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ECOLE DOCTORALE

.° i Particules, hadrons, énergie et noyau:
U n |Ve FS |te instrumentation, imagerie, cosmos
PARIS-SACLAY | etsimulation (PHENIICS)

Titre: Etude de la collectivité de quarkonium dans les collisions Pb-Pb a 5.36 TeV du Run 3 du

LHC

Mots clés: QGP, Collisions d'ions lourds, Charmonium, Flow elliptique, Quarkonia

Résumé: Quelques microsecondes apres le
Big Bang, 'Univers se trouvait dans un état de
plasma de quarks et de gluons (QGP) ou les
quarks et gluons sont déconfinés de hadrons.
Ce dernier, formé a des températures ou des
densités d'énergie tres élevées, peut étre re-
créé lors des collisions ultra-relativistes d'ions
lourds au LHC. Pour étudier un tel état de
matiere, les charmonia, états liés des quarks
et antiquarks du charm, sont des sondes clés
puisque leur production et transport, en parti-
culier ceux du J/¢» hadron, sont modifiés dans
le milieu, ainsi révelent les indices permettant
de caractériser le QGP.

Depuis 2022, ALICE a commencé sa nou-
velle période d'acquisition des données du Run
3 avec des mises a jour importantes. En ce qui
concerne la mesure des quarkonia par la désin-
tégration en paires de muons dans la rapidité
forward, le spectrometre a muons nécessitait
certaines étapes de commissioning pour attein-

dre la performance promise en Run 3; parmi
lesquelles, une indispensable est l'alignement
du systeme de tracking. Ce dernier, mené dans
le travail de la théese, présente un réle fonda-
mental pour la reconstruction des signaux de
quarkonia, ce qui va permettre la poursuite de
I'analyse.

Parmi les signatures du QGP, le flow
anisotropique de quarkonia se situe au coeur
de nos intéréts; ce dernier, quand il s'agit du
flow elliptique, nous fournit des évidences pour
comprendre la thermalisation des quarkonia,
ainsi le passage dynamique en comparant avec
les calculs de transport ou le QGP est considéré
comme un fluide décrit par I'hydrodynamique.
Dans le travail de la these, des nouvelles
mesures de flow du J/ dans les collisions Pb-
Pb ont été menées, en mettant en ensemble
plusieurs méthodes ainsi avec une meilleure
précision et plus grande portée grace au Run

3.

Title: Study of quarkonium collectivity in Pb-Pb collisions at 5.36 TeV of LHC Run 3
Keywords: QGP, Heavy-ion collisions, Charmonium, Elliptic flow, Quarkonia

Abstract: A few microseconds after the Big
Bang, the Universe was in a state of quark-
gluon plasma (QGP) where quarks and glu-
ons are de-confined from hadrons. The latter,
formed at very high temperatures or energy
densities, can be recreated in ultra-relativistic
heavy-ion collisions at the LHC. To study such
a state of matter, charmonia, bound states of
charm quarks and antiquarks, play a crucial
role since their production and transport, in
particular for J/i) hadron, are modified in the
medium, thus revealing the properties of the
QGP.

Since 2022, ALICE has begun its new data ac-
quisition period for Run 3 with important up-
grades. With regard to the measurement of
quarkonia through muon decay channel in the
forward rapidity, the Muon Spectrometer re-
quired certain commissioning steps to achieve

the promised performance in Run 3; Among
these, one essential step is the alignment of
tracking system. The alignment of Muon Spec-
trometer, carried out as part of the thesis work,
plays a fundamental role in the quarkonia re-
construction, which will enable the analysis to
continue.

Among the signatures of the QGP, the
anisotropic flow of quarkonia is of particular in-
terest to us. The latter, when it comes to elliptic
flow, provides us with evidence to understand
the thermalization of quarkonia, as well as their
dynamic evolution compared to transport cal-
culations where the QGP is considered as fluid
described by hydrodynamics. In the work of
this thesis, new measurements of J/¢ flow in
Pb-Pb collisions were carried out, combining
several methods with improved precision and
range thanks to Run 3.
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1.1 A view from above

Firstand foremost, physics, being a branch of natural philosophy, seeks to understand
the external world, this objective reality in which matter appears to interact according to
a small set of physical laws that remain consistent across space and time. This constancy
feels natural to us, as it forms the foundation of our everyday experience. Yet, it is far
from trivial that reality should be structured in such a way that the human mind, through
reason, can grasp it with understanding. This mystery provides the enduring motivation
for every curious mind to devote their strength and intellect to uncover the truth hid-
den beneath appearances. Before diving into the details, | find it helpful to think like
a philosopher and ask myself a fundamental question whenever | begin investigating a
topic in physics: What is the subject of my study? Why study it? and How can | approach it?
These questions shall be very important later on, as they help us stay focused on the core
ideas and remain mindful of the concrete steps we might need to take. Following this ap-
proach, | will attempt to explore heavy-ion physics by first addressing the aforementioned
guestions, based on my initial understanding. Adopting this abstract methodological per-
spective, our initial inquiry may appear as straightforward as asking why an apple falls
from a tree. Yet, despite their shared semantic structure, one must not overlook the pro-
found technical differences between the two cases.
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In our case, heavy-ion physics, people are interested in a special physical system pro-
duced in heavy-ion collisions, the latter is created under extreme conditions. As energy in-
creases, one naturally expects to probe deeper into the fundamental structure of matter.
This paradigm has well guided experimental nuclear physics from the early 19th century
to the present day with the only significant change being the size, therefore energy scale,
of the apparatus. The motivation of such a way aligns closely with the goal of elementary
particle physics, which seeks to understand the fundamental building blocks of physical
reality at the smallest scales, complementing and in contrast to gravity, which governs the
large-scale structure of the universe. Beyond offering a unique opportunity to directly in-
vestigate the dynamics of the strong interaction as a fundamental force, this system spans
also multiple complexity scales, making it a rich environment where emergent phenom-
ena are expected to occur. In this context, our "apple" is the unique physical system of
hot and dense nuclear matter. Rather than posing direct questions such as "Why does it
fall?", we aim to study the system across its entire evolution, from its creation to its final
stage, in order to gain the deepest possible understanding. And we have the remarkable
privilege of being able to create such a system using a giant particle collider and "observe"
it through "eyes": particle detectors. Much like creating something and observing how it
evolves, this straightforward and practical way of thinking lies at the heart of approaching
the subject from a positivist, and therefore experimental perspective.

In the following sections of this chapter, | will develop this picture in greater tech-
nical detail. Despite the richness and complexity of the topic, my aim is to offer a rather
simple and structured understanding of heavy-ion physics, framed from my own perspec-
tive, which represents just one narrow viewpoint within the broader landscape, but one
grounded in my experience over the past three years.

In the following discussion, the natural units will be used for convenience:
c=kp=h=1 (1.1)

And Minkowski metric tensor would be taken as g** = Diag(1,—1, -1, —1).
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1.2 Introduction to theory of strong interaction

Understanding the nature of matter has been one of the most profound questions
since the earliest days of philosophical inquiry and the birth of natural science. This ques-
tion, closely tied to our direct perception of the world, has historically appeared more
accessible through interaction with our surroundings than another equally fundamental
question: the nature of time. In the 5th century BC, Leucippus and his pupil Democritus
attempted to answer the question: What is the smallest constituent of matter?. It was in
this context that the term atom first entered the human history, referring to the smallest
indivisible particles.

From a modern perspective, these thinkers can be regarded as the earliest pioneers
of particle physics. This theory of matter being made of atoms was later developed in
the modern scientific sense of the basic unit of a chemical element by the British chemist
and physicist John Dalton in the 18th century. The remarkable time gap between the origi-
nal philosophical idea and its concrete formulation within a scientific paradigm highlights
the crucial role of technological advancement and experimental methodology in bridging
thought and evidence. Then Dmitri Mendeleev pushed one great step with his genius to-
ward the classification of elements into his periodic table. Today, we see how elements
like oxygen, carbon, and hydrogen are arranged in an almost magical pattern, which is
an abstract yet remarkably readable form that captures the inherent beauty and order
of nature. Despite the elegance of Maxwell's equations in describing electromagnetism,
a complete picture of matter at the atomic level still required further breakthroughs. It
was J. J. Thomson and his team who took the next crucial step, with the discovery of the
first elementary particle - electron. Then these elements were put together by Niel Bohr,
using early concepts of quantum mechanics, later refined and extended by Arnold Som-

2

merfeld who introduced the fine-structure constant o = Qﬂiohc - which is a dimensionless

quantity - that quantified the spectral lines of hydrogen atom.

Beginning with Rutherford’s experiments, it became then evident that atoms consist
of a dense nucleus, which is about 1,000 times smaller than the atom itself, but contributes
to 99.9% of atomic mass. The nucleus, typically spanning a size of 1-10 fm, consists of
nucleons (positively charged protons and charge neutral neutrons) bound together with
energies of 1-8 MeV per nucleon. In contrast, even the electrons in the innermost shells of
heavy elements are bound by no more than 0.1 MeV per electron, meaning that electrons
can be easily detached from a nucleus with no harm to the nucleus itself. Initial ioniza-
tion can be experimentally achieved using strong electric fields, then further ionization by
accelerating the ions and letting them fly through thin stripping foils. Protons, neutrons
and electrons are rather long-living particles. Protons and electrons are stable without
the need of staying bound inside an atom (their measured average free lifetime has an
upper bound larger than the age of the Universe). While neutrons live about 15 mins on av-
erage before decaying into a proton, an electron and an anti-neutrino - called beta-decay.
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From atom to nuclei and nuclei to nucleon, the above described picture seemed sat-
isfying until the measurements of magnetic moment and electromagnetic form factor
started to put our initial assumption in question: "Nucleons seem not to be point-like parti-
cles ?" The latter being the motivation of probing nucleon’s inner structure, which became
possible with the Deep Inelastic Scattering (DIS) by accelerating electrons as they are ele-
mentary particle without inner structure then letting them scatter nucleon. The first DIS
experiment was conducted at Stanford Linear Accelerator Center (SLAC) in 1968. Soon,
the golden era of particle physics experiment came during 1960-1980s together with the
parton theory by Richard Feynman [1] and early quark model by Murray Gell-Mann [2],
physicists during that time discovered an extremely rich zoo of short-living particles us-
ing electron-positron, proton-electron, proton-proton and other collisions as well as high-
energy cosmic rays. In the quest to explore the extremely small, it is reductionism and
ontological curiosity that have driven physicists to probe ever deeper, seeking the most
fundamental building blocks of reality, without yet knowing whether we will eventually hit
a final boundary, or if there is no end at all.

And we will see in the next section how symmetry and a beautiful mathematical frame-
work can help us to bring the rather separate parts together resulting in the so-called Stan-
dard Model (SM) of elementary particles. Then, | shall restrict our attention to a special
corner on this elementary particle big picture - the world of strongly interacting particles.

1.2.1. Standard model

Figure 1.1: Paul Dirac, Wolfgang Pauli and Rudolf Peierls in Birmingham, 1953. [3]

The theoretical efforts in physics begin often with intuitions, the latter according to
P.A.M. Diracliein the inner beauty of mathematical constructions being self-complete and
-consistent. And he as well has followed this creed, by putting together the Klein-Gordon
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equation being relativistic and Schrodinger equation as defining equation of quantum uni-
tary evolution. Both on the same wave-theoretical scheme, but with two different back-
bends, Dirac managed to find out a relativistic wave equation being consistent with both
relativistic and quantum descriptions, the latter is known as Dirac’s equation [4] describ-
ing all spin-% particles called Dirac particles that obey Fermi-Dirac statistics.

However, this first formulation of Quantum Electrodynamics (QED) has faced several
crucial difficulties when it comes to calculate quantities like electron self-energy, the latter
has lead to infinities pointing to mathematically undefined terms, hence physically unac-
ceptable. In 1947, Hans Bethe tried to introduce a cutoff in the electron self-energy [5],
leading to a finite result for Lamb's shift calculation. The systematic techniques to bet-
ter formulate the relativistic theory and handle divergences were later developed during
late 1940's by Sin-Itiro Tomonaga [6], Julian Schwinger [7] and Richard Feynman [8], where
Schwinger introduced the so-called renormalization procedure consisting of dressing up
bare parameters by redefinition, so loop divergences will get canceled by corresponding
counter-terms. The internal consistency between Schwinger's and Feynman’s approaches
within this new formulation was then proved by Freeman Dyson [9], therefore renormal-
ization has to be valid to all orders in perturbation theory. The idea of renormalization was
further studied deeper and promoted as a powerful tool to access the scale-dependence
of physical parameters, the latter become profound in critical phenomena.

Before introducing another crucial theoretical framework, it is worth recalling an im-
portant concept: gauge symmetry, first recognized in Maxwell's theory of electromag-
netism. Initially, it was understood as a type of symmetry that leaves the system of
equations invariant, resulting in a degeneracy of solutions. Later, the physical signifi-
cance of this symmetry, associated with a complex gauge factor, was demonstrated by
the Aharonov-Bohm effect [10]: even in regions where both the magnetic and electric
fields vanish, a shift in the complex phase factor can affect the behavior of a charged-
particle. These early insights laid the foundation for a gauge theory of electromagnetism,
where the underlying symmetry was later formalized as U(1) symmetry. This concept
soon became recognized as a key principle, opening the way to describe fundamental
interactions in a unified framework using the language of symmetry and differential ge-
ometry. The project was initiated by Hermann Weyl in 1915, in conjunction with Noether’s
theorem, which relates conserved currents to corresponding symmetries. Weyl then for-
mulated a geometrical theory of symmetry [11].

It soon became clear that the symmetry underlying electromagnetism, described by
an Abelian gauge group, was insufficient to account for the strong and weak interac-
tions. To address these forces, one needs instead non-Abelian gauge groups. In 1953,
Wolfgang Pauli attempted to extend the gauge-theoretical framework into a non-Abelian
Klein-Kaluza model [12]. The decisive breakthrough, however, came shortly after with the
work of Chen Ning Yang and Robert Mills [13], who introduced their genius construction of
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non-Abelian gauge theories. Their approach relied on the mathematics of fiber bundles,
which would later be recognized as the natural language of gauge theory.

An insightful way to visualize this, as suggested by Shiing-Shen Chern, is to imagine as-
signing a fiber to each point in space-time (the base space). These fibers are the spaces in
which fields reside. For instance, in the case of electromagnetism, fibers are U(1) group.
Symmetry enters the picture when one considers how these fibers are glued together
across the base space, this gluing defines the structure group of the theory, which is also
U(1). Any fiber bundle falls into this type is called principal bundle. The dynamics then
concern how one moves within this geometrized world of fibers, using the language of dif-
ferential geometry: connection, curvature, and eventually certain topological invariants.
The identification of terms in gauge theory with their twins in differential geometry was
later clarified and formalized by Tai Tsun Wu and Chen Ning Yang, known as the "Wu-Yang
dictionary" [14].

Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions) (bosons)
I II 111
mass  =2.16 MeV/c? =~1.273 GeV/c? =~172.57 GeV/c? 0 =125.2 GeV/c?
charge | % % % 0 0
spin | % U Y C % t 1 Q 0 H
up charm top gluon higgs
B
=4.7 MeV/c? ~93.5 MeV/c? ~4.183 GeV/c? 0
-% -% -% 0
» (d v (S b .
down strange bottom photon
e

=0.511 MeV/c? ~105.66 MeV/c? =~1.77693 GeV/c? 91.188 GeV/c?

-1 -1 -1 0
1

» & » (H » Zy
electron muon tau Z boson I
<0.8 eV/c? <0.17 MeV/c? <18.2 MeV/c? ~80.3692 GeV/c?
il

0 0 0 +
1

A4 8- AnA
electron muon tau
neutrino neutrino neutrino W boson
Figure 1.2: Elementary particles with their interactions in the Standard Model.[15]

The framework of Yang-Mills theory provided the last missing piece for the puzzle of
non-Abelian theories. The latter, together with the famous Wu experiment in 1956 [16], has
lead to the unified theoretical description of weak and electromagnetic interactions as
electroweak theory SU(2) x U(1) by Sheldon Glashow, Abdus Salam and Steven Weinberg,
then also a theory of strong interaction SU(3) called Quantum Chromodynamics (QCD) by
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Harald Fritzsch, Heinrich Leutwyler and Murray Gell-Mann. However, there was a subtlety
in developing a unified theory of weak and electromagnetic interaction back then, due to
the massive gauge bosons W and Z in mediating weak interaction. The question of where
do their masses come from? was solved with the idea of Spontaneous Symmetry Break-
ing (SSB). Although Nambu-Goldstone theorem [17, 18] tell us that a massless Goldstone
boson will be generated from spontaneous breakdown of continuous symmetries, in the
case gauge theory, Elitzur's theorem [19] actually states that gauge symmetries will never
be spontaneously broken. A relativistic model explaining the mass generation problem
respecting the gauge-invariance was developed by 3 independent groups in 1964: Robert
Brout and Francois Englert, Peter Higgs, Gerald Guralnik, Carl Richard Hagen, and Tom
Kibble. The idea is to introduce a so-called Higgs field which is a complex scalar doublet
with 4 components, the latter is added to the electroweak Lagrangian, so 3 of the 4 com-
ponents in Higgs field are considered as "would-be" Goldstone’s bosons after SSB. They
will be eaten after SSB induced by a non-symmetric Vacuum Expectation Value (VEV) of
Higgs field, hence the longitudinal polarization gives the 3 massive bosons W,Z, leaving
one scalar massive component as the physical scalar boson called Higgs boson. Similarly,
the mass of fermion can be incorporated into the theory by introducing a Yukawa cou-
pling between fermion fields and Higgs field.

Bringing all these pieces together, we arrive at a theoretical framework of quantum
fields as the most powerful tool for describing the fundamental interactions of elementary
particles, known as the Standard Model (SM) illustrated in Fig. 1.2. This unified picture
represents the culmination of decades of human effort to probe nature at its smallest
and most fundamental scale, driven by deep ontological questions about the structure of
reality. What were once thought of as indivisible “atoms” are now organized into a simple
but profound classification scheme - the Standard Model table. In what follows, we will
narrow our attention to a small corner of this vast framework: the realm of the strong
interaction.

1.2.2. Quantum Chromodynamics

During the golden age of particle physics, a particle zoo was formed by so many dis-
covered baryons and mesons in hadron spectroscopy by bubble chamber experiments
at Berkeley, Brookhaven and CERN during 1950s-1960s. The underlying symmetry in their
quantum numbers and masses was found to be consistent with an internal flavor SU(3)
symmetry according to the famous Eightfold Way by Murray Gell-Mann in 1961 [2], with an
example of pseudo-scalar meson octet shown in Fig. 1.3. The latter, with an improved ver-
sion known as quark model by Murray Gell-Mann [20] and George Zweig [21], predicted
successfully the discovery of Q™ in 1964. Within the quark model, baryons are considered
as bound states of three quarks and mesons are bound states of pair of quark and an-
tiquark. However, this aforementioned flavor symmetry shall be distinguished from the
later discovered color symmetry. For the spin-statistics theorem to hold, it was found that
each quark flavor needs instead three varieties as colors. These color charges associated
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to this gauge symmetry group which turns out to be SU(3) as well, were later introduced
by Oscar Wallace Greenberg, Moo-Young Han and Yoichiro Nambu as a hidden quantum
number.

0 -
s=1 K K
5s=0 T at
g=1
s=-1 0
K~ K
q=—1 q=0

Figure 1.3: The pseudo-scalar meson octet from group representation with quantum num-
bers of strangeness and electric charge [22].

Formulation of QCD Lagrangian and basic ingredients

By Harald Fritzschm, Murray Gell-Mann and Heinrich Leutwyler in early 1970s [23], a
dedicated Yang-Mills theory of SU(3) gauge symmetry applied to color degree of free-
dom was then formulated, leading to the so-called QCD Lagrangian that incorporates
quark model and solves as well other puzzles involving current algebra and the weak
interactions of hadrons. The gauge-invariant QCD Lagrangian in terms of bare quantities
is written as [24]:

_ 1 2
Lar = o (1) —mo)vo — (G?O)W> (1.2)

where the first term corresponds to the minimal coupling of fermion fields to gauge fields,
and the second term is the gauge field interaction term following the Yang-Mills Lagrangian.

The corresponding covariant derivative in eq 1.2 is given by:
def

Do = (% +i90taz4?o)“> o (1.3)

where t* are the generators of SU(3), acting on the color indices of quark fields. The gluon
field tensor is defined as:

o def a 8
O = OuAQyy, — Ay, — 90 A ATy, (1.4)

where %7 is the anti-symmetric structure tensor of gauge group, following [ta,tg] =
ifAQVtW.
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The Lagrangian is invariant under the following local gauge transformations:

Y(0) pag(T) = [e_ig(’w‘“(x)tahb Y0y pbf (), (1.5a)

For the electromagnetic interactions involving quarks, we have their corresponding elec-
tric charges: 2 for u, ¢,t quarks and — % for d, s, b quarks.

In practical, this flavor SU(3) symmetry involving u,d and s fermion fields would be
exact if those quarks have the same mass. However, the latter approximation will still be
useful as the masses of light quarks are significantly lower than the typical hadronic mass
scale, while heavy-quarks ¢, b,t remain singlets with respect to the flavor symmetry. At
the same time, the basic properties of quarks are summarized below in Tab. 1.2.2.

Flavor Electric charge Baryon number Mass
u (up) 2/3 1/3 3 MeV
d (down) —1/3 1/3 7 MeV
s (strange) -1/3 1/3 120 MeV
¢ (charm) 2/3 1/3 1.2 GeV
b (bottom) —1/3 1/3 4.25 GeV
t (top) 2/3 1/3 175 GeV

Table 1.1: Basic properties of quarks

Gauge-fixing and BRST symmetry

In modern quantum field theory, there is a crucial quantity encoding all physics (es-
pecially correlation functions) for a given setup, called partition function or generating
functional. The latter can be simply defined in the case of no matter fields as an integral
over all possible field configurations along a given path [25]:

Z= / DA A (1.6)
where A stands for the gauge field.

Since the action S[A] is invariant under local gauge transformation, this integral is
actually taking infinitely many equivalent copies of field configurations leading to an ill-
defined integral with an infinite "gauge volume". To avoid this ambiguity, one needs to in-
troduce a certain gauge fixing like in the case of QED where we may choose to use Lorentz
or Coulomb gauge. The idea is simply to setup a constraint to reduce the double-counting
of equivalent gauge states. However, since QCD is a non-Abelian gauge theory, the gauge
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fixing procedure is highly non-trivial than a Abelian theory. In 1967, Ludvig Faddeev and
Victor Popov proposed a technical solution [26] to fix the issue. This method consists of
introducing fermion scalar ghost fields, so the original gauge-invariant Lagrangian will be
replaced by:

L=Lar+ Lagr + Lac (1.7)

where we add two new terms, L for gauge-fixing and L for gauge-compensating:

1 2
Lor = 250 (8 A(O)a) s (1.8)
Lac = 0uMoa 0"Moa + 9o 0oy fasy A?O) . 0 (1.9)

where the gauge-compensating term involves bare ghost fields 7 and 7.

However, this new Lagrangian is actually not gauge-invariant and leads to inconve-
nient complexities in renormalization and quantization; one needs to use new identities
instead of usual generalized Ward identities, with a new symmetry. The latter is called
BRST transformation introduced by Carlo Becchi, Alain Rouet, Raymond Stora and Igor
Tyutin [27, 28]. The BRST symmetry is actually a supersymmetry relating bosons and
fermions, it uses an extra parameter J)\q taking values in the fermionic part of some
Grassmann algebra. The BRST transformation becomes gauge transformation for gluon
and quark fields. The linear terms of fields gluons, quarks and ghosts under the variation
read:

IBRSTY0 = —190M0a0Not* Yo = igonNoat™ o Ao, (1.10a)
SBRSTY0 = 190Y0t 1o SN0, (1.10b)
OBrsT Ay, = (Ouon + 90 Sasm0s ALy, ) o, (1100)
SBRSTM0a = — 390 asy108M0y 6 Ao, (1.10d)
_ 1
OBRSTN0a = & 0 - Apa 6 \o. (1.10€)

Regularization and renormalization

After the correct treatmentinvolving gauge-fixing and BRST transformation, one should
also deal with the divergences appeared in QCD for both Ultra-violet (UV) and Infra-red
(IR) regimes.

« ForIRregime, KLN theorem by Toichiro Kinoshita, Tsung-Dao Lee and Michael Nauen-
berg [29, 30] ensures the cancellation between real and virtual contribution for in-
clusive cross-sections, the latter solves soft-divergences from soft gluons. On the
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other side, Collinear divergences will be factorized into Parton Distribution Function
(PDF) and fragmentation functions. For large logarithms, a proper resummation is
needed using renormalization-group equations.

+ For UV regime, the divergences are from large loop momenta i.e. when interaction
vertices get close to each other in space-time. This can be fixed by regularization
and renormalization procedures. The first consists of introducing a regulator like
non-zero lattice spacing or dimensional regularization . Then the next step is to
dress-up bare quantities fields and parameters by introducing counter-terms to
cancel the divergences, using a certain renormalization scheme. In QCD pertur-
bative calculations, it is convenient to use the so-called Modified Minimal Subtrac-
tion (MS) scheme in contrast to the usual Minimal Subtraction (MS) scheme where
only % poles from dimensional regularization are removed, in addition to % poles,
a rescaling of renormalization scale with the Euler-Mascheroni constant ~g is also
implemented.

Running coupling and asymptotic freedom

The renormalization procedure in UV regime leads to two important features of QCD,
namely running coupling and asymptotic freedom.

In the procedure of renormalization, the coupling constant ¢ is dressed-up and be-
comes a function of a certain relevant scale g(x). In quantum field theory, n-point Green’s
functions G (zy, za, ..., 20 M,g) = (¢p(x1)d(x2)---¢(x,)) need to be dressed-up as
well, and their evolution with the variation of scale follows the Callan-Symanzik equa-
tion [31-33] where the -function is defined by:

B(g) = %9

= Mdu (1.11)

Hence the running coupling as— = % in perturbative regime can be solved with the above
differential equation using series expansion of 3-function:

g g
Blg) = —bo1pz — H (1672)2 + - (1.12)
At leading order:
2
Bo =11 — gnf (1.13)

where n; is the number of effective quark flavors. And the corresponding solution to as

reads [34]:

_ 9 _ Am ,Q* > Agep (1.14)
4 (11— %nf) ln(QQ/A?QCD)

"Define dimension as d =4 — e and let e go to o.

QS(Q2)
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where Q% = —p? and Aqep ~ 200MeV is the fundamental QCD energy scale depending
on the renormalization scheme.

This term will be always positive as ny < 6, leading to a negative coefficient at leading
order 2. Since one can read s — 0 as M — oo, this implies that gluons and quarks
interact weakly at very high energies (or equivalently at very short distances), the latter is
called asymptotic freedom. An example of experimental result of running strong coupling
measurements from CMS is shown in Fig. 1.4.
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Figure 1.4: The strong coupling a5 as a function of the respective choice for the scale Q
from different analyses.[35]

1.2.3 . Color confinement and hadrons

From Deep Inelastic Scattering (DIS) experiments at SLAC, internal structure of pro-
tons was first revealed as they contain point-like constituents (parton degrees of free-
dom), those constituents are understood within quark model. However, no free quarks
were ever detected in experiments as one would expect if they are electrically charged.
Together with the early jet physics in early 1970s, only high-energy jets of hadronic bound
states were found to be aligned with quark direction in electron-positron annihilation pro-
cess. As an example, typical experimental tests were interested in measuring the cross-
section of the inclusive reaction where we may have a single quark as a final state product
to be measured:

pp — q() X (1.15)

The best cross-section result for such a reaction was given by CMS collaboration with a
value of o < 2.3 x 10~*%em? [36]. This value of single quark production cross-section is

2Fermion screening from quark loop contributions is strongly compensated by anti-screening
from gluon self-interactions
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10~ smaller than the total pp cross-section (10~15 times per collision), which is extremely
hard to observe experimentally.

Result from those experiments is consistent the idea of confinement where quarks stay
inside colorless bound states of strong interaction called hadrons. The hadrons are classi-
fied at the first order by the number of their constituent quarks: baryon (qqq or GgGg), meson
(gq) and exotic states such as tetraquark (¢qqq), pentaquark (gqqqq), glue-ball (bound state

of gluons) and hybrid (quark-antiquark plus gluon excitations).

The color confinement, reflecting the characteristic feature of QCD as a non-Abelian
gauge theory, could be partially explained by the running of the strong coupling, which
increases rapidly at large distances. As the energy scale decreases, soft processes, namely
those with small momentum transfer or low energy properties of hadrons, will start to
dominate, they cannot be evaluated using perturbation theory as the coupling constant
increases. The underlying mechanism of confinement remains still unsolved. However,
many attempts were made to address this problem:

* In lattice gauge theory, Kenneth G. Wilson formulated a gauge-invariant quantity
called Wilson loop [37] which was used to construct links and plaquettes on lat-
tice. The latter extends to the so-called Polyakov loop [38] in the case of finite-
temperature. This lattice study leads to the quark potential model that will be dis-
cussed in the following section concerning quarkonia.

* In the strong-coupling framework, a different approach with string/flux-tube raised
from early string-theoretical development was introduced to investigate the hadronic
structure.

+ Other phenomenological approaches like Bag model [39] can also capture the con-
finement phenomenology and mass spectra. The latter will be discussed in the
following section of QCD phase transition and thermodynamics.

Those above mentioned directions are all deserved to be discussed, | shall go through in
the next discussions their general idea without getting into the details.

Wilson line and Polyakov loop

Generally in gauge theory, it is hard to compare fields at different space-time points
as they transform differently under local gauge transformation. The latter happens es-
pecially when one looks for defining a certain derivative of fields such as the directional
derivative along a vector n*:

nt0, = lim E [(z + en) — Y(x)] (1.16)

e—0 €

For the sake of making this comparison physically meaningful in the sense of gauge trans-
formation, the difference in the phase of fields should be compensated by a factor, the
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simple way is to introduce a scalar quantity called comparator which transforms as [40]:
Uy, z) — eew) Uy, z) et (1.17)

and it will reduce to identity if the comparison is made at the same space-time point i.e.
U(x,z) = 1. In practice, for an infinitesimal displacement, one can explicitly make use of
comparator by series expansion around identity. This way we can handle the comparison
of fields that are infinitesimally close to each other. However, the same approach does
not hold for the case where fields are at far apart space-time points. Kenneth G. Wilson
figured out a way by taking analogy from differential geometry, where a gauge theory can
be actually defined on a fiber bundle with gauge fields as connections telling us how to
parallel-transport from one point to another. The so-called gauge-invariant Wilson line is
defined as [37]:

Up(z,y) = exp [—ie/ daxt Au(l’):| (1.18)
P

where P stands for the path from y to z. This is actually the "integral" of infinitesimal
comparators alone the given path. Since the integral is taken on a differentiable manifold,
so it is geometrically equivalent to taking infinitesimal parallel-transports by connections
alone the path. This quantity, according to Chen-Ning Yang (he called it non-integrable
phase factor), encodes the most fundamental ingredient for a gauge theory14]. If we
glue together the starting point and endpoint of the phase factor integral, we arrive at
the so-called Wilson loop which is locally gauge invariant by construction:

Up(y.y) = exp [— § as Amﬂ (1.19)
P

In this way, all gauge-invariant functions of field A, can be actually imagined as the com-
binations of Wilson loops for different choices of the path P. The latter can be understood
by rewriting the Wilson loop using Stokes's theorem:

Up(y,y) = exp {—126/ dot” pr} (1.20)
>

where ¥ is the surface enclosed by the loop P, do*” is the area element and F),, is the
gauge field tensor. In the case of non-Abelian theory, matrices along the path do not
commute, hence it is crucial to define a certain ordering when taking integration along
the path and take the trace in order to recover the gauge-invariance. The path-ordered
Wilson line is written as:

Up(zy) = Tr P {exp [ig /01 ds 22 An(a(s) t“} } (1.21)
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Figure 1.5: The illustration of a lattice rectangle with spatial size R and temporal size T'. [41]

Taking the expectation value of the above path-ordered Wilson loop over a path de-
fined on a rectangle shown in Fig. 1.5 of lattice with spatial size R and temporal size T,
one obtains the relation:

(Up(R,T)) ~ e~ VT (1.22)

where V(R) is the static quark-potential. The large-loop behavior of expectation value of
Wilson loop points to different phases:

+ For confinement phase, the expectation value follows the area law:

(Up(R,T)) ~ e>P) (1.23)

+ For deconfined phase, the expectation value follows the perimeter law:

(Up(R,T)) ~ () (1.24)
where ¢ is the string tension which will be emphasized in the next section.

Therefore, the expectation value of Wilson loop can be used as an order parameter of
the different phases in the case of zero-temperature QCD. However, in the case of thermal
quantum field theory, for which the theory is formulated on Euclidean space-time (R x S*)
with a compactified imaginary temporal direction of length g such that the time interval is
givenby 7 € [0,5] and 5 = % where T is the temperature. The formulation of Wilson loop
on this specific setup leads to topologically non-trivial loops winding around the compact
direction, the latter is called Polyakov loop [38]:

B
P(%) = Ni Tr P {exp {/0 dr Ao(f,T):| } (1.25)

Similarly, taking the expectation value of Polyakov loop leads to different phases as (P(Z)) ~
e PF where F is the quark free energy.
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« If (P) =0, one gets an infinite free energy, hence quarks are confined.
« If (P) # 0, one gets a finite free energy, leading to the deconfinement of quarks.

In a sense, Polyakov loop is like a Wilson line closed by periodic boundary conditions 3.

Flux-tube (string) approach

During the golden age of hadron spectroscopy, a huge number of hadronic reso-
nances were discovered. At that time, there was no unified framework for strong inter-
action, physicists were more familiar with the so-called Regge field theory introduced by
Tullio Regge in 1959 [42] together with the S-matrix theory.

In Regge's theory, the orbital angular momentum [ which is supposed to take values in
0,1,2,3..., can be analytically continued to the complex plane as the Legendre polynomial
in partial waves can be generalized to Legendre function of complex order. Therefore,
the original summation of partial waves for a typical 2 — 2 scattering can be rewritten in
the form of a contour integral of orbital angular momentum as complex variable using
Sommerfeld-Watson transform:

2v+1
sin(mv)

2(26 + 1) ag(s) Pi(cosf) = 2% /Cdl/ a,(s) P,(cos @) (1.26)

=0

where q, is the analytically continued partial wave amplitude, and v is the complexified
orbital angular momentum. As one can read from the denominator of integrand sin(7v),
poles sit on real-axis of v at 0,1,2,3...

At high energies, the poles will dominate the integral, so for a given process, the ex-
change of particles involves the whole family lying on the Regge trajectory. The experi-
mental results of hadronic states actually followed linear Regge trajectories, but Regge's
theory was not able to explain the underlying mechanism.

The story was changed by Gabriele Veneziano who proposed in 1968 a first Dual Res-
onance Model (DRM) for 4-meson scattering [43]:

[(—a(s)) T(=a(t))
I'(—a(s) — a(t))

By many pioneers of early string theory development from early 1970s, including Miguel
Angel Virasoro, Leonard Susskind, Holger Bech Nielsen, Yoichiro Nambu and Ziro Koba,
the first DRM was soon generalized and then understood as described by a relativistic
vibrating string.

A(s,t) = (1.27)

3Coming from the trace in partition function, which implies the same initial and final states of
the system.
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Within this framework, mesons are modeled as open strings (flux tube) with quark
and antiquark as endpoints. At low energy, string energy is proportional to its length:

V(r) ~or (1.28)

This linear potential grows up as quarks get pulled apart, leading to the confinement.
Once the quark-antiquark pair gets separated far enough, the string or tube will break
while creating new quark-antiquark pair at the break-point, resulting in two mesons. An
illustration of this process is shown in Fig. 1.6. This linear potential at large distances was
supported by lattice QCD simulation [41]

Figure 1.6: The illustration of a breaking tube of quark-antiquark pair, resulting in two new
mesons.

