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Abstract

The ALICE experiment at the CERN Large Hadron Collider is focused on
the study of the quark-gluon plasma (QGP), a deconfined state of the strongly-
interacting matter which is formed in ultrarelativistic heavy-ion collisions. Heavy
flavours, i.e., charm and beauty quarks, are produced in hard-scattering processes
on a shorter timescale than the one of the QGP formation. They experience the
full evolution of the system, propagating through the deconfined medium and losing
energy via elastic and inelastic scatterings with the medium constituents. There-
fore, heavy flavours are ideal probes of the QGP, and the measurements of open
heavy-flavour hadrons provide relevant information on the QGP properties. More-
over, the comparison of the relative abundances of heavy-flavour hadron species
with and without strange-quark content is a tool to investigate the role of the
heavy-quark hadronisation via recombination with light quarks from the medium.

In proton—proton (pp) collisions, measurements of the production of hadrons
containing charm or beauty quarks are an important benchmark of perturbative
quantum chromodynamics (QCD) calculations. They test the validity of the fac-
torisation theorem, where the heavy-flavour hadron production is described as a
convolution of perturbative and non-perturbative QCD processes. Finally, these
measurements provide insights on the heavy-flavour hadronisation via fragmenta-
tion in the vacuum.

This Thesis is devoted to the measurement of DI mesons, containing a charm
and an antistrange quark, in pp and Pb—Pb collisions. They are reconstructed in the
fully-hadronic decay channel D — ¢t — K-K*7@t. Supervised machine-learning
techniques are adopted to improve the measurement precision and transverse-
momentum coverage. In addition, these techniques are exploited to separate prompt
D mesons, produced in the charm-quark hadronisation or in the decays of excited
charm-hadron states, and non-prompt ones, produced in beauty-hadron decays.

The measurements of prompt and non-prompt D -meson production in pp col-
lisions at a centre-of-mass energy of /s = 5.02 TeV are described by perturbative
QCD calculations. The fragmentation fraction of heavy quarks into strange mesons
divided by the one into non-strange mesons, fs/(fu + fa), is found to be compat-
ible for charm and beauty quarks and with previous measurements at different
centre-of-mass energies and collision systems, supporting a universal fragmentation
of heavy-flavour quarks into mesons. The estimated c¢ and bb production cross
sections at midrapidity are in agreement with theoretical calculations.

The production of prompt D mesons is measured in central and semicentral
Pb-Pb collisions at a centre-of-mass energy per nucleon pair of /syy = 5.02 TeV,
and the pr-integrated yield is compatible with the prediction of the statistical
hadronisation model for charm hadrons. A strong suppression of the Df-meson



nuclear modification factor Ras at intermediate and high pr, resulting from the
charm-quark energy loss in the QGP, is observed. The DJ/D° production-yield
ratio measured in Pb—Pb collisions is on average higher than that in pp collisions
in the interval 2 < pr < 8 GeV/c. This enhancement is expected if charm quarks
hadronise also via recombination in the deconfined medium, where the production
of strange quarks is enhanced. The azimuthal anisotropy of prompt D mesons was
studied in semicentral Pb-Pb collisions, and the measured D} -meson elliptic flow
vy is found to be compatible with that of non-strange D mesons. The main features
of the measured Raa, DI/ DO ratio, and v, as a function of pr are described by
theoretical calculations of charm-quark transport in a hydrodynamically expanding
QGP including the hadronisation via the recombination mechanism.

The results presented in this Thesis were approved by the ALICE Collaboration
and were presented in various international conferences. The measurements of the
production of prompt and non-prompt DI mesons in pp collisions have been pub-
lished, as well as the measurements of the prompt Df-meson Ry and vy in Pb-Pb
collisions.

Keywords: heavy-flavour, charm, beauty, strange D mesons, nuclear modifi-

cation factor, elliptic flow, hadronisation, strangeness enhancement, quark-gluon
plasma, ALICE experiment, machine learning
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Chapter 1

Quark-gluon plasma and open
heavy flavours

In the Standard Model, the strong interaction among quarks and gluons, which
are the elementary constituents of hadronic matter, is described by the Quantum
Chromodynamics (QCD) field theory. At extremely high temperatures and energy
densities, lattice QCD (1QCD) calculations and effective phenomenological models
based on QCD predict a transition of the hadronic matter to a colour-deconfined
medium called quark-gluon plasma (QGP). This exotic state of hadronic matter
is created and studied in the laboratory by colliding heavy ions at ultrarelativistic
energies [1]. In this Chapter, an introduction to the topic of high-energy nuclear
physics is presented, together with a selection of the principal experimental results
providing signatures of the QGP formation. Subsequently, the study of open-heavy
flavour hadrons is introduced. Open-heavy flavour hadrons contain at least a charm
or a beauty quark, and are powerful probes of the QGP [2].

1.1 Quantum chromodynamics

Quantum Chromodynamics is a non-Abelian quantum gauge field theory, where
the Lagrangian is invariant under local SU(3)-group transformations [3, 4]. This
symmetry of the Lagrangian leads to the introduction of a conserved charge de-
nominated colour which can assume three different values, i.e., red, blue, and green.
In the theory, quarks are characterised by their colour charge, and the interactions
are mediated by massless vector gauge bosons called gluons, which carry a colour
and an anticolour charge. The QCD Lagrangian density can be written as

e (1.1)

EQCD = qu}:(ZVHDzl - mfdkl)Q§‘ 4
!

where the sum runs over the six quark flavours (up, down, strange, charm, beauty,
and top), and q; is a quark-field with flavour f, colour charge /, and mass my. The

1



Quark-gluon plasma and open heavy flavours

covariant derivative D}, introduces the interaction between quarks and gluons, and

it is expressed as
a

DYy = 06y — igs%AZ, (1.2)

where A¥ are the gluon fields, corresponding to the eight possible colour config-
urations, and A, are the Gell-Mann matrices. The constant g, quantifies the in-
tensity of the interaction, and it is related to the strong coupling constant ag by
gs = V4ma,. The second term of Eq. (1.1) describes the kinematics and dynamics
of the gluons, and G, can be expanded as

GZII = aqu - a1/“413 + gsfabcAZAlc,’ (13)

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

The peculiar characteristics of the strong interaction can be understood by
studying the dependence of the strong coupling constant a, on the energy scale
of the interaction. The evolution of the ay value as a function of the squared
transferred momentum @Q? is expressed by

o 2\ O‘S(/ﬂ)
Q) = 14 2U2)(33 — 2n) In(Q?/p2) (1.4)

where p is the mass scale of the renormalisation, and ny is the number of quark
flavours with mass smaller than . This Q? dependence of aj is related to the
renormalisation process used to remove divergences in the perturbative approach
to QCD (pQCD), and it is due to the inclusion of quantum corrections, such as
vertex corrections, self-energy, and vacuum polarisation, in the coupling-constant
value.

The ay evolution described by Eq. (1.4) is confirmed by experimental measure-
ments as shown in Fig. 1.1. The value of ay decreases with increasing transferred
momentum, and two different regimes can be distinguished: asymptotic freedom and
confinement. At high |@Q| values, a5 is small and asymptotic freedom is reached,
i.e., quarks and gluons constituting hadrons can be considered free and weakly
interacting. In this condition, pQCD calculations of scattering amplitudes based
on a perturbative expansion in «y are possible. For |Q] < 1 GeV/¢, the strong
coupling constant diverges, and quarks and gluons are strongly bound in hadrons
leading to the confinement regime. The large o value prevents the application of
the perturbative technique in this regime, and QCD calculations can be performed
on a discretised space-time grid with the lattice QCD approach [5].



1.2 — Deconfinement of hadronic matter
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Figure 1.1: Summary of a; measurements as a function of the transferred momen-
tum . The respective degree of QCD perturbation theory used in the extraction
of a is indicated in parentheses. Figure from Ref. [6].

1.2 Deconfinement of hadronic matter

The strong dependence of the «, value on Q? points to the existence of distinct
phases of the strongly-interacting matter, depending on the average momentum
exchanged in the interactions between its constituents. The properties of strongly-
interacting matter can be studied through 1QCD calculations as a function of the
system temperature 7' and baryon-chemical potential g [7, 8], which is defined as
the energy needed to increase the total baryon number by one unit and is propor-
tional to the net baryon density.

Figure 1.2 displays the phase diagram of QCD matter as a function of the 7" and
g values. The ordinary nuclear matter resides in the region with approximatively
T ~ 0 and pup ~ 1 GeV. At higher values of the baryon-chemical potential, the
nuclear matter can be described as a degenerate gas of neutrons with a structure
similar to the atomic nucleus one. This matter is expected to compose the core
of neutron stars. Further increasing the pp value, a low-temperature gas in which
quarks are no more confined inside hadrons is predicted, and it is referred to as
a colour-superconductive state [10]. The nuclear matter converts to a hadron gas
at high temperatures, and above T" &~ 100-150 MeV, it is expected to undergo a
transition to the quark-gluon plasma. The QGP is a state of strongly-interacting
matter in which the colour degrees of freedom are not confined in colour-singlet
hadrons, and quarks and gluons are free to move over a larger volume of space.
The nature of the transition from hadronic matter to QGP can be investigated

3
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Figure 1.2: The QCD phase diagram as a function of the temperature and the
baryon-chemical potential. Figure from Ref. [9].

using lattice QCD calculations. In the low-up limit, a crossover between the two
phases is expected as a consequence of the chiral-symmetry restoration at high
energies [11]. At higher up, a phase transition of the first order is predicted to
occur, implicating the presence of a critical point due to the coexistence with the
CTOSSOVer.

For vanishing baryon-chemical potentials, up =~ 0, the QGP is predicted to be
formed at the pseudo-critical temperature 7). ~ 154-158 MeV, which is equiv-
alent to about 1.8 x 10'? K and corresponds to an energy density €,. of about
0.42 GeV/fm® [11, 12]. These conditions are attained in the initial stages of ul-
trarelativistic heavy-ion collisions, and existing measurements indicate the QGP
as a strongly-coupled liquid-like system characterised by a remarkably low shear
viscosity to entropy density ratio n/s ~ 1/4x [1].

1.3 Heavy-ion collisions

As mentioned in the previous Section, the conditions required for the QGP for-
mation can be achieved experimentally via heavy-ion collisions at ultrarelativistic
energies. The main experiments where high-energy heavy-ion collisions are cur-
rently studied are located at the Relativistic Heavy Ion Collider (RHIC) of the
Brookhaven National Laboratory (BNL), and at the Large Hadron Collider (LHC)
of the European Organisation for Nuclear Research (CERN). The maximum values
of the centre-of-mass energy per nucleon pair reached are /sy = 200 GeV in Au-
Au collisions at the RHIC, and /syy = 5.02 TeV in Pb-Pb collisions at the LHC.
For such high energies, the colliding nuclei are not stopped at the collision point,

4



1.3 — Heavy-ion collisions

% Freeze-Out f Tio Tor Te
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Figure 1.3: Space-time diagram representing the evolution of the system formed in
ultrarelativistic heavy-ion collisions. Figure from Ref. [17]

and the colliding nucleons lose a fraction of their kinetic energy corresponding on
average to about two units of rapidity! [13]. At LHC energies, the beam rapidity
is y ~ 8, giving rise to a net baryon-density distribution characterised by a double
bump structure with bumps of hot baryonic matter at y ~ +6 units, and a region
around midrapidity? where the net baryon density is very small. Consequently, the
QCD phase-diagram region with up close to zero is explored. This condition is
called Bjorken or transparency regime [14]. At lower centre-of-mass energies, the
stopping regime is realised, in which the colliding ions do not move away from the
collision region and the net baryon density is high. The low collision-energy regime
was investigated at the Super Proton Synchrotron (SPS) and at the Alternating
Gradient Synchrotron (AGS) in the second half of the 1980s, and subsequently at
many other facilities [15, 16]. In these facilities various fixed-target and collider
measurements were performed spanning centre-of-mass energies from 7.7 to 17.3
GeV, and exploring the strongly-interacting matter for baryon-chemical potentials
of about 200-500 MeV.

1.3.1 Space-time evolution of the collision

The system produced in ultrarelativistic heavy-ion collisions is characterised by
a complex space-time evolution, which is shown in Fig. 1.3. If the Bjorken condition
is satisfied, the system evolution can be divided in the following stages [8, 14]:

!The rapidity of a particle with energy E and momentum component along the beam direction
D is defined as y = 1/2 x In[(E + p,)/(E — p.)].

2The term midrapidity indicates the region around y = 0.

5



Quark-gluon plasma and open heavy flavours

o The collision, in which the two nuclei cross each other. It lasts for a crossing
time 7055 = 2R/, being R the nucleus radius and v the Lorentz factor. In
Pb-Pb collisions at /s = 5.02 TeV at the LHC, 7045 is about 6 x 1073 fm/c,
which is much smaller than the strong-interaction timescale Tgcp ~ 1 fm/c.

o The pre-equilibrium stage, where particles are produced from the energy re-
leased in the interaction region by the colliding nuclei, after a formation time
To > Teross- 1N the midrapidity region, the net baryon density is close to zero
and the system energy density can be estimated as

(Er) dN

= —_— 1.5
TR21y dy y:O’ (15)

where 7 R? gives the collision-region transverse area, ( E'r) is the average trans-
verse energy® of the measured particles, and dN/dy is the particle multiplicity
per rapidity unit [14, 17]. Considering the particle-multiplicity values mea-
sured at the LHC and assuming 75 ~ 1 fm/c, the energy densities reached at
this collider are larger than 12 GeV/fm® [18], well above the pseudo-critical
value for the QGP formation mentioned in Section 1.2.

e The QGP formation and evolution. After the pre-equilibrium stage, the
QGP forms, and it evolves according to relativistic viscous hydrodynamics
laws [19]. The QGP droplet expands driven by large pressure gradients and
consequently cools down. The QGP lifetime for the energy densities reached
at the LHC is of the order of 10 fm/c [20].

o The QGP hadronisation, which occurs when the system temperature de-
creases below the pseudo-critical value for the crossover to hadronic mat-
ter. In this condition, the QGP constituents hadronise and produce a gas of
interacting hadrons which continues to expand.

o The system freeze-out. As the hadron gas expands, its temperature reduces.
When inelastic scatterings are no longer possible, the abundances of the
hadron species are fixed, and the chemical freeze-out is reached. At the LHC,
the chemical freeze-out occurs at T, ~ 153 MeV, as shown in Section 1.4.2,
shortly after the hadronisation. Finally, when also elastic scatterings cease,
the system undergoes the thermal freeze-out, and the particle momentum
spectra are defined.

3The transverse energy E of a particle is defined as Er = /m2 + p3., where m is the particle
mass and pr = /p2 + pfj is the particle momentum in the plane transverse to the direction of

the beam.



1.3 — Heavy-ion collisions

1.3.2 The Glauber model

Due to the extended size of the nuclei involved in heavy-ion collisions, a mod-
elling of the collision geometry is required to interpret the experimental measure-
ments. Such a description can be obtained from the Glauber model [21]. This model
is able to compute the nucleus—nucleus interaction cross section, together with av-
erage estimates of the number of binary nucleon—nucleon interactions N., and
participant nucleons Ny involved in the nucleus-nucleus collision. The Glauber
model is based on a semiclassical description of the nucleus—nucleus collision as an
incoherent superposition of constituent-nucleon interactions. The model works in
the so-called optical limit, and the following assumptions are adopted: nucleons
are point-like and move independently inside the nucleus, the momentum of the
nucleons is large and thus their trajectories are not deflected in the collision, pro-
tons and neutrons are indistinguishable, and the nucleon—nucleon interaction cross
section does not vary during the collision. Under these assumptions, the collision
between two nuclei can be described analytically starting from their nuclear density
functions and the inelastic nucleon—nucleon cross section o

Figure 1.4 reports a sketch of the collision between a nucleus A, containing A
nucleons, and a nucleus B, formed by B nucleons. The coordinate system origins in
the centre of A, and the relative position of the two nuclei in the plane transverse
to the direction of motion is defined by the impact parameter b, which is the vector
connecting their centres. The position in the transverse plane of a nucleon inside
A is expressed by the vector s, the same position with respect to the centre of B is
given by s — b. The probability per unit area of finding a nucleon with coordinate
s in the nucleus A is quantified by the nuclear thickness function Tx(s), which is

Projectile B Target A
—> -
__________ sb
- - - - _. - -=-=-- - __\ ______________
U T : :
a) Side View b) Beam-line View

Figure 1.4: Schematic representation of a nucleus—nucleus collision in the Glauber-
model approach. The transverse (a) and longitudinal (b) views are shown. Figure
from Ref. [21]
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defined as
TA(S) = /pA(S7ZA)dZA7 (16)

where pa(s,z4) is the probability per unit volume of having the nucleon at the
position (s, z4), obtained dividing the nuclear density function by the number of
nucleons A. A similar consideration holds for the nucleus B, and the probability
per unit area of having two nucleons overlapping, one from each nucleus, is given
by the nuclear overlap function

Tap(b) = / Tu(s)Ts(s — b)d?s. (1.7)

Therefore, the probability of a nucleon—nucleon interaction to occur is p(b) =

ol T, 5(b), and the probability of having n nucleon—nucleon interactions in the

nucleus—nucleus collision is obtained from a binomial distribution

AB . n .
P, ap(b) = ( n ) {UﬁlﬁlTAB(b)} {1 — 0¥ Tap(b)

:|AB—7L

(1.8)

At this point, useful quantities about the collision can be computed. The total
probability for a nucleus—nucleus collision p'f%(b) can be calculated by requiring at

least one nucleon—nucleon interaction as

d2o_inel ) ‘ AB
TIQB = Plfrxlg@l(b) =1-Fyap(b)=1- [1 — Jﬁ‘fﬁ}lTAB(b)} (1.9)

It is possible then to obtain the total nucleus—nucleus inelastic cross section by
integrating the above equation

. +oo )
o= [ 2w {1 - [1 - o Tun )] f (1.10)

The average number of binary collisions is provided by the mean value of the
binomial probability distribution of Eq. (1.8) as

<Ncoll> (b) = AB X Uli\lelleAB<b)7 (111)

and the average number of participant nucleons can be computed, with a more
complex derivation, as

(Nowrt) (B) = A x / T.(s) {1 — 1= o Ta(s - b)}B} 2

+8x [Tals = 0) {1 = [1—olTu(o)] "} 2

If hard-scattering processes between nucleons are considered, for which the pro-
duction cross section is small, the Eq. (1.9) can be rewritten using a Taylor expan-
sion at the first order as

d2 O.hard

dbf;B ~ AB x o897, 5(b) oc ok (Non) (b), (1.13)

8
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where o8¢ is replaced by the hard-scattering cross section oid, and the Eq. (1.12)

is used in the last passage. Consequently, the Glauber model predicts that the
yield of particles produced in nucleus—nucleus collisions through hard-scattering
processes is proportional to the number of binary interactions (N, ). This property
is referred to as binary scaling, and it is typical also of open heavy-flavour hadron
production which will be discussed in Section 1.5.

The Glauber model successfully computes many quantities of interest related
to the heavy-ion collision geometry. However, since it is an analytical model based
on continuos nuclear density functions, it is only able to provide average quantities
and does not account for event-by-event fluctuations, which arise from the discrete
distribution of nucleons inside the nucleus. More realistic results are obtained
from Glauber Monte Carlo simulations. In these simulations, the nucleon positions
are randomly sampled from the nuclear density function, and a random impact
parameter is generated according to the distribution do/db o< 2wb. The nucleus—
nucleus collision is then simulated as an ensemble of independent nucleon—nucleon
interactions, which occur if the following condition is satisfied

inel

d < | N (1.14)

- T

where d is the distance between the considered nucleon pair in the transverse plane.
In this approach, the Npay and Neon values are obtained for each event, and average
quantities are computed simulating many nucleus—nucleus collisions. As will be
discussed in Section 2.4, Glauber Monte Carlo simulations are adopted to determine
the heavy-ion collision centrality starting from experimental measurements, and for
central (0-10%) Pb-Pb collision at /syy = 5.02 TeV at the LHC, they estimate
(Npart) =~ 360 and (Non) =~ 1600 [22].

1.4 Characterisation of the QGP

This Section presents a selection of the main observables and experimental re-
sults that lead to the current understanding of the properties of the short-lived
QGP medium produced in ultrarelativistic heavy-ion collisions.

1.4.1 Charged-particle multiplicity

The number of charged particles, also called multiplicity, generated in heavy-
ion collisions provides relevant information about the collision geometry and the
properties of the created medium. In particular, the measurement of the particle
multiplicity at midrapidity can be used to estimate the energy density characterising
the pre-equilibrium phase, as described in Section 1.3.1.
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Figure 1.5: Charged-particle pseudorapidity density per participant-nucleon pair
Yo/ Npa 7 (dNew/dn) for pp and central A-A collisions as a function of \/sxy (left panel)
and (Npart) at LHC energies (right panel). The values measured at midrapidity in
different collision systems and at different energies are reported. Figures from

Ref. [23].

The left panel of Fig. 1.5 reports the measured average charged-particle pseudo-
rapidity? density (dNg,/dn) at midrapidity divided by the number of participant-
nucleon pairs (Npart) /2, as a function of the centre-of-mass energy per nucleon pair
VvSnn [23]. The total number of particles generated in a collision is dominated by
low-pr light-flavour hadrons, i.e., pions, kaons, and protons, whose production is
expected to scale with Np,,¢. Therefore, the (Npa,¢) /2 factor is introduced to com-
pare measurements in different colliding systems and at different energies, and it
is computed from Glauber Monte Carlo simulations. The increase of the charged-
particle density per participant-nucleon pair <Np27at) (dNg,/dn) with the energy is
steeper in central nucleus—nucleus (A-A) compared to proton-proton (pp) colli-
sions. The measurements in p—A and d—A collisions lie on the same curve of the pp
results, suggesting that the behaviour observed in A—A collisions is not only due
to multiple interactions between the participant nucleons, which are also present in
p—A and d—A collisions.

In the right panel of Fig. 1.5, the <N7 (AN, /dn) values measured by the
ALICE Collaboration in pp, p—Pb, and Pb—Pb collisions are shown as a function

1The particle pseudorapidity is defined as n = — In[tan(6/2)], where @ is the particle emission
angle relative to the beam direction, i.e., the polar angle. The pseudorapidity is used when the
measured-particle mass is unknown, and it is equivalent to the rapidity y in the limit p > m.

10
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of the average number of participant nucleons (Npu) [23]. The charged-particle
density per participant-nucleon pair increases steeply from pp and p—Pb collisions
to peripheral Pb—Pb collisions. The slope is reduced in Pb—Pb collisions, where
the measured quantity increases by a factor of about 1.8 from the most peripheral,
small (Npart), to the most central collisions, large (Npart). The observed trend does
not depend on the collision energy and is described by models including initial-stage
gluon saturation that limits the particle production in small systems [23].

The energy density of the system created in a heavy-ion collision can be es-
timated from the measured charged-particle multiplicity by using Eq. (1.5). The
energy density obtained in the most central Pb—Pb collisions at the LHC is larger
than 12 GeV /fm® [18], well above the pseudo-critical value for the QGP formation.

1.4.2 Identified-hadron abundances

By measuring the production yields of different hadron species, it is possible to
estimate the temperature T, and the volume V' of the system at the moment of the
chemical freeze-out. These quantities can be obtained by comparing the measured
yields of different hadron species with the predictions of the statistical hadroni-
sation model (SHM) [24]. The SHM model assumes that the system composed of
strongly-interacting hadrons is in thermal and chemical equilibrium at the chemical
freeze-out, forming an ensemble which for A—A collisions at collider energies can
be treated using the gran-canonical ensemble formalism. In these conditions, the
hadron production is determined by the system thermodynamical properties. In
particular, the abundance N; of a particle species ¢ is given by

gV e p*dp
N Vo) =53 || S TE Tl T o
where V' is the system volume, p and E are respectively the particle momentum
and energy, g; quantifies the particle spin degeneracy, and p; is the chemical po-
tential for the considered species which guarantees the conservation on average of
the pertinent quantum numbers. The difference in the description of bosons and
fermions is accounted for by the 4+ sign. An additional parameter, -, is in some
cases introduced to account for the non-perfect chemical equilibrium of strange
quarks. This quantity is used to scale the thermal predictions and is smaller than
unity in case of non-equilibrium, as in peripheral A—A collisions or in the smaller
p—A and pp collision systems. A further parameter, 7, is introduced in the SHARE
model, where a non-equilibrium QGP undergoing a sudden hadronisation without
additional hadronic re-scatterings is considered [25].

In Fig. 1.6, the total yields per rapidity unit of different particle species mea-
sured by the ALICE Collaboration in the 10% most central Pb—Pb collisions at
VSN = 5.02 TeV are reported. They are compared to the values obtained by the
THERMUS 4 [26], GSI-Heidelberg [27], and SHARE 3 [25] models, which perform

11
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Figure 1.6: Simultaneous thermal fit to the identified-particle yields measured by
the ALICE Collaboration in the 10% most central Pb—Pb collisions at VSN = 5.02
TeV. The results obtained with the THERMUS 4 [26], GSI-Heidelberg [27], and
SHARE 3 [25] models are reported. Figure from the ALICE figure repository ©.

a simultaneous fit to the particle yields to determine the T, and V parameters.
The models are based on different assumptions for the system-equilibrium condition
and the conservation laws at the chemical freeze-out. They describe the observed
particle abundances over nine orders of magnitude with a x?/ndf varying between
about 3.8 and 5.3. A significant tension with the measurement is present for the
proton yield, while excited kaons are excluded from the fit since they are strongly
affected by rescatterings and regeneration in the hadronic phase. The estimated
chemical freeze-out temperature is about 153 MeV, and it is compatible 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 Strangeness enhancement

A larger production of hadrons with strange-quark content in nucleus—nucleus
collisions with respect to pp collisions is predicted to be a signature of the hadronic-
matter deconfinement, and it is denominated strangeness enhancement [28]. In
fact, the absence of valence strange quarks in the colliding nuclei implies that they
must be produced in the collision or during the QGP phase. Below the critical

12
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temperature for the phase transition, the production of sS pairs is suppressed, since
the strange-quark effective mass implies a production threshold of about 1 GeV.
In the QGP, the effective mass of strange quarks reduces by a factor up to 10
due to the chiral-symmetry restoration [29]. Therefore, s§ pairs are expected to
be abundantly produced via gluon-fusion processes in the QGP, where the gluon
density is large, resulting in an increase of the strangeness production in heavy-ion
collisions.

In an alternative approach based on the statistical hadronisation model, the
strangeness enhancement can be explained as a suppression of the strangeness pro-
duction in small collision systems, referred to as canonical suppression [30]. The
gran-canonical description, where quantum numbers are conserved on average over
relatively large volumes, cannot be applied in pp and p—A collisions due to the small
number of produced particles. Instead, the canonical formulation must be adopted,
which requires an exact quantum-number conservation. Therefore, the phase space
available for particle production is reduced, and the strange-hadron production is
suppressed. In this context, the strangeness enhancement in heavy-ion collisions is
interpreted as the lifting of the canonical suppression typical of small systems.

An enhanced production of strange hadrons was observed in heavy-ion collisions
at SPS [31], RHIC [32], and LHC [33] energies. Recently, it was observed for the
first time also in high-multiplicity pp collisions by the ALICE Collaboration [34].
In Fig. 1.7, the pr-integrated yields of strange and multi-strange hadrons divided
by that of charged pions as a function of the charged-particle multiplicity at midra-
pidity are reported for different collision systems and centre-of-mass energies per
nucleon pair. The measured strange-hadron production is larger in Pb—Pb colli-
sions with respect to low-multiplicity pp collisions, and it increases smoothly with
increasing charged-particle multiplicity. The observed enhancement is more pro-
nounced for hadrons with a higher strange-quark content. The production yields
are compatible in collisions characterised by similar final state multiplicities, show-
ing no significant dependence on the centre-of-mass energy or the collision system.
This points to an origin of the strangeness production in hadronic collisions driven
by the properties of the final state.

1.4.4 Radial flow

The properties of the system formed in heavy-ion collisions at the moment of the
kinetic freeze-out can be studied by measuring the momentum spectra of produced
hadrons. Assuming the system in thermal equilibrium, the particle transverse-
momentum spectrum at low pr can be described at first order by a Boltzmann-

Gibbs law as
1 d2N

— —mr/Tkin 1.16
pr dprdy xe ’ (1.16)
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Figure 1.7: Ratios of the pr-integrated yield of hadrons with strange-quark content
and charged pions as a function of the charged-particle multiplicity at midrapidity,
measured by the ALICE Collaboration in various collision systems and at different
energies. Figure from the ALICE figure repository ©.

where m is the particle transverse mass®, and T}, is the temperature at the kinetic
freeze-out. According to the above equation, the spectra of all produced hadron
species follow the same exponential trend, where the slope depends on the species
mass. This behaviour is usually denominated mr-scaling [35].

Deviations from the mr-scaling are observed for the hadron pr spectra measured
in Pb—Pb collisions at SPS, RHIC, and LHC energies [36, 37]. They are caused by
the QGP internal pressure gradients, which generate a collective expansion of the
system in the transverse plane. This collective motion is called radial flow and
superimposes to the particle random thermal motion. The radial flow is considered
in the Boltzmann-Gibbs Blast-Wave model [38], where the spectral shapes of the
different hadron species are obtained under the assumption of particle emission
from a thermal source at rest in the fluid reference frame, which is boosted by the
collective fluid-expansion velocity Sr. The velocity [t is not constant along the
radial direction due to the system expansion, and it is parametrised as a function

°The particle transverse mass is defined as mr = y/m? + p3., where m and pr are the particle
mass and transverse momentum, respectively. It is equivalent to the transverse energy Er.
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Figure 1.8: Progression of the average radial expansion velocity (fr) and the ki-
netic freeze-out temperature Tj;, resulting from the simultaneous Boltzmann-Gibbs
Blast-Wave fit to =, K=, p(p) spectra measured in Pb-Pb collisions. The ellipses
report the 1o correlated uncertainties from the fit. Figure from Ref. [37].

of the radial distance r from the system centre as

r n
or(r) = 6 (5) (1.17)
being (s the velocity of the expanding-system surface, R the system maximum
radius, and n a dimensionless parameter. In the Blast-Wave model, the produced
particle spectrum results from the superposition of infinitesimal sources in thermal
equilibrium and with different radial expansion velocities. This model provides an
estimate of the kinetic freeze-out temperature and the average radial expansion
velocity through fits to the pr-differential distributions of different hadron species,
where Ty, (B1), and n are free parameters.

The correlation between the Ty, and (f1) parameters measured by the ALICE
Collaboration in Pb-Pb collisions at \/syy = 2.76 TeV [36] and 5.02 TeV [37] is
displayed in Fig. 1.8. The parameter values are obtained from a simultaneous Blast-
Wave fit to the pt spectra of pions, kaons, and protons at low transverse momentum,
and are measured for different collision centralities. No significant discrepancies are
observed between the two different collision energies. The average radial expansion
velocity (fr) increases from more peripheral to more central collisions, and reaches
a maximum of about 0.66 in the 5% most central Pb—Pb collisions. This indicates
that the system expansion becomes more rapid with increasing collision centrality.
The kinetic freeze-out temperature Ty, instead decreases from about 161 MeV in
the most peripheral collisions to about 90 MeV in the most central ones, possibly
pointing to a delayed kinetic decoupling of the system in central collisions. It is
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worth mentioning that the Tj;, and (8t) values obtained from the simultaneous fit
gain a physical meaning only if they are reproduced by theoretical models describing
the dynamical expansion of the system. These models are based on the relativistic
hydrodynamics formalism, which connects the collective expansion of the medium
with its equation of state.

1.4.5 Anisotropic flow

The geometry of a nucleus—nucleus collision is characterised by an anisotropy
of the overlap region in the transverse plane, which is caused by the finite im-
pact parameter and increases with increasing impact-parameter values, as shown
in Fig. 1.4. The spatial anisotropy of the initial state produces anisotropic pres-
sure gradients in the QGP, which affect the collective flow of the medium. This
ultimately results in an azimuthal anisotropy in the momentum distribution of the
produced hadrons. The anisotropy can be studied by measuring the particle pro-
duction as a function of the azimuthal angle ¢, which can be decomposed in a
Fourier expansion [39] as

#N 1 AN {

a4 2m bz )] 1.1
dp3 21 ppoTdy + Z Un(pT) COS[n((p n)]} ( 8)

n=1

In the above equation, n is the order of the harmonic, v, (pr) is the pp-dependent
Fourier coefficient, also referred to as flow coefficient, and ¥,, is the symmetry-plane
angle. The coefficient v, (pr) is defined as

vn(pr) = {cosn(p = W, )]) (1.19)

where the brackets indicate the average over all particles in a given pr interval, and
over all events within a given centrality interval. The symmetry-plane angle ¥,
is defined by the spatial distribution of the nucleons participating in the collision.
In the case of n = 2 and neglecting fluctuations of the participant distribution,
it identifies the reaction plane defined by the impact-parameter vector and the
direction of the colliding nuclei.

The second-harmonic coefficient vq, called elliptic flow, is the dominant term of
the Fourier expansion in non-central collisions, due to the almond-like shape of the
interaction region. The measurement of a large elliptic flow is a direct signature
of a collective motion. Higher order coefficients, v3 and vy, are mainly generated
by fluctuations in the initial distribution of participants in the overlap region, and
by the non-linear hydrodynamic response of the medium [40, 41]. The comparison
of the measured v, coefficients with viscous hydrodynamic models of the QGP
provides information about the system equation of state and transport coefficients,
such as the shear and bulk viscosity to entropy density ratios [42, 43].

Figure 1.9 reports the pr-differential elliptic-flow coefficient vy of charged pions,
charged and neutral kaons, ¢ mesons, protons, and A hyperons measured by the
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Figure 1.9: pr-differential elliptic-flow coefficient vy of charged pions, charged and
neutral kaons, ¢ mesons, protons, and A hyperons for several centrality intervals

in Pb-Pb collisions at /syy = 5.02 TeV. Figure from Ref. [44].

ALICE Collaboration in Pb-Pb collisions at \/syx = 5.02 TeV in several centrality
intervals [44]. The elliptic-flow coefficient increases from the most central (0-1%)
to semicentral (30-40%) collisions, due to the increasing spatial anisotropy of the
overlapping region between the nuclei. In more peripheral collisions, it decreases as
a consequence of the smaller pressure gradients originating from the smaller density
of the produced medium. The vy coefficient shows a mass ordering in the low-pr
region, pr < 2-3 GeV/c, where lighter particles have a larger vo than the heavier
ones. This is understood as an effect of the radial flow, which imposes an equal
velocity boost to all particles, thus pushing more massive hadrons to higher pr.
In the transverse-momentum region 3 < pr < 8 GeV/c, the vy coefficients show
a grouping by baryons and mesons, with the values of baryons being larger than
those of mesons. Notably, the ¢ meson, whose mass is similar to the proton one,
has a vy value compatible with that of the other mesons in this pr interval. This
implies a dependence on the number of constituent quarks rather than the hadron
mass. This behaviour is in agreement with the hypothesis of quark hadronisation
via coalescence [45], where the elliptic-flow of each constituent quark contributes
to the v, of the final-state hadron.
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1.4.6 Jet quenching

Partons with high pr are produced in hard-scattering processes, i.e., scatterings
in which the momentum exchanged between the interacting quarks and gluons is
large, occurring in the early stages of the heavy-ion collision. They subsequently
propagate in the QGP medium and interact with the medium constituents via elas-
tic scatterings and gluon radiation. As a consequence, the parton shower originating
from the hard-scattered parton and the particles produced in its hadronisation will
be modified by the interactions with the medium. This phenomenon is called jet
quenching. One of the manifestations of jet quenching is the parton energy loss
in the QGP, which results in a softening of the pr distributions of the final-state
hadrons.

According to the Glauber model introduced in Section 1.3.2, the yield of par-
ticles originating from hard processes in nucleus—nucleus collisions is expected to
be proportional to the yield observed in pp collisions by the average number of
binary nucleon—nucleon interactions (Ny). The validity of this binary scaling can
be investigated by measuring the nuclear modification factor Raa, which is defined
* 1 d?Naa/dprdy
Neon) — d2Npp/dprdy’

where d2 Ny A(pp) /dprdy is the pr- and rapidity-differential yield of hadrons observed
in A-A (pp) collisions. The Rap is expected to be equal to unity if the binary-
scaling assumption holds. Instead, a deviation from unity arises from a modification
of the pr distribution of produced hadrons, implying the possible presence of effects
induced by the QGP medium. However, cold nuclear matter (CNM) effects, which
are caused by having nuclei as colliding objects and are not related to the QGP
formation, can also result in a Raa different from unity. These effects are typically
assessed by measuring the nuclear modification factor in p—A collisions, and will be
discussed in Section 1.5.2. For light-flavour hadrons at low pt, whose production
is dominated by soft processes and scales with the average number of participant
nucleons (Npart), & Raa below unity is expected even in absence of medium effects.

In the left panel of Fig. 1.10, the Raa of charged particles as a function of pr
measured by the ALICE [46] and CMS [48] Collaborations in p—Pb and in central
(0-5%) Pb-Pb collisions at /sny = 5.02 TeV is reported. At intermediate pr,
3 < pr < 10 GeV /¢, the nuclear modification factor is near unity in p—Pb collisions
while it is significantly suppressed in central Pb—Pb collisions, in agreement with
the picture of partons losing energy in the deconfined medium. In addition, the Raa
of photons, W and Z bosons, which do not carry colour charge, is compatible with
unity in the same pr region in Pb—Pb collisions [49-51]. This indicates that the
energy loss in the QGP originates from strong interactions of high-energy quarks
and gluons with the medium constituents, not affecting electroweak probes. The
charged-particle R shows an increasing trend for pr 2 10 GeV/c. This behaviour

Raa(pr,y) = < (1.20)
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Figure 1.10: Left panel: charged-particle nuclear modification factor in p-Pb and
in central (0-5%) Pb-Pb collisions at \/syy = 5.02 TeV measured by the ALICE
and CMS Collaborations. Figure from Ref. [46]. Right panel: jet Raa in central
(0-10%) Pb-Pb collisions at \/syy = 2.76 and 5.02 TeV. Figure from Ref. [47].

is less pronounced studying the production of jets, which are collimated sprays of
hadrons produced by the fragmentation of high-energy partons. The jet Raa is
approximatively flat in the common pr region and has a plateau at a value of about
0.5 for pr above 100 GeV /¢, as displayed in the right panel of Fig. 1.10. The figure
reports the nuclear modification factor of jets in central (0-10%) Pb—Pb collisions
measured at /sy = 2.76 by the ALICE [52] and CMS [53] Collaborations, and
at /sy = 5.02 TeV by ALICE [47]. The jet Raa lower than unity indicates that
in-medium interactions transport a portion of the parton energy at large angles
from the hard-scattered parton direction, i.e., out of the jet cone, where it does not
contribute to the jet momentum. A comparison of the jet and hadron R is not
straightforward, since hadrons and jets at any given pr originate from partons with
different energies, and the selection of high-pt hadrons imposes a bias on the jet
fragmentation.

1.4.7 Quarkonium suppression

The study of c¢ and bb bound states, called quarkonium states, is an excel-
lent tool to investigate the QGP properties. In particular, the suppression of
quarkonium production in ultrarelativistic heavy-ion collisions is a probe of the
strongly-interacting matter deconfinement, and it is sensitive to the QGP temper-
ature [54, 55]. The binding energy of a heavy quark-antiquark pair in the vacuum
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Figure 1.11: Left panel: Raa of T(1S), T(2S), and Y (3S) mesons as a function of the
average number of participant nucleons (Npar) in Pb-Pb collisions at /sxy = 5.02
TeV. Figure from Ref. [56]. Right panel: J/{-meson Ra as a function of (Np,¢) in
Au-Au collisions at /syy = 200 GeV and in Pb-Pb collisions at /sxy = 2.76 TeV.
Figure from Ref. [57].

can be derived from the Cornell potential

Q@
V(r)=kr——, (1.21)

r
where r is the distance between the two quarks, £ represents the string tension, and
a is a Coulomb-like constant. The Coulomb-like term dominates at low r values,
while the linear term is relevant at high distances and is responsible for the quark-
pair confinement. In presence of the deconfined medium, the linear term vanishes

since colour charges are free in the QGP, and the potential becomes
VQOP(r) = —Ze=r/rn, (1.22)
r

The exponential term in the above equation introduces a screening effect similar to
the one experienced by electric charges inside a plasma of electrons and ions, which
depends on the A\p parameter, i.e., the Debye length. This parameter quantifies the
typical extension of the colour-screening effect in the deconfined medium, deter-
mining the maximum distance between two quarks for the bound-state existence.
The Ap value decreases as the medium temperature increases, thus leading to a
suppression of quarkonium states with characteristic radius larger than it.

The existence of many quarkonium states with different binding energies pro-
vides the possibility to study the phenomenon of the sequential suppression. This
phenomenon consists in the progressive depletion of the different quarkonium res-
onances as the temperature of the system increases, resulting in a decrease of the
measured production yields. The right panel of Fig. 1.11 reports the nuclear mod-
ification factor Ra of different bottomonium (bb) states measured as a function

20



1.5 — Open heavy-flavour hadrons

of the average number of participant nucleons (Npat) by the CMS Collaboration
in Pb—Pb collisions at /syn = 5.02 TeV [56]. The observed Raa decreases as the
centrality of the collision increases, which corresponds to a hotter QGP medium.
Moreover, the Raa of the bottomonium ground state, Y(1S), is less suppressed
than the one of the excited states, Y(2S), and Y(3S), which have smaller binding
energies. These observations support the assumption of a medium-induced colour
screening and the consequent sequential melting of quarkonium states.

