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Abstract

Quarkonium (e.g. J/4» or T and their excited states), bound states of charm and anticharm (c¢) or bottom and
antibottom (bb) 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 in-
teractions), 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 T(1S), T(2S), and T(3S) yields as a function of the charged-particle mul-
tiplicity density dN.,/dn, using the ALICE experiment at the LHC, is reported in pp collisions at /s = 13 TeV.
The T 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 (|n| < 1). Both quantities are normalized to their average
value in minimum bias events. The increase of the self-normalized T(1S), T(2S), and T(3S) yields is found to be
compatible with a linear scaling with the self-normalized d N.;, /dn, within the uncertainties. The measured Y excited-
to-ground state self-normalized yield ratios are found to be compatible with unity within uncertainties. Similarly, the
measured double ratio of the self-normalized Y(1S) to the self-normalized J/1 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 T(1S) polarization has been also measured in pp collisions at /s = 13 TeV; the analysis could not be



extended to the excited states T(2S) and T(3S) due to the limited size of the available data sample. The T(1S)
polarization parameters Ay, A\, and \g, have been measured as a function of pr both in the Helicity and Collins-
Soper reference frames. No significant deviation from a zero-polarization scenario is observed for the T(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.

Keywords: ALICE, Quarkonium, charged-particle multiplicity, Y(1S), T(2S), T(3S), MPI, QGP, polarization,
Helicity, Collins-Soper, Next-to-Leading-Order QCD



Réesume

Les états de quarkonium (e.g. J/2) ou T et leurs états excités), états liés de quarks charme et anticharme (cc)
ou bottom et antibottom (bb) fournissent un moyen efficace de tester notre compréhension de la chromodynamique
guantique (QCD), a la fois en ce qui concerne leurs mécanismes de production dans le vide ou dans des environ-
nements hadroniques de type vide et leur interaction avec le milieu déconfiné produit en collisions d’ions lourds
ultra-relativistes.

Parmi les outils offerts pour caractériser la production de quarkonium en collisions proton-proton, la corrélation
entre production de quarkonium et multiplicité de particules chargées est particulierement pertinente pour mettre
en évidence le role joué par les mécanismes durs et doux de production de quarkonium. Dans ce contexte, la
multiplicité de particules chargées permet d’établir les propriétés de I'événement sous-jacent (y compris le role
des interactions multi-partoniques), agissant comme un parametre d’échelle effectif, déterminant I'écart des effets
observés a la référence du vide, indépendamment de la taille du systeme. Létude de la polarisation de quarkonium,
i.e. l'alignement d’'un état donné de quarkonium par rapport a un axe choisi, est un autre outil intéressant pour
éclairer notre compréhension de la production de quarkonium.

ALICE est une expérience installée au LHC (Large Hadron Collider) du CERN, dédiée a I'étude de collisions
hadroniques de proton-proton a Pb—Pb, ol un milieu chaud et dense peut étre créé, nommé le Plasma de Quarks-
Gluons (QGP). Cette thése décrit la mesure des T(1S), T(2S), et T(3S) en fonction de la densité de multiplicité
de particules chargées dN,,/dn, effectuée par I'expérience ALICE du LHC en collisions proton-proton a /s =
13 TeV. Les mésons T sont mesurés a rapidité avant (2.5 < y < 4) dans le canal de désintégration dimuon,
tandis que la multiplicité de particules chargées est mesurée aux rapidités centrales (|| < 1). Ces deux quantités
sont normalisées a leurs valeurs moyennes obtenues dans les événements de biais minimum. Laugmentation
observée des taux de production des T(1S), T(2S) et T(3S) en fonction de la multiplicité de particules chargées
normalisée est compatible avec une évolution linéaire, compte-tenu des barres d’erreur. Les rapports états excités
sur fondamentaux normalisés sont compatibles avec I'unité, compte tenu des barres d’erreur. De méme, le double
rapport normalisé Y(1S) sur J/2, tous deux aux rapidités avant, est compatible avec I'unité pour des multiplicités
de particules chargées normalisées au dela de 1. Les mesures sont confrontées a des prédictions de modeles

théorigues incorporant des effets d’états initiaux ou finaux.



La polarisation du Y(1S) a aussi été mesurée en collisions proton-proton a /s = 13 TeV. Du fait de Ia taille
réduite du lot de données collectées, I'analyse n’a pas pu étre menée pour les états T(2S) et T(3S). Les parametres
de polarisation \g, A, et g, ont été extraits pour le Y(1S) en fonction de I'impulsion transverse dans les référentiels
de référence de I'hélicité et de Collins-Soper. Aucun écart significatif du scénario de polarisation nulle a été observé
pour le T(1S) en collisions pp, conformément aux prédictions de calculs Next-to-Leading-Order QCD. Ce résultat
est en accord avec une mesure effectuée par la collaboration LHCb en collisions pp a /s = 8 TeV dans une région
cinématique similaire (2.2 < y < 4.5).

Mots-clefs: ALICE, Quarkonium, multiplicité de particules chargées, Y(1S), T(2S), Y(3S), MPI, QGP, polari-

sation, hélicité, Collins-Soper, Next-to-Leading-Order QCD
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Chapter 1

Introduction

The quark—gluon plasma (QGP) is a deconfined state of hadronic matter predicted by Quantum Chromodynam-
ics (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 col-
lisions, 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 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/v 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 popula-
tion, while regeneration (due to the statistical recombination of c¢ 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 T(nS)
production and the Y (1S) polarization in proton-proton collisions are studied and discussed in order to constrain the

quarkonium production mechanisms.

1.1 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, al-
lowing 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 pr 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.

1.2 Introduction to quarkonium

Quarkonium states are composed of a charm (¢, m, ~ 1.3 GeV/c?) or bottom (b, m;, ~ 4.2 GeV/c?) 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.

1.2.1 Charmonium and bottomonium

A cc resonance with a mass of approximately 3.1 GeV/c?, named J/z, 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
30 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 eTe¢~ 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 (2S), the first



excited state of J/i0. The charmonium spectrum for states under the open heavy-flavor pair production threshold is

depicted in Fig. 1.2.
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Figure 1.1: Left: Invariant mass distribution of eTe™ pairs produced in the reaction p+Be from proton beams ac-
celerated at the alternating gradient synchrotron of the BNL [2]. Right: Cross section as a function of energy for
multi-hadron final states (top), eTe~ (middle) and p* ., #t#~ and K+ K~ (bottom). The curve in (a) is the expected
shape of the d-function folded with the Gaussian energy spread of the beams and including radiative processes [3].

A new resonance, named T, was discovered in the dimuon mass spectrum at around 9.5 GeV/c? 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, T(2S) and Y(3S), were observed in 1977 [6] and 1979 [7], respectively. The main T
decay modes are summarized in Fig. 1.3, and Tab. 1.1. Notably, a large fraction of T(1S) component comes from
feed-down, i.e. T(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>5*+1 L ;). Additionally, they can be described using the .JC convention, where P = (—1)1+!
and C = (—1)X+5 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 7. (or ;). If they are triplets (J = 1), they are named v (cc) (or

T (bb)). While when it comes to P-wave triplets, they are known as . (or xs).
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Figure 1.2: Charmonium decay modes with spectroscopy notation [4].
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Figure 1.3: Bottomonium decay modes with spectroscopy notation [4].

State T(1S) T(2S) T(39)

m(MeV /c?) 9460.30 £ 0.26 10023.26 & 0.31 10355.2 £ 0.5

['(keV/c?) 54.02 £ 1.25 31.98 £ 2.63 20.32 + 1.85
999 (81.7%) 999 (58.8%) 999 (35.7%)
vg9 (2.2%) vg9 (8.8%) T(2S)r 7~ (2.8%)

nX (2.9%) T(AS)rta~ (17.9%) | T(28)x°n° (1.9%)
D**X (25%) | YT(1S)770 (8.6%) T(2S)vy (5.0%)
Y(1S)rT 7~ (4.4%)
T(1S)770 (2.2%)

Principal hadronic decays

ete” (2.4%) ete” (1.9%)
Principal leptonic decays | utu~ (2.5%) p i~ (1.9%) pp (2.2%)
Trr™ (2.6%) ™ (2.0%) Trr™ (2.3%)

Table 1.1: Summary of the most significant characteristics of the Y(nS) states. The percentages in brackets are the
branching ratios [8].



1.2.2 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 (QQ) 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 [9]) have been replaced
by the Non-Relativistic QCD (NRQCD) [10], a rigorous effective field theory. Two models can be derived from this
framework based on the sub-processes considered: the Color-Singlet Model (CSM) [11, 12] and the Color-Octet
Model (COM) [10]. The CSM considers a wave function computed at zero ¢g separation, i.e. without any free
parameter, and assumes no evolution of the quantum color-singlet state between the production of QQ 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 [13].

Recent measurements at the LHC have demonstrated the importance of color-octet terms in describing the
Ji, ¥(2S), and T(nS) (n=1, 2 or 3) production cross sections [14, 15], illustrated in Fig. 1.4 and 1.5. In the left panel
of Fig. 1.4, the ALICE measurement of inclusive J/1) cross section at forward rapidity as a function of transverse
momentum (pt) in pp collisions at /s = 13 TeV [14] is compared to the results of two model calculations: (a) the
first is based on NRQCD calculation [16] and provides predictions at high pr. (b) the second is based on NRQCD
coupled to a Color Glass Condensate (CGC) approach [17] and makes predictions for J/¢) at low pr. The non-
prompt contribution from B-mesons, is calculated using Fixed-Order Next-to-Leading Logarithm (FONLL) [18] and
added to the prompt J/) 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 +(2S), as shown in the right
panel of Fig. 1.4. For the the T(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 [15],
even if in a range limited to pr > 20 GeV/c. In this case, the experimental measurements are in agreement with the
NRQCD predictions [19], as shown in Fig. 1.5. Moreover, the ICEM model does a rather reasonable predictions for
the quarkonium production cross sections [20].

Other measurements, are at odds with the NRQCD calculations, as shown in Fig. 1.6. This figure shows
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Figure 1.4: Differential cross sections of inclusive J/1 (left) and inclusive (2S) (right) in pp collisions at /s = 13 TeV
with ALICE, compared to predictions from NRQCD [16] coupled to a FONLL [18] (grey), and NRQCD coupled to a
CGC [17] and FONLL (blue). Figures taken from Ref. [14].
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Figure 1.5: Differential production cross sections times the dimuon branching fractions of the T(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
NRQCD predictions [19]. Figure taken from [15].
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Figure 1.6: Comparison between theoretical predictions and experimental results of quarkonium production in pp
collisions: J/1) production in jets at /s = 13 TeV with LHCb [21]. Figure taken from Ref. [21].

a measurement of the J/v production in jets measured by LHCb collaboration [21], which shows discrepancies
between Leading-Order NRQCD predictions and experimental results. The momentum fraction (z(J/v)) of the jet
carried by prompt J/+) does not match the NRQCD-based predictions as implemented in PYTHIA 8.

Beyond the production cross-section, the J/i) polarization is another significant observable of interest for chal-
lenging theoretical predictions: small longitudinal polarization of J/1) has been observed under different experimental
conditions (see Ref. [26] 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 longi-
tudinal polarization at higher orders [22]. Since gluon fragmentation is the dominant production process at high pr
and the J/v is assumed to carry over the gluon polarization, the NRQCD predicts a large transverse polarization at
high pr. There is no polarization, in contrast, in the predictions of the CEM because any possible initial polarization
is washed out by soft gluon exchanges [27]. In Fig. 1.7, a measurement of J/¢) polarization as a function of pr in
pp collisions at /s = 7 TeV [26] is compared to CSM and several NRQCD predictions by different groups, using
different experimental data to constrain the LDMEs [22-25]. 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 [24, 25]. Notably, the contribution of
radiatively-decaying P-wave y. states to the J/¢ yield introduces additional uncertainties to the theoretical predic-
tions for the J/+ polarization. The CSM can only be brought into agreement with data under extreme assumptions

for the polarization of the J/¢) from x. feed-down [28].
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Figure 1.7: Comparison of prompt J/«) polarization as a function of transverse momentum at /s = 7 TeV in pp
collisions, compared to NRQCD [22—-25] and CSM [22] predictions. Figure taken from [26].

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 heavy-
ion 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 [29] and dynamical dissociation [30]. 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/ib and Y(1S), should melt at higher temperatures than
less strongly bound ones, such as the (2S), T(2S), and T(3S), respectively. Therefore, an estimate of the initial
temperature reached in collisions [31] 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 [32] and



quarkonium production via recombination [33, 34], 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/i) 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. [35],
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 [36] or during hadronization [35, 37], the abundance of
c and ¢ quarks in high colliding energy may thus provide an additional charmonium production mechanism, differing
from the J/¢» 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/¢) 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 [36] or solely at the phase boundary [38], is one of the most convincing

indications of the production of a deconfined medium in heavy-ion collisions.

€X0gamous regeneration

sequential suppression

J/Y Production Probability

Energy Density

Figure 1.8: J/2 suppression and (re)generation in a deconfined medium. Figure taken from [39].

The in-medium modification of quarkonium production is typically quantified by the nuclear modification factor
Raa, 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..11)), obtained using a Glauber model
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calculation (see Ref. [40], and references therein):

d2NAA/dedy
<Ncoll>d2NPP/dedy

Ran =

(1.1)

where Ny a(pp) denotes quarkonium yield in A—A (pp) collisions, pr is the transverse momentum and y is the rapidity.
The difference of Raa with respect to unity quantifies the global effect of the deconfined medium on quarkonium
production in heavy-ion collisions (specifically, if Raa < 1, the quarkonium yield is suppressed; if Raa > 1, it is

enhanced).

Over the past decades, studies on the J/i) production in heavy-ion collisions have been performed at the CERN
SPS [41, 42] and RHIC [43-46], systematically revealing a reduction in the J/2) production yield (Raa <1). The
amount of suppression observed by experiments performed as the CERN SPS and RHIC is similar [47], even
though the colliding energies among these experiments are very different (/sxn ~ 20 and 200 GeV, respectively).
At the LHC J/i) production is measured in Pb—Pb collisions at \/syy = 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 c¢ pairs produced.
The measurements performed by the ALICE collaboration, resulting in a smaller suppression with respect to lower
energy measurement [48] at low pr in the most central collisions (centrality: 0-20%), can indeed be interpreted as
a strong indication of the role of recombination. At high pr, where recombination is expected to be less effective,
ATLAS and CMS results indicate a strong J/i) suppression for the most central collisions [49, 50]. The available
results for the J/v) Raa are generally well described by the model calculations implementing transport and statistical

hadronization mechanisms (see Ref. [51] and references therein).

The study of ¢(2S) production is also of particular interest. The strength of medium effects on its production
might be significantly different from that of the J//1) because of the larger size and weaker binding of the )(2S) state.
The smaller binding energy should make it easier for the ¢/(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 [53]. The (2S) production was measured
at the LHC in Pb—Pb collisions at /sxy = 5.02 TeV by CMS [50, 56], ATLAS [49], and ALICE [52]. A stronger
suppression is observed for )(2S) with respect to J/1). As shown in Fig. 1.9, the ALICE measurement is compared
to the calculations of transport (TAMU) [53] and statistical hadronization models (SHMc) [54, 55]. The TAMU model
exhibits a good agreement with the measured R » for both J/2) and v(2S); the SHMc model reproduces the J/+) data,
but underestimates v(2S) production in central and semicentral collisions. Fig. 1.10 shows the ratio and the double
ratio (with respect to pp) of the ¢(2S) and J/i) 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 [57], 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 Ra of J/¢ [51] and ¢(2S) [52] as a function of (N,..) in Pb—Pb collisions at /sxx
= 5.02 TeV with ALICE, compared to TAMU [53] and SHMc [54, 55] models. Figure taken from Ref. [52].

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 (2S) suppression by a factor

of about 50% relative to pp, similar as the NA50 experiment [57].

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 ¢ and ¢ quarks, Y 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 T(1S) state in Pb—Pb collisions at ,/syn = 2.76 and 5.02 TeV [58—61]. The same measurement

allowed to show that the production of the excited T (2S) state is much more strongly suppressed with respect to the
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Figure 1.10: Top panel: ratio of the ¥(2S) [52] and J/¢) [51] cross sections as a function of centrality; bottom panel:
double ratio of the ¥(2S) and J/+, normalized to the corresponding pp value. The results are compared to TAMU [53]
and SHMc [54, 55] models, and to the SPS NA50 experiment [57]. Figure taken from Ref. [52].

ground state, whereas the strongest suppression was observed for the YT(3S) state, with a measured Raa below
0.096 at 95% confidence level [61]. These results are complemented by measurements performed by the ALICE
collaboration, which reported the suppression of T production at forward rapidity (2.5 < y < 4.0) in Pb—Pb collisions
at the same energies as CMS [62-64]. The measurements are compared with calculations based on transport and
rate equations, such as the predictions from the comover model [65], the hydrodynamic model [66] and transport
approaches [67, 68] are compared with the data in Fig. 1.11. The various calculations reproduce the trend of the
data within the corresponding uncertainties. For the T(1S), the experimental points lie on the lower limit of the
prediction from the comover interaction model [65] and the one of the coupled Boltzmann equations [68]. The sharp
slope expected in all cases for the Raa of T(2S) towards small values of (V) is hard to compare to the data

because of the limited statistics.

Figure 1.12 illustrates the yield ratio of Y(2S) to T(1S) in Pb—Pb collisions. The observed ratio is compared
to the predictions from Statistical Hadronization Model (SHM) [55]. The SHM assumes that the final-state yields of
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hadrons can be calculated based on the resonance gas densities, using common values for the chemical freeze-
out 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 T(2S) to T(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 [64].

1.3 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) [69, 70]. 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-

14



@025 _!I. LN LI LN | LI | LN | LI ) | LI LN '_
= 5 -
z B Pb-Pb |5, = 5.02 TeV -
g 0.2 « ALICE, 25 < y < 4.0 —
-3 B ."'- ---- Statistical hadronisation model 7
0.15[% -
o1 -
0.05 | e T e e
- BRuncertainties: Y(1S) = 2.0%, I(2S) = 8.8% -

L1 1 | I L1 1 | | L1 1 1 | L1 1 | | L1 1 | I L1 1 1 | L1 1 1 | L1 1 | I 1

O 750 100 150 200 250 300 350 400

Noord

Figure 1.12: Ratio of T(2S) to Y(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].

sible for high charged-particle multiplicity density events'. 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 [71]. 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 center-
of-mass energies /s = 0.9-8 TeV [72]. Based on this, event generators such as PYTHIA 8 [73, 74] and EPOS [75]
currently highlight the importance of MPls in building the charged-particle multiplicity distributions in hadronic in-
teractions [76]. 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 early-
stage 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) [77, 78], it is interesting to study how MPIs could possibly affect the
initial heavy-quark production especially at high charged-particle multiplicity densities [79].