1.2.4 . Quark-Gluon Plasma

Following the characteristic feature of QCD as non-Abelian gauge theory of color sym-
metry SU(3), we have seen from the previous discussion that the running coupling of
strong interaction leads to the so-called asymptotic freedom at very short distances or
extremely high energies. A certain phase transition would be therefore expected nat-
urally if one can significantly heat or compress nuclear matters. However, the original
asymptotic freedom was formulated in vacuum QCD where no thermal effect would hap-
pen, the latter must be generalized to the case of finite-temperature especially in the case
of heavy-ion collisions where a thermal medium is supposed to be created.

Deconfinement in hot medium

To answer this question, Eduard Shuryak proposed in 1978 his solution using the one-
loop approximation [44]. He managed to calculate the gluon propagator and the thermal
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potential between two quarks of temperature 7"

— Q —mnr
V(r)= e (1.29a)
1
m? = 592 (N + $Ny) T (1.29b)

The form of this potential is similar to the Debye screening potential in a classical plasma,
which is the reason this hot dense matter of deconfined quarks and gluons was called
Quark-Gluon Plasma (QGP). A simplified illustration of color deconfinement is shown in
Fig. 1.7 This new state of matter should be created in heavy-ion collisions where the re-
quired extreme conditions can be reached, hence much experimental effort from early
1990s were dedicated to justify and investigate the properties of the QGP, including the
Super Proton Synchrotron (SPS), Relativistic Heavy lon Collider (RHIC), and Large Hadron
Collider (LHQ).

Figure 1.7: The illustration of color deconfinement as energy increases.

Despite the strong theoretical suggestion, the study of the QGP was still non-trivial.
Following the description of asymptotic freedom, a weakly interacting gas of quarks and
gluonsis expected at high temperature and high energy density. This picture was changed
after the remarkable discovery at RHIC at 2000, where data showed a strong elliptic flow
which is twice larger than result from SPS. This result was in agreement with the simula-
tion of a nearly ideal fluid, leading to the so-called strongly coupled picture. Moreover,
since the QGP is considered as a hot medium, all strongly interacting matters traveling
through the QGP may "feel" it in the sense that their transport properties and dynamic
evolution should be modified by the surrounding medium, this includes the studies of jet
quenching, quarkonia production, strangeness enhancement etc. Sitting in the core of
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heavy-ion physics, the QGP is at the crucial place to sketch out the whole dynamic evolu-
tion of the system starting from the initial conditions, initial stage dynamics, isotropization
and thermalization, hydrodynamic evolution of the QGP to the hadronization.

Chiral symmetry and anomaly

As another crucial feature of QCD, here | shall go through the discussion of chiral sym-
metry in QCD and how it is related to the hot QGP through the chiral phase transition.

For the sake of simplicity, we will consider only light quarks « and d as the following
study can be naturally extended to the case where one treats also the s quark as light.
Now, let's first recall the fermionic part of the QCD Lagrangian in u, d quarks representa-
tion:

L = uilpu + dilpd — myuu — mgdd (1.30)

If the masses of v and d quarks are very small, then the two mass terms can be dropped.
Therefore the resulting massless Lagrangian, despite SU(2) isospin symmetry between
the two light flavors, involves no mixing of left- and right-handed quark fields, and remains
invariant under the separate unitary transformations:

u u u u
@), ~ o), (), ol oan

If one separates the U(1) and SU(2) components of the transformations, the symmetry
group of the classical massless Lagrangian reads actually SU(2) x SU(2) x U(1) x U(1).
The chiral components of quark doublet will be then given by:

() (50 e

Similarly to the Bardeen-Cooper-Schrieffer theory (BCS theory) of superconductivity [45],
where in the ground state of a metal a condensate of electron pairs - so-called Cooper
pairs, is formed by small electron-electron attraction. In the case of massless QCD, with
the strong attraction between quark-antiquark pairs, the energy needed to create an extra
quark-antiquark pair is quite small. This latter consideration points to, in analogy to BCS
theory, a condensate of quark-antiquark pairs in QCD vacuum. Under conservation laws,
these quark-antiquark pairs should have zero total momentum and angular momentum,
therefore one can get a natural order parameter using VEV of the quark pair:

(QQ) = (QLQr+ QrQL) #0 (1.33)

This mixing of two quarks helicities in vacuum allows light quarks to acquire effective
masses in the vacuum. The non-zero VEV implies that the chiral symmetry is already spon-
taneously broken at zero temperature with the massless quarks approximation which is
good enough since the masses of light quarks are much smaller than hadronic mass scale.
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In the chiral symmetry breaking picture, pions are actually pseudo-Goldstone’s bosons
following Gell-Mann-Oakes-Renner relation [46]:
) 2
mi = (my +mg) — (1.34)
fr
where f; is pion decay constant obtained from 7 via weak interaction. And the associated
currents for the full symmetry group are written as:

]f = QL'YMQL, .]]é = QR’YMQRa (1.35)
Jr = Q' Qur, i = Qr'T"Qr, (1.36)

where 7% = ¢%/2 are the generators of SU(2) and ¢ are Pauli matrices. Moreover, the
sums of left- and right-handed currents give the baryon number and isospin currents:

=QvQ, M=y rQ, (1.37)
while their differences give the corresponding axial vector currents:
P =0vQ, = QY. (1.38)

The axial current j#5 is associated to the U(1) symmetry, which corresponds to the trans-
formation: ¢ — ¢’ The invariance of the classical massless Lagrangian under this
transformation leads to the conservation of axial current:

9,5+ = 0. (1.39)

This is an exact symmetry at classical level. However, Stephen L. Adler, John S. Bell and Ro-
man W. Jackiw showed that, at quantum level, this currentis no longer conserved, leading

to the so-called Adler-Bell-Jackiw anomaly [47, 48]:
5 92 =
8#.7“ = W F/u/ P ) (1-40)

where Fjj, is the gauge field strength tensor and Fom — %eWPUFgU is the dual field
strength. This explains the process of 7° — v which is classically forbidden if the ax-
ial U(1) symmetry is exact.

Chiral restoration in the hot QGP

At high enough temperature (I" ~ 150-170 MeV from lattice QCD calculation) or high
baryon chemical potential up, the chiral condensate melts as the VEV of quark pair goes
to zero. Hence, the chiral symmetry is restored in the QGP phase. This chiral phase transi-
tion at finite temperature was expected to be first-order from the calculation of effective
models such as linear o-model.
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From an experimental perspective, chiral symmetry restoration in the QGP is not ob-
served through a direct order parameter, but rather inferred from consistent in-medium
modifications of hadronic observables. Since the quark condensate is not experimen-
tally accessible, evidence is sought through electromagnetic probes, particularly low-mass
dileptons, which escape the medium largely intact and carry information about the in-
medium vector spectral function.

Measurements across energies show a strong broadening of the p meson spectral
shape rather than a simple mass shift, a behavior compatible with the progressive de-
generacy of chiral partners expected near the pseudo-critical temperature. Complemen-
tary support comes from the success of thermal models in describing hadron yields at
temperatures close to those predicted by lattice QCD for chiral crossover, suggesting that
hadrons emerge from a medium where chiral symmetry is largely restored. Experimen-
tally, chiral restoration appears not as a sharp signal, but as a coherent pattern of medium
effects consistent with a smooth crossover rather than a true phase transition.

Having discussed the elementary of chiral symmetry and the its transition property,
in the next section | shall go through the topological map of QCD thermodynamics from
which the transition of different phases and critical conditions of the hot QCD matter
would be classified. Yet, completing this map remains one of the biggest program for
heavy-ion physics and thermal QCD.

1.2.5. QCD thermodynamics and phase diagram

Let's quickly recall the statistical physics ingredients that are essential for the discus-
sion of QCD thermodynamics. Consider a system of particles within a volume V' with con-
served baryon numbers, surrounded by a thermal bath at temperature T'. The statistic
ensembles (statistical distribution of possible states) encode all system features at ther-
mal equilibrium. In the case of QCD where particle numbers are not really conserved
(some charges are conserved instead), the thermodynamic partition function in the Grand
Canonical Ensemble (GCE) (particle numbers and charges may not conserved and fluctua-
tions are allowed, in contrast to Canonical Ensemble (CE) for which the conservation laws
are exact and often used in small systems and elementary particle collisions) is written
as:

(1.47)

H — upN.
Z(T7 V,,MB) = Trp =Tr exp |:MBB:|

T

where H is the system Hamiltonian, up is the baryon chemical potential and Np is the
baryon number. Important physical quantities like total energy F, Helmholtz free energy
F, entropy S, pressure p and average particle numbers N etc as well as their correspond-
ing densities (divided by V') can be fully determined by the thermodynamic partition func-
tion.
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General concepts in thermal field theory

In thermal quantum field theory, the thermodynamic partition function is equivalent
to the Wick-rotated path-integral:

H — p;N; - _Snld
Z(T,V,ug) = Trp = Tr exp [;} = / DA D) Dy e 5Bl Aul (1.42)

where Sg stands for Euclidean action after applying a Wick rotation for the imaginary time.
And the fields satisfy periodic condition as the time direction was compactified, see pre-
vious discussion in Sec. 1.2.3. The periodicity condition allows us to expand fields in terms
of Fourier series, where the modes are identified as Matsubara frequencies from Matsub-
ara Green'’s function. Then taking the thermodynamic limit (V' — oo, N — oo and % is
constant) where momentum integrals are identified as Matsubara sum plus momentum
integral, one should then be able to make the calculations in the framework of perturba-
tion theory. This latter description summarizes the general setup for the computational
ground of imaginary-time formalism of thermal QCD called Matsubara formalism in con-
trast to real-time formalism for the case of non-equilibrium. In particular, the energy and
pressure density read:

E T?2/0lmnZ N Oln Z
E= o =— + i p=T ; (1.43)
V’/'Lq Tvl‘i

v v \or 1% ov

from which the Equation of State (EoS) can be deduced.

Lattice calculation

Beyond the perturbative regime as one goes to soft scales 27T — ¢gT' — ¢?T), some
effective models are developed but have a hard time to capture the details or even fail.
Perturbation theory in this sense is very limited even with a very weak coupling, due to
the effective scales.

However, lattice calculation provided a genuine framework at relatively low energy
scales by discretizing directly the QCD partition function, this formalism can capture the
non-perturbative features that are not covered by effective model calculations and plays
a particularly important role in studying the phase transition from first principles. Impor-
tant observables like order parameters and their associated susceptibilities (fluctuation)
can be directly evaluated on lattice.

Phenomenological models of phase transition

Apart from first-principle calculations, there were several phenomenological models
trying to describe the picture of QCD phase transition including the MIT Bag model [39]
and NJL model by Yoichiro Nambu and Giovanni Jona-Lasinio [49].
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Figure 1.8: Anillustration of bag model configuration where n* is the inward normal vector
on the boundary of the bag. [39]

In the picture of MIT Bag model, hadrons are modeled as constrained in a finite region
of space containing free quarks and gluons, with a radius R ~ A(fgch surrounded by phys-
ical vacuum, a simple illustration is shown in Fig. 1.8. The energy density cost to create
a bag is called Bag constant B. The latter represents the energy difference between the
interior and exterior of the bag, providing confinement pressure that keeps quarks inside
the bag where quarks follow Dirac equation, while the confinement is ensured and main-
tained by imposing suitable boundary conditions to prevent leakage of color currents as
one can read:

(1.44)

" TH — g" B, insidethebag,
Hadron —

0, outside,

where T};”, .. is the hadron stress tensor and T%)” is the Dirac stress tensor. In a real-
istic scenario, one would consider color coupling as well following a Yang-Mills fashion,
so hadrons are actually a mix bag of colored quarks and gluons with modified boundary

conditions.

Within the Bag model description, when matter is heated to sufficiently high temper-
atures, atomic nuclei dissolve into their constituents, nucleons. Meanwhile, light hadrons
(predominantly pions) are produced thermally, gradually filling the space between the
nucleons. Because hadrons have a finite spatial extent, these thermally produced pions
and other hadrons start to overlap with one another and with the quark “bags” of the
original nucleons. As the temperature rises, these overlapping regions form an extended
network of zones containing quarks, antiquarks, and gluons. At a certain critical tempera-
ture T¢, this network "percolates" throughout the entire system, marking the transition to
a new state of matter: the QGP. Similarly, nucleons can overlap at a critical density num-
ber n., giving raise to a cold degenerate QGP which is mostly dominated by quark degrees
of freedom. In the simplified scenario of a free gas of massless quarks, thermodynamic
quantities of the QGP like the pressure as a function of temperature can be evaluated
following Gibbs construction of boundary phase:

37> g

poap(T, i) = WT“ + u2T? 4 55— B (1.45)
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However, the Bag model was not able to incorporate the chiral symmetry aspect of
QCD dynamics, another phenomenological approach implementing chiral symmetry break-
ing mechanism was also introduced, inspired by the BCS theory of superconductivity,
known as the NJL model which was at the first place an effective model for pions. Similar
to the previous discussion of the chiral symmetry in Sec. 1.2.4, an approximate Lagrangian
is defined where only u, d quarks are considered:

Lagn = Q(ilp — mo)Q + G[(QQ)* + (Qir°T°Q)?] (1.46)

where @ is the u,d quarks doublet, mg is the bare mass of light quarks (leading to the
explicit chiral symmetry breaking) and G is the coupling constant of the four-fermion in-
teraction. The four-fermion interaction creates quark condensate (QQ) # 0 leading to the
spontaneous chiral symmetry breaking where quarks acquire dynamical mass following:

M =mg — 2G(QQ) (1.47)

And similarly, the VEV of quark-antiquark pairs can serve as an order parameter signaling
chiral phase transition with a critical temperature T.. At up = 0, NJL model predicts a
smooth crossover chiral transition similar to lattice results, while at finite up, NJL predicts
a first-order chiral transition at low T" and large density.

Certainly, there are many other models which are not covered here in the above dis-
cussion, such as statistical model based on bootstrap and massive two-flavors effective
potential model etc. However, none of these models can give a fully realistic description.
The advance of current understanding for the phase diagram needs more effort from
both theoretical and experimental sides.

To summarize the discussion, in the Fig. 1.9, a sketch of current theoretical and exper-
imental knowledge on the phase diagram of strongly interacting matter is presented.

Early
Universe
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First—order / chiral transition

phase transition
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superconductor

|Hadron gas |
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Temperature (T) ~160 Mev

Neutron stars

Figure 1.9: An illustration of phase diagram of strongly interacting matter in the plane of
temperature and baryon chemical potential.
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1.3 Ultrarelativistic heavy-ion collisions

2 o ng o final detected
Relativistic HQGVY-IOH Collisions particle distributions

Kinetic
made by Chun Shen freeze-out

—_— i Hadronization
-~ Initial energy
density

—_—
-—

rd

b
\
:
:

collision
overlap zone

re-
e u?librium . .
ynamics_ viscous hydrodynamics | free streaming
collision evolution - B
t~0fmic T~1fm/c T ~10 fm/c T ~ 1015 fm/c

Figure 1.10: A sketched view of the system evolution of relativistic heavy-ion collisions [50].

With the demand of a complete understanding for the strongly interacting nuclear
matter from the experimental side, pioneering experiments in heavy-ion collisions (for
those having beam energy Ey.;, > 1 GeV per nucleon) started from early 1970s in US and
Russia. At the first time, nuclear physicists managed to compress the nuclear matters un-
der fairly extreme conditions to study their thermal properties. A remarkable point was
from the NA35 experiment at the highest SPS energy, the latter reached for the first time
the theoretical energy density 2 Ge\//fm3 to create the Quark-Gluon Plasma (QGP) in S-S
collisions [51]. The subsequent goal of later Pb-Pb collisions was to look for the onset of
QGP formation by decreasing collision energy.

Genuine collider physics with heavy-ions started with RHIC at Brookhaven National
Laboratory from 2000, where initial experiments were carried out at a center-of-mass
collision energy of | /s = 130 GeV then 200 GeV per nucleon pair. Later, the Beam En-
ergy Scan program was initiated with the motivation of looking for the critical point of the
phase diagram. Experimental measurements for the early QGP studies including charge
particle multiplicities, hadron spectra, anisotropic flow, heavy flavors and jet quenching
were carried by the experimental collaborations BRAHMS [52], PHOBOS [53], PHENIX [54],
and STAR [55]. The very first plausible result of elliptic flow measurement was done as
well during that time, as a strong experimental support for early hydrodynamic calcula-
tions.
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The Large Hadron Collider (LHC), which started taking data in 2010, brought the real
breakthrough in heavy-ion experiments with the available beam energy an order of mag-
nitude higher than at RHIC. At this energy level, the formation of the QGP in large systems
becomes unquestionable. The main program at LHC includes pp, p-Pb as well as Pb-Pb
collisions, the latter providing an ideal place to study precisely the hot dense fireball. Sim-
ilar to RHIC, flow measurements and jet quenching studies are also part of the center of
interest for the LHC, while an unexpected surprise was spotted from the flow measure-
ments in smaller systems like p-Pb or high-multiplicity pp collisions, the latter bringing in
a challenge to the applicability and deeper understanding of hydrodynamics.

From a sketched view of the general structure, ultrarelativistic heavy-ion experiments
span a multi-stage dynamic picture of strongly interacting nuclear matter, as shown in
Fig. 1.10, from colliding systems before the collision to the final observables as captured
in the detectors. This multi-stage picture includes: pre-collision stage related to the colli-
sion kinematics, collision and initial conditions, the initial expansion and pre-equilibrium
dynamics, the formation and thermalization of the QGP, hydrodynamic expansion and
system cooling, freeze-out and hadronization, and final stage transport.

In the following sections, our discussions shall follow the same order of stages in the
system evolution of heavy-ion collisions. The main goal here is rather to resemble a logi-
cally consistent picture through the most important ingredients.

1.3.1. Kinematics and space-time evolution

In this section, some necessary elements for heavy-ion collision kinematics will be
reviewed, as well as the early developments in describing space-time evolution of the
colliding system.

Kinematic variables in heavy-ion collisions

Before we talk about the early system expansion, it will be useful to introduce a few
important kinematic variables in a typical colliding system. In ultrarelativistic heavy-ion
collisions, it is often convenient to consider the light-cone variables as the system in the
center-of-mass frame is highly boosted longitudinally. The light-cone momenta and co-
ordinates are defined respectively following:

1 1

+ +

 — (BE4p), et = —(t+2 (1.48)
=7 (E +p:) 7 (t+2) 4
where the transverse (perpendicular to the beam axis) part remains unchanged: z1t =
(xz,y) and pt = (pg, py). The corresponding four-vectors for space-time and momentum
coordinates in the light-cone representation become:

+

o' = (%27 zr), p* = (pT,p ", p1) (1.49)
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with the associated metric reads:

prx=pz 4+pat—pr-ar (1.50)

And the on-shell relation follows:

2

p*=2p"p  —pt=m (1.51)

where m is the invariant mass. The usefulness of using light-cone coordinates can be
seen as it can largely simplify the scenario of a high energy colliding system, which is
highly longitudinally boosted. Following which, for a left moving particle having p, ~ E,
it has p* ~ V2E while p~ ~ 0; meanwhile for a right moving particle, p~ ~ V2E and
pt ~ 0instead. A rapidity variable can be also defined as:

+
Yy = lln (p) ~ In <2E> (1.52)
2 P~ mr

where mp = m? + p2 + p? = E? — p2. In high energy physics experiments, one usually
considers another variable called pseudo-rapidity, and as m < |p| rapidity and pseudo-

rapidity converge:
1
n=>l <|p| +pL) (1.53)
2 Ip| —pL

Impact parameter and collision geometry

In heavy-ion collisions, the impact parameter vector b is extremely important in deter-
mining the initial geometry of a given collision, the latter relies on classifying the overlap
zones across all collisions. Following this way, the impact parameter is defined naturally
as the transverse distance between the centers of two colliding nuclei, shown in Fig. 1.11.

Projectile B Target A
— -
AT
te —
a) Side View b) Beam-line View

Figure 1.11: An illustration of Optical Glauber model geometry with transverse (a) and lon-
gitudinal (b) views. [56]

The impact parameter is by definition a pure geometric variable that cannot be di-
rectly accessed from experiments. However, the connection between impact parameter
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and some global experimental observables is provided by the Glauber model [57] as an ef-
fective description of nucleus-nucleus interaction in terms of elementary nucleon-nucleon
interactions.

The Glauber model is constructed within the optical-limit approximation, where the
total phase shift of the incoming projectile is expressed as the sum of all possible two-
nucleon phase shifts. The imaginary part of these phase shifts is directly connected, via
the optical theorem, to the nucleon-nucleon scattering cross section. In addition, the
model assumes that at high energies nucleons will carry sufficiently high momentum that
keeps the nucleon traveling on a straight line path.

Consider, as shown in Fig. 1.11, a target A and a projectile B. Their basic geometry is
parametrized by the impact parameter vector b. For the collision, we consider a flux tube
located at smeasured from the center of target A, the probability per unit transverse area
of a given nucleon at the location of this flux tube reads:

Ta(s) = /ﬁA(S, za) dzy (1.54)

where p 4(s) is the probability per unit of volume normalized to 1, the latter is parametrized
by a Fermi distribution (Wood-Saxon) with three parameters:

1+w(%)2

p(r) :PO'W

(1.55)

where py corresponds to nucleon density at the center of the nucleus. The key quantity
called thickness function as a function of impact parameter is obtained by integrating the
joint probability in the respective overlapping target and projectile flux tubes:

Tap(b) = / Ta(s)Ts(s — b)ds (1.56)
Together with the total cross-section in case the nuclei are not polarized:
Uiﬁ;B = /000 27h db {1 — [1 — TAB(b) Uﬁg} AB} (1.57)
where oY is the nucleon-nucleon inelastic cross-section.

The total number of nucleon-nucleon collision and the number of participants can be
evaluated:

Neont(b) = ABT45(b) o}y, (1.58)
~ N B
Npart (b) = A/TA(S) {1 — [1 —Tp(s—b) aﬁg} } d%s
—|—B/TB(s—b){1— [1-T(s) aggg]"‘}d?s. (159)

46



From where we can get (Nco1) and (Npart) that are accessible via global observables. This
"participant-spectator” picture in a nuclei-nuclei collision is illustrated in Fig. 1.12
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Figure 1.12: A schematic view of impact parameter as well as participants and spectators
illustration in heavy-ion collisions. [58]
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Figure 1.13: An example of correlation between number of charged-particles with Glauber
calculations together with different centrality classes.[56]
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In practice, (Neon) and (Npare) can be related to final state observables such as charged-
particle multiplicity, transverse energy from calorimeter or direct estimation of number
of spectators from the energy measured in the Zero-Degree Calorimeter (ZDC). The deter-
mination of impact parameter can be done by matching experimental global observables
to results from Monte&Carlo Glauber model simulation. From purely experimental con-
sideration, one can classify the collision geometry directly by identifying the regions of
measured (Npart) histogram with different centrality classes as shown in Fig. 1.13

Space-time evolution of collision system from Bjorken’s model

As an early attempt trying to sketch out the space-time evolution of the collision pro-
cess, it is worth going through the essential of Bjorken's formalism [59], which provides a
rather simplified and yet insightful description of the system evolution in the central ra-
pidity region. The latter was formulated based on Landau's framework of hydrodynamics,
but Bjorken considered a different initial boundary condition:

+ Landau’s model [60, 61]: at relatively low energy, full-stopping at collision moment.

+ Bjorken’s model: at high energy, transparency as the colliding nuclei pass through
each other. The longitudinal direction is taken as the beam direction, the latter is
strongly boosted, which makes colliding nuclei look like thin disks or "pancakes" as
illustrated in Fig. 1.14.
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Figure 1.14: A simplified illustration of collision process in the Bjorken's formalism.

Based on what was observed in eTe~collisions, Bjorken’s model assumed a symmetric
"central-plateau” structure of particle production as a function of rapidity at sufficiently
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high energy. This assumption states that the full system evolution becomes only a func-
tion of the proper time 7:
T=12 - 22 (1.60)

After the collision, the receding nuclei leave the overlap region where the fluid under-
goes a boost-invariant longitudinal expansion. However, at the boundary between the
hot medium and vacuum along the transverse direction, a rarefaction front induced by
the difference of pressure will drive the inside hot plasma to expand into the vacuum out-
side.

The equation of motion for expanding ideal fluid is then given by the conservation of
energy-momentum stress tensor:
0,T" =0 (1.61)

where T" = (e + P)utu” — Pg"” with the fluid four-velocity u* = (£,0,0, 2) satisfying
utu, = 1, e is the energy density in the fluid’s local rest frame and P is the pressure. The
fluid equation of motion then reduces to:

@ _ ot P (1.62)
or T
The solution gives:
2\ /3
e(t) = e(o) <> (1.63)
70

where 79 ~ 1fm/c and e(19) = ey ~ 1 — 10GeV /fm3. This solution leads to Bjorken’s
picture of a simplified hydrodynamic evolution as illustrated in Fig. 1.15
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Figure 1.15: The Bjorken's solution of collision system expansion. [59]
Despite many limitations in this primitive model, Bjorken’s approach was indeed a
insightful starting point, and more importantly, the very first "visualization" of the collision

system evolution. In the following discussions, we shall complete this initial attempt with
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more details toward the modern understanding of collision kinematics and the underlying
dynamic mechanism.

1.3.2. Initial conditions and early time dynamics

The Bjorken's picture of space-time evolution for the collision system followed a rather
simplified physics scenario such as the initial conditions assumed for the calculation and
the absence of transverse dynamics or further detailed considerations in hydrodynamics.
In this section, | would rather start from the beginning of this time-ordered multi-stage
evolution, where we shall discuss the initial conditions of heavy-ion collisions. Then to
complete the discussion of the initial stage, | will go through a short discussion of early
time dynamics which becomes more and more important nowadays as it encodes the
onset and justification for hydrodynamic calculation and the applicability.

Initial conditions

For a general physics scenario at the moment right before nuclei come to collide, the
wavefunctions of the pancakes, as they are strongly Lorentz-contracted, consist of the
“slow”, i.e. small z, degrees of freedom, predominantly gluons at the the central rapidity
region in high-energy collisions. At large energies these gluons form a dense system that
is characterized by a saturation scale (Qs. The degrees of freedom below the saturation
scale are considered as classical Yang-Mills fields taking feed-down from large-z partons.
Below, we shall review different aspects of initial conditions including geometry-focused
phenomenological Glauber-type models, parametric-phenomenological TRENTo [62], and
QCD-based saturation models like Color-Glass Condensate (CGC)/IP-Glasma.

Glauber type models As roughly discussed in the previous section, the Glauber model
provides a rather simplified effective picture to describe nucleus-nucleus collision in terms
of nucleon-nucleon interactions. In modern approaches, the standard Glauber model can
be extended by introducing event-by-event fluctuations in nucleon position and deposited
entropy. A more advanced model as IP-Glauber implements an Impact-Parameter Satu-
ration Model capturing the small-z behavior in a gluon saturated initial setup. The linear
evolution given by DGLAP [63-65] for a%{g? and by BFKL [66, 67] for % give a rather
too strong growth at low-z leading to an exponential radiation of gluons, which violates
the unitarity as well as the Froissart bound at some point. For this reason one must ac-

count for the nonlinear contribution in the evolution, leading to the saturation effect.

Transport-Relativistic Events iNiTial cOnditions (TRENTo) framework This effec-
tive model was introduced by the Duke team in 2015 [68], the idea is to provide a realistic
Monte&~Carlo initial entropy profile without assuming specific physical mechanisms for
entropy production, pre-equilibrium dynamics, or thermalization. It provides a rather
flexible parametric model with the advantage of being fast and tunable to data. Similar
to Glauber-type models, the key quantity is the thickness function of the two nuclei. The
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deposited entropy can be described by a reduced thickness function following:

P (g P )\ /P
5(s) o <TA()—|2_TB<>> (1.64)

leaving p as free parameter which has to be tuned to data. The event-by-event fluctuation
in deposited entropy can be accounted by assigning a random weight for each participant
nucleon. And the (NNar) Can be written as:

(Npart) /dxdyTR (1.65)

Color-Glass Condensate (CGC) formalism In the CGC framework, the saturation scale,
depending on Bjorken-z and nucleus size, actually separates two regimes in describing
the partonic composition of a nucleus at high energies:

* Dilute regime (k1 > ()5), where the gluon occupation numbers are small f(kr) <
1, so perturbative QCD calculation (DGLAP/BFKL) will still hold, scatterings are de-
scribed using PDFs.

+ Saturation regime (kT < (@), where gluon occupation numbers become large
f(kr) ~ 1/ag > 1, nonlinear effects dominate as gluons overlap, and the smooth
connection from pQCD to dense regime is handled by an eikonal resummation that
restores the unitarity. The degrees of freedom in this dense regime are transverse
color fields called Color-Glass Condensate (CGC).

Following this description, for the case of heavy ions like Pb at the LHC, the incoming
nuclei before getting to collide look mostly like two sheets of transverse gluon fields, the
initial color density information is encoded in a weight functional W, [p| with rapidity y
dependency. The early framework for the evolution of weight functional uses McLerran-
Venugopalan model [69-71], which gives a Gaussian form with fixed Qs. In the current
setup, advanced models consider rather Balitsky-Kovechegov (BK) equation [72-74] with
running coupling (rcBK) or NLO-BK and JIMWLK equation [75-77]. In the formalism of
JIMWLK, the Wilsonian renormalization group equation for probability function W, [p] is
determined by the JIMWLK Hamiltonian, leading to an evolution equation which has the
form of a functional Fokker-Planck equation:

OWylp]
y

= Hymnawrx Wylp] (1.66)

Following this picture, a new state called glasma will be formed right after the collision
of two CGCs, giving rise to longitudinal chromo-electric and chromo-magnetic fields that
form flux-tubes along rapidity. The solution of weight functional from JIMWLK equation
allows us to define the source term in the Yang-Mills equations describing the glasma.
Solving Yang-Mills equations give input data for further hydrodynamic evolution.

51



In modern developments, models like b-CGC [78] (BK-based and fitted to dipole mag-
nitude) usually incorporate an impact parameter dependency, as mentioned in the dis-
cussion about Glauber-type models, to account for fluctuations and subnucleon struc-
ture. Different approach like IP-Sat (DGLAP-based) [79] plus glasma with classic Yang-
Mills equations gives rise to the so-called IP-Glasma model [80] that is widely used with
the initial setup for hydrodynamics.

Early time dynamics

Despite the success of hydrodynamics as an effective model in describing the expan-
sion of the QGP after the onset of hydrodynamization, the standard hydrodynamic descrip-
tion with gradient expansion would not be sufficiently justified as the fields and energy
density profiles are extremely anisotropic and vary extremely fast at early times, and yet
the standard hydrodynamic simulations require a certain initialization time for the onset
of hydrodynamics with local equilibrium. The stage before this onset of hydrodynamics is
called pre-equilibrium or pre-thermal, where the system is far-from-equilibrium and highly
anisotropic (P, < Pr). Moreover, as a minimal requirement for almost all early stage dy-
namics models, the pre-thermal calculations should smoothly converge to the hydrody-
namic regime, therefore, this nonphysical initialization time for standard hydrodynamics
is supposed to be promoted to a physical model parameter often called thermalization
time that should be extracted from data.

Anisotropy: P,/ P,

Kinetic theory | Both Classical
€ YM
Initial
Thermal

f~a f~1 f~a!
Occupancy: f

Figure 1.16: An illustration of domain of applicability and the evolution of system
anisotropy for different models in terms of occupation number [81].

Two competing strategies are often discussed for the pre-thermal evolution, the latter
include the weak- and strong-coupling pictures.

Strong-coupling picture This first strategy follows the AdS/CFT correspondence for

certain supersymmetric Yang-Mills theories at the limit of infinite t Hooft coupling (¢> N, —
o0), the latter converts the QFT calculation to the solution of the space-time geometry
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within a gravitational model where the thermalization time can be identified as the forma-
tion time of black-hole in the gravity dual picture [82]. The emergence of a nearly perfect-
fluid like behavior at later time was justified in this framework as the unique non-singular
gravity solution [83]. This formalism provided the shear viscosity % at the strongly coupled
limit, as a lower bound. Despite the beautiful connection between QFT and gravitational
calculations, the major problem in this approach is the difficulty of formulating an exact
correspondence with QCD. Although a strict bottom-up AdS/QCD correspondence does
not exist, holography provides a controlled strong-coupling laboratory where qualitative
and sometimes semi-quantitative universal features of strongly interacting plasmas can
be extracted and compared to QCD phenomenology [84, 85].

Weak-coupling picture Therefore, the most pragmatic considerations would tend
to follow the second strategy which is to proceed calculations in the weak-coupling limit
(v/s — oo) where Boltzmann-based kinetic theory becomes applicable. In this limit, the ini-
tial condition for the pre-thermal evolution is fairly well understood in terms of the physics
of saturation and the Color-Glass-Condensate framework [86]. In the picture of satura-
tion physics, the post-collisional glasma (with the occupation number f ~ 1/as > 1) in
the midrapidity region will evolve according to classical Yang-Mills equations and even-
tually turn into a hydrodynamically expanding medium. An illustration of a path from
the initial conditions to thermal equilibrium in the weak-coupling picture across different
the model effective domains in the phase space of anisotropy Pr/P;, and occupancy f
is shown in Fig. 1.16. However, for a system at thermal equilibrium, the phase space oc-
cupancies would be close to unity for a given temperature T, this bring the subtlety of
how to make the bridge between the over-occupied initial far-from-equilibrium states to
a thermal state under the rapidly expanding geometry of the collision system [81].

Anisotropy: P /P,
+HlFAd====== | = = = = —

0
CYM l T,.~0.1 fin/c T~1fm/c

Time: T

Figure 1.17: An illustration of the connection between different time regions correspond-
ing to different dynamic conditions in the weak coupling picture where the green line
shows calculation from classic Yang-Mills evolution, the red line gives the profile from
effective kinetic theory calculation and the blue line describes the later hydrodynamic
evolution once the system reaches thermal equilibrium [81].
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The modern approach considers an Effective Kinetic Theory (EKT) [87] as a bridge be-
tween the classic Yang-Mills evolution of gluon fields and the onset of hydrodynamics.
The initial conditions for the EKT are parametrized by a classic Yang-Mills evolution 4 at a
switching time gk = 1/Qs [81]. The equivalence between EKT and classical Yang-Mills
evolution at over-occupied regime was numerically demonstrated in [88] with an isotropic
setup. As the kinetic evolution drags the system close to the thermal equilibrium, there
will be eventually a moment of switching on hydrodynamics. The illustration of the switch-
ing in the weak coupling limit across different model domains is shown in Fig. 1.17.

Some modern developments implement viscous hydrodynamics that describe sur-
prisingly well the data at a close-to-hydrodynamization time 7 ~ 0.5-1fm/c. The lat-
ter was justified from the kinetic theory viewpoint with the early Boltzmann equation in
relaxation-time approximation and the later QCD EKT calculations including 2 — 2 scatter-
ing and effective 1 — 2 collinear splittings, by the fact that pre-thermal calculations from a
far-from-equilibrium setup actually display a universal convergence: all non-equilibrium
memories are lost and the system is "automatically" dragged to the fixed-point called
hydrodynamic attractor [89, 9o]. Also for hydrodynamics beyond gradient expansion, a
proper resummation using Borel transformation and subsequent alien calculus within the
framework of resurgence theory has illustrated the emergence of attractor [91]. Following
these considerations, hydrodynamics can be actually understood as an effective solution
to the far-from-from-equilibrium dynamics, which makes the idea of the ambiguous onset
time for hydrodynamics moot. Therefore, hydrodynamics with large viscous corrections
can be applied almost immediately after the collision [92].

Another relevant approach is to use the so-called Functional Renormalization Group
(FRG) formalism using scale-dependent n-point irreducible effective action (n-PI) T" (with a
suitable truncation) for which the evolution is governed by Wetterich equation [93]. In the
case of non-equilibrium, the standard FRG framework can be extended to the real-time
case formulated on Keldysh contour where the truncations are more crucial [94]. In con-
trast to weak-coupling perturbative calculations, even with relatively small truncations,
one would be able to capture (part of) nonperturbative effects and subtle effects such
as non-thermal fixed-points as quasi-stable local vacua of the non-equilibrium dynamics
and attractors.

1.3.3 . Hydrodynamic description

As the most successful working description in heavy-ion collisions, one of the first
reasons this picture was introduced was to explain the strong collective flow measured at
RHIC and also later at LHC. The surprisingly good predictions from hydrodynamics pro-
vided also strong arguments for the fluid-like nature of the QGP. Despite being viewed as
a phenomenological modeling at beginning of its application in heavy-ion physics, hydro-
dynamics becomes now an effective description of long-wavelength QCD modes with the

4As long as the system is over-occupied.
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recent progress of the hydrodynamic attractor discussed in the previous section.

