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Abstract24

Antinuclei in cosmic rays are seen as the golden channel for indirect dark Matter25

searches. Under the hypothesis that dark matter particle are weakly interacting (WIMP)26

they are theorized to annihilate with each other and produce standard model par-27

ticles and among these could be antinuclei, such as antideuterons and antihelium.28

These antinuclei would be produced at lower kinetic energy than the production from29

astrophysical standard model processes in the universe, leading to an enhancement30

of several orders of magnitude over the background. The only known astrophysical31

background is the production of antinuclei from high-energy cosmic ray collisions.32

Current-generation cosmic ray experiments achieve sensitivities on par with the most33

optimistic models of dark matter decay, while next-generation experiments are expected34

to fully resolve even the background contribution. In order to decode the origins of35

potentially detected antinuclei, models of the background and signal contributions need36

to be well understood. The most relevant processes contributing to these models are the37

production, propagation, and destruction of antinuclei. On Earth, particle collider allow38

us to produce and study antinuclei, however due to their rarity traditional fixed target39

experiments used to determined their annhiliation cross section cannot be applied,40

particularly at lower kinetic energies. The first part of the work presented in this41

thesis utilizes a recently developed experimental technique to measure the inelastic42

cross-section of (anti)deuterons using the ALICE experiment at the LHC.43

44

In the ultra-relativistic lead-lead collisions at the CERN Large Hadron Collider (LHC),45

a state of matter called Quark Gluon Plasma (QGP) is created. A typical signature46

of a heavy ion collision correlated to the production of the QGP is the large number47

of particles produced (dNch=dh up to 2000 in Pb–Pb collisions at
p

sNN = 5.36 TeV).48

This high multiplicity environment poses a tremendous experimental challenge to the49

experiments that must cope with the high density of signals in their sensitive volume.50

ALICE has been designed to deal with the harsh environment of heavy ion collisions51

and to study the characteristics of the QGP in detail. Among the particles produced in a52

heavy ion collision, light nuclei, and their antimatter counterparts are of special interest53

since the production mechanism of such loosely bound states in high-energy collisions54

is not completely understood yet. The production rate at the LHC for the lightest of55

these objects, the deuteron, is approximately one every ten Pb–Pb collisions with the56

highest charged particle density. This thesis’s second part presents the measurement of57

the production spectra of (anti)proton and (anti)deuteron in Run 3 lead-lead collisions58

using ALICE.59
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Zusammenfassung60

Antikerne in kosmischer Strahlung gelten als der „goldene Kanal“ für die indirekte61

Suche nach Dunkler Materie. Unter der Annahme, dass Dunkle-Materie Teilchen62

schwach wechselwirkend sind (WIMPs), wird theoretisiert, dass sie miteinander anni-63

hilieren und dabei des Standardmodell Teilchen erzeugen. Unter diesen könnten sich64

auch Antikerne wie Antideuteronen und Antihelium befinden. Diese Antikerne würden65

mit niedrigerer kinetischer Energie produziert als durch astrophysikalische Prozesse66

des Standardmodells im Universum, was zu einer Verstärkung um mehrere Größenord-67

nungen gegenüber dem Hintergrund führt. Der einzige bekannte astrophysikalische68

Hintergrund ist die Produktion von Antikernen durch hochenergetische Kollisionen kos-69

mischer Strahlung mit dem interstellaren Medium. Aktuelle Experimente zur Messung70

der kosmischen Strahlung erreichen Empfindlichkeiten, die mit den optimistischsten71

Modellen des Dunkle-Materie-Zerfalls kompatibel sind, während Experimente der72

nächsten Generation voraussichtlich sogar den Hintergrundbeitrag vollständig auflösen73

können. Um die Ursprünge potenziell detektierter Antikerne zu entschlüsseln, müssen74

die Modelle für Hintergrund- und Signalbeiträge gut verstanden werden. Die wichtig-75

sten Prozesse, die zu diesen Modellen beitragen, sind die Produktion, Ausbreitung76

und Zerstörung von Antikernen. Auf der Erde ermöglichen Teilchenbeschleuniger die77

Produktion und Untersuchung von Antikernen. Aufgrund ihrer Seltenheit können78

jedoch herkömmliche Fixed-target-Experimente zur Bestimmung ihres inelastischen79

Wirkungsquerschnitts nicht angewendet werden, insbesondere bei niedriger kinetischer80

Energie. Der erste Teil der in dieser Arbeit vorgestellten Forschung nutzt eine neu en-81

twickelte experimentelle Technik zur Messung des inelastischen Wirkungsquerschnitts82

von (Anti-)Deuteronen mit dem ALICE-Experiment am LHC.83

In den ultra-relativistischen Blei-Blei Kollisionen am Large Hadron Collider (LHC) des84

CERN wird ein Materiezustand namens Quark-Gluon-Plasma (QGP) erzeugt. Ein typ-85

isches Merkmal einer Schwerionenkollision, das mit der Produktion des QGP korreliert86

ist, ist die große Anzahl produzierter Teilchen (dNch=dh von bis zu 2000 geladenen87

Teilchen in Pb–Pb Kollisionen bei einer Kollisionsenergie von
p

sNN = 5.36 TeV). Diese88

hohe Teichenanzahl stellt eine enorme experimentelle Herausforderung dar, da die89

Experimente mit der hohen Signalintensität in ihrem empfindlichen Volumen umge-90

hen müssen. ALICE wurde für die extremen Bedingungen von Schwerionenkollisio-91

nen entwickelt um die Eigenschaften des QGP zu untersuchen. Unter den in einer92

Schwerionenkollision produzierten Teilchen sind leichte Kerne und ihre Antimaterie-93

Gegenstücke von besonderem Interesse, da der Produktionsmechanismus solcher94

schwach gebundenen Zustände in hochenergetischen Kollisionen noch nicht voll-95

ständig verstanden ist. Die Produktionsrate am LHC für das leichteste dieser Objekte,96

das Deuteron, beträgt ungefähr eines pro zehn Blei-Blei Kollisionen mit der höchsten97

geladenen Teilchendichte. Der zweite Teil dieser Arbeit präsentiert die Messung der Pro-98

duktionsspektren von (Anti-)Protonen und (Anti-)Deuteronen in den Pb–Pb-Kollisionen99

