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Abstract

Considera, Renata; Gobel, Carla (Advisor); Santana Rangel, Murilo (Co-
Advisor). Search for axion-like particles in ultraperipheral PbPb
collisions at the LHCDb experiment. Rio de Janeiro, 2024. 71p. Dis-
sertacao de Mestrado — Departamento de Fisica, Pontificia Universidade
Catolica do Rio de Janeiro.

The Standard Model (SM) of particle physics is currently the most
accepted theory for describing the fundamental interactions among elementary
particles. However, the model alone fails to explain several phenomena, from
neutrino oscillations to dark matter. One current puzzle of the SM is the so-
called strong CP problem. Although Charge-Parity (CP) symmetry is known to
be violated by the weak interactions, it is conserved by the strong interaction to
a high precision. Nevertheless, the SM Lagrangian has a term that could allow
strong-induced CP violation, and only an extreme fine-tuning would prevent
this effect. The solution could come with the introduction of a new particle, the
axion. This idea was later generalized into a broader class of particles known as
axion-like particles (ALPs). Despite extensive searches, no evidence of ALPs
has been observed so far, with only upper limits on their coupling constants
being reported.

This dissertation describes the search for ALPs decaying into a pair of
photons in ultraperipheral PbPb collisions at a center-of-mass energy of 5.02
TeV. The data corresponds to an integrated luminosity of 0.2 nb™!, collected by
the LHCD experiment. The forward configuration of the LHCb detector is well-
suited for investigating low-mass ALPs, a challenging range for other detectors.
Photon candidates are reconstructed and identified using information from the
electromagnetic calorimeter. Our analysis covers an ALP mass range from
3 to 10 GeV and ALP-photon couplings from 107! to 1 TeV~!. Although
our exclusion region is small and overlaps with recent analyses, this study
demonstrates the potential, in run 3 and beyond, for LHCb to contribute to

ALP searches in ultraperipheral collisions.

Keywords
axions; ALPS; beyond the Standard Model; Strong CP problem; LHCb

experiment; ALP-photon coupling; heavy ions.



Resumo

Considera, Renata; Gobel, Carla; Santana Rangel, Murilo. Busca por
particulas tipo axion em colisoes PbPb ultraperiféricas no ex-
perimento LHCb. Rio de Janeiro, 2024. 71p. Dissertacao de Mestrado
— Departamento de Fisica, Pontificia Universidade Catélica do Rio de
Janeiro.

O Modelo Padrao (MP) da fisica de particulas é atualmente a teoria mais
aceita para descrever as interagoes fundamentais entre particulas elementares.
No entanto, o modelo por si s6 ndo consegue explicar varios fenémenos, desde
oscilagdes de neutrinos até matéria escura. Um enigma atual do MP ¢é o
chamado problema de CP forte. Embora se saiba que a simetria de Carga-
Paridade (CP) é violada pelas interagoes fracas, ela é conservada pela interagao
forte com alta precisao. No entanto, a Lagrangeana do MP tem um termo que
poderia permitir violacao de CP induzida por interacao forte, e apenas um
extremo ajuste fino evitaria esse efeito. A solu¢ao poderia vir com a introdugao
de uma nova particula, o axion. Esta ideia foi posteriormente generalizada
para uma classe mais ampla de particulas conhecidas como particulas tipo
dxions (ALPs). Apesar de extensas pesquisas, nenhuma evidéncia de ALPs
foi observada até hoje, sendo relatados apenas limites superiores em suas
constantes de acoplamento.

Esta dissertacao descreve a busca por ALPs decaindo em um par de
fotons em colisoes ultraperiféricas de PbPb a uma energia de centro de massa
de 5,02 TeV. Os dados correspondem a uma luminosidade integrada de 0,2
nb~!, coletados pelo experimento LHCb. A configuracao frontal do detector
LHCbD é adequada para investigar ALPs de baixa massa, uma faixa desafiadora
para outros detectores. Os candidatos a fotons sao reconstruidos e identificados
usando informacgoes do calorimetro eletromagnético. Esta andlise cobre uma
faixa de massa de ALP de 3 a 10 GeV e acoplamentos de ALP-fétons de
107t a 1 TeV~!. Embora a regido de exclusio obtida seja pequena e se
sobreponha a andlises recentes, este estudo demonstra o potencial, no run 3 e
além, do experimento LHCb para contribuir em pesquisas de ALP em colisoes

ultraperiféricas.

Palavras-chave
axions; ALPs; além do Modelo Padrao; Problema da CP forte;
Experimento LHCb; Acoplamento ALP-féton; ions pesados.
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Andrew Largeman: Hey Albert.

Albert: Yeah?

Andrew Largeman: Good luck exploring the
infinite abyss.

Albert: Thank you, and hey, you too.

Zach Braff as Andrew Largeman, Garden State.



1
Introduction

The Standard Model (SM) of particle physics successfully describes three
of the four fundamental forces in nature—electromagnetic, strong, and weak
interactions—along with all known elementary particles. Despite its success,
the SM is not believed to be complete. As indicated by various experimental
observations, there are still several key aspects of the universe that remain
unexplained, such as dark matter, dark energy [12,13], neutrino oscillations
[14], and the matter-antimatter asymmetry [15,16].