The standard starting point of hydrodynamics is to assume that the system is close to
local thermal equilibrium in addition to two extra assumptions:

* Isotopization The systemright after the collision will remain in a far-from-equilibrium
state and highly anisotropic. Further interactions will drive the longitudinal and
transverse pressure to be nearly equal.

* Thermalization During the early time dynamics, distribution functions will tend to
converge to global thermal distributions.

Those two standard conditions are necessary for a system to be considered sufficiently
equilibrated. However, this paradigm was slightly shifted due to the discovery of global
fixed-point, hydrodynamic attractor. One would be able to apply the hydrodynamic frame-
work even before the system reaches the thermalization time where local equilibrium is
required. The key signature in this case is rather the so-called hydrodynamization [89],
which is identified as the moment when the system’s stress tensor evolution matches the
hydrodynamic attractor solution even if the system is still highly anisotropic and micro-
scopic distributions are still far from equilibrium.

However, for the general (macroscopic) continuum fluid dynamic framework with gra-
dient expansion to hold in contrast to the (microscopic) discrete particle-like framework
such as the Boltzmann kinetic model, the remaining requirement lies on identification of
system'’s relevant degrees of freedom where the mean free path should be much smaller
than the system size, which is equivalent to exhibiting a very small Knudsen number K,,.

For the general setup of standard hydrodynamics with gradient expansion (small K,,),
similar to the previous discussion of Bjorken's model 1.3.1, we start from the elementary
equations of hydrodynamics, which consist of the conservation of the stress tensor and
the charges, plus some eventual constitutive relations between physical quantities:

0,T" =0 (1.67)
05" = (1.68)

where TH is the usual stress tensor of the fluid field, and j# is the four-current of con-
served charges which is defined as j* = nu* with n the particle density. The main config-
uration of hydrodynamics addresses the following aspects:

+ The dimensionality: such as (2+1)D or (3+1)D in case the transverse dynamics are
included

+ The Equation of State (EoS): p = p(e,n), connecting pressure to energy density
and conserved charge density, encodes all features of the fluid

* The input data (fluidization) and event-by-event fluctuations
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* Viscous corrections
* The freeze-out conditions and Cooper-Frye formula (particlization)

One of the most important advantages of hydrodynamics is that it can capture the details
of EoS evolution, therefore one can study explicitly the implications of the QGP to hadron
gas phase transition on experimental observables.

As input data, hydrodynamics usually require the energy density e and baryon density
ny at a given proper time. Those quantities can be provided by initial condition models
as discussed in Sec. 1.3.2. Modern implementations include CGC/IP-Glasma, CGC-inspired
Kharzeev-Levin-Nardi (MC-KLN) [95-97] or the Monte&Carlo Glauber model. To account
for initial state fluctuations from collision to collision, one should also perform the explicit
event-by-event calculations by taking many simulations with different setup of initial con-
ditions then averaging the final results. This latter consideration is crucial in reproducing
higher order harmonics in flow analyses.

The simple ideal hydrodynamic equations follow a similar form as we saw in Bjorken's
model 1.3.1, where the fluid field stress tensor takes the form T#” = Diag(e, p, p, p), with
the additional four-current term. The usual ideal hydrodynamics would require strict local
equilibrium and the dissipative effects to be neglected. The systematic study of a pertur-
bation beyond local equilibrium requires higher order terms in gradient (derived from
constitutive relations):

T =Tl (= Tijea) + Ty + Ty + - (1.69)
The small perturbation from equilibrium can be handled by viscous hydrodynamics. The
first relativistic generalizations of Navier-Stokes theory were initiated by Carl Eckart, Lev
Landau and Evgeny Lifshitz. These were considered first-order theories as only first-order
gradient terms were considered. The so-called gradient expansion requires as for any
other perturbation theory a certain perturbative scale, in the case of hydrodynamics, one
considers the Knudsen number K, to be small enough. This expansion in higher order
stress tensors needs however a certain microscopic description: a standard approach is
to consider a Boltzmann equation and expand the density distribution functions around
the local equilibrium; insert the series into the equation; then solve it order by order.
The corresponding macroscopic inputs needed for hydrodynamics can be obtained using
corresponding moments and taking their integration (fluidization/coarse-graining). The
general classification follows:

* The oth-order: ideal hydrodynamics with no gradient corrections.

* The 1st-order: incorporates shear 7, bulk ¢ viscosity and shear tensor ¢*” such
as Navier-Stokes (nonrelativistic) / Landau-Lifshitz (relativistic), but leading to non-
causal propagation and instabilities.
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* The 2nd-order: promotes bulk viscosity and shear tensor as dynamic degrees of
freedom that evolve with relaxation time, and involves quadratic gradient correc-
tions, to restore the stability and causality. There are two major frameworks: BRSSS
based on effective field theory [98] and conformal plasma, and DNMR based on ki-
netic theory [99].

In the modern developments, some models based on a certain resummation technique
for large gradients are introduced as well [100], these include anisotropic hydrodynamics
(aHydro) for the largest shear anisotropy, and moment resummation based models [101].
Other advanced techniques like resurgence theory using transseries and Borel transfor-
mation were also introduced, the latter can significantly capture the non-perturbative
modes (non-hydrodynamic modes), and provide an intrinsic explanation for hydrody-
namic attractor as the consequence of re-summed nonperturbative contributions.

At the final stage of hydrodynamic evolution, one would expect a phase transition
between fluid (field) degrees of freedom to particle degrees of freedom at the freeze-out
where we distinguish between:

+ Chemical freeze-out where the inelastic number-changing hadronic reactions stop
and hadron multiplicities are fixed.

+ Kinetic freeze-out where the hadronic elastic collisions stop and momentum dis-
tributions are fixed.

The chemical freeze-out happens at a sharp instant usually around 155-165 MeV, while the
kinetic freeze-out occurs later at lower temperature [102, 103]. The initial idea of Cooper-
Frye was formulated as interface of particlization at the kinetic freeze-out after which all
interactions stop and particles free-stream [104]. The standard Cooper-Frye formula takes
place at a fixed hypersurface (infinitesimally thick surface element dX) in space-time [104]:

3
0N _ pldo, f(p) (1.70)

p d3p -

where do, is a normal four-vector of the hypersurface with length equal to the area of the
infinitesimal surface element, and f(p) is the density distribution function assumed to be
a boosted thermal distribution for an ideal fluid or perturbed (dissipative corrections) dis-
tribution for a viscous fluid. Since the choice of this space-time hypersurface is rather free
(orientation and proper-time location), one would imagine a conceptual issue where the
hypersurface turns out to be space-like, the latter will generate a negative contribution.
In this case, this actually means that there will be particles that scatter back toward the
surface and get into the fluid phase, which is physically unacceptable [105]. In practice, we
usually apply a certain cut-off function to fix the negative flux problem [106]. In the hybrid
model where the hydrodynamics is coupled to transport models such as VISHNU (viscous
hydrodynamics + a hadronic microscopic transport afterburner (UrQMD [107, 108])) [109],
the Cooper-Frye formula is rather applied at the onset of hadron cascade, which is close
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to the chemical freeze-out temperature. Though being conceptually necessary, the limi-
tations for the standard framework make it hard to be implemented. There are actually
many approaches trying to bypass the Cooper-Frye prescription, we shall see in the next
section.

1.3.4 . Hadronization and final stage dynamics
Hadronization

Hadronization is the last stage before the hadronic transport in this multi-stage system
evolution picture. As the system cools during the expansion, it will eventually particlize
at a certain space-time hypersurface with the Cooper-Frye formula and finally hadronize
into final stage hadronic observables. This process is intrinsically nonperturbative, which
makes the problem extremely hard to deal with. In this section, we shall review the cur-
rent understanding of this process based on different approaches.

The intuitive idea is based on the so-called parton-hadron duality [110, 111], which can
be used to build a phenomenological description of hadronization process. In this pic-
ture, the inclusive observables are approximately the same at parton and hadron level
since the hadronization is a long-distance process involving only small momentum trans-
fers. Hence, one can rely on perturbative theory assuming that the strong coupling as can
be defined for all Q. Despite giving a rather good description for inclusive observables,
it does not explain the underlying mechanism and usually fails in regions dominated by
resonance structure or strong hadronization effects. However, some modern frameworks
implement this dual picture such as the Statistical Hadronization Model (SHM) and coa-
lescence/recombination model. After the hadronization, there will be a phase of hadron
gas where the dynamics can be fairly captured by transport models.

String fragmentation model [112-115] The Lund string model as standard imple-
mentation in PYTHIA [116, 117] and JETSET [118], is based on the dynamics of relativistic
strings describing the color flux tube spanned between the initial ¢g. As discussed in
the previous section 1.2.3, the dynamics of flux tubes give rise to a linear potential as
a function of the distance between the quark pair. The probability amplitude of a specific
hadronization process will be proportional to the exponential of the negative area swept
by the string in space-time:

bA

| M(qG — hadrons)|? o e~ (1.71)

where bis a fragmentation slope parameter related to string tension and A is the space-time
area spanned by the string world-sheet during hadronization [112, 115]. At high energy,
strings will break sequentially into a chain of hadrons via ¢¢ productions in the vacuum.
The string model requires more parameters than cluster model, providing a more detailed
description. But this phenomenological model still has limitations in describing baryon
productions.
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Cluster model [119-123] Implemented in HERWIG, this alternative approach to the
string model considers as a starting point the gluon splitting (¢ — ¢q) after the parton
shower, and the so-called clusters are formed by color-singlet combinations of ¢g having
lower masses and a universal spectrum due to the pre-confinement in parton shower.
The clusters will decay isotropically into pairs of hadrons according to the density of states
with appropriate quantum numbers. The model is characterized by a small number of pa-
rameters and incorporates a natural mechanism for transverse momentum generation
and for the suppression of heavy-particle production in hadronization. Nevertheless, it
encounters challenges in treating the decays of highly massive clusters and in reproduc-
ing the observed suppression of baryon and heavy-quark yields.

Statistical Hadronization Model (SHM) [124-126] In contrast to the previous micro-
scopic models, the SHM follows a thermodynamic description assuming that hadron pro-
duction at chemical freeze-out follows a thermal-like behavior. A genuine thermalization
picture is mostly supported in heavy-ion collisions as the system undergoes rapid rescat-
tering in the hot and dense QGP phase and the hadron yields at freeze-out fit well a true
statistical ensemble with a physical temperature. On the computational ground, the SHM
usually takes a Grand Canonical Ensemble (GCE) at chemical freeze-out, then the total
yield of a given hadron species can be calculated by integrating the phase-space with a
thermal distribution:

g9i [ p*dp

N, =V / (1.72)
' 212 Jo  exp[(Ei — pi)/Ten) £ 1

where g; is the degeneracy factor, V is the fireball volume, T, is the temperature at chemi-

cal freeze-out and the y; are the chemical potentials for baryon number, strangeness, and

charge. Moreover, the final result usually has to account for feed-down corrections as:

N(ﬁnal) _ Ni(primary) + ZBr(] _ ’L) N](primary) (1.73)

7
J

The successful description of the hadron abundances by the SHM with a universal tem-
perature parameter in heavy-ion collisions [127] but also in elementary collisions [128] (pp,
etecollisions), where a genuine thermal equilibration is not expected in such small sys-
tems (although the applicability of SHM might be attributed to the nature of the hadroniza-
tion process), led to the genuine question about the underlying nature of thermaliza-
tion [127]. The general discussion give rise to two pictures:

*+ A true thermal process (genuine thermalization) where the strong interaction in
the QGP phase drive the system to local thermal equilibrium before the onset of
hadronization.

+ A phase-space dominance where the hadron states saturate available phase-space
during the hadronization process, without true thermal equilibrium.
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Modern hydrodynamics calculation generally support a local equilibrium, but the SHM,
being a macroscopic description, is not able to provide a full explanation.

Recombination/Coalescence models [129-131] Unlike the SHM model, the recom-
bination picture aims rather for a microscopic hadronization mechanism. In the inter-
mediate pt region, the simple fragmentation picture cannot capture all features of the
data, such as the enhancement of baryon-to-meson ratio and the hadronic elliptic flow
with a Number of Constituent Quarks (NCQ) scaling. The latter led to the following con-
siderations: instead of fragmenting into hadrons, quarks that are close in phase-space
will tend to combine into hadrons directly. Therefore, this picture is purely statistical and
local, it happens in the overlap of the quark phase-space distributions with the internal
hadron wavefunctions, and the hadron yields are given by a phase-space integral. Here
an example for meson is given as:

dN

Ed37P =g / d3ry d®ro dPp1 dPps fy(r1, p1) f7(ra, p2) W(r1 — ra, p1 — Pa), (1.74)

where f, and f7 are quark, antiquark phase-space distributions, W is the Wigner function
of wavefunction of a given hadron species, and g is the degeneracy factor.

This phenomenological model is widely used for its simplicity as one can bypass the
QCD first principle details, especially in explaining the hadronic elliptic flow. It can be ex-
tended for heavy-quarks for which we allow the combination of heavy-quarks with light
quarks. However, a major limitation of coalescence/recombination models is the absence
of a rigorous microscopic derivation from QCD; hadron formation probabilities rely on
model assumptions for the parton Wigner functions and hadron wave functions, leading
to ambiguities in matching between partonic and hadronic degrees of freedom. The lat-
ter was improved in the transport model leading to so-called Resonance Recombination
Model (RRM) particularly relevant for heavy-flavor transport, treating hadronization as
scattering through broad resonances, ensuring local four-momentum conservation and
heavy-flavor detailed balance [132, 133]. Other attempt like the hybrid coalescence plus
fragmentation model blend recombination at intermediate pr with fragmentation at high
pr , using probabilistic switching consistent with kinematics [134].

Final stage dynamics

As the hadronization provides only a transition mechanism which can be viewed as a
sort of mapping between microscopic degrees of freedom to hadronic degrees of free-
dom, the full dynamic description requires a certain context. For the case of the string
model, it is often embedded into the parton kinematics from the event generator. The
cluster model, instead, requires the parton shower. In the Cooper-Frye prescription, a
hydrodynamic evolution is needed as input data for pre-hadronization, then a sampling
from SHM or SHM description for hadronization can be passed to a hadronic transport
model for the final dynamic evolution, like UrQMD [107, 1. SMASH [135, 136] etc. For the
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coalescence model, it is usually coupled to hydrodynamics or a parton transport model
like AMPT [137-139], followed by a hadronic transport or direct hadron spectra. For the
final stage dynamics related to heavy-flavors, a dedicated discussion will be given in the

following sections.
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1.4 Anisotropic flow

As one of the mostimportant and insightful probes in heavy-ion physics, the anisotropic
flow stands in the heart of our investigation in this strongly interacting complex dynam-
ical system. It encodes the most profound signature of collective behavior in heavy-ion
collisions and led to many revolutionary discoveries in the field among those we had the
first experimental evidence for the success of hydrodynamics at RHIC with the observed
significant elliptic flow signal.
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Figure 1.18: A sketched view of the generation of anisotropy in a typical non-central colli-
sion: (a) presents schematically the initial overlap region between two incoming nuclei, (b)
illustrates initial geometric anisotropy in the collision zone, and (c) shows the final state
momentum anisotropy by the pressure gradients. [140].

In heavy ion collisions, depending on the initial collision geometry as discussed in
Sec.1.3.1and illustrated in Fig. 1.18, one would get a non-spherical overlap region for non-
central collisions, the latter translates into spatial eccentricities (elliptic, triangular etc.)
of initial density e(z, y) in the transverse plane. This initial spatial asymmetry then leads
to momentum space anisotropy by pressure gradients [141]. This anisotropy can be mea-
sured from final state particle yields as one can expand the particle azimuthal distribution
in terms of a Fourier series:

BN 1 @3N =
E = 1+ vy, cosin(p — U, (1.75)
dpr 2w prdprdy { nZ:l e )]}

where ¢ is the particle azimuthal angle, ¥,, is the n-th order event plane angle, and v, is
the Fourier harmonic coefficient for different modes namely the flow coefficient.

As one may realize here, the flow coefficient was a pure mathematical construction or
data analysis tool by definition to study the symmetry, the usage of the Fourier expansion
is not constrained by any underlying physical processes. Its physical relevance becomes
clear only when one makes use of system collective expansion to connect the final stage
observable with the initial geometry and fluctuations.
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1.4.1. From initial geometry to final state anisotropy

The initial eccentricities which characterize the initial transverse spatial geometry of
the collision zone are defined as:
X reinde r,¢)rdrd
Enel’nq}n — _f ( qb) ¢ (1.76)
f re(r, @) rdrdep
where ¢, is the eccentricity coefficient of order n, e(r, ¢) is the initial energy density in the
transverse plane, and ®,, is the participant plane angle. For collisions between nuclei of
the same species, e is averaged over many events and the angle ¢ is measured relative to
the impact parameter vector.

The connection between initial eccentricity and final state flow coefficient follows at
first order the linear hydrodynamic response:

Unein\ljn = ’ineneinqm (1.77)

where &, is the response coefficient measuring the efficiency of geometry-to-flow con-
version, it depends on the shear and bulk viscosity, system size, lifetime, and freeze-out
conditions. For n = 2,3, this linear relation fits well the QGP-dominated regime, while
higher orders require nonlinear responses involving mode couplings (mixing) [142, 143].
Moreover, the response coefficient provides a practical way to extract the QGP shear vis-

cosity knowing;:
2 n/s }

(RT)
where R is the system size and 7' is the average temperature of the medium. Hence
one can compare order-by-order the measurement of flow coefficients with initial state
models like TRENTo to constraint the QGP transport properties.

(1.78)

Ky ~ €Xp [—n

Viscous effects in flow development

The ability for a system to reach local thermal equilibrium from a highly non-equilibrium
induced by pressure gradients is characterized by the viscosity. Small viscosity is often in-
terpreted as strong interaction among microscopic constituents, giving rise to a short re-
laxation time. Bulk viscosity induces locally isotropic deviations of the fluid field stress ten-
sor in the local rest frame from the equilibrium, by isotropic we mean that it contributes
only in diagonal components with a bulk viscous pressure IT16%. In an isotropically expand-
ing fireball, bulk viscosity reduces the radial acceleration and therefore inhibits the onset
of radial flow. In contrast to bulk viscosity, shear viscosity causes anisotropic local devi-
ation from equilibrium with an anisotropic contribution to the fluid stress tensor [144].
As a counteraction against flow anisotropies, shear viscosity will try to balance the trans-
verse flow which develops later in response to transverse pressure gradients in the initial
state, by building a shear viscous pressure 7% in the local rest frame, which tends to
reduce longitudinal pressure and enhance transverse pressure. Therefore, shear viscos-
ity is a feature that limits the system ability of converting initial state transverse pressure
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anisotropies into flow anisotropies. Anisotropic transverse flow modifies the shape of the
transverse momentum spectra of the emitted particles through a direction-dependent
blue-shift effect [145]. Bulk viscosity, by reducing the overall radial flow component, tends
to steepen the pr spectra, while shear viscosity, by enhancing the effective radial expan-
sion, leads to a flatter spectral shape.

1.4.2 . Flow observables

In practice, flow coefficients of different harmonics encode different physical informa-
tion and sensitivity: (an illustration of flow patterns for n = 2, 3 is shown in Fig. 1.19)

Elliptic flow Triangular flow

Figure 1.19: Elliptic and triangular flow patterns arise from the locations of individual nu-
cleons at the instant when two nuclei interpenetrate. [146].

+ Radial flow (n = 0) gives the average expansion of the hot medium without any
azimuthal modulation, roughly like a "blast wave" pushing particles radially in the
transverse plane. This gives rise to the mass ordering of elliptic flow as a function
of pr in the low pr region.

* Directed flow (n = 1) describes a collective sideward motion of the medium, which
is sensitive to early time pressure gradients and baryon stopping. It has two com-
ponents: rapidity-odd and rapidity-even. The first one is the main component sig-
naling the tilt of fireball and sensitive to the early time pressure buildup and the
evidence of a first order phase transition. The second reflects the initial state fluc-
tuations.

+ Elliptic flow (n = 2) represents the dominant flow observable as it probes directly
the almond-shaped overlap region having a difference of pressure gradients along
the in- and out-of-plane axis. It has been considered as the most relevant signature
for a collective expansion and is fairly easy to measure experimentally.

* Triangular flow (n = 3) measures purely the initial state event-by-event fluctua-
tions in the energy-density distribution of the fireball, which may occur even in the
central collisions due to random fluctuations in the positions of nucleons or color
fields. It is sensitive to different setups of initial condition models.
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1.4.3 . Methods of flow measurement

In this section, we shall review the major advancement in the development of flow
measurement methods in heavy-ion physics, our discussion here will rather focus on the
historical follow-up together with a clarification of how the methods have emerged in the
logical order.

The general idea of flow measurement started with the intuitive method aiming to
reconstruct directly the event-plane and perform the particle angular correlation with the
reconstructed event-plane as a "rough" estimation of the genuine reaction plane. The
reconstruction of event-plane can be done using the so-called event Q-vector:

M
Qn=> em (1.79)

where n is the order of harmonic, ¢ is the particle azimuthal angle and M is the multi-
plicity of particles within a single event. The Q-vector plays a particularly crucial role in
flow analysis as it encodes actually all the particle azimuthal degrees of freedom into an
ensemble from which the event-plane angle can be easily evaluated as the ratio between
imaginary and real part of complex Q-vector. This idea led to the so-called Event-Plane
(EP) method [147] following the definition:

cos(n(¢p — U,,))
R,

vp = ( ) (1.80)
where R, is the event-plane resolution. This primitive and yet direct approach was soon
understood to be strongly biased by auto-correlation, inexact resolution factor and non-
flow contamination [148]. Then new techniques were introduced including the standard
Scalar Product (SP) method using directly Q-vector to perform the correlation with three-
subevent method providing a better estimation of resolution factor

u - Q*
Ry

Un = ( ) (1.81)
where the resolution factor R,, is evaluated with three-subevents taking from three in-
dependent detector systems. However, these two methods were understood later as
special cases of genuine 2-particle correlation methods, the latter was formulated with
pair correlations without direct access to event-plane or any reaction-plane estimation:

(va{2})? = (7@ 709))) (1.82)

where the average ((...)) is taken firstly within a single event then over all events. For
the same reason from SP and Event-Plane (EP) methods, 2-particle correlation suffers
also from nonflow contribution. A major conceptual leap then came up with the develop-
ment of multi-particle correlation (cumulant) method [149] as a natural extension of the
2-particle correlation method, this new method is interested in higher-order correlations
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such as v, {4}, v, {6} and v, {8}, with the advantage of being able to suppress significantly
nonflow contribution which scales as 1/M*~! for k-particle correlation. On the other side,
amethod firstintroduced in the context of phase transition in thermodynamic limit of sta-
tistical system using the idea of generating function for partition function [150], was later
shown to be relevant for flow analysis, from which cumulant and multiparticle correlator
can be identified with the coefficient from the expansion of a generating function through
moment-correlation relation and the flow coefficient can be extracted from the zero of the
real part of this generating function:

M
G(ir) = <H (14 irw; cos(mpj))> (1.83)

j=1

The heavy-ion field later entered a new phase with the realization that flow fluctuates
event-by-event due to initial geometry fluctuations. The shift from simply measuring the
(vn) to reconstructing full flow distributions marked another conceptual turning point. AT-
LAS demonstrated direct unfolding of event-by-event v,, distribution [151], showing that
fluctuations encode rich information about the initial state and medium response.

More recently, with the emergence of collectivity studies in high-multiplicity pp and
p-A collisions, the dominant experimental difficulty became suppression of short-range
nonflow correlations (jets, di-jets, mini-jets), especially in small systems. This motivated
the development of subevent cumulant methods [152, 153], where the event is partitioned
into separated pseudorapidity regions to ensure long-range collectivity dominance. Subevent
cumulants represent the most robust modern implementation of multi-particle cumu-
lants, especially crucial when dealing with small collision systems or wide kinematic ac-
ceptance.
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1.5 Heavy-quark dynamics in heavy-ion collisions

Heavy-quarks, particularly charm ¢ and bottom b quarks, provide a theoretically well-
controlled probe of the QGP created in ultrarelativistic heavy-ion collisions. Their large
masses, mg > Aqcp, Tqap, ensure that they are produced predominantly during the
earliest stage of the collision, in the initial hard partonic scatterings, calculable within the
framework of perturbative QCD [154, 155]. Subsequent to their production, heavy-quarks
propagate through the evolving hot medium and interact with its constituents via both
collisional (elastic) and radiative (inelastic) processes, where the gluon bremsstrahlung of
heavy-quarks suffers from the dead cone effect [156], which suppresses the gluon emission
at small angles. Heavy-quark propagation hence encodes information about the medium
microscopic and transport properties. Given the insufficient thermal energy of the QGP
medium, heavy-quarks can be hardly produced or annihilated in the medium, leading to
an approximate conservation of their numbers throughout the system'’s evolution. There-
fore, their production mechanism and the induced medium effects can be well separated.

The dynamics of heavy-quarks in the QGP are commonly described within the frame-
work of stochastic transport theory, where their momentum evolution is governed by
Langevin or Boltzmann kinetic equations. These approaches encapsulate the interplay
between drag, diffusion, and radiative energy-loss, characterized by transport coefficients
such as the spatial diffusion constant Dy and the momentum broadening parameter .
The temperature dependence of these coefficients, constrained by lattice QCD and phe-
nomenological models, provides critical insight into the coupling strength between heavy-
quarks and the strongly interacting medium.

Moreover, the transition from the partonic to the hadronic phase involves nonpertur-
bative processes of hadronization, including fragmentation and recombination with ther-
mal light quarks. The relative contributions of these mechanisms significantly affect the
observed spectra and flow patterns of heavy-flavor hadrons. Consequently, a unified the-
oretical description of heavy-quark production, in-medium transport, and hadronization
offers a powerful means to connect first-principles QCD calculations with experimental
observables, pushing forward our understanding of strongly coupled QCD matter.

1.5.1. Initial production of heavy-quarks

The production of heavy-quarks in high-energy nuclear collisions originates predom-
inantly from hard partonic scatterings that occur within the first fraction of 1fm/c after
the collision, well before the formation and thermalization of the QGP. The production can
be described by perturbative Quantum Chromodynamics within the collinear factorization
description [157]:

da’z’j—@c‘g@’ :U’%%v M%)
dpr dy

(1.84)

dopA
QQ 2 2
— d d 7 ) j )
dpr dy Eij / w1 dwy fi(1 NF)fJ(932 HE)
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where fi(z, u%) are the PDF for parton species i with a momentum fraction = from the
parent nucleon evaluated at the factorization scale j1. The partonic cross-section 6;;_,00
can be handled by perturbative QCD with a renormalization scale upg.
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Figure 1.20: Heavy-quark production diagrams up to NLO. LO diagrams: (a) gluon fusion,
(b) quark-antiquark annihilation. NLO diagrams: (c) pair creation with gluon emission, (d)
flavor excitation, (e) gluon splitting, (fitogether gluon splitting and flavor excitation. [158]

At Leading-Order (LO), the dominant mechanisms are gluon-gluon fusion (gg — QQ)
and quark-antiquark annihilation (g7 — QQ). While at next-to-leading order or through
resummation schemes as Fixed-Order plus Next-to-Leading Logarithms (FONLL) [159] ,
corrections from gluon splitting (¢ — QQ) and flavor excitation (¢Q — ¢Q) are incorpo-
rated.

In the case of nucleus-nucleus (A-A) collisions, the following Cold Nuclear Matter (CNM)
effects [160] will also contribute to the observed production spectra:

+ Shadowing: the nuclear PDFs differ from those of free nucleons, in particular glu-
ons are suppressed at low z.

+ Antishadowing: enhancement of parton densities at intermediate-z (~ 0.1) com-
pared to free partons, hence compensating the suppression at small-z and ensur-
ing the overall momentum conservation.

+ EMC effect [161]: suppression of parton distributions at relatively large x (0.3 — 0.7).

* Fermi motion: broadening of parton distributions by Fermi motion of nucleons
inside the nucleus, giving raise to a tail from high momentum partons.

« Cronin effect [162]: enhancement of intermediate pr hadronyields in proton-nuclear
collisions by multiple soft partonic scatterings before the hard interactions.

* Nuclear absorption suppression of quarkonium spectra by pre-resonant QQ pairs
which can break up in the cold nucleus.

The resulting initial heavy-quark yield scales approximately with the number of binary
nucleon-nucleon collisions, reflecting the hard nature of the production process. Since
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subsequent thermal production or annihilation of heavy-quarks in the QGP is negligible
at current collider energies, their number remains approximately conserved throughout
the system'’s evolution. This property makes the heavy-quark population a well-defined
and calculable input for subsequent transport modeling, providing a clean baseline from
which to study medium-induced modifications.

1.5.2 . Transport models for heavy-quarks

The dynamical evolution of heavy quarks inside the medium can be formulated in
terms of transport theory, where the microscopic interactions are coarse-grained into ef-
fective transport coefficients. In this framework, heavy-quark diffusion, drag, and energy-
loss can be described using Boltzmann equations, Fokker-Planck evolution, or stochastic
Langevin dynamics, depending on the assumed coupling regime and approximations. In
this section, some major approaches for heavy-quark transport will be discussed.

Kinetic (Boltzmann) approach

In the modern consideration, where a heavy-quark thermalization picture is favored,
the production of quarkonium may happen throughout the QGP phase following a time-
dependentbalance between dissociation and formation processes [163]. This time-dependent
evolution requires the transport calculation with loss and gain terms:

p"Oufu = —aE fg + BE, (1.85)

where the left-hand side is the diffusion operator of Boltzmann equation and the right-
hand side is separated into a gain and a loss term with loss and gain factors « and g.
Integrating out over the whole phase space and assuming spatial independence for «
and f3, one arrives at the Rate equation [164]:

dNp(t)
dt

= —Tu(t) [Nu(t) — Nj(t)], (1.86)

where 'y (¢) is the time-dependent dissociation rate, which incorporates both suppres-
sion and regeneration mechanisms.

Comover (Rate-type) approach [165-171]

The Comover Interaction Model (CIM) is a phenomenological approach without the
assumption of a thermal equilibrium, in which quarkonium suppression is attributed to
final-state interactions with the medium of comoving particles produced in the collision,
rather than (or in addition to) pure color-screening and deconfinement. The physical pic-
ture of quarkonium suppression in this framework is formulated based on two major
contributions: nuclear absorption of the pre-resonant heavy-quark pairs with nucleons of
the colliding nuclei; comover dissociation, where the heavy-quark pair may be absorbed
by the medium made of hadron and parton degrees of freedom that "comove" approxi-
mately with it in rapidity. The dissociation happens when the density of surrounding local
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comovers is large and quarkonium states in this case are subject to inelastic scattering
with the comovers. The general evolution equation of quarkonium density N, follows a
Rate-equation:
dN,

e
where n.(7) is the transverse density of comoving medium and o, is the cross-section
of quarkonium dissociation due to interaction with comovers. At high-energy scales like
RHIC and LHC, the model includes also regeneration from recombination as a gain term
in the Rate-equation. This model prior to the general consensus of the QGP in heavy-ion
community managed to reproduce well the observed J/i) suppression at SPS, and is still
relevant nowadays for p-A collisions where a genuine formation of the QGP is still under
strong discussion.

= — Oco Neo(T) Ny (T), (1.87)

Diffusion (Langevin/Fokker-Planck) approach [172, ]

Originated from the kinetic approach, the diffusion approach is an approximation of
Boltzmann equation where we assume the heavy-quark mass is well separated from the
thermal scale and each scattering takes only a small momentum transfer. The collision
kernel (right hand side of Boltzmann equation) can then be expanded using Kramers-
Moyal formula, this will convert the Boltzmann equation into Fokker-Planck or equiva-
lently Langevin equation (assuming the heavy quark undergoes many such soft scatter-
ings over short time intervals so the accumulated effect becomes diffusive, then Langevin
becomes a stochastic representation of Fokker-Planck with Gaussian white noise):

% = —npp; + &(t), (1.88)
where np is the drag coefficient and &;(t) with (&(t)&;(t')) = kdi; 6(t — t’) being the
stochastic noise term in the Ito sense and « is the momentum diffusion coefficient. Phys-
ically speaking, the diffusion model is taken as the soft limit (applicable at low to interme-
diate pt region) of a microscopic description, where the degrees of freedom in the theory
are assumed to follow the Brownian motion. In a full pr -range calculation of heavy-quark
transport covering low- to high-pr regions, the low-pt (pr < 4 — 5 GeV/¢) part is usu-
ally well handled by Langevin calculation then using Boltzmann kernel for high-p region
(pr > 6 GeV/c), the smooth interpolation between the two domains requires usually the
drag and diffusion coefficients are consistent in both calculations.

1.5.3 . Heavy-quark thermalization

For a complete picture of heavy-quark evolution in the hot medium, a thermalization
description is usually applied in different transport calculations. The typical kinetic ther-
malization scales of heavy-quarks can be estimated by [172]:

m.
Tthermalization == TQDS (1.89)
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where Dj is the spatial diffusion coefficient that follows Dy = %

In the diffusion models, the thermal convergence of quark distribution functions is en-
sured by the fluctuation-dissipation relation np = ﬁ, hence if the medium temperature
stays as a constant, then the distribution functions evolve automatically toward Maxwell's
distribution. In kinetic models, the thermalization is incorporated in the detailed balance
where the thermal limit is controlled by the in-medium binding energy and medium tem-
perature [163]. Following which, the degree of thermalization is a function of the time
scale of the QGP expansion Tqgp and the dissociation rate Fff from Eq. 1.5.2: if the rate
is much smaller than the expansion time scale, the heavy-quarks will undergo the inter-
actions driving the system into thermal equilibrium; however, if the rate is much bigger
than the expansion time scale, the system will not be able to complete the thermalization
process. When coupling to the hydrodynamic medium, each space-time cell will provide
the fluid temperature and velocity and heavy-quarks may interact with local fluid cells via
diffusion coefficients depending on the cell temperature. The medium will change with
the expansion, hence local thermal exchange encoded in transport equation will be up-
dated as the system cools down.

Experimental measurements of open heavy-flavor suppression and anisotropic flow
at RHIC and the LHC indicate that charm quarks couple strongly to the QGP and develop
substantial collective flow at low to intermediate transverse momentum, consistent with
diffusion coefficients 27T Ds ~ 2 — 7 [174, 175]. Bottom quarks also exhibit non-zero flow
but remain further away from kinetic equilibration. Enhanced heavy-flavor baryon/meson
and strange-to-non-strange charm ratios support hadronization via coalescence with a
flowing medium, which further amplifies heavy-flavor flow [176]. Together, these obser-
vations point to partial kinetic thermalization of charm within the QGP lifetime and limited
thermalization of bottom, while leaving open quantitative questions on the temperature
dependence of transport coefficients and the interplay of collisional and radiative pro-
cesses - particularly at high pt and in small systems.
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1.5.4 . Quarkonium production and in-medium properties
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Figure 1.21: An illustration of charmonium [177] and bottomonium [178] family in terms of
spin-parity and their effective masses.

Quarkonia are bound states of heavy-quark-antiquark pairs. Their production reflects
the genuine interplay between perturbative and nonperturbative QCD and the subse-
quent propagation of quarkonia is strongly affected by the surrounding hot dense medium,
making them good probes to study the medium properties and understanding the QGP
in particular. There are two families of quarkonia:

+ Charmonia bound-states of cé: generally with binding energies close to the QGP
temperature and extremely weak for excited states. The fundamental family mem-
bers are: J/¢) (most studied ground-state), 1(2S) (weakly bound and can be easily
suppressed), x. (feed-down to J/¢ ) and 7. (singlet counterpart of J /4 ).

+ Bottomonia bound-states of bb: have large binding energies compared to charmo-
nia and the regeneration contribution is significantly reduced at LHC energies, pro-
viding a cleaner pattern for in-medium suppression (sequential melting) with well-
established and hierarchical feed-down structure. The fundamental family mem-
bers are: T(nS), x;, (feed-down) and », (singlet counterpart of T(1.5)).

