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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.
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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(3)c x SU(2) x U(1)y, where SU(3)¢ corresponds to the strong interaction
(Quantum Chromodynamics) with C' indicating the colour charge, SU(2)y, 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;

e 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
quantum 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 the SU(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 local SU(3)¢ transformations and takes the form

1 — .
Caop =~ Fa F™ + (i7" Dy = m)is (1)

The first term contains the gluon field strength tensor Fy,, defined as

Fo = 0,A% — 8,A% — g, f AL AC (1.2)

(Tl 70}
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where A, are the gluon fields, fe¢ are the structure constants of the Lie algebra,
and ¢, is the strong coupling constant. The last term of Eq. contains
self-interactions of the gluon fields. The second term of Eq. represents
the interaction between quark fields ¢ and gluon fields, as well as allows for
the inclusion of different quark flavours with distinct masses m. The covariant

derivative is defined as

D, =0,+ igsAzg , (1.3)
where \* are the Gell-Mann matrices defining the generators of the SU(3)c sym-
metry.

An important property of QCD is that the coupling parameter, ay, varies with
the energy scale . The running of ay is governed by the QCD beta function,
B(as), which describes the change of the coupling with respect to the energy
scale:

dog
dp

The solution to this differential equation leads to the energy dependence of
aS?

1
Qg = )
boln (72/A20p)

(1.5)

where the parameter Agep 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 flavours n at the scale y and
is given by

_ 11— 2ny

b
0 47

(1.6)

The running coupling a; of QCD decreases as the energy scale p increases

(as shown in Fig. , or the corresponding length scale decreases, leading to
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asymptotic freedom. This property of QCD causes quarks and gluons to interact
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Figure 1.2: Running coupling «a; determined at different energy scales through
various measurements and numerical calculations (data points) and compared
with theoretical predictions from QCD [I].

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 confinement, 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 confinement 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 confinement.

colour confinement is in the non-perturbative regime of the QCD, lattice QCD
calculations and simplified, 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 unconfined 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 first several microseconds after the Big Bang. The discovery
of the QGP and the characterisation of its phase diagram (Fig. 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 first provided by the
Relativistic Heavy Ion Collider (RHIC) experiments in the early 2000s [4]. The

STAR experiment at RHIC analysed the dijet structures of particles in proton—



1.3. THE QUARK-GLUON PLASMA 7

2501 gl Quark-Gluon Plasma
> Primo _ 6g) "y el :‘.

% Universe L{1{j ' :-5,' ...k\ . #

— A . a%i o . J

o 200 \ R T ok
& 5 boery,
3 150 &
£ B

2 »

100

n Stars
504 Meutro

"Ordinary" state T
N % Net baryonic density
0 1 ' ' ' 5 ' ' 8 {normalised, didg)

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 A¢ = 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
|A¢| =~ ) 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 finding 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 effects were also observed in Pb—Pb collisions at the

Large Hadron Collider (LHC) [§].

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 at /syy = 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 flavour). Leptons do not
carry colour charge and are therefore unaffected by the strong interaction. This
allows them to escape the QGP without interaction. Measurements of Y(35)
bottomonium at the LHC, at a centre-of-mass energy of /sxy = 5.02 TeV,

estimated the QGP temperature at this energy scale to be in the range T =
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Figure 1.6: Effective temperature T.g as a function of charged-particle multiplicity
dN.,/dn and transverse momentum of photons pr at midrapidity measured by
the PHENIX experiment [9].

550 — 800 MeV [10].

While early theoretical works [2], [IT] 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) fluid [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 defined 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 [I5]. A signifi-
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Figure 1.7: Creation of elliptical shaped "fireball” in a semi-peripheral heavy ion
collision [14].

cant second Fourier-coefficient (ve, known as the elliptic flow) has been observed
in Au-Au collisions at /syy = 200 GeV at RHIC and in Pb-Pb collisions at
VSN = 2.76 TeV at the LHC [I3] 16]. Figure shows the measured elliptic
flow patterns of baryons and mesons [I7]. Analysing vy as a function of transverse
kinetic energy (K Er) results in two distinct branches: one for mesons and the
other for baryons. When both vy and K Er are scaled by the number of valence
quarks (nq = 2 for mesons, nq = 3 for baryons), the two branches merge into a
universal curve for all hadrons. This indicates that the flow pattern is developed

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

1.4 Collective effects in small systems

Recently, it was observed that pp collisions with large final-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 [I8] 19]. The results, shown in Fig. , demonstrate a clear ridge in
the A¢ ~ 7 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 sufficient to produce the QGP in significant

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 flow vy 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. [L.10}
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Figure 1.10: Elliptic flow 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 of K2, A, = and  to the pion
yield as a function of multiplicity [22]. A significant enhancement in the strange-

to-non-strange hadron production can be seen in Fig.|1.11|with increasing particle
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Figure 1.11: K2, A, = and Q yields ratio to pion yields as a function of multiplicity
in pp, p—Pb and Pb-Pb collisions at centre-of-mass energies between ,/syny =
2.76 TeV and /syn = 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 significant 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. [1.12l 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,
i.e. mostly soft hadrons that are not directly related to the leading hard process.

Multiple-parton interactions are also expected to depend on the flavour of
the emerging particles. Fragmentation of heavy-flavour jets is expected to differ
from that of light-flavour jets due to colour charge and mass effects. The internal
structures of heavy-flavour jets may, therefore, provide a deeper insight into the
flavour-dependent development of jets and their connection to the underlying

event.

1.5 Heavy flavour

Heavy-flavour 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 flavour differ significantly from those
of light-flavour partons due to colour-charge and mass-related effects [29, [30].

The mean lifetime of heavy-flavour quarks is sufficient for them to survive



1.5. HEAVY FLAVOUR 15

Figure 1.13: Schematic view of the evolution of matter in a high-energy nucleus-
nucleus collision. Heavy ¢ 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-flavour 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) effects, that are also present in A-A
collisions. In proton—proton collision systems, heavy flavour is primarily used to
test perturbative QCD models by measuring cross sections of produced particles.

The measurement of heavy-flavour production in pp collisions allows for test-
ing the factorisation theorem, which describes heavy-flavour production as a con-

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

Oap—c = faja(@a, Q) @ foyp(21, Q%) @ Oapse @ Derse(2,Q%) (1.7)

where fo/a(z,, Q%) and fy/5(zp, 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, o4 is the hard-scattering cross section of the partons,
and D._,c(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-
nificantly enhanced compared to those observed in eTe™ 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-flavour particles are D mesons. They consist of a ¢ quark
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 ¢
quark is only possible into one of the lighter v or d quarks, resulting in decay
products that are mostly pions and kaons (e.g., D — K—n*, D* — K—ntr™,
D% - K~eTv,). 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 a b quark or antiquark along with one of the u, 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 flavour show a steeper-than-

linear increase with multiplicity, as can be seen in Fig.|1.15|[34]. The contribution
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Figure 1.15: Average D-meson, J/V¥, and heavy-flavour decay electrons self-
normalised yields 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-flavour yields and the charged-particle multiplicity produced
in the collision. However, auto-correlation effects may also play a role if the
multiplicity is estimated in the same region as the heavy-flavour yields. The auto-
correlation effects 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 first 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. . At the LHC, particles 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
Ion 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 different design choices.
The ALICE detector is specifically 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 LHCDb detector mainly focuses on
the production and decay of heavy-flavour particles, particularly those involving

the bottom quark.

The first 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 first LHC
operational period (Run 1) [35, B6]. 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 particle collider was built and brought online in 2000: the Rel-
ativistic Heavy Ion 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. . The RHIC apparatus

\

PHENIX

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 fixed-target configuration, RHIC achieves the lowest possible centre-of-mass

energy per nucleon pair, down to /syy = 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 sSPHENIX 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, I 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. focuses mainly on the physics of strongly

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

THE ALICE DETECTOR a. ITS SPD (Pixel)
b. ITS SDD (Drift)
c. ITS SSD (Strip)
d. VO and TO

e. FMD

i®

ITS
FMD, TO, VO
TPC

TRD

TOF

HMPID
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DCal

. PHOS, CPV
10. L3 Magnet
11. Absorber

12. Muon Tracker
13. Muon Wall

14, Muon Trigger
15. Dipole Magnet
16, PMD

17.AD
18.ZDC
19. ACORDE

CoNoOrWNE

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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ultimate goal of investigating the nature of strong interactions and colour confine-
ment. It primarily concentrates on measurements in heavy-ion (typically Pb—Pb)
collisions, but its rich physics program also extends to the smaller pp and p—Pb
collision systems.

In the data analysis described in Chapter[4] particle tracking and identification
were performed using a combination of two detectors: the Inner Tracking System
(ITS) [38] and the Time Projection Chamber (TPC) [39]. The ITS detector, the
innermost subsystem of the ALICE detector, is composed of six cylindrical layers
of silicon detectors and it is involved in tracking the emerging particles close to
the interaction point. One of its main purposes is to identify the spatial origin
of charged particles with very high precision (up to fractions of a millimetre).
Such precision allows for the distinction between particles originating from the
primary vertex (the location of the collision) and those stemming from weak
particle decays at a secondary vertex, thus ITS is essential to perform heavy-
flavour measurements.

The TPC is a gas-filled detector located outside the ITS with a volume of
88 m? and serves as the main particle tracking device in ALICE. Charged particles
moving through the gas mixture ionise it, freeing electrons that drift toward the
end plates of the detector. The ALICE detector is placed inside a large solenoid
magnet inherited from the L3 LEP experiment, enabling measurement of the
mass and charge of particles by analysing the curvature of their trajectories. The
particle identification is further carried out via the measurements of the specific
ionisation energy loss dE/dz in the TPC.

Both the ITS and the TPC cover the pseudorapidity interval |n| < 0.9 and
operate in a magnetic field of B = 0.5 T, provided by the cylindrical solenoid.
Particle identification for charm-hadron decay products is further improved by the
Time-Of-Flight (TOF) detector [40], while the trigger signal is provided by the
VO detector, which consists of two scintillator arrays covering the pseudorapidity

intervals —3.7 < 7 < —1.7 and 2.8 < 7 < 5.1 on either side of the nominal
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collision point [41].

A detailed description of the ALICE apparatus can be found in Ref. [42].

2.3 Modelling in high-energy physics

We use computer modelling in several areas of high-energy physics. Theoretical
frameworks and computational techniques are used to make predictions for par-
ticle production in interactions. One of the most often used methods is Monte
Carlo (MC) calculations. These can be used to solve deterministic problems in a
stochastic manner, such as computing complex integrals. The major event gen-
erators work on MC principles to create complete collision events that model the
whole process from the incoming hadrons to the final state. The outcome can be
compared to data to understand underlying mechanisms. Passage through matter
is also simulated with MC methods, facilitating detector development and giv-
ing accurate physics predictions. Furthermore, simulations can be used to create

pseudo-experiments and estimate systematic effects.

2.3.1 PYTHIA 8

The PYTHIA 8 event generator is one of the most commonly used software tools
in particle physics, designed to simulate the complex physical processes occurring
in high-energy particle collisions. Although the starting point of a simulation is
usually a simple cross section computed in fixed-order perturbation theory, the
total probability distribution for simulated events typically cannot be expressed
analytically. Instead, it is evaluated using numerical methods, with Markov Chain
Monte Carlo (MCMC) algorithms based on pseudorandom number generators as
the main ingredient. PYTHIA 8 simulates high-energy collisions in the following

main steps [43]:

1. First, a hard scattering of two partons, one from each incoming hadron,
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into a few outgoing particles is calculated. The initial partons are selected
according to parton distribution functions, and the kinematics of the outgo-
ing particles are determined using perturbation theory. These calculations
are performed with the leading-order corrections, which are further refined
in subsequent steps. The hard process may also produce gauge bosons or

short-lived top quarks, whose decays must also be considered.

. The next step involves the parton shower, which includes the initial-state

radiation (ISR) and final-state radiation (FSR) of additional particles from

the hard scattering and any resonance decays.

. Additional scattering processes between partons from the incoming beams,

the multiple-parton interactions, are also included.

. Non-perturbative colour dipoles, referred to as strings, begin to form after

the MPIs. These formations are typically not unique in the N, = 3 case,
and ambiguities in the colour-space configuration can be resolved using the

so-called colour reconnection (CR) methods.

. The strings fragment into hadrons according to the Lund string model,

a widely used framework for describing hadronisation. Unstable hadrons
produced during fragmentation decay into other particles to form the stable

final state.

. In densely populated regions of phase space, the produced particles may

rescatter, reannihilate, or recombine with one another.

The main applications of PYTHIA 8 include testing theoretical hypotheses by

comparing simulations to data, interpreting measurements (including estimating

systematic uncertainties), and developing experimental strategies and detector

designs. It also serves as an important tool for exploring new theoretical ideas.
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Figure 2.4: Schematic of the structure of a pp — tt event, as modelled by
PYTHIA 8 [43].

PYTHIA 8 can be parametrised (tuned) in multiple ways to test different ap-
proaches to the simulation of high-energy collisions. A standard tune of PYTHIA 8,
called the Monash 2013 tune [44], was parametrised to reproduce observables
measured in pp collisions at the LHC, using data from minimum-bias events,
Drell - Yan processes, and from the underlying events. The energy dependence of
the parameters was constrained by data from the SPS, Tevatron, and the LHC.
However, the Monash tune fails to accurately reproduce strangeness enhance-
ment and baryon-to-meson production ratios. This discrepancy arises from the

non-universality of heavy-quark fragmentation across different collision systems.

The PYTHIA CR-BLC (colour reconnection beyond leading colour) tune in-
troduces junctions to the PYTHIA 8 colour strings and is better suited for re-
producing heavy-flavour production [45]. The CR-BLC tune has three modes,
which differ in their time-dilation constraints. Mode 2, considered the ”stan-

dard” parametrisation for the CR-BLC tune, requires that all dipoles involved in
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a reconnection be causally connected.
In Chapter [3 T provide predictions using phenomenological modelling based
on the PYTHIA 8 Monash tune, while in Chapter [4] I also utilise the CR-BLC

Mode 2 parametrisation to compare with the data.

2.3.2 The FONLL formalism

In processes involving hard scatterings or heavy-flavour production, the leading-
order simulations by PYTHIA 8 are usually not accurate enough. Next-to-
leading-order event generators, like POWHEG [46], include higher-order QCD
corrections to leading-order processes. However, event generators have the short-
coming that obtaining results with the desired precision may need a lot of time
and resources. For simple observables such as cross sections, direct calculations
can be better suited.

