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Quarkonium (e.g. J/ψ or Υ and their excited states), bound states of charm and anticharm (cc) or bottom and antibottom (b b) quarks, represent an effective tool to test our understanding of quantum chromodynamics (QCD), concerning both their production mechanisms in vacuum or vacuum-like hadronic environments, and their interaction with the deconfined medium produced in ultra-relativistic heavy-ion collisions.

Among the available tools to characterize quarkonium production in proton-proton collisions, the correlation between quarkonium production and the charged-particle multiplicity is particularly helpful in order to investigate the interplay between soft and hard production mechanisms of quarkonium. In this context, the charged-particle multiplicity allows one to characterize the properties of the underlying event (including the role of multiparton interactions), acting as an effective scaling parameter determining the deviation of the observed effects from the vacuum reference, independently of the collision mode size. Another interesting tool to constrain our understanding of quarkonium production, is the study of quarkonium polarization, i.e. the spin alignment of a given quarkonium state with respect to a chosen axis.

ALICE is an experiment at the CERN Large Hadron Collider (LHC), dedicated to the study of hadronic collisions from pp to Pb-Pb, where a hot and dense medium can be created, named quark-gluon plasma. With the Run 2 data taking of the LHC, the highest collision energies ever delivered in the laboratory have become accessible.

In this thesis, the measurement of Υ(1S), Υ(2S), and Υ(3S) yields as a function of the charged-particle multiplicity density dN ch /dη, using the ALICE experiment at the LHC, is reported in pp collisions at √ s = 13 TeV.

The Υ meson yields are measured at forward rapidity (2.5 < y < 4) in the dimuon decay channel, whereas the charged-particle multiplicity is defined at central rapidity (|η| < 1). Both quantities are normalized to their average value in minimum bias events. The increase of the self-normalized Υ(1S), Υ(2S), and Υ(3S) yields is found to be compatible with a linear scaling with the self-normalized dN ch /dη, within the uncertainties. The measured Υ excitedto-ground state self-normalized yield ratios are found to be compatible with unity within uncertainties. Similarly, the measured double ratio of the self-normalized Υ(1S) to the self-normalized J/ψ yields, both measured at forward rapidity, is compatible with unity for self-normalized charged-particle multiplicity beyond one. The measurements are compared with theoretical predictions incorporating initial or final state effects.

The Υ(1S) polarization has been also measured in pp collisions at √ s = 13 TeV; the analysis could not be extended to the excited states Υ(2S) and Υ(3S) due to the limited size of the available data sample. The Υ(1S) polarization parameters λ θ , λ ϕ and λ θϕ have been measured as a function of p T both in the Helicity and Collins-Soper reference frames. No significant deviation from a zero-polarization scenario is observed for the Υ(1S) in pp collisions, as expected from the Next-to-Leading-Order QCD calculations. This result is consistent with the measurement performed by LHCb in pp collisions at √ s = 8 TeV in a similar kinematic region (2.2 < y < 4.5) within large uncertainties.

R ésum é

Les états de quarkonium (e.g. J/ψ ou Υ et leurs états excit és), états li és de quarks charme et anticharme (cc) ou bottom et antibottom (b b) fournissent un moyen efficace de tester notre compr éhension de la chromodynamique quantique (QCD), à la fois en ce qui concerne leurs m écanismes de production dans le vide ou dans des environnements hadroniques de type vide et leur interaction avec le milieu d éconfin é produit en collisions d'ions lourds ultra-relativistes.

Parmi les outils offerts pour caract ériser la production de quarkonium en collisions proton-proton, la corr élation entre production de quarkonium et multiplicit é de particules charg ées est particuli èrement pertinente pour mettre en évidence le r ôle jou é par les m écanismes durs et doux de production de quarkonium. Dans ce contexte, la multiplicit é de particules charg ées permet d' établir les propri ét és de l' év énement sous-jacent (y compris le r ôle des interactions multi-partoniques), agissant comme un param ètre d' échelle effectif, d éterminant l' écart des effets observ és à la réf érence du vide, ind épendamment de la taille du syst ème. L' étude de la polarisation de quarkonium, i.e. l'alignement d'un état donn é de quarkonium par rapport à un axe choisi, est un autre outil int éressant pour éclairer notre compr éhension de la production de quarkonium.

ALICE est une exp érience install ée au LHC (Large Hadron Collider) du CERN, d édi ée à l'étude de collisions hadroniques de proton-proton à Pb-Pb, o ù un milieu chaud et dense peut être cr é é, nomm é le Plasma de Quarks-Gluons (QGP). Cette th èse d écrit la mesure des Υ(1S), Υ(2S), et Υ(3S) en fonction de la densit é de multiplicit é de particules charg ées dN ch /dη, effectu ée par l'exp érience ALICE du LHC en collisions proton-proton à √ s = 13 TeV. Les m ésons Υ sont mesur és à rapidit é avant (2.5 < y < 4) dans le canal de d ésint égration dimuon, tandis que la multiplicit é de particules charg ées est mesur ée aux rapidit és centrales (|η| < 1). Ces deux quantit és sont normalis ées à leurs valeurs moyennes obtenues dans les év énements de biais minimum. L'augmentation observ ée des taux de production des Υ(1S), Υ(2S) et Υ(3S) en fonction de la multiplicit é de particules charg ées normalis ée est compatible avec une évolution lin éaire, compte-tenu des barres d'erreur. Les rapports états excit és sur fondamentaux normalis és sont compatibles avec l'unit é, compte tenu des barres d'erreur. De m ême, le double rapport normalis é Υ(1S) sur J/ψ, tous deux aux rapidit és avant, est compatible avec l'unit é pour des multiplicit és de particules charg ées normalis ées au del à de 1. Les mesures sont confront ées à des pr édictions de mod èles th éoriques incorporant des effets d' états initiaux ou finaux.

La polarisation du Υ(1S) a aussi ét é mesur ée en collisions proton-proton à √ s = 13 TeV. Du fait de la taille r éduite du lot de donn ées collect ées, l'analyse n'a pas pu être men ée pour les états Υ(2S) et Υ(3S). Les param ètres de polarisation λ θ , λ ϕ et λ θϕ ont ét é extraits pour le Υ(1S) en fonction de l'impulsion transverse dans les r éf érentiels de r éf érence de l'h élicit é et de Collins-Soper. Aucun écart significatif du sc énario de polarisation nulle a ét é observ é pour le Υ(1S) en collisions pp, conform ément aux pr édictions de calculs Next-to-Leading-Order QCD. Ce r ésultat est en accord avec une mesure effectu ée par la collaboration LHCb en collisions pp à √ s = 8 TeV dans une r égion cin ématique similaire (2.2 < y < 4.5).
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Introduction

The quark-gluon plasma (QGP) is a deconfined state of hadronic matter predicted by Quantum Chromodynamics (QCD), the theory of the strong interaction, which can be produced in laboratory in ultra-relativistic heavy-ion collisions. Heavy quarks, (charm or bottom quarks), are expected to be produced in the early stages of such collisions, before the formation of the QGP, and they would go through the whole QGP evolution. In this context, quarkonium states (bound states composed of a heavy q q pair), are among the most powerful probes of the QGP, characterized by a small size (<1 fm) and large binding energy (of the order of few hundred MeV). For the J/ψ cc state, in particular, there are some evidences showing that in the presence of a QGP, certain mechanisms such as color screening and dynamical dissociation would lead to a sequential suppression of the corresponding population, while regeneration (due to the statistical recombination of cc pairs) may on the contrary contribute to increase the measured yield. In more general terms, a proper understanding of quarkonium production is crucial both in small collision systems like proton-proton, where the basic concepts of QCD, can be investigated, and in heavy-ion collisions where the QGP properties can be characterized. In this thesis, the multiplicity dependence of the Υ(nS)

production and the Υ(1S) polarization in proton-proton collisions are studied and discussed in order to constrain the quarkonium production mechanisms.

The quark-gluon plasma

The universe was filled with an astoundingly hot and dense soup made of various elementary particles for a few millionths of a second just after the Big Bang. Quarks and gluons, carriers of the strong force that usually "glues" quarks together into protons, neutrons, and other hadronic states, were the dominant particles in this medium.

Quarks and gluons were only loosely connected under conditions of exceedingly high temperature and density, allowing them to freely travel in a state known as a quark-gluon plasma (QGP). Powerful accelerators cause collisions between heavy ions, such gold or lead nuclei, to mimic the circumstances of the very early universe. The hundreds of protons and neutrons in two such nuclei collide with one another in these heavy-ion collisions with energy up to a few trillion electronvolts each, forming a fireball in which hadronic matter "melts" into a QGP. The fireball expands and cools, and the individual quarks and gluons (collectively known as partons) recombine (hadronize) into hadronic states that flow away in all directions. The final-state particles are mainly pions and kaons, which are light (u, d, s) quark-antiquark pairs. Most of them can be investigated by analyzing the distribution and energy of the resulting fragments. Early research revealed that the QGP acts less like a gas and more like a perfect fluid with low viscosity.

There are other experimental observations that help to further characterize the QGP state, among which one can cite: the suppression of high p T particles and jets due to energy loss of the partons in the hot and dense medium;

the enhancement of strange and multi-strange particles and signatures of a collective motion of the medium (see Ref. [1] and references therein). Among the various probes of the QGP, heavy quarks (charm and beauty) are of particular interest: due to their large mass, they are mainly produced in hard processes at the early stages of the heavy-ion collision, and subsequently interact with the strongly-interacting medium formed in the collision.

Introduction to quarkonium

Quarkonium states are composed of a charm (c, m c ∼ 1.3 GeV/c 2 ) or bottom (b, m b ∼ 4.2 GeV/c 2 ) quark and its corresponding anti-quark: these two families of bound states, named "charmonium" and "bottomonium", respectively, are a powerful tool to understand the QCD. Both perturbative and non-perturbative aspects of QCD are involved in the mechanisms driving quarkonium production, and therefore it has to be treated with approaches that include both regimes. For this reason, quarkonium production represents a still open field in high energy physics, with some aspects related to its production that are not completely understood. Moreover, being produced in the early stages of hadronic collisions, they represent a very versatile probe to investigate the properties of the QGP produced in heavy-ion collisions.

Charmonium and bottomonium

A cc resonance with a mass of approximately 3.1 GeV/c 2 , named J/ψ, was originally detected in 1974 by two distinct laboratories almost simultaneously [2,3]. The first group was the one by S. Ting and collaborators, who noticed a significant peak in the electron-positron invariant mass spectrum (shown in the left of Fig. 1.1), when [START_REF] Rothkopf | Heavy Quarkonium in Extreme Conditions[END_REF] GeV protons accelerated by the Alternating Gradient Synchrotron (AGS) at the Brookhaven National Laboratory (BNL) collided with a fixed target [2]. The second group was the one by B. Richter and collaborators, who observed the same structure in e + e -annihilation (shown in the right of Fig. 1.1) at the electron-positron storage ring SPEAR at the Stanford Linear Accelerator Center (SLAC) [3]. The same group at the SLAC also found the ψ(2S), the first excited state of J/ψ. The charmonium spectrum for states under the open heavy-flavor pair production threshold is depicted in Fig. 1.2.

Figure 1.1: Left: Invariant mass distribution of e + e -pairs produced in the reaction p+Be from proton beams accelerated at the alternating gradient synchrotron of the BNL [2]. Right: Cross section as a function of energy for multi-hadron final states (top), e + e -(middle) and μ + μ -, π + π -and K + K -(bottom). The curve in (a) is the expected shape of the δ-function folded with the Gaussian energy spread of the beams and including radiative processes [3].

A new resonance, named Υ, was discovered in the dimuon mass spectrum at around 9.5 GeV/c 2 in 400 GeV proton-nucleus collisions at Fermilab in 1977 [5]. It was soon determined that this particle was the lightest vector meson, and its excited states, Υ(2S) and Υ(3S), were observed in 1977 [6] and 1979 [7], respectively. The main Υ decay modes are summarized in Fig. 1.3, and Tab. 1.1. Notably, a large fraction of Υ(1S) component comes from feed-down, i.e. Υ(1S) produced in the decay of the heavier (excited) states.

The states of charmonium and bottomonium are both categorized using the quantum numbers -principal quantum number (n), orbital angular momentum (L), spin (S) and total angular momentum (J), and using the spectroscopic notation (n 2S+1 L J ). Additionally, they can be described using the J PC convention, where P = (-1) L+1

and C = (-1) L+S are used to represent the parity and the charge conjugation, respectively. The two states that are most frequently formed are S-wave (L = 0) and P-wave (L = 1). When it comes to S-waves, if they are singlets of the total angular momentum (J = 0), they are called η c (or η b ). If they are triplets (J = 1), they are named ψ(cc) (or Υ(b b)). While when it comes to P-wave triplets, they are known as χ c (or χ b ). e + e -(1.9%)

μ + μ -(2.5%) μ + μ -(1.9%) μ + μ -(2.2%) τ + τ -(2.6%) τ + τ -(2.0%) τ + τ -(2.3%)
Table 1.1: Summary of the most significant characteristics of the Υ(nS) states. The percentages in brackets are the branching ratios [START_REF] Zyla | Review of Particle Physics[END_REF].

Quarkonium production mechanism

Quarkonium production in pp collisions

Various theoretical models have been developed in the last decades, in an effort to describe the complete picture of the production mechanism, from the hard partonic interaction to heavy-quark pair (Q Q) hadronization in quarkonium. A factorization hypothesis between hard and soft scales serves as the basis for most common available approaches. First phenomenological attempts (e.g. the Color Evaporation Model [START_REF] Fritzsch | Producing Heavy Quark Flavors in Hadronic Collisions: A Test of Quantum Chromodynamics[END_REF]) have been replaced

by the Non-Relativistic QCD (NRQCD) [START_REF] Bodwin | Rigorous QCD analysis of inclusive annihilation and production of heavy quarkonium[END_REF], a rigorous effective field theory. Two models can be derived from this framework based on the sub-processes considered: the Color-Singlet Model (CSM) [START_REF] Einhorn | Hadronic Production of the New Resonances: Probing Gluon Distributions[END_REF][START_REF] Lansberg | On the mechanisms of heavy-quarkonium hadroproduction[END_REF] and the Color-Octet Model (COM) [START_REF] Bodwin | Rigorous QCD analysis of inclusive annihilation and production of heavy quarkonium[END_REF]. The CSM considers a wave function computed at zero q q separation, i.e. without any free parameter, and assumes no evolution of the quantum color-singlet state between the production of Q Q and the formation of quarkonium state. On the contrary, Long-Distance Matrix Elements (LDMEs) are introduced by the COM to account for the hadronization probability in a quarkonium state, according to its final quantum numbers.

Recently, an improved version of the Color Evaporation Model (ICEM) has been developed to better describe the production of heavy quarkonia. Unlike the traditional Color Evaporation Model, ICEM incorporates a constraint that requires the invariant mass of the intermediate heavy quark-antiquark pair to be greater than the mass of the produced quarkonium. This constraint helps improve the description of heavy quarkonium production and provides a more accurate modeling of the underlying physics involved [START_REF] Vogt | Quarkonium Production and Polarization in an Improved Color Evaporation Model[END_REF].

Recent measurements at the LHC have demonstrated the importance of color-octet terms in describing the J/ψ, ψ(2S), and Υ(nS) (n=1, 2 or 3) production cross sections [START_REF] Acharya | Energy dependence of forward-rapidity J/ψ and ψ(2S) production in pp collisions at the LHC[END_REF][START_REF] Sirunyan | Measurement of quarkonium production cross sections in pp collisions at √ s = 13 TeV[END_REF], illustrated in Fig. 1.4 and 1.5. In the left panel of Fig. 1.4, the ALICE measurement of inclusive J/ψ cross section at forward rapidity as a function of transverse momentum (p T ) in pp collisions at √ s = 13 TeV [START_REF] Acharya | Energy dependence of forward-rapidity J/ψ and ψ(2S) production in pp collisions at the LHC[END_REF] is compared to the results of two model calculations: (a) the first is based on NRQCD calculation [START_REF] Ma | J/ψ (ψ ) production at the Tevatron and LHC at O(α 4 s v 4 ) in nonrelativistic QCD[END_REF] and provides predictions at high p T . (b) the second is based on NRQCD coupled to a Color Glass Condensate (CGC) approach [START_REF] Ma | Comprehensive Description of J/ψ Production in Proton-Proton Collisions at Collider Energies[END_REF] and makes predictions for J/ψ at low p T . The nonprompt contribution from B-mesons, is calculated using Fixed-Order Next-to-Leading Logarithm (FONLL) [START_REF] Cacciari | Theoretical predictions for charm and bottom production at the LHC[END_REF] and added to the prompt J/ψ cross section since the ALICE results are relative to the inclusive production. With this combination of models, it is possible to achieve a good description of the cross section over the whole range of transverse momentum covered by the measurements. Similar results are available for ψ(2S), as shown in the right panel of Fig. 1.4. For the the Υ(nS) (n = 1, 2 or 3) states, a measurement of the transverse momentum dependence of the differential production cross sections in pp collisions at √ s = 13 TeV is provided by the CMS collaboration [START_REF] Sirunyan | Measurement of quarkonium production cross sections in pp collisions at √ s = 13 TeV[END_REF], even if in a range limited to p T > 20 GeV/c. In this case, the experimental measurements are in agreement with the NRQCD predictions [START_REF] Han | Υ(nS) and χ b (nP ) production at hadron colliders in nonrelativistic QCD[END_REF], as shown in Fig. 1.5. Moreover, the ICEM model does a rather reasonable predictions for the quarkonium production cross sections [START_REF] Acharya | Inclusive quarkonium production in pp collisions at √ s = 5.02 TeV[END_REF].

Other measurements, are at odds with the NRQCD calculations, as shown in Fig. 1.6. This figure shows with ALICE, compared to predictions from NRQCD [START_REF] Ma | J/ψ (ψ ) production at the Tevatron and LHC at O(α 4 s v 4 ) in nonrelativistic QCD[END_REF] coupled to a FONLL [START_REF] Cacciari | Theoretical predictions for charm and bottom production at the LHC[END_REF] (grey), and NRQCD coupled to a CGC [START_REF] Ma | Comprehensive Description of J/ψ Production in Proton-Proton Collisions at Collider Energies[END_REF] and FONLL (blue). Figures taken from Ref. [START_REF] Acharya | Energy dependence of forward-rapidity J/ψ and ψ(2S) production in pp collisions at the LHC[END_REF]. NRQCD predictions [START_REF] Han | Υ(nS) and χ b (nP ) production at hadron colliders in nonrelativistic QCD[END_REF]. Figure taken from [START_REF] Sirunyan | Measurement of quarkonium production cross sections in pp collisions at √ s = 13 TeV[END_REF]. a measurement of the J/ψ production in jets measured by LHCb collaboration [START_REF] Aaij | Study of J/ψ Production in Jets[END_REF], which shows discrepancies between Leading-Order NRQCD predictions and experimental results. The momentum fraction (z(J/ψ)) of the jet carried by prompt J/ψ does not match the NRQCD-based predictions as implemented in PYTHIA 8.

Beyond the production cross-section, the J/ψ polarization is another significant observable of interest for challenging theoretical predictions: small longitudinal polarization of J/ψ has been observed under different experimental conditions (see Ref. [START_REF] Aaij | Measurement of J/ψ polarization in pp collisions at √ s = 7 TeV[END_REF] and references therein), in contrast with the predictions of some of the available theoretical models. The CSM, for instance, predicts significant transverse polarization at leading order, but substantial longitudinal polarization at higher orders [22]. Since gluon fragmentation is the dominant production process at high p T and the J/ψ is assumed to carry over the gluon polarization, the NRQCD predicts a large transverse polarization at high p T . There is no polarization, in contrast, in the predictions of the CEM because any possible initial polarization is washed out by soft gluon exchanges [START_REF] Amundson | Quantitative tests of color evaporation: Charmonium production[END_REF]. In Fig. 1.7, a measurement of J/ψ polarization as a function of p T in pp collisions at √ s = 7 TeV [START_REF] Aaij | Measurement of J/ψ polarization in pp collisions at √ s = 7 TeV[END_REF] is compared to CSM and several NRQCD predictions by different groups, using different experimental data to constrain the LDMEs [22][START_REF] Chatrchyan | Measurement of the Prompt J/ψ and ψ(2S) Polarizations in pp Collisions at √ s = 7 TeV[END_REF][START_REF] Chao | J/ψ Polarization at Hadron Colliders in Nonrelativistic QCD[END_REF][START_REF] Shao | Spin correlations in polarizations of P-wave charmonia χ cJ and impact on J/ψ polarization[END_REF]. It is important to acknowledge that the LHCb results take into account the influence of feed-down, whereas the theoretical calculations by CSM and NRQCD [22] do not incorporate feed-down from excited states. Therefore, the CSM does not agree with the data, while the various NRQCD predictions vary widely, with one of them coming near to the data [START_REF] Chao | J/ψ Polarization at Hadron Colliders in Nonrelativistic QCD[END_REF][START_REF] Shao | Spin correlations in polarizations of P-wave charmonia χ cJ and impact on J/ψ polarization[END_REF]. Notably, the contribution of radiatively-decaying P-wave χ c states to the J/ψ yield introduces additional uncertainties to the theoretical predictions for the J/ψ polarization. The CSM can only be brought into agreement with data under extreme assumptions for the polarization of the J/ψ from χ c feed-down [START_REF] Lansberg | J/ψ production at √ s = 1.96 and 7 TeV: Color-Singlet Model, NNLO and polarisation[END_REF]. collisions, compared to NRQCD [22][START_REF] Chatrchyan | Measurement of the Prompt J/ψ and ψ(2S) Polarizations in pp Collisions at √ s = 7 TeV[END_REF][START_REF] Chao | J/ψ Polarization at Hadron Colliders in Nonrelativistic QCD[END_REF][START_REF] Shao | Spin correlations in polarizations of P-wave charmonia χ cJ and impact on J/ψ polarization[END_REF] and CSM [22] predictions. Figure taken from [START_REF] Aaij | Measurement of J/ψ polarization in pp collisions at √ s = 7 TeV[END_REF].

In short, a full theoretical understanding of charmonium and bottomonium production in pp collisions is still missing, and none of the models that have been used can adequately and simultaneously account for all the features observed in experiments, the two main ones being the quarkonium production cross section and its polarization.

New experimental results in the bottomonium sector will certainly provide valuable inputs to these studies.

Quarkonium production in heavy-ion collisions

The importance of quarkonia in the study and the characterization of the deconfined medium produced in heavyion collisions stems from two facts. On one hand, the mass of heavy quarks is too large for a significant thermal production to take place in the medium: the charm and bottom quarks are almost exclusively produced in the initial hard partonic interactions, and preserve their identity throughout the medium's evolution. On the other hand, the binding into quarkonium occurs at much lower energy scales and is therefore medium-sensitive: in particular, quarkonium production is expected to be significantly suppressed in the medium due to color screening, as proposed in 1986 by T. Matsui and H. Satz [START_REF] Matsui | J/ψ Suppression by Quark-Gluon Plasma Formation[END_REF] and dynamical dissociation [START_REF] Rothkopf | Heavy Quarkonium in Extreme Conditions[END_REF]. According to the dissociation scenario, quarkonium suppression should take place at different temperatures, depending on the binding energies of each state. In particular, strongly bound states, such as the J/ψ and Υ(1S), should melt at higher temperatures than less strongly bound ones, such as the ψ(2S), Υ(2S), and Υ(3S), respectively. Therefore, an estimate of the initial temperature reached in collisions [START_REF] Digal | Quarkonium feed down and sequential suppression[END_REF] could be obtained by studying the in-medium dissociation probability of such states. Unfortunately, however, several factors such as feed-down contributions from higher-mass resonances into the observed quarkonium yield, and other competing mechanisms, such as cold nuclear matter effects [START_REF] Adam | Centrality dependence of inclusive J/ψ production in p-Pb collisions at √ s NN = 5.02 TeV[END_REF] and quarkonium production via recombination [START_REF] Liu | J/ψ Transverse Momentum Distribution in High Energy Nuclear Collisions at RHIC[END_REF][START_REF] Zhao | Medium Modifications and Production of Charmonia at LHC[END_REF], make it difficult to predict the exact suppression pattern.

The recombination mechanism, in particular, becomes a major competitor of dissociation for large enough charm densities. According to this mechanism, the J/ψ could be statistically formed from uncorrelated cc pairs from different initial hard collisions if the charm density in the system is high enough, as proposed in Ref. [START_REF] Braun-Munzinger | Non)thermal aspects of charmonium production and a new look at J/ψ suppression[END_REF],

a condition which is expected to take place when the center of mass energy of collisions increases. Due to the recombination of these quarks throughout the collision history [START_REF] Thews | Enhanced J/ψ production in deconfined quark matter[END_REF] or during hadronization [START_REF] Braun-Munzinger | Non)thermal aspects of charmonium production and a new look at J/ψ suppression[END_REF][START_REF] Andronic | The thermal model on the verge of the ultimate test: particle production in Pb-Pb collisions at the LHC[END_REF], the abundance of c and c quarks in high colliding energy may thus provide an additional charmonium production mechanism, differing from the J/ψ produced from cc pairs from the same hard collision. The competition between the dissociation and recombination mechanisms is illustrated in Fig. 1.8, where the suppression of J/ψ production in heavy-ion collisions is shown to be weaker at higher energies compared to measurements at lower energies: at low collision energy the sequential suppression mechanism is dominant, whereas at higher energy the suppression is reduced due to the role of recombination, and possibly even overcompensated at sufficiently high energies. The interpretation of the experimental results at high energies as an evidence of regeneration of charmonium either during the deconfined stage of the evolution of the medium [START_REF] Thews | Enhanced J/ψ production in deconfined quark matter[END_REF] or solely at the phase boundary [START_REF] Braun-Munzinger | On charm production near the phase boundary[END_REF], is one of the most convincing indications of the production of a deconfined medium in heavy-ion collisions. The in-medium modification of quarkonium production is typically quantified by the nuclear modification factor R AA , which is defined as the ratio of the quarkonium yield in A-A collisions and the expected value obtained scaling the pp yield by the average number of binary nucleon-nucleon collisions ( N coll ), obtained using a Glauber model calculation (see Ref. [START_REF] Aamodt | Centrality dependence of the charged-particle multiplicity density at mid-rapidity in Pb-Pb collisions at √ s NN = 2.76 TeV[END_REF], and references therein):

R AA = d 2 N AA /dp T dy N coll d 2 N pp /dp T dy (1.1)
where N AA(pp) denotes quarkonium yield in A-A (pp) collisions, p T is the transverse momentum and y is the rapidity.

