and the interaction is
carried out during the process of hydrodynamic expansion, the medium undergoes a phase
transition from the QGP to the hadronic matter. Once there is a need to understand this
hadronization process, as the knowledge about such mechanisms remains without complete
understanding. The mechanisms that are candidates for this hadronization mechanism
are the fragmentation of partons and the coalescence of quarks. The coalescence help to
improve low pT while the fragmentation is the most used at high pT . In this scenario,
a single parton has a given probability of the parton probability of fragmentation or
coalescence.

In this work, we implement two methods, the fragmentation and the coalescence.
We do not consider the possible interactions between the produced heavy mesons, and the
hadronic gas (125).

The approach used is The Peterson fragmentation function (126). This common
approach is to parametrize the fragmentation function disregarding the dynamics of the
processes. Some of the most common models are Kartvelishvili (127).

To perform the fragmentation the definition of the Peterson function is:

f(z) = 1
z(1− 1/z − εQ/(1− z))2 , (4.28)

in which ε ≈ m2
q/m

2
H is the ratio between the quark mass an the hadron mass. The z is

defined as the ratio between the hadron and the originating quark energy and longitudinal
moment:

z = Emeson + pmesonl

Equark + pquarkl

, (4.29)

in which E is the energy and p the momentum. However, this variable is not experimentally
accessible (128) and thus should be converted to:

z = x :

√
x2
E − x2

min√
1− x2

min

(4.30)

in which xmin = 2mH/
√
s, with

√
s being the center of mass energy and xE :=

2EH/
√
s.

In this work, the Peterson function parameters εc and εb are chosen such as to
reproduce D0 and B0 meson FONLL spectra in pp collisions and include the energy loss
parametrization between the heavy quark production and hadronization. The heavy mesons
decay into the semi-leptonic channels is the final result of the system’s evolution that is
analyzed.
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The next section is the review of the azimuthal anisotropy analysis procedures,
which consists of one of the most important tools to the study of the QGP.

4.4 Azimuthal anisotropy

For collision analysis, the azimuthal anisotropy of particles is widely used as a tool
to understand the Heavy Ion Collision. Basically, the initial anisotropic spatial distribution
of particles that form the QGP, coupled with the nearly perfect liquid behavior of the
plasma (medium), creates pressure gradients that transfer this anisotropy to the momentum
space in the final state. The existence of this observable means that there is evidence of the
behavior of the plasma (129, 130). This observable has a relationship with the contribution
of initial state fluctuations. These fluctuations generate all Fourier flow harmonics in each
event.

The azimuthal distribution is usually defined as an expansion of a fourier series:

E
d3N

dp3 = 1
2π

d2N

pTdpTdy
(1 +

∞∑
n=1

2vncos[n(ϕ− ΦR)]), (4.31)

in which ϕ is the azimuthal angle and ΦR is defined as the reaction plane angle.

Basically, the azimuthal analysis is the measurement of the values of vn harmonics
coefficients. From the establishment of the collision geometry the symmetry planes will
have a direct relationship with the reaction plane by ΦR, however, with fluctuations in the
spatial distribution of the particles, the angle ΦR can have a different direction that the
expected reaction plane. These are called the participant planes and are differently related
to each of the Fourier n-harmonics.

There are methods to calculate the participant plane Φn. One of the methods that
aim at accomplishing that is the event-plane method. The event-plane angle Ψn is defined
as the angle of symmetry of the particle azimuthal distribution in the transverse plane.
One can define as (131, 132, 133, 134):

Ψn = 1
n

arctan Qn,y

Qn,x

, (4.32)

in which the flow vector in the harmonic n is defined as:

Qn =
|Qn|cos(nΨn)
|Qn|sin(nΨn)

 = 1
N

N∑
j=1

cos(nϕj)
sin(nϕj)

 , (4.33)

for each azimuth angle being traversed for N particles added. It is worth noting
that it is essentially a one-particle probability distribution analysis. Because of that, the
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distribution may differ from the participant plane angle, being highly dependent on the
number of particles used to generate the distribution. To obtain the harmonic value vn
using the event plane method, the event plane resolution is used. This approach leads us
to (131, 132, 133, 134):

vn = 〈cos[n(ϕ−Ψn)]〉
〈cos[n(ϕ− Φn)]〉 , (4.34)

where the denominator represents the resolution correction. This denominator is
obtained, for instance, via sub-event method (131).

There is also the scalar product method that weights the event averages using |Qn|
(135):

vn = 〈|Qn|cos[n(ϕ−Ψn)]〉
〈cos[n(ϕ− Φn)]〉 , (4.35)

where the denominator represents the resolution correction. This approach leads to an
unambiguous estimation of the flow harmonics:

vn {SP} =
√
〈v2
n〉. (4.36)

There is also an equivalent method to the scalar product that provides us with an
unambiguous estimation of the second moment of the distribution, which is the 2-particle
correlation (132). Moreover, by increasing the number of correlated particles (2,4,6,8,..),
one can obtain unambiguous measurements of the even moments of the distribution

√
〈v2k
n 〉.

Let us redefine the flow vector from the Eq. 4.33 as a complex number2. Otherwise, the
flow vector is like in the Eq. 4.37:

Qn → Qn = einϕ (4.37)

Vn → Vn = Vne
inϕ (4.38)

in which ϕ is the azimuthal angle of a given particle. However, in the hard sector we are
considering the particle of interest from separate pT bins so a pT dependence appears as
(132, 134):

Vn(pT )→ Vn = Vn(pT )einϕ (4.39)

2 Here we use the same notation as in (132, 134).
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This approach leads to a pT dependent two particle correlation that uses the
complex conjugate to produce a real valued result as:

ReVnV
∗
n (pT ) = vnvn(pT )cos[n(ψn − ψn(pT ))]. (4.40)

For instance, if we consider the typical 2-particle correlations by taking one hard
and one soft particle and the 4-particle correlation by taking 1 hard particle and 3 soft
particles that are averaged over events within a fixed centrality window. They are defined
by:

vn {2} (pT ) = dn {2} (pT )
cn {2}1/2 (4.41)

vn {4} (pT ) = dn {4} (pT )
−cn {4}3/4 (4.42)

in which:

dn {2} (pT ) = 〈〈VnV ∗n (pT )〉j〉 (4.43)

cn,j {2} (pT ) = 〈〈VnV ∗n 〉j〉 (4.44)

Here, the outer bracket 〈...〉 is an artifact of centrality rebinning where in experi-
ments finer centrality bins are taken e.g. 0.5% centralities or other, which we indicate as j,
that are then recombined using multiplicity weighing in a wider centrality bin of a width
of 10%, for instance. The inner brackets indicate averaging over the events within the jth

fine centrality bin.

