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1 Introduction

Since over a century, humans are colliding particles in different forms in large machinery.
This has extended the boundaries of humanities knowledge and resulted in not only new
technologies but also fascinating new questions. Today, collision experiments are, for example,
performed at the Large Hadron Collider (LHC) in Switzerland and France at the European
Center for Nuclear Research (CERN). Colliding high-energy protons and nuclei, which move
at a velocity close to the speed of light, produces many secondary particles. Furthermore,
a new state of matter, commonly referred to as Quark-Gluon Plasma (QGP), can form if
the collision partners are heavy enough and the density or temperature exceeds a critical
value. The production of such particles and a QGP can be quantified by e.g., the transverse
momentum pr, the multiplicity N.,, and pseudorapidity 7. With the measurement of these
quantities, one can extract plenty of information about what happened during the interaction.
To do so, particle detectors are built around the collision point. However, these devices are
not capable of differentiating between the physical effects that scientists wants to investigate
and secondary processes happening in the detector as well as underground effects, collectively
called detector effects. To assist the analysis of the data produced by such detectors, Monte
Carlo simulations (MC) are used to generate collision events that are not influenced by
detector effects. Data produced by simulations can also be used to test theoretical models.

This thesis tests the production of charged particles in the EPOS model implemented in the
EPOS4 MC event generator. This is done by comparing the simulation results produced with
EPOS4 to real datasets from the ALICE (A Large Ion Collider Experiment) experiment at the
LHC. The production of charged particles in collisions of protons with protons (pp), protons
with lead nuclei (p-Pb), and lead with lead (Pb-PDb) is simulated, and the differences between
the simulated and experimentally determined distributions are described. The structure
of this thesis is as follows: Chapter 2 describes the theoretical background necessary to
understand the processes and theories used in the analysis of heavy-ion collisions. This is
followed by a description of the experimental setup at the LHC in chapter 4. The EPOS model
and the simulation software are described shortly in chapter 5. The analysis of the produced
data is then done in chapter 6. The analysis is concluded, and an outlook is provided in

chapter 7.
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2 Theoretical Background

In this chapter, the theoretical background for this thesis will be discussed. First, the stan-

dard model of particle physics with its contents is introduced, together with the theory of

Quantum Chromodynamics. Afterwards, the quark-gluon plasma is introduced followed by

a description of the kinematic variables in heavy-ion collisions. The Glauber model is then

introduced to describe the geometry of the collision of heavy ions. The last section introduces

some experimental observations in heavy-ion collisions.

2.1 The Standard Model and Quantum Chromodynamics
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Figure 2.1: The Standard Model of particle physics [Mis23].

The Standard Model builds the theoretical foundation of particle physics [Thol3]. In its

current form, it predicts 17 elementary particles: six quarks, six leptons, four vector bosons,

and one scalar boson. The quarks and leptons are divided into three generations and build
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up massive particles like hadrons and mesons. The vector bosons are the carrier particles
of three of the four fundamental forces and the scalar boson, the Higgs-Boson, is part of
the Higgs-mechanism which is responsible for the mass of the four vector bosons. The only
fundamental force that cannot be explained by the standard model is gravity. An overview
of the particles in the standard model with their most important properties is given in figure
2.1.

Photons are the carrier particles of the electromagnetic force, the Z- and W-Bosons carry the
weak nuclear force and the run mediates the strong force. While quarks interact via all four
forces, leptons are only affected by the weak force and gravity. Charged leptons additionally
experience the electromagnetic force. For each particle, there exists an antiparticle with an
inverted charge and in case of the strong interaction with the corresponding anticolor. All
other properties remain the same.

Important for heavy-ion collisions is the strong interaction exchanged by gluons. The theory
describing the strong force is called Quantum Chromodynamics (QCD). Quarks are bound
together by constantly exchanging gluons. Both, quarks and gluons (also called partons),
carry a so-called color charge. Gluons carry a color and the corresponding anticolor, while
quarks always carry one color. A color and its anticolor as well as a combination of the three
(anti-) colors add up to white. Observable systems build of quarks on gluons are always
color neutral. The potential for this interaction is the phenomenological Cornell-Potential
[Tho09]

VQCD(T) = —57 + Ar.

As one can see, the potential seen in figure 2.2 is a sum of a confining term proportional to
the distance r between the particles and an attractive term proportional to 1/r. The factor
a is the strong coupling constant, which exact value depends on the distance between the
two interacting particles and the energy. With increasing energy, the value of oy decreases,
and the interaction between the particles becomes asymptotically weaker.

Unlike the Quantum Electrodynamics (QED) potential Vorp = —a/r [Tho09], Vqocp does
not converge asymptotically towards zero. Instead, the linear term results in a rising tension
between the particles with an increment of A ~ 1 GeV fm~' [PPR83]. By pulling two color-
charged particles further away, the energy between them increases. If enough energy is stored
in this flux tube, new quark-antiquark pairs (gg-pairs) are created. Thus, the quarks and
gluons can never be observed independently. They are always bound together to form color-

neutral particles. This phenomenon is called confinement.
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Figure 2.2: Comparison sketch of the QCD and QED potentials.
2.2 The Quark-Gluon Plasma
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Figure 2.3: Phase diagram of the quark gluon plasma with important areas where different

colliders operate at [McI16].

Under certain conditions, it is possible to break the confinement of quarks and gluons. If

the nuclear matter is heated up above a critical temperature T, the partons show a quasi-
free behavior. This state is called a Quark-Gluon Plasma (QPG) and is predicted by QCD
[Tan14].

Figure 2.3 shows the possible phase diagram for the quark gluon plasma. In the early uni-

verse, the matter formed a QPG and about 107° s after the Big Bang the matter hadronized
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[ABMO04]. Today, in nature, a QGP could exist in the center of massive neutron stars, though
this is still an open question [AGK™20]. In particle accelerators like the LHC at CERN, a
QGP is formed in collisions of heavy nuclei. Since the QPG is an unstable system with a
lifetime of less than 10fm to 20fm (3 — 6 x 10723s) [Str14], the medium itself cannot be

observed, but its remnants show themselves in the detectors. Figure 2.4 shows a space-time-

.
N A t ~
N L
N .

gluons and quarks in pre-equilibrium

strong fields

z

e%

Figure 2.4: Space-time diagram of the evolution of QGP in a heavy-ion collision [Grol8§].

diagram of the evolution of a heavy-ion collision. The collision occurs at ¢t = 0, the state
reaches thermal equilibrium after ¢ =~ 1 fm. Within that time, the system has expanded with
a velocity near the speed of light. After the temperature dropped below T¢, the quarks and
gluons form hadrons. The hadron gas expands further while the rate of ongoing inelastic

collisions decreases until chemical freeze-out is reached.