Performing next-to-leading order calculations for heavy-flavour production is
a complex task when dealing with high-energy particles. If the renormalisation
scale is close to the heavy-quark mass, the mass of the heavy quark acts as an in-
frared cutoff on collinear singularities, leading to a power expansion in the strong
coupling constant «g [47]. However, this approach fails when the transverse mo-
mentum pr of the heavy quark is much larger than its mass m, as large logarithms
of the ratio pr/m emerge at all orders in the perturbative expansion, spoiling the
convergence.

The FONLL formalism is used for computing the theoretical predictions of
heavy-flavour production [48]. The notation FONLL stands for Fixed-Order plus
Next-to-Leading Logarithms. In this formalism, the terms of order a? and a3 are
included exactly, including mass effects, and the terms of order a2a*log" pr/m
and a2a® log® pr /m are also included exactly. This allows for the merging of the
fixed-order and fragmentation-function approaches.

In Chapter [4] T used interactive calculations based on the FONLL formalism
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to compute the contribution of B-meson decays to the yield of D mesons.

2.3.3 GEANT

With the increasing scale and complexity of high-energy physics experiments,
simulation studies have become increasingly essential for designing and optimis-
ing detectors, developing analysis software, and interpreting experimental data.
GEANT is a system of detector description and simulation tools developed to
satisfy these needs [49].

The GEANT program simulates the passage of elementary particles through
matter. One of its applications is simulating the transport of particles through
the experimental setup to study detector response. This can be done for both
measured and recorded data, as well as for events simulated by Monte Carlo
generators. GEANT also provides a graphical representation of the detector setup
and particle trajectories, which simplifies debugging and helps reveal weaknesses
in both hardware and software.

In Chapter [, GEANT 3 is utilised to estimate the detection efficiency of D

mesons, as well as geometrical acceptance of the ALICE detector.

2.4 Description of high energy collisions

In this Section, I introduce parameters and observables in high-energy collision

events that are frequently mentioned throughout this thesis.

2.4.1 Kinematic observables

In ultra-relativistic collisions, a set of kinematic variables is used to describe the
event and its participants. As inelastic scattering processes can be characterised
by the momentum transfer perpendicular to the beam axis, the projection of

the total momentum of the particles onto the transverse plane, the so-called
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transverse momentum, pr, is often used. The vectorial sum of all pr values of an
event can be approximated as zero, however, due to different factors (like a small
angle between incoming beams, or presence of undetectable neutrinos) it is never
exactly zero.

Rapidity, another important and widely-used parameter in high-energy colli-
sions, is a measure of a particle’s velocity along the collision axis. It is used to

characterise the longitudinal motion of particles produced in events:

1. E+4p.c

y=51

—_— 2.1
T (2.1)

where F is the energy of the particle and p, is its momentum component along the
beam axis. Unlike velocity or other parameters, rapidity differences are invariant
under Lorentz boosts along the beam axis. Consequently, when two particles
undergo a Lorentz transformation, their rapidity difference does not change, sim-
plifying calculations in boosted frames.

In high-energy physics, rapidity is often approximated by the pseudorapidity
n — a purely geometrical parameter, directly related to the angle 6 between the

particle’s momentum and the beam axis,

) o3

In the m — 0 (£ ~ ]?D limit, rapidity reduces to the pseudorapidity.
To describe the energy of a pp collision, /s is used, where s is the Mandelstam
variable that is Lorentz-invariant. The value of /s represents the centre-of-mass

energy of the colliding beams.

2.4.2 Multiplicity and centrality

Charged-particle multiplicity is one of the most commonly used event classifiers,

providing information about both soft and hard QCD processes occurring during
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Figure 2.5: Correspondence between pseudorapidity values and the polar angle
between momentum of the particle and the positive direction of the beam line.

the collision. It offers insight into both the leading process and the underlying
event activity.

The multiplicity of an event can be defined in different ways, depending on the
object of study. Technically, the simplest multiplicity estimator is the number of
particles at mid-rapidity (|n| < 0.8). However, a drawback of this definition is that
it also includes the contribution of the observed mid-rapidity regions, particularly
jet fragments. This leads to autocorrelation and thus the interpretation of the
results is not straightforward. A remedy for this, in the case of a suitable detector,
is to introduce a rapidity gap between the acceptance of the measurement and the
region used for the multiplicity estimation. This so-called forward multiplicity is
measured by the VO detector in the pseudorapidity regions 2.8 < n < 5.1 and
—3.7 <n < —1.7 in the case of the ALICE experiment.

In heavy-ion collisions, an important parameter is the centrality of an event.
It describes the geometric configuration of the collision, specifically the degree of
overlap between the two colliding ions (see Fig. . A central collision corre-
sponds to a high degree of overlap between the nuclei, where the colliding nuclei
pass very close to each other, leading to a high energy density in the interaction
zone. On the other hand, a peripheral collision occurs when the nuclei only brush
each other, resulting in a lower energy density.

The collision centrality is defined as a fraction of a total inelastic nucleus—
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Figure 2.6: Schematic representation of central and peripheral collisions.

AA).

nucleus cross section (07}

1 b do
Centrality = —— —dy 2.3
entrality UAA/O av ) (2.3)

inel
where b is the impact parameter and ?TZ is the differential cross section of a
nucleus— nucleus collision.

In experiments, however, centrality is measured by comparing the charged-
particle multiplicity in a collision to theoretical predictions from the Glauber
model [50]. The distribution of the centrality classes based on the summed am-

plitudes in the VO detector, as measured by the ALICE experiment [51], is shown

in Fig. 2.7]

2.4.3 Event classification by transverse activity

Final states are usually subdivided into two categories: particles originating from
processes related to the primary hard scattering (the primary hard process), and
particles that come from other sources, such as secondary hard collisions and in-
teraction with the beam remnants (the underlying event, UE). The UE is usually
assumed to be independent of the primary process. However, recent considera-
tions propose that there is an interconnection between the two, e.g. via multiple

parton interactions. These relations can be studied in the transverse plane of a
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Figure 2.7: Distribution of the summed amplitudes in the VO scintillator mea-

sured by the ALICE experiment compared with the Glauber model [51].

collision (see Fig. [2.8]).

Leading|particle

Toward
region

region

Figure 2.8: Schematic view of three regions in the transverse plane.

In the following, I use the CDF (Collider Detector at Fermilab) categorisation
for the event activity [52], which is practical in case of two-jet events. First, the
highest-transverse-momentum particle (leading particle) is selected as a proxy

for an energetic jet. The region around it, spanning |[Agp| < %, is called the
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toward region. (Agp is the azimuth angle relative to the leading hadron.) Most
of the jet fragments are expected in this region. The recoil jet will be typically
3T

contained in the away region, defined as [Ap| > =F. In the transverse region

(which comprises parts defined by I < [Ap| < 2F), the influence of the hard
processes becomes much weaker (negligible in events with back-to-back jets).
This region is dominated by soft, underlying processes, although hard radiation

may also contribute in events with more complicated topologies [53].

The relation between particle production in these regions and the hardness
of the main event has been studied in various experiments over a broad range
of energies, from RHIC [54] to the LHC [55-57]. Recently, a measurement in pp
collisions at /s = 13 TeV was performed by the ALICE experiment [58]. The
average number of charged particles increases steeply with the transverse momen-
tum of the leading particle up to pl{fading ~ 5 GeV/cin all three regions (Fig. .

leading

Above pr. 5 GeV /e, particle production continues to rise in the toward and
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Figure 2.9: Charged-particle multiplicity measured in the toward, away, and
transverse regions as a function of the transverse momentum of leading particle
in pp collisions at 13 TeV centre-of-mass energy in the ALICE experiment. [5§]
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away regions, although at a smaller rate. In the transverse region, however, parti-
cle production saturates and reaches a plateau at pquading ~ 5 GeV/c. This shows
that the transverse region is not affected strongly by a sufficiently energetic hard
scattering, and thus the transverse region primarily represents the underlying
event.

In Ref. [59], it was proposed to introduce the relative transverse activity Rr
for event characterisation by the activity of the underlying event. The Ry is
defined as the ratio of the inclusive number of charged particles in the transverse

region in an event, Ni.ans, to the event-averaged number density, (Niyans):

Ry = . (2.4)

As a self-normalised observable, Rt is relatively insensitive to centre-of-mass
energy and variations in kinematic selection. At the same time, the transverse
activity classifier covers a large dynamic range in terms of event activity. Accord-
ing to simulations, Rt is strongly correlated to MPI in a collision [59], therefore

measuring it will indirectly classify events by MPI.

2.4.4 Jet reconstruction

Jets are collimated sprays of particles that emerge from the hadronisation of
quarks or gluons produced in high-energy collisions. When partons are produced
in a collision, they radiate gluons and split into additional quarks and gluons due
to the colour confinement, creating a cascade of particles. This parton shower
eventually hadronises into colour-neutral hadrons through non-perturbative QCD
processes. The resulting jets typically consist of pions, kaons and nucleons, al-
though higher-mass resonances can also be produced.

From an experimental point of view, jets are sprays of particles that have to
be clusterised and connected to the initiating parton. Several algorithms exist

for jet reconstruction [60, 61]. These algorithms group particles based on their
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proximity in momentum space, with an emphasis on simplicity and robustness.
Another property of jet reconstruction which is critical for theoretical predictions
is the infrared safety. It ensures that the presence of soft, low-energy particles
does not affect the final jet structure or the interpretation of the jet.

In my thesis, I utilise the anti-kt algorithm for jet reconstruction [62]. It has
the advantage of pulling soft, low-pr particles toward high-pt particles due to its
inverse dependence on pr. This results in jets with approximately circular shape

in the y — ¢ plane, as illustrated in Fig. [2.10

\ anti-k,, R=1 |

y

Figure 2.10: An example of jet clustering in a sample parton-level event. The
resulting jets have a circular shape, with the highest-pr particles located near the
centre of the reconstructed jets [62].

The anti-kt algorithm introduces a distance measure d;; between particles 4

and j, defined as

11\ AR}

2 .2 2
Pp; D1y R

(2.5)

dij = min

where AR = (y; — ;) + (i — ¢;)*. Here, pri, yi, and ¢; are the transverse

momentum, rapidity and azimuth of particle ¢, respectively. The parameter R is
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the jet resolution parameter. For isolated or high-energy jets, R corresponds to
the radius of the jet cone.

The jet reconstruction proceeds iteratively as follows:

Distances d;; and d;p are computed for all particles or proto-jets, where d;p

is the distance of particle ¢ from the beam and is defined as: d;p = p% )

Ti

Next, the smallest distance, min(d;p, d;;), is identified.

If the smallest distance is d;;, particles ¢ and j are merged into a single

proto-jet by summing their four-momenta.

If the smallest distance is d;p, the particle (or proto-jet) i is declared a final

jet and removed from the clustering process.

2.5 Thermodynamics from the final state

One of the most fundamental observables in high-energy collisions is the trans-
verse momentum distribution of hadrons. It offers valuable insights into the
parton creation and hadronisation processes and the properties of QCD matter
that may be produced in these reactions.

The soft, low-pr part of hadron spectra is usually associated with particles
stemming from thermal equilibrium. This part is well described by extensive ther-
modynamics using the Boltzmann — Gibbs statistics, characterised by the kinetic
freeze-out temperature, which parametrises the exponential function [63, 64] in

the form
F(E) ~ exp <—¥) , (2.6)

where p is the chemical potential and T' is the associated temperature. However,
as we go toward higher transverse momenta, the fits already fail at relatively low

transverse momentum values (pr 2 3 GeV). The hadron spectra in this energy
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regime follow a power-law-tailed distribution, inherited from perturbative QCD
hadron production [65].

It is possible to unify the low- and high-pr parts of the spectra in a single de-
scription, but the statistical picture needs to be modified. It has been shown that
the non-extensive Tsallis—Pareto family of distributions, derived from the gen-
eralisation of the traditional Boltzmann - Gibbs entropy, successfully unites the
low- and high-pr parts of the spectrum [66H68]. The Tsallis — Pareto distribution

can be written as

q—1

BT =1+ Em - 2.7

where T is the Tsallis temperature that follows the non-extensive statistics, while
q is the non-extensivity parameter. The Tsallis—Pareto distribution reduces to
the Boltzmann — Gibbs distribution in the ¢ — 1 limit. The Tsallis form of hadron

distribution leads to the following invariant transverse momentum distribution:

q
q—1

42N 1
— Amy [1 + qT(mT — ) : (2.8)

2rprdprdy

y=0

where A = gVﬁ is a normalisation factor with g being the degeneracy fac-
tor for the given type of degrees of freedom and V' denoting the volume of the
system, and mp = \/zm In the mid-rapidity limit (y =~ 0), the energy
of a light particle is £ ~ mr, while for the relativistic case the chemical po-
tential is approximated as the rest mass of a given hadron, u ~ m. This is a
theoretically motivated [69, [70] pragmatic choice supported by data-driven stud-
ies [T1]. It has been shown in several recent studies that various parametrisations
of Tsallis — Pareto distributions fit well to the measured data from RHIC to LHC
energies [65], (66, [TOHTg].

While thermal equilibrium is often implicitly assumed in heavy-ion collisions,

it is debated whether it can form [78], [79], and it is even less likely to be encoun-

tered in small collision systems. Fortunately, this assumption is not necessary for
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understanding the observed patterns of the final state [80]. The non-extensive
statistical framework can be applied to small as well as rapidly evolving systems
without requiring thermal equilibrium [8T].

The Tsallis — Pareto-distributed transverse momentum leads to a negative bi-
nomial distribution of the total charged hadron multiplicity in events, which is
supported by data [82-84]. This allows to define the Tsallis parameter 7' by
the (one-dimensional, extremely relativistic) equipartition, and to relate the ¢

parameter to the scaled variance of the produced particle number [75] [85H87]:
T=— (2.9)

(2.10)

By combining the above equations, one arrives at an energy-dependent linear

correlation between the Tsallis parameters,

T =FE(*—(¢g—1)), (2.11)

where the relative size of multiplicity fluctuations §% := % is assumed to be

constant.



Chapter 3

Heavy-flavour production in
connection to the underlying

event

Multiplicity-dependent measurements of heavy-flavour hadrons provide means to
investigate the interplay between hard and soft QCD processes. By studying
heavy-flavour production as a function of event multiplicity and underlying event
activity, one can characterise the role of MPI in particle production and its de-

pendence on event properties.

Measurements of unidentified hadron yields have shown that the number of
particles produced in connection with the underlying event is almost independent
of the transverse momentum scale of the hard leading process [58, 88]. However,
identified heavy-flavour probes with their production mechanisms linked to the
hard process may show such dependence and, therefore, serve as a tool to test

the connection between the leading process and the underlying event.

This chapter details a study of heavy-flavour production as a function of the
transverse event activity classifier Rt in simulated proton—proton collisions at

v/s = 13 TeV. The main results have been published in Ref. [89].