One of the unresolved aspects in the SM is the so-called strong CP
problem, which concerns the absence of any violation of charge-parity (CP)
symmetry in strong interactions. According to quantum chromodynamics
(QCD), the theory describing strong interactions, there could be a term in
the QCD Lagrangian that allows for CP violation [17]. However, experiments
have not observed such violations, leading to an unnaturally small value for
the strong CP-violating parameter, #. This is known as the strong CP problem.
The introduction of a hypothetical particle called axion was initially proposed
as a solution [18,19]. Axions dynamically cancel out the CP-violating effects,
providing a natural explanation for the smallness of 6. This idea has been
generalized into a broader class of particles known as axion-like particles
(ALPs).

Axions and ALPs share similar properties, but ALPs are not restricted
to solving the strong CP problem. Instead, they arise in many theories beyond
the SM. ALPs can have a wide range of masses and couplings, making them
versatile candidates for new physics. They can interact with photons, gluons,
and other particles, and their observation would provide crucial insights into
the nature of fundamental interactions and the structure of the universe.

Despite extensive theoretical motivation and experimental efforts, no ev-
idence for ALPs has been observed so far. Searches for ALPs have been con-
ducted in various experimental settings, including laboratory-based experi-
ments, astrophysical observations, and collider experiments. The latter, such
as those conducted at the Large Hadron Collider (LHC), offer a unique envi-
ronment to produce and detect ALPs due to the high energy and luminosity of
the collisions. These experiments aim to explore a wide range of ALP masses
and couplings, providing stringent constraints on their properties [3,20].

This dissertation describes the analysis performed to search for hypothet-
ical ALPs that couple only with photons, using data collected by the LHCh
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experiment during Run 2, between November and December of 2018, from
ultraperipheral PbPb collisions. These collisions, characterized by impact pa-
rameters larger than twice the nuclear radius, allow ions to interact via their
clouds of virtual photons, making them ideal for studying ALPs with photon
couplings. Additionally, as a forward detector, the LHCb detector is well-suited
for investigating low-mass ALPs (m, < 10 GeV), a mass range that is chal-
lenging for other detectors due to limitations in photon reconstruction [1,21].

This document is organized as follows. In Chapter 2, we provide a brief
overview of the SM and some of its unanswered features, particularly the
strong CP problem, and how the introduction of the axion could solve it.
Then, we present some potential methods for producing and detecting ALPs,
highlighting the current status of their searches. In Chapter 3, a description
of the LHC and the LHCb experiment is given, with special emphasis placed
on the most relevant subsystems used for this analysis. Chapter 4 presents
the strategy and results of our analysis. We begin by introducing essential
statistical concepts necessary for interpreting searches with limited statistics,
with a particular focus on the CLs method for setting upper limits, followed
by a detailed explanation of the analysis steps, including the description of
the relevant kinematic variables and the requirements used to remove specific
background contributions in the selection process. To ensure the integrity of
the analysis and avoid potential biases, a blinded analysis is employed, meaning
that the data in the signal region is not examined until the analysis procedure is
finalized. Finally, we present the exclusion region in the (g,,, mass) parameter
space, calculated based on the expected background levels. As this is a blinded
analysis, the results outline the methodology and strategy that will be used
to obtain the final results once the data is unblinded. The conclusions of this

dissertation are presented in Chapter 5.



2
Theoretical Aspects

This chapter provides a brief overview of the Standard Model (SM) of
particle physics and some of its not fully understood features, particularly the
strong CP problem, and how the introduction of a new particle, the axion,
could solve it. Then, we present some potential methods for producing and
detecting axion-like particles (ALPs), highlighting the current status of ALPs

searches.

2.1
The Standard Model

The Standard Model is currently the most accepted theory that describes
the elementary particles and how they interact through three of the fundamen-
tal forces:! electromagnetic, strong and weak.

Fermions are the building blocks of matter, so we call them the matter
particles, they are spin % particles and are divided into quarks and leptons. The
electron, the electron neutrino, the up-quark and down-quark are known as the
first-generation fermions. For each of the four first-generation particles, there
are two copies which differ only in their masses, they are known as the second
and third generations. There is the muon (& 200 times the electron mass) as
a second-generation electron and the tau (= 3500 the electron mass) as the
third-generation one. For the up-quark (down-quark), there are the charm-
quark (strange-quark) in the second-generation and the top-quark (bottom or
beauty -quark) in the third. As for the electron neutrino, there are two more
copies of it: the muon neutrino (second-generation) and the tau neutrino (third-
generation). Although it is known that neutrinos possess mass, their masses are
so small that they have not yet been individually measured. All these twelve

matter particles, as free fields, are described by the Dirac equation:

(17"0y —m) =0, (2-1)
where p can take the values 0, 1, 2 and 3. The first term inside the parenthesis,
iy*0,, represents the momentum operator acting on the wavefunction of the
particle, ¥, and m is the mass of the particle. One of the implications of
the Dirac equation is the existence of an antiparticle state for each fermion.
The antiparticles have the exact same mass and lifetime as their particle

counterparts but with opposite additive charges.

!The SM doesn’t describe gravity.
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All observable matter, including ourselves, is composed of the first-
generation fermions: up-quarks, down-quarks and electrons. The remaining
particles, the ones that belong to higher generations, are unstable and eventu-
ally decay into the first-generation fermions.

