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Resumo

Em condi¢des normais, a matéria nuclear é constituida de quarks confinados em hédrons,
como o proton e o néutron. Porém, em condigoes de densidade de energia muito alta,
¢ esperado que seja formado um plasma de quarks e glions, o ‘Quark-Gluon Plasma’
(QGP), no qual quarks e gliions encontram-se desconfinados. Essa matéria em condigbes
extremas pode ser recriada no laboratério, o que é feito atualmente nos aceleradores
RHIC, em Nova Iorque, nos Estados Unidos, e LHC, em Genebra, na Suica.

A modelagem destes sistemas é extremamente desafiadora e é usualmente feita através
de uma descricao efetiva do QGP na qual é empregada hidrodindmica relativistica para
expandir um fluido semi-continuo, efetivamente utilizando as interacoes da QCD apenas
indiretamente via uma equacao de estado que é usada na hidrodinamica. Neste trabalho,
nos nos propomos a nao seguir este molde e acoplamos um simulador de interagoes nucle-
ares inspirado na QCD, o PYTHIA /Angantyr, e um simulador de cascata hadrdnica, o
UrQMD, para simular colisdes nucleares isentas de QGP e nas quais a modelagem é feita
de forma tal que cada interagao é acompanhada de forma precisa pelos modelos.

Os resultados da nossa cadeia de simulacio PYTHIA /Angantyr + UrQMD indicam
que varios dos sinais usualmente atribuidos exclusivamente a presenca de um QGP na
realidade ja aparecem mesmo na auséncia deste. Desta forma, este trabalho sugere forte-
mente que é necessaria mais atengdo a modelos controle, nos quais nao ha QGP, para
isolar efeitos exclusivamente devidos ao QQGP. Finalmente, este trabalho ainda aponta
uma dire¢ao nova para a modelagem de colisdes de ions pesados na qual as interagoes sao
todas rastreadas e realizadas individualmente, ao contrario do que é usualmente feito na

literatura de colisdo de ions pesados.
Palavras-chave: Cromodinamica quantica, Fenomenologia de ions pesados, Colisoes

entre ions pesados



Abstract

In typical conditions, nuclear matter is comprised of quarks confined into hadrons such
as protons and neutrons. However, at very high energy densities, matter may undergo
a phase transition into a quark-gluon plasma (QGP) in which quarks and gluons are no
longer confined into hadrons. This exotic state of matter can be recreated in a laboratory
by colliding two heavy nuclei at relativistic energies, as is done at RHIC, in New York,
USA, as well as at the LHC, in Geneva, Switzerland.

Modeling the evolution of the QGP is a very challenging task that is usually done
employing an effective description using hydrodynamics to expand a fluid. In these codes,
base QCD interactions are only sampled indirectly and are encoded in an Equation of
State that is used in hydrodynamics. In this work, we propose an alternate approach in
which we use a QCD-inspired nuclear collision simulator, PYTHIA /Angantyr, coupled to
a hadronic cascade simulator, UrQMD, to generate a full nuclear collision without a QGP
and in which each and every interaction is tracked individually and modeled to the best
of our knowledge in terms of QCD.

The results from this PYTHIA/Angantyr + UrQMD simulation chain suggest that
several signatures of the QGP are already present even in a system in which no locally
equilibrated plasma is present. Therefore, this work suggests that further developments in
control models in which no QGP is present is needed to truly isolate QGP-related effects.
Finally, this work also points to a bold new direction in heavy-ion collision modeling
in which all interactions are tracked and executed individually with QCD as much as
possible, in contrast to the vast majority of modeling efforts in the field of heavy-ion

collision.
Keywords: Quantum chromodynamics, Heavy ion phenomenology, Heavy ion colli-

sions
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Chapter 1

Introduction

1.1 Physics motivation

One motivation to study physics is to understand the fundamental laws of nature that
rule the universe around us. For a long time, the fundamental questions about nature
were the inspiration for mankind to keep looking for answers. One basic question of
physics is “what are the basic building blocks of matter?” - how far have we advanced in

this question? According to our current knowledge:

“Particle physics is at the heart of our understanding of the laws of nature. It
s concerned with the fundamental constituents of the Universe, the elementary
particles, and the interactions between them, the forces. Our current
understanding is embodied in the Standard Model of particle physics, which
provides a unified picture where the forces between particles are themselves
described by the exchange of particles. Remarkably, the Standard Model
provides a successful description of all current experimental data and represents
one of the triumphs of modern physics.” Modern Particle Physics, Mark
Thomson [1].

Thus far, the known elementary particles of nuclear matter are quarks and gluons.
These particles are governed by the strong nuclear force and the interaction between
quarks is mediated by gluons. Quarks and gluons have never been detected experimentally,
due to colour confinement in Quantum Chromodynamics (QCD) [2, 3], the fundamental

theory of the strong interaction. In ordinary nuclear matter, quarks and gluons are
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confined into hadrons such as pions, kaons, protons, neutrons, etc. QCD predicts the
existence of a phase transition of hadronic matter from a confined state to a deconfined
phase, where hadrons lose their identity and dissociate into their elementary constituents,
quarks and gluons. This new state of nuclear matter is known as Quark-Gluon Plasma
(QGP) [4-7].

A QGP is expected to be formed when matter is at extreme high temperatures and
densities. These extreme conditions can be achieved in two different scenarios: either
at high net baryonic density inside the neutron stars [8] or in high-energy collisions in
a laboratory such as the Relativistic Heavy Ion Collider (RHIC) [9] and Large Hadron
Collider (LHC) [10], as the systems formed in such collisions are expected to reach very
high temperatures. As part of the high-energy physics programmes at RHIC and LHC,
the collisions of heavy ions' (AA) allow experiments to collect a large amount of data
on the QGP to study the dynamics of the fundamental interactions (For one historical
perspective and theoretical motivation, please see the review [11]). Such ultra-relativistic
heavy-ion collisions are the only known tool that allows for the creation of hot QCD
matter under controlled conditions and enables the investigation of the phase diagram of
QCD in the laboratory.

In the following sections of this chapter, we will describe the general formalism for
heavy-ions physics by introducing the QCD theory and discuss the concepts of QGP in
sections 1.2 and 1.3, respectively. In section 1.4 we will introduce the physics terminology
used in the field. Finally, we present two important signatures associated to the QGP
formation in heavy-ion collisions: the nuclear modification factor and the anisotropic flow,

described in sections 1.6 and 1.7, respectively.

1.2 Quantum Chromodynamics (QCD)

In particle physics, QCD is the fundamental theory that describes the strong interac-
tions between quarks and gluons in the Standard Model (SM). QCD is a quantum field
theory (QFT) classified as a non-Abelian theory represented by the gauge group SU(3).
[3]. The strong interaction is mediated by the gauge bosons known as gluons that carry

the physical quantity responsible for the strong interaction, the colour charge. It can be

!The term “heavy ions” is used for heavy atomic nuclei (A).
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one of three types: red, blue and green. The QCD theory is very similar to another QFT
in the SM known as quantum electrodynamics (QED), which describes the interactions
between charged particles and photons. In this theory, photons are the mediators of the
interactions and do not carry electric charge, in contrast to QCD, in which the mediators
- gluons - carry colour charge.

There are two fundamental phenomena in QCD: colour confinement and asymptotic
freedom. Colour confinement is a property of the theory that states that quarks and
gluons cannot exist as free particles in nature [12, 13], i.e., quarks are always bound
into composite particles known as hadrons. These particles are without colour charge
(or “colourless”), because the only allowed combination of colour charges is such that the
resulting color is white [14]. Hadrons are classified as baryons, mesons and their antipar-
ticles, which have opposite electric charge. Baryons are composed by three quarks and
mesons by one quark (q) and one antiquark (q), with the following notation: qqq (baryon)
and qq (meson) with their antiparticles denoted by qqq and qq, respectively. Asymptotic
freedom is a property according to which very high-energy quarks and gluons behave as
‘free particles’” and interact weakly at very short distances (or large momentum transfers)
[15] of the order the proton size of 1 fm ?. These two phenomena are manifestations of
nuclear matter in different regions of energy: confinement appears at low energies and
asymptotic freedom appears at high energies.

Whenever a quark-antiquark pair (quark dipole, e.g. meson) interact and the the dis-
tance between them is increased, the energy stored in the colour field (or colour flux tube)
between quark-antiquark progressively increases nutil it becomes energetically favorable
to create a new quark-antiquark pair (qq) from the vacuum, as we can see in Fig. 1.1. An
effective QCD potential for the quark-antiquark interaction can be derived using lattice
QCD results [16] between the quarks can be written as:

4 azhe

Vacep (r) =— 3

+ K, (1.1)

where g is the coupling strength, x represents an effective interaction strength similar
to a spring tension, hc is the Planck constant h divided by 27 times speed of light ¢
and 7 is the distance between the quark and the antiquark. In Eq. (1.1), the first term

2The symbol fm stands for femtometer, which is a unit of measurement in the SI (International System
of Units) and 1 fm = 107! m is also known as fermi.
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i) Initially Quarks separate at q ﬁ
high velocity —00—
ii) Colour flux tube forms q q
between quarks — 0
iii) Energy stored in the q q q q
flux tube sufficient to —Q@Q0——0 &—0—

produce qq pairs

—@¢—0 ¢&—0 *—00—0 —

Figure 1.1: Quark dipole production at high energy. Figure adapted from the lecture Handout 8 :
Quantum Chromodynamics, M.A. Thomson, Michaelmas 2009.

shows that, for small distances, e.g. for r < 1 fm, the effective QCD potential is like
the electromagnetic potential (Vqep(r) = a/r, where a is the fine structure constant and
r is the distance between charged particles [1, 17]). The second term shows that if the
distance r increases, a strong attraction appears to prevent the separation of the quark
dipole. This term becomes the dominant one in the QCD potential at large distances
and can be approximated to Vqep(r) & kr. The effective QCD potential can be seen in

Fig. 1.2, where it is also compared to the QED potential.

4 agh
V(r), Vaco(r) = —5 === +xr
1 fm
— . Tr
o
VQED = -

Figure 1.2: Effective QCD potential between a quark and an antiquark calculated using Lattice QCD
[16]. Figure adapted from the lecture Handout 8 : Quantum Chromodynamics, M.A. Thomson, Michael-
mas 2009

The coupling strength oy depends on the momentum transfer Q of the interaction. To
understand the behavior of the QCD coupling, is necessary to look at the complete Q2

range to describe the strong interaction at short and long distances. Below we show the
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first term of the expansion for the coupling strength a4(Q?) as a function of Q? according

to ref. [18]:

N 47
Nﬁoln( Q2 )7

Aqep

as(Q%) (1.2)

where Q? is the momentum transfer, the term By = 11 — %nf is the first one from the
B-series [15, 19], where n; is the number of quark flavours® active at the scale Q* and
Aqep is the energy scale of QCD at low-Q?. The dependence of the coupling strength on
Q? has been sketched in Fig. 1.3a and is based on experimental results [20]. At low-Q?- of
the order of Aqcp & 200 MeV * - the coupling strength ag(Q?) of QCD is in a region where
the perturbative theory is not applicable and breaks down. This is the domain known as
the non-perturbative regime. At low energy, i.e. at long distance R or low momentum
transfer, quarks and gluons are confined into hadrons due to colour confinement and «a;(R)
is large, as can be seen in Fig. 1.3b. On the other hand, at high-Q? a,(Q?) is small and
ordinary matter made of protons and neutrons reaches a state of asymptotic freedom,
where quarks and gluons behave as if they were quasi-free particles, i.e., they interact

weakly inside the hadron.

@ aR) 4

confinement

asymptotic
freedom

—

asymptotic
freedom

Q’ R
AQcp= 200 MeV

(a) (b)
Figure 1.3: (a) The coupling strength a4(Q?) as a function Q? and (b) the coupling strength as(R)
as a function the distance R. Figure taken from the lecture 1: perturbative QCD, Aude Gehrmann-De
Ridder in AcademicTraining Lectures, CERN, May 2013.

3In the Standard Model, six types of quark flavours exist: up (u), down (d), strange (s), charm (c),
bottom (b), top (t) and their antiquarks. For more information, see the Ref. [20].

“In physics, an electronvolt (eV) is an unit of energy define as the quantity of kinetic energy carried
by one single electron when accelerated by one electric potential difference of one volt in vacuum. One
million (M) of electronvolt is denoted by MeV. In this thesis, we also use the prefixes G = 10° and T =
10'2, to denoted by GeV and TeV.
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Asymptotic freedom can be described by perturbative QCD because the expansion
of the strong coupling does not diverge at high energies and can be approximated by a
constant of the order of ay = g;/(47) < 1, where g, is a gauge coupling parameter that
appears in the Lagrangian density of QCD [3].

At high energies or high densities, ordinary matter starts to lose their identity and
undergoes a phase transition to a QGP, where new degrees of freedom associated to quarks
and gluons, broadly called ‘partons’, appear. In the next section, we will go into more

detail regarding the Quark-Gluon Plasma phenomenon.

1.3 Quark-Gluon Plasma (QGP)

Ordinary matter is made up of atoms, which in turn are made up of electrons and
nuclei, as represented schematically in Fig. 1.4 (a). Nuclei are also composite objects and
are composed of 3 valence quarks each. While nuclear matter is very dense, the nucleons
- protons and neutrons - still confine their constituents in hadrons and therefore quarks
and gluons cannot traverse the nuclear volume freely. However, if nuclear matter were
to increase significantly, hadronic boundaries would cease to be relevant and quarks and
gluons would be free to roam inside this high-density environment. This is one of the
potential ways to create a quark-gluon plasma, and it is thought that it might occur

inside neutron stars.
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Figure 1.4: A schematic view of increasing density, from atomic (a) to nuclear (b) and then to quark
matter (c). Figure taken from [21].

Quark deconfinement can also occur at very high energy densities. In this case, it is not

the baryonic density that drives the phase transition, but rather the large available energy
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for particle-antiparticle creation. A schematic representation of the two ways of reaching
the QGP phase can be seen in Fig. 1.5: while the neutron star limit is reached at 7" ~ 0,
the high-energy limit is achieved in highly energetic events such as the big bang or high-
energy collisions in the laboratory. At net baryonic densities of zero, calculations from
Lattice QCD [22] show that the phase transition is a crossover, with a critical temperature
(T.) ® in the range from 150 to 200 MeV. In heavy-ion collisions, we expect to obtain a
QGP when the energy density achieves the estimated value of 1 GeV/fm? according to
Ref. [24]. If converted to a temperature, this would correspond to a value that is of the

order of 10° times the core temperature of the sun.

L Quark-Gluon Plasma
250 primordial .
6 r. ° %Og S
Universe (10°9) - XAd R L

200t

150 1

Hadronic gas

.

Temperature (MeV)

o O™ o
i ¢
100+ [OOk
n Stars
50+ "Solid" state NeUtro
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Figure 1.5: A schematic view of the phase diagram of QCD matter. Figure taken from [25].

While reaching a high net baryonic density in the laboratory is essentially impossible,
high-energy events with net baryonic density close to zero can be done in the laboratory
using particle accelerators and heavy-ion beams. This is what is done at RHIC and at the
LHC, where heavy-ion programs exist to study the properties of the QGP and the phase
transition to a deconfined medium and back.

The QGP phase lives about 10 fm/c (1072% s) after the collision and cannot be observed
directly. The many experiments set up at RHIC and at the LHC therefore have to search
for indirect signatures of the QGP. To date, many signatures have been found. In this
work, we will focus on anisotropic flow and the nuclear modification factor [11] and we
will explain these concepts in Sections 1.6 and 1.7. Before we come to that, however, we

will briefly describe the experimental efforts involving heavy-ion physics.

5This temperature is also known as Hagedorn temperature (Ty) [23].
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1.4 Heavy-ion collision experiments

Relativistic heavy-ion colliders can be used to study the nuclear matter under extreme
conditions by colliding two nuclei at velocities close to the speed of light (c¢). At RHIC, at
the center-of-mass energy per nucleon pair /syn = 200 GeV, the Lorentz factor is about
~v =~ 100, meaning that uranium nuclei with a diameter of 14 fm are contracted to 0.1 fm
in the beam direction with velocity of ~ 0.99994c. At the LHC, at /syn = 2.76 TeV,
the Lorentz factor v =~ 1500 contracts the nucleus to ~ 0.01 fm in the beam direction
with velocity of 0.9999997c. In these accelerators, interactions occur when two beams®
moving in the opposite direction (in separate beam pipes) cross in some pre-determined
position, which then corresponds to where detectors have to be set up to measure particles
produced via beam-beam interactions.