The difference of R AA with respect to unity quantifies the global effect of the deconfined medium on quarkonium production in heavy-ion collisions (specifically, if

R AA < 1, the quarkonium yield is suppressed; if R AA > 1, it is enhanced).
Over the past decades, studies on the J/ψ production in heavy-ion collisions have been performed at the CERN SPS [START_REF] Alessandro | A New measurement of J/ψ suppression in Pb-Pb collisions at 158 GeV per nucleon[END_REF][START_REF] Arnaldi | J/ψ production in indium-indium collisions at 158-GeV/nucleon[END_REF] and RHIC [START_REF] Adare | J/ψ Production vs Centrality, Transverse Momentum, and Rapidity in Au+Au Collisions at √ s NN = 200 GeV[END_REF][START_REF] Adare | J/ψ suppression at forward rapidity in Au+Au collisions at √ s NN = 200 GeV[END_REF][START_REF] Adamczyk | Energy dependence of J/ψ production in Au+Au collisions at √ s NN = 39, 62.4 and 200 GeV[END_REF][START_REF] Abelev | J/ψ production at high transverse momentum in p+p and Cu+Cu collisions at √ s NN = = 200 GeV[END_REF], systematically revealing a reduction in the J/ψ production yield (R AA <1). The amount of suppression observed by experiments performed as the CERN SPS and RHIC is similar [START_REF] Brambilla | Heavy Quarkonium: Progress, Puzzles, and Opportunities[END_REF], even though the colliding energies among these experiments are very different ( √ s NN ≈ 20 and 200 GeV, respectively).

At the LHC J/ψ production is measured in Pb-Pb collisions at √ s NN = 2.76 and 5.02 TeV: at these energies, the suppression is enhanced by the higher temperature and the longer lifetime of the medium, but at the same time the regeneration mechanism starts to play a significant role due to the large number of cc pairs produced.

The measurements performed by the ALICE collaboration, resulting in a smaller suppression with respect to lower energy measurement [START_REF] Acharya | Centrality and transverse momentum dependence of inclusive J/ψ production at midrapidity in Pb-Pb collisions at √ s NN =5.02 TeV[END_REF] at low p T in the most central collisions (centrality: 0-20%), can indeed be interpreted as a strong indication of the role of recombination. At high p T , where recombination is expected to be less effective, ATLAS and CMS results indicate a strong J/ψ suppression for the most central collisions [START_REF] Aaboud | Prompt and non-prompt J/ψ and ψ(2S) suppression at high transverse momentum in 5.02 TeV Pb+Pb collisions with the ATLAS experiment[END_REF][START_REF] Sirunyan | Relative Modification of Prompt ψ(2S) and J/ψ Yields from pp to Pb-Pb Collisions at √ s NN = 5.02 TeV[END_REF]. The available results for the J/ψ R AA are generally well described by the model calculations implementing transport and statistical hadronization mechanisms (see Ref. [START_REF] Adam | J/ψ suppression at forward rapidity in Pb-Pb collisions at √ s NN = 5.02[END_REF] and references therein).

The study of ψ(2S) production is also of particular interest. The strength of medium effects on its production might be significantly different from that of the J//ψ because of the larger size and weaker binding of the ψ(2S) state.

The smaller binding energy should make it easier for the ψ(2S) to dissociate in the medium, leading to sequential melting. Furthermore, the recombination processes might in principle exhibit different features, with the larger-size charmonium states being produced later in the evolution of the system [START_REF] Du | Sequential Regeneration of Charmonia in Heavy-Ion Collisions[END_REF]. The ψ(2S) production was measured at the LHC in Pb-Pb collisions at √ s NN = 5.02 TeV by CMS [START_REF] Sirunyan | Relative Modification of Prompt ψ(2S) and J/ψ Yields from pp to Pb-Pb Collisions at √ s NN = 5.02 TeV[END_REF][START_REF] Sirunyan | Measurement of prompt and nonprompt charmonium suppression in Pb-Pb collisions at 5.02 TeV[END_REF], ATLAS [START_REF] Aaboud | Prompt and non-prompt J/ψ and ψ(2S) suppression at high transverse momentum in 5.02 TeV Pb+Pb collisions with the ATLAS experiment[END_REF], and ALICE [START_REF]ψ(2S) suppression in Pb-Pb collisions at the LHC[END_REF]. A stronger suppression is observed for ψ(2S) with respect to J/ψ. As shown in Fig. 1.9, the ALICE measurement is compared to the calculations of transport (TAMU) [START_REF] Du | Sequential Regeneration of Charmonia in Heavy-Ion Collisions[END_REF] and statistical hadronization models (SHMc) [START_REF] Andronic | Transverse momentum distributions of charmonium states with the statistical hadronization model[END_REF][START_REF] Andronic | Decoding the phase structure of QCD via particle production at high energy[END_REF]. The TAMU model exhibits a good agreement with the measured R AA for both J/ψ and ψ(2S); the SHMc model reproduces the J/ψ data, but underestimates ψ(2S) production in central and semicentral collisions. Fig. 1.10 shows the ratio and the double ratio (with respect to pp) of the ψ(2S) and J/ψ cross sections as a function of centrality. No significant centrality dependence is observed for the cross section ratio, in contrast to the results from the NA50 experiment at the CERN SPS [START_REF] Alessandro | ψ production in Pb-Pb collisions at 158 GeV per nucleon[END_REF], which measured a decrease of the ratio with increasing centrality, although at ∼ 100 times smaller energy.
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Figure 1.9: The measurement of R AA of J/ψ [START_REF] Adam | J/ψ suppression at forward rapidity in Pb-Pb collisions at √ s NN = 5.02[END_REF] and ψ(2S) [START_REF]ψ(2S) suppression in Pb-Pb collisions at the LHC[END_REF] as a function of N part in Pb-Pb collisions at √ s NN = 5.02 TeV with ALICE, compared to TAMU [START_REF] Du | Sequential Regeneration of Charmonia in Heavy-Ion Collisions[END_REF] and SHMc [START_REF] Andronic | Transverse momentum distributions of charmonium states with the statistical hadronization model[END_REF][START_REF] Andronic | Decoding the phase structure of QCD via particle production at high energy[END_REF] models. Figure taken from Ref. [START_REF]ψ(2S) suppression in Pb-Pb collisions at the LHC[END_REF].

The cross section ratios can be reproduced by the TAMU model, while the SHMc model underestimates the data in central events. The double ratio, evaluated with respect to the pp reference, shows a ψ(2S) suppression by a factor of about 50% relative to pp, similar as the NA50 experiment [START_REF] Alessandro | ψ production in Pb-Pb collisions at 158 GeV per nucleon[END_REF].

At LHC energies, quarkonium study can be extended beyond charmonium measurements, which was also the case at lower energies, to include the bottomonium family. Bottomonium resonances should be able to provide additional insight on the mechanisms driving the behavior of quarkonium in hot matter. Since b and b quarks are much less abundant in the medium than c and c quarks, Υ production is expected to be less affected by the recombination mechanism. In addition, the stronger binding energy and larger size of bottomonium states contribute to their reduced susceptibility to the influence of cold nuclear matter. The stronger binding between the bottom quark and its antiquark provides more stability, making it less likely for the bottomonium states to be disrupted or dissociated by interactions with the nuclear medium. Moreover, the larger size of bottomonium states leads to a weaker overlap with the surrounding nuclear matter, resulting in a reduced probability of interactions and modifications. Consequently, bottomonium states are indeed generally expected to experience less impact from cold nuclear matter compared to charmonium states in the same nuclear environment.

The CMS collaboration pioneered the measurements in the bottomonium with the observation of a strong suppression of the Υ(1S) state in Pb-Pb collisions at √ s NN = 2.76 and 5.02 TeV [START_REF] Chatrchyan | Suppression of non-prompt J/ψ, prompt J/ψ, and Υ(1S) in Pb-Pb collisions at √ s NN = 2.76 TeV[END_REF][START_REF] Chatrchyan | Observation of sequential Υ suppression in Pb-Pb collisions[END_REF][START_REF] Khachatryan | Suppression of Υ(1S), Υ(2S) and Υ(3S) production in Pb-Pb collisions at √ s NN = 2.76 TeV[END_REF][START_REF] Sirunyan | Measurement of nuclear modification factors of Υ(1S), Υ(2S), and Υ(3S) mesons in Pb-Pb collisions at √ s NN = 5.02 TeV[END_REF]. The same measurement allowed to show that the production of the excited Υ(2S) state is much more strongly suppressed with respect to the
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Figure 1.10: Top panel: ratio of the ψ(2S) [START_REF]ψ(2S) suppression in Pb-Pb collisions at the LHC[END_REF] and J/ψ [START_REF] Adam | J/ψ suppression at forward rapidity in Pb-Pb collisions at √ s NN = 5.02[END_REF] cross sections as a function of centrality; bottom panel: double ratio of the ψ(2S) and J/ψ, normalized to the corresponding pp value. The results are compared to TAMU [START_REF] Du | Sequential Regeneration of Charmonia in Heavy-Ion Collisions[END_REF] and SHMc [START_REF] Andronic | Transverse momentum distributions of charmonium states with the statistical hadronization model[END_REF][START_REF] Andronic | Decoding the phase structure of QCD via particle production at high energy[END_REF] models, and to the SPS NA50 experiment [START_REF] Alessandro | ψ production in Pb-Pb collisions at 158 GeV per nucleon[END_REF]. Figure taken from Ref. [START_REF]ψ(2S) suppression in Pb-Pb collisions at the LHC[END_REF].

ground state, whereas the strongest suppression was observed for the Υ(3S) state, with a measured R AA below 0.096 at 95% confidence level [START_REF] Sirunyan | Measurement of nuclear modification factors of Υ(1S), Υ(2S), and Υ(3S) mesons in Pb-Pb collisions at √ s NN = 5.02 TeV[END_REF]. These results are complemented by measurements performed by the ALICE collaboration, which reported the suppression of Υ production at forward rapidity (2.5 < y < 4.0) in Pb-Pb collisions at the same energies as CMS [START_REF] Abelev | Suppression of Υ(1S) at forward rapidity in Pb-Pb collisions at √ s NN = 2.76 TeV[END_REF][START_REF] Acharya | Υ suppression at forward rapidity in Pb-Pb collisions at √ s NN = 5.02 TeV[END_REF][START_REF] Acharya | Υ production and nuclear modification at forward rapidity in Pb-Pb collisions at √ s NN =5.02TeV[END_REF]. The measurements are compared with calculations based on transport and rate equations, such as the predictions from the comover model [START_REF] Ferreiro | Is bottomonium suppression in proton-nucleus and nucleus-nucleus collisions at LHC energies due to the same effects?[END_REF], the hydrodynamic model [START_REF] Krouppa | Predictions for bottomonia suppression in 5.023 TeV Pb-Pb collisions[END_REF] and transport approaches [START_REF] Du | Color Screening and Regeneration of Bottomonia in High-Energy Heavy-Ion Collisions[END_REF][START_REF] Yao | Coupled Boltzmann Transport Equations of Heavy Quarks and Quarkonia in Quark-Gluon Plasma[END_REF] are compared with the data in Fig. 1.11. The various calculations reproduce the trend of the data within the corresponding uncertainties. For the Υ(1S), the experimental points lie on the lower limit of the prediction from the comover interaction model [START_REF] Ferreiro | Is bottomonium suppression in proton-nucleus and nucleus-nucleus collisions at LHC energies due to the same effects?[END_REF] and the one of the coupled Boltzmann equations [START_REF] Yao | Coupled Boltzmann Transport Equations of Heavy Quarks and Quarkonia in Quark-Gluon Plasma[END_REF]. The sharp slope expected in all cases for the R AA of Υ(2S) towards small values of N part is hard to compare to the data because of the limited statistics.

Figure 1.12 illustrates the yield ratio of Υ(2S) to Υ(1S) in Pb-Pb collisions. The observed ratio is compared to the predictions from Statistical Hadronization Model (SHM) [START_REF] Andronic | Decoding the phase structure of QCD via particle production at high energy[END_REF]. The SHM assumes that the final-state yields of hadrons can be calculated based on the resonance gas densities, using common values for the chemical freezeout temperature and baryochemical potential. These values correspond to the phase boundary between the QGP and the hadronic phase. The SHM also extends its approach to the heavy-flavor production, assuming that heavy quarks reach kinetic equilibration before freeze-out and that total heavy quark conservation using the production from initial hard scatterings as an input. The model calculates the abundances of various heavy-flavor species by considering thermal weights, and for non-central collisions, it introduces a contribution from surface interactions resembling those in proton-proton (pp) collisions. However, the predictions based on the SHM underestimate the measured yield ratio of Υ(2S) to Υ(1S) in the most central collisions. To further assess the validity of the model, it is necessary to compare its predictions with other measurements in the bottom sector [START_REF] Acharya | Υ production and nuclear modification at forward rapidity in Pb-Pb collisions at √ s NN =5.02TeV[END_REF].

Quarkonium production as a function of charged-particle multiplicity in small systems

At the LHC energies, our understanding of hadronic collisions has been challenged by the observation that a large class of phenomena, traditionally associated to the presence of a deconfined medium, shows indeed a smooth evolution from small colliding systems such as pp and proton-lead (p-Pb) to large systems like lead-lead (Pb-Pb) [START_REF] Citron | Future physics opportunities for high-density QCD at the LHC with heavy-ion and proton beams[END_REF][START_REF] Loizides | Experimental overview on small collision systems at the LHC[END_REF]. It is still actively debated whether these phenomena could be ascribed to the formation of a hot and dense medium in small systems, or to other collective effects or specific QCD processes at play in high charged-particle multiplicity events, possibly associated to a peculiar initial state of the collision. For this reason, it is important to characterize the initial phase of the hadronic collisions and especially the mechanisms respon- sible for high charged-particle multiplicity density events 1 . One of these mechanisms is the so-called multiparton interaction (MPI) mechanism, which allows for the simultaneous occurrence of several incoherent binary partonic interactions in a single pp collision [START_REF] Sj | A Multiple Interaction Model for the Event Structure in Hadron Collisions[END_REF]. MPIs play a significant role in describing the soft component of the hadronic interactions, as confirmed by the measured charged-particle multiplicity distributions in pp collisions at the centerof-mass energies √ s = 0.9-8 TeV [START_REF] Adam | Charged-particle multiplicities in proton-proton collisions at √ s = 0.9 to 8 TeV[END_REF]. Based on this, event generators such as PYTHIA 8 [START_REF] Sj Östrand | A Brief Introduction to PYTHIA 8.1[END_REF][START_REF] Weber | Elucidating the multiplicity dependence of J/ψ production in proton-proton collisions with PYTHIA 8[END_REF] and EPOS [START_REF] Pierog | EPOS LHC: Test of collective hadronization with data measured at the CERN Large Hadron Collider[END_REF] currently highlight the importance of MPIs in building the charged-particle multiplicity distributions in hadronic interactions [START_REF] Cuautle | Extraction of multiple parton interactions and color reconnection from forward-backward multiplicity correlations[END_REF]. MPIs also affect the hard component in hadronic interactions. In this context, inclusive production processes are customarily described in a factorization approach, where the perturbative treatment of the earlystage hard-parton scattering processes, described by perturbative QCD (pQCD), is followed by the subsequent, soft-scale, hadronization of the scattered partons resulting in their binding into color-neutral states. Particularly for quarkonium production, where several descriptions are used for the hadronization process of the quarkonium states (e.g. the color singlet and color octet ones) [START_REF] Lansberg | New Observables in Inclusive Production of Quarkonia[END_REF][START_REF] Andronic | Heavy-flavour and quarkonium production in the LHC era: from proton-proton to heavy-ion collisions[END_REF], it is interesting to study how MPIs could possibly affect the initial heavy-quark production especially at high charged-particle multiplicity densities [START_REF] Porteboeuf | J/ψ yield vs. multiplicity in proton-proton collisions at the LHC[END_REF].

Understanding the correlation between soft and hard components of high-multiplicity events in small collision systems like pp is, thus, fundamental to disentangle initial and final state effects affecting particle production, and to achieve a better understanding of MPIs or other possible underlying mechanisms [START_REF] Porteboeuf | J/ψ yield vs. multiplicity in proton-proton collisions at the LHC[END_REF]. The ALICE collaboration has already contributed to these studies by measuring quarkonium and open heavy-flavor self-normalized yields as a function of the self-normalized charged-particle multiplicity density2 , dN ch /dη/ dN ch /dη , in two different rapidity regions, with and without a rapidity gap between the hard probe and the charged particles, for center-of-mass energies of 5.02, 7, 8.16, and 13 TeV [80][START_REF] Adam | Measurement of charm and beauty production at central rapidity versus charged-particle multiplicity in proton-proton collisions at √ s = 7 TeV[END_REF][82][START_REF] Acharya | Measurement of ψ(2S) production as a function of charged-particle pseudorapidity density in pp collisions at √ s = 13 TeV and p-Pb collisions at √ s NN = 8.16 TeV with ALICE at the LHC[END_REF][START_REF] Acharya | Multiplicity dependence of J/ψ production at midrapidity in pp collisions at √ s = 13 TeV[END_REF]. Measurements that consider the presence or absence of a rapidity gap between the hard probes and the associated charged particles can provide valuable insights into disentangling initial state effects from final state effects. By studying the charged particles in the vicinity of the hard probes, one can investigate the influence of the surrounding medium and its interactions with the hard-scattered particles.

The presence of a rapidity gap can suggest a reduced interaction between the medium and the hard probes, providing information about the initial state conditions. On the other hand, the absence of a rapidity gap implies a significant interaction with the medium and indicates the influence of final state effects. Furthermore, analyzing the charged-particle multiplicity in relation to the presence or absence of a rapidity gap allows for a better understanding of potential biases that may arise from the hard-scattering products. This helps to discern the genuine effects originating from the interaction with the medium and disentangle them from other contributions. In the charm sector, in particular, two different regions, corresponding to central and forward rapidity regions, are observed in the existing ALICE measurements. When the hard process is measured in the central rapidity region, a faster than linear increase with respect to the charged-particle multiplicity density is observed for D mesons [START_REF] Adam | Measurement of charm and beauty production at central rapidity versus charged-particle multiplicity in proton-proton collisions at √ s = 7 TeV[END_REF] (see 
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Figure 1.14: Comparison of the self-normalized J/ψ yield as a function of the self-normalized charged-particle density with model predictions: CPP [START_REF] Kopeliovich | Heavy quarkonium in the saturated environment of high-multiplicity pp collisions[END_REF], CGC with improved color evaporation model (ICEM) [START_REF] Ma | Event engineering studies for heavy flavor production and hadronization in high multiplicity hadron-hadron and hadron-nucleus collisions[END_REF], 3-Pomeron CGC [88], Percolation [START_REF] Ferreiro | High multiplicity pp events and J/ψ production at LHC[END_REF], EPOS3 event generator [START_REF] Werner | Analysing radial flow features in p-Pb and p-p collisions at several TeV by studying identified particle production in EPOS3[END_REF], and PYTHIA 8.2 [START_REF] Sj | An introduction to PYTHIA 8.2[END_REF] at forward rapidity in pp collisions at √ s = 5.02 (left) and 13 TeV (middle). The right hand side figure shows the results from midrapidity compared to the corresponding theoretical model estimations for pp collisions at √ s = 13 TeV [START_REF] Acharya | Multiplicity dependence of J/ψ production at midrapidity in pp collisions at √ s = 13 TeV[END_REF]. Figure taken from Ref. [80]. specifically, the probability to produce a J/ψ is observed to increase by a factor ∼ 15 in events reaching ∼ 7 times the mean charged-particle multiplicity. A qualitatively similar, faster than linear increase is also reported by the STAR collaboration in events reaching up to ∼ 4 times the mean charged-particle multiplicity, in pp collisions at a lower energy ( √ s = 200 GeV), in the same rapidity region [START_REF] Adam | J/ψ production cross section and its dependence on charged-particle multiplicity in p + p collisions at √ s = 200 GeV[END_REF]. This departure from linearity is qualitatively (but in most cases not quantitatively) described by models through the implementation of mechanisms able to reduce soft particle production at the highest charged-particle multiplicity densities, without affecting the hard process production. This is achieved, in terms of final-state effects, through the string percolation mechanism in the percolation model [START_REF] Ferreiro | High multiplicity pp events and J/ψ production at LHC[END_REF], and through a realistic treatment of the hydrodynamical evolution in small systems within the EPOS event generator [START_REF] Pierog | EPOS LHC: Test of collective hadronization with data measured at the CERN Large Hadron Collider[END_REF].

Alternative interpretations of the observed non-linearity have also been proposed in terms of initial state effects rather than final state effects. In this case, the main proposed mechanisms are the gluon saturation and the gluon field fluctuations. The gluon saturation is implemented within the Color-Glass Condensate (CGC) framework [START_REF] Ma | Event engineering studies for heavy flavor production and hadronization in high multiplicity hadron-hadron and hadron-nucleus collisions[END_REF]88] or as a component of the MPI formalism in the EPOS 3 event generator [START_REF] Werner | Analysing radial flow features in p-Pb and p-p collisions at several TeV by studying identified particle production in EPOS3[END_REF]. The gluon field fluctuations are due either to higher Fock states increasing the number of gluons [START_REF] Kopeliovich | J/ψ in high-multiplicity pp collisions: Lessons from pA collisions[END_REF] or to a possible impact parameter dependence of the parton distribution functions [START_REF] Frankfurt | Evidence for color fluctuations in the nucleon in high-energy scattering[END_REF][START_REF] Strikman | Transverse structure of the nucleon and multiparton interactions[END_REF]. On the contrary, an almost linear correlation between the hard process yield and the charged-particle multiplicity density has been reported by ALICE in J/ψ measurements at forward rapidity in pp collisions at √ s = 5.02, 7 and 13 TeV, with the multiplicity measurement at central rapidity [80,82]. PYTHIA 8

and EPOS event generators fail to describe the behavior of J/ψ and D-meson production in high-multiplicity events, both at central and forward rapidity, while a better description is provided by the percolation model and by models including gluon field fluctuations or saturation in the initial state. Moreover, most of the available models do not provide a simultaneous description of the different behaviors observed in the two rapidity regions [80,[START_REF] Acharya | Multiplicity dependence of J/ψ production at midrapidity in pp collisions at √ s = 13 TeV[END_REF], with the exception of the aforementioned percolation model, and the approach involving gluon field fluctuations with higher Fock states. Hard probe measurements as a function of charged-particle multiplicity in pp collisions are also available in the beauty sector, in particular for the bottomonium states Υ(1S), Υ(2S), and Υ(3S). Studying the production of these states in a high charged-particle multiplicity environment, in the more general context of hadronic collisions, is of particular interest since excited states are characterized by lower binding energies than the ground state [START_REF] Digal | Quarkonium feed down and sequential suppression[END_REF][START_REF] Andronic | Heavy-flavour and quarkonium production in the LHC era: from proton-proton to heavy-ion collisions[END_REF][START_REF] Krouppa | Bottomonia suppression in 2.76 TeV Pb-Pb collisions[END_REF].

Hence, they are more sensitive to any possible dissociation mechanism at play in the final state, should these mechanisms be associated to the formation of a hot and dense medium (QGP) [START_REF] Acharya | Υ suppression at forward rapidity in Pb-Pb collisions at √ s NN = 5.02 TeV[END_REF] or to final-state interactions such as those implemented in comover models [START_REF] Ferreiro | Excited charmonium suppression in proton-nucleus collisions as a consequence of comovers[END_REF][START_REF] Esposito | The nature of X(3872) from high-multiplicity pp collisions[END_REF]. As already discussed for charmonium measurements, bottomonium studies can also help to understand the peculiar regime of high charged-particle multiplicity density in small collision systems like pp. The CMS collaboration investigated the event-activity dependence of Υ(nS) selfnormalized production at central rapidity in pp, p-Pb and Pb-Pb collisions [START_REF] Chatrchyan | Event Activity Dependence of Υ(nS) Production in √ s NN = 5.02 TeV p-Pb and √ s = 2.76 TeV pp Collisions[END_REF][START_REF] Sirunyan | Investigation into the event-activity dependence of Υ(nS) relative production in proton-proton collisions at √ s = 7 TeV[END_REF]. In Fig. 1.15, it shows that the self-normalized cross section ratios, Υ(nS)/ Υ(nS) , increase with event activity, independent of the colliding system. However, a significant reduction of excited-to-ground-state ratios with increasing event activity, and no dependence on the azimuthal angle separation between the charged particles and the Υ momentum direction, are reported (see Fig. 1.16). The reduction is found to be stronger in p-Pb collisions. The ALICE collaboration observed a suppression of the Υ(1S) yields, measured at forward rapidity, in p-Pb collisions at √ s = 8. [START_REF] Ma | J/ψ (ψ ) production at the Tevatron and LHC at O(α 4 s v 4 ) in nonrelativistic QCD[END_REF] TeV with respect to the ones measured in pp collisions at the same center-of-mass energy [START_REF] Acharya | Υ production in p-Pb collisions at √ s NN = 8.16 TeV[END_REF]. Models based on coherent parton energy loss or interactions with comoving particles, including nuclear shadowing, fairly describe the data at forward (p-going) rapidity, while they tend to overestimate the nuclear modification factor at backward (Pb-going) rapidity.

The Υ(2S) nuclear modification factor has also been measured, showing a strong suppression, similar to the one measured for the Υ(1S), both at backward and forward rapidities. Measurements of bottomonium production at both central and forward rapidities in various collision systems is essential to better characterize the initial and final state effects affecting particle production and their potential dependence on the charged-particle multiplicity density. The first analysis described in this thesis (Chapters 4 and 5) concerns on the measurements performed with the ALICE detector of the Υ(1S), Υ(2S), and Υ(3S) yields, and excited-to-ground-state ratios, as a function of chargedparticle multiplicity density in pp collisions at √ s = 13 TeV. Υ(nS) states are reconstructed in the dimuon decay channel at forward rapidity, whereas the charged-particle multiplicity density is estimated at central rapidity. This configuration enables a rapidity gap between the measurements of Υ yield and charged-particle multiplicity density.

Quarkonium polarization

One of the most powerful tools for the characterization of quarkonium production mechanisms in hadronic collisions is the study of the polarization of the produced bound states. Additionally, since polarization is influenced by the surrounding environment during particle formation, it provides a valuable means to investigate the impact of a deconfined medium on the formation of a bound state composed of a heavy quark and antiquark. In the following sections, a general introduction is given to the most important concepts about polarization, focusing on the main theoretical aspect and on the most relevant available experimental results.

Vector meson polarization

Polarization quantifies the degree to which the spin of a given particle is aligned along a specified axis. The spin is an intrinsic quantum number characterizing elementary particle and systems, and it can be specified in terms of the total spin number (s); the algebra of the spin is analogous to that of the orbital angular momentum, so one can visualize the spin as a vector in the usual 3D space. The total angular momentum operator J then can be defined as:

J = L + S (1.2)
where L and S are the orbital angular momentum and spin operators, respectively. Given that both L and S are arbitrary vectors in 3D space, the maximum and minimum values permitted for the module are | L + S| and || L| -| S||, respectively. If the module of the vectors is identified by the corresponding eigenvalues, l, s, and j, the J eigenvalues can range in the following interval:

|l -s| < j < l + s (1.3)
The component j z along the z-direction serves as another means of describing the total angular momentum.

