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Résumé : Les collisions ultrarelativistes d'ions
lourds sont utilisées pour étudier la matiere nu-
cléaire a haute température et a haute pres-
sion, ou la chromodynamique quantique pré-
dit I'existence d'un état déconfiné de la matiére
hadronique, le plasma de quarks et de gluons
(QGP). L'expérience ALICE au grand collision-
neur de hadrons (LHC) est consacrée a l'étude
du plasma de quarks et de gluons. Dans le cas
de collisions ultrapériphériques (UPC), pour les-
quelles le parameétre d'impact entre les deux
noyaux qui collisionnent est supérieur a deux
fois le rayon nucléaire, les interactions hadro-
niques sont supprimées. Les puissants champs
électromagnétiques émis par les ions lourds
ultrarelativistes induisent des réactions photo-
nucléaires. Ces processus ont été largement
étudiés dans le contexte des collisions ultra-
périphériques. Lorsqu’'un photon quasi-réel in-
teragit de maniére cohérente avec le noyau, un
charmonium peut étre produit. Ce processus
est appelé photoproduction cohérente. Il per-
met de sonder la distribution des gluons dans
le noyau et impose des contraintes strictes sur
la structure des noyaux a petit x-Bjorken, une
région encore peu connue. Ces derniéres an-
nées, la photoproduction cohérente de J/v
a été observée a trés faible impulsion trans-
verse dans les collisions noyau-noyau avec re-
couvrement nucléaire, sur la base de la me-
sure d'un excés du taux de production de J/v
par rapport a la production hadronique de
J/1 attendue. Plusieurs modeles théoriques,
initialement développés pour décrire la pho-
toproduction cohérente de J/¢) en UPC, ont
été étendus pour décrire ce mécanisme dans
les collisions Pb-Pb avec recouvrement nu-
cléaire. Les modeles considérent différents scé-
narios pour tenir compte du recouvrement nu-
cléaire, notamment via des modifications du

flux de photons émis et/ou de la section ef-
ficace photonucléaire. Les modéles prédisent
des dépendances différentes en fonction de
la rapidité et de la géométrie de la collision.
La section efficace de photoproduction cohé-
rente de J/¢ a été mesurée précédemment
par ALICE dans des collisions Pb-Pb avec re-
couvrement nucléaire en fonction de la géomé-
trie de la collision. Les modeles ont pu repro-
duire qualitativement la mesure. Afin d'impo-
ser des contraintes supplémentaires aux mo-
deles, cette these étudie la dépendance en ra-
pidité de la section efficace de photoproduc-
tion cohérente de J/¢ en utilisant les don-
nées Pb-Pb collectées durant le Run 2 du LHC
(2015-2018), a /snN = 5.02 TeV, avec l'expé-
rience ALICE. Le taux de production de J/v
cohérent est estimé a partir du taux mesuré
de J/4, aprés soustraction du taux de pro-
duction du J/¢ hadronique. Ce dernier est
modélisé a l'aide de la mesure du facteur de
modification nucléaire du J/¢ dans les colli-
sions Pb-Pb, et de la section efficace hadro-
nique de référence J/¢ mesurée dans les col-
lisions pp a la méme énergie dans le centre
de masse. Les modeles de photoproduction du
J /14 peuvent décrire qualitativement l'ordre de
grandeur de la section efficace mesurée mais
ne parviennent pas a décrire sa dépendance
en rapidité, comme c'est également le cas pour
les mesures UPC. Pour mieux interpréter les ré-
sultats, une meilleure description des mesures
UPC par les modéles disponibles est néces-
saire. La mesure effectuée dans cette thése est
également utilisée en conjonction avec des me-
sures similaires en UPC pour extraire la section
efficace photonucléaire en fonction de I'éner-
gie dans le centre de masse du systeme y-Pb,
correspondant a des valeurs de x-Bjorken com-
prises entre 1075 et 3.1072.
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Abstract : Ultrarelativistic heavy-ion collisions
are employed to investigate nuclear matter at
high temperature and pressure, where Quan-
tum Chromodynamics predicts the existence
of a deconfined state of hadronic matter, the
Quark Gluon Plasma (QGP). The ALICE expe-
riment at the Large Hadron Collider is devoted
to the QGP study. In the case of ultraperipheral
collisions (UPC), in which the impact parameter
between the two colliding nuclei is larger than
twice the nuclear radius, hadronic interactions
are suppressed. The strong electromagnetic
fields emitted by ultrarelativistic heavy ions in-
duce photonuclear reactions. These processes
have been extensively studied in the context
of ultraperipheral collisions. When a quasi-real
photon interacts coherently with the nucleus,
a charmonium can be produced. This process
is called coherent photoproduction. It gives in-
sight into the gluon distribution of the heavy
nucleus and places stringent constraints on the
hadron structure, including the poorly known
regions of low Bjorken-x values. In recent years,
the coherent J /¢ photoproduction at very low
transverse momentum has been observed in
nucleus-nucleus collisions with nuclear over-
lap, based on the measurement of an excess
in the J/v yield with respect to expectations
from hadronic J /v production. Several theore-
tical models, initially developed to describe co-
herent J /v photoproduction in UPC, were ex-
tended to describe this mechanism in Pb-Pb
collisions with nuclear overlap. Models consi-
der a variety of scenarios to account for the

nuclear overlap, including modifications of the
emitted photon flux and/or photonuclear cross
section. The models predict different depen-
dencies on rapidity and collision geometry. The
coherent J/v photoproduction cross section
was previously measured by ALICE in Pb-Pb
collisions with nuclear overlap as a function of
the collision geometry. Models were able to re-
produce the measurement qualitatively. To im-
pose further constraints on the models, this
thesis studies the rapidity dependence of the
coherent J/v photoproduction cross section
using the Pb-Pb data collected in Run 2 (2015-
2018), at \/snN = 5.02 TeV, with the ALICE ex-
periment. The coherent J /¢ yield is estimated
from the measured J/¢ raw yield by subtrac-
ting the hadronic J/¢ yield. The latter is mo-
deled using the measurement of the J/¢ nu-
clear modification factor in Pb-Pb collisions,
and the reference J/« hadronic cross section
measured in pp collisions at the same center-
of-mass energy. Models of J/¢ photoproduc-
tion can qualitatively describe the magnitude of
the measured cross section but fail at descri-
bing its rapidity dependence, as in the case of
UPC. To accurately interpret the results, it will
be necessary to reach a better description of
UPC measurements by available models. The
measurement performed in this thesis is also
employed in conjunction with similar measu-
rements in UPC to extract the photonuclear
cross section as a function of the y-Pb center-
of-mass energy, corresponding to Bjorken-x va-
lues from 1075 to 3.102.
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Introduction

Ultrarelativistic heavy-ion collisions have been used as an experimental tool to create the tem-
perature and energy density conditions needed to form a new state of matter made of deconfined
quarks and gluons, called quark-gluon plasma (QGP). When heavy ions interact without nuclear
overlap, the QGP formation is impossible, and photon-induced processes dominate. One of these
processes is the coherent charmonium photoproduction, in which an ultrarelativistic ion acts as a
photon emitter, the latter fluctuating into a qg pair, interacting with the target nucleus via gluon
exchange and finally producing the charmonium (a bound state of a charm and an anti-charm
quark). The coherence condition refers to the photon interaction with the target nucleus as a
whole object. This process is extensively studied in ultraperipheral heavy-ion collisions and
provides an experimental probe of the nucleus gluon distributions. In recent years, this process
has been observed in heavy-ion collisions with the presence of nuclear overlap. This observation
raises questions on the coherence condition and the possible interaction of the photoproduced J/yw
in the formed QGP. The production cross section has been studied in the ALICE experiment at the
LHC, as a function of the collision centrality for wide rapidity range. Several models successfully
describe the cross section qualitatively. This thesis work studies the coherent charmonium photo-
production cross section as a function of the charmonium rapidity in one peripheral centrality
interval, in order to constrain models aiming at describing the process in heavy-ion collisions with
nuclear overlap. The study is performed using Pb—Pb collisions at \/syn = 5.02 TeV, collected
during Run 2 period with the ALICE experiment, and pp collisions at the same energy used
as a reference for the nucleus-nucleus collisions. In the following, the manuscript structure is

presented.

Chapter 1 introduces the physics concepts related to quarks and gluons interactions in the
quantum chromodynamics theory framework (confinement and asymptotic freedom), nucleon
structure, and the QGP formation in heavy-ion collisions. Chapter 2 is dedicated to the charmo-
nium production in hadron-hadron and nucleus-nucleus collisions, focusing on the coherent J/y
photoproduction mechanism. The effects of cold nuclear matter and QGP medium on charmo-
nium production are discussed. The Chapter also presents a selection of experimental results
from RHIC and LHC colliders on coherent J/i photoproduction-related observables in heavy-ion

collisions with and without nuclear overlap.

The ALICE experiment at the LHC is described in Chapter 3 as the experimental apparatus
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used for this thesis work. A focus is placed on the muon spectrometer, which detects the muons
from charmonium decay.

Chapters 4 and 5 describe the measurements, deferential in rapidity, of the inclusive J/y
production cross section in pp collisions and the J/y nuclear modification factor in Pb—Pb collisions,
respectively. The results in each Chapter are discussed and compared to previous analysis
results integrated over rapidity and theoretical models, when available. Both results are used
as inputs to model the hadronic J/i background in the low-pr region of interest where the
coherent J/i photoproduction cross section is extracted, as explained in Chapter 6. Chapter 6
describes the measurement of the coherent J/i photoproduction cross section as a function of
rapidity in peripheral Pb—Pb collisions, and the exploitation of this measurement to calculate the

photonuclear cross section.



CHAPTER

Hadronic matter and the quark-gluon
plasma (QGP)

This chapter provides a general introduction to the physics concepts related to the measurement
of the coherent J/w photoproduction cross section.

The standard model of particle physics describes the fundamental particles and their interac-
tions, including the strong interaction. The running coupling of the strong interaction is discussed
at two energy scales. The strong coupling at low energy scales ensures the confinement of partons
inside hadrons, such as nucleons, while the weak coupling at high energy scales allows the
presence of a deconfined state of quarks and gluons, known as the Quark-Gluon Plasma (QGP).
The structure of nucleons is discussed in terms of the perturbative Quantum ChromoDynamics
(pQCD) models, which describe the behavior of the quarks and gluons at short distances. The
study of the QGP state and its formation in heavy ion collisions is presented. A sample of QGP

probes is discussed.

1.1 The standard model of fundamental particles

A variety of particles has been discovered through various experiments. Later, it was understood
that most of the discovered particles were a combination of elementary particles [1]. They interact
via three non-gravitational interactions (strong, weak, and electromagnetic [EM]). The EM and
weak interactions are unified into electroweak interactions.

The elementary particles discovered so far and their interactions are described in the Standard
Model (SM) of particle physics [2, 3]. The SM is built in the framework of the relativistic quantum

field theory. Figure 1.1 summarizes the SM of elementary particles and their interactions. The
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Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions) (bosons)
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Figure 1.1: The standard model of elementary particles and their interactions. Figure from [4].

SM particles are classified according to their quantum properties, like their spin, mass, color
charge, electric charge, etc. The spin defines two families: the fermions of half-integer spin and
the bosons of integer spin.

The fermions have two sub-families based on their color charge. First, quarks and anti-quarks.
Second, leptons and anti-leptons. Quarks carry color charge, while leptons do not. Leptons carry
an integer of electric charge e, while quarks carry a fraction of e. Both leptons and quarks can
undergo electroweak interactions, while only quarks can undergo strong interactions due to the
quark color charge. Leptons and quarks are classified into three generations, with higher mass for
higher generations. Each lepton generation has one lepton (e, 4™, and 77) and a neutral neutrino
(ve/,vy, and v;). The quark generations are the up and down (z and d), charm and strange (c
and s), and top and bottom (¢ and b) quarks. The first quark in each pair has a charge of +2/3e,
and the second has —1/3e. The anti-quarks (anti-leptons) are the anti-particles of the quarks
(leptons). The anti-particles are particles of the same mass and spin but have opposite properties,
such as the electric charge and other quantum numbers. Some particles are their anti-particles,
like the photon. In the following, quarks (leptons) will refer to quarks and anti-quarks (leptons
and anti-leptons).

The bosons are classified as scalar (spin 0) or vector bosons (spin 1). The only scalar boson is
the Higgs boson, which is responsible for all the known particle mass. Vector bosons are mediators
for the interactions of the particles as they are the force carriers and are called the gauge bosons.

The mediators of the interactions are as follows: the gluon for the strong interaction, the photon
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for the EM interaction, and W* or Z° for the weak interactions. Those three interactions cover a
wide variety of interaction ranges. The range is infinite for the EM interaction, about 10718 m for

the weak interaction, and about 1071® m for the strong interaction.

1.2 The strong interaction and QCD

The quarks, anti-quarks, and gluon strong interactions are governed by the Quantum Chromo-
Dynamics (QCD) gauge theory. The color charge is a property for quarks and gluons only and
is conserved in strong interactions. The quark color charge can be red, green, or blue. Gluons
carry a color and an anti-color charge, which can be different from each other. Nine combinations
of a color and anti-color charge are possible, in principle, but the QCD theory allows only eight
colored gluon states, which are called color octets. The ninth state would be a colorless gluon
state called a color singlet, which would mean that the gluon can exist as a free particle, and the
strong interaction is a long-range force, whereas it is a very short-range force [1].

Unlike the photons, which carry a neutral electric charge, the gluon color charge allows
them to couple with other gluons. A gluon can emit one gluon or split into two gluons, and two
gluons can merge and interact to produce additional gluons. As a consequence, the strength of the
interaction between colored particles increases with the distance. This feature in QCD at a large
distance prevents quarks and gluons from acting as free particles or being isolated from others.
As a consequence, they are bound in a composite state of zero net color charge, the hadrons.

A quark carrying a color charge C can change to a color charge Cy by emitting a gluon of color
charge C1Cs. By this mechanism, the hadrons can be formed as a color-singlet combination of
quarks, anti-quarks, and gluons. Hadrons can be mesons (¢§) or baryons (gqq), with quark flavors
that can be different. The most known meson are the pions, a combination of u and d quarks and
anti-quarks. Mesons made up of the same heavy quark flavor are called quarkonia. Quarkonia
made up of ¢ quarks, as J/y (c¢), will be of major interest in this thesis. The most abundant
hadrons are those that make up ordinary matter, the protons and neutrons, which are baryons
made of u and d quarks. Other exotic colorless states are allowed by QCD, like tetraquarks
(@@ qq) or pentaquarks (qqqqg) which were observed recently [5, 6]. Similarly, colorless bound
gluon states are allowed to exist, called glueballs [1]. A comparison of elastic cross section in
pp and pp collisions, by TOTEM and DO collaborations showed evidence for an exchange of an
odderon state, which is made of three gluons [7].

The coupling strength (a;) of the strong interaction varies with the probed energy scale and
is thus called the running coupling. This dependence arises from the scale-dependent quantum
vacuum fluctuations described by the loop diagrams in QCD. The vacuum fluctuations are a
consequence of Heisenberg’s uncertainty principle. Two of the most significant fluctuations
involve loops of (¢ @) pairs or gluon pairs. At leading order in perturbation theory, and for a high

value of squared momentum transfer in the interaction @2, the running coupling follows the
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expression [8]:

1
1.1) @)=
) B T @YAs )
where
(1.2) _ 32
: bo=—or

Aqcp is the QCD energy scale at which a; diverges, and is determined from the measured as,
Agcp ~ (89—-332) MeV [9]. The factor o has two terms, the negative one (—%) that contains
the flavor of the quarks N;(= 6) corresponds to a color screening effect from the quarks loop
correction, while the positive one (%) corresponds to a color anti-screening effect from gluons

loop correction (self-interaction of gluons). The running coupling @, is shown in Figure 1.2.
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Figure 1.2: Summary of the QCD running coupling a,(Q2) measurements as a function of the
energy scale @. Various measurements from hadronic colliders, e"e™ colliders, and deep inelastic
scattering experiments are shown. Figure from [10].

The fact that a; decreases logarithmically for high @? (or short distances) is called asymptotic
freedom. Conversely, color confinement is experienced at small @2 (or large distance between
the interacting particles), in which the coupling is very strong and thus keeps the hadrons
bounded [11].

The strong coupling of QCD at low energies @2 < (1 GeV?) makes the direct QCD calculations

2
QCD

distances, when a (M %) ~ 0.1, allows the applicability of the perturbation theory. Fundamental

very complicated. However, the weak coupling at high momentum scale (@2 > A2 ..) or short

quantities like the cross section can be written as a power expansion in ag, and be truncated at a
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finite order as an approximate solution. Such techniques are called perturbative QCD (pQCD)
calculations [12]. Some non-perturbative QCD calculations are possible thanks to numerical tools
such as the lattice QCD (1QCD), in which the QCD theory is formulated on a grid of space and
time points with limited spacing. When the grid spacing approaches zero, which is a challenge for

numerical simulations, the 1QCD calculations should approach the QCD solutions [13, 14].

1.3 Nucleon structure

The electrons are light elementary particles with electric charge. During its interaction with a
proton, the electron emits a virtual photon that probes the internal structure of the proton. The
electron is a clean probe as it will be addressed in the following. In this section, the internal
structure of the nucleon will be discussed. The deep inelastic scattering experiment will be
described since it is one of the main probes of the nucleon structure. Then, the parton distribution

functions and the generalized parton distributions will be presented.

Deep inelastic electron scattering

In an inelastic electron scattering, an electron interacts via virtual photon emission with a proton
that does not stay intact. In Figure 1.3, a schematic diagram for the deep inelastic scattering
(DIS) process is shown. The point-like electron has a 4-momentum (/), and the proton has a
4-momentum (P) in the initial state. The emitted virtual photon 4-momentum is g =1 —1’, with [’
the electron 4-momentum vector in the final state. The final hadronic state is unknown (X). The
center-of-mass energy W of the y*p system is W2 = (P +q)?, and is also equal to the invariant
mass of the system X. The name "Deep" is for @2 > M? (~ 1 GeV)?, where M is the proton mass,

and "inelastic" is for W2 > M?2. The DIS kinematics can be described by the following invariant

Px

Figure 1.3: Schematic diagram of Deep Inelastic Scattering.
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quantities:
Q2 — _q2 — _(l _ll)2
(1.3) v=P.q/M
Q* Q*

YT 9pq 2Mv

where v is the energy transferred to the nucleon by the scattering electron. x represents the
nucleon longitudinal momentum fraction carried by the struck parton and is the Bjorken variable.
The square of the 4-momentum transfer @ can be expressed as @2 = —g?. As the exchanged
energy increases, the virtual photon wavelength will be shorter. When it is much smaller than

the proton size, it will be able to probe the constituents of the proton target.

The DIS process cross section can be factorized into two pieces, a leptonic and a hadronic
part. The hadronic part is parameterized by the proton structure functions [15]. Bjorken [16]
proposed that the structure functions that depend on the two quantities (Q?,v) satisfy a scaling
at large momentum transfer (where @2 — oo, and v — c0), in which the structure functions
become dependent on the ratio of these two variables [17], the Bjorken-x, and do not depend on
Q2. The scaling hypothesis was confirmed experimentally by SLAC [18]. Feynman [19, 20] has
interpreted the Bjorken-scaling by suggesting the existence of point-like objects in the proton,
named partons. Bjorken and Paschos [21] have defined x as the fraction of the longitudinal
hadron momentum carried by the interacting parton. Many parton-models were developed to
describe the proton structure [22]. In the model from Kuti and Weisskopf [23], the proton is
composed of three valence quarks (vud), and a core of an indefinite number of ¢4 pairs, and
gluons, all seen as free point-like constituents when viewed in the limit of high-momenta in the
center-of-mass frame. In the current QCD theory, the proton is a composite object made of valence
quarks (uud), sea quarks (qq for the quarks u,d,c,s,b,t), and gluons binding the quarks in the
proton [3]. Several measurements of the proton structure function have shown a deviation from
the Bjorken-scaling as a slow @2 dependence [24-28]. This behavior is referred to as a scaling

violation.

In QCD, a process cross section can be described as a combination of short— and long—distance
physics. The QCD factorization theorem allows the separation (factorization) of the perturbative
and the non-perturbative parts. The perturbative part, the short-distance physics, is the hard
scattering between the photon and the parton and is calculable within pQCD [29]. The non-
perturbative parts, the long-distance physics, are functions that describe the initial parton
distributions inside the hadrons (PDFs), or the final-state parton fragmentation into hadrons.
Although PDF's are not calculable in pQCD, they can be measured experimentally and are

expected to be universal over various processes.
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Parton Distribution Functions (PDF's)

The distribution of a parton i in a hadron is described using a collinear factorization scheme, in
which the PDF depends on x, taken at the factorization scale ug. ur is usually chosen to be of the
order of the transferred momentum in the process @ [9]. The PDF is then denoted as f;(x, ur). It
parameterizes the hadron transition into partons by absorbing all possible parton emissions and
interactions at scales below up. Currently, the PDFs are extracted using experimental data at
several orders in QCD [30]. Figure 1.4 (left) shows the PDF's extracted by the HERA experiments
at @2 = 10 GeV2. The u-quark PDF is around twice that of the d-quark at x ~ 0.1. The gluon and
sea quarks are visible at low-x. The gluon density is huge at low-x with respect to the valence
quark density.

In QCD, the quarks can radiate gluons and gluons can emit other gluons (bremsstrahlung) or
split into a ¢§ pair. As Q2 increases, more and more gluons are emitted. The parton emissions
are responsible for shifting the initial parton distributions to lower x values with increasing
Q2. The gluon splitting is responsible for the build-up of the quark and anti-quark sea parton
distributions at low-x, and the generation of the heavy-quark and anti-quark distributions inside
the proton [3].

H1 and ZEUS HERA I Combined PDF Fit

xf

Q’=10 GeV?

—— HERAPDFL.0
Y =1In1/x
- exp. uncert. —

model uncert.

0.8

: T xu\.
parametrization uncert.

0.6

0.4
Dilute system

0.2

lU
@
C
>
T

2
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Figure 1.4: (Left) The valence quarks (u,d), gluon (g), and sea quarks (S) distribution functions
in a proton (HERAPDF1.0) measured at HERA collider for @2 = 10 GeV2. Note that the gluon
and sea quarks PDFs are scaled down for better visibility. Figure from [31]. (Right) A cartoon of
the proton configuration in different kinematic domains. Figure from [32].

At the leading order (LO) of the QCD theory, the probability of emitting a gluon diverges for a
gluon with x — 0 or transverse momentum — 0. To resum these radiative corrections to all orders,
Dokshitzer—Gribov—Lipatov—Altarelli-Parisi (DGLAP) and Balitski-Fadine-Kouraiev-Lipatov

9
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(BFKL) evolution equations are used [33].

Figure 1.4 (right) shows a summary of the PDF evolution equations with x and Q2. At fixed x,
and at LO in as, the probability for » gluon emission is ~ (a;In@?)*. The PDF evolution with @?
at fixed x is logarithmic and can be calculated perturbatively using DGLAP equations [30, 34—36].
At NLO, the DGLAP equations successfully describe the DIS structure functions extracted from
high @2 data at HERA and LHC [3, 37, 38].

The BFKL equation [39-41] describes the PDF evolution with x at fixed Q2. Considering
fixed @2, and at LO in a,, the probability for one gluon bremsstrahlung emission at small x
is ~ a;In(1/x). Even at high @2, when the running coupling a; is small enough to ensure the
applicability of the perturbation theory, the large logarithm In(1/x) for small-x compensates
the smallness of @, and the emission probability of one gluon is large. This suggests that a
successive gluon emission, with smaller momentum fractions than the initial x value, is likely to
happen. At LO in a51n(1/x), the BFKL equation predicts an exponential evolution of the gluon
distribution as xg(x) ~ (1/x)}, with A = a5 (12 In2/7) [33]. The fast growth in gluon emission leads
to the so-called BFKL ladder, as shown in the middle representation of Figure 1.5. The power-like
growth of the gluon distribution in the proton with decreasing x can be observed in the gluon PDF
extracted from DIS data at HERA, as shown in the left panel of Figure 1.4. The BFKL equation
and its higher-order corrections describe successfully HERA data at sufficient large @2 where the

perturbation theory is valid [42, 43].

1 gluon emission BFKL ladder CGC evolution: BFKL ladder fusion

m (x, k¢)

Figure 1.5: Schematic representation of diagrams relevant for small-x evolution: 1 gluon emission,
BFKL ladders and BFKL ladder fusion in CGC non-linear evolution. Figure from [33].

Gluon saturation

Both BFKL and DGLAP approaches assume the parton system to be dilute through the evolution,
implying that the density of partons is low enough such that they do not overlap significantly,
and their mutual interactions can be neglected [33]. However, when the gluon density becomes
large, this hypothesis essentially breaks down. The emission process is then coherent in time,
and a destructive interference appears to account for the gluon recombination process, as shown
in the right representation in figure 1.5. This behavior is described in the evolution equations
by the appearance of non-linear density-dependent terms that saturate the growth of the gluon
density at small-x. This phenomenon is referred to as gluon saturation. The concept was first

suggested by Gribov, Levin, and Ryskin [44]. Later development showed that the saturation scale
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Qf, at which the linear emission and the non-linear recombination processes become of the same
order, is @2 ~ (1/x)* [33].

One of the models that can describe the saturation dynamics is the Color Glass Condensate
(CGC) picture [45]. The CGC is an effective field theory based on the separation of the degrees of
freedom into fast frozen color sources (the background gluons with large x) and slow dynamical
color fields (the emitted gluons with lower x) [32, 46].

The CGC dynamics can be described by the Jalilian-Marian-Iancu-McLerran-Weigert-Leonidov-
Kovner (JIMWLK) equation [47-52]. The JIMWLK equation describes the non-linear evolution
of the probability density distribution of the fast sources in the target at a given x scale, with
decreasing x [32]. Other simpler equations can be used to describe the CGC dynamics, like the
Balitsky-Kovchegov (BK) equation [53—56]. The nonlinear BK equation can be viewed as the
combination of a linear (BFKL) equation with a nonlinear term that tames the growth of the
gluon density [67]. The BK equation provides a non-linear evolution of the scattering amplitudes
of a photon-dipole on a hadronic target as a function of rapidity [33]. The photon-dipole is a virtual
photon fluctuating into a ¢4 pair. The dipole-target interaction is described by the exchange of
one or more pomerons, a colorless object equivalent to a two-gluon exchange at the lowest order
of QCD. In the BK equation, the quantum fluctuations are implemented in the dipole-target
scattering amplitude, while they are included in the evolution of the gluon field at small-x in the
JIMWLK equation [58]. Both BK and JIMWLK equations reduce to the BFKL equation at the
limit of low parton density [59]. In recent years, the BK equation has been improved to include

higher order corrections to better describe the experimental data [57].

Generalized Parton Distribution Functions (GPDs)

The PDfs, extracted from the inclusive DIS process, for instance, encode information about
the longitudinal momentum distribution of partons within a hadron. Although PDFs provide
information about the hadron structure, some important information is missing, in particular,
the parton spatial distribution in the transverse plane of the hadron and the parton orbital
angular momentum contribution to the total nucleon spin. Exclusive processes may provide such
information, encoded in generalized parton distributions (GPDs) [60]. To complete the 3D picture
of the hadron, the transverse momentum-dependent distributions (TMDs) that encode the parton
transverse momenta are also studied in semi-inclusive DIS process [61].

A golden channel to study the GPDs is the deeply virtual Compton scattering (DVCS) process
that is shown in Figure 1.6. It involves a finite momentum transfer ¢ = (p — p)? to the proton
target and a large initial photon virtuality (Q2), with |¢| <« @2 for the factorization between hard
and soft process to hold [62]. The exchanged partons carry longitudinal momentum fractions of
x+ ¢ and x — ¢, where x is the average longitudinal momentum and ¢ is the skewness parameter.
This leads to the presence of an on-shell photon in the final state in the case of DVCS. As the

partons momenta are not symmetric, the GPDs does not represent a probability distribution (or
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a squared amplitude), but rather the interference between amplitudes that describe different

quantum fluctuations inside the nucleon [60].

77 v* NP .

Figure 1.6: Handbag diagram for deeply virtual Compton scattering (DVCS), or meson production.
Figure from [62].

At the limit of { — 0 and ¢ — 0, the GPDs reduce to PDFs [60]. The GPDs can also be

studied by a wide range of interactions, such as exclusive heavy-meson photoproduction or

leptoproduction [60, 63]. A wider review of GPDs can be found in [64].
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1.4 QGP in heavy-ion collisions

The lattice QCD calculations predict the existence of a new state of strongly interacting matter
called the Quark-Gluon Plasma (QGP). It is characterized by deconfined quarks and gluons
at high medium temperatures and energy densities, due to the asymptotic freedom feature of
QCD [65-67]. It is also believed that QGP was formed in the early stages of the universe [68].
Experimentally, to recreate the extreme conditions needed for the QGP formation, ultrarela-
tivistic heavy ions are brought to collisions at Brookhaven National Laboratory BNL (USA) and
CERN (Europe). The deconfined matter has, however, a short lifetime, and the medium properties

are studied indirectly, measured by the final state particles.

1.4.1 Heavy-ion collisions variables

This section introduces some kinematic variables and collision-related quantities frequently used

in heavy-ion physics and experiments.

1.4.1.1 Rapidity and pseudorapidity

For a particle with the four-momentum vector p (E, px, py, p,), where |p| =,/ P2+ p?v +p? is the
magnitude of the three-momentum vector, the particle pseudorapidity 7 is defined as:

(1.4) n=—1n [tan(6/2)] = lln (

Iﬁ|+pz)
2

|ﬁ | — Pz
where 6 is the polar angle of the particle relative to the beam direction.

In hadron collider experiments, e.g. at the LHC, the colliding beams are defined in the z—axis
direction as a convention. For convenience, Lorentz-boost invariant quantities are frequently
used, for example, Ay, the difference between the rapidities y of two particles. The particle

rapidity is defined as:

1
(1.5) y=5ln

E+p,
E_pz

); Pz =|plcoso

The four-momentum vector (p) can be written as (m,y, pt,¢), where m is the particle invariant
mass, pr is the transverse momentum pr=./p2+ pf,, and ¢ is the azimuthal angle in the
transverse x — y plane. For ultrarelativistic particles, the mass can be neglected if the energy is

large enough, E =~ |p|, hence y =1.

1.4.1.2 Collision centrality

Heavy-ion collisions can occur with various values of impact parameter b, the transverse distance
between the center of the two colliding nuclei. It can take values from 0 to (R + R2) for a hadronic

collision, with R1(R2) the first (second) nucleus radius.
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The nucleons present in the nuclear overlap region are called the participants in the hadronic
collision, Npart. The nucleons outside of the overlap region are called the spectators, Ngpect. The
participant nucleons can undergo more than one binary nucleon-nucleon collision. The number
of binary nucleon-nucleon collisions in an event is N and is usually larger than Ny, in
Pb—PD collisions. The nuclear overlap region can be described by the geometrical nuclear overlap

function T'hp [69] that can be calculated using N¢o as Taa = % The quantity agll‘i} is the

NN
inelastic nucleon-nucleon cross section, estimated based on experimental measurements. The

T'aa can also be seen as the effective nucleon luminosity in the collision process.

Experimentally, we do not have direct access to Npart or Neoni. However, the knowledge of the
initial collision geometry is important for better interpretation of the results. For this purpose, the
collision centrality is measured experimentally, as detailed below. The < Npart > and < Ny >
quantities are extracted via a Glauber Monte-Carlo model, which is based on the Glauber model
that considers the collision of two nuclei in terms of independent interactions of the participant

nucleons [70].

The centrality is defined experimentally as the percentile of a measured quantity that is
strongly related to the impact parameter of the collision [71]. In other words, it is the percentile
of the hadronic cross section that corresponds to the overlap region, relative to the total hadronic
cross section. Typically, the number of particles measured or the energy deposited in a given
detector acceptance is used for the centrality measurement, as will be shown in Section 3.2.1.
Collisions are usually named according to the degree of nuclear overlap. For example, collisions
are central, semicentral, peripheral, or ultraperipheral if the nuclear overlap is almost complete

(b — 0), moderate (0 < b < R1+R3), very little (b < R1+R2), or vanishes (b > R1+R3), respectively.

1.4.2 QGP evolution in heavy-ion collisions

In ultrarelativistic heavy ion collisions, the colliding nuclei are Lorentz-contracted discs of few a
fm thickness, with Lorentz factor! y ~ 3000 and ~ 100 [73] at LHC (CERN) and RHIC (BNL) top
energies in Pb—Pb and Au—Au collisions, respectively. As the nuclei are contracted, the energy
density of the partonic matter increases, and it is not expected to be uniform within the nucleons

inside the nucleus.

In the following, the description of the two nuclei interaction [72, 73] will be for the collision
at the LHC energies. The quoted times are an approximate timeline of the evolution and are
reasonable only for the central region of the formed QGP medium. When two nuclei cross each
other, the quarks, anti-quarks, and gluons color fields interact, transfer a little of their momenta
(soft process), and produce new longitudinal color fields filling the space between the receding

discs. As these color fields expand, they lose energy by decaying into quarks, anti-quarks, and

1

IThe Lorentz factor Y= , where g is the beam velocity in unit of speed of light.
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Figure 1.7: A cartoon of the heavy-ion collision evolution in time and the expected QGP formation
stages. The quoted times are guidelines for the evolution, at the LHC energies, rather than
precise values. Figure from [72].

gluons. A small fraction of parton interactions goes through high-momentum transfer (hard

process) [73]. This period is noted as semi-hard particle production in Figure 1.7.

After the initial collision time, and for around 2 fm/c, the average energy density is higher
than 20 times that of typical hadrons, the temperature is as high as 300 MeV at LHC [74], and
thus the system is far from equilibrium. The quarks and gluons cannot be bound in hadrons
within these conditions. They are strongly coupled, forming a collective medium that flows as a
relativistic hydrodynamic fluid of low viscosity and large entropy, known as QGP medium [73].
One can try to describe this regime by linear viscous hydrodynamic equations, but its reliability

is not well established [72]. This period is noted as a pre-equilibrium regime in Figure 1.7.

After ~ 2 fm/c of the initial collision time, the QGP medium expands, driven by the high
initial pressure, toward equilibrium and cooling. The linearized viscous hydrodynamic equations
can reliably describe the QGP dynamics. This period is noted as an equilibrium QGP regime in

Figure 1.7.

This picture will continue until the energy density locally drops below the hadrons one [73],
and until the temperature decreases below ~ 155 MeV such that the system can go through
a crossover phase transition (e.g., at LHC) into hadronic degrees of freedom. It is then dilute
enough not to be described by the previous set of hydrodynamic equations. This regime is called
the hot hadron gas in Figure 1.7. The hadrons scatter off each other, and at some point, their
momenta are not enough for an inelastic interaction, and their chemical composition is stable,
and thus the system reaches the chemical freeze-out stage. With time, the hadron gas cools down

to ~ 95 MeV, such that even elastic scatterings no longer take place, and the system reaches
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thermal or kinetic freeze-out. Hadrons continue streaming freely and can reach the detectors of
the experiment. Due to the proximity of the QGP medium phase, the medium leaves an imprint

on the outgoing hadrons momenta and spatial distributions [72].

1.4.3 QGP probes

The QGP is a shortly living medium, ~ 10 fm/c at LHC [75] or ~ 6 fm/c at RHIC [76]. Experi-
mentally, we do not observe the stage described in the previous section separately, but only the
final-state particles. These particles are used as probes to study the QGP.

In the following, a sample of hard and soft probes are chosen and will be presented. Hard
probes refer to the particles produced early in the collision in a hard process (pt > Aqcp), and so
in a short time scale (7 = 1/pt < 0.1 fm/c). The high momentum transfer allows the production of
heavy quarks, quarkonia, jets, high pr-photons, and electroweak (Z, W) bosons. As a result, their
production is calculable using pQCD [68]. The soft probes refer to the particles produced in a soft
process of relatively low momentum transfer or thermal radiation. Soft probe production can not
be computed from pQCD principles and relies on non-perturbative calculations. The measured
quantities in heavy-ion collisions are usually compared to the ones measured in pp collisions
as a reference. The soft probes are expected to scale with < Npart >, and the hard probes with
< Neon > [77].

This section aims to provide a picture of the variety of QGP probes. References [68, 77] can

provide a wider review of the subject.