The LHC complex is the world’s largest and most powerful accelerator ever built and
localized at CERN [26] close to the border between France and Switzerland, near Geneva.
The main accelerator ring at the LHC has a circumference of 27 kilometers and is located
approximately 100m underground. The points in which beams are allowed to cross are
where experiments are set up, including the four main experiments at the LHC, as can

be seen in Fig. 1.6. Below we give a brief description and the main purpose of the four

experiments at the LHC:

e ALICE (A Large lon Collider Experiment) [27] is a general-purpose heavy-ion
detector optimized to study the properties of matter at extreme densities and tem-
peratures, i.e. the quark-gluon plasma that existed in the first microseconds after

the Big Banyg.

e ATLAS (A Toroidal LHC ApparatuS) [28] is a general-purpose particle physics
detector designed to explore the physics of matter at an infinitely small scale, heavy-
ion collisions and physics beyond the Standard Model. ATLAS was one of the two
experiments at LHC that discovered the Higgs boson, a discovery announced on the

4t of July 2012 [29).

6At the LHC, Pb beams are composed of almost 600 bunches and each bunch contains approximately
7.0 x 107 Lead (2°Pb%%*) ions.

"The acronym CERN is derived from the French Conseil européen pour la recherche nucléaire, meaning
‘European Organization for Nuclear Research’.
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e CMS (Compact Muon Solenoid) [30] experiment is a general-purpose particle physics
detector that aims to explore a large range of physics. The CMS collaboration per-
formed the search for the Higgs boson, which led to an independent verification
of the ATLAS results [31]. In addition, the CMS collaboration studies heavy-ion
collisions and searches for evidence of physics beyond Standard Model, such as su-

persymmetry or extra dimensions.

e LHCD (Large Hadron Collider beauty) [32] the word ‘beauty’ refers to the bottom
quark. This experiment is dedicated to precision measurements of heavy flavour
physics and to search for indirect evidence of CP violation, which could be a probe

for new physics beyond the Standard Model.

Jura CM5

N

7 ALICE ATLAS

Figure 1.6: Schematic representation of the LHC ring layout with the experiments ALICE, ATLAS,
CMS and LHCD located at the collision points. To guide the reader: Jura are mountains located north
of the Western Alps. Figure adapted from CMS Wiki Pages.

All four experiments have already collected data during the data taking periods called
‘Runs’. The first of these, Run 1, lasted from 2009 to 2013, while the second, Run 2, took
place in the time frame between 2015 and 2018. At this time, the machine is in the second
long shutdown (LS2) to perform important upgrades until the end of 2020, with Run 3
due to start at the beginning of 2021 [33]. In Tab. 1.1 we present a summary of which
collision systems at which energies were measured by the experiments in Run 1 and Run
2.

In this work, we will focus on the Pb-Pb data collected at \/syn = 2.76 TeV, for which
a very significant amount of information has already been published. The higher energy
of 5.02 TeV and collision systems such as p-Pb are of course also extremely interesting

but will be left for future studies.
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Table 1.1: Collision systems measured by the LHC experiments during the LHC Run 1 and 2.

Run 1 (2009-2013) Run 2 (2015-2018)
Energy Collision system Collision system
Vvsnx (TeV)  pp p—Pb Pb-Pb | pp p—Pb Pb-Pb
0.9 v - -
2.76 v - v
5.02 - v - v v v
7 v - -
8 v - -
8.16 - v -
13 v - -

1.4.1 Coordinate system and kinematic variables

Usually the experiments adopt a right-handed orthogonal Cartesian coordinate system
[26] with its origin at the center of the detector, called a collision point (or interaction
point), as described by the Fig. 1.7. The 2 direction is defined in the anticlockwise beam
direction, the % direction points to the center of the LHC ring in the horizontal plane and
finally, the ¥ is defined as being perpendicular to the horizontal plane that contains the
LHC ring.

Detector

Collision
\ h pOint

x Center of the LHC

Figure 1.7: The coordinate system used by the collaborations at the LHC.
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Once interactions take place, particles are produced in all directions in azimuth angle
¢. It is because of this reason that a cylindrically symmetric detectors are preferred: they
allow for maximum coverage in azimuth angle ¢. Still, some particles cannot be observed
in this manner because they are emitted at very large values of 6 and are therefore close
to being aligned with the beam direction. Overall, all experiments measure the products
of the collision and reconstruct the interaction point, aiming at understanding how the
primary interaction took place and how particles were produced.

The basic properties that need to be measured for each particle are contained in the
four-vector (E, py, Py, P»), where E is the energy, p,, p, and p, are the momenta in the
Z, § and 2 directions, respectively. It is especially interesting to separate the kinematic
variables in the longitudinal and transverse planes, as described by the light green plane
x —y and the light purple plane z — y in Fig. 1.7.

Since in high-energy collisions one is firmly in the domain of relativity, it is common
to use a longitudinal variable called rapidity (y) (dimensionless quantity) instead of the

velocity of the particle. Rapidity is defined as:

1 (E+p.
y:21n< +p>, (1.3)

E_pz

where E is the total energy of the particle, E = /m3 + |p'|?, mo is the mass in the
rest frame (whose net momentum is zero) and p’ is the total momentum vector of the
particle. The advantage of using rapidity is that this quantity is additive under Lorentz
boosts along the z-direction, i.e., the rapidity distribution is boost-invariant under Lorentz
transformations [34]. Moreover, is it only possible to calculate the rapidity when we know
the particle mass, which has to be computed using the energy and momentum measured
by the experiment. Having the entire energy-momentum information for a given particle
is actually not trivial experimentally, which is why rapidity is typically only used when
measuring particles of a specific species.

We can examine the rapidity for two cases: the first case is when the particle velocity
is very small compared to the speed of light, which results in the particle rapidity being
approximately equal to the velocity (|7]), i.e. y & |¢]. The other case is that the particle
velocity is very close to the speed of light, such that E > mg, resulting in £ ~ |p|.
Using this approximation, we can write the longitudinal momentum along the z-axis as

p. = p- 2, which as a function of E then becomes p, ~ FE cos#, where 6 is the polar angle
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(or scattering angle) between the particle momentum vector and the beam direction, as

can be seen in Fig. 1.7. Therefore, rapidity can be approximated by:

11 E + Ecos0 11 1+ cosf (1.4)
~-In|l———|==-In| ——— )
Y 2 E — FEcosf 2 1 —cosf

This approximation is known as a longitudinal variable called pseudorapidity, 1, that can

——al .

because the pseudorapidity does not dependent on the particle mass, we can compute 1

be written as:

with just the angle 6 for any charged particle that has been properly reconstructed in a
tracking detector.

It is common to separate the pseudorapidity in two regions defined as midrapidity and
forward. The midrapidity region is defined as the range |n| < 0.5 or |n| < 0.8 and is also
called central region. It is very close to the fully transverse direction, i.e., at midrapidity
particles produced at midrapidity are emitted with angles close to 6 ~ /2. The forward
region is broadly defined as the ranges |n| 2 3, such that particles emitted in the forward
region are at small # angles with respect to the beam direction.

In the transverse plane, the variable widely used is the transverse momentum (pr) of

a particle, which is defined as:

pr = /D3 + P (1.6)

Since the original system had no transverse momentum to speak of, any momentum
in the x — y plane must be associated to the primary interaction by definition, making
the transverse momentum, pr, an especially important variable. In the literature, an
important measurement is that of transverse momentum distributions, denoted as:

d2 Nch Nch

- _ , 1.7
dydpr ~ Byapr 7Y D

where dy, Ay and dpr, Apr are the widths of the bins in rapidity and transverse mo-
mentum [35]. Transverse momentum distributions will be an important observable in this

work when discussing the results coming from our simulations.
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1.4.2 Basic concepts and definitions

To study heavy-ion collisions we first need to introduce the terminology of the field.
In these collisions, heavy ions are extended objects and the geometry of the collision is
directly related with the multiplicity of particles created in the interaction. It is common
in heavy-ion physics to define the concept of collision centrality. Theoretically, centrality
is defined using the impact parameter (b) that is the distance between the centers of
the two colliding nuclei in the plane perpendicular to the beam direction. In Fig. 1.8(a),
we describe the longitudinal view before the collision. In the longitudinal view, the full
circles in the nuclei are participating nucleons that undergo one or more inelastic (‘binary’)
collisions with nucleons of the other nucleus and the open circles are spectator nucleons
that did not participate in AA collision. In the transverse view, the overlapping region of
the two colliding nuclei forms an elliptic shape for non-central collisions in which 2R, >
b > 0, where R, is the radius of the nucleus A. This overlap region is called ‘interaction
region’.

Because heavy-ion experiments cannot control the impact parameter of the collision
directly, the overlap region can vary between the one observed for central collisions (b —

0) and for peripheral collisions (b — 2R4).

Longitudinal view Transverse view

Nucleus A/ Nucleus A:

e e Participant nucleon ¢ Dbinary nucleon-nucleon
O O Spectator nucleon (NN) collision

Figure 1.8: Initial geometry of the heavy-ion collision in the z — y plane (left, not to scale) and in the
x — y plane (right).
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Experimentally, the centrality of the collision can be estimated by measuring the
charged-particle multiplicity N, given that the average multiplicity is a monotonic func-
tion of b, both at midrapidity and forward rapidity. Centrality is usually quantified using
fractions of the geometrical cross-section, given by wb? /m(2R4)?, i.e., in central collisions
more particles are produced compared to in peripheral collisions. As we know, the impact
parameter, the number of participating nucleons (N,4) and number of binary inelas-
tic collisions (N..;) cannot be measured by the experiments. Typically, the distributions
dNeyents/dNew and/or do/dNg, can be used to estimate (Npart) and (Neon) quantities using
the Glauber model [36, 37].

Phenomenologically, we know that the total particle production measured by the ex-
periments is correlated with Npa and Neon, where Npay is more closely related with soft
processes (low momentum transfer or low-pp) and Ny is more closely related to hard
processes (high momentum transfer or high-pr). These quantities can be related to the
impact parameter via the nuclear geometry in a Glauber calculation [37], as can be seen

in Fig. 1.9,
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Figure 1.9: Charged-particle multiplicity distribution as a function of Ng, with the impact parameter(b)
and (Nper) calculated by the Glauber Model. Taken from [37].
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A systematic comparison of the measured charged-particle multiplicity distribution
dNevents/dNew at |p| < 1 midrapidity and the distribution simulated using the Glauber
model enables the extraction of mean values of (Np) and (Neon) for each event cen-
trality class. Centrality is widely expressed and quantified as a percentage of the total
nuclear interaction cross section (oyt) [37]. Mathematically, this means that the cen-
trality percentile of AA collisions is defined in terms of a fraction of the total integral
of dNevents/dNen, with the integration evaluated from large to small values of Ny,. For
example, the event class corresponding to very central collisions is denoted as 0 — 5% and

has N, boundaries defined as ng and ns given by:

10 dNevents n5 dNevents
Joo dNep, dNen _ Jos dNen dNen _

o = and 0 = 0.05. (1.8)
f events dN f dNevents dN

00 " dNg, ch 00 " dNg, ch

The other centrality classes are calculated in the same way, with typical centrality bin
widths being 5%, 10% or 20%, depending on the available data sample being considered
for analysis. In this work, we use the same method of centrality selection adopted by
the ALICE collaboration [38] to do a fair comparison between our simulation and the
real data analysis. To estimate the centrality classes, the ALICE collaboration employs
the charged-particle multiplicities measured at forward rapidities of —3.7 < n < —1.7
and 2.8 < n < 5.1, measured using the VZERO-C and VZERO-A detectors, respectively,
covering the full azimuthal angle (¢). For more details about the centrality determination

used in this thesis, please see the Sec. 2.6.

1.5 Evolution of a heavy-ion collision

In collisions of large nuclei we expect to create a hot and dense QCD matter sample
that will expand and cool down, as can be seen in Fig. 1.10. Basically, this space-time
diagram describes the system evolution at different times before and after the collision at
t = 0 fm/c. In the collision we reach the extreme densities and temperatures by depositing
a large amount of energy (kinematic energy from the nuclei) in a small region of space in
a short period of time.

The system evolution is broadly believed to take place in the following way:
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Figure 1.10: (Left) Space-time picture of the system evolution of the nuclear matter created in heavy-
ion collisions. (Right) shows snapshots of a central Pb—Pb collision at \/syn = 2.76 TeV at different
times. Figure adapted from [39].

e Hard scattering stage: The interaction begins at t = 0 fm/c with hard scatterings
between quarks and gluons. At this stage, the relevant degrees of freedom are already

partonic, but there is no local equilibrium of any kind.

e The QGP: local equilibration is reached after about 1 fm/c (the so-called ‘thermal-
ization time’). It is at this time in which one can think of the QGP being formed as
such. The system continues to evolve until quarks and gluons combine into hadrons,

a process called hadronization.

e Hadronic Phase: At this point, the system is in the stage known as hadronic
phase, in which hadrons can still undergo inelastic and elastic scatterings. These

interactions cease when the chemical and kinetic ‘freeze-out’ is reached.

It is only after all of this has taken place that experiments can measure the final
products of the collision. Therefore, a direct observation of the QGP phase is impossible.
The only way to confirm that a QGP was indeed formed is via the study of final-state
observables. The main signatures of the QGP are: strangeness enhancement [40] is the
enhanced production of strange quarks in the QGP, jet quenching [41] is the energy
loss suffered by high-momentum particles traversing the color-deconfined medium and
anisotropic flow [42, 43] of the final-state particles is a clear experimental signature of
collective behavior in heavy-ion collisions. Given that in this work we are going to focus
on observables associated to jet quenching and collective flow in the next sections, we will

discuss these two phenomena in the next two sections.
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1.6 Jet quenching

In high-energy physics, jets are defined as cluster of particles with relatively high pr
that are rather close in phase space, essentially looking like a ‘spray’ of particles in one
direction. Jets are produced whenever a high momentum parton coming from a hard
scattering ‘fragments’ into other partons, eventually producing colorless hadrons that
are correlated to one another. In heavy-ion collisions, high-momentum partons coming
from hard scatterings will travel through the QCD matter and will lose energy due to
multiple interactions with the QGP medium before turning into hadrons. This process is
known as jet quenching [44] and serves as an important phenomenon when studying the
properties of the QCD matter that absorbed the energy of the original high-momentum
parton. This difference is particularly evident when comparing measurements performed
in Pb-Pb collisions, where the QGP is expected to be formed, to measurements done in
pp collisions, as can be seen in Fig. 1.11: it is only in the presence of a QGP that jets
will be absorbed and the usual dijet structure that is expected to be formed due to a
high-momentum-transfer interaction will disappear.

Jet h

(leading hadron)

et

hadron57

parton
(sQGP

; parton
ﬁ;‘oﬁ?
»~ quenching

Figure 1.11: Sketch to describe jet quenching phenomenon in the presence of QCD medium. (Left)
Jet production due to hard partonic scattering in pp collisions at high-pr (no QGP) and (Right) Jets
created in heavy-ion collisions travelling through the QGP medium lose a significant fraction of their
energy. Figure adapted from [25].

This effect was first observed in central Au—Au collisions by the STAR collaboration
at RHIC using the two-particle correlation technique [45] in azimuthal angle, as shown
in Fig. 1.12. This technique allows for the search of correlations between the final-state

particles by testing how particles are laid out with respect to a reference particle called
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‘trigger particle’. The particles that are studied with respect to the trigger particle are
called ‘associated particles™®. If the commonly expected dijet structure is present, there
should be an accumulation of particles close in azimuth, i.e. Ad close to zero, and also
in the away-side, i.e. A close to 7, due to momentum conservation. The results by the
STAR collaboration in central Au—Au collisions demonstrate a strong suppression of the
away-side particle yield, while central d4Au and pp collisions do not show this effect, as
seen in Fig. 1.12. This is an indication that in these small collision systems do not form

a high-density medium that quenches outgoing partons.
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Figure 1.12: Two-particle correlation function (C(Ad)) measured by the STAR collaboration at /sy =
200 GeV in Au—Au central collision (0 — 20%) compared with central d+Au and pp collisions (minimum

bias). In this analysis was accepted only particles within |n| < 0.7. The trigger particles are selected in

the pr range 4 < pip ¥ (GeV/c) < 6 with the number of trigger particles Niyigger, where each trigger

particle is correlated with all associated particles for the same event in the pp range 2 < p§¥°¢ (GeV/c)

< ptlfiggcr. Figure taken from [46].