The angular momentum state for a given particle can be then expressed as |j, j z . Vector mesons are characterized by spin-1 states. This is the case of the vector quarkonium states like J/ψ and Υ(1S), having s = 1 and l = 0, which result in j = 1, so that the specified component j z can take values +1, 0, and -1. So, a generic vector meson, V, can be written as: (see Ref. [START_REF] Faccioli | Towards the experimental clarification of quarkonium polarization[END_REF]). This allows to define an indirect approach to extract the particle polarization, starting from the study of the anisotropies of the angular distribution of the particle decay products. In the following, the specific case of the 2-body decay of a vector quarkonium state is discussed. The discussion is taken from [START_REF] Faccioli | Towards the experimental clarification of quarkonium polarization[END_REF].

|V = |j, j z = |1, j z = b +1 |1, +1 + b 0 |1, 0 + b -1 |1, -1 (1.
The vector quarkonium states (J PC = 1 --), can decay electromagnetically into two leptons. To further fix how to experimentally determine the "spin alignment" of a vector quarkonium state by measuring the angular distribution of its dilepton decay, the J/ψ state is used as an example for convenience, but the considerations and results are applicable to any J PC = 1 --state. Fig. 1.17 shows a J/ψ state moving in the z-direction that decays into dilepton + -. In the J/ψ rest frame, the back-to-back emission of + -defines the reference axis z , which is conventionally aligned along the direction of the positive lepton + . As shown in Fig. 1.17, the total angular momentum of each state can be expressed as follows:

• Before decay, the J/ψ total angular momentum along z-axis is expressed as |J/ψ : 1, m with m = 0, ± 1;

• After the 2-body decay, the total angular momentum of + -state can be written as an eigenstate of J z , i.e. | + -: 1, l = m relative to the z-axis with l = m. The condition l = m follows from angular momentum conservation;

• After decay, the total momentum of + -state can also be written as an eigenstate of J z , i.e. | + -: 1, l = ±1 with respect to the z -axis. The condition l = ±1 is due to the "helicity conservation" for massless fermions in the decay process J/ψ → γ * → + -(left panel of Fig. 1.17). Consequently, the dilepton system has the same angular momentum projection along the z -axis as the virtual photon. The decay leptons (μ) are definitely not massless, but this assumption is approximately reasonable because their masses are negligible compared to the lightest vector quarkonium state, J/ψ (m μ ≈ 105 MeV/c 2 m J/ψ ≈ 3.096 GeV/c 2 ).

The J z state can be expressed as a superposition of eigenstates of J z by imposing a rotation operator.

R(α, β, γ) represents a rotation from a generic set of axis (x, y, z) to the set (x , y , z ), where α, β, γ are the Euler angles characterizing the orientation of the second frame with respect to the first one. Then an eigenstate |J, M of J z can be written as a superposition of eigenstates |J, M of J z via the transformation [START_REF] Brink | Angular momentum[END_REF]:

|J, M = +J M =-J D J MM (R)|J, M (1.5) 
The complex matrix elements D J MM in Eq. 1.5 are defined as:

Figure 1.17: Sketch of the J/ψ decays into dilepton, J/ψ → + -.

Figure 1.18: Schematic picture of rotation of angular momentum eigenstates.

D J MM (α, β, γ) = J, M |e -iαJz e -iβJy e -iγJz |J, M = e -iM α d J MM (β)e -iM γ (1.6)
where d J MM (β) are the elements of the real reduced rotation matrices, which according to formalism described by Condon and Shortley [START_REF] Brink | Angular momentum[END_REF] can be written as:

d J MM (β) = min(J=M,J-M ) t=max(0,M -M ) (-1) t × (J + M )!(J -M )!(J + M )!(J -M )! (J + M -t)!(J -M -t)!t!(t -M + M )! × (cos β 2 ) 2J+M -M -2t (sin β 2 ) 2t-M +M (1.7)
The most general rotation from a reference characterized by a quantization axis (z) to a frame characterized by a quantization axis (z ) can be expressed by considering the Euler angles β = θ and α = -γ = ϕ. In this case, the angular momentum state of the dilepton can be re-written as:

| + -: 1, l = l=0, l±1 D 1 ll (ϕ, θ, -ϕ)| + -: 1, l (1.8) 
One can then express the transition operator B allowing to compute the amplitude of the partial process J/ψ(m) →

+ -(l ) as follows:

B ml = l=0, l±1 D 1 * ll (ϕ, θ, -ϕ) + -: 1, l|B|J/ψ : 1, m = l=0, l±1 D 1 * ll (ϕ, θ, -ϕ)Bδ ml = BD ml (ϕ, θ, -ϕ) (1.9)
In Eq. 1.9, the form of + -: 1, l|B|J/ψ : 1, m = Bδ ml results from the angular momentum conservation, with B independent of m (for rotational invariance). The total amplitude for J/ψ(m) → + -(l ), where the J/ψ is given by the superposition written in Eq. 1.4, is:

B l = m=0, ±1 b m BD 1 * ml (ϕ, θ, -ϕ) = m=0, ±1 a m D 1 * ml (ϕ, θ, -ϕ).
(1.10)

The transition probability is obtained by squaring Eq. 1.10 and summing over the (unobserved) spin alignments (l = ±1) in the dilepton system, with equal weights assigned to the two configurations for parity conservation:

W (cos θ, ϕ) ∝ l ±1 |B l | 2 (1.11)
Using Eq. 1.6 and Eq. 1.7, the d elements are:

d 1 0, ±1 = ± sin θ √ 2 , d 1 ±1, ±1 = 1 + cos θ 2 , d ±1, ∓1 = 1 -cos θ 2 (1.12)
Hence, the angular distribution is written as:

W (cos θ, ϕ) ∝ N 3 + λ θ • (1 + λ θ cos 2 θ + λ ϕ sin 2 θ cos 2ϕ + λ θϕ sin 2θ cos ϕ + λ ⊥ ϕ sin 2 θ sin 2ϕ + λ ⊥ θϕ sin 2θ sin ϕ) (1.13)
where

N = |a 0 | 2 + |a 1 | 2 + |a 2 | 2 and λ θ = N -3|a 0 | 2 N + |a 0 | 2 λ ϕ = 2Re[a (i) * +1 a -1 ] N + |a 0 | 2 λ θϕ = √ 2Re[a (i) * 0 (a +1 -a -1 )] N + |a 0 | 2 λ ⊥ ϕ = -2Im[a * +1 a -1 ] N + |a 0 | 2 λ ⊥ θϕ = -2 √ 2Im[a * 0 (a +1 + a -1 )] N + |a 0 | 2 (1.14)
The most common angular distribution is given by Eq. 1.13, but it can be further simplified. The last two terms in Eq. 1.13 introduce an asymmetry of the distribution by reflection with respect to the production plane (x, z), an asymmetry which is not forbidden in individual (parity-conserving) events. In hadronic collisions, due to the intrinsic parton transverse momenta, for example, the "natural" polarization plane does not coincide event-by-event with the experimental production plane. However, the symmetry by reflection must be a property of the observed event distribution when only parity-conserving processes contribute. This means that the terms in sin 2 θ sin 2ϕ and sin 2θ sin ϕ are unobservable, since they vanish on average (see Refs. [START_REF] Faccioli | Towards the experimental clarification of quarkonium polarization[END_REF][START_REF] Faccioli | Model-independent constraints on the shape parameters of dilepton angular distributions[END_REF]). The observable angular distribution in Eq. 1.13 can be simplified as:

W (cos θ, ϕ) ∝ 1 3 + λ θ • (1 + λ θ cos 2 θ + λ ϕ sin 2 θ cos 2ϕ + λ θϕ sin 2θ cos ϕ) (1.15)
As an alternative to a multi-parameter fit to the angular distribution in Eq. 1.15, the integration over either cos θ or ϕ leads to several one-dimensional angular distributions:

W (cos θ) ∝ 1 3 + λ θ (1 + λ θ cos 2 θ), (1.16) W (ϕ) ∝ 1 + 2λ ϕ 3 + λ θ cos 2ϕ, (1.17) 
from which λ θ and λ ϕ can be determined in two separate steps, possibly improving the stability of the fit procedures in low-statistics analyses. The λ θϕ term, vanishes in both integrations but can be obtained by defining a variable φ as:

φ = ⎧ ⎪ ⎨ ⎪ ⎩ ϕ - 3 4 π, cos θ < 0 ϕ - 1 4 π, cos θ > 0 (1.18)
Hence, the λ θϕ parameter can be extracted from:

W ( φ) ∝ 1 + √ 2λ θϕ 3 + λ θ cos φ. (1.19) 
According to Eq. 1.14, the polarization parameters directly show dependence on the coefficients of b 0 and b ±1 in Eq. 1.4 (b m B = a m , see Eq. 1.10). As a consequence, it is possible to extract the spin-alignment straightforwardly by fitting the observable angular distribution. As an example, considering two extreme scenarios of pure transverse and longitudinal polarization for the J/ψ, the polarization parameters (λ θ , λ ϕ and λ θϕ ) can be obtained in the following, respectively.

• If the J/ψ has pure transverse polarization, then:

b 0, -1 = 0, b +1 = 1 or b 0, +1 = 0, b -1 = 1
and the polarization parameters obtained by substituting a m (b m B = a m , m = -1, 0, 1) in Eq. 1.14 are:

λ θ = +1, λ ϕ = 0, λ θϕ = 0
• If the J/ψ has pure longitudinal polarization, then:

b 0 = 1, b ±1 = 0
and the polarization parameters obtained by substituting a m (b m B = a m , m = -1, 0, 1) in Eq. 1.14 are:

λ θ = -1, λ ϕ = 0, λ θϕ = 0
With Eq. 1.14 and imposing the condition |λ θ ≤ 1|, the relations among the polarization parameters are:

⎧ ⎪ ⎪ ⎪ ⎪ ⎪ ⎨ ⎪ ⎪ ⎪ ⎪ ⎪ ⎩ |λ ϕ | ≤ 1 2 (1 + λ θ ) |λ θϕ | ≤ 1 2 (1 -λ ϕ ) (1 + 2λ ϕ ) 2 + 2λ 2 θϕ ≤ 1, for λ ϕ < - 1 3
(1.20)

Reference frames

The choice of a coordinate system is needed when dealing with the measurement of any angular distribution.

However, the actual definition of the decay reference axis with respect to the beam direction is not unique, and different definitions of the reference axis are likely to yield different values for the polarization parameters (λ θ , λ ϕ , and λ θϕ ). At the same time, the evaluation of polarization parameters using multiple reference systems can help in further constraining the various mechanisms involved in the production process. The reference frames considered in the study of polarization can be defined according to the orientation of the z-axis. Among the most common choices one finds:

• Helicity (HE): the z-axis is defined as the flight direction of the quarkonium in the centre-of-mass of the colliding system;

• Collins-Soper, (CS): the z-axis is the bisector of the angle between one beam and the opposite of the other beam [START_REF] Collins | Angular Distribution of Dileptons in High-Energy Hadron Collisions[END_REF];

• Gottfried-Jackson, (GJ): the direction of the momentum of one of the two colliding beams [START_REF] Gottfried | On the Connection between production mechanism and decay of resonances at high-energies[END_REF].

Helicity (HE) and Collins-Soper (CS) are the two most common reference frames utilized in quarkonium polarization. These two frames differ from one another by a rotation of 90 o around the y-axis when the quarkonium is produced at high transverse momentum (p T ) and negligible longitudinal momentum (|p L |), i.e. p T |p L |. In the limit of zero p T of the quarkonium , the two frames tend to coincide with each other.

All the possible polarization axes are related to the production plane, so it is possible to parameterize the transformation from one reference frame to the other with an angle which describes a rotation around the y-axis.

A purely geometrical transformation can be applied to the observable angular distribution instead of rotating the angular momentum state vectors. The rotation matrix is written as:

R y (δ) = ⎛ ⎜ ⎜ ⎜ ⎜ ⎝ cos δ 0 -sin δ 0 1 0 sin δ 0 cosδ ⎞ ⎟ ⎟ ⎟ ⎟ ⎠ , (1.21) 
where δ indicates the angle between the two different reference frames. In spherical coordinate, the unit vector r = (sin θ cos ϕ, sin θ sin ϕ, cos θ) indicating the lepton direction in the old frame (r) is then expressed as r = R y (δ) -1 r in the new frame ( r ). Then the angular distribution in the new frame is:

W (cos θ , ϕ ) ∝ 1 3 + λ θ • (1 + λ θ cos 2 θ + λ ϕ sin 2 θ cos 2ϕ + λ θϕ sin 2θ cos ϕ ), (1.22) 
where

⎧ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎨ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎩ λ θ = λ θ -3Λ 1 + Λ λ ϕ = λ ϕ + Λ 1 + Λ λ θϕ = λ θϕ cos 2δ -1 2 (λ θ -λ ϕ sin 2δ) 1 + Λ (1.23)
And the Λ is calculated as:

Λ = 1 2 (λ θ -λ ϕ ) sin 2 δ - 1 2 λ θϕ sin 2δ (1.24)
With the above relations, it is directly to verify the invariant quantity:

F c1,c2,c3 = (3 + λ θ ) + c 1 (1 -λ ϕ ) c 2 (3 + λ θ ) + c 3 (1 -λ ϕ ) (1.25)
where c 1 , c 2 and c 3 are real numbers. Taking into account a specific set of (c 1 , c 2 , c 3 ) = (-3, 0, 1), an invariant-frame quantity λ can then be found:

λ = F -3,0,1 = λ θ + 3λ ϕ 1 -λ ϕ (1.26)
The invariant-frame coefficient λ is particularly useful when the polarization parameters are measured in two or more reference frames, since it can used to verify whether the results in the different reference frames are consistent or not.

Quarkonium polarization: experimental results and comparison to models

As quarkonium polarization is one of the most interesting aspects of quarkonium production, it has been thoroughly investigated not only in different theoretical models, but also in a variety of experiments. Calculations implementing NRQCD [START_REF] Bodwin | Rigorous QCD analysis of inclusive annihilation and production of heavy quarkonium[END_REF], which can reproduce the differential cross sections of J/ψ and Υ mesons produced at Tevatron [START_REF] Acosta | Measurement of the J/ψ meson and b-hadron production cross sections in pp collisions at √ s = 1960 GeV[END_REF][START_REF] Acosta | Υ Production and Polarization in pp Collisions at √ s = 1.8 TeV[END_REF][110] and LHC [START_REF] Chatrchyan | J/ψ and ψ(2S) production in pp collisions at √ s = 7 TeV[END_REF][START_REF] Aaij | Measurement of Υ production in pp collisions at √ s = 7 TeV[END_REF][START_REF] Khachatryan | Upsilon Production Cross-Section in pp Collisions at √ s = 7 TeV[END_REF] energies, are not able, however, to properly describe the experimental results on the polarization. At the Tevatron, in particular, the model predicts for the J/ψ a stronger transverse polarization [START_REF] Gong | QCD corrections to Υ production via color-octet states at the Tevatron and LHC[END_REF] than observed in the data [START_REF] Abulencia | Polarization of J/ψ and ψ(2S) Mesons Produced in pp Collisions at √ s = 1.96 TeV[END_REF]. In this context, the Υ polarization is a more conclusive test of NRQCD because it satisfies the nonrelativistic approximation much better than the J/ψ [START_REF] Chatrchyan | Measurement of the Υ(1S), Υ(2S) and Υ(3S) Polarizations in pp Collisions at √ s = 7 TeV[END_REF]. Some significant results from the Tevatron, RHIC, and LHC experiments are going to be reported and discussed in the following sections.

Results at the Tevatron

Quarkonium polarization was studied at Tevatron by both CDF and D0 collaborations with the data collected in pp collisions. The prompt J/ψ and ψ(2S) polarizations at midrapidity (|y| < 0.6) as a function of transverse momentum at √ s = 1.96 TeV have been measured by CDF collaboration [START_REF] Abulencia | Polarization of J/ψ and ψ(2S) Mesons Produced in pp Collisions at √ s = 1.96 TeV[END_REF] in the Helicity frame. In the left panel of Fig. 1.20, a small longitudinal polarization is observed for the prompt J/ψ measured in data. Besides that, one can see the discrepancy among data and theoretical calculations, especially for NRQCD, which does not follow the data trend. A similar behavior is observed for ψ(2S), as shown in the right panel of Fig. 1.20, even if the large uncertainties prevent from drawing a firm conclusion. However, when the prompt J/ψ measured at lower energy √ s = 1.8 TeV with CDF collaboration [START_REF] Affolder | Measurement of J/ψ and ψ(2S) Polarization in pp Collisions at √ s = 1[END_REF], a different behavior is observed -at lower energy measurement, a small transverse polarization is observed for the prompt J/ψ. This outcome is still puzzling.

The D0 collaboration was also able to measure the inclusive Υ polarization [118] with the large data sample collected during Run II. Unlike what has been observed in the charmonium sector, the NRQCD factorization approach appears to describe the trend of the experimental results for the Υ(1S) in the high-p T region, whereas no model could match the data at low p T . This measurement contradicts the CDF measurement [START_REF] Acosta | Υ Production and Polarization in pp Collisions at √ s = 1.8 TeV[END_REF], since it does not show such a strong longitudinal polarization for Υ(1S) with CDF collaboration, as shown in the left panel of Fig. 1.21 (black points). The Υ(2S) polarization was also measured with D0 collaboration [118], as illustrated in the right panel of with LO NRQCD predictions [START_REF] Braaten | Polarization of Υ(nS) at the Tevatron[END_REF]. Figures taken from Refs. [START_REF] Acosta | Υ Production and Polarization in pp Collisions at √ s = 1.8 TeV[END_REF]118].

Results at the RHIC

The J/ψ polarization has also been widely investigated at RHIC in pp collisions. For example, the STAR collaboration studied the inclusive J/ψ polarization parameters λ θ , λ ϕ , and λ θϕ as a function of p T both in the dielectron (|y| < 1) and dimuon (|y| < 0.5) decay channels at √ s = 200 GeV in both HE and CS reference frames [START_REF] Adam | Measurement of inclusive J/ψ polarization in p + p collisions at √ s =200 GeV by the STAR experiment[END_REF].

All three polarization parameters were found to be consistent with zero within statistical and systematic uncertainties with no significant p T dependence, except for λ θ in the CS frame in the highest p T bin. A fair agreement among the two decay channels was found, despite the slightly different kinematic ranges covered. As shown in Fig. 1.22, among the various theoretical models, the one implementing NRQCD calculations and a CGC scenario (CGC+NRQCD) [START_REF] Ma | J/ψ polarization in the CGC+NRQCD approach[END_REF] gives the best overall description of the experimental results. Additionally, for λ θ in the HE frame, the ICEM calculation [START_REF] Cheung | Production and polarization of prompt J/ψ in the improved color evaporation model using the k T -factorization approach[END_REF] predicts a sizable transverse polarization at low p T . Ref. [START_REF] Adam | Measurement of inclusive J/ψ polarization in p + p collisions at √ s =200 GeV by the STAR experiment[END_REF].

Results at the LHC

The LHC allows for extending the study of polarization at the highest center-of-mass energies available in laboratory, resulting in larger cross-sections for both charmonium and bottomonium states. The first inclusive J/ψ polarization measurement was performed by ALICE at √ s =7 TeV [START_REF] Abelev | J/ψ polarization in pp collisions at √ s = 7 TeV[END_REF]. This first measurement, carried out in the kinematical region 2.5 < y < 4.0 and 2 < p T < 8 GeV/c, exhibits polarization parameters λ θ and λ ϕ consistent with zero within uncertainties, in both HE and CS reference frames. This result was confirmed by the later LHCb measurement, improving the precision of the measurement in a similar rapidity range (2 < y < 4.5) [START_REF] Aaij | Measurement of J/ψ polarization in pp collisions at √ s = 7 TeV[END_REF]: the polarization parameters λ ϕ and λ θϕ were found to be compatible with zero in both the HE and CS reference frames, while a small but significant longitudinal polarization (λ HE θ = -0.145 ± 0.027) was observed in the HE reference frame. The ALICE measurement for the polarization of inclusive J/ψ at √ s = 8 TeV [START_REF] Acharya | Measurement of the inclusive J/ψ polarization at forward rapidity in pp collisions at √ s = 8 TeV[END_REF] was also found to be in agreement with the two earlier results. The experimental data were also compared to model predictions: the CSM and NRQCD calculations [22,[START_REF] Chao | J/ψ Polarization at Hadron Colliders in Nonrelativistic QCD[END_REF] predict an opposite p T trend for all polarization parameters in both HE and CS reference frames, both predictions being in disagreement with the experimental results, as shown in Fig. 1.23.

The CGC+NRQCD calculations [START_REF] Ma | J/ψ polarization in the CGC+NRQCD approach[END_REF], as shown in Fig. 1.24, describe the results much better than the CSM and NRQCD computations, even though the CGC+NRQCD prefers a small transverse polarization (λ θ > 0) and the experimental data seem on the contrary to follow a weak longitudinal polarization (λ θ < 0) at small p T .

The CMS collaboration has measured prompt J/ψ and ψ(2S) polarization parameters as a function of p T at √ s measuring no significant polarization over the considered kinematic region in both HE and CS reference frames.

An additional interesting measurement has been recently reported by the CMS collaboration -the first experimental constraints on the polarization of promptly-produced χ c1 and χ c2 mesons in pp collisions at

√ s = 8 TeV [130],
performed in the J/ψ γ decay channel. The polarizations are measured in the Helicity frame, through the analysis of the χ c2 to χ c1 yield ratio as a function of the relevant angular variables, in three bins of J/ψ transverse momentum.

While no differences are seen between the two states in terms of azimuthal decay angle distributions, they are observed to have significantly different polar anisotropies. The measurement favors a scenario where at least one of the two states is strongly polarized in the HE frame, in agreement with nonrelativistic quantum chromodynamics predictions. This finding marks a new milestone in the experimental study of quarkonium production, as well as the first important indication of differences in the polarization of different quarkonium states. The analysis reported in this thesis (Chapter 7) will contribute to the study of quarkonium polarization, providing a new measurement of the Υ(1S) polarization as a function of p T in pp collisions at √ s =13 TeV, at forward rapidity, in both the Helicity and Collins-Soper reference frames, exploiting the dimuon decay channel.

Chapter 2

Experimental apparatus

The Large Hadron Collider

The Large Hadron Collider (LHC) is the largest collider ever built in the world, located at the European Organization for Nuclear Research (CERN) in the France-Switzerland border. Its 27-km ring hosts a system of superconducting magnets and RF cavities to accelerate, deviate, and focus the colliding beams. The accelerator complex with its pre-accelerators is shown in Fig. • CMS (Compact Muon Solenoid) is the second general purpose particle physics detector at the LHC. It has a different detector layout than ATLAS, but shares the same physics goals.

• LHCb (Large Hadron Collider beauty) mainly focuses on heavy-flavor physics and in particular precision measurements related to CP violation.

• ALICE (A Large Ion Collider Experiment) is a dedicated detector aiming at the study of the quark-gluonplasma produced in heavy-ion collisions at the LHC, and other phenomena related to QCD at high energy and high density. More details on the ALICE detector are given in Section 2.2. experiments, namely for its particle tracking performance down to low transverse momenta and particle identification (PID) in a wide kinematic range employing a variety of technologies. A short summary of the various sub-detectors will be given here. The ones relevant for the presented analyses will be further described in the following sections.

ALICE

The main part of ALICE is the central barrel, built as a cylinder around the interaction point. The first detector outside the beam pipe is the Inner Tracking System (ITS), which is responsible for determining the primary vertex of a collision, and the secondary vertices corresponding to the decay of long-living particles. Going outer in the radial direction, one finds the Time Projection Chamber (TPC), the main tracking and PID device of ALICE and the largest of its kind in the world. Outside the TPC several, additional tracking and PID detectors are installed: the Transition Radiation Detector (TRD), Time Of Flight (TOF), Electromagentic Calorimeter (EMcal), Di-jet Calorimeter (DCal), Photon Spectrometer (PHOS) and High-Momentum PID (HMPID). Another set of detectors is installed in the forward part of the barrel, for specific purposes: the V0 and T0 detectors, in particular, are used for event triggering and luminosity determination. The muon arm is also installed in the forward region, composed of a hadron absorber with a thickness of about 10 interaction lengths, followed by a series of 10 tracking planes installed on both sides of a dipole magnet providing an integrated field of 3 T•m. The tracking planes are followed by an iron wall of about 7.2 interaction lengths, shielding the stations of the muon trigger. Further away from the main detectors, the ALICE Diffractive (AD) and the Zero-Degree Calorimeter (ZDC) detectors are installed, both consisting of two parts, located on either side of the interaction point along the beam axis. The AD detectors are located at extremely forward rapidities, and focus on trigger diffractive collisions. The ZDC detectors, located at even smaller angles to the beam, are used to measure the energy of spectator nucleons and act as a centrality estimator in heavy-ion collisions. 

Inner Tracking System (ITS)

The Inner Tracking System (ITS) includes six cylindrical silicon layers. Although each layer covers the entire azimuth, they have pseudorapidity ranges, as shown in Tab. 

V0 detector

The V0 detector is made up of two scintillator hodoscopes (the V0A: 2.8 < η < 5.1 and the V0C: -3.7 < η < -1.7), one on either side of the interaction point. The minimum-bias (MB) trigger is provided,requiring a signal in both hodoscopes. The V0 can also be used to filter out background caused by interactions between the beam and residual gas in the beam pipe as well as between the beam halo and different accelerator components.

Muon Spectrometer

The Muon Spectrometer (MS), located at forward rapidity (-4.0 < η < -2.5), is used for the study of low-mass neutral mesons, Z bosons, and quarkonium in the dimuon decay channel. In addition, it allows one to measure the open heavy flavor mesons (D and B mesons) and the W boson in their semi-leptonic decay channel. Fig. 2.4

shows the main components of the spectrometer. The closest element to the interaction region is a front absorber, designed to absorb hadrons emerging in the collision, mainly pions and kaons, before their semi-muonic decays.

Five pairs of high-resolution detector planes constitute a tracking system, in the middle of which a large dipole magnet is installed. Beyond the magnet, an iron wall acts as a muon filter shielding two pairs of trigger chamber planes. Through the longitudinal extension of the MS, an inner beam shield protects the chambers from particles emitted at small angles. 

Absorbers and beam shield

The front absorber has a crucial role, being designed to remove hadrons coming from the interaction region without creating further particles flowing towards the tracking chambers, and without affecting muons that come from the processes of interest for the physics measurements. This absorber, approximately 4 m long, is located inside the L3 magnet. It has a composite structure involving different materials, specifically tuned to limit the small-angle scattering and the energy loss of muons, and to protect other sub-detectors from the secondary particles that are produced in the absorber itself. The spectrometer is also shielded throughout its length by the beam shield, a dense absorber tube made of some 100 t of tungsten, lead and stainless steel, which surrounds the beam pipe. While the front absorber and the beam shield are sufficient to protect the tracking chambers, the trigger chambers need an additional shielding. This is provided by an iron wall about 1 m thick -the muon filter -situated between the last tracking chamber and the first trigger chamber. The front absorber and the muon filter work together to stop muons with momentum of, approximately, less than 4 GeV/c.

Dipole magnet

The design of the spectrometer incorporates one of the largest dipole magnets ever constructed with resistive coils. It weighs 850 t with a gap between poles of about 3.5 m and a yoke height of about 9 m. It has a peak field of 0.7 T and a field integral of 3 T•m between the interaction point and the muon filter in order to provide the required resolution on the dimuon mass.