von Run 3 mit ALICE.100

iv



Contents101

Disclaimer ii102

1 Introduction 1103

1.1 Dark Matter and cosmic rays . . . . . . . . . . . . . . . . . . . . . . . . . 1104

1.2 High energy nuclear physics . . . . . . . . . . . . . . . . . . . . . . . . . 5105

1.3 QCD and the strong interaction . . . . . . . . . . . . . . . . . . . . . . . . 5106

1.4 States of hadronic matter . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10107

1.5 QGP in heavy ion collisions . . . . . . . . . . . . . . . . . . . . . . . . . . 11108

1.5.1 The Bjorken model . . . . . . . . . . . . . . . . . . . . . . . . . . . 11109

1.5.2 Centrality and collision geometry . . . . . . . . . . . . . . . . . . 12110

1.5.3 QGP space-time evolution . . . . . . . . . . . . . . . . . . . . . . . 12111

2 Light (anti)nuclei production in heavy ion collisions 15112

2.1 Nuclei production . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16113

2.2 Statistical hadronization model (SHM) . . . . . . . . . . . . . . . . . . . . 16114

2.2.1 Grand canonical SHM . . . . . . . . . . . . . . . . . . . . . . . . . 17115

2.2.2 Canonical model . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18116

2.3 Coalescence models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22117

2.3.1 Spherical approximation . . . . . . . . . . . . . . . . . . . . . . . . 23118

2.3.2 Wigner function formalism . . . . . . . . . . . . . . . . . . . . . . 24119

2.3.3 Analytical coalescence . . . . . . . . . . . . . . . . . . . . . . . . . 27120

3 Nuclear cross-section 32121

3.1 Matter-antimatter annihilations . . . . . . . . . . . . . . . . . . . . . . . . 32122

3.1.1 Annihilation of qq pairs . . . . . . . . . . . . . . . . . . . . . . . . 33123

3.1.2 Annihilation of pp . . . . . . . . . . . . . . . . . . . . . . . . . . . 33124

3.2 Antiproton-nucleus annihilation: the Glauber model . . . . . . . . . . . 35125

3.3 Proton-proton inelastic processes . . . . . . . . . . . . . . . . . . . . . . . 37126

4 Experimental setup 39127

4.1 The Large Hadron Collider . . . . . . . . . . . . . . . . . . . . . . . . . . 39128

4.2 The ALICE detector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40129

4.2.1 Coordinate system . . . . . . . . . . . . . . . . . . . . . . . . . . . 41130

4.2.2 Inner Tracking System (ITS) . . . . . . . . . . . . . . . . . . . . . . 41131

4.2.3 Time Projection Chamber (TPC) . . . . . . . . . . . . . . . . . . . 43132

4.2.4 Transition radiation detector (TRD) . . . . . . . . . . . . . . . . . 44133

4.2.5 Time-of-flight detector (TOF) . . . . . . . . . . . . . . . . . . . . . 44134

4.2.6 Other detectors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46135

4.3 Particle identification (PID) . . . . . . . . . . . . . . . . . . . . . . . . . . 48136

4.3.1 PID in TPC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48137

4.3.2 PID in TOF . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49138

5 Data acquisition and event reconstruction 51139

5.1 Data acquisition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51140

5.1.1 Data processing and track reconstruction . . . . . . . . . . . . . . 51141

v



Contents

5.2 Analysis framework . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55142

5.2.1 Monte Carlo simulations . . . . . . . . . . . . . . . . . . . . . . . 56143

6 Analysis procedure 57144

6.1 Event and track selection . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57145

6.1.1 Pb–Pb dataset . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58146

6.1.2 pp dataset . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58147

6.2 Nuclei production in Pb–Pb collisions . . . . . . . . . . . . . . . . . . . . 59148

6.2.1 Raw spectra reconstruction . . . . . . . . . . . . . . . . . . . . . . 59149

6.2.2 Corrections to raw spectra . . . . . . . . . . . . . . . . . . . . . . . 61150

6.2.3 Corrected nuclei spectra . . . . . . . . . . . . . . . . . . . . . . . . 63151

6.3 (Anti)deuteron inelastic c.s. . . . . . . . . . . . . . . . . . . . . . . . . . . 63152

6.3.1 TOF-to-TPC method . . . . . . . . . . . . . . . . . . . . . . . . . . 63153

6.3.2 Raw spectra construction . . . . . . . . . . . . . . . . . . . . . . . 63154

6.3.3 Inelatic cross-section . . . . . . . . . . . . . . . . . . . . . . . . . . 69155

7 Comparison of the production spectra to published data 70156

Bibliography 73157

vi



1 Introduction158

1.1 Dark Matter and cosmic rays159

Current understanding suggests that visible matter constitutes only about 5% of the160

total energy density of the Universe. Approximately 27% is believed to consist of Dark161

Matter (DM), a hypothetical form of matter that does not interact with the electro-162

magnetic or strong force [1]. Evidence for the existence of DM comes from various163

experimental observations, including the rotational curves of certain galaxies [2], the164

cosmic microwave background (CMB) [3, 4], and gravitational lensing of galaxy clus-165

ters [5]. For these reasons, DM is considered a crucial component of the Universe and166

is currently the subject of extensive research. Several well-motivated DM candidates167

are shown in Fig. 1.1. These models span nearly 40 orders of magnitude in interaction168

cross-section with matter and 30 orders of magnitude in DM mass [6].169

170

Among the promising dark matter (DM) candidates are Weakly Interacting Massive171

Particles (WIMPs). Suppose DM is indeed a type of particle. In that case, it is reasonable172

to assume that these hypothetical particles could annihilate or decay into Standard173

Model particles and even produce composite particles like light antinuclei, allowing for174

its indirect detection.175

176

Light antinuclei, such as antideuterons and antihelium, are particularly interesting177

among the particles produced from DM decays. A schematic representation of the178

production and propagation of these antinuclei within the Milky Way is illustrated179

in Fig. 1.2. The top panel shows the dark matter density distribution, denoted as180

r DM , in the Milky Way according to the Navarro-Frenk-White pro�le [7]. The bottom181

panel depicts several processes that can produce antinuclei, including the interaction182

of high-energy cosmic rays (CRs) (shown in blue) with the interstellar medium (ISM)183

and the hypothetical decay of DM (shown in red). Both the CRs and ISM consist of184

approximately 90% protons and 9% helium. The production cross-section for these185

interactions can be studied at various accelerator facilities.186

The predicted antideuteron �ux is shown in Fig. 1.3. Depending on the production187

scenario, the low-momentum region is dominated more or less by the �ux of an-188

tideuterons originating from DM decays, surpassing the background of astrophysical189

processes by multiple orders of magnitude. This dominance arises from the kinemati-190

cally suppressed production of antideuterons when cosmic rays collide with protons191

or helium that are at rest in the ISM. In contrast, DM annihilates at rest and thus192

produces low-energy particles. This makes light antinuclei a "golden" channel for the193

indirect detection of DM. Previous experiments, such as BESS [9], unfortunately, lacked194

the sensitivity to detect individual antinuclei in space. However, several ongoing or195

planned experiments, such as AMS-02 and GAPS, have and will improve sensitivities196

in order to detect antinuclei.197

198

To accurately interpret any future measurements, it is essential to precisely determine199

all the components necessary for calculating the antinuclei �uxes near Earth. The200

necessary components are201

1



1 Introduction

Figure 1.1: Well-motivated Dark Matter (DM) candidates, showing the typical stength
of interaction with ordinary matter sint against the mass of the respective
hypothetical DM candidate mDM . Taken from [6].