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 [79]. The ALICE collaboration

" 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 7, where the pseudorapidity is defined as n = — Intan(6/2), 6 being the polar angle of a particle momentum with respect to the
beam axis.
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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 density?, d N, /dn/(dNu, /dn), in two different rapidity
regions, with and without a rapidity gap between the hard probe and the charged particles, for center-of-mass en-
ergies of 5.02, 7, 8.16, and 13 TeV [80—-84]. 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, pro-
viding 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 understand-
ing 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.
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Figure 1.13: Average self-normalized D-meson yields in |yi.p| < 0.5 as a function of self-normalized charged-particle
multiplicity at central rapidity || < 1 (left) and at backward rapidity 2.8 < n < 5.1 (including —3.7 < n < —1.7 in pp
data sample) for 2 < pr < 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].

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 [81] (see

2 The self-normalization is defined as the ratio of a given quantity over its average value.
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Figure 1.14: Comparison of the self-normalized J/+) yield as a function of the self-normalized charged-particle
density with model predictions: CPP [86], CGC with improved color evaporation model (ICEM) [87], 3-Pomeron
CGC [88], Percolation [89], EPOSS3 event generator [90], and PYTHIA 8.2 [91] at forward rapidity in pp collisions at
Vs =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 [84]. Figure taken from Ref. [80].

Fig. 1.13), and J /¢ [82, 84] (see Fig. 1.14), independently of the rapidity range of the multiplicity measurement. More
specifically, the probability to produce a J/i 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 (v/s = 200 GeV), in the same rapidity region [92]. 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 [89], and
through a realistic treatment of the hydrodynamical evolution in small systems within the EPOS event generator [75].
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 [87, 88]
or as a component of the MPI formalism in the EPOS 3 event generator [90]. The gluon field fluctuations are due
either to higher Fock states increasing the number of gluons [93] or to a possible impact parameter dependence of
the parton distribution functions [94, 95]. 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/i) 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/1) and D-meson production in high-multiplicity events,
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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, 84], with the
exception of the aforementioned percolation model, and the approach involving gluon field fluctuations with higher

Fock states.
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Figure 1.15: The T(nS) cross section versus transverse energy measured at 4 < |n| < 5.2 (top row) and versus
charged-track multiplicity measured in || < 2.4 (bottom row), measured in |ycum| < 1.93 in pp collisions at /s =
2.76 TeV and p—Pb collisions at /sxy = 5.02 TeV. For T(1S), the Pb—Pb data at \/syy = 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].

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 T(1S), T(2S), and Y(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 [31, 78, 97].
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) [98] or to final-state interactions
such as those implemented in comover models [99, 100]. 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 T(nS) self-
normalized production at central rapidity in pp, p—Pb and Pb—Pb collisions [96, 101]. In Fig. 1.15, it shows that

the self-normalized cross section ratios, T(nS)/(Y(nS)), increase with event activity, independent of the colliding
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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 T 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 Y(1S) yields, measured at forward rapidity, in p—Pb collisions at /s = 8.16 TeV with respect
to the ones measured in pp collisions at the same center-of-mass energy [102]. 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 T(2S) nuclear modification factor has also been measured, showing a strong suppression, similar to the one
measured for the T (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.

- 0.57 T T T II\II‘ T T II\II‘ T T I}\II‘ 2 (o 0.57IIII T T !\II\‘ T E & \\Il\l T L
@) F 1w o ]
§0-45:_pp\fs_w=2.TETeV PPb |5, =5.02TeV PbPb {5 =2.76 TeV ] %OASZ_ppﬁzzjsTev pPb {5, =5.02TeV PbPb s, = 2.76 TeV
Ecé g O ly,, <193 ® |y, <193 * [V, | <24 g E g O ly,,l <193 ® |y, l<193 ¥ Yl <24 g
= 0.45— —3 = 0.45— —E
0ab Y(1S) 3 osf + Y(1S)
0.25F- J’f $ ++ 1 o025F %+ =
E L ] E L) g
0.2f- . 4 o0z2f % - =
0.15) 4 oasp E
*t cwms 37 °F cwms E
P T BRI R ] b Coe el el W

1 1

3 2 3
10 10 Ll 10

tracks

b 102
BT [GeV]

Figure 1.16: Single cross section ratios Y(2S)/Y(1S) for |ycm| < 1.93 versus transverse energy measured at 4 <
In| < 5.2 (left) and (right) charged-particle multiplicity measured in |n| < 2.4, for pp collisions at /s = 2.76 TeV (open
circles) and p—Pb collisions at \/snyn = 5.02 TeV (closed circles). Both figures also include the Y(2S)/Y(1S) ratios
for |ycm| < 2.4 measured in Pb—Pb collisions at \/syx = 2.76 TeV (open stars). Figures taken from [96].

The first analysis described in this thesis (Chapters 4 and 5) concerns on the measurements performed with the
ALICE detector of the T(1S), T(2S), and T(3S) yields, and excited-to-ground-state ratios, as a function of charged-
particle multiplicity density in pp collisions at \/s = 13 TeV. T(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 Y yield and charged-particle multiplicity density.
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1.4 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.

1.4.1 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|—|5]],
respectively. If the module of the vectors is identified by the corresponding eigenvalues, [, s, and j, the feigenvalues

can range in the following interval:

l—sl<j<l+s (1.3)

The component j, 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.). Vector mesons are characterized
by spin—1 states. This is the case of the vector quarkonium states like J/v» and T(1S), having s = 1 and [ = 0, which
result in j = 1, so that the specified component j. can take values +1, 0, and —1. So, a generic vector meson, V,

can be written as:

|V> = |.]a ]z> = ‘13 ]z> = b+1|1a +1> +b0|17 O> +b—1|17 _1> (14)

where by, by, and b_; are the coefficients of this linear combination and they define the particle polarization.

Specifically, the given particle is transversely polarized if b = 0 and b1 + b_1| = 1; and longitudinally polarized if

20



bo = 1 and the other two coefficients are null. In practice, it is not possible to directly determine the values of b1, bg,
and b_; with an experimental measurement; it is however possible, from first principles, to establish a relationship
between the coefficients b,1, by, and b_; and the angular distribution of the decay products of the observed state
(see Ref. [103]). 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 [103].

The vector quarkonium states (JF¢ = 177), 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/i) state is used as an example for convenience, but the considerations and results are
applicable to any JP© = 1~ state. Fig. 1.17 shows a J/;) state moving in the z-direction that decays into dilepton
¢~ In the J/+) rest frame, the back-to-back emission of £ ¢~ defines the reference axis 2/, 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/1 total angular momentum along z-axis is expressed as |J /¢ : 1, m) withm =0, +1;

« After the 2-body decay, the total angular momentum of /¢~ state can be written as an eigenstate of J,,
i.e. [¢T¢~ : 1, 1 = m) relative to the z-axis with [ = m. The condition I = m follows from angular momentum

conservation;

« After decay, the total momentum of ¢/~ state can also be written as an eigenstate of .J,, i.e. [¢T¢~ : 1, I’ =
+1) with respect to the z’-axis. The condition I’ = =£1 is due to the “helicity conservation” for massless
fermions in the decay process J/ip — v* — £7¢~ (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 (1) are
definitely not massless, but this assumption is approximately reasonable because their masses are negligible

compared to the lightest vector quarkonium state, J/v (m,, ~ 105 MeV/c* < my;y ~ 3.096 GeV/c?).

The J.. state can be expressed as a superposition of eigenstates of J, by imposing a rotation operator.
R(«, B, v) represents a rotation from a generic set of axis (z, y, z) to the set (2/, ¢/, 2’), where «, 3, v are
the Euler angles characterizing the orientation of the second frame with respect to the first one. Then an eigenstate

|J, M') of J,, can be written as a superposition of eigenstates |J, M) of J, via the transformation [104]:

+J
LMYy = " Dy (R)|J, M) (1.5)
=J

The complex matrix elements Dy, ,,, in Eq. 1.5 are defined as:
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Figure 1.17: Sketch of the J/iy decays into dilepton, J/yp — ¢+¢~.
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Figure 1.18: Schematic picture of rotation of angular momentum eigenstates.
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DJ{IM’(O‘7 ﬂ7 fy) = <J’ M|e—iane—iﬁJye—i'sz |J, M/>
(1.6)
_ efiMad}{/[M/(ﬂ)efz’]V[ v

where dj,,, () are the elements of the real reduced rotation matrices, which according to formalism described by

Condon and Shortley [104] can be written as:

min(J=M,J—M")
dine(B)= Y (D
t=max(0,M—M")
VT M(T = M)(J + M)\(J — M")! (1.7)
(J+M —t)/(J — M = t)!t}(t — M + M")!

% (COS §)2J+M—M/—2t<sin §)2t—]VI+M/

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 5 = # and a = —y = ¢. In this case, the

angular momentum state of the dilepton can be re-written as:

e L, ) = Y Dile, 6 —)lete <1, ) (18)
1=0, I+1

One can then express the transition operator B allowing to compute the amplitude of the partial process J/¢)(m) —

¢~ (I") as follows:

B = Y Dii(p,0,—p) (7L 1,1B|I/¢: 1,m)

1=0, 1£1
1=0, I£1
- BDWLZ’(SDv 07 _90)

In Eq. 1.9, the form of (¢T¢~ : 1,1|B|J/v : 1,m) = Bd,, results from the angular momentum conservation, with B
independent of m (for rotational invariance). The total amplitude for J/+)(m) — ¢¥¢= ('), where the J/1) is given by

the superposition written in Eq. 1.4, is:

Bl/ = Z anBDyl:l’ (Qov 07 7()0)
m=0, £1

= Z am Dy (9,0, =)
m=0, £1

(1.10)

The transition probability is obtained by squaring Eq. 1.10 and summing over the (unobserved) spin alignments

(I” = £1) in the dilepton system, with equal weights assigned to the two configurations for parity conservation:
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W (cos b, p) x Z | By |? (1.11)

'+1
Using Eq. 1.6 and Eq. 1.7, the d elements are:
sin 6 1+ cosf 1 —cosf
d(l), +1 = iﬁ? dil, 1T T 5 diq, v1 = s (1.12)

Hence, the angular distribution is written as:

W(cos 8, p) x (14 Xgcos? 0

3+ N\
+ A, sin” 6 cos 2 + Mg, sin 26 cos (1.13)

+ /\é sin? @ sin 2 + )\jg, sin 26 sin ¢)

where N = |ag|? + |a1]* + |az|* and

N— 3‘&0‘2
g = D200
N+ |a0|
N 2Re[a$)1*a_1]
7 N+aof?
Aoy = VIRe[ay " (a4 — )] (1.14)
? N+ Jag|?
3 —2Im[a} ;a_1]

i N+ ‘ao‘Q

—2v2Im[a} (a1 +a_1))

N, =
be N + aol?

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 (z, 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®#sin 2
and sin 260 sin p are unobservable, since they vanish on average (see Refs. [103, 105]). The observable angular

distribution in Eq. 1.13 can be simplified as:

W(cos 8, p) x (1 + Ag cos® 0 + A, sin 0 cos 2 + Mg, sin 26 cos ) (1.15)

34+ N\

As an alternative to a multi-parameter fit to the angular distribution in Eq. 1.15, the integration over either cos 6
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or ¢ leads to several one-dimensional angular distributions:

W (cos ) x 37y (14 Agcos? ), (1.16)
2
W(p) x 14 3 j\i\e cos 2¢p, (1.17)

from which Ay and A, can be determined in two separate steps, possibly improving the stability of the fit procedures
in low-statistics analyses. The Ay, term, vanishes in both integrations but can be obtained by defining a variable ¢

as:

- Zw, cosf <0
(1.18)

A}l
Il

1
o= cosf >0

Hence, the \g,, parameter can be extracted from:

\/éAGgp
v p. 1.1
W(<p)o<1+3+)\9 cos @ (1.19)

According to Eq. 1.14, the polarization parameters directly show dependence on the coefficients of by and b in
Eq. 1.4 (b,,B = a.,,, 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/, the polarization parameters (\g, A, and Ag,,) can be obtained in the following,

respectively.

« If the J/+) has pure transverse polarization, then:

bo,_le, b+1:1 or b0,+1:0, b_1:1

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

g = +1, )\LPZO, )\‘9@:0

« If the J/4) has pure longitudinal polarization, then:

bop=1, b1 =0
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and the polarization parameters obtained by substituting a.,, (b:»B = a,,, m = —1, 0, 1) in Eq. 1.14 are:

Xo=—1, Ay =0, Mgy =0

With Eq. 1.14 and imposing the condition | Ay < 1|, the relations among the polarization parameters are:

1
[Apl < 51+ )
1
Aol < 5(1=2) (1.20)

1
(L42X,)2+2)5, <1, for A, < -3

1.4.2 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 (A\g, A,,
and \g,). 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.

4

quarkonium
rest frame

production

plane \.

x 7]
/ quarkonium
/ rest
/ frame

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].

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
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colliding system;

» Collins-Soper, (CS): the z-axis is the bisector of the angle between one beam and the opposite of the other

beam [106];
+ Gottfried—Jackson, (GJ): the direction of the momentum of one of the two colliding beams [107].

Helicity (HE) and Collins-Soper (CS) are the two most common reference frames utilized in quarkonium polar-
ization. These two frames differ from one another by a rotation of 90° around the y-axis when the quarkonium is
produced at high transverse momentum (pr) and negligible longitudinal momentum (|p|), i-e. pr > |pL|. In the limit
of zero pr 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:

cosd 0 —sind
Ry(0) = 0 1 0 : (1.21)

sind 0 cosd

where § indicates the angle between the two different reference frames. In spherical coordinate, the unit vector

7 = (sin 6 cos p, sin § sin ¢, cos ) indicating the lepton direction in the old frame (7) is then expressed as 7 = R, (§) '/

in the new frame (r’). Then the angular distribution in the new frame is:

1
W' (cost', o) o 3N (1+ Xpcos® 0 + X, sin® ' cos 2¢" + Ap,, sin 26’ cos ¢'), (1.22)
6
where
v Ao =34
O 1A
Ao+ A
X, = (1.23)
; App o826 — 2(Ag — Ay sin 26)
be — 1+A
And the A is calculated as:
1
A= %()\9 =) s 8 — g, sin26 (1.24)

With the above relations, it is directly to verify the invariant quantity:

(B4 Xg) + (1= Ay)

ca(3 4+ Xg) +e3(1—Ny) (1.25)

'FCI ,€2,C3 =
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where ¢y, ¢o and c3 are real numbers. Taking into account a specific set of (¢1, ¢2,¢3) = (—3,0, 1), an invariant-frame
quantity A can then be found:

< Ao + 3/\§(J

= _ = 12
A=F 301 o (1.26)

The invariant-frame coefficient X 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.

1.4.3 Quarkonium polarization: experimental results and comparison to models

As quarkonium polarization is one of the most interesting aspects of quarkonium production, it has been thor-
oughly investigated not only in different theoretical models, but also in a variety of experiments. Calculations im-
plementing NRQCD [10], which can reproduce the differential cross sections of J/v» and T mesons produced at
Tevatron [108—110] and LHC [111-113] 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/3) a stronger transverse polar-
ization [114] than observed in the data [115]. In this context, the Y polarization is a more conclusive test of NRQCD
because it satisfies the nonrelativistic approximation much better than the J/¢) [116]. 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 DO collaborations with the data collected
in pp collisions. The prompt J/v and ¥(2S) polarizations at midrapidity (|y| < 0.6) as a function of transverse
momentum at /s = 1.96 TeV have been measured by CDF collaboration [115] in the Helicity frame. In the left
panel of Fig. 1.20, a small longitudinal polarization is observed for the prompt J/v» 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 (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/2) measured at lower energy
/s = 1.8 TeV with CDF collaboration [117], a different behavior is observed — at lower energy measurement, a
small transverse polarization is observed for the prompt J/¢). This outcome is still puzzling.

The DO collaboration was also able to measure the inclusive Y polarization [118] with the large data sample col-
lected during Run Il. Unlike what has been observed in the charmonium sector, the NRQCD factorization approach
appears to describe the trend of the experimental results for the Y(1S) in the high-p region, whereas no model
could match the data at low pr. This measurement contradicts the CDF measurement [109], since it does not show
such a strong longitudinal polarization for T(1S) with CDF collaboration, as shown in the left panel of Fig. 1.21 (black

points). The T(2S) polarization was also measured with DO collaboration [118], as illustrated in the right panel of
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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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Figure 1.20: Prompt J/3) (a) and (2S) (b) polarization parameter « (same as A\y) as a function of transverse
momentum, measured at central rapidity (Jy| < 0.6) at /s = 1.96 TeV with CDF collaboration [115], compared with
NRQCD [119] and k- factorization [120] predictions. Figures taken from Ref. [115].
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Figure 1.21: Left: T(1S) polarization parameter « (same as \y) as a function of transverse momentum measured by
DO [118] and CDF [109] collaborations at /s = 1.96 TeV. Right: T(2S) polarization parameter a (same as \y) as a
function of transverse momentum measured by DO collaboration at /s = 1.96 TeV [118]. Both results are compared
with LO NRQCD predictions [121]. Figures taken from Refs. [109, 118].

Results

at the RHIC

The J/i) polarization has also been widely investigated at RHIC in pp collisions. For example, the STAR collab-

oration studied the inclusive J/+) polarization parameters \g, A, and Ay, as a function of pr both in the dielectron
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(Jly] < 1) and dimuon (Jy| < 0.5) decay channels at /s = 200 GeV in both HE and CS reference frames [122].
All three polarization parameters were found to be consistent with zero within statistical and systematic uncertain-
ties with no significant pr dependence, except for )y in the CS frame in the highest pr 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) [123] gives the best overall description of the experimental results. Additionally, for Ay in the HE

frame, the ICEM calculation [124] predicts a sizable transverse polarization at low pr.

X
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Figure 1.22: J/¢) polarization parameters Ay, A, and Xg, as a function of pr in the Helicity (HX, left) and Collins-
Soper (CS, right) reference frames with STAR collaboration [122]. The J/«) 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/2), while the CGC+NRQCD is for direct J/2). Figure taken from
Ref. [122].

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/
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polarization measurement was performed by ALICE at /s =7 TeV [127]. This first measurement, carried out in the
kinematical region 2.5 < y < 4.0 and 2 < pr < 8 GeV/c, exhibits polarization parameters Ay and A, 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) [26]: the
polarization parameters A, and \g,, were found to be compatible with zero in both the HE and CS reference frames,
while a small but significant longitudinal polarization (\J'¥ = —0.145 + 0.027) was observed in the HE reference
frame. The ALICE measurement for the polarization of inclusive J/v) at \/s = 8 TeV [128] 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, 24] predict an opposite pt 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 [123], 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 (Ag > 0) and the
experimental data seem on the contrary to follow a weak longitudinal polarization (g < 0) at small pr.

The CMS collaboration has measured prompt J/» and ¢(2S) polarization parameters as a function of pr at /s
= 7 TeV in three rapidity ranges: |y| < 0.6, 0.6 < |y| < 1.2, and 1.2 < |y| < 1.5 [23]. The J/v» and +(2S) results
are relative to the ranges 14 < pr < 70 GeV/c and 14 < pr < 50 GeV/e, respectively, complementing at high pr
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 [125] of a large transverse polarization
at high-pr.