The muon tracking system

The design of the tracking system was driven by two main requirements: a spatial resolution better than 100 μm, and the capability to operate in the high-multiplicity environment corresponding to the most central Pb-Pb collisions at the top LHC energy. There are 10 tracking planes (chambers) in all, arranged in pairs to form five stations: two pairs before the dipole magnet; one inside it; and two after the magnet. Each chamber has two cathode planes to provide a 2D hit information. The segmentation fo the read-out pads is designed to keep the occupancy down to around 5%. In the first station, for example, in the inner region, the one closest to the beam pipe, where the occupancy is the highest, the pads are as small as 4.2× 6.3 mm 2 . Then, larger pads are used at larger radii because the hit density decreases with the distance from the beam. As a result, there are about 1 million electronics channels overall. To reduce the multiple scattering of the muons, the chambers are built using composite materials such as carbon fibre. This technological choice allows for extremely thin and rigid elements for the detectors, resulting in a chamber thickness as small as 0.03 radiation lengths. The various tracking stations, ranging from a few square metres for station 1 to more than 30 m 2 for station 5, justify two different basic designs for the chambers. The readout electronics are dispersed across the surface of the quadrant-shaped chambers in the first two stations. The chambers for the other stations have an overlapping slat structure, with the electronics installed on the slat edges.

The maximum size of the slats is 40 × 240 cm 2 .

The muon trigger system

The trigger chambers beyond the muon filter form the last main element of the muon spectrometer. The role of the trigger detectors is to select single muons and dimuons produced in the processes of interest (e.g. the dimuon decays of the J/ψ or the Υ resonances), and to reject background originating from muons (mainly low-p T ) produced by π and K decays, as well as punch-through hadrons emerging from the front absorber. The trigger system operates based on a predetermined transverse momentum (p T ) threshold. When there are two or more tracks with p T above this threshold, the readout electronics of the trigger system can accept or reject each track individually, depending on an estimation of its p T . This process enables the generation of a dimuon trigger signal. To meet the requirement for a position-sensitive trigger detector with a spatial resolution better than 1 cm for p T selection,

Resistive Plate Chambers (RPCs) are employed. The main component of the trigger system consists of four RPC planes, with a combined active area of approximately 150 m 2 . These planes are arranged in two stations, positioned 1 m apart from each other, and installed behind the muon filter.

ALICE trigger system and data acquisition

The ALICE trigger system is a crucial component of the ALICE experiment at the LHC. It is responsible for selecting and identifying interesting events from a large number of collision events, and must be able to process very different collision environments (e.g. pp, p-Pb, and Pb-Pb collisions). The system consists of the Central Trigger Processor (CTP) and additional Local Trigger Units (LTUs), which work together as a uniform interface to the detector front-end electronics. The trigger decisions in the ALICE experiment are generated by the CTP, which gathers information from all detector signals. The CTP selects events with diverse characteristics, adjusting the rates to meet both the Data Acquisition system (DAQ) bandwidth limitations and the physics requirements. The crucial task of the CTP is to evaluate the trigger inputs at every machine cycle (∼ 25 ns). Owing to the nature of the input signals and the demands of the detectors, the trigger system is categorized into three levels, namely Level 0 (L0), Level 1 (L1), and Level 2 (L2), each with varying latencies [START_REF] Abelev | Performance of the ALICE Experiment at the CERN LHC[END_REF]:

• L0: the CTP combines signals from the fastest detectors, namely T0, V0, SPD, TOF, PHOS, EMCal (photon trigger), and muon trigger, using both AND and OR logic to satisfy the requirements of a specific trigger class. The trigger decision is made ∼ 1.2 μs after the collision.

• L1: the CTP combines signals from slower detectors, such as EMCal (neutral-jet trigger), TRD and ZDC.

The trigger decision is made ∼ 6.5 μs after L0, casuing by the computation time in TRD and EMCAL, as well as the propagation time to ZDC.

• L2: the trigger decision is taken after ∼ 100 μs. This delay is attributed to the timing of the TPC.

The counts for all trigger classes at each level, both before (L0b) and after (L0a) the CTP decision, are stored in the scalers. The CTP may veto events for various reasons, such as a busy cluster in at least one detector, a mismatch between the L0 input and bunch crossing, past-future protection, or downscaling of certain trigger classes to allow more DAQ bandwidth for rare events. If there are no CTP vetoes, the sub-detectors are read out after a successful L2 trigger, and the event is sent to the High Level Trigger (HLT) for more sophisticated trigger criteria implementation [START_REF] Engel | The ALICE high-level trigger read-out upgrade for LHC Run 2[END_REF]. After processing the detector readout data, the HLT either accepts or rejects events.

The accepted events are then subjected to various processes via the DAQ system, which is responsible for facilitating the transfer of data from the detectors to data storage. Once the CTP has decided to acquire a particular event, the trigger signal is sent to the front-end electronics of the detector. The resulting data is transmitted to a group of computers called Local Data Concentrators (LDCs), where the data fragments that correspond to a specific event are processed and combined into sub-events. The Global Data Collector (GDC) collates information from different LDCs to construct the event, which is then forwarded to the CERN storage facilities. During reconstruction, the raw data is processed to generate the Event Summary Data (ESD), which are subsequently filtered to create the Analysis Object Data (AOD). These AOD files provide reduced and specific information, depending on the type of study. In tandem with processing the raw data, the alignment and calibration data from the detectors are compiled and stored in the Offline Condition Database (OCDB).

Analysis framework

The ALICE analysis framework for Run 1 and Run 2 was based on the AliRoot software package. AliRoot was a C++ based framework and it provided a wide range of tools for analyzing the data collected by the ALICE experiment, including event selection, track and vertex reconstruction, particle identification, and event visualization.

It also included interfaces for various data analysis packages, such as ROOT, a popular data analysis tool in the high-energy physics community. In addition, AliRoot had a well-developed user community that contributed to the development of new analysis tools and techniques. This community produced a large number of analysis packages, including packages for jet reconstruction, heavy-ion physics, and more. Overall, the AliRoot framework provided a powerful and flexible platform for analyzing the data collected by the ALICE experiment in Run 1 and Run 2.

Chapter 3

Data selection and signal extraction

Data sample and event selection

The proton-proton data samples used for the analyses discussed in the present document, namely the measurement of the multiplicity-dependent Υ production, and the measurement of the Υ(1S) polarization, both performed at forward rapidity in the dimuon channel, were collected in 2016, 2017 and 2018 at a center-of-mass energy of √ s = 13 TeV. However, for the multiplicity-dependent analysis, the data sample is selected requiring both a good SPD status and a good muon quality, while for the polarization analysis, only a good muon quality is requested. The same low-p T muon trigger threshold (corresponding approximately to 0.5 GeV/c) is used for various samples considered in the analyses. The data samples and the corresponding anchored Monte Carlo (MC) samples considered for the multiplicity dependent analysis are listed in Tab. 3.1; the data and MC samples considered for the polarization analysis are reported in Tab. 3.2.

The event selection for the two analyses is based on the CMUL7-B-NOPF-MUFAST (CMUL7) trigger, and an additional CINT7-B-NOPF-MUFAST (CINT7) trigger is requested for the events considered in the multiplicitydependent analysis. The CMUL7 trigger is the unlike-sign dimuon trigger, defined by a coincidence of signals in

V0A and V0C systems with a pair of unlike-sign muon tracks, where both muon tracks satisfy the low-p T threshold in the muon spectrometer. The CINT7 trigger is the minimum bias (MB) trigger, defined by a coincidence of signals in V0A and V0C systems.

Υ signal extraction

The two analyses discussed in the present document share various aspects of the Υ signal extraction strategy, as detailed in this section. 

Muon track and dimuon selection

The signal corresponding to the bottomonium states of the Υ family is measured exploiting the dimuon decay channel of the resonances. The single muon track candidates are selected according to the following criteria:

• The track must be reconstructed within the nominal acceptance of the spectrometer -4 < η μ < -2.5, to reject tracks at the edges of the spectrometer

• The radial coordinate of the muon candidate at the end of the absorber in the range 17.6 < |R abs | < 89.5

cm to reduce the contamination from the tracks crossing the thicker parts of the absorber

• The track reconstructed by the tracking stations must match a trigger tracklet with p μ T > 0.5 GeV/c

• The product of the muon total momentum p and its Distance of Closest Approach (p × DCA) must be within 6 σ of the distribution, to remove tracks not pointing to the interaction vertex

In addition, dimuon pairs formed by combining tracks satisfying the above selection criteria must fulfill the following requirements:

• Total charge of the pair = 0

• Dimuon pair within the nominal acceptance of the spectrometer 2.5 < y μμ < 4, to cope with the spectrometer's acceptance

Signal extraction

Muon multiple scattering and energy loss fluctuations in the front absorber, as well as residual mis-alignment of the tracking chambers, result in a tail at low and high invariant mass of the two-body peak of the Υ resonances in the reconstructed dimuon mass spectrum [START_REF]Quarkonium signal extraction in ALICE[END_REF]. The Υ raw signal yield is obtained by fitting the opposite-sign dimuon invariant mass distribution with the superposition of three double Crystal Ball functions (CB2) (defined in Eq. 3.1), one for each of the Υ(1S), Υ(2S) and Υ(3S) states, and a product of an exponential and a power-law function to account for the background. The CB2 function consists of a Gaussian core extended with two tails, one on each side. The tails can be described by a simple power law function. The parameters α L and n L are used to characterize the left tail, while the parameters α R and n R describe the right tail. Due to the complexity of the signal resulting by the superposition of the three CB2 functions, and the limited available statistics, leaving the tail parameters (α L , n L , α R and n R ) free in the fit resulted in a systematical overestimation of the tail component and a non-physical shape of the extended tails. For this reason, the tail parameters were fixed with MC simulations.

f (x; μ, σ, α L , n L , α R , n R ) = N • ⎧ ⎪ ⎪ ⎪ ⎪ ⎪ ⎨ ⎪ ⎪ ⎪ ⎪ ⎪ ⎩ A • (B -t) -nL , t ≤ α L exp(- 1 2 t 2 ), α L < t < α R C • (D + t) -n R , t ≥ α R (3.1)
where,

t = x -μ σ A = ( n L |α L | ) n L • exp(- |α L | 2 2 ) B = n L |α L | -|α L | C = ( n R |α R | ) n R • exp(- |α R | 2 2 ) D = n R |α R | -|α R |
and N is the normalization factor, μ and σ are the mean and width of the Gaussian.

Υ(nS) signal extraction in the multiplicity-dependent analysis

As was verified in the data and the MC, no significant dependence on the charged-particle multiplicity affects the shape of theΥ(nS) peaks, the default set of the tail parameters is obtained in the integrated multiplicity interval.

The parameters are listed in Tab. 3.3.

pp 13 TeV MC simulations α L 1.0242 n L 2.0000 α R 2.0711 n R 2.2565
Table 3.3: Tail parameters used in the multiplicity dependent analysis: fixed to the simulations at 13 TeV.

Υ(1S) signal extraction in the polarization analysis

For the polarization analysis, the data are analyzed in sub-samples defined by p T and the angular variables | cos θ|, |ϕ|, and φ. In this case, a dependence of the tail parameters (see Appendix B.2) and the width of Υ(1S)

are found in the MC, as shown in Fig. 3.1 (the other results are shown in Appendix B.3). For this reason, in the invariant mass fits performed in the polarization analysis, the width was fixed according to Eq. 3.2, i.e. by scaling the measured width for the angle-integrated spectrum with the MC ratio between the widths in a given angular interval and in the integrated spectrum, while the tail parameters were always fixed to the parameters extracted from the MC. 

σ i,Data Υ(1S) = σ i,MC Υ(1S) × ( σ Data Υ(1S) σ MC Υ(1S) ) Integrated (3.

Fit strategy

The fit to the dimuon invariant mass distribution is performed in four iterative steps, as described below. At step N+1, the free parameters are initialized with the values obtained at step N. Only fits satisfying convergence conditions of the minimization strategy are kept. The different steps defining the procedure are illustrated in Fig. 3.2.

• Step 1: fit to the dimuon invariant mass out of the mass window defining the signal range (m μμ = [8.5, 11] GeV/c 2 ), with the background parameters kept free.

• Step 2: fit to the dimuon invariant mass for the Υ(1S) signal, with the superposition of the background and a Gaussian, excluding the Υ(2S) and Υ(3S) signal range (m μμ = [9.9, 11] GeV/c 2 ), with all parameters kept free. In this and the following steps, for the multiplicity-dependent analysis the width of Υ(1S) is kept free in the integrated multiplicity, but fixed to the value obtained in the multiplicity-integrated sample when analyzing the other multiplicity intervals; for the polarization analysis, the width is fixed to the scaled MC value.

• Step 3: fit to the dimuon invariant mass for Υ(1S) with the superposition of the background and a CB2, still excluding the Υ(2S) and Υ(3S) (m μμ = [9.9, 11] GeV/c 2 ). The CB2 tail parameters are fixed to MC, while the other parameters are kept free.

• Step 4: fit to the whole dimuon invariant-mass distribution with the superposition of the background and three CB2 functions with fixed tail parameters, and the mass-pole and the sigma parameters of the Υ(2S) and Υ(3S) fixed to the ones of the Υ(1S) according to the ratio between the mass-pole parameters reported in the PDG (as described in Eq. 3.3 and 3.4). The other parameters are kept free.

m Υ(2S) = m Υ(1S) × m PDG Υ(2S) m PDG Υ(1S) , m Υ(3S) = m Υ(1S) × m PDG Υ(3S) m PDG Υ(1S) (3.3) σ Υ(2S) = σ Υ(1S) × m PDG Υ(2S) m PDG Υ(1S) , σ Υ(3S) = σ Υ(1S) × m PDG Υ(3S) m PDG Υ(1S) (3.4) 
Where m Υ(nS) and σ Υ(nS) denote the mass and the width of Υ(nS) (n = 1, 2 or 3), respectively. At the end of the fit procedure, the number of Υ(nS) is computed as the integral of the corresponding CB2 function, and the corresponding statistical uncertainty is estimated from the uncertainties on the parameters optimized by the fit.

Chapter 4

Charged-particle multiplicity estimation

The estimation of the charged-particle multiplicity is a mandatory step for the first analysis discussed in the present document, namely the analysis of Υ production at forward rapidity as a function of the charged-particle multiplicity. This analysis is performed on INEL> 0 events, defined by the presence of at least one charged-particle track in |η| < 1. Moreover, in order to limit any correlation with the measured signal, the pseudorapidity chargedparticle multiplicity density (dN ch /dη) is measured considering the tracks reconstructed at mid-rapidity.

Event selection for multiplicity determination

In order to ensure the best possible multiplicity estimation from the number of tracks of the charged particles reconstructed with the SPD, a series of selection criteria (pileup rejection and SPD vertex selection) is applied on events, satisfying the minimum bias trigger level.

Pileup rejection

In high luminosity colliders, it is common to encounter pileup events where multiple separate events are produced within a single bunch crossing. Due to the simultaneous nature of these interactions within the same bunch crossing, the detector is unable to resolve them individually. In this study, the rejection of pileup events was achieved using the Physics Selection framework developed by the ALICE collaboration [START_REF]Alice analysis repository[END_REF], which includes a dedicated task designed to apply criteria for identifying and removing pileup events. These criteria have been optimized for each specific period and are applied based on the SPD selection criteria and V0 timing. 

SPD vertex selection

The multiplicity determination requires events with a reconstructed primary vertex from the SPD satisfying the following vertex quality selection criteria (also called vertex quality assurance, vertex QA):

• N contributors > 0: the selected events are required to have a reconstructed primary vertex with at least one primary vertex contributor • σ(z vtx ) < 0.25 cm: the resolution of the z-coordinate of the SPD vertex must be better than 0.25 cm

• |z vtx | < 10 cm: the selected events are required to have SPD vertex reconstructed within |z vtx | < 10 cm

Charged-particle multiplicity estimation

The charged-particle multiplicity, dN ch /dη, is measured by counting the number of SPD tracklets reconstructed in |η| < 1. A tracklet is a segment of a track which is reconstructed in the Silicon Pixel Detector (SPD), the two innermost layers of the ITS. The details about the tracklets reconstruction algorithm can be found in [START_REF] Blanco | Study of J/ψ production dependence with the charged particle multiplicity in p-Pb collisions at √ s NN = 5.02 TeV and pp collisions at √ s = 8 TeV with the ALICE experiment at the LHC[END_REF]. The acceptance of SPD depends both on the position of the vertex, and on the SPD modules status, since inactive SPD modules result in a reduced acceptance. As a consequence, a z-vertex (z vtx ) dependence is observed for the number of reconstructed tracklets (see Fig. 4.2). In order to take into account the SPD acceptance variation with time in the data sample considered, a data-driven event-by-event correction method is applied, similar to the one described in [82]. This method consists in equalizing the measured N trk (z vtx ) profile to a reference value, which is at a specific z-vertex position (z ref vtx ). In this analysis, the maximum N trk is taken as a reference, i.e. N raw trk (z ref vtx ) = max( N raw trk (z vtx )). More details about the choice of the reference value can see Ref. [START_REF] Thakur | Multiplicity dependence of Forward Rapidity J/ψ Production in Proton+Proton Collisions with ALICE at the LHC and Study of Particle Production in High-Energy Collisions[END_REF]. Then the correction term is smeared with a Poissonian distribution to mimic the event-by-event fluctuations. The tracklet multiplicity after the equalization procedure is referred to as the "corrected" tracklet multiplicity, N cor trk (z vtx ). The procedure is illustrated in Eq. 4.1, where the number of missing tracklets (ΔN (z vtx )) is computed using Eq. 4.2. 

ΔN rand (z vtx ) = N raw trk (z vtx ) N raw trk (z ref vtx ) -N raw trk (z vtx ) N raw trk (z vtx ) (4.2)

Choice of reference value and data-driven correction

The reference profile for the z vtx -dependence of N trk may in principle depend on the events considered to evaluate it. From Fig. 4.2, in particular, one can see that the profile extracted from CINT7 and CMUL7 events have slightly different shapes, their ratio being shown in Fig. 4.3 for the LHC16h period (more results are available in Appendix A.2), likely due to the slight correlation between the condition implemented in the dimuon trigger and the topology of the underlying event (more details in Ref. [START_REF] Thakur | Multiplicity dependence of Forward Rapidity J/ψ Production in Proton+Proton Collisions with ALICE at the LHC and Study of Particle Production in High-Energy Collisions[END_REF]). Since the multiplicity estimation is based on the CINT7 (MB) trigger, which is the less biased trigger, the reference profile corresponding to the CINT7 events has been finally retained as an input for the data-driven correction.

The reference profile for the z vtx -dependence of N trk also depend on the data sample period, see Fig. for the analysis was then split into three groups, namely G1 (corresponding to 16h+16j+16k+16o+16p+17 i+17k), G2 (corresponding to 17m+17o+17r+18d+18e+18f) and G3 (corresponding to 18l). The raw profiles corresponding to each group are shown in Fig. 4.5. Table 4.1 reports the maximum N trk values and the corresponding number of triggered events in each selected group. The integrated sample of each group has been used as a baseline for the data-driven correction, and the maximum value among the three profiles ( N trk max = 11.73) is used as a uniform reference for all corrections. After the correction, N trk is independent of z vtx for CINT7 triggered events, as shown in Fig. 4.6. The effect of this correction on the distribution of the number of tracklets is shown in Fig. 4.7 for both CINT7 and CMUL7 triggered events, and each of the three groups defined for the data sample. As it can be seen, the correction shifts the tracklet distribution towards higher tracklet multiplicities, due to the recovering of the inefficiencies allowed by the data-driven correction. The same data-driven correction procedure is then applied in the MC simulations: to ensure that the same multiplicity classes are considered in data and MC, the same N cor trk (z vtx ) profile and reference value are considered as in the data. 

Group

N ch -N cor trk correlation factor evaluation

Once the number of reconstructed tracklet is corrected for the detector inefficiencies, one can try to estimate the corresponding number of primary charged particles corresponding to the tracklets reconstructed in the event.

This estimation must take into account that the production of secondary particles, either coming from the decay of primary particles or their interaction with the detector volumes, leads to a difference between the number of reconstructed tracklets and the number of primary charged particles (N ch ), as detailed in Ref. [START_REF] Adam | Pseudorapidity and transverse-momentum distributions of charged particles in proton-proton collisions at √ s = 13 TeV[END_REF]. The correlation between the corrected tracklet multiplicity N cor trk and the number of generated primary charged particles N ch has been studied [START_REF] Acharya | Multiplicity dependence of J/ψ production at midrapidity in pp collisions at √ s = 13 TeV[END_REF] using Monte Carlo (MC) simulations based on the PYTHIA 8.2 [START_REF] Sj | An introduction to PYTHIA 8.2[END_REF] event generator. The propagation of the simulated particles in the detector apparatus, a crucial step to describe secondary particle production, is performed with GEANT 3 [START_REF] Brun | GEANT Detector Description and Simulation Tool[END_REF], followed by the same reconstruction procedure as for real data. Once the N ch distribution is found, the self-normalized multiplicity is defined as the ratio of the charged-particle multiplicity density in the analysis multiplicity interval, dN ch /dη, to the average one:

dN ch /dη dN ch /dη INEL>0 = f ( N cor trk ) Δη × dN ch /dη INEL>0 , ( 4.3) 
where Δη = 2 is the width of the pseudorapidity region considered for the measurement of the charged-particle multiplicity. The average charged particle multiplicity dN ch /dη , for the pp collisions at √ s = 13 TeV [START_REF] Acharya | Pseudorapidity distributions of charged particles as a function of mid-and forward rapidity multiplicities in pp collisions at √ s = 5.02, 7 and 13 TeV[END_REF], is found to be 7.02 ± 0.11 ( 1.6% syst.). The function f ( N cor trk ) is used to parametrize the correlation between N cor trk and N ch .

Correlation between N cor trk and N ch

According to Eq. 4.3, the charged-particle multiplicity density in the analysis multiplicity interval, dN ch /dη, can be expressed as

dN ch dη = N ch Δη = f ( N cor trk ) Δη (4.4)
The function f ( N cor trk ), defined as an ad-hoc polynomial (see Appendix A.3) parametrizes the correlation between N cor trk and N ch in the full N cor trk range, as shown in Fig. 4.9. The N ch values corresponding to the various N cor trk intervals (taken from Ref. [80]) considered for the analysis, are reported in Tab. 4.2. N cor trk range N ch [1,[START_REF] Zyla | Review of Particle Physics[END_REF] 5.610 ± 0.000 [START_REF] Fritzsch | Producing Heavy Quark Flavors in Hadronic Collisions: A Test of Quantum Chromodynamics[END_REF][START_REF] Acharya | Energy dependence of forward-rapidity J/ψ and ψ(2S) production in pp collisions at the LHC[END_REF] 13.886 ± 0.000 [START_REF] Sirunyan | Measurement of quarkonium production cross sections in pp collisions at √ s = 13 TeV[END_REF][START_REF] Acharya | Inclusive quarkonium production in pp collisions at √ s = 5.02 TeV[END_REF] 21.258 ± 0.001 [START_REF] Aaij | Study of J/ψ Production in Jets[END_REF][START_REF] Shao | Spin correlations in polarizations of P-wave charmonia χ cJ and impact on J/ψ polarization[END_REF] 27.889 ± 0.001 [START_REF] Aaij | Measurement of J/ψ polarization in pp collisions at √ s = 7 TeV[END_REF][START_REF] Liu | J/ψ Transverse Momentum Distribution in High Energy Nuclear Collisions at RHIC[END_REF] 35.112 ± 0.001 [START_REF] Zhao | Medium Modifications and Production of Charmonia at LHC[END_REF][START_REF] Alessandro | A New measurement of J/ψ suppression in Pb-Pb collisions at 158 GeV per nucleon[END_REF] 44.189 ± 0.001 [START_REF] Arnaldi | J/ψ production in indium-indium collisions at 158-GeV/nucleon[END_REF][START_REF] Sirunyan | Relative Modification of Prompt ψ(2S) and J/ψ Yields from pp to Pb-Pb Collisions at √ s NN = 5.02 TeV[END_REF] 53.487 ± 0.002 [START_REF] Adam | J/ψ suppression at forward rapidity in Pb-Pb collisions at √ s NN = 5.02[END_REF][START_REF] Khachatryan | Suppression of Υ(1S), Υ(2S) and Υ(3S) production in Pb-Pb collisions at √ s NN = 2.76 TeV[END_REF] 63.682 ± 0.004 [START_REF] Sirunyan | Measurement of nuclear modification factors of Υ(1S), Υ(2S), and Υ(3S) mesons in Pb-Pb collisions at √ s NN = 5.02 TeV[END_REF]80] 76.744 ± 0.011 [START_REF] Aaij | Study of J/ψ Production in Jets[END_REF][START_REF] Liu | J/ψ Transverse Momentum Distribution in High Energy Nuclear Collisions at RHIC[END_REF] 31.384 ± 0.001 

Systematic uncertainty on charged-particle multiplicity

The systematic uncertainty on the self-normalized charged-particle multiplicity dN ch /dη/ dN ch /dη contains four contributions, detailed in Tab. To estimate the systematic uncertainty coming from the specific choice of the f function, the correlation between the tracklets and the charged-particle multiplicities is also studied with a linear fit function (N ch = α × N cor trk ), on top of the polynomial approach described above, both globally (for the whole multiplicity range) and separately in the specific multiplicity intervals considered in the analysis. The α factors and their uncertainties are computed by applying the same procedure as for the polynomial fit. In each multiplicity class, the difference originating by the usage of either the global or the bin-by-bin α factor is considered as an additional systematic uncertainty on the selfnormalized multiplicity, "N cor trk vs N ch non-linearity" in Table 4.3, amounting to 0.14 -7%, depending on the multiplicity class (more details see Appendix A.4.2).

dN ch /dη represents the charged-particle multiplicity averaged over all INEL > 0 events. The value and its systematic uncertainty (1.6%) are taken from an independent analysis [START_REF] Acharya | Pseudorapidity distributions of charged particles as a function of mid-and forward rapidity multiplicities in pp collisions at √ s = 5.02, 7 and 13 TeV[END_REF].

In addition, the lowest multiplicity class is affected by the vertex quality selection, which removes very-lowmultiplicity events. This effect is accounted for by dividing the N ch value extracted for the first multiplicity interval by a correction factor List of the event classes considered in the analysis, defined in terms of the N cor trk measured in the SPD (|η| < 1). For each event class, the average self-normalized charged-particle multiplicity is indicated together with its systematic uncertainty (statistical uncertainties are negligible).

Self-normalized charged-particle multiplicity

The self-normalized multiplicity in each N cor trk interval is computed by using Eq. 4.5:

dN i ch /dη dN ch /dη = N ch i dN ch /dη × Δη × ε i INEL>0, N ch , ( 4.5) 
where ε i INEL>0, N ch is the correction factor for INEL > 0 selection in the i th selected corrected tracklet multiplicity class. This value was checked to be negligible for all the multiplicity classes except for the first multiplicity class, ε 1 MB,INEL>0, N ch = 1.039 ± 0.003 (0.3% syst.). Finally, the statistical uncertainty is calculated by a squared sum of all the terms in Eq. 4.5. The systematical uncertainty is computed by a squared sum of all contributions in 

Chapter 5

Υ production as a function of multiplicity

Analysis strategy

The self-normalized yield of Υ, i.e. the yield in a given multiplicity class i normalized to the multiplicity-integrated value, is evaluated as:

dN i Υ /dy dN Υ /dy = N i Υ N Υ × N eq MB N eq,i MB × (A × ε) Υ (A × ε) i Υ × ε i MB ε MB × ε Υ ε i Υ , ( 5.1) 
where N Υ and N eq MB are the number of reconstructed Υ candidates and the equivalent number of MB events for the dimuon-triggered sample analyzed, respectively. The ratio N eq,i MB /N eq MB is the fraction of the MB cross section corresponding to multiplicity class i, and is calculated from the MB-triggered sample, as N i MB /N MB , as detailed in Ref. [80]. The A × ε correction for N Υ is independent of multiplicity in the measured intervals, therefore, this factor cancels out for the self-normalized yield measurement. The 1/ε MB (or 1/ε i MB ) and 1/ε Υ (or 1/ε i Υ ) factors are meant to account for the possible event and signal losses due to the event selections.

