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Resumo

A Cromodinamica Quantica (QCD) é o sector do Modelo Padrédo responsavel por descrever interagdes
entre quarks e gludes. Devido a natureza Unica, dentro do Modelo Padréo, da sua constante de acopla-
mento, calculos em QCD permanecem um desafio. Quarkonia, estados ligado de um quark pesado e o
seu respetivo antiquark, sao o caso de estudo mais simples para processos de formacao de hadroes,
sendo portanto as sondas ideais para uma melhor compreensao de QCD.

Nesta tese, estudamos uma das propriedades fundamentais de estados de quarkénio, a sua polari-
zacao, caraterizada experimentalmente pela distribuicdo angular dos seus produtos de decaimento.
Usando amostras de dados recolhidas pela experiéncia CMS em 2017 e 2018, correspondendo a uma
luminosidade integrada total de 103.3fb™*, medimos as polarizagbes de mesodes J/i) e ¢ (2S) prompt
e non-prompt produzidos em colisdes protao-protdo a /s = 13 TeV, usando o canal de decaimento
em dimu&o. O parédmetro de anisotropia polar no referencial de helicidade, \}*, € medido em fungéo
do momento transverso, pr, dos dois estados de charménio, no intervalo 25-120 GeV para J/i e no
intervalo 20—100 GeV para 1(2S). As medi¢des sdo comparadas com previsoes.

As polarizagdes non-prompt estao de acordo com previsdoes baseadas na hip6tese de que, acima
de um pr em volta de 25 GeV, estes estados sao predominantemente produzidos em decaimentos de
dois corpos de mesdes B. Os resultados prompt excluem definitivamente a expectativa da teoria de
polarizagdes transversas fortes (A\y =+1) para o intervalo de pr em estudo, que excede 30 vezes a
massa de J/i, dado the Ay tende para um valor assintético de 0.3 neste intervalo. Tomado em conjunto
com medigoes prévias do LHC para /s = 7 TeV, compativeis na regiao de pr de sobreposigao, Ay

prompt mostra uma variacao significativa com pr, a baixo pr.

Palavras-chave: cws, fisica, fisica de particulas, producdo de quarkénio, polarizagdo de
quarkénio






Abstract

Quantum Chromodynamics (QCD) is the sector of the Standard Model responsible for describing inter-
actions between quarks and gluons. Because of the unique nature, within the Standard Model, of its
coupling constant, calculations in QCD remain a challenge. Quarkonia, bound states of a heavy quark
and its respective antiquark, are the simplest case study for hadron formation processes, and so are the
ideal probes for a better understanding of QCD.

In this thesis, we study one of the fundamental properties of quarkonium states, their polarization,
characterized experimentally by the angular distribution of their decay products. Using data samples
collected by the CMS experiment in 2017 and 2018, corresponding to a total integrated luminosity of
103.3fb™!, we measure the polarizations of prompt and non-prompt J/ and v(2S) mesons produced
in proton-proton collisions at /s = 13 TeV, using the dimuon decay channel. The polar anisotropy
parameter in the helicity frame, AlIX, is measured as a function of the transverse momentum, pr, of
the two charmonium states, in the 25—-120 GeV range for the J/) and in the 20—100 GeV range for the
¥(2S). The measurements are compared with predictions.

The non-prompt polarizations agree with predictions based on the hypothesis that, above a pr of
around 25 GeV, these states are predominantly produced in two-body B meson decays. The prompt
results definitively exclude the theory expectation of strong transverse polarizations (Ay =+1) for the pr
range under study, which exceeds 30 times the J/) mass, as Ay tends to an asymptotic value around
0.3 over this range. Taken together with previous LHC measurements for /s = 7 TeV, compatible in the

overlap pt region, the prompt Ay shows a significant variation with pr, at low pr.

Keywords: CMS, physics, particle physics, quarkonium production, quarkonium polarization
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Chapter 1

Introduction

The Standard Model of Particle Physics (SM) was first formulated in the 1960s and provides a remark-
ably good description of particle physics. It is a quantum field theory based on an SU(3)xSU(2)xU(1)
gauge symmetry, relating elementary matter particles (quarks and leptons) with three fundamental
forces (the strong, the weak and the electromagnetic forces) [1, 2, 3, 4]. The SM was defined in its
modern form with a final addition in the form of the Higgs mechanism, introducing a new field, the Higgs
field, that gives mass to all elementary particles through spontaneous symmetry breaking [5, 6, 7].
Decades of experimental observations support this theory, culminating with the discovery of the Higgs
boson, in 2012, considered up to that point the last “missing piece” of the SM [8, 9]. Despite some
shortcomings of the theory, irrelevant for the topics addressed in this thesis, the SM is considered an

incredible success in the description of the interactions of elementary particles.

Quantum Chromodynamics (QCD) [10] is ruled by the SU(3) symmetry of the SM and describes the
strong interaction between quarks and gluons, its mediating bosons. Colour, the charge associated with
the strong force, is only present in these two types of particles, and this force binds the quarks into nucle-
ons, and the nucleons into atomic nuclei, forming the basis of most visible matter. Calculations in QCD
can only be performed in specific conditions, as the “running” strong coupling constant o [11, 12] limits
the possibility to perform perturbative calculations as an expansion in orders of the coupling constant,
an approach that allows the majority of calculations in the electroweak sector. In QCD, perturbative cal-
culations are only possible for “hard scattering” processes, involving high momentum transfers at short
distances for which «, is small. In the opposite conditions, the realm of “soft QCD”, the expansion in

powers of a,; breaks down and the perturbative approach is no longer viable.

Processes leading to the formation of QCD bound states are characterized by low momentum trans-
fers [13, 14], so that they are difficult to access with perturbative QCD calculations. This issue can be
mitigated in cases where only heavy quarks are involved, particularly charm and beauty quarks, as is
the case for quarkonia: QCD bound states of a heavy quark and its respective antiquark. In this case,
the heavy masses of the b and ¢ quarks are conjectured to lead to a separation of the quarkonium
production into two separate steps, occurring at two distinct time scales. The first step, the creation

of a quark-antiquark pair QQ, is governed by short-distance parton-level strong interaction processes,



calculable within perturbative QCD. It is followed by the subsequent hadronization: the formation of the
bound quarkonium state from the QQ pair, under long-distance strong interactions that are ruled by

non-perturbative QCD.

Despite the remaining presence of non-perturbative processes in quarkonium production, this fac-
torization hypothesis allows for the calculation of measurable observables, and is the basis for the non-
relativistic QCD (NRQCD) factorization approach [15]. NRQCD is an effective field theory, under which
the initial perturbative step consists of the production of a QQ pair, or “pre-resonance”, which can have
several different values of spin, angular momentum and colour (singlet or octet) eigenstates. In a second
step, this QQ state undergoes a transition to the final hadron (such as, for example, a J/) meson). The
probability that the QQ pre-resonance is in a certain quantum state is given by the Long-Distance Matrix
Elements (LDMEs), which are considered to be constants, independent of kinematics. LDMEs cannot
be calculated perturbatively, and direct calculations using, for example, lattice QCD, remain out of reach.
Thus, in the current approach of NRQCD, they are determined from fits to experimental data: several
experimentally accessible physics observables are sensitive to the value of the LDMEs, so that their

theoretical calculations, compared with data, can be used to determine the value of these constants.

The most important of these observables are the quarkonium production cross sections and the
quarkonium polarizations. Cross section measurements at the Tevatron experiments [16, 17, 18, 19] and
their incompatibility with models considering only colour-singlet contributions to quarkonium production
lent support to the NRQCD approach, which included colour-octet terms [20]. However, the polarization
measurements performed at these experiments [21, 22, 23] showed results that were in stark contrast
with NRQCD predictions [24] and, more concerningly, mutually inconsistent. This came to be known as
the “quarkonium polarization puzzle”. An updated methodology for polarization measurements, avoiding

ambiguity in the measurements, has since been developed [25, 26, 27, 28, 29, 30].

The Large Hadron Collider (LHC) physics program has allowed for several quarkonium cross section
and polarization measurements, taking advantage of its high statistics and collision energy /s. Po-
larization measurements in particular, using the updated, robust methodology, show no more signs of
inconsistencies or mutual incompatibility, though they continue to be at odds with NRQCD predictions. A
series of phenomenological studies have been done, using the available measurements [31, 32, 33, 34],
finding that it is indeed possible to reconcile the measured polarization values with the NRQCD frame-
work, although the experimental results for quarkonium production draw a picture of striking simplic-
ity and apparent universality, contrasting with the complexity and necessary precise cancellations of
NRQCD terms to reproduce it. These and other studies present the polarization dimension as uniquely
positioned to test the validity of NRQCD or precisely constrain its parameters.

Currently available quarkonium polarization measurements are mainly of S-wave states, showing
weak polarization with no apparent pr dependence [35, 36, 37, 38, 39]. However, the large uncer-
tainties associated with such a complex measurement, requiring the evaluation of unbiased angular
distributions, make it impossible to determine conclusively whether the polarization is zero or merely
small, and whether it is truly pr-independent. Because of these uncertainties, the potential of polar-

ization measurements to challenge the theory or provide unique constraints is severely limited. It is



necessary to obtain new polarization measurements, using the much higher statistics of the subsequent
data-taking periods of the LHC experiments, which can both extend the pr range of the measurements
and reduce their uncertainties so that any pr dependence and deviation from zero can be probed.

This thesis aims to provide such a measurement, particularly of the charmonium S-wave states J/i
and ¥(2S), produced both promptly and non-promptly. The polarization measurement is performed for
data collected by the Compact Muon Solenoid (CMS) in 2017 and 2018, in pp collisions at /s = 13 TeV.
This is a much larger sample than the one collected in 2011, at 7 TeV, which was used for the previous
CMS measurement of the prompt J/ and v (2S) polarizations [37], and achieves unparalleled precision
in a measurement of this type. The measurement reported in this thesis has been published in Ref. [40].

A brief description of quarkonium properties and production is provided in Chapter 2. Quarkonium
polarization is approached in particular detail, presenting the physical quantities relevant to its measure-
ment. The main recent experimental results of quarkonium production and polarization are presented,
as well as the status of NRQCD calculations and selected phenomenological studies devoted to these
topics.

Chapter 3 is dedicated to the experimental setup, with descriptions of the LHC accelerator and of the
CMS detector, focusing on the components that are most relevant for the study of quarkonium production
and polarization.

In Chapter 4, the event selection criteria are presented. The measured and simulated event sam-
ples are characterized, before and after applying the selection criteria, and the final event yields and
variable distributions are shown, including extensive comparisons between the measured and simulated
distributions, for the validation of the Monte-Carlo simulation.

The quarkonium polarization measurement procedure, as well as the corresponding results, are
given in Chapter 5. Here are described the steps required to correct for detection acceptance using the
simulated events, subtract the background contamination in the measured samples, and obtain the final
polarization parameters from the corrected angular distributions.

Chapter 6 is devoted to the description and evaluation of possible sources of systematic uncertain-
ties, some of them seen to be negligible and others contributing to the final result.

Chapter 7 reports the final results, including all relevant uncertainties, and shows comparisons with
past measurements and theory predictions.

In this thesis, natural units are used, with 4 = ¢ = 1. Thus, energy, mass and momentum are all

given in units of eV, or rather the multiples MeV, GeV and TeV.






Chapter 2

Quarkonium physics

Quarkonia are bound states of a heavy quark and its antiquark, bound by the strong force. These
mesons can be formed for two flavors of heavy quark, giving rise to the charmonium (charm and an-
ticharm pair) and bottomonium (bottom and antibottom pair) families. Such a bound state cannot be
formed in the case of the top quark and its antiquark, as the high mass of these particles means that
they decay through the electroweak interaction before a bound state can form.

The first charmonium meson was discovered in 1974 [41, 42]. The discovery was made indepen-
dently by two research groups, one at the Stanford Linear Accelerator Center and one at the Brookhaven
National Laboratory, the former naming the particle J and the latter «. Ultimately, the particle became
known as J/. The first bottomonium meson, T, was discovered soon after, in 1977 [43]. Due to their
unique position as probes for Quantum Chromodynamics (QCD) and hadron formation, they have been
the focus of continuous study since then, with the discovery of an extensive spectrum of states and the

measurement of their respective properties.

2.1 Quarkonium spectrum

The members of each of the two quarkonium families occur in many different quantum states, char-
acterized by the quantum numbers describing the angular momentum L, the spin S, the total angular
momentum J = S + L and the principal quantum number N. The resulting configurations are described
with the notation J¥¢, with parity P = (—1)L*+! and charge conjugation C = (—1)X*9, or using the
spectroscopic notation N25+1L ; [44].

Figures 2.1 and 2.2 illustrate the structure of the charmonium and bottomonium systems, respec-
tively, showing a subset of the quarkonium states relevant for this thesis and of the decays that occur
within each family. Decays between families, of the form bb — c¢, are negligible [44]. The figures are
restricted to CP-even states, J*+ and J~—, with masses below the open charm and open bottom thresh-
olds. The CP-odd 0~ (5. and =) and 17~ (h. and h;) states are not discussed in this thesis, and thus

not included.
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Figure 2.1: Charmonium spectrum of CP-even states below the open charm threshold and decays,
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The spectra can be divided into two main categories, known as the “S-wave” states (L = 0) and the
“P-wave” states (L = 1). In the subset of states considered, the S-wave states are the J”¢ = 1~ vector
mesons, which for the charmonium consists of J// and its radial excitation ¢ (2S). These two states are
referred to collectively as (nS) states (n = 1 or 2). For the bottomonium, the S-wave states are the
T(15) and its radial excitations T(25) and Y(35), collectively known as Y(nS). The P-wave states are
the JP¢ = J*+* pseudo vector mesons x.;(1P) (often x., for simplicity) and x;(1P), which occur in
triplets corresponding to J = 0,1, 2. For the bottomonium, there are also the radial excitations x;;(2P)
and x,.(3P).

Experimentally, the most important decay modes for the S-wave states are the dimuon decays
¥(nS) — pp and T(nS) — pp. For the P-wave states, the radiative decays, x.; — Ji + v and
Xos(nP) = YT(mS) +~ (n > m), are the most used. Existing measurements of particle masses, full
widths, decay modes and corresponding branching fractions are listed in detail in Ref. [44].

Charmonium masses range from 3097 MeV, for the J /i, to 3686 MeV, for the »(2S), and bottomonium
masses from 9460 MeV, for the T(15), to 10524 MeV, for the x2(3P). As to the full widths, for the S-
wave states they are small compared to the experimental measurement resolutions. For the y.; states,
this is not the case, with widths of 10.8, 0.84 and 1.97 MeV for J = 0, 1, 2, respectively, while the widths
of the x,.7(nP) states are yet to be measured.

The decay times of the S-wave states are of the order of 1072'-1072° s. In the case of the P-wave
states, for which we only have measurements for the charmonium, the decay times are of the order
of 10723-10-22 s. This means that the quarkonium states only travel average distances of the order
of femto- or pico-meters before they decay, and thus all quarkonium decays are classified as quasi-
instantaneous or “prompt” (PR) decays.

Quarkonium states measured experimentally are a mixture of directly produced quarkonia and prod-
ucts of the decays of heavier states, as illustrated in Figs. 2.1 and 2.2, which are called “feed-down
decays”. Due to the short decay times of quarkonia, it is not possible to experimentally separate the
two contributions. In principle, this would be possible by reconstructing all decay products of the heavier
states, but such an approach is not typically feasible in the experimental conditions of hadronic collisions.

The experimental measurements of S- and P-wave states are therefore limited to the measurement
of properties of the prompt components, including both direct and feed-down contributions. However,
with measurements of the properties of the contributing feed-down states and with knowledge of the
“feed-down fractions”, which define the relative contribution of each production channel of the prompt
samples, it is possible, a posteriori, to disentangle the properties of the directly produced quarkonium
states and obtain constraints or predictions for unmeasured properties. The highest mass states of
each family, ¢ (2S) for the charmonium and ;. (3P) for the bottomonium, are considered to be free of
feed-down decays, so that their respective prompt samples are composed entirely of directly produced
quarkonium states. The corresponding measurements are thus especially important, providing essential
information for the study of the feed-down chain of each family and allowing for a direct comparison with

model calculations.

In the case of the charmonium family of states, in addition to the prompt component there will be a



“non-prompt” (NP) contribution, consisting of feed-down decays of b-hadrons, which must be taken into
account. These hadrons have average decay times of the order of 10~!2 s [44], allowing them to travel
distances of a few 100 um between production and decay. Experimentally, non-prompt charmonia can

be distinguished from prompt using this displacement, as will be detailed in Chapter 3.

2.2 Quarkonium production

Heavy quarkonium states are the ideal probes to study QCD and hadron formation due to their simplicity
and symmetry as a bound state of a quark and its antiquark, as well as the heavy masses of their
component quarks mg that cause them to fall under the study of both perturbative and non-perturbative
QCD [13].

The basic concept that drives all theoretical studies to understand quarkonium production is the
assumption that the production of any quarkonium state can be factorized in two parts: the production of
an initial QQ pair and its subsequent hadronization, forming the final bound state. The first part meets
the conditions for perturbative calculations, involving momentum transfers of the order of mq, and can
thus be studied theoretically. This is not the case for the second part, which falls in the non-perturbative
realm of QCD.

In quarkonium production, the states can be treated as approximately non-relativistic systems. This
is due to the large masses of the charm and bottom quarks, and the resulting relative quark velocity
v in the bound state: v? ~ 0.3 for the charmonium and v? ~ 0.1 for the bottomonium. Due to the
relatively small values of v, the scales for the two factorized steps of quarkonium production are distinct:
the production of the Q@ pair is associated with a scale of m, while the formation of the bound state
involves the smaller dynamical scales mqv, the momentum of the pair, and mqv?, its binding energy.
The time scale of each step is proportional to the inverse of these values, so that they will be well
separated if 1/ (mqv?) > 1/ (mqv) > 1/mq [15]. The intuitive expectation is that, in these conditions,
which are well fulfilled for bottomonium states and reasonably well for charmonium, the short-distance
and long-distance effects can indeed be separated. This is not the case for all hadrons, where the time
scales could have a negligible separation. Therefore, quarkonium production stands out, providing a
unique opportunity to study hadron formation and dynamics involving the long-distance strong force.

Full QCD calculations of quarkonium production observables can only be performed for the pertur-
bative part of the production, in increasing powers in «, according to computational capabilities. For
the non-perturbative step, the formation of the quarkonium bound state, perturbative approaches are
invalid. Numerical lattice calculations could in principle be performed, but this extremely complex and
computation-intensive approach is not, currently, the main avenue of study.

Given these limitations, calculations for quarkonium production have to rely on certain assumptions
and approximations, and this is where most models discussed nowadays differ. Of the models available,
the Non-Relativistic QCD (NRQCD) factorization approach is widely considered the most sound theo-
retically and most successful in reconciling data and model calculations. Other theoretical models under

discussion are, for example, the Colour-Singlet Model (CSM) [45, 46], which can be considered a special



case of the NRQCD approach, and the Colour-Evaporation Model (CEM) [47, 48]. In the following, the
NRQCD factorization approach will be the focus of discussion, while other models, including some not

mentioned here, can be studied in reviews such as Refs. [13, 49] and references therein.

2.2.1 Non-Relativistic QCD Factorization

NRQCD is an effective field theory first introduced in 1995 [15]. It relies on the assumption that quarko-
nium production can be factorized into two steps: the production of the initial QQ pair and the formation
of the bound state. In the framework of NRQCD, the production cross section of a quarkonium state thus

becomes a linear combination of the form
0(Q) =) §[QQn)] - 0%(n). (2.1)

This formula is composed of two elements: the short-distance coefficients (SDCs) S [QQ(n)], de-
scribing the perturbative production of the QQ pre-resonance in a quantum state n = 2SHL[ ] , Where
C is the colour multiplicity; and the long-distance matrix elements (LDMEs) O<(n), describing the non-
perturbative evolution of the QQ in state n into the bound quarkonium Q in its characteristic state. Each
term in this sum, referred to as a “partial cross section”, gives the contribution of a particular QQ state
n to the production of the final quarkonium state, with the sum of these terms running over all possible
intermediate configurations of n, including colour-singlet (C = 1) and colour-octet (C = 8) configura-
tions. In this formalism, it is thus possible to have intermediate unphysical colour-octet QQ states, which
transition to a final physical colour-neutral quarkonium bound state via the non-perturbative emission or

absorption of soft gluons. This process is illustrated in Fig. 2.3.
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Figure 2.3: lllustration of quarkonium production according to the NRQCD factorization hypothesis: the
perturbative production of an initial QQ pair, possibly coloured, and the subsequent evolution into a
colour-neutral bound quarkonium state via the non-perturbative emission of soft gluons [50].

Despite this approach being widely used, there is not yet a complete proof of factorization. A dis-
cussion of the difficulties in establishing NRQCD factorization can be found in Ref. [13], with the issue

hinging on establishing that the LDMEs are universal. A first step was achieved in 2005, when it was



shown that this was the case through two-loop order [51, 52].

The SDCs and LDMEs

The SDCs can be calculated perturbatively, as an expansion in powers of «;. They represent the sum
of the partonic cross sections that contribute to produce a QQ pair in the state n, convoluted with the
parton distribution functions. The SDCs account for the full kinematic dependence of the process, and
are the only process-dependent contribution to the cross section ¢(Q). Each individual SDC must not
necessarily take physical values or be observable on its own. In fact, both the SDCs and LDMEs are
unphysical constructs and take on meaning only as contributions to a final physical quantity. Additionally,
only the product of SDC and LDME is relevant in comparisons with experimental measurements: if one
changes the computation of a given SDC, in perturbative QCD, one needs to change the corresponding
LDME.

The LDMEs behave as the relative weights of the SDCs in Eq. 2.1: they can be interpreted as the
probability of each intermediate QQ in state n to form a given quarkonium state Q. They are constants,
kinematics- and process-independent, and vary only according to the initial state »n of the pre-resonance
and the final quarkonium state ©. The LDMEs are not calculable with currently available techniques,

and are instead estimated by fits to experimental data, as will be explored in more detail in Section 2.4.

Velocity scaling rules

In principle, one would have to sum over all configurations of n, an infinity of terms, in order to obtain
the final value of o(Q). However, the LDMEs follow certain hierarchies, or “velocity scaling rules”, which
estimate the relative size of each LDME in powers of the heavy-quark velocity v, so that the NRQCD
factorization formula is in fact a double expansion in powers of v and powers of «,. Several slightly
differing velocity scaling rules exist in the literature. Table 2.1 summarizes the most important states
n for the S-wave 17~ and P-wave J*™* states, showing their expected suppression in powers of v,

according to a common definition [53].