39
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To generate heavy-flavour distributions comparable to those observed in par-
ticle accelerators, I used PYTHIA 8 simulations with the Monash tune [44] and
soft QCD settings with the MPI-based colour-reconnection scheme during the
parametrisation of the simulation. These settings are intended to represent the
total cross section of hadron collisions with inelastic events, including diffractive
topologies to account for the contamination of experimental minimum-bias sam-
ples. I simulated a total of 1 billion pp collisions to achieve an acceptable level
of statistical uncertainty.

Besides the goals outlined above, the current study also served to evaluate the
feasibility of such a measurement with existing detector systems. Therefore, I re-
produced the capabilities of the ALICE experiment at CERN by considering only
charged final-state hadrons generated by PYTHIA 8 within the midrapidity win-
dow |n| < 0.8 and above the transverse-momentum threshold of pr = 0.15 GeV/c.
Final-state particles were defined as those with a lifetime ¢ > 10 mm, as such
particles can be tracked in the detector. This approach ensured that the results

would later be comparable with measurements.

3.1 Event triggering with hadrons and jets

As the first part of my study, I compared the results from my simulations to the
trends observed by the ALICE experiment [58] for the distributions of charged-
particle multiplicity in three azimuthal regions — toward, away, and transverse —
in dependence on the transverse momentum of the leading particle, plfading. The
highest-pr (leading) particle is often called the trigger particle when it is used
to select events. This terminology is also used in the current thesis. However, it
should not be mistaken for the experimental concept of a trigger that serves as a
start signal for data taking. The ALICE measurements are shown together with
my simulations in the left panel of Fig. [3.1 PYTHIA 8 closely reproduces the

experimental results, indicating that the simulation parameters were chosen ap-
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propriately to match the experimental behaviour and provide a reliable reference
for future measurements. Additionally, the simulations show that the multiplic-
ity in the transverse region saturates for pi**™ > 5 GeV /¢, consistent with the

behaviour of the underlying event observed in the experiment.

Leading charged hadron _ Leading charged-particle jet
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Figure 3.1: Charged-hadron multiplicity distributions in toward, away, and trans-

. . . . leadi
verse regions as a function of the transverse-momentum of leading particle, pp ¢

(left) and leading jet, po®"™& (right). The simulated distributions on the left
panel are compared to the results from the ALICE experiment [5§].

As heavy-flavour hadrons have different fragmentation properties compared
to light flavour, using trigger hadrons does not allow for a bias-free comparison
between heavy and light-flavour production, especially in the toward and away
regions. For this reason, I suggested reconstructing charged-particle jets in events
and associating the leading process with the highest-momentum jet. This allows
for retaining the connection between the leading process and the heavy-flavour
particle created in association with it. Moreover, by defining the leading process
through reconstructed charged-particle jets, the results with different probes can

be directly compared.
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The jet reconstruction was performed with the anti-kr algorithm [62] using the
FastJet package [00] with a resolution parameter R = 0.4. Note that the choice
of the resolution parameter is always a pragmatic trade-off. If R is too small, a
significant part of radiation may be lost. On the other hand, by increasing R, the
jets pick up more background, and the effective detector acceptance will also be
reduced. The choice of R = 0.4 was guided by several inclusive and heavy-flavour
jet analyses [91, [02]. Similarly to the hadron-trigger case, the jets were required
to be fully contained within the pseudorapidity region of |n| < 0.8. The jet
containing particles with the highest sum of transverse momenta was considered
the leading jet, and the direction of the leading process was defined to coincide

with the direction of the leading jet.

The charged-particle multiplicity in the three azimuthal regions as a function
of the transverse momentum of the leading jet, p%l‘jet’trig, is presented in the
right panel of Fig. [3.1] The behaviour observed for the leading charged hadron is
qualitatively reproduced for leading jets. However, the plateau region now begins
at pfﬁl'jet’trig ~ 10 GeV/c. This shift occurs because the hardest hadron in the jet

carries only a fraction of the transverse momentum of the fragmented jet.

Additionally, I classified jets based on the flavour of the initiating parton.
Charm and beauty jets were defined as those containing the respective heavy
quark within the jet cone, while light jets were identified as those with no heavy-
flavour quark in the cone, indicating initiation by a gluon or an up, down, or
strange quark. This classification enabled further categorisation of events and
facilitated the derivation of new insights into the behaviour of heavy-flavour
hadrons produced in such events. Note that with this method, jets that con-
tain a late gluon splitting into a heavy-flavour quark pair are also categorised as

heavy-flavour jets.
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3.2 Comparison of Rt definitions

To characterise the underlying event using the transverse activity classifier R,
the average charged-particle multiplicity in the transverse region must be deter-
mined for each generated event. The Ry value depends on the trigger condition,
particularly on the type of trigger (charged hadron or charged-particle jet). In the
case of a charged-hadron trigger, at least one of the final-state charged hadrons
must have a transverse momentum of p’**™® > 5 GeV/c. This ensures that
only events in the plateau region are studied, where the transverse side is not
strongly influenced by hard processes. For events triggered by a jet, I used a
pIehtriE — 10 GeV /¢ threshold, corresponding to the start of the plateau in the

transverse region for jet-triggered events (Fig. .

I generated a set of events with a charged-hadron trigger to obtain the average
multiplicity in the transverse region, yielding (Ny.s) = 7.426. With this value
determined, all events with a plTeading > 5 GeV/c trigger particle were categorised
by the transverse activity Rp. The Rp-distribution of events triggered by a final-
state hadron is shown in blue in Fig. 3.2l The distribution peaks around Ry =1
(the average transverse activity corresponding to the average multiplicity in the
transverse region, (Nians)). The upper limit was chosen to be Rt = 10, where
the Rt distribution is already negligible. I defined a total of four Rt classes:
0 < Rr <0.5, 0.5 < Ry < 1 (below-average activity); 1 < Rt < 2,2 < Ry < 10
(above-average activity). Additionally, an Ry-integrated category, 0 < Rt < 10,

was considered as a reference.

Since the transverse region within the plateau area is not expected to be influ-
enced by the selection of the leading process, the average transverse multiplicity
for jet-triggered events was assumed to be the same as for the leading hadron
case: (Nirans) = 7.426. The Rrp-distribution of events with jet triggers is shown
in red in Fig. [3.2] This distribution is more compact compared to that of hadron-

triggered events, which can be attributed to the fact that inclusive-jet triggers
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Figure 3.2: Distribution of the simulated events by their transverse activity Rt
for events triggered with the leading hadrons (blue) and those triggered with
inclusive jets (red). The insert shows the same distribution on a linear scale.

tend to select the leading process more reliably than charged-hadron triggers.

3.3 Triggering with charged hadrons

To study the production of heavy flavour as a function of transverse activity, I
used the yields of D mesons (D% D' and D**) and B mesons (B°, BT and B*"),
as well as of their charge conjugates. The yields were obtained for each of the
four previously described Rt intervals, as well as for the Rrp-integrated interval.

Figure|3.3|shows the production of D and B mesons corresponding to each Rt
interval in both hadron- and jet-triggered events. The distributions are presented
for the full event as well as separately for the toward, transverse, and away regions.
It can be observed, that the heavy-flavour production is larger in events with

Rt > 1 compared to the events with Rt < 1, especially in the transverse region.
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Figure 3.3: Distributions of heavy-flavour D and B hadrons across the different
Rt intervals in hadron-triggered and jet-triggered events, shown for the full event
and for the toward, transverse, and away regions separately. (The dashed lines
are to guide the eye).

The normalised, per-trigger transverse momentum distributions of D mesons
in the toward region are shown in the top left panel of Fig. [3.4. For a better
comparison between the Rt intervals, the bottom left panel shows the ratios of
the yields in each differential Rt class with respect to the Rr-integrated yield.
For D mesons with transverse momentum p? > 8 GeV/c, the Rt dependence
of per-trigger yields is absent within the uncertainties. This is because these D
mesons are produced in the hard scattering and are, therefore, not influenced
by the underlying event. A slight increase in D-meson production is observed
at high transverse momentum for Rt > 2, likely due to the bias toward higher
transverse event activity in events where multiple ¢¢ pairs are produced. Below

the trigger threshold, for D mesons with transverse momentum p? < 5 GeV/c,
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Figure 3.4: Per-trigger D-meson production in the toward region (left) and the
transverse region (right) in events with a hadron trigger. The yields are presented
for each of the Ry intervals (top), as well as the ratio to the Rr-integrated yields
(bottom).

a clear distinction between the different transverse-activity intervals is observed.
Since the transverse momentum of these D mesons is below the trigger threshold
requirement (pi*™& > 5 GeV/c), these heavy-flavour hadrons are disconnected
from the hard scattering selected by the trigger and are predominantly produced
in secondary processes associated with the underlying event. The per-trigger yield
of D mesons increases with transverse activity, while its transverse momentum
dependence remains weak. As the D-meson transverse momentum increases above
the p2 = 5 GeV /c threshold, a trigger ”turn-on” effect can be observed, showing a
gradual transition between the Rp-dependent and Rr-independent regions of the
D-meson spectra. This transition reflects the decay kinematics of D mesons and

the changing probability that they originate from hard or soft processes. From

simulations, I determined that about 16% of D mesons within the 5 < p2? <
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6 GeV/c transverse momentum range produce a plTeading > 5 GeV/c charged-
hadron trigger upon decay. This fraction increases to 66% for D mesons with
7 < p2 < 8 GeV/c transverse momentum, and for pf > 10 GeV/c, more than
97% of D mesons produce a p*™8 > 5 GeV/c trigger particle. In this case,
almost all of D mesons produce a daughter particle with pr > 5 GeV /¢; however,
in approximately 3% of events, a harder particle is present in the same event.

The production of D mesons in the transverse region is shown in the right
panel of Fig. Unlike the behaviour observed in the toward region, in the
transverse region the D-meson yields are separated into different R intervals
across the entire pp range. This suggests that heavy-flavour particle production in
the transverse region is strongly influenced by the underlying event. At higher pr
values, the per-trigger D-meson production increases significantly with transverse
activity.

I obtained similar results for B-meson production. Fig. shows that in the
toward region, B-meson production depends on Rt at low transverse momentum
values, while the transverse activity dependence vanishes at higher pr. The per-
trigger B-meson production in each of the Ry intervals, with respect to the Rp-
integrated production, is constant up to p¥ = 5 GeV/c, after which all data
tend towards unity. However, unlike the case of D mesons, for B mesons the
transition between the Rr-dependent and Rr-independent parts of the spectrum
is much smoother and occurs over a broader pr range. A hint of an excess in the
2 < Rt < 10 class at high pr values is also observed for the B mesons. This can
be attributed to the effects of multiple bb pair production, similarly to the charm

case.

3.4 Scale shift by heavy-flavour fragmentation

Simulations allow us not only to study the hadrons formed during fragmentation,

but also to access the partonic level directly. Therefore, the next step in my
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Figure 3.5: Per-trigger B-meson production in the toward region (left) and trans-
verse region (right) in events with a hadron trigger. The yields are presented for
each of the Ry intervals (top), as well as the ratio to the Rrp-integrated yields
(bottom).

studies was to investigate the production of ¢ and b quarks as a function of
transverse activity in events with a trigger hadron having pquading > 5 GeV/e 1
considered the partons in the last stage just before hadronisation. By comparing
heavy-flavour quark production to meson production, the effects of fragmentation

can be directly investigated.

The upper and lower right panels of Fig. [3.6] show the production of ¢ and b
quarks, respectively, in the toward region in the four Rt intervals described in the
previous sections. The upper and lower left panels show the production of D and
B mesons in the toward region, as discussed previously. The qualitative trends
exhibited by the quarks are similar to those observed for their corresponding
mesons. For D mesons and ¢ quarks, the low-pr part is relatively constant and

Rr-dependent, while the Rt dependence vanishes at high transverse momenta. A
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Figure 3.6: Per-trigger production ratios of D mesons (top left), ¢ quarks (top
right), B mesons (bottom left) and b quarks (bottom right) with charged-hadron
triggers as a function of pr for different Rt intervals in the toward region, over
the Rp-integrated per-trigger yield.

small increase in c-quark production is also observed in the highest Rt interval,
similar to the behaviour seen for D mesons. In the case of B mesons and b
quarks, the trends are also very similar: a strong Rt dependence at low transverse

momenta smoothly vanishes towards higher pr values.

However, by comparing the differences in the presented results, one can ob-
serve a flavour-dependent shift in the momentum scale. For charm quarks, the
trigger turn-on range is located about 40% higher in pt than for hadrons, rising
from pr &~ 7 GeV /c for D mesons to pr &~ 10 GeV /c for ¢ quarks. This shift is due
to the change in momentum scale during the fragmentation of ¢ quarks into D

mesons. For beauty quarks, the transition between underlying-event-dominated
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and leading-process-dominated production occurs at pr ~ 10— 15 GeV /c for both
B mesons and b quarks. This is because b quarks have a larger mass, leading to a
larger dead-cone effect [30), 03], which results in harder fragmentation (with less

parton radiation) of b quarks into B mesons compared to ¢ quarks into D mesons.

3.5 Triggering with charged jets

When triggering an event with a final-state charged hadron, it is impossible
to distinguish between leading processes initiated by heavy- and light-flavour
jets. Therefore, the direct connection between heavy-flavour production and the
underlying event cannot be unambiguously established. To better understand
heavy-flavour production in dependence on the specifics of the hard scattering, I
triggered the events with identified jets. As mentioned in Section [3.1], I defined
three different types of jets: charm-jets (or c-jets, containing at least one charm
quark), beauty-jets (or b-jets, containing at least one beauty quark) and light-jets
(containing only u, d, and s quarks, as well as gluons).

I evaluated the D-meson production in events triggered by charm-jets and
light-jets with a total transverse momentum of at least pCTh'jet’trig = 10 GeV/c.
The D-meson production in events with beauty-jet triggers was not considered
due to the very limited number of events where both a beauty and a charm quark
are produced in the toward region.

Figure [3.7] shows per-trigger D-meson production with c-jet triggers in the to-
ward (top left) and transverse (bottom left) regions. In the c-jet triggered events,
the dependence on transverse activity Ry is observed at low transverse momenta
in the toward region. However, while in the case of hadron-triggered events the
self-normalised D-meson yields were constant over this p region, here a stronger
dependence on transverse momentum is seen. The overall resemblance between
the D-meson production in hadron-triggered and c-jet-triggered events at low pr

suggests that charm production in the toward region is generally disconnected
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Figure 3.7: Per-trigger D-meson production ratios with charm-jet triggers (left
panels) as well as light-jet triggers (right panels), as a function of pr for different
Ry classes in the toward (top panels) and transverse (bottom panels) regions,
over the Rr-integrated per-trigger yield.

from the leading process at these transverse momentum values.