Signal extraction

Υ yields in the dimuon-triggered sample

The number of Υ mesons in the selected multiplicity class is extracted from a log-likelihood binned fit to the invariant mass (m μ + μ -) distribution. In the integrated multiplicity class, the fit is performed modeling the 2-body decay peaks of the three Υ(1S), Υ(2S), and Υ(3S) states with three CB2 functions with fixed tail parameters, and three alternative parametrizations of the underlying continuum background, namely a variable-width Gaussian (VWG) [START_REF] Acharya | Measurement of Υ(1S) elliptic flow at forward rapidity in Pb-Pb collisions at √ s NN = 5.02 TeV[END_REF], the product of two exponentials, or the product of an exponential and a power law function; and three alternative invariant mass fit ranges - [6,[START_REF] Vogt | Quarkonium Production and Polarization in an Improved Color Evaporation Model[END_REF], [5,[START_REF] Acharya | Energy dependence of forward-rapidity J/ψ and ψ(2S) production in pp collisions at the LHC[END_REF], and [7,[START_REF] Lansberg | On the mechanisms of heavy-quarkonium hadroproduction[END_REF] GeV/c 2 . The distribution of the corresponding results is shown in Fig. 5.1. In addition, when extracting the signal in multiplicity classes, the Υ(1S) mean mass and width, extracted from the multiplicity-integrated fit, are varied within their uncertainties. The mass and the width of the Υ(2S) and Υ(3S) fixed to the ones of the Υ(1S) according to the ratio between the mass-pole parameters reported in the PDG (as described in Eq. 3.3 and 3.4). More details of the fit procedure has been explained in Section 3.2.3. The raw number of the Υ(1S) in the integrated-multiplicity class with various combined fit options is shown in Fig. 5.2. Last but not least, the last control variable, the signal significance, which is typically expressed in terms of the number of standard deviations (σ) above the background fluctuation, is discussed. A significance at 3σ is defined as:

Σ Υ(nS) 3σ = S/ √ S + B Υ(nS) 3σ
where S represents the integral of the fitted signal function over the invariant mass interval [μ -3σ, μ + 3σ], and B represents the integral of the fitted background function over the same interval.

With this definition, the significance is used to validate the choice of boundaries for the intervals in terms of corrected tracklet multiplicity. If the significance of the Υ(nS) (n=1, 2 or 3) signal is too low in a particular interval, it would imply that it is not possible to reliably extract a signal in that interval. In such cases, the fitting tests would fail to converge, indicating the inability to distinguish the signal from the background. In this analysis, considering the significance condition (Σ

Υ(nS) 3σ
> 3, n=1, 2 or 3) for each Υ state in the selected multiplicity interval, the highest N cor trk intervals in which the measurement is significant are [START_REF] Sirunyan | Measurement of nuclear modification factors of Υ(1S), Υ(2S), and Υ(3S) mesons in Pb-Pb collisions at √ s NN = 5.02 TeV[END_REF]80] for Υ(1S) and Υ(2S) and [START_REF] Aaij | Study of J/ψ Production in Jets[END_REF][START_REF] Liu | J/ψ Transverse Momentum Distribution in High Energy Nuclear Collisions at RHIC[END_REF] for Υ(3S). The raw number of Υ(1S), Υ(2S) and Υ(3S) are then reported in Tab. 5.1. The raw yield ratio of N i Υ /N Υ for each multiplicity class i is computed with all variations of three background shapes -a VWG, the product of two exponentials, and the product of an exponential and a power law functionand three alternative invariant mass fit ranges - [6,[START_REF] Vogt | Quarkonium Production and Polarization in an Improved Color Evaporation Model[END_REF], [5,[START_REF] Acharya | Energy dependence of forward-rapidity J/ψ and ψ(2S) production in pp collisions at the LHC[END_REF], and [7,[START_REF] Lansberg | On the mechanisms of heavy-quarkonium hadroproduction[END_REF] GeV/c 2 , which are combined for the same set of tail parameters, σ and mass. The corresponding systematic uncertainty, are calculated as the average 

N cor trk range N Υ(1S) ± stat(%) ± syst(%) N Υ(2S) ± stat(%) ± syst(%) N Υ(3S) ± stat(%) ± syst(%) Integrated 13377 ± 2 ± 1 3728 ± 5 ± 1 1513 ± 10 ± 5 [1,
± = 0.152 R (1S) Υ BIN01 : Y Figure 5.3: Raw yield ratio of N 1 Υ(1S) /N Υ(1S)
in the first multiplicity class, corresponding to [1,[START_REF] Zyla | Review of Particle Physics[END_REF], with various combined options: three background shapes -a VWG, the product of two exponentials, and the product of an exponential and a power law function; and three alternative invariant mass fit ranges - [6,[START_REF] Vogt | Quarkonium Production and Polarization in an Improved Color Evaporation Model[END_REF], [5,[START_REF] Acharya | Energy dependence of forward-rapidity J/ψ and ψ(2S) production in pp collisions at the LHC[END_REF], and [7,[START_REF] Lansberg | On the mechanisms of heavy-quarkonium hadroproduction[END_REF] GeV/c 2 , which are combined for the same set of tail parameters, σ and mass. The solid line is the central value and the dashed line means 1σ deviation to the central value, which is the systematic uncertainty for the signal extraction.

Multi.Class(i) N cor trk range 

N i Υ(1S) N Υ(1S) ± stat(%) ± syst(%) N i Υ(2S) N Υ(2S) ± stat(%) ± syst(%) N i Υ(3S) N Υ(3S) ± stat(%) ± syst(%) 1 [1,
N i Υ(nS)
N Υ(nS) in the corrected tracklet multiplicity classes. The "-" quoted in the table means that the significance in the corresponding multiplicity class is too small (< 3) and the signal is not measured.

Υ yields in the corresponding MB-triggered sample

The dimuon-triggered sample is used to measure Υ(nS) states in dimuon decay channel. To calculate the corresponding Υ(nS) yields in MB-triggered sample, the equivalent number of MB events (N eq MB ) for the dimuon-triggered sample is calculated. The ratio N eq,i MB /N eq MB is the fraction of the MB cross section corresponding to multiplicity class i and integrated-multiplicity class. It has been verified that this ratio can be directly calculated from the MB-triggered sample, as N i MB /N MB (more details see Ref. [80]), resulting in a negligible difference (0.02%) with respect to the approach considered in the present analysis.

Multi.Class(i) N cor trk range 

NMB N i MB 1 [1,

Event selection efficiency correction

The MB-triggered events used in this analysis are considered with the vertex quality selection (vertex QA), see 

INEL > 0 selection (ε MB,INEL>0
), and pileup rejection (ε pu ), as in Ref. [80]. Finally, it is worth noticing that the integrated number of MB events includes events with zero tracklets (INEL = 0 events): to remove this contamination, a specific correction factor (ε INEL=0 ) is applied, as estimated from MC simulations. Finally, Eq. 5.1 can be expressed as Eq. 5.2.

dN i Υ /dy dN Υ /dy = N i Υ N Υ × N MB N i MB × ε vtx,QA × ε i MB,INEL>0 ε MB,INEL>0 × 1 ε INEL=0 × ε pu (5.2)

Vertex quality selection

The number of MB-trigger events and the number of Υ(nS) with or without using vertex QA, associated with the efficiencies, are reported in Tab. 5.4. The vertex QA efficiency, due to the vertex cuts for MB events and Υ signals, is then defined as Eq. 5. vtx,QA = 1.02 ± 0.13 (stat.) .

MB trigger efficiency correction

The MB trigger efficiency (ε MB,INEL>0 ) is close to unity for all the multiplicity classes, except for the lowest and the integrated classes: this effect must be taken into account since it affects the corresponding Υ yields. The correction factor for the lowest multiplicity class has been calculated as Eq. 5.4.

ε 1 MB,INEL>0,yield = N events (N ch ≥ 1 + vertex QA + MB trigger) N events (N ch ≥ 1 + vertex QA) (5.4)
In the lowest multiplicity, the calculated value with associated systematic uncertainty is ε 

Correction for the contamination from MB INEL = 0 events

A strict MB trigger INEL > 0 condition can only be applied on MC samples, while the data sample includes a contamination of INEL = 0 events. In addition, the efficiency correction of vertex QA, obtained from data (fraction of Υ(nS) states and MB events rejected, see Sec. 5.3.1), will reintroduce any contamination that was rejected.

Therefore, the correction for the contamination effect has been computed together with the one on the vertex QA.

The calculated contamination value from MC is:

Contamination without vertex QA:

f 1 = N events (INEL = 0 + MB trigger) N events (INEL ≥ 0 + MB trigger) = 2% (5.5) 
or:

Contamination with vertex QA:

f 2 = N events (INEL = 0 + MB trigger + vtx, QA) N events (INEL ≥ 0 + MB trigger + vtx, QA) = 0.8% (5.6) 
From these values, there are two methods used to correct for the vertex QA and the contamination, starting from the number of MB in data after MB-trigger and vertex QA, which corresponds to N data = N INEL≥0+MB trigger+vtx,QA .

1. Correct for vertex QA from data first and then correct for the contamination w/o vertex QA (Method 1):

N data * N INEL≥0+MB trigger N INEL≥0+MB trigger+vtx,QA * (1 - N INEL=0+MB trigger N INEL≥0+MB trigger ) = N data * 1 ε MB,Data vtx,QA * (1 -f 1 ) = N data * 1.04 2.
Correct for the contamination with vertex QA first and then correct for vertex QA from MC (Method 2):

N data * (1 - N INEL=0+MB trigger+vtx,QA N INEL≥0+MB trigger+vtx,QA ) * N INEL>0+MB trigger N INEL>0+MB trigger+vtx,QA = N data * (1 -f 2 ) * 1 ε MB,MC vtx,QA = N data * 1.03
The vertex QA MB triggered efficiencies from data and MC are respectively: ε MB,Data vtx,QA = 0.94, ε MB,MC vtx,QA = 0.96 (MC: refers to PYTHIA 8 generator).

For both cases, the small vertex QA effect on Υ should also be corrected for, as is currently done in the analysis (Section 5.3.1). Since so far the vertex QA correction is extracted from data, the first method, correcting for the contamination after vertex QA correction is considered. The contamination INEL = 0 correction efficiency is:

ε INEL=0 = 1
1-f1 = 1.02. In this case, the vertex QA correction used so far in the analysis will not change. The difference between the two methods (Method 1 vs 2) should be added to the systematic uncertainty on the integrated yield. From the results above, it is 1%. And there is 1% difference between the two MC generators (PYTHIA 8 vs. EPOSLHC). The final correction efficiency for contamination INEL = 0 with associated systematic uncertainty is: ε INEL=0 = 1.02 ± 0.02 (2%).

Efficiency for pileup rejection

The pileup efficiency factor was found to be close to unity in multiplicity bins, resulting in a negligible effect on the final results, as details in Ref. [START_REF] Guitti Ère | ψ(2S) production as a function of charged-particle pseudorapidity density in pp collisions at √ s = 13 TeV[END_REF].

Systematic uncertainty on the self-normalized Υ yields

The systematic uncertainty on the self-normalized Υ(nS) yield includes four contributions, as summarized in Table 5.6. The raw yield ratio of N i Υ /N Υ for each multiplicity class i, and the corresponding systematic uncertainty, are calculated as the average and the standard deviation of the results corresponding to the various options considered for the signal extraction. The MB trigger efficiency (ε MB,INEL>0 ) affects the Υ yields of the lowest and the integrated multiplicity classes with an associated systematic uncertainty of 1% (ε 1 MB,INEL>0,yield ) and 0.5% (ε MB,INEL>0 ), respectively. The contamination efficiency factor ε MB,INEL=0 , mentioned above, is characterized by an associated systematic uncertainty of 2%, while the systematic uncertainty for the vertex quality correction (ε vtx ) and the pileup rejection (ε pu ) are both found to be negligible. All the aforementioned systematic uncertainties are added in quadrature in the final results.

Source

%

N i Υ(1S) /N Υ(1S) 1 -6 N i Υ(2S) /N Υ(2S) 3 -7 N i Υ(3S) /N Υ(3S) 7 -13 ε 1 MB,INEL>0,yield 1 ε MB,INEL>0 0.5 ε MB,INEL=0 2 
Table 5.6: Summary of the systematic uncertainties for the self-normalized Υ yields. When the systematic uncertainty depends on the multiplicity class, the corresponding range is given.

Results and discussion

The self-normalized yields, dN Υ /dy/ dN Υ /dy , as a function of the self-normalized charged-particle multiplicity calculation with a loose modeling of dynamical effect via a global saturation [START_REF] Christiansen | String Formation Beyond Leading Colour[END_REF]. CR might have an impact both on the charged particle multiplicity and the correlation to the produced hard probe. At larger multiplicities, PYTHIA 8.2 computations for the Υ(1S) deviate from the linear scaling, suggesting a weakening of the dependence of the selfnormalized bottomonium yield on the charged-particle multiplicity for increasing values of the latter. Computations from coherent particle production (CPP) [START_REF] Kopeliovich | Heavy quarkonium in the saturated environment of high-multiplicity pp collisions[END_REF] are also displayed: in this framework, high-multiplicity hadronic colli-sions are parameterized on equal footing regardless of the specific pp, p-A, or A-A system, allowing one to take into account features associated to nuclear effects. This is done by means of a phenomenological parameterization for mean multiplicities of light hadrons and quarkonia, assuming a linear dependence with the number of binary nucleon-nucleon interactions in p-A collisions. This model also takes into account the possible mutual boosting of the gluon densities and saturation scales in the colliding protons, induced by MPIs in a high-multiplicity environment, affecting the hard process production mechanisms (prompt production) [START_REF] Kopeliovich | Mutual boosting of the saturation scales in colliding nuclei[END_REF]. The model is defined for dN ch /dη/ dN ch /dη > 1, corresponding to at least one nucleon-nucleon collision, therefore the model predictions and curves start at dN ch /dη/ dN ch /dη > 1. Its uncertainties are inherited from the experimental uncertainties of the p-A measurements used to extract the model parameters. The CPP computations qualitatively describe the observed behavior within the current large theoretical and experimental uncertainties. In the computation with the CGC approach of Ref. [88], the probability to produce charmonia and bottomonia increases via a sizeable contribution of the multipomeron mechanism and especially the 3-pomeron term. It is enhanced, at high energy, thanks to additional t-channel gluons due to the increased gluon densities. The 3-pomeron CGC computation overestimates the measured dependence of Υ(1S) for the highest multiplicities reached, while no firm conclusion can be established for the excited states due to the large experimental uncertainties. It has to be noted that, despite the recent progress in the simultaneous computation or modelization of the soft and the hard components of hadronic interactions, there is a general lack of predictions available for bottomonium studies, except the PYTHIA 8.2, CPP and CGC in the 3-pomeron approach computations considered in this thesis. In particular, at the time of writing, predictions concerning bottomonium production are neither available in EPOS [START_REF] Pierog | EPOS LHC: Test of collective hadronization with data measured at the CERN Large Hadron Collider[END_REF], nor in the already cited percolation model [START_REF] Ferreiro | High multiplicity pp events and J/ψ production at LHC[END_REF]. Computations from CPP are not available for the Υ(3S) due to a lack of experimental measurements needed to extract the model parameters.

Figure 5.6 presents the Υ excited-to-ground state self-normalized yield ratios as a function of the self-normalized charged-particle multiplicity. A large fraction of the systematic uncertainties affecting the self-normalized yield of Υ(nS) states, dominated by signal extraction, cancels in the excited-to-ground state ratios (more details see Appendix A.5). The excited-to-ground state ratio of Υ(2S) to Υ(1S), shown in Fig. 5.6 (top panel), is compatible with unity within the current uncertainties up to six times the mean charged-particle multiplicity. The measurement is compared with computations from PYTHIA 8.2, predicting a ratio close to unity at high multiplicity, independently of the considered color reconnection scenario. Calculations from CPP and 3-pomeron CGC are also compatible with a ratio close to unity, within large uncertainties. The measurement is also compared with computations from the comover model [START_REF] Ferreiro | Excited charmonium suppression in proton-nucleus collisions as a consequence of comovers[END_REF][START_REF] Esposito | The nature of X(3872) from high-multiplicity pp collisions[END_REF] in which quarkonia are dissociated by interactions with final-state comoving particles.

Dissociation rate is linked to the binding energy of the considered quarkonium state, and to the comover density.

This last parameter also determines the uncertainties of the model. Feed-down contributions are taken into account in the computation. A decrease of 20% to 40% over the covered multiplicity range is predicted by this approach for the Υ(2S)-to-Υ(1S) ratio. It is worth noting that the CMS experiment reports a decrease of the direct Υ(2S)-to-Υ(1S) 
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.5: Self-normalized yield of Υ(nS) states as a function of the self-normalized charged-particle multiplicity for p T > 0 GeV/c, compared to 3-pomeron CGC approach [88], PYTHIA 8.2 [START_REF] Sj Östrand | A Brief Introduction to PYTHIA 8.1[END_REF] and CPP [START_REF] Kopeliovich | Heavy quarkonium in the saturated environment of high-multiplicity pp collisions[END_REF]. The dashed line represents a linear function with the slope equal to unity. ratio as a function of the number of tracks when both quantities are measured in the central rapidity region in pp collisions at √ s = 2.76 TeV [96] and 7 TeV [START_REF] Sirunyan | Investigation into the event-activity dependence of Υ(nS) relative production in proton-proton collisions at √ s = 7 TeV[END_REF]. On the contrary, when the measurement is performed with a rapidity gap between the Υ(nS) states (|y| < 1.93) and the transverse energy measurement as an estimator of event activity (|η| > 4), a much less pronounced decrease is observed in the ratio between the production yields of the two states [START_REF] Chatrchyan | Event Activity Dependence of Υ(nS) Production in √ s NN = 5.02 TeV p-Pb and √ s = 2.76 TeV pp Collisions[END_REF]. Figure 5.6 (bottom panel) shows the excited-to-ground state ratio of Υ(3S) to Υ(1S). The measurement is compatible with unity within the large uncertainties and with the almost flat trend predicted by PYTHIA 8.2, regardless of the considered color reconnection scenario, and by 3-pomeron CGC computations. It is interesting to note that, on the contrary, the comover scenario predicts a dissociation of Υ(3S) states leading to a large suppression at high charged-particle multiplicity (∼ 6 times the mean multiplicity). For the Υ(2S) and Υ(3S) states, the discrepancy between data and the predictions of the comover model amounts to 1.8 and 1.7 sigmas, at most. Firm conclusions on the presence or absence of a final state Υ dissociation due to comoving particles would require further investigation based on larger data samples. The ALICE collaboration reported excited-to ground state ratio in the charm sector: ψ(2S)-to-J/ψ ratio [START_REF] Acharya | Measurement of ψ(2S) production as a function of charged-particle pseudorapidity density in pp collisions at √ s = 13 TeV and p-Pb collisions at √ s NN = 8.16 TeV with ALICE at the LHC[END_REF]. This ratio is found to be compatible with 1 with the current systematic and statistical uncertainties up to 6 times the mean multiplicity. The excited-to-ground state ratio in the charm and the beauty sector suggests no or small dependence of the measured correlation with the binding energy of the state. (event classification based on the SPD tracklet multiplicity). A corresponding measurement is also available for the ψ(2S) [START_REF] Acharya | Measurement of ψ(2S) production as a function of charged-particle pseudorapidity density in pp collisions at √ s = 13 TeV and p-Pb collisions at √ s NN = 8.16 TeV with ALICE at the LHC[END_REF], showing a similar trend of the production yield with multiplicity as for the J/ψ. The Υ(1S) self-normalized production yield also presents a similar scaling with the self-normalized charged-particle multiplicity density as the J/ψ, independently of the collision energy at which the J/ψ measurement is performed. This is further investigated, at √ s = 13 TeV, in Fig. 5.7 (bottom panel), by presenting the double ratio of Υ(1S) to J/ψ self-normalized yield as a function of the self-normalized charged-particle multiplicity. The double ratio is close to unity for dN ch /dη/ dN ch /dη > 1,

indicating no modification of the correlation with respect to mass and quark content up to six times the mean multiplicity. The ratio is also compared to the various available models, namely PYTHIA 8.2 with and without CR [START_REF] Sj Östrand | A Brief Introduction to PYTHIA 8.1[END_REF],

the comovers model [START_REF] Ferreiro | Excited charmonium suppression in proton-nucleus collisions as a consequence of comovers[END_REF][START_REF] Esposito | The nature of X(3872) from high-multiplicity pp collisions[END_REF], the model by CPP [START_REF] Kopeliovich | Heavy quarkonium in the saturated environment of high-multiplicity pp collisions[END_REF], and the computation of the 3-pomeron contribution in the CGC approach [88]. The considered models, except for 3-pomeron CGC, provide predictions close to unity over the whole charged-particle multiplicity range considered, suggesting that both initial-and final-state effects act on Υ(1S) and J/ψ in a similar way. The first data point in Fig. 5.7 (bottom panel) departs from the main trend discussed above by about two standard deviations, hinting that the double ratio is smaller than unity for dN ch /dη/ dN ch /dη < 1. A possible mechanism explaining this behaviour invokes an event activity bias: events containing a Υ(1S) are, on average, biased towards higher event activities than events containing a J/ψ, this behavior being driven by the mass difference of the two particles. The same mechanism could be expected when going from Υ(1S) to Υ(2S), and Υ(3S) states, currently not visible due to the relatively small mass difference between the three states, and the limited statistical significance of the higher-state measurements. In the 3-pomeron CGC computation, the increase of the Υ(1S) yield as a function of charged-particle multiplicity is expected to be faster than for J/ψ due to mass dependent higher twist effects, expected to be small and mainly visible at high multiplicities. This accounts for the upward deviation from unity seen at large multiplicities in the 3-pomeron CGC computations. This interpretation is not favored by the measurement.
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J/ψ measurements are also performed in ALICE in another kinematic range, with the J/ψ decaying into dielectrons at central rapidity (|y| < 0.9). In this case, the charged-particle multiplicity density is measured using two alternative estimators, defined respectively in the central rapidity region (SPD-based selection) or at forward rapidity (V0-based selection) [START_REF] Acharya | Multiplicity dependence of J/ψ production at midrapidity in pp collisions at √ s = 13 TeV[END_REF]. The corresponding results are also shown in Fig. 5.7 (top panel). No difference is observed in the multiplicity dependence of the J/ψ production measured at central rapidity, corresponding to the two multiplicity estimators, up to five times the mean multiplicity. Conversely, a clear difference is observed between the central rapidity J/ψ measurement and the forward rapidity J/ψ as also expected from several models [80,[START_REF] Acharya | Multiplicity dependence of J/ψ production at midrapidity in pp collisions at √ s = 13 TeV[END_REF]. At forward rapidity, the Υ(1S) and J/ψ measurements show a similar linear behavior, whereas the Υ(2S) is compatible with both faster than linear and linear behaviors within the current uncertainties, and a larger data sample is needed to draw firm conclusions. , and to inclusive J/ψ measured in the central rapidity region at 13 TeV [START_REF] Acharya | Multiplicity dependence of J/ψ production at midrapidity in pp collisions at √ s = 13 TeV[END_REF]. The error bars represent the statistical uncertainty on the quarkonium yields, while the quadratic sum of the point-by-point systematic uncertainties on the quarkonium yields as well as on dN ch /dη / dN ch /dη is depicted as boxes. Bottom: Self-normalized yield ratio of Υ(1S) over J/ψ as a function of self-normalized charged-particle multiplicity, compared to model computations from 3-pomeron CGC approach [88], PYTHIA 8.2 [START_REF] Sj Östrand | A Brief Introduction to PYTHIA 8.1[END_REF], comovers [START_REF] Ferreiro | Excited charmonium suppression in proton-nucleus collisions as a consequence of comovers[END_REF][START_REF] Esposito | The nature of X(3872) from high-multiplicity pp collisions[END_REF], and CPP [START_REF] Kopeliovich | Heavy quarkonium in the saturated environment of high-multiplicity pp collisions[END_REF].

Chapter 6

Upsilon polarization

A second analysis has been performed in the context of the present PhD thesis. It is based on the same data sample as the analysis discussed in the previous chapters, and concerns the measurement of the polarization for the Υ(1S) meson in pp collisions at √ s = 13 TeV. Contrary to the analysis focusing on the multiplicity dependence, only the ground state has been considered here, the only one for which the signal extraction was possible with a large enough statistical significance.

Analysis strategy

The analysis of the polarization of the Υ(1S) meson has been performed following a strategy including three main steps:

• Signal extraction: the number of Υ(1S) candidates is obtained via a fit procedure on the dimuon (μ + μ -) invariant mass distribution in each angular interval considered in the analysis.

• Acceptance × efficiency correction: the raw number of Υ(1S) extracted from the fit procedure is corrected for a factor quantifying the geometrical acceptance and reconstruction efficiency effects, estimated via a MC simulation.

• Polarization parameters determination: the polarization parameters λ θ , λ ϕ and λ θϕ are extracted by fitting the acceptance-and efficiency-corrected angular distributions of Υ(1S), in both the Helicity and Collins-Soper reference frames. The signal extraction for the polarization analysis follows the same strategy as described in Section 3.2, with the Υ signal obtained from a fit to the dimuon invariant mass distribution. In order to improve the signal extraction procedure and taking into account the symmetries of the angular distributions (see Figs. 6.1 and 6.8), the analysis regions were limited to | cos θ| between 0 and 1, |ϕ| between 0 and π and φ between 0 and 2π. Fig. 6.2 and 6.3

Signal extraction

show the example of fits to the invariant mass distributions as a function of | cos θ| in 2 < p T < 4 GeV/c. In this p T region, due to the limited data in the edges of | cos θ| (between 0.8 to 1), it is hard to converge the fit to the dimuon invariant mass distributions.

After the signal extraction, the raw number of Υ(1S) as a function of | cos θ|, |ϕ| and φ in different p T intervals are respectively shown in Fig. 6.4, 6.5, and 6.6 in both Helicity and Collins-Soper reference frames. From those plots, one can see that the number of Υ(1S) in the selected angular variable interval shows different behavior between Helicity and Collins-Soper frames, this could be explained that the A × ε varies with the choice of reference frames (see Section 6.3). Finally, it is confirmed the sum of the number of Υ(1S) for each chosen p T interval are comparable among these three angular variables, as shown in Fig. 6.7.