An illustration of charmonium and bottomonium family with their decay pattern is illus-
trated in Fig. 1.21.
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Quarkonium production

The theoretical understanding of quarkonia as bound states of heavy-quark-antiquark
pairs (c¢ and bb) requires both aspects from perturbative and nonperturbative treatments.
Although the heavy-quark production can be well controlled by perturbative calculations,
the subsequent evolution of quark-antiquark pairs into bound states remains nonpertur-
bative. The general paradigm of quarkonium study in A-A collisions requires a baseline
knowledge from pp collisions where no nuclear effects and medium modifications are in-
volved. In this section, we shall take a look at some nonperturbative models.

Color-Evaporation Model (CEM) [179, 1 The model takes the approximation of
color blindness in which the color and spin quantum numbers of the produced heavy-
quark pairs are not specified at the perturbative level. The pair can be in any color and
spin state, however the onset of subsequent hadronization into a quarkonium state is
controlled by a threshold for open heavy-flavor production. And the probability that a
subthreshold QQ becomes a specific quarkonium state is a universal constant.

Color-Singlet Model (CSM) [181-183] In this picture, quarkonia are assumed to be
produced with a highly peaked wavefunction in the momentum space. The latter leads
to an expression of quarkonium production cross-section as if heavy-quark pairs have al-
most zero relative velocity.

Color-Octet Model (COM) [184, 1 In this description, the QQ before hadroniza-
tion is not restricted to a color-singlet state but can instead be created in a color-octet
configuration. In the framework of Non-Relativistic Quantum chromodynamics (NRQCD),
since the heavy-quark relative momentum in the quarkonium rest frame is much smaller

than their rest mass v = % < 15 and because the scale hierarchy mg > mgv >

mqov? ~ Aqep allows a systematic expansion in powers of v, then the quarkonium pro-
duction cross-section can be factorized into a short-distance part Short-Distance Coef-
ficients (SDCs) representing the hard heavy-quark production, and a long-distance part
(Long-Distance Matrix Elements (LDMEs)) encoding the probability that the pair evolves
into a given quarkonium state as shown below:

do(H) = ds(QQn]) (O, (1.90)

where dé(QQ|n]) is the short distance cross-section and OX are the LDMEs and are con-
sidered to be universal and fixed from fits to data.
Heavy-flavor properties in the vacuum

The behavior of produced heavy flavors in the vacuum is often described within the
framework of potential models which turn a quantum field theoretical problem into a

592 ~ 0.3 for charmonium and 0.1 for bottomonium
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guantum mechanical problem by solving the Schrodinger equation (nonrelativistic) or
Dirac equation (relativistic) with a proper quark potential

o )| wtr) = Bu). (.97

Here E is the binding energy eigenvalue, and V' (r) is an effective modeling of the quark
potential, called Cornell potential [186], having Coulomb and linear parts:

das
Vir)=—- 30; +or. (1.92)

The first term is a Coulomb potential with the strong coupling a; and the second is a
linear confinement potential with ¢ the string tension obtained from lattice simulations.
This effective model captures smoothly the connection between asymptotic freedom and
confinement in the vacuum. In this picture, the quarkonium system can be treated as a
two-body bound state in the Schrodinger or Dirac sense using the effective potential.

In-medium color screening

The vacuum potential model can be extended to the case where the system is sur-
rounded by a hot bath. The latter will consider a Debye mass which accounts for the color
screening and quarkonium dissociation at high temperatures [187]:
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where mp is the Debye mass, which can be evaluated as
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This Debye screening picture gives rise to the suppression mechanism of quarkonia in
the static limit of the heavy-quark potential, where the dissociation temperature T, of
quarkonia can be estimated within the framework of finite-temperature potential models.
In such models, the effective potential between the heavy-quark and antiquark depends
on how the pair interacts thermally with the surrounding medium during the dissociation
process. For a rapid dissociation, where there is no significant heat exchange between the
heavy-quarks and the medium, the appropriate potential is the internal energy U. In con-
trast, for a slow dissociation process, where the system has sufficient time to exchange
heat and reach thermal equilibrium with the medium, the relevant potential is the free

energy F. In the picture of sequential suppression, with continuously increasing tempera-
ture of the fireball, quarkonia will melt into the medium according to their mass scales.
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However, not all in-medium effects are incorporated in the screened potential. There
are actually subtleties pointed by effective field theory approaches when one wants to ex-
tend the calculations at finite temperature, the additional thermal scale mentioned before
in Section 1.2.5 makes the situation more complicated [34]. In the weak coupling regime,
the quark potential at finite temperature from the leading thermal effects becomes com-
plex. The imaginary part comes from two main mechanisms: the first one is the imaginary
part of gluon self-energy from Landau damping effect in the plasma and the second one is
the transition of quark pairs from color-singlet to color-octet. At a very high-temperature,
the Landau damping dominates and the potential is constrained by Hard-Thermal Loop
(HTL) re-summed perturbation theory.

Collisional dissociation and quarkonium regeneration
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Figure 1.22: J /1) modification factor as a function of number of participants from SPS (Pb-
Pb collisions) and RHIC (Au-Au collisions). [188]

In contrast to the static Debye screening picture, produced quarkonium states can
propagate in the medium and have the chance to interact with the in-medium degrees of
freedom. In particular, charmonia can be destroyed below the dissociation temperature
and survive above it. Two collision processes are usually considered when the quarko-
nium state travels through the medium:

+ Gluon dissociation: Hg — QQ.
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+ Inelastic scattering (quasi-free dissociation): Hp — QQp (where pis the in-medium
gluons, or (anti)quarks)

On the other side, people found hard to explain the early experimental data if one con-
siders only the screening effect, the measurement of J/¢ nuclear modification factor,
shown in Fig. 1.22, across different energy scales showed a counterbalance enhancement
which was considered as the first confirmation of regeneration with respect to the pure
screening picture ©, together with a rapidity dependent suppression, where the suppres-
sion at forward rapidity is stronger than at midrapidity. The latter pointed to the regen-
eration mechanism, which accounts for the recombination of uncorrelated in-medium
charm quarks. The underlying process was understood as the inverse processes of col-
lisional dissociation, in the kinetic models where this evolution happens in a continuous
and time-dependent way. In contrast to the SHM picture, these inverse processes are en-
coded in the formation rate term in the transport model with a detailed balance between
dissociation and formation rates.

Collisional and radiative energy-loss

When a heavy-quark traverses the QGP medium, it continuously exchanges energy
and momentum with the medium, resulting in a net degradation of its momentum rela-
tive to the vacuum baseline. This energy-loss phenomenon arises from two qualitatively
distinct microscopic mechanisms.

+ Collisional (elastic) energy-loss [189]: attributed to multiple soft-scatterings (Q +
q/9 — Q + q/g) between the heavy-quark and thermal quarks/gluons, which lead
to drag and momentum diffusion and manifests mostly in the low-p region.

+ Radiative (inelastic) energy-loss [190]: dominant at high pr , coming from gluon
bremsstrahlung (Q — Q+g)induced by multiple interactions with the medium, and
strongly constrained by quantum interference effects, most importantly Landau-
Pomeranchuk-Migdal interference. For heavy-quarks, the radiation is suppressed by
the dead-cone effect at small angle [191].

For heavy quarks, the relative importance of these two channels depends sensibly on the
quark mass and momentum: at low and intermediate pt the dynamics are dominated by
multiple soft elastic momentum transfers, whereas at high pr medium-induced gluon ra-
diation becomes increasingly relevant. The observed suppression of high-pt heavy-flavor
yields and the development of anisotropic flow, therefore encode the interplay between
collisional and radiative processes, offering a direct probe of transport properties of the
QGP.

Although, depending on the different considerations in the modeling, the observed discrep-
ancy may be solely explained by in-medium suppression and CNM effects [170].
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Summary of heavy-flavor in-medium transport models

Below is a summary of current models for heavy-quark transport:
+ Open-heavy flavors:

- Duke/Linear Boltzmann Transport (LBT) [192-194]: Matrix-element based
elastic + medium-induced radiation (with LMP) in a hydrodynamic background;
widely used, and high-pt capable.

- Lido (Linearized Boltzmann-Langevin hybrid) [195-197]: Hybrid model with
hard scatterings from pQCD Boltzmann and soft sector via Langevin diffusion;
used also in Bayesian extractions.

- TAMU model (open heavy-flavor branch) [176, -201]: heavy-quark diffu-
sion which accouts for Space-Momentum Correlations (SMCs), and Rate equa-
tion with a dynamical decoupling between charm diffusion and regeneration

(with RRM).

- Catania model [202, ]: coalescence and transport with the Wigner formal-
ism for recombination at hadronization. Works at low-to-mid p for Raa and
V2.

- POWLANG (INFN Torino) [204, ]: POWHEG initial production and rela-
tivistic Langevin in the QGP, with in-medium hadronization.

* Quarkonia:

- TAMU model (quarkonium rate and transport) [206-2009]: kinetic rate (or
Boltzmann) equations with in-medium spectral properties constrained by lat-
tice; includes regeneration and CNM effects.

- Tsinghua model [210, 211]: Boltzmann transport model including spatial dif-
fusion and transverse momentum dependent regeneration, enabling simul-
taneous description of Ry and vs.

- Comover model [212, 1: Comover interaction models describe quarko-
nium suppression via inelastic scatterings with the dense medium of produced
comoving particles. For charmonium, both dissociation and regeneration are
considered due to large charm yield at RHIC/LHC. For bottomonium, regener-
ation is negligible, suppression mostly driven by comover dissociation.

- EPOS4-HQ [214-218]: event generator EPOS4 (Gribov-Regge formalism) with
simultaneous multiple scattering and core-corona separation allowing detailed
treatment for the QGP formation, upgraded by heavy-quark calculations using
Wigner formalism based coalescence model.

77



1.5.5 . Quarkonium collectivity in heavy-ion collisions

The leading motivation in measuring J /1 vy was to confirm the regeneration mecha-
nism, the very first measurement shown in Fig. 1.23 was done by the STAR collaboration.
Back then, people were expecting a positive flow signal in the low-pr region that could
be attributed to in-medium regenerated J /¢ and that a pure suppression scenario could
not explain. This first result, despite the large uncertainties, was compared to coales-
cence models including J /v regeneration. A clear discrimination was not possible as the
results gave values compatible to zero, however the motivation was not reduced as an
eventual evidence from J /¢ v would be definitely an important signature for the charm
thermalization.
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Figure 1.23: The first J /1) va measurement in Au-Au Collisions at 200 GeV by STAR collabo-
ration, the results are compared to prediction from coalescence model and hydrodynamic
calculation [219].

For this reason, the heavy-ion program at LHC mostly driven by the ALICE collabora-
tion, was pushing this direction forward with higher collision energy. The first result came
out from ALICE at /sy = 2.76 TeV in Pb-Pb collisions, a landmark result presented in
Fig. 1.24, where for the first time a clean and significantly positive J/1 v, was seen at low
to intermediate p with a maximal value of ~ 0.1 at around 3 GeV /c [220]. The latter pro-
vided a strong evidence of the regeneration description by comparing to transport model
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calculations that implement charm thermalization.

From that moment on, experiments involved in heavy-ion program were focused on
more precise and differential measurements of the quarkonium flow, the latter include
a first evidence of a centrality dependency of J/1 vy at 5.02 TeV from ALICE [221], then a
first prompt/non-prompt J /¢» v measurement in Pb-Pb collisions at /syn = 2.76 by CMS
collaboration [222] - giving access to the B decay contribution for beauty thermalization
study. Also at the same time, some advanced techniques like Event-Shape Engineering
(ESE) [223] were developed to selectively probe the correlation between the initial geom-
etry/fluctuations and final state observables by binning events not only by centrality, but
also by the magnitude of an event-by-event flow vector. Some recent J/1 flow results
from ALICE Run 2 will be discussed in comparison with the analysis conducted in this
thesis. In addition, the v, of T was also measured by CMS [224] and ALICE [225] as a first
attempt to probe the beauty thermalization through the direct measurement of bottomo-
nium flow. No significant positive signal was ever confirmed so far. These experimental
efforts pushed the theoretical understanding to converge to a nowadays standard charm
thermalization picture that was quite well confirmed by low-pt v2 measurement so charm
must have already developed collective flow before the hadronization.

0.3
[ ® ALICE (Pb-Pb \s = 2.76 TeV), centrality 20%-60%, 2.5 < y < 4.0
| —— Y. Liu et al., b thermalized
[oemeeee Y. Liu et al., b not thermalized

0.2

[ — * X.Zhao et al., b thermalized

Figure 1.24: J /1 vy in Pb-Pb collisions at /sy = 2.76 TeV from ALICE collaboration [220].

Despite huge achievements from the past measurement of quarkonium flow, future
flow measurement with higher precision and larger dataset will still be motivated with im-
proved differential constraints on vy for both pr - and centrality-dependence. Also higher-
order correlation of quarkonium flow will also shed light on charm medium coupling and
reflect the initial geometry.
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1.6 Main focus in this thesis

In the previous sections, the main topics and general interest in heavy-ion physics are
reviewed, despite some missing technical details for deeper discussion. As the field itself
is as complex as the heavy-ion collision, my intention in this thesis is rather to restrict
the broad discussion of various topics to the small but very crucial and profound corner
which consists of the study of quarkonia and their collectivity as important probes for the
properties of the QGP. In the following chapters, | shall first go through a discussion of
experimental setup as the very context for later physics analysis, then to complete the
technical aspect | would give a rough discussion on detector alignment applied to the AL-
ICE Muon Spectrometer as part of the Run 3 commissioning, and a complete presentation
of the physics analysis conducted during thesis followed by a general conclusion.
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Chapter 2

Experimental setup

Contents
2.1 The Large Hadron Collider at CERN . . . . . ... .. ... ... ....... 81
2.2 Alargelon Collider Experiment . . . ... .. ... ... ... ........ 87
2.3 Muonreconstruction . . . . . . . e e e 96

2.1 The Large Hadron Collider at CERN

The Standard Model (SM) describes the fundamental interactions among elementary
particles. These interactions, depending on their strength, may manifest at extremely
small length scales, like the strong and weak interaction being effective only at very short
range. To uncover the "unobservable" secrets of nature, we must break matter down
into progressively smaller components: from atoms to nuclei, and further into quarks
and gluons. Following this demand, at an intergovernmental meeting of UNESCO held
in Paris in December 1951, the creation of a European Council for Nuclear Research (in
French, Conseil Européen pour la Recherche Nucléaire) was initiated. This direction was
soon proven to be plausible, with the weak neutral current predicted by Sheldon Glashow,
Abdus Salam and Steven Weinberg in their electro-weak theory being awaiting from 1968,
and finally discovered at CERN's Proton Synchrotron accelerator. With this pioneering dis-
covery, further discoveries came out with new accelerator facilities constructed at CERN
(Fig. 2.1), the latter included the discovery of W bosons " and Z boson 2 - a beautiful cross-
check between theory and experiment.

Together with other remarkable discoveries from late 1960s to 1990s, a bigger acceler-
ator providing much higher beam energy was believed to be necessary and approved
in December 1994 to be built on the Franco-Swiss border near Geneva, this is known

"Decay into electron and neutrino.
2Through dielectron or dimuon decay channels despite ~10 times less frequent than the W
events
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as the Large Hadron Collider (LHC). With maximum beam energy of 6.84 TeV of Run 3
recommissioning resulting in 39.7 fb~! integrated luminosity for the beginning of Run 3
started in 2022 and reaching already 100 fb~! for 2025 (targeting 120 fb~!) on the 6th Oc-
tober [226, 1, LHC already made its landmark discovery of Higgs boson in 2012 from
both ATLAS [228] and CMS [229]; provided us unique possibilities for subsequent studies
of Higgs mechanism, theoretical predictions for Beyond Standard Model (BSM) particles
and of course heavy-ion physics with the growing interest in investigating the new nuclear
matter QGP.
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Figure 2.1: lllustration of accelerator facilities at CERN [230].

LHC - the last in the series of hadron colliders after the Intersecting Storage Ring (ISR),
Super Proton Synchrotron (SPS), Tevatron, Hadron Elektron Ring Anlage (HERA) and Rel-
ativistic Heavy lon Collider (RHIC) - is situated within a circular underground tunnel mea-
suring 26.7 kilometers in circumference, at depths ranging from 50 to 175 meters beneath
the surface. The collider consists of two high energy particle beams traveling in opposite
direction within two separate beam pipes kept at ultrahigh vacuum. Particle beams are
accelerated at close to speed of light and guided around the accelerator ring by a strong
magnetic field maintained by superconducting electromagnets. Much of the accelerator
is connected to a distribution system of liquid helium, which cools the magnets, in order
to keep coils of special electric cable operating in a superconducting state.
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Figure 2.2: View of the beam pipe in tunnel [231].

The collider has eight Interaction Point (IP) where the accelerated particles can collide,
and four detectors on the ring, each designed to detect different phenomena, positioned
around the crossing-points (Fig. 2.3). Two beam sources circulate in the ring, as shown
in Fig. 2.3. Beam 1is injected close to IP2 and circulate clockwise while Beam 2 is injected
close to IP8 and circulate counter-clockwise. The two beams exchange their position be-
tween outside and inside of the ring at interaction points where experiments are installed
to ensure the same path length for both beams and there are two beam dumps located
around IP6. The LHC primarily collides proton beams, but it can also accelerate beams
of heavy ions, such as to also provide lead-lead and proton-lead collisions. The ring con-
sists of eight arcs and of eight Long straight sections (LSSs), four large particle physics
experiments are installed on the ring at four interaction points (Fig. 2.3), namely:

* AToroidal LHC Apparatus (ATLAS): located at IP1, is the largest multi-purpose par-
ticle detector experiment. It is a many-layered instrument centered around the
beam with a cylindrically symmetric form covering an acceptance range of || < 2.5
in pseudorapidity. ATLAS has the privilege to perform precision measurements for
Higgs boson and Beyond Standard Model related studies, while it contributes also
to heavy-ions physics by taking lead-lead data. ATLAS has recorded integrated lu-
minosity of ~ 117.9 fb~! during proton-proton fills of 2025 data-taking period [232].

+ Compact Muon Solenoid (CMS): located at IP5, it is also a general purpose detec-
tor but with different technical solutions and a different magnetic-system design
compared to ATLAS detector. It covers almost the same physics cases as ATLAS as
well as a strong contribution to heavy-ion physics. The CMS detector is constructed
around a huge solenoid magnet, with the same acceptance range as ATLAS. It takes
the form of a cylindrical coil of superconducting cable that generates a field of 4T.
CMS has received integrated luminosity of ~ 112.05 fb~! during 2025 proton-proton
data-taking period [233].
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+ Large Hadron Collider beauty (LHCb): located at IP8, is a forward spectrome-
ter in contrast to ATLAS and CMS, uniquely designed to study, CP violation, beauty
physics as well as charm physics. Its initial objective was to explore the asymmetry
of matter-antimatter of the Universe but it is also strongly involved in heavy flavor
related measurements. LHCb operates at the precision frontier, focusing on subtle
effects in heavy-flavor physics. Its asymmetric, single-arm geometry covering pseu-
dorapidity range 2 < n < 5, is optimized for detecting B mesons produced at small
angles. LHCb deliberately runs at lower luminosity compared to ATLAS and CMS,
with a recorded integrated luminosity of 12 fb~! in pp runs of 2025 data-taking [234,

], to ensure only less than two proton-proton interactions per bunch crossing
for precise B-meson reconstruction.

* A Large lon Collider Experiment (ALICE): located at IP2, is uniquely designed to
study heavy-ion physics especially the Quark-Gluon Plasma (QGP), in contrast to AT-
LAS and CMS as pp collisions focused experiments. Its design combines a central
barrel covering the midrapidity range || < 0.9 and a forward Muon Spectrome-
ter covering the forward rapidity region —4 < n < —2.5. The detector and data-
taking system is optimized for huge event multiplicities in Pb-Pb collisions over a
wide momentum range and a privilege of particle reconstruction down to zero pr in
both forward and midrapidity with the Run 3 upgrades. In 2025 data-taking, ALICE
recorded already 50 nb~! for proton-proton runs and aims a target integrated lu-
minosity of 2.4 nb~! for the lead-lead runs [234, ]. Amore detailed presentation
of the ALICE detector will be given in the following sections.
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Figure 2.3: Layout of the collider ring with illustration of interaction points and four particle
physics experiments.[236]
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2.1.1. Central performance metrics for particle collider

In this section, we shall quickly review some of the key metrics characterizing perfor-
mance of detector in the context of collider physics.

Global metrics In the context of collider physics, the two most important global met-
rics are center-of-mass energy /s and luminosity (instantaneous and integrated). The
center-of-mass energy is used for the sake of commodity as the collision system consists
of two heads-on incoming ion or proton beam. In Run 3, LHC delivers proton beam of
6.8 TeV for pp collisions at /s = 13.6 TeV and lead beam of 2.68 TeV per nucleon 3 for
Pb-Pb collisions at /sny = 5.36 TeV.

The other quantity, luminosity, is frequently used as the unique and fundamental met-
ric in characterizing the performance of a collider to produce interactions and determin-
ing the total visibility of events with the cross-section. In analogy to the light, luminosity
tells you how bright the source you have in the collisions, where the basic instantaneous

luminosity reads:
NiNay f

A
where N, Ny are numbers of particles per bunch in the beam, f is the bunch-crossing
frequency and A is the effective transverse overlap of the two beams. Accordingly, the
integrated luminosity is the integral of the instantaneous luminosity accumulated within
a given time window and it is more convenient to use than the instantaneous one as an
average metric describing the average performance during a certain data-taking period:

1dN
1nt /Ldt /ddt (2.2)

Where N is the event rate which is constrained by the trigger and readout system, and o
is the totaI cross-section for the interaction.

L:

(2.1)

Beam parameters and pile-up As the underlying metrics in defining the luminosity
and the overall performance of data-taking, the beam parameters include the number of
particles per bunch, the number of bunches in each beam, and the bunch spacing, these
three parameters define the overall interaction rate and the two last parameters are con-
figured by the so-called filling scheme taking care of distribution of bunches on the beam.
Additional parameters are g* for the degree of beam focusing at the interaction point, the
transverse emittance e describing the phase-space closeness of beams, and a geometric
correction factor F for the crossing angle. In the LHC running operation, these param-
eters must be tuned and stabilized to optimize the beam performance and the running
conditions.

3En = (Z/A)E, where Ey is beam energy per nucleon, E, is the proton beam energy, Z the
atomic number and A mass number of nucleus.
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At the same time, the high instantaneous luminosity introduces pile-up, i.e. multiple
interactions in the same bunch crossing. The latter can badly affect reconstruction perfor-
mance, which is crucial for some of the experiments like LHCb (usually need to suppress
the pile-up to 1-2 in Run 1 and 2 for a clean vertex reconstruction). It can be controlled
by adjusting the beam parameters, a higher-granularity design for detectors, a pile-up
subtraction algorithm, or a better trigger system.

2.1.2 . LHC long-term schedule

The Long-Term Schedule of the LHC, shown in Fig. 2.4, outlines its operation and up-
grade road-map through the 2030s and beyond. Currently, the accelerator is in Run 3
(2022-2026), during which all four major experiments: ATLAS, CMS, ALICE, and LHCb are
collecting data at increased luminosities following major upgrades for ALICE and LHCb.
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Run3 Long Shutdown 3 (LS3)
2030 2031 2032 2033 2034 2035 2036 2037 2038
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Figure 2.4: The LHC long-term schedule from 2021 to 2041.

After Run 3, the LHC will enter a major Long-Shutdown (LS) from 2026 to 2030 (LS3),
dedicated to installing the High-Luminosity LHC (HL-LHC) upgrades. These improvements
will significantly boost the collider’s luminosity, allowing much higher data collection rates
and unprecedented precision in measurements while ATLAS and CMS will undergo signif-
icant upgrades for Run 4 and 5. The HL-LHC phase (Run 4) is expected to begin around
2030 and continue into the late 2030s, aiming for an integrated luminosity of several thou-
sand fb~!. Then there will be major upgrades foreseen for ALICE and LHCb during LS4.
Further runs (Run 5) are planned after LS4 up to 2041 after which the LHC will shutdown,
subsequent preparations will start to build the new Future Circular Collider (FCC) pro-
gram. This long-term plan ensures that the LHC remains the world's leading facility for
exploring fundamental physics for at least the next two decades.
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2.2 A Large lon Collider Experiment

Figure 2.5: A photo of ALICE experiment during LS2 [237].

The A Large lon Collider Experiment (ALICE) detector was conceived in the early 1990s
as part of CERN's plan to explore heavy-ion collisions at unprecedented energies using
the LHC. A photo from inside is shown in Fig. 2.5. Its primary goal was to study the QGP
as a new state of matter believed to have existed a few microseconds after the Big Bang,
when quarks and gluons were not yet confined inside hadrons. The ALICE Collabora-
tion was formally approved in 1997, and construction began soon after, adapting one of
the former Large Electron-Positron Collider (LEP) experimental caverns at Point 2 of the
LHC ring. The detector’s design, centered on high-precision tracking and comprehensive
particle identification, was specifically optimized for the extremely high particle densities
expected in lead-lead collisions. ALICE recorded its first collisions in 2009, and quickly pro-
duced landmark results confirming the creation of a strongly interacting QGP behaving
like an almost perfect fluid. Over the following decade, it underwent significant upgrades
to enhance readout speed, resolution, and data processings for Run 3 (from 2022). In par-
ticular, the special runs for oxygen-oxygen and proton-oxygen collisions were recorded
during the end of Run 3, this opened a unique chance to explore the collective behav-
ior with small system and reveal the deeper connection between the QGP which should
be expected only within large enough system and emergent collective phenomena from
complex system behavior. In the following sections, we shall take a look at the ALICE
apparatus and review the major upgrades from Run 2 to Run 3.

2.2.1. ALICE apparatus in Run 3
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In LHC Run 3, the objective of ALICE (with the corresponding Run 3 detector layout
presented in Fig. 2.6) is extended to focus more on heavy-flavor production, quarkonium
production and related measurement, low-mass dileptons, jet related measurements and
heavy nuclear states. These rare processes require larger datasets and higher precision,
and involve complex probes at low pt in the most of cases, where triggering methods in
Run 2 become inefficient and even non applicable [238].

o ACORDE | ALICE Cosmic Rays Detector
e AAD | ALICE Diffractive Detector

o DCal | Divjet Calorimeter

O EMCal | Eectomagneic Calorimeter

© HMPID | High Momentum parice
Identification Detector

@ 17S-1B | 1nner Tracking System - e arre
o ITS-OB | Inner Tracking System - Outer Barrel

o MCH | Muon Tracking Chambers
o MFT | Muon Forward Tracker
@ MID | Muon Identifier

@ PHOS / CPV | photon spectrometer
@ TOF | Time Of Flight

@ TO+A | Tzero + A

@ TO0+C | Tzer0 + C

@ TPC | Time projecton Chamber
@ TRD | Transition Radiation Detector
@ VO0+ | Vzero + Detector

@ 2ZDC | Zero Degree Calorimeter

Figure 2.6: The ALICE detector layout in Run 3 [239].

For this reason, the ALICE collaboration has upgraded the detector during the LS2 by
improving its low-momentum vertexing and tracking capability, and allowing data-taking
at substantially higher rates. The upgrade (installation of new detectors shown in Fig. 2.7)
includes a beam pipe with reduced outer radius, moved from 28 mm to 18 mm, a new Inner
Tracking System (ITS2), a new Muon Forward Tracker (MFT), a new GEM-based Time Pro-
jection Chamber (TPC) readout, and a new Fast Interaction Trigger (FIT) detector. More-
over, the readout and trigger system have been extensively upgraded to record Pb—Pb
collisions at up to 50 kHz in continuous mode, ensuring sensitivity to signals having no
triggerable signature. In the upgraded version, the ALICE detector will take all Pb-Pb in-
teractions. High statistics Pb-Pb measurements will be accompanied by precision mea-
surements with pp and p-Pb collisions as well as the new oxygen beam program for the
study of small systems, providing a quantitative base for comparison with results from
Pb-Pb collisions.

The ALICE detector has two separate components:

« The Central Barrel enclosed in a large solenoid magnet with B = 0.5 T covering
the pseudorapidity range of || < 0.9 dedicated to quarkonium via dielectron (ete™)
channel and charged hadron measurements
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* The Muon Spectrometer at forward region covering the pseudorapidity range of
—4.5 < n < —2.5 for quarkonium via dimuon (u "¢ ~) channel and charged hadron
measurements.

Some of the detectors including Fast Interaction Trigger (FIT)s and Zero-Degree Calorime-
ter (ZDC) located at forward and backward rapidity are not included in these two compo-
nents, they are mainly used as complementary facilities for global event characterization
and interaction triggering. A quick journey through the major detectors and upgrades will
be presented in the following discussion.

Figure 2.7: The installation of new detectors in Run 3 [240].

Central barrel detectors

Inner Tracking System (ITS) The new Inner Tracking System (ITS2) detector (with a
layout shown in Fig. 2.8) consists of seven cylindrical silicon pixel layers, made of ALICE
Pixel Detector (ALPIDE) chips arranged in longitudinal staves. The innermost three layers
form the Inner Barrel (IB), the layers are installed at radii between 22 mm to 40 mm, while
the outermost layer of the Outer Barrel (OB) is located at a radius of 40 cm. The ALPIDE
chips plus an ultra-light mechanical support result in a material budget of 0.36% X, 4 per
layer for the IB and 1.1% X per layer for the OB [241].

4The interaction length characterizing the energy-loss of particles by electromagnetic interac-
tion with detector material

89



Figure 2.8: The ITS2 detector layout and a photo of ALPIDE chip [241].

Time Projection Chamber (TPC) The Time Projection Chamber (TPC) (a sketch shown
in Fig. 2.9) is the main central tracking and particle identification detector of ALICE experi-
ment. It is the largest gaseous tracking detector ever built and one of the most important
components for studying the high-multiplicity environments produced in heavy-ion colli-
sions. The detector field cage is cylindrical in shape with an active volume of about 90 m?.
In Run 3, TPC uses Ne-CO3-Ny (90-10-5) with additional 5% Ny compared to Run 2 gas. The
field cage and most of the services in Run 2 remain the same, while the Multi Wire Propor-
tional Chamber (MWPC)-based readout chambers are replaced by Gas Electron Multipliers
(GEM) in quadruple stacks as well as new front-end and readout electronics [242].

CENTRAL HV " |
ELECTRODE N/

~INNER FIELD
CAGE

Figure 2.9: A sketch of ALICE Time Projection Chamber (TPC) detector [242].
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Forward detectors

Muon Forward Tracker (MFT) The Muon Forward Tracker (MFT) (with a photo of half
cone shown in Fig. 2.10) is a new silicon pixel detector in Run 3, designed to extend the
physics reach of the Muon Spectrometer by providing precise vertexing and impact pa-
rameter measurements at forward rapidity covering —3.6 < n < —2.3. The detector con-
sists of five disks, each composed of two detection planes built from ultra-thin Monolithic
Active Pixel Sensors (MAPS) based on the ALPIDE chip technology, identical to that used
in the upgraded ITS2. With a pixel size of 29 x 27 um?, material budget of only 0.3% X, per
layer, and spatial resolution below 5 um, the detector offers high granularity and minimal
multiple scattering - crucial for precise track reconstruction before the hadron absorber.
The MFT is fully integrated into new continuous readout system, achieving timing preci-
sion of about 10 us and seamless synchronization with the new real-time data processing
framework. It enables the possibility of prompt and nom-prompt separation in quarko-
nium production.

Figure 2.10: A photo of half cone of MFT detector [243].

Muon Chambers (MCH) The Muon Chambers (MCH) (—4.5 < n < —2.5) of ALICE con-
stitutes the tracking system of the Muon Spectrometer, designed to precisely reconstruct
muon trajectories after they pass through the hadron absorber. The detector consists of
10 detection planes arranged in five tracking stations within a dipole magnetic field (with
a field integral along the beam axis [ |B|dz ~ 3 Tm) for the bending momentum (|p.,|)
determination, covering a total active area of about 100 m?. Figure 2.11 shows a photo
of the tracking chambers from within the dipole. Each plane is a Cathode Pad Chamber
(CPQ) (< 0.3% Xp), which is a MWPC using an Ar-CO,-CF4 gas mixture for fast signal
collection and stability under high particle rates. The readout pads, varying from a few
millimeters to several centimeters in size, provide a spatial resolution of 100-400 pm, en-
abling precise momentum reconstruction of muons up to 100 GeV /c. The Run 3 upgrade
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introduced new Scalable Amplifier and ADC (SAMPA)-based front-end electronics and con-
tinuous readout capability via the Common Readout Unit (CRU), fully integrated into the
new real-time data processing framework.

View:from the dipole
e o

A

Figure 2.11: A view of MCH from the dipole [244].

Muon Identifier (MID) In Run 3, the old muon trigger system was renamed as Muon
Identifier (MID) consisting of 72 Resistive Plate Chambers (RPC)s arranged in two stations,
each containing two planes [245]. The RPCs of MID are 2 mm single gap detectors with
electrodes made of 2 mm thick high-pressure laminate. As the detector started to operate
in continuous readout mode, an upgrade of readout electronics was implemented with
new front-end electronics and a change of operation mode for RPCs from maxi-avalanche
to avalanche mode.

i |

Station 1
/ Iz |}

/ st ation 2

Figure 2.12: A schematic view of the MID detector and the detector composition of an half
plane [246].
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Global events and interaction triggering

Fast Interaction Trigger (FIT) As a new detector of Run 3 replacing To and Vo detec-
tors, the Fast Interaction Trigger (FIT) detector, shown in Fig. 2.13, consists of five arrays of
sensors grouped into three subdetectors (Forward Diffractive Detector (FDD), Fast Timing
and Trigger (FTo), Fast Vo (FV0)), surrounding the beam pipe on both sides of the inter-
action point in the forward regions of ALICE. The FTo is based on Cherenkov radiators
coupled to Micro-Channel Plate Photomultiplier (MCP-PMT)s, and the FVo is a segmented
plastic scintillator disk read out by Silicon Photomultiplier (SiPM)s. Together, they cover
the pseudorapidity range —3.4 < n < —2.9 (FTo-C) and 2.0 < n < 5.0 (FVo, FTo-A), provid-
ing interaction time measurements with ~ 20 ps precision, minimum-bias and centrality
triggers, and luminosity monitoring.

FVO
FTO0-A z=3.16m s e LHC tunnel
z=33m 22<n<5.0

FDD-A

35<n<4.9

Figure 2.13: A schematic view of the FIT detector with the positioning of all five subdetec-
tors [247].

Zero-Degree Calorimeter (ZDC) The Zero-Degree Calorimeter (ZDC) of ALICE is a for-
ward detector system designed to measure neutral particles (mainly neutrons and pho-
tons) emitted close to zero degrees relative to the beam axis, providing crucial information
on collision centrality, event characterization, and luminosity monitoring. During Run 3,
the ZDC underwent significant electronics and readout upgrades to operate within the
continuous data acquisition framework. The system consists of two neutron calorimeters
(ZN-A, ZN-C) and two proton calorimeters (ZP-A, ZP-C) placed approximately 112.5 m from
the interaction point on both sides of ALICE, beyond the absorbers. Each calorimeter is a
sampling hadronic calorimeter made of tungsten absorber plates interleaved with quartz
fibers, detecting Cherenkov light produced by shower particles. The ZDC provides precise
measurements of forward energy flow, enabling determination of spectator nucleons in
Pb-Pb collisions and serving as a minimum-bias trigger in conjunction with the FIT detec-
tor.
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Real-time data processing: Online-Offline (02) framework

As ALICE is supposed to take all Pb-Pb interactions in Run3 and operate in the continu-
ous mode for Pb-Pb collisions at 50 kHz interaction rate without trigger, a new computing
system (Online-Offline (O2)) was introduced to overcome this challenge in Run 3. The new
system performs a partial calibration and reconstruction online and replace the original
raw data with compressed data. The online detector calibration and data reconstruction
will therefore be instrumental for keeping the total data flow within an envelope com-
patible with the available computing resources, and an asynchronous data processing
with full functionalities, such as refined calibration, full reconstruction and online quality
control, using compressed raw data can be performed offline to optimize the computing
resource usage [248].

