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Abstract

The human dream will not stop! With the development of science and technology and human
cognitive level, exploration of the origin of human beings and the composition of the world has given
rise to many different disciplines. The theory of the Big Bang indicates that the universe was born from
a singularity explosion, and in the early stages of the explosion (0.1 fm - 10 fm), a new form of matter
is formed: quark-gluon plasma (QGP). Therefore, studying this substance helps us to understand the
origin and formation of the universe. However, there has always been a question that has perplexed
humanity: how to produce this high-temperature and high-density substance with strong interactions in
the laboratory? In the 1970s, Dr. Lee Tsung-Dao proposed the idea of colliding heavy ions approaching
the speed of light to study quark-gluon plasma. Based on this great idea, heavy ion collision experiments
began to rise! The most famous ones include the Relativistic Heavy Ion Collider (RHIC) at Brookhaven
National Laboratory (BNL) in the United States with the Solenoidal Tracker at RHIC (STAR) and the
Large Hadron Collider (LHC) at the European Organization for Nuclear Research (CERN) with a large
heavy ion experiment (ALICE).

The subject of this thesis is the ALICE experiment at the LHC, aiming to explore the properties
of quark-gluon plasma by analyzing the experimental data from ALICE Run2. Due to the complex and
fleeting evolution process of heavy-ion collisions, we can only rely on reconstructing and analyzing the
hadron information at the collision endpoint to infer the properties of QGP. These hadron information
can be classified into two types of probes: soft probes and hard probes. Soft probes include particle
anisotropic flow, particle yield ratios, and so on, while hard probes include jets, heavy-flavor hadrons
transverse momentum (pT) spectrum, and high pr particle spectra. Among them, heavy-flavor hadrons
refer to hadrons carrying heavy-flavor quarks charm and beauty, which are considered as ideal probes
for studying QGP because they mainly originate from the hard scattering process in the early stage of
collision and undergo the entire collision system evolution process. Experimentally, the mechanism
of hadronization, transport properties of QGP, and energy loss effect of partons in the QGP medium
are mainly studied by analyzing the yield ratios, anisotropic flow, and nuclear modification factor of

heavy-flavor hadrons.

The currently observed experimental phenomena are not sufficient to prove the existence of quark-
gluon plasma (QGP) in small systems, such as proton-proton and proton-nucleus collisions. Typically,
experimental measurements in small systems can be used to test perturbative quantum chromodynamics

(pQCD) and serve as a baseline for heavy-ion collision experiments. The production of heavy-flavored
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hadrons can usually be described by factorization theory based on pQCD. In factorization theory, the
production of heavy-flavored hadrons is the convolution of three parts: the parton distribution functions
of the incident protons, the cross-section of hard scattering between partons and heavy quarks, and the
fragmentation function that describes the fragmentation of heavy quarks into heavy-flavored hadrons.
Among them, the fragmentation function and the parton distribution functions of the incident protons
are non-perturbative processes and can only be constrained by experimental measurements, while the
hard scattering cross-section can be calculated by perturbative QCD. It is worth mentioning that the
quark fragmentation function has long been considered universal, meaning that this process does not
depend on the collision system and energy. However, despite the successful description of the charmo-
nium production at the LHC energy region by the next-to-leading order perturbative calculation of the
fragmentation function extracted from e*e™ and ep collision experiments, the production of the A7 /D°
baryon measured in proton-proton (pp) collisions at center-of-mass energies of 5.02 and 7 TeV at the
ALICE experiment is significantly underestimated by the PYTHIA 8 calculation, which tuned the frag-
mentation function from the e*e™ and ep collision experiments. Similar phenomena have also been
observed in the proton-lead collisions at the central rapidity region of ALICE and the forward rapidity
region of LHCb. Other heavy-flavored hadrons such as E:’O /D° measured recently in pp collisions also
confirmed that the fragmentation function is not universal for the collision system. It is worth mention-
ing that the ALICE experiment used the minimum bias events, with the charged particle multiplicity
being the average of the entire event. Measurement of the A} /D yield ratio as a function as charged
multiplicity can help us further understand the non-universal phenomena of fragmentation functions and
the formation mechanism of open baryons in more detail, which will also better constrain the theoretical

models.

In addition, there has been a lack of measurement for bottom quarks in the central rapidity and low
transverse momentum region in current experiments. The ALICE collaboration indirectly studies the
properties of bottom quarks by measuring the decay products of bottom hadrons, such as electrons and
muons from bottom quark decays, as well as non-prompt D mesons and quarkonia. In proton-proton
collisions, studying the multiplicity of charged particles produced with bottom hadrons can help improve
hadronization models. However, in heavy-ion collisions, it remains an experimental question whether
bottom quarks with their larger mass are thermalized in the quark-gluon plasma (QGP). Recently, the
ALICE collaboration observed a significant positive elliptic flow of electrons from bottom hadron de-
cays, indicating that bottom quarks could also participate in the thermalization process. However, the
transverse momentum of these electrons only reflects the collective behavior of high transverse momen-

tum bottom hadrons and cannot fully reflect the thermalization behavior of bottom quarks. Based on the
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current detector spatial resolution and luminosity, measuring the elliptic flow of non-prompt D mesons

can better study the interaction between bottom quarks and the QGP.

This thesis aims to study the hadronization mechanisms of heavy quarks and their interaction with
the quark-gluon plasma (QGP) by measuring the production yields and elliptic flow of charmed hadrons
and non-prompt D° mesons in the ALICE experiment at the LHC energy region. For the hadronization
mechanisms of heavy quarks, the dependence of the prompt A} production on the charged particle mul-
tiplicity and the proportion of non-prompt D? mesons as a function of the charged particle multiplicity,
as well as the non-prompt D® meson yield, were measured using proton-proton collision data collected
from 2016 to 2018 at a center-of-mass energy of 13 TeV (about 1800 million events). For the study of the
interaction between bottom quarks and QGP, the elliptic flow of non-prompt D® mesons in non-central
collisions was measured using lead-lead collision data collected in 2018 at a center-of-mass energy of

5.02 TeVv.

Keywords: Quark gluon plasma; Heavy-ion; ALICE, Heavy quark; Hadronization; Non-prompt D°-

meson; Elliptic flow
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DOCTORAL DISSERTATION

1 General introduction

The Standard Model is a fundamental theory in particle physics, based on a local gauge symmetry
of SU(3)xSU(2)xU(1) and arelativistic quantum field theory. It provides a classification for all known
elementary particles and explains their interactions through the strong, weak, and electromagnetic forces.
However, it does not include the fourth known interaction, gravitation. Each force acts on specific
charges and is mediated by gauge bosons, such as photons (y) for the electromagnetic force, W* and Z°
bosons for the weak force, and gluons (g) for the strong force, which acts on particles with color charge.
The Standard Model consists of twelve elementary particles and their corresponding antiparticles, known
as fermions, which are grouped into quarks and leptons as shown in Fig. 1.1. Quarks experience all three
types of interaction, while leptons experience only the electromagnetic and/or weak interaction. A more
detailed explanation of the Standard Model can be found in Ref. [1]. The strong interaction between
quarks and gluons, the elementary constituents of the hadronic matter, is described by Quantum Chromo-
Dynamics (QCD). This theory predicts the existence of a phase transition for the strongly interacting
matter from the hadronic phase to a deconfined one, called quark-gluon plasma (QGP), where quarks
and gluons are not confined within hadrons. In this Chapter, a brief introduction to the QCD and QGP,

and a selection of the main experimental observables in this field and their interpretation are presented.

Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions) (bosons)
| 1] 1l
mass  =2.2 MeV/c? =1.28 GeV/c2 =173.1 GeV/c? [} =124.97 GeV/c?
charge % % % 0 0
spin || % U ¥ C ¥ t 1 g 0 H
up charm top gluon higgs
=4.7 MeV/c2 =96 MeV/c2 =4.18 GeV/c2 0
- - - 0
+ x (8 + .
down strange bottom photon
=0.511 MeV/c2 =105.66 MeV/c2 =1.7768 GeV/c2 =91.19 GeV/c?
-1 =, =, 0
» @ » ( » &
electron muon tau Z boson
<1.0 eV/c2 <0.17 MeV/c2 <18.2 MeV/c2 =80.433 GeV/c?
0 0 0 +1
% Ve % Vl-l % Vi 1 \M
electl:on muon tau_ W boson
neutrino neutrino neutrino

Figure 1.1: Standard Model in particle physics
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1.1 Quantum Chromodynamics

Quantum Chromodynamics (QCD) is a non-Abelian quantum gauge field theory. Its Lagrangian
is invariant under local transformations of the SU(3) group, as described in references [2, 3]. This
symmetry of the Lagrangian introduces a conserved charge called ”colour,” which can take on three
distinct values: red, blue, and green. Quarks in this theory are characterized by their colour charge, and
their interactions are mediated by massless vector gauge bosons known as gluons. These gluons carry

both colour and anticolour charges. The QCD Lagrangian density can be expressed as:

(. 1 & v
Locp =3 (%D’,jl - mfcsk,) ¢y = GGl (1.1)
7

The sum in the equation runs over the six quark flavours (up, down, strange, charm, beauty, and top).
Here, qic represents the quark field with flavour f, colour charge /, and mass m . The covariant deriva-

tive Di‘ ; introduces the interaction between quarks and gluons, and it is defined by the equation:

a

A
Y
DY = 06— ig, 5L Al (1.2)
In this equation, A/, represents the gluon fields, which correspond to the eight possible colour configu-
rations. The Gell-Mann matrices are represented by A7,. The constant g5 quantifies the intensity of the
interaction and is related to the strong coupling constant @y by g, = V4na,. The second term of the

equation describes the kinematics and dynamics of the gluons, and G};,, can be expanded as follows:

G;azv = 0, Ay - 6VAZ + gsfabcAZAf, (1.3)

The structure constants of the SU(3)-group Lie algebra are represented by f,p.. Since the SU(3)
group is non-Abelian, the structure constants are not null, and vertices among three and four gluons are
possible, in addition to vertices between a quark, an antiquark, and a gluon. The presence of gluon self-
interactions implies that the colour force is a short-range interaction, even though gluons are massless

particles.

The unique characteristics of the strong interaction can be understood by analyzing the dependence
of the strong coupling constant a; on the energy scale of the interaction. The evolution of the o value

as a function of the squared transferred momentum Q? is given by:

2
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0 (€)= — (14
1+ “;gp (33 - 2ny) In (Q2/p?)

where y is the renormalisation scale and n ¢ is the number of quark flavours with masses smaller than
u. This dependence is a consequence of the renormalisation process used to eliminate divergences in
perturbative QCD calculations, which includes quantum corrections like vertex corrections, self-energy,

and vacuum polarisation in the value of the coupling constant.

Experimental measurements confirm the evolution of a, described by Eq.1.4, as illustrated in
Fig. 1.2. The value of oy decreases as the momentum transfer increases, and two distinct regimes can be
distinguished: asymptotic freedom and confinement. At high values of |Q|, @ is small, and asymptotic
freedom is attained, meaning that quarks and gluons inside hadrons are weakly interacting and can be
considered free. Perturbative QCD calculations based on a perturbative expansion in a are applicable
in this regime. For |Q| < 1 GeV/c, the strong coupling constant diverges, and quarks and gluons are
strongly confined inside hadrons, leading to the confinement regime. In this regime, the large value of
a, prevents the application of perturbative techniques, and QCD calculations can be performed using

lattice QCD[4], a discretised space-time grid approach.

0.35 a Bas) T y
I T decay (N>LO) F= ]
low Q? cont. (NLO) e |
0.3 N DIS jets (NLO) = ]
Tf Heavy Quarkonia (NLO)
e"e” jets/shapes (NNLO+res) H ]
pp/pp (jets NLO) F=—
0.25 - EW precision fit (N3LO}—e— 7]
pp (top, NNLO) —+ 4
— _ ]
2 o2f
- i
0.15 5
0.1
= 0o,(Mz?) =0.1179 £ 0.0010
0.05- il — el el
1 10 100 1000
Q[GeV]

Figure 1.2: Summary of @ measurements as a function of the transferred momentum Q. The respective degree of QCD
perturbation theory used in the extraction of @ is indicated in parentheses. Figure from Ref. [5]
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1.2 Quark Gluon Plasma

The strong coupling constant exhibits a significant range of values, resulting in diverse properties
of nuclear matter, especially at high temperatures and densities. Such extreme conditions are encoun-
tered in nature during the early moments of the universe after the Big Bang or within the core of neutron
stars. Understanding the behavior of nuclear matter under these conditions is crucial, and investigating
its phase diagram can provide valuable insights. High-energy collisions between heavy nuclei in the lab-
oratory can replicate these conditions, and latice QCD calculations can help constrain phenomenological

models, enabling both theoretical and experimental approaches to the problem.

The phase diagram of QCD matter is shown in Fig. 1.3 as a function of 7 and ug. Ordinary nuclear
matter is located in the region where T ~ 0 and ug =~ 1 GeV. At higher values of the baryon-chemical po-
tential, nuclear matter can be described as a degenerate gas of neutrons, similar in structure to the atomic
nucleus. This matter is expected to make up the core of neutron stars. As the baryon-chemical poten-
tial increases, a low-temperature gas is predicted where quarks are no longer confined inside hadrons.
This state is called a colour-superconductive state[6]. At high temperatures, nuclear matter transitions
to a hadron gas, and above T' ~ 100 — 150 GeV, it is expected to convert to the quark-gluon plasma.
The QGP is a strongly-interacting state where the colour degrees of freedom are not confined in colour-
singlet hadrons, allowing quarks and gluons to move more freely in a larger volume of space. The
nature of the transition from hadronic matter to QGP can be studied using lattice QCD calculations. In
the low-up limit, a crossover between the two phases is expected due to the chiral-symmetry restoration
at high energies [7]. At higher ug, a first-order phase transition is predicted, implying the existence of
a critical point due to coexistence with the crossover. For ug =~ 0, the QGP is predicted to form at the
pseudo-critical temperature 7, ~ 154 — 158 MeV, corresponding to an energy density €,. of about
0.42 GeV/fm’[7, 8]. These conditions are reached in the initial stages of ultrarelativistic heavy-ion col-
lisions, and current measurements indicate that the QGP is a strongly-coupled liquid-like system with a

remarkably low shear viscosity to entropy density ratio of /s ~ 1/4x [9].
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1.3 Heavy-ion collision

(to< 1 fm/e)

o
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Figure 1.4: The space-time diagram of a heavy-ion collision between two nuclei at # = 0 and z = O in the longitudinal
direction (transverse direction not shown). The evolution of the system starts with a pre-equilibrium phase, which leads
to the formation of a Quark-Gluon Plasma, followed by a cross-over phase transition to a hadron gas. During this process,
the hot-fireball formed in the collision emits various types of particles, indicated by the arrows. Figures from [10]

As discussed in the previous section, QGP is a state of matter that can be observed in nature during
the early moments of the universe after the Big Bang or within the core of neutron stars. In laboratory
settings, QGP is recreated via ultra-relativistic heavy ion collisions. The first experiments to explore
heavy-ion collisions began in the second half of the 1980s at the Super Proton Synchrotron (SPS) at
CERN and the Alternating Gradient Synchrotron (AGS) at Brookhaven National Laboratory (BNL). At
these facilities, several fixed-target experiments operated at a centre-of-mass energy per nucleon-pair
(4/snn) in the range of 7.7-17.3 GeV, probing the baryon chemical potential (1) interval of 200-500
MeV. At these energies, nucleons are stopped in the collision region, resulting in high net baryon density.
This condition is known as the stopping regime. Subsequently, heavy-ion physics moved to colliders,
first with the Relativistic Heavy Ion Collider (RHIC) at BNL in 2000 and then with the Large Hadron
Collider (LHC) at CERN in 2010. The top centre-of-mass energies of the two accelerators are 200 GeV
and 5.5 TeV for Au and Pb ions, respectively, allowing for exploration of the QCD phase diagram in the
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region of up close to zero. In this case, the collision between two heavy nuclei occurs under the Bjorken
regime or transparency regime [11]. A heavy-ion collision is a complex space-time event. Assuming
that the Bjorken condition is satisfied, the stages of this evolution can be described in terms of the light-
cone variables ¢ (time) and z (direction of the colliding beams), as shown in Fig. 1.4. The following

phases of the system evolution can be defined:

« Initial state: Before colliding, the incident nuclei are Lorentz-contracted disks in the centre-of-
mass frame, resulting from their ultra-relativistic velocities. These disks are primarily composed of
gluons, which carry only a small fraction (x) of the longitudinal momenta of their parent nucleons,
but have relatively large transverse momenta (e.g., k; ~ 2 GeV/c for x = 107#) and densities that
rapidly increase with 1/x. These high-density gluon systems contain a significant fraction of the
colliding partons and therefore govern the dynamics of the early stages in heavy-ion collisions. To
properly characterise the produced QCD medium, a detailed understanding of these small-x gluons
in the nuclei wave function is essential. Bulk observables, used to extract the medium transport
coefficients, are as sensitive to features of the initial stage as to QGP properties themselves [12, 13].

* Pre-equilibrium: Particles are produced from the energy released in the interaction region by the
colliding nuclei after a formation time 7y > Tcrogs. In the midrapidity region, the net baryon density
is nearly zero, and the energy density of the system can be approximated as follows:

eo \Em AN) (1.5)

nR%7y dy y=0

In this formula, 7R? represents the transverse area of the collision region, (Et) is the average
transverse energy of the measured particles, and dN/dy is the particle multiplicity per rapidity
unit [11, 14]. Based on the measured particle multiplicities at the LHC and assuming a formation
time of 79 ~ 1fm/c, the energy densities achieved at this collider exceed 12 GeV /fm> [15]. This is
significantly above the pseudo-critical value for QGP formation.

* QGP: After the pre-equilibrium stage, the QGP is formed and it evolves following the laws of
relativistic viscous hydrodynamics [16]. The QGP droplet expands driven by significant pressure
gradients, resulting in cooling down. The lifetime of QGP for the energy densities attained at the
LHC is around 10 fm/c. Experimental quantification of transport coefficients has become a crucial
aspect of heavy-ion physics [17].

* Hadronization: When the local temperature of the QGP droplet falls below the critical tempera-
ture 7, a crossover transition occurs, and hadronisation takes place. This process, known as the
chemical freeze out, confines the previously free quarks and gluons inside colour-singlet hadrons.

The formed hadronic system is known as a kot hadron gas. This system is still relatively dense and
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preserves local thermal equilibrium while it continues to expand. Eventually, the system dilutes,
and the hadrons stop interacting with each other. This is known as the kinetic or thermal freeze out.

After this stage, the particles freely stream until they reach the detector.

1.4 Experimental observables

In the investigation of heavy-ion collisions, a range of experimental probes are employed to explore
the various phases of the collision, including the initial state, the QGP phase, and the final hadronic
phase. Each of these probes has distinct sensitivities to the different phases involved [18]. This thesis
will primarily focus on the experimental probes of the QGP, which can be broadly divided into two

categories: measurements of particle yields and measurements of particle correlations.

Particle yields are often measured with respect to kinematic variables such as the transverse mo-
mentum (pr) or pseudorapidity (r7) of identified particles, or event characteristics such as the charged
hadron multiplicity (N.p). The bare yields provide information on the cross sections of the underlying
production processes [19], while yield ratios can be more informative about specific physical mecha-
nisms. For instance, ratios of yields between nucleus-nucleus and proton-proton collisions can reveal
in-medium energy loss mechanisms [19], while ratios of yields between different hadron species can be

sensitive to hadronisation processes [20].

Alternatively, particle correlations can also be studied, usually through the calculation of correla-
tions between the kinematic variables of specific identified particles or all produced particles in an event.
For instance, correlations in the azimuthal angle can provide information on anisotropic flow [21], while
momentum correlations can be sensitive to the spatial evolution of the system or in-medium energy loss

mechanisms [22]. In this section, we will discuss the experimental observables in greater detail.

1.4.1 Particle multiplicity

The total number of particles produced in a collision is a fundamental quantity that provides crucial
information about the properties of the created medium, such as the collision geometry and energy den-
sity. While the Glauber models can give insight into the collision geometry, the Bjorken hydrodynamic
picture can estimate the energy density for nucleus-nucleus collisions [11]. The Bjorken energy density

(eBy) can be estimated using the equation:

_ (mr) AN ()

T0 -A dy y:O,

(1.6)
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where A is the transverse overlap area of the collision region, 7 is the thermalisation time for the QGP
(usually estimated as 1fm/c), mr is the transverse mass (mt = (m2 + p%) Y 2), and dN/dy is the particle
multiplicity per unit of rapidity. While this is a simplification given the complex sequence of stages
preceding particle production, it provides a good estimate of the energy density of the medium using the

measured charged-particle pseudorapidity density at midrapidity.

The left panel of Fig. 1.5 [23] presents a compilation of charged-particle multiplicity measure-
ments in various collision systems. These measurements provide important information on the produced
medium, such as its energy density, which can be estimated using Eq. 1.1. At the LHC, the estimated
energy density is found to be approximately ~ 14 GeV /fm® [24], while at RHIC it is about three times
smaller [25]. The averaged charged-particle pseudorapidity density, (dN.y/dn), shows a smooth trend as
a function of /sy for different collision systems. For nucleus-nucleus collisions, the rise of dNep,/dn is
observed to be steeper than for proton-proton and proton-nucleus collisions. Interestingly, the measure-
ments in p — A and d — A systems can be described by the same power-law function as for pp systems,
implying that the observed difference for nucleus-nucleus collisions is not solely related to the multiple
interactions between the participating nucleons, since the proton in p — A collisions also experiences

multiple nucleons.

The centrality dependence of (dN¢,/dn) for Pb — Pb collisions at 4/syn = 5.02 TeV is shown
in the right panel of Fig. 1.5, with Np, serving as the centrality measure as discussed earlier. The
charged-particle pseudorapidity density exhibits a steep increase for peripheral collisions, but the slope
decreases for Npay > 50. Model predictions [23] attempting to describe this observation can be broadly
categorized into two groups: those that combine pQCD processes with soft interactions and those that
implement different mechanisms to control the gluon density in the initial stage. The latter models
do a better job of reproducing the measurement, suggesting the presence of a gluon saturation domain
that limits the number of produced partons and hence, particles [12, 13]. These measurements have
another implication, which is not yet fully understood - the energy and centrality dependence appear to
be surprisingly independent of each other [23—25]. This may indicate that the increase in hard relative
to soft processes, which would naively lead to an increase in particle multiplicity with energy, does not

play a dominant role in determining the particle multiplicity.

1.4.2 Identified-hadron abundances
The temperature T;, and volume V of a system at the moment of chemical freeze-out can be esti-
mated by measuring the production yields of different hadron species and comparing them with predic-

tions from the statistical hadronisation model (SHM) [26]. The SHM assumes that a system composed
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Figure 1.5: Left: The charged-particle pseudorapidity density ((dN.,/dn)) is plotted as a function of the centre-of-mass
energy (y/snn) for various types of collisions. Right: The centrality dependence of (dNe,/dn) for Pb — Pb collisions at
Vsnn = 5.02 TeV is compared to different model predictions. The division of 2/ (Npm > in both figures is introduced
for comparing different colliding systems. Figures taken from Ref. [23].

of strongly interacting hadrons is in thermal and chemical equilibrium at chemical freeze-out, forming
an ensemble that can be treated using the grand-canonical ensemble formalism for A — A collisions at
collider energies. Under these conditions, the thermodynamic properties of the system determine the

hadron production. Specifically, the abundance N; of a particle species i is given by:

gV [+ p*dp
N; (Tep,V, 1) = =— 1.7
(Ten V. 1) 27T2/0 X [(E =) [TonT =1 (.7

The system volume is denoted by V, and p and E represent the particle momentum and energy, re-
spectively. The particle spin degeneracy is quantified by g;, and the chemical potential for the relevant
species, y;, ensures the conservation of relevant quantum numbers on average. The distinction between
bosons and fermions is indicated by the + sign. In some cases, an additional parameter y; is introduced
to account for non-perfect chemical equilibrium of strange quarks. This parameter scales thermal predic-
tions and is less than one in the case of non-equilibrium, such as in peripheral A-A collisions or smaller
p — A and pp collision systems. The SHARE model introduces another parameter, y4, which considers

a non-equilibrium QGP undergoing sudden hadronization without further hadronic re-scatterings [27].

The ALICE Collaboration’s measurements of total yields per rapidity unit for different particle
species in the 10% most central Pb — Pb collisions at v/syy = 5.02 TeV are presented in Fig. 1.6. These
measurements are compared to the values obtained by three different models: THERMUS 4 [28], GSI-
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Figure 1.6: Thermal fit to the identified-particle yields measured by the ALICE Collaboration in the 10% most central
Pb — Pb collisions at y/sx\y = 5.02 TeV. The results obtained with the THERMUS 4 [28], GSI-Heidelberg [29], and
SHARE 3 [27] models are reported. Figure from ALICE figure repository
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Heidelberg [29], and SHARE 3 [27]. These models simultaneously fit the particle yields to determine
the T.;, and V parameters based on different assumptions for the system’s equilibrium condition and
conservation laws at chemical freeze-out. The models successfully describe the observed particle abun-
dances over nine orders of magnitude, with a x?/ndf ranging from approximately 3.8 to 5.3. However,
a significant discrepancy with the measurements is observed for the proton yield, while excited kaons are
excluded from the fit due to their strong susceptibility to rescatterings and regeneration in the hadronic
phase. The estimated chemical freeze-out temperature is about 153 MeV, and it is consistent among
the different models. This value is close to the expected pseudo-critical temperature for the crossover

transition from the hadronic matter to the QGP.

1.4.3 Nuclear modification factor

To investigate the hottest and densest phases of high-energy heavy-ion collisions, one can examine
particles emitted with high transverse momentum. These high-pr partons, such as quarks or gluons, are
sensitive to various effects that can modify their distribution compared to pp collisions. Specifically, jet
quenching, caused by energy loss from induced gluon radiation or elastic collisions, can be measured to

study the thermodynamic or transport properties of the QGP.

The nuclear modification factor Rap is a way to measure the nuclear modification of a given observable
obsap, where A and B represent the respective colliding objects with an impact parameter b. It is
measured as a function of various parameters such as collision energy +/snn, transverse momentum pr,
or rapidity y, by comparing it to the same observable measured in pp collisions 0bsp,. The expression

for Rap is given by:

hot/cold QCD medium” N obsap (\SnN, pr, y; b)

R SNN> PT, V3 b) = 1.8
AB (VSNN, P, Y3 D) =QCD vacuum” obs ) (Vonm Py (1.8)
which can be more specifically defined, in p — Pb or A — A collisions, here as a function of pr, as
_ dNaa/dpr  dNaa/dpr
Ran = = INEL , (1.9)
(Neott ) dNpp/dpt  (Tan) dopp ™= /dp
dNppy/dpt dNppy/dpt
Rpp, = ° = B (1.10)
(Neon) dNpp/dpt  (Tppy ) doph B /dpr
where Naa ppb/pp 1S the observable’s yield in &, p — Pb or pp collisions, respectively, O'II)I;EL is the observ-

able’s inelastic cross section in pp collisions, (N) is the average number of binary nucleon-nucleon
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collisions for the considered centrality interval, and (TA A /ppb> = Neoll/0pp 1s the nuclear overlap func-
tion. This function represents the effective integrated luminosity per collision. A nuclear modification
factor less than unity indicates suppression, and a nuclear modification factor greater than unity indicates

enhancement, relative to the same number of independent pp collisions.

Fig. 1.7 illustrates the nuclear modification factor of charged particles as a function of pr, as
measured by the ALICE Collaboration [30]. The measurements were taken in p — Pb collisions at
VSN = 5.02 TeV and in central (0-5%) and peripheral (70-80%) Pb — Pb collisions. The nuclear
modification factor for high-pr particles ((pt = 6 GeV/c)) in p — Pb collisions is close to unity, indi-
cating no significant effects in the Raa associated with the initial state. The maximum at intermediate
pt (2 < pr < 6 GeV/c) is attributed to the Cronin effect [31]. In central Pb — Pb collisions, the nuclear
modification factor is significantly suppressed, while for peripheral collisions, the suppression is less
pronounced and approaches unity for the highest pt intervals. The measurement of the Ry serves as
a sensitive probe of medium-induced effects, and theoretical calculations can be compared with experi-

mental data to extract the transport properties of the medium [32].

1.4.4 Anisotropic flow

The geometry of a nucleus-nucleus collision can be described by the anisotropy of the overlap
region in the transverse plane, which increases with the impact parameter. The spatial anisotropy of the
initial state generates pressure gradients in the Quark-Gluon Plasma (QGP), leading to collective flow.
This flow results in an azimuthal anisotropy of the momentum distribution of the produced hadrons. To
study this anisotropy, particle production is measured as a function of the azimuthal angle ¢, which can

be decomposed into a Fourier expansion [33] as

Ed3N 1 &N
dp> 27 prdprdy

{1+2ivn(pT)cos [n(cp—‘I’n)]}. (1.11)
n=1

The equation above describes the Fourier decomposition of the azimuthal angle dependence of the par-
ticle production in heavy-ion collisions. The harmonic order n represents the degree of anisotropy,
while v,, (pt) is the flow coefficient or the pp-dependent Fourier coefficient. The angle ¥,, denotes the

symmetry-plane angle. The flow coefficient v, (p) is defined as

vn (p1) = (cos [n (¢ = ¥p)]) (1.12)
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Figure 1.7: ALICE measured the nuclear modification factors for charged particles in central (0—5%) and peripheral (70—
80%) Pb — Pb collisions, as well as in minimum-bias p — Pb collisions at 4/sxy = 5.02 TeV. Figure from [30]
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In a given pr interval and within a specific centrality interval, the average over all particles is denoted by
brackets. The angle ¥, of the symmetry plane is determined by the spatial distribution of participating
nucleons during the collision. For n =2, and without considering fluctuations in the participant distribu-
tion, ¥, identifies the reaction plane, which is defined by the impact parameter vector and the direction
of the colliding nuclei. The dominant term in the Fourier expansion during non-central collisions is the
second-harmonic coefficient, v,, also known as elliptic flow, owing to the almond-shaped interaction re-
gion. The measurement of a significant elliptic flow directly indicates collective motion. Higher-order
coefficients such as vz and v4 primarily result from fluctuations in the initial participant distribution in
the overlap region and the non-linear hydrodynamic response of the medium [34, 35]. Comparing the
measured vn coefficients with viscous hydrodynamic models of the QGP provides information about
the system’s equation of state and transport coefficients, such as the shear and bulk viscosity to entropy

density ratios [36, 37].

Fig. 1.8 presents the pr-differential elliptic-flow coefficient v, for several particle species, includ-
ing charged pions, charged and neutral kaons, ¢ mesons, protons, and A hyperons, measured by the
ALICE Collaboration in Pb — Pb collisions at y/ssn = 5.02 TeV TeV, across different centrality in-
tervals [38]. The coefficient shows an increasing trend from the most central (0-1%) to semicentral
(30-40%) collisions, attributable to the progressively higher spatial anisotropy of the overlap region be-
tween the colliding nuclei. Conversely, in more peripheral collisions, the coefficient decreases as the
pressure gradients originating from the lower density of the produced medium become weaker. The
coefficient exhibits a mass ordering in the low-pr region, pt < 2 — 3 GeV/c, with lighter particles dis-
playing a larger v, compared to heavier ones, due to the radial flow effect that imparts an equal velocity
boost to all particles, pushing more massive hadrons to higher pr. In the pt region 3 < pr < 8 GeV/c,
the v, coefficients display a grouping by baryons and mesons, with the baryon values being larger than
those of mesons. Interestingly, the ¢ meson, whose mass is similar to that of the proton, exhibits a v,
value comparable to that of the other mesons in this pr range, indicating a dependence on the num-
ber of constituent quarks rather than the hadron mass. This observation lends support to the notion of
quark hadronization via coalescence, where the elliptic flow of each constituent quark contributes to the

final-state hadron v,.

1.5 Open heavy-flavour physics

This thesis focuses on open heavy-flavour hadrons, namely mesons and baryons that carry one
charm or bottom quark or antiquark. More than 95% of the produced heavy quarks in heavy-ion col-

lisions at RHIC and the LHC are distributed into these hadrons [39]. These hadrons provide are ex-
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Figure 1.8: The measurements of the elliptic flow coefficient v, for charged pions, charged and neutral kaons, protons,
¢ mesons, and hyperons as a function of pr in several centrality classes of Pb — Pb collisions at \/sx\y = 5.02 TeV by
ALICE. Figure from [38]

cellent probes of the properties of the Quark-Gluon Plasma. The heavy quarks, due to their large mass
(me = 1.3 GeV/c? and my, ~ 4.2 GeV/c?), are produced in hard-scattering processes in the initial stages
of the collision and subsequently interact with the QGP, allowing us to probe the properties of the QGP
in greater detail. Furthermore, the study of open-heavy flavour physics also allows us to investigate the
mechanisms of hadronisation, which is the process by which quarks and gluons combine to form hadrons.
This process occurs in the later stages of the collision and is crucial for the formation of the final state
hadrons that are detected by experimental detectors. Overall, the study of open-heavy flavour physics
plays a crucial role in our understanding of the Quark-Gluon Plasma and the properties of hadronisation,

providing important insights into the fundamental laws of nature.