2.3 Kinematic Variables

Heavy-Ion collisions are characterized through different kinematic variables [JS11]. The first
important one to mention is the transverse momentum pr. It is defined as the projection

of the momentum on the plane perpendicular to the beam axis, which can be chosen as the

pr = \/p% +p2 = psin(). (2.1)

The angle 6 is the polar angle between the beam axis and the particle and p = |p]. Another

z-axis, so that

important variable is the rapidity, which is an additive measure of the velocity of the particle

and is defined by
1 E+p,
=1 2.2
v=3m(52) (2.2

where F is the energy and p, is the momentum component parallel to the beam axis. In
high energy physics, the rest mass of the particle is much smaller than the absolute value of

the total momentum, which one can use to approximate y ~ n with the pseudorapidity 7,
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defined by n = —In [tan(g)]. Furthermore, natural units are used throughout this thesis, so
that c=h = 1.

2.4 Glauber Model

Projectile B Target A
— -—
__________ $b. .
REEE EUR EET TR CRRECPEEE [ ) SEEEE
U T : Z
a) Side View b) Beam-line View

Figure 2.5: Schematic collision process of two nuclei A and B in the Glauber Model with Side
View (a) and Beam-Line-View (b) [MRSS07].

The Glauber Model is used to simulate the geometry of heavy-ion collisions. Using this
model, one can estimate the number of participating nucleons (Npar) and the number of
binary nucleon-nucleon (NN) collisions (N¢op) in a collision process of a Projectile B and
a Target A, which denote the mass numbers of the nuclei. The impact parameter b is
defined as the distance of closest approach between the barycenter of the nuclei. Given
the probability density p4(8,z4) of finding a nucleon per unit volume, one can calculate
the probability T'4(5) of finding a nucleon in an infinitesimal area displaced by § of the
center of the nucleus by integration T4(S) = [ pa(s,za)dza. For both nuclei, the integral

Tap(b) = J Ta(3)Tp(5— b) d2s gives the nuclear thickness function. The probability of an
N

interaction to happen is given by the product Uﬁg -Tap(b) where O'ing is the inelastic nucleus-
nucleus cross-section. Given these quantities, one can calculate the number of nucleon-nucleon
collisions as Neon(b) = AB - Tap(b) - oNN. Figure 2.5 shows an example collision process in

inel*
the Glauber model.
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3 Experimental Observations in Heavy-lon

Collisions

In the following chapter, a short overview of the experimental observations made in heavy-
ion collisions is given together with a brief description of the analyzed observables [Grol§|.
The main focus lies on the production of charged particles. Throughout this thesis, protons,

pions, kaons and their respective antiparticles are considered.

Production of charged particles The production of charged particles can be observed at
different pr. Hard processes, where the momentum transfer () is substantial with respect to
the QCD scale @) > Aqcp, play a crucial role at high pr, while at low values, soft probes
have the highest impact on the production of charged particles. The soft probes can provide
information about the medium created before. The hard probes are thought to correlate
with Neon while the soft probes are assumed to scale with Npart. The dependence of the
production of the collision energy /snn is described by a power law with a bigger exponent
for Pb-Pb collisions compared to pp. This indicates that the collisions of heavy nuclei are

not just a sum of independent pp collisions.

Spectra of charged particles and the Nuclear Modification Factor The charged particle
multiplicity dN/dNgy, (or P(Ny)) gives the probability of finding a specific number of charged
particles in an event. In different types of collisions, the mean transverse momentum has a
dependency on the multiplicity.

With the transverse-momentum spectra d?Ng,/dptdn, one can determine the number of
particles with a certain prvalue in the given pseudorapidity interval n. Additionally, it allows
an insight to the modification of the charged particles through the QPG medium. A common

observable to quantize those modifications is the Nuclear Modification Factor

1 d2NAA /dndpr
Neon) dQthp / dndpr

RAA(pT) = < (3.1)

NAA is the multiplicity of charged particles in nucleus-nucleaus (AA) collisions while N1 is in

a proton-proton collision. The ratio is scaled by 1/ (N¢on). Hence, a factor of Raa = 1 implies
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that no modification to the medium happened, Raa > 1 means an enhanced particle yield
and Raa < 1indicates a suppression of the charged particle yield. Without any modifications
through the medium, the AA spectrum is expected to be an independent sum of pp collisions
[Col18].

Multiplicity dependence of mean transverse momentum The charged-particle production
can be quantified by the observation of the mean transverse momentum (pr) of a collision as
a function of the number of charged particles Ngy. It is observed, that (pT) monotonically in-
creases with a rising number of particles. This indicates a collective expansion in pp collisions
[Col22]. If the produced particles were fully independent, the mean transverse momentum
would show a constant increase with the number of particles. For Lead-Lead collisions, a
weaker dependency of Ny, is observed. In asymmetric p-Pb, collisions a similar increase like

in pp collisions is observed, while the dependency decreases with higher N, too.
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4 Experimental Setup

In this chapter, the experimental setup of the measured datasets used is described. All
measurements were performed with the ALICE detector, located in France. ALICE is one of
the largest experiments at the LHC, which is operated by CERN. An overview of the LHC
with the ALICE detector and its subdetectors is provided, as well as the sources for each

measured dataset.

4.1 The Large Hadron Collider

LHC

SPS N >

S PS D
Pb x5

Figure 4.1: View of the CERN accelerator complex. Shown are the Large Hadron Collider
(LHC), the pre-accelerators and the four intersection points with the main exper-
iments [Mob16].

