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Abstract

The inclusive J /9 elliptic (v9) and triangular (vs) flow coefficients measured at for-
ward rapidity (2.5 < y < 4) in Pb-Pb collisions at \/syy = 5.02 TeV using the
ALICE detector at the LHC are reported. The entire Pb—Pb data sample collected
during Run 2 is employed, amounting to an integrated luminosity of 750 ub~! at
forward rapidity. The results are obtained using the scalar product method and are
reported as a function of transverse momentum pr and collision centrality. The cen-
trality averaged results indicate a positive J/1 vz with a significance of more than
50 at forward rapidity in the pr range 2 < pr < 5 GeV/c. The forward rapidity
vg, U3, and v3/vs results at low and intermediate pr (pr < 8 GeV/c) exhibit a mass
hierarchy when compared to pions and D mesons, while converging into a species-
independent behavior at higher pr. At low and intermediate pr, the results could
be interpreted in terms of a later thermalization of charm quarks compared to light
quarks, while at high pr, path-length dependent effects seem to dominate. The J /v
vy measurements are further compared to a microscopic transport model calculation.
Using a simplified extension of the quark scaling approach involving both light and
charm quark flow components, it is shown that the D-meson v, measurements can
be described based on those for charged pions and J /1 flow.

The first measurement of the Y(1S) elliptic flow coefficient is also reported at
forward rapidity (2.5 < y < 4) in Pb-Pb collisions at /sy = 5.02 TeV. The
results are also obtained with the scalar product method and are reported as a
function of transverse momentum up to 15 GeV/c in the 5-60% centrality interval.
The measured T(1S) vy is consistent with both zero and with the small positive
values predicted by transport models within uncertainties. The vy coefficient in
2 < pr < 15 GeV/c is lower than that of inclusive J/¢ mesons in the same pr
interval by 2.6 standard deviations. These results, combined with earlier suppression
measurements, are in agreement with a scenario in which the T(1S) production in
Pb-Pb collisions at LHC energies is dominated by dissociation limited to the early
stage of the collision whereas in the J/¢ case there is substantial experimental
evidence of an additional regeneration component.
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General introduction

What is matter made of? What are the laws that govern our world? What is
the origin of the Universe? These fundamental questions are certainly those which
have animated physicists for many years, and which remain. Quarks and gluons as
elementary particles, went on to become the constitutive “bricks” of neutrons and
protons (nucleons), what the matter is mainly made of. Due to a strong interaction,
these particles are confined inside atomic nuclei. However at high energy or temper-
ature, this interaction becomes weaker and weaker, and then it becomes impossible
to see any kind of bricks assembly.

One of the most ambitious program from the high energy nuclear physics com-
munity is certainly trying recreate on earth the unique conditions that have been
existed in the first microseconds of our universe. This program would not have
emerged without the great prowess of particle accelerators and electronic develop-
ments during the last decades, which were able to produce many collisions of nuclei
at unprecedented high energies. Based on our current knowledge and observations,
the early universe had to be an extremely dense and super-hot liquid, where all the
existing elementary constituents were deconfined, which means evolving like quasi-
free particles. Recreating such a state in the lab, requires a great collaborative,
scientific and technical effort. In particular there is one place on earth where these
conditions are met together, and it is located at the Large Hadron Collider near
Geneva, at the Franco-Swiss border. Four experiments using the LHC beams study
the results of collisions of ultra-relativistic systems with a very high center-of-mass
energy.

The idea behind one of these experiments, ALICE, is to recreate the exotic pri-
mordial “soup of elementary particles” known as quark-gluon plasma that appeared
microseconds after what the so-called Big-Bang. In order to achieve its goals, the
experiment started in 2010, colliding the nuclei of lead atoms inside the LHC’s cir-
cular tunnel to produce incredibly dense and hot fireballs of subatomic particles at
over 10 trillion °C. The lifetime of this state is extremely short, roughly ~ 107%3s,
hence it is clear that we can not study it directly. Instead, we have to wait until
the moment when its temperature becomes low enough (~ 2 trillion of °C) so that
many particles (called mesons and baryons) are produced from the quarks and glu-
ons, and then these resulting particles can be tracked and measured in our detectors.
The study of different particle species and their production in such ultra-relativistic
heavy-ion collisions allows us to go back to the quark-gluon plasma properties. In
addition, the production of rare heavy quarks in the very early stages makes also
possible to probe the microscopic transport properties and the fluid dynamics, so
particular to this state.
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In this manuscript, the first chapter defines succinctly the main concepts related
to the study of matter at very high energies. In particular, the important points
associated to the strong interaction, the evolution of an ultrarelativistic heavy-ion
collision, the plasma of quarks and gluons, its hydrodynamics behavior are described.
Then, the theoretical basis and the previous experimental results are outlined em-
phasizing the interest of anisotropic flow measurements, heavy quarks and quarkonia.
The second chapter presents the ALICE experimental setup which among other sub-
detectors, disposes of a forward muon spectrometer, this thesis work is devoted to
exploit its performances to detect dimuons in order to measure quarkonia. The third
chapter addresses the general analysis techniques and the event calibration used to
produce the results. The fourth chapter presents the main part of the flow-specific
data analysis, which contains the different steps leading to the final measurements,
from the event and track selection criteria, to the quarkonium raw yield extraction
and azimuthal anisotropy measurements, to Monte Carlo studies and systematic
uncertainties determination. In the fifth chapter, the final results obtained in this
thesis are presented. The measured experimental data are compared to theoreti-
cal calculations from various models, the interpretations that emerge are discussed.
Finally, the results of this thesis will be briefly condensed into a general conclusion.



ALICE, Figure: https:/cds.cern.ch/record/1477949

Chapter 1

Introduction to high energy
nuclear physics

In this introduction chapter, the basic framework within which the phenomenom
of anisotropic flow associated to the quarkonium states can be studied and under-
stood is presented. The starting point is about the basics of the Standard Model
of particles physics and the theory describing the cohesion of matter, the interac-
tions between quarks and gluons via the strong force, the quantum chromodynamics
(QCD). The second section describes how the ultrarelativistic heavy-ion collisions at
LHC can be used to study the strong interaction and the matter under extreme con-
ditions. In the third section, the quark-gluon plasma (QGP) is introduced, a state of
matter existing only at extremely high temperature and energy density. The fourth
section explains how the anisotropic flow phenomena emerge in the relativistic hy-
drodynamics framework. Then, the basic methodology to extract anisotropic flow
coefficients is described. Finally, the heavy-quark properties, from their initial pro-
duction to their bound states are introduced. The natural units c = h = kg = 1 and
the Minkowski metric ¢g*” = diag(1,—1,—1,—1) are used throughout this chapter.

Contents
1.1 Exploring matter under extreme conditions . ... ... 14
1.2 Ultrarelativistic heavy-ion collision evolution. . . . . . . 18
1.3 Accessing the quark-gluon plasma properties. . . . . . . 20
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1.6 Heavy-quark dynamics and hadronization. . . .. .. .. 35
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14 CHAPTER 1. INTRODUCTION TO HIGH ENERGY NUCLEAR PHYSICS

1.1 Exploring matter under extreme conditions

The matter inside and around us, from the biggest star in the space to the smallest
visible grain, is composed of a large amount of atoms. These objects have been
known for nearly a century, the atom size is roughly 107° m, it is made of elec-
trons “orbiting” via electromagnetic force around the nucleus, which is composed of
protons and neutrons, with a size of the order of 107> m. However, in the 60s,
experimental physicists [1] discover that the nucleons (protons and neutrons) are
composite systems made of elementary particles called quarks, interacting together
via the strong force, which holds also the nucleons inside the nucleus.

The Standard Model is one of the successful tools that began to be developed
[2, 3] to describe the three main interactions observed in our Universe. This model
attempts to explain matter in the simplest way in terms of elementary particles and
their interactions. From this point of view, matter is composed of particles divided
in two types: the fermions which are particles that follow Fermi-Dirac statistics and
have fractional spin (these particles obey to the Pauli exclusion principle), and the
bosons which are particles that follow Bose—Einstein statistics and have an integer
spin.

e Fermions are classified in three families of quarks: (u, d), (¢, s), (¢, b) cor-
responding to six “flavours” (Ny = 6) denoted as up, down, strange, charm,
beauty, and top, ordered from the lighter to the heavier. Three other families
of leptons exist: (e, v.), (i, v,), (7, v.). For each quark and lepton, the
corresponding anti-quark and anti-lepton also exist.

e Bosons are the mediators of the fundamental interactions, the photon (7)
carries the electromagnetic force, the W* and Z° the weak force (affecting all
fermions and governing the nuclear reactions), and the gluons (g) associated
to the strong force (leading to the cohesion of nucleons inside the nucleus). A
last boson (H') was recently discovered in 2012 and theorised by Brout, Englert
and Higgs in 1964 [1, 5] in order to explain why fermions, as well as the W*
and Z°, remain massless in the Standard Model. In order to perfectly complete
the story, the gravity as one of the fundamental interactions should also be
described by a boson, for which we do not have yet any sign of its discovery.

The relativistic quantum field theory is the way that the Standard Model de-
scribes the interactions between elementary particles (which have no known sub-
structure) by the exchange of force carriers called gauge bosons [6]. In this pic-
ture, the interactions are classified into two fundamental sectors: the strong and
electroweak. At low energies (< 100 GeV/c) the symmetry of the electroweak in-
teraction (represented by the special unitary SU(2) xU(1) group) is spontaneously
broken by the Higgs mechanism, which means that all particles interact more or less
with the H field, in order to be massive or not (the photon and the gluon do not
interact with this field, their masses remain zero). Also at this low energy regime,
the electromagnetic and weak force manifest themselves as two distinct forces. Both
the weak and electromagnetic interaction are well understood and can be described
by quantum electrodynamics (QED) and the electroweak theory (EWT).
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The strong interaction is described by quantum chromodynamics (QCD) [7], a
non-abelian quantum field gauge theory (based on local symmetry of the SU(3)
group) that focuses on the dynamics of the color charged particles. The contri-
butions of the propagators, the interactions between gluons and between quarks
and gluons can be recognizable in the gauge invariant QCD Lagrangian (see first
symbolic Feynman diagrams on Fig. 1.1), one of these formulation is given by [¥]

Lo G4 (1.1)

Ny
L= t0a(iv" 000w — 97"t AL = madan)¥ap — G,

q=1

where repeated indices are summed over, 1, , denote the quark fields spinors as-
sociated to a flavor ¢, a color-index a = {r,¢,b}, and for a quark mass m,. AS
represent the vector gluon fields (with C' running from 1 to N? — 1 = 8 correspond-
ing to the possible quantum color combinations for a gluon), v* represent the Dirac
y-matrices, t$, = AS, /2 correspond to the eight 3x3 Gell-Mann matrices and are the
generators of the SU(3) group. The quantity ¢ is the QCD coupling constant and
dap is the Kronecker delta symbol. In order to satisfy the gauge invariance (where
Gﬁy could be modified, in some ways, with unaffected particle behavior), the gluon
field strength tensor is constructed as

Ga, = 0,A) — 0,A% — gfapcAS AT, t4, %] = i fapct©, (1.2)

where the canonical commutation relation introduces the structure constant fagc.
Each term in the lagrangian could be associated to a corresponding Feynman di-
agram. In this simplistic representation, the quark and gluon propagator can be
associated to the two first terms (assimilate to ~ 1) and ~ A?). The quark-gluon
interaction can also be distinguished as the third term (~ gi)A). The remaining
two terms correspond to the three (~ gA?) and four (~ g*>A*) gluon self interactions.

« lzlp » « A2 » g « lplpA » g « A3 » g2 « A4 »

+ + + +
—  Q0000000. '
g propagation
g propagation |

qg interaction . .
ggg interaction

gggg interaction

Figure 1.1: Symbolic representation of the first terms in the QCD Langrangian.

The gluon self interactions are unique to QCD and cause anti-screening effects.
In both QCD and QED, loop diagrams are allowed, which effectively decrease the
coupling strength at increasing distances, as the pair of virtual particles in the
loop briefly polarizes the vacuum (an effect called screening). However, in QCD,
loop diagrams with self-interaction of gluon are also allowed because gluons, in
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contrast to electroweak bosons, can self interact. Since gluons are charged, these
loops anti-screen increase the color fields. The QCD coupling strength, governed
by the coupling constant ay, increases for interactions with low momentum transfer
(@Q?) as a result of this strong anti-screening (e.g. quarks are strongly bound into
proton or neutron). Whereas at high energies (or equivalently at short distances) o
asymptotically decreases to zero meaning that quarks interact weakly, as it is shown
in Fig. 1.2. The coupling constant formula taken from [9] is defined as

4
(11 — 2Ny) In(5%-)

QCD

QS(QQ) =

, (1.3)

where Q? is the transferred momentum, Ny the number of quark flavor, and Agep
is the typical energy scale of the strong interaction.

April 2016
a ( 2) v tdecays (N3LO)
s Q a DIS jets (NLO)

o Heavy Quarkonia (NLO)
03} o e*e¢ jets & shapes (res. NNLO)

® ¢.w. precision fits (N3LO)

v pp'—> jets (NLO)

v pp —> tt (NNLO)
0.2+

T
Yy "«"'v'-“._.
011} v O i3 .
= QCD 0g(My) = 0.1181 £ 0.0011

10 Q [GeV] 100 1000

Figure 1.2: Evolution of a; as a function of Q2. Figure taken from [].

The lagrangian complexity which mainly arises from the non-linearity of the
interactions of the gluons, the strong coupling, the dynamical many body system and
confinement, lead to the fact that it is very difficult to make any predictions directly
from QCD. Nethertheless, at high energy or short distance interactions, the coupling
is small enough that this infinite number of terms can be approximated accurately
by a finite number of terms, thus, perturbation theory techniques can be applied
(pQCD). A well-established non-perturbative approach to solve the lagrangian, is
the lattice QCD (1QCD), which is a lattice gauge theory formulated on a grid or
lattice of points in space and time. The continuum QCD is recovered when the size
of the lattice is taken infinitely large, and its sites infinitesimally close to each other.

One of the major phenomenons associated to QCD is the confinement, which
results of the experimental observation that neither quarks nor gluons are observed
as free particles in the nature. Indeed, they are confined via the strong force into
hadrons as color-singlet (or color-neutral) combinations of quarks, anti-quarks and
gluons. The hadrons are classified in two types, the quark-antiquark pairs (¢q) called
mesons, and the three quark states (gqq) called baryons (see examples of different
hadrons and their quark content in Fig. 1.3). The strong interaction is mediated
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by the exchange of color (the QCD analogue of electrical charge) with “charges”
red, green, and blue (opposed to anti-red, anti-green, and anti-blue), which are
strictly conserved. Instead of quark that carries a single color charge, gluon carry
two charges, color and anti-color. The key difference between the electroweak and
strong interaction is that as a result of this, gluons can self-interact, giving rise to
QCD phenomena of color confinement and asymptotic freedom [10].

Figure 1.3: Quark model for different hadrons (with isospin I, charm C, and hyper-
charge Y = S + B — C/3, where S and B are the strangeness and baryon number).
Strong interactions conserve hypercharge, but weak interactions do not. Figures [3]

A second major phenomenon related to QCD is the chiral symmetry restoration,
which refers to the invariance under parity transformation by a fermion, correspond-
ing to the symmetry of the left- and right-handed parts of the quarks (it is right-
handed when the direction of its spin is the same as the direction of its motion,
while it is left-handed when the directions of spin and motion are opposite). In the
limit of vanishing quark masses (m, ~ 0) the QCD Lagrangian shows no interactions
between left- and right-handed quarks. This symmetry is approximately restored
when quark masses are reduced from their large effective values in hadronic matter
to their small bare ones at sufficiently high temperatures and energy densities. It
can be usually represented with the chiral condensate as (1)) = (Vrbg + YrUg).
In the vacuum, the right-handed quarks interact with the left-handed quarks due
to the non-zero quark masses, the chiral symmetry is then spontaneously broken
(11h) # 0. However, at high energies one expects a restoration of the chiral symme-
try, (zE@b) = 0, which is a sufficient condition to predict a phase transition related to
it. Chiral symmetry restoration is predicted for light quarks (u, d and s), but not for
heavier quarks (c, b or t), their mass term in the Lagrangian being more important.
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Based on the asymptotic phenomenon, it was expected by a large majority of
theorists, that a new state of matter containing deconfined quarks and gluons could
exists at very high temperature and energy densities. It was also suggested that if
such a state could be produced in laboratory, for example by colliding heavy ions at
high energy, it should exhibit the same properties or similarly to a weakly interacting
gas.

1.2 Ultrarelativistic heavy-ion collision evolution

The space-time evolution of the hadronic matter produced in the mid rapidity region
of ultrarelativistic nucleus-nucleus collisions was clearly formulated by Bjorken in
1982 [11]. In this scenario, due to the Lorentz contraction, the accelerated heavy ion
can be assimilated to a surface like a pancake along the z axis (i.e. the beam axis),
because at v ~ ¢, all moving objects observed from a system at rest shrink into
plane structures. These objects have a typical nuclear radius R, which is around ten
times larger than the nucleon size. The collision of highly relativistic nuclei offers
the possibility of producing quasi-macroscopic systems of dense nucleonic and/or
quark and gluon matter at relatively high temperature. A critical temperature T, is
needed for the phase transition from hadronic gas (where quarks are confined into
hadrons) to a deconfined phase, where quarks and gluons are moving like quasi-free
particles. Figure 1.4 shows the evolution of a heavy-ion collision. Let summarize

Figure 1.4: From the left to the right, screenshot of the evolution of an ultrarela-
tivistic heavy-ion collision. Figure taken from [12].

below the time intervals expected in a central collision of high-energy heavy nuclei.

e Collision (¢ = 0): The two colliding systems moving close to the speed of
light ¢ which are strongly Lorentz-contracted along the collision axis, collide
at t = 0 in the collision evolution. If the time taken by the nuclei to cross
each other is infinitesimal compared to 79 ~ 1/Aqcp =~ 1 fm/c (the typical
time scale of QCD), then the collision is ultrarelativistic, which means that
the phase transition occurs.

e Pre-equilibrium (0" < ¢ < 0.1 fm/c): Very closely after the collision, a
strong quasi-classical transverse gluon field (glasma) emerges (where its evo-
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lution is dictated by classical Yang-Mills equations [13]). Hard scattering pro-
cesses take place (e.g. jet or heavy quark pairs production) where particles are
produced from the energy deposited in the interaction region formed by the
colliding ions.

e Out-of equilibrium (0.1 <t < 79 fm/c): The system is now described by a
set of particles and evolves according to a Boltzmann equation. The expansion
is unstable and asymmetric between the transverse and longitudinal plane, the
equilibration process builds up longitudinal pressure. The thermal equilibrium
will be reached when the phase space density becomes isotropic.

e Thermal equilibrium and hydrodynamics (rp < ¢ < 10 fm/c): The
matter undergoes into a state where the color charges (quarks and gluons)
are deconfined, and in a thermal equilibrium. This leads to the creation of
the quark-gluon plasma at around 75 ~ 1 fm/c. At this stage, the matter
behaves as almost perfect fluid, which can be described by hydrodynamics.
This system then expands to the surrounding vacuum and cools down.

e Phase transition and chemical freeze-out (10 < ¢ < 15 fm/c): The end
of hydrodynamics is approximately around ¢ ~ 10 fm/¢, which is precipitated
by the fast cooling and a quick expansion of the created matter. The phase
transition is characterized when the temperature of the medium becomes lower
than the critical one T.. The color charges initially present in the system and
during its expansion will hadronize to form the hadrons (pions 7+, kaons K*,
protons p+p, ...). Therefore, there is no well-defined separation of phases, but
it can instead be estimated from the point where the thermodynamic properties
change rapidly. The system continues to expand and cool down, and the
hadrons continue to interact with each other. The so-called chemical freeze-out
is the point where the inelastic processes cease and the chemical composition
of the system (i.e., composition of hadrons) does not change anymore. This
occurs almost at the same time as the hadronization, which represents the
phase transition to the hadron gas.

e Kinetic freeze-out and free stream (15 < ¢ < oo fm/c): Hadrons might
still interact via elastic scatterings until their density is too low that no more
elastic collisions take place, the end of this phase is called kinetic freeze-out.
The formed hadrons fly into the vacuum (some of them can possibly decay into
other particles) and are finally detected in the detectors, where the spectrum
of emitted particles is measured.

In practice, the main focus of experimentation with nuclear beams at the LHC
is to study the quark-gluon plasma properties, before that, many heavy-ion exper-
iments exploited the result of these collisions but at lower energies (over a very
wide energy range). Hence, our final goal is to learn how collective phenomena
and macroscopic properties involving many degrees of freedom, emerge under ex-
treme conditions (generated by the ultrarelativistic heavy-ion collisions) from the
microscopic laws of strong-interaction physics.
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1.3 Accessing the quark-gluon plasma properties

Edward Shuryak in 1978, realized that the thermal fluctuations of gauge fields might
actually produce a dominant effect over vacuum fluctuations, which would translate
into dominant screening over anti-screening of color fields [14]. For this reason he
coined the term quark-gluon plasma (QGP), for a state of matter consisting of
deconfined quarks and gluons.

Experiments with heavy-ion collisions at RHIC and LHC create and diagnose the
strongly-interacting matter under the most extreme conditions, in terms of density
and temperature, which are the highest accessible in the laboratory. Under these
conditions, the lattice QCD calculations predict that matter undergoes a phase
transition to a QGP, in which color charges are deconfined and chiral symmetry is
restored. Figure 1.5 shows the phase diagram of the hadronic matter and illustrates
such a transition. Aside of its intrinsic interest, this line of research is central to our
understanding of the Early Universe and the evolution of ultra-dense stars.
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Figure 1.5: Sketch of the phase diagram (T, up) representing the transition from a
hardon gas (confined) to a deconfined phase (quark-gluon plasma). Figure taken
from GSI heavy-ion group theory.

During an ultrarelativistic heavy-ion collision, the created hot and dense matter
undergoes into a hadron gas through a phase transition, which can be characterized
by a QCD phase diagram (7, ug). This transition occurs when sufficient energy den-
sity and temperature are reached, which is estimated from lattice QCD calculations
to be

£~ 0.18—-0.5 GeV/fm® (critical energy density),

T. ~ 145 —-165 MeV (critical temperature). (1.4)

The scan of the boundary of the phase transition can be performed by varying
the energy of collisions of heavy nuclei. Heavy-ion collisions at the highest possible
energy at RHIC and the LHC probe the region of almost zero up and very high T,



1.3. ACCESSING THE QUARK-GLUON PLASMA PROPERTIES 21

while the ordinary nuclear matter is located at approximately 7"~ 0 and pug ~ 1
GeV. In the mid-rapidity region (defined in Eq. 1.6), where the net baryon density is
zero, according to the Bjorken regime!. Assuming that the medium evolution does
not change the final entropy per unit of rapidity dS/dy, one can estimate the initial
temperature (or energy density) using lattice QCD equation of state and the initial
entropy density defined as

1 dS

3(70) = AiTodiy y:O’

where 7 is the formation time and A is the transverse surface. Values of the total

entropy per final state charged hadron S/Ng, are listed by [15] (table IV), which

also reminds that the Bjorken formula underestimates the initial temperature.
Experiments commonly define the two quantities:

(1.5)

1. (E+p.) .
=" p— £/ rapidity),
1
n = —In(tan(6/2)) = 3 In m (pseudo-rapidity), (1.6)

where 6 is the polar angle (between the beam axis and the direction of the emitted
particle). In the limit of transverse momentum pr = ,/p2 +p2 > E, we have the
approximation n / y, which justifies the use of 7 as a measure of the longitudinal
particle coordinate. 7 is also a measure of how boosted a particle is along the z
direction with respect to the laboratory frame. Therefore, dNy,/dn measured at
mid-rapidity can be used to have an estimate of the energy density of the medium
created in heavy-ion collisions using the Eq. 1.5 defined above. Using the typical
time scale of QCD as 79 &~ 1 fm/c and the multiplicity measured at LHC, it gives
e ~ 15 GeV/fm3, which is an energy density value well above the critical value
obtained previously.

As it was mentioned previously, due to the extremely short lifetime of the QGP,
this state of matter can only be observed indirectly. Hence, the goal is to find
the best observables that can be modified or affected by the the presence of this
deconfined state. Its properties are then accessible via experimental measurements
in ultrarelativistic heavy-ion collisions, through the following probes:

e Global probes: this first kind of probes is related to the main characteristics
of the collisions such as the initial geometry or energy density. The multiplicity
of the charged particles produced in the collisions or the spectator ion energy
are among them. The centrality of the reaction (defined later) can be obtained
from measurements of charged particle multiplicity N4, and of the energy
carried by participant and spectator nucleons of the collision.

Nuclei are considered to be infinitely thin pancakes moving at ¢, the beam remnants continue
moving forward, but mid-rapidity is dominated by produced particles. The created matter expands
homogeneously in the longitudinal direction, until a specific time where particles materialize and
will be in free streaming up to our detectors.



22 CHAPTER 1. INTRODUCTION TO HIGH ENERGY NUCLEAR PHYSICS

b P ] N T T T T T T
T 10°F a.0. Pb-Pb {5,=2.76 TeV, 0-10% centrality 3 § r T
2 e o L[ OOVOMNNNO § O @ § w w045 06)
o1k ***¢_3__3_A A E o - b
o L - b @ mm 2k?
£ 10 - E §1of1 o omteembencd B @ e s B
1 E = C _ J
1 ..-....l..d 3 ] "; :’mbggww O O O m [D]E[E[m]A+A R
10'¢ - E!
3 o \ﬂ) T
] = [ il it
ook {8 [ ﬂﬂ’@"”m@ 0 B0 Wlwo2e
8L Data, ALICE 3 L o |
O o S g & AT
104  — Statistical Hadronization . @$
] 102 ¢ Eﬂ] d&: Q40" (x12)
10°F E e ° [ﬁ] E@ Eﬁ] EH] ]
" e e ] i $§}’ A ]
109k a C #@M
: L ﬁ)@ ALICE Preliminary
T ok E @ ALICE ® pp, (s=13TeV
B 3 ] r O pp, Vs=7TeV O Pb-Pb, {S=5.02 TeV |
= 1.5 + * } 4 O p-Pb, Sy =502TeV MW Xe-Xe, {5, =5.44 TeV
8 o ee P Y P L) - { o Y S Y E S Y BT
8 AR R R R 10 10 107 10° 10°
0.5¢ |
T KKK pP AKEZE QD d d HeFe 3H A HeTle <chh/dn>W< 05

Figure 1.6: Left : for the most-central Pb—Pb collisions at 2.76 TeV, the best de-
scription of yields of particles per unit of rapidity at midrapidity, is obtained with
Ty = 156.5 & 1.5 MeV, up = 0.7 & 3.8 MeV, and a volume V = 5280 &£ 410 fm?.
Right: hadron yield ratio to pions as a function of the particle multiplicity in differ-
ent collision systems. Figures taken from [10, 17].

e Soft probes: this second type of probes is used to study the hadronic phase
and the freeze out. It is also a great tool to understand and measure the
medium properties such as temperature T or baryo-chemical potential pp.
The baryon chemical potential is the energy needed to increase the system’s
baryon number by one unit (by adding more quarks), and scales with the
system’s net quark density. Basically, the relative production of hadrons with
light quarks (u, d, and s) depends on the state of the system at the chemical
freeze-out. Thus, measuring the relative yields of different hadrons (pions ,
kaons K, lambda A, protons p, ...) can be used in order to calculate the
temperature of the system at the chemical freeze-out and the baryo-chemical
potential [16]. This is usually done by fitting the measured relative yields with
statistical models (see Fig. 1.6, left panel). In these models, the system can be
considered as a grand-canonical ensemble, where the abundance of a particle
species ¢ can be written as

L (T7 M, V)

AVANES 2d
g / pAdp )
0

22 e(E—m)/T £ 17
where g¢; is the degeneracy, u; the chemical potential, and V' the volume of
the system at the chemical freeze-out. Another interesting phenomenon can
be accessed with soft probes in particular when the quark mass is restored in
the deconfined matter (known as the chiral symmetry restoration) [18, 19]. As
a consequence, the energy threshold of ss pair production becomes smaller in
the presence of the QGP. Experimentally, measuring an enhancement of the
production of strange hadrons in heavy-ion collisions with respect to what is
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expected from collisions where no QGP is formed (e.g. low multiplicity proton-
proton collisions) can be understood as a signature of the QGP formation [17]
(see Fig. 1.6, right panel).

e Initial state probes: among these probes, there are the electroweak bosons
79 W* and directs photons. Since, they are created by initial hard collisions
and do not have color charges, these particles are not affected by the presence
of the hot color charges in the medium. The measurements of their decay
products allow us to estimating the momentum /energy of the particle. The
Z% and W bosons can be used to study the parton distribution fonction
(PDF) inside a hadron. Moreover, the study of their production in heavy-ion
collisions makes it possible to probe the nuclear effects that are present in the
absence of the QGP. In the early years of the heavy ion collider era, small
colliding systems such as p—p, or p—A were regarded as control measurements,
for example, in constraining nuclear modified parton distribution functions
(nPDF's) that determine the initial gluon distributions (the cold nuclear matter
effects) 2.

e Hard probes: these probes are created by initial hard scatterings and they
can possibly interact with the surrounding color charges. Hence, they are
used to study the first stages of the collision evolution (as the pre-equilibrium,
thermalization of the medium, phase transition,...). The related observables
are the measurement of jets (which is a narrow cone of hadrons and other
particles produced by the hadronization of a quark or gluon), thermal photons
and dileptons, the production of open-heavy flavor mesons (D and B mesons,
particles made of at least one heavy quark (c or b) and an other light quark),
and high momentum hadrons. Finally, the production of bound states of heavy
quarks pairs, the so-called quarkonia, such as the charmonium or bottomonium
families (cc and bb quark pairs, respectively) are also particularly sensitive to
the presence of the QGP, and thus represent excellent probes. The higher is
the initial temperatures compared to T, the longer the duration of the QGP
phase will be. The much more abundant production of hard probes expected
at the LHC are likely to result in really relevant probes of the deconfined
medium, that depend much less (compared to colliders at lower energies) on
details of the later hadronic phase.

The detailed study of the medium transport properties and the potential ob-
servation of the weakly or strongly interacting quark—gluon plasma will require key
measurements in high energy heavy-ion collisions. In order to connect the in-medium
QCD properties to relevant observables, one promising strategy is to introduce hy-
drodynamics as a phenomenological theory.

2However, in 2010 and 2012, ultrahigh multiplicity p-p collisions and p-Pb were examined at
the LHC (also d—Au data at RHIC), and revealed that most of the signatures for hydrodynamic
flow in A—A collisions also existed in these smaller systems.
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1.4 Ideal and viscous relativistic fluid dynamics

The viscous relativistic hydrodynamics was introduced by Israel and Stewart in
1979 [20], and more recently brought to light by Romatschke et al. [21, 22]. The
resulting fluid dynamic equations can be applied to both weakly and strongly coupled
systems, which turns out to be very useful for the problem of ultrarelativistic heavy-
ion collisions. The emerging picture in ultrarelativistic heavy-ion collisions is that of
the formation of a strongly interacting medium with negligibly small viscosity and
energy densities reaching several times the critical one, leading to the perfect fluid
picture (as illustrated in the Fig. 1.7).
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Figure 1.7: Temperature dependence of the viscosity for different state of matter up
to the nearly perfect fluid, the quark-gluon plasma. Figure taken from [23].

The four-vectors, like the momentum p* = (p°; p) (where p = (ps, py,p.), and
p° equal to E = ym, with m the rest mass of the particle and ¢ = 1), are used
to be able to transform appropriately under Lorentz transformations (where Greek
indices denote the Minkowski four-space). The kinetic theory treats the evolution
of the one-particle distribution function f(p,x,?), which can be associated with the
number of on-shell particles per unit phase space (as a phase space density). The
moments of f help us to find the transition from kinetic theory to fluid dynamics,
by introducing the energy-momentum tensor as

Dy t) =T 1.8
/prf(PaXa): ) (1.8)
where the left-hand side can be understood as a sum over momenta. This relation
is true in the ultrarelativistic regime, where particles can be considered massless.
The system thus follows a Boltzmann equation within the boost-invariant picture
of Bjorken. Then, if there are no external sources, the basics and starting point of
fluid dynamics need to solve the conservation equation as

0,T" =0, (1.9)

where the energy-momentum tensor is applied on a four-position x = (it,z,y, 2),
with the proper time 7 = v/t2 — 22. This conservation equation is also applicable to
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the conserved charges IV such as baryon number, strangeness, electric charges and so
on. In a general form the energy momentum tensor can be defined as the following
formula

T =¢ - -u'u” — PA" + 7, (1.10)

where A" = (¢g" — u*u”) is the local 3-metric, u* denotes here the local flow
velocity with the normalization v”u, = 1. Hence, contracting each term gives us the
following definitions

e =u,T"u, (energy density),
1
P=(P+1)= _gAwTW (hydrostatic + bulk pressure), (1.11)

where 7 and II are referred to the shear and bulk stress tensors, respectively. TH”
can be decomposed into an ideal part and the second one related to the dissipative
terms (II and ), as

T = T 4+ 5T" = (e - ulu” — PAM) + §TH. (1.12)

idea.