Bottomonium polarization can also be measured at the LHC, thanks to the large bb production cross-section
corresponding to the available center-of-mass energies. The CMS collaboration measured the polarization parame-
ters for Y(1S), T(2S), and Y (3S) in the range of 10 < pt < 50 GeV/cfor |y| < 0.6 and 0.6 < |y| < 1.2 [116], as shown
in Fig. 1.25, with no large transverse or longitudinal polarization being observed in the investigated kinematic re-
gion. LHCb performed the same measurement at the forward rapidity for pr < 20 GeV/c at /s = 7 and 8 TeV [129],
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 experi-
mental constraints on the polarization of promptly-produced x.1 and x.2 mesons in pp collisions at /s = 8 TeV [130],
performed in the J/¢ v decay channel. The polarizations are measured in the Helicity frame, through the analysis of
the x.2 10 x¢1 Yield ratio as a function of the relevant angular variables, in three bins of J/¢) 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.
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Figure 1.23: J/¢ polarization parameters Ay, A, and \g,, as a function of pr 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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Figure 1.24: The polarization parameters as a function of transverse momentum pr in the Helicity (right column)
and Collins-Soper frame (left column) with LHCb [26] and ALICE [127, 128], compared with CGC+NRQCD calcula-
tions [123]. Figure taken from [123].
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Figure 1.25: T(nS) polarization parameters Ay, A,, and Ay, 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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NRQCD prediction for Aj<* [131]. Figures taken from Ref. [130].
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The analysis reported in this thesis (Chapter 7) will contribute to the study of quarkonium polarization, providing
a new measurement of the T(1S) polarization as a function of pr in pp collisions at /s =13 TeV, at forward rapidity,

in both the Helicity and Collins-Soper reference frames, exploiting the dimuon decay channel.
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Chapter 2

Experimental apparatus

2.1 The Large Hadron Collider

The Large Hadron Collider (LHC) is the largest collider ever built in the world, located at the European Organi-
zation for Nuclear Research (CERN) in the France-Switzerland border. Its 27-km ring hosts a system of supercon-
ducting magnets and RF cavities to accelerate, deviate, and focus the colliding beams. The accelerator complex
with its pre-accelerators is shown in Fig. 2.1. 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? ]).

* 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 lon Collider Experiment) is a dedicated detector aiming at the study of the quark-gluon-
plasma 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.
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Figure 2.1: Schematic view of the CERN accelerator complex and its four main experiments.

2.2 ALICE

Figure 2.2 shows a schematic layout of the ALICE detector. ALICE has unique features among the LHC
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.

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 VO and TO 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,
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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.

THE ALICE DETECTOR a. ITS SPD (Pixel)
b. ITS SDD (Drift)
c. ITS SSD (Strip)
d. VO and TO
e. FMD

i®
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12. Muon Tracker
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15. Dipole Magnet
16, PMD

17. AD

18.ZDC
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Figure 2.2: Schematic view of the ALICE detector during Run 2. Figure taken from ALICE figure repository.

2.2.1 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. 2.1. 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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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].

Detector Acceptance Position r (cm) Main purpose
Polar n Azimuthal ®
ITS layer 1,2 (SPD) |n] <2.0,|n <14 full r=3.9,r=7.6  Tracking and vertexing
ITS layer 3, 4 (SDD) |5 < 0.9, |n| < 0.9 full r=15.0,r =23.9 Tracking and PID
ITS layer 5,6 (SSD) |n| < 1.0, |n| < 1.0 full r = 38.0,r = 43.0 Tracking and PID

Table 2.1: Dimensions of individual layers of ITS.

2.2.2 VO detector

The VO detector is made up of two scintillator hodoscopes (the VOA: 2.8 < n < 5.1 and the VOC: —-3.7 < n <
—1.7), one on either side of the interaction point. The minimum-bias (MB) trigger is provided,requiring a signal in
both hodoscopes. The VO 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.

2.2.3 Muon Spectrometer

The Muon Spectrometer (MS), located at forward rapidity (—4.0 < n < —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
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planes. Through the longitudinal extension of the MS, an inner beam shield protects the chambers from particles

emitted at small angles.

Front absorber

Tracking chambers

Trigger chambers

Dipole magnet Muon filter

Figure 2.4: Layout of the Muon Spectrometer detector.
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Figure 2.5: Layout of the Muon Spectrometer detector. Figure taken from Ref. [135].

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
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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 pm,
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 x 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? for station 5, justify two different basic designs for the chambers. The read-
out 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 x 240 cm?.
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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/v or the T resonances), and to reject background originating from muons (mainly low-pr) produced
by m and K decays, as well as punch-through hadrons emerging from the front absorber. The trigger system
operates based on a predetermined transverse momentum (pt) threshold. When there are two or more tracks with
pr above this threshold, the readout electronics of the trigger system can accept or reject each track individually,
depending on an estimation of its pt. 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 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 m2. These planes are arranged in two stations, positioned

1 m apart from each other, and installed behind the muon filter.

2.2.4 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

(LO), Level 1 (L1), and Level 2 (L2), each with varying latencies [136]:

« LO: the CTP combines signals from the fastest detectors, namely TO, VO, 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 us 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 us after LO, 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 pus. This delay is attributed to the timing of the TPC.
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The counts for all trigger classes at each level, both before (LOb) and after (L0Oa) 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 LO 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 [137]. 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).

2.2.5 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 ROQT, 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.
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Chapter 3

Data selection and signal extraction

3.1 Data sample and event selection

The proton-proton data samples used for the analyses discussed in the present document, namely the mea-
surement of the multiplicity-dependent Y production, and the measurement of the T(1S) polarization, both per-
formed 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 re-
quested. The same low-p 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 (CMULY7) trigger, and
an additional CINT7-B-NOPF-MUFAST (CINT7) trigger is requested for the events considered in the multiplicity-
dependent analysis. The CMUL?7 trigger is the unlike-sign dimuon trigger, defined by a coincidence of signals in
VOA and VOC systems with a pair of unlike-sign muon tracks, where both muon tracks satisfy the low-pt threshold
in the muon spectrometer. The CINT7 trigger is the minimum bias (MB) trigger, defined by a coincidence of signals

in VOA and VOC systems.

3.2 7T signal extraction

The two analyses discussed in the present document share various aspects of the Y signal extraction strategy,

as detailed in this section.
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Data sample MC sample
LHC16h LHC17f5 (PYTHIA 8.2)
LHC16j LHC17e5 (PYTHIA 8.2)
LHC16k LHC17d20a1 (PYTHIA 8.2)
LHC160 LHC17d16 (PYTHIA 8.2)
LHC16p LHC17d18 (PYTHIA 8.2)

LHC17i CHC17k4 (PYTHIA 8.2)
LHC17k LHC18c13 (PYTHIA 8.2)
LHC17m LHC17I5 (PYTHIA 8.2)

LHC170 LHC18a9 (PYTHIA 8.2)
LHC17r LHC18a1 (PYTHIA 8.2)
[HC18d LHC18g5 (PYTHIA 8.2)
LHC18e LHC18g6 (PYTHIA 8.2)
LHC18f LHC18h2 (PYTHIA 8.2)
LHC18l LHC18j1 (PYTHIA 8.2)

| LHC16k [ LHC17d20b1(EPOS-LHC) |

Table 3.1: Internal ALICE labels for the data and MC samples used in the analysis of the T(nS) production as a
function of charged-particle multiplicity.

Data sample | MC sample
LHC16f
LHC16g
LHC16h
LHC16i
LHC16j
LHC16k
LHC160
LHC16p

LHC17h
LHC17i
LHC17k
LHC17I
LHC17m
LHC170
LHC17r

LHC21d7

LHC18b
LHC18¢c
LHC18d
LHC18e
LHC18f
LHC18g
LHC18h
LHC18i
LHC18]
LHC18
LHC18m
LHC180
LHC18p

Table 3.2: Internal ALICE labels for the data and MC samples used in the analysis of the T(1S) polarization.
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3.2.1 Muon track and dimuon selection

The signal corresponding to the bottomonium states of the Y 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 < 7, < —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 < |Raps| < 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. > 0.5 GeV/c

» The product of the muon total momentum p and its Distance of Closest Approach (p x DCA) must be

within 6 o 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,,, < 4, to cope with the spec-

trometer’s acceptance

3.2.2 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 T resonances
in the reconstructed dimuon mass spectrum [138]. The Y 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 T(1S), T(2S) and T(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 oy and ny are used
to characterize the left tail, while the parameters ar and nyr 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 (ar, nr, ar and ng) 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.
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and N is the normalization factor, ;1 and o are the mean and width of the Gaussian.

T(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 theY(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

or, 1.0242
nr 2.0000
aR 2.0711
nR 2.2565

Table 3.3: Tail parameters used in the multiplicity dependent analysis: fixed to the simulations at 13 TeV.

T(1S) signal extraction in the polarization analysis

For the polarization analysis, the data are analyzed in sub-samples defined by pr and the angular variables
|cosf|, |p|, and . In this case, a dependence of the tail parameters (see Appendix B.2) and the width of T(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.
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Figure 3.1: The width of T(1S) as a function of | cos §| in pr intervals in both Helicity (left) and Collins-Soper (right)
frames with MC simulations.

3.2.3 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,,, =

[8.5,11] GeV/c?), with the background parameters kept free.

 Step 2: fit to the dimuon invariant mass for the Y (1S) signal, with the superposition of the background and
a Gaussian, excluding the T(2S) and Y(3S) signal range (m,,, = [9.9,11] GeV/c?), with all parameters
kept free. In this and the following steps, for the multiplicity-dependent analysis the width of Y(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 Y(1S) with the superposition of the background and a CB2,
still excluding the Y(2S) and Y(3S) (m,,, = [9.9,11] GeV/c?). 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
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T(2S) and T(3S) fixed to the ones of the T(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.

PDG PDG

My (55 My (35
my(28) = My(18) X 7,:[(,(3 )7 My (3s) = My(1s) X TPSG) (3.3)
T(19) T(19)
PDG PDG
My (23) My (3s)
oY(28) = 0Y(18) X —ppg ¢ OY(3S) = 0Y(1S) X —ppg (3.4)
My (s) My (s)

Where m(,s) and oy (,s) denote the mass and the width of Y(nS) (n = 1, 2 or 3), respectively.
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Figure 3.2: An example of the dimuon invariant mass fit procedure: three CB2 functions used to describe the T
signals and a product of an exponential and a power-law function used to account for the background.

At the end of the fit procedure, the number of T (nS) is computed as the integral of the corresponding CB2 func-
tion, and the corresponding statistical uncertainty is estimated from the uncertainties on the parameters optimized

by the fit.
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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 T 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 |n| < 1. Moreover, in order to limit any correlation with the measured signal, the pseudorapidity charged-

particle multiplicity density (d N.,/dn) is measured considering the tracks reconstructed at mid-rapidity.

4.1 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 pro-
duced 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 [139], 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 VO timing.
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Figure 4.1: The distribution of SPD tracklets for the CMUL?7 trigger (left column) and CINT7 trigger (right column)
both before and after pileup rejection. Figures taken from [140].

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):

* Neontributors > 0: the selected events are required to have a reconstructed primary vertex with at least

one primary vertex contributor
* o(zytx) < 0.25 cm: the resolution of the z-coordinate of the SPD vertex must be better than 0.25 cm

* |zvtx| < 10 cm: the selected events are required to have SPD vertex reconstructed within |zy¢x| < 10 cm

4.2 Charged-particle multiplicity estimation

The charged-particle multiplicity, d V., /dn, is measured by counting the number of SPD tracklets reconstructed
in [n| < 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 [141]. 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,t,) dependence is observed for the

number of reconstructed tracklets (see Fig. 4.2). In order to take into account the SPD acceptance variation with
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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 (Vi) (zy+x) profile to a reference value, which is
at a specific z-vertex position (22¢%). In this analysis, the maximum (N, ) is taken as a reference, i.e. (NF3WV)(2¢h) =
maz((N3¥) (zvix))- More details about the choice of the reference value can see Ref. [142]. 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, NS5 (zvex). The procedure is

illustrated in Eq. 4.1, where the number of missing tracklets (AN (zytx)) is computed using Eq. 4.2.
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Figure 4.2: An example of average number of tracklets as a function of z, for both CINT7 (left) and CMULY7 (right)
triggered events.

ek (2vix) = Not (2vix) + ANrand (2vix) (4.1)

(Ve (2455) — (VR (2vix)

A]\fran Zvtx) = r;iw Zvtx
d( t ) trk ( t ) <N§:‘1:V>(thx)

4.2.1 Choice of reference value and data-driven correction

The reference profile for the z,-dependence of (N;,x) 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 CMUL?7 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. [142]). 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,¢«-dependence of (IVy,) also depend on the data sample period, see Fig. 4.4: dif-

ferent shapes associated with different maximum values are observed. After inspection, the data sample considered
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Figure 4.3: An example of the ratio of the average number of raw tracklets as a function of z,., between CMUL7
and CINT7 triggered events for LHC16h.

for the analysis was then split into three groups, namely G1 (corresponding to 16h+16j+16k+160+16p+17 i+17k),
G2 (corresponding to 17m+170+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 (NN, ) 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 ((Vy,)™** = 11.73) is used as a uniform

reference for all corrections.

Group Period (Nipymax | NSMULT T Ny CINTT
G1 16h + 16j + 16k + 160 + 16p + 171 + 17k 11.73 143.2M 43.6M
G2 17m + 170 4+ 17r + 18d + 18e + 18f 11.64 187.0M 63.9M
G3 181 10.85 25.1M 9.9M

Table 4.1: (Vi)™ values and number of CINT7 and CMULY triggered events in each group.

After the correction, (Vi) is independent of z,, 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 Ng (zyix) profile and reference value
are considered as in the data. Fig. 4.8 shows the average number of tracklet or charged-particle multiplicity (N;3¥),

(NeSE) and (N, (in the left panel) and the probability distributions of N3¥, NS and Ne, (in the right panel), in MC.
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Figure 4.4: Average number of raw tracklets as a function of z,, for CINT7 triggered events for each period.
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4.2.2 N,—Ng) 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 (V. ), as detailed in Ref. [143]. The correlation
between the corrected tracklet multiplicity NS3- and the number of generated primary charged particles V., has been
studied [84] using Monte Carlo (MC) simulations based on the PYTHIA 8.2 [91] 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 [144], followed by the same reconstruction procedure as for real data. Once the N,
distribution is found, the self-normalized multiplicity is defined as the ratio of the charged-particle multiplicity density

in the analysis multiplicity interval, d N.,/dn, to the average one:

chh/dn _ f(<NtCr(i<r>)
(dNeh/dn)ingr>0  An X (ANew/dn)ingLso’

(4.3)

where An = 2 is the width of the pseudorapidity region considered for the measurement of the charged-particle
multiplicity. The average charged particle multiplicity (dN., /dn), for the pp collisions at /s = 13 TeV [145], is found

to be 7.02+0.11 ( 1.6% syst.). The function f({N:3F)) is used to parametrize the correlation between N3 and Nep,.

Correlation between N¢)' and N,

According to Eq. 4.3, the charged-particle multiplicity density in the analysis multiplicity interval, dN.,/dn, can

be expressed as
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dNen _ (Nen) _ F({(NGK))
dn An An

(4.4)

The function f((Ng3)), defined as an ad-hoc polynomial (see Appendix A.3) parametrizes the correlation be-

tween N¢5F and Ny, in the full

NCOI’

trk

intervals (taken from Ref. [80]) considered for the analysis, are reported in Tab. 4.2.
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Figure 4.9: N, — NS correlation map fitted with an ad-hoc polynominal function.
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N range (Nen)
1,8] 5.610 = 0.000
[9,14] 13.886 = 0.000

[15,20] | 21.258 +0.001
[21,25] | 27.889 +0.001
[26,33] | 35.112+0.001
[34,41] | 44.189 +0.001
[42,50] | 53.487 & 0.002
[51,60] | 63.682 4 0.004
[61,80] | 76.744 4 0.011
[21,33] | 31.38440.001

range, as shown in Fig. 4.9. The (N.,) values corresponding to the various

NCOI‘

trk

Table 4.2: (N.,) measurement in the corrected tracklet multiplicity classes. The uncertainty quoted in this table is

from the fit.

4.2.3 Systematic uncertainty on charged-particle multiplicity

The systematic uncertainty on the self-normalized charged-particle multiplicity dN.y,/dn/(d N, /dn) contains

four contributions, detailed in Tab. 4.3: the calculation of (N.,) in each multiplicity interval; the fitting functions used
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to parametrize the correlation between the tracklets and the charged-particle multiplicities; the charged-particle mul-
tiplicity averaged over all INEL > 0 events ({(dN.,/dn)) and a correction to account for the vertex quality selection,

affecting only the first multiplicity bin, 611NEL>0, (Na)*

The systematic uncertainties for the calculation of the (/V.,) come from the residual dependence of (N.,) on
zvtx, the dependence on the specific MC simulations, and the data-driven correction to the input profiles. The sys-
tematic uncertainty on the correlation encoded in the function f (ad-hoc polynominal function), introduced in Eq. 4.4,
is estimated by varying the z,, range ([—10, —5], [-5, 0], [0, 5], [5, 10], and [-10, 10] cm) for the MC events con-
sidered 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,, 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 (V) is calculated as the average, and its systematic uncertainty as the standard
deviation, of the distribution of the N, values obtained by considering the combined options described above. The
resulting systematic uncertainty on (N.,) ranges within 0.4—2%, depending on the multiplicity class (more details

see Appendix A.4.1).

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 (Ne, = a x N£J¥), 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 « 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 « factor is considered as an additional systematic uncertainty on the self-
normalized multiplicity, “NZ5F vs Ny, non-linearity” in Table 4.3, amounting to 0.14 — 7%, depending on the multiplicity

class (more details see Appendix A.4.2).

(dN.,/dn) 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 [145].

In addition, the lowest multiplicity class is affected by the vertex quality selection, which removes very-low-
multiplicity events. This effect is accounted for by dividing the (V) value extracted for the first multiplicity interval by
a correction factor ellNEL>O, (New) (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 Table 4.3. Whenever the source has a dependence on multiplicity, the minimum

and maximum uncertainties are indicated.
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Source %

(Nen) 04-2

NESE vs. Ney non-linearity  0.14 — 7
(dNep /dn)* 1.6
EllNEL>0, N 0.3

dNCh/dn/<dNCh/d77> 1.7-7

Table 4.3: 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 [145]. All the mentioned systematic uncertainties are added in quadra-
ture to the self-normalized multiplicity.

cor dNech/dn
Ntrk (dNen /dn)

1-8 0.38+0.03
9—-14 0.99+0.02
15—-20 1.51+0.03
21 —-25 1.99+0.04
21-33 224+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 55+0.3

Table 4.4: List of the event classes considered in the analysis, defined in terms of the N{3' measured in the SPD
(In] < 1). For each event class, the average self-normalized charged-particle multiplicity is indicated together with
its systematic uncertainty (statistical uncertainties are negligible).

4.2.4 Self-normalized charged-particle multiplicity

The self-normalized multiplicity in each N£3F interval is computed by using Eq. 4.5:

NG, /dy (Nen)® (4.5)
(ANen/dn)  (dNew/dn) x An x E%NEL>O,<N ’

ch)

where E%NEL>O,<NC},> is the correction factor for INEL > 0 selection in the it selected corrected tracklet multiplicity
class. This value was checked to be negligible for all the multiplicity classes except for the first multiplicity class,
511\AB,INEL>0,<Nch> =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 Table 4.3.