The Large Hadron Collider (LHC) is currently the largest particle collider in the world,
located in Switzerland and France [EG21]. It consists of a 27km long tunnel with several
pre-accelerators to collide protons and lead ions. The LHC itself is a synchrotron with two
beam pipes directed in opposite directions. It can reach up to 6.5 TeV of kinetic energy per

proton and thus a center-of-mass energy /s = 13 TeV per proton pair. For lead ions, the
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center-of-mass energy per nucleon pair is /sy = 5.02TeV. The beam pipes intersect at
four points around the tunnel. Around each of these points, one of the experiments ALICE
(A Large Ion Collider Experiment), ATLAS (A Toroidal LHC ApparatuS), CMS (Compact
Muon Solenoid), and LHCb (LHC beauty) are located. Near the CMS, ATLAS, and LHCb
experiments, three smaller experiments are located: TOTEM at CMS, LHCf near ATLAS,
and MoEDAL at the LHCb detector. An overview of the accelerator complex is shown in
figure 4.1 [EG21]. Until today, there were two full data-taking periods run 1 (2010 to 2013)
and run 2 (2015 to 2018) with run 3 (2022 to 2025) currently proceeding.

4.2 ALICE

THE ALICE DETECTOR a. ITS SPD (Pixel)
b. ITS SDD (Drift)
c. ITS SSD (Strip)
" d.VoandT0

e. FMD

10. L3 Magnet
11. Absorber
12. Muon Tracker
13. Muon Wall
14, Muon Trigger
15. Dipole Magnet
16, PMD

17.AD

18.ZDC

19. ACORDE

Figure 4.2: Schematic view of the run 2 ALICE detector with each subdetector numbered.
The Inner Tracking System is described additionally in the upper right corner
[Taul7].

The ALICE (A Large Ion Collider Experiment) detector is designed for the study of quark-
gluon plasma created in collisions of lead nuclei [Col08]. In figure 4.2, a schematic overview
of the detector is given. The beam pipe is surrounded by different layers of subdetectors for
particle identification and tracking. Each subdetector lies concentrically around the beam
pipe with the Inner Tracking System (ITS, (1)) in the innermost layer, followed by the Time
Projection Chamber (TPC, (3)), the Transition Radiation Detector (TRD, (4)), and the Time
of Flight (TOF, (5)) detector. They are mounted inside a large solenoid, capable of generating
a magnetic field of 0.5 T and cover a full azimuthal range of 360°. As seen in figure 4.2, there
are more detectors placed around the beam axis, like calorimeters and spectrometers. Beside
the ITS, there are the Forward Multiplicity Detector (FMD), T0 and VO detectors which are

used for event triggering and centrality determination in case of heavy-ion collisions.
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4.3 Subdetector Systems

This section describes the subdetector systems of ALICE during run 2 in detail. They are used
to obtain the measurements of the transverse-momentum distributions, the pseudorapidity
distributions, the charged-particle multiplicity and the multiplicity dependence of the mean

transverse momentum.

Inner Tracking System The Inner Tracking System is the most central detector, directly
covering the beam pipe [Coll4]. It consists of six layers of different types of silicon detectors.
The two innermost layers are Silicon Pixel Detectors (SPD) which are followed by two Silicon
Drift Detectors (SDD) and closes with two Silicon Strip Detectors (SSD). The purpose of the
ITS is the localization of the primary vertex with a resolution of 100 pm, the reconstruction
of secondary vertices from hyperon and D and B meson decays as well as the tracking and
identification of particles with a momentum below 200 MeV and to improve the momentum
and angular resolution for particles that were reconstructed by the TPC.

While the SPD only produces a binary signal for particle tracking, the SSD and SDD can
be used for particle identification through the measurement of the energy loss dE/dz. The
tracking covers a rapidity range of |n| < 0.9.

SSD

SPD
VvoC

beam pipe

SDD

Figure 4.3: Schematic View of the Inner Tracking System. [Grol8]

Time Projection Chamber The Time Projection Chamber is the main subdetector used
for particle tracking and identification [Col13b]. The detector is a cylindrical structure built
around the ITS and is filled with a gas that is ionized by particles traversing the TPC volume.
During run 1 and the late run 2, the gas mixture was made up of 90 parts Ne, ten parts COs
and five parts No. The cylinder is divided by a large central electrode which generates an

electric field that is homogenized. The electrons produced in the ionization move through
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the electric field to the ends of the cylinder where the readout chambers are placed. The end

plates are made of 18 trapezoidal sectors, each covering 20° of azimuthal range.

outer field cage
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inner field cage

Figure 4.4: Schematic view of the Time Projection Chamber (TPC) [Col10].

ZDC, V0 and FMD Detectors The Zero-Degree Calorimeter (ZDC) is used to measure
the energy of spectator nucleons and provides timing information [GKL'99]. Placed near
the ITS are the VZERO (VO0) detectors VOA and VOC, which are mainly used for event
triggering and the determination of the collision centrality [Col04]. The detector is made of
two plates of plastic scintillators which are divided into eight segments in azimuth and four
radial rings. Photomultipliers are used to read out the scintillator signals. The VOC detector
covers a pseudorapidity range of —3.7 < n < —1.7 and the VOA detector covers a range from
28 <n<5.1.

The Forward Multiplicity Detector (FMD) is a silicon strip detector and provides high reso-
lution multiplicity determination in a pseudorapidity range of —3.4 < n < 5.1 [Col07].

4.4 Datasets

The ALICE collaboration offers different kinds of datasets that were used for comparison in
this thesis. The transverse-momentum distribution and the nuclear modification factors were
analyzed with run 2 data and have been published 2018 in [Grol8, Coll8]. Pseudorapidity
distributions can be found in [Col23] and were published in 2023. A report of the charged
particle multiplicity and the dependence of the mean transverse momentum of Ny, is given

in [Col22] and was published in 2022.
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5 EPOS4 Monte-Carlo Event Generator

The use of simulations has always been an important part in solving complicated problems
in physics. For many applications based on statistical models, it is necessary to employ
Monte-Carlo (MC) methods. Especially in high-energy physics, many problems cannot be
calculated with perturbation theory because of the large coupling constant at low energy
values and must be tackled with a Monte-Carlo approach. The collision of heavy ions is one
such problem. During the collision process, particles are created. A MC event generator uses
a theoretical model that describes the collision process. There are many models that are
implemented in different event generators, e.g., Pythia, HIJING, or EPOS. In this thesis, the
EPOS4 Monte-Carlo event generator is used to simulate heavy-ion collisions [Wer22]. The
following chapter will describe the physics model behind the software and the usage of it.
This description follows the introductions given in [Wer23b, Wer23a|. Afterwards, the used

simulation setup is explained.

5.1 The EPOS Model

parallel factorization
scattering  -e— binary scaling

energy

conservation . Saturation

Figure 5.1: Schematic description of the four concepts used in the EPOS model [Wer23b].