In this context, the flow velocity is defined as the time-like eigenvector of T}, ;. The
basics of thermodynamics show that € = T's+ un, where T' is the temperature, s the
entropy, p the chemical potential and n the number of particles. The entropy current
can be defined as S* = s - u*. Now, by calculating the product of the temperature
T and the divergence of entropy current S* as

T9,S" = w,0,The = —u,0,0T" =7, - V") — 11 - 9 u", (1.13)

1

where the vector V# = (¢g" — u*u”)0, (the energy-momentum conservation Eq. 1.9
has been used here), we obtain a term associated to the thermodynamic force V{#u?’
which is the shear viscosity, and another term associated to the second thermody-
namic force d,u” which is the bulk viscosity. The brackets indicate a symmetrized
and traceless tensor V#u”) = Viu? 4+ VVut — %A“”Vaua. Moreover, we suppose
here the case of viscous hydrodynamics including these two types of viscosity, but
neglecting the heat conduction (because up = 0). One can notice that in case
of massless partons the bulk viscosity can be neglected. Then, the two following
phenomenological definitions can be introduced as

™ = 2n . Vi) (shear stress tensor),
II=—-(-0u” (bulk pressure), (1.14)

where 1 and ( are the so-called shear and bulk viscosities, respectively. The quantity
n/s corresponding to the shear viscosity over entropy, is often used to characterize
the viscosity of the QGP. Experimental heavy-ion data suggest that n/s ~ 0.08 —
0.20, which is close to the lowest possible value of 1/47 conjectured by string theory
models [22, 24, 25].

Hydrodynamics involves the pressure gradients which drive the medium expan-
sion in the transverse plane, but what about longitudinal pressure? About this
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point, it can be demonstrated that in the early stage of the collision, the longitudi-
nal pressure Py, seems to be weaker than the transverse one Pr [26] and both tend
to equilibrate when hydrodynamics start. This extremely short time window during
which QGP expansion is dominated in the transverse plane instead of the longitudi-
nal one, constitutes the non equilibrium phase. Thus, the system thermalization is a
process that builds up the longitudinal pressure, corresponding to a transformation
from Pr = ¢/2, P, = 0, to P = Py = Py, within a time span around 1 fm/c (as
illustrated in the Fig. 1.8).
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Figure 1.8: Time dependence of the ratio of longitudinal over transverse pressure,
during the pre-equilibrium phase, before hydrodynamics. Figure taken from [20].

At equilibrium, if the system is locally isotropic, the equation of state of QCD at
high temperature can be related to the hydro-static pressure P(e) = %5, associated
to the definition of the speed of sound ¢ = 9P/de, when no dissipative currents are
present in the system. Starting from the Navier-Stokes equation for an ideal fluid
and considering now a relativistic fluid (where the mass density can be replaced by
the enthalpy density £ + P), the time derivative to the four velocity of the flow can
be computed. Then, inserting the decomposition of the energy-momentum tensor
into the conservation laws (and keeping only non-dissipative terms) it produces

dut _ VP
ot e+ P (1.15)

It is clearly visible from this equation that pressure gradients, quantified via the
term ~ V#P, cause a fluid element to accelerate. As an example, the equilibrated
matter produced in an anisotropic volume when two heavy-ions collide in non-central
collisions will give rise, as a consequence of this anisotropy in coordinate space, to
anisotropic pressure gradients. These pressure gradients will cause, via the above
Eq. 1.15, the created fluid elements to move, or to flow, anisotropically.

1.5 Anisotropic flow and initial collision geometry

The connection between collective effects and fundamental nuclear-matter properties
was initially suggested 60 years ago [27], when fluid dynamical models were used to
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describe the collisions of nucleons and nuclei. It was possible to predict experimental
observables assuming local equilibrium and introducing an equation of state that
relates the pressure of a fluid cell to its density and pressure. Shock waves were
predicted by early hydrodynamics calculations [28] that resulted in structures in the
angular distributions of particles indicating that they were emitted with a common
velocity into the same direction. Collectivity in this context means that an emitted
particle or fluid cell exhibits a common property, and in this sense several phenomena
could be related to a collective behavior in a heavy-ion collision:

e Longitudinal flow: describes the collective motion of the particles in their
original direction defined by the beam.

e Radial flow: characterizes particles that are emitted from a source with a
common velocity field independent of the direction, i.e. for a velocity field
with spherical symmetry. At thermal equilibrium, the transverse-momentum
spectrum at low-pr can be described approximately by the Maxwell-Boltzmann

distribution
Lav e~ VmiHrn/Ts (1.16)
prdpr
where the slope parameter T, = (Ty, + % (31)?) was observed to be different
for particles with different masses m in nucleus-nucleus collisions, 7T}, being
the thermal freeze-out temperature and (fr) the average collective transverse
velocity of the medium.

e Elliptic flow: describes an emission pattern in which particles are found to
be preferentially emitted (from an elliptic freeze out surface) with respect to
a certain azimuthal angle and with back-to-back symmetry. This section will
describes in detail this phenomenon.

In a pioneering publication, J-Y.Ollitrault demonstrated in 1992 [29] that at very
high collision energies the longitudinal dynamics decouples from the midrapidity flow
generation, thus reducing the relevant degrees of freedom to the transverse plane: a
cylindrical geometry reflecting the onset of boost invariance.

1.5.1 Basics of azimuthal anisotropy measurements

In non-central heavy-ion collision, the overlapping volume between the two colliding
nuclei at ¢ = 0 imprints an initial spatial anisotropy in coordinate space (as illus-
trated in Fig. 1.9). Due to the multiple microscopic interactions between the con-
stituents (macroscopically described by the presence of strong pressure gradients),
this spatial anisotropy is transferred into the momentum space. Figure 1.10 illus-
trates this transformation from 7y to the end of the equilibrium phase at ~ 10 fm/c.
The periodicity of the azimuthal distribution of a physical quantity allow us to de-
compose it into a Fourier series [30, 31]. This interesting property can be applied
to the azimuthal distribution of produced particles in heavy-ion collisions as the
following formula

r(p) = xo + 2 i T, cos(ny) + y, sin(ne), (1.17)

n=1
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Figure 1.9: Sketch illustrating a non-central collision with the coordinate space
anisotropy (in the transverse plane). The azimuthal angle ¢ is defined for a moving
element or emitted particle, from the initial overlapping volume.

where the Fourier coefficients of the series are defined as

1 2T
Tp = %/0 T(@) Cos(mp)dgo?
1 2 . 1.18
Y = 5o / r(ip) sin(ng)de, (1.18)
™Jo

and ¢ denotes the azimuthal angle (see Fig. 1.9). Using this definition, the flow
harmonics (v, coefficients) can be formulated as the module

U = \JT2 + y2. (1.19)

In the case of a heavy-ion collision with two identical colliding nuclei, due to symme-
try the y, coefficients are zero, for all n. It also implies that x,, coefficients vanish,
for odd n. This property can be understood by the fact that in this symmetry, it
is equally probable for an emitted particle to have an azimuthal angle ¢ or ¢ + ,
simply because cos(ny) + cos(ny + ) = cos(np)(1 + (=1)") is zero, for odd n.
Moreover, due to these symmetries the harmonics v, are equal to x, for symmetric
colliding systems (e.g. lead-lead beams), and are non zero only for even n. Hence,
the definition of the v, can be explicitly constructed using the azimuthal distribution
r(¢) in the following way

2T () cos(np)dy  Eu, [T cosP(np)dy v,
(cos(nyp)) = T = = —
5= Jo r(e)dy o Vo (1.20)

where in the integration the orthogonality relationship of the sine and cosine func-

tions are used. Finally, for a normalized distribution r(y), the property vy =
1

5 T r(¢)dp = 1 brings directly the standard formulation of the flow harmonics as

v, = {(cos(ne)).
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The first term n = 0 is understood to be caused by the uniform radial flow
expansion of the fireball source. The coefficient v; is called directed flow, the second
coefficient vy is the elliptic flow (illustrated in Fig. 1.10), the third coefficient s
corresponds to the triangular flow, etc... Figure. 1.11 shows the corresponding spatial
anisotropy, related to the eccentricity ¢, of these coefficients.

t=n t~10fm/c
-
py L

Py

Figure 1.10: Sketch of the spatial anisotropy, where pressure gradient forces F =
—V P at time 7 are present inside the collision overlap volume, and will be trans-
ferred later into a momentum anisotropy.

An alternative formulation of v, can be constructed by using the well known
identities cos(ng) = £(eM? + e~"¢) and sin(ng) = 5 (" — e~"¥). Hence, the v,
can be rewritten in a different way by using the complex notation. In this case, we

define
Tn + 1y, forn <0,

Up =< T, — 1y, formn >0, (1.21)

Inserting these separated cases into the previous definition Eq. 1.17, this implicates
that the azimuthal distribution can be formulated in a general complex form as

r(p) = ZO:O vn e, (1.22)

n=—0oo

*

Moreover, the azimuthal distribution is a real quantity, hence we have r(p) = r(y)
then it also gives v, = v;. Now, since v, is complex, it can be written as v,
|v,|e~™¥ . Inserting these results in the definition of a real probability density func-
tion r(p) and treating the separated cases, the general form can be thus formulated
as

+o0o
r(p) = vo +2 Y |oa] R[emE]. (1.23)
n=1

In this alternative definition of r(y), it is clear that the azimuthal measurement ¢
is with respect to the introduced variable, the so-called symmetry plane V¥,,, which
corresponds to an estimation of the hypothetical reaction plane Ug. Finally, as
previously, it is straightforward to show for a normalized distribution than the v,
can be now written as

vy, = (cosn(p — U,)), (1.24)
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where (...) denotes the average over all particles in the event.
The eccentricity that defines the initial geometry can be formulated as

\/(rm cos mp); :g (rm sin n90>27 (1.25)

where 7 = /2?2 + 32 is the distance from the center. The average (...) is weighted
by the local energy density. The initial ellipticity o (which is geometry derived)
increases faster from central to peripheral collisions than the initial triangularity e3.
Here, these non-central collisions are characterized by a non-zero impact parameter
(b), defined as the vector connecting the centers of two colliding nuclei. This impact
parameter changes event-by-event, and produces a random reaction plane angle W g,
which is defined as the plane spanned by b and the beam axis z.

En =

Figure 1.11: Mlustration of pressure gradient forces corresponding to different ec-
centricity €, for different harmonic n (¢; is the dipole asymmetry, e, ellipticity, €3
the triangularity,...). The directions of the symmetry plane ¥,, can also be imagined
from the initial collision geometry.

The azimuthal distribution of hadrons measured in heavy-ion collisions is char-
acterized by different degrees of anisotropy, and a full spectrum of non-zero Fourier
harmonics. In hydrodynamics, the final anisotropy in momentum space originates
from the spatial anisotropy in the density profile at the initial condition. Ellip-
tic flow is the largest anisotropy because the corresponding spatial anisotropy, the
eccentricity €9, is mostly induced by the non-zero impact parameter. At a given
collision centrality, the v, and €, are in a linear relation, only for harmonic n = 2,3
[32] (higher harmonics contain non-linear terms) as the formula

Up = KnEn, (1.26)

where the parameter x,, is associated to the response of the system. This relation
makes the elliptic flow vy a privileged observable to study the response of the system
(and then, the viscosity [33]). The linear expression is also true for vz, but in this
case the triangular flow is driven by fluctuations in the energy density profile.

Because the flow planes are not experimentally known, the anisotropic flow co-
efficients are calculated using azimuthal angular correlations between the observed
particles. In the case of two particle correlations ((e™(®1=#2))) the measurement
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is proportional to (v2). Under the assumption that only the azimuthal correlation

between particles is due to the common correlation with the flow plane, this cor-
relator can be factorized into {{e™(¥1=¥n))(em(¥1=¥n))) = (2 Using this method,
the experimentally reported anisotropic flow coefficients can therefore be obtained
as the root-mean-square value \/@ . One can notice that, due to event-by-event
fluctuations in the anisotropic flow, the event averaged (v*) is not equal to (v,,)* for

k > 2. The notation v,{2} = 4/(v2) represents the anisotropic flow extracted from
two-particle correlations. In practice, not all azimuthal correlations in the data are
from collective origin. Additional non-flow correlations arise from resonance decays,
jet fragmentation, and Bose—Einstein correlations.

The properties of the most abundant hadrons produced in ultrarelativistic heavy-
ion collisions (such as 7%, K+, p+p, ¢, K%, and A+ A) can be well studied with the
current experiments. Their anisotropic flow coefficients, in particular their vy exhibit
a particle mass dependence for pr below 3 GeV/c. At intermediate pr and beyond,
the particles show an approximate grouping according to their type, as illustrated
in Fig. 1.12 (left panel).
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Figure 1.12: Left: pp-differential vy of identified particles in Pb—Pb collisions for
various centrality classes. Right: Anisotropic flow measurements (ve, v3 and vg) of
charged particles in different collision systems (p—p, p—Pb, Pb—Pb, and Xe—Xe) as a
function of the multiplicity Ng, (number of charged particles produced per event).
Figures taken from [341] and [35], respectively.

The viscosity of quark-gluon plasma created in heavy-ion collisions can be quan-
tified by measuring elliptic flow, which is mainly driven by the initial geometry. It is
clear that the viscous terms go against the pressure-gradient force, and then against
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the development of anisotropic flow. This phenomenon can be illustrated by defining
the non-relativistic Navier-Stokes equation containing both shear and bulk viscosity
(n and () as
dv - = oo 2

P = VPV -v+v[v-v(<+§n)}, (1.27)
where v = (v,,vy,0,) is the flow velocity vector and & = (8, + v - V) is the so-
called material derivative. The first term corresponds to the pressure gradient and
forces a fluid element to flow anisotropicaly. Due to the system size dependence,
the second and last terms related to viscous corrections are important for central
collisions where the overlap volume is large, otherwise these terms are minor for
peripheral collisions, or smaller colliding systems. Then, the viscosity of the QGP
can be studied in details through v, measurements, by varying the size of the system,
which help us to understand the role of 7 and (. The effect of the viscous corrections
is simply that of damping the value of the response ks.

The flow-like phenomena emerge essentially from all measured soft particle spec-
tra and particle correlations, this observation supports the idea of understanding
bulk properties of heavy-ion collisions in terms of viscous fluid dynamics. The fluid-
dynamic evolution is solely based on combining conservation laws with thermody-
namic transport theories that are calculable from first principles in quantum field
theory. This fact provides an experimentally accessible inroad to constraining QCD
matter properties via soft flow, correlation and fluctuation measurements [30].

As it is shown in the Fig. 1.12 (right panel), the multiplicity dependence of
v,{2} is studied in a very wide range from 20 to 3000 charged particles produced
in the midrapidity region || < 0.8, for the transverse momentum range 0.2 <
pr < 3.0 GeV/c. An ordering of the coefficients vy > vz > vy is found in p—p
and p—Pb collisions, similar to that seen in large collision systems, while a weak v
multiplicity dependence is observed relative to nucleus-nucleus collisions in the same
multiplicity range. In contrast to the case of nucleus-nucleus collisions, anisotropic
flow measurements in small collision systems turn out to be strongly impacted by
the initial conditions, as suggested by the IP-GLASMA framework [37] which describes
the system only up 0.1 fm/c. Recent developments allowed to couple it with the
KgMPgSt framework (describing up to 1 fm/c [38]), and to the MUSIC hydrodynamic
code [39], in order to have a full description (from initial to final states effects).

1.5.2 Initial conditions and system size dependence

As introduced here, anisotropic flow is a physical observable and can be related to
the geometry of colliding heavy ions. This geometry is determined event-by-event
by the positions of the participating nucleons in the initial overlap area. In order to
characterize a collision of two heavy ions, the Glauber Model [10] can be used to infer
different quantities that are not accessible directly, such as the impact parameter b
(defined previously), the number of participating nucleons Ny, and the number of
binary collisions Ncoj-

Figure 1.13 illustrates the Glauber Model, which modelises the collision of two
nuclei as the superposition of consecutive individual interactions of the constituent
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Figure 1.13: Nucleons positions and the associated normalized energy density profile
in the transverse plane for different p—Pb and Pb—Pb collisions, with non zero impact
parameter b. These graphs illustrate the participant nucleons (red markers), and
spectators (yellow and orange markers) for the collision. Figures obtained using the
open-source MC Glauber code taken from [11], with standard input parameters.

nucleons. Starting from such a picture, it is natural to expect that the geometry of
a heavy-ion collision will be strongly related to the different geometric quantities b,
Npart and N The number of participating nucleons, Ny, represents the total
number of nucleons which undergo at least one inelastic nucleon-nucleon collision
(such nucleons are also called wounded nucleons, while on the other hand the nu-
cleons which do not participate in collisions are usually referred to as spectators).
Neon is the total number of binary nucleon-nucleon collisions (the quantity also takes
into account the fact that each nucleon can interact multiple times, with different
nucleons it encounters on its trajectory though the volume of the opposing nucleus).
For head-on collisions, one can show approximately that N, o Nsﬁt, irrespectively
of the nucleus size.

In order to use the Glauber formalism, two important inputs from experimental
data are needed, which can both be measured and determined independently in a
separate experimental setup. The first one is the nuclear density, which is usually
parameterized with a Woods-Saxon distribution:

14+ w(%)?
. 1.28
P(r) = po- T hya (1.28)

where pg is the nucleon density in the center of the nucleus, R is the radius of the
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Figure 1.14: Left: centrality determination in heavy-ion collisions using the MC
Glauber. Right: comparison of the eccentricity e, obtained from MC Glauber or
CGC, as a function of the number of participating nucleon. Figures from [22, 10].

nucleus, a represents the thickness of the nucleus surface (the so-called skin depth),
and w describes deviations from a smooth spherical shape (for Au, Cu and Pb, w is
zero, but the value differs from zero for Xe). All these parameters can be determined
independently in low-energy electron scattering experiments. The second input to
Glauber Model is the inelastic nucleon-nucleon cross section o, which serves as
an input due to the main assumption that in this model nucleus-nucleus collisions
are treated as a superposition of many nucleon-nucleon collisions. Two nucleons
can collide only if the distance d from each other in the transverse plane follows the

relation d < \/a%\‘ﬁ%l /7. The quantities Npay and Neop can be then deduced from this
description. Figure 1.14 (left panel) illustrates the relation between Ny, b and the
multiplicity Ng, of a Pb—Pb collision.

The Color Glass Condensate (CGC) model is an alternative way to describe
initial conditions. This model is based on the fact that a nucleus consists of quarks
and gluons, which will interact according to the laws of QCD. The total number
of gluons can be taken to be roughly proportional to the number of partons in a
nucleus, and hence also to its atomic weight A. Therefore, the density of gluons
in the transverse plane is approximately A/(wR2), where Ry is the nuclear radius.
Gluons will start to interact with each other if the scattering probability becomes

of the order of unity,
1 A A
~Y g =
TRy QRS
where o is the typical parton cross-section. Therefore, one finds that there is a typical
momentum scale Q2 = as%, which separates perturbative phenomena (Q? > @Q?)
0

as(Q%), (1.29)
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from non-perturbative physics (Q* < @Q?), sometimes called “saturation”. The CGC
formalism was proposed by [12, 13] to include the saturation physics at low momenta
@? in high-energy nuclear collisions.

e CGC vs. Glauber: CGC model typically calculates larger eccentricity for
a collision than the Glauber model, which will appear to have consequences
for the subsequent hydrodynamic evolution. To see this, note that if the ec-
centricity along the z-direction is positive (¢, > 0, see definition in Eq 1.25
by replacing r = x for n = 2), the energy density drops more quickly in this
direction than in the y-direction because the overlap region is shaped ellipti-
cally. The equation of state P = P(¢) implies that the mean pressure gradients
are unequal, 9, P > 0, P, and according to the hydrodynamic equations, one
expects a larger fluid velocity to build up in the x direction than in the y
direction. Since the CGC model calculates larger €, than the Glauber model,
this anisotropy in the fluid velocities should be larger for the CGC model, as
it is shown in Fig. 1.14 (right panel).

The perfect liquid picture introduced previously emerges from the ideal hydrody-
namics description of collective elliptic flow, and the large energy loss suffered by
energetic quarks and gluons traversing the system. For the soft and light sectors
the typical observables are related to collective phenomena on the hydrodynamical
hypersurface, for which the memory of microscopic interactions is lost [14, 15]. For
heavy quarks, however, some of this memory is kept because they are sensitive to
the early stage dynamics of the collision evolution, thus on can study their dynamics
in order to learn about the underlying QCD force.

1.6 Heavy-quark dynamics and hadronization

Heavy quarks, especially charm and bottom, have since long been considered valu-
able probes of the properties of the QGP. While the standard description of the
space-time evolution of the bulk medium produced in heavy-ion collisions typically
relies on a plasma phase that can be described by hydrodynamics, the heavy-quarks
are produced in initial hard scatterings and should in principle not be equilibrated
with the QGP at 7y, the initial time of hydrodynamics. This section will discuss
the various mechanisms that might affect the open-heavy flavor and quarkonium
production in proton-proton, proton-nucleus and nucleus-nucleus collisions.

1.6.1 Initial heavy-flavor production
Heavy-quark production

It is commonly accepted that at LHC energies the main production mechanism of
heavy quarks originates from a gluon initiated processes (like fusion gg — QQ, where
negligible contributions might come from quark-antiquark anihilation and exclusive
photoproduction). The two gluons from the nucleus wave function will produce a
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pre-resonance in an approximated hard production time 7, as

L —pit for pr < m
o m P e e (1.30)
mg for pr > my,

where E' is the relativistic pair energy, pr the transverse momentum of the heavy-
quark pair and mg the heavy quark mass. Then, when pr ~ m the production time
of charm and beauty pre-resonance pairs would be about 0.15 fm/c for charmonium
and 0.05 fm/c for bottomonium. The production time is then much smaller than
1 fm/c (the thermal equilibrium time scale), and they are formed at a relative
distance around 1/mg < 1 fm. In order to have an idea of the number of heavy
quarks involved, a central Pb—Pb collision at LHC is expected to produce around
~ 150 cc pairs and 5 bb pairs [42, 40].

Quarkonium production in the vacuum

After the initial production, the QQ pairs travel extremely close, and to form a QQ
resonance they need to expand untill the characteristic size of the resonance. It can
be interpreted as the time that the pair takes to “decide” which of the possible QQ
bound-states it will couple to (one with mass m4 or one with mpg). This formation
time can be approximated using the formula

N 2F 131

Tf~m124_m2B. (3)
Hence, for example, the formation time for the c¢ pair to decide to form a J/v
(ground state) rather than a ¢(2S) is around 1 fm/c, at E' = 10 GeV (see Fig. 1.17
and Fig. 1.18 for quarkonium level schemes). At the same energy, a bb pair takes
0.36 fm/c to decide to form a T(1S) (ground state) rather than a T (2S) state. This
7; increase significantly with £/ which is proportional to the particle momentum, in
particular at 30 GeV, this formation time goes up to 3 fm/c for a pair to decide to
be a J/1 rather than a 1(2S).

1.6.2 Open-heavy flavor hadrons

Since a significant number of charm and then also bottom quarks can be produce at
RHIC and the LHC, the theoretical description of their hadronization and interac-
tions with the medium has produced a variety of models.

In-medium heavy-quark interactions

After the equilibration time of the QGP medium (7y), the heavy quarks start in-
teracting with the medium. Heavy quarks traversing the QGP are good probes for
the transport properties of the medium, in particular because they interact with
the medium constituents via elastic (collisional) and inelastic (gluon radiation) pro-
cesses. The typical momentum exchange with the heat bath is of the order of the
medium temperature 7', and thus typically small compared to their thermal momen-

tum, po = /2mgT. A good approximation would be to consider the interaction



1.6. HEAVY-QUARK DYNAMICS AND HADRONIZATION 37

of heavy quarks with the medium as uncorrelated momentum kicks. Hence, the
Boltzmann equation describing their momentum evolution will be approximated
with the Fokker-Planck equation, or even more reduced, the macroscopic Langevin
equation [17].

Given an estimate of the light quark relaxation time ~ n/(e + P) [417] (called
the hydrodynamic diffusion coefficient D, or shear viscosity over enthalpy, where
its evolution is plotted in Fig. 1.16), the heavy quark relaxation time is

Mo 1 __TM9
T e+P T 77

Ty ~ (1.32)
As a consequence, for a charm quark in a medium at 7" &~ 250 MeV, we expect a
equilibration time approximately 6 times larger than the light quark equilibration
time. This means that the expected charm quarks elliptic flow will be smaller than
the flow of light hadrons [17]. In this picture, the heavy-quark flow is acquired from
the medium collective flow mainly due to scatterings between medium constituents
and heavy quarks. The space-time evolution of heavy quarks undergoing multiple
elastic scatterings in the QGP can be described using the Boltzmann equation

<a+1a+p.a>m(t’xyp) — Clfa)l. (1.33)

ot  EgoOx op
where fq is the phase-space distribution function, F is the force induced from exter-
nal (color or electromagnetic) field, and C[fg] is the collisional integral containing
the parton-parton scattering amplitude. If heavy quarks are thermalized in the
medium, this equation can be approximated by the Fokker-Planck equation [18]

gtfcz(t, P) = ;)(pA(p) + 88p B(P))fQ(ta P), (1.34)

where the medium properties are encoded in temperature and momentum-dependant
transport coefficients A and B, representing the relaxation rate (or drag) and the mo-
mentum diffusion of the heavy quark, respectively. Thus, depending on the dynami-
cal evolution equation, the interaction can be described via Fokker-Planck transport
coefficients, or from scattering cross sections with the medium constituents.

In this description, low-pr heavy quarks execute a Brownian motion in the
medium, undergoing several momentum kicks. However, at high-pr, their mass
becomes negligible mg < pr, and thus behave as light particles, losing their energy
mainly via gluon radiation. The characteristic energy of the emitted gluons for a fi-
nite path length L traversed by the parton is expressed as w. = %QLQ, where ¢ is the
transport coefficient, defined as the average squared transverse momentum trans-
ferred to the projectile per unit of path length. The usual energy loss mechanisms
can be defined as

1 do do  4nCia?
(ABe) > / voan 2

dt = 2
we dl,
<AErad> %/ w d
0 w

(collisional) mg > pr,
(1.35)

dw x a,Crw, x a,CrgL*  (radiative) mqg < pr,
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where t is the transferred momentum, o the integrated cross section of the particle
medium interaction, 7" the temperature of the medium, and do /dt the parton—parton
differential elastic cross section. The parameter C; is the color factor for gg, gq and
qq scatterings, while Cg is the Casimir factor for the QCD vertices, which is equal
to 4/3 for quark-gluon coupling and to 3 for gluon-gluon coupling. In the limit
Eqg > m2Q /T, the collisional energy loss (AE.q) is found to be linearly dependent
on the medium thickness L, and logarithmically dependent on the initial parton
energy. Concerning the radiative one, (AF,.q) is found to be an L? dependency,
but independent of the hard parton energy that traverse the QGP, and proportional
to the transport coefficient ¢ and a;Cgr. Hence, (AE,.q) is larger by a factor 9/4
for gluons than for quarks. Figure 1.15 shows the energy loss suffered by the heavy
quarks in the medium.

15 T T T T T 10 T T T T T T T T T

T Gl Charm quark Z T STl oom quark
12 Total 0-7.5% centrality 7 8 | =—_Total 0-7.5% centrality T

Figure 1.15: Energy dependence of different energy loss mechanisms applied on
charm and beauty quark. Figure taken from [19].

In-medium hadronization

Since the initial production gives way to plenty of heavy quarks which many of them
can not be a quarkonium bound state, all remaining single charm and bottom quarks
will interact with the medium and finally will be hadronized into D or B mesons,
this is the open-heavy flavor hadronization.

This hadronization occurs around the transition temperature of the deconfine-
ment and confinement phase transition. There are basically two different mecha-
nisms (to describe how the heavy quark becomes a hadron): coalescence of a heavy
quark with a light quark of the medium, which is most likely to happen at small pr,
and fragmentation of a energetic heavy quark, predominantly happening at larger
momenta [53, 54]. Purely collisional and radiative processes lead to a significant sup-
pression of final D-meson spectra at high pr and a finite flow of heavy quarks inside
the fluid dynamical evolution of the light partons [52] (as illustrated in Fig. 1.16,
right panel).

For a long time, the eventual hadronic final interactions seemed not so relevant
for final D and B meson spectra as the hadronic cross sections were expected to
be small. There is, however, growing awareness that around the pseudo-critical
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Figure 1.16: Left: heavy quark spatial diffusion coefficient as a function of tem-
perature ratio T/T.. Figure taken from [50]. Right: elliptic and triangular flow
of charm quarks and D mesons. The model (MCQ HQ+EPOS2) couples a Monte
Carlo propagation of heavy quarks to the 3+1 dimensional fluid dynamical evolution
of the QGP from EPOS initial conditions [51]. Figure taken from [52].

temperature T, (where chemical freeze-out takes place), interaction can also be
strong on the hadronic side [55, 56]. One can notice that looking to the repartition
of charm cross-section into hadrons (in p—p collisions), the fraction of produced
charmonia is expected to be really small (only few percentages) compared to the
varieties of charm hadrons created (D°, DT, D, D*0, D** AT Z° QO).

c) e

1.6.3 Quarkonium spectroscopy: from vacuum to in-medium
Spectral properties

Quarkonium states are typically categorised according to: the total spin S of the QQ
system, the orbital angular momentum L between the QQ pair, and the total angular
momentum J = L+ 5. The common spectroscopic notation n?>*1L ;. where n is the
principal quantum number, is used to label the quarkonium states. The parity (P =
(=1)L+1) and charge conjugate parity (C' = (—1)5"5) of quarkonium states, are both
conserved quantities in the strong and electromagnetic decays. Figures 1.17 and 1.18
show the level scheme of the charmonium and bottomonium family, respectively.

A golden age for quarkonium physics dawned two decades ago, initiated by the
confluence of recent progress in QCD and an explosion of related experiments [57].
The heavy quark bound states are stable under strong decay. The charm quark mass
is around 1.3 GeV/c?, while the beauty quark mass is 4.7 GeV/c?. As opposed to
light particles, the quarkonium velocity v is roughly 0.3 ¢? for charmonia and around
0.1¢ for bottomonia. Then, the quarkonium spectroscopy might be studied via
the non-relativistic potential theory. This approach consists of defining a confining
potential for the QQ pair separated by a distance 7.
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Figure 1.17:  Level scheme of the charmonium family. Figure taken from [3].
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Figure 1.18: Level scheme of the bottomonium family. Figure taken from [3].

To obtain the quarkonium spectral properties, the basic method is to solve the
Schrodinger equation where the problem can be reduced to the radial coordinate



1.6. HEAVY-QUARK DYNAMICS AND HADRONIZATION 41

(since we use a spherically symmetric central potential in polar coordinates)

(- T;sz + Voa(r)) ®i(r) = Eidi(r), (1.36)

which determines the bound state masses M; = (2mg + E;), where i labels different
quantum number channels, F; is the binding energy associated to the wave functions
®;(r). The average radii of these wave functions can be then defined as

(13) = [ arr?en () (1.37)

A rough estimate of this binding radius for the most common charmonia and bot-
tomonia is shown in Table 1.1, as well as their other main spectral properties.

J/Y(S) Xeo(1P) (25) | T(1S) xp(1P) T(2S) xu(2P) T(3S)
M; [GeV] | 3.10 341 369 | 946 9.8 10.02 1023 10.36
E; [GeV] | 0.64 020 005 | 110 067 054 031 020
r; [fm] | 0.25 036 045 | 0.14 022 028 034 039
T,/T.| 2.1 116 112 | >40 176 160 119 117

Table 1.1: Dissociation/recombination temperature for charmonium and bottomo-
nium families from 1QCD. E; = 2Mppy — M; is the binding energy of the pair with
respect to the open-charm(beauty) threshold, and r; is the typical radius. The value
Ty is the dissociation temperature which is compared to the critical temperature 7.
Values taken from [58, 59].

Suppression by color screening

The “Cornell” potential produces satisfying results in the determination of quarko-
nium spectral properties in the vacuum. While the in-medium potential for the QQ
pair differs from the vacuum one, and does not contain anymore a confining term.
These two potentials can be formulated as

(vaccum) T = 0,

VQQ(T’, T)=-— ?G_T/TD(T) (in-medium) T > 7o, (1.38)

where the string tension o reflects the gluon field between the two heavy quarks
(with 0 ~ 0.216 GeV), and a.g is the effective gauge coupling of the strong force
(cteg &= m/12). The first term ~ r is known as the confinement part, and the second
term ~ 1/r is identical to the well-known Coulomb potential, analog induced from
the electromagnetic force [60].

Above T, quarks and gluons are no longer confined, then the large number of
color charges present in the medium screens the effective heavy-quark potential, the
so-called color screening (illustrated in Fig. 1.19). It can be understood by intro-
ducing the Debye screening length 7 (7") (or the screening mass mp ~ 1/rp), which
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v

Figure 1.19:  Sketch of in-medium color screening of an heavy quark pair as a
function of the temperature of the bath (left = vaccum, center = T' ~ T¢, right =
T>1T,).

represents an average distance between color charges, it becomes smaller when T
increases. As a consequence of this, when T is high enough and rp(T) < 7y, the
quarks cannot hold together and they dissociate (two distinct dissociation mecha-
nisms may be identified at leading order: the gluo-dissociation which is dominant
for Mv? > mp, e.g. J/1 +g — c+¢, and dissociation by inelastic parton scattering
it M U2 < mD).