The final values are presented in Table 4.4.
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Chapter 5

T production as a function of multiplicity

5.1 Analysis strategy

The self-normalized yield of T, i.e. the yield in a given multiplicity class < normalized to the multiplicity-integrated

value, is evaluated as:
ANy /dy _ Ny % N;?Bl « (A x g)T % €MB « i’ (5.1)
(dNy/dy) Ny Nyt (Axe)y emB &%

where Ny and Ny are the number of reconstructed Y candidates and the equivalent number of MB events for
the dimuon-triggered sample analyzed, respectively. The ratio N{j}*g/Nf/?B is the fraction of the MB cross section
corresponding to multiplicity class i, and is calculated from the MB-triggered sample, as Ni;5/Nug, as detailed in
Ref. [80]. The A x e correction for Ny is independent of multiplicity in the measured intervals, therefore, this factor
cancels out for the self-normalized yield measurement. The 1/zyg (or 1/e}5) and 1 /ey (or 1/¢%) factors are meant

to account for the possible event and signal losses due to the event selections.

5.2 Signal extraction

5.2.1 7T yields in the dimuon-triggered sample

The number of T mesons in the selected multiplicity class is extracted from a log-likelihood binned fit to the
invariant mass (m,+,-) distribution. In the integrated multiplicity class, the fit is performed modeling the 2-body
decay peaks of the three T(1S), T(2S), and T(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) [146], the product of two exponentials, or the product of an exponential and a power law function; and three
alternative invariant mass fit ranges — [6, 13], [5, 14], and [7, 12] GeV/c?. The distribution of the corresponding

results is shown in Fig. 5.1. In addition, when extracting the signal in multiplicity classes, the Y(1S) mean mass
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and width, extracted from the multiplicity-integrated fit, are varied within their uncertainties. The mass and the width
of the T(2S) and T(3S) fixed to the ones of the T(1S) according to the ratio between the mass-pole parameters
reported in the PDG (as described in Eqg. 3.3 and 3.4). More details of the fit procedure has been explained in
Section 3.2.3. The raw number of the T(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 (o) above the background fluctuation, is discussed. A significance at 3o

is defined as:

Si® =8/V/S+B :U(ns)
where S represents the integral of the fitted signal function over the invariant mass interval [ — 30, + 30|, 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 T(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 (z;f;f‘s) > 3, n=1, 2 or 3) for each Y state in the selected multiplicity interval, the highest
NESTintervals in which the measurement is significant are [61, 80] for Y(1S) and T(2S) and [21, 33] for YT(3S). The

trk

raw number of T(1S), T(2S) and 1(3S) are then reported in Tab. 5.1.

.
<14000
13800

2 Y G Y N S S
S T s

13000
12800 Integrated-multiplicity: Nms)
12600

p_rM =
p_rL =
p_rH =

1]
p_Mp—
p_rL p—
p_rH p—

tMC_bPol2Ex|

3377 £ 2% (stat) £ 1% (syst)

tMC_bVWG_rH =

tMC_bDEX|
tMC_bDEX|
tMC_bDEX
tMC_bVWG_rM |—
tMC_bVWG_rL =

tMC_bPol2Ex|

tMC_bPol2EXx

Figure 5.1: Raw number of T(1S) in the integrated-multiplicity class with various combined options. The solid line is
the central value and the dashed lines show the 1o deviation to the central value, which is the systematic uncertainty

for the signal extraction in the multiplicity classes.

The raw yield ratio of N%/Ny 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 function —
and three alternative invariant mass fit ranges — [6, 13], [5, 14], and [7, 12] GeV/c?, which are combined for the

same set of tail parameters, o and mass. The corresponding systematic uncertainty, are calculated as the average

61



1141

LR RN U U munnuuuuunnunnunuunnunnnannEs

1

- 44 U -Llh“IIIu;uuu“l“““;lluuulllllllllllu'”“'-

'

BINO1: Ny 45, = 2026 + 4% (stat) + 1% (syst)

TRNNRNRRNRRNRRNRRNRNNRNRRNRNNRNRNRNRRRNRNRRNRNNNARANRRNRRRNRRRRRRRRRRRRRRARRRNER!

2200 ~=

-
P

2000 =1 T AT |l||"r”rn””rrrnlIll"””]”ﬂﬁﬂ‘l‘lﬂ‘lﬂ||||||' 1117

1800 |~
1600 =

20ewbIS”Z0SSEN_HI_OMAI_ O
LOBWEIS Z0SSeIN _H/ OMAG |
00eWBIS”Z0sSeN_HI"OMAI_D
20BWOIS [0SSEN_HI_OMA]_ Dl
LOBWBIS 7| 0SSBN HI“OMAG )
00BWBIS” 0SSEN_HI_/MAJ_D
20BWDIS~00SSEN_HI_OMAQ_I
LOBWEIS [00SSeN _H/ OMATG |
00eWBIS”00SSEN_ HI-OMAG Dl
20ewbIS " Z0SSeIN” 1 OMAG Ol
L0BWDIS Z0SSe "1 OMAJ OW
BUIBIS” Z0SSEN_ 1 _OMAG_D!
ewBIS™ | 0SSEN_ - OMAG O}
BWOIS “|L0SSEN “H_OMAG DN
BWDIS | 0SSEN_ 1 OMAG DI
eWBIS™ 00SSEIN_ - OMAI DI
BIBIS “00SSEIN "1/ OMAG D
BWBIS"00SSEN_ T OMAJ DI
0BWEIS” Z0SSEN_IN_OMAG D)
LOBWOIS "Z0SSBN N _OMAY D]
BUIBIS”Z0SSEN_INI_OMAG_DI

NSNS TN

ewbig”zosse|\” Hi-dx3ziodq_Of
eIBIS Z0Sse|N HJ dx3zodq DI

z

X

[

f

0 BWIBIS”00SSEN_INI_OMAG O}
[ e it e Rt
!

L

b

L0BWBIS “00sse I _dx3¢lodq O
00ewbIS”00sse_Wi~dx3ziodq Ol
20ewbiS” z0sseW” H-dx309. Dl

ewbis—00sseiN_Hi—dx3aq_ O
BWIBIS 0SS HI dx309 DI
eWBIS” 00SSEIN_HI dX3a9 Ol

eWDIS~00SSEN_IN_dx3A9_D
BWBIS _00SSeIN J\I_dx3Ag D)
0eWBIS~00SSEIN” WU~ dX3Q4 DI

Figure 5.2: Raw number of Y (1S) in the multiplicity class [1, 8] with various combined options. The solid line is the

central value and the dashed lines show the 1o deviation to the central value.

Ny (ss) £ stat(%) £ syst(%)

1513 £10£5

318+ 17£5

35318 £7

419+ 16 £ 7
283 £30+£12

N (ag) £ stat(%) £ syst(%)

3728+ 5+£1

558 £11£2

592 £12£3

995 £12£5
521 £12+3
1176 £8 +£ 2
6561 £11+4
380£15£2
139 £30+7
144 4+19+5
56 £33 7

Nyqs) £ stat(%) £ syst(%)

13377 +2+£1

2032+4+1

2358 +4+1

2266 =4+ 3
1723 £4+2
3923+ 3+£1
2187 +4+£3
1331 £5+£1
T87TE£T+£2
353+10+4
156 £ 15+ 6

N¢y range
Integrated

Table 5.1: Raw number of T(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.
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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.

0.18
0.16
0.14
0.12

0.1
0.08
0.06
0.04
0.02 BINOT: Y, = 0.152 £ 4.13% (stat) + 1.48% (syst)

NN

" PR S S [ S S S S RS S S S [ S S S g e
100 200 300 400 500 600 700

Figure 5.3: Raw yield ratio of N'lr(ls)/NT(ls) in the first multiplicity class, corresponding to [1, 8], with various com-
bined options: three background shapes — a VWG, the product of two exponentials, and the product of an exponen-
tial and a power law function; and three alternative invariant mass fit ranges — [6, 13], [5, 14], and [7, 12] GeV/c?,
which are combined for the same set of tail parameters, o and mass. The solid line is the central value and the
dashed line means 1o deviation to the central value, which is the systematic uncertainty for the signal extraction.

Multi.Class(i) | NES* range % + stat(%) =+ syst(%) x:g: + stat(%) =+ syst(%) x?ﬁj:; + stat(%) =+ syst(%)

1 [1,8] 0.152+4+1 0.150+12+3 0211 +£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 —

445 [21, 33] 0293 +4+1 0315+£9+2 0.187+£32+13
5 26, 33] 0.1644+4+3 0175+ 1244 —
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 —

Table 5.2: Raw yield ratio of % 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.

5.2.2 7 yields in the corresponding MB-triggered sample

The dimuon-triggered sample is used to measure 1'(nS) states in dimuon decay channel. To calculate the corre-
sponding Y(nS) yields in MB-triggered sample, the equivalent number of MB events (V) for the dimuon-triggered
sample is calculated. The ratio fog/NfA“B is the fraction of the MB cross section corresponding to multiplicity class
1 and integrated-multiplicity class. It has been verified that this ratio can be directly calculated from the MB-triggered
sample, as N,z /Nup (more details see Ref. [80]), resulting in a negligible difference (0.02%) with respect to the

approach considered in the present analysis.
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Multi.Class(i) | No¥ range | 2
MB
1 1, 8] 2.08
2 [9, 14] 5.10
3 [15,20] 8.28
4 [21,25] 15.37
4+5 21, 33] 7.93
5 26,33] | 16.39
6 (34,41] | 34.17
7 [42,50] | 71.36
8 51,60] | 182.95
9 [61,80] | 482.68

Table 5.3: % in the multiplicity classes.
MB

5.3 Event selection efficiency correction

The MB-triggered events used in this analysis are considered with the vertex quality selection (vertex QA), see
Section 4.1. In order to obtain the Y(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 (emg), entering Eq. 5.1, includes contributions from vertex QA (svix,qa), the MB trigger efficiency for
INEL > 0 selection (smB,ivEL>0), and pileup rejection (e,,,), 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 (s;ngr—o) is applied, as estimated from MC simulations. Finally, Eq. 5.1 can be expressed

as Eq. 5.2.

dN%/d N  Nus EMBINEL>0 1
ANy /dy =T — X Eyix,QA X : =0 % X Epu (5.2)
(dNy/dy) Ny Nyg EMB,INEL>0  EINEL=0

5.3.1 Vertex quality selection

The number of MB-trigger events and the number of T(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 T signals,

is then defined as Eq. 5.3 in the integrated-multiplicity class.

’ \ With vertex QA \ Without vertex QA \ € ‘
Nus 1.18866¢ + 08 1.26572¢ + 08 0.94 £ 0.00
Nrg) 13840 + 244 14266 + 239 0.97 £0.02
Nr(29) 3857 £ 174 3938 £ 173 0.98 £ 0.06
Ny 3s) 1760 + 157 1844 + 159 0.95+0.12

Table 5.4: The number of MB-triggered events and the number of T(nS) in the integrated-multiplicity class.
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(NT/NMB)W/ vertex QA
Evtx,QA = (

5.3
NT/NMB)W/O vertex QA ( )

The computed values are: .\, = 1.03 £ 0.03 (stat.) , eflog, = 1.02 £ 0.07 (stat.) , efog, = 1.02 £

0.13 (stat.) .

5.3.2 MB trigger efficiency correction

The MB trigger efficiency (emp,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 Y yields. The

correction factor for the lowest multiplicity class has been calculated as Eq. 5.4.

1 Nevents(Nen > 1 + vertex QA + MB trigger)
6 . -
MB,INEL>0,yield Neovents(Nen > 1+ vertex QA)

(5.4)

In the lowest multiplicity, the calculated value with associated systematic uncertainty is gll\/IB,INEL>O.,yic1d =
0.914 £ 0.008 (1.0%). In the integrated multiplicity class, the correction factor is emp ineL>0 = 0.95 £ 0.005 (0.5%)
(see Appendix A.4.3).

Event generator | Nevents (Nen > 1 + vertex QA + MB trigger) | Neyents (Nen > 1+ vertex QA) | el INEL>0,yield

PYTHIA 8.2 1.0607e + 08 1.17045e + 08 0.906
EPOS — LHC 2.06606e + 07 2.24057e +- 07 0.922

Table 5.5: Efficiency for MB-triggered event correction in the lowest multiplicity class in MC simulations.

5.3.3 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 T(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:

Neoyents(INEL = 0 + MB trigger)
Neovents(INEL > 0 4+ MB trigger)

fi= =2% (5.5)

or:
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Contamination with vertex QA:

Nevents(INEL =0+ MB trigger + vtx, QA)

Nevents(INEL > 0 4+ MB trigger 4 vtx, QA) =0.8% (5-6)

f2=

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 t0 Ngata = NINEL>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):

NINEL>04MB tri NiNEL= igg 1

> gger INEL=0+MB trigger \ _

Ndata * * (1 — ) = Ndata * 555 * (1 — f1) = Ndata * 1.04
NINEL>0+MB trigger+vtx,QA NINEL>04MB trigger Evtx QA

2. Correct for the contamination with vertex QA first and then correct for vertex QA from MC (Method 2):

NINEL=04+MB tri tx,QA NINEL>04+MB tri 1
(1 o + rigger+vtx,Q % >0+ rigger = Niata * (1 _ f2) * NEMC = Ngata * 1.03

Ndata * N N,
INEL>0+MB trigger+vtx,QA INEL>0+MB trigger+vtx,QA Evtx QA

The vertex QA MB triggered efficiencies from data and MC are respectively: e}o (™™ = 0.94, eh’ g = 0.96 (MC:
refers to PYTHIA 8 generator).

For both cases, the small vertex QA effect on T 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:
EINEL=0 = %ﬁ = 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: exngL—o = 1.02 + 0.02 (2%).

5.3.4 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. [147].

5.4 Systematic uncertainty on the self-normalized T yields

The systematic uncertainty on the self-normalized Y(nS) yield includes four contributions, as summarized in Ta-
ble 5.6. The raw yield ratio of N4/N~ 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
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for the signal extraction. The MB trigger efficiency (emp,ineL>0) affects the Y yields of the lowest and the integrated
multiplicity classes with an associated systematic uncertainty of 1% (eyp ixgr>0.yiela) @Nd 0.5% (emB NEL>0), Te-
spectively. The contamination efficiency factor enp verL=o, mentioned above, is characterized by an associated
systematic uncertainty of 2%, while the systematic uncertainty for the vertex quality correction (e,) and the pileup
rejection (ey,,,) are both found to be negligible. All the aforementioned systematic uncertainties are added in quadra-

ture in the final results.

Source %

Nnir(w)/NT(IS) 1-6
Nnir(QS)/NT@S) 3-7
N§(3S)/NT(3S) 7—13

1

E€MB,INEL>0,yield 1
EMB,INEL>0 0.5
EMB,INEL=0 2

Table 5.6: Summary of the systematic uncertainties for the self-normalized T yields. When the systematic uncer-
tainty depends on the multiplicity class, the corresponding range is given.

5.5 Results and discussion

The self-normalized yields, d Ny /dy/(dN~/dy), as a function of the self-normalized charged-particle multiplicity
density, dNg, /dn/(dNa, /dn), for the three T(1S), T(2S), and Y(3S) states, measured for the first time in pp colli-
sions at /s = 13 TeV for pr > 0, are shown in Fig. 5.4. The bottom panel of Fig. 5.4 shows the double ratio of the
self-normalized Y yields to the self-normalized multiplicity: the almost linear scaling observed in the top panel of the
figure results in a flat trend of the double ratios for the three states, within the current uncertainties. The measure-
ments 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 (Nvpr &< Nuard process < Nen. The PYTHIA 8.2 color recon-
nection scenario is a final-state effect at play with MPI where strings are merged based on a QCD full color flow
calculation with a loose modeling of dynamical effect via a global saturation [148]. 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 T(1S) deviate from the linear scaling, suggesting a weakening of the dependence of the self-
normalized bottomonium yield on the charged-particle multiplicity for increasing values of the latter. Computations

from coherent particle production (CPP) [86] are also displayed: in this framework, high-multiplicity hadronic colli-
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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 envi-
ronment, affecting the hard process production mechanisms (prompt production) [149]. The model is defined for
dNen/dn/{dNy/dn) > 1, corresponding to at least one nucleon—nucleon collision, therefore the model predictions
and curves start at dNg, /dn/(dNa,/dn) > 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 contri-
bution 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 overesti-
mates the measured dependence of Y(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, pre-
dictions concerning bottomonium production are neither available in EPOS [75], nor in the already cited percolation
model [89]. Computations from CPP are not available for the T(3S) due to a lack of experimental measurements

needed to extract the model parameters.

Figure 5.6 presents the T 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
T(nS) states, dominated by signal extraction, cancels in the excited-to-ground state ratios (more details see Ap-
pendix A.5). The excited-to-ground state ratio of T(2S) to T(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 [99, 100] 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 T(2S)-to-T(1S) ratio. It is worth noting that the CMS experiment reports a decrease of the direct T(2S)-to-Y(1S)
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Figure 5.4: Self-normalized yield of T(nS) states as a function of the self-normalized charged-particle multiplicity for
pr > 0 GeV/c. The error bars represent the statistical uncertainty on the T yields, while the quadratic sum of the
point-by-point systematic uncertainties on the T yield as well as on dNg, /dn / (dNe,/dn) 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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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 [101]. On the contrary, when the measurement is performed with a
rapidity gap between the T(nS) states (|y| < 1.93) and the transverse energy measurement as an estimator of event
activity (|n| > 4), a much less pronounced decrease is observed in the ratio between the production yields of the two
states [96]. Figure 5.6 (bottom panel) shows the excited-to-ground state ratio of T(3S) to T(1S). The measurement
is compatible with unity within the large uncertainties and with the almost flat trend predicted by PYTHIA 8.2, regard-
less 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 T(3S) states leading to a large suppression at
high charged-particle multiplicity (~ 6 times the mean multiplicity). For the T(2S) and Y(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 T dissociation due to comoving particles would require further investi-
gation based on larger data samples. The ALICE collaboration reported excited-to ground state ratio in the charm
sector: ¢ (2S5)-to-J/4 ratio [83]. 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.