This chapter provides an overview of open-heavy flavour hadrons and their evolution throughout
the various stages of the collision, from production to interaction with the nuclear matters and eventual

hadronisation.

1.5.1 Open heavy-flavour production

In pp collisions, the proton is composed of quarks and gluons, collectively referred to as partons.

Inelastic pp collisions involve one or more inelastic parton-parton interactions. For high-energy parton
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interactions, the QCD coupling as is small, allowing the cross section for the production of a parton
¢ in a parton-parton collision ab — ¢ + X to be computed using perturbative techniques. Assuming
the parton-parton interaction occurs on much shorter timescales than any interactions that can occur
among partons within the proton before the collision or with the outgoing parton after the collision, the
production of a high-pt or high-mass hadron /4 in a pp collision AB — h can be calculated using the

QCD factorisation theorem [40]:

doiit ), = fosm (X1,Q2) ® fasa (xz, Qz) ® dod (XI,Xz, Q2) ® Deos (z, Q2) . (1.13)

The idea is that interactions between partons within the colliding proton, or between outgoing
partons and the hadronic final state, occur at longer distances and can be separated into three com-

ponents: a perturbative parton-parton scattering cross section do2¢"¢ | and two non-perturbative terms.

ab—c’
The parton distribution function (PDF) f,/4 (x, Q?) represents the probability of finding a parton with
momentum fraction x and momentum transfer Q2 in the proton A, while the fragmentation function
(FF) D._;,(z, Q%) describes the probability of the outgoing parton ¢ fragmenting into a hadron i with
fractional momentum z. These functions cannot be calculated perturbatively and must be determined

experimentally.

Both the PDFs and the FFs are crucial ingredients in calculating the production of hadrons in high-
energy collisions, but they are inherently non-perturbative and cannot be calculated using pQCD. The
PDFs describe the distribution of quarks and gluons within the proton and are typically parametrized
using measurements of deep-inelastic scattering [41—43], while the FFs describe the probability that a
parton fragments into a specific hadron and are determined from measurements in e*e™ collisions [44].
These functions are defined at a specific energy scale Q2 and must be evolved to the desired scale using

the DGLAP equations [45]:

ﬂFailuFfi/A (x,#%) — 0’52(:12:) /xl %Plj (Z, as (#%)) fila (g,u%) , (1.14)
ﬂRaaﬂDc—m (Z,,u%) _ 052(::121) z ! %Pck (§, as (,ulz{)) Disn (2#}22) , (1.15)

where P;; and P are the perturbative splitting functions for parton evolution. The factorisation scale ur
is introduced to separate the perturbative and non-perturbative parts of the calculation, and it is usually
chosen to be of the same order as the momentum transfer of the hard process. The renormalisation scale

uRr 1s used to remove divergences arising from virtual loop corrections in the pQCD calculation. Both
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scales are typically chosen to be of the same order as the relevant momentum scale in the problem, such

as the transverse momentum of the produced hadron in the hard process ugr ~ pur ~ . /mé + p% Q Or
(12 + 2
~ 4-mQ + D1 o

In addition to the factorization scale ur and the heavy quark mass mq, the cross section also depends
on the square of the center-of-mass energy of the proton-proton collision s = 4E§ ~ 4p1%. Currently,
perturbative calculations are performed up to next-to-leading order (NLO) O (ag), with fixed-order next-
to-leading-log resummation in GM-VFNS [46, 47] and FONLL [48, 49]. The next-to-leading-log cor-
rections become more relevant at high pt, where pr > m due to the quark mass m. Recently, next-to-
next-to-leading-order (NNLO) calculations with QCD radiative corrections have been used to provide

predictions for the cc and bb production cross sections [50-53].

Apart from the pQCD calculations, there is an alternative approach for describing the produc-
tion of heavy-flavour hadrons that utilizes general purpose Monte Carlo (MC) generators, including
PYTHIA [54] and HERWIG [55]. Unlike the pQCD approach, these generators offer a more com-
plete representation of the final state, incorporating soft and multi-parton interactions, initial- and final-
state parton showers, and a description of hadron decays. However, only leading-order processes are
exactly implemented in these generators, and higher-order effects are considered with coarse-grained
approaches. Furthermore, there are Monte Carlo event generators that provide next-to-leading order
accuracy, such as MC@NLO [56] and POWHEG [57]. These generators not only predict differential
observables and jets but can also be consistently matched to the parton showers generated by PYTHIA
and HERWIG. Overall, the Monte Carlo generators offer an alternative tool for studying heavy-flavour

hadron production and provide a complementary approach to the pQCD calculations.

Cutting-edge theoretical calculations of the production cross section of open heavy-flavour hadrons
are furnished by two theoretical schemes: FONLL [48, 49, 58] and Gm-vfns [46, 47, 59-62]. Both
methodologies utilize the collinear factorisation approach and carry out next-to-leading-order (NLO)
pQCD calculations that incorporate the resummation of next-to-leading logarithms. However, they dif-
fer in their selection of the matching of the NLO and resummation calculations, the sets of parton distri-
bution functions (PDFs) and fragmentation functions (FFs) used, and the values assigned to the masses
of the charm and beauty quarks. In Fig.1.9, the production cross section of prompt D® mesons, i.e., those
originating from the hadronisation of charm quarks or the decays of excited charm-hadron states, in pp
collisions at 4/s = 5 TeV [63] is compared with the FONLL and Gm-vfns calculations. The production
cross section of non-prompt D? mesons, which arise from decays of beauty hadrons, is also shown. The

pQCD calculations agree with the prompt D’-meson measurement within the uncertainties, demonstrat-

18



LR tAS
DOCTORAL DISSERTATION

ing that the factorisation approach coupled with the FFs extracted from e*e™ collisions is successful in
the meson sector. The FONLL calculations provide a good description of the non-prompt D° produc-
tion, whereas the Gm-vfns estimates underestimate the measured values. These disparities arise from
the treatment of the fragmentation of beauty quarks into beauty hadrons and their subsequent decay to
a D” meson. In particular, a better agreement is observed if the two processes are handled separately
(b = Hy, — D), as done to obtain the FONLL predictions, rather than being combined into a single step
(b = D+ X) [62]. Additionally, predictions of the production of open heavy-flavour hadrons are made
by the kt-factorisation model [64], which considers an alternative factorisation scheme to the collinear
approach. These estimates are based on leading-order calculations and incorporate higher-order cor-
rections. The kr-factorisation predictions reproduce the measurements at low and intermediate pt but

overestimate the data for transverse momenta above approximately 10 GeV/c.
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Figure 1.9: The measured pr-differential production cross section of prompt and non-prompt D® mesons in pp collisions
at+/s =5 TeV compare with the FONLL (left panel) and Gm-vfns (right panel) calculations. Figure from Ref. [63]

It is important to note that all the aforementioned statements regarding data-theory comparisons
were specifically made for open heavy-flavour mesons. Nevertheless, the story is much different in the
open heavy baryon sector, as evidenced by the first measurements of heavy-flavour baryon production
at the LHC [65—68]. While theoretical predictions for the meson sector perform well, they significantly

underestimate the baryon production measurements, as shown in Fig. 1.10. This figure compares the
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prompt A}-baryon production cross section in pp collisions at v/s = 5 TeV as measured by the ALICE
Collaboration [65, 69] with Gm-vfns [59], PYTHIA 8 [54], and POWHEG [55] predictions, all of which

significantly underestimate the data. More details about this puzzle will be discussed in Section 1.5.4.
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Figure 1.10: The measured pr-differential production cross section of prompt and non-prompt D® mesons in pp collisions
at /s =5 TeV compare with the FONLL (left panel) and Gm-vfns (right panel) calculations. Figure from Ref. [63]

1.5.2 Interactions with the cold-nuclear matter

Before characterizing the properties of the medium produced in nucleus-nucleus collisions, it is
crucial to quantitatively understand the cold-nuclear matter (CNM) effects that result from the presence
of nuclei in the initial state. One way to achieve this understanding is by studying the production in
proton-nucleus collisions. Open heavy-flavour production, in particular, is affected by two CNM effects:
(1) a modification of the effective partonic luminosity due to the different dynamics of partons in nuclei

and (i1) multiple scatterings of partons in the nucleus before and after the hard scattering.

At LHC energies, the first effect dominates for heavy flavours, and it is a consequence of the larger
parton density in nuclei, which modifies the parton distribution function (PDF). The structure of a high-
energy nucleus is much more complex than a superposition of non-interacting component nucleons, as
discussed. The PDF for a bound proton in a nucleus with A nucleons, also known as the nuclear PDF

(nPDF) 4 (x; /112: ), can be related to that of a free proton (f* (x; ,ulz: )) by the ratio:
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R (v = S7 s ) (1.16)

# - —’
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The modification of nuclear parton distribution functions (nPDFs) is believed to be caused by differ-
ent mechanisms in different regions of x. This can be divided into four regions. At small x < 1072,
a depletion (R < 1) known as shadowing [70] is observed, which is thought to be caused by phase-
space saturation resulting from a high probability of gluon fusion in high-density gluon systems in the
initial state. At intermediate values 1072 < x < 107!, a possible enhancement (R > 1) known as
anti-shadowing is seen, which is generally explained as arising from the application of momentum con-
servation rules [71]. At large x > 107!, there is the EMC effect (European Muon Collaboration effect),
a depletion whose cause is still not fully understood [72]. Finally, an enhancement of the nPDF is ob-
served at x > 0.8 due to Fermi motion, which describes the movement of nucleons within the nucleus
with larger transverse momentum than that of a free proton. There is no comprehensive theoretical cal-
culation that explains the observed pattern across the entire x range, so nPDFs are determined through
phenomenological parametrizations based on global fits to several experimental data sets [72, 73], sim-
ilarly to proton PDFs. Heavy-flavour production at midrapidity at the LHC is predominantly influenced
by the modification of the nPDFs in the shadowing region since it results in Bjorken x ~ 10~ for charm

and x ~ 1073 for beauty [74].

The second CNM effect for heavy-flavour production is the multiple elastic scatterings of partons
with the constituents of the target nucleus before and after the hard scattering. This process results in
additional transverse momentum (k1) being acquired by the parton after each scattering, which leads
to a shift of the transverse momentum spectrum, commonly known as kr-broadening or the Cronin
effect [75]. The parton also experiences energy loss as it travels through cold-nuclear matter, which
has a similar qualitative behavior to the final-state energy loss in the QGP, albeit with much smaller

magnitude [76].

For a long time, it was believed that proton—nucleus collisions were only suitable for studying the
CNM effects arising from the initial state. However, recent experimental data [77-79] have raised the
question of whether the large number of particles produced in p — A collisions can form a medium”
with some degree of collectivity. If this is the case, final-state effects will also affect the measurement
of heavy-flavour production in such collisions, making it more difficult to quantitatively interpret the
genuine CNM effects. In addition to in-medium energy loss mechanisms, which will be discussed in

more detail in the next section, the acquisition of radial and elliptic flow may influence the pr-spectrum
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shape of open heavy-flavour hadrons. This was investigated in Refs. [80—82], which concluded that
these flow effects, in a small and short-lived medium, do indeed leave signatures in the final hadronic
observables of heavy-flavour hadrons, visible as an enhancement in the nuclear modification factor Rp,py

at intermediate pr.

Finally, it is important to note that extrapolating the CNM effects from p — A collisions to Acol-
lisions is not a straightforward task, given the possible interplay with final-state effects. However,
studies have shown that such an extrapolation is possible for the relevant CNM effects in open heavy-
flavour production. For nuclear PDF effects, as long as the factorisation theorem holds for the produc-
tion cross section, the nuclear modification factors also factorise. Specifically, RIC&M(y) = Rpa(+y) -
Rpa(—y) [74]. Additionally, cold-nuclear matter effects due to multiple scatterings in Acollisions at
midrapidity are roughly double the nuclear modification expected in p — A collisions, owing to the sym-

metry in the QQ production [83].

Fig. 1.11 shows the nuclear modification factor at 4/sx\w = 5.02 TeV in p — Pb collisions for
averaged non-strange D and A} hadrons [84, 85]. As previously discussed, obtaining a complete un-
derstanding of the cold-nuclear matter effects is challenging due to their interplay with other effects,
including final-state effects. However, it can be concluded that the Rpp, for D mesons is consistent
with unity, indicating that the effects are either insignificant or cancel each other out. Therefore, any
suppression of D mesons in Pb — Pb collisions is expected to be a result of final-state interactions with a
hot QCD medium. For A{ baryons, an enhancement (depletion) in the Rpp;, at intermediate (low) pr is
observed, albeit with large uncertainties. This suggests that A7 production in Pb — Pb collisions should
take these effects into account. Although theoretical calculations on the market cannot fully describe
the Rpp, for A}, it is interesting to note the similarities with the light-flavour sector [79, 86, 87], where
enhanced Rp, values were also observed for baryons compared to mesons (and unity), believed to be

due to radial flow.

1.5.3 Interactions with the hot-nuclear matter

Heavy quarks interact with the medium constituents losing energy via gluon radiation (inelastic)
and collisional (elastic) processes [88]. The significant suppression observed at both RHIC [89-93]
and LHC [94—102] energies of charm- and beauty-hadron production yields at intermediate and high
transverse momentum (pt > 6 GeV/c) in heavy-ion collisions compared to appropriately scaled yields
from proton-proton (pp) collisions, indicates a substantial energy loss of heavy quarks in the QGP. Heavy
quarks in a medium experience momentum exchange with the heat bath, which is of the order of the

medium temperature Q> ~ T, leading to several momentum kicks. Due to their typically low thermal
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Figure 1.11: The nuclear modification factor Ryp, of prompt D mesons (an average of the non-strange D meson
species [84] and A} baryons in p — Pb collisions at y/sxy = 5.02 TeV as measured by the ALICE Collaboration [85].

momentum, p%‘ = \/W , they tend to execute a Brownian motion in the medium. The interactions
with the constituents of the medium cause a loss of energy of the parton as it traverses the medium,
but also provide a push to low-pr quarks due to the radial flow of the bulk. Moreover, the heavy-
quark thermalisation time is typically of the order of the medium lifetime or more [103], and therefore
the momentum spectra of heavy-flavour hadrons carry the memory of the interaction history, making
them excellent probes of the medium properties. For high momenta, the mass of heavy quarks becomes
negligible (mq < p), and they behave like light particles, losing energy mainly via gluon radiation.
Fig. 1.12 illustrates the energy loss via collisional and gluon radiation processes as a function of the

quark energy for charm (left panel) and beauty (right panel) quarks, as computed in Ref. [104].

1.5.3.1 Energy loss

The mechanisms of collisional energy loss occur through scatterings of q(g)Q — q(g)Q and
become significant for relativistic quarks. Let us first consider collisional energy loss in the ultra-
relativistic limit (pq > mq), where similarities can be drawn with the scenario of a fast muon traversing
a QED e*e” plasma. In this case, two partonic processes need to be considered, namely Coulomb col-
lisions (with electrons and positrons) and Compton collisions (with photons). Ref. [105] presents a
detailed review where it is demonstrated that the total energy loss due to elastic collisions will have
a linear dependence on the in-medium path length and a logarithmic dependence on the initial parton

energy.

The radiative energy loss in the medium is a result of q(g)Q — q(g)Qg processes, which are
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Figure 1.12: The left panel of the figure compares the radiative and collisional energy loss for charm quarks in the Quark-
Gluon Plasma (QGP) created in central Pb — Pb collisions at a center-of-mass energy of \/syny = 2.76 TeV. Similarly, the
right panel of the figure compares the radiative and collisional energy loss for bottom quarks in the same system. Figures
from [104]

similar to the electromagnetic bremsstrahlung process. The total energy loss due to radiation depends
on the properties of the medium, particularly the length of the path in the medium, denoted by L. The
long formation times of these inelastic scatterings lead to a coherent contribution, which means that the
total energy loss AE = pg - p"Qllt can only be evaluated at the end of the in-medium path length. The
quadratic dependence on L can be shown using the BDMPS-Z formalism [106].

aC a;CR .
“szC= 54RqL2. (1.17)

<AErad> x

In this equation, w. represents the characteristic energy of the emitted gluons, Cr are the Casimir fac-
tors associated with the QCD vertices, and § is the transport coefficient that characterizes the medium-
induced k% transferred to the projectile per unit path length. The dead-cone effect, which suppresses
gluon-bremsstrahlung in the collinear region for emitters with mass m and energy E, is also expected
to introduce a quark-mass dependent correction [107]. This effect is particularly relevant for heavy
quarks, while for the light-flavour sector, radiative energy loss remains the dominant mechanism even
in the low-pT regime. As a result, there is a flavour hierarchy in the radiative energy loss for relativistic

energies, with AE( g) > AE(q) > AE(Q).

The nuclear modification factor (Raa) is widely used to quantify the modifications of hadron spec-
tra in Arelative to pp collisions (discussed in sec..). As seen in Fig. 1.12, at high pr, radiative energy
loss is expected to dominate over collisional energy loss. Therefore, it is the primary mechanism caus-

ing the suppression of hadron yields at high pt. By comparing the nuclear modification factor Ry of
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heavy- and light-flavour hadrons, it is possible to study the dependence of energy loss on quark mass
and colour charge. Fig. 1.13 shows the average Raa of prompt DY D*, and D** mesons [108], charged
pions [109], charged particles [30], and inclusive J/y mesons [110] measured by the ALICE Collabora-
tion in central Pb — Pb collisions at 4/syn = 5.02 TeV. The Raa of prompt and non-prompt J/y mesons
measured by the CMS Collaboration [111] is also shown. For pr = 8 GeV/c, the Raa of D mesons and
charged pions are similar due to the interplay of larger energy loss expected for gluons and light-flavour
quarks than for charm quarks and the harder charm-quark pt distribution and fragmentation function.
Additionally, the nuclear modification factor of non-prompt J/y mesons from beauty-hadron decays is
higher than that of prompt D mesons, consistent with the quark-mass dependence of radiative energy
loss. The dependence of radiative energy loss on the distance travelled by the parton in the medium
is the origin of the positive elliptic flow observed at high pr in non-central collisions. In this regime,
the elliptic flow arises from path-length asymmetries resulting from the spatial anisotropy of the fireball
in the first instants of the collision, leading to different energy losses depending on the heavy-flavour

azimuthal direction [112, 113].

g 1 .4 __I T T T | T T T T T T T T T T T T | T T T T |
T ALICE y| <0.5
I Centrality 0-10%
................................................................................................................................................... I

° T[i

Charged particles

¢ J/P, 0-20%, |y| < 0.9

0 Prompt J/y, ly| < 2.4, CMS

o Non-prompt J/y, |y| < 2.4, CMS

o

A t+f5—— "' =4
' %ﬁﬁ f
1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 |
20 30 40 50

p. (GeV/c)

Figure 1.13: Average Raa of prompt non-strange D mesons in the 0-10% centrality class compared to Ras of charged
pions, charged particles, inclusive J/y measured by ALICE, and of prompt and non-prompt J/y from CMS in Pb-Pb
collisions at 4/syxy = 5.02 TeV. Figure from [108]
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1.5.3.2 Azimuthal anisotropy

In heavy-ion collision, the initial spatial eccentricity in the azimuthal plane is converted to particle
momenta via the pressure gradients produced by the hot and de-confined medium. However, heavy
quarks, which are produced in the initial hard scattering processes, have different dynamics from the
light partons that make up the bulk of the medium. As a result, heavy quarks are not expected to be in
equilibrium with the light partons at the formation time of the QGP, and therefore they only marginally
participate in the collective motions of the bulk in the early stages of system evolution. Nevertheless,
the multiple interactions of heavy quarks with the medium constituents transfer the bulk flow to heavy
quarks, giving rise to non-vanishing elliptic and triangular flows in charm and beauty quarks [114, 115].
The anisotropic flow is quantified by the harmonic coefficients v, = {(cos[n(¢ — ¥,)]) of the Fourier
expansion of the particle azimuthal angle (¢) relative to the collision symmetry planes with angles (¥,)
for the n™ harmonic. In non-central heavy-ion collisions, the second harmonic, called elliptic flow v5,
is the largest coefficient. The heavy-flavour v, can be used to measure the extent to which charm and
beauty quarks participate in the collective expansion of the medium at low pt (pr < 6 GeV/c) [116],
and the fraction of heavy quarks hadronizing via recombination with light quarks in the QGP medium
in the intermediate pt region (6 < pr < 10 GeV/c) [117, 118]. Conversely, the v, of heavy-flavour
hadrons can be used to constrain the in-medium heavy-quark path-length dependence of energy loss at
high pt (pT > 10 GeV/c) [112, 113]. The coefficient v3, also known as the triangular flow, is primarily
attributed to the event-by-event fluctuations in the initial distribution of nucleons and gluons within the

overlap region [119].

Fig. 1.14 shows prompt D, D*, and D** meson average v, and v3 coefficients as a function of pr
in 0—10% and 30-50% centrality classes measured by ALICE collaboration [120]. The D-meson elliptic
flow increases with centrality, while the triangular flow is similar in both classes. The v, coefficients of
D mesons are lower than those of pions and protons for low p, consistent with the mass hierarchy. The
vy coefficients for D mesons and J/y mesons in semi-central events follow the mass hierarchy, but no
firm conclusions can be drawn for central events due to large uncertainties. For pt > 4 GeV/c, the D-
meson v, coefficients are similar to those of charged pions and lower than those of protons, supporting
the quark coalescence hypothesis. In the 30-50% centrality class, the larger values of v, for D mesons
compared to J/y mesons can be explained by hadronisation via coalescence and the fraction of J/y
mesons coming from beauty-hadron decays. For pr > 8 GeV/c, the measured v, coefficients for all

hadron species are compatible within uncertainties.

To model the space-time evolution of heavy quarks undergoing multiple elastic scatterings in a QGP,
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Figure 1.14: The pr-dependent v, and v; coefficients for prompt D, D*, and D** mesons in Pb — Pb collisions at
Vsaw = 5.02 TeV in the 0-10% (left panels) and 30—50% (right panels) centrality classes, along with the corresponding
coefficients measured for 7*, pp [121], and inclusive J/y mesons [122]. Figure from [120]
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which is crucial as these scatterings transfer the radial and anisotropic flows of the QGP to the heavy
quarks, transport theories based on the Boltzmann equation are employed [123]. As the mass of the
heavy quark mq is much greater than the temperature 7' of the medium, the typical momentum exchange
between the heavy quarks and the medium, 7 =~ T2, is small in comparison to the thermal momentum of
the heavy quarks, pg‘ o~ \/W . This enables treating the heavy quark motion as Brownian motion. In
this regime, the Boltzmann equation can be simplified to the Fokker-Planck equation [124], which can be

stochastically solved using a Monte-Carlo simulation through the macroscopic Langevin equation [103]:

-

d -
é =-np(p)P +¢, (1.18)

The function np (p) represents the frictional drag coefficient experienced by heavy quarks, while g? ac-
counts for random thermal momentum impulses. The drag coefficient is related to the momentum diffu-
sion coefficient D, (or the spatial diffusion coefficient D) through the Einstein fluctuation-dissipation
relation, which states that D, = mqnpT (or Dy = T/(mqnp)). The spatial diffusion coefficient is
closely linked to the heavy quark’s thermalisation time 7q = mq/TD,. A higher value of D, indicates a
weaker interaction between the heavy quark and the medium (fewer interactions), resulting in a longer
thermalisation time. Thus, heavy flavour production can be an effective way to explore the transport

properties of the QGP.

Models attempting to describe the interactions between heavy quarks and the constituents of the
QGP can be tested by comparing their predictions for both Ry and v, with experimental measurements
in Pb — Pb collisions at 4/sxe = 5.02 TeV, as illustrated in Fig.1.15. However, the majority of these
models fail to simultaneously describe both observables in central and semicentral Pb — Pb collisions.
By focusing on the few models that are in good agreement with both observables, it was possible to
estimate the heavy-quark spatial diffusion coefficient to be within the range of 1.5 < 27D T, < 4.5 at
the pseudocritical temperature of 7. = 155MeV [108]. This interval is narrower than previous estima-
tions based on D-meson measurements at LHC energies [120, 125]. Therefore, comparing experimental
data with theoretical predictions for these observables has led to more precise constraints on the heavy-
quark spatial diffusion coefficient and significant progress in understanding the interaction processes

and hadronisation mechanisms of charm quarks in the high-density QCD medium.

1.5.4 Hadronisation mechanisms
The hadronization of quarks and gluons into color-neutral hadrons is a fundamental process in QCD

that poses a significant challenge due to its nonperturbative nature. To address this issue, numerous mod-
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Figure 1.15: Average Raa [108] (left) and elliptic flow v, [120] (right) of prompt D°, D*, and D** mesons in the 30-50%
centrality classes compared with predictions of models implementing the charm-quark transport in a hydrodynamically
expanding medium. Figure from [108]

els and parameterizations of hadronization processes have been developed through phenomenological

studies of particle production in elementary collisions.

1.5.4.1 String fragmentation

The interest in the internal structure of hadrons arose in the 1970s when the first models on hadron
formation were proposed, including the Bag Model. In this model, a hadron is considered as a ’bag”
of massless valence quarks surrounded by a perturbative QCD vacuum, which differs from the normal
QCD vacuum outside the bag. The difference between them is characterized by the Bag constant (B),
which quantifies the energy density difference between the perturbative and normal QCD vacuums. The
bag constant value is approximately 200 MeV, obtained by minimizing the total energy of the bag as a
function of its radius. With this approach, the critical temperature (7,) for deconfinement is estimated

to be approximately 150 MeV [126, 127].

In the same era, different approaches were used to treat quark formation and hadronization, with
the most widely used being the Lund string model [128] based on color strings to account for uii, dd,
and s§ pair production [129, 130]. This model is currently implemented in Monash, the default tune of
the PYTHIA event generator [131].
Default Pythia mode

In the Lund model, a ¢4 pair in a meson is confined by the linear component of the Cornell potential.

As the quarks move away from each other, the physical picture is that of a colour flux tube being stretched
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between the ¢ and the ¢ as shown in Fig. 1.16 (a), the linear part becomes dominant and the Cornell
potential is approximated as V(r) =~ «r, where « is the string tension, typically assumed to be « ~
1 GeV/fm. For a massless gg pair flying apart at the speed of light, a colour string is formed between
them with a constant tension until the stored potential in the string encodes all their kinetic energy. At
that point, the colour string turns the quark and antiquark around, accelerating them towards each other
until they meet back and repeat the sequence. In a high-energy e*e™ collision, where the two leptons
annihilate in a ¢4 pair, this motion helps understand the structure of hadrons [132]. As shown in Fig. 1.16
(b), gradual distancing between the original quark and antiquark causes the colour string to stretch, and
when it exceeds the amount required to produce an additional ¢4 pair, the string can break into two qch
pairs. The new ¢g pair created in a space-time point starts moving on a parallel direction with respect
to the original light cone. Multiple string breaks may happen and produce new ¢g pairs, giving new ¢g
systems, which are either hadrons or further fragments, until only hadrons remain. In this framework, the
production of a meson with transverse mass mr originating from a quark with flavour « that combines

with an antiquark with flavour £ is described by the fragmentation function:

1 a l-z @ —bm?/z
Jap(z) = Ng,— - 2% e mlE (1.19)
z z
The parameter z represents the proportion of the initial energy-momentum carried by the generated
meson, while N,z is a normalization factor, b is a universal parameter for all vertices, and a, g are

independent parameters associated with the quark flavors involved, often assumed to be identical.

A similar discussion can be done for massive quarks, cc and bb pairs, which are forced to move along a
hyperbola due to their finite and non-negligible mass.The production of baryons can also be described
within the framework of the Lund model, by considering the breakup of a color string into three quarks,
with each quark carrying a fraction of the string’s energy. The details of baryon production in the Lund
model are more complex than for mesons, but the basic idea is the same: the string between the quarks

stores energy as they move apart, and this energy is eventually released in the form of hadrons.

As discussed in Sec. 1.5.1, one successful approach involves the use of fragmentation functions
with the Lund model in collinearly factorized production processes, which have been applied to de-
scribe a wide range of measured D-meson spectra, as depicted in Fig. 1.9. These functions are flavor-
dependent but are generally assumed to be universal and can be constrained using e*e™ or ep collision
data and tested in hadronic collisions. Fig.1.17 shows the fragmentation fractions (f(c — H,)) for

charm hadrons obtained from a combined analysis of different experiments[134]. As seen in Fig. 1.10,
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(@) (b)

Figure 1.16: (a) A flux tube extends between a quark and an antiquark. (b) The movement and disintegration of a string
system, with the two perpendicular degrees of freedom eliminated. The (anti)quarks are represented by diagonal lines,
while snapshots of the string field are depicted by horizontal lines. Figure from [133]

this approach fails to describe baryon production, which is significantly larger than expected based on
universal fragmentation functions constrained by e*e™ and ep data. This behavior also be confirmed by
the ALICE measurement of £ in pp collisions at /s = 5.02 TeV as summarised in Fig. 1.17 [53]. Then
It’s worth to go deeper with the pr-differential of A}/DP ratio as shown in Fig. 1.18 in pp collisions
at /s = 5.02 TeV. The experimental results have been found to be significantly underestimated by
the predictions from Monash, which is a PYTHIA tune that implements conventional fragmentation.
Specifically, at low pr, the data exceeds the model predictions by a factor of approximately 5. To better
comprehend this ’puzzle”, alternative theoretical approaches have been explored, and several models

that deviate from the Lund model have been proposed.

Pythia colour reconnection modes

Monte Carlo generators often use the leading-colour (LC) approximation to trace the colour flow
in an event [137]. This approach assumes that each quark is only connected to another coloured parton
in the event, similar to a leading-colour QCD dipole, where the gluons carry a colour and an anticolour
charge, and are connected to two other partons. This can be interpreted as gluons forming transverse
“kinks” on strings whose endpoints are a quark and an antiquark, as per the Lund model. However,
this approach is not suitable for hadronic collision systems such as pp, where the initial state is sensitive
to the strong force and coloured beam remnants remain after the collision. Furthermore, in such colli-
sion systems, multiple parton interactions (MPI) can occur, which are crucial to explain the underlying
event and soft-inclusive physics, especially in high-multiplicity events. The possibility of phase-space
overlaps among particles produced in different MPI events is non-negligible. Earlier works considered
the possibility for different MPI systems to be colour-connected within a colour “chain” , in order to

minimize the total colour charge of the remnant and the number of strings stretched to it. However, the
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Figure 1.17: The fragmentation fractions of charm quarks into charm hadrons have been measured in pp collisions at a
center-of-mass energy of v/s = 5.02 TeV and compared to experimental results obtained from e*e~ collisions at LEP and
B factories, as well as from ep collisions at HERA. Figure taken from Ref. [53]
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Figure 1.18: A /D ratio in pp collisions at vs = 5.02 TeV compared with predictions from Pythia predictions with
Monash and colour reconnection beyond leading colour approximation. As well as different theoretical calculations [135,
136]. Figures from from Ref. [53]
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effect of this basic colour reconnection was estimated to be small, without significant changes in the
per-particle spectra in high-multiplicity events. The average pr of charged particles in such events is
estimated by this approach to be flat as a function of particle multiplicities, but experimental data ruled

out this possibility, highlighting the need to introduce non-trivial colour reconnection effects.

The pure SU(3) group structure of QCD provides some sub-leading combinations among different
partons that can create colour singlets before single parton fragmentation. However, these additional
combinations are insufficient to describe the measured baryon production in hadronic collision. There-
fore, a revisited colour reconnection beyond the leading colour approximation (CR-BLC) has been im-
plemented. This model assumes a “simplified QCD” framework, in which parton combinations are
ruled by nine colour indices, leading to nine possible states for quarks and 72 for gluons, which allow
recombinations among partons in different MPIs and from beam remnants. In this new framework,
all possible combinations among partons in the whole event are considered, and this enriches the string
topology that will undergo the hadronisation. The additional combinations introduced in this framework
are the so-called junctions shown in the right panel of Fig. 1.19 and augment the set of possible string
topologies that would be available with the LC structure. The possible topologies that can be realized
in a specific event are dictated by the minimization of the A string-length measure, which corresponds

to the area spanned by the string before the hadronisation, namely the potential energy of the string.