There exists a couple of methods to calculate cumulants. The direct cumulants
(136, 137) leads to non-biased cumulants due to interference between harmonics. The
average (m particle) azimuthal correlations for a single event:

〈〈2〉〉 := 〈〈ein(ϕ1−ϕ2)〉〉 := 1
AM,2

∑
i,j

′
ein(ϕi−ϕj). (4.45)

in which An,m = n!/(n−m)! and the primed sum symbol indicates that the indexes
must all be taken differently.

The m-particle correlator is then defined as the average over all the events of the
azimuthal correlations:

〈〈m〉〉 :=
∑
evW〈〈m〉〉〈m〉∑

evW〈m〉
(4.46)
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in which the weights W〈〈m〉〉 are used to minimize the bias due to multiplicity
variations in the set of events used to estimate the m-particle correlations. W〈〈m〉〉 is defined
as:

W〈〈m〉〉 =
∑
evMapm∑
evM

, (4.47)

which M is (p-1) and p is the number of events and am is related to vn.

The unbiased coefficients of the m-particle cumulants are written as:

cn {2} = 〈〈2〉〉, (4.48)

cn {4} = 〈〈4〉〉 − 2〈〈2〉〉2 (4.49)

One can define the differential cumulants by changing one of the correlating particles
with the particle of interest (138):

dn {2} = 〈〈2′〉〉 (4.50)

dn {4} = 〈〈4′〉〉 − 2〈〈2〉〉〈〈2′〉〉 (4.51)

in which the primes indicate the substitution. The correlation between two particles
leads to the same average result in Eq. 4.45.

For this work, we used the cumulant calculation method to measure contributions
from vn {n} and compare them with the data available in the literature.
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Chapter

5
Heavy quarks evolution in an
event-by-event expanding QGP

After all previous chapters, which were presented theoretical frameworks to study
the evolution of quarks inside the quark gluon plasma and study of small systems, (THE-
STATE-OF-ART) simulation framework DaBMod (D and B mesons Modular framework)
(139, 140, 141). The heavy flavor sector is described using this program. This program
has been developed using C + + programming language with the aid of ROOT (142) and
Pythia8 (143) libraries. DabMod consists of a Monte-Carlo simulation of heavy quarks
transversing an expanding hot quark gluon plasma in which they interact through an
energy loss model. The final spectra obtained from the simulation is then used to evaluate
different observables on an event-by-event approach, such as the nuclear modification
factor and the azimuthal anisotropy. The Analysis could be done through the results of the
simulation. All the simulation has been built with a modular feature, taking for granted
the QCD factorization. The purpose of this method is to enable the easy selection of
different models for each stage of the system’s evolution, such as the energy loss, medium
backgrounds, or hadronization processes, so one can analyze, investigate separately the
effects of each one of those stages on the final results. Once the program is executed, the
event-by-event analysis is implemented in the code so that each simulated event is chosen
independently of another possible event. A High-Performance-Computing(HPC) cluster is
then used to simulate all desired events in the code, directly using the parallelization of
the program execution. This step generates intermediate results. From the construction of
these results is performed analyses in which all events are combined in order to conceive
final results. In this work, the SAMPA cluster of the High Energy Physics Instrumentation
Center (HEPIC), located in the city of São Paulo, University of São Paulo, was used to
perform all the simulations. For these bottom and charm simulations are sampled within
a mid-rapidity transverse plane of the QGP medium with an initial time τ0 with initial
momentum given by the calculations provided by pQCD. The hydrodynamic evolution of
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the background of the medium is performed independently of the evolution of the heavy
quarks, therefore, no effect from probes on the medium are considered. In this structure,
each sampled heavy quark travels along the transverse plane with velocity v and a constant
direction ϕquark and loses energy utilizing some parametrization of dE/dx. Once the heavy
quarks reach a certain position (x, y) in which the temperature of the medium is below a
chosen decoupling temperature Td, the quarks undergo a hadronization process leading to
heavy mesons B0 and D0, which in turn decay into electrons and positrons. Information
about this process can be accessed. Heavy quarks positions and pT spectra are stored in
order to obtain the desired observables meant for study. For this process, the execution
setup is fixed with some parameters using available data from the Particle Data Group
(34). Those parameters are presented in Tab. 2.

Tab. 2 – Constant values used on all executions of the simulation
Name Symbol Value

Bottom mass mb 4.18GeV
B0 mB 5.27 GeV

Charm mass mc 1.275 GeV
D0 mD 1.86 GeV

Electron mass mc 5.109 KeV

This chapter presents the details on how each stage of the system’s evolutions is
evaluated.

5.1 Initial Conditions

The First part of the setup system evolution, the initial conditions have the purpose
in the simulation to serve as a starting point for the hydrodynamic evolution of the plasma
and also setting up the spatial distribution of the sampled heavy quarks that traverse the
medium. DABMOD could be changed for two different initial conditions. In this work the
results are collected from the MCKLN (144, 145, 146), based on the CGC formalism and
TRENTO (4) initial condition.

In order to run the simulation, the event LHC (PbPb) with energy√sNN = 5.02TeV
have been selected for centralities in the range of 0− 50%. We will also use Wood-Saxon
theories to predict outcomes for the following systems: Ar42, and O16. These systems
will be used respectively with √sNN = 5.85TeV, and √sNN = 6.02TeV. The Xe 129

with √sNN = 5.44TeV system will also be used in this study. The configurations of this
system were used based on the work of the ALICE, LHC experiment. The centrality
selection has been set up to be selected using the average number of participants for
each event 〈Npart〉 and the events have been binned using 1%-wide centrality classes. We
will use small bins centralities for our results to perform the event-by-event analyzes
with the results of the literature. Since the event profiles are constructed and separated
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by centralities, they are selected for the evolution of the system. In order to obtain the
results of significant observables for comparison with data in the literature, event-by-event
analyzes are necessary for the most accurate measurements possible, however, certain
heavy quarks are only produced in a few events. For this analysis to be statistically
reasonable for the results, the heavy quarks measurements must be obtained through
oversampled. These events (Profiles) can then be classified by geometrical resembling
and events in the same class can be treated as the same. Thus, event-by-event in this
circumstance should not be regarded as a single real one but rather a grouping of possible
distributions. The results obtained from the simulation are then probabilities and the
oversampling works like an apparatus in order to evaluate these probabilities. For the
results obtained from the simulations of this work, data with 1× 107 heavy quarks have
been sampled for the RAA and the same for the measurements of vn. The plots in Fig. 11
and 12 show examples of initial conditions energy distributions for Pb+Pb,Xe+Xe,Ar+Ar,
and O+O with energies of √sNN = 5.02TeV, √sNN = 5.44TeV, √sNN = 5.85TeV, and
√
sNN = 6.02TeV respectively. They present examples of the starting and ending positions