There is, however, a different behaviour of the curves above the trigger thresh-
old compared to the hadron-triggered case. Instead of the Rt dependence of D-
meson production vanishing at higher pr, for c-jet-triggered events it is observed
that lower underlying-event activity corresponds to a higher D-meson yield. A
probable cause of this behaviour is the autocorrelation from wide-angle gluon-
splitting processes. When a gluon splits into a c¢¢ pair, with one of the quarks
falling into the toward and the other into the transverse region, the multiplicity
in the transverse region increases. This leads to a decrease in the number of D

mesons compared to the case where both jets fall into the toward region. This ef-
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fect would not show up prominently in the charged-hadron-triggered case, where
a more energetic hadron is expected from the jet that balances the splitted gluon.

In the transverse region, the production of D mesons in c-jet-triggered events
is qualitatively similar to that in hadron-triggered events. There is a strong Rt
dependence over the entire studied pr range, with D-meson production increasing
towards higher Rr values.

The right-hand panels of Fig. show the per-trigger D-meson production
ratios for light-jet-triggered events. The trends in the transverse region (lower
right panel) are similar to those observed in all previously described cases: Rt
dependence is seen over the entire pt range, with higher D-meson production cor-
responding to higher transverse activity. The toward region (upper right panel),
on the other hand, exhibits different behaviour: D-meson production in this re-
gion is Rp-dependent even at high pr values. The D-meson production here
resembles that typically observed in the transverse region. This is because charm
is excluded from the leading process, so all D mesons observed in the toward
region are disconnected from it, similarly to what we observe in the transverse
region. Therefore, by studying heavy-flavour production in the toward region in
light-jet-triggered events, one can investigate the production of heavy flavour from
the underlying event, even in a region dominated by hard processes. However,
the statistics for this special case are limited.

Figure shows the per-trigger B-meson production with b-jet triggers (left)
and light-jet triggers (right) in the toward (top) and transverse (bottom) regions.
The trends observed in B-meson production for events triggered by b-jets are
generally comparable to those in D-meson production for c-jet-triggered events.
An autocorrelation effect is present in the toward region for events with b-jet
triggers, attributed to the wide-angle gluon splitting. B-meson production in the
transverse region shows Rt dependence over the entire pr range, with higher pro-
duction observed in events with higher transverse activity. In light-jet-triggered

events, B-meson production in the toward region becomes dependent on trans-
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Figure 3.8: Per-trigger B-meson production ratios with beauty-jet triggers (left
panels) as well as light-jet triggers (right panels), as a function of pr for different
Ry classes in the toward (top panels) and transverse (bottom panels) regions,
over the Rr-integrated per-trigger yield.

verse activity, although statistics are limited in the high-pr region.

3.6 Summary

In the case of light-flavour hadrons, the CDF event classification is based on
transverse event activity with respect to a leading hadron. This is not necessarily
suitable in the case of heavy-flavour production, because heavy-flavour hadrons
have different fragmentation characteristics. To make the results comparable
across different probes, I suggested the utilisation of jet triggers for determining

the leading process in an event. Events triggered with light- or heavy-flavour jets
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retain the connection between the leading process and the heavy-flavour particle
created in association with it, and bring more direct information on the underlying
heavy-flavour production process.

I performed the analysis of heavy-flavour production as a function of the un-
derlying event in pp collisions at /s = 13 TeV using simulations from PYTHIA 8.
I observed that the production of low-transverse-momentum heavy flavour is de-
pendent on the transverse event activity Rr in the toward region in events trig-
gered with a charged hadron, hinting at the production of these particles in the
UE processes. This dependence vanishes towards higher pr values, as these heavy-
flavour hadrons are predominantly produced in the hard processes disconnected
from the UE. The same behaviour is exhibited by the heavy quarks, although
at a slightly different momentum scale, which can be attributed to the loss of
momentum during fragmentation. I showed that heavy-flavour hadron produc-
tion in the transverse region is Rrp-dependent over the whole studied pr range,
signalling that heavy-flavour production in this region is strongly influenced by
the underlying event.

The triggering of events with the identified jet allowed me to distinguish
between hard processes initiated by heavy and light partons. The production
of D and B mesons in the toward region in events triggered with charm- and
beauty-jets, respectively, shows a similar behaviour at low-pr to that observed
in the charged-hadron-triggered events. At higher transverse momentum values,
however, the Rp-dependence persists because of the effect of wide-angle gluon
splitting. Light-flavour jet triggers provide means to trigger on a hard process
that is different from that of heavy-flavour production, therefore allowing for the
underlying-event-dependent analysis of the connection between two hard pro-
cesses. | showed that the heavy-flavour spectra in the toward region in events
triggered with the light-parton jets are Rp-dependent over the whole pp range.
I also showed that the behaviour of heavy-flavour production in the transverse

region in events triggered with jets is qualitatively similar to that observed in
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charged-hadron-triggered events, as this region is not influenced by the hard pro-
cesses and is dominated by the underlying event, independently from the selection
of leading process.

With the study described in this chapter, I provide the methodology for fur-
ther experimental measurements of heavy-flavour production in connection to the

underlying event and offer means for the interpretation of such results.
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Chapter 4

Event-activity dependent
D'-meson production with the

ALICE experiment

In this chapter, I apply the methodology developed in the previous chapter to
measure the production of D? mesons as a function of transverse event activity in
collisions registered by the ALICE experiment. The analysis is summarised in an
ALICE Public Note [04]. The results will also be part of a journal article, that

is currently under preparation within the collaboration.

4.1 Dataset

To study D°-meson production as a function of underlying event activity Ry, I
analysed data collected by the ALICE experiment during the Run 2 data-taking
period (2016-2018). I studied proton—proton collision systems at a centre-of-
mass energy of /s = 13 TeV. This data sample contains approximately 1.7
billion recorded minimum-bias events corresponding to an integrated luminosity

Line = 29.4 nb~!. In addition to a minimum-bias trigger condition, a requirement
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on the leading-particle transverse momentum plTeading > 5 GeV/c was imposed to

enable the categorisation of events by transverse-event activity Rr. This con-
dition reduced the number of analysed events down to 17 million. Due to this
relatively small sample size, the analysis was performed only in the toward region.

Besides LHC collision data recorded by the experiment, ALICE also gener-
ated dedicated datasets using the PYTHIA 8 event generator. The final state of
each event was then propagated through a model of the ALICE detector using

GEANT 3 to achieve final states that can be directly compared to measurements.

4.2 Charged-particle track selection

A uniform azimuthal distribution of charged-particle tracks is desired for the cur-
rent analysis due to the dependence of the Rt parameter on angular differences.
In ALICE, the so-called global tracks (Fig. , in green) use information from
both the Inner Tracking System (ITS) and the Time Projection Chamber (TPC).
However, there are gaps in the azimuthal distribution of tracks, due to holes in
the Silicon Pixel Detector (SPD) of the ITS. The raw data from the ITS detector
are converted into clusters — groups of adjacent detector cells activated by the
passage of a charged particle. However, the clustering algorithms fail in proximity
to the SPD holes, as clusters cannot be reconstructed in these regions. To ad-
dress this issue, a special track selection, referred to as complementary tracks, was
implemented in the analysis. This selection compensates for the SPD holes by
disregarding any clustering requirements for the I'TS. The complementary tracks
are shown in Fig. in red. By combining the complementary tracks with the
global track selection, I achieved a significantly more uniform azimuthal distri-
bution of particle tracks. The residual structure causes a negligible systematic
effect. The angular distribution of these so-called hybrid tracks is shown in blue
in Fig. [4.1] The implementation of hybrid track selection enabled a much more

precise classification of events based on their transverse activity, independent of
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Figure 4.1: Azimuthal angle distribution of selected tracks. Green — global tracks,
red — complementary tracks, blue — hybrid tracks.

the direction of outgoing particles.

4.3 Multiplicity in the transverse region

To define the Rt intervals in the data analysis, I examined the charged-particle
multiplicity in the transverse region for all triggered events. The distribution of
events by their transverse multiplicity is shown in the left panel of Fig. 4.2l The
average transverse multiplicity of all events was determined to be (Nyans) = 6.225.
As expected, this value differs from the (Nians) = 7.426 obtained in PYTHIA 8
simulations that do not contain detector effects (Chapter [3). With this value
established, the Rt parameter for each event can be calculated for Rp-dependent
studies. The Rt distribution is shown in the right panel of Fig. [£.2]

The distribution peaks slightly below 1 and becomes negligible towards high
Rt values. Similarly to the studies in Chapter [3] T applied a technical cut-off at

Rt = 10, which didn’t lead to loss of data. Given the available amount of data,
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Figure 4.2: Charged-particle multiplicity distribution in the transverse region in
triggered events (left) and distribution of selected events by their Ry (right).

I defined two Rt intervals for the analysis: below-average transverse activity,
0 < Rt < 1 (with a total of 10.05 million events); and above-average transverse
activity, 1 < Ry < 10 (with a total of 6.81 million events).

This classification enabled a separate study of D’-meson production in events

characterised by low and high underlying event activity.

4.4 Reconstruction of D’ mesons

The D° and DY mesons were reconstructed via their D° — K7t and DO —
K*n~ decays. These decay channels have a branching ratio (i.e., probability) of

3.89 £ 0.04% [95].

Charged kaons and pions are identified using the TPC detector, which mea-

dE
» dx?

sures their specific energy loss inside the detector volume. The particle
identification capabilities of the TPC are illustrated in Fig. [4.3] The curves corre-
sponding to different particle species follow the Bethe — Bloch formula. As shown,
differentiation between particle species is more pronounced at low momenta. At
higher momenta, however, the regions corresponding to different species start to
overlap, making particle identification ambiguous. This can lead to the misidenti-

fication of pions and kaons and a contribution of the so-called reflected D® mesons,
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Figure 4.3: Energy deposit versus momentum measured with the ALICE TPC at
magnetic field of 0.2 T and /s = 13 TeV. The black curves represent calculations
for different particles using the Bethe —Bloch formula.

for which a decay kaon is identified as a pion and vice versa. In my analysis, a
30 compatibility cut was applied to the difference between the measured and
expected signals for the particle in the pr-dependent normalised distributions.

To identify kaon-pion pairs originating from a D’-meson candidate, a set of
topological selections was applied. Firstly, the total invariant mass of the kaon-
pion system was required to fall into a reasonable range of the D°-meson mass.
In my analysis, the maximum allowed deviation was 400 MeV/c%. Additionally,
pions and kaons were required to have a transverse momentum above a certain
threshold to exclude softly produced partons. I applied a threshold of pr =
0.7 GeV/c.

If a pion and a kaon are expected to originate from the same decay, the closest
distance of approach (DCA) of their extended trajectories should be sufficiently
small. In my study, the DCA was constrained to be no larger than 0.03 cm. By

extrapolating particle tracks backwards, it is possible to calculate their impact
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parameter with respect to the primary vertex (see Fig. [4.4)). The impact param-

pointing angle Hl“-

- mting
-

K1 Ohight line—, _ - --

[
= N D reconstructed momentum

\__-_-_-R--\---\-
T~ K

secondary vertex

primary

Figure 4.4: Schematics of a D%meson reconstruction.

eter was restricted to not exceed 1 mm. Additionally, a constraint was placed on
the product of the impact parameters of the pion and the kaon in each candidate
pair. These constraints are summarised in Table (negative values arise when

the two tracks pass on different sides of the primary vertex).

Further constraints were applied to the direction of flight of D% meson can-
didates. Regions, where D% meson production is suppressed, were excluded to
reduce the combinatorial background. This was achieved by requiring the cosine
of the D% meson’s initial flight line direction in the centre-of-mass frame of the
collision (cos@*) to remain below a specified upper limit. Lastly, the pointing
angle (0,) — the angle between the reconstructed D°-meson flight line and its ex-
pected flight line (connecting the primary and secondary vertices) — was required
to be small. The selected DY candidates are sorted into five p%o ranges: 2-5, 58,
8-12, 12-18, and 18-24 (GeV/c). All topological selections for D%-meson can-
didates with various transverse momenta are motivated by the previous ALICE

analyses [96] 97], and are detailed in Table
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PR’ [CeV/(] 2-3 34 4-7 78 8§12 12-16 1624

|M — Mpo| [GeV/?] <04 <0.4 <0.4 <0.4 <0.4 <04 <04

DCA [cm] <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03

cos 0* <0.8 <0.8 <0.8 <0.8 <0.9 <1.0 <1.0

pr (K) [GeV/(] >0.7 >0.7 >0.7 >0.7 >0.7 >0.7  >0.7

pr(m) [GeV/(] >0.7 >0.7 >0.7 >0.7 >0.7 >0.7  >0.7

|do| (K) [cm] <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1

|do|(7) [cm] <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
dody [x1078 cm?] <—20000 <-12000 <—8000 <—7000 <—=5000 <10000 -

cos , >0.9 >0.85 >0.85 >0.85 >0.85  >0.85 >0.85

Table 4.1: Topological selection criteria for D° mesons in different transverse-
momentum intervals.

4.5 Raw yield extraction

The invariant-mass distributions of the selected D° candidates are shown for the
different prlﬁo intervals for below-average and above-average Rt categories, as well
as for Ry-integrated category in Figs. [4.5] [4.6] and [4.7] respectively. The selected
DY candidates still include a substantial combinatorial background from randomly
associated pion-kaon pairs that pass the selections. For D%-meson candidates
with p%o < 2 GeV/e, the combinatorial background was too high to extract a

significant signal.

The K-7 invariant-mass distributions show a clear peak around the nominal
rest mass value of the D® meson (1.864 GeV/c?). In order to determine the
raw yield of the DY mesons, the combinatorial background has to be subtracted.
The background is fitted with the x? method using an exponential function on
the sideband regions (30-50 range from the invariant mass peak), where the
contribution from the signal is negligible. This fit is represented by the red
curves in the figures. After subtracting the background, the remaining peak is
fitted with a Gaussian (blue curve). The results of the invariant mass peak fits
are shown in Table [£.2] All the peaks are significant, with significance values
S/\/'S + B over 6. As discussed earlier, the production of D° mesons is largely

suppressed at low pr, therefore the lowest significance values are observed in the
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Figure 4.5: Invariant mass distributions of D® meson candidates in the 0 < Rt <
1 region, for different p%o ranges. The blue line represents the peak fit, and the
red line represents the combinatorial background.
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Figure 4.6: Invariant mass distributions of D meson candidates in the 1 < Rt <
10 region, for different p%o ranges. The blue line represents the peak fit, and the
red line represents the combinatorial background.

lowest transverse-momentum region.

I determined the raw yields by computing the integral between the background

and signal fits. As a cross-check, I also applied the bin counting method. Both

results agree within uncertainty.
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Figure 4.7: Invariant mass distributions for all D° candidates in different p?’

ranges. The blue line represents the peak fit, and the red line represents the
combinatorial background.