Detectors electronics

Continuous and triggered streams of raw data

Readout, split into Sub-Time Frames,
and aggregation

Local pattern recognition and calibration
Local data compression

Quality control

Compressed Sub-Time Frames

Data aggregation v v
Synchronous global reconstruction,
calibration and data volume reduction
Quality control

Compressed Time Frames

Data storage
and archival

Compressed Time Frames Reconstructed events

Asynchronous refined calibration, v
reconstruction
Event extraction
Quality control

Figure 2.14: The functional flow of the Online-Offline (O2) computing framework [248].
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The functional flow and compression levels are illustrated in Fig. 2.14. The continu-
ous streams of data samples are sliced into Data Frame (DF)s, synchronized by HeartBeat
(HB) triggers embedded in the raw data streams. The frames will have a time-window of
128 HeartBeat (HB) frames (one HB frame is set to have the same length as an LHC orbit
~ 88.92 us, which is approximately the time required to fully read out the hits from TPC).
Raw data are compressed following different levels from Time-Frame (TF)s to Compressed
Time-Frame (CTF)s in order to optimize the data storage and computing resources sup-
ported by O2 facility and The Worldwide LHC Computing Grid (WLCG).
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2.3 Muon reconstruction

As the data analysis conducted in this thesis relies on quarkonia reconstructed in the
dimuon decay channel at forward rapidity, it is worth going through some of the major
steps in muon reconstruction with the ALICE Muon Spectrometer.

Xy
Tracking
chambers

Absorber

Trigger
chambers

Magnet Filter

Figure 2.15: A sketched view of the ALICE Muon Spectrometer.

Following the simplified schematic of the Muon Spectrometer shown in Fig. 2.15, tracks
originated from the primary vertex (initial collision point) are first filtered by an absorber
(blue) made of a thick (~ 10 interaction length) assembly of carbon, concrete, and steel,
the latter will stop most hadrons and photons produced in collisions and allowing mainly
muon to pass through. The MCH (green) is presented with its five tracking stations con-
taining each of them two chambers (two half-chambers per chamber) resulting in 10 de-
tection planes in total. The hits of a muon passing through CPCs will be recorded by
inducing signals on cathode pads where the local coordinates of hits can be extracted
from pad charge distribution, then the magnet dipole will curve the muon track to enable
the bending momentum determination. An additional filter after the MCH will filter out
residual hadrons and low energy background noises. The timing of detected muons will
be ensured by the MID with a time resolution of 1-2 ns.

2.3.1. Clustering

The data and functional flow of the whole muon reconstruction factory is presented
in Fig. 2.16. The recorded raw signal from the charge released by a charged track that
passes trough a chamber will be first converted to MCH digits and filtered using Condition
and Calibration Data Base (CCDB) calibration files, for example the bad channels, then it
will be followed by a time-clustering, which consists of time grouping of digits taking into
account the MCH time resolution with respect to the true ReadOut Frame (ROF). Then,
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in the framework of a traditional cluster finding method, the pad charge distribution will
be approximated by a 2D-integral of the Mathieson function [249], and the single track
local coordinates can be extracted using a Mathieson-based expression. In case there
are several tracks close to each other, the number of fit parameters has to be adjusted
accordingly, and the number of tracks is estimated by the local maxima in the charge
distribution.
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Figure 2.16: The data and functional flow of muon reconstruction.

This traditional cluster finding method was improved by a cluster finding algorithm [
based on a Maximum-Likelihood-Expectation Maximization (MLEM) method consisting of
solving the inversion problem of a signal deconvolution iteratively. This algorithm first
tries grouping adjacent pads on one cathode and overlapping with them pads on the
other cathode, which makes a so-called pre-cluster. Then, for each pre-cluster a corre-
sponding pixel array will be made in the anode plane with the size defined by the overlap
of pads on both cathodes. And a iterative procedure for pixel intensity is given by:

pads pzz
Q
q;“’H Z cw ' with fk Z cZ]q] (2.3)

pada
Z

=1
ch

where q;? is the intensity for pixel j at k-th iteration, @; is the measured signal on pad
i, f; its expected signal, ¢;; is the pixel-to-pad coupling given by the Mathieson integral,
and N, is the number of pixels in the array. The iteration stops when the pixel size is
getting sufficiently small close to 1 mm, and resulting pixel clusters will be used for the
subsequent fitting procedure.
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2.3.2. Tracking

After we successfully gathered clusters from the previous step, the following tracking
will be performed based on the Kalman Filter method [257, ]. The whole tracking task
consists of track finding and then track fitting. The advantage of the Kalman Filter is that
it provides a unified framework for both track finding and track fitting. Mathematically,
Kalman Filter is basically a sequential-least square minimization with covariance propa-
gation, it consists of updating the track parameters step-by-step instead of a global fit.

k= fro—1(Tk—1) + M1

(2.4)
Y = hi(xg) + €

where: in the first equation: z;, is the track state vector at the state k, fr_1 is the track
state propagation model from state £ — 1 to k, and n;_; encodes the noise when propa-
gating from k — 1 to k; in the second equation: y; represents the measurement vector at
state k, hi_1 is the measurement projection model from track state to measurement, and
€x is the measurement noise vector at state k. In the linearized Kalman Filter, the propa-
gation and projection operators can be approximated by their 1st-order Taylor expansion.

The state-to-state propagation is done by transport calculation with the Jacobian given
specific kinematics involving process noises such as energy-loss and Multiple Coulomb
Scattering (MCS) effects. In the actual implementation, this propagation will be performed
for afirst time in the backward direction (from station 4,5) until chamber 1 [250]. Since the
magnetic field delivered by the dipole is generally non-uniform, then the propagation is
performed with Runge-Kutta algorithm. In the application to the Muon Spectrometer, the
tracks are parametrized by (z,y, t,, ty, ¢/p) where t,, t, are track slope respectively in the
non-bending and bending plane, and ¢/p is the charge-to-momentum ratio. A first group
of candidates will be created in station 4 and 5, then a candidate seed will be propagated
down to chamber 1, and all collected tracks will be checked by the quality using x2. The
found tracks will be refitted again will Kalman Filter for finalization, while a smoothing
procedure may be applied for the evaluation of track parameters at any point along the
track after its reconstruction [253].
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Chapter 3

Alignment of the Muon
Spectrometer

Contents
3.1 Why detector alignmentmatters? . . . . .. ... ... ... ... .. ... 100
3.2 Track-based alignment with MillePedeII . . . . . . . . . . . ... ... ... 103
3.3 Commissioning with ALICE Muon Spectrometer . . . . . . . ... ... ... 12

In this chapter, the alignment of Muon Spectrometer will be discussed as a crucial step
in detector software calibration without which one would not expect a reliable quarko-
nium reconstruction, therefore necessary for all subsequent data analyses. Also for the
data analysis conducted in this thesis, the alignment of the Muon Spectrometer and the
corresponding commissioning in Run 3 are important premises; in the following discus-
sion, we shall first clarify the physics motivation and the necessity of software detector
alignment approach, especially in large physics experiments like ALICE. Then a section
introduces the modern detector alignment framework MillePedeII including the princi-
pal ideas and subsequently how the latter was applied to the ALICE Muon Spectrometer
regarding its specifics and subtle details. Finally, the commissioning of software detec-
tor alignment with ALICE Muon Spectrometer conducted during the thesis work will be
presented, where the basic strategy and some technical points will be highlighted as well.
To some extent, the main goal of this chapter is dedicated to summarize a rather struc-
tured and concise instructional journey through the topic of detector software alignment
applied to the case of the ALICE Muon Spectrometer.
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3.1 Why detector alighment matters ?

In the modern grand physics experiments including RHIC, LHC etc, many important
and interesting physics processes require high-performance tracking (momentum, spa-
tial and angular resolutions), which is important, e.g. for quarkonium reconstruction and
correlation studies, primary and secondary vertexing being crucial for the prompt/non-
prompt separation etc. Those physics processes rely on a good enough reconstruction
of particle trajectories (defined by some track parameters) using hits from detector el-
ements in the tracking system. In the case of LHC, the tracking systems in general are
designed to handle a high-multiplicity environment at high signal frequency. For the case
of ALICE TPC tracking system, the total number of readout channels ~ 550, 000 with the
front-end electronics operating at 5-10 MHz; for ALICE ITS tracking system, 7 cylindrical
layers comprises 3 inner barrel layers with 48 staves x 1,200 chips and 4 outer barrel lay-
ers with 96 staves x6, 400 chips.

In the case of ALICE Muon Spectrometer, though the expected particle multiplicity is
much lower (with front absorber where most hadrons, electrons and photons are stopped)
than midrapidity region, it contains still a total number of 156 detection elements (5 sta-
tions and 10 chambers). In addition to the huge number of detection elements in the
tracking system, which appeared to be necessary in achieving an efficient and robust
tracking performance to reach physics requirements, each detection elementin the track-
ing system has an intrinsic spatial resolution which reflects directly on the resolution of
momentum reconstruction. The latter constrains directly the quarkonium reconstruction
resolution where for the case of ALICE Muon Spectrometer a spatial resolution of order of
100um is necessary to reconstruct the J/« invariant mass with a width of 70 MeV. More-
over, this requirement of momentum resolution becomes much more strict for the T
reconstruction.

Although a detector element may have an excellent intrinsic spatial resolution with
a nominal alignment technical design and initial optical survey, this would only guaran-
tee an estimation of corresponding momentum resolution in the optimal situation where
detection elements remain mechanically fixed during installation in their initial global po-
sitions. However, in practice, the mechanical precision of detection element’s position is
relatively low compared to the intrinsic resolution. In addition, the global position of the
detection elements could actually change due to thermal effect from variation of tem-
perature, the magnetic field (for example the positions of detection elements of MFT can
significantly vary with the magnetic field turned on), possible mechanical deformation
with ageing, and eventual technical intervention (for example in the case of MCH, where
the chambers have to be opened and closed during technical intervention). Therefore,
the resulting resolution of each detection element can be badly smeared out due to the
mechanical resolution for their global positions.
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Figure 3.1: An illustration of effect of detection element positioning on tracking perfor-
mance.

An example illustrating how the change in global position of detection element will
affect the tracking is shown in Fig. 3.1, where the detection elements in the frame of half-
chamber (black rectangle) before (dashed blue rectangle) and after (solid blue rectangle)
the change of global position are illustrated, hence the tracking is directly modified (the
difference between dashed line and solid line that will pass through different hits) as a
result of the change of corresponding global position of the hit (the coordinates in detec-
tion element local frame will remain unchanged) with the detection element.

For these reasons, the detector alignment is indeed necessary, which consists of ad-
justing the global position of detector elements. Two major approaches were proposed
in general:

+ Hardware-based approach: Hardware-based alignment systems require usually
a certain optical system which can monitor the position of detection element with
time. For example, in ALICE Run 2, the relative displacement of a half-chamber
with respect to a reference chamber was periodically monitored by a Geometrical
Monitoring System (GMS) with a spatial resolution about 20 ym, and the position
of reference chamber is monitored with a resolution of ~ 500um. Also in the cen-
tral barrel, there is a dedicated optical system ITS Alignment Monitoring System (IT-
SAMS) to monitor the global relative alignment between Inner Tracking System (ITS)
and TPC that are both used and critical for central barrel tracking. Although laser or
other optical monitoring systems are commonly deployed for detector alignment,
most of them are used as either stability survey for detection element position or
a rather global monitoring (no dedicated monitoring for each individual detection
element).

+ Software (track)-based approach: Due to the crucial limitation in hardware-based
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alignment approach, which becomes powerless in monitoring the variation of global
position down to a detection element level (which may be nearly impossible for
some of the detector systems regarding the number of detection elements and the
resulting number of degrees of freedom), and moreover, even though hardware-
based monitoring system may provide enough information for each detection el-
ement, one would still not be able to "mechanically" move the detection elements
into their ideal positions, therefore the software-based or track-based approach
becomes much more convenient and even the unique and realistic way of doing
detector alignment. This approach consists of performing a minimization for a cer-
tain objective function (usually x?) using particle tracks from reconstruction, which
accounts for the discrepancy between track propagation and hit position from de-
tector clusters [254]. The minimization algorithm may be constrained using global
monitoring information from hardware-based alighment system.

In the following discussions, we shall essentially focus on the software (track) -based de-
tector alignment approach and see how it is applied and implemented in the concrete
scenario of ALICE Muon Spectrometer. In the next section, the core methodology and
framework of track-based alignment using MillePedeIl [254, ] will be introduced at
the first place and followed by the implementation in Muon Spectrometer.
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3.2 Track-based alignment with MillePedeIl

As partially discussed in the previous section, the principal idea of an alignment algo-
rithm relies on data survey which in the current context consists of reconstructed tracks
using the being-aligned detector system. The reconstructed tracks are defined at each
detection element by their track parameters containing the complete local kinematic in-
formation for a trajectory, which, depending on the trajectory parametrization (usually
in accordance with the detector geometry) in the tracking algorithm, may have different
representation and number of degrees of freedom (for example, in ALICE, the tracking of
MFT uses a helix-parametrization, while a parabolic-parametrization is used for MCH).

3.2.1. General setup and geometry

The survey data is defined in this context as the difference between the reconstructed
trajectory of a track and the hit (cluster) from detector signal at the position of a given
detection element. In the tracking algorithm of MCH, the track parameters characterizing
the reconstructed track trajectory are always associated to a reconstructed cluster, this
paired information allows us to easily evaluate a crucial quantity called residual defined
formally by:
= TrackParameter,,, — Cluster

Residual, /,, oy (3.1)

where only z, y directions are considered since the z position used for the track propaga-
tion in tracking algorithm is taken from the cluster. The residual measures the discrep-
ancy between reconstructed track parameters and hits from detection element, therefore
characterizes how good was the tracking. In case where the detection elements are notin
their ideal position, the effect of misalignment will reflect on the distribution of residual
with larger width and eventually shifts of mean value away from zero. The distribution of
residual encodes many aspects related to the observed resolution, which reads:

z/y

A(Residual) = A(Tracking) @& A(Cluster intrinsic resolution) & A(Misalignment) (3.2)

The tracking and cluster intrinsic parts are beyond the scope of the detector alignment
topic, they require separate investigation in parallel to alignment study. Even if the detec-
tion elements are perfectly aligned, the tracking may still smear the residual distribution
as the latter introduces indeed energy-loss effect and Multiple Coulomb Scattering (MCS),
which generate random fluctuations in the momentum and thus enlarge the momentum
resolution (Ap/p). Therefore, the goal of alignment regarding the residual distribution is
rather to reduce the misalignment contribution in the observed resolution as much as
possible. The used approach is to minimize the normalized x2 distribution with respect
to alignment parameters and track parameters:

Local residual r

loc

=> > Z i) —)? (3.3)

events tracks %

=Tyt
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where p; represent the global (alignment) parameters of the detection element where the
track in question left a hit, ¢; represent the local (track) parameter depending on the track
parameterization, which may differ from one system to another in terms of the geometry
of tracking, f1°¢(p;, ¢;) is the local hit position predicted by a parametric trajectory, m!°¢ is
the local position of the cluster measured by the detection element (given as input data),
and g; is the resolution of cluster (which can be packed into the measurement covariance
matrix V). The sum is running first over all track intercepts of a given track with a detection
element, then over all tracks and all events involved in the alignment study. The global pa-
rameter tells us how the detection element is positioned with respect to a certain module
which can be, in the context of MCH, half-chamber, chamber or the global ALICE frame.
It is just @ matrix transformation sending the local measure of cluster to another (global)
frame or vice versa, an illustration of a simplified 2D case is shown below in Fig. 3.2. How-
ever, one should be careful when generalizing to 3D, as the local representation will still

remain 2D (detection element measures only the 2D-coordinates), therefore a more rig-
i . . .
orous formulation in 3D is to use ¢, = (%‘{)C) where the z-coordinate is automatically
0
omitted in the local frame.
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Figure 3.2: An illustration for the geometry of local frame and misaligned local frame for
detection element with respect to a global frame.

The transformation p ' from a local frame O with basis (e}, e,) to a global frame O
with basis (e;, e2) can be understood as taking following successive actions: first taking

the vector sum of ¢, and the translation T (OO') vector between the global and local

'"Which is a passive transformation, i.e. one moves the frame instead of moving the vector.
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frames:
(Tglo = q_ioc +T

. ;o x T (3.4)
Gglo = (el ez) <Z§DC> + (el e2) (Ty>

loc

where ¢ = (Zlg;“ is the invariant local coordinates 2 of the hit (the hit position within the

loc

frame of a detection element will remain unchanged with respect to rigid transformation
of the detection element). However, the above vector sum is irreducible as the two vectors
being summed live in different basis. The latter introduces naturally the transformation
between (e'l, e'z) and (e1, e2), which is simply a rotation R as the geometry of basis is
affine where one can imagine as shown in Fig. 3.2 that we parallel transport the basis
vector of global frame at O to the origin O’ of local frame then we rotate the local frame
for the basis vectors can coincide with global ones keeping the correct permutation. In a
concrete implementation, one should be careful with the convention of the order of non-
commutative 3D-rotation with respect to the three rotation axes. Moreover, the affine
transformation is transitive such that R,,» = R, Ry . The rotation from O to o'
follows:

(e1 €)= (e1 e) R (3.5)

inserting the above transformation into Eq. 3.2.1 gives:

. T Tz
o= (er o) (%) + (e o) ()

loc

ot () (5)

loc

(3.6)

From where one can define the whole transformation acting on coordinates p : O — O
and its inverse transformation (from global to local frame) p=* : O — O'in a compact

loc Qg o — Ii . (_] —|— Z f— QIOC
p((’ ) ocC < > < >

P (dgto) = Qoc = R (qgio — T) = <_0R R (1_T)> <Qg110>

Now, we can then consider the case where there might be a misalignment with respect
to the frame O’, leading to a new local frame of detection element O” with basis (e, e,).
And we introduce in the natural approach the so-called alignment parameter as the delta-
transformation between frame O and O" with a delta-rotation AR (AR, - AR, - AR,
in the general 3D setup) from O’ to O" and a global delta-translation AT defined in the
global frame O. An illustration of degrees of freedom for misalignment with respect to
the local frame O’ of the detection element is shown below in Fig. 3.3

)

(3.7)

20ne needs to be careful with the vector ¢ and its coordinates v
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Figure 3.3: The degrees of freedom for misalignment in the local frame of a detection
element.

In the natural (local) picture, for which the starting point relies on the invariance of local
coordinates, the delta-transformation represents exactly a local transformation between
original detection element local frame and misaligned frame. The new global coordinates
Jglo NOW reads:

(Tglo = (ﬁoc + f"‘ Af

— el &) ()t o) (1) + (et ) (ﬁ?ﬁ)

loc

! ! z T:Z‘ A
- (e1 e2) AR (3%,22) + (e1 eg) (Ty> e <A ) (3.8)
o T" AT®
= (el 82) RAR <Cq]%iz> + (e1 eg) <Ty> + e1 <ATy>

— (e1 €2) [R(AR - qoc + AT) + T

Using the definition of transformation representation p, the above result can be rewritten

as.
(R T\ (AR AT\ (quc
R(AR-qloc+AT)+T_(O 1><0 1><1>
N——

N————
p Ap (3.9)

. . Qloc
e (%)

where Apis called misalignment parameter consisting of (A~(x-rotation), A5(y-rotation), Aa(z-
rotation), Az, Ay, Az). And the representation of delta-transformation following this way
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will be called local picture, and we shall see later in the implementation for ALICE Muon
Spectrometer, where the ALICE convention introduces a global picture which is equivalent
to the local one up to a similarity transformation. Now, the local residual can be then
expressed as:

r(p+ Ap,q+ Aq) = AR R [qa0(q + Aq) — T — AT| =y (3.10)

~
floc(p+Ap,q+Aq)

The linearization of residual around the nominal value is given by:
r(p+ Ap,q + Aq) = ro + AijApj + BijAg; ... (3.11)

where A;; and B;; are partial derivatives with respect to global and local parameters. In
the context of track-based alignment, A;; is called global derivatives associated to global
parameters and B;; is called local derivatives associated to local parameters, they need
to be calculated and given as input to the alignment algorithm. In the next section, the
explicit form of local and global derivatives with respect to specifics of ALICE Muon Spec-
trometer will be given. Inserting the linearized residual into x? expression, the first order
approximation leads to the linearized least-squares problem, which then consists of solv-
ing the linear matrix system below:

BV-IB ATV—lB] (Aq) _ (ATV_lr(J)

BV-A Av-ial \ap) T BVl (312)

Therefore, the initial mathematical problem of x? minimization is now converted into a
problem of solving the linear system of block matrices with respect to local and global
parameters given as input global and local derivatives as well as the survey data defining
the nominal residual ry. The solution of the above type of linear equation is usually done
with iterative approach, meaning that at the first iteration one needs to solve the Ap, Aq
from the linear system with given input measure and insert resulting delta-parameter to
the initial values, then repeat this procedure by adding the previous correction to the new
step and solve again for new corrections till the process gets (approximately/numerically)
converged at some point. Once we manage to solve the linear system, the resulting set
of global parameters Ap for each detection element will be applied as final corrections
for misalignment to the reference geometry which is, in the context of above formulation,
the geometry of O'. The latter consists of putting the obtained (AR, AT) into the form of
Apin Eg. 3.2.1.

A simplified schematic illustrating the idea of track-based alignment process in 2D
scenario is shown in Fig. 3.4: before alignment, an initial pattern of residuals within each
detection element is visible, then the minimization process with respect to 2 will calculate
the optimal global parameters for each detection element and the latter will be applied
to the geometry of detection element as alignment parameters. In the simple example
above, the detection elements are moved accordingly, resulting in a corrected residual
pattern across all detection elements with respect to a given track.
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(a) Before alignment (b) After applying alignment parameters

Figure 3.4: An illustration of the result of track-based detector alignment for a simplified
2D (locally 1D) scenario.

So far, everything we discussed in this section is about general formalism and geomet-
rical consideration. Now, we are ready to discuss in the next section, how MillePedeIl
comes into the game to solve the above stated mathematical problem.

3.2.2 . Essentials of MillePedell

In the previous section, we went through the general formulation of a x2-minimization
problem in the context of track-based detector alignment and how it was converted finally
into a mathematical problem of solving a block matrix with respect to global and local pa-
rameters. When we think of the solution of the problem, the most intuitive way is to apply
an inversion or direct matrix methods.

However, in practice, the problem is much complicated due to the huge number of
total degrees of freedom: #track ® #events ® #local parameters for local parameters and
#detection elements ® F#global parameters for global parameters. In large high-energy
physics experiments like CMS, ATLAS and ALICE, the typical number of tracks used for
alignment is around millions leading to number of equations of order ~ 10 times number
of tracks depending on the number of hits per track for a given tracking system. This
renders the problem extremely hard to solve with trivial methods.

MillePede as a solver for linear system

As a mathematical optimization problem, what usually happens in the real situation
is that the objective function (x? in the case of track-based detector alignment) is often
non-linear, which means that the problem to solve might not be convex at all, leading to
non-trivial structure of minima (highly sensitive to initial conditions).
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In the previous section, the purely geometrical component of the objective function,
giving rise to global parameters, encodes already non-linearity in the rotation matrix.
Moreover the global coordinates of track parameter are also by definition highly non-
linear, as the latter is obtained from the whole tracking procedure (usually Kalman Filter
with backward refinement). So to say, the linearization process of global parameter and
conjectured track model replacing "black-boxed" global coordinates of track parameter is
actually a strong approximation or at least locally correct. Solving linear system in this case
is like going through a path following local small steps given a certain initial conditions,
but the path might be strongly dependent on the initial values and may lead to bifurca-
tion due to global non-linearity even your initial conditions are seemly close enough. The
dedicated discussion in how to better treat nonlinear objective function beyond lineariza-
tion deserves its own particular attention. In the context of MillePede [254, 1, we shall
focus on how a solver of linear system can be optimized to the scenario of large physics
experiments facing the challenges.

Mathematical foundation of MillePede

The very foundation of MillePede lies on a cleaver mathematical trick called Schur
complement which amounts to reduce the size of the system to solve. As we discussed in
the previous section, the linear system consists of solving simultaneously global and local
parameters, and a huge contribution to the system size comes from the local equations
(every-time you add a hit). However, the presence of local parameters is only an internal
fit with respect to the track model, and we are only interested at the end in the global pa-
rameters that give us the final corrections for misalignment. Therefore, the trick of Schur
complement was introduced to analytically remove the local equations by substitution.
In the idea of MillePede, the internal fit will be performed before we proceed with global
parameter solutions using Schur complement, this step is called local fit consisting of a
minimization for track local parameters. Then, the general idea of Schur complement
can be illustrated in the following steps: consider first a generic block matrix equation
preserving the same structure of our matrix system from Eq. 3.2.1:

o 21(G)-() 2

where the block matrices and other elements can be identified with Eq. 3.2.1, the diago-
nal blocks are identified with pure global or local contribution while off-diagonal terms
encode global-local coupling. Then, the idea follows the same way as we eliminate one
variable for 2D system to solve another one, therefore one may proceed to express the
first variable x in terms of y using the first row of blocks:

C.z4+D-y=f=z=CYf-D-y). (3.14)
Then substituting the expression of x for the second block row equation leads to:

(E-D'C'D)yy=g—-DTC™'f = S-Ap=b, (3.15)
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where S = E — DTC~!D corresponds to the Schur complement of block matrix C, and
b= g — DTC~!f which is the measure updated from local fit. The original system hence
reduces to a single linear equation of matrices. Solving this final linear equation is called
global fit in the context of MillePede as it amounts to solve directly the final global pa-
rameters. Following these ideas, the main structure of MillePede algorithm based on
the method of Schur complement can be viewed as a two-step solver for linear system,
including a first step of local fit for local parameters followed by a second step of global
fit for final global parameters.

From MillePede to MillePedeIl

Although the initial construction of MillePede was designed to be able to handle a
large size matrix by reducing the system with Schur complement, solving directly the re-
maining global fit of the linear system with respect to the global parameters using matrix
inversion can still be tedious and require large computational resources due to the huge
total number of degrees of freedom (global parameters). For instance, there are 240, 000
global parameters for ATLAS's silicon tracker and 90,000 for the tracker of CMS. There-
fore, a new version MillePedeII was introduced mainly to optimize the whole calculation
workflow and advanced treatment in solving the global linear problem using different and
iterative methods. A summary of the available features in MillePedeII is presented be-
low:

+ Linear constraints (inherited): the framework allows externally defined constraints
to weakly or undefined degrees of freedom using linear equality constraint equa-
tions of type:

aTAp = ¢, (3.16)

where the equation introduces an hypersurface to the space of the matrix, reducing
the phase space of solutions. For example, a constraint of "zero-average displace-
ment" looks like )", Az; = 0. Acommonly used method to account for constraints
is the Lagrange multiplier in which one adds a corresponding term A(aTAp — ¢) in
the linearized residual. Gathering all constraints together gives a linear system:

AAp =c (317)

then the global linear system can be extended to:

S A b
i o)

+ Outlier rejection (inherited): data cut in iterative solution with standard deviation
and x? of local track fit is implemented to reduce the impact of outliers to the align-
ment result.
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* Iterative method with sparse matrix storage (new): using an iterative method
based on Generalized Minimal Residual Method (GMRES), for which one assumes
the large matrices in question are sparse meaning that most of the non-zero values
are distributed along the diagonal, gives access to solve the system with sparse
structure. At the same time, giving the sparse structure, a dedicated compression
was also applied.

+ Variable-band matrix method (new): with the sparse matrix assumption, the global
linear system is actually a band-matrix with a certain semi-bandwidth (a limit be-
yond which no coupling between modules is considerable). The latter can be re-
duced using Cholesky decomposition. Adding constraints to the global linear system
will surely break up the band matrix structure, however, for matrices with a variable-
bandwidth, the decomposition of sparse matrix with Gaussian elimination without
interchanges preserves the band structure as well.

+ Limited-memory BFGS method (new): based on the quasi-Newton iterative ap-
proach in which the global parameters are solved iteratively using gradient of y?
function:

Ap = BV, (3.19)

where By is the inverse Hessian matrix to be updated iteratively. The limited-memory
BFGS method consists of updating By using only recent iterations without explicitly
building it.

Features such as outlier rejection and constraints inherited from MillePede are used di-
rectly for detector alignment in the ALICE collaboration. For solving local or global sys-
tems, matrix methods are preferred at the first place as they are computationally faster.
Iterative approaches, which may capture subtle convergence behavior, are reserved for
cases in which the matrix methods do not yield satisfactory results.
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3.3 Commissioning with ALICE Muon Spectrometer

In this section, we shall apply the aforementioned track-based detector alignment ap-
proach in the case of the ALICE Muon Spectrometer. A review of the explicit implementa-
tion will be presented first, followed by the practical alignment strategy and commission-
ing in ALICE Run 3.

3.3.1. General setup and implementation

As discussed in Sec. 3.2.1, the very first step for track-based alignment is to derive
from the geometrical setup an explicit expression of the local residual. For this reason, it
is worth going through the detailed geometrical configuration in the scenario of the ALICE
Muon Spectrometer.

Let's first recall the geometry of the Muon Spectrometer, illustrated below in Fig. 3.5
showing the simplified schematic in the bending plane (yOz) where the z direction points
to the interaction point (backward) and y is the bending axis. The stations (green) of the
tracking system MCH of the Muon Spectrometer are located in between a front absorber
(blue) and a filter (blue)) before MID. There are 5 stations (St1, St2, St3, St4, St5 from
absorber to filter), where the St3 is inside the dipole magnet region. Each station has two
chambers, and each chamber comprises two half-chambers (left-right).

Absorber
Tracking
chambers

Trigger
chambers

Magnet Filter

Figure 3.5: A sketched view of the ALICE Muon Spectrometer.

Specific details for the chambers in the different stations can be found below:

+ Chambers in station 1 and 2 Stations 1 and 2 are located in the region between
the front absorber and the dipole magnet. Each chamber within these stations
comprises four independent quadrants as shown in Fig. 3.6. The four quadrants
of a given chamber are mounted on two separate aluminium support structures,
thereby forming two mechanically independent half-chambers positioned symmet-
rically on either side of the beam axis along the non-bending (x) direction. In total,
the quadrants of stations 1 and 2 constitute 16 independent detection elements:

4 quadrants/chamber ® 2 chambers/station ® 2 stations (3.20)
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Figure 3.6: A view of chamber in station 1 and 2, where detection elements consist of
quadrants.

« Chambers in station 3 Station 3 is located within the dipole magnet and plays a
crucial role in bending-momentum determination. Owing to the large active area
covered by this station, a modular design based on a slat geometry was adopted,
presented in Fig. 3.7. Each chamber consists of 18 independent slats, which are
mounted on two separate support structures made of carbon/epoxy composite
panels. In total, Station 3 comprises 36 independent detection elements:

18slats/chamber ® 2 chambers/station ® 1 stations (3.21)

Figure 3.7: A view of chamber in station 3, where detection elements consists of slats.

+ Chamber in station 4 and 5 Stations 4 and 5 are positioned between the dipole
magnet and the muon filter wall. Aslat geometry, similar to that employed in Station
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3, is also used for these stations. Each chamber comprises 26 independent slats
mounted on two half-chambers. In total, Stations 4 and 5 together consist of 104
independent detection elements:

26 slats/chamber ® 2 chambers/station ® 2 stations (3.22)

Therefore, the tracking system consists of 10 detection planes meaning 10 nominal hits in
total (for tracks finishing the whole journey in MCH and possibly reaching MID, without
crossing overlapping detection elements.) The total number of detection elements in the
whole tracking system is 104 @ 36 @ 16 = 156, hence the number of total global degrees
of freedom (3 rotations plus 3 translations) reads 156 ® 6 = 936. The intrinsic resolution
for each detection element in Run 3 is at < 100 um for bending coordinate and 1 mm for
non-bending coordinate.

Residual within ALICE convention (global picture)

In the geometry framework of ALICE, the geometry classes are defined as physical
volume inside a geometry tree, and the latter possesses a well-defined hierarchy of geo-
metrical modules in the detection system. In such a way that, from the top to the bottom,
the whole detection system lives at the first place in the unique global frame called the AL-
ICE frame, then the latter is followed by the station volumes containing chambers, and so
on until one gets to the relevant level for detection alignment, which is the detection ele-
ment. For the alighment parameter to be universal meaning that it has to be represented
in the global frame, the following definition of global delta-transformation is defined as:

4glo = App * Gloc (3.23)

where p = (E7T) and Ap = (4fF4T). In this case the definition of p is not altered
from what was discussed in the previous section, however, the meaning of Ap is indeed
changed and it represents no longer a local delta-transformation but rather the delta-
transformation in the global frame (for an equivalent derivation from the local picture,
see Appendix. A). Following this new convention the local coordinates then read:

qglo = AR(R “ Qloc T T) + AT = Qloc = R- (ARil(leo - AT) - T) (324)

From which the local residual follows:

r(p + Ap, Q) = R_l : (AR_l(qglo - AT) - T) — Mioc

R (AR Mggo — AT)—T)— R - (mgo—17) 72

where in the second line, the local coordinates of the cluster measure are represented us-
ing global coordinates with transformation p. In the ALICE convention, the global rotation
matrix R and the delta-rotation AR are defined with the ordering: z(yaw) — y(pitch) —
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x(roll) as:

rﬁl pitjgh yaw
1 0 0 cosf 0 sind cos¢ —sing 0
R=|0 cosyY —siny 0 1 0 sing cos¢ O
0 sinty cos® —sinf 0 cosf 0 0 1
cos 0 cos ¢ —cosfsin ¢ sin 6

= | sinysinfcos¢ + cosypsing —sinysinfsing + cospcos¢p — cosfsiny
—cosysinfcos¢ +sinysing  cosysinfsing +sinycos¢p  cosb cosy

(3.26)
rg\ll pitch yaw
1 0 0 1 0 Ad 1 —Aé 0
AR=10 1 -Av 0 1 0 A 1 0
0 Ay 1 —AO 0 1 0o 0 1
(3.27)
1 —A¢p Af 0 —Ad Af
=l A¢ 1 —Ap|=1+[2a¢ 0 -—Ay
A0 Ay 1 A0 AV 0
=1+A

Taking into account as well the infinitesimal variation of local parameters around the
nominal values, we are now ready to get the linearized local residual:

r(p+ Ap,q+ Aq) = R (AR (ggo(q + Ag) — AT) = T') — mige
=R ((]l + A_1)(%;10 + Aqglo - AT) - T) ~-R (mglo - T)
=R (1= A)(gglo + Agglo — AT) = T) — R+ (mgo — T)
= R (dglo — Mglo) = R (A - ggio + AT) + R™'Aggo
—_—

T global equations local equations
, (3.28)
In the x? minimization, the derivatives 6?;<q) up to the first order leads to the linear equa-
tion:
R_I(A “ Qglo + AT) - R_IAleo = R_l(leo - mglo) (3.29)
———
global equations local equations 70

And the track parametric model uses a local linear model:

xo + tx(z — 20)
Gglo = (3.30)
Yo + ty(z — 20)

where the reference point (z¢,50,20) is chosen to be the track parameter at the first plane
of MCH, the slopes (t.,t,) will be taken at the reference plane for the case of no mag-
netic field B-off and from the local track parameter at z for the case where magnetic field
is turned on B-on. The reason one has to chose a certain track model is mostly due to
the non-trivial tracking process which is supposed to be the "function" that gives the cor-
responding track global coordinates, which does not always have an analytic form. For
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this reason, the track model has to be as close as possible to the realistic situation. The
corresponding expansion of local parameters with respect to nominal values follows:

leo(q + AQ) = {glo + A(]glo

xo + te(z — 20) Azg + Aty (z — 29) (3.31)
= | yo+ty(z—20) | + | Ayo + Aty(z — 20)
z 0

Here, instead of taking directly the z position of the cluster for the corresponding detec-
tion element, the z position in the track model has to be calculated as the intersection of
the track propagation and the misaligned detection element. This amounts to solve the
plane equation of the misaligned detector element and track parametric model with the
origin and normal vector of the plane of the misaligned detection element given by:

O =AR-T + AT

(3.32)
ity = (AR-R).3

And the equation to solve follows:
(Ggto — O") - Tign =0 (3.33)

The solution of the above equation up to first order approximation (A? = 0) gives the new

z position:
. @  a-Ab—b-Aa
2=y + e (3.34)

where,
a= R(O,Q)Tx + R(LQ)Ty + R(272)TZ — R(ng)xo - R(Lg)yo + R(ng)txfc’o + R(Lg)tyz()
b= R22) + Rtz + Raaly
Aa = ATIR(0’2) - AxoR(Oyg) + ATyR(LQ) - AyoR(l,z) + ATZR(ZQ) + AgﬁR(l’z)xo
— AOR 3 2)T0 — APR (g 2)%0 + AYR22)y0 + Atz R0 2)20 + Aty R(12)20
— Ad)R(LQ)txZo + A@R(Qz)txz() + Aqu(O’Q)tyZo — A@Z)R(Q’Q)tyzo
Ab = Aty R(g2) — A0R g 2) + Aty R(12) + ARy 2) — APR(1 9yt

+ AQR(272)tx + A¢R(072)ty — AwR(Q’Q)ty
(3.35)
Inserting the new z in the local residual expression and keeping only first-order terms
yield the corresponding local (global) derivatives (in the most general situation with all 6
global degrees of freedom) with respect to local (global) parameters summarized below:

* Global parameters Ap: (A¢, A9, Ay, Az, Ay, Az)

* Local (track) parameters Agq: (Axg, At,, Ay, Aty)

And the corresponding derivatives for local and global parameters are given as well:
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+ Global derivatives:

ot _ y
BL¢> - _R(O,O)qgm + R(l,O)ng
4 —(Ro,0)te + R0ty + R2,0) b 0.2ty —yo)+ R 2) (@0 —tez0)) —alty Rio.0) ~ta R1.2))
- = ’ ) Yy 5 72
0p — ) orvy y
ﬁ o _R(O,l)qglo + R(l,l)‘];o
—(Ro,ntz + Ranty + Ran) b(R<0,2)(tyzo—y0)+R(1,2)(zol;tzzo))—a(tyR(oyz)—tmR(LQ))
ort  __
7 = R0t~ Reodgo
9 f(R(O O)tfb + R(l O)ty + R(2 0)) bR(2,2)(t‘LZO—J?O);)Qa(R(QQ)tx—R(O’Q))
ro__ , , ’
T 86 — \ orv
0 = tRong — Rendge
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where (z,y, ) are the coordinates of g, obtained from the tracking parameters and the
matrix elements of the rotation matrix can be read for a given detection element from
the geometry interface in the ALICE framework using the unique ID (DEID).