A necessary condition for a colour string to be suitable for a reconnection is that its invariant mass
must overcome a certain threshold mg, whose value influences the amount of possible reconnections.
The parameter C; = myq;/mg, where a high mq; corresponds to a low 4 and C; > 1 translates into
an enhancement of junctions, finally governing the amount of reconnections. Another ingredient that
influences the string topology is the causal connection among the strings themselves. If either string
has already hadronised before the formation of the other, there is no space-time region available for the
reconnection among them to occur. To make sure that two strings are able to reconnect, they must resolve
each other between the string formation and its hadronisation, taking into account the time dilation
occurring due to the relative boost. The different “modes” of this model depend on the requirement
and strength of this causal contact criterion. In the Mode 0, no time-dilation constraint is applied, and
the amount of colour reconnection is dictated only by the invariant-mass threshold mg;. In Mode 2, the
strictest condition is applied, where the causal contact is required to be maintained between the strings.
Mode 3 relaxes the constraint by considering only the first reconnection between two dipoles, even if

there are subsequent reconnections that occur later.
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Figure 1.19: Illustration of a multi-parton state, with a leading-colour string topology (C) and with a junction-antijunction
string topology (D), allowed by cyclically matching “2” and “5” indices. Figure from [137]

1.5.4.2 Coalescence or recombination

In heavy-ion collisions, the recombination or coalescence process occurs due to the presence of
surrounding free color charges. This process allows heavy quarks to produce hadrons by associating
with lighter quarks picked up from the deconfined medium instead of fragmenting. Fig. 1.20 displays
the interplay between coalescence and fragmentation processes. The production of baryons with a given
pt (pn) is preferred over mesons with the same transverse momentum, or at least, the baryon-to-meson
ratio is increased at intermediate pt, compared to a scenario with pure quark fragmentation. As the
quark pr distribution decreases rapidly, low-pt quarks are more abundant. Thus, it is more likely to
form a baryon by combining three low-pt quarks, rather than creating a meson. This is because in the
latter case, the two quarks require a larger pr to reach the final p,. An enhancement of the relative
abundance of baryons with respect to mesons in heavy-ion collisions has been observed at RHIC [138]
and the LHC [139] firstly for the light-flavour sector. A similar behaviour has been recently observed
also for charm hadrons (A} /D ratio) both in RHIC [140] and LHC [141]. In pp collisions at the LHC
as shown in Fig. 1.18, a similar baryon-to-meson enhancement as observed in AA collisions, which also
good descriped by Catania model [135] with a hybrid hadronisation via fragmentation and coalescence
is assumed for the charm quark.
1.5.4.3 Statistical Hadronization Model

Statistical hadronisation models (SHMs) [142] aim to describe a fully thermalised system statisti-
cally, based on its macroscopic properties, in contrast to macroscopic models acting on the parton level.
Hadron abundances are predicted from the volume V, temperature 7, and chemical potential u of the
thermalised system at the chemical freeze-out during heavy-ion collisions. Assuming an equilibrated
system, its macroscopic properties can be derived from the grand canonical ensemble with the partition

function:

Z(T,V,u) =Tr

exp (—B (H : ZuQiQi))] : (1.20)
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Figure 1.20: The interplay between coalescence and fragmentation processes.

Here, B = 1/T, ug, are the chemical potentials to conserve the charge Q; on average in the system, and
H is the Hamiltonian that describes the hadron resonance gas. The conserved quantities in such a system
are the electrical charge, strangeness, and the baryon number with their chemical potentials denoted as

H1Q. Us, and up, respectively.

According to [143], the formation of single hadrons is independent, and the overall partition function

can be approximated as the product of the partition functions Zj, of each hadron species A:

Zzl_[Zh. (1.21)

The fraction of each species per volume V can then be written as:

Ny T (dInZ
nh=—h=—( . h) : (1.22)
ViV oun Jyr

where uy, is the sum over the chemical potentials applicable to 4. Strangeness is conserved to be 0 in
the overall system, and the electrical charge is conserved and given from the studied collision system
in a specific rapidity region [144]. In a modeling approach, T, u, and V are free parameters that can
be obtained from a fit to measured data. Once determined, SHMs can be used to predict the particle
abundances at a given chemical freeze-out temperature T.g, . Note that to obtain the correct production
ratio of each hadron species A, contributions from higher mass resonant states decaying to & must also

be taken into account.
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The statistical hadronisation model has been successful in describing the production of light and
strange hadrons in heavy-ion collisions as well as in smaller systems. In the heavy flavour sector, this
model incorporates an underlying charm-baryon spectrum from the PDG, or alternatively, includes ex-
cited charm baryons predicted by the Relativistic Quark Model (RQM) but not yet observed [136]. These
additional states decay strongly to A} baryons, which contribute to the prompt A{ spectrum. However,
the RQM predictions are subject to uncertainty related to the branching ratios of the excited baryon
states into AZ final states, which is estimated by varying the branching ratios between 50% and 100%.
While the model underpredicts the data when using the PDG charm-baryon spectrum, it provides a good
description of the pp data when including the additional baryon states, both in terms of the magnitude

of the ratio and the decreasing trend with pr [53].

1.6 Motivation and structure of thesis

Measurements of open charm- and beauty-meson production in proton—proton (pp) collisions are
successfully described by quantum chromodynamics (QCD) calculations based on the factorization of
the soft (non-perturbative) and hard (perturbative) processes [18, 63, 145—154]. Within this approach,
the production cross sections of heavy-flavor hadrons are computed as the convolution of (i) the parton
distribution functions (PDFs) of the incoming protons, (ii) the perturbative partonic cross section, and
(iii) the fragmentation functions (FFs) describing the transition from the heavy quark to the hadron. The
partonic cross section in these calculations is typically computed at next-to-leading order accuracy with
all-order resummation of next-to-leading logarithms (e.g., FONLL [48, 49, 58] and Gm-vfns [46, 47, 59—
62]), but recently calculations at next-to-next-to-leading order (NNLO) also became available [155]. The
FFs are instead parametrized from measurements performed in e*e™ or ep collisions [ 156], assuming that
the hadronization process of charm and beauty quarks is independent of the collision system. However,
the production of the A}/ DY baryon measured in proton-proton (pp) collisions at center-of-mass energies
of 5.02 and 7 TeV at the ALICE experiment is significantly underestimated by the theoretical calcula-
tion. Similar phenomena have also been observed in the proton-lead collisions at the central rapidity
region of ALICE and the forward rapidity region of LHCb. Other heavy-flavored hadrons such as Z}°
measured recently in pp collisions also confirmed that the fragmentation function is not universal for
the collision system. In order to gain a more comprehensive understanding of fragmentation functions
and the formation mechanism of heavy-flavored hadrons, a detailed examination of non-universal phe-
nomena is essential. To this end, a study was conducted on the system size dependence of open charm
baryons and non-prompt D mesons. This involved measuring the production of open-charm hadrons in
various charged particle multiplicity ranges. Through this approach, a deeper insight into the behavior

of heavy-flavored hadrons can be obtained, shedding light on the underlying mechanisms that govern
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their formation.

However, in heavy-ion collisions, it remains an experimental question whether bottom quarks with
their larger mass are thermalized in the quark-gluon plasma (QGP). Recently, the ALICE and ATLAS
collaboration observed a significant positive elliptic flow of electrons and muons from bottom hadron
decays, indicating that bottom quarks could also participate in the thermalization process [157, 158]. In
heavy ion experiments, due to the large mass of the bottom quark, whether it will be fully thermalized
in QGP has always been an experimental question. Based on the current detector spatial resolution and
luminosity, measuring the elliptic flow of non-prompt D mesons can better study the interaction between

bottom quarks and the QGP.

This thesis aims to study the hadronization mechanisms of heavy quarks and their interaction with
the quark-gluon plasma (QGP) by measuring the production yields and elliptic flow of charmed hadrons
and non-prompt D° mesons in the ALICE experiment at the LHC energy region. For the hadronization
mechanisms of heavy quarks, the dependence of the prompt A} production on the charged particle mul-
tiplicity and the proportion of non-prompt D® mesons as a function of the charged particle multiplicity,
as well as the non-prompt D® meson yield, were measured using proton-proton collision data collected
from 2016 to 2018 at a center-of-mass energy of 13 TeV (about 1800 million events). For the study of the
interaction between bottom quarks and QGP, the elliptic flow of non-prompt D° mesons in non-central
collisions was measured using lead-lead collision data collected in 2018 at a center-of-mass energy of
5.02 TeV. Chapter 1 introduces the theoretical background of QCD, QGP, heavy-ion experimental evo-
lution and the main observables, open charm and heavy flavor physics. Chapter 2 introduces the ALICE
experiment’s detectors, their functions, and the ALICE offline analysis framework and data samples
used in this thesis. Chapter 3 mainly discusses the two advanced analysis method, including the recon-
struction of candidate particles based on machine learning algorithms and the data-driven method used to
eatimate prompt and non-prompt fraction. Chapter 4 introduces the measuremences of the open charm-
hadron in pp collisions at 13 TeV, which include the production of prompt A} baryons as a function of
charged particle multiplicity, the non-prompt D° mesons fraction as a function of charged particle mul-
tiplicity and its production cross section. Chapter 5 describes the first measurement of the elliptic flow
of non-prompt DY mesons at a center-of-mass energy of 5.02 TeV in the ALICE experiment. Chapter 6

summarizes all the experimental measurements and gives prospects for future research.
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2 ALICE: A Large Ion Collider Experiment

The ALICE experiment [159], one of four main experiments at the CERN Large Hadron Collider
(LHC) [160] near Geneva, is designed to investigate heavy-ion collisions at ultra-relativistic center-of-
mass energies. Its primary objective is to analyze the quark-gluon plasma created in Pb — Pb collisions,
characterized by extreme temperature and energy density [161]. In addition, the physics program of
ALICE includes the study of p — Pb and pp collisions to address various QCD topics. This chapter
presents an introduction to the detectors utilized in the ALICE experiment, along with their performance
specifications. Finally, the computing and software framework of the ALICE Collaboration is briefly

discussed.

2.1 The ALICE detectors

The final setup of ALICE until LHC Run 2 is shown in Fig. 2.1. The experiment is divided into two
main components: the central barrel and a muon arm, covering the mid-rapidity region (Jr| <0.9) and the
forward rapidity range (-4 < n<-2.5), respectively [161]. The central barrel detectors are situated within
the L3 magnet, a large solenoid providing a 0.5 T magnetic field along the beam axis, which is necessary
for tracking and identifying charged particles. The central barrel comprises the Inner Tracking System
(ITS), the Time Projection Chamber (TPC), the Transition Radiation Detector (TRD), the Time Of Flight
(TOF) detector, the Ring Imaging Cherenkov (HMPID) detector, and the electromagnetic calorimeters
PHOS, EMCal, and DCal. In addition to these, ALICE also include various other detectors for global
event characterization and triggering (ZDC, PMD, FMD, T0, VOA, and VOC) located at forward and
backward rapidity, as well as an array of scintillators (ACORDE) positioned atop the L3 magnet for
triggering on cosmic rays. More detailed descriptions of all subdetectors are provided in subsequent

sections.

2.1.1 Inner Tracking System

The Inner Tracking System (ITS) consists of a six-layer silicon detector and is positioned closest to
the interaction point and is designed for tracking charged particles and determining the primary vertex,
as shown in Fig. 2.2. Moreover, it plays a crucial role in reconstructing secondary vertices, i.e., the
points of decay for short-lived hadrons, and measuring the impact parameter of tracks, defined as the
distance of closest approach between the track trajectory and the primary vertex. The ITS uses three

different technologies for its inner, middle, and outer layers.

The two innermost layers of the ITS are equipped with Silicon Pixel Detectors (SPD), which, owing
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Figure 2.1: ALICE schematic layout

to their position and resolution, are fundamental for the reconstruction of weakly-decaying strange,

charm, and beauty hadrons. The SPD layers also serve as a trigger due to their fast response and provide a

midrapidity multiplicity estimator via tracklets, which are track segments built by associating pairs of hits

in both layers. The third and fourth layers of the ITS are Silicon Drift Detectors (SDD), which provide

excellent multitrack capability and the possibility of particle identification via dE/dx measurements.

However, this latter feature is not used for this dissertation because other detectors possess excellent

PID capabilities. The two outermost layers of the ITS are equipped with double-sided Silicon Strip

Detectors (SSD), which are crucial for the prolongation of tracks from the main tracking detector

of

ALICE (i.e., the Time Projection Chamber) to the ITS. The SSD layers also provide dE /dx information.

Table 2.1 summarizes the main differences between the three technologies.

Table 2.1: parameters of ITS layers [159].

Layer | r(cm) | Material budget (%X,) | Active area per module (mm?) | Resolution (um?)
SPD 39 14.1 12.8 x 70.7 12 x 100
SPD 7.6 14.1 12.8 x 70.7 12 x 100
SDD | 15.0 22.2 70.17 x 75.26 35%x25
SDD | 239 29.7 70.17 x 75.26 35%x25
SSD | 38.0 43.1 73 x 40 20 x 830
SSD | 43.0 48.9 73 x 40 20 x 830
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Figure 2.2: Structure of the Inner Tracking System, figure taken from [162]

2.1.2 Time Projection Chamber

The main tracking detector of the ALICE experiment is the Time Projection Chamber (TPC). Its
main functions are to measure the momentum of charged particles, identify them, and reconstruct the
interaction vertex along with the ITS. The TPC has a cylindrical shape with an internal radius of approx-
imately 85 cm, an external radius of approximately 247 cm, and a length of around 510 cm, making it the
largest TPC currently mounted on an experimental apparatus. Its total active volume is approximately 88
m?>. The azimuthal acceptance is 360°, while the covered pseudorapidity range is || < 0.9 for particles

that can reach the TOF detector. The pseudorapidity acceptance for slower particles is || < 1.5.

The TPC is divided into two sectors by a central cathode maintained at a high negative potential
of V ~ —100 kV. This generates a constant electric field of £ ~ 400 V/cm thanks to the action of the
external field cage. The internal volume is divided into two sections, each approximately 2.5 m long,
filled with a Ne/CO,/N; mixture (90/10/5). This mixture allows for a maximum drift time for electrons
of approximately 90 us. However, the disadvantage of this mixture is its strong velocity dependence
on temperature, making it necessary for the TPC to maintain proper thermal stability (AT < 0.1 K).
Electrons produced in the gas ionization from charged particles passing through the TPC undergo a drift
motion towards the cylinder basis. The cylinder basis is azimuthally segmented into 18 trapezoidal sec-
tions, divided into an inner and an outer region, each equipped with a Multi-Wire Proportional Chamber
(MWPCQC), for a total of 36 shown in Fig. 2.3. The two MWPCs together count 159 readout pad rows,
with the cathodes collecting the avalanche originated by the primary electrons. This signal is used to
reconstruct the x-y projection of the particle trajectory, while the spatial information along the beam di-

rection is provided by the drift time, measured thanks to a buffering of the collected charge with a fixed
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frequency. The TPC detector provides a three-dimensional track reconstruction for charged particles
and delivers a resolution of 1% for low-momentum particles (pt ~ 1 GeV/c) with a magnetic field of
0.5 T. The resolution grows to approximately 3.5% for pt ~ 100 GeV/c. Another important function
of the TPC is to identify charged particles by measuring their energy loss per unit length as they pass

through the gas, using the amplitude of the MWPC signal.
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INNER FIELD
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Figure 2.3: Layout of the Time Projection Chamber. Figure from [163]

2.1.3 Time-of-Flight detector

The cylindrical Time of Flight (TOF) detector has a 360° azimuthal acceptance and covers a pseu-
dorapidity range of || < 0.9. The modular structure of the TOF detector is shown in Fig. 2.4. Its
dimensions include an internal radius of approximately 370 cm and an external radius of around 399
cm. The detector consists of double-stacked Multi-gap Resistive-Plate Chambers (MRPCs), each with
an active area of 120 x 7.4 cm?. The MRPCs have two cathodes and a central anode, and a stack of
fine glass plates with a 250 ym gap between them. A uniform electric field of around kV/cm is applied
throughout the detector’s volume. When a charged particle interacts with the gas in the active volume,
producing ionization charges, an electron avalanche is generated in every vacuum space between two
plates. The plates themselves stop the formed avalanches, but the electrodes detect the fast signals in-
duced by the ionization electrons’ movement. The final signal detected on the electrodes is the sum of

the signals coming from every vacuum space between two plates.

The TOF detector is made up of five modules, tilted to suppress oblique transversal paths that can
cause signal sharing among adjacent pads. Each detecting module is made up of strips transversally

oriented with respect to the beam direction. To cover the full cylinder along the z-direction, modules of
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varying lengths are used. The central module is approximately 117 cm long, intermediate modules are
around 137 cm, and the external modules are roughly 177 cm. These modules are combined to create
one of the 18 supermodules that make up the barrel. The TOF detector is a dedicated system for Particle
Identification (PID), which measures the time of flight of charged particles on a fixed length L and with
a given momentum p measured by the TPC. More details on the PID are available in Sec. 3.7. During

the LHC Run 2, the TOF detector achieved a time of flight resolution of about 56 ps [164].

Custom cratek<*

Figure 2.4: Modular structure of the ALICE TOF detector. Figure from [161]

2.1.4 V0 and TO detector

The VO detector consists of two arrays of scintillator counters, VOA and VOC, which are divided
into 4 rings radially and 8 sectors azimuthally. VOA is located opposite to the muon spectrometer at a
distance of 340 cm from the nominal interaction point along the beam axis, while VOC is positioned in
front of the hadronic absorber at a distance of 90 cm from the interaction point. The detectors cover the
full azimuthal range and the pseudorapidity ranges of 2.8 < n < 5.1 for VOA and -3.7 < n < —-1.7
for VOC. The VO provides a Minimum Bias trigger (MB) by taking a logical AND between the signals
from VOA and VOC. The timing information from VO is utilized to reject background events generated
by beam-gas interactions and pileup during the SPD readout time. Additionally, the VO signals are

employed to estimate the collision centrality and the reaction plane in Pb—Pb collisions [161].

The TO detector comprises two arrays of Cherenkov counters, TOA and TOC, which cover the full
azimuthal range and the pseudorapidity intervals of 4.61 < n < 4.92 and -3.28 < n < —2.97, respec-
tively. It is used to determine the start time for the TOF detector and as the primary online luminosity

monitoring detector.
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2.2 Detector performance

2.2.1 tracking and vertexing reconstruction

Particle track finding [161] is a crucial step in the ALICE experiment, and it is performed using the
Inner Tracking System (ITS) and Time Projection Chamber (TPC). Before this procedure, the detector
data undergoes a clusterisationprocess where the data is converted into clusters using information such
as positions, signal amplitudes, and signal times with associated errors. The interaction vertex is then
determined using tracklets, which are lines defined by pairs of clusters in each Silicon Pixel Detector

(SPD) layer. The vertex is found when the maximum number of tracklets converges onto a single point.

The tracks are then reconstructed in three stages. In the first stage, the tracks are searched for
starting at large radius at the edge of the TPC, where the track is built inwards. Track “’seeds” are built
first with two TPC clusters and the interaction vertex, then with three clusters and no vertex, and are
propagated inwards. At each step, the nearest cluster is updated provided it fulfills a proximity cut.
Tracks are accepted if they have a minimum number of clusters and do not miss more than 50% of
expected clusters for the position of the track. Reconstruction of the same track is avoided by rejecting
tracks which share a fraction of common clusters, where the worse of the two tracks is rejected. After
the track has been propagated to the inner TPC edge, a preliminary particle identification is performed
based on the specific energy loss, and this information is used in the following steps. The tracks are then
propagated to the outermost ITS layers, becoming seeds for the ITS track finding, and the tracks are
propagated inwards based on clusters in the ITS layers. At this point, any “path” layer-to-layer is saved
provided it passes a proximity cut, such that each TPC track produces a tree of track hypotheses in the
ITS. The highest quality candidate from each hypothesis tree is saved based on the y? of each path, and

each track is extrapolated to the point of closest approach to the interaction vertex.

The second stage involves propagation outwards. The tracks are refitted using a Kalman filter
technique [165] in the outward direction using the same clusters from the first stage. The tracks are
extended and matched to clusters in the Transition Radiation Detector (TRD) and Time-of-Flight (TOF)
where a time-of-flight is assigned. Finally, in the third stage, all tracks are propagated inwards from the

TPC to the ITS, where the tracks are refitted.

The impact parameter resolution is shown as a function of transverse momentum (pr) in figure 2.5
for all charged particles in three collision systems: proton-proton (pp), proton-lead (p — Pb), and lead-
lead (Pb — Pb) collisions. Due to the larger multiplicities in heavier systems, the interaction vertex can

be determined more precisely, and as such, the impact parameter resolution is improved. Topological
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selection on charmed weakly-decaying particles such as D mesons and A} baryons also becomes more
effective at higher pt due to both the improved impact parameter resolution and the longer decay length

of the particle in the lab frame.
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Figure 2.5: The impact parameter resolution as a function of pr in pp collisions at /s = 7 TeV, in p — Pb collisions at
VSan = 5.02 TeV and in Pb — Pb collisions at y/syy = 2.76 TeV. Figure from [161]

2.2.2 Particle identification

The ALICE experiment is characterised by excellent particle-identification capabilities in a wide
momentum range, which result from the different and complementary techniques used by the exper-
iment detectors. Charged hadrons are identified by exploiting measurements of their specific energy
loss in the ITS and TPC detectors, via particle time-of-flight measurements with the TOF detector, and
through angle measurements of the Cherenkov light produced traversing the HMPID detector material.
Electrons and positrons are identified via transition-radiation measurements with the TRD detector, and
by comparing the energy deposited in the PHOS and EMCal calorimeters with their momentum. These
latter two detectors can also reconstruct photons. The analyses presented in this thesis employ the PID
information provided by the TPC and TOF detectors, whose particle-identification techniques and per-
formances are described in more details in the following Sections.

TPC particle identification
Particle identification (PID) in the TPC relies on the measurement of the specific energy loss dE /dx,

charge, and momentum of particles that pass through the detector gas. To calculate the dE/dx of a
track, the 65% lowest-amplitude charge measurements from up to 159 pad rows are averaged, thereby

eliminating secondary-ionisation contributions. Using this measured dE/dx and the expected value
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for a given particle species at a specific momentum, PID is performed by comparing the two. The
expected dE /dx is obtained from a data-driven parametrization based on either splines or the Bethe-

Bloch formula, originally adopted by the ALEPH collaboration [166]. The formula is given

168y) = 23 [P2= 7 = n [Py (87| 1)
where f is the particle velocity, y is the Lorenz-boost factor, and n are the fit parameters. The left
panel of Fig. 2.6 shows the measured specific energy loss of different particle species as a function of
momentum in Pb — Pb collisions at 4/sy\y = 5.02 TeV. The expected mean energy losses for elec-
trons, pions, kaons, protons, deuterons, tritons, and *He nuclei are also plotted. The TPC has a rela-
tive dE /dx resolution of about 5% in pp collisions, which degrades to 6% in heavy-ion collisions with
high multiplicity [166]. While good pion-kaon and kaon-proton separations are achieved for transverse
momenta below 0.8 GeV/c and and 1.6 GeV/c, respectively. However, in the relativistic-rise region
(2 < pr < 20 GeV/c), the relative abundances of particle species can be determined using a statistical

approach.
TOF particle identification
The TOF detector is used to identify particle species by measuring their time of flight from the

interaction point to the detector chambers. The start time for the TOF measurement is determined by
either the signal from the TO detector or the particle arrival times at the TOF detector. A combinato-
rial minimisation algorithm is used when both methods are available to account for all possible mass
hypotheses. The distribution of particle velocities S as a function of momentum is displayed in the
right panel of Fig. 2.6 for Pb — Pb collisions at y/sx\w = 5.02 TeV. The electron, pion, kaon, proton,
and deuteron bands are clearly separated, while the background is caused by tracks that are incorrectly
matched to TOF hits. The overall TOF resolution is approximately 56 ps for pions with a momentum of
1.5 GeV/c in Pb — Pb collisions. This value includes the intrinsic detector resolution, the contribution
from electronics and calibration, the uncertainty on the event start time, and the tracking and momentum
resolution. The TOF detector provides a good pion-kaon separation for pr < 3 GeV/c and a satisfac-
tory kaon-proton discrimination up to pr =~ 5 GeV/c. However, at pt < 1 GeV/c, the fraction of tracks
matched to the TOF detector is small, so low-pt tracks without TOF particle-identification information

are typically identified using only the TPC.

2.2.3 Centrality determination

Lead beams accelerated at ultra-relativistic energies are used to create the QGP in the laboratory,

reaching energy-density values exceeding 1 GeV/fm? [161]. The topology of a single Pb — Pb collision

45



LR tAS
DOCTORAL DISSERTATION

t 3He ALICE performance
Pb-Pb VSN =5.02 TeV

TOF B

ALICE Performance
Pb-Pb | 5, = 5.02 TeV

[ R FRERE FNETE FRRTE SRRNE FRRNE SNA

0
p (GeV/c

10
p/z (GeV/c)

Figure 2.6: The left panel displays the specific energy loss (dE/dx) in the TPC as a function of the particle momentum
in Pb — Pb collisions at /sxy = 5.02 TeV. The lines represent the expected mean energy loss based on parametrization.
On the other hand, the right panel shows the velocity g of particles reaching the TOF detector as a function of momentum
in Pb — Pb collisions at v/sxe = 5.02 TeV. This figure clearly separates the electron, pion, kaon, proton, and deuteron
bands. Figures from the ALICE figure repository

is characterized by the impact parameter b, defined as the distance between the centers of the two col-
liding ions on the transverse plane, and the Z axis defining the reaction plane. The number of nucleons
participating in the collision (Npat) and the number of binary interactions among nucleons (N¢oi) depend
on b, as shown in Fig. 2.7. b determines the centrality of the event, expressed as a fraction of the total

hadronic cross section oaa:

c(b) = = L (2.2)

t®do g o
fo b db AA

b 7
/O%db 1 /bdo
0

The impact parameter cannot be measured directly, so collision centrality is estimated based on the
event’s particle activity, specifically the produced particle multiplicity (N¢,). It is assumed that the
particle multiplicity increases monotonically with event centrality, allowing for experimental calculation

of the centrality using the following formula:

1 +00 d 1 +00 d
crno— T AN, = = LT (2.3)
TAA Nen dNCh Ney Ne dNCh

tot

o, and the number of events within a certain event mul-

The total number of collisions is denoted by n
tiplicity dN), is represented by dney. The event multiplicity used to estimate the event centrality is
typically determined using the VO detectors. The distribution of the sum of signal amplitudes on the two
V0 modules is utilized to determine the percentile of the hadronic cross section associated with each

event, which is linked to a given value of VO signal amplitudes. The centrality percentile is determined
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with respect to an “anchor point,” which identifies the ~ 90 % of the total hadronic cross section and
determines the absolute scale of the centrality. This choice is made because collisions with an event
multiplicity lower than that of the ”anchor point” are strongly contaminated by electromagnetic events,
which are not related to the strong interaction between the colliding beams and therefore are not used for
centrality determination. Moreover, low-multiplicity events are characterized by a rapidly decreasing
trigger efficiency, resulting in a larger number of rejected events. Fig. 2.7 displays the distributions of
the sum of VO signal amplitudes for Pb — Pb collisions at 4/syn = 2.76 TeV [167]. The distribution of

particle multiplicity produced in Pb — Pb collisions is described by the analytical function:

g(n) = Py sc(n) X [f - Npare + (1 = f)Neo ] (2.4)

where the particle multiplicity produced in a single nucleon-nucleon interaction is described by the

Negative binomial Distribution (NBD):

I'(n+k) (p/k)"

P, i(n) = T DO . (u/k + 1)k’

2.5)

Eq. 2.5 gives the probability for a single ancestor to produce n particles, with u as mean multiplicity
and k as the distribution width parameter D := /<n2> —(n) = m . To determine the mul-
tiplicity distribution probability in a Pb — Pb collision with Ny, participant nucleons and Noy binary
collisions, Eq. 2.5 is multiplied by the number of ancestors described in the second factor of Eq. 2.4.
This combination is based on two-component models [168, 169] that decompose a nucleus-nucleus
collision into soft processes proportional to Np, and hard processes proportional to Neoji . Npart and
Ncon are calculated using the Glauber model [170]. Centrality class limits are defined as percentiles of
the distribution’s total integral, with a centrality resolution ranging from 0.5% in central events to 2% in

peripheral Pb — Pb collisions.

2.3 The ALICE offline framework
The offline framework used by ALICE is based on ROOT software [171], which is specifically

designed for high-energy physics experiments. It is used for handling big data processing, statistical
analyses, and data visualization and storage. The ALICE offline framework is employed for a variety of
purposes, including simulations, detector alignment and calibration, event reconstruction, and analysis
of the experimental data collected. Simulations are generated using Monte Carlo event generators. In

particular, the PYTHIA [172, 173] generators are used for pp collisions, while the HIJING [174] gen-
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Figure 2.7: Distribution of the VO amplitudes measured in Pb — Pb collisions at v/sxy = 2.76TeV. The red line reports
the NBD-Glauber fit, while the bands show the different centrality classes. Figure from Ref. [167]

erator is used for p—Pb and Pb—Pb collisions. The simulations take into account a detailed description
of the detector, and the transport packages like GEANT [175] are used to simulate the responses of the
detectors to the passage of particles. The simulations are anchored to actual data-taking runs to ensure
the same detector and data-taking conditions are used. The reconstructed data, both real and simulated,
are stored in Event Summary Data (ESD) ROOT files, which contain all the physical information re-
quired for analyses and quality assurance for each subdetector. To reduce the output size of these files
and therefore reduce the computational time required for analysis, Analysis Object Data (AOD) ROOT

files are produced, containing only the information necessary for analyses.

All computational tasks, including generating simulations, reconstructing data, and performing
analyses, are carried out on the worldwide LHC computing grid. This infrastructure connects several
computing centers from more than 40 countries, enabling the processing of vast amounts of data in a

timely manner.

2.4 Data samples

The data analysed in this thesis were collected by the ALICE detector in LHC Run 2, during the 2016,
2017, and 2018 pp runs at /s = 13TeV and the 2018 Pb — Pbrun at /syy = 5.02 TeV. All data samples
were collected with the minimum-bias trigger, although enhanced with the two high-multiplicity triggers
and a centrality triggers for pp collisions at y/s = 13TeV and Pb — Pb at /sy = 5.02 TeV, respectively.

The characteristics of the data samples are summarised in Tab. 2.2. In particular for pp collisions, more

48



LR tAS
DOCTORAL DISSERTATION

detailed with the periods related to year-by-year are shown in Tab. 2.3.

Table 2.2: Summary of the characteristics of the used data samples for the analyses presented in this thesis. The numbers
for the Pb — Pb data samples are after selecting a centrality interval of 30-50%.

System  /snn Trigger Nevents Lin(ub™ ! ) Year
13 MB 1800 x 10° 32000 + 1600 2016-2018
PP 13 HMVO0 1000 x 10° n.a. 2016-2018
13 HMSPD 300 x 10° n.a. 2018
Pb-Pb 5.02 MB or mid-central 85 % 10° 555+0.2 2018

Table 2.3: Data taking periods and number of events for minimum bias (MB), high-multiplicity VO (HMV0), and high-
multiplicity SPD (HMSPD) triggers in different years.

Year  Trigger Periods Number of events

2016 MB d,e g hjk1op 424 % 10°
HMVO0 k,Lo,p

2017 MB e,f,h1,j,k,l,mo,r 580 x 10°
HMVO0 e,f,h i,k 1, mo,r

2018 MB b,d,e f,g hi,j,k 1,mn,o0,p 706 x 10°
HMVO0 b,d,e, f,h,j,k,I,m,o,p
HMSPD f,h,j,k,1,m,0,p

For pp collisions, monte Carlo simulations were utilised in the analysis mainly for the machine-
learning training, and to obtain the correction factors for the limited detector acceptance as well as
the reconstruction and selection efficiencies. They were obtained by simulating pp collisions with the
PYTHIA 8.243 event generator [ 172, 173] (Monash-13 tune [131]). In order to enrich the simulated data
samples of prompt and non-prompt D mesons, either a c¢ or bb quark pair was required in each simu-
lated PYTHIA pp event and D mesons were forced to decay into the hadronic channels of interest for
the analysis. Then the simulated Pb—Pb events were obtained with the HIJING v1.383 generator [174].
Similarly, in each simulated event, additional cc and bb-quark pairs were injected using the event gen-
erator [172, 173] (Monash-13 tune [131]) and D mesons were forced to decay into the hadronic channel
of interest for the analysis. The generated particles in both case were propagated through the detector
using the GEANT?3 transport package [ 175]. The conditions of all the ALICE detectors in terms of active
channels, gain, noise level, and alignment, and their evolution with time during the data taking period,

were taken into account in the simulations.
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3 Advanced snalysis strategy

Heavy hadrons, due to weak decays with mean proper decay length being at most a few hundred mi-
crometers (shown in Tab. 3.1), can not be detected directly as they decay before reaching the first detec-
tor layer. They can be detected via indirect measurements via semileptonic decays and b-hadrons decay
products like non-prompt J/y and D mesons. Meanwhile, full reconstruction of exclusive hadronic de-
cay channels: D — K™%, D* — K~ n*n*, Df — ¢n*, AY — pK(s) and A} — pK~z* would provide
more information related to HF parents. To suppress the large combinatorial combinatorial background,
stringent criteria based on the properties of these decay channels are necessary. In addition to utilizing
the particle identification abilities of ALICE, the detector’s spatial resolution enables the reconstruction
of the secondary decay vertex, providing a crucial selection opportunity. Most physics analyses aim
to extract a physics “’signal” with high precision. This is often achieved by reducing the background”
through selection criteria based on certain features of the signal. These features can include topological
and kinematic properties of the signal or detector responses, and exploit our knowledge of the physics
behind the signal. While tighter selections reduce the background, they can also lead to a reduction
in the signal. Therefore, optimizing the signal/background levels is crucial. In high-energy physics,

multivariate techniques are commonly employed to perform this task.