of heavy quarks inside QGP. The parameters of the initial condition are setup with p = 0,
k = 1.6, and σ = 0.51 according to the Bayesian analysis (147). This method estimate the
parameters of computationally intensive models.
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Figure 11 – Profile events showing the initial condition for Pb+Pb collisions (Initial
position) in √sNN = 5.02TeV. This is one example of this sample. The
Initial Condition used is TRENTO. The evolution of the heavy quarks is here
obtained via the Langevin equation with the MT parametrization. The z axis
use a.u. label
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Figure 12 – Profile events showing the initial condition for Pb+Pb collisions (Final position)
in √sNN = 5.02TeV. This is one example for this sample. The Initial Condition
used is TRENTO. The temperature used is Td = 160MeV. The evolution of
the heavy quarks is here obtained via the Langevin equation with the MT
parametrization. The z axis use a.u. unit.

The construction of the other systems was also carried out using the same Initial
Condition.

Once the heavy quarks are sampled within the medium at the initial stage of the
simulation they move on to the next stage (evolves) interacting with the hydrodynamical
background. We will describe in the next topic how this interaction between the quark
and the medium takes place.

5.2 Hydrodynamics

Once the initial condition for studying the QGP is established, we must configure
the hydrodynamic stage. In this step, each heavy quark sampled from the initial condition
travels along the transverse plane (medium) of an evolving plasma that is obtained from a
relativistic hydrodynamic evolution of the initial conditions created by the TRENTO (4)
approach, although heavy quark affect the hydrodynamical evolution by medium recoil
(148, 149). In this work, the effects associated with medium response are disregarded. The
medium acts as a background for the heavy quark probes. The background samples are
built on first principles for the heavy quark evolution and are finally stored so that the
program simulations can be performed.

The tool used to perform the measurements of the profiles that will be used for
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Figure 13 – Profile events showing the initial condition for Ar+Ar collisions in √sNN =
5.85TeV. This is one example of this sample. The Initial Condition used is
TRENTO. The evolution of the heavy quarks is here obtained via the Langevin
equation with the MT parametrization. The z axis use a.u. unit.

the evolution of heavy quarks inside the medium, the event-by-event relativistic viscous
hydrodynamical model developed at the University of São Paulo (Viscous Ultrarelativistic
Smoothed Particle Hydrodynamics - V-USPHYDRO) (62, 150, 151, 152, 153, 154) is
implemented to evolve the TRENTO events and then create the local temperature and
medium velocities that are used in the energy loss calculations implemented. This code
is implemented using a mesh-free Lagrangian method implementation of the Smoothed
Particle Hydrodynamics (SPH) (155, 156, 157, 158, 61, 60) to solve the equations of a
2D+1 relativistic hydrodynamics. This method presents an overall fast computational
time compared to different approaches using grid-based computations (159). For this
study, it is assumed a boost-invariant longitudinal expansion (160). This means for central
rapidity, the system is invariant under Lorentz boosts. The evolution is set up to start
at an initial time τ0 = 0.6fm, with shear viscosity given by η/s = 0.047. The simulation
used the lattice-based equation of state (EOS) s95n-v1 (161) of the Eq. 1.6 and the
freeze-out temperature TFO (or just Td) of the Cooper-Frye (162) was set to vary between
Td = 150MeV and Td = 160MeV.

Once the hydrodynamic simulation is finished, this step provides transverse plane
profiles over time for the energy density, local temperature, and flow velocity in both x̂ and
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Figure 14 – Profile events showing the initial condition for Ar+Ar collisions in √sNN =
5.85TeV. This is one example for this sample. The Initial Condition used is
TRENTO. The temperature used is Td = 160MeV. The evolution of the heavy
quarks is here obtained via the Langevin equation with the MT parametriza-
tion. The z axis use a.u. unit.

ŷ directions. The profiles and quantities are used in DABmod for evaluating the energy loss
and making predictions for small systems. Furthermore, from the Cooper-Frye freeze-out,
charged soft particle spectra are obtained which are used to obtain the integrated flow
harmonic coefficients. Those are later correlated with the heavy flavor sector obtained
from DABMOD.

5.3 Heavy quark production (DabMod)

For the representation of the heavy quarks produced at the beginning of collisions
in parton scatterings, we chose to work with the description by perturbative QCD (pQCD).
In this work, we use to build the initial momentum distribution using First-Order-Next-to-
Leading-Logs (FONLL) (105, 106, 163). Currently, this method has improvements for the
construction of top quark (164). A momentum probability distribution in the reference
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Figure 15 – Profile events showing the initial condition for O+O collisions in √sNN =
6.02TeV. This is one example for this sample. The Initial Condition used
is TRENTO. The evolution of the heavy quarks is here obtained via the
Langevin equation with the MT parametrization. The z axis use a.u. unit.

proton-proton collision is obtained from the cross section, proportional to the invariant
yield:

E
d3σ

dp3 ≈ E
d3N

dp3 = E
d3N

dpxpypz
, (5.1)

in which E is the energy, p the momentum, and N is the number of partons. The
definition of beam axis in the direction x̂ and performing a coordinate change of dpx = Edy.
For the rapidity y in the same way we can write this way:

dpydpz = pTdpTdϕ, (5.2)

in which pT is the transverse momentum and ϕ is the azimuthal angle, one can rewrite
the invariant yield as:

E
d3N

dp3 = d3N

pTdpTdydϕ
. (5.3)
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Figure 16 – Profile events showing the initial condition for O+O collisions in √sNN =
6.02TeV. This is one example for this sample. The Initial Condition used is
TRENTO. The temperature used is Td = 160MeV. The evolution of the heavy
quarks is here obtained via the Langevin equation with the MT parametriza-
tion. The z axis use a.u. unit.