These derivatives then have to be implemented in the framework as input data for
the linear system. The global parameters need to be setup with certain allowed varia-
tion range usually based on the chamber resolution and mechanical precision. This setup
might have to be tuned in certain circumstances as an indirect way to constrain the behav-
ior of global parameters and the solution space. A standard configuration for the allowed
variation range uses (assuming only ¢-rotation): 1.5 cm (Az), 0.3 cm (Ay), 2 cm (Az),
0.002 rad (A¢). Although the covariance matrix of the chamber resolution does not en-
ter explicitly in the global and local derivatives, they are used to weight the local residual
measures (1/0323’y).

Local fit for track parameters

As discussed in the previous section, the idea of MillePedeII consists of a two-step
fit for the x2 minimization. Let’s first recall the matrix representation of the linearized y?
function:
=rl -Vt
=(ro+A-Ap+B-Ag)T-V 1. (ro+A-Ap+ B-Ag).
In the local fit, the contribution from global parameters will be first fixed using initial values
and pre-defined variation ranges, which leads to the local system:

(3.36)

BW'B.-Ag= BV~ rg, (3.37)

where in the algorithm a first attempt of using Cholesky decomposition will be made at
the first place. In the case the latter decomposition is not successful, then Gaussian elim-
ination will be applied. During the local fit, a corresponding x?/ndf for each track will
be estimated and a cut-off based on x?/ndf threshold is implemented to reject outliers
which may contaminate the global fit performance.

Global fit for alignment parameters

Once the local fit is done with success, the next step is to solve the reduced global lin-
ear system (see Eq. 3.2.2) with Schur complement by removing local parameter degrees
of freedom and the per track fitted information will be transferred into the reduced sys-
tem. In solving the global system, the algorithm will first proceed with matrix approach
(Cholesky, then Gaussian elimination for sparse matrix) which is supposed to be faster
than iterative method, then in case the first attempt is not plausible the algorithm will
try to use the subroutine Minimal Residual Method (MINRES), then Flexible Generalized
Minimal Residual Method (FGMRES) if the previous ones does not work well.
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The resulting Ap as alignment parameters will be first checked, whether there are
any huge detection element shifts. Then the alignment parameters will be applied to
the reference geometry following p = Ap - p, and p' will be exported as new (aligned)
geometry file that has to be uploaded to the CCDB for the next round of reconstruction.

Constraints

In the application to ALICE Muon Spectrometer, linear constraints were shown to be
not efficient during Run 2, probably due to incomplete global degrees of freedom. In Run
3, the main way to constraint the linear system is to fix some of the global degrees of free-
dom, for instance one may fix some of the individual detection elements (removing their
degrees of freedom) or fix a full chamber or half-chamber. In practice, fixing chambers
is mostly used providing a rather good convergence performance, where chamber one is
preferably fixed as it is rarely opened hence unlikely to be significantly moved.

CCDB

New geometry with

Reference geometry
alignment parameters

Reconstruction

Record .
Record workflow -+ Alignment workflow

Figure 3.8: The functional workflow of the alignment process.

Alignment workflow

In Run 3, the dedicated alignment workflow is developed as part of the thesis work.
The alignment routine has to be performed in an asynchronous way with respect to the
reconstruction as some details and subtleties might still need to be checked for the align-
ment. However, the alignment process is optimized in such a way that the input data
providing measures and derivatives for later alignment workflow can be generated with
a dedicated record workflow during the reconstruction, hence one only needs to take the
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record file and run alignment process. The advantage being that the record workflow can
be parallelized. A schematic functional illustration of alignment routine is presented in
Fig. 3.8: with a reconstruction based on a certain reference geometry fetched from CCDB,
the record file for alignment can be generated on-the-flight. This record file then is taken
by alignment workflow, which will then provide a new geometry with alignment correction
found out by MillePedeIl.

3.3.2. Alignment strategy in Run 3

In Run 3, since the optical monitoring system is no longer available, one has to rely
on the strategy with different data-taking options. These consist actually in two types of
data-taking:

+ B-off data: for which the data-taking was operated with the dipole magnet turned
off, therefore the tracks should be not curved. Usually, only a few runs before
the physics data-taking are taken with this configuration and they are dedicated
to alignment related studies.

+ B-on data: this corresponds to the normal data-taking for physics purpose, where
the magnetic field is on and charged tracks are curved. There are at the beginning of
the physics data-taking some calibration runs dedicated to technical commission-
ing, software checks and detector calibrations.

As mentioned in the previous section, the track model for global track coordinates is im-
plemented differently in B-off and B-on cases. And one should be conscious that the
tracking in the case of B-off is supposed to be more trivial since the tracks are subject to
straight line trajectory for which the linear track model is considered to be a good approx-
imation for the real situation up to the MCS and energy-loss correction. The misalignment
pattern from residuals is often easier to be captured in this case. For this reason, the ba-
sic strategy in Run 3 consists of for each alignment period a first step of B-off alignment
where the reference geometry is either picked from the latest one in CCDB or the ideal
geometry, the final decision is usually done based one test trials with the two options.
Then for B-on physics data-taking, the aligned geometry provided by the previous step
will be used as reference and the calibration runs will be used to run alignment workflow
in order to prepare optimized geometry for the subsequent physics runs.

For a whole data-taking period, there are usually two alignment processes to be done,
meaning two aligned geometry files to be submitted to CCDB.

3.3.3. Commissioning with data-taking periods

In this section, | will review the major moves of alignment during 2022-2023 data-taking
periods. Some technical details might be incorporated in the discussion. In the alignment
process, all tracks before getting into the algorithm have to go through a refit process,
where the setup for tracking parameters are listed below:
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* For pp runs ("pp set"):

- Chamber resolution 0.4 cm for both x and y direction
- Otracking CUt for tracking is set to 7

- 0,2 cut for track improvement is set to 6
* For Pb-Pb runs ("Pb-Pb set"):

- Chamber resolution 0.2 cm for both x and y direction
- Otracking CUt for tracking is set to 5

- 0,2 cut for track improvement is set to 4

About 20% of the tracks are removed with the "pp set" and 40% with the "Pb-Pb set".
The tracks used for the alignment process are required to be MCH-MID matched muon
tracks. For the following results from the alignment process, the two rotation degrees of
freedom pitch and roll are assumed to be small regarding the geometry and mechanical
constraints. Therefore, their global parameters are not taken into account in the global
equations.

B-off alighment The B-off alignment as the first step for alignment of 2022-2023 data-
taking period was done using runs 520495 and 520496 from period LHC22h with 2.7M
MCH-MID matched tracks. At the same time, the alignment algorithm was completed
with track refit. The residuals for all detection elements extracted from run 520495 and
520496 of LHC22h before alignment are presented below in Fig. 3.9 (red), where one may
observe that the initial residual distributions along x and y directions were all quite dis-
torted mostly due to technical intervention and hardware commissioning during the pre-
vious TS.

Given the above initial residuals as input measure, the result of the alignment process
with chamber 1 and 10 fixed is illustrated in Fig. 3.10 (each blue point corresponds to a de-
tection element, and the plotis sectored into chambers 1to 10 from left to right), where the
algorithm found significant corrections for all global degrees of freedom especially regu-
lar shifts in x direction signaling that the chambers were not well closed. However, there
were a few outlier displacements of detection elements in chamber 5 and 6 along the z
direction. The latter (concerning DE500, DE509, DE600, DE609) had to be accounted care-
fully with appropriate initial values to avoid overlaps: —2.0 cm (DE500), —2.0 cm (DE509),
—4.0 cm (DE600) and —2.5 cm (DE609). The corresponding residuals after alignment (blue)
are also illustrated in Fig. 3.9 from which one may directly observe the improvement com-
pared to the starting point.
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Figure 3.9
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Figure 3.10: The alignment parameters (d,, d,, 0. in cm and d, in radian) as a function of
detection element number for run 520495 and 520496 of LHC22h.
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B-on alignment Three dataset periods from pp runs (LHC22m, LHC220 and LHC22t)
were tested each one with one run. A quick summary of the dataset information is given
below. During the data-taking there was a Technical Stop (TS) (from the 12th to 16th
September 2022) where the detector experts had to access the stations of the Muon Spec-
trometer, thus the datasets will be labeled as pre- or post-TS; the corresponding polarity
of the dipole and solenoid fields will be indicated as well:

* Pre-TS: LHC22m(--), runs: 523183(0800), 523792(1830), 5238978(0730)
* Post-TS:

- LHC220(++), runs: 528094(2110), 528105(2240)

- LHC22t(++), runs: 529691(0230,0250)

Below | will highlight in details the alignment with LHC22t post-TS period, while quickly
going through the pre-TS alignment. The alignment of pre-TS period was done using the
aligned geometry from B-off data, the new aligned geometry was checked with pass 2
data, where the new geometry was used in the reconstruction. Displacements were ex-
pected due to the expert intervention during the TS but also because of the transition
from B-off to B-on, the latter especially for station 3 (chamber 5 and 6), which is inside the
dipole magnet region. For post-TS period, a first attempt was made by fixing chamber 1
and 10, the corresponding alignment parameters are shown in Fig. 3.11
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Figure 3.11: The alignment parameters (0., é,, 6. in cm and d4 in radian) as a function of
detection element number with chamber 1 and 10 fixed for run 529691 of LHC22t.
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The degrees of freedom other than the displacement in the x direction seem to be un-
der control, while the x direction exhibits significant and regular displacements in cham-
bers from 5 to 9. The displacements could be understood as due to the TS knowing that
the these chambers have to be closed horizontally, hence the observed shifts are from
the fact that those chambers were not well closed. However, the fact that the chamber
10 (the closest one to MID) did alter the MCH-MID matching performance as illustrated in
Fig. 3.12, since the chamber 10 was actually not well closed either. From the Distance of
the Closest Approach (DCA) plots one can observe a significant shift between MCH and
MID in the x direction, leading to a moderate x? performance for the matching.
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Figure 3.12: The quality checks for MCH-MID matching.
For this reason, the alignment was repeated, this time with chambers 1 and 6 fixed
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instead of chamber 10. The resulting alignment parameters are presented in Fig. 3.13,
where significant and regular displacements in chamber 10 were spotted and corrections
in other chambers are rearranged accordingly since they were previously trying to com-
pensate the misalignment in chamber 10.
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Figure 3.13: The alignment parameters (6., é,, 6. in cm and d4 in radian) as a function of
detection element number with chamber 1 and 6 fixed for run 529691 of LHC22t.
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Figure 3.14: Comparison of residuals in chamber 7 and 9 along x direction before and after
alignment.
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The corresponding comparisons of residual before and after alignment along the x
direction for chambers which are supposed to undergo significant displacement, are il-
lustrated in Fig. 3.14 for chambers 7 and g as examples. The observed two-peak behavior
for the residuals before alignment is subject to the problem of not well closed chambers
where the two peaks correspond actually to two half-chambers. The symmetry of residual
with corrections of geometry from alignment parameters is restored, and the distribution
is now centered at zero.
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Figure 3.15: Residuals along x and y for all detection elements with run 529691 of LHC22t
forinitial values (green), alignment with chamber 1,10 fixed (red) and alignment with cham-
ber 1,6 fixed (blue).

A general comparison between the initial residual (green) and the residuals after align-
ment with different configurations: chamber 1,10 fixed (red) and chamber 1,6 fixed (blue),
is also presented in Fig. 3.15. From where, one can clearly, at the first place in x direction,
the new alignment setup with chamber 1,6 fixed managed to recover the misalignment
(especially in chamber 9) induced by displacement in chamber 10 that was previously fixed
in the alignment; also, in y direction, the fluctuations of residual with chamber 1, 10 fixed
are restored by new setup as well as the corresponding resolution of residual.

The J/1 peak and width were checked using MCH-MID tracks from LHC220 which un-
derwent the same issue as LHC22t, to confirm the improved performance with aligned
geometry as illustrated in Fig. 3.16. The Signal-to-Noise Ratio (SNR) of J /¢ peak is signif-
icantly improved with the new geometry and in particular the J/¢ width was narrowed
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from 190 MeV to 96 MeV.
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Figure 3.16: Physics performance check with J /v invariant mass fit before and after align-
ment using LHC22o.

Re-alighment at analysis level In the traditional routine, to see the effect of a new
geometry, one needs to either wait for the next construction or require a special recon-
struction, then run analysis code in the framework to get physically relevant quantities
such as dimuon spectra.

In Run 3, this old paradigm was changed with another huge software improvement
which makes the MCH clusters available at analysis level. The latter allows easier physics
performance check for alignment tests and switching between different geometries. This
is the so-called re-alignment process, which is based on the fact that for reconstructions
with the same dataset the local coordinates of clusters remain invariant no matter which
global geometry was used for local-to-global transformation:

Gglo = P * qloc

dglo =P * loc (3.38)

Qo =P P glo
where p and p’ correspond to global transformations from different geometries, and olos
qiglo are the corresponding global coordinates in the representation of the correspond-
ing geometries. The latter operation can be easily done within the analysis framework.

Therefore, to check the physics performance related to a new aligned geometry, one only
needs to perform the above matrix transformation with MCH clusters.

An example of study of the J/¢» width and peak with different alignment test trials is
shown in Fig. 3.17.
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Figure 3.17: Physics performance check using re-alignment at analysis level with three
different geometries from alignment test trials.

3.3.4 . Outlook and discussion

To conclude this discussion of detector alignment with ALICE Muon Spectrometer, we
have seen in this section through the general idea of track-based detector alignment, the
MillePedeII algorithm, which was largely optimized compared to the previous version
and dedicated to large size systems, then a concrete implementation for the case of AL-
ICE Muon Spectrometer with a detailed discussion about geometry and derivation for
local and global derivatives as input for the global linear system after linearization, and fi-
nally the commissioning with real data-taking periods and the highlights of big moves for
muon alignment in Run 3. Although most of the crucial points have been incorporated in
the previous discussions, there is still room for improvement with respect to the current
implementation:

+ Global degrees of freedom: although in the derivation of linearized system for
the general situation all possible global degrees of freedom were included, the first
attempt of alignment in the commissioning neglected two rotation degrees of free-
dom, namely yaw and roll. However, we have seen already in the recent regular
checks of the residuals that those two rotations may actually contribute to the mis-
alignment, in the current setup, part of their contribution could be compensated
by the three active global parameters but in a very limited way. Therefore, in the
future, these two rotations have to be implemented as well in the algorithm, and
consequently, adding more degrees of freedom means larger phase space, so one
might need to consider suitable constraints to control the behavior of global con-
vergence.

« Track parametrization: as slightly discussed before in the general setup part,
the choice of track parametrization leads directly to different local parameters and
derivatives, and in principle, one would expect the track parametric model as close
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as possible to the tracking which does not have an analytical closed-form expres-
sion and the tracking is highly black-boxed from the viewpoint of MillePedeII. The
current parametrization, especially in the B-on case, involves a pseudo-local linear
approximation, while the choice of the reference point may still be questionable.

Physics-tagged alignment: the alignment performance might be tuned with a spe-
cific physics process. In the case of the Muon Spectrometer, the most interesting
physics observable involve, to the first order, the J/i) decay vertex. The latter can
be used to tune the alignment using the mass of dimuon as constraints. This tech-
nique helps us as well to constrain the eventual weak modes (undefined or weakly
defined) such as the Az, which can only weakly contribute to the transverse local
coordinates through its coupling to rotations.

Global misalignhment and mutual alignment: in the previous section, a special
case where fixing the chamber 10 induced the matching problem between MCH
and MID, was discussed. The latter concerns actually the topic of mutual or relative
alignment between different detector systems. This requires different treatment,
since the aforementioned alignment process applies to a specific detector system
and is thus a standalone alignment. Combining different detection system is more
complicated because they may use a different tracking algorithm and track rep-
resentation, have different geometry, could also be separated by some filter like
the front absorber between MFT and MCH or the iron filter between MCH and MID.
These facts renders nearly impossible to incorporate multiple detector systems into
a same compact alignment process or a sort of global minimization problem. Also,
the standalone alignment is by definition blind to the global misalignment of the
whole detector system (imagine the system as a big rigid box) with respect to in-
teraction point and beam axis, which may significantly affect the performance of
quarkonium reconstruction especially in the case of T, which are more sensitive
to tracking performance. Therefore, the detection of global and mutual misalign-
ment often needs different treatment such as the DCA mentioned in the previous
discussion or eventually the method of propagation of tracks from one detector
system to another and vice versa. In addition, the track matching (for example,
tracks from MFT and MCH) plays a crucial role in prompt- and non-prompt sep-
aration of quarkonium production, and the latter usually requires a good relative
alignment between the detector systems in question as a premise, especially in Pb-
Pb collisions where the much higher number of matching candidates will break the
traditional x? matching method.

129



130



Chapter 4

Forward J/¢) flow measurement in
Pb-Pb collisions at , /5. = 5.36 TeV
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In this chapter, the data analysis conducted in this thesis for the inclusive J/i flow
measurement in the dimuon decay channel at /s = 5.36 TeV will be presented, this
analysis was done using ALICE Run 3 data collected in 2023. It incorporates three flow
analysis methods including the Event-Plane (EP), Scalar Product (SP) and cumulants. It
was the first Run 3 quarkonium flow analysis at forward rapidity, with the brand-new
software framework. Though the analysis was brought to a preliminary level, it built up
a solid flow analysis framework with the full implementation in ALICE Online-Offline (O2),
the latter will facilitate all subsequent forward quarkonium flow analyses in the future
once the whole Run 3 data-taking is concluded.
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4.1 Physics motivation

As probably the most fundamental bound state of charm quarks, J/v (c¢) has the
privilege of being a suitable hard probe for the QGP medium at LHC energies due to the
abundance of charm quark pairs produced from hard partonic scatterings. It has two sig-
nificant branching ratios into dimuon (~ 5.96%) and dielectron (~ 5.97%) decay channels
with a lifetime of about 7.2 x 10~2! s, which is beyond the time scale of the QGP phase, with
a fairly clean signal, even if with large combinatorial backgrounds. This makes J /¢ one of
the most convenient hard probes in investigating the QGP properties through its produc-
tion and in-medium modifications. Especially, its collective behavior in the hot medium,
quantitatively characterized by anisotropic flow, encodes the heavy-quark thermalization
mechanism. The (partially) thermalized charm quarks can effectively contribute to ob-
served elliptic flow, and the underlying transport properties in the QGP, therefore provid-
ing the key ingredients for the dynamic picture of charmonium production in the QGP.

4.2 Methods of flow analysis

Three methods are actually implemented in this analysis including the Event-Plane
(EP) method as the easiest baseline, the standard but yet very robust Scalar Product (SP)
method, and also the multi-particle correlation based cumulants method. The basic ideas
and principles of these methods were loosely discussed in Sec. 1.4.3, here we shall review
more in depth some of their defining ingredients for flow observable with some detailed
subtleties of their usages in practice.

At the very first place, no matter what kind of method one is addressing, the crucial
and even the most important quantity in flow analysis is the so-called event Q-vector:

M
Qn = Zwi(¢>pT) e (4.1)

=1

where n is the order of Fourier harmonic and ¢; is the particle azimuthal angle. This
above definition is a generalized one with associated particle weight w; which will account
for the systematic bias from detector Non-Uniform Acceptance (NUA) and Non-Uniform
Efficiency (NUE). The sum is taken within a single event where M stands for the particle
multiplicity in this event. As the Q-vector is by definition a complex number, it will also be
convenient later to consider its complex components:

@n = Qp +1iQy (4.2)

All flow observables consist of evaluating a certain correlation between an ensemble of
reference particles and the target particle or Particle of Interest (POI). In our case, the
reference part will be measured in the central barrel region (|n| < 0.8) using all charged-
particles, and the Particle of Interest (POI) will be inclusive J /v reconstructed in the Muon
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Spectrometer at forward rapidity (—4.5 < n < —2.5) in the dimuon channel. Following
this setup, the nonflow effect arising from the near-side edge (small An short range cor-
relations) will be strongly suppressed by this natural gap between the central barrel and
muon spectrometer.

All flow analysis methods are to reproduce experimentally the fundamental defining
formula for flow coefficient as the angular correlation between the azimuthal angle of
particles and the reaction plane:

vy = (cos(n(p — WEPY))) (4.3)

where WRF is the conceptual reaction plane angle that is not directly accessible through
experiment, therefore in a sense, all experimentally relevant flow analysis methods are
trying to provide a rather proper estimation of the symmetry plane explicitly (EP method)
or implicitly (SP and cumulants methods).

4.2.1. Event-Plane (EP) method

Inthe approach of Event-Plane (EP) method, the aim is to provide an explicit estimation
of the reaction plane using the event-plane from a finite sample of final state particles.
The event-plane can be measured using the Q-vector calculated within a specific detector:

1 n
\IISP = — arctan <QI> (4.4)
n Q7

from which the flow coefficient can be evaluated as:

_ \I/EP
VEP — <COS(n(fng n ))>u+u* (4.5)

where ¢ is the azimuthal angle of the POI, in our case muon pairs, ¥EF is the event-plane,
REF is the event-plane resolution factor which is usually computed using three-subevent
method, and the average is taken over all muon pairs within a given centrality and pr bin.
In the initial two-subevent method, the detector is divided into two azimuthally symmetric
parts A, B and each of them gives an event-plane estimation. One can follow the calcu-
lation below by assuming they both estimate the same true symmetry plane and have
equal resolution:

Re{<ein(\llﬁ—\llf)>} _ Re{<ein(\ll,’?—‘117pfp)e—in(‘1/f_‘I’SP)>}

= (cosln(¥f} — W2))) = (RE")? (4-0)

In this approach, it is often hard to avoid short-range correlations (without sufficient gap
in phase space) that will bias the estimation and the two subevents within a same de-
tector may not have equal resolution. To overcome these limitations, a more robust
method using three independent subevents is usually favored in two-particle correlation

133



based method including Event-Plane (EP) and Scalar Product (SP) methods. Using three
subevents, we can calculate the mixed products of resolution in different events following:

(cos[n(¥g — UE)) = R} RE,
(cos[n(¥) — W) = RE RS, 4.7)
(cos[n(¥S — Ua)]) = RY R

from where one can solve for each subevent resolution, in particular:

i ¢ (cos[n (¥t — wE)]){cos[n(¥t — wE)))
)

(4.8)

n

Following this approach, the independence of subevents can be ensured using different
detectors, like in the case of our analysis where the tracks from ITS+TPC, and the particle
multiplicities measured in FToA and FToC (A and C side of Fast Interaction Trigger (FIT),
see Sec.2.2.1) are used as independent subdetector systems.

In the following discussion, we shall follow the convention for the definition of three
subevents: A: ITS+TPC matched tracks, B: multiplicities from FToA, C: multiplicities from
FToC.

4.2.2 . Scalar Product (SP) method

Since one of the original reasons to use Event-Plane (EP) method was to access the
event-plane estimation as an important quantity to study the initial geometry, a mathe-
matically equivalent alternative called Scalar Product (SP) method using directly Q-vectors
without going through the event-plane reconstruction was introduced as well in our anal-
ysis:

Ax
u
ofF = (U

>,u+u—a (49)

where u,, is the unit vector of POl in the transverse plane, and R;?P is the resolution factor,
which follows using three-subevent method:

RSP _ \/ (QFQA)(Q1QS")

(4.10)

(QFQF")

The consistency of this expression can be easyly checked by considering the simple case
of constant Q-vectors, say Q4 = a, QP = band QY = ¢, hence the flow coefficient reads:

* *

Upa™ UnQ

Ry,

UnQ

)= <\/W> =
be*
Taking the real part results in the same correlation formula than in the initial definition,

therefore, up to the normalization of Q-vectors, EP and SP methods are mathematically
equivalent if the subevents are defined in the same way and resolution is evaluated with

vo = ( ). (4.11)

lal
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the same centrality binning.

Finally, the remaining question is when to take the real part in SP method, as the
above formulae are using complex numbers, while flow coefficients have to be taken as
real numbers at the end. In this analysis, the following convention is applied:

Re{u, Q4
UTSZP = ( {RTS;? }>,u+u* (4.12)

, and the resolution factor will read:

P _ \/Re{<QEQ£*>}Re{<QéQS*>}
" Re[QFQT)}

Though it might be better to take the real part after the square root to avoid a global inter-
nal rotation effect, which can be compensated as a global factor in complex calculations.

(4.13)

4.2.3 . Cumulants method

Similar to the SP method, the cumulant method does not rely on an explicit derivation
of an estimation for the reaction plane but rather implicitly from multi-particle correla-
tions. The general idea was developed based on the cumulant expansion of Moment
Generating Function (MGF) where the connection to Lee-Yang Zero (LYZ) method was
mentioned in Sec. 1.4.3. In this section, we shall go through the essentials of the foun-
dation of cumulant method through a slightly different formalism of MGF

Cumulants from Moment Generating Function (MGF)

Consider the two-component (symmetrized) complex Moment Generating Function

(MGF):
M *
Gn(2) = < 14 = ein?; <1 + Ze_i”¢f>> (4.14)
oo g (05

where z is a complex variable, zx its complex conjugate and (-) denotes the average over
all events, which implies an integral over all reaction plane angles uniformly distributed
on (0, 2x] . Taking the expansion of the MGF results in:
Xz, 2
Gn(2) = ;(M)’(M)’/m (4.15)
1=

21 *
where po; = %d(jlf”z:o = ((24)), and this coefficient can be used to connect the raw

correlation functions: for example in the case of 2-particle correlation

M M
> = |QufP — M = M(M = 1)(3" ™0 0)) = M(M ~1)(2).  (4.6)
i#] i#j

"There should be no privileged azimuthal direction in the detector

135



The advantages of using a two-component complex form rather than one-component
form are:

+ Making the generating function real G(z) = G*(z)

*+ Preserving the rotational invariance with respect to the reaction plane since angular

correlation accounts only for the relative pattern instead of their absolute angular
l+k *

magnitudes. This can be understood from: u;,; = %p:o = {(Qn)(Q:)F).

The average converts into integral over all possible global rotations from 0 to 2,

therefore ((Qn)'(Q:)%) o 27 eé(=Reda = 274 ..

In analogy to the partition function in statistical mechanics, one can take the logarithm for
the MGF and once again expand around o. The latter is the so-called cumulant expansion
of Moment Generating Function (MGF):

=1
In(Gn(2)) = > ch{k}zk (4.17)
k=1
and similarly cop = %ln Gn(2)|2=0, these coefficients are called cumulants. The

moment-cumulant relations read:

{2} = ((2)),
cn{d} = ((4)) — 2((2))%, (4.18)

Taking the large-M and no-fluctuation limit for the two-component generating function
yields the flow-cumulant relations:

v {2} = {2},
v {4} = — ¢, {4}.

As an important property of cumulants, a cumulant coefficient at a given order can be
explicitly represented only by lower moments [256], this is known as the Kubo-Meeron
closed-form for cumulants. From the latter, one can actually turn the tedious cumulant
calculations into recurrent relations that can be fairly easy to implement as an iterative
algorithm [2571].

(4.19)

Event-by-event flow fluctuations

However, in practice, the event-by-event flow fluctuations may be present from initial
geometry fluctuations, finite particle sampling, etc. This can be accounted by expanding
the flow magnitude with mean and small variance 02 = (v2) — 92,0, < 9,. Since each
moment can read for large-M limit: us, = (v3,), therefore one can use flow-cumulant
relations from Eq. 4.19:

v {2} = 52 + 02,

v {4} = 02 — o2,

(4.20)
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From which the fluctuation ratio can be defined as:

o _ \/vn{Z}2 — v, {4}?

(v) v {2}2 + v, {4)2 (4.21)

Flow of Particle of Interest (POI)

For the case of flow analyses for a specific particle species, we usually divide the cal-
culation in two components: the flow of Reference Particle (RFP) and the flow of Particle
of Interest (POI). In this analysis, the RFPs are taken as charged-particles from central bar-
rel detectors, and the POls will be inclusive J/1 at forward rapidity. This setup makes no
overlap between RFP and POI, making the implementation much easier. The full calcu-
lation of the correlators and cumulants with weighted Q-vectors are shown in Appendix. B.

In this case, the correlation functions for POI are defined by:

<2'> — <€in('¢i—¢j)>’

4y = (enitdi—dn—d0)y (4.22)

For RFP, the so-called reference flow can be evaluated following the flow-cumulant

relations:
w2 = venl2, (4.23)
v {4} = V/—ca{4}. '
For POI, their 2nd- and 4th-order cumulants read:
daf2} = ((2)),
’ ’ (4.24)
dn{4} = ((4)) = 2((2))((2))-
From which, the corresponding flow coefficients can be evaluated as:
/ d,{2}
Un{Q} = )
Vent2) (4.25)
, dn{4} '
va{d} = ——

(—en{d})?/t

From average over events to average over dimuons

In the actual reconstruction chain of the ALICE computing framework, charged-particle
(RFP) and dimuon (POI) information are actually available at different levels of the data
processing. Since the memory consumption of barrel tracks is huge, a multi-level skim-
ming process is hence strategically necessary. More importantly, performing a first av-
erage within a single event followed by a second one over all events seems technically
not doable in the current analysis framework. The limitations come from the aforemen-
tioned memory consumption, the architecture of the framework, and also from the flow
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analysis strategy which relies on the flow of dimuons as a function of their invariant mass.
This means, in turn, that the J /1) mesons are not one-by-one identified as POl in the for-
mulae but rather extracted statistically from dimuon spectra (see Sec. 4.5.1). From these
considerations, it is much more convenient to follow a different strategy of average over
dimuons instead of events. The symbols used in the following derivation follow the same
as in Appendix. B.

For flow of POI The weighted average 2-particle correlations for POl become:
<<2l>> — Zil(MIOl)i<2,>fvt
YL (M)
_ Zz]\il pfl,O(Q’Z,l)i
SO mi(S1,1)i
Zij\il 27:1)1 eIV (Qz,l)i
S 2 (S

O ens e (Qr )

)

(4.26)

n,l

S (S 1)
Zf):z;nuonS(M/ol )i{<2'>dimuon . mp}i

Mp

9

- ZDimuonS(M’Ol)

i=1 mp

(2

Following this, one can actually convert a weighted average over events on a weighted av-
erage over dimuons, with (S 1); being the new weight for each dimuon and {e™¥i( 2{11 )i}
the exact quantity being summed. This allows us to use directly ROOT TProfile for error
propagation during post-processing.

Similarly, the weighted average 4-particle correlations for POl become:

SN (Mor11)i{4) ¢
25\21(/\4'0111%
S {0 [ @@ 1 Q) — Qi Qb0 — 2+ S12Qh 1 +2- Q) }

= N

PO mi [S31 — 3+ 51,1512 +2- Si3],
N My b * * * * *
Zi:l Zj:zol e]mb] [Qn,lQn,lQn,l - Qn,lQQan -2 Sl,QQn,l +2- n,3]i
Sint 2 [S31 =3 811512 +2- S13],

ZDimuonS(m)i{<4’>dimuon . mp}i

() =

(4.27)

)

N =1 mp
= i 7
Zi:z?monS(Mng;H )z

For reference flow Following the same approach, correlations and weights for refer-
ence flow should be also gathered per dimuon.
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The weighted average 2-particle correlations for RFP become:
i (M1n)i(2);
PRl 1(M11)'
S 1Z] 1 g L (Mi1)i(2)s

- ’ (4.28)
Y 12] 1 g L (M)

S o (M) (2);
Zg{nuons @(Mll)z

({20 =

i

Similarly, the weighted average 4-particle correlations for RFP become:
S (Maann)i(4)i
ZZN 1(M1111)i

DR 123 Ll = (Main)i(4)

- ’ (4.29)
Z’l 1 Z] 1 mz (Mllll)

S o (Munn)i(4)s
S Zeeons %(Mllll)i '

({49 =

)
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4.3 Event, track and muon selections

In this section, we shall review the general setup of data preparation for the analysis.
The following discussion includes a review of data sample used in this analysis, then the
criteria for event, track, muon and dimuon selections.

4.3.1. Data sample

The Pb-Pb data sample used in this analysis was collected in 2023 at \/sxn = 5.36 TeV
including 9 periods ( continuous block of stable LHC running with basically the same ac-
celerator configuration, detector configuration, and similar conditions) with 9o good runs
(individual continuous data-taking block inside a period) in total. The corresponding per-
formance check of recorded integrated luminosity for 2023 and 2024 Pb-Pb data-taking
is illustrated in Fig. 4.1.

1.8 s
S [ ALICE Performance, Run 3 1 e
Z16[ Pb-Pb, |5y = 5.36 TeV 1,8
€ 14l Recorded 1 o
=2 Tk = E [S)
5 | 2023:15355ub 10 5
8 125 2024: 1544.1 pb™ 1 g
[) L 1 P4
E 8
0.8/ 6
0.6 ’
B i4
0.4~ ]
- 12
0.2~ :
0: L [ Y S S

14Sep 28Sep 120ct 26 Oct 09 Nov 23 Nov

Figure 4.1: The ALICE performance check for integrated luminosity recorded for 2023 and
2024 Pb-Pb data-taking.

The list of good runs (see Appendix. C) was provided by central Quality Control (QC)
with CBT _muon criteria including the standard muon (MCH,MID) checks plus crucial com-
ponent checks in central barrel (ITS, TPC and FITs). The latest reconstruction of pass 4 was
adopted, which includes as well the latest version of Q-vector correction, NUA weights for
cumulants and improved centrality determination using FToC. In Run 3, the data flow fol-
lows a skimming process in order to reduce the largely increased data storage demands
in the new continuous data-taking mode. The data went first through a central skimming
process based on loose and basic event selections to remove the most obvious unnec-
essary data, then a subsequent streaming procedure at analysis level, based on detailed
event and track selection criteria that might be highly analysis-specific, was performed as
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well. The resulting skimmed data reduces to 7.1 TB from the original size of 2.3 PB (a
reduction factor ~ 324).

4.3.2 . Event selections

Events are selected based on the flag eventStandardSe18PbPbQuality consisting of
the following cuts:

* kIsSel8: enabling event selection decision based on FIT vertex.

