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Abstract

Quantum chromodynamics (QCD) is a gauge field theory that describes one of
the fundamental interactions — the strong interaction. QCD has a dual nature:
the strength of the coupling depends on the energy scale. At low energy scales, we
observe colour confinement, that is, quarks and gluons are confined into colour-
neutral states. On the other hand, at high-energy-scale processes, strongly inter-
acting particles exhibit asymptotic freedom. However, at high energy densities,
which can be achieved in modern particle accelerators, a state of matter forms in
which quarks and gluons can be found in an unconfined state — the quark-gluon
plasma (QGP). This QGP is believed to have comprised the Universe during the
first several microseconds after the Big Bang.

Heavy-flavour quarks, charm and beauty, are formed in the initial stages of
high-energy hadronic collisions, before the formation of the QGP, and survive
throughout the entire evolution of the system. This makes heavy-flavour probes
a crucial tool for studying the properties of the QGP.

Recent measurements at particle colliders, such as the LHC and RHIC, have
observed effects typically attributed to the presence of the QGP even in small
collision systems with both high and low final-state multiplicities. In such sys-
tems, the QGP is not expected to form due to much lower energy densities.
Theoretical works attempt to explain the observed similarities between small and
large collision systems using vacuum QCD models such as mini-jet production
or multiple-parton interactions (MPI). Heavy-flavour measurements can aid in
testing these QCD models in proton—proton and proton—ion collisions.

In my thesis, I use heavy-flavour production from small to large systems,
both in theory and in experiment, to understand the thermodynamical properties
and the QGP-like effects in reactions. I investigate the production of heavy-
flavour D and B mesons, as well as ¢ and b quarks as a function of transverse-
event activity in simulations, to study the influence of MPI on heavy-flavour
particle production. Based on the results of these simulations, I carry out the
data analysis of D%-meson production in the ALICE experiment and compare the
results with the simulations. Finally, I utilise a non-extensive thermodynamics
model to investigate the timeline of heavy-flavour production and compare it with
light flavours based on measurements of the ALICE and STAR experiments.






Dedicated to my loving parents






Contents

(L High-energy hadron collisions| 1
[1.1 The Standard Model of particle physics| . . . . . .. ... ... .. 1
(1.2 Quantum chromodynamics| . . . . . . . . ... ... ... ..... 3
(1.3 The quark-gluon plasmal . . . . . .. ... ... ... ... .... 6
(1.4 Collective effects in small systems| . . . . . . . ... .. ... ... 11
(1.5 Heavy flavour| . . . . . . . . . .. ... ... 14

[2  Experimental methods| 19
[2.1 Ultrarelativistic particle colliders| . . . . . . . ... ... ... .. 19
[2.2  The ALICE experiment{. . . . . . . . ... ... .. ... ..... 22
[2.3  Modelling in high-energy physics| . . . . ... ... ... ... .. 24

231 PYTHIAS . ... ... . . 24
2.3.2 The FONLL formalism| . . . .. ... ... ... ... ... 27
33 GEANT . . . . oo 28
[2.4  Description of high energy collisions|. . . . . . . .. ... ... .. 28
2.4.1 Kinematic observables . . . . . ... ... ... ... ... 28
[2.4.2  Multiplicity and centrality| . . . . . . . . ... .. ... .. 29
[2.4.3  Event classification by transverse activity]. . . . . . . . .. 31
2.4.4  Jet reconstructionl. . . . . . . ... ... 34
[2.5 Thermodynamics from the final state] . . . . . . .. ... ... .. 36

[3 Heavy- avour production in connection to the underlying event] 39

[3.1  Event triggering with hadrons and jets| . . . . . ... . ... ... 40
[3.2  Comparison of Ry definitions| . . . .. ... ... ... ... ... 43
[3.3 Triggering with charged hadrons|. . . . . . . . . . ... ... ... 44
[3.4 Scale shift by heavy-flavour fragmentation| . . . . . . . . . .. .. 47
[3.5 Triggering with charged jets| . . . . . . . . .. ... ... ... .. 50
[3.6  Summary| . . ... o 53
4  Event-activity dependent DY-meson production with the ALICE |
[ experiment| 57
M1 Datasefl . .. ... ... ... ... 57
4.2  Charged-particle track selection| . . . . . . . ... ... ... ... 58




vi Contents

4.3 Multiplicity in the transverse region|. . . . . . . . . . .. ... .. 59
4.4 Reconstruction of D® mesonsl. . . . . . . . ... ... ... 60
[4.5 Raw yield extraction| . . . . . . . ... .. ... L. 63
[4.6  Correction of the raw yields| . . . . . . ... ... ... ... ... 66
[4.6.1 Acceptance and efficiency corrections| . . . . . . . . . ... 66