The EPOS model is based on four basic concepts: Energy conservation, Parallel scattering,
factOrization and Saturation [Wer23b]. Parallel scattering refers to the parallel nature of
parton-parton scattering. Factorization means, that at some “factorization scale u”, the

scattering of two nuclei consisting of A and B nucleons can be binary scaled to A- B times the
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pp cross-section. In case of high-energy scatterings, partons with small Bjorken scale x < 1
become more and more important due to the fact that the parton distribution function become
large at that scale, this is called saturation. Even though these concepts are important, a full
theoretical treatment must include energy conservation.

EPOS4 uses a S-matrix approach to accommodate all four concepts. The S-Matrix is defined
as Sy = (z|5’ |f) with a scattering Operator S. The corresponding 7' matrix is defined via
Sgi =6 +i(2m)*8(ps — pi)Tyi. Assuming a full py transfer in the scattering process, one can
write the Fourier transform of the T-Matrix as a sum of elementary T-Matrices, called T}om,
which represent parton-parton scattering by exchanging a Pomeron. This can be generalized

to a product of pp collisions, to result in

A AB ) 1 B
iT = /dX' lkal ZOW{iTpom X ... X iTpom} Hlv. (5.1)
= =1 | = j=

The Vertex V represents the connection to the projectile and target remnants. The inte-
gration is done over all light-cone momentum fractions and all transverse positions of the
nucleons. The connection to inelastic scattering processes is now given via the optical theo-

rem [Sch13]. The total cross-section ot of the process is then given by
1.
25010t = —discT = cut T (5.2)
)

where discT = T'(s + ie) — T'(s — i€) refers to the s-channel discontinuity. So, simulat-
ing pp, pA or AA, collision in the EPOS framework means to calculate the cut Pomeron
—i - dise(Tpom) = G = G(z+,27,5,b) with the light-cone momentum fractions % and the
impact parameter b. For each cut Pomeron the following equality is postulated

n 2

G(:B+,x_,s,b) = mGQCD(Qsat,x+,$_,S,b). (53)

Here, n is a normalization constant that does not depend on the z*. The deformation func-
tion Raeform = fWNeen) (zpg)/f() (2pg) quantifies the deformation of the “Pomeron energy
fraction” xpg = x+x~ distributions f(zpg). Neonn = (Np + Nt)/2 is the connection number
which is half of the sum of the Pomerons connected to the projectile Np and target nu-
cleon N1. Gqcp corresponds to a cut parton ladder based on the DGLAP parton evolutions
[Thol3]. The DGLAP equations describe the dependency of the parton density function of
the energy scale. Q2 in this scale represents a dynamical saturation scale that “absorbs”

the deformation. A more detailed description of this approach can be found in [Wer23b].
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Figure 5.2: Schematic view of the core-corona separation for two systems of different size.
The dots refer to prehadrons in the transverse plane. Red dots are part of the
core, blue are part of the corona [Wer23a).

During a collision in EPOS, the particles produced first are so-called prehadrons, which hold
the same quantum numbers as hadrons but do not need to be in a final state. They originate
either from Pomerons or remnants of the target or projectile. Using these prehadrons as a
foundation, one can identify a “core” and a “corona” part of the collision. The core holds
a much higher energy density as the peripheral corona and can be treated as a fluid that
evolves and possibly decays into hadrons that can collide with each other. The division of
prehadrons into the core or into the corona is done via their energy loss. If the energy loss
is bigger than the energy of the prehadron, it is marked as a core particle, otherwise it is
a corona prehadron. The core is treated via hydrodynamics while the corona prehadrons
simply become hadrons. The latter one is treated via microcanonical hadronization. The

core-corona separation is introduced in [Wer(07] with an update in [WGKP14].

5.2 Simulation Setup

To run a simulation with EPOS4, one must set up a so-called options file. In this file, all
necessary parameters are set. The full options file used for the simulations in this thesis can
be viewed in the appendix A.

In any simulation, the parameter application is set to hadron which includes hadron-hadron,
hadron-nucleus and nucleus-nucleus scattering. Depending on which type of collision shall
be simulated, projectile and target atomic and mass numbers can be specified. For a Proton,
both are one. If either the projectile or target is a lead nucleus, the atomic number is 82 and

the mass number is 208. The collision energy ecms is set to 5020 (in GeV).
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The simulation in EPOS has different components. Those are: the core, the hydrodynamical
evolution hydro, the equation of state eos and the hadronic cascade hacas. In this thesis, the
hydrodynamical evolution is mimicked by using a parameterized fluid expansion (PFE) which
increases the simulation speed. The parameter core is set to PFFE. hydro, eos and hacas are
set to off.

The number of simulated events can be set via nfull and is set to 1000000 for pp and p-Pb
collisions and 100 000 for Pb-Pb collisions. The number of freezeout events per hydro evolu-
tion nfreeze is set to 1, a value greater than that only has an impact in case of a full simulation
which also holds for the parameter ninicon, the number of initial conditions. Moreover, it is
possible to set a specific collision centrality, which means the impact parameter of the colli-
sion. This is set to 0 to simulate minimum bias events. The output of the simulation must
be printed with the command fillTree/(C1) which produces a ROOT file. The parameter C1
sets the impact parameter as the centrality variable (a value of C2 would use the number of

Pomerons).



6 Data Analysis 17

6 Data Analysis

In this thesis, different spectra of proton—proton, proton—lead, and lead-lead collisions at a
center-of-mass energy of 5.02 TeV are analyzed. For pp and p-Pb, a total number of 10 events
are simulated, for Pb-Pb only 10° events are simulated because of the long simulation time
of about 2 weeks and the necessary storage amount. All measured datasets and simulations
were filtered using the minimum-bias (MB) trigger. For Pb-Pb collisions, the analysis is also
performed for nine classes of centrality. The ROOT data analysis framework published by
CERN is used to analyze the data [CER]. Each spectrum is compared to datasets measured
with the ALICE detector at the same collision energy in a pseudorapidity interval of |n| < 0.8,
except the pseudorapidity distributions, which are measured in an interval of —3.5 < n < 5.
All ALICE datasets provide statistical uncertainties ogar and systematic uncertainties ogys.
Both are shown separately in the figures. Statistical uncertainties are marked with error bars
while systematic uncertainties are displayed as boxes around the value. With xpc being
the bin-value of the simulated distribution and xpat, the bin-value of the ALICE datasets,
the ratios are calculated by r = xpata/zMc With uncorrelated uncertainties. Statistical and
systematic uncertainties of the data are added in quadrature oo = /02, + 02, that leads

to a total uncertainty for ratios of

2 2
g i
Oratio = \/( t0t> + ( ]:;ataaMC> (61)
rme Ine

according to the Gaussian formula for the propagation of uncorrelated uncertainties.