*+ kVtxZ: selecting events with vertex position |Vtx,| < 10 cm with respect to the nom-
inal vertex position as shown in Fig. 4.2.

* kIsTriggerTVX: detecting whether the event has FIT triggered vertex.
* kIsNoTFBorder: checking whether the BC is far from the TF border.

* kIsNoITSROFBorder: checking whether the the BC is far from the start and end of
the ITS ROF border.

*+ kIsNoSameBunch: ensuring one single collision within the same BC

* kIsGoodZvtxFTOvsPV: filtering out the event with [VixtY — Vixt 9| > 1em

10 T T T T ‘ T T T T ‘ T T T T T T T T T T T T T T T T
[ This thesis

[ Pb-Pb, \s,=5.36 TeV

L Job 026 Run 544963 Pass4

Neve nts

10*

10

L L ‘ Il ‘ Il Il ‘ Il Il ‘ Il Il ‘ L L
-15 -10 -5 0 5 10 15
Vtx Z (cm)

Figure 4.2: The vertex (Vtx,) distribution before and after cut with run 544963(026) from
pass 4.
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Centrality determination

In order to study Pb-Pb collisions, where the initial collision geometry is extremely
important, it is necessary to classify the collisions in terms of the overlap region between
the two colliding nuclei. The latter is characterized geometrically by the impact-parameter,
however as we have already discussed in Sec. 1.3.1, this quantity is not experimentally ac-
cessible. In ALICE, the centrality is estimated as percentages of the total hadronic cross-
section using charged-particle multiplicity measured in a forward or backward pseudora-
pidity region that is fairly far from midrapidity detector systems to avoid autocorrelations.

E‘IO?""“""""""""" =
3 | T T T T T T 3
QO ALICE Pb-Pb 5.36 TeV pass3 107 Shown: glauber normalized after fit B
01 OG 5%-wide intervals shown alternatingly to integral in range: 275-325 —
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10 [ e E
N 700 200 500 400 500 600 7
Yo ) ]
10° [T FTOA+C Amplitude
10? 3
10 =
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BB[FF| 8|8 | & 2 2
I Pl I T P | X |
g - L e e — t t
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12F FTOC amplitude
1 sy
osfil| elzlelzlgl s 5| & | &
QR0 Yy | ¥ Ly Q o o9 b
o A Il T O T Rl - 1
0 10000 20000 30000 40000 50000

FTOC amplitude

Figure 4.3: "Glauber+NBD" fit to the FToC amplitude distribution using run 544122 of pass
3 calculated with the BC table approach together with the fit to data ratio showing on the
bottom.

At low multiplicity, the electromagnetic processes have strong contributions, while the
high multiplicity part will be dominated by hadronic events. In the old approach, the low
multiplicity electromagnetic contribution could not be captured, leading to a limited cen-
trality range from 0 to 80%. In Run 3, from pass 3 onward, a new approach was deployed
using "Glauber+Negative Binominal Distribution (NBD)" fit, which is able to handle the
low multiplicity electromagnetic effect, hence the centrality estimation can be in principle
extended to 100 %. An example of new fit approach using data from run 544122 of pass 3
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is shown in Fig. 4.3, as well as an example of centrality distribution before and after event
cuts with FToC using run 544963 of pass 4 in Fig. 4.4.

Nevents
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10

= This thesis
E Pb-Pb, s, =5.36 TeV — wcuts
| Run 544963 Pass4 — w/o cuts
P N R BN BT ST RV R B
0 10 20 30 40 50 60 70

80 90
Centrality FTOC (%)

Figure 4.4: The distribution of centrality before and after event cuts using FToC with run
544963 of pass 4.

4.3.3 . Track selections

The charged-particle tracks from the central barrel for Q-vector construction are se-
lected based on the following criteria:

+ Pseudorapidity selection: |n| < 0.8
* Global track: ITS+TPC matched
* 0.15 <pr <3GeV/c

* Global track standard quality checks:

passedITSNCls (check for number of ITS clusters)

passedITSHits (check for required number of hits in ITS layers)

passedITSChi2NDF (check for x2/ndf of ITS track)

passedTPCChi2NDF (check for x2 /ndf of TPC track)

passedTPCCrossedRows0verNCls (for for minimum number of crossed rows
over findable TPC clusters)

passedDCAxy and passedDCAz (check for track DCA)
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4.3.4 . Muon and dimuon selections

To ensure good muon track quality for both flow correlation and J /4 reconstruction,
several cuts are applied to single muon and dimuon with the resulting comparison before
and after cuts shown in Fig. 4.5:

+ Single muon selections:

MCH-MID matched tracks
Pseudorapidity range —4 < n < —2.5

The transverse radius of the muon track at the end of the front absorber
17.6 < Raps < 89.5cm (2° < O, < 10°) in order to remove the muons
crossing the high-z material part of the absorber, where multiple Coulomb
scattering occurs.

pDCA < 60, where pDCA defined by |p| times Distance of the Closest Ap-
proach (DCA), to avoid background contribution from beam-gas interactions.

Single muon pr , which is crucially important to remove combinatorial back-
ground from low-momentum muons in the dimuon spectrum. In Run 2 the
muon system had a non-sharp pr triggering around 0.5 GeV /¢, while in Run 3
there is no trigger system, the choice of low-pr cut left as a "free" parameter
to be tuned regarding dimuon spectrum and event-mixing. In this analysis, a
low-pt cut of 0.7 GeV/c is applied as an optimal value, important arguments
related to signal extraction and event-mixing will be discussed in the following
section.

+ Dimuon selections for quarkonium reconstruction:

Opposite signs of charge are required.

The reconstructed dimuon should be also in the rapidity range 2.5 < y < 4.
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Figure 4.5: Comparison of muon kinematic information before and after cuts using run
544963 of pass 4.
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4.4 Calibration for flow analysis

In this section, we shall review the major calibration steps one must take in order to
perform the flow analysis under suitable conditions. For EP and SP method, they follow
the same calibration procedures regarding the systematic checks for symmetry (event)
planes, Q-vector calibrations and also resolution embedded in the average with fine cen-
trality bins to account for its variation as a function of centrality gathering different event
classes. For cumulants, as it does not require by construction an explicit calibration for
symmetry planes and Q-vectors, one only needs to take care of the Q-vector weights en-
coding the Non-Uniform Acceptance (NUA) and Non-Uniform Efficiency (NUE) corrections.

4.4.1 . Q-vector calibration and symmetry planes

Since the reaction plane distribution over collision events is expected to be azimuthally
isotropic in the absence of polarization, then no special direction in the plane of impact
parameter should be privileged a priori. However, in practice, the performance of the
detector suffers from inefficiencies, thus triggering non-uniformity and modulation in
the event-plane distribution. The latter will strongly bias the correlation measurement
with unexpected contribution from detector defects. The event-plane determination re-
lies directly on Q-vectors, and the detector defects reflect directly on the form of Q-vector
distribution in their (x,y) components. Therefore, Q-vector calibration for detector non-
uniformity is considered as a crucial step for flow analyses using SP and EP methods.
Moreover, since the resolution for both cases will be evaluated using three-subevents
including TPC, FToA and FToC, then the calibration process should be done for all three
detectors.

In ALICE Run 3, the Q-vector calibration is centralized by the Analysis Objects and Tools
(AOT) team from ALICE Data Preparation Group (DPG). In the following discussion, we shall
review the main steps for Q-vector calibration introduced in [258] together with some
practical details in AOT's implementation.

In the setup of centralized Q-vector calibration framework, events are selected using
Sel8 + kIsGoodZvtxFTOvsPV + kNoSameBunchPileup criteria:

* Sel8 (kNoTimeFrameBorder + kIsTriggerTVX + kNoITSROFrameBorder): event selec-
tion based on the FTo vertex and whether the Bunch Crossing (BC) is far away from
the ReadOut Frame (ROF) border of the ITS and from the Time-Frame (TF) border.

* kIsGoodZvtxFTOvsPV selects events with the distance between FTo vertex and pri-
mary vertex smaller than 1 cm:

|[VtxZ(FT0) — VtxZ(PV)| < 1cm (4.30)
* kNoSameBunchPileup picks events with at most one collision per BC.
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The TPC tracks are selected following the ALICE Run 3 standard cuts detailed in the previ-
ous section.

Gain equalization

In the conventional calibration procedure, the gain equalization is usually the first
step. The idea is to account for the variation of gain across different detector channels
because the detector amplitude is used as weight for measuring the number of particles
passing through a given detector channel, the latter could therefore be biased due to the
variation of gain in different channels. To fix this bias, one needs to reweight the ampli-
tude of each channel by an average amplitude over all channels, the corrected amplitude
reads:

Mcorrected — Mz « (<<]]\\Z>>> (431)
where M, is the amplitude for a given channel, (M;) is the average of the amplitude of
this given channel over selected events in each run, (M) is the same average but for all
channels. The result of gain equalization for FTo using data of run 544510 from pass 2 is
shown below in Fig. 4.6.
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Figure 4.6: Calibration for the gain of FTo using run 544510 of pass 2.

Q-vector corrections

Recentering The first correction to be done for the shape of Q-vector in the 2D plane
is recentering because the event flow vectors should not favor a special direction, which
would lead to bias (shift) in calculating the correlation with the POI unitary vector. In the
recentering procedure, this shift of origin in event Q-vector distribution can be corrected
using its average position along x and y axis respectively:

Q{n,x = Qn,x - <Qn,m> (432)
Q;v,,y = Qn,y - <Qn,y> (4.33)
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Twisting and rescaling To correct the shape of Q-vector distorted by the presence
of detector non-uniformity, the procedure of twisting and rescaling is introduced as a
conformal transformation by applying to the Q-vector statistical distribution a 2D rotation
and a change of scale, parametrized by:

2(6Q721,x + 5@727,731 - 25Qn,m5Qn,y \% 1- P2)
((0QF 2 = 0Q7 ))* + 4(0Qn.26@n yp)?)

b= p6QnedQny (4.34)

where p = %ﬁ? and 6Qy ., 0Qn,, are the standard deviations of @, , and Q,, 4,

respectively.

The twisting of Q-vectors result in the residual rotation by the reaction plane angle in
the 2D Q-vector plane, the latter can be fixed by a diagonalization process:

" (Q;L,Z - C4Q;L,y)

Qnaz = (1= caca) (4.35)
(Qny — c3Qn )
1 — n,y n,r . 6
Qny (1= csc) (4.36)
where c3, ¢4 read:
b
C(3,4) = > < (4.37)
\/2(5Qn7($’y) -b )
Then the rescaling can be done using extra scaling factors,
/"
e = (4.38)
Cs
/"
y = — (439)
Co
where c5, cg are defined by:
€(5,6) = \/ 2(5Qi,(x,y) - b?). (4.40)

The correction steps are separately conducted for eight different centrality classes from
0 to 80%, the whole correction procedure including all steps is performed iteratively and
independently for each detector system. The resulting Q-vector (n = 2) with TPC tracks in
different centrality classes after corrections are presented below in Fig. 4.7.
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Figure 4.7: lllustration of corrected Q-vectors (n = 2) within different centrality classes
from forward TPC tracks.
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Figure 4.8: Comparison of centrality-integrated Q-vectors (n = 2) from three detectors
using run 544963 of pass 4.

The corresponding checks of x,y components for corrected Q-vectors (n = 2) from
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TPC, FToA and FToC as a function of centrality estimated using FToC are presented below
in Fig. 4.9. The distributions of Q-vectors in different detector systems are centered at
zero and fairly uniform across the centrality range. The centrality-integrated Q-vector in
X,y components for all three detectors are also shown in Fig. 4.8.
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Figure 4.9: Corrected Q-vectors (n = 2) of three detectors as a function of centrality using
run 544963 of pass 4.

Event-plane and resolution factors

In addition to reduce the bias in the correlation between POI unitary vector and Q-
vector, the detector non-uniformity reflecting in Q-vector distortion can be also seen in
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the event-plane reconstruction and the contribution of the imaginary part in the resolu-
tion factor. For this reason, a necessary assessment for Q-vector calibration is to check
the event-plane distribution and resolution factor.

Event-plane reconstruction Within a given centrality class, the magnitude of the
impact-parameter is rather fixed, but its orientation as mentioned before is random event-
by-event. For central collisions, the magnitude of the impact-parameter is small or even
vanishing leading to a nearly symmetric geometry of the overlap region, hence the mea-
sured event-plane of 2nd harmonic is rather dominated by participant fluctuations with
random orientations and the latter implies a more natural global flatness in the case of
central collisions. For peripheral collisions, the geometric anisotropy is pronounced and
the local correlation between event-plane and impact-parameter is strong, however a
global flatness is also expected due to the random orientation of the impact parameter
event-by-event. Following these considerations, one would expect a fairly flat event-plane
distribution after Q-vector calibration. The result of reconstructed event-plane (n = 2) us-
ing TPC tracks within different centrality classes from 0 to 90% is presented in Fig. 4.10
where a rather good flatness is reached across different centrality classes.
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Figure 4.10: Event-plane (n = 2) reconstruction using run 545296 of pass 4 with TPC tracks
within different centrality classes from 0 to 90%.

Resolution factor As we have discussed before, the event-plane is used as an exper-
imental estimator for the reaction plane, which is a pure geometric and experimentally
inaccessible quantity. In the flow analysis with EP method, this biased experimental es-
timation can be refined a posteriori using resolution factor. In the case of SP method,
the resolution factor is also introduced as a measure of reference flow to the POI-to-RFP
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correlation on the numerator. Even with slightly different interpretations, the resolution
factor used in both EP and SP method follow the same principle of calculation up to the
normalization of Q-vectors. Here we shall restrict to the result with SP resolution and the
related discussion for residual effect after Q-vector corrections.
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Figure 4.11: Real part of Q-vector (n = 2) correlations between three detectors and the
final resolution using three subevents using run 544963 of pass 4.

As shown in Fig. 4.11, the result of Q-vector correlation between three detectors and
the final resolution factor with three subevents is presented. The correlations with differ-
ent detectors show an increasing trend from the most central to semi-central collisions
as the geometric anisotropy starts to dominate with increasing impact-parameter magni-
tude, and then go down toward peripheral collisions as the overlap region gets smaller.
The final result with three-subevent method follows the same trend.

4.4.2 . Resolution with fine centrality binning

Since the final resolution is not uniform across the whole centrality range, the tradi-
tional approach taking the weighted average of resolution factor within different centrality
bins is not able to capture the subtle variation of resolution estimation as a function of
centrality, the latter might have a chance to handle the semi-central region within 15-35 %
for the centrality-integrated pr -differential study but clearly not optimal for centrality-
differential flow measurement. Moreover, as shown in Fig. 4.12, where the value of each
point is taken as the average over all runs in the same centrality classes (per 1 %) and the
error represents the standard deviation inside a centrality class, the resolution fluctuates
inside a centrality class, and the effect is quite pronounced within semi-central region
(10-40 %) where one would expect the highest value of elliptic flow.

From the above considerations, one would rather incorporate the resolution correc-
tion to the observed flow in a run-by-run and centrality-dependent way thanks to the large
dataset allowing enough precision for run-by-run and centrality-differential calibration, as
illustrated in Eq. 4.2.2. This is implemented by pre-loading the run-by-run resolutions with
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a fine enough centrality binning (1%) as calibration files saved in ALICE CCDB, so the latter
can be accessed on-the-flight during the analysis.

“ ;
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Figure 4.12: lllustration of corrected Q-vectors (n = 2) within different centrality classes

from forward TPC tracks.

4.4.3 . Non-Uniform Acceptance weights for cumulants

In the approach of multi-particle correlation method, the calibration does not require
a strict Q-vector correction procedure. However, the detector imperfections should be
incorporated in the weights of Q-vector (concerns only TPC) which would be accounted

directly in the calculation of correlators.

This thesis
Pb-Pb, |s,, =5.36 TeV

Entries
Mean x
Meany
Mean z
Std Dev x
Std Devy
Std Dev z

2.716997e+08
3.136
-0.01341
-0.00659
1.832
0.4688
4.506

Figure 4.13: An example of Q-vectors weights for Non-Uniform Acceptance (NUA) correc-

tion from job 026 of run 544963 of pass 4.
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In Run 3, this procedure is handled by a centralized framework, the idea is to fill up
the 3D-histogram of tracks in terms of track azimuthal angle ¢, pseudorapidity n and the
z position of PV from the detector with which one would use to build Q-vectors, and the
weight will be taken as the inverse of a bin content according to a given kinematic config-
uration (¢, n, Vtx,).

As the detector performance may change from run to run as the run conditions might
not be identical, a convenient way to prepare Q-vector weights is indeed to record the
histogram in a run-by-run way, these histograms shall be later uploaded in ALICE CCDB
as calibration files. An example of the 3D-histogram from one job of run 544963 in pass
4 uploaded in CCDB is shown below in Fig. 4.13.

4.4.4 . Reference flow cross-check for cumulants

Playing a similar role as the Q-vector used to calculate the correlation with the POI
unitary vector in the SP method, the reference flow (v} {2} and v8E¥{4}) for cumulants
are measured independently (involving only barrel tracks) from the correlation between
POI and RFP for differential flow analysis.
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Figure 4.14: Final result of reference flow compared to Run 2: Left, comparison of v2{2}
with and without n gap as well as Run 2 data. Right, full comparison of v2{2} and vy{4}
with Run 2 and Run 3.

The measurement of reference flow turned out to be very sensitive to the quality of
barrel tracks, in particular with respect to the detector performance and tracking con-
dition of TPC and ITS. A few additional selections were applied, especially regarding the
TPC occupancy and the time range of no collision. The reference flow fluctuates as well
in terms of run conditions as shown in Fig. 4.15. Furthermore, an n-gap (|An| > 1) ap-
peared to be necessary in reproducing the correct shape compared to Run 2 results [259]
for peripheral collisions as the event-average correlation becomes strongly dependent
on the charged-particle multiplicity. The latter being smaller in peripheral than in central
collisions, the suppression of non-flow contribution, which scales as ﬁ is stronger in
peripheral than in central collisions, especially in the 2-particle correlation case. Hence
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this extra n-gap was applied for v2{2} to remove pronounced non-flow contribution at
low multiplicity regions. As we can see in Fig. 4.14, the correct track quality control plus
the extra n-gap for 2-particle correlation can reproduce Run 2 shape.
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Figure 4.15: Result of reference flow v}E¥{2} and v}FF {4} with all runs of pass 4.
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4.5 Data analysis

Having reviewed data preparations, necessary calibrations, and checks for flow anal-
ysis described in the previous section, we are now ready to dive into the flow analysis of
J /1 mesons at forward rapidity from their u* .~ decay channel using the Muon Spectrom-
eter. The analysis strategy will be reviewed at the first place. The general idea consists
of a two-step fit, with a first step for the J/i) raw yield extraction from the dimuon in-
variant mass distribution, followed by a second step of vy extraction using the J/1 signal
extracted from the previous step. At the same time, associated discussion of event-mixing
techniques used in J /¢ signal extraction and flow extraction will be presented as well with
some subtleties regarding the difference of implementation in different methods. Finally,
different sources of systematic uncertainties in the data analysis shall be discussed and
quantified.

4.5.1. J/i raw yield at forward rapidity

The J /1 signal extraction consists of identifying the resonance (J/1) — u*u™) of cor-
related muon pairs from same-event in the dimuon spectrum within a reasonable mass
range. The muon tracks are first reconstructed in the Muon Spectrometer using MCH for
the tracking and MID for the timing information, each reconstructed muon track consists
of a four-momentum, which will be propagated to the PV. The dimuon invariant mass
spectrum is built up combining opposite-sign muon pairs up~by summing their four-
momentum vectors. The resulting raw dimuon invariant mass spectrum will be fitted into
two components: a signal component S of J /1) mesons and a component of combinato-
rial background B:

Ntot(mu-!—u—) = Nj/w : S(mﬂ-&-#—) + NB . B(mu+u—) (441)

where Ny, and Np are the corresponding populations for signal and background com-
ponents. In the fitting procedure, the signal partis parametrized by a Double-Sided Crystal
Ball (CB2) function with 6 free parameters including a Gaussian core with mean and width
plus 4 tail parameters (details in Appendix. D). In the configuration of the signal func-
tion, the peak position and the width of the J /¢ signal are left as free parameters for the
Gaussian core with a dedicated mass window centered around the Particle Data Group
(PDG) [260] value, which is also used as the initial condition. The tail parameters, instead,
where fixed in the fitting procedure. Two sets of tails were used: first, a set extracted from
invariant mass fits to high purity and precise data from pp collisions at /s = 13 TeV from
Run 2[261]; second from embedded Monte&Carlo simulated J /1 into real Pb-Pb collisions
at \/snn = 5.02 TeV, also from Run 2. Table 4.5.1 summarizes the used tail parameters.
The (2S) yield is also accounted in the signal component with the mass peak position
relative to the J/1 one fixed to the mass difference between J /i) and ¢(2S) from the PDG
and the width fixed to the J /¢ width with the ratio from Run 2 [261]. The tail parameters
for ¢(2S) signal function are fixed to the same of J/¢) configuration.
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Tail parameters Data 13TeV pp MC13TeV pp

ary, 0.883 0.993
nr, 9.940 2.9075
oR 1.832 2.182
ng 15.323 3.122

Table 4.1: Tail parameters for CB2 function extracted from pp collisions at /s =
13TeV from Run 2 [261].

Uncorrelated muon pairs originating from different resonance decay vertices (ran-
dom coincidence of unrelated muon tracks) constitute a much more smeared distribution
shape in contrast to the sharp peak of J /1 resonance decays in the dimuon spectrum, the
contribution of uncorrelated muons to the dimuon spectrum is called the combinatorial
background, which need to be properly estimated for a complete description of total dis-
tribution in Eq. 4.5.1. As the combinatorial background shape at forward rapidity with a
suitable single muon pr cut is fairly regular, some well-behaved empirical functions can
be used to approximate the background shape such as Chebyshev polynomials, Variable-
Width Gaussian (VWG) or double-exponential function. Though some of them like Cheby-
shev polynomials may be able to handle fairly sophisticated shapes with a reasonable
order, those empirical functions are purely mathematical, i.e. without constraints from
physics information, hence becoming not efficient enough for the case where the Signal-
to-Noise Ratio (SNR) is relatively small. A better option in reconstructing the combinatorial
background for Pb-Pb collisions is to use the so-called event-mixing technique.

Background subtraction with event-mixing

The idea is to consider different sign-combinations (+—,++,——) of muon pairs from
both same- and mixed-events in the same centrality classes defined by the mixing pool
and vertex position criteria. The event-mixing setup applied in this analysis follows:

» Mixing-pool CentralityFTOCS: [0,5, 10, 20, 30,40, 50, 60, 70, 80, 90]%
+ Mixing-depth: 5 tracks stored
* Vertex criteria: Vtx, € [—10,10]/{0} cm

Since opposite-sigh muon pairs from different events within the same centrality class
should be purely combinatorial, they could be used, up to a proper normalization, to
match the combinatorial background of the same-event opposite-sign dimuon spectrum.
The normalization factor F within a given centrality and pt range is defined by:

_ J 2R/ Niiihe Neame AM,,,,
[Nt dM,,

mix

F (4.42)
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where N== denotes the multiplicity of muon pairs with different sign-combinations

same/mix

in same- and mixed-events and R = N[~ /24 /Nt N_—is a factor that accounts for the
different acceptance of ™ and p~. In Run 3, because no single-u low-pr selection was
applied online, special care should be taken in the calculation of the R factor. In particular,
clear variations are seen for different single muon pr cuts as shown in Fig. 4.16. On the left
panel, the R factor measured in different centrality classes is presented, with fluctuations
being mostly statistical. On the right panel, the pr -integrated R factor within 0-5% central-
ity is shown with two different single muon pr cuts. A peak-like behavior is observed due
to low-momentum muon kinematics, and the peak moves toward the mass window of
J /1 resonance peak position with single muon pt cuts from 0.7 GeV /cto 1 GeV /c. As the
typical lower bound for J /1) mass window is around 2 GeV /c?, for the case of 1 GeV/c pr
cut the peak will strongly contribute to mixed-event subtracted background shape. The
intuitive option to reduce the peak contribution in background shape is to move the peak
toward low-mass region leading to the choice of 0.7 GeV /c. On the other side, due to the
presence of the peak, the R factor within J/1) mass window is slightly below 1, and the
latter can be compensated by choosing a large integration range [1-5] GeV /c?.
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Figure 4.16: Example of R factor calculation: Left: in different centrality classes within
0-20 GeV/c using 1 GeV /¢ single muon pt cut. Right: with different single muon pr cuts
within 0-20 GeV /¢ and 0-5% centrality.

To take into account the fluctuation within different centrality and pr configurations,
the final normalization factor F was calculated in different pr bins and re-weighted for
each centrality classes using the same binning as the mixing pool. The resulting re-weighted
F factor within different pr bins is illustrated below in Tab. 4.2. An example of compari-
son between dimuon distributions of same- and mixed-event after proper normalization
procedure is shown in Fig. 4.17, where the background shape is well reproduced with a
proper normalization procedure applied.
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Normalization factors in different pr GeV/c (column) and centrality % (row)

0-1 1-2 2-3 3-4 4-5 5-6 6-8 8-10 10-12 12-1§5
0-10 0.102 0.102 0.101 0.101 0.102 0.102 0.102 0.102 0.100 0.101
10-30 0.104 0.103 0.102 0.102 0.103 0.104 0.104 0.104 0.106 0.101
30-50 0.108 0.105 0.103 0.104 0.105 0.107 0.107 0.110 0.108 0.090
20-40 0.106 0.103 0.102 0.102 0.104 0.105 0.104 0.107 0.107 0.099
10-50 0.105 0.103 0.102 0.102 0.103 0.104 0.105 0.105 0.107 0.103

Table 4.2: F factor in different pr (GeV/c) and centrality (%) configurations used in

this analysis.
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Figure 4.17: Comparison between same- and mixed-event distributions of opposite- and
same-sign dimuons after proper normalization for 2 < pp < 3 GeV /¢ and 10-30% central-

ity.

Although the event-mixing technique can significantly remove combinatorial back-
ground from uncorrelated muon pairs with detector acceptance correction, there is still
a residual correlated non-signal background arising mostly from semileptonic decays of
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open heavy-flavors, and possibly additional thermal radiation from the QGP and hadronic
matter. For this reason, an extra parametric background shape should be added to the
fit of mixed-event subtracted dimuon spectrum, this extra background is usually mod-
eled by a single exponential function or some power-law polynomials. However, due to
the presence of the peak-like behavior from the low-momentum kinematic effect, in the
low-pr regions the mixed-event subtracted residual background does not have a trivial
form, the best result was obtained using a Landau distribution as shown in Fig. 4.18 (a).
Finally, an illustration of J/« invariant mass fits within different pr bins is presented as
well in Fig. 4.18. The minimizer was set to Minuit2 and the fit validation was controlled
first by the fit status flag which checks typically the general convergence and status of
covariance matrix, then a rather good y?/ndf < 1.8 was also required to ensure the fit
quality. The significance ((S/v/S + B)s,) and SNR ((S/B)s,) within 3¢ are also shown in
the fit parameter panel, while a fit-to-data pull histogram is also presented on the lower
pads.
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Figure 4.18: lllustration of J /1 invariant mass fit within 20-40% for different pr bins.
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4.5.2 . v, extraction

In the quarkonium flow analysis, the dimuon flow observable is first evaluated using
opposite-sign dimuons as POl in the correlation functions. The example of raw v, as a
function of dimuon invariant mass is presented in Fig. 4.19, where for the dimuon v, mea-
sured in 2-3 GeV/c one can already spot a resonance peak around J /¢ invariant mass
region. The intuitive understanding is to consider the dimuon v, spectrum as a sum of
two components, where one corresponds to the J/i flow signal and the other one rep-
resents the background. The dimuon flow can be formalized no matter what kind of flow
measurement method one will be using as:

05" (M) = a(my,) - Ug/w + (1 = almp)) - ngg (4.43)
sawhere a(m,+,-) = S(m+,-)/(S(m,+,-) + B(m,+,-)) is the signal fraction as a func-
tion dimuon invariant mass from the J/¢ invariant mass fit in the previous step, U‘QW’ will
be the scalar value of J/v v, to be fitted, and ugkg will be the background modeled by ad-
hoc functions or extracted using event-mixing technique. And the total v, signal function
as a function of dimuon invariant mass is already averaged value in a given centrality and

pr configuration.
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Figure 4.19: Example of dimuon v as a function of dimuon invariant mass within 20-40 %
for two different pr bins.

Background subtraction with event-mixing

Often, the background shape in the dimuon vy spectrum is not trivial and therefore
difficult to reproduce with ad-hoc functions. Generic orthogonal polynomials like Cheby-
shev can, in principle, reproduce those shapes but probably requiring high-order correc-
tions. In addition, as already mentioned for the J /v yield extraction, empirical functions
will always find difficulties to capture real physics information. Therefore, a dedicated
event-mixing technique for the combinatorial background in vy distribution was already
developed [262]: the idea is based on the fact that the two-point particle density func-
tion of uncorrelated muons can be factorized into the product of two one-point particle
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density functions of single muons where each can decompose into Fourier series hence
acquire corresponding flow coefficients, namely:

x (1 +2 Z Ugl)(p(Tl)) cos[n(p1 — \I/n)]> (1 +2 Z v(2) (pg?)) cos[m(p2 — \Ifm)}>
n=1 m=1

(4.44)
where v}yfa) (p(Tl(Q))) are single-muon flow coefficients evaluated as the correlation be-

tween single-muon unitary vector and the event Q-vector in the case of SP method or
from single-muon correlator in the case of cumulants method, ¢, (2 are the correspond-
ing azimuthal coordinates of single-muons, and ¥,,,,,) are event-plane angles from events
of each single-muon. From which the expression of background v, distribution, averaged
over all muon pairs belonging to a given dimuon mass bin within the same centrality and
pr configuration, is given by:

dkag
depp

. <v,(11) cos[n(p1 — ¢12)] + o2 cos [n(p2 — @12)}>
pPke
<1 +25°% o) cos[m(pr — @2)]>

n (muu) = =

(4.45)
Bp

where 15 is the azimuthal angle of the dimuon vector made of the two single-muons.
The denominator in Eq. 4.5.2 corresponds to a scaling factor to the mixed-event dimuon
vy distribution regarding the single-muon flow signal contribution, which is determined
assuming no correlated background contribution (this assumption will be released in the
study of systematic uncertainties and modeled by a free parameter) by the ratio between
the opposite-sign same-event background population to the mixed-event opposite-sign
population NJ'ik_g/N_Iﬁﬁ_X where N is normalized using the procedure detailed in the yield
extraction. The numerator consists of calculating mixed-event vy of uncorrelated muon
pairs from their single-muon vy signal, the concrete implementation differs in different
methods. In the following discussion, we shall explicit bit more how the numerator is
evaluated in SP (idem for EP) and cumulant method.

Single-muon v, for SP method This consists simply of evaluating the correlation
between the single-muon unitary vector and the event Q-vector corrected by the corre-
sponding resolution, leading to the numerator where the average is taken over all mixed-
event muon pairs in the same event class and pr range for a given invariant mass bin:

< ugl)Qél)TPC* uéQ)Qg)TPc*

-cos[n(p1 — p12] +

- cos[n(p2 — p12] (4.46)
g R;2> )

o

Single-muon correlators for cumulants method In order to evaluate the single-
muon flow coefficient for cumulants method, one will need to provide all correlator cal-
culations taking POI as single-muon instead of dimuon, leading to <<2;L>> and <<4;1>> as a
function of pr and centrality (with fine binning). The four single-muon correlators will be
pre-calculated before the event-mixing analysis and uploaded to CCDB in a run-by-run
way. During the event-mixing analysis, the single-muon correlators for a given run will be
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fetched from CCDB and used to calculate ¢5{2,4} and d5{2, 4}, then the latter will allow
us to get the corresponding single-muon flow coefficients following:

wiror - B{2
2 {2} Vol (4-47)
m
vy {4} = — 4 {4} (4.48)

(- 02{4})3/4.

An example of single-muon v as a function of pp within 10-30% centrality is shown below
in Fig. 4.20.
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Figure 4.20: Single-muon v9 as a function of pp within 10-30% centrality.

4.5.3 . Systematic uncertainties

In this section, available sources of systematic uncertainties will be discussed including
those from yield and v, extraction, as well as the imperfect Q-vector calibration leading to
systematic bias in correlation and residual nonflow contribution. In this sense, the follow-
ing discussion regarding the current results conducted in the thesis would be considered
as preliminary.

J/v yield and v, extraction

The systematic uncertainties arising from J/v yield and vy extraction will be investi-
gated by varying the fitting configuration, which consists of signal shapes including the
choice of fitting function and/or tail parameters from either data or Monte&Carlo, mass
window for J /v yield extraction, and event-mixing. From the two-step viewpoint of the
fit procedure, the systematic uncertainties in the final vy extraction arise from the deter-
mination of a(m,,) originating from the J /v yield extraction step, and configuration of
event-mixing in describing the background in the dimuon v, spectrum.

Systematic uncertainties from «(m,,) The options for different fit configurations
for the J /4 yield extraction are then summarized below:
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+ Signal shapes: CB2 function (tail parameters from data or Monte&Carlo from Run
2 [261]), NA6o function (tail parameters fixed from Run 2 Monte&Carlo [261])

+ Background shapes: Chebyshev polynomials, event-mixing with correlated resid-
ual contribution parametrized by Landau function at low pt and single exponential
for intermediate- to high-pt regions

* Mass window: [2.2-4.2], [2.3-4.3], [2.4-4.4] GeV /c?

To investigate the fit stability with different options, the fit process has to be repeated
with all possible combinations of the options, resulting in a total number of trials of 18
(3 signal shapes ® 2 background shapes ® 3 mass windows). An example of fit stability
investigation is shown below in Fig. 4.21.
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Figure 4.21: An example of 18 trials with different fit setups for J /¢ yield extraction within
2-3 GeV/c and 20-40% centrality.

On the upper panel, the J/1 yield value and uncertainties from each fit setup are pre-
sented together with a solid line representing the mean value of J/« yield over all trials,
two short-dashed lines representing the mean uncertainty over all trials with respect to
solid line of mean value, and two long-dashed lines showing the Root Mean Square (RMS)
of all trials with respect to the solid line of the mean value; on the lower panel, the corre-
sponding x2/ndf for each fit setup are also presented. For the final evaluation, all points
above 1.5xRMS will be dropped. The final J /v yield for the corresponding pr bin will be
given by the mean value over all yield values of accepted trials, with the mean value of
all uncertainties of accepted trials as statistical uncertainty and RMS over all yield values
of accepted trials as the systematic uncertainty. The final result of J/¢ yield as a func-
tion of pr within 20-40% centrality is shown below in Fig. 4.22 and the numerical values
are summarized in Tab. 4.3. There was a small subtle point when Chebyshev polynomi-
als were used as an alternative option in the trials: despite considered as being able to
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handle most signal shapes, it had to go up to a certain high order to be able to cover
the unusual shape in the low-mass region for low-pt bins due to the modulation induced
by low-momentum muon kinematics. For this reason configurations, as can be seen in
Fig. 4.21, exhibit an unstable behavior compared to other setups, thought the fit quality
and x2/ndf were totally fine. This can be explained by the powerfulness of Chebyshev
polynomials which have the ability to make the fit converge, even if not really physically
meaningful.
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Figure 4.22: The final result of J /4 yield with systematic uncertainties extracted from trials
as a function of p within 20-40% centrality.

pr (GoV /o) | Nyjp [20-40%

0-1 93679 + 1668 [stat.] (1.3%) & 8156 [sys.] (6.4%)
1-2 153314 + 1904 [stat.] (0.9%) 4 10183 [sys.] (7.7%)
2-3 93260 + 1189 [stat.] (0.9%) + 5511 [sys.] (4.2%)
3-4 51956 + 635 [stat.] (1.0%) + 1572 [sys.] (3.5%)
4-5 29118 + 383 [stat.] (1.3%) + 767 [sys.] (2.8%)
5-6 16217 + 248 [stat.] (1.5%) £ 448 [sys.] (3.1%)
6-8 14124 + 205 [stat.] (1.5%) 4 362 [sys.] (3.0%)
8-10 4600 + 106 [stat.] (2.5%) £ 106 [sys.] (2.4%)

10-12 1678 + 62 [stat.] (4.0%) + 45 [sys.] (3.0%)

12-15 959 =+ 46 [stat.] (4.8%) + 23 [sys.] (2.5%)

Table 4.3: An example of J /¢ raw yield for all pr bins within 20-40% centrality. The
first error corresponds to statistical uncertainty and the second is the systematic
uncertainty.