[4.6.2 Feed-down correction| . . . . . . . .. ... ... .. 67

[4.7  Systematic uncertainties| . . . . . .. ..o 71
4.7.1 DY selection systematics| . . . . ... ... ... ... ... 72

[4.7.2  Raw yield extraction systematics| . . . .. ... ... ... 74

[4.7.3  Bin migration systematics| . . . . . .. ... ... 76

[4.7.4  Feed-down systematic uncertainty| . . . . . . . .. .. ... 7

[4.8  Corrected yields and model comparison| . . . . . . . ... .. ... 79
[4.9 Summary| . . ... 81

[5 Timescale of heavy- and light- avour production via non-extensive |
[ thermodynamics| 83
[>.1  Flavour-dependent Tsallis thermometer| . . . . . . . . ... . ... 83
[.1.1 Tsallis fits to spectra trom RHIC and the LHC|. . . . . . . 84

[>.1.2  Validation of the thermodynamical consistency|. . . . . . . 85

[>.1.3  Application of the Tsallis thermometer| . . . . . . . . . .. 87

[.1.4  Common Tsallis parameters| . . . . . ... ... ... ... 89

[>.1.5  Flavour-dependent time evolution| . . . . . . . . ... ... 92

[5.2  Species-dependent analysis of the LHC data] . . . . . . .. .. .. 93
[>.2.1  Mass hierarchy| . . . . . ... ... ... .. 94

[5.2.2  Spectrum formation times| . . . . . ... ... ... L. 96

[5.2.3  Non-extensivity parameter and heat capacity|. . . . . . . . 97

[5.3  Summary| . . ... 99

6 Conclusion and outlook| 101

[Bibliography]| 107




Chapter 1

High-energy hadron collisions

1.1 The Standard Model of particle physics

The last century was a fruitful period for the study of elementary particles and the
fundamental forces that connect them. With the rapid development of quantum
field theory (QFT) and the discovery of an increasing number of particles, it
became necessary to create a unified model that could incorporate much of the
known theory in particle physics. The Standard Model (SM) emerged as a QFT
that incorporates several interactions of matter and organises elementary particles
into a periodic table-like system, shown in Fig. [I.1]

Interactions in the Standard Model are associated with local gauge symmetries
which determine their mathematical structure. The symmetry group of the SM is
SU@B)c SU(2)L U(1)y, where SU(3)c corresponds to the strong interaction
(Quantum Chromodynamics) with C indicating the colour charge, SU(2), is the
gauge group of weak interactions with L indicating that it acts only on left-
handed fermions, and U(1)y corresponds to the electroweak interaction with the
hypercharge Y .

The particles in the Standard Model can be divided into two main categories

depending on their spin:
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Figure 1.1: Particle content of the Standard Model.
(Source: https://en.wikipedia.org/wiki/Standard _Model)

e fermions — half-integer spin particles that follow Fermi— Dirac statistics and
build up the visible matter of the Universe. Fermions include quarks, which
come in six flavours (up, down, strange, charm, bottom, top). Quarks par-
ticipate in strong interactions, as well as in electroweak interactions. An-
other group of fermions is the leptons, which can be organised into three
so-called generations: electrons, muons, and tau leptons that carry electro-
magnetic charge, along with their corresponding neutrinos, which have no

charge. Leptons are only subject to electroweak interactions;

* bosons — integer-spin particles that obey Bose—Einstein statistics. These
include gauge bosons, which are force carriers: the photon (mediator of
electromagnetic interactions), the W and Z bosons (mediators of weak in-
teractions), and eight types of gluons (mediators of strong interactions).
The SM also includes an important scalar boson responsible for the acqui-

sition of mass by elementary particles — the Higgs boson.


https://en.wikipedia.org/wiki/Standard_Model
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While the Standard Model has been highly successful in predicting various
experimental results { such as the existence of a third generation of leptons and
the top quark { it falls short of being a complete theory of fundamental interac-
tions. SM does not explain gravity, and it is unable to explain phenomena such
as the presence of dark matter, the observed extent of CP violation, and neutrino
oscillations. These and similar phenomena are explored in theories collectively

referred to as the Beyond the Standard Model (BSM) physics.