The forces are carried out by boson fields, with integer spin, mediating
the interactions between the matter particles. As mentioned before, the SM
specifies three of the fundamental interactions in nature: electromagnetic,
strong and weak. Each of these forces is expressed by a Quantum Field
Theory (QFT), where a force is described in terms of the exchange of a
particle, a gauge boson. For electromagnetism, this corresponds to the theory of
Quantum Electrodynamics (QED), where interactions among charged particles
occur through the exchange of photons. The strong interaction is governed by
Quantum Chromodynamics (QCD) and has the gluons as its force carrying
particle. In the case of the weak force, the interaction is mediated by the W=
and Z° bosons. Both the gluon and the photon are massless particles, while
the W* and Z° bosons are massive. There is also the Higgs boson, which was
discovered in 2012 by ATLAS [22] and CMS [23] experiments at the Conseil
Européen pour la Recherche Nucléaire (CERN)’s Large Hadron Collider (LHC).
With a spin zero and a mass of approximately 125 GeV, the Higgs field is
responsible for providing the mechanism by which all other particles obtain
mass [24].

In Fig.2.1 we have a schematic view of the elementary particles described
by the SM, where we can see some more information of them.

All fermions experiment the weak force by exchanging W+ and Z° bosons.
The electrically charged fermions participate in the electromagnetic interaction
of QED, exchanging photons. Among them, only quarks carry the QCD charge,
referred to as color charge (red, green or blue),? and as a result, are influenced
by the strong force, via gluons.® Due to the nature of the QCD interaction,
quarks are never observed free, instead they are confined within bound states:
the hadrons, ensuring that the resulting color charge is neutral (color singlet
state). Hadrons are divided into baryons (formed by three quarks or three

antiquarks) and mesons (one quark and one antiquark).

2For antiquarks we have anti-red, anti-green and anti-blue.

3Unlike other force carriers, gluons carry a color charge and an anti-color charge, making
them subject to the strong force they mediate.

4In recent years, other configurations have been discovered, such as tetraquarks (two
quarks and two antiquarks) and pentaquarks (four quarks and one antiquark). These also
form color neutral singlet states.
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Standard Model of Elementary Particles
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Figure 2.1: Schematic representation of the elementary particles of the Stan-
dard Model: the twelve fundamental fermions and the five gauge bosons are
shown along with its antiparticles and the Higgs boson.

The elementary particles and fundamental interactions are described

through the SM Lagrangian,

Lsm = Lacep + Lew + Liiges + Lyukawa, (2-2)
where the Lqocp term corresponds to the QCD Lagrangian, governing the
behavior of quarks and gluons within the strong force framework and it’s based
on the SU(3)c symmetry group (where C' stands for the color charge). Lrw
describes the electroweak interaction (EW), represented by the SU(2); x
U(1l)y gauge symmetry, where L and Y correspond to left-handed chirality
and weak hypercharge, respectively. The Higgs term, Lpiggs, introduces the
Higgs field, while the Yukawa coupling term, Lyukawa, governs the interaction
between fermions and the Higgs field, responsible for giving mass to the
fermions. Together, these terms ensure the SM Lagrangian’s invariance under
transformations of the SU(3)¢ x SU(2), x U(1)y gauge group.

In the context of the SM, it is important to mention the three discrete

symmetries in particle physics::

1. Charge conjugation (C): The transformation associated with the ex-
change of particles and antiparticles, under which all charges (such as

electric charge) are reversed,

5The electroweak theory is a unification of the QED and the weak interaction theory.
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2. Parity transformation (P): Inversion of the spatial coordinates with

respect to the origin (7 — —7);

3. Time reversal (T): The transformation of a system corresponding to the

inversion of the time coordinate (t — —t).

The combination of these three symmetries, known as CPT, is conserved
according to the CPT theorem as a consequence of Lorentz invariance. While
the SM contains CP violation effects, which means that certain processes
involving the weak interaction do not conserve CP symmetry, the combination
of all three operations (C, P, and T) is still conserved. CP violation in the SM
leads to observable differences in the behavior of particles and antiparticles
through the weak interactions. The first observation of CP violation occurred
in 1964, in the decay of neutral kaons into two pions [25].

While the SM of particle physics provides a successful description of fun-
damental interactions among elementary particles, there is a general belief that
should exist physics beyond the SM. For example, the model doesn’t provide
a satisfactory explanation for the matter-antimatter asymmetry. Though it
predicts certain processes that could potentially generate more matter than
antimatter in the early universe, these processes are not sufficient to account
for the observed asymmetry [15] [16].

The SM also faces challenges in explaining phenomena like dark matter
(DM) and dark energy (DE), which collectively constitute approximately 95%
of the universe’s energy density. DM, comprising around 25% of their density,
interacts gravitationally but does not emit, absorb, or reflect electromagnetic
radiation, making it invisible to light and detectable only through its gravita-
tional effects. DE, constituting the remaining 70%, is thought to be responsible
for the observed accelerated expansion of the universe, yet its nature remains
unclear [12] [13].

Additionally, the SM does not account for neutrino oscillations [14]. These
oscillations imply that neutrinos possess mass, a concept that needs to be inte-
grated into the SM Lagrangian. Futhermore, there are some theoretical prob-
lems in the SM. The hierarchy of quark and lepton masses is not explained,
neither why there are three generations of fermions. Also, the strong CP prob-
lem, which concerns the absence of any detectable violation of CP symmetry
in strong interactions, remains unresolved.