The J/{-meson Rxa measured as a function of the collision centrality by the
ALICE Collaboration in Pb-Pb collisions at /sy = 2.76 TeV [57] and by the
PHENIX Collaboration in Au-Au collisions at /sy = 200 GeV [58] is shown in
the right panel of Fig. 1.11. The nuclear modification factor of J/{ mesons mea-
sured at /syy = 200 GeV is smaller than the one observed at a centre-of-mass
energy per nucleon pair higher by more than one order of magnitude, contradict-
ing the expectation of a larger charmonium (c¢) suppression caused by the higher
QGP temperature reached. This observation can be explained by the mechanism
of charmonium regeneration, in which the statistical recombination of charm and
anticharm quarks originating from uncorrelated hard scatterings partially compen-
sates the suppression due to the QGP presence [59]. The regeneration is larger
at the LHC since the number of c€ pairs per event produced is higher than the
one at RHIC of about a factor ten, thus explaining the larger Raa observed. This
regeneration is in principle possible also for bottomonium states. However, at LHC
energies, the small number of bb pairs per event produced prevents the observation
of this effect.

1.5 Open heavy-flavour hadrons

Charm and beauty quarks, also called heavy flavours, are produced in hard-
scattering processes between the partons of the interacting hadrons. In nucleus—
nucleus collisions, they are generated on a shorter timescale than the QGP forma-
tion time, and they experience all the phases of the system evolution interacting
with the medium constituents via inelastic and elastic scatterings. Therefore, open
heavy-flavour hadrons, such as D and B mesons, are powerful tools to investigate
the properties of the QGP created in heavy-ion collisions [2]. In addition, measure-
ments of the production of open heavy-flavour hadrons in pp collisions are useful
benchmarks of perturbative-QCD calculations [60] and provide the reference for the
studies in nucleus—nucleus collisions. In this Section, the production, interaction
with the medium, and hadronisation of heavy flavours are discussed.
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1.5.1 Production in hadronic collisions

Due to their large mass, m. ~ 1.3 GeV/c? and my, ~ 4.2 GeV /c? [6], charm and
beauty quarks are always produced in processes characterised by large transferred
momentum, i.e., Q* 2 4m?,. As shown in Section 1.1, the strong coupling constant
a is smaller than unity in this regime, and pQCD calculations can describe the
heavy-flavour production down to pr = 0. The partonic cross section o,; ,qq for
the production of a heavy quark-antiquark pair is calculated with a perturbative
expansion in as. The main contributing processes at leading order, O(a?), are
the quark-antiquark annihilation qq — QQ and the gluon fusion gg — QQ [61].
Higher-order corrections introduce a dependence of the cross section on the energy
scale chosen for the renormalisation of ultraviolet divergences, usually referred to
as the renormalisation scale ug.

According to the factorisation theorem [62], the production cross section of open
heavy-flavour hadrons in pp collisions can be computed starting from the partonic
cross section as

Tppstigrx = D [ilws, Q) fi(2;, Q%) ® 0,5 ,q5 ® Doong(2,Q%).  (1.23)
6,j=0,a,8

In the above equation, f;(x;, Q?) is the parton distribution function (PDF), which
provides the probability of finding a parton ¢ in the interacting proton with a frac-
tion x; of the proton momentum. The term Dq_m, (2, Q?) is the fragmentation
function (FF) describing the probability of a heavy-quark Q to hadronise into a
particular hadron species Hq, where z is the quark-momentum fraction inherited
by the hadron. Both the PDF and FF describe non-perturbative processes and thus
cannot be treated in the pQCD framework. The PDFs are typically extracted from
deep-inelastic scattering measurements [63-65], from which different parametrisa-
tions are derived depending on the parton nature. The FFs are obtained from
measurements in ete~ collisions [66, 67], and are assumed to be independent of the
collision system. The integrated values of the FFs are the fragmentation fractions
f(Q — Hgq), which give the total probability of heavy quarks to produce specific
hadrons and have been measured both in e*e™ [68] and hadronic [6, 69] collisions.
The parton distribution and the fragmentation functions depend on the energy scale
of the considered process, related to the factorisation scale pp. Therefore, they are
determined at a given energy scale Q3, and are then evolved to the Q* value of in-
terest employing the DGLAP equations [70]. The renormalisation and factorisation
scales are normally set to the same order of the hard-process momentum transfer,
ie, Ur =~ Up ~ ,/mé +p2T7Q.

State-of-the-art predictions of the production cross section of open heavy-flavour
hadrons are provided by the FONLL [60, 72, 73] and GM-VFNS calculations [74-
76]. Both schemes are based on the collinear factorisation approach, and per-
form next-to-leading-order (NLO) pQCD calculations with resummation of next-
to-leading logarithms. However, they adopt different choices for the matching of
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Figure 1.12: Comparison of the FONLL (left panel) and GM-VFENS (right panel)
calculations with the measured pr-differential production cross section of prompt
and non-prompt D® mesons in pp collisions at /s = 5.02 TeV. Figure from Ref. [71].

the NLO and resummation calculations, the PDF and FF sets used, and the values
of the charm- and beauty-quark masses. In Fig. 1.12, the FONLL and GM-VFNS
calculations are compared to the pr-differential production cross section of prompt
D° mesons, i.e., coming directly from the charm-quark hadronisation or from de-
cays of excited charm-hadron states, in pp collisions at /s = 5.02 TeV [71]. The
comparison with non-prompt D® mesons, which originate from beauty-hadron de-
cays, is also reported. The pQCD calculations are in agreement with the prompt
D% meson measurement within uncertainties, indicating that the factorisation ap-
proach coupled with the fragmentation functions extracted from e*e™ collisions is
successful in the meson sector. This is not the case in the baryon sector as will
be discussed in Section 1.5.4. The non-prompt D production is well described by
FONLL, while GM-VENS calculations underestimate the measured values. These
discrepancies are driven by the description of the beauty-quark fragmentation into
a beauty-hadron and its subsequent decay to a D° meson. In particular, a better
agreement is observed if the two processes are described separately (b — Hy, — D),
as done to obtain the FONLL predictions, with respect to considering them in a
single step (b — D) [77].

Calculations of the production of open heavy-flavour hadrons are also provided
by the kp-factorisation model [78, 79], where an implementation of the factorisation
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Figure 1.13: Comparison among the NLO, FONLL and NNLO predictions for the
pr-differential beauty-quark production cross section in pp collisions at y/s = 7 TeV.
Figure from Ref. [80].

alternative to the collinear approach is considered. These calculations are performed
at the leading order and include higher-order corrections. The kr-factorisation
predictions describe the measurements at low and intermediate pr, but overshoot
the data for transverse momenta above about 10 GeV /c.

Recently, predictions for the ¢¢ and bb production cross section employing next-
to-next-to-leading-order (NNLO) pQCD calculations became available [80, 81], pro-
viding improved results. Figure 1.13 reports the pr-differential beauty-quark pro-
duction cross sections in pp collisions at /s = 7 TeV from NLO, FONLL and NNLO
calculations divided by the one resulting from computations at the NLO [80]. The
central value and uncertainty band obtained with FONLL calculations match the
NLO ones at low transverse momentum. This is expected, since the contribution
of the logarithm resummation is relevant at high pr, where it leads to an increase
of the FONLL central prediction and a reduction of the uncertainties with respect
to NLO calculations. The cross section resulting from NNLO calculations is sys-
tematically higher than the FONLL one over all the considered pr range and is
contained in the FONLL uncertainty band. It is also affected by a smaller uncer-
tainty, particularly in the low- and intermediate-pt regions, which highlight the
improved precision of NNLO calculations.

An alternative approach for the description of the heavy-flavour hadron produc-
tion is provided by general purpose Monte Carlo generators, such as PYTHIA [82]
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and HERWIG [83]. These generators are characterised by a more complete rep-
resentation of the final state than pQCD calculations, since they include also soft
and multi-parton interactions, initial- and final-state parton showers, and a de-
scription of the hadron decays. Although, only leading-order processes are im-
plemented exactly, and higher-order effects are considered with coarse-grained ap-
proaches. Monte Carlo event generators with next-to-leading order accuracy, such
as MC@QNLO [84] and POWHEG [85], are also available. They provide predictions
for differential observables and jets, and can be consistently matched to the parton
showers generated by PYTHIA and HERWIG.

1.5.2 Cold nuclear matter effects

As mentioned in Section 1.4.6, cold nuclear matter effects influence the heavy-
flavour hadron production in nucleus—nucleus collisions, and they must be consid-
ered to properly interpret the measurements. These effects are typically investi-
gated in p—A and d—A collisions, and by studying the production of electroweak
bosons in A—A collisions, where phenomena due to the QGP formation can be
neglected.

A relevant CNM effect at LHC energies is the modification of the PDFs of the
nucleons bound in the colliding nuclei with respect to free nucleons. Even consid-
ering the nucleus as a simple collection of nearly-free nucleons, a variation of the
PDFs is expected due the quantum Fermi motion of the nucleons inside the nu-
cleus. In fact, the distributions of the nucleon-momentum fraction, called Bjorken
z, carried by the partons of nucleons bound in a nucleus are the convolution of the
distributions for a free nucleon at rest and the nucleon Fermi motion. In addition,
deep-inelastic scattering experiments observed various other PDF modification ef-
fects, which depend on the interval of x considered. The PDF of a nucleon bound
in a nucleus can be expressed as [86]

fHx,.Q%) = RMa, Q) fil, @), (1.24)

where R2(z,Q?) quantifies the nuclear modification of the free-nucleon parton dis-
tribution function f;(x,Q?), and i indicates the parton species.

The trend of R as a function of x is exemplified in Fig. 1.14. Deviations of
this quantity from unity are present in all the x range, while a value equal to unity
is expected in absence of nuclear effects. For x < 0.05, a suppression of the PDFs
is observed due to the shadowing effect [88]. This behaviour can be explained by
the spatial overlap of the partons from different nucleons giving rise to a saturation
of the density of gluons, which are the main nucleon constituents at low x values.
An anti-shadowing region can be identified in the 0.05 < z < 0.3 interval, where
the enhancement of the R above unity is due to momentum conservation, and is
a consequence of the shadowing effect depleting the low Bjorken-x region. Another
suppression region is present for 0.3 < z < 0.8, and is usually denoted as the EMC
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Figure 1.14: Representation of the nuclear PDF modification as a function of z
observed in deep-inelastic scattering measurements. Figure from Ref. [87].

effect [89]. Tt results from the modification of the quark and gluon distributions in
bound nucleons by the nuclear environment. At higher x values, the R? increases
due to the aforementioned Fermi motion. The heavy-flavour production in heavy-
ion collisions at LHC energies is principally influenced by the shadowing effect. In
fact, cc and bb pairs at midrapidity originate in hard scatterings between partons
with Bjorken-z values around 10~ for charm quarks, and 1072 for beauty quarks,
which increase with increasing pr [90]. Therefore, their yield normalised to the
number of nucleon—nucleon collisions, which is dominated by the low-pr region, is
suppressed as compared to pp interactions. Similarly to the free-proton PDFs used
for theoretical calculations in pp collisions, the nuclear PDFs are parametrised by
using global fits to several experimental measurements of deep-inelastic scatterings
and Drell-Yan processes [87, 91].

Another CNM effect is the Cronin enhancement [92]. This effect results in
nuclear modification factors slightly larger than unity in p—A collisions at interme-
diate pr, due to the shift of the hadron pr distributions towards higher values as
compared to pp collisions. The Cronin enhancement can be explained by assum-
ing that the partons of the projectile nucleon perform multiple elastic scatterings
with the constituents of the target nucleus, before the hard-scattering process (k-
broadening). The multiple interactions transfer an initial transverse momentum
to the partons, thus increasing the pr of the produced particles. As discussed in
Sec. 1.4.4, in presence of the QGP, a similar shift of the light-flavour hadron pr
spectra towards higher values is caused by the radial flow, which could also influence
the pr distributions of heavy-flavour hadrons. Since collective-like behaviours were
observed in p—A collisions, hypotheses about the existence of hot-medium effects in
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small systems have been advanced and are currently debated [93-95]. The presence
of the radial flow in p—A collisions could constitute an alternative or complementary
explanation of the Cronin enhancement with respect to the kp-broadening.

1.5.3 Interactions with the QGP

Heavy flavours propagating through the QGP interact with the deconfined
medium constituents performing multiple elastic and inelastic scattering, which
are usually referred to as collisional and radiative processes, respectively. The typ-
ical momentum exchanged in the scatterings is small compared to the charm- and
beauty-quark mass. Therefore, the heavy-flavour propagation in the medium can be
described as a Brownian motion characterised by several small momentum kicks [2].
The interactions with the QGP constituents bring low- and intermediate-pr heavy
quarks towards the thermal equilibrium with the medium and transfer to them
the system collective flow. The heavy-flavour thermalisation time in the medium
is comparable to the QGP lifetime or larger [96], thus the momentum spectra of
heavy-flavour hadrons retain memory of the interaction history, providing informa-
tion on the coupling strength to the medium.

The interactions with the constituents of the medium result in an energy loss
for the partons traversing it. Fig. 1.15 displays the collisional and radiative energy
loss of charm and beauty quarks in the QGP as a function of their initial energy
predicted by the model of Ref. [97] for central Pb—Pb collisions at /syy = 2.76 TeV.
According to these theoretical calculations, the collisional energy loss is the domi-
nant mechanism for low-pr heavy quarks. At high transverse momentum instead,
the largest fraction of energy is lost via radiative processes, in which gluon emission
induced by the medium presence occurs.

15 T T T T T T T T T T T 10 T T T T T T T T T
Fl %gg;::ﬁg’al Charm quark o ggg;;zﬁf?l Bottom quark
1217 | — Total 0-7.5% centrality 7 8[" |— Total 0-7.5% centrality 7

E (GeV)

Figure 1.15: Comparison of radiative and collisional energy loss for charm quarks
(left panel) and for bottom quarks (right panel) in the QGP formed in central
Pb—Pb collisions at /syn = 2.76 TeV. Figure from Ref. [97].
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Collisional processes

The multiple elastic scatterings of heavy quarks with the medium constituents
result in a collisional energy loss (AE,,;) dependent on the quark mass [98]. In the
limit of high quark energy, Eq > méT, this energy loss is predicted to increase
logarithmically as a function of the initial parton energy and to linearly depend
on the medium thickness [99]. For low-energy quarks, the energy-momentum ex-
changes with the medium result in the thermalisation of heavy quarks in the QGP.
Another consequence of the multiple soft interactions is the transfer to charm and
beauty quarks of the radial and anisotropic flow of the system.

The dynamic and space-time evolution of heavy flavours undergoing multiple
elastic scatterings in the QGP can be described in the transport formalism by the
Boltzmann equation [2]

0
5+ et Fan| falta.p) = Clial. (1.25)

where E, is the quark energy, and fq(t, «, p) indicates the heavy-quark phase-space
distribution function. The interactions with the medium are encoded in the force F’
induced by the mean colour and electromagnetic fields, and in the collisional integral
C'[fq] containing the parton scattering amplitudes. In the Brownian-motion limit,
mq > T, which is valid for charm and beauty quarks as discussed above, the
Boltzmann equation can be approximated by the Fokker-Planck equation

Saltn) = 2 { A altp) + g Bs@iatep] |, (120

which is a differential equation of the phase-space distribution function and depends
only on the transport parameters A;(p) and B;j(p). The A;(p) coefficient quan-
tifies the average heavy-flavour momentum variation per unit time, thus encoding
the medium-induced friction, while the B;;(p) coeflicients represent the average
momentum broadening per unit time, i.e., the momentum diffusion.

In the non-relativistic limit, the transport coefficients can be assumed to be
momentum independent, and Eq. (1.26) is further simplified in

0 0
ot 8]%
which is the Langevin equation. In the equation, the v = A;(p) and D, = B;;(p)
constants are the drag and momentum-diffusion coefficients, respectively. The drag
coefficient ~ is the inverse of the heavy-flavour thermalisation (relaxation) time
Téq. It is also linked to the spatial-diffusion coefficient D, which quantifies the
broadening of the spatial distribution with time and is defined as
T T
Dy=—=—14. (1.28)
maqYy mq

28



1.5 — Open heavy-flavour hadrons

Common values of 75! estimated for charm quarks from data-to-model comparisons
are of the order of 5 fm/c, while they are of the order of 15 fm/c for beauty
quarks due to their larger mass [2]. Therefore, the heavy-flavour thermalisation
time is comparable to the lifetime of the QGP formed in heavy-ion collisions at
LHC energies.

Radiative processes

Partons propagating through the QGP medium characterised by free colour
charges lose energy radiating gluons. Various calculations of the average radia-
tive energy loss (AFE,.q), which adopt different assumptions, are available. In the
BDMPS model [100], the medium is considered as composed of static scattering
centres with which the parton performs multiple interactions acquiring a transverse
momentum kr. An on-shell gluon is then emitted when the momentum acquired
by the parton is large enough to decohere the gluon from the parton wave function.
According to this picture, the model predicts the following dependence of the mean
radiative energy loss

(AE,q0) x a,CrqL? (1.29)

In the above equation, Ck is the Casimir factor which is equal to 4/3 for the quark-
gluon coupling and to 3 for the gluon-gluon one, L is the distance traversed by the
parton in the medium, and § = (k3) /L is the transport coefficient quantifying the
average squared transverse momentum transferred to the parton per path-length
unit. In this model, the average energy loss does not depend on the parton energy
and is larger by a factor 9/4 for gluons than for quarks. Therefore, the effect of the
energy loss is expected to be larger for light-flavour hadrons, which mainly originate
from the hadronisation of gluons, than for heavy-flavour hadrons. The values of the
transport coefficient normalised to the medium temperature ¢/T? resulting from
data-to-model studies are comprehended between about 1.5 and 4 [101].

The radiative energy loss is also affected by the so-called dead cone effect [102,
103], where the emission of gluons from a quark is forbidden at angles around its
direction of motion smaller than a critical value ©. = mq/Eq. Hence, the energy
loss is expected to decrease with increasing quark mass mgq, and to increase as the
quark energy Eq increases. The dead-cone effect and the dependence described in
Eq. 1.29 imply that the radiative energy loss of partons in the QGP is expected to
follow the hierarchy AE(b) < AE(c) < AE(u,d,s) < AE(g).

As visible in Fig. 1.15, the radiative energy loss is expected to be dominant
with respect to the collisional one at high pr. Therefore, the radiative energy
loss is the main effect leading to the suppression of the hadron yield at high pr,
and comparing the Raa of heavy- and light-flavour hadrons it is possible to probe
the colour-charge and quark-mass dependence of the energy-loss mechanism. In
Fig. 1.16, the average Rxa of prompt D° DT, and D** mesons [104] is reported
together with the one of charged pions [37], charged particles [46], and inclusive
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Figure 1.16: Measurements of the Rx of prompt D mesons, charged pions, charged
particles, and J/1{ mesons in central Pb—Pb collisions at /syx = 5.02 TeV. Figure
from Ref. [104].

J/WP mesons [105] measured by the ALICE Collaboration in central Pb—Pb collisions
at /sy = 5.02 TeV. The Raa of prompt and non-prompt J /1 mesons measured
by the CMS Collaboration [106] is also shown. The Raa of D mesons and charged
pions are similar for py 2 8 GeV/c. This is due to the interplay of the larger energy
loss expected for gluons and light-flavour quarks than for charm quarks, and the
harder charm-quark pr distribution and fragmentation function. Moreover, the
nuclear modification factor of non-prompt J/1 mesons from beauty-hadron decays
is higher than the prompt D-meson one, as predicted by the quark-mass dependence
of the radiative energy loss.

The dependence of the 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 results from the path-
length asymmetries arising from the spatial anisotropy of the fireball in the first
instants of the collision, which lead to different energy losses depending on the
heavy-flavour azimuthal direction [107, 108].

Theoretical description of heavy-flavour measurements

The prediction of experimental observables by theoretical models describing the
heavy-flavour transport in the hydrodynamically expanding QGP is a challenging
task. This endeavour requires the modelling of many complex ingredients, such
as: the initial conditions produced in the heavy-ion collisions, the QGP evolution
and collective behaviours, the initial momentum and position distribution of the
charm and beauty quarks, the interactions of heavy flavours in the medium and
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Figure 1.17: Average Raa (left panel) and v, (right panel) of prompt D D, and
D** mesons in central Pb-Pb collisions at /syy = 5.02 TeV, compared with pre-
dictions of models implementing the charm-quark transport in a hydrodynamically
expanding medium. Figure from Ref. [104].

their hadronisation, and possibly the interactions of heavy-flavour hadrons in the
hadronic phase. In particular, the simultaneous description of the nuclear modifica-
tion factor Raa and the elliptic low vy of heavy-flavour hadrons is a stringent test
of model predictions and provides the possibility to constrain the model ingredients
and parameters.

In Fig. 1.17, the average Raa [104] and vy [109] of prompt D?, D, and D**
mesons as a function of pr in central Pb-Pb collisions at /sy = 5.02 TeV mea-
sured by the ALICE Collaboration are compared to transport-model predictions.
The TAMU [110], POWLANG-HTL [111, 112], DAB-MOD [113], and LGR [114]
models describe the heavy-flavour transport in the QGP by using the Langevin
equation. The Catania [115, 116], MC@QsHQ+EPOS2 [117], LBT [118, 119], and
LIDO [120] models are instead based on the Boltzmann equation. The parton
transport in PHSD [121] is described with the dynamical quasi-particle model,
which reproduces lattice QCD results for the QGP in thermodynamic equilibrium
by using effective propagators for quarks and gluons. The heavy-quark interactions
with the medium are treated by considering only collisional processes in the case
of TAMU, POWLANG-HTL, PHSD, and Catania, while in the other theoretical
calculations radiative processes are also included. The mentioned models, except
for DAB-MOD, adopt nuclear PDFs to describe initial-state effects affecting the
heavy-quark initial pr distribution. Finally, all the models include the possibil-
ity for charm and beauty quarks to hadronise via the recombination mechanism,
which will be discussed in the next Section, in addition to the hadronisation by
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Figure 1.18: Raa (top panels) and vy (bottom panels) of prompt D mesons, charged
pions, and charged hadrons in Pb—Pb collisions at /sy = 5.02 TeV, compared with
predictions from models based on pQCD calculations. Figure from Ref. [104].

fragmentation.

The agreement between the measurements and the theoretical predictions is
evaluated by computing the x?/ndf. The models describing fairly well both the
measured Raa and v, are TAMU, MCQsHQ+EPOS2, LIDO, LGR, and Catania,
where a x?/ndf below 5 and 2 is imposed as a threshold in the Rxa and v, compar-
ison, respectively. Considering these models, it is possible to constrain the value of
the heavy-flavour spatial diffusion coefficient D, to the range 1.5 < 27Dy < 4.5 at
the pseudo-critical temperature 7, = 155 MeV, which is in agreement with lattice
QCD calculations [104].

Figure 1.18 shows the average nuclear modification factor Raa and elliptic flow
vy of prompt D) DF, and D** mesons [104, 109], together with those of charged
pions [37, 44] and charged hadrons [46], measured by the ALICE Collaboration in
Pb-Pb collisions at \/syy = 5.02 TeV. The measurements are compared with the
predictions of the CUJET3.1 [122-124], DREENA-A [125-127], and SCET; ¢ [128]
models, which implement pQCD calculations of the energy loss of high-pr partons.
The comparison of these models with the measurements provides a quantitative
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understanding of the parton energy loss in the medium. In the CUJET3.1 frame-
work, the jet-medium interactions are described with the DGLV opacity expansion
model [129]. The DREENA-A model is based on a dynamical energy-loss formal-
ism [130], where jet-medium interactions are modelled in a QCD medium of finite
size and temperature composed of dynamical scattering centres. These frameworks
include both the collisional and radiative energy loss mechanisms. The SCETy ¢
model is instead based on a soft-collinear effective theory [131] and implements
the medium-induced gluon radiation via modified splitting functions. All models
are in agreement with both the Ras and v, of D mesons and charged pions for
pr > 10 GeV /¢, where the radiative energy loss is expected to be the dominant
interaction mechanism. This indicates that the colour-charge and quark-mass de-
pendence of the radiative energy loss in the medium, as well as its path-length
dependence, are reasonably well described in the model calculations.

1.5.4 Hadronisation mechanisms

The charm and beauty quarks produced in the initial hard partonic scatterings
undergo a process to generate colour-singlet hadrons in the final state, which is
referred to as the hadronisation. In pp collisions, the heavy quarks hadronise in the
vacuum via the fragmentation mechanism producing a spray of lower-momentum
hadrons. The heavy-quark fragmentation into mesons is found to be the same in
ete™, eTp, and pp collisions, pointing to a universal mechanism independent of the
collision system [132]. A common approach to describe the fragmentation mecha-
nism is the Lund string model [133, 134], which is adopted by the default tune of
the PYTHIA event generator [135]. In this model, the hadronisation occurs via the
breaking of colour strings with the production of qq pairs from the vacuum. How-
ever, this picture fails to describe the AT-baryon production, which is significantly
larger in pp collisions than what is expected by adopting fragmentation functions
constrained by ete™ and e*p data. Alternative theoretical approaches to describe
this observation are currently under discussion [69, 136].

In heavy-ion collisions, the hadronisation process is predicted to be modified
by the presence of the deconfined QGP medium. When the system reaches the
pseudo-critical temperature for the transition to a hadron gas, heavy quarks can
hadronise by combining with light-quarks of the medium close in phase space [137,
138]. This mechanism is called recombination or coalescence, and produces hadrons
with higher momentum than the one of the hadronising charm and beauty quarks.
The recombination mechanism is in competition with the fragmentation and its
contribution is relevant for the production of low- and intermediate-pr hadrons,
while the fragmentation mechanism is dominant at high pr.

The inclusion of the hadronisation via recombination in the theoretical mod-
els is crucial for the description of open heavy-flavour hadron observables. In
Fig. 1.19, the predictions of the PHSD [121], POWLANG-HTL [111, 112], and
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Figure 1.19: Prompt D-meson R in the 0-10% centrality class (left panel) and
vy in the 30-50% centrality class (right panel) in Pb-Pb collisions at ,/syy = 5.02
TeV, compared with model predictions including (solid lines) and not including
(dashed lines) the hadronisation via recombination. Figure from Ref. [104].

DAB-MOD [113] models, both including and not including the hadronisation via
recombination, are compared to the prompt D-meson Ras [104] and vy [109] mea-
sured by the ALICE Collaboration in Pb-Pb collisions at /sy = 5.02 TeV. The
calculations considering only the fragmentation process underestimate both the ob-
served D-meson Rxa and ve. Hence, the recombination mechanism is needed to
push the predictions closer to the experimental data, indicating that the charm-
quark coalescence with light-flavour quarks of the medium plays a relevant role.
This is also consistent with J/{p-meson measurements, where the recombination of
charm and anticharm quarks is fundamental to describe the data, as discussed in
Section 1.4.7. Finally, when including the hadronisation via recombination, the Raa
shows a bump at intermediate pr originating from the radial flow of the medium,
and the vy increases since the elliptic flow of light-flavour quarks is added to the
charm-quark one.

Different implementations of the quark-recombination mechanism are adopted
in the various theoretical frameworks. The majority of the models mentioned in the
previous Section uses an instantaneous coalescence at the phase boundary, which
is implemented through the Wigner-function formalism [139]. In the PHSD model
instead, the hadronisation is described via a Monte Carlo simulation of the recombi-
nation process in competition to the fragmentation. The POWLANG-HTL model
implements the recombination through an in-medium string formation approach.
In the TAMU model, the hadronisation via coalescence occurs via the formation
of resonant states when approaching the pseudo-critical temperature within the
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Figure 1.20: Predictions of the TAMU model for the Ras of prompt D, DF and
A7 hadrons in central Pb—Pb collisions at /sxy = 5.02 TeV compared to the
measurements performed by the ALICE Collaboration. Figure from Ref. [110].

resonance-recombination model formalism [140)].

As a further consequence of the charm-quark hadronisation via recombination,
the Df-meson production is expected to be enhanced with respect to the non-
strange D-meson one in nucleus—nucleus collisions at low and intermediate pr in
comparison with pp interactions, due to the large abundance of strange quarks
in the QGP medium [141, 142]. This results in a smaller suppression of the D-
meson ax compared to D mesons without strange-quark content in the pr region
where the coalescence mechanism is relevant. Moreover, the hadronisation via
recombination gives rise to an enhancement also of the baryon-over-meson yield
ratios at intermediate pr. Figure 1.20 reports the TAMU model predictions for
the nuclear modification factor of prompt D° D and Af hadrons in central Pb—
Pb collisions at \/sxy = 5.02 TeV compared to the measurements performed by
the ALICE Collaboration® [110]. The model predictions show a hierarchy in the
Raa of the three charm-hadron species at low transverse momentum, while the
calculations for the different hadrons converge to similar values at high pr, where
the fragmentation is the dominant hadronisation mechanism. The larger nuclear
modification factor predicted by the model for the DI mesons is motivated by
the interplay of the charm-quark coalescence in the medium and the strangeness
enhancement.

5The measurements used in the paper are not the latest available from the ALICE Collabo-
ration.
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1.5.5 SHM for charm hadrons

As mentioned in Section 1.4.2, the statistical hadronisation model (SHM) suc-
cessfully describe the production of light-flavour hadrons in ultrarelativistic heavy-
ion collisions. The SHM model is extended to describe the charm-hadron produc-
tion by the GSI-Heidelberg SHMc model [143], where charm quarks are treated
as “impurities” of the QGP medium characterised by thermal distributions. The
charm-quark thermal production in the QGP is strongly suppressed at LHC ener-
gies, since the medium temperature reached is substantially lower than the cc-pair
mass. Hence, the charm-quark content of the deconfined medium is determined
by the initial production in hard-scattering processes, and it is an input parameter
for the model. The SHMc model assumes that charm quarks thermalise in the
QGP due to their interactions with the medium constituents. Therefore, they can
be distributed into hadrons with thermal weights at the moment of the chemical
freeze-out, and the abundances of the different charm-hadron species can be com-
puted starting from the thermal parameters, i.e., T.,, V, and up, extracted from
the fit to the light-flavour hadron yields.

In addition to the total yields of the charm-hadron species, the SHMc¢ model
provides predictions also for their pr spectra, which are modelled with a core-
corona approach [144]. In this approach, the low-pr region is dominated by the
core contribution, where charm quarks are considered in local thermal equilibrium
with the QGP formed in the collision, and their pt distribution is described by
a Blast-Wave function. The prp-spectra modification due to resonance decays is
also accounted for by using the FastReso package [145]. In the corona, which
is the volume corresponding to the outer region of the collision zone, the energy
density is much smaller than the maximum value achieved in the collision and the
assumption of no QGP formation is made. Therefore, the corona contribution is
parametrised from measurements in pp collisions scaled by the number of nucleon-
nucleon interactions occurring in the corona. The final charm-hadron pr spectra
are obtained by summing the thermal component originating from the core to the
one from the corona. This latter contribution, being harder, is relevant at high pr.

Figure 1.21 shows the SHMc predictions for the pp-differential production yield
of prompt D mesons and A} baryons in central Pb-Pb collisions at VSN = 9.02
TeV. The D%meson prediction is compared with the measurement performed by the
ALICE Collaboration in the same collision system and at the same centre-of-mass
energy [146]. The model describes the data within uncertainties at low transverse
momentum, while it undershoots the D? yield for pr = 4 GeV /c. Even if the SHMc
model does not catch the measurement at intermediate and high pr, it provides
relevant predictions for the D-meson total production yields, which are dominated
by the low-pr contribution, and for the pr-differential yield ratios between the
different D-meson species.
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Figure 1.21: SHMc predictions for the pr-differential production yield of prompt
DY mesons (top panel) and AJ baryons (bottom panel) in central Pb-Pb collisions
at \/syn = 5.02 TeV. The D°-meson prediction is compared with the measurement
performed by the ALICE Collaboration. Figure from Ref. [143].

1.5.6 Motivation for D:-meson measurements

The measurement of the Df-meson production in pp collisions complements
those of non-strange D mesons, i.e., DY and D*, and contributes to provide infor-
mation on the charm- and beauty-quark production cross section, via the measure-
ment of prompt and non-prompt DI mesons, respectively. In addition, from the
measurement of the DF /(DY + D) yield ratios is possible to derive the fragmenta-
tion fraction of charm and beauty quarks into strange mesons divided by the one
into non-strange mesons fs/(fu + fa). Therefore, the heavy-quark hadronisation
via fragmentation in the vacuum can be probed.

As mentioned in Section 1.5.4, the measurement of the Df-meson production
in Pb—Pb collisions and its comparison with the non-strange D-meson one is a
powerful tool to investigate the role of the charm-quark hadronisation via recom-
bination in the deconfined medium, where the strangeness production is enhanced.
In particular, precise measurements are needed to confirm the enhancement of the
charm-strange meson production in heavy-ion collision at low and intermediate pr,
and to constrain the predictions of models describing the charm-quark transport
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and hadronisation in the QGP, as well as those of the SHMc. Moreover, measure-
ments of the Df-meson elliptic flow in non-central heavy-ion collisions have not yet
reached the precision required to claim that a positive vy is observed, as for the
non-strange D mesons. A difference between the elliptic flow of D and non-strange
D mesons is also predicted due to the different D-meson masses, the charm-quark
hadronisation via coalescence with strange quarks of the medium instead of light
quarks, and different interactions in the hadronic phase [142, 147]. Hints of this
possible difference could be obtained from measurements with improved precision.
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Chapter 2

A Large Ion Collider Experiment
— ALICE

The ALICE (A Large Ion Collider Experiment) [148] experiment is one of the
four main experiments installed at the CERN Large Hadron Collider (LHC) [149]
near Geneva. ALICE design was optimised to study heavy-ion collisions at ul-
trarelativistic centre-of-mass energies. Its main focus is the characterisation of the
quark-gluon plasma formed at extreme values of temperature and energy density in
Pb—Pb collisions. The physics program of the experiment also includes the study
of lighter-ions, p—Pb, and pp collisions to address various QCD topics. In this
Chapter, the detectors composing the ALICE experiment are introduced, together
with some details about their performance. The computing and software frame-
work of the ALICE Collaboration is then outlined. Finally, the data acquisition
and reconstruction strategies are briefly discussed.

2.1 The Large Hadron Collider

The LHC [149] is a hadron accelerator and collider installed in the laboratory
of the European Organisation for Nuclear Research (CERN). It is situated under-
ground, at a depth varying between 45 m and 170 m, in the tunnel where the
Large Electron Positron (LEP) collider [150] was located. The LHC is currently
the largest and most powerful particle accelerator in the world, thanks to a cir-
cumference of about 26.7 km and the adoption of superconducting magnets. The
LHC is designed to accelerate protons, and provides pp collisions with a centre-
of-mass energy up to /s = 14 TeV and with a peak instantaneous luminosity of
L =103 s7lem™2. It can also operate with lead ions. In this case, Pb-Pb colli-
sions with a centre-of-mass energy per nucleon pair up to /syx = 5.5 TeV and a
luminosity of about £ = 10?" s~'cm~2 can be achieved.

Before entering the LHC ring, beams of protons and lead ions are prepared
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Figure 2.1: Schematic of the LHC accelerator and its injection system. The four
main LHC experiments are also shown. Figure adapted from the original [153].

and accelerated by a complex injection system [151, 152]. This system is com-
posed of reconverted accelerators and dedicated facilities, and it is schematised in
Fig. 2.1. Protons are obtained by ionising hydrogen atoms, and are brought to an
energy of about 50 MeV by the LINear ACcelerator 2 (LINAC2). They are subse-
quently accelerated by the Proton Synchrotron Booster (PSB) to about 1.4 GeV,
and then are injected in the Proton Synchrotron (PS) where they reach an energy
of about 25 GeV. Finally, the Super Proton Synchrotron accelerates the protons
to 450 GeV before the injection in the LHC ring. Lead ions are produced from
the evaporation of metallic lead which is then ionised. They initially pass through
the LINear ACcelerator 3 (LINAC3), after which they reach an energy of about
4.2 MeV /nucleon. Then, they are accelerated by the Low Energy Ion Ring (LEIR)
to about 72 MeV /nucleon. At this point, the lead ions are injected in the PS and
follow the same path of the protons before being delivered to the LHC.

The LHC provides the beams for four major experiments, whose positions are
schematically shown in Fig. 2.1. The ATLAS (A Toroidal LHC ApparatuS) [154]
and CMS (Compact Muon Solenoid) [155] experiments are designed to exploit
the high luminosity provided by the LHC in pp collisions. They discovered the
Higgs boson in 2012 [156, 157] and have a wide physics program comprehend-
ing various topics, such as the top-quark and Higgs-coupling measurements, and
the search for physics beyond the Standard Model. The LHCb (Large Hadron
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Collider beauty) [158] experiment is devoted to heavy-flavour physics, studying
charge-parity violation and rare decays of hadrons containing charm and beauty
quarks. The ALICE experiment is mainly dedicated to the physics of high-energy
heavy-ion collisions, and will be described in detail in the following Section. It is
worth mentioning that all the four main experiments have a dedicated heavy-ion
program.

2.2 The ALICE experiment

ALICE is a general-purpose detector designed to cope with the large multi-
plicity of charged particles produced at midrapidity in Pb—Pb collisions at the
LHC [148, 159]. The apparatus was optimised considering a value of charged-
particle multiplicity per pseudorapidity unit, d/N/dn, of about 4000, and the exper-
iment detectors are characterised by a high granularity. To reconstruct particles
down to very low transverse momentum, about 80 MeV /¢ for pions, a magnetic field
of 0.5 T parallel to the beam direction is used. Moreover, the tracking detectors
were designed minimising the material budget to guarantee a good pr resolution.
At high pr, a satisfactory resolution is provided by the large tracking lever arm of
about 3.5 m. The physics studied by the ALICE experiment requires particle iden-
tification (PID) in a wide momentum range, i.e., from low pr to about 20 GeV/c.
This is obtained thanks to detectors with complementary capabilities which exploit
different PID techniques.

The ALICE experiment is 26 m long, 16 m high, 16 m wide and weights ap-
proximatively 10000 t. The layout of the ALICE apparatus is displayed in Fig. 2.2,
where the different components are highlighted. The apparatus is formed by two
main sections, i.e., a central barrel and a forward muon spectrometer. The central
barrel covers the pseudorapidity interval —0.9 < n < 0.9, and it is contained in the
large solenoid magnet previously employed in the L3 experiment at LEP. Moving
from the point where the beams collide outward, the barrel includes: the Inner
Tracking System (ITS) which is made of silicon detectors of different technologies;
a Time Projection Chamber (TPC); the Transition Radiation (TRD), the Time-of-
Flight (TOF), and the Ring Imaging Cherenkov (HMPID) detectors dedicated to
particle identification; and three electromagnetic calorimeters (PHOS, EMCal, and
DCal). These cylindrical detectors are specialised in the measurement of hadrons,
electrons, and photons. The ITS, TPC, TOF and TRD detectors cover the full
azimuth. The forward muon spectrometer is dedicated to the triggering and track-
ing of muons, and it is composed of various absorbers, a dipole magnet, ten planes
of cathode pad chambers, and four planes of resistive plate chambers. The muon
spectrometer covers the pseudorapidity range —4 < n < —2.5 and the full azimuth.
In addition, several detectors of small dimensions (PMD, FMD, T0, V0, ZDC) are
located at forward and backward rapidity. They are mainly used for global event
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Figure 2.2: Detector layout of the ALICE experiment. Figure from the ALICE
figure repository ©.

characterisation and triggering. An array of scintillators (ACORDE) is located on
top of the L3 magnet, and it is employed to trigger on muons originating from cos-
mic rays, which can be used for alignment purposes and cosmic-ray measurements.
In the following Sections, the ALICE detectors used in the analyses presented in
this Thesis will be described more thoroughly.

The ALICE experiment adopts a right-handed orthogonal Cartesian coordinate
system which originates in the LHC Interaction Point 2 (IP2), where the experiment
is located. The Z direction is parallel to the direction of the beams and points
towards the ATLAS experiment. The 2 direction is horizontal and points towards
the centre of the LHC ring, while the ¢ direction is vertical pointing upwards.
Moreover, ALICE uses also a spherical coordinate system, where the azimuthal
angle ¢ is defined in the zy plane and increases counter-clockwise starting from the
Z direction. The polar angle 6 is instead defined in the yz plane.

2.2.1 Inner Tracking System

The Inner Tracking System is the ALICE detector closest to the interaction
point. The ITS, which is schematised in Fig. 2.3, is composed of six cylindrical layers
of silicon detectors placed coaxially around the beam vacuum tube. The layers are
instrumented with sensors based on different technologies. The two innermost
layers are silicon pixel detectors (SPD), the third and fourth ones are silicon drift
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Figure 2.3: Structure of the Inner Tracking System with its six silicon layers. Figure
from Ref. [160].

detectors (SDD), and the last two layers are double-sided silicon strip detectors
(SSD). The details about the position, spatial extension, material budget, and
spatial resolution of each layer are reported in Tab. 2.1. The ITS is characterised
by a low total material budget, which reduces the particle multiple scattering with
the detector structures. A particle crossing the I'TS at n = 0 traverses an amount
of material corresponding to about 7.2% of a radiation length X, including the
support structures and the thermal shields.