1.4.3.1 Soft probes

During the hot QGP formation, direct thermal photons of pt <2 GeV/c (soft photons) are emitted
from the thermal equilibrium of partons and later from hadrons. These photons do not include
the photons emitted from hadron decay. Since photons are not colored, they do not interact with
the medium and thus carry information on the system temperature [68, 77].

In non-central collisions, the interaction region has an initial spatial anisotropy due to the
initial collision asymmetry. With the expansion of the strongly coupled medium, the spatial
anisotropy is converted via pressure gradients into momentum anisotropy [73]. The azimuthal
momentum anisotropy is quantified by Fourier coefficients of the azimuthal distribution of parti-
cles produced in the hadronic collision [78]. The second-order coefficient is related to the elliptic
flow, while the first and zeroth-order coefficients are called the direct and the radial (isotropic)
flow [77], respectively. Experimentally, the flow coefficients are estimated from measured correla-
tions between the observed particles [68, 79].

In the hadronic collisions, yields of light flavor (u,d, s) hadrons and their relative ratios [80]
are linked to the chemical freeze-out temperature according to equilibrium thermal models [81-
83]. In addition, the low pt spectra of the hadrons (,K, and p) are used to get information on

the kinetic freeze-out temperature [77].

16



1.4. QGP IN HEAVY-ION COLLISIONS

1.4.3.2 Hard probes

Hard probes with no color charges like the high—pt photons and the W/Z boson do not interact
with the QGP medium and give us information on the initial state of the collision and the
modifications of the nucleon internal structure inside the nucleus [68].

Quarkonia, jets, and heavy hadrons consist of colored charges and thus teach us about the
strongly interacting QGP, through the modification of their yields and kinematics when traversing
the QGP medium. For example, the initial partons can lose energy through interactions in the
QGP. The heavy hadrons pr-spectra are consistent with a hydrodynamic expansion and cooling
of a strongly coupled medium, the QGP [73]. The quarkonia, charmonia (c&) and bottomonia (bb)
mass resonances, provide further information about the QGP medium [73]. First, the quarkonia
have different sizes and binding strengths, which results in different survival probabilities due to
hot-colored medium screening and dissociation effects. Second, charmonia regeneration [84, 85]
during the QGP phase and/or at the hadronization stage, as an additional charmonia production
source on top of the initial one is a direct confirmation that ¢ quarks in the QGP are not confined.

In addition, the observation of J/y elliptic flow at low pt supports a regeneration scenario [86].
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CHAPTER

An overview of charmonium production in

hadronic and heavy-ion collisions

This chapter introduces the main production mechanisms of charmonia in hadronic and heavy-ion
collisions (HIC). It is followed by a discussion of the expected effects of cold and hot nuclear
matter that charmonia may experience in HIC and an experimental study of these effects. An
experimental overview of coherent J/w photoproduction in HIC with and without nuclear overlap

is given.

2.1 Charmonium production

The charmonium states consist of charm-anticharm pairs (c¢). Figure 2.1 shows the charmonia
spectroscopy and their allowed decays among each other through the emission of photons, pions,
or via hadronic decays. The lowest mass vector meson charmonium state is J/, with the quantum
numbers JPC(l“), with L =0 and S = 1, which was discovered in 1974 at SLAC [88] and BNL [89].
A higher mass resonance state that has the same quantum numbers JFC is the ¥(2S). Their mass

and widths are summarized in Table 2.1 [9].

Charmonium | Mass (MeV/c?) | Width (keV/c?)
Jhy 3096.900 + 0.006 92.6+1.7
w(2S) 3686.097 +0.011 293+9

Table 2.1: The PDG mass and width of the charmonium states, J/¥ and y(2S) [9].
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Figure 2.1: A schematic diagram of the charmonium spectra with their spin-parity quantum
numbers. The possible hadronic and radiative decays are indicated with arrows. Figure from [87].

2.1.1 J/y hadronic production

The prompt hadronic J/¥ can be produced directly in the hadronic collision or indirectly via the
decay of higher-mass charmonium states to J/y such as y(2S) (feed-down contribution). The J/y
production, as heavy-quark production, is dominated by gluon-fusion at the LHC energy [90].
The hadronic production of J/i can be described by a set of approaches that suggest different
hadronization of the heavy-quark pair into the J/¥ bound state. In the Non-relativistic QCD
(NRQCD) model [91], which is an effective field theory, a color-singlet and color-octet heavy-quark
pair state can be produced and then evolve toward a bound state. An example of two production
channels is shown in Figure 2.2 (left and middle). The Color Evaporation Model (CEM) [92, 93]
assumes the heavy-quark pair is produced with mass M and followed by hadronization to the
final bound state with a universal transition probability for all masses below the mass threshold
of two open heavy-flavor mesons. Many calculations based on NRQCD and CEM can describe the
experimental measurements of the J/y hadronic production cross section [94, 95]. Calculations
based on NRQCD and CGC framework [96] are compatible with the inclusive J/y polarization
measured at forward rapidity in pp collisions at the LHC, to be unpolarized or have a little
polarization at low pr.

The J/w can also be produced via the weak decay of b-hadrons, and this contribution is
called non-prompt production, as shown in Figure 2.2 (right). The b-hadron cross section can
be described by factorizing the perturbative b-quark production cross section and the b-quark

fragmentation into a b-hadron. The first contribution can be described by the fixed-order (FO)
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next-to-leading order (NLO) QCD matched with next-to-leading logarithm (NLL) large transverse
momentum resummation for the second contribution, the (FONLL) calculations [97], with the

latter being measured experimentally [98].

Jw

Figure 2.2: Example of hadronic charmonium production diagrams. From left to right, prompt-J/y
production via the color-octet, color-singlet channel, and non-prompt production via the weak
decay of b-hadron. Figures from [87] and adapted from [99].

2.1.2 J/y photoproduction

In relativistic ultraperipheral collisions (UPC), the heavy ions are strong electromagnetic field
emitters. This allows for photon-photon or photon-nucleus interactions. In UPC, since the impact
parameter is larger than the sum of the two colliding nucleus radii, and there is no nuclear
overlap, the hadronic interactions are suppressed [100].

A variety of particles can be produced in the photon-hadron interaction process, for example,
J/y, heavier vector mesons like ¥(2S) and Y resonances, lighter vector mesons like pO, ¢, w, or
jets. The production of vector mesons in photon-nucleus interactions can be understood by the
similarity between the quantum numbers of the vector meson J¥°(17 ") and the photon JYC(177),
which facilitate their coupling. The pomeron characterized by the vacuum quantum numbers
with JPC(J*+) plays a crucial role in the diffractive exchange that governs this interaction [101].
The photon-photon interaction produces dilepton and can also produce pseudo-scalar mesons like
7¢. In the following, we focus on the exclusive photoproduction of J/17, where the J/i is the only
produced particle in the final state of the interaction; see Figure 2.3. Generally, the exclusive

photoproduction cross section of J/y, o is given by [100]:
n(w)
2.1) Oy = fdwTOYA(w)

where 0, 4(w) is the photonuclear cross section at photon energy w. n(w) is the photon flux.

2.1.2.1 Photon flux

The emitted photon energy in the longitudinal direction from a nucleus of radius R can have

maximal energy of wmax ~ YRB/(2R) [100], where y is the nucleus Lorentz factor and S is the
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velocity of the nucleus with respect to the speed of light. The radius R scales with A3 for heavy
nuclei, where A is the atomic mass number. The emitted photons are quasi-real, with a virtuality
of —g? < 1/R?. The emitted photon flux is well-known from the calculations of Weizsécker [102]
and Williams [103] using the equivalent photon method [104]. In the case of ultrarelativistic
heavy ions, the emitted photon flux at a location b from the center of the nucleus is given by
[105, 106]:
AL
20

o] 2 2
2.2) . b)= f do, 2 T+ @)
0

J1(b

where Z is the ion electric charge, @ = 1/137 is the QED fine structure constant, /1 is a Bessel
function, b and w, are the magnitude of b and w ., with @] the transverse momentum of the
photon. The form factor F' is the Fourier transformation of the charge density of the photon-

emitter nucleus.

2.1.2.2 Coherent J/v photoproduction in UPC

In HIC, the photoproduction of J/i can be either coherent or incoherent. When the emitted
photon couples with the target nucleus without resolving it, the interaction is coherent, whereas
when it couples with one nucleon inside the nucleus and usually the nucleus breaks up, the
interaction is called incoherent. The two processes are shown in Figure 2.3. The key difference
between the two processes is the average transverse momentum of the emitted J/y. The (pr);,
value is inversely proportional to the probed object size. This results in (pr);, =~ 60 MeV/c for
coherent photoproduction, smaller than for the incoherent photoproduction case, where {pr) Iy =

500 MeV/c. The coherent J/i photoproduction cross section is sensitive to the target nucleus

Pb Pb

() (b)

Figure 2.3: A diagram of the coherent (left) and incoherent (right) J/v photoproduction mechanism
in Pb—Pb collisions (right). The target nucleus in the final state is modified with respect to the
initial state. The photon-dipole is coupled to the emitted pomeron (IP) by the target nucleus to
produce the J/w. Figure is adapted from [107].

structure. The target form factor is the Fourier transformation of the nuclear density profile. The

22



2.1. CHARMONIUM PRODUCTION

J/w photonuclear cross section can be related to the form factor [108] by the forward scattering

cross section, at ¢t = 0, as follows:

|F (1)

doya—gya(t=0) fima
(2.3) OyA—JjyA = L f

dt

(e0]

where t is the Mandelstam variable and is related to the J/v pt by —t = Q2 = p%. The cross
section (doya—Jgiya/dt, t = 0) can be calculated based on the elastic photoproduction off a proton
(yp — J/yp). According to the Vector Dominance Model (VDM), the photon can oscillate into a
qq pair (dipole) and form a light (0%, w,¢) or heavy (J/w,Y) vector meson as suggested in the
generalized VDM [109]. The dipole interacts with the gluon distribution of the proton via pomeron
exchange, and recombines to form the vector meson, e.g., the J/w.

In perturbative QCD at LO, the forward scattering cross section of coherent J/y photo-
production off a proton is related to the parton distribution function of the gluons g(x,Q2) as
follows [100, 110]:

3.2
(2.4) i—j(yp —J/yp) o = 1?:;;170; [xg(x,QZ)]2
where I';, is the width of the J/i electronic decay. In this process, the mass of the heavy vector
meson drives the scale, Q% ~ (MJ/U//2)2. The momentum fraction x can be expressed in terms of
the photon-proton center-of-mass energy (Wy;) and the J/y mass (M), assuming @ — 0 and
t — 0, as follows [111]:

M2
(2.5) X = Jz/ll/
Wip
and Wy, is related to the J/y rapidity by:
(2.6) W]%p = ZEPMJ/we_y

with the rapidity defined in the lab frame and the longitudinal axis in the same direction as the

target one. For AA collisions,

2.7 W}%A = \/SNNMJ/we_y

where /snN' is the center-of-mass energy per nucleon pair.

In Equation 2.4, the gluon distribution is squared to account for two gluon exchanges. However,
the two exchanged gluons can carry different x, and thus the PDF should be replaced by GPDs.
Similarly, the forward scattering cross section in the nuclear case (doya—.j;ya/dt, t = 0) is sensitive
to the square of the nuclear gluon distribution function [100, 112], which is introduced in
Section 2.2.1.
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2.1.2.3 Ambiguity in the photon emitter

In symmetric heavy-ion collisions, like Pb—Pb collisions, either lead nuclei can behave as a
photon emitter. As a result, J/y produced at rapidity y correspond to two possible photon-nucleus

interactions, a low- or a high-energy one, and Equation 2.7 becomes:

(2.8) Wb, = VNN Mypy e*”
and the target nucleus is probed at:
M _
(2.9) ~ 2y ety
SNN

The y-differential coherent photoproduction cross section can be written as:

dopp_pp
dy

where b is the impact parameter range considered in the measurement. G. Contreras in Ref. [106]

(2.10) =n,(y;0)0,pp(y) +ny(=y;b)oypp(—y)

has suggested a solution to disentangle both photonuclear interactions by the use of the coherent
J/w photoproduction cross section measurements in peripheral and ultraperipheral collisions,
assuming that o, pp is independent of the collision centrality. The solution will be discussed in
detail in Section 6.3.

2.1.2.4 Experimental observables to probe coherent J/v photoproduction

The coherent J/y photoproduction process is studied via measuring fundamental observables
like the production cross section. It is also interesting to measure the polarization, which can
have a powerful ability to discriminate different physics processes. In the exclusive coherent J/y
photoproduction off a proton or a nucleus, and due to the s-channel helicity! conservation [113],
the J/y is expected to preserve the transverse polarization of the quasi-real photon.

The polarization of J/v is measured via the angular distribution of its decay products. The
angular distribution of the leptons, W(cos#, ¢), can be expressed as:
(2.11) W(cosO,p) x 3+—1/19 (1+ Agcos0 + )L(psin29c032(p + /lg(psinZHCOS(p)
where 6 and ¢ are the polar and azimuthal angles of each lepton in the J/i rest frame. The
variables (19,1, and Ag,) are the polarization parameters, which correspond to combinations of
the J/y spin density matrix elements. The longitudinal polarization corresponds to (1g, 1y, 16¢)
= (-1, 0, 0), while (1, 0, 0) is for the transverse polarization case and (0, 0, 0) for the unpolarized
case. Considering the y-axis to be perpendicular to the production plane that contains the leptons
momenta, the z-axis can be chosen in several ways. In the helicity frame, the z-axis is the
direction of the J/& momentum in the lab frame [114].

An experimental overview of coherent J/i photoproduction in UPC is presented in Section 2.3,

and for AA collisions with nuclear overlap in Section 2.4.

IHelicity is the projection of a particle’s spin onto the direction of momentum.
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2.2 Nuclear effects on J/y production

In the following, the cold nuclear matter and the hot medium effects on the J/w production are
described. It is followed by the presentation of an experimental measurement sensitive to nuclear

effects for illustration.

2.2.1 Cold nuclear matter effects

This section summarizes some of the nuclear matter effects that exist even with the absence of a
hot medium formed like the QGP. The cold nuclear matter effects can be studied in pA collisions

for instance.

Nuclear parton distribution functions

In heavy-ion collisions, the initial collision has a collection of nucleons instead of one nucleon, so
one must use the nuclear Parton Distribution Functions (nPDF's) instead of the PDF's. At LHC
energies, since the hadronic J/¥ production is dominated by gluon-fusion, the J/y is especially
sensitive to the gluon nuclear distribution functions.

The ratio of the nPDF f lA(x,Q2), for a nucleus of atomic mass number A, to the proton PDF
fi(x,Q?), at a given energy scale @2, is called the modification factor in the nuclear environment
RlA(x,Q2), and it is defined as follows:

fA(x,Q%)
fi(x,@?)
Rf‘(x,Qz) and f iA(x,Qz) are extracted from experimental data and found to be dependent on A.
An example of nPDFs is EPPS16 [115], which is based on the PDF (CT14NLO), and uses a wide
range of experimental data, including DIS, Drell-Yan, jet, W, and Z bosons data. An example of
the EPPS16 fit function Rf‘(x,Qz) is presented in Figure 2.4. It shows a typical illustration of the

different regions in x that involve different nuclear effects, as follows:

(2.12) RAx,Q% =

¢ The shadowing region at the lowest Bjorken-x. It is interpreted as a consequence of multiple
scattering of the hadronic fluctuations of the virtual photon on the nucleons [116], resulting
in shadowing the quark, antiquark and gluon distributions. Other models suggest the

shadowing as a consequence of the gluon saturation phenomena at low x < 1072 [32].

* The antishadowing region around x = 107!, It is often interpreted as a constructive
quantum-mechanical interference of the scattering amplitudes of the hadronic fluctuations

of the virtual photon on the nucleons [117].

* The EMC effect region around x = 5.10~L. This region is less understood than the previous
two regions. In the literature, several explanations exist, involving an increase in the

nuclear binding or a change in the nucleon radius or mass [118]. More recent work explains
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the EMC effect in terms of short-range correlated nucleon pairs in the nuclei, at high-
x [119].

¢ The Fermi-motion region at x = 1. This effect is related to the dynamics of the bounded
nucleons inside the nucleus and to the fact that nucleons are not stationary in the nucleus

while experimentally, the variable x is determined assuming stationary nucleons [120].
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Figure 2.4: An illustration of the EPPS16 fit function RlA(x,QQ). Figure from [115].

Partons multiple scattering and energy loss

In a nucleus, a high-energy parton will experience multiple scatterings off other nucleons and lose
energy coherently via radiative emissions [121]. The energy loss grows linearly with the medium
size, i.e. the nucleus [122]. This effect can occur in the initial and final state of the collision, and

result in suppression of the J/i production.

The initial state gluons can acquire additional transverse momentum via multiple scattering
with the nucleons, which results in a J/w with higher pt [123], seen as a broadening in the pr
distribution and called Cronin effect [124]. This effect is expected to enhance the J/ production
at higher pr.

In addition, charmonium production can be suppressed as a consequence of the presence of
particles moving in the same direction, called the comover effect [125], even in the absence of a

hot medium. It will be discussed in the following section.

26



2.2. NUCLEAR EFFECTS ON J/v PRODUCTION

2.2.2 Hot nuclear matter effects

This section summarizes the leading-role effects of the hot QGP medium on the J/y production in

heavy-ion collisions, as follows:

* Suppression due to color screening and dissociation

In a vacuum, a bound charmonium state with an inter-quark distance r can be described
by a non-relativistic potential [126] V(r,T = 0) = or — £. The linear term is the confinement
potential with o representing the confinement strength. The coulomb-like term, propor-
tional to 1/r, is a short-distance attractive potential and arises from the gluon exchange
between the c¢ pair. The factor « is a color-modified version of a;. In a medium with finite
temperature T, since the quarks have a color charge, they will experience a color screening
effect in analogy to the electromagnetic charge screening, which is called Debye screening.

The modified potential can be written as [127]:
—ur a _ur
Vr,T)=or(1-e ¥ /ur)— —e™*
r

where the screening mass y = 1/rp(T'), and rp is the Debye radius, defined at a temperature
called Debye temperature Tp. When a quarkonium-bound state radius is of a size larger
than rp, the quarkonium will dissociate or not be formed at all. The quarkonium bound
states have different binding energies and radii. As a result, they dissociate at different
temperatures. For example, T'p is around 27, and 1.17', for the J/iy and w(2S), respectively,
with T'; being the critical temperature to form the QGP. This phenomenon is called the se-
quential dissociation of quarkonia with temperature. More recent work on the quarkonium
modifications in the QGP medium can be found in Ref. [128].

* Suppression due to comover interaction

In the large medium density of the QGP, the constituents of the medium can scatter
off the c¢ or the charmonium state, which can then dissociate due to this interaction.
The probability of the charmonium survival depends on the relative velocity between the
bound state and the comover particle, and the density of the comovers. The charmonium
suppression due to comovers is expected to have an important role in large energy density

collisions, i.e. central collisions.

¢ Enhancement through regeneration

The hadronic production of J/i in the initial stage of the collision is a hard process, and
thus it grows with the number of binary nucleon-nucleon collisions. When the charm
quark density in the medium is large enough, and if a charm and anti-charm quark
are close enough in the phase space, a charmonium state can be formed at the stage of

hadronization [129] or through the QGP evolution [130], providing a secondary production
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of the charmonium state. The statistical recombination is expected to increase with the

energy and centrality of the collision.

* Suppression due to energy loss

In addition to the initial-state energy loss described in the cold nuclear matter effects in
Section 2.2.1, the high-energy partons can lose energy when traversing through the strongly
interacting QGP medium. These hard partons may fragment into quarkonia at high pr.
As partons lose energy via gluon radiation, their pr is reduced, leading to suppression of
high-pt J/v yield [131].

2.2.3 Experimental measurement of the nuclear modifications

The nuclear effects on charmonia production in heavy-ion collisions are studied with the nuclear
modification factor Rpaa, which is built from the measured production in pp collisions, as a
reference since no cold or hot nuclear matter effects are present in such collisions. If the Raa # 1,

nuclear effects are present. The Raa can be written as follows:

_ d?Yap/dydpr
(Tan)d?0pp/dydpr

(2.13) Raa

where d2Yaa/dydpr is the invariant particle yield in AA collisions and d20pp/dyde is the particle
production cross section in pp collisions. The (T'a5) is the average nuclear overlap function, defined
in Section 1.4.1.2.

The Rap of J/ and w(2S) were measured by ALICE and CMS [85] and are shown in Figure 2.5
as a function of pp. The J/y yield is largely suppressed at high pt, and a smaller Raa for w(2S)
with respect to J/v is observed, as expected from sequential quarkonium dissociation. At low pr,
the w(2S) Raa shows a rising trend, as also previously observed for the J/w, and is interpreted
as a sign of a recombination process of uncorrelated ¢ and ¢ quarks [132] either in the medium
or at the phase boundary. The measurement is compared with a prediction from the TAMU
model [133]. It is based on a kinetic transport approach that considers the transportation
of the heavy quarks in the expanding QGP fireball. The charmonia spectral properties and
dependence on the thermodynamic properties of the medium are evaluated based on lattice-QCD
calculations [134]. The TAMU model can reproduce both J/w and ¢(2S) Raa.

2.3 A selection of results on coherent J/y photoproduction in
UPC at LHC

The coherent J/y photoproduction cross section has been measured as a function of rapidity
by ALICE [136], LHCb [137], and CMS [138] Collaborations in Pb—Pb UPC events at \/sNN =
5.02 TeV. The ALICE and LHCb results are shown in Figure 2.6 and have been compared to
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Figure 2.5: The nuclear modification factor Raa for w(2S) and J/y as a function of pt in Pb—Pb
collisions, from ALICE [85] and CMS [135] experiments at forward and midrapidity, respectively.
The result is compared to the transport model (TAMU) [133].

several theoretical predictions as described in the following. The LHCb and ALICE data are in
agreement within 1.3 standard deviations [139] in the common integrated interval 2.5 < y < 4.
A more recent measurement from LHCb [140], using Pb—Pb data collected in 2018 at /sNN =
5.02 TeV, is in better agreement with the ALICE measurement.

In the following, the models compared to ALICE data are briefly discussed:

¢ Impulse approximation [141] is taken from STARLIGHT [142] and is based on data
from the exclusive J/i photoproduction off protons. It considers the nucleus as a collection

of free nucleons and does not include any nuclear effects other than the coherence condition.

e STARLIGHT [142] prediction is based on the Vector Dominance Model and a parametriza-
tion of J/i photoproduction data off protons. It takes into account the multiple interactions
within the nucleus using a Glauber-like formalism but does not account for the nuclear

shadowing.

* Two calculations by Guzey, Kryshen and Zhalov [143] (GKZ) are based on per-
turbative QCD. The first calculations use the nuclear parton distribution (EPS09 LO)
parametrization of nuclear shadowing data [144]. The second calculations are based
on the leading twist approximation (LTA) of nuclear shadowing, which combines the
Glauber—Gribov theory, QCD factorization theorems, and the diffractive PDFs from HERA [145].
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Figure 2.6: Rapidity differential cross section of coherent J/ photoproduction in Pb—Pb UPC
measured with ALICE [136] (left) and LHCDb [137] (right). (Left) The vertical error bars are the
statistical uncertainties, and the boxes are the systematic uncertainties. (Right) The inner and
outer uncertainties are the statistical and the total uncertainties, respectively. The measurements
are compared to theoretical predictions described in the text. (Left) The green band represents
the uncertainties of the EPS09 LO calculations.

* The Glauber-Gribov hot spot model (GG-HS) by Cepila, Contreras, Krelina, and
Tapia Takaki (CCK) [146, 147] is based on the color dipole model. It describes the nucleon
structure in the impact parameter plane with subnucleonic degrees of freedom to describe
high-gluon density regions, called hot spots, whose number increases with energy. The
calculations of the photonuclear cross section are extended from the dipole-proton case to

the nuclear case (dipole-nucleus) by the standard Glauber-Gribov approach [148].

* The b-BK model by Bendova, Cepila, Contreras, Matas (BCCM) [149] is based on
the color dipole approach and on the solutions to the impact parameter dependent Bal-
itsky—Kovchegov (b-BK) equation, considering a Woods-Saxon shape for the target Pb

nucleus, as an initial condition.

* Models based on the color dipole approach and considering the CGC formal-
ism [150-154] use different assumptions to calculate the dipole-proton scattering ampli-
tude. At first, the IIM BG calculations by Gongalves, Machado et al. (GM) are based on
IIM and b-CGC models [155]. Second, the model calculations by Lappi and Méantysaari
(LM) are based on the Impact Parameter dipole saturation model (IPsat) [155, 156]. Fi-
nally, the BGK-I calculations by Luszczak and Schifer (LS) are using the Glauber-Gribov
formalism [157].

Both impulse approximation and STARLIGHT predictions overestimate the measurement

of the coherent J/w photoproduction cross section by the ALICE Collaboration at forward and
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midrapidity. This indicates the presence of nuclear effects beyond coherence and multiple in-
teractions within the nucleus, like nuclear shadowing. The models (GKZ),(CCK), and (GG-HS)
can describe the measurement at mid and most forward rapidities, while it underestimates the
data in 2.5 < |y| < 3.5, indicating that the shadowing effect might have a smaller effect in the
corresponding Bjorken-x range, ~ 1072 or 5 x 10°. The models based on the color dipole approach
coupled to CGC describe either the mid or forward rapidity measurements. To conclude, none of

the models can describe the data both at mid and forward rapidity simultaneously.

The models compared to LHCb data at forward rapidity are briefly discussed:

* The calculations made by Gongcalves et al. [158, 159] uses the formalism of the (GM)
model, including saturation effects at low Bjorken-x, combined with two models of the

vector meson wave function, the boosted Gaussian (BG) and Gauss-LC (GLC).

¢ The calculations by Cepila et al. [146] use the formalism of the (CCK) model. Two
recipes to go from the proton to the nucleus case are considered, the Glauber-Gribov
formalism (GG) or a geometric scaling (GS) between the nuclear saturation scale and the
saturation scale in the proton. The GG formalism is the same as the model (CCK) used
with the ALICE results in the left panel of Fig 2.6.

¢ The calculations by Méintysaari et al. [160] are based on the color dipole picture, and
include subnucleon scale fluctuations. The IPsat parametrization is used for the dipole-
proton cross section, similar to the model (LM) from the same author. Two predictions are
provided using the GLC for the vector meson wave function, including the fluctuations (IS
fluc. + GLC) or not (no fluc. + GLC).

¢ The calculations by Guzey et al. [143] are similar to the (GKZ) model calculations, pre-
viously described, namely the EPS09 and LTA calculations. The previous LTA calculations
are named here (LTA-S), indicating a strong nuclear shadowing scenario, and (LTA-W) for

a weaker nuclear shadowing effect.

In Figure 2.6 (right), the model (IIM+BG) by Gongalves et al. overestimates the data. The models
by Cepila et al. (GG-HS and GS-HS), by Méantysaari et al. (Is fluc./no fluc. + GLC), by GKZ
(EPS09, LTA-S, and LTA-W), and Gongalves et al. (IPsat+GLC) can describe the data within the

current large uncertainties.

Additional and more precise measurements are required to better constrain the models.
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2.4 An experimental overview of coherent J/iv photoproduction

in AA collisions with nuclear overlap

2.4.1 First observation of coherent J/yv photoproduction in AA collisions

with nuclear overlap

In 2016, the ALICE experiment reported the first measurement of a J/i yield excess over the
expected hadronic J/y yield, at very low pt < 0.3 GeV/e, in Pb—Pb collisions with nuclear overlap
at \/syn = 2.76 TeV [161]. The raw opposite-sign (OS) dimuon pr distribution is shown in
Figure 2.7, for 2.8 <m +,- <3.4 GeV/c?. The data exhibit a peak at very low p, whose shape is
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Figure 2.7: (Left) The raw opposite-sign dimuon pr distribution in the invariant mass window
28 <my+y-<3.4 GeV/c2, in centrality class 70 — 90%, in Pb—Pb collisions at VSNN = 2.76 TeV
and forward rapidity 2.5 < y < 4, measured by ALICE [161]. The vertical error bars are the
statistical uncertainties. The red line is the pr distribution of coherently photoproduced J/y from
STARLIGHT MC for Pb—Pb collisions in ultraperipheral collisions, convoluted with the muon
spectrometer response function. The distribution is scaled by the measured raw J/y excess yield
after subtracting the hadronic J/y yield and correcting for the incoherent J/y photoproduction
and feed-down from coherent ¢(2S) photoproduction contributions. (Right) The inclusive J/i Raa
as a function of (Npar) for three pr intervals in [0-8] GeV/c. The vertical error bars are the
statistical uncertainties, and uncorrelated systematic uncertainties are shown as empty boxes.
The pr-only correlated systematic uncertainties are shown as shaded boxes. The centrality-
only correlated uncertainties are named global systematic uncertainties. The pt and centrality
correlated systematic uncertainties are named common global systematic uncertainties.

similar to the pt distribution of coherently photoproduced J/y simulated with the STARLIGHT
MC generator for ultraperipheral Pb—Pb collisions. The inclusive J/ir Raa measurement showed a
significant rise above one for pt < 0.3 GeV/c, in the centrality intervals 70—90% and 50—70%, and

reaching the value 7 and 2, respectively, as shown in Figure 2.7 (right). A plausible explanation
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of the J/w excess origin, responsible for the increase in the R for pt < 0.3 GeV/e, could be a
coherent photoproduction mechanism. Under this assumption and considering a smooth evolution
of the J/y hadronic production at low pt in Pb—Pb collisions, the cross section of coherent J/y has
been measured with a significance greater than 3¢ in 70 — 90% and 50 — 70% centrality class. In
addition, it has been extracted in 30 — 50% and 10 — 30%, and an upper limit was set for the most
central 0 — 10% collisions. The first coherent J/w photoproduction cross section measurement was
followed and confirmed by many measurements from other experiments, STAR and LHCb, which
will be discussed in Section 2.4.3 and 2.4.4, respectively.

The observed coherent J/i photoproduction in AA collisions with nuclear overlap has raised
theoretical challenges. In particular, how does the coherence condition survive in a violent
hadronic environment, while the nucleus breaks? Can the photoproduced J/v interact with
the hot QGP medium? As the J/i is produced in the initial stage of the collisions, it might
be suppressed and thus a reduction in the measured cross section with respect to theoretical
expectations might be observed. Coherently photoproduced J/i might therefore become a novel
probe of the QGP.

2.4.2 Theoretical models for coherent J/iy photoproduction in AA collisions

with nuclear overlap

All the measurements presented in the following will be compared to theoretical calculations
when available. Several theoretical models are derived from models initially developed for UPC
measurements and are extended to describe the measurements in peripheral collisions effectively.
The models use an effective photon flux and/or photonuclear cross section to account for the

nuclear overlap. In the following, the models are described:

¢ The Glauber-Gribov hot-spot model (GG-hs) [146] calculations are described in Sec-
tion 2.3 for the UPC collisions. The photon flux used in the UPC case is then modified to
exclude the geometrical nuclear overlap region between the two colliding nuclei, limiting
the flux’s integration within the impact parameter range corresponding to the centrality

class.

¢ The VDM model [108] is based on the vector dominance model. The photonuclear in-
teraction is then seen as the vector meson (qq dipole) coherent scattering off the target
nucleus that finally fragments into the on-shell observed vector meson, and in this case, the
charmonium. A quantum-Glauber approach was used to describe the photonuclear cross
section, which remains unmodified. In order to extend the calculations initially developed
for UPC to include the nuclear overlap effect, the photon flux in the impact parameter
space is modified by considering only the target nucleus geometrical region that the photon

is expected to reach, i.e. the target nucleus spectator region.
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* The GBW/IIM calculations [162] are performed using two different approaches to com-
pute the photonuclear cross section, assuming as a starting point of the UPC calculations,
the photon-dipole cross section from yp interactions, o gipole-proton- The GBW calculations
refer to the use of o gipole-proton from the simple saturation calculations by Golec-Biernat
and Wiisthoff (GBW) [163]. The IIM calculations refer to o gipole-proton calculated by Iancu,
Itakura, and Munier (IIM) [152] within the CGC framework. The GBW/IIM model has
introduced three scenarios to treat the coherent J/i photoproduction in collisions with
nuclear overlap. The first scenario (S1) has no relevant modification with respect to the
UPC case. The scenario (S2) includes the effect of the nuclear overlap via an effective
photon flux, in which only photons that reach the target region outside the nuclear overlap
region are considered. The effective photon flux is similar to the one built in the previously
described VDM model. However, the photon flux normalization in the GBW/IIM model
is dependent on the impact parameter, whereas the normalization is a constant in the
VDM model. The scenario (S3), includes in addition to S2, a further modification of the
photonuclear cross section, assuming no contribution from the nuclear overlap region to the
coherent J/i photoproduction. This results in a significant reduction of the cross section, in

most central collisions.

* The Zha et al. model [164] most recent calculations consider the J/y production as
a double-slit experiment at Fermi scale, in which the two colliding nuclei are the slits,
due to the ambiguity in the photon emitter. The calculations are made in the coordinate
space and then transformed into the momentum space via Fourier transformation. The
hadronic interaction and the nuclear shadowing effects are considered for the calculations
of the photon flux and the photonuclear scattering amplitude, respectively. The scattering
amplitude was calculated similarly to other models, using the VDM and quantum-Glauber
approach. Previous calculations from the same authors [165] used a photon-pomeron fusion
model, with VDM and quantum-Glauber approach directly computed in the momentum
space to get the photonuclear cross section, similar to the framework used in the VDM
model. The model considers four coupling scenarios of the emitted photon from one nucleus
with the emitted pomeron from the other nucleus. Either the full nucleus or the spectator
nucleon region could be the photon emitter or the pomeron emitter, leading to four possible
photon-target scenarios: nucleus-nucleus (N + N), nucleus-spectator (N + S), spectator-
nucleus (S + N), and spectator-spectator (S + S). The different coupling scenarios imply
modification on the photon and pomeron emitters form factors. Since either nucleus can be
the photon emitter, an interference between the two scattering amplitudes is expected. Due
to the negative J/y parity, the interference is destructive. It is worth noticing that with
respect to the new work in [164] performed in the coordinate space, this model calculations
are performed in the momentum phase space. The calculations in the coordinate space

account better for the nuclear overlap and cold nuclear matter effects than the calculations
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in the momentum space, according to the authors. The recent calculations from [164] can be

considered close to the N + S scenario from [165] with cold nuclear matter effects included.

¢ The Shi et al. model [166] assumes the interaction between electromagnetic field and
target nucleus happens before the hadronic collision, i.e. no effect of nucleus break up
process. The photon flux is computed in the impact parameter range of the interaction.
The photonuclear cross section is calculated starting from the yp case and extended to
the YA case using the Glauber approach and based on the generalized VDM. The model
assumes J/1 modifications from both cold and hot nuclear matter. It considers different J/y
production mechanisms in different pT and centrality intervals either within a hot QGP
medium or via the strong electromagnetic field. The model predicts that coherent photo-
production, regeneration, and initial hard production of J/¢ dominates for pt < 0.1 GeV/e,
0.1< p1<(8-5) GeV/e, pr > (3—5) GeV/c, respectively. The incoherent photoproduction con-
tribution is neglected in 0.3 < pp < 1 GeV/c assuming that hadronic production dominates
for pr <1 GeV/c in semi-central events. However, in 0.1 < p1 < 0.5 GeV/c, the incoherent
photoproduction contribution could be important and would need to be further studied.
The model predicts that the suppression effect at very low prt in peripheral collisions is
mainly from shadowing more than the hot QGP effect, while for semi-central events, both
shadowing and hot QGP effects are important. This model provides so far predictions for

the R observable only.

c+c—J/Pp+g
Regeneration
1 3~5
. . - » Dr (Gev/c)
YA-J/PA 99(qp -]/ g
Photoproduction Initial production

Figure 2.8: Schematic diagram of the model [166] assumptions on the various contributions to
J/w production, in semicentral collisions, including QGP effects and the strong electromagnetic
field produced in ultrarelativistic heavy-ion collisions.

