
Fakultät für Physik

Master’s Thesis

Comparison of the STAR Au–Au
antideuteron measurement with a

Wigner function based coalescence
model

David Casado Morán



TECHNISCHE UNIVERSITÄT MÜNCHEN

Fakultät für Physik

Comparison of the STAR Au–Au
antideuteron measurement with a Wigner

function based coalescence model

Vergleich der STAR
Au–Au-Antideuteron-Messung mit einem

auf der Wigner-Funktion basierenden
Koaleszenzmodell

Master’s Thesis

Author: David Casado Morán
Examiner: Prof. Dr. Laura Fabbietti

Supervisor: Maximilian Horst
Date: 16.10.2023



I confirm that the results presented in this master’s thesis is my own work and I have
documented all sources and materials used.

Ich versichere, dass ich diese Masterarbeit selbstständig verfasst und nur die angegebe-
nen Quellen und Hilfsmittel verwendet habe.

Munich, 16.10.2023 David Casado Morán



Abstract

Coalescence is a major model used to describe the formation of light (anti)nuclei in
high-energy collisions. It is based on the assumption that two nucleons close in phase
space can coalesce and form a nucleus. Antideuteron and antihelium nuclei have been
proposed as a detection channel for dark matter annihilations and decays in the Milky
Way, due to the low astrophysical background expected. In order to correctly interpret
any future antinuclei measurement in space, the production of antinuclei has to be well
understood. In this Master’s Thesis, a more advanced approach is employed combining
event-by-event Monte Carlo simulations with a microscopic coalescence picture based
on the Wigner function formalism. The antiproton production in the event generator
EPOS 3 and the transport model SMASH is compared to measurements from the STAR
Collaboration.
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1. Introduction

In our galaxy, light antinuclei composed of antiprotons (p̄) and antineutrons (n̄) can be
produced through high-energy cosmic-ray collisions with the interstellar medium or
could also originate from the annihilation of dark-matter particles that have not yet been
discovered [1]. On Earth, there are no natural forms of antinuclei, such as antideuterons
d̄ (p̄n̄), antihelium-3 3H̄e (p̄ p̄n̄), and antihelium-4 4H̄e (p̄ p̄n̄n̄). The only way to produce
and study antinuclei with high precision is to create them at high-energy particle
accelerators such as the LHC or RHIC.

In nuclear physics, the production mechanism of these antinuclei and their interaction
helps to understand the strong interaction binding nucleons into nuclei [2]. From an
astrophysical view, antinuclei can travel large distances through our galaxy without
being absorbed and are annihilated with regular matter. Antinuclei can be produced
naturally in space, like in collisions between cosmic rays and the interstellar medium,
with really small expected production rates. Another scenario is that light antinuclei
are produced by the annihilation of dark-matter particles, like weakly interacting
massive particles [3] and exotic sources like antistars [4]. Identifying natural sources of
antinuclei can give us insights into evidence of the existence of dark-matter particles.
Knowledge of antinuclei’s production and annihilation probabilities is crucial [1].

Fritz Zwicky first introduced Dark Matter [5] in 1933 as a possible explanation for the
high-velocity dispersion observed inside the Coma Cluster. Following this discovery,
Rogstad and Shostak [6] in 1972 introduced the first rotation curves of galaxies, making
it evident that some invisible matter must be present. Bosma [7] and Rubin et al. [8]
further confirmed this hypothesis. At this time, dark matter was seen as all possible
non-luminous matter, including neutron and dwarf stars. Presently, dark matter is
usually defined as nonbaryonic, elementary particles [9]. It constitutes 27 % of the
total energy in our Universe, constrained by studying predictions from the cosmic
microwave background [10], rotational curves of galaxies [11] and gravitational lensing
of galaxy clusters [12].

The different methods to detect dark matter particles vary from direct and indirect
ways to experiments in high-energy particle accelerators that can be indirect or direct
experiments. In direct detection methods, the dark matter candidate is measured
directly either by measuring photons in the lab or the recoil of a standard model
particle, often trying to interact with galactic dark matter [13]. Indirect detection
channels include measuring the decay products of dark matter candidates in our
Universe, where one dark matter candidate and one antiparticle (Dirac) or two dark
matter candidates (Majorana) will annihilate. These decay products will be part of
high-energy cosmic rays detected on Earth.

Another production channel for dark matter candidates is the secondary production
within these high-energy cosmic rays when interacting with the interstellar medium,
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1. Introduction

producing antinuclei. A further tertiary contribution from the rescattering of these
produced antinuclei is also present. This last contribution is studied to constrain the
background and to better disentangle the Dark Matter signal from the Standard Model
background.

A graphical representation of the production channels of antideuterons in our Uni-
verse is presented in Fig. 1.1. The primary detection channel of antideuterons consists
of dark matter annihilation into a W+W− pair, further decaying into hadrons. The
secondary production is also depicted, where an antideuteron is formed from a collision
between high-energy cosmic rays and atoms from the interstellar medium. Finally,
a tertiary contribution is shown where an antideuteron with lower momentum than
secondary antineutrons is formed from the rescattering of the secondary production.

Figure 1.1.: Graphical representation of the antideuteron production channels present
in our Universe and measured on Earth. Primary contributions are car-
ried by two matter particles annihilating into a W+W− pair, decaying
into an antideuteron and other products. Secondary production occurs
when high-energy cosmic rays collide with atoms from the interstellar
medium. Tertiary channels include antideuterons that scatter off the in-
terstellar medium, elastically losing momentum compared to secondary
antideuterons.

These different channels for antideuteron production form the antideuteron flux
measured on Earth. The signal-to-background ratio is theorized to be three or four
orders of magnitude lower for the low kinetic regime, thus making antideuterons an
important particle for indirect searches of dark matter candidates.

In this work, the production of light nuclei is introduced in Chapter 2, giving some
insight into the different models for nuclear matter production. In Chapter 3, the EPOS3
event generator is presented. Chapter 4 describes the SMASH transport model used
similarly to EPOS to simulate heavy-ion collisions. Chapter 5 presents a description
of the BES program and the STAR experiment. In Chapter 6, the tuning of the event
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1. Introduction

generators is explained to get a prediction of nuclear production free of biases from the
event generator. Finally, Chapter 7 presents the results of antideuteron spectra obtained
from EPOS and SMASH for a Au–Au collision at two different energies.
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2. Light Nuclei production

A fundamental distinction between elementary particle collisions and heavy-ion colli-
sions (HIC) is made in particle physics. The critical disparity lies in the behavior of the
particles generated during the primary collisions between the incoming nucleons [14].

Unlike elementary particle collisions, where the resulting particles can escape into
the surrounding vacuum, the ones produced in HIC cannot immediately disperse but a
dense and strongly interacting form of matter is formed. When this matter thermalizes
rapidly enough and achieves a sufficiently high energy density, it becomes a state
known as quark-gluon plasma (QGP). Further, the resulting particles rescatter with
each other. Understanding the behavior and characteristics of this system is one of
the central objectives of studying the matter created in the very early universe. The
space-time evolution of a HIC is illustrated in Fig. 2.1; if the energy of the collision is
high enough, a QGP is formed while a low-energy collision presents its absence [15,
16].

2.1. Space-time evolution of the heavy-ion collision

During the initial moments of the collision, the system enters a pre-equilibrium stage.
During this stage, hard processes play a dominant role. These processes involve a large
momentum transfer between the scattering partons, producing particles with large
transverse momenta or masses. These particles undergo elastic and inelastic scattering.

Consequently, in high-energy collisions, the partons interact several times, losing
energy. Due to these hard scatterings, the system can be seen as a hot interacting
medium redistributing energy among the other particles until it reaches thermal
equilibrium, where all the participating particles get an equal energy distribution,
making the medium thermalized. If the energy density of the collision surpasses a
certain threshold ∼ 1GeV/ f m3, it forms a QGP. The QGP can experience thermal
pressure gradients due to anisotropies in the initial collision. At the same time,
the system undergoes a phase of expansion, which is well described by relativistic
hydrodynamics. As a result, the system gradually cools down, leading to a decrease
in its energy density. Once the energy density of the system reaches a critical value,
approximately ϵc ≃ 1GeV/ f m3, the partons within the system further hadronize into
a Hadron Resonance Gas (HRG). This HRG continues to expand and cool down. On
the other hand, for small colliding systems, if the energy density of the collision is not
sufficiently high, the QGP phase is left out, and the free partons directly combine to
form an HRG.

Eventually, a point is reached where the transferred momentum between the hadrons
falls below the threshold for inelastic interactions, known as the chemical freeze-out,
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2. Light Nuclei production

characterized by the critical temperature tchem. At this stage, the abundance of particle
species becomes fixed, except for weakly decaying particles and resonances.

Figure 2.1.: Space-time diagram illustrating the evolution of a central heavy ion collision.
The z-axis represents the direction parallel to the beam line. The diagram
highlights two scenarios: on the right, the presence of a QGP, while on the
left, the absence of it. Taken from [16]

Following the chemical freeze-out, the resulting hadrons undergo rescattering; these
can scatter among themselves while moving outwards before the system has expanded
enough that the hadrons get free. While the system expands, the matter becomes
increasingly dilute, reaching a point where the mean free path of the hadrons surpasses
the system size, and even elastic scattering ceases. At this stage, known as kinetic
freeze-out, the kinematic distribution of particles in the final state is fixed.

5



2. Light Nuclei production

2.2. Nuclear matter production

The mechanism behind light (anti-)nuclei production remains poorly understood.
Phenomenological models for producing these light (anti-)nuclei rely on Statistical
Hadronisation Models (SHMs) and coalescence models. These models offer different
perspectives and approaches to provide insights into the underlying processes of
producing light (anti-)nuclei.