1.2 Quantum chromodynamics

Quantum chromodynamics (QCD) is the fundamental theory describing the strong
interactions between elementary particles. In QCD, quarks, besides having elec-
tric charge and spin, possess an additional property called the colour charge. This
guantum number introduces a new degree of freedom, enabling quarks to satisfy
the Pauli exclusion principle in multi-quark systems such as baryons. The colour
charge comes in three types, referred to as red, green, and blue, by analogy with
the RGB colour model. The strong force is mediated by the interaction between
particles carrying colour charge, governed by th8U(3)c gauge symmetry. The
SU(3)c symmetry group has eight generators, corresponding to the gluons that
mediate strong interactions. Because gluons themselves carry colour charge, this
results in self-interaction of gluons, making QCD a non-Abelian gauge theory.
The QCD Lagrangian describes the dynamics of quarks and gluons, capturing
the essential features and symmetries of the strong interaction. It is symmetric

under localSU(3)¢ transformations and takes the form

1 —.
LQCD = ZFa F2 + (l D m) : (11)

The rst term contains the gluon eld strength tensor F2 , de ned as

F2 = @A? @A? gf ®°APAC; (1.2)
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whereA? are the gluon elds,f 2 are the structure constants of the Lie algebra,

and gs is the strong coupling constant. The last term of Eq. (1.2) contains

self-interactions of the gluon elds. The second term of Eq. (1.1) represents
the interaction between quark elds and gluon elds, as well as allows for

the inclusion of di erent quark avours with distinct massesm. The covariant

derivative is de ned as

a

D =@+ igsAaE ; (1.3)

where 2 are the Gell-Mann matrices de ning the generators of th&U(3)c sym-
metry.
An important property of QCD is that the coupling parameter, s, varies with
the energy scale . The running of ¢ is governed by the QCD beta function,
( s), which describes the change of the coupling with respect to the energy

scale:

ds _ _
== (9 (1.4)

The solution to this di erential equation leads to the energy dependence of

Sy

* yin( 2= (Z;JCD) ’

(1.5)

where the parameter ocp is the QCD scale, a characteristic energy below which
perturbative QCD breaks down, typically ranging from 200 to 300 MeV. The
constant by depends on the number of active quark avourss at the scale and

is given by

= —— 3" : (1.6)

The running coupling s of QCD decreases as the energy scaleincreases

(as shown in Fig. 1.2), or the corresponding length scale decreases, leading to
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asymptotic freedom. This property of QCD causes quarks and gluons to interact

Figure 1.2: Running coupling s determined at di erent energy scales through
various measurements and numerical calculations (data points) and compared
with theoretical predictions from QCD [1].

more weakly at shorter distances. Due to this asymptotic freedom, quarks be-
have as nearly free particles inside hadrons at high energies, allowing for precise
perturbative calculations of the interactions at these energy scales.

In contrast, at low energies or long distances, the running coupling increases
and eventually becomes divergent, leading to an ever-stronger force between
quarks as they move further apart. At a critical distance, the force becomes
so strong that it leads to the creation of new quark-antiquark pairs, rather than
allowing isolated quarks or gluons, as shown in Fig. 1.3. This phenomenon is
known as colour con nement, because it prevents the separation of quarks and
gluons. As a result, only colour-neutral particles (hadrons) can be observed in na-
ture at low energies and long distances. The production of new quark-antiquark
pairs due to the colour con nement leads to the production of hadron showers,

which are grouped together in a narrow, collimated cone, known as a jet. Since
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Figure 1.3: Creation of new quark-antiquark pairs due to the colour con nement.

colour con nement is in the non-perturbative regime of the QCD, lattice QCD
calculations and simpli ed, phenomenological models can be used to compute

such interactions.