The SPD detector is highly segmented to sustain the large charged-particle
multiplicity of heavy-ion collisions. Each sensor matrix composing the detector
contains 256 x 160 cells measuring 50 um (ry) x 425 um (z), for a total sensor

Table 2.1: Properties of the six layers of the ITS detector [148].

Layer | Detector 7 (cm) 7 (cm) Material budget Spatial resolution
(%X0) re x 2 (pm?)
1 SPD 3.9 14.1 1.14 12 x 100
2 SPD 7.9 14.1 1.14 12 x 100
3 SDD 15.0 22.2 1.13 35 x 25
4 SDD 23.9 29.7 1.26 35 x 25
5 SSD 38.0 43.1 0.83 20 x 830
6 SSD 43.0 48.9 0.86 20 x 830
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active area of 12.8 mm (r¢) x 70.7 mm (z). The thickness of the sensor is 200 pum.
The SPD has a binary readout and its fast response provides the opportunity to
use its signal in a trigger. The SDD detector is formed by 300 um thick sensors
with a sensitive area of 70.17 mm (r¢) x 75.26 mm (z), which is split into two
separated drift regions by a central cathode strip. Each drift region has 256 anodes
for charge collection with a pitch of 294 um. The SDD has an excellent multitrack
capability, and thanks to an analogue readout delivers two of the four measurements
of ionisation energy loss per unit length d£/dx employed for particle identification
by the ITS. The sensors of the SSD detector have 768 strips on each side with 95
pum pitch, an active area of 75 mm (r¢) x 42 mm (z), and are 300 pm thick. The
SSD is essential for the prolongation of tracks from the TPC to the ITS, which will
be discussed in Section 2.5, and provides the other two dF/dx samples needed for
particle identification.
The ITS performs the following main tasks:

o improvement of the spatial, angular, and momentum resolution for tracks
reconstructed by the TPC;

 localisation of the collision position, i.e., the primary vertex, with a resolution
better than 100 wm in pp collisions and 3—4 pwm in central Pb—Pb collisions;

» reconstruction of the secondary vertices which originate from the decays of
short-lived particles as heavy-flavour hadrons (e7(DF) ~ 151 um, cr(BY) ~
455 pum [6]), resolving them from the primary one;

« tracking and identification of particles with momentum below 200 MeV /¢,
which do not reach the TPC.

2.2.2 Time Projection Chamber

The Time Projection Chamber is the primary detector for track reconstruction
in the central barrel. The TPC is a chamber filled with high-purity gas designed to
transport ionisation electrons, which are produced by charged particles traversing
the gas, over long distances and to collect them at the readout end plates. Figure 2.4
shows the layout of the detector, which is composed of a cylindrical field cage
with an overall length of about 5 m along the beam direction, and an inner and
outer radius of about 0.85 m and 2.5 m, respectively. The total active volume of
the detector is about 90 m3, being the largest TPC mounted on an experimental
apparatus to date.

The field cage of the TPC is formed by a central high-voltage electrode, which
separates the gas volume into two specular drift regions, and by two opposite axial
resistive potential dividers, which generate a highly uniform electrostatic field of
about 400 V/cm. The maximum drift time in the chamber is 90 pus. During the
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Figure 2.4: Layout of the Time Projection Chamber. Figure from Ref. [161].

Run 2 data-taking period (2015-2018), the gas contained in the cage was composed
of a mixture of Ar, CO,, and Ny (90/10/5), except in 2017 when the Ar component
was replaced with Ne. The TPC end plates are segmented into 18 trapezoidal
sectors in the azimuthal direction. Each sector is divided in an inner and an outer
region, which are instrumented with multi-wire proportional chambers (MWPC).
The two MWPC together contains 159 readout pad rows corresponding to the
cathodes collecting the avalanche created by the drifting electrons. The spatial
resolution of the TPC detector is 1.1 mm (r¢) x 0.8 mm (z) (1.25 mm (rp) X
1.1 mm (z)) for the inner (outer) readout chambers.

In addition to the tracking, the TPC is optimised to identify charged particles
via their d£/dx, and to determine the primary-vertex position together with the
ITS. The TPC provides relevant PID information at low pr, i.e., up to about 0.8
GeV /¢ for pions and kaons, and below 1.6 GeV /¢ for protons. Further information
on the PID capabilities of the TPC detector is reported in Section 2.6.

2.2.3 Time-of-Flight detector

The Time of Flight detector is positioned outside the TRD and has a large
active area of about 141 m?2. The detector is contained in a cylindrical shell with a
length of 7.4 m, an internal radius of 3.7 m and an external one of 4 m. It is divided
in 18 sectors in the azimuthal direction and 5 segments along the z axis. The TOF
is instrumented with 1593 strips of multi-gap resistive plate chambers (MRPC) in
double-stack configuration, each one with an active area of 120 x 7.4 cm?. The
MRPC are filled with a gas mixture of 90% C,H,F,, 5% i-C4H;y and 5% SF.
A high and uniform electric field is present in their volume, thus the ionisation
produced by a particle crossing the device starts an avalanche which generates a
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detectable signal. The MRPC are characterised by an intrinsic time resolution of
about 40 ps. The TOF complements the particle-identification capabilities of the
TPC in the intermediate momentum range, i.e., below 3 GeV /¢ for pions and kaons,
and up to 5 GeV/c for protons [162]. More details are provided in Section 2.6.

2.2.4 VO detector

The VO detector is composed of two arrays of scintillator counters denominated
VOA and VOC, which are segmented into 4 rings in the radial direction and 8
sectors in the azimuthal one. The VOA is positioned at 340 cm distance from the
nominal interaction point along the beam axis, on the opposite side to the muon
spectrometer, whereas the VOC is located in front of the hadronic absorber at 90
cm from the interaction point. They cover the full azimuth and the pseudorapidity
ranges 2.8 < n < 5.1 (VOA) and —3.7 < n < —1.7 (VOC). The VO provides a
Minimum Bias trigger (MB) via a logic AND between the VOA and VOC signals.
Its timing information is used to reject background events arising from beam-gas
interactions and the pileup in the SPD readout time. Furthermore, the VO signals
are employed to estimate the collision centrality and the reaction plane in Pb—Pb
collisions.

2.2.5 TO detector

The TO detector consists of two modules, TOA and TOC, instrumented with
Cherenkov counters. They are placed on opposite sides of the interaction point, and
cover the pseudorapidity intervals 4.61 < n < 4.92 (TOA) and —3.28 < n < —2.97
(TOC). The TO main purpose is the determination of a start time for the TOF
detector, which complements the one computed by using the TOF itself, as will be
discussed in Section 2.6.2. It has a time resolution, estimated by the time difference
measured in the TOA and TOC, of about 40 ps in pp collisions and 25 ps in Pb—Pb
collisions. The TO is the principal detector for the online luminosity monitoring. It
also provides redundancy to the VO counters with the possibility of generating MB
and multiplicity triggers.

2.2.6 Zero Degree Calorimeter

The Zero Degree Calorimeter (ZDC) detector consists of six quartz-fibre sam-
pling calorimeters: two hadronic calorimeters for the detection of protons (ZP), two
for the detection of neutrons (ZN), and two electromagnetic calorimeters (ZEM).
The ZP and ZN calorimeters are located on the opposite sides of the interaction
point at a distance of about 112.5 m. The ZN calorimeters are placed between the
two beam vacuum tubes, while the ZP ones are positioned externally to the vacuum
tubes on the side where positive particles are deflected by the LHC magnets. The
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electromagnetic calorimeters are located on either side of the vacuum tube at about
7 m distance from the interaction point, in the opposite direction with respect to
the muon arm. They cover the pseudorapidity range 4.8 < n < 5.7.

The ZDC is employed to determine the event centrality in p—Pb and Pb-Pb
collisions by measuring the energy deposited by spectator nucleons, which do not
interact in the collision and emerge at zero degrees relative to the beam direction.
The ZEMs measure the energy deposited by photons and 7° decays at forward
rapidity, to solve the ambiguities in the centrality determination due to the nuclear
fragments which remain in the beam vacuum tubes and are not collected by the
hadronic calorimeters [163]. Time measurements with the ZDC allow the rejection
of background events produced by collisions of main bunches with satellite bunches
during the Pb-Pb data tacking. The ZDC can also provide an estimate of the
reaction plane in nuclear collisions.

2.3 The ALICE offline framework

The ALICE offline framework composed of AliRoot [164] and AliPhysics [165]
is based on ROOT [166, 167], a scientific software toolkit for data analysis devel-
oped at CERN. ROOT is an object-oriented framework written in C++ designed
for big data processing, which provides I/O handling functionalities, visualisation
and statistical analysis tools. It is also integrated with other languages such as
Python and R. AliRoot provides a set of software classes and macros for the de-
tector alignment and calibration, and for the reconstruction and visualisation of
the data collected by the experiment, as well as to steer Monte Carlo (MC) simula-
tions. To perform full simulations, AliRoot is interfaced with event-generator codes,
such as PYTHIA 6 [82] and PYTHIA 8 [168] for pp collisions, and HIJING [169]
for heavy-ion collisions. The particle interactions with the detectors and support
structures can be simulated with different transport codes, namely GEANT3 [170],
GEANT4 [171], and FLUKA [172]. AliRoot includes a detailed description of the
detector geometry, material budget, and response, which is implemented in inde-
pendent modules dedicated to the different detectors. The code devoted to the
physics analyses of reconstructed data from the experiment or from simulations is
contained in the AliPhysics repository. This code consists of multiple tasks with
a predefined structure built on top of ROOT and AliRoot, and it is progressively
updated by the data-analysis groups.

The size of raw data collected by the ALICE experiment in the last years sums
up to more than 160 PB. Therefore, its processing and analysis necessitate of a large
amount of computing and storage resources. They are provided by the Worldwide
LHC Computing Grid (WLCG) [173, 174], which will also be referred to as the
Grid in the following. The WLCG is a global infrastructure coordinated by CERN,
and it is the largest computing grid in the world with its 170 computing centres
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spread in 42 different countries. The Grid is hierarchically divided in three Tiers
granting different levels of data processing and storage. The Tier-0 centres keep one
replica and perform the first reconstruction of the raw data, they are the CERN
computing centre and the Wigner Research Centre for Physics in Budapest. The
thirteen Tier-1 centres store a second replica of the raw and reconstructed data,
and are involved in the data reconstruction and reprocessing. Smaller Tier-2 centres
run the MC simulations and the user data analyses. The access to the collected
and simulated data from anywhere in the Grid is ensured by the AliEn (ALICE
Environment) [175, 176] middleware software. It provides a dedicated interface for
data access, and for the execution of reconstruction, simulation, and analysis tasks
on the Grid, together with the monitoring of their status.

The physical information for the reconstruction of the collisions from real data
and MC simulations is stored in the Event Summary Data (ESD) files. They are
mainly used for detector calibration, alignment, and performance studies. The
information relevant for physics analyses is stored in a more compact data format,
i.e., the Analysis Object Data (AOD), which is the one typically processed by the
analysis tasks. This latter format has a size smaller by a factor of about six than
the ESD one. The average AOD size is about 400 kB/event and 2.2 MB/event for
pp and Pb—Pb collisions, respectively.

2.4 Centrality determination in Pb—Pb collisions

Since heavy ions are extended objects, their collisions are usually classified ac-
cording to the collision centrality, which is proportional to the volume of the over-
lapping region and is directly related to the collision impact parameter b introduced
in Section 1.3.2. The centrality is normally expressed as a percentage ¢ of the total
hadronic interaction cross section oaa,

bdo
—dv
1 bdo
p)= Lo dbf 29 4. 2.1
C( ) /+oo didb/ oaa Jo db/ ( )
0 dy

The impact parameter of a collision cannot be accessed experimentally, thus the
collision centrality is obtained by exploiting the relation between the centrality,
the number of particles produced in the collision, and the number of spectator
nucleons. The ALICE experiment measures two main observables related to the
collision geometry, i.e., the energy deposited by spectator nucleons in the ZDC
detector, and the amplitude of the signals produced by charged particles in the VO
detector, which is proportional to the particle multiplicity Nu, [22, 163]. The latter
approach is the one employed in the analyses presented in this Thesis and will be
discussed in the following.

48



2.4 — Centrality determination in Pb—Pb collisions

Assuming that the particle multiplicity decreases monotonically with increasing
impact parameter, the centrality can be experimentally computed as

1t~ do 1 [toodn
~— ——dN/, = —/ —YdN/,. 2.2
¢ O-AA /]'Vch dNéh ch /n/g(‘),t Nch dNéh ch ( )

In the above equation, the differential cross section do and the total hadronic cross
section oaa can be replaced, respectively, by the number of observed events dne,
within a given multiplicity interval dN/,, and by the total number of events no*
corrected for the trigger efficiency. The percentile of the hadronic cross section is
determined for a given value of the VO amplitude, which is proportional to the
particle multiplicity, by integrating the distribution of the measured V0 amplitudes
normalised at an anchor point. The anchor point is defined as the VO amplitude
corresponding to 90% of the hadronic cross section, and it determines the absolute
scale of the centrality. Events with a measured multiplicity lower than the anchor
point are strongly contaminated by background electromagnetic collisions and are
not considered in the physics analyses.

The anchor point is determined by fitting the distribution of VO amplitudes
measured in Pb—Pb collisions with a parametrisation based on a Glauber Monte
Carlo simulation. For each simulated event, the number of participant nucleons
Npary and the number of binary collisions among nucleons N is obtained from
Glauber-model calculations [21]. The multiplicity produced in a single nucleon—
nucleon interaction is generated by a negative binomial distribution (NBD)

, Ck) (/)"

wt () = T T TR < Galk £ ) (23)

which provides the probability of measuring n particles for a single emitting source,
called ancestor. In Eq. (2.3), p is the mean multiplicity per ancestor and k is
a parameter controlling the width of the distribution. The number of ancestors
is parametrised as fNpart + (1 — f)Neon. This linear combination is inspired by
two-component models [177, 178] which decompose the interactions occurring in
a nucleus—nucleus collision into soft processes, producing a particle multiplicity
proportional to N,..¢, and hard processes which are characterised by a probability
proportional to N.. The average simulated VO amplitude for the event, which is
related to the number of particles hitting the detector, is computed by sampling
the NBD a number of times equal to the number of ancestors. The distribution of
the VO amplitudes is simulated with an ensemble of events, and the u, k, and f
parameters are obtained from a minimisation procedure.

In Fig 2.5, the distribution of the VO amplitudes measured in Pb—Pb collisions at
V/snn = 2.76 TeV is shown, together with the fitted NBD-Glauber parametrisation.
The bands report the limits of the centrality classes which are defined in terms of
percentiles of the integral of the distribution up to the anchor point.
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Figure 2.5: Distribution of the VO amplitudes measured in Pb-Pb collisions at
V/SnN = 2.76 TeV. The red line reports the NBD-Glauber fit, while the bands show
the different centrality classes. Figure from Ref. [163].

2.5 Track and vertex reconstruction

The track reconstruction and vertex finding are performed offline using the
information acquired by the central barrel detectors [159]. First, for each detector,
the collected raw data are converted into clusters, which correspond to groups
of hits produced by a single particle interacting with a detector element. The
clusters are characterised by various quantities such as their positions and signal
amplitudes, and by the related uncertainties. Subsequently, a first estimation of the
interaction-vertex position is obtained by using the clusters in the two innermost
layers of the ITS detector, i.e., the SPD ones. Track segments, called tracklets,
are constructed by associating pairs of clusters, one for each SPD layer, falling
in a predefined azimuthal acceptance window. The primary vertex is obtained as
the point in space where the largest number of tracklets converge. If a point of
convergence is not found, condition occurring more frequently in low-multiplicity
pp collisions, the interaction-vertex position is determined as the maximum along
the z axis of the distribution of the points of closest approach of the tracklets to
the measured beam-axis position. This latter method is also adopted in Pb-Pb
collisions for computational time reasons.

The finding and fitting of the tracks is carried out by using the Kalman filter
algorithm [179] and a three-step procedure based on an inward-outward-inward
propagation scheme. The first step starts with the track finding in the TPC. Track
seeds are built from the clusters of the two outermost TPC pad rows and the
primary-vertex position, and then using three clusters without any constraint to
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Figure 2.6: Left panel: TPC track-reconstruction efficiency from MC simulations
in pp collisions at /s = 8 TeV and in Pb-Pb collisions at /sy = 2.76 TeV.
Right panel: TPC-to-ITS prolongation efficiency as a function of pr for data (filled
markers) and MC simulations (open markers) in Pb-Pb collisions at \/syny = 2.76
TeV. Figures from Ref. [159].

the vertex. The track seeds are then propagated inward by attaching clusters along
the trajectory satisfying specific proximity criteria and by updating the track. The
track propagation continues until the TPC inner radius is reached, and only tracks
with at least 20 out of a maximum of 159 possible clusters are kept. A dedicated
algorithm is also employed to reject multiple reconstructions of the same physical
track partially sharing the same TPC clusters. In the left panel of Fig. 2.6, the
track-reconstruction efficiency in the TPC as a function of pr is reported in pp
collisions at /s = 8 TeV and in Pb-Pb collisions at /sy = 2.76 TeV for the 0-
5% and 80-90% centrality classes, showing almost no dependence on the detector
occupancy. The efficiency drops steeply to zero for pr < 0.5 GeV/c due to the
track deviation from the helicoidal path of a charged particle in a magnetic field,
which is induced by multiple scattering and energy loss in the detector material.
The efficiency shape observed at higher pr is caused by the loss of clusters in the
dead zones between the TPC readout sectors.

The tracks reconstructed in the TPC are propagated to the outermost layer of
the ITS detector, and are used as seeds for the ITS track finding, which follows
a procedure similar to the one described above. Tracks are extended toward the
interaction point by attaching at each ITS layer all the clusters within a proximity
cut, until the innermost layer is reached. This procedure is repeated using or
not the primary-vertex position. Multiple track hypotheses in the I'TS are then
obtained for each TPC track. Finally, only the highest-quality track candidate is
kept according to its x? value and cluster-sharing considerations. The prolongation
efficiency of tracks from the TPC to the ITS is reported in the right panel of
Fig. 2.6 for Pb-Pb collisions at /syn = 2.76 TeV compared to MC simulations.
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In the Figure, the results obtained with different requirements on the I'TS hits are
displayed. The prolongation efficiency shows a mild dependence from the track
pr, and the values resulting from data and MC simulations are in good agreement.
The smaller efficiency observed when requiring two hits in the ITS detector of
which at least one in the SPD layers is due to the presence of inactive modules
in the tracking layers. The clusters not associated to successfully-prolonged TPC—
ITS tracks are employed to perform a standalone reconstruction with the ITS. In
this way, particles decaying before reaching the TPC or traversing the TPC dead
zones can be reconstructed. The standalone tracking enables the reconstruction
of particles down to a pr of about 80 MeV /c for pions, thus extending the low
transverse-momentum reach provided by the TPC.

Before the start of the tracking-procedure second step, tracks are extrapolated
to their point of closest approach to the primary vertex. Then, they are refitted in
the outward direction using the I'TS and TPC clusters previously found. When the
tracks reach the radii of the TRD and TOF detectors, an attempt is pursued to
match them to the respective detector clusters. A further matching with the signals
of the HMPID and calorimeter detectors is also performed. The propagation to
the detectors placed at a radius larger than the TPC one is not used to update the
measured track parameters, instead it is needed for particle-identification purposes.
In the third and final step, all tracks are propagated from the TPC outer radius
toward the interaction point, a last refit is performed, and the final track parameters
and covariance matrix are computed.

If two or more tracks are reconstructed with the procedure detailed above, the
position of the primary vertex is recomputed using the TPC-ITS tracks, which are
also referred to as global tracks. Similarly to the method adopted using the SPD
tracklets, global tracks are extrapolated to the point of closest approach to the
measured beam-line position, and then a vertex finding and fitting is performed.
Tracks are then propagated to the reconstructed vertex position. In Fig. 2.7, the
transverse width of the distribution of primary-vertex positions reconstructed from
global tracks is compared to the one from SPD tracklets as a function of the charged-
particle multiplicity per unit of pseudorapidity in pp collisions at /s = 7 TeV. Both
quantities scale with the inverse of the square root of the particle multiplicity, and
an improvement of more than a factor two is observed for the global-track method.
In particular, the value achieved by the more precise approach varies between about
500 and 50 pum in pp collisions, improving with increasing multiplicity, and it is
better than 5 um in central Pb—Pb collisions.

The left panel of Fig. 2.8 reports the resolution on the track impact parameter
in the transverse plane, defined as the distance of closest approach to the primary
vertex in the plane orthogonal to the beam direction, for charged particles recon-
structed with global tracks in pp, p—Pb, and Pb—Pb collisions. The contribution
due to the primary-vertex resolution is included. The impact-parameter resolu-
tion for tracks with pr = 1 GeV/c varies between about 60 and 75 pm improving
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Figure 2.7: Transverse width of the primary-vertex position distribution as a func-
tion of the charged-particle multiplicity per unit of pseudorapidity in pp collisions
at /s = 7 TeV. The values obtained using SPD and global tracks (TRK) for the
primary-vertex determination are shown. Figure from Ref. [159].

for heavier collision systems. The resolution improvement is due to the more pre-
cise determination of the primary-vertex position induced by the larger particle
multiplicities produced in larger collisions systems. The resolution on 1/pp! for
TPC-standalone and global tracks in p-Pb collisions at |/sxy = 5.02 TeV is shown
in the right panel of Fig 2.8. The effect due to the constraint of the tracks to the
primary vertex is also displayed. The vertex constraint does not provide a relevant
improvement when global tracks are considered. Moreover, the ITS hits used in
the global tracks improve the 1/pr resolution similarly as the vertex constraint
does for the TPC-standalone tracks. The resolution on 1/pr is obtained directly
from the covariance matrix resulting from the Kalman filter fit, and it is related
to the resolution on the transverse momentum o,, as o,./pr = pr X 01/p,. The
pr resolution for global tracks is better than 1% at pr = 1 GeV/c and degrades to
about 2% at pr = 10 GeV/c.

2.5.1 Secondary-vertex reconstruction

The reconstruction of secondary vertices originating from heavy-flavour hadron
decays is performed at the analysis stage. Tracks are approximated as straight lines

IThe transverse momentum pr of a track is determined from the measurement of the track
curvature in the magnetic field present in the central barrel.
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Figure 2.8: Left panel: resolution on the impact parameter in the transverse plane
for global tracks corresponding to charged particles in pp, p—Pb, and Pb—Pb col-
lisions. The contribution from the vertex resolution is included. Right panel:
resolution on 1/pr as a function of 1/py for TPC-only and global tracks with and
without vertex constraint in p-Pb collisions at /syny = 5.02 TeV. Figures from
Ref. [159].

in the proximity of the primary vertex, and multiplets of tracks are explored. The
secondary-vertex position is defined as the space point minimising the distance D
among the considered tracks, which is calculated as

N T;—T ? ; — ? Zi — 2 ’
H_ Z[( = ) +<yza y) +< = )] | 2.4)
i=1 Ti Yi Zi

where N is the number of tracks, (z;,¥;, 2;) are the i*’~track coordinates at the point
of the closest approach to the vertex position (xg, ¥o, 20), and (o,, 0y,,0,) are the
uncertainties from the covariance matrix of the i*" track. The momentum associated
to the secondary vertex is calculated as the sum of track momenta evaluated at
the point along each track closest to the secondary-vertex position. The invariant
mass related to the secondary vertex is computed using the momentum and mass
hypothesis of the decay tracks. The resolution on the position of secondary vertices
originating from DJ-meson decays is of about 100 um with a slight dependence on
the transverse momentum.

2.6 Particle identification

The ALICE experiment is characterised by excellent particle-identification ca-
pabilities in a wide momentum range, which result from the different and com-
plementary techniques used by the experiment detectors. Charged hadrons are
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identified by exploiting measurements of their specific energy loss in the I'TS 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 de-
posited in the PHOS and EMCal calorimeters with their momentum. These latter
two detectors can also reconstruct photons. The analyses presented in this The-
sis employ the PID information provided by the TPC and TOF detectors, whose
particle-identification techniques and performances are described in more details in
the following Sections.

2.6.1 TPC particle identification

The particle identification with the TPC is based on the measurement of the
specific energy loss dF /dz, the charge, and the momentum of the particles travers-
ing the detector gas. The dE/dx of a track is calculated as a truncated mean
of the 65% lowest-amplitude measurements of the charge deposited on up to 159
pad rows. This choice rejects secondary-ionisation contributions. Then, the PID is
derived from the comparison of the measured dE/dx and the expected one for a
defined particle species with a certain momentum. The expected dE/dz is obtained
from a data-driven parametrisation based on splines or on the function originally
adopted by the ALEPH collaboration [180] deriving from the Bethe-Bloch formula,

Py

1(87) = go; [P = 8™ = In(Ps + (87)7)] (2.5)

where [ is the particle velocity, v is the Lorenz-boost factor, and P; are the fit
parameters.

The left panel of Fig. 2.9 shows the specific energy loss of various particle species
measured in the TPC as a function of their momentum in Pb-Pb collisions at
V/snn = 5.02 TeV. The expected mean energy losses of electrons, pions, kaons, pro-
tons, deuterons, tritons, and *He nuclei are superimposed to the data. The relative
dE/dx resolution of the TPC is of about 5% in pp collisions and degrades to 6%
in high-multiplicity heavy-ion collisions [181]. The TPC provides good pion-kaon
and kaon-proton separations for transverse momenta below about 0.8 GeV/c and
1.6 GeV/c, respectively. Nevertheless, the relative abundances of particle species
can still be extracted in the relativistic-rise region, 2 < pr < 20 GeV /¢, utilizing a
statistical approach.

2.6.2 TOF particle identification

The TOF identifies the particle species measuring their time of flight from the
interaction point to the detector chambers. The start time for the TOF measure-
ment is the time of the primary-collision event, which is estimated by using the
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Figure 2.9: Left panel: specific energy loss dE/dx of different particle species in
the TPC as a function of their momentum in Pb-Pb collisions at \/sxy = 5.02
TeV. The parametrisation of the expected mean energy loss of the different species
is shown by the continuous lines. Right panel: particle velocity 5 measured by the
TOF detector as a function of momentum in Pb-Pb collisions at |/sxy = 5.02 TeV.
Figures from the ALICE figure repository ©.

signal from the TO detector or the particle arrival times at the TOF detector. In
the latter case, a combinatorial minimisation algorithm accounting for all the pos-
sible mass hypotheses is used. If both methods are available, the start time is the
average of the TO and TOF information weighted by their respective resolution.

The distribution of particle velocities § measured by the TOF as a function
of momentum, which is provided by the TPC, is displayed in the right panel of
Fig. 2.9 for Pb-Pb collisions at /sy = 5.02 TeV. The background is caused by
tracks which are incorrectly matched to TOF hits. The electron, pion, kaon, proton,
and deuteron bands are clearly separated. The overall TOF resolution is of about
56 ps for pions with a momentum of 1.5 GeV/c in Pb-Pb collisions [162]. 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 satisfactory kaon-proton discrimination up to pr ~ 5 GeV/c.
At pr < 1 GeV/c, the fraction of tracks matched to the TOF detector is small.
Therefore, in the analyses, low-pr tracks without the TOF particle-identification
information are usually identified using only the TPC.
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Chapter 3

Machine learning — introduction
and tools

The term machine learning (ML) comprehends a multitude of algorithms that
are able to perform a specific task without being explicitly programmed to do so.
These algorithms have a broad range of applications such as e.g., natural language
processing or the generation of synthetic images. In recent years, the subject has
become very popular due to the diffusion of the so-called deep learning [182, 183].
This field is based on algorithms which weakly resemble the functioning of the
human brain, i.e., the neural networks, and are able to provide superhuman perfor-
mances in various domains [184, 185]. The deep-learning diffusion has been possible
thanks to the large computational power provided by modern Graphic Processing
Units [186, 187], which permit to perform the expensive calculations required by
deep-learning algorithms in a reasonable amount of time.

Over the past twenty years, machine-learning techniques have been increasingly
adopted in the high-energy physics community, mainly to solve classification and re-
gression problems, but also for event reconstruction and detector simulations [188—
190]. Notably, they were also used in the discovery of the Higgs boson [157]. These
methods show significant performance improvements compared to traditionally-
used approaches in various applications of experimental interest [188, 191, 192].

At the moment of writing this Thesis, only a handful of published ALICE mea-
surements employed machine learning [71, 136, 193-203], and the usage is limited
to classification tasks for signal selection. Nevertheless, such techniques are pro-
gressively becoming more common in the ALICE Collaboration. The application
of machine-learning tools to the quality control of the data collected by the ex-
periment and to the calibration of the TPC space-charge distortions [204] is being
investigated for the next data taking periods.
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Figure 3.1: Example of the output of a supervised ML model for a binary classifi-
cation problem. The score related to the hypothesis of belonging to the first class
is reported for instances of the two classes, in blue and red respectively.

3.1 Swupervised learning

Supervised learning is one of the main branches of machine-learning problems,
together with unsupervised and reinforcement learning [182]. In supervised learning
the desired output of the task to be accomplished is known and it is used to guide
the ML algorithm “learning” process. Such problems are very common in particle
physics, where e.g., interesting phenomena, the signal, must be separated from
unimportant ones, the background. This is also the case for the work presented in
this Thesis, where supervised machine-learning models are used to classify particle
candidates into background and different kind of signals.

In the context of a classification problem, supervised algorithms learn how to
label the data starting from a set of instances, where the belonging class is known.
This is referred to as the training set. In a procedure called training, which is dif-
ferent for each algorithm, the internal parameters of the model are tuned using the
training set. The objective of this operation is to obtain the parameter configura-
tion that leads to the best discrimination of the training data. Ideally, the model
learns general patterns related to the different class typologies and does not mem-
orise the noisy peculiarities of each single instance of the training set. Therefore,
after the training, the ML model can be employed to label unknown samples.

The output of a supervised ML model is a score evaluated from the instance
properties, normally called features. This score is a numerical value related to the
instance probability of belonging to the different classes. In Fig. 3.1, an example
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of the output of a supervised model for a binary classification problem is shown.
To define which instances are members of a class and which of the other, it is
necessary to select a threshold value. Instances with a score below this threshold
will be classified as belonging to the blue class and those above will be labelled as
red class members, considering the output of Fig. 3.1. From the particle physics
point of view, this delimiting value could be defined in relation to the analysis
characteristics and requirements. Such as, e.g., the background rejection and the
signal selection efficiency needed.

Before the application of the trained model on unknown data, it is important
to assess its performance. This cannot be done using the training set, since the
algorithm is more likely to classify correctly data points that has already “seen”
during the training process. Therefore, the performance evaluation would be biased.
A separate dataset, the test set, is needed to guarantee an unbiased performance
estimation. As for the training set, also for the test set the correct label of the
instances must be known.

Finally, machine-learning algorithms have also external parameters in addition
to the internal ones. These parameters are not set during the training and must
be chosen by the user according to the specific problem considered, and especially
to the size of the available training set. They are called hyperparameters and are
optimised repeating the model training with different combinations of their values
and selecting the one that provides the best performance. The hyperparameter
optimisation is discussed in more detail in Section 3.1.3. This procedure is not
performed evaluating the model on the test set, because the model would adapt
to give better results on it and the final performance estimation would be biased.
Hence, a portion of the available data is used to build a wvalidation set, which is
then employed for the hyperparameter optimisation with the aim of maintaining
unbiased the performance evaluation on the test set. An alternative approach is
the so-called cross-validation method, which is described in Section 3.1.2.

3.1.1 Receiver Operating Characteristic curve

To compare the performances of different algorithms or to assess which set of
hyperparameters gives the best result, it is necessary to define a numerical quantity
related to the predictive capability of the machine-learning model. Many evaluation
metrics are available to this end, each one with its pros and cons. The area under
the Receiver Operating Characteristic curve (ROC AUC) is a metric well suited for
binary classification problems [205] and can be extended to multi-class classifica-
tion [206]. Moreover, the ROC AUC is independent of the relative abundances of
class instances in the dataset used for its evaluation. This is an important feature
when facing classification problems in particle physics, where usually the interesting
signal in a real data sample is much less abundant than the uninteresting instances.
In these cases, for the training and testing of the supervised model, it is handy and
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can lead to better results to work with datasets enriched of true signals, which do
not reproduce the real class unbalance.

For the aforementioned reasons, the ROC AUC is used as evaluation metric in
the studies presented in this Thesis.

Binary classification case

In the case of the discrimination between a positive class P and a negative one
N, it is possible to study the model performance on a dataset looking how instances
of the two classes are classified. In the high-energy physics terminology the P class
would be the signal and the N class would correspond to the background.

Considering a set of instances of the P class, those labelled by the model as
member of P are defined true positive T'P, while those incorrectly labelled as
members of N are called false negative FFN. Whereas, samples of the N class
can be classified as true negative TN or false positive F'P. The discrimination
capability of a machine-learning model can be summed up in a confusion matrix,
which is shown in Tab. 3.1. From the number of samples falling in each element of
the aforementioned matrix, the true positive rate T PR and the false positive rate
FPR are computed. They correspond respectively to the signal and background
selection efficiency in the particle-physics analogy and are defined as

TP FP

TPR= —— FPR= ——— .
R TP+ FN’ i FP+TN

(3.1)

The Receiver Operating Characteristic (ROC) curve, shown in the left panel
of Fig. 3.2, is obtained plotting the TPR as a function of the F'PR for various
threshold values on the model output. Then, the area under the ROC curve can
be computed and it is used as a metric of the supervised model performance. The
possible values of the ROC AUC range between 0.5 and 1, where the former value
corresponds to a random classification and the latter to a perfect discrimination
of the two class samples. The ROC AUC provides a global estimation of the
model performance, i.e., not related to the final threshold value that will be chosen.
Finally, it is possible to notice from Eq. (3.1) that the ROC AUC is independent of

Table 3.1: Confusion matrix

Real Class
P N
Predicted P rp FP

ClaSS N FN TN
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Figure 3.2: Left panel: example of ROC curve for a binary classification problem.
The curve obtained with a trained model is reported in blue. The result expected
from a random classification is represented by the dashed grey line. Right panel:
example of ROC curves for a three-class classification problem using the one-vs-one
approach. Curves of different nuances of the same colour are obtained swapping
the same two classes.

the relative number of positive and negative instances present in the sample used
for the performance evaluation.

Extension to multi-class classification

The area under the ROC curve cannot be natively defined for a multi-class clas-
sification problem, i.e., in the case in which it is needed to perform a discrimination
between more than two classes. However, an extension to an arbitrary number of
classes has been proposed in Ref. [206] and has been implemented in the Python
library for machine learning scikit-learn [207, 208].

In a classification task with N classes, the outputs of a supervised model are
N scores related to the instance probability to belong to each one of the different
classes. A simple way to estimate the model discrimination power using the ROC-
curve method is the one-vs-one approach. In this approach, all the possible N (N —
1) pairwise ROC AUCs are computed. Considering two classes ¢ and j, the area
under the ROC curve AUC(3,j) is calculated adopting ¢ as the signal class and
j as the background class and using the score related to the class 7. In general
AUC(i,5) # AUC(j,1), i.e., swapping i and j produces different results, since in
the latter case the score related to the class j is used. This can be observed in the
example reported in the right panel of Fig. 3.2.
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A single value that represents the supervised-model discrimination power is
obtained averaging the pairwise ROC AUCs as

Average ROC AUC = > AUC(i, 5) (3.2)

N(N —-1): =
where the sum runs over all the possible combinations. The one-vs-one method
preserves the independence of the average ROC AUC from the relative abundances
of the class instances in the sample used for the estimation. Another possible
way to tackle the same problem is to compute the ROC curve considering the i
class as signal and the remaining N — 1 classes as background. This approach is
called one-vs-rest and only N ROC AUCs are needed. However, this method is
not independent of the relative abundances of the classes. For this reason, the
one-vs-one strategy is adopted for the model performance evaluation in Chapter 5.

3.1.2 Cross validation

As already introduced in Section 3.1, to optimise the hyperparameters and
evaluate the performance of a supervised ML model, the available data needs to be
split in a training, a test, and a validation set. Therefore, a considerable portion
of the data sample is not used in the algorithm learning process. This could be a
problem especially when the size of the available data sample is small. Since the
performance of a supervised ML model is related to the number of instances used
for its training and, in general, the larger is their number the better. To address
this issue a procedure called cross validation [205] is employed. Thanks to this
procedure it is possible to perform the hyperparameter optimisation of the model
without using a separate validation set. Hence, a larger fraction of the dataset can
be allocated for the training.

In the cross-validation technique, the training set is divided in k parts referred
to as folds, for this reason often the term k-fold cross validation is used. For a fixed
combination of hyperparameters, the model training is performed on k£ — 1 folds
and the validation of the model performance is done on the remaining training-set
portion. This operation is repeated k times permuting the folds at every step, in
order to evaluate the model predictions on each fold only one time. In this way k
values of the metric, which quantify the performance of the model, are obtained,
and their mean value can be used as the final estimator. The dispersion of the k
values around the mean gives an estimation of the performance-evaluation error.
An exemplification of this approach is shown in Fig. 3.3 in the case of k = 5.

The aforementioned procedure is repeated for all the hyperparameter configura-
tions that need to be explored. When the configuration that yields the best result
is found, the training is performed again utilising all the folds to obtain the final
model. Another possibility is to build the final model as an ensemble of the k£ mod-
els trained during the cross-validation procedure, i.e., combining their predictions
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Figure 3.3: Schematisation of the 5-fold cross-validation procedure.

in order to obtain the final one.

Concerning how many folds should be employed, a number of folds equal to
the number of instances in the training set would be the best choice of k. In this
way, the algorithm trained in each step would be as close as possible to the final
one. Thus, the estimation of the final model performance would be almost unbi-
ased. However, a limit on the value of k is imposed by the available computational
power. The number of total trainings that need to be performed is given by the hy-
perparameter combinations tested times the number of folds and can easily become
huge. Therefore, a trade-off between the accuracy of the cross-validation procedure
and the time required for the computation must be accepted. Typical values of k
are five or ten [205].

3.1.3 Hyperparameter optimisation

A common way to perform the hyperparameter optimisation is the grid search,
which is a simple brute-force search over the hyperparameter space. In this ap-
proach, a grid of points in the n-dimensional hyperparameter space is manually
defined. The grid-search method performs poorly when the dimensionality of the
space to be explored is high, i.e., when the number of hyperparameters to be tuned
is large. Another simple solution for the hyperparameter optimisation is the ran-
dom search [209], where the points to be probed are selected randomly in the
hyperparameter space. It has been demonstrated that the random-search method
can outperform the grid search when few of the hyperparameters considered are
important for the machine-learning model performance. Both the aforementioned
approaches are embarrassingly parallel and easily scale on multicore CPU.

A more refined method to explore the space of hyperparameters, which is em-
ployed in this Thesis, is the Bayesian optimisation [210, 211]. The Bayesian op-
timisation is a procedure to find the minimum of an unknown function f(x) on a
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bounded set X'. To this end a posterior distribution on functions is built to describe
f(x) starting from multivariate Gaussian distributions. This posterior distribution
is used to determine the next point on X where to evaluate f(x) and the result is
used to update the posterior. As the number of observations grows, the posterior
distribution improves and the optimisation algorithm gets better in exploring the
more interesting regions of X'. The procedure is designed to minimise the number
of steps required to find a point that is close to the minimum.

In the case of interest, the Bayesian optimisation is used to maximise the un-
known function that describes the performance of the machine-learning model as
a function of the hyperparameters. The evaluation of this unknown function is
very expensive since it requires to run the full training of the machine-learning
algorithm. This especially applies when using the cross-validation procedure intro-
duced in the previous Section. Therefore, it is more efficient to spend computational
time making better guesses about where to look for the best parameter combina-
tions. Finally, Bayesian optimisation has been shown to obtain better results with
fewer evaluations compared to grid search and random search [210], thanks to the
possibility to account for the quality of the trials before they are performed.

3.2 Boosted Decision Trees

A family of popular machine-learning algorithms for classification and regres-
sion problems are the Boosted Decision Trees (BDT) [212, 213]. BDTs have been
extensively used to analyse data in high-energy-physics experiments [188, 189], and
have been adopted to perform the measurements presented in this Thesis. They are
well suited when the inputs of the problem of interest are composed of high-level
features, which results from a manual engineering of the most-useful quantities for
the problem resolution based on field-specific knowledge. This is often the case in
particle-physics studies, where the employed features are obtained from complex
elaborations of the raw data collected by the experiment and usually have a physical
meaning.

The building block of a BDT is the Decision Tree (DT), which is an algorithm
that combines a sequence of simple tests to classify an instance depending on its
features. Each test confronts a numeric attribute versus a threshold value or a
categorical attribute against a set of possible values. An example of a simple DT
is reported in Fig. 3.4 for a classification problem between two classes, A and B,
using numerical features. The features are labelled f; while the threshold values for
each node of the tree are reported as t,. The logical rules followed by this kind of
algorithms are relatively easy to interpret. Thus, the decision tree has an advantage
in terms of comprehensibility with respect to other machine-learning algorithms,
such as the neural networks which are more similar to a "black-box*.