Extension to other suppression mechanisms

Recently, many improvements have been done in the determination of the solutions
of the Schridinger equation, in particular by using a QQ potential containing both
real and imaginary parts. The effect of color screening is mainly encoded in the real
part of the potential, while the dissipative effects are encoded in the imaginary part
of the potential [01].

The effect of the dissipation plays an important role in the explanation of the
broadening of the quarkonium spectral functions when the temperature of the medium
increases beyond T,. Figure 1.20 shows that for T ~ 450 MeV (red curve) only the
T(1S) ground state survives, while the others are dissociated. At T ~ 330 MeV
(green dotted curves), the J/1, T(1S), and Y (2S) spectral functions are still visible.

In-medium regeneration

An alternative hadronization scenario for quarkonia is the in-medium recombina-
tion of heavy quarks. By recombination, we mean here that the heavy-quark pairs
are separated by large distance > 1/mg at the beginning of the medium expan-
sion when temperature is extremely high, and can recombine later with other heavy
quarks during the evolution of the medium when temperature becomes lower. This
production mechanism is only possible (or measurable) when heavy quarks are pro-
duced in a sufficiently large numbers, which is the case for charm quarks at LHC in
central Pb—Pb collisions.
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Figure 1.20: Broadenning of the quarkonium spectral functions due to the increas-
ing medium temperature. A complex QQ potential was used in the resolution of
the problem. Left: charmonium spectral functions. Right: bottomonium spectral
functions. Figure taken from [62].

The recombination of individual charm quarks c+¢ — J /¢ +g inside the medium
is expected to occur mainly at low pr (0.1 < pr < 3 GeV/c) since it is a thermal
process during the QGP evolution [63, 64]. On the one hand, the number of charm
quarks N, increase with the number of binary nucleon-nucleon collisions N.y. On
the other hand, the produced light hadrons NV}, increase with the number of partici-
pant N As a consequence of this fact, the number of regenerated J/v increases
faster with the energy density compared to the number of primordial J/v, thus

N;% o N2 /Ny

Quarkonium decays

Later in the evolution of the heavy-ion collision, the initially created Q@ resonance
being not a stable particle will decay with a characteristic proper time inversely
proportional to its width, as 7; & 1/I". Then, we can estimate the decay time for
the J/+ or T(1S) (using their PDG widths values), which is around 2.1 x 10® fm/c
and 3.7 x 10 fm/c, respectively. These lifetimes confirm that quarkonium states
can be qualified as probes of the QGP, since the end of the equilibrium phase is of
the order of 10 fm/c.

In principle one could expect that the easier to measure should be the lowest mass
charmonium state 7.(1S) (2.98 GeV/c and JF¢ = 0=F). However, the difference
between the scalar and the vector states (L = 0 and S = 1) is that the latter have
a significant branching ratio (BR) for the double-lepton decay (BR = 5.9% for J /4
with J¥¢ = 177, decaying into e*e”, and the same for J/¢ decaying into pu*u~),
while the former can only be detected through hadronic decay.
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1.6.4 Heavy flavor final state observables
Open-heavy flavor production

From the study of charm dynamics in nucleus—nucleus collisions in the last decade
there is a general consensus that the details of hadronization have a large effect on
both the heavy-flavour observables Raa and vy [11]. The elliptic flow v, has been
already defined in the previous section, being the second coefficient of the Fourier
series which decompose the azimuthal distributions of emitted particles. On the
other side the nuclear modification factor (Raa) in A-A collisions is defined as

1 dzNAA/dedy
<Ncoll> dQNpp/dedy ,

Ran = (1.39)
where dQNpp( AA) /dprdy are the pr and y-differential yields of hadrons measured in
pp (AA) collisions. (N ) is the number of binary nucleon-nucleon collision, already
defined in the previous section. The R4 is expected to be equal to unity in absence
of medium effects, while a difference from unity implies modifications of the pr
distributions of the produced hadrons due to the medium.

Other effects not related to the presence of the QGP, the cold nuclear matter
(CNM) effects, can cause a deviation from unity. These effects can be assessed by
studying the nuclear modification factor in p—A collisions. The main phenomena
related to these CNM effects are: the modifications of nuclear parton distribution
function (nPDF) denoted as shadowing or anti-shadowing (nPDFs become only
ingredient different from the case of p—p collisions), the coherent energy loss, and
the final state mechanisms (like comovers interactions or nuclear absorption).

One can notice that the temperature dependence of the heavy quark spatial diffu-
sion D27T (see Fig. 1.16, left panel) is essential in order to explain simultaneously
the vo and Raa [0D, (6]. Figure 1.21 shows the pr-differential Ry (left) and vy
(right) of the D mesons (only the average D°, DT, and D** is plotted for the v,).
Different models are available to describe the open-heavy flavor data, both nuclear
modification factor and elliptic flow, some of them are described bellow.
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Right: vy(pr) of D mesons measured in Pb—Pb collision. Figures taken from [(7]

Figure 1.21: Left: Raa(pr) for 7%, D mesons, AF, and high-pp charged particles.
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e MCQ,HQ+EPOS2 [(5, (69]: Heavy quarks are initialized randomly at the
original nucleon-nucleon scattering points in these initial fluid dynamical fields
according to the pp-distribution from FONLL (fixed-order next-to-leading log-
arithm) calculations [70-72], and implementing PDF shadowing. The medium
modelling is a 3+1d expansion using the EPOS model [73]. The quark-medium
interactions are described by transport (Boltzman equation) and implementing
radiative and collisionnal energy loss. The heavy-quark hadronization mecha-

nism is fragmentation and coalescence. The QGP transport coefficient is fixed
at LHC.

e BAMPS [71]: Heavy-quark production is following MCQNLO [75] and no
PDF shadowing is implemented. The medium modelling is a full 34+1d ex-
pansion using parton cascade. Elastic and radiative heavy quark interactions
with light partons are described with the partonic transport model (Boltzmann
approach) to multiparton scatterings (BAMPSs). The heavy-quark hadroniza-
tion mechanism is only fragmentation. The model initially created for describ-
ing RHIC data, is typically scaled with dV,/dn for the LHC.

e TAMU ([70]: This is a heavy-flavour transport model based on the Langevin
equation with collisionnal energy loss and diffusion in the hadronic phase..
Heavy quarks are generated with FONLL, EPS09 (NLO) calculations, and
implementing the nPDF shadowing. The medium modelling is a 2+1d expan-
sion using ideal fluid dynamics. The heavy-quark hadronization mechanisms
are fragmentation and coalescence. The model assumes the 1QCD data to use
real and imaginary potential.

Charmonium production

The quarkonium production in nuclear collisions have been studied through many
experiments at different center-of-mass energies per nucleon pair (,/sxn) starting
from AGS (~5 GeV), to the SPS (~17 GeV), then to RHIC (~200 GeV) and fi-
nally, with an unprecedented energy, at the LHC (~5 TeV). The suppression of
charmonium bound states, in particular the J/v, was proposed 30 years ago as a
smoking-gun signature for quark—gluon plasma formation [77]. The increase in tem-
perature from the SPS to RHIC is not enough to dissolve the J /1, which is then only
indirectly suppressed due to the lack of feed-down contributions from the dissociated
Xc and 1(2S) states. Alternative explanations point out that the recombination of
charm and anticharm quarks in the thermal bath could compensate almost exactly

the additional suppression [55], and then the similarity of the suppression between
the SPS and RHIC energies.

At the LHC, the created medium is measured to be much denser and hotter than
that at RHIC or even more than that at the SPS, this means that the number of cc
pairs initially created will be larger, which lead to important level of recombination as
an alternative production mechanism of J/v. Figure 1.22 (left panel) demonstrates
that the data at pr < 5 GeV/c cannot be explained through current transport
models without a scenario including recombination of charm quarks. Indeed, this
effect has a surprising impact on the data, because a large J/1 Raa is observed in
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Figure 1.22: Left: Raa of J/9 as a function of the number of participating nucleons
(related to the centrality of the collision) for different pr range, compared to the
transport model TAMU. Figure taken from [78]. Right: transverse momentum
dependence of J/1 vy measured in Pb—Pb collision, and comparison with TAMU
model (red and blue curve). Figure taken from [79].

central collisions (with (Npat) > 200), at 2.76 TeV [30] and also at 5.02 TeV |
with respect to the level of suppression observed at high-pr, or at RHIC [31].

]

Complementary conclusions can also be drawn looking at the non-zero J /v vs in
Fig. 1.22 (right panel), firstly measured in Run 1 [32] and then confirmed in the Run
2 [79]. The elliptic flow measured is positive at low-p, where regeneration plays
a crucial role to understand how J/¢ inherits its anisotropic flow from the charm
quarks interacting with the medium during the expansion. The charm quarks flow
can only be understood if ¢ quarks are thermalized (or at least partially) in the
thermal medium, which depends of the charm quark relaxation time. At high-pr
(beyond 5 GeV/c), most of the J/¢ mesons are considered to be originated from
the primordial production, and their v, is explained by the path length suppression
(distance to travel is larger in the out-of-plane than the in-plane direction). Even if a
scenario of a suppression dominated by energy loss effects could be favored, no clear
statement is yet drawn on the production mechanisms involved at high-pr. Two
contributions could be distinguished in the inclusive J/1 production in hadronic
collisions:

e Prompt J/¢: which comes from the direct production (from hadronization
of the initial c¢ pair, either from recombination or from primordial) and the
production via decay of higher charmonium states (feed-down).

e Non-prompt J/t¢: which originates from a secondary displaced vertex corre-
sponding to the decay of b-hadrons (mostly B mesons, with a typical lifetime
of ¢t ~ 500 pm).

The models trying to describe the relevant observables implement rather different
mechanisms than those of open-heavy flavor, and in this case, the spectral properties
of quarkonium families appear to be an important ingredient to be able to describe
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well the data. Below the description of a microscopic transport model for charmonia
or bottomonia is given:

e TAMU [0, 83]: Heavy quarks are generated using FONLL calculations [70-
|, and including PDF shadowing. The medium modelling is a 2+1d expan-
sion using ideal fluid dynamics. The quark-medium interaction is described by
transport-Boltzman equation, accounting for both suppression and regenera-
tion. The hadronization is then described by a primordial and a regenerated
component. The quarkonium transport in the medium is described by the
kinetic rate equation [31] as

d]ZfQ =~ Tq(T)(Nog = Nig(T)), (1.40)

where the two transport coefficients are the inelastic reaction rate, I'gg, and
the equilibrium limit, N°(T). Here, Ngg, T and 'y, are time dependent
quantities. The model assumes lattice-QCD based equation of state for the
bulk medium. The spectral properties are also from lattice, using real and
imaginary heavy quark potentials, leading to temperature-dependent bind-
ing energies. This model takes the initial temperature values in the range
T = 550 — 800 MeV, and describes Raa and v, for both charmonium and
bottomonium families.

Bottomonium production

Bottom observables are considered as the cleanest probe of a strongly-coupled QGP,
in terms of the implementation of both microscopic interactions and transport, and
as a measure of coupling strength without saturation due to thermalization [05]. The
initial bb production is expected to be much lower than the cé. As a consequence
of this, in particular for the ground state Y(1S), the recombination will play minor
role compared to the one played for the J/1¢ production in nucleus-nucleus collisions
at the LHC. Figure. 1.23 (right panel) shows that Y(2S) state is more suppressed
than the T(1S), as it is expected comparing their different spectral properties. Also,
the observed Y(1S) suppression increases with the centrality of the collision and no
significant variation is observed as a function of transverse momentum and rapidity.

Figure. 1.23 (left panel) shows that the Raa of quarkonium states reveals a similar
level of suppression in central Pb—Pb collisions between high-pr J/1¢ and YT(1S) (and
also between ¥ (2S) and Y(2S)), observed by ALICE [88] and CMS [85, 86]. This
observation can be understood from the feed-down fractions involved [59], indeed, a
large fraction of expected quarkonium is coming from decay of excited states (e.g.
mainly ¢(2S) and x. for J/v¢, and T(2S), T(3S) and x; for T(1S)), the hot medium
dissociates these higher states at lower temperatures than the more tightly bound
ground states, leading to a sequential suppression pattern. The feed-down fraction of
J /1 is around 20% at low-pr (< 8 GeV/c) and 35% at high-pr, while for the T(1S),
these fractions are around 30% at low-pr and 55% at high-pr (values taken from
[89]). The level of suppression of T(1S) Raa could be therefore explained mostly by
the suppression of excited states.
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Figure 1.23: Left: Compilation of Rxa measurements for different quarkonia as a
function of pr. Figure taken from [35, 86]. Right: T(1S) Raa as a function of Ny
in Pb—Pb collisions at 5.02 TeV, and comparison with different theoretical models
[87] and [83]. Figure taken from [35].

Moreover, the negligible recombination of individual b quarks at LHC suggests
that the vy of T(1S) is expected to be very small [33], indeed the time window for
beauty quarks to interact with the medium is very short (7" > 600 MeV is needed),
which is also expected to be in the early stage of the QGP evolution, where temper-
ature is extremely high but the medium anisotropic flow is not fully developed. An
alternative explanation formulated by [90], which introduces an anisotropic escape
mechanism, predicts also a very small vy for T(1S).

e Hydro-BBJS [87, 90]: Bottomonium states are generated using PYTHIA,
scaled by the mass number of the colliding nuclei [91]. Initial conditions are
generated using the Glauber model to construct the energy density profile in
the transverse plane. The initial central temperature is assumed to be T = 600
MeV corresponding to n/s = 0.2 (or tries different values of 1/s associated to
different Ty). The model implements temperature-dependent decay widths
for the various bottomonium states. No regeneration or cold nuclear matter
effects are considered. The space-time medium evolution is modelled with a
3+1d quasiparticle anisotropic hydrodynamic simulation. One can notice that
in this model the bottomonia do not “flow” with the medium, it is purely due
to an anisotropic escape mechanism. This model describes the bottomonium
Raa and vy,

Brief summary

The J/¢ production in Pb-Pb collisions at LHC characterized by the Raa and
vy measurements, has gathered a great interest in the heavy-ion community, in
particular due to the spectacular effect of regeneration at low-pr, fairly well included
in the microscopic transport models describing both J/i¢ Raa and vy. However, the
vy at intermediate and high pr seems to deviates from the transport calculations,
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suggesting missing ingredients in the model. Moreover, no firm conclusions are
drawn about the mechanisms governing the J/v¢ production at high-pr. In order
to add further constraints in the current transport description and the different
scenario in the J/v¢ production, precise measurements of Rya and specifically the
vy are needed, in a large pr range. In addition, the latest J/¢ triangular flow v
measurement performed [92] was only able to conclude a positive v by 3.7, then a
larger data set is needed to claim of an observation, which could be a new interesting
feature in the story of hidden-charm flow.

The Y(1S) production in Pb—Pb collisions is currently characterized only by Raa
measurements [35], since more Y(1S) candidates are needed to perform azimuthal
anisotropy measurements such as the v,. For this reason a large data sample is re-
quired in order to obtain results with a sufficiently reasonable statistical uncertainty,
to be able to further constrain the microscopic transport model for Y(1S). On the
flow aspect, such measurement for Y (1S) will be considered as a closing picture of
the compilation of vy from different particle species, from the lightest to the heaviest
one, the bottomonium states.

Finally, this thesis manuscript will address the measurement of azimuthal anisotropies
(defined using the v,,) of charmonium and bottomonium in Pb-Pb collisions at the
LHC, through the J/¢ and T(1S) ground states.
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Chapter 2

Experimental setup

ALICE (A Large Ton Collider Experiment) is one of the four major experiments
installed at CERN using the LHC beams. It is a detector focused on strong-
interaction related physics, and designed to address the properties of the strongly
interacting matter and the quark-gluon plasma, at extreme values of energy density
and temperature through heavy-ion collisions. In this chapter, the LHC will be
briefly introduced, and a quick revue of the ALICE apparatus will be given. Then,
the details concerning the trigger systems, the event centrality determination, the
vertex and track reconstruction, the unique Particle Identification (PID), and finally
the Muon Spectrometer will be presented. A last part will describe the Muon For-
ward Tracker (MFT), one of the main upgrade projects of ALICE, as well as a brief
overview of its alignment.
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2.1 The LHC, a brief overview

The Large Hadron Collider (LHC) is a hadron accelerator and collider, built at
CERN, between 1998 and 2008. With its 26.7 km of circumference, it is the world
largest and most powerful particle accelerator. The aim of the LHC detectors is to
allow physicists to test the predictions of different theories of particle physics (e.g.
study the Higgs boson properties, searching for supersymmetric theories through
new particles, as well as other unsolved questions in fundamental physics).

51
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It consists of two concentric rings (kept in an ultrahigh vacuum) where the beams
are moving in opposite direction, and a large number of superconducting magnets
and accelerating cavities. The charged particles in the beams are guided around
the accelerator tubes by a strong magnetic field maintained by superconducting
electromagnets (which are cooled down to -271.3 °C, a temperature colder than outer
space). It is located between 50 and 175 meters underground, forming a tunnel 3.8
meters wide. The two hadrons beams travel in the beam pipe close to ¢, before they
collide at height crossing points. The results of these collisions are studied in four
interaction points (IP), by four experiments located at each IP, corresponding to
ATLAS, ALICE, CMS, and LHCb positions.

Figure 2.1: Artist view of the LHC, with its four experiments (Image: Maximilien
Brice, CERN).

Before being injected into the main accelerator, the particles (protons or ions)
are pre-accelerated by a series of systems that successively increase their energy. For
example in p—p collisions, the first system is a linear particle accelerator generating
160 MeV negative hydrogen ions (H™ ions), which feeds the Proton Synchrotron
Booster (PSB) (electrons are stripped from the hydrogen atom leaving only the
nucleus containing one proton). Protons are then accelerated to 2 GeV and injected
into the Proton Synchrotron (PS), where they are accelerated to 26 GeV. The Super
Proton Synchrotron (SPS) is finally used to increase their energy further to 450 GeV
before they are injected into the main ring (LHC), where the proton bunches are
accumulated, accelerated to their peak energy in order to collide at the interaction
points. After an upgrade of the ion injector chain, a sizeable part of the LHC physics
program implying lead-lead collisions was allowed. The LHC accelerates lead ion
that contains 126 neutrons and 82 protons (2°Pb). Since protons and neutrons have
approximately the same mass, an LHC lead ion weighs roughly 208 times more than
a proton. The LHC acceleration process gradually strips away all of the lead atoms’
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electrons, leaving a beam composed only of lead nuclei.

A quantity commonly used in accelerator physics is instantaneous luminosity
(L), which is defined as the ratio of the number of events detected (N) in a certain
time (), corresponding to the interaction cross-section (o). Instead of L, we prefer
to use the integrated luminosity, which is the integral of the luminosity in a given

time interval LN
e = Ldt:/——dt. 2.1
Lint / o dt (2.1)

The LHC is designed to collides proton beams at a maximum centre-of-mass energy
of \/s = 14 TeV at a luminosity of 103" cm~2s7!. On the heavy-ion side, it can
collide lead ions at an centre-of-mass energy per nucleon of /sy = 5.02 TeV, with
a luminosity of Liy ~ 10%” cm™2s71.

2.2 ALICE apparatus

The physics program of high-energy heavy-ion collisions and the study of QGP
properties, started in 1986 at the CERN-SPS accelerator and, simultaneously, at
the Brookhaven AGS in the US. ALICE started to be designed in 1994, many ob-
servables included in its initial menu became clearly important only after results
appeared from RHIC [93]. Then, various additional detection systems were added
to the original design over time, from the muon spectrometer in 1995, the transition
radiation detector in 1999, to a large jet calorimeter added as recently as 2007.
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Figure 2.2: ALICE detector schematics (Figures from ALICE repository).

The ALICE Collaboration has built a dedicated detector to exploit the unique
physics potential of nucleus-nucleus collisions at LHC energies. Hence, its aim is
to study the physics of strongly interacting matter at the highest energy densities
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reached so far in the laboratory. For this purpose, a comprehensive study of the
hadrons, electrons, muons and photons produced in the collisions of heavy nuclei
are carried out. Since ALICE is a general purpose detector, it is also studying
proton-proton and proton-nucleus collisions on their own, and as a comparison with
nucleus-nucleus collisions. A key feature of the ALICE detector is to be able to track
charged particles with transverse momentum down to about 80 MeV /¢ [94], which is
a strong requirement to extract QGP physics. However, the ultrarelativistic heavy-
ion collisions create an environment with large charged-particle multiplicity (between
2000 to 8000 charged tracks in central Pb—Pb), and for this reason, detectors with
high granularity and low material budget are used.

The experimental setup can be separated in two sections, the “central barrel”
embedded in a large solenoid magnet (B = 0.5 T) which defines the detectors
with a pseudorapidity range |n| < 0.9, and a muon spectrometer which covers the
forward region in the interval —4 < n < —2.5. Several detectors located at forward
and backward rapidity are not in these two parts, and are used for the global event
characterisation and triggering (ZDC, PMD, FMD, T0, VOA and VOC). The particle
detection principles are based on the fact that a charged particle (hadron, electron,
muon, ...) traversing the detector material loses its energy, and this phenomenon is
described by the well-known Bethe-Bloch formula. A brief description of the major
detectors in ALICE is presented below.

Inner Tracking System (ITS)

It is the closest detector to the interaction point, made of two silicon pixel layers
(SPD), two silicon drift layers (SDD) and two silicon strip layers (SSD) [95]. The
total material traversed by a particle crossing the ITS, at n = 0, is around 7.2% of
the interaction length X, (which is related to the energy loss of high energy particles
interacting electromagnetically with the material), including the thermal shields and
support structures.

87.2 cm

Figure 2.3: First half barrel of the SPD (left) and schematic of the ITS with its
different layers (right). Figures taken from [96, 97].
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The basic building block of the SPD layers is a module consisting of a two-
dimensional sensor matrix of reverse-biased silicon detector diodes bump-bonded to
5 front-end chips. The sensor matrix consists of 256x 160 cells, each measuring 50
pm (re) by 425 pum (z). The position resolution of the SPD sensor is determined by
the pixel cell size, the track incidence angle on the detector, and by the threshold
applied in the readout electronics. The values of spatial precision along rp and z
extracted from beam tests are 12 and 100 pum, respectively.

The SDD layers are composed of modules divided into two drift regions where
electrons move in opposite directions under a drift field of ~ 500 V /cm, with hybrids
housing the front-end electronics on either side. The SDD modules are mounted on
linear structures called ladders. There are 14 ladders with six modules each on the
inner SDD layer, and 22 ladders with eight modules each on the outer SDD layer.
The values of resolution along r¢ and z are expected to be around 38 and 28 pm,
respectively.

The SSD is built using double-sided strip sensors connected to two hybrids host-
ing the front-end electronics. Each sensor has 768 strips on each side with a pitch of
95 pm. The values of resolution along r¢ and z are expected to be around 20 and
830 pm, respectively.

Time Projection Chamber (TPC)

The TPC is the main tracking detector of the central barrel and it is optimised to
provide charged particle momentum measurement with good two-track separation
and PID via the energy loss of the charged particle (d£/dxz). The TPC, is a cylin-
drical detector that covers the full azimuthal angle, having an active radial range
from about 85 cm to 250 cm and an overall length along the beam direction of
500 cm [98]. Each end plate is divided in 18 trapezoidal sectors, where multi-wire
proportional chambers (MWPC) are mounted.

High precision, low

mass field cage

Figure 2.4: TPC installations and its schematics (Figures from [99, 100]).

The field cage is based on a design with a central high-voltage electrode and two
opposite axial resistive potential dividers, which create a highly uniform electrostatic
field in the common gas volume. The detector covers the pseudorapidity range
In| < 0.9 for tracks with full radial track length (matches in ITS, TRD and TOF),
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and up to |n| = 1.5 for reduced track length. The TPC allows the charged particle
reconstruction in a wide range of transverse momentum, from low-pr around 100

MeV /e, up to 100 GeV/c.

Transition Radiation Detector (TRD)

The TRD is able to detect the transition radiation (TR) photons by using either
straw tubes or by MWPC [101]. The TRD covers the full azimuth and the pseudo-
rapidity range —0.84 < n < 0.84. It consists of 522 chambers arranged in 6 layers
at a radial distance from 2.90 m to 3.68 m from the beam axis, which are built with
low material budget. The extracted temporal information represents the depth in
the drift volume at which the ionisation signal was produced, and thus allows the
contributions of the TR photon and the specific ionisation energy loss of the charged
particle dF/dz to be separated. Electrons can be distinguished from other charged
particles by producing TR, and having a higher dE/dz due to the relativistic rise
of the ionisation energy loss.

Time of Flight (TOF)

The TOF detector is a large area detector arranged around the TRD that covers
the same pseudorapidity range of ITS, TPC and TRD (|n| < 0.9). Its main purpose
is the particle identification in the intermediate momentum range, up to 2.5 GeV/c
(4 GeV/c) for the separation of pions (protons), from kaons by more than 3 times
the time-of-flight resolution. The time of flight (gign) for each particle is given by
the information of the time in which the particle hits the detector (¢.;) and the
initial time of the event ty, which is computed as the average of time signals from
both TOA and TOC (tgight = tnit — o). The start time ¢( is determined with the TO
detector, or using the particle arrival times at the TOF. The overall TOF resolution
is around 60-80 ps (for tracks with p & 1 GeV/¢) in Pb—Pb collisions and 100 ps in
proton-proton collisions, where there is a larger uncertainty on the determination of
the to.

Vo

The VO detector is composed of two arrays of 32 scintillator counters each, covering
2.8 <n <51 (VOA) and —3.7 < n < —1.7 (VOC). The VOA and VOC are used for
triggering, for the beam induced background rejection, and for the determination of
the collision centrality [100]. The VO amplitude obtained is then used to evaluate the
centrality of the events via a Glauber fit (described in details in the next section).
The 32 channels are arranged in four concentric rings with full azimuthal coverage
allowing for the calculation of the event flow vector (Q),,).

TO

The TO detector has a similar geometry than the V0, it is composed of two arrays of
detectors (TOA and TOC) corresponding to 24 Cherenkov counters, located on both
sides of the IP next to the VO (at z = 350 cm, and z = -70cm). The detector has a
excellent time resolution (better than 50 ps), and provides the collision signal for the
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Figure 2.5: Positions of the VOA and VOC detector. Figures taken from [100, 102].

TOF detector, can determine the vertex position, estimate the particle multiplicity,
and serve as a minimum-bias trigger.

Zero Degree Calorimeters (ZDC)

The ZDC is installed at +112.5 m from the nominal IP along the beam axis.
[103]. This detector includes two electromagnetic calorimeters (ZEM), two hadronic
calorimeters for the detection of protons (ZP) and two for the detection of neutrons
(ZN). The ZN and ZP calorimeters, detect spectator nucleons that emerge at 0° from
the collisions. The ZDC is mainly used to remove the parasitic beam-gas background
events, and to determine the centrality in p—Pb and Pb—Pb collisions by measur-
ing the energy deposited by spectator nucleons, which decreases with increasing
centrality.

Electromagnetic Calorimeter (EMCal)

The EMCal, a lead-scintillator electromagnetic calorimeter covering 107 degrees
in azimuth and || < 0.7, is used to trigger on jets and to detect the photons
(also available with the Photon Spectrometer (PHOS)). Jets are the measured using
charged particle tracks in ITS, charged hadronic energy in the TPC, and neutral
hadronic energy carried by photons measured with the electromagnetic calorimetry.

Muon spectrometer

The muon spectrometer is designed to reconstruct muons tracks. The properties of
quarkonia and electroweak bosons can be investigated in their di-muon decay channel
in the forward rapidity region, down to zero transverse momentum [104]. The muon
spectrometer covers the pseudorapidity region —4 < 1 < —2.5 and consists of the
following components:



o8

CHAPTER 2. EXPERIMENTAL SETUP

a passive front absorber in order to suppress the charged hadrons and muons
from 7 or K decays. The absorber length is about 4.13 m, a nuclear interaction
length (the mean distance travelled by a hadronic particle before undergoing
an inelastic nuclear interaction) of ~10 Ay, and corresponding to ~60 Xj.

a high-granularity tracking system of ten detection planes (multiwire propor-
tional chambers (MWPC) with cathode pad read-out, grouped into five sta-
tions). One can notice that the stations 1 and 2 have a quadrant geometry,
while stations 3, 4 and 5 have a rectangular (slat) geometry, see the Fig. 2.6.

a large dipole magnet (where [ Bdz = 3 Tm), which bends the tracks vertically
a passive muon-filter wall with a thickness of about 1.2 m, and ~7.2 Ay

four planes of Resistive Plate Chambers (RPC) grouped into two stations for
the muon triggering system (MTR)

an inner beam shielding to protect the detection chambers from the primary
and secondary particles produced at large rapidities
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Figure 2.6: Geometry of the muon spectrometer (Figure taken from [105]).

Each MWPC constitutes of a central plane of anode wires sandwiched between

two cathode planes, where the space between the anode and cathodes is filled with
the gas mixture Ar + CO,. The high voltage needed is around 1600 V, which is
applied to the anode plane creating an internal electric field. As a consequence
of a charged particle crossing the detector volume and ionises the gas, electrons
are produced and travel towards the anode, and will produce an avalanche in the
immediate proximity of the wire. The electrons are then captured by the anode,
while the ions travel towards the cathode. The segmentation of the detection planes
(separated between: bending and non-bending planes) allows a 2D-localisation of
the hit, corresponding to the distribution of the charges.
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Coordinates system

The ALICE global reference system is a right-handed Cartesian system which has the
z axis on the beam line, pointing towards the ATLAS experiment. The transverse
plane is defined using the x axis in the LHC (horizontal) plane pointing to the center
of the accelerator, and the y axis pointing upward. The polar angle # is defined with
respect to the z direction, and the azimuthal angle ¢, increases counter-clockwise
starting from the z axis towards the CMS side.

Triggers systems

The collision events can be studied using the triggers data acquisition system, which
is working through a three-level trigger architecture, named the Central Trigger
Processor (CTP), selecting the potentially interesting events and dealing with de-
tector latencies. Depending on the physics program, trigger classes are defined as
the logical combination of several detector inputs.

The first trigger inputs (L0) are sent by fast trigger detectors 1.2 us after the
collision (V0, T0, SPD, EMCal, PHOS, and Muon Trigger (MTR)). If the conditions
of the trigger class are fulfilled, the CTP sends a signal to the corresponding readout
detectors. The second (L1) and third (L2) level trigger systems are slower and
correspond to a latency of around 6.5 pus and 100 us after the collision, respectively.
For the L1, this is due to a computation time in the TRD and EMCal, and the
propagation times to the ZDC. For the L2 trigger, the latency is mainly due to
the electron drift time in the TPC. Detector data are sent subsequently to the
ALICE data acquisition system and to the High Level Trigger (HLT). If all selection
requirements are met, the event is registered to permanent data storage, where it
will be processed and reconstructed in order to be ready for data analysis.

IXTEE.

w .m THL o

Figure 2.7: Event display of a Pb—Pb collision reconstructed using the ALICE de-
tectors, in the beam-line view (left) and side-view (right). Figures taken from [106].
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2.3 ALICE Offline framework

The offline software of ALICE, called AliRoot, is based on ROOT, a scientific soft-
ware designed for high-energy physics experiments. It is mainly written in C++ and
usually used for processing data, storage, and visualisation. The simulation of pro-
ton-—nucleus and nucleus—nucleus collisions is performed using the HIJING [107] and
DPMJET [108] Monte Carlo generators, while the proton-proton collisions are simu-
lated using PYTHIA [109] and HERWIG [l 10]. The passage of the particles through
materials and their responses in the detector is simulated in A1liRoot by using dif-
ferent transport packages (GEANT3 and GEANT4). Since simulation, data reconstruc-
tion, and analyse use significant computing resource, they are performed using the
Worldwide LHC Computing Grid (WLCG), which is a geographically distributed
infrastructure that connects several computing centres from more than 40 countries.

2.3.1 Centrality determination

The centrality is defined as the percentile of the hadronic cross section corresponding
to a particle multiplicity, or an energy deposited, measured in ALICE, above a given
threshold (NJ ) [111]

1 o dN, 1 EZTDC dN., /
~ 7 ANy ~ 7/ Y AE,,., 2.2

where the cross section may be replaced with the number of observed events n (cor-
rected for the trigger efficiency and for the non-hadronic interaction background).
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Figure 2.8: Centrality determination using energy deposited in the VO (VOA+V0C)
detector (Figure taken from [111]).

The centrality determination via particle multiplicity in Pb—Pb collisions is typi-
cally performed with the VO detectors [100], as it is shown in Fig. 2.8. The percentile



2.3. ALICE OFFLINE FRAMEWORK 61

of the hadronic cross section is obtained for each measured value of amplitude of
the VO (sum of VOA+VO0C) signals by integrating the distribution of the VO signal
normalised at an anchor point, corresponding to 90% of the total hadronic cross
section. The events with multiplicity lower than that of the anchor point are con-
taminated by background electromagnetic events, and are therefore not considered
for the centrality determination. The VO0-signal distribution is finally fitted with a
parameterisation based on a Glauber Monte Carlo simulation, after this step, the
mean values of geometrical quantities (Npart, Neon, Or b) can be extracted from the fit
for different centrality classes, which are defined by classifying the events according
to their multiplicity.