Figure 1.2: Schematic illustration of the production and propagation of antinuclei A
in our Galaxy. The top section shows the distribution of dark matter (DM)
density, r DM , as a function of the distance from the galactic center, based on
the Navarro-Frenk-White pro�le [7]. The bottom section graphically shows
the production of A resulting from cosmic-ray interactions with interstellar
gas or from the annihilation of dark matter particles ( c). The yellow halo
indicates the heliosphere, and the positions of the Earth, Sun, and various
experiments, including Voyager 1, AMS-02, and GAPS.
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1 Introduction

Figure 1.3: Antideuteron �uxes from cosmic-ray collisions with the interstellar medium
and different production scenarios from DM annihilation, as expected at
Earth. Only uncertainties related to the antideuteron inelastic cross-section
sinel . Taken from [8].
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1 Introduction

Production cross-sections: As brie�y mentioned before, the production of antinuclei202

in CR collisions with ISM can be studied with accelerator data.203

Propagation: Propagation parameters can be constrained by the measurements of204

other cosmic-ray particles. With the GALPROP framework, the �uxes near earth205

can be calculated [10].206

Inelastic interaction: The probability of antideuteron inelastic interaction, i.e., inelastic207

interaction cross-section (c.s.), can be obtained with data from accelerator facilities.208

Particles can be produced at different locations in both space and time; for instance,209

most heavy nuclei are formed in supernovae [11]. As these particles move from their210

source to the Earth, they undergo diffusion, are elastically scattered, and are in�uenced211

by the magnetic �elds of the galaxy and individual celestial objects. Additionally, they212

are affected by bulk motion due to convection. Finally, several factors can lead to a213

particle's disappearance, primarily through inelastic interactions with the interstellar214

medium or the decay of unstable particles. The transport equation can describe all of215

these processes216

¶Y
= q(r, p) + div (DxxgradY � VY) +

¶
¶p

p2Dpp
¶

¶p
Y
p2 �

¶
¶p

h
Y �

p
3

(di v � V)Y
i

�
Y
t f

�
Y
t r

,
(1.1)

with ¶Y=¶t being the time and space-dependent �ux of a given cosmic ray species, q(r, p)217

is the source term as a function of position and momentum, Dxx and Dpp are the spatial218

diffusion and diffusive reacceleration coef�cients, V is the convection velocity, and t f219

and t r are parameters characterizing the timescales of fragmentation and radioactive220

decay, respectively. The fragmentation term corresponds to annihilation processes. The221

relationship between this term and the inelastic cross-section of a cosmic ray species is222

given by the equation223

1
t f

= bc
�

nH (r)sAp
inel (p) + n4He(r)sA

4
He

inel (p)
�

, (1.2)

with ni being the number density of hydrogen and helium gas with approximate values224

of 1 cm� 3 and 0.1 cm� 3, respectively.225

226

The inelastic cross-section (c.s.) can be measured using a particle beam with a known227

momentum colliding with a target made of a speci�c material and thickness. However,228

obtaining an antideuteron beam with precise momentum for these measurements has229

been challenging, resulting in limited knowledge about the inelastic cross-section until230

recently. For the past 50 years, the primary data source on inelastic cross-sections has231

come from experiments conducted at the U-70 proton synchrotron. There, inelastic232

cross-sections for antideuterons were measured using various material targets, includ-233

ing lithium (Li), carbon (C), aluminum (Al), copper (Cu), and lead (Pb), at momenta of234

13.3 GeV/c and 25 GeV/c [12].235

236

The ALICE collaboration has recently made signi�cant progress in measuring the237

inelastic cross-section of antideuterons using a novel approach. This method utilizes238

the material of the ALICE detector as the target for the measurements. There are two239

main methods to obtain the inelastic cross-section. The �rst method takes advantage of240

4



1 Introduction

the fact that at LHC energies, matter and antimatter—including light (anti)nuclei—are241

produced in nearly equal amounts. This allows researchers to study the discrepancy242

in the matter-to-antimatter ratio. The second method relies on the measured yield243

from the Time-of-Flight (TOF) detector and the Time Projection Chamber (TPC). In244

this method, the yield is measured before and after the particles traverse the detectors245

between the TPC and TOF. The �rst method depends on an accurate understanding of246

the inelastic cross-section for matter, while the second method provides an independent247

measurement.248

1.2 High energy nuclear physics249

In ordinary matter, the strong interaction keeps quarks and gluons con�ned within250

hadrons. The theory that describes the strong interaction is Quantum Chromodynamics251

(QCD). QCD predicts a phase transition from the hadronic phase to a decon�ned phase252

of quarks and gluons, known as quark-gluon plasma (QGP), when temperatures and253

energy densities exceed certain critical thresholds. The QCD phase diagram is shown in254

Fig. 1.4. Understanding this particular phase of matter is important for comprehending255

the structure of our universe during its early stages of evolution. It is believed that256

just a few microseconds after the Big Bang, the quark-gluon plasma was the prevailing257

state of the universe [13]. Additionally, the physical conditions in the inner core of258

neutron stars and other compact, massive astrophysical objects could be suitable for259

the existence of QGP as a potential stable phase of matter [14].260

261

Studying the properties of the QGP is of signi�cant interest across various branches262

of physics, including astrophysics, cosmology, and particle physics. Since we cannot263

directly observe the inner regions of a neutron star or look back at the universe when264

it was opaque, a promising approach to studying the QGP is to recreate it in the265

laboratory. It is possible to study the QGP at the LHC heavy-ion experimental program.266

The QGP is formed for a brief period of a few fm=c before it expands rapidly and267

transitions through several states, ultimately leading to the recombination of quarks268

and gluons into hadrons during hadronization.269

270

The transition from a QGP to a con�ned phase of quarks and gluons is essential for271

our understanding of physics. Typically, a phase transition involves the restoration of272

symmetry. Chiral symmetry is an approximate symmetry of the QCD Lagrangian that273

is spontaneously broken at low temperatures. This symmetry is expected to be restored274

at high temperatures and energy densities. Lattice QCD calculations suggest that the275

transition leading to chiral symmetry restoration (the chiral transition) occurs at the276

same critical temperature as the decon�nement phase transition [16]. This provides277

strong evidence that these two distinct transitions might actually coincide. Many open278

questions still need to be addressed, including the order of the phase transition, the279

characterization of the QCD phase diagram, the equation of state for the QGP, its280

evolution, and the precise mechanism of hadronization.281

1.3 QCD and the strong interaction282

In the 1960s, a wide variety of hadronic states were discovered, such as theD resonance283

and kaons. However, there was no theoretical framework at the time that could ex-284

plain the experimental observations of this vast array of particles. The �rst signi�cant285

theoretical achievement in understanding hadron spectra was the prediction of the286

5



1 Introduction

Figure 1.4: The schematic phase diagram of Quantum Chromodynamics (QCD) as a
function of temperature (T) and baryon chemical potential ( µ). The CFL
(colour-�avour locked) phase represents the colour superconducting phase
that occurs at very high chemical potentials. The red and black points
indicate the critical endpoints of the chiral and nuclear liquid-gas phase
transitions, respectively. The dashed line represents the chiral pseudocritical
line, which is associated with the crossover transition at low temperatures.
The green arrows highlight the regions of the phase diagram currently being
explored by experimental heavy-ion programs at the Large Hadron Collider
(LHC) and the Relativistic Heavy Ion Collider (RHIC). Taken from [15].
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1 Introduction

existence of the W-baryon, which was derived from the three-�avor classi�cation of287

hadrons, known as SU(3) [17]. This classi�cation eventually developed into the static288