There are many ways of studying the loss of high-momentum particles in heavy-ion
collisions. One of the simplest ways is to understand how many high-momentum particles
are observed with respect to a specific expectation: this is what is done in the observable

called nuclear modification factor, or R44, which is defined in the next section.

1.6.1 Nuclear modification factor

The nuclear modification factor R44 is defined as the ratio of the pr spectrum of

charged particles (dNg,/dydpr) in AA collisions and the pr spectrum in pp collisions

8More details on this method will be given in Sec. 1.6.2
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(reference) scaled by the average number of binary nucleon-nucleon (N N) collisions (Neop)
as a function of pr and can be written as:
> NG /dydpr > NG /dydpr

. _ _ 7 1.9
a4(pr) (Nop)d? Ncphp/dyde (T'yn)d? J&il/dyde (1.9)

where N4 and NEP are the charged-particle yields in AA and pp collisions, respectively,

and oFP

el 1S the inelastic cross section in pp collisions. The scaling is done with the average

nuclear overlap function, (Tha) = (Neon)/oby,, with the collision centrality dependence
estimated using the Glauber model.

The R4 can be interpreted and classified as:

“QCD medium” Raia =1 no nuclear medium effect,
Raa = (scale)*QCD vacuum” B (1.10)
R a <1 suppression.

The case in which R4 is equal to unity is representative of the absence of nuclear
effects, i.e., AA collisions can be considered as a superposition of independent pp collisions
(e.g. the Rya ~ 1 measured at RHIC and LHC for photons [47, 48] and electroweak
bosons (W* and Z°) measured at LHC [49, 50]). On the other hand, R44 less than
unity is expected if the yield measured in AA collision is modified when high-pr particles
undergo interactions in a hot and dense medium.

Several measurements of the R4 4 at RHIC and at the LHC have shown that Ry4 < 1,
suggesting a strong nuclear medium effect in AA collisions. At RHIC energies of \/syx
= 130 GeV and 200 GeV, the yields of charged hadrons [51, 52] or neutral pions [53]
measured in central Au—Au collisions were found to exhibit a strong suppression with a
factor of about 5 in the pr range of 5 — 25 GeV /¢, again an indication of strong nuclear
medium effects.

The Raa measurements for charged-particles at the LHC [54-57] have indicated that
in central Pb-Pb collisions at \/sxy = 2.76 TeV the yield are suppressed by a factor
of about 7 in the pr range of 6 — 7 GeV/c. For higher pr, the suppression decreases,
but the magnitude is still significant: it is a factor of about 2 for the pr range of 30

— 150 GeV/c. Below in Fig. 1.13 we show the Ra4 as a function pr measured by the
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ALICE collaboration in central (0 — 5%) and peripheral (70 — 80%) Pb—Pb collisions at
V/SNN = 2.76 TeV of charged-particles in the || < 0.8.

T 1t 11 T T T ] LI B L B I B B LA B |

- ALICE Pb-Pb \sy, = 2.76 TeV .
charged particles, m|<0.8 ;
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Figure 1.13: Nuclear modification factor R44 in Pb-Pb collisions at /syny = 2.76 TeV for charged
particles at midrapidity (|n] < 0.8) in two centrality classes 0 — 5% and 70 — 80% measured by the
ALICE collaboration. The boxes around the data points are the systematic uncertainties. The overall
normalization uncertainties for the R4 are shown as the black and blue boxes around unity for both
centralities. Taken from [55].

The ALICE results for R44 shows a clear centrality dependence from central to pe-
ripheral in Pb—Pb collisions. The R4 for central collisions (0 — 5%) reaches a minimum
of approximately 0.14 at 6 — 7 GeV/c. For intermediate-pr we can see a maximum value
of Raa at pr = 2 GeV/c with a strong pr dependence. In peripheral collisions, the R4

does not show a significant pr dependence and is of about 0.7 for pr > 2 GeV/c.

1.6.2 Two-particle angular correlations

The two-particle correlation (2PC) method is widely used to investigate the different
physics mechanisms associated to particle production in pp, p—Pb and Pb—Pb collisions
[58-60]. Basically, the correlation function is a distribution in relative pseudorapidity
AN = [uigger — assoc| and in relative azimuthal angle A = [uigser — Gassoc| Phase space
(Ad — An) between the trigger and associated particles in the same event. The correction

function C(Ad, An) is normalized dividing by the number of trigger particles (Ny,,) found
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in all events, that can be more than one trigger particle per event and to obtain the C(Ad,

An) [45] that can be written as:

1 d2Npair
Adb,An) =
CLAe A1) =5 e d(a0)d(an)

where NP2 ig the total number of correlated particle pairs. A thorough study of this

(1.11)

correlation function enables a better understanding of several aspects of particle produc-
tion, such as jet fragmentation and collective behaviour. Some basic concepts need to be
defined in order to set the stage for the method to be explained. To calculate the corre-
lation between the trigger and associated particles, the trigger particle is usually chosen
with a high momentum so that it is likely related to the direction of a jet. Associated
particles of a relatively lower momentum are then chosen and their layout in phase space
with respect to the trigger particle is studied on a statistical basis.

The traditional procedure to construct the two-particle correlation function are estab-
lished in [60, 61]. We are going to illustrate how we calculate the correlation function
applying this method to events generated by the Monte Carlo (MC) simulations (e.g.
PYTHIA /Angantyr for heavy-ion collisions [62, 63]). First, we need to apply some cuts
to events to be a fair comparison with experimental conditions. In pseudorapidity 1 to
select only particles in the range |n| < 2.5, because particles with |n| > 2.5 are emitted
close to the beam direction, i.e. with the momentum making an angle 0 < 7/18 with
respect to the beam direction that are not observed by the detectors. This technique
makes the correlation between the trigger and associated particles within |n| < 2.5 with

your respective pr ranges. The correlation function corrected Ceorect iS given by:

Csame(A(ba Aﬂ)

Ccorrect<A¢’ AT]) - o X Cmix(Ad)’ AT])’

(1.12)

where the correlation functions: Cgume(Ad, An) is calculated with the pair in the same
event and Cix(Ad, An) is calculated using particles from different events by using the
‘mixed event’ technique. This technique is used to correct the limited pair acceptance, in
order to do the same analysis performed by experiments. Theses correlations functions
are defined as:

1 d2Npair

Csame (A, An) = N A(AG)A(AT) (1.13)
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and

dQNmix
d(Ad)d(An)
In Eq. (1.12) the Cyix(Ad, An) is normalized by « to be unity at An = 0, meaning

CmiX(Ad),AT]) = (]_]_4)

that all particles with the same 7 value will always be accepted by the cut |n| < 2.5,
otherwise some pairs will not be accepted due to cut in 7, e.g. the n value for the trigger
and associated particles can be fyigger = 2 and 7assoc = 1, An = 1 (pair accepted in
| < 2.5) Or Nrigger = -2 and 7ags0c = -3, An = 1 (the associated particle is not accepted
in |n| < 2.5). We calculate the correlation functions Cgume(Ad, An) and Cpi(Ad, An)
with events generated by the PYTHIA/Angantyr model [62, 63] in Pb—Pb collisions at
V5NN = 2.76 TeV, as can be seen in Fig. 1.14. The correlation functions ‘same’” and ‘mix’
were calculated for the pp ranges of 2 < p®” (GeV/c) < 10 and 2 < p&° (GeV/c) < 4
where the trigger and associated particles are accepted in |n| < 2.5 (with |An| < 5) and

in full azimuthal angle range.
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Figure 1.14: The correlation functions same Csame(Ad, An) (a) and mix aCpix(Ad, An) (b) (normal-
ized by ) calculated for 2.0 < pit'8" (GeV/c) < 10.0 and 2.0 < pi¥°° (GeV /c) < 4.0 for events generated
by PYTHIA/Angantyr in Pb—Pb collisions at /syx = 2.76 TeV, in the event centrality of 40 — 50%.

The Ceame(Ad, An) and Cpi(Ad, An) were used to compute the correlation function
correct Ceoprect (A, An) represented by the Eq. (1.12) and showed in Fig. 1.15. The
Ceorrect (Ad, An) shows the correlations between the particles in the A — An, where we
can observe a jet correlations localized around A¢ = 0 and An = 0, named as near-side

jet peak, that contain the pairs of trigger and associated particles from the fragmentation
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of the same jet, and a structure localized around A¢ = 7 and extended in An range,

named as away-side jet peak due to the momentum conservation of jets (“back-to-back”)?.

PYTHIA ANGANTYR

trigger
Pb-Pb at |5, = 2.76 TeV 2.0<p;™ (Gevic) <10.0

2.0 < p* (GeVic) < 4.0

Centrality 40-50%

Ccorrect(A(p' AI’])

Figure 1.15: The correlation function correct Ceorrect (A, An) calculated for 2.0 < pfrrigger (GeV/e) <
10.0 and 2.0 < p§¥°® (GeV/c) < 4.0 for events generated by PYTHIA /Angantyr in Pb—Pb collisions at
\/SNN — 2.76 TeV.

In order to study in more details the Ceoprect (Ad, An) is common to do the projection of
Ceorrect (Ad, An) in Ad, as can be seen in Fig. 1.16. In this figure we show the correlation
function projected C(Ad) in |An | < 1.0 for events generated by PYTHIA /Angantyr in
Pb-Pb collisions at \/sxy = 2.76 TeV, with the pr ranges of 2 < p#*" (GeV/¢) < 10 and
2 < p§°° (GeV/c) < 4, where we highlight the near-side peak jet (light red), away-side
jet (light green) and underlying event (UE) (light blue) that is classified as background.

Using the 2PC in heavy-ion experiments beyond the near-side and away-side also
can be observed the structures around A¢ = 0 and Ad = 7 which extends for a long
An range, known as the “double-ridge”. These large structures can be associated with
collective expansion of a strongly interacting matter produced in non-central AA collisions
quantified by the elliptic flow coefficient, vy [64]. In Fig. 1.17, we show the CMS results

for two-particle correlation function measured in Pb—Pb collisions at /syy = 2.76 TeV,

9In the two-particle correlations analysis a widely adopted convention to divide the phase space region
in two parts, one part for Ad < 7/2 (near-side) and another part for Ap > 7/2 (away-side).
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Figure 1.16: Correlation function projected in A¢ for events generated by PYTHIA/ Angantyr in
Pb-Pb collisions at /sy = 2.76 TeV and for the event centrality of 40 — 50%.

for the pair of charged-particles with the track multiplicity in the range of 220 < Noffline <
260 that is equivalent to in average to the centrality percentile of approximately 60% for

the pp ranges 1 < pa®" (GeV/c) < 3 and 1 < p&>° (GeV/c) < 3.

CMS PbPb |s,, = 2.76 TeV, 220 < NJ; ™ < 260

1< ptTrig <3 GeV/c

1< p:_ss°° <3 GeV/c

Figure 1.17: Two-particle correlation function measured by the CMS collaboration in Pb—Pb collisions
at /snn = 2.76 TeV for charged-particles within 220 < N&Ti“e < < 260 multiplicity bin that corresponds
to an average to centrality percentile of approximately 60%. Taken from [59].
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In the CMS results in Fig. 1.17 show beyond the near-side and away-side jets, also is
possible to see a clear long range ridge-like structure at A¢ = 0 (near-side region) and
A¢d = 7 (away-side region) extending in full An range, the double-ridge. The double-
ridge also was observed in different collision energies and collision systems (AA collisions)
[60, 61, 65, 66]. The ridge-like structure was also observed recently in small system, for
high-multiplicity in pp (at /s = 7 TeV) [67] and p-Pb (at /sy = 5.02 TeV) [59,
68, 69] collisions, this unexpected long range correlation is not yet understood. In non-
central AA collisions, the double-ridge is describe by the component cos(2A¢) azimuthal
correlation, with origin assigned to the anisotropic expansion of the medium created in
heavy-ion collisions, where these correlations are dominated by the elliptic flow coefficient
vy in the Fourier expansion. In the next section, we are going to explore in more details

the anisotropic flow observable.

1.7 Anisotropic flow

One of the most important signatures of the QGP is the appearance of strong collective
behaviour, which is often simply called ‘flow’. This collective behaviour is related to the
fact that particles are emitted with a strong global correlation with respect to one another
and is a direct consequence of the fact that hadrons are not emitted incoherently. An

illustration of this reasoning can be seen in Fig. 1.18:

e Fig. 1.18 (a): particles have a mean free path much larger than the typical size of
the system, resulting in an emission pattern that is uncorrelated with the symmetry
plane of the event, which is called ‘event plane’. Any detector measuring particle

emission in a single event will detect hadrons emitted fully isotropically.

e Fig. 1.18 (b): the mean free path is much smaller than the typical size of the system
and particles interact strongly. In this context, ultra-relativistic hydrodynamics can
be used to describe the space-time evolution of the system. More importantly, the
almond-shaped initial overlap region will eventually expand in an anisotropic way,
since energy density gradients are larger in the direction aligned with the event
plane. Any detector measuring particle emission in a single event will, as a conse-
quence, detect a modulation in azimuth, with particles being emitted preferentially

in directions that are aligned with the event plane.
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Figure 1.18: Azimuthal distribution dN/d¢ (particle density) in non-central AA collisions, where ¢
denotes the angle with respect to the event plane. (a) The produced particles propagate incoherently
(uncorrelated), resulting in a uniform azimuthal distribution. (b) The produced particles show a collective
behavior, with more particles emitted in the in-plane direction than the out-of-plane direction, giving
origin to a modulation in their azimuthal distribution.

The modulation of the azimuthal distribution with respect to the reaction plane shown
in Fig. 1.18 (b) can be used to compute the magnitude of the most prominent collectivity
effect, which is called ‘elliptic flow’ because of its symmetry. A more precise, quantitative
study of this effect can be done by expanding the azimuthal particle distribution using a
Fourier series. This allows us to define the coefficients v,, in the Fourier expansion of the

invariant triple differential distributions [42, 43]:

BN 1 BN {

et - 1423w, —Upp)] b 1.1
d*p 27 prdprdy 22 vncosfn(9 RP>]} (1.15)

n=1
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where F is the energy of the particle, p the momentum, pr the transverse momentum,
¢ the azimuthal angle, y the rapidity and Wgp the reaction plane (or event plane) angle.
In this expansion the sine terms are zero due to the reflection symmetry with respect to
the reaction plane. We can further isolate the azimuthal component of equation 1.15 by
writing [70]:

dN

— x 142 i vpcos[n(¢ — Ugrp)], (1.16)
d¢ n=1

where the flow coefficients v,, may dependent on pr and rapidity y:

vn(pr,y) = (cos[n(¢ — Yrp)), n=1,2,3,.. (1.17)

where the angular brackets take an average over all the detected particles, summed over
all events. In the expansion shown above, the coefficients v; and vy are known as directed
flow and elliptic flow, respectively. Higher harmonics (n > 2) can also be investigated, but
in this work we study only the elliptic flow, because its magnitude is much higher than the
others harmonics due to the almond-shaped collision geometry in non-central heavy-ion
collisions. The vy not only encodes information regarding this initial collision geometry
but also contains crucial insight into how strongly particles must have interacted to create
a certain final-state momentum anisotropy. As an example of this factorization, the vy is
often approximated as:

Vg = Ka€, (1.18)

where € is the initial state eccentricity and ks is a factor that quantifies how strong the

underlying interactions are and therefore how effective these are in creating a final-state

momentum anisotropy. The eccentricity of the initial condition € can be calculated using:
(y* — 2?)