2.4.3 Results from the STAR experiment and discussion

The STAR experiment at RHIC in BNL, USA, has confirmed the observation of an excess J/v yield
over the expected hadronic yield at extremely low pt < 0.1 GeV/c and |y| < 1, in Au—Au collisions
at \/syN =200 GeV and U-U collisions at /syn = 193 GeV [167], as shown in Figure 2.9 (left).
The inclusive J/ Raa is shown in Figure 2.9 (right). It has a remarkable enhancement for
pr < 0.1 GeV/c and reaches values up to 24 (52) for pr < 0.05 GeV in the centrality class 60 — 80%
in Au—Au (U-U) collisions. The STAR experiment has measured for the first time the J/y yield
excess as a function of the Mandelstam variable ¢ [167], where —¢ = pTg/ w for pr <0.3 GeV/e, in

semicentral Au—Au and U-U collisions. The measured shape for Au—Au collisions has a similar
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dependence as the one observed for coherent vector meson photoproduction in UPC. The slope
of the measurement is related to the position of the interaction sites within the target and is
compatible with the expected slope for the Au nucleus. The J/y yield excess, the inclusive J/y
yields with the expected hadronic contribution subtracted, is also measured as a function of
centrality, for pt < 0.1 GeV/e, and is shown in Figure 2.10 for semicentral Au—Au and U-U
collisions. The measurement is compared to the expected hadronic J/y contribution, which is
not dominant for pt < 0.1 GeV/c in the measured centrality classes. The excess yield does not
show a significant centrality dependence, while the hadronic J/i contribution increases toward
central collisions. The central value of the measured excess yield in U-U collisions is larger
than Au—Au collisions, which is expected for coherent J/i photoproduction since the nucleus size
for the U is larger than the Au. The data is compared to the scenarios of the Zha et al. model
calculations [165] for the Au—Au collisions. The (Nucleus + Nucleus) scenario overestimates the
Au—Au data, which tends to indicate that coherent photoproduction is disrupted by the violent
hadronic interactions in the overlap region. The data favor the (Nucleus + Spectator) or (Spectator
+ Nucleus) scenarios that consider the nuclear overlap effect but not the hot medium effects,

which might be important when going toward central collisions.
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Figure 2.9: (Left) The pr-differential J/y invariant yield for Au—Au collisions at \/sNN =
200 GeV and U-U collisions at /syN = 193 GeV, at midrapidity |y| < 1, in several central-
ity classes, measured by STAR [167]. The vertical error bars are the statistical uncertainties,
and the boxes are the systematic uncertainties. The data points for pt < 0.2 GeV/c are slightly
shifted along the x-axis for better viewing of the data. The solid lines are the fits to data points in
the range of p1 > 0.2 GeV/c, while the dashed lines are the extrapolation of the fits. (Right) The
derived J/r Raa measurement as a function of pr, for several centrality classes. The vertical error
bars represent the statistical uncertainties, and the boxes represent the systematic uncertainties.
The shaded bands at unity are the uncertainties on the pp reference and (N ).
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Figure 2.10: The J/y yield excess for pt < 0.1 GeV/c as a function of the centrality for Au—Au
collisions at \/syN =200 GeV and U-U collisions at \/syn =193 GeV and |y| < 1, measured by
STAR [167]. The expected hadronic J/¥ contribution for Au—Au collisions is shown as a grey
band. The vertical error bars are the statistical uncertainties, and the systematic uncertainties
are shown as boxes. The data is compared to the photon-pomeron fusion model from Ref. [165] for
the Au—Au case.

2.4.4 Results from the LHCb experiment and discussion

The LHCDb experiment has reported the measurement of coherently photoproduced J/y for low
pr < 0.25 GeV/c at forward rapidity 2 < y <4.5 in Pb—Pb collisions at \/syn = 5.02 TeV [168]. In
Figure 2.11 (top), the In p% distribution of J/w, after the subtraction of correlated and combinato-
rial background, is shown. The photoproduced J/y contribution is disentangled from the prompt
hadronic contribution by the pt shape since hadronic J/y have a larger (pt). The invariant yield
of coherently photoproduced J/y as a function of (Npart) is shown in Figure 2.11 (bottom). The
yield is compared to the Zha et al. model calculations [165, 164]. The authors here quote two
extreme scenarios, with or without nuclear overlap. The effect of the nuclear overlap is negligible
for most peripheral collisions, while it becomes an important effect for most central collisions. The
measurement does not show a significant centrality dependence and is qualitatively described by

the model within the current uncertainties.

2.4.5 Results from the ALICE experiment and discussion

A recent measurement of the inclusive J/7 Raa as a function of (Npart), at forward rapidity in
Pb—Pb collisions at \/syn = 5.02 TeV, measured by ALICE [169], is shown in Figure 2.12 for three
pr intervals. The measurement shows an increase of the Raa for pt < 0.3 GeV/c with respect

to other pr intervals, all over the centrality range, except for the most central events. The Raa
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Figure 2.11: (Top) Distribution of In p%‘ of J/y candidates for most peripheral collisions with
(Npart) = 10.6 + 2.9 after background subtraction, in Pb—Pb collisions at \/syn = 5.02 TeV, mea-
sured by LHCb [168]. The fits to the J/w prompt hadronic and photoproduction contributions are
shown. (Bottom) J/y invariant yield as a function (Npart), in Pb—Pb collisions at \/syn = 5.02 TeV,
measured by LHCb [168]. The yield is compared to the model from Ref. [164, 165].

reaches the value 10 in the most peripheral events compared to the value of 7 measured at a lower
center-of-mass energy per nucleon pair, \/sNn = 2.76 TeV [170]. For 0.3 < pt < 1 GeV/c, where
the incoherent J/i photoproduction could contribute, the R4 is below unity over the centrality
range, except for most peripheral events in which it deviates from unity by ~ 20. The Rax is
compared to the Shi et al. model, described in Section 2.4.2. The model successfully describes the
data over the full pt and centrality range and thus supports the scenario of a large contribution

from coherent J/ photoproduction for pt < 0.3.

The coherent J/y photoproduction cross section as a function of (Npart) is shown in Figure 2.13
(top). The measurement has a significance of more than 5¢ in the centrality intervals 30—50% and
50 —-70%. The data do not show a centrality-dependent trend, considering the data uncertainties.
The GG-hs model prediction for the centrality interval 70 — 90% is in good agreement with the

data. Bearing in mind that the most central interval is half the size of other centrality intervals
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Figure 2.12: Inclusive J/y nuclear modification factor as a function of (Npart) in three pt intervals,
at forward rapidity, in Pb—Pb collisions at /sNn = 5.02 TeV, measured by ALICE [169]. The
vertical bars are the statistical uncertainties and the uncorrelated systematic uncertainties are
shown as boxes. The correlated systematic uncertainty over the centrality is shown as a filled box
at unity. The results are compared to model predictions from Ref. [166], shown as colored bands.

and the cross-section is not divided by the centrality bin width, the VDM model shows a small
increase for peripheral events, a flat behavior for semi-central events, and a small decrease
for the most central events. On the other hand, the GBW/IIM (S2) cross section increases with
centrality, in contrast to the VDM model behavior, while both models implement a modification
of the photon flux to account for the nuclear overlap with respect to UPC. The GBW/IIM (S2)
model overestimates the data in semicentral to central events, while it is compatible with data
for peripheral events. Even if VDM and GBW/IIM (S2) models apply modifications to the photon
flux only, the photon flux normalization difference is responsible for the different trend versus
centrality of the two models. The third scenario of GBW/IIM (S3), with an additional modification
on the photonuclear cross section with respect to GBW/IIM (S2), does show a significant reduction
of the cross section toward most central events and seems more favored by data with respect to
GBW/IIM (S2). The VDM, GG-hs, and GBW/IIM (S3) models provide a qualitative description of

data within uncertainties.

The coherent J/i photoproduction cross section as a function of (Npart), up to the centrality
interval (40 —50)%, at midrapidity |y| < 0.9, in Pb—Pb collisions at \/syn = 5.02 TeV, is measured
by ALICE [171]. The measurement is shown in Figure 2.13 (bottom) and compared to theoretical

calculations. The data does not show a significant centrality dependency within the uncertain-
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ties 2. The models are all in qualitative agreement with the data, within uncertainties. The pr
dependence of the coherent J/ photoproduction cross section at midrapidity is also measured
(not shown) [171]. The pt shape is reproduced by Zha et al. model [164].

To summarize, both at mid and forward rapidity, the coherent J/iy photoproduction cross
section does not show a significant centrality dependence, within the current uncertainties. The
models are all in qualitative agreement with data, except the model GBW/IIM (S2) which tends
to overestimate the data from semicentral to central collisions. This behavior is related to the
b-dependence of the effective surface considered in the photon flux computations. The set of
models GBW/IIM and GG-hs consistently describe the cross section result at mid and forward
rapidity.

The inclusive J/w polarization is measured by ALICE for pr < 0.3 GeV/c and 2.5 <y <4
in 70 —90% Pb-Pb collisions at \/syn =5.02 TeV [172]. This kinematic region is dominated by
coherent J/y photoproduction, and an inclusive measurement could be already considered as a
good proxy of the polarization measurement of photoproduced J/w.

The J/w angular distribution in cosf intervals is shown in Figure 2.14 (left). The 1D fit
used to extract the polarization parameter 1y is also shown. The fit shape is upwardly concave,
indicating a positive Ag. The extracted Ay is then compared to the coherently photoproduced J/w
polarization in UPC for the same collision system and center-of-mass energy [173] in Figure 2.14
(right). Both measurements are compatible with each other and with 1g = 1 within the current
uncertainties, which is the expected value for a transverse polarization. The compatibility with
transverse polarization of the peripheral and UPC measurements supports a scenario where
a J/w photoproduction mechanism is at play in peripheral collisions, in the studied kinematic
region, pt < 0.3 GeV/c, 2.5 <y <4, in 70 —90% Pb—Pb collisions.

A variety of measurements at RHIC and LHC were performed to understand the coherent J/w
photoproduction measured in AA collisions with nuclear overlap. Some of the measurements are
still challenging, i.e. the photoproduction cross section in most central events. More precise and
differential measurements can help constrain the models better. A strong rapidity dependence is
expected for coherent J/w photoproduction cross section in Pb—Pb collisions with nuclear overlap,
as shown in Figure 2.15 from the model GBW/IIM (S2) predictions which include an effective
photon flux with respect to the UPC case.

In this thesis, I present the details of the y-differential study of coherent J/ photoproduction
cross section in the centrality class 70 —90% of Pb—Pb collisions at \/syn = 5.02 TeV with the
ALICE experiment. The results will be presented in Chapter 6.

2Note that the most central interval is half the size of other centrality intervals and the cross-section is not divided
by the centrality bin width.
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Figure 2.13: J/y coherent photoproduction cross section as a function of (Npart) at forward
rapidity [169] (top) and midrapidity [171] (bottom), in Pb—Pb collisions at \/sNn = 5.02 TeV,
measured by ALICE. The vertical bars are the statistical uncertainties and the uncorrelated
systematic uncertainties are shown as boxes. The correlated systematic uncertainty over the
centrality is quoted in the legend text. The results are compared to theoretical calculations from
Ref. [146] (GG-hs), Ref. [162] (GBW/IIM S2 and S3), Ref. [108] (VDM), and Ref. [164] (Zha et al.).
Notice that the measurement at the most central interval (top and bottom) is not normalized by
the centrality bin width which is half the size of the other centrality intervals .
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Figure 2.14: Inclusive J/w |cosf| distribution in the helicity frame for pt < 0.3 GeV/c and
2.5 < y <4 in peripheral Pb—Pb collisions at \/sNyN = 5.02 TeV, measured by ALICE [172](left).
The polarization parameter 1y extracted from the left plot is compared to the coherently photo-
produced J/i Ay polarization parameter in UPC measured by ALICE [173] (right).
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CHAPTER

The ALICE experiment during Run 2

In this chapter, the Large Hadron Collider (LHC) at the European Council for Nuclear Research
(CERN), in Geneva-Switzerland, will be described. A general overview of A Large Ion Collider
Experiment (ALICE) at the LHC is provided. The ALICE detectors installed in LHC Run 2 are

described and their main functionalities are summarized.

3.1 The LHC at CERN

The LHC [174] is the largest particle accelerator in the world with a 27 km ring. It is built
underground on the borders of France and Switzerland. The LHC is the last and largest piece
of CERN’s accelerator complex. The LHC ring has two beam pipes where the beams travel in
opposite directions and collide at four main interaction points (IP). The four IPs are equipped
with large particle detectors: A Toroidal LHC Apparatus (ATLAS), the Compact Muon Solenoid
(CMS), ALICE and the LHC-beauty (LHCb) [175].

The accelerator complex has a sequence of particle accelerators, either linear or circular
types of different sizes, and arranged such that it can increase the speed of the beam particles
successively. Then the beam is injected into another accelerator in the sequence up to the LHC.
Various beam types are used, mainly proton and lead (Pb) ion beams. In addition, other lighter
ion beams are used, like Oxygen or Xenon beams. Figure 3.1 shows the CERN’s accelerator
complex with arrows indicating the beam direction in the various rings and linear parts. For
example, to produce a proton beam with an energy of 6.5 TeV, the protons composing the LHC
beams are obtained by ionizing hydrogen atoms. They are then injected into the linear accelerator
LINAC2 (used from 1978-2018) which accelerates the beam up to 50 MeV. LINAC2 was replaced
by LINAC4 in 2020 [175] which accelerates the beam up to 160 MeV. Then into the proton
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Synchrotron Booster (PSB) which accelerates the beam up to 1.4 GeV, and into the Proton
Synchrotron (PS) which pushes the beam to 26 GeV, followed by the Super PS (SPS) where the
proton beam is accelerated up to 450 GeV. Finally, the beam is injected into the LHC, where it
reaches the top energy in the acceleration sequence [176].

When a Pb-beam is used, the journey starts with vaporized lead injected into LINAC3 which
accelerates the beam up to 4 MeV per nucleon and then the beam is accelerated in the Low Energy
Ion Ring (LEIR) up to 72 MeV per nucleon. The Pb-beam continues the acceleration sequence
as the proton beam for the rest of the journey to the LHC. It is accelerated up to 6 GeV and 176
GeV per nucleon in the PS and SPS, respectively [176]. In the LHC ring, beam particles pass
through a large number of RadioFrequency (RF) cavities. The RF cavities provide an electric
field that oscillates between positive and negative directions at a given frequency such that the
particle is pulled forward in the ring and gains a higher speed and energy. For each beam, the
particles are accelerated in groups, called bunches, along the beam. The bunches are separated
by around 25 ns in pp collisions. To guide the ultrarelativistic particles in the LHC ultrahigh

071% mbar), the LHC has cryomagnets equipped with a cooling system that preserves

vacuum (~ 1
a temperature of 1.9 K, which is lower than in the outer space [175].

In 2010, the first Pb—Pb collisions were collected by LHC experiments during LHC Run 1.
The first long shutdown (LS1) took place during the period 2013-2015 for detector consolidation
and upgrades. In 2015-2018, LHC Run 2 took place, with Pb—Pb collisions at a center-of-mass
energy per nucleon pair of \/syny =5.02 TeV and pp collisions at the same center-of-mass energy,
as a reference for the Pb—Pb collisions. The pp collisions were also collected at higher energies,
V/s =13 TeV [177]. The summary of the LHC performance during Run 2 for the beam types: pp,
Pb-Pb, and the reference pp, is presented in Table 3.1, with information on the beam bunches.
In 2016, p—Pb collisions were collected at ,/synN = 5.02 TeV and 8.16 TeV. The first part took
place with 702 (548) bunches of protons (Pb ions), populated with 2.2 x 101° (1.8 x 10%) protons
(ions) per bunch. The latter took place with 684 (540) bunches of protons (Pb ions), populated
with 2.8 x 1010 (2.1 x 108) protons (ions) per bunch [177]. In 2017, the Xe—Xe were collected at
VSNN = 5.44 TeV, with a maximum of 16 bunches populated with ~ 3 x 108 ions/bunch [178].

The second LS2 took place between 2019 and the beginning of 2022 for major detector
upgrades. Run 3 started in July 2022 with pp collisions at /s = 13.6 TeV and a Pb—Pb pilot run
at \/snn =5.36 TeV at the end of 2022. The first Pb—Pb physics run started at the end of 2023.
LHC plans a third LS3 in 2026-2028, followed by Run 4 in 2029-2032 [179].

Collision luminosity

The particle collisions can be used to study interesting processes by measuring a process cross

section 0. The observed rate of a process R is related to o by the instantaneous luminosity L:

3.1 R=0xL

44



3.1. THE LHC AT CERN

Type Pb-Pb PP PP
VvSnN (TeV) 5.02 5.02 13
Beam energy (TeV) 2.51/nucleon 2.51 6.5
Year 2015 2017 | 2015 2017 | 2015 2016 2017 2018
Mazx. no bunches 518 733 1875 1836 | 2244 2220 2556/1868 2556
Bunch spacing (ns) 100 75/100 25 25

Max. bunch population
(ions/protons per bunch)
2015 1.6x108 1x101! (1-1.25)x 101 over the four years
2017 2x108 1.2x1011

Table 3.1: Summary of LHC performance during Run2 for the Pb—Pb, reference pp, and regular
pp collisions [177].

L represents the number of collisions per unit area and time. The instantaneous luminosity
integrated in time is Ljnt. In circular colliders, as the LHC, the beam bunches circulate with
revolution frequency f,. With a number of bunches crossing at the interaction point n; and an
average number of interactions in one bunch crossing y, the luminosity is related to the total
inelastic cross section ojye [181] as

_ pnpfr

" Oinel

(3.2) L

To measure L, one can choose a reference process, and the ratio of the process rate to its cross
section gives also the collision luminosity.

At the LHC, the luminosity is measured by a common technique called Van der Meer scan
(vdM) [182] that allows the measurement of the visible reference process, gis. To obtain oy;s, the
reference process rate, Ry (defined by a given trigger condition), and the beam overlap regions
in the transverse plane in a head-on collision are both required. In terms of the beam overlap

regions in the transverse plane (x, y), 2, and A, the luminosity can be written as

erlNZ
3.3 L=——
(3.3) o,

where N and Ny are the two beams bunch intensities. For a head-on collision, the overlap
regions, hyo and kg, are computed by the vdM scan. In the vdM scan, the two beams are moving
in the transverse plane, in discrete steps, providing a Ax or Ay separation. The corresponding
rate Ry;s(Ax,Ay) is measured. The 2,9 and A, can be related to the measured R;s(Ax,0) and
Ryis(0,Ay), respectively. One can then obtain o5 [183] using

hxohyo

(3.4) Ovis = Ryis(0,0) ————
vie e frN1N2

During physics data-taking, the luminosity can be measured using L = Ryis/0vis, Where Ris
is the visible process rate measured during the physics run and o;s is the visible cross section

determined during the Van der Meer scan run.
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Figure 3.1: A scheme of CERN’s accelerator complex, with the LHC ring as the last and largest
accelerator in the sequence. The journey of particle beam acceleration starts at LINAC2 (until
2020) or LINACS3, based on the beam type. Figure taken from [180].

3.2 The ALICE experiment

The ALICE experiment [184, 185] was proposed in 1993, and its design started in 1997, and
was then followed by the detector construction and installation. In 2010, ALICE recorded the
first Pb—Pb collisions during LHC Run 1. During LHC Run 2, ALICE has collected a triggered
dimuon sample of 756 ,ub_1 of Pb—Pb collisions [186], 1.2 pb~! of reference pp collisions at
VSNN =5.02 TeV [94], and 24 pb~! of pp collisions at /s = 13 TeV [187]. Since the start of the
current Run 3, ALICE has collected 1.5 nb™! of Pb—Pb collisions at VSNN = 5.36 TeV, and 29
pb~! of pp collisions at VSNN = 13.6 TeV [188]. During Run 3, a few days of p—O and O-0O
collisions data-taking is scheduled, in 2025 [189]. A summary of the collected luminosity for
different systems in LHC Run 2 and Run 3 and the luminosity target up to the end of Run 3 are
summarized in Table 3.2.

The ALICE Collaboration has proposed a next-generation heavy-ion experiment at the LHC
referred to as ALICE 3 for Run 5 and 6 that are planned for 2035-2041 [190].

ALICE is a general-purpose heavy-ion experiment. The main physics program of ALICE is
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System Year ‘ VSN (TeV) ‘ Lint

Run 2

Pb-Pb 2015-2018 5.02 756 bt

PP 2015, 2017 5.02 1.2 pb7!

PP 2015-2017 13 24 pb~1
Run 3

Pb-Pb 2023 5.36 1.5nb !

target (2023-2025) 5.36 5.3nb~ !

199 target (2024-2025) 5.36 4.5 pb~!

PP 2022-2023 13.6 29 pb!

PP 2022-2025 13.6 200 pb !

Table 3.2: A summary of the dimuon triggered sample of Pb—Pb [186], reference pp [94] and pp
collisions [187], collected by ALICE in Run 2. For Run 3, the total integrated luminosity of the
ongoing Run 3 with the target luminosity is quoted [189].

the QGP and QCD study with heavy-ion collisions. It also includes QGP-related studies with
lighter-ion (Xe—Xe, O—0), proton—nucleus, and pp collisions with the highest luminosity and
energy provided at the LHC. Lower energy p—Pb and pp collisions are used as a reference to
the heavy-ion measurements. To suit its wide physics range of interest, the ALICE detector is
designed to measure spectra of particles in a large momentum interval down to low pr values,
including hadrons, electrons, photons, and muons.

The ALICE experiment measures 26 x 16 x 16 m® and is located at 52 m underground. ALICE
has two main parts, the central barrel at mid rapidity and the muon spectrometer at forward
rapidity. In addition, a few forward detectors are placed near the beam pipe. ALICE was built
in the cavern of the L3 experiment of the large electron-positron collider (LEP) and uses the
L3 solenoid magnet to provide a magnetic field of 0.5 T in the ALICE central barrel. The muon
spectrometer has a dipole magnet which provides a magnetic field of 0.67 T. The ALICE sub-
detectors are displayed and labeled in Figure 3.2.

The ALICE coordinate system [192] is a right-handed orthogonal Cartesian system with
(x,y,2) =0 at the IP. The axes, the azimuthal, and the polar angles are defined as follows. The
z-axis follows the LHC beam 2 direction, going counterclockwise in the LHC ring. The x-axis is
perpendicular to the z-axis in the horizontal plane of the beam, pointing toward the accelerator
center. The y-axis is perpendicular to the x-axis and the beam direction is pointing upward.
The azimuthal (¢), and the polar (8) angles are shown in Figure 3.2. The IP upstream direction
(positive z) is called the A-side, while the downstream direction is called the C-side. The detectors’
geometrical acceptance is usually described with ¢ and 7.

In the following, the ALICE forward detectors are described in short. A brief description of
the tracking and particle identification detectors is provided. The muon spectrometer is explained
in a dedicated section for its main role in this analysis. The ALICE trigger system using various

detectors is described in short along with the data acquisition chain up to the physics analysis
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THE ALICE DETECTOR
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Figure 3.2: A schematic view of the ALICE detector during Run 2 with its sub-detectors numbered
and labeled. A zoomed view around the interaction point is shown in the upper right panel. The
coordinate system used in ALICE is also drawn. Figure adapted from [191].

data.

3.2.1 Forward detectors

The VO detector consists of two scintillator arrays, called VOA and VOC [193]. They are located at
+340 cm and —90 cm from the IP on the A-side and C-side of ALICE and they cover 2.8 <n <5.1
and —3.7 <n < —-1.7, respectively. Each array is segmented into 32 elements. The elements are
connected with a photon multiplier tube (PMT) through Wave-Length Shifting fibers. When
a charged particle traverses the scintillating medium, it excites medium atoms which in turn
emit the scintillation photons to de-excite. The PMTs then amplify and deliver the signal to the
readout. The VO detector is used as a minimum-bias (MB) trigger in the central barrel to select
inelastic events with as little bias as possible. The time information from the two arrays allows for
the rejection of beam-gas background events. In addition, the VO detector is a good estimator for
the centrality of heavy-ion collisions considering that the number of detected charged particles is
proportional to the total number of primary emitted particles in the collision. For this purpose, the
charged particle multiplicity (the signal amplitude) distributions of VOA and VOC are combined
and fitted with a Glauber model [70], as shown in Figure 3.3. Glauber MC calculations are used to
extract (Neon) and (Npart), which are other quantities for expressing the collision centrality [194]

as discussed in section 1.4.1.2. Moreover, the VO is used as a luminometer both in Pb—Pb and pp
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Figure 3.3: Total amplitude distribution of the VO detector in Pb—Pb collisions at \/syN =
2.76 TeV (black) fitted with a Glauber model (red) [193]. The zoomed picture shows the most
peripheral collision events.

collisions [183, 195].

The TO detector consists of two arrays of Cherenkov counters, each with 12 counters. The
two arrays TOC and TOA are located at —70 cm and +3.7 m from the IP on the C- and A-side and
cover —3.3 <1< —3.0 and 4.6 <1 < 4.9, respectively. Thanks to a time resolution of ~ 25 ps (40 ps)
in Pb—Pb (pp) collisions, the TO provides the starting time of the collisions and the longitudinal
position of the interaction and thus can help to reject beam-gas interactions. Moreover, it serves as
an alternative MB trigger to the VO detector and is used as a luminometer in pp collisions [195].

The Zero Degree Calorimeter (ZDC) consists of two sets of detectors located at 112.5 m
on both sides of the IP. Each detector has two parts, a neutron (ZN) and a proton (ZP) calorimeter.
The calorimeters are quartz-fiber spaghetti calorimeters equipped with optical fibers, as an active
material embedded in a dense absorber. The particles shower in the absorber material, which in
turn produces Cherenkov light in the optical fibers that guide the light to generate the electric
signal for readout. The ZDC is designed to detect the energy deposited by the spectator nucleons.
The spectator protons are bent by means of a dipole magnet and thus separated from the ion
beam. The spectator neutrons are not bent by the magnetic field and fly at zero degrees with
respect to the beam. The ZN is then placed at zero degrees from the LHC axis between the two
beam pipes, while the ZP is positioned on the side of the outgoing beam pipe. The ZDC consists
also of another two forward ElectroMagnetic calorimeters (ZEM), located at +7.35 m from the IP
on the A-side.

The neutron ZDC provides one method to measure the delivered luminosity in Pb—Pb colli-

sions [183]. In addition, the ZDC helps reject the electromagnetic dissociation background via
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the measurement of the de-excitation neutrons in order to select hadronic collisions. The ZDC is
also used to estimate the centrality of the heavy-ion collision by relating the deposited spectators’
energy and the collision geometry. Although the very peripheral collisions have a large number
of spectator nucleons, only a small energy deposit is detected in the ZDC because the spectator
nucleons of these collisions stay bound in fragments and then do not fly to the ZDC. For this
purpose, the ZEM is used to discriminate the central from the very peripheral collisions, by
measuring the energy of the photons emitted at forward rapidity mainly from pions, which is
expected to be proportional to the collision centrality.

The Photon Multiplicity Detector (PMD) has two planes of proportional gas chambers
and two lead plates that serve as a photon converter. The PMD is located at +3.67 m from the
IP on the A-side and covers 2.3 <1 <3.9. The PMD is designed to measure the multiplicity and
spatial photon distribution at forward rapidity.

The Forward Multiplicity Detector (FMD) is a strip-segmented silicon detector located
at three positions around the IP, two of them close to the ITS endcap, at z = +80 and — 70 cm
and the third one is further away at +3.2 m on the A-side. Overall, it covers —3.4 <n < -1.7
and 1.7 < n <5 with full azimuthal coverage. The FMD provides the offline charged-particle
multiplicity distribution.

The ALICE Diffractive (AD) detector [196] consists of two detecting stations, each station
has two scintillating layers. The AD stations are located at +17 m and —19.5 m from the IP on the
A and C-side of the ALICE and cover 4.9 <1 < 6.3 and -7 <1 < —4.8, respectively. They provide
an extended 7 coverage to trigger and detect diffractive events and are used with the VO detector

to veto hadronic collisions at the trigger level [197].

3.2.2 Central barrel detectors

Looking outward from the IP, the central part of ALICE consists of the Inner Tracking System
(ITS), the Time Projection Chamber (TPC), the Transition Radiation Detector (TRD), the Time
Of Flight (TOF) detector, the ElectroMagnetic Calorimeter (EMCal), the PHOton Spectrometer
(PHOS) and the High Momentum Particle Identification Detector (HMPID). They are all sur-
rounded by the L3 magnet, on top of which an array of scintillators (ACORDE) is located and is
used to trigger on cosmic rays. The central barrel detectors have a common coverage in |1| < 0.8.
Each detector covers the full ¢ range except EMCal, PHOS, and HMPID.

The ITS consists of six cylindrical Silicon layers, two Pixel (SPD), two Drift (SDD), and two
Strip (SSD) Detectors. They cover || < 1.4,|n| < 0.9 and || < 1, respectively. The ITS main role is
to reconstruct the trajectory of charged particles, and the primary and secondary vertex of the
collision. In addition, it is used for low-pr (pr < 0.7 GeV/c) particle identification via energy-loss
measurement in the four outermost layers.

The TPC is a large cylindrical gaseous detector that covers the full ¢ range and || < 0.9. The

detector volume is filled with a gas mixture of (Ne, COg, N9). It has two drift regions separated
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by a cathode plane located at the axial center, with multi-wire proportional chambers (MWPC)
with cathode pad readout at the end plates. A large electric field is provided to drift the produced
electrons from gas ionization when a charged particle traverses the detector. The TPC design is
optimized to provide good two-track separation in a high-multiplicity particle environment and it
is one of the main detector systems in the central barrel. It provides a 3D picture of the particle
tracking, the momentum measurement extracted from the track curvature that arises thanks to
the L3 magnetic field, and the particle identification via the energy loss measurement dE/dx at
low-p7 (pT < 0.7 GeV/e) and in the relativistic region (p 2 0.7 GeV/c) up to ~ 20 GeV/e.

The TRD is a cylindrical detector covering |n| < 0.8. It is composed of 522 modules. Each
module consists of a radiator, a drift chamber, and a multiwire proportional chamber equipped
with pad readout. The main purpose of the TRD is to identify electrons with momentum above
1 GeV/c in the central barrel, while lower momentum electrons are identified via the TPC. In
addition, it helps improve the tracking and momentum resolution of high-momentum particles
by adding more points to the track detected by the TPC. The TRD’s main idea is to exploit
the transition photon produced when a highly relativistic particle traverses a boundary of two
mediums with different dielectric constants. The produced photon energy is nearly proportional
to the particle Lorentz factor (y =1/ m , where f is the ratio of the particle velocity in the
lab frame to the speed of light). As a result, the transition photons can be used to discriminate
between different particles, especially electrons and pions. All produced electrons from gas
ionization and photon conversions will drift toward the anode readout pads. The characteristics

of the TRD allow it to act as a fast trigger for high-momentum particles.

The TOF is a cylindrical detector consisting of 1593 Multigap Resistive Plate Chamber
(MRPC) strips detector. It covers the pseudorapidity range |n| < 0.9. It is mainly designed for
intermediate-momentum particle identification through a time measurement to calculate the
particle velocity. Along with momentum and track length measurements from tracking detectors,
the particle mass can be calculated to identify electrons, pions, kaons, protons, and deuterons.
It can identify protons up to pt =4 GeV/c, pions and kaons up to 2.5 GeV/c, thanks to its time
resolution of ~ 80 ps, which allows it to be also a good trigger for cosmic rays and ultraperipheral
collisions. The MRPC key characteristics are the uniform electric field over the full gaseous
detector and the operation without an electron drift time toward the anode due to its multigap

design with resistive plates.

The HMPID is a ring-imaging Cherenkov detector, covering |n| < 0.6 and 1.1° < ¢p <59°. It is
mainly used to identify high-momentum charged hadrons like kaons, protons (up to pt =5 GeV/c),
and pions, in addition to light nuclei and anti-nuclei like deuteron, tritium, *He and a. The
HMPID has a radiator medium where Cherenkov photons are produced, and a photon detector
to detect the different light patterns of different particles. When a high-momentum particle
traverses the radiator, Cherenkov photons are emitted due to the large refraction index of the

medium. The Cherenkov cone expands in the detector volume filled with methane gas until it
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reaches the photon detector. The ionization electrons released in the gas volume are collected by
an electrode close to the radiator to prevent their travel toward the photon detector. The photon
detector has a conventional MWPC with a photosensitive pad cathode coated with a CsI film. The
MWPC has a plane of wires acting as an anode, separated by a small gap from the cathode. The
photons are then converted into electrons on the segmented cathode readout.

The PHOS is a high-granular calorimeter made of PbWQO, scintillating crystals, covering
In] < 0.12 and 220° < ¢ < 320°. It provides the energy measurement of photons and neutral
mesons even at low p, down to 1 GeV/c for #°. It is also used as a trigger for high-energy photons.
To identify the photons from charged particles, the Charge Particle Veto detector (CPV) is located
in front of PHOS and is made of MWPCs with a high detection efficiency for charged particles. To
identify electrons, the energy measurement is compared to the measured track momentum (E/p
method).

The EMCal is a cylindrical Pb-scintillator sampling calorimeter, covering |n| < 0.7 and
80° < ¢p < 187°, almost opposite to the PHOS azimuthal position. The EMCal is designed to study
the physics of jet quenching. It can measure high-energy photons, electrons, neutral pions, jets,
and the correlation between them. To identify electrons, the E/p method is used. On the opposite
direction of the EMCal, the Di-jet Calorimeter (DCal) covers 0.22 < |n| < 0.7, 260° < ¢ < 320° and
In] < 0.7, 320° < ¢ < 327°. Both the EMCal and the DCal serve as triggers for high-energy photons

and electrons.

3.2.3 Muon spectrometer

The study of heavy-quark resonances like J/y, w(2S), Y(1S),Y(2S) and Y(3S) is of great interest
for the ALICE Collaboration physics program. These resonances can be studied through their
dimuon decay channels. To study these resonances, the muon spectrometer was designed to
measure muons at forward rapidity within n coverage (-4 < n < —2.5), azimuthal coverage
(171° <0 < 178°), and p =4 GeV/c in the high-particle multiplicity environment of a heavy-ion
collision. This allows the quarkonium reconstruction down to zero pr.

The muon spectrometer consists of a complex system of absorbers, a trigger system, and a

tracking system partially surrounded by a large dipole magnet, as displayed in Figure 3.4.

3.2.3.1 Absorbers

A front absorber of 4.13 m length is located at 90 cm from the IP inside the central barrel before
the first tracking station of the muon spectrometer. It has a canonical structure and is composed
mainly of carbon and concrete to suppress the hadronic background, the photons, and the particles
scattered at very small angles close to the beam pipe. Along the spectrometer length, the beam
pipe is surrounded by an absorber. It is composited from tungsten, lead, and stainless steel, to
protect the detector from secondary particles produced in the beam pipe. With similar objectives,

another absorber is located after the last trigger chamber and is called the rear absorber. A muon
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Figure 3.4: Schematic view of the ALICE muon spectrometer along the beam axis [198].

filter of 1.2 m of iron is located between the tracking and the triggering chambers. The muon
filter reduces the number of punch-through hadrons that reach the trigger chambers and is used
for muon identification.

The front absorber and the iron wall stop muons with p <4 GeV/c.

3.2.3.2 Dipole magnet

The dipole magnet with resistive coils is located at 7.4 m from the IP. It provides a 3 Tm integrated
magnetic field, perpendicular to the beam direction in the horizontal plane. To trace back the

particle momentum and charge, the curvature of the reconstructed track is used.

3.2.3.3 Tracking system

The muon tracking system (MCH) is located at 5.4 m up to 14.2 m from the IP. It consists of five
tracking stations. The dipole magnet surrounds the third station. Each station has two MWPC.
The first two stations are designed as quadrant structures, while the other stations have a slat
structure. The detector chamber thickness is below 0.03 radiation length to minimize the muon
scattering through the chamber.

The MWPC has a central wire plane with an anode operating at ~ 1600 V, two grounded
cathode planes, and a mixture of gases (80% Ar, 20% COy) filling the space. The standard structure
of a MWPC is shown in Figure 3.5. When a charged particle traverses the chamber, it ionizes
the gas and produces electrons that drift toward the closest anode, resulting in an avalanche of

secondary electrons. Similarly, the produced ion-cloud close to the avalanche location induces
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Figure 3.5: Schematic view of a standard multiwire proportional chamber, Figure from [199].

a charge distribution in the closest readout pads. The readout planes are of a high-granularity
segmentation to cope with the high-particle occupancy in the chamber. The finer-segmentation
direction in each cathode plane is perpendicular to the other, to provide 2D information on the
traversing particle position. As a convention, when the plane has a finer segmentation in the x-
(y-) direction, it is referred to as a non-bending (bending) plane. This chamber design is expected
to provide the required mass resolution to separate the Y resonance mass states, with a spatial

resolution of ~ 100 ym (1 mm) in the bending (non-bending) plane.