These unresolved questions suggest the necessity for theories that go
beyond the SM, such as Grand Unified Theories (GUTSs), Supersymmetry,
String Theory and many others.
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2.2
The Strong CP problem and axion-like particles (ALPs)

The QCD Lagrangian, denoted by the Lqcp term in equation (2-2) and
including just one quark, with mass m, for simplicity, is
Loon = —iGzyG‘““’ LD — mety, (2-3)
where the first term describes the kinetic energy of gluons and the second term
accounts for the interaction between quarks and gluons. G, denotes the gluon
field strength tensor, a indexes the eight existing gluon fields, ¢ and ¢, are
the quark spinor fields and their conjugates, where the indices j and k label
the quark flavors; finally, zlﬁf is the covariant derivative acting on the quark
fields.
Additionally, Lqcp allows for an extra term, known as the #-term,’

expressed as

2
95  Aa apv
Lo = 050G, G, (2-4)

where 6 is an arbitrary coefficient, g, represents the strong coupling constant,

which quantifies the strength of the strong interactions in QCD, and éfw is
the dual field strength tensor.

The inclusion of the #-term introduces a violation of CP symmetry into
the QCD Lagrangian. From the transformation properties of the gluon field
strength tensor (Gf,,) under C, P and T it is seen that the term in equation
2-4 violates both P and T symmetries, and thus CP [27].

The actual physical parameter that measures the strength of CP violating
effects in QCD is 6, defined as

0 = 0 + arg det[GVGP)], (2-5)
where GUP) are complex matrices related to the masses of the up-type and
down-type quarks, respectively. These matrices originate from the Yukawa
interactions in the SM. To keep the discussion concise, the intricate details of
these interactions will not be explored here, but can be found, for example, in
ref [27,28].

The most stringent constraint on the #-term comes from its contribution
to the neutron’s electric dipole moment, dg(n), which violates P and T sym-
metries. In 1979, Crewther et al. [29] evaluated dg(n) using chiral pertubation

theory and obtained

dg(n) = (3.6 x 107'59) e cm. (2-6)

6This term was first introduced by 't Hooft to address a problem in the QCD, the U(1) 4
problem, more details in [26], [17].
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Using the experimental limit [30] of dg(n) < 1.1 x 1072° e cm, one thus finds

6 <3x1071° (2-7)

This experimental observation indicates that CP violation in the strong
interaction is extremely small. The SM does not provide a natural explanation
for why the 6 parameter is so close to zero, thus leaving what we call the strong
CP problem unresolved [28].

As a solution to this problem beyond the SM, Roberto Peccei and Helen
Quinn proposed in 1977 the introduction of an additional global chiral sym-
metry, known as U(1)pq symmetry [19]. Under this symmetry the parameter 6
becomes a dynamical variable, which in some conditions relaxes spontaneously
to zero, effectively solving the strong CP problem.” Shortly after Peccei-Quinn
proposal, Weinberg [31] and Wilczek [32] pointed out that since U(1)pq is a
global continuous symmetry spontaneously broken by the vacuum, it would
lead to the existence of a Goldstone boson, named the azion [28].

The axion is predicted to be a neutral pseudoscalar boson with a small
mass relative to the spontaneous breaking scale (f,), and it exhibits a well-
defined relationship between its mass (m,) and its coupling constant (g,) to
SM particles: g, oc m,. Therefore, in any plot of mass versus coupling strength,
axion models would populate a relatively narrow band.

The axion solution to the strong CP problem proposed by Peccei-Quinn
is often referred to as the QCD azion or the original axion, and it is part of a
more generic class of models, the axion-like particles (ALPs), which may arise
from the breaking of other global symmetries, rather than the U(1)pq.

ALPs are hypothetical spin-0 bosons, similar to the QCD axion but with
potentially distinct properties. They can span a much wider range of masses,
from as low as 10722 eV up to several GeV, depending on the model, and may
couple to photons, fermions, or gluons. Some models also propose ALPs to

explain phenomena unrelated to the strong CP problem. For instance:

e light pseudoscalar particles are suggested as candidates for cold DM [33]

or as mediators in dark sectors [34];

e generic (pseudo)Goldstone bosons can emerge from the spontaneous
breaking of a new U(1) global symmetry at some high energy scale.
Examples include the familon (associated with flavor-chiral U(1) hor-
izontal symmetry) [35], the R-azion (linked to broken R-symmetry in
SUSY) [36], pseudoscalar states in Higgs compositeness models (from

the broken U(1) symmetry acting on all underlying fermions of the the-

"Further details on how this mechanism operates can be found in [18], [19],
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ory) [37], and pseudoscalar states in models of Higgs compositeness or

cosmic inflation [38];

e pseudoscalar bosons may arise in extended Higgs sectors [39], in phe-
nomenological realizations of string theory [40], or models addressing
issues like lepton dipole moments (thereby solving the (g — 2), prob-

lem) [41] or the electroweak hierarchy problem.

Unlike the original axion, ALPs do not have a predictive dependence
between coupling and mass, allowing for a more flexible relation between these
two parameters. Consequently, ALPs can populate the entire mass vs. coupling
plane, providing a broader range of possibilities for their characteristics and
enabling researchers to explore various regions of the parameter space in the
search for ALPs.

2.3
Searching for ALPs

There are many different sources and methods for which ALPs could be
produced and detected. They can be searched across a broad mass spectrum
and may couple to different SM particles. For each mass range and coupling
possibility, different techniques and approaches can be employed.