1.3 The quark-gluon plasma

It has long been predicted by theoretical studies that a state of matter exists in

which quarks and gluons can be found in an uncon ned state [2]. This medium,
referred to as the quark-gluon plasma (QGP), can only exist under conditions
of extremely high temperature and density, resembling the state of the early
Universe during the rst several microseconds after the Big Bang. The discovery
of the QGP and the characterisation of its phase diagram (Fig. 1.4) have become
feasible with modern particle accelerators, which perform particle collisions at
very high energies.

Although promising potential indicators of the quark-gluon plasma were al-
ready observed at the Super Proton Synchrotron (SPS) at the European Organi-
zation for Nuclear Research (CERN) [3], clear evidence was rst provided by the
Relativistic Heavy lon Collider (RHIC) experiments in the early 2000s [4]. The

STAR experiment at RHIC analysed the dijet structures of particles in proton{
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Figure 1.4: Phase diagram (temperature, net baryon density) of QCD matter,
ranging from regular nuclear matter to quark-gluon plasma.
(Source: https://cds.cern.ch/record/2025215 )

proton (pp), deuteron{gold (d{Au), and gold{gold (Au{Au) collisions [5]. An-
gular correlation of particles within the leading jet (near-side peak, at a relative
angle around = 0) was observed in pp, d{Au and Au{Au collisions. However,
while the correlations of the leading jet with the recoil jet (away-side peak, at
] ) were present in pp and d{Au collisions, as well as in peripheral Au{Au
collisions, they were completely absent in central (highly overlapping) Au{Au
collisions, as shown in Fig. 1.5. This nding demonstrated the presence of a
strongly interacting medium in central Au{Au collisions that is absent in d{Au
and in peripheral Au{Au collisions. The secondary jets in these events lost most
of their energy during the interaction with the QGP. This phenomenon is known
as jet quenching [7]. Similar e ects were also observed in Pb{Pb collisions at the
Large Hadron Collider (LHC) [8].

A hot and dense medium, created in high-energy collisions, is expected to
emit thermal radiation. By measuring the thermal photons produced in colli-
sion events, one can probe the properties of the matter in the early stages of the
collision. However, the precision of such measurements is limited by the sub-

stantial background of photons originating from hadronic decays. Measurements
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Figure 1.5: Comparison of two-particle azimuthal distributions for central d{
Au collisions to those seen in pp and central Au{Au collisions from the STAR
experiment [6].

by the PHENIX experiment [9] revealed an excess of direct photons in the ther-
mal regime. The results for Au{Au collisions atp% = 200 GeV, shown in
Fig. 1.6, imply an initial temperature in the range 250{400 MeV depending on

the transverse momentum of photons, corresponding to a few trillions of Kelvin.

Another method for estimating the temperature of the quark-gluon plasma is
through the dileptonic decay channel measurements of quarkonia (mesons com-
posed of a heavy quark and an anti-quark of the same avour). Leptons do not
carry colour charge and are therefore una ected by the strong interaction. This
allows them to escape the QGP without interaction. Measurements of (38)
bottomonium at the LHC, at a centre-of-mass energy OPﬁ = 5:02 TeV,

estimated the QGP temperature at this energy scale to be in the range =
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Figure 1.6: E ective temperatureT, as a function of charged-particle multiplicity
dN=d and transverse momentum of photongr at midrapidity measured by
the PHENIX experiment [9].

550 800 MeV [10].

While early theoretical works [2, 11] proposed that the quark-gluon plasma
would behave like an ideal gas of quarks and gluons in the state of asymptotic
freedom, experiments revealed that the QGP exhibits strong coupling and be-
haves like an almost perfect (non-viscous) uid [12, 13]. In non-central heavy-ion
collisions, the bulk matter is created with spatial anisotropy in a roughly almond-
shaped volume (see Fig. 1.7). Due to the strong coupling, pressure builds up and
drives particles away from the interaction point. The pressure is highest in the
reaction plane (the plane de ned by the two beam axes), where the matter is
most strongly compressed. Consequently, the initial spatial anisotropy is con-
verted into momentum anisotropy. This is typically expressed using a Fourier

expansion of the momentum distribution in the azimuthal angle [15]. A signi -
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Figure 1.7: Creation of elliptical shaped " reball" in a semi-peripheral heavy ion
collision [14].