3.2.3.4 Triggering system

The muon triggering system (MTR) is located after the iron wall at the end of the muon spectrom-
eter. It has 2 triggering stations at 16 m and 17 m from the IP. Each station has 36 single-gap
resistive plate chambers (RPCs), arranged in two chambers, each of 18 RPC modules. The RPC,
shown in Figure 3.6, is made of two resistive electrodes, separated by a 2 mm gap filled with
a mixture of gases (Ar,CoHoF4,i— C4H1g,SFg). The electrodes are coated with graphite. One of
them is supplied with ~ 10 kV while the other one is grounded. When a charged particle traverses
the RPC which operates in a maxi-avalanche mode, an avalanche of electrons is produced, and
the signal is collected by readout strips separated by an insulting film from the electrodes. The
readout strips are along the x and y directions, providing two-dimensional spatial information.
In the case of heavy-flavors and quarkonium detection, which is the main purpose of the
ALICE muon spectrometer, the events are expected to have a high-pt muon or a low-pr muon
associated with another high-pT muon. To trigger these events of interest, the muon trigger needs
to be fast enough such that the trigger information is supplied to the ALICE global triggering
system. Thanks to the RPC time resolution of ~ 2 ns, the bunch crossing can be identified and
the muon trigger algorithms provide a rough estimation of the track pt via the deviation angle

04, as shown in Figure 3.7. When a track traverses the bending magnet in tracking station 3 at
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Figure 3.6: Schematic view of a single-gap resistive plate chamber, Figure from [200].

coordinates (Yg,Zp), it deviates from a straight line track to another track with coordinates (X1,
Y1) and (X2 Y2) in the first and second trigger stations, respectively. To define the track, three
hits in the four trigger chambers are required. The reference straight line (equivalent to p — 0o)
is considered to be the extrapolated track from the track coordinates (X1, Y1) to the IP, and thus
the extrapolation to station 2 is at (X2, Y,). The deviation § =Y 2 —Y, is used to calculate 64,
which is proportional to the inverse of the track pt. As a result, the pr is estimated. In addition,

the track charge sign is determined by the sign of §.

The trigger electronics are programmed to perform two pt cuts, corresponding to a low-
and high-pt threshold. The choice of the low and high-pt threshold value is indeed a trade-off
between background rejection and signal efficiency. Four trigger signals are transferred to the

ALICE trigger system at 40 MHz frequency, as follows:

* A single muon with pt > low- (high-) pt threshold, called OMSL (OMSH).

¢ An unlike-sign muon pair, each muon with pt > low-pt threshold, called OMUL. This

trigger is important for quarkonium and light vector meson measurements.

¢ A like-sign muon pair, each muon with pt > low-pt threshold, called OMLL. This trigger is

useful for combinatorial background estimation.
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Figure 3.7: The muon trigger algorithm working principle based on the estimation of the recon-
structed track transverse momentum, Figure from [200].

3.2.4 ALICE trigger and data acquisition system
3.2.4.1 ALICE trigger system

The ALICE trigger system consists of a hardware part, the Central Trigger Processor (CTP),
and a software part, the High-Level Trigger (HLT). The CTP first collects the input from fast
detectors to reduce the event rate. It works at three levels, L0, L1, and L2, based on the detector’s
response time. Several detectors can send LO triggers in 0.9 us, like VO, TO, SPD, EMCAL, PHOS,
and MTR. The fast detectors can send the rest of the trigger input information to the second
level L1 in 6.5 us. The remaining trigger information can be sent to the L2 trigger in 100 us that
corresponds to the TPC dead time. The HLT provides a further reduction on the event rate, and
an additional reduction on each event size by selecting only the readout data of interest.

To study the physics of quarkonia via the opposite-sign dimuon decay channel, some trigger
classes were used. A trigger class is made of logical combinations of several triggers. Some

interesting physics triggers are [201]:

CINT7 trigger is a MB trigger that requires a logical AND combination of input signals
from VOA and VOC detectors.

e COTVX trigger is a MB trigger that requires a signal in TOA, TOC, and an interaction vertex

within |z| < 30 cm as measured by TO.

e COVOM trigger is a MB trigger that requires the sum of signals from VOA and VOC to be

above a chosen threshold such that ~ 50% most central hadronic events are selected [183].

¢ CMULY trigger which requires a logical AND combination of input signals from VOA, VOC,
and the OMUL trigger of MTR [185].
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3.24.2 From data acquisition to physics analysis

The triggered events are recorded in the permanent data storage at CERN. The detectors’
conditions during data taking, including their alignment and calibration, are stored in the Offline
Condition Database (OCDB). The recorded data are processed to prepare it for the physics
analysis by running one or more reconstruction cycles, called passes. The result of the pass,
including all the essential information on the sub-detectors, is stored in the Event Summary
Data (ESD) files. To reduce the size of the data, the ESD is filtered based on the physics purpose,
resulting in the Analysis Object Data (AOD) files [184]. A study of the data quality is performed
to cross-check the readiness of data for physics analysis. For muon physics analysis, a good run
should have a muon cluster readout comprising five detectors, MCH, MTR, SPD, V0, and ZDC in

Pb—Pb collisions. In addition, the TO detector is used in case of pp collisions.
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CHAPTER

Measurement of J/i cross section in pp

collisions

The inclusive J/y production cross section in pp collisions, at /s = 5.02 TeV, is used as a reference
for the measurement performed in heavy-ion collisions as it will be discussed in Chapter 6. Such
measurement in pp collisions can also be used to investigate the J/y production mechanisms [94].

This analysis extends the analysis performed in [94], with thinner pt and y intervals. The
measurement is differential both in y and pr intervals, within —4 <y < -2.5 and p1 <12 GeV/e.
The choice of intervals is chosen according to the ones used for the measurement in Pb—Pb
collisions, as discussed in Chapter 5. In the following, positive sign rapidity values are used in
the Figures of final results to align with the usual publication convention, while some analysis

Figures will show negative rapidity values.

4.1 Analysis procedure

The inclusive J/y differential production cross section is defined as:

d20' _ NJ/w—»,uﬂt—
dprdy . Iy
pray BR(J/w—»p+,u—)x££mtx(Axe)pp x App x Ay

4.1)

where BR(J/w — p+pu—) is the J/y to dimuon decay channel branching ratio, and amounts to
(5.961£0.033)% [9]. Zint is the integrated luminosity of the pp data sample. Ny 44— is the
inclusive J/y raw yield in each interval Ay and Apr of study. (A x e)gg// is the acceptance times
efficiency of the muon spectrometer for hadronic J/ in each kinematic interval of study.

In this analysis, I have performed the J/v signal extraction in y and pr intervals, together

with the signal extraction systematic uncertainty study. I also computed the detector acceptance
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times efficiency. I have made use of previous analyses, when possible, as follows: the luminosity
estimation, as well as the detector tracking, matching, and intrinsic trigger efficiency systematic
uncertainty, are taken from previous analyses. I have computed the remaining systematic
uncertainties associated with the cross section measurement: the A x € uncertainty due to the

input MC shapes and the uncertainty due to the trigger response function.

4.2 Data sample and event selection

The analyzed sample is the pp data recorded in 2017 at /s = 5.02 TeV. It consists of 51 good
runs for physics, based on the quality assurance (QA) selection during the first reconstruction
period. The run list can be found in Appendix A.1. The minimum bias (MB) events triggered
either by VO (CINT7) or TO (COTVX) detectors are used to calculate the integrated luminosity of
the sample and its uncertainty. For the J/v signal extraction, the analyzed events are CMUL7
triggered events, described in Section 3.2.4. To isolate the physics events of interest from possible
beam-gas interactions, a physics selection (PS) is applied to the triggered events. The PS is made
by performing timing cuts in the VOA and VOC, and in the TOA and TOC detectors. The total
number of analyzed events before and after PS are shown in Table 4.1. The PS results in the
rejection of ~ 3% of the CMUL?7 triggered events.

Number of events PP
Total CMUL7 events | 18.9 M
PS CMULY7 events 18.4 M

Table 4.1: The number of analyzed events in pp collisions at /s =5.02 TeV, triggered by CMUL?7,
before and after applying physics selection (PS).

4.3 Track selection

A muon traversing the muon spectrometer will be detected in the muon tracking and triggering
chambers, depositing charges in the detector readout pads, the latter being grouped into clusters.
The latter are then used to reconstruct the muon trajectory in the chambers. To validate a
reconstructed track in MCH, at least one cluster over two is required in each of the stations
1 to 3, and at least three clusters over four are required in the last two stations, 4 and 5. The
reconstruction starts from the farthest stations, 4 and 5. A track segment is made in the station
that has two clusters and is then extrapolated to the other station (4 or 5) that has at least one
compatible cluster. Afterward, to obtain the tracking track, the track segment is extrapolated to
the stations 3 to 1. Finally, the tracking tracks are matched with the trigger tracks to identify
the muons that made the trigger signal. The muon track is then extrapolated through the
absorber and the interaction vertex, the latter being given by the SPD information [202]. A
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specific correction is applied to the track parameters to take into account the effect of multiple
scattering and energy loss that a track may experience when passing through the front absorber.
Few selections are applied to the reconstructed muon track to improve the quality or the

purity of the selected tracks regarding hadron contamination, as follows:

* —4<n,<-2.5 toreject tracks at the edges of the muon spectrometer acceptance.

e 170° < 0.5 < 178°, where 0,5 is the polar angle at which the muon track exits the front
absorber. This cut excludes the tracks crossing the high—Z material of the absorber to

ensure that the track does not experience large multiple scattering.

* Matching the tracking track with a trigger track whose pr is required to be above the
trigger pflflg threshold, with p,tlflg ~ 1 GeV/c for Pb—PDb collisions and p,tlflg ~ 0.5 GeV/c for pp
collisions at v/s'=5.02 TeV. This choice reduces the low-pr muon background from 7 and K

decays.

* puxDCA cut within 60 is applied, where p, x DCA is the product of the track momentum
with the Distance of Closest Approach (DCA). The DCA is obtained by extrapolating the
muon track to the transverse plane of the interaction vertex. The tracks from beam-gas
interactions are expected to have a large DCA value. As a result, the p, x DCA <60 cut

reduces the number of muon tracks that do not originate from the interaction point.
To study the J/w signal, the selected muons are combined to form opposite sign (OS) electric
charge muon pairs, with 2.5 <y, <4.
4.4 Luminosity

The integrated luminosity is calculated as:

Nwms
OvdM

(4.2) Lint =

where Nyg is the number of MB events of the analyzed sample. oyqu is the visible cross section
determined from the van der Meer scan, as described in Section 3.1. gyqy is either measured
by the TO or VO detectors, ang or O'X(;)M, respectively [203]. For pp collisions recorded in 2017,
o0 =20.82+0.01 (stat) + 0.37 (syst) mb and ¢V} =50.87+0.04 (stat) + 1.07 (syst) mb.

In this analysis, the CMUL7 triggered events are analyzed. As a result, an equivalent
number of MB events should be used to normalize the physics observables and for the luminosity
calculation. For this purpose, a normalization factor F,orm is computed on a run-by-run basis. For
links the number of MB events, Nyg, to the number of CMULT7 triggered events

aruni, F} .,

that satisfy the PS, Ncmurz ps, as follows:
4.3) Nli/[B = Frllorm X NéMUL7,PS
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Experimentally, Fi,orm can be computed from the online information of the TO detector used as
MB trigger, taking the trigger counters (scalars), denoted as LObfVIB. It is a level zero trigger
input, before being sent to the CTP, and the PS can not be applied. To correct for the missing
PS, a purity factor is defined as the fraction of triggered events passing the PS over the total
number of triggered events. At the collision time, multiple independent interactions can occur in

the same proton bunch collision, called pile-up events. To correct for this phenomenon, a factor

Fli)ile—up is computed run by run. Fyorm is then written as:
MB,i :
4 15
4.4) Fonline,i i purity LObMB
: norm ™% pile—up FOMULT: ™ T opi
purity CMUL7

where Fxfi’tiy and ngi[gym’i are the purity factors for the MB and CMUL?7 triggers, respectively.

The purity factor is about 100% for the TO MB trigger and varies between 95 and 100% among

runs for the CMUL?7 trigger [201]. The factor F}‘;ﬂe_up is defined as F;i)ﬂe—up = /11 —exp(—pd)],
with

MB, i j
(4.5) ,ui —_Inl1- Fpurity x LObiVIB

At xnp x fr

where At is the run duration. n; and f, are the number of colliding bunches and the LHC

revolution frequency, respectively. Fpje—_yp is less than 1.02 [201]. Another method [201] to

using reconstructed MB events triggered by the VO detector, and called Fﬁgﬁe’i,

. . online,i
is used as a cross-check of the previous method (Fpgm " )-

compute F} .,

The average normalization factor Fyorm is computed as the weighted average of F2™/i"e! gyer

all the runs, with N*

CMUL7,ps 28 @ weight. The integrated luminosity is then calculated as:

Zint = NcmuL7,Ps X Frorm/0vam

The statistical uncertainty on %, is the quadratic sum of the statistical uncertainty on the
normalization factor and oyqum. The systematic uncertainty on the luminosity has two sources [94].

The first one arises from the normalization factor determination using two methods. Both factors

T0
vdM?

one and amounts to 1.8%. The statistical uncertainty of the first method, the online method, is

are compatible within 0.5%. The second uncertainty is the one on o which is the dominant

smaller than the second method, using the reconstructed MB information, so the first method is
used for the result. For this analysis, the resulting %;,,; scaled from the previous analysis [94],
by the number of CMUL?7 events is:

Line = 1221+ 1 (stat) + 22 (syst) nb !
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4.5 Signal extraction

The J/y signal is extracted from the OS dimuon invariant mass distribution, which is calculated

from the single muon track information as follows:

(4.6) Myt = \/2m2 + 2B By — By By)

where m , is the muon mass, E, and p, are the muon energy and 3-vector momentum, respectively.
The OS dimuon invariant mass distribution is shown in Figure 4.1. In the Figure, light (p +
o and ¢) and heavy (J/w,w(2S), and Y) vector mesons, measured in the dimuon decay channel

using the muon spectrometer, are indicated.

N§ 55 s op, V5 = 5.02 TeV
2 10°F o 25<y <4,p"<12GeVic
= - Jiy H
SUNEToMd ==
2 i
% 10° il
SR
10? E
104
1 % Ll
0 2 4 6 8 10 12
M, (GeV/c?)

Figure 4.1: OS dimuon invariant mass distribution measured by the ALICE muon spectrometer
for 2.5 < y <4 and pt < 12 GeV/c in pp collisions at /s = 5.02 TeV. The standard offline selections
on the tracks and events are applied; see text for details. The resonances p + w, ¢, J/iy, ¢(2S), Y
are shown in their invariant mass windows.

The J/y mass resonance peak stands on top of a background of dimuon pairs. The background

sources are usually categorized based on their origin, as follows:

¢ Uncorrelated (combinatorial) background which comes from a reconstructed pair formed
by muons with different mothers, belonging to different physics processes. For example, a
muon coming from a pion (i) semi-leptonic decay combined with an OS muon from a kaon

(K) semi-leptonic decay.

¢ Correlated background which originates from OS dimuons produced in the same physics
process, the initial hard scattering. For example, dimuons coming from the semi-leptonic

decay of open charm (e.g. D) or open beauty (e.g. B) hadrons.
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The J/y resonance width is relatively narrow, 92.6 +1.7 keV/c? [9]. However, the measured
J/w width is larger due to the smearing effect from the detector response and spatial resolution,
the performance of the tracking algorithm, and the presence of a hadron absorber. The energy
loss and the radiative decays experienced by the muon tracks in the front absorber result in
signal tails at lower invariant mass, while the multiple scatterings affect the signal tails at both
lower and higher invariant masses. The detector is not perfectly aligned, and the misalignment
can distort both signal tails as well. As a result, the signal mass shape is not described by a
Breit-Wigner function, but signal parameterizations are used.

The resonance (2S) (of mass ~ 3686 MeV/c?, and width ~ 294 keV/c? [9]) is present close
to the J/yw signal. Due to the smeared signal width and the large signal tails, the ¥(2S) can
overlap with the J/y one. A fit is performed to extract simultaneously the J/y and ¥(2S) signals
in several prt and y intervals. In the following, the ¥(2S) signal fit is constrained to the J/w
signal parameters, assuming similar misalignment and detector effects on the signal tails for
both resonances. The analysis is performed in six equally sized rapidity intervals in the forward
rapidity range 2.5 <y <4, as follows: 2.5 <y <2.75,2.75<y<3.0,3.0<y<3.25,3.25<y<3.5,
3.5 <y <3.75, and 3.75 < y < 4. In each y interval of study, eight pr intervals are defined, as
follows: 0 < p7<0.3, 03<pr<1, 1<pr<2, 2<pr<3,3<pr<4, 4<pr<6, 6<pr<
8, and 8 < p1 <12 GeV/c. To keep a significant J/y signal, the last two pr bins are merged to
6 < pt <12 GeV/c for the edge rapidity intervals 2.5 <y <2.75 and 3.75 <y <4.

Signal extraction procedure and associated systematic uncertainty

The J/y signal is extracted from the dimuon invariant mass distribution using a global fit with
two signal (J/w, w(2S)) functions and a background function. The invariant mass distributions
used for the signal extraction are binned histograms of 25 MeV/c? bin width. The binning choice
will also be the same for the J/y analysis in Pb—Pb collisions at /sNN = 5.02 TeV. This choice
ensures that almost all bins are populated and the bin width is still smaller than the expected
J/y width in central Pb—Pb collisions, ~ 73 MeV/c2 [185].

In the global fit, the J/v mass and width parameters are left free. The ¥(2S) mass pole
parameter is defined relatively to the J/¢ mass pole parameter, using the mass difference from
the PDG [9], as:

fit fit
4.7 M98y = Mg, +My@s) —myylppe

The ¥(2S) width parameter is bound to the J/w width, based on the ratio of the two signal width
parameters obtained by fitting the large sample of pp data at /s = 13 TeV [204], in which both

widths can be simultaneously left free, as follows:

Ty (2S)

OJhy lpp data at /s = 13 TeV

=1.01
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A variation of +5% of the R value, corresponding to the difference observed between data and
Monte Carlo (MC) simulation at v/s' = 13 TeV, was performed and induced a variation of the J/y
yield at the per mille level [94]. Therefore, the uncertainty on R is neglected in the systematic
uncertainty evaluation.

The used signal functions are made of a Gaussian core to which tails are added, as follows:
¢ Double Crystal Ball function (CB2), with four fit parameters to describe the tails.

* NAG60O function [205], used by the NA60 experiment, with eight fit parameters to describe
the tails.

The background shapes are:

¢ A variable width Gaussian (VWGQG), a Gaussian function with a width parameter varying

with the dimuon invariant mass, with four free parameters.
¢ A ratio of a first-order polynomial over a second-order polynomial (Pol1/Pol2).

The signal and background functions (CB2, NA60, VWG, and Pol1/Pol2) are detailed in Ap-

pendix B. The fit is performed in two mass ranges:
* 2.2<my, <4.5 GeV/c?
* 24<my, <4.7 GeV/c?

The invariant mass distribution is fitted using the described functions above. However, the fit
does not converge if all parameters are left free, in particular, because of the large number of
parameters used to describe the signal tails. The parameters of the signal tails are fixed from
a large sample of pp data and MC simulations. The data and MC studies are performed in the
same y and pr intervals, using the same mass binning choice as in the signal extraction for this

analysis. The signal tail parameters are extracted from the following data and MC samples:

e The pp collision data at /s = 13 TeV, using the signal shape (CB2) to fit the J/y signal,
with the two background functions and for the two fitting ranges. The fit using the NA60
function with both backgrounds did not converge, mostly due to the large number of free

parameters.

* A J/w MC simulation in pp collisions at /s = 5.02 TeV, using the signal functions (CB2,
NAG60) in the fit range 2.2 <m, <4.7 GeV/c?.

The extracted J/w signal tail parameters are then used in the global fit to fix the tail parameters
for both J/y and y(2S) signals. Using a log-likelihood method, the OS dimuon invariant mass
distribution is fitted with all possible combinations of signal and background functions, mass

ranges, and sets of signal tails. The log-likelihood fitting method takes into account the empty
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bins, if any, and is, therefore, more adapted to fit low statistics histograms. To ensure good fitting
quality, a fit is considered valid only if it passes the following criteria: the fit converges with the
covariance matrix successfully and accurately calculated, y2/NDF < 3, and the fit parameters are

not at the upper or lower limit of the parameter range, which is set to help the fit convergence.

In some y intervals, it was noticed that the ¢(2S) signal normalization parameter is at the
lower limit of the parameter range set to zero for several fit configurations. To ensure the proper
fit convergence, the fit is performed with the ¥(2S) normalization fixed to zero by default as a
starting point. A ¥(2S) inclusion criterion is then checked. If the fit passes the requirements, the

fit is re-performed with a free ¥(2S) normalization parameter. The inclusion criterion requires

the presence of a significant y(2S) signal, ~ signal//signal + background > 3 around the y(2S)
mass pole. A bin counting method is used to estimate the ¥(2S) signal in the mass window
Imyyu —my(2S)] < 1.50. The background is calculated as an average of the bin content in mass
window 1.50 <|m, —my(2S)| < 4.50 on each side of the y/(2S) mass pole. The application of this
criterion results in a homogeneous inclusion or exclusion of the ¥(2S) signal in a given kinematic
interval for all the fit configurations. Finally, the effect of using this criterion on the fit result is
also studied systematically. The same fits are performed with the 1(2S) normalization parameter
left free, even if the parameter reaches the limit in the fit result. These fits are included in the

set of fit configurations.

To get the raw J/y signal number, the J/i signal function is integrated over the fitting range.
The corresponding statistical uncertainty is the error on the signal integral computed using the

fit covariance matrix.

An example of J/i signal extraction for 2.5 <y <4 and pt < 0.3 GeV/c is shown in Figure 4.2.
The fit converges with good quality and a precise covariance matrix. Other examples of J/y
signal extraction for six y intervals in 2.5 < y <4 are shown in Appendix C.1 for the pr intervals:

pr < 0.3,2 <pr< 3, and 8 <pr< 12 GeV/e.

In each y and pr interval of study, the raw J/y signal is computed as a weighted average over
all the fit configurations, N on¢. For each fit configuration, i, a weight,w;, is applied to balance two
categories of fits. The first category is the fit configurations that used signal tails extracted from
MC with two signal shapes (CB2 and NA60). The second category is the fit configurations that
used signal tails extracted from data using only one signal shape (CB2). The weight is needed
since there are more fit configurations from the first category than the second one, and this can
bias the computation of the average number of J/i. The average J/y signal yield, < Ny, >, is

then computed as:

Neont i
i§1 wi* Ny, v
. < > =
(4 9) NJ/W N, conf
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300 Ny, = 1828 + 61
P1=595.55 + 158.65
P2 =-112.58 + 34.54
P3=15.65+ 1.55
p.<0.3GeVic P4 =-16.90 + 0.90
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Norm,,, = 215.76 + 8.21
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Figure 4.2: Example of OS dimuon invariant mass distribution used to extract Ny, for pr <
0.3 GeV/c and 2.5 < y < 4 in pp collisions at /s =5.02 TeV. (Solid blue line) The total fit function
is composed of two CB functions to describe the J/i (solid red line) and y(2S) (solid purple
line) signals, and a Pol1/Pol2 as background function (dashed blue line). The fit is performed for
22<my,<4.5 GeV/c? without the y(28S) criterion. The J/i signal tail parameters are fixed to
the ones extracted from the pp 13 TeV data.

stat s

The associated statistical uncertainty oJ; v 18 computed similarly, as follows:

N, conf .

. Lstat
” El Wi * 0
(4.10) oSt = —
J/l[/ Nconf
2 Wi
i=1

The systematic uncertainty on < Ny, > is considered as the weighted standard deviation of

all the yield values, (Nj/ w), as follows:

ol

Nconf i 2 Nconf i
X wix(Ny,) X wi*Ny,
(4.11) ot | 2 e
) J/l// Nconf Nconf
Y w; Y w;
i=1 i=1

An example of signal extraction systematic uncertainty study for 2.5 < y <4 and pt < 0.3 GeV/c is
shown in Figure 4.3. The study shows the stability of the Ny, extraction over the various
fit configurations. The associated fit quality y2/NDF is good over all the configurations. The
extracted J/¢ mass and width are also stable and around the expected values. The summary of
the systematic uncertainty study for the six y intervals in 2.5 <y <4 for p71<0.3,0.3<p7< 1,
and 1< pt <2 GeV/c can be found in Appendix C.2.
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from the average value (red). The corresponding fit y2/NDF, J/y width (0), and the mean J/y
The pr differential raw J/y yield for six y intervals in 2.5 < y < 4 is shown in Figure 4.4.

2.5 <y <4 in pp collisions at /s = 5.02 TeV. The green line represents one standard deviation
mass (M) are shown.
The systematic uncertainty over y and pr intervals varies between 2.6% and 6.5%, with the

Figure 4.3: Raw number of J/y (N}}“u‘f) for several fit configurations for pt < 0.3 GeV/c and

maximum obtained for 2.5 <y <2.75 and 0.3 < pt <1 GeV/e.
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Figure 4.4: The pr distribution of the raw J/y yield for six y intervals in 2.5 < y < 4 in pp collisions
at /s =5.02 TeV. The vertical error bars are the statistical uncertainties. The box represents the
systematic uncertainties [This thesis].

4.6 Acceptance x Efficiency

As the J/y signal is studied via the dimuon decay channel, and the muons are reconstructed in the
muon spectrometer, the correction from the geometrical acceptance and reconstruction efficiency,
A x ¢, has to be applied on the measured raw J/y yield distributions. The A x € is estimated
via a MC simulation performed on a run-by-run basis to reproduce the detector conditions as a
function of time during data taking. The J/y hadronic signal is generated using phenomenological
pr and y distributions, based on experimental pp data [206]. The J/v is assumed unpolarized,
as pp measurements suggest for hadronic J/y [207-209]. The J/i decay is implemented using
EVTGEN [210] and PHOTOS [211] to account for the J/y radiative decay. The muons are then

transported in a realistic model of the detector during data taking, using GEANTS3 [212].
The A x ¢ is defined as the ratio of the number of reconstructed J/1, Nyec( pa‘ec, y'€€) , to the

generated ones Ngen(p. , &)

Nrec(p rTec ’ yrec)

(412) A Xe=—mm————
Ngen(p %en ,y8en)

where (pr7°, y™*¢) and (p‘%‘en, y8e™) are the kinematics of the reconstructed and generated J/v,

respectively. The statistical uncertainty on A x € is defined as the maximum between a binomial
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error and 1/Ngen, to take into account the case of A xe =0 or 1. It is given by:

1= Nyec/Ngen )
(4.13) U(S}&a:g) —Max.( 1 ’ \/Nrec x( rec gen))

N, gen N, gen N, gen

To take into account the importance of each run, based on its data sample size, a weight computed
run-by-run is applied to the A x ¢ when averaging the A x ¢ over a data-taking period. The weight
is taken as the number of CMUL7-triggered events.

To correct the raw number of J/y, it is divided by the computed A x ¢, as Ny, /A x €. Since
the corrected J/y yield distribution does not match the initial input MC J/v prt and y shapes, a
data-driven method is used to tune the input MC shapes. In the following, the initially computed
A x e with the original MC shapes is denoted as (A x €)g. The initially corrected J/y yield,
Nypy/(A x€)o, as a function of y and pr are fitted with functional forms, denoted f;*"(pT) and
foo"(y), respectively. The fit functions can be found in Appendix D. An iterative procedure is
developed to obtain weight as a function of pt and y to the input MC starting from the initially
corrected J/y yield. The weight is defined as:

(4.14) wi(p", ¥5) = wi(pF™) x wi(y&),
where
fcorr gen
(4.15) wi(py") = ;(—gen wi—1(py™) for i>1and we(pf™) =1
and
(4.16) oy For 5T e - gen) _
) w;(y )_m w;—1(y#") for i >1 and we(y®*") =1

with i >=1 the tuning iteration number. /°7" and fll\f(f are the fit functions of corrected data
and MC distributions for iteration i — 1, respectively. For iteration i, the weight w;( p%en, y81) is
applied to the J/w kinematics at the reconstructed and generated MC level. The (A x ¢); is then
recomputed and used to correct the raw J/y yield distribution in data. The latter is then fitted
with £ The iterative procedure is repeated until the weight approaches unity, indicating the
convergence of the procedure.

The iterative procedure is performed at first for the pr distribution for 2.5 < y < 4, and the y
distribution for 0 < pp < 12 GeV/c. When the procedure converges, the resulting (A x€);,,, and
the last weight as a function of y, w;,  (y5°"), are used as input for a second iterative procedure.
The second procedure is performed for each of the six y intervals as a function of pt. The weight
as a function of y for 0 < p1 < 12 GeV/c is kept unchanged during the second tuning. At this step,
only a weight as a function of pr is used. However, the y-dependence variation is considered as a
systematic uncertainty on the A x ¢ as will be shown in Section 4.7.4. The procedure is repeated

until convergence. The resulting A x € is denoted as (A x €)pest ondproced. -
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Figure 4.5 shows the corrected J/ distribution and the input MC function used to compute the
correction weight in the first and last tuning iteration of the pr (left) and y (right) distributions
for the first iterative procedure. The best and last iteration occurred at the fourth step. The
average A x ¢ as a function of pr varies by 1% at maximum after the tuning for 2.5 < y <4, with
the maximum deviation seen in the intervals 4 < pt <6 and 6 < pr <8 GeV/c. As a function of y
and for 0 < pr < 12 GeV/c, the A x € varies by 2% at maximum, and this occurs for the edge of
the rapidity intervals 2.5 <y < 2.75 and 3.75 < y < 4. The first and last tuning iteration in the
second tuning procedure of the pr distribution for 3.75 < y <4 are shown in Figure 4.6 (left) and
(right), respectively. The best and last iteration occurred at the third step. The average A x ¢ as a
function of pr varies by 6% and 4% at maximum in the interval 6 < p < 12 GeV/c for the rapidity
intervals 2.5 <y < 2.75 and 3.0 < y < 3.25, respectively. The summary of the A x ¢ obtained before
and after the tuning procedure as a function of pt for few y intervals and as a function of y for

0 < pr <12 GeV/c are shown in Figure 4.7.

4.7 Systematic uncertainties

In the following, several sources of systematic uncertainties related to the A x € calculations are

discussed.

4.7.1 Tracking efficiency systematic uncertainty

The muon tracks are reconstructed in the MCH chambers, as described in Section 4.3. The
systematic uncertainty on the single muon tracking efficiency is computed using both data and
MC. The global tracking efficiency is the product of the tracking efficiency of the five tracking
stations, with the efficiency of stations 4 and 5 computed together since the tracking algorithm
requires at least three clusters in the last two stations. The tracking algorithm requirements
for the number of clusters per station or stations are taken into account. The resulting tracking
efficiency evaluated in data is compared to the one evaluated with the MC, and the relative
difference between the two is taken as a systematic uncertainty. It amounts to 1% for single muon
tracks [94]. For this analysis, the tracking efficiency on dimuon is assumed to be 2%, considering

independent muon tracks.

4.7.2 Matching efficiency systematic uncertainty

As described in Section 4.3, a tracking track in the MCH track is matched to the trigger track
in the trigger chambers. The quality of the matching procedure is based on the matching y? cut
applied between the extrapolated tracking track and the trigger track to select a good muon track.
Due to the choice of a specific y? value, a systematic uncertainty is evaluated by studying the

difference between the loss in matching efficiency in data and MC for various choices of y? cut.
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Figure 4.5: The pr (left) and y (right) distributions of the corrected J/v yield (blue) compared to
the fit of the generated MC shape (red) scaled to the integral of the corrected data yield. The top
(bottom) plots correspond to the first (last) iteration in the first iterative procedure. The lower
panels show the ratio of the data to MC distributions.

This results in a systematic uncertainty of 0.5% for single muon tracks [94]. In this analysis, a

systematic uncertainty of 1% is considered for dimuons, assuming independent muon tracks.

4.7.3 Trigger efficiency systematic uncertainty

Two sources contribute to the systematic uncertainty of the muon trigger efficiency: the intrinsic

trigger chamber efficiency and the trigger response in the pt region close to the trigger threshold.
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Figure 4.6: The pr distribution of the corrected J/iy yield (blue) compared to the fit of the
generated MC shape (red) scaled to the integral of the corrected data yield. The left (right) plot
corresponds to the first (last) iteration in the second iterative procedure for 3.75 < y < 4. The
lower panels show the ratio of the data to MC distributions.

4.7.3.1 Intrinsic trigger chamber efficiency

The muon trigger has 234 local detection boards. During data taking, the intrinsic efficiencies
of the boards are estimated. To evaluate the uncertainty on these estimated efficiencies, MC
simulations are used. A realistic MC, with a standard trigger chamber efficiency map built from
data, is used to compute the J/yr A x €. It is then compared to the A x € obtained using a modified
simulation with a blurred intrinsic trigger efficiency map. The latter is obtained by changing the
muon pr cut of the tracks used to estimate the efficiency in data. It is similar to the standard
map, except that each board efficiency is varied within the board efficiency uncertainty. The
relative difference between the J/yr A x € in the two MC simulations is taken as a systematic

uncertainty and amounts to about 1% [94].

4.7.3.2 Trigger response function systematic uncertainty

The muon trigger selects tracks with a pt higher than a predefined threshold based on the
approximate track pr determined during data taking. Therefore, this threshold is not a sharp
cut, and a muon track with a lower pr than the threshold can pass the trigger requirements. The
trigger is preprogrammed to perform different pt cuts with predefined thresholds. The following
trigger conditions are of main interest in this analysis: the All — pr trigger (Apt), the Low — pr
trigger (Lpt). In pp collisions at /s = 5.02 TeV, the Lpt was chosen to be the same as the Apt
trigger with a pr threshold set to pp ~ 0.5 GeV/e.

The systematic uncertainty due to the trigger response function is determined using the
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Figure 4.7: The J/y average A x e pr dependence for 2.5 < y < 4 (top left), y dependence for
pr <12 GeV/c (top right), pt dependence for 3.75 < y < 4 (middle left), 3.5 < y < 3.75 (middle
right), 3.0 < y < 3.25 (bottom left), and 2.5 < y < 2.75 (bottom right). The red (blue) distribution is
the original (tuned) average A x €.

following standard method. The trigger response function (RF) as a function of pr is calculated for
both data and MC, RF9%2 and RFMC| respectively. The RF is defined as the ratio of the number
of single muons matching the Lpt trigger to that matching the Apt trigger, RF(pT) = Lpt/Apt.

The decay muons from a J/yr MC simulation that pass the Apt trigger requirements are weighted
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either by RF42% or RFMC, The relative difference between the number of J/i extracted in both

weighted MCs is taken as the systematic uncertainty on the trigger response function.

Since, in this analysis, the same trigger threshold was set to Lpt and Apt (0.5 GeV/c) for pp
collisions, the previously described standard procedure cannot be used. The response function
is then built from the ratio of the number of single muons matching the Apt trigger to the total
number of muon tracks without requiring any trigger threshold, denoted by Tpt. The RF is then
RF(pt) = Apt/ Tpt. Experimentally, the data were always recorded with the Apt trigger condition
to reduce the hadronic background. Thus, the RF cannot be determined from data in pp collisions;
it can only be determined from the MC. To estimate the RF in pp data, and starting from the RF
in pp MC, the RF measured in Pb—Pb collisions in data and MC, for which Lpt = 1 GeV/c and Apt
= 0.5 GeV/c, were used under two assumptions. First, the trigger response per local board does
not change with time, between pp and Pb—Pb data-taking periods. Second, the relative difference
in the RF(pT) between data and MC is the same for Lpt =1 or 0.5 GeV/c, i.e., the threshold used
in Pb—Pb and pp collisions at \/syn = 5.02 TeV, respectively.