Table 4.2: Summary of the fitted parameters for the D° invariant mass peak

Ry pR’ [GeV/e] M [GeV/c*] o [GeV/c®]  Significance
2-5 1.867£0.002 0.0105+0.0020 7.44+0.9
58 1.868+0.001 0.0136+£0.0006  26.740.7
0-1 8§12 1.868+0.001 0.0154+£0.0005  34.6+0.8
12-18 1.867+0.001 0.0191+£0.0011 22.340.9
18-24 1.863£0.003 0.0279+£0.0029  11.74£0.9
2-5 1.868+0.002 0.0122+0.0019 6.8£1.1
58 1.870£0.001 0.0140+£0.0008  21.140.8
1-10 8§12 1.867£0.001 0.0153£0.0007  25.240.7
12-18 1.868+0.001 0.0175+£0.0013  19.3+0.9
18-24 1.869+£0.003 0.0242+0.0029 9.6£0.9
2-5 1.868+0.001 0.0108+0.0014 9.8+1.0
58 1.869+£0.000 0.0138+0.0004  33.940.8
0-10 812 1.868+0.000 0.0148+0.0004  42.640.8
12-18 1.868+0.001 0.0193+£0.0008  29.5+0.9
18-24 1.8654+0.002 0.0259+0.0020  15.0+0.9

together with the significance of the obtained fit.
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4.6 Correction of the raw yields

The raw yields obtained from the invariant mass distributions do not account
for various effects, such as the efficiency of particle detection, the geometrical
acceptance of the ALICE detector, and the origin of the D meson. Therefore,

corrections must be applied to the raw yields to obtain the physical D° spectrum.

4.6.1 Acceptance and efficiency corrections

To account for the detection efficiency of the daughter particles, an efficiency
correction has to be applied. Since the geometrical coverage provided by the
detector is not complete, an acceptance correction is also needed. I determined
these correction factors in a single step, by evaluating the D%-meson production
simulated with the PYTHIA 8 software, and then propagating the generated
particles through a model of the detector system implemented in GEANT 3.
Similarly to the data, the hybrid track selection was applied to the Monte Carlo
data, resulting in similar spikes around 2.2 rad and 3.8 rad (Fig. . The average
multiplicity in the transverse region was computed the same way as in data and
yielded (Nians) = 4.802.

To determine the fraction of D® mesons detected in the experiment, the num-
ber of D candidates passing the same set of topological selections as for the
data and later detected in the simulated detector environment was compared
to the total number of generated D? mesons. The resulting fraction, called the
acceptance-times-efficiency correction (A x¢), compensates for tracking inefficien-
cies and the geometrical acceptance of the ALICE detector. This procedure was
performed separately for prompt D? mesons (originating at the primary vertex)
and for the feed-down D° mesons (decay products of b-hadrons). The prompt
acceptance-times-efficiency correction was applied to the raw yields to compen-
sate for the loss of signal, while the feed-down correction was later applied during

the calculation of feed-down contribution.



4.6. CORRECTION OF THE RAW YIELDS 67

x10°
ﬂ | T T T T T T T T T T T T T T T T ‘ T T T T ‘ T T T T T ]
§ - ]
© 30F ALICE This thesis Global tracks —
C bp V5 = 13 TeV —— Complementary tracks ]
C —— Hybrid tracks ]
25 — ]
20— i
15 H
10— H
5 H
:4 | 1 | | ‘l | | = | | == J :
0 1 2 3 4 5 ¢§ra g

Figure 4.8: Azimuthal angle distribution of selected tracks in the PYTHIA 8
simulation. The global tracks are shown in green, complementary tracks are
shown in red, and the hybrid tracks are shown in blue.

The Axe correction is shown in Fig. It can be seen that the detection
efficiency is independent of the transverse activity Rt for both prompt and feed-
down D° mesons. The values of the acceptance-times-efficiency correction for
prompt DY mesons increase with transverse momentum from 6% to 30%, which
is lower than the values observed for feed-down D® mesons, which range from
16% to 40%. This indicates that D° mesons are not originating at the primary
vertex, but they are rather coming from b-hadron decays, and are detected more

efficiently compared to D° mesons from charm hadronisation.

4.6.2 Feed-down correction

In order to study the production of D mesons, I had to exclude all yields originat-
ing from secondary decays of B mesons into D mesons. I calculated the fraction
of prompt D® mesons (originating from the primary vertex) based on the input

from FONLL perturbative QCD calculations as
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Figure 4.9: Acceptance-times-efficiency corrections for prompt and feed-down D°
mesons as a function of p%o for the Rt < 1 case in blue, Rt > 1 case in red, as
well as for the Rr-integrated case in black.

f o ( d20' )FONLL (A X 8)feed—down : AyApT -BR - Lint (4 1)
rompt - : ) .
P ’ dyde feed-down NDT&W/Q
, \ FONLL
where ( dd d" ) is the cross section of B mesons determined from the
YAPT / foed-down

FONLL calculations with the respective branching ratios (BR) for decays into
DY mesons, (AX&)feed-down 15 the acceptance-times-efficiency correction for feed-
down D° mesons, Ay is the rapidity window, Apr is the width of the transverse
momentum interval, Ly is the integrated luminosity, and NP=v is the raw yield
obtained from the data. The factor of 1/2 in the denominator is needed because
the cross section is measured as an average of D? and D9. The integrated lumi-

nosity is calculated based on the inelastic pp cross section oi,e at /s = 13 TeV

N, evt

Oinel

centre-of-mass energy and the number of detected events as L;, =
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Because of the additional event trigger, which discards events with a leading

particle having p'?*@™ < 5 GeV /¢, the FONLL-calculated B-meson cross section

FONLL
( Todo > cannot be applied directly, as it is calculated for minimum bias
YaPT / feed-down

events. To resolve this problem, I added additional factors to the equation above.
First, the fraction of feed-down DY mesons in the events satisfying the trigger

condition had to be determined:
DO

feed —down

Rt0-10)
Ttrig = DY ’ (42)
N eed—down

MB

where N,]:Ee(eod:li‘;w“ denotes the number of feed-down D® mesons in all the events
with leading particle having pi*™® > 5 GeV /¢, while Nglgeed*d"‘”“ is the number
of D? mesons in the minimum-bias events. Furthermore, I had to account for the
fact that feed-down DY mesons are not produced uniformly among different Ry

intervals. This can be accounted for with the factor:
ND?CCd—dOWn

rRT = —2——— (4.3)

feed—down
Rr0-10)

DY . . . .
Here, N R;eed’d‘”“ is the number of feed-down D? mesons in a given Ry interval.
By combining Egs. (4.2) and (4.3]), we arrive at a simple correction factor to be

applied to the FONLL spectrum:

0
NDfeed —down

R
"= ND§eed—down ’ (44>

MB

With this, the modified formula for calculating the fraction of prompt D°

mesons becomes

DO
f i NR;ccdfdown dQO_ FONLL . (A % 5)feed—d0wn . AyApT -.BR - Lint
prompt D dyde NDraw/2 .

0
N feed —down
MB

feed-down

(4.5)
I calculated the factor r from Eq. (4.4) with PYTHIA 8 simulations. The
resulting fractions are shown in Fig. It can be seen that the production of
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Figure 4.10: Ratio between the number of feed-down DY mesons in each of
the studied Ry intervals and the total number of feed-down D° mesons in the
minimum-bias events simulated with PYTHIA 8.

feed-down D° mesons with transverse momentum below the trigger threshold is
heavily suppressed. Starting from p%o = 10 GeV/c upwards, however, almost all
D° mesons are detected. This is due to them producing a daughter particle having
a transverse momentum above pr = 5 GeV/c which triggers the event. Between
PR’ =5 GeV/c and pR’ = 10 GeV /e, in order to trigger the event, the transverse
momentum must be transferred unevenly between the D? daughters, with a larger
discrepancy towards D° mesons with lower transverse momentum. Therefore,
these DY mesons are still suppressed, but less so as we move towards higher p%o
values. Also, note that while trigger efficiencies in the Rt bins of 0 < Rt < 1 and
1 < Rt < 10 are close to each other, there is still a distinguishable dependence
on Rr. This also results in Rt dependence of the feed-down correction.

The comparison between the original FONLL spectrum and the corrected

spectrum is shown in Fig. for the 0 < Rt < 10 interval.
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Figure 4.11: Comparison between the original FONLL spectrum for the
minimum-bias events and the modified FONLL spectrum for the events with
piede 5 5 GeV/c condition.

The fraction of prompt D° mesons calculated in the analysis is summarised
in Fig. 4.12] The raw yields are corrected with the central values of fyrompt:
while the statistical errors are inherited from the raw yield extraction. In the
event sample considered in this analysis, the fraction of prompt D® mesons with
p?o < 5 GeV/c is approximately 60%, significantly lower than what is obtained
in the minimum-bias event sample. For D° mesons with p2’ > 5 GeV/e, the

fraction is in the range of 85-90%, similar to other D° measurements [96], 97].

4.7 Systematic uncertainties

In the analysis procedure described in the previous sections, the choice of pa-
rameters often played an important role. The final results may slightly depend

on these parameters. These dependencies are accounted for as systematic uncer-
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Figure 4.12: The fraction of prompt D mesons in each of the Ry intervals ob-
tained in the analysis.

tainties. In the analysis, I considered several sources of systematic uncertainties,
including detection and reconstruction efficiencies, data fitting stability, and the

uncertainty from the simulated spectral shapes.

4.7.1 D selection systematics

The systematic uncertainty of the reconstruction of DY candidates from their
decay products originates from imperfections in the description of the D-meson
kinematic properties, as well as from the detector resolution and alignment in the
simulation. This systematic uncertainty was estimated by varying the parameters
for the topological selections of D? mesons such that the resulting acceptance-

times-efficiency correction varied by 5% and 10% (variations deemed sufficient in
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previous ALICE analyses [97, 98] to test the stability of D selection) in both
the lower and higher directions relative to the values obtained in the analysis.
This resulted in significant modification to the raw yields, signal-to-background
ratios, and efficiencies. By applying less strict, looser constraints on the topo-
logical selection of DY candidates, I obtained two sets of results: ”Looserl” with
a 5% higher acceptance-times-efficiency correction and ”Looser2” with a 10%
higher value. Similarly, two sets were defined for tighter constraints: " Tighterl”
corresponding to a 5% variation and ”Tighter2” corresponding to a 10% varia-
tion. After defining the new sets of topological selections, I repeated the complete
analysis (including extraction of raw yields and application of all corrections) and
compared the deviation of the final results with respect to those obtained with
the default selections. The systematic uncertainty was assigned separately for
each point in the final results, based on the root mean square (RMS) of the four
points coming from the four sets of cuts. Figure shows the ratio between
results with each set of modified topological selections and the results with the

standard ones for 0 < Rt < 1 and 1 < Rt < 10.
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Figure 4.13: Ratio of the per-event D%meson yields with modified topological
selections to the per-event D’ -meson yields with standard topological selections
for events with Ry < 1 (left) and Ry > 1 (right).

The contribution of the D selection systematic uncertainty was estimated to
be in the range of 1-7%, depending on the transverse momentum of the D° and
Rt of an event. The detailed list of assigned systematic uncertainty values is

shown in Table The highest uncertainty is observed in the lowest p%o region,
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R [GeV/d 25 58 812 12-18 1824

Rr <1 6% 3% 1% 2% 2%
Ry >1 % 4% 1% 2% 2%

Table 4.3: Assigned values of the systematic uncertainties connected to the D°
selection.

where, due to the presence of the trigger particle condition, the number of D°
mesons is significantly lower compared to the other p%o regions. This results in
higher sensitivity to the selection criteria of DY candidates. In regions with higher

p%o values, the systematic uncertainty reaches a few percent at most.

4.7.2 Raw yield extraction systematics

The number of extracted D° yields depends on the exact method of fitting the
invariant mass distributions. Therefore, an additional systematic uncertainty was
determined by varying the fit parameters and fit function shapes. The variations
included changing the lower and upper bounds for the fits, merging several bins of
the invariant mass histogram, and changing the background fitting function from
exponential to a second-order polynomial. Additionally, one variation involved
fixing the Gaussian width at the value obtained from the fits on Rrp-integrated
invariant mass histograms. The summary of the varied parameters is presented

in Table .4

Rebinning 1 2 4
Lower mass limit 1.68 1.70 1.72 1.74
Upper mass limit 2.08 2.10 2.12 2.14
Width of Gaussian fixed released
Background fit Expo Pol2

Table 4.4: Variation of fitting parameters for the invariant mass distributions.
Values used in the main analysis are written in bold.
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All possible combinations of the fit settings were considered, resulting in a
total of 192 trials for each of the p%o and Rt regions. In each trial, the fitted
D° mass (centre of the Gaussian) and sigma (width of the Gaussian) values were
checked to ensure they were within reasonable ranges (see Fig. for an exam-
ple) and failed fits were discarded. The distribution of the extracted raw yields
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Figure 4.14: Parameters of the invariant mass peak fits of D? candidates (central
value MP" and width o) for all combinations of the fit settings variations for D°
mesons with 12 < pR’ < 18 (GeV/c) and events with Ry < 1.
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Figure 4.15: Number of extracted raw D°-meson yields for all combinations of

the fit settings variations (left) and their distribution (right) for D° mesons with
12 < pR” < 18 (GeV/c) and events with Ry < 1.

in the trials approximates a Gaussian form (Fig. [4.15)). The systematic uncer-
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tainty assigned to each of the points in the final result was evaluated based on the
width of the raw yield distribution. The raw yield extraction technique applied
in my analysis was shown to be quite stable, with the systematic uncertainties
resulting from the variation of the fit not exceeding a few percent. The summary

of the systematic uncertainties, point-by-point, is presented in Table [4.5]

PR [GeV/g 25 58 812 1218 1824

Rr<1 2% 1% 1% 1% 3%
Rr>1 5% 1% 1% 3% 4%

Table 4.5: Assigned values of the systematic uncertainties connected to the raw
yield extraction.