2.3.2 Muon measurements

The light (w and ¢), heavy (J/¢ and T families) vector mesons production, and
Z" boson can be studied using the muon spectrometer through their p*u~ decay
channel [104]. The spectrometer is also used to measure the production of single
muons from decays of heavy-flavor hadrons and electroweak bosons (W=). The
acceptance going down to pr = 0 and the high readout granularity (resulting in
an occupancy of 2% in central Pb—Pb collisions) constitutes the key features of the
muon spectrometer. The combined effect of the front absorber (which stops primary
hadrons) and of the muon-filter wall (which suppresses the low momentum muons
from pion and kaon decays) leads to a detection threshold of p > 4 GeV/c for tracks
matching the trigger.
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Figure 2.9: Di-muons invariant mass spectrum, in p—p collisions (Figure [91]).

The final reconstructed tracks (matched with a trigger track) are extrapolated to
the vertex (measured with the SPD). The track parameters are corrected for energy
loss and multiple scattering in the front absorber. In order to trigger and identify
muons (or reduce the combinatorial background in the J/¢ or T(1S) analyses), the
system has two programmable cuts corresponding to, low pr (typically 0.5 GeV/c,
but it was set at 1 GeV/c for Pb-Pb data taking) and high pr (4.2 GeV/c). Different
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triggers are usually defined for muon data taking, corresponding to at least one
reconstructed:

e muon satisfying the low-pr cut (MSL),

e muon satisfying the high-pr cut (MSH)

e unlike sign dimuon pair, satisfying the low-pr cut (MUL),
e like sign dimuon pair, satisfying the low-pr cut (MLL).

Tracks reconstructed in the tracking chambers (MCH) are required to match a trigger
track, they must coincide within the pseudorapidity range —4 < n < —2.5, and their
transverse radius coordinate at the end of the front absorber must be in the range
17.6 cm < Raps < 89 cm. One can notice that, the deviation suffered by the muon
tracks (mainly through multiple Coulomb scattering in the absorber) is taken into
account by correcting the initial track orientation. Similarly, the muon particle
momenta is also corrected following the Bethe-Bloch formula for the stopping power
encountered.

An additional cut on pxDCA, the product of the track momentum and the
distance between the vertex and the track extrapolated to the vertex transverse
plane, may also be applied to further reduce residual contamination. Using these
cuts, a large fraction of the remaining fake tracks are removed. Finally, instead of the
ete” decay channel (accessible in the central barrel), which had a large remaining
background, the p*u~ appears as a privileged decay channel to study the properties
of quarkonia in ALICE.

2.4 The Muon Forward Tracker upgrade

A factor 10 to 100 increase in the Pb—Pb integrated luminosity is planned by the
LHC for Run 3 and Run 4, depending on the observables, with respect to the
previous runs. In order to be prepared for this future interaction rate corresponding
to 50 kHz in Pb—Pb collisions (200 kHz is expected for p—p and p—Pb), ALICE is
now finalizing a major upgrade of its detectors, to take advantage of this luminosity
increase, and also preparing a full upgrade of the detector readout architecture and
computing.

Besides the fact to be able to increase the luminosity, the ALICE upgrade is
also improving the vertexing capabilities and the tracking at low-pr, essential for
studying the fundamental QGP properties. All the significant improvements of the
ALICE detector can be listed as follow:

e a new integrated online-offline computing system (O2) to be able to
manipulate large amount of data (3.4 TB/s of data flow and 100 GB/s of data-
to-storage rate as detector read-out, and will mainly operate in a continuous
mode) [112]

e new readout electronics architecture for the TPC, Muon Spectrometer,
TRD, TOF, PHOS, EMCAL/DCAL, and ZDC



2.4. THE MUON FORWARD TRACKER UPGRADE 63

e a new smaller beam pipe, reducing the radius from 29.8 mm down to 19.2
mm

e new readout chambers in the TPC replacing MWPC with Gas Elec-
tronMultiplier (GEM) detectors [113]

e a new fast interaction trigger, to handle with the large interaction rate

[114]

e two new high resolution silicon trackers built of Monolithic Active Sen-
sors (MAPS), based on Complementary Metal Oxide Semiconductor (CMOS)
(using TowerJazz 0.18 um technology, a spatial resolution of 5 pm, 130 000
pixels/cm?; a detection efficiency > 99%, and an event-time resolution < 4 yus,
see the Fig. 2.15 for the ALPIDE chip design) [1 15, 116]:

— the Inner Tracking System (ITS) will be replaced by seven new layers of
sensors for an improved tracking efficiency and resolution (particularly
at low-pr), and an increased read-out rate. The new large area will be
around 10 m? of silicon pixel sensors (|n| < 1.22), the thickness sensor
is 50 pm and 100 pm for inner and outer ITS, respectively. The total
material traversed by a particle will be around 0.3% X per layer, in the
3 inner most layers.

— anew forward rapidity tracker named the Muon Forward Tracker (MFT),
to add vertexing capabilities to the current Muon Spectrometer. The sur-
face of the MFT is around 0.4 m? corresponding to 936 silicon pixel sen-
sors (thickness of 50 um) assembled on 10 detection planes each, grouped
on 5 disks. All the silicon pixel sensors of the MFT are assembled, using
the same technology as for the new ITS, on 280 ladders (of 2 to 5 sensors
each), the ITS read-out electronics will be also used for the MFT. The
CMOS technology is commonly used in many tracking devices involving
silicon micro-strip or pixel sensors, it point out great features in terms
of granularity, material thickness, power consumption, read-out speed,
and radiation hardness. The unique particularity of the CMOS-MAPS
technology is to integrate both sensor and read-out electronics into a sin-
gle detection device, which allow an interface optimisation between the
sensor and the read-out electronics. The main advantage with respect to
hybrid pixels is a low material budget and a power consumption reduced,
but the radiation tolerance is limited.

The addition of the MFT extends the central barrel pseudo-rapidity coverage
(In] < 0.9) to large pseudo-rapidities (—3.6 < |n| < —2.45).

2.4.1 Brief physics motivations

A significant part of the ALICE physics program after the second LHC Long Shut-
down (LS2) is dedicated to high precision measurements of hard probes (heavy-
flavour hadrons, quarkonia, photons and jets). The MFT will improve the present
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Figure 2.10: (left) Geometry of the installed new detectors [1 17]. (right) Non-prompt
J /1 reconstruction from B-meson decay with secondary vertex. (Figures from [110]).

performance of the Muon spectrometer and open a way for new precision measure-
ments not accessible with the present apparatus (open charm/beauty separation,
1(2S) in central Pb-Pb collisions, and J/¢ from b-hadron decays measurements).
The addition of the MFT to the current Muon spectrometer will help to better
understand:

e the in-medium charmonium dynamics (with the competition between dissoci-
ation and regeneration mechanisms), probe the medium temperature and the
QQ interaction in a deconfined system, and will be accessible via the measure-
ments of prompt J/1 and ¥ (2S) production and nuclear modification factors
(Raa) down to zero pr.

e the thermalization of heavy quarks in the medium, accessible via the elliptic
flow (ve) measurements of charm down to pr = 1 GeV/c (in semi-muonic
decays), beauty (in semi-muonic and J/v¢ decays) and prompt charmonium
down to zero pr.

e the medium density and the mass dependence of the in-medium parton energy
loss, which can be studied through measurements of charm and beauty pr-
differential production yields.

e the QCD phase transition with its chiral nature, which can be studied via
the measurement of the QGP thermal radiation and the spectral shape of low
mass vector mesons.

The excellent detection efficiency (> 99%), the low integration-time (< 20 us) and
event-time resolution (< 4 us) allow the MFT to collect a large amount of data to
perform these measurements over a broad transverse momentum interval and with
high statistical precision. Additionally to these measurements, the MF'T will be also
an important forward detector in order to reconstruct the event flow properties with
high precision.
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2.4.2 Details concerning the alignment strategy

The aim of the MFT is to measure charged tracks produced in each event with a
high spatial resolution in front of the Muon spectrometer and inside its acceptance
(=4 < n < —2.5). The position of the MFT surrounds the vacuum beam-pipe,
inside the I'TS outer barrel, along the beam axis between the ITS inner barrel and
the front absorber of the Muon spectrometer (see Fig. 2.10). The basic detection
element is a silicon pixel sensor, developed by the ALICE pixel groups for both ITS
and MFT [115, ].

This section focuses on the study of misalignment effects on reconstructed tracks
and the alignment of the detector, both performed as a part of this thesis.

Study of misalignment effects

The silicon pixel sensors (or chip) are the most fundamental detection element, they
are mounted on ladder, themselves glued on disks, which are assembled into two
half-cones. The chip dimension has a width of 1.5 cm, and a length of 3 cm. The
whole MFT assembly is based on an ideal geometry, however despite very precise
positionning procedure, the true positions of the different elements do not coincide
with the ideal one. As a consequence of this, residual misalignments exist from few
micrometers to few millimeter for the positions of the disks. Before correcting these
residual misalignments (originated from shifts, deformations, glue width,...) in the
final geometry, their effects in the track reconstruction need to be evaluated. The
simulations are performed using the PYTHIA event generator (e.g. here we simulate
1000 events with 10 muons per event) and the TGEANT3 transport package are used,
to reproduce the transport of the particles through the detector.
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Figure 2.11: 2D cluster-track residual distribution ideal (left) and after applying
rotation on X and Y axis to the ladders.

The principles of positioning a volume are governed by the common translation
and rotation matrices, where both can be multiplied or additioned. The translation
could be represented by the parameters T, T, and 7}, which are referring to the
displacements on X, Y, and Z from a reference point, respectively. The rotation is
usually describes by 3 angles, the v, 6, and ¢, which denotes the rotation on X, Y,
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and Z axis, respectively. The rotation matrix can be decomposed using the common
roll, yaw, and pitch matrices (R.(¢)R,(8)R.(¢)) as

cosp —sing 0 0] [ cosf 0 sin€ 0] [1 O 0 0
R sing cos¢ 0 0 0 1 0 0] |0 cosyp —sinyy 0 (2.3)
10 0 1 0| |[—sinf® 0 cosf® 0| |0 sinyy cosyp 0} '
0 0 0 1 0 0O 0 10 0 0 1
while the translation matrix is represented by a simple column vector as
100 T,
101 0 T,
= 0 0 1 T, (2.4)
0 00 1

Track residual are computed as the distance between the reconstructed cluster and
the hit generated. The effect of a displacement of any detection element will increase
the distance between the generated MC hit and the reconstructed cluster, it results
of an increase of the track residuals, denoted here as dx = 6<% — §ht for the X axis.
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Figure 2.12: 2D cluster-track residual distribution ideal (left) and after applying
rotation on X and Y axis to the ladders.

The ideal geometry produces track residuals corresponding to a Gaussian profile
centerred on zero on X and Y axis (the width is around ~8.5 pm, which correspond
to the intrinsic spatial resolution), the 2D-profile of these track residuals on X and
Y axis is shown in Fig. 2.11 (left panel). The translation or rotation of either
chip, ladders, disks, half-cone is simulated using a random selection in a gaussian
distribution centerred in a average value. The effect of a simulated rotation of all
ladders by 0.004 radians on Z axis, on the track residuals is shown on Fig. 2.11 (right
panel). Other examples of 2D-profile of track residuals corresponding to rotation on
X and Y axis, and alternatively the effect of translations of the disks on X, Y, and
7 axis, are shown on the Fig. 2.12.

Alignment procedure and results

The misalignment effects on track residuals have been described in the previous
section, however the goal is to correct these observed displacements by implementing
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specific transformations on different detector elements. The transformation matrices
needed to apply on either chip, ladder, disk, or half, are obtained bu using a least
square minimization. This procedure takes as inputs the displaced and the ideal
3D positions of different points (or markers) of the detector element, computes the
residual (F}) and then, run step-by-step over a set of 6 parameters x,y,z,rx,ry,rz
(3 for translation and 3 for rotation) in order to found the best transformation to
apply, which is characterised by the minimum of the x? values. The minimization
function is implemented with TMinuit, through MIGRAD with a sufficient number of
iterations.

N, N,
X(Q:hip - ffls Xj2 - fs o _U; idea1|;Pa1"align)27 (2.5)
j=1 j=1

where xZ,;, is denote the minimization values obtained for a chip, par,y,, is the
set of 6 alignment parameters x,y,z,rx,ry,rz, and o is the intrinsic resolution
parameter (around 8.5 pm).

Alignment
marker
(AM-Pad)

Figure 2.13: Left panel: Description of the geometry of the disk with the ladders
mounted on it. Right panel: Alignment markers visible on each corner of the chip.

As it can be visible on Fig. 2.13, the X<2:hip is computed with 4 points (alignment
markers, with x,y, z position) per chip, corresponding to 3744 positions, with an
ideal and a survey position. Here, the ideal positions are defined within the frame-
work of an ideal MF'T geometry, while the survey positions represent the measure-
ments performed at different steps by the surveyors engineers during the installation.
Chip alignment marker positions are measured using a precise machine before gluing
ladders on disks, while disk alignment markers are measured before and after MFT
insertion, and after I'TS insertion. Figure 2.15 shows the ALPIDE chip design (left
panel), mounted on a flat printed circuit (FPC) which constitute the ladder (center
panel), and the final MFT-ITS insertion around the beam pipe, close to the inter-
action point (right panel). For the disks, the x3, is computed with only 2 points
or markers per half-disk corresponding to 20 positions (with an ideal and a survey
one). Omne can mention that the fact only 2 markers per disk are available could
be problematic, because one degree of freedom of rotation is lost. The transforma-
tion matrix M (composed of previously defined T and R matrices) is apply on the
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position rige.;, during the minimization procedure
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Figure 2.14: Left panel: Ideal geometry of the alignment markers positioned on
each chip corner. Right panel: Chip alignment parameters obtained after the mini-
mization, for the X-axis.

The ideal geometry corresponding to the alignment markers (4 per chip) for all
the chip in all the disk is visible in the transverse profile in Fig. 2.14 (left panel).
The final result of the minimization corresponds to a set of 6 alignment parameters
associated to each detector element, which could be stored, in order to modify the
ideal geometry and obtain the true one needed in the final track reconstruction.

Figure 2.15: Left panel: ALPIDE chip design [118]. Center panel: FPC and wire
bonding technology used for ITS and MFT. Right panel: Insertion of the MFT and
the ITS in their final positions. Figures from [119, 120]

Figure 2.14 (right panel) shows the result of the minimization using all markers
at the sensor corners (3744), for all the chips (936), corresponds to the translation
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X. The alignment parameters obtained for X translation (red curve) is centered on
zero, with maximal values around 20 ym. Each corner of a chip has a particular shift
on X, the minimization finds the best transformations (or alignment parameters)
to apply to the chip volume. Similar distributions are obtained for the other align-
ment parameters. Similar Y? minimization procedures is applied on other degree of
freedom, and for all the half-disks.






Chapter 3

Event properties and calibration

This chapter will be dedicated to the introduction of the analysis techniques and
data calibration. After defining the methods for the determination of anisotropic
flow coeflicients, the reconstruction strategy and how to process the data will be ex-
plained. Then, a brief overview of the event flow vector calibration will be presented.
Finally, the event flow properties and in particular its resolution will be described.
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3.1 Azimuthal anisotropy measurement methods

The anisotropic flow coefficient v,, for a set of particles, with an azimuthal angle ¢,
can be estimated with the following relation:

v, = (cos[n(e — V,)]), (3.1)

which is derived from the standard decomposition of d/N/dy in Fourier series, solely
by using the orthogonality properties of trigonometric functions. In the absence
of fluctuations all symmetry planes W,, are identical and equal to the hypothetical
reaction plane Wgp, which is spanned by the beam axis z and the impact parameter
b. ¥, is estimated by computing the azimuthal angle of the event flow vector Q,,
which is constructed summing over all unitary vectors u,, of charged particles in an
event, for the harmonic n :

N
Q. => u, =) cos(ng;) +isin(ng;) = |Q,le™"", (3.2)

Jj=1

71



72 CHAPTER 3. EVENT PROPERTIES AND CALIBRATION

where the summation over unitary vectors is performed on a set of particles in a
single event, ¢; is the azimuthal angle of the particle j, IV is the number of charged
particles in an event. The Q, multiplicity dependence is removed by dividing it
with the square root of N. @), , and @), , are the real and imaginary part of the Q,,
vector. Then, the n-th harmonic of the event-plane angle V¥, is obtained by taking
the ratio between each Q, component Eq. (3.3). This event-plane angle gives an
estimate of the true symmetry plane:

Qn,y
@

Each component of the Q, vector can be estimated using the particle multiplici-
ties, which are decomposed using the azimuthal angle of charged particles with the
following formulas:

). (3.3)

¥, = — arctan(
n

Qnz = |Qnz|cos(n¥,) = ij cos(ny;), (3.4)

J

Qn,y - |Qn,y| Sin(n\l}n) = ij sin(ngpj), (35)
j
where the w; represent the weight associated. These weights can depend on az-
imuthal angle, transverse momentum, or to be the multiplicity of the channel j (in
case of a tracklet w; = 1). For a segmented detector, such as the VOA or VOC, the
weights are taken as the corresponding channel amplitudes.

The aim of this thesis is to access to the anisotropic flow coefficients of rares
and heavy particles, the quarkonia (which decay into other particles e.g. dimuon,
dielectron). Several methods using the general event flow properties are able to
perform such measurements, two well-known of them are described below.

3.1.1 Event-plane based method

This method typically correlates each particle with the event plane of other particles.
The event-plane based method is an historically standard approach used in heavy-
ion collision to extract the wv,, introduced by Poskanzer and Voloshin [121]. The
correlation formula between a di-lepton azimuthal angle (¢ = ;) and the symmetry
or event-plane angle W, is given by

v {{cosn(p — Wn)))
Ru\[(cosn(w — 0B))

n

: (3.6)

Un =

where the v° is the v, coefficient not corrected by the event-plane resolution R,,.

The bracket (...) represents the average over all particles. The double brackets
((...)) correspond to the average over all particles in all events. The factor R,, can
be determined from the correlation between event-plane angles of two independent
“sub-event” A and B. However, a method based on 3 sub-events (A, B, and C) gives
better results, in particular because these classes of events can also be related to
3 different n gap (or 3 different detectors), then it is like giving 3 different point
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of view. The event-plane resolution for a detector A, R is \/ (cosn (V4 — Ugp))
(where Wgp is the hypothetical symmetry or reaction plane) and can be obtained as

o J (cos n(Wt — WE)) (cos n(¥ — UF))
" (cos n(Wf = ¥7)) |

(3.7)

Figure 3.1 illustrates the fact that the Wgrp angle differs from a participant plane
angle Wpp, in the sense where the principal axes of the participant zone (which
define the participant plane coordinate system), deviate from those of the overlap
surface. For a given orientation of the participant plane, the anisotropic flow will
be developed along this plane. The orientation of the participant plane can be also

characterized by the components of the eccentricity vector [25] as
£
Upp = arctan(—2). (3.8)
€z
The v, coefficients (for n = 2,3) is driven by the initial eccentricity of the

overlap region, which fluctuates event-by-event. These fluctuations have several
sources, in particular from the impact parameter and the position of participant
nucleons. These fluctuations make a (v,) in the participant plane Upp larger than
in the reaction plane Wgp. The magnitude of flow fluctuations is characterized by the
parameter o,. Hence, the event-plane method yields ambiguous v, measurements

which are somewhere between (v,) and y/(v2), due to fluctuation term o2 in (v?)
measurement [25, 122].

(a) reaction plane X (b) transverse plane
target (n<0) " " [ projectile (n>0) ; | : :
[ ' [k z 1 '?. :
f ' ' @ participant zone 9 O !
O | projectile spectators \.,.O,J" .......... O~ sP
['© ] target spectators target projectile

Figure 3.1: Sketch of a non-central heavy-ion collision. Wgp is corresponding to
the z axis in (b). Figure taken from [123].

3.1.2 Scalar product based method

An alternative way to extract the dilepton v, is the scalar product method, which
correlates the azimuthal properties of the dilepton pair with the event flow vector
components. This method provides a direct measure using the product of the unitary
vector u,, and the Q,, flow vector, and it is independent of the experimental setup.

Hence, it leads to the exact values |/(v2), defined as

v = ((0aQ1) /Ru) =/ (02). (3.9)
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In this case, the R, factor is called reference flow and is conceptually different than
the resolution factor defined with the EP method. R, is evaluated using the 3 sub-
event method, by constructing the products between Q%, QB, QY (with A, B, C
corresponding to SPD, VOA, VOC in our case) averaging over all particles, as the
following formula :

oA _ J (QAQ:")(Q Qi) (310)

" (QRQ;°)
Instead of the event-plane method, the measurements are slightly more precise, in-

deed the absolute statistical uncertainty is reduced by a factor around 10 %. There-
fore, the final results will be preferably computed using the scalar product method.

3.2 General event and track selection

Regardless of the flow analysis, the v, measurement needs access to the event flow
properties. The selected trigger event appears to be crucial as a first step of the
analysis. This analysis is performed using a data sample corresponding to Pb—Pb
collision at /sny = 5.02 TeV recorded during the Run 2, with a data taking
corresponding to 137 runs in 2015 (150) and 130 + 99 runs in 2018 (18q + 18r),
where each run dataset has been processed, reconstructed, and passed the quality
assurance (QA) in order to be ready for data analysis.

One need to separate in two parts the sample of triggered events when the heavy-
ion beams collide. On the one hand, the beam-beam interactions (equivalent to
Pb—Pb events) are kept as “physics events”, and are selected through timing cuts
on signals in VOA and VOC, but also using the TOA and TOC. On the other hand,
the beam-gas and beam-collider interactions, which usually take place outside of the
nominal interaction points, are delayed with respect to the beam-beam events. The
discriminating process between these two types of events is called “physics selection”

(PS).

During this analysis, all the data sample were collected using the minimum bias
(MB) trigger, which corresponds to the coincidence of signals in both VOA and VOC
detectors. This minimum bias data sample will be used for the calibration of the
event flow properties, and also allows us to select different sub-events (useful for
cross-check the calibration or determining the event plane resolution). Figure 3.2
shows the different triggered events as a function of the run number. This minimum
bias strategy corresponds to a triggered event MB, KINT (similar to the first one) or
alternatively kINTinMUON (meaning MB trigger that trigger muon cluster, and kMUU7
represents a subset of MB). The selection of different sub-events is referring to the
following list:

e signal or energy deposited in the VOA detector (2.8 <n < 5.1)
e signal or energy deposited in the VOC detector (—3.7 <n < —1.7)

e coincidence of signals in VOA and VOC detectors (VOM)
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Figure 3.2: Number of triggered events for the different data taking period 2015
(left) and 2018 (right).

e charged tracklets reconstructed in the SPD detector (—1.4 < n < 1.4)

Figure 3.3 (left panel) shows the selection on the position of the primary vertex along
the beam axis |z| < 10 c¢m, in order to ensure an uniform SPD acceptance (the two
first layers of the ITS, the closest tracker detector). A selection on the centrality
for each Pb—Pb event is also applied, which must be in the interval 0-90 % (see
Fig. 3.3, right panel), this selection criteria does not affect the flat distribution of
the multiplicity obtained in the VO, with MB events.
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Figure 3.3: Left: Interaction vertex z position before and after cut (in red). Right:
Multiplicity in percentage obtained in the VOM (VOA+VO0C) detector before and
after the selection cuts (centrality in 0-90 % and |z| < 10 cm), based on minimum
bias events.
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Figure 3.4: Multiplicity in the VO detector and number of tracklets in the SPD
before and after applied selection cuts, based on minimum bias events.

The selection criteria (Physics selection, z vertex, centrality, ...) on minimum
bias events is able to remove many events which can cause trouble later in the event
flow vector calibration. This essential procedure keeps only Pb—Pb physics events,
with accessible properties as the multiplicity (obtained from either VO or SPD), and
a position z of the vertex reconstructed from the SPD. In particular these selections
remove the parasitic events with very low multiplicity measured in the SPD (see
Fig. 3.4, right panel). The multiplicity selection process in the VOA, VOC, or the
combination of both, the VOM, is shown in Fig. 3.4 (left panel).
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Figure 3.5: Multiplicity in the VO versus number of tracklets in the SPD, before
(left) and after selection cuts (right).

Figure 3.5 shows the multiplicity measured the VO versus the number of tracklets
obtained in the SPD, before and after the selection of the events (on the position of
the primary vertex and the centrality). The remaining events for which the multi-
plicity values measured in the two detectors do not follow the expected correlation
are most probably affected by pile-up (events containing more than one collision).
The selected minimum bias events (obtained from tracklets in the SPD, or charged
particle multiplicity from the VOM) are used to characterise the event flow vec-



3.3. CALIBRATION PROCEDURE FOR FLOW ANALYSES 7

tor as a function of the centrality of the collision. However, some corrections and
calibrations are necessary, which will be discussed next.

3.3 Calibration procedure for flow analyses

Regardless of the detector used, the symmetry planes ¥,, are randomly distributed,
with no preferred orientation. A consequence of this is that the event-plane distri-
bution and consequently the event-averaged p-distribution of the emitted particle
are expected to be uniform. However, the measured event-plane distribution typi-
cally shows a modulation in the azimuthal direction due to the detector inefficiencies
(see Fig. 3.6, right panel), this could lead to fake correlations, and finally produce a
bias in the results. Figure 3.6 (left panel) shows the corresponding pseudo-rapidity
distribution of minimum bias events obtained for the different data-taking periods.
Therefore, the event flow vectors Q,, need to be corrected for the non-uniform ac-
ceptance of the detectors, that are used to compute them.
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1005—

Figure 3.6:  Distribution of the pseudo-rapidity n (left) and azimuthal angle ¢
(right) for minimum bias trigger, corresponding to different data taking period.

The Q,, vector calibration is performed within the FlowVectorCorrection frame-
work, and the calibration steps are based on the article [124], which studied the
effects of non-uniform acceptance in anisotropic flow measurements. The QnFrame-
work interface is a framework which extracts and applies azimuthal non-uniformity
corrections for the defined Q-vectors which can be further used for any event-plane
dependent analysis.

All the corrections applied on Q,, are calculated in an iterative procedure. Up to
four passes on the same data are needed to complete the process. The corrections are
applied on a run-by-run basis as a function of the z vertex position and the centrality.
The centrality estimator used for this calibration is the VOM (the multiplicity is
associated to the energy deposited in the VOA and VOC). The framework uses 10
bins in z (in [—10;+10] cm), and 100 bins in centrality (in [0; 100] %).

The corrections are applied on @, , and @),,. The acceptance corrected Q,
vector has the same average (@Q),) with respect to the symmetry plane, as in the
case of a detector with perfect acceptance. The SPD, VOA, VOC detectors will be
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Figure 3.7:  Left: Multiplicity of the VO detector as function of z vertex recon-
structed from the SPD. Right: The VOA and VOC multiplicity distribution as a
function of channel number before and after gain equalization procedure.

used to determine the Q-vector. Here, the idea is to use three different detectors
with different pseudo-rapidity n gaps (e.g. Anvoa—spp = 1.6 and Anspp_voc = 0.5),
which provides independent measurement of the same quantity to check the self-
consistency. These corrections can be listed with the following ordered steps :

1. Gain equalization: is a first correction applied on the individual detector
channels, usually done separately for each ring of the VOA and VOC detector.
The goal is to equalize the multiplicity (denoted N, here) measurement as
function of the VO channels. Figure 3.7 (left panel) shows the uncorrected
Ng, as a function of the vertex position z. Since the VO detector is divided in
two arrays of 32 channels (corresponding to the VOA and VOC), the multiplicity
correction for a channel k£ can be defined as

/ Nch,k
NCh,k — (3.11)

<Nch,k> ’
where Néhk is the multiplicity (or gain) corrected for the channel k, Ng, i is the
measured raw multiplicity, and (N, ) is the average multiplicity. Figure 3.7
(right panel) shows the result of this step, before (gray and blue marker)
and after (open red markers), then all channels return the same corrected
multiplicity average, the RMS values become flat for each ring of VO detector.

2. Re-centering (and width equalization): is a procedure applied on @, ,
and @,,, for SPD, VOA, VOC. This correction is typically needed due to
non-zero values in the components of the unitary vector u,, and in principle
the event flow vectors should not have no preferred value or direction. This
procedure is applied as function of z and centrality. The re-centering and
width equalization can be briefly resumed in the two following formula:

’

Qn,az - Qn,x - <Qn,x>a (312)

Qnz=—", (3.13)
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where Q/MC, Q;/M are the corrected @), , components, o is the width of the
(n distribution, and (@, ) its mean value. Figure 3.8 shows the important
effect on Q2 ; (where i = z,y) provided by this correction, as function of z (left
panel) and as function of centrality (right panel) for the SPD. The effects of
this correction are also shown in Fig. 3.9 for the ()3, component for the VOA

and VOC.
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Figure 3.8: Distribution of @2, and )2, computed with the SPD as function of
z vertex (left) and as function of centrality (right) before and after the recentering
calibration step.
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Figure 3.9: Distribution of ()3, computed with the VO as function of z vertex (left)
and as function of centrality (right) before and after the recentering calibration step.

3. Alignment: is a procedure only applied for VOA and VOC. The event flow
vectors are corrected from rotation R by choosing a detector configuration as
an alignment reference

Qe = Q- R(Apy), (3.14)
where the rotation angle A, is determined from a given detector configuration
A and an other harmonic m

( (Qn2Qny) = (Qny Qi) ) |

QnaQ2) (GO (3.15)

1
Ay, = — arctan
m
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where (...) is an average over all events in a given centrality class or z bin.
After this step, the event flow vector components are already very close to
their final values.
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Figure 3.10: Distribution of the event flow vector computed with the VO as function
of z vertex (left) and as function of centrality (right) before and after the alignment,
twist and rescale calibration step.
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Figure 3.11:  Distribution of the event flow vector computed with the SPD as
function of z vertex (left) and as function of centrality (right) before and after the
alignment, twist and rescale calibration step.

4. Twist and re-scaling: is a final correction which takes its origin from the
fact that, for a given reaction plane, some residual terms appear in x, and
yn components (where (Qn)wnp = (Tn)wpp + 1 (Yn)wrp ), due to a non-uniform
detector acceptance. Vector twist results in sinus terms in the equation of
(Tn)wgp and cosine terms for (y,)w,, as

(Tp)wpp = atlcos(nUgp) + AT sin(n¥gp)],

(W) wpp = a” [cos(n¥gp) + A~ sin(nTgrp)], (3.16)
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The non-zero coefficients A* defined by detector acceptance and ratio between
different harmonic flow coefficients, are used for correction through a diago-
nalisation procedure (twist) as

1 NN
Q//// . Qn7(g3,y) - A( )Qn,(y,x)
n,(z,y) — 1 —AAt+ ’

(3.17)

Then, the re-scaling can be expressed using the acceptance coefficients ( a(+ 7))

111
" Qn y)
)

7(17
nv(x’y) o =+ —)

(3.18)

a(7

" mn

where @, ., @, , is the fourth and fifth time corrected ), , component. These
corrections are applied on the Q, components due to the non-uniformity of
the detector acceptance. Figure 3.10 and Fig. 3.11 show the results of the
twist and rescale procedure for the SPD and for the VO, respectively. One can
notice that the two last steps do not seem to bring any major improvements,
in particular the rescaling which induces counterproductive effects, therefore
the final corrected Q,-vector is taken after the twist procedure.

o IS e e e e e e o e e e e o e e e e e e R = o o o o o e o e e e R R R R R
T T T T T T T m: T T T T T T =

2
g 10° This thesis — o, 0355 This thesis n=2 n=3 E
3 E - = 3 E Pb-Pb \s,, =5.02 TeV SPD-VOC
z : Pb-Pb \'s, = 5.02 TeV 3 ?DT : = SShovos ]
j A 0.03 - e SPD-TOC
10’ 3 MB trigger Ah 3 E e — LT LspoToA 3
| 0.025F T —o— 3
o 5 0 ]
0.02F o, —0— o -
- —o— E
0.015 E_ o AﬁiAi7A77074D:% _E
0.0l  —— E
E o= —— E
0.005F = —— —:
B —%—5— ——— B e ]

0O 10 20 30 40 50 60 70 80 90 100
Centrality (%)

Figure 3.12:  (left) Distributions of Q3 ,. (right) Comparison of the product
A QB computed with different detectors (A = SPD, and B = VOA, TOA, T0C)

n,r Yn,r’
as function of centrality.

The Q, vector corrections are calculated and applied iteratively for each har-
monic (n = 1,2, 3, 4), this procedure is performed independently for each flow vector
detector. However, in our case the harmonic n = 1 and n = 4 do not make sense
because these detectors used are not sensitive to them (SPD is sensitive to the fourth
harmonic, but not the V0). After all the corrections, the final corrected @, , and
(Q)n,y values are centered to zero, for each detector and each harmonic (see Fig. 3.12,
left panel). Due to detector performance and specific An gap, the linear product of
Q.. vectors from detector A and B in Fig. 3.12 (right panel), show that the SPD-V0OC
couple produces the highest values for each harmonic, while the SPD-T0A produces
the lowest values.
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Figure 3.13: QSPDQVOC distribution as function of centrality before (raw) and after
corrections, for different harmonics (n=1,2,3,4).