ALPs could be emmited by the Sun, the so-called solar axions, primarily
via Primakoff effect [20], yy*) — @ — yy*) ® (a denotes the ALP), where in the
presence of the strong electromagnetic field as in the Sun’s core, photons would
interact with other photons, leading to the production of axions. Through the
same process, these axions could be converted back into detectable photons
(typically X-rays) utilizing helioscope experiments, such as the Tokyo Axion
Helioscope (SUMICO) [42] and the CERN Axion Solar Telescope (CAST) [43].
Another natural source of axions would be the DM present in our universe. If
DM is in fact composed in its majority of ALPs, then our galatic halo would
be the most productive source of these particles, and they could be detected
using haloscope experiments. These experiments use highly sensitive devices
designed to identify the faint signals associated with axions in the surrounding
environment, such as the Axion Dark Matter eXperiment (ADMX) [44].

Different from natural sources, we are interested in ALPs that could be
generated and detected in laboratory, more specifically, in collider experiments.
Depending on the energy of the collision and the particles involved, ALPs
with different masses and coupling structures can be produced at colliders and
decay into photons, charged leptons, light hadrons or jets, which can then be
detected.

8In this context, v*) denotes virtual photons involved in the interaction.
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Colliders have primarily focused their searches for ALPs on processes
involving initial and/or final states containing photons, i.e. on axionic-photon
coupling. This focus arises because the coupling between ALPs and photons
is one of the most theoretically motivated interactions and is often the most
experimentally accessible. The interaction of ALPs with photons is typically
described by a Lagrangian of the form:

1 Loyo 1 v
L= 58“@0,@ — 50"~ Zg,waF“ F, (2-8)
where a is the ALP field, m, is the ALP mass, F* (F,,) is the photon field
strength (dual) tensor and g, is the coupling constant to photons, which is
linked to the high-energy scale’ A associated with the broken symmetry in the
ultraviolet by the relation: g,, o % Thereby, the entire ALP phenomenology

can be characterized within the (m,, goy) parameter space.

2.3.1
Ultraperipheral collisions (UPC)

ALPs that directly couple to photons may be produced in a modification
of the light-by-light (LbL) scattering channel, vy — ~v. LbL scattering is a
process in the SM that occurs at the lowest order in QED through virtual
one-loop box diagrams involving charged fermions and W= bosons [9]. The
probability of two photons interacting in this manner is quite low, requiring a
large flux of photons for the possibility of a single scattering event to occur.

Therefore, LbL scattering is more likely to occur as a subprocess in
ultraperipheral collisions (UPC), where the impact parameter is larger than
twice the radius of the nuclei (as shown in Fig.2.2), making the two ions
interact via their cloud of virtual photons. The electromagnetic (EM) fields
generated by the colliding nuclei can be treated as a beam of quasi-real photons
of virtuality Q* < 7z,
Additionally, the intensity of these EM fields, and consequently the number of

where R is the radius of the nuclear charge distribution.

photons in the cloud surrounding the nucleus, scales with Z?Z2 (where Z; are
the atomic numbers of the incident particles) [1]. Thus, these interactions are

significantly favored in ultraperipheral heavy ions collisions (UPHIC).

9This scale is approximately the same as the f, energy scale at which the spontaneous
breaking of the U(1)PQ symmetry occurs
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Figure 2.2: Schematic diagram of an UPC of two ions, where Z is the atomic
number and the impact parameter, b, is larger than the sum of the two radii,
R,s+ Rp [1]

For lead (Pb) nuclei with R &~ 7 fm, the quasi-real photon beams have
virtualities Q% < 107% GeV and the LbL scattering cross sections in PbPb
collisions are enhanced by a factor of Z* ~ 5 x 10" compared to similar proton-
proton or electron-positron interactions. The final state signature of interest is
the exclusive production of two photons, Pb 4+ Pb(yy) — a — Pb®) +Pb®
~7, where the outgoing Pb ions (with a potential EM excitation deoted by the
(%)) survive the interaction as shown in Fig.2.3, a.

One of the primary advantages of conducting ALPs searches in UPHIC
is the cleanliness of the resulting final state, which entails minimal background
contamination. This final state consists of the diphoton system, two intact
nuclei and two rapidity gaps, which represent empty regions in pseudo-rapidity,
effectively separating the intact, very forward nuclei from the v system [21].

However, to effectively probe the presence of ALPs in the vy — a — v
channel, it is crucial to distinguish these associated events from those arising
in the LbL scattering, in which the diphoton final state is created by the
elementary elastic vy — -~ subprocess (Fig.2.3, b), and from the QED
production of an exclusive electro-positron pair (dielectron production), where
both the electron and positron can be misidentified as photons (Fig.2.3, c).

By analyzing the measured diphoton invariant mass distribution and
carefully identifying potential backgrounds, if no signal is observed, new
exclusion limits can be set for ALPs production, specifically in the (mq, goy)
parameter space. The search for ALPs in these type of collisions were proposed
in [45].
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(@) (b) (e)

Figure 2.3: Representation of diphoton production in PbPb or pPb collisions
by (a) the vy — a — 77 subprocess and (b) Light-by-Light scattering. (¢) The
dielectron production, which is a important background when the electrons are
misidentified as photons. S?, is the absorptive factor, and it depends on the
impact parameter, b, of the PbPb collision [2].

2.3.2
Current status of ALPs searches

This section contains a short overview of the current status of axion
and ALPs searches in terms of the photon coupling scenario. This review is a
summary mostly based on ref [3].