2.2.1. Statistical Hadronisation Model

The Statistical Hadronization Model (SHM) adequately describes the formation of
hadrons in high-energy collisions. It is a valuable tool for predicting the yields of
hadron species produced during particle collisions [16, 17]. The concept of using
statistical principles applied to multi-particle production in high-energy collisions
was first introduced by Enrico Fermi in 1950 [18]. In his study, Fermi proposed the
hypothesis that particles originate from an excited region that evenly populates all
accessible phase space states, i.e. thermodynamic equilibrium [19], and does not rely
on a microscopic production mechanism.

Figure 2.2.: Three different statistical hadronization model fits the selected mesons,
hadrons, and light (anti-)nuclei yields in Pb-Pb collisions at

√
SNN=2.76 TeV.

Taken from [20].

In the SHM, also called the Thermal Model, the particle yields depend on two free
parameters: the temperature Tchem of the system at chemical freeze-out and the baryon
chemical potential µB, degree of matter-antimatter asymmetry present in the system.
It is expected that for measurements at large energies and mid-rapidity, explained in
Sec. 2.3, the baryon chemical potential goes to 0.

6



2. Light Nuclei production

In principle, light nuclei in HIC might seem unexpected because Tchem ≈ 100 MeV is
typically much higher than the binding energy of these nuclei of the order of 1 MeV
per nucleon [21]; this is due such loosely bound objects have much larger sizes than the
inter-particle separation at the time of chemical freeze-out [22]. However, it is essential
to note that the thermal model does not consider the internal structure of the nuclei.
Instead, it predicts their yields without any dynamical description of their formation.

Fig. 2.2 shows the thermal model’s predictions for the production yields of (anti-
)nuclei and hypernuclei i.e. nuclei where a neutron is replaced with a hyperon [23], for
Pb–Pb collisions at 2.76 TeV, compared to ALICE measurement. At lower energies, the
production of nuclei is favored over the production of antinuclei; solid and dashed lines
represent the three different models. This behavior arises from the relationship between
the collision energy and µB. At lower collision energies, where µB deviates from zero,
matter production is preferred over antimatter. As the collision energy increases, µB

approaches zero, resulting in equal predictions for producing matter and antimatter.
For further information on the SHMs, see Ref. [16].

2.2.2. Coalescence Model

The coalescence model, initially proposed by Butler and Pearson [24] in 1963, was
developed to study proton-nucleus collisions, forming high-energy deuterons. It
states that (anti-)nucleons ((anti-)protons and (anti-)neutrons) close in phase space will
coalesce and form an (anti-)nucleus.

One key observable of the coalescence model is the coalescence parameter BA, which
gives the probability that nucleons will coalesce and form (anti-)nuclei, expressed as

BA = EA
d3NA

dP3
A

/(
Ep

d3Np

dP3
p

)Z (
En

d3Nn

dP3
n

)N

|Pp = Pn = PA/A, (2.1)

where EA
d3 NA
dP3

A
is the invariant yield of nuclei with mass number A formed out of Z

protons and N neutrons, Ep
d3 Np

dP3
p

the invariant yield of protons and En
d3 Nn
dP3

n
the invariant

yield of neutrons[25].

Spherical Approximation

The spherical approximation is one of the more straightforward implementations of
the coalescence model [26]. In this model, a proton and a neutron coalesce if they are
within a sphere of radius p0 in momentum space or one of them is in a sphere around
the other nucleon, as shown in Fig. 2.3.

In this approximation, only momentum-space is considered, and the radius p0 is a
free parameter dependent on the reaction type and the center-of-mass energy

√
s. This

works particularly well for systems like e−e+ and pp collisions, where the system size
(σ(pp) ≈

√
2σ(e±) with σ(e±) ≈ 1 fm [25]) is similar to the nucleus size of the deuteron

(rd ≈ 2.12 fm [27]). On the other hand, larger systems (e.g., Au–Au/Pb–Pb collisions)
have a bigger size than the nucleus size; even if their momenta are comparable, nucleons
could not coalesce into a nucleus due to their spatial separation.
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2. Light Nuclei production

Figure 2.3.: Graphical representation of a proton-neutron pair, where a proton is within
a sphere of radius p0 in momentum-space around a neutron.

If we consider equal proton and neutron yields, i.e., assuming isospin symmetry, the
coalescence parameter BA in this spherical approximation can be expressed as:

BA = A
(

4π

3
p3

0

)A−1 mA

mA
p

(2.2)

Where A is the mass number of the nucleus, mA the mass of the nucleus, mp the
proton mass, and p0 the maximum radius in momentum-space allowed for coalescence
to take place.

This approach can be improved by considering the momentum correlations between
nucleons, which can be incorporated through Monte Carlo (MC) simulations or analyti-
cal approaches, often on an event-by-event basis. The analytical approach consists of
assuming uncorrelated proton and neutron momentum distributions, factorized as

dNp,n

dk⃗3
pdk⃗3

n

=
dNp

dk⃗3
p

dNn

dk⃗3
n

. (2.3)

This approximation fails to estimate the true deuteron yields at low energies since,
for example, at energies close to the antideuteron production regime (

√
s ≈ 6mp where

six nucleons are present to form an antideuteron), the production of antiparticles is
suppressed when compared to an uncorrelated production [28]. A further simplification
can be made if we equate the proton and neutron yields, obtaining an invariant deuteron

8



2. Light Nuclei production

yield,

Ed
dNd

dk⃗3
d

= B2

(
Ep

dNp

dk⃗3
p

)
. (2.4)

In the Monte Carlo approach, the simulations can explain the yields and the correla-
tions of the production of nuclei and are taken directly from event generators. However,
event generators (e.g., EPOS3, PYTHIA) do not reproduce nature correctly, so one needs
to correct the event generator to reproduce the desired data, which will be described in
Chapter. 6.

Advanced Coalescence Model - Wigner Function Formalism

The Advanced Coalescence Model is based on the Wigner function of the deuteron; it
was first introduced by Scheibl and Heinz [29] in 1999. This model gives a semi-classical
picture of the formation region’s size and the momentum correlations between the
constituent nucleons. The Wigner function [30] of an object is expressed as

D(r, q) =
1

πh̄

∫ ∞

−∞
ψ∗(q + p)ψ(q − p)e2irp/h̄dq, (2.5)

where ψ(q) is the wave function of the deuteron, and the Wigner function is a
probability distribution in phase space for a deuteron to exist with a relative momentum
and a distance between its constituents. Following closely the derivations from [25] for
the case of deuteron production, one can start from a system formed with a proton and
a neutron in a frame of reference where their Center of Mass (CoM) is non-relativistic.

One can express the number of deuterons with momentum Pd with the projection of
the deuteron density matrix ρd onto the two-nucleon density matrix ρnucl as

d3Nd

dP3
d

= tr {ρdρnucl} . (2.6)

In this approach, the deuteron density matrix is a pure state, ρd = |ψd⟩ ⟨ψd|. For the
two-nucleon (described out of a proton and a neutron) density matrix, the spin and
isospin can be taken into account by introducing a statistical factor S = 3/8, so one
can express it as ρnp =

∣∣ψpψn
〉 〈

ψnψp
∣∣. The average multiplicities of protons Np and

neutrons Nn per event can be obtained with the normalization
〈
ψnψp|ψpψn

〉
= NpNn.

Using a coordinate description |x1x2⟩ for the positions of the two nucleons, the
evaluation of the trace from Eq. 2.6 is obtained

d3Nd

dP3
d

= S
∫

d3x1d3x2d3x′1d3x′2ψ∗
d(x1, x2)ψd(x′1, x′2)

〈
ψ†

n(x′2)ψ
†
p(x′1)ψp(x1)ψn(x2)

〉
(2.7)

where ψd is the deuteron wave function, ψp the proton wave function and ψn the
neutron wave function in the coordinate system. Using the Wigner function formalism,
we replace the two-nucleon density matrix with its two-body Wigner function [29],

9



2. Light Nuclei production

〈
ψ†

n(x′2)ψ
†
p(x′1)ψp(x1)ψn(x2)

〉
=
∫ d3 pn

(2π)3

d3 pp

(2π)3 Wnp

(
pn, pp,

x2 + x′2
2

,
x1 + x′1

2

)
×exp

[
ipn · (x2 − x′2)

]
exp

[
ipp · (x1 − x′1)

]
.

(2.8)

For further simplification, the coordinate transformations are computed as rp = (x1 +

x′1/2) for the position of the proton, rn = (x2 + x′2/2) for the position of the neutron,
their separation r = rn − rp, ξ = x1 − x′1 − x2 + x′2 and ρ = (x1 − x′1 + x2 − x′2)/2. For
the momentum, p = pn + pp and q = (pn − pp)/2.

Looking at the two-nucleon Wigner function Wnp, one can proceed by assuming no
correlation between momentum and coordinate space, namely Wnp(rn, rp, pn, pp) =

Gnp(pn, pp)× Hnp(rn, rp). Further, assuming no correlation between the spatial distri-
bution of protons and neutrons Hnp(rn, rp) = h(rn)× h(rp). However, when obtaining
the momentum and spatial distributions from the event generators, one loses the full
quantum mechanical information and turns it into a semi-classical picture. Finally,
using the new coordinate transformations and evaluating the p and ρ integrals Eq. 2.8
can be expressed as

d3Nd

dP3
d

=
S

(2π)6

∫
d3q

∫
d3rpd3rnD(r, q)Gnp(Pd/2 + q, Pd/2 − q)h(rn)h(rp), (2.9)

where D(r, q) is the Wigner function of the deuteron defined in Eq. 2.5.
As stated previously, using MC simulations and the event generator, one can obtain

the momentum distribution of the produced nucleons Gnp(pn, pp), which will include
momentum correlations.

Ultimately, a probability of the formation of a deuteron from a given proton-neutron
pair can be obtained by folding the deuteron Wigner function with the spatial distribu-
tion of the two nucleons,

P(σ, q) =
∫

d3rd

∫
d3rHnp(r, rd; σ)D(r, q). (2.10)

This probability depends on the nucleon emission source size σ and the relative
momentum q of the proton-neutron pair. It is possible to further analytically solve
this equation using an ansatz for the deuteron wave function (e.g., Gaussian, Double
Gaussian) or a realistic wave function (e.g., Argonne v18, χEFT) and solve it numerically.