As introduced in section 1.5, the second harmonic n = 2 corresponds to highest
flow values due to geometric consideration of the collision. This fact is clearly
visible in the product Q3"PQY% in Fig. 3.13, which is related to the v2 values of
charged particles. Here, the raw and corrected labels are simply referring to the non-
divided and divided Q,,-vector components by the event multiplicity, taken after the
calibration steps. The maximum value of these products for n = 2 is around 20—
40% centrality class (which is understood by linking the centrality and eccentricity
quantities, which are convoluted with the multiplicity of the event). Moreover, this
maximum value is displaced toward central collisions for n = 3, which is mainly

drived by fluctuations.
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Figure 3.14: Raw Q3°PQY%* and Q5PPQYOC distributions as function of centrality,
for the second and third ha,rmomcs (n =2, 3).

The linear products QSPD VOA and QSPD X%C (see Fig. 3.14) show similar mag-

nitude and centrality dependence between the different data taking periods, for both
n =2 and 3. However, the cross-products Q35PQY* and QFPPQYI (see Fig. 3.15)
reveal non-zero values, more pronounced in 2015 than 2018, which point out at a

remaining non-uniform detector acceptance, and then a residual miscalibration of
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Figure 3.15: Raw QSPD VOA and QSPDQVOC distributions as function of centrality,
for the second and third harmonics (n =2, 3).

the event flow vector. These non-zero values in the cross-products (X-Y, Y-X) do
not exceed an average of 1-2% relatively to the standard linear-products (X-X, Y-Y).
The detector acceptance could be deteriorated by multiple dead zones depending of
the data taking period. Similar observations can be drawn looking to the Q y
components and the cross-products Qn,y fix (see Fig. 3.16 and Fig. 3.17). One can
also mention that the number of recorded MB events is different for these three data
taking periods, which can induce different precision in these curves of event flow

vector products.
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Figure 3.16: Raw Q7'PQY0* and Q5'PQYOC distributions as function of centrality,
for the second and thlrd harmomcs (n =2, 3).

The complex Q,, vector contains the event flow properties (preferred direction
of the charged tracks, amplitudes in the transverse plane). In order to determine
the anisotropic flow coefficients for rare heavy particles, it is needed to access to
the corrected event-by-event flow properties and in particular to the so-called factor
R, before starting to correlate dilepton azimuthal properties with the general event
flow properties represented by the large number of charged particles.
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Figure 3.17: Raw Q;'PQY0* and Q5 PQYSC distributions as function of centrality,
for the second and thlrd harmomcs (n =2,3).
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3.4 Event flow properties and resolution

Due to the event-by-event random fluctuations of the impact-parameter vector, the
event-plane shall also randomly fluctuate event-by-event. The distribution of the
symmetry plane W, computed with Eq. 3.3 corresponding to a random single run is
shown in Fig. 3.18. The event flow vector equalisation procedure does not reproduce
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Figure 3.18: Distribution of the symmetry plane angle W, for various centrality
intervals, the events recorded correspond to a single run (296510).

a perfectly flat distribution for the W5FP in most of the centrality classes. The Wy%4
and Wy distribution seems globally flat for centrality up to 70 %. These remaining
modulations are visible, which is most likely due to non-uniformity, large vertex bins
during the calibration, and the correlation with harmonic n = 4. Nevertheless, this
residual miscalibration will produce negligible impact on final v, measurement, as
checked with the cross-terms products between the components of the Q,, vector
(computed from the SPD, VOA, VOC).
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One can notice that, in very central collisions, all harmonics originate solely
from fluctuations and are comparable in magnitude, then remaining harmonics can
appear in the W, distribution for this centrality interval. The W5FP has a globally
flat distribution for all centrality classes, contrary to the WY°* and WY°C which
present strong modulations between 50 and 90%.
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Figure 3.19: Distribution of the symmetry plane angle W3 for various centrality
intervals, the event recorded correspond to a single run (296510).

The event-plane resolution factor Ry and R3 are computed using the 3-subevent
method formula (Eq. 3.7), using the SPD, VOA, and VOC as reference detectors. This
method suppress directly the non-flow component due to the large n gap between
VOA and SPD. Since the VOC has a common pseudo-rapidity acceptance with the
muon spectrometer and thus an auto-correlation, it will not be used later in the
quarkonium wv,, extraction. Using the VOA as reference detector would have the
advantage of further reducing possible non-flow correlations, since the rapidity gap
with the muon spectrometer is larger than for the SPD. Figure 3.20 shows the event-



3.4. EVENT FLOW PROPERTIES AND RESOLUTION 87

plane resolution factor R,,. The magnitude of Ry (left panel) and R (right panel) is
higher using the SPD as reference detector, instead of using the VOA or VOC. Then
for for A = SPD, the R, factor is around 90% in 10-40% centrality, and goes up to
60% for R3 in central collisions.
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Figure 3.20: Rs and R3 event-plane resolution distribution as function of centrality,
computed using the 3 sub-event method for different detectors.

The R, factor decreases toward more central or more peripheral collisions. In
most peripheral collisions, R,, decreases simply because the multiplicity is smallest
there, and the resolution strongly depends on it. For most central collision, the
sum of charged particle unitary vector are not able to give some unique direction,
this lead to a regime where fluctuations are dominant (due to the random nature of
the interaction between constituents of the two nuclei). In a simplified picture (for
n = 2,3), events with low space eccentricity (e,) produce low v,, values, while those
with large €, produce large v, (and the resolution factor will be also scaled to the

Up).

The calculations of the reference-flow R, with the 3-sub-event method using
SPD as reference detector (using Eq. 3.10) are shown in Fig. 3.21. This factor, used
in the scalar product method, is intrinsically different than the resolution obtained
for the event-plane method, and have lower values, where the maximum are dis-
placed around the 40-50% centrality interval. The R, factors are calculated from
the minimum bias triggered events, but it can alternatively be calculated with events
recorded using others triggers (e.g. events containing at least one selected muon or
dimuon, the differences between both methods do not exceed 1% for Ry and 2-3%
for R3).

For all centrality intervals, the SPD has the higher R, in comparison with the
VOC and even more with the VOA, favored by a larger acceptance and better az-
imuthal segmentation. One can finally note that, when final v,, values are computed
in large centrality ranges and then divided by R,,, due to the fact that R, are com-
puted using minimum bias events (where Nyp is constant as function of centrality),
the R, should be weighted by a quantity related to the number of dimuon events
(Newmur events or by quarkonium raw yield). However, this weighting procedure
will not be needed in our case, simply because the v, will be corrected by R,, di-
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Figure 3.21: Centrality dependence of the scalar product reference-flow R, and Rj3
distribution, computed using the 3 sub-event method using the SPD.

rectly candidate by candidate, using a parametrization of the curves obtained in
this section. The final corrected dimuon v, will be used to extract the azimuthal
anisotropies of the quarkonium signal in the Pb—Pb collisions.
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Chapter 4

Data analysis

This chapter describes the second part of the analysis using the Pb—Pb data
sample recorded in 2015 and 2018, leading to the final quarkonium v, results. First,
the general event properties, the triggers used and the selection criteria will be
described. Secondly, the extraction of J/¢) and T(1S) raw yield and their signal-
over-background ratio will be presented. Thirdly, a brief overview of the quarkonium
v, extraction will be given. Finally, the different sources of systematic uncertainties
will be discussed and quantified.
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This thesis will study the dimuon decay channel in order to reconstruct the
charmonium (J /4, ¥(2S)) and bottomonium (Y(1S), T(2S), T(3S)) states. Muon
tracks are measured using the Muon Spectrometer, and the unlike sign dimuon pairs
are formed by associating two muons of opposite sign.

4.1 Event, muon and dimuon selection criteria

Data were collected requiring the coincidence of the minimum bias (MB) and unlike-
sign dimuon triggers (CMUL in this analysis, or kMUU7 in Fig. 4.1). The former is
defined by the coincidence of signals in the VOA and VOC arrays (and it is used
for the event flow vector calibration), while the latter requires, in addition to the
MB condition, at least a pair of opposite-sign track segments in the muon trigger
stations. In the previous section, Fig. 3.2 has shown the corresponding number

89
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of MB events (black open circles) and unlike sign dimuon events (red curves), as a
function of the run number for the 2015 and 2018 data sample.
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Figure 4.1: Left: Number of events for different cuts or triggers selection. Right:
Integrated dimuon invariant mass spectra, where J/v¢ and Y(1S,2S,3S) peaks are
visible.

The centrality of a Pb—Pb collision event can be estimated with several detectors,
in this analysis the VOM estimator will be used. Dimuon events satisfy the MB trigger
conditions which was already defined in the previous Chapter 3. Events containing
more than one collision (pile-up) are removed by exploiting the correlations between
the number of clusters in the SPD, the number of reconstructed SPD tracklets, and
the amplitude signals measured in the VOA and VOC detectors. In addition, it is also
necessary to find a SPD vertex in the muon trigger operations, in particular in the
reconstruction of muon tracks with the Muon Spectrometer. In order to study the
background, additional samples of single muon (CMSL7) and like-sign dimuon (CMLL)
events were also collected by requiring, in addition to the MB condition and the low-pr
threshold, a pair of same-sign track segments in the trigger system, respectively.

To make sure that all accepted tracks are muons reconstructed within the de-
tector acceptance, the following criteria to be full-filled by each individual track are
required:

e the track must be within the pseudorapidity range (—4 < n < —2.5).

e the transverse radius coordinate of the track at the end of the front absorber
must be in the range 17.6 cm < R,ps < 89 cm. This selection corresponds to
an angle within 2° < 6 < 10 °.

e the reconstructed track in the tracking chambers must match a trigger track
reconstructed in the trigger chambers (with pr > 1.0 GeV/c in Pb-PDb).

e a standard cut on the p x DCA (at 60) is used (defined as the product of the
track momentum and distance of the closest approach to the primary vertex).
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It is able to remove tracks from beam-gas events (i.e. muons from non-prompt
J/1¢ (not from the IP are not removed).

The selected muons are then combined into dimuon pairs, the candidates that do
not meet the following criteria are rejected:

e the two reconstructed muons must have opposite charges (CMUL trigger), since
the J/1¢ or Y(1S) are neutral mesons.

e the dimuon must be reconstructed within the rapidity window 2.5 < y < 4.0,
which correspond to —4.0 < y < —2.5 in the detector frame.

The programmable threshold of the muon trigger algorithm was set so that the
trigger efficiency for muon tracks with pr = 1 GeV/c is 50%, and reaches a plateau
value of about 98% at pr ~ 2.5 GeV/c. Figure 4.1 (right panel) shows the results
of the dimuon invariant mass spectra for CMUL and CMLL triggered events, which are
divided into three samples of dimuons ( ptp™, ptp™, and p= ™).
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Figure 4.2: Left: Dimuon invariant mass spectra for unlike sign dimuon events for
the different data taking periods. Right: Distribution of the reconstructed dimuon
azimuthal angle.

The reconstructed number of J/¢ and T can be studied through the dimuon
invariant mass spectra. For a two-particle collision (or a two-particle decay), the
square of the invariant mass is defined as

M122 = (El -+ E2)2 — le + p2H2 = m% + m% —+ 2(E1E2 — P1pP2 COS 912), (41)

where 65 is the pair relative angle, in our case it will be associated to the initial
angle formed between the two muon tracks. Figure 4.2 shows the obtained dimuon
invariant mass M, and rapidity y,,, distributions for different data taking periods
and their ratio, after the final dimuon selection procedure. Similarly in Fig. 4.3, the
dimuon pr and rapidity y,,, distributions are presented.
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Figure 4.3: Left: Dimuon pr spectra for unlike sign dimuon events for the different
data taking periods. Right: Distribution of the reconstructed dimuon rapidity y.

One can also notice that the dimuon like-sign trigger (CMLL or kMUL7) was down-
scaled for the 2018 data taking period, as visible in Fig. 4.1 (left panel). This trigger
is not used in the main analysis, which is performed on unlike-sign muon pairs. Typ-
ically, this like-sign trigger can be used for reproducing the background under the
J/v or T peaks (e.g. producing dimuons using two muons from different events, the
so-called event mizing technique). This problem can be solved simply by selecting
other triggers, or alternatively, downscaling factors can be applied on the selected
runs in order to correct these numbers of events.

After combining the three Pb-Pb data taking periods at 5.02 TeV, the integrated
luminosity for the main dimuon analysis is found to be approximately 750 pub~!
(corresponding to 225 ub~! for 2015, and 210 plus 312 ub~! for 2018).

4.2 Quarkonium raw yield extraction

The two muons are reconstructed in the forward muon spectrometer, then the num-
ber of quarkonia is extracted using the invariant mass distribution of opposite sign
muon pairs. The total recorded data sample in 2015 and 2018, corresponds to ap-
proximately 3.3 times more than those of 2015. Hence, one can expect a reduction
of the statistical uncertainties by approximately 1.8 with respect to the previously
published results [79, 92], which are based only on the 2015 sample.

In order to describe the J /1, ¢(2S) and Y (1S, 2S, 3S) peak shapes in the dimuon
invariant mass spectra, the extended Crystal Ball (CB2) function is used as a signal
fit function (details can be found in the Appendix A). This function is described
by a Gaussian core (3 parameters), and two tails (4 parameters) [125]. In the fit,
the J/1 mass peak position is left free, while for the (2S) it is fixed to its PDG
value [8]. For the T states, the 1S and 2S mass peak position are left free, while
it is fixed for the 3S. In the fit, the J/¢ and Y(1S) widths are left free, their CB2
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tail parameters are fixed to the values reported in Ref. [120] (or in the Appendix
A). These tail parameters can be, either fixed from results obtained in p—p collisions
(better signal to background ratio) or fixed from simulation, corresponding to a pure
Monte Carlo (MC) event generation (J/v, T — pu) embedded into real MB triggered
events (explained in detail later). Finally, each width of excited state is fixed from

the width fit result from the 1S state scaled by the mass ratio (as s or ’%2)

Correlated muon pairs, which are originated from the same resonance decay in
the same-event, have an invariant mass distribution confined in a narrow mass region
due to their correlation. Whereas the invariant mass of the uncorrelated pairs (which
point to two different resonance decays in the same-event) would follows a much
broader distribution than resonance peak. This part of invariant mass distribution
was named as combinatorial background. Thus, to extract the resonance signal
from all these correlated and uncorrelated muon pairs, one must first manage to
reconstruct the combinatorial background. For relatively weak background with
less or no fluctuation near the resonance peak, the polynomial (or arbitrary) fitting
is useful. However the fitting does not contain any physics information, and its
correspondence to the background will not be satisfying especially for comparatively
weak resonance signal with strong background in the fitting region. To avoid that,
the background reconstruction needs to be processed with the methods that correctly
utilize the physics information from experiment, such as the event-mixing method
and the like-sign method.
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Figure 4.4: J/v¢ raw yield extraction for different centrality interval, in the same
pr range.

The background, which is mostly combinatorial especially in central events, is
well reproduced with the event-mixing technique, which consists of combining un-
correlated muon pairs taken from different events, with similar collision centrality
and longitudinal vertex position (z). In any case, for the background function, a
variable-width Gaussian (4 parameters, where the width is linear with the dimuon
invariant mass [125]) could be used, either in the charmonium or bottomonium mass
range. The total fit function is the result of the combination of the signal and back-
ground functions. Examples of fits to the dimuon invariant mass distributions are
shown in Fig. 4.4 for the J/v, and in Fig. 4.6 for the YT(1S).
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Figure 4.5: J/1 raw yield extraction for different pr ranges, in the same centrality
interval.

Dimuons can be formed by two muon tracks from the same event, or by con-
structing a pair of muons from different events (mixed-event). Therefore, it leads
to the possibility to obtain either: opposite sign (+—), positive sign (++) or neg-
ative sign (——) muon pairs, from mixed- or same-event. The advantage of using
mixed-event is that, there are no limits in the number of formed muon pairs, un-
like using the same-event. Since the put and p~ have a different acceptance, it is
necessary to apply a normalization (based on the like-sign muon pairs distributions)
to the mixed-event spectra, if one needs to compare them to the raw same-event
spectra. This method introduces the factor F, which can be defined to normalize
the mixed-event spectrum as

F:/2R\/ NngrTieNs;r;led //N d K (42)

where the integration limits are defined in a large M, range, around the signal
peak. R is calculated using negative, positive and opposite sign dimuons from mixed

events, with the formula R = N\ /(2y/ N,;;EN, ). This factor, which can be slightly

mix mix

different than 1 for low masses, allows to take into account the acceptance difference
between positive and negative muon tracks.
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Figure 4.6: Integrated Y(1S) raw yield extraction for different centrality intervals.
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The background under the J/v peak is mostly combinatorial, however this is not
the case under the YT(1S) peak (where significant beauty pair production produces
correlated background e.g. gg — b+b, g — b+ b). Indeed, in the latter case
around 30% of the background is not combinatorial, and thus cannot be reproduced
by combining muon pairs from different events. Therefore, only in the J /¢ raw yield
extraction the event-mixing is used. In this case, the normalised mixed-event spectra
reproduces quite well the dimuon background of the same-event spectra under the
peak, as suggested by Fig. 4.4.

The approach applied in the fit of the invariant mass spectra for the signal
extraction, in which the ratio «(M,,) is obtained, is a (log) likelihood method,
while for the extraction of v in the dimuon v, profile, a y*-fit is used. In order
to take into account the binned fit, the option "I" corresponding to the integral of
the function in bin, instead of the value at the bin center, has been applied. Each
fit needs to be validated by requiring a good fit result (status = 0) and a good
covariance-matrix status (covMatrix = 3).

The measured J /¢ and Y (1S) integrated raw yield (for 0 < pr < 15 GeV/c?) are
shown in Fig. 4.7 (left panel), as a function of the centrality. The uncorrected raw
yield are obtained after fitting the dimuon invariant mass spectra for the different
centrality intervals (see Fig. 4.4 and Fig. 4.6). Figure 4.7 (center panel) shows the
significance (S/v/S + B) as a function of pr in different centrality intervals for the
J/1, and in 0-90% for Y (1S). The corresponding signal-over-background ratio (S/B)
versus pr is also presented in Fig. 4.7 (right panel).

° T T T T [an) T T T T m T T T T
o 5 This thesis + Iy in ) Iy in
>10°F  Pb-Pby5,,=502TeV 3 2 ® 0-10% 4l ® 0-10% b
2 o 0<p, <15 Gevic DLOOR 2 A 10-30% ] A 10-30%
S10°F o 3 * A 0 30-50% Djol_séo'mo—eou/
z s ﬁDE A O Y(1S) in 0-90% 3f OYds)in -D-O 1
>
10°F 0 ] e
_D_-D- 50 - o 1+ 2F -+ ]
10°P~o- E E - E
—0—_0__0_ 3 In} N
10%F ooy - wpe o p - +ﬁEE N +_A_
oYas) - uu R [~ 0 _, o o
10k Syslt‘ unc. (S|Ignal extra:ctlon) | i ok | Ii—.—l 1 OW | | ]
20 40 60 80 0 5 10 15 20 0 5 10 15 20
Centrality (%) P, (GeVi/c) P, (GeVi/c)

Figure 4.7: Left: Integrated quarkonium raw yield extracted (in 2015 + 2018 data
sample), as a function of centrality. Center: Significance as a function of pr. Right:
signal-over-background ratio versus pr.

The quarkonium production mesured through the raw yield for both J/¢ and
T(1S) is maximum in central Pb—Pb collisions (where a hotter and bigger medium
is created), and decrease quickly toward peripheral collisions. More than 10° J/1)
are extracted in very central Pb-Pb (0-10%) collisions, while about 10* T(1S) are
measured in the same centrality interval. Looking to the significance of the signals,
one can see that both J/¢ and T(1S) have maximum values at low-pp around 2-3
Gev/c. The signal-over-background ratio for J/v is increasing toward higher pr,
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starting from 0.1 at low-pr, to the value of 0.6 for central Pb—Pb or around 3
for 30-50%, beyond 10 GeV/c. Despite the centrality integrated measurement of
T(1S) (due to a low number of candidates), the S/B reaches its maximum at around
2 < pr < 4 GeV/e, and decreases at high-pr.
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Figure 4.8: prp-differential J/1¢ raw yield spectra for various centrality intervals.

Figure 4.8 shows the pr-differential J /¢ raw yield spectra, for various centrality
intervals. The photoproducted J/v at very low-pr lead to an excess in the raw yield
spectra with respect to the expected hadronic production, it was already studied
through Rxa measurements [127]. Initially, the photo-production of J/¢ is studied
in ultra-peripheral Pb—Pb collisions (UPC), where the ions do not break, but emit ~y
radiations. The total production is dominated by the hadronic contribution which is
fitted by a Levy-Tsallis function (blue curves). Otherwise the coherent J /1) photo-
production at very low-pr (below 0.3 GeV/c¢) which is fitted by an arbitrary (Landau)
function (red dotted curves), becomes significant in very peripheral Pb—Pb collisions.
One can see that the hadronic contribution can be well studied with a good precision,
in a large pr range up to 20 GeV /¢, and for various centrality intervals up to 70-90%.

As it was mentioned, this alternative J/1) photo-production mechanism seems
to be significant in peripheral hadronic collisions. The impact of this excess on
azimuthal anisotropy measurement in Pb—Pb collisions will be studied later in a
dedicated section when showing the results.
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4.3 Azimuthal anisotropy measurements

This section will describe the J/¢ and Y(1S) v, extraction using the already defined
scalar-product (SP) method, which has proven a better reliability, precision with
respect to the event-plane method.
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Figure 4.9: Dimuon v, computed with the scalar product method for unlike- and
like-sign muon pairs, as a function of M,,, for low-masses (left), charmonium mass
region (center), and bottomonium mass region (right).

Figure 4.9 shows the centrality and pr integrated dimuon v, computed using
the SP method with the Q, vector obtained in the SPD, in different mass regions.
This data illustrate the mass dependance of the anisotropic flow coefficients, which
exhibit a strong variation around the charmonium mass region. One can also notice
than the profiles of like-sign and unlike-sign muon pairs deviate at low masses due
to in principle of different triggers performances, while the deviation around 3.1
GeV/c? seems caused by the presence of correlations originated by the J/1 decays.

4.3.1 Overview of dimuon v, extraction, the case of J/¢

The anisotropic flow coefficient v,, for a set of particles, with an azimuthal angle ¢,
can be estimated with the already introduced relation:

v, = (cos[n(e — V,)]), (4.3)

which is derived from the dN/dyp decomposition in Fourier series, solely by using
the orthogonality properties of trigonometric functions. The observed v, is cor-
rected event-by-event with the reference flow R,, factor, which is obtained by the
product of event flow vectors computed with different detectors (SPD, VOA, VOC).
Then, the flow coefficients are extracted from sequential fits to the dimuon invariant
mass distribution, M,,, and the v, profile as a function of M,,, which include the
superposition of a J/v signal and a background contribution, using the function

Un(Mu) = (M) w1 - (M) ngg(Muu)- (4.4)

Each value of v,,(M,,) represents the mean over all particles (all muon pairs), over
all events, in one invariant mass bin. Here, v}/¥ denotes the J/1 v, or vs, and
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a(M,,,) is the signal fraction defined as S/(S + B). The latter is extracted from fits
to the dimuon invariant mass distribution as described previously. The v2%8(M,,,,)
corresponds to the dimuon background vy or vs. The signal of the 1(2S) is not
included in the fit of the v, coefficients due to its marginal significance. The v, of
the dimuon background is fitted using polynomial functions (where its order depends
of the pr range, usually third order is for low pr, second order is intermediate pr
and first order for high pr).
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Figure 4.10:  J/1 v, extraction for different pr range in 0-10%.

The v, extraction method employed in this work is the same as the one described
in detail in Ref. [92], where the v?*¢(M,,,) distribution is obtained using the event
mixing technique. There, it was first demonstrated that the flow coefficients of the
background can be obtained from the flow coefficients of the single muons used to
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form the background dimuons as

- (v cosn(p™ — )] + v cosn(e® — ¢)])u,

(M,

(Y 00

(142 3 ol ol cos[m(p® — @),
m=1

n 1222

, (4.5)

where v() (M) and v? (@) are the flow coefficients (azimuthal angles) of the two
muons, respectively, and ¢ is the dimuon azimuthal angle. The brackets (---)az,,
denote an average over all dimuons belonging to the given M,, interval. Here, it
is worth to note that the denominator in Eq. 4.5 represents the modification of the
dimuon yields induced by the flow of single muons.
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Figure 4.11:  J /4 vy extraction for different pr range in 10-30%.

Then, when background dimuons are built using the event mixing technique, the
numerator in Eq. 4.5 is given by

(1@ Q@A)

(1) (1),Ax
<<un Q(?) ) cosln(p — o)) + ) cosn(p'® — g0)]>M - 46)
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Here, ul” and u® are the unit vector of the two muons, Q) and Q4 are the
event flow vectors, reconstructed in detector A (the SPD), of the events containing
the two muons, and R and R(?) their respective event flow factors (corresponding
to the denominator of Eq. 3.9). Since the event flow vectors of the mixed events

are not correlated, the mixed-event dimuon yield is not modified by the flow of the
single muons.
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Figure 4.12: J /1 v, extraction for different pr range in 30-50%.

In the absence of correlated background (muons from correlated heavy flavor
pairs) mostly the case in central collisions and at low-pr, the background flow (v>ke)
is directly given by the mixed-event flow. However, at high-pt, the hypothesis
of v oc v™* is applied, in order to take into account this correlated dimuon

background flow, hence the coefficients can be rewritten as

mix N Hli_X corr NCO_I"I‘
vn(M,,) = v P a(M,,) + v" (MW)W + ¢ (MMN)W, (4.7)
+- +-



4.3. AZIMUTHAL ANISOTROPY MEASUREMENTS 101

where N, is the number of dimuons from mixed-events, Ngme is the number of
dimuons from the same-event, and N, is the unknown number of correlated muon
pairs. The effect of the unknown flow contribution of the correlated background and
residual mismatches between the same-event and mixed-event background flow, is
considered as a systematic uncertainty (and is presented in the dedicated section
later). In the default approach, the flow of the correlated background is assumed to
be negligible, and thus the denominator of Eq. 4.5 is given by the ratio N & SN
between the number of background unlike-sign dimuons N_Ek_g and the number of
unlike-sign dimuons from mixed events N**, which is obtained after a proper nor-
malization involving like-sign dimuons as described in Ref. [92].

Examples of comparisons between normalized mixed-event spectra and raw same-
event spectra for different pr ranges in 0-10%, 10-30%, and 30-50% are shown
in Fig. 4.10, Fig. 4.11, and Fig. 4.12, respectively. The dimuon invariant mass
distributions correspond to the top panels, the corresponding dimuon vy profiles are
located in the middle panels, and the (pr) extraction is shown in the bottom panels.

As mentioned previously, the dimuon mix- and same-event v, is computed for
opposite sign muon pairs from the scalar product method using the SPD as reference
detector (An = 1.1). The middle panels illustrated the J/¢ vy extraction using the
fit of the dimuon vy profile, and by using the S/(S+B) ratio. The bottom panels
show the fits of pp versus M,,,, which give access to the raw (py) values in the
corresponding centrality and pr interval. Similar sequential fitting procedure than
Eq. 4.4 is used in the extraction of (pr) for the J /1) signal, where the background used
is a polynomial function. For each panel, the total (blue curves) and background
(blue dotted curves) fit functions are plotted.

Taking now the third harmonic of the event flow vector (Qs obtained in the
SPD), and by dividing event-by-event the observed vz with the reference flow Rj
computed previously, one can access to the vz coefficient. The triangular flow takes
its origin mainly from fluctuations of the initial energy density profile. Figure 4.13
shows the J/v vs extraction for different pr ranges in 0-50%. The profile of dimuon
v3 versus invariant mass exhibits a similar shape that those of vy, but with intrinsic
lower values. For the first time, a significant J/v v3 signal is observed in 2 < pr < 5
GeV /¢, for 0-50%, with a total significance of 5.10, as illustrated in the center panels
in Fig. 4.13.
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Figure 4.13: J /¢ v extraction for different pr range in 0-50%.
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4.3.2 7T(1S) vy extraction

The extraction of the T(1S) vy is performed similarly than for the J /v v, previously
presented. A sequential fit on dimuon invariant mass and on dimuon v, profile versus
M,,,, allows us to extract the Y (1S) vy coefficient. In this bottomonium mass range,
the background of the dimuon invariant mass is also fitted using a Variable-Width
Gaussian (where width is linear with the mass), and gives satisfying results. The 1S,
2S, 3S signal peaks are fitted using the common Extended Crystall Ball functions.
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Figure 4.14:  Y(1S) v extraction for different pr range in 5-60%.

The event-mixing technique developed in Ref. [92] in order to fix v5*8 i not ap-
plied here due to the presence of significant correlated background. Nevertheless,
based on the results from the application of this technique a second-order polyno-
mial function is chosen as default vgkg(MW) parametrization. For consistency, and
despite its low yield, the T(2S) is included in the fit by restricting the value of its vy
coefficient within the range between —0.5 and 0.5. In practice, this inclusion has a



104 CHAPTER 4. DATA ANALYSIS

negligible impact on the T(1S) fit results. The T (3S) signal is not included in the vy
fit due to its marginal significance. The tail parameters of the signal functions are
fixed from values obtained in Monte Carlo studies (described in the next section).

Figure 4.14 shows the YT(1S) vy extraction in different pr ranges. The choice of
centrality or pr interval is crucial in order to maximise the signal significance from
one side, and from another side to remove region where v, values and R, factor
are low, especially in very central and peripheral Pb—Pb collisions. Therefore, the
0-5% and 60-90% centrality intervals will be excluded in the v, extraction. For the
centrality dependent measurement, the very low-pr range (0 < pr < 2 GeV/c) is
removed since the vy is expected to be very low. The values of vg (19 are found to
be compatible with 0 in all studied cases, albeit with large uncertainties. Further
systematic studies will be carried out in the next section, including the different
choices of fitting functions for both raw yield and vy extraction.
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4.4 Systematic and Monte Carlo studies

Monte Carlo (MC) simulations are an important ingredient for the measurement of
quarkonium production, to study the selection variables, and to compute the detec-
tor acceptance and reconstruction efficiency corrections. In this section, first, the
reconstruction efficiency of J/¢ and Y(1S) using an embedded MC data sample of
Pb—Pb collisions is presented. Secondly, the different sources of systematic uncer-
tainties assigned to the v, measurements are investigated. Indeed, several effects
could induce systematic biases on the final results, and each of them need to be
evaluated.

4.4.1 MC input signal shape

Simulations are used to reproduce the detector performances, which are based on a
detailed description of the ALICE apparatus geometry and its detectors responses.
In particular, for the different collision systems the generated particles were propa-
gated through the detectors using the GEANT3 transport package (the GEANT4 package
was found also to produce compatible results). MC simulations are used in this anal-
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Figure 4.15: Left: 2D histogram of single muons pr reconstructed from MC. Center:
pr spectra of generated and reconstructed J/v. Right: generated and reconstructed
J /1 azimuthal angle.

ysis to reproduce precisely the J/i¢ or T(1S) decay to pu*p~ and its measurement
in the detector in terms of decay kinematics and topology (the excited states de-
cays were also added). In the dimuon analysis, the acceptance and efficiency factors
were computed using the embedding technique, where MC J /v or T(1S) particles
are injected (using standard parametrizations) into the raw data of real minimum
bias Pb—Pb events, and finally reconstructed. This method allows to account the
variation of the reconstruction efficiency with the detector occupancy and, thus, the
collision centrality.

The same analysis cuts and selection on events (previously defined on real events)
are also applied on these simulated events. General kinematic details concerning the
generated and reconstructed J /¢ and its daughter muons are shown in Fig. 4.15. In
particular, the two-dimensions histogram representing the single pr for positive and
negative muons is shown on the left panel, while a comparison between generated
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Figure 4.16: Signal of J/v reconstructed in the dimuon decay channel for different
centrality intervals.

and reconstructed J /¢ pr and azimuthal angle ¢ are plotted in the middle and right
panel, respectively. The main effect inducing a ¢ dependence of acceptance and
efficiency is the magnetic field bending tracks in y but not in x. Then, additional
effects due to dead areas differences lead to significant variations in the reconstructed
J /1 azimuthal angle distribution with respect to the flat generated one, as illustrated
in Fig. 4.15 (right panel). Since the generated J/¢ and Y (1S) have a flat azimuthal
distribution, no azimuthal anisotropy (v, = 0) will be expected from the decay
system (and also no polarisation). However a bias originated from the detector can
occurs during the reconstruction, and it will be estimated in a dedicated part as a
systematic uncertainty.
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Figure 4.17: Signal of T(1S) reconstructed in the dimuon decay channel for different
centrality ranges.