For a track with a given pr value, the expected RF value in pp data is computed as the
product of the RF measured in pp MC, computed at the same track pr, with the value of the RF
measured in Pb—Pb data calculated at a stretched pt value, and divided by the value of the RF

measured in Pb—Pb MC calculated at the same stretched pr value:

dat:
(4.17) RFdata(pT) _ RFMC(pT) N RFP?)P‘%(StI‘etChed PT)
' PP op

R FPN]IO%b(stretched pT)

with the stretched pt value being the track pt value in pp MC multiplied by a stretch factor s
that is defined as:

cut
_ PTpppp, MC
- cut
PTyp, M

(4.18)

where p1® is the py value at which the trigger response reaches 50% in Pb—Pb or pp MC. It is
computed in practice as the average of the maximum and the minimum trigger response value.

p1 is about 1 and 0.5 GeV/c in Pb—Pb and pp collisions, respectively.

In this analysis, the RF's are computed for six 1 intervals that approximately correspond to

local boards with similar geometries and similar expected performance.

Figure 4.8 shows the expected RF in pp data for muon tracks for the six 7 intervals in
—4 <1< —-2.5. The Figure shows that the RF shape is similar in different n intervals except the
most forward 7 intervals, -4 <n < —3.75 and —3.75 <1 < —3.5, which seem to be sensitive to the
detector A x €. The maximum uncertainty due to the trigger response shape over all the studied

J/wv y and pr intervals is 1.4%, for 2.5 <y <2.75 and 1 < p1 <2 GeV/c.
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4,74 Input MC

The A x € has been tuned using a data-driven method as a function of y and pr, as described in

Section 4.6. Two sources of systematic uncertainty on the input MC shape contribute to the A x ¢

uncertainty:
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¢ The effect of the finite data sample size used to tune the input MC shapes.

¢ The missing correlation between the y and pr input MC shapes, i.e., the y shape variation

with pr, since the pt shape in various y intervals was tuned on data.

Both contributions are studied by varying the y and pt shapes used as input to the MC.
The A x ¢ is recalculated for each variation. For the first contribution, the pt and y-differential
J/y yields are varied randomly, about 50 times, with Gaussian smearing within the statistical
uncertainty of each point. The distributions are then fitted to obtain a new pt and y MC input
distribution, used to weight the MC, and the corresponding A x € is computed. The root mean
square of the resulting A x € values is taken as a systematic uncertainty. For pp collisions at
Vs =5.02 TeV, the systematic uncertainty was estimated to be < 0.1% in pp data recorded
in 2015 [204]. This analysis uses the pp data recorded in 2017, which has a ten times higher
luminosity than the one recorded in 2015. As a result, this systematic uncertainty contribution is
neglected.

For the second contribution, the y-differential J/v yield in several pr intervals of study is
fitted, and the obtained shapes are used to weight the MC instead of the y shape tuned on data
for 0 < pt <12 GeV/c. The fit of corrected raw J/y distribution as a function of y, measured for
several pr intervals, are shown in Figure 4.9. The A x ¢ is then recomputed for each variation.
The systematic uncertainty is taken as the maximum difference between the A x ¢ considering
all variations of the input shapes and the A x ¢ from the last iteration in the second tuning
procedure. The maximum uncertainty is 4.6%, corresponding to the edge of the rapidity interval
2.5<y<2.75for 0.3 < pr <1 GeV/ec.

pp, Vs =5.02 TeV

—_— 0<pT<12GeV/C
0<pT<0.3 GeV/c |

— 03< p, < 1 GeV/c

—1 <pT<2GeV/C

e 2<pT<3GeV/c

o 3<pT<4GeV/C
4<pT<6GeV/C

—_— 6<pT<12GeV/C
‘ L

4 388 36 B4 B2 3 28 26

corrected d°N y/dydp_ (GeV/c)'

Figure 4.9: The fit to the corrected raw J/y yield as a function of rapidity, for several pr intervals,
used to estimate the systematic uncertainty on the A x € due to the missing (y, pr) correlation in
the input MC shapes, in pp collisions.
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4.8 J/y cross section

The inclusive J/w cross section is computed using Equation 4.1. The associated systematic
uncertainties are summarized in Table 4.2. The correlated systematic uncertainty sources as
a function of ¥ and pr intervals are indicated with asterisks. The total correlated systematic
uncertainties amount to 1.9%. The double differential J/iy cross section in pp collisions at
Vs =5.02 TeV is shown in Figure 4.10. The numerical values of the cross section in y and pr
intervals are summarized in Table 4.3 and 4.4.

The cross section has been compared to a published analysis [94] using the same data sample,
performed for 2.5 < y <4 as a function of pt. The comparison is directly possible for 2.5 <y <4
and pt <4 GeV/c, where the p7 intervals are similar. The two analyses are found to be compatible

point by point within less than 0.50gyst.

Source vs ¥ and pt (%)
Branching ratio 0.6*
Luminosity 1.8*
Signal extraction 2.6-6.5
MC input 0-4.6
Tracking efficiency 2
Trigger efficiency 1-1.7
Matching 1

Table 4.2: Summary of the systematic uncertainties on O'gi)w at /s =5.02 TeV. Values marked
with an asterisk are the systematic uncertainties correlated over y and pr.
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Figure 4.10: Differential J/y production cross section in pp collisions at /s = 5.02 TeV as a
function of pr, for six rapidity intervals in 2.5 < y < 4. The vertical error bars are the statistical
uncertainties. The box represents the total uncorrelated systematic uncertainties. The global
uncertainty quoted in the legend is the total correlated systematic uncertainty over y and
pr [This thesis].

pr (GeV/e) d;i‘gy + stat(%) + syst(%) (ub/GeV/c)
25<y<2.75
0-0.3 2.62e-01 + 4.61e-02 (17.6) + 2.01e-02 (7.7)
0.3-1 9.02e-01 £ 5.63e-02 (6.2) + 7.35e-02 (8.1)
1-2 1.46e+00 + 5.47e-02 (3.8) £ 9.90e-02 (6.8)
2-3 1.13e+00 + 4.36e-02 (3.9) + 8.21e-02 (7.3)
3-4 7.07e-01 + 3.11e-02 (4.4) + 4.51e-02 (6.4)
4-6 2.69e-01 + 1.12e-02 (4.2) £+ 1.70e-02 (6.3)
6-12 3.21e-02 + 1.73e-03 (5.4) + 2.06e-03 (6.4)
2.75<y<3.0
0-0.3 2.66e-01 + 2.08e-02 (7.8) + 1.32e-02 (5.0)
0.3-1 9.61e-01 + 2.65e-02 (2.8) + 4.14e-02 (4.3)
1-2 1.34e+00 + 2.70e-02 (2.0) + 5.01e-02 (3.7)
2-3 1.05e+00 + 2.23e-02 (2.1) + 4.57e-02 (4.4)
3-4 5.93e-01 + 1.50e-02 (2.5) + 2.60e-02 (4.4)
4-6 2.40e-01 + 5.77e-03 (2.4) £+ 1.09e-02 (4.5)
6-8 6.52e-02 + 2.47e-03 (3.8) + 2.42e-03 (3.7)
8-12 1.25e-02 + 7.02e-04 (5.6) £+ 5.38e-04 (4.3)

Table 4.3: Numerical values of d2¢/dprdy for 2.5 < y <2.75 and 2.75 < y < 3.0 in pp collisions at
Vs =5.02 TeV.
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pr (GeV/e) dng‘Zb, + stat(%) + syst(%) (ub/GeV/c)
3.0<y<3.25
0-0.3 2.24e-01 + 1.56e-02 (7.0) £ 1.03e-02 (4.6)
0.3-1 8.48e-01 + 2.06e-02 (2.4) £ 3.70e-02 (4.4)
1-2 1.29e+00 + 2.17e-02 (1.7) £ 5.49e-02 (4.2)
2-3 9.40e-01 + 1.75e-02 (1.9) + 4.38e-02 (4.7)
3-4 5.86e-01 + 1.21e-02 (2.1) + 2.49e-02 (4.2)
4-6 2.22e-01 + 4.85e-03 (2.2) + 8.22e-03 (3.7)
6-8 5.53e-02 + 2.12e-03 (3.8) + 1.98e-03 (3.6)
8-12 1.03e-02 + 5.97e-04 (5.8) + 4.83e-04 (4.7)
3.25<y<35
0-0.3 2.17e-01 + 1.46e-02 (6.7) + 1.04e-02 (4.8)
0.3-1 8.31e-01 + 1.91e-02 (2.3) £ 3.20e-02 (3.9)
1-2 1.15e+00 + 1.98e-02 (1.7) £ 4.73e-02 (4.1)
2-3 8.563e-01 + 1.77e-02 (2.1) £ 3.90e-02 (4.6)
3-4 4.90e-01 + 1.20e-02 (2.5) + 1.91e-02 (3.9)
4-6 1.88e-01 + 4.63e-03 (2.5) £ 7.42e-03 (3.9)
6-8 4.66e-02 + 2.07e-03 (4.4) + 1.91e-03 (4.1)
8-12 7.44e-03 + 5.94e-04 (8.0) + 3.99e-04 (5.4)
35<y<3.75
0-0.3 2.31e-01 + 1.64e-02 (7.1) £ 9.97e-03 (4.3)
0.3-1 7.51e-01 £ 2.08e-02 (2.8) + 3.56e-02 (4.7)
1-2 1.11e+00 + 2.22e-02 (2.0) £ 5.24e-02 (4.7)
2-3 7.98e-01 + 1.85e-02 (2.3) + 3.15e-02 (3.9)
3-4 4.36e-01 + 1.24e-02 (2.8) + 1.85e-02 (4.2)
4-6 1.59e-01 + 5.06e-03 (3.2) £ 7.19e-03 (4.5)
6-8 3.91e-02 + 2.14e-03 (5.5) + 1.54e-03 (3.9)
8-12 7.00e-03 + 5.51e-04 (7.9) + 4.13e-04 (5.9)
3.75<y<4
0-0.3 1.83e-01 + 2.41e-02 (13.1) + 1.05e-02 (5.7)
0.3-1 7.10e-01 £ 3.30e-02 (4.6) + 3.35e-02 (4.7)
1-2 1.02e+00 + 3.55e-02 (3.5) £ 5.57e-02 (5.5)
2-3 7.13e-01 + 2.96e-02 (4.1) + 3.68e-02 (5.2)
3-4 4.37e-01 + 2.21e-02 (5.1) + 1.94e-02 (4.4)
4-6 1.30e-01 + 7.10e-03 (5.5) + 7.52e-03 (5.8)
6-12 1.27e-02 + 1.02e-03 (8.0) + 5.88e-04 (4.6)

Table 4.4: Numerical values of d?c/dppdy for 3.0 < y < 3.25, 3.25 < y < 3.5, 3.25 < y < 3.5,
3.5<y<3.75, and 3.75 < y < 4 in pp collisions at /s =5.02 TeV.
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CHAPTER

Inclusive J/v production in Pb-Pb collisions

The quarkonia nuclear modification factor Raa, described in Section 2.2.3, is a useful observable
of the QGP in heavy-ion collisions. The J/i production in AA collisions can be compared to pp
collisions, with the proper scaling, using the Ra.

This chapter details the inclusive J/ir Raa measurement for peripheral Pb—Pb collisions at
VSNN = 5.02 TeV, in the centrality class 70 —90%, as a function of y and p. The measurement is
differential in both y and p intervals, within 2.5 < y <4 and for pt < 12 GeV/c. The measurement

is used to estimate the hadronic J/y contribution in the low pr region, as discussed in Chapter 6.

5.1 Analysis procedure

The J/i Rap is defined, in Section 2.2.3, as:

3 d?Yaa/dydpr
(Taa)d2opp/dydpr

(5.1) Raa
To compute the Raa, the measured cross section in Chapter 4, d2(7pp/dyde, is used as an input.
The invariant yield d2Yaa/dydpr, is expressed as:

szAA _ NJ/V/—’IH'N—
dydpr BRI/ — ptp—) x Nup x (A x )k 2V x Ay x Apr

(5.2)

where BR =(5.961+0.033)% [9] is the J/y to dimuons decay channel branching ratio. Nyg is the
number of equivalent minimum bias events of the data sample. Nj/y— 1, is the raw inclusive
J/w yield in each kinematic interval of study, (Ay,Apt). (A x E)ZX/W is the hadronic J/w acceptance

times efficiency in the muon spectrometer in Pb—Pb in each kinematic interval. The y and pr

81



CHAPTER 5. INCLUSIVE J/ PRODUCTION IN PB-PB COLLISIONS

intervals are the same as in the reference pp measurement in Chapter 4, i.e., there are six y
intervals and eight p7 intervals.

In this analysis, I contributed to the J/w signal extraction, the A x e¢ correction, and the
estimation of the systematic uncertainties. I have made use of previous analyses when possible.
In particular, I have used the evaluations of the normalization factors to compute Nypg, the
nuclear overlap function and I have also used previous evaluations of the systematic uncertainty
on the following sources: the centrality interval limits, the uncertainty on the A x e calculations
from the finite sample size used to tune the input MC shapes, the detector tracking, matching,
and intrinsic trigger chamber efficiency. I have evaluated the remaining systematic uncertainties
associated with the following sources: the signal extraction, the missing pt and y correlation
in the input MC used for the (A x ¢), the trigger response function, and the reference pp cross
section. These systematic uncertainties needed to be recomputed due to the different kinematic

intervals used in this analysis.

5.2 Data sample and event selection

The analyzed sample corresponds to the full Run 2 data of Pb—Pb collisions recorded in 2015 and
2018 at \/syn = 5.02 TeV. It consists of 365 good runs for physics based on the QA selection. The
run list can be found in Appendix A.2. The MB events triggered by VO (CINT7) detectors are used
to calculate the normalization factor and the integrated luminosity of the sample. The CMUL7
triggered events, described in Section 3.2.4, are analyzed for the J/y signal extraction. The PS
is applied to the events based on time information from VO and ZDC detectors. The centrality
percentile determination is based on the total charge deposited in the VO detectors, called the
VOM centrality estimator, as described in Section 3.2.1. The total number of analyzed events
before and after PS, within the centrality class 0 — 90% are shown in Table 5.1. The PS selection
rejects a very small fraction of the CMULT7 triggered events, ~ 0.3%.

Number of events Pb—Pb
Total CMUL7 events | 401.2 M
PS CMUL?7 events 400.1 M

Table 5.1: The number of analyzed events in Pb—Pb collisions at \/syN = 5.02 TeV in the centrality
class 0 —90%, before and after applying the physics selection.

The single track and dimuon selections are the same as in pp collisions, as described in
Section 4.2. The low-pr trigger threshold in Pb—Pb collisions is 1 GeV/e.
5.3 Signal extraction

The J/w signal is extracted from the OS dimuon invariant mass distribution using a global fit of

two signals (J/y, w(2S)) and a background function. Figure 5.1 shows the OS dimuon invariant
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mass distribution around the J/¢ mass resonance along with other lighter and heavier vector
mesons, in Pb—Pb collisions at \/syn = 5.02 TeV, in the centrality range 70 —90%, for 2.5 <y <4
and pr <20 GeV/e.

T e n -
> 3+ Pb-Pb, \s, = 5.02 TeV
g 10 =, S 7090%
0 E 25<y, <4, p:“ <12 GeVic
5 , I Y(25)
€ 10°F
> -
o u
O ]
10 =p
1§-
w IR L | - L
0 2 4 6 8 10 122
M, (GeV/c?)

Figure 5.1: OS dimuon invariant mass distribution measured by the ALICE muon spectrometer in
2.5 <y <4 and for pt <12 GeV/c in Pb—Pb collisions at \/syn = 5.02 TeV, in the centrality range
70 —90%. The standard offline selections on the events and tracks are applied. The resonances
w+p, ¢, J/y, w(2S), Y are shown around their invariant mass window.

The fitting method is similar to the work performed in pp collisions; see Section 4.5. The
invariant mass distributions are histograms with a bin width of 25 MeV/c? width. The ¥(2S) mean
mass and width parameters are fixed relative to those of J/y. The signal functions, fitting ranges,
and the ¢(2S) inclusion criterion used in the reference pp cross section measurement are also used
here. The systematic uncertainty on the J/ signal extraction is studied by performing several
fits using various signals, background functions, fitting ranges, sets of signal tail parameters,
and applying or not the ¥(2S) inclusion criterion.

The background functions used for the signal extraction are the following shapes, see Ap-

pendix B for the formulas:

¢ Exponential function (Expo) that has two free parameters, is used for all y and pr intervals

of study.

* Variable width Gaussian (VWG) that has four free parameters or a first-order polynomial
(Pol1) that has two free parameters. Poll is used in all pt bins for 2.5 <y <2.75,3.5<y<
3.75, and 3.75 < y <4, in p7 (6-8, 8-12) GeV/c for 3.25 < y < 3.5 and in pt (8-12) GeV/c for
3.0 <y <3.25. VWG is used in all other kinematic intervals.
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* For 2.5<y<2.75and 0.3 < pt <1 GeV/c, VWG and a ratio of a first-order to a second-order

polynomial function (Pol1/Pol2), which has five free parameters, are also used.

The additional background shapes used for 0.3 < pt <1 GeV/c and 2.5 < y < 2.75 are added
to conservatively estimate the J/w yield in this kinematic interval where the statistics are
scarce and with large fluctuations in the OS dimuon invariant mass distribution, as shown in
Figure E.1 and E.2 in Appendix E. A distortion of the OS dimuon invariant mass distribution for
0.3 < pt <1 GeV/c could happen due to resolution effects, in case coherently photoproduced J/y
are reconstructed with pt > 0.3 GeV/c, as shown from MC studies. The stability of the J/y signal
extraction is discussed later in this section.

The signal tail parameters in the fit are fixed to the parameters extracted from data and MC

simulations in the same y and pr intervals of study. The following signal shapes are used:

e The CB2 signal shape extracted from the pp data collisions at /s = 13 TeV, using two

background functions and two fitting ranges.

e The CB2 and NA60 signal shapes extracted from the Pb—Pb embedding ' MC simulations
at \/sNN =5.02 TeV, using the fit range 2.2 <m, <4.7 GeV/c2.

¢ The CB2 and NAG60 signal shapes extracted from the coherent J/i photoproduction embed-
ding STARLIGHT simulations in Pb—Pb collisions at \/syn = 5.02 TeV, for pt < 0.3 GeV/c.

¢ The CB2 and NAG60 signal shapes extracted from the incoherent J/i photoproduction from
STARLIGHT simulations, in Pb—Pb collisions at /syn = 5.02 TeV, for 0 < pt < 0.3 and
0.3< pr<1GeV/c.

For p1 < 0.3 GeV/c, in peripheral Pb—Pb collisions, it was shown that coherent J/y photopro-
duction is dominant (~ 70%) [169] with respect to the hadronic J/y production and the incoherent
J/w photoproduction. In UPC, where the hadronic production is suppressed, for 0.3 < pr <1 GeV/e,
the incoherent J/w photoproduction is dominant over the coherent photoproduction, while the
opposite occurs for 0 < pp < 0.3 GeV/c [213]. In peripheral Pb—Pb collisions, it was also seen that
the Raa deviated from one by ~ 20 [169] for 0.3 < pt < 1 GeV/c where the incoherent J/i photopro-
duction could contribute, as discussed in Section 2.4.5. As a result, both coherent and incoherent
STARLIGHT simulations are used to extract the signal tail parameters for 0 < pp < 0.3 GeV/c, and
only the incoherent STARLIGHT simulation is used for 0.3 < pp <1 GeV/c. For 1 < p1 <2 GeV/c,
in peripheral Pb—Pb collisions, there is no significant indication for incoherent J/i photoproduc-
tion [169]. Since the coherent and incoherent photoproduction are not expected to contribute at
high pr intervals even in UPC [213], the hadronic production is expected to be dominant for

1 < p7 <12 GeV/c in peripheral collisions. As a result, the hadronic MC simulations are used to

LThis term refers to the MC embedding procedure, in which a simulated signal particle is embedded into a real
data event.
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extract the J/y signal tail parameters for all pr intervals of study in the range 0 < pr <12 GeV/c.
Figure 5.2 shows an example of the J/¥ signal parameters extraction from hadronic J/v MC

simulation using two signal shapes, for 2.5 <y <4 and 0.3 < pt < 12 GeV/c.

10° E /N —CB2

10° é / NA60
10° E / \
4

Counts/ (10 MeVi/c?)

107

10k

i

. 5
2
My (GeVic?)

107

—
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P
4

N
N
()]
w
w
()]

Figure 5.2: Example of J/y signal tail parameter extraction in hadronic embedding Pb—Pb
MC using two parameterizations, CB2 (red) and NA60 (green), in the dimuon mass range
22<my, <4.7 GeV/c? for 2.5 < y <4 and 0.3 < pt < 12 GeV/c in the centrality range 70 — 90%.

In Pb—Pb data, the invariant mass distributions are fitted with the tail parameters fixed to
the extracted values from data and MC. The fits are required to be valid, as described for the
signal extraction in pp collisions, see Section 4.5.

For the purpose of computing the J/v Raa observable, the raw J/iy yield is assumed to
come from hadronic J/w production. As a result, the average raw J/v yield used for the Rap
computations, in Equation 5.2, will be calculated from the J/y signal fits performed using data
and hadronic MC tail parameters but not using the tails extracted from STARLIGHT simulations,
for p1 < 0.3 GeV/c and 0.3 < p1 <1 GeV/c. The latter simulation concerns only the photoproduced
J/w. For the coherent J/w photoproduction cross section computations, the average raw J/y yield
will be computed from the J/i signal fits using data, hadronic MC, and STARLIGHT simulations
tail parameters. This is because the raw J/y yield has contributions from hadronic J/v, coherent,
and incoherent J/y photoproduction.

Figures 5.3, 5.4, 5.5 show examples of J/y signal extraction in Pb—Pb collisions, in the
centrality range 70 — 90%, for six rapidity intervals in 2.5 <y <4, for p7<0.3,0.3<pr <1, and
1< pr < 8 GeV/e, respectively.
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Figure 5.3: Example of OS dimuon invariant mass distributions used to extract Ny, for pr <
0.3 GeV/c in peripheral Pb—Pb collisions at \/syn = 5.02 TeV for six rapidity intervals in 2.5 <
y <4, from 2.5 <y <2.75 to 3.75 < y < 4 from left-top to right-bottom, respectively. The fit is
performed in the fitting range 2.2 <m,, < 4.5 GeV/c?, using the CB2 signal function, Expo
background function, the hadronic MC tails, and without applying the ¥(2S) criterion. The fit
functions are the J/y signal (red), ¥(2S) signal (green), background (dashed blue), and the total

fit function (solid blue).
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Figure 5.4: Example of OS dimuon invariant mass distributions used to extract Ny, for 0.3 <
pr < 1 GeV/c in peripheral Pb—Pb collisions at \/syn = 5.02 TeV for six rapidity intervals in
25<y<4, from25<y<2.75t03.75 <y <4 from left-top to right-bottom, respectively. The fit
is performed in the fitting range 2.2 <m,, <4.5 GeV/c?, using the NA60 signal function, Expo
background function, and the incoherent STARLIGHT MC tails, and without applying the w(2S)
criterion. The fit functions are the J/y signal (red), ¥(2S) signal (green), background (dashed
blue), and the total fit function (solid blue).
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Figure 5.5: Example of OS dimuon invariant mass distributions used to extract Ny, for 1< pr <
8 GeV/c in peripheral Pb—Pb collisions at /sNn = 5.02 TeV for six rapidity intervals in 2.5 <y <4,
from 2.5 <y <2.75 to 3.75 < y < 4 from left-top to right-bottom, respectively. The fit is performed
in the fitting range 2.4 <m, <4.7 GeV/c2, using the CB2 signal function, VWG background
function, and the pp 13 TeV data tails, and with applying the w(2S) criterion. The fit functions
are the J/y signal (red), w(2S) signal (green), background (dashed blue), and the total fit function
(solid blue).
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5.3. SIGNAL EXTRACTION

Systematic uncertainty on the signal extraction

In each y, and pr interval of study, the raw J/y signal is computed as the weighted average over
all the fit configurations, Ny, similar to the computation of the raw J/v yield in pp collisions,
described in Section 4.5. The total number of fit configurations for 0 < pt < 0.3 GeV/c is larger
than for 0.3 < pr < 1 GeV/c, which is larger than for the pr intervals in 1 < p1 < 12 GeV/c,
due to the additional signal tail parameters extracted from STARLIGHT simulations. For each
configuration, i, a weight w; is applied to balance two categories of fits: fit configurations that
used signal tails extracted from hadronic or STARLIGHT MC using two signal shapes (CB2
and NA60) and fit configurations that used signal tails extracted from data using one signal
shape (CB2). The weight is needed since the first category has more fits than the second. The
total statistical uncertainty is also computed from the weighted statistical uncertainties over
the fit configurations. The standard deviation over all the fit configurations is the systematic

uncertainty.

Summary plots of the signal extraction for six rapidity intervals in 2.5 < y <4 and for pr <
0.3 GeV/c are shown in Figures [5.6 — 5.11]. The plots show the stability of the J/i signal extraction
for all the studied fit configurations. For 3.75 < y <4 and pr < 0.3 GeV/c, fit configurations using
signal tails fixed to the parameters extracted from the hadronic Pb—Pb MC and using NA60
function show a smaller J/y width than other fit configurations. The signal tails extracted from
the hadronic Pb—Pb MC, using the NA60 function with free parameters, were also obtained with
fits converging to a smaller signal width value with respect to others. This could be related to the
limited statistics in the MC for 3.75 < y < 4, and to the fact that the NA60 function has twice the
number of tail parameters than the other signal shape, the CB2. However, as it can be seen in
Figure 5.11, the J/y width variation does not have a significant impact on the extracted J/v raw
yield.

The systematic uncertainty on the extracted J/y yield is 3.7% at maximum, over the six
rapidity intervals, for pp < 0.3 GeV/c. The systematic uncertainty is about 5% at maximum
over all the rapidity and pt intervals, excluding the interval (2.5 <y <2.75, 0.3 < pt < 1). This
interval has a systematic uncertainty of about 26%. It was required to use additional background
shapes with respect to other intervals. Figure 5.12 shows the 80 fit configurations used for this
interval. It is worth mentioning that the fits of the invariant mass distribution have been checked
with wider binning. However, the stability of the fits does not improve, and the binning choice of
25 MeV/c? has been kept, similar to other intervals.

Table 5.2 shows the numerical values of the extracted raw J/ yields in the six y intervals
of study for a few pr intervals. Figure 5.13 shows the pr-differential raw J/y yield for all the
studied y intervals. In peripheral Pb—Pb collisions, for pt < 0.3 GeV/c, the raw J/y yield is way
larger than the neighbor pt interval. This observation is in contrast to the behavior seen for
inclusive hadronic J/ production in pp collisions, in the same pr intervals, see Figure 4.4, which

is also expected for hadronic J/w production in Pb—Pb collisions. The large increase in the raw
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The J/y signal extraction fit quality (y2/NDF), the J/y width (), mass (M), and raw

yield (Njf‘l;") for several fit configurations for 0.3 < pp <1 GeV/c and 2.5 < y < 2.75 in peripheral

Pb—Pb collisions at \/syn
average raw J/y yield value (red).
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ij"uvl" + stat (%) + syst (%) in the centrality class 70 —90%

pr<0.3 GeV/e

0.3< pr<1GeV/c

1<pr<8GeVie

25<y<4 |1748 £49(2.8) + 33 (1.9)|1526 £ 56 (3.7) £ 43 (2.8)|6151 + 114 (1.9) + 219 (3.6)
25<y<2.75| 116 £ 12 (10) £ 2 (1.9) 79 + 18 (23) + 21 (26) 397 £ 30 (7.5) £ 13 (3.2)
275<y<3.0] 417+23(5.6) £9(2.1) | 315+ 25(8.1) £ 10(3.1) | 1287 + 52 (4.0) + 43 (3.3)
3.0<y<3.25| 492 + 26 (5.4) + 12 (2.4) | 406 + 31 (7.5) £ 16 (4.0) | 1597 + 56 (3.5) + 44 (2.7)
3.25<y<3.5|436 +25(5.7) + 12(2.8) | 415 £ 28(6.7) £ 9(2.0) | 1494 + 52 (3.4) £ 52 (3.5)
3.5<y<3.75| 248 + 18 (7.1) £ 5(2.1) | 252 + 20(8.1) £ 10 (3.8) | 1053 + 44 (4.2) £ 33 (3.1)

3.75<y<4 47 +7(16) £ 2 (3.7) 67 + 10 (15) + 3 (5.0) 297 + 22 (7.3) + 8 (2.8)

Table 5.2: Raw J/y yields extracted in Pb—Pb collisions, in the centrality class 70 — 90%, at
VSNN = 5.02 TeV. The quoted values in parenthesis are the statistical and the systematic
uncertainties in %, respectively.
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Figure 5.13: The p distribution of the raw J/v yield for six y intervals in 2.5 < y <4 in Pb-Pb
collisions, in the centrality class 70 —90%, at \/sNn = 5.02 TeV. Note that the distributions are
scaled for a few y intervals for better visibility. The vertical error bars and the boxes represent
the statistical and uncorrelated systematic uncertainties, respectively [This thesis].

97



CHAPTER 5. INCLUSIVE J/ PRODUCTION IN PB-PB COLLISIONS

5.4 Acceptance x Efficiency

In order to correct the measured raw J/w signal yield for the detector acceptance and efficiency
(A xe), the (A x¢)} "V for hadronic J/y is studied for the centrality range 70 ~ 90%, in Pb-Pb
collisions at \/sNN = 5.02 TeV. The embedding hadronic J/y MC simulation is used to compute the
(A x G)Zi/w as a function of y and pr, assuming unpolarized hadronic J/y [214], as described in
Section 4.6. Note that we use the Rap observable as a way to display an excess over the hadronic
J/v production. All the computations for the Rpa, therefore, assume the inclusive J/y yield is
purely hadronic, i.e., transverse polarization of photoproduced J/y is not considered in the A x ¢
corrections.

The average A x € is computed on a run-by-run basis, with the number of CMUL?7 triggered
events analyzed per run in data as a weight. The input MC shapes in y and pt do not match
exactly the corrected J/y distribution. They are tuned by a data-driven method to account
for the residual differences between the input MC and the corrected data distribution. The
tuning procedure is performed in two stages. The tuning procedure details are similar to that
in Section 4.6. In the first stage, the J/w pr distribution in 2.5 < y <4 and the y distribution
in 0.3 < p1 < 12 GeV/c are tuned. The corrected pt data distributions are fitted in 0.3 < p <
12 GeV/e, and interpolated in 0 < pt < 0.3 GeV/e, in order to avoid the low pr region where
additional contributions, other than the hadronic J/y production, are expected to exist. The
iterative procedure is repeated until the computed tuning weight approaches unity. In the
second stage, the J/v pr distribution is tuned for each of the six rapidity intervals of study in
2.5 <y <4. The (A X €)pest from the first tuning stage and the weight as a function of rapidity for
0.3 < pt <12 GeV/c are taken as input to start the second stage of the iterative procedure. It is
repeated until the weight approaches unity.

Figure 5.14 shows the corrected J/y distribution and the input MC function used to compute
the correction weight in the first and last tuning iterations for the pr and y distributions in
2.5 < y < 4. The convergence occurred at the fourth iteration for this kinematic interval. The
average A x¢ as a function of p varies by 3.6% at maximum after tuning. This maximum variation
is observed for the kinematic interval 2.5 <y <4 and 4 < pp <6 GeV/c. For 0.3 < pr <12 GeV/c
and as a function of y, the A x € varies by 7% at maximum after tuning, for the rapidity edge,
3.75 < y < 4. Figure 5.15 shows the first and last tuning iterations of the pt distribution for 3.75 <
y < 4. The convergence occurred at the third iteration for the second iterative procedure. After
tuning, the average A x € as a function of pt varies by 6.3% at maximum, for 6 < pt < 12 GeV/c
and 2.5 <y < 2.75. The summary of the J/iv A x € before and after the tuning procedure as a
function of p for few y intervals in 2.5 < y <4, and as a function of y for 0.3 < p1 <12 GeV/c are

shown in Figure 5.16.
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Figure 5.14: The pr (left) and y (right) distributions of the corrected J/y yield (blue) compared
to the fit of the generated MC shape (red) scaled to the integral of the corrected data yield. The
lower panel shows the ratio of the two distributions. The top (bottom) plots correspond to the first
(last) iteration in the first iterative procedure for 2.5 < y < 4.
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Figure 5.15: The pr distributions of the corrected J/y yield (blue) compared to the fit of the
generated MC shape (red) scaled to the integral of the corrected data yield. The lower panel shows
the ratio of the two distributions. The left (right) plots correspond to the first (last) iteration, in
the second iterative procedure for 3.75 < y < 4.
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Figure 5.16: The pr evolution of the J/ir average (A x¢) for 2.5 < y < 4 (top left), and the y
evolution for 0.3 < pr < 12 GeV/c (top right). From left to right, and middle to bottom, the pr
evolution is for 3.0 < y < 3.25, 3.25 <y <3.5,3.5 <y <3.75, and 3.75 < y < 4, respectively. The red
(blue) is the original (tuned) average (A x¢).
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5.5 Normalization factor

The equivalent number of minimum bias events, Nyg, and the number of CMUL?7 events are
related via the normalization factor, Fyorm, by Equation 4.3, as described in Section 4.4. The
normalization factor is studied using three methods. The first method uses the online trigger
information, which is described in Section 4.4. For Pb—Pb collisions, the online information is
taken from the MB trigger (COVOM), which requires a minimum threshold of deposited charge
in the VO detector to be triggered. The COVOM trigger was able to trigger only the 60% and
50% most central events in the data period 2015 and 2018, respectively. Since the centrality
distribution of the total number of events is flat, by definition, the COVOM information is scaled
by the factor (0.9/0.6) or (0.9/0.5) to the centrality range 0 — 90%.

The second and third methods are based on the offline reconstructed trigger information,
using the MB trigger (CINT7ZAC for 2018 data and CINT7 for 2015 data). CINT7ZAC requires
a signal in both VO detectors, as the CINT7 trigger, and a coincidence of signal in the two
ZDC detectors. The additional requirement of the ZDC signal is to remove the electromagnetic
contribution, mainly in peripheral events. In the second offline method, Fy,orm is computed for

each run i as:

o N
(5.3) Foom®' = ——B
NMB&OMUL
where Nli/IB oML denotes the subsample of MB events that satisfy the trigger OMUL input,

which requires an unlike-sign dimuon pair. In the third method, an intermediate single muon
trigger, the MSL trigger, is used to improve the statistical precision of the calculations since the
sample corresponding to the MB&OMUL condition has scarce statistics. In both offline methods,
all triggered events are required to pass the physics selection criteria. Fﬁgﬂri;’e is also corrected
for pile-up. Assuming poissonian distribution of MB events coincidences, the pile-up factor was
computed as described in Section 4.4 and found to be negligible in Pb—Pb collisions, with a value
of about 1.0004 [215], which means the probability to have more than one MB interaction per
bunch crossing is 0.04%.

The statistical uncertainty on Fy oy with the online method is smaller than for other methods.
The online method result is thus used for the normalization factor central value, and the largest
difference on F o values between the online and the offline methods is taken as a systematic
uncertainty. The systematic uncertainty amounts to 0.5% over the studied data-taking periods.
The total uncertainty on Fyom is dominated by the systematic uncertainty.

The normalization factors Fyopy, in the centrality class 0-90% for each period were taken from
the previous analysis of the full data sample [216]. The N&?O% is then computed via Equation 4.3.

For this analysis, in the 70 — 90% centrality range, it is computed as:

X

NAcent _ Acent 0-90%
MB 90 MB
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where Acent = 20. The result of N;/[O]; 90% js summarized in Table 5.3.
The integrated luminosity of the used Pb—Pb data sample is computed based on a previous
analysis [169], scaled by the number of the CMUL7 events. The integrated luminosity with the

systematic uncertainty is:
Lint = 155.7+18.9 (2.5%) b1

with the statistical uncertainty being negligible, as discussed above. The systematic uncertainty
on the luminosity originates from two sources: the normalization factor and the visible cross-
section measurement from the van der Meer scan using VO detector, aggM, and its stability
and consistency with the ZDC-based measurement [183]. The measured cross section ang is
7.67+0.25 (2.5%) b, with the uncertainty being the total uncertainty on the measurement, being

dominated by the systematic uncertainty.

Period | Fnorm | Ny e pg N 90%
150 | 11.88 | 126.522303 M 3341 M
18q | 13.55 | 110.974861 M 3342 M
18r | 13.65 | 162.556241 M 493.1 M
Total 400.053 M | 1161.3 M + 5.8 M (0.5 %)

Table 5.3: The number of CMUL?7 triggered events after PS, and the equivalent number of
minimum bias events, Ny, in peripheral Pb—Pb collisions at /syn = 5.02 TeV calculated using
the normalization factor Fqpy, for the full Run 2 data-taking periods.