Swave (1) | 189 35 1p spl@ splel 1
Colour-singlet (C =1) | % 1 v8 V8 v8 V1?2
Colour-octet (C = 8) vt v V8 v v8 v1?

P-wave (J*+) 1S([)C] 3S£C] 1P1[C] SPEC] 3D[JC] 1D£C]
Colour-singlet (C =1) | ¢ v p10 v?2 v1o 10
Colour-octet (C = 8) v v? v v V8 p10

Table 2.1: Expected scaling of the LDMEs of each pre-resonance state n, in powers of v, for S- and
P-wave final quarkonium states [53]. The LDMEs considered for calculations are outlined in bold.

In the observed non-relativistic regime of large m¢ and small v, higher powers of v will be increasingly
suppressed, and the sum can be truncated at a fixed order in v, resulting in only a small number of

dominating terms contributing to the linear combination for each Q state. There is a possibility that
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LDMEs that are suppressed by higher powers in v could still lead to significant contributions to the final
state when their corresponding SDCs take large values. The standard approach, taking all factors into
account, is to include in the sum of Eq. 2.1 all states with velocity scaling up to v*. This approach is well
justified for bottomonium states, due to their small v, but the hierarchy might be more difficult to constrain
for charmonium, with its larger v.

Under these considerations, the main contributions for S-wave states will be the intermediate states

85 1908 3508 and 3Pl For P-wave states, the main contributions will be ® P!'l and 351%.

Colour-Singlet Model

From a purely theoretical perspective, the contribution to S-wave quarkonium states that is scaled by
the lowest power of v is the colour-singlet QQ pair with state n identical to that of the final quarkonium:
the 35;” intermediate state. In the limit of small velocity, only this term is considered, and the framework
that has been described reduces to the simpler Colour-Singlet Model (CSM). In this model, the quantum
state of the pair does not evolve between its production and its hadronization, neither in spin nor in
colour. In this way, it can be considered a special case of the NRQCD factorization framework, obtained
when Eq. 2.1 contains only a single colour-singlet intermediate state, the 3S£1] for S-wave states and the
3 pl!) for the P-wave.

Due to the simplicity of the transition of the intermediate QQ state into the quarkonium state in this
case, with no alteration in quantum numbers or non-perturbative emission of soft gluons, the LDMEs
for these colour-singlet states can be calculated with high precision, and determined experimentally
through the measurement of the decay widths of quarkonium states, leading to a model with no free
parameters [13]. While this framework works well, from a theoretical perspective, for the S-wave states,
in the case of the P-wave states, considering only the colour-singlet states leads to infrared divergences.
Adding the colour-octet terms to the sum resolves this issue.

The ability of NRQCD and the CSM to describe experimental results will be discussed further in
Section 2.4. Before this can be done, another important observable must be introduced: the quarkonium

polarization, which is the subject of Section 2.3.

2.3 Quarkonium polarization

The discussion in this section focuses on S-wave quarkonia, which are vector states of the form 17—,
and particularly on the two-body lepton decay Q — ¢7¢~ of these states. Both experimentally and
theoretically, this decay channel provides the cleanest way of measuring quarkonium production yields
and polarizations. The polarization of x states is mentioned briefly, for completeness.

An S-wave quarkonium state can be observed in three eigenstates of J,, the angular momentum
component with respect to a quantization axis z: J, = 0, £1. The state will be considered polarized, with
respect to the axis z, if it is dominantly observed in one of these states, and unpolarized if it is found
in each eigenstate with equal probability. These particles are said to be “transversely” polarized when

J, = £1 and “longitudinally” polarized when J, = 0 [29].
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In two-body decays, the shape of the angular distribution of the two decay products (emitted back-
to-back in the quarkonium rest frame, so that only one needs to be studied) reflects the polarization
of the quarkonium state. An isotropic (spherically symmetric) distribution corresponds to unpolarized
quarkonium production, while the decay of a polarized state will lead to anisotropies shaping the angular
distribution.

In order to measure this distribution, it is necessary to define a coordinate system, and then to define
the momentum of one of the two decay products with respect to it, in spherical coordinates. In inclusive
quarkonium measurements, the directions of the two colliding beams provide the physical reference for
the coordinate system, by making the plane containing the momenta of the colliding beams (called the
“production plane”) define the zz plane, so that the y direction is perpendicular to it. The polar angle
is determined by the direction of one of the two decay products with respect to the chosen polar axis
z, and the azimuthal angle ¢ is measured with respect to the production plane. These definitions are
illustrated in Fig. 2.4.

z
quarkonium I
rest frame
5 +
production \19
plane —,

X K»a

@ \y

Figure 2.4: The coordinate system used to define 9 and ¢ of the decay product (in this case the ¢*) in
the quarkonium rest frame. The y axis is perpendicular to the production plane and the z axis can be
defined in different ways, depending on the selected convention [29].

production plane y

b, f b, A
/
b /

Q collision
centre / quarkonium
/ of mass / rest
/ frame / frame

Figure 2.5: lllustration of the two definitions of the polar axis z given in the text, Collins—Soper (CS) and
helicity frame (HX), with respect to the directions of motion of the two colliding beams (b; ) and of the
quarkonium (Q). Adapted from Ref. [29].
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The definition of reference frame is not unique, with more than one convention for the orientation of
the polar axis being used in measurements, each with its own physical motivation. Two of these are
illustrated in Fig. 2.5. The helicity frame (HX) uses the flight direction of the quarkonium in the centre
of mass (CM) of the colliding beams, which translates to the opposite of the direction of motion of the
interaction point in the quarkonium rest frame. The Collins—Soper (CS) frame [54] uses the bisector of
the angle between one beam and the opposite of the other. When the quarkonium is produced at high
transverse momentum pr and negligible longitudinal momentum py, (both defined relative to the beam

axis), these two frames differ by a rotation of 90° around the y axis.

The angular decay distribution of a vector state can be calculated from basic quantum mechanical
considerations, imposing helicity conservation for massless fermions at the photon-dilepton vertex of the
dilepton decay. Using the appropriate rotation matrices to perform a change of quantization axis that
introduces the angles ¥, ¢, one obtains [29]

W (cos 1, <p|X) = (14 o cos® ¥ + A, sin® 9 cos 2¢ + Ay, sin 20 cos ©), (2.2)

3
BT M)
where X = (Av, Ap, Aoy are the three “anisotropy parameters” or “polarization parameters” that charac-
terize the distribution. The parameter Ay describes the polar anisotropy of the decay, A\, the azimuthal

anisotropy, and Ay, the change of the azimuthal anisotropy as a function of the polar angle.

The polar anisotropy parameter Ay is positive for transverse polarization, and negative for longitu-
dinal, taking the value +1 (-1) for a fully transverse (longitudinal) polarization. The unpolarized case
is characterized by the set of polarization parameter values X = (0,0,0). It should be noted that the
obtained definitions of the A parameters as functions of the decay amplitudes of Q is such that no con-
figuration results in the unpolarized case: the angular distribution of a J = 1 state is never intrinsically
isotropic, although a specific superposition of different production processes could still lead to a precise

cancellation of all decay parameters [29].

In the case of n contributing production processes, each with a relative weight (9, the most general

observable distribution takes the form

W(cost, p) = Z FOWD (cos v, @)
i=1 (2.3)
1

x 370w (1 + Ay cos? 9 + Ay sin? 9 cos 2¢ + Ay, sin 29 cos ap) ,
9

where () (cos 9, ) is the decay distribution corresponding to a single subprocess, as defined in Eq. 2.2.
Each of the three observable parameters X = Ay, A\, and Ay, is a weighted average of the correspond-

ing parameters X () of each subprocess,

=1 3+>\597')

X = s IO
=1 312

(2.4)

This sum rule is useful for calculations considering feed-down decays, used when combining the
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angular distributions of the different contributions. It is also useful in the addition of the polarizations of
the individual colour channels in NRQCD calculations.

Just as it was observed that the definitions of the A parameters as functions of the decay amplitudes
of O mean that the case X = (0,0, 0) is impossible, other conclusions can be derived from these defini-
tions. In particular, a set of inequalities called the “positivity constraints” [28], obtained in this way, define

the allowed regions for the decay angular parameters, as shown in Fig. 2.6, in grey.

1

Y
~<
0.5
any g/Y
fromx, : ®
0.5
from x, : <
1 05 0 0.5 1
Ay
1 1
S S
< <
0.5 0.5
0 0-
05 051
A . . : R : : :
4 05 0 05 1 1 0.5 0 05 1
Ay A,

Figure 2.6: Allowed regions for the A parameters of vector states of any origin (grey) and of x; (dark
blue) and x- (light blue) daughters in radiative decays [30].

2.3.1 Polarization of y states

The measurement of the P-wave quarkonia is experimentally more challenging. The radiative decay
Q’Pr — Q1 4 ~ requires, in principle, both the information on the lepton pair from the QS — ¢+¢-
decay and on the photon, which can be difficult to reconstruct and measure reliably. Despite these
difficulties, the polarization of the x states is an important ingredient in the understanding of S-wave
polarization patterns, due to the feed-down chains in each of the quarkonium families and the fact that, as
mentioned previously, S-wave state measurements don't typically distinguish between directly-produced
states and those resulting from the decay of higher-mass states.

In the most straightforward approach, this measurement would consist of determining the angular
distribution of the Q"5 +  system in the Q7 rest frame. This would require reconstructing the photon
very precisely, in terms of kinematics and detection efficiencies, in order to have reliable results. In

current detectors, the associated experimental uncertainties would most likely be dominant. However, it
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has been shown in Ref. [30], through a rigorous calculation of the angular distributions of the two-step
decay, that, at high enough total dilepton momentum, the angular distribution of the Q9’51 s - decay
in the Q’5' rest frame is identical to that of the @’ — Q51 + ~ decay in the Q’F” rest frame. This
approximation introduces a negligible bias for the momentum ranges accessible at the LHC experiments,
so that a x polarization measurement using LHC events can be done (as for the S-wave states) by
measuring the angular decay distribution of the dilepton decay, requiring only the identification of an
additional photon originating from the dilepton vertex such that the QS 4+ ~ system has an invariant
mass compatible with coming from a Q’Fi decay.

As for the S-wave states, the positivity constraints for the P-wave states can be derived from the
definitions of the A parameters, determining their allowed regions. These are also shown in Fig. 2.6, in

dark and light blue for the J = 1 and J = 2 states, respectively.

2.3.2 Frame dependence of the polarization measurement

One concept relevant for the discussion ahead is the “natural” polarization axis or frame. When a quarko-
nium state is produced, it acquires its polarization with respect to this natural frame. In an experimental
context, this frame varies event-by-event, depending on the momentum of the produced 9, and only
the resulting superposition of many distributions can be measured, but the frame closest to the natural
frame will be the one providing the smallest value of A, and \y,," and the largest |\y| [25].

Assuming that a measurement is performed in the natural frame, one might be tempted to limit it to
the most significant parameter, \y. However, if this assumption is incorrect, the resulting measurement
is imbued with ambiguity. This is illustrated in Fig. 2.7, showing two reference frames for each of two
polarization scenarios J, = +1 and J, = 0. The distributions a) and c) correspond to the case where
J. = %1. In the natural frame, given in a), a polarization measurement will obtain Ay = +1 and A, =
Mg, = 0. However, in a frame corresponding to a rotation of 90°, given in c), the new A parameters will
be Ay = —1/3 and X{, = +1/3. In a similar way, for /. = 0, in the natural frame shown in b), Ay = —1
and )\, = Ay, = 0, but in a frame rotated by 90°, shown in d), A\j = +1 and A{, = —1 [29].

This means that, in the first case, an improper choice of frame of reference could “transform” a fully
transverse polarization into a mixture of processes resulting in 50% transverse and 50% longitudinal
natural polarization (for which \y = —1/3, according to Eq. 2.4), if one only considers the Ay parameter
and assumes A, = Ay, = 0. In the second case, a fully longitudinal polarization would be measured
as fully transverse. Recalling that the HX and Collins—Soper frames differ by 90° when pt > p;,, this
example reproduces the hypothesis that the quarkonium is naturally polarized along one frame and
measured along the other, illustrating perfectly that a measurement consisting only in the determination
of \y is inherently incomplete.

This is only the “simplest” way in which the choice of reference frame impacts measurements. In

reality, rather than determine a single polarization value, measurements are performed over a range of

"Physically, As, = 0 corresponds to aligning the axes of the frame along the principal symmetry axes of the polarized angular
distribution.
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Figure 2.7: Graphical representation of the dilepton decay distribution of fully transverse (top) and fully
longitudinal (bottom) quarkonium, in the natural frame (left) and in frames rotated by 90°. The probability
of the lepton emission in one direction is represented by the distance of the corresponding surface point
from the origin [29].

kinematic variables such as quarkonium momentum p and rapidity y, the latter defined as

1 E+pr

with E the particle energy. The rapidity expresses the direction of the particle with relation to the beam,
and the particle is considered to have “central” rapidity when |y| < 1, as opposed to “forward” or “back-
ward” rapidity when |y| takes larger values and y is positive or negative, respectively.

In this range, kinematic dependences will emerge naturally as a result of the varying relative weights
of the individual processes contributing to the quarkonium production. These can be considered “in-
trinsic” kinematic dependences and are physically meaningful. However, considering once again the
case of the HX and Collins—Soper frames being the experimental and natural frames, or vice-versa,
the angle between the two polarization axes will vary as a function of the quarkonium momentum, so
that a natural polarization with no intrinsic kinematic dependence will appear to be pr-dependent when
measured, introducing an “extrinsic” kinematic dependence, one that is fully induced by experimental
limitations [29]. Many other systematic effects can also affect the measurement and cause an extrinsic
kinematic dependence, such as detector geometry or data selection constraints, as well as the incorrect

subtraction of background processes.
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These considerations motivate the use of a frame-invariant approach. Since the polarization axis
z is defined within the production plane in all experimentally definable configurations, any two polar-
ization frames differ only by a rotation around the y axis. While the angular distribution will remain
physically unchanged, the measured polarization parameters A will vary as a function of the rotation
angle 6. Based on these frame-transformation relations, one can find frame-invariant quantities, defin-
able in terms of the Ay, A, and Ay, parameters [29]. These quantities are, by definition, immune to the
extrinsic kinematic dependences that affect the measurement, and will therefore be less sensitive than
the standard anisotropy parameters to differences in kinematic conditions between measurements. One

frame-invariant parameter commonly used is

<A 3\
3= % (2.6)
which is +1 for any fully transverse shape and -1 for any fully longitudinal shape. In the case of multiple
contributing processes, each polarized along its respective polarization axis, the resulting X will represent
a weighted average of the polarizations, unaffected by the orientations of the corresponding axes.
Aside from providing physics information, the X parameter can also be an experimental cross-check.
By comparing the parameter in several frames, one can evaluate the level of systematic errors not

accounted for in the analysis.

2.3.3 Polarization of non-prompt charmonia

A non-prompt (NP) sample, identified using the displacement between production and decay of the
parent b-hadron as mentioned in Section 2.1, can be analyzed in the same way as the prompt case,
resulting in a measurement of non-prompt quarkonium polarization. However, the interpretation of this
measurement is not as straightforward. Reference [55] explores the necessary considerations, focus-
ing on the case of the NP J/), which contributes significantly to the inclusive J/i) sample in the LHC
kinematic conditions and is mostly due to B meson decays.

A J/p produced from a decay of a B meson, B — J/i) + X, where X can be a particle or a multi-body
system, is polarized intrinsically along the direction of its emission in the B rest frame. Given that the
X product is usually undetected, however, the B kinematics cannot be reconstructed, and the B rest
frame is unavailable. A measurement performed in the J/ rest frame, instead, will result in a smeared
polarization: the polarization axes vary with respect to each other for each event and the resulting
measurement is of unpolarized J/p.

In practice, the measurement using J/i» kinematics impacts the decay distribution further, as cuts in
the dilepton kinematic variables will sculpt the (unmeasured) B distributions, so that the smearing will
no longer be spherically symmetrical. This results in a visibly anisotropic decay angular distribution of
the J/i) state. Further, the nature of the X product will impact the polarization as well. In the “two-body”
case, where X is a kaon or similar light particle of J(X) = 0, the J/ is fully longitudinally polarized along
its direction of production. The complementary “multi-body” case congregates all other decays, where

X is a system of particles, or J(X) # 0, or the JA) is produced in a feed-down decay from a heavier
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quarkonium state. In the former case the smearing is less severe than in the latter, where the natural
polarization is smaller and the smearing has a stronger impact, resulting in a measured polarization of
much smaller magnitude.

The two complementary decay topologies considered are further distinct in terms of the J/) pro-
duction process. While the two-body case is dominated by singlet production, through the interme-
diate colour-singlet state 3SP], the multi-body case should include contributions from colour-octet QQ
states [56, 57, 58]. Understanding the relative weight of each decay topology can thus provide informa-

tion on the charmonium production mechanism.

2.4 Agreement between theory and data

Quarkonium physics, due to its complex nature, has had a troubled history both on the theoretical and
the experimental side. While enormous progress has been made in resolving disagreements and incon-
sistencies, some of these issues affect the field to this day. As such, it is useful to offer a short overview
of the chronological developments in the field of quarkonium production, from the pre-LHC era to the

current LHC results, and the accompanying developments in the theory.

The CSM, briefly mentioned in Section 2.2, was the first model to gain prominence in the aftermath
of the first quarkonium measurements in the 70s [41, 42, 43]. With the ability to calculate quarkonium
production cross sections with no free parameters, the CSM was successful in predicting quarkonium
production rates at relatively low energy [59], although experimentally measured cross sections at in-
creasing energies were found to be significantly higher than the predictions [60, 61]. As the measure-
ments covered higher values of pr [17] with no improvement in agreement with theory, the possibility
of unaccounted-for non-perturbative effects causing this difference had to be discarded and the dis-
crepancy acknowledged. It was particularly alarming for the (2S), which was unaffected by feed-down
decays, so that its (direct) measurement should coincide with the theory predictions, with no unknown
contributions affecting the experimental result. Instead, the CSM predictions underestimated the ob-
served yields by a factor of 40-50, a problem known as the “¢)(2S) anomaly”.

The NRQCD approach was introduced at this time, expanding the simpler CSM by including also
colour-octet contributions. Comparing this theory to the data required a fit where the colour-octet LDMEs
were left as free fit parameters, and it was found that this approach agreed nicely with the same data
that had caused such trouble for the CSM [20]. This success, however, was not satisfactory, given
the freedom of the fit: it was not too challenging to obtain a good-quality description of the measured
pr-differential cross section with a superposition of four terms with totally free normalizations. It was
important to verify the validity of NRQCD, by fixing the fitted LDMEs and predicting another observable
that could be compared to experimental measurements: the polarization.

Each QQ intermediate state has its characteristic polarization in the NRQCD factorization approach,
with a set of \ parameters, with respect to the chosen polarization axis z, as functions of pr. The polar-

ization parameters can be calculated by defining the SDCs corresponding to the individual projections
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Figure 2.8: SDCs (top) and corresponding Ay in the HX frame (bottom), for the main components of
directly-produced v (n.S) mesons, calculated at NLO [63, 64] for pp collisions at /s = 7 TeV and a

charmonium mass of 3 GeV. The 3P®) SDC function is multiplied by m? and plotted with flipped sign as
it becomes negative at high pr /M, where M is the mass of the quarkonium state [32].

of the Q@ spin S on the polarization axis z, S;;, with the notation 4, j = 0, +1 [62],

_S11— Soo A — S1,-1

~ V2Re S0
Si14+So0” ¥ S+ S0

A = .
v S11 4+ Soo

Aoy (2.7)

The LDMEs fitted from the production cross section measurements can then be used to predict the
polarization of the measured sample, weighing the X distributions of each contributing intermediate state.

As an example of the kinematic diversity observed in these distributions, the Next-to-Leading Order
(NLO) SDCs and corresponding HX-frame Ay polarization parameters are shown in Figure 2.8, for the
main contributions to the ¢ (n.5) states, 15, 351 and 3Pl The 35!" colour-singlet contribution is not
shown since, as was discussed regarding the ¥ (2S) anomaly, it has been determined that its SDC leads
to negligible yields in comparison to the observed prompt cross sections.

The three colour-octet states have very different polarizations, from the unpolarized 1558] to the 3S£8]
that tends towards fully transverse polarization at high pr, and the 3P}8] showing unphysical values of
|As| > 1. Recalling that only the linear combination of LDMEs and SDCs given in Eqg. 2.1 is a physical

quantity, and not necessarily each of the component terms, this is not an issue in and of itself, but it
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does mean that the relative contribution of each Q@ state must be such that any unphysical behaviour
is cancelled in the sum.

This diversity of Ay makes the polarization dimension a great probe of the validity of NRQCD and
the LDMEs determined from cross section data fits. In this view, several groups conducting Leading
Order (LO) NRQCD calculations made their polarization predictions for the Tevatron J/) and ¥(2S)
production, finding strongly transverse polarization in the HX frame, especially at high pr (see Ref. [13]
and references therein). However, the CDF Collaboration measured no large polarizations [21, 22]. The
CDF measurements for Run 2 and the corresponding NRQCD predictions are compared in Fig. 2.9,

illustrating this clear disagreement.
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Figure 2.9: Prompt J/ (left) and v(2S) (right) polar anisotropy parameter in the HX frame \{X, mea-
sured by the CDF Collaboration at a CM energy of /s = 1.96 TeV [22] and compared to LO NRQCD
calculations [24] including feed-down contributions. Adapted from Ref. [22].

2.4.1 The quarkonium polarization puzzle

Figure 2.9 illustrates what has come to be known as the “polarization puzzle” of quarkonium production:
the theory’s good agreement with cross section measurements, yet inability to describe the measured
polarization.

In response to this puzzle, there was an effort on the theory side to improve the NRQCD calcu-
lations, extending them from LO to NLO in order to run new fits and obtain updated polarization pre-
dictions [62, 65, 63]. Although there was great success in reproducing the cross sections of different
collision systems, the predicted polarizations remained similar to those of the LO fits, strongly transverse
in the HX frame, and the puzzle remained.

Finding a large difference between LO and NLO colour-singlet results, which opened the possibility
that the colour-singlet 3S£” state could have a significant contribution after all, partial Next-to-Next-to-
Leading Order (NNLO) corrections for the colour-singlet 3S£1], denoted as NNLO*, were also calculated
and compared with the data [66, 67, 68], although it was found that the colour-singlet contribution alone
still could not reproduce the data and the colour-octet terms continued to be needed.