The training of a DT consists in the automatic procedure by which the tree
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Figure 3.4: Structure of a simple Decision Tree for a binary classification problem
with numerical features.

structure is created. The tree is built recursively utilising the training set and
attempting to find patterns in the data. At each tree node, the feature and its
value maximising the separation between the classes is selected, and the training
data is partitioned accordingly. Various measures of the partition goodness can
be used, such as, e.g., the Gini index or the cross entropy [205]. The process is
repeated over the partitioned data until all instances in a node are of the same
class or a stopping condition, imposed by the user, is reached. In this case the node
is called a leaf of the tree.

It is possible to build large decision trees with many nodes that can classify well
the training set. However, they generalize poorly, namely, their performance on
unknown data is poor. For this reason small trees containing few nodes are used.
They are characterized by a low discrimination power but their performance on the
training and test set is similar. Thus, small trees are able to learn some general
pattern from the data and not the data itself as the larger ones. With the purpose
of having a model with a good classification power, numerous decision trees are
combined, usually in the order of hundreds. This is done with a procedure called
boosting, where the trees are constructed sequentially taking care of compensating
the shortcomings of a tree with the others. A simple way to perform the boosting is
the one implemented in the AdaBoost algorithm [214]. In this approach, during the
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training of a DT, higher importance is given to the correct classification of samples
that were misclassified by the preceding tree. When all the decision trees have been
built, a prediction can be obtained combining their outputs. The ensemble of these
decision trees forms the BDT model. The AdaBoost algorithm is a special case of
the gradient boosting technique [215], an implementation of which will be presented
in the next Section.

3.2.1 XGBoost

An implementation of the BDT algorithm is available in the TMVA pack-
age [216] contained in the ROOT framework [166, 167]. Even if TMVA would
provide a seamless integration of the machine-learning tools with the ALICE ex-
periment analysis software, which is also based on ROOT, a different approach
using the Python ecosystem has been adopted in this Thesis. The reason for this
choice is that Python is one of the main programming languages employed in the
machine-learning community. Therefore, the amount of documentation and ad-
vanced techniques available is much larger than those provided by TMVA. A more
in-depth discussion of the software packages used in this Thesis is presented in
Section 3.3.

The BDT implementation provided by the XGBoost [217] library is employed in
the analyses presented in this Thesis. This library is an open-source package and its
algorithm achieved state-of-the-art results in many machine-learning competitions.
Moreover, XGBoost is characterized by the possibility to parallelise the execution
on CPUs and GPUs [218], which lead to a reduction of the training times.

The term XGBoost stands for Faxtreme Gradient Boosting and refers to the
fact that this BDT is based on the gradient boosting method. The idea behind
this method is to define an objective function and to run the machine-learning
algorithm performing a gradient descent of this function, to create the model that
minimises it. The objective function is composed of a training loss, which measures
the difference between the predictions and the target values on the training set, and
by a regularization term used to control the BDT complexity. The optimisation of
the objective function is performed iteratively and at each iteration the tree that
minimises the function for the current model configuration is built. In the building
of the tree, at each node, the feature and its value that maximise the gain, i.e., the
reduction of the objective function, is used to partition the data.

In the case of XGBoost, each tree assigns to an instance a score related to its
input features. The output of the BDT is given by the sum of all the tree scores,
as exemplified in Fig. 3.5 for a BDT composed of two trees.
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Figure 3.5: Evaluation of unknown samples for a simple XGBoost model composed
of two trees. Figure from Ref. [217].

XGBoost hyperparameters

The algorithm provided by the XGBoost library has many hyperparameters that
can be tuned to control the BDT model complexity and improve the performance for
the problem of interest [219]. They are also used to prevent the overfitting [205],
a condition in which the supervised-model performance on the test set is much
lower than the one on the training set. This condition occurs when the model
“memorises” the training data and does not learn general patterns. The full list of
available hyperparameters, together with their default values and a description of
their meaning can be found in the XGBoost documentation [219].

The hyperparameters that have been considered during the BDT optimisation
in this Thesis work are introduced in the following.

e n_estimators, the number of trees that compose the BDT.

o learning_rate, a weighting factor applied to the outputs given by new trees
added to the model. Generally low learning-rate values lead to better model
performance. However, the training procedure converges more slowly and
more trees must be added to the ensemble, thus increasing the computation
cost.

o max_depth, the maximum depth of the trees, i.e., the maximum number
of edges from an extremal node, leaf, to the root node of the tree. Larger
maximum-depth values lead to bigger and more complex models.

e min_child_weight, related to the minimum number of instances needed in
a node in order to be split. This parameter controls the stopping condition
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during the tree building.

o subsample, the fraction of training instances used to grow each tree. For the
construction of each tree a different subsampling of the training set will be
performed.

e colsample_bytree, the fraction of randomly-chosen instance features used
in the training of each tree.

3.2.2 Feature importance

When developing a machine-learning model to perform a given task, it is useful
to investigate how much each of the instance features influences the model predic-
tions [220]. The objectives of this investigation, also referred to as measuring the
feature importance, are three-fold: to improve the predictions selecting the vari-
ables more relevant to accomplish the task, to reduce the number of features used
obtaining faster and simpler models, and to understand better the decision process
of the model. The latter objective is of particular interest in particle-physics anal-
yses, where usually the features are well understood quantities and have a clear
physical meaning. Thus, the feature importance can be used to check that what
is relevant for the model predictions matches the user expectations and insights on
the problem.

The relatively simple structure of the BDTs gives the possibility to investigate
their decision process straightforwardly. For example, the feature importance can
be estimated by counting the number of times a particular variable is used to split
a node, for all trees in the ensemble, thus obtaining the frequency with which each
variable is employed [217]. The idea is that features utilised more frequently should
be more useful in the decision process. It is also possible to consider the average of
the gain values, which have been introduced in Section 3.2.1, of each feature. This
information is more accurate than the frequency in estimating the importance of
a variable because it also accounts for the contribution to the objective-function
minimisation. Finally, another commonly used approach is to randomly permute
the values of a feature in the test set and measure the worsening of the model
performance [212]. If a feature is important, this will cause a significant decrease
of the model prediction power. In fact, the permutation destroys the information
associated with that feature.

An alternative way to study the predictions of a machine-learning model is pro-
vided by SHAP (SHapley Additive exPlanations) [221, 222]. In the SHAP approach,
a prediction is explained assuming that each feature value of an instance is a player
in a game where the model output is the payout. Then, Shapley values, a method
from cooperative game theory, are used to fairly distribute the payout among the
features based on their contribution in the game. It has been demonstrated that
SHAP is more reliable than the aforementioned techniques. In addition to compute
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Figure 3.6: Examples of feature importance estimation for the same XGBoost

trained model and set of features. Left panel: average XGBoost gain values of the
features. Right panel: mean absolute SHAP values.

the global importance value of a feature, it offers more advanced tools to investi-
gate the interactions between different features and to assign feature-importance
values for each single prediction. In Fig. 3.6 the feature-importance measurements
performed with the gain method and SHAP are reported for the same trained BDT
model and the same set of features { f;}. Although the results of the two estimation
methods are different, the groups of relevant and unimportant features are similar.
In particular, the top three { fy, f7, fi«} and bottom five { fo, f2, f3, f5, fo} classified
features are the same for both methods.

3.3 Software tools

As mentioned in Section 3.2.1, the training and performance assessment of the
BDT models used in this Thesis are performed in Python. The complete and easy-
to-use available software packages simplify the task of developing a good machine-
learning model. However, there is the need to bridge the part of the analysis written
in Python with the one executed with the standard ALICE tools introduced in
Section 2.3, which are based on the C++4 language and the ROOT framework. To
this end, the ROOT bindings for Python [167] are employed, which permit using
ROQOT classes and functions in a Python script. The other important piece in
the workflow integration is the uproot [223] package, which reads and converts the
ROOQOT data to a format friendly to Python libraries. This package is used to stream
data extracted in ROOT format from the ALICE AODs into the machine-learning
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algorithms, which require a tabular data format.

The hipe4ml (Heavy-lIon Physics Environment for Machine Learning) [224]
package has been developed to simplify the application of machine-learning tech-
niques for analyses similar to those performed in this Thesis. The library is built
on top of commonly used Python packages. It automatises the typical steps re-
quired by a supervised classification task applied to particle physics, such as the
data preparation, the model training, and the hyperparameter optimisation.

The code used in the studies presented in this Thesis is available in the software
repository of the ALICE Collaboration AliPhysics® and in the public repository
DmesonAnalysis? [225]. Hereafter, the list of Python packages employed in this
Thesis is reported.

» bayesian-optimization [211] « scikit-learn [207]
e hipedml [224] « scipy [230]

« matplotlib [226] « shap [221]
 numpy [227] e uproot [223]
 pandas [228, 229 « xgboost [217]

3.3.1 Interface with the ALICE Grid

An important technical point for the analyses presented in this Thesis is how
to perform the inference step after having obtained the trained models, i.e., how
to apply them to the data that need to be classified.

For the D -meson measurement in pp collisions presented in Chapter 5, the full
data sample collected by the ALICE experiment has a size of few GBs, after a suit-
able selection and data reduction. Therefore, the inference step can be performed in
a short time, generally few minutes, on a personal computer or a small workstation.
When data from Pb-Pb collisions are studied instead, as for the Df-meson Raa
measurement reported in Chapter 6, the size of the data sample to analyse is of the
order of few TBs. Thus, managing and applying the machine-learning models on
the full data sample require a server-grade machine. Moreover, for more complex
analyses requiring also other information about the collision properties, as the one
carried out in Chapter 7 to measure the D -meson elliptic flow, it is cumbersome
to store and manage all the data locally.

For the aforementioned reasons, it is useful to be able to profit from the dis-
tributed computing resources provided by the Grid. To this end, the treelite [231]
library is employed to perform the inference of a BDT, trained with Python soft-
ware, in the ALICE framework based on C++. This library converts a BDT model

https://github.com/alisw/AliPhysics/tree/master/PWGHF/vertexingHF
’https://github.com/DmesonAnalysers/DmesonAnalysis
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stored in the XGBoost internal data format in a C++ function, which is then com-
piled at runtime and used to provide the BDT output given the input features.
The treelite package has been integrated in the ALICE framework and a simple
interface has been developed®. This approach permits to easily integrate the BDT
inference in the analysis code of any ALICE measurement and to fully exploit the
distributed computing power of the Grid.

To conclude, it is worth mentioning that the ROOT project is working to provide
the possibility to perform the inference of XGBoost models in its framework [232].
However, this feature is still in an experimental state.

3https://github.com/alisw/AliPhysics/tree/master/ML
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Chapter 4

D;‘ -meson reconstruction in pp
and Pb—Pb collisions

In this Chapter, the data samples employed in this Thesis are described and the
strategy for the reconstruction of D} mesons and their antiparticles at midrapidity
(lyl < 0.5) is detailed. The D mesons, composed of a charm quark and a strange
antiquark, cannot be directly observed since their short mean proper decay length,
cr(DF) = (1561 £ 1) um [6], does not allow them to reach the detectors. Therefore,
the DI mesons are measured by fully reconstructing their decay products, and
the hadronic decay channel D — ¢t — K- K*n™ with branching ratio BR =
(2.24 £ 0.08)% [6] is the one considered in this Thesis. The analysis is based on
the reconstruction and selection of secondary decay vertices displaced from the
primary interaction vertex, exploiting the good spatial resolution of the ALICE
detectors. The particle-identification capabilities of the TPC and TOF detectors
are also used. Then, supervised machine-learning models perform the Df-meson
signal selection and the background rejection. Finally, an invariant-mass analysis
of candidates passing the selection is utilised to extract the raw-signal yield, which
is then corrected for the reconstruction and selection efficiencies from simulations.

4.1 Data samples and event selection

The results reported in this Thesis were obtained analysing the data sample of
pp collisions at /s = 5.02 TeV collected with the ALICE experiment in 2017 and
that of Pb—Pb collisions at /syn = 5.02 TeV collected in 2018. Both data samples
were recorded with a minimum bias (MB) trigger which required coincident signals
in the VOA and VOC detectors. In Pb—Pb collisions, a further online event selection
based on the signal amplitudes of the VO detectors was exploited to enrich the
sample of central (0-10%) and semicentral (30-50%) collisions. The strategy for
the determination of the centrality in Pb—Pb collisions is detailed in Section 2.4.
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Various offline event selections were applied. The background events due to
the interaction between the beams and the residual gas in the beam vacuum tubes
were rejected using the VO-detector timing information [159]. In pp collisions, the
correlation between the number of clusters and tracklets in the SPD layers of the
ITS detector was additionally used for the same scope. The background induced
by collisions of main bunches with satellite bunches is relevant in the Pb—Pb data
taking, and it was suppressed thanks to the time measurements of the ZDC detector.

Only events with a primary vertex reconstructed using global tracks, out of
the two possible strategies introduced in Section 2.5, were considered. This choice
provides the best resolution on the primary vertex position, which is crucial for the
D-meson measurements based on the displaced decay-vertex topology, at the cost
of a lower vertex-reconstruction efficiency for low-multiplicity pp events. However,
low-multiplicity events without a reconstructed vertex with global tracks are very
unlikely to contain D mesons produced at midrapidity and decaying in the hadronic
channels of interest.

Events with multiple primary vertices due to pileup of several collisions are
common in pp and Pb-Pb interactions. The large pileup occurring in the TPC
readout time of about 90 us is rejected at the analysis level. In pp collisions, the
pileup contained in the readout time of the SPD detector, about 300 ns, is discarded
by a vertexing algorithm which exploits the SPD information. The vertex-finding
algorithm is run on the SPD tracklets not associated to the main vertex, which
is the one with the largest multiplicity. Then, an event is considered pileup and
removed if another vertex with at least five contributors is found in the region
outside +0.8 cm from the main vertex. The pileup probability in the SPD readout
time is negligible in Pb—Pb collisions given the low interaction rate. To guarantee a
uniform acceptance in the pseudorapidity region |n| < 0.8, the selected events were
required to have a reconstructed collision vertex within 10 cm from the detector
centre along the beam-line direction. This requirement further rejects main-satellite
collisions in Pb—Pb interactions.

In Tab. 4.1, the number of events Ngyents and the corresponding integrated
luminosity L, after the selections described above, are reported for each data
sample and centrality class. The visible cross sections for the MB trigger were
measured with van der Meer scans and correspond to obh = (50.9 £ 0.9) mb [233]

vis

and oFP PP = (7.67 £ 0.24) b [234] for pp and Pb-Pb collisions, respectively.

vis

4.2 DI decay-vertex reconstruction

The DI mesons and their charge conjugates are reconstructed through the
hadronic decay channel DI — ¢t — K-K*n™ with BR = (2.24 + 0.08)% [6].
The analysis strategy is based on the selection of fully reconstructed decay-vertex
topologies displaced from the primary vertex. For prompt DI mesons, which are
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Table 4.1: Data samples used for the measurements reported in this Thesis. The
centre-of-mass energy, the trigger approach, the number of events after the selec-
tions, and the integrated luminosity are detailed.

System | /snn (TeV) Trigger Nevents Line (ub™1)  Year
PP 5.02 MB 990 x 10% 19500 4400 2017
5.02 Central 100 x 108 130 £ 4 2018
Pb-Pb
5.02 Semicentral 85 x 106 55+ 2 2018

produced in the charm-quark hadronisation or from decays of excited open and
hidden charm-hadron states, weak decays induce a displacement of a few hundreds
of um, e7(DF) = (151 £ 1) um [6]. This average displacement from the primary
vertex enlarges with increasing Df-meson momentum due to the Lorentz boost.
Non-prompt D mesons, produced in beauty-hadron decays, on average are more
displaced from the primary vertex than prompt DI mesons due to the larger proper
decay length of beauty hadrons, ¢7(Hp) ~ 500 um [6]. The main characteristics
of D mesons and the beauty hadrons of interest are reported in Tab. 4.2. Con-
sidering calculations based on the branching ratios reported in the Table and on
the beauty-quark fragmentation fractions from Z — bb decays [6], around half of
non-prompt DI mesons originate from B’ and BT-meson decays while the other
half is produced from B? mesons. The contribution due to A)-baryon decays is
negligible.

The D -meson candidates are built by combining triplets of tracks with the
correct charge-sign arrangement, i.e., (+,—,+) for D mesons and (—,+,—) for
their charge conjugates. The invariant mass and momentum of the DJ-meson
candidate are computed from the masses and momenta of the measured decay
products, where each track momentum is evaluated at the point along the track
closest to the decay vertex. The kaon invariant mass is assigned unambiguously to
the track with the opposite charge sign with respect to the DF-meson candidate.
The two possible assignments of the kaon and pion masses are considered for the
like-sign tracks. As an example, for a triplet with a global positive charge sign, two
candidate configurations are constructed with mass assignments (K™, K=, ") and
(mr, K=, KT).

Numerous candidates are created given the large amount of track combina-
tions, the vast majority of them being combinatorial background. The average
number of reconstructed Df-meson candidates per event corresponds to about 3
in pp collisions, and 10* (10%) in central (semicentral) Pb-Pb collisions, after the
application of loose filtering selections. Stricter selections are needed to increase
the signal-to-background ratio and the statistical significance of the measurement.
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Table 4.2: Principal characteristics of the DI mesons and their decay relevant
for this Thesis studies, together with main beauty hadrons that decay into DF
mesons [6].

Particle | Mass (MeV/c) cr (um) Decay channel BR (%)
D (c8) | 1968.344+0.07 1514+ 1 ¢(1020)[— KTK |wt  2.24 4 0.08
_ Df + X 79173
Bt (ub) |5279.34+0.12 491+ 1 s L3
Dy +X 1.105035
_ Df + X 10.37%4
B (db) | 5279.65+0.12 455+ 1 s L8
D +X <26
B? (sb) | 5366.884+0.14 458 +3 D; +X 93 =+ 25
A? (udb) | 5619.60 £ 0.17 441 +3 AFDS 1.10 £ 0.10

These selections can be divided in: single-track selections, particle identification of
the decay products, and selections based on the Df-meson decay kinematics and
topology.

4.2.1 Single-track selections

The tracks used to construct the Df-meson candidates were required to fulfil
several quality and kinematic criteria. These requirements were:

o successful fit in the last step of the tracking procedure based on the Kalman-
filter algorithm and described in Section 2.5;

 pseudorapidity interval |n| < 0.8;

e pr > 0.3 GeV/c in pp collisions and pr > 0.6 (0.4) GeV/c in central (semi-
central) Pb—Pb collisions;

o X*/ndf < 2 (1.25) for the TPC track-momentum fit in pp (Pb-Pb) collisions?,
where ndf is the number of degrees of freedom entering the track-fit procedure
and corresponding to two times the number of TPC clusters;

Tn the reconstruction of the data sample of Pb-Pb collisions collected in 2018, a new
parametrisation of the uncertainties on the TPC clusters was adopted. This resulted in a smaller
width of the x?/ndf distribution compared to the 2017 data sample of pp collisions. The two
different threshold values reported were chosen to provide the same track rejection.
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4.2 — DF decay-vertex reconstruction

e at least 70, out of a maximum of 159, crossed rows in the TPC;

« ratio of crossed rows over findable clusters in the TPC, i.e., the number of hit
TPC pad rows divided by the pad rows which clusters can be found based on
the track geometry, larger than 0.8;

o at least two hits in the I'TS, out of a maximum of six, of which at least one
in either of the two SPD layers.

This latter condition rejects the tracks originating from pileup collisions in the
TPC readout time. In addition, it is particularly relevant for measurements of
heavy-flavour hadrons, since a detected point close to the primary and decay ver-
tices provides a good track impact-parameter and decay-vertex position resolution.
Tracks that satisfy these selections have a transverse-momentum resolution better
than 1% for pr = 1 GeV/c and of about 2% for pr = 10 GeV /¢, and the resolution
on the track impact-parameter in the transverse plane is better than 75 um for
pr > 1 GeV/c, as shown in Fig. 2.8.

In Pb—Pb collisions, at least 50 clusters available for particle identification in
the TPC were additionally required. Moreover, a selection on the impact parameter
|do| < 60 (25) um of tracks with pr < 2 GeV /c was applied in central (semicentral)
Pb-Pb collisions to suppress the large combinatorial background selecting tracks
displaced from the primary vertex.

The aforementioned track-selection criteria reduce the rapidity region in which
D mesons can be studied. As shown in Fig. 4.1, the acceptance in rapidity drops
steeply to zero for |y| > 0.5 at low pr and for |y| > 0.8 at pr > 5 GeV /c. Therefore,
a pp-dependent fiducial acceptance cut |y| < ysq(pr) was imposed on the DI -meson
rapidity, with ygq(pr) defined as

0.5+ 2pr — Epr® 0<pr <5 GeV/e
yaa(pr) = (4.1)
0.8 pr > 5 GeV/c.

4.2.2 Particle-identification selections

To reduce the combinatorial background contribution, especially in the low pr
region, particle identification requirements were applied to the decay tracks. The
PID selections are based on the measurement of the specific energy loss dE/dx in
the TPC detector and of the time of flight from the interaction vertex to the TOF
detector, as introduced in Section 2.6.

To assess if a track is compatible with a specific particle species, a pion or a
kaon in the case of Df-meson decays, the difference between the measured signal
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Figure 4.1: Rapidity distribution versus transverse momentum for D} mesons re-
constructed in pp collisions at /s = 5.02 TeV. The fiducial acceptance region is

defined by |y| < yaa(pr)-

Smeas and the expected one S;‘;p{ is computed for a given mass hypothesis. Then it

is expressed in units of detector resolution

Smeas ST[ K
no™K = ‘—exp, (4.2)

o-n,K
where 0™ is the resolution on the energy-loss or the time-of-flight signals for each
particle species.

The strategy employed to select the tracks starting from the TPC and TOF
information is schematised in Fig. 4.2. For both the TPC and TOF detectors, a
response value of —1, 0, or 41 is associated to each mass hypothesis. If the detector
signal is not available, a response value of 0 is given. This choice preserves the large
fraction of low-pr tracks that do not reach the TOF detector and thus have no TOF
signal. A response value of —1 is assigned for both detectors if no > 3. For the
TPC detector, an additional comparison is performed between the measured nopc
and a threshold value no7¢, which depends on the track transverse momentum.
The chosen values of noygé are reported in Tab. 4.3 and are the same for the
two PID strategies adopted, denominated conservative PID and strong PID. In the
case of the conservative PID strategy, a response value of 0 for the TOF detector
is assigned to tracks with nopor < 3 and pr > 1.5 GeV/c. The aim is to reject
tracks not fulfilling the TPC PID requirements in a pr region where the TOF
discrimination power between the different mass hypotheses is low. A track is
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0 Noppc < NOTHC
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and cons. PID

Figure 4.2: Schematisation of the PID selection criteria for a given mass hypothesis.
More information is reported in the text.

considered compatible with a given mass hypothesis if the sum of the TPC and
TOF response values is greater than or equal to zero (one) for the conservative
(strong) PID strategy.

A Df-meson candidate is rejected if at least one of the decay tracks is not com-
patible with either of the pion or kaon hypotheses. In addition, the track with the
opposite charge sign with respect to the Df-meson candidate must satisfy the kaon
hypothesis. For what concerns the like-sign tracks, one of them must be compatible
with a kaon and the other one with a pion. These PID selections preserve about
99% (85%) of the signal for the conservative (strong) PID strategy, and reject up
to 90% of the background depending on the transverse momentum. The PID re-
quirements are also useful to reduce the contribution of particle candidates with

Table 4.3: Values of nofpé for the conservative and strong PID strategies as a
function of the decay-track transverse momentum.

Track pr (GeV/c) | noiss

pr < 0.6 2
0.6 <pr<0.8 1
pr > 0.8 2
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the wrong mass assigned to the like-sign tracks, mentioned in Section 4.2. The con-
servative PID selection together with a selection on the kaon-pair invariant mass,
which will be introduced in Section 4.2.3, discards about 98% of the candidates
with the wrong mass hypothesis.

In the measurements presented in the next Chapters, the particle-identification
information is also provided to the machine-learning models used to perform the
candidate selection. For each one of the three Df-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. To keep low the number of features used in
the model training and to account for tracks that do not have the TOF signal, the
no™X obtained from the TPC and TOF measurements are combined as follows

K
\/— nU TPC ”‘7 TOF
T,K

N0 comb = NG only TPC PID information (4.3)

na%CI)(F only TOF PID information.

This approach leads to six nacomb features, two for each track, that encapsulate the
PID information of the D} -meson candidate.

4.2.3 Topological and kinematic variables

As mentioned at the beginning of this Chapter, a supervised machine-learning
technique is used to perform the Df-meson candidate selection. The variables
provided as input to the machine-learning algorithm are mainly based on the dis-
placed decay-vertex topology of DI mesons and the kinematic properties of the
decay chain, which contain a ¢ meson as intermediate state. In fact, combinatorial
background candidates are principally built from tracks produced at the primary
vertex and have an impact parameter different from zero only due to the detector
resolution. Moreover, the large mean proper decay length of beauty hadrons, com-
pared to the D-meson one, and their more complex decay chain induce different
characteristics between prompt and non-prompt D} mesons.

In Fig. 4.3, the variables employed in the analyses presented in this Thesis are
sketched for the case of prompt DI — ¢t — K- K* 7t decays. They are described
in more detail below. The distributions of prompt and non-prompt DI mesons,
shown in Figs. 4.4, 4.5, 4.6, and 4.7, are obtained from Monte Carlo simulations,
while those of the combinatorial background from data excluding the invariant-mass
region of the signal.
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PV
ldoD

Figure 4.3: Sketch of the D — ¢t — K- K*7nt"™ decay for promptly produced D
mesons with some topological quantities used in the selections.

Decay length (DL, DL™)

The decay length is measured as the distance between the primary and sec-
ondary vertex. It is an approximation of the real decay length due to the curvature
of the Df-meson trajectory in the magnetic field. However, the effect is negligible
since the mean proper decay length of D} mesons is small. The decay-length dis-
tributions of prompt and non-prompt DI mesons, and combinatorial background
are reported in the top left panel of Fig. 4.4 for pp collisions at /s = 5.02 TeV
in the 3 < pr < 4 GeV/c interval. The decay length of non-prompt D mesons is
on average larger than the one of prompt DI mesons since it includes the distance
covered by the beauty hadron before decaying. Moreover, the mean decay length
of signal candidates increases with the transverse momentum due to the Lorentz
boost, as shown for prompt D mesons in the left panel of Fig. 4.5.

The decay length projected in the plane normal to the beam direction is also
considered in the candidate selection. This projection exploits the better detector
resolution along the x and y coordinates than in the z coordinate.

Normalised decay length in the transverse plane (DL /o prey)

The DL™ /opre=y variable is obtained dividing the decay length measured in
the transverse plane by its uncertainty. In the top right panel of Fig. 4.4, the
DL*™ /o ppay distributions of prompt D} mesons, non-prompt D} mesons and com-
binatorial background are shown in the 3 < pr < 4 GeV/c interval. Similarly to
what observed for the DL distributions, the DL* /oprey is on average larger for
signal D mesons compared to the combinatorial background, and the non-prompt
Df-meson distribution is broader than the prompt one.
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Figure 4.4: Distributions of DL, DL*Y/oppaey, cosfp, and oy for prompt (red)
and non-prompt (blue) DF mesons, and combinatorial background (green) in pp
collisions at /s = 5.02 TeV in the 3 < pr < 4 GeV/c and 12 < pr < 16 GeV/c
transverse-momentum intervals.

Cosine of pointing angle (cos 0p, cos 0gY)

The pointing angle #p is the angle between the momentum of the reconstructed
Df meson and the line connecting the primary and secondary vertices. Neglecting
the experimental resolution on the vertex positions and the momentum, the point-
ing angle is expected to be exactly zero for prompt DI mesons and close to zero
for non-prompt DI mesons. Since in the latter case, the DI meson does not origi-
nate directly from the primary vertex but from an intermediate decay of a beauty
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Figure 4.5: Comparison of DL and oy distributions between the 3 < pr < 4 GeV /¢
(red) and 12 < pr < 16 GeV/c (yellow) intervals for prompt DI mesons in pp
collisions at /s = 5.02 TeV.

hadron. The distribution of cosfp is peaked at one for the signal candidates while
it is broader for the background, as shown in the bottom left panel of Fig. 4.4 in
the 12 < pr < 16 GeV/c interval. The distribution of non-prompt D mesons is
narrower than the prompt one due to their better pointing-angle resolution, which
is caused by the on average larger secondary-vertex displacement.

The right panel of Fig. 4.5 shows the evolution of the cosfp distribution of
prompt DI mesons with pr, induced by the variation of the decay length, and the
vertexing and momentum resolutions. As for the decay length, the fp angle can be
measured also in the transverse plane to exploit the better resolution that can be
achieved.

Daughter-track dispersion around the decay vertex (oyix)

The oy« quantity is computed as

3
Oytx — Z dlz R (44)
i=1

where d; is the distance of minimal approach between the decay track ¢ and the
secondary vertex. For a real D meson, all the tracks originate from the decay
vertex and oy, is zero, neglecting the vertexing and tracking resolution. The o
distribution is broader for the combinatorial background, as shown in the bottom
right panel of Fig. 4.4.
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Impact parameter in the transverse plane (dgf’D)

The da‘% variable is the Df-meson candidate impact parameter with respect to
the primary vertex projected in the transverse plane. Values of dggj closely spread
around zero characterise prompt D} mesons which really originate from the primary
vertex. In addition to reject the combinatorial background, the dg, is also useful to
discriminate between prompt and non-prompt D mesons. In fact, the distribution
of this variable is much larger for non-prompt D mesons than prompt ones due
to the beauty-hadron decay length, as displayed in the left panel of Fig. 4.6, where
the absolute value of dg’, is shown for the 3 < pp < 4 GeV /c transverse-momentum
interval.

Maximum normalised residual between the reconstructed and expected
daughter-track impact parameters in the transverse plane (Dg")

The D{? variable is computed as
T 3 €T . T
DY = max {|Ad0%|} X sign (Adogmx) ) (4.5)

where
dy’(reco) — dgz (exp)

2 2
o o
\/ dg ¥ (reco) + dg ¥ (exp)

is the difference between the reconstructed impact-parameter in the transverse
plane dg’(reco) and the expected value dg’i(exp), for the decay track 4, divided by
the total uncertainty. The expected impact parameter dy’(exp) is computed from
the Df-meson DL*¥ and the angle 6 between the decay-track and the mother-
particle momentum in the transverse plane as dy'(exp) ~ DL™ sin6;”, assuming
linear trajectories and neglecting the presence of the magnetic field. The uncer-
tainty on dg’(exp) is estimated as Oz (exp) ™ O DL SID 67, not considering the 6;7
uncertainty.

This variable is correlated with the Df-meson dg’, and it has different distri-
butions between combinatorial background, prompt and non-prompt D mesons,
as illustrated in the right panel of Fig. 4.6. The Figure shows the absolute value of
DY exploiting the symmetry of the variable distribution with respect to zero.

AdgY = (4.6)

cos® 0’ (K)

The #'(K) angle is the angle between one of the kaons and the pion in the
K*K™ rest frame. In the DI — ¢ — K- K*ntt decay, the spin of the ¢ vector
meson is aligned to its direction of motion with respect to the D -meson flight line.
Therefore, it can be demonstrated that the cos® #'(K) distribution is flat for real D -
meson candidates, and it is peaked at zero for the combinatorial background [235],
as shown in the left panel of Fig. 4.7.
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Figure 4.6: Distributions of dg, and Dg” absolute values for prompt D mesons
(red), non-prompt D} mesons (blue) and combinatorial background (green) in the
3 < pr < 4 GeV/c interval in pp collisions at /s = 5.02 TeV.

Absolute difference between the kaon-pair invariant mass and the ¢-
meson mass (AMxgg)

The choice of reconstructing the D} mesons in the DI — ¢t — K- K*nt
decay channel enables also the possibility to exploit the narrow width of the ¢-
meson resonance. 1o this end, the invariant mass of the reconstructed KTK~
pair is required to be compatible with the ¢-meson mass, M(¢) = (1019.461 +
0.016) MeV/c? [6], and the variable

A]WKK = |Minv(KK) - M(¢)| (47)

is computed. D -meson signal candidates usually have AMgxk values smaller than
a few tens of MeV/c?, due to the ¢-meson width convoluted with the detector
resolution. The combinatorial background is instead equally spread on a wide
range of values, as displayed in the right panel of Fig. 4.7 for the 3 < pr < 4 GeV/c
interval. Furthermore, a selection on AMkk contributes to reject, together with
the PID requirements, the Df-meson candidates with the wrong mass assignment
as discussed in Section 4.2.2. Finally, DI mesons decaying in the K"K*7tt final
state through the DI — KK+ — K-K*n* channel with BR = (2.58 £0.08)% [6]
are rejected by the aforementioned selections, and their residual contamination is
smaller than 1%.
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Figure 4.7: Distributions of the cos® #'(K) absolute value and AMgg for prompt
D} mesons (red), non-prompt D} mesons (blue) and combinatorial background
(green) in the 3 < pr < 4 GeV/c interval in pp collisions at /s = 5.02 TeV.

4.2.4 Variable distributions in pp and Pb—PDb collisions

The distributions of the topological and kinematic variables introduced in the
previous Section may differ between pp and Pb—Pb collisions. These differences
are driven by the improved resolution on the primary-vertex position available in
Pb-Pb interactions and caused by the larger multiplicity of produced tracks with
respect to pp collisions. Moreover, stricter selection criteria are applied in Pb—Pb
collisions than in pp ones to reject the huge combinatorial background and to keep
the data size manageable for the analysis.

In Fig. 4.8, the distributions of the DL* /o pr=y and the absolute value of the
dy'p for prompt D mesons in pp collisions at /s = 5.02 TeV, and in central and
semicentral Pb—PDb collisions at /syy = 5.02 TeV in the 3 < pr < 4 GeV/c interval
are shown. Samples of signal prompt DI mesons for the different collision systems
are obtained from Monte Carlo simulations, while the selections employed will be
detailed in Sections 5.1.1 and 6.1.1 for pp and Pb—Pb collisions, respectively. The
DL™ /oprey distributions in central and semicentral Pb—Pb collisions start from
higher values than in pp collisions showing the effect of the applied selections. In
addition, the reduced uncertainty on the primary-vertex position leads to narrower
distributions of dg;% in Pb—Pb collisions than in pp. For the same reason, the
DL™/opr=y distributions are slightly larger in central and semi-central Pb—Pb
interactions than in pp ones.
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Figure 4.8: Distributions of the DL* /o pp+y and the dgf’b absolute value for prompt
DI mesons in pp collisions at /s = 5.02 TeV (red), and in central (yellow) and
semicentral (purple) Pb—Pb collisions at \/syy = 5.02 TeV in the 3 < pr < 4 GeV/c
interval.

4.3 Monte Carlo simulations

Precise Monte Carlo (MC) simulations of the kinematics and topology of the
Df — ¢t — K-K*ntt decays are fundamental for the measurement of the DJ-
meson production, in particular for the training of the machine-learning models,
and the estimation of the acceptance and efficiency corrections. To this end, MC
simulations must also reproduce the conditions, tracking resolution, and PID per-
formance of the experiment detectors.

The PYTHIA 8.243 event generator [82, 168] with the Monash-13 tune [135]
was used to simulate proton-—proton collisions at /s = 5.02 TeV. A cc- or bb-
quark pair was required for each simulated PYTHIA pp event and the D mesons
were forced to decay in the hadronic channel of interest for the analysis. In the
case of Pb-Pb collisions at /syx = 5.02 TeV, the underlying event was simulated
with the HIJING 1.36 event generator [169]. In each HIJING simulated event,
D -meson signals were injected through multiple ce- and bb-quark pairs generated
with PYTHIA 8, and the same requirements as for pp collisions were applied. For
both pp and Pb—PDb collisions, the generated particles were propagated through the
ALICE detectors using the GEANT3 transport package [170].

The MC simulations employed in this Thesis included a detailed description
of the ALICE experiment geometry and detector response. They were configured
to reproduce the position and width of the interaction-vertex distribution, and
the status of all ALICE detectors for what concerns the number of active channels,
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D7 -meson reconstruction in pp and Pb—Pb collisions

gain, noise level and the precision of the calibration. The evolution with time of the
aforementioned parameters during the pp and Pb—Pb data taking periods was also
taken into account. The simulation and reconstruction of MC data were performed
with the AliRoot framework, which interfaces with the event generators and the
GEANT3 package. Moreover, the reconstruction of simulated and real data was
executed using the same code. To guarantee a satisfactory agreement between real
data and MC simulations of the topological and kinematic quantities of interest for
this Thesis studies, a dedicated procedure was employed to tune the single-track
parameters and uncertainties for MC-simulated particles. A detailed description of
this procedure is reported in Ref. [236]. Similarly, in MC simulations, the no PID
variables were sampled to match the distributions observed in data.

4.3.1 Acceptance and efficiency correction

The efficiency and acceptance correction factors were calculated from the MC
simulations detailed above. These corrections are necessary to compute the pro-
duction yield of DI mesons at midrapidity, |y| < 0.5, starting from the measured
raw yield obtained after the candidate reconstruction and the application of topo-
logical, kinematic, and PID selections. The efficiency was estimated as a function
of pr with the following formula

Nreco (pT) | ly|<ysaa(pr)
Ng‘}‘é’ﬁ(PT)‘

¢ (pr) = ) (4.8)

lyl<ysa(pT)

where the numerator is the number of reconstructed DI mesons after having applied
the selections. The equation denominator is the number of generated D mesons
in the fiducial rapidity region |y| < ygq, decaying in the decay channel of interest
for the analysis, and with all the three daughters fulfilling the requirements of
pr > 0.1 GeV/c and |n| < 0.8. Only events with a generated primary-vertex
position within 410 cm from the detector centre in the z direction were considered.
The efficiency varies as a function of pr due to the track-reconstruction efficiency
and the selection employed to reject the combinatorial background. The acceptance
correction factor was computed as

Nz (pr)|

ly|<yad (pT)
49
Ngen (07) (49)

Y

Acc (pr) =

’ ly|<yaa(pT)

where Ngen (D7)||y|<yra(pr) i the number of generated DI mesons with |y| < ysa,
decaying in the decay channel of interest, and produced in events with a generated
primary vertex that satisfies the requirement on its position mentioned above.

An additional correction factor ca, was considered to account for the differences
in the rapidity coverage between the fiducial region defined by Eq. (4.1) and the
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4.3 — Monte Carlo simulations

ly| < 0.5 interval. It was defined as the ratio of the generated D-meson yield in
Ay = 2ygq and that in |y| < 0.5. The ca, factor was estimated from FONLL pQCD
calculations [72, 73], which provide a good description of the rapidity dependence
of the D-meson cross section in pp collisions [237, 238]. As a consistency check,
cay Was also computed using simulations based on the PYTHIA 8 event generator,
and the obtained result was in agreement with the FONLL-based calculation within
1%. Finally, to account for possible differences of the D-meson production in Pb—Pb
collisions and as an extreme variation, a flat rapidity distribution was considered.
The discrepancies with respect to the FONLL-based calculation were negligible in
comparison to the other sources of systematic uncertainty in this collision system,
which will be described in Section 6.6.
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Chapter 5

Non-prompt and prompt
D;‘ -meson production in pp
collisions at /s = 5.02 TeV

In this Chapter, the measurements of the pr-differential production cross section
of prompt and non-prompt D mesons at midrapidity (|y| < 0.5) in pp collisions
at /s = 5.02 TeV are presented. The prompt and non-prompt D -meson cross
sections in pp collisions are a sensitive test for pQCD calculations [60], and provide
insights into the hadronisation mechanism of charm and beauty quarks. They are
also a reference for the measurements of the nuclear modification factor in Pb—Pb
collisions. The measurements reported in this Chapter were published in Ref. [71].

The pr-differential cross section of prompt (non-prompt) DI mesons was calcu-
lated for each pr interval as

1 Dsi,raw
d20_ 2 f(non—)prompt(pT)N (pT)’\y|<yﬁd(pT) 1

dprdy ly|<0.5 - (Acc x €)momjprompt (pp)en, (pr) Apy BRLin;

(5.1)

The measured raw yield NV D eV - containing both D and D mesons, was divided
by a factor two and multiplied by the prompt (non-prompt) fraction fimon-)prompt
to obtain the charge-averaged yield of prompt (non-prompt) DI mesons. It was
then divided by the acceptance times efficiency of prompt (non-prompt) DI mesons
(Acc x ¢)memIprompt - the rapidity-coverage correction factor ca, introduced in Sec-
tion 4.3.1, the pr-interval width Apr, the decay-channel branching ratio BR re-
ported in Tab. 4.2, and the integrated luminosity L. The integrated luminosity
was computed as Ly = Neyi/0obh, where Ney is the number of analysed events
which is about 990 millions, and o3 = (50.9 4 0.9) mb is the cross section for the
MB trigger condition [233].

In the following Sections, the steps needed to obtain the Df-meson BDT clas-
sification and the resulting selections, the raw-yield extraction approach, and the
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corrections necessary to compute the pr-differential cross section are discussed.
Finally, the study of the systematic-uncertainty contributions and the results are
presented.

5.1 Machine-learning selections

As mentioned in Section 3.2, the aim of this Thesis is to explore the application
of machine-learning techniques to particle-candidate selection. Therefore, BDTs
were employed in the analysis process, replacing the linear selections traditionally
used in previous ALICE D-meson measurements [146, 238-241].