Figure 5.7 (top panel) presents the results discussed in this thesis for the T(1S), T(2S), and T1(3S), com-
pared with other quarkonium measurements by ALICE, namely J/i) 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
(event classification based on the SPD tracklet multiplicity). A corresponding measurement is also available for the
¥ (25) [83], showing a similar trend of the production yield with multiplicity as for the J/¢). The YT(1S) self-normalized
production yield also presents a similar scaling with the self-normalized charged-particle multiplicity density as the
J/p, independently of the collision energy at which the J/1) measurement is performed. This is further investigated, at
/s =13 TeV, in Fig. 5.7 (bottom panel), by presenting the double ratio of T(1S) to J/2 self-normalized yield as a func-
tion of the self-normalized charged-particle multiplicity. The double ratio is close to unity for ANy, /dn/{(dNe, /dn) > 1,
indicating no modification of the correlation with respect to mass and quark content up to six times the mean mul-
tiplicity. The ratio is also compared to the various available models, namely PYTHIA 8.2 with and without CR [73],
the comovers model [99, 100], the model by CPP [86], 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
T(1S) and J/3 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 d N, /dn/{dNen/dn)
< 1. A possible mechanism explaining this behaviour invokes an event activity bias: events containing a T(1S) are,
on average, biased towards higher event activities than events containing a J/1, this behavior being driven by the

mass difference of the two particles. The same mechanism could be expected when going from YT(1S) to T(2S),
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Figure 5.6: Top: Excited-to-ground state self-normalized yield ratio (Y(2S) over T(1S)) as a function of self-
normalized charged-particle multiplicity, compared to model predictions from 3-pomeron CGC approach [88],
PYTHIA 8.2 [73], comovers [99, 100], and CPP [86] predictions; Bottom: Excited-to-ground state self-normalized
yield ratio (Y(3S) over Y(1S)) as a function of self-normalized multiplicity, compared to PYTHIA 8.2 and comovers

predictions.
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and Y(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 T(1S) yield as a function of charged-particle multiplicity is expected to be faster than for J/1) 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.

J/ip measurements are also performed in ALICE in another kinematic range, with the J/+) decaying into dielec-
trons at central rapidity (Jy| < 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
(VO-based selection) [84]. The corresponding results are also shown in Fig. 5.7 (top panel). No difference is ob-
served in the multiplicity dependence of the J/4 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/v» measurement and the forward rapidity J/+) as also expected from several models [80, 84]. At
forward rapidity, the T(1S) and J/i) measurements show a similar linear behavior, whereas the T(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.
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Figure 5.7: Top: Self-normalized yield of T as a function of self-normalized charged-particle multiplicity, compared
to inclusive J/ip measured in the forward rapidity region at 5.02 TeV [80], 7 TeV [82], and 13 TeV [80], and to inclusive
J/ip measured in the central rapidity region at 13 TeV [84]. 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 dNg,/dn / (AN, /dn) is depicted as boxes. Bottom: Self-normalized yield ratio of Y(1S) over J/v) as
a function of self-normalized charged-particle multiplicity, compared to model computations from 3-pomeron CGC
approach [88], PYTHIA 8.2 [73], comovers [99, 100], and CPP [86].
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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 T(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.

6.1 Analysis strategy

The analysis of the polarization of the T(1S) meson has been performed following a strategy including three

main steps:

- Signal extraction: the number of T(1S) candidates is obtained via a fit procedure on the dimuon (™)

invariant mass distribution in each angular interval considered in the analysis.

» Acceptance x efficiency correction: the raw number of YT (1S) extracted from the fit procedure is cor-
rected for a factor quantifying the geometrical acceptance and reconstruction efficiency effects, estimated

via a MC simulation.

+ Polarization parameters determination: the polarization parameters Ay, A, and Ay, are extracted by
fitting the acceptance- and efficiency-corrected angular distributions of Y(1S), in both the Helicity and

Collins-Soper reference frames.
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6.2 Signal extraction

Figure 6.1 shows the two-dimensional maps — (cos 6, pr), (¢, pr) and (&, pr) in both Helicity and Collins-Soper
reference frames. For each (cos 6, pr) ((or ¢, pt) or (@, pr)) cell, the raw Y (1S) yield is extracted.

The signal extraction for the polarization analysis follows the same strategy as described in Section 3.2, with
the T 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 0| between 0 and 1, |¢| between 0 and 7 and ¢ between 0 and 27. Fig. 6.2 and 6.3
show the example of fits to the invariant mass distributions as a function of |cosf| in 2 < pr < 4 GeV/c. In this pr
region, due to the limited data in the edges of | cos §| (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 T(1S) as a function of | cos 6], |¢| and ¢ in different pr 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 T(1S) in the selected angular variable interval shows different behavior between
Helicity and Collins-Soper frames, this could be explained that the A x e varies with the choice of reference frames
(see Section 6.3). Finally, it is confirmed the sum of the number of T(1S) for each chosen pr interval are comparable

among these three angular variables, as shown in Fig. 6.7.

6.3 A x ¢ correction

The acceptance-times-efficiency (A x ¢) 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 Y(1S) is corrected by corrected the raw number of using the proportion
of T(1S) that can be reconstructed in the kinematic region under consideration provided by the A x ¢. Finally, the

corrected number of T(1S) is defined, as shown in Eq. 6.1.

Ny {s) (pr, angular)
A x g(pr, angular)

N (pr, angular) = (6.1)

The A x ¢ 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 (pr and y shapes)
were tuned on LHCb data [150]. In each pr and angular interval, the A x e correction factor is computed as the
ratio of the number of reconstructed Y(1S) (V7)) divided by the number of generated Y(1S) (N%e(’l‘s)), as shown in

Eq. 6.2 (angular in the equation refers to | cos 8], |¢| or ¢). Figure 6.8 shows the A x ¢ two-dimensional maps in the

76



Q Q
3 3

] s
o o+

.
-08 -06 -04

Q Q
3 3

) o]
o o
g g
3 2

8 ]
o o

6
9

HE
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Figure 6.5: Raw number of Y(1S) as a function of || in different pr intervals in both Helicity and Collins-Soper
reference frames.
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Figure 6.6: Raw number of Y(1S) as a function of ¢ in different pr intervals in both Helicity and Collins-Soper
reference frames.
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Figure 6.7: Raw number of T(1S) in different pr intervals in both the Helicity (left) and Collins-Soper (right) reference
frames.

Helicity and Collins-Soper frames for the different angular variables as a function of pr and a symmetrical behavior

is observed for both cos # and ¢ variables.

The Ax e factor is then performed as a function of | cos 6] in pr regions, as shown in Fig. 6.9. The Ax ¢ factor
as a function of the other variables ¢ and ¢ is shown in Appendix B.4. It is obvious that the A x ¢ is rather small
(< 0.1) at the edges of |cosf| at low pr. The regions of low A x e 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 Y(1S) significance S/v/S + B > 5, integrated in the
dimuon mass range [ — 30, 1 + 30] (¢ and o are the mass and width of Y(1S), respectively), and the A x ¢ > 0.1
(see Fig. 6.9), are considered. Finally, the ranges and bins of the | cos §| variable used in this analysis are presented
in Tab. 6.1. For the other angular variables, |¢| and ¢, 5 bins in || from 0 to = and 5 bins in ¢ from 0 to 27 are used.
It is noted that in each pr region, events with the |cosf| > X (“X” is chosen as the maximum | cos 6| value in each
pr region) are excluded, creating a fiducial area within which the Ay, A, and A4, are extracted.

Na;e(cls) (pr, angular)

A lar) = 6.2
X E(pT7 angu ar) N’%?Ts) (pT7 angular) ( )

The corrected number of Y(1S) in the considered kinematic region is then extracted according to Eq. 6.1.
Fig. 6.10 and 6.11 present A x ¢ corrected number of Y(1S) distribution as a function of |cosf|, |¢| and ¢ in

2 < pr < 4 GeV/e in both Helicity and Collins-Soper reference frames. More results see Appendix B.6.

After the A x e correction, the sum of the number of Y(1S) for each chosen pr interval are comparable among
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Figure 6.8: A x ¢ maps in the Helicity (left) and Collins-Soper (right) frames. From top to bottom, it shows the cos 6,
pand ¢ Vs pr.

pr(GeV/c) |cosd|, HE |cos ], 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] | 8binsin[0,0.8] | 6 binsin [0,0.6]
[8,15] 8 bins in [0,0.8] | 7 bins in [0, 0.7]

Table 6.1: | cos @] intervals used in the analysis for both Helicity and Collins-Soper reference frames.
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the three angular variables, as shown in Fig. 6.12.
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Figure 6.12: The corrected number of Y(1S) in different pr intervals in both Helicity (left) and Collins-Soper (right)
reference frames.

6.4 Polarization parameter determination

The Y(1S) polarization parameters are obtained performing a simultaneous fit on the | cos 4|, ||, and ¢ cor-
rected 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 A, 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 pr are performed in Fig. 6.14.

A+ 3NEE PS4 3\TS

X: =
1— \HE 1 AC8

(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 A. 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).

6.5 Systematic uncertainties

Three main sources of systematic uncertainties are considered in the analysis:
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Figure 6.13: An example of polarization parameters determination in 2 < pr < 4 GeV/c with a simultaneous fit in
both Helicity and Collins-Soper reference frames.

» Systematic uncertainty on the signal extraction, associated to the choice of the background function and the

fitting range;

» Systematic uncertainty on the signal extraction, associated to the choice of the width of the function describing

the Y(1S) signal;

» Systematic uncertainty on the estimation of the geometrical acceptance and the reconstruction efficiency

(A x ), depending on the input MC shapes.

The three sources are discussed in details in the following subsections.

6.5.1

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 T(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?) are considered in the analysis.

The central value (\;) and the corresponding statistical uncertainty (

then estimated considering the N different tests, as:

>

Z' /\.(j)
— J 1
N

and o5 =

88
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) for each polarization parameter have
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Figure 6.14: Y(1S) polarization parameters as a function of pr in both Helicity and Collins-Soper reference frames.
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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 |, |¢|, and @, respectively. The corresponding systematic

uncertainty is computed by adding in quadrature with respect to the central value:

st | A =X

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.
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Figure 6.15: An example of polarization parameters determination for various choice of the background functions
and fitting mass ranges in both Helicity and Collins-Soper reference frames. bDExp, bPol2Exp and bVWG refer
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, 14] GeV/c?; rM corresponding to [6,13] GeV/c? and rH
corresponding to [7,12] GeV/c?.

6.5.2 Systematic uncertainty on the choice of the T(1S) width

In order to help the fit in the single |¢| and ¢ intervals to converge, the mass of the T(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
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Figure 6.16: Polarization parameters as a function of pr 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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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 Y (1S) width in the signal extraction in the single |¢| and ¢ intervals.
However, for the | cos 6| variable, the value of the width optimized by the fit was found to fluctuate too much, especially
in the low p intervals (see Fig. 6.17), affecting the reliability of the Y (1S) signal extraction. For this reason, in
the | cos 0], 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.
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Figure 6.17: The width of Y(1S) as a function of | cos 0] in pr intervals in Helicity reference frame with data.

The systematic uncertainty choice of the T(1S) width was evaluated as the semi-difference between the results
obtained with the data- or MC-driven variation of the YT (1S) width, and the results obtained keeping the Y (1S) width
fixed, see Fig. 6.18.

6.5.3 Systematic uncertainty on the A x ¢ correction factor

Another source of systematic uncertainty is represented by the estimation of the A xe correction, which depends
on the choice of the input kinematic distributions considered in the MC simulations. In particular, the impact of the
pr and y input shapes on the final polarization results has been studied considering the extreme options for the pr
and y shapes, compatible with the LHCb data [150] (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 x ¢ extracted and used to correct the raw
number of Y(1S) of the analysis, leading to new values for the results on the polarization parameters. The difference

with respect to A\g, A,, and Ay, obtained with the default A x ¢ is taken as the corresponding systematic uncertainty,
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and the maximum variation of the polarization parameters is 0.04, as shown in Fig. 6.20.
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Figure 6.19: Comparison between the T(1S) y and pr distributions from LHCb results [150].
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Figure 6.20: Comparison between the three polarization parameters obtained using the alternative T(1S) y and pr

distributions
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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.

Helicity Collins-Soper
Polarization parameters | pr (GeV/c) | Signal | Input MC | Width | Signal | Input MC | Width
0<pr<2 0.27 0.00 0.05 0.25 0.00 0.05
2<pr<4 0.13 0.03 0.05 0.14 0.02 0.02
Ao 4<pr<6 0.08 0.03 0.01 0.08 0.02 0.02
6 <pr<8 0.08 0.03 0.02 0.09 0.01 0.02
8<pr<15| 0.03 0.03 0.02 0.07 0.04 0.02
0<pr<2 0.03 0.01 0.02 0.02 0.00 0.02
2<pr<4 0.02 0.01 0.03 0.02 0.00 0.04
Ao 4<pr<6 0.01 0.00 0.02 0.03 0.01 0.02
6 <pr<8 0.02 0.00 0.01 0.03 0.00 0.00
8 <pr <15 0.04 0.00 0.05 0.05 0.01 0.04
0<pr<2 0.05 0.00 0.00 0.05 0.00 0.02
2<pr<4 0.01 0.00 0.01 0.03 0.00 0.07
Aoy 4<pr<6 0.02 0.00 0.06 0.03 0.00 0.04
6 <pr<8 0.01 0.00 0.00 0.04 0.00 0.02
8<pr<15| 0.02 0.00 0.05 0.02 0.00 0.02

Table 6.2: Summary of the systematic uncertainties.

6.6 Results and discussion

The polarization parameters \g, A, and Ay, for the T(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 [129], shown in Fig. 6.22, and the NLO
NRQCD calculations [151].

Apart from the NLO NRQCD calculations, the predictions from the ICEM model with the s factorization ap-
proach [152] are available for the YT(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 Y(1S) is different from zero
at low pr, with a significant frame dependence of the \y parameter: while the T(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 pr, the polarization becomes compatible with zero for both Helicity and
Collins-Soper frames, close to the LHCb measurements [129]. A similar behavior is observed for the prompt J/¥
with the same ICEM calculation [124].

Up to now, all the polarization measurements of J/7» and T in pp collisions at the LHC either exhibit a small
polarization or no significant polarization within the uncertainties. ALICE has also measured the inclusive Y(1S) and

the inclusive J/) in Pb—Pb collisions at /sy = 5.02 TeV [153]. The values for the T(1S) are compatible with the
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Figure 6.23: Y(1S) polarization parameter Ay as a function of pr 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].

absence of polarization within the large uncertainties of the measurement, while for the J/1) the measurements of
the \y parameter in the Helicity frame indicates a slight transverse polarization (20) at low pr, and weak longitudinal

polarization (20) in Collins-Soper frame. When increasing the pr, the Ay gets close to zero.
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Figure 6.24: Direct J/+) polarization parameter )y in both Helicity (left) and Collins-Soper (right) frames in the ICEM
model with the collinear factorization approach [154], compared to the ALICE inclusive J/¥ polarization measure-
ments in pp [127] and Pb—Pb [153] collisions. Figures taken from Ref. [154].

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/v
polarization measurements in pp collisions at /s = 7 TeV [127] (the J/¢) polarization results in pp collisions are
comparable at 7 and 8 TeV) and Pb—Pb collisions at \/syx = 5.02 TeV, compared to the ICEM model with the
collinear factorization approach [154], including cold nuclear matter effects on the J/¢) 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/+) production that no feed-down contributions being included in
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the calculations). According to these predictions, the presence of the hot medium does not seem to affect the direct
J/ip 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.
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Chapter 7

Conclusions

In this thesis, the measurements of T(nS) production as a function of charged-particle multiplicity and Y(1S)
polarization in pp collisions at /s = 13 TeV were presented and discussed. The Y(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 T(nS) production as a function of charged-particle multiplicity
at central rapidity (|| < 1) is reported. The Y(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
In| < 1. In this rapidity configuration, the self-normalized Y 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 consid-
ered 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 underesti-
mates it. The ratios of the self-normalized yields of T(2S) and T(3S) to T(1S) are compatible with unity in the
explored multiplicity range within uncertainties, and in agreement with the predictions of PYTHIA 8.2, CPP and 3-
pomeron CGC. However, due to the large uncertainties, the present measurement can neither confirm nor exclude a
final state suppression of the Y(2S) and T(3S) states at high multiplicity, as predicted by the comover scenario. The
self-normalized yield ratio of T (1S) over J/1) as a function of the self-normalized charged-particle multiplicity is close
to unity for dNg,/dn/{dNa/dn) > 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 mea-
surements of excited states in the charmonium sector, with respect to the currently available ones [83], would also
contribute in properly assessing the validity of the comover model.

In the second part of the thesis a new measurement of the YT(1S) polarization is presented, evaluated through

the estimation of the polarization parameters Xy, A, and Ay, which quantify the anisotropies in the angular distribu-
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tions of the decay products, extracted in the Helicity and Collins-Soper reference frames. No significant T(1S) po-
larization is observed in both Helicity and Collins-Soper frames, as expected from the NLO QCD calculations [155].
This result is consistent with the measurement performed by LHCb in pp collisions at /s =8 TeV in a similar kine-
matic region [129] 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 T(1S) measured at 2.2 < y < 4.5 [129] and a significant longitudinal polarization for the J/v
measured at 2.5 < y < 4.0 [26]. 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 [156—160] starting from LHC Run 3.
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Chapter 8

Summary

During my PhD, | was involved in two part of analyses: the first part is about the study of the production of T
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 confer-
ences and has be submitted to Physics Letters B. The second part is related to the study of the Y(1S) polarization in
pp collisions at /s = 13 TeV. This result was approved by ALICE as a preliminary result and presented in some in-
ternational conferences or workshops, too. In the next step, the paper proposal would be followed up and the paper
draft would be written. Meanwhile, | 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:

Oral contributions:

July, 6-13, 2022: “Quarkonium polarization in Pb—Pb and pp collisions with ALICE”, The 41st International Con-
ference on High Energy Physics (ICHEP 2022), Italy

May, 2-6, 2022: “Y polarization in pp and J/¢) polarization as a function of event plane in Pb—Pb with ALICE at
the LHC”, The 29th International Workshop on Deep-Inelastic Scattering and Related Subjects (DIS 2022), Spain

October, 17-23, 2021: “Quarkonia excited state suppression in pp and p—Pb collisions with ALICE”, Journées

de Rencontres Jeunes Chercheurs 2021 (JRJC 2021), France
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July, 5-8, 2021: “Multiplicity dependence of production at forward rapidity in pp collisions at /s = 13 TeV with
ALICE”, Rencontres QGP-France 2021, France

May, 17-22, 2021: “Quarkonia excited state suppression in pp and p—Pb collisions with ALICE”, Online
Strangeness in Quark Matter Conference 2021 (SQM 2021), Online

November, 6-9, 2020: “Open and hidden heavy-flavour production as a function of multiplicity in small systems

at the LHC”, The 6th China LHC Physics Workshop (CLHCP 2020), Online

November, 3-6, 2018: “Quarkonium production as a function of charged particles multiplicity in pp collisions

measured by ALICE at the LHC”, The 7th Asian Triangle Heavy-lon Conference (ATHIC 2018), China

Poster contributions:

April, 4-10, 2022: “YT'(1S) polarization in pp collisions at /s = 13 TeV with ALICE”, The 29th International Con-

ference On Ultra-relativistic Nucleus-Nucleus Collisions (QM 2022), Online

November, 25-28, 2021: “Multiplicity dependence of production at forward rapidity in pp collisions at /s = 13
TeV with ALICE”, The 7th China LHC Physics Workshop (CLHCP 2021), Online

November, 17-18, 2021: “Multiplicity dependence of production at forward rapidity in pp collisions at /s = 13
TeV with ALICE”, The 148th LHCC Meeting — OPEN Session, Online

January, 10-15, 2021: “Quarkonia production and excited state suppression in pp and p—Pb with ALICE”, The

VI'" International Conference on Initial Stages of High-Energy Nuclear Collisions (IS 2021), Online