Another further complication at this time was on the experimental side, with the Tevatron experi-
ments CDF and DO publishing polarization measurements that were mutually inconsistent, as shown in

Fig. 2.10. The left panel compares the CDF measurements of prompt J/ polarization in the HX frame
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Figure 2.10: Measurements of the polar anisotropy parameter Ay in the HX frame, by the Tevatron
experiments, for the prompt J/A) (left, [21, 22]) and for the T(1.5) (right, [69, 23]).

from the data-taking Runs 1 and 2 [21, 22]. The results are clearly incompatible within associated uncer-
tainties, far more than the slight change in data-taking conditions could explain: the CM energy changes
from 1.8 to 1.96 TeV and the rapidity region is increased from |y| < 0.4 to |y| < 0.6. On the right panel,
Y (1S5) polarization measurements in the HX frame are compared between the CDF Run 2 [69] and DO
Run 2 [23], both taken at /s = 1.96 TeV. Again, there is a large difference that cannot be justified by the
difference in rapidity region of each measurement.

The inability of the theory to reproduce the polarization results, coupled with the inconsistencies
seen in the polarization measurements themselves, was an unfortunate combination that undermined
the value of the polarization dimension in all subsequent discussions of the topic. Considering the strong
discriminating power of the polarization dimension, as illustrated in Fig. 2.8, the loss of information is far
from negligible.

Although it was never established why the Tevatron experiments were plagued by such inconsisten-
cies, the discussion in Section 2.3.2 provides a possible explanation. The decision to only measure the
polar anisotropy Ay and only in the HX frame, implicitly assuming that A is zero in that frame, left the
measurements in the delicate situation of extreme ambiguity illustrated in that section. Any experimental
issues or biases potentially arising in the process of the measurement could have gone unnoticed, with

no cross-check to uncover such systematic problems.

2.4.2 Quarkonium measurements at the LHC

Just as the quarkonium polarization puzzle motivated efforts towards the improvement of SDC calcula-
tions and a better modelling of quarkonium production on the theory side, the inconsistencies of the
polarization measurements at the Tevatron experiments drove significant progress in understanding
quarkonium polarization and the methodology required for the corresponding measurements [25, 26,
27, 28, 29, 30], some of which is documented in Section 2.3. Following this methodology, all quarko-
nium polarization measurements conducted at hadron colliders have since shown consistent results

throughout various experiments.

Driving these results are the four LHC experiments, which have performed cross section and polar-
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ization measurements for multiple quarkonium states, at various collision energies and in different kine-
matic regions. The prompt (or inclusive, combining prompt and non-prompt) production cross sections
of ¥(nS) states have been measured by CMS [70, 71, 72, 73], ATLAS [74, 75, 76], LHCb [77, 78, 79,
80, 81, 82] and ALICE [83, 84, 85, 86, 87, 88, 89]. T(n.S) production cross section measurements have
also been reported by all four experiments CMS [73, 90], ATLAS [75, 91], LHCb [80, 92, 93, 94, 95] and
ALICE [86, 87]. In terms of polarization, CMS has reported measurements for the promptly-produced
Jhp and ¢ (2S) [37], as well as for the T'(nS) states [38], as has LHCb [39, 96, 97]. ALICE has reported
polarization measurements only for inclusive J/i» production [36, 98].

These measurements supplement earlier measurements by the Tevatron experiments, mostly ¢ (n.S)
and Y (n.S) production cross sections measured by CDF [17, 99, 100, 101, 16, 102, 103] and DO [19,
104, 105]. There are also updated polarization results from CDF, for the T(n.S) [103, 35].

For the S-wave states (nS) and YT(nS), there are cross section measurements for multiple CM en-
ergies, covering wide pt and y ranges. At central rapidity, the statistical reach of existing data extends
up to a pr of around 100 GeV, with some variations between states, while at forward rapidity the mea-
surements are up to around 30 GeV. There is also at least one polarization measurement for each of
these states, although the statistically demanding nature of these measurements limits them to lower pt
regions.

The P-wave state measurements have mainly been restricted to cross section ratios [106, 107, 108,
109], with only ATLAS providing a cross section measurement for the two states x.; and y.. individ-
ually [110]. The first polarization measurement for P-wave states was performed recently by CMS,
constraining the difference between the x.; and x.2 polarizations [111].

The polarization measurements for the S-wave charmonium and bottomonium states, from the LHC
and Tevatron experiments, using the updated methodology, show a clear consistency across kinematic
ranges and collision energies. They show, furthermore, A, and Ay, parameters in the HX frame com-
patible with zero within uncertainties, supporting the assumption that, in the data-taking conditions of
these experiments, the HX frame is close to the natural one. Given this, for the rest of this thesis, the HX

frame is assumed unless otherwise stated. Figure 2.11 shows the measured \y for these experiments.
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Figure 2.11: Measured \y of charmonium (left) and bottomonium (right) states, by CDF [35], ALICE [36],
CMS [37, 38] and LHCb [39]. Adapted from Ref. [31].
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The LHC results, expected to be free from the issues of past measurements, all show nearly un-
polarized production. This continues to be at odds with the theory predictions of strongly transverse
polarization, as shown in Fig. 2.12, which compares the CMS 7 TeV polarization results for JA) (left
panel) and ¥(2S) (right panel) [37] with several NLO NRQCD calculations [112, 65, 63]. The clear

conclusion is that the polarization puzzle cannot be attributed to experimental issues.
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Figure 2.12: Measured )y of 7 TeV prompt J/i) (left) and (2S) (right) by CMS [37], compared to several
polarization predictions from NLO NRQCD: BK [112], GWWZ [65], CMSWZ [63]. From Ref. [113].

2.4.3 Non-prompt charmonium measurements

Several production cross section measurements have been reported for the NP charmonia, commonly
published together with the prompt measurements. At the LHC, measurements have been reported by
CMS [70, 71], ATLAS [74, 75, 76, 110], LHCb [77, 78, 80, 81, 82] and ALICE [84, 89].

For the NP polarization, the experimental panorama is much poorer. The only existing measure-
ment in the case of hadron collisions was performed by CDF [21], determining Ay in pp collisions at
Vs = 1.8 TeV, for pr between 4 and 20 GeV and |y| < 0.6. The data are shown in Fig. 2.13, together
with predictions based on a simulation described in Ref. [55], for the two-body and multi-body cases
discussed in Section 2.3.3. The multi-body Ay prediction is compatible with NRQCD calculations of
non-prompt J/) polarization in the CDF conditions, where colour-octet contributions are found to domi-
nate [114, 115].

The precision of the data is not sufficient to distinguish between the two-body and multi-body cases.
A measurement of NP quarkonium polarization performed at a high-energy hadron collider such as the
LHC should have enough statistics to determine the relative contribution of each case, given the large

difference in \y between the two.
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Figure 2.13: Polarization parameter Ay measured by CDF [21] for NP J/) in pp collisions at /s = 1.8 TeV,
as a function of pr, for |y| < 0.6 (blue markers), compared to predictions from the two-body (pink curve)
and multi-body (orange band) cases, as well as a mixture of the two (green band), as described in
Ref. [55].

2.5 Phenomenological interpretation of the experimental results

Given the developments in both experimental methodology and theory calculations, the apparent mis-
match between predictions and measurements of the prompt polarization parameters remains a puzzle.
But this conclusion overlooks one key ingredient: the comparison itself. The analysis reported in Ref. [31]
highlights several elements that are crucial for a correct fit of the theory SDCs and LDMEs to the avail-
able measurements, and which can significantly alter the fit results: the treatment of the polarizations
and of the low-pT measurements.

When it comes to experimental measurements, the polarization and cross section dimensions are
not uncorrelated. In fact, the polarization scenario significantly affects the cross section measurement
due to the strong dependence of the acceptance determinations on the shape of the dilepton decay
distributions, and the corrected production yields can vary by more than 50% depending on the as-
sumed polarization. Taking this into consideration, the LHC experiments provide a measurement under
a given hypothesis, the unpolarized case by default, and a further set of acceptance corrections that
account for the dependence of each cross section data point on the polarization, making it possible to
recalculate the cross sections a posteriori for any polarization hypothesis. However, previously-reported
NRQCD global fits [116, 112, 63, 65], even those using the polarization as a constraint, did not apply
these corrections, and thus compared theory curves corresponding to significantly polarized quarkonia
to differential cross sections reported under the assumption of unpolarized production (i.e., obtained with
acceptance corrections computed under that assumption).

In addition to this strong correlation, there is also the question of the region of validity of the SDCs.

These are determined through perturbative calculations at fixed order in «,, neglecting non-perturbative
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(low-p) effects. It cannot be expected that they reproduce the data down to arbitrarily low pr, but rather
that they should have a limit of validity, and thus that data fits should only be performed above this pr
threshold. This issue gains added significance when considering that measurements at low pr often
have the smallest uncertainties, therefore having a disproportionate weight in constraining the fit.

The analysis in Ref. [31] focused on the ¢ (2S) and T(35) states, considered to be free of feed-down
contributions, and took these elements into consideration. A series of fits was performed initially to
determine the pr cutoff for which the results stabilized, and the polarization was taken into account both
as a constraint of the fit and in the form of an iterative correction to the cross section values. Having
determined a threshold of pr/M > 3, it was possible in these conditions to fit both the cross section
and polarization measurements, determining a dominant contribution of the unpolarized 15([)8] colour-
octet. In this way, the same theory inputs and experimental measurements, which seemed so strongly

mismatched, were found to be compatible, and the quarkonium polarization puzzle was solved.

2.5.1 A data-driven approach

The data-driven considerations of Ref. [31] were further developed into a fully data-driven approach in
subsequent analyses [32, 33, 34]. Expanding the framework to include more quarkonium states and
measurements at different collision energies, a pattern of universality is clear. When transformed to
pr/M distributions, the differential cross sections of the seven states (n.S), T(nS) and x.1,2 are well
described, at mid-rapidity and for pr/M > 2, by a universal empirical function [32]. This is true both at
Vs = 7 and 13 TeV [34]. Additionally, the S-wave quarkonia appear nearly unpolarized, with no signifi-
cant dependence on pr or rapidity and no evident changes between charmonium and bottomonium or
between directly-produced states and those affected by P-wave feed-down decays.

These results, illustrated in Figs. 2.11 and 2.14 for the polarizations and cross sections, respectively,
seem at odds with the complexity of the NRQCD approach. This approach requires a linear combination
of multiple terms with distinct kinematic dependences, as seen in Fig. 2.8 for the ¥ (n.S) case, with the
relative contributions and even the hierarchy of terms varying between states. In a comparison between
states with almost pure S-wave or P-wave contributions or, due to feed-down effects, a mixture of the
two, one would expect to see variations emerging from this diversity of production mechanisms. Instead,
there is no experimental evidence of differences in production cross sections and polarizations between
quarkonium states of different masses and quantum numbers, in the kinematic region covered by these
measurements [32].

With this in mind, a fully data-driven fit of the charmonium measurements was attempted, account-
ing for the chain of feed-down decays and using, instead of the theory SDCs, an empirical power-law
function. This resulted in two astounding conclusions. First, the available charmonium data can be de-
scribed by a minimal set of contributions, universal across all states and reproducing both the shared
pr/M shape and the small measured polarizations. Second, the measurements are in agreement with

NRQCD calculations, due to precise cancellations of the SDC shape differences [33].

A dimensional-analysis approach to the experimental data, at mid-rapidity and for pr/M > 2, per-
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Figure 2.14: Prompt quarkonium cross sections at mid-rapidity measured in pp collisions at /s = 7 TeV
by CMS (blue markers) [72, 90] and ATLAS (red markers) [75, 91, 110], as a function of pr /M. The
curves represent a single empirical function determined by a simultaneous fit to all data (with pr/M > 2),
with global shape parameters and normalizations specific to each state (left panel) or adjusted to the
J/ points (right panel) [32].

formed in Ref. [34], also found experimental support for the NRQCD factorization hypothesis, which has

not yet been demonstrated from first QCD principles [13].

2.5.2 Further probes of NRQCD

The seeming success of NRQCD in describing the unexpected simplicity of the data can be further tested
with other measurements. One of these is in the x sector, as the x. polarizations can be determined
indirectly, within the NRQCD framework, using the available x.2/x.1 Cross section ratio measurements
of CMS [106] and ATLAS [110]. This is because both the x.1,2 polarizations and cross sections are
functions of one global parameter K., which can be determined from the ratios in an iterative procedure
that takes the polarization into account for the acceptance corrections. The resulting K, obtained in the
“pbest-fit” case as described in Ref. [33], determines the x.1 2 polarizations, as shown in Fig. 2.15. This
polarization prediction is distinct from the mostly unpolarized measurements obtained for the S-wave
states, as both the x.; and .2 have large polar anisotropies of opposite sign, especially at low pr.

The recent experimental measurement of the x.1,2 polarization difference by CMS [111], in pp colli-
sions at /s = 8 TeV, while not allowing the determination of the \y values themselves, strongly excludes
the unpolarized hypothesis and shows good agreement with the NRQCD prediction. This is illustrated
in Fig. 2.16, where the two hypotheses are used as input for \** and the resulting A¥** is determined.

A further data-driven fit of the charmonium sector, using the x.1,2 polarization difference measure-
ment as an added input, was able to obtain precise predictions for the direct ¢(nS) polarization, deter-
mining )\g = 0.04 + 0.06 with no significant pr dependence [117]. This prediction raises, once again,

the question of whether the unpolarized measurements are due to an accidental cancellation of the po-
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Figure 2.16: Resulting > values (circles) when the A% values (squares) are fixed to the unpolarized
(left) or the NRQCD (right) scenarios (green curves), as a function of Ji) pr /M. The purple band on
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range of A\}** [111].
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larized contributions to quarkonium production, observed only in the limited kinematic domain that has

been probed, or rather an exact degeneracy unpredicted by theory.

Another result obtained from theory considerations is discussed in Ref. [118]: at NLO, the shape
of the 18([)8] SDC is indistinguishable from a linear combination of the other octet contributions to the
¥(nS) states, 3S£8] + kK 3R[]8], when the parameter « is between 1.8 and 1.85, and both are very close
to the cross section data shape. Under these conditions, the cross section cannot be fitted with three
degrees of freedom, so that the polarization is needed to determine all the LDMEs, as there is no such
degeneracy for this observable at low pr (pr /M < 10).

The low-pr/M unpolarized data, however, is at odds with the 35* + x 3PI¥l term. As shown in
Fig. 2.17, which compares A of 15¥, 351%l and several combinations 35!*! + 1 3PI® the latter term has

non-zero pr-dependent \y at low pr /M, for any value of .
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Figure 2.17: )y for the three contributions to S-wave quarkonium production in NLO NRQCD, as func-
tions of pr/M: 15([)8] (green), 35@ (red) and 35?1 + K 3P}8] (pink) for several values of x. The band
represents the range x = 1.8—1.85 [118].

Current experimental results, while clearly rejecting a scenario with large )y, are not yet precise
enough to impose the stronger constraint of vanishing and pr-independent polarization. If a measure-
ment of enough precision confirms this scenario, only verified by the 1S([)8] term, this will be a clear
divergence from the principles of the NRQCD factorization approach. This discrepancy can possibly be
reconciled by changes in the octet terms at higher orders, but will always lead to one of two conclusions:
either the 35?] + K 3P}8] term remains incompatible with pr-independent Ay = 0, and thus its contribu-
tion is null and quarkonium production is driven entirely by the 1558] term, violating the v-scaling rules, or

improved calculations will lead to Ay (351 + 1 3P®)) = 0, in which case both this and the 15 term can
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contribute with equal weights, but they are identical in terms of observable kinematic properties, and
thus fully degenerate, pointing to a more natural formulation of the factorization expansion with fewer

degrees of freedom, at least in the kinematic regions probed.

2.6 Summary

Quarkonium production, falling under the study of QCD, is an inherently complex field. The dominant
theoretical approach to quarkonium production is NRQCD factorization [15], which is in good agreement
with the experimental measurements of quarkonium production cross sections, but which shows some
tension when it comes to polarization measurements.

The abundance of quarkonium measurements at the LHC, for multiple states, at various collision
energies and in different kinematic regions, includes multiple polarization measurements [37, 38, 39,
96, 97, 36, 98], which reflect a scenario of unpolarized production for all S-wave states that remains
incompatible with theory predictions of strongly transverse polarizations [62, 63, 65, 112], in what is
known as the “quarkonium polarization puzzle”.

Phenomenological studies have established that the polarization puzzle is dispelled by a careful
treatment of the fit conditions [31]. They further establish that the data shows a universal pattern of
production, at odds with the inherent complexity of the NRQCD framework [32]. Surprisingly, the theory
is fully compatible with the comparatively simpler data results, through a series of precise cancella-
tions [33].

Specific observables can be used to further probe the validity of NRQCD, such as the x.i,2 polar-
ization, determined to be significantly non-zero under NRQCD [33]. This prediction was confirmed by a
measurement of the x.; » polarization difference by CMS [111], breaking for the first time the panorama
of universally unpolarized quarkonium production and validating the theory.

A data-driven analysis of the charmonium sector uncovers a prediction of ) = 0.04 £ 0.06 for
direct ¢ production, with no pt dependence [117], while a degeneracy in the theory SDCs imposes
either a new hierarchy of Q@ contributions or a collapse of all contributions into a single one, if such a
scenario of vanishing pr-independent polarization is confirmed [118]. Current measurements are not
precise enough to distinguish between the Ay = 0 case and the alternative of weakly polarized, weakly
pr-dependent production.

The polarization dimension plays an essential role in determining the hierarchy of contributions to
the production of quarkonium states, and can even be a direct probe of the validity of the theory, but
the existing measurements have a limited impact, given their large uncertainties and small pr coverage,
restricted to the low pr region. A new measurement of prompt ¢ (n.S) polarizations, with a much larger
event sample and covering a wider range in pr, can provide the sensitivity needed to distinguish between
the two polarization scenarios currently considered, and either strongly challenge NRQCD or finally
disprove the hypothesis of production by a single unpolarized term, providing a clear evaluation of the
relative proportions of the three colour-octet channels expected to contribute to «(nS) production. Such

a measurement is provided in this PhD thesis.
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In the case of the NP polarization, a measurement in the LHC conditions would be the first of its
kind since the CDF results of 2000 [21]. The size of the collected event samples should provide a
statistical reach sufficient to distinguish between two main possible production topologies, each with
different compositions in terms of singlet and octet contributions [55], providing an independent probe of

the charmonium formation mechanism. Such a measurement is also reported in this PhD thesis.

30



Chapter 3

Experimental setup

The analysis described in this thesis uses data collected in pp collisions at the CMS detector in the years
2017 and 2018, and is based on ¢ (nS) decays to the uu final state. As such, it's necessary to introduce
the experimental setup used, with a brief description of the LHC and a more detailed discussion of the
CMS experiment, focusing on the parts of the detector, the triggering and data storage system, and the
offline reconstruction elements that are relevant to the analysis. A more detailed description of the LHC
and CMS can be found in Refs. [119] and [120, 121, 122], respectively.

3.1 The Large Hadron Collider

The LHC is a superconducting hadron accelerator and collider built at CERN, operating at collision en-
ergies and rates far beyond those of previous hadron colliders. The main motivation for its development
was the clarification of the nature of electroweak symmetry breaking, for which the Higgs mechanism
was presumed to be responsible. This purpose was achieved in July 2012 with the announcement of the
discovery of a Higgs-like boson by CMS and ATLAS [8, 9], with all subsequent studies of the properties
of the boson showing compatibility with the SM Higgs boson.

The LHC is installed in a 26.7 km circular tunnel, previously constructed for the Large Electron-
Positron Collider (LEP), at a depth ranging from 45 to 170 m below the surface. As a particle-particle
collider, the LHC has two rings with counter-rotating beams that can achieve CM energies of up to
/s = 13.6 TeV for proton-proton (pp) collisions. The machine is also capable of accelerating heavy ions,
primarily lead, obtaining data for proton-lead, lead-lead and other collision systems. As the data used in
this thesis is exclusively from pp collisions, the discussion will be limited to this case.

The LHC is supplied with protons from an injector chain, as seen in Fig. 3.1. The chain begins with the
Linear Accelerator 2 (LINAC 2), which is the source of the protons, followed by the Proton Synchrotron
Booster (PSB) and the Proton Synchrotron (PS), and finally the Super Proton Synchrotron (SPS), which
feeds the protons to the LHC rings, at an energy of 450 GeV. The total filling time, from pre-acceleration
to injection, is around 4 minutes per beam. The protons are not accelerated as a continuous source,

but rather in “bunches” of protons. The LHC nominal performance values are of 1.15 x 10*! protons per
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Figure 3.1: Overview of the CERN accelerator complex. Adapted from Ref. [123].

bunch, with 2808 bunches per beam and a bunch spacing of approximately 25 ns [119].

In the LHC, the protons are further accelerated using a 400 MHz superconducting cavity system,
up to the desired collision energy. The beams are guided along the ring by superconducting electro-
magnets. Over 1000 dipole magnets are used to bend the beams, and nearly 400 quadrupole magnets
to focus them. Accelerating each beam to the nominal design value of 7 TeV, for a collision energy of
14 TeV, takes approximately 20 minutes. Once this is achieved, the beams are brought to collision in
the centre of the LHC experiments. This “collision mode” can be maintained for several hours, until the
beam intensity decreases below a certain threshold. At this point, the full cycle restarts and a new “LHC
fill” is injected [119].

The beam energy achieved at the LHC is limited by the strength of the dipole magnets, with a max-
imum value of 7 TeV per beam for a peak dipole field of 8.33 T. In Run 1, from 2010 to 2012, data was
taken for beam energies of 3.5 and 4 TeV. In Run 2, from 2015 to 2018, this energy was increased to
6.5 TeV.