Moreover, it is assumed isotropic production in the azimuthal direction so the
above equation becomes:

E
d3N

dp3 = 1
2π

d2N

pTdpTdy
. (5.4)

The initial azimuthal directions ϕ of the heavy quark momenta are chosen randomly.

In conclusion, the evolution of the heavy quarks in the simulation is performed in
the mid-rapidity regime:

E
d3N

dp3 = 1
2π

d2N

pTdpTdy
|y=0. (5.5)

For this work, this simulation heavy quarks are first set to have initial pT following
a uniform distribution between a defined range[pminT , pmaxT ], after this the distribution
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histograms are filled using dN/dpT from Eq. 5.5 as a weighting factor. The motivation
for that choice in order to obtain reasonable statistics for the high pT is necessary for the
statistics of some of the observables under study1. We largely oversample the number of
heavy quarks to ∼ 107 for each hydrodynamic event.

The main motivation for that choice of the proton-proton reference yield is to
provide means for evaluating the nuclear modification factor. The definition of RAA in
Eq. ?? is a ratio between the differential yields in nucleus-nucleus collisions with respect
to proton-proton collisions. This definition is scaled by the nuclear overlap function
〈TAA〉 = 〈Ncol〉

σpp
inelastic

. Usually, is understood as the RAA the comparison of changes in nuclear
collisions with proton-proton collisions. Moreover, the expected value for RAA would equal
unity. However, when exploring the overlapping study of events by using FONLL spectra
for the heavy quarks the value for RAA can provide valuable information about the QGP.
The RAA is evaluated by considering the ratio of spectra after interacting with the medium
(Energy loss is the main actor here). This ratio is made concerning the ones without
medium interaction. This approach is defined as:

RAA(pT , ϕ) = (dN((pT , ϕ)/dpT ))
dN(pT )/dpT

. (5.6)

The RAA for both quarks in the simulation is evaluated independently and FONLL
distribution itself is used to perform the total contribution by correctly weighting the RAA

for each quark, c and b quark.

Once that we include the FONNL in the computations one can not use predictions
directly for heavy mesons and electrons come from this process, moreover, these predictions
are still used as references for the choice of parameters of the next steps of the simulation.
The next text is about hadronization and decay. We will talk about two process main
processes involving the Langevin model.

5.4 Hadronization and decay

For the development of the assigned steps to the QGP, it is necessary to establish
an uncoupling temperature Td. When establishing this temperature in the program,
The Peterson Fragmentation Function (126) is employed. The low pT quark coalescence
(112, 165, 166) is implemented in the simulation, which is responsible for predictions into
the pT ≤ 10 GeV range. The Peterson fragmentation function previously defined in 4.3:

f(z) = 1
z(1− 1/z − εQ/(1− z))2 , (5.7)

1 e.g. multiparticle cumulants.
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in which z is defined as the fraction of the heavy quark:

z = Emeson + pmesonl

Equark + pquarkl

, (5.8)

For the Eq. 5.8, the l indicates the direction of the heavy quark. The pT can be
obtained through:

pT ≈
z2(Eq + pqT )2 −m2

2z(Eq + pqT )2 −m2 (5.9)

The condition established for this approach is the fact that they are both colinear.
m is the heavy quark mass. The simulation draws a random value for z assigned to each
heavy quark that undergoes fragmentation to perform the Monte Carlo computation of
the pT . In this step, the distributed random value is assigned to The fragmentation and
coalescence.

Once the spectra for the heavy mesons have been obtained for heavy quarks, we
choose to the mesons are made to decay into the semi-leptonic channels using PYTHIA8
(167) The Pythia implementation is performed after the particle probability results, the
heavy mesons, undergo coalescence or fragmentation.

To measure observable values RAA, for instance, two distinct spectra must be
evaluated, one which includes the medium interaction and others that the interaction is
not present. One is obtained by directly performing the fragmentation on the heavy quarks
sampled in the simulation regardless of the local temperature of the medium.

When implementing PYTHIA, an event is associated with the heavy meson with all
the kinematical properties obtained from the two hadronization processes. All non-relevant
channels are turned off in order to cause all heavy mesons to decay into electrons and
positrons. The diagram in Fig. 17 shows the two processes implemented in the simulation
in which the values of the heavy quark spectrum are measured to obtain the observables. In
this step, the energy loss model interacts with one of these processes. RAA is built for three
particles: quarks, mesons, and electrons. This is accomplished through the implementation
of energy loss parametrization. To discuss a little about the energy loss model the next
section will elucidate the theoretical concepts of this model.

5.5 Energy Loss parametrization

To carry out a study on the dependence of some common variables, we used an
energy loss parametrization based on different jet studies (168, 169, 170, 171, 172, 173).
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Figure 17 – Map Program flow scheme showing the start point with quark spectrum
obtained from FONLL and ramify into two different branches. The lower
branch does not include any interaction with the medium and the upper
branch includes the energy loss. For evaluate RAA the ratio between the upper
and lower branches is computed.

The dE/dx is:

dE

dx
= −dP

dτ
(x0, ϕ, τ) = κ(T )Pα(τ)τT cζ (5.10)

in which κ(T ) and T [x(τ), τ ] describes the local temperature along the jet path
at a local time τ , Pα(τ) describes the dependence on the jet energy and ζ is the term
describing the energy loss fluctuations along the path-length. In this work, we use a simple
parametric model for the heavy quark energy loss per unit length:

dE

dx
(T, vQ) = −f(T, vQ)ζΓflow, (5.11)

in which f(T, vQ) is a function encoding the energy loss parametrization, T is
the local medium temperature experienced by the heavy quark, vQ is the heavy quark
velocity in the global laboratory frame, ζ is a random variable related to the energy loss
fluctuations, and Γflow takes into account the boost from the rest frame of the moving
medium to the general laboratory frame (174). The Γ is given by:

Γflow = γ[1− vflow cos(ϕquark − ϕflow)], (5.12)

in which γ = 1/
√

1− v2
flow, vflow is the local velocity, ϕflow is the azimuthal angle,

and ϕQ is the azimuthal angle defined by the propagating heavy quark in the transverse
plane. The Eq. 5.12 is interpreted in such a way that heavy quarks propagating with the
same direction as the flow will lose less energy than heavy quarks in other directions.
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The basis for implementing this approach is realized through the integration of
the equation dE/dx by the arbitrary choice of an interval ∆x in which the variation is
measured by:

∆E = dE

dx
|E ×∆x (5.13)

The speed of the heavy quark within this displacement is measured to provide a
temporal variation comparable to the resolution of hydrodynamic evolution. The position
and 4-momentum of the heavy quark are evaluated. The steps of this process are repeated
until the medium reaches the temperature of decoupling Td. From that moment on,
coalescence and fragmentation come into play.