=TT (1.19)

where x and y are the positions of the participant nucleons in the transverse plane and

the brackets denote a simple average taken over all participants [71].
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Calculating vy is relatively easy if the event plane is known, as is the case in Monte
Carlo simulations. In that case, the vy can be extracted immediately from the azimuthal

particle distribution with respect to this event plane:

(ilj(;[ o 1+ 2vyc08[2(¢p — URp)]. (1.20)

Therefore, provided Wgp is known, a simple A X [1+ 2vscos(2(¢p — Wgp))] fit will suffice
for the calculation of vy. Unfortunately, in the experiment Wyp is not known, and therefore
other methods are necessary for determining v,. The most commonly used method is the

multi-particle cumulant technique, which will be described in the next section.

1.7.1 Elliptic low analysis via cumulants

Experimentally, the reaction plane angle cannot be measured directly and therefore
the elliptic flow coefficient cannot be determined trivially via a fit as proposed in the pre-
vious section. The usual way to estimate the elliptic flow is using multi-particle azimuthal
correlations between the observed final-state particles, which can be studied via the cu-
mulant method. This method is rather general, but in this work we will focus on two-
and four-particle azimuthal correlations, denoted by v2{2} and v9{4}, respectively. First
of all, we need to calculate the two-particle cumulant co{2} and four-particle cumulant

co{4} as defined in Refs. [64, 72]:

c2{2} = ({1 7%))) = (] + &) (1.21)

and
co{d) =((e1FP2—93=00))) _ 9((i2(A1-92)))2

(vy + 04 + 40265 + 262) — 2(v2 + 5,)?, (1.22)

=(—vy +da),
where 9, and d4 represent the non-flow contributions from sources like resonance decays
or jets. The vy, 9 and d, can also be affected by the event-by-event fluctuations, it is
believed that the flow fluctuations can originate mostly from fluctuations in the initial
geometry of the collision. The nucleon distribution event-by-event fluctuates and this
can introduce deformations into the initial overlap region, where the fluctuations of the

eccentricity € will result in fluctuations in vy, because that vy o €, as we see in Eq. (1.18).
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One way to estimate theses fluctuations is by using the Monte Carlo Glauber simulation
[73]. The non-flow contribution is practically negligible for higher-order cumulants, i.e.
dm can be neglected for m > 2. The actual vy can then be calculated from Eq. (1.21) and
Eq. (1.22) via:

02} = /e {2}, (1.23)
v {4} = —cof{4}, (1.24)

where we have denoted the vy obtained via two-particle cumulants and via four-particle
cumulants by vo{2} and vo{4}, respectively, being sensitive to non-flow and fluctuations.

The elliptic flow depends very strongly on centrality, as can be seen in the integrated
elliptic flow as a function of centrality measured by the ALICE collaboration shown in
Fig. 1.19. In these results the integrated v, increases from central to peripheral collisions,
exhibiting a maximum value at a centrality of about 40 — 50% and 50 — 60%. This
clearly supports the geometric interpretation, according to which vy would be largest
whenever the almond shape of the nuclear overlap region is most pronounced. These
measurements also clearly indicate a hierarchy between vo{2} and vo{4}, with the former
having a larger magnitude due to non-flow effects. Systematic studies of the four-particle
cumulant method has also shown that its estimate for the v, is essentially unaffected by
non-flow effects [74].

As mentioned before, the vy coefficient can also be calculated in transverse momentum
intervals. In Fig. 1.20 we show the ALICE and STAR results for the pr-differential vo{2}
and vo{4} for central and mid-central collisions.

The hierarchy between vo{2} and v9{4} can also be observed in the pp-differential vs,
again supporting the fact that v2{2} is more sensitive to non-flow contributions (resonance
decays and jets) compared to vo{4}. Finally, it is also noteworthy that the pr-differential
vy in specific centrality intervals is approximately the same at RHIC and at LHC energies,
meaning that elliptic flow is mostly driven by collision geometry.

In this chapter, we have laid out the foundations of heavy-ion physics and the basic
signatures associated to the appearance of a QGP in these collisions. The next chapter

will first explain how a QGP is usually modeled in the literature and will then expand on
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Figure 1.19: Elliptic flow integrated (vs) over 0.2 < pr (GeV/c) < 5.0 as a function of event centrality,
in Pb-Pb collisions at \/snn = 2.76 TeV for charged-particles at midrapidity (|| < 0.8). The data
points are the elliptic flow was calculated by the ALICE collaboration using two- and four- particle
cumulant method (v2{2} and v2{4}) compared to hydrodynamic simulation (dashed lines). Figure taken
from [64].
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Figure 1.20: Differential elliptic flow as a function of pr calculated using the two- and four- cumulant
method in Pb-Pb collisions at /syn = 2.76 TeV. The data points represent the values measured by the
ALICE collaboration and the curves are the STAR measurements in the centrality classes (a) 40 — 50%,
(b) 10 — 20%, 20 — 30% and 30 — 40%. Taken from [75].

the proposal of this project, which is to be able to create a QGP-free baseline model for

heavy-ion collisions.
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Chapter 2

Heavy-ion collision model setup

2.1 Hybrid approaches

Heavy-ion physics has been a prominent field of study for several decades and, as
mentioned before, is meant to explore QCD matter in extreme conditions. The QGP
formed in heavy-ion ccollisions has been confirmed to behave like a perfect fluid [4-7, 76].
Its theoretical description is traditionally done using hybrid approaches based on viscous
hydrodynamics [77, 78] and a hadronic cascade afterburner to simulate the hadronic phase
[79, 80]. Such techniques have generally been very successful in describing the final-state
observables at low-pr in heavy-ion collisions.

The implementation of a hybrid model is essentially a simulation chain that is com-
posed of simulators for each step of the system evolution in heavy-ion collision. The main

components of a typical hybrid model implementation are:

e An initial condition generator such as TRENTo [81] is used to generate the initial

energy distribution to be passed on to a hydrodynamics simulator.

e A hydrodynamics simulator such as MUSIC [77] receives the initial energy distri-
bution and then evolves the system using an equation of state provided by lattice

QCD.

e Once the hydrodynamic evolution has cooled down sufficiently, a ‘particlizer’ code
such as iSS [82] transforms the continuous matter/energy distribution into particles

such as pions, kaons, protons and many more.
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e To simulate the inelastic and elastic interactions of the resulting hadrons as well as

resonance decays, a hadronic cascade simulator such as UrQMD [83] is used.

This standard hybrid approach is represented schematically in the right-hand side of
Fig. 2.1, where each stage of the system evolution is portrayed explicitly, including a
QGP / liquid phase. A pertinent question at this stage is: what would happen if no local
equilibration was reached and the system would evolve without a QGP but still following
state-of-the-art QCD-inspired modeling? Answering to this question is what we set out

to do in this work.

Hadronization

PYTHIA
Angantyr O Quark-Gluon Plasma
Q Q2 o OB 4608, Hard scattering
'g e/ and thermalization
| space
)
¢ S

Figure 2.1: A schematic space-time diagram of the evolution of matter created in heavy-ion col-
lisions comparing two phenomenological approaches based on: the macroscopic treatment using hy-
drodynamic models (right side of the figure) and the microscopic treatment using a no-QGP baseline
PYTHIA /Angantyr coupling to UrQMD (left side of the figure). Taken from [84].

2.2 Objectives of this work

In this work, we will use a new alternative phenomenological approach for a heavy-ion
collisions by coupling two models: the PYTHIA/Angantyr [62, 63] event generator, an
improved no-QGP baseline for a heavy-ion collisions with no thermal equilibrium, and
the UrQMD simulator, a hadron cascade simulator [83]. A schematic representation of

this approach can be seen in the left-hand side of Fig. 2.1. Contrary to the usual hybrid
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approaches, our model will not treat the system as if it were a locally-equilibrated liquid
being described effectively, but we will, rather, follow each and every interaction using the
best QCD models available at this time to do so. The results coming from this model will
allow us to uniquely isolate signatures of the QGP from any other spurious phenomena
that may appear in a QGP-free physical scenario.

The next few sections of this chapter will be dedicated to explaining how this QGP-free

model was constructed, while results will be presented in chapter 3.

2.3 The PYTHIA /Angantyr model

The PYTHIA/Angantyr [62, 63] event generator is a Monte Carlo simulator for a
heavy-ion collisions. It is based on the PYTHIA generator [85], a program very com-
monly used to simulate a high-energy collisions, e.g. proton-proton collisions. The term
‘Angantyr’ marks an implementation in which the PYTHIA framework is used to gener-
alize the model to describe also pA and AA collisions. The PYTHIA model is made up
of several components derived from QCD theory and is basically a leading order pQCD
calculation tool that includes higher-order corrections phenomenologically and does frag-
mentation and hadronization via the Lund string model.

The PYTHIA event generator is able to simulate several collision systems, including
lepton-lepton or hadron-hadron collisions. In this work, special emphasis will be given
to the proton-proton (pp) collision system because it serves as the basic ingredient when
constructing heavy-ion collisions. A pp interaction generated by PYTHIA can be divided
into the following parts: Hard interaction, parton showers (Initial and Final State Ra-
diation, ISR and FSR, respectively), multi-partonic interactions (MPI), beam remnants,
hadronization and hadron decays. Below we will do a brief description of these steps.

Hard Interaction. The incoming protons are composed of quarks and gluons, each
carrying a fraction (x) of the total proton momentum. The momentum fraction carried
by partons of each species can be determined by experiments that use the Deep Inelastic
Scattering (DIS), resulting in Parton Distribution Functions (PDFs) that are the proba-
bility densities to find a parton flavour (quark or gluon) carrying a fraction of the proton

momentum. The PDFs are used to determine the partons participating in the initial hard
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process characterized by the inelastic scattering at short distance with a high transferred
momentum. In PYTHIA, this process is calculated to leading order in perturbative QCD.

Parton Showers. Higher-order corrections to the scattering amplitude are not cal-
culated exactly in PYTHIA. Instead, the possibility of having e.g. a gluon radiated by
the partons involved in the initial or final state is considered empirically. In PYTHIA ma-
chinery, these are called Initial State Radiation (ISR) and Final State Radiation (FSR),
respectively.

Multi-Parton Interactions. One hard-parton interaction with corrections (ISR
and FSR) is not enough to describe the charged-particle multiplicity observed in hadron-
hadron colliders. To solve this inconsistency in the model a treatment called Multiple
Parton Interactions (MPIs) [86] was proposed as a natural consequence of the composite
structure of the hadrons. The MPI model allows more than one parton-parton interaction
in hadron-hadron collisions and plays an important role in describing the measumerents
of particle production and cross sections [87].

Beam Remnants. In hadron-hadron scattering we can have partons that do not
interact and carry the remnant of the beam energy, contributing to the so-called called
‘underlying event’ (UE) of the collision. Another relevant contribution to the UE of a
collision is the possibility of having other, semi-hard scatterings in addition to a hard
scattering’.

Hadronization and Decays. After all parton-parton interactions took place, it is
necessary to describe how hadrons are produced. This is the stage known as hadronization
and it is an intrinsically non-perturbative process in which the final, colorless hadrons have
to be produced from a set of outgoing partons. In PYTHIA, this is done using the Lund
string model, which draws inspiration from QCD and, more specifically, relies on the
concept of an effective QCD potential that is Vocp ~ k7 in the non-perturbative regime,
as discussed in Sec.1.2 [88-91]. In the Lund string model, hadronization takes place
whenever a ‘string’, a color flux tube that represents the basic QCD interaction between
a quark and an antiquark pair, is fragmented into multiple pieces. This takes place
because the effective potential increases for large values of r, and given enough energy a

string may break and create a new ¢'q’ pair, i.e. the string is then divided into two colour

Here it is important to note that, depending on context, ‘underlying event’ may be defined somewhat
differently and - perhaps more importantly - more operationally than theoretically. In jet studies, for
instance, it may refer to anything that is not strictly correlated to jet production.
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Figure 2.2: (a) The general structure of the PYTHIA event generator: Hard interaction, Radiative
cascade (ISR and FSR), MPI, Lund string model, hadronization process and hadron decays. (b) The
Lund string fragmentation framework describes hadron production in the quark-antiquark (qq) system.
Figure (a) taken from the talk “The Lund Hadronization Model”, Stefan Prestel, NuSTEC workshop
2018 and (b) taken from the talk “Monte Carlo Event Generators”, Torbjorn Sjostrand, March 2006.

singlet systems qq’ and ¢'q, where each color singlet dipole may still have a large enough
invariant mass for more break ups until the resulting system is solely build up of quark-
antiquark pairs connected by strings of such low energy that these are effectively mesons.
The formation of baryons takes place analogously, but in that case a diquark-antidiquark
pair has to be formed when breaking up a string. After hadronization, hadrons may still
be unstable and might decay into other particles.

An illustration of a hadron-hadron collision and the various steps carried out by
PYTHIA can be seen in Fig. 2.2. The PYTHIA event generator described above is one
of the main ingredients in Angantyr model to do the treatment for heavy-ion collisions.

The Angantyr model is an extension of PYTHIA for heavy-ion collisions in which a
heavy-ion collision is described by combining multiple nucleon-nucleon (N N) collisions,
with each of these being described by the PYTHIA machinery. This can be achieved by
combining the Glauber model [37] with the addition of a diffractive excitation in each
NN sub-collision. According to Gribov [92], this addition is a consequence of fluctuations
in the nucleon partonic substructure. Below we will describe the four components used

in the PYTHIA /Angantyr model to generate a heavy-ion collision:
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. The colliding nuclei are defined as projectile and target. For each nucleus, it is

necessary to determine nucleon positions by using a nucleon distribution, e.g. the

Wood-Saxon distribution [93].

. The number of participating nucleons that undergo at least one collision and the

number of NN binary collisions are estimated by the Glauber model. Each inter-
acting nucleon from the projectile can undergo multiple sub-collisions with nucleons
in the target and vice versa. This is the baseline for a heavy-ion collision, where
one AA collision can be treated as a superposition of pp collisions that are inde-
pendents. In Angantyr this baseline has the addition of diffractive excitation due
to the individual fluctuations in nucleon partonic substructure from the projectile

and target.

. The Angantyr model is inspired by the Fritiof model for pA and AA collisions [94]

and wounded nucleon model [95] to estimate the contribution of each interacting

nucleon to the final state multiplicity distribution as:

chh
dn

= w,F'(n) + wp,F'(—n), (2.1)

where wy; is the number of wounded (or participant) nucleons for the projectile and
target, respectively, and F'(n) is a single nucleus emission function. In the Fritiof
model the interacting nucleon can suffer an excited mass due to a longitudinal
momentum exchange in the collision, i.e. the wounded nucleons can be diffractively

and non-diffractively excited.

. In one event with multiple NN collisions, each NN interaction in the Angantyr

model can be defined as three types: elastic, diffractive and non-diffractive. When
modeling successive interactions, Angantyr takes into account that energy and mo-
menta must be conserved and chooses the type of collision according to the available
energy. When a nucleon interacts for the first time in a given event, it is labelled
as primary; this nucleon can still interact again if there is enough energy for a sec-
ondary interaction and so on until the nucleon does not have enough energy for
other sub-collisions. This consideration breaks the independence between different

NN interactions and sets this model apart from the usual baseline models for AA
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collisions that consider that successive NN interactions are independent by con-
struction. The NN parton-level event of the sub-collision is generated with the
full PYTHIA 8.2 machinery with diffractive and non-diffractive interactions. After
calculating all the NN sub-collisions between projectile and target, Angantyr gen-
erates a complete hadronic final state in pA or AA collisions using the Lund string

model.

The current version of the Angantyr model does not include any effects associated to
the formation of a QGP. Still, the model is capable of reproducing the final-state charged
particle multiplicity distributions in pA and AA collisions fairly well [63].

Once PYTHIA /Angantyr generates final-state hadrons, these may in principle still
interact inelastically and elastically in a hadronic phase. In order to simulate this further
step in the system evolution via the UrQMD hadronic cascade simulator, it is necessary
to know where in space and time each individual hadron is created in the Lund string
model. In order to do so, we have employed a brand new implementation of the hadron
vertex model [96] in PYTHIA /Angantyr + UrQMD that was done by Christian Bierlich,
the main author of the Angantyr extension to PYTHIA. The hadron vertex model will

be described in the next section.