May, 25-30, 2020: “Y production as a function of charged-particle multiplicity in pp collisions at /s = 13 TeV
with ALICE”, 8th Edition of the Large Hadron Collider Physics Conference (LHCP 2020), Online

May, 13-19, 2018: “Charmonium production in proton-proton collisions with ALICE”, The 27th International

Conference on Ultra-relativistic Nucleus-Nucleus Collisions (Quark Matter 2018), ltaly

Conference proceeding: “Quarkonia production as a function of charged-particle multiplicity in pp collisions at

/5 = 13 TeV with ALICE”, PoS LHCP2020 (2021) 224
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Appendix A

Upsilon production as a function of

multiplicity

A.1 Run list for multiplicity dependent T(nS) production analysis

LHC16h (pass1) AOD 208, 72 runs:

255467, 255466, 255465, 255463, 255447, 255442, 255440, 255415, 255402, 255398, 255352, 255351, 255350,
255283, 255280, 255276, 255275, 255256, 255255, 255253, 255252, 255251, 255249, 255248, 255247, 255242,
255240, 255182, 255180, 255177, 255176, 255173, 255171, 255167, 255162, 255159, 255154, 255111, 255091,
255086, 255085, 255082, 255079, 255076, 255075, 255074, 255073, 255071, 255068, 255042, 255010, 255009,
255008, 254984, 254983, 254654, 254653, 254652, 254651, 254649, 254648, 254646, 254644, 254640, 254632,
254630, 254629, 254621, 254608, 254606, 254604, 254419

LHC16j (pass1) AOD 208, 49 runs:

256420, 256418, 256417, 256415, 256373, 256372, 256371, 256368, 256366, 256365, 256364, 256363, 256362,
256361, 256356, 256311, 256307, 256302, 256298, 256297, 256295, 256292, 256290, 256289, 256287, 256284,
256283, 256282, 256281, 256231, 256228, 256227, 256223, 256222, 256219, 256215, 256213, 256212, 256210,
256204, 256169, 256161, 256158, 256157, 256156, 256149, 256148, 256147, 256146

LHC16k (pass1) AOD, 171 runs:

258537, 258499, 258498, 258477, 258456, 258454, 258452, 258426, 258399, 258393, 258391, 258388, 258387,
258359, 258336, 258332, 258307, 258306, 258303, 258302, 258301, 258299, 258280, 258278, 258274, 258273,
258271, 258270, 258258, 258257, 258256, 258204, 258203, 258202, 258197, 258178, 258117, 258114, 258113,
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258109, 258108, 258107, 258063, 258062, 258060, 258059, 258049, 258048, 258045, 258042, 258041, 258039,
258019, 258017, 258014, 258012, 258008, 257989, 257986, 257979, 257963, 257960, 257958, 257957, 257939,
257937, 257936, 257932, 257912, 257901, 257893, 257892, 257737, 257735, 257734, 257733, 257727, 257725,
257724, 257697, 257694, 257688, 257687, 257685, 257684, 257682, 257644, 257642, 257636, 257635, 257632,
257630, 257606, 257605, 257604, 257601, 257595, 257594, 257592, 257590, 257588, 257587, 257566, 257565,
257564, 257563, 257562, 257561, 257560, 257541, 257540, 257531, 257530, 257492, 257491, 257490, 257488,
257487, 257474, 257468, 257457, 257433, 257364, 257358, 257330, 257322, 257320, 257318, 257260, 257224,
257095, 257092, 257086, 257084, 257083, 257082, 257080, 257077, 257071, 257026, 257021, 257012, 257011,
256944, 256942, 256941, 256697, 256695, 256694, 256691, 256684, 256681, 256677, 256676, 256658, 256620,
256619, 256591, 256567, 256565, 256564, 256561, 256560, 256557, 256556, 256554, 256552, 256512, 256510,
256506, 256504

LHC160 (pass1) AOD 208, 101 runs:

264035, 264033, 263985, 263984, 263981, 263979, 263978, 263977, 263923, 263920, 263917, 263916, 263905,
263866, 263863, 263861, 263830, 263829, 263824, 263823, 263813, 263810, 263803, 263793, 263792, 263790,
263787, 263786, 263785, 263784, 263744, 263743, 263741, 263739, 263738, 263737, 263691, 263690, 263689,
263682, 263662, 263657, 263654, 263653, 263652, 263647, 263529, 263497, 263496, 263490, 263487, 263332,
262858, 262855, 262853, 262849, 262847, 262844, 262842, 262841, 262778, 262777, 262776, 262768, 262760,
262727, 262725, 262723, 262719, 262717, 262713, 262705, 262635, 262632, 262628, 262594, 262593, 262583,
262578, 262574, 262572, 262571, 262570, 262569, 262568, 262567, 262563, 262537, 262533, 262532, 262528,
262492, 262487, 262451, 262430, 262428, 262424, 262423, 262422, 262419, 262418

LHC16p (pass1) AOD 208, 38 runs:

264347, 264346, 264345, 264341, 264336, 264312, 264305, 264281, 264279, 264277, 264273, 264267, 264266,
264265, 264264, 264262, 264261, 264260, 264259, 264238, 264233, 264232, 264198, 264197, 264194, 264188,
264168, 264164, 264138, 264137, 264129, 264110, 264109, 264086, 264085, 264082, 264078, 264076

LHC17i (muon_calo_pass1), AOD, 56 runs:

274442, 274390, 274387, 274385, 274364, 274363, 274360, 274357, 274355, 274329, 274283, 274281, 274280,
274278, 274276, 274271, 274270, 274269, 274268, 274266, 274264, 274263, 274259, 274232, 274212, 274148,
274147, 274125, 274094, 274092, 274064, 274063, 274058, 273986, 273985, 273946, 273942, 273918, 273889,
273887, 273886, 273885, 273825, 273824, 273719, 273711, 273709, 273695, 273690, 273689, 273687, 273654,
273653, 273593, 273592, 273591
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LHC17k (muon_calo_pass1), AOD, 100 runs:

276508, 276507, 276506, 276500, 276462, 276461, 276439, 276438, 276437, 276435, 276434, 276432, 276429,
276351, 276348, 276302, 276297, 276294, 276292, 276291, 276290, 276259, 276230, 276205, 276178, 276177,
276170, 276169, 276166, 276145, 276141, 276140, 276108, 276105, 276104, 276102, 276099, 276098, 275664,
275661, 275657, 275650, 275648, 275624, 275559, 275558, 275515, 275472, 275471, 275467, 275459, 275457,
275453, 275452, 275448, 275406, 275404, 275401, 275369, 275361, 275360, 275357, 275332, 275328, 275283,
275247, 275246, 275245, 275188, 275177, 275175, 275174, 275173, 275151, 275150, 275149, 275076, 275075,
275073, 275070, 275068, 275067, 274979, 274978, 274886, 274884, 274883, 274882, 274822, 274817, 274815,
274811, 274807, 274806, 274803, 274802, 274801, 274743, 274736, 274708

LHC17m (muon_calo_pass1), AOD, 117 runs:

280140, 280135, 280134, 280131, 280126, 280118, 280114, 280111, 280108, 280066, 280052, 280051, 280049,
279955, 279954, 279952, 279893, 279890, 279886, 279884, 279880, 279879, 279855, 279854, 279853, 279830,
279827, 279826, 279773, 279749, 279747, 279719, 279718, 279715, 279689, 279688, 279684, 279683, 279682,
279679, 279677, 279676, 279642, 279641, 279600, 279598, 279597, 279583, 279565, 279564, 279563, 279562,
279561, 279560, 279559, 279488, 279487, 279483, 279441, 279439, 279435, 279410, 279391, 279355, 279354,
279349, 279348, 279344, 279342, 279312, 279310, 279309, 279274, 279273, 279270, 279268, 279267, 279265,
279264, 279242, 279238, 279235, 279234, 279208, 279207, 279201, 279199, 279157, 279155, 279130, 279125,
2791283, 279122, 279117, 279106, 279075, 279074, 279073, 279068, 279044, 279043, 279041, 279038, 279037,
279036, 279008, 279007, 279005, 278999, 278964, 278963, 278959, 278941, 278939, 278936, 278915, 278914

LHC170 (muon_calo_pass1), AOD203, 170 runs:

281961, 281956, 281953, 281946, 281940, 281939, 281931, 281928, 281918, 281916, 281915, 281894, 281893,
281892, 281755, 281754, 281753, 281751, 281750, 281741, 281713, 281709, 281707, 281706, 281705, 281672,
281667, 281664, 281658, 281655, 281654, 281651, 281645, 281642, 281640, 281635, 281634, 281633, 281592,
281583, 281581, 281580, 281574, 281569, 281568, 281563, 281562, 281557, 281511, 281509, 281477, 281475,
281450, 281449, 281446, 281444, 281441, 281415, 281321, 281301, 281277, 281275, 281244, 281243, 281242,
281241, 281240, 281213, 281212, 281191, 281190, 281181, 281180, 281179, 281081, 281080, 281079, 281062,
281061, 281060, 281036, 281035, 281033, 281032, 280998, 280997, 280996, 280994, 280990, 280947, 280943,
280940, 280936, 280897, 280890, 280881, 280880, 280856, 280848, 280847, 280845, 280844, 280842, 280793,
280792, 280786, 280768, 280767, 280766, 280765, 280764, 280763, 280761, 280756, 280755, 280754, 280753,
280706, 280705, 280681, 280679, 280676, 280671, 280650, 280648, 280647, 280645, 280639, 280637, 280634,
280613, 280583, 280581, 280576, 280575, 280574, 280551, 280550, 280547, 280546, 280519, 280518, 280448,
280447, 280446, 280445, 280443, 280419, 280418, 280415, 280413, 280412, 280406, 280405, 280403, 280375,
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280374, 280352, 280351, 280350, 280349, 280348, 280312, 280310, 280290, 280286, 280285, 280284, 280283,
280282

LHC17r (muon_calo_pass1), AOD, 32 runs:

282704, 282703, 282702, 282700, 282677, 282676, 282673, 282671, 282670, 282668, 282667, 282666, 282653,
282651, 282629, 282622, 282620, 282618, 282615, 282609, 282608, 282607, 282606, 282580, 282579, 282575,
282573, 282546, 282545, 282544, 282528, 282504

LHC18d (muon_calo_pass1), AOD, 45 runs:

286350, 286349, 286348, 286345, 286340, 286337, 286336, 286314, 286313, 286312, 286311, 286310, 286309,
286308, 286289, 286288, 286287, 286284, 286282, 286261, 286258, 286257, 286254, 286230, 286229, 286203,
286202, 286201, 286199, 286198, 286159, 286130, 286129, 286127, 286124, 286064, 286028, 286027, 286026,
286025, 286018, 286014, 285980, 285979, 285978

LHC18e (muon_calo_pass1), AOD, 44 runs:
286937, 286936, 286933, 286932, 286931, 286930, 286911, 286910, 286908, 286907, 286877, 286876, 286874,
286852, 286850, 286848, 286846, 286810, 286809, 286805, 286801, 286799, 286731, 286695, 286661, 286653,
286633, 286594, 286592, 286591, 286569, 286568, 286567, 286566, 286509, 286508, 286502, 286501, 286455,
286454, 286428, 286427, 286426, 286380

LHC18f (muon_calo_pass1), AOD, 68 runs:

287977, 287975, 287941, 287923, 287784, 287783, 287658, 287657, 287656, 287654, 287578, 287576, 287575,
287573, 287524, 287521, 287520, 287518, 287517, 287516, 287513, 287486, 287484, 287481, 287480, 287451,
287413, 287389, 287388, 287387, 287385, 287381, 287380, 287360, 287358, 287356, 287355, 287353, 287349,
287347, 287346, 287344, 287343, 287325, 287324, 287323, 287283, 287254, 287251, 287250, 287249, 287248,
287209, 287208, 287204, 287203, 287202, 287201, 287155, 287137, 287077, 287072, 287071, 287066, 287064,
287063, 287021, 287000

LHC 18I (muon_calo_pass1), AOD, 85 runs:

289971, 289966, 289943, 289941, 289940, 289935, 289931, 289928, 289888, 289884, 289880, 289857, 289856,
289855, 289852, 289849, 289830, 289816, 289815, 289814, 289811, 289808, 289775, 289757, 289731, 289729,
289724, 289723, 289721, 289666, 289664, 289660, 289659, 289658, 289657, 289654, 289632, 289626, 289625,
289582, 289581, 289579, 289577, 289576, 289574, 289547, 289494, 289493, 289468, 289466, 289465, 289463,
289462, 289444, 289426, 289373, 289370, 289369, 289368, 289367, 289366, 289365, 289363, 289356, 289355,
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289354, 289353, 289309, 289308, 289306, 289303, 289300, 289280, 289278, 289277, 289276, 289275, 289254,
289253, 289249, 289247, 289243, 289242, 289241, 289240
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A.2 Raw profile ratio between CMUL7 and CINT7 triggered events
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Figure A.1: Ratios of the average number of raw tracklets as a function of z,, between CMUL7 and CINT?7 triggered
events for LHC16j, LHC16k, and LHC160.
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Figure A.2: Ratios of the average number of raw tracklets as a function of z,, between CMUL7 and CINT7 triggered
events for LHC16p, LHC17i, and LHC17k.
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Figure A.4: Ratios of the average number of raw tracklets as a function of z,, between CMUL7 and CINT?7 triggered
events for LHC18d, LHC18e, and LHC18f.
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Figure A.5: Ratios of the average number of raw tracklets as a function of z,, between CMUL7 and CINT7 triggered
events for LHC18I.

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:

ax®+ b, T < X
flx) = (A.1)

axx? +ba, x> 19

where,

a9 = (%5)1‘8762, b2 = (7“026;(10).’178 + b

A.4 Systematic uncertainty investigation on the charged-particle multi-
plicity
A.4.1 (N,) systematic uncertainties

The systematic uncertainty evaluation on (V.;,) has been studied by the polynomial fit combining 20 tests. The

sources of the systematic uncertainties are listed as follows:
* zyx Fange: [-10, 10], [-10, -5], [-5, 0], [0, 5], and [5, 10] (cm)
» Generator: PYTHIA 8.2 (Monash 2013) and EPOS-LHC
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+ Reference profile: data profile and MC profile

The following Eq. A.2 and Eq. A.3 are used for the calculation of statistical and systematical uncertainties respec-

tively.
1 n
Astat _ = Astat A2
=13 a (A2)
o = M (A.3)
n

In the above equations, z; is the quantity obtained in each test, A3'** is the statistical error in each test and 7 is the

mean value of the whole set of tests.

N range | (Nen) + stat(%) =+ syst(%)

Integrated 14.58 +0.03 £ 0.38
[1—8] 5.62+£0.024+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
[21, 33] 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 4 0.02 & 1.51
61 — 80 77.08 + 0.05 £ 1.76
[81 — 115] 98.97 + 0.18 £ 2.20

Table A.1: Systematical calculation on (N, )

A.4.2 Linear fit

This method uses a simple linear fit, No,=ar x Ng3™™ where « is a correction factor, as shown in Fig. A.6 (Full
red line). The same function is used to fit in No3:* slices (i) where NS corresponds to the MB corrected number
of tracklets. Then one «; factor for each N£5:* slice is obtained.

If the correlation between N, and NZ3* would have been perfectly linear, only the global o factor would be
needed. But in reality, the correlation between N, and NS is not perfectly linear due to the detector resolution
and multiplicity binning, the global fit method can not give us a good N, estimation. From Fig. A.7, it can be seen
that the bin-by-bin «; is different from the global agiona, 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 « 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 «; and aqiona factors is used as an additional systematic

uncertainty, denoted as ¢, added in quadrature to the final self-normalized multiplicity. The values for the selected
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Figure A.6: (Naw)-(INES™) correlation plot fitted by a simple linear function.
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Figure A.7: Comparison between global alpha and alpha in multiplicity intervals.
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multiplicity interval are listed in Table. A.2.

NErange | o £ stat(%) £ syst(%) | 6(%)
Integrated 1.21+0.24 £0.73 —

1,8 1.30 +2.38 +1.33 6.7

[9,14] 1.23 4 1.75 + 0.49 2.0

15,20 1.23 4+ 1.34 +0.47 1.5

21,25 1.22 4 1.29 +0.53 1.0

21,33 1.22 4 0.61 + 0.62 1.0

26,33 1.2140.77 + 0.69 0.1
1

1.18 £0.55 £ 1.29 2.3
1.17+0.47 £ 1.60 3.5
1.16 £0.30 £ 1.95 4.8

]
]
|
] 1.20+0.66+£0.99 | 1.0
|
]
]

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

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)
(eMB.1nEL>0) I8 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.3.

i Nevents with MB
E =
MB,INEL>0 ™ N7 s without MB

(A.4)

It is found that the efficiency is very close to unity except for the integrated and first NJ3! class. The values shown
in Tab. A.3 are obtained from PYTHIA 8.2. When we change to another MC generator—EPQOS, similar results are

obtained, while for the integrated and first multiplicity classes, eyjySamr e O = 0.957, exfivprso = 0.922. SO

Nggirange | Neventswith MB trigger | Neventswithout MB trigger | eyp ingLs>0
Integrated 2.14630e + 08 2.26557e 4 08 0.947
[1,8] 1.10079e + 08 1.21504e + 08 0.906
[9, 14] 4.08487¢ 4 07 4.13048¢e 4 07 0.989
[15,20] 2.46486e + 07 2.46894¢ + 07 0.998
[21, 25] 1.38237e + 07 1.38278e + 07 1.000
[21, 33] 2.76091e + 07 2.76140e 4 07 1.000
[26, 33] 1.37854e + 07 1.37862¢ + 07 1.000
[34,41] 6.89421e 4 06 6.89427¢ 4 06 1.000
[42, 50] 3.17017e 4 06 3.17018e + 06 1.000
[51,60] 1.07190e + 06 1.07190e + 06 1.000
[61,80] 298280 298280 1.000

Table A.3: ems,ineL>0 IN the multiplicity class for PYTHIA 8.2
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the final efficiency for integrated and first multiplicity classes should be: aﬁ?ﬁﬁﬁ‘;o = 0.95 4 0.005 (0.5% syst),
e\.INEL>0 = 0-91 4 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:

(Nen)(Ne, > 14 MB + vtxQA)

1 _ = A.
€INEL>0,(New) (Nen)(Nen > 1+ vtxQA) (A9)

MC generator | (Nep) (New > 14+ MB + vtxQA) | (Nen) (Nen > 1+ vixQA) GllNEL>0,(Nch)
PYTHIA 8.2 5.701 5.500 1.0365
EPOS 5.658 5.429 1.0421

Table A.4: €1ypy <o (., factor for the lowest multiplicity class.

So, the efficiency factor for the first bin is €y - () = 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 T state

In this sector, we will focus on the extraction of the self-normalized double ratio of T(2S) (or T(3S)) to T(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, (Nr(zs)/Nip(tgs) and Nr(1S)/N¥‘(t1S)), 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 Fig. A.8 and it leads to a reduction of the systematic uncertainties from the signal extraction,

shown in Fig. A.9, which means that the correlated terms for the signal extraction will be canceled. And this method
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is referred as to "fit-by-fit”.