For this work, we use a model inspired by conformal ADS/CFT calculations that
evaluate the drag force on an external quark moving in a thermal plasma of N = 4
super-Yang-Mills theory.

f(T, vflow) = ξT 2Γ (5.14)

and we use a constant model that is written as:

f(T, vflow) = αΓ (5.15)

in which ξ, and α are free parameters. T is local temperature.

The free parameters are fitting the RAA results that are obtained from the simulation
with available experimental data from CMS and ALICE experiments for each heavy quark.
The Data for PbPb collisions at √sNN = 5.02 TeV is used for the D0 meson RAA and
sets the parameter for the charm quark simulations. For the bottom, there is data for B0,
moreover, the results are calculated for the whole centrality regime of 0− 100%. Once we
have this situation, we use the same parameters for the bottom.

To find the values for each free parameter, finite numbers of those values are chosen.
From that are evaluated RAA and then the fit with the data is performed by a least squares
algorithm in which bi-linear interpolation is performed in order to obtain the values outside
the kparameter2 × pT grid.

The configuration of the energy loss is setup for evaluating the RAA for all the
events in all centrality classes, which is used to perform event-by-event analysis and leads to
vn estimates for each event. The next section describes the final analysis that is performed
from the data obtained from the simulation.
2 It’s a free parameter as α, ξ
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5.6 Event-by-event analysis

When obtaining the simulations after performing the steps described so far, an event-
by-event analysis is performed. First, the choice of events is made for the analysis. This
choice can be made through centrality, integrated vn in the soft sector, event multiplicity,
average number of participants or other physics property for performing event-shape
engineering analysis.

The RAA spectra are used to evaluate the differential heavy flavor azimuthal
anisotropy from the Fourier harmonics:

RAA(pT , ϕ)
RAA(pT ) = 1 + 2

∞∑
n=1

vheavyn cos[ϕ−Ψheavy
n (pT )], (5.16)

in which:

vheavyn (pT ) =
1

2π
∫ 2π

0 dϕ cos[ϕ−Ψheavy
n (pT )]RAA(pT , ϕ)

RAA(pT ) . (5.17)

The event planes angles are defined as:

Ψheavy
n = 1

n
arctan(

∫ 2π
0 dϕ sin(nϕ)RAA(pT , ϕ)∫ 2π
0 dϕ cos(nϕ)RAA(pT , ϕ)

) (5.18)

The nuclear modification factor RAA(pT , ϕ) events is the average over all the events
selected. The differential azimuthal anisotropy vn(pT , ϕ) is computed from the correlation
between vheavyn (pT , ϕ) in the heavy flavor sector and the integrated vsoftn of all charged
particles in the soft sector. This is made through the cumulants method (134, 175, 176).
Our approach gives the probability for an event with a certain vn and Ψn in the soft sector
to produce the heavy flavor quantities vn and Ψn.

In order to solve problems with events with high multiplicity and as small statistics,
refining of results is performed by adding weighting of accumulated records using a
multiplicity (177, 175):

W〈m〉 =
n=m−1∏
n=0

(M − n), (5.19)

in which M is the multiplicity and 〈m〉 is a single event average particle azimuthal
correlations. The above weighting bias can have a non-negligible impact on the final
results for the correlations if a wide centrality bin is used. Due to this fact, events are
further classified into 1%-wide centrality bins and then averaged into wider bins after the
multiplicity weighting is calculated. This has been proven to remove the effect due to the
bias (176).
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Chapter

6
Results

We will discuss the results obtained from the use of the DAB-MOD program,
since we present the theories that were references for the development of the program,
along with the configurations defined to obtain the presented results. It is important to
highlight the main points of the program and how we can obtain the data presented
by manipulating the parameters for the quark c and b coefficients. These energy loss
parameters were manipulated for each energy loss model. This coefficient directly affects
the results of observables under or overestimating the experimental data, for the case of
PbPb, or extravagant results for systems such as Xe-Xe129, Ar-Ar42, and O-O16 mainly.
The observables affected in this work are the RAA, v2, and v3. Other parameters set in the
early parts of the DAB-MOD configuration may affect the final simulation results. In this
work, the decoupling temperatures are defined between Td = 150MeV to Td = 160MeV .
The choice of this temperature was determined due to the size of the cross-over transitions
from lattice QCD (178, 179). These configurations can be seen as a way to identify the
best representation of how the heavy particles lose energy with the QGP. Path-length
would be a means commonly attributed to this loss of energy.

As previously mentioned, DAB-MOD is a modular program, that is, it is possible to
check each step. Therefore, the stages of analysis are distinctly made, in order to produce
more representative results.

The results presented below will cover the following topics: Presentation of the
Initial Conditions model compared with experimental data using observables RAA, v2,
and v3, presentation of the observables of de Xe-Xe compared with the data found in the
literature, comparison and presentation of the calculations generated for small systems
Ar-Ar, and OO, taking as reference the results of systems like Pb-Pb and Xe-Xe.
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6.1 Energy Loss

For each model described above, there is a free parameter, i.e., the coupling factors
α and ξ for the chosen energy loss models. There are also the factors fMT and fGA for
Langevin models, which must be fixed. This step is done by finding the value that gives
the best description of differential RAA for pT ≥ 10 GeV at LHC energies obtained from
the simulation compared to available experimental data for each model, heavy quark type,
limiting values of the decoupling temperature vary between 150 MeV and 160 MeV, and
also the collision energy. The factors for each model is set up using D0 meson differential
RAA data in one centrality regime. The values for both temperatures were fixed with the
same value for all models. The table 3 summarizes the values for each model.

Coupling factors for charm quarks at Td = 150− 160MeV LHC PbPb √sNN = 5.02TeV
α 1.154
ξ 12.532

kMT 0.41
kGA 0.41

Tab. 3 – Values of the coupling factors for charm quarks determined for each transport
model, collision energy, and decoupling temperature. These values are obtained
using TRENTO initial conditions.

In this step, in order to obtain the differential nuclear modification factor that is used
for comparison with data, events with 0− 10% centrality are selected and the simulation
is performed using the Pb + Pb with system √sNN = 5.02 TeV. The program(DaBMod)
has been run for about ∼ one thousand events in this centrality for each beam energy and
the number of heavy quarks.