cant second Fourier-coe cient (v, known as the elliptic ow) has been observed
in Au{Au collisions at P Swv = 200 GeV at RHIC and in Pb{Pb collisions at
pm = 2:76 TeV at the LHC [13, 16]. Figure 1.8 shows the measured elliptic
ow patterns of baryons and mesons [17]. Analysing as a function of transverse
kinetic energy KE 1) results in two distinct branches: one for mesons and the
other for baryons. When bothv, and KE 1 are scaled by the number of valence
quarks (ng = 2 for mesons,nq = 3 for baryons), the two branches merge into a
universal curve for all hadrons. This indicates that the ow pattern is developed

at the quark level.
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Figure 1.8: Elliptic ow measured for various mesons and baryons as a function
of transverse kinetic energy (left) and its collapse into a universal curve whep
and KE 1 are scaled by the number of valence quarks, of the hadron (right)
from the STAR and PHENIX experiments [17].

1.4 Collective e ects in small systems

Recently, it was observed that pp collisions with large nal-state multiplicity
exhibit features similar to proton{nucleus (p{A) and even nucleus{nucleus (A{
A) collisions, leading to debates about the possible existence of QGP in small
collision systems.

Measurements of azimuthal particle correlations in small collision systems,
such as proton{lead (p{Pb) and pp collisions, were performed at the CMS ex-
periment [18, 19]. The results, shown in Fig. 1.9, demonstrate a clear ridge in
the region in high-multiplicity pp events, similar to the one observed in
Pb{Pb collisions. In Pb{Pb collisions, this phenomenon can be understood with
the presence of QGP. However, it remains an open question whether the QGP
can cause this collective behaviour in smaller collision systems, as the energy den-
sities in these collisions may not be su cient to produce the QGP in signi cant

volumes.
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Figure 1.9: Azimuthal particle correlations in Pb{Pb collisions [20] (left) and in
high-multiplicity pp collisions [19] (right) measured by the CMS experiment.

The values of the elliptic ow v, measured in pp collisions appear to be com-
parable to those observed in low-multiplicity Pb{Pb collisions [21]. The results

of this measurement are shown in Fig. 1.10.

Figure 1.10: Elliptic ow measured using two-particle cumulants with a pseudo-
rapidity separation in pp, p{Pb, Xe{Xe, and Pb{Pb collisions as a function of
multiplicity from the ALICE experiment [21].

Another QGP-like feature in pp collisions was observed by the ALICE experi-
ment in the measurement of the ratios of the yields d€2, , and to the pion
yield as a function of multiplicity [22]. A signi cant enhancement in the strange-

to-non-strange hadron production can be seen in Fig. 1.11 with increasing particle
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multiplicity in pp collisions. The behaviour observed in pp collisions resembles

Figure 1.11:K 2, , and yields ratio to pion yields as a function of multieBIicity
in pp, p{Pb and Pb{Pb collisions at centre-of-mass energies betweensyy =
2:76 TeV and™ syy =7 TeV measured by the ALICE experiment [22].

that of p{Pb collisions at slightly lower centre-of-mass energy, in terms of both
the values of the ratios and their evolution with multiplicity. At high multiplicity,
the yield ratios reach values similar to those observed in Pb{Pb collisions, where
no signi cant change with multiplicity is observed beyond an initial slight rise.
Some theoretical works assume a QGP droplet in small collision systems [23],
or even question the creation of QGP in nucleus-nucleus systems [24]. How-
ever, the mainstream explanation for the observed similarities between small and
large collision systems are vacuum quantum chromodynamics processes at the

soft{hard boundary, such as mini-jet production [25] or multiple-parton interac-
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tions (MPI) [26, 27]. A schematic drawing of a pp collision with MPI is shown

in Fig. 1.12. There are two major forms of MPI. First, multiple partons within

Figure 1.12: Schematics of the multiple-parton interaction.

the projectile and target hadron can scatter, causing more than one hard process.
Second, partons can rescatter on each other [28]. Multiple-parton interactions in-
crease overall multiplicity by enhancing the production of the underlying event,
l.e. mostly soft hadrons that are not directly related to the leading hard process.
Multiple-parton interactions are also expected to depend on the avour of
the emerging particles. Fragmentation of heavy- avour jets is expected to di er
from that of light- avour jets due to colour charge and mass e ects. The internal
structures of heavy- avour jets may, therefore, provide a deeper insight into the
avour-dependent development of jets and their connection to the underlying

event.