4.7.3 Bin migration systematics

Another major source of systematic uncertainty is the classification of events by
the Rt value. Since the Rr classifier is determined from the charged-particle
multiplicity in the transverse region, it is sensitive to particle detection at the
boundary of the two Ry intervals (i.e., close to the average multiplicity of 6.225).
In this range, a slight deviation in the charged-hadron multiplicity can move an
event from Rt < 1 to the Rt > 1 category, or vice versa. To estimate the
magnitude of this systematic uncertainty, I compared the results of the analysis
obtained purely from data reconstruction with the results of the same analysis
using MC-generated particles. The particles reconstructed from data had to be
modified with the acceptance-times-efficiency correction to obtain results that are
comparable to the MC. Note that the feed-down correction is not needed here,
since the result is a fraction between spectra in different Rt regions, meaning that
the feed-down factor cancels out. The comparison between reconstructed and MC
spectrum ratios is shown in Fig. [4.16] Since there is no significant dependence
on pr for D° mesons with transverse momentum larger than p?o =5 GeV/e,

the systematics for p2° bins between p2’ = 5 GeV/c and pR’ = 24 GeV/c were
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Figure 4.16: Ratio of the Rr-dependent per-event D%-meson yields to the Rp-
integrated yield for reconstructed and MC data.

averaged. The values of the systematic uncertainties associated with the bin

migration that were applied to the final result are summarised in Table [4.6]

PR [GeV/e] 25 58 812 1218 1824

Rr <1 11% 6% 6% 6% 6%
Rr>1 9% 5% 5% 5% 5%

Table 4.6: Assigned values of the systematic uncertainties connected to the bin
migration.

4.7.4 Feed-down systematic uncertainty

There is another source of uncertainty corresponding to the feed-down correction.
This uncertainty mainly arises from the FONLL spectrum. Following standard
procedures [98], the FONLL factorisation and renormalisation scales, as well as
the heavy-quark masses were varied as described in Ref. [99]. These variations

result into two extreme values for the predicted FONLL particle spectra: one
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with the highest possible values and another with the lowest. The difference
between the feed-down corrections calculated with the standard FONLL spectra
and the extreme ones gives the magnitude of this systematic uncertainty. This
is the dominant source of systematic uncertainty in the lowest p%o range, where
it reaches up to 27%. The summary of the values assigned to the final result is

presented in Table |4.7]

PR [GeV/d 25 58 812 1218 1824

Rr <1 27% 5% 3% 2% 1%
Rr>1 20% 8% 5% 3% 3%

Table 4.7: Assigned values of the systematic uncertainties connected to the feed-
down calculation.

There are a few additional sources of systematic uncertainty that are typically
considered in D-meson analyses: the shape of the simulated pr spectrum, the
identification of charged hadrons, and the contribution of D reflections. The
first uncertainty is estimated by using FONLL as an alternative event generator
to simulate the pr distribution of D mesons and comparing it to MC-generated
results afterwards. The second uncertainty is evaluated by modifying the track
selection criteria for identifying hadrons stemming from D%-meson decays. The
contribution of reflections is determined by varying the ratio of the integral of
the reflections to the integral of the signal and the shape of the templates used
in the invariant-mass fits. All these sources of systematic uncertainty were found
to be negligible [98], especially in comparison to the other sources of systematic
uncertainties already described above, so I did not consider them in the analysis.

The summary of all systematic uncertainties, as well as the final assigned value
for each data point in the result, is presented in Table [4.8 Since the individual
sources of systematic uncertainty were considered to be uncorrelated with each
other, they were added in quadrature to obtain the total systematic uncertainty

for each data point in the final result.
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Rr  pR’ [GeV/c] DO selection ii‘:aztlii Bin migration Feed-down Total
2-5 6% 2% 11% 27% 30%
5-8 3% 1% 6% 5% 8%
0-1 8-12 1% 1% 6% 3% ™%
12-18 2% 1% 6% 2% 7%
18-24 2% 3% 6% 1% 7%
2-5 % 5% 9% 20% 24%
58 4% 1% 5% 8% 10%
1-10 8-12 1% 1% 5% 5% %
12-18 2% 3% 5% 3% 7%
18-24 2% 4% 5% 3% %

Table 4.8: Summary of the total systematic uncertainties for each Ry category
and p?o range.

4.8 Corrected yields and model comparison

The Rp-dependent per-trigger yields of DY mesons were obtained by correcting
the raw yields with the acceptance, efficiency and feed-down factors and then
normalising them by the number of events registered in the corresponding R
interval. For a better representation of the trends, I show the results as a ratio
between the Rrp-differentiated yields and the Rr-integrated yield, similarly to the
results in Chapter [3]

In Fig. the obtained yields in the toward region are presented, with
the error bars representing the statistical uncertainties and boxes representing
total systematic uncertainties. For p%o > 5 GeV/e, the results are consistent
with unity within uncertainties in both Ry intervals. This indicates that the
D° mesons with high transverse momentum are produced in connection with the
leading processes. On the other hand, for the lowest p%o interval, there is a
hint of dependence on the transverse activity. The results are also compared to
the PYTHIA 8 simulations with the Monash as well as the CR-BLC Mode 2
tunes. Both calculations describe the data well within uncertainties, with the

Monash tune predicting a slightly larger difference between the two Rt regions
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Figure 4.17: Ratio of the Rr-dependent per-event D’-meson yields to the Rp-
integrated yield in the toward region, as a function of p%o, in pp collisions
at /s = 13 TeV. The results are compared to model calculations from the
PYTHIA 8 Monash and CR-BLC Mode 2 tunes. Boxes represent the total sys-
tematic uncertainty of the result.

at p%o < 5 GeV/c. However, simulations also show a dependence on Rt in the

5 < p%o < 8 interval, while no such hint is observed in the data.

I also simulated the Rp-dependent D production in the transverse region with
the same two PYTHIA 8 tunes, shown in Fig. [4.18, There is a clear separation
between the two Ry intervals across the full p2’ range, signalling that the DO-
meson production is mostly independent of the leading processes. The effect is
substantially stronger for the CR-BLC Mode 2 tune compared to the Monash
tune due to the difference in the predicted underlying event by the two models.
These predictions can be verified with a future high-precision measurement from

the LHC Run 3 data-taking period.
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Figure 4.18: Ratio of the Rp-dependent per-event DY meson yields to the Ry-
integrated yield in the transverse region, as a function of p%o, in simulations of
pp collisions at /s = 13 TeV from the PYTHIA 8 Monash and CR-BLC Mode

2 tunes.

4.9 Summary

Following my studies of the heavy-flavour production as a function of transverse
event activity in simulations, I performed the data analysis of D°-meson produc-
tion in the toward region as a function of Rt in pp collisions at /s = 13 TeV

centre-of-mass energy with the ALICE experiment.

I obtained that in the 2 < p?o < 5 GeV/c region, events with above-average
underlying event activity hint at a higher rate of D%-meson production in the
toward region than events with below-average underlying event activity, while
there is no significant difference from unity for either case if p’ > 5 GeV/c. I
compared my results to the model predictions. The results are consistent with

PYTHIA 8 using both the Monash tune and a model with colour reconnection
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beyond leading colour approximation.

The integrated luminosity expected from the ongoing Run 3 data-taking pe-
riod will make it feasible to carry out Rrp-differential studies of heavy-flavour
production with the ALICE apparatus down to even lower transverse momenta,

focusing on the transverse region which is representative of the underlying event.



Chapter 5

Timescale of heavy- and
light-flavour production via

non-extensive thermodynamics

In this chapter, I apply the principles of Tsallis thermodynamics to study the
production of heavy quarks for the first time. I investigate the feasibility of such
a study by investigating the thermodynamic consistency of the results. Addition-
ally, I compare the results obtained for heavy-flavour hadrons to the light flavour
and estimate the production time scales for various light- and heavy-flavour

species. The research detailed in this chapter was published in Refs. [100], T0T].

5.1 Flavour-dependent Tsallis thermometer

The Tsallis thermometer is a conceptual tool used in the context of high-energy
physics, particularly in systems exhibiting non-extensive statistical behaviour. It
is based on Tsallis statistics, a generalisation of the Boltzmann - Gibbs frame-

work, that can be applied to locally non-thermalised systems.

33
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5.1.1 Tsallis fits to spectra from RHIC and the LHC

To study the production of heavy-flavour hadrons using the Tsallis thermometer,
I analysed publicly available measurements from the ALICE and STAR experi-
ments [100]. These measurements span diverse collision systems (pp, p—Pb, Au-
Au, and Pb-Pb) and energies (from /syy = 200 GeV up to /s = 7 TeV). The
studied pp collisions include minimum-bias spectra of D°, D*, and D** mesons
at /s = 5.02 TeV and 7 TeV energies from the ALICE experiment [96, 9§].
The spectra of these three meson species were also analysed from the p—Pb col-
lisions at /sy = 5.02 TeV taken by the ALICE experiment [102]. I also used
two centrality-dependent D% meson datasets: one from the Au-Au system at
VSnn = 200 GeV from the STAR experiment [103], and another from the Pb-
Pb system at /syy = 2.76 TeV centre-of-mass energy from the ALICE exper-
iment [I04]. The D%meson spectra from the STAR experiment were measured
across five centrality classes: 0-10%, 10-20%, 20-40%, 40-60%, 60-80%. In
contrast, the ALICE data consisted of two centrality classes: 0-20% and 40—
80%. The charged-particle multiplicity corresponding to each centrality class is
presented in Table[5.I] with higher multiplicity corresponding to more central col-
lisions. All the heavy-flavour spectra that are used in this analysis cover a broad
range of transverse momentum, with a large number of measured data points, en-
abling precise fitting with the Tsallis—Pareto distribution (Eq. (2.8)) [71]. Note
that fitting with the Boltzmann — Gibbs distribution fails at transverse momenta

above few GeV/c [105].

I fitted the investigated D-meson datasets with the Tsallis—Pareto distribu-
tion using the LMFIT: Non-Linear Least-Squares Minimization and Curve-Fitting
for Python package [106]. The fitting process was performed in two stages. First,
the low- and high-pt regions of spectra were fitted separately. The results from
these initial fits were then used as input for fitting the entire spectrum. This

method resulted in stable fits and yielded good x?/ndf values. The extracted fit
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parameters, including the Tsallis temperature (7") and non-extensivity parameter
(q), are summarised in Table . Examples of the fitted spectra are shown in
Fig. 5.1} while all the fitted spectra can be found in Appendix A of Ref. [100].
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Figure 5.1: Fits on the D-meson spectra. (Left) D%meson spectrum from the
ALICE pp data at /s = 5.02 TeV. (Right) D% meson spectra from the STAR
Au—Au data at \/syn = 200 GeV in 5 centrality classes.

The presence of radial flow may slightly alter the outcome of the fits. How-
ever, the current description, which utilises the non-extensive framework within
a co-moving reference frame [107] and uses inputs from broader pr ranges (from
0 up to 830 GeV/c depending on the particle species), does not require a ra-
dial flow parameter to account for the final-state hadrons produced in heavy-ion

collisions [100].

5.1.2 Validation of the thermodynamical consistency

The non-extensive thermodynamic model used in my studies is constructed based
on first principles. Consequently, the model, including the derived Tsallis — Pareto

distributions, should satisfy the Euler equation [73]:

e+P—-Ts—pun=0. (5.1)

To verify whether the extracted fit parameters for the heavy-flavour mesons

are consistent with thermodynamic principles, I checked the fulfilment of the first-



86 CHAPTER 5. TIMESCALE OF HEAVY- AND LIGHT-FLAVOUR
PRODUCTION VIA NON-EXTENSIVE THERMODYNAMICS

VEN [GeV] Hadron (%) T [GeV] g X2 /ndf
680.0 0.3240.01 1.06+0.01  4.1/8

4245 0.36+0.03 1.05+0.02  15.6/8

Au-Au, 200 DY 2357 0.31£0.01 1.07+0.01 12.7/8
90.0  0.3240.02 1.09+0.01 13.8/8

27.0  0.29+0.04 1.12+0.03  29.2/8

6000 0.32+0.06 1.16+0.02  0.9/4

_ 0

Pb-Pb, 2760 D 450 0234005 1214002  0.9/4
Do 0454001 1.16+0.01 7.8/18

pp, 5020  D¥ 0.4340.02 1.16+0.01 15.9/17
D+ 0444002 1.1740.01 11.6/16

Do 0.43+0.02 1174001 199.7/18

p-Pb, 5020 D* 0.38+0.03 1.17+£0.01 792.3/17
D+ 0.4240.02 1.1740.01 93.2/16

Do 0.4940.02 1.1540.01  7.5/10

pp, 7000 D¥ 0474004 1164001  7.8/8
D+ 0444004 1174001  7.5/8

Table 5.1: Parameters of Tsallis fits on D-meson spectra.

order Euler equation. I calculated the quantities in eq. (5.1)) from the Tsallis—

Pareto distribution (eq. (2.8))) using the fitted Tsallis parameters, as follows [72,

73):

r-of

N:nV:gV/

d3p

Pk

Tf?

d3p

(27T>3fq,

dBp [mr—m
o= [ s )

]

d3p

()

mTf .

(5.2)
(5.3)
(5.4)

(5.5)

Here, f is the momentum distribution function of the degrees of freedom (hadrons),

defined through the Tsallis—Pareto distribution.

Figure demonstrates that the consistency condition is satisfied for light-
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flavour mesons within 1% precision. For heavier hadrons, slight deviations can oc-

cur; however, for D mesons, these deviations remain below 8%. For most hadrons
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Figure 5.2: Thermodynamical consistency of the Tsallis—Pareto parameters.
D-meson results (magenta) are compared to light-flavour hadron results from
Ref. [75] (semi-transparent).

measured with high precision, the Tsallis model provides a thermodynamically
consistent description. The slight deviations observed in the heavy-flavour case
may result from the larger uncertainties in the D-meson spectra or indicate the

limitations of the applicability of the non-extensive framework to such system.

5.1.3 Application of the Tsallis thermometer

The T'— (¢ — 1) diagram containing pairs of fitted parameters for all the studied
hadron spectra is called the Tsallis thermometer [75]. It can be used to study the
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relations between particle species, collision systems, energies, and multiplicities
within the framework of non-extensive thermodynamics. In Fig. I present
the extracted T and q pairs for the D mesons, alongside the parameters from the
light-flavour study [75]. The light-flavour parameters are displayed without error

bars and with semi-transparent colours for better visibility.
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Figure 5.3: Tsallis-thermometer: the fitted 7' and ¢ parameters of identified D°,
D' and D** mesons stemming from pp, p—Pb, Pb—Pb, and Au—Au collisions at
various energies and various multiplicity classes. Results for light-flavour hadrons
from Ref. [75] are shown in semi-transparent colours for comparison. The green
and blue bands show the estimated position of the “common” Tsallis parameters
(see Sec. for further details) for D mesons (with solid colours) and light
flavours (with half-transparent colours).

For light-flavour hadrons, a mass hierarchy is observed in the T'— (¢ — 1)

diagram: the 7" parameter shows an increasing trend with particle mass, being
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lowest for pions and generally increasing towards heavier hadron species. A strong
dependence on multiplicity is also evident — points corresponding to spectra with
high multiplicity are located at higher T values and lower ¢ values (towards the top
left of the diagram), while low-multiplicity data points are concentrated at lower
T and higher ¢ values (towards the bottom right of the Tsallis thermometer).
This behaviour becomes even more pronounced for heavy hadrons.