Each observable is shown together with the corresponding ALICE dataset and the ratios of
the spectra in one canvas. Simulation results and data are shown in the upper half, and the
ratio is shown in the lower half of the canvas. The binning of the EPOS4 data is adapted
from the ALICE datasets to ensure comparability.
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6.1 Results for Proton-Proton Collisions

The first setup discussed is the collision of two protons. A transverse-momentum distribution
is shown and analyzed, followed by the pseudorapidity distribution. Next, the charged-
particle multiplicity is reviewed, and the multiplicity dependence of the mean transverse

momentum is discussed.

Transverse-Momentum Distribution
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Figure 6.1: Transverse-Momentum Distribution of charged particles in pp collisions at
Vs = 5.02TeV in a pseudorapidity interval of n < |0.8]. Both axes are loga-
rithmic. The distribution is compared to data from the ALICE experiment.

The transverse-momentum distribution of pp collisions at /s = 5.02TeV is shown in fig-
ure 6.1. In the pr < 10GeV region, the simulation overestimates the data and does not
reach unity at any point within the uncertainty interval. For 0.15 GeV to 3.6 GeV, the ra-
tio has a valley with a minimum at 0.7 GeV and rises close to unity at 3.6 GeV. Between
3.6 GeV and 10.0 GeV, the simulation overestimates the multiplicity, leading to a drop in the
ratio to about 0.85. The simulated distribution indicates a strong increase in uncertainties
in the region above 10 GeV. This is due to the increase in the statistical uncertainties in the

simulation because particles with high-pt are less likely to be produced.
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Pseudorapidity Distribution

Figure 6.2 displays the pseudorapidity distribution of pp collisions alongside the data from the
ALICE experiment in a range of —3.5 < n < 5. EPOS4 is overestimating the pseudorapidity
distribution over the full range by 54 to 60 percentage points. In the range of —3.5 < n < 3,
the shape is well-preserved with fluctuations in the ratio of less than 1 percentage point. For
n > 3, the ALICE data curve shows a steeper decrease than the EPOS4 curve and reaches a
plateau, while as the EPOS4 distribution decreases further.
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Figure 6.2: Pseudorapidity distribution of charged particles in pp collisions at /s = 5.02 TeV.
The distribution is compared to data from the ALICE experiment. Systematic
and statistical uncertainties of the data are added in quadrature in this case.

Charged-Particle Multiplicity

In figure 6.3, the charged-particle multiplicity for pp collisions is shown. In the low-multiplicity
regime of Ng, < 6, the ratio of the measured ALICE data and EPOS4 decreases by a dif-
ference of 80 percentage points to a plateau in the range of N, ~ 6 to 10 where it remains
constant at 1 percentage point deviation. Above a multiplicity of 10 particles, the ALICE

data curve is steeper than the EPOS4 curve, and both curves are separate.
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Figure 6.3: The charged-particle multiplicity in pp collisions at /s = 5.02 TeV in an interval
of n < |0.8] and 0.15TeV < pr < 10.0GeV. The y-axis is logarithmic. The

multiplicity is compared to data from the ALICE experiment.

Multiplicity Dependence of (pr)
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Figure 6.4: Multiplicity dependence of the mean transverse momentum of charged par-
ticles in pp collisions at /s = 5.02TeV in an interval of n < 0.8 and
0.15TeV < pr < 10.0GeV. The distribution is compared to data from the

ALICE experiment.
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The mean transverse momentum (pr) in the pp simulation as a function of the charged-
particle multiplicity is portrayed in figure 6.4. The two shapes agree well for Ny, > 10 and
differ by only 1 to 2 percentage points. For Ng, < 10, the EPOS4 curve begins at a lower
(pT) value but rises steeper than the data curve. Both show a decrease in their slope at
N = 11. The decrease is slightly different, which can be seen as an increase in the ratio

between 10 < Ny, < 20.

6.2 Results for Proton-Lead Collisions

In the second setup, the target proton is replaced by a Pbogg nuclei. The same observables
as in pp collisions are analyzed. For the p-Pb setup, no parameterized fluid expansion was

available, hence the simulation was performed without this option.

Transverse-Momentum Distribution
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Figure 6.5: Transverse-Momentum Distribution of charged particles in p-Pb collisions at
VSNN = 5.02TeV in a pseudorapidity interval of n < [0.8|. Both axes are log-
arithmic. The distribution is compared to data from the ALICE experiment.
Systematic and statistical uncertainties of the data are added in quadrature in
this case.

The transverse-momentum distribution for p-Pb collisions is shown in figure 6.5. In the
low pr region < 0.6 GeV, the distributions differ by 50 to 60 percentage points. In the
0.6 GeV to 2.5 GeV region, a steep increase up to a ratio of 1.2 can be observed, followed by
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a decrease to a plateau at 0.8 in the region from 8 GeV to 20 GeV. Above 20 GeV, the ratio
fluctuates between 0 and 1 and increases in uncertainty. The 80 GeV and 100 GeV bins are
empty, the ratio is therefore set to zero at this point. In comparison to the results from pp
collisions, the p-Pb distribution has a greater deviation from the ALICE datasets, especially

in the low pr region.

Pseudorapidity Distribution
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Figure 6.6: Pseudorapidity distribution of charged particles in p-Pb collisions with a centrality
of 0% to 5% at /sy = 5.02TeV. The distribution is compared to data from
the ALICE experiment.

The pseudorapidity distribution of p-Pb collisions in a centrality interval of 0% to 5% is
portrayed in figure 6.7 and plotted in the interval —5 < 1 < 5. For this collision type, only
the most central collisions are considered here because the pseudorapidity distribution is the
only observable in the p-Pb case that is investigated within different centrality classes in this
thesis. A definition of centrality and the determination of the intervals for the Pb-Pb case are
given in section 6.4. The remaining classes are shown in Appendix A with a proper definition
of the centrality in the p-Pb case.