Comparing the results with the experimental data in Fig. 18 it is possible to notice
a big suppression for the models with temperature dependence ξT 2 and the constant model
α for the interval varying between 0 GeV < pT < 3 GeV. Langevin-based models best
represent the data presented since all intervals are represented with similar behaviors. For
the case of energy loss models α and ξT 2 there is a tendency for there to be a dependency
for values of RAA at high transversal momentum. This result bring interesting information
about the low pT . Processes involving a relation between Temperature and a linear can
suppress the observable R, indicating that possibly for the moments of interaction of the
particles with the bulk there are processes not well understood about the momentum gain
process.

The results (Figs.19) for the anisotropy azimuthal contribution is well represented
by the energy loss model MT (109) and GA (110). The energy loss models that depend
on the temperature and constant value model are highly suppressed. For this plot, it is
also possible to perceive a better representation for the temperature Td = 150 MeV for low
transverse momentum. The Langevin model hybrid is also suppressed.
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Figure 18 – The Plot of differential RAA for 0 − 10% centrality for different models of
energy loss. The temperature varies between for MT approach. The green
line (bright) represents the MT model with MT parameter fixed. The green
line (dark) represents the GA model. The red line represents the temperature
model previously commented on before. The blue line represents the constant
model. This data was taken from collaboration CMS (17).
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Figure 19 – The Plot of anisotropic azimuthal flow v2. This data was taken from collabora-
tion CMS (18). The green line (dark) represents MT model with Td = 150MeV.
The green line (bright) represents the same model. The green line (dashed)
represents the hybrid model. The blue line represents the constant model and
finally, the red line represents the ξT 2 model. The |y| < 1.0 for the data.

The result presented in Fig. 20 for the contribution of triangular flow also shows a
suppression for the values of the models α and ξT 2. The line representing the graph for
Td = 150 MeV demonstrates better representing the experimental data (18). In Fig. 20 the
representation for high transversal momentum needs more accession in the representation
of the data. The deeper analysis of energy loss processes with the environment may be
responsible for a better representation of the data.
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Figure 20 – The Plot of triangular flow v3. This data was taken from collaboration CMS
(18). The green line (dark) represents MT model with Td = 150MeV. The green
line (bright) represents the same model. The green line (dashed) represents
the hybrid model. The blue line represents the constant model and finally the
red line represents the ξT 2 model. The |y| < 1.0 for the data.

In Fig. 21 we can see the same behavior for energy loss models even for Langevin
models. In this graph, we use only four models of energy loss RAA. We do not use the
GA model. In the future, we will run this simulation to consistently supply the analysis
described for meson D.
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Figure 21 – Graph for Energy Loss Model with B0 meson. The green line (dashed) is for
Moore and Teaney approach with Td = 150 MeV. The green line (solid) is for
the same approach, but for Td = 160 MeV. The red line represents the model
with dependence on the temperature. The blue line is for the constant model.
Both ξ and α models use decoupling temperature Td = 160 MeV

In order to carry out an analysis of the dependence of the transverse moment pT
compared to v2 {4} /v2 {2}. We compared the use of energy loss models with the use of the
Langevin model using the coalescence process and another without the use of this process.
The use of the coalescence process provides, for high centrality values, an attenuation of
the cumulative contribution. This attenuation of the value of this ratio (Fig. 22 upper
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plot) is consistent with the coalescence mechanism, since the ratio v2 {4} /v2 {2} together
with the implementation of the coalescence mechanism brings the rise of heavy quarks
fluctuations concerning the combination of heavy-light quarks. The addition of coalescence
mechanism is observed to generally decrease the low pT integrated cumulant ratio except
in the case of constant energy loss model in most central collisions 0− 10%. The behavior
for the ratio with intervals of the integrated anisotropy values for the constant energy loss
model shows great attenuation. The ratio for peripheral collisions is less sensitive.
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Figure 22 – Centrality dependence of the D0 meson v2 {4} /v2 {2} cumulant ratio inte-
grated over two ranges 2 < pT < 40 GeV (above) and 8 < pT < 13 GeV
(down) for √sNN = 5.02 TeV PbPb collisions. Here, we use TRENTO initial
conditions.

6.2 TRENTO + Coalescence

In the literature, TRENTO (4) is used as one of the main tools for creating the
Initial Condition. Therefore, to represent the experimental data using the DABMOD
and test how robust the program is, data comparisons were performed using the Initial
Condition TRENTO together with the Langevin (4.9) energy loss model. In this simulation,
the coalescence process was tested, since previous work on this process was tested using
Monte Carlo MCKLN (19). In Fig. 23 we can see the calculations made with DAB-MOD
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using the MCKLN and the coalescence process. It is possible to verify that there is
enhancement to the representation of the lines compared to the data in the literature.

Figure 23 – Graphic of RAA with coalescence in green and simulation without coalescence.
The green line (solid) represents enhancement when coalescence process is
implemented. This Figure was taken from (19). The data was taken from CMS
collaboration for PbPb collisions (17) with |y| < 1.

For the plot in Fig. 24, the enhancement can be seen for transversal momentum
(pT < 8)GeV. The temperature range Td = (150− 160) MeV brought a mapping for the
representation of the experimental data and modifications coming from the change of Td.
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Figure 24 – This graph represents the RAA for high centrality, being 0− 10%. The green
line (bright and solid) represents Td = 160MeV with the coalescence process.
The green line (dark and dashed) represents Td = 150MeV with the coalescence
process while the green line (smoothed and solid) represents Td = 160MeV
without the coalescence process. Finally, the green line (smoothed and solid)
represents Td = 160MeV without the coalescence process. The data was taken
from CMS collaboration for PbPb collisions (17) with |y| < 1.

For the plot in Fig. 24, it is worth noting that the changes in RAA due to Td = 150
MeV there is no big difference for representation without the use of the coalescence process
for the high transverse momentum.
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For the collision interval between 30− 50% (Fig. 25), it is noticed that the coupling
temperature change for the process without coalescence has a minimal enhancement. By
changing Td to values greater than 150MeV a enhancement in the representation of RAA is
noted.
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Figure 25 – Graph of the decoupling temperature for nuclear modification factor RAA for
the lower transversal momentum pT . Scan of TRENTO initial condition for√
sNN = 5.02TeV in 30− 50% centrality.