The Advanced Coalescence Model depends on the choice of the deuteron wave function.
As shown in Fig. 2.4, several options are available to express it. Where Argonne v18
wave function is obtained by fitting to most recent scattering data, for more information
about the available deuteron wave functions, see Ref. [31].

This model provides a coalescence probability that relies on the distance and relative
momentum of the neutron-proton pair, eliminating the need for any free parameter
that would require fitting to existing data.
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2. Light Nuclei production

Figure 2.4.: Deuteron wave functions using different potential configurations, Gaussian
(red), Hulthén (green) [32], χ EFT N4LO S-wave and D-wave (orange) [33]
and Argonne v18 S-wave and D-wave (blue) [34]. Taken from [31] .

2.3. Impact parameter, rapidity and charged particle multiplicity

To obtain suitable observables used to access the different stages of a HIC and allow
the comparison with the predictions of theoretical models explained in Sec. 2.2, some
valuable definitions are addressed in this Section, being the impact parameter of the col-
lision, the rapidity, and the charged particle multiplicity. The graphical representation
of the system coordinates is shown in Fig 2.5.

In terms of rapidity, the momentum of a particle p⃗ can be expressed into its longi-
tudinal momentum, p⃗z and transverse momentum with module, pT =

√
p2

x + p2
y. The

energy of the particle, E, and the angle with respect to the longitudinal direction Z is
the polar angle θ. In this sense, the rapidity y and the pseudorapidity η are defined as,

y =
1
2

ln
E + pz

E − pz
(2.11)

η =
1
2

ln
| p⃗|+ pz

| p⃗| − pz
= −lntan(θ/2) (2.12)

The impact parameter b is defined as the distance between the centers of the colliding
particles, meaning central collisions are characterized by a small impact parameter,
and peripheral collisions have a significant impact parameter. In Fig. 2.5, spectators
are shown, those being nucleons that do not interact proceeding along their initial
direction. On the other hand, participants are nucleons that interact with the nucleons
of the other nucleus. These participants are left in an excited almond shape after the
collision occurs.
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2. Light Nuclei production

Finally, the charged particle multiplicity, often named simply multiplicity, refers to
the number of charged particles produced per rapidity unit, dNch/dy. Multiplicity can
be used to determine the centrality of a HIC. For central collisions, more nucleons are
present in the interaction, whereas more charged particles are present. For peripheral
collisions, fewer nucleon collisions and fewer charged particles are present. In this
sense, higher multiplicity values mean more central collisions than lower multiplicity
values assigned to peripheral collisions.

Figure 2.5.: Impact parameter b and a graphical representation of the colliding nuclei
in the transverse plane. Z axis represents the beam direction while X and
Y the reaction plane. The blue lines represent the lab axis with ΨRP the
reaction plane angle. Adapted from [35].
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3. EPOS3 Event Generator

An event generator is software used to simulate particle collisions. EPOS [36] stands for
Energy conserving quantum mechanical approach, based on Partons, parton ladders,
strings, Off-shell remnants, and Splitting of parton ladders. In this work, EPOS3.117
will be used; this version was developed to describe heavy-ion collisions at LHC and
RHIC energies.

3.1. Working principle

In EPOS, collisions are described as colliding between a target and a projectile. If
these are not single nucleons but heavy Ions (e.g., Au, Pb), the distribution of nucleons
inside the nucleus is determined using a Woods-Saxon potential[37]. Regge-theory
describes the interaction between hadrons in EPOS [38], where the analytic properties
of scattering are described as a function of angular momentum.

The elemental interaction is a parton ladder; a schematic representation is shown in
Fig. 3.1a. This ladder can be seen as a longitudinal color electric field decaying into
hadrons via pair production [39, 40]. Initially, multiple particles interact in parallel
for heavy ion collisions, where energy is shared between the different ladders, and all
ladders exist simultaneously. These parton ladders create new partons, which bind
together, creating strings, as shown in Fig. 3.1b.

(a) (b)

Figure 3.1.: Elementary parton-parton scattering (a). Multiple interactions between
parton ladders in parallel. xPE represents the fraction of total momentum
for each ladder (b). Taken from [39].

13



3. EPOS3 Event Generator

The Schwinger mechanism between two (di-)quarks will break up these newly created
strings and finally form hadrons. Diquarks are quark pairs that are not color-neutral,
unlike mesons. A schematic representation of the string fragmentation mechanism
is shown in Fig 3.2. Here, fragmentation points between diquarks form baryons and
between quarks mesons. The hadrons created between these quarks can be even in
excited states where this model implicitly conserves electric charge and baryon number.

Figure 3.2.: String fragmentation mechanism between two dd̄ forming out hadrons at
each fragmentation point. Taken from [15].

For every fragment created, a transverse momentum pT is given. If the pT is high
enough, it will be assigned to the corona, and fragments with low pT will form the
core.

As explained in Sec. 2.1, the core represents the QGP evolving using hydrodynamics.
This stage is called HYDRO in EPOS. The QGP will undergo a phase transition when
the energy density reaches a critical value of ϵc ≃ 1GeV/ f m3 into a hadronized gas
and expand with a decrease in temperature until the chemical freeze-out. Once this
stage is reached, all particles undergo final-state interactions in the form of rescattering
known as hadronic cascade and called in EPOS as HACAS carried out with the UrQMD
model [41] until a kinetic freeze-out occurs. Finally, only weakly decaying particles and
final-state particles are present.

3.2. Accessing EPOS

A complete simulation on an event-by-event basis is carried out in EPOS. Accessing
intermediate particles and the time and momentum of creation are possible. This is a
crucial aspect of the event generator and allows us to compare the early stages and the
final state of the collision.

In EPOS, different event variables, particle variables, and ID codes are present
to differentiate between stages explained in Sec. 3.1. Tab. 3.1 summarizes a first
introduction to these variables. For each particle created in the event an index is given,
following the order in which this particle is produced, meaning the first particle will
have an index 1, the second index 2 in such a manner for the rest of the particles. This
index can be accessed but is not directly stored. It is used in determining the mother
and daughter particles of a decay.

As mentioned in Sec. 3.1, EPOS events are based on a core-corona approach, where
the core is called HYDRO, and the corona is called HACAS. One can turn them
off individually. This saves computational time in collisions where final stages are
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3. EPOS3 Event Generator

EPOS
Variable name ID Description
id -1120, -1220, ... particle ID in ISAJET convention ??
ist -2, -1, 0, 1, 3, 6, 7, 8, 21, 29, 31 Status variable. Different methods
ior/jor >=0 Mother particle. If the particle’s pri-

mary ID is 0
zus -999, 2, 0, >0 Mother particle if g e q0, for <0 ad-

ditional purposes
x, y, z, t No ID, position values Four position in f m units
px, py, pz, p0 No ID, momentum values Four momentum in GeV units
bim >=0 Impact parameter of a collision or

amount of pomerons

Table 3.1.: Variables used in EPOS. Multiple purposes can be accessed for different
variables and IDs. Adapted from [15].

negligible for the outcome, e.g., pp collisions. There is also the possibility to turn both
HYDRO and HACAS to be able to investigate initial stages, e.g., for flow studies [42].

This work will use both functionalities to study antideuteron production in Au–Au
collisions. A schematic representation of the workflow used in EPOS is presented in
Fig. 3.3. A list of the different stages in EPOS with the possible variables one can access
is given:

• At the initial stage, particles from the projectile and the target can be accessed
by identifying the position z in the positive direction. There is an offset in the x
direction between the projectile and the target by half of the impact parameter of
the collision. In the initial stage of the collision, the initial projectile and target
have the variable zus=-2. If they interact with another participating nucleon, a
value ist=1 is assigned; if this nucleon is a spectator, no interaction occurs and
has a value ist=0.

• In the stage where parton ladders are created, EPOS gives the parton ladders an
id consisting of 7 digits and ending in 99. They are assigned variables ist=31 and
zus=0, and ior and jor are seen as indexes of the two nucleons that interacted,
creating the parton ladder.

• Following the workflow from EPOS, free (di-)quarks and gluons are created,
further creating strings. They have variables ist=21/25 and zus=0. If ist=25, the
parton interacts by gluon emission, and if ist=21, there is no further interaction
during this stage. The variable ior references the parton ladder where the (di-
)quarks originated and jor from the parton that emitted them if they originate
from an ist=25 parton. Otherwise jor=0.

• Following, a list of particles directly created, mostly in excited states, is given.
They have the variables zus=0, ior=0, and ist=3/7. If the particle is assigned ist=7,
it is part of the core and the hydrodynamic evolution. If ist=3, the particle is
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3. EPOS3 Event Generator

redirected to the HACAS functionality being part of the corona. If HACAS is
turned off, the particles with ist=3 will be assigned a value ist=1.

• In the string fragmentation process, strings are given an id consisting of 9 digits
starting with an 8. After that, four digits for the total number of up, down,
strange, and charm quarks, and the following four digits for their antiparticles.
Strings have also assigned a zus=0 and ist=29, ior, and jor are given for the two
(di-)quarks in the list of free quarks creating the string. The string fragments also
have zus=0 and ist=3/7, depending if they are directed to HACAS with a value
ist=3 or directed to HYDRO with ist=7. ior points to the string, and jor=0.

• At this point HYDRO stage is finished. If there is an unstable particle, its PID will
be given in PDG convention [43], and the decay resulting into a stable particle will
be in ISAJET convention as pointed in Tab. 3.1. If HACAS is used, particles that
come out from strong decays have ior=0 and zus=-999, due to the UrQMD model
not returning the mother of these particles. If HACAS is turned off, the particles
will have the same zus and ior variables pointing to their mother particles. If
long-lived decay resonances remain, they have ist=1 and final stable particles with
ist=0.

• Additionally, both for HACAS and without HACAS a list is given with zus=0,
ist=6 for particles that can decay and ist=8 for stable particles.