2.3.1 Hadron vertex model

As described before, hadron creation in PYTHIA is done using the Lund string model.
However, it is important to note that the fragmentation process is worked out entirely
in the energy-momentum picture, i.e., PYTHIA actually tracks the energies contained in
each string as opposed to positions. To study the configuration of hadrons created after
hadronization, it is necessary to translate energy-momentum to space-time information.
This translation was recently incorporated in PYTHIA 8.235 by Silvia Ferreres-Solé and
Torbjorn Sjostrand [96] and can be done taking advantage of the fact that the confinement
potential Voep =~ k1 establishes a linear relation between energy-momentum and space-
time, where the vertex (v) location of the string breakup for the simple q,q, system can
be defined as:

p TP T (2.2)

K
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Figure 2.3: Hadron creation in a q,q, system in the Lund string model. The points are definitions for
the hadron production labeled as “early” (blue), “middle” (red) and late (green). The meson created is
formed by a quark (q;) and an antiquark (q;4+1) system with an invariant mass m;. Figure taken from
[96].

*+ are the light-cone coordinates of the breakup point (0 < 2% < 1), p* are the

where x

four-momenta for the quark and antiquark and k is the string tension. The hadron is

created in the string by two adjacent breaks and the hadron production vertex (v") is

defined as the average between the break point ¢ and ¢ + 1:
o Uit Ui

(—

! 5 (2.3)

h

This hadron vertex (v;

) is represented by the red point in Fig. 2.3 defined as “middle”.
The middle definition is not the unique choice to the hadron production point: two
other alternatives, called “late” and “early”, are represented as the green and blue points,

respectively, in Fig. 2.3. These can be defined as:

h Vit Uigr | Dn
v, = —— 4 =, 24
l,’L 2 2/€ ( )
o ViTUig1  Da
vy, = ———— — —, 2.5
€,1 2 2/{ ( )
where Ul’fi and U?yi are the definitions for the late and early options, respectively, and

pr is the hadron four-momentum. Some other, more complex string topologies are also

considered in the hadron vertex model and more details about those can be found in

Ref. [96].
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These three possibilities of placing hadrons in a space-time picture can be used as a
measurement of the uncertainty of the model, as discussed in Ref. [96]. We will study
this model uncertainty for the nuclear modification factor (R44) and the result will be
show in section 3.2.1. Unless otherwise stated, we have used the default middle option
that is the default configuration of PYTHIA 8.2 for all main results in this thesis.

The space-time information of the produced hadrons allow us to couple the output of
PYTHIA /Angantyr to UrQMD. All hadronic positions at hadronization are stored in an
intermediate output file and are then passed along to UrQMD), which then is able to calcu-
late inelastic and elastic interactions as well as particle decays. As an example, in Fig. 2.4
we show two Pb-Pb collisions at /sy = 2.76 TeV generated by PYTHIA /Angantyr in
the centrality classes of 0 — 5% and 30 — 40%. In this figure we can also see the nuclei
of Pb illustrated with red circles to mark the region in the transverse plane in which
nucleon-nucleon interactions actually took place in the model.

The hadron creation position (z — y) distributions for some events generated by
PYTHIA /Angantyr in Pb-Pb collisions at /sxy = 2.76 TeV are exemplified in Fig. 2.5
to characterize the system size created for the most central (0 —5%) and mid-central
(40 — 50%) collisions, where the core size and system size are approximately 5 fm and
10 fm, respectively. The initial geometry in heavy-ion collision has a clear influence in
the hadron position distributions for the final state particles, as we can see in Fig. 2.5,
where Fig. 2.5a shows a distribution almost symmetric for the most central collision and
Fig. 2.5b shows a distribution with the form of an almond-like shape for a non-central
collision.

Using the space-time information of hadron production it is possible to study the
implications of this new model and one good start is to look in the transverse Radius (R)
distribution of the hadron produced as a function of transverse momentum (pr), as we
can see in Fig. 2.6, for events generated by PYTHIA/Angantyr in Pb—Pb collisions at
VSN~ = 2.76 TeV. By inspecting the transverse Radius (R) distribution for five pr ranges
in Fig. 2.6, we can see a linear relation between pr and hadron positions, where low-pr
particles are produced close to the center of the system and high-pt particles are created
close to the surface of the system produced in heavy-ion collisions, e.g. the low- and high-
pr particles in the ranges of 0 < pr (GeV/¢) < 2 and 12 < pr (GeV/¢) < 100 are around

of R =~ 3 fm and R = 10 fm, respectively. This linear relationship between momentum
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Figure 2.4: Hadron position (x — y) distributions of one event generated by PYTHIA/ Angantyr +
UrQMD in Pb-Pb collision at /syy = 2.76 TeV after hadronization process. Arrows are placed starting
at a hadron creation position and point in the direction of the velocity of the outgoing hadron, while
circles mark the positions of the initial nucleons that interacted in the collision. The left plot (a) shows
a central collision and the right plot (b) shows a mid-central collision example.
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Figure 2.5: Hadron position (z — y) distributions of charged particles from PYTHIA/ Angantyr +
UrQMD in 0-5 % (a) and 40-50 % (b) centralities for Pb—Pb collisions at /syn = 2.76 TeV. For both
distributions, we rotate each event with respect to the reaction plane angle (Urp) provided by PYTHIA/
Angantyr.

and position is important to understand the nuclear modification factor (R4) predicted
by our simulations that will be shown in the results.

We will now proceed and describe how we simulated a full Pb-Pb event including a
hadronic phase by first explaining the software we used for modeling this hadronic phase

and then explaining the coupling between PYTHIA /Angantyr and UrQMD.



2.4. THE URQMD MODEL - HADRONIC CASCADE SIMULATOR 64

‘_T\ T 1T 17T L L | L | L | L | L T 17T 173
' = PYTHIA ANGANTYR 3
H:E, 0.22 - Pb-Pb at |[s,, = 2.76 TeV =
% 02 ° ° Hadron position: —
% 018 . 0-5% =
= - . —— 00<p_ (GeVic)<20 7
O o016 - ]

B . °, —e— 20< P, (GeVic)< 4.0 1
0.14F " A 40<p_ (Gev/c)<8.0 —
0.12: b —e— 80<p, (GeVic)<120 -

0. 13—: o .+ 120<p, (Gev/c) <100.0 _f
oo8f: & o =
0.06 ¥ N “,p' ‘.. . =
0. 0 4 :_ .o .'.o . 0. .. - ." _:
0.020¢ & O . el =

._:'l. L] .‘. ”0. - .
0 5 10 15 20 25 40

Figure 2.6: Transverse radius R distribution of hadrons created (charged-particles) for five ranges of
transverse momentum (pr) from PYTHIA/Angantyr in 0-5 % centrality for Pb—Pb collisions at /sy =
2.76 TeV.

2.4 The UrQMD model — hadronic cascade simulator

The Ultra-relativistic Quantum-Molecular-Dynamics (UrQMD 3.4) [83, 97] model is a
microscopic transport simulator that describes the propagation of hadrons based on clas-
sical trajectories and performs hadron-hadron scatterings, string excitation (Lund string
model) and resonance decays. The simulator is able to evolve the system of particles in
the hadronic phase by using the four-momenta to calculate the total cross section (o)
of hadron-hadron collisions. The total cross-sections (o) of hadron-hadron interactions
are purely geometrical, and a given collision of two hadrons will happen if the impact pa-
rameter (d) between them follows d < /oy /m. Hadrons can undergo multiple inelastic or
elastic rescatterings with other particles in the system and particles produced in inelastic
collisions can continue interacting with others hadrons. The system will evolve until it
reaches the final stages of chemical and kinetic freeze-out, at which point particles stop
interacting inelastically and elastically, respectively. In the next section we will describe

the coupling of PYTHIA /Angantyr to UrQMD.
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2.5 PYTHIA /Angantyr + UrQMD setup

We now describe the details that had to be taken care of to couple the PYTHIA/
Angantyr event generator to the UrQMD hadronic cascade simulator. The first challenge
we encountered while doing this coupling is that UrQMD is unable to handle all particle
species and restrictions had to be made to avoid difficulties. In this context, the first
study we had to do was to classify the particle abundances by particle species from
PYTHIA /Angantyr and separate these into particles that UrQMD can and cannot handle,
as can be seen in Fig. 2.7. The figure shows the fraction of total particle types from events
generated by PYTHIA/Angantyr for Pb-Pb collisions at /sy = 2.76 TeV until after
hadronization with decays off. We were able to determine that 99.81% of all particles can
be handled by UrQMD 3.4 to perform the rescatterings and decays of unstable hadrons,
while the other 0.19% are particles such as hadrons with heavy flavour quarks, leptons
and photons that are not treated by UrQMD 3.4. To make this coupling work, the
hadrons with heavy flavours quarks are decayed by PYTHIA and the decay products are
directly passed to UrQMD, while leptons and photons are removed from the event record
altogether.

Once these special actions are taken to correct for technical limitations of UrQMD, we
now structure the simulation output for convenient analysis at the post-processing level.

Three different outputs are generated simultaneously for later study:

e outputl: This output typen stores all information generated by PYTHIA /Angantyr
in AA collisions at the moment of hadronization and therefore prior to any particle
decays (except for heavy flavour hadrons). In addition to particle-level information,
this output already contains event properties such as the impact parameter (b), the
number of NN binary collisions (Ncon), the number of participating nucleons (Npart)
and the position of the colliding nuclei centers. In this work, this output is always
denoted as ‘after hadronization” when presented in a plot. This output also serves

as input for UrQMD to generate the other two types of output.

e output2: This output stores the four-momenta and particle species information of
all hadrons after a UrQMD simulation in which unstable hadrons decayed but no

hadronic interactions took place. While physically not very reasonable, this is an
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Figure 2.7: Fraction of total (%) of particle types produced after hadronization by the
PYTHIA /Angantyr event generator in Pb-Pb at \/syn = 2.76 TeV. The blue distribution shows the
99.81% of all the particle species that are known by the UrQMD model and the red distribution shows
the 0.19% of all particles that are unknown to the UrQMD simulator, such as hadrons with heavy flavour
quarks, leptons and photons.

important tool in understand the exact effects hadronic interactions. This type of

output will be referenced as ‘decays only’ in this work.

e output3: This output stores the four-momenta, particle species information and
number of hadronic collisions of the hadrons after a UrQMD simulation in which
both decays and hadronic interactions are allowed to take place. This output will

be called ‘decays and interactions’ in what follows.

As part of the studies in this thesis, we have generated approximately 14 million
events for each stage with the PYTHIA /Angantyr + UrQMD simulation chain for Pb—Pb
collisions at /sy = 2.76 TeV. As a first test of the simulation chain, we have studied
the characteristics of the events generated by our simulations by calculating the invariant
time 7 = /t2 — 22 distribution for hadron creation vertices as well as for the hadronic

interactions that were simulated by UrQMD, as can be seen in Fig. 2.8.
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We can understand that after hadronization a significant fraction of all hadrons are
created around 1-2 fm/c, which is significantly different compared to hydrodynamics-based
simulations, in which the system evolves as a continuous medium until O(10 fm/c). As
PYTHIA /Angantyr generates almost all hadrons in the beginning of the system evolution,

this will also lead to a rather dense hadronic medium, which may, in turn, mean that
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Figure 2.8: Invariant time 7 = /2 — 22 distribution of hadrons created by PYTHIA/ Angantyr +
UrQMD and time distribution of rescattering rate of the UrQMD in the hadronic phase for Pb—Pb
collisions at /sy = 2.76 TeV for the 0-5 % (a) and 40-50 % (b) centralities. Figure taken from [84].
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hadronc phase effects are more significant than in traditional hybrid models. A clear
explanation for the long-lasting interaction rate is also that the majority of particles have
low pr and will therefore be produced close to the core of the system, as shown in Fig. 2.6,
and their close proximity in both time and space will mean a significant interaction rate
until the system has expanded significantly. In the next section we will describe the
centrality determination for events generated by PYTHIA/Angantyr + UrQMD with

different options to do the centrality calibration.

2.6 Centrality determination

This section describes in details how the centrality classes was selected for the data
analysis of the events generated by the PYTHIA /Angantyr + UrQMD hybrid model. In
heavy-ion physics, the nucleus-nucleus (AA) collisions are extended objects and the mul-
tiplicity of particles produced depends on the impact parameter (b) of the collision. In
Fig. 2.9(a) we show the longitudinal view before the collision, where the nuclei (AA) are
moving in opposite directions, with R4 being the nuclear radius of the nucleus A and the
impact parameter (b) is defined as the distance between the center of the nucleus with
respect to the beam z-axis, in transverse plane (z —y). The Fig. 2.9(b) shows the trans-
verse view (z — y) of the collision with the overlap region between the nuclei represented
by the almond-like shape. To study heavy-ion collision is convenient to introduce the def-
inition of centrality of the collision (as defined in Sec.1.4.2) that is directly related with
the impact parameter (b) as showed in Fig. 2.9(c), where we can classify the centrality of
the collision, as a central collision with b — 0 and peripheral collision with b — 2R 4.

The geometrical quantities such as impact parameter (b), the number of participating
(nucleon who has undergone at least one collision) (N,q+) and spectators (nucleons that
do not participate in the collision) (Ngpe.) defined as Ngpee = 2A — Npgpe, where A is
the total number of nucleons inside the nuclei and the number of binary nucleon-nucleon
(NN) collisions (N.y;) cannot be measured directly by heavy-ion experiments. In this

context, the Glauber model [36, 37, 98] is widely used to calculate geometric quantities.
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Figure 2.9: Initial geometry of the heavy-ion collision.

2.7 The Glauber model

The purpose of Monte Carlo approach of the Glauber model is to calculate geometric
quantities in heavy-ion collisions. Basically, the Glauber model describes a nuclear colli-
sion of two nuclei as a superposition of independent NN collisions on an event-by-event
basis.

2.7.1 Inputs

To calculate all the geometric quantities, the Glauber model needs two inputs: the
nuclear charge densities (p(r)) and the inelastic (N N) cross section o%¢! as a function of

center-of-mass energy:

e Nuclear charge densities
In the Glauber model, the first step is to determine the nucleons positions in each
nucleus using the nuclear charge density function. The most widely used nuclear

charge density is the Wood-Saxon distribution [93]:

1+ w(r/R)?
’ 14 exp (%)

p(r)=p
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where pg is the nucleon density in the center of the nucleus, a is the skin depth
and w refers to deviations of a uniformly dense core. The parameters of the nuclear
charge densities are based on measurements in low-energy electron-nucleus scatter-
ing experiments [99]. The parameters for the Xenon (Xe) and Lead (Pb) nuclei used
in the nuclear charge density function in the Fig. 2.10 are listed in Table 2.1.

Table 2.1: The parameters for the nuclear charge density function (Woods-Saxon density distributions)
for the nucleus Xenon (Xe) and Lead (Pb). Data taken from [99]:

Nucleus A R4 (fm) a (fm) w
Xe 129 5.420 0.570 0.000
Pb 208 6.620 0.546 0.000

Nuclear charge density function
1.2 \ \

— Pb
— Xe

0.8+

0.6 -

p(r)/po

041

0 2 4 6 8 10 12
radius r (fm)

Figure 2.10: Nuclear charge density function for Lead (Pb) and Xenon (Xe). The parameters are based
on data from [99].

The second step is to generate the impact parameter (b) distribution randomly

based on the geometrical distribution to simulate a nuclear collision:

dpP
— . 2.
0 b (2.7)

e Inelastic nucleon-nucleon cross section

In high energy nuclear collisions, the inelastic NN cross section (o) is associated

to the diffractive and non-diffractive processes. At RHIC and LHC energies the
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diffractive processes are expected to be a large fraction of the inelastic cross section
[100, 101]. For the Glauber model, the (AA) collision is described as a sequence
of independent NN collisions, where the nucleons move in straight-line trajectories
and the inelastic cross section is considered to be independent of the number of
collisions a nucleon underwent previously, as can be seen in Fig. 2.11). A binary

NN collision will happen when the distance (d;;) in the transverse plane (z — y) is

less than or equal to d, as shown in Fig. 2.11 by the geometric cross-sectional area

that can be directly interpreted as the probability of an NN interaction
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Figure 2.11: The transverse view of a heavy-ion collision describe by the Glauber model.