The LHC has four main collision points, located at the main experiments, also shown in Fig. 3.1:
A Large lon Collider Experiment (ALICE) [124], specialized in heavy-ion collisions;

+ A Toroidal LHC Apparatus (ATLAS) [125], a general purpose detector and the largest of the four

experiments;

» Compact Muon Solenoid (CMS) [122], another general purpose detector which will be described

in more detail in Section 3.2;

+ Large Hadron Collider beauty (LHCb) [126], mostly devoted to flavour physics measurements.
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The expected number of events per second produced at the LHC, for a given process of cross section
o, is given by:
N=~Lo, (3.1)

where L is the instantaneous luminosity, which depends on the beam parameters:

Nanb.frevVT
=—————F. 3.2
£ dre, B* (3:2)

with N, the number of protons per bunch, n;, the number of bunches per beam, f,.. the revolution fre-
quency, . the relativistic gamma factor, ¢,, the normalized transverse beam emittance, 5* the beta
function at the collision point and F' the geometric luminosity reduction factor due to the crossing
angle at the interaction point [119]. The nominal instantaneous luminosity of the LHC design was
£ = 103 cm~2s~!!, but this value was exceeded during Run 2, and more than doubled by the end
of 2018 [127].

The general-purpose detectors, ATLAS and CMS, are designed to be able to process at the LHC
nominal design luminosity, while LHCb and ALICE are limited to lower values. The event rate at ALICE
is limited by the relatively long readout time of their TPC (time projection chamber) tracking detector,
while for LHCb, the limitation is due to their requirement of a negligible probability of a phenomenon
called “pile-up” (PU): the occurrence of multiple pp collisions per “bunch crossing”.

The total amount of collisions delivered by the LHC in a certain period of time At can be estimated

as
Lont = /A L()dt. (3.3)

where L;,; is called the “integrated luminosity”. It is usually given in units of b=!, or “inverse barn”,
and at the LHC the units pb~! (= 10'2 b~!) and fo~! (= 10*® b~!) are more generally used. Over the
course of Run 2, the LHC has delivered an integrated luminosity of 163.55 fb—! to the CMS interaction
point, of which CMS has recorded 150.78 fb—! [127]. Figures 3.2 and 3.3 show the peak instantaneous
luminosity and the integrated luminosity, respectively, recorded by CMS over Run 2.
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Figure 3.2: Peak instantaneous luminosity delivered to CMS in pp collisions vs. time, over the four years
of Run 2 [127].

£ can also be written in units of Hz/b, with 1 b= 10—2% cm?2.
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Figure 3.3: Cumulative delivered and recorded luminosity at CMS in pp collisions vs. time, over the four
years of Run 2 [127].

3.2 The Compact Muon Solenoid experiment

The Compact Muon Solenoid (CMS) experiment is a general-purpose particle detector designed to cover
a wide range of physics topics. It is located in Cessy, France, and built around the so-called “Point 5,
one of the four interaction points of the LHC.

The CMS experiment was designed around the goals of the LHC physics programme and the as-
sociated detector requirements. Muon tracks are important and unique in the context of hadron col-
lider physics, imposing a requirement of good muon identification and momentum resolution and good
dimuon mass resolution, achieved by a dedicated muon detector. The reconstruction of charged parti-
cles requires good momentum resolution and reconstruction efficiency in the inner tracker, close to the
interaction region, particularly the efficient identification of = leptons and b-jets. The electromagnetic
calorimeter (ECAL) must have good energy resolution, particularly the diphoton and dielectron mass
resolution, a wide geometric coverage, and efficient isolation of photons and leptons at high luminosi-
ties. Finally, the hadron calorimeter (HCAL) is designed to measure missing transverse energy and
requires a large geometrical coverage with good angular resolution [122].

The overall CMS apparatus dimensions are a length of 21.6 m and a diameter of 14.6 m, with a total
weight of 12500 t. The layout of the CMS detector is cylindrically symmetric along the beam line, with
the “barrel” at mid-rapidity being closed by the two “endcaps” at either end of the detector, and follows an
onion-like structure of several concentric layers of complementary sub-detectors, as shown in Fig. 3.4.
The solenoid magnet that gives CMS its name encloses the innermost detectors, providing a magnetic
field of 3.8 T, and is in turn surrounded by a steel return yoke that forms the bulk of the detector’s mass,

interleaved with the muon detection stations [122].
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Figure 3.5: Transverse slice through CMS, illustrating the trajectory of different types of particles [130].

Figure 3.5 shows a transverse slice through the barrel of the detector, illustrating the interactions
of different types of particles passing through CMS. The silicon pixel and strip trackers measure the
positions and momenta of charged particles, reconstructing their tracks. Next is the ECAL, measuring
the energy deposited by particles like photons and electrons, followed by the HCAL, where hadrons
deposit their energy, allowing for the reconstruction of jets and missing transverse energy. The solenoid

encasing these systems generates a magnetic field that bends the trajectories of charged particles, an
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essential element to determine their charge and momenta. Finally, the muon chambers beyond the
magnet identify and reconstruct the muons [122].

Before moving on to a more detailed description of the sub-detectors relevant to the analysis de-
scribed in this thesis, it is important to introduce some conventions and the coordinate system used in
the experiment.

An “event” is defined as the complete information on all collisions that take place during one bunch
crossing. A physics analysis will define, for each event, a “primary vertex” (PV), consisting of the point
of collision of two protons most likely to have produced the interaction under study. The PVs are located
inside the “beam spot” (BS), a region that approximates the overlap region of the two proton bunches.
There can also be “secondary vertices” (SV), for long-lived particles produced in a PV that travel a
certain distance before decaying. This is the case for b-hadrons that decay into non-prompt charmonia,
as mentioned in Chapter 2.

The coordinate system of CMS is centred around the nominal “interaction point” (IP) inside the ex-
periment, with the z-axis pointing along the counter-clockwise beam direction. The z-axis points radially
inward towards the centre of the LHC ring, and the y-axis points vertically upwards. The spherical co-
ordinate system is also commonly used: the polar angle 6 is measured with respect to the z-axis and
the azimuthal angle ¢ is measured from the z-axis in the zy plane. In this way, the energy and momen-
tum transverse to the beam line, Er and pr, respectively, are computed from the x and y components.

Rather than the polar angle, it is more common to use the pseudo-rapidity n, defined as [122]
n = —Intan(9/2). (3.4)

For highly energetic particles (E > m), this quantity is a good approximation of the rapidity y, defined
in Eqg. 2.5.

3.2.1 Tracking detectors

The silicon tracking system is closest to the beam line, surrounding the IP, with a length of 5.8 m and a
diameter of 2.5 m. It precisely and efficiently measures the trajectories of charged particles emerging
from the LHC collisions and allows for a precise reconstruction of SVs. The magnetic field generated by
the solenoid is homogeneous over the full volume of the tracker, so that the particle momentum can be
determined with high precision from the curvature of the track.

At the LHC nominal luminosity, there are around 1000 particles crossing the tracker for each bunch
crossing, with an interval of 25 ns between bunches, making it necessary that the tracker has high
granularity and fast response. There is also significant radiation damage from the high particle flux,
adding the requirement of a radiation-resistant tracker. Finally, it is desirable to minimize the material
budget in order to limit unwanted interactions as the particles traverse the detector. These requirements
lead to the choice of silicon detectors for CMS’s tracking system. This system detects charged particles
through “hits”: when a particle traverses the tracker, it interacts electromagnetically with the silicon,

producing small electrical signals that are collected and amplified. The individual hits are then joined
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together to form tracks.

The CMS tracking system is composed of a pixel detector followed by a strip tracker, installed in
layers along the barrel and completed with disks in the endcaps for an acceptance up to || = 2.5. The
layout of the inner tracking system is shown in Fig. 3.6. In total, the CMS tracker is composed of 1856
pixel and 15148 strip detector modules, and it ensures efficient tracking for transverse momenta above
1 GeV [122, 131].
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Figure 3.6: Layout of the inner tracking system, before the Phase 1 pixel detector upgrade. Each
line represents a detector module. Double lines represent back-to-back modules, as described in the
text [122].

Silicon pixel detector

The pixel system is the innermost part of the tracking system and provides precise tracking points in
r — ¢ and z, with a pixel cell size of 100x 150 m?, allowing for a 3D vertex reconstruction in space with
similar track resolution in both directions. It originally consisted of three barrel layers (BPix) at radii of
44,73 and 102 mm and two endcap disks at each end (FPix), at distances of 345 and 465 mm from the
IP[122].

The installation of the CMS Phase-1 pixel detector, which took place during the LHC technical stop
from December 2016 to April 2017, optimized this layout, taking advantage of the installation of a new
beam pipe with a smaller radius. This upgrade was motivated by the instantaneous luminosity achieved
for Run 2, which exceeded the nominal value by a factor of two, also doubling the average PU. The
original tracker system was not designed for these values and it was necessary to replace it with one
with improved performance at higher rates, improved radiation tolerance, and more robust tracking. The
upgraded pixel detector has four concentric barrel layers at radii of 29, 68, 109 and 160 mm, with a
length of 540 mm, and three disks at the endcaps, at distances of 291, 396 and 516 mm from the centre

of the detector, with a radial coverage of 45—-161 mm [131].
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The layout of the upgraded pixel detector is compared with the original in Fig. 3.7. The arrangement
of barrel layers and forward pixel disks on each side ensures that there are 4 tracking points over the full

In| < 2.5 range.

BPIX FPIX
n=0 n=0.5 n=1.0 n=1.5
L4 .
r=160mm D1 D2 D3 n=2.0
Phase-1 r-100mm L3 n=2.5
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n=0 n=0.5 n=1.0 n=1.5

Figure 3.7: Comparison between the layouts of the CMS Phase-1 pixel detector and the original detector,
in the longitudinal view [131].

Silicon strip tracker

Around the pixel detector, at larger radii, the reduced particle flux allows the use of less granular silicon
strip detectors. The geometrical layout of the strip detector is shown in Fig. 3.6. The Tracker Inner Barrel
and Disks (TIB/TID) compose the innermost layer of the strip tracker, covering the intermediate radii,
20 < r < 55 cm. This region has typical strip sizes of 10 cmx80 yum. The TIB is composed of 4 barrel
layers and the TID of 3 disks at each end. Surrounding it is the Tracker Outer Barrel (TOB), covering the
region up to » = 116 cm. The TOB consists of 6 barrel layers, covering the |z| < 118 cm region. Beyond
this z range are the Tracker EndCaps (TEC+ and TEC-), which cover the region 124 < |z| < 282 cm and
22.5 < r < 113.5 cm and are composed of 9 disks each. In this outer region, cell sizes can go up to
about 25 cmx180 pm.

In some of the layers, both in the barrel and in the disks, a second micro-strip detector module is
added, mounted back-to-back to the main module, with a stereo angle of 100 mrad in order to provide
a measurement of the second coordinate (measuring z in the barrel and » on the disks). The tracker
layout ensures at least 9 hits in the silicon strip tracker over the range || < 2.4, with at least 4 being in
back-to-back modules [122].

3.2.2 Muon detectors

The muon detectors play an essential role in the analysis described in this thesis, which relies on the
efficient and accurate reconstruction of the dimuon final state. More generally, the muon detectors are
essential for most of the experimental signatures studied by CMS, and so special attention was devoted

to their development, as suggested by their presence in the experiment’s name. The muon system
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has three functions: identifying muons, measuring their momentum, and triggering on them. As shown
in Fig. 3.4, the muon systems are the outermost detectors, surrounding the superconducting solenoid
and integrated in the return yoke structure. The high magnetic field ensures good muon momentum
resolution and triggering, while the layers of detectors between the IP and the muon stations, as well
as the return yoke, ensure that most particles are absorbed before reaching the stations, especially
hadrons.

As was described for the silicon trackers, the muon system is composed of a cylindrical, barrel section
and two planar endcap regions, following the geometry of the detector. It is integrated in the return yoke,
which is composed of 5 wheels in the barrel region and 3 disks in each endcap. The muon system
consists of about 25000 m? of detection planes, composed of three types of gaseous particle detectors,

which are reliable and cost-effective [122].
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Figure 3.8: Layout of one quarter of the CMS muon system [120].

The geometric layout of the detectors in the muon system is shown in Fig. 3.8. In the barrel region,
characterized by low background and muon rates, and a uniform magnetic field, muons are detected by
aluminium drift tubes (DT). The chambers cover the pseudorapidity region |n| < 1.2 in 4 stations (MB1-
MB4) interspersed among the layers of the flux return plates. The first 3 stations contain 8 chambers, in
2 groups of 4, measuring the muon coordinate in the » — ¢ plane, in addition to 4 chambers measuring
in the z direction. The fourth and outermost station only measures in the r — ¢ plane, with 8 chambers.
The drift cells in each chamber are offset by the width of a half-cell with respect to their neighbours, to
eliminate dead spots [122].

In the endcap regions, with higher rates and a non-uniform magnetic field, cathode strip chambers
(CSC) are used, covering the range 0.9 < |n| < 2.4. There are also 4 CSC stations (ME1-ME4), with
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chambers perpendicular to the beam line, in between the flux return plates. The cathode strips of each
chamber provide a precision measurement in the r» — ¢ plane [122].

Complementing these detectors is a dedicated trigger system consisting of resistive plate chambers
(RPC), present both in the barrel and endcap regions. The RPCs have coarser spatial resolution than
the DTs and CSCs, but they have a fast response and good time resolution, helping to identify the correct
bunch crossing, ensuring good operation at high rates. There are 6 layers of RPCs in the barrel, 2 in
each of the first two stations and 1 in each of the last two. In the endcap region, there are 3 layers of

RPC, one in each of the first three stations [122].

Drift Tube Chambers

The DT chambers are filled with a mixture of 85% argon and 15% CO,. A muon entering the chamber
causes gas molecules to ionize along its path and the resulting ions and electrons, oppositely charged,
drift to the respective electrodes. With the known drift time, precisely determined with the help of the
RPCs, and the known drift-velocity of the material, the muon trajectory through the DT can be recon-

structed with a spatial resolution of around 100 um in position and 1 mrad in angle [120, 122].

Cathode Strip Chambers

The CSCs are multiwire proportional chambers made of 7 trapezoidal cathode panels. The panels
encase 6 gas layers, composed of 40% argon, 50% CO, and 10% CF4, with anode wire planes. If
a charged particle traverses the CSC, the gas molecules in each plane of the chamber are ionized,
inducing an electron avalanche that produces a charge on the strips. The spatial resolution for the

CSCs is around 100 pm in position and 10 mrad in angle [120, 122].

Resistive Plate Chambers

RPCs are gaseous parallel-plate detectors, filled with a mixture of 96.2% CoHsF,4, 3.5% iC4H19 and
0.3% SFg, with spatial resolution of the order of 1 cm and providing a much better time resolution than

the DTs and CSCs. Operated in avalanche mode, their time resolution is of the order of 1 ns [120, 122].

3.2.3 Trigger and Data Acquisition Systems

At the nominal design parameters of the LHC, proton-proton collisions occur every 25 ns, corresponding
to a bunch crossing frequency of 40 MHz. At the nominal design luminosity of 1034 cm—2s~!, the PU
is approximately 20, taking even larger values at the increased instantaneous luminosity achieved in
Run 2. This results in a significantly larger amount of data than what can be stored and processed,
making it necessary to achieve a drastic reduction in rate. This task is performed by the trigger system,
considered the start of the physics event selection process. The trigger reduces the rate of events by
selecting the “interesting” events, rejecting those that don't fit its requirements. This is achieved, in a

first step, by a hardware-based “level 1 trigger” (L1) and, subsequently, by a software-based “high level
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trigger” (HLT). A combined rate reduction factor of about 10° is achieved, limiting the output rate to the
order of 1 kHz. This limit has been steadily increasing, from 100 Hz in Run 1, and is determined by the
computing resources involved in the offline reconstruction. The accepted events are then forwarded to
mass storage devices and their content is reconstructed to identify high-level analysis objects, to later

be accessed to perform physics data analysis [122, 132].

Level 1 Trigger

As the first step in the trigger system, the L1 trigger must reduce the output rate to less than 100 kHz.
Data from a particular beam crossing is held in buffers while trigger data is collected and the decision to
store or discard events is reached. The time allocated for this is 3.2 us, of which the trigger calculations
account for less than 1 us. The time constraint limits the information that can be used at L1, excluding
information from the silicon tracker, and also limits trigger calculations and resolution. For example,
for muon objects, pattern recognition algorithms are applied to track segments from the DT and CSC
systems or to hits from the RPCs, with muon candidates being assigned pr and (5, ¢) values with
limited granularity. If the L1 decision is positive, a full-detector readout is triggered and the event is
further processed by the HLT [122, 133].
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Figure 3.9: Layout of the L1 trigger at CMS [122]

The L1 trigger consists of custom hardware processors, involving the calorimeters and muon systems
as well as some correlated information. Figure 3.9 shows a diagram of the L1 layout, with all its major
subcomponents. These are divided into local, regional and global components. The local triggers,
also called trigger primitive generators, are based on energy deposits in calorimeters and hits in the
muon detectors. Regional triggers combine the trigger primitive information in limited spatial regions
to determine trigger objects such as electron or muon candidates. The global calorimeter and muon
triggers combine the information of the full respective subsystem and transfer it to the global trigger, the

highest-level entity of the L1 hierarchy. It is this final entity that makes the decision to reject a given event
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or accept it for further evaluation by the HLT [122].

The requirements for approval or rejection of an event are defined by the L1 triggers, also called
“L1 seeds”. Each of these requires certain physics objects, subjected to certain cuts. These seeds are
grouped together into an L1 menu, which evolves over time according to experimental needs, always
respecting the imposition that the rate of accepted events for the full L1 menu must be below the limit of
100 kHz. Rates for individual seeds can be reduced either by tightening the requirements on the physics
objects (for example, increasing a pr cut) or by prescaling by a factor of npg, which means that only
every ni’s event passing that trigger’s cuts is forwarded to the HLT. An L1 menu is typically composed
of around 100 different seeds, whose rates partially overlap as an event can satisfy the conditions of
multiple seeds. In this way, the menu rate is lower than the sum of individual rates [133].

The L1 trigger was updated in the Long Shutdown 1 (LS1), which took place in 2013—14, between
Runs 1 and 2. The expected increase in luminosity and PU for Run 2 led to a projected increase in trigger
rates of around a factor of 6. In order to avoid a straightforward increase in thresholds and prescaling to
limit this rate increase, which would have a negative impact on the physics performance of CMS, several
new features were introduced to improve performance instead, focusing on PU subtraction and improved
object isolation and jet finding. The L1 menu was further updated to allow a greater number of triggers
and include more sophisticated relations involving the input objects [134].

The electronics for the calorimeter, muon and global triggers were upgraded, including added inter-
connections between the systems. The upgraded trigger was commissioned in parallel with the Run 1

trigger, after the LHC restart in 2015, becoming available for CMS data taking in 2016.

High Level Trigger

The events that are accepted by the L1 trigger are forwarded to the HLT, which performs more complex
software reconstruction algorithms on the complete read-out data, including the tracker information. It
is implemented in a dedicated processor farm using commercial CPUs, regularly upgraded so that it
totalled over 30 thousand cores in 2018. The calculations performed at this level are similar to those
performed in offline analyses, with an added emphasis on speed of execution which results in worse
resolution. The information content of the full event is stored in buffers during the processing, with some
events requiring up to 1 s of processing time [122, 135, 136].

There are a few hundred HLT algorithms, or “HLT paths”, forming an HLT menu similarly to the L1
menu. This menu evolves over time, depending on the instantaneous luminosity of the LHC, so that the
data rate can be kept at the allowed limit of 1 kHz. Each path starts from an L1 seed, or a selection
of seeds, so that it only runs on events that triggered at least one of these seeds. Following this initial
selection, the path is then composed of a sequence of reconstruction modules, the “HLT producers”,
which perform the steps in the reconstruction of a physics object, and filter modules, the “HLT filters”,
which reject events based on the objects reconstructed up to that point. This allows the processing time
to be optimized, by first reconstructing and filtering on the simpler objects, such as those relying on
information from the calorimeters and the muon detectors, and only proceeding to more complex and

time-intensive reconstruction involving the tracker on the smaller sample of events that survive the prior
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cuts. The event is accepted if the last filter of a path is passed, at which point it is written in permanent
storage for offline physics analysis [133].

The individual HLT paths are assigned to different Physics Analysis Groups (PAGs), with accepted
events being stored in the corresponding primary data sets (PDs). The sum of the rates of all PDs must
be within the overall HLT output rate limit, which also includes smaller data sets for calibration purposes.
Each PAG is allocated a fraction of the total allowed bandwidth.

Most of the data is processed immediately after collection, and this prompt reconstruction is one of
the main limitations of the HLT output rate. However, in 2012, the last year before the LS1, a special
“parked” data stream was collected and stored, to be analysed only after the run was over, using the
processing resources that were freed up during the shutdown [133]. This procedure was repeated for
Run 2, with the implementation of a variety of specialized parking triggers running over 2016, 2017 and

2018. Over the final year, there was a main focus on B physics, storing around 10'° bb events [137].

3.3 Quarkonium selection and reconstruction at CMS

As mentioned in Section 2.1, the most important decay modes for S-wave quarkonium states, favoured
experimentally, are the dimuon decays. These provide a simple, non-hadronic signature, which requires
only the detection of muons, for which the CMS apparatus is particularly good. The analysis of S-wave
quarkonia in CMS begins with the selection of events through the appropriate triggers, followed by the
offline reconstruction of these events, producing the physics objects from the information delivered by
the silicon tracker and muon detector systems. This process, described in a general way in this section,

gives rise to quarkonium candidates, which can then be used in a physics analysis.

3.3.1 Dimuon triggers

The selection of dimuons from S-wave quarkonium decays is done through dimuon triggers, which select
events with a pair of muons. Such a selection condition would vastly exceed the allocated bandwidth
at the instantaneous luminosity delivered by the LHC, so these triggers, both for L1 and HLT, require
additional conditions, leading to a family of dimuon triggers with different cuts on kinematic variables,
quality requirements, and prescale values, each of which can be used in the study of particular states or
decays.

The dimuon triggers aimed at quarkonium S-wave states in particular begin with L1 triggers using
information from the muon detectors. At the beginning of Run 1, they simply required a pair of muons,
but as the dimuon rate increased due to increasing instantaneous luminosity, further conditions such as
a requirement of “high quality” for both muons and a maximum single muon |n| were added to keep the
L1 rate under control.

As mentioned in Section 3.2.3, the L1 trigger was updated in the LS1, allowing for more sophisti-
cated cuts to keep the rates at acceptable values in Run 2, coping with the much larger instantaneous

luminosities. The further requirement of oppositely-charged muons was added, as well as limits on the
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dimuon An, taking advantage of the ability to consider correlations between two trigger objects. During
the extended year-end technical stop between the 2016 and 2017 data-taking periods, a final set of L1
triggers was established for quarkonium analyses in 2017 and 2018, maintaining the requirements on
quality, charge and |r|, introducing cuts in single muon pr, and implementing a dimuon invariant mass
range or a maximum AR = \/(An)® + (A¢)?, the angular distance between the two muons. The trig-
gers were aimed at both charmonium and bottomonium, balancing pr and || requirements to achieve
both efficiency and rates requirements [138].