1.5 Heavy avour

Heavy- avour charm (c) and beauty (b) quarks are produced in the initial stages of
high-energy hadronic collisions through hard partonic scatterings (see Fig. 1.13).
The production and fragmentation of heavy avour di er signi cantly from those

of light- avour partons due to colour-charge and mass-related e ects [29, 30].

The mean lifetime of heavy- avour quarks is su cient for them to survive
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Figure 1.13: Schematic view of the evolution of matter in a high-energy nucleus-
nucleus collision. Heavyc quarks are produced in the initial stages, while light
quarks are formed in the QGP phase. Later, during the phase transition, quarks
combine to form hadrons.

throughout the collision, hadronise, and escape the interacting medium, thus
they carry information about each stage of the collision. In heavy-ion collisions,
heavy- avour probes can be used to investigate the transport properties of the
quark-gluon plasma. Proton on heavy-ion collisions can be used to isolate and
understand cold nuclear matter (CNM) e ects, that are also present in A{A
collisions. In proton{proton collision systems, heavy avour is primarily used to
test perturbative QCD models by measuring cross sections of produced particles.
The measurement of heavy- avour production in pp collisions allows for test-
ing the factorisation theorem, which describes heavy- avour production as a con-

volution of four terms [31] (Fig. 1.14):

aet ¢ = fasa(Xa; Q%) fo(X0; Q%) aw ¢ Da c(z;Q9) ; (1.7)

wheref ,-a (Xa; Q%) and f,-g(Xp; Q?) are the parton distribution functions of the
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Figure 1.14: Schematics of the A+B C process as described by the factorisation
theorem.

incoming beam particles, ay . is the hard-scattering cross section of the partons,
and D¢ ¢(z;Q?) is the fragmentation function. Measurements by the ALICE and
CMS experiments [32, 33] have shown that charm baryon-to-meson ratios are sig-
ni cantly enhanced compared to those observed ia" e and ep collisions. These
results are underpredicted by models based on fragmentation functions estimated

in those collision systems, thereby questioning the universality of fragmentation.

The lightest heavy- avour particles are D mesons. They consist of aquark
bound to a light (u, d) or strange (s) antiquark, or vice versa. The D mesons
decay weakly via hadronic or semileptonic channels. The weak decay of the
qguark is only possible into one of the lighteu or d quarks, resulting in decay
products that are mostly pions and kaons (e.g.,, ®® K *,D*! K * *,

D! K €' ). D mesons are not detected directly because their mean lifetime,
though much longer than the timescale of the collision, is still too short for them
to reach the detectors. However, modern detectors are precise enough to measure
the secondary vertex of their decays, which helps with reconstructing the original

D mesons from their decay products.
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B mesons contain ab quark or antiquark along with one of theu, d, s, or
¢ quarks or antiquarks. As a result, B mesons often decay into mesons with
charm quark components, such as D mesons. This makes detecting them even
more challenging because their primary decay products, such as D mesons, are
themselves not detected directly in many cases.

The measured self-normalised yields of heavy avour show a steeper-than-

linear increase with multiplicity, as can be seen in Fig. 1.15 [34]. The contribution

Figure 1.15: Average D-meson, J/, and heavy- avour decay electrons self-
normalised Mields as a function of relative charged-particle multiplicity in pp
collisions at™ s =13 TeV measured by the ALICE experiment [34].

of MPI in collisions where heavy quarks are produced can induce a correlation
between the heavy- avour yields and the charged-particle multiplicity produced
in the collision. However, auto-correlation e ects may also play a role if the
multiplicity is estimated in the same region as the heavy- avour yields. The auto-
correlation e ects can be mitigated by estimating the multiplicity in a region of

pseudorapidity or azimuth angle that is distant from the measurement region.
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Chapter 2

Experimental methods

2.1 Ultrarelativistic particle colliders

In the second half of the XX century, large particle accelerators were constructed,
that allowed for the study of QCD matter at previously unprecedented energy
levels. One of the rst circular colliders which could reach energies of up to
a few hundred GeV, the Large Electron-Positron Collider (LEP), was built at

the European Organization for Nuclear Research (CERN) facility and operated

between 1989 and 2000.