The (gqy, m,) plane is where limits are set for the existence of ALPs
characterized by a specific coupling constant (g.,) and mass (m,). The
shaded areas in the parameter space represent excluded regions, where certain
experimental data have ruled out the existence of ALPs with the (g, mq)
combination present in that area.

The current limits in ALP mass (m,) and in ALP-y coupling (g,,) are
shown in Fig.2.4. For m, < 107® GeV, the constraints come from experiments
such as light-shining-through-a-wall (LSW) and the ones based on helioscopes
methods (CAST and SUMICO), indicated by the colors purple and blue. In the
middle of the plot, the limits are imposed by astrophysical studies that have
been established by the energy dissipation of stars due to ALPs emissions,
determined through observations such as the ratio of red giants to younger
stars on the horizontal branch (HB, in light-green area), the measurement of
the length of the neutrino burst from supernova SN1987a (yellow) [46], and the
absence of photon bursts from supernovae resulting from the decay of generated
ALPs (dark-green). The grey region, including the triangle below the beam-
dump limits, represents the combination of the cosmological constraints over
mg =~ 1keV to 10 GeV [47]. In the region of fixed-target proton and electron
experiments (Beam dump, in orange), ALPs are searched in final states with

single photons or diphotons emitted in the forward direction [48].
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Figure 2.4: Current limits on the ALP-photon coupling vs. ALP mass from
cosmological, astrophysical, and accelerator searches [3].

Apart from the weakly coupled ones (with g, < 107% TeV~!), which
have already been ruled out by cosmological observations, ALPs with masses
above 1 GeV can only be accessed via collider experiments. The top-right
area of Fig.2.4 can be zoomed-in as shown in Fig.2.5. Searches conducted at
e~ et colliders focus on various final state configurations. These include mono-
photon final states, observed through decays such as T — ~a (light-purple area
of Fig.2.5) and interactions like e~et — ~a (light-blue) at facilities like CLEO
and BaBar [49]. Additionally, diphoton and triphoton final states, arising from
processes like e”et — 2v, 37, are investigated for masses ranging from 50 MeV
to 8 GeV and 20 to 100 GeV, respectively, conducted at LEP-I and II [50] (dark-
orange). Similar searches have been undertaken at Belle-II [51] (light-green),
PrimEx [52] and CDF [53](brown).
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Figure 2.5: Detailed bounds in the (m,, g4,) plane from all existing accelerator
and collider ALP searches for masses m, =~ 1 MeV — 3 TeV [3].

Searches at CERN’s LHC (red and dark-purple areas in Fig.2.5) pre-
dominately concentrate on final states involving photons and, occasionally, Z
and Higgs bosons. Significant searches have been set for ALPs with masses > 5
GeV in 2-, 3-, 4-photon final states configurations. These searches explore both
exclusive and inclusive v+ resonances, along with the investigation of exotic
decays involving Z or Higgs bosons. Diagrams illustrating these processes are
shown in Fig.2.6. The exclusion limits labeled "LHC(pp)" and "CMS(PbPDb)
and ATLAS(PbPb)" in Fig.2.5 are mostly based on pp collision and UPHIC
(with lead) data from ATLAS [9] and CMS Collaborations [8]. Recent results
from ATLAS, with searches in H — aa — 4+, can be found in [54].
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Figure 2.6: Representative diagrams of ALPs searches at the LHC via exclusive
diphotons (topleft), diphotons from vector-boson-fusion (with V' = ~, Z, top
right), exotic triphoton Z-boson decays (bottom left), and exotic 4-photon
Higgs-boson decays (bottom right) [3].
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In the exploratory study conducted in [21], the authors have demon-
strated that a forward detector, such as the LHCDb detector, is well-suited for
investigating ALPs with low masses (m, < 10 GeV), a mass range that is chal-
lenging for ATLAS and CMS detectors due to limitations in reconstructing
photons. The analysis focused on PbPb collisions and examined ALP pro-
duction under four different combinations of mass and coupling. The study
was further complemented in [2], where the analysis was expanded to include
a broader range of mass and coupling combinations, and also considered ul-
traperipheral collisions of p-Pb. To assess the LHCb detector’s potential for
detecting ALPs in these scenarios, the authors derived its expected sensitivity,
considering different luminosities and selection criteria, as shown in (Fig.2.7).
Overall, this study highlighted the potential for LHCb to contribute to ALP
searches involving photon coupling and production in UPC, potentially leading

to new exclusion regions in the (g,, m,) parameter space.
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Figure 2.7: Expected sensitivity to the ALP production in PbPb ultraperiph-
eral collision. "This work" refers to [2].



3
The LHC and the LHCb experiment

This chapter describes the experimental setup used to produce the data
analyzed in this dissertation. A description of the Large Hadron Collider (LHC)
and the LHCDb experiment is given, with special emphasis on the most relevant
subsystems used for photon detection. The content of this chapter is primarily

based on the detailed descriptions found in references [55] and [5].

3.1
The LHC

The Large Hadron Collider (LHC) [55] is a circular collider designed for
proton-proton (pp) and heavy ion (such as lead) collisions. It was built between
1998 and 2008 by CERN with approximately 27 kilometers of circumference

and situated around 100 meters underground, at the French-Swiss border near
Geneva (Fig.3.1).

Figure 3.1: The LHC underneath the French-Swiss border, near Geneva.