Systematic uncertainties from event-mixing in v, extraction Having investigated
the source of systematic uncertainties coming from the a(m,,,) determination in the J /¢
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yield extraction, the remaining source of systematic uncertainty in the v9 extraction pro-
cedure lies on the hypothesis we have made to determine the denominator in Eq. 4.5.2,
where in the previous discussion the only contribution from uncorrelated muon pairs
was assumed. Because, as already discussed for the yield extraction, a correlated resid-
ual background may still contribute to the observed background shape, then the ratio

bkg/Nle should be replaced by kag/(Nle + B(N; NVke — NX)) where 3 varying from
0 to 1 parametrizes the contribution of the correlated background. In the study of sys-
tematic uncertainties from v, extraction, two extra options are added to account for the
background shape with event-mixing:

+ B =0, which corresponds to the hypothesis of no correlated background contribu-
tion.

+ [ free, where the previous hypothesis is released and g will be left as a free param-
eter with a range of [0-1] in the fit procedure.

Taking into account the above two extra options in v, extraction fit setup, we now have a
total number of 36 trials (18 from « determination ® 2 /3 configurations) combining those
from the previous investigation for J/¢ yield extraction. An example of systematic un-
certainty investigation for v, extraction within 2-3 GeV /c and 20-40% is presented below
in Fig. 4.23. Similar to the systematic uncertainty for the J/1 yield extraction, the upper
panel shows the fit result of each trial, and the lower panel provides the systematic checks
for fit quality with x2?/ndf. As one may observe, the major discrepancy between the trials
is attributed to the parametric background shape with Chebyshev especially in the low-pt
region where the low-mass background shape is much less trivial.
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Figure 4.23: An example of 36 trials with different fit setups for J /¢ vy extraction within
2-3 GeV /c and 20-40% centrality.
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Resolution factor with imperfect calibration

As the quality of final results from SP method depends strongly on the Q-vector cal-
ibration, there is another important check to be done as discussed before in Sec. 4.2.2
regarding the bias in resolution factor from imperfect calibration. In our setup of scalar
product evaluation, the pairwise detector correlations with Q-vectors take only the real
part assuming a perfect calibration, which is supposed to leave no residual imaginary
part coming from the cross-product terms in the scalar product calculation since the de-
tectors should be independent in principle. However, the Q-vector calibration in practice
will never be perfect; for this reason, the residual imaginary part in the Q-vector correla-
tions could bias the resolution, which could then resultin a bias of the final flow coefficient
leading to a source of systematic uncertainties.
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Figure 4.24: Q-vector (n = 2) correlations between three detectors using run 544963 from
pass 4, comparison between real and imaginary parts.

Figure 4.24 presents the comparison between real and imaginary parts of Q-vector
correlations between three detectors. The observed imaginary part are nearly negligible
compared to the real part; and the ratio Im/Re is independent of centrality, reflecting a
rather uniform calibration across the whole centrality range, except a bit more fluctua-
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tions from 60% toward the most peripheral collisions. As the resolution factor depends
only on centrality event-by-event, meaning that it can be factorized regardless of the pr
-dependency encoded in the POI unitary vector. An overall contribution (relative uncer-
tainty) from the imaginary part can be evaluated, with an upper bound of about 2% for all
Q-vector correlations across the whole centrality range up to 80% where the fluctuation is
getting stronger due to lower multiplicity. This upper bound value results in a systematic
bias for the final three-subevent resolution about ~ 1.73%. Furthermore, the residual
effect (residual nonflow contribution despite n-gap and imperfect Q-vector calibration)
from the cross-product in the POl and Q-vector correlation was found to be independent
of pr and centrality, with a value that remains smaller than the contribution from the res-
olution factor. The ratio of imaginary part to real part in Q-vector scalar product for all
runs is shown below in Fig. 4.25: for the cases of TPC-FToA and TPC-FToC, the ratios are
stable across the whole range of centrality with upper bounds 3% for TPC-FToA and 1%
for TPC-FToC; for the case of FToA-FToC, a small variation with centrality is present for
the most central collisions (0-10%), however the overall ratio across the whole range is
bounded by 2%.
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Figure 4.25: The ratio of imaginary part to real part in Q-vector scalar product with all runs
in this analysis.
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Summary of systematic uncertainties

The final result of J/¢ vy will account for all absolute values of above mentioned
sources of systematic uncertainties. The available sources of systematic uncertainties
in this analysis are summarized below in Tab. 4.4 for both pt - and centrality-differential
v9 With SP and cumulants methods.

Sources va(pr) vo{2,4}(pr) wo(centrality) wv{2,4}(centrality)
Signal extraction  0.001-0.013  0.001-0.02  0.0001-0.0022 0.001-0.024
Q-vector calibration < 1.73% negl. < 1.73% negl.

Table 4.4: Summary of absolute and/or relative systematic uncertainties for the
J /1 vy analysis at forward rapidity.
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Figure 4.26: Systematic uncertainties as a function of pr for three different centrality
classes: 0-10%, 10-30% and 30-50%.

The corresponding systematic uncertainties as a function of pr are reported in Fig. 4.26.
The contribution from signal extraction is quite large at low pr (< 4GeV /¢) for all three
centrality classes, due to low-mass modulation from low-momentum muon kinematics,
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which complicates the convergence toward an appropriate background shape for the fit
option with Chebyshev polynomials. Toward high pt, the correlated residual background
in the event-mixing for vs starts to dominate, especially for semi-central collisions, while
it does not contaminate the low-pt region where the major contribution is from hydrody-
namic expansion of the QGP.

The systematic uncertainties as a function of centrality are also presented below in
Fig. 4.27. The contamination from imperfect Q-vector calibration is relatively large at high-
pr region (5 < pr < 20 GeV/c) compared to low-pr region (pr < 5 GeVe¢), while for central
collisions the Q-vector calibration contributes at the same level compared to signal extrac-
tion for both high- and low-pr region. toward peripheral collisions, the signal extraction
becomes dominant as the multiplicity of muon pairs decreases.
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Figure 4.27: Systematic uncertainties as a function of centrality for two different pr
classes: 0-5 GeV/c and 5-20 GeV/c.

A possible additional source of systematic uncertainty is related to muon reconstruc-
tion efficiency. In the case of a strong dependence of the muon reconstruction efficiency
on the local detector occupancy, hence local track multiplicity, the presence of bulk flow
could induce a flow-like signal for J /¢ . This could not be tested for the Run 3 dataset yet
due to lack of embedding Monte&Carlo simulated quarkonium signals. However, such
effect is important for Raa and cross section measurements, it was proven to be not
significant for the measurement of correlation as vy from with dedicated studies in the
previous Run 2 analysis [263].
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4.6 Results and discussions

In this section, the final results of the first Run 3 measurement of inclusive J/v vq at
forward rapidity in Pb-Pb collisions at /sxy = 5.36 TeV will be discussed including the
results from SP, EP and cumulants methods. The results were presented at Quark Mat-
ter 2025 (Goethe University, Frankfurt) with the corresponding proceedings [264]. The pp
-differential J /1) v, measurements shall be reviewed first place, followed by a discussion
of the corresponding centrality-differential results. At the same time, a comparison gath-
ering other relevant preliminary quarkonium and open-heavy flavor flow measurements
will be discussed. Finally, we shall conclude this section with the first measurement of J /4
flow fluctuation measurement.

4.6.1. pr -differential J /i) v, measurements
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Figure 4.28: Result of pr -differential J /v vy at forward rapidity within three different cen-
trality classes (0-10%, 10-30%, 30-50%).
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In Fig. 4.28, the results of inclusive J /v vo at forward rapidity as a function of pr within
different centrality classes (0-10%, 10-30%, 30-50%) are presented together with a com-
parison of all centrality classes in a same plot.

For central collisions, the vy signal is slightly positive, although compatible with zero
at very-low and high pr . More precisely, the vy signal increases from zero at low pr ,
reaching a maximum around 3-4 GeV /¢, then decreasing back toward zero at high pr .
Instead, in non-central collisions, a positive vy signal across a large pt range is observed
together with a smooth increasing trend in the low-p region, which is attributed to the
hydrodynamic expansion of the QGP. There, a linear hydrodynamic response between
eccentricity and flow coefficients (n = 2) is expected, leading to a maximum at around
4 GeV /c for both 10-30% and 30-50% centrality classes.
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Figure 4.29: Result of pr -differential J/¢ v measurements within different centrality
ranges compared to D° meson [265, ] and charged pions [267] vy [268].

However, toward the high-pr region in non-central collisions, the vy does not exhibit
a dropping trend in contrast to central collisions (a similar trend is also observed in EP
result). The tendency toward high-pr region in non-central collisions, despite large sys-
tematic and statistical uncertainties, displays an improved significance across all high-pt
bins with respect to zero compared to Run 2 results [268] shown in Fig. 4.29.
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Although this preliminary result still needs to be finalized, a possible interpretation re-
lated to the observed saturation instead of dropping out would point to a possible path-
length-dependent energy-loss. High-pt J/1¢ (primordial but also non-prompt J/¢ from
b hadron decays) traveling in in- and out-plane direction will exhibit an anisotropy from
different path-lengths crossed. In current transport model implementations [176, ,

, 208], only the path-length dependence of the survival probability for primordial J /4
and feed-down from transported b quarks (giving rise to a non-prompt contribution) are
considered. In the typical transport model as TAMU, the Langevin formalism for low to
intermediate pt region becomes no longer valid at high pr region where the energy-loss,
including elastic and radiative contribution with smooth interpolation from perturbative
to nonperturbative region, is accounted into the dissociation rate term I'giss in the Rate
equation.

In addition, the comparison of all three centrality classes is shown in Fig. 4.28 (d). The
overall magnitude of vy signal increases as the system anisotropy grows up from cen-
tral to non-central collisions. Moreover, the two non-central cases agree with each other
toward high-pr region starting from 4 GeV /c within current uncertainties, and a slightly
stepper trend of result within 30-50% at low-pr region compared to 10-30% appears to be
consistent with a higher system anisotropy.
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Figure 4.30: A consistency check of J /4 vy with results from three measurement methods
(SP, EP and cumulants) within 10-30% centrality.

Figure. 4.30 shows, as a cross check, a comparison of the results from the three differ-
ent methods implemented in this analysis. A good consistency between the three meth-
ods is confirmed across a large pr region from 0 to 10 GeV /c. However, as the method of
multiparticle correlation becomes limited by low particle multiplicities at higher pt , the
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statistical uncertainties of vy{2} for the cumulants method are much larger than for the
SP method and the observed discrepancy is yet to be confirmed with a larger dataset,
although the results are still in agreement within current uncertainties.

To conclude the discussion of py -differential v, measurements, the result of vo{4}
from the cumulant method is also reported below in Fig. 4.31. For the v2{4} measurement,
alarger binning was utilized in order to compensate for the insufficient particle multiplicity
for higher-order correlation, especially toward high pr . As the first Run 3 measurement of
J /1 vy at forward rapidity, this preliminary result is fairly consistent since the magnitude
of va{4} is expected to be smaller than v2{2}.
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Figure 4.31: The result of J /¢ v2{2} and va{4} within 10-30% as a function of pr compared
to Run 2 result [268].

Indeed, following the first-order approximation of flow fluctuations, the difference
is expected to come essentially from the variance of flow coefficient, as discussed in
Sec. 4.2.3, because the nonflow contribution is already strongly suppressed with the nat-
ural n-gap (|An| > 1.7) between POl and RFP and autocorrelation is removed analytically
by construction in the cumulant method. The result of the cumulant method is also ob-
served to be consistent with Run 2 data [268], and this is actually a necessary step toward
the measurement of flow fluctuations, which shall be discussed in the following section.

4.6.2 . Centrality-differential J /i) v, measurements

The result of centrality-differential J/1) v measurement at forward rapidity is pre-
sented below in Fig. 4.32 for two different pr ranges (0-5 GeV/c and 5-20 GeV/c). In
the low-pr region (0-5 GeV/c), the main contribution to the observed v, signal is from
the in-medium regenerated J/¢) mesons from (partially) thermalized charm quarks. This
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mechanism is implemented in many transport models and is necessary for describing
J /1 vy in the low-py region. The regenerated J /i) mesons inherit collective flow from in-
medium (partially) thermalized charm quarks, the latter with the strong charm-medium
(QGP) coupling follows the system anisotropy as the system centrality goes up. However
this anisotropy gets counterbalanced toward peripheral collisions as the system energy
density and lifetime decrease with smaller overlap region. On the other side, in the high-
pr region (5-20 GeV /c) the primordial production of J /1) becomes dominant together with
expected contribution from non-prompt J /¢ from feed-down of b hadrons.
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Figure 4.32: Result of centrality-differential J/¢) v, measurements in two different pp
ranges (0-5 GeV/c and 5-20 GeV /c¢).

Since primordial J /1) mesons are more likely to survive in less-dense regions, a positive
vo Signal starts to develop from central to semi-central collisions as the system anisotropy
gets more significant and their in- and out-plane distributions will be modified differently
by path-length dependent effects, hence mimicking a flow-like behavior. The same mech-
anism applies as well to the case of flow contribution from non-prompt J/¢. The v signal
then reaches a maximum at around 20-30%, and tend to get stabilized toward peripheral
collisions.

The overall vo magnitude in the high-pt region is slightly higher than in the low-pp
region with about 3¢. In Run 2, this saturation-like behavior at high pr seems to occur also
for other vy analysis, including heavy-flavor particles, leading to a picture of a common
underlying mechanism, which might be understood in terms of a path-length dependent
effect, possibly energy-loss.
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4.6.3 . Comparison to heavy-flavor v, measurements in Run 3

A comparison of all preliminary heavy-flavor particle v measurements is presented
below in Fig. 4.33, where quarkonium vs are measured at forward rapidity and D mesons
(prompt and non-prompt) are measured at midrapidity.
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Figure 4.33: A summary of Run 3 heavy-flow vo measurement in Pb-Pb collisions at
VSNN = 5.36 TeV, including inclusive quarkonia v, from J/¢» and Y(15) at forward ra-
pidity as well as prompt and non-prompt D v2 at midrapidity.

Comparing inclusive J /i v and prompt D° v, (no B decay contribution) within the
same centrality class (30-50%), the measured prompt D° v, at very low pt (0-3 GeV /c) was
found to be consistent with the inclusive J/¢ va . Then J/4 v shows smaller magnitude
at intermediate pr region (3-8 GeV/c)) as J/1 meson (two charm quarks) requires more
energy density to acquire flow compared to open-heavy flavor (one charm and one light
quark). While, at the same time, they tend to saturate at the same level of magnitude
toward the high-pr region, the latter is likely due to path-length dependent energy-loss.
In addition, to investigate the beauty quark behavior, one can also compare T(15) vo
with non-prompt DY vy, however the current uncertainties for Y (15) ve , which are also
affected by a more limited reconstruction performance than J /¢, seems not good enough
to draw any conclusion of the flow signal as it appears still compatible to zero across a
large range of pr .

4.6.4 . First J/i) flow fluctuation measurement

To conclude the discussion, the first measurement of J /¢ flow fluctuations was car-
ried out in this analysis and shown below in Fig. 4.34. The study of event-by-event flow
fluctuations of the J/¢) meson provides crucial insight into the microscopic dynamics of
heavy quarks and the mechanisms of charmonium production in the medium. While the
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average vq reflects the anisotropy of (partially) thermalized charm quarks and the de-
gree of charm-medium coupling (featuring how strongly the charm quarks interact with
surrounding QGP medium, usually probed via charm transport coefficients), its event-by-
event fluctuations encode the response of charmonia to fluctuations in the initial geom-
etry and to the stochastic nature of charm-quark transport and recombination.

If J /4 production at low and intermediate pt is dominated by regeneration from (par-
tially) thermalized cé pairs, its vy fluctuations are expected to correlate strongly with those
of the bulk medium, reflecting the same initial-state eccentricity fluctuations. Conversely,
if primordial production dominates, the vy distribution should exhibit weaker fluctua-
tions and weaker correlation with the bulk flow. The J /1 flow fluctuations measurement
through o /(v2) provides sensitive constraints on charm-quark thermalization, the relative
contribution of regeneration versus primordial components, and the heavy-quark trans-
port properties of the QGP.
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Figure 4.34: Result of inclusive J/v flow fluctuations in Pb-Pb collisions within 10-30%
compared with results from CMS [269].

As already discussed in Sec. 4.2.3, the flow fluctuations are extracted by:

o \/vn{2}2 — v, {4}

W\ o2 ()2 (449
where in this analysis, similar to the measurements done by CMS, for the v3{2} we will
use the results from the SP method, which is in principle equivalent to the 2-particle cor-
relation and yet has better performance in terms of statistical uncertainty compared to
genuine v2{2} from the cumulant method. In Fig. 4.34, the extracted J/+ flow fluctuations
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at forward rapidity are compared to results for charged-particles and K& mesons, both
from CMS [269]. The observed ratio shows a significance with respect to zero of about
2.70. The result within current uncertainties is compatible with the charged-particle flow
fluctuations at midrapidity. The latter observation suggests a strong charm-medium cor-
relation (supporting the charm thermalization scenario) with the flow of bulk medium and
exhibits no significant pr -dependence with the current uncertainty level. Therefore, the
possible non-zero flow fluctuations across a large pr range is possibly attributed to the
fluctuations in the initial geometry.
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Chapter s

Conclusion and outlook

In this thesis, the first ALICE Run 3 measurements of inclusive J/i v, at forward ra-
pidity in Pb-Pb collisions at /sxn = 5.36 TeV at the LHC were performed with three flow
analysis methods including Event-Plane (EP), Scalar Product (SP) and cumulants methods.
The analysis was conducted using the Pb-Pb dataset from 2023, and the general results
across all three methods were found to be consistent. With the increased size of the
dataset of Run 3 giving rise to increased number of J/i) mesons for the correlation mea-
surements, our analysis was able to be pushed to better precision with finer binning in
both pr and centrality compared to Run 2 results, the the resulting smoother trends in dif-
ferential measurement enabled a detailed look into the mechanism of charm flow devel-
opment involving competing mechanism from regeneration and suppression. Moreover,
with the increased dataset size, higher-order correlations for quarkonium flow measure-
ments became possible, leading to the first ALICE inclusive J/¢) v2{4} and therefore the
first look at the inclusive J/1 flow fluctuations at forward rapidity. The latter provided
complementary aspects in quarkonium collectivity studies, and demonstrated the possi-
bility of studying charm-medium coupling and the connection between quarkonium flow
and initial geometry.

For pr -differential measurements, our results were found to be consistent with Run
2 measurements across different centrality ranges (0-10%, 10-30% and 30-50%). For non-
central collisions, the significant positive v, signal at low-p region confirmed the regener-
ation description. In addition, with the improved binning in the low-pt region (< 4 GeV /c)
for semi-central collisions, the trend of J/1¢ v, became smoother, allowing more detailed
check for the contribution of regenerated J/i) from recombination of in-medium (par-
tially) thermalized charm quarks. Moreover, the new vy Run 3 at high pt (> 6 GeV/¢) in
non-central collisions showed v9 signal with better significance with respect to zero, sig-
naling possibly a stronger contribution from path-length dependent effect, but meaning-
ful interpretation should be drawn after a finalization of the current analysis. The corre-
sponding pr -differential J /¢ v2{2} and v2{4} were also presented together with compari-
son of v2{2} to the EP and SP results as well as the result from Run 2. The v2{2} was found
to be consistent following the cross checks, and v2{4} with smaller values compared to
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v2{2} was consistent with the prescription of flow fluctuations following the first-order
approximation. For centrality-differential measurements, the low- (0-5 GeV /c¢)) and high-
pr ((5-20 GeV /¢))) classes are measured respectively. The results also provide improved
binning with smoother trends. For the low-pt class in semi-central collisions the evolution
was understood as a combined effect from the regeneration and system anisotropy (also
constrained by system size toward peripheral collisions) giving rise to a maximum around
20-30%. For the high-pr region, the contribution is mostly dominated by path-length dif-
ference of primordial J /4 that survived in low-density system and non-prompt J /1 which
starts to grow around ~ 5 GeV /c.

The Run 3 J /1) vy result is also compared to other new Run 3 heavy-flavor vo measure-
ments in Pb-Pb collisions, including inclusive T(1S) at forward rapidity and prompt/non-
prompt D at midrapidity. The prompt D° v, at very low pr was found to be very close to
the inclusive J /1 vy, probably suggesting that the overall energy level was not enough for
both particles to fully develop flow. At intermediate pt , the smaller v, of J/1) compared
to prompt DY is consistent with a charm thermalized picture following the regeneration
description. On the other side, the comparison between Y(15) and non-prompt D° vy
suggests that beauty quarks are not thermalized in the medium given the current poor
significance of observed v9 signal with respect to zero.

In addition, the first ALICE Run 3 measurement of inclusive J /v flow fluctuations as a
function of pr in Pb-Pb collisions at /sxy = 5.36 TeV was also presented. Despite the
limitation from insufficient data (number of extracted J/i» mesons) for high-order corre-
lations leading to the poor statistical precision for v2{4}, the observed J/¢ flow fluctua-
tions demonstrated a small hint (~ 2.70) of positive signal with no clear pr dependence
and found to be consistent with charged-particle flow fluctuations from the CMS collabo-
ration, the latter suggests a possible strong charm-medium coupling.

The current results can be still largely improved by including new Pb-Pb data-taking
during 2024. At the same time, the full study of systematic uncertainties including track
reconstruction efficiency should become soon possible with the incoming finalized Monte
Carlo simulation facilities in Run 3.
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Appendix A

Residual and derivatives in local
picture

In the local picture where the starting point is the invariant local coordinates, we have
from 3.2.1:

r(p+ Ap,g+ Ag) = AR [R71 - (qgo(q + Ag) — T) — AT] —myoc (A1)

floc(p+Ap,q+Aq)

where in this picture, the delta-transformation AR and AT are the transformations with
respect to the local frame of detection element. Taking the same ordering convention for
rotation matrix, the above expression can be then expanded as:

r(p+Ap,g+Aq) = (1 —A)- [R™ (qgo + Agglo — T) — AT] — R (mgo — T)

~1 —1 —1 (A-2)
=R (leo - mglo) +R - A(]glo -A-R- dglo — AT
then the new linearized equation reads:
R_l(leo - mglo) = _R_l : A(]glo +A- R_l “Qglo T AT (A.3)

Once again, the z position in the track parametrization has to be calculated using propa-
gation to the misaligned detection element.

Then the resulting alignment parameters evaluated in the local picture can be con-
verted back to global picture via:

p-Ap=p-Ap-p'p
R-AR-R°! T—-R-AR-T—R-AT
- 0 1 P

Global Ap

(A.4)

This local picture possesses particular advantages in constraining the variation of align-
ment parameters, as the latter reflects directly the proper corrections in contrast to the
global frame where the shifts in transverse plane might get huge values in the ALICE
frame. Therefore, the convergence of algorithm is better controlled.
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Appendix B

Cumulants with weighted Q-vector

The weighted Q-vectors for RFP (Q,, 1) and POI (p,, 1) follow:

Qn p = Zwk ineo; Zwk znwz (B.1)

and the quantities relevant for weighted sums are also introduced:

M P
= 3wl
i=1
Mabed... = Z wiwbwiw - (B.2)
27&]7&1?#
Mp
Mot =35 3 utubuuf-
1 jFk#

We also introduce weighted single-event 2- and 4-particle correlations for POl and RFP:

E in(¢;— ¢J
Lij=1
_ |Qn,1\ — S12
81— Si2 5
(4) = ! i/[: "wiw jwywy e Pk =) -
Mun, 4=

= [|Qn,1\4 + Q22| — 2+ R[Q2n,2Q,1Qn.1]
+8 R [QnsQp 1] — 4 S12/Qn1> — 6514 — 2 S22] /M
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And the corresponding event-averaged correlations read:
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Appendix C

Run list for dataset used in the
analysis

The data sample periods used for this analysis are: LHC23zzf, LHC23zzg, LHC23zzh,
LHC23zzi, LHC23zzk, LHC23zzl, LHC23zzm, LHC23zzn, LHC23zzo for a total of 9o runs.
The following Quality Control flags are checked and are requested to follow the CBT_muon
criteria defined for the 2024 data-taking period:

1. FTo, ITS, MCH, MID detectors with Good or Limited Acceptance and MC reproducible

2. TPC with Good or Limited Acceptance and MC reproducible or Bad PID

The list of the corresponding runs, grouped by data-taking periods, is reported in below:

Period Runlist

LHC23zzf 544013

LHC23zzg 544028, 544032

LHC23zzh 544091, 544095, 544098, 544116, 544121, 544122, 544123, 544124

LHC23zzi 544184, 544185, 544389, 544390, 544391, 544392

LHC23zzk 544454, 544474, 544475, 544476, 544477, 544490, 544491, 544492, 544508, 544510,
544511, 544512

LHC23zzI 544548, 544549, 544550, 544551, 544564, 544565, 544567, 544568, 544580, 544582,
544583, 544585

LHC23zzm 544614, 544652, 544653, 544672, 544674, 544692, 544693, 544694, 544696, 544739,
544742, 544754, 544767

LHC23zzn 544795, 544813

LHC23zz0 544868, 544887, 544917, 544931, 544961, 544963, 544964, 544968, 545004,

545008, 545009, 545041, 545044, 545047, 545060, 545062, 545063, 545086, 545103,
545117, 545184, 545185, 545210, 545222, 545223, 545246, 545249, 545262,
545289, 545291, 545295, 54531, 545312, 545345
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Appendix D

Functions used for signal extraction

D.1 Signal shapes
D.1.1. Double-Sided Crystal Ball (CB2) function
A-(B—t)™ [ t<arp

f(l';N,ZE,O’,OéL,OéR,TLL,nR) =N- exp (—%tQ) ,op <t <ap (D.1)
C(D+t)_nR , T2 agR

where
r—x
t =
g
- <”L>nL . exp arf?
9% 2
B="t —|ay
oz |
_ < nR >nR g’
= _— . exp —
|ag| 2
= % |ax|
lar|
D.1.2. NA60 function
B 1/t\2
f(%';N,l’,J,tl,tg,pl,p27p3,p4,p5,p6) :N-exp _5 % (DZ)
where
T —




and
L4 (pi(ty — )PPVt t <ty

to=1<¢1 , 1 <t <to
L+ (palt —t2))Po7PoviTle ¢ > 1y

D.2 Background shapes

D.2.1. Variable-Width Gaussian (VWG) function

D.2.2. Chebyshev polynomials

Chebyshev polynomials of the first kind can be defined recurrently using the first two
polynomials:

1
Ti(z) =x (D.3)

To(z) =1,

Ti(z) = =,

Ty(z) = 22 — 1,

Ts(z) = 42® — 3, (B-4)
Ty(z) = 8zt — 822 + 1,

Ts(z) = 162° — 202 + 5z

An arbitrary parametrization up to order n using Chebyshev polynomials can be written
as:

n

fl@) =) a;-Tix) (D.5)

=0
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Résumé en francais

Cette thése est consacrée a I'étude expérimentale de la collectivité du quarkonium
dans les collisions Pb-Pb ultra-relativistes au LHC avec une énergie dans le centre de
masse /sny = 5.36 TeV, dans le cadre du Run 3. Les quarkonia, et en particulier le
J/1 , constituent des sondes privilégiées du QGP, car leur production et leur évolution
dynamique sont fortement sensibles aux propriétés du milieu chaud et dense créé dans
les collisions d'ions lourds.

Aprés une introduction générale aux fondements théoriques de la chromodynamique
quantique pour l'interaction forte, a la formation du QGP et a la dynamique des collisions
d'ions lourds, le manuscrit présente les principales signatures expérimentales de ce nou-
vel état de la matiere, en mettantl'accent sur le flot anisotropique. Le flot elliptique, carac-
térisé par le coefficient vy, constitue une observable clé permettant de sonder la réponse
collective du milieu aux anisotropies géométriques initiales et permet d'évaluer le degré
de thermalisation des particules produites. Dans le cas des quarkonia, la mesure d'un
vy non nul apporte des informations essentielles sur les mécanismes de suppression, de
régénération (par recombinaison de quarks) et de transport des paires quark-antiquark
lourdes dans le QGP.

Une partie substantielle du travail de these décrit ici est dédiée a la description de
l'appareillage expérimental, et plus particulierement du spectrométre a muons de ALICE.
Dans le contexte du Run 3, marqué par des améliorations majeures du détecteur et du
systeme d'acquisition, une étape cruciale du travail a consisté en I'alignement précis du
systeme de trajectographie du spectrometre a muons. Une méthode d'alignement basée
sur les traces, reposant sur l'algorithme MillePedelIl, a été mise en oeuvre, et validée
par le contrble des parameétres d'alignement. L'impact de cet alignement dans le cadre
du Run 3 sur la performance de reconstruction a été étudié en détail, notamment a travers
I'amélioration de la résolution en masse invariante du J/v et la stabilité des parameétres
de reconstruction. Ce travail d'instrumentation constitue un préalable indispensable a
I'analyse physique présentée dans la suite du manuscrit.

L'analyse du flot elliptique du J /¢ est réalisée dans le canal de désintégration dimuon
arapidité vers l'avant. Plusieurs méthodes complémentaires sont employées afin d'extraire

le coefficient vy : la méthode du plan d’événement, la méthode du produit scalaire et les
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méthodes par cumulants multi-particules. Une attention particuliere est portée a la cali-
bration des vecteurs Q, aux corrections d’acceptance non-uniforme, ainsi qu'a I'estimation
rigoureuse des incertitudes systématiques. Les différentes méthodes sont comparées en-
tre elles afin d'évaluer la robustesse des résultats et de contréler les biais méthodologiques.

Les mesures du flot elliptique du J/¢ obtenues dans cette analyse mettent en évi-
dence, avec des granularités améliorées grace au Run 3 par rapport au Run 2, un coeffi-
cient vy significativement différent de zéro dans une large plage de centralité et d'impulsion
transverse, en particulier a bas et intermédiaire pt . Ce comportement est difficilement
conciliable avec un scénario de production purement primordiale suivi uniquement d'une
suppression dans le milieu, et indique donc une contribution non négligeable du mécan-
isme de régénération par recombinaison des quarks charm (partiellement) thermalisés
dans le QGP. La dépendance en pr du vy, caractérisée par une augmentation a bas pr
suivie d'une atténuation aux pr plus éleveés, suggere que la composante régénérée hérite
partiellement de l'anisotropie collective du milieu, tandis que la composante primordiale
reste faiblement couplée a la dynamique collective. La comparaison avec les mesures de
flot des mésons a saveur lourde ouverte et des hadrons légers montre que I'amplitude du
ve du J /1 est inférieure a celle des particules Iégéres, mais du méme ordre de grandeur
que celle des hadrons contenant un quark charm, ce qui est compatible avec une ther-
malisation partielle des quarks charm dans le QGP. Par ailleurs, la dépendance en cen-
tralité du v, refléte la compétition entre I'anisotropie géométrique initiale et la dilution
de I'effet de régénération dans les collisions les plus centrales. Enfin, 'étude exploratoire
des fluctuations du flot du J /¢ indique que l'anisotropie mesurée est sensible aux fluctua-
tions événement par événement de la géométrie initiale, fournissant ainsi une contrainte
nouvelle sur les modéles de transport couplant production du quarkonium et évolution
hydrodynamique du milieu.

En conclusion, ce travail combine des contributions essentielles a l'instrumentation,
au développement méthodologique et a I'analyse physique, et s'inscrit pleinement dans le
programme de physique du Run 3 du LHC. Les perspectives ouvertes par 'augmentation
de la statistique et par les améliorations expérimentales laissent entrevoir des études
encore plus précises de la collectivité des quarkonia dans les années a venir.

190



Acronyms

ALICE A Large lon Collider Experiment.
ALPIDE ALICE Pixel Detector.
AOT Analysis Objects and Tools.

ATLAS A Toroidal LHC Apparatus.

BC Bunch Crossing.

BCS theory Bardeen-Cooper-Schrieffer theory.

CB2 Double-Sided Crystal Ball.

CCDB Condition and Calibration Data Base.
CE Canonical Ensemble.

CEM Color-Evaporation Model.

CERN Conseil européen pour la recherche nucléaire.
CGC Color-Glass Condensate.

CIM Comover Interaction Model.

CMS Compact Muon Solenoid.

CNM Cold Nuclear Matter.

COM Color-Octet Model.

CPC Cathode Pad Chamber.

CRU Common Readout Unit.

CSM Color-Singlet Model.

CTF Compressed Time-Frame.
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DCA Distance of the Closest Approach.
DF Data Frame.

DIS Deep Inelastic Scattering.

DPG Data Preparation Group.

DRM Dual Resonance Model.

EKT Effective Kinetic Theory.
EoS Equation of State.
EP Event-Plane.

ESE Event-Shape Engineering.

FCC Future Circular Collider.

FDD Forward Diffractive Detector.

FGMRES Flexible Generalized Minimal Residual Method.
FIT FastInteraction Trigger.

FONLL Fixed-Order plus Next-to-Leading Logarithms.
FRG Functional Renormalization Group.

FTo Fast Timing and Trigger.

FVo Fast Vo.

GCE Grand Canonical Ensemble.
GEM Gas Electron Multipliers.
GMRES Generalized Minimal Residual Method.

GMS Geometrical Monitoring System.

HB HeartBeat.
HERA Hadron Elektron Ring Anlage.
HL-LHC High-Luminosity LHC.

HTL Hard-Thermal Loop.

IB Inner Barrel.
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IP Interaction Point.

IR Infra-red.

ISR Intersecting Storage Ring.
ITS Inner Tracking System.

ITSAMS [TS Alignment Monitoring System.

LBT Linear Boltzmann Transport.
LDMEs Long-Distance Matrix Elements.
LEP Large Electron-Positron Collider.
LHC Large Hadron Collider.

LHCb Large Hadron Collider beauty.
LO Leading-Order.

LS Long-Shutdown.

LSSs Long straight sections.

LYZ Lee-Yang Zero.

MAPS Monolithic Active Pixel Sensors.

MCH Muon Chambers.

MCP-PMT Micro-Channel Plate Photomultiplier.

MCS Multiple Coulomb Scattering.

MFT Muon Forward Tracker.

MGF Moment Generating Function.

MID Muon Identifier.

MINRES Minimal Residual Method.

MLEM Maximum-Likelihood-Expectation Maximization.

MWPC Multi Wire Proportional Chamber.

NBD Negative Binominal Distribution.

NCQ Number of Constituent Quarks.
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NLO Next to Leading Order.
NRQCD Non-Relativistic Quantum chromodynamics.
NUA Non-Uniform Acceptance.

NUE Non-Uniform Efficiency.

02 Online-Offline.

OB Outer Barrel.

PDF Parton Distribution Function.
PDG Particle Data Group.
POl Particle of Interest.

PV Primary Vertex.

QC Quality Control.
QCD Quantum Chromodynamics.
QED Quantum Electrodynamics.

QGP Quark-Gluon Plasma.

RFP Reference Particle.

RHIC Relativistic Heavy lon Collider.
RMS Root Mean Square.

ROF ReadOut Frame.

RPC Resistive Plate Chambers.

RRM Resonance Recombination Model.

SAMPA Scalable Amplifier and ADC.
SDCs Short-Distance Coefficients.

SHM Statistical Hadronization Model.
SiPM Silicon Photomultiplier.

SLAC Stanford Linear Accelerator Center.

SM Standard Model.
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SMCs Space-Momentum Correlations.
SNR Signal-to-Noise Ratio.

SP Scalar Product.

SPS Super Proton Synchrotron.

SSB Spontaneous Symmetry Breaking.

TF Time-Frame.
TPC Time Projection Chamber.
TRENTo Transport-Relativistic Events iNiTial cOnditions.

TS Technical Stop.
UV Ultra-violet.

VEV Vacuum Expectation Value.

VWG Variable-Width Gaussian.
WLCG The Worldwide LHC Computing Grid.

ZDC Zero-Degree Calorimeter.
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