The analysis strategy is based on the selection of decay vertices displaced from
the interaction point. In addition to the rejection of the combinatorial background,
it is also possible to discriminate between prompt and non-prompt D mesons
thanks to their different characteristics (see Section 4.2.3). To this end, the same
multi-class classification BDTs were employed to measure both prompt and non-
prompt D} mesons. Selections on the BDT outputs were applied to reduce the
combinatorial background and to enhance the fraction of prompt or non-prompt
D mesons, depending on the measurement to be performed.

5.1.1 Data preparation

The data samples used for the BDT training and performance assessment were
composed of prompt and non-prompt DI -meson signal candidates and by the com-
binatorial background. The signal candidates were obtained from the MC simu-
lations with the PYTHIA 8 event generator introduced in Section 4.3. Combina-
torial background candidates were extracted from the sidebands of the D -meson
invariant-mass distribution in the data collected by the experiment. The idea be-
hind this decision was to use real data, where feasible, to avoid losses in the BDT
predictive power caused by possible shortcomings of MC simulations. In fact, the
quality of the combinatorial-background description is deeply influenced by the
modelling of the pp collision by the MC event generator in terms of: particle mul-
tiplicity, kinematic distributions of the particle produced, and relative abundances
of the different particle species.

In addition to the single-track requirements described in Section 4.2.1, the D -
meson candidates used for the training were required to satisfy the loose kinematic
and topological selections reported in Tab. 5.1. They were also required to fulfil the
conservative PID strategy. The resulting reconstruction efficiency for prompt and
non-prompt D mesons as a function of pr is reported in Fig. 5.1. The efficiencies
rise with increasing pr due to the topological selections applied. The non-prompt
Df-meson efficiency is larger than the prompt one due to the narrower cosfp and
cos 0pY distributions, which are driven by the larger displacement of non-prompt
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5.1 — Machine-learning selections

Table 5.1: Topological and kinematic selections applied on Df-meson candidates
before the machine-learning step.

pr (GeV/c) 1-24
Ovix (Hm) < 600
cosbp > 0.85
cos BpY > 0.85
AMKK (MGV/CQ) < 15

DF mesons and by resolution effects, as explained in Section 4.2.3.

The BDT training was performed in larger transverse-momentum intervals than
the analysis ones to guarantee large enough training samples, especially in the
high-pr region. All the prompt and non-prompt D -meson candidates available in
a dedicated MC production, where events containing cc- or bb-quark pairs were
generated in equal number, were used. The number of combinatorial-background
candidates was chosen to be roughly the same as the signal, at low pp. While, at
high pr, fewer background candidates were employed to keep small the fraction of
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Figure 5.1: Efficiency for the reconstruction of prompt (red) and non-prompt (blue)
DI mesons as a function of pr after the selections used to prepare the data sample
for the BDT training and test.
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Table 5.2: Number of prompt D, non-prompt D and combinatorial-background

s

candidates used to build the training and test sets in the pr intervals in which the
training was performed.

pr (GeV/e) 12 24 46 612 1224
prompt D (x103, approx.) 11 52 43 33 5
non-prompt D} (x10%, approx.) | 19 110 95 77 11
background (%103, approx.) 60 162 41 11 1

real data used in the training. The aim was to avoid possible biases since these
candidates were also used for the physics measurement. The approximate number
of prompt and non-prompt DI -meson, and combinatorial-background candidates,
composing the training and test sets, is reported in Tab. 5.2 for the pr intervals in
which the training was performed. The training sets were formed by 80% of the
available data samples, while the remaining 20% constituted the test sets.

5.1.2 BDT training and performance evaluation

The input features provided to the BDTs were the D -meson candidate topolog-
ical, kinematic, and PID variables introduced in Sections 4.2.2 and 4.2.3. They are
listed hereafter, where the index of the no™>r, variables indicates the corresponding
Df-meson decay track.

T2

e DL o cos by’ o cos®0'(K) « NoLL
K,0

o« DL ® Oytx M A]\4KK * NOcomb
0 K,1

® DLmy/O-DLIy ° dg%) ° no-?c;mb * NO0comb
1 K2

e cosbp « Dgy? © N0 * NOcomp

The correlations between the training variables were studied by computing the
Pearson correlation coefficient p [242] for each variable pair. The linear-correlation
coefficients among the training variables, and the D -meson invariant mass M and
transverse momentum pr, which were not employed in the training, are presented
in Fig. 5.2 for the prompt and non-prompt D} mesons, and the combinatorial back-
ground in the 2 < pr < 4 GeV/c interval. Variables that carry the same physical
information, such as those related to the candidate decay length, pointing angle,
and impact parameter, are strongly correlated among each other, as expected.
Signal candidates, both prompt and non-prompt, show a complex correlation pat-
tern between the variables containing the PID information, which is different and
less pronounced for background candidates. Small discrepancies are present also

94



5.1 — Machine-learning selections

+ +
Prompt D, 1o Non-prompt D/ 10
no%;2 : nok2 8
iarlnb L Q ;orlnb [ Q
NOcomb | NOcomp |
K, 0 K, 0
NOcomp | NOcomp |
L2 , 2
NGoms | NG%my |
nofars | 0.5 nogms | —0.5
,0 , 0
NOZomy | NGZomy |
o[ | o[
cos30'(K) | cos30'(K) |
AM, M,
<L —0.0 L —0.0
Ovtx | Outx |
oo | B | o[
DLY/op | DLYopy |
pLY pLY
pL| 0.5 pL| —H-0.5
cos6p” | cos6y” |
cos6p | cos6p |
pPr pPr
M [ S N SO S N S S R S S R S 10 M ! ; ! ! I - 10
S8 Q8 I B B o b b S8 Q8 I 5D b b o B
[} B 0 € € ¢ cc < o B ) € € ¢ ¢ ¢ ¢
ot} o ) o
a o aQ ©
Combinatorial background 1o
L2 B
na{mlnb | Q
NOcomb |
K, 0
NOcomp |
, 2
NOgoms | . .
0%t | 05 This Thesis
,0
NGomy | pp, VS = 5.02 TeV
by | Ds - ¢n* = K*K™n* and charge conj.
cos36'(K) | 2<pr<4GeV/c
M,
K<L 0.0
Ovtx |
a5 |
DL*[opw |
pLY
DL 0.5
cos6y” |
cos6p |
pPr
) Ll 10
S £ SR> 2,05 ¥R o 2 2 2 o o .
SEE0 3 d¥e s o eEuiubiuss
S 8 8 | O b B bbb
o x c € Cc c c C
~
a

Figure 5.2: Linear-correlation coefficients p between the training variables, and the
candidate invariant mass M and pr for prompt (top left panel) and non-prompt
(top right panel) DI mesons, and the combinatorial background (bottom left panel)
in the 2 < pr < 4 GeV/c interval. The colours from red (fully correlated) to blue
(fully anti-correlated) indicate the grade of correlation.

between signal prompt and non-prompt candidates, such as for the correlation be-
tween the variables related to the decay length and the cosine of pointing angle.
These differences can be exploited by the BDT to discriminate between prompt and
non-prompt DI mesons, and the combinatorial background. No relevant correla-
tions are observed between the training variables and the DI -meson invariant mass
or pr. This indicates that the BDT selection is unlikely to modify significantly
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Table 5.3: Hyperparameter configurations for the final BDTs in the different pr
intervals used in the training procedure.

pr (GeV/e) -2 24 46 612 12-24
n_estimators 665 674 674 672 352
learning rate 0.029 0.092 0.092 0.070 0.086
max_depth 4 4 4 4 3
min_child_weight | 2.7 7.0 7.0 8.7 8.6
subsample 0.90 090 090 0.87 0.96
colsample_bytree | 0.97 081 0.81 0.82 0.95

the shapes of the invariant-mass and transverse-momentum distributions of D7 -
meson candidates, and to lead to the formation of structures in the invariant-mass
distribution.

The BDT hyperparameters that were tuned for this analysis are those reported
in Section 3.2.1, while the other parameters were kept at their default values. The
Bayesian optimisation approach was adopted, using a 5-fold cross validation to
evaluate the BDT performance for a given set of hyperparameters. The average one-
vs-one ROC AUC was employed as the performance metric. The hyperparameter
combinations providing the highest ROC AUC values were chosen and are detailed
in Tab. 5.3 for the different pr intervals considered in the training. The final BDTs,
used to perform the Df-meson selection in the analyses, were trained with the
reported hyperparameter configurations.

The BDT outputs are three scores related to the candidate probability to be a
prompt DI meson, a non-prompt DI meson, and combinatorial background. The
sum of these three scores for a particle candidate is unity by construction. In
Fig. 5.3, the BDT-output distributions for prompt and non-prompt DI mesons,
and the combinatorial background, obtained for the test-set data in the 2 < pr <
4 GeV /c transverse-momentum region, are reported. As expected, real non-prompt
D mesons have a high score related to the hypothesis of being non-prompt, and the
same is true for background candidates looking at the corresponding score. Inter-
estingly, the distribution of the prompt DJ-meson score is not peaked at unity for
real prompt D mesons. This is due to the implementation details of the multi-class
classification in the xgboost library [217], in which a number of BDTs equal to the
number of classes are trained, each one performing a one-vs-rest classification task,
and the final outputs are the scores predicted by the different models appropriately
normalised [243]. The score related to the prompt D} -meson hypothesis is obtained
from a classification of prompt DI (one) versus non-prompt D and combinatorial
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Figure 5.3: Top and bottom left panels: distributions of the three BDT-model out-
puts for prompt (red) and non-prompt (blue) D mesons, and the combinatorial
background (green) in the 2 < pr < 4 GeV/c interval. Bottom right panel: dis-
tribution of the BDT output corresponding to the background hypothesis for the
sample of DI -meson candidates collected by the experiment with 2 < pr < 4 GeV/c
and invariant mass 1.72 < M (KKn) < 2.22 GeV/c%

background (rest). This mix of background and non-prompt D -meson candidates,
which have different characteristics, is more difficult to discriminate with respect
to the other combinations. In any case, real prompt DI mesons have on average
higher values of the corresponding score than non-prompt DI and combinatorial

background, as expected.
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Figure 5.4: One-vs-one ROC curves and the average ROC AUC values, estimated
using the test set, for the BDT model trained in the 2 < pr < 4 GeV/c interval.
Curves of the same colour are obtained swapping the same two classes.

In the bottom right panel of Fig. 5.3, the BDT-output distribution correspond-
ing to the background hypothesis for the sample of DI -meson candidates collected
by the experiment in the 2 < pr < 4 GeV/c interval and in the 1.72 < M(KKm) <
2.22 GeV/c? invariant-mass region is displayed. The shape of the distribution
matches almost exactly the one of the combinatorial background shown in the
bottom left panel, due to the very small fraction of signal DI -meson candidates in
the collected data sample.

After the training, the BDT performance was evaluated estimating the average
ROC AUC value on the test set. The one-vs-one ROC curves, their area-under-
the-curve values, and the average ROC AUC value are shown in Fig. 5.4 for the
BDT model trained in the 2 < pr < 4 GeV/c interval. High ROC AUC values are
obtained for the discrimination between signal D mesons, prompt or non-prompt,
and the combinatorial background. Lower values of the metric are achieved for
the discrimination between prompt and non-prompt D mesons. This is expected,
since the two signal classes are more similar between each other than signal and
background candidates. The ROC curves obtained swapping the same two classes
are not equivalent between each other, since different BDT outputs were used to
compute them, as explained in Section 3.1.1. The estimated average ROC AUC
values for the trained BDTs range between about 0.87 and 0.90 depending on the
pr interval, and are reported in Tab. 5.4. These values were compared to those
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Table 5.4: Average ROC AUC values for the final BDT models in the different pr
intervals in which the training was performed.

pr (GeV/c) \1f2 24 46 612 12-24

Average ROC AUC‘O.874 0.900 0.901 0.899 0.875

resulting from the same calculation performed by using the training-set data, to
check for a possible overfitting (see Section 3.2.1). The average ROC AUC values
obtained from the training set are slightly larger than the test-set ones of about
2-7% depending on pt. This behaviour is foreseen, and the small discrepancies
indicate a good generalisation power of the trained BDT models.

The BDT-model predictions were studied computing the SHAP values using the
test-set data sample. The mean absolute SHAP values of the input features for the
three classes are reported in the left panel of Fig. 5.5, for the BDT trained in the 2 <
pr < 4 GeV /c interval. They measure the global importance of each variable for the
predictions. The most important features are those with the higher mean absolute
SHAP values, and correspond to: the variables related to the Df-meson decay
length and PID information, AMkgk, and cos® ¢’ (K). This matches the physical
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N0 DL
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DL NOZsmp
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nofr(,)rzn (o] o Vs =5.02 TeV COS36’(K) w
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Figure 5.5: Feature-importance plots for the BDT model trained in the 2 < pr <
4 GeV/c interval. Left panel: mean absolute SHAP values of features for the
prompt DI (red), non-prompt D (blue), and combinatorial background (green)
classes. Right panel: SHAP values of features for each point in the test set for the
non-prompt D -meson hypothesis (more details in the text).
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knowledge of the problem and the differences in the variable distributions observed
between prompt and non-prompt DI mesons, and the combinatorial background, as
shown in Figs. 4.4, 4.6, and 4.7. The most important variable among the PID ones
is naiﬁlb. This is expected since the decay-track with index one is always a kaon for
signal candidates by construction, because it is the track with opposite charge sign
with respect to the candidate, while the other two tracks can be either a kaon or a
pion. Finally, AMkgk and cos®#'(K) are more important for the background-class
predictions than for the signal-class ones due to their almost identical distributions
between prompt and non-prompt D mesons.

Another possibility offered by the shap library [221], to investigate the BDT
predictions, is to look at the contribution of each variable of a particle candidate to
the score assigned to it. In the right panel of Fig. 5.5, the SHAP-value distributions
of the input features for the non-prompt Df-meson hypothesis are shown. The
input-feature values are described by a heatmap ranging from blue (low values) to
yellow (high values). Large SHAP values, reported on the x-axis of the panel, relate
to a large BDT-output score and vice versa. For instance, particle candidates with
high DL* /o ppev values or low naii’élb values are more probably predicted to be
non-prompt D mesons, as expected.

5.1.3 Working-point optimisation

Threshold values on the BDT-output scores need to be chosen to define the
Di-meson candidate selection. To this end, scans were performed varying the
threshold values on the BDT outputs simultaneously. For each combination, the
expected statistical significance S/4/(S + B), the signal-to-background ratio S/ B,
the acceptance-times-efficiency (Acc X ¢€) factors for prompt and non-prompt D
mesons, and the fraction of prompt DI mesons were estimated. The aforementioned
S and B quantities are the expected number of signal and background candidates,
respectively, which are defined in the following.

The (Acc X €) factors were computed from samples of MC simulations not used
in the BDT training. The expected fraction of prompt DI mesons was estimated

as
FONLL+PYTHIA 87 —1

non-prompt _d2o
(Acc X €) Iordy

non-prompt (5 . 2)

)
(Acc x e)prompt_d2g_|FONEE
dprdy

fprompt = |1+

prompt

where d?c/dydpr is the pr-differential production cross section in the |y| < 0.5
rapidity interval obtained from FONLL calculations [72, 73]. In the case of prompt
D mesons, since FONLL calculations are not directly available, the cross-section
value was computed as done in Ref. [238] using the FONLL prediction for the
charm-quark pr-differential cross section, the charm fragmentation functions from
Ref. [244], and the fragmentation fractions f(c — DJ) and f(c — D:T) from
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Table 5.5: Fragmentation fractions of beauty quarks into beauty-hadron species in
Z — bb decays, and in pp collisions at /s = 1.96 TeV [6].

b-hadron | Fraction at Z (%) Fraction at pp (%)
B, B+ 40.8 £ 0.7 3444+£2.1
BY 10.0 £ 0.8 11.5+1.3
A) 8.4+1.1 19.8 £4.6

ALEPH measurements [245]. The non-prompt Df-meson cross section was ob-
tained from the pr-differential beauty-hadron cross sections predicted by FONLL,
while the description of the Hy, — DI + X decay kinematics and branching ratios
was performed with PYTHIA 8 [82, 168]. The fragmentation fractions of beauty
quarks into beauty hadrons f(b — Hy) measured in Z — bb decays [6], which
are reported in Tab. 5.5, were used to weight the contributions from the different
beauty-hadron species. These fragmentation fractions provide a satisfying normal-
isation for the B-meson measurements conducted by the ATLAS, CMS, and LHCb
Collaborations [246-248]. The fraction of non-prompt D mesons was estimated as
fnon—prompt =1- fprompt-

The expected signal S, containing both prompt and non-prompt candidates,
was computed starting from theoretical predictions as

FONLL, (non-)prompt
d2oDF 2(Acc x ¢)momprompte \ AprBR Ling
)

f (non-)prompt

X

_ 5.3
dprdy (5:3)

ly|<0.5
where the prompt (non-prompt) Df-meson (Acc x €), fraction, and predicted cross
section were employed in the case of the prompt (non-prompt) measurement. Real
data was not utilised to avoid possible biases due to statistical fluctuations of the
background under the D -meson peak.

The background B was estimated by fitting the invariant-mass distribution of
Df-meson candidates obtained from data. An exponential function was used and
only the region away from the peaks of the D and DT mesons was considered.
Then, the background in the signal region was computed integrating the fit func-
tion in the invariant-mass interval within £30 from the D} -meson world-average
mass [6]. The width o of the Df-meson signal peak was obtained from MC simu-
lations, and it depends on the transverse momentum as will be shown in Fig. 5.9.
To avoid correlations between statistical fluctuations in the estimated significance
and the measurement, only about 10% of the available data was used in the com-
putation. The obtained background value was thus scaled to match the full data
sample collected by the experiment.
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Figure 5.6: Expected significance (top left panel), S/B (top right panel) and
Jnon-prompt fraction (bottom left panel) as a function of the thresholds on the BDT
outputs related to the non-prompt and background hypotheses. The selected work-
ing point for the measurement of non-prompt D} mesons is shown by the red cross.

Since the three BDT scores sum to unity for a particle candidate, as mentioned
in the previous Section, there are two degrees of freedom and the scan can be
performed considering only two scores. In the case of the non-prompt DI -meson
measurement, which will be detailed in Section 5.2, the selection was performed
using the scores related to the probability to be combinatorial background and
non-prompt DI signal. Figure 5.6 reports an example of the scan results for the
2 < pr < 4 GeV /¢ transverse-momentum interval. The expected significance, S/B,
and  fuon-prompt values are shown in colour scale as a function of the thresholds
on the background and non-prompt scores. The thresholds on the BDT outputs
were tuned to obtain the highest possible fraction of non-prompt D mesons in
the extracted raw yields, while maintaining a good statistical significance of the
signal. The chosen working point for the 2 < pr < 4 GeV/c interval is shown in
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Figure 5.7: Expected significance (top left panel), S/B (top right panel) and prompt
(Acc x €) (bottom left panel) as a function of the thresholds on the BDT outputs
related to the prompt and background hypotheses. The selected working point for
the measurement of prompt D} mesons is shown by the orange cross.

the Figure by a red cross. The selections applied required a BDT score for the non-
prompt Df-meson hypothesis above 0.70-0.84, and a score for the combinatorial
background hypothesis below 0.008-0.040 depending on pr.

For the measurement of prompt DI mesons, further discussed in Section 5.3, the
BDT outputs corresponding to the prompt Df-meson and background hypotheses
were considered. The threshold values were chosen to maximise the expected sta-
tistical significance of the extracted signal, while keeping a high selection efficiency
and signal-to-background ratio to reduce the systematic uncertainties as much as
possible. This resulted in requiring BDT scores for the prompt D -meson hypothe-
sis above 0.05-0.10, and scores for the combinatorial background hypothesis below
0.018-0.050 depending on pr. The loose selection on the prompt D -meson score
fulfils the purpose of reducing the contamination of non-prompt candidates in the
measured raw yields. As an example, the results of the threshold scan performed
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considering the scores linked to the probability to be combinatorial background and
prompt DT signal for the 1 < pr < 2 GeV/c interval are displayed in Fig. 5.7. The
expected significance, S/ B, and prompt (Acc X €) values are reported in colour scale
as a function of the threshold values, while the chosen working point is represented
by the orange cross.

5.2 Non-prompt D -meson analysis

5.2.1 Raw-yield extraction

A sample enriched in non-prompt Df-meson candidates, resulting from the
selection introduced in the previous Section, was used to extract the raw yields
for the measurement of the non-prompt DJ-meson cross section. The raw yields
were obtained from binned maximum-likelihood fits to the candidate invariant-mass
M (KKm) distributions, including both particles and antiparticles. Four different
transverse-momentum intervals between 2 and 12 GeV/c were considered. The
fit function was constituted by a Gaussian to describe the signal peak and by
an exponential term to model the background. An additional Gaussian was used
to describe the peak caused by the decay DT — ¢t — K-K*nt, which has a
branching ratio of (2.69700%) x 1073, present at lower invariant-mass values than
the Df-meson peak, M(D') = (1869.65 & 0.05) MeV/c? [6]. To improve the fit
stability, the widths of the DI -meson signal peak were fixed to the values resulting
from a sample enriched in prompt candidates, which was obtained applying the
prompt-measurement selection, given the naturally larger abundance of prompt DF
mesons with respect to non-prompt ones. The widths of the D*-meson peak o(D*)
were fixed to the Df-meson ones (D7) multiplied by their ratio o(D*)MC /(D )MC
computed from MC simulations. This assumed that the relative variation with pt of
the mass resolution of the D - and D*-meson peaks is described in the simulations.
The value of the o(DT)MC /o(DF)MC ratio was found to be about 0.9 independently
of the transverse-momentum interval considered.

The invariant-mass spectra are shown in Fig. 5.8, together with the fit functions
and the resulting values for the mean, width, raw yield, and significance of the signal
peak. A good statistical significance of the observed signal was obtained, it varies
between about 7 and 9 depending on the pr interval.

In the left panel of Fig. 5.9, the observed mean of the Gaussian function fitting
the Df-meson peak is compared to the values resulting from fits in which the
width was left free to vary, from MC simulations, and from the PDG. The values
of the Df-meson peak position extracted from the fixed- and free-width fits are in
good agreement. Moreover, they are compatible with the peak positions obtained
from MC simulations within two standard deviations. The shift of the mass values
observed in data from the MC-simulation and PDG ones is common to all the
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Figure 5.8: Invariant-mass distributions of Df-meson candidates and their charge
conjugates in the pr intervals of the non-prompt analysis. The blue line shows the
total fit function and the red dashed line is the combinatorial-background com-
ponent. The values of the mean (u), width (o), raw yield (S), and significance
(Signif.) of the signal peak are reported. The reported uncertainties are only the
statistical uncertainties from the fit.

ALICE D-meson measurements in Run 2. The Gaussian width extracted fitting
the prompt-enriched sample is confronted to those obtained from the free-width fit
to the non-prompt-enriched sample, and from MC simulations in the right panel of
Fig. 5.9. The D -meson width values are compatible between the three considered
cases within uncertainties. Except for the 6 < pr < 8 GeV /¢ interval, where the
width resulting from the fit to the non-prompt-enriched sample deviates from the
prompt-enriched and MC-simulation values due to statistical fluctuations. The D7 -
meson peak width shows an increasing trend with the transverse momentum due
to the pr resolution of the decay tracks.
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Figure 5.9: Left panel: Df-meson signal peak position obtained from the fixed-
width fit (blue filled circles) compared to the free-width fit (blue open circles),
MC simulation (black squares), and the PDG [6] values. Right panel: Df-meson
signal peak width from the fit to the prompt-enriched sample (red open squares),
the free-width fit to the non-prompt-enriched sample (blue open circles), and MC
simulations (black squares).

5.2.2 Efficiency and acceptance corrections

The acceptance-times-efficiency (Acc X €) correction factors were computed from
MC simulations as described in Section 4.3.1. Different samples than those em-
ployed in the BDT training were used to avoid possible biases caused by the ML-
model memorisation of the training-data peculiarities. The (Acc X €) correction
factors for prompt and non-prompt D mesons as a function of pr are reported in
Fig. 5.10, together with the ratios of the non-prompt over prompt correction factors.
The BDT selection applied to obtain the non-prompt-enriched sample strongly sup-
presses the prompt D -meson selection efficiency, while the geometrical acceptance
is the same between prompt and non-prompt DI mesons. The non-prompt D7 -
meson acceptance times efficiency is larger than the one of prompt D mesons by a
factor ranging from about 5 to 17, depending on transverse momentum. The ratio
(Acc x e)nonPrompt /(Ace x €)PrO™Pt g larger at low pr and decreases with increasing
transverse momentum, since at high pr looser selections were applied due to the
smaller Df-meson yield to guarantee a good signal extraction. This leads to a
smaller difference between the prompt and non-prompt (Acc X €) correction factors
with increasing pr.
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Figure 5.10: Acceptance-times-efficiency correction factors for non-prompt (blue)
and prompt (red) DI mesons as a function of pr. The bottom panel shows the
non-prompt over prompt (Acc X €) ratio.

5.2.3 Fraction of non-prompt D: mesons

The measured raw yields, although dominated by non-prompt DI mesons; still
contain a residual contribution of prompt candidates which satisfy the BDT-based
selection. For each pr interval of the analysis, the fraction of non-prompt DF
mesons in the raw yield, fhon-prompt, Was estimated with a data-driven approach,
which is described in the following.

A set of different selections {i} was defined, each one leading to a raw yield with
different contributions of prompt and non-prompt D mesons. These selections
were obtained varying the threshold on the BDT output related to the candidate
probability of being a non-prompt D meson. Instead, the threshold on the BDT
output for the combinatorial-background hypothesis was fixed to the value used
in the central selection detailed in Section 5.1.3. The resulting raw yields Y; can
be connected to the true yields of prompt Nprompt and non-prompt Nyon-prompt Da
mesons in the data sample as follows

i

(Acc x e)?mmpthrompt + (Acc x e)non'pmmpthon_prompt =Y, (5.4)

¢ -prompt . :
where (Acc x €)Y ™" and (Acc x €)]°" PP are the acceptance-times-efficiency fac-

% %

tors computed for prompt and non-prompt D mesons, respectively. The definition

107



Non-prompt and prompt D -meson production in pp collisions at /s = 5.02 TeV

of a set of n selections leads to the system of equations

(ACC X €>promptN rompt + (ACC X e)non prompthon prompt — le
, (5.5)

(ACC X E)EromptN rompt + (ACC X E)non prompthon—prompt Yn

which can be exactly solved in the case of n = 2 to obtain the prompt and non-
prompt true yields. For n > 2, the system is likely to be overdetermined and the
Nprompt and Nponprompt Parameters are obtained from a minimisation procedure.
To this end, Eq. (5.5) can be rewritten as

N non-prompt

(Acc x €)P™™P" (Acc x €)}orPrompt Y1 1
. . Nprompt . .
: . X - . . ) (56)

(ACC X e)grompt (ACC X E)gon—prompt

Yn 5”

where 9; is a residuum that accounts for the equations not holding exactly due to
the fluctuations of Y;, (Acc x €)™ and (Acc x ¢)}o"Prompt,
The prompt and non-prompt corrected yields were estimated minimising the
x?, which is defined as
x> =6"C6. (5.7)

In the above formula, & is the vector of residuals and C' is the covariance matrix
which contains the uncertainties inherent to each equation. The variances o7 were
computed from the raw-yield and efficiency statistical uncertainties as

2

_ 2 i
0, = O-Yi + N, mmptO'(ACC>< )Plompt =+ NHOD promptO-(Accxg)

non-prompt . (58)

Since the true yields are unknown variables, the variances were evaluated with an
iterative procedure. In the first iteration only the uncertainty on the raw yields
was considered, while from the second iteration onward the values of Npyompe and
Nion-prompt Tesulting from the previous step were used to compute the uncertainty
contribution deriving from the efficiency-times-acceptance factors. Only a few iter-
ations are necessary to obtain a stable result. The covariance terms were computed
as 0, ; = 0,0;p;; and the correlation coefficient p; ; was assumed to be

gj
This assumption is motivated by the fact that the threshold on the BDT output
was varied monotonically, making the selection more stringent with increasing 1.
Therefore, the i*" selected sample is completely included in the (i — 1)™ one by
construction. Finally, the prompt and non-prompt D} -meson corrected yields were
calculated as

N =Cov(N)e'C'Y. (5.10)
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In the equation, IN and Y are the vectors of corrected and raw yields respectively,
€ is the matrix of efficiency-times-acceptance factors, and Cov(IN) = (e'C 'e)™!
is the covariance matrix containing the statistical uncertainties on the corrected
yields and their correlation.

For an arbitrary selection k, the fraction of non-prompt DI mesons in the raw
yield can be computed from the corrected yields resulting from the y? minimisation
as

non-prompt
i (ACC X 6) L Nnon—prompt

non-prompt = non-prompt prompt :
(Acc X €),, Nuon-prompt + (Acc X €)y Nprompt

(5.11)

The final values of the non-prompt DJ-meson cross section were not determined
from the Npon-prompt Parameter resulting from the minimisation of the x2in Eq. (5.7).
Instead, they were obtained by choosing a selection providing a large non-prompt
component and a good signal extraction, as described in Section 5.1.3, and by calcu-
lating the corresponding fuon-prompt fraction according to Eq. (5.11). This approach
facilitates the determination of the systematic uncertainty. Moreover, it is not nec-
essary that the considered central selection is one of those used in the data-driven
procedure.

Figure 5.11 shows an example of the minimisation-procedure ingredients and
results for the 2 < pr < 4 transverse-momentum region. In the top left panel of
the Figure, the acceptance-times-efficiency factors for prompt and non-prompt D
mesons as a function of the BDT-based selection are reported. The leftmost data
point corresponds to the loosest selection on the BDT output related to the candi-
date probability of being a non-prompt DI meson. The rightmost one corresponds
to the strictest selection, which is expected to preferentially select non-prompt D
mesons. In the top right panel, the correlation coefficients p, defined in Eq. (5.9),
between the samples obtained with the different selections are displayed. Their
values range between 0.5 and 1. The raw-yield distribution as a function of the
BDT-based selection is shown in the bottom left panel of Fig. 5.11. It is compared
to the sum of the prompt and non-prompt components obtained from the minimisa-
tion procedure as (Acc x €)™ Nprompt and (Acc x €)jonprompt Nron-prompt, Which are
represented by the stacked red and blue histograms, respectively. Finally, the esti-
mated 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 higher
fractions of non-prompt candidates in the extracted raw yields. For completeness,
the raw-yield distributions as a function of the BDT-based selection for the other
transverse-momentum intervals of the analysis are reported in Fig. 5.12. In all
the cases, they are compatible within uncertainties with the sum of the estimated
prompt and non-prompt components, signalling that the minimisation procedure
provided a satisfactory result.

The Df-meson fyonprompt fraction, corresponding to the data-sample enriched
in non-prompt candidates used for the final measurement, is shown as a function
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Figure 5.11: Top left panel: (Acc X €) factors for prompt (red) and non-prompt
(blue) D mesons for the BDT-based selections used in the data-driven fyon-prompt
fraction estimation in the 2 < pr < 4 GeV/c interval. Top right panel: correlation
coefficients between the samples obtained with the different selections. Bottom left
panel: raw-yield distribution as a function of the selection. Bottom right panel:
estimated fraction of prompt and non-prompt D mesons as a function of the
selection.

of pr in the bottom right panel of Fig. 5.12. The vertical bars report the statistical
uncertainties computed propagating the uncertainties on the corrected yields re-
sulting from the y2-minimisation procedure. The correlation between Nprompt and
Nion-prompt 18 accounted for in the uncertainty propagation. The systematic uncer-
tainties, which are described hereafter, are represented by the open boxes. The
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Figure 5.12: Top and bottom left panels: raw-yield distribution as a function of
the BDT-based selection compared to the sum of the estimated prompt (red) and
non-prompt (blue) components for the pr intervals in the 4 < pr < 12 GeV/c
region. Bottom right panel: fraction of non-prompt DI mesons in the extracted
raw yields as a function of pr in pp collisions at /s = 5.02 TeV. The vertical bars
(open boxes) report the statistical (systematic) uncertainties.

Jrnon-prompt fraction spans the interval 0.45-0.65, and does not show a trend with the
transverse-momentum.
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Figure 5.13: Left panel: fuonprompt fractions as a function of pr resulting from
the data-driven estimation procedure with different set of selections. Right panel:
ratio of fron-prompt Values as a function of pr obtained from the various procedure
configurations with respect to the reference value. The orange band reports the
assigned systematic uncertainty.

Systematic uncertainty

The systematic uncertainty on the measured non-prompt D} -meson fraction was
estimated by repeating the data-driven procedure described above with various set
of selections. These selection sets were obtained removing the loosest (tightest)
selection from the set used in the reference-value computation, adding a looser
(tighter) selection, and changing the step with which the candidate probability of
being a non-prompt D -meson is sampled. In the left panel of Fig. 5.13, the values
of faon-prompt fraction resulting from the different selection sets are reported for each
pr interval and compared with those deriving from the default configuration. In the
right panel, the fhon-prompt ratios with respect to the reference value for the different
configurations are displayed as a function of pr. The systematic uncertainty was
assigned considering the RMS and the shift of the fhonprompt-ratio distribution.
The values assigned range from 2% to 4% depending on the transverse-momentum
interval, and are shown in the plot by the orange band.

In the data-driven approach, the raw yields and efficiencies are extracted from
the same data and MC-simulation samples used to obtain the final cross-section
measurement, and employing the same procedures. Therefore, the systematic un-
certainty on the fyon-prompt fraction could be correlated to the systematic uncertain-
ties due to the raw-yield extraction and selection-efficiency determination. This
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possibility was investigated in detail, and more information is reported in Sec-
tions 5.4.1 and 5.4.2.

5.3 Prompt Df-meson analysis

5.3.1 Raw-yield extraction

The prompt D} -meson raw yields were measured in nine different pr intervals
spanning the 1 < pr < 24 GeV /¢ transverse-momentum region. This extended the
measurement to lower pr with respect to the previously published result [238], which
was based on linear selections of the DI -meson candidates. A data sample enriched
in prompt DI mesons, which was obtained applying the selection introduced in
Section 5.1.3, was employed to extract the raw yields. The fit strategy adopted
is similar to the one used for the non-prompt D} -meson measurement detailed in
Section 5.2.1. The only difference is that the width of the Df-meson signal peak
was left free in the fits.

Figure 5.14 reports the invariant-mass distributions for the various pr intervals,
together with the fit functions and the resulting values for the mean, width, raw
yield, and significance of the signal peak. The statistical significance of the ob-
served signals varies from about 4 to 14 depending on pr, while the S/B values
are comprehended between 0.31 and 3.1. The adopted BDT-based selections show
a performance improvement with respect to the previous study [238]. A detailed
comparison will be presented in Section 5.3.4.

5.3.2 Efficiency and acceptance corrections

Similarly to the non-prompt D}-meson measurement, the acceptance-times-
efficiency factors were estimated from MC simulations with the PYTHIA 8 event
generator [82, 168], employing different samples than those used in the BDT train-
ing. The acceptance-times-efficiency factors for prompt and non-prompt D;“ mesons
as a function of transverse momentum are shown in the left panel of Fig. 5.15. The
prompt D -meson efficiency is higher than the non-prompt one for pr > 8 GeV/c
due to the BDT-based selection applied, which preferentially selects prompt DI
mesons while rejecting the more displaced non-prompt DI mesons.

The (Acc x €) factors obtained with the PYTHIA 8 event generator are com-
pared to those resulting from MC simulations employing the PYTHIA 6.425 event
generator [82] with the Perugia-11 tune [249]. In both cases, the same BDT models
and thresholds on the BDT outputs were used. The PYTHIA 8 over PYTHIA 6
acceptance-times-efficiency ratios for prompt and non-prompt DI mesons are re-
ported in the right panel of Fig. 5.15. For prompt D mesons, the efficiency esti-
mated employing PYTHIA 8 is systematically higher than the PYTHIA 6 one of
about 3%. For non-prompt DI mesons, the ratio is significantly larger than unity
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Figure 5.14: Invariant-mass distributions of D -meson candidates and charge con-
jugates in the pr intervals of the prompt analysis, together with the fit results.
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Figure 5.15: Left panel: acceptance-times-efficiency factors of prompt and non-
prompt DI mesons as a function of pr obtained from MC simulations with the
PYTHIA 6 (open markers) and PYTHIA 8 (filled markers) event generators. Right
panel: acceptance-times-efficiency factor ratios between the two PYTHIA versions
for prompt (red) and non-prompt (blue) DI mesons.

for pr < 3 GeV/c and slightly below unity above. These discrepancies can be ex-
plained by the different values of the mean proper decay length cr of heavy-flavour
hadrons implemented in the two versions of the PYTHIA event generator.

In Tab. 5.6, the cr of D, D*, and D mesons, and beauty hadrons used by the
PYTHIA 6 and PYTHIA 8 event generators are compared to the PDG values [6].
The PYTHIA 8 values are more similar to those reported by the PDG. In the
PYTHIA 8 generator, the D -meson mean proper decay length is larger by about
7% than the one in PYTHIA 6, explaining the observed difference in the prompt
acceptance times efficiency. The discrepancies in the non-prompt (Acc x €) arise
from the combination of the larger proper lifetimes of DI and BT mesons, and of the
smaller mean proper decay lengths of B? and B® mesons in PYTHIA 8 compared
to PYTHIA 6. Moreover, the beauty-hadron decay kinematics, which depends on
the decay tables implemented in the two versions of the event generator, also plays
a role.

5.3.3 Fraction of prompt D: mesons

The fraction of prompt DF mesons, forompt, present in the measured raw yields
was not estimated with the data-driven approach introduced in Section 5.2.3. This
method requires the reliable extraction of raw yields with different contributions of
prompt and non-prompt candidates, which was not possible in all the pr intervals
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Table 5.6: Comparison of the PYTHIA 6.425', PYTHIA 8.243% and PDG [6] values
for the mean proper decay length of DY, DT, and D} mesons, and beauty hadrons.
(*) In the ALICE MC productions using PYTHIA 8, the A{ mean proper decay length was set
to the PDG value.

Particle er (um)

PYTHIA 6.425 PYTHIA 8.243 PDG 2020
D 124.4 122.9 12294+ 0.4
DT 317 312 312+2
D 140 150 15141
Bt 462 491 491 + 1
B 468 459 455 + 1
BY 483 439 458 + 3
A 342 4417 441 43

of the prompt Df-meson measurement due to the small size of the analysed data
sample. Instead, the fhompt fraction was computed using an approach based on
FONLL calculations, similarly to what was done in Ref. [238], as

DF raw 2 FONLL+PYTHIA 8
f -1 non-prompt g «
prompt — - Di raw
NPs dedy non-prompt

(5.12)

| 2(Ace x )oromtey, AprBR Lin
NDsi,raw

where NP5 ig the measured raw yield and Nﬂi_’ﬁfmm is the expected raw yield of
non-prompt DI mesons. This last ingredient was calculated from the acceptance-
time-efficiency factor of non-prompt DI mesons extracted from MC simulations,
and the theoretical prediction for the non-prompt DI -meson production cross sec-
tion. The non-prompt DF-meson production was estimated using the beauty-
hadron production cross sections from FONLL calculations, and the H,, — DF + X
decay kinematics and branching ratios from the PYTHIA 8 decayer, as explained
in Section 5.1.3.

https: //github.com/alisw/AliRoot/blob/f4cbc687b98df260c0dd2562£31769071a4dd7244/

PYTHIA6/AliPythia6/AliDecayerPythia.cxx#L1138

’https://github.com/alisw/AliRoot/blob/master/PYTHIA8/pythia8243/share/
Pythia8/htmldoc/ParticleData.html
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Figure 5.16: Df-meson fprompt obtained with the FONLL-based approach compared
with the data-driven one as a function of pr. The results from the data-driven
method are shown as diamond markers with the error bars (boxes) representing
the statistical (systematic) uncertainty. For the FONLL-based approach, the con-
tinuous lines show the fpompt central values and the uncertainty is represented by
the shaded boxes. Figure from Ref. [71].

The Df-meson fprompt values resulting from the FONLL-based method range
between 0.86 and 0.91 depending on the pr interval. They are reported in Fig. 5.16,
and are compared with the f,ompt fractions obtained with the data-driven method
in the pr range of the non-prompt D} -meson measurement, where a good reliability
of the method can be guaranteed. The fractions of prompt D -meson yield esti-
mated with the two different strategies are in good agreement within the statistical
and systematic uncertainties in the common pr intervals. The evaluation of the
fprompt-fraction systematic uncertainty for the FONLL-based method is discussed
hereafter.

Systematic uncertainty

The systematic uncertainty on the fuompt fraction was estimated by varying
the FONLL parameters as suggested in Ref. [60]. These parameters are the heavy-
quark masses, and the factorisation pr and renormalisation ugr scales. The value
of the beauty-quark mass was varied between 4.5 and 5 GeV /c?. The factorisation
and renormalisation scales were varied in the range 0.5 < pupr/to < 2, where py =
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\/P% + mi is the default value of the scales used in the FONLL central predictions.
The constraint of a up/pug ratio comprehended between 0.5 and 2 was additionally
imposed. The uncertainty on the parton-distribution functions employed in the
FONLL calculations, which are the CTEQ6.6 PDFs [63], was also considered.

The relative values of the fpompt-fraction systematic uncertainty range between
2% and T29%, decreasing in magnitude with increasing transverse momentum.