Quark Model, which describes hadron classi�cation in terms of constituent particles289

that possess fractional charge [18, 19].290

291

The quark model was introduced by Murray Gell-Mann and George Zweig in 1964 [20]292

to provide a plausible explanation for the intriguing patterns observed in the Eightfold293

Way, which classi�es hadrons based on their hypercharge and strangeness. According294

to this model, hadrons are bound states of quarks. More speci�cally, baryons consist of295

three quarks (while antibaryons comprise three antiquarks), and mesons contain one296

quark and one antiquark.297

Despite the quark model's success in explaining hadron multiplets 1 and predicting298

new particles that were subsequently discovered (such as the W), many physicists were299

initially skeptical due to the lack of evidence for free quarks. To address this issue, the300

concept of con�nement was introduced to explain why experiments failed to produce301

isolated quarks. A more comprehensive understanding of the mechanism responsible302

for quark con�nement emerged shortly thereafter when Greenberg introduced the303

color quantum number. This innovation resolved a signi�cant inconsistency related304

to the Pauli exclusion principle. Each quark has an additional property known as305

"color," which represents an additive quantum number capable of taking on three306

distinct values: red, blue, and green, along with their corresponding anticolors for307

antiquarks. This relationship can be visually represented by comparing the color states308

to two-dimensional vectors: the three color states correspond to three vectors that309

originate from the point (0, 0) and form angles of 120 ° with each neighboring vector.310

This is shown in Fig. 1.5 The overall color quantum number of a composite object311

is determined by the vector sum of the colors of its constituents. In this geometrical312

analogy, a baryon consists of three quarks, each with a different color state, while a313

meson comprises one quark of a speci�ed color and one antiquark of the corresponding314

anticolor.315

Color cannot be observed directly since composite (anti)hadrons are color-neutral.316

They are either made up of three (anti)quarks (qqq or q q q) that carry all three317

(anti)colors or consist of a pair of one quark and one antiquark (q q). The particles318

that mediate the strong force and interact with color charges are called gluons ( g).319

Unlike photons, gluons have a color charge. Each gluon has a color and a different320

anticolor. Consequently, when a gluon is exchanged between two quarks, a color321

change occurs. Because of their color, gluons are subject to con�nement, which leads322

to the short range of the strong force. Con�nement happens because the attractive323

force between quarks does not diminish with increasing distance, unlike the forces in324

Quantum Electrodynamics (QED). Instead, the force remains constant. As the distance325

between the quarks increases, the energy in the �eld between them rises until it reaches326

a point where quark-antiquark pair production occurs, resulting in the creation of a q q327

pair. Therefore, quarks can never be observed individually; they are always con�ned328

within mesons and baryons. The potential energy between a heavy quark-antiquark329

pair can be phenomenologically described by the Cornell potential330

V(r) = �
4as

3
1
r

+ kr, (1.3)

1A quark multiplet is a group of quarks that transform together under the symmetry operations of the
SU(N) �avor symmetry group. For example, in SU(2) isospin symmetry, the up and down quarks form
a doublet, while in SU(3) �avor symmetry, the up, down, and strange quarks form a triplet. These
multiplets help classify hadrons and predict their properties based on symmetry principles in QCD.
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Figure 1.5: The geometrical analogy between color states and two-dimensional vectors,
determined by the vector sum of the colors of its constituents.

with r being the distance between two quarks, as is the �ne structure constant and k is331

associated with a string tension between the two quarks in analogy with the constant332

force of a spring. The shape of this potential is veri�ed by model calculations of333

the QCD, such as lattice QCD [21]. The string tension is found to be in the order of334

k = 1GeV=fm [22]. The Cornell potential in the vacuum is modi�ed by the presence335

of the colored medium of the decon�ned phase that screens the interaction between336

quarks. Inside the medium, the potential becomes337

V(r) = �
as

r
exp

•
�

r
rD

‹
, (1.4)

with rD being an attenuation radius, called the Debye radius, that suppresses the338

in-medium binding of hadrons that exceed this radius. In QCD, the coupling constant339

as decreases with increasing energy Q [23]; this is shown in Fig. 1.6. This can be340

understood in a schematic picture. From the uncertainty relation of Heisenberg, it341

follows that high-energy partons (quarks or gluons) will resolve a smaller volume342

around the color charge, while low-energy partons will resolve a larger volume. The343

color charge, however, cannot be assumed to be static. A quark, for example, is344

constantly emitting and absorbing gluons. Thereby, the gluons spread the effective345

charge over a larger volume - the color charge is diffused. A high-energy parton346

will resolve a smaller color charge. The decreasing coupling in QCD is known as347

asymptotic freedom. For its discovery David J. Gross, H. David Politzer and Frank348

Wilczek were awarded the Nobel Prize in 2004. The running coupling constant implies349

that calculations of QCD can be performed using perturbation theory (pQCD) at350

high enough energies. Typically an energy larger than L QCD � 200MeV is required.351

The formation of particles, however, occurs at lower energy and therefore a process352

such as hadronization cannot be described perturbatively. At lower energies, chiral353

effective �eld theory cEFT is used for calculations. The concept of asymptotic freedom354

is expressed in a mathematical way by the dependence of the strong coupling constant355
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Figure 1.6: Strong coupling constant as as a function of the energy Q, showcasing
different calculations at various leading orders of QCD perturbation theory.
Taken from [24]

on the momentum transfer in the interaction between two (anti)quarks [23]356

as(jQ2j) =
12p

(11nC � 2f ) ln
€
jQ2j=L 2

QCD

Š, (1.5)

with nC being the number of colors, f is the number of quark �avors and L QCD is the357

scale parameter with an approximate value of � 200 MeV.358

In nature, it is observed that 11nC > 2f , leading to a decrease in the strength of the359

coupling constant at high momentum transfer, or in other words, at short distances.360

This phenomenon, known as the antiscreening effect, causes quarks inside hadrons to361

act as quasi-free particles when probed at suf�ciently high energies. This characteristic362

of the strong interaction is referred to as asymptotic freedom, and it enables the use of363

perturbation theory to make quantitative predictions for hard scattering cross-sections364

in hadronic interactions [25]. Asymptotic freedom provides a signi�cant advantage for365

theoretical calculations. In the high-energy regime, where jQ2j is equal to or greater366

than 1GeV, the interaction strength is weak, allowing QCD to be treated perturbatively.367

This greatly simpli�es the calculations of cross-sections and decay rates. However,368

this perturbative approach cannot be applied when as � 1 (i.e., when jQ2j � 1GeV).369

In this scenario, higher-order Feynman diagrams contribute increasingly signi�cant370

effects that cannot be ignored in calculations. Conversely, at larger distances (small371