A × ε correction

The acceptance-times-efficiency (A × ε) denotes the product of two variables: one is the acceptance, which is related to the geometrical coverage of the experimental apparatus and to the kinematics of particle decay; the other one is the efficiency, which is related to the detector performances and to the reconstruction algorithm. It also takes into account the contributions of the trigger, tracking, and matching efficiencies in the specific situation of the ALICE muon spectrometer. Then raw number of Υ(1S) is corrected by corrected the raw number of using the proportion of Υ(1S) that can be reconstructed in the kinematic region under consideration provided by the A × ε. Finally, the corrected number of Υ(1S) is defined, as shown in Eq. 6.1.

N corr Υ(1S) (p T , angular) = N raw Υ(1S) (p T , angular) A × ε(p T , angular) (6.1)
The A × ε is evaluated from a pure signal MC simulation (LHC21d7, generated in a run-by-run basis and proportional to the dimuon pairs reconstructed from data in each run), which MC input shapes (p T and y shapes)

were tuned on LHCb data [START_REF] Aaij | Measurement of Υ production in pp collisions at √ s= 13 TeV[END_REF]. In each p T and angular interval, the A × ε correction factor is computed as the ratio of the number of reconstructed Υ(1S) (N rec Υ(1S) ) divided by the number of generated Υ(1S) (N gen Υ(1S) ), as shown in Eq. 6.2 (angular in the equation refers to | cos θ|, |ϕ| or φ). Figure 6.8 shows the A × ε two-dimensional maps in the The A× ε factor is then performed as a function of | cos θ| in p T regions, as shown in Fig. 6.9. The A× ε factor as a function of the other variables ϕ and φ is shown in Appendix B.4. It is obvious that the A × ε is rather small (< 0.1) at the edges of | cos θ| at low p T . The regions of low A × ε constitute a limitation to the signal extraction procedure and it is not always possible to achieve a converging fit to the dimuon invariant mass spectra for the selected angular intervals with very low statistics. Therefore, the binning in the angular variables has to be carefully chosen: a sufficient number of dimuon events for each bin is required to properly fit the corresponding invariant mass spectra. In this analysis, only angular intervals with a Υ(1S) significance S/ √ S + B > 5, integrated in the dimuon mass range [μ -3σ, μ + 3σ] (μ and σ are the mass and width of Υ(1S), respectively), and the A × ε > 0.1 (see Fig. 6.9), are considered. Finally, the ranges and bins of the | cos θ| variable used in this analysis are presented in Tab. 6.1. For the other angular variables, |ϕ| and φ, 5 bins in |ϕ| from 0 to π and 5 bins in φ from 0 to 2π are used.

(1S) ϒ N 0.8 ± ) = 21.9 σ (3 (1S) ϒ (S+B) S/ 43 ± (tot) = 286 (2S) ϒ N 1.0 ± ) = 7.1 σ (3 (2S) ϒ (S+B) S/ 37 ± (tot) = 94 (3S) ϒ N 1.0 ± ) = 2.7 σ (3 (3S) ϒ (S+B) S/ 5 6 7 8 9 1 0 1 1 1 2 1 3 1 4 
c < 4 GeV/ T p 2 < | < 0.2 ϑ 0.1 < |cos 57 ± (tot) = 1047 (1S) ϒ N 0.8 ± ) = 19.3 σ (3 (1S) ϒ (S+B) S/ 43 ± (tot) = 286 (2S) ϒ N 1.0 ± ) = 7.1 σ (3 (2S) ϒ (S+B) S/ 39 ± (tot) = 141 (3S) ϒ N 1.0 ± ) = 3.9 σ (3 (3S) ϒ (S+B) S/ 5 6 7 8 9 1 0 1 1 1 2 1 3 1 4 
(1S) ϒ N 0.8 ± ) = 16.4 σ (3 (1S) ϒ (S+B) S/ 36 ± (tot) = 110 (2S) ϒ N 1.0 ± ) = 3.3 σ (3 (2S) ϒ (S+B) S/ 32 ± (tot) = 13 (3S) ϒ N 1.1 ± ) = 0.5 σ (3 (3S) ϒ (S+B) S/ 5 6 7 8 9 1 0 1 1 1 2 1 3 1 4 
± (tot) = 462 (1S) ϒ N 0.8 ± ) = 11.2 σ (3 (1S) ϒ (S+B) S/ 33 ± (tot) = 98 (2S) ϒ N 1.0 ± ) = 3.1 σ (3 (2S) ϒ (S+B) S/ 29 ± (tot) = 40 (3S) ϒ N 1.0 ± ) = 1.4 σ (3 (3S) ϒ (S+B) S/ 6 7 8 9 1 0 1 1 1 2 1 3 1 4 
It is noted that in each p T region, events with the | cos θ| > X ("X" is chosen as the maximum | cos θ| value in each p T region) are excluded, creating a fiducial area within which the λ θ , λ ϕ and λ θϕ are extracted.

A × ε(p T , angular) = N rec Υ(1S) (p T , angular) N gen Υ(1S) (p T , angular) (6.2)
The corrected number of Υ(1S) in the considered kinematic region is then extracted according to Eq. 6.1. After the A × ε correction, the sum of the number of Υ(1S) for each chosen p T interval are comparable among the three angular variables, as shown in Fig. 6.12. 

Polarization parameter determination

The Υ(1S) polarization parameters are obtained performing a simultaneous fit on the | cos θ|, |ϕ|, and φ corrected distributions with the functions described by Eq. 1.16, 1.17, and 1.19. Performing the fit simultaneously in the Helicity and Collins-Soper reference frames would result in the optimization of six free parameters; however, the existence of the frame-invariant quantity λ, defined in Eq. 1.26, allows one to reduce the number of free parameters from six to five (providing smaller and more reliable uncertainties on the parameters) by imposing the condition expressed by Eq. 6.3. An example of a simultaneous fit is shown in Fig. 6.13. The polarization parameters as a function of p T are performed in Fig. 6.14.

λ = λ HE θ + 3λ HE ϕ 1 -λ HE ϕ = λ CS θ + 3λ CS ϕ 1 -λ CS ϕ (6.3)
In order to check the stability of the fit procedure, the analysis was also performed without forcing the fit to satisfy the invariant quantity λ. This allowed to verify that, fitting the corrected spectra independently for the two reference frames, the results are in agreement with what is found with the default approach (see Appendix B.7).

Systematic uncertainties

Three main sources of systematic uncertainties are considered in the analysis: The three sources are discussed in details in the following subsections.

Systematic uncertainty on the background description and the fit range

Several choices are possible for the functions describing the background, as well as for the fitting range, in the fit of the invariant mass spectrum from which the Υ(1S) signal is estimated. To estimate the systematic uncertainty associated to this choice, three alternative parametrizations of the underlying continuum background, namely a variable-width Gaussian (VWG), the product of two exponentials, or the product of an exponential and a power law function, and three fitting ranges (5 -14, 6 -13 and 7 -12 GeV/c 2 ) are considered in the analysis. The central value (λ i ) and the corresponding statistical uncertainty (σ stat λi ) for each polarization parameter have then estimated considering the N different tests, as: where the index j indicates each specific combination of background function and fitting range considered for the signal extraction, and i = 0, 1 and 2 corresponds to | cos θ|, |ϕ|, and φ, respectively. The corresponding systematic uncertainty is computed by adding in quadrature with respect to the central value: to the background shapes: bDExp corresponding to the product of two exponentials; bPol2Exp corresponding to the product of an exponential and a power law and bVWG corresponding to the variable-width Gaussian. rL, rM and rH refer to the fitting ranges: rL corresponding to [5,[START_REF] Acharya | Energy dependence of forward-rapidity J/ψ and ψ(2S) production in pp collisions at the LHC[END_REF] GeV/c 2 ; rM corresponding to [6,[START_REF] Vogt | Quarkonium Production and Polarization in an Improved Color Evaporation Model[END_REF] GeV/c 2 and rH corresponding to [7,[START_REF] Lansberg | On the mechanisms of heavy-quarkonium hadroproduction[END_REF] GeV/c 2 .

λ i = j λ (j) i N and σ stat λi = j σ (j) λi N , ( 6.4 
σ syst λi = j [λ (j) i -λ i ] 2 N -1 . ( 6.5) 

Systematic uncertainty on the choice of the Υ(1S) width

In order to help the fit in the single |ϕ| and φ intervals to converge, the mass of the Υ(1S) is fixed to the value obtained in the fit to the integrated spectrum, since there is no reason for the mass pole to have any dependence on the angular variables. Such a dependence could however exist for the width of the reconstructed peak, due to the correlation between the angular variables and the average transverse momentum of the decay muons: this dependence has been studied in the analysis, profiting from the large size of the available data sample, performing the analysis both fixing or keeping free the Υ(1S) width in the signal extraction in the single |ϕ| and φ intervals.

However, for the | cos θ| variable, the value of the width optimized by the fit was found to fluctuate too much, especially in the low p T intervals (see Fig. 6.17), affecting the reliability of the Υ(1S) signal extraction. For this reason, in the | cos θ|, the data-driven free-width approach was replaced by a MC-driven width-variation approach, where the variation was chosen to be 5% of the MC value. The systematic uncertainty choice of the Υ(1S) width was evaluated as the semi-difference between the results obtained with the data-or MC-driven variation of the Υ(1S) width, and the results obtained keeping the Υ(1S) width fixed, see Fig. 6.18.

Systematic uncertainty on the A × ε correction factor

Another source of systematic uncertainty is represented by the estimation of the A×ε correction, which depends on the choice of the input kinematic distributions considered in the MC simulations. In particular, the impact of the p T and y input shapes on the final polarization results has been studied considering the extreme options for the p T and y shapes, compatible with the LHCb data [START_REF] Aaij | Measurement of Υ production in pp collisions at √ s= 13 TeV[END_REF] (see Fig. 6.19), resulting in 4 combinations in total. For each of these combinations, the default MC has been re-weighted, and a new A × ε extracted and used to correct the raw number of Υ(1S) of the analysis, leading to new values for the results on the polarization parameters. The difference with respect to λ θ , λ ϕ , and λ θϕ obtained with the default A × ε is taken as the corresponding systematic uncertainty, and the maximum variation of the polarization parameters is 0.04, as shown in Fig. 6.20. The various systematic uncertainties considered in the analysis are summarized in Tab. 6.2, and the systematic uncertainties are added in quadrature in the final results.

1 - 0 1 θ λ = 13 TeV s ALICE, pp, < 4 y , 2.5 < - μ + μ → (1S) Υ Helicity 1 - 0 1 ϕ λ (1S) width free Υ (1S) width fixed MC Υ 0 2 4 6 8 1 0 1 2 1 4 ) c (GeV/ T p 1 - 0 1 ϕ θ λ Collins-Soper 0 2 4 6 8 10 12 
0 2 4 6 8 1 0 1 2 1 4 ] c ) [GeV/ ϒ ( T p 1 -

Helicity

Collins-Soper Polarization parameters p T (GeV/c) Signal Input MC Width Signal Input MC Width 

λ θ 0 < p T < 2 0.

Results and discussion

The polarization parameters λ θ , λ ϕ , and λ θϕ for the Υ(1S) meson, measured in both Helicity and Collins-Soper frames, for the data collected in pp collisions at √ s = 13 TeV with ALICE at the LHC, are shown in Fig. 6.21. All the polarization parameters are compatible with zero within uncertainties, consistently with the results found by the LHCb experiment in pp collisions at √ s = 8 TeV in a similar rapidity range [START_REF] Aaij | Measurement of the Υ polarizations in pp collisions at √ s = 7 and 8 TeV[END_REF], shown in Fig. 6.22, and the NLO NRQCD calculations [START_REF] Gong | Complete next-to-leading-order study on the yield and polarization of Υ(1S, 2S, 3S) at the Tevatron and LHC[END_REF].

Apart from the NLO NRQCD calculations, the predictions from the ICEM model with the κ T factorization approach [START_REF] Cheung | Production and polarization of prompt Υ(nS) in the improved color evaporation model using the k T -factorization approach[END_REF] are available for the Υ(1S) polarization, at least for the prompt component (direct and feed down contributions). Fig. 6.23 shows that the ICEM predictions for the polarization of prompt Υ(1S) is different from zero at low p T , with a significant frame dependence of the λ θ parameter: while the Υ(1S) polarization is predicted to be slightly transverse in the Helicity frame (left panel), it is predicted to be slightly longitudinal in the Collins-Soper frame (right panel). On the contrary, at high p T , the polarization becomes compatible with zero for both Helicity and Collins-Soper frames, close to the LHCb measurements [START_REF] Aaij | Measurement of the Υ polarizations in pp collisions at √ s = 7 and 8 TeV[END_REF]. A similar behavior is observed for the prompt J/Ψ with the same ICEM calculation [START_REF] Cheung | Production and polarization of prompt J/ψ in the improved color evaporation model using the k T -factorization approach[END_REF].

Up to now, all the polarization measurements of J/ψ and Υ in pp collisions at the LHC either exhibit a small polarization or no significant polarization within the uncertainties. ALICE has also measured the inclusive Υ(1S) and the inclusive J/ψ in Pb-Pb collisions at √ s NN = 5.02 TeV [START_REF] Acharya | First measurement of quarkonium polarization in nuclear collisions at the LHC[END_REF]. The values for the Υ(1S) are compatible with the [START_REF] Cheung | Quarkonium polarization in Pb+Pb collisions in the improved color evaporation model[END_REF], compared to the ALICE inclusive J/Ψ polarization measurements in pp [START_REF] Abelev | J/ψ polarization in pp collisions at √ s = 7 TeV[END_REF] and Pb-Pb [START_REF] Acharya | First measurement of quarkonium polarization in nuclear collisions at the LHC[END_REF] collisions. Figures taken from Ref. [START_REF] Cheung | Quarkonium polarization in Pb+Pb collisions in the improved color evaporation model[END_REF].

1 - 0 1 θ λ Helicity 1 - 0 1 ϕ λ = 13 TeV s pp, < 4 y , 2.5 < 
The direct comparison between the polarization measurements for quarkonium in pp and Pb-Pb collisions can provide valuable constraints on the theoretical models. To this end, Fig. 6.24 shows the ALICE inclusive J/ψ polarization measurements in pp collisions at √ s = 7 TeV [START_REF] Abelev | J/ψ polarization in pp collisions at √ s = 7 TeV[END_REF] (the J/ψ polarization results in pp collisions are comparable at 7 and 8 TeV) and Pb-Pb collisions at √ s NN = 5.02 TeV, compared to the ICEM model with the collinear factorization approach [START_REF] Cheung | Quarkonium polarization in Pb+Pb collisions in the improved color evaporation model[END_REF], including cold nuclear matter effects on the J/ψ production in Pb-Pb collisions.

The ICEM model predicts no remarkable difference between the pp and Pb-Pb collisions (it should be noted, however, that the predictions are limited to direct J/ψ production that no feed-down contributions being included in Chapter 7

Conclusions

In this thesis, the measurements of Υ(nS) production as a function of charged-particle multiplicity and Υ(1S) polarization in pp collisions at √ s = 13 TeV were presented and discussed. The Υ(nS) states were measured in the dimuon decay channel in the forward rapidity region 2.5 < y < 4.0.

In the first part of the thesis, the measurement of Υ(nS) production as a function of charged-particle multiplicity at central rapidity (|η| < 1) is reported. The Υ(nS) states are measured in the dimuon decay channel in the forward rapidity region 2.5 < y < 4.0, while the charged-particle multiplicity measurement is performed at central rapidity |η| < 1. In this rapidity configuration, the self-normalized Υ yield as a function of self-normalized charged-particle multiplicity density is compatible with a linear correlation with a slope of unity within the current uncertainties. This behavior is qualitatively reproduced by PYTHIA 8.2 up to four times the mean multiplicity regardless of the considered color reconnection scenario, as well as by computations from CPP and the 3-pomeron CGC approach. At higher multiplicities, the 3-pomeron CGC tends to overestimate the observed trend, while PYTHIA 8.2 underestimates it. The ratios of the self-normalized yields of Υ(2S) and Υ(3S) to Υ(1S) are compatible with unity in the explored multiplicity range within uncertainties, and in agreement with the predictions of PYTHIA 8.2, CPP and 3pomeron CGC. However, due to the large uncertainties, the present measurement can neither confirm nor exclude a final state suppression of the Υ(2S) and Υ(3S) states at high multiplicity, as predicted by the comover scenario. The self-normalized yield ratio of Υ(1S) over J/ψ as a function of the self-normalized charged-particle multiplicity is close to unity for dN ch /dη/ dN ch /dη > 1 and described both by computations involving initial state effects (CPP, and PYTHIA 8.2 without color reconnection), and final state effects, such as the model by comovers and PYTHIA 8.2 with color reconnection. The 3-pomeron CGC approach is disfavored. An improved statistical precision of the measurements of excited states in the charmonium sector, with respect to the currently available ones [START_REF] Acharya | Measurement of ψ(2S) production as a function of charged-particle pseudorapidity density in pp collisions at √ s = 13 TeV and p-Pb collisions at √ s NN = 8.16 TeV with ALICE at the LHC[END_REF], would also contribute in properly assessing the validity of the comover model.

In the second part of the thesis a new measurement of the Υ(1S) polarization is presented, evaluated through the estimation of the polarization parameters λ θ , λ ϕ and λ θϕ , which quantify the anisotropies in the angular distribu-tions of the decay products, extracted in the Helicity and Collins-Soper reference frames. No significant Υ(1S) polarization is observed in both Helicity and Collins-Soper frames, as expected from the NLO QCD calculations [START_REF] Feng | Complete study on polarization of Υ(nS) hadroproduction at QCD next-to-leading order[END_REF].

This result is consistent with the measurement performed by LHCb in pp collisions at √ s =8 TeV in a similar kinematic region [START_REF] Aaij | Measurement of the Υ polarizations in pp collisions at √ s = 7 and 8 TeV[END_REF] within the large uncertainties of the ALICE results. It should be noted that, the more precise measurements of quarkonium polarization in pp collisions conducted by LHCb have revealed a slight transverse polarization for the Υ(1S) measured at 2.2 < y < 4.5 [START_REF] Aaij | Measurement of the Υ polarizations in pp collisions at √ s = 7 and 8 TeV[END_REF] and a significant longitudinal polarization for the J/ψ measured at 2.5 < y < 4.0 [START_REF] Aaij | Measurement of J/ψ polarization in pp collisions at √ s = 7 TeV[END_REF]. To further understand the behaviors observed in charmonium and bottomonium, a more complete theoretical picture of quarkonium polarization is needed.

As a final remark, it should be noted that the measurements reported in this thesis on bottomonium states have a limited statistical significance, preventing firm conclusions to be drawn on the origin of the measured correlation (initial vs. final state effects) and not allowing for strong constraints to be put on the available theoretical model.

A better understanding of quarkonium production and polarization in a dense hadronic environment, from pp to nucleus-nucleus collisions, is a challenge requiring higher-precision and more differential measurements, which will be reached with the upgraded ALICE apparatus [START_REF] Abelev | Technical Design Report for the Upgrade of the ALICE Inner Tracking System[END_REF][START_REF] Martinez-Garcia | Technical Design Report for the Muon Forward Tracker[END_REF][START_REF] Ünzer | Upgrade of the ALICE Time Projection Chamber[END_REF][START_REF] Antonioli | Upgrade of the ALICE Readout and Trigger System[END_REF][START_REF] Buncic | Technical Design Report for the Upgrade of the Online-Offline Computing System[END_REF] starting from LHC Run 3. 

A.2 Raw profile ratio between CMUL7 and CINT7 triggered events

A.3 Polynomial function

An ad-hoc polynomial fitting function f is used to describe the relation between the number of tracklets and charged-particle multiplicity, namely:

f (x) = ⎧ ⎪ ⎨ ⎪ ⎩ ax c + b, x < x 0 a 2 x c2 + b 2 , x ≥ x 0 (A.1)
where, 

a 2 = ( ac c2 )x c-

A.4.3 Minimum bias trigger efficiency for INEL > 0

The efficiency of the MB trigger for events satisfying the INEL > 0 selection in the selected multiplicity class (i)

(ε i MB,INEL>0
) is calculated using Eq. A.4. The number of events with and without MB trigger selection excluding all the event cuts is tabulated in Tab. A. [START_REF] Sirunyan | Measurement of quarkonium production cross sections in pp collisions at √ s = 13 TeV[END_REF][START_REF] Acharya | Inclusive quarkonium production in pp collisions at √ s = 5.02 TeV[END_REF] 2.46486e + 07 2.46894e + 07 0.998 [START_REF] Aaij | Study of J/ψ Production in Jets[END_REF][START_REF] Shao | Spin correlations in polarizations of P-wave charmonia χ cJ and impact on J/ψ polarization[END_REF] 1.38237e + 07 1.38278e + 07 1.000 [START_REF] Aaij | Study of J/ψ Production in Jets[END_REF][START_REF] Liu | J/ψ Transverse Momentum Distribution in High Energy Nuclear Collisions at RHIC[END_REF] 2.76091e + 07 2.76140e + 07 1.000 [START_REF] Aaij | Measurement of J/ψ polarization in pp collisions at √ s = 7 TeV[END_REF][START_REF] Liu | J/ψ Transverse Momentum Distribution in High Energy Nuclear Collisions at RHIC[END_REF] 1.37854e + 07 1.37862e + 07 1.000 [START_REF] Zhao | Medium Modifications and Production of Charmonia at LHC[END_REF][START_REF] Alessandro | A New measurement of J/ψ suppression in Pb-Pb collisions at 158 GeV per nucleon[END_REF] 6.89421e + 06 6.89427e + 06 1.000 [START_REF] Arnaldi | J/ψ production in indium-indium collisions at 158-GeV/nucleon[END_REF][START_REF] Sirunyan | Relative Modification of Prompt ψ(2S) and J/ψ Yields from pp to Pb-Pb Collisions at √ s NN = 5.02 TeV[END_REF] 3.17017e + 06 3.17018e + 06 1.000 [START_REF] Adam | J/ψ suppression at forward rapidity in Pb-Pb collisions at √ s NN = 5.02[END_REF][START_REF] Khachatryan | Suppression of Υ(1S), Υ(2S) and Υ(3S) production in Pb-Pb collisions at √ s NN = 2.76 TeV[END_REF] 1.07190e + 06 1.07190e + 06 1.000 [START_REF] Sirunyan | Measurement of nuclear modification factors of Υ(1S), Υ(2S), and Υ(3S) mesons in Pb-Pb collisions at √ s NN = 5.02 TeV[END_REF]80] 298280 298280 1.000 The final results between these above mentioned methods are presented in Table A.7 and A.8. In addition, if taking final self-normalized yield of excited and ground Υ states and doing the double ratio, in this case, we would double counting the efficiency correction systematic uncertainty, which is considered for each state already and also the correlated terms during the fitting procedure are also taken into account. Finally, the systematic uncertainty at this moment are over-estimated too much, and it is referred to "relative-ratio". And more details is shown at the ALICE related Physics Analysis Group meeting [START_REF] Ding | Υ(1S) polarization in pp collisions at √ s = 13 TeV[END_REF].

Finally, the result from the "fit-by-fit" method would be used in this analysis.

R = N Υ(nS) / < N Υ(nS) > N Υ(1S) / < N Υ(1S) > = N Υ(nS) /N Int Υ(nS) N Υ(1S) /N Int Υ(1S) × ε Υ(nS) vtx,QA ε Υ(1S) vtx,QA
, n = 2, 3 (A.6) 

N Υ(2S) /N Int Υ(2S) N Υ(1S) /N Int Υ(1S)
in the N cor trk range [1,[START_REF] Zyla | Review of Particle Physics[END_REF].

N2S/N Int 2S N1S/N Int 1S fit-by-fit ± stat ± syst N2S/N Int 2S N1S/N Int 1S single-fit
± stat ± syst [1,[START_REF] Zyla | Review of Particle Physics[END_REF] 0.986 ± 12.51% ± 1.35% 0.987 ± 12.51% ± 3.04% [START_REF] Fritzsch | Producing Heavy Quark Flavors in Hadronic Collisions: A Test of Quantum Chromodynamics[END_REF][START_REF] Acharya | Energy dependence of forward-rapidity J/ψ and ψ(2S) production in pp collisions at the LHC[END_REF] 0.901 ± 13.13% ± 1.88% 0.903 ± 13.12% ± 3.81% [START_REF] Sirunyan | Measurement of quarkonium production cross sections in pp collisions at √ s = 13 TeV[END_REF][START_REF] Acharya | Inclusive quarkonium production in pp collisions at √ s = 5.02 TeV[END_REF] 0.942 ± 13.71% ± 2.09% 0.947 ± 13.70% ± 5.84% [START_REF] Aaij | Study of J/ψ Production in Jets[END_REF][START_REF] Shao | Spin correlations in polarizations of P-wave charmonia χ cJ and impact on J/ψ polarization[END_REF] 1.085 ± 13.68% ± 1.38% 1.085 ± 13.68% ± 3.45% [START_REF] Aaij | Measurement of J/ψ polarization in pp collisions at √ s = 7 TeV[END_REF][START_REF] Liu | J/ψ Transverse Momentum Distribution in High Energy Nuclear Collisions at RHIC[END_REF] 1.068 ± 12.59% ± 1.38% 1.067 ± 12.58% ± 4.72% [START_REF] Zhao | Medium Modifications and Production of Charmonia at LHC[END_REF][START_REF] Alessandro | A New measurement of J/ψ suppression in Pb-Pb collisions at 158 GeV per nucleon[END_REF] 1.024 ± 16.16% ± 1.37% 1.020 ± 16.15% ± 3.14% [START_REF] Arnaldi | J/ψ production in indium-indium collisions at 158-GeV/nucleon[END_REF][START_REF] Sirunyan | Relative Modification of Prompt ψ(2S) and J/ψ Yields from pp to Pb-Pb Collisions at √ s NN = 5.02 TeV[END_REF] 0.635 ± 30.93% ± 5.16% 0.627 ± 30.89% ± 7.36% [START_REF] Adam | J/ψ suppression at forward rapidity in Pb-Pb collisions at √ s NN = 5.02[END_REF][START_REF] Khachatryan | Suppression of Υ(1S), Υ(2S) and Υ(3S) production in Pb-Pb collisions at √ s NN = 2.76 TeV[END_REF] 1.462 ± 22.50% ± 2.70% 1.500 ± 22.46% ± 6.62% [START_REF] Sirunyan | Measurement of nuclear modification factors of Υ(1S), Υ(2S), and Υ(3S) mesons in Pb-Pb collisions at √ s NN = 5.02 TeV[END_REF]80] 1.302 ± 37.07% ± 7.74% 1.250 ± 37.00% ± 9.72% 

A.6 Final results

B.5 Cross check for the | cos θ| range effect

The details of the | cos θ| range effect were presented in [START_REF] Ding | Υ(1S) polarization in pp collisions at √ s = 13 TeV[END_REF]. When choosing the loose | cos θ| range (using uniform | cos θ| bin size in all p T ranges and using wider range (used in this analysis), λ CS ϕ is eliminated, and it is expressed as Eq. B.2. 