As the geometry of the collision is necessary to study a heavy-ion collision, in the

next section we will describe the different options for centrality calibration by selecting

on b, Ny, at midrapidity (|n| < 0.5) or Ng, at forward rapidities of —3.7 < n < —1.7

and 2.8 < n < 5.1, corresponding to the acceptance of the VOM detectors of the ALICE
experiment.
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2.8 Centrality calibration

In our simulations we have three variables that allow us to select on event centrality:
impact parameter (b), Ng, midrapidity and Ng, at forward rapidity. We generate events
with PYTHIA /Angantyr + UrQMD in Pb-Pb collisions at /sy = 2.76 TeV to show the
different options to do the centrality calibration. We start selecting the impact parameter
b to determine the event centrality by using the distribution of impact parameter gener-
ated by PYTHIA /Angantyr, as can be seen in Fig. 2.12. In this figure, we use the impact
parameters minimum (by,;,) and maximum (by,.x) to classify the centrality in percentiles
ranging from 0% to 100%, respectively. In this way we can divide the centrality in classes,
e.g. the centrality bin of 0 — 5% stands for the 5% of all events with the lowest impact
parameters, also called the most central collisions, and 90 — 100% is the 10% of all events

with the highest impact parameters.
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Figure 2.12: Distribution of impact parameter (b) generated by PYTHIA /Angantyr in Pb—PDb collisions
at \/syn = 2.76 TeV with the classification of centrality based on b, where the centrality is divide in
classes represented by the color bands, as described by subtitle in the right side of the figure.

Using the impact parameter to classify the event centrality is only possible in Monte
Carlo simulations. As we know that the impact parameter cannot be measured directly

by experiments in heavy-ion collisions, so one way to determine the event centrality is to

use the N, multiplicity because has a correlation with the impact parameter. From our
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Figure 2.13: (a) Charged-particle multiplicity Ng, forward distribution generated by

PYTHIA /Angantyr + UrQMD in Pb-Pb collisions at /sxy = 2.76 TeV for Ng, forward region
(=3.7 < n < —1.7 and 2.8 < n < 5.1), with the centrality classes represented by the gray bands below
the distribution. The figure (b) shows the correlation between the Ng, forward and impact parameter
(b) from PYTHIA/Angantyr + UrQMD in Pb-Pb collisions at /syx = 2.76 TeV for charged-particles
at forward region.

simulations we also compute the N, multiplicity distribution at —3.7 < n < —1.7 and
2.8 < n < 5.1 to determine the event centrality by using the N, forward, as can be seen
in Fig. 2.13a, where the centrality classes are classified as described in Sec. 1.4.2 using
Eq. (1.8). Fig. 2.13b shows the correlation between the N, forward with the impact
parameter b, i.e. for lower values of b more particles are produced and for higher values
of b less particles are created. To do a fair comparison of the model predictions with
real data, we use the centrality calibration based on Ny, forward in the results shown in
Chapter 3.

In Fig. 2.14, we compare the three different options of centrality calibration (b, N,
midrapidity and Ng, forward) in our simulations for the Ny, multiplicity density distribu-
tion at midrapidity versus the event centrality. The comparison between the three options
of calibration does not show a significant difference from central (0 — 5%) to peripheral
(70 — 80%) collisions, but there is a difference for UPC (80 — 90% and 90 — 100%).

Now that our new hybrid, QCD-inspired, QGP-free model for a heavy-ion collision has
been set up and explained, we will proceed to study the consequences of this approach
by comparing the predictions from this model to published experimental data for various

observables.
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Figure 2.14: Charged-particle multiplicity density distribution at midrapidity (|n| < 0.5) as a function
of event centrality, for Pb-Pb collisions at /sxn = 2.76 TeV generated by PYTHIA /Angantyr + UrQMD
for decays and interactions. We calculate the distribution for different options of centrality calibration
by using the impact parameter (b), charged-particle multiplicities Ng, at midrapidity and N, forward
VOM ALICE (-3.7 < np < —1.7 and 2.8 < < 5.1), on top of the figure. In the bottom the ratio to
compare the distributions: calibration via b with respect to via N, midrapidity or Ng, forward. The
vertical lines are the statistical uncertainties in the model.
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Chapter 3

Results and discussion

In this chapter, we present the results from the PYTHIA /Angantyr + UrQMD hybrid
model for heavy-ion collisions. We are now in a position to check multiple observables
such as charged-particle multiplicity densities, transverse momentum (pr) distributions,
anisotropic flow and others. In the next few sections we will proceed by systematically
going from the simpler observables, such as multiplicities, to the more intricate and spe-
cific. This will allow us to see how our hybrid model that does not assume QGP matter

describes the main observables in heavy-ion collisions.

3.1 Global event properties

The charged-particle multiplicity density is a basic observable to quantify the particle
production that is directly related to the initial geometry and total energy in heavy-ion
collisions. The charged-particle multiplicity density ({ dNe,/dn )ni<0.5) generated by the
PYTHIA /Angantyr + UrQMD hybrid model is shown in Fig. 3.1. These predictions are
within 20% of the ALICE measurements [102]. To study the effect of rescattering in the
hadronic phase, we also ran simulations with hadronic interactions disabled in UrQMD,
which led to a difference of no more than 2-3% in charged-particle multiplicity densities.
Therefore, it can be concluded that rescattering does not significantly impact this basic
observable. The charged-particle multiplicity densities obtained in these simulations are
all reproduced in Tab. 3.1.

Another basic observable is the average transverse momentum (pr) and its correlation

to the charged-particle multiplicity Ng,. This observable provides information to explore
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Figure 3.1: Charged-particle multiplicity density at midrapidity (|n| < 0.5) as a function of event
centrality in Pb-Pb collisions at \/syy = 2.76 TeV from the PYTHIA/Angantyr + UrQMD simulation
chain with pr integrated over the full range for decays only or decays and interactions compared with
ALICE data [102]. The vertical lines are the statistical uncertainties in the model and in the data

systematic uncertainties.

Table 3.1: Charged-particle multiplicity density versus centrality from the PYTHIA/ Angantyr -+
HB%MD (decays only or decay and interactions) and the ALICE data with systematic uncertainties
Centrality ( dNen/dn )ip<o.s
ALICE  Decays only Decays and Interactions
0—5% 1601 + 60 1463 £ 38 1432 £ 38
5—10% 1294 +£49 1221 £+ 35 1200 £+ 35
10 —20% 966 + 37 951 + 31 939 + 31
20 —30% 649 4+ 23 674 £ 26 668 + 26
30 —40% 426 + 15 462 + 25 459 4+ 21
40 — 50% 261 +9 300 £ 17 298 £ 17
50 — 60% 149 + 6 179 + 13 178 £ 13
60 — 70% 76 + 4 95 + 10 94 + 10
70 — 80% 35 + 2 43 £ 7 42 £ 7
80 — 90% - 15+4 15+4
90 — 100% - 3+£2 3+2
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Figure 3.2: Average transverse momentum (pr) at the range 0.15 < pr (GeV/c) 10.00 as a function of
the charged-particle multiplicity Ne, at midrapidity (|| < 0.3) from the PYTHIA /Angantyr + UrQMD
hybrid model in Pb—Pb collisions at /sy = 2.76 TeV compared with the measurements by the ALICE
collaboration [103]. In the ALICE data the gray boxes are the systematic uncertainties and statistical
uncertainties are negligible, only statistical uncertainties are shown for the model.

the underlying physics phenomena of particle production in small systems and heavy-ion
collisions [103]. In proton-proton (pp) collisions, many experiments observed an increase
of (pr) with Ng in the mid-rapidity region [35, 104-110]. Mechanisms such as Color
Reconnection (CR) [111-113] have been implemented recently in event generators like
PYTHIA to reproduce this observable in pp collisions, but these developments have yet
to be put in place in the heavy-ion machinery contained in PYTHIA /Angantyr.

We compute the Ng,-dependence of the (pr) in the PYTHIA/Angantyr + UrQMD
model and obtain the results shown in Fig. 3.2. The model does not really reproduce
data well, predicting a smaller (pr) than the measured one. This is likely a consequence
of the fact that CR is not fully implemented in PYTHIA /Angantyr. Before comparing
to experimental data, I would also mention that the addition of hadronic interactions
actually increase the (pr) for peripheral collisions. For completeness, we did (pr) versus
event centrality and the results from the PYTHIA/Angantyr + UrQMD are shown in
Fig. 3.3 agrees with the results from the hybrid model in Fig. 3.2.

In Tab. 3.2 below, we summarize the (pr) measured by the ALICE collaboration for pp,
p—Pb and Pb—Pb collisions at the LHC energies compared with hybrid model predictions
for Pb—Pb collisions, i.e., this table allow us to analysis how the (pr) behaviour for small

systems and heavy-ion collisions at differents energies. We can conclude that (pr) of
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final state particles have a small increase in pp collisions as a function of the energy. An
increase is observed from pp to p—Pb to minimum bias Pb—Pb collisions by the ALICE
collaboration.

Table 3.2: Average transverse momentum (pr) in pp, p-Pb and Pb-Pb collisions at /sxy = 2.76 TeV
with at least one charged-particle with 0.15 < pr (GeV/¢) < 10.00 in |n| < 0.3 for the ALICE data
[103] and the PYTHIA/Angantyr + UrQMD hybrid model in Pb-Pb for decays only or decays and
Interactions. For the hybrid model we have the statistical uncertainties and for the data are systematic
uncertainties.

collision system SNN (Nen) (pr) (GeV/c)
PP 0.9 3.14 + 0.16 0.540 + 0.020
PP 2.76 3.82 £+ 0.19 0.584 + 0.020
ALICE
PP 7 4.42 £+ 0.22 0.622 £+ 0.021
p—Pb 5.02 11.9 + 0.5 0.696 £+ 0.024
Pb-Pb 2.76 259.9 £ 5.9 0.678 + 0.007
Decays only Pb-Pb 2.76  484.69 £ 0.01 0.61838 £ 0.00002
Decays and Interactions Pb-Pb 2.76  475.39 £ 0.01 0.61949 + 0.00002
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Figure 3.3: Average transverse momentum (pr) for charged-particles at midrapidity |n| < 0.5 as a
function of the event centrality from the PYTHIA /Angantyr + UrQMD hybrid model in Pb—Pb collisions
at \/sxy = 2.76 TeV and in |n| < 0.5 compared with the measurements by the ALICE collaboration
[114]. In the ALICE data the black boxes are the systematic uncertainties and statistical uncertainties
are negligible, only statistical uncertainties are shown for the model.

In conclusion the hybrid model reproduces Ng, within 20% and does not describe

(pr) fully satisfactorily for known reasons, i.e. the Angantyr model does not include any
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effect associated to an isotropic expansion known as ‘radial flow’ [115]. This effect can
build up the mean pr, where heavier particles get a larger boost from the common flow
velocity. This will be studied in greater detail in the next section, in which the actual pr

distributions will be investigated.

3.2 Transverse momentum distributions

To investigate the effect of rescattering in the hadronic phase we calculate pr distribu-
tions as a function of the event centrality with hadronic interactions enabled and disabled,
as can be seen in Fig. 3.4. A comparison of the two pr distributions shows that inter-
actions modify the high-pr yields, reducing them with respect to simulations in which
interactions are not allowed to happen. This suppression is observed to be significant
starting at about pr = 4 GeV/c. The physical interpretation is that high-pr particles lose
momentum when interacting with the more abundant low-pr particles created in Pb—Pb

collisions.
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Figure 3.4: Transverse momentum (pr) distributions of charged-particles at midrapidity (|n| < 0.8) in
Pb-Pb collisions at \/syn = 2.76 TeV from the PYTHIA /Angantyr + UrQMD hybrid model for nine
centrality classes and with the statistical uncertainties. We use a scale factor for each pr distribution for
just separate the curves for better visibility.

The modification of pr spectra can be further studied by calculating the ratio of pr

distributions obtained with hadronic interactions to those obtained without interactions,
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as shown in Fig. 3.5. In this figure, we can see that the yields are modified by no more
than 10-15 % for pr < 2 GeV /¢, but the effect of hadronic scattering is more significant
at mid- to high-pr, reaching a maximum of to 60% suppression around a pr ~ 5 GeV/c

for the 0 — 5% centrality class.
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Figure 3.5: Ratio of charged-particle pr distributions at midrapidity (|n| < 0.8) for decays only and
decays and interactions in Pb—Pb collisions at /syn = 2.76 TeV from the PYTHIA /Angantyr + UrQMD
hybrid model for nine centrality classes and the vertical lines for the model are the statistical uncertainties.

The suppression pattern observed in Fig. 3.5 has a momentum dependence that is
reminiscent of the nuclear modification factor' (R44), a quantity commonly used to study
the spectra of Pb—Pb collisions. We will dedicate the next section to the discussion this

observable.

3.2.1 Nuclear modification factor

The suppression of the yields of high-pt particles is quantified by the nuclear modifi-
cation factor (R44). The R4 is defined as the ratio of the charged-particle pr spectra in
AA collisions compared to pp collisions scaling by the average number of binary nucleon-
nucleon (NN) collisions (Nep) which dependence on the centrality.

We calculate the R4 for Pb—Pb collisions at /syn = 2.76 TeV for the PYT HIA/
Angantyr hybrid model with and without interactions to compare with the ALICE mea-

surements [114], as can be seen in Fig. 3.6. To compute the R4 from the hybrid model, we

!For a more detailed explanation of the nuclear modification factor, please refer to section 1.6.1.



3.2. TRANSVERSE MOMENTUM DISTRIBUTIONS 81

generated pp collisions with the same configuration used for Pb—Pb. As a scaling variable,
we use the (Neon) as a function of the centrality calculated by the ALICE collaboration
using the Glauber model [116].

While the R4 obtained without any hadronic interactions does not really reproduce
experimental data from ALICE, the addition of hadronic rescattering leads to a proper de-
scription of the nuclear modification factor in the intermediate momentum range between
5 — 15 GeV/c for both central and mid-central collision classes.

To verify if the successful description of the measured R 44 at high-pr is not accidental,
we also calculate the 44 for Xe—Xe collisions at /sy = 5.44 TeV, as shown in Fig. 3.7.
The results from the PYTHIA /Angantyr + UrQMD for decays and interactions are within
experimental uncertainties for pr > 6 GeV/¢, in both centralities.

The good agreement of the nuclear modification factor for high-pr particles (pp > 6
GeV/c) from the hybrid model is a remarkable result for a model that does not assume
QGP formation or a hot and dense thermalized medium, as we discussed in the section
2.3. This is especially notable because in the literature R4 values below unity are one

of the key signatures of QGP formation in heavy-ion collisions.
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Figure 3.6: Nuclear modification factor R44 in Pb-Pb collisions at /sxy = 2.76 TeV for the
PYTHIA/Angantyr + UrQMD with decay only or decays and interactions compared to measured by
the ALICE collaboration [114], in two centrality classes 0 — 5% and 50 — 60%. The vertical lines for the
hybrid model and the ALICE data are the statistical uncertainties. The gray and black boxes are the
systematic uncertainties. The overall normalization uncertainties for the R4 are shown with the red
and light blue boxes around unity in both centralities.
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It is interesting to note that even without interactions the nuclear modification factor
is not at unity for high-pr, which is a consequence of the fact the PYTHIA /Angantyr
does not follow binary collision scaling that is in general assumed to hold in the literature
[37]. From the model perspective, this is because each subsequent binary collision is not

independent from the preceding one, as described in section 2.3.
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Figure 3.7: Nuclear modification factor Rq4 in Xe-Xe collisions at /syn = 2.76 TeV for the
PYTHIA/Angantyr + UrQMD with decay only or decays and interactions compared to measured by
the ALICE collaboration [117], in two centrality classes 0 — 5% and 50-60%. The vertical lines for the
hybrid model and the ALICE data are the statistical uncertainties. The gray and black boxes are the
systematic uncertainties. The overall normalization uncertainties for the R4 are shown with the red
and light blue boxes around unity in both centralities.