Recently, machine learning (ML) algorithms have gained popularity in high-energy physics for a
variety of tasks, including classification and regression problems, as well as simulation and event re-
construction [176, 177]. The algorithms utilize samples of known signal/background make-up (often
simulated) to respond to samples of unknown make-up, thus optimizing the signal/background separa-
tion in these samples. This chapter will present a machine learning (ML) technique that was employed
to improve the extraction of the prompt charm hadron signal and separate it from the non-prompt charm
hadron background in this thesis. Additionally, an advanced data-driven method that was used to esti-

mate the prompt and non-prompt fraction in this thesis will also be introduced in this chapter.

Table 3.1: The mean proper decay length of heavy hadrons. Taken from PDG [178]

Particle ¢t [um]

D 123.01
D* 309.8
D! 151.2
Af 60.4
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3.1 Machine-learning based candidate selection

3.1.1 Boosted Decision Trees and XGBoost

Boosted Decision Trees (BDTs) is a popular machine learning algorithm used in high-energy physics.
They are based on Decision Trees (DT), which are a type of supervised learning algorithm that can be
used for both classification and regression tasks. Fig. 3.1 shows a simple decision tree (DT) example
for a binary classification problem between two classes, S and B, using numerical features (labelled as
var;). The thresholds for each node of the tree are labelled as ¢;. The logic rules used by DT algorithms
are relatively easy to interpret, making it advantageous in terms of comprehensibility compared to other
machine-learning algorithms. At each node of the decision tree, the feature and its corresponding value
that best separates the classes is chosen, and the training data is divided accordingly. The quality of the
partition can be evaluated using different criteria, such as the Gini index or the cross-entropy, and the
feature that results in the greatest decrease in impurity is chosen for each split. This process is repeated
recursively until all instances in a node belong to the same class, or a stopping condition set by the user

is met. At this point, the node becomes a leaf of the tree.

vari > Co

=TT

vars < Cq varz > C2 Nbd'e

=
\H alse /

vars < C3 varg > C4

vary > Cs

Figure 3.1: A simple Decision Tree Structure

The boosted part of BDTs comes from the fact that multiple decision trees are combined in an iter-
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ative process, with each subsequent tree trained to correct the errors of the previous ones. This process
effectively boosts the performance of the individual decision trees, resulting in a more powerful and
accurate classification or regression algorithm. BDTs have several advantages in high-energy physics
analyses, including their ability to handle a large number of input features, their robustness to overtrain-
ing, and their ability to handle both continuous and categorical variables. They have been used for a wide

range of applications, including particle identification, event classification, and parameter estimation.

Large decision trees with many nodes can classify the training set well, but they tend to have poor
performance on unknown data, which is why small trees with few nodes are preferred. Although small
trees have a lower discrimination power, their performance on the training and test set is similar. As
a result, small trees can learn general patterns from the data rather than the data itself, as large trees
do. To create a model with good classification power, numerous decision trees are combined, usually
in the order of hundreds. This is accomplished through a technique called boosting, where trees are
constructed sequentially, compensating for the shortcomings of one tree with the others. Boosting can
be achieved through the AdaBoost algorithm [179], where during the training of a DT, higher importance
is given to the correct classification of samples that were misclassified by the preceding tree. After all
the decision trees have been built, their outputs are combined to obtain a prediction. The ensemble of
these decision trees forms the BDT model. The AdaBoost algorithm is a special case of the gradient

boosting technique [180].

The analyses presented in this thesis use the implementation of BDT provided by the XGBoost [181]
library, an open-source package that provides an efficient implementation of gradient boosting algo-
rithms. It was developed by Tianqi Chen and his team at the University of Washington and has been
widely adopted in industry and academia for its accuracy and scalability [182]. XGBoost supports
both classification and regression tasks, and is especially useful in handling large datasets with high
dimensionality. The key features of XGBoost include its ability to handle missing values, regulariza-
tion techniques to prevent overfitting, and parallel processing capabilities. It has won several machine
learning competitions on Kaggle and is known for its high predictive accuracy and speed. In multi-class
classification, XGBoost can be used to train an ensemble of decision trees that can classify data into
multiple classes. XGBoost supports multiple objective functions for multi-class classification, includ-
ing multi-softprob, multi-softmax function. The multi-softprob objective function outputs a probability
distribution for each class, while the multi-softmax objective function outputs the class with the highest

probability.
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3.1.2 BDT training with variables

A sketch of the D® — K™+ decay is shown in Fig.3.2. Weakly decaying charmed hadrons have
proper decay lengths c, greater than or of the order of the impact parameter resolution of the ALICE
tracking detectors. The reconstruction of weakly-decaying particles in ALICE is therefore based on
exploiting the displacement of the particles from the primary vertex. The variables used as BDT input
include kinematic variables (variables relating to the kinematics of the final state), topological variables

(variables relating to the decay topology), and PID variables (variables relating to particle identification

information). typically the variables are used in this analysis:

DO reconstructed

/ momentum

Pointing
Angle ©
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A /A vertex
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A |
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2 y OD 1 \0
1 3
I . . R
xdo" i -
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Primary vertex

Figure 3.2: A sketch of the D® — K~ x* decay, representing the primary, secondary vertices and some topological quan-

tities

* Decay length related: Decay length (d_len) is constructed as the distance between the recon-
structed primary and secondary vertex (three dimensional). A cut on the decay length separates
the signal from background sources originating from the primary vertex. Addtinal, The resolution
in the x-y plane (the plane perpendicular to the beam line) is known to be better than that in the z
plane, and so projecting a variable in this plane can add discriminating power (d_len_xy). Finally,
The decay length in the x-y plane normalised by its uncertainty is included as an input variable to
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the BDT (d_len_xy/0y4 jen xy)- The distributions of the decay length related variables for three com-
ponents are shown in the left column of Figs. 3.3, which extracted from the data (background) and

MC production (prompt and Feed-down) in pp collisions at /s = 13 TeV inthe 4 < pr < 6 GeV/c.
Impact parameter related: The impact parameter (imp_par_xy) of the reconstructed heavy-flavour

hadron in the transverse plane is defined as the distance of closest approach between the recon-
structed flight line (or measured track in case one considers a decay daughter) and the primary vertex
position, projected in the transverse plane. And also a important variable is the product of the im-
pact parameters of their daughter tracks (imp_par_prod). Then an effective way to reject feed-down
and combinatorial background candidates is adopted the maximum normalised difference between
the measured and the expected impact parameters in the transverse plane max_norm_d0dOexp. The
selection is applied for decay daughter i to the maximum value of (dgejo - dg};p )/oa. The distribu-
tions of the Impact parameter related variables for three components are shown in the right column

of Figs. 3.3.
Cosine of the pointing angle related: The pointing angle 8 (cos_p) is defined as the angle between

the momentum vector of the reconstructed particle, and the decay path from the primary vertex to
the secondary vertex. To better exploit the x- and y-coordinate resolutions, a projection in the
transverse plane (cos_p_xy) is used as well. The distributions of the Cosine of the pointing angle

related variables for three components are shown in the right column of Figs. 3.4.

The particle-identification information is also provided to the machine-learning models used to

perform the candidate selection. For each one of the D’-meson decay tracks, its no difference with

respect to the kaon and pion hypotheses, independently for the TPC and TOF detectors, is available.

Therefore, a total of twelve variables related to the candidate PID can be employed. The combine the

TPC and TOF information as follow as follows:

|no'¥f’,lé| tracks only in TPC
”O'cnégb = Ino }C(’)KF tracks only in TOF (3.1

%\/ (no-%‘lgléf + (n(r}[bl;)z tracks in TPC and TOF

where no-™¥ is computed from the specific energy loss dE /dx (for the TPC) or the time-of-flight (for the

TOF) measured for a track. This was done to maintain low the number of variables used in the training

and to account for tracks that do not have hits in the TOF detector. In the end four PID variables are

obtained, two for each track, which contain the information on the compatibility of the track with the
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Figure 3.3: The D — K~ x* candidates distributions of the decay length related variables(left column) and impact pa-
rameter related variables (right column) for three components, which extracted from the data (background) and MC

production (prompt and feed-down) in pp collisions at v/s = 13 TeV in the 4 < pr < 6 GeV/c.
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Figure 3.4: The D — K~ x* candidates distributions of the cosine point angle (left) and the projection in the transverse
plane (right column) for three components, which extracted from the data (background) and MC production (prompt and
feed-down) in pp collisions at v/s = 13 TeV in the 4 < pt < 6 GeV/c.

pion and kaon hypotheses. The D — K~ n* candidates distributions of the nol . and n(rclf)mb of each

daughter tracks for three components are shown in Figs. 3.5.

In order to obtain a ML algorithm able to make predictions, it is necessary to build the data sets
on which the model training is performed and its performance is evaluated. These are called training
and test sets and are constructed from MC and real data samples. In this thesis, the training and test sets
are composed by three classes of candidates: prompt and non-prompt charm hadrons are taken from the
MC sample, while combinatorial-background candidates are taken from real data. The MC productions,
enhanced in charm hadrons, are used for the prompt and non-prompt charm-hadron components. The
examples for the combinatorial background, instead, are extracted from the data sample of real candi-
dates, selecting charm hadron candidates in the sidebands of the the invariant-mass distribution, away
from the charm hadrons peaks. The idea behind this decision is to use real data, where feasible, to
avoid a loss in the model predictive power caused by possible shortcomings of simulations in describing
the real combinatorial background. The prompt and non-prompt charm-hadron candidates used for the
training and test sets are all those available in the MC production. The number of background candidates
for the low pt region is chosen to be the same number as the signal, while at high pt less background
candidates are used to maintain small the fraction of real data employed in the training with respect to

the total amount available.
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Figure 3.5: The D — K~n* candidates distributions of the nol . (left column) and na'clf)mb of each daughter tracks
for three components, which extracted from the data (background) and MC production (prompt and feed-down) in pp

collisions at 4/s = 13 TeV inthe 4 < pr < 6 GeV/c.

57



LR tAS
DOCTORAL DISSERTATION

The hyper-parameter configuration used for the training, in the different pt intervals was chosen
with a Bayesian optimisation procedure [183] with a 5-fold cross-validation [184] implemented in
the hipedml package [185]. It has been observed that this approach gives a good tuning of the model
complexity without the need of an extensive and time consuming brute-force search over all the hyper-
parameters. The complete list of model hyper-parameters, together with their default values and a de-

scription of their meaning can be found in the XGBoost documentation [181].

3.1.3 BDT application and signal extraction

After the training, the model is applied to the test and training sets to visualise the distributions
of the ML output scores obtained and to check their agreement between the two sets. In particular, in
case of classification with three classes of candidates, three scores are provided by the ML algorithm,
which represent the probability of belonging to each of the considered classes (prompt D mesons, non-
prompt D mesons, combinatorial background). By construction, for each candidate, the probabilities of
belonging to the three classes sum to one. Fig. 3.6 show the example of probabilities be a non-prompt
DY distributions in the 4 < pp < 6 GeV/c intervals. For each probability, the distribution corresponding
to the respective true class is close to unity, while the other two distributions are shifted towards zero.
Moreover, it is possible to observe that the distributions of Feed-down D° candidates are typically more
separated from those of prompt and non-prompt D mesons, indicating that the separation between Feed-

down D? and orther classes is efficient.

1004

Counts (arb. units)

1034

This thesis
Background pdf Training Set
a Prompt D° pdf Training Set

Feed-down D° pdf Training Set
@ Background pdf Test Set
® Prompt DO pdf Test Set
® Feed-down D° pdf Test Set

0.0 X . 0.6 0.8 10
BDT output for Feed-down D°®

Figure 3.6: Distributions of ML output score of Feed-down for combinatorial background candidates, prompt DO mesons,
and Feed-down D in pp collisions at /s = 13 TeV in the 4 < pr < 6 GeV/c.

The performance of a model can be evaluated using the Receiver Operating Characteristic (ROC)

curve, which plots the True Positive Rate (signal selection efficiency) against the False Positive Rate
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Figure 3.7: ROC curves for the models trained for D° in pp collisions at v/s = 13 TeV inthe 4 < pp < 6 GeV/c.

(background selection efficiency) for various threshold settings. The area under the ROC curve, known
as ROC AUC, is used as a measure of the model’s performance. The ROC AUC ranges between 0.5
and 1, where 0.5 indicates random classification and 1 indicates perfect classification. The ROC AUC
provides a global estimation of the model’s performance, independent of the chosen threshold and the
class distribution in the dataset. However, for multi-class classification problems, the ROC curve cannot
be directly defined. Instead, the ’One-vs-One” approach is used, where a separate ROC curve is defined
for each pair of classes, treating one class as signal and the other as background, and vice versa. To
summarize the performance of a multi-class classification model, the macro average of the individual
ROC AUCs is computed. The macro average is the average of the ROC AUCs for each individual ROC

curve, which corresponds to a pair of classes. The equation for macro average is given as

6
1
macro average = 3 Z ROCAUC; (3.2)

where i runs over all the single ROC curves. The ROC curves and the values of ROC AUC, obtained on

test set, for the models trained for D° meson in the 4 < pp < 6 GeV/c intervals is reported in Fig. 3.7.

The use of machine learning (ML) in candidate selection can be influenced by the response scores
assigned to each candidate when applying BDT models to the data. An illustration of this is seen in

Fig.3.8, which displays examples of invariant-mass fits for beauty-hadron decays in proton-proton col-
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lisions at 4/s = 13TeV within the 2 < pt < 4 GeV/c range of minimum-bias triggered data. Selections
based on the BDT output scores were used to identify samples dominated by non-prompt or prompt can-
didates. Low probabilities for a candidate to be combinatorial background and high (low) probabilities
to be non-prompt were required to select samples dominated by non-prompt (prompt) candidates. The
corresponding selection applied to the BDT output score related to the probability of a non-prompt D

meson is shown in each right (left) panel, displaying the invariant-mass fits from non-prompt (prompt)
enhanced samples.

3
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Figure 3.8: Invariant-mass distribution of D° candidates and their charge conjugates in selected in pp collisions at y/s = 13
TeV in the 2 < pr < 4 GeV/c interval for the minimum-bias triggered. The blue solid curves show the total fit function
and the red dashed curves show the combinatorial-background contribution. The green solid lines represent the reflection
contribution. The raw-yield (S) values are reported together with their statistical uncertainties resulting from the fit.
The corresponding BDT probability minimum threshold for the candidate selection is reported. The left (right) column
corresponds to the prompt (non-prompt) D° meson candidates dominated sample.

3.2 Data-driven based fraction estimation

The heavy hadrons reconstructed in this thesis originate not only from prompt heavy hadron pro-
duction, but also from decays of beauty hadrons by the weakly decay H, — H; + X. The final prompt
and non-prompt heavy hadron production cross section is corrected by the fraction of the reconstructed
heavy hadron yield, which namely fprompt and fnon-prompt> respectively. There are two method used in
the previous HF analysis in ALICE. One is pure theory-driven method which called ’ fc’. The idea of fc
method is entirely based on FONLL prediection to calculated cross sections for prompt and non-prompt

production of heavy hadrons:

dotont
-1 dpr
3 (AcCC X €)feed—down ly|<0.5
fprompt =1+ doD 3.3)
(Acc x E)prompt I FONLL
dpr {jy1<0.5
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The idea of another method is to combine the theory model prediection and raw yield measured
(NP %) from the analysis, which namely *Nj,’ method. As show in Eq. 3.4, the feed-down raw yield
NP feed—down yyag estimated from the production cross section of FONLL prediction where the frag-
mentation fraction of beauty quarks into charm hadrons was taken as the combined average from e*e™
collisions. fprompt Was then calculated applying the correction factors for acceptance and reconstruction

efficiency Acc X €)feed—down, the branching ratio BR of H, — H. + X and the total events Ney:

f =1- (ND feed—down raW/ND raW) _
prompt = =

( Lo )FONLL+PYTHIA8 34

(Acc X €)feed—down * AY ApT - BR - Ney
) ND raw/2

)

dydpr

feed—down

The disadvantage of these two methods is that they can lead to bias if the theoretical calculation is
not good agreement with experimental data. Thus in this section, a new data-driven will be introduced
to estimate the fprompt and fron-prompt in the analysis related to this thesis, which was already adopted for
several measurements of non-prompt D mesons. The method is based on the definition of several set of
selections. For each set of selections i it is possible to define an equation, which relates the extracted
raw yield ¥; and the acceptance-times-efficiency factors of prompt D ((Acc x €)"*"™") and non-prompt

D ((Acc x e)?on_pmmpt):
(ACC x E)iprompt . Np + (ACC x E)?On-prompt . an =Y, (35)

where N, and Ny, are the corrected yields of prompt and non-prompt D mesons, respectively, which we
want to determine in order to compute their production cross sections. However, it is not possible to
obtain the corrected yields from a single equation (i.e. a single set of cuts): at least two are needed. The
basic idea of the cut-variation method is therefore to define n different sets of topological cuts in order

to obtain a system of n equations

(Acc x e)]frompt - Np + (Acc x e)ﬁ’mmpt “Npp =Y

(3.6)

(Acc x e)ﬁrompt - Np + (Acc X e)f,’“’mpt “Npp =1,

and determine N, and N,,. The system can be exactly solved in the case of two equations, otherwise
it is likely to be overdetermined. Furthermore, since the extracted raw yields and the efficiencies are

affected by statistical and systematic uncertainties, a number of sets of topological cuts larger than two
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would lead to a better estimation of the corrected yields. For this reason, a minimisation procedure is

needed in order to obtain an approximated solution of the system.

The data-driven method is used to get an approximated solution of the system in Eq. 3.6 is based on
the minimisation of a 2. In order to give a general description of this method, the system of Eq. 3.6, can
be rewritten in a more compact way with a the matrix formalism for n generic sets of topological cuts,

corresponding to n equations involving the measured raw yields and the efficiencies from simulations:

exN-Y =0, 3.7)

where 0 is the n-dimensional null vector. As already mentioned, for n > 2 the system is likely to be
overdetermined, and therefore an additional quantity 6 is needed. In particular, é is the residual vector,
which coincides with the null vector 0 in case of a determined system, while is different otherwise.

Therefore, the latter equation becomes

(Acc x e)Il)r()mPt (Acc x e)rlm'prompt Y 62

X - 1= | (3.8)
Npp
(Acc x €)F™' (Acc x ), PPt Y, On
The best estimation of the corrected yields is obtained by minimising the 2, defined as

x*=6Tcs, (3.9)

where 87 is the row vector of residuals and C the covariance matrix

0'12 01,2
2
02,1 g,
c=| : S (3.10)
2
0,1 On-1,n
2
On,n-1 o,

which is defined from the uncertainties inherent to each equation. The uncertainties o-l.2 are calculated

starting from the statistical errors on the raw yields and the efficiencies, according to the following
relation:
2

_ 2 2 2
0 =0y, + Np ' U(Acch)frompl * an . O—(Accxe)?on-pmmpl. (3'11)

Since the corrected yields are not yet determined at this stage, the weights are evaluated iteratively: in

the first step N, and Ny, are set to zero and therefore only the uncertainty on the raw yields is taken

62



LR tAS
DOCTORAL DISSERTATION

into account, while from the second iteration the weights are computed using the value of the corrected
yields obtained in the previous step. The covariances o ; are instead computed considering the sets as
fully correlated, and therefore with a correlation coefficient:

pij = Z_-—;,withicj. (3.12)
This is motivated by the choice of the cut sets, as will be described in the following. Only few iterations
are needed to obtain a stable result. Then, the minimisation of the y? with respect to the corrected yields
leads to

N = Cov(N)efCcy, (3.13)

where Cov(N) = (eTC~le)~! is the covariance matrix which contains the statistical uncertainties on
the corrected yields and their correlation. Finally, from N, and Ny, is possible to evaluate the corrected

fraction of non-prompt D mesons:
Nup

= — 3.14
Npp + Np ( )

fnp

In addition, it is possible to evaluate a fraction of non-prompt D mesons for any set of selections i:

- t
(Acc X €)M PomPt L

= ( 0 :
(Acc x e)?on prompt | Npp + (Acc x e)}mmp - Np

Jap = (3.15)
Eq. 3.14 is used for the measurement of the fraction of non-prompt D mesons as a function of multiplicity,
while Eq. 3.15 for the measurement of the non-prompt D° cross section in the MB sample. In fact, with
Eq. 3.14 we obtain a cancellation of the systematic uncertainties which are in common between prompt
and non-prompt D mesons, while using Eq. 3.14 is convenient for the cross section measurement, as

done in previous analyses, such as Ref. [? ] and [186].

An example of the minimization procedure is shown in Fig.3.9 provides and its outcomes for the
2 < pr < 4 GeV/c transverse-momentum region. The top left panel shows the acceptance-times-
efficiency factors for prompt and non-prompt D mesons as a function of the BDT-based selection. The
loosest selection on the BDT output related to the candidate probability of being a non-prompt D meson
is at the leftmost data point, while the strictest selection, which is expected to select non-prompt D
mesons preferentially, is at the rightmost. In the top right panel, the correlation coefficients p, defined
in Eq. 3.12, between the samples obtained with different selections are displayed, with values ranging
from 0.5 to 1. The raw-yield distribution as a function of the BDT-based selection is shown in the bottom
left panel of Fig. 3.9, compared to the sum of the prompt and non-prompt components obtained from the

minimization procedure, represented by the stacked red and blue histograms, respectively. The prompt
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. t -] t .
and non-prompt components are obtained as (Acc X e)f rompt Np and (Acc X e)?on prompt, Npp, Where i

represents prompt or non-prompt. Finally, the estimated fraction of prompt and non-prompt D mesons

for the different selections is reported in the bottom right panel. As expected, stricter selections result

in a higher fraction of non-prompt candidates in the extracted raw yields.
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Figure 3.9: ((Acc x €)) factors as a function of the cut set (top-left panel), correlation matrix (top-right panel), raw-yield
as a function of the cut set with the prompt and non-prompt contributions obtained from the minimisation procedure
(bottom-left panel), and the resulting prompt and non-prompt fractions as a function of the cut set (bottom-right panel)
for the D® mesons in the 2 < pr < 4 GeV/c interval for the MB class of events.
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4 Open charm-hadron measurements in pp collisions at
Vs =13 TeV

4.1 Prompt A} baryon production in pp collisions at \/s = 13 TeV

Theoretical predictions based on pQCD calculations with the collinear factorisation approach at
next-to-leading order, such as the general-mass variable-flavour-number scheme (GM-VFNS) or at fixed
order with next-to-leading-log resummation (FONLL [48, 49]), describe the inclusive production cross
sections of charm mesons measured in pp collisions at the LHC at both central and forward rapidity,
within theoretical uncertainties [187, 188]. These predictions rely on the factorisation theorem, which
states that the pr-differential cross sections are obtained by convolving three factors: the parton distribu-
tion functions (PDFs) of the incoming (anti)protons, the partonic cross section computed as a perturba-
tive series in the strong coupling constant a, and the fragmentation functions that describe the transition
from charm quarks to charm hadrons [156]. The fragmentation functions used in these calculations are
typically parametrised from measurements in e*e™ or ep collisions. However, These predictions are
not available for charm baryons, due to the lack of knowledge of the fragmentation function of charm
quarks into baryons. Fig. 1.17 shown the charm-quark fragmentation fractions into charm hadrons mea-
sured in pp collisions at 4/s = 5.02 TeV in comparison with experimental measurements performed in
e*e” collisions at LEP and at B factories, and in ep collisions at HERA. For charm baryon A} and EZ’O
fragmentation fractions in pp collisions are significantly different than the measurement in e*e™ or ep
collisions [53]. Possible explanations are non-universality of the fragmentation functions, need of addi-
tional colour reconnection models, unobserved charm-baryon states, or hot nuclear matter produced in

pp and p — Pb collisions.

In small collision systems, several differential studies can be performed, such as studying the evo-
lution of identified hadrons with multiplicity. One such study is the measurement of heavy-flavour
production in pp collisions as a function of the charged-particle multiplicity produced in the collision,
which could provide insight into the processes occurring in the collision at the partonic level and the
interplay between the hard and soft mechanisms in particle production. The NA27 Collaboration ob-
served in 1988 that the average charged-particle multiplicity in events with open charm production was
higher by about 20% than in events without charm production [189]. A softening of the momentum
spectra of hadrons produced in association with charm was also observed. This result was interpreted

as a consequence of the more central nature of collisions leading to charm production.
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At LHC energies, two additional contributions to charm production and its relation to multiplicity
have to be considered. The first effect is the likely larger amount of gluon radiation associated with
short distance production processes at larger energies and particle transverse momenta. The second is
the contribution of Multiple-Parton Interactions (MPI) [190-192], i.e. several hard partonic interactions

occurring in a single pp collision.

Recently, the study of heavy-flavour production as a function of the multiplicity of charged parti-
cles produced in the collision has attracted growing interest. The measurements of prompt D mesons,
inclusive and non-prompt J /¢ in pp collisions at v/s = 7 TeV [193, 194], and of the three Y states in pp
collisions at 4/s = 2.76 TeV [195], provide evidence for a similar increase of open and hidden heavy-
flavour yields as a function of charged-particle multiplicity. These results suggest that the enhancement
probably originates in short-distance production processes and is not influenced by hadronisation mech-
anisms. The enhancement was found to be stronger-than-linear and quantitatively described by calcu-
lations including MPI contributions. However, as argued in Refs. [54, 196], this non-linear increase
is due to the fact that the charged-particle multiplicity and the heavy-flavour yield are not independent
quantities; the latter influences the former. It was shown in Ref. [54] that colour reconnection cannot
be responsible for a stronger-than-linear increase. To disentangle the auto-correlation effects and true
correlation effects between the hard probe and the underlying event, the multiplicity should be measured
in the transverse region with respect to the HF candidate. For the J/i measurement, this was recently

done by the ALICE Collaboration; see Ref. [197] for a description of this preliminary measurement.

Also in the light-flavour sector, there is interest in the evolution of identified hadrons with multi-
plicity. The ALICE and CMS Collaborations observed an enhancement of baryon-to-meson ratios (p/ )
at intermediate pr in high multiplicity pp and p—Pb collisions, similar to what is observed in heavy-ion
collisions [198, 199]. The ALICE Collaboration recently published several papers related to strangeness
production, considering primary hadrons such as K(s) and A, as well as multi-strange hadrons such as E,
Q, and ¢, versus multiplicity [69, 200, 201] and spherocity [202]. The mass and multiplicity depen-
dences are reminiscent of the patterns seen in p — Pb and Pb — Pb collisions at the LHC. Furthermore,
it has been demonstrated that the evolution of the baryon-to-meson ratios as a function of (dNch/dn)
exhibits a universal pattern for all collision systems. This behavior might indicate a common mech-
anism at work that depends solely on final-state multiplicity density. Another observation is that the
observed enhancement in the particle ratios increases with strangeness content rather than with mass or
baryon number of the hadron. The evolution of this strangeness enhancement steadily increases from

low multiplicity pp to high multiplicity p — Pb and reaches the values observed in Pb — Pb collisions.
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This may point towards a common underlying physics mechanism that gradually compensates for the
strangeness suppression in fragmentation. As discussed before, the “fragmentation bias” [54, 203] is
taken into account in these measurements by measuring the particle’s pt and event multiplicity in dif-

ferent pseudorapidity intervals.

In this section, I presented the first measurement of the production yield of prompt A} and the cor-
responding ratio A}/D° as a function of multiplicity in pp collisions at /s = 13 TeV. The study was
conducted by selecting events based on the charged-particle density at mid- and forward rapidities to
account for possible biases in the determination of multiplicity. By examining the dependence of pro-
duction yield on charged-particle multiplicity, we aim to gain insights into the hadronization mechanism

of charm baryons.

4.1.1 Event selection and multiplicity definition

A standard physics selection was applied to reject background events stemming from the interaction
of beam particles with the beam pipe materials or beam-gas interactions. Only events with interaction
vertex within the range |z| < 10 cm were used for the analysis. In case where the primary vertex could
be reconstructed with both SPD and tracks, the two z-positions were requested to be compatible. A ded-
icated algoirithm to detect multiple interaction vertices based on the tracklets (i.e. pairs of reconstructed
hits in the SPD) was used to further reduce the pile-up contribution. An event is rejected from the anal-
ysed data sample if a second interaction vertex is found, it has at least 5 associated tracklets. Furher
selections are applied on the y? of the SPD pile-up vertex and on the weighted distance between the
primary and the pile up vertex. When the two vertices are found to be too close in z-direction, no pile up
rejection is applied since it becomes very difficult to distinguish between a real pile-up event and a fake
one. Furthermore, events were selected based on the presence of at least one charged particle within
the pseudorapidity range n| < 1, known as the INEL>0 class. This class of events reduces diffractive

corrections, enabling a more accurate comparison with theoretical calculations.

In addition the so-called offline trigger decision is used to select events offline that triggered the
corresponding decision and which fall at least in one of the classes MB, HMSPD or HMVZERO. Where
MB (minimum-bias) required signals in both VOA and VOC in coincidence. HMSPD is a new trigger
strategy, only adopted in 2018 pp data taking period, was developed to increase the number of events
with large number of SPD tracklets, and more generally with large multiplicity inside the central barrel.
The trigger algorithm was based on the number of outer fast-OR chips fired online. The latter quantity
is strongly correlated with the offline SPD tracklet multiplicity. HMVZERO is based on the energy

deposited in the two VO scintillators is proportional to the number of primary charged particles produced
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in the pseudorapidity ranges covered by the detectors, namely 3.7 <5 < 1.7 and 2.8 <5 <5.1. The high
multiplicity VO triggers are activated when the VO amplitude reaches a threshold value of approximately

>2700 arbitrary units.

The analyses split the events in different multiplicity intervals. There are two multiplicity deter-
mination methods based on the charged-particle density at mid- and forward rapidity. At midrapidity
(In] < 1), the event multiplicity was estimated using the number of tracklets (Nyy1), which are defined
as track segments constructed by associating pairs of hits in the two SPD layers. On the other hand, the
event multiplicity in the forward rapidity region was estimated using the percentile distribution (pvom)
of the VOM amplitude, which is the sum of signal amplitudes in the VOA and VOC scintillators. Fig. 4.1
shows the normalised distributions for the two multiplicity estimators. This analysis data was collected
in the years 2016, 2017, and 2018 as shown in Table 2.3. Then three or four independent multiplicity
intervals was considered to be used to extract the raw yield signals. The corresponding observables Ny

and pvom for the multiplicity intervals are presented in Table 4.1.
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Figure 4.1: The distributions of the total number of SPD tracklets and the VOM amplitude in pp collisions at /s = 13
TeV. The right panel displays the distribution of the total number of SPD tracklets within || < 2 scaled by its average
value, while the left panel shows the distribution of the VOM amplitude scaled by its average value. The figures are taken
from Ref. [204]

4.1.2 Analysis strategy

The final observable for analysis is the corrected yield per event in each multiplicity bin for heavy-
flavour hadrons. After selecting candidates in all multiplicity and pr bins, a fit is performed on their
invariant mass distributions to estimate the raw signal and background yields. The corrected per-event

yields were computed for each pt and multiplicity interval as

1 hadron,raw
| d2nhadron  (INEL ! | Jorompe(PT) X 3 X Ny ()
mult mult

Nf;:'uh dydpr - Nﬁ:’ult cay(pr) X Apt BR (Acc X €)prompt,mult (PT)
68
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Table 4.1: The summary of the multiplicity event classes at midrapidity (Ntrkl) and forward rapidity (%VOM), which
corresponds to the visible VOM cross section, is shown below. The average charged-particle densities (dN.,/dn) at
midrapidity are presented, along with the value corresponding to the INEL > O event class. Additionally, the trigger

efficiency e™EL is reported for each multiplicity interval, as estimated in Ref. [204].