• In the end, an energy correction in terms of energy conservation is applied. This
list has variables ior=0, ist=-2, and zus=-2.

More of the output of EPOS and all the possible stages in the workflow is shown in
[42].
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3. EPOS3 Event Generator

Figure 3.3.: Schematic representation of the workflow in EPOS. Adapted from [15].
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4. SMASH transport model

Transport models are a primary means to extract physics information at relativistic-
energy heavy-ion collisions. SMASH [44] stands for Simulating Many Accelerated
Strongly-interacting Hadrons and is a relativistic hadronic transport model for the
dynamical description of heavy-ion reactions. The later stages of a heavy-ion collision
where hadronic rescattering takes place are depicted with the hadron transport ap-
proach; this stage becomes important when studying observables driven by resonance
decays and baryon annihilation [45].

This section presents the SMASH approach, from general aspects to different applica-
tions. SMASH 3.0 [46] will be used in this work.

4.1. Model description

The key aspect of using a microscopic transport model is the complete availability of
phase-space information at any given time. The fundamental equation used is the
relativistic Boltzmann equation,

pµ∂µ fi(x, p) + miFα∂
p
α fi(x, p) = Ci

coll (4.1)

where mi is the mass of the particle, Ci
coll is the collision term, Fα is the force single

particles experience, where Fα = 0 at high beam energy collisions and Fα = −∂αU(x)
for low beam energy collisions, with U(x) being the mean-field potential, considered
to obtain single particle states and related energy spectrum by solving the stationary
Schrödinger equation, further explained in Sec. 4.1.4. Finally, fi(x, p) represents the
individual particle distribution for different species i represented by test particles.
These particles, in principle, are treated as Gaussian waves. In practice, one test particle
represents each real particle, but more can be created; the test particle method will be
further explained in the following sections. These particles’ spatial extent under study
is evaluated to determine thermodynamic properties like particle density.

4.1.1. Collision Criterion

In the SMASH approach, the geometrical criterion used to solve the Boltzmann equation
in a relativistic environment is the one used in the UrQMD model [47], where two
particles collide if their distance dtrans follows the relation,

dtrans ≤ d0 =

√
σtot

π
(4.2)

Where σtot is the total cross-section depending on the center of mass energy
√

s and
the species and quantum numbers of the particles.
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4. SMASH transport model

The distance between the colliding particles dtrans is defined as,

d2
trans = (r⃗a − r⃗b)

2 − ((r⃗a − r⃗b) · ( p⃗a − p⃗b))
2

( p⃗a − p⃗b)2 . (4.3)

Where a and b denote the two particles and r⃗ and p⃗ are the spatial and momentum
coordinates in the center of the mass frame, respectively. dtrans corresponds to the
relative distance between the two particles at the time of closest approach, where the
distance dtrans is entirely perpendicular to the relative velocity vector of the particles.
In Eq. 4.3, the total distance is expressed in the first term, and the parallel contribution
to the relative velocity vector of the particles is described in the second term.

To compute the closest approach, one transforms into the local rest frame using a
6N+1 dimensional phase space, where no time coordinates are transformed. Using
the local rest frame ensures that the cross sections are calculated similarly and not
depending on the reference frame of the collision.

Here, the time of the collision tcoll is explained as the time of the closest approach in
the computational frame. The computational frame is chosen to be the equal velocity
frame of the two nuclei, the same as the center of the mass frame for symmetric systems.
The time tcoll is computed as

tcoll = − (r⃗a − r⃗b) · ( p⃗a/Ea − p⃗b/Eb)

( p⃗a/Ea − p⃗b/Eb)2 . (4.4)

One needs to transform the collision times to the computational frame to distinguish
the first collision for the correct ordering of the collisions.

4.1.2. Propagation

Solving the Boltzmann equation numerically needs space and time to be chosen
accordingly. The time steps ∆t need to be small enough for all collisions to happen and
not too small to be able to perform a fast simulation.

In the model, one can choose between two options. The user defines fixed time steps,
or they are dynamically determined using the information from the computed collision
times. The latter method is more efficient and adapts to high and low-density regions.

We call an action any interaction between two particles. As explained in Sec. 4.1.1, if
the collision satisfies the Eq. 4.2, it is added to a list of actions decaying with a time
tcoll . After every collision is performed and sorted according to their time, an iteration
over the list of actions is performed to validate every entry. The assumption used in
SMASH is that there is just one interaction for each particle during a one-time step. The
validation consists of evaluating that the incoming particles were not part of another
action. At this point, valid actions are executed, where outgoing particles replace the
incoming particles. Finally, the particles are propagated, accounting for potentials if
they are present. If there is no potential present or for the later stages of the collision,
SMASH works better with a dynamically determined time step.
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4.1.3. Test particles

A method used in SMASH for overcoming locality problems and already mentioned in
previous sections is using test particles. Here, all cross-sections are scaled by a factor
N−1

test and the number of initial particles is increased by the factor Ntest,

σ → σN−1
test (4.5)

N → NNtest (4.6)

where Ntest refers to the test particle index, all cross sections σ and N being the initial
number of particles.

These substitutions do not change the scattering rate of the collision, but the cross
sections σ become smaller, changing the collision to be more local. This change in
locality is re-established when Ntest → ∞. This method is also used to obtain statistics
for estimating phase-space densities.

4.1.4. Mean-field Potential

As stated at the beginning of Sec. 4.1, the force experienced by the single particles is
equal to the mean-field potential U(x) if a low beam energy collision is present. In
this scenario, the equations of motion need to change with the modified one-particle
Hamiltonian,

Hi =
√

p⃗i
2 + m2

e f f + U(⃗ri) (4.7)

Where me f f is the effective mass of resonances and stable mass of hadrons. The
effective mass is seen as the mass it seems to have when responding to forces. The
corresponding equations of motion are defined as:

dr⃗i

dt
=

∂Hi

∂ p⃗i
=

p⃗i√
p⃗i

2 + m2
e f f

(4.8)

dp⃗i

dt
= −∂Hi

∂r⃗i
= −∂U

∂r⃗i
(4.9)

Finally, the potential is determined as a function of the local density [48]. These
potentials are determined only after the actions are carried out at the propagation
point. SMASH neglects Lorentz force and Coulomb potentials since they are negligible
compared to the hadronic mean field at higher energies (RHIC/LHC).

4.1.5. Nearest Neighbor Method

One can determine if two particles will collide by evaluating the collision criterion
explained in Sec. 4.1.1. To resolve all the possible collisions, every single particle must
be checked for all the other particles in the system. If N represents the number of
particles, the evaluation of all possible interactions will be proportional to N2, which is
computationally heavy. To reduce the possible combinations, the space of the system

20



4. SMASH transport model

is divided into cells where all interactions will happen in one cell or between the
neighboring cells. A more detailed explanation of the actual value for minimal cell
distance and how to obtain it can be found in [44, 49].

Figure 4.1.: Graphical representation in two dimensions of the cell structure to find
actions between particles. Adapted from [44].

A graphical representation of the grid of cells is shown in Fig. 4.1. A differentiation
is made when iterating between cells and between in-cell search. This is used to
identify decays and collisions within the cell and neighbor search, where actions
between particles in the cell and neighboring cells are computed. If one follows the
representation shown in Fig. 4.1, the starting cell is colored in dark blue; here, actions
between particle A and particles B and C are evaluated. If we continue onto the light
blue cell, the previous dark blue cell is not taken into account since there are no more
possible actions to be found. Finally, there is no action evaluation for white-painted
cells since they are not neighbor cells from the starting dark blue cell.

The grid depicted is also used with periodic boundary conditions. These conditions
make particles located on opposite sides of a box able to interact.

4.2. SMASH Initialization

In this section, a description of the sampling of spatial and momentum coordinates
of the particles in the collision is given. Different methods on how to initialize the
simulation for other purposes are explained. Further details on how to pass the input
code to the SMASH transport model can be seen in their documentation in [46].

4.2.1. Nuclear Collisions

One must obtain the whole phase-space distribution to initialize the nucleons needed for
a heavy-ion collision. For nuclei like Au or Pb, the spatial coordinates are determined
using a Woods-Saxon distribution,

dN
d3r

=
ρ0

e
r−r0

d + 1
(4.10)
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where d is the diffuseness of the nucleus, r0 is the nuclear radius and ρ0 is the nuclear
ground state density. At d → 0, the nucleus turns into a hard sphere. For exact values
and examples on different nuclei, see [44].

In Fig. 4.2, the initial positions of the nuclei are shown. In this scenario, the z-direction
is the beam direction, and the x0-direction represents the impact parameter direction,
where the separation of the centers of the spheres is the impact parameter b. At the start
the projectile P is centered in xz-direction at (b/2,−∆z − γ−1

P (RP + dP)) and the target
T at (−b/2, υT

υP
∆z + γ−1

T (RT + dT)). Where R represents the radii, d is the diffusiveness
parameter, υ is the absolute value of the velocity, and γ is the gamma factor.

As a condition to initialize the system, the separation between the nucleus is chosen
so there are no potential influences. An additional distance ∆z = 2 fm is added to
evaluate all possible collisions between nucleons since the Woods-Saxon distributions
give rise to a small probability of placing a nucleon at a large distance from the nucleus
center. In this scenario, the initial time t0 = ∆z/υP is set so the projectile is constantly
in motion for the target.

Figure 4.2.: Position of nuclei at time of initialization. The Lorentz contracted spheres
will touch at t = 0 in a central collision. Taken from [44].