The raw double ratio results are reported in Table A.5 and A.6. However, for corrected double ratio of the self-
normalized yield between the excited and ground state, only the vertex quality selection (eytx,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.
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 Y 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 [161].

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

n Y (nS
_ Ny@s)/ < Ny@s) > NY(nS)/Nalr&S) Evt(x,Q)A

R n=23 (A.6)

- Nras)/ < Neas)> Nras)/Ny(is) €:,rt(x1§Q)A’

NLING

0.02 BINOT : Y§ 5, = 0.152 + 4.13% (stat) + 1.48% (syst)
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Figure A.8: Raw single ratio of Ny(as)/Nq, (top), and Ny(is)/N1 o, (bottom) in the NESF range [1, 8].
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Figure A.9: Raw double ratio of ——-—* in the N2 range [1, 8].
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Tnt Tnt
xf;%fr} — + stat & syst %j:;%it T + stat & syst

[1,8] 0.986 £ 12.51% + 1.35% 0.987 £ 12.51% =+ 3.04%
[9, 14] 0.901 £ 13.13% + 1.88% 0.903 +13.12% 4 3.81%
15,20 0.942 + 13.71% =+ 2.09% 0.947 £ 13.70% + 5.84%
21,25 1.085 + 13.68% + 1.38% 1.085 4 13.68% =+ 3.45%
26, 33 1.068 £ 12.59% =+ 1.38% 1.067 £ 12.58% £ 4.72%
34,41 1.024 +16.16% 4= 1.37% 1.020 = 16.15% == 3.14%
[42, 50] 0.635 £ 30.93% £ 5.16% 0.627 £ 30.89% + 7.36%
[51, 60] 1.462 4 22.50% 4 2.70% 1.500 4 22.46% =+ 6.62%
[61, 80] 1.302 £ 37.07% £ 7.74% 1.250 + 37.00% + 9.72%

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

Tnt Tnt
szjj\v,;;gt oy, T St syt szjxit gte_gy St syt
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.6: Extracted values for raw double ratio between Y(3S) and T(1S).

Nas/<Nps>
Nis/<Nis> single—fit

Nas/<Nos>

Nas /<Nas>
Nis/<Nis> relative—ratio

Nis /<Nis> it —by—fit =+ stat £ syst

=+ stat + syst =+ stat &+ syst H

[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 4+ 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 4 37.93% 4= 9.66%

Table A.7: Extracted values for corrected double yield ratio between Y(2S) and YT (1S).

H ‘ %ﬁtfbyfﬁt + stat & syst %singlefﬁt + stat & syst %relativefratio +stat + syst H
[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 4+ 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 Y(3S) and T(1S).

A.6 Final results
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or dNen/d Sys dn dy sta sys N (Nx@s)) sta sys

NEg range | awaiay 0% | finyoegay &AM E 0N | an i gy AT £ o
[1,8] 0.38 +0.03 0.306 £+ 0.015 + 0.009 0.805 £+ 0.039 + 0.024
9, 14] 0.99 +£0.02 0.954 4+ 0.048 £+ 0.029 0.964 4+ 0.048 £+ 0.029
[15,20] 1.51+0.03 1.487 4+ 0.074 £ 0.059 0.985 £ 0.049 + 0.039
[21, 25] 1.99 + 0.04 2.108 +0.126 £ 0.063 1.059 £+ 0.063 £+ 0.032
[26, 33] 2.51 +£0.04 2.857+0.143 +0.114 1.138 + 0.057 £ 0.045
[34, 41] 3.16 +0.07 3.632 £ 0.218 + 0.109 1.149 4+ 0.069 + 0.034
[42, 50] 3.84+0.1 4.475+0.358 +0.134 1.178 +0.094 £+ 0.035
[51, 60] 4.5+0.2 5.056 + 0.506 £ 0.253 1.124 4+ 0.112 £ 0.056
[61, 80] 5.5+ 0.3 6.157 £ 0.924 + 0.369 1.119 4+ 0.168 £ 0.067

Table A.9: Self-normalized yield of Y(1S) as a function of self-normalized charged-particle multiplicity.

N range | (NIt & gt | REGAI  p g gt | NIl 4 A g

[1, 8] 0.38 = 0.03 0.299 +0.042 4+ 0.012 0.787 £0.111 +0.032

(9, 14] 0.99 +0.02 0.854 +0.120 £ 0.034 0.863 = 0.121 £ 0.034
[15, 20] 1.51 +0.03 1.395 £+ 0.209 £ 0.070 0.924 + 0.138 £ 0.046
[21, 25] 1.99 +0.04 2.265 4+ 0.340 £+ 0.091 1.138 £0.171 + 0.046
[267 33] 2.51 +0.04 3.019 +0.423 £+ 0.151 1.203 £+ 0.169 4+ 0.060
[34, 41] 3.16 = 0.07 3.669 + 0.624 £ 0.147 1.161 £ 0.197 4+ 0.047
[427 50] 3.8+0.1 2.779 + 0.861 £ 0.195 0.731 +0.227 £ 0.051
[51, 60] 4.5+0.2 7.511 £ 1.577 £ 0.376 1.669 4 0.350 £ 0.084
[617 80] 5.5+0.3 7.621 4+ 2.667 £+ 0.533 1.386 £+ 0.485 4+ 0.097

Table A.10: Self-normalized yield of Y(2S) as a function of self-normalized charged-particle multiplicity.

ANvss)/dy 4 Astat - osyst

Y (3S) <NI(JS)> sta syst
LV ﬁ E o yst
<dN! (33)/dy>

dNen/dn/{dNen /dn)

cor dNen/dn syst
NS range ‘ AN /any £ O

[1,8] 0.38 £0.03 0.420 £ 0.101 £ 0.029 1.105 £ 0.266 £ 0.076
9, 14] 0.99 £ 0.02 1.256 £0.314 £ 0.113 1.269 £0.317£0.114
[15,20] 1.51+£0.03 2.423 £0.557 £0.218 1.605 £ 0.369 £ 0.144
[21, 33] 2.24£0.04 1.561 £ 0.546 £ 0.203 0.697 + 0.244 4+ 0.091

Table A.11: Self-normalized yield of Y(3S) as a function of charged-particle multiplicity.

Nt range | gimay + 0™ | NIy £ AT o™ | IR £ AN £ g

[1,8] 0.38 £0.03 0.976 £ 0.146 = 0.010 1.374 £0.344 + 0.082
[9, 14] 0.99 +0.02 0.892 +£0.134 +0.018 1.313 £ 0.328 4+ 0.092

[15,20] 1.51 +£0.03 0.933 £0.149 + 0.019 1.623 £0.390 £ 0.114

[21,25] 1.99 4+ 0.04 1.074 £0.172 £ 0.011 -

[21, 33] 2.24 +£0.04 - 0.632 £+ 0.221 £ 0.076

[26, 33] 2.51 £0.04 1.058 £0.159 + 0.011 -

(34, 41] 3.16 £0.07 1.014 £ 0.183 £ 0.010 -

42,50 3.8£0.1 0.629 £+ 0.201 £ 0.031 -

51,60 4.5+0.2 1.448 4 0.348 £ 0.043 -

[61,80] 5.5+0.3 1.289 + 0.490 + 0.103 -

Table A.12: Double yield ratios of T(2S) and T(3S) over T(1S) as a function of self-normalized charged-particle

multiplicity.
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NS range % 4 gSyst % 4+ Astat o syst

[1,8] 0.38 £ 0.03 0.900 £ 0.045 £ 0.045

[9, 14] 0.99 + 0.02 0.998 + 0.050 £+ 0.050
[15, 20] 1.51 £0.03 0.941 4+ 0.047 £ 0.056
[21, 25] 1.99 +£0.04 0.980 + 0.059 £+ 0.049
[26, 33] 2.51 +0.04 1.028 4+ 0.051 £ 0.062
[34, 41] 3.16 + 0.07 1.013 £ 0.061 £+ 0.051
[427 50] 3.8+0.1 1.022 £ 0.082 4+ 0.051
[51, 60] 4.54+0.2 0.953 £ 0.095 £ 0.057
[61, 80] 5.5+0.3 0.940 £+ 0.141 + 0.066

Table A.13: Double yield ratio of T(1S) over J/« as a function of charged-particle multiplicity.
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Appendix B

Upsilon polarization

B.1 Run list for the T polarization analysis

LHC16f (pass1) AOD234, 6 runs:
253978, 253961, 253958, 253957, 253956, 253951

LHC16g (pass1) AOD234, 16 runs:
254332, 254331, 254304, 254302, 254293, 254205, 254204, 254199, 254193, 254178, 254175, 254174, 254149,
254148, 254147, 254128

LHC16h (pass1) AOD234, 65 runs:

255467, 255466, 255465, 255463, 255447, 255442, 255440, 255415, 255402, 255398, 255352, 255351, 255350,
255283, 255280, 255276, 255275, 255256, 255255, 255253, 255252, 255251, 255249, 255248, 255247, 255242,
255240, 255182, 255180, 255177, 255176, 255173, 255171, 255167, 255162, 255159, 255154, 255111, 255091,
255086, 255085, 255082, 255079, 255010, 255009, 255008, 254984, 254983, 254654, 254653, 254652, 254651,
254649, 254648, 254646, 254644, 254640, 254632, 254630, 254629, 254621, 254608, 254606, 254604, 254419

LHC16i (pass1) AOD234, 13 runs:
255618, 255617, 255616, 255615, 255614, 255592, 255591, 255583, 255577, 255543, 255542, 255540, 255539

LHC16j (pass1) AOD234, 49 runs:

256420, 256418, 256417, 256415, 256373, 256372, 256371, 256368, 256366, 256365, 256364, 256363, 256362,
256361, 256356, 256311, 256307, 256302, 256298, 256297, 256295, 256292, 256290, 256289, 256287, 256284,
256283, 256282, 256281, 256231, 256228, 256227, 256223, 256222, 256219, 256215, 256213, 256212, 256210,
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256204, 256169, 256161, 256158, 256157, 256156, 256149, 256148, 256147, 256146

LHC16k (pass1) AOD, 171 runs:

258537, 258499, 258498, 258477, 258456, 258454, 258452, 258426, 258399, 258393, 258391, 258388, 258387,
258359, 258336, 258332, 258307, 258306, 258303, 258302, 258301, 258299, 258280, 258278, 258274, 258273,
258271, 258270, 258258, 258257, 258256, 258204, 258203, 258202, 258197, 258178, 258117, 258114, 258113,
258109, 258108, 258107, 258063, 258062, 258060, 258059, 258049, 258048, 258045, 258042, 258041, 258039,
258019, 258017, 258014, 258012, 258008, 257989, 257986, 257979, 257963, 257960, 257958, 257957, 257939,
257937, 257936, 257932, 257912, 257901, 257893, 257892, 257737, 257735, 257734, 257733, 257727, 257725,
257724, 257697, 257694, 257688, 257687, 257685, 257684, 257682, 257644, 257642, 257636, 257635, 257632,
257630, 257606, 257605, 257604, 257601, 257595, 257594, 257592, 257590, 257588, 257587, 257566, 257565,
257564, 257563, 257562, 257561, 257560, 257541, 257540, 257531, 257530, 257492, 257491, 257490, 257488,
257487, 257474, 257468, 257457, 257433, 257364, 257358, 257330, 257322, 257320, 257318, 257260, 257224,
257095, 257092, 257086, 257084, 257083, 257082, 257080, 257077, 257071, 257026, 257021, 257012, 257011,
256944, 256942, 256941, 256697, 256695, 256694, 256691, 256684, 256681, 256677, 256676, 256658, 256620,
256619, 256591, 256567, 256565, 256564, 256561, 256560, 256557, 256556, 256554, 256552, 256512, 256510,
256506, 256504

LHC160 (pass1) AOD234, 75 runs:

264035, 264033, 263985, 263984, 263981, 263979, 263978, 263977, 263923, 263920, 263917, 263916, 263905,
263866, 263863, 263861, 263830, 263829, 263824, 263823, 263813, 263810, 263803, 263793, 263792, 263790,
263787, 263786, 263785, 263784, 263744, 263743, 263741, 263739, 263738, 263737, 263691, 263690, 263689,
263682, 263662, 263657, 263654, 263653, 263652, 263647, 263529, 263497, 263496, 263490, 263487, 263332,
262858, 262855, 262853, 262849, 262847, 262844, 262842, 262841, 262778, 262777, 262776, 262768, 262760,
262727, 262725, 262723, 262719, 262717, 262713, 262705, 262635, 262632, 262628

LHC16p (pass1) AOD234, 38 runs:

264347, 264346, 264345, 264341, 264336, 264312, 264305, 264281, 264279, 264277, 264273, 264267, 264266,
264265, 264264, 264262, 264261, 264260, 264259, 264238, 264233, 264232, 264198, 264197, 264194, 264188,
264168, 264164, 264138, 264137, 264129, 264110, 264109, 264086, 264085, 264082, 264078, 264076

LHC17h (muon_calo_pass2), AOD, 98 runs:
273103, 273101, 273100, 273099, 273077, 273010, 273009, 272985, 272983, 272976, 272949, 272947, 272939,
272935, 272934, 272933, 272932, 272905, 272903, 272880, 272873, 272871, 272870, 272836, 272835, 272834,
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272833, 272829, 272828, 272784, 272783, 272782, 272762, 272760, 272749, 272747, 272746, 272692, 272691,
272620, 272619, 272608, 272607, 272585, 272577, 272575, 272574, 272521, 272469, 272468, 272466, 272463,
272462, 272461, 272414, 272413, 272411, 272400, 272394, 272360, 272359, 272335, 272194, 272156, 272155,
272154, 272153, 272152, 272151, 272123, 272101, 272100, 272076, 272075, 272042, 272041, 272040, 272039,
272038, 272036, 272020, 271970, 271969, 271962, 271955, 271953, 271946, 271925, 271921, 271912, 271886,
271879, 271878, 271874, 271873, 271871, 271870, 271868

LHC17i (muon_calo_pass1), AOD, 56 runs:

274442, 274390, 274387, 274385, 274364, 274363, 274360, 274357, 274355, 274329, 274283, 274281, 274280,
274278, 274276, 274271, 274270, 274269, 274268, 274266, 274264, 274263, 274259, 274232, 274212, 274148,
274147, 274125, 274094, 274092, 274064, 274063, 274058, 273986, 273985, 273946, 273942, 273918, 273889,
273887, 273886, 273885, 273825, 273824, 273719, 273711, 273709, 273695, 273690, 273689, 273687, 273654,
273653, 273593, 273592, 273591

LHC17k (muon_calo_pass2), AOD, 100 runs:

276508, 276507, 276506, 276500, 276462, 276461, 276439, 276438, 276437, 276435, 276434, 276432, 276429,
276351, 276348, 276302, 276297, 276294, 276292, 276291, 276290, 276259, 276230, 276205, 276178, 276177,
276170, 276169, 276166, 276145, 276141, 276140, 276108, 276105, 276104, 276102, 276099, 276098, 275664,
275661, 275657, 275650, 275648, 275624, 275559, 275558, 275515, 275472, 275471, 275467, 275459, 275457,
275453, 275452, 275448, 275406, 275404, 275401, 275369, 275361, 275360, 275357, 275332, 275328, 275283,
275247, 275246, 275245, 275188, 275177, 275175, 275174, 275173, 275151, 275150, 275149, 275076, 275075,
275073, 275070, 275068, 275067, 274979, 274978, 274886, 274884, 274883, 274882, 274822, 274817, 274815,
274811, 274807, 274806, 274803, 274802, 274801, 274743, 274736, 274708

LHC17l (pass1), AOD234, 118 runs:

278216, 278215, 278191, 278189, 278167, 278166, 278165, 278164, 278163, 278130, 278127, 278126, 278123,
278122, 278121, 277996, 277991, 277989, 277988, 277987, 277952, 277930, 277907, 277904, 277903, 277901,
277900, 277899, 277898, 277897, 277876, 277870, 277848, 277847, 277842, 277841, 277836, 277834, 277801,
277800, 277799, 277795, 277794, 277749, 277747, 277746, 277725, 277577, 277576, 277575, 277574, 277537,
277536, 277531, 277530, 277479, 277478, 277476, 277473, 277472, 277470, 277418, 277417, 277389, 277386,
277384, 277383, 277360, 277314, 277312, 277310, 277293, 277262, 277256, 277197, 277196, 277194, 277193,
277189, 277188, 277184, 277183, 277182, 277181, 277180, 277155, 277121, 277117, 277091, 277087, 277082,
277079, 277076, 277073, 277037, 277017, 277016, 277015, 276972, 276971, 276970, 276969, 276920, 276917,
276916, 276762, 276675, 276674, 276672, 276671, 276670, 276669, 276644, 276608, 276557, 276553, 276552,
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276551

LHC17m (muon_calo_pass1), AOD, 116 runs:

280140, 280135, 280134, 280131, 280126, 280118, 280114, 280111, 280108, 280066, 280052, 280051, 280049,
279955, 279954, 279952, 279893, 279890, 279886, 279884, 279880, 279879, 279855, 279854, 279853, 279830,
279827, 279826, 279773, 279749, 279747, 279719, 279718, 279715, 279689, 279688, 279684, 279682, 279679,
279677, 279676, 279642, 279641, 279600, 279598, 279597, 279583, 279565, 279564, 279563, 279562, 279561,
279560, 279559, 279488, 279487, 279483, 279441, 279439, 279435, 279410, 279391, 279355, 279354, 279349,
279348, 279344, 279342, 279312, 279310, 279309, 279274, 279273, 279270, 279268, 279267, 279265, 279264,
279242, 279238, 279235, 279234, 279208, 279207, 279201, 279199, 279157, 279155, 279130, 279125, 279123,
279122, 279117, 279106, 279075, 279074, 279073, 279068, 279044, 279043, 279041, 279038, 279037, 279036,
279008, 279007, 279005, 278999, 278964, 278963, 278959, 278941, 278939, 278936, 278915 278914

LHC170 (muon_calo_pass1), AOD203, 164 runs:

281961, 281956, 281953, 281946, 281940, 281939, 281931, 281928, 281918, 281916, 281915, 281894, 281893,
281892, 281755, 281754, 2817583, 281751, 281750, 281741, 281713, 281709, 281707, 281706, 281705, 281651,
281645, 281642, 281640, 281635, 281634, 281633, 281592, 281583, 281581, 281580, 281574, 281569, 281568,
281563, 281562, 281557, 281511, 281509, 281477, 281475, 281450, 281449, 281446, 281444, 281441, 281415,
281321, 281301, 281277, 281275, 281244, 281243, 281242, 281241, 281240, 281213, 281212, 281191, 281190,
281181, 281180, 281179, 281081, 281080, 281079, 281062, 281061, 281060, 281036, 281035, 281033, 281032,
280998, 280997, 280996, 280994, 280990, 280947, 280943, 280940, 280936, 280897, 280890, 280881, 280880,
280856, 280848, 280847, 280845, 280844, 280842, 280793, 280792, 280786, 280768, 280767, 280766, 280765,
280764, 280763, 280761, 280756, 280755, 280754, 280753, 280706, 280705, 280681, 280679, 280676, 280671
280650, 280648, 280647, 280645, 280639, 280637, 280634, 280613, 280583, 280581, 280576, 280575, 280574,
280551, 280550, 280547, 280546, 280519, 280518, 280448, 280447, 280446, 280445, 280443, 280419, 280418,
280415, 280413, 280412, 280406, 280405, 280403, 280375, 280374, 280352, 280351, 280350, 280349, 280348,
280312, 280310, 280290, 280286, 280285, 280284, 280283, 280282