5.3.4 Comparison with linear-selection approach

The performance of the BDT-based selection was compared to the one ob-
tained using the traditional linear selections. To this end, the prompt D -meson
measurement published in Ref. [238], which employed the same data sample of
pp collisions at /s = 5.02 TeV, was considered. In the left panel of Fig. 5.17,
the acceptance-times-efficiency factors computed from MC simulations with the
PYTHIA 6 event generator for the BDT-based and linear selection strategies are
reported, together with their ratios in the common pr intervals of the two measure-
ments. The (Acc x €) factor for prompt (non-prompt) DI mesons obtained with
the BDT-based selection, developed in this Thesis, is 1.5-2.2 (0.8-1.9) times larger
than the one deriving from the previous-study linear selections, depending on pr.
This larger prompt efficiency, which derives from the better separation of signal
from background provided by the BDT selection, implies smaller correction factors
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Figure 5.17: Left panel: acceptance-time-efficiency factors for prompt and non-
prompt DI mesons obtained with the BDT selection (open markers) using MC
simulations with PYTHIA 6 compared with those obtained using the linear se-
lections [238] (filled markers). Right panel: comparison of the significance of the
extracted signal between the BDT (red) and linear (black) selection approaches.
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and thus a potential reduction of the associated systematic uncertainties with re-
spect to the linear-selection approach. The ratios of the (Acc x €) factor obtained
with the BDT selection over the one resulting from the linear selections decrease
with increasing transverse momentum for both non-prompt and prompt mesons.
For pr 2 6 GeV/c, the efficiency ratio for non-prompt D mesons is smaller than
the prompt one due to the better non-prompt contribution rejection of the BDT
selection. The significances of the extracted Df-meson signal as a function of pr
resulting from the two different candidate-selection approaches are shown in the
right panel of Fig. 5.17. With the BDT-based selection, an improvement of the
statistical significance by a factor 1.2-1.7 depending on pr is observed, implying a
reduction of the statistical uncertainties by the same factor. Moreover, the adop-
tion of machine-learning selections extended the transverse-momentum range of the
measurement to lower pr. The two cross-section measurements are in agreement
within uncertainties, and their comparison will be discussed in Section 5.5.1.

5.4 Systematic uncertainties

In this Section, the procedures used to estimate the systematic uncertainties on
the measurements of the pp-differential prompt and non-prompt DI -meson cross
sections are discussed. The sources of systematic uncertainty are the following:
(i) the raw-yield extraction from the invariant-mass distributions; (ii) the BDT-
selection and PID efficiencies; (iii) the generated Df-meson pr-shape in the MC
simulations; (iv) the track-reconstruction efficiency; and (v) the prompt and non-
prompt fraction estimation. This last contribution has been already discussed in
Sections 5.2.3 and 5.3.3 for non-prompt and prompt D mesons, respectively.

5.4.1 Raw-yield extraction

The systematic uncertainty due to the raw-yield extraction procedure was esti-
mated for each pr interval varying the fit configuration and observing the con-
sequent variation of the raw yield. In this multi-trial approach, all the possi-
ble combinations resulting from five different upper and lower values of the fit
range, three combinatorial-background functional forms (linear, exponential, and
parabolic), and seven different bin widths of the invariant-mass distribution were
considered. In the case of the prompt D -meson measurement, the width of the
Gaussian function used to model the signal peak was a free parameter of the fit. For
the non-prompt measurement, the width was varied within the uncertainty of the
value resulting from the fit to the prompt-enriched sample. As an additional check,
to test the sensitivity to the line-shape of the signal, the raw yields resulting from
the fits were compared to those obtained from bin-counting estimates. In the bin-
counting approach, the signal yield is obtained by integrating the invariant-mass
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Figure 5.18: Raw-yield distributions from the multi-trial study for the fit and the
bin-counting (BC) approaches in the 2 < pr < 4 GeV /¢ interval of the non-prompt
Df-meson measurement (left panel) and in the 1 < pr < 2 GeV/c interval of the
prompt D-meson measurement (right panel).

distribution after subtracting the background estimated from a side-band fit. Two
different integration regions were considered spanning the +£30 and £5¢ intervals
around the Df-meson mass, respectively. The multi-trial configurations providing
a poor fit quality, i.e., with x?/ndf > 2, were not considered in the estimation of
the systematic uncertainty.

As an example, the raw-yield distributions resulting from the multi-trial pro-
cedure for the fit and bin-counting methods are reported in Fig. 5.18 for the
2 < pr < 4 GeV/c interval of the non-prompt D -meson measurement and the
1 < pr < 2 GeV/c interval of the prompt Df-meson measurement. In this lat-
ter case, a relevant discrepancy was observed between the raw-yield distribution
obtained with the 50 bin-counting method and those deriving from the other two
approaches. This is due to fluctuations in the invariant-mass bins near the DJ-
meson peak, as can be seen in the top left panel of Fig. 5.14, which are picked up
when the bin counting is performed in a larger invariant-mass region.

The systematic uncertainty was assigned considering the RMS of the raw-yield
distribution, resulting from the fit method, and the shift of its mean from the
reference value when relevant. The distributions resulting from the bin-counting
approach were used as a cross-check and did not enter directly in the systematic-
uncertainty estimation. In Fig. 5.19, the sum in quadrature of the RMS and mean
shift of the yield distribution relative to the reference value, obtained with the
default fit configuration, is reported as a function of pr for prompt and non-prompt

120



5.4 — Systematic uncertainties

/—o\ T ‘ TTT ‘.\ TT ‘ TTT ‘.\ TT ‘ TTT ‘ TTT ‘ TTT ‘ TTT ‘ TTT ‘ TTT ‘ TTT
& oL This Thesis b
® | pp Vs=502TeV i
< - Dy —» ¢n" — K'K n* and charge conj. .
+

o~ 8- N
o ~ o}

2 L -
o i

o o

o o

e Prompt D] _

¢ Non-prompt D”
Multi-trial fit °

2 4 6 8 10 12 14 16 18 20 22 24
P, (GeV/c)

Figure 5.19: Sum in quadrature of the RMS and shift of the mean with respect to
the reference value of the raw-yield distributions resulting from the fit approach,
for prompt (red) and non-prompt (blue) DF mesons.

DI mesons. The values of the uncertainty are higher for the non-prompt DJ-
meson analysis than for the prompt one in the comparable transverse-momentum
intervals due to the more challenging signal extraction of the former measurement.
The assigned relative uncertainty values range between 2% (3%) and 7% (4%)
depending on pr for the prompt (non-prompt) DI mesons measurement.

For the non-prompt D} -meson measurement, the presence of a correlation be-
tween the systematic uncertainty on the fionprompt fraction and that due to the
raw-yield extraction was explored, as mentioned in Section 5.2.3. To this end,
the data-driven computation of the fhonprompt fraction was repeated varying the
fit configurations used for the raw-yield extraction as described above. Only a
representative subset of the possible combinations was used for simplicity. The
linear correlation coefficient p was computed from the relative variations of the
fnon-prompt fraction and the raw yield, resulting from the different fit configura-
tions, with respect to the reference values. All the pr intervals of the analysis
were considered together in the computation. Points of the distribution identified
as outliers by the unsupervised clustering algorithm DBSCAN [250] were removed
from the correlation-coefficient estimation. A positive correlation was observed
with a p value of about 0.69. This was taken into account in the propagation of the
estimated systematic uncertainties to the measured non-prompt DJ-meson cross
section.
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5.4.2 BDT-selection and PID efficiency

Discrepancies between MC simulations and real data in the description of the
variables provided as input to the BDT models can lead to biases in the measured
cross sections. These discrepancies arise from imperfections in the modelling of the
detector resolutions and alignments in the simulations. The associated systematic
uncertainty was estimated by repeating the analysis varying the BDT-selection
criteria, and comparing the cross-section values resulting from the different sets of
selections. The thresholds on the BDT outputs related to the candidate probability
of being combinatorial background and prompt (non-prompt) DI mesons, for the
prompt (non-prompt) measurement, were varied. Both the variation of a single
threshold keeping the other one fixed to the reference value and the simultaneous
variation of both thresholds were considered. The ranges spanned by the thresholds
were chosen to provide a maximum variation of the selection efficiency of about
+40%. The systematic uncertainty on the BDT-selection efficiency was assigned
considering the RMS and shift from unity of the distribution of cross-section ratios
between the values obtained from the tested selection criteria and the reference one.

Figure 5.20 reports the results of the BDT selection variation for the non-prompt
D -meson measurement in the 2 < pp < 4 interval. The evolution as a function of
the selection criteria of the raw yield (top left panel), the statistical significance (top
middle panel), the acceptance-times-efficiency (top right panel), and the fraction of
prompt and non-prompt DI mesons (bottom left panel) is displayed. The selection
criteria with labels from 1 to 20 were obtained by enlarging monotonically the
threshold on the BDT-output related to the background hypothesis, thus loosening
the selection. Those labelled with numbers from 21 to 40 resulted from different
thresholds on the BDT-output related to the non-prompt hypothesis, and provide
a larger prompt DJ-meson rejection with increasing label number. Finally, the
selection criteria with labels from 41 onward were obtained varying simultaneously
the two thresholds.

The cross-section values obtained with the different BDT selections are shown
in the bottom middle panel of the Fig. 5.20, and they are compared with the ref-
erence value and the assigned systematic uncertainty. The largest discrepancies of
the cross section with respect to the reference value are observed for the selection
criteria which reject the largest fraction of prompt D mesons, and correspond to
low raw-yield and statistical-significance values, thus indicating that these discrep-
ancies are driven by a poor signal extraction. In the bottom right panel of the
Figure, the distribution of the ratios of the cross sections resulting from the tested
selection criteria and the reference value is displayed. The sum in quadrature of
the distribution RMS and shift from unity is indicated by the orange band, while
the blue band reports the systematic uncertainty assigned after smoothing out the
obtained value looking at the neighbour pr intervals.

Figure 5.21 displays the sum in quadrature of the RMS and shift from unity of
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Figure 5.20: Results of the selection-criterion variation for the non-prompt D7-
meson measurement in the 2 < pr < 4 interval. The variation of the raw yield
(top left panel), significance (top middle), (Acc x €) (top right), fraction of prompt
and non-prompt DI mesons (bottom left), and cross section (bottom middle) as
a function of the BDT-based selection is reported. The bottom right panel shows
the distribution of the cross-section ratio with respect to the reference value. The
orange and blue bands display the sum in quadrature of the distribution RMS and
shift from unity and the assigned systematic uncertainty, respectively.

the distribution of cross-section ratios as a function pr for the prompt and non-
prompt Df-meson measurements. The values are slightly larger for the non-prompt
measurement than the prompt one in the common pr region. The uncertainty es-
timation at high pr is affected by fluctuations in the raw-yield extraction, thus
it was not considered in the systematic-uncertainty assignment. In fact, a larger
systematic uncertainty is not expected at high transverse momenta where the selec-
tion criteria are less restrictive. The assigned relative systematic uncertainty vary
between 3% and 8% decreasing with increasing pr and depending on the kind of
D meson considered.

Another systematic uncertainty can originate from the PID selections used to
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Figure 5.21: Sum in quadrature of the RMS and shift from unity of the distribution
of cross-section ratios with respect to the reference value as a function pr for the
prompt (red) and non-prompt (blue) D} mesons.

prepare the data sample for the machine-learning model training and application
mentioned in Sec. 5.1.1. This source of systematic uncertainty was estimated sim-
ilarly to previous DS -meson studies [238, 251]. The PID-selection efficiencies for
pions and kaons were compared in data and in MC simulations. To this end, pure
samples of pions were obtained in data from A and K? decays, while samples of
kaons in the TPC (TOF) were selected applying strict PID requirements using
the TOF (TPC) information. The observed per-track differences as a function of
pr were then combined using the Df-meson decay kinematics. No significant dis-
crepancies were observed for the conservative PID strategy, which is described in
Sec. 4.2.2. Therefore, no systematic uncertainty was assigned. Possible additional
systematic effects due to the employment of the PID information as input to the
BDT models are already accounted for in the variation of the BDT-selection criteria
described above.

In the case of the non-prompt D -meson measurement, the possible correlation
between the systematic uncertainty on the fhonprompt fraction and the one on the
selection efficiency, which was introduced in Section 5.2.3, was studied. To emulate
the effect induced by discrepancies between simulations and data, the fhon-prompt
computation was repeated modifying the prompt and non-prompt acceptance times
efficiencies employed in the data-driven procedure (see top panel of Fig. 5.11).
Shifts of the efficiencies to upper and lower values were considered, together with
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modifications of the slope of the efficiency as a function of the BDT selection.
These variations were performed both independently and simultaneously for prompt
and non-prompt DI mesons. No clear correlation or anti-correlation between the
variations and the resulting fhon-prompt fractions was observed. Therefore, the two
sources of systematic uncertainty were considered as uncorrelated.

Comparison of D} -meson variables between data and MC

To further investigate the systematic uncertainty arising from the BDT-based
selection, the distributions of the Df-meson variables provided as input to the BDT
models were compared between MC simulations and real data. The variable distri-
butions for signal D} mesons were obtained from the data sample collected by the
experiment as follows. The invariant-mass distribution of Df-meson candidates was
fitted, according to the procedure described in Section 5.2.1, to extract the mean,
width, and signal-over-background ratio of the signal peak. A signal-region sample,
containing both D -meson and combinatorial-background candidates, was obtained
from the invariant-mass region spanning +30 around the signal peak position, while
a background-only sample was obtained from the sidebands of the invariant-mass
distribution. The variable distributions for signal D} mesons were computed by
subtracting the distributions obtained from the background-only sample from those
resulting from the signal-region sample. In the computation, the distributions were
weighted to account for the different sizes of the two samples and the observed
signal-over-background ratio of the signal peak. The variable distributions from
MC simulations were calculated by summing those of prompt and non-prompt DF
mesons, which were weighted to account for their relative abundance observed in
data. The same loose selections reported in Sec. 5.1.1 were employed to prepare the
data and MC samples. Moreover, a value of nor,., below 5 was also required. This
additional selection criterium was imposed to suppress the residual background con-
tamination present in the real-data distributions after the background-subtraction
procedure, and it is expected to not affect the signal D -meson candidates for which
the naK’lb value is in general well below the required threshold.

com

In Fig. 5.22, the distributions of DL /opp.w, DL, na(ﬁﬁlb, and the absolute
value of cos® #'(K) for D mesons are compared between MC simulations and real
data in the 6 < pr < 8 GeV/c interval. The variables reported in the Figure are
those with the highest mean absolute SHAP values, thus those affecting more the
BDT-based selection, for the model used to perform the analysis-level selection in
the considered pr interval. For all the considered variables, the distribution result-
ing from MC simulations is in good agreement with the real data one. However,
large uncertainties affect the latter due to the relative small data sample available
and the challenges of extracting a pure sample of DI mesons from data. Therefore,
the precision currently achieved prevents from drawing conclusions about the sys-

tematic uncertainty related to the BDT-selection, since the assigned uncertainty
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Figure 5.22: Distributions of DL™ /o ppev, DL, nor,, and the cos® @ (K) absolute

value for signal D mesons from MC simulations (purple) and real data (yellow) in
pp collisions at /s = 5.02 TeV in the 6 < pr < 8 GeV/c interval.

values are of the order of a few percent. Finally, it was not possible to perform
this exercise for transverse momenta below 6 GeV/c, where the analysis-level se-
lections are stricter and thus more sensible to possible discrepancies between data
and simulations.

5.4.3 Generated Monte Carlo pr shape

A systematic effect on the efficiency can originate from differences between
the real and simulated Df-meson transverse-momentum distributions, due to the
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Figure 5.23: Left panel: ratio of normalised pr-differential yields from FONLL
calculations and PYTHIA 8 simulations for prompt DI mesons (red) and beauty
hadrons (blue). Right panel: ratio of the efficiencies obtained using the FONLL and
PYTHIA 8 pr shapes for prompt and non-prompt (blue) DI mesons. The prompt-
efficiency ratio obtained for the BDT-selection used in the prompt (non-prompt)
analysis is reported in red (orange).

finite width of the analysis transverse-momentum intervals and the variation of the
efficiency within the pr interval. This uncertainty was estimated by computing the
efficiency after weighting the pr shape from the PYTHIA 8 generator to match
the one from FONLL calculations. In the left panel of Fig. 5.23, the ratio between
the normalised pr-differential yield obtained from FONLL calculations and the one
from PYTHIA 8 simulations is reported for prompt D mesons and beauty hadrons.
The FONLL predictions for the prompt Df-meson production were obtained using
the recipe described in Section 5.1.3.

The weights were applied to the pr distributions of prompt DI mesons and
to the parent beauty hadrons in case of non-prompt DI mesons. The ratio of
the efficiencies obtained using the FONLL and PYTHIA 8 pr shapes is shown for
prompt and non-prompt D mesons in the right panel of Fig. 5.23. In the case of
the prompt D -meson measurement, a small variation of the prompt efficiency is
observed and a 1% relative uncertainty was assigned below pr = 3 GeV /¢, while the
effect was considered negligible for pr > 3 GeV/c. For the non-prompt measure-
ment, the variation of the non-prompt D -meson efficiency is small, i.e., about 1%
for pr < 6 GeV/c. However, a larger variation is present for the prompt efficiency
at low pp. This is due to the small efficiencies resulting from the selections applied
to reject the prompt D mesons, which are more sensible to the generated pr shape.
The prompt efficiency does not enter directly in the cross-section computation, but
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it is used to estimate the fyon-prompt fraction. Therefore, the fyon-prompt fraction was
calculated using the efficiency obtained from the FONLL pr shape and compared
to the reference value. The resulting discrepancy varied between zero and 1% de-
pending on pt and was summed linearly to the one observed for the efficiency. A
relative systematic uncertainty of 1% was assigned in all the non-prompt DS -meson
measurement pr range.

5.4.4 Track-reconstruction efficiency

The systematic uncertainty on the track-reconstruction efficiency includes ef-
fects due to the track-quality selections, and the track finding and prolongation
from the TPC to the ITS detector.

The contribution due to the applied track-quality requirements, which are re-
ported in Section 4.2.1, was inherited from previous D-meson measurements per-
formed on the same data sample [238]. It was evaluated measuring the prompt
D-meson cross section varying three different track-quality selection criteria, which
include: (i) a number of crossed rows in the TPC above 120—5/(pr [GeV/¢]) instead
of 70 which is the default value, (ii) a number of TPC clusters larger than 0.65 times
the TPC crossed-row number, and (iii) a ratio of crossed rows over findable clusters
in the TPC above 0.9, while the default values is 0.8. The cross-section variation
was found to be of about 1.5% for D mesons decaying into three charged particles
independently of pr, and this value was assigned as systematic uncertainty.

The TPC-to-ITS prolongation efficiency is computed as the ratio of the num-
ber of tracks prolonged from the TPC to the I'TS detector with at least one hit in
the SPD layers, and the number of tracks reconstructed in the TPC. Discrepancies
in the tracking performance between data and MC simulations induce a system-
atic uncertainty. This uncertainty was estimated as the deviation from unity of
the prolongation efficiency obtained from MC simulations over the one observed in
data, and is reported as a function of the track pr in the left panel of Fig. 5.24.
The prolongation efficiency for primary particles, which are produced in the colli-
sion or in strong and weak decays of heavy-flavour hadrons, is higher than the one
for secondary particles, originating from material interactions and strange-hadron
decays [252]. In addition, the relative abundances of primary and secondary parti-
cles are not correctly reproduced in the MC simulations based on the PYTHIA 8
event generator and the GEANT 3 transport package. Therefore, the prolongation
efficiency from simulations was weighted to account for the abundances observed
in data, which were determined via fits to the inclusive dy? distributions of the
tracks [236].

The per-track systematic uncertainty on the TPC-to-I'TS prolongation efficiency
was propagated to the D mesons through the kinematics of the decay tracks, i.e.,
taking into account the correlation between the Df-meson transverse momentum
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Figure 5.24: Left panel: relative systematic uncertainty on the TPC-to-ITS pro-
longation efficiency for single tracks as a function of pr. Right panel: relative
systematic uncertainty due to tracking for prompt (red) and non-prompt (blue)
DI mesons, including the contributions of track-quality selections and prolonga-
tion efficiency.

and the pr of the decay particles. In this calculation, the track-prolongation uncer-
tainty was considered as fully correlated among the three particles that constitute
the candidate. Therefore, the uncertainties on the single tracks were summed lin-
early. Finally, this contribution was summed in quadrature to the uncertainty due
to the track-quality selection variation. The relative systematic uncertainty on the
track-reconstruction efficiency is shown as a function of pr for prompt and non-
prompt D mesons in the right panel of Fig. 5.24. The uncertainty values are the
same for prompt and non-prompt Dj mesons.

5.4.5 Systematic uncertainty summary

The systematic uncertainties on the measured cross sections are summarised
in Tabs. 5.7 and 5.8 for non-prompt and prompt DI mesons, respectively. In
addition to the sources mentioned in the previous Sections, a global normalisation
uncertainty was considered. It is due to the branching-ratio uncertainty for the
Df — ¢n" — K-K*nt™ decay [6] and the systematic uncertainty on the integrated
luminosity [233]. The total systematic uncertainties were obtained summing in
quadrature the different sources reported in the Tables. For non-prompt DI mesons,
the systematic uncertainties on the non-prompt fraction estimation and the raw-
yield extraction were propagated as partially correlated following what discussed
in Section 5.4.1.
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The systematic uncertainties on the measurement were considered to be fully
correlated between the various pr intervals, except for the raw-yield extraction un-
certainty. This contribution was considered as uncorrelated due to the substantial
variations of the combinatorial-background shape and the S/B ratio as a func-
tion of pr. Considering the prompt and non-prompt D -meson cross sections, the
tracking-efficiency and global-normalisation systematic uncertainties were consid-
ered as fully correlated between the two measurements, while all the other sources
of uncertainty were treated as uncorrelated.

Table 5.7: Summary of the relative systematic uncertainties on the non-prompt
Df-meson pr-differential cross section in pp collisions at /s = 5.02 TeV.

pr (GeV/c) 24 46 68 812

Yield extraction (%) 40 3.0 30 30
Selection efficiency (%) 70 50 50 5.0
Non-prompt fraction (%) | 2.0 3.0 3.0 4.0

MC pr shape (%) 1.0 10 10 1.0
Tracking efficiency (%) 55 6.5 7.0 7.0
Branching ratio (%) 3.6
Luminosity (%) 2.1
Total (%) 113 108 111 116

5.5 Results

5.5.1 Production cross sections

In Fig. 5.25, the prompt Df-meson cross section measured in this Thesis is
compared with the previous result from Ref. [238], which was obtained using the
same data sample of pp collisions at /s = 5.02 TeV and utilising linear selections
in the analysis. The pr reach is extended to pr = 1 GeV /¢, while the previous
measurement was performed in the 2 < pr < 24 GeV/c interval, and the total
uncertainty is smaller by a factor varying from 1.07 to 1.40 depending on pr. These
improvements are due to the updated analysis technique based on machine-learning
selections.

The ratio of the two cross-section measurements is reported in the bottom panel
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Table 5.8: Summary of the relative systematic uncertainties on the prompt D -
meson pr-differential cross section in pp collisions at /s = 5.02 TeV.

pr (GeV/c) -2 23 34 45 56 68 812 12-16 1624
Yield extraction (%) 70 40 20 20 30 30 30 3.0 7.0
Selection efficiency (%) | 80 50 30 3.0 30 30 3.0 3.0 3.0
Prompt fraction (%) | 131 I3 Y ISy B 1§ B9 B2 17
MC pr shape (%) 1.0 1.0 1.0 negl. negl. negl. negl. negl. negl.
Tracking efficiency (%) | 3.5 45 55 6.0 65 7.0 7.0 7.0 7.0
Branching ratio (%) 3.6

Luminosity (%) 2.1

Total (%) Sy A T R SRS YA PRA Y N AT

of the Figure. In the ratio, the statistical uncertainties were propagated as par-
tially correlated considering the sample of DI mesons obtained with the linear
selections fully contained in the one resulting from the BDT selection. This choice
is motivated by the 1.5-2 times larger raw yields extracted in the analysis based
on machine learning. The systematic uncertainties due to the prompt-fraction es-
timation, the tracking efficiency, and the normalisation were propagated as fully
correlated, while the remaining sources were considered as uncorrelated in the ratio.
The two measurements are compatible within the combined statistical and system-
atic uncertainties. However, their ratio is systematically below unity of about 10%.
This discrepancy is understood considering that the prompt DF-meson efficiency
obtained from MC simulations based on the PYTHIA 8 generator, employed in the
analysis presented in this Thesis, is larger of a few percent than the one resulting
from simulations with PYTHIA 6, used in the previous result, as shown in Sec-
tion 5.3.2. Another systematic shift towards lower cross-section values is caused
by the updated branching ratios of the beauty-hadron decays H;, — D + X em-
ployed to compute the non-prompt D} -meson contribution, which lead to a larger
correction and thus to a smaller f,ompt fraction. Finally, the discrepancies in the
6 < pr <8 GeV/c and 12 < pr < 16 GeV/c intervals are understood as fluctua-
tions in the raw-yield extraction of the previous measurement. They were caused
by the width of the Df-meson peak resulting from the fit, which was larger than
the one obtained from MC simulations [251].

The pp-differential production cross sections of prompt and non-prompt DY,
DT, and D mesons measured in the rapidity interval |y| < 0.5 are reported in
the left panel of Fig. 5.26. In the right panel of the Figure, the ratios of the pr-
differential cross sections of non-prompt and prompt D mesons is displayed [71].
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Figure 5.25: pr-differential cross section of prompt DI mesons in pp collisions at
Vs = 5.02 TeV obtained in this Thesis (orange) compared with the previous result
on the same data sample obtained using linear selections [238] (black). The ratio
of the two measurements is reported in the bottom panel. Statistical (vertical bars)
and systematic uncertainties (boxes) are shown.

The statistical uncertainties on the prompt and non-prompt measurements were
propagated as uncorrelated in the ratios, since the fraction of D-meson candidates
in common between the two samples is small. For what concerns the systematic
uncertainty, the contributions due to the tracking efficiency, the luminosity, and
the branching ratio were considered as fully correlated in the propagation, while all
the other sources were considered as uncorrelated. The ratio shows an increasing
trend with pr for the three D-meson species up to pr = 12 GeV/c, as expected
due to the harder pr distribution of beauty hadrons with respect to D mesons.
The Df-meson ratio is systematically higher than those observed for D° and D
mesons, suggesting a larger contribution of beauty-hadron decays to D than to D°
and D' mesons. Nevertheless, the large uncertainties prevent from drawing strong
conclusions.

In Fig. 5.27, the prompt and non-prompt DI -meson cross sections are compared
to predictions resulting from FONLL [60, 72, 73] and GM-VFNS [75, 76] pQCD
calculations. FONLL predictions for the production cross section of prompt DI
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Figure 5.26: Left panel: pp-differential production cross sections of prompt and
non-prompt DY, D, and D mesons in pp collisions at /s = 5.02 TeV. Right panel:
cross-section ratios of non-prompt and prompt D mesons. Statistical (vertical bars)
and systematic uncertainties (boxes) are shown. Figures from Ref. [71].

mesons are not available. For non-prompt DI mesons, predictions were obtained
from FONLL calculations of the beauty-hadron production cross section, and the
description of the H, — DI + X decay kinematics and branching ratios was per-
formed with PYTHIA 8 [82, 168], as explained in Section 5.1.3. In the GM-VFNS
framework, the non-prompt DFf-meson cross section results from a single-step de-
scription of the transition from beauty quarks to charm hadrons. A set of fragmen-
tation functions for b — D + X obtained from measurements in e*e™ collisions
was adopted [253]. The FONLL uncertainty band includes the uncertainties due
to the choice of renormalisation and factorisation scales, and heavy-quark masses,
and the uncertainties on the PDFs. More details on the uncertainty calculation are
provided in Section 5.3.3. In the GM-VFNS uncertainties, only the renormalisation
scale is varied and the CTEQ14 PDFs [64] uncertainties are considered.

The pr-differential prompt D -meson cross section is described within uncer-
tainties by the GM-VFENS predictions. The measured values lie on the upper edge
of the theory uncertainty band at low pr, and are in agreement with the central
values of GM-VFNS predictions for pr 2 5 GeV/c. The measured cross section for
non-prompt DI mesons is well compatible with the FONLL+PYTHIA 8 calcula-
tions, while it is underestimated by the GM-VFNS predictions by a factor ranging
from about 5 to 2 depending on pr. GM-VFNS predictions better describing the
non-prompt measurements are available for the D® and D* mesons, and are based
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Figure 5.27: pr-differential cross sections of prompt and non-prompt DI mesons
compared with predictions obtained with FONLL [60, 72, 73] and PYTHIA 8 [82,
168] calculations (left panel) and to GM-VENS [75, 76] predictions (right panel).
Figures from Ref. [71].

Table 5.9: pr-integrated visible cross sections of prompt and non-prompt D
mesons in pp collisions at /s = 5.02 TeV, in the measured pr range and in |y| < 0.5.

DI mesons ‘ pr range (GeV/c) Visible cross section (ub)

1-24
2-12

64 + 9(stat)™S(syst) & 1(lumi) & 2(BR)
3.4+ 0.6(stat) £ 0.3(syst) £ 0.1(lumi) £ 0.1(BR)

Prompt
Non-prompt

on a double-step approach similar to the one adopted in the FONLL+PYTHIA 8
calculations [71].

The visible cross sections of prompt and non-prompt D mesons are reported
in Tab. 5.9. They were calculated by integrating the pr-differential cross sections
in the measured transverse-momentum ranges. The systematic uncertainties on
the pr-differential cross sections were propagated as fully correlated among the
measured pr intervals, except for the raw-yield extraction uncertainty as mentioned
in Section 5.4.5.

The total production cross sections of prompt and non-prompt D mesons in
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Table 5.10: Total production cross sections of prompt and non-prompt D mesons
in the |y| < 0.5 range in pp collisions at /s = 5.02 TeV, together with the computed
extrapolation factor to pr > 0.

DI mesons ‘ Extr. factor do/dyliy1<0s (1b)

Prompt 1.2810% 82 + 12(stat) + 8(syst) & 2(lumi) 4 3(BR)*23(extr)
Non-prompt | 2.0370% 6.9 + 1.2(stat) £ 0.7(syst) £ 0.1(lumi) + 0.2(BR)*)}(extr)

the |y| < 0.5 rapidity interval were obtained by multiplying the visible cross sections
by an extrapolation factor, to account for the yield in the unmeasured pr region.
They are reported in Tab. 5.10. The extrapolation factor was calculated as the ratio
between the total production cross section in |y| < 0.5 and that in the measured
pr range using the FONLL central predictions. For prompt D mesons, FONLL
calculations are not available, and the predictions were computed from the FONLL
charm-quark pr-differential cross section as detailed in Section 5.1.3. The sys-
tematic uncertainty on the extrapolation factor was estimated varying the FONLL
parameters as discussed in Section 5.3.3. In the case of non-prompt DI mesons, the
extrapolation factor was computed using the FONLL predictions for the beauty-
hadron production and the PYTHIA 8 description of the H, — D} + X decay kine-
matics. In addition to the FONLL uncertainties, two other systematic-uncertainty
contributions to the non-prompt extrapolation factor were accounted for. They
were the uncertainties on the beauty-quark fragmentation fractions f(b — Hy),
and on the branching ratios of the Hy, — DI + X decays. The former contribution
was estimated considering the alternative set of fragmentation fractions measured
in pp collisions [6] and reported in Tab. 5.5. For the latter contribution, the branch-
ing ratios implemented in PYTHIA 8 were weighted to match the measured PDG
values [6] shown in Tab. 4.2. The prompt Df-meson cross section is compatible
with that obtained in previous studies [238]. However, the total uncertainty is re-
duced due to the improved precision of the prp-differential measurement and the
extended pr range, which implies a smaller fraction of extrapolated cross section.

5.5.2 Prompt and non-prompt D} /(D° 4+ D%) ratios

The ratios of the production cross section of different D-meson species constrain
theoretical calculations, where these ratios are sensitive mainly to the fragmentation
functions and the implemented hadronisation model. Moreover, the comparison of
the production of strange and non-strange mesons allows the determination of the
ratio fs/(fu + fa), i-e., the fragmentation fraction of charm and beauty quarks to
strange mesons divided by the one to non-strange mesons.

The ratios between the pr-differential cross sections of DI mesons and the
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Figure 5.28: Ratios of the pr-differential cross sections of D and the sum of D°
and DT mesons (left panel), and of D™ and D° mesons (right panel) compared with
predictions obtained from FONLL [60, 72, 73] and PYTHIA 8 [82, 168] calculations.
For the non-prompt D /(D?+ D) ratio, the predictions for the D from B%-meson
and from non-strange B-meson decays are also displayed separately. Figures from
Ref. [71].

sum of D% and D*- meson ones are shown in the left panel of Fig. 5.28. In
the right panel, the D*-over-D’-meson cross section ratios for prompt and non-
prompt mesons are shown [71]. In the ratio calculation, the systematic uncertainties
due to the tracking-efficiency, luminosity, and fpompt-fraction estimation, in the
case of the prompt D-meson measurements, were propagated as fully correlated
between the D-meson species. The other sources of systematic uncertainty were
treated as uncorrelated. The observed D-meson ratios do not depend on pr in
the measured transverse-momentum range, considering the current experimental
uncertainties. The DT /D ratio is compatible between prompt and non-prompt
D mesons, while a higher D} /(D° + D*) ratio is observed for non-prompt mesons
than for prompt ones. This enhancement of the final states with a D] meson is
qualitatively expected from b — ccs and b — ccs weak decays, and it is consistent
with LEP measurements [68]. The prompt D* /D ratio is in good agreement with
FONLL calculations, while the non-prompt D-meson ratios are compatible with
the FONLL+PYTHIA 8 predictions. The contributions of B? and non-strange
B mesons decaying into DI mesons are displayed separately in the left panel of
Fig. 5.28, to show the relevant fraction of non-prompt DI mesons produced in
non-strange B-meson decays.

From the prompt D /(D? 4+ D) ratio it is possible to compute the charm-
quark fragmentation fraction to charm-strange mesons f; divided by the one to
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Figure 5.29: Charm-quark f;/(f,+ fq) ratio compared with previous measurements
performed by the ALICE [254], H1 [255], ZEUS [256], and ATLAS [257] Collab-
orations and to the average of LEP measurements [68]. The experimental (bars)
and theoretical (shaded boxes) uncertainties are shown. The red line reports the
value obtained from PYTHIA 8 simulations with Monash-13 tune [135]. Figure
from Ref. [71].

non-strange charm mesons f, + fq, since all the relevant D-meson excited states
decay to D, DT, or DF mesons. The charm-quark f,/(f, + f4) ratio was obtained
by fitting the data with a constant function, given that no pr dependence was
observed for the D-meson ratios . The resulting value is

fu+fd

All the sources of systematic uncertainty were treated as fully correlated between
the different pr intervals, except for the one related to the raw-yield extraction. The
same quantity can be estimated starting from the total production cross-sections
of D, D*, and DI mesons. In this case the computed f,/(f, + fq) ratio is 0.128 +
0.020(stat) & 0.010(syst) + 0.005(BR) 0935 (extr) [71], which is compatible with the
value obtained by fitting the prompt D} /(D°+D™) ratio. However, it is affected by
larger uncertainties since the estimation is dominated by the low pr region, where
the measured cross sections are less precise and extrapolations based on theoretical
calculations are needed.

Figure 5.29 reports the comparison between the charm-quark fragmentation-
fraction ratio fs/(fu + fa) obtained and previous measurements of the strangeness
suppression factor v, = 2D} /(D°4+D™) from the ALICE [254], H1 [255], ZEUS [256],

137
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and ATLAS [257] Collaborations. These values were divided by a factor two ac-
counting for the difference between -, and f;/(f. + fa). The measurements are
compatible within uncertainties, and are in agreement with the average of the LEP
measurements [68]. They are also compatible with the fs/(f, + fa) ratio com-
puted using PYTHIA 8 simulations with the Monash-13 tune [135]. Although,
considering the result presented in this Thesis, a tension of about 2.7¢ is observed
between the PYTHIA 8 result and the measurement including both statistical and
systematic uncertainties. Overall, the charm-quark fragmentation fractions into D
mesons, and in particular the f;/(f, + fa) ratio, are compatible between different
collision systems and centre-of-mass energies, supporting the observation that the
fragmentation of charm quarks into mesons is “universal”.

The beauty-quark fragmentation fraction to beauty-strange mesons divided
by the one to non-strange beauty mesons was calculated from the non-prompt
D /(D% + D) ratio following a procedure similar to that detailed above. An addi-
tional correction factor was applied considering the fraction of non-prompt D° and
D* mesons not produced in non-strange B-meson decays and that of non-prompt
DS mesons not originating from B%-meson decays. The correction factor was ob-
tained from FONLL+PYTHIA 8 calculations, and the systematic uncertainty was
estimated by varying the fragmentation fractions and the beauty-hadron branching
ratios as discussed in Sec. 5.5.1. The contribution of BY and non-strange B mesons
to the non-prompt D -meson cross section is similar, as shown in the left panel
of Fig. 5.28. Instead, the non-prompt D’- and D-meson production is almost ex-
clusively due to decays of non-strange B mesons. The prp-differential beauty-quark
fragmentation-fraction ratio was computed as

fs N(DF « BO) N(DO D+ « H) FONLL+PYTHIA 8
— s s/ ) y
fu + fd beauty lN(Dj — Hb) N(D[), Dt « B0,+)
D+ (5.14)
X —S
0 )
D + D+ non—prompt

where the pr-dependence of the different terms is omitted. The correction factor
determined from FONLL+PYTHIA 8 calculations varies between about 0.49 and
0.50 and decreases with increasing transverse momentum. The values resulting
from Eq. (5.14) were then fitted with a constant function to obtain the final result,
which is

<f ff ) = 0.127+0.036(stat)40.012(syst)£0.005(BR)40.005(th). (5.15)
u d/ beauty

The beauty-quark fs/(fu + fa) ratio has an additional theoretical-uncertainty con-
tribution compared to the charm-quark one, which is due to the correction factor.

The beauty-quark fragmentation-fraction ratio is compared with measurements
in pp and pp collisions from the CDF [258], LHCb [259, 260], and ATLAS [261]
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Figure 5.30: Beauty-quark f;/(f.+ fa) ratio compared with previous measurements
performed by the CDF [258], LHCb [259, 260], and ATLAS [261] Collaborations and
to the average of LEP measurements [262]. The experimental (bars) and theoretical
(shaded boxes) uncertainties are shown. The blue line reports the value obtained
from PYTHIA 8 simulations with Monash-13 tune [135]. Figure from Ref. [71].

Collaborations in Fig. 5.30. The ATLAS measurement of f;/f, was divided by
a factor two assuming isospin symmetry for the u and d quarks, which implies
fu = fa. The considered measurements of the f;/(f, + fq) ratio are compatible
with the LEP average provided by the HFLAV Collaboration [262], and with the
value resulting from PYTHIA 8 simulations with Monash-13 tune. Finally, it is
possible to observe that the fragmentation-fraction ratios fs/(fu+ fa) of charm and
beauty quarks are similar between each other.

5.5.3 bb production cross section

The bb production cross section per unit of rapidity was estimated from the
measured visible non-prompt DI -meson cross section at midrapidity. The approach
utilised is similar to that employed to compute the pr-integrated total production
cross section of DI mesons, which is reported in Section 5.5.1. An extrapolation

factor a2b, was calculated as
— /4, |FONLL
o doy;/dy ly|<0.5 (5.16)
extr — _FONLL+PYTHIA 8 '

S (ppin < pp < pia> |y| < 0.5)

In the above equation, doyg/ dy\@?ﬁ% is the FONLL prediction for the bb produc-

tion cross section corrected for the different rapidity-distribution shapes between
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beauty hadrons and bb pairs. The denominator is the non-prompt Df-meson cross
section from FONLL+PYTHIA 8 calculations in the pr and rapidity ranges of
the measurement. The correction factor for the bb rapidity distribution compre-
hends two terms. The first one considers the different beauty-hadron and single
beauty-quark rapidity distributions, and it was estimated to be equal to unity in the
rapidity range of interest using FONLL calculations. A 1% systematic uncertainty
on this term was assigned from the difference between FONLL and PYTHIA 8
estimations. The second term of the correction factor is the (dop/dy)/(doy,/dy)
ratio, and it was computed from the NLO pQCD calculations of POWHEG [85] as
dU]IDyEKO'5 / daLyKo'5 = 1.06 3. A 1% uncertainty on this term was assigned considering
the variation of the factorisation and renormalisation scales in the POWHEG calcu-
lation and using different sets of PDFs, namely CT10NLO [263] and CT14NLO [64].
The value of the extrapolation factor obtained from Eq. (5.16) is a2b = 11.9797.
The bb production cross section resulting from the measurement of non-prompt D}
mesons presented in this Thesis is

do.— b—DF

R — 40.5 + 6.9(stat) = 3.8(syst) £ 0.8(lumi)

dy Iyl <0.5 (5.17)

+ 1.4(BR) 27 (extr) & 0.6(rap. shape) pb.