Q), the coupling becomes so strong that isolating quarks from hadrons becomes372

impossible. This mechanism is known as con�nement and is supported by Lattice373

QCD calculations [26, 27]. The considerations discussed relate to what is known as the374

running coupling constant. Based on Equation 1.5, it can be concluded that,375

• if Q2 ! ¥ , as(Q2) ! 0: corresponding to asymptotic freedom,376

• if Q2 ! 0, as(Q2) ! ¥ : corresponding to con�nement.377

The challenges associated with solving Quantum Chromodynamics (QCD) equations in378

the low-energy regime have led to the development of various effective models. These379

models provide predictions and explanations for phenomena and properties of hadrons380
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at low energies, including hadron masses, the hadronization mechanism, and coupling381

strength. Today, the application of QCD in the low-energy domain primarily relies on382

lattice QCD, where the equations are solved numerically on a �nite spacetime lattice383

using computer simulations.384

1.4 States of hadronic matter385

The running of as consequently leads to the creation of various states of hadronic386

matter. In a system with �nite dimensions composed of quarks and gluons, the state of387

hadronic matter depends on the average momentum transferred during interactions388

within the medium. In such systems, it is useful to describe it with variables such as389

temperature T and baryo-chemical potential mB, which is associated with the baryon390

number. The phase diagram of QCD is shown in Fig. 1.4 as predicted by theory,391

along with the values of T and mB that can be accessed experimentally in high-energy392

heavy-ion collisions at colliders.393

394

The origin of the phase diagram, where T = mB = 0GeV, represents the QCD vacuum.395

At T = 0GeV, the value of mB corresponds to the energy needed to create a baryonic396

state. Thus, ordinary QCD matter, such as protons, neutrons, and nuclei, exists at397

nearly zero temperature with mB � 1GeV. Moving further along the mB axis, a phase398

transition occurs to the decon�ned state, which is hypothesized to exist in the cores399

of neutron stars. Advancing even further along the mB axis, it is expected that matter400

transitions into more exotic phases, such as color superconducting quark matter. In401

particular, at suf�ciently high densities, quarks may pair in a Color-Flavor Locked (CFL)402

phase, forming a color-superconducting state where all three quark �avors (up, down,403

and strange) participate in Cooper pairing 2. This phase, if realized in nature, could404

play a crucial role in the internal composition of the densest neutron stars, potentially405

affecting their equation of state, cooling mechanisms, and observable astrophysical406

properties. Similarly, when moving towards high temperatures T � L QCD and low407

chemical potential ( mB � 0GeV), the system resembles the early universe and undergoes408

a crossover transition to the decon�ned state known as Quark-Gluon Plasma (QGP).409

As the temperature increases, the average momentum transfer between the constituents410

increases, leading to weaker interactions. In this state, quarks and gluons are no longer411

con�ned to color singlets, resulting in a plasma of free, colored, partons.412

413

The energy density e and pressure P in this state can be approximated using the414

equations of state for an ideal gas of massless particles con�ned within a volume V [29]415

P =
p 2

90
nDOFT4 (1.6)

e = 3P, (1.7)

with nDOF being the number of degrees of freedom, here being the different particle416

states that populate the system.417

2Cooper pairing refers to the phenomenon where fermions form bound pairs due to an attractive
interaction. In the context of QCD and neutron star interiors, quark Cooper pairs arise from the strong
force, mediated by gluon exchange. These pairs condense into a superconducting state, breaking color
symmetry and leading to the formation of exotic phases like the Color-Flavor Locked (CFL) phase. [28]
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1.5 QGP in heavy ion collisions418

The only known method to cross the phase boundary between ordinary hadronic matter419

and quark-gluon plasma (QGP) in a laboratory setting is by colliding ultrarelativistic420

heavy ions. The �rst experiments involving heavy ion collisions were conducted using a421

�xed target setup at the Alternate Gradient Synchrotron (AGS) at Brookhaven National422

Laboratory and at the Super Proton Synchrotron (SPS) at CERN, operating at center-of-423

mass (CM) energies ranging from 2GeV/nucleon to 18GeV/nucleon. Following these424

initial experiments, a transition to ion-beam collisions occurred, with early heavy ion425

collision experiments at energies exceeding 2GeV/nucleon taking place at the Bevalac426

accelerator at Lawrence Berkeley National Laboratory. Since then, numerous heavy ion427

collision experiments have been conducted at increasingly higher energies. Presently,428

two major hadron colliders with active heavy ion collision programs are the Relativistic429

Heavy Ion Collider (RHIC) at Brookhaven National Laboratory (BNL) and the Large430

Hadron Collider (LHC) at CERN, capable of achieving heavy ion collisions at CM431

energies of up to 250 GeV/nucleon and 5.36 TeV/nucleon, respectively.432

433

To effectively explore the existence of QGP in the laboratory, it is crucial to establish a434

strongly interacting system that ful�lls two primary requirements. First, it must have435

a large spatial extension, as the dimensions of the system should exceed the scale of436

strong interactions of approximately 1fm. This large spatial extension allows for the437

use of macroscopic variables and ensures the presence of many particles. Second, the438

system should have a long enough lifetime to allow it to reach thermal equilibrium,439

which means that the duration of the collision t must exceed 1 fm=c.440

441

The critical energy density eC can be calculated in statistical mechanics [30] as442

eC = 52
p 2

30
T4 1

(h̄c)3 . (1.8)

The factor of 52 represents the degrees of freedom for quarks (total 36: 2 for spin, 3443

colors, 3 �avors, and 2 for particle-antiparticle) and gluons (total 16: 2 helicity states and444

8 color charges). As a consequence, the ratioeC=T4 remains constant for the quark-gluon445

plasma (QGP). With a critical temperature of TC = 170MeV and h̄c = 197MeV � fm,446

we can calculate the critical energy density eC = 1GeV=fm3. Achieving this energy447

density cannot be accomplished through proton-proton or positron-electron ( e+ e� )448

collisions, as they only produce a multiplicity of a few tens of charged particles.449

High-energy heavy ion collisions at the Large Hadron Collider (LHC) can create a450

system that meets the necessary requirements for energy density and temperature.451

In particular, a Pb–Pb collision can generate a volume of approximately 1000fm3,452

consisting of about 2000 charged particles within the pseudorapidity interval jhj < 0.5453

for central Pb–Pb collisions at 5.02TeV=nucleon [31, 32]. Measurements indicate an454

energy density in the range of 12 to 14GeV=fm3 during the initial stage of central455

Pb–Pb collisions at 2.76TeV=nucleon [33, 34], which is well above the critical energy456

density of approximately 1 GeV =fm3.457

1.5.1 The Bjorken model458

The collision and subsequent space-time evolution of the QGP are described by the459

Bjorken model. In this model, two relativistic nuclei can be visualized as discs due to460

Lorentz contraction. As they pass through each other, they leave behind a group of461
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highly excited particles in the interaction region, occurring over a time scale of about462

0.1fm=c. Particles interact with one another, producing new quarks and gluons. This463

interaction results in the formation of a hot and dense mass of matter that quickly464

thermalizes within approximately 1fm=c. At this point, the quark-gluon plasma (QGP)465

is formed. The high temperature generates thermal pressure, causing the QGP to466

expand. As it expands, the QGP cools until it reaches the phase transition temperature,467