5.6 Systematic uncertainty

In the following, the systematic uncertainties on the Rxs measurement are summarized. The
method to compute the systematic uncertainty on the tracking, matching, and triggering efficiency

was discussed in Section 4.7.

5.6.1 Tracking and matching efficiency

The tracking efficiency has been studied for the data-taking periods 2015-2018 in [169]. The
uncertainty on the tracking efficiency at the single muon level amounts to 1.5%. For the dimuons,
and assuming independent muons, an uncertainty of 3% is assigned. The matching efficiency has

been studied in [84] and amounts to 1%.

5.6.2 Trigger efficiency

As described in Section 4.7, the uncertainty on the trigger efficiency has two sources. First, there
is an uncertainty due to the intrinsic trigger chamber efficiency that has been studied in [84]
and amounts to 1.5%. Second, there is an uncertainty on the trigger response function. In Pb—Pb
collisions at \/syN = 5.02 TeV, the low—pr (Lpt) trigger threshold is 1 GeV/c, and the All-p
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(Apt) trigger threshold is 0.5 GeV/c. The standard procedure for computing the trigger response
function (RF) is used in data and hadronic MC at the single muon level. The RF is computed in
six groups of the detector elements, based on the detector geometry, to improve the computation
precision. The RFs are fitted with an error function, described in Appendix F. The fit function
parameters in data and MC are taken from [186]. The RF difference between data and MC is
then propagated at the dimuon level in the MC, using muons matching the Apt trigger. The
relative difference in the number of reconstructed J/y in the MC, using the RF from data or
MC as weight, is taken as a systematic uncertainty. The systematic uncertainty is studied for
the six y intervals as a function of pr, in the centrality class 0 — 90%. The study is performed
in the centrality interval 0 — 90% instead of 70 — 90%. This is valid since the trigger response
function uncertainty has been studied for the centrality range 40 —90% in 2.5 < y <4 and thin p
intervals and was found to be similar to that computed in 0 —90% [186]. Performing the study
in the centrality range 0 — 90% has the advantage of benefiting from large statistics both in
data and MC. A maximum uncertainty of 3.1% is seen over the studied intervals and occurs for
2.75<y<3.0 and pt < 0.3 GeV/c.

5.6.3 Input MC

As described in Section 4.7, two sources of systematic uncertainties are associated with the A x¢
tuning procedure. The first contribution is due to the limited data sample size used for the tuning.
Each data point in the corrected J/y yield distribution has been moved randomly within its
statistical uncertainty according to a Gaussian smearing. The smearing is performed 50 times for
each y or pr distribution. The RMS of the resultant A x ¢ from the various variations is taken as a
systematic uncertainty. It results in a maximum uncertainty of 2.4% and occurs for 2.5 <y <2.75
and 6 < pr <12 GeV/e.

The second contribution is due to the missing correlation in the input y and pt shapes used for
the tuning. During the tuning procedure, instead of using the y distribution in 0.3 < p < 12 GeV/c,
various raw J/y y distributions in different pr intervals have been extracted and used to
recompute the (A x €). Figure 5.17 shows the corrected raw J/y yield as a function of y used for
the systematic uncertainty estimation. The maximum relative difference between the new A x ¢
from these variations and the original A x € is taken as a systematic uncertainty. The maximum

uncertainty is 5.1%, corresponding to 2.5 < y <2.75 and 0.3 < pp < 1 GeV/e.

5.6.4 Centrality limit definition

A systematic uncertainty on the definition of the centrality interval arises from the uncertainty on
the determination of the VO signal amplitude that corresponds to 90% of the hadronic Pb—Pb cross
section, called the anchor point. The V0 signal amplitude of the anchor point is varied by +1%,

and the centrality intervals are then redefined. The J/v yields evaluated in these new intervals
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Figure 5.17: The corrected raw J/y y distribution for several prt intervals used to estimate the
systematic uncertainty on the A x ¢ due to the missing y — pt correlation in the input MC shapes,
in Pb—PDb collisions, in the centrality range 70 —90%, at ,/sNyn = 5.02 TeV.

are compared, and half the ratio of the two J/y yields is considered as a systematic uncertainty.

It depends on the centrality class and amounts to 7% in the centrality class 70 — 90% [169].

5.6.5 The nuclear overlap function

The systematic uncertainty on the nuclear overlap function (T'sa) [194] is estimated by repeating
the Glauber model fit of the VO signal amplitude using fit parameters that vary within their
uncertainties and obtaining the corresponding (T'aa). The total systematic uncertainty on (T'sa)
is the quadrature sum of the uncertainty due to each parameter variation. The systematic
uncertainty on (T'as) amounts to 2.3%. Table 5.4 shows the (T'Aa) and < Npart > corresponding to
the centrality class 70 —90% in Pb—Pb collisions at \/syn = 5.02 TeV.

Centrality | (Taa) (1/mb) <Npart >
70-90% | 0.161+0.004 | 11.34+0.16

Table 5.4: Average nuclear overlap function and number of participants in Pb—Pb collisions at
VSNN =5.02 TeV for the centrality class 70 — 90%. Values from [194].
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5.7 The nuclear modification factor

To calculate the inclusive J/y nuclear modification factor via Equation 5.1 and 5.2, the raw
J/v yields extracted using signal tails from STARLIGHT simulations are excluded from the
average inclusive J/ yield computation, since we assume only hadronic J/y production in the
Rap observable. (T'aa) is reported in Table 5.4, the A x € determination is described in Section 5.4,
and the Ny is computed in Section 5.5.

The associated systematic uncertainties as a function of y are summarized in Table 5.5 for
the six y intervals of study. The systematic uncertainties as a function of pt are summarized in
Table 5.6 for three pr intervals in pt < 2 GeV/c. The correlated uncertainties versus y/pr are
indicated with an asterisk. Note that the correlated systematic uncertainty on the J/y branching
ratio cancels out in the Raa equation. The total correlated systematic uncertainty over pr and

y originates from the uncertainty due to the centrality limits, (T'aa), the normalization factor,
Jly
Pp -
The numerical values of the R for the six y intervals for pt < 0.3 and 0.3 < pt <1 GeV/c are

and the correlated uncertainty from o The total correlated uncertainty amounts to 7.6%.
summarized in Table 5.7 and 5.8, respectively. The Raa numerical values for 1 < pr < 12 GeV/c
are summarized in Appendix G. This analysis measurement is compatible within 0.1yt to the
published measurement in 2.5 < y < 4 for pt < 0.3 GeV/c, in Pb—Pb collisions, in the centrality
class 70 —90% [169].

Source Systematic uncertainty (%)
25<y<275|2.75<y<3| 3<y<3.25 [325<y<35[35<y<3.75] 3.75<y<4
Nus 0.5*
Ny 21-255 | 19-43 | 19-41 | 21-37 | 20-39 | 21-55
Centrality -
limits
MC input
(p1/y) correl.|  4.3-5.1 0.5-1.1 0.1-0.3 0-0.2 0.3-0.6 1.8-2.3
limited stats| 0.2-2.4 0.0-0.3 0.0-0.1 0.0-0.2 0.0-0.6 0.2-0.6
MCH 3
MTR
Intrinsic 1.5 1.5 1.5 1.5 1.5 1.5
RF 0-2.9 0.1-3.1 0.1-2.8 0.2-2.3 0.1-2 0-1.2
Matching 1
(Tan) 2.3%
opp  |1.8"+6.3-8.1[1.8"+3.7-5[1.8" +3.6-4.7]1.8" +3.9-5.4[1.8" +3.9-5.9[1.8" +4.4-5.8

Table 5.5: Summary of the systematic uncertainties on Ri/Z in %. Ranges indicate the min. and
max. values as a function of pp. Values marked with an asterisk are correlated over pt and y.
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0<pp<0.3GeVic | 0.3<pp<1GeV/c [ 1<pp<2GeVic
Nus 0.5%
Ny 1.5-3.7 | 22-255 | 19-39
Centrality limits 7*
MC input
(p1/y) correl. 0.2-4.9 0.0-5.1 0.0-5.0
limited stats 0.1-0.8 0.0-0.2 0.0-0.2
MCH 3
MTR (Intrinsic + RF) 1.9-3.4 \ 1.6-2.5 |  15-16
Matching 1
(Tan) 2.3%
Opp 1.8*+43-77 | 1.8°+39-81 | 1.8"+3.7-6.38

Table 5.6: Summary of the systematic uncertainties on RZX in %. The ranges indicate the min.
and max values as a function of y. Values marked with an asterisk are correlated over pt and y.

y interval R} + stat (%) + syst (%) R~ Do
pr<0.3 GeV/e
25<y<2.75 | 14.12 + 2.91 (21%) + 1.49 (11%) 3.8
2.75<y<3.0 | 12.46 + 1.20 (9.6%) + 0.92 (7.4%) 6.4
3.0<y<3.25 | 11.15 + 0.99 (8.9%) + 0.76 (6.8%) 6.7
3.25<y<3.5 | 9.63+ 0.86(8.9%) + 0.66 (6.8%) 6.6
35<y<3.75 | 7.27 + 0.74 (10%) + 0.46 (6.3%) 6.1
375<y<4 | 4.62 + 1.02 (22.1%) + 0.38 (8.3%) 3.2

Table 5.7: Numerical values of RZZ/ as a function of y for pt < 0.3 GeV/c. The quoted uncertainties
are the statistical and uncorrelated systematic ones. The relative uncertainties are given in
percentage between parenthesis. The global correlated systematic uncertainty amounts to 7.6%.
The Rpp deviation from one is shown in the third column, where gy is the total uncertainty.

y interval RY + stat (%) + syst (%) Ry — Doy
0.3<pr<1GeV/c
25<y<2.75 | 1.35+ 0.32(23%) « 0.37 (27%) 0.7
2.75<y<3.0 | 1.21 + 0.11 (8.7%) + 0.08 (6.7%) 13
3.0<y<3.25 | 1.14 + 0.09 (8.0%) + 0.08 (7.3%) 0.9
3.25<y<3.5 | 1.14 + 0.08 (7.1%) + 0.07 (5.9%) 1
35<y<3.75 | 1.02 + 0.08 (8.4%) + 0.07 (7.2%) 0.1
375<y<4 | 0.77  0.12 (16%) + 0.07 (8.6%) 15

Table 5.8: Numerical values of Ri/Z as a function of y for 0.3 < pp < 1 GeV/c. The quoted
uncertainties are the statistical and uncorrelated systematic ones. The relative uncertainties are
given in percentage between parenthesis. The global correlated systematic uncertainty amounts
to 7.6%. The Rap deviation from one is shown in the third column, where oy, is the total
uncertainty.
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5.7.1 Result and discussion

The inclusive J/w Raa as a function of pr for six y intervals in 2.5 < y <4 is shown in Figure 5.18,
for the centrality range 70 — 90%. The Rap is compatible with or less than one for the different y
intervals for pr > 1 GeV/c. The latter case is expected for hadronic J/i experiencing cold nuclear
matter effects and suppression in the hot QGP medium. Note that in the peripheral events, the
contribution from regeneration is expected to be small at intermediate pr (= 2 GeV/c) [134] as is
observed for the centrality class 40 —90% [186].

On the contrary, Rax is largely enhanced for pt < 0.3 GeV/c, where the coherent J/y photo-
production is expected. The J/r R4 is significantly above one by more than 60 for 2.75 <y < 3.75
and 30 for 2.5 <y <2.75 and 3.75 < y < 4. For 0.3 < pr <1 GeV/c, the R is compatible with one
within less than 1.50 for the six y intervals in 2.5 <y <4.

The J/wv Raa shows a hierarchy in rapidity, clearly visible at low pr: the J/ production is
more enhanced when going from the forward rapidity to midrapidity direction. It is also observed
that coherent J/y photoproduction cross section in UPC at midrapidity is larger than at forward
rapidity [136]. The observed enhancement in Ras towards the midrapidity direction is in line

with the enhancement direction from coherent J/w photoproduction in UPC.
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Figure 5.18: (Top) The Rﬁ as a function of pr for six rapidity intervals in 2.5 < y < 4. The vertical
error bars and the boxes represent the statistical and uncorrelated systematic uncertainties,
respectively. The global uncertainty amounts to 7.6%. (Bottom) A zoomed picture of the low pr

region [This thesis].
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CHAPTER

Coherent J/y photoproduction cross section

This chapter details the evaluation of the coherent J/i yield and the computation of the coherent
J/y photoproduction cross section in rapidity intervals within 2.5 < y <4 for pt < 0.3 GeV/c in
Pb—Pb collisions, in the centrality class 70 —90%, at \/syn = 5.02 TeV. The coherent J/y yield is
evaluated from the J/v yield excess corrected for the incoherent J/y fraction and the coherent
w(28) decay to J/y fraction. The excess yield is computed as the raw J/y yield, extracted in
Chapter 5, from which is subtracted the J/iy hadronic yield evaluated with a data-driven model.
The coherent J/y photoproduction cross section is then compared to the measurement in UPC
at the same energy and in the same rapidity intervals. The cross section measurement in this
analysis, in peripheral collisions, is employed in combination with the measurement in UPC to
extract the photonuclear cross section as a function of the photon-Pb center-of-mass energy, W,py,.

In this analysis, I have performed all the steps of the analysis and benefited from previous
analyses for the estimation of the following systematic uncertainties: the centrality limit uncer-
tainty, the tracking, triggering, and matching efficiency uncertainty, the integrated luminosity
uncertainty, the uncertainty on the incoherent J/y and y(2S) feed-down fractions, and the un-
certainty on the acceptance times efficiency correction due to the input rapidity and pt shapes
in the MC. I have estimated the systematic uncertainty due to the choice of the pt cut for the

coherent J/y contribution and the one on the modeled hadronic J/¢ background.

6.1 Modeling the hadronic J/y yield

The hadronic J/y yield for pt < 0.3 GeV/c can be modeled using the J/i production cross section
in pp collisions and the J/y¥ nuclear modification factor in Pb—Pb collisions, assuming the latter

evolves smoothly in the low pt region. The J/¥ hadronic yield, in 0 < pt < 0.3 GeV/c and for each
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rapidity interval of study, (i), can be written as follows:

hd/y (i)
. 0.3 dN
hJhy (i) AA
6.1 N = —==d
6D AA fo dpr T
hdy (i)
‘ 03 do . .

(6.2) _ 40 Xj(; % XRﬁ/w @ (A x e)f;i/w D 4

T

2 hdiy ()

where Ué’# is the pp cross section parametrization for the y interval i as described in

section 6.1.2, (A x E)hJ/w (@)

AA .
described in 6.1.1, and R};i/llf @)

section 6.1.3. The normalization factor A ¥ is computed for each rapidity interval , i, in the well-

is the hadronic J/y (A x €) parametrization in Pb—Pb collisions, as

is the nuclear modification factor parametrization, as described in

controlled region 1 < pt <8 GeV/c, as the ratio of the raw J/i yield measured in Pb—Pb collisions,

(@)
NJ/u/

hadronic J/w contribution in this pt region. The factor is computed as:

(1-8)GeV/e, to the parameterization in the same pt range, assuming the dominance of the

N® (1-8)GeV/e

(6.3) N = Jhy
: qohIv ® ) -
P xR A xa" P dpr

In the following, the parameterization of each model component is detailed. For each component,
the quality of the parameterization is assured by requiring a good fit quality, y>/NDF < 3, and a

successful converging fit with an accurate calculation of the fit parameters covariance matrix.

6.1.1 Acceptance x Efficiency parameterization

The distribution of the (A x e)gi/w @

quadratic sum of the statistical and uncorrelated systematic uncertainties related to the (A x €),

was assigned point by point a total uncertainty which is the

namely the uncertainty on the tracking, triggering, matching efficiencies, and the uncertainty
on the MC input shape. The (A x ¢) is parameterized with a ratio of two Levy functions, as
described in Appendix H for the formula. The Levy function is able to reproduce the generated
and reconstructed J/w pt MC distributions. The A x € parameterization is performed for the six

y intervals for 0 < prp < 12 GeV/e, as shown in Figure 6.1.

6.1.2 U‘;g/ parameterization

Jhy (i)

In Equation 6.2, for each rapidity interval, the distribution ng uncertainties are treated

globally. The total uncertainties assigned point by point are the quadratic sum of the statistical

and uncorrelated systematic uncertainties on 0};}‘3 WO The 0};;,] W parameterized with two

functions, a Levy function and a power-law function. The latter either with a fixed or a free power
parameter. Their formulas are in Appendix H. The parameterization is performed for the six y

intervals for 0 < p1 < 12 GeV/c, as shown in Figure 6.2.
hd/y (i)
pp

are compared to the measured cross section values. To make a meaningful comparison, the

The integrals of the o parameterization in 0 < pp < 0.3 GeV/c and in 0.3 < pr <1
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Figure 6.1: The hadronic J/y (A x €) parameterization in Pb—Pb collisions as a function of p for
six y intervals, from 2.5 < y < 2.75 (top left) to 3.75 < ¥ < 4 (bottom right), with a ratio of two Levy
functions. The uncertainty assigned to each point is the quadrature sum of the statistical and
uncorrelated systematic uncertainties on the A xe.

fit is performed in three steps. First, to obtain the central value of the integral in a given pr
range, the fit is performed with the total uncertainty, the quadratic sum of the statistical and
uncorrelated systematic uncertainties, assigned point by point. The values obtained with three
fitting configurations are then averaged. The statistical (uncorrelated systematic) uncertainty
on the parameterized central value in a given pT range is the uncertainty on the fit integral,
obtained when considering only the statistical (uncorrelated systematic) uncertainty on the
data points, and averaging the obtained uncertainties over the three fitting configurations. The

parameterized cross section values are compatible within one o with the measurements for
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Figure 6.2: The agf)] A parameterization as a function of pr for six y intervals from 2.5 <y <2.75

(top left) to 3.75 < y < 4 (bottom right) with a Levy function and two choices of power-law

functions (with and without a fixed power parameter). The uncertainty assigned to each point is

the quadrature sum of the statistical and uncorrelated systematic uncertainty on aigy.

the six y intervals for pr < 0.3 and 0.3 < pr <1 GeV/c, except for one interval (3.5 <y <3.75
and pr < 0.3 GeV/c) where it is compatible within 2.5¢0. This closure test validates the used

parameterization in Equation 6.2.

6.1.3 Raa parameterization

The pr dependence of the nuclear modification factor Rx/w for the six y intervals is parameter-

ized for Pb—PDb collisions in the centrality range 70 — 90%. The total uncertainty assigned on each
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point of the Rﬁ/w distribution is the quadrature sum of the statistical and systematic uncertainty
on the J/y yield extraction in Pb—Pb collisions. The remaining uncorrelated systematic uncertain-
ties on the Rﬁi/w are already considered in the J/y (A x e)gi/w and Ugf,l v parameterizations. The
R parameterization in peripheral events is performed using two simple functions, a first-order
polynomial and a constant, in two fitting ranges, 0.3 < pr <12 GeV/c and 1 < p1 < 12 GeV/c, to
exclude the excess region (pt < 0.3 GeV/c). The fitting range 1 < pr < 12 GeV/c is considered to
account for a possible influence from an excess in the interval 0.3 < pt <1 GeV/c, related to inco-
herent J/y photoproduction. Figure 6.3 shows the R parameterizations using various functions
and their quality, expressed in terms of y2/NDF, for six rapidity intervals. Fits of y2/NDF > 3
are excluded. An extreme hypothesis on the Rpa parameterization at low pr is tested using a
step function, see Appendix H for the formula, the step being considered either at pt = 0.3 or
pt = 1 GeV/c. This extreme hypothesis leads to values within 20yt of the result obtained without
considering the step function, as expected. This test confirms that the variations considered for
the Rpa parameterization are reasonable and the associated computed uncertainties are not

underestimated.

6.1.4 Modeled hadronic J/v yield and associated uncertainties

The hadronic J/y contribution, for pr < 0.3 GeV/c, is estimated using Equation 6.2, which can

also be written for each y interval as:

o Ash iy ()
08 d*Ny, 0) @)
(6.4) L de'pdy =R (pT) XNJ/U/(]'_s) GeV/e

where R¥(pr) is the ratio of the two integrals for each rapidity interval, i:

03 @op" Y _hdny G hd/y (i
0 g xRy " x (A x ey V(pr) dprdy

(6.5) RV(py) =

g 2 hd/y (i) hd/w G hilw G
S xRy x (A x oY “pp) dprdy

This procedure allows us to account for the correlations of the uncertainties at the numera-
tor and denominator of R®(pr). All possible combinations of the parameterizations, Rﬁ/w (L),

hdiy i hdiy (i
a0 Prdprdy, and (A x )V

pr < 0.3 GeV/c is computed. As a result of the quality criteria on each individual parameterization,

the total number of combinations of the Rx/w (i), dza;}g h (i)/dedy, and (A x e)ii/w @) are twelve

for 25 <y<2.75,3.5<y<3.75, and 3.75 < y < 4, nine for 2.75 <y < 3.0 and 3.25 < y < 3.5, and
six for 3.0 < y < 3.25.
For each individual combination, the statistical uncertainty on the modeled hadronic J/y

yield in pt < 0.3 GeV/c is propagated from the N((I‘Z//(l — 8) GeV/c statistical uncertainty. The total

uncorrelated systematic uncertainty is the quadrature sum of several sources. The first one

)
{1
the systematic uncertainty on the integral ratio, o pw, which is computed using the covariance

, are performed and the corresponding hadronic J/y yield for

is the systematic uncertainty on NC(IL/ (1-8) GeV/c from the yield extraction. The second one is
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Figure 6.3: Rzi/w parameterization as a function of pr, for six y intervals, from 2.5 < y < 2.75 (top

left) to 3.75 < y < 4 (bottom right) with a linear and a constant function, for two fitting ranges.
The uncertainty assigned to each point is the quadrature sum of the statistical and uncorrelated
systematic uncertainty on the J/y yield extraction.

matrix, COV® | of the parameterization filled with the covariance matrix of each term of the

parameterization, and the Jacobian matrix of the ratio, J(;), as follows:

(6.6) oo =1/J)yCOVDJEL .

The final hadronic J/y yields and the associated statistical uncertainty, for pt < 0.3 GeV/e,
are computed as the average of the individual hadronic J/y yield parametrizations and the
corresponding statistical uncertainty, respectively. The total systematic uncertainty on the final

hadronic J/v yield is the quadratic sum of the systematic uncertainty of each parameterization
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combination, computed earlier, and the individual hadronic J/v yield dispersion over all the

combinations.

6.2 Coherent J/y photoproduction cross section

The coherent J/i photoproduction cross section can be expressed as:

(6.7) —— -
d coh J/y
y BR(J/'(//—’IJ'F'U—)ngntX(AXE)AA XAy

where Ngéz is the coherent J/v yield. BR(J/¢ — p+pu—) is the J/y to dimuons decay channel

branching ratio (5.961 +0.033%). Z;nt is the integrated luminosity of the Pb—Pb data sample,

coh J/y

computed in Section 5.5. (A x€), 4

is the detector acceptance times efficiency for coherent J/y.

6.2.1 Coherent J/y yield

The J/y yield excess was attributed to the coherent J/w photoproduction mechanism based on the
signal characteristics. Under this assumption, the inclusive J/i yield in peripheral Pb—Pb events
is found to be dominated by coherent J/iy photoproduction (~ 70%) [169]. The coherent J/y yield

is expressed in terms of the J/v yield excess as follows:

Jhy Jy Ay
(6.8) J/y — Nexcess — Nraw Nhadronic
' ©h 1+fi+fp 1+ fi+fp

with f7 is the fraction of the incoherent J/y photoproduction yield with respect to the coherent J/y
yield. fp is the fraction of the higher mass resonance feed-down, i.e., the coherent ¢(2S) decay to
coherent J/y yield over the coherent J/y yield. Both f1 and fp, for pt < 0.3 GeV/c, are measured
in UPC collisions at the same center-of-mass energy, where the hadronic production is suppressed.
Both fractions are assumed to be independent of the collision centrality. This assumption seems
realistic for fp, but it may not hold for fi if the coherent J/y photoproduction in Pb—Pb collisions
with nuclear overlap happens with partial coherence condition with respect to UPC. However,
most peripheral collisions, 70 — 90%, are very close to the UPC condition, and the centrality
dependence of f1 and fp (if it exists) may not be significant here. The numerical values of the
fractions are reported in Table 6.1, provided by collaborators from ALICE UPC group [217] and
measured in UPC at the same center-of-mass energy, in the same rapidity intervals, and using
pr <0.3 GeV/e. fp is measured in the integrated rapidity range 2.5 < y <4, and 7 is measured
deferentially in rapidity. Table 6.2 and Figure 6.4 summarize the J/¢ raw yield, the estimated
hadronic J/y yield, and the coherent J/y yield computed via Equation 6.8. Figure 6.4 shows
that the hadronic J/¢ contamination is small for pt < 0.3 GeV/c in peripheral Pb—Pb collisions.
The inclusive J/y yield is dominated by the coherent J/y photoproduction and for all rapidity

intervals in 2.5 <y <4.
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y interval f1
25<y<2.75 | 0.0979 + 0.0134 (14%)
2.75<y<3.0 | 0.0820 + 0.0071 (8.6%)
3.0<y<3.25 | 0.0785 % 0.0049 (6.3%)
3.25<y<3.5 | 0.0918 + 0.0057 (6.2%)
3.5<y<3.75 0.107 + 0.0104 (9.7%)

3.75<y<4 0.118 + 0.0241 (20%)

25<y<4 0.0894 + 0.0036 (4.0%)

25<y<4 | fp=0.066 + 0.013 (20%)

Table 6.1: Summary of the incoherent J/i and coherent ¢(2S) feed-down fractions, f1 and fp, for
pr < 0.3 GeV/e, respectively. The quoted uncertainty is the uncorrelated systematic uncertainty.

Ny + stat (%) £ syst (%)

y interval Raw yield Hadronic yield Coherent yield
25<y<275 | 116 +12(10) +2(1.7) 7+0+1(14) 94 + 10 (11) + 2 (2.6)
275<y<3.0| 417+23(5.5)+9(2.2) | 29+ 1(3.4) +3(10) | 338 +20(5.9) +9(2.8)
3.0<y<3.25| 492 +26(5.3) +12(2.4) | 36 +1(2.8) + 3(8.3) | 398 + 23 (5.7) + 12 (3.0)
3.25<y<35 | 436 +25(5.7)+12(2.8) | 40 + 1(2.5) + 4 (10) | 342 + 22 (6.3) + 12 (3.4)
3.5<y<3.75 | 248 +18(7.3) +5(2.0) | 27T+ 1(3.7)+2(7.4) | 188 +15(8.2) +5(2.8)

3.T5<y<4 47 + 7 (15) + 2 (4.3) 7+1(14)+1(14) 34 + 6 (18) + 2 (6.0)

Table 6.2: Number of raw J/w, parameterized hadronic J/v, and coherent J/y, for pp < 0.3 GeV/e.
The quoted uncertainties are the statistical and uncorrelated systematic uncertainties, respec-
tively.

6.2.2 Acceptance x Efficiency

The coherently photoproduced J/v yield has to be corrected by the detector A x¢ for pt < 0.3 GeV/e,

in peripheral Pb—Pb collisions. The coherent J/1r embedding STARLIGHT simulation, where the

J/y
coh

computations on a run-by-run basis. The (A x E)ﬂi is calculated via Equation 4.12. The final

coherent J/i photoproduction is considered fully transversely polarized, is used for the (A x¢)

(A x e)g(/)uﬁ is computed as a weighted average over all the runs, using the number of CMUL7
triggered events per run from data as a weight.

J/ . . . . . . .
The (A x e)colﬁ evolution as a function of the increasing run number, i.e., as a function of time,

J/y
coh

is seen for a few runs and is related to high voltage trips in the MCH and/or inefficiencies in

is shown in Figure 6.5 for all y intervals of study and p1 < 0.3 GeV/c. A decrease in the (A x €)

the local triggering boards. The weighted average of the (A x e)g(/:ﬁ is shown as a function of y in
Figure 6.6. The numerical values are reported in Table 6.3.
6.2.3 Systematic uncertainties

This section discusses the systematic uncertainties on the y-differential coherent J/ photopro-

duction cross section.
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Figure 6.4: Various contributions to the inclusive J/i raw yield, including the hadronic, the excess,
and the coherent J/y yield. All yields are shown as a function of y for pt < 0.3 GeV/c for the
centrality range 70 —90% in Pb—Pb collisions. The vertical error bar is the statistical uncertainty.
The boxes are the uncorrelated systematic uncertainties [This thesis].

yinterval | (Axe))? +stat (%)
2.5<y<2.75 | 0.0293 +/- 0.0001 (0.5)
2.75 <y <3.0 | 0.1223 +/- 0.0003 (0.2)
3.0<y<3.25 | 0.1955 +/- 0.0004 (0.2)
3.25<y<3.5 | 0.2101 +/- 0.0004 (0.2)
3.5<y<3.75 | 0.1422 +/- 0.0004 (0.3)

3.75<y<4 | 0.0510 +/- 0.0003 (0.5)

25<y<4 | 0.1230 +/-0.0001 (0.1)

Table 6.3: (A x e)gfﬁ for pr < 0.3 GeV/c Pb—Pb collisions for the centrality range 70 —90% for six y
intervals in 2.5 < y < 4. The quoted uncertainty is the statistical uncertainty.

6.2.3.1 Tracking and matching efficiency systematic uncertainty

The systematic uncertainty on the tracking and matching efficiencies for coherently photopro-
duced J/y can be assumed to be similar to those used for hadronic J/y, described in Section 5.6.
It amounts to 3% [169].

The matching efficiency is not expected to be pt and y dependent and amounts to 1% [169].
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Figure 6.5: (A x e)‘cj(/:ﬁ as a function of the run number for pt < 0.3 GeV/c in Pb—Pb collisions for
the centrality range 70 — 90%, for the six y intervals, from 2.5 < y < 2.75 (top left) to 3.75 <y <4
(bottom right). The line in each figure is the average (A x e)g(/:ﬁ weighted by CMUL7 number per
run from data.

6.2.3.2 Trigger efficiency systematic uncertainty

There are two sources of systematic uncertainty regarding trigger efficiency. First, the intrinsic
uncertainty of the trigger boards, described in Section 5.6, which amounts to 1.5% [169]. Second,
the uncertainty due to the trigger response function. The uncertainty estimation methodology is
similar to the one computed for hadronic J/v, as described in Section 5.6. The trigger response
function changes within the detector depending on the local board. This results in a variation with
the pseudorapidity. As this uncertainty depends on the rapidity, it was evaluated in the published
analysis for the coherent J/y photoproduction process in UPC [213], in the same rapidity intervals

of this study and for pt < 0.25 GeV/c. The uncertainty is 6% at maximum among the y intervals.
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Figure 6.6: (A x e)g(/:}’i as a function of y for pt < 0.3 GeV/c in Pb—Pb collisions at /sy =5.02 TeV
for the centrality class 70 — 90%.

This value was assigned conservatively to all the y intervals of this analysis and is assumed
uncorrelated as a function of rapidity. This work was performed without grouping the trigger

local boards for the trigger response function calculations and may overestimate the uncertainty.

6.2.3.3 Coherent J/v yield systematic uncertainty

The uncertainty on the computed coherent J/i yield has three sources: the uncertainties on the
J/y yield excess, the incoherent J/y fraction, and the coherent w(2S) feed-down fraction. First,
the uncertainty on the J/v yield excess is the quadratic sum of the systematic uncertainty on the
raw J/v yield and the hadronic J/y background yield. It is estimated in Section 6.1. Second, the
uncertainty on fi is extracted by varying the template used to fit the pr distribution of the OS
dimuons in the J/y mass window in UPC. Third, the uncertainty on fp arises from the variation
of the w(2S) to J/y cross section ratio measured in UPC within its uncertainties. The extraction

procedure of f; and fp uncertainties is detailed in Ref. [213].

6.2.3.4 Coherent J/v rapidity and pt input MC shapes

The systematic uncertainty on the input generated y and pt shapes in the coherent STARLIGHT
simulation, for the (A x ¢) calculations, has been studied in Ref. [213] for UPC by varying the y or
pr shapes of coherently photoproduced J/, based on theory input. The resulting uncertainty
on the coherent J/i photoproduction cross section amounts to 0.8% ! (y shape) and 0.1% (pr
shape). Since no tuning of the input pt and y shapes in MC has been done for coherently

photoproduced J/w, an additional data-driven uncertainty was conservatively considered on top

1This is the maximum of the uncertainty over the six rapidity intervals. The details of the uncertainty were not
available at the time of writing, and we assigned the maximum value conservatively for all y intervals.
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of the systematic uncertainty related to the rapidity shape of the coherent J/yv STARLIGHT
simulation. To compute the uncertainty, around fifty rapidity shapes were obtained by varying
the rapidity distribution of the coherent J/y yield in peripheral Pb—Pb collisions, point by point,
assuming Gaussian smearing of the points within their statistical uncertainties, and then fitting
the resulting distributions. They are then used to weight the rapidity STARLIGHT shape, and
the (A x €) is recomputed. The RMS of the (A x ¢) from the different variations is taken as a

systematic uncertainty. It amounts to 1% at maximum, for 3.75 <y <4.

6.2.3.5 Choice of the pr cut

This analysis assumes the range pt < 0.3 GeV/c that contains most of the coherent J/y candidates.
In peripheral Pb—Pb collisions, in this kinematic range, coherent J/w photoproduction dominates
over the hadronic J/¥ contribution. As the detector resolution is not perfect, and a thin pr
interval at low pr is used, the computed (A x ¢) is influenced by the goodness of the muon
spectrometer pt resolution description in the used STARLIGHT simulation. To consider this
effect, a systematic uncertainty is assigned to the (A x ¢), based on the choice of the pt cut. The
uncertainty is estimated using coherent STARLIGHT simulation by comparing the coherent
J/w (A x€) in two cases: when releasing the pt cut (tracks of all pr) and when using the pt cut
(< 0.3 GeV/c). The relative difference between the obtained (A x¢) gives the systematic uncertainty.
Figure 6.7 shows the systematic uncertainty results for the six y intervals in 2.5 < y < 4. It varies
between 1.2 —5.2%. The largest uncertainties are observed for 3.75 <y <4 and 2.5 <y <2.75,

corresponding to regions with the worst pr resolution.
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Figure 6.7: The y-differential systematic uncertainty on the coherent J/w photoproduction cross
section in (%) due to the used pr selection, pt < 0.3 GeV/c, in Pb—Pb collisions at /syn = 5.02 TeV.
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6.2.3.6 Others

The uncertainty on the centrality limit is discussed in Section 5.6. The uncertainty on the
luminosity is discussed in Section 5.5. The BR(J/w — u+u—) uncertainty is taken from the
PDG [9].

In addition, a potential contamination to the observed J/y low-pr excess could be from
the random coincidence of a J/y produced exclusively in a UPC with a MB interaction in the
Pb—PDb collision in the same bunch crossing. This contamination was evaluated to be 0.2% and is

neglected.

6.2.4 Result and discussion

The coherent J/ photoproduction cross section is computed using Equation 6.7, for pt < 0.3 GeV/c
and six rapidity intervals within 2.5 < y <4, in peripheral Pb—Pb collisions at ,/syn = 5.02 TeV.
The associated systematic uncertainties are summarized in Table 6.4. The numerical values of

the cross section are reported in Table 6.5.

Source Syst. uncert. (%)
BR 0.6%*
Lint 2.5%
Centrality limits 7*
Nj}iess 2.1-5.6
f1 0.4-2
/D 1.1
MCH 3
MTR (Total) 6.2
Intrinsic 1.5
Response function 6
Matching 1
pr selection 1.2-5.2%
Input MC
pt shape 0.1
y-shape (UPC) 0.8
y-shape (PC) 0.0-1.0

Table 6.4: Summary of the systematic uncertainties in (%) on the coherent J/y photoproduction
cross section for the six rapidity intervals, for prt < 0.3 GeV/c. Values marked with an asterisk
are correlated over y.