Moving now to momentum space, the nucleons of the collisions can get Fermi
momenta, so a boost in z-direction is performed using the computational frame and the
energy of the reaction. Here γ = EA/MA of the boost, where EA is the energy of the
nucleus, MA the mass, and A the number of nucleons. The velocity is β = pA/EA. The
SMASH transport model accounts for the binding energy by using an approximation
from the JAM transport code [50] to correctly determine the energy of the nucleus and
the mass. Finally, using this premise, we obtain a boost for the momenta p′iz related to
the momenta of the nucleons in the rest frame of the nucleus piz,

p′iz = γ(piz + βEi) = γpiz +
pA

A
= γpiz + pbeam (4.11)

where Pbeam is the beam momentum per nucleon.
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4.2.2. Infinite matter

Another way of initializing the simulation is to assume infinite hadronic matter or
other simple systems like an ideal massive or massless gas to access thermodynamic
information. This is done with box calculations. Then, N number of particles with
species i is placed inside a box with length L. For each particle j, with spatial coordinates
(xj, yj, zj), four-momentum Ej, p⃗j and a spectral function, a distribution U is initialized.
This distribution is uniform and the N particles inside the box are initialized accordingly
with coordinates xj = U(0, L), yj = U(0, L) and zj = U(0, L). In this sense, the
momenta of the particles are determined using the thermal Boltzmann distribution
with a temperature T here, a probability w(p) is given to the momentum generation p
depending on the angles in spherical coordinates and a normalization factor:

w( p⃗) = Nexp(−
√

p⃗2 + m2/T)p2dpsinθdθdφ. (4.12)

At the starting point, the particles are propagated, colliding with each other. The box
depicted has periodic boundaries, and the simulation is carried with a time-step and a
grid of cells as explained in Sec. 4.1.2.

4.2.3. Expanding sphere

Analogously to the previous section, a simple simulation can be carried out using a
sphere with a radius R. The momenta is sampled similarly to the thermal Boltzmann
distribution, and the system expands without constraints. This option for the simulation
is usually used to compare with analytic solutions.

4.2.4. Afterburner

The last initialization possibility is to use as input a predefined particle list. In this
scenario, the list of particles does not require an equal time in the computational frame
since consecutive particles are carried by evaluating them at non-zero formation times.

This method usually addresses the later stages of heavy-ion collisions at high beam
energies, dominated by hadronic rescattering and resonance decays.

An example on how to initialize such configuration in SMASH and how the list of
predifined particles looks like can be found in Appendix A.
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The Beam Energy Scan (BES) program [51] was initiated in 2010 at the Relativistic Heavy
Ion Collider (RHIC) located at the Brookhaven National Laboratory. The program is
aimed to investigate the phase diagram of strongly interacting nuclear matter. The BES
program has different phases; BES phase I (BES-I) was completed in 2011 with Au–Au
collisions in the energy range of 200 GeV to 7.7 GeV and introduced phase transition
signatures and the critical point of the Quantum Chromodynamics (QCD) phase
diagram, explained later in this Chapter. Further improvement of the BES program in
2015 comes with implementing a fixed-target mode of data taking to collision energies
below 7.7 GeV. Finally, the BES phase II (BES-II) is an ongoing experiment that provides
data sets with more extensive statistics at collision energies below 3.0 GeV. All these
data sets are collected by the STAR (Solenoidal Tracker at the RHIC) detector [52].

The main aspects searched at the BES program include signatures for the first-order
phase transition where finite size effects can modify the behavior, the critical point
of the QCD phase diagram where fluctuations at the vicinity of the critical point are
studied, and the deconfinement phase where a change from different states is examined.
Figure 5.1 shows the QCD phase diagram with the RHIC energies from the different
BES phases.

5.1. QCD Phase diagram

QCD is the gauge field theory within the Standard Model that describes the strong
interaction of quarks and gluons, the fundamental microscopic degrees of freedom [53].
This theory describes the behavior of matter from QGP to compact stars.

The phase diagram is used to express the thermodynamic properties of the system,
in the case of QCD, in terms of the temperature T and the baryon chemical potential
µB. Each point of the phase diagram represents a stable state, described by numerous
thermodynamic functions like pressure, baryon density, diffusion, viscosity, etc. [54]. A
graphical representation of the QCD phase diagram can be seen in Fig. 5.1. Here, the
first-order transition line between the two coexisting phases, hadron gas and QGP ends
at a second-order critical point.

The QCD vacuum is represented as the origin of the QCD phase diagram. Nuclei
are located at T ≈ 0 and µB ≈ 1GeV. Moving along the µB axis, a transition to a
deconfined state is expected from theoretical models. Around µB ≈ 5GeV, this state is
expected at the core of neutron stars [55]. The Hadron Gas phase is present for µB ⪅ 1
GeV. We find conditions similar to those in the early universe for large T and µB ≈ 0.
These conditions are probed by the high energies of the BES program (200 GeV, 130
GeV) and at the LHC at 2.76 and 5.02 TeV shown in Fig. 5.1 for the Phase diagram as
purple, blue, and orange lines. Increasing temperature increases the mean transferred
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momentum, making the strong interaction less intense [16]. The transition from the
QGP to the hadronic matter happened at µB ≈ 0.33 eV [56]. The first-order phase
transition from confined to deconfined strongly interacting matter is expected at high
µB. For µB ≈ 0GeV, a crossover transition is expected at the T ≈ 160 MeV [57]. The
critical point is a singularity on the phase diagram at the end of the first-order phase
transition. This critical point is expected to be at T ≈ 160 MeV, but for µB many models
using Monte Carlo simulations and lattice predictions find the location of the critical
point to be at 0 < µB < 1600 MeV [54].

5.2. STAR Experiment

The STAR detector located at the RHIC comprises many particle identification and
tracking subsystems [58]. In Fig. 5.2, a graphical representation of the STAR detector
and its systems is shown. These subsystems include a room-temperature solenoidal
magnet for charged particle momentum analysis, a Silicon Vertex Tracker (SVT) and
Silicon Strip Detectors (SSD) for charged particle tracking, a Time Projection Chamber
(TPC) is used to record the collisions and identify particles with momenta greater than
100 MeV/c. Both TPC and SVT accomplish particle identification using the dE/dx
method [59], a Forward Time Projection Chamber (FTPC) to extend the tracking in the
forward region, a Barrel Electromagnetic Calorimeter (BEMC) is used to study high
pT processes like heavy quarks, jets, etc. and provide excellent event characterization
in heavy-ion collisions [60], a Time-Of-Flight detector (TOF) is used to distinguish
particles using the velocity the particle takes to travel through the detector, a data
acquisition system (DAQ) and a triggering system to control the event selection.

Three central studies can be divided for the STAR experiment: the measurement of
the spin structure function of the proton, the survey of high-density QCD, and photon
pomeron interactions from electromagnetic fields.

STAR studies proton-nucleus and proton-proton interactions to investigate the inci-
dent nuclei’s parton distribution functions and acquire data for heavy ion studies. By
looking into polarized proton interactions, the STAR experiment can determine how
much the proton’s overall spin is affected by the orientation of gluon spins and allows
one to choose the flavor dependence on antiquark polarizations [61].

Concerning the studies for a high-density QCD, the freezeout geometry of the
collision, the expansion scheme, and the possible existence of a QGP are investigated
with correlations between identical and non-identical particles [62].

With the help of STAR data, it was possible to calculate hard scattering using pertur-
bative quantum chromodynamics (pQCD). This allowed for high transfer momentum
processes present as high pT jets, single particles, etc., to determine the properties of
the medium through which they propagate.
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Figure 5.1.: The QCD phase diagram with RHIC energies performed during the BES
program and LHC energy at 2.76 TeV is shown in purple. Two energies at
200 GeV and 130 GeV from RHIC are shown in green and blue, respectively.
The energies from the first phase of BES are shown in grey (62.4 GeV -
27 GeV). The second phase of the BES is presented in yellow for energies
between 19.6 GeV and 7.7 GeV. Finally, the energies performed during the
fixed target experiment are shown in red from 7.7 GeV to 3.0 GeV. The
presented energies allowed to scan µB from 400 MeV to 20 MeV. At the
top energies, the QCD calculations predict a cross-over transition with
T ≈ 150− 170 MeV and µB ≈ 0GeV. The first-order transition is present for
lower T and higher µB for the right side energies. The red line represents
the phase transition with its endpoint, the QCD critical point shown in a
red circle. Taken from [51].
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Figure 5.2.: Perspective view of the layout of the STAR Experiment. A cutaway is
present to see the inner detector systems. Taken from [58].
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6. Correcting the Event Generator

As stated in Sec. 1, one of the motivations for understanding the (anti-)nuclei production
and cosmic-ray antiparticles is that those can be seen as messengers for processes such
as dark-matter decays and annihilation with a low astrophysical background [63].
This work studies the energy regime

√
s ∼ GeV probed by the STAR experiment in

Au–Au collisions. Compared to
√

s ∼ TeV at the LHC, the STAR experiment is more
suitable because the peak in the production of nuclei for cosmic rays is ∼30 GeV. A
study at energies of

√
sNN= 200 GeV and

√
sNN = 62.4 GeV gives rise to better statistics

compared to lower energies, and it is suitable to test the models with event generators.
This Chapter presents a correction scheme in Sec. 6.1 to tune the event generator. In

Sec. 6.2, a comparison between charged particle multiplicities from the STAR experiment
and the event generators is performed to choose consistent centrality classes. A study
on the antiproton and antineutron spectra will also be needed to correct discrepancies
between the event generators and the data, presented in Sec. 6.4. Finally, to address a
correct antideuteron production, the event generators need to be tuned to the source
size of the collision; here, again, a comparison between values of data from the STAR
experiment and the event generators will be made in Sec. 6.3. To model (anti-)deuteron
production, two EPOS simulations at the nucleon-nucleon center-of-mass energy of√

sNN = 62.4 and 200 GeV were produced with ∼ 3 · 106 events. In both productions,
the full functionality of EPOS, where HYDRO and HACAS are used. For SMASH, the
transport model initializes a list of all predefined particles obtained after the HYDRO
stage in EPOS for a similar production of Au–Au collisions at the nucleon-nucleon
center-of-mass energy of

√
sNN = 200 GeV, with ∼ 500 · 103 events.