TC � 170MeV. By this time, the QGP has existed for about 10fm=c and will begin468

to hadronize. When the temperature falls below the chemical freeze-out temperature469

Tchem, the QGP has completely transitioned into a hadron gas. At this stage, the470

hadrons are �xed in type and do not undergo further chemical transformations (other471

than through decay). However, the hadrons within the hadron gas continue to interact472

with each other as the gas expands, maintaining kinetic equilibrium. Once the gas473

reaches the kinetic freeze-out temperature, particle interactions are no longer suf�cient474

to sustain this equilibrium. The particles then move away from the collision point, with475

different chances of decaying depending on their lifetimes.476

1.5.2 Centrality and collision geometry477

Atomic nuclei are extended objects whose typical size is of the order of a few fm. A478

collision between composite systems with �nite dimensions, like the atomic nuclei479

colliding at the LHC, can be modeled starting from the constituents of the system.480

Indeed, it is natural to consider a heavy ion collision as the sum of the interactions481

between the constituent nucleons of the two colliding nuclei. The relevant parameters in482

such a description are the number of nucleons participating in the interaction Npart and483

the number of binary collisions between two nucleons Ncoll . These two parameters are484

correlated with the impact parameter of the collision b. The impact parameter is de�ned485

as the distance between the directions of motion of the two approaching nuclei. A486

schematic is shown in Fig. 1.7. Nucleons involved in the collision are called participants,487

while the others are called spectators. In the most central collisions, which correspond488

to small impact parameter values, the nuclei collide almost head-on. The overlap region489

is the largest and, thus, the largest number of Npart and Ncoll can be obtained. The490

overlap region becomes smaller and less circular the more peripheral the two nuclei491

collide, i.e. for larger b. Thus, events can be characterized using the centrality according492

to the size and shape of the overlap region. Unfortunately, neither the impact parame-493

ter nor the number of participant nucleons or binary collisions can be measured directly.494

495

Nevertheless, these quantities can be inferred using a geometrical model of nucleus-496

nucleus collisions based on the Glauber model [36]. Roy Glauber, in the 1950s, used497

the quantum mechanical scattering theory to describe multiple scattering in composite498

systems. His work was found extremely useful in the calculation of total cross-sections499

in p–A and A–A collisions and it is nowadays used to connect some microscopic geo-500

metrical quantities, like the impact parameter, to macroscopic experimental observables.501

1.5.3 QGP space-time evolution502

The evolution of a high-energy heavy ion collision and its properties is a key focus of503

investigation in experiments. The space-time evolution of a heavy ion collisison [37]504

is shown in Fig. 1.8. The different phases of the space-time evolution can be roughly505

characterized by the following time steps:506

1. t = 0fm=c: Collision time, the geometry can be described using the Glauber507

Model, as described previously.508
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Figure 1.7: A schematic view of a heavy-ion collision. The impact parameter b is
shown as well as the spectator nucleons and the participant nucleons. Taken
form [35].

2. 0fm=c < t < 1fm=c: Due to the uncertainty relation between time and energy509

(DEDt � h
2), hard processes (i.e., processes with high transferred momentum)510

occur between the colliding partons in the very early moments of the collisions.511

This phase, known as pre-equilibrium, sees the production of all particles with512

high energy (either high momentum or high mass). The typical time scale for513

these processes is about0.1fm=c. In high-energy collisions, the momentum of514

the nuclei is such that, in the initial moments of the collision, their constituent515

partons undergo several interactions, losing energy in the mid-rapidity region516

(y � 0) while escaping at forward rapidities ( jyj � 0). The resulting system517

consists of a hot, interacting medium at mid-rapidity with a vanishing baryo-518

chemical potential mB. Baryonic potential from the colliding nuclei is transported519

to forward rapidity by the escaping valence quarks and the nucleons that did520

not participate in the collision (the spectators). Following a brief phase of strong521

parton rescattering, the droplet of QGP matter reaches equilibrium at the proper522

time t 0.523

3. 1fm=c < t < 10fm=c: The equilibrated QGP droplet rapidly expands due to524

the thermal pressure gradients generated at the system boundaries. This phase525

of rapid expansion is commonly modeled using relativistic hydrodynamics [38],526

which provides valuable insights for interpreting experimental data. As the sys-527

tem expands, it cools down and eventually crosses the phase boundary between528

QGP and ordinary hadronic matter.529

4. 10fm=c < t < 15fm=c: When the critical temperature between the QGp phase530

and the ordinary hadronic matter phase is reached, hadronization begins. The531

system gradually evolves into an interacting hadron resonance gas. As the system532

continues to expand and cool, both elastic and inelastic interactions among the533

hadrons persist. The point at which momentum exchanges between hadrons534

are insuf�cient for inelastic interactions is known as chemical freeze-out; it is535
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Figure 1.8: The space-time evolution of the QGP generated during a heavy ion collision
at LHC energies. The overlay on the right shows the evolution in the
laboratory frame. Taken from [37]

characterized by the chemical freeze-out temperature Tchem. At this stage, no536

further inelastic processes occur, and the relative abundances of different particle537

species become �xed. The second crucial moment in the evolution of the hadron538

gas is the kinetic freeze-out characterized by Tkin , which occurs when the hadrons539

stop interacting with one another, and their momenta are �xed.540

5. t > 15fm=c: Hadrons produced in the collision escape the interaction region541

without further interaction. This phase is also referred to as free hadron streaming.542

This thesis examines two primary aspects. First, it focuses on measuring the inelastic543

cross-section of (anti)deuterons to help interpret potential future measurements of544

antinuclei in cosmic rays. Second, the assessment of production yields for (anti)protons545

and (anti)deuterons is essential for enhancing our understanding of the processes of546

nuclei production.547
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2 Light (anti)nuclei production in heavy ion548

collisions549

In ultra-relativistic heavy ion collisions at the LHC, (anti)nuclei are produced. Studying550

(anti)nuclei characteristics, like their yield and momentum distribution, is particularly551

important for understanding the mechanisms of nuclei formation. The evolution of552

an ultra-relativistic heavy ion collision is typically associated with three characteristic553

temperatures: the (pseudo) critical temperature Tc, the chemical freezeout temperature554

Tchem, and the kinetic freezeout temperature Tkin . When the temperature during the555

collision exceeds Tc, a quark-gluon plasma (QGP) is formed. As the system cools down556

below Tc, the hadronization process begins. The initial particle yields are determined557

at the temperature Tchem, where inelastic collisions cease. After that, only inelastic558

processes and particle decays contribute to the yields. Elastic processes stop atTkin as559

cooling continues and the system expands. Consequently, the density reduces, and the560

mean free path length exceeds the system size. At this stage, the particle spectra are561

effectively frozen [39, 40, 41, 42].562

563

The amount of produced partons depends on the temperature Tchem. Only partons564

with masses signi�cantly lower than Tchem can be found in abundance. At the chemical565

freezeout temperature Tchem � 150MeV, the most prevalent partons are the light �a-566

vored quarks, including up (u), down (d), and strange (s), along with gluons (g) that567

mediate the strong interaction.568

569

Light nuclei (deuterons (d), tritons (t), 3He, and 4He) are composite and, in the context570

of heavy-ion collisions, fragile objects. The binding energy is about 1MeV per nucleon,571

which is low compared to the chemical freezeout temperature in a Pb–Pb collision572