Figure 6.8 shows the resulting O'g(/)lﬁ as a function of the J/y rapidity. The data shows a strong
rapidity dependence. Data are compared to models originally developed to describe coherent J/y
photoproduction in UPC and extended for the nuclear overlap case. These models are described
in Section 2.4.2. In order to test the y-dependence compatibility between the data and the

models, each model is fitted by a Gaussian distribution, which describes the model points very
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y interval dag:g/dy + stat.(%) + uncorr.syst.(%) + corr.syst.(%) (ub)
25<y<2.75 | 283.79+31.26 (11) +22.69 (8.0) £ 21.14 (7.4)
2.75<y<3.0 | 245.39+14.57 (56.9) +18.82 (7.7) £ 18.28 (7.4)
3.0<y<3.25 | 180.89+10.33 (5.7)+13.92 (7.7) £ 13.48 (7.4)
3.25<y<3.5 | 144.53+9.14 (6.3) £ 11.55 (8.0) +10.77 (7.4)
3.5<y<3.75 | 117.65+9.60 (8.2)+9.42 (8.0) +8.76 (7.4)

3.75<y<4 | 58.82+10.40 (18)+6.27 (11)+4.38 (7.4)

Table 6.5: Coherent J/y photoproduction cross section for pr < 0.3 GeV/c and 2.5 < y <4, in
Pb—Pb collisions for the centrality range 70 — 90%. The quoted uncertainties are the statistical,
uncorrelated, and correlated systematic uncertainties. Note that the correlated systematic un-
certainty on the pr selection was grouped with the uncorrelated systematic uncertainties for
simplicity.

well. The difference between the data and the model fit is then quantified by computing the
y2 value between each fit and the data with the total statistical and uncorrelated systematic
uncertainty assigned to the data points. The models GG-hs and Zha are compatible with the data
within 1o over all the rapidity range when considering the total data uncertainties, except for
3.75 < y < 4, where the GG-hs and Zha model are within 30 and 20, respectively. Both models
are systematically above or at the upper edge of the data in the range 3 < y <4, while below or
at the lower edge of the data for 2.5 < y < 3. A similar qualitative behavior for the GG-hs model
compared to the UPC measurement, at forward rapidity and the same center-of-mass energy in
Pb—Pb collisions, has been observed, see Figure 2.6 (left). The GBW S1 and IIM S2/S3 models
are also compatible very well with the measurement, within 1o all over the rapidity range. The
rapidity trend of these models is the closest to the data trend, with a X2 of 3.2, 3.8, and 4.1,
respectively. The IIM S1 model is compatible with the data, within 1o over all the y range except
for 3.5 < y < 3.75, where it is within about 20. However, the model systematically underestimates
the data. The models GBW S2/S3 overestimate the measurement systematically but remain

within 30 and 2.50 at maximum, respectively, all over the y range.

The models that include (ITM S2/S3) or not (GBW S1) the impact of the nuclear overlap
in the centrality range 70 — 90% can quantitatively reproduce the measured cross section and
qualitatively its rapidity dependence. This is not surprising as the impact of nuclear overlap on
the photon flux and photonuclear cross section (if any) is expected to be small in peripheral events.
Several models quantitatively fail to reproduce the measurement’s rapidity dependence, as is the
case for UPC models (e.g., GG-hs calculations that exist for both peripheral and UPC cases) when
confronted with UPC data. Comparing the GBW/IIM model scenarios S1 (no nuclear overlap
effect) and S3 (effective photon flux and photonuclear cross section to account for the nuclear
overlap), the magnitude of the expected nuclear overlap effect on the predicted cross section, for
peripheral Pb—Pb events, is as large as the differences in the predictions of the GBW and IIM

calculations for a given scenario, i.e., as large as the assumptions made on the dipole-proton cross

124



6.2. COHERENT J/v PHOTOPRODUCTION CROSS SECTION

section used as an input to these models. In order to understand the role of the nuclear overlap on
the measured J/i photoproduction cross section, it will be necessary to extend the measurement

to more central collisions (larger overlap).
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Figure 6.8: The coherent J/y photoproduction cross section as a function of y for pr < 0.3 GeV/c
in Pb—PD collisions for the centrality range 70 —90%. Vertical error bars are the statistical uncer-
tainties. The boxes are the uncorrelated systematic uncertainty and the correlated systematic
uncertainty on the pt selection. The global correlated systematic uncertainty (luminosity, branch-
ing ratio, and centrality limits) amounts to 7.4% over y. (Top) Results are compared to theoretical
calculations, [146] (GG-hs), [162] (GBW/IIM S3) and [164] (Zha), and (bottom) to three scenarios

of the model of [162]
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Figure 6.9: The coherent J/y photoproduction cross section as a function of y for p1 < 0.3 GeV/c
in Pb—Pb collisions for the centrality range 70 —90%, compared to model calculations fitted with a
Gaussian function. The total deviation of data points, with the total statistical and uncorrelated
systematic uncertainties, from each model fit is expressed as a y2 value between parenthesis,
shown in the legend [This thesis].
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6.3 Energy dependent photonuclear cross section

In Section 2.1.2.3, the concept of photon emitter ambiguity was introduced. The coherent J/y
photoproduction cross section as a function of rapidity measured in peripheral Pb—Pb collisions
at \/snn =5.02 TeV (this analysis) is exploited in conjunction with the UPC measurement in
the same rapidity intervals and center-of-mass energy performed by ALICE (see Figure 2.6 [left
panel]), to extract the photonuclear cross section, o py, following the methodology developed in
Ref. [106].

Assuming the photonuclear cross section is not modified in peripheral Pb—Pb collisions, the
photonuclear cross section at low and high W,pj, can be disentangled by solving the system of two
equations by using Equation 2.10 in the case of peripheral and UPC measurements. The solution

for each rapidity interval of study, o,pp(y) and o,pp(—y), is:

y y
and
d U
(6.10) O_:)W Wbe( )_(nU( y)—EbPb Pbe n’;(—y)m)/F(y)
dy dy
where
(6.11) F(y) =y (n) (=y) =i/ (m)n} (=)

with the superscripts P and U 1nd1cat1ng the peripheral and the ultraperipheral collisions,

respectively. The cross section dor, (f}v’P 2 and dory &’;P" are the coherent J/w photoproduction cross
section in peripheral and ultraperipheral collisions, respectively. ny is the photon flux computed
in UPC (n%,] ) or peripheral collisions (nl; ), and corresponding to the two-photon emitter ambiguity
cases, ny(y) or ny(-y).

The first cross section, oypy(—y), corresponds to the case where the J/y and the target nucleus
travel in opposite directions. As the rapidity in the laboratory frame is defined with respect to the
direction of the target, the J/v has a negative rapidity in such a case. The J/y is produced from a
high-energy photon, resulting in a large photon-nucleus center-of-mass energy, Wypy, as can be
deduced from Equation 2.7. The second contribution, o,pp(y), corresponds to a low-energy photon
interacting with the target nucleus and producing a J/ with a rapidity in the traveling direction
of the target. Similarly, ny(y) and ny(-y) correspond to the low and high energy photon flux
contributions, respectively. The photon flux calculations are given from the hot-spot model [146],
described in Section 2.4.2. The photon flux strongly depends on the impact parameter, and highly
energetic photons are more likely to be produced at smaller impact parameters.

In the following, the cross section o p}, obtained with peripheral and UPC measurements will

be denoted as UE;,%UPC). The result from this analysis is shown in Figure 6.10 (magenta circle)
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as a function of Wypj,. Note that the systematic uncertainties are not shown in the Figure as
they are still being addressed. In particular, the impact of the photon flux choice is also being
investigated. The numerical values are reported in Table 6.6. The Figure shows the feasibility of

the measurement in six rapidity intervals, with the current statistics.

y Wypp (GeV)  oypy +(stat.) (ub)

25<y<2.75 34 14.31+1.06
463 50.15+8.86

2.75<y<3.0 30 12.32+0.40
525 50.84 +4.66

3.0<y<3.25 26 12.17+0.26
595 39.37+3.98

3.25<y<35 23 10.09+0.20
674 40.65+4.58

3.5<y<3.75 20 8.03+£0.20
764 48.40+6.50

3.75<y<4 18 6.671+0.26
865 22.73+12.02

Table 6.6: Photonuclear cross section extracted from the peripheral collisions measurement
in combination with the UPC measurement as a function of the center-of-mass energy of the
photon-nucleus system, W,py, in peripheral Pb—Pb collisions at /sNn’ = 5.02 TeV. The quoted
uncertainty is the statistical one.

The measurement is compared to oypp, extracted from UPC measurements of coherent J/y
photoproduction cross section in three rapidity intervals in the ranges 2.5 <y <4, |y| < 0.2
and 0.2 < y < 0.8, in Pb—Pb collisions at \/syn = 5.02 TeV [218]. The UPC measurements were
performed for three classes of neutron emission from the electromagnetic dissociation (EMD) of
at least one Pb nucleus. EMD occurs when the electromagnetic field is very strong, and a second
photon exchange becomes probable. The emitted neutrons can be detected by the ZDC detector
on the A and C sides of the ALICE experiment (ZNA and ZNC). Events are classified based on
the detection of at least one neutron or the absence of detection of neutrons in ZNC and/or ZNA.
If at least one neutron is on one side of the detector and there is no signal on the other side,
the event is denoted as (Onxn) or (xnOn). If the neutron activity is present on both sides, the
event is denoted as (xnxn). If no neutron emission is observed, the event is denoted as (OnOn).
The different neutron emission configurations permit the tagging of different ranges of impact
parameters between the colliding nuclei. This is because the Pb nucleus requires a photon energy
of ~10 MeV to induce the neutron emission [104]. Thus, events with EMD select high-energy
photons, which are more probable at smaller impact parameter ranges than events without EMD.

This has allowed the extraction of o,pp, combining these measurements among each other, as they
(xnxn,xn0n,0n0n)

cover different impact parameter ranges. These measurements will be denoted as T ph

in the following discussion.
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Figure 6.10: Photonuclear cross section for y + Pb — J/y + Pb as a function of the photon-nucleus
or photon-nucleon center-of-mass energy Wypp, GeV (lower axis) or Bjorken-x (upper axis).
The magenta markers represent o,pp, extracted from this analysis in combination with the
UPC measurement [213]. The vertical error bars represent the statistical uncertainty only. The
systematic uncertainty is not shown. The black solid markers represent o,pp, from ALICE Run 2
UPC measurement in neutron classes [218], see text for details. The open red marker represents
the result from CMS [138]. Other results from ALICE Run 1 data are displayed for various
rapidity intervals [219, 106] [This thesis].

The measurement is also compared to the oypp, extracted in Refs. [219, 106] using ALICE
UPC [220, 221] and PC [170] Run 1 Pb—Pb data collisions at \/syn = 2.76 TeV. In [219], Guzey et
al. have extracted o, py, for |y| <0.9 and 2.6 < y < 3.6 using UPC data. At midrapidity, assuming
that the center of the rapidity interval is y = 0, the two terms from Equation 2.10 are equal, and
thus o,pp(Wypp = 92.4 GeV) can be directly computed. In the second rapidity range, assuming
that the center of the rapidity interval is y = 3.1, the authors have used the fact that the photon
flux drops very fast at high photon energies to neglect the high-energy contribution term in
Equation 2.10 and therefore they have computed oypy, from the dominant (~ 95%) low-energy term
only, as an approximate solution. In [106], Contreras has extracted o,p}, for |y| <0.9 with UPC
data directly computed using Equation 2.10 similarly to Guzey et al. computations at midrapidity.
In addition, Contreras has used both the UPC data at 2.6 < y < 3.6 and the peripheral data at
2.5 < y <4 to extract oypy, using his method explained earlier in this Section, adapted slightly
to take into account the difference in the covered rapidity range by both measurements. The

cross section o,pp has also been extracted using UPC measurements in neutron classes for
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1.6 < |y| < 2.4 in Pb—Pb collisions at /sy =5.02 TeV by the CMS Collaboration [138].

The measurements are compared to several theoretical calculations, described in Section 2.3,
namely the impulse approximation [219], STARIlight [142] prediction, the shadowing models
(LTA, and EPS09 LO) [143], and the saturation model (the hot-spot model GG-HS) [146, 147]. The
measurements are also compared to the saturation model (b-BK-A) [149], which is the same as the
model named b-BK in Section 2.3. Excluding from the discussion the results from this analysis,
ALICE (solid black circles) and CMS (open red circles) data below W, p, = 60 GeV favors STARIlight
prediction (i.e., no nuclear shadowing or saturation), while this prediction overestimates the data
at higher energies. At higher energies, the data is compatible with the shadowing and saturation
predictions, LTA and b-BK-A, respectively. While a quantitative discussion on the compatibility of
the earlier data with our new measurement cannot be conducted as the systematic uncertainties

are not fully addressed, considering currently only the statistical uncertainties, one can notice the
(PC,UPC) (xnxn,xn0n,0n0n)
YPb YPb

extracted at the same energy, while both are of the same order of magnitude at high W,py.

following: at low W, py, the cross section o is systematically lower than the o

For future interpretation of data, we compared several ingredients of the op}, computations:
the photon flux as a function of W,p},, and the coherent J/y photoproduction cross section as a

function of y. At large W,py,, the photon flux of low energy ny(y) is driving the calculation of
high—Wbe

Ube

for PC and UPC (xnxn or xn0n) is similar. The trend for UPC (OnOn) and UPC is also similar,

with a slightly stronger dependence of the photon flux as a function of Wyp}, with respect to PC,
UPC (xn0On), and UPC (xnOn). Thus, the photon flux trend for PC with respect to UPC is similar
to that for UPC (xnxn or xn0On) with respect to UPC (On0On). The photon flux behavior at large

energies will be discussed later in the text. Figure 6.12 shows the J/y photoproduction cross

, see Equation 6.9. Figure 6.11 shows that at low energy, the trend of the photon flux

sections and their relative ratios for PC, UPC, and the UPC (0nOn, xnOn, xnxn). The cross section
contribution from UPC (0nOn) dominates over the two other contributions (xnxn or xn0On), as
seen in the top panel of Figure 6.12. The rapidity trend of the cross section for PC is similar to
that of UPC (xnxn), as seen in the bottom panel of Figure 6.12 (pink full star). A strong trend as
a function of rapidity is seen for the ratio PC/UPC (red open star) and is similar to the ratio UPC
(xnxn)/(0nOn) (orange open circle). The PC/UPC (xn0On) ratio (green full square) is in between the
flat and the strong y trend of PC/UPC (xnxn) (pink full star) and PC/UPC (0n0On) (blue full circle),
respectively. The trend of the ratio PC/UPC (six points, red open star) is close to that of PC/UPC
(OnOn) (blue full circle), as expected since the UPC (red full square) and UPC (On0On) (blue open
cross) have similar trend versus v, as seen in the top panel of Figure 6.12. Based on the coherent
J/w photoproduction cross section measurement only, we can expect the oypy, results from UPC
(xnxn, OnOn) to be close to the results extracted with (PC, UPC). One can notice that PC and UPC
(xnxn) share a similar event topology (i.e., detection of neutrons in ZNA and ZNC). It was checked
in the UPC analysis that the extraction of gyp, with UPC (xnxn, O0nOn), UPC (xn0On, On0n), and

UPC (xnxn, xn0On) are giving compatible results, within the albeit large uncertainties in some
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cases. There is no systematic trend observed for o,pp from UPC (xnOn, OnOn) being larger than
aypp from UPC (xnxn, OnOn) for instance.
The behavior of the photon flux at high W,p}, drives the o,p, computations at low W,p, in

Equation 6.10. Figure 6.11 shows that the photon flux as a function of W,p, for UPC is dropping
(PC,UPC)

¥Pb with respect to

quicker than for PC. This behavior might cause a systematic decrease of o

(xnxn,xn0n,0n0n)
T pp .
The earlier discussion investigates the impact of the input coherent J/y photoproduction

cross section measurements and the photon flux computations to the extraction of o,py. Despite

the missing systematic uncertainty on o,pyp, the systematically smaller values of the computed
(PC,UPC) (xnxn,xn0n,0n0n)
YPb YPb

used to extract the photonuclear cross section, i.e., that the photonuclear cross section is the

with respect to o raise the question on the validity of the assumption
same for UPC and peripheral collisions (neglecting the small nuclear overlap). The impact of the
nuclear overlap on the extraction of o,p}, could be investigated using inputs from other models

that compute an effective photon flux for peripheral events.

T T T L A |
UPC (0nOn
UPC (xnOn)
UPC (xnxn)
UpPC
PC

L ..° °.O o.o
10?

Photon flux
T IIIIIII|
[ ]
® ¢ + mH o

10

o ote oto L] ] ®

T IIIIIII|
%m

P | L L L L L L ' P |
10° 10°
W,pp, (GeV)

Figure 6.11: The photon flux as a function of the photonuclear system center-of-mass energy for
peripheral (PC), ultraperipheral collisions (UPC), and UPC classes based on the neutron emission
of the Pb nucleus (xnxn, xnOn, OnOn), at \/sNn = 5.02 TeV. The numerical values are given from
the generator ngn [222] for the UPC classes defined by neutron emission and from the hot-spot
model [146] for peripheral and ultraperipheral collisions [This thesis].
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Figure 6.12: (Top) Coherent J/y photoproduction cross section in Pb—Pb collisions at \/sNn =
5.02 TeV as a function of rapidity for peripheral collisions (PC) in the centrality range 70 — 90%
(this analysis), ultraperipheral collisions (UPC) [213], and for UPC in three neutron classes
(OnOn, xn0n, xnxn) [218]. (Bottom) Relative ratio of the cross section measurements. The PC
and UPC measurements in six intervals are merged into three intervals for comparison with
the UPC (0OnOn, xnOn, xnxn) results. The vertical error bars are the statistical uncertainties.
The systematic uncertainties are not shown. Note that some of the points are scaled for better
visibility [This thesis].
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Conclusions and outlooks

The coherent J/ photoproduction has been well investigated in heavy-ion collisions without nu-
clear overlap, namely in ultraperipheral collisions (UPC). This process provides an experimental
input useful to constrain the gluon distributions in heavy nuclei, especially in the poorly known
low-Bjorken-x range, x ~ 107 — 1072 at the LHC energies. Coherent J/y photoproduction has also
been observed in heavy-ion collisions in the presence of nuclear overlap, and its cross section was
studied as a function of the collision centrality. Several models initially developed to describe the
photoproduction process in UPC and modified to account for the nuclear overlap in various ways
have succeeded qualitatively in describing the centrality dependence of the cross section. This
thesis work provides additional constraints to available models via rapidity-differential measure-
ment of the coherent J/y photoproduction cross section in Pb—Pb collisions at \/syn = 5.02 TeV,
in the centrality interval 70 — 90%, for the rapidity interval 2.5 < y < 4. The work was performed
using data recorded with the ALICE experiment at the LHC during Run 2. The ALICE muon
spectrometer has the advantage of covering an acceptance that allows for the measurement of
J/w down to zero pr, which is necessary to detect coherently photoproduced J/w characterized by
a very low pr emission, (pT);,, =60 MeV/c.

In order to perform the cross section measurement, the J/¢ nuclear modification factor
Ri/Z(y) has been measured and used as an input to model the hadronic J/w background for
pr < 0.3 GeV/e, i.e., in the region where the coherent J/iy photoproduction process is observed.
In this region, the Ri/;’/( y) has shown a significant increase above one for six rapidity intervals,
exhibiting a hierarchy as a function of rapidity: the least forward rapidity has the most enhanced
Rap value. The Raa hierarchy in rapidity is similar to that observed for the coherent J/y
photoproduction cross section, which is the largest at midrapidity and decreases towards forward
rapidity. The interplay between cold and hot nuclear matter effects on hadronic J/i production
and coherently photoproduced J/w (if affected by cold and hot nuclear matter) will be further
studied by comparing the data with theory calculations provided by theorists who have already
been contacted.

Jhy

coh’

observed, as expected by models. The available models describe quantitatively the order of magni-

A strong rapidity dependence of the coherent J/w photoproduction cross section, o is

tude of O'g(/:}q (within 30) but fail at reproducing quantitatively the rapidity trend (y2 > 3 between

data and all available models). The models closest to data among all available models either
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consider a modification of the photon flux or photonuclear cross section due to the geometrical
nuclear overlap in peripheral collisions with respect to UPC or do not consider any modifications.
Among the models, the choice of theory inputs, e.g., color-dipole cross section, has a significant
impact on the model calculations, comparable to the impact of the nuclear overlap on the coherent
J/w cross section computations, in the specific case of peripheral collisions.

Based on these observations, performing the cross section measurement in more central
collisions, where the nuclear overlap could play a more important role, may provide a stronger
constraint on model calculations. To gain a deeper understanding of data, it would be beneficial
to constrain further theory inputs of the calculations by first comparing the UPC cross section
to the same set of models computed for the UPC case. Additionally, examining the peripheral
collisions to UPC cross section ratio and corresponding model ratio could provide valuable insight
into the impact of nuclear overlap. The ratio of a‘cjgi in peripheral collisions and UPC has been
computed in this thesis work, and the theorists are contacted for model calculations.

This thesis cross section measurements Ug(/:fl(y) in peripheral collisions have been combined
with the UPC measurements performed in the same rapidity ranges, in order to extract the J/w
coherent photon-nucleus cross section as a function of the photon-nucleus center-of-mass energy,
W,pp and the probed Bjorken-x value. The W,p, values covered from 20 GeV to 900 GeV, and the
covered Bjorken-x range extends from 107 to 1072. Although the systematic uncertainties on
the photonuclear cross section are being currently evaluated, the results are consistent with the
previous calculations extracted from UPC measurements in the Bjorken-x range (1075 —107%)
within the statistical uncertainty of the measurement, while the central value of data appears to
be systematically lower than the previous measurements in the Bjorken-x range (1073 —1072).
This behavior questions the validity of the assumption used to extract the photonuclear cross
section, i.e., that the photonuclear cross section is the same for UPC and peripheral collisions.

Concerning future measurements, the LHC is now in the Run 3 phase. The ALICE muon
spectrometer readout system has been upgraded to benefit from continuous data-taking in
Run 3 and 4, during which the ALICE experiment targets to collect about 10 times higher
luminosity than in Run 2. The large data sample can provide the statistics needed to perform
the coherent J/iy photoproduction cross section measurement in most central collisions and
permit the measurement of higher-mass resonances like ¥(2S). The former measurement is a
key measurement to understand the role of the nuclear overlap and, in particular, the role of
spectator nucleons on the coherence condition. The latter, combined with the J/1 measurement,
could provide a good probe of the QGP effects on the photoproduced charmonia, if any. In addition,
the larger sample will allow an improvement of the statistical significance of the inclusive J/y
transverse polarization measurement at low pt, which is a proxy of the coherently photoproduced

J/y polarization.
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Synthese en francais

Cette thése a pour objectif de mesurer la section efficace du processus de photoproduction
cohérente de J/i ? en fonction de la rapidité 3 dans les collisions d’ions de plomb (Pb—Pb)
ultrarelativistes avec recouvrement nucléaire, collectées par I'expérience ALICE * au LHC 5.
L'analyse a été effectuée avec les données recueillies au cours de la période du Run 2 (2015-2018).

Le document de thése est structuré comme suit:

¢ Le contexte théorique de la mesure et une revue expérimentale des mesures existantes

sont présentés dans les Chapitres 1 et 2.

¢ Le LHC et I'expérience ALICE dans sa configuration pendant le Run 2 sont présentés au
Chapitre 3.

* Les analyses de données, nécessaires a la réalisation de la mesure, sont détaillées dans
les Chapitres 4, 5 et 6. Le Chapitre 6 présente les résultats de la section efficace de

photoproduction cohérente de J/i obtenue.

Contexte théorique

Le Chapitre 1 présente une introduction générale aux concepts physiques liés a la mesure de la

coh
Jhy?

collisions AA, A étant le symbole chimique du noyau entrant en collision. En premier lieu, la

section efficace de photoproduction cohérente de J/v, o en collisions d’ions lourds, appelées
structure élémentaire des hadrons, comme le J/i et les nucléons 8, est décrite en terme de quarks
et de gluons, les briques fondamentales du modele standard de la physique des particules. Puis
les interactions fondamentales sont présentées, dont I'interaction forte qui est régie par la théorie
de la chromodynamique quantique (QCD). Ensuite 'évolution de la structure des nucléons en
terme de quarks et de gluons liés a I'intérieur d’'un nucléon est discutée. Le Chapitre se termine

par une présentation du plasma de quarks et de gluons (QGP), état de la matiére dans lequel

21La particule J/y est une paire liée de quarks charme et anti-charme.

3La rapidité de la particule est liée a ’angle entre la direction de production de la particule par rapport a la
direction du faisceau. La rapidité est co pour une particule voyageant dans la direction du faisceau, et zéro si elle est
perpendiculaire a la direction du faisceau.

4ALICE: A Large Ion Collider Experiment.

SLHC: Large Hadron Collider.

61.a matiere nucléaire ordinaire est composée de nombreux nucléons, c’est-a-dire de protons et de neutrons.
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les quarks et les gluons sont (quasi) libres. La formation du QGP dans les collisions AA a des
températures et des densités d’énergie extrémement élevées est décrite, et certaines sondes
expérimentales du QGP, comme la production de particules de saveur lourde dont les J/y, sont
présentées.

Le Chapitre 2 présente une revue de la littérature sur la photoproduction cohérente de J/y
en collisions AA, discute la production hadronique de J/¥ en collisions pp ainsi que les effets
modifiant cette production en collisions pA et AA. Les collisions pp sont considérées comme
une référence pour la production hadronique de J/¥ en collisions AA. Le Chapitre commence
par la production hadronique de J/y dans les collisions pp. Il est suivi d’'une introduction au
processus de photoproduction de J/y. Un ion lourd ultrarelativiste est un puissant émetteur
de champ électromagnétique. Cela permet aux deux noyaux entrant en interaction d’agir soit
comme un émetteur de photons, soit comme un noyau cible. Le photon peut fluctuer en une
paire de quark et d’antiquark, qui interagit avec le noyau cible via deux échanges de gluons
pour produire un méson vecteur comme le J/w. Lorsque le photon voit le noyau cible dans son
ensemble, la production est appelée photoproduction cohérente et se caractérise par une faible
impulsion transverse, pr, du J/y produit, qui est inversement proportionnelle & la taille de la
cible sondée. Pour les collisions Pb—Pb, I'impulsion transverse moyenne du J/y photoproduit de
manieére cohérente est de ~ 60 MeV/c. Dans les collisions AA sans recouvrement nucléaire, que
I’'on nomme collisions ultra-périphériques (UPC), les interactions hadroniques sont supprimées
et les processus induits par les photons dominent. Le cadre théorique qui permet d’obtenir la
section efficace de photoproduction cohérente de J/i dans les UPC est discuté dans ce Chapitre.
Une sélection de mesures expérimentales de la photoproduction cohérente de J/i dans les UPC
au LHC est également présentée.

La photoproduction cohérente de J/y dans les collisions AA avec recouvrement nucléaire est
ensuite discutée. Lorsque les noyaux se recouvrent dans le plan transverse de la collision AA, la
production de J/w peut potentiellement subir certains effets nucléaires et notamment des effets
dis a la présence de QGP. Diverses mesures expérimentales sont brievement présentées. Ces
mesures comprennent des observables telles que la section efficace de photoproduction cohérente
de J/y, la polarisation de J/v inclusive et le facteur de modification nucléaire du J/y dans la
région ou la photoproduction cohérente de J/y domine.

Les modeles disponibles proposés pour décrire la photoproduction cohérente de J/i en colli-
sions AA avec recouvrement nucléaire peuvent décrire qualitativement la mesure de la section
efficace en fonction de la centralité 7 a des rapidités, y, centrales et vers I'avant. Certains modeles
prédisent une forte dépendance de la section efficace en fonction de y. Le travail de cette thése

vise a mieux contraindre les modeles théoriques en mesurant la section efficace différentielle de

7La centralité de la collision est une mesure du degré de recouvrement nucléaire entre les deux noyaux qui entrent
en collision. Le nombre de nucléons participants a la collision dans la région de recouvrement nucléaire est fortement
lié a la centralité de la collision. Plus il y a de nucléons participants, plus le recouvrement nucléaire est important et
plus la collision est centrale.
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photoproduction cohérente de J/i en fonction de la rapidité.

Dans les collisions AA, en raison de la symétrie de la collision, n'importe quel noyau peut étre
I’émetteur de photons, ce qui souléve une ambiguité dans l'identification du noyau émetteur de
photons. Lambiguité se traduit par I'observation de J/ a une rapidité spécifique qui correspond a
deux interactions photon-noyau possibles et, par conséquent, 4 deux énergies de centre de masse
photon-noyau, W,py,, possibles. Dans la littérature, des auteurs proposent une méthodologie afin
de lever cette ambiguité et d’extraire la section efficace photonucléaire cohérente de J/y pour une
valeur de Wypp, donnée, en utilisant simultanément les mesures de photoproduction cohérente de
J/y en collisions UPC et en collisions AA avec recouvrement nucléaire (ce travail de these), et

ce, pour les mémes intervalles de rapidité, et a4 la méme énergie de centre de masse par nucléon,
vVSNN = 5.02 TeV.

Equipement expérimental

Le Chapitre 3 présente I'’expérience ALICE au LHC pendant la période du Run 2. Le LHC est
briévement décrit. Lexpérience ALICE est composée principalement de deux parties : le tonneau
central et le spectrometre a muons. Les principaux sous-détecteurs et leurs fonctionnalités sont
présentés dans ce Chapitre. Le spectrometre & muons est d’'un intérét majeur pour cette these
car le J/y est étudié via le canal de désintégration en dimuons. Les systémes de trajectographie
et de déclenchement du spectrométre sont présentés et les principaux triggers muons et dimuons
sont définis. Les détecteurs VO et TO, et leurs roles dans les mesures de la luminosité 8 et de la

centralité sont également présentés.

Analyse de données

Le Chapitre 4 décrit 'analyse de données qui permet d’extraire la section efficace de production
Jhy

de J/y dans les collisions pp, opp , a I'énergie dans le centre de masse de Vs =5.02 TeV. U?}’w est
utilisée comme processus de production hadronique de référence et sert a estimer la contribution
hadronique de J/¥ dans la région cinématique de la photoproduction cohérente de J/y dans les
collisions Pb—Pb avec recouvrement nucléaire a I’énergie de \/syn = 5.02 TeV. L'échantillon de
données des collisions pp a une luminosité intégrée de Z, = 1221 nb~!. Les sélections effectuées
lors de 'analyse de données pour étudier le signal J/i dans les collisions pp sont présentées. La
méthodologie et les résultats de 'extraction du signal J/y a 'aide de la distribution de masse
invariante des dimuons sont détaillés. L'acceptance et I'efficacité du spectrometre 4 muons (A x €)
pour les J/y hadroniques sont étudiées. La section efficace U;!g’” est ensuite calculée en utilisant le
nombre de J/y extrait, corrigé par (A x ¢) et la luminosité de I’échantillon de données. Les sources
d’incertitudes systématiques contribuant a la mesure sont détaillées. La figure 6.13 montre la

section efficace a?}’w en fonction de pr, pour six intervalles de rapidité.

81a luminosité des collisions est liée au nombre de particules du faisceau entrant en collision par centimetre carré
et par seconde.
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Le Chapitre 5 présente les étapes qui permettent de mesurer le facteur de modification
nucléaire du J/, Raa, dans les collisions Pb—Pb a /syn = 5.02 TeV. A cette fin, la section efficace
J‘;g/ calculée au Chapitre 4 est utilisée. L'échantillon de données des collisions Pb—Pb a une
luminosité intégrée de Lint = 755.7 ub~!. La méthodologie d’extraction du signal de J/y et la
correction du signal extrait par (A x €) sont détaillées. La figure 6.14 présente le nombre de J/y
extraits (non-corrigé) en fonction de pr pour six intervalles de rapidité. Une augmentation de la
production de J/i par rapport a la production de J/y hadroniques attendue dans les collisions
Pb—Pb est observée a bas pt, pour prt < 0.3 GeV/c. Cette augmentation est appelée exces de
production de J/i. Les calculs du Raa et les sources d’'incertitudes systématiques sur la mesure
de cette observable sont également détaillés dans ce Chapitre. La figure 6.15 présente le Raa du
J/y dans l'intervalle de centralité 70 — 90%, mesuré en fonction de pr, avec un focus sur la région
des bas pr, pour les six intervalles de rapidité. Le Raa croit fortement a petit pr et est largement
au-dessus de un pour pr < 0.3 GeV/c. La forte croissance de Ras a petit pr a également été
observée lors des mesures précédentes pour I'intervalle intégré en rapidité 2.5 < y <4, et n’a pas
pu étre expliquée par une combinaison d’effets nucléaires, y compris par des effets de QGP. Elle a
été comprise comme provenant de la contribution du mécanisme de photoproduction cohérente
de J/y.
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Figure 6.13: Section efficace différentielle de production de J/i dans les collisions pp a /s =
5.02 TeV en fonction de pr, pour six intervalles de rapidité couvrant 2.5 < y < 4. Les barres
d’erreur verticales représentent les incertitudes statistiques, la boite représente le total des
incertitudes systématiques non corrélées en fonction de pr et y. Lincertitude globale citée dans
la 1égende est I'incertitude systématique totale corrélée sur y et pt [Cette thesel].
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Figure 6.14: Distribution en fonction de pt du nombre non-corrigé de J/ pour six intervalles
de y couvrant 2.5 < y <4 en collisions Pb—Pb, dans la classe de centralité 70 —90%, a \/sNN =
5.02 TeV. Les barres d’erreur verticales et les boites représentent respectivement les incertitudes
statistiques et systématiques non corrélées [Cette thesel.
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Figure 6.15: Il s’agit d'un zoom sur la région des petits pt pour le R:ZZ en fonction de pr, pour
six intervalles de rapidité couvrant 2.5 < y < 4 et pour l'intervalle en centralité 70 —90%. Les
barres d’erreur verticales et les boites représentent respectivement les incertitudes statistiques
et systématiques non corrélées. Lincertitude globale s’éleve a 7.6% [Cette these].
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Section efficace différentielle de photoproduction cohérente de J/v en
fonction de la rapidité

Le Chapitre 6 détaille les étapes de ’'analyse pour la mesure de la section efficace de photo-

3‘/’3, pour pr < 0.3 GeV/e, en fonction de la rapidité, dans les

collisions Pb—Pb périphériques a \/syny = 5.02 TeV dans ALICE. Les résultats des Chapitres

PP
Jhy

hadronique de J/i dans les collisions périphériques Pb—Pb a petits pt, région pour laquelle

production cohérente de J/y, o

4 et 5, c’est a dire les mesures de o, et de Raa, sont utilisées pour modéliser la production
la photoproduction cohérente de J/i domine. Apres avoir soustrait le nombre attendu de J/w
hadroniques du nombre non-corrigé de J/ir mesurés, on obtient 'exces de J/y. Afin d’extraire
le nombre de J/¥ cohérents, 'excés de J/iy est corrigé de la fraction de J/y incohérents et de
la fraction de J/w qui proviennent de la décroissance de ¥ (2S) cohérents. Le nombre de J/w
cohérents est ensuite corrigé par (A x ¢) du détecteur, calculé dans le cas de J/y photoproduits

de maniere cohérente, et est ensuite normalisé par la luminosité de ’échantillon de données

coh
Jly
coh
Jhy

en fonction de la rapidité, pour pt < 0.3 GeV/c. La section efficace est comparée aux modeles

pour obtenir la section efficace. Les sources d’incertitudes systématiques sur la mesure de o

sont présentées et leurs estimations sont données dans ce Chapitre. La figure 6.16 présente o

disponibles. Ces modeles ont été initialement développés pour les UPC et ont été modifiés pour
tenir compte de la présence d’'un recouvrement nucléaire. Les modeles GBW/IIM sont basés sur
le méme cadre théorique, mais ils reposent sur des ingrédients de départ différents. Chacun des
modeles GBW/IIM comporte trois scénarios pour tenir compte du recouvrement nucléaire. Le
premier scénario, S1, ne comporte aucune modification significative du modele de base UPC. Le
deuxieme scénario, S2, modifie les calculs du flux de photons en tenant compte du recouvrement
nucléaire. Le troisiéme scénario, S3, comprend une modification du flux de photons comme dans
S2 et une modification supplémentaire de la section efficace photonucléaire. Le modele de Zha et
al. comporte des modifications du flux de photons et de I'interaction photonucléaire. Le modele
GG-hs n’inclut pas de modifications significatives diies au recouvrement nucléaire par rapport
aux calculs de base UPC. Les modeles Zha et al. et GG-hs peuvent décrire quantitativement (dans
10) la section efficace pour 2.5 < y < 3.75 mais décrivent seulement peu qualitativement ( XZ > 8)
la dépendence en rapidité de la mesure pour 2.5 < y < 4. Les modeles GBWS2, GBWS3 et IIMS1
peuvent reproduire 'ordre de grandeur de la section efficace mais ont tendance a sur-estimer
pour GBWS2 et GBWS3 et sous-estimer pour IIMS1 systématiquement la mesure. Les modeéles
IIMS2 et IIMS3, qui incluent effectivement I'impact du recouvrement nucléaire, et GBWSI1,
qui ne l'incluent pas, peuvent décrire quantitativement la mesure de la section efficace et plus
qualitativement son évolution en fonction de la rapidité (y2 < 5). En comparant les modéeles GBW
et IIM, on constate que I'ampleur de 'effet de recouvrement nucléaire (d'un scénario a I'autre) est
du méme ordre de grandeur que les hypothéses formulées sur les données théoriques des modeles
(de GBW a IIM). Afin d’améliorer notre compréhension de 'effet de recouvrement nucléaire, une

mesure plus centrale avec plus de recouvrement nucléaire est nécessaire.
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Figure 6.16: La section efficace de photoproduction cohérente du J/w en fonction de y pour pr <
0.3 GeV/c dans les collisions Pb—Pb périphériques. Les barres d’erreur verticales représentent
les incertitudes statistiques. Les boites représentent I'incertitude systématique non corrélée et
Iincertitude systématique corrélée sur la sélection en pt. Lincertitude systématique corrélée en
y globale (luminosité, rapport d’embranchement et limites de I'intervalle en centralité) s’éleve
a 7.4%. Les résultats sont comparés, sur la figure du haut, aux calculs théoriques GG-hs [146],
GBWS3 et IIMS3 [162] et Zha [164], et, sur la figure du bas, a trois scénarios (S1, S2 et S3) du
modele de GBW et IIM [162] [Cette thesel].
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Section efficace photonucléaire en fonction de I'énergie

La 03‘/’1}; mesurée dans les collisions Pb—Pb périphériques est exploitée conjointement avec la
section efficace UPC a /syn = 5.02 TeV, mesurée pour les mémes intervalles de rapidité, pour

calculer la section efficace photonucléaire o, pp(y). Les 03‘/’1}; en collisions périphériques et UPC,

pour chaque intervalle de rapidité donné, permettent d’obtenir la section efficace photonucléaire
pour deux énergies dans le centre de masse photonucléaire Wypy,. La figure 6.17 présente o pp
calculée (points violets) en fonction de W,py,. Seules les incertitudes statistiques ont été calculées
lors de I'écriture de cette theése sur les points violets. On peut remarquer que les valeurs centrales
de oypp, obtenues dans cette theése sont systématiquement inférieures, a basse énergie, a celles
obtenues précédemment avec des mesures uniquement UPC. A haute énergie, les valeurs de

oypp sont similaires a celles obtenues avec des mesures UPC. Les ingrédients des calculs de o pp,

coh
Jhy

nucléaire, sont étudiés un a un pour une interprétation future, lorsque les incertitudes systéma-

c’est-a-dire le flux de photons et les 0%°" mesurés pour les collisions UPC et AA avec recouvrement
tiques sur o, pp, seront incluses. En conclusion, malgré 'absence d’incertitudes systématiques sur
les calculs actuels, le comportement des données a basse énergie souléve la question de la validité
de 'hypothese faite pour calculer o,py, c’est-a-dire celle de la section efficace photonucléaire qui
est la méme pour les collisions AA avec et sans recouvrement nucléaire. Limpact du recouvrement
nucléaire pour l'extraction de o,p, peut étre étudié plus en détail en utilisant différents calculs

théoriques de flux de photons effectifs pour les collisions AA avec recouvrement nucléaire.
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Figure 6.17: Section efficace photonucléaire pour y +Pb — J/w + Pb en fonction de 1’énergie
du centre de masse photon-noyau ou photon-nucléon W,p;,,, en GeV (axe des x inférieur) ou
Bjorken-x (axe des x supérieur). Les points violets représentent oypy, extrait de cette analyse
combinée avec la mesure UPC [213]. Les barres d’erreur verticales des points violets représentent
I'incertitude statistique. Les points noirs représentent o,py, de la mesure UPC du Run 2 ALICE
pour des classes différentes d’émission de neutrons [218]. Les points rouges ouverts représentent
les résultats de CMS [138]. D’autres résultats provenant des données du Run 1 d’ALICE sont
également représentés [219, 106] [Cette these].
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APPENDIX

Run lists

In the following, the list of the QA-checked runs during LHC Run 2 data-taking periods and the
number of CMUL?7 triggered events before and after physics selection are summarized for the pp
and Pb—Pb collisions at /syn = 5.02 TeV.