Figure 5.31 reports the bb cross section extrapolated from the non-prompt D7 -
meson measurement compared to those obtained from non-prompt DY and D¥
mesons [71], and dielectrons [264]. The cross sections resulting from the three D-
meson species are compatible within uncertainties between each other and with
those provided by the other two ALICE measurements. The average of the non-
prompt D-meson measurements doy;/dy| <05 = 34.5 & 2.4(stat)T5§(tot. syst) ub
is also reported in the Figure. All the ALICE measurements are in agreement
with FONLL [60, 72, 73] and NNLO [80] calculations. The inclusion of next-to-
next-to-leading-order corrections provides smaller theoretical uncertainties and a
larger central value, which is in better agreement with the result obtained from the
non-prompt D-meson average, compared to the FONLL prediction.

The bb cross section per rapidity unit at midrapidity resulting from the non-
prompt D-meson average is also shown in Fig. 5.32, together with the other exist-
ing measurements in pp collisions by the ALICE [265-268] and PHENIX [269]
Collaborations at different centre-of-mass energies, and in pp collisions by the
CDF [270] and UA1 [271] Collaborations. The experimental results are compatible
with FONLL and NNLO calculations over all the explored interval of centre-of-mass
energies.

3In the calculations, the rapidity of the bb pair was defined as Ypp = 1/2xIn[(Ey+ Ey +p.1+
p22)/(E1+ E2 —p.1 — p22)], where E; and p, ; are the energy and the momentum component
along the beam direction, respectively, of the beauty and antibeauty quarks.
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Figure 5.31: Estimates of do,;/dy at midrapidity from dielectrons [264] and non-
prompt D° D*, and D mesons measured in pp collisions at /s = 5.02 TeV
compared to FONLL [60, 72, 73] (blue) and NNLO [80] (green) predictions. The
average do,;/dy of the estimates from the single D-meson species is reported in
red. Figure from Ref. [71].

Similarly to what described above, the c¢C cross section per unit of rapidity in
pp collisions at /s = 5.02 TeV can be computed from production measurements
of the prompt ground-state charm hadrons. i.e., D’, D*, and DI mesons, and A,
and =0 baryons. The ¢C cross-section value obtained from the measurements of
the ALICE Collaboration at midrapidity, including the Df-meson one reported in
this Thesis, is doe/dy|;y<05 = 1165 £ 44(stat) 15 (tot. syst) ub [69], and it is in
agreement within uncertainties with FONLL and NNLO [81] calculations.
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Figure 5.32: Measurements of the bb production cross section as a function of the
centre-of-mass energy in pp collisions by the ALICE [265-268] and PHENIX [269]
Collaborations and in pp collisions by the CDF [270] and UA1 [271] Collabora-
tions. The ALICE data points are shifted in the y/s-axis for better visibility. The
FONLL [60, 72, 73] (blue) and NNLO [80] (green) calculations with their uncer-
tainties are reported.
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Chapter 6

Prompt D;‘ -meson nuclear
modification factor in Pb—Pb
collisions at ,/snyN = 5.02 TeV

The measurements of the prompt D} -meson pp-differential corrected yield and
nuclear modification factor Raa in central and semicentral Pb—Pb collisions at
V5NN = 5.02 TeV in the |y| < 0.5 rapidity interval are discussed in this Chapter.
The study of the prompt Df-meson production in Pb-Pb collisions is a powerful
tool to probe the charm-quark interaction with the expanding dense and hot QGP
medium [272]. Moreover, comparing the production of DI and non-strange D
mesons in heavy-ion collisions, it is possible to investigate the interplay of the
charm-quark hadronisation via recombination with quarks from the medium and
the hadronisation due to the fragmentation mechanism [137]. Finally, possible
differences between non-strange D and D mesons can arise from their different
coupling to the hadronic phase [142]. The measurements shown in this Chapter
were published in Ref. [193].

The pr-differential corrected yield of prompt D} mesons was computed in each
pr interval as

1 rom NDSi’Taw
dNAA B 2 fp Pt(pT) (pT)‘|y\<yﬁd(pT) % 1 (61)

dpr ly|<0.5 B (ACC X E)prOmpt(pT)CAy(pT)ApT BRNo:

The equation ingredients are the same as those introduced for the cross-section
formula of Eq. (5.1). The only exception is the normalisation term Ney¢ which is
the number of analysed events, corresponding to about 100 and 85 million events
for the 0-10% and 30-50% centrality classes, respectively. The centrality-class
definition is discussed in Section 2.4.
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From the pr-differential corrected yield measured in Pb—Pb collisions, the nu-
clear modification factor was calculated as

1 % dNAA/de
TAA> dO'pp/de ’

RAA(pT) = < (62)

where dop,,/dpr is the prompt DI -meson cross section measured in pp collisions,
and (Taa) is the average value of the nuclear overlap function® for the centrality
class considered. The (Ta) values are (23.26+0.17) mb™" and (3.9240.06) mb ™!
for the central and semicentral event intervals, respectively [22].

6.1 Machine-learning selections

In the measurements presented in this Chapter, machine-learning techniques
were adopted to perform the selection of prompt Df-meson candidates. This choice
was motivated by the performance improvement shown by BDT classifiers with
respect to linear selections for the prompt D -meson measurement in pp collisions,
which is quantified in Section 5.3.4.

Since the data sample of D -meson candidates to analyse is much larger in Pb—
Pb than in pp collisions, the machine-learning inference step was executed on the
ALICE-experiment Grid using the tools introduced in Section 3.3.1. Binary clas-
sification BDTs were employed, and the two classes were constituted by prompt
DF mesons and combinatorial background, respectively. In fact, differently from
the studies performed in pp collisions, only prompt D mesons were measured.
These machine-learning models are simpler and smaller than multi-class classifica-
tion BDTs with the same hyperparameter configuration [243]. Therefore, their in-
ference step requires less computing resources, which are a concern when large data
samples are processed on the distributed-computing infrastructure of the ALICE
experiment. It is also worth noticing that the trade-off for the better performance
of the machine-learning selections is a larger footprint on the execution time than
the traditional linear selections.

6.1.1 Data preparation

The BDT training and performance assessment were performed exploiting data
samples constituted by prompt DI -meson signal candidates and by combinatorial
background. The signal candidates were obtained from MC simulations based on
the PYTHIA 8 [82, 168] and HIJING [169] event generators, which are detailed

'In this context, the nuclear overlap function T4 5 is not normalised to obtain [ T4 (b)db? = 1
as done in Section 1.3.2. Its integrated value is instead equal to AB, where A and B are the number
of nucleons composing the two colliding nuclei, respectively.
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Table 6.1: Topological and kinematic selections, as a function of pr, applied on
Df-meson candidates before the machine-learning step for the 0-10% and 30-50%
centrality classes.

Centrality 0-10% 30-50%
pr (GeV/c) 24 46 650 26 636
e (Hm) < 400 400 600 | 450 600
DL (um) > 500 300 200 | 200 200
DL*/oppey (um) > | 5 4 2 2 2
cosfp > 0.97 097 092|096 0.92
cos O > 0.96 096 0.90 | 0.96 0.90
AMgx (MeV/e?) < | 10 10 15 | 15 15

in Section 4.3. The combinatorial-background candidates were extracted from the
sidebands of the D} -meson invariant-mass distribution in the data collected by the
experiment. Differently from the studies conducted in pp collisions, non-prompt
D} mesons were not included in the training sample. The mix of prompt and non-
prompt candidates in the signal class would bias the selection towards secondary
vertices with larger displacements, while disfavouring the selection of prompt D
mesons. This would lead to a large contribution of non-prompt D -meson candi-
dates in the measured raw yields.

The daughter tracks of the Df-meson candidates fulfilled the single-track re-
quirements reported in Section 4.2.1 and the conservative PID strategy. Moreover,
different kinematic and topological selections were applied depending on the cen-
trality class and the transverse momentum. They are reported in Tab. 6.1. These
selections are less stringent than those used to extract the Df-meson signal in pre-
vious studies based on linear selections [251, 273]. They were used to partly reduce
the large combinatorial background typical of Pb—Pb collisions, while keeping the
candidates that have a higher probability of being signal for the machine-learning
application.

The BDT training was performed separately for the 0-10% and the 30-50%
centrality classes, and in larger pr intervals than the analysis ones. The aim was
to keep small the number of BDTs used in the inference step on the Grid. All the
prompt DI -meson candidates available in dedicated MC productions were used.
At low pr, the number of combinatorial-background candidates was chosen to be
the double of the signal ones. While, at high pt, fewer background candidates were
employed to keep small the fraction of real data used in the training, since these
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Table 6.2: Number of prompt D -meson and combinatorial-background candidates
used to build the training and test set in the pr intervals in which the training was
performed, for the 0-10% and 30-50% centrality classes.

Centrality 0-10% 30-50%
pr (GeV/c) 2-4 46 6-12 12-50 |24 46 6-12 12-36

prompt DI (x10%, approx.) | 94 141 381 501 | 336 265 365 374
background (x103, approx.) | 188 282 381 125 | 672 530 365 22

candidates were also used for the physics measurement. The approximate num-
ber of prompt D -meson and combinatorial-background candidates, composing the
training and test sets, is reported in Tab. 6.2 for the 0-10% and 30-50% centrality
classes. The training sets were formed by 80% of the available data samples, while
the remaining 20% composed the test sets.

6.1.2 BDT training and performance evaluation

The Df-meson topological, kinematic, and PID features provided as input to
the BDTs were the same as those employed for the studies in pp collisions, which
are reported in Section 5.1.2. Moreover, the same procedure based on the Bayesian
optimisation and a 5-fold cross validation was employed to tune the model hyperpa-
rameters. In this case, the performance metric chosen was the ROC AUC since the
classification problem is binary. Particular attention was dedicated to the definition
of the hyperparameter intervals explored by the optimisation algorithm, with the
aim of keeping small the size of the final models in view of the inference step on
the Grid. The hyperparameter configurations adopted in the training of the final
BDTs, which were then used to perform the DI -meson selection in the analysis, are
reported in Tab. 6.3 as a function of pr and centrality class. These configurations
provided the highest ROC AUC values given the imposed constrains.

The output of the BDT is a score related to the candidate probability of being
a real DI meson, and the score values range between zero and unity. An example
of the BDT-score distributions for prompt and non-prompt DI mesons, and the
combinatorial background is shown in Fig. 6.1. They were obtained from the test-
set data sample in the 2 < pr < 4 GeV/c interval for the 0-10% centrality class.
Combinatorial-background candidates have a low score related to the candidate
probability of being signal, and their distribution is peaked at zero. Instead, the
distribution of real prompt D mesons shows a peak at unity as expected. Non-
prompt Df-meson candidates, which are not included in the training, have a wider
distribution than prompt DI mesons with a small secondary peak for BDT outputs
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Figure 6.1: Distributions of the binary-BDT output score for prompt (red) and
non-prompt (blue) DI mesons, and the combinatorial background (green) in the
2 < pr < 4 GeV/c interval for the 0-10% centrality class.

close to zero. This indicates that the model is partially sensible to the differences
between prompt and non-prompt D mesons, and on average assigns to the latter

smaller scores.

Table 6.3: Hyperparameter configurations for the final BDTs in the different pr in-
tervals used in the training procedure, for the 0-10% and 30-50% centrality classes.

Centrality 0-10% 30-50%

pr (GeV/c) 24 46 6-12 1250| 24 46 6-12 12-36
n_estimators 883 1043 994 815 833 1099 1098 833
learning rate 0.084 0.066 0.075 0.081 | 0.081 0.046 0.060 0.081
max_depth 4 ) 6 ) 4 ) ) 4
min_child_weight | 5.7 1.1 6.1 4.5 5.6 5.2 7.3 5.6
subsample 0.90 0.8 090 082 | 0.81 0.89 092 0381
colsample_bytree | 0.90 084 082 0.95 | 0.89 090 0.89 0.89
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Figure 6.2: ROC curves and the corresponding ROC AUC values, estimated using
the test set, for the trained BDT models in the different pt intervals for the 0-10%
(left panel) and 30-50% (right panel) centrality classes.

The performance of the trained BDT models was estimated computing their
ROC AUC values on the test set. In Fig. 6.2, the ROC curves and the corresponding
ROC AUC values are displayed for the 0-10% and 30-50% centrality classes, and for
the different transverse-momentum intervals in which the training was performed.
The ROC AUC values range between about 0.98 and 0.99, and are very similar
between the two centrality classes considered. Moreover, no significant dependence
on the pr interval of the training is observed.

6.1.3 Working-point optimisation

The procedure used to define the prompt DF-meson candidate selection fol-
lowed closely what was performed for the measurements in pp collisions, which is
detailed in Section 5.1.3. It was executed independently for the 0-10% and 30-50%
centrality classes. The only differences with respect to the studies carried-on in
pp collisions were the necessity to account for the nuclear effects typical of Pb—Pb
collisions, and the fact that only one threshold value was needed in each pr interval,
since binary BDT models were employed in this case.

The expected signal S was calculated, considering the contribution of both
prompt and non-prompt D} mesons, as

5 Dt FONLL, prompt

d%o y 2(Acc x €)PromPten, ApTBR Neys

dprd rom
pray ly|<0.5 fpo pt

S = Raa (Tan)

(6.3)
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Figure 6.3: Expected significance (left panel) and prompt Df-meson (Acc x €) factor
(right panel) as a function of the threshold on the BDT output in the 2 < pr <
3 GeV/c interval for the 0-10% (red) and 30-50% (orange) centrality classes. The
selected working points are shown by the dashed lines.

The procedure is analogous to the one adopted in pp collisions. Compared to
Eq. (5.3), the integrated luminosity is replaced by the number of analysed events,
and the FONLL calculations [72, 73] are multiplied by the average nuclear overlap
function and by the Raa from TAMU model predictions [110]. The expected frac-
tion of prompt DI mesons was computed from FONLL calculations according to
Eq. (5.2), where the pr-differential production cross sections of prompt and non-
prompt DI mesons in pp collisions were multiplied by the corresponding nuclear
modification factors predicted by the TAMU model. The (Acc x €) factors for
prompt and non-prompt DI mesons were estimated from samples of MC simula-
tions not used in the BDT training. The background under the signal peak B was
estimated, as described in Section 5.1.3, by fitting the Df-meson invariant-mass
distribution for a fraction of the collected data, and then by scaling the result to
obtain the expectation value for the full data sample.

In Fig. 6.3, the expected significance S/,/(S + B) of the extracted signal, which
contains prompt and non-prompt DI mesons, and the acceptance-time-efficiency
factor for prompt DI mesons are reported as a function of the threshold value on the
BDT output for the 0-10% and 30-50% centrality classes in the 2 < pr < 3 GeV /¢
interval. The reported uncertainty on the expected significance is the statistical
uncertainty due to the estimated combinatorial-background component. The final
threshold values were chosen to provide a good statistical significance of the ex-
tracted signal, and a high selection efficiency and signal-to-background ratio. The
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applied selections required a BDT score for the signal hypothesis above 0.9200-
0.9985 and 0.9600-0.9984 for the 0-10% and 30-50% centrality classes, respectively,
depending on pr. Threshold values very close to unity were necessary at low pr,
since the large charged-particle multiplicity of Pb—Pb collisions leads to a huge
combinatorial background, especially in central collisions. From Fig. 6.3, it is pos-
sible to notice that the chosen threshold value in the 2 < pp < 3 GeV/c interval is
lower for central collisions than for semicentral ones, even if a larger combinatorial
background is expected in the first case. This is due to the tighter topological and
kinematic selections that were applied in central Pb—Pb collisions to prepare the
data sample for the machine-learning step, which are reported in Tab. 6.1.

6.2 Raw-yield extraction

The DI -meson raw yields were extracted by fitting the M (KKrr) invariant-mass
distributions, which include both particles and antiparticles, resulting from the se-
lections described in the previous Section. The raw yields were measured in 10
(9) transverse-momentum intervals spanning the 2 < pr < 50 GeV/c (2 < pr <
36 GeV/c) region for central (semicentral) Pb-Pb collisions. The same fit strat-
egy as for the measurements performed in pp collisions was employed, which is
detailed in Sections 5.2.1 and 5.3.1. The signal peak was described by a Gaussian
function, while the background was modelled by an exponential term. An addi-
tional Gaussian function was introduced to account for the peak arising from the
Dt — ¢t — K- K*nt™ decay. The parameters of the Df-meson signal peak were
left free in the fits. The only exception was the 2 < pr < 3 GeV/c interval for the
0-10% centrality class, where the peak width was fixed to the value obtained from
MC simulations, to improve the signal extraction in the most challenging region for
the measurement. In the other pr intervals of the Df-meson measurement and for
D? and D* mesons, it was verified that MC simulations describe the peak width
observed in data within about +10%.

Figure 6.4 shows the invariant-mass distributions for some representative pr
intervals of the 0-10% and 30-50% centrality classes. The fit functions and the
resulting values for the mean, width, raw yield, and significance of the signal peak
are also reported. The observed statistical significance in the 2 < pr < 3 GeV/c
interval is lower than the expected one, reported in the left panel of Fig. 6.3, by
a factor around 1.7 (1.4) for central (semicentral) collisions. This is caused by
the large Df-meson Raa predicted by the TAMU model, which overestimates the
measurement in the low-pr region, as will be shown in Fig. 6.17, and thus the
expected significance.

In Fig. 6.5, the raw yield per event, the signal-to-background ratio, and the
statistical significance of the extracted signal are displayed as a function of pr for
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Figure 6.4: Invariant-mass distributions of Df-meson candidates and their charge
conjugates in representative pr intervals for the 0-10% (top panels) and 30-50%
(bottom panels) centrality classes. The blue line shows the total fit function and
the red dashed line is the combinatorial-background component. The values of the
mean (p), width (o), raw yield (S), and significance (Signif.) of the signal peak are
reported. The displayed uncertainties are only the fit statistical uncertainties.

central and semicentral Pb—Pb collisions. The raw yield per event is larger in the 0—
10% centrality class than in the 30-50% one, despite the tighter selections applied,
due to the larger number of nucleon—nucleon collisions occurring in the Pb-Pb
interaction. The signal-to-background ratio is larger for semicentral collisions than
for central ones for pr < 12 GeV/¢, due to the smaller combinatorial background
present in more peripheral Pb—Pb collisions. An analogous trend is observed for
the statistical significance at low transverse momentum, while at high pr the larger
Df-meson yield gives rise to larger significance values for the 0-10% centrality class.
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Figure 6.5: Raw yield per event (left panel), signal-to-background ratio (middle
panel), and statistical significance (right panel) as a function of pr for the 0-10%
(red) and 30-50% (orange) centrality classes.

6.3 Efficiency and acceptance corrections

The acceptance-times-efficiency correction factors were computed from the MC
simulations based on the PYTHIA 8 and HIJING event generators introduced in
Section 4.3. To avoid possible biases, MC samples different from those employed
in the BDT training were used. The Df-meson pr distribution from simulations
was weighted to match the shape given by FONLL calculations multiplied by the
Df-meson Raa predicted by the TAMU model [110]. This procedure accounted for
hot-medium effects, as the charm-quark energy loss in the QGP and the charm-
quark hadronisation via recombination, and produced more realistic transverse-
momentum distributions for the determination of the (Acc X €) factors, which de-
pend on pr.

In Fig. 6.6, the (Acc x €) correction factors as a function of pr for prompt and
non-prompt DI mesons in the 0-10% and 30-50% centrality classes are reported.
The D} -meson selection efficiency is higher for semicentral collisions than for central
ones, by up to a factor two at low pr, since less stringent selections can be adopted
thanks to the smaller combinatorial background. The non-prompt D mesons are
more efficiently selected than prompt ones for pr < 8 GeV /¢, given their on average
larger displacement from the primary vertex. For pr > 12 GeV/c¢, where the
candidate decay length is less relevant in discriminating signal from background,
the BDT selections are able to suppress the non-prompt efficiency with respect to
the prompt one.
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Figure 6.6: Acceptance-times-efficiency factors for DI mesons as a function of pr.
The (Acc x €) factors for prompt (red) and non-prompt (blue) D mesons in Pb-Pb
collisions for the 0-10% centrality class are shown, together with those for prompt

(orange) and non-prompt (green) DI mesons for the 30-50% centrality class. Figure
from Ref. [193].

6.4 Fraction of prompt D mesons

The fraction of prompt DI mesons, fprompt, in the measured raw yields was
estimated using the procedure developed in previous studies of D-meson production
in Pb—Pb collisions [104, 146, 274]. Similarly to what was performed for the prompt
Df-meson measurement in pp collisions described in Section 5.3.3, the prompt
fraction was computed as

NDS: ,raw
non-prompt

ND;t,raw

f prompt — 1—

d2 o FONLL+PYTHIA 8

-1 T Rnon—prompt
(Tan) RyA dpedy

X (6.4)

non-prompt

y 2(Acc x e)non‘promptcAyApTBRN norm

evt

A]\[D;*L ;raw

With respect to Eq. (5.12), the non-prompt D -meson pr-differential cross section
from FONLL and PYTHIA 8 calculations was multiplied by the average nuclear
overlap function (Txs), and by the nuclear modification factor of non-prompt D
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Figure 6.7: Non-prompt Df-meson R divided by the one of prompt DI mesons
(left panel) and non-prompt D° mesons [202] (right panel) in Pb-Pb collisions at
VSN = 5.02 TeV in the 0-10% and 30-50% centrality classes. The measurements
are compared to TAMU model predictions [279]. Figure from Ref. [203].

mesons Riya PP, Moreover, the integrated luminosity Lin; was replaced by the

number of analysed events Ney.

In the computation above, the nuclear modification factor of non-prompt D
mesons was assumed to be equal to the one of prompt D} mesons, R3% P =
RR™P' - Measurements of prompt and non-prompt J/i mesons in Pb-Pb colli-
sions at \/sny = 5.02 TeV by the ATLAS and CMS Collaborations [106, 275],
and the comparison of prompt non-strange D mesons [104] with non-prompt D°
mesons [202, 276] indicate a smaller suppression of non-prompt charmed hadrons
than prompt ones. However, possible modifications of the heavy-flavour hadro-
nisation mechanism in the QGP medium, together with the enhancement of the
strange-quark production, are predicted to induce a higher Df-meson Raa com-
pared to D mesons without strange-quark content, and can affect differently charm-
and beauty-strange hadrons [110, 114, 121, 141, 277, 278]. Finally, a recent mea-
surement of the non-prompt DFf-meson Raa in central and semicentral Pb-Pb
collisions at /sy = 5.02 TeV by the ALICE Collaboration [203] supports the
adopted hypothesis. The Raa ratios between non-prompt and prompt D mesons
are displayed in the left panel of Fig. 6.7, where the prompt measurements are the
ones obtained in this Thesis and shown in Fig. 6.16. The ratios are compatible with
unity in all the measurement pr range given the current statistical and systematic
uncertainties, even if a hint of a larger Raa for non-prompt D} mesons than prompt
ones is present in the 0-10% centrality class for pr < 8 GeV/ec.

To estimate the systematic uncertainty of fprompt, Which will be discussed in
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Figure 6.8: Fraction of prompt D mesons in the measured raw yields as a function
of pr for central (left panel) and semicentral (right panel) Pb—Pb collisions. The
continuous lines show the f,ompt central values and the uncertainty is represented

by the shaded boxes.

Sec. 6.6.3, the hypothesis for the Ras of non-prompt D mesons was varied within
1/3 and 3 times the prompt Df-meson Raa, according to what performed in pre-
vious D -meson measurements [146]. This variation range accounts for the model
and the available data uncertainties, and well comprehends the results and the
TAMU model predictions reported in Fig. 6.7. The estimated values of fyrompt are
shown as a function of pr in Fig. 6.8 together with their systematic uncertainty.
They range between 0.86 and 0.91 depending on the transverse-momentum interval
and the centrality class.

6.5 Proton-proton reference

The measurement of the pp-differential production cross section of prompt D
mesons in pp collisions at /s = 5.02 TeV, which is presented in this Thesis in
Chapter 5, was used as a reference for the Raa calculation. The prompt D-
meson measurement in pp collisions reaches up to py = 24 GeV/c. Therefore, it
was extrapolated to the 24 < pp < 50 GeV/c interval using FONLL calculations.
According to the procedure employed in Ref. [280], the extrapolation was performed
scaling the FONLL predictions to match the measured values at lower transverse
momenta. The scaling factor is computed by fitting the ratio between the measured
pr-differential cross section and the predicted one with a constant function. The
prompt DI -meson pp reference with the extrapolated points for the 24 < pr <
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Figure 6.9: Prompt Df-meson pp reference at /s = 5.02 TeV in the |y| < 0.5
interval, the open markers indicate the pr-extrapolated points.

36 GeV/c and 36 < pr < 50 GeV /c intervals is reported in Fig. 6.9.

The systematic uncertainty on the extrapolated cross section was estimated by
propagating the statistical and systematic uncertainties of the measurement to the
scaling factor. In this calculation, the systematic uncertainties on the measure-
ment were considered as fully correlated between the different pr intervals. The
systematic uncertainty contribution due to the FONLL predictions was evaluated
repeating the computation of the scaling factor varying the factorisation and renor-
malisation scales, the charm-quark mass and considering the PDF uncertainties.
The resulting total systematic uncertainty on the pr-extrapolated cross section
is *33%, and it is the same in the two transverse-momentum intervals where the
extrapolation was performed.

6.6 Systematic uncertainties

The measurements of the prompt Df-meson corrected yields and Raa are af-
fected by the following sources of systematic uncertainties: (i) the raw-yield ex-
traction, (ii) the BDT-selection and PID efficiencies, (iii) the prompt fraction es-
timation, (iv) the generated Df-meson pr shape in the MC simulation, (v) the
track-reconstruction efficiency, and (vi) the normalisation. The majority of these
systematic-uncertainty sources are the same as those affecting the measurement of
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Figure 6.10: Mean and RMS of the multi-trial raw-yield distribution divided by
the reference value as a function of pr for the 0-10% (left panel) and 30-50%
(right panel) centrality classes. The yellow band indicates the assigned systematic
uncertainty.

the D -meson cross section in pp collisions, which are detailed in Section 5.4. Thus,
this Section will be focused on the differences with respect to the analysis in pp
collisions, and on the dependence of the systematic uncertainties on the centrality
class.

6.6.1 Raw-yield extraction

The systematic uncertainty affecting the raw-yield extraction was studied with
a multi-trial approach, i.e., by repeating the fit of the invariant-mass distribution
varying the functional form of the background fit function (linear, exponential, and
parabolic), the lower and upper limits of the fit range, and the bin width. The width
of the Gaussian function used to describe the signal peak was a free parameter of
the fit, unless for the 2 < pr < 3 GeV/c interval in the 0-10% centrality class,
where the Gaussian width was fixed to the one obtained from MC simulations, as
mentioned in Section 6.2. In this latter case the multi-trial procedure was also
repeated by fixing the width to the value resulting from simulations +10%, which
approximatively corresponds to the maximum difference between MC simulations
and data observed in the other pr intervals.

The systematic uncertainty was assigned considering the RMS of the raw-yield
distribution, obtained from the different fit configurations, and the shift of its mean
from the reference value when relevant. In Fig. 6.10, the mean of the raw-yield
distribution divided by the raw-yield extracted using the default fit configuration is
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reported as a function of pr for the 0-10% and 30-50% centrality classes. The error
bars show the RMS of the raw-yield distributions while the yellow band indicates
the assigned systematic uncertainty. The relative systematic uncertainty ranges
from 2% to 8% depending on pr. Large uncertainties characterise the lowest and
highest pr intervals where the raw-yield extraction is more challenging, due to the
large combinatorial background in the first case and to the small Df-meson signal
in the latter one. The assigned systematic-uncertainty values are similar in the two
centrality classes considered in the analysis.

6.6.2 BDT-selection and PID efficiency

The imperfections in the description of the detector resolutions and alignments
in the MC simulations can result in a systematic effect on the selection efficiency.
The associated systematic uncertainty was estimated with a procedure analogous
to the one described in Section 5.4.2, i.e., by performing the analysis with different
BDT-selection criteria and by comparing the resulting corrected yields. However,
in this case, the various BDT-selection criteria were obtained varying only a single
threshold, given that a binary classification was performed. Tighter and looser
thresholds on the BDT output were considered, which resulted in up to 50% higher
and lower efficiencies with respect to the central values.

The systematic uncertainty was assigned considering the sum in quadrature of
the RMS and shift from unity of the distribution of corrected-yield ratios, which
were computed dividing the values resulting from the tested selection criteria by
the reference one. Figure 6.11 reports the sum in quadrature of the RMS and
shift from unity of the resulting corrected-yield distributions as a function pr for
the 0-10% and 30-50% centrality classes. The systematic uncertainty values were
assigned based on the RMS and shift after smoothing out the values looking at
the neighbour pr intervals. For both centralities, the uncertainty estimation in
the high-pr region is affected by fluctuations in the raw-yield extraction caused by
the smaller Df-meson yield. Therefore, it was not considered in the systematic-
uncertainty assignment, in fact a larger systematic uncertainty is not expected
at high transverse momenta where the selection criteria are less stringent. The
assigned systematic uncertainty ranges from 3% to 9% decreasing with increasing
pr, and it is smaller in the 30-50% centrality class than in the 0-10% one due to
the looser selections applied.

Possible systematic effects arising from the conservative PID selection, applied
to prepare the data sample for the machine-learning model training and applica-
tion, were investigated comparing the PID selection efficiencies for pions and kaons
in data and in simulations. For this study, a pure sample of pions was selected
from A and K? decays, while samples of kaons in the TPC (TOF) were obtained
applying a strict PID selection using the TOF (TPC) information. No significant
discrepancies were noticed, in agreement to what observed for the measurement of
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Figure 6.11: Sum in quadrature of the RMS and shift from unity of the distribution
of corrected-yield ratios with respect to the reference value as a function pr for the
0-10% (red) and 30-50% (orange) centrality classes.

non-strange D mesons in the same data sample [104]. In addition, possible system-
atic effects arising from the use of the PID information as input to the BDT models
are already accounted for by the variation of the BDT-selection criteria. Therefore,
no systematic uncertainty was assigned.

6.6.3 Prompt fraction estimation

The procedure used to estimate the forompt fraction described in Section 6.4 is
affected by two sources of systematic uncertainty. The first one is the uncertainty
due to the FONLL theoretical calculations, and it is common to the measurement
of the prompt DI -meson cross section in pp collisions. This contribution was eval-
uated by computing the fpompt fraction varying the FONLL parameters for what
concerns the beauty-quark mass, the factorisation and renormalisation scales, and
considering the PDF uncertainties. More details are reported in Section 5.3.3.

The second source of systematic uncertainty arises from the assumption on
the non-prompt Df-meson nuclear modification factor. This contribution was es-
timated by varying the RHXPO"P'/RRW™' ratio within the uncertainties of the
measurements and model predictions considered in the choice of the central value,
ie., RONPOMPY/RRIMPY — 1. As mentioned in Section 6.4, the hypothesis on the

Raa ratio was varied between 1/3 and 3 according to what performed in previous
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Df-meson measurements [146]. Figure 6.12 displays the relative variation of the
prompt Df-meson fraction as a function of the Rjy ™"/ RR'™" hypothesis for
some representative pr intervals in the 0-10% and 30-50% centrality classes. The
magnitude of the fyrompt variation does not show a monotonous pp dependence,
and it is similar between the two analysed centrality classes.

The assigned systematic uncertainty was obtained by summing in quadrature
the uncertainty values resulting from the two sources described above, and it ranges
between "% and T32% depending on the pr interval and the centrality class.
When computing the Raa, the source of prompt-fraction uncertainty due to the
variation of the FONLL parameters was considered to be fully correlated between
the measurements in pp and Pb-Pb collisions. Therefore, the two contributions
partially cancel out in the ratio of Eq. (6.2).

6.6.4 Generated Monte Carlo ptr shape

Differences between the D-meson pr distribution assumed in Section 6.3 and
the real one can lead to systematic effects on the selection-efficiency correction, since
the selection efficiency varies with transverse momentum and the analysis is per-
formed in intervals with a finite pr width. This systematic-uncertainty contribution
was estimated by calculating the selection efficiency using alternative DI -meson pr
shapes than the one adopted for the final result, which was obtained multiplying
the shape given by FONLL calculations by the prompt Df-meson Rax predicted by
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Figure 6.13: Left panel: normalised prp-differential yields from FONLL calculations
and Raa predictions of different models divided by the one from PYTHIA 8 sim-
ulations for the 0-10% centrality class. Right panel: ratios between the efficiency
computed using the pr shapes provided by the alternative models and the one from
FONLL calculations multiplied by the Raa predicted by the TAMU model. The
values resulting from the fit to the measured yield are shown by the black stars.

the TAMU model [110]. The FONLL predictions for the prompt D -meson produc-
tion were obtained using the recipe described in Section 5.1.3. The alternative pr
shapes were computed from the FONLL pr distribution and the Raa predicted by
theoretical models with different approaches to the description of the charm-quark
propagation and hadronisation in the QGP medium. The models considered were
LGR [114], PHSD [277], and Catania [115]. The Raa predictions were extrapo-
lated to transverse momenta above the model reach when necessary, using the last
available point. As an extreme variation, also the case of no medium effects was
taken into account by adopting the FONLL transverse-momentum shape without
further parametrisations.

The pr shapes obtained using FONLL calculations and different model predic-
tions for the Raa divided by the one from PYTHIA 8 simulations are shown in the
left panel of Fig. 6.13, for the 0-10% centrality class. In the right panel of Fig. 6.13,
the ratios of the prompt DJ-meson efficiencies obtained using the alternative pr
shapes and the one employed for the final result are displayed for the 0-10% cen-
trality class. The resulting uncertainty was estimated considering the discrepancy
of the efficiency ratios in each pr interval. Higher uncertainty values were observed
in central collisions than in semicentral ones due to the tighter selections applied.
The assigned systematic uncertainty is 5% (3%) for the 0-10% (30-50%) centrality
class in the lowest pr interval, where the efficiency varies steeply with transverse
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momentum, and decreases to zero above 12 (8) GeV/c.

As a cross-check, the measured pr shape was extracted by fitting the prompt
D -meson pr-differential yield, which is shown in Fig. 6.15, with a power-law func-
tion. It was then used to weight the prompt DI -meson efficiency resulting from
simulations. In the left panel of Fig. 6.13, the pt shape obtained for the 0-10%
centrality class divided by the one from PYTHIA 8 simulations is shown. The
ratio between the corresponding efficiency and the one used for the final result
is reported in the right panel of the Figure. The observed discrepancies of the
efficiency ratios are similar to those obtained employing the different model predic-
tions, and are within the assigned systematic-uncertainty values for both central
and semicentral Pb—Pb collisions. The only exception is the 2 < pr < 3 GeV/c
interval in the 0-10% centrality class, where the discrepancy is slightly larger than
the assigned uncertainty value. However, this pr interval is at the edge of the mea-
sured transverse-momentum range, thus the pp-shape extracted from the fit is not
completely trustable. For this reason, no further uncertainty was assigned.

6.6.5 Track-reconstruction efficiency

The systematic uncertainty on the tracking efficiency was computed following
the same procedure adopted for the measurements in pp collisions and detailed in
Section 5.4.4. Furthermore, it was estimated independently for the two centrality
classes considered in this analysis. Two different sources contribute to the system-
atic uncertainty, i.e., the track-quality criteria applied and the prolongation of the
TPC tracks to the ITS.

To estimate the contribution due to the first source, the track-quality selec-
tions listed in Section 4.2.1 were varied, and for each configuration the prompt
Df-meson corrected yield was computed. The alternative track-quality selection
criteria considered were: (i) a number of crossed rows in the TPC larger than
120 — 5/(pr [GeV/c]) instead of 70 which is the default value, (ii) a ratio of crossed
rows over findable clusters in the TPC larger than 0.9, while the default value is
0.8, (iii) a number of TPC clusters larger than 0.65 times the TPC crossed-row
number, and (iv) a number of clusters available for the particle identification in the
TPC larger than 40 or 60, respectively, instead of 50 which is the default value. A
variation of the corrected yield of about 3.5% and 2% was observed for the 0-10%
and 30-50% centrality classes, respectively, independently of pp. The observed val-
ues were slightly smaller than those obtained for the measurement of non-strange D
mesons in the same data sample [104], where an uncertainty value of 4.5% (3%) in
central (semicentral) events was adopted for D mesons decaying into three charged
particles. These latter values were assigned as systematic uncertainty due to the
higher statistical precision of the non-strange D-meson measurement with respect
to the Df-meson one.

The second source of systematic uncertainty was studied by comparing the
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Figure 6.14: Relative systematic uncertainty on the TPC-to-ITS prolongation prob-
ability as a function of the Df-meson pr for the 0-10% (left panel) and 30-50%
(right panel) centrality classes. The average value in each transverse-momentum
interval is shown by the filled markers.

TPC-to-ITS prolongation probability of tracks in data and simulation. As dis-
cussed in Section 5.4.4, the comparison was performed after weighting the relative
abundances of primary and secondary particles in the simulation to match those
observed in data. The resulting per-track systematic uncertainty was propagated
to the DI mesons via their decay kinematics, summing linearly the contribution
of each track. In Fig. 6.14, the distributions of the relative uncertainty values for
the Df-meson candidates are reported as a function of p for the 0-10% and 30—
50% centrality classes, together with their average in each pr interval. The average
relative systematic uncertainty on the TPC-to-ITS prolongation probability was
summed in quadrature to the track-quality contribution to obtain the final values.
The relative systematic uncertainty due to the tracking ranges between 5% and 14%
depending on the pr interval and the centrality class. Larger uncertainty values
were assigned for central Pb-Pb collisions than for semicentral ones.

6.6.6 Normalisation

The systematic uncertainty on the normalisation of the Df-meson corrected
yields contains a contribution of 3.6% due to the uncertainty on the BR of the
Df — ¢t — K-K*7nt" decay channel used to measure the DI mesons [6]. An ad-
ditional contribution is due to the uncertainty on the hadronic cross-section fraction
used in the Glauber fit to define the centrality intervals, and it was estimated to
be < 0.1% and 2% for the 0-10% and 30-50% centrality classes, respectively [280].

In the case of the nuclear-modification-factor measurement, the normalisation
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uncertainty is the quadratic sum of: the uncertainty due to the centrality-interval
definition mentioned above, the integrated-luminosity uncertainty on the pp refer-
ence amounting to 2.1% [233], and the (Txa) uncertainty corresponding to 0.7%
(1.5%) for the 0-10% (30-50%) centrality class [22].

6.6.7 Systematic uncertainty summary

The summary of the systematic uncertainties on the measured corrected yields
are reported in Tab. 6.4 for the 0-10% and 30-50% centrality classes. The total
systematic uncertainty resulting from the sum in quadrature of the various con-
tributions is also shown. The systematic uncertainties of the measurement were
considered to be fully correlated between the different pr intervals, except for the
raw-yield extraction uncertainty. This last contribution was considered as uncorre-
lated due to the relevant variations of the signal-to-background ratio and the shape
of the combinatorial-background distribution as a function of pr.

Table 6.5 reports the total systematic uncertainty on the measurement of the
nuclear modification factor for the 0-10% and 30-50% centrality classes, together
with the contribution due to the normalisation. The total systematic-uncertainty
values were computed propagating the uncertainties on the prompt D -meson cor-
rected yields and on the pp reference cross section according to Eq. 6.2. The BR
uncertainty cancels out in the ratio, thus was not considered in the calculation.
Moreover, as discussed in Section 6.6.3, the contribution to the prompt-fraction
uncertainty due to the variation of the FONLL parameters was propagated as fully
correlated. The other systematic uncertainties were treated as uncorrelated be-
tween the Pb—Pb corrected yields and the pp cross section.

6.7 Results

In Fig. 6.15, the pr-differential corrected yields of prompt DI mesons measured
in central and semicentral Pb—Pb collisions are reported. The results are compared
with the Df-meson pp reference cross section, introduced in Section 6.5, scaled by
the average nuclear overlap function (Txs) for the corresponding centrality class.
The Df-meson yields are strongly suppressed with respect to the binary-scaled
pp reference for pr > 3-4 GeV /¢, due to the modification of the charm-quark pr
spectra induced by the interactions with the QGP medium. A similar suppres-
sion is observed also for non-strange D mesons [104]. Compared to the previous
measurement by the ALICE Collaboration in Pb-Pb collisions at |/sxy = 5.02
TeV [146], the production yield of D mesons was measured down to lower trans-
verse momentum and in finer pr intervals. Moreover, the statistical uncertainties
are smaller by a factor ranging from about 2.2 to 4.5 depending on the pr inter-
val and the centrality class, while the systematic uncertainties are similar between
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Table 6.4: Summary of the relative systematic uncertainties of the prompt D -
meson pr-differential corrected yield in Pb—Pb collisions at /syy = 5.02 TeV in
the 0-10% and 30-50% centrality classes.

pr (GeV/c) ‘ 23 34 45 56 68 812 12-16 1624 24-36 36-50
‘ 0-10% centrality class

Yield extraction (%) 80 50 50 3.0 3.0 20 2.0 2.0 3.0 4.0

Selection efficiency (%) | 9.0 60 60 60 40 4.0 4.0 4.0 4.0 4.0

Prompt fraction (%) | Iy Ity T Io Dot fan N Il Imd Dl

MC pr shape (%) 50 3.0 30 1.0 10 1.0 negl. negl. mnegl. negl

Tracking efficiency (%) | 12.0 14.0 14.0 14.0 140 14.0 13.0 10.0 9.0 7.0

Branching ratio (%) 3.6

Centrality limits (%) <0.1

Total (%) e e e B 5 R e T B B 31
‘ 30-50% centrality class

Yield extraction (%) 80 50 3.0 3.0 3.0 20 3.0 3.0 8.0 —

Selection efficiency (%) | 50 3.0 30 30 30 3.0 3.0 3.0 3.0 —

Prompt fraction (%) | *[g) *i7e T, TS o Toe T MR N —

MC pr shape (%) 30 30 20 1.0 1.0 mnegl. mnegl. mnegl. negl —

Tracking efficiency (%) | 10.0 11.0 12.0 12.0 12.0 11.0 9.0 7.0 5.0 —

Branching ratio (%) 3.6

Centrality limits (%) 2.0

Total (%) [ e S SR L B R S B

the two measurements. These improvements were possible thanks to the adop-
tion of machine-learning selections and to the larger data sample collected by the
experiment.