λ = λ HE θ + 3λ HE ϕ 1 -λ HE ϕ = λ CS θ + 3λ CS ϕ 1 -λ CS ϕ (B.1) λ CS ϕ = 1 - λ CS θ + 3 λ HE θ + 3 (1 -λ HE ϕ ) (B.2) λ CS θ = 1 -λ CS ϕ 1 -λ HE ϕ (λ HE θ + 3) -3 (B.3) 0.5 1 

B.7.2 Separated fit to the corrected spectra in both the Helicity and Collins-Soper reference frames

As mentioned before, the fit to the corrected spectra was performed in a simultaneous way for the two reference frames, imposing an invariant quantity λ in order to further constrain the fit and to reduce the statistical errors in the results. It is nevertheless interesting to try to perform the fit separately for the two frames without the invariant quantity constraint to understand whether the condition alters the final results or not. For this reason, the whole fit procedure was re-performed separately in the two frames. The results can be found in The red points and blue points are estimated with imposing the λ constraint, the green points are estimated without requiring the constraint. The red point results (default approach) were used in this analysis, which eliminated λ CS ϕ , the blue point results were for the cross check, which eliminated λ CS θ .

B.8 Systematic uncertainty estimation from signal extraction

The capability to utilize any model that is integrated into an event generator capable of generating output that adheres to the HepMC framework [START_REF] Dobbs | The HepMC C++ Monte Carlo event record for High Energy Physics[END_REF]. This allows for effective comparison of the generated data with experimental data.

A RIVET analysis typically includes the following main components, illustrated in -Initialization: In this step, the analysis class initializes any necessary variables, reads in any configuration files or input data, and sets up any required histograms or analysis objects. This is typically implemented as a member function of the analysis class called "init()".

-Event loop: In this step, the analysis class loops over the input events and performs any required calculations or analysis on each event. This is typically implemented as a member function of the analysis class called "analyze(const Event event)".

-Finalization: In this step, the analysis class finalizes any necessary calculations or processing and writes out any results or histograms. This is typically implemented as a member function of the analysis class called "finalize()". 13 TeV with ALICE, compared to predictions from NRQCD [START_REF] Ma | J/ψ (ψ ) production at the Tevatron and LHC at O(α 4 s v 4 ) in nonrelativistic QCD[END_REF] coupled to a FONLL [START_REF] Cacciari | Theoretical predictions for charm and bottom production at the LHC[END_REF] (grey), and NRQCD coupled to a CGC [START_REF] Ma | Comprehensive Description of J/ψ Production in Proton-Proton Collisions at Collider Energies[END_REF] and FONLL (blue). Figures taken from Ref 1.9 The measurement of R AA of J/ψ [START_REF] Adam | J/ψ suppression at forward rapidity in Pb-Pb collisions at √ s NN = 5.02[END_REF] and ψ(2S) [START_REF]ψ(2S) suppression in Pb-Pb collisions at the LHC[END_REF] as a function of N part in Pb-Pb collisions at √ s NN = 5.02 TeV with ALICE, compared to TAMU [START_REF] Du | Sequential Regeneration of Charmonia in Heavy-Ion Collisions[END_REF] and SHMc [START_REF] Andronic | Transverse momentum distributions of charmonium states with the statistical hadronization model[END_REF][START_REF] Andronic | Decoding the phase structure of QCD via particle production at high energy[END_REF] models. 3-Pomeron CGC [88], Percolation [START_REF] Ferreiro | High multiplicity pp events and J/ψ production at LHC[END_REF], EPOS3 event generator [START_REF] Werner | Analysing radial flow features in p-Pb and p-p collisions at several TeV by studying identified particle production in EPOS3[END_REF], and PYTHIA 8. Thank you all for your invaluable contributions to my doctoral journey. i
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 12 Figure 1.2: Charmonium decay modes with spectroscopy notation [4].
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 13 Figure 1.3: Bottomonium decay modes with spectroscopy notation [4].

Figure 1 . 4 :

 14 Figure 1.4: Differential cross sections of inclusive J/ψ (left) and inclusive ψ(2S) (right) in pp collisions at √ s = 13 TeV
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 15 Figure 1.5: Differential production cross sections times the dimuon branching fractions of the Υ(nS) (n = 1, 2, 3) mesons as function of transverse momentum in pp collisions at √ s = 13 TeV with CMS in |y| < 1.2, compared to
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 16 Figure 1.6: Comparison between theoretical predictions and experimental results of quarkonium production in pp collisions: J/ψ production in jets at √ s = 13 TeV with LHCb [21]. Figure taken from Ref. [21].
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 17 Figure 1.7: Comparison of prompt J/ψ polarization as a function of transverse momentum at √ s = 7 TeV in pp

Figure 1 . 8 :

 18 Figure 1.8: J/ψ suppression and (re)generation in a deconfined medium. Figure taken from [39].
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 111 Figure 1.11: Nuclear modification factor R AA of Υ(1S) and Υ(2S) as a function of centrality. The filled boxes at unity correspond to the relative uncertainties correlated with centrality. The results are compared with calculations from the comover [65] and the hydrodynamic [66] models in the left panel and with the transport descriptions [67, 68] in the right panel. Figures taken from Ref. [64].

Figure 1 . 12 :

 112 Figure 1.12: Ratio of Υ(2S) to Υ(1S) yields as a function of centrality. The results are displayed on top of the statistical hadronization model [55], The two curves represent the uncertainty of the pp-like contribution of the corona of the nuclear overlap. Figure taken from Ref. [64].

Figure 1 . 13 :

 113 Figure 1.13: Average self-normalized D-meson yields in |y lab | < 0.5 as a function of self-normalized charged-particle multiplicity at central rapidity |η| < 1 (left) and at backward rapidity 2.8 < η < 5.1 (including -3.7 < η < -1.7 in pp data sample) for 2 < p T < 4 GeV/c. The self-normalized yields are presented in the top panels with their statistical (vertical bars) and systematic (boxes) uncertainties, apart from the uncertainty on the B feed-down fraction, which is drawn separately in the bottom panels. The dashed lines are drawn to the diagonal. Figures taken from Ref. [85].
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 1 Fig. 1.13), and J/ψ [82, 84] (see Fig. 1.14), independently of the rapidity range of the multiplicity measurement. More

Figure 1 . 15 :

 115 Figure 1.15: The Υ(nS) cross section versus transverse energy measured at 4 < |η| < 5.2 (top row) and versus charged-track multiplicity measured in |η| < 2.4 (bottom row), measured in |y CM | < 1.93 in pp collisions at √ s = 2.76 TeV and p-Pb collisions at √ s NN = 5.02 TeV. For Υ(1S), the Pb-Pb data at √ s NN = 2.76 TeV (open stars) are overlaid. Cross sections and x-axis variables are normalized by their corresponding activity-integrated values. Figure taken from [96].

Figure 1 . 16 :

 116 Figure 1.16: Single cross section ratios Υ(2S)/Υ(1S) for |y CM | < 1.93 versus transverse energy measured at 4 < |η| < 5.2 (left) and (right) charged-particle multiplicity measured in |η| < 2.4, for pp collisions at √ s = 2.76 TeV (open circles) and p-Pb collisions at √ s NN = 5.02 TeV (closed circles). Both figures also include the Υ(2S)/Υ(1S) ratios for |y CM | < 2.4 measured in Pb-Pb collisions at √ s NN = 2.76 TeV (open stars). Figures taken from [96].

4 )

 4 where b +1 , b 0 , and b -1 are the coefficients of this linear combination and they define the particle polarization. Specifically, the given particle is transversely polarized if b 0 = 0 and |b +1 + b -1 | = 1; and longitudinally polarized if b 0 = 1 and the other two coefficients are null. In practice, it is not possible to directly determine the values of b +1 , b 0 , and b -1 with an experimental measurement; it is however possible, from first principles, to establish a relationship between the coefficients b +1 , b 0 , and b -1 and the angular distribution of the decay products of the observed state
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 119 Figure 1.19: Left: coordinate system used for the measurement of a two-body decay angular distribution in the quarkonium reference frame. Right: illustration of three different definitions of the reference axis (HX = Helicity, CS = Collins-Soper, GJ = Gottfrid-Jackson) [103]. Figures taken from [103].

Fig. 1 .

 1 Fig. 1.21, but the limited size of the data sample does not allow to draw any firm conclusion. The fact that the picture of quarkonium polarization at the Tevatron was not very clear, motivated the interest in the quarkonium polarization measurements at higher colliding energies.
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 120 Figure 1.20: Prompt J/ψ (a) and ψ(2S) (b) polarization parameter α (same as λ θ ) as a function of transverse momentum, measured at central rapidity (|y| < 0.6) at √ s = 1.96 TeV with CDF collaboration [115], compared with NRQCD [119] and k T factorization [120] predictions. Figures taken from Ref. [115].

Figure 1 . 21 :

 121 Figure 1.21: Left: Υ(1S) polarization parameter α (same as λ θ ) as a function of transverse momentum measured by D0 [118] and CDF [109] collaborations at √ s = 1.96 TeV. Right: Υ(2S) polarization parameter α (same as λ θ ) as a function of transverse momentum measured by D0 collaboration at √ s = 1.96 TeV [118]. Both results are compared

Figure 1 .

 1 Figure 1.22: J/ψ polarization parameters λ θ , λ ϕ and λ θϕ as a function of p T in the Helicity (HX, left) and Collins-Soper (CS, right) reference frames with STAR collaboration [122]. The J/ψ is measured via its dieletron (open point) or dimuon (full point) decay channel. The data results are compared with model predictions [123-126]. ICEM and the two NLO NRQCD calculations are for prompt J/ψ, while the CGC+NRQCD is for direct J/ψ. Figure taken from Ref. [122].

= 7

 7 TeV in three rapidity ranges: |y| < 0.6, 0.6 < |y| < 1.2, and 1.2 < |y| < 1.5[START_REF] Chatrchyan | Measurement of the Prompt J/ψ and ψ(2S) Polarizations in pp Collisions at √ s = 7 TeV[END_REF]. The J/ψ and ψ(2S) results are relative to the ranges 14 < p T < 70 GeV/c and 14 < p T < 50 GeV/c, respectively, complementing at high p T the results from the ALICE and LHCb collaborations. All the measured polarization parameters are consistent with zero within the uncertainties, in contrast with the NLO NRQCD predictions[START_REF] Gong | Polarization for Prompt J/ψ and ψ(2S) Production at the Tevatron and LHC[END_REF] of a large transverse polarization at high-p T .Bottomonium polarization can also be measured at the LHC, thanks to the large b b production cross-section corresponding to the available center-of-mass energies. The CMS collaboration measured the polarization parameters for Υ(1S), Υ(2S), and Υ(3S) in the range of 10 < p T < 50 GeV/c for |y| < 0.6 and 0.6 < |y| < 1.2[START_REF] Chatrchyan | Measurement of the Υ(1S), Υ(2S) and Υ(3S) Polarizations in pp Collisions at √ s = 7 TeV[END_REF], as shown in Fig.1.25, with no large transverse or longitudinal polarization being observed in the investigated kinematic region. LHCb performed the same measurement at the forward rapidity for p T < 20 GeV/c at √ s = 7 and 8 TeV[START_REF] Aaij | Measurement of the Υ polarizations in pp collisions at √ s = 7 and 8 TeV[END_REF],

Figure 1 .

 1 Figure 1.23: J/ψ polarization parameters λ θ , λ ϕ and λ θϕ as a function of p T in pp collisions at √ s = 8 TeV with ALICE, compared with NLO CSM [22], NRQCD [22] and NRQCD2 [24] model predictions. Figure taken from Ref. [128].
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 124 Figure 1.24: The polarization parameters as a function of transverse momentum p T in the Helicity (right column) and Collins-Soper frame (left column) with LHCb[START_REF] Aaij | Measurement of J/ψ polarization in pp collisions at √ s = 7 TeV[END_REF] and ALICE[START_REF] Abelev | J/ψ polarization in pp collisions at √ s = 7 TeV[END_REF][START_REF] Acharya | Measurement of the inclusive J/ψ polarization at forward rapidity in pp collisions at √ s = 8 TeV[END_REF], compared with CGC+NRQCD calculations[START_REF] Ma | J/ψ polarization in the CGC+NRQCD approach[END_REF]. Figure taken from[START_REF] Ma | J/ψ polarization in the CGC+NRQCD approach[END_REF].
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 1 Figure 1.25: Υ(nS) polarization parameters λ θ , λ ϕ , and λ θϕ as a function of transverse momentum in pp collisions at √ s = 7 TeV with CMS [116] in Helicity reference frame. Figure taken from [116].
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 126 Figure 1.26: The polarization parameter λ χc2 θ values measured when the λ χc1 θ values are fixed to the unpolarized (left) or the NRQCD (right) scenarios as a function of p T /M of the J/ψ [130]. The purple band on the right is the NRQCD prediction for λ χc2 θ [131]. Figures taken from Ref. [130].
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 21 More details can be found in Ref.[132]. Up to now, the LHC delivered pp collisions at the center-of-mass energies of 0.9, 2.76, 5.02, 7, 8 and 13 TeV; p-Pb collisions at 5.02 and 8.16 TeV; Pb-Pb collisions at 2.76 and 5.02 TeV; xenon-xenon (Xe-Xe) collisions at 5.44 TeV. The collected data were analyzed by four main experiments: • ATLAS (A Toroidal LHC ApparatuS) is the largest general purpose particle physics detector in the world, aiming at performing measurements in the electroweak sector of the Standard Model, including the Higgs sector, and looking for any hint of physics beyond the standard model (see Refs. [133? ]).
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 21 Figure 2.1: Schematic view of the CERN accelerator complex and its four main experiments.

Figure 2 .

 2 Figure 2.2 shows a schematic layout of the ALICE detector. ALICE has unique features among the LHC
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 22 Figure 2.2: Schematic view of the ALICE detector during Run 2. Figure taken from ALICE figure repository.
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 21 The two innermost layers compose the Silicon Pixel Detector (SPD), which was used in the first analysis reported in this work to estimate the charged-particle multiplicity at midrapidity (see Section 4.2). The third and fourth layers of the ITS form the Silicon Drift Detector (SDD), and the last two layers compose the Silicon Strip Detector (SSD). Both the SDD and the SSD provide position information in two dimensions and a dE/dx sample that can be used for PID.
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 2312 Figure 2.3: Left: layout of the ITS detector during Run 1 and Run 2. Figure taken from ALICE figure repository. Right: The radial positions of the three sub-systems: SPD, SDD, and SSD are indicated. Figures taken from Ref. [134].
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 24 Figure 2.4: Layout of the Muon Spectrometer detector.
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 25 Figure 2.5: Layout of the Muon Spectrometer detector. Figure taken from Ref. [135].
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 31 Figure 3.1: The width of Υ(1S) as a function of | cos θ| in p T intervals in both Helicity (left) and Collins-Soper (right) frames with MC simulations.
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 32 Figure 3.2: An example of the dimuon invariant mass fit procedure: three CB2 functions used to describe the Υ signals and a product of an exponential and a power-law function used to account for the background.

Figure 4 . 1 :

 41 Figure 4.1: The distribution of SPD tracklets for the CMUL7 trigger (left column) and CINT7 trigger (right column) both before and after pileup rejection. Figures taken from [140].
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 42 Figure 4.2: An example of average number of tracklets as a function of z vtx for both CINT7 (left) and CMUL7 (right) triggered events.
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 43 Figure 4.3: An example of the ratio of the average number of raw tracklets as a function of z vtx between CMUL7 and CINT7 triggered events for LHC16h.
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 44 Figure 4.4: Average number of raw tracklets as a function of z vtx for CINT7 triggered events for each period.
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 45 Figure 4.5: Average number of raw tracklets as a function of z vtx for CINT7 triggered events for each group.
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 46 Figure 4.6: Average number of raw (corrected) tracklets as a function of z vtx for CINT7-triggered events for each group.
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 47 Figure 4.7: Probability distributions of N raw/cor trkfor CINT7-and CMUL7-triggered events in each group.
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 48 Figure 4.8: Left: the average number of tracklet and charged-particle multiplicity N raw trk , N cor trk and N ch as a function of z vtx ; Right: probability distributions of N raw trk , N cor trk and N ch , in MC.

Figure 4 . 9 :

 49 Figure 4.9: N ch -N cor trk correlation map fitted with an ad-hoc polynominal function.

  4.3: the calculation of N ch in each multiplicity interval; the fitting functions used to parametrize the correlation between the tracklets and the charged-particle multiplicities; the charged-particle multiplicity averaged over all INEL > 0 events ( dN ch /dη ) and a correction to account for the vertex quality selection, affecting only the first multiplicity bin, 1 INEL>0, N ch . The systematic uncertainties for the calculation of the N ch come from the residual dependence of N ch on z vtx , the dependence on the specific MC simulations, and the data-driven correction to the input profiles. The systematic uncertainty on the correlation encoded in the function f (ad-hoc polynominal function), introduced in Eq. 4.4, is estimated by varying the z vtx range ([-10, -5], [-5, 0], [0, 5], [5, 10], and [-10, 10] cm) for the MC events considered for its optimization (the systematics corresponding to the choice of the analytical form of the f function is studied separately, in the following), as well as the event generators (PYTHIA 8.2 Monash 2013, and EPOS-LHC) used in the simulations. The reference profile of the number of tracklets as a function of z vtx is also varied in the equalization procedure, considering both the profile obtained from the data and the one from the MC (PYTHIA 8.2 or EPOS-LHC). The multiplicity N ch is calculated as the average, and its systematic uncertainty as the standard deviation, of the distribution of the N ch values obtained by considering the combined options described above. The resulting systematic uncertainty on N ch ranges within 0.4-2%, depending on the multiplicity class (more details see Appendix A.4.1).
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 51 Figure 5.1: Raw number of Υ(1S) in the integrated-multiplicity class with various combined options. The solid line is the central value and the dashed lines show the 1σ deviation to the central value, which is the systematic uncertainty for the signal extraction in the multiplicity classes.
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 52 Figure 5.2: Raw number of Υ(1S) in the multiplicity class [1, 8] with various combined options. The solid line is the central value and the dashed lines show the 1σ deviation to the central value.
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 41 In order to obtain the Υ(nS) production rate in INEL > 0 collisions, the efficiency of the applied vertex QA and MB trigger efficiency for INEL > 0 selection have been taken into account. The event selection efficiency correction (ε MB ), entering Eq. 5.1, includes contributions from vertex QA (ε vtx,QA ), the MB trigger efficiency for

  figure results in a flat trend of the double ratios for the three states, within the current uncertainties. The measurements are compared with the available theoretical models as shown in Fig.5.5. For multiplicities up to 4 times the mean multiplicity, no relevant difference is observed between the PYTHIA 8.2 configurations, including feed-down, with or without color reconnection (CR) which fairly describe the observed linear scaling. The implementation of the MPI mechanism corresponds to the simple scaling (N MPI ∝ N hard process ∝ N ch . The PYTHIA 8.2 color reconnection scenario is a final-state effect at play with MPI where strings are merged based on a QCD full color flow
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 54 Figure 5.4: Self-normalized yield of Υ(nS) states as a function of the self-normalized charged-particle multiplicity for p T > 0 GeV/c. The error bars represent the statistical uncertainty on the Υ yields, while the quadratic sum of the point-by-point systematic uncertainties on the Υ yield as well as on dN ch /dη / dN ch /dη is depicted as boxes. The dashed line shown in the top panel represents a linear function with the slope equal to unity.
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 57 Figure 5.7 (top panel) presents the results discussed in this thesis for the Υ(1S), Υ(2S), and Υ(3S), compared with other quarkonium measurements by ALICE, namely J/ψ measurements in the forward rapidity region at 5.02 TeV [80], 7 TeV [82], and 13 TeV [80], exploiting the same multiplicity estimator as in the present analysis
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 57 Figure 5.7: Top: Self-normalized yield of Υ as a function of self-normalized charged-particle multiplicity, compared to inclusive J/ψ measured in the forward rapidity region at 5.02 TeV[80], 7 TeV[82], and 13 TeV[80], and to inclusive J/ψ measured in the central rapidity region at 13 TeV[START_REF] Acharya | Multiplicity dependence of J/ψ production at midrapidity in pp collisions at √ s = 13 TeV[END_REF]. The error bars represent the statistical uncertainty on the quarkonium yields, while the quadratic sum of the point-by-point systematic uncertainties on the quarkonium yields as well as on dN ch /dη / dN ch /dη is depicted as boxes. Bottom: Self-normalized yield ratio of Υ(1S) over J/ψ as a function of self-normalized charged-particle multiplicity, compared to model computations from 3-pomeron CGC approach[88], PYTHIA 8.2[START_REF] Sj Östrand | A Brief Introduction to PYTHIA 8.1[END_REF], comovers[START_REF] Ferreiro | Excited charmonium suppression in proton-nucleus collisions as a consequence of comovers[END_REF][START_REF] Esposito | The nature of X(3872) from high-multiplicity pp collisions[END_REF], and CPP[START_REF] Kopeliovich | Heavy quarkonium in the saturated environment of high-multiplicity pp collisions[END_REF].

Figure 6 .

 6 Figure 6.1 shows the two-dimensional maps -(cos θ, p T ), (ϕ, p T ) and ( φ, p T ) in both Helicity and Collins-Soper reference frames. For each (cos θ, p T ) ((or ϕ, p T ) or ( φ, p T )) cell, the raw Υ(1S) yield is extracted.
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 61 Figure 6.1: Two-dimensional maps populated with dimuons in the Helicity (left) and Collins-Soper (right) frames. From top to bottom, it shows the cos θ, ϕ and φ vs p T .
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 62 Figure 6.2: An example of Υ(1S) signal extraction as a function of | cos θ| (0 < | cos θ| < 0.4) in 2 < p T < 4 GeV/c in the Helicity reference frame.
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 6364 Figure 6.3: An example of Υ(1S) signal extraction as a function of | cos θ| (0.4 < | cos θ| < 0.8) in 2 < p T < 4 GeV/c in the Helicity reference frame.
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 65 Figure 6.5: Raw number of Υ(1S) as a function of |ϕ| in different p T intervals in both Helicity and Collins-Soper reference frames.

Figure 6 . 6 :

 66 Figure 6.6: Raw number of Υ(1S) as a function of φ in different p T intervals in both Helicity and Collins-Soper reference frames.
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 67 Figure 6.7: Raw number of Υ(1S) in different p T intervals in both the Helicity (left) and Collins-Soper (right) reference frames.

Fig. 6 .

 6 Fig. 6.10 and 6.11 present A × ε corrected number of Υ(1S) distribution as a function of | cos θ|, |ϕ| and φ in 2 < p T < 4 GeV/c in both Helicity and Collins-Soper reference frames. More results see Appendix B.6.

Figure 6 . 8 :

 68 Figure 6.8: A × ε maps in the Helicity (left) and Collins-Soper (right) frames. From top to bottom, it shows the cos θ, ϕ and φ vs p T .
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 69610611 Figure 6.9: A × ε as a function of | cos θ| in both Helicity and Collins-Soper reference frames. The dashed line means the A × ε equals to 0.1.
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 612 Figure 6.12: The corrected number of Υ(1S) in different p T intervals in both Helicity (left) and Collins-Soper (right) reference frames.

Figure 6 . 13 :

 613 Figure 6.13: An example of polarization parameters determination in 2 < p T < 4 GeV/c with a simultaneous fit in both Helicity and Collins-Soper reference frames.
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 614 Figure 6.14: Υ(1S) polarization parameters as a function of p T in both Helicity and Collins-Soper reference frames.
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 66615 Figure 6.15 reports the simultaneous fit for various choices of the background function and the fitting range. In Fig. 6.16, it shows the polarization parameters as a function of transverse momentum associated with the uncertainty on the signal extraction.

Figure 6 . 16 :

 616 Figure 6.16: Polarization parameters as a function of p T in both Helicity (red) and Collins-Soper (blue) frames, the error bars represent the statistical uncertainty from signal extraction, while the boxes represent the systematic uncertainty from signal extraction.
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 617 Figure 6.17: The width of Υ(1S) as a function of | cos θ| in p T intervals in Helicity reference frame with data.
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 618 Figure 6.18: Polarization parameters as a function of p T in Helicity and Collins-Soper reference frames with width free and fixed during the signal extraction.
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 619620 Figure 6.19: Comparison between the Υ(1S) y and p T distributions from LHCb results[START_REF] Aaij | Measurement of Υ production in pp collisions at √ s= 13 TeV[END_REF].
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 621622 Figure 6.21: Υ(1S) polarization parameters as a function of p T in both Helicity and Collins-Soper frames, the error bars represent the statistical uncertainty, while the boxes represent the systematic uncertainty.

Figure 6 .

 6 Figure 6.23: Υ(1S) polarization parameter λ θ as a function of p T in both Helicity (left) and Collins-Soper (right) frames for LHCb measurements at 7 TeV [129], compared to the ICEM model [152]. Figures taken from Ref. [152].
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 6 Figure 6.24: Direct J/ψ polarization parameter λ θ in both Helicity (left) and Collins-Soper (right) frames in the ICEM model with the collinear factorization approach[START_REF] Cheung | Quarkonium polarization in Pb+Pb collisions in the improved color evaporation model[END_REF], compared to the ALICE inclusive J/Ψ polarization measurements in pp[START_REF] Abelev | J/ψ polarization in pp collisions at √ s = 7 TeV[END_REF] and Pb-Pb[START_REF] Acharya | First measurement of quarkonium polarization in nuclear collisions at the LHC[END_REF] collisions. Figures taken from Ref.[START_REF] Cheung | Quarkonium polarization in Pb+Pb collisions in the improved color evaporation model[END_REF].
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 1 Figure A.1: Ratios of the average number of raw tracklets as a function of z vtx between CMUL7 and CINT7 triggered events for LHC16j, LHC16k, and LHC16o.
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 2345 Figure A.2: Ratios of the average number of raw tracklets as a function of z vtx between CMUL7 and CINT7 triggered events for LHC16p, LHC17i, and LHC17k.
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 02167 Figure A.6: N ch -N corr trk correlation plot fitted by a simple linear function.
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 89 Figure A.8: Raw single ratio of N Υ(2S) /N Int Υ(2S) (top), and N Υ(1S) /N Int Υ(1S) (bottom) in the N cor trk range [1, 8].
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 1 Figure B.1: Tail parameters as a function of | cos θ| in 0 < p T < 2 GeV/c in the Collins-Soper reference frame.

Figure B. 2 :

 2 Figure B.2: Tail parameters as a function of | cos θ| in 2 < p T < 4 GeV/c in the Collins-Soper reference frame.
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 3 Figure B.3: Tail parameters as a function of | cos θ| in 4 < p T < 6 GeV/c in the Collins-Soper reference frame.
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 4 Figure B.4: Tail parameters as a function of | cos θ| in 6 < p T < 8 GeV/c in the Collins-Soper reference frame.
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 536 Figure B.5: Tail parameters as a function of | cos θ| in 8 < p T < 15 GeV/c in the Collins-Soper reference frame.
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 78 Figure B.7: The width of Υ(1S) as a function of φ in p T intervals in both the Helicity (left) and Collins-Soper (right) frames in MC simulations.
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 9 Figure B.9: A × ε as a function of φ in both Helicity and Collins-Soper reference frames.
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 10611121314 Figure B.10: Comparison of λ θ as a function of transverse momentum between loose and restricted | cos θ| range in both the Helicity (left) and Collins-Soper reference frames (right).
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 771 Simultaneous fit to the corrected spectra Simultaneous fit to the corrected spectra in both the Helicity and Collins-Soper reference framesThe results of the fit to the A×ε corrected spectra are here shown for the chosen p T range. The fits were performed in a simultaneous way in the two reference frames (Helicity and Collins-Soper), imposing a λ constraint Eq. B.1. In this case, one of the parameters can be eliminated. It is confirmed that no matter what parameter is chosen to be eliminated, the results are comparable within uncertainties (seeFig. B.18). As for the default approach
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 15 Figure B.15: Polarization parameters determination with a simultaneous fit in 0 < p T < 2 GeV/c interval in both Helicity and Collins-Soper frames, imposing λ constraint. The error bars are the statistical uncertainties, the dash lines are the fits.