6.1. Correction Scheme

A correction on an event-by-event basis is applied to tune the event generators. In
this sense, every event or particle present in the production is weighted with a factor
previously determined. The way to obtain this correction factor is done by comparing
the prediction from the event generators to the measured experimental data by STAR.

This correction scheme is presented as,(
fData

fprediction

)
· fprediction = fcorrection f actor · fprediction = fData. (6.1)

The data obtained is presented in bins, in terms of multiplicity and source size by
different centrality classes and for momentum distributions in mT − mp spectra for the
productions at 200 GeV and pT for 62.4 GeV. A bin-by-bin correction will be applied
for the first two. An event-by-event method is used for the momentum distributions,
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Au–Au 200 GeV Au–Au 62.4 GeV
Centrality ⟨Nch/dy⟩ Centrality ⟨Nch/dy⟩

70-80% 26.5 ± 1.8 70-80% 17.7 ± 1.3
60-70% 52.1 ± 3.5 60-70% 35.8 ± 2.8
50-60% 90.2 ± 6.0 50-60% 65.0 ± 5.0
40-50% 146 ± 10 40-50% 107 ± 8
30-40% 222 ± 15 30-40% 166 ± 11
20-30% 337 ± 23 20-30% 249 ± 16
10-20% 484 ± 33 10-20% 359 ± 24
5-10% 648 ± 44 5-10% 476 ± 30
0-5% 811 ± 56 0-5% 582 ± 38

Table 6.1.: Summary of centralities in Au–Au collisions at 200 GeV and 62.4 GeV re-
garding mean multiplicity rapidity density in the rapidity region of |y| <
0.1. The total errors are obtained from summing statistical and systematic
uncertainties in quadrature. Adapted from [64].

meaning each event or particle in phase space is given a unique correction factor. This
will be done using a linear fit, further explained in Sec. 6.4.

6.2. Charged Particle Multiplicity

In this section, a summary of mean charged particle multiplicity rapidity density,
⟨Nch/dy⟩, obtained by the STAR Collaboration [64] is shown in Tab. 6.1. These values
are presented as a function of centrality where the identified charged particle spectra
are formed from π±, K±, p̄ and p. The measurement is presented with nine centrality
classes (0-5%, 5-10%, 10-20%, 20-30%, 30-40%, 40-50%, 50-60%, 60-70%, and 70-80%)
and is measured at mid-rapidity with a rapidity cut in |y| < 0.1.

To obtain consistent centrality classes from the event generator, one can get a distribu-
tion of charged particles per event and determine the limits of the centrality classes by
how much percentage they represent in terms of the total number of events; an example
of how to obtain the multiplicity limits is shown in Fig. 6.1 for the EPOS productions.
The same procedure is applied when getting the centrality classes from SMASH.

In this sense, the mean values for the multiplicity are obtained and compared to
values from the STAR experiment shown in Tab. 6.1.

In Fig. 6.2, a comparison between EPOS and SMASH mean multiplicity values to
the STAR-measured results at 200 GeV is shown. The picture shows that EPOS and
SMASH cannot reproduce high multiplicity values and lay below the measured data
by a factor of ∼0.9 for EPOS and ∼0.8 for SMASH. For lower multiplicities and more
peripheral events, EPOS predicts higher multiplicities than the measurement data by a
factor of ∼1.1, while SMASH prediction is by a factor of ∼1.3. At semicentral events,
both EPOS and SMASH can reproduce the multiplicities from the STAR Data with
minor differences.

In Fig. 6.3, a comparison between EPOS multiplicity values and STAR-measured
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6. Correcting the Event Generator

Figure 6.1.: Charged particle distributions obtained with EPOS at 200 GeV (green)
and 62.4 GeV (blue). The green and blue bands represent the 5% most
central events for the multiplicity distributions at 200 GeV and 62.4 GeV,
respectively. Both distributions for the multiplicity rapidity density are
obtained with a rapidity slice of |y| < 0.1, similar to the STAR data.

results at 62.4 GeV is shown. Like the distributions at 200 GeV, EPOS cannot reproduce
high multiplicity values and lays below the measured data by a factor of ∼0.8. For
lower multiplicities, EPOS predicts larger ones than the data by a factor of ∼1.1. The
best-predicted values lay at 40% - 60% centrality, where EPOS can reproduce almost
perfectly the data obtained by STAR. These disparities will be corrected and considered
when evaluating the multiplicity to get suitable centrality classes to evaluate both
antiproton production and source size measurements.

6.3. Source Size

As explained in Sec. 2.2.2, the probability of forming an (anti-)deuteron from a given
pair of (anti-)proton-(anti-)neutron depends on the relative momentum of the pair and
the source size, which is a measure for the distance between all possible antiproton-
antineutron pairs of the collision. More particles collide for central events, and the
geometrical overlap is bigger than for peripheral events with more spectators. It is
crucial to obtain a suitable source size from the event generators and correct it to data
at different energies and centrality classes to address the deuteron wave function and
the probability of obtaining one. This work assumes p − p source size is the same as
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6. Correcting the Event Generator

Figure 6.2.: Comparison of the mean multiplicity rapidity density, ⟨Nch/dy⟩, at 200
GeV for STAR data (blue), EPOS (green), and SMASH (red).

p − n due to Isospin symmetry. This assumption is needed since the STAR experiment
does not measure neutrons.

Tab. 6.2 presents values for the source size from Au–Au collisions at 200 GeV and
62.4 GeV for three different centrality classes, obtained from the STAR Collaboration
[65]. The different centrality classes are obtained as explained in Sec. 6.2 to get suitable
values for the source size from the event generators. At 200 GeV p̄ − p̄ correlations
were used to account for the source size. These are compatible within uncertainties
with the values from p − p correlations at 200 GeV. At 62.4 GeV, no experimental data
is present for p̄ − p̄ correlations, so p − p correlations are used.

To obtain the source size from the Event Generator to compare with experimental
values shown in Tab. 6.2, distance distributions of antiproton-antiproton pairs at 200

Au–Au 200 GeV Au–Au 62 GeV
Centrality p̄ − p̄ p − p Centrality p − p

0-10% 5.2 ± 0.2 4.2 ± 0.2 0-10% 4.2 ± 0.5
10-30% 4.0 ± 0.3 3.8 ± 0.3 10-30% 3.2 ± 0.3
30-80% 2.6 ± 0.2 2.7 ± 0.2 30-80% 2.5 ± 0.3

Table 6.2.: Summary of source sizes (in fm) in Au–Au collisions at 200 GeV and 62.4
GeV regarding antiproton-antiproton and proton-proton correlations. The
total errors are formed of statistical uncertainties. Adapted from [65].
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6. Correcting the Event Generator

Figure 6.3.: Comparison of the mean multiplicity rapidity density, ⟨Nch/dy⟩, at 62.4
GeV for STAR data (blue) and EPOS (green).

GeV are obtained from the event generators from EPOS and SMASH productions. For
the simulation at 62.4 GeV, the distance between proton-proton pairs is obtained to
compare with STAR Data. Fig. 6.4 shows different distance distributions at 0-10 %
centrality between antiproton and proton pairs. These distributions follow a Gaussian
source with exponential tails due to long-lived resonances and can be fitted using a
Gaussian function to obtain the source size, σ as:

N · 4πx2

(4πσ2)3/2 e
−x2

4σ2 (6.2)

Where x represents the distance between the pairs, σ is the source size, and N is
a normalization factor needed for the distribution to be normalized to 1 since the
exponential tail from the resonances makes the Gaussian source imperfect. Using
this approach, one can obtain the source size σ values from the event generators for
different centrality classes.

In this work, the target centrality classes to obtain the final antideuteron yields,
presented in Chapter. 7 are 0-10 %, 10-20 %, 20-40 %, 40-60%, and 60-80%. An
interpolation from the source sizes shown in Tab. 6.2 is done to obtain values from the
STAR Data at these centrality classes. As explained earlier in this section, the source size
scales with the multiplicity and, more precisely, with the cube root of the multiplicity.
In Fig. 6.5b at 200 GeV and Fig. 6.6b, the source radii from STAR are presented against
the cube root of the multiplicity, (dNch/dη)1/3. In this sense, an interpolation is done
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to obtain the STAR source radii at the different target centralities.
A comparison of the interpolated values to the ones from EPOS is shown in Fig. 6.5a

at 200 GeV and Fig. 6.6a at 62.4 GeV to correct the event generators.
In Fig. 6.5a, EPOS and SMASH produce source sizes 40% smaller than the STAR data

for central and mid-central events. At 40% centrality, the source radii for EPOS and
SMASH are compatible within errors in STAR data. For peripheral events, the source
size obtained from the event generators is 50% bigger than the one presented by STAR.

In Fig. 6.6a, EPOS produces source sizes compatible with the STAR data for central
and mid-central events. From 30% centrality to the most peripheral events, the source
radii obtained from EPOS compared to the values from STAR data are up to 30% bigger
at 60-80% centrality.

The ratios presented at the bottom for both figures between the values from STAR
and the models will be used to correct the event generators to get suitable source sizes
as explained in Sec. 6.1.

After correction, the source size produced by EPOS and SMASH is shown in Fig. 6.7.
EPOS simulations at 200 and 62.4 GeV match the experimental data. For SMASH, the
source size produced after correction is 10% off for peripheral events, but the values
are within uncertainties.

Figure 6.4.: Distance distributions at 0-10 % centrality normalized to the total number
of events for antiproton pairs at 200 GeV obtained from EPOS (blue) and
SMASH (red). The green points represent the distance between proton
pairs at 62.4 GeV for a 0-10 % centrality. The curves are fit using Eq. 6.2
assuming a Gaussian Source.
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(a) (b)

Figure 6.5.: Antiproton pair source radii at 200 GeV for different centrality classes ob-
tained from EPOS (green) and SMASH (red) compared to STAR Data (blue)
(a). Source radii from STAR (red) against (dNch/dη)1/3. An interpolation is
performed along the dashed orange line, with the new source radii (orange)
at 5 different centralities (b).