In Fig. 6.16, the nuclear modification factor of prompt DI mesons is compared
to the average Raa of prompt DY, DT, and D** mesons in the 0-10% and 30-50%
centrality classes from Ref. [104]. The systematic uncertainties related to the track-
ing efficiency and the prompt-fraction estimation are considered as fully correlated
between the different D-meson species, and are reported separately from the other
sources of systematic uncertainty which are uncorrelated. Both nuclear modifica-
tion factors show a minimum value of about 0.2 (0.4) for pr ~ 10 GeV/c in central
(semicentral) Pb—Pb collisions. For pr < 10 GeV /¢, the Raa increases with decreas-
ing pr and reaches about unity for pr &~ 2-3 GeV/c. At pr 2 10 GeV /¢, the nuclear
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Table 6.5: Total relative systematic uncertainty of the prompt Df-meson pr-
differential Raa in Pb—Pb collisions at /sy = 5.02 TeV in the 0-10% and 30-50%
centrality classes. The normalisation uncertainty is also reported.

pr (GeV/e) 23 34 45 56 68 812 12-16 1624 24-36 36-50

0-10% centrality class

Normalisation (%) 2.2
4209 +192 4198 4200 +19.7 4196 +17.9 4210 4367 4368
Total (%) —252 —243 —259 —27.4 —27.1 -—27.3 —238  —26.6  —49.3  —496

30-50% centrality class

Normalisation (%) 3.3
+18.0 41655 +17.2 4182 4180 +17.3  +153  +19.6  +365
Total (%) —22.7 —221 —23.8 -259 —25.3 —24.9 —21.7 —25.0 —48.8 —

modification factors of prompt D and non-strange D mesons are compatible within
uncertainties in both centrality classes. In this pr region, the hadronisation is ex-
pected to be dominated by the in-vacuum fragmentation mechanism, and the most
relevant effect leading to the observed suppression is the charm-quark energy loss
in the medium. Therefore, the Raa of heavy- and light-flavour hadrons are simi-
lar, and the relative abundances of the different hadronic species are not modified
compared to pp collisions. At lower pr, the prompt Df-meson R, is systemat-
ically higher than the non-strange D-meson one. However, they are compatible
within about one standard deviation considering the combination of statistical and
systematic uncertainties.

The Raa of prompt DI and non-strange D mesons in the 0-10% and 30-50%
centrality classes are compared with theoretical calculations [110, 114, 115, 121, 277]
in Fig. 6.17. All the models considered implement the charm-quark transport in the
QGP and include an enhancement of the production of s pairs in the deconfined
medium. The charm-quark hadronisation is implemented both via recombination
with light quarks of the QGP medium, dominant at low pr, and via fragmentation,
which is dominant at high transverse momentum. The description of the D-meson
pr spectra in pp collisions, which is necessary for the R determination, is based
on FONLL calculations of the charm-quark pr spectra [60, 72, 73] for all the models.
The PHSD and LGR models adopt only the charm-quark hadronisation via frag-
mentation in pp collisions, while the Catania model includes also the mechanism
of the hadronisation via coalescence [281]. Instead, the TAMU model describes the
hadronisation in pp collisions with a statistical approach, in which the strangeness
production is suppressed with respect to heavy-ion collisions introducing a suppres-
sion factor for strange particles vs = 0.6 [282].
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Figure 6.15: pr-differential production yields of prompt D mesons in the 0-10%
and 30-50% centrality classes in Pb-Pb collisions at /sxy = 5.02 TeV compared
to the pp reference scaled by the corresponding centrality-class (Tas). The open
markers indicate where the pp reference is extrapolated. The measurements in the
30-50% centrality class are divided by a factor of ten for better visibility. Statistical
(bars) and systematic (boxes) uncertainties are shown. Figure from Ref. [193].

The considered models predict a smaller suppression of the nuclear modifica-
tion factor of strange D mesons compared to non-strange D mesons. Moreover, they
reproduce qualitatively the pr trend of the measured Raa of prompt D and non-
strange D mesons. The TAMU model describes the measurements within uncertain-
ties, with a tension for the prompt D -meson measurement in the 2 < pp < 3 GeV /¢
interval of about 1.50 of the combined statistical and systematic uncertainties. The
PHSD model describes well the measured non-strange D-meson R4, especially in
the 0-10% centrality class, while it overestimates the D -meson measurements in
the 2 < pr < 3 GeV/c interval and underestimates them for pr > 5 GeV /c. Instead,
the Catania model underestimates the measurements in the 2 < pr < 5 GeV/c in-
terval by about 20 of the combined statistical and systematic uncertainties, while
it overestimates the non-strange D-meson Raa in the 0-10% centrality class for
pr < 1.5 GeV /e, where no measurement is available for the DI mesons. The afore-
mentioned models are not expected to describe the D-meson nuclear modification
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Figure 6.16: Raa of prompt DI mesons in the 0-10% (left panel) and 30-50% (right
panel) centrality classes in Pb-Pb collisions at /syy = 5.02 TeV compared with
the one of prompt non-strange D mesons [104]. The empty (filled) boxes represent
the species uncorrelated (correlated) systematic uncertainties. The normalisation
uncertainty is represented by a filled box at Rya = 1. Figure from Ref. [193].

factor for pr > 6-8 GeV /¢, since they do not include the charm-quark interactions
with the medium constituents via radiative processes. The LGR model, which in
contrast includes gluon-radiation processes, provides a good description of the Raa
up to high transverse momenta.

To investigate the possible enhancement of the Df-meson production with
respect to D mesons without strange-quark content, the ratio between the pr-
differential yields of prompt D mesons and those of prompt D° mesons [104] was
computed. The systematic uncertainties due to the tracking-efficiency determina-
tion and those related to the estimation of the fpompt fraction were considered as
fully correlated between the measurements of DF and D° mesons, while the other
sources of systematic uncertainty were propagated as uncorrelated in the ratios.
The DS /D yield ratios in Pb-Pb collisions in the 0-10% and 30-50% centrality
classes compared to the same quantity measured in pp collisions [71] and to the
predictions of theoretical models are shown in the top row of Fig. 6.18. In the
bottom row of the Figure, the D /D ratios in Pb-Pb collisions divided by the
ones observed in pp collisions are reported. The values of the D /D ratios in the
2 < pr < 8 GeV/c region are higher in Pb—Pb collisions than in pp collisions by
about 2.3¢0 and 2.40 for central and semicentral events, respectively, considering
the combined statistical and systematic uncertainties.

The Catania model [278, 281] describes within uncertainties the DI /D° ratios
in central Pb—Pb and in pp collisions, while the PHSD model [121, 277] provides
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Figure 6.17: Raa of prompt DI mesons (left panels) and non-strange D mesons [104]
(right panels) in the 0-10% (top row) and 30-50% (bottom row) centrality classes in
Pb-Pb collisions at y/syy = 5.02 TeV compared with theoretical calculations [110,
114, 115, 121, 277]. The boxes represent the total systematic uncertainties. The
coloured bands report the theoretical uncertainties when available. Top figure from
Ref. [193].

a good description of the measurements in both centrality classes and collision
systems. Instead, the measurements are significantly overestimated by the TAMU
model [110]. The size of this overestimation is similar between the two colliding
systems, leading to a good description of the D /DY double ratios between Pb-Pb
and pp collisions, as displayed in the bottom panels of Fig. 6.18. This is consistent
with the good description by the TAMU model of the D-meson Raa, which is a
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Figure 6.18: Top panels: D /D pr-differential production ratios in the 0-10%
(left panel) and 30-50% (middle panel) centrality classes in Pb—Pb collisions at
VSn~y = 5.02 TeV and in pp collisions (right panel) at the same centre-of-mass
energy compared with theoretical calculations [110, 114, 121, 143, 277, 278, 281,

282]. Bottom panels: DF/D? pr-differential ratios in Pb-Pb collisions divided by
those in pp collisions compared with theoretical calculations. Figure from Ref. [193].

ratio of the measurements in Pb—Pb and pp collisions. The PHSD and Catania
models predict a DF/D° ratio in Pb-Pb collisions almost independent of pr for
pr < 3 GeV /e, which decreases mildly towards the pp values at higher transverse
momenta. A peak of the D} /D ratio around pr & 3-5 GeV/c is instead predicted
by the TAMU and LGR [114] models, for this latter model only the double-ratio
predictions are available. Such a peak can be motivated by the different DF- and D°-
meson masses and by the collective radial expansion of the system with a common
flow-velocity profile, which imposes an equal velocity boost to all particles in case
of complete thermalisation. Moreover, in the high-pr region, the hadronisation
via fragmentation becomes dominant, and consequently the values of the D /D
ratio are similar in Pb-Pb and pp collisions. An analogous pr shape is predicted
by the GSI-Heidelberg statistical hadronisation model (SHMc) [143] shown in the
top panels of Fig. 6.18. In the SHMc model, the pr spectra of charm hadrons are
modelled with a core-corona approach. The low-pr region is dominated by the core
contribution described with a Blast-Wave function, while the corona contribution
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Table 6.6: pr-integrated visible production yields of prompt DI mesons in the
ly| < 0.5 interval in Pb—Pb collisions at /sy = 5.02 TeV.

Centrality ‘ pr range (GeV/c) dN/dy| <05
0-10% 2-50 0.61 £ 0.07(stat)T513 (syst) £ 0.02(BR)
30-50% 2-36 0.120 + 0.010(stat) 75 0as (syst)  0.004(BR.)

Table 6.7: Total production yields of prompt DI mesons in the |y| < 0.5 interval
in Pb—Pb collisions at /sy = 5.02 TeV compared to the predictions of the SHMc
model [143].

Centrality ‘ dN/dy| <05 SHMc¢

0-10%
30-50%

1.89 £ 0.07(stat) )
0.34 £ 0.01(stat)*§

a(syst) 028 (extr) £ 0.07(BR)  2.22 £0.38
2
3

1
1
03 (syst) T o5 (extr) £ 0.01(BR)  0.344 4 0.056

is parametrised from measurements in pp collisions and is dominant at high pr.
The modification of the pt spectra due to resonance decays is described using the
FastReso package [145].

Due to the current uncertainties of the measurement in Pb—Pb collisions, no
strong conclusions can be made on the pr shape of the D /DY ratio at low and
intermediate py. However, these results provide important information on the role
of the charm-quark hadronisation via recombination in the QGP medium, and are
complementary to those deriving from the simultaneous comparison of the D-meson
Raa and v, coefficients [104, 109].

The visible production yield of prompt DI mesons was calculated by integrat-
ing the pr-differential corrected yield over the transverse-momentum interval of
the measurement. The systematic uncertainties were propagated as fully corre-
lated between the different pr intervals, except for the uncertainty on the raw-yield
extraction, as detailed in Section 6.6.7. The resulting visible production yields are
reported in Tab. 6.6 for the 0-10% and 30-50% centrality classes. In addition,
the corrected yield was extrapolated in the 0 < pr < 2 GeV/c interval to obtain
the total pr-integrated production yield. To this end, the measured pr-differential
DS /DY ratio was fitted using the shape predicted by the PHSD model and keep-
ing the normalisation free to vary. The resulting D /D° ratio extrapolated to
pr < 2 GeV/c is about 0.29 (0.27) in central (semicentral) Pb—Pb collisions. It
was then multiplied by the D%meson yield measured in the same pr region [104],
which is about 4.38 (0.84), to compute the extrapolated Df-meson yield, which
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Figure 6.19: Total pp-integrated production yields of prompt D° DT, D** [104],
and DI mesons in central (left panel) and semicentral (right panel) Pb—Pb col-
lisions compared to SHMc model predictions [143]. Statistical (bars), systematic
(empty boxes) and extrapolation (shaded boxes) uncertainties are shown for the
data. The continuous lines report the central values of the SHMc predictions, while
the uncertainties are represented by the filled boxes.

corresponds to 1.28 (0.22) for the 0-10% (30-50%) centrality class. The extrapo-
lated Df-meson yield in the 0 < pp < 2 GeV/c interval accounts for about 70%
of the total production yield. An uncertainty was assigned to the extrapolation
procedure. It was estimated by repeating the extrapolation of the D /D° ratio
using the pr shapes provided by the TAMU, Catania and SHMc models. The total
pr-integrated production yields of prompt D mesons at midrapidity for the 0-10%
and 30-50% centrality classes are reported in Tab. 6.7. They are compatible within
uncertainties with the predictions of the SHMc model, similarly to what observed
for the D% D%, and D*T mesons [104]. Figure 6.19 reports the total production
yields of prompt D° DT, D**, and D} mesons in central and semicentral Pb-Pb
collisions compared with the respective SHMc model calculations. The agreement
between the measurements and the SHMc predictions suggests that low-pr charm
quarks, which determine the total yield, could be thermalised in the QGP.
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Chapter 7

Prompt D;’ -meson elliptic flow in
Pb—Pb collisions at /snyN = 5.02
TeV

In this Chapter, the measurement of the prompt DI -meson elliptic flow, vy, in
semicentral Pb-Pb collisions at /syn = 5.02 TeV is reported. The measurement
of the azimuthal anisotropy of prompt D mesons provides insights into the degree
of thermalisation of charm quarks in the QGP medium and their participation in
the fireball collective motion. Moreover, the comparison of the elliptic flow of D
and non-strange D mesons could provide sensitivity to the transport properties
of the hadronic-phase, since DI mesons are expected to decouple early from the
hadron gas and thus to not acquire additional v, in the late hadronic stages [142].
The measurement shown in this Chapter was published in Ref. [193]. The analysis
procedure for the vy determination, which is described in the following, is the same
as the one adopted for the measurement of the non-strange D-meson elliptic flow
reported in Ref. [109].

7.1 Scalar-product method for the elliptic-flow
measurement

The azimuthal anisotropy of the particle-yield distribution is usually studied

through a Fourier decomposition in the particle azimuthal angle ¢ with respect to

the initial-state symmetry-plane angle. The elliptic flow vy is the second coefficient
of this decomposition, and it is defined as

vz = (cos[2( — V)], (7.1)

where W, is the 2"d-harmonic symmetry-plane angle, and () signals the average
over all particles and events.
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The initial-state symmetry-plane angle W, is not experimentally accessible. It
can be estimated by the determination of the event-plane angle for the 2°¢ harmonic
19, which is calculated starting from the so-called flow vector Q,. The Q. vector is
calculated from the measured azimuthal angles of particles produced in the event
as

M
Q, =) w;e. (7.2)
j=1

When the @, vector is obtained using a tracking detector, as the TPC, the sum
runs over the reconstructed tracks, ¢; is the azimuthal emission angle of the ;™
track, and w; is the weight assigned to the track. In the case of segmented de-
tectors, as the VOA and VOC, the sum runs over the various segments, ¢, is the
azimuthal angle of the j*™ detector segment, and w; is the measured signal am-
plitude, which is proportional to the number of charged particles collected in that
segment. The event-plane angle 15 is computed from the Q,-vector components as
Yo = tan"1(Qay/Q2.2) /2.

In the analysis presented in this Thesis, the elliptic flow was estimated using
the scalar-product (SP) method, which does not rely on the explicit calculation
of the event-plane angle. Instead, this method provides the vy coefficient directly
from the correlation between the @, vector and the direction of the particle of
interest [283, 284]. The three-subevent formula was used to estimate the resolution
on the ¢y or equivalently on the @Q,. The Df-meson elliptic flow was computed as

Ax
({e=-575))
MA
UQ{SP}: A B A C 7 (73)
<Q2. 2*><Q2. 2*>
MA  MB MA  MC
<Q]§.§*>
MB  MC

where uy = ¢2#P is the unit flow vector of the D -meson candidate with azimuthal
angle ¢p, QX is the 2"d-harmonic flow vector for the subevent k, and M* represents
the subevent multiplicity. For tracking detectors, M* corresponds to the particle
multiplicity in the considered subevent, while for segmented detectors it is the
sum of the amplitudes measured in the channels that compose the subevent k. The
single bracket () in the Equation denotes the average over all events, wile the double
brackets (()) indicate the average over all particles in the pr interval of interest and
all events.
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7.2 Subevent configuration and resolution

The detectors used to estimate the @, vectors for the prompt Df-meson v,
measurement were the TPC and VO detectors. The three independent subevents
required for the computation of Eq. (7.3) were defined from:

o the charged-particle tracks reconstructed in the TPC, which has a pseudora-
pidity coverage of |n| < 0.8;

o the amplitudes in the VOA detector, which covers the 2.8 < n < 5.1 interval;

o the amplitudes in the VOC detector, which covers the —3.7 < n < —1.7
interval.

The VOC was chosen to define the main subevent, indicated as A in Eq. (7.3),
while the TPC and VOA detectors were used to define the other two subevents, B
and C, which enter only in the equation denominator. The adoption of the VOC
detector guarantees a pseudorapidity gap larger than 0.9 units, |An| > 0.9, between
the pseudorapidity interval of the particles entering the definition of the main Q,
vector and that of the DI mesons, |n| < 0.8, which were measured at midrapidity.
This pseudorapidity gap assures a substantial reduction of non-flow contributions
which could bias the elliptic-flow measurement. Non-flow contributions are caused
by correlations between the emission azimuthal angles of particles induced by jet
production and particle decays, thus not deriving from the collective expansion of
the system which is the phenomenon of interest. The VOA detector would provide
a larger pseudorapidity gap, |An| > 2, than the VOC and in principle a possible
further suppression of non-flow contributions. However, its adoption was observed
to lead to larger statistical uncertainties, as will be discussed in Section 7.5.2. Fi-
nally, the subevent obtained from the TPC detector covers the same pseudorapidity
interval as the measured DI mesons, and cannot be employed as main subevent.

The Q, vectors were corrected to account for the non-uniform acceptance of the
detectors in the azimuthal direction, which could introduce artificial correlations
and bias the measurement [285]. For the subevent based on the TPC detector,
a uniform track distribution as a function of ¢ was obtained by assigning per-
track weights, which were estimated independently for each data-taking run to
consider the variation of the detector conditions. In the case of the VOA and VOC
detectors, the raw signal amplitudes of each channel were standardised through
a gain equalisation. Moreover, the @, vectors were shifted to centre at zero the
distributions of the @2, and ()2, components. These corrections were applied
independently for each data-taking run and as a function of the primary-vertex
position in the z direction. More details on the Q,-vector calibration can be found
in Ref. [251].

The denominator of Eq. (7.3), which will be referred to as the scalar-product
resolution Ry in the following, was computed using the subevent configuration

175



Prompt D -meson elliptic flow in Pb—Pb collisions at \/sxn = 5.02 TeV

T ‘ T ‘ TTT ‘ 1T ‘ T ‘ TTT ‘ TTT ‘ T T TTT
. This Thesis 1
- 30-50% Pb-Pb, \s\, = 5.02 TeV .

0.05

_T._*-#ﬂm

F@——0— -

Scalar-product resolution
o
o
=~
x
|

0.01- )
I — Integrated value = (4.3849 + 0.0003) x 10 7

30 32 34 36 38 40 42 44 46 48 50
Centrality (%)

Figure 7.1: Scalar-product resolution of the VOC detector as a function of the
centrality sub-interval for Pb-Pb collisions at /sy = 5.02 TeV in the 30-50%
centrality class. The red line displays the centrality-integrated SP resolution with
its statistical uncertainty.

described above and the sample of semicentral Pb-Pb collisions collected by the
experiment. The SP-resolution values estimated in 1%-wide centrality intervals
within the 30-50% centrality class are reported in Fig. 7.1, together with the res-
olution obtained considering the full sample of semicentral events, whose value
amounts to (4.3849 £ 0.0003) x 1072, The SP resolution of the VOC detector shows
a slight centrality dependence within the 30-50% centrality class, and increases
from more central to more peripheral collisions. This trend is determined by the
interplay between the event multiplicity and the event eccentricity. The first one
decreases from more central to more peripheral collisions inducing a reduction of
the SP resolution. The second one increases instead, leading to an opposite effect.

The possible systematic uncertainty due to the centrality dependence of the
SP resolution was estimated by calculating the resolution as a weighted average
of the values obtained in the 1% centrality intervals. The weights were defined
by the D-meson raw yields measured in the narrow centrality intervals. A relative
systematic uncertainty of 0.5% was assigned by considering the difference between
the SP resolution resulting from the weighted average and the one calculated using
all the events in the 30-50% centrality class [109, 251].
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7.3 Extraction of the D:-meson Vo

The elliptic flow of D} mesons in the 30-50% centrality class was measured
for six transverse-momentum intervals in the range 2 < pr < 24 GeV/e. The
elliptic flow was extracted from a data sample of Df-meson candidates that satisfy
the single-track selection criteria listed in Section 4.2.1, and the conservative PID
strategy, which is detailed in Section 4.2.2. The large combinatorial-background
contribution was suppressed by employing the same BDTs trained for the Raa
measurement in the 30-50% centrality class, and by adopting the same threshold
values on the BDT output. More details are reported in Section 6.1. As for the
measurement of the nuclear modification factor, the application of the BDT models
on the full data sample of Pb—Pb collisions collected by the ALICE experiment was
performed on the Grid.

The sample of selected D -meson candidates was composed of both signal and
background, thus it was not possible to obtain the D -meson elliptic flow directly
with the scalar-product method. Therefore, the anisotropic flow coefficient vi°t,
relative to both signal and background candidates, was measured using Eq. (7.3) in
narrow invariant-mass intervals. It was then expressed as a weighted sum of the el-
liptic flow of real Df-meson decays, v, and that of the combinatorial background,
vy [286], according to the following equation

() = N¥&(M)v5"® + NPR(M)vy (M) + NP7 (M)vp”
vz - Nsie(M) + NPke(M) + ND* (M) ’

(7.4)

where N®%® and N"*¢ are the signal and background raw yields, respectively. To
account for the contribution of the D™ — ¢t — K~K*7t™ decays to the measured
it distribution, another free parameter v with the corresponding raw yield NP
was included. The background vy is defined as a function of M, since it usually
depends on the invariant mass.

The elliptic flow coefficients were extracted for each pr interval from a simul-
taneous fit to the invariant-mass distribution of Df-meson candidates and the v§°*
values as a function of the invariant mass. The fit of the invariant-mass distribu-
tion was performed with two Gaussian functions to describe the D -meson signal
peak and the peak deriving from the D™ — ¢t — K-K*7t™ decays, while an ex-
ponential term was used to describe the background. The v3® was obtained from
the fit to the vi°*(M) distribution by using the function defined in Eq. (7.4), in
which N¥&(M), NP2(M), and NP" (M) are the parameters in common with the
invariant-mass distribution in the simultaneous fit. In the fit, a linear function
was employed to describe vgkg(M ). Figure 7.2 reports the simultaneous fits to the
invariant-mass and vi°*(M) distributions of DI mesons in the pr intervals in which
the analysis was performed. A wider binning was adopted for v5°*(M) in the side-
bands, to reduce the statistical fluctuations in a region where the elliptic flow is

dominated by the background component.
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Figure 7.2: Invariant-mass and v (M) distributions of D} -meson candidates in the
30-50% centrality class for the pr intervals in which the analysis was performed.
The solid blue and dotted red curves show the total and combinatorial-background
fit functions, respectively. The extracted values of v5® are also reported together
with their statistical uncertainties.

7.4 Correction for non-prompt Df-meson contri-
bution
The extracted D} -meson elliptic flow is a mixture of the contribution of prompt

mesons and the one of non-prompt mesons from beauty-hadron decays. Hence, the
measured v5® can be expressed as a linear combination of the two contributions as
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7.4 — Correction for non-prompt DF-meson contribution

follows
sig prompt non-prompt
Vg™ = fpromptvz + (1 - fprompt)vz s (75)
t - £ 1
where v5 ™" and vy """ indicate the prompt and non-prompt DF-meson el-

liptic flow, respectively, and forompt is the fraction of prompt DI mesons in the
extracted signal. To solve the equation, an assumption is necessary for the v, of
non-prompt D -mesons, which was not measured so far. For the calculation of the
central value of v5" ™", the assumption v5*" """ = P! /2 wwas considered. This
hypothesis was based on the elliptic-flow measurements of prompt and non-prompt
J/P mesons by the ATLAS and CMS Collaborations [287, 288], and on the pre-
dictions of theoretical models [289-291], which indicate a v5" ™" comprehended
between zero and v5™™". Using the aforementioned assumption, the vy of prompt

D7 mesons was obtained from the measured v3® rewriting Eq. (7.5) as

2588
prompt — 2 ) 7.6
2 1 + f prompt ( )

The systematic uncertainty related to the choice of the v5" ™" value was es-

timated by considering a flat distribution of the non-prompt elliptic flow in the

- t t . - t
0 < vy POMPE < TP interval. Therefore, the central value of vy """ was

varied by £v5" """ /v/12, which corresponds to one standard deviation.

The procedure adopted to estimate the prompt fraction was the same as that
used for the measurement of the prompt D -meson nuclear modification factor in
Pb-Pb collisions, which is described in Section 6.4. The fpompt fraction was com-
puted for the different pr intervals of the analysis employing the following ingredi-
ents: the beauty-hadron production cross section from FONLL calculations [72, 73],
the f(b — H,) fragmentation fractions measured in Z — bb decays [6], the de-
scription of the Hy, — DI 4+ X decays from the PYTHIA 8 package [82, 168], the
acceptance-times-efficiency factor for non-prompt D mesons estimated from the
MC simulations introduced in Section 4.3, and the assumption on the nuclear mod-
ification factor RN P = REY™'. The systematic uncertainty on the fprompt
fraction was computed varying the parameters of the FONLL calculations, and the
assumed non-prompt Df-meson Raa between 1/3 and 3 times the prompt DI -
meson one. More details are reported in Section 6.6.3.

In the left panel of Fig. 7.3, the forompt fraction is shown as a function of pr,
together with its systematic uncertainty. The v3® and v5"™" values are reported
as a function of pr in the right panel of the Figure. The systematic uncertainties
deriving from the correction for the non-prompt DF-meson contribution are also
shown. This correction leads to a larger prompt vs than the extracted one by about

5-7%, while the absolute values of the systematic uncertainty range between 9020

and 15039 depending on pr.
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Figure 7.3: Left panel: f,ompt fraction used to correct the measured elliptic flow
as a function of pr. The orange band indicates the systematic uncertainties. Right
panel: comparison of the measured vy, containing both prompt and non-prompt,
and the prompt Df-meson vy as a function of pr. The systematic uncertainties
related to the correction for the non-prompt contribution are reported by the boxes.

7.5 Systematic uncertainties

The sources of systematic uncertainty affecting the measurement of the prompt
Di-meson vy coefficients are the following: (i) the elliptic-flow extraction from
the fits to the invariant-mass and v{°(M) distributions, (ii) the correction for
the presence of non-prompt D mesons, and (iii) the centrality dependence of the
scalar-product resolution. The estimation procedures and the assigned systematic-
uncertainty values for the latter two contributions were presented in Sections 7.4
and 7.2, respectively. Moreover, no dependence of the selection efficiency from the
Df-meson azimuthal direction was observed, thus no contribution was added to
the systematic uncertainty. A p-dependent selection efficiency would introduce an
artificial modulation of the measured particle-yield distribution in the azimuthal
direction, leading to a biased result. Finally, possible systematic effects due to
non-flow contributions and the residual miscalibration of the Q, vectors were in-
vestigated, and they were found to be negligible as will be discussed in the following.

7.5.1 Fitting procedure

The systematic uncertainty due to the elliptic-flow extraction was estimated
with a multi-trial approach, i.e., by repeating the simultaneous fit to the invariant-

mass and v°*(M) distributions using various fit configurations. The alternative fit
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Figure 7.4: Left panel: distribution of the v, residuals, v, — vi®f, obtained from the

different trials in the 2 < pr < 4 GeV/c interval for semicentral Pb—Pb collisions.
The distributions obtained using a linear (blue) or parabolic (green) function to
describe the background elliptic-flow vgkg(M ) are reported separately. Right panel:
mean and RMS of the multi-trial residual distribution as a function of py. The
yellow band indicates the assigned systematic-uncertainty values.

configurations were obtained considering: five different upper and lower limits of
the invariant-mass range, five different bin widths of the invariant-mass and v°*(M)
distributions, three combinatorial-background functional forms (linear, exponential,
and parabolic) for the invariant-mass fit, and linear and parabolic functions to
describe the vy(M) of the combinatorial background.

The D -meson elliptic flow was extracted for each alternative fit configuration
and the residual with respect to the reference value, v, — v, was computed. As an
example, the residual distribution obtained from the different trials in the 2 < pr <
4 GeV /c interval is shown in the left panel of Fig. 7.4. The trials which presented
a poor fit quality, i.e., x*/ndf > 2, were not included in the distribution and
were not considered for the systematic-uncertainty estimation. In the Figure, the
distributions of the trials with a linear and parabolic description of the background
vy are reported separately, and are similar between each other. The systematic
uncertainty was assigned taking into account the RMS and shift from zero, when
it was relevant, of the residual distribution in each transverse-momentum interval.
In the right panel of Fig. 7.4, the mean of the residual distribution is displayed as
a function of pr, while the distribution RMS is represented by the vertical bars.
The absolute systematic uncertainties assigned are reported as a yellow band, and
range between (.01 and 0.03 depending on pr.
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7.5.2 Residual miscalibration and non-flow effects

A systematic bias of the elliptic-flow measurement due to spurious correlations
can be induced by residual miscalibrations in the corrections for the detector non-
uniform acceptance, which have been presented in Section 7.2. The effect of the
residual miscalibrations was studied by calculating the product of the orthogonal
components between the unitary flow vector uy of DF mesons and the main Q,
vector, which was obtained using the VOC information. The computed quantities
were Ug, X Q;{gc and ug, X QX?CC, which are expected to be equal to zero for
symmetry reasons if the @, vectors are perfectly calibrated. The average values
of the aforementioned products were obtained through simultaneous fits to the
invariant-mass distribution of Df-meson candidates and their values in invariant-
mass intervals, with a procedure similar to the one used to extract the Df-meson
elliptic flow. In the left panel of Fig. 7.5, the sum of the average values of the
two products divided by the SP resolution Rs is shown as a function of pr. The
measured values are compatible with zero considering their uncertainties. Larger
discrepancies are observed at high transverse momenta where statistical fluctuations
are more relevant. The same study was performed for the measurement of the
elliptic flow of D°, DT, and D** mesons, which are more abundantly produced and
thus are characterised by smaller statistical uncertainties, showing no systematic
effects [109, 251]. This confirms what is observed for the DI mesons. Therefore,
the bias due to residual miscalibrations was considered to be negligible, and no
systematic uncertainty was assigned.

Another possible source of systematic bias on the prompt Df-meson vy is the
non-flow contribution. This possible bias was investigated by repeating the mea-
surement of the elliptic flow defining the main subevent using the VOA detector
instead of the VOC detector. The VOA provides a pseudorapidity gap of |An| > 2
with respect to the DI mesons reconstructed at midrapidity, which is larger than
the one obtained with the VOC, as discussed in Section 7.2. Thus, its employment
should further reduce the non-flow effects if present. The prompt DI -meson ellip-
tic flow measured with the two configurations are compared in the right panel of
Fig. 7.5. The two measurements are compatible within uncertainties. This observa-
tion is in agreement with measurements of the elliptic flow of light-flavour hadrons
and non-strange D mesons, which have a much higher statistical precision, where no
differences between the 0.9 and 2 pseudorapidity gap are noticed [44, 109]. For the
aforementioned reasons, no systematic uncertainty was assigned. The vy obtained
with the VOA detector has larger statistical uncertainties of about 10-20% than the
VOC one depending on pr. This is due to the worse SP resolution obtained using
the VOA detector with respect to the VOC one. The VOA detector cover a more
forward pseudorapidity region where the particle multiplicity is smaller. Therefore,
the number of particles within its acceptance and available for computing the Q,
vector is lower than for the VOC detector.
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Figure 7.5: Left panel: estimated values of the bias due to residual miscalibrations
of the Q, vectors as a function of pr. Right panel: comparison of the prompt D7 -
meson elliptic flow measured using the VOC (orange) and VOA (green) detectors to
build the main subevent in semicentral Pb-Pb collisions at /sy = 5.02 TeV.

7.5.3 Systematic uncertainty summary

The systematic uncertainties on the measured prompt DI -meson elliptic flow in
semicentral Pb—Pb collisions at /sxy = 5.02 TeV are summarised in Tab. 7.1. The
absolute values of the total systematic uncertainty are also reported. They were
obtained by summing in quadrature the different contributions.

Table 7.1: Summary of the systematic uncertainties of the prompt D -meson vy in
semicentral Pb—Pb collisions at /sxy = 5.02 TeV. The total absolute systematic
uncertainty is also reported.

pr (GeV/c) 24 46 68 812 12-16 16-24
M and vs fits 0.0l 001 001 001 002 003
Non-prompt contribution | 79667 0000 To036 0003 T0.006  -0.005
SP resolution 0.001 0.001 0.001 0.001 0.001 0.001
Total 10013 0011 Toot2 T00ts ‘002 o032
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Figure 7.6: Prompt D} -meson elliptic flow measured in semicentral Pb—Pb colli-
sions at /sy = 5.02 TeV obtained in this Thesis (orange diamonds) compared
with the previous measurement of the ALICE Collaboration (blue squares) in the
same collision system and centrality class [240].

7.6 Results

The measured v, of prompt D} mesons in Pb-Pb collisions at /syny = 5.02 TeV
in the 30-50% centrality class is shown in Fig. 7.6. It is compared to the previous
measurement of the ALICE Collaboration [240] in the same collision system and
centrality class, which was obtained analysing the data sample of Pb—Pb collisions
collected in 2015. The two results are in agreement within the statistical and
systematic uncertainties. Compared with the previous measurement, the D -meson
elliptic flow was measured in a larger transverse-momentum region, which extends
up to 24 GeV/c. Furthermore, the statistical uncertainties are greatly reduced by
up to a factor four thanks to two different factors. The first one is the larger data
sample of semicentral Pb—Pb collisions collected in 2018 of about 85 million events,
while the 2015 data sample was composed of about 21 million events only. The
second factor is the more advanced analysis technique based on machine learning
employed for the D -meson candidate selection. The systematic uncertainties are
also significantly smaller at low pr due to the more stable signal extraction.

A positive prompt DI -meson elliptic flow is observed in the 2 < pr < 8 GeV /¢
interval with a significance of 6.40, considering as null hypothesis v = 0. This
significance value was obtained by shifting down the measured v, by the systematic
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Figure 7.7: Left panel: elliptic flow of prompt DI mesons (orange diamonds) in
Pb-Pb collisions at /syy = 5.02 TeV in the 30-50% centrality class compared with
that of non-strange D mesons [109] (grey circles). Right panel: prompt Df-meson
vy compared with theoretical calculations of the TAMU [110] (red) and PHSD [121]
(green) models. Figure from Ref. [193].

uncertainties due to the non-prompt D -meson contribution and the scalar-product
resolution, which were considered to be fully correlated among the different pr
intervals. Then, the probability to observe the measured v, given the null hypothesis
was computed summing in quadrature the statistical uncertainty and the systematic
one due to the fitting procedure, which was considered as uncorrelated with pr.
Finally, the probabilities in each pr interval were combined to obtain the final
result.

Figure 7.7 displays the prompt Df-meson elliptic flow compared with the one
of prompt non-strange D mesons [109], average of D°, D™, and D**, and with the
predictions of the TAMU [110] and PHSD [121] models. The observed positive vy of
promptly produced strange and non-strange D mesons confirms that charm quarks
participate in the collective expansion of the system, and that they are at least
partially thermalised in the QGP medium. The prompt Df-meson elliptic flow
is in agreement with the one observed for the non-strange D mesons, and within
the current uncertainties no conclusion can be drawn on the possible difference
between the two. This difference would be motivated by the different D-meson
masses, the charm-quark hadronisation via coalescence with strange quarks of the
medium instead of light quarks [147], and different interactions in the hadronic
phase [142]. The theoretical model of Ref. [142] predicts a difference between the
strange and non-strange D-meson vy of up to 30%, which is smaller than the current
measurement uncertainties. Therefore, to obtain evidence on the possible effect of
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the hadronic interactions, the larger data samples of Pb—Pb collisions that will be
collected by the ALICE experiment in Run 3 and 4 are needed.

The measured D -meson elliptic flow is in agreement within uncertainties with
the predictions of the TAMU and PHSD models which implement the charm-quark
transport in a hydrodynamically-expanding medium, and that include the charm-
quark recombination with flowing strange quarks of the medium. These models
would significantly underestimate the measured vy if the hadronisation via recom-
bination would not be considered, and only the charm-quark hadronisation via
fragmentation was adopted. Hence, the measurements of the D -meson produc-
tion and elliptic flow provide a consistent indication of the role of the hadronisation
via recombination at low and intermediate pr.
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Chapter 8

Conclusions

In this Thesis, the measurements of the production cross section of prompt
and non-prompt (i.e., from beauty hadron decays) D mesons in pp collisions at
a centre-of-mass energy of /s = 5.02 TeV were presented, together with the mea-
surements of the prompt D -meson production yield and azimuthal anisotropy in
Pb-Pb collisions at centre-of-mass energy per nucleon pair of \/syn = 5.02 TeV.
The DI mesons were reconstructed at midrapidity in the DI — ¢t — K- K*7th
decay channel, and the analyses leveraged on the displacement of the decay ver-
tices from the interaction point. Supervised machine-learning algorithms, namely
Boosted Decision Trees, were adopted to perform the particle-candidate selection by
rejecting the combinatorial background and, in the case of the analysis in pp colli-
sions, by separating prompt from non-prompt DI mesons. These machine-learning
tools proved crucial to fully exploit the potential of the data samples collected by
the ALICE experiment, and they enabled performing the non-prompt D -meson
measurement.

The measurement of the prompt D -meson pr-differential cross section in pp
collisions has significantly smaller uncertainties and is extended to lower pr with re-
spect to the previous result obtained from the same data sample, which was based
on linear selections. The prompt DI -meson cross section is described by pQCD
calculations. The non-prompt one is well in agreement with FONLL+PYTHIA 8
calculations, while it is underestimated by the GM-VFEFNS predictions due to the
description of the beauty-hadron decays to D} mesons. The charm- and beauty-
quark fragmentation fraction ratios, f/(fu+ fa), are compatible between each other
and with previous measurements at different centre-of-mass energies and in differ-
ent collision systems. This supports the picture of a universal fragmentation of
heavy-flavour quarks into mesons, which instead does not hold in the case of frag-
mentation into baryons. The measured bb production cross section at midrapidity
is in agreement with FONLL and NNLO calculations, similarly to what observed
for the c¢ production cross section.

In Pb—Pb collisions, a strong suppression of the D -meson nuclear modification

187



Conclusions

factor at intermediate and high pr is observed due to the charm-quark energy loss
in the QGP. The suppression increases with increasing collision centrality. The
D /D production-yield ratio is higher than that measured in pp collisions in the
2 < pr < 8 GeV/c interval with a significance slightly larger than 20 in both
centrality classes. This hints to an enhancement of the D -meson production in
heavy-ion collisions due to charm-quark hadronisation via recombination with light-
flavour quarks in the strangeness-rich medium. The measurements of the Df-
meson Ras and the DI /DO ratio are described by charm-quark transport models
that include the hadronisation via recombination, while the pr-integrated yield of
prompt D mesons is compatible with the prediction of the statistical hadronisation
model for charm quarks (SHMc). In semicentral Pb—Pb collisions, a positive prompt
Df-mesons elliptic flow is observed with a significance of 6.40 in the 2 < pp <
8 GeV/c interval, thanks to the improved measurement precision compared to the
previous result. This observation points to a participation of charm quarks in
the QGP collective motions. The prompt Df-meson vy is also compatible with
the non-strange D-meson one. Moreover, it is described by TAMU and PHSD
model calculations, which include the charm-quark transport in the QGP and the
hadronisation via recombination.

The results reported in this Thesis contribute to give insights into the production
of charm and beauty mesons in pp collisions. Moreover, they represent the most
precise measurement of prompt Df-meson production in heavy-ion collisions at
LHC energies to date, providing valuable information on the modification of the
hadronisation mechanism in the deconfined medium. However, the current precision
of the measurement does not permit final conclusions on the enhancement of the
charm-strange meson production in heavy-ion collisions. The larger data samples
that will be collected by the upgraded ALICE detector in Run 3, accompanied by
machine-learning techniques similar to those adopted in this Thesis, will have the
potential to further improve and extend to lower pr the measurements of prompt
and non-prompt DI mesons in all collision systems. In addition, direct studies of
B-meson production in pp and Pb—Pb collisions will be feasible.
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