The L1 algorithms related to charmonium studies used in 2017 and 2018 are:

* L1 DoubleMuOerlp4 _SQ_0S_dR Max1p4 and L1 DoubleMuOer1p5_SQ_0S_dR Max1p4: require two

muons of opposite charge with |n| < 1.4 or |n| < 1.5, respectively, AR < 1.4 and no pr cut;

* L1 DoubleMudp5.-SQ-0S_dR_Max1p2 and L1_DoubleMu4_SQ_0S_dR_Max1p2: require two muons of op-
posite charge with pr > 4.5 GeV or pt > 4 GeV, respectively, and AR < 1.2;

* L1 DoubleMu8_SQ: requires two muons with pr > 8 GeV and no other cuts, so that there is no

correlation between the two muons.

The label “SQ” refers to the quality requirement and “OS” to the requirement of opposite charges.

At the HLT, more complex cuts can be applied, due to the availability of information from the tracker
and the more sophisticated reconstruction algorithms. As was the case for the L1, no rate-reducing
requirements were needed at the beginning of Run 1, and more were added as the instantaneous
luminosities increased. Most HLT dimuon triggers include the distance of closest approach between the
two muons and the y? probability of the dimuon vertex fit, which is a fit of the positions and momenta
of the two muon candidates to a common vertex. Cuts in invariant mass and dimuon pt are also used
for quarkonium HLT paths, as a way to reduce the rates. The former are intended to reject non-signal
events, restricting the data-taking to the regions of interest around the quarkonium masses, while the
latter inevitably lead to the rejection of signal events, and are considered a necessary sacrifice given the
focus of most physics analyses on high-pt regions.

At the beginning of Run 2, in 2015 and 2016, the quarkonium trigger menu was mostly based on the
one used at the end of Run 1, in 2012, limiting the increased rate from the higher /s and instantaneous
luminosity with simple adaptations such as increased pr thresholds or prescaling. During the extended
technical stop, an effort was made to review the HLT strategy, keeping the lowest possible dimuon pr
thresholds and reducing the rates with other types of cuts, but the nature of these triggers leaves few
avenues for rate reduction, and the final selection of triggers for Run 2 combines paths of higher pr
thresholds with those using reduced pt cuts accompanied by limitations such as restricting the data-
taking to the barrel region (|y| < 1.25) [138].

The charmonium triggers used for the analysis described in this thesis are HLT Dimuon25_Jpsi and
HLT Dimuon18_PsiPrime, for the JAi) and «(2S), respectively. The values after “Dimuon” indicate the
dimuon pr cut and the state label (“Jpsi” or “PsiPrime”) indicates the invariant mass window selected
by the trigger, centred on the corresponding state’s mass. More information on the exact cuts and
requirements of the triggers is given in Chapter 4.
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To exemplify the manner in which quarkonium triggers target the regions of interest for quarkonium
analyses, ensuring the collection of large samples of candidates for study, Fig. 3.10 shows the data
collected by the CMS HLT dimuon triggers for a small fraction of the total luminosity registered in 2017,

highlighting the data collected by specific triggers.
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Figure 3.10: The dimuon invariant mass distribution reconstructed by the CMS HLT for a small fraction
of the total luminosity registered in 2017, using the inclusive double-muon trigger (light gray) and other
triggers aimed at low-mass resonances [139].

3.3.2 Muon reconstruction and identification

Muon reconstruction in CMS uses both the muon detectors and the inner tracker, achieving improved
momentum resolution through this combination. This is illustrated in Fig. 3.11, comparing the momentum
resolution using each system and using both.

Tracks are first reconstructed independently in each system, defining “tracker tracks” and “standalone
muon tracks” for the tracker and muon detectors, respectively [139].

Tracker tracks are reconstructed through an iterative approach, beginning with the tracks that are
easiest to find and, after each iteration step, removing the hits associated with the reconstructed tracks
from the set of available input hits, so that the next step is run on the reduced set of inputs. In this way,
the combinatorial complexity is reduced at each iteration step, simplifying subsequent searches for more
difficult types of tracks [140].

Standalone muon track reconstruction begins with seeds composed of groups of DT or CSC seg-
ments, and then proceeds by gathering all information (from CSC, DT or RPC hits) along a muon trajec-

tory, using a Kalman-filter? technique [139].

2The Kalman filter is an algorithm used in track and vertex fitting [141].
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Figure 3.11: Muon transverse momentum resolution as a function of transverse momentum when using
only the muon system, only the inner tracker, or both, for || < 0.8 (left) and 1.2 < |n| < 2.4 (right) [122].

Muon reconstruction combining the two tracks is performed according to two different algorithms,

resulting in either “global muons” or “tracker muons” [139]:

» Tracker muons are built from the inside out, propagating tracker tracks to the muon system if they
satisfy certain kinematic properties. The tracker track is identified as a tracker muon track if at
least one muon segment (straight-line tracks built within a single CSC or DT chamber) matches

the extrapolated track.

» Global muons are reconstructed from the outside in, beginning with standalone muon tracks and
matching them to tracker tracks. This is done by propagating both tracks to a common surface,

after which a combined fit is performed with the Kalman filter, using information from both tracks.

Due to high reconstruction efficiency, about 99% of the muons produced within the geometrical
acceptance of the muon system are reconstructed as either a global or a tracker muon, and often as
both. If a global muon and a tracker muon share the same tracker track, they are merged into a single
candidate [139].

For low-pr muons, tracker muons have a higher efficiency than global muons, given that only one
muon track segment is required, usually in the innermost station. On the other hand, tracker muons that
are not global muons have a higher probability of muon misidentification. Global muons have a reduced
misidentification rate in comparison, also showing improved pr resolution for pr > 200 GeV due to their
use of information from both the tracker and muon systems [139].

Given the relatively low pr of the muons used in this thesis, their momentum is measured only using

the silicon tracker (see Fig. 3.11) and the muon stations are only used for trigger and identification.
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In order to increase the purity of the reconstructed muons, defined as the fraction of reconstructed
tracks that correspond to real muons, a set of selection criteria have been established, known as “muon
identification”. There are several types of identification, chosen for each physics analysis depending on
the desired balance between sample efficiency and purity. More information on these criteria can be
found in Ref. [139].

Separation of PR and NP events

As mentioned in Chapter 2, non-prompt charmonia can be distinguished from prompt charmonia using
the displacement between the production of a b-hadron in the PV and its decay into a charmonium state
in a SV. The typical distance of a few 100 um between the two vertices can be resolved by the CMS
tracker, allowing for the definition of a variable to discriminate between the PR and NP charmonia, the
“pseudo-proper lifetime” or simply “lifetime” [70], defined using the dimuon properties as the b-hadron is
not reconstructed,

M,
£=Loy g, (3.5)

T

where L., is the most probable transverse decay length in the laboratory frame, defined as

ulo—1x

L,y = (3.6)

woTu’
with x the vector joining the PV and the dimuon vertex in the transverse plane, u the unit vector of the
dimuon pr, and o the sum of the PV and SV covariance matrices.

The CMS tracker measures the lifetime variable with a resolution around 10 ym at high pr, degrading
to around 30 zm at low pr, so that PR and NP events can be statistically separated, with the former being
clustered around ¢ = 0 and the latter covering the region ¢ > 0. By defining a lifetime window for PR and
NP samples, it is possible to reduce the contamination of NP events in the PR sample and to define a

pure NP sample.
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Chapter 4

Event samples and selection criteria

The analysis described in this thesis provides the polarizations of the prompt and non-prompt J/» and
¥(2S) mesons. The prompt and non-prompt events are selected using the pseudo-proper lifetime ob-
servable introduced in Chapter 2. Besides the directly-produced component, the prompt J/) event
sample includes feed-down contributions, with around 8% of mesons produced in (2S) decays and
around 25% produced in x. decays [142]. No such feed-down sources contribute to the ¥ (2S) sample.
The polarization measurement procedure is described in Chapter 5, up to the determination of the
prompt and non-prompt J/» and ¢(2S) \y(pr). Before proceeding to the analysis strategy and results, it
is first necessary to characterize the event samples used and the selection criteria applied, both online

and offline. That is the subject of this chapter.

4.1 Event samples

4.1.1 Data samples

The analysis uses the data samples collected by CMS during the 2017 and 2018 running periods. The
integrated luminosity adds up to 103.3fb™", distributed as 42.0 and 61.3fb™" for 2017 and 2018, re-
spectively. The polarization measurement is independent of the exact value of the integrated luminosity,
which is reported as it offers a qualitative measure of the size of the analysed event sample.

The events were collected with two dimuon triggers, the HLT paths HLT Dimuon25_Jpsi for the J/)
and HLT Dimuon18_PsiPrime for the ¢(2S). The L1 seeds are the same for both HLT paths, an OR
sum of L1 DoubleMu4 _SQ_0S_dR Max1p2, L1 DoubleMuOerip5_SQ_0S_dR Max1p4 and their tighter coun-
terparts L1 DoubleMudp5_SQ_0S_dR Max1p2 and L1 DoubleMuOerip4_SQ_0S_dR Max1p4, as described in
Section 3.3.1.

The HLT path requires an opposite-sign muon pair, with invariant mass in the ranges 2.9-3.33 GeV
for the JA) and 3.35-4.05 GeV for the ¢(2S), with a distance of closest approach between the two
muons smaller than 0.5 cm and a dimuon vertex fit x? probability larger than 0.5%. In addition, the
dimuon transverse momentum must be larger than 24.9 GeV for the J/ip and 17.9 GeV for the ¢(2S). No

explicit pr requirement is imposed on the single muons at this level.
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The data samples used in this analysis have been reconstructed with the so-called “ultra-legacy”
offline reconstruction software version, which includes the final evaluation of the time-dependent recon-
struction parameters, reflecting the alignment and calibration conditions of the detector [143].

The reconstructed data were processed ensuring that both reconstructed muons must match, in
pseudorapidity and azimuthal angle, those that triggered the detector readout. Both muon tracks must
have more than five hits in the tracker, at least one of them being in a pixel detector layer. They must also
fulfil the other standard quarkonium muon selection cuts, as mentioned in Section 3.3.2 (in this case,

the so-called “soft-muon selection” [139]).

4.1.2 Monte-Carlo samples

The analysis also uses simulated Monte-Carlo (MC) event samples, generated with the PYTHIA 8
event generator [144], with the standard charmonium production settings. The MC samples are ex-
clusively composed of prompt mesons (pure signal). The generated J/i» and «(2S) mesons only de-
cay to dimuons, for processing efficiency. The decays are isotropic, reflecting unpolarized production.
The emitted muons undergo final-state radiation, which is generated through the PHOTOS 3.61 pack-
age [145]. The simulation includes PU, with the multiplicity distribution tuned to match the data; the
average number of pileup interactions was 32 in the 2017—2018 period. The simulated events are then
processed through a detailed simulation of the CMS detector, based on the GEANT4 package [146],
using the same trigger and reconstruction algorithms as used to collect and process the data. These
samples are independently generated for each of the two years and are expected to faithfully reproduce
the running conditions of the CMS experiment during the data collection periods. All samples are gen-
erated with the single muons in the kinematical window pr > 4 GeV and |n| < 1.5, looser than the cuts
applied in the offline analysis, mentioned below, to account for smearing effects.

Some of the MC samples were “officially produced” and are available for processing by any CMS
analysis. These were complemented by additional MC samples, generated “privately” following the
procedures used in the official production, to ensure that the final results are not significantly affected by
the statistical uncertainties of the simulated samples.

Particularly, to improve the statistical uncertainties at high pr, several complementary J/» MC sam-
ples were generated. The MC samples for J/) are used in four exclusive ranges: 25-45; 45-50; 50-70;

70-120 GeV. For the ¢ (2S) case, a single high-statistics MC sample was used.

4.2 Event selection criteria and definition of analysis samples

The event sample obtained after the triggers is subjected to a further set of offline event selection criteria

used to define the “final-analysis event sample”:
+ Single muon kinematics: pr > 5.6 GeV and |n| < 1.4;
+ Dimuon rapidity: |y| < 1.2;
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* Dimuon pr: 25 < pr < 120 GeV (J/) or 20 < pr < 100 GeV (¥(2S));
* Dimuon mass: 2.92 < m < 3.28 GeV (J/i) or 3.4 < m < 4.0 GeV (¥(28));

« Dimuon vertex fit x2 probability larger than 1%.
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Figure 4.1: Single muon efficiency as a function of pr, as evaluated from the simulated events.

The offline cut of single muon pt > 5.6 GeV is significantly higher than the cuts applied by the trigger
selection. This choice is due to an added consideration, illustrated in Fig. 4.1: with a cut of 5.6 GeV,
all the selected muons have detection efficiencies that vary by less than 5%. It is important to note
that the polarization measurement is insensitive to the absolute magnitude of the detection efficiencies,
so that we only need to worry about the variations of efficiency within the analysed sample matter. By
selecting muons in the “plateau” region of the detection efficiency, we avoid the pr-dependent “turn-
on” region of the efficiency curve. This minimises the potential residual effects of a less-than-perfect
efficiency correction, so that the results become almost unaffected by the uncertainties on the assumed
efficiencies.

The analysis makes use of the |cos 9| distributions measured in six independent event samples,
subsets of the final-analysis event sample defined by two ranges in the dimuon lifetime (denoted by the

labels PR and NP) and three in the dimuon mass (J/ or ¥(2S) signal region, left and right sidebands):
* PR: |4] < 50 pm; NP: 100 < ¢ < 800 pm;
 J/ signal region: 3.0-3.2 GeV; J/i» LSB: 2.92-2.95 GeV; J/) RSB: 3.21-3.28 GeV;
* ¢(2S) signal region: 3.57-3.81 GeV; ¢(2S) LSB: 3.4-3.52 GeV; ¢)(2S) RSB: 3.82—4.0 GeV.

For illustration purposes, the six windows used in the J/i) and ¢(2S) analysis are graphically repre-
sented in Fig. 4.2.

The 2D region of 100 < ¢ < 800 um and mass in the ¢ signal region is labelled as “NPS”, for NP in
the signal mass window. It includes mesons produced in decays of B mesons (the interesting “signal”)
as well as a background contribution from non-prompt “mass-continuum” muon pairs. These are the

muon pairs resulting from other processes, mostly decays of uncorrelated heavy flavour mesons.
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Figure 4.2: Two-dimensional event distribution in the dimuon lifetime vs. mass dimensions, for the 2018
J/p (left) and ¢(2S) (right) data samples, showing the rectangular windows defining the six regions used
in the analysis. The PRS (NPS) windows include the prompt (non-prompt) signal as well as the back-
ground contamination. The other four “control windows”, are used to evaluate the |cos ¥| distributions of
those backgrounds.

The 2D region of |¢] < 50 um and mass in the v signal region is labelled as “PRS”, for PR in the
signal mass window. It contains the (signal) prompt mesons plus two background contributions, from
“mass continuum” muon pairs and from mesons produced in decays of short-lived B mesons. These
mesons are sometimes called “non-prompt”, a nomenclature that can be misleading as they have, by
definition, |¢| close to zero.

The MC samples are exclusively composed of prompt J/i» or ¢(2S) mesons.

The dimuon mass resolution at the J/) mass is 20 MeV at y ~ 0 and degrades as we depart from mid-
rapidity, up to almost 40 MeV in the least favourable phase space regions (rapidity and pr). Therefore,
the 200 MeV window that determines the J/) mass signal region corresponds to a coverage between
+50 and £2.50. The same coverage is provided by the 240 MeV window used in the ¢(2S) analysis,
given that the relative mass resolution, o.,,,/m, is essentially independent of the dimuon mass.

The dimuon pseudo-proper lifetime observable, ¢, is measured with a resolution around 20-30 um,
so that the range |¢| < 50 um corresponds to a coverage of around 2¢. The PV is selected among all
the reconstructed proton-proton collision vertices in the event as the one closest to the line extrapolating

the dimuon momentum back to the beam line.

The J/i polarization is measured in 19 pr bins, of widths increasing with increasing pr:
» 10 bins of 2.5 GeV in the range 25-50 GeV;

* 6 bins of 5 GeV in the range 50-80 GeV;

» 2 bins of 10 GeV in the range 80-100 GeV;

+ 1 bin of 20 GeV in the range 100-120 GeV.
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Given the smaller event sample, the ¢(2S) polarization measurement is made in only 8 pr bins, of

variable width:
* 4 bins of 5 GeV in the range 20—40 GeV;
» 3 bins of 10 GeV in the range 40-70 GeV;
+ 1 bin of 30 GeV in the range 70-100 GeV.

In each of those pr bins, the |cos 9| distribution (or ratio of distributions) is analysed in 20 equidistant

bins between 0 and 1.

4.2.1 Event yields per year of data taking

After applying the event selection criteria described in the previous section, we are left with almost 15
million prompt and almost 11 million non-prompt J/i» dimuons with pr between 25 and 120 GeV. The
number of 1(2S) events is significantly smaller: 2.1 million prompt and 1.3 million non-prompt. All the

event yields, for data and MC, are collected in Tables 4.1 and 4.2.

4.3 lllustrations of some kinematical distributions

To characterize the measured and simulated data, and evaluate how the two compare to each other, the
distributions of several kinematic variables are shown in the following figures: dimuon invariant mass,

pr, rapidity and lifetime. These illustrations are made with the 2018 J/ data, with the 2017 distributions

showing identical behaviour in all variables.

Figure 4.3-left compares the measured and simulated invariant mass distributions of the prompt

dimuons (4] < 50 um) in the 25-45 GeV (red) and 70—120 GeV (blue) pr ranges. There are no con-

2017 [25, 45] [45,50] [50,70] [70,120] | [25, 120]

Prompt signal region (PRS) 5379.7 k 209.5k 282.2 k 72.7 k 5944.0 k

Non-prompt signal region (NPS) 49885k 2309k 3240k 85.6 k 5629.0 k
8 Prompt left mass SB (PRLSB) 446 k 21k 3.0k 1.0k 50.7 k
‘QU Prompt right mass SB (PRRSB) 529k 29k 45k 1.6k 61.9k
Non-prompt left mass SB (NPLSB) 80.6 k 3.8k 5.2k 1.4k 90.9 k
Non-prompt right mass SB (NPRSB) 86.9 k 4.2k 59k 1.6k 98.6 k

MC  Only PRS region 20507.7k 1555.2k 1998.9k 1275.0k | 25336.9 k
2018 [25, 45] [45,50] [50,70] [70,120] | [25, 120]

Prompt signal region (PRS) 7982.0k 3072k 416.2k 107.3k | 8812.7k

Non-prompt signal region (NPS) 73829k 3402k 4775k 126.8k | 8327.4Kk
8 Prompt left mass SB (PRLSB) 69.2 k 3.2k 4.7k 1.4k 78.5k
3 Prompt right mass SB (PRRSB) 79.5k 4.4k 6.8 k 24Kk 93.1 k
Non-prompt left mass SB (NPLSB) 125.4 k 5.7k 8.0k 2.2k 141.3 k
Non-prompt right mass SB (NPRSB) 131.6 k 6.2 k 8.5k 2.3k 148.6 k

MC  Only PRS region 20984.3k 1590.1 k 1760.1 k 1598.8 k | 25933.3 k

Table 4.1: Event yields of the measured and simulated J// samples, for the 2017 and 2018 sets, per pr

range (in GeV).

53



2017 [20, 100]

Prompt signal region (PRS) 854.2 k
Non-prompt signal region (NPS) 708.0 k

8 Prompt left mass SB (PRLSB) 162.0 k
3 Prompt right mass SB (PRRSB) 183.9 k
Non-prompt left mass SB (NPLSB) 191.0k
Non-prompt right mass SB (NPRSB) 70.0k

MC Only PRS region 5572.2 k

2018 [20, 100]

Prompt signal region (PRS) 1275.8 k

Non-prompt signal region (NPS) 1053.0 k

8 Prompt left mass SB (PRLSB) 2429k
S  Prompt right mass SB (PRRSB) 275.6 k
Non-prompt left mass SB (NPLSB) 285.9k
Non-prompt right mass SB (NPRSB) | 104.7 k

MC  Only PRS region 6660.2 k

Table 4.2: Event yields of the measured and simulated ¢ (2S) samples, for the 2017 and 2018 sets, in
the full pr range.

tinuum background dimuons in the MC samples, which are pure (prompt) signal. We see that the mass
resolution degrades from low to high pr.

Figure 4.3-right shows the pr distributions of the measured PRS data (black) and of the samples
simulated in four pr ranges: 25-46 GeV (in red), 40-52 GeV (in purple), > 46 GeV (in green), and
> 66 GeV (in blue). It should be kept in mind that the “data” sample includes contaminations from J /i
dimuons produced in B meson decays (even if with |¢| < 50 pm) and from “continuum mass dimuons”,

while the simulated samples are pure prompt J/) signal.
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Figure 4.3: Left: Invariant mass distribution of the measured (solid histograms) and simulated (dashed
histograms) prompt dimuons (|¢| < 50 um), in the 25-45 GeV (red) and 70-120 GeV (blue) pr ranges,
for the 2018 J/. Right: Measured (black histogram) pr distribution of the dimuons in the prompt J/)
signal region (PRS window: |¢] < 50 um and 3.0 < m < 3.2 GeV), compared to the distributions of the
four samples of simulated events (red, purple, green, and blue histograms), for 2018.
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Figure 4.4: Dimuon rapidity (left) and single muon 7 (right) distributions of the 2018 measured (solid
histograms) and simulated (dashed histograms) samples in the prompt J/) mass region (PRS), in four
dimuon pt ranges (red, purple, green, and blue histograms), rescaling the MC distributions for an easier
comparison with the data shapes.

We have verified the compatibility of the four MC samples used for the J /) analysis, each generated
over a different interval in dimuon pr. In order to do this, several distributions of variables were obtained
in pr intervals where the samples overlap, obtaining pairs of distributions that can be compared for the
2017 and 2018 samples: dimuon mass, pr and rapidity, as well as single muon pr and ». All distributions
show good agreement across all three overlap pr regions for both 2017 and 2018.

Figure 4.4 compares the J/ data and MC dimuon rapidity distributions (left panel) and single muon
7 distributions (right panel), in the four pr ranges As both muons have identical distributions, only the
positive muon is shown. For an easier comparison of the shapes, the MC distributions are scaled to the
data. The data-MC agreement is quite remarkable.