(around 150MeV) [43]. This raises the "survival problem" of how loosely bound objects573

form and withstand extreme conditions. The measured yields of these (anti)particles574

decrease signi�cantly as the nucleus mass increases, with a penalty factor of about 300575

for each additional (anti)nucleon (Fig. 2.1). As a result, the production of (anti) 4He, the576

heaviest antinucleus observed, is rare. Fortunately, for lighter (anti)nuclei, a detailed577

comparison of their properties is possible, leading to an enhanced understanding of578

the hadronization processes.579

580

The QGP produced in ultra-relativistic heavy ion collisions at the LHC carries no581

net baryon number in the mid pseudorapidity region, for example, the geometrical582

acceptance region of the ALICE central barrel detectors (jhj � 0.8, see 4.2). As a result,583

the yields of the produced antiparticles closely match those of their corresponding584

particles. Various experiments have been conducted at the Relativistic Heavy Ion585

Collider (RHIC) by the STAR [45] and PHENIX [46] collaborations and at LHC by the586

ALICE collaboration [47].587

588

Recent years have seen detailed measurements of light (anti)nuclei production, up to589

4He, in the LHC energy regime conducted by the ALICE Collaboration [48, 49, 50, 51,590

52, 53]. The production of light nuclei in heavy ion collisions has also been extensively591
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2 Light (anti)nuclei production in heavy ion collisions

Figure 2.1: dN=dy for protons (A = 1) up to 4He (A = 4) and the corresponding antinu-
clei in central (0–10%) Pb–Pb collisions at

p
sNN = 2.76TeV. The blue lines

represent �ts using an exponential function. Statistical uncertainties are
indicated by lines, while systematic uncertainties are shown with boxes.
Taken from [44].

studied at lower collision energies, including those at the AGS at BNL [54, 55, 56, 57],592

the SPS at CERN [58], RHIC at BNL [59, 60, 61, 62, 63, 64], CERN Intersecting Storage593

Rings (ISR) [65] and Fermilab [66]. The Large Electron-Positron Collider (LEP) has also594

reported relevant measurements [67], as have various �xed-target experiments [68, 69].595

Furthermore, light nuclei have been extensively studied in the context of pp [70, 65],596

gp [71], and ep collisions [72] over the past few years.597

598

The following sections will examine these measurements and compare them to various599

nuclei production models.600

601

2.1 Nuclei production602

The production of light (anti)nuclei is still a topic of debate. This section discusses603

two primary production models: the statistical hadronization and coalescence model.604

The main difference between these models lies in their approaches: the statistical605

hadronization model relies on a purely statistical framework, while the coalescence606

model offers a microscopic description of the underlying processes.607

608

2.2 Statistical hadronization model (SHM)609

The statistical hadronization model (SHM) describes the abundance of various particle610

species produced in hadronic collisions. The core idea of this model is that the �nal611

state of the collision comprises all particle states that adhere to the conservation laws of612
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2 Light (anti)nuclei production in heavy ion collisions

the Standard Model of particle physics, meaning all quantum numbers from the initial613

state are conserved in the �nal state. The relative abundance of different particle states614

is determined by maximizing the total phase space occupied by the system, with each615

particle species contributing according to its partition function.616

617

This model is particularly relevant in heavy ion collisions, where an expanding medium618

eventually reaches thermal equilibrium, making a statistical hadronization ansatz619

appropriate. Depending on the size of the system, two different approaches are620

utilized:621

• The grand canonical approach is typically used for systems characterized by a622

large reaction volume, such as Pb—Pb collisions.623

• The canonical approach is necessary for small systems such as pp, p-–Pb, and624

e+ e� , where the reaction volume is small.625

Both models assume that nuclei are created as compact, colorless quark bags. These626

bags only fully form after leaving the collision medium and the subsequent hadronic627

cloud.628

2.2.1 Grand canonical SHM629

The system created in an ultra-relativistic heavy ion collision is large enough to be630

modeled using the grand canonical ensemble [15]. This approach is helpful because631

experiments typically measure only the characteristics of a small portion of the system,632

such as the central (or mid) rapidity region observed by the ALICE central detectors.633

This segment of the phase space is in equilibrium with a thermal reservoir, representing634

the rest of the medium generated in the heavy ion collision. In this context, quantities635

like energy, baryon number, charge, strangeness, and isospin are conserved on average,636

and the corresponding densities have an approximate value of zero.637

638

In the grand canonical formalism, the parameters that de�ne the equilibrium conditions639

are the temperature T and the chemical potential of conserved quantities m. The640

grand canonical partition function Z describes the statistical properties of the system at641

thermodynamic equilibrium642

Z = Õ
i

Zi ! ln Z = å
i

ln Zi (2.1)

The individual partition function for particle species i can be described by643

ln Zi =
Vgi

2p 2

Z ¥

0
� p2dp ln[1 � exp

�
� (Ei � mi )=T

�
], (2.2)

where + and � correspond to ferminons and bosons respectively, gi = 2Ji + 1 is the spin644

degeneracy and Ei =
È

p2 + m2
i is the systems total energy. The chemical potentials645

are described by mi and ensure the conservation of baryon number, strangeness, and646

isospin647

mi = mBBi + msSi + mI3 I3,i . (2.3)

By Taylor expanding the logarithm, and integrating over the momentum of one indi-648

vidual partition function yields [73]649
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ln Zi =
Vgi

2p 2

¥

å
k= 1

(� 1)k+ 1

k2 exp
�
mi=T

�
m2K2(kmi=T). (2.4)

K2 is the modi�ed Bessel function. The average number of particles produced through650

thermal production can be calculated using651

hNi i th = T
d

dmi
ln Zi =

VTgi

2p 2

¥

å
k= 1

(� 1)k+ 1

k2 exp
�
mi=T

�
m2K2(kmi=T). (2.5)

When accounting for feed-down processes from heavier particles j, the quantity of a652

speci�c particle i increases with653

hNi i = hNi i th + å
j

Gj! ihN j i th . (2.6)

In this context, Gj! i denotes the branching ratio of species j decaying into particle654

species i. This de�nition of particle yield is valid only in a gas of non-interacting655

hadrons and resonances, which is known as a hadron resonance gas (HRG). The HRG656

models a low-density system, neglecting any repulsive or attractive interactions. The657

repulsive interactions between hadrons are modeled via eigenvolume (EV) correction658

of the van der Waals type [74, 75, 76, 77].659

660

The Eq. 2.5 describes how particle yields depend on �ve crucial parameters: the661

chemical freezeout temperature (T), volume (V), and three chemical potentials (mB,662

mS, mQ). Among these parameters, only two are constrained by the initial state of663

heavy ion collisions. The isospin asymmetry in the initial state determines the charge664

chemical potential; it has been previously discussed that mS and mB are close to zero.665