Before entering the LHC for acceleration to energies up to 7 TeV, the
proton beams undergo a series of acceleration stages in lower-energy particle
accelerators. During Run 2, these accelerators include the Linear Accelerator 2
(LINAC2), the Proton Synchrotron Booster (PSB), the Proton Synchrotron
(PS) and the Super Proton Synchrotron (SPS), as one can see in Fig.3.2.
Protons are initially obtained from hydrogen atoms comig from an hydrogen
bottle, with electrons stripped off using an electric field. Afterwards, they are
accelerated by LINAC2, followed by sequential acceleration stages in PBS,
PS and SPS, gradually increasing their energy. Finally, protons exiting the
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SPS are injected into the LHC at energy level of 450 GeV. For heavy ions,
the acceleration process begins with the Linear Accelerator 8 (LINAC3), from
where ions are directly injected into the PS, after the PSB stage.

The CERN accelerator complex
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Figure 3.2: CERN’s accelerator complex.

The beams accelerated by the LHC are made to collide at four dif-
ferent interaction points (IP) around the accelerator ring. These points are
surrounded by the four primary experiments at the LHC: ATLAS, ALICE,
CMS and LHCb. These experiments can be categorised into two classes: the
general-purpose detectors (GDPs) and specialized detectors dedicated to spe-
cific physics objectives. ATLAS [22] and CMS [23] experiments, situated at
IP1 and IP5, respectively, are the GDPs. They are nearly hermetic detectors
that are specialised in high-pr physics, in measuring the properties of the top
quark and the Higgs boson as well as in direct searches for physics beyond the
SM. The two large and more specialised LHC experiments are the ALICE [56]
and LHCD [5] experiments. The ALICE experiment, located at IP2, studies
the properties of the quark-gluon plasma in heavy ion collisions. The LHCb
experiment, located at IP8, is designed for precision measurements in the field
of heavy-flavour physics. Its main purpose is the study of CP violation and
the indirect search for physics beyond the SM in decays of charm and beauty
hadrons. Over time, LHCb’s physics program has evolved into a more general-

purpose experiment making significant contributions to other fields such as
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hadron spectroscopy, heavy ion and electroweak physics. Further details about

the LHCDb experiment will be provided in the following section.

3.2
The LHCb detector during Run 2

The LHCb detector is a single-arm forward spectrometer with a angular
acceptance of 10 to 300 mrad in the horizontal plane (zz) and 10 to 250 mrad in
the vertical plane (yz) of the detector, which is equivalent to a pseudorapidity
of 2 < n < 5. This angular range is motivated by the fact that at high energies
both quarks from the bb (or cc) pairs are predominantly produced at small
angles with respect to the beam pipe.

The LHCb consists of a tracking system, two ring imaging Cherenkov
detectors (RICH1 and RICH2), a calorimeter and a muon systems (M1-M5).
The tracking system, which is responsible for the momentum reconstruction
of charged particles, is composed of the vertex locator (VELO), the tracker
turicensis (TT stations), a magnet and three tracking stations: T1, T2, T3.
The calorimeter system, responsible for the energy reconstruction, is composed
of a Scintillator Pad Detector (SPD), a PreShower (PS), an Electromagnetic
CALorimeter (ECAL) and a Hadronic CALorimeter (HCAL). The calorimeter
system along with the RICH detectors and the muon chambers are part of
the LHCb particle identification (PID) system. The Fig.3.3 show a view of the

detector.
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Figure 3.3: Schematic overview of the LHCb detector layout during the Run 1
and Run 2 data takings. Taken from [4].
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During the period from 2013 to 2014, a new subdetector, the HeRSCheLL
(High Rapidity Shower Counters for LHCb), was installed for Run 2 of the
LHC, which began in 2015, with the aim of enhancing LHCb’s capabilities
in diffractive physics, particularly by improving background suppression in
analyses of Central Exclusive Production (CEP) and Ultraperipheral Heavy-
Ion Collisions (UPHIC). Detailed information about this detector can be found
in ref [7].

3.2.1
Tracking system

The vertex locator (VELO) is the first detector seen by the particles and
the closest one to the interaction point (IP8). Its purpose is to reconstruct
the primary and secondary vertices of pp collisions and of the particles flying
both in the forward and the backward directions. The straight trajectories of
the charged particles produced are built from hits recorded in the VELO and
are furthermore matched to the hits seen in the following tracking chambers.
Moreover, two specific sensor layers of the VELO located in the backward
region are used for the first level trigger in order to veto pile-up events.

The Tracker Turicensis (TT) are located between the RICH1 and the
dipole magnet. They have mainly three purposes. First, they permit to have
intermediate hits between the VELO and the tracking stations T1-T3 located
on the other side of the magnet, which improves the momentum resolution
of long tracks and reduce the amount of fake tracks, falsely reconstructed by
the pattern recognition of the tracking algorithms. More specifically, the T'T
enables the reconstruction of tracks of low momentum particles that are swept
by the magnetic field, and do not reach the T1-T3 stations. Finally, they give a
significant additional information to reconstruct the neutral long-lived particles
such as K, that decay outside the VELO volume.

The dipole magnet produces a field B in the y-direction that imposes a
curvature to the charged particles in the xz horizontal plane, and consequently
permits deduce their sign and momentum. The largest and best known the
magnetic field, the better the momentum resolution. The field strength B, as
a function of the z-position is shown in Fig.3.4. The magnet can be operated
in two polarities MagUp and MagDown by inverting the direction of B, which
is done to reduce systematic uncertainties in the measurements.