Heavy-ion collisions are treated as a superposition of NN binary collisions that are not
independent in Angantyr model. Instead, collisions can be classified as elastic, diffractive
and non-diffractive inelastic (absorptive), depending on the available energy, and each
subcollision will be generated using the standard PYTHIA 8.2 minimum bias machinery.
Given that subsequent interactions will have less energy, these will not contribute equally
to the high-pr yields, which will, in turn, generate an R44 that is less than unity at
high-pr.

However, it is not just the violation of binary scaling that ensures a successful descrip-
tion of the nuclear modification factor: the addition of hadronic rescattering also plays an
important role. To better understand the suppression dynamics introduced at high-pr, a

deeper look into the hadron vertex is required. In this model, as described in the sections
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2.3.1, we know that the medium created in AA collisions is very dense and this fact really
influence the high-pr minimum and subsequent rise.

The main suppression effect at around 5 GeV /¢ comes about because particles having a
relatively high momentum are stopped in interactions with other particles produced in the
nuclear collision, which on the average carry less than 1 GeV/c. However, at progressively
larger pr, yields are less modified: this is because very large momentum particles are
produced with a large displacement with respect to the collision region, as can be seen in
Fig. 2.6.

In the section 2.3.1 we discussed that, in the hadron vertex model, there is a model
uncertainty related to the hadron production position, as cited in Ref. [96]. There are
three alternatives to define the hadron creation position denoted as “early”, “middle”
and “late”, with the default setting being “middle”. In order to study the effect of this
uncertainly, we calculated the R4 also with the early and late options. The light red band
shown in Fig. 3.8 marks the region covered if this model ambiguity is to be considered in
full. The R4 results with light red band show that the model uncertainty is not within
experimental uncertainties for high-pr.

It is important to note that the mechanism leading to high-pt yield suppression in
this work is fundamentally different than the one traditionally used to explain the nuclear
modification factor. In the usual approach, energy loss and jet quenching [118] take place
mostly in the partonic, rather than hadronic, phase. In order to study the effect seen
in this work further, the next section will elaborate on the study of jet quenching using

two-particle angular correlations [45].

3.3 Jet quenching in the hadronic phase

The jet quenching is one experimental signature for QGP formation by the strong
suppression of high-pr jets with energy loss traversing a hot and dense QCD matter
created in heavy-ion collisions. In the literature, the jet quenching phenomenology has
focused especially in modelling the strong interaction of partons with deconfined matter of
quarks and gluons, the QGP medium [119-121]. After the initial stage, we know that the
system created evolves and cools down until it reaches a temperature that is sufficiently

low for a transition to hadronic matter to occur. The hadronic phase has been successfully
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Figure 3.8: Nuclear modification factor R44 in Pb-Pb collisions at /sxy = 2.76 TeV for the
PYTHIA /Angantyr + UrQMD with decays and interactions compared to measured by the ALICE col-
laboration [114] in the centrality class 0 — 5%. The vertical lines for the hybrid model and the ALICE
data are the statistical uncertainties, and the black box is the systematic uncertainties for the ALICE
measurements. The light red band shown around the R44 (red points) is an uncertainty from the hadron
vertex model due to the three different options to calculate hadron production vertices in the Lund string
model, known as early, middle (default) and late. The overall normalization uncertainty for R4 4 is shown
as a vertical black box around unity.

described by the dynamics of hadron gas using a hadronic transport approach, e.g., the
UrQMD model. So far, a significant part of the jet quenching studies does not include
the effect of rescattering in the hadronic phase.

In the following, we are going to apply the two-particle correlations technique to events
generated with PYTHIA /Angantyr + UrQMD to study how the jets interact with the

hadronic phase in Pb—Pb collisions.

3.3.1 Two-particle correlation analysis

The use of the two-particle correlations (2PC) method allows us to study in more
details the high-pr yield suppression observed in our hybrid model. We calculate the
correlation function C(Ad, An) for a high-pr trigger and associated particles to investi-
gate the maximum suppression observed in Fig. 3.5 and therefore choose the pt ranges of
6 < PrET (GeV/c) < 8 and 4 < p&° (GeV/c) < 6 for this study. The Ceorrect (Ad, AN)
was calculated as discussed in Sec.1.6.2, where the events are mixed only if the difference

in centrality is of no more than 2%, with approximately 2000 events being used for the



3.3. JET QUENCHING IN THE HADRONIC PHASE 85

mixing. The uncorrelated background was estimated by using the event mixing technique
within |n| < 2.5. To estimate the uncorrelated background (bkg) for the Ceoprect(Ad,
An) we use the event mixing method but consider all angles to be relative to the event

plane (EPs), i.e. the particles are aligned to the EPs to calculate the C2&d EP(A¢p An)

and also compute the Cp; (Ad, An) to correct the limitation for the pair acceptance.

The Cpig(Ad, An) can be defined as:

B % Caligned EP(Ad), AT])

mix

a X Cmix(A(baAn) ’

Cbkg<Ad),AT]) = (31)

where the « is used to normalize the Cix(Ad, An) to be unity at An = 0. The
is a normalisation to adjust imperfections in the background estimated by the event
mixed method. We calculate the factor 8 for the particle yields from Cyye(Ad, An) and
Ceorrect (Ad, An) to match in the near-side region away from the peak in the ranges 1.0
< An < 4.0 and |A¢ | < 7/2. Now the final correlation function with the subtraction of

the background can be written as:

C(Ad)a An) = Ccorrect(A(b, AT]) - Cbkg(Ad), AT]) (32)

This subtraction effectively removes the entire uncorrelated background in the associated
particle distribution Ceopect(Ad, An). High-order corrections to this subtraction tech-
nique were tested and are negligible for this study. We apply this method to calculate
the correlation function projected C(A¢) for three centrality classes, as can be seen in
Fig. 3.9. From this result we can see a significant small suppression of the away-side jet
structure when hadronic interactions are enabled for the most central collisions and the
near-side peak is less affected from central to peripheral collisions. We understand that
the trigger particles are more likely to be close to the edge of the system leaving with less
interactions, while the away-side jet will undergo multiple interactions with the hadronic
medium.

This effect observed in our hybrid model remember the measurements realized by
STAR collaboration at RHIC, where was observed a full away-side jet suppression in
central Au-Au collisions [46] by using the two-particle correlation to study dijets, as
showed in Sec. 1.6. The STAR result was interpreted that the trigger particles are

far away from the center of the collision and the away-side jet are suppressed due to
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multiple partonic interactions in the travel through the QGP medium more than hadronic
interactions. Our hybrid model is capable to reach a small away-side jet suppression, but
it is important to note that model shows a significant result considering an improved
no-QGP baseline.

We calculate the magnitude of the yield modification in the away-side as a function
of centrality by integrating the correlation function C(Ad, An) with the background-
subtracted, as showed in Eq. (3.2), with hadronic interactions disabled and enabled to do
the ratio between them that are show in Fig. 3.10. We can see that the near-side jet does
not show a centrality dependence, but the away-side jet does with a maximum suppression
of approximately 30% for the most central Pb—Pb collisions, centrality of 0 — 5%.

In our hybrid model we also can explore the average number of hadronic collisions
(Nhadronic) a5 a function of A¢ as shown in Fig. 3.11. From this result we understand
that the (Nhadronic) ig mych smaller in the near-side around A¢ = 0 with jets leaving the
system practically without interacting compared to jets in the away-side region around
A¢ = m,in which case outgoing particles have a significant probability to interact with
the hadronic medium produced in our simulations.

In Fig. 3.12, we show the correlation function calculated for PYTHIA /Angantyr +
UrQMD in Pb-Pb collisions at /sy = 2.76 TeV, with hadronic interactions disabled
and enabled by the UrQMD model in the Fig. 3.12a and Fig. 3.12b, respectively. We
select charged-particles for the trigger and associated with pr ranges of 2.0 < ]DtTrigger
(GeV/c) < 10.0 and 2.0 < p§¥°° (GeV/c) < 4.0, with these pr ranges we can investigate
one source of long-range angular correlation known as “elliptic flow”. The correlation
function for PYTHIA /Angantyr + UrQMD allows us to study the model predictions for
the observables associated to correlations in heavy-ion collisions. The results in Fig. 3.12b
show that when hadronic interactions are enabled we can observe a double-ridge structure
that is not present without interactions in Fig. 3.12a. This source contributes with a
term cos(2A¢) to the two-particle correlation function over a long An range [65]. The
observable elliptic flow have been extensively studied over a wide range of energies and
collision system by the experiments at RHIC [4, 7, 122] and LHC [59, 75, 123].

In a following section, we are going to explore in more details the elliptic flow observed

in the PYTHIA /Angantyr + UrQMD hybrid model.
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Figure 3.9: Correlation function projected in A¢ with [An| < 1.0 for the PYTHIA/ Angantyr hybrid
model in Pb-Pb collisions at /snn = 2.76 TeV, selecting the pr ranges of 6 < pin'®8" (GeV/c) < 8 and
4 < p§¥°° (GeV/c) < 6 to the trigger and associated charged-particles, respectively. The figures are for
three centrality classes on (Bottom) 0 — 5% (most central collisions), 30 — 40% (mid-central collisions )
and 70 — 80% (peripheral collisions) for decays only and decays and interactions. The gray distributions
are the same in the top, middle and bottom of the figure, being a reference (70 — 80%) with interactions
disabled. The vertical lines are statistical uncertainties in the points from our simulations.
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Figure 3.12: The two-particle correlation function calculated for the PYTHIA /Angantyr + UrQMD
in Pb-PDb collisions at /syn = 2.76 TeV, selecting the trigger and associated charged-particles for the
centrality bin 40 — 50% in the figures (a) and (b) for decay only and decays and interactions, respectively.

3.4 Elliptic flow

In practice, the v, cannot be measured directly by the experiments because the reaction
plane angle is not a direct observable. The usually way to estimate the flow coefficients are
using azimuthal correlations between the observed particles known as cumulants method
[72, 124]. We know that elliptic flow is related with the initial geometry of the collision,

this fact suggests to investigate the dependence with event centrality.

3.4.1 Centrality dependence

The current version of the PYTHIA /Angantyr model [63] does not include collective
flow in the final state. In the absence of initial hadronic flow, this model serves as a
very important baseline in which there was no QGP. To calculate the elliptic flow, we did
the azimuthal distribution of charged-particles with respect to the event plane shown in
Fig. 3.13, for events generated by the PYTHIA /Angantyr + UrQMD in Pb—Pb collisions
at /sy = 2.76 TeV. Curves for simulations in which hadronic interactions are disabled
and enabled are both shown in this figure.

Analyzing the plots shown in the Fig. 3.13, we can observe that the distribution for
decays only does not show a modulation, but this is different for decays and interactions,
with a clear modulation, where more particles are emitted in the direction of the reaction

plane, in A¢ = 0 and A¢d = n. This modulation is the elliptic flow in this hybrid model.
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Figure 3.13: Azimuthal distribution of charged-particles (1/Ney)dNen/dAd, where Adp = ¢ — Ugp is
the azimuth angle (¢) with respect to reaction plane angle (Urp), in || < 0.8 and 0.2 < pt (GeV/c) <
5.0. These distributions are events generated by the PYTHIA/Angantyr + UrQMD in Pb-Pb collisions
at \/snn = 2.76 TeV, normalized by the number of events (N ) for decay only and decay and interactions.
Each figure for one centrality: 0 — 5% (a), 20 — 30% (b), 40 — 50% (c) and 70 — 80% (d). The red curve
represent the fit by one function cos(2A¢) that is used to calculate vs.

When we add the UrQMD model to simulate the rescattering in the hadronic phase, we
can see the effect known as elliptic flow (vy) that would be one signature for the QGP
formation, but this effect in the model is associated with initial geometry. In this case,
the initial geometry of the collision is converted to elliptic flow not via partonic but rather
via hadronic interactions.

To establish the centrality dependence of vy, we calculate the vy as a function of colli-
sion centrality for the PYTHIA /Angantyr + UrQMD event generator in Pb—Pb collisions
at \/snn = 2.76 TeV with rescattering disabled and enabled. We compare the model pre-
dictions with measurements by the ALICE collaboration, as can be seen in Fig. 3.14. The
elliptic flow was calculated by two different methods for the model, the first method vy by
fitting (vi™) the azimuthal distribution and the second method by the multi-particle cor-
relation, denoted as vo{2} and vo{4}, for the 2- and 4- particle correlations, respectively.

For more details about 2- and 4- particle correlations see the section 1.7.1.
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Figure 3.14: Elliptic flow v, integrated over pr range 0.2 < pr (GeV/c) < 5.0, as a function of event
centrality for the PYTHIA /Angantyr + UrQMD in Pb-Pb collisions at \/syx = 2.76 TeV. For the model
we calculate v with decays only or decays and interactions, and also using 2- and 4- particle cumulants
[42], v2{2} and va{4}, respectively, for charged-particles in || < 0.8. We compare the predictions for v,
from the hybrid model with ALICE data [75].

From the results shown in Fig. 3.14, the v} with hadronic interaction enabled can
reproduce around 60% of magnitude the one measured by the ALICE collaboration. The
vy found is consistent with simulation results obtained before, at lower energies [125].
We also found similar results for v{2} and v3{4} compared with the ALICE data. The
v9{2} is greater than vo{4} because it is more affected by the non-flow contributions like
resonance decays and jet correlations. See vy values from our hybrid model compared to
the ALICE data in Tab. 3.3.

The v calculated with hadronic interactions disabled is practically zero, as can be

seen in Fig. 3.14. In the next section, we calculate the pr dependence of elliptic flow using

the two methods described above and compared with experimental data.

3.4.2 Transverse momentum dependence

We compute the pr-differential elliptic flow vo(pr) for the PYTHIA/Angantyr +
UrQMD hybrid model in Pb-Pb collisions at /sy = 2.76 TeV. From this we com-
pare the v5*(py) from model with and without hadronic interactions to the measured by
the ALICE collaboration, as can be seen in Fig. 3.15. As observed, the v5(pt) calculated

increases with transverse momentum until reach a maximum at pr = 3 GeV/c and after

this point start to decrease at high-pr, in both centrality classes. We also calculate the
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Table 3.3: Elliptic flow as a function of event centrality from the PYTHIA /Angantyr + UrQMD hybrid
model in Pb—Pb collisions at /sxn = 2.76 TeV compared with ALICE data [75]. The values for v in

this table are from the plot in Fig. 3.14.

ALICE Model
Centrality v2{2} vo{4} v2{2} vo{4} vbit
0—5% 0.0288 + 0.0005 0.0179 + 0.0043 |0.01767 + 0.00003 0.0085 + 0.0008 0.0077

5—10% 0.0440 £ 0.0005 0.0324 + 0.0017
10 — 20% 0.0648 £ 0.0004 0.0557 £ 0.0009
20 — 30% 0.0843 4+ 0.0005 0.0731 £ 0.0011
30 — 40% 0.0968 £ 0.0006 0.0839 + 0.0012
40 — 50% 0.1043 + 0.0008 0.0867 + 0.0018
50 — 60% 0.106 + 0.001  0.082 £ 0.003

60 — 70% 0.1049 £ 0.0013 0.0778 + 0.0052

0.02577 = 0.00003 0.0192 £ 0.0001 0.0188
0.03589 + 0.00002 0.0310 £ 0.0001 0.0299
0.04651 + 0.00003 0.0414 +£ 0.0001 0.0403
0.05388 =+ 0.00003 0.0477 £ 0.0001 0.0464
0.05854 £ 0.00004 0.0507 £ 0.0001 0.0487
0.06113 +£ 0.00006 0.0502 £ 0.0003 0.0471
0.06240 = 0.00009 0.0456 £ 0.0009 0.0406

0.0645 £+ 0.0002  0.035 £ 0.007 0.0282
0.0765 4= 0.0004 - 0.0115
0.1082 £ 0.0013 - 0.0009

70 — 80% 0.1048 + 0.0023 -
80 — 90% - -
90 — 100% - -

v2{2} and v9{4} (see Fig. 3.15) shown the same dynamic of v5* at low-pr, but comparing

vi® and v,{2} the distributions start to diverge around pp ~ 1 GeV/c. As previously

observed with the integrated flow, vo{4} mirrors v} very closely, while v2{2} is higher
than ve{4}. This is because also in this case non-flow contributions affect the vy{2},
but vo{4} is less affected. The fact that vy{4} matches v}® means that vy{4} show one
possible correlation with the event plane.