In Fig. 6.8, it is shown how the source size scales with values for the transverse mass
mT, a comparison between the three simulations is done at three different mT bins
(1.0-1.15, 1.15-1.3, 1.3-1.6 GeV) at five different centralities. Similar behavior for the mT

scaling is observed for the different productions.

6.4. Momentum Distributions

Similar to the previous section, a correction for producing antiproton and antineutron
pairs is needed to obtain the correct ones to form antideuterons. The antiproton yields
obtained experimentally from the STAR Collaboration at 200 GeV [66] and 62.4 GeV [64]
are compared to predictions of antiproton production spectra from EPOS and SMASH.

In Fig. 6.9, mT − mp spectra for a 200 GeV Au–Au collision at 0-5 % centrality
are obtained for EPOS and SMASH and production before the hadronic phase to
compare the behavior after applying both event generators and with the STAR Data.
As expected, the antiproton yield computed before the hadronic stage is much higher
than the experimental data for lower mT bins. After applying the SMASH afterburner,
the mT − mp spectra are scaled down with a similar shape compared to the production
before the Hadronic phase. On the other hand, EPOS changes the shape and scales
down the mT − mp spectra for antiprotons. The resulting spectra are similar in shape to
the measurement. At the bottom of Fig. 6.9, the ratios between the models and the data
obtained by the STAR Collaboration are presented. The ratios give a linear behavior
when compared with the experimental data. A linear fit is performed for both models
at different centralities to obtain a suitable correction for the event generators. For
EPOS, the linear fit is relatively flat due to the similarity in shape with the experimental
data. The shape deviates from STAR data for SMASH, and the linear fit presents a
significant slope.
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(a) (b)

Figure 6.6.: Proton pair source radii at 62.4 GeV for different centrality classes obtained
from EPOS (green) compared to STAR Data (blue) (a). Source radii from
STAR (red) against (dNch/dη)1/3. An interpolation is performed along
the dashed orange line, with the new source radii (orange) at 5 different
centralities (b).

The linear fit used to correct the event generators is expressed as,

y = a · x + b, (6.3)

where y represents the yield points and x the mT −mp spectra. A complete description
of all the fits used in EPOS at 200 GeV is shown in Tab. 6.3 and for SMASH at 200 GeV
in Tab. 6.4. For the production at 62.4 GeV, the fits used for EPOS are shown in Tab. 6.5.

After computing the correction using the previously mentioned linear fit for the
different centralities and models, the corrected antiproton yields compared to the
experimental data from STAR are presented in Fig. 6.10 for an EPOS production at 200
GeV, Fig. 6.11 for SMASH at 200 GeV and Fig. 6.12 for EPOS at 62.4 GeV. Using the
coalescence model, these tunings and linear fits will correct the (anti-)deuteron yields
for the event generator’s shortcomings in producing nucleon momentum distributions.
Similarly, the antineutron yields are obtained from models and corrected to STAR data,
as described in this section. This correction also corrects the multiplicity classes where
the event generators cannot produce sufficient charged particles as the experimental
data.
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Au–Au 200 GeV EPOS
Centrality Fit Antiproton χ2 Fit Antineutron χ2

70-80% -0.02695 x + 1.152 1.70 · 10−2 -0.127 x + 1.302 4.39 · 10−2

60-70% 0.1766 x + 1.025 1.12 · 10−2 0.0587 x + 1.091 8.61 · 10−3

50-60% 0.06587 x + 0.999 5.79 · 10−3 0.02115 x + 1.011 6.70 · 10−3

40-50% 0.07451 x + 0.9297 2.33 · 10−3 0.05475 x + 0.9165 5.42 · 10−3

30-40% -0.04371 x + 0.9105 6.17 · 10−3 -0.06141 x + 0.8815 5.01 · 10−3

20-30% -0.09092 x + 0.8397 2.21 · 10−3 -0.103 x + 0.8084 1.62 · 10−3

10-20% -0.1472 x + 0.7999 2.59 · 10−3 -0.1406 x + 0.7529 2.67 · 10−3

5-10% -0.09037 x + 0.7425 2.33 · 10−3 -0.0682 x + 0.6891 3.02 · 10−3

0-5% -0.135 x + 0.7327 8.80 · 10−4 -0.1005 x + 0.6602 1.77 · 10−3

Table 6.3.: Summary of antiproton and antineutron fits in Au–Au collisions at 200 GeV
for EPOS.

Au–Au 200 GeV SMASH
Centrality Fit Antiproton χ2 Fit Antineutron χ2

70-80% -0.4275 x + 1.211 7.40 · 10−2 -0.778 x + 1.543 1.90 · 10−1

60-70% -0.4163 x + 1.066 3.87 · 10−2 -0.5447 x + 1.219 2.42 · 10−2

50-60% -0.5092 x + 0.9941 2.16 · 10−2 -0.6776 x + 1.136 2.26 · 10−2

40-50% -0.5286 x + 0.9709 1.60 · 10−2 -0.7104 x + 1.077 1.10 · 10−2

30-40% -0.6777 x + 0.9715 8.83 · 10−3 -0.7719 x + 1.053 1.16 · 10−2

20-30% -0.7932 x + 0.9632 8.88 · 10−3 -0.9094 x + 1.032 1.82 · 10−2

10-20% -0.8561 x + 0.9414 9.85 · 10−3 -0.9757 x + 1.001 9.14 · 10−3

5-10% -0.8421 x + 0.9087 8.19 · 10−3 -0.9163 x + 0.9492 1.35 · 10−2

0-5% -0.9363 x + 0.936 1.03 · 10−2 -0.8946 x + 0.9074 9.30 · 10−3

Table 6.4.: Summary of antiproton and antineutron fits in Au–Au collisions at 200 GeV
for SMASH.

Au–Au 62.4 GeV EPOS
Centrality Fit Antiproton χ2 Fit Antineutron χ2

70-80% -0.2194 x + 1.881 2.33 · 10−2 -0.2779 x + 2.188 8.25 · 10−2

60-70% -0.06433 x + 1.382 2.52 · 10−2 -0.1605 x + 1.546 1.71 · 10−2

50-60% 0.1045 x + 1.185 1.54 · 10−2 0.0216 x + 1.252 1.66 · 10−2

40-50% 0.09103 x + 1.079 7.10 · 10−3 0.02402 x + 1.095 7.99 · 10−3

30-40% -0.008131 x + 1.027 6.02 · 10−3 -0.03907 x + 0.9997 5.27 · 10−3

20-30% -0.006002 x + 0.9168 4.17 · 10−3 -0.01089 x + 0.8679 4.34 · 10−3

10-20% -0.01818 x + 0.8456 3.01 · 10−3 -0.007458 x + 0.7838 3.70 · 10−3

5-10% 0.003776 x + 0.7762 3.55 · 10−3 -0.0009687 x + 0.7231 1.81 · 10−3

0-5% -0.003485 x + 0.7538 2.87 · 10−3 -0.002785 x + 0.6777 1.84 · 10−3

Table 6.5.: Summary of antiproton and antineutron fits in Au–Au collisions at 62.4 GeV
for EPOS.
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(a) (b)

Figure 6.7.: Antiproton pair source radii at 200 GeV for different centrality classes
obtained from EPOS (green) and SMASH (red) after correction, compared
to STAR Data (blue) (a). Proton pair source radii at 62.4 GeV for different
centrality classes obtained from EPOS after correction (green) compared to
STAR Data (blue) (b).

(a) (b)

(c)

Figure 6.8.: Source size mT scaling at three different mT bins and 5 different centralities.
EPOS at 200 GeV (a), SMASH at 200 GeV (b), and EPOS at 62.4 GeV (c)
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Figure 6.9.: mT − mp spectra for antiprotons at 200 GeV for 0-5 % centrality obtained
from STAR Data (blue) [66] compared to models from EPOS (green),
SMASH (red), and production before the Hadronic phase (orange).

Figure 6.10.: Corrected mT − mp spectra for antiprotons at nine different centrality
classes from an EPOS production at 200 GeV. Experimental data from
STAR taken from [64].
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Figure 6.11.: Corrected mT − mp spectra for antiprotons at nine different centrality
classes from a SMASH production at 200 GeV. Experimental data from
STAR taken from [64].

Figure 6.12.: Corrected pT spectra for antiprotons at nine different centrality classes
from an EPOS production at 62.4 GeV. Experimental data from STAR taken
from [66].
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7. (Anti-)deuteron production spectra

Following the principle of the Wigner function Coalescence Model explained in Sec. 2.2.2
and using the correction scheme developed in Sec. 6.1, the integrated yields for (anti-
)deuterons at different centrality classes are presented in this chapter for energies of 200
GeV and 62.4 GeV and compared to experimental data from the STAR Collaboration
[67].

In Fig. 7.1, an EPOS production at 200 GeV is compared to experimental data for
antideuterons. One can see that the model prediction can reproduce the shape of the
experimental data. In the upper panel, the antideuteron yields for central (0-10 %), mid-
central (20-40 %), and peripheral events (60-80 %) predicted by EPOS are exemplarily
presented. The lower panel shows all five centralities’ models and STAR data ratios.
EPOS predictions for most central and mid-central events (0-60 %) reproduce the data
from STAR with a factor of ∼1.5-2.5 for most pT bins. EPOS’s best predictions at 200
GeV lie within the mid-central (10-40 %) events. Finally, for peripheral (60-80 %) events,
EPOS fails to reproduce the data with a difference in the ratio of a factor of ∼2.5-3.5 for
most pT bins.

Figure 7.1.: Comparison of EPOS corrected antideuteron integrated yields at 200 GeV
for five different centrality classes with STAR Collaboration. Data taken
from [67].