Figure B. 16 :

 16 Figure B.16: Polarization parameters determination with a simultaneous fit in 2 < p T < 4 and 4 < p T < 6 GeV/c intervals in both Helicity and Collins-Soper frames, imposing λ constraint. The error bars are the statistical uncertainties, the dash lines are the fits.
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 17 Figure B.17: Polarization parameters determination with a simultaneous fit in 6 < p T < 8 and 8 < p T < 15 GeV/c intervals in both Helicity and Collins-Soper frames, imposing λ constraint. The error bars are the statistical uncertainties, the dash lines are the fits.
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 18 Figure B.18: Polarization parameters as a function of transverse momentum in the Helicity and Collins-Soper frames.The red points and blue points are estimated with imposing the λ constraint, the green points are estimated without requiring the constraint. The red point results (default approach) were used in this analysis, which eliminated λ CS ϕ , the blue point results were for the cross check, which eliminated λ CS θ .
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 1920 Figure B.19: Fit to the corrected spectra in 0 < p T < 2 and 2 < p T < 4 GeV/c intervals in both Helicity and Collins-Soper frames.
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 1 Figure C.1: Outline of how RIVET facilitates the connection between experimental analyses and theory validation by following a typical workflow in a physics program. Figure taken from [170].
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 2 Figure C.2: The execution flow of an analysis class. Figure taken from [170].
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 3 Figure C.3: Main part of the code of the RIVET analysis.
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 5 Figure C.5: J/ψ production as a function of multiplicity in pp collisions at √ s = 13 TeV (midrapidity).
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Table 2 .

 2 

1: Dimensions of individual layers of ITS.

Table 3 .

 3 1: Internal ALICE labels for the data and MC samples used in the analysis of the Υ(nS) production as a function of charged-particle multiplicity.

	Data sample		MC sample
	LHC16h	LHC17f5 (PYTHIA 8.2)
	LHC16j	LHC17e5 (PYTHIA 8.2)
	LHC16k	LHC17d20a1 (PYTHIA 8.2)
	LHC16o	LHC17d16 (PYTHIA 8.2)
	LHC16p	LHC17d18 (PYTHIA 8.2)
	LHC17i	LHC17k4 (PYTHIA 8.2)
	LHC17k	LHC18c13 (PYTHIA 8.2)
	LHC17m	LHC17l5 (PYTHIA 8.2)
	LHC17o	LHC18a9 (PYTHIA 8.2)
	LHC17r	LHC18a1 (PYTHIA 8.2)
	LHC18d	LHC18g5 (PYTHIA 8.2)
	LHC18e	LHC18g6 (PYTHIA 8.2)
	LHC18f	LHC18h2 (PYTHIA 8.2)
	LHC18l	LHC18j1 (PYTHIA 8.2)
	LHC16k	LHC17d20b1(EPOS-LHC)
	Data sample MC sample
	LHC16f
	LHC16g
	LHC16h
	LHC16i
	LHC16j
	LHC16k
	LHC16o
	LHC16p
	LHC17h
	LHC17i
	LHC17k
	LHC17l
	LHC17m LHC17o	LHC21d7
	LHC17r
	LHC18b
	LHC18c
	LHC18d
	LHC18e
	LHC18f
	LHC18g
	LHC18h
	LHC18i
	LHC18j
	LHC18l
	LHC18m
	LHC18o
	LHC18p

Table 3 .

 3 

2: Internal ALICE labels for the data and MC samples used in the analysis of the Υ(1S) polarization.

Table 4 .

 4 

		Period	N trk	max	N CMUL7 events	N CINT7 events
	G1	16h + 16j + 16k + 16o + 16p + 17i + 17k	11.73	143.2M	43.6M
	G2	17m + 17o + 17r + 18d + 18e + 18f	11.64	187.0M	63.9M
	G3	18l	10.85	25.1M	9.9M

1: N trk max values and number of CINT7 and CMUL7 triggered events in each group.

Table 4 .

 4 2: N ch measurement in the corrected tracklet multiplicity classes. The uncertainty quoted in this table is from the fit.

Table 4 .

 4 1 INEL>0, N ch (1.039), introducing an associated systematic uncertainty of 0.3%. The efficiency of the INEL > 0 event selection, for any multiplicity class other than the lowest one is close to unity, and has negligible uncertainty (more details see Appendix A.4.4). All the aforementioned systematic uncertainties are added in quadrature and summarized in Table4.3. Whenever the source has a dependence on multiplicity, the minimum and maximum uncertainties are indicated. 3: Summary of the systematic uncertainty sources in percentage on the self-normalized multiplicity. When the systematic uncertainty depends on the multiplicity class, the corresponding range is given. The quantity labelled with * is taken from an independent analysis[START_REF] Acharya | Pseudorapidity distributions of charged particles as a function of mid-and forward rapidity multiplicities in pp collisions at √ s = 5.02, 7 and 13 TeV[END_REF]. All the mentioned systematic uncertainties are added in quadrature to the self-normalized multiplicity.

	Source		%
	N ch		0.4 -2
	N cor trk vs. N ch non-linearity 0.14 -7 dN ch /dη * 1.6
	ε 1 INEL>0, N ch	0.3
	dN ch /dη/ dN ch /dη	1.7 -7
	N cor trk	dN ch /dη dN ch /dη
	1 -8	0.38 ± 0.03
	9 -14 0.99 ± 0.02
	15 -20 1.51 ± 0.03
	21 -25 1.99 ± 0.04
	21 -33 2.24 ± 0.04
	26 -33 2.51 ± 0.04
	34 -41 3.16 ± 0.07
	42 -50	3.8 ± 0.1
	51 -60	4.5 ± 0.2
	61 -80	5.5 ± 0.3

Table 4 . 4 :

 44 

Table 4 . 3 .

 43 The final values are presented in Table4.4.

Table 5 .

 5 1: Raw number of Υ(nS) in the corrected tracklet multiplicity classes. The "-" quoted in the table means that the significance in the corresponding multiplicity class is too small (< 3) and the signal is not measured. and the standard deviation of the results corresponding to the various options considered for the signal extraction, as shown in Fig.5.3. The results are also reported in Tab. 5.2.

	8]	2032 ± 4 ± 1	558 ± 11 ± 2	318 ± 17 ± 5
	[9, 14]	2358 ± 4 ± 1	592 ± 12 ± 3	353 ± 18 ± 7
	[15, 20]	2266 ± 4 ± 3	595 ± 12 ± 5	419 ± 16 ± 7
	[21, 25]	1723 ± 4 ± 2	521 ± 12 ± 3	-
	[21, 33]	3923 ± 3 ± 1	1176 ± 8 ± 2	283 ± 30 ± 12
	[26, 33]	2187 ± 4 ± 3	651 ± 11 ± 4	-
	[34, 41]	1331 ± 5 ± 1	380 ± 15 ± 2	-
	[42, 50]	787 ± 7 ± 2	139 ± 30 ± 7	-
	[51, 60]	353 ± 10 ± 4	144 ± 19 ± 5	-
	[61, 80]	156 ± 15 ± 6	56 ± 33 ± 7	-

Table 5 . 2

 52 

		8]	0.152 ± 4 ± 1	0.150 ± 12 ± 3	0.211 ± 20 ± 7
	2	[9, 14]	0.176 ± 4 ± 2	0.159 ± 12 ± 3	0.234 ± 21 ± 9
	3	[15, 20]	0.169 ± 4 ± 3	0.160 ± 13 ± 5	0.278 ± 19 ± 9
	4	[21, 25]	0.129 ± 5 ± 2	0.140 ± 13 ± 3	-
	4 + 5	[21, 33]	0.293 ± 4 ± 1	0.315 ± 9 ± 2	0.187 ± 32 ± 13
	5	[26, 33]	0.164 ± 4 ± 3	0.175 ± 12 ± 4	-
	6	[34, 41]	0.100 ± 5 ± 2	0.102 ± 15 ± 3	-
	7	[42, 50]	0.059 ± 7 ± 2	0.037 ± 30 ± 7	-
	8	[51, 60]	0.026 ± 10 ± 4	0.039 ± 20 ± 5	-
	9	[61, 80]	0.012 ± 15 ± 6	0.015 ± 34 ± 7	-

: Raw yield ratio of

Table 5 .

 5 3 in the integrated-multiplicity class.

		With vertex QA Without vertex QA	ε
	N MB	1.18866e + 08	1.26572e + 08	0.94 ± 0.00
	N Υ(1S)	13840 ± 244	14266 ± 239	0.97 ± 0.02
	N Υ(2S)	3857 ± 174	3938 ± 173	0.98 ± 0.06
	N Υ(3S)	1760 ± 157	1844 ± 159	0.95 ± 0.12

4:

The number of MB-triggered events and the number of Υ(nS) in the integrated-multiplicity class.

Table 5 .

 5 

	MB,INEL>0,yield

1 

MB,INEL>0,yield = 0.914 ± 0.008 (1.0%). In the integrated multiplicity class, the correction factor is ε MB,INEL>0 = 0.95 ± 0.005 (0.5%)

(see Appendix A.4.3).

Event generator N events (N ch ≥ 1 + vertex QA + MB trigger) N events (N ch ≥ 1 + vertex QA) ε 1 5: Efficiency for MB-triggered event correction in the lowest multiplicity class in MC simulations.

Table 6 .

 6 

		cos θ|, HE	| cos θ|, CS
	[0, 2]	6 bins in [0, 0.6] 5 bins in [0, 0.5]
	[2, 4]	7 bins in [0, 0.7] 6 bins in [0, 0.6]
	[4, 6]	8 bins in [0, 0.8] 6 bins in [0, 0.6]
	[6, 8]	8 bins in [0, 0.8] 6 bins in [0, 0.6]
	[8, 15]	8 bins in [0, 0.8] 7 bins in [0, 0.7]

1: | cos θ| intervals used in the analysis for both Helicity and Collins-Soper reference frames.

Table 6 .

 6 2: Summary of the systematic uncertainties.

			27	0.00	0.05	0.25	0.00	0.05
		2 < p T < 4	0.13	0.03	0.05	0.14	0.02	0.02
		4 < p T < 6	0.08	0.03	0.01	0.08	0.02	0.02
		6 < p T < 8	0.08	0.03	0.02	0.09	0.01	0.02
		8 < p T < 15	0.03	0.03	0.02	0.07	0.04	0.02
		0 < p T < 2	0.03	0.01	0.02	0.02	0.00	0.02
		2 < p T < 4	0.02	0.01	0.03	0.02	0.00	0.04
	λ ϕ	4 < p T < 6	0.01	0.00	0.02	0.03	0.01	0.02
		6 < p T < 8	0.02	0.00	0.01	0.03	0.00	0.00
		8 < p T < 15	0.04	0.00	0.05	0.05	0.01	0.04
		0 < p T < 2	0.05	0.00	0.00	0.05	0.00	0.02
		2 < p T < 4	0.01	0.00	0.01	0.03	0.00	0.07
	λ θϕ	4 < p T < 6	0.02	0.00	0.06	0.03	0.00	0.04
		6 < p T < 8	0.01	0.00	0.00	0.04	0.00	0.02
		8 < p T < 15	0.02	0.00	0.05	0.02	0.00	0.02

  Table. A.2. Table A.2: α factor extraction in the multiplicity and multiplicity-integrated intervals and the δ extraction which is defined as the relative difference in the central values of the α parameter values between α factors in multiplicity and multiplicity-integrated intervals.

	N cor trk range α ± stat(%) ± syst(%) δ(%)
	Integrated	1.21 ± 0.24 ± 0.73	-
	[1, 8]	1.30 ± 2.38 ± 1.33	6.7
	[9, 14]	1.23 ± 1.75 ± 0.49	2.0
	[15, 20]	1.23 ± 1.34 ± 0.47	1.5
	[21, 25]	1.22 ± 1.29 ± 0.53	1.0
	[21, 33]	1.22 ± 0.61 ± 0.62	1.0
	[26, 33]	1.21 ± 0.77 ± 0.69	0.1
	[34, 41]	1.20 ± 0.66 ± 0.99	1.0
	[42, 50]	1.18 ± 0.55 ± 1.29	2.3
	[51, 60]	1.17 ± 0.47 ± 1.60	3.5
	[61, 80]	1.16 ± 0.30 ± 1.95	4.8

  3.It is found that the efficiency is very close to unity except for the integrated and first N cor trk class. The values shown in Tab. A.3 are obtained from PYTHIA 8.2. When we change to another MC generator-EPOS, similar results are obtained, while for the integrated and first multiplicity classes, εIntegrated,EPOS 

		ε i MB,INEL>0 =	N events with MB N events without MB	(A.4)
			MB,INEL>0	= 0.957, ε 1,EPOS MB,INEL>0 = 0.922. So
	N cor trk range N events with MB trigger N events without MB trigger ε i MB,INEL>0
	Integrated	2.14630e + 08	2.26557e + 08	0.947
	[1, 8]	1.10079e + 08	1.21504e + 08	0.906
	[9, 14]	4.08487e + 07	4.13048e + 07	0.989

Table A .

 A 3: ε MB,INEL>0 in the multiplicity class for PYTHIA 8.2 is referred as to "fit-by-fit".The raw double ratio results are reported in TableA.5 and A.6. However, for corrected double ratio of the selfnormalized yield between the excited and ground state, only the vertex quality selection (ε vtx,QA ) is dependent of the state and do not cancel in the double ratio, and the formula Eq. A.6 is used to calculate the final double ratio.

Table A .

 A 5: Extracted values for raw double ratio between Υ(2S) and Υ(1S).

		N3S/N Int 3S N1S/N Int 1S fit-by-fit	± stat ± syst	N3S/N Int 3S N1S/N Int 1S single-fit	± stat ± syst
	[1, 8]	1.387 ± 20.58% ± 6.25%	1.388 ± 20.58% ± 7.42%
	[9, 14]	1.326 ± 20.97% ± 7.26%	1.330 ± 20.96% ± 8.84%
	[15, 20]	1.639 ± 19.67% ± 6.92%	1.645 ± 19.64% ± 9.60%
	[21, 33]	0.638 ± 31.89% ± 11.75%	0.638 ± 31.86% ± 12.79%

Table A .

 A 6: Extracted values for raw double ratio between Υ(3S) and Υ(1S).

		N2S/<N2S> N1S/<N1S> fit-by-fit	± stat ± syst N2S/<N2S> N1S/<N1S> single-fit	± stat ± syst N2S/<N2S> N1S/<N1S> relative-ratio	± stat ± syst
	[1, 8]	0.976 ± 14.56% ± 1.35%	0.977 ± 14.56% ± 3.04%	0.977 ± 14.88% ± 4.51%
	[9, 14]	0.892 ± 15.10% ± 1.88%	0.894 ± 15.09% ± 3.81%	0.894 ± 14.72% ± 4.61%
	[15, 20]	0.933 ± 15.61% ± 2.09%	0.938 ± 15.60% ± 5.84%	0.937 ± 15.59% ± 6.49%
	[21, 25]	1.074 ± 15.58% ± 1.38%	1.074 ± 15.58% ± 3.45%	1.074 ± 15.86% ± 4.61%
	[26, 33]	1.058 ± 14.63% ± 1.38%	1.057 ± 14.62% ± 4.72%	1.057 ± 14.75% ± 5.79%
	[34, 41]	1.014 ± 17.80% ± 1.37%	1.010 ± 17.79% ± 3.14%	1.010 ± 17.54% ± 4.64%
	[42, 50]	0.629 ± 31.82% ± 5.16%	0.621 ± 31.78% ± 7.36%	0.621 ± 31.73% ± 7.85%
	[51, 60]	1.448 ± 23.70% ± 2.70%	1.485 ± 23.67% ± 6.62%	1.485 ± 23.62% ± 7.04%
	[61, 80]	1.289 ± 37.81% ± 7.74%	1.238 ± 37.74% ± 9.72%	1.238 ± 37.93% ± 9.66%
		Table A.7: Extracted values for corrected double yield ratio between Υ(2S) and Υ(1S).
		N3S/<N3S> N1S/<N1S> fit-by-fit	± stat ± syst N3S/<N3S> N1S/<N1S> single-fit	± stat ± syst N3S/<N3S> N1S/<N1S> relative-ratio	± stat ± syst
	[1, 8]	1.374 ± 24.38% ± 6.25%	1.375 ± 24.38% ± 7.42%	1.373 ± 24.31% ± 7.83%
	[9, 14]	1.313 ± 24.71% ± 7.26%	1.317 ± 24.70% ± 8.84%	1.317 ± 25.19% ± 9.66%
	[15, 20]	1.623 ± 23.62% ± 6.92%	1.629 ± 23.59% ± 9.60%	1.629 ± 23.56% ± 9.93%
	[21, 33]	0.632 ± 34.47% ± 11.75%	0.632 ± 34.44% ± 12.79%	0.632 ± 34.89% ± 13.33%
		Table A.8: Extracted values for corrected double yield ratio between Υ(3S) and Υ(1S).

Here and in the rest of this thesis, "charged-particle multiplicity density" is defined as the number of charged particles produced per unit of pseudorapidity η, where the pseudorapidity is defined as η = -ln tan(θ/2), θ being the polar angle of a particle momentum with respect to the beam axis.

The self-normalization is defined as the ratio of a given quantity over its average value.
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the calculations). According to these predictions, the presence of the hot medium does not seem to affect the direct J/ψ polarization. The role of the feed-down contributions to the polarization needs to be investigated both for the charmonium and bottomonium. For bottomonium states, in particular, the measurements on polarization in Pb-Pb collisions with high precision still have to appear and are waited for Run 3.

Chapter 8

Summary

During my PhD, I was involved in two part of analyses: the first part is about the study of the production of Υ mesons as a function of charged-particle multiplicity in pp collisions at √ s = 13 TeV with the ALICE detector at the CERN-LHC. This analysis has been approved by the ALICE collaboration and reported in some international conferences and has be submitted to Physics Letters B. The second part is related to the study of the Υ(1S) polarization in pp collisions at √ s = 13 TeV. This result was approved by ALICE as a preliminary result and presented in some international conferences or workshops, too. In the next step, the paper proposal would be followed up and the paper draft would be written. Meanwhile, I have accomplished my service task, the rivetization of charmonia production as a function of charged-particle multiplicity in pp collisions at both √ s = 7 and 13 TeV (see Appendix C). This service task is a work of general interest for the whole collaboration which is required from every student enrolled in a PhD program within the ALICE collaboration.

Main conference or workshop contributions: The following Eq. A.2 and Eq. A.3 are used for the calculation of statistical and systematical uncertainties respectively.

In the above equations, x i is the quantity obtained in each test, Δ stat xi is the statistical error in each test and x is the mean value of the whole set of tests.

5.62 ± 0.02 ± 1.76 [9 -14] 13.89 ± 0.01 ± 0.44 [15 -20] 21.25 ± 0.01 ± 0.50 [21 -25] 27.93 ± 0.01 ± 0.51 [START_REF] Aaij | Study of J/ψ Production in Jets[END_REF][START_REF] Liu | J/ψ Transverse Momentum Distribution in High Energy Nuclear Collisions at RHIC[END_REF] 31.46 ± 0.01 ± 0.58 [26 -33] 35.21 ± 0.01 ± 0.68 [34 -41] 44.34 ± 0.01 ± 0.96 [42 -50] 53.69 ± 0.02 ± 1.23 [51 -60] 63.94 ± 0.02 ± 1.51 [61 -80] 77.08 ± 0.05 ± 1.76 [81 -115] 98.97 ± 0.18 ± 2.20 

A.4.2 Linear fit

This method uses a simple linear fit, N ch =α × N corr trk where α is a correction factor, as shown in Fig. A.6 (Full red line). The same function is used to fit in N corr trk slices (i) where N corr trk corresponds to the MB corrected number of tracklets. Then one α i factor for each N corr trk slice is obtained. If the correlation between N ch and N corr trk would have been perfectly linear, only the global α factor would be needed. But in reality, the correlation between N ch and N corr trk is not perfectly linear due to the detector resolution and multiplicity binning, the global fit method can not give us a good N ch estimation. From Fig. A.7, it can be seen that the bin-by-bin α i is different from the global α Global , mainly at low and high multiplicity classes.

The uncertainty due to the non-linearity has been assigned to the default fit -ad-hoc polynomial fit method.

The final α in each bin and integrated case are calculated combining 20 tests (same as what have done in ad-hoc polynomial method). Then the difference between the α i and α Global factors is used as an additional systematic uncertainty, denoted as δ, added in quadrature to the final self-normalized multiplicity. The values for the selected the final efficiency for integrated and first multiplicity classes should be: ε Integrated MB,INEL>0 = 0.95 ± 0.005 (0.5% syst), ε 1 MB,INEL>0 = 0.91 ± 0.008 (1.0% syst), where the central value is taken from the average of PYTHIA 8.2 and EPOS results, the systematic uncertainties is taken from the half of the difference between these two MC generators, respectively. The efficiency for the other multiplicity classes are equal to unity.

A.4.4 Correction factor for relative charged-particles in the first multiplicity class

The MB efficiency for events satisfying the INEL > 0 selection is negligible for all multiplicity classes except for the first multiplicity class where the efficiency is 0.91. Moreover, the first multiplicity class is affected by the vertex QA cuts as these cuts mostly remove the lower multiplicity events. A correction must be applied to account for this by comparing the mean number of charged particles with these event cuts with and without the MB trigger selection.

The correction factor is defined as Eq. A.5: So, the efficiency factor for the first bin is 1 INEL>0, N ch = 1.039 ± 0.003 (0.3% syst), where the central value is taken from the average of PYTHIA 8.2 and EPOS results, the systematic uncertainty is taken from the half of the difference between these two generators.

A.5 Double ratio of excited-to-ground Υ state

In this sector, we will focus on the extraction of the self-normalized double ratio of Υ(2S) (or Υ(3S)) to Υ(1S) as a function of multiplicity. Two methods for the extraction of double ratio will be discussed in the following.

The first method is to vary the single ratio firstly, (N Υ(2S) /N Int Υ(2S) and N Υ(1S) /N Int Υ(1S) ), as shown in Fig.

A.8, and then do the ratio. In this case, it will include the correlated terms for the fitting procedure and results in a bit large systematic uncertainty for the double ratio result. And this method is referred as to "single-fit".

The second method is that the double ratio is computed fit-by-fit directly, with the same procedure applied to the single ratio, like 

0.38 ± 0.03 0.900 ± 0.045 ± 0.045 [START_REF] Fritzsch | Producing Heavy Quark Flavors in Hadronic Collisions: A Test of Quantum Chromodynamics[END_REF][START_REF] Acharya | Energy dependence of forward-rapidity J/ψ and ψ(2S) production in pp collisions at the LHC[END_REF] 0.99 ± 0.02 0.998 ± 0.050 ± 0.050 [START_REF] Sirunyan | Measurement of quarkonium production cross sections in pp collisions at √ s = 13 TeV[END_REF][START_REF] Acharya | Inclusive quarkonium production in pp collisions at √ s = 5.02 TeV[END_REF] 1.51 ± 0.03 0.941 ± 0.047 ± 0.056 [START_REF] Aaij | Study of J/ψ Production in Jets[END_REF][START_REF] Shao | Spin correlations in polarizations of P-wave charmonia χ cJ and impact on J/ψ polarization[END_REF] 1.99 ± 0.04 0.980 ± 0.059 ± 0.049 [START_REF] Aaij | Measurement of J/ψ polarization in pp collisions at √ s = 7 TeV[END_REF][START_REF] Liu | J/ψ Transverse Momentum Distribution in High Energy Nuclear Collisions at RHIC[END_REF] 2.51 ± 0.04 1.028 ± 0.051 ± 0.062 [START_REF] Zhao | Medium Modifications and Production of Charmonia at LHC[END_REF][START_REF] Alessandro | A New measurement of J/ψ suppression in Pb-Pb collisions at 158 GeV per nucleon[END_REF] 3.16 ± 0.07 1.013 ± 0.061 ± 0.051 [START_REF] Arnaldi | J/ψ production in indium-indium collisions at 158-GeV/nucleon[END_REF][START_REF] Sirunyan | Relative Modification of Prompt ψ(2S) and J/ψ Yields from pp to Pb-Pb Collisions at √ s NN = 5.02 TeV[END_REF] 3.8 ± 0.1 1.022 ± 0.082 ± 0.051 [START_REF] Adam | J/ψ suppression at forward rapidity in Pb-Pb collisions at √ s NN = 5.02[END_REF][START_REF] Khachatryan | Suppression of Υ(1S), Υ(2S) and Υ(3S) production in Pb-Pb collisions at √ s NN = 2.76 TeV[END_REF] 4.5 ± 0.2 0.953 ± 0.095 ± 0.057 [START_REF] Sirunyan | Measurement of nuclear modification factors of Υ(1S), Υ(2S), and Υ(3S) mesons in Pb-Pb collisions at √ s NN = 5.02 TeV[END_REF]80] 5.5 ± 0.3 0.940 ± 0.141 ± 0.066 

An introduction to RIVET

The Robust Independent Validation of Experiment and Theory (RIVET) is a software tool used for event generation and analysis in particle physics. It is a modular software package written in C++ and designed to interface with Monte Carlo (MC) event generators, such as PYTHIA [START_REF] Sj | An introduction to PYTHIA 8.2[END_REF] and Herwig [START_REF] Marchesini | HERWIG: A Monte Carlo event generator for simulating hadron emission reactions with interfering gluons. Version 5.1[END_REF][START_REF] Bellm | Herwig 7.2 release note[END_REF], to analyze their output.

RIVET provides a standardized framework for comparing theoretical simulations with experimental data, as shown in RIVET allows users to define their own analysis methods, which can be used to extract physics information from simulated particle collisions. This information can then be compared with experimental data to test theoretical models of particle physics. One of the key features of RIVET is its flexibility. Users can easily modify existing analyses or create new ones by writing simple code. RIVET also provides a large library of predefined analyses, which cover a wide range of physics topics.

Nowadays, RIVET boasts a collection of over 1000 analyses from various high-energy physics collaborations, and it is able to directly access data from HepData [START_REF] Maguire | HEPData: a repository for high energy physics data[END_REF] whenever it is available. Additionally, RIVET has the 6.24 Direct J/ψ polarization parameter λ θ in both Helicity (left) and Collins-Soper (right) frames in the ICEM model with the collinear factorization approach [START_REF] Cheung | Quarkonium polarization in Pb+Pb collisions in the improved color evaporation model[END_REF], compared to the ALICE inclusive J/Ψ polarization measurements in pp [START_REF] Abelev | J/ψ polarization in pp collisions at √ s = 7 TeV[END_REF] and Pb-Pb [START_REF] Acharya | First measurement of quarkonium polarization in nuclear collisions at the LHC[END_REF] When the systematic uncertainty depends on the multiplicity class, the corresponding range is given.
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