In 2001, the LEP was dismantled to make way for the Large Hadron Collider
(LHC). The LHC reused the 27-km-circumference tunnel originally constructed
for the LEP (Fig. 2.1). At the LHC, patrticles are accelerated in two parallel
vacuum beam pipes, each containing a beam of particles moving in opposite
directions. The beams intersect at four designated points, where detectors register
the collisions. The particles within beams are accelerated and focused with the

help of superconducting magnets at an operating temperature of 1.9 K.

There are four main large detectors operating at the LHC's intersection points:
Compact Muon Solenoid (CMS), A Toroidal LHC Apparatus (ATLAS), A Large
lon Collider Experiment (ALICE), and LHC-beauty (LHCb). The CMS is a

19
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Figure 2.1: Overall view of the LHC.
(Source: https://cds.cern.ch/record/1708847 )

general-purpose detector primarily focused on testing Standard Model predic-
tions, as well as investigating Higgs physics and Beyond-the-Standard-Model
physics. It also has an extensive heavy-ion physics program, aimed at study-
ing the properties of the QGP. Similarly to CMS, ATLAS is designed to explore
a wide range of physics phenomena, though with slightly di erent design choices.
The ALICE detector is speci cally designed to study the properties of strongly
interacting matter at extreme energy densities and temperatures, with a primary
focus on exploring the quark-gluon plasma. The LHCb detector mainly focuses on
the production and decay of heavy- avour particles, particularly those involving

the bottom quark.

The rst proton{proton collisions at the LHC were recorded in 2010 at an
energy of 3.5 TeV per particle beam. The long-anticipated Higgs boson was
discovered simultaneously in CMS and ATLAS in 2012, during the rst LHC
operational period (Run 1) [35, 36]. In the second run period (Run 2), the LHC

reached the collision energies of 13 TeV for proton{proton beams. Currently, in
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the ongoing Run 3 period, the LHC is operating at a collision energy of 13.6 TeV
and with higher luminosity compared to Run 2. The future transition of the LHC
into the High-Luminosity LHC will further increase the collision rate to provide
experiments with large amounts of experimental data.

On the other side of the globe, at the Brookhaven National Laboratory (BNL),
another heavy-ion patrticle collider was built and brought online in 2000: the Rel-
ativistic Heavy lon Collider (RHIC). RHIC features two beam pipes that accel-
erate particles in opposite directions. RHIC has a slightly hexagonal shape with

curved edges and a circumference of nearly 4 km (Fig. 2.2). The RHIC apparatus

Figure 2.2: Layout of RHIC facility.
(Source: https://www.bnl.gov/cad/accelerator )

is extremely versatile and optimised for studying heavy-ion collisions. The most
common particles involved in collisions are gold, copper, lead, deuterons, and
protons. RHIC also has a unique capability to collide polarised protons, allowing
for the study of the spin structure of protons. Additionally, RHIC has the capa-
bility to operate at lower collision energies compared to the LHC, ranging from
5.5 GeV for Au{Au collisions to up to 510 GeV for proton{proton collisions. In
the xed-target con guration, RHIC achieves the lowest possible centre-of-mass

energy per nucleon pair, down téj Sy = 3 GeV.
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There are two experiments currently operating at RHIC: STAR and sPHENIX.
STAR is focused on detecting hadrons with its system of time projection cham-
bers, which cover a large solid angle, while sPHENIX is further specialised in
detecting rare and electromagnetic particles, utilising a detector system with

only partial spatial coverage.

2.2 The ALICE experiment

In my doctoral work, | carried out data analysis on the ALICE data and also
relied on the ALICE and STAR data for phenomenological studies. This section
provides a description of the ALICE detector. The STAR detector has a very
similar design [37].

The ALICE detector (Fig. 2.3) focuses mainly on the physics of strongly

interacting matter at extreme energy densities. The main subject of study at

Figure 2.3: ALICE schematics as during Run 2.
(Source: https://cds.cern.ch/record/2263642 )

the experiment is to understand the formation and evolution of QGP, with the
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