In the —5 < 1 < 0 regime, the simulated curve shows a greater slope than the ALICE curve,
resulting in a difference of 70 to 73 percentage points for —5 < 1 < —2.5 and 74 to 75
percentage points in the region —2.5 < 1 < 0, but the difference of the EPOS4 and ALICE
dataset distributions remains within these ranges. Because of the asymmetry of the collision

system, the distributions show a peak in the > 0 region. The EPOS4 distribution has a
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peak at around n =~ 1.5, the ALICE data at n ~ 2.5. The shapes of both distributions also
begin to differ more in the n > 0 region, resulting in an intersection of the distributions at

n ~ 4.

Charged-Particle Multiplicity

The charged-particle multiplicity of p-Pb collisions is displayed in figure 6.7. In the regime
N < 55, EPOS4 underestimates the data. After an initial increase up to a ratio of 2.9
at Nop ~ 17, where the EPOS4 curve falls into a valley, the simulation and the measured
ALICE dataset approach each other. It decreases with a change in its slope at N, ~ 38 and
intersects with the data curve at Ny, = 55. Both curves diverge from here on. Again, similar

to pp collisions, EPOS4 does not preserve the shape of the charged-particle multiplicity.
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Figure 6.7: The charged-particle multiplicity in p-Pb collisions at /sxny = 5.02TeV in an
interval of n < |0.8] and 0.15 TeV < pp < 10.0 GeV. The multiplicity is compared
to data from the ALICE experiment.

Multiplicity Dependence of (pr)

The dependence of the mean transverse momentum on the charged-particle multiplicity is
shown in figure 6.8. The EPOS4 curve never intersects the data curve. After a peak at
Nen = 10 up to 0.5 GeV, it falls back to 0.4 GeV at Ng, =~ 20. The curve increases monoton-
ically for Ng, > 20 with a slope different from that of the ALICE data curve, which can be

seen by a small increase in the slope of the ratio in the region Ny, > 40.
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Figure 6.8: Multiplicity dependence of the mean transverse momentum of charged parti-
cles in p-Pb collisions at \/syy = 5.02TeV in an interval of n < |0.8| and
0.15TeV < pr < 10.0GeV. The distribution is compared to data from the
ALICE experiment.

6.3 Results for Minimum-Bias Lead-Lead Collisions

The third setup deals with the collision of two Pbggg nucleis without any classification in the
centrality classes. The same observables as in pp and p-Pb collisions are analyzed, except for

the pseudorapidity distributions, which are discussed in chapter 6.4.

Transverse-Momentum Distribution

The transverse-momentum distributions for minimum-bias Pb-Pb collisions are shown in
figure 6.9. Similar to pp and p-Pb collisions, EPOS4 overestimates the production of low-pr
charged particles up to pr ~ 1.5 GeV.

In the following pt range of 1.5 GeV to 7 GeV, the ratio peaks at 4 GeV and reaches a value
of 1.7. It drops into a valley with a minimum at 10 GeV and a ratio of 0.8. In the high-
pr region above 11 GeV, the distribution matches the data quite well, but with strongly

increasing uncertainties.
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Figure 6.9: Transverse-Momentum Distribution of charged particles in Pb-Pb collisions at
VSNN = 5.02TeV in a pseudorapidity interval of n < |0.8|. Both axes are loga-
rithmic. The distribution is compared to data from the ALICE experiment.
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Figure 6.10: The charged-particle multiplicity in Pb-Pb collisions at /syy = 5.02TeV in an
interval of n < |0.8| and 0.15TeV < pt < 10.0GeV. The y-axis is logarithmic.
The multiplicity is compared to data from the ALICE experiment. For better
visibility, the ratio is rebinned by a factor of 4.
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The charged-particle multiplicity is shown in figure 6.10. The EPOS4 curve matches the data
curve well within a deviation of less than 20 percentage points. Up to Ng, =~ 1900, EPOS4
overestimates the multiplicity and intersects with the data curve, which decreases steeper
than the MC curve. The data curve also turns towards zero at Ng, = 3050, a feature which
EPOS4 does not reproduce at this point. Instead, the simulated curve decreases further and
drops towards zero at a multiplicity of N, &~ 4150. In comparison to pp and p-Pb collisions,
the charged-particle multiplicity suddenly agrees very well with the ALICE data, beside the
fact that the EPOS4 curve shows the drop towards zero at about 1000 particles further in
the multiplicity.

Multiplicity Dependence of (pr)

Figure 6.11 displays the multiplicity dependence of the mean transverse momentum in minimum-
bias Pb-Pb collisions.

At a multiplicity below 5 particles, the curves deviate by less than 5 percentage points. The
difference between both curves increases as the ALICE data curve, the data curve rises higher
to a value of approximately 0.71 GeV while the EPOS4 curve remains at 0.62 GeV. Above a
multiplicity of Ng, > 1500 particles the fluctuations in the ratio are less than 1 percentage
point, the shape of the simulated curve matches the ALICE data well in this regime. Also,
the plateau is reached by a much lower multiplicity compared to the ALICE data.
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Figure 6.11: Multiplicity dependence of the mean transverse momentum of charged parti-
cles in Pb-Pb collisions at /sxy = 5.02TeV in an interval of n < |0.8] and
0.15TeV < pp < 10.0 GeV. The distribution is compared to data from the AL-
ICE experiment.
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6.4 Results for Centrality-Sorted Lead-Lead Collisions

This section analyzes Pb-Pb collisions again, but now considers the different centrality classes
of the collisions. First, the determination of the centrality classes in EPOS4 is described,
followed by a discussion of the transverse-momentum distributions. In addition, nuclear

modification factors and pseudorapidity distributions are shown for each interval.

Centrality Determination in EPOS4

The centrality of a collision is described as the percentage of the total geometric cross-section.
Nine centrality intervals are defined where the events are sorted into, with the most central
collision ranging from 0% to 5 %.

Experimentally, the centrality of an event can be calculated by the charged-particle multi-
plicity in the VO detectors. Each class corresponds to a range of impact parameters of the
collision. The simulation output provides the impact parameter in an event, which is used
to sort the event directly into a specific class. Table 6.1 lists the impact parameter range in
EPOS4 for each centrality class, together with the mean number of binary collisions in the
simulation, calculated using the Glauber model.