Mult. estimator | Mult. interval | (dNew/dn)j,1<05 €NEL
[1,9] 3.10 £ 0.02 0.862 +0.015
N [10,29] 10.54 +0.01 0.997 + 0.002
rkd (30, 59] 22.56+0.07 | 1 (negl. unc.)
[60,99] 37.83 £0.06 1 (negl. unc.)
[30, 100] 441 +0.05 0.897 £ 0.013
pvom [%] [0.1,30] 13.81 £0.14 | 0.997 £ 0.001
[0,0.1] 31.53+£0.38 1 (negl. unc.)
INEL > 0 6.93 +0.09 0.920 + 0.003

Nhadron Jraw

ult is the raw yield (sum of particles and antiparticles) extracted in a given pt and multi-

where
plicity interval. It is multiplied by the prompt fraction fprompe in order to correct for the corresponding
beauty-hadron decay contribution, and divided by the multiplicity-dependent prompt acceptance-times-
efficiency, (AccX €)prompt,mule- 1t is further divided by a factor of two to obtain the charge-averaged yield,
by the BR of the decay channel, the pr-interval width (ApT), and the correction factor for the rapidity
coverage cay, computed as the ratio between the generated heavy-flavour hadron yield in Ay = 2ygq
and that in |y| < 0.5. The factor N7 denotes the number of recorded events in each multiplicity class,
which is then corrected for the fraction of INEL > 0 events that were not selected by the trigger, EIIEEL,

whose values are reported in Table 4.1. The ingredients of the Eq. 4.1 will discussed in the belowed

sections.

4.1.3 Candidate selection and raw yield extraction

The A} hadrons and their anti-particles were reconstructed in the central rapidity region using their
charged hadronic decay channels A} — pK™z* (BR = (6.28 £ 0.32)%) and A} — pK(S) (BR=(1.10 +
0.06)%). Standard selection criteria were applied to the tracks (or VO candidates) used to build the Af
candidates. The criteria included ITS and TPC refit (only TPC refit was required for the Kg daughters),
at least 70 (out of a maximum of 159) associated crossed rows in the TPC, a ratio of crossed rows over
findable clusters in the TPC larger than 0.8, y?/ndf < 2 in the TPC, and at least two (out of six) hits in
the ITS, out of which at least one had to be in either of the two SPD layers (this was only required for the
proton in the A} — ng channel). The tracks were also required to be in the kinematic range || < 0.8
and pt > 0.3 GeV/c (the Kg prongs were selected in the || < 1.1 and pt > 0.1 GeV/c range). The track
selection criteria reduced the acceptance for the A7 mesons, which dropped steeply to zero for |yjap| >
0.5 atlow pt and for |yjp| > 0.8 at pr > 5 GeV/c. Therefore, a pr-dependent fiducial acceptance region

was defined as |yiap| < yaa(pt), With yaq(pT) increasing from 0.5 to 0.8 in the transverse momentum
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range 0 < pr < 5 GeV/c according to a second-order polynomial function, and ygsq = 0.8 for pr >
5 GeV/c. For the A} — pK(S) channel, where the secondary vertex cannot be reconstructed due to the
poor resolution on the resonant state, the selection strategy was based only on kinematical and particle
identification (PID) criteria on the daughter tracks. The PID selection strategy used the information on
specific energy deposit in the Time Projection Chamber (TPC) and on the time of flight measured by
the Time of Flight (TOF) detector. The TOF detector allowed for a reliable identification of kaons and

pions in a wide momentum range up to 2 GeV/c.

The A} candidates were selected in the decay chain Al — pK(S) with the loose rectangular cut based
selection followed by a machine learning (ML) based approach using Boosted Decision Trees (BDTs).
In particular the BDT implemented by the XGBoost library [181], which provides the possibility to per-
form a multi-class classification, is employed. This library is an open-source package and its algorithms
achieved state-of-the-art results on many ML challenges, such as those hosted on Kaggle [205]. The
machine learning models be trained with the filter data and MC based on the preselection shown in Ta-
ble 4.2. There are 6 pr intervals were considered to extract the raw yield of A} baryon in this analysis
(Table 4.3). Topological and kinematic variables are used in the model training together with the PID
information of each candidate daughter. The variables adopted are shown in Table 4.4 and their distri-
butions for signal and background are shown in Figs. 4.2. The linear correlations between the variables
used in the training as well as the invariant mass of A} candidate and its transverse momentum, which
are not employed in the training, are reported for the three classes of candidates in Figs. 4.3. To obtain
optimised values for the BDT’s hyperparameters, a grid search was performed using the Area-Under-
Curve (AUC) to judge on the performance of the different configurations®. The final hyperparameter
values are reported in 4.5. The Receiver-Operating-Curves (ROC) for a low and a high pr bin as an

example shown in Fig 4.4.

After applying the machine learning models to the candidates, a binary decision-based BDT se-
lection is performed, resulting in probability values within the range [0, 1]. A candidate is considered
signal if its assigned probability exceeds a chosen working point (WP) and is classified as background if
the assigned probability value falls below the WP. To account for the changing topology and kinematics
across different pr bins, a dedicated model is constructed for each analysis bin using the multiplicity-
integrated MB MC and data. It is assumed that the topology and kinematics do not vary significantly
with multiplicity. Due to insufficient statistics when splitting the training samples into multiplicity bins,

the model is constructed using the multiplicity-integrated samples.

@ A grid search scans regions of different hyperparameters and comparing the scores. The nominal classifier is fixed to the one which performes
best during the grid search.

70



e F 458

0! 107 107
107!
10! 10° 1072 107 )
102
9 107! 10 107!
£ B 108
S 0 102 10-4 107
¢ 10 - 10~
107 109 .
107 10~
107! o 107¢ bl ! 6
- - 10~ -
0.0 0.5 - 0 100 200 300 0 5000 10000 0 50 100 150
DCA(‘/I'-*-7 7l'_) Vap c’r(VO)
1
Lot 10 102
10"
10!
8 10° 107!
=
*qc'; 107 100
107 102
107!
—4
10! 10
0.998 1.000 0.45 0.50 0.55
° 0 .
Ccos Hl,oim,(V ) mln\'(v )
- ] .
10 0! 0 signal
o background
1
107!
1072
107%

10

norpc(p)

Figure 4.2: Distributions for signal and background of A} candidate variables in the I < pr < 2 GeV/c interval.
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Table 4.2: Pre-selection for A} candidates

variables selection
AM <0.2 GeV/c?
AMgo < 0.03 GeV/c?
DCA(V?) <10 cm
no (DCA(V?)) <0.8 cm
impact parameter(V°) <1.5 cm
impact parameter(proton) <3 GeV/c?
cost, >0.997
No (TPC) <4
No (TOF) <4

Table 4.3: pr intervals for A}

| prlGeV/c] | [1,2] [ [2,4][4, 6116, 8], [8, 12] [12,24] |

To maximize the expected significance S/VS + B, the optimal WP is chosen based on FONLL
predictions for the A} — pK(S) baryon, which are the same as those used for the feed-down subtraction.

The expected signal is estimated using the formula:

do
Sexp =2 (dPTT) prol‘nptFONLL . (ACC X s)prompt *CAy - ApTtBR - Lint/(fprompt)’ (4~2)

where the factor of 2 accounts for the particle-antiparticle average, Aprt is the width of the pt interval,
cay is the correction factor for the rapidity coverage, BR is the branching ratio, and Liy = omp/Ney is
the integrated luminosity. The fyrompe fraction is assumed to be constant (0.9) with pt. The expected
background under the signal peak is estimated by fitting the sidebands of the invariant-mass distribution

using a fraction of the data, which is then scaled to match the background estimate in the full data sample.

True Positive Rate
True Positive Rats

uC = 0.9123) ROC xgboost_
uC = 0.9102) " —— ROC xgboost_

ROC xgboost ¢ set (AUC = 0.9398)
—— ROC xgboost_ et (Al st set (AUC = 0.9379)

“False Positive Rate “False Positive Rate

Figure 4.4: ROC curves for A} candidates in the pt intervals 2 <pr <4 GeV/c (left) and 8 <pr <12 GeV/c (right).

72



LR tAS
DOCTORAL DISSERTATION

Table 4.4: Training variables used for the A} baryons.

Variable
Decay length (V)
cos 6*
DCA(VY)
impact parameter(V°)

impact parameter(daughter 1)
impact parameter(daughter 2)
impact parameter(proton)
ct(V9)
cosf,(V?)
Inv.Mass(V?)
norpc(proton)
noror(proton)

Table 4.5: The (pr-independent) XGBoost BDT hyperparameters used for candidate selection in A} — pK‘S).

XGBoost hyperparameters
min-child-weight 3

max-depth 3
gamma 0
subsample 0.8
colsample-bytree 0.8
learning-rate 0.1
n-estimators 850

The optimal probability cut for each analysis was chosen to balance high significance and selection
efficiency. Low efficiencies were avoided as they could lead to large systematics resulting from signif-
icant differences in the distribution of cut variables between data and MC. The results of the scans for
the low and high pr intervals are shown in Fig. 4.5, and the optimal working point of 0.7 was chosen

for all pt bins.

After pre-filtering the candidates, their invariant mass distributions are modelled using a single
Gaussian function for the signal and a 2" order polynomial function for the background across all mul-
tiplicity and pt bins. The comparison of the widths obtained in the integrated multiplicity bin for data
and simulation is shown in Fig. 4.6 on the left and their ratio on the right. During the fit, Gaussian means
and widths are left free. However, to avoid large fluctuations of the width across multiplicity bins and
since the fit in the highest pt bin does not converge in data, all widths are fixed to the values per pt bin
obtained in MC for the integrated multiplicity. Finally, Fig. 4.7 and Fig. 4.8 shown the mass spectra for
the INEL>0 class minimum bias triggered sample and high VOM triggered sample, respectively.
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Figure 4.7: Invariant mass spectra for the A} baryon selected in the decay chain A} — ng for MB triggered data.
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4.1.4 Corrections

There are two corrections are considered in this analysis: the acceptance-times-efficiency correc-
tion and feed-down subtraction.
4.1.4.1 Acceptance and efficiency corrections

In this analysis, the raw counts of A} baryons in each pt and multiplicity bin were corrected for the
reconstruction and selection efficiency, as well as the acceptance. Monte Carlo simulations were used
to obtain the correction factor for each species. The reconstruction and selection efficiency depend on
the multiplicity of charged particles produced in the collision, which affects the primary vertex resolu-
tion and the resolution of the topological selection variables. As a result, the selection efficiency has a

multiplicity dependence, and the MC multiplicity distributions were reweighted.

The acceptance and efficiency correction factors (Acc X €), were determined using Monte Carlo
simulations of pp collisions generated with the PYTHIA 8.243 event generator with the Monash 2013
tune. The particles were propagated through the ALICE apparatus using the GEANT3 transport codes,
including the luminous region distribution and the conditions (active channels, gain, noise level, and
alignment) of all the detectors, taking into account their evolution over the 2016, 2017, and 2018 LHC
data taking period. Only events containing a cc or a bb pair were transported through the apparatus and
reconstructed. A} baryons were forced to decay into the hadronic channels considered in this analysis.
The efficiency was determined separately for prompt charmed particles and particles from B-meson

decays (feed-down).

The nominal simulation samples used Pythia8 with the Monash tune. However, in order to better
reproduce the pt shape of the A}, its pr shape was re-weighted according to the shape obtained from
Pythia8 with the Mode?2 tune, which includes colour reconnection effects. The left plot in Fig. 4.9 shows
the pt shapes of the Monte Carlo samples generated with Pythia8 Monash per year, compared to the pt
shape obtained using Mode2. The re-weighting distribution as function as pt shown in right plot.
Multiplicity binning and corrections
Table 4.1 provides a summary of the multiplicity bins used in the analysis, along with the corresponding
mean charged particle multiplicity (dN.,/dn), the trigger used to collect events of the respective multi-
plicity class, the corresponding trigger efficiency, and whether a trigger correction is needed due to the

trigger turn on curve.

The interval limits of the pvoym multiplicity bins are defined based on the signal-extraction per-
formance, with the requirement that the edges are in common with the intervals used for light-flavour

multiplicity measurements. In addition to the multiplicity binning, the measured particle spectra are
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Figure 4.9: MC pr shapes comparing Pythia8 with Monash tune, as used for the simulated samples, to the Mode2 tune.

normalised to the "accepted” INEL > 0 events, which require at least one SPD reconstructed tracklet
in the pseudorapidity interval || < 1. This is especially important for the VOM percentile multiplicity
estimator, which includes this additional selection. For the SPD tracklet multiplicity estimator, this is

taken into account by starting to count from 1 tracklet instead of zero.

When normalising to the INEL > O class, it is important to correct for event detection efficiency
and signal detection efficiency. The first factor does not depend on the particle under study and can be
provided by dN.,/dn analyses, and these values can be taken from the PWGMM ReferenceMult Twiki
page, with the details of their analyses explained in Ref.[? ]. The quoted trigger efficiencies in Tab.4.1
are the average of the three available periods, and a weighted average of the VOM percentile multiplicity
bins is performed where needed to merge the finer bins used by PWGMM. For the SPD multiplicity
estimator in Tab. 4.1, the same table is used, taking the values from VOM percentile multiplicity bins
with matching (dN¢/dn) values. The quoted uncertainty is the envelope of the weighted average for the
three available periods separately. The second factor is usually more delicate, but in the charm sector,
this correction will be negligible since no signal should be lost after requiring at least one tracklet due to
the SPD requirements of the heavy-flavour prongs. In fact, the distributions of nyy shift towards larger
values when at least one D-meson candidate is required in the event.

MC event re-weighting

The selection and reconstruction efficiencies of heavy-flavour hadrons, particularly those with a

reconstructed secondary vertex, depend on the multiplicity of charged particles produced during colli-

sions. This is because the resolution of the primary vertex improves at high multiplicity, leading to an
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improvement in the resolution of selection variables that use the primary vertex position (such as track
impact parameter, particle decay length, and pointing angle). As a result, the selection efficiency ex-
hibits a dependence on multiplicity. It is crucial that the multiplicity distributions in Monte Carlo (MC)

samples accurately reproduce the multiplicity distribution in data.

However, the barrel multiplicity is not adequately reproduced in our simulations, and thus the Ny
distributions in each MC are re-weighted to match the distribution from data. Additionally, since the
pvom multiplicity estimator is not calibrated in MC simulations, events in MC are re-weighted based on
the barrel multiplicity for analyses using this estimator. Typically, the MC weights are obtained per year

through the following steps (with additional steps for pyom analysis):

Apply full event selection on MC and data (without selecting on the multiplicity estimator). Select only
events in MC and data with at least one candidate that meets all candidate selection criteria and requires
the candidate invariant mass to be within + 20 MeV/c? of the PDG value. Extract the normalised Ny
distribution for both MC and data. Divide the obtained distribution from data by the MC distribution to
obtain event weights w; for each barrel multiplicity bini. For HMSPD-triggered data, the corresponding
high-multiplicity MC is used. However, since the VOM percentile is not calibrated in simulation, the
approach differs slightly. First, events in data are sliced into the desired percentile bins, while no slicing
is applied to MC. Then, for each slice, the above procedure is applied, resulting in one set of weights per
multiplicity bin. For HMVZERO-triggered data, the corresponding high-multiplicity MC is used. This

results in an efficiency correction given by
i Nsel,iw;
Zi Ngen,iwi

for barrel multiplicity bins 7, where Ny ; and Ngey,; are the reconstructed and selected, and generated

(Acc X g)corr = (4.3)

number of candidates in bin i in MC, respectively.

The weights for the A} — ng were computed selecting Monte Carlo and data events with at least
one A} — pK(S) candidate in the A} — ng mass range (within a 20 MeV window). The weights have
been computed separately for each year. The input distributions and weights for all three years are shown
in Fig. 4.10. Then Fig. 4.11 shows the barrel multiplicities in data and MC, MB triggered in the upper
and HMVZERO triggered in the lower row for all three years of data taking. The data is sliced into the
corresponding pyop multiplicity bins as explained above and for HM triggered data the corresponding

high-multiplicity MC is used. The derived weights for all three years are then summarised in Fig. 4.12.

Fig. 4.13 shows the efficiencies when the MC is reweighted according to the weights as derived and

shown in Fig. 4.12. Given the flat trend of the efficiency as a function of Ny, the efficiency of the
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integrated multiplicity is used for all differential bins, again shown in Fig. 4.14.
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Figure 4.13: Prompt and feed-down acceptance-times-efficiency of VOM percentile multiplicity bins as a function of pr
for the A} baryon selected in the decay chain A7 — pK3.
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Figure 4.14: Prompt and feed-down acceptance-times-efficiency of the integrated VOM percentile multiplicity bins as a
function of pr for the A} baryon selected in the decay chain A} — pKJ.
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4.1.4.2 feed-down subtraction
The prompt A} production yields normalised by the number of events in pp collisions were obtained

by subtracting the contribution of A} from B decays. The detail as discussed in Sec. 3.2 shown in Eq. 3.4,
to calculate the fraction of prompt charm hadrons in pp collisions, the contribution of charm hadrons
from beauty hadron decays was subtracted using the FONLL calculation for the beauty production cross
section, the PYTHIAS decayer for Hg — D + X decay kinematics, and the Monte Carlo efficiencies
for feed-down prompt charm hadrons. The acceptance-times-efficiency for feed-down charm hadrons
and the variation of parameters used for the FONLL B predictions were taken into account to evaluate
part of the systematic uncertainties related to feed-down subtraction. The Nb method used for this
calculation is not multiplicity-dependent, so the fyrompe fraction for multiplicity-dependent analyses is
taken from the corresponding multiplicity-integrated one. The beauty fragmentation functions are taken
from e*e” measurements for D mesons and from LHCb measurements for A} baryons. The Nb x 2
method previously used for A} analyses was replaced by this new strategy, which significantly reduces

the systematic uncertainty on the fyromp estimation for AY.

In the middle plot of Fig. 4.15, the fraction obtained using the new FONLL predictions (shown in
green) is compared to the old predictions (shown in blue). The right panel suggests that the downward
differences between the fractions may be due to the different p shapes observed with PYTHIAS8 below
5 GeV/c as compared to EvtGen. However, the fyrompe fractions are still within compatible ranges of
uncertainty. In the left plot of Fig. 4.15, one can see that the removal of the Nb x 2 procedure for

estimating the feed-down FONLL systematic has resulted in significant improvement for the A} case.
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Figure 4.15: Left: Comparison of uncertainties using Nb and Nb X 2 convolution method (old FONLL predictions). Mid:

A} — pKY prompt fraction (multiplicity integrated) vs. pr using the Ny, method. Green = new FONLL predictions, blue
= old FONLL predictions. Right: Ratio of new to old corrected yield.

4.1.5 Systematic uncertainties

The values of systematic uncertainty on the A} corrected yields in different multiplicity intervals were
were estimated with these procedures: (i) the raw-yield extraction from the invariant-mass distributions;

(i1) the selection efficiency estimation; (iii) the track-reconstruction efficiency; (iv) the MC pt shape in
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the simulation; (v) the feed-down subtraction from beauty-hadron decays.
4.1.5.1 Raw-yield extraction

To evaluate the raw yield extraction systematic uncertainty for the A} baryon, a MultiTrial approach
was used by varying the background fit function, range of the invariant mass spectra, binning, and mass
peak sigma. Four variations in the fit strategy were considered for each case, including constraining both
the mean and sigma of the signal fit function, constraining only one of the two parameters, or leaving
both parameters free. Two methods of bin counting were also considered. Only fits with a reduced y>
below two were considered for variation. Tab. 4.6 summarizes the parameter spaces for A7 — ng. The
systematic uncertainties on yield extraction were evaluated for the multiplicity integrated case, lower and

higher multiplicity intervals, and HM triggered data for each pr bin.

Table 4.6: Variations used for A} — pKJ MultiTrial.

fixed sigma & free mean
. fixed width & fixed mean
Fix/BC cases 1.15- width & free mean
0.85- width & free mean
lower bound fit range {2.136,2.116,2.126,2.1146,2.156}
upper bound fit range {2.446,2.426,2.436,2.456,2.466}
rebin values {0}
background functions | { Exponential and first, second, third order polynomial }

Figure 4.16 shows an example of the MultiTrial fitter output for A7 — pK?, including the Gaus-
sian mean, Gaussian sigma, reduced y2, and raw yield distributions. The systematic uncertainty was
estimated by considering the RMS of the fit distribution and the mean of the fit bincounting distribu-
tions, compared to the central value. The final values, which include an additional pt smoothening, are
presented in Table 4.7.
4.1.5.2 Selection efficiency

To ensure accurate measurements, detector acceptances and efficiencies are determined through
Monte Carlo simulations and used to correct the data. However, discrepancies between data and simu-
lation in the selection criteria could introduce biases in the extracted yields. To quantify this effect and

estimate a corresponding systematic uncertainty, we compared corrected yields obtained using different

Table 4.7: Systematic uncertainties for raw yield extraction of A} — pK$ were evaluated in both multiplicity integrated
and multiplicity range cases.

pr intervals [GeV/c] 1-2 2-4 4-6 6-8 8-12 12-24

VOM mult int (%) 6 8 8 6 7 10
[30 — 100]% 6 8 7 6 6 -
[0.1 = 30]% 7 9 8 6 8 8

[0 - 0.1]% 7 9 8 6 7 8
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Figure 4.16: The output of the MultiTrial fitter for the A} — ng decay in the [8-12] GeV/c pr bin for the multiplicity
integrated case. The figure displays the Gaussian mean (top left), Gaussian sigma (top middle), the reduced y? of the fit
(top right), and the extracted raw yield distributions using both the fit and bin counting methods (bottom row).

machine learning (ML) working points. For the decay A} — pK2, the ML working point was varied
while keeping the efficiency within a + 25% window around the nominal efficiency, choosing 20 higher
and 20 lower working points equidistantly around the nominal value. The full analysis was then con-
ducted for each of the selected working points, with ratios computed relative to the nominal values. The
resulting variations in corrected yield were used to estimate systematic uncertainties for the analyzed

VOM multiplicity bins [30 — 100]%, and [0 — 0.1]%, as shown in Fig. 4.17.
4.1.5.3 Track-reconstruction efficiency

The systematic uncertainty related to the tracking efficiency is determined by considering the im-
pact of track finding in the TPC, track propagation from TPC to ITS, and track quality selections. Two
tests were conducted to estimate this uncertainty: comparing the corrected yields obtained with different
TPC track selection cuts and comparing the TPC-ITS track matching efficiency in data and simulations.
To avoid dependence on the multiplicity estimator and intervals, this uncertainty is only estimated for the
MB case. The track selection cuts was applied to A} — ng. The assigned uncertainties per daughter
track range from 1-1.5% for pions, while the matching efficiencies can be found in [206]. The system-
atic uncertainties for different periods are averaged into one final value: 1.8% for [1-2] GeV/c, 2.7%
for [2-4] GeV/c, 2.3% for [4-6] GeV/c, 2.4% for [6-8] GeV/c, 3.0% for [8-12] GeV/c, and 2.9% for
[12-24] GeV/c. To propagate the uncertainty at the track level to the A baryon level, a MC simulation
was used, taking into account the daughter’s kinematics in the HF hadron pt range of our analysis. The

final assigned uncertainties for A{ — pK(S) can be found in Fig. 4.18.
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Figure 4.17: Ratios of corrected yield with different ML working points over the nominal values for the A} — pK(S) VOM
multiplicity bins [30 — 100]% (left), [0 — 0.1] % (right).
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Figure 4.18: Total tracking systematic, containg the TPC track quality and ITS-TPC matching efficiency part, propagated
to the kinematics of the selected hadrons for A} — pKJ.
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4.1.5.4 MC generated pr shape

To evaluate the systematic effect on the efficiency derived from simulations due to the generated
pr shape of A} baryons, we calculated the efficiency with and without using pr-dependent weights
to correct for the difference between the pr spectrum of generated Al baryons in the PYTHIA8 MC
production used in our analyses and the prediction from FONLL. In Sec. 4.1.4.1, we reweighted the
A? pr shape to the simulated shape from Pythia8 with tune Mode2. To estimate the systematic effect
of the generated pt shape on the efficiency, we alternatively reweighted the simulated samples to the
calculated FONLL shape. The two pt shapes obtained from the Pythia8 Mode2 simulation and FONLL
calculation are shown on the left of Fig. 4.19. The effective weights were calculated by dividing the
FONLL by the Pythia8 shape, which is shown in the middle. The impact on the prompt efficiency is
then shown on the right, after dividing the two efficiencies obtained with the different reweighting. The
ratio is taken as the relative systematic uncertainty, which is marginal and reaches a maximum value of

2% in the highest pr bin.
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Figure 4.19: Estimation of relative uncertainty from generated pr shape for A]. The left plot displays the pr shapes
of Pythia8 Mode2 and from FONLL calculations. The middle plot shows the weights obtained by dividing the FONLL
shape by the Pythia8 shape. The right plot shows the ratio of prompt efficiencies, one reweighted to Pythia8 Mode2 pr
shape (nominal shape used in this analysis) and the second reweighted to the FONLL shape.

4.1.5.5 Feed-down subtraction
As discussed in Sec. 4.1.4.2, the fprompe factor is computed from FONLL predictions. In addition,

we made the assumption that the relative contribution of beauty hadron decays to the A} yields in the
different multiplicity bins is constant and equal to that of the multiplicity integrated sample. We therefore
quote, in constrast to the usual HF studies, two different feed-down subtraction systematics. Depending
on the observable, one or both may cancel. This will be discussed in more detail later, in this section we
will discuss the strategy and estimation of both contributions to the systematic. The systematic on the
feed-down estimation is performed by varying the parameters used for the FONLL B predictions using
the Nb method, see Eq. 3.4. In particular, the b quark mass and the factorisation and renormalisation

scales in the FONLL calculations were varied. For the A} baryons, the Nbx2 method is no longer applied
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to estimate the systematic. Instead, a similar procedure as for the D mesons is performed, exploiting a

recent Ag measurement of LHCb [207]. For more details, see Sec. 4.1.4.2.

We assume that the contribution of beauty hadron decays to the yields of D or A hadrons in different
multiplicity bins remains constant and is equal to that of the multiplicity-integrated sample. However,
the dependence of B hadrons and prompt D mesons on the charged particle density may vary. Therefore,
we evaluate the systematic uncertainty due to this effect. We used PYTHIA 8.2.34 tunes [173] to define
multiplicity-dependent variations to be applied on fnon—prompt, following a similar strategy as the one
used for the previous HF versus multiplicity analysis in pp collisions at 7 TeV [208], but with updated

variations.

We investigated different PY THIAS tunes, including standard ones like the Monash and 4Cx tune [131],
as well as the so-called colour-reconnection tunes [137]. The top two panel of Fig. 4.20 shows a
schematic diagram of the multiplicity trends for B and D hadrons, based on the ratio fuon—prompt/ fnon—prompt—MB>
for most of the tunes. A clear dependency is visible, with a higher f,romp fraction at low dNe,/dn values,
and a higher fyon—prompt fraction at high dNe,/dn, as expected. No significant difference is observed for
charmed mesons and charmed baryons, so we decided to use uniform variations for D mesons and the
A{ baryons. The variations are asymmetric and defined by the deviation with one (the MB fon—prompt
fraction. The bottom panel of Fig. 4.20 shows the defined variations for the SPD multiplicity estimator

case, and Tab. 4.8 summarizes them.

We utilized the multiplicity integrated prompt fraction, as discussed in Sec. 4.1.4.2, for the charm
hadron species, and varied it with respect to multiplicity assuming the B/D yields as described earlier.
We first computed the fraction of yield coming from B feed-down, denoted as f3, for each hadron species
and pr bin using the relation fg = 1 — fyrompt. Then, we applied a variation to f3 in each multiplicity bin
using the factors listed in Tab. 4.8. This resulted in a range of fg values, which were converted into a

range of fyrompt USING fprompt = 1— f. Finally, we obtained a relative uncertainty on our measurement by

mult.,bin / fmult.,integrated

computing the ratio f o5/ forompt

, where the fyromp Tange was derived from the multiplicity

bins and integrated values.

We performed the systematic variation independently for two cases: single spectra and ratio with
multiplicity integrated. For the single spectra case, we took the envelope after applying the variations
on the upper, central, and lower fyompe values. We also included the upper and lower values of the
uncertainties on fprompt, Which were obtained from the variation of the pQCD parameters in the FONLL

calculation. Since the same set of parameters had to be considered for both the multiplicity integrated and
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multiplicity bins, we considered these uncertainties as well. For the ratio with multiplicity integrated, we

only applied the variations on the central fyromp: value. We assumed that the values of pQCD scales and

quark mass did not depend on multiplicity, and thus did not consider the systematic uncertainty coming

from the FONLL theoretical uncertainties in the variation.

The FONLL part essentially ”cancels” between the multiplicity interval and minimum bias. Hence,

a smaller systematic uncertainty was assigned in the ratio with multiplicity integrated than in the cor-

rected yield spectra. The final uncertainties ranged between 0 and 15% and are presented in Tab. 4.9.
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Figure 4.20: Ratio of fuon—prompt/ fron—prompti—m Versus relative dN,/dn for charmed mesons (top left) and charmed
baryons (top right) for different PYTHIA 8 tunes [131, 137] using softQCD. This input is used to define the systematic

variations is reported in Tab. 4.8.

Table 4.8: Variations on fyon—prompt Used for the different multiplicity bins.

Multiplicity interval

Jron—prompt Variation

[30 — 100]%
[0.1 - 30]%
[0-0.1]%

[0.7 - 1.0]
[0.9 - 1.2]
[1.0 - 1.4]

Table 4.9: Systematic uncertainties due to the multiplicity dependence in the feed-down subtraction for A} — pK? in
the multiplicity ranges on spectra(for mult/MB ratio) in percentage.
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4.1.6 Results and discussion

The pr-differential corrected yield of the A{ baryon was obtained in the different event-multiplicity
classes via the VOM percentile pyom, averaging the results from the two decay channels A — pK™ ™"
and A} — pK(S) to obtain a more precise measurement, for which the inverse of the quadratic sum of the
relative statistical and uncorrelated systematic uncertainties were used as weights. The statistical and
systematic uncertainties, as estimated in the previous Section 4.1.5, have been taken into account and
are represented by vertical bars and boxes, respectively. The results are depicted in Fig. 4.21, which
shows that the A} yield per event increases with multiplicity. The measured values of the [0.1-30]%
and [0-0.1]% intervals lie above the multiplicity-integrated yield, while the data for the low-multiplicity
interval of [30-100]% lie below. This observation is consistent with the expectation that the abundance
of all particle species should scale with multiplicity by the same amount in pp collisions, such that a

higher (lower) number of particles is produced with increasing (decreasing) multiplicity.
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Figure 4.21: Prompt A} yield per event as a function of candidate pr and in intervals of VOM percentile pyoy. Statistical
and systematic uncertainties are indicated by vertical bars and boxes, respectively.

The pr-differential spectra of D? and D} measured in |y| < 0.5 are also shown in Fig. 4.22 for the
INEL > 0 class and the four multiplicity classes selected using the VOM percentile pyom estimator at
forward rapidity. The statistical and total systematic uncertainties are shown by vertical error bars and
boxes, respectively, as for all the figures in this section. The bottom panels of Fig. 4.22 present the ratios

to the INEL > O class, for which the multiplicity-dependent systematic sources were considered as un-
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correlated among different multiplicity classes and the contributions of the tracking and PID efficiency,
the shape of MC pr spectra and zy distribution, the beauty feed-down, and the branching ratio as cor-
related. The statistical uncertainties and the systematic uncertainties related to the selection efficiency
and to the raw-yield extraction were considered partially correlated with respect to the measurement

performed in the INEL > O class.

The measured pr-differential yields increase from the lowest to the highest multiplicity class for
the three hadron species. Their ratios to INEL > 0 increase (decrease) with increasing pr for the highest
(lowest) multiplicity class, suggesting a plateau towards pr > 10 GeV/c, as recently observed for the
light-flavour hadrons in Refs. [200, 201, 209], where it was explained as a hardening of the measured
pr spectra with increasing (dN.,/dn). Different MPI models were able to describe such effects [210],
and it was shown to be more pronounced for protons than for kaons and pions, while similar for strange

baryons and mesons.

In order to investigate potential differences in the (dNp,/dn) dependence of the D’-meson produc-
tion with respect to the D meson and A} baryon, the DY /D° and A} /D yield ratios are compared in
different multiplicity event classes in Fig. 4.23, considering both forward and midrapidity multiplic-
ity estimators. The sources of uncertainty assumed to be uncorrelated between different charm-hadron
species included the raw-yield extraction, the selection efficiency, the shape of the MC prt spectra, the
Zyix distribution, and the branching ratio. The systematic uncertainty deriving from the variation of the
multiplicity-interval limits was propagated as partially correlated, while the other systematic uncertain-

ties were assumed to be fully correlated.

Within the current experimental uncertainties, the DY /D ratios are independent of pr in the measured
pr range. They are compatible with measurements performed in pp collisions at 4/s = 5.02 and 7
TeV [211], and also with the average of the pr-integrated results from experiments at e*e™ and ep
colliders, 0.17 +0.03 [134, 212]. A dependence of these ratios with multiplicity, as seen for the ratio of

(multi-)strange hadrons to 7* [69, 201], is not observed within the uncertainties.