As previously mentioned and graphically shown in Fig. 4.2, the PRS, PRLSB, and PRRSB event
samples only include dimuons of pseudo-proper lifetime between -50 and +50 pum. Instead, the NP
event sample is composed of dimuons with pseudo-proper lifetime between 100 and 800 yum. Figure 4.5
shows the lifetime distribution of the measured J/) dimuons, indicating the prompt and non-prompt
windows with the vertical dashed lines and the two horizontal arrows. No simulated distributions are
shown here because the MC is exclusively composed of prompt signal J/i» events. We can see that the
resolution of the lifetime measurement improves from low to high pr and that the NP fraction increases
with pr and then flattens out.

As mentioned above, the 2017 and 2018 samples show equivalent distributions for all plotted single
muon and dimuon distributions. This is illustrated in Fig. 4.6, where the dimuon pt and lifetime distribu-
tions are plotted identically to Figs. 4.3-right and 4.5, now overlapping the 2017 distributions after scaling

them to their 2018 counterparts. The agreement is remarkable for both variables.
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Figure 4.5: Pseudo-proper lifetime distributions of the 2018 dimuons measured in the 3.0-3.2 GeV mass
window. The vertical lines indicate the “prompt” (dashed) and “non-prompt” (dotted) windows.
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Figure 4.6: Comparison of 2017 and 2018 dimuon distributions, rescaling the 2017 distributions for an
easier comparison: pr in the J/) PRS region (left) and lifetime in the J/ signal mass window (right).

Equivalent illustrations are obtained for the ¢ (2S) case, where there is a single MC sample and so
the full pr range of [20,100] GeV is the single pr interval used for plotting. As for the J/, the illustrations
are made with the 2018 samples and, for the single muon 7 distributions, with z*.

In this case, as can be seen in Fig. 4.7-left, the measured sample includes a significant contribution
from continuum background dimuons.

Figure 4.7-right shows the p distributions of the measured and simulated samples. The upper limit
of pr = 100 GeV for the (2S) measurement is illustrated by a dashed vertical line, and the statistical

fluctuations above this pr cut are clearly visible, reflecting the smaller sample size for this state.
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The dimuon rapidity distributions, illustrated in the left panel of Fig. 4.8, show great agreement be-

tween data and MC, as do the single muon 7 distributions on the right panel.

= F g f
N 0.04F s
= Ok 2 F 2018 Y(2S) PRS data
£ C 2018 Y(2S) — PR Data r
o035 100 . Prompt MC sample
= r & — MC E
S r - oo
£ 003 L -
F 10° = LT
0.025 — P 20-100 GeV E t.o-
0.02- i R
C 10* E e
0.015— E R
0.005 [rremmemsesmmsmmmnine™ s e, L 8
I Tttt 3*%H + T
r 10% & T
0 bt [—— | sl IR TR i N VR WO OO0 N S T Fooo b b b by It | \H‘Mu‘ |
3.4 35 3.6 3.7 3.8 3.9 4 0 20 40 60 80 100 120 140 160
m (GeV) [ (GeV)

Figure 4.7: Left: Invariant mass distribution of the measured (solid) and simulated (dashed) prompt
dimuons (|¢| < 50 pm), integrated over pr, for the 2018 v (2S). Right: Measured (black) and simulated
(red) pr distributions of the dimuons in the prompt +(2S) signal region (|¢| < 50 um and 3.57 < m <
3.81 GeV), for 2018.
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Figure 4.8: Dimuon rapidity (left) and single muon 5 (right) distributions of the 2018 measured (solid
histograms) and simulated (dashed histograms) samples in the prompt ¢ (2S) mass region (PRS), inte-
grated over pr, rescaling the MC distributions for an easier comparison with the data shapes.
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Chapter 5

Measurement of the J/) and (2S)

polarizations

5.1 A brief overview of the analysis

The polarization measurement is, as mentioned previously, based on the analysis of the angular distri-
butions of the dimuons resulting from the decay of the quarkonium mesons. The 4-momentum vectors
of the two muons, containing the spin alignment information of the decaying meson, are used to extract

the anisotropy parameters .

In the phase space window of the analysis, studying mid-rapidity and high-pr quarkonia, the HX
frame appears to be the most natural, as indicated in Section 2.4.2. In these conditions, it is very
reasonable to focus the analysis by presenting the main results in the form of the polar anisotropy

parameter, Ay, in the HX frame. Other anisotropy parameters offer useful cross-checks.

The polar anisotropy parameter is determined using a simplified version of Eq. 2.2, integrating over
the azimuthal decay angle,
W (cos®) oc 1+ Mg cos® 0 . (5.1)

This integration is possible because the angular variables cos® and ¢ show little correlation in the
HX frame, at high pr and mid-rapidity. An alternative reference frame, such as the Collins—Soper frame,
would not allow for such an approach, as the cos 9 vs. ¢ phase space has zero-acceptance domains, so
that a two-dimensional analysis becomes necessary. This is illustrated in Fig. 5.1, which shows the two-
dimensional acceptance and efficiency maps in the HX and Collins—Soper (CS) frames, in two pr bins,
using the simulated J/) samples. The “holes” in the CS distributions correspond to zero-acceptance
regions that impose an inextricable correlation between the two (cos ¥ and ) dimensions, while the HX

distributions are nearly rectangular, especially at high pr.

To probe the possible existence of a residual azimuthal anisotropy, as will be considered when per-

forming the systematic checks of Chapter 6, the analysis can be redone, in exactly the same way,
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Figure 5.1: Two-dimensional J/) (cos ¥, ) acceptance maps in the HX (left) and CS (right) frames, for
two pr bins.

replacing the cos ¢ polar angle by the ¢ azimuthal angle. The  distributions are fitted with the function
W(90|X) x 14+ fBcos2p, (5.2)

with 3 = (2,)/(3 4+ Xg), obtained from Eq. 2.2 integrating over the polar decay angle.

A few additional considerations are required before the polarization measurement can be performed.
Firstly, the analysis is made using the observable |cos ¥|. Indeed, the symmetry of the underlying physics
implies that the distribution must be symmetric around zero and, hence, there is no information gain in
using the cos ¢ variable. By graphically representing the distributions vs. |cos 1|, the statistical fluctuations

of the data points are reduced.

More importantly, the analysis is made in many pr bins, in order to measure the pr dependence of
Ay. The pr bins are relatively narrow, especially at low pr, with the further aim of ensuring that, within

those bins, the variation of the polarization (if there is any) can be neglected.
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This analysis is made integrated over the dimuon rapidity window |y| < 1.2, without splitting this
(relatively narrow) mid-rapidity window into thinner bins. This integration is justified by the observation
that no variations of the polarization are expected in any theory model within that mid-rapidity range, a

prediction in good agreement with the results of previous CMS analyses.

In these conditions, Eq. 5.1 can be written as

W (|cosd|, pr) < 1 + \g(pr) cos® ¥ . (56.3)

A bigger challenge of the analysis is that Eq. 5.3 cannot be used to directly fit the measured (“raw
data”) |cos 9| distributions because they are affected by sculpting effects introduced by the limited accep-
tance coverage of the detector and by the efficiencies of the trigger and reconstruction steps. In other

words, the fit must be done on distributions previously corrected for those experimental effects.

As in all other previous analyses, the detection acceptance is evaluated through a very detailed
(“full”) simulation of the whole detection chain, from the trigger step to the offline reconstruction and event
selection criteria. This Monte Carlo simulation is made assuming unpolarized production, corresponding
to a flat cos ¢ distribution, so that any non-flat trends seen in the simulated distributions are caused by
the convolution of all the detection effects (mainly the acceptance, but also the single muon and dimuon
efficiencies).

The procedure is thus to divide (in each pr bin) the measured |cos 1| distribution by the simulated one,
before performing the fit using Eq. 5.3. In this way, the only remaining reason for potential modulations

of the angular distribution is the polarization of the measured charmonium samples.

Given the considerations above, the basic inputs for the polarization measurement can be considered
to be the two-dimensional |cos 9| vs. pr event distributions, for the data and for the MC. These are shown
in Fig. 5.2, for the 2018 J /4 event sample, in the PRS region, after applying all the event selection criteria.
The analogous distributions for the NPS region, as well as for the 2017 data taking period, are virtually
indistinguishable from the ones shown here. Since the MC samples are generated unpolarized, the non-
flatness of this distribution versus |cos |, shown in the right panel, is a direct reflection of the detection
acceptance. The measured data, instead, is also affected by the physics polarization effects that are the

target of this analysis.

Besides the expected exponential decrease in event yields as pr increases, which simply reflects the
decreasing pr-differential production cross section, the first observation that can be made from these
figures is that the coverage in |cos )| extends to larger values when the dimuons have a larger pr. In fact,
it is the single muon pr cut that limits the |cos J| vs. dimuon pr phase space. When a dimuon has |cos ¢|
close to 1, it means that the two muons are “back to back”, one having a significantly higher momentum
than the other. The muon with lower momentum is likely to fail the pr > 5.6 GeV requirement, especially
at low dimuon pr, making the cos ¥ regions close to +1 inaccessible. As the dimuon pr increases, the
impact of the muon pt cut becomes less important and the measured |cos 9| distribution extends towards
higher values of |cos |, as shown in Fig. 5.3. In other words, the maximum value of the |cos ¢J| variable

that can be probed with the selected data increases with dimuon pr, which is another good reason to
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Figure 5.2: Two-dimensional J/ (|cos®|, pr) distributions for 2018 PRS data (left) and signal-only MC
(right).
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Figure 5.3: Simulated |cos ¢| distributions, in five J/) pr ranges, showing that the |cos | coverage in-
creases with pr.

perform the analysis as a function of pr.

It is worth noting that this means that the polarization measurement becomes easier to perform as
the J/) pr increases (as long as the size of the event samples remains sufficiently large). Indeed,
given the form of Eq. 5.3, the shape of the cos ¥ distribution away from zero has the most significant
contribution to the determination of Ay. Data that only cover a cos ¥ range very close to zero are unable
to provide a faithful measurement of \y.

As mentioned before, the analysis must be made using the data over MC ratios. Figure 5.4 shows
an example of such a ratio, for the PRS region, using the 2018 data and MC J /4> samples. Note that the

62



40
0.05
30

B i i e e e

0 01 02 03 04 05 06 07 08 09 1
|cos 6,

Figure 5.4: Data over MC ratio of the J/) (|cos 9|, pr) 2D distributions for the PRS region, using the 2018
samples.

< 100 < 100
[ [
e e 5
o 90 o2 90 10
10*
80 80
10*
70 10° 70
10°
60 60
10?
50 50 10
40 40
10
10
30 30
20 1 20 1
0O 01 02 03 04 05 06 07 08 09 1 0O 01 02 03 04 05 06 07 08 09 1
[cos 6,,,I |cos 6,

Figure 5.5: Two-dimensional ¢(2S) (|cos 9|, pr) distributions for 2018 PRS data (left) and signal-only MC
(right).

four “bands” visible in the figure are simply reflecting the four different MC generations used for the J/i).
This is a visual artefact, due to the increased number of MC events generated at high pr, but it will not
affect the final Ay results, which only depend on the shape of the |cos 9| distribution in each pr bin.

The detection effects cancel in the ratio, so that its study will provide a reliable measurement of the
polarizations. Indeed, the polarization is the only effect that is present in the measured distributions and
not in the simulated ones, so that it is the only possible cause of any potential non-flatness of the ratios.
Figures 5.5 and 5.6 show the ¢(2S) equivalent of Figs. 5.2 and 5.4, respectively.

To ensure stable and reliable fit results, the 1 + Xy cos? @ function is fitted within a |cosJ| range

that excludes the most extreme values, where the distribution (corrected for acceptance and efficiency
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Figure 5.7: Measured PRS (purple) and NPS (red) J/i |cosd| distributions compared to the MC sim-
ulated (unpolarized) distribution (black), immediately illustrating the transverse or longitudinal polariza-
tions of the measured samples.

effects) is the ratio of two steeply falling distributions and, hence, might be affected by spurious “edge
effects”.

Before going into more complex descriptions of the analysis procedures, it is worth noting that, even
without doing any fits, a direct look at the J/) |cos 9| distributions, shown in Fig. 5.7 for the PRS, NPS,
and MC cases, integrated over pr, is sufficient to see that the PRS dimuons are transversely polarized
while the NPS dimuons, instead, are longitudinally polarized. This observation can be easily made by

comparing the PRS and NPS shapes with that of the unpolarized MC distribution, taken as reference.
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Several comparisons have been made between the 2017 and 2018 samples, including independent
fits of the dimuon mass and lifetime distributions of each of those samples, leading to the conclusion that
the two samples are in perfect agreement with each other, within uncertainties. This observation means
that, moving forward, the analysis can be performed using the combined “Run 2” event sample. In this
way, free parameters can be fitted with less statistical uncertainties and any dependences on variables
such as the dimuon pr, for example, can be determined more precisely. Residual variations between
the two event samples, if any, will be considered as a potential systematic uncertainty, evaluated from
the differences between the results independently obtained for each year. This applies, independently,
to the prompt and non-prompt J/) and ¢(2S) measurements.

Adding both years, the event yields, per 2D region and pr range, are collected in the Tables 5.1

and 5.2, for the J/) and ¢(2S) cases, respectively.

[25, 45] [45,50] [50,70] [70,120] | [25, 120]

Prompt signal region (PRS) 13361.7k 516.7k 6983k 180.0k | 14756.7 k

Non-prompt signal region (NPS) 123715k 5712k 801.5k 2123k | 13956.4 k
8  Prompt left mass SB (PRLSB) 113.8 k 5.2k 7.7K 24Kk 129.2 k
o Prompt right mass SB (PRRSB) 132.4 k 7.3k 11.3k 40k 155.0 k
Non-prompt left mass SB (NPLSB) 206.0 k 9.5k 13.2k 3.6k 232.3 k
Non-prompt right mass SB (NPRSB) | 218.6 k 10.4 k 14.3 k 4.0k 247.2 K

MC  Only PRS region 414921 k 31454k 3759.0k 2873.8k | 51270.2 k

Table 5.1: Event yields of the measured and simulated J/ samples, adding the 2017 and 2018 sets,
per pr range (in GeV).

[20, 100]

Prompt signal region (PRS) 2130.0k
Non-prompt signal region (NPS) 1761.0 k
8 Prompt left mass SB (PRLSB) 404.8 k
8 Prompt right mass SB (PRRSB) 459.5 k
Non-prompt left mass SB (NPLSB) 476.8 k
Non-prompt right mass SB (NPRSB) 174.8 k

MC  Only PRS region 12232.4 k

Table 5.2: Event yields of the measured and simulated «(2S) samples, adding the 2017 and 2018 sets,
in the full pr range (20—100 GeV).

To conclude this section, the inputs needed for the polarization measurement are quickly introduced.
To begin, the measurement of the polarizations of the non-prompt JA) and (2S) mesons is de-
scribed. These mesons are daughters of B mesons (and of a negligible contribution from other b baryon
decays) and, hence, denoted as 5. The dimuons contributing to the non-prompt signal |cos | distri-
bution in a given pr bin, NPS(|cos 9|, pr), come either from decays of g mesons or from non-prompt

mass-continuum background processes, Bxp,

NPS(|cos 0|, pr) = fi, ° (pr) - ¥ (|cos I, pr)

+ fAFS(pr) - Bap(|cosd], pr),

with f3"S(pr) = 1 — f375(pr).

Similarly, the polarizations of the prompt J// and ¢ (2S) mesons, ¥p, can also be measured, in each
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pr bin, using the |cos | distributions of the dimuons in the prompt signal region, PRS(|cos ¥/, pr). How-
ever, besides the dimuons from prompt charmonia and from mass-continuum background processes,
Bpr, the PRS window also includes events from charmonia produced in decays of short-lived B mesons,

of |¢] < 50 um,

PRS(|cos 9], pr) = fir® (pr) - ¢op(|cos 9], pr)

+ f§§§(pT) - Bpr(|cosd|,pT) + f}ZSS(PT) -¢B(|cos V|, pr),

(5.5)

with fPRS(pr) =1 — B (pr) — [555 (pr).

The fractions of mass-continuum muon pairs in the signal windows, /55 and fLE5, are determined
from fits of the dimuon mass distributions, while the fractions of charmonia from B decays in the prompt
signal window, fj;‘é‘s, are obtained by fitting the dimuon lifetime distributions, accounting for the existence
of non-prompt continuum muon pairs. It should be noted that the mass-continuum dimuons in the PR
region also include, besides the prompt Drell-Yan dimuons, several possible combinations of muons
produced in (non-prompt) decays of pions, kaons, D mesons, and B mesons. The next section explains
how the three fractions are measured, for each of the two charmonia and as functions of pr, and reports

the results, which are then used in the measurement of the polarizations, as described in Section 5.3.

5.2 Dimuon mass and lifetime analysis

5.2.1 Background fractions in the non-prompt charmonia signal regions

As mentioned above, in the NPS region, there is a single background fraction to evaluate, fBN:ff. This
fraction is determined from fits of the non-prompt J/ and (2S) dimuon mass distributions. While
conceptually identical, the fits for each state differ in the fit functions used to describe the signal line
shape. The ¥(2S) case is described first, for simplicity.

The eight dimuon mass distributions (corresponding to the eight ¢/(2S) pr bins) are simultaneously
fitted by the sum of two Crystal-Ball (CB) functions [147] to describe the (2S) line shape (L) plus a

decreasing exponential function to describe the underlying mass-continuum background (Lg,):
Ly = fcp1 - gesi(m) + (1 — fe1) - gea(m) (5.6)

Lpg = Apg - exp(—m/tpg) (5.7)

Independently fitting the dimuon mass distributions in each of the pt bins would naturally lead to re-
sults affected by random statistical fluctuations, especially if all shape parameters were left free. Some of
the parameters, such as the n and « tail parameters, are (anti-)correlated and, thus, it is not reasonable
to leave all parameters free in the fit. Additionally, the shape parameters of the L,, and Lg, functions
are expected to change with pr in a smooth way.

Given these considerations, a series of preliminary studies of the (simulated and measured) dimuon

mass distributions were performed, aiming at reducing the number of free parameters of the fit. These
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Figure 5.8: Dimuon mass distributions measured for the non-prompt v (2S) in the two pr bins mentioned
in the legends. The total fit function (blue line), the two CB functions (red and green), and the back-
ground continuum (black) are also shown. The lower panels show the corresponding relative difference
distributions.

converged on a fit model that is able to faithfully describe the data with a relatively small number of free
shape parameters, by constraining their dependence on pr. The two CB functions have common means
(11 = peo) and tail parameters n and «, but independent widths (o; and o3). The CB means and their
relative proportions are independent of pr, as is the value of a, while the two widths increase linearly
with p, with a common slope. The tail parameter n is fixed to the value 2.5 (given the strong correlation
between n and «, it is reasonable to only leave one of them as a free parameter in the fit). This relatively
simple model strikes a good balance, avoiding too many free parameters (leading to under-constrained
fits and results affected by random statistical fluctuations) or too many arbitrarily-selected constraints
(possibly leading to results biased by specific assumptions).

Figure 5.8 shows, for illustration, two measured non-prompt (2S) dimuon mass distributions, in two
typical pr bins. The lower panels show the corresponding distributions of relative differences, computed
as the difference between the measured and fitted yields, divided by the fitted yield. The quality of the
fit, simultaneously made to the eight mass distributions, is represented by the x?/ndf value mentioned in
the figures, where ndf stands for the number of degrees of freedom.

Since there is a much larger number of J/) events than ¢ (2S) events, with respect to the yield of
underlying mass-continuum dimuons, a slightly more complex J/) signal fit model is needed. First, the
two CB functions are no longer constrained to have a common mean; instead, i1 is made independent
of pr and s is left free in each pr bin. Second, a Gaussian function is added, with ¢, as mean and an

independent width, o¢:

Ly = fopi - gcei(m) + (1 — fepi — fa) - gcs2(m) + fa - ga(m) (5.8)

The normalization of the Gaussian term is fixed, from studies of the MC event samples, so that it
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Figure 5.9: Dimuon mass distributions measured for the non-prompt J/ in the two pt bins mentioned
in the legends. The total fit function (blue line), the two CB functions (red and green), the Gaussian
function (magenta), and the background continuum (black) are also shown. The lower panels show the
corresponding relative difference distributions.

contributes 3.5% of the total J/ yield. Simultaneously fitting all the 19 J/) dimuon mass distributions,
a good description of the data is obtained with a o parameter that increases linearly with pr with the
same slope as o; and o,. Although a small correction for the J/) shape, adding the Gaussian term
provides an improved description of the mass-continuum region immediately above the J/i) peak.

Figure 5.9 shows, analogously to Fig. 5.8, non-prompt J/) dimuon mass distributions, for the two
pr bins mentioned in the legends. Given the very large number of J/) events, the measured mass
distribution in the peak region has almost zero relative uncertainty, so that a simple fit model such as
the one chosen for this analysis is likely to result in pulls' that show systematic trends (in addition to
the expected statistical fluctuations). Increasing the complexity of the fit function, for example by adding
CB functions to the signal shape, would reduce the pulls and apparently improve agreement, but in this
case it is preferred to keep the function as simple as possible (within reasonable agreement with the
data) since, as will be described in the following, the fitted signal function is not used to evaluate the
background fraction, and so a “perfect” description of the peak shape is not necessary. In any case,
the fit model we have used provides a reasonable description of the measured distribution: the relative
differences between the data and the fit function are at the few percent level, as shown by the lower
panels of Fig. 5.9.

The most important shape parameters obtained from the dimuon mass fits are the amplitude and
inverse slope of the mass-continuum exponential function, which are thus left free in each pr bin. These
are the only fit parameters required to determine the fraction fBNIff, which is computed by integrating
the fitted background function (in each pr bin) in the signal mass window (NPS) and then dividing the

result by the total number of events counted in that region. Figure 5.10 shows the obtained values, as

"Pulls are computed as the difference between the measured and fitted yields, divided by the statistical uncertainty of the data
point.
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Figure 5.10: Variation with pt of the integral of the fitted mass-continuum exponential function in the
signal mass window (left) and of the fraction of events in the NPS region due to mass-continuum muon
pairs (right), for the non-prompt J/i» and ¢(2S) events.

a function of pr, for the integral of the fitted background function and fglf’f in the left and right panels,

respectively.