The impact parameter ranges together with the calculated data (Nc) can be found in
[Col13a]. In the simulation output, a calculated Ny is provided by EPOS4.

Table 6.1: Impact parameter range together with the corresponding centrality interval and

the mean number of Glauber collisions for each class determined with EPOS4 in
comparison to data.

Class | Centrality b [fm] (Neon) in EPOS4 | (Ncopp) in Data

1 0% to 5% 0.0 to 3.48 1971.60 + 0.58 1777 £ 59

2 5% to 10% 3.48 to 4.92 1531.19 + 0.51 1389 + 50

3 10% to 20% | 4.92 to 6.96 1063.98 + 0.60 973.4 + 37.0
4 20 % to 30 % 6.69 to 8.51 633.92 + 0.42 586.4 + 20.0
9 30% to 40 % 8.51 to 9.82 359.54 + 0.29 336.7 £12.0
6 40 % to 50 % | 9.82 to 10.99 188.98 +0.19 179.8 + 7.1
7 50 % to 60 % | 10.99 to 12.03 90.39 £0.11 88.22 £+ 3.10
8 60 % to 70% | 12.03 to 12.99 39.47 £ 0.06 39.08 £ 1.60
9 70% to 80 % | 12.99 to 13.90 15.73 £ 0.03 15.57 +0.62
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Transverse-Momentum Distributions

Figure 6.12 portrays the transverse-momentum distributions for each centrality class with
the ALICE dataset. The related ratios are plotted in figure 6.13. An overview of the pp and
p-Pb distributions can be found in the appendix A.3.

All classes behave similarly to the minimum-bias case. In the low-p region below 1.5 GeV,
EPOS4 overestimates particle production but underestimates it between 1.5 GeV to 8 GeV.
Especially around the turning point, EPOS4 produces fewer particles than in the ALICE
experiment, creating a peak in the ratios. In the class 30% to 40 %, the deviation reaches
up to 90 percentage points. The simulated data overestimate particle production in the
pr > 8GeV area in each class. Above 10GeV, each distribution shows high statistical

uncertainties because of the small number of 10% events in each class.
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Figure 6.12: Transverse-Momentum Distribution of nine centrality classes of Pb-Pb collisions
at /SN = 5.02 TeV in a pseudorapidity interval of n < |0.8]. Both axes are log-
arithmic. The distributions are compared to data from the ALICE experiment.
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Figure 6.13: Ratios of transverse-momentum distributions of Pb-Pb collisions from figure
6.12.

Nuclear Modification Factors

The nuclear modification factors were calculated using equation 3.1 with the transverse-
momentum distributions from chapter 6.1 for the pp reference and 6.4 for Pb-Pb. Figure
6.14 presents the calculated Rpppp beside the measured ones, figure 6.15 displays the corre-
sponding ratios of all nine centrality classes.

In each class, the simulation preserves the general shape of the nuclear modification factors,
especially in the low pr region below 0.7 GeV, but overestimates the medium modifications
in the regions above 0.7 GeV, resulting in a smaller Rpypp, compared to the dataset. Each
Rpypp is below zero, except for some values in the high-pt region in the three less central
classes. Above 3 GeV, the simulation and the data approach each other again. In the high-pt
region > 10 GeV, the simulation and the data begin to overlap again within their uncertainty
intervals, except for the last bin. This behavior is consistent with the transverse-momentum
distributions in 6.1 and 6.12. The pp spectra show an overestimation of the ALICE datasets
and the Pb-Pb spectra an underestimation in the same region. This results in lower Rpypy,
which implies an overestimation of the medium modifications by EPOS4. Overall, the agree-
ment in the low-pr regime increases with higher centrality. In the mid-p region, the deviation
increases until a centrality of 30 % to 40 % is reached, where the EPOS4 and ALICE data

approach each other again.
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Figure 6.14: Nuclear modification factors in Pb-Pb collisions for nine centrality classes at
V/SNN = 5.02TeV in a pseudorapidity interval of n < |0.8]. The x-axis is loga-
rithmic. The black curves are data measured by the ALICE experiment.
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Figure 6.15: Ratios of nuclear modification factors calculated with EPOS4 in comparison to
ALICE datasets.
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Pseudorapidity Distributions

For each centrality class, the pseudorapidity distributions in the range from —5 < n < 5 are
illustrated in figure 6.16 with the ratios given in figure 6.17. The simulation overestimates the
number of particles in the classes 1 to 6, except for small regions at both ends of the interval.
With decreasing centrality, the quality of the predictions increases in the region n > —2. In
class seven, EPOS4 starts to underestimate the number of particles within parts of the entire

pseudorapidity range. In the classes 8 and 9, the particle count is underestimated over the

full range.
- s-amm%% - s .
T N *:
10°F L T L
F Pb-Pb, 0- 5% Pb-Pb, 5-10%
g — Data — Data Pﬂ-[P)g’t;O -20%
5 ' ——EPOS4 ~ EPOS4 Erosa
kS 1025
. . . . . . . .
10°F s
F T e R T
g [ Pb-Pb, 20 - 30% e e
=C —Data - - 409 e
5 EPOSA Pb-Pb, 30~ 40% Pb-Pb, 40 - 50%
S 10°E EPOS4 — Data
E —EPOS4
. . . . . . . .
10°F  Pb-Pb, 50 - 60%
F —Data Pb-Pb, 60 - 70% Pb-Pb, 70 - 80%
E: [ EpOs4 — Data —Data
5 [ e —EPOS4 —EPOS4
=z 102_
Z 3 - S
F e W
1 1 1 1 1 1 1 1 1
-2 0 2 4 -2 0 2 4 -2 0 2 4
n n n

Figure 6.16: Pseudorapidity distributions of Pb-Pb collisions at /sy = 5.02 TeV for nine
centrality classes with in comparison to datasets from the ALICE experiment.
Systematic and statistical uncertainties of the data are added in quadrature in
this case.
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7 Conclusion and Outlook

In this thesis, pp, p-Pb, and Pb-Pb collisions were simulated using EPOS4. The transverse-
momentum distribution, pseudorapidity distribution, charged-particle multiplicity, and mul-
tiplicity dependence of the mean transverse momentum were calculated for each collision
type. Furthermore, the Pb-Pb collisions were sorted into nine centrality classes, and the
transverse-momentum distribution, nuclear modification factor, and pseudorapidity distri-
bution were calculated for each class. All distributions were then compared with datasets
provided by the ALICE experiment at CERN.