In Fig. 7.2, an EPOS production at 200 GeV is compared to experimental data for
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deuterons. The model predictions can reproduce the shape of the experimental data.
In the upper panel, the deuteron yields for central (0-10 %), mid-central (20-40 %),
and peripheral events (60-80 %) predicted by EPOS are exemplarily presented. The
lower panel shows all five centralities’ models and STAR data ratios. EPOS predictions
for most central and mid-central events (0-60 %) reproduce the data from STAR with
a factor of ∼1.0-2.0 for most pT bins. EPOS’s predictions for deuterons at 200 GeV
work consistently within uncertainties. For peripheral (60-80 %) events, EPOS fails to
reproduce the data with a difference in the ratio of a factor of ∼2.0-3.0 for most pT bins.

Figure 7.2.: Comparison of EPOS corrected deuteron integrated yields at 200 GeV for
five different centrality classes with STAR Collaboration. Data taken from
[67].

In Fig. 7.3, the EPOS+SMASH prediction for 200 GeV is compared to experimental
antideuteron data. In the upper panel, the antideuteron yields for central (0-10 %),
mid-central (20-40 %), and peripheral events (60-80 %) predicted by SMASH are
presented. In this case, the model cannot reproduce the shape of the data. The model
predictions are similar for most central and mid-central events (0-60 %), finding the
worst performance for most peripheral events (60-80 %). The lower panel shows all five
centralities’ models and STAR data ratios. SMASH predictions for most central events
and mid-central (0-60 %) events reproduce the data from STAR with a factor of ∼4 for
lower pT bins and show a factor of ∼2 for the mid and higher pT bins, lying with a
factor of ∼1.5 with errors. For peripheral (40-60 %) events, SMASH reproduces the
data similar to mid-central events with the difference that for high pT bins, the model
does not reproduce the experimental data and differs with a factor up to 4. Finally, for
peripheral (60-80 %) events SMASH fails to reproduce the data with a difference in the
ratio of ∼5 for lower pT bins and ∼7 for higher pT bins.
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Figure 7.3.: Comparison of SMASH corrected antideuteron integrated yields at 200 GeV
for five different centrality classes with STAR Collaboration. Data taken
from [67].

In Fig. 7.4, the EPOS+SMASH prediction for 200 GeV is compared to experimental
deuteron data. In the upper panel, the deuteron yields for central (0-10 %), mid-central
(20-40 %), and peripheral events (60-80 %) predicted by SMASH are presented. The
model cannot reproduce the shape of the data for lower pT bins. The lower panel
shows all five centralities’ models and STAR data ratios. SMASH predictions for most
central events and mid-central (0-60 %) events reproduce the data from STAR with a
factor of ∼3 for lower pT bins and show a factor of ∼1-2 for the mid and higher pT

bins, lying with a factor of ∼1.5 with errors. For peripheral (60-80 %) events, SMASH
fails to reproduce the data with a difference in the ratio of ∼3.5 for lower pT bins and
∼4 for higher pT bins.

After presenting both antideuteron productions from EPOS and SMASH at 200 GeV,
a ratio between the two models is presented in Fig. 7.5 at five different centralities, one
can see that SMASH overestimates the production of antideuterons with a factor of
∼0.5-0.6 for lower pT bins. For mid and higher pT bins, both models are similar in ratio
and lie within a factor of ∼ 0.8-1.2.

In Fig. 7.6, an EPOS production at 62.4 GeV is compared to experimental data. In the
upper panel, the antideuteron yields for central (0-10 %), mid-central (20-40 %), and
peripheral events (60-80 %) predicted by EPOS are presented. The model prediction
can reproduce the shape of the experimental data. The lower panel shows the ratio
between the model and the STAR data for five centralities. EPOS predictions for most
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Figure 7.4.: Comparison of SMASH corrected deuteron integrated yields at 200 GeV for
five different centrality classes with STAR Collaboration. Data taken from
[67].

central events (0-10 %) fail to reproduce the data from STAR with a factor of ∼3-4.
EPOS predictions for mid-central and peripheral events (10-80%)reproduce the data
from STAR with a factor of ∼1.5-3.

In Fig. 7.7, an EPOS production at 62.4 GeV is compared to experimental data. In
the upper panel, the deuteron yields for central (0-10 %), mid-central (20-40 %), and
peripheral events (60-80 %) predicted by EPOS are presented. The lower panel shows
the ratio between the model and the STAR data for five centralities. EPOS predictions
for most central and mid-central events (0-40 %) fail to reproduce the data from STAR
with a factor of ∼1.5-3 for lower pT bins. They can reproduce the data’s shape and
values within uncertainties for higher pT bins. EPOS predictions for mid-central and
peripheral events (40-80%) can reproduce the data from STAR with a factor of ∼0.8-1.5
for most pT bins.

After presenting the three different predictions for (anti-)deuteron spectra, it is shown
that the SMASH prediction cannot reproduce the shape of the data and fails to predict
the yields for antideuterons and deuterons. For EPOS prediction at 200 GeV, the Event
generator can consistently reproduce the shape of the spectra for (anti-)deuterons but
fails at the yield around factor ∼2 for most centralities. EPOS prediction at 62.4 GeV
reproduces the shape of the data for antideuterons but fails to model the shape for
deuterons. The best performances for antideuterons lie for most central events at 200
GeV and for most peripheral events at 62.4 GeV.
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Figure 7.5.: Comparison of EPOS corrected antideuteron integrated yields at 200 GeV
for five different centrality classes with SMASH corrected antideuteron
integrated yields.

Figure 7.6.: Comparison of EPOS corrected antideuteron integrated yields at 62.4 GeV
for five different centrality classes with STAR Collaboration. Data taken
from [67].
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Figure 7.7.: Comparison of EPOS corrected adeuteron integrated yields at 62.4 GeV for
five different centrality classes with STAR Collaboration Data taken from
[67].
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8. Summary and Outlook

This work describes and investigates the Wigner function coalescence model as the
mechanism for light nuclei formation. The most simple form of coalescence, the spheri-
cal approximation, is described and complemented with an advanced implementation
based on the Wigner Function of the deuteron, a recent model in coalescence studies.
EPOS3 is employed to make (anti-)deuteron predictions using the coalescence model
on an event-by-event basis. Further, the rescattering, implemented in EPOS as HACAS,
has also been tested using the standalone model SMASH as an afterburner to the EPOS
results without HACAS. A correction for the event generators EPOS and SMASH is
presented for correctly determining multiplicity classes, known as centrality, source size
measurements, and momentum distributions. This correction is then used to predict
antideuteron yields using a coalescence afterburner for Au–Au collisions at 200 GeV
and 62.4 GeV, compared to experimental data from the STAR collaboration.

The predictions obtained from the EPOS event generator can reproduce the shape of
the experimental data. The disparity between the model and the experimental data lies
within a factor of ∼2 for most central and mid-central events in the complete pT range
at both 200 GeV and 62.4 GeV energies. For peripheral events, EPOS cannot reproduce
the data for the production at 200 GeV but succeeds in predicting the antideuteron
yields at 62.4 GeV. The SMASH transport model cannot explain the shape of the data at
a lower pT range with a disparity in the yields from antideuterons of a factor ∼4. For
the higher pT bins, the SMASH transport model can reproduce the shape of the data
for all centralities within a factor ∼2 between the model and the STAR data.

Au–Au collisions give access to heavy-ion collisions at different energies and cen-
tralities and allow the study of two-body light nuclei (antinuclei) within the scope
of coalescence as a first stage to understand future three-body experiments. Future
studies will include a test for the Winger Function Coalescence Model at a wide range
of collision energies to address the model’s validity and access the lower part of the pT

region. Further, a study on the difference between EPOS late-stage production and the
SMASH transport model needs to be performed to understand the slight difference in
the UrQMD model used by these two due to the difference in shape for the antideuteron
yields. With the coalescence model presented, a possibility for modeling the formation
of (anti)deuterons without any free parameters is implemented. Thus making the
model appealing to study different productions for heavy-ion collisions at different
energies.
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A. Appendix - SMASH Afterburner

A.1. Configuration file

To initialize the SMASH transport model, a configuration file in .txt format is needed.
This configuration file includes information about the method used, the external files
needed, and other characteristics used in the simulation. An example of a configuration
file used in SMASH is shown in Fig. A.1.

• Logging refers to the information displayed to help the user follow the simulation.
In this case, the complete information is shown using INFO.

• General is needed to choose between the different modes of initialization and give
information about the simulation performed. The mode List is chosen, where
an input list of particles is used as an afterburner. An example is shown in
Sec. A.2. TimeStepMode is chosen to be Fixed in time steps of 0.1 fm, specified by
Deltatime. The EndTime, expressed in fm, is explained as how much further the
particles in the simulation will be propagated. Randomseed gives the possibility
to the user to choose between different seeds for the simulation. Finally, Nevents
specifies the total number of events the simulation will carry.

• Output gives information about how the output file for the simulation is obtained.
Outputinterval is explained as the interval expressed in fm, in which information
about the simulation will be printed to help the user. Particles refers to the output
particles obtained by SMASH after the simulation. Format is the output format
in which the output file is written. Only f inal gives the possibility to the user to
obtain just final particles after the hadronic rescattering and resonance decays or
all the particles created in between these processes.

• Modi specifies the method used by SMASH, in this case being an input List of
predefined particles. Filedirectory gives the location of the file used. Filepre f ix is
the name of the file used. Finally, Shi f tId gives the possibility to use many files,
if the split of a big input file is needed.

A.2. Input List of Particles

In Fig. A.2, a representation of the input list of particles in .txt format is shown. This
list follows the same format as the SMASH production used in this work. The Header
of the file specifies the format in which the subsequent lines are explained. Each line
represents a particle. In this sense, the first four values will be for the 4 − position
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A. Appendix - SMASH Afterburner

Figure A.1.: Example of a configuration file used by SMASH transport model to initial-
ize a simulation.

Figure A.2.: Representation of the input list of particles for the initialization of the
SMASH Afterburner simulation.

of the particle in fm, following a value for the mass in GeV, then four values for the
4 − momentum of the particle in GeV, a code to differentiate between types of particles
in PDG convention, an ID and finally the charge of the particle. Each group of particles
is separated between events, starting from event 0 and also specifying when the event
ends.
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