By considering ratios of yields, we can eliminate the volume dependence, leaving the666

chemical freezeout temperature (Tchem) as the �nal unknown parameter.667

668

The predicted yields from the grand canonical SHM are compared with measurements669

taken by the ALICE collaboration in Fig. 2.2. The measured data is from central670

Pb–Pb collisions at a center-of-mass energy of
p

sNN = 2.76TeV and include particle671

species ranging from pions to 4He. The SHM describes the yields across nine orders of672

magnitude with a common chemical freezeout temperature of approximately Tchem =673

156MeV [44]. This �nding indicates that light nuclei, including (anti)deuterons and674

(anti)4He, are produced in statistical equilibrium at the same temperature as other675

hadrons. The chemical freezeout temperature Tchem is relatively high compared to the676

binding energy per nucleon, about 1MeV; this is the previously mentioned "survival677

problem". However, the SHM does not consider the internal structure of hadrons;678

instead, the yields are derived solely from the phase space distribution of particle types.679

This is explained by the conservation of entropy density during the expansion following680

the chemical freezeout in which light nuclei can endure the high temperatures of heavy681

ion collisions [78]. In this context, it is the conservation of entropy—rather than the682

difference between binding energy and the temperature of the system—that determines683

the production yield [79, 80].684

2.2.2 Canonical model685

The system created in peripheral heavy-ion, pp or p-Pb collisions is characterized by686

a smaller reaction volume compared to central Pb–Pb collisions. This smaller system687
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2 Light (anti)nuclei production in heavy ion collisions

Figure 2.2: Thermal model �t to the yields of light-�avored hadrons in central Pb–Pb col-
lisions at

p
SNN = 2.76TeV, utilizing three different statistical hadronization

model implementations: THERMUS (black line), GSI-Heidelberg (yellow
line), and SHARE (blue line). Taken from [44].
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size is comparable to the region probed by the experiment and has to be described688

using a canonical ensemble. In contrast to the grand canonical ensemble, the canonical689

one ensures that the quantum numbers are conserved exactly rather than only on690

average. Speci�cally, the values of baryon number B, electric charge Q, and strangeness691

S are �xed to particular values and are conserved precisely within the probed volume692

(correlation volume Vc).693

694

The standard canonical statistical model (CSM) approach examines an ideal hadron695

resonance gas (HRG) in thermal and chemical equilibrium at the chemical freeze-out696

stage [81]. The characteristics of this system are de�ned by the canonical partition697

function Z698

Z(B, Q, S) =
ZZZ + p

� p

df B

2p
df Q

2p
df S

2p
e� i(Bf B+ Qf Q+ Sf S) exp

"

å
j

å
n

zn
j ei(Bj f B+ Qj f Q+ Sj f S)

#

,

(2.7)
where the �rst sum runs over all hadron species j, while the second sum over n takes699

into account quantum statistics. The one-particle partition function zn
j is de�ned as700

zn
j = (� 1)n� 1Vc

Z
dmr j(m)dj

m2T
2p 2n2 K2(nm=T). (2.8)

The degeneracy factor for particle species j is denoted as dj , and the mass distribution r j701

accounts for the �nite width of resonances, which can be described using a Breit-Wigner702

function. The correlation volume Vc is typically expressed as a multiple of the total703

volume per unit rapidity, given by the formula Vc = kdV
dy . The values of k typically704

range from 1 to 6. The yield hN th
j i of particle species j in the canonical ensemble can be705

formulated as [82]706

hN th
j i CE = C(Bj , Qj , Sj)hN th

j i GCE, (2.9)

where hN th
j i GCE represents the yield in the grand canonical ensemble from Eq. 2.5, and707

C(Bj , Qj , Sj) denotes the canonical suppression factor708

C(Bj , Qj , Sj) =
Z(B � Bj , Q � Qj , S � Sj)

Z(B, Q, S)
. (2.10)

Using the canonical partition function Z, as shown in Eq. 2.7, the total yield can now709

be expressed as710

hN j i CE = hN th
j i CE + å

i

Gi ! jhN th
j i CE (2.11)

where Gi ! j is the branching ratio of sepcies i decay into species j.711

712

The CSM calculations in [83] are implemented within the Thermal-FIST package [84],713

which allows the conserved charges to be �xed to an initial value, like Q = S = B = 0.714

This is well motivated as matter and antimatter are produced in equal amounts at LHC715

energies. All particles in this implementation are considered to be point-like. However,716

extensions include a �nite volume exclusion, which has a minimal effect on integrated717

yields [85].718

719
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2 Light (anti)nuclei production in heavy ion collisions

Figure 2.3: Yield ratios of p/ p , K/ p , f / p , L / p , X/ p and W/ p against the charged
particle multiplicity dNch=dh, evaluated in the Vanilla-CSM with Vc =
dV=dy, 3dV=dy and 6dV=dy and Tchem= 155MeV. The green circles, blue
squares, and red diamonds depict the corresponding ratios measured by
the ALICE Collaboration in pp 7TeV, p—Pb 5.02TeV, and Pb-–Pb2.76TeV
collisions, respectively; the bands show the corresponding experimental
uncertainties. Taken from [83].

The ratios of p/ p , K/ p , f / p , L / p , X/ p , and W/ p are presented in Fig. 2.3. These720

ratios are shown as a function of the charged pion yield, normalized to the predicted721

yield from the grand canonical thermal model. The measurements for various collision722

systems and energies are from ALICE. They are compared to predictions obtained from723

the so-called "vanilla" CSM for different values of the correlation volume, speci�cally724

Vc = dV
dy , 3dV

dy , and 6dV
dy . The "vanilla" CSM operates under several key assumptions. It725

presumes that full chemical equilibrium is achieved at the stage of chemical freeze-out,726

with a constant freeze-out temperature of Tchem = 156MeV maintained across all multi-727

plicity classes. Additionally, the model suggests that the dependence of various hadron728

yield ratios on multiplicity is solely in�uenced by canonical suppression, which is deter-729

mined by the changing value of the correlation volume, Vc. Furthermore, the correlation730

volume in rapidity is considered to vary between Vc = dV=dy and Vc = 6dV=dy [83].731

As visible in the Fig. 2.3 the "vanilla " CSM cannot accurately predict all yields with a732

common Vc. In the case of baryons containing strangeness (L , S = 1, X, S = 2 or W,733

S = 3) the closest predictions are Vc = 6dV
dy for L =p , Vc = 3dV

dy for X=p and Vc = dV
dy734

for W=p . However, all tested approaches fail to explain the K/ p ratio, and for the f / p735

ratio, even the trend as a function of multiplicity is inverted. This discrepancy occurs736

because canonical suppression does not affectf production since its net strangeness is737

zero, but it still contains two strange quarks.738

739

To address these issues, one can introduce the strangeness saturation factorgS, which740

modi�es Eq. 2.8 as follows: znj ! g
jsj j
S zn

j , where
�
�sj

�
� is the total number of (anti)strange741

quarks in particle species j. Since deviations for the f / p ratio occur only at low multi-742

plicities, the factor gS is a function of multiplicity and satis�es gS � 1.743
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