The pr-differential A} /D ratios show an evident dependence on multiplicity, and a hierarchy is
observed going from the lowest to the highest multiplicity intervals, for both the Ny and pyowm estima-
tors, for all but the first pt bin. The increasing trend with (dN¢,/dn) for the A}/ DY ratio is consistent
among the measurements done with the two multiplicity estimators, indicating that the enhancement
between low and high multiplicity intervals is not a consequence of a possible bias arising from the

coinciding rapidity regions between the multiplicity estimator and the measurement of interest at midra-
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Figure 4.22: Transverse-momentum spectra of D°, DY, and A hadrons measured in pp collisions at /s = 13 TeV for
different multiplicity classes selected with the pygy estimator at forward rapidity. The corresponding ratios to INEL > 0
are shown in the bottom panels.
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Figure 4.23: The D} /D (top) and A}/D° (bottom) ratios measured in pp collisions at /s = 13 TeV for different
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pidity. It is worth noticing that the measured A} /D ratio in the lowest multiplicity class is still higher,
in the measured pr range, than the average of corresponding ratios measured in e*e~ collisions at LEP,

which was found to be 0.113 + 0.013(stat) + 0.006(syst) [212, 213].

In order to estimate a significance level for the difference observed in the two extreme multiplicity
classes at midrapidity, the highest multiplicity (HM) over the lowest multiplicity (LM) A} /D ratio was
computed. The probability of the measured double-ratio DR = (A}/ DYgras/ (A? /DO > 1, corre-
sponds to a significance of 5.30 in the 1 < pt < 12 GeV/c interval, considering as null hypothesis
DR = 1. This estimate was performed taking into account statistical and systematic uncertainties, for
which the raw-yield extraction, the selection efficiency, the shape of the MC pr spectra, and the zy
distribution sources were considered as uncorrelated, the multiplicity-interval limits as partially corre-
lated, while the other sources cancelled out in the double ratio. With the aim of investigating the least
favourable case, the measured values in all pr intervals were shifted down by one standard deviation,
by considering the sources of systematic uncertainties correlated with pt that do not cancel out in the

double ratio, i.e. those arising from the selection efficiency and the generated pt spectra.

The measured charm-hadron ratios for the lowest and highest multiplicity class for the Ny multi-
plicity estimator are compared to model predictions from MC generators and a statistical hadronisation
model in Fig. 4.24. The simulations with the PYTHIA event generator were performed with the Monash
and the CR-BLC tunes. For the latter, three modes are suggested by the authors, applying different
constraints on the allowed reconnections among colour sources, in particular concerning the causality
connection among strings involved in a reconnection, and time dilation caused by relative boosts of
the strings [137]. The simulations are shown in intervals of primary particle multiplicities selected at
midrapidity, evaluated by studying the correlation between Ny intervals and N, values. The esti-
mated intervals are 1 < Ny, < 12 and Ng, > 75 for the lowest and highest multiplicity event classes,
respectively. The measured D} /D ratios at low and high multiplicity are compatible with PYTHIA
with Monash and CR-BLC tunes. The Monash tune, however, does not reproduce the A}/ DY ratio, and
furthermore it does not show a multiplicity dependence. By contrast, the CR-BLC tunes describe the
A} /D decreasing trend with pr, and are closer to the overall magnitude, as also observed for minimum-
bias pp collisions at v/s = 5.02 and 13 TeV [67, 213]. The CR-BLC tunes show a clear dependence with

multiplicity, qualitatively reproducing the trend observed in data.

The measurements in Fig. 4.24 are also compared with the predictions of a canonical-ensemble
statistical hadronisation (CE-SH) model [214], where the authors generalise the grand-canonical statis-

tical hadronisation model (SHM) [136] of charm-hadron production to the case of canonical SHM, and
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Figure 4.24: The D?/D° (top) and A} /D° (bottom) ratios measured in pp collisions at y/s = 13 TeV for the lowest (left)
and highest (right) multiplicity classes at midrapidity. The measurements are compared to PYTHIA predictions with the
Monash [131] and the CR-BLC tunes [137], and the CE-SH model [214], estimated in similar multiplicity classes. The
uncertainty bands for the PYTHIA predictions are the statistical uncertainties on the simulations, while for the CE-SH
model they refer to the variation of the branching ratios of the additional charm-baryon states from RQM [215].
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explore the multiplicity dependence of charm-hadron particle ratios. The version of the SHM model
based on the measured charm-baryon spectrum reported by the PDG [216] was observed to strongly
underestimate the Af/ D measurements in minimum-bias pp collisions [213]. For this reason, for the
A} /DO case, the underlying charm-baryon spectrum in the calculations is augmented to include addi-
tional excited baryon states predicted by the Relativistic Quark Model (RQM) [215]. For the D} /D°
predictions, only the PDG case is shown, since the RQM does not modify the D-meson yields with
respect to the PDG set. The model calculations describe the Af/DP ratios, reproducing the multiplic-
ity dependence. The D?/D° prediction is compatible with the measurement for the low multiplicity
class, while it overestimates the data in the highest multiplicity interval. The CE-SH model explains
the multiplicity dependence as deriving from the reduced volume size of the formalism towards smaller
multiplicity, where a decrease of the A}/ DY ratio is a consequence of the strict baryon-number con-
servation. Such behaviour is also predicted for charm-strange mesons relative to charm mesons, based

instead on strangeness-number conservation.

Fig. 4.25 shows the comparison of the A} /D and the A/K? [201] baryon-to-meson ratios as a func-
tion of pr in pp collisions at /s = 13 TeV, in similar low and high Ny and pyom multiplicity classes.
In the vacuum-fragmentation scenario, the light-flavour hadron production has a significant contribution
from gluon fragmentation, whereas heavy-flavour hadrons are primarily produced through the fragmen-
tation of a charm quark, which is in turn produced in the initial hard scattering. In addition, at low pr,
light-flavour hadrons originate mainly from small-momentum soft scattering processes. Despite these
differences, the light- and heavy-flavour baryon-to-meson ratios, A} /D and A/K?, show a remarkably
similar trend as a function of (dN.,/dn). The measurements also suggest a similar shift of the baryon-to-
meson ratio peaks towards higher momenta, with increasing multiplicity. These similarities, observed
as well in minimum-bias pp and p — Pb collisions at 4/ssyn = 5.02 TeV both in terms of shape and mag-
nitude [217], hint at a potential common mechanism for light- and charm-baryon formation in hadronic

collisions at LHC energies.

The pr-integrated yields of A} and D? were computed by integrating the pr-differential spectra
in their measured range and extrapolating them down to pt = 0 in each multiplicity interval. In the
integration, the systematic uncertainties were propagated considering the uncertainty due to the raw-
yield extraction and the statistical uncertainty on the efficiency as fully uncorrelated and all the other
sources as fully correlated among pr intervals. The PYTHIA predictions with CR-BLC Mode 2 were
used for the extrapolation in each multiplicity interval, for both A* and D°, following a similar procedure

as the one described in Ref. [213]. The extrapolation factor was computed as the ratio of the PYTHIA
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Figure 4.25: The baryon-to-meson ratios in the light-flavour, based on measurements from Ref. [201] and charm sector
measured in pp collisions at 4/s = 13 TeV for similar low- and high-multiplicity classes at mid- (left) and forward (right)
rapidity.

spectrum integrated in the full pt range to the integral in the visible pt range. The A} and D° yields
in the full p range were obtained by integrating the yield in the visible pr interval and scaling by the
extrapolation factor. The fraction of extrapolated yield from the lowest to the highest multiplicity interval
is about 39% (31%), 28% (22%), 20% (16%), and 15% (13%) for A} (D°). The procedure was repeated
considering also the CR-BLC Mode 0 and Mode 3 as well as two different functions fitted to the spectra
(a Tsallis-Lévy [218] and a power-law function). The fits were performed considering the statistical and
pr-uncorrelated sources of systematic uncertainties, and also shifting up and down the data by one sigma
of the pr-correlated systematic uncertainties. The envelope of the extrapolation factors obtained with all
the trials was assigned as the extrapolation uncertainty on A} and D?, and it was propagated to the A} /D°
ratio, resulting in a value that ranges from 2% to 21% depending on multiplicity. The same procedure was
used to estimate the pr-integrated D yields and D} /D yield ratios in the different multiplicity intervals,
reported in Ref. [219]. The A} and D° pr-integrated yields are also reported in Ref. [219], together with
the pr-integrated A /D yield ratios in the visible pt range, and the tables with the numerical values
of the pr-integrated ratios. The pr-integrated A}/ D? yield ratio as a function of (dNu,/dn) is shown
in Fig. 4.26, where the systematic uncertainties from the extrapolation (shaded boxes, assumed to be
uncorrelated among multiplicity intervals) are drawn separately from the other sources of systematic
uncertainties (empty boxes). The sources related to the raw-yield extraction, the multiplicity-interval
limits, the high-multiplicity triggers, the multiplicity-independent prompt fraction assumption, and the
statistical uncertainties on the efficiencies are also considered uncorrelated with multiplicity. The other

systematic uncertainties are assumed to be correlated. The measurements performed in pp and p—Pb
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collisions at 4/s = 5.02 TeV [213] are also shown. The result does not favour an increase of the yield
ratios with multiplicity and the trend is compatible with a constant function. The same trend was also
observed for the A /Kg ratio in Ref. [201]. This suggests that the increasing trend observed for the 1 <
prt < 24 GeV/c range comes from a re-distribution of pr that acts differently for baryons and mesons,
while this is not observed in the meson-to-meson ratios, as shown in Fig. 4.24 for D /D and in Ref. [200]
for K/x. The results are compared to the pr-integrated PY THIA predictions. The measurements exclude
the Monash prediction in the whole multiplicity range, and tend to be significantly below the CR-BLC
Mode 2 for the three highest multiplicity intervals.

ALICE, |y| < 0.5

e pp, [s=13TeV

= pp, (s=5.02 TeV

¢ p-Pb, \sy, =5.02 TeV

AL/ D°

==]
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Figure 4.26: Ratios of pr-integrated yields of A} and D° hadrons as a function of (dN.,/dn) in pp collisions at
Vs = 13 TeV. Measurements performed in pp and p—Pb collisions at y/syy = 5.02 TeV from Ref. [213] are also shown.
Statistical and systematic uncertainties are shown by error bars and empty boxes, respectively. Shaded boxes represent
the extrapolation uncertainties. The corresponding PYTHIA predictions [131, 137] are also shown.
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4.2 Non-prompt D-meson fraction as a function of multiplicity in pp
collisions at \/s = 13 TeV

In Sec. 4.1, a multiplicity dependence of the transverse momentum (pr) differential AY/D° yield
ratio be observed in pp collisions at /s = 13 TeV. The same quantity with pr integrated was found
not sensitive to the charged-particle multiplicity as shown in Fig. 4.26. No modification of the D} /D°
yield ratio as increasing multiplicity was observed in pp collisions [ 141, 220]. Conversely, in the beauty
sector, the LHCb Collaboration has observed that the production ratio of BY to B? increases with the
charged-particle multiplicity, when estimated using tracks in the same pseudorapidity interval as the B
mesons [221]. However, there are no measurements available for beauty-baryon production as a function
of charged-particle multiplicity. Finally, the fraction of y.;(3872) and y(2S) states promptly produced
at the collision vertex was found by the LHCb Collaboration to decrease as charged-particle multiplic-
ity increases [222]. This suppression is interpreted as a consequence of the heavy-quark breakup via

interactions with comoving hadrons [223, 224].

In this section, the first measurement of the fraction of D® and D* mesons originating from beauty-
hadron decays ( fron-prompt) at midrapidity (]y| < 0.5) is reported as a function of the charged-particle
multiplicity in pp collisions at v/s = 13 TeV. In addition, the ratio between the fraction measured
in different multiplicity classes divided by the one measured in the multiplicity-integrated sample is
presented. Event selection and multiplicity definition is presented in in Section 4.2.1. The candidate
selection and raw yield extractionare described in Section 4.2.2. The measurement of fhon-prompt 10 SiX
transverse momentum intervals and integrated in 1 < pt < 24 GeV/c is described in Section 4.2.3,
while the evaluation of the systematic uncertainties is discussed in Section 4.2.4. Finally, the results are

presented and compared to model calculations in Section 4.2.5.

4.2.1 Event selection and multiplicity definition

The data used for this analysis are the same as previous analysis descriped in Sec. 4.1. Similarly, a
minimum-bias (MB) trigger was used, based on coincident signals in VOA and VOC. To enrich the data
sample in the highest multiplicity regions, a high-multiplicity trigger based on a minimum threshold for
the VO amplitudes (HMVO0) was used as well. The data sample collected with such a trigger corresponds
to the 0.17% highest-multiplicity events out of all inelastic collisions with at least one charged particle
in the pseudorapidity range |r7| < 1 (denoted as INEL > 0). Offline selections were applied to remove
background from beam—gas collisions, as described in Ref. [204]. Events with multiple reconstructed
primary vertices were rejected. The remaining pile-up events were at a percent level and, therefore,

did not affect the present analysis. Only the events with a primary vertex reconstructed within |zyi| <
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10 cm from the nominal interaction point along the beam-line direction were selected for the analysis.
To select events in the INEL > 0 class, at least one track segment reconstructed with the first two
ITS layers (denoted as tracklet) within the pseudorapidity region || < 1 was required. After these
selections, the integrated luminosities are about Ly ~ 32 nb~! for the MB triggered events, and Ly ~
7.7 pb~! for the HMVO triggered events [220]. The event multiplicity was determined in the forward
rapidity region, exploiting the sum of signal amplitudes in the VOA and VOC scintillators, VOM, and
defining its percentile distribution, pyom. Low pyom values represent high-multiplicity events. The
definition of the mean multiplicity density ((dNcp/dn)|,;|<0.5) of charged-primary particles at midrapidity
is given in Ref. [225]. It was obtained by converting the measured event multiplicities as described in
Ref. [204]. Tab. 4.1 summarises the multiplicity event classes at forward rapidity used in this analysis
(pvom (%)) and the corresponding values for (dNcn/dn),;|<0.5, together with the corresponding value

for the multiplicity-integrated class [204].

4.2.2 Candidate selection and raw yield extraction

The D° mesons and their charge conjugates were reconstructed via the hadronic decay channels
DY — K~ n*, with branching ratio BR = (3.947 + 0.030)% [178]. D-meson candidates were built by
combining pairs or triplets of tracks with the proper charge signs, each track with pr > 0.3 GeV/c,
ly| > 0.8, at least 70 out of a maximum of 159 crossed TPC pad rows, a minimum number of two hits
(out of six) in the ITS, with at least one in either of the two innermost layers, and a track fit quality
x2/ndf < 2 in the TPC. These track-selection criteria reduce the D-meson acceptance in rapidity, which
falls steeply to zero for |y| > 0.5 at low pt and for |y| > 0.8 at pr > 5 GeV/c. Thus, a fiducial
acceptance selection |y| < ysq(pT), was applied to grant a uniform acceptance inside the rapidity range
considered. The yqq(pr) value was defined as a second-order polynomial function, increasing from 0.5
to 0.8 in the transverse-momentum range 0 < pt < 5 GeV/c, and as a constant term, ygq = 0.8, for

pr > 5 GeV/c [63].

As discussed in Sec. 3.1, to suppress the large combinatorial background and to separate at the
same time the contribution of prompt and non-prompt D mesons, a machine-learning approach with
multi-class classification, based on Boosted Decision Trees (BDT) provided by the XGBoost [182, 226]
library was adopted. Signal samples of prompt and non-prompt D mesons for the BDT training were
obtained from PYTHIA 8 simulations as described in Sec. ??. The background samples were obtained
from candidates in the sideband region in the data, i.e. in the interval So- < |[AM| < 90 of the invariant
mass distribution, where AM is the deviation between the invariant mass of the candidate and the mean

of a Gaussian function describing the signal peak and o is the Gaussian width. The training procedures
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are the same as reported in Ref. [63]. Before the training, loose kinematic and topological selections
were applied to the D-meson candidates. The D-meson candidate information used for training the BDT
models was mainly based on the displacement of the tracks from the primary vertex, the impact parameter
of the D-meson daughter tracks, the distance between the D-meson decay vertex and the primary vertex,
the cosine of the pointing angle between the D-meson candidate line of flight (the vector connecting the
primary and secondary vertices) and its reconstructed momentum vector, and the PID information of the
decay tracks. The training variables used are reported in Tab. 4.10 and their distributions for signal and

background are shown in Fig. 4.27 for the D mesons in the 1 < pr < 2 GeV/c interval.

Table 4.10: Training variables used for the D° mesons.

<

Variable
Decay length

Decay length xy
Normalized decay length xy
cos 6,
cos 6’

Overtex
max |do — d; " [P (nor)
noZ . (0)
noZ (1)
nol . (2)
noX (0)

comb

noX (1)

nok (2

SN N N N N I SN

The linear correlations between the variables used in the training as well as the invariant mass of the
D-meson candidate and its transverse momentum, which are not employed in the training, are reported

for the three classes of candidates in Fig. 4.28 for the D mesons.

After the training, the model is applied to the test and training sets to visualise the distributions
of the ML output scores obtained and to check their agreement between the two sets. In particular, in
case of classification with three classes of candidates, three scores are provided by the ML algorithm,
which represent the probability of belonging to each of the considered classes (prompt D mesons, non-
prompt D mesons, combinatorial background). By construction, for each candidate, the probabilities of
belonging to the three classes sum to one. Fig. 4.29 shows an example of distributions for D meson in the

2 < pt < 4 GeV/c intervals. For each probability, the distribution corresponding to the respective true

99



LR tAS
DOCTORAL DISSERTATION

inv_mass pt_cand d_len_xy
8 0 @ » 10°4
£ 1094 2 2
o €
5 5 100 4 5 10724
8., 8 9x107! 8
1072 8x 107! 1074 4
T T T T T 7x107 T T T T T T T T T T
17 18 19 20 21 1.0 12 14 1.6 18 20 0 1 2 3
norm_dl_xy Cos_p_xy imp_par_xy
10t ]
9 10 -
£ 10734 £ £10714
3 3 10-1 3
© 1076 4 o 1079 © 104
0 50 100 150 200 250 -1.0 -05 0.0 0.5 1.0 -1.0 -05 00 05 1.0
max_norm_d0dOexp imp_par_prod nsigComb_Pi_0
10° 4
10-2 |
[ -3 4
g10 £ 1004 £
3 3 3
O 106 O 19-3 O 107°
-200 -100 O 100 200 -0.6 -0.4 -0.2 0.0 0 20 40 60 80
nsigComb_K_0 nsigComb_Pi_1 nsigComb_K_1
Background
o 10724 » 1072 4 o 10724 9 o
£ » € € Prompt D'
31071 3 . nos 3107 Feed-down D°
o 10-6 O 107° 4 o .
107%4
0 25 50 75 100 125 0 20 40 60 80 0 10 20 30 40

Figure 4.27: Distributions for prompt D’-meson, non-prompt D°-meson, and combinatorial-background candidate vari-
ables in the 1 < pr < 2 GeV/c interval.
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Figure 4.28: Linear correlations between the training variables, the invariant mass and the pr, for prompt D mesons
(top-left panel) and non-prompt D® mesons (top-right panel) and combinatorial background (bottom panel) in the 1 <
pr < 2 GeV/c interval. The colours, from red (fully correlated) to blue (fully anti-correlated), indicate the correlation
level.
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class is close to unity, while the other two distributions are shifted towards zero. Moreover, it is possible
to observe that the distributions of combinatorial background candidates are typically more separated
from those of prompt and non-prompt D mesons, indicating that the separation between combinatorial
background and signal is more efficient than the separation between prompt and non-prompt D mesons,

as expected.

S

5
Counts (arb. units)

Counts (arb. units)

08 10 08 10
BDT output for Background BDT output for Prompt D®

Counts (arb. units)

06 0.8 1.0
BDT output for Feed-down D®

Figure 4.29: Distributions of ML output scores for combinatorial background candidates, prompt D° mesons, and non-
prompt D mesons in the 2 < pp < 4 GeV/c interval.

To assess the performance of the model, the area under the Receiver Operating Characteristic curve
(ROC AUC) is considered as discussed in Sec. 3.1.3. The ROC curves and the values of ROC AUC,
obtained on test set, for the models trained for D mesons in the 2 < pr < 4 GeV/c and 8 < pr <
12 GeV/c intervals are reported in Fig. 4.30. It is possible to observe that for both D® meson, the ROC
AUC scores are higher at high pr, as expected from the larger Lorentz Boost of high pr particles, which
enlarges the displacement of prompt and non-prompt D mesons, amplifying the differences among the
classes of candidates. Independent BDTs were trained for each D-meson species and pt interval in the
multiplicity-integrated sample. Subsequently, the BDTs were applied to the real data sample in which
the type of candidate is unknown. The BDT outputs are related to the candidate probability to be a

101



LR tAS
DOCTORAL DISSERTATION

non-prompt D meson or combinatorial background. Selections on the BDT outputs were optimised to
obtain a high non-prompt D-meson fraction while maintaining a reliable signal extraction (with statistical

significance larger than 5).

°
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°
ES
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True Positive Rate
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Figure 4.30: ROC curves for the models trained for D° mesons in the 2 < pr < 4 GeV/c (left panel) and 8 < pr <
12 GeV/c (right panel) intervals.

The signal extraction was performed in each pr and multiplicity interval via a binned maximum-
likelihood fit to the candidate invariant-mass distribution. The raw yields could be extracted in the
transverse momentum interval 1 < pt < 24 GeV/c and in six subranges, for both D° and D* mesons. A
Gaussian function and an exponential function were used to describe the signal peak and the background
distribution, respectively. To improve the stability of the fits, the widths of the D-meson signal peaks
were fixed to the values extracted from data samples dominated by prompt candidates, given the natu-
rally higher abundance of prompt compared to non-prompt D mesons. In addition, for the D meson,
the contribution of signal candidates to the invariant-mass distribution with the wrong decay-particle
mass assignment (reflections) was included in the fit. It was parameterised by fitting the invariant-mass
distribution of reflections with a double Gaussian function, and normalised according to the reflection-
to-signal ratio from the PYTHIA 8 simulations. The contribution of reflections to the raw yield is about
0.5%—4%, increasing with increasing pt. Examples of invariant-mass fits with different contribution
of signal from beauty-hadron decays in the 2 < pt < 4 GeV/c interval for the lowest multiplicity class
and in the 1 < pt < 24 GeV/c interval for the highest multiplicity class are shown in Fig. 4.31 for
D°. Based on the selections on the BDT outputs, samples dominated by non-prompt (prompt) candi-

dates were selected by requiring low probability for a candidate to be combinatorial background and a
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high (low) probability to be non-prompt. The invariant-mass fits from non-prompt (prompt) enhanced
samples are shown in each right (left) panel, indicating the corresponding selection applied on the BDT

output score related to the probability to be a non-prompt D meson.
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Figure 4.31: Invariant-mass distribution of D° candidates and their charge conjugates in selected pr and multiplicity
intervals. The blue solid curves show the total fit function and the red dashed curves show the combinatorial-background
contribution. The green solid lines represent the reflection contribution. The raw-yield (S) values are reported together
with their statistical uncertainties resulting from the fit. Top row: D° mesons in the 2 < pp < 4 GeV/c interval for
the low multiplicity class. Bottom row: D® mesons in the 1 < pr < 24 GeV/c interval for the high multiplicity class.
The corresponding BDT probability minimum threshold for the candidate selection is reported. The left (right) column
corresponds to the prompt (non-prompt) D° meson candidates dominated sample.
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4.2.3 Non-prompt fraction extraction

As discussed in Sec. 3.2, In each p and multiplicity interval, the fraction of non-prompt D mesons,
JShon-prompt, Was estimated by sampling the raw yield with different BDT selections related to the candi-
date probability of being a non-prompt D meson. In this way, a set of raw yields ¥; (index i refers to a
given selection on the BDT output) with different contributions from prompt and non-prompt D mesons
was obtained. These raw yields are related to the corrected yields of prompt (Nprompt) and non-prompt

(Nnon-prompt) D mesons via the acceptance-times-efficiency (Acc X €) factors as

(Acc x os)?mmpt X Nprompt + (Acc X e)?on_pmm’t X Nnon-prompt — Yi = 6i. 4.4

In the above equation, the §; term represents a residual originating from the uncertainties on Y;, (Acc X

-~ t
E)pon promp

; . The Acc X € factors were obtained from MC simulations as described in

,and (Accx e)ipmmpt
Sec. 4.1.4.1. They are different for prompt and non-prompt D mesons due to the different decay topology.
Since the resolution of the reconstructed primary vertex depends on the multiplicity, the simulated events
were weighted to reproduce the charged-particle multiplicity distribution measured in data for events that
contain D-meson candidates having an invariant mass compatible with the one of the signal. After that,
the Acc X € factors were computed for each BDT selection for prompt and non-prompt D mesons within
the fiducial acceptance region. In the case of the number of sets of selections n > 2, a y? function
can be defined based on the set of equations of Eq. 4.4, which can be minimised to obtain Npromp and
Nron-prompt.- More details can be found in Ref. [63]. The Npon-prompt and Nprompe Values can be used to

calculate the corrected fraction of non-prompt D mesons as follows

N non-prompt

(4.5)

Ji non-prompt = .
N, non-prompt + N prompt

In addition, the ratio between the fraction of non-prompt D mesons measured in each multiplicity in-
terval and the one measured in the INEL > O class of events, fr{gg%romm / fr{gl%gglpt, was computed in

multiplicity and pr intervals in order to investigate the modification of the non-prompt fraction with

respect to the one measured in the multiplicity-integrated sample.

Fig. 4.32 shows an example of the raw-yield distribution as a function of the BDT-based selection
used in the y?-minimisation procedure for D® meson in the transverse-momentum intervals 2 < pr <
4 GeV/c and 1 < pr < 24 GeV/c for the low-multiplicity and high-multiplicity classes of events,
respectively. The raw yield decreases with increasing minimum threshold for the probability to be a
non-prompt D meson, corresponding to an increasing non-prompt D fraction. Note also that the raw

yields used in this procedure are largely correlated among each other, implying that adjacent data points
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are expected to fluctuate in the same direction. The prompt and non-prompt components of the raw yields
for each BDT-based selection obtained from the y2-minimisation procedure as (Acc X e)iprompt X Nprompt
and (Acc X e);“)“'prompt X Npon-prompt» are reported as the red and blue distributions, and their sum is

represented by the green histogram.

x10° x10°
= TR e s s I B I O B B R | = I e e S B B O B O M
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; | 30-100% (VOM) pp, s =13 TeV, ly| <0.5 ;40j0—o.1% (VOM) pp, s =13 TeV, y| < 0.5 ]
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x 3 2<pT<4GeV/c o 1<pT<24GeV/c 7
e Data 30 « Data ]
Prompt D° Prompt D° 1
Non-prompt D° Non-prompt D° |
2 Total Total 1

o
96
Minimum BDT probability for non-prompt D° Minimum BDT probability for non-prompt D°

Figure 4.32: Examples of raw-yield distribution as a function of the BDT-based selection employed in the y2-
minimisation procedure adopted for the determination of fuon-prompt Of D mesons. D mesons in low multiplicity (left) and
high multiplicity (right) classes.

4.2.4 Systematic uncertainties

The values of systematic uncertainty on the non-prompt D-meson fraction were estimated with
procedures similar to previous analysis in Refs. [63, 220]. They include the uncertainties on (i) the raw-
yield extraction from the invariant-mass distributions; (ii) the selection efficiency estimation; (iii) the
dependency of the efficiency on the charged-particle multiplicity; and (iv) the D-meson pt shape in the
simulation.
4.2.4.1 Raw-yield extraction

The systematic uncertainty of the raw-yield extraction was evaluated by repeating the fits to the
invariant-mass distribution varying the fit range and the functional form of the background and signal
fit functions. To further test the sensitivity to the line shape of the signal, a bin-counting method, in
which the signal yield was obtained by integrating the background-subtracted invariant-mass distribution
within the +30 region relative to the peak position, was used. In the case of D° mesons, an additional
contribution due to signal reflections in the invariant-mass distribution was estimated by varying the
normalisation and the shape of the templates used for the reflections in the invariant-mass fits. The

outcome of this procedure is shown for each multiplicity interval of the analysis in Figs. 4.33 for the D°
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meson. Then the final systematic uncertainty on fraction obtained from distribution of trials (considering
sum in quadrature of RMS and shift with respect to the default value) show in Figs. 4.34. The sum in
quadrature of RMS and shift for fprompe in each multiplicity bin is shown in the upper left panel as a
function of prt, faon-prompt in the upper right panel. In the bottom left panel, the ratio between the fyrompt

of multiplicity intervals and integrated multiplicity bin is shown as a function of the pt are shown. The

Jnon-prompt case is shown in the bottom right panel.
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Figure 4.33: Corrected fyon-prompt @s @ function of pr for each multiplicity interval for D’ meson obtained varying the
fitting configurations. The multiplicity classes are MB (top left), 0-0.1% (top right), 0.1-30% (bottom left) and 30-100%
(bottom right). Each color corresponds to a different variation.

4.2.4.2 Selection efficiency estimation

The systematic uncertainty of the selection-efficiency determination, arising from possible imper-
fections of the description of the decay topologies or the detector resolution in the simulation, was es-
timated by using alternative sets of BDT-output selections for the procedure described in Section 4.2.3.
In particular, stricter and looser selections were tested, as well as different combinations of selections
adopted to define the system of equations described in Eq. 4.4. The fprompe and fron-prompt Values ob-
tained for all the variations for each multiplicity interval are reported in Figs. ?? for the D? meson. The
systematic uncertainty has been assigned considering the RMS and shift of the trials with respect to
the central value similarly to what was done for the systematic uncertainty on the raw-yield extraction

described previously. The results are reported in Fig. 4.36 for the D° meson.
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their ratio with respect to the MB obtained by varying the sets of selections in the cut-variation method for the D° meson.

4.2.4.3 Multiplicity distribution in the MC simulation

To estimate the systematic uncertainty on the sensitivity of the efficiency on the charged-particle
multiplicity, due to the multiplicity dependence of the primary-vertex reconstruction resolution, the dis-
tribution of the number of tracklets in the MC simulation for each VOM class of events was weighted
using the one obtained in the real data considering events containing a D-meson candidate, without re-

quiring the invariant-mass region selection. As an example with lowest multiplicity, the effect on the

30-100% INEL>0
f non-prompt and non—prompt/ f non-prompt

4.2.4.4 MC generated pr shape

The systematic uncertainty on the efficiency calculation due to a possible difference between the

of DY meson are shown in Figs. 4.37.

real and simulated D-meson transverse-momentum distributions was estimated by evaluating the ef-
ficiency after reweighting the pt shape from the PYTHIA 8 generator to match the one from FONLL
calculations, in addition to the reweighting of the multiplicity distribution mentioned above. The weights
were applied to the pr distributions of prompt D mesons and to the parent beauty-hadron pt distribu-

tions in case of non-prompt D mesons. Figs. 4.38 shows an example for the effect on the fyon-prompe and

30-100% / INEL>0

0 . . o . .
non-prompt/ Jnon-prompt ©f D" meson in lowest multiplicity bin.

108



W F

DOCTORAL DISSERTATION

=3 T T T T T T T T T T o 1.20 T T T T T T T T T T T
50.14F B F L ]
: ] Taasp E
= 0.12- B F ]
r ] 1.10F E
0.10F B E i
: + ] L05f E
[ 1 [ o 1
008; + 3 Loof— e
0.06- . £ 1
F+ p 0.95[- E
oodk ++ 1 : ]
Tt —e— Cand 1 090; B
0-02} —e— Cand in Mass 1 0_85; é

0.0 sl b b b b b b b b b b 0.80!

0 2 4 6 8 1012141618 202224 0 2 4 6 8 1012 1416 18 2022 24

P, (GeVic) P, (GeVic)

& PP B e s M e Lt
35 1.4+ 7] & r ]
£ [ ] t ]
g 12 B 1.10F B
8 [ 4 1 [ ]
< wof = B [ ]
g f 1 1.05 B
H [ = [ ]
2 08 B [ ]
g r ] [ ]
0.6 B 10— — — — — — — — -]

F 1 [ —— ]

0.4F 1 [ e—e""— ]

[ —e— Cand ] 0.95; ]

02k —e—CandinMass t 4

0 Lol bbb b b bl 0,900kl len bbbl bl
"0 2 4 6 8 1012 14 16 18 20 22 24 0 2 4 6 8 1012 14 16 18 20 22 24

P, (GeVic) P, (GeVic)

: . : 30-1009% / £INEL>0
Figure 4.37: Comparison of the fuon-prompt (top panel) and fi5im 0 / fron oromp

the different multiplicity weights in the 30-100% multiplicity class.