The D mesons, that are subject to the current study, follow these general
trends. The D-meson points typically correspond to higher T values compared to
light-flavour hadrons from similar collision systems. Similarly to the light-flavour
case, there is a multiplicity dependence, with 7" increasing and ¢ decreasing as
multiplicity rises.

However, there are notable differences in the trends between light- and heavy-
flavour hadrons, offering insights into their differing production mechanisms and
timescales. Light-flavour hadrons of the same species are concentrated within a
narrow band of the Tsallis thermometer, showing minimal dependence on the col-
lision system and energy. In contrast, the D-meson points from different collision
systems are much more distant from each other. Specifically, the T—¢ param-
eter pairs for D mesons shift towards the top right of the diagram as collision
energy increases. This behaviour may be explained by the fact that in small col-
lision systems, ¢ quarks originate directly from the early stages of the collisions,
corresponding to high 7' (Tsallis temperature) values and larger non-extensivity
parameter (¢). Conversely, in A-A collisions, ¢ quarks may undergo coalescence
within the cooling and expanding medium [108], resulting in lower Tsallis param-

eter values.

5.1.4 Common Tsallis parameters

The Tsallis thermometer shows a grouping of all light-flavour hadrons at small

multiplicities around a given point (intersection of the half-transparent blue and
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green bands in Fig. 5.3 [75]. I call The Tsallis parameters corresponding to this
point the ”"common” Tsallis parameters, T¢q and geq. The Ty and geq parameters
correspond to a dilute system limit, which does not depend significantly on the
collision system and energy. For D mesons, the behaviour is similar; however,

their grouping point is different than that of the light-flavour case.

To determine the grouping point of D mesons on the Tsallis thermometer, I
used the relation between the T and ¢ parameters defined in Eq. . This
function was used to fit the different sets of D-meson points on the T— (¢ — 1)
diagram. The points from Au-Au and Pb—Pb collisions were fitted separately,
while minimum-bias datasets from the same collision system and energy were
grouped together due to the similar masses of D-meson species (1.864 GeV/c?
for DY 1.869 GeV/c* for DT and 2.010 GeV/c? for D*") and the limited data
available. The fitted lines are shown in black in Fig. [5.3]

The E and 6% parameters extracted from these fits are presented in Fig. m,
along with points corresponding to light-flavour hadrons shown in semi-transparent
colours. The relative size of multiplicity fluctuations, 62, is larger for all D-meson
points than that of light-flavour hadrons. Furthermore, the points corresponding
to small collision systems exhibit larger E values than those from heavy-ion col-
lisions, as the slope of the fits in the T—(q — 1) diagram is generally steeper for

these systems.

To determine the common Tsallis parameters for D mesons, I inverted Eq. (2.11)
into the form:

ES8® =Ty — (gog — 1)E . (5.6)

By fitting the D-meson points in the E6*>—FE diagram using this equation, I
obtained Tty = 0.253 £ 0.022 GeV and geq = 1.215 £ 0.022. These values, along
with their uncertainties, are shown in Fig. [5.3]as the solid-coloured blue and green
bands, respectively. The position of the bands is determined by the central values

of the fitted Tq and g, parameters, while the width of the bands is defined by



5.1. FLAVOUR-DEPENDENT TSALLIS THERMOMETER 91

3.0
—— E62=1(0.253+0.022) + (0.215 + 0.022)E
2.51
B 7 (0.140)
I K* (0.493)
1 K? (0.498)
2.0 K™ (0.892)
[ p(p) (0.938)
1 ®(1.020) m
1 A% (1.115)
-t (1.321)
©w 1.5 B (1.385)
B -0 (1.531) _
== 0 (1.672) » VSuy = 130°GeV
mEm D (D° D*, D) Vsuw = 200 GeV
1.01 / "% CuCu, Vsuw = 200 GeV
& ¢ AuAU, Vsyy = 200 GeV
ALICE
e PbPb, Vsyy = 2760 GeV
0.51 v pp, Vs = 5020 GeV
m pPb, Vsyy = 5020 GeV
o < « PbPDb, Vsyy = 5020 GeV
ngz $ * pp, Vs = 7000 GeV
0.0 + pp, VS = 13000 GeV
~0 1 2 3 4 5 6 7 8

E (GeV)

Figure 5.4: Correlation of the fit parameters Ed? as a function of E. D-meson
results (magenta) are compared to light-flavour hadron results (semi-transparent)
from Ref. [75]. The magenta line shows the fitting of the D-meson points with

Eq. .

the fit uncertainty.

The common Tsallis parameters for D mesons are offset by AT, = 0.109 £+
0.024 GeV and Ageq = 0.059 % 0.023 towards higher values compared to light
hadrons. This difference can be attributed to the different information carried
by light and heavy-flavour hadrons. Light-flavour hadron spectra predominantly
form during the kinetic freeze-out phase of a collision, while the higher values of
Teq and geq demonstrate that heavy-flavour spectra reflect a hotter, more non-
extensive state of the reaction. Moreover, the smaller the system size, the higher

the non-extensivity parameter q.
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5.1.5 Flavour-dependent time evolution

I used the Bjorken model [109] to connect the proper time of charm spectrum
creation, mp, to that of light-flavour hadrons, 7 p. In this model, the system is
assumed to undergo a boost-invariant expansion along the beam axis, where the
proper-time evolution of energy density and temperature follows a scaling law. It
is important to note that the Bjorken picture imposes no specific thermodynamic
assumptions, thus it is applicable for the non-extensive thermodynamic model
to define a temperature-like measure. The Bjorken model defines the energy
density as e = oT* (note that, while the equation takes the form of the Stefan—
Boltzmann law, it follows directly from the Bjorken model). With the initial

condition (1) = €9 — T'(19) = Tp, an analytical solution can be obtained [110]:

S (%)3 | (5.7)

Assuming identical initial conditions for light- and heavy-flavour hadrons, i.e.,
To..r(10) = To.p(70), the relation between the proper times for charm and light-
flavour creation becomes

Tir\’
™ = T — . 5.8
o= () 58)

As mentioned earlier, the Bjorken model is independent of thermodynamic

assumptions, allowing for the use of the common Tsallis temperature, T¢,, ob-

tained separately for light-flavour hadrons and D mesons in the non-extensive

thermodynamic model. Using this, I determined the ratio of proper times as:

o = (0.18 % 0.06)7Lp . (5.9)

This result indicates that heavy-flavour hadrons carry thermodynamic informa-

tion from significantly earlier stages of the reaction than light-flavour hadrons, as

shown in Fig.
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Figure 5.5: Schematic cooling curve of an ultrarelativistic collision of hadrons.
Temperature and time scales are shown in arbitrary units.

5.2 Species-dependent analysis of the LHC data

Thanks to new, high-precision data available from the ALICE experiment, in
this section I expand my previous results by considering various hadron species
separately [101]. T analysed the production yields of charged pions [TTTHIT5] (7 ),
kaons [22, TT1HIT9] (KT, K%, K?), protons [TI1HIT5] (p), ¢° mesons [113, 117,
118], A® baryons [22, 12} (16, 119] and D mesons [96, 08, 102, 104] (D°, D**,

D), as well as the corresponding charge conjugates.

I followed the procedure described in the previous section to determine the
Teq and geq values separately for the various hadron species. Note that while the
earlier studies used data from both RHIC and the LHC, here I focus exclusively
on LHC results to ensure that the fundamental thermodynamic properties, such

as heat capacity, remain stable within the energy regime under investigation [120].
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5.2.1 Mass hierarchy

The obtained T, and g, values for light-flavour hadrons, as well as for heavy-
flavour D mesons, are summarised in Table [5.2] These values are also visualised
in Fig. [5.6] which shows the T, and ¢, parameters as functions of the hadron

masses.  The common Tallis temperature 7T, increases with the mass of the

Hadron Quark content Mass, m [MeV]| Ty, [MeV] Qeq

7wt ud 140 107+4  1.151 £0.004

K+t Uus 493 154 £ 11  1.163 £ 0.009

KY dotdo 498 161 +12  1.159 £ 0.007

KO ds 892 255+ 15 1.138 £0.008

p uud 938 1724+ 18  1.143 £ 0.009

@° SS 1020 234£8 1.15240.004

A° uds 1115 158 £23  1.146 £ 0.009

DO, D+, D** aa, cd 18612010 343 +107 1.183 + 0.044

Table 5.2: Summary of Ti, and g, values for different particle species. (Charge
conjugates are not marked explicitly.)

mesons, and the trend determined by mesons is well described by a linear fit

Ty = (0.15 4 0.01) x m + (85 £ 5) MeV (5.10)

in ¢ = 1 units. The baryons, however, do not follow the mass-ordered trend
observed for mesons, as their T, values are significantly smaller compared to
mesons with similar masses, hinting at later formation times for baryons than
for mesons. This mass dependence is consistent with earlier observations of mass
hierarchy from the Tsallis temperatures obtained directly from spectrum fits, as
described in the previous section. While the emerging picture does not support
the common logarithmic mass dependence of mesonic and baryonic Tsallis tem-
peratures [121], more detailed baryonic measurements are needed to draw firm
conclusions.

Another observation is that all the light-flavour mesons have similar non-
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Figure 5.6: T., and ¢, parameters of different hadron species as a function of
the invariant mass of the hadrons. The solid lines represent fits over the points
corresponding to the mesons, with the grey bands representing the uncertainty
range corresponding to one standard deviation.

extensivity parameters g, varying between 1.15 and 1.16, while the baryons
have a slightly lower value, around 1.14. Although a significant difference can be
observed between the g, values of unified RHIC and LHC light-flavour and D
meson data, the current precision of LHC-only D-meson data does not support

any rising trend. A linear fit to mesons yields

Goq = (—1.6 £6.1) - 107 MeV ™" x m + 1.153 £ 0.004 , (5.11)
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which is consistent with a constant.

5.2.2 Spectrum formation times

I utilised the Bjorken-type expansion to estimate the formation times of spectra
for various hadron species. The formation proper times of each hadron species
were estimated with respect to the proper time of pions. The results are presented

in Fig. .7 It can be observed that meson formation times are ordered by mass,

ot
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= « DOD* D"
|_°J250
200
150
100
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Figure 5.7: Formation proper times for each hadron species within the Bjorken
model. The proper time is expressed in units relative to that of the pion, 7.

with the spectra of heavier mesons corresponding to earlier formation times, while
the spectra of lighter mesons are formed later. Interestingly, heavy-flavour D
mesons follow this trend as well, albeit with large uncertainties. Baryons are
formed later than mesons of similar masses. According to these results, pion
spectra are formed at a substantially later time compared to all other hadrons.
The proper time associated with the formation of pions is approximately 3 times
larger than that for charged kaons, while D meson spectra are formed an order

of magnitude earlier than those of kaons (7x /7, ~ 0.34, 7p /7, ~ 0.03). These
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results also agree with my earlier estimation of the relative formation proper times
for heavy-flavour and light-flavour hadron spectra (not differentiated by species),

THF/TLF ~ 0.18.

5.2.3 Non-extensivity parameter and heat capacity

For systems with a fluctuating number of particles, the non-extensivity parameter
q can generally be written as [122]
1 2

q:1—5+5 , (5.12)
where C' is the heat capacity of the system, while §2 expresses the temperature
or multiplicity fluctuations in the events (AT?/(T)? and An?/(n)?, respectively).
The values of 6% are obtained from fits on the ¢—1 points of each hadron species
during the evaluation of the ¢, and 7., parameters, as described in Sec. m
Since the 6% values increase with the size of the collision system, I was able to
determine a range of possible values for each hadron species, where the lower
boundary corresponds to pp collisions and the higher boundary to Pb—Pb colli-
sions.

Several attempts have been made to estimate the heat capacity of the hot
hadronic system. Based on temperature fluctuations, the specific heat capacity
cy = C/n corresponding to a constant volume was estimated at SPS energies to be
cy = 604100, assuming (T") = 180 MeV [123]. In this study, the Tsallis nature of
the pr distribution was considered in the temperature fluctuations, but not in the
derivation of the heat capacity. Another work based on lattice QCD calculations
estimates ¢y /T & 15 in case of QGP and ¢y /T? = 21 for the ideal gas limit [124].
More recent estimates of the specific heat in Au—Au and Cu—Cu collisions at
RHIC, based on the Boltzmann—Gibbs statistics, yielded ¢y ~ 1 — 2 [120]. Note
that the y/s dependence of the heat capacity in the Hadron Resonance Gas (HRG)

model is saturated in the ultra-relativistic limit [120], so this estimate is also
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valid at LHC energies. This latter approach relies on extensive thermodynamics
where ¢ = 1, and therefore Eq. reduces to C = 1/§%. Non-extensive
thermodynamics can provide corrections to this estimate. The Tsallis—Pareto fits
to the spectra yield ¢ values significantly above unity, meaning that the specific
heat of the system is expected to be higher than in the case of Boltzmann — Gibbs
distribution. Another study based on the non-extensive framework obtained the
value of specific heat to be around ¢y &~ 1 — 4, depending on the value of ¢ and

T [125].

In my work, I use a different approach. I estimate the specific heat based on
the common non-extensivity parameter g.q, corresponding to the low-multiplicity
limit. By substituting the ge, and §2 values for each particle species in Eq. ,
I can obtain the specific heat of the very-low-multiplicity systems corresponding
to the T,y and ¢eq values. The results across the different particle species are
consistent with each other, yielding a lower boundary for the specific heat, C' £ 5,
independently of the collision system or collision energy. Considering the system
sizes, this is consistent with the values of the previous non-extensive study [125].
Due to the hyperbolic dependence between goq, and C, the upper limit of the
specific heat cannot be well estimated by the current precision of the available

data.

For light mesons (specifically pions and kaons) produced in larger collision
systems, 02 ~ q — 1, leading to large C values. This implies a largely thermalised
system. For heavier mesons, including the heavy-flavour D mesons, which cor-
respond to earlier spectrum formation times, the relative fluctuations are larger,
leading to smaller heat capacity compared to the case of light flavours. This

implies a strongly non-extensive system.
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5.3 Summary

In this chapter, I investigated the production of light- and heavy-flavour hadrons
within the Tsallis—Pareto non-extensive statistical framework. I used the data
measured by the ALICE and STAR experiments that span diverse collision sys-
tems and energies.

I showed that the transverse momentum distributions of heavy-flavour D
mesons are well described by the Tsallis—Pareto distribution. The parameters
from the fits fulfil thermodynamical consistency, therefore the statistical frame-
work is applicable to heavy as well as light flavour.