LHC17r (muon_calo_pass1), AOD, 32 runs:

282704, 282703, 282702, 282700, 282677, 282676, 282673, 282671, 282670, 282668, 282667, 282666, 282653,
282651, 282629, 282622, 282620, 282618, 282615, 282609, 282608, 282607, 282606, 282580, 282579, 282575,
282573, 282546, 282545, 282544, 282528, 282504

LHC18b (muon_calo_pass1), AOD, 32 runs:
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285396, 285365, 285364, 285347, 285328, 285327, 285291, 285290, 285289, 285287, 285286, 285224, 285222,
285203, 285202, 285200, 285165, 285127, 285125, 285108, 285106, 285066, 285065, 285064, 285015, 285014,
285013, 285012, 285011, 285010, 285009, 285008

LHC18c (muon_calo_pass1), AOD, 48 runs:

285958, 285957, 285946, 285917, 285893, 285892, 285869, 285851, 285830, 285812, 285811, 285810, 285806,
285805, 285804, 285781, 285778, 285777, 285756, 285755, 285754, 285753, 285752, 285751, 285722, 285698,
285697, 285664, 285663, 285662, 285659, 285643, 285642, 285641, 285640, 285639, 285603, 285602, 285601,
285599, 285578, 285577, 285576, 285575, 285557, 285515, 285497, 285496

LHC18d (muon_calo_pass1), AOD, 44 runs:
286350, 286349, 286348, 286345, 286340, 286337, 286336, 286314, 286313, 286312, 286311, 286310, 286309,
286308, 286289, 286288, 286287, 286284, 286282, 286261, 286257, 286254, 286230, 286229, 286203, 286202,
286201, 286199, 286198, 286159, 286130, 286129, 286127, 286124, 286064, 286028, 286027, 286026, 286025,
286018, 286014, 285980, 285979, 285978

LHC18e (muon_calo_pass1), AOD, 43 runs:

286937, 286936, 286933, 286932, 286931, 286930, 286911, 286910, 286908, 286907, 286877, 286876, 286874,
286852, 286850, 286848, 286846, 286810, 286809, 286801, 286799, 286731, 286695, 286661, 286653, 286633,
286594, 286592, 286591, 286569, 286568, 286567, 286566, 286509, 286508, 286502, 286501, 286455, 286454,
286428, 286427, 286426, 286380

LHC18f (muon_calo_pass1), AOD, 62 runs:

287977, 287941, 287923, 287783, 287658, 287657, 287656, 287654, 287578, 287576
287575, 287573, 287524, 287521, 287520, 287517, 287516, 287513, 287484, 287481
287451, 287389, 287388, 287387, 287385, 287381, 287380, 287360, 287358, 287356
287355, 287353, 287349, 287347, 287346, 287344, 287343, 287325, 287324, 287323
287283, 287254, 287251, 287250, 287249, 287248, 287209, 287208, 287204, 287203
287202, 287201, 287155, 287137, 287077, 287072, 287071, 287066, 287064, 287063
287021, 287000

LHC18g (muon_calo_pass1), AOD, 6 runs:
288750, 288748, 288743, 288690, 288689, 288688
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LHC18g (muon_calo_pass1), AOD, 1 run:
288804

LHC18i (muon_calo_pass1), AOD, 10 runs:
288909, 288908, 288903, 288897, 288893, 288892, 288868, 288864, 288862, 288861

LHC18j (muon_calo_pass1), AOD, 1 run:
288943

LHC 18l (muon_calo_pass1), AOD, 79 runs:

289971, 289966, 289943, 289941, 289940, 289935, 289931, 289928, 289888, 289884, 289880, 289857, 289856,
289855, 289852, 289849, 289830, 289816, 289815, 289814, 289811, 289808, 289775, 289757, 289731, 289729,
289724, 289723, 289721, 289666, 289664, 289660, 289659, 289658, 289657, 289654, 289632, 289626, 289625,
289582, 289581, 289579, 289577, 289576, 289574, 289494, 289493, 289468, 289466, 289465, 289462, 289444,
289426, 289373, 289370, 289369, 289368, 289367, 289366, 289365, 289363, 289356, 289355, 289354, 289353,
289309, 289308, 289306, 289303, 289300, 289280, 289278, 289277, 289276, 289275, 289254, 289253, 289249,
289247

LHC18m (muon_calo_pass1), AOD, 172 runs:

292397, 292298, 292274, 292273, 292270, 292269, 292265, 292242, 292241, 292240, 292192, 292168, 292167,
292166, 292164, 292163, 292162, 292161, 292160, 292140, 292115, 292114, 292109, 292108, 292107, 292106,
292081, 292080, 292077, 292075, 292062, 292061, 292060, 292040, 292012, 291982, 291953, 291948, 291945,
291944, 291943, 291942, 291803, 291796, 291795, 291769, 291760, 291756, 291755, 291729, 291706, 291698,
291697, 291694, 291692, 291690, 291665, 291661, 291657, 291614, 291590, 291485, 291484, 291482, 291481,
291457, 291456, 291453, 291451, 291447, 291446, 291420, 291419, 291417, 291416, 291402, 291400, 291399,
291397, 291375, 291373, 291363, 291362, 291361, 291360, 291286, 291285, 291284, 291283, 291282, 291265,
291263, 291041, 291037, 291035, 291006, 291005, 291004, 291003, 291002, 290979, 290976, 290975, 290948,
290944, 290943, 290935, 290932, 290895, 290894, 290892, 290862, 290853, 290848, 290790, 290787, 290776,
290774, 290769, 290766, 290764, 290721, 290699, 290696, 290692, 290687, 290665, 290660, 290658, 290645,
290632, 290627, 290615, 290614, 290613, 290612, 290590, 290553, 290550, 290549, 290544, 290540, 290539,
290538, 290501, 290499, 290469, 290459, 290458, 290456, 290428, 290427, 290425, 290423, 290421, 290420,
290418, 290411, 290404, 290401, 290375, 290374, 290350, 290327, 290324, 290323, 290300, 290297, 290293,
290254, 290223, 290222
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LHC180 (muon_calo_pass2), AOD, 39 runs:

293898, 293896, 293893, 293891, 293886, 293856, 293831, 293830, 293829, 293809, 293807, 293806, 293805,
293802, 293799, 293776, 293774, 293773, 293741, 293740, 293698, 293696, 293695, 293692, 293691, 293588,
293587, 293497, 293496, 293494, 293475, 293474, 293424, 293413, 293392, 293391, 293388, 293386, 293368

LHC18p (muon_calo_pass2), AOD, 78 runs:

294925, 294916, 294884, 294883, 294880, 294877, 294875, 294852, 294818, 294817, 294816, 294815, 294813,
294809, 294775, 294774, 294772, 294769, 294749, 294747, 294743, 294742, 294741, 294722, 294721, 294718,
294716, 294715, 294710, 294703, 294653, 294636, 294634, 294633, 294632, 294593, 294591, 294590, 294588,
294587, 294586, 294563, 294558, 294556, 294553, 294531, 294530, 294529, 294527, 294526, 294525, 294524,
294503, 294502, 294310, 294308, 294307, 294305, 294242, 294241, 294212, 294210, 294208, 294205, 294201,
294200, 294199, 294156, 294155, 294154, 294152, 294131, 294128, 294013, 294012, 294011, 294010, 294009

B.2 Tail parameters from MC

Examples of the tail parameters from the MC simulation are shown in Figs. B.1, B.2, B.3, B.4, and B.5 in the

Collins-Soper frames. Similar results can be observed in the Helicity reference frame, which are not shown here.
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Figure B.4: Tail parameters as a function of | cosf| in 6 < pr < 8 GeV/c in the Collins-Soper reference frame.
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Figure B.5: Tail parameters as a function of | cos 6| in 8 < pr < 15 GeV/c in the Collins-Soper reference frame.
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B.3 Signal width from MC

The Y(1S) width (o) as a function of angular variable || (@) in pr intervals in both the Helicity (left) and Collins-

Soper (right) reference frames in MC simulations, are shown in Fig. B.6 (Fig. B.7).
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Figure B.6: The width of Y(1S) as a function of || in pr intervals in both the Helicity (left) and Collins-Soper (right)
reference frames in MC simulations.
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Figure B.7: The width of Y(1S) as a function of ¢ in pr intervals in both the Helicity (left) and Collins-Soper (right)
frames in MC simulations.
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B.4 Acceptance-times-efficiency for ¢ and ¢

The A x e factor as a function of |¢| and ¢ in pr regions is shown in Fig. B.8 and B.9, respectively.
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Figure B.8: A x ¢ as a function of |¢| in both Helicity and Collins-Soper reference frames.
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B.5 Cross check for the | cos 0| range effect

The details of the | cos 6| range effect were presented in [162]. When choosing the loose | cos | range (using
uniform | cos 0| bin size in all pr ranges and using wider range [0.5, 0.8] as the last bin to ensure enough statistics in
each bin) and the restricted range (constraints on the significance and A x ¢), the two results are compatible within

uncertainties, as shown in Fig. B.10.
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Figure B.10: Comparison of \y as a function of transverse momentum between loose and restricted | cos 0| range in
both the Helicity (left) and Collins-Soper reference frames (right).
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B.6 Corrected number of T(1S) in pr ranges in both the Helicity and Collins-

Soper reference frames
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Figure B.11: Corrected number of T(1S) as a function of | cos |, |¢| and ¢ in pt ranges (from 0 to 6 GeV/c) in the

Helicity reference frame.
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Figure B.13: Corrected number of T(1S) as a function of | cos 6|, |¢| and ¢ in p ranges (from 0 to 2 GeV/c) in the
Collins-Soper reference frame.
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Figure B.14: Corrected number of T(1S) as a function of | cos 6], |¢| and ¢ in pt ranges (from 2 to 15 GeV/c) in the
Collins-Soper reference frame.
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B.7 Simultaneous fit to the corrected spectra

B.7.1 Simultaneous fit to the corrected spectra in both the Helicity and Collins-Soper

reference frames

The results of the fit to the Axe corrected spectra are here shown for the chosen pr range. The fits were
performed in a simultaneous way in the two reference frames (Helicity and Collins-Soper), imposing a A constraint
Eqg. 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 (see Fig. B.18). As for the default approach

(used in this analysis), )\gs is eliminated, and it is expressed as Eq. B.2.
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Figure B.15: Polarization parameters determination with a simultaneous fit in 0 < pr < 2 GeV/c interval in both
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Figure B.16: Polarization parameters determination with a simultaneous fitin 2 < pr < 4 and 4 < pr < 6 GeV/c
intervals in both Helicity and Collins-Soper frames, imposing A constraint. The error bars are the statistical uncer-
tainties, the dash lines are the fits.

157



10° ° 10° ° 10°
- i | T T T T K T T T T T T ad | T T T T T T =
S SF auce S SF%,=-005+006 g ° hg = -0.03 %007
2] - o - - -
£ A5F pps=13Tev HELICITY S 45 HELICITY S 45 HELICITY
3 1 E F-— 3 £
8 6<pT<SGeV/c g g F ¥
B 35F sonar=17.54/23 k o 35F k o 35F k
8 3F E B 3 E 3 3 E
2 by =-030 £0.17 2 3
3 25F - S 25 - S 25F -
[s} o
b 2B E g B E g 2E P — E
x — e g S e
8 15F _ E PRRE] —F. PRRE] J E
E = "“:.-_-...-n_,._' == E ;d 1B E § 1B -
05 | 1 1 1 1 E 058, 1 1 1 1 1 Lo 05F 1 1 1 1 1 Loy
S sE T T T T T K § sET T T T T T | R ﬁ sET T T T T T T
2 a5f 2,=-010202 E S 45k 1,=-0.13£007 E = 45F 1,,=003+009 E
3 4F COLLINS-SOPER - 2 4E COLLINS-SOPER 4 2 4E COLLINS-SOPER -
S 5
3 35F - 3 35F - 3 35F -
ket - B
3E - 2 3k - 3F -
£ 4 4
8 25F = L 25F = 2 25 =
b 2F - 3 2F - 8 2B -
&= =
Y f [T E TR J—
8 % —4 . < =om &
B et ST E § E s § 1E E
05F L L L L L ¥ 05 -I L L L L L L ¥ 05k L L L L L L L ;
0 02 04 06 08 1 0 05 1 15 2 25 3 0o 1 2 3 4 5 6
|cos6| ol 9
- 10 - 10° © 10°
- i | T T T K T T T T T T T ad | T T T T T T T
S SF alce 3 SF%,-001:006 & OF i, --0042008
2] - o - -~ -
2 A5F ppfs=13Tev HELICITY S 45 HELICITY S 48 HELICITY
8 4.8<pT<15GeVIC i 5 E ¥ 5 M3 ¥
B 35F seinr=26.03/24 K o 35F K o 35F K
] 3 i . s . s E .
£ Ay =-0.23+0.14 2 3
S 25F - e 25 - 2 25F -
5 2F E S f=—t P 3 2F b i - PR
- = e ¢ o - r &
o 15F - w45k - w 45k -
< gy g, = 5 s
E —— . . 8 E 8 F f
_ oSk , , , , E o.sE E 05 E
S sETT T T T T E g 5 = § 5k t t t t t o
2 asf 1,=0172023 E S 45F 1,=-013007 f = 45F 2,,=00620.10 f
3 4F COLLINS-SOPER - 2 3 COLLINS-SOPER - £ . COLLINS-SOPER
8 s 4 s 4
3 35F E 8 35F E S 35F E
8  sf E 3 fF E 3 sf E
£ £ £
8 25f = 2 25F = 2 25F E
= 3 <]
) 2B - g 2B - :::) 2B -
x Ty =i e ——f— T
o 15F _ o w5k = e w45k EF R = -
e R it X i s — g 5
< E <
05F L L L L L ¥ 05 L L L L L L L ¥ 05 L L L L L L L ;
0 02 04 06 08 1 0 05 1 15 2 25 3 0o 1 2 3 4 5 6
|cos6| ol [

Figure B.17: Polarization parameters determination with a simultaneous fit in 6 < pr < 8 and 8 < pr < 15
GeV/c intervals in both Helicity and Collins-Soper frames, imposing A constraint. The error bars are the statistical
uncertainties, the dash lines are the fits.

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

ence 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 A 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 Fig. B.18. Good agree-

ment between the two techniques is observed, i.e. with or without imposing the constraint in the fit, assessing the
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goodness of the default approach.
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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 A constraint, the green points are estimated without
requiring the constraint. The red point results (default approach) were used in this analysis, which eliminated /\SS,
the blue point results were for the cross check, which eliminated \§S.

B.8 Systematic uncertainty estimation from signal extraction

The systematic uncertainty from the signal extraction contribution comes from the background shapes and the
fitting ranges. The backgound shapes are: variable-width Gaussian(VWG), the product of two exponentials (DExp),
or the product of an exponential and a power low function (Pol2Exp), and three fitting ranges are 5-14 (L), 6-13

(M), and 7-12 (H) GeV/c%.
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Figure B.19: Fit to the corrected spectra in 0 < pr < 2 and 2 < pr < 4 GeV/c intervals in both Helicity and
Collins-Soper frames.
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Figure B.20: Fit to the corrected spectra in
Collins-Soper reference frames.
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Figure B.21: Fit to the corrected spectra in 8 < pr < 15 GeV/c interval in both the Helicity and Collins-Soper
reference frames.
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Appendix C

Rivetization: charmonia production as a
function of charged-particle multiplicity in

pp collisions at \/s =7 and 13 TeV

C.1 An introduction to RIVET

The Robust Independent Validation of Experiment and Theory (RIVET) is a software tool used for event gen-
eration 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 [91] and Herwig [163, 164], to analyze their output.
RIVET provides a standardized framework for comparing theoretical simulations with experimental data, as shown
in Fig. C.1, which depicts how the RIVET framework connects experiment to theory. The diagram demonstrates
how the comparison between the outcomes of event generators and experimental findings creates a feedback loop
for the development of phenomenological models and the concrete event generator. The utilization of this feed-
back loop is extensive in the development of MC event generators [91, 165, 166], as well as their validation, and
tuning [167—-169].

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 [171] whenever it is available. Additionally, RIVET has the

163



Event Generated Rivet
generYSis
Direct
comparison
Experimental Observed Detector
setup events unfolding

Experimental
result

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].

capability to utilize any model that is integrated into an event generator capable of generating output that adheres
to the HepMC framework [172]. This allows for effective comparison of the generated data with experimental data.

A RIVET analysis typically includes the following main components, illustrated in Fig. C.2:

— 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()”.

project
fill

Analysis::analyze()

More s .
events? Analysis::finalize() —{Endj
! I
I I
: I
book objects
declare projections

(Start]—» Analysis::init()

normalize

Figure C.2: The execution flow of an analysis class. Figure taken from [170].
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C.2 Rivetization: J/i) production as a function of multiplicity in pp colli-
sions

The rivetization of J/1) production as a function of multiplicity in pp collisions at /s = 7 TeV has been studied.
The J/1) is measured at the forward rapidity (2.5 < |n| < 4.0) or midrapidity (|n| < 0.8). The multiplicity is measured
at the midrapidity (|n| < 1). This RIVET analysis utilized input from 60 million events that were generated using the

PYTHIA 8 event generator (Monash 2013) [167]. The main code "analyze(const Event event)” is shown in Fig. C.3.

/// Perform the per-event analysis
void analyze(const Event &event) {

int mult = 0;
// const double weight = event.weight();
const double weight = 1.;

const ALICE::PrimaryParticles& aprim = apply<ALICE::PrimaryParticles>(event, "APRIM");
for ( const Particle & : aprim.particles() ){

if(!p.charge()) continue;

++ mult;

_histMult>Fill(mult);
totalMult += mult;

string ufsString[nRap] = {"UFSMID", "UFSFWD"}

for(int iRap=0; iRap < nRap; ++iRap)ll

const UnstableParticles &ufs = apply<UnstableParticles>(event, ufsString[iRap] );
for (const Particle & : ufs.particles()) {
if (p.abspid() == 443 ) {
_histIpsiVsMultTmp[iRapl=>Ffill(mult);
totalJpsi[iRap] += weight;
}

Figure C.3: Main part of the code of the RIVET analysis.

The comparison between data and the RIVET results is presented in Fig. C.4. It can be seen that self-
normalized yield of J/¢ as a function of self-normalized multiplicity obtained in PYTHIA 8 with the RIVET framework
has same trend as observed in data. The same code was applied for the J/v) observed at midrapidity at a higher
colliding energy — 13 TeV. Except the Monash 2013 tune, the 4C tune was considered, as depicted in Fig. C.5. And
60 million events were generated by the PYTHIA 8 in this case.

Further effort is still required to study the multiplicity dependence of charmonia production using RIVET. If a
unified research framework can be established, one can attempt to extend this approach to the study of multiplicity
dependence for other particles (e.g. T). This would help to standardize research methods, making research results

more reliable and comparable.
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