. (bottom panel) of D mesons obtained with

0.2 LARAN RS KR AR RAR) R ALK RARE RARI AR 9 1.20prrrrrrprr e
E 1 T E 1
%10.18; ? 24 1.15}. 5
= 0.6f E ; ]
F 3 110F —- B
0.14r E 3 1
012 E 105 - E
3 ] £ —— ]
0.10F E 100— — — e
oAOB;* E 0.950 E
0.06F B F ]
ootk T o, weight ] 0.901- E
e —e— with p_weight ] £ 1
0.020 T E 0.85F E
0.0 E Il Il Il Il Il Il Il Il Il Il Il i 0 80' Il Il Il Il Il Il Il Il Il Il Il 3
0 2 4 6 8 10 12 14 16 18 20 22 24 0 2 4 6 8 10 12 14 16 18 20 22 24
P, (GeVic) P, (GeVic)

o 2. LA AR R RAA RAR AL AL LA AR RARS o L.20prrrrrerprer e e e
s [ ] T [ ]
< 18 E @950 E
E ] £ ]
5 16 E 3 ]
5 £ ] 110 E
o 14 1 E 1
g . F 1.05F B
§ E i
210k =+= +_+_ 1.00f— — — —_———
E = + [ o—o—o—— ]
O.B; _+= 0.95F 1
0.6 E i
odb ——wiop, weight ] 0.90¢ E
ot —e— with p_weight ] L 1
0.2F T E 0.85 E
0. E Il Il Il Il Il Il Il Il Il Il Il i 0. 80' Il Il Il Il Il Il Il Il Il Il Il 3
"0 2 4 6 8 10 12 14 16 18 20 22 24 0 2 4 6 8 10 12 14 16 18 20 22 24
P, (GeVic) P, (GeVic)

Figure 4.38: Comparison of fyon-prompt/ fn“(fr’ipmmpt for D° mesons obtained with the different p weights in the 30-100%
multiplicity class.
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4.2.5 Results and discussion

The measured fractions of D-mesons originating from beauty-hadron decays, fnon-prompt> in pp col-
lisions at v/s = 13 TeV are shown in Fig. 4.39 as a function of pt. The results are reported in different
panels for D (left) and D* (right) mesons and for the INEL > 0 class (top panels) and the three mul-
tiplicity classes of events (lower panels). The statistical and total systematic uncertainties are shown
by vertical error bars and boxes, respectively. In all the event classes and for both DY and D* mesons,
Jron-prompt increases with pr from 5%-7% to about 10%. This increase is motivated by the harder pr
distribution of beauty hadrons compared to the charm ones, which is only partly compensated by the
b — D+ X decay kinematics [48, 63]. The fraction of non-prompt D mesons is slightly larger than
that of D* mesons, as a consequence of the different branching ratios of B mesons with a D or D* me-
son in the final state, and of the different charm-quark fragmentation fractions for the prompt D-meson
production. This increasing trend is expected from pQCD calculations, as shown in Ref. [62]. Mea-
surements are compared to predictions from the PYTHIA 8 [173, 228] and EPOS 3 [227, 229] event
generators. PYTHIA 8 simulations were obtained using the standard Monash 2013 tune [131] as well
as with colour reconnection settings beyond-leading-colour approximation (CR-BLC Mode 0, 2, and
3) [137], and with colour ropes [228] using PYTHIA version 8.307. Both the version 3 and 4.0.0 of the
EPOS 3 MC generator were tested. In EPOS 4, parallel partonic scatterings based on the S-matrix theory
are implemented, leading to the factorisation of the hard and soft scales, particularly important for heavy
quarks. This factorisation allows the computation of the PDFs within the EPOS framework itself. In
both EPOS 3 versions, the hadronisation is implemented via a microcanonical ensemble, consisting in
the decay of plasma droplets which conserves energy, momentum, and flavour. The EPOS 3 predictions
presented in this paper do not include a hydrodynamic expansion of the system. However, the results
were found not to significantly change if the latter is included. Following what was done for data, all
PYTHIA 8 and EPOS 3 simulations were selected according to percentiles of the INEL > O cross sec-
tion based on the charged-particle multiplicity counts in the ALICE VOA and VOC acceptance. While
all models qualitatively reproduce the increase of fuon-prompt With increasing pt, EPOS 3 significantly
underpredicts fuon-prompt 0f D mesons and D mesons in the INEL > 0 and in the lowest multiplicity
classes of events, by up to a factor of two. Moreover, EPOS 3 predicts a slightly stronger multiplicity
dependence compared to EPOS 4. On the other hand, PYTHIA 8 is generally closer to data but overpre-
dicts fhon-prompt by approximately 20-30%. No significant difference in the various PYTHIA 8 settings
tested in this work is observed, with the exception of the ‘CR-BLC Mode 3’ setting (see Ref. [137] for
a detailed description), which predicts a lower D* and D° non-prompt fraction especially in the two

highest multiplicity intervals, providing a better description of the data.
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The ratio of the D-meson non-prompt fractions in the multiplicity classes relative to that in the
INEL > O class, féggl‘pmmpt / fgﬂ;;glpt, is shown in Fig. 4.40 as a function of transverse momentum for
the three multiplicity classes. This double ratio isolates the relative variation of fron-prompt as a function
of the charged particle multiplicity from absolute scaling factors. The double ratio of D and D* was

found to be compatible for all the multiplicity classes as expected. In order to improve the statistical pre-

mult / INEL>0

0 + .
non-prompt/ Jnon-prompt Of D~ and D™ was computed. The average was computed using

cision, the average
the inverse of the quadratic sum of the relative statistical and uncorrelated systematic uncertainties as
weights. The systematic uncertainties were propagated through the averaging procedure considering the
contributions from the raw-yield extraction and the selection efficiency as uncorrelated, while the other
sources as fully correlated between the two D-meson species. In all multiplicity classes, the measured
ratio is compatible with unity within uncertainties. This finding suggests similar production mecha-
nisms of charm and beauty quarks as a function of multiplicity. The expectation obtained with EPOS 3
shows a modification of the pr spectrum different for charm and beauty hadrons due to their different
mass, which is not supported by the data. A qualitatively similar but weaker behaviour is obtained with
EPOS 4, which is more in agreement with the data. All the PYTHIA 8 configurations reproduce the
measurements within the uncertainties, indicating a small influence of the hadronisation in the multi-
plicity dependence, except for the CR-BLC Mode 3 setting, which underestimates the data at low pt in
the high-multiplicity class of events. The data points are further compared to a CGC model that includes
the three-pomeron exchange mechanism [230]. In this model, the transition from the beauty quark to
the charm hadron is modelled in a single step using f(b — H.) fragmentation functions measured in
e*e” collisions [231]. Even though these fragmentation functions were shown to be unable to reproduce
the measured cross sections of non-prompt D mesons in previous studies [63], the CGC predictions in-
dicate a very weak multiplicity dependence of the double ratio and are consistent with the data within

uncertainties.

mult / INEL>0
non-prompt/ J non-prompt

The specific multiplicity dependence of can be studied in more detail by plot-
ting the values obtained in each individual transverse momentum interval as a function of the charged-
particle multiplicity density normalised to the value corresponding to the INEL > O class of events, as
shown in Fig. 4.41. In all py intervals, the average D° and D* f;‘gg};mmpt / fnlgﬂjgglpt ratio is found to
be compatible with unity, indicating a weak (if any) dependence of fyon-prompt With the charged-particle
multiplicity. Comparisons with models reveal that the EPOS 3 event generator predicts a multiplic-
ity dependence at intermediate transverse momentum (4 < pr < 6 GeV/c) which is ruled out by the
data. At lower and higher pT, instead, EPOS 3 predicts a milder charged-particle multiplicity depen-

dence and is hence closer to the data. Moreover, the multiplicity-independence of CGC predictions is
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Figure 4.40: Average fractions of non-prompt D and D* mesons as a function of py for different multiplicity intervals
normalised to the one measured in the INEL > 0 class of pp collisions at 4/s = 13 TeV. The measurements are compared
with the predictions obtained with PYTHIA 8 [137] and EPOS 3 [227] event generators and the CGC model.

also consistent with the data. Finally, most PYTHIA 8 predictions are consistent with the data, with
the notable exception of CR-BLC Mode 3 results, in which the double ratio is shown to decrease with
multiplicity. This behaviour can be understood by isolating the double ratio for D mesons originating
from beauty-meson and beauty-baryon decays in each of the specific PYTHIA 8 configurations being

used, as represented in Fig. 4.42. While in all cases the fmult

INEL>0
prompt / T, n o

on-prompt 1atio from beauty baryons

increases systematically with multiplicity, the Mode 3 setting results in a decrease of this double ratio for
D mesons originating from B-meson decays. More specifically, a clean MC-only test can be performed
with the beyond-leading-colour tunes by calculating the ratio of baryons and mesons at hadronisation
time in PYTHIA 8 as a function of multiplicity in each model, as depicted in Fig. 4.43. Notably, CR-
BLC Mode 3 differs from other PYTHIA 8 predictions due to the fact that, in that case, beauty quarks
produce significantly more baryons, and charm quarks produce fewer baryons than in other cases. Con-
sequently, the fraction of non-prompt D mesons decreases with the multiplicity as a combination of two
effects. On the one side, charm quarks hadronise more to D mesons, increasing the prompt contribution
to the D-meson production and, on the other side, beauty quarks will tend towards being contained in
baryons, which in turn will feed preferentially into charm baryons such as the A7 baryon. This strong
preference towards beauty baryons is not favoured by current ALICE data, which essentially rules out
the CR-BLC Mode 3 dynamics in favour of models in which fion-prompt tends to either remain constant or
increase slightly with multiplicity. Future studies of meson and baryon production in the beauty sector

as a function of the charged-particle multiplicity will allow for firmer conclusions.
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Figure 4.42: Fractions of non-prompt D (first row) and D* (second row) mesons in 1 < pr < 24 GeV/c as a function
of multiplicity for pp collisions at y/s = 13 TeV compared with predictions obtained with the PYTHIA 8 [137] event
generator. The contributions from beauty meson and baryon decays in PYTHIA 8 are displayed separately.
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Figure 4.43: Fraction of charm and beauty quarks hadronising to baryons as a function of the charged particle multiplicity
at midrapidity in PYTHIA 8 [137] simulations with different tunes.
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4.3 Non-prompt D production in pp collisions at \/s = 13 TeV

In the charm sector, recent measurements of the production ratios of charm baryons to mesons and
fragmentation fractions at midrapidity in pp collisions at the LHC have shown significant deviations
from the values measured at electron-positron and electron-proton colliders [53, 66, 85, 232-237]. These
deviations demonstrate that the assumption of a common hadronization process across collision systems
needs to be reconsidered. The observed baryon-to-meson enhancement also leads to an increase in the
derived cc production cross section at midrapidity compared to previous measurements, as reported in
Ref. [53]. Several models have been proposed to explain these differences. Models based on coalescence
hadronization, which involves the recombination of heavy and light quarks that are close in momentum
and space, are able to reproduce the baryon enhancement and the pt dependence of the measured A} /D°
yield ratio [ 135, 238]. Statistical hadronization models can also explain the enhancement if an augmented
set of yet unobserved charm-baryon states predicted by the relativistic-quark model [215] and lattice
QCD [136] is considered. String fragmentation models that include color reconnection mechanisms
beyond the leading-color approximation also introduce new topologies that enhance the contribution of

”junctions” that fragment into baryons, thus providing augmented baryon production [173].

In the beauty sector, recent measurements at the LHC have shown that the assumption of a com-
mon hadronization process across different collision systems needs to be reconsidered, as there were
significant deviations from the values measured at other colliders. The measurements of Ag—baryon
production relative to that of B mesons at forward rapidity show a modification of the fragmentation
fractions among collision systems similar to that observed for the charm quark [239, 240]. However,
the rapidity-dependent baryon-to-meson enhancement is still not fully understood, as different enhance-
ments have been observed for the charm baryon-to-meson ratio between midrapidity and forward ra-
pidity for pr < 8 GeV/c[235, 241]. Beauty measurements at midrapidity are available only at high
transverse momentum (pt > 7 GeV/c) [101, 102, 148, 242-246], hence a firm conclusion cannot be

drawn.

In this section, the first measurements of the pr-differential and pr-integrated production cross
sections of D mesons at midrapidity (|y| < 0.5) originating from beauty-hadron decays (denoted as
non-prompt) in pp collisions at a center-of-mass energy of v/s = 13 TeV with the ALICE experiment
are reported. The differential measurements performed in 1 < pp < 24 GeV/c for D° mesons, are
extrapolated down to pt = 0 to compute the pr-integrated production cross sections and measure the bb
production cross section at midrapidity. Finally, the non-prompt A} /D yield ratio is compared with the

yield ratio of prompt A} and D°, with the A/K? yield ratio, and with predictions based on the PYTHIA 8

116



LR tAS
DOCTORAL DISSERTATION

Monte Carlo (MC) generator to study the flavor dependence of the baryons production relative to that

of the mesons.

4.3.1 Raw yield extraction

The data and MC simulations used for this analysis are only used MB events as shown in Tab 2.3.
The selected events correspond to an integrated luminosity of Lin = 31.9 + 0.5nb~! [225]. Only the
event based on minimum-bias trigger are used to extracted signals. The similar event and candidate se-
lection are choosed for this analysis, as well as the same models traininged from integrated multiplicity
bin (MB) be applied on the MB triggered data. More details about the ML model performance be-
described in Sec. 4.2.2. To enhance the contribution of non-prompt D° mesons in the MB sample while
maintaining sufficient statistical significance, a set of threshold values were chosen as selection criteria.
These values are presented in Tab. 4.11 and were determined by fixing the selection on the probability of
the combinatorial background and varying the selection on the non-prompt D probability. The selection
on the background probability was chosen to ensure high statistical significance across the entire range
of non-prompt D probabilities used in the analysis. The specific values for the background probability

selection for DY mesons are also provided in Tab. 4.11.

Table 4.11: Selection criteria applied for the D° meson in the pr bins of the analysis.

pr interval (GeV/c) [1,2] [2,4] [4,6] [6,8] [8,12] [12,24]
probability to be background < 0.006 0.008 0.012 0.015  0.05 0.10
probability to be non-prompt > 0.88  0.88  0.88  0.88 0.82 0.80

The selected candidates are divided into six bins based on their candidate pr. This binning is rela-
tively coarse, but was chosen to ensure sufficient statistics for the signal extraction for all heavy-flavour
hadrons in all multiplicity ranges. Fig. 4.44 displays the prompt-enhanced invariant mass distribution
for the six pr bins of D°, which are necessary to determine the Gaussian width required to fix the cor-
responding parameter in the fits for the non-prompt enhanced sample. The fit function is composed of
a Gaussian function for the signal and an exponential term for the combinatorial background. Fig. 4.45
shows a high level of significance, even for the non-prompt enhanced sample, which serves as the central

working point for the cross section measurement.

4.3.2 Corrections

The non-prompt D? pr-differential cross sections were obtained in the rapidity interval |y| < 0.5

as
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Figure 4.44: Invariant mass distribution of D° candidates for the prompt enhanced set of selections in the MB sample.
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Figure 4.45: Invariant mass distribution of D candidates for the prompt enhanced set of selections in the MB sample.

118



LR tAS
DOCTORAL DISSERTATION

dO-DO — L X 1 fnon—prompt X Nraw % L
dprdy BR ZCAy (pt)Apt  (Acc X E)non—prompt Lin’

(4.6)

where Ny, is the sum of particles and antiparticles, cay (pT) and Apt denote the width of the rapidity and
transverse momentum intervals respectively, BR is the branching ratio of the decay mode of D — K™+
(3.947 £ 0.030% [178])., the factor 2 accounts for both particles and antiparticles, fuon-prompt 1S the
fraction of non-prompt hadrons in the raw yield, and (Acc X €)non-prompt i the product of the geometrical
acceptance and the reconstruction and selection efficiency for non-prompt hadrons. The value of (Acc X
€)non-prompt inCreases with pr and ranges from 5% to 40% for DO, depending on the BDT selections
and decay channel. The integrated luminosity is denoted by Liy. The detector acceptance and the
signal reconstruction and selection efficiency correction factors (Acc X €) were determined using MC

simulations.

The same data-driven procedure introduced in Sec. 3.2 was used to estimate the fraction fnon-prompt
of non-prompt D° mesons. Fig. 4.46 shown the examples of raw-yield distribution as a function of
the BDT-based selection employed in the y?-minimisation procedure adopted for the determination of

Jron-prompt Of D mesons. The DY mesons be extracted in 2 < pt < 4 GeV/c MB triggered events.
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Figure 4.46: Examples of raw-yield distribution as a function of the BDT-based selection employed in the y2-
minimisation procedure adopted for the determination of fjon-prompt 0f D mesons. D° mesons be extracted in 2 < pr <
4 GeV/c MB triggered events.
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4.3.3 Systematic uncertainties

In this analysis, seven sources of systematic uncertainties are considered as the systematic uncer-
tainties for non-prompt D production cross section in MB case. (i) raw yield extraction; (ii) track recon-
struction efficiency; (iii) ML selection efficiency; (iv) non-prompt fraction; (v) particle identification;

(vi) MC pr shape; (vii) material budget.

Since both systematic uncertainties are common sources with HF analysis and have been discussed
in previous sections, here I will briefly report their values for the non-prompt D® production cross sec-
tion. The systematic uncertainties of the non-prompt D cross sections were evaluated as a function of
pr for different decay channels. The contributions from raw-yield extraction were evaluated by repeat-
ing the fits, varying the fit interval, and the functional form of the background fit function. The relative
uncertainty from this contribution ranges from 1-3%. The uncertainties of the track reconstruction effi-
ciency were estimated by summing in quadrature the uncertainty due to track quality selection and the

uncertainty due to the TPC-ITS matching efficiency, and it ranges from 3.5% to 5%.

The systematic uncertainties of the non-prompt fraction were evaluated by varying the configura-
tion and the number of BDT selections employed in the data-driven method, resulting in an uncertainty
of 2-3%. The selection efficiency uncertainties, ranging from 2% to 4%, were studied by repeating the
analyses using different BDT selections. The systematic uncertainties of the PID selection efficiency
were found to be negligible, similar to those observed for prompt charm hadrons. The systematic effects
due to a possible difference between the real and simulated pt spectra were evaluated by reweighting
the pr shape from the PYTHIA 8.243 generator as the default shape to match the one from FONLL
calculations. The weights were applied to the pr distributions for prompt hadrons and to the mother
beauty-hadron particles in the case of non-prompt hadrons. The systematic uncertainty from this contri-

bution varies in the range 1-4%.

Additionally, the imperfect apparatus material budget description in the MC simulation, particularly
for the effects of the absorption of protons, might result in a bias in the estimation of the efficiencies. It
was evaluated by comparing the corrected yields of charged pions, kaons, and protons using a standard
MC production and one with the material budget increased by 10%. The assigned systematic uncertainty
is 2%. All the uncertainty sources described above were assumed to be uncorrelated. The total uncer-

tainties for D°, 5-8%, were calculated as the quadratic sum of the contributions of different sources.
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4.3.4 Results and discussion

The pr-differential production cross sections of non-prompt A baryons and D° mesons are shown
in Fig. 4.47. The non-prompt A} cross section was obtained by computing a weighted average of the
results from the analyses of the A} — ng and A{ — pK™ " decay channels, using the inverse of the
quadratic sum of the relative statistical and uncorrelated systematic uncertainties as weights. The system-
atic uncertainties related to the tracking, luminosity, and generated pt spectrum in the MC simulations
are treated as correlated, the uncertainty of the branching ratios as partially correlated as described in
Ref. [247], while all the other sources of systematic uncertainties are considered uncorrelated. The data
points are compared with theoretical models based on the B-meson cross section predicted by FONLL
calculations. In these predictions, the beauty-quark fragmentation fraction to B mesons, f(b — B), was
taken from e*e™ collisions [247]. For the Ag baryon, f(b — B)ete- X (f(b — Ag)/f(b — B))LHcb
was used, where the ratio was measured by the LHCb Collaboration in pp collisions [240]. The result-
ing beauty-hadron cross section was then folded with the H, — H. + X decay kinematics obtained with
PYTHIA 8 in order to obtain the non-prompt cross section. The uncertainties in the model are those of
the FONLL calculation, which arise from the choice of the normalization and factorization scales, the

mass of the beauty quark, combined with uncertainties of the CTEQ6.6 PDFs.

The measured visible cross sections of non-prompt Al and DY hadrons were computed by inte-
grating the measured pr-differential cross sections in the measured pt range. All the systematic uncer-
tainties were propagated as fully correlated among the measured pr intervals, except for the raw-yield
extraction uncertainty. The visible cross section was then extrapolated to the full pt range, using an
extrapolation factor computed as the ratio of the pr-integrated cross sections predicted by FONLL +
PYTHIA 8 integrated over pt > 0 and that in the measured pr interval. The systematic uncertainty of
the extrapolation factors was computed considering (i) the FONLL uncertainties, (ii) the f(b — Hy)
fragmentation fractions uncertainties, and (iii) the branching ratios uncertainties of the H, — H, + X
decays. The second source was estimated by using different sets of beauty fragmentation fractions (from
e*e”, pp collisions [247], or those measured by LHCb [240]), while for the third one the branching ra-

tios implemented in PYTHIA 8 were reweighted in order to reproduce the measured values reported in

Table 4.12: Production cross sections at midrapidity per unit of rapidity (do-/dy)|y| < 0.5 of non-prompt A} and D°
hadrons and bb pairs (dobb/dy)|y| < 0.5 compared to pQCD calculations [48, 49, 58, 155].

Measurement (ub) FONLL (ub) | NNLO (ub)
DY | 39.2 + 1.4 (stat ) + 2.8 (syst )} (extrap) 34+ 14 -
Af | 19.3 2.3 (stat ) £ 1.7 (syst 19 (extrap) 1177 -
bb | 85.0+ 3.4 (stat) +3.4 (syst )% (extrap) 652 722
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Figure 4.47: pr-differential production cross sections of non-prompt D° and A} hadrons in pp collisions at /s = 13 TeV
compared with predictions obtained with FONLL calculations [48, 49, 58] combined with PYTHIA 8 [131, 173] for the
H, — H. + X decay kinematics.
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Ref [247]. The resulting extrapolation factors are ag::mp = 1.2414:%.%9‘97 and cygirap = 1.847t%_11%82 for D°
mesons and A baryons, respectively. The pr-integrated cross sections are reported in Table 4.12 and
compared to FONLL + PYTHIA 8 calculations, which describe the measurements within the uncertain-

ties.

Similarly, the bb production cross section per unit of rapidity at midrapidity was obtained using an
extrapolation factor computed as the ratio of the beauty cross section and the sum of the visible cross

sections of non-prompt D° and A} hadrons, estimated with FONLL + PYTHIA 8 as follows

_ do N /dy )y <05
- bb o= = 1.9140-19 4.7)

extrap FONLL+PYTHIA 8 min H, max H, -0.03*
z . dO_HC<_ /dY||y|<0.5(pT ¢ <pr<pgp ‘)

The systematic uncertainty of the extrapolation factor includes the same sources considered for the
extrapolation of the single-hadron production cross sections. In addition, a correction due to the differ-
ence between the rapidity distributions of beauty quarks and beauty hadrons, and between the bb pairs
and beauty quarks was applied. The first factor was evaluated to be unity in the relevant rapidity range
based on FONLL calculations with 1% uncertainty evaluated from the difference between FONLL and
PYTHIA 8. The second correction factor is the ratio (doy;/dy)/(dob/dy) = 1.06 +£0.01, which was es-
timated from POWHEG simulations [57]. The uncertainty was assigned by varying the factorization and
renormalisation scales in the POWHEG calculation and using the CT10NLO [248] and CT14NLO [42]
PDFs. The resulting bb production cross section per unit of rapidity at midrapidity is compatible with
the predictions from FONLL and NNLO calculations, as reported in Tab. 4.12. The measurement is
also compatible with previous estimates based on dielectrons [249-251] and non-prompt J/y [252]

measurements.

The pr-differential ratio of the production cross sections of non-prompt A} and D° hadrons is
shown in Fig. 4.48. The data are compared, in the top three panels, with the prompt A} /D° [235] and
A/ Kg [253] ratios, and with PYTHIA 8 predictions obtained with different tunes. Interestingly, all the
measurements for beauty, charm, and strange hadrons show a similar behavior as a function of pt and
are compatible within the uncertainties. The prompt and non-prompt A} /D ratios are significantly un-
derestimated by PYTHIA 8 simulations carried out with the Monash 2013 tune [13 1], which implements
a fragmentation process tuned to reproduce the measurements in e*e™ collisions, as illustrated in the top
panel of Fig. 4.48. A better agreement is instead obtained with the CLR-BLC tunes [137]. The Mode 2
setting, reported in the second panel of Fig. 4.48, predicts a similar baryon-to-meson ratio for all three fla-

vors for pt > 2 GeV/c, while a significantly higher ratio for heavy-flavor hadrons than strange hadrons
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Table 4.13: pr-integrated A} /D° production ratio measured at midrapidity (|y| < 0.5) in pp collisions at vs = 13 TeV
and in e*e” collisions at LEP [212] for prompt and non-prompt production.

ALICE LEP average [212]
prompt A7 /D" [220] | 0.49 +0.02(stat)*0% (syst) 0.105 +0.013
non-prompt A} /D® | 0.49 +0.06( stat )*0% (syst) 0.124 +0.016

for lower pr (e.g., a factor three is predicted at pt =~ 400 MeV/c). A similar behavior is obtained with the
Mode 0 configuration. Instead, the Mode 3 (third panel of Fig. 4.48) underestimates the ratio for charm
hadrons for pt < 12 GeV/c and overestimates that of beauty hadrons in the same pr interval. In the
lower panel of Fig. 4.48, the prompt and non-prompt A} /DY ratios are compared with predictions from
the statistical hadronization model TAMU [254]. In this model, the branching fractions of charm and
beauty quarks to the different hadron species are assumed to follow the relative thermal densities calcu-
lated with the statistical hadronisation model and an enriched set of beauty-hadron states is obtained from
the relativistic-quark model [215]. In particular, the non-prompt ratio prediction is obtained by folding
the beauty-hadron cross section with the decay kinematics obtained from PYTHIA 8. The non-prompt
A/ D ratio is well described for pt > 4 GeV/c, while it is underestimated for 2 < pr < 4 GeV/c. The
prompt ratio is in agreement within the uncertainties for the whole measured pr interval. The features,
observed in all model comparisons, indicate that more precise measurements of the baryon-to-meson ra-
tios, especially at low pr (e.g., pr < 2 GeV/c¢), for heavy-flavor hadrons are crucial for tuning the model
parameters involving the reconnection of quarks via junction topologies and to possibly validate this as

the mechanism of the baryon enhancement observed in hadron collisions compared to e*e™ collisions.

The pr-integrated non-prompt A} /D° yield ratio was computed by dividing the pr-integrated cross
sections reported in Tab. 4.12. All the systematic uncertainties, except for those related to the tracking
efficiency, were propagated as uncorrelated in the ratio. The resulting value is compatible with the one
measured for promptly produced particles and significantly higher than that measured in e*e™ collisions

at LEP [212]. All the values are reported in Table 4.13.
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Figure 4.48: Non-prompt A} /D°, prompt A}/D° [235], and A/K? [253] production ratios measured in pp collisions at

/s = 13 TeV compared with predictions obtained with the PYTHIA 8 MC generator, tuned on three different sets of
parameters [131, 173], and with the TAMU model [254].
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5 Elliptic flow of non-prompt DY in Pb — Pb collisions at
VSNN = 5.02 TeV

The azimuthal anisotropy in the momentum distribution of final state hadrons acts as an addi-
tional effective observable to probe the properties of the QGP. In non-central nucleus—nucleus col-
lisions the spatial anisotropy in the initial matter distribution due to the asymmetry of the nuclear-
overlap region is transferred to the final momentum distribution via multiple collisions, a phenomenon
referred to as anisotropic flow [21, 33]. The anisotropic flow is quantified by the harmonic coefficients
vy = (cos[n(p—",)]) of the Fourier expansion of the particle azimuthal angle (¢) relative to the collision
symmetry planes with angles (¥,) for the n'" harmonic. The second harmonic, called elliptic flow v, is
the largest coefficient in non-central heavy-ion collisions. The heavy-flavour v, can help to quantify the
extent to which charm and beauty quarks participate in the collective expansion of the medium at low
pt (pT < 6 GeV/c) [116], and the fraction of heavy quarks hadronising via recombination with light
quarks in the QGP medium in the intermediate pt region (6 < pr < 10 GeV/c) [117, 118]. Instead,
the v, of heavy-flavour hadrons can constrain the in-medium heavy-quark path-length dependence of

energy loss at high pt (pr > 10 GeV/c) [112, 113].

D mesons and charm-hadron decay leptons show a positive v, in nucleon-—nucleon collisions at both
RHIC [89, 255-257] and LHC [120, 125, 258-265] energies. The comparison of data measurements
with theoretical models indicates that charm quarks participate in the collective expansion of the medium
and both collisional processes and the hadronisation of charm quarks via coalescence with light quarks
are important to describe the observed elliptic flow [104, 115, 266—272]. In particular, the D-meson v,
has a similar magnitude as the v, of charged pions for 3 < pr < 6 GeV/c, suggesting that low-pt charm
quarks have a relaxation time compatible to the QGP lifetime [103]. Due to their higher mass, beauty
quarks are unlikely to reach thermalisation in the medium, therefore their azimuthal anisotropy can give
further insight into the interactions of heavy quarks with the medium [120, 273-276]. The experimental
information is still poor for low-momentum beauty-hadron v,. The elliptic flow of J/y mesons orig-
inating from beauty-hadron decays (non-prompt) measured by the CMS and ATLAS collaborations is
consistent with zero within large uncertainties for pr > 3 GeV/c [277, 278]. The v, of leptons from
beauty-hadron decays measured by ALICE and ATLAS is found to be positive [157, 158]. However,
due to the small lepton masses, the correlation of pt and direction between the beauty hadrons and the

decay leptons are broad. This is improved when choosing a decay into a heavier particle.
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In this chapter, the measurement of non-prompt D°-meson v, at midrapidty (|y| < 0.8) in Pb—Pb
collisions at a centre-of-mass energy per nucleon pair y/syy = 5.02 TeV with the ALICE detector is
reported. The D°-meson v, is measured with the Scalar Product (SP) method in the 30-50% centrality
class. The non-prompt D’-meson v, is extracted and compared with previous measurements of non-
strange D-meson v, and v, of electrons from beauty hadron decays, as well as with theoretical models

based on beauty-quark transport in the QGP.

5.1 Event selection and data samples

The events used in the analysis were recorded with a minimum bias (MB) trigger. An online se-
lection based on the VO signal amplitudes was also applied in order to enhance the sample of mid-
central collisions as an additional trigger class. Background events from beam—gas interactions were re-
jected offline using the timing information provided by the VO and the neutron Zero-Degree Calorimeter
(ZDC) [279]. Events used in the analysis were required to have a primary vertex reconstructed within
+10 cm from the centre of the nominal interaction point along the beam axis. Centrality intervals for
events were defined in terms of percentiles of the hadronic Pb—Pb cross section based on the signal
amplitude of the VO detectors [23]. After the aforementioned selections, a sample of about 85 x 10°
events in the 30-50% centrality class was utilised for further analysis, corresponding to an integrated
luminosity of L, =~ 56 ub~! [280]. The Monte Carlo samples utilised in the analysis were obtained

simulating Pb — Pb collisions with the HIJING v1.383 generator [ | 74] as discussed in Sec 2.4.

5.2 Candidate selection and v, extraction

The DY mesons and their corresponding charge conjugates were reconstructed using the hadronic
decay channel D® — K~n* (with a branching ratio of BR = (3.947 + 0.030)%)[178]. To select the
DP-meson candidates, pairs of tracks were combined with appropriate charge signs, each having pr >
0.3 GeV/c and || < 0.8, with at least 70 (out of 159) associated space points in the TPC and a minimum
of two hits (out of six) in the ITS, with at least one hit in either of the two innermost layers. The track
selection criteria decrease the D°-meson acceptance in rapidity, which drops steeply to zero for |y| > 0.5
at low pr and for |y| > 0.8 for pt > 5 GeV/c. Therefore, a fiducial acceptance selection |y| < ygq(pT)
was applied to ensure a uniform acceptance within the considered rapidity range. The ygq(pT) value
was defined as a second-order polynomial function, increasing from 0.5 to 0.8 for 0 < pr < 5 GeV/c,

and as a constant term, ygq4 = 0.8, for py > 5 GeV/c.

The multi-class classification based on Boosted Decision Trees (BDT) was adopted to simulta-

neously suppress the large combinatorial background and to separate the contributions of prompt and
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non-prompt D mesons. Samples of prompt and non-prompt D® mesons for the BDT training were ob-
tained from Monte Carlo (MC) samples. Samples for the combinatorial background were obtained from
candidates in the sideband region in the data, i.e. 500 < |AM| < 90 of invariant mass distribution,
where AM 1is the difference between the invariant mass and the mean of signal distribution, o is the
invariant-mass resolution. Before the training, loose selections on kinematic and topological variables
were applied to the D’-meson candidates to reduce the computation time. The distribution of training

variables from signal and background are shown in Fig. 5.1.
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Figure 5.1: Distributions of training variables, invariant mass, and py for prompt D° mesons, non-prompt D meson, and
combinatorial-background candidate variables in the 2 < pr < 3 GeV/c interval.