In pp collisions, the transverse-momentum distribution and the (pr)-multiplicity dependence
agree well with the ALICE data. The charged-particle multiplicity and pseudorapdidity dis-
tributions exhibit greater deviations from the data. The multiplicity is first underestimated
below Ng, < 6 and reaches a plateau in between 6 to 10, for Ny, > 10, the simulation and
the data diverge from each other, where the ALICE data have a greater slope than the simu-
lation. The pseudorapidity distribution varies between 54 to 60 percentage points; however,
it shows behavior similar to that of the ALICE dataset.

For central p-Pb collisions, EPOS4 differs in the low-pt region < 1GeV of the transverse-
momentum distributions by 60 to 30 percentage points. In the range of 1 GeV to 10 GeV, the
distributions still differ by up to 30 percentage points. The pseudorapidity is overestimated
by up to 75 percentage points in the —5 < 1 < 0 region, but has the same shape as the
ALICE dataset. In the n > 0 regime, the shape of the simulation changes, leading to the
intersection of the EPOS4 and ALICE curves. Moreover, EPOS4 is unable to reproduce the
shape of the charged-particle multiplicity in p-Pb. Below Ng, ~ 40, the multiplicity builds
two peaks and valleys, which are features not appearing in the ALICE data. Above this
value, the simulation and data distributions diverge. In addition, the (pr)-multiplicity de-
pendence is not well predicted. For Ng, > 20, the difference is at 40 percentage points with
an increase to b0 percentage points at Ny ~ 110. EPOS4 overestimates the total amount of
charged particles produced within a p-Pb collision, which can be seen in the charged-particle
multiplicity as well as in the transverse-momentum distribution.

In Pb-Pb collisions, the agreement in the transverse-momentum distributions is within 30

percentage points in the low-pr region < 1GeV. The simulation does not reproduce the
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turning point in the spectra at approximately 4 GeV well. After 8 GeV, the distributions
differ by less than 30 percentage points again, but with increasing statistical uncertainties.
This holds for minimum-bias and centrality-sorted collisions. The charged-particle multiplic-
ity is predicted well in the minimum-bias case with a deviation of less than 30 percentage
points, except at a high N, where EPOS4 does not predict a steeper decrease in the multi-
plicity at N =~ 3050, but rather decreases further and shows a drop in multiplicity around
N =~ 4150. The multiplicity dependence of (pt) differs by less than 19 percentage points
above Ng, = 1000. Below this value, the ratio begins to rise from unity to the constant
plateau mentioned above.

In the centrality sorted case, the nuclear modification factors agree well in the low- p region
< 1GeV well in each class, but are unable to rise to the same height as the data. This is
consistent with the deviation in the transverse-momentum distributions of pp and Pb-Pb.
The pseudorapidity distributions are well predicted in each class with a deviation of less than
10 percentage points in the mid-rapidity interval n < |2|. In the boundary regions of the
interval, the deviation increases up to 20 percentage points.

In general, EPOS4 can simulate the ALICE data in a high-pt region above 10 GeV with a
good accuracy in all cases but fails to predict the charged-particle multiplicities in the pp
and p-Pb cases as well as the pseudorapidity distribution in the p-Pb case. The high devi-
ations in p-Pb collisions are probably mainly explained by the missing parameterized fluid
expansion. In Pb-Pb collisions, all observables are predicted with higher accuracy than in
pp and p-Pb collisions. The higher deviations in the pp and p-Pb cases may be explained by
the overestimation of QGP effects in these collisions.

In further investigations, it might be of interest to study more aspects of heavy-ion collisions
with EPOS4, such as charmonium or identified charged-particle production. Comparisons
not only to measured data but also to other MC event generators may be useful. Addition-
ally, options for parallel executions of a larger number of events as well as the possibility to
store only user-selected information per event in the output file would increase the usability
of the EPOS4 event generator by far. The implementation of such features in EPOS4 could

also lead to interesting projects.
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Template options file for EPOS4

application hadron

set laproj $ATOMIC_NUM_PROJECTILE
set maproj $MASSNUM_PROJECTILE
set latarg $ATOMIC NUM TARGET

set matarg $MASSNUM TARGET

set ecms $ECMS

set istmax 25

set iranphi 1

ftime on

nodecays 120 —120 130 —130 1120 end

set ninicon $NINICON

core $CORE

hydro $HYDRO

eos $EOS

hacas $HACAS

set nfull $NFULL

set nfreeze $NFREEZE

set modsho $MODSHO

set centrality $CENTRALITY

fillTree4 (C1)

The listing describes the EPOS4 options file template used throughout this thesis. All values
that start with the dollar sign $ must be replaced with the values for the corresponding

collision type.
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Pseudorapidity distributions in p-Pb collisions
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Figure A.1: Pseudorapidity distributions of p-Pb collisions at /sxy = 5.02 TeV for six cen-
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Figure A.2:

Ratios of pseudorapidity distributions for p-Pb from figure A.1.
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Table A.1: Impact parameter range together with the corresponding centrality interval each
centrality class determined with EPOS4 in comparison to data for p-Pb collisions.

Class | Centrality b [fm]
1 0% to 5% 0.0 to 1.71
2 5% to 10% | 1.71 to 2.42
3 10% to 20 % | 2.42 to 3.42
4 20% to 40% | 3.42 to 4.87
) 40 % to 60 % | 4.87 to 6.04
6 60 % to 80 % | 6.04 to 7.20
7 80 % to 100% | 7.20 to 9.0
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Figure A.3: The figures show the transverse-momentum distributions of Pb-Pb collisions in

nine classes of centrality at ,/syn = 5.02TeV in a pseudorapidity interval of
n < [0.8] calculated in EPOS4 (left) and measured by the ALICE experiment
(right) [Grol8].
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For each centrality class, the transverse momentum distribution is shown in figure A.3 on the
left alongside the ALICE measurements on the right side. The classes are scaled by powers of
ten, such that the most central class appears on the top of the histogram, for better visibility.
Additionally, the transverse momentum distributions of p-Pb and pp collisions are presented
in the same histogram. Like in the discussion of the transverse momentum distributions in
section 6.4, one observes a turning point around pt =~ 6 GeV. With decreasing centrality, the

shape of the Pb-Pb distributions approaches the shape of the pp distributions.
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