For the values of the triangular flow v3 it is possible to view the enhancement for
the values of low transverse momentum pT . In Fig. 26 it is possible to see three variations of
decoupling temperature Td in which there is a better representation for the low transversal
momentum for v2 when the coalescence process is used. This enhancement happens for
the range of 2 < pT < 5 GeV. The same behavior of better representation of the data (17)
happens for v3 for regimes between 2 < pT < 6 GeV.

6.3 D meson sensitivity (Size scan)

For these results we investigate how the size of the system changes RAA as we make
the system smaller. There are currently indications for studies with ion and proton beams
at the LHC in which it is intended to study QCD dynamics from small system (p + p)
to large (nucleus + nucleus) systems (180). There are works that explore small systems
(p+O, O+O, O+Au, and Be+Au) (77), using the Glauber Model (181) as initial condition.
For central collisions, we can observe in Fig. 27 a sensitive behavior. The RAA for Argon
system and Oxygen system has a contribution above 0.5. The configuration for the Xe +
Xe system used the parameterization kMT different from the lead-lead system. The value
of 0.41 greatly suppressed the value of RAA to the point that there is no tidy difference
between the two systems. We use the individual factor k MT = 0.473 for the Xe + Xe
system.

For mid-central collisions there is no visible difference between O+O and Ar+Ar
even though their system size is different (7). There is a small difference in low momentum
transverse pT < 2GeV.
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Figure 26 – The first graph (above) represents azimuthal anisotropy v2 with three different
temperatures. In the second plot (down), the graph represents the triangular
flow contribution v3. The range of temperature go to 150MeV until 160MeV.
30− 50% The data was taken from the collaboration CMS (17).
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Figure 27 – Direct D0 meson RAA for O+O in √sNN = 6.02TeV,Ar+Ar in √sNN =
5.85TeV, Xe+Xe √sNN = 5.44TeV, and Pb+Pb collisions in √sNN = 5.02TeV
with 0− 10% centrality.

Analyzing the Xe + Xe system, we placed two systems, one with deformation
and the other completely spherical. This deformation was implemented according to the
Wood-Saxon model.

For the azimuthal anisotropies vn it is possible to perceive in Fig. 29 similarities
for the behavior of azimuthal anisotropy, since for the region of low transverse momentum
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Figure 28 – Direct D0 meson RAA for O+O,Ar+Ar, Xe+Xe, and Pb+Pb collisions in
30− 50% centrality. The purple line (solid and dashed) represents Xe and Xe
with deformation. There is no modification of the modification factor for this
system.

similar behavior is noted in this scan. It is worth noting that the changes in Td = 150MeV
play influence for O+O, Xe+Xe, and Pb+Pb. The v2{2} has more contribution. The v3{2}
in Fig. 30 also has a sensitivity for systems to be presented with variations in temperature
Td = 150MeV. The size of the system play a significant role for azimuthal anisotropy,
which can be described by the typical radius R of the initial conditions.
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Figure 29 – Direct v2{2} for D0 meson for O+O,Ar+Ar, Xe+Xe, and Pb+Pb collisions in
0− 10% centrality.

For mid-central collisions, the v2 in Fig. 31 of smaller systems are significantly
suppressed across all pT .

Comparisons with multiparticle cumulants ratio v2{n} in Fig. 33 may show that:
v2{4}/v2{2} decreases as the size of the system decreases. We can relate this behavior to
the calculations for the eccentricity (7, p 8.) in a qualitative way. In Fig. 33 Ar, Xe, Pb,
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Figure 30 – Direct v3{2} for D0 meson for O+O,Ar+Ar, Xe+Xe, and Pb+Pb collisions in
0− 10% centrality.
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Figure 31 – Direct v2{2} for D0 meson for O+O,Ar+Ar, Xe+Xe, and Pb+Pb collisions in
30− 50% centrality.

Figure 32 – Direct v3{2} for D0 meson for O+O,Ar+Ar, Xe+Xe, and Pb+Pb collisions in
30− 50% centrality. Th supression for O and Ar is noted.

and O are related so that for the 4-particle cumulant one correlates one heavy particle
and three soft ones. These proposals can be seen in (15, 182) and have yet to be measured
in the heavy flavor sector. In (19) it was shown this ratio was for the most part dependent
on the type of soft initial fluctuations used.
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Figure 33 – The multiparticle cumulants ratio v2{4} e v2{2}. It was integrated from 8 to
40GeV with Td = 160MeV.

In this same work we performed the comparison of the ALICE collaboration for the
values of nuclear modification factor RAA. One can see that the simulation to this system
in Fig. 34 suffer for represent the data. Possible factors may have caused this disagreement
with the data. Analysis of the parameterization of the coefficients of the energy loss models
to the system may be the cause of this disagreement. Further studies must be carried out.
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Figure 34 – The plot represents the measurements of open heavy-flavour production in
Xe+X collisions by the ALICE (A Large Ion Collider Experiment) collabo-
ration, compared with program DABMOD. The violet line represents the
DABMOD simulation. The data was taken from the (20).

6.4 Heavy-soft correlations

Using event-shape engineering heavy-soft correlations in section 5.6, it is possible to
relate different ingredients (parameters) used in the simulations and to obtain information
on how these ingredients affect the observable of heavy quarks. This work made comparisons
with coalescence and two models of energy loss and the ingredients associated with these
models that can represent the experimental data. In order to obtain reasonable statistics
for the evaluations, 10 million heavy quarks have been sampled from the initial conditions



66 Chapter 6. Results

in the simulation for both bottom and charm quarks. The MT parameter has been fixed
as described previously from the 0 − 10% central events and this parameter has been
maintained for the other centrality bins. This choice brings with it changes in the other
regions of centrality that will be studied in the future in another work. The integrated pT
regime for all the simulations are set to 8 GeV ≤ pT ≤ 13 GeV and 0 GeV ≤ pT ≤ 10 GeV.
The results in this work are presented for D 0 meson.