In the results shown in Fig. 3.15, we observed that pr-differential v5'® and vy{4} from
the model can describe approximately 60% of magnitude of the vy measured by the ALICE
collaboration. For completeness, the vy(pr) calculated from fit with hadronic interactions
disabled is practically zero, as we found before for the integrated wvs.

Therefore, we found a strong signal for collective effects in this new hybrid model,
more specifically the elliptic flow v, in the hadronic phase. The question that remains at
this point is how much flow would have to be present at the hadronization stage to lead to
the measured flow, given that UrQMD is capable of adding extra flow post-hadronization.

This question will be investigated in the next section.
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Figure 3.15: pr-differential elliptic flow vy as a function of transverse momentum pr for the
PYTHIA /Angantyr + UrQMD in Pb-Pb collisions at \/syn = 2.76 TeV. For the model we calculate
vyt with decays only or decays and interactions, and also using 2- and 4-particle cumulants [42], vo{2}
and v9{4}, respectively, for charged-particles in || < 0.8. We compare the predictions for vy from the
model with the ALICE data for two centrality classes, 10 — 20% (a) and 40 — 50% (b) [75].

3.4.3 Toy model

Now we present a simple toy model to introduce an initial hadronic flow (virial) to
the PYTHIA /Angantyr event generator after hadronization. The results shown in the
sections 3.4.1 and 3.4.2 our hybrid model is capable to describe approximately 60% of
the vy measured by the ALICE collaboration [75]. Given that we know that UrQMD
has the ability to add flow and that we are missing 40% of the measured v,, it might be
that the v, immediately after hadronization need not be as large as the one measured
by ALICE. In this section, we investigate how UrQMD responds to various conditions of
post-hadronization flow to explore this question in more detail.

The basic idea to introduce vitt! to PYTHIA /Angantyr is to do the rotation of the
transverse momentum (pr) of the particles in the transverse plane (z — y) immediately
after hadronization. We describe this idea in Fig. 3.16, where we have the distribution
of hadron positions for one Pb—Pb collision event generated by PYTHIA/Angantyr at
V5NN = 2.76 TeV for the centrality of 40 — 50%. It is important to note that the point
here is really not about hacking the PYTHIA /Angantyr event generator, but rather to
explore UrQMD response quantitatively.
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To generate the vit¥a! we need to do the parametrization for vy(pr) with respect to
reaction plane. Using this parametrization we can manually set the vo(pr) with the pr-
dependence times a ‘flow parameter A’ that can be changed systematically to increase the
vo(pr). We did the parametrization based on the result from v shown in Fig. 3.15(b)

with hadronic interactions enabled in the hybrid model, and we can see the parametriza-

tion in Fig. 3.17. The parameterized function chosen for this is:

0.100p

=A ' .
v2(pr) 14 0.315pp(1 + 0.]_12]7'21‘) .

PYTHIA ANGANTYR Pb-Pb at |s,, = 2.76 TeV
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Figure 3.16: Distribution of hadron positions in 2 — y for one event generated by PYTHIA/ Angantyr
in Pb-Pb collisions at /sxy = 2.76 TeV after hadronisation for the centrality bin 40 — 50% (Impact
parameter b = 9.570 fm). In non-central collisions, the interaction region in the transverse plane turns
out to be almond-shaped where the two nuclei overlap and each nucleus is represented by the dash circle
(with Radius of the nucleus Lead (Pb) Rpp, = 6.62 fm), with the reaction plane rotated to y = 0. In
figure we describe the rotate of pr from red arrow to the blue arrow to introduce an initial hadronic flow.

We use the Eq. (3.3) with an inverse transform sampling ?, Basically, we perform the
transformation of the uniform azimuthal distribution generated by PYTHIA /Angantyr
after hadronization to an azimuthal distribution with the modulation, so that we introduce

vinitial Tn Fig. 3.18 we show the modulation of the azimuthal distribution for four values

of the flow parameter A and we can see how vt scales up as intended, with a realistic

momentum dependence when we change the parameter A manually.

2This is a method to transform any probability distribution by using random number sampling by the
inverse of the cumulative distribution function [126].
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Figure 3.17: pr-differential elliptic flow vy as a function of transverse momentum pr, for the
PYTHIA /Angantyr + UrQMD in Pb-Pb collisions at /syx = 2.76 TeV, calculated from fit of the
azimuthal distribution dNg,/dA¢ for decays and interactions in the centrality bin 40 — 50%. We fitting
one function to vy (pr) points given by the Eq. (3.3).

Now we are in a position to study systematically what happens with the final hadronic

initial

final) when we change the vl using the toy model. The idea is to increase the

flow (vs

vipitial by changing the flow parameter A until the vi"! reaches the value measured by the

ALICE collaboration. A schematic representation of this idea can be seen in Fig. 3.19.

For this study we did 11 configurations (or 11 values for the flow parameter A) for the

initial

vyl We feed the 11 initial flow configurations to UrQMD with hadronic rescattering

enabled to generate 11 final flow configurations and then study how the vi"@ correlates

fo pipitial

From the results shown in Fig. 3.20 we can understand that the UrQMD essentially
always adds more flow to the vi"*{4} with the increase of viitel but the vi"@{4} is non-
additive at low-p and intermediate-pr. For a smaller vt values the UrQMD adds flow
to the vimal{4} and for a higher vitta! values the UrQMD removes one part of the vinal{4}.
One interesting point in these results is that vittel value to recover the vy measured by
ALICE need to be about as the same vi"! desired flow at low- and intermediate- pr ranges.
For a high-pr above 2.5 GeV/c we can see a change in the behavior of the vi"3{4} when
we reach the vl around 60% of the ALICE vy the UrQMD continues to add more flow

to the vima{4}. For completeness, we also show the vy predicted by the hydrodynamic
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Figure 3.18: Azimuthal distribution of charged-particles (1/Ney)dNen/dAd, where Adp = ¢ — Ugp is
the azimuth angle (¢) with respect to reaction plane angle (Urp), in || < 0.8 and 0.2 < pt (GeV/c) <
5.0. These distributions are events generated by the PYTHIA /Angantyr in Pb-Pb collisions at /sy =
2.76 TeV after hadronization with the toy model implemented, normalized by the number of events (Ney ).
Each distribution is for one flow parameter A, the Figures (a) A = 0.0,(b) A = 0.6, (¢) A =1.4 and (d)
A = 2.0, in the centrality bin 40 — 50%. The red curve represent the fit by one function cos(2Ad) that
is used to calculate vs.

simulations to have an idea about the UrQMD response in hydrodynamics simulations
and we conclude that UrQMD adds a little more flow to the vi"*{4} also in that case.
To determine the upper and lower limits to the acceptable initial flow as a function
of pr, we did linear fits to the points of vi"{4} 4+ o(Error bar) from the toy model
predictions, as shown in Fig. 3.20, where the linear fits intercept the upper and lower
limits of the gray band. With this, we effectively computed the upper and lower limits
to the acceptable initial flow as a function of pr, as shown in Fig. 3.21. In this figure,
the green band marks the region in which the initial low has to be contained in so that
the final flow is within uncertainties of the vo{4} measured by ALICE. It is striking that,
while for low-pr, the vitita! needs to be approximately the same as the vi"@!{4}, this is not

true for intermediate and high pr. In that region, the acceptable initial flow is actually

significantly below the desired vi"8{4} by a factor of 2 or even more.
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Figure 3.19: The elliptic flow v§"® as a function of vi"*! where we change the initial flow until the

final flow match the value measured by the ALICE collaboration [75] within experimental uncertainty
represented by the red box. The black points inside the red box are the value of acceptable initial flow to
recover the ALICE vy. In the blue point we have zero for vifitial (A = 0.0) and the vi®2! for the hybrid
model corresponds approximately 60% of the vo observed by ALICE.

Overall, it is now clear that the UrQMD response is not strictly additive, meaning
that UrQMD does not always simply add 60% of the expected flow value. If given an
initial flow, UrQMD will still add extra flow on top, but the intensity with which it
does that is decreased for an increasing initial flow, especially at low-pr. Despite this
fact, our results demonstrate that at mid-pr the vit¥a! required to reach ALICE measure-
ments is significantly below the actual ALICE measurements themselves in our simulation
chain. This is very important for the PYTHIA /Angantyr developers: they are currently
considering models such as string shoving that may lead to an initial (to the hadronic
phase) elliptic flow and our results essentially serve to point out that whatever they do in

PYTHIA /Angantyr without UrQMD does not have to match the full v8*2{4} measured

by ALICE except perhaps at low momenta.
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Figure 3.20: Elliptic flow 0" {4} as a function of vi"*a! where the vi"*?! was generated by the

PYTHIA /Angantyr in Pb-Pb collisions at \/sxy = 2.76 TeV and the vi"#{4} generated by the UrQMD

with hadronic interactions enabled. The vi"#{4} and viM*! were calculated at low-pr range (a),
intermediate-pr range (b, c¢) and high-pr range (d) compared to the measurement by the ALICE
collaboration [75]. The red points are model predictions from the hydrodynamic simulations with same
pr range for the centrality of 40 — 50%. The black dashed line and gray box are vo{4} measured and the
experimental uncertainty for the ALICE data, respectively. The green dashed lines are the linear fits for
the points vi"*{4} £ o(Error bar) to determine the upper and lower limits to the acceptable initial flow
that are represented by the green points intercepting the upper and lower limits of the gray band.
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Figure 3.21: pr-differential elliptic flow v2{4} as a function of pr for the centrality of 40 — 50%, where
the data points measured by the ALICE collaboration [75] and the light green band represents the region
of acceptable initial hadronic flow to recover the vo{4} measured by ALICE.
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Chapter 4

Conclusion

In this work, we have discussed three basic aspects of an improved baseline for heavy-
ion collisions: the nuclear modification factor, two-particle correlations and elliptic flow.
The fact that the nuclear modification factor calculated using PYTHIA /Angantyr +
UrQMD simulations follows the qualitative trend of the measured R4 at intermediate-
pr once hadronic interactions are considered is an intriguing observation in itself. As
explained in the introduction, values for Rs4 below unity are generally taken as a clear
indication of QGP formation, and models incorporating QGP formation are, as a gen-
eral rule, needed to describe the data. In PYTHIA/Angantyr + UrQMD there is no
assumption of a QGP phase, but nevertheless several effects contribute to the description
of Raa.

The high-pt part of the spectra generated by PYTHIA /Angantyr deviates from the
simple binary scaling which is normally expected [37], as seen also in the fact that the
R4 is constant but below unity for high-pr even without hadronic interactions. As
previously explained, PYTHIA /Angantyr makes a distinction between various types of
nucleon—nucleon interactions, which will contribute differently to high-p particle yields,
and as a result the high-pr R4 does not converge to unity even if hadronic interactions
are disabled. This effect is responsible for the majority of the deviation from unity, as seen
in Fig. 3.6. There are, however, model uncertainties associated with this effect. While
the treatment of secondary absorptive sub-collisions similar to diffractive excitations can
be theoretically and numerically motivated [63], it is, as mentioned earlier, not clear that
it will exactly reproduce the phenomenology of an interleaved shower plus color recon-

nection. An obvious next step would be to study the (absence of) nuclear modification in
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p-Pb collisions within PYTHIA /Angantyr + UrQMD. However, in that case, model un-
certainties are much larger than in AA collisions. It was shown in ref. [63] that secondary
collisions contribute between 25-40% in Pb-Pb collisions at /sy = 2.76 TeV, while for
p-Pb collisions at \/sxy = 5.02 TeV they contribute between 50-85%.

An equally important conclusion from this work is the influence from the hadronic
rescattering phase on Ra4. Since strings have an average life-time (72) ~ 2 fm/c, the
hadronic phase is longer, and with a more dense initial condition, than for hydrodynamic
simulations where a QGP phase lives for up to an order of magnitude longer. We have
shown that a hadronic rescattering phase with such an early starting time modifies R44
up to a factor 3 for intermediate-pr particles in central Pb-Pb events. From this model,
we can interpret that at intermediate-pr, hadronic interactions lead to a suppression of
particle yields as hadrons lose significant momentum to more abundant low-pt particles.
However, this effect subsides for very large transverse momentum, such that the R44
will eventually converge to the value without hadronic interactions. This is because, in
the hadron vertex model, higher-pt values correlate with more displaced hadron creation
vertices due to the linear relationship between space-time and momentum, visible also in
Fig. 2.6. Since higher-pt particles are then increasingly displaced, these are less likely
to interact with the remainder of the system. While this effect is smaller in magnitude
than the deviation from binary scaling, it is crucial to recover the minimum of the nuclear
modification factor at around 5 GeV/c and the subsequent rise at high momenta. It should
be noted here that the main model uncertainty in this part lies in the determination of the
vertex position. The relation in space-time leads directly to a hadron production point
as the average of two subsequent break-up points. As noted in ref. [96], this definition
is not unique, but could differ from the average up to £py/2k, where p, is the hadron
four-momentum. Taking this at face value, the uncertainty of the final value for R44
would be large enough that the high-pr rise is not visible within uncertainties.

It has to be noted that the intermediate to high-pr suppression studied in this work is
fundamentally different than the one that would result from models such as JETSCAPE or
JEWEL [127]. In the work, jet quenching is a phenomenon associated to partonic energy
loss, which would lead to the suppression of an entire high-momentum jet, while in the
former, individual hadrons lose momentum after hadronization. Experimentally, these two

scenarios can be distinguished using techniques such as two-particle correlations and dijet
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asymmetry measurements. It is with this motivation that we pursued the studies shown
in Fig. 3.9, which indicate that the high-momentum particle suppression from hadronic
rescattering follows, in fact, again the same qualitative trend as what was observed by
the STAR Collaboration at RHIC [46, 128], with the near-side jet being mostly unaltered
and the away-side jet being suppressed due to a larger number of interactions with the
hadronic medium. These findings are complementary to recent studies on the effect of
hadronic rescattering on jet shapes [129] which also indicate that the hadronic phase does
have significant impact on high-pr physics observables.

As shown in Fig. 3.14, the v} with hadronic interaction enabled is capable of describ-
ing approximately 60% of magnitude the one measured by the ALICE Collaboration. We
also found similar results for v2{2} and v9{4} compared with the ALICE data, where
v9{2} is greater than ve{4} because it is more affected by the non-flow contributions
like resonance decays and jet correlations. We also calculated pr-differential elliptic flow
shown in Fig. 3.15, we observed that the pr-differential v5'* and v{4} from the model can
describe around 60% of the magnitude of the vy measured by the ALICE Collaboration,
consistent with the results found in the integrated elliptic flow. The results from the
PYTHIA /Angantyr + UrQMD hybrid model were submitted to Physical Review C and
the preprint is available on ArXiv [84] already now.

An important test performed as part of this work is the toy model work, in which
UrQMD response to a given initial hadronic flow was tested systematically. The results
show that, in fact, the flow at hadronization level in the PYTHIA /Angantyr model does
not need to be fully compatible with the measured ALICE flow at mid- to high-pr, since
UrQMD will add some flow on top of the existing one. This finding is also very important
for model building and for the PYTHIA /Angantyr authors and will find its way into a
publication in the near future.

There are several extensions of this work that are possible and will be pursued soon.
One important consideration is the possibility of separating very high density regions of
the PYTHIA /Angantyr hadronization profile and evolving those regions using hydrody-
namics simulators instead of a hadronic transport model. This is already being pursued
by a masters student in our group. In addition, a systematic extension of this work to
small collision systems, such as pp and p-Pb, might also prove very interesting on its own.

This is especially important because we could then compare our approach with a recent
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improved PYTHIA version in which hadronic rescattering is possible in pp collisions, a
new development done by the main PYTHIA author, Torbjérn Sjostrand [130].

In conclusion, the findings of this work prompt present and future experimental stud-
ies to put more emphasis in the construction of baseline, no-QGP models, as a certain
fraction of the observations normally exclusively associated with the QQGP may have its
origin elsewhere. Phrased differently, this work conclusively demonstrates that comparing
experimental data with an incoherent superposition of proton-proton collisions is not a

valid exercise to fully isolate QGP-specific equilibration signatures.
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