Keeping only the injected MC quarkonium decays, the tail parameters of the
common Crystall Ball signal functions can be fixed from the fit results obtained using
these simulated events. Here, the Fig. 4.16 and Fig. 4.17 show the reconstructed
data and the signal fit (red dotted curves) in different centrality intervals for J /¢ and
T (1S), respectively. The CB tail parameters were left free in the fit of the invariant
mass of reconstructed J/¢ and Y(1S), and their values do not deviate beyond 10%
from central to peripheral collisions (see Appendix A for the values).
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4.4.2 Acceptance and efficiency

The true number of extracted quarkonium in a specific pr, centrality, or rapidity
range is obtained after correcting the measured raw yield extracted by the detector
acceptance and reconstruction efficiency factor (A x €). The latter is defined as the
ratio of reconstructed J /¢ or T(1S), over the number of generated one (which means
at the beginning of the simulation) as

Nrec (PT; y)

Axe=
Ngen(p1,9)

. (4.8)

The acceptance and efficiency factor allows to correct the raw measured values by
the true detector response and performances (such as the status of electronics during
the data taking or high voltage applied to the chambers). Several uncertainties can
bias the result of this factor, in particular the choice of the parametrization function
in the generation of J/¢ or YT(1S), the muon trigger, tracking, and the matching
between the two systems, which have in each case specific efficiency (these systematic
biases on acceptance and efficiency were estimated to not produce deviations beyond
2% as a function of pr or y).

In our case, the corrections for acceptance and efficiency will be only needed when
v, measurements are performed in a integrated way, corresponding to a large pr, y
or centrality intervals. In these cases, this procedure will be realised by associating a
weight for each dimuon corresponding to the value of m, when the dimuon v,
profile is filled. The negative impact of this procedure is its slight increase in the final
statistical uncertainty. Moreover, the correction of A x ¢ have significant impact on
pr distributions, then the extraction of uncorrected mean pr ((pr)"™<°'*) will produce
reduced values. As a consequence of this correction, the v,(pr) measurements will
be solely shifted according to the value of v, ({(pr)"°™), to the value of v,({pr)).
This correction leads simply to two different quantities, one measured at (pr)"»°"
and the second one measured at (pr).
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Figure 4.18: Acceptance times efficiency of J/v¢ reconstructed in the dimuon decay
channel, for different centrality intervals.

These simulations are performed on a run-by-run basis. A weight proportional to
the number of CMUL7 events is applied in order to take into account for the difference
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between the number of minimum bias and dimuon events. The pr- and y-differential
A x e factor is computed for J/¢ and YT(1S) in Fig. 4.18 and Fig. 4.19, respectively.

The pr-differential J /1 acceptance and efficiency (left panel in Fig. 4.18) reaches
its lower values at around 0.1 for pr ~ 2-3 GeV/c, while it increases toward high
pr, at 0.5 for pr ~ 15 GeV/c. The variations seen as a function of rapidity show
that the A x ¢ is maximal for the interval —3.5 < y < —3, while it decreases on
the edges of the muon spectrometer. Please notice that here, the negative rapidity
sign is arbitrary, since there are no preferred forward/backward direction due to
the symmetric Pb—Pb collisions. Unsurprisingly, the 2D-map of acceptance times
efficiency (right panel) shows that the maximal value is located at high-pr and for
the central rapidity region of the muon spectrometer. Contrary to the J/i, the Ax e
of reconstructed Y(1S) has a weakly pr-dependence and globally larger values, in
particular for the low-pr region.
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Figure 4.19:  Acceptance times efficiency of T(1S) reconstructed in the dimuon
decay channel, for different centrality intervals.

The centrality dependence of acceptance and efficiency for J/¢ and Y(1S) is
shown in Fig. 4.20 (left panel), while their dependence as a function of the run
number is plotted in Fig. 4.20, in the center and right panel, respectively. The
A x e factor is found to be minimal for central collisions, while it increase toward
peripheral Pb—Pb collisions (where detector occupancy decrease). One can see that
the values of acceptance and efficiency, as well as its statistical uncertainty, varies
run-by-run, simply because the status of the detector changes (due to high or low
voltage applied to muon chambers and readout problems) from a run to another.
As mentioned previously, the value of A x ¢ for J/4 is found to be lower than those
of T(1S), by approximately a factor 2.

Since its values fluctuates run-by-run, the final acceptance and efficiencies need
to be weighted by the A x g; factor run per run (where 7 is the run number). Given
that the centrality distribution of quarkonia is peaked towards central collisions
(while it is flat in these simulations), because c¢¢ production follows the N scaling,
additional weight corresponding to this factor is also applied. The final weighted
A x ¢ is then found lower than the previous one. Figure 4.21 shows these corrected
values in open-square (J /1) and open-circle markers (Y (1S)). These values and the
pr, y and centrality dependence are found to be compatible with other analyses re-
lated to quarkonium production. However, the acceptance and efficiency corrections
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Figure 4.20:  Acceptance times efficiency (uncorrected) of J/¢ and T(1S) as a
function of centrality (left) and run index (center and right panels).
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Figure 4.21: Final acceptance times efficiency of J/¢ and Y(1S) as a function of
pr (left), rapidity (center) and centrality (right), without (full markers) and with
(open markers) weighting procedure.

are needed for integrated measurements (e.g. cross-sections or Raa) in large pr, y
or centrality intervals. Since, this thesis is measuring azimuthal anisotropy (which
means a number of quarkonium reconstructed azimuthally), many corrections usu-
ally performed in standard analyses are not needed here in the final pp-differential v,,.

4.4.3 Overview of systematic uncertainties

This section below describes the different sources of systematic uncertainties related
to the final v, coefficients, mainly for J/¢ and to a lesser extent for the Y(1S).

Raw yield and v, extraction

The systematic uncertainty originating from the signal extraction was studied by
varying the signal and background function of the invariant mass distribution, the
background flow function, the mass range, and the set of tail parameters used in the
signal functions. The swapping between these different fit choices: signal functions ®
background functions ® background flow functions ® set of tail parameters ® mass
fit ranges, corresponds to a total of 48 different fits for the J /1 v, extraction (similar
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method is also applied for T(1S)). For the J/¢ extraction, the dimuon background
v, is fixed using the mixed-event profile, and therefore reduces the statistical and
the associated v,, uncertainty.

Figure 4.22 shows the results of these fits on J/¢ vy for 20-40% and 1 < pp <
2 GeV /¢, the left panel gives the variations as a function of the test, the center panel
presents the corresponding distribution, in the right panel the distribution of number
of raw J /1) is plotted. Similarly the Fig. 4.23 and Fig. 4.24 show the results obtained
for T(1S) vy and for the J/¢ vs (in different pr ranges and centrality centrality
intervals), respectively. The final v, values and their statistical uncertainties were
obtained as the average of the results of all the tests that are successful.
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Figure 4.22: J /1 vy systematic uncertainty from signal extraction in 20-40 % and
1 < pr < 2 GeV/c, using the SP method (where vp8 is fixed from mixed-event)

The signal function in the dimuon invariant mass spectra used to fit the different
charmonium states : J/1, ¥(2S) and the bottomonium states: Y(1S,2S,3S), corre-
sponds to the standard extended Crystall Ball (CB2) function (where fit parameters
of excited states are scaled from the fundamental state 1S : mass mis, width oyg,
to take into account the mass difference between 1S, 2S, ...). The standard NA60
function was also used to describe the signal in order to fit the J /¢ and ¢(2S) peaks
(its definition can be found in Appendix A).
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Figure 4.23: T(1S) vy systematic uncertainty from signal extraction in 0-60 % and
2 < pr < 20 GeV/c, using the SP method
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The invariant mass background shape is fitted with a Variable Width Gaussian
(VWG) where the width is linear with M,,. A fourth order Chebyshev polynomial,
or a Double Decreasing Exponential (only for bottomonium mass region) were also
used in the background fit of the invariant mass distribution.

The tail parameters included in the signal functions are fixed. In the CB2 func-
tions, this set corresponds to 4 parameters («,n,a’,n’'), which depend on pr, y and
centrality intervals. The tail parameters are extracted from the Embedding Monte
Carlo reconstructed data, as illustrated in Fig. 4.16 and Fig. 4.17 where the fit on
the signal are performed in three different centrality intervals (the obtained values
are presented in Appendix A). Another set of tail parameters is taken from a p—p
collision analysis at 13 TeV (where a peak with high S/B could be fitted). For the
NAGO functions, the standard set of 9 tail parameters (a!,p}, p}, i, a”, p, ph, p3))
was also extracted from the Embedding Monte Carlo. The mass fit range was var-
ied inside the window 2-5 GeV/c? for the J /1, corresponding to the ranges 2—4.6,
2.2-4.8 and 2.4-5 GeV/c%. For the T(1S) states, these ranges correspond to 7-11.6,
7.2-11.8, 7.4-12 GeV/c2.
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Figure 4.24: J /1 v systematic uncertainty from signal extraction in 0-10 % and
3 < pr <4 GeV/c, using the SP method

The binning of mass range is taken as 50 MeV/c?. Without using the event
mixing, or in case the mixed-event are fitted, the background flow function is chosen
to be a standard polynomial function or a Chebyshev polynomial. For the J/v, the
third order were used only for pr < 5 GeV/c. Then, the fit function is adjusted
to second order at intermediate pr, and finally for pr > 9 GeV/c the first order is
sufficient since dimuon flow background seems linear. For the Y(1S), as illustrated
in Fig. 4.9 in the right panel, despite low dimuon candidates the background flow
is almost flat, then a second order polynomial or Chebyshev functions is already
sufficient, first or zero order can be used in specific cases, in particular for improving
the x?/ndf).

As mentioned, using the event mixing the dimuon background flow is fixed using
mixed event (fitted on v™* and then fixed), which reproduces perfectly well the
background flow in central collisions and at low-pr. However, in non-central col-
lisions and at high-pr the emergence of correlated dimuon background need to be
taken into account, and will lead to additional systematic uncertainty due to the

choice of the scaling applied on v™* (and will be discussed later).
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One can mention a promising alternative extraction method for the quarkonium
vn, which use the ¢Plot formalism [128]. This technique is based on an event-by-
event extraction, and no-longer using sequential fit on both invariant mass and v,,.
An example of this method applied on J/¢ and Y(1S) vy measurement is described
in Appendix B.

The systematic uncertainty originating from the raw yield and vy extraction for
T(1S) in 5-60% centrality, is found at 0.0161 in the pr range 0-3 GeV/c, 0.0075 in
the range 3-6 GeV/c, and 0.0060 in the range 6-15 GeV/c.
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Figure 4.25: Total systematic uncertainty associated to the raw yield and v, signal
extraction on J/¢ vy and vs, as a function of pr for different centrality intervals

The final systematic uncertainties estimated coming from the signal extraction
(invariant mass and dimuon v, fit) for J/¢ v and v3 are shown in Fig. 4.25 for
different centrality intervals as a function of pr. One can notice that these systematic
uncertainties are higher for low pr, where the S/B is low, then have minimal values
for intermediate pr, and finally increase for the high-pr bins, where the v, is not
clearly visible from the v2>*¢ (despite S/B is high), and because the number of dimuon
events is low. This systematic uncertainty will be considered to be part of the final
and total systematic uncertainties.

Detector effects

The dimuon trigger and reconstruction depend on the muon chamber occupancy, and
coupled to the flow of particles, could lead to a bias in the measured v,. This bias
is originated from the detector occupancy, which can be azimuthally asymmetric,
due to the flow of particles reaching the detector. The corresponding systematic
uncertainty is obtained by injecting simulated quarkonium decays into real Pb—Pb
events (the Embedding Monte Carlo). The v, as a function of pr is calculated using
the usual SP method, by using the azimuthal angle of reconstructed quarkonium
state (dimuon angle) and the event flow vector components (where the Q,, is taken
from the real event itself), corrected by the R,, factor.

Although the generated J/¢ or YT(1S) have a flat azimuthal distribution, one
can study the reconstructed v, as a function of pr in order to estimate a residual
bias originating from the detector. Figure 4.26 and Fig. 4.27 show the reconstructed
J/¢ and Y(1S) wve, which are fitted using a constant function (since no particular
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Figure 4.26: Effect of reconstruction efficiency on J/¢ vy as a function of pr for
different centrality intervals

pr dependence was found), up to 15 GeV/c. Both generated and reconstructed vy
(pr) are measured to be very close to zero, in all centrality or rapidity intervals.
Figure 4.28 shows the reconstructed J /1 v3 with a constant fit, which is measured
also close to zero.
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Figure 4.27:  Effect of reconstruction efficiency on T(1S) v as a function of pr for
different centrality intervals
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Figure 4.28: Effect of reconstruction efficiency on J/v vs as a function of pr for
different centrality intervals
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When the fit result deviate more than 1o, it is assigned as a systematic uncer-
tainty, otherwise the statistical deviation will be chosen. Values are found to be
maximal in central collisions (up to 0.0023 for J/¢ in 0-10%), and slightly decrease
toward peripheral ones. The uncertainty is assumed to be the same in all considered
pr bins. For Y(1S), the systematic uncertainty coming from this occupancy bias
is estimated to be 0.0015 in the large centrality interval 5-60%. This systematic
uncertainty will be part of the final total systematic uncertainty.

Centrality and R, determination

The centrality determination is performed using the VOM estimator, and this choice
could have a bias on v,, measurement, since the R,, factor is computed as a function of
the centrality of the event. This possible bias on the v, is estimated to be negligible
in central collisions, but it can still be assumed to not deviate beyond 1%. Never-
theless, moving to non-central and peripheral collisions, this bias on the centrality
determination is estimated to be around 2-3%. Basically, these values are obtained
simply by selecting different estimators (here, named VOplus05 and VOminus05),
and taking the difference between their distributions. The centrality distributions
obtained using the VO estimator of minimum bias and unlike-sign dimuon (CMUL)
triggered events are shown in the left panel of Fig. 4.29.
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Figure 4.29: Left: Centrality distribution for MB and CMUL (unlike sign dimuon)
events. Center: Centrality dependence of R,, factors for MB and CMUL events. Right:
Centrality dependence of the cross-term products between u,, , and @, ,, using SPD
as reference flow detector.

The computed R, distributions for n = 2,3 using either MB events or dimuon
events, are shown in the center panel of Fig. 4.29. The deviation seems visible after
50-60% for n = 2, while it becomes significant around 30-40% for n = 3. This
effect could possibly have a bias on v, measurement, since the event flow vector
Q,, is calibrated using MB events, while the signal extraction is realised with dimuon
events. The relative ratio (between MB and CMUL distributions) corresponds to a bias
that do not exceed 1% for Ry and 2-3% for R3. Alternatively searching for centrality
dependence of non-flow effects, one can see in Fig. 4.29 (right panel) that no large
deviations are visible up to 50-60% in the cross-term products between wu,, and

Qn»y‘
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Figure 4.30: Total systematic uncertainty associated to centrality and R,, determi-
nation on J/1 vy and vs, as a function of pr for different centrality intervals

The final systematic uncertainties originated from the centrality and R,, deter-
mination are shown in absolute values as a function of pr in Fig. 4.30, for different
centrality intervals (since these values are evaluated in % of vy, this figure is not
useful but just plotted to give an order of magnitude). This systematic uncertainty
will be part of the final total systematic uncertainty.

Residual non-flow effects

Non-flow is usually the term which refers to few particle corrections (from jets or
resonances). Basically the non-flow effects are strongly suppressed simply because
the 3-sub-event method is used, which involves large pseudo-rapidity gaps (SPD
used to measured tracklets, VOA and VOC for the energy deposited, and the muon
spectrometer for measuring J/¢). However, an estimate of these effects can be
performed using the cross-term products between u, and Q, components. This
study is realised in different pr ranges versus M, in Fig. 4.31 (J/v) and Fig. 4.32
(T(1S)), and finally as a function of pr in Fig. 4.33 for different mass regions (low
masses, J /1 sector, T(1S) sector).
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Figure 4.31: M, dependence of the cross-term products u,, and Q,,, (using SPD
as reference flow detector) for different pr ranges, in the J/1 mass region.

The cross-product profiles can be fitted using a constant function to obtain an
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order of magnitude of its variation in the mass or pr range considered. When this
contribution deviate from zero more than 1o, then this contribution is assigned as
systematic uncertainty, if not, since this measurement is also statistically limited

(because it is dimuon events), no systematic uncertainty are assigned on this pr or
centrality range.
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Figure 4.32: M, dependence of the cross-term products u,, and Q,,, (using SPD
as reference flow detector) for different pr ranges, in the Y(1S) mass region.
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Figure 4.33:  pr-dependence of the cross-term products between u,, and Q,,
(using SPD as reference flow detector) for different mass regions.

One can mention that, the difference between the cross-term products performed
here are used to determine the non-flow effects originated from the correlations of
J/1¢ with other particles, while the cross-term products of Q,, and Q,, (from
different or same detectors) also allow to estimate the systematic biases due to the
non-uniform azimuthal acceptance, which are not classified as non-flow effects.

The goal is to estimate the bias originated from the non-flow contribution in the
v, extraction. The results show that in all pr or mass ranges, the non-flow effects
are estimated bin-per-bin and found to be around 1-2% of the v, depending of the

pr range. This systematic uncertainty will be part of the final total systematic
uncertainty.
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Correlated background and event mixing

The event mixing, which reproduces the combinatorial background (originated from
uncorrelated muon pairs) perfectly well the background flow in central collisions and
at low-pr, allows to fix the dimuon background v, using mixed-event distributions.
However, in non-central collisions and at high-pr the emergence of correlated dimuon
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Figure 4.34: Total systematic uncertainty associated to the correlated background
shape on J/1 vy and vs, as a function of pr for different centrality intervals

background leads to an unknown contribution, which could produce a bias on final
v, measurement. Hence, it produces an additional systematic uncertainty due to
the value of the scaling () applied on v (see Eq. 4.7), the later is left free in the

mix

fit when the ratio ]JJT deviates from one.

This systematic uncertainty is estimated by taking the difference of the v, val-
ues obtained with and without the scaling correction (8 # 0 or § = 0), which is
originated from the fact that the mix-event spectra do not fit perfectly well the
same-event spectra at high-pr. Taking the previous Eq. 4.7, and replacing the un-
known v by a free parameter [ in the fit (which reflects the proportionality with

™) one can rewrite the formula as

N, mix
N, same

N, mix
N, same

Un(My) = 08 My,) + 0™ (M) (72 + B(1 = ). (4.9)
Figure 4.34 shows the values of this uncertainty, which are negligible for very low-pr
bin but become significant for both vy and v3 when pt goes beyond 5-6 GeV /¢, and

it is even more pronounced moving toward peripheral collisions.

Summary of systematic uncertainty

The total absolute values of the systematic uncertainty will be assigned at each
measured v, for the different pr, y or centrality bin. The obtained final values are
plotted in Fig. 4.35 for J/1 vy and in Fig. 4.36 for the J/1¢ v3 measurements, as a
function of pr. The extraction is performed in three different centrality intervals,
from central Pb—Pb collisions 0-10%, to 10-30%, to non-central 30-50%.

Even if the systematic uncertainties coming from correlated background flow
seems large at high-pr, the few last pr ranges are big (since low number of dimuons
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are counted), and the statistical uncertainties on v, in these high-pr bins are also
very large compared to the systematic uncertainties found. Except in jet study,
the major phenomena related to QGP occurs at low pr (below 5 GeV/c), and in
this case the dominant systematic uncertainties originate from the raw yield and v,
signal extraction.

The total systematic uncertainties for the centrality-differential J/v v, mea-
surement are shown in Fig. 4.37 and Fig. 4.38. One can mention that, at low pr
(0 < pr < 5 GeVe) and in central collisions, the dominant systematic uncertainty
originates from the signal extraction. While at high pr (5 < pr < 20 GeVe) the
dominant one is coming from the correlated background flow, one can still mention
that statistical uncertainties are also larger for high pr bins. One can mention that
here, the systematic uncertainty estimated from reconstruction efficiency varies from
a centrality to another, and decreases toward peripheral collisions.

Concerning the total systematic uncertainties of the Y(1S) v, in the pr ranges
0 to 3, 3 to 6, and 6 to 15 GeV/c, and for the centrality interval 5-60%, the raw
yield and v, extraction (evaluated at 0.0161, 0.0075, and 0.0060) are included, the
occupancy or reconstruction efficiency (0.0015 with no pr dependence) also added,
and those from the R,, determination and non-flow (around 2%). Since the event
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Figure 4.37:  Summary of J/v¢ vy total systematic uncertainty as a function of
centrality for pr <5 GeV/c and pr > 5 GeV/c
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Figure 4.38:  Summary of J/v v3 total systematic uncertainty as a function of
centrality for pr <5 GeV/c and pr > 5 GeV/c

mixing technique is not used for the T(1S), no additional systematic uncertainty are
added on this measurement.

As illustrated for example the Fig. 4.35, the final total systematic uncertainties
are given by the quadratic sum of the different contributions, and will be then repre-
sented as boxes around the final data points. Thanks to the detector performances
and to the large Pb—Pb data sample recorded (during the full Run 2), in all studied
pr ranges, y bins or centrality intervals, the systematic uncertainties do not exceed
the statistical ones, down to pr = 0 GeV/c, which leads to precise J/¢ v, values,
and a first T(1S) vy measurement.
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Chapter 5
Results and discussions

In this chapter, the results of J/¢ v, and T(1S) vy are presented, and the com-
parisons with model calculations will be discussed. The first section concerns the
final J/1¢ vy and v3 measurements, in which the pr-differential v, and the ratio vs /vy
will be shown. Further results about the centrality and rapidity dependence of J /1)
vy, and the J/1 vy in peripheral Pb—Pb at very low pr will be also investigated. A
comparison of these results with the current theoretical models will be discussed.
In a second section, the T(1S) v, will be presented in pr- and centrality-differential
measurements, and then compared with theoretical models. Finally, further inves-
tigations using the number of constituent quark scaling will be performed in order
to bring new aspects on open-heavy flavor v,,.
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5.1 J/¢ v, results and interpretations

5.1.1 pr-differential v,

Figure 5.1 shows the J /1 v, results as a function of pr for different centrality intervals
(0-10%, 10-30%, 30-50%). A positive vy is observed in non-central Pb—Pb collisions
over a quite large pr range (from 0 to ~12 GeV/c). In non-central collisions, the
ve (which should be proportional to kges [32]) is found to be compatible with zero
around pr = 0 GeV/c, then it increases to reach maximal values at around 0.1,
between 4 and 8 GeV/c. In central collisions, the vy exhibits a weak pr dependence,
with lower maximal values. Toward high-pt values, the vy seems to decrease or
saturate with slightly positive values. However, the statistical uncertainties beyond
10 GeV/c are large, and thus do not allow us to draw firm conclusions.
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Figure 5.1: prp-differential J /v v, for different centrality ranges. Empty boxes show
the uncorrelated uncertainties, while the error bars the statistical uncertainties.

Figure 5.2 presents the J/v v3 results as a function of pr in the same centrality
intervals than for the vs. The vz originates from fluctuations of the initial energy
density distribution and is less intuitive than the v,. However, the proportionality
between triangular flow and the eccentricity is still true (vs o< k3es [32]). The wvs is
measured to be lower than the J/1 v, in a large pr range up to 14 GeV/c.
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Figure 5.2: pr-differential J/¢ vg for different centrality ranges. Empty boxes ares
the uncorrelated uncertainties, while the error bars show the statistical uncertainties.



5.1. J/v Vy RESULTS AND INTERPRETATIONS 123

In the 0-50% centrality range, the triangular flow coefficient is measured to be
larger than zero (vz = 0.0250 4+ 0.0045 (stat.) 4 0.0020 (syst.) in 2 < ppr < 5
GeV/c) corresponding to a significance of 5.10, calculated adding quadratically the
statistical and systematic uncertainties. At low and intermediate pr, the J/¢ vy
values increase from central to non-central collisions, while it does not seem as clear
for the v3. The measurement of a positive vz indicates that the initial state energy-
density fluctuations, the dominant source of vz, are reflected also in the anisotropic
flow of charm quarks.
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Figure 5.3: Comparison of J/1 vy and vz to 7% and prompt D (published data),
as a function of pr for the 0-10% centrality interval.

To understand how significant the J/¢ v, are, one can compare the results to 7=
vy. Since pions are the lightest mesons produced, and in the hydro picture of the
QGP the 7* flow is expected to be the largest one (at a given pr), with respect to
the other mesons which are heavier. Since the published 7% v, measurements [3/]
were performed per 10% centrality intervals (except between 0-10% which is per
5%), the data have been re-weighted using Eq. (5.1), according to their corrected pr
spectra, and then merged in order to form the 0-10%, 10-30%, 30-50% centrality
intervals, the standard weighting formula is

vn(pr) = Zwi : vr(f)(pT)/Zwi. (5.1)

The J/1) v, can also be compared to the open-charm data, which can provide an
intermediate comparison between light flavor and closed charm. Three regimes need
to be considered in this comparison with the D mesons, the hydro at low pr which
imply a mass ordering (where the mass matters), the recombination by coalescence at
intermediate-pt (where the quark content matters), and the fragmentation occurring
at high-pr (where the energy loss matters). The J/1 v, results are compared with
the midrapidity vy measurements for charged pions by ALICE [31] and prompt D
mesons by CMS [129]. Figure 5.3, Fig. 5.4, and Fig. 5.5 show the pr-dependent
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inclusive J/¢ vy and vs coefficients measured at forward rapidity, compared with
the charged pion and D meson data in the three different centrality intervals.
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Figure 5.4: Comparison of J/¢ v, and v3 to 7 and prompt D° ([34, ]), as a

function of pr for the 10-30% centrality interval.

The behavior of an increase in vy from central to non-central collisions is qual-
itatively similar to the one observed for 7% and D mesons in the same pr ranges.
As also noted previously [92], a clear mass hierarchy of the vy values is seen in the
low-pr region (pr < 3 GeV/c) for the light hadrons and D mesons measured at
midrapidity and inclusive J /v, with the J /¢ exhibiting the lowest elliptic flow. The
mass ordering is a property originated directly from hydro, and it is understood by
considering that thermalized particles with different masses evolving in a common
velocity field will correspond to different pr, which turns into a mass hierarchy in
the vo(pr) at a given pr. Here, it is important to note that in the considered 7 range,
the 1 dependence of the vy at a given pr is expected to be negligible, as shown by
the CMS measurement for charged particles [130].

At high pr (pr > 8 GeV/c), the vy coefficients from all species converge into a
single curve suggesting that, in this kinematic range, the anisotropy for all particles
arises dominantly from path-length dependent energy-loss effects [131]. However,
in the case of the much heavier J/1, one may also consider that the hydrodynamic
flow, which arises from a common velocity field, may still contribute significantly
even at high pr, as can be expected from the particle mass dependence of the pr
range where the flow reaches its maximum.

The mass hierarchy observed for v, holds also in the case of v3. Together with
the J /1 vy, these observations provide a strong support for the hypothesis of charm
quark being, at least partially, kinetically equilibrated in the dense and deconfined
QGP medium.
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Figure 5.5:  Comparison of J/1 vy and vz to 7% and prompt D (published data),

as a function of pr for the 30-50% centrality interval.

5.1.2 pr-differential v3 /vy ratio

The medium response to the initial state anisotropy (e,), which is transformed
into the v, (i.e. v, x K,€,), strongly depends on the macroscopic properties of
the fireball (like the temperature dependent equation of state and the shear and
bulk viscosity). The ratio of the triangular to elliptic flow coefficients, v3/vy is an
interesting quantity because it is a way to characterize the response of the system,
and whether this response is independent of the particle type (when comparing
v3/vy for various particles the e3/e9 cancel). The ratio vs/vs, as a function of pr
is shown in the left panel of Fig. 5.6 for the inclusive J/1¢ at forward rapidity. In
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Figure 5.6: prp-differential J/¢ v3/vy and vg/vg’/2 in 0-50%.
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this ratio, the statistical uncertainties are considered to be uncorrelated due to the
weak correlation between the orientation of the Qo and Qs flow vectors [132], while
the systematic uncertainties related to a(m,,) and to the reconstruction efficiency,
cancel in the ratio.

At RHIC [133, 1341] and LHC [135, 130], it was observed that the flow coefficients
of light particles from different harmonics follow a power-law scaling as v1/™ oc v/™
up to about 6 GeV/c, for most centrality ranges, but the 0-5%, independently of
the harmonics n and m. The ratio vs/ v;’/ * in the right panel of Fig. 5.6 illustrates
such a scaling. The J/¢ v3/vy results are compared to D mesons and charged
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Figure 5.7:  Comparison of J/¢ v3/vy and v3/vg/2 as a function of pr in 0-50%,
with 7% and prompt D° published data.

pions at midrapidity in Fig. 5.7 (left panel). The same hierarchy observed for the
individual vy and v3 measurements is also observed in the v3 /vy ratio, which suggests
that higher harmonics are damped faster for heavy quarks than for the light ones.
Furthermore, the vs/ vg/ ? for pions, D and J/¢) mesons tend to converge, although
the J/v values are systematically lower than the ones of pions.

5.1.3 Centrality and rapidity dependence of the v,

In large systems such as Pb—Pb collisions, the light flavor v, and w3 exhibits a
strong centrality (or multiplicity) dependence [35, |, and an ordering of vy > wv3
is observed (details can be found in Sec. 1.5) except for the very central collisions,
where vy &~ wv3 (caused by the event-by-event fluctuations of the energy density
profile, which generate anisotropy). However, this system size dependence is not
fully understood for the heavy flavor sector.

The centrality dependence of the J/1 results are compared with that of flow
coefficients of charged pions for a pr value similar to the corrected J/¢ (pr), pub-
lished by ALICE in Ref. [31]. Figure 5.8 shows the centrality dependence of the
inclusive J /v and 7% vy for low-pr intervals, while the Fig. 5.9 shows high-pr ones.
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In addition, the ratio v}/ v2/ ¥ is computed and shown in the right panels of these
figures. Similar measurements are performed and presented for J/¢ v3 in Fig. 5.10
and Fig. 5.11. Here, due to the large integrated pr range, the v, coefficients are cor-
rected for the J/v detector acceptance and reconstruction efficiency. Each dimuon
pair is weighted using the inverse of the pr and y dependent A x ¢ factor before
filling the invariant mass and v, (M) distributions.
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Figure 5.8:  Centrality dependence of J/i vy for pr < 5 GeV/c. The data are
compared to 7 selected in a pr range (1.75 > pr > 2 GeV/c) similar to the (pr)
of J/¢. Linear fits are performed on the 0-50% (green dotted line) and 20-80%
(magenta dotted line) data.

Both at low pr (1.75 < pr < 2 GeV/¢) and high pr (6 < pr < 7 GeV/c), the
vy of T increases from central to semi-central collisions, reaching a maximum at
40-50% centrality, and then decreases towards peripheral collisions. For the J/1 at
low pr (0 < pr < 5 GeV/c), while the centrality trend is qualitatively similar, the
maximum (or even saturation) of vy seems to be reached for more central collisions
than for the pions. This is more clearly emphasized by the increasing trend of the
ratio vJ / v2/ ¥ from central to peripheral collisions (this ratio deviates from unity by
a significance of 8.50). Since in the framework of transport models the c¢ production
follows the variation of the energy density, then this increasing trend of v7 / vJ/ ¥ could
be understood by the increasing fraction of regenerated J/v at low pr when moving
from peripheral to central collisions.

Alternatively, and independently of the regeneration scenario, the increase of
the v/ Ug/ ¥ from central to peripheral collisions, could also be understood in terms
of partial or later thermalization of the charm quarks compared to light quarks.
Indeed, the heavy quark needs a longer time in the medium to develop its flow
compared to light quark. The decrease in energy density and lifetime of the system
is counterbalanced by the increase of the initial spatial anisotropy towards peripheral
collisions. Therefore, the vy of the J/1¢ (mainly regenerated) will reach its maximum
at more central collisions compared to light particles because charm quarks require



128 CHAPTER 5. RESULTS AND DISCUSSIONS

----------------------------------------------------------------------
~ SR L L L R R RS SERRNLERAN RN RN R RN LN LN A

Iy
2

>0 - [ This thesis > ot 2.5 <y < 4.0, Axe corrected
: - E =25 - ]
Pb-Pb s, = 5.02 TeV =7 p, >5GeVic ]

02F o re, ly|<05,6<p <7GeVic 7 2F = Ratiov]/ vV -
0.15F ™ Inclusive J/y, p.> 5 GeV/c

o +r+1 $¢@$¢l$
¥ Lo

0.1

of 1 _
Empty boxes: syst unc 0 -
-0.05E. 01,01, [T T PR P ST P i Lol [ T D BT P Lovvily,d
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
Centrality (%) Centrality (%)

Figure 5.9:  Centrality dependence of J/i vy for pr > 5 GeV/c. The data are
compared to 7 selected in a pr range (6 > pr > 7 GeV/c) similar to the (pr)

of J/9.

larger energy densities to develop flow [65, 138—140].

At high pr, J/1¢ mesons (corresponding to pr > 5 GeV/c¢) and charged pions
(6 < pr < 7 GeV/c) seem to exhibit the same centrality dependence, although the
vy coefficients are systematically lower for the J/¢ mesons than for the pions. Such
a similar centrality dependence could indicate a similar mechanism at the origin of
the flow for both J/¢) mesons and pions at high pr. Also, the 7% v, at high pr is
understood to originate from a parton energy loss.
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Figure 5.10:  Centrality dependence of J/v vs for pr < 5 GeV/c. The data are
compared to 7 selected in a pp range (1.75 > pp > 2 GeV/c) similar to the (pr)

of J/9.
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Figure 5.10 shows that the centrality dependence of the vz coefficient at low pr is
less pronounced than that of the v, for both pions and J/1, as expected since initial
state fluctuations only weakly depend on centrality. Also, the J/v¢ vz is smaller
relative to the one of charged pions, in both pr intervals considered.
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Figure 5.11:  Centrality dependence of J/v vs for pr > 5 GeV/c. The data are
compared to ¥ selected in a pp range (6 > pr > 7 GeV/c) similar to the (pr)

of J/9.