The provided variables to the BDTs were mainly based on the displacement of the tracks from
the primary vertex. This includes, the impact parameter of the D°-meson daughter tracks, the distance
between the D’-meson decay vertex and the primary vertex, and the cosine of the pointing angle between
the D’-meson candidate line of flight (the vector connecting the primary and secondary vertices) and its

reconstructed momentum vector, as well as the PID information of the decay tracks.

The ROC curves and the values of ROC AUC, obtained on test set, for the models trained for D°
meson in the all pt interval is reported in Fig. 5.2. Independent BDTs were trained in the different pt
intervals of the analysis. Subsequently, the BDTs were applied to the real data sample to obtain the

BDT output scores related to the candidate probability to be a non-prompt D°-meson or a combinatorial
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background. Selections were applied on the scores to reduce the large combinatorial background and to

obtain different fractions of non-prompt D candidates.

The D%-meson v, coefficient was measured with the Scalar Product (SP) method [281-283],

A Q_? . QB* . QC*
v2{SP} = ((u> - Q—>>/ (i i) G >

(5.1)

QB Qc*>
MB

where u, = e?2#0 is the unit flow vector of the D-meson candidate with azimuthal angle ©po- Q’Z‘ and
MK are the subevent 2" harmonic flow vector and multiplicity for the subevent k, respectively. The
denominator, called resolution (R), is calculated with the formula introduced in Ref. [281], where the
three subevents, indicated as A, B, and C, are defined by the particles measured in the VOC, VOA, and
TPC detectors, respectively. For the TPC detector, the azimuthal angles of charged tracks reconstructed
with |7| < 0.8 and the number of measured tracks were used to calculate the Q5 vectors and M, respec-
tively. For the VOA and VOC detectors, the O, vectors were calculated from the azimuthal distribution
of the energy deposition in the detector sectors and M is the sum of the amplitudes measured in each
channel [120]. The Q, vectors are recalibrated using a recentering procedure [284] to correct effects
of non-uniform acceptance. To test the calibration of the VO, the event-plane angle distribution was
checked to be flat within 2%-3%, while the TPC event-plane angle distribution within less than 0.1%,
as shown in Figs. 5.3. The single bracket () in Eq. 5.1 refers to an average over all the events, while the
double brackets (()) denote the average over all particles in the considered pr interval and all events.
The R, is extracted as a function of the collision centrality for the second harmonics in the 30-50%

centrality classes is shown Fig. 5.4.

The D%-meson v, cannot be measured directly using Eq. 5.1 since D? mesons cannot be identified
on a particle-by-particle basis. Therefore, a simultaneous fit to the invariant-mass spectrum and the
v, distribution as a function of the invariant mass (Mpo) was performed in each pr interval for D°

candidates, in order to measure the raw yields and the v, coefficients. The measured total elliptic flow

t i

coefficient, vto can be written as a weighted sum of the v, of the D’-meson candidates vS £, and that of

background v2 £[285] as

Nsig ka

bk
vy (Mpo) = vye (Mpo) + v, g(MDO)m

V2 NeiE 7 bR (Mpo), (52)

where N*2 and NP are the raw signals and background yields, respectively. The fit function for the

D°-candidate invariant-mass distribution was composed of a Gaussian term to describe the signal and
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Figure 5.2: ROC curves for the models trained for D° meson in the all pr interval. Top three are(from left to right):
2 <pr<3GeV/ec,3 < pr <4GeV/c,4 < pr <5 GeV/c. bottom three are(from left to right): 5 < pr < 6 GeV/c,
6 < pr <8GeV/c,8 < pr < 12GeV/c.
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Figure 5.3: Full VO, VOA, VOC (left panels) and and TPC | < 0.8, TPC 0.0 < < 0.8, TPC -0.8 < 57 < 0.0 (left
panels) event-plane distributions for the 2" harmonic in the 30-50% centrality classes.
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Figure 5.4: Resolution terms for the SP methods as a function of centrality, in the 30-50% centrality class.

an exponential distribution for the background. The contribution of signal candidates with the reflected
K- mass assignment was taken into account with an additional term. It was parameterised by fitting the
simulated invariant-mass distribution with a double Gaussian function. In the simultaneous fit, the v,
parameter for the candidates with wrong K- mass assignment was set to be equal to v;ig , provided that

sig

the origin of these candidates are real D° mesons. The v,

is measured from the fit to the v5* distribu-

Ok i5 a linear function for pr > 3 GeV/c. For pr <3 GeV/c,

tion with the function of Eq. 5.2, where v,

a second-order polynomial function was used to parametrise vgkg . Different selections on the BDT
output scores were applied in order to obtain samples with different non-prompt D°-meson fractions
(fnon-prompt)- Figure 5.5 shows an example of the simultaneous fit to the invariant-mass spectrum and
v (Mpyo) with low (left panel) and high (right panel) non-prompt D%-meson candidate probability se-

lections in 3 < pt < 4 GeV/c in the 30—50% centrality class.
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Figure 5.5: Simultaneous fits of the invariant-mass distribution and v{ (M) of D® mesons in 3 < pr < 4 GeV/c. Left
panel: fits using D° meson candidates with low probability to be a non-prompt D°-meson. Right panel: fits using D°
meson candidates with high probability to be a non-prompt D°-meson. The corresponding BDT score selection for the
measured raw yield is reported. The blue lines, the dotted red curves, and the green solid lines represent the total, the
combinatorial-background fit functions, and the contribution of the reflected signal, respectively.
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5.3 Non-prompt D v, extraction

sig

The reconstructed D°-meson signals are a mixture of prompt and non-prompt D° mesons. The v,

is therefore a linear combination of prompt (vgrompt) and non-prompt (vgon'pmmpt) contributions, which
can be expressed as

V38 = (1= faonpromp) V5 ™™ + froneprompVy T, (5.3)
where fhon-prompt 15 estimated as a function of pr with a data-driven method, which is based on the
construction of data samples with different abundances of prompt and non-prompt candidates. A set
of raw yields ¥; (index i refers to a given selection on the BDT output) can be obtained by varying the
selection on the BDT output, which is related to the candidate probability to be a non-prompt D° meson.

These raw yields are sensitive to the corresponding acceptance times efficiency (Acc X €) of prompt and

non-prompt D° mesons as follows

(ACC X E)iprompt - N, prompt + (ACC X E)?on—prompt - N, non-prompt ~— Y, = 6;, (5-4)

where 6; represents a residual that accounts for the equation not holding exactly due to the uncertainties
on ¥, (Acc x €)7" "™ and (Acc x €)™, In the case of n > 2 sets of selections, the corrected
yields of prompt (Nprompt) and non-prompt (Nyon-prompt) DY mesons can be obtained from Eq. 54 viaa
x? minimisation. More details can be found in Ref. [63]. The Fig. 5.6 shows an example of the raw-
yield distributions as a function of the minimum non-prompt D°-meson BDT probability threshold used
in such a y?-minimisation procedure in 3 < pr < 4 GeV/c for the 30-50% centrality class. The raw
yield decreases with the increasing minimum threshold for the probability to be a non-prompt D® meson,

corresponding to an increasing non-prompt D°-meson fraction. The prompt and non-prompt components

of the raw yields for each BDT-based selection obtained from the y?-minimisation approach, (Acc x

prompt non-prompt
€); €);

X Nprompt and (Acc x X Nnon-prompt> are shown in the histograms with red and blue
colour, respectively, and their sum is reported by the green line. Nyon-prompt and Nprompe €an be used to
estimate the non-prompt D°-meson fraction in the raw yield for any set of selections i as follows

(ACC X 6)?on-prompt o\ non-prompt

non-prompt prompt
(ACC X E)i : Nnon—prompt + (ACC X E)i : Nprompt

; (3.5

i —
f non-prompt —

5.3.1 Linear fit with correlated cut sets
As discussed in Section 5.2, XGBoost’s multi-class classification algorithm can separate the three

contributions (prompt D, non-prompt D, and combinatorial background). Therefore, the candidate
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Figure 5.6: Example of the raw-yield distribution as a function of the minimum non-prompt D°-meson BDT probability
threshold to determine the non-prompt D°-meson fraction in 3 < pr < 4 GeV/c.

samples can be classified as prompt-enhanced and non-prompt-enhanced based on their output scores.
Fig .5.7 shows example plots for different BDT selection strategies. On the left side, the sub-samples
selected based on the non-prompt output score are correlated, i.e., each selection is a sub-sample of the
previous selection from left to right. This strategy is used to estimate the non-prompt fraction in the
cut variation method. However, the statistical error propagation is incorrect with a linear fit when using
this correlated cut method to estimate the final non-prompt D° v,. Thus, this method is only used to
cross-check the central value for the non-prompt D® v,. On the right side, independent samples are
selected based on the non-prompt output score using an uncorrelated cut. The v;ig is calculated using
three or four independent samples along with their associated non-prompt D° fractions. The final results
are extrapolated to fnon—prompt = 0 and fron—prompt = 1 using a linear fit according to Eq. 5.5, in order to
obtain the v values for prompt and non-prompt D° mesons, respectively. The cut variation method can

extract fprompt and fron—prompt for each sample.

To cross-check the central value for the non-prompt D° v,, we utilized a linear fit with correlated
cut sets. Fig. 5.8 displays the six bins of correlated cuts, and we fitted these cut sets using the linear fit
and extrapolated to 1 to obtain the non-prompt D v,. The linear fit was found to perform very well with

the correlated cuts. Fig. 5.9 displays the v, values for prompt and non-prompt D° mesons in different
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Figure 5.7: Right panel: the selection based on the correlated cut. Left panel: the selection based on the uncorrelated cut.

pr intervals.

5.3.2 Linear fit with uncorrelated cut sets

The total samples can be divided into several independent samples based on the uncorrelated cut,
these subsamples can be used for both fron—prompt calculation and prompt and non-prompt DO v, sepa-
ration. For each pt interval, the full data sample is divided into independent ones by selecting different
ranges of Feed-down BDT score, which allows the variation for fion—prompt to be big enough for each
sub-sample. Currently, only three or four sub-samples can be obtained to guarantee the chi2/ndf is good
enough for the non-prompt D v, extraction. The Tab. 5.1 show the BDT selections for the independent
samples used to do the linear fit. The advantage of using independent samples is that we will not suffer
from the problem of error propagation. But as the numbers of subsamples are limited, the fuon—prompt
calculated with these subsamples fluctuated, as shown in Fig 5.10. Thus the fyon—prompt Values are still
extracted with corrected cut sets. One can use the first-order polynomial fit the ngs as a function as
Jnon—prompt distribution. 1o~ confidence interval obtained from the linear fit, which is considered as the
statistical uncertainties of the v;ig. Figs. 5.11 show the D° v$® distribution with the dependence of the
non-prompt fraction in the 6 pt bins of uncorrelated cuts. Figs. 5.12 are shown the final non-prompt D°
v2 from the fit with fon—prompe = 1, and also the prompt DY v, from the fit with Sprompe = 0 (left panel).
And the comparison results between uncorrelated cuts fit and correlated cuts fit are also shown in right

panel, the central values between these two methods are consistent.
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Figure 5.8: Non-prompt v, distribution with the dependence of the f,,5,— promp: With the correlated cuts for the 6 pr in
the 30-50% centrality class.

N 0.35 TTTT LI TTTT TTTT LI TTTT TTTT LI LI TTTT
> L B
0.3 ~e- Non-prompt v,

E -o- ]

0.250 Prompt v, =
0.2 -
e ]
0.15¢— —— -

o.1§ _+_ —— ]
o.os%__+_ +_+_ ¥ é

o ]

| \\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
0'052 3 4 5 6 7 8 9 10 11 12

P GeV/c

Figure 5.9: Central value estimated of prompt and non-prompt v, based on the fit method in the 30-50% centrality
classes(dummy error bar).
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Figure 5.11: v;ig as a function of fon-prompe- The blue band represents the 1o~ confidence interval obtained from the linear
fit.
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Table 5.1: BDT score cuts for the background and FD in the pr intervals

pr interval (GeV/c) [2,3] [3, 4] [4,5] [5, 6] [6, 8] [8, 12]
Score (bkg) < 0.001 0.002 0.003 0.004 0.02 0.5
Score (FD) interval I [0, 0.65] [0, 0.55] [0, 0.60] [0, 0.52] [0, 0.50] [0, 0.30]
Score (FD) interval 2 [0.65, 0.85]  [0.55,0.70] [0.60, 0.80] [0.52,0.75] [0.5,0.70]  [0.30, 0.45]
Score (FD) interval 3  [0.85, 1.00] [0.70,0.88] [0.80,0.94] [0.75,0.94] [0.70,0.90] [0.45,0.76]
Score (FD) interval 4  [0.85, 1.00]  [0.88, 1.00] [0.94, 1.00] [0.94,1.00] [0.90,1.00] [0.76, 1.00]
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Figure 5.12: Prompt and non-prompt v, based on uncorrelated cuts with the fit method in the 30-50% centrality classes
(left), right panel show the comparison result between uncorrelated cuts fit and correlated cuts fit.
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5.4 Systematic uncertainties

Four major sources of systematic uncertainties were considered for the measurement of the non-
prompt D’-meson v5: (i) the signal extraction from the invariant-mass and v distributions; (ii) the non-
prompt fraction estimation; (iii) the D-meson pt shape in the simulation; (iv) the centrality dependence

of the SP denominator.

5.4.1 Fit procedure

The systematic uncertainty of the signal extraction from the invariant-mass and v5* distributions
was evaluated by repeating the simultaneous fit with different configurations. In particular, the fit range,
signal width and background fit functions used for the invariant-mass and vtzot distribution were varied,

the details shown in Tab. 5.2. The systematic uncertainty was defined as the RMS of the distribution of

the resulting vgon'p "M sbtained from all these variations as presented in Figs. 5.13.

Table 5.2: Configuration of the fit procedure.

DY meson Configuration

Rebin [1’27 3,45 5]]

Inv.Mass min [GeV/c? ] | [1.70, 1.71, 1.72, 1.73, 1.74]

Inv.Mass mas [GeV/c? ] | [2.02,2.03, 2.05, 2.06, 2.07]

Bkg function of mass [Expo, Lin, Pol2]

Bkg function of v, [Lin, Pol2]

2<pr<3GeV/c 3<pr<4GeV/c 4 <pr<5GeVic

5<pr<6GeV/c 6 <pr<8GeV/c

fl o3
“'m

ERET RN NN ) N ) ERETREE N N )

Figure 5.13: Non-prompt D° v, as a function as multi-trials based on the different fit parameters

542 fion—promp: calculation

To estimate the systematic uncertainty due to the non-prompt fraction estimation, we varied the cut

sets used in the cut variation method. We considered wider and narrower scan intervals on prob(non-
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prompt) and smaller and larger steps between the chosen cut sets. The values of fhon-prompt Obtained for
each variation in each pr interval are presented in Figs. 5.14 for the independent samples. We assigned
the systematic uncertainty by considering the RMS and shift of the trials relative to the central value of

the non-prompt D° v, estimated by the linear fit. The results are shown in Fig. 5.15.
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Figure 5.14: fion-prompt distribution as a function as pr with the different configuration of the points (right for each panel)
and the ratio between fionprompt Of trials and the default value(left for each panel).
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Figure 5.15: The non-prompt D° v, distribution as a function as pr with the different configuration (right) and the ratio
between non-prompt D v, of trials and the default value(left).

5.4.3 MC pr shape

The systematic effects due to a possible difference between the real and simulated pt spectra, were

estimated by applying different weights to the pr distributions of prompt D mesons and of mother
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beauty hadrons in case of non-prompt D° mesons. For the nominal selection criterion, the weights
were defined to match the shape given by FONLL in pp collisions [49, 58] multiplied by the nuclear
modification factor (Raa) prediction from the TAMU model [267]. The FONLL multiplied by Raa
from LIDO model [286] was used as an alternative shape for the systematic evaluation. Meanwhile,
the effect due to beauty-hadron v, resulting the modification of the mother pt spectra, was found to
be negligible with respect to the assigned pt shape systematic uncertainty. The pt shape for the two
models and the weight for charm and beauty are shown in Fig. 5.16 and Fig. 5.17, respectively. The
Jron-prompt distribution as function as pt with the different pt shape is reported in Fig. 5.18. The effect

of pr re-weight are reported in Fig. 5.19.

£ lgrrrrrrre o 2.0
S E T o ]
6 10_1'_ —— Default ] x 1.8 -
E —— FONLL x R, (TAMU)3 1 6:—4 B

—— FONLL x R, (LIDO) ] TR ]

102F 3 144 E
F L2 ——— — — — — —]

oL Eos ]
107 0.8 % -
E 0.4F 3
10 : ]
F 0.2 3

] I T T I e I e | 0.0: |

10 0 10 15 20 25 30 35 0 5 10 15 20 25 30 35
P, (GeVic) P, (GeVic)

Figure 5.16: pr distributions for the two models (right) and the weight for the prompt D°.

5.4.3.1 pr shapes in plane and out of plane

Charm and beauty v, will lead the number of particle asymmetric between in and out plane, which
is not simulated in MC. It will affect the pt shape. So this effect will be evaluated by using the different
pr shapes from in and out plane. There is an alternative method to calculate the v, by extracting the

signal in two A¢ intervals, namely in-plane and out-of-plane. The v, can be given by

1 nNip —Noor

vy = 5.6
Ry 4 Nip + Noor (5:6)
Therefore the ratio between N;p (Noop) and Nyp + Npoop can express by
N, 1 2
w2 (5.7)

Nip+Noop 2 e
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Figure 5.18: fuon-prompt distribution as a function as pr with the different pr shape of the points.
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Figure 5.19: The non-prompt D° v, distribution as a function as pr with the different py shape (right) and the ratio
between non-prompt D° v, of LIDO model and the default value(left).

Consequently, we can obtain different ratios between Nyp (Noop) and Nyp + Noop from charm and
beauty hadron with different theoretical models. Figs. 5.20 shows the prompt D and B-meson v, as
function as pt predicted by TAMU (left) and LIDO (right) model. Figs. 5.21 shows the ratios between
Nip (Noop) and Nyp + Noop with respect to charm and beauty hadron. The pt shapes in plane and
out of plane can be obtained from the default pt shapes scaling with the ratios, the weights from the
models shown in Figs. 5.22. Then the possible effect from the different pt shapes of in and out plane
is shown in Figs. 5.23 estimated by TAMU model and Figs. 5.24 estimated by LIDO model. The result

indicates that the effect is minor (less than 1 %).
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Figure 5.20: Prompt D and B-meson v, as function as pt predicted by TAMU (left) and LIDO (right) model.
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Figure 5.21: The ratios between N;p (Noop) and N;p + Noop With respect to charm and beauty hadron as function as
pr predicted by TAMU (top) and LIDO (bottom) model.
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Figure 5.22: The pr weights for in and out of plane for charm (left) and beauty (right) from TAMU (top) and LIDO
(bottom) model.
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Figure 5.23: The possible effect from the different pr shapes of in (top) and out (bottom) plane is estimated from TAMU
model.
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Figure 5.24: The possible effect from the different pr shapes of in (top) and out (bottom) plane is estimated from LIDO
model.
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5.4.4 Scalar product denominator

The contribution of the SP denominator R, to the systematic uncertainty is due to the centrality
dependence. It was evaluated as the difference of the centrality integrated R, values with those ob-
tained from weighted average R, values in narrow centrality intervals using the D°-meson yields as

weights [120].

5.5 Statistic uncertainty estimate using Jackknife method

Jackknife method [287] is applied to reduce the bias and to prove that interested estimation pa-
rameter is a true unbiased estimator of the population parameter samely interested. If there is a sample
x = (x1,x2,X3, ...,X,) and an estimator 0= s(x). The basic idea of the jackknife method is to calculate

the estimator by sequentially deleting a single observation from the sample:

Xi = (xl,x2,x37--~,xi—19xi+1,--~,xn), (59)

where i = 1,2, 3, ...., n, represent the jackknife samples. The i th jackknife sample consists of the data
set with the i th observation removed. Let §; = s(x;) be the ith jackknife replication of 6. The jackknife

estimate of standard error defined by

o= [”; ! D@y - 0,1 (5.10)

where 8, () 1s the mean of estimator. If the estimator is not smooth, the delete-1 jackknife method may
lead to an inconsistent variance estimator [287]. Therefore, the delete-d jackknife method is developed
to fix this problem. So the size of a delete-d jackknife sample is (n-d), and there are (Z) jackknife

samples. The standard error of delete-d jackknife given by

o= [# Z(g(i) — 601" (5.11)
d(y)

where 5(,) is the mean of estimator in all subsets, :zt(_'% is the scale factor of the RMS.
d

In this analysis, we re-sample the data with sub-samples randomly based on the FD score. The
number of sub-samples varied with 12, 15, 20 and 40 shown in Figs. 5.25. Then we can repeat the
analysis with the (Z) jackknife samples. Finally, the o can be estimated by RMS of the non-prompt

D? v, distribution of the new samples scaling with ;‘(_n”;. The Full procedure is shown in Figs. 5.26.
d
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More details can be found in Figs. 5.29 and Figs. 5.30 with respect to the non-prompt D v, distribution

using (%g) jackknife samples for correlated cut fits and the uncorrelated cut fits. Then to avoid the bias

of RMS estimation, a Pol0 function was used to fit the non-prompt D° v, distribution as a function as

trials (shown in Figs. 5.27 and Figs. 5.28). Therefore the RMS values were extracted from this fit.

The delete-d jackknife test is performed to check the statistic uncertainties in this analysis. We varied

the deleted numbers and the size of sub-samples to estimate the statistic uncertainty for each pt bin.

Figs. 5.31 shows the statistic uncertainty as a function as pt for each configuration. The black solid line

represents the default statistic uncertainty from the uncorrelated cut fit. Although there are some fluc-

tuations, We find the default values are not only consistent with the uncorrelated cut from the jackknife

method but also the correlated cut from the jackknife method among all pr intervals.
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Figure 5.26: Full procedure of the delete-d jackknife test in non-prompt D° v, analysis.
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Figure 5.27: Non-prompt D° v, distribution using (%g) jackknife samples based on the correlated cut fit.
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Figure 5.28: Non-prompt D° v, distribution using (|7) jackknife samples based on the uncorrelated cut fit.
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Figure 5.29: Non-prompt D° v, distribution as function as trials using (fg) jackknife samples based on the correlated cut
fits.
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Figure 5.30: Non-prompt D° v, distribution as function as trials using (fg) jackknife samples based on the uncorrelated
cut fits.
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Figure 5.31: Non-prompt D° v, distribution as function as trials using (fg) jackknife samples based on the uncorrelated
cut fits.
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5.6 Results and discussion

The measurement of the non-prompt DY-meson elliptic flow is shown in Fig. 5.32 as a function
of pr at midrapidity (]y| < 0.8) in the 30-50% centrality class. the weighted mean of non-prompt D°-
meson v, in the measured pt range (2 < pr < 12GeV/c)is 2.70 above 0. No significant pt dependence
of the v, is observed considering the uncertainties. In the left panel of Fig. 5.32, the non-prompt D°-
meson v, is compared with the average of prompt non-strange D-meson v, [120]. The significance of
the difference between these two measurements is 3.20" in 2 < pt < 8 GeV/c, indicating a different

degree of participation to the medium collective motion between charm and beauty quarks.

The measured v, of non-prompt D® mesons is compared with several theoretical models includ-
ing beauty-quark transport in a hydrodynamically expanding medium [272, 286, 288-293] in the right
panel of Fig. 5.32. All calculations include collisional interactions between beauty quarks and medium
constituents. In addition, the LBT [272, 289], LIDO [286, 293], LGR [290], and Langevin [291, 292]
models also include radiative processes. Beauty-quark hadronisation via coalescence is considered for
all models, in addition to the fragmentation mechanism. Although the models are implemented with dif-
ferent assumptions on the interactions in the QGP and hadronic phases and on the medium expansion,

all of them provide a fair description of the measurement within uncertainties.

& | Trie thac: 1 & [T . ]
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Figure 5.32: Left: non-prompt D°-meson (blue points) and prompt average non-strange D-meson (red points) v, as a
function of pr in 30-50% Pb—Pb collisions at /syy = 5.02 TeV. Statistical uncertainties are shown as vertical lines and
systematic uncertainties as boxes. Right: non-prompt D°-meson v, compared with model calculations [272, 286, 288—
293].

Fig. 5.33 shows the comparison between the v, of electrons from beauty hadron decays and the

non-prompt D%-meson v, measurements. They are compatible in the common pr interval within un-
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Figure 5.33: Non-prompt D°-meson (black points) and electrons from beauty hadron decay (cyan points) v, as a function
of pr in 30-50% Pb—PDb collisions at /syy = 5.02 TeV, compared with the LIDO model predictions [286, 293].

certainties. The LIDO model provides reasonable descriptions for these measurements, reproducing the
weak pr dependence. The good agreement with the B-meson v, prediction from LIDO indicates that

the decay kinematic effect is small for beauty-hadron v, measurements.

The simultaneous study of v, and Raa can provide valuable insights into the interaction of beauty
quarks with the QGP. The spatial diffusion coefficient (Dy) for heavy flavor, which characterizes their
motion through a stochastic Langevin process [39], can be varied in different Langevin models to de-
scribe the data shown in Figs. 5.34. This allows for a more comprehensive investigation into the behavior
of heavy quarks in the QGP. However the limited statistics from Run 2 data can’t allow for firmer con-
clusions. The measurement is important for the understanding of the degree of thermalisation of beauty
quarks in the QGP. Future data samples to be collected with the upgraded ALICE detector in Run 3,
will allow for higher precision non-prompt D°-meson v,, together with the non-prompt D°-meson Rxx

measurements [294].
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Figure 5.34: Non-prompt D°-meson v, and Ra4 as a function of pr in 30-50% Pb—Pb collisions at /sy = 5.02 TeV,
compared with the Langevin model predictions [291, 292].
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6 Conclusions and Perspectives

The four data analyses presented in this thesis contribute to the investigation of the charm and
beauty quark hadronization mechanism and dynamics in hadronic collisions at the LHC. The measure-
ments related to open charm hadrons performed with the data in pp collisions at a centre-of-mass energy
of y/s = 13 TeV and in Pb — Pb collisions at a centre-of-mass energy of y/sxy = 5.02 TeV. In the case of
pp collisions, the size dependence of open heavy hadron production is studied through the measurement
of the prompt A} baryon and non-prompt D-meson fraction as a function of multiplicity. The A} (D)
candidates are reconstructed through the harmonic decay channels A} — pK(S) (DY — K~ x*) in various
multiplicity bins, which are estimated using the forward multiplicity estimators of the VOM detector.
Additionally, the non-prompt D° production cross-section is also measured using minimum bias trig-
gered events. For Pb — Pb collisions, the thesis presents the first measurement of non-prompt D? elliptic
flow in ALICE. In all the measurements, the Machine-learning approach Boost Decision Tree (BDT)
is adopted to suppress the combinatorial background and separate the prompt and non-prompt with the

multi-classification algorithm provided by the XGBoost library for non-prompt D® meson analysis.

Together with the D} and DY, the first measurement of DY /D and A /D ratios as a function of
charged-particle multiplicity in pp collisions at v/s = 13 TeV was presented. The pr-differential D} / DY
yield ratio does not show a dependence on multiplicity, within uncertainties. In contrast, the charm
baryon-to-meson ratio, Al / DY, measured as a function of pr, shows a significant increase (5.30°) when
comparing the measurements performed in the lowest and highest multiplicity intervals in 1 < pt <
12 GeV/c. In addition, the A} /DO ratio measured in the lowest multiplicity interval ((dNep, /dn) = 3.1)
is higher, at low and intermediate pr, than the values measured at e*e™ colliders at lower centre-of-mass
energies. These observations imply a modification of the hadronisation mechanisms that is collision-
system and multiplicity dependent, further confirming the limited validity of the assumption of univer-
sality of the fragmentation functions. The measurements are compared with two calculations. Those
based on PYTHIA with CR-BLC describe the Df /D” measurements and capture the trend of the A} /D°
ratio, qualitatively describing the increasing magnitude of the baryon-to-meson ratios with multiplicity.
Calculations based on a statistical hadronisation model, with the multiplicity dependence originating
from the canonical treatment of quantum-charge conservation, describe the A} /D° measurements in the
lowest and highest multiplicity intervals. The prediction is also in agreement with the D} /DY ratio for
the low multiplicity interval, while it overestimates the data in the high-multiplicity class. The baryon-

to-meson ratios in the charm sector, A¢/ DY, are also compared to those in the light-flavour sector, A/K?,
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in similar multiplicity classes, showing a remarkably similar trend as a function of pr and similar en-
hancement with (dN.,/dn). These similarities hint at a possible common mechanism for light- and
charm-baryon formation in pp collisions at LHC energies. The pr-integrated A}/D ratios, extrapo-
lated to pT = 0 based on spectral shapes from PYTHIA with CR-BLC, show no significant dependence
on multiplicity, suggesting that the increase in the baryon-to-meson yield ratio observed in the mea-
sured pt range is due to a different redistribution of pt between baryons and mesons, rather than to an

enhancement in the overall baryon yield.

The fractions of the D and D* mesons originating from beauty-hadron decays, fuon-prompt, Were
measured at midrapidity (|y| < 0.5) in pp collisions at 4/s = 13 TeV in events with at least a charged
particle at midrapidity (INEL > O class of events) and as a function of charged-particle multiplicity
and transverse momentum. Events with different charged-particle multiplicities were selected as per-
centiles of the INEL > 0 cross section based on the charged-particle multiplicity counts in the ALICE
VOA and VOC at forward and backward rapidity. The D* and D fyon-prompt Were observed to slightly
increase from about 5%-7% for 1 < pt < 3 GeV/c to about 10% for 8 < pr < 24 GeV/c. The ratios
frig}‘ll_;)mmpt / fl}gl%rzglpt are compatible with unity both as a function of pt and charged-particle multiplic-
ity, suggesting either no or only a mild multiplicity dependence. This finding suggests a similar pro-
duction mechanism of charm and beauty quarks as a function of multiplicity. The measured fnon-prompt
values are compared to predictions obtained with different MC generators. The EPOS 3 and EPOS 4
generators tend to underestimate the measurements, while PYTHIA 8 with different tunes, including the
colour reconnection mechanism beyond leading colour approximation and colour ropes, slightly over-
estimates the data. The variation of fyon-prompt With multiplicity is satisfactorily described by the MC
simulations except for the 4 < pt < 6 GeV/c interval, where the EPOS 3 generator predicts a significant
increase. In all the considered pr intervals, the CR-BLC Mode 3 tune of PYTHIA 8 foresees a decrease
at high multiplicity. In that tune, this decrease with increasing multiplicity is motivated by an interplay
between an increased fraction of charm quarks hadronising into mesons and an increased fraction of
beauty quarks hadronising into baryons and is not favoured by data. The ratio is

also described well by the CGC model.

mult / INEL>0
non-prompt/ J non-prompt

The pr-differential and pr-integrated production cross sections of non-prompt A and D° hadrons
were measured for the first time at midrapidity in pp collisions at 4/s = 13 TeV. The results are com-
patible with the theoretical models based on FONLL calculations and the PYTHIA 8 decayer. For the
A} baryon, the beauty-quark fragmentation fraction measured by LHCb was used for the model predic-

tion, suggesting a similar beauty-baryon enhancement at forward and midrapidity in pp collisions. The
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extrapolated bb production cross section at midrapidity per unit of rapidity is found to be compatible
with pQCD calculations with FONLL and NNLO accuracy. The measured baryon-to-meson ratios of
strange, charm, and beauty hadrons are found to be similar, and in all cases significantly higher than
the values measured in e*e™ collisions. The pr-differential baryon-to-meson ratios have been compared
to predictions obtained with TAMU statistical hadronization model predictions and PYTHIA 8 simula-
tions, that include the color-reconnection mechanism in the string fragmentation and indicate that all the
flavors have to be considered simultaneously in order to obtain the best tuning of the model parameters

involving the reconnection of quarks via junction topologies.

The non-prompt D’-meson v, in 30-50% Pb-Pb collisions at y/sx\y = 5.02 TeV is measured
in the transverse momentum interval 2 < pp < 12 GeV/c. The non-prompt D°-meson v, is found to
be positive with a significance of 2.7, and it is lower by 3.2¢0 than the non-strange D-meson v, in
the range 2 < pt < 8 GeV/c. The measurement is important for the understanding of the degree of

thermalisation of beauty quarks in the QGP.

Despite the interesting insights provided by the results discussed in this thesis, a complete under-
standing of the charm and beauty quark hadronization mechanism and dynamics in hadronic collisions
at the LHC requires further measurements. More precise measurements with the data sample collected

in Run 3 of the LHC will allow us to further investigate with these prospects:

» Extend the multiplicity reach to lower and higher multiplicity intervals for the shape of the pt-
integrated baryon-to-meson ratios versus multiplicity.

* Further study of direct beauty-hadron production in pp collisions as a function of the charged-
particle multiplicity.

* Direct measurement of beauty hadrons production cross section in the low pt and mid-rapidity
range.

* Beauty-meson and charm baryon elliptic flow in heavy-ion collision.
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