5.2.2 Background fractions in the prompt charmonia signal regions

The fractions of mass-continuum muon pairs in the prompt signal windows, fgfs, for both the JA) and
1 (2S) cases, are determined by fitting the dimuon mass distributions in the PR region (|¢| < 50 xm) using
the same fit procedure and fit models as for the non-prompt cases; the only exception is that, for the
J/p, the two CB functions have common p parameters in this case, similarly to the «(2S). Figures 5.11
and 5.12 show the dimuon mass distributions measured for the PR (2S) and J/i) events, respectively,
in the pr bins already used in Figs. 5.8 and 5.9.

Figure 5.13 shows the variation with pr of the integral of the fitted background function, in the left
panel, and of the background fraction f£15, in the right panel.

The other source of background contributing to the PRS region corresponds to charmonia produced
in decays of short-lived B mesons. The fractions of events in the PRS windows due to those non-prompt
charmonia, f}j}?s, are obtained by fitting the lifetime distributions of the dimuons in the J/ or ¢ (2S) signal
mass windows. It is important here to take into consideration that not all non-prompt contamination in
the PRS region corresponds to charmonia: the non-prompt continuum muon pairs, already contributing
to fEX°, must be accounted for separately.

The 19 J/) or 8 ¥(2S) dimuon lifetime distributions (one per pr bin) are fitted simultaneously, in the
range from -50 to +500 um, selecting the events with dimuon mass in the mass signal windows. As the
aim of the fits is to obtain a model of the NP contribution in the PR window, the fit window does not need

to be extended up to +800 um. The fit model is composed of three contributions.
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Figure 5.11: Dimuon mass distributions measured for the prompt +(2S) in the two pr bins mentioned
in the legends. The total fit function (blue line), the two CB functions (red and green), and the back-
ground continuum (black) are also shown. The lower panels show the corresponding relative difference
distributions.
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Figure 5.12: Dimuon mass distributions measured for the prompt J/) in the two pr bins mentioned
in the legends. The total fit function (blue line), the two CB functions (red and green), the Gaussian
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Figure 5.13: Variation with pt of the integral of the fitted mass-continuum exponential function in the
signal mass window (left) and of the fraction of events in the PRS region due to mass-continuum muon
pairs (right), for the prompt J/ and ¢(2S) events.

First there is the prompt term, represented by the lifetime resolution function, parametrised by the
sum of three Gaussian functions with a common mean and independent widths, defined such that og3 >

oGg2 > 0@G1-

Lpr = Lies = fa1 - G1(l|p,061) + faz - Ga(lpu, 062) + (1 — fa1 — faz) - Gs(l|p, 0G3) - (5.9)

Studies of MC event samples show that the superposition of three Gaussian functions provides a
good description of the prompt lifetime distributions. They also show that several parameter constraints
can be imposed: the relative contributions of the three terms, their mean value p, as well as the ratios
og2/0c1 and ogs/oa1, are made independent of pr, so that the pr-dependence of the lifetime resolution
is fully described by the o, parameter, which decreases as pr increases, as shown in Fig. 5.14. The
narrowest Gaussian, G, is the dominant term and the other two can be seen as successive corrections.
In the J/) case, G; contributes 53.3% of the signal, G- contributes 42.7%, and G5 the remaining 4%.
In the ¢ (2S) case, the corresponding values are 70.8%, 28.0%, and 1.2%. The og2/0c1 and ogs/oc1
ratios are 1.57+0.01 and 3.16 4-0.09 for the J /4 distributions, respectively, while the corresponding (2S)
values are 1.91 £+ 0.01 and 9.3 + 0.3.

The second term represents the contribution of ¢» mesons from B decays and is parametrised by a

decreasing exponential (for ¢ > 0) convolved with the resolution function,

Lyy = [exp(—€/tyy) - H(0)] @ Lies(€|p, 061,062, 0a3), (5.10)

where H is the Heaviside step function. In the fits, the amplitude and inverse slope of this exponential

function are left free in each pr bin.
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Figure 5.14: Variation with pr of the width of the dominant Gaussian function parametrising the lifetime
resolution function, G, for the JA) and ¢(2S) events.

Finally, there is the term representing the non-prompt mass-continuum muon pairs, parametrised
by one (for the J/)) or two (for the ¢(2S)) decreasing exponentials, also for £ > 0 and convolved with
the resolution function, similarly to L,,,. This term is fully fixed in the fit, with shape and normalization
parameters determined by interpolating to the signal mass window the lifetime distributions measured in
the mass sidebands (using the 100 < ¢ < 500 um range).

Beginning with the case of the ¢ (2S) analysis, the highly populated and wide mass sidebands allow
for a study of the variations of the lifetime distribution with mass using four mass bins in each of the
two sidebands. As shown in Fig. 5.15, the shapes of the mass-sideband (2S) lifetime distributions
are essentially independent of pr. Therefore, it can be assumed that the function representing the
lifetime distribution of this background term is similarly independent of pr. Fits are thus performed for
the pr-integrated lifetime distributions, in the 100 < ¢ < 500 um range, in eight mass sideband bins: four
30 MeV bins between 3.4 and 3.52 GeV plus four 45 MeV bins between 3.82 and 4.0 GeV.

The 8 lifetime distributions are well described by the sum of two exponential functions with slopes

that are independent of the dimuon mass,
L3P = NRE [f1 - exp(—0/0%%, ) + (1= f1) -exo(—4/13%, )] - (5.11)

Leaving free the relative weight of the two exponential functions, f;, we see that it changes linearly
with the dimuon mass, so the fits are redone imposing this condition, to minimize statistical fluctuations.

Figure 5.16 illustrates the fit quality for two mass bins, mentioned in the legends, one from each
sideband. The measured lifetime distributions are well described by the fit, with no systematic trends in
the pull distributions.

Having found the mass-dependent shape parameters of the lifetime function, from the pr-integrated

distributions, they can now be fixed in a fit of the lifetime distributions for each pr bin, to obtain the
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Figure 5.16: Measured LSB (left) and RSB (right) pr-integrated «(2S) lifetime distributions for the two
mass bins mentioned in the legends; the fitted functions are also shown. The lower panels show the
corresponding pull distributions.

normalization parameter, Nf\?l%, as a function of dimuon mass and pr. Not surprisingly, this parameter
shows an exponential decrease with dimuon mass. Redoing the fits with this additional constraint, to
minimize statistical fluctuations, N5 is obtained as an exponential function of dimuon mass, for each
pr bin. Figure 5.17 illustrates the fit quality, for two pr bins.

Since all the parameters of the eight SB lifetime functions, including the normalizations, have been
determined as functions of the dimuon mass, it is easy to obtain, by simple interpolation, the function
that describes the lifetime distribution of the (non-prompt) mass-continuum dimuons in the signal mass

window.
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Figure 5.18: Dimuon lifetime distributions, integrated in pt, measured for the sideband mass ranges
mentioned in the legends, in the J/) (left) and «(2S) (right) cases.

In the case of the J/ analysis, the interpolation to the signal window is straightforward because, as
shown in the left panel of Fig. 5.18, the two J/) mass sidebands have identical lifetime distributions,
unlike the ¥ (2S) case, where a variation with mass is clearly seen in the right panel of the same figure.

The 100 < ¢ < 500 um range of the J/ lifetime distributions is fitted in two sideband mass intervals,
in this case using a single exponential function with a mass-independent slope,

L3P = N exp(—/1%%) . (5.12)

The quality of the pr-integrated fits can be appreciated in Fig. 5.19. The subsequent fits, performed
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Figure 5.20: J/i lifetime distributions measured in the LSB mass range for the two p bins mentioned
in the legends; the fitted functions are also shown. The lower panels show the corresponding pull
distributions.

in each pr bin to determine the pr-dependence of NEE, are illustrated in Fig. 5.20 for the two pr bins

mentioned in the legends.

Figure 5.21 shows, for illustration, the dimuon lifetime distributions measured in representative pr
bins for both charmonia, in the mass signal regions. The three contributions to the fit are shown sepa-
rately: the prompt term, represented by the solid green line; the ¢y mesons from B decays, represented
by the dashed red line; and the non-prompt mass-continuum muon pairs, represented by the dashed
grey line. The measured distributions are well described by the fit model, given the reasonable pull
distributions.
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Figure 5.22: Variation with pr of the integral of the fitted non-prompt ) exponential function in the PRS
region (left) and of the corresponding fraction of events (right).

The fi}BRS fractions are evaluated (in each pr bin) by integrating the fitted g term in the prompt
window and dividing the result by the total number of events counted in that region. The integrated
values and corresponding fractions are shown in Fig. 5.22, for the J/i) and ¢ (2S) cases. As expected

from previous analyses, the J/ “non-prompt fraction” increases with pr and then saturates.
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5.3 Polarization measurement

The previous section described the procedure to get the fractions of background events, both from
the mass-continuum dimuons in the NPS and PRS regions, 55 and f§§RS, and from the charmonia
produced in B decays that populate the PRS region, f};}i‘s, for both states. The results, as a function of
pr, have been presented in the right panels of Figs. 5.10, 5.13, and 5.22.

As shown in Egs. 5.4 and 5.5, in addition to these fractions, the measurement of the physically-
relevant 5 (|cos 9|, pr) and vp(|cos J|, pr) 2D distributions also implies knowing the (|cos ¥|, pr) 2D dis-
tributions of the mass-continuum background terms, Byp(|cos 9|, pr) and Bpgr(|cos ¥, pr).

These NP and PR mass-continuum background terms are obtained by interpolating into the signal
mass region, for each pr bin, the |cos | distributions of the mass sidebands. The interpolation is done

as a weighted average of the two mass sideband distributions,

fr(pr) - LSB (cos 9|, pr) + (1 — fr(pT)) - RSB (|cos Y|, pr) , (5.13)

where
My — (mLsB)
(mgrsB) — (miss)

with M, being the mid-point of the signal mass windows (3.0-3.2 and 3.57-3.81 GeV for the J/) or

fo=

(5.14)

¥(2S) cases, respectively), and (mrsg rsg) Obtained from Ly, defined in Eq. 5.7, through

Mmax
fmmii m - Lpg(m)dm

fm“‘_"“‘ Lgg(m)dm

m

(mLsBRSB) = (5.15)

The weight f;, is found to be essentially independent of pt and only slightly above 50%, for both
states.

Figure 5.23 shows the LSB and RSB |cos ¢| distributions, as well as their weighted average, for the
PR J/ (top panels) and NP ¢(2S) (bottom panels) samples, in two pr bins.

With these distributions, all required contributions have been determined, and it is possible to perform
the background subtraction that gives, from the PRS and NPS samples, the ¢ and v¢p (|cosd|, pr)
distributions. From these, the prompt and non-prompt Ay(pt) values can then be determined.

Figure 5.24 illustrates the background subtraction procedure. The top panels show, for both ¢ states,
the |cos 9| distributions of the NPS events (in black, before background subtraction) and of the mass-
continuum background events (in green, scaled by its fraction), as well as their difference, the B — ¢
distribution (“non-prompt J//” and “non-prompt ¢ (2S)”, in red), for one illustrative pr bin.

The bottom panels of Fig. 5.24 show the |cos¥| distributions of the several prompt terms. These
are almost identical to the non-prompt case aside from an additional background contribution to be
subtracted: the events in the PRS window that are actually the result of B meson decays, even though
they have small ¢ values. The events in the signal mass regions (PRS) are shown in violet and the
two background sources, scaled by their corresponding fractions, are shown in green (mass-continuum

dimuons) and in red (B — J/ and B — v(2S) contributions). Subtracting the two backgrounds from the
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Figure 5.23: LSB (red), RSB (blue), and interpolated (black) |cos | distributions, for two pr bins (left and
right) in the PR J/) (top) and NP ¢(2S) (bottom) samples.

PRS points, the prompt J/ and «(2S) signals are obtained, shown in blue.

Figure 5.25 shows the ratios between the measured and the simulated |cos | distributions, for the

prompt and non-prompt J/ (left) and (2S) (right), obtained after subtracting the backgrounds. Fitting

these distributions with Eq. 5.3 gives the corresponding )y values, for the given pr bin. As was men-

tioned in Section 5.1, the fits do not include the largest |cos | bins, which are closest to the edge of the

covered range and thus correspond to the ratio of two steeply falling distributions. More precisely, we

exclude from the fit the |cos 9| bins whose uncertainties exceed more than twice those of the fitted |cos ¥J|

bins.
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Figure 5.25: Ratios between the data and MC |cos ¥¥| distributions of the prompt and non-prompt J /i (top)
and (2S) (bottom) for two pr bins (left and right). The curves represent fits using Eq. 5.3, excluding the
largest |cos 9| bins. The lower panels show the corresponding pull distributions.
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Repeating the same procedure for all pr bins, the pr-dependence of the Ay parameters is obtained,
for the prompt and non-prompt J/» and (2S) states. The results are shown in Fig. 5.26.

The uncertainties shown in this figure are purely statistical. In order to have a full evaluation of
the uncertainties associated with this measurement, it is necessary to perform systematic checks and
determine the systematic uncertainties arising from the measurement procedure. This is done in the

following chapter.
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Figure 5.26: Polarization parameter Ay versus pr, for the non-prompt (red or magenta) and prompt (blue
or purple) J/ (filled circles) and (2S) (open squares) mesons.
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Chapter 6

Systematic uncertainties

In this chapter, several potential sources of systematic uncertainties are studied, in order to evaluate
the systematic uncertainties associated with the polarization measurements reported in the previous
chapter.

The sources of systematic uncertainties considered, based on the dataset and steps of the analysis,

and which will be discussed in detail in the next sections, are:
+ Potential differences between the 2017 and 2018 samples;
+ Single muon detection efficiencies;
» Dimuon detection efficiencies (“p factor”);
+ Fit model of the dimuon mass distributions;
+ Fit model of the dimuon lifetime distributions;
 Potential residual azimuthal anisotropy in the helicity frame;
+ Closure test of the polarization fit procedure.

At the end of the procedure, all contributing systematic uncertainties are summed in quadrature to

determine the total systematic uncertainty associated with the measurement.

6.1 Potential differences between the 2017 and 2018 samples

To study the impact of possible differences between the 2017 and 2018 event samples, which are com-
bined for the analysis, the polarization is measured independently in each sample. As can be seen in
Fig. 6.1, for the prompt J ) and ¢(2S) cases, the two measurements are compatible with each other, their
difference being zero within the statistical uncertainties. Therefore, this is considered to be a “passed

check” and no corresponding systematic uncertainty is attributed.
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Figure 6.1: Difference between the \y parameters measured with the 2017 data sample and those
measured with the 2018 sample, for the prompt J/A) (left) and ¢(2S) (right) analyses.

6.2 Single muon detection efficiencies

As discussed in Section 4.2, the single muon pr cut of 5.6 GeV ensures that all the selected events have
muons of similar detection efficiencies, so that an inaccurate parametrization of the efficiency curve will
have a negligible impact on the results. For the muons in the region || < 0.2, however, the “turn-on

region” is not completely removed, as can be seen in Fig. 6.2.

Single muon efficiencies,
scaled to 100% at high p.

fto)=1.0/{1+exp[-B (o~ )]}

0.6 ‘ 2015 (BPH-15-005)
1 ! CMS AN 2015/323
(Figs. 16 and 17)
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] I -1
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1 TO
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Figure 6.2: Single muon detection efficiencies for muons in several exclusive |r| bins, as used in quarko-
nium production cross section measurements using the 2015 dataset [73].

Two checks are considered to evaluate if the results might be affected by a potentially wrong effi-

ciency correction of the events in this n region.
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« Efficiency curve reweighing:

The single muon efficiency function for this n range is parametrised as [73],

1
L +exp[—f- (pr — pro)]

f(pr) = (B=1.698GeV ™", pr, = 3.723GeV)

where f(pt,) = 0.5, and two extreme cases are considered:

1) There is no inefficiency at all: the MC events are thus weighed by 1/f(pr) to “remove” the

efficiency correction applied;

2) The real efficiency differs from the MC efficiency by an amount equal to the efficiency itself:

the MC events are weighed by f(pr), “squaring” the efficiency correction applied.

* pr cut:
The pr cut is increased from 5.6 to 6.7 GeV for the muons with || < 0.2, removing their turn-on
region. This more extreme check naturally leads to larger statistical uncertainties at low dimuon

pr.

The differences between the )y values obtained in each of these three alternative analyses and
those of the baseline analysis are shown in Fig. 6.3, for the prompt J/) (left) and (2S) (right) analyses,
together with a grey band centred at zero that represents the statistical uncertainty of the baseline

results. This band allows for a visual estimation of the impact of the different systematic sources.
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Figure 6.3: Differences between the Ay values obtained in each of the three alternative analysis scenar-
ios and the baseline procedure, compared to the statistical uncertainties of the baseline measurement
(grey band), for the prompt J/ (left) and ¢(2S) (right) analyses.

A systematic uncertainty is assigned from this source, up to 50 GeV for the J// and up to 40 GeV
for the ¢ (2S), computed (conservatively) as the average of the absolute differences between each of the
two reweighing options and the baseline values. These uncertainties are determined independently for
the prompt and non-prompt cases.
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Still on the topic of single muon efficiencies, the muons produced with pseudorapidity in the region
0.2 < |n| < 0.3 have a lower detection efficiency because of the gap between the central muon detector
wheel and its neighbours. To evaluate the possible impact of a miscorrection of this efficiency, Ay is
measured after rejecting all events with a muon (or both) in this n region. As shown in Fig. 6.4 for the
prompt J/p and ¢(2S) analyses, the difference between the varied and baseline Ay values, vs. pr, is
randomly distributed around zero; the deviations seem to be purely statistical. Therefore, no systematic

uncertainty is assigned to this source.
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Figure 6.4: Differences between the Ay values obtained when rejecting events with at least one muon
in the 0.2 < |n| < 0.3 region and the baseline procedure, compared to the statistical uncertainties of the
baseline measurement (grey band), for the prompt J/) (left) and (2S) (right) analyses.

6.3 Dimuon detection efficiencies (“p factor”)

At high enough pr, the two decay muons might be emitted with almost parallel trajectories and, in
these conditions, they may be detected, at the trigger level, as a single muon, so that the event is not
selected [71, 72]. Because of this, the dimuon efficiency ¢, is actually smaller than the product of the
two single muon efficiencies ¢, ;, with the difference quantified by the “p factor”, most significant at high
pr:

€up = €ul €p2 P (6.1)

In principle, this effect should be faithfully reproduced by the detailed trigger emulation, included
in the MC simulation, but it is important to evaluate if the obtained results could be affected by some
residual differences. This is studied following the procedure used in the 7 TeV prompt charmonium
polarization measurement by CMS [37].

The dimuon trigger efficiency is studied by comparing the J/i») MC event distributions obtained after
applying the trigger (“trig”) to those obtained before (“reco”). The study is restricted to pr > 50 GeV

events, where the effects are more visible. As can be seen in Fig. 6.5, the trig/reco ratio of the A¢ vs.
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Figure 6.5: Ratio between “trig” (after applying the trigger) and “reco” (before applying the trigger) simu-
lated 2D event distributions, for J4) dimuons of pr > 50 GeV, in the A¢ vs. An plane. The dashed black
curve represents a circumference of AR = 0.12.
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Figure 6.6: Left: Ratio between “trig” and “reco” simulated 2D event distributions, for J/) dimuons of
pr > 50GeV, in the pr vs. AR, plane. Right: Corresponding “reco” event distribution. The dashed
black lines represent the AR, = 0.15 and AR, = 0.17 cuts.

An 2D distribution shows that the trigger efficiency is very low when the two muons are “too close to
each other” in the variable AR = /A¢? + A2

The dimuon trigger efficiency depends also on the difference between the pr of the two muons, Apr,
and it is better to isolate and reject regions of low dimuon efficiency applying cuts on the variable AR, .,

defined as
log [Apr|

ARy = VAP + A + ——

(b= 45). (62)

Figure 6.6-left shows that rejecting events of AR, < 0.17 leads to a J/i event sample where all the

dimuons have trigger efficiency above 70%, so that the sample is much less sensitive to the accuracy
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of the MC efficiency correction. Figure 6.6-right shows the pr vs. AR, 2D event distribution before
applying the trigger emulation (the “reco” sample). It is evident that a AR, = 0.17 cut rejects a very
large fraction of the high-pr events. Therefore, for pr > 70 GeV, a looser cut of AR, = 0.15 is used
(corresponding to an efficiency threshold of 60%), to avoid losing too many events, as otherwise the
Ay measurement becomes too uncertain to provide meaningful results. For the ¢(2S) sample, a similar
evaluation leads to a pr = 50 GeV cutoff for the looser AR, cut.

Since the AR,,. cuts reduce the |cos 9| coverage, the baseline Ay values are also recomputed, fitting
the |cos | distribution in the same range, to ensure that potential variations are exclusively caused by
the p factor.

Figure 6.7 shows the differences between the \y values measured with the event sample selected
by the AR, cuts, where the dimuon detection efficiency is always quite high and the sample is not
very sensitive to the accuracy of the trigger emulation in the simulated events, and the values measured
without applying such a cut, for prompt J/) (left) and (2S) (right). No significant variation of Ay with
pr is seen; the fluctuations around zero are caused by the reduction in the size of the event sample (they
are not seen when a coarser pr binning is used, as shown by the red points on the J/4> panel). Therefore,

this is considered a passed check and no systematic uncertainty is assigned to the measurement from

this source.
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Figure 6.7: Difference between the Ay values measured with and without applying the AR, cuts, vs.
pr, for the J/p (left), and the (2S) (right) analysis, in the standard pr bins (blue points) and in a coarser
pr binning (red points, for the J/)). The dashed vertical lines mark the pr value above which we use a
looser AR, cut.

6.4 Fit model of the dimuon mass distributions

The Jip and ¢(2S) line shapes do not enter directly in the determination of the fractions of mass-
continuum muon pairs in the signal mass windows because, as was described in Sections 5.2.1 and 5.2.2

for the NPS and PRS cases, respectively, the denominator is the number of counted events. The de-
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scription of the peak line shape is only required to be accurate enough not to bias the fit of the mass-
continuum background contribution. To this end, the signal fit model function is chosen such that it
describes the simulated and measured peak shapes, with a sum of two Crystal-Ball functions for the
¥(2S) and an added Gaussian function in the case of the J/). It is considered that this description is
sufficient for the purposes of the analysis, but it is necessary to evaluate whether it could be introducing

a bias in the determination of the background term.

In the case of the ¢(2S) analysis, the mass-continuum dimuon background has a relatively high
contribution, with respect to the ¢ (2S) peak, so that it is important, for the polarization measurement, to
precisely evaluate the fraction of events in the signal mass window coming from that background. Itis in
this case that an incorrect fit of the dimuon mass distributions would have the largest impact on the final

Ay results.