Since the measured vy of the reconstructed J/1¢ depends on the pr distribution,
which could vary with the collision centrality, the (pr) or (pr)"™" of J/¢ should
be also studied. Figure 5.12 shows the variations of the J/¢ (pr) extracted after
a correction on each dimuon candidate with the acceptance and efficiency (A x ¢)
factor. It is important to understand if the origin of the variation of v, is from a
modification of the (pr) or a real modification as a function of the number of par-
ticipants in the Pb—Pb collision. For low-pr J/1, the variation of (pr) is contained
between 1.9 and 2.1 GeV /e, which is referring to a ve included in the range 0.06—
0.07 (for the 10-50% centrality interval). For high-pr J/1, the (pr) varies between
6.4 and 6.7 GeV/c, corresponding to a vy of about 0.1, also with small variations.
Moreover, it is worth to notice that the monotonic increase of (pr) toward periph-
eral collisions, is a consequence of the smaller suppression observed at low pr in
central collisions, which hints a strong contribution from (re)combination processes.
Concerning the most peripheral bin of (pr), its value should be contaminated by the
photo-production of J/¢ (for 0 < pr < 0.3 GeV/¢, which are not removed here).
The result of this contamination is simply that it reduces the value of (pr) by at
least for 4% (percentage estimated from [I11]) in this most peripheral centrality
interval.

In the common picture of transport models (which will be described later), it is
expected than the energy density of the created medium exhibits a rapidity depen-
dence, where the number of initially produced charm quarks is larger at mid-rapidity
than at forward rapidity. In this picture, the regenerated J/v largely contribute to
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Figure 5.12: Centrality dependence of the (pr) extracted after the acceptance and
efficiency correction, for low pr (left) and high pr (right) inclusive J /.

the v, measured, one could expect that the vy exhibits also a dependence as a func-
tion of rapidity. On the other hand, in the picture of statistical hadronization model
(SHM), J/4 production is expected to solely originate from regenerated J /1, since
there is no primordial contribution in this model. Thus, in this case the J /9 elliptic
flow should not be expected to acquire an energy density (or rapidity) dependence.

Figure 5.13 (left) shows the J /1 vy measured both at forward rapidity and at mid-
rapidity in the dimuon and dielectron decay channel, respectively. The mid-rapidity
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Figure 5.13:  J/1 v, as a function of rapidity y (corrected for Ax¢), for the centrality
range 30-50 % and 2 < pr < 20 GeV/c. Thanks to the dielectrons analyzers, the
mid-rapidity vy value is shown.

value is also extracted with the SP method where the VOA detector is used to obtain
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the Qg, and the ITS-TPC for measuring the dielectrons. Both results are presented
using events with a centrality corresponding to 30-50% and 2 < pr < 20 GeV/c.
Forward rapidity vy values are plotted with the acceptance and efficiency correction
because it is an integrated measurement. One can also notice that the ve(pr) is
independent of energy density, while it is not the case for the vy(y) [142].

Since R, is lower in the central collisions, 0-30% are excluded. Moreover, the pr
range corresponding to 0-2 GeV/c was also excluded, due to low values of vy and vs.
The pseudo-rapidity gap between TPC and the VOA detector is around An = 0.8,
while in our case the gap between SPD and the muon spectrometer corresponds to
An = 1.1. The effect of the decorrelation of the symmetry plane angles corresponding
to ¢, (for n = 2,3) between mid- and forward-pseudorapidity has been estimated
to be less than 1% and 3% for vy and wvs, respectively [143, 144]. In addition, the
corrected (pr) and the (pr)™°" of the reconstructed J/i¢ are shown in the right
panel of Fig. 5.13, which decrease slightly going toward forward rapidities (from 3.8
to 3.3 GeV/c). This comparison could be useful in order to discriminate if the origin
of the variation of v, is from a modification of (pr), or a real modification of vy as a
function of the rapidity. In our case these displacements of (pr) correspond to small
variations of vy (few percents).

5.1.4 Comparison to previous analyses

This section focuses on the comparison between this analysis and older J/v vy anal-
yses in Pb—Pb collisions. The previous analyses were realized in Pb—Pb collisions at
VNN = 2.76 TeV [82], and at /sy = 5.02 TeV with only the 2015 data sample
[79] (without the 2018 data which complete the full Run 2).
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Figure 5.14: Comparison of J/¢ vy in 20-40% with the previous published data.

Figure 5.14 shows the values of J/¢ vy measured in this analysis compared to
the values of J/¢ vy measured at \/s\y = 2.76 TeV in Pb—Pb collisions (using
Run 1 data, in 2011) extracted using the event-plane method (see [32] for details).
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The comparison illustrates the agreement between values found in the two analyses.
Moreover, it is also compatible with a negligible variation of vy as a function of
the beam energy, which is compatible with the negligible variations observed for
the light particles. Figure 5.14 (right panel) shows the data comparison using the
older analysis performed at 5.02 TeV. The results obtained here are found to be
in agreement with the previous published results. Although residual differences
could be present because the values were extracted using the event-plane method,
the vy values for both analyses are compatible. The real improvements of these
results with respect to the previous analyses shown in Fig. 5.14, is that both SP and
event-mixing method in the extraction procedures were used, which lead to reduced
statistical uncertainties.
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Figure 5.15: Comparison of J/¢ vy (using SP method and event-mixing) with the
previous analysis (using only the 2015 Pb-Pb data sample).
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Figure 5.16: Comparison of J/v¢ vz (using SP method and event-mixing) with the
previous analysis (using only the 2015 Pb-Pb data sample).

The values of J/1 v, obtained using the SP method coupled with the event
mixing procedure (as described in the previous Chapter 4) are presented in the three
centrality classes in Fig. 5.15 and Fig. 5.16, and compared with a previous analysis
(based only on 2015 data sample [92]) of J/¢ v, using also the same extraction
procedures. A good agreement is found between both analyses, for all the available
pr and centrality intervals. In this thesis, the global statistical uncertainties are
reduced, the pr coverage is extended up to the last range 12-20 GeV/¢, and the
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number of pr intervals is increased, simply because this analysis use the full Run 2
data sample.

5.1.5 Comparison to current theoretical models

Figure 5.17 (left panel), shows the inclusive J/1 vy as a function of pr in the 20—
40% centrality interval, and the data are compared to the microscopic transport
calculations by Du et al. [64, 83]. In this model, the J/1 are created both from the
primordial hard partonic interactions but also from the recombination of thermalized
charm quarks in the medium, which accounts for roughly 50% of all J/¢ at low
pr. The fraction of regenerated J/v is higher at low pr, while it decrease quickly
toward high pr. Non-prompt J/¢) mesons, created in the weak decays of beauty
hadrons, are also included in the model. The amplitude of the inclusive J/i vy in
the calculations is in good agreement with the experimental measurements for pr <
4 GeV/c. However, the overall trend of the model calculation does not describe the
data well, especially in the intermediate pr range, 4 < pr < 10 GeV/c, where the
J /¢ flow is largely underestimated.
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Figure 5.17:  Comparison of J/v¢ ve with theoretical calculations, in the 20-40%
centrality interval.

The primordial J/v¢» component, which is sensitive mainly to path length depen-
dent effects, like survival probability, exhibits a monotonically increasing trend from
low towards high pr, with this mechanism becoming the dominant source of the
anisotropic flow for pr larger than 8 GeV/c. Path length dependent energy loss,
widely seen as a major source of anisotropy at large pr , is not implemented for J/«
mesons in this calculation. It is worth noting that this model provides a qualita-
tive good description of the centrality and transverse momentum of the J/ nuclear
modification factor [78, 141].

For simplicity, the transport model TAMU assumes the primordial part to be
constant in the Raa(pr) of J/v, which reflects our currently limited knowledge
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about the pr dependence of the dissociation rates, formation time effects, etc... The
total Raa or the total ve can be decomposed in a regeneration component (which
is evaluated with a blast-wave ansatz in the fireball evolution at sequential freeze-
out times), and a suppressed primordial component (as obtained from a Boltzmann
transport equation without gain term).

Figure 5.17 and Fig. 5.18 (right panels) show the comparison between a sec-
ond transport model (TSINGHUA) calculations [115] and the data. In this model,
the J/1¢ vy takes also its origins from a primordial and regenerated component,
nevertheless the implementation of the system evolution, the spectral properties of
charmonia, the regeneration and suppression terms in the Boltzmann equation are
implemented differently, and thus lead to different v5. The shadowing effect is also
included in this transport model, leading to significant uncertainties at pr around 3
GeV/c. Moreover, an additional effect could help to describe a higher vy at inter-
mediate and high pr, it is an effect to a strong magnetic field in the early stage of
the medium expansion ("with non-collective” curve), created principally by proton
spectators which generate an electric charge asymmetry.
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Figure 5.18: Model comparisons with the J/1 vy as a function of pr for the 20-40%
centrality interval.

A simultaneous blast-wave fit to particle yields and v, using a compact formula
for the calculation of ve(pr) [146] for an elliptic freeze-out surface (which follows
from the Cooper-Frye ansatz without further assumptions), could be used to predict
the J/1 vy. Figure 5.18 shows the blast-wave fit results for pions, protons, and
the scaled J /1 vy curve. The obtained fits correspond to the parameters py = 1.04,
p2 = 0.09, R, /R, = 0.83, and a pseudo critical temperature (freeze out) of T,,. = 155
MeV. Here, py and p, are the parameters of the radial velocity profile

p(F,6) = #(po + p2cos(26y)), (5.2)

dp(P) = arctan (f;m tan &) + [f: + ;]ﬂ', (5.3)

Y
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where R, and R, are the radii of the ellipse along the x and y axes, respectively. ¢,
is the azimuthal angle of the emitted particle, and [z] denotes the greatest integer
less than or equal to x. The corresponding expression for vy(pr) is obtained as the
average of cos(2¢;,) over the azimuthal particle distribution dN/dpr.

Basically, the blast-wave model describes the pr distributions at the kinetic
freeze-out of particles produced from a source in thermal equilibrium which un-
dergoes a collective radial expansion. One can expect that the recombination of ¢
quarks to form J/i¢ occurs at higher temperature than the critical one, then the
kinetic freeze-out hyper-surface of regenerated J/i¢ will be expected to be much
more elliptical than in later stages. In principle, the validity of this fit occurs only
for low-pr spectra and v, coefficients (pr < 2 GeV/c for light hadrons), where the
hydrodynamic description can be applied. Here, the obtained curve for the J/¢ v,
suggests that the parameters extracted from blast-wave fits (po, p2, R./R,) on pions
and protons, should be slightly different in order to better describe the J /1 flow.

5.1.6 Very low-pr J/1 v9

The photo-production of J /1 at very low pr (pr < 0.3 GeV/c¢), with photons emitted
from the two Pb nuclei, was expected to be the main production mechanism in ultra-
peripheral collisions (UPC), where the two Pb ions do not break [147]. Typically, in
UPC events the virtual photon (v*) emitted by one Pb may fluctuate into c¢ pairs,
and then scatter off (with a single pomeron exchange) on the other Pb, and emerge
as J /1.

Recently, an excess in the J/i production was observed at very low-pr in pe-
ripheral hadronic Pb-Pb collisions at the LHC [127], where an enhancement of the
Raa up to 10 was observed, for pp below 0.3 GeV/c. Up to now, this J/1¢ excess
in hadronic Pb—Pb cannot be explained by hadronic production with the currently
known cold and hot medium effects. Hence, the photoproduction could be a signifi-
cant J /1 production mechanism in peripheral Pb-Pb collisions.

Figure 5.19 shows the pr distribution of dimuons in various centrality intervals,
selections on M), were applied inside and outside the J/1 mass range, in order to
study the background (with photon decaying into dimuon). The significance of the
J/1 excess (fitted in red curves) is marginal for central and non-central collisions
compared to the hadronic contribution, however it becomes significant beyond ~30%
of centrality (with significance higher than 30). The J/1¢ excess is denoted as the
non-hadronic production represented by the photoproduction (coherent and inco-
herent part). In 70-90% centrality interval, most of the J/¢ with pr < 0.3 GeV/c
in Pb-Pb collisions are expected to be produced by photoproduction (significance
of the J/1 excess is around 150).

The conventional anisotropy observed in Pb—Pb arises from the anisotropy of
the initial collision geometry that get transformed through strong parton-medium
interactions. In principle, the vy of all particles species (including J/v) originate
from hadronic production converges to 0, when pr goes to 0. It was expected by
some theorists [118] that some interference between J /1) photoproduction amplitudes
on ions moving in opposite direction could lead to additional modulations in the
azimuthal particle distribution, an then to non zero v,. This anisotropy related to
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Figure 5.20: Extraction of J/1 vy at very low-pr pr in 30-90% centrality interval,
corresponding to non-central and peripheral Pb—Pb collisions.

the coherent J/1) originates from the asymmetric density profiles of the emitters
convoluted with the interference effects. It was also suggested that the J/¢ angular
distributions measurement with respect to the reaction plane in different centrality
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classes could provide an additional handle to distinguish coherently produced J /1)
from ones produced in hadronic interactions.

Figure 5.20 shows the measured J/¢ vy at very low pr (pr < 0.3 GeV/c) in a
large centrality interval corresponding to 30-90%. Similar measurement is obtained
for 50-90%, while it is statistically limited for 70-90%. One has to notice that this
peripheral Pb—Pb region is also corresponding to low R,, values (which are poorly
determined). This vy of photoproduced J/v is found to be positive by 1.9 ¢ but
no strong statements on the possible non-zero value can be drawn due to the large
uncertainties. This measurement is worth to be pursued in the futur, especially with
the expected increase in integrated luminosity for the Run 3.

5.2 First results of T(1S) v,

This section is focuses on the presentation of the results of the T(1S) vy in Pb-Pb
collisions at 5.02 TeV, using the full Run 2 data set.

5.2.1 pr- and centrality-differential v

Figure 5.21 (left panel) shows the T(1S) vy coefficient as a function of pr in the
5-60% centrality interval. The central (0-5%) and peripheral (60-100%) collisions
are not considered as the eccentricity of the initial collision geometry is small for
the former and the signal yield is low in the latter. The pr intervals are 0-3, 3-6,
and 6-15 GeV/c and the points are located at the average pr of the reconstructed
T (1S) uncorrected for detector acceptance and efficiency. The Y(1S) vy values in the
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Figure 5.21: Left: YT(1S) vy as a function of pr in 5-60%, compared to the J /1
data. Right: T(1S) vy for three centrality intervals, compared to the J/1 data.

three pr intervals are found to be lower, albeit with large uncertainties, compared
to those of the inclusive J/¢ measured in the same centrality and pr intervals.
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Although expected, the T(1S) vy is compatible with 0, and it is the first measured
particle at the LHC for which vy is zero.

Given that any v, originating either from recombination or from path-length
dependent dissociation vanishes at zero pr, the observed difference between Y (1S)
and J/1¢ vy is quantified by performing the pr-integrated measurement excluding
the low pr range. Figure 5.21 (right panel) presents the Y (1S) vy coefficient inte-
grated over the transverse momentum range 2 < pr < 15 GeV/c for three centrality
intervals compared with that of the inclusive J/¢. The Y(1S) vy is found to be
—0.003 £ 0.030(stat) & 0.006(syst) in the 2 < pp < 15 GeV/c and 5-60% centrality
interval. This value is lower than the corresponding J/v¢ vy by 2.60.

This observation, coupled to the different measured centrality and pr dependence
of the Y(1S) and J/¢ suppression in Pb-Pb collisions at the LHC [78, 88], can be
interpreted within the models used for comparison as a sign that unlike Y(1S),
J/1¢ production has a significant regeneration component. Nevertheless; no firm
conclusions can be drawn, given that currently the transport models cannot explain
the significant J /¢ vy for pr > 4 GeV/c observed in the data.

5.2.2 Comparison to current theoretical models

Figure 5.22 shows the T(1S) vy coefficient as a function of pr in the 5-60% centrality
interval, compared with available theoretical calculations. The results are compat-
ible with zero and with the small positive values predicted by the models within
uncertainties.

The KSU-BBJS model (Fig. 5.22, right panel) is a hydro-dynamical model which
only considers the path-length dependent dissociation of initially-created bottomonia
inside the QGP medium [90]. The TAMU model (Fig. 5.22, left panel) incorporates,
in addition, a small regeneration component originating from the recombination of
(partially) thermalized bottom quarks [$3]. Given that the regeneration component
produces practically negligible contribution to the total Y (1S) vq, the differences
between the KSU-BBJS and TAMU models are marginal.

For the YT(2S), due to lower binding energies or radius, in TAMU the regeneration
component is predicted to be larger compared to the ground state, as suggested
by the green curves in Fig. 5.22 (left panel). Recently, CMS has presented the
first measurement of Y(2S) vy [119], which is also compatible with 0 (albeit large
uncertainties). For the future Run 3, this Y(2S) flow measurement should bring
additional constraints on transport and hydrodynamical models for bottomonia,
which have now produced a large variety of calculations [150-152].

Figure 5.22 (right panel) shows also a simultaneous blast-wave fit [153] to particle
(only pions and protons) yields and vq, then the scaled curve for Y(1S) vy is plotted.
Over the full available pr range, the T(1S) vy data is described by the prediction
based on the fit to lighter particles. This prediction shows that, due to the large
T (1S) mass, a sizable v, is only expected at transverse momenta above 10 GeV /c.

It is worth noting that although the quoted model predictions are for mid-
rapidity, they remain valid also for the rapidity range of the measurement within the
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Figure 5.22: Model comparisons with the T(1S) vy results as a function of pr in
the 5-60% centrality interval.

theoretical uncertainties. Indeed the fractions of regenerated and initially-produced
T(1S) are very close at mid- and forward rapidities [33]. In addition, the QGP
medium evolution is also similar between mid- and forward rapidities, given the
weak rapidity dependence of the charged-particle multiplicity density [154]. The
presented Y(1S) vq result is coherent with the measured Y(1S) suppression in Pb-
Pb collisions [88], as the level of suppression is also fairly well reproduced by the
KSU-BBJS model and the TAMU model including or excluding a regeneration com-
ponent.

Therefore, the result is in agreement with a scenario in which the predominant
mechanism affecting Y(1S) production in Pb—Pb collisions at LHC energies is the
dissociation limited to the early stage of the collision. It is interesting to note
that the presented Y (1S) v, results are reminiscent of the corresponding charmonia
measurements in Au—-Au collisions at RHIC [155], where so far non-observation of
significant vy is commonly interpreted as a sign of a small regeneration component
from recombination of thermalized charm quarks at lower RHIC energies.

5.3 Investigating the coalescence mechanism

This section presents a study of the open-charm and open-beauty meson v, based
on the hidden charm (J/v¢) and beauty (Y(1S)) results already presented in this
manuscript. This work was initiated by other analyzers and it was first presented
in our paper [156].

5.3.1 Light and heavy-quark v, distribution

Basically, the hadronization via quark coalescence considers that the relevant degrees
of freedom are not free partons but massive valence quarks. Gluons are assumed to
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have converted to quarks, therefore there are no dynamical gluons considered. This
quark coalescence mechanism enhances the hadron vy at large pr relative to that
of partons at the same transverse momentum [157]. The saturation and eventual
decrease of vy at high-pr has been also demonstrated as a consequence of finite
inelastic parton energy loss [158, 159].

Besides particle spectra, coalescence is also applicable to anisotropic flow. The
flow of light and strange particles was shown to approximately scale with the number
of constituent quarks (NCQ scaling) at both RHIC and LHC energies [160), .
This was typically interpreted to arise naturally in hadronization scenarios based on
quark coalescence in which the flow of bound mesons and baryons depends solely
on the collective flow of light and strange quarks (assumed to be identical) and the
number of valence quarks [157, 162]. The comparison between pions, D meson, and
J/¢ v, are consistent with the number of constituent quark (NCQ) scaling, which
tells that if hadrons inherit flow developed at quark level in the deconfined phase,
then v(qqq)/3 = v(qq)/2.

In this formalism, one can define the azimuthal distributions of produced pions
using the common Fourier series [163]. Within the assumption that the meson
distribution function is a convolution between the two single quark distributions,
ignoring the normalization, and taking Wgp = 0, one can obtain for example the
pion (77) v, distribution as

- ///d@“dgpczd(p’T+ cos(2g0’r+)(1 + 2v! cos(2<p“))
(1 + 2v cos(2¢p ))5(<p7r+ — @u)(S(SDWJr - QDJ)
— /dgp cos(2¢" (1 + 20 cos(2¢" )) (1 + 21}5008(2@&)) (5.4)

A /dgp cos(2¢0™ ) (20" + 20) cos(2¢™")

= v, + vf; .
Here, the ¢ functions are there to enforce coalescence, and the higher-order term
v“v? has been ignored, assuming v, < 1. In the case of charmed hadrons, the
NCQ scaling assuming a flavor independent flow would obviously not work due to

the large observed differences between the flow of light-flavor particles, D and J /4
mesons. However, one can extend this scaling by assuming that the much heavier

charm quark has a different flow magnitude [16/] and that it can be derived from
the flow of the J/1 via the usual NCQ formula,
(") =2 v 01" /2) (5.5)

Then, if the momentum conservation is satisfied, it is straightforward to show
that the flow of the D meson can be constructed as the sum of the flow coefficients
for light (¢ = u or d) and charm quarks as

vy (PP) = v3(p}) + v (%), (5.6)

where p] and p5 are the pr of the light and charm quarks, respectively, correspond-
ing to the D-meson pr, pR. The light quark flow is obtained by interpolating the
measured charged pion flow using v7(pF.) = 2 - v3(pF/2).
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Figure 5.23: Single light and charm quark vy (left) and vs (right) distribution as a
function of pr, extracted from 7% and J/14 v,, for the 0-10% centrality interval.
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Figure 5.24: Single light and charm quark vy (left) and vz (right) distribution as a
function of pr, extracted from 7% and J/4 v,, for the 10-30% centrality interval.

Figure 5.23, Fig. 5.24, and Fig. 5.25 show the single light and charm quark vy
(left panels) and vz (right panels) as a function of pr, for the 0-10%, 10-30%, and 30-
50% centrality intervals, derived from the measured pions and J/v v,, assuming the
above described procedure. The red dashed curves show fits to the J /v v, employing
an ad-hoc function (a third order polynomial at low pr and a linear function at high
pr) used to extract the flow of charm quarks needed to obtain the scaled D-meson
flow according to Eq. (5.6). Then, the obtained black and red curves corresponding
to the single light and charm quark flow will be used in order to construct the D
meson v,, where different assumptions can be formulated on the pt sharing fraction
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Figure 5.25:  Single light and charm quark vy (left) and vs (right) distribution as a
function of pr, extracted from 7% and J/1 v, for the 30-50% centrality interval.

between the light and the charm quark.

5.3.2 Scaled D meson v,

Figure 5.26, Fig. 5.27, and Fig. 5.28, show a comparison of the D-meson vy and
vy as a function of pr, derived assuming the above described procedure, to the
measured D-meson v, from CMS [129]. This approach is based on the simple quark
coalescence mechanism where the relevant degrees of freedom are only the light and
charm quarks.
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Figure 5.26: Scaled D meson vy (left) and vs (right) distribution as a function of
pr, constructed from 7% and J /¢ v,, for the 0-10% centrality interval.
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The scaled D-meson flow is found to be very sensitive to the fraction of p carried
by each of the constituent quarks. In coalescence-like models, constituent quarks
must have equal velocities which leads to a sharing of the D-meson pr proportional
to the effective quark masses. This implies that by far the largest fraction of pr
should be carried by the charm quark.
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Figure 5.27:  Scaled D meson vy (left) and vs (right) distribution as a function of
pr, constructed from 7+ and J /v v, for the 10-30% centrality interval.
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Figure 5.28: Scaled D meson vy (left) and vz (right) distribution as a function of
pr, constructed from 7+ and J /v v, for the 30-50% centrality interval.

Based on the simplistic and naive approach described here, a pr sharing between
light and charm quarks [164, 165] where the ratio pt./pR = 0.2 (red dotted curve),
is clearly disfavored by the data. Surprisingly, it was found that a good description
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of the D-meson flow measurements, as illustrated by the blue dotted and orange
curves in Fig. 5.26, Fig. 5.27, and Fig. 5.28, is obtained when the light quark carries
a relatively large fraction of the D-meson pr.

The best agreement with the D-meson CMS data is obtained when the light-
quark pr fraction has a value of pt/pR = 0.4 (blue dotted curve), but a rather
good description of the data is observed also when assuming that the light and
charm quarks share equally the D-meson pr (green curve). Within uncertainties,
the scaling seems to work well for both v and vs over the entire covered pr range
and in all centrality intervals.

5.3.3 Scaled B meson vy

Similarly, the B-meson vy can be constructed using pions and Y(1S) vy data. The
same coalescence mechanism approach implies that by far the largest fraction of pr
should be carried by the beauty quark. The T(1S) v, results are fitted using the
same ad-hoc functions described by a second order polynomial at low pr, and first
order polynomial at high pp. The B-meson v is build from light and beauty quark
flow, by assuming different fraction of pi./p%. Figure 5.29 shows the results of single
light and beauty quark flow (left panel), and the scaled B-meson vy plotted with
different pr sharing fraction.
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Figure 5.29: Scaled B meson v, (right) distribution as a function of pr, constructed
from 7% and Y(1S) vy, for the 5-60% centrality interval.

Given that no B meson vy data are yet available, one decides simply to compare
the obtained scaled curves to the recent result of the vy of electrons from b-hadron
decays at midrapidity, extracted in 30-50% [166], which are different than those only
originated from B-mesons. This exploratory work is not supposed to draw any firm
conclusions or even predictions. Despite that large uncertainties are associated to
the current Y(1S) vy data (and the number of pr bins is not sufficient to perform a
reasonable fit), the scaled B-meson v, which corresponds to a coalescence scenario
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between a flowing light quark and a beauty quark (which seems to not flow), repro-
duces rather well the magnitude of the vy of electron from b-hadron decays (even
taking the assumption of constant fit for T(1S) vg).

5.4 Global picture: from light, to charm, to beauty
flavor

At low or intermediate pr, the vy of electrons from B meson decays and the T(1S)
vg are both expected to be lower than the vy of closed charm (J /1) and open charm
(D mesons), which are themselves measured to be lower than the v, of light flavor
particles. In a certain sense these beauty elliptic low measurements close the mea-
surement concerning the flow of particles with different masses and flavors, from the
lightest at a maximal vy, to the charm, and to heaviest and beauty at a minimal
vy. Figure 5.30 shows the compilation of the v9 measurements in non-central Pb—Pb
collisions for different particle species.
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Figure 5.30: Comparison of vy of different particles in non-central Pb—Pb collisions,
from the lightest to the heaviest one (based on full ALICE published measurements,
7% from [34], D from [167], b — e from [166]).

Therefore, the following points can be formulated:

e At low pr (pr < 3 GeV/c): the mass ordering visible is consistent with hy-
drodynamics, which suggests that the (partially) thermalized heavy and light
quark evolve in a common velocity field.
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e At intermediate pr (3 < pr < 6 GeV/c): the mass hierarchy already observed

between light and charm flavor is extended to beauty flavor. Figure 5.30 sug-
gests that v] > vl > U‘QWJ > e > Ug(ls). For D meson, this ordering is
in agreement with the scenario of heavy quark hadronization via coalescence
with a flowing light quark. For J/4, as for low pr, the measurement strongly
supports the picture where two charm quarks (partially) thermalized and po-
tentially flowing with the medium, recombine to form a J/¢. While for T(1S),
the measurement is consistent with vg (15 ~ 0, and with the scenario where

the beauty quarks do not seem to acquire flow from the medium.

At high pr (pr > 6 GeV/c), the picture is consistent with an universal path-
length dependent energy loss mechanism for light and heavy quarks, which
tends to group all vy into a single branch.

Figure 5.31 tries to illustrate in a very simplified picture, the sensitivity of dif-

ferent mesons (previously plotted in Fig. 5.30) to different stages of the collision,
because J/¢ and Y(1S) can be classified via their dissociation (or recombination)
temperature and their binding energy. In this continuity, the D meson and pions can
also be classified because of their different hadronic interaction cross section and also
their binding radius. On the right panel, the simplistic evolution of the temperature
of the QGP phase and its corresponding vy is plotted (based on results from [165]
for T', and [169] for the momentum anisotropy), the suggested time intervals for the
different meson sensitivities are also shown (in color bands).
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Figure 5.31: Sketch of the different mesons from light, to charm, to beauty flavor,
and the time evolution of the QGP temperature and vy (very simplified picture).

Many complaints can be formulated to this simplified picture that addresses

only one aspect of how mesons couple to the medium. Also, pions keep interacting
hadronically and developing flow beyond T, =~ 160 MeV, and until the freeze-out
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temperature (73, = 100 MeV). However, what emerges from this sketch is the dif-
ferent time windows where each meson is expected to acquire flow from the medium
evolution. Therefore, the T(1S) has the smallest time interval to develop flow from
the medium, while J/v¢ which acquires flow mainly from the recombination of par-
tially thermalized charm quarks, probes a longer time interval. The D-meson result-
ing of the hadronization of a ¢ and a light quark has an even longer time window to
acquires flow, while the pions inherits its flow at the hadronization of the medium
constituents and beyond. One can notice that the result of electrons from b-hadron
decays should take place somewhere between those of Y(1S) and J/v. This simplis-
tic description could help in the understanding of the different magnitudes of vy at
intermediate pr as seen in the Fig.5.30.






Credit: Lukas R. Weih & Luciano Rezzolla (Goethe University Frankfurt)

Conclusion and outlook

In this thesis manuscript, the inclusive J/¢ and Y(1S) azimuthal anisotropy
measurements performed at forward rapidity using the scalar product method were
presented in Pb-Pb collisions at y/sxy = 5.02 TeV with ALICE at the LHC. These
results use available data from the full Run 2, and allow to describe more precisely
the competition between the suppression and regeneration mechanisms involved in
the charmonium and bottomonium production, originated by the presence of an ex-
tremely hot and dense nuclear matter. Since charm and bottom quarks are produced
in the initial stages of the collision, it follows that quarkonium measurements offer
us a unique access to the general properties of the QGP during its whole evolution.

In non-central Pb—PDb collisions, the J /¢ vy values are found to be positive up to
the last pr interval corresponding to 12 < pr < 20 GeV/c and reach a maximum of
approximately 0.1 around a pr of 5 GeV/c. The J/1) vs values at forward rapidity
reach 0.04 around a pr of 4 GeV/c and are positive in the 0-50% centrality interval
for 2 < pr < 5 GeV/c with a significance of 5.1 standard deviations. The mass
hierarchy observed for vo, v5 > vl > vg/ ¥ in the low-pr range, as visible in Fig. 5.30,
seems to also hold in the case of v3 and will be the subject of more detailed studies
with the Run 3 and Run 4 data. At high pr, the vy for all particles converge
to similar values, suggesting that path-length dependent effects become dominant
there. The measured J/1¢ v3/ve ratios exhibits the same hierarchy indicating that
higher harmonics are damped faster for charmonia compared to lighter particles. The
agreement found at low-pr between J/1¢ vy data compared to microscopic transport
models favors the scenario which suggests that at LHC energy, almost all the initially
created J/v are dissociated in the medium and a recombination of ¢ and ¢ quarks
(regeneration) dominates the J/1 production. However, the discrepancies visible at
intermediate pr suggest missing mechanisms in the current transport models trying
to explain this vs.

The pr-integrated vy coefficient in a low (pr < 5 GeV/c) and a high-pt (pr > 5
GeV/c) region is in both cases dependent on centrality and reaches a maximum
value of about 0.1, while the v3 has no clear centrality dependence. Both J/4
vy and w3 coefficients, either at low-pr or at high-pr are found to be lower than
the ones of charged pions at a pr similar to the J/i¢ average pr. At low pr, the
ratio of the charged pions v, to those of pr-integrated J/i increase from central to
peripheral collisions, compatible with a scenario in which charm quarks thermalize
later than the light ones. At high pr, this ratio is compatible with unity without
any statistically significant centrality dependence.
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Using an extension of the well known number of constituent quark scaling, the
measured charged pion and J/v v, can be used as proxies in order to derive the D-
meson vy and v as a combination of the flow of light and charm quarks. Within this
procedure, it is surprising to observe that the measured D meson v, and v3 can be
described if one considers that the light and charm quarks share similar fractions of
the D-meson pr, which is counterintuitive in a coalescence approach. The fact that
such a simple scaling works suggests that the flow of charmonia and open charm
mesons can be effectively explained assuming a common underlying charm quark
flow in addition to the flow of light quarks.

The measurements presented show once again the intriguing results about the
J/¢ flow story. It is a real challenge for theorists to be able to explain both the
Raa and vo. In the future, and in particular during the Run 3, thanks to the major
ALICE upgrades, the addition of the MFT detector to the Muon Spectrometer will
allow us to discriminate prompt and non-prompt J/¢ on a large pr range. The
MFT will enable the separation of the prompt and non-prompt J/1 contributions
to the measured flow coefficients, thus providing valuable information on both the
charmonium and open beauty hadron production dynamics. Moreover, the future
increase of J /1 candidates will allow to further constrain the theoretical calculations,
first at low pr to confirm the contribution of regenerated J /1, and secondly at high
pr where an universal path-length dependent energy loss is expected to produce
similar v, for any particle species (see Fig. 5.30).