A.1 In pp collisions

LHC17p LHC17q
282008 282118 282224 282309 | 282365 282439
282016 282119 282227 282312 | 282366 282440
282021 282120 282229 282313 | 282367 282441

282025 282122 282230 282314 | 282391
282031 282123 282247 282340 | 282392
282050 282126 282302 282341 | 282398
282051 282127 282304 282342 | 282402
282078 282146 282305 282343 | 282411

282098 282147 282306 282415
282099 282206 282307 282437
CMULT triggered events before PS | CMUL?7 triggered events before PS
6873821 12026760
CMULY triggered events after PS CMULY triggered events after PS
6806076 11611959

Table A.1: List of QA-checked runs for LHC17p and LHC17q data-taking periods, for pp collisions
at /s =5.02 TeV, and the total CMUL?7 triggered events before and after physics selection.
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APPENDIX A. RUN LISTS

A.2 In Pb-Pb collisions

LHC150 LHC18q LHC18r
244918 245705 246222 246859 | 295584 295829 296197 296550 | 296690 296975 297441
244980 245729 246225 246864 | 295585 295831 296198 296551 | 296691 296976 297442
244982 245731 246272 246865 | 295586 295854 296241 296552 | 296694 297446
244983 245738 246275 246867 | 295587 295855 296242 296553 | 296749 296979 297450
245064 245752 246276 246871 | 295588 295856 296243 296615 | 296750 297029 297451
245066 245759 246390 246930 | 295589 295859 296244 296616 | 296752 297031 297452
245068 245766 246391 246937 | 295612 295860 296246 296618 | 296781 297035 297479
245145 245775 246392 246942 | 295615 295861 296247 296619 | 296784 297085 297481
245146 245785 246424 246945 | 295665 295863 296269 296622 | 296785 297117 297483
245151 245793 246428 246948 | 295666 295881 296270 296623 | 296786 297118 297512
245152 245829 246431 246949 | 295667 295908 296273 296787 297119 297537
245231 245831 246433 246980 | 295668 295909 296279 296791 297123 297540
245232 245833 246434 246982 | 295671 295910 296280 296793 297124 297541
245233 245949 246487 246984 | 295673 295913 296303 296794 297128 297542
245253 245952 246488 246989 | 295675 295936 296304 296799 297129 297544
245259 245954 246493 246991 | 295676 295937 296307 296836 297132 297558
245343 245963 246495 246994 | 295677 295941 296309 296838 297133 297588
245345 245996 246675 295714 295942 296312 296839 297193 297590
245346 246001 246676 295716 295943 296376 296848 297194 297595
245347 246003 246750 295717 295945 296377 296849 297196
245353 246012 246751 295718 295947 296378 296850 297218
245401 246036 246755 295719 296061 296379 296851 297219
245407 246037 246757 295723 296062 296380 296852 297221
245409 246042 246758 295725 296063 296381 296890 297222
245410 246048 246759 295753 296065 296383 296894 297278
245446 246049 246760 295754 296066 296414 296899 297310
245450 246053 246763 295755 296068 296419 296900 297312
245496 246087 246765 295758 296123 296420 296903 297315
245501 246089 246804 295759 296128 296423 296930 297317
245504 246113 246805 295762 296132 296424 296931 297363
245505 246115 246806 295763 296133 296433 296932 297366
245507 246148 246807 295786 296134 296472 296934 297367
245535 246151 246808 295788 296135 296509 296935 297372
245540 246152 246809 295791 296142 296510 296938 297379
245542 246153 246844 295816 296143 296511 296941 297380
245543 246178 246845 295818 296191 296514 296966 297405
245554 246181 246846 295819 296192 296516 296967 297408
245683 246182 246847 295822 296194 296547 296968 297413
245692 246217 246851 295825 296195 296548 296969 297414
245700 246220 246855 295826 296196 296549 296971 297415
CMUL?T triggered events before PS CMULY7 triggered events before PS CMUL?7 triggered events before PS
126755360 111390302 163057889
CMULY7 triggered events after PS CMULY triggered events after PS CMULY7 triggered events after PS
126522303 110974861 162556241

Table A.2: List of QA-checked runs for LHC150, LHC18q, and LHC18r data-taking periods, for
Pb—PD collisions at \/syn = 5.02 TeV, along with the total CMUL7 triggered events before and
after physics selection, in the centrality range 0-90%.
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APPENDIX

Signal extraction functions

B.1 Signal shapes

B.1.1 CB2 function

The extended Crystal Ball (CB2) function has a Gaussian core, with power-law "tail" parameters
on both sides, at the lower and higher mass of the charmonia peaks [223]. This function has four

parameters to describe the signal tails and can be written as follows:

AB-t)P, t<p
(B'l) f(x;Na"z)O-’tl;tZ)plapQ):N- exp(—%t2), t1<t<tq
C.D+1)P2, t=t

where

xX—X
t=

g

pP1 1 9
A=ELyr exp(-2 it
(|t1|) exp( 2| i)

c=*2
22l

P2
= — —|tg]

[tol

1
)pz.exp(—§|t2|2)

147



APPENDIX B. SIGNAL EXTRACTION FUNCTIONS

In the Figures of the signal extraction, the parameters in the legend are named in terms of (Norm,

Mass, 0, aLcp,aRcp,nLcg,nRcp), where

N =Norm
X = Mass
=0
t1=—laLcpl
ta =|aRcpl
p1=nLcp
p2=nRcp

B.1.2 NAG0 function

The NA60 function [223] used in this analysis is based on the function introduced by the NA60
Collaboration [205]. The function used in this analysis has a Gaussian core, with variable width
and more parameters to describe the tails on both sides of the signal than in the CB2 function.

The NAG60 function has eight parameters to describe the signal tails and can be expressed as:

1 ¢

(B.Z) f(x;Naxyo-,tl’t27pla"'7p6) :N~9Xp(_§(t_)2),
0
where
xX—X
t=
g

and

1+ (p1(ty —)P2Pevii=t g <ty
to=41, t1<t<tiq

1+ (pa(t —to))Ps7Pevizlz ¢ >1¢g

In the Figures of the signal extraction, the parameters in the legend are named in terms of
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B.2. BACKGROUND SHAPES

(Norm, Mass, o, p1 taill, po taill, pg taill, p tail2, ps tail2, ps tail2), where

N =Norm
X = Mass
o=0
p1=pi taill
p2 = po taill
ps =ps3 taill
p4=pi tail2
ps5 = po tail2
Dpe = ps3 tail2
t1=a1
to =y

B.2 Background shapes

B.2.1 VWG

The Variable-Width Gaussian function [223] is defined as follows:

ey
(B.3) f(x;N,ic,A,B)=N-exp(—(x 2x) ),
20VWG
where
(x—x)

U%WG=A+B

k%
In the Figures of the signal extraction, the parameters in the legend are named in terms of
(VWG1, VWG2, VWG3, VWG4), which is =(N,x,A, B), respectively.

B.2.2 Poll1/Pol2

The ratio of first to second-order polynomial functions is defined as follows:

a1tagx
(B.4) f(x;a1,a2,a3,a4,05) = ——————
agt+aqx+asx

B.2.3 Pol2/Pol3
The ratio of second to third-order polynomial functions is defined as follows:

al +a2x+a3x2

(B.5) f(x;a1,a2,a3,a4,a5,a6,a7) = 5 3
a4 t+asxt+agxc+arx
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APPENDIX B. SIGNAL EXTRACTION FUNCTIONS

B.24 Poll

The first-order polynomial function is defined as follows:

(B.6) f(x;a1,a2) =a1+asx

B.2.5 Expo

The exponential function is defined as follows:

(B.7) f(x;a1,a2) = ay.exp(x/agz)
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APPENDIX

J/y signal extraction in pp collisions

In this Appendix, examples of J/y signal extraction from the OS dimuon invariant mass distribu-
tion for the p7 intervals p1<0.3, 2< pr <3 and 8 < p1r <12 or 6 < pp < 12 GeV/c are shown for
six y intervals within 2.5 < y <4, in pp collisions at /s =5.02 TeV, in Figures C.1, C.2, and C.3,
respectively.

The systematic uncertainty on the J/w yield is summarized for 2.5 < y <4 and six y intervals
within 2.5 < y <4, for the p intervals, p7 <0.3, 0.3 <pr <1, 1< pr <2 GeV/c, in pp collisions at
Vs =5.02 TeV.

C.1 Dimuon invariant mass fits
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APPENDIX C. J/w SIGNAL EXTRACTION IN PP COLLISIONS

C.1.1 p71<0.3GeV/c

o — T —— 3 N L e e e B M B — T ——— 7
- S - ]
= Ny, =106+ 18 E 3 L Ny, =375+ 29 i
E 25<y <275 P1= 7153 +38.26 = E sol— 275<y <3 P1=60.55 + 34.23 A
E _ P2=-14.36 +8.55 B & _ P2 =-8.93 % 8.00 B
E pp. Vs =5.02Tev P3=10.38 6,50 = > pp. V5 =502 Tev P3=25.17+133 q
E b <03GeVic P4 =-22.54+3.64 B i b <0.3Gevic P4=-2320+0.74 ]
iy v P5=6.96 + 1.40 3 3 50 ' P5 =561+ 0.30 —
C Norm,,, =9.43+ 1.70 = © Norm,,, = 40.83 + 3.4 |
E W(2s):S/ IS+B = 0.0 = W(@s):s/s+B =04 i
- Nyas) = 0.00 + 20.58 — 40 Nyzs) = 3.35 + 6.69 A
i Norm, ¢ = 0.00 £ 1.70 = , Norm, ¢ = 0.35 £ 0.71 i
i Mass,,, = 3.080 +0.018 — - Mass,, = 3.102 £ 0,007 a
- 0, =74+ 16 Mev/c? = E a,, = 71% 6 Mev/c* ]
- alg, =075 0.00 — 30— al, =087+ 0.00 —
- gy =15+ 0.0 B C g =24%00 7
AR, =5.84 £ 0.00 - E AR, =268+ 0.00 3
MR =9.5+0.0 3 20 MRy =34%00 A
6 s/\s+B=76 4 C s/\s+B=159 B
B X?IDoF = 1.04 3 E XnDoF = 1.17 =
Py - C ]
i = 10— —
I O LA 2 3
L L ‘ afl o b b L, ;
2 25 3 35 4 45 5 2 25 3 35 4 45 5
My (GeVIic?) My (GeVic?)
L B e B — T T < T T T — — ]
>
100 - Ny, = 486 + 32 — ] Ny, =473+ 30 i
B 3<y<325 P1=388.58 £ 137.86 i z ool 325<y<35 P1= 32156 + 105.37 —
_ P2=-77.05+30.25 N 8 _ P2=-65.11223.13 i
pp. V5 =5.02Tev P3=20.71+4.22 | g pp. 15 =5.02 Tev P3=13.44 £ 4,05 b
solt p.<03GeVic P4 =-24.54 +2.40 _ £ il p.<03GeVic P4=-18.99 + 2.23 i
i P5=7.60+094 3 gol- i P5 =6.47 £ 0.89 7
[ Norm,, = 55.30 + 4.06 N © Norm,, = 58.43 + 4.30
r W(28):S/ S+B = 0.0 | [ w(2s):S/S+B =15 |
r Nys) = 8.63 £ 8.78 B C Nyos = 12.04 £ 7.98 ]
60 — Norm, ¢ = 0.96 + 0.98 — Norm, = 1.57 £ 0.97
L Mass,,, = 3.096 + 0.006 - 60 Mass,,,, = 3.103 £ 0.005 —
L 0, =705 MeVic" 4 - A 0y, =65+ 5 MeVic" b
L L, =0.87+0.00 i = al, =088+ 0.00 B
40— NLes =3.0%0.0 _ = ¢ Nleg=33%00 B
AR, =2.60 £ 0.00 40— AR, =249 £ 0.00 —
r NRey =26+ 0.0 N L R, =30+00 B
r s/ is+B=17.7 B L s/\s+B =181 B
r X2nDoF = 1.17 B L XInDoF = 1.13 i
20— — 20— |
L. ‘ i . i
2 25 3 35 4 4.5 5 2 25 3 35 4 4.5 5
My (GEVIC) My (GEVIC?)
] B Fr T T T T
3 E 3
- Ny, =326+ 22 - 3 18— Ny, =87 +11 4
C 35<y <375 P1=43.37 £ 57.86 — E - 375<y <4 P1 = 1271143.52 + 567825.20 =
[ _ P2=6.18+15.31 | & = _ P2 =-273812.15 + 117992.02 —
50 pp. Vs =502 Tev P3=171.26 £ 4.02 ] 5 6 pp. Vs =502 Tev P3 = -1667546.96 + 317832.70 -
b <03GeVic P4 =-150.56 + 2.31 B z E b, <03GeVic P4 = 1115118.77 + 199235.02 B
’ P5 =33.69 £ 0.85 ] 3 14— N P5 = -143520.30 + 40677.13 —]
40 Norm,,, =39.82 + 3.33 | o - Norm,,, = 13.64 +2.29 1
W(2S):S/ S+B =0.0 ] H (25):S/ VS+B = 0.0 E
Nyzs) = 0.00 £ 2.74 - 12 Nyzs) = 0.00 £ 5.64 —
Norm, ¢, = 0.00 £ 0.33 * i Norm, ¢ = 0.00 + 0.87 =
30l Mass,, = 3.093 £ 0,005 . 10 Mass,, = 3.117 £ 0,008 4
I 0, =66+ 5 MeV/c" ] 0, =512 8 MeV/c’ |
- L, =097 £0.00 m s al g, =1.05%0.00 =
- gy =2.740.0 * Nl =24%00 i
Py AR, =2.00 £ 0.00 ] AR, =1.84 £ 0.00 =
£ NRep =3.4+0.0 i 6 MRy =3.1% 0.0 -
- s/ {s+B=159 m i s/ \S+B=8.0 7
r X?/nDoF = 1.02 * = X?nDoF = 0.48 =
10— — = |
g i T I \HHHlHHHHHHHW
[ i O = plleg1= -~ 9o
ol o 2 g THI T UL
2 25 35 4 45 5 2 2.5 3 35 4 45 5
My (GeVic?) M. (GeVic?)

Figure C.1: Example of OS dimuon invariant mass distribution used to extract Ny, for 0 < pp <
0.3 GeV/c for six y intervals within 2.5 < y < 4, from 2.5 <y < 2.75 (top left) to 3.75 < y <4 (bottom
right), in pp collisions at /s =5.02 TeV. The distribution is fitted with a double CB2 function for
the J/y and w(2S) signals with signal tail parameters from pp MC at /s =5.02 TeV, Pol1/Pol2
function as a background, for the mass window 2.2 <m, <4.5 GeV/c2, and without requiring
the ¢(2S) criterion. The fit functions are the J/w signal (red), ¥(2S) signal (purple), background
(dashed blue), and the total fit function (solid blue).
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C.1. DIMUON INVARIANT MASS FITS
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Figure C.2: Example of OS dimuon invariant mass distribution used to extract Ny, for 2 < pr <
3 GeV/c for six y intervals within 2.5 <y <4, from 2.5 < y < 2.75 (top left) to 3.75 < y <4 (bottom
right), in pp collisions at /s = 5.02 TeV. The distribution is fitted with a double CB2 function
for the J/y and y(2S) signals with signal tail parameters from pp data at /s = 13 TeV, VWG
function as a background, for the mass window 2.4 <m, <4.7 GeV/c2, and without requiring
the ¥(2S) criterion. The fit functions are the J/y signal (red), ¢(2S) signal (purple), background
(dashed blue), and the total fit function (solid blue).
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APPENDIX C. J/w SIGNAL EXTRACTION IN PP COLLISIONS

C.1.3 6or8<pr<12GeV/c
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Figure C.3: Example of OS dimuon invariant mass distribution used to extract Ny, for six
y intervals within 2.5 < y < 4, from 2.5 < y < 2.75 (top left) to 3.75 < y < 4 (bottom right): for
6 <pr<12GeV/c for 2.5 <y <2.75 and 3.75 < y <4, and for 8 < p1 <12 GeV/c for 2.75 < y < 3.0,
3.0<y<3.25,3.25<y<3.5,3.5<y<3.75, in pp collisions at /s =5.02 TeV. The distribution
is fitted with a double CB2 function for the J/y and ¥(2S) signals with signal tail parameters
from pp MC at /s =5.02 TeV, VWG function as a background, for the mass window 2.2 <m up <
4.5 GeV/c?, and requiring the ¢(2S) criterion. The fit functions are the J/i signal (red), w(2S)
signal (purple), background (dashed blue), and the total fit function (solid blue).
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C.2. SYSTEMATIC UNCERTAINTY ON THE RAW J/yv YIELD IN PP COLLISIONS
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Figure C.4: The J/i signal extraction fit quality (y2/NDF), the J/y width (o), mass (M), and raw
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yield (N}f‘uvj") for several fit configurations for pt < 0.3 GeV/c and 2.5 < y < 2.75 in pp collisions at
v/s'=5.02 TeV. The green line represents one standard deviation from the average value (red).
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Figure C.5: The J/i signal extraction fit quality (y2/NDF), the J/w width (o), mass (M), and raw

yield (N}Zl‘f) for several fit configurations for pt < 0.3 GeV/c and 2.75 < y < 3.0 in pp collisions at

Vs =5.02 TeV. The green line represents one standard deviation from the average value (red).
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Figure C.6: The J/i signal extraction fit quality (y2/NDF), the J/y width (o), mass (M), and raw

yield (Njf‘;jv) for several fit configurations for pt < 0.3 GeV/c and 3.0 < y < 3.25 in pp collisions at

V/s'=5.02 TeV. The green line represents one standard deviation from the average value (red).
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Figure C.7: The J/i signal extraction fit quality (y2/NDF), the J/w width (o), mass (M), and raw

yield (N}Zl‘f) for several fit configurations for pt < 0.3 GeV/c and 3.25 < y < 3.5 in pp collisions at

Vs =5.02 TeV. The green line represents one standard deviation from the average value (red).
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Figure C.8: The J/y signal extraction fit quality (y2/NDF), the J/y width (o), mass (M), and raw

yield (szy) for several fit configurations for pt < 0.3 GeV/c and 3.5 < y < 3.75 in pp collisions at

V/s =5.02 TeV. The green line represents one standard deviation from the average value (red).
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Figure C.9: The J/i signal extraction fit quality (y2/NDF), the J/w width (o), mass (M), and raw

yield (NS;“‘UV/") for several fit configurations for pt < 0.3 GeV/c and 3.75 < y <4 in pp collisions at

V/s =5.02 TeV. The green line represents one standard deviation from the average value (red).

160



_________________3________

———o

——————0 —————

———o———
———o ———o—

————

t

________+_______________

ﬂ
|

J -

Rl _+_—+— 3T _+__+_
++
Avg. NJ/lp
—— RMS

4+
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Figure C.10: The J/i signal extraction fit quality (y2/NDF), the J/y width (o), mass (M), and raw
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ﬁddMﬁWHMSWQMﬁth@mﬁMMﬂn03<pT<1&Nkmm25<y<4mppmmwmsﬁ
Vs =5.02 TeV. The green line represents one standard deviation from the average value (red).
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Figure C.11: The J/y signal extraction fit quality (y2/NDF), the J/y width (o), mass (M), and raw

yield (ij"uvl") for several fit configurations for 0.3 < pr <1 GeV/c and 2.5 < y < 2.75 in pp collisions

at /s =5.02 TeV. The green line represents one standard deviation from the average value (red).
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Figure C.12: The J/i signal extraction fit quality (y2/NDF), the J/y width (0), mass (M), and raw
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ﬁddmﬁyﬂmswwﬂﬁhmﬁgn%hmﬁﬁ03<pT<lG&M%md2%<y<&0mppmmmms
at /s =5.02 TeV. The green line represents one standard deviation from the average value (red).
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Figure C.13: The J/y signal extraction fit quality (y2/NDF), the J/y width (o), mass (M), and raw
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yield (ij"uvl") for several fit configurations for 0.3 < pr <1 GeV/c and 3.0 < y < 3.25 in pp collisions
at /s =5.02 TeV. The green line represents one standard deviation from the average value (red).
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Figure C.14: The J/i signal extraction fit quality (y2/NDF), the J/y width (o), mass (M), and raw
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ﬁddmﬁyﬂmswwﬂﬁhmﬁgn%hmﬁﬁ03<pT<lG&M%md&%<y<&5mppmmmms
at /s =5.02 TeV. The green line represents one standard deviation from the average value (red).
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at /s =5.02 TeV. The green line represents one standard deviation from the average value (red).

Figure C.15: The J/i signal extraction fit quality (y2/NDF), the J/y width (¢), mass (M), and raw
yield (ij"uvl") for several fit configurations for 0.3 < pr <1 GeV/c and 3.5 < y < 3.75 in pp collisions
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Figure C.16: The J/i signal extraction fit quality (y2/NDF), the J/y width (0), mass (M), and raw

yield (N}?J") for several fit configurations for 0.3 < pp <1 GeV/c and 3.75 < y <4 in pp collisions

at /s =5.02 TeV. The green line represents one standard deviation from the average value (red).
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Figure C.17: The J/y signal extraction fit quality (y2/NDF), the J/y width (o), mass (M), and raw

yield (NW) for several fit configurations for 1 < pp <2 GeV/c and 2.5 < y <4 in pp collisions at

Vs =5.02 TeV. The green line represents one standard deviation from the average value (red).
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Figure C.18: The J/i signal extraction fit quality (y2/NDF), the J/y width (o), mass (M), and raw
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yield (N}?J") for several fit configurations for 1 < pp <2 GeV/c and 2.5 < y < 2.75 in pp collisions
at /s =5.02 TeV. The green line represents one standard deviation from the average value (red).
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Figure C.19: The J/i signal extraction fit quality (y2/NDF), the J/y width (o), mass (M), and raw

yield (ij"uvl") for several fit configurations for 1 < pp <2 GeV/c and 2.75 < y < 3.0 in pp collisions

at /s =5.02 TeV. The green line represents one standard deviation from the average value (red).
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Figure C.20: The J/i signal extraction fit quality (y2/NDF), the J/y width (o), mass (M), and raw

yield (N}?J") for several fit configurations for 1 < pp <2 GeV/c and 3.0 < y < 3.25 in pp collisions

at /s =5.02 TeV. The green line represents one standard deviation from the average value (red).
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4aN/X (;9/A3N) ©

Figure C.21: The J/i signal extraction fit quality (y2/NDF), the J/y width (o), mass (M), and raw

yield (ij"uvl") for several fit configurations for 1 < pp <2 GeV/c and 3.25 < y < 3.5 in pp collisions
at /s =5.02 TeV. The green line represents one standard deviation from the average value (red).
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Figure C.22: The J/i signal extraction fit quality (y2/NDF), the J/y width (0), mass (M), and raw

yield (N}?J") for several fit configurations for 1 < pp <2 GeV/c and 3.5 < y < 3.75 in pp collisions

at /s =5.02 TeV. The green line represents one standard deviation from the average value (red).
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V/s =5.02 TeV. The green line represents one standard deviation from the average value (red).
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Figure C.23: The J/y signal extraction fit quality (y2/NDF), the J/y width (o), mass (M), and raw
yield (N}?J") for several fit configurations for 1 < pp <2 GeV/c and 3.75 < y <4 in pp collisions at



APPENDIX

Acceptance x Efficiency fit functions

The following fit functions are used to fit the y and pt evolution of the J/w A xe:

pPT

(D.1) f(pT)=po x W

Y—P5\2
O.ES(T76 )

(D.2) f(y)=paxe

where all the fit parameters pg to pg are left free.
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APPENDIX

J/y signal extraction in Pb-Pb collisions

In the following, a few examples of J/i signal extraction for 0.3 < pp <1 GeV/c in Pb—Pb collisions
at \/sNN =5.02 TeV for 2.5 < y < 2.75, are shown in Figure E.1 and E.2.
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APPENDIX E. J/v SIGNAL EXTRACTION IN PB-PB COLLISIONS
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Figure E.1: Examples of OS dimuon invariant mass distribution used to extract Ny, for 0.3 <
pr <1 GeV/c in Pb—Pb collisions at \/syn =5.02 TeV for 2.5 <y <2.75. From top-left to bottom-
right, the distribution is fitted with NA60 + Expo using incoherent STARLIGHT tails (top-
left), with CB2 + Expo using pp 13 TeV data tails (top-right), with NA60 + Pol1/Pol2 using
incoherent STARLIGHT tails (bottom-left), and with CB2 + Pol1/Pol2 using pp 13 TeV data tails
(bottom-right). All distributions are fitted without applying the ¥(2S) criterion. The left (right)
distributions are fitted in the mass range 2.2 <m, <4.5 GeV/c? (2.4 < my, <4.7 GeV/c?). The fit
functions are the J/y signal (red), ¥(2S) signal (green), background (dashed blue), and the total
fit function (solid blue).
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Figure E.2: Examples of OS dimuon invariant mass distribution used to extract Nj;, for 0.3 <
p1 <1 GeV/c in Pb—Pb collisions at \/sNyn =5.02 TeV for 2.5 < y <2.75. From top-left to bottom-
right, the distribution is fitted with CB2 + VWG using pp 13 TeV data tails (top-left), with NA60
+ VWG using embedding hadronic MC tails (top-right), with CB2 + Poll using pp 13 TeV data
tails (bottom-left), and with NA60 + Poll using embedding hadronic MC tails (bottom-right). All
distributions are fitted without applying the ¢(2S) criterion. The top (bottom) distributions are
fitted in the mass range 2.2 <m, <4.5 GeV/c? (2.4 < my, <4.7 GeV/c?). The fit functions are
the J/y signal (red), w(2S) signal (green), background (dashed blue), and the total fit function
(solid blue).
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APPENDIX

The trigger response function

In Pb—Pb collisions, the trigger response function (RF) can be fitted using the following function:

p7+Ppo [erf(—maxis\’;;)_pl) - 1.] =Y1; pe<pr=<2GeVic

(F.1) RF(pT) =4

Yi+ps [erf(_lf?\;;“)—erf(%)]; PT<DPé

P1 .
pot 1+exp(—pa2(pr-p3))’ pr>2GeVic

where erf is the error function, and pg, p1,..., p7 are free parameters.
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from unity are summarized in Table G.1 and Table G.2.

APPENDIX

The J/w Raa

The numerical values of the J/ir Raa (pt) for six y intervals within 2.5 < y <4, and deviation

y interval R} + stat (%) + syst (%) Ry ~ Do
1<pr<2GeV/e
25<y<2.75 | 091+ 0.14 (15.2%) + 0.09 (9.8%) 0.5
2.75<y<3.0 | 0.90 + 0.07 (7.6%) + 0.05 (5.7%) 0.9
3.0<y<3.25| 0.87+ 0.06 (6.5%) + 0.06 (6.5%) 13
3.25<y<35 | 0.91+ 0.06(6.4%) + 0.06 (6.2%) 0.8
35<y<3.75 | 0.79 + 0.05 (6.9%) + 0.06 (7.0%) 2.1
375<y<4 | 0.65 + 0.08 (12.9%) + 0.05 (7.9%) 32
2<pr<3GeV/c
25<y<2.75 | 0.91 « 0.13 (14.3%) + 0.09 (10.2%) 0.5
2.75<y<3.0 | 0.80 + 0.07 (8.2%) + 0.05 (6.3%) 19
3.0<y<325| 0.70 + 0.05 (7.1%) + 0.05 (6.5%) 35
3.25<y<385 | 0.75 + 0.06 (7.5%) + 0.05 (6.6%) 27
35<y<3.75 | 0.81 + 0.06 (7.9%) + 0.05 (6.0%) 19
375<y<4 | 0.72 % 0.10 (14.4%) + 0.06 (8.3%) 21
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Table G.1: Numerical values of Ri/Z as a function of y for 1 < pt < 3 GeV/c. The quoted uncertain-
ties are the statistical and uncorrelated systematic ones. The relative uncertainties are given in
percentage between parenthesis. The global correlated systematic uncertainty amounts to 7.6%.
The Rpa deviation from one is shown in the third column, where gy is the total uncertainty.




APPENDIX G. THE J/y Raa

y interval R} +stat (%) + syst (%) Ry — /04
3<pr<4GeV/c
25<y<2.75 | 0.70 £ 0.11 (15.8%) + 0.06 (9.2%) -2.2
2.75<y<3.0 | 0.88 + 0.08(8.8%) + 0.06 (7.2%) -1.0
3.0<y<3.25 | 0.71 + 0.06 (8.3%) + 0.04 (6.2%) -3.2
3.25<y<3.5 | 0.82+0.06(7.6%) + 0.05 (6.0%) -1.8
3.56<y<3.75 | 0.74 £ 0.07 (10.2%) + 0.05 (6.2%) -2.5
3.75<y<4 | 0.67 +0.11 (16.6%) + 0.04 (6.4%) -2.5
4 < pr <6 GeV/e
25<y<2.75 | 0.80 £+ 0.12 (15.4%) + 0.07 (8.9%) -1.3
2.756<y<3.0| 0.79 £ 0.06 (8.2%) + 0.05 (6.4%) 2.1
3.0<y<3.25 | 0.82+0.06(6.9%) + 0.05 (5.6%) -1.9
3.25<y<3.5 | 0.76 + 0.06 (7.9%) + 0.05 (6.0%) -2.5
3.5<y<3.75 | 0.84 + 0.08(9.3%) + 0.05 (6.5%) -1.4
3.75<y<4 | 0.69 +0.12 (17.6%) + 0.05 (7.6%) -2.2
6<pr<8orb6<pr<12 GeV/c
25<y<2.75 | 0.98 £ 0.15 (15.7%) + 0.09 (9.6%) -0.1
2.75<y<3.0| 0.81 +£0.09(11.6%) + 0.05 (6.1%) -1.5
3.0<y<3.25| 0.74 £ 0.08 (11.3%) + 0.04 (5.9%) -24
3.256<y<3.5| 0.73 +£0.10 (13.6%) + 0.05 (6.5%) -2.2
3.5<y<3.75 | 0.73 £ 0.11 (15.6%) + 0.04 (5.7%) -2.0
3.75<y<4 | 0.89 +0.21 (23.7%) + 0.07 (7.3%) -0.5
8< pr<12 GeV/e
25<y<2.75 - -
2.75<y<3.0 | 0.60 £ 0.12 (19.3%) + 0.04 (6.2%) -3.1
3.0<y<3.25 | 0.58 +£0.12 (20.9%) + 0.04 (6.6%) -3.1
3.256<y<3.5| 0.76 £ 0.16 (20.4%) + 0.05 (7.2%) -14
3.56<y<3.75 | 0.64 + 0.16 (24.2%) + 0.05 (8.3%) 2.1
3.76<y<4 - -

Table G.2: Numerical values of RZZZ as a function of y for 3 < pt < 12 GeV/c. The quoted uncertain-
ties are the statistical and uncorrelated systematic ones. The relative uncertainties are given in
percentage between parenthesis. The global correlated systematic uncertainty amounts to 7.6%.
The Raa deviation from one is shown in the third column, where gy is the total uncertainty.
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APPENDIX

Modeling functions

In the following, the formulas of the fit functions used to model the hadronic J/y yield are
detailed.
Power-law function: it has 4 free parameters (V,{pT),n1,n9) if n1 is not fixed. It is ex-

pressed as:

pT
(1+(&5)")"

Levy function [224]: it has 3 free parameters (NV,n,T), and here m is fixed to the J/ PDG

mass [9]. It is expressed as:
—-n
2
prin-Dn-2) [ ym+pr-m
X

nT x(nT +m(n—2)) nT

(H.1) f(pr)=N x

(H.2) f(pT)=N x

Step function: it has 2 parameters, C; and Cy.The step position being fixed at pg is fixed. It

is expressed as:

Cy;if pr<po
(H.3) f(pr) = .
Cs; if pr = po
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