The rather broad sideband ranges, both on the left and right sides of the (2S) peak, allow for an
alternative procedure to evaluate the background fraction, completely avoiding the necessity to describe
the ¥ (2S) peak. It is possible to simply count the number of events in each of the two sideband mass
windows and then compute the interpolated event yield in the signal mass window, assuming that the
mass distribution follows a decreasing exponential function. In other words, this procedure only consid-
ers the mass ranges where the signal peak has no contribution at all, so that the background level can

be computed without the need to describe the peak line shape.

Figure 6.8 compares the mass-continuum dimuon background fractions in the ¢(2S) mass window,
for the NP and PR cases, when computed with the alternative “event counting” method and with the
baseline fit procedure. The two procedures lead to essentially identical results, confirming that the

functional form used to describe the peak line shape does not bias the extraction of the background

levels.
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Figure 6.8: Variation with pr of the fraction of events in the NPS (left) and PRS (right) regions due to
mass-continuum muon pairs, computed with the baseline fit procedure (solid lines) and with the event
counting alternative (dashed lines).
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Figure 6.9: Differences between the \y values obtained with the background event counting procedure
and the baseline procedure, compared to the statistical uncertainties of the baseline measurement (grey
band), for the NP (left) and PR (right) ¢/(2S) analyses.

Propagating the alternative background fractions to the Ay measurement, it is possible to compute
the differences with respect to the baseline results, which are shown in Fig. 6.9. The obtained variations
are negligible with respect to the statistical uncertainties, so that this is considered to be a passed check
and no systematic uncertainty is assigned to the ¢(2S) dimuon mass fit model.

In the case of the J/) analysis, the mass-continuum dimuon background is very small and, fur-
thermore, the left sideband is quite narrow. This means that the analysis does not have access to a
signal-free LSB window, because a small level of signal events could contaminate the available side-
band window. Therefore, the counting method used in the ¢(2S) case is not applicable in the JA) case.
Instead, to test the method, the fits of the dimuon mass distributions are redone with variations in the
shape of the J/y talil, to evaluate if it could significantly contribute to the LSB window, thereby biasing the
evaluation of the level of the continuum background. More specifically, the « CB tail parameter is fixed
to values equal to the baseline value plus or minus the value of its uncertainty, o, as determined in the
baseline fit.

As for the other sources of potential systematic uncertainties, the Ay measurement is redone with
the varied « values and the differences with respect to the baseline measurement are computed. The
results are shown in Fig. 6.10. The A)y vs. pr values are very close to zero for the J/) as well, and also

in this case this is considered a passed check and no systematic uncertainty is assigned.

6.5 Fit model of the dimuon lifetime distributions

As described in Section 5.2.2, the fits of the lifetime distributions include a term, corresponding to the
mass-continuum dimuon background, that is fixed, in shape and normalization. While the shape is

well parametrized by the selected functional form (one exponential for the J/) and two for the ¢(2S)),
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Figure 6.10: Differences between the \y values obtained with the varied CB tail parameter « and the
baseline procedure, compared to the statistical uncertainties of the baseline measurement (grey band),
for the NP (left) and PR (right) J// analyses.
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Figure 6.11: Differences between the \y values obtained with the varied normalization of the lifetime
term reflecting the mass-continuum background and the baseline procedure, compared to the statisti-
cal uncertainties of the baseline measurement (grey band), for the prompt J/) (left) and (2S) (right)
analyses.

the normalization is obtained with a certain (statistical) uncertainty. The effect that this uncertainty
has on the final results can be evaluated by redoing the analysis varying the normalization, adding or
subtracting its uncertainty. Of course, this effect is only relevant for the prompt polarizations, given that
the non-prompt analysis is completely insensitive to the lifetime dimension. The results are shown in
Fig. 6.11, for the J/y (left) and ¥(2S) (right) cases.

The A\y vs. pr patterns seen in Fig. 6.11 are perfectly compatible with zero and independent of
pr. Therefore, this is considered a passed check and no systematic uncertainty is assigned to the

measurement from this source.
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6.6 Potential residual azimuthal anisotropy in the helicity frame

As mentioned in Section 5.1, the phase space window of the analysis motivates a one-dimensional
study of the more significant |cos | decay angle in the HX frame, integrating over ¢, rather than a two-
dimensional analysis using Eq. 2.2 to fit both angles simultaneously. This is done under the assumption,
expected to be valid in the conditions of the analysis, that there are no correlations between |cos | and
 in the two-dimensional acceptance maps.

In order to search for any residual azimuthal dependence on ¢, and evaluate its potential impact
on the final )y, it is possible to redo the analysis, in exactly the same way, replacing the |cos}| polar
angle by the ¢ azimuthal angle. All other elements of the analysis, from the pr bins to the fractions of
background contamination, are unchanged.

The ¢ distributions, obtained after background subtraction and corrected for acceptance as explained

in previous chapters, are then fitted with the function
W (@|X) o 1+ Beos 2, (6.3)

where 5 = (2X,) / (3 + Xg).
The fitted values of 3, for both the prompt and non-prompt J/» and ¢ (2S) mesons, are very close to
zero, as can be seen in Fig. 6.12. This confirms that the analysis can be done in |cos |, integrating over

the ¢ angle, neglecting residual correlations between the two angles.
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Figure 6.12: Fitted j3 values, versus pr, for the prompt (blue) and non-prompt (red) J/) (left) and ¢(2S)
(right) analyses. The bands represent the chosen estimates for the 5 ranges.

It is worth noting that small non-zero 3 values are not necessarily evidence that there are residual dif-
ferences between the acceptance maps evaluated through the MC simulations and the real acceptance
maps of the actual detector. In other words, even a perfect MC simulation can lead to acceptance-
corrected distributions that exhibit small azimuthal anisotropies in the HX frame. The reason for this is

that the analysis uses the proton-proton HX frame and not the parton-parton HX frame, which would be
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Figure 6.13: Difference Ay between the )y values measured with the reweighed acceptance maps
(using the 8 values mentioned in the legends) and the baseline values, vs. pr, for the non-prompt (left)
and prompt (right) J/ (top) and ¥ (2S) (bottom) analyses.

more suitable to measure the prompt J/) and (2S) polarization, but which it is not possible to access.
Similarly, the B meson frame would be more suitable to measure the polarization of non-prompt J/) and
¥ (2S) mesons, but is also not available in this analysis. Since it is not possible to access those “natural”
frames, the measurements must thus be reported in the proton-proton HX frame, where small azimuthal
anisotropies can be expected, even if they are absent in the ideal frames.

Nevertheless, to be conservative, the extreme hypothesis that the residual non-flatness of the ¢
distributions is entirely caused by a mismatch between MC and data is considered. Hence, estimates
for the 5 ranges are established, shown as red and blue bands in Fig. 6.12, and new |cosd| vs. pr
acceptance maps are computed, reweighing each MC event by the weight 1+ - cos(2¢), which depends
on the ¢ of the event.

The differences between the )y values obtained with the alternative maps (in the upper and lower

limits of each  range) and those of the baseline analysis are shown in Fig. 6.13, for the non-prompt
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(left) and prompt (right) J/ (top) and (2S) (bottom) analyses. They are negligible with respect to
the grey bands, which represent the statistical uncertainty of the baseline results, so that this could be
considered to be a passed check. Conservatively, a systematic uncertainty from this source is assigned,
up to 37.5 GeV for the J/y case and 35 GeV for the ¢(2S), computed from the difference between
the Ay values obtained with the most extreme § scenario and the baseline values. This uncertainty
is asymmetric but it is quite small so that symmetric total systematic uncertainties are retained, for

simplicity.

6.7 Closure test of the polarization fit procedure

As a check of the polarization fitting procedure, a Monte Carlo closure test is performed to verify that it
provides results consistent with the generated values. J/i» MC samples are generated with Ay values
between -1 and +1, in steps of 0.1. The analysis is then run on these samples and the corresponding
Ay values are obtained versus pr, as well as the differences between the output and input values.

The results show no indications of a bias in the procedure, as can be seen in Fig. 6.14, where the left
panel shows the \y values obtained from each of the MC samples and the right panel shows the Ay
between generated and returned values for the three most relevant Ay, given the range of values shown

in Fig. 5.26. Therefore, no systematic uncertainty is assigned to this potential effect.
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Figure 6.14: Left: \y values obtained from the J/) MC samples (markers) compared to the generated
values (dashed lines). Right: Difference A\y between the returned values and the generated values,
only for the three most relevant \y values, for visibility purposes.
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6.8 Summary of the systematic uncertainties

All the uncertainties described in the previous sections of this chapter are summed in quadrature to give
the total systematic uncertainty of the measurements. The numerical values are collected in Tables 6.1
and 6.2 for the J/i» and ¢(2S), respectively.

Prompt J /) Non-prompt J /i)
pr(@eV) [ ek B total | pefl. B total
25-27.5 | £0.011 -0.004 +0.012 | £0.010 +0.005 +0.011
27.5-30 | £0.008 -0.003 +0.009 | +0.007 +0.003 +0.008
30-32.5 | £0.007 -0.003 +0.007 | +0.006 +0.003 +0.007
32.5-35 | +£0.006 -0.002 +0.006 | £0.005 +0.002 +0.005
35-37.5 | £0.005 -0.002 +0.005 | +£0.004 +0.002 +0.005
37.5-40 | +£0.004 — +0.004 | £0.004 — +0.004
40-42.5 | £0.004 - +0.004 | +0.003 - +0.003
42.5-45 | +£0.003 - +0.003 | +0.003 - +0.003
45-47.5 | +0.002 — +0.002 | +0.002 — +0.002
47.5-50 | +0.001 —  40.001 | +0.001 - +0.001
50-55 - - - - - -
55-60 - - - - - -
60-65 - - - - - -
65-70 — — — - — —
70-75 - - - - - -
75-80 - — - — - -
80-90 - - - - - -
90-100 - - - - - -
100-120 — — — - — -

Table 6.1: Systematic uncertainties affecting the J/ polarization measurement.

Prompt (25 Non-prompt ¢ (2S)

rr (GeV) 1 eff. B %) total 1 eff. B ( total
20-25 +0.014 -0.010 +0.018 | +£0.014 +0.013 +0.018
25-30 4+0.008 -0.006 +0.010 | £0.008 +0.007 +0.010
30-35 4+0.005 -0.004 +0.006 | +0.004 +0.004 +0.006
3540 | £0.001  —  +0.001 | +0.001 —  +0.001
40-50 - — — - - —
50-60 - - — - - -
6070 - - - - - -
70-100 - - - - - -

Table 6.2: Systematic uncertainties affecting the ¢ (2S) polarization measurement.
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Chapter 7

Results and summary

7.1 Summary of the experimental results

The final results of this analysis are displayed in Fig. 7.1, which shows the Ay parameters, measured in
the helicity frame, for the prompt and non-prompt J/) and (2S) mesons, with the vertical bars repre-

senting the statistical and systematic uncertainties summed in quadrature.

o 1
B C
B ¢ prompt J/y
08 o prompt y(2s)
0.6
0.4
0.2
0
-0.2
-0.4—
-0.6 } {  non-prompt J/
N T non-prompt Y(2S)
0.8
_1 L | Il Il Il ‘ Il Il Il ‘ Il Il Il ‘ Il Il Il ‘ Il Il Il |
20 40 60 80 100 120

P, (GeV)

Figure 7.1: \y parameter measured in the helicity frame, as a function of pr, for the prompt and non-
prompt J/) and ¢ (2S) mesons. The vertical bars represent the statistical and systematic uncertainties
summed in quadrature.
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7.2 Non-prompt polarizations: data versus theory

Figure 7.2 shows the \y parameter measured for the non-prompt J/ and (2S) mesons, as a function
of pr. For pr > 30GeV, the measured values show a flat pr dependence, at around \y ~ —0.2. No

significant differences are seen between the J/) and (2S) trends.

g

Data
08 HX frame

o CMS non-prompt JAp pp 13 TeV
® CMS non-prompt ¢(2S) pp 13 TeV

0.4 + CDF non-prompt JAp pp 1.8 TeV

45 1

QR ﬁ%wﬁ—éﬁ—;i

Curves : B > JAp X (undetected X)

=== Ref. [55] “Two-body” (7 TeV)

Ref. [55] “Multi-body” (7 TeV)
Ref.[115] (1.8 TeV)

20 40 60 80 100
p, (GeV)

O rrTT

Figure 7.2: The Ay parameter measured, as a function of pr, for non-prompt J/) and 4 (2S) mesons.
The vertical bars represent the total uncertainties. Predicted polarizations of J/) mesons produced in
B — J/& X decays are shown for three calculations [55, 115], discussed in the text. The low-py CDF
measurement [21] is also shown.

The pink and light blue bands represent the corresponding polarizations of J/) mesons produced
in B — JA) X decays, computed in Ref. [55] and described in Section 2.3.3. As discussed there,
these predictions correspond to two hypothetical cases denoted as “two-body” and “multi-body”. For
the “two-body” case, the dashed and dotted curves reflect a minimum pr requirement for the two J/
decay muons of 5 and 10 GeV, respectively, while the solid curve represents the calculation without
any pr requirement. Comparing the data points and the computed curves indicates that non-prompt J /i
production, at least in the dimuon pr range covered by this measurement (pr > 25 GeV), is dominated by
the “two-body” topology, where, interestingly, the J/i is expected to be predominantly produced through
colour-singlet processes [57, 58].

The non-prompt JA) polarization measured by CDF [21] in pp collisions at /s = 1.8TeV, in the
ly| < 0.6 range, is also shown, together with a computation made for the CDF conditions (yellow band),
where NRQCD colour-octet contributions are found to dominate [114, 115]. This prediction, leading to
an almost vanishing non-prompt polarization, is in disagreement with the measurement performed in

this analysis.
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7.3 Prompt polarizations: data versus theory

Figure 7.3 shows the Ay measurements obtained in this analysis for the prompt J /i (left) and v (2S) (right)
mesons. The results previously reported by CMS and LHCb for pp collisions at /s = 7 TeV [37, 39, 96]
are also shown, extending the pt coverage down to much lower pr. In the pr ranges where there
are measurements from both the new and the previous CMS analyses, the two sets of points are in
agreement, within the relatively large uncertainties of the 2011 data.

Considering all measurements together (neglecting possible differences with collision energy and
rapidity interval), the Ay patterns show a significant trend from negative to positive, with the sign change
occurring at pr ~ 15 GeV. At high pr, the polarization tends to an asymptotic value, Ay =~ +0.3. There is
no evidence of the strong transverse polarizations (\y approaching +1) expected in case the 3S£8] and

3 PI¥) octet terms would dominate.

N, L A [
90 6 r Prompt J/y 90 N Prompt 1 (2S)
Tr B HX frame e HX frame
- ,,,,// -
04 // - | 04
C / s —— C
- il al S o e
r %ﬁ %3* E + ]
oF + T of
4++++ e CMS 13TeV lyl<1.2 = e CMS 13TeV lyl<1.2
E /’,' o CMS 7TeV lyl<i1.2 E o CMS 7TeV lyl<1.2
-0.4 — /! m LHCb 7TeV 25<y<4 -0.4 — m |HCb 7TeV 25<y<4
- — g% ;
_08F . 3S:s]+ K 3P58] fork=1.5,17,1.8 08—
:\\\\‘\\\\‘H\\‘\H\‘\\H‘\\\\‘\\\\‘\\\\‘H\\‘\H\‘\\H‘\\\\ :\\H‘\\H‘\\\\‘\\\\‘H\\‘\H\‘\H\‘\\H‘\\\\‘\\\\‘\\\\‘\\\\
0 80 100 0 20 40 60 0 100
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Figure 7.3: The )y parameter measured, as a function of pr, for prompt J/) (left) and (2S) (right)
mesons, in pp collisions at /s = 13 TeV, compared to measurements made at 7 TeV by CMS [37] and
LHCb [39, 96]. The vertical bars represent the total uncertainties. The curves on the left panel are
described in the text.

It is interesting to compare the measured pr dependence with the pattern obtainable as a superposi-
tion of the three dominant NRQCD colour octet terms, 155, 351, and 3P¥!, recalling the discussion in
Chapter 2. The first term yields zero (pr independent) polarization, while the remaining two, considered

in a mutual combination of the kind 25\ 4 x3 P

as introduced in Section 2.5.2, are characterized by a
Ay trend qualitatively similar to the measured one, going from longitudinal to transverse at a pr transi-
tion point that depends on their relative proportions, symbolically represented by the « coefficient. This
behaviour is illustrated by the family of curves displayed in Fig. 2.17, based on NLO calculations made
for /s = 7 TeV and mid-rapidity as discussed in Ref. [118].

Three examples of such polarized colour-octet combinations are shown in Fig. 7.3 (left), in pink,
together with the unpolarized term, represented by the green horizontal line at zero. The comparison
between the J/i) data points (with much smaller uncertainties than the ¢(2S) points) and the curves
shows that precise polarization measurements significantly constrain the overall NRQCD colour-octet

contributions: the value of pr where Ay changes sign determines «, while the high-pr asymptotic Ay
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value constrains the relative weight of the polarized (3S£8] + /133[,8]) and unpolarized (1S([)8]) colour-octet

terms.

7.4 Tables of results

The numerical values of the measurements described in this thesis are collected in Tables 7.1 and 7.2,

for the prompt and non-prompt J/» and (2S) polarizations, respectively.

o1 (GeV) \ Prompt J /) \ Non-prompt J /i
9 Ostat Osys Otot 9 O'stat Osys Otot

25-27.5 | 0.182 0.007 0.012 0.014 | -0.163 0.006 0.011 0.013
27.5-30 | 0.193 0.008 0.009 0.012 | -0.176 0.007 0.008 0.010
30-32.5 | 0.216 0.009 0.007 0.012 | -0.178 0.007 0.007 0.010
32.5-35 | 0.208 0.010 0.006 0.012 | -0.195 0.008 0.005 0.009
35-37.5 | 0.193 0.011 0.005 0.012 | -0.186 0.009 0.005 0.010
37.5-40 | 0.204 0.013 0.004 0.013 | -0.200 0.009 0.004 0.010
40-42.5 | 0.229 0.014 0.004 0.015 | -0.193 0.010 0.003 0.011
42.5-45 | 0.223 0.016 0.003 0.017 | -0.202 0.011 0.003 0.012
45-475 | 0.223 0.018 0.002 0.018 | -0.197 0.012 0.002 0.012
475-50 | 0.221 0.021 0.001 0.021 | -0.207 0.014 0.001 0.014

50-55 0.245 0.016 - 0.016 | -0.188 0.010 - 0.010
55-60 0.266 0.021 - 0.021 | -0.180 0.013 - 0.013
60-65 0.233 0.026 - 0.026 | -0.184 0.016 - 0.016
65-70 0.271 0.034 — 0.034 | -0.223 0.019 — 0.019
70-75 0.289 0.036 - 0.036 | -0.204 0.019 - 0.019
75-80 0.216 0.041 - 0.041 | -0.202 0.023 - 0.023
80-90 0.236 0.039 — 0.039 | -0.179 0.021 - 0.021
90-100 | 0.357 0.059 - 0.059 | -0.241 0.029 - 0.029
100-120 | 0.318 0.056 - 0.056 | -0.254 0.026 - 0.026

Table 7.1: \y parameter, in the HX frame, as a function of pr, for the prompt and non-prompt J/
mesons, with the statistical (ostat), Systematic (osys) and total (oyr) uncertainties. All uncertainties are
symmetrical.

Prompt (2S) Non-prompt (2S)

pr (GeV) A9 Ostat Osys Otot A9 Ostat Osys Otot
20-25 0.112 0.028 0.018 0.033 | -0.105 0.025 0.018 0.031
25-30 0.191 0.032 0.010 0.083 | -0.125 0.024 0.010 0.026
30-35 0.193 0.041 0.006 0.042 | -0.206 0.027 0.006 0.027
3540 0.167 0.060 0.001 0.060 | -0.168 0.036 0.001 0.036

40-50 0.167 0.059 — 0.059 | -0.221 0.032 - 0.032
50-60 0.149 0.092 — 0.092 | -0.223 0.043 - 0.043
60-70 0.232 0.157 — 0.157 | -0.172 0.070 - 0.070
70-100 | 0.351 0.176 - 0.176 | -0.067 0.069 - 0.069

Table 7.2: \y parameter, in the HX frame, as a function of pr, for the prompt and non-prompt ¢(2S)
mesons, with the statistical (osiat), Systematic (osys) and total (oyr) uncertainties. All uncertainties are
symmetrical.
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7.5 Summary

The prompt and non-prompt JA) and ¥ (2S) Ay polarization parameters have been measured, in the
helicity frame and for |y| < 1.2, using a sample of pp collisions at /s = 13 TeV collected in 2017 and
2018, corresponding to an integrated luminosity of 103.3 fo—!. The results cover a very broad pr range,
up to pr values of 100 and 120 GeV for the v(2S) and J/p, respectively, significantly extending the pr
coverage of previous measurements.

Thanks to their good precision and broad pr coverage, the measurements exclude the hypothesis
that the quarkonium polarizations under study are pr-independent.

The non-prompt J/ and (2S) polarization measurements are compatible with each other, in terms
of pr dependence and overall magnitude, and show a flat pr dependence for pr > 30 GeV, with \y =~
—0.2 in that region. The measured trends agree with predictions based on the hypothesis of dominant
production by two-body B meson decays, where colour-singlet processes dominate production.

Regarding the prompt results, there appears to be no evidence of strong transverse polarizations (\y
approaching +1), up to pr values exceeding 30 times the J/) mass. Using NRQCD terminology, this
means that there is no evidence that, at very high pr, the transversely polarized 3S£8] and 3P£8] terms
become dominant with respect to the unpolarized 15([J8] octet. Taken together with previous CMS and
LHCb measurements, which cover a lower pt domain, a significant variation of the prompt polarizations
with pr is observed at low pr.

These results provide important constraints to be included in future phenomenological analyses of
quarkonium production, so far mostly focused on pr-differential cross sections. The J/) and (2S) po-
larization measurements can be combined with other experimental constraints, including the x.1, xco,
and ¢ (2S) feed-down fractions into the J/) and the polarizations of the x.; and x.. states, among oth-
ers. For example, the strong similarity between the J/i) and ¢(2S) polarizations, now established with a
much higher precision than in previous measurements, represents a significant and model-independent
constraint on the .1 and x.o polarizations, independent from and complementary to direct measure-

ments [111], as shown in Ref. [117].
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