The first result is shown in Fig. 35. Analyzing the correlations between the heavy
quarks vheavyn for lower transverse momentum in Fig. 35 we can show that when adding
the coalescence process we will correlate the heavy quarks and all charged particles elliptic
flow vsoftn quarks in proportion to the gain integrated pT due to coalescence. The first
result is shown with solid and dashed colors. The energy loss model MT Langevin model
shows a significant increase in pT between 8−13 GeV. For the highest centrality interval or
mid-centrality, it is possible to perceive an enhancement through the use of the coalescence
process.
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Figure 35 – Correlations between the elliptic anisotropy of D0 mesons and that all charged
particles for√sNN = 5.02TeV for PbPb collisions for the transverse momentum
range 8-13 GeV comparing two temperatures with and without coalescence.
The dashed line represents collisions without coalescence.
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Figure 36 – Correlations between the elliptic anisotropy of D0 mesons and that all char-
ged particles for √sNN = 5.02TeV for PbPb collisions for the transversal
momentum range 8-13 GeV comparing two temperatures with and without
coalescence. The dashed line represents collisions without coalescence process
in 30− 50%.
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The Fig. 35 shows that the implementation of the coalescence process (described
by the solid line) directly affects the correlation between heavy mesons anisotropies vheavyn

and all charged particles flow vsoftn . There is a different dependency on temperatures
and the implementation of the coalescence process. The observed difference is that when
there is an increase in decoupling temperature from 150 MeV to 160 MeV, a significant
increase in linear correlation to vheavy2 is observed in the system although for T there is no
significant difference compared to the same temperature without the coalescence process.
This indicates that elliptic flow is more present than triangular flow in the collision process,
as the decoupling temperature is mostly related to the path-length experienced by the
heavy quarks, in which the triangular flow is added late in the post-collision process.
This behavior is for both cases (with or without coalescence) is more evident for the
centrality regime between 30 − 50% in Fig. 36. The temperature change for centrality
30− 50% provides a great change for the correlation of heavy-light quarks even without
the use of the coalescence mechanism. When implementing the coalescence mechanism it is
possible to verify a subtle rise compared to the contribution without using this process. The
decoupling temperature affect how the particles travel inside the medium, so the anisotropic
contribution is affected on peripheral collision. Once the vheavyn is integrated into a pT range
and the contribution has a enhancement on low pT the interaction contribution caused by
coalescence probably causes this behavior. There is a proportional relation between vheavy2

with vsoft2 around 1/2. This can be interpreted as the interaction (probability) between
the bulk (the soft sector flow) will correspond to a particular value of vheavyn .
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Conclusion

Studying the properties that can confirm and increase our knowledge about the
behavior of quarks and the hot system, with high pressure and extremely dense in which
quarks are located, can provide us with valuable information for the development of particle
physics and high energy physics. We can list the transport models and the representation
of the experimental data (its observables), the understanding of the diffusion coefficient,
the understanding of the hadronization mechanism, in addition to others.

In this work, one of the focuses was the analysis of meson D and the observables RAA

and vn added the coalescence process as a possible mechanism in the hadronization stage.
In this analysis, the profiles of the events created from the use of the initial condition using
the IP-GLASMA (TRENTO) provided important results to ascertain the capabilities of the
program and its background to be able to represent the experimental data. These generated
profiles were built together with the addition of a relativistic hydrodynamic process, the
result of which would be the information (profiles) needed to start the simulations.

The results presented when using the coalescence process demonstrated that the
process better represents the experimental data, despite the values obtained indicate that a
deeper analysis about the influence of this process and the necessary ingredients for a more
accurate representation of the experimental data is necessary observable from meson D for
all transverse momentum intervals pT . The low transverse momentum intervals demonstrate
a great improvement with the new thermal-like factors (based on hadron masses) between
hadrons of identical quark content. This new factor is only phenomenological. There
is no theoretical base to use this model, i.e., to improve the quality of the coalescence
probabilities.

In this same work, the analysis of some energy loss models was used with a view to
ascertaining the behavior and correlating some quantities related to the physical observables.
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The results presented demonstrated a direct relationship between the parameters used and
the high transverse momentum interval. However, the energy model that best represents
the data is the Langevin model, fulfilling the objective of representing the experimental
data well once the model parameterization is performed. This result makes it clear that
a more in-depth study about the two models used in this work, namely, a model with
temperature dependence and another associated with a constant, can be carried out in
the future.

The preparation for the new battery of relativistic collisions in the LHC experiments
and the systems proposed for these new collisions made predictions for different systems
using AA collisions, together with the use of the collision simulation program (2d + 1)
configured with Langevin energy loss models, the initial condition TRENTO, and the
fragmentation process plus the coalescence process. These predictions would provide a
first model of the experimental data of possible collisions.

The results provided information that led us to conclude that the nuclear modi-
fication factor for the mesons D of intermediate systems tends towards the unit while
the size of the system decreases. The less central collisions demonstrated that the smal-
ler systems used in this work are less sensitive. The observable v2 {2} proved to be an
important factor when related to the size of the systems for central collisions, although
the eccentricity increases for the small system, it tends to resolve the suppression for the
azimuthal anisotropy. The results for the observable v3 show great suppression for central
collisions, although there is a trend while there is a decrease in the size of the system. As
for mid-central collisions, an influence for v3 and the size of the system is perceived. The
triangular azimuthal anisotropy is more sensitive to the system size itself.

In that same work, a first comparison of the Xe + Xe system was performed with the
data provided in the literature. Although we still do not have more consistent experimental
data for different centralities and different mesons, there is a initial representation of the
literature data. A more consistent analysis of this system is necessary for future work.

The simulation predicted a linear correlation between the heavy and the soft
sector, although the mechanisms responsible for each sector are different. The event shape
engineering can lead to useful information on the correlation of the particles which is
consistent with similar information obtained from the cumulants method. This method
can also provide a novel insight into the mechanisms of heavy flavor coupling with the
medium.

The results achieved in this work were presented at the XL National Meeting on
Particles Physics and Fields (ENFPC) and XLII Working Meeting on Nuclear Physics in
Brazil (RTFNB) - 2019 at Campos do Jordão -São Paulo. Besides, there is the intention
to submit the new results presented in this work in some scientific journal in this field or
peer reviewed journal.
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The program used here is intended to implement different energy loss models in
the future and add other collisions of small systems p+Pb and p +. The addition of new
ingredients and the implementation in the current code are objectives for accessing the
current results. Thus, the prospects for using the program for future studies are promising,
since the representation capabilities of the observables compared to the experimental data
are significant and within the error bar in most of the momentum transversal intervals pT .
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A.1

We known,
E = mb cosh y,

pz = mT sinh y

and
m2
T = m2 + p2

T .

For the beam particles,
pT = 0.

Thus,
E = mb cosh yb

and
pz = mb sinh yb

, which mb and yb are the rest mass and rapidity of the beam particles.
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