The Tsallis parameters of the fits to D-meson data exhibit a scaling behaviour
with charged-particle multiplicity and with the collision energy, similarly to the
light-flavour case. However, the scaling of D mesons is quantitatively different
from that of light-flavour and strange hadrons. I found that the 7., and geq
parameters are higher for heavy-flavour than light-flavour hadrons. The higher
¢eq means that the correlation within the heavy-quark system is slightly larger
than that of light and strange quarks, indicating that heavy quarks are produced
in the early stages of the collisions. The Ty, parameter for D mesons is higher
than that of light flavour. This also suggests that D meson spectra preserve
information from earlier stages of the reaction than light flavour.

Considering an expanding system and the results from a non-extensive sta-
tistical approach, AT and Agqg on the Tsallis thermometer can be understood
as time-frame projections of different stages of the time evolution. By com-
paring charm production to that of light flavour, I showed that the production
of D mesons corresponds to a significantly earlier proper time than light-flavour
hadrons. Based on the Bjorken expansion, I estimated it as 7p = (0.18 +0.06) 7.

I further analysed high-precision data from the ALICE experiment to in-
vestigate the formation and evolution of hot systems comprising charmed and

light hadrons, by individually evaluating various hadron species. I determined
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the common Tsallis parameters T,, and g, for charged pions and kaons, K?,
(anti)protons, ¢ mesons, A hyperons, and D mesons and found that T, for all
the mesons, both light and charm, follow a mass ordering, where T, linearly in-
creases with mass. Baryons have a slightly lower T¢, than mesons with the same
mass. On the other hand, LHC data alone does not show a significant ordering
of geq With the mass of different mesons.

Using Bjorken expansion as an assumption, again, [ determined the spec-
trum formation proper times for each hadron species relative to each other. As
expected, the proper times are mass ordered and pion spectra are formed at a
substantially later time compared to all the other hadrons (7x /7, ~ 0.34 for
charged kaons, mp /7, ~ 0.03 for D mesons).

Finally, I estimated the heat capacity of the system based on the common
non-extensivity parameters o, and relative fluctuations 62 corresponding to each
hadron species. The results yield a system-wide lower boundary, C' 2 5. The
upper limit corresponding to light mesons implies a largely thermalised system,
while heavier hadrons are strongly non-extensive regardless of the system size.

This is consistent with the earlier formation of heavier hadron spectra.



Chapter 6

Conclusion and outlook

In my thesis, I used heavy-flavour production from small to large collision systems,
both in theory and in experiment, to understand the thermodynamical properties

and the QGP-like collective effects in reactions.

The origin of collective effects in small collision systems remains an open ques-
tion in high-energy physics. One of the main explanations behind the collective
behaviour of particles in small systems is vacuum QCD effects at the soft-hard
boundary, among them the MPI. While the MPI cannot be accessed directly,
there are observables which allow us to implicitly measure the extent of MPI in

events.

I investigated the connection between the hard and soft regime using heavy-
flavour production in terms of the transverse activity classifier Rr, from both the-
oretical and experimental aspects. I analysed the production of D and B mesons,
as well as ¢ and b quarks in pp collisions at /s = 13 TeV using PYTHIA 8
simulations. Following the CDF event classification, I studied the production of
heavy-flavour hadrons in events triggered by a charged-hadron leading particle.
I investigated the production of heavy flavour in the toward region (azimuthally
close to the leading particle) and in the transverse region (a region perpendicular

to the leading particle). I obtained that the production of D and B mesons in the

101
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toward region depends on the transverse event activity at low transverse momen-
tum pr values, while this dependence vanishes at high transverse momenta. This
allowed me to conclude that low-transverse-momentum D and B mesons are pro-
duced in connection with the underlying event, while the high-pr heavy-flavour
mesons are mostly formed in the hard scattering.

As expected, there is a change in the transverse momentum scale connected to
the hadronisation of ¢ quarks into D mesons, while a similar momentum loss is not
present for the pair of b quarks and B mesons due to much harder fragmentation.

In the transverse region, I observed that the heavy-flavour hadron production
is Rp-dependent over the full transverse-momentum range that was examined.
This indicates that the production of D and B mesons in this region is strongly
influenced by the underlying event.

As heavy-flavour hadrons have different fragmentation properties compared
to light flavour, using trigger hadrons does not allow for a bias-free comparison
between heavy and light-flavour production, especially in the toward and away
regions. Therefore, I suggested utilising reconstructed jets as triggers to represent
the leading process in events. This allows for retaining the connection between
the leading process and the heavy-flavour particle created in association with
it. By defining the leading process through reconstructed charged-particle jets,
the results with different probes can be directly compared. Constraining the
flavour of the jet-initiating parton allows for further insights into the connection of
heavy-flavour production to the leading process or the underlying event. Selecting
light jets, for instance, ensures that the heavy flavour arrives from a separate
process. Heavy-flavour jet triggers, on the other hand, allow for the access of
gluon-splitting or flavour-excitation topologies.

The production of D and B mesons in the toward region in events triggered
with charm- and beauty-jets, respectively, shows a similar behaviour at low-pr
to that observed in the charged-hadron-triggered events. However, at higher pr

values a dependence on Rt is preserved due to the autocorrelation effects that
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can be attributed to the wide-angle gluon splitting. In the case of events triggered
by light jets, I observed a strong dependence of produced D and B mesons on
the transverse activity Rr over the whole studied pr range. This observation is
consistent with the assumption that heavy flavour in these cases comes from the

underlying event.

I also showed that the behaviour of heavy-flavour production in the transverse
region in events triggered with jets is qualitatively similar to that observed in
charged-hadron-triggered events, as this region is not influenced by the hard
processes and is dominated by the underlying event, independently from the

selection of leading process.

I continued the study of heavy-flavour production as a function of the trans-
verse activity Rt in data analysis of pp collisions at /s = 13 TeV centre-of-mass
energy registered with the ALICE experiment. Due to the limitations of avail-
able data recorded during the Run 2 data-taking period, I performed the study

of D% meson production only in the toward region.

The results obtained in the analysis hint at an Rp-dependence of the pro-
duced D° mesons in the lowest transverse-momentum region. This dependence
vanishes at higher pr values. These results confirm my prediction from PYTHIA 8
simulations, and the results are also consistent with simulations using colour re-
connection beyond leading colour approximation. A more precise measurement
in LHC Run 3 that can also be extended to the transverse region, will have the

power to discriminate between different model predictions.

[ extended the non-extensive thermodynamic framework to incorporate heavy-
flavour production and better understand the timeline of heavy and light-flavour
spectrum formation. I used the transverse momentum distributions of the iden-
tified D meson species measured in the ALICE and STAR experiments in mul-

tiple collision systems from pp to A—A and at collision energies varying from
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Vs = 200 GeV to /syx = 7 TeV. I showed that the Tsallis-Pareto distri-
bution accurately describes the transverse momentum spectrum of D mesons,
similarly to light-flavour hadrons. I confirmed the validity of the applied model
by verifying that the thermodynamical consistency is fulfilled.

I also showed that the Tsallis parameters extracted from the transverse mo-
mentum spectra of D mesons exhibit a scaling behaviour with the charged-particle
multiplicity and collision energies, however, this scaling is quantitatively differ-
ent from the light-flavour and strange-hadron case. I found that the 7,, and
Jeq Parameters are higher for heavy-flavour than light-flavour hadrons. The shift
of these parameters supports the fact that heavy flavour is produced at earlier
stages of the reaction than light-flavour hadrons, which are formed at the freeze-
out stage.

I utilised the Bjorken model to connect the temperature difference between
heavy and light flavours to their production timescale. I concluded that the
production of D mesons corresponds to a significantly earlier proper time than
light-flavour hadrons, 7, = (0.18 £ 0.06) 7.

I further analysed high-precision data from the ALICE experiment to inves-
tigate the production of charmed and light hadrons, by individually evaluating
various hadron species. I determined the common Tsallis parameters Tty and geq
for charged pions and kaons, K°, (anti)protons, ¢ mesons, A° hyperons, and D
mesons. | obtained that the Tsallis temperature of the common grouping points
Teq of mesons scales with the meson mass. On the other hand, the T¢, values
for baryons are significantly smaller than those of mesons with similar masses. I
observed that the non-extensivity parameter of the common grouping points geq
does not depend significantly on the hadron mass.

I observed that, assuming the Bjorken expansion, the meson formation times
are ordered by meson mass. Pion spectra are formed substantially later than that
of other hadrons: the formation timescale corresponding to pions is 3 times as

large as that of kaons, and it is about 30 times larger than that of D mesons.
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I also estimated the specific heat of the system based on the values of g, and
the relative multiplicity fluctuations 62. The results across the different particle
species are consistent with each other, yielding a lower boundary for the specific
heat C' > 5. The large C values corresponding to light-flavour hadrons imply a

largely thermalised system.

During Long Shutdown 2 after the LHC Run 2 data-taking period, the LHC
experiments improved their detectors, allowing for much higher readout rates
and better detection precision. The ALICE experiment in particular improved
its secondary vertex resolution with the upgraded ITS, while the readout rate
from the TPC detector was increased with the introduction of Gas Electron Mul-
tiplier (GEM) detectors. The first measurements with the Run 3 data show
unprecedented precision in the measured spectra [126]. With the Run 3 data,
the multi-differential studies of heavy flavour will become possible, together with
direct access to the B-hadron sector. The increased amount of data will allow for

more precise measurements with the methods I introduced in this thesis work.

Thesis statements
I conclude my results in the following thesis statements:

1. I determined the event-activity-dependent production of heavy quarks (c
and b) and heavy-flavour mesons (D and B), produced by the fragmentation
of heavy quarks, in pp collisions at /s = 13 TeV collision energy in simu-
lations using the PYTHIA 8 Monte Carlo event generator. To evaluate the
transverse activity of the events Rr, I applied an event selection based on
the transverse momentum of leading (highest-transverse-momentum) trig-
ger hadrons, as well as jets. 1 studied the production of heavy-flavour

hadrons in the toward region (azimuthally close to the leading trigger) and
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in the transverse region (perpendicular to the trigger in the azimuth plane).
I found that the production of D and B mesons in the toward region depends
on the transverse event activity at low transverse momentum pr values for
both trigger types. In the case of hadron triggers, this dependence vanishes
at high momenta, while for the c- and b-jet triggers (leading jets contain-
ing a ¢ or a b quark, respectively), a dependence on Ry is preserved due
to autocorrelation effects attributed to wide-angle gluon splitting. This al-
lowed me to conclude that low-transverse-momentum D and B mesons are
produced in connection with the underlying event, while high-pp heavy-
flavour mesons are mostly formed as part of the leading hard process. I
also studied the production of heavy quarks in events triggered by a lead-
ing hadron. As expected, I found a shift in the transverse momentum scale
between ¢ quarks and D mesons, connected to the hadronisation of ¢ quarks
into D mesons, while this effect is minimal when comparing b quarks and
B mesons, due to much harder fragmentation. Lastly, my studies showed
that the production of heavy flavour in the transverse region depends on R
over the full transverse momentum range, meaning that D and B mesons in
this region are produced mainly in connection with the underlying event.
Interestingly, I observed similar behaviour in the toward region in the case
of light-jet triggers, where the leading jet does not contain heavy-flavour
quarks, suggesting that heavy-flavour production is fully independent of
the hard processes in these events [89]. These results paved the way for the

data analysis described below.

. I measured the production of heavy-flavour DY mesons in dependence on the

transverse activity Rt in pp collisions at /s = 13 TeV collision energy in
the LHC ALICE experiment. I based the event selection on hadron triggers,
and studied the production only in the toward region due to the limitations

of the available data collected during the LHC Run 2 data-taking period. I
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obtained the raw yields of D? mesons by fitting the invariant mass peak of
the D candidates. To acquire the actual pp-distribution of the D® mesons,
I applied corrections for the charged-particle tracking and D-meson recon-
struction efficiencies of the ALICE detector system, as well as for its geo-
metrical acceptance. I determined the fraction of non-prompt D° mesons,
stemming from feed-down from weak b-hadron decays, and subtracted it
from the D° meson yield to obtain a sample of prompt D® mesons. I also
investigated and evaluated the magnitude of different sources of systematic
uncertainties, such as topological selection of D° mesons, fitting of the in-
variant mass peak, bin migration and feed-down evaluation. I compared
my results with PYTHIA 8 simulations with two different tunes, and the
results agree with simulations within uncertainty [94] 127, [128]. This proves
the applicability of the studied method, however, the higher luminosity of
the Run 3 data-taking period is needed to test different models. A journal
publication corresponding to these results is under preparation within the

Collaboration.

. I studied the production of D mesons within a non-extensive statistical
framework. I used the transverse momentum distributions of the identified
D meson species measured in the ALICE and STAR experiments across
multiple collision systems, ranging from pp to A—A, and at collision ener-
gies varying from /sy = 200 GeV to /sy = 7 TeV. I showed that the
Tsallis—Pareto distribution accurately describes the transverse momentum
spectrum of D mesons, similarly to light-flavour hadrons. I confirmed the
validity of the applied model by verifying that the thermodynamical consis-
tency is fulfilled. T demonstrated that the Tsallis parameters extracted from
the transverse momentum spectra of D mesons exhibit scaling behaviour
with the charged-particle multiplicity and collision energies. However, this

scaling is quantitatively different from the light-flavour and strange-hadron
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case. [ determined the common grouping point, corresponding to a di-
lute (low-multiplicity) system limit, for D mesons and found that it cor-
responds to higher values of both the Tsallis temperature 7" and the non-
extensivity parameter q. The shift of the common grouping point supports
the fact that heavy flavour is produced at earlier stages of the reaction than
light-flavour hadrons, which are formed at the freeze-out stage. I assumed
Bjorken expansion to connect the temperature difference between heavy
and light flavours to their production timescale. I concluded that the D
mesons are formed at proper times 0.18 £ 0.06 times smaller compared to

the light-flavour hadrons [100].

. I determined the spectrum formation timescales of various hadron species

(charged pions and kaons, K°, (anti-)protons, ¢ mesons, A° hyperons, and
D mesons) in pp, p—Pb and Pb-Pb collisions recorded by the ALICE ex-
periment at energies from /syy = 2.76 TeV up to (/sxy = 13 TeV. 1
found that the Tsallis temperature of the common grouping points, T¢,, for
mesons scales with the meson mass. On the other hand, the T, values for
baryons are significantly smaller than those of mesons with similar masses.
I observed that the non-extensivity parameter of the common grouping
points, geq, does not depend significantly on the hadron mass. Assuming
the Bjorken expansion, I observed that the meson formation times are or-
dered by meson mass. Pion spectra are formed substantially later than
those of other hadrons: the formation timescale corresponding to pions is
three times as large as that of kaons, and about thirty times larger than that
of D mesons. I also estimated the specific heat of the system based on the
values of ge, and the relative multiplicity fluctuations §2. The results across
the different particle species are consistent with each other, yielding a lower
boundary for the specific heat C' > 5. The large C' values corresponding to
light-flavour hadrons imply a largely thermalised system [101].
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