The event-by-event fluctuations of v, are influenced by initial state fluctuations
(mainly due to random positions of the colliding nucleons) at low pr, and also by
the variations of particle energy loss at high pr. The magnitude of event-by-event
fluctuations of flow harmonics from heavy-flavor quarks is not well understood, and
it should be accessed via multiparticle correlation techniques involving four particles
and more (vo{n}, with n > 4, e.g. vo{4} means a correlation of the J /¢ with 3 other
charged particles). To further investigate the origin of vy fluctuations, for example,
it has been predicted that the ratio vo{4}/vo{2} for high-pt heavy-flavor particles
is sensitive to energy loss fluctuations [163]. In the future, this kind of measurement
for the J/v, compared to those of light flavor hadrons, and to those of prompt
D° (already mesured [170]), should allow to bring new constraints on energy loss
calculations.

The first measurement of the Y (1S) v, coefficient in Pb—Pb collisions at /sy =
5.02 TeV is also presented in this manuscript. The measurement is performed in
the 5-60% centrality interval within 0 < pr < 15 GeV/c range at forward rapidity.
The vy coefficient is compatible with zero and with the model predictions within
uncertainties. Despite results are presented with large statistical uncertainties, the
values are in agreement with a scenario where the bb bound state formation is limited
to the first stages of the collision, when the temperature is extremely high and the
created matter has not yet developed its collective flow. Excluding low pt (0 < pr <
2 GeV/c), T(1S) vy is found to be 2.60 lower with respect to that of inclusive J /4.
This measurement allows to extend the current mass hierarchy of vy to the beauty

flavor, and to the heaviest particle measured, as v > v? > vg/ ¢ > 57 > vg (as)
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visible in Fig. 5.30. The presented measurement opens the way for further studies of
bottomonium flow using the future data samples from the LHC Runs 3 and 4 with
an expected ten-fold increase in the number of T candidates [36].






Appendix A

Signal and background fit
functions

Signal functions

The signal mass distribution is modelled with a extended Crystal Ball (CB) function
represented by a Gausian core and two tails. The function takes seven parameters
fe(N,Z,0,a,n,a’,n’) corresponding to: a normalisation factor, a mean value, a
width, and four tail parameters. This signal function can be defined as

(&) exp(=a)((Z —lal-X) "), i X<-a
fecs =N - exp (—%XZ), if o/ >X > —« (A.1)
(L/)n/ exp(—3a/P) (& o[+ X)), i X>d

o]

with the introduced variable X = (x — Z)/o. The tail parameters of this function
are fixed from MC or from pp data. In the following table, an example of these tail
parameters for J/i) and Y(1S) signal in three different Pb—Pb centrality intervals,
obtained after MC simulations, are presented.

J/1 tails parameters: [a, n, o/, 7/
0-20% 20-40% 40-90%
0.95, 3.81, 2.23, 1.77] [0.93, 4.19, 2.13, 1.93] [0.96, 3.78, 2.29, 2.11]

T (1S) tails parameters: [a, n, o, n/]
0-20% 20-40% 40-90%
[0.90, 2.17, 1.83, 2.04] [0.93, 2.14, 1.96, 2.10] [0.95, 2.13, 2.03, 2.25]

In this context the excited states are also modelled by the same signal functions with
different fixed tail parameters. Hence, the total signal function will be the sum of all
independent CB functions. However, one can noticed that the function parameter
of exctited states are often scaled (related to their mass ratio) to the obtained fit
parameters of the 1S ground state.

An alternative signal function could be used in the fit of J/¢ mass distribution,
which is originated from the NA60 experiment. This function has eleven parameters
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as faaeo(N, T, 0, b, ph, ph, ph, o, pi, ph, ph), which correspond to the normalisation
factor, the mean and the width of the Gaussian core, and eight tail parameters. The
function is defined as

exp(~5(X?/(1+ pl(al = XPA VX2 X <
exp(—3(X?/(1+ ph(X — )y PVE)2) i X > o

where X = (z — z)/0 is the same variable previously defined.

Background functions

The background function of the mass distribution has several possible definition. In
this thesis, the variable width Gaussian is used, this function contains four parameter
as fyvwa(N,z,a, ), which correspond to the normalisation factor, the mean and
the width Gaussian parameter, and a last parameter describing the linear mass
dependence. The function is defined as

Fowe = N - eXp(—;X2) (A.3)

where X = (z — Z)/o and the mass dependant width ¢ = a + f(x — Z)/z. In the
quadratic variable width version, the definition of the width parameter is modified
by adding a quadratic term proportional to a third parameter v as 0 = a + f(x —
z)/T +~(x —)*/7°..

The Chebyshev polynomial functions (up to order 5) could be also used in or-
der to describe the background mass distribution. It can be formulated from the
recurrence relation as

To(x) =1, Ti(z) = x, Toi1(x) = 22T, (z) — Ty (), (A4)
where the ordinary generating function can be expressed as

1—tx

_— A.
1 — 2tx + t2 (A-5)

f% To(@)t" =

Alternatively, standard polynomial functions are also used in the background fit.
The common double exponential could also used in the fit of the background mass
distribution. This later is commonly used in the bottomonium mass sector.



Appendix B

Alternative extraction: (Plot

Event-by-event invariant mass analysis

To handle an event-by-event signal extraction and no longer with histograms as
above in this manuscript, one could use the ;Plot ROOT package [128]. This tech-
nique was initially used to statistically subtract the background contribution from
the signal sample, which was then weighted to reproduce the kinematic variables
of the signal candidates. The use of Weights relies on the assumptions of the
sPlot formalism, namely that the parameterising variables are uncorrelated to the
fit variables.

As example, we consider the measurement of the Y(1S) elliptic flow vy at the
LHC. In this case the discriminating variable is the invariant mass m, while the
variable of interest is the cos A¢ = cos2(¢y — ¢per). The angle ¢y represents the
azimuthal angle of the Y(1S) candidate and the reference angle ¢ is the standard
symmetry plane, which can be defined as zero (in our case of generated event). In
order to demonstrate the approach, we generate toy data with a model for the un-
derlying probability distributions. Since we are focusing on the statistical aspect
and not the systematic uncertainties inherent of any fitting procedure with incom-
plete knowledge of the true underlying distributions, we consider the model used for
the data generation as the fit model, and fix the model parameters (apart from the
signal and the background yield). The signal mass distribution is modelled with a
Crystal Ball function (with only one tail)

n 142
e if =M < g

fCB(x;M7 U,Oé,n) = (W_W‘_ 7 ) 2 (Bl)
exp (—; (%) ), if =M > —|a.

The Gaussian width is chosen to be ¢ = 0.13 GeV/c?, the parameter o = 0.82 and
the power-law tail n = 2.44. These values are typical for LHC energies and are taken
from Ref. [85].

The azimuthal distribution of the signal is drawn from an event-by-event flow
distribution according to the common formula from [171], in our case only the highest
harmonic n = 2 is kept

f(A®) =1+ 2vycos (Ag). (B.2)
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300 —e— Data

----- Fit background
----- Fit signal

Event generated :
10000 (S/B = 0.1)

Events / ( 0.06 GeV/cz)
N
S

7 8 9 10 11 12 13
2,
m,, (GeVvic?)

Figure B.1: The invariant mass distribution with the background and signal com-
ponents from the log-likelihood fit superimposed.

The v, of the signal is generated with a value of 0.01. We consider candidates in
a invariant mass range of m € [7,13] GeV/c?. A simple exponential distribution is
assumed for the background distribution as function of invariant mass oc e with
lambda fixed to —0.6. For the background azimuthal anisotropy, a constant vy value
of 0.03 is assumed. The toy data is generated with a signal over background over the
full invariant mass range of 0.1. After the generation, a unbinned log-likelihood fit to
the data with RooFit is done. The generated data and the fit with the background
and the signal component are shown in Fig. B.1.

After the fit is performed, (Weights are retrieved and used to extract the vy
as average over all events. The resulting distributions compared to the generated
input distribution is shown and the pulls w.r.t. this distribution in Fig. B.2 for the
observable of interest are shown. The input distributions are reproduced within the
statistical uncertainties of the fit.

© RMS = 0.666 + 0.016 2 F RMS = 0.6750 + 0.0052

3 Mean = 0.004 + 0.023 3 300 Mean = 0.0175 + 0.0074

< Entries = 818 - Entries = 8303

‘2 —e— Data siggg\l sWeights % B0 o pata background sWeights
g Input Ov° C= 0.01 S Input V> 0= 0.03

MC label signal

200 = MC label background
Events generated : 10000 (S/B = 0.1)

Events generated : 10000 (S/B = 0.1)

PP ITSAT IFETAT APEEE S IATAT S TS ATAArE A
-0.8 -06 -04 -02 0 02 04 06 08 -04 -0.2 0 02 04 06 08

cos A cos A

Figure B.2: Visualization of the cos A¢ distribution signal and background respec-
tively. The mean value correspond to the first moment of the distribution and in
this case is represent the vy accompanied of his statistical uncertainty.

For the smallest data set investigated, the mean value of the true distribution that
is put in amounts to 0.01, the mean value of the fitted signal component amounts
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to 0.0044+ 0.023. The background yields to a larger statistical uncertainty. In this
part, the background flow is generated following a constant distribution as function
of mass, and it represent a specific case in the vy extraction.

The case of mass dependent background flow: full 2-dimensional fit

In general, the background azimuthal anisotropy under the signal peak and in its
vicinity can have significant mass dependence. This mass dependence can originate
from different sources, the background composition as well as changing kinematics
affecting the elliptic flow of specific background components. If the v,, measurement
based on an invariant mass analysis depends strongly on the value of the background
flow, the (Weights can yield to biases in the extraction. These biases can be avoided
by a unbinned multidimensional 2D log-likelihood fit on the invariant mass distri-
bution versus the event by event flow distribution. In the following, we develop an
simple case and compare with the outcome of the pure ;Weights method presented
in the previous paragraph. In our example the fits work because there is a unique
probability distribution for signal and background component, in a most common
cases this is not perfectly reproducible due to large kinematic and centrality bins as
well as event-by-event fluctuations.

—e— Data
----- Fit Background
- Fit Signal

i Events generated :
100000 (S/B = 0.1)

Events / (0.02 GeV/c?)

Events / (0.04 GeV/c? x 0.04)

el PPEL 2 AP BT BV B A L
2 22 24 26 28 3 32 34 36 38 4
2
m,, (GeV/c®)

Figure B.3: (left) The invariant mass distribution with the background and signal
components from the log-likelihood fit superimposed, in the J/1 mass region. (right)
Visualization of the cos A¢ vs. invariant mass distribution in the .J/t¢) mass region,
with signal and background events generated.

In the case of J/¢ vy measurements, the background flow has been observed
by ALICE to depend significantly on invariant mass [92]. In order to demonstrate
the methodology, this example case is chosen. The signal and background events
are generated following the distribution (B.2) with different mean vy corresponding
to 0.1 for signal and 0.02 for background. For the background, the vy in (B.2) is
parametrized as a function of mass with second order polynomial of the following
form: vy(m) = a- (m —mg)? +b- (m —myg) + ¢ where my is the reference mass (here
the J/v mass) with a = 0.01,0 = —0.01,¢ = 0.01. The fitting model is equal to
the generation model, where the fit parameter as function of invariant mass for the
background are left free in the fit.
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In the procedure, a 1D fit on the mass axis is performed first. In a second step,
the ;Weights are used to initialize the fit parameters in the cos(A¢) dimension. The
2D fit is performed using the product of the mass dependent function and cos A¢
dependent function:

f(m, cos Ag) = 2_5 w, - gu(m) - hy(cos Ag) (B.3)

where N, is the total number of species to introduce in the fit, s is the species, in our
case their are only one signal and background component, w, is the weight corre-
sponding to the number of s events. The g, and h, are the functions corresponding
to the invariant mass dependence and the cos(A¢) dependence corresponding to
azimuthal correlations. For the vy measurement, we are only interested in the first
moment of the final cos(A¢) distribution. Corresponding to the fit parameters, first

RMS = 0.6710 + 0.0053
Mean = 0.0972 + 0.0074
Entries = 8117

RMS = 0.6714 + 0.0016
4000 Mean = 0.0217 +0.0023
Entries = 82913

450~

400~

350~ —e—— Data signal sWeights

Events / (0.0198)
Events / (0.0198)

— ——o—— Data Background sWeights
T Fit signal only 3000 Fit background onl

ok fonly @ £ 300 L. ground only
3 Input O, £= 0.10 Input v, C= 0.02

250

f
MC label signal 2500
Events generated : 100000 (S/B = 0.1) & i

MC label background

; J
2000 Events generated : 100000 (S/B = 0.1)

08 -06 -04 -02 0 02 04 06 08 08 -06 -04 -02 0 02 04 06 08
cos A cos A

Figure B.4: Visualization of the cos A¢ distribution signal and background respec-
tively. (Left) The signal component are fitted in red corresponding to all signal
candidates. (right) The background component is fitted in blue. The mean value of
the (Weights data computed correspond to the (vs) for signal or background. Here,
10000 and 90000 signal and background events are generated from MC.

To find the appropriate probability distribution as a function of cos A¢ = ((A¢) =
¢ where ¢ €] — 1; 1] that it will be used in the final fit, it is needed to change the
variable that it used in the generation in (B.2). Applying the derivative of (B.2) to
be able to change variable by (, it will give us the probability density function :

P(¢) = 1;12\/% (B.4)

which correspond to the cos A¢ fit for signal and background component (need to
replace the parameter by v5® and vgkg(mw) shown with the (Weights computed

data in Figure B.4.
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Figure B.5: Visualization of the signal and background model on the cos A¢ vs.
invariant mass distribution.

Figure B.6: Visualization of the model fitted on data generated which correspond
to distribution signal and background component.






Appendix C

Prompt and non-prompt J/¢ vy

At forward rapidity, the ALICE experiment does not have, yet, the capability to
separate prompt and non-prompt J /1. At midrapidity, the two contributions can be
separated but it is currently limited by statistics. The situation will clearly improve
for ALICE in Runs 3 and 4 of the LHC due to the ongoing upgrades (addition of a
silicon tracker in front of the muon spectrometer and faster readout).

One could estimate the difference between the v, of prompt J/¢ (vP™™P') and
the v, of inclusive J/¢ (v,) given the fraction fp of non-prompt J/v over inclusive
J/1¢ and an hypothesis of the v,, of non-prompt J/¢ (vremPromet) - The value of fp
can be taken from LHCb measurements [172]. The situation is more complicated
for vpnonPrompt hecause the current measurements by ATLAS [173] and CMS [174]
have large uncertainties and/or are limited to high pr and to midrapidity only. The
prompt contribution to the v, is estimated as

_ non-prompt
prompt __ Un fB /Un

! 1—fs

Recent ALICE results on the vy of electrons from the decay of beauty hadrons
favour the lower values of v5°" ™" [166]. With our best knowledge of vy P
0.04, the difference between prompt and inclusive J/1¢ v, is found to be small (see

Appendix C for details).

(C.1)

(Y

For example CMS reports in 10-60% centrality at 2.76 TeV vy ™" = 0.032 +
0.027 (stat) £0.032 (syst) for 3 < pr < 6.5 GeV/c and 1.6 < |y| < 2.4, and
vy PPt — (0,096 4 0.073 (stat) +0.035 (syst) for 6.5 < pp < 30 GeV/c and |y| <
2.4) [174]. ATLAS reports at 5.02 TeV, v5*" "™ ~ 0.035+0.02 (stat) £0.01 (syst),
vy PP 5 0.04 £ 0.02 (stat) £0.01 (syst), and vy PP ~ 0.08 £ 0.035 (stat)
+0.02 (syst), for pr > 9 GeV/c in the centrality classes 0-20%, 20-40%, and 40—
60%, respectively [175]. Recent ALICE results on the v, of electrons from the decay
of beauty hadrons favour the lower values of v5°" ™" [16].

The table C.1 shows the difference between v5™™" and vi*, at forward rapidity

for 10-30% centrality, under several (extreme) hypotheses of v3*" ™. With our
best knowledge of v3°" P ™" ~ 0.04 the difference between prompt and inclusive

J /1 vy is small.
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Table C.1: Centrality 10-30%, difference between v5™*™" and vir

pr (GeV/c) vine B 1’0 =010 v"°=0.04 0" =0.00
0.64 0.011 £ 0.009 0.0690 -0.007 -0.002 0.001
1.49 0.043 £ 0.007 0.0772 -0.005 0.000 0.004
2.47 0.074 £ 0.007 0.0883 -0.003 0.003 0.007
3.46 0.088 £ 0.008 0.1011 -0.001 0.005 0.010
4.45 0.085 £ 0.009 0.1154 -0.002 0.006 0.011
5.45 0.103 £ 0.011 0.1312 0.000 0.010 0.016
6.82 0.083 £ 0.011 0.1548 -0.003 0.008 0.015
8.84 0.100 £ 0.018 0.1926 -0.000 0.014 0.024
10.84 0.049 £ 0.028 0.2327 -0.015 0.003 0.015

14.25 0.022 £ 0.032 0.3035 -0.034 -0.008 0.010




Appendix D

Résumé en francais

Chapter 1: introduction a la physique nucléaire de haute énergie

La matiere peut étre décrite par un assemblage de particules élémentaires et de
leurs interactions fondamentales. Les hadrons tels que les protons et neutrons, sont
composés de quarks et de gluons. Les premiers servent de briques élémentaires de
matiere, et les seconds agissent comme une forte glue entre les quarks. A basse
énergie, cette interaction forte qui est représentée par I’échange de gluons entre les
quarks permet de maintenir la cohésion du noyau atomique. La chromodynamique
quantique (QCD) est la théorie qui décrit cette interaction en associant des charges
de couleur aux quarks et gluons. A tros haute énergie (ou tres petites distances),
QCD prédit que le couplage de l'interaction forte diminue et les quarks et les gluons
ne sont plus confinés au sein des hadrons, cet état se nomme le plasma de quarks et
de gluons (QGP).

Du fait des conditions extrémes de température et de densité d’énergie atteintes,
I’Univers primordial a probablement connu un tel état. Sur Terre, il est possible
de recréer expérimentalement un tel état de la matiere en réalisant des collisions
d’ions lourd ultra-relativistes. Il existe différentes sondes pour étudier un tel milieu.
Celles dites “douces”, produites a la fin du refroidissment qui coincide au mécan-
isme d’hadronisation, et permettent de mieux connaitre les propriétés générales du
systeme, et puis celles dites “dures”, créés dans les premiers moments de la colli-
sion, et qui permettent de sonder les propriétées microscopique du milieu durant
toute son évolution. Une des propriétés intriguante du QGP est son comportement
hydrodynamique, étudié grace au mesures d’écoulement anisotropique dans le plan
transverse, tels que le flot elliptique (vy) et triangulaire (v3). Le vy est assimilé aux
intenses gradients de pression présents et a la géométrie intiale de la collision des
deux ions lourds, tandis que le v3 est associé aux fluctuations de la densité d’énergie
déposée par la collision. Cette these a pour but d’étudier la production azimuthale
(en mesurant vy ou vs) de deux sondes dures, correspondant a des paires liées de
quarks lourds (QQ) créés dans les premiers instants d’'une collisions d’ions lourds
ultra-relativistes. La premiere est le J/1) (cé), et la deuxieme est 'Y (1S) (bb).

En traversant le QGP, la paire quark/anti-quark (QQ) serait écrantée par les
nombreux quarks et gluons (suppression des quarkonia). Comme différents états
quarkonia ont différentes énergies de liaison, la probabilité de dissociation de chaque
état sera différente (suppression séquentielle). Au LHC, Y(1S) (bb) et J /v (cc) sont
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complémentaires, les premiers sont plus aptes pour étudier la suppression séquen-
tielle, alors que les seconds permettent d’étudier la régénération (création de quarko-
nia par recombinaison de quarks lourds). En absence de toute interaction entre le
QGP et la paire QQ, ’émission de quarkonia devrait se faire de facon isotrope.
Si au contraire la paire QQ intéragit avec les autres charges de couleurs du QGP,
alors les quarks lourds entament une thermalisation dans le milieu et acquierent ses
propriétés hydrodynamiques, notament son écoulement anisotropique.

Ainsi, la mesure d’une anisotropie dans la production azimuthale des quarkonia
révele une direction d’émission privilégié de la paire Q@ dans I’évolution du systéme.
Cela peut étre associé a ’écoulement anisotropique du milieu, et ainsi traduirait le
degré de thermalisation des quarks lourds dans le QGP. Cependant, la production de
quarkonia dans les collisions d’ions lourds peut également étre modifiée par d’autres
effets qui sont présents des 1’état initial de la collision et qui ne sont pas liés a la
formation du QGP. Ces effets sont pris en compte dans les modeles de transport
microscopique qui décrivent le comportement des paires de quarks lourds au sein du
milieu chaud et dense composé de quarks et gluons.

Chapter 2: dispositif expérimental

ALICE (A Large Ion Collider Experiment) est une des quatres grandes expéri-
ences utilisant les faisceaux du LHC situé au CERN. ALICE est dédié a 1’étude
de l'interaction forte aux hautes énergies, et plus particulierement a la mesure des
propriétés du plasma de quarks et de gluons créé lors des collisions d’ions lourds
ultra-relativiste. Les détecteurs composant ALICE peuvent étre décomposé en deux
sous-ensemble ceux centraux autour du point d’interaction des faisceaux (IP), et
ceux placés vers l'avant (ou larriere).

Les premiers sont composés principalement d’un systeme de trackers intérieurs
(ITS) tres proche de I'IP, englobé par une grande chambre de projection temporelle
(TPC), puis entouré par des calorimetres électromagnétiques (EmCal). Ainsi, I'I'TS
(divisé en trois sous-parties SPD, SDD, SSD) permet de reconstruire avec précision
les différents vertex d’ou provient les traces des particles chargés, celles-ci sont tracées
sur plusieurs niveaux ce qui permet de reconstruire leurs trajectoires. Il permet aussi
de determiner les propriétés générales de I’événement comme le nombre de particles
produites (multiplicité) ou I’angle du plan de la réaction représentant une direction
privilégié des particules émises (ou vecteur flot de I’événement: Q,). La TPC
permet l'identification des hadrons a l'aide des mesure de dE/dxz (I'énergie perdu
par unité de distance) laissé par les différentes traces. L’EmCal quant a lui permet
la mesure des propriétés des photons et aussi dans une plus faible portion participe
a la reconstruction des jets (gerbe hadronique composée de quarks et gluons, issue
de la matérialisation de 1’énergie due a 'annihilation entre particule/antiparticule)

La seconde catégorie de détecteurs, concerne principalement les détecteurs VO,
ZDC, et le spectrometre a muons. Les scintillateurs appellés VOA et VOC, placés de
part et d’autre de I'IP, et permettent de mesurer le plan de la réaction, la centralité
et la multiplicité de I’évenement. Un calorimetre a zéro degré (ZDC) placé le long
de 'axe du faisceau a 112,5m de I'IP, aide a enlever des contamination électromag-
nétiques et les événements non considérés comme collisions entre constituants des
faisceaux. Le spectrometre a muons placé vers I’avant de I'IP permet quant a lui de
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reconstruire les traces de muons, les propriétés des quarkonia (J/1, ¥(2S), T,...)
et des bosons électrofaibles (Z,W). Un absorbeur hadronique situé entre I'IP et le
spectrometre a muons permet de réduire drastiquement la contamination due aux
hadrons chargés et aux muons venant de la désintégration des protons et kaons.
Le spectrometre est composé de 5 stations de tracking (10 plans de détection), un
grand aimant dipolaire (ou [ Bdz = 3 Tm) pour courber les trajectoires, un fil-
tre passif d’une épaisseur de 1,2 m suivant de 4 chambres plates résistives utilisées
comme systeme de déclenchement pour 'acquisition des données, et ainsi permettre
la reconstruction de I’événement.

Chapter 3: selection et calibration des événements

Les données utilisés dans cette these correspondent aux collisions Pb—Pb enregistrées
lors du Run 2 au LHC (en 2015 puis en 2018). La reconstruction des événement
Pb-Pb dans ALICE est réalisé en utilisant un logiciel A1liRoot, basé sur le logi-
ciel ROOT qui permet de stocker, traiter et analyser un grand volume de données.
La sélection des bon événements Pb—Pb est réalisée en tenant compte de criteres
stricts qui permettent d’obtenir un échantillon de données prét a étre analysé. Des
criteres additionnel dans la sélection des événements peuvent étre appliqué suivant
le type de chaque analyse. Dans le cas des analyses cherchant a mesurer 1’écoulement
anisotropique, les propriétés générales des événements Pb—Pb doivent étre calibrés,
pour notamment supprimer les dépendances en fontion de la position z des vertex,
de la centralité de la collision, et de corriger les biais a cause de la non-uniformité
de l'acceptance azimuthale des détecteurs utilisés pour les mesures de multiplicité.
Les événements ayant un zyerex au dehors de [-10;+10]cm sont enlevés, pour coin-
cider avec l'acceptance du détecteur a pixel en silicium (SPD) de I'ITS. De méme
pour la centralité de la collision qui doit étre comprise dans I'intervalle [0;90]%. Les
corrections sont appliqués de maniere iterative, run par run, en fonction de zyertex €t
de la centralité, sur le vecteur flot de I'événement (Q,,).

Chapter 4: analyse de données

La calibration s’est réalisée sur un grand nombre d’événements Pb—Pb a biais min-
imum, leur nombre ne dépend pas de la centralité de la collision, ce qui permet
d’éffectuer les étapes de corrections plus aisément. Une faible portion d’en eux con-
tiennent des traces de muons reconstruits dans le spectrometre a muons, le nombre
d’événements avec muons diminue rapidement plus les collisions deviennent non-
centrale ou périphériques, et c¢’est sur cet échantillon de données que se base ’analyse.

Les quarkonia J /v et T(1S) sont des particules rares mesurées dans le cannal de
désintégration dimuon. Les traces des muons sont reconstruites dans ’acceptance du
spectrometre. L’étude des spectres de masse invariante M, permet de déterminer
le nombre de quarkonia. La mesure des coefficients v, est réalisé en appliquant
une méthode de corrélation a 2 particules, en utilisant a la fois les propriétés du
vecteur Q,, pour le flot de I’événement et ceux issus des dimuons (associés aux
quarkonia). Ainsi, un coefficient v, est obtenu pour chaque pair dimuon, puis ils
sont moyennés sur toutes les paires et puis tous les événements, il en résulte un
profil de v, en fonction de M,,. Un fit séquentiel a la fois du spectre de masse
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invariante et du profil v, (M,,) permet d’obtenir la valeur v, du signal J/¢ ou
T(1S). L’extraction des anisotropies azimuthales (ou coefficients v,) est réalisée
dans de multiple intervalles d’impulsion transverse (pr) et de centralité, pour le
J/¢ et T(1S). Des études approffondies permmettent d’évaluer les incertitudes
systématiques sur chaque mesure du signal v,,.

Chapter 5: résultats et discussions

Les mesures montrent des coefficients v, du J/4 positifs dans les collisions Pb—Pb
non centrales pour un domaine large en pr, jusqu’'a 14 GeV/c. Le vy est proche de
0 a bas pr, puis augmente rapidement en passant par un maximum a 0.1 autour
de 3-4 GeV/e, et enfin il semble converger vers des valeurs similaires que ceux
autres hadrons plus légers. Le coefficient v3 du J/¢ est mesuré positif avec une
significance supérieure & 50 dans lintervalle de centralité 0-50%, et 2 < pr < 5
GeV /e, autrement il est toujours plus faible que le vy. A bas pr (< 5 GeV/e), un
ordre est visible entre différentes particles respectant vy, > vop > vg5/y, et qui
semble étre aussi le cas pour le vs. Enfin, les mesures différentielles en centralité
pour pr < 5 GeV/c montrent une augmentation quasi-linéaire dans le ratio v3/ vyl¥
jusqu’a 40-50%, a l'inverse ce ratio est compatible avec 1 sur toute la gamme de
centralité pour py > 5 GeV/c. Cette mesure suggere un comportement similaire
aux pions a haut pr, alors qu’a bas pr ou la production du J/1 est dominé par
la régénération, le comportement differe; entre autre du a une thermalization des
quarks ¢ dans le milieu en évolution. La mesure du vy de Y(1S) est compatible avec
zéro pour 2 < pp < 15 GeV/c dans lintervalle de centralité 5-60%. La mesure
différentielle en pr confirme aussi des valeurs compatiblent avec zéro, et avec les
modeles de transport qui décrivent le comportement de la paire de quarks lourds bb,
prédisant un tres faible vy pour I'Y(1S).
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Figure D.1:  Comparaison des vy du J/1 (left) et de I'Y(1S) (right) dans les colli-
sions Pb—Pb non-central, avec différents modeles théoriques qui incluent différentes
fractions de régénération et/ou suppression.
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Les modeles microscopiques de transport prédisent une intense supression, ac-
compagnée d’une forte recombinaison des quarks ¢, et donc une régénération du
J/1. Cela meéne a une anisotropie azimuthale positive dans la production du J/¢
dans les collisions Pb—Pb, principalement aux basses impulsions transverses. Ainsi,
on peut voir sur la Figure D.1 (gauche) que le modele de transport est en accord
avec les données mesurées jusqu'a pr < 4 GeV/e, tandis que pour 5 < pr < 10
GeV/c certains ingrédients semblent manquer dans le modele pour pouvoir décrire
correctement les valeurs du vy du J/¢. Pour 'Y (1S), I'état quarkonium le plus
lourd et le plus lié, celui-ci serait produit en tres petite quantité dans les collisions
Pb-Pb au LHC comparé au J /¢ (~30 fois moins), et donc la régénération aurait un
impact tres faible sur sa production. De plus, au vu des températures tres élevés
demandées pour dissocier cet état, la suppression bb ne pourrait étre réalisée qu’aux
tous premiers instants de I’évolution du QGP, ou celui-ci n’a pas encore développé
son écoulement anisotrope. Sur la Figure D.1 (droite) on peut voir que, a la fois les
modeles de transport et ceux se basant uniquement sur ’hydrodynamique du milieu
permettent de décrirent les données mesurées du vy de 'Y (1S).

Chapter 6: conclusion et perspectives

Cette these a eu pour but de mesurer les anisotropies azimuthales des paires liées
de quarks lourds produites dans les collisions Pb—Pb au LHC, en particulier celles
du J/9 et de 'Y (1S).
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Figure D.2: Comparaison du v, de différente particules dans les collisions Pb—Pb
non-centrales, de la plus legere (m) a la plus lourde (T(18S)).

La mesure des v, coefficients du J /v apporte de nouvelles évidences de la régénéra-
tion du J/¢ dans les collisions Pb-Pb au LHC. Les mesures de vy du J/¢ et
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de 'Y (1S) permettent de contraindre d’avantage les modeles de transport micro-
scopique décrivant le comportement de la paire ¢ ou bb dans le milieu chaud et
dense créé au LHC, qui s’apparente au QGP. De plus, la mesure du vy de 'Y (1S)
cloture en quelque sorte I'ensemble des mesures de vy pour différente particules, car
'Y (1S) représente la particule la plus lourde mesurée. Les pions, considérés comme
les hadrons les plus légers et les plus produits dans les collisions Pb—Pb possedent
les valeurs les plus élevées de v,, ensuite plus la particule mesurée possede une masse
élevée, plus son v,y sera petit comparé a celui des g)lons. Ainsi, on peut voir sur la
Figure D.2 que vT > vP > 0J/Y > vt7¢ > o)™ ~ 0 semble étre vrai pour des
impulsions transverses de 'ordre de 3-5 GeV / c.

On peut remarquer que la mesure réalisée sur les J/9 est inclusive, ce qui veut
dire qu’elle prend en compte les J/¢ prompts (issus de la production direct cc et
de la recombination dans le milieu) et non-prompts (c’est a dire issus de la désinté-
gration d’un méson B). Avec les nouvelles données attendues du Run 3, ces deux
mécanismes de production pourront étre séparés dans le spectrometre a muons, grace
notamment a l'ajout du MFT, qui permettra la séparation entre les vertex primaires
(J /¢ prompts) et ceux déplacés (correspondant aux J /1) non-prompts). De plus, les
prochaines prises de données issues du Run 3 bénéficieront aux deux mesures présen-
tés dans cette these, en particulier pour augmenter le nombre de candidats J/1 et
aussi et surtout Y(1S), dans l'extraction de leurs anisotropies azimuthales, carac-
térisées par les v,. Ces nouvelles mesures, plus précises, permettront a terme de
contraindre d’avantage leurs mécanismes de production, de pr = 0 GeV/c jusqu’a
20 GeV/c, dans les collisions Pb-Pb au LHC.
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Y (1S) (bb) and J /¢ (cc) are complementary, the
former are thought to be more suited than to ad-
dress the sequential suppression, while the lat-
ter should allow the study of regeneration. This
thesis presents anisotropy measurements in the
azimuthal distributions of J/v and Y(1S) which
suggests distinct mechanisms in their interac-
tions with the QGP.
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