The tracking chambers T'1, T2 and T3 complete the track and momentum
reconstruction after the magnet bending. The tracking algorithms are written
to connect the hits from the sensors in the tracking system and reconstruct

the trajectories given the known and imposed magnetic field. There are five
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different track types that can be reconstructed in the LHCb, differing on which
sub-detector contain information about it. These types are listed below and
illustrated in Fig.3.4.
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Figure 3.4: Strength of the magnet field component B, as a function of the
z coordinate in the different tracking detectors of LHCb and overview of the
track types reconstructed in the LHCb. Taken from [5]

e Long tracks: tracks that traverse the full tracking system leaving hits in
the VELO, the T1-T3 stations, and possibly in TT as well. Therefore,

long tracks have the most precise momentum determination;

e Downstream tracks: tracks with hits in the TT and T1-T3 stations. These
tracks correspond to particles produced by decays that happened outside
of VELO;

e Upstream tracks: tracks that leave hits in the VELO and the T'T, and are
bent out of the detector acceptance by the magnetic field before reaching

the T1-T3 stations. They are mostly low-momentum tracks;

e T tracks: tracks that only leave hits in the T1-T3 stations. They are
typically produced in secondary interactions and are useful for the global

pattern recognition in RICH2;
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e VELO tracks: tracks with hits only in the VELO. They are typically large
angle or backward tracks, and useful for the reconstruction of primary

vertices.

3.2.2
Particle identification

The Ring Imaging Cherenkov detectors located on both sides of the
magnet, called RICH1 and RICH2, are responsible for separate the various
species of hadrons. The RICH detectors permit to identify specific hadronic
decays with high efficiency and low contamination. The LHCb has two of
them because they operate in well-defined momentum range, so each of them
is specialised in two overlapping momentum ranges. RICH1 looks at the full
LHCb acceptance in a momentum range from low values up to 60 GeV,
while RICH2 identifies particles whose momentum exceeds 15 GeV up to
100 GeV and consequently whose pseudorapidity is rather large. From the
determined radius of the Cherenkov ring reconstructed, the medium index and
the momentum of the tracks (obtained from the tracking system), the mass of
the particle can be measured and thus its type.

The muon stations are supposed to detect what has not yet been absorbed
by the other sub-detectors, i.e the muons that have a large penetration power.
It is composed of five stations, M1-M5, positioned along the beam line. The first
station, M1, is located immediately after RICH2 and just before the calorimeter
system (next section), while the M2-M5 are located right after it and at the end
of the LHCb detector. M1 is built from Gaseous Electron Multiplier (GEM)
detectors because of the occupancy and radiations in the corresponding region

while M2, 3, 4 and 5 are equipped with multi-wire proportional chambers

(MWPQ).

3.2.2.1
The calorimeter system

Because this is where the photons are identified, we dedicated a separated
section for the calorimeter system, positioned between the first and the second
muon stations. Its layout is shown in Fig.3.5. This system is responsible for the
identification of hadrons, electrons and photons and the measurement of their
energies and directions. As mentioned before, this system is composed of four
sub-detectors: the Scintillator Pad Detector (SPD), the PreShower (PS), the
Electromagnetic Calorimeter (ECAL) and the Hadronic Calorimeter (HCAL).
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Figure 3.5: Layout of the calorimeter system. Taken from [4].

All four sub-detectors use scintillating material to detect traversing
particles. The wavelength of the scintillation light is shifted by a wavelength
shifters before it is brought to the Photo Multipliers (PMTs) in case of the
ECAL and HCAL or to the Multi-Anode Photo Multipliers (MAPMTs) of the
SPD and PS.

The SPD and PS are panels of scintillator pads (cells), with 6016 cells
each. They are interleaved with a lead panel which has the purpose of inducing
an eletronic shower when crossed by an electron or a photon. A signal in the
SPD marks the presence of a charged particle, while a signal in the PS indicates
that an electronic shower has been created by the lead wall. Coincident signals
in the SPD and PS indicate an electron, while a PS-only signal indicates a
photon. Furthermore, the number of signals in the SPD gives a quick estimate
of the number of charged particles crossing the detector, also known as charged
multiplicity.

The ECAL is also composed of 6016 cells. It is divided in three regions,
inner, middle and outer, with varying granularity, as illustrated in Fig.3.6. The
closer a section is to the beam, the smaller the employed cells are. Furthermore,
the cell size is such that the SPD-PS-ECAL system is projective, as seen
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Figure 3.7: Sketch of the expected energy deposition in the various subdetectors
of the calorimeter system by different species of particles. Taken from [6]

from the interaction point. The ECAL cells have a shashlik structure, with
alternating scintillator and lead layers. The HCAL is composed of 1488 cells,
which are composed of alternating scintillator and iron layers. The HCAL
is divided in two sections, as illustrated in Fig.3.6. Again, the inner section
has higher granularity. ECAL and HCAL determine the electromagnetic or
hadronic nature of the particles reaching them.

Fig.3.7 shows the expected energy deposition of muons, hadrons, elec-

trons and photons in the calorimeter system.

Outer section : Outer section :
121.2 mm cells 262.6 mm cells
2688 channels 608 channels

Middle section :

60.6 mm cells

1792 channels

Figure 3.6: Calorimeter cells segmentation of the SPD, PS, and ECAL (left),
and the HCAL (right). Taken from [4].

The identification capabilities and disentangling of electrons, photons and
hadrons by the calorimeter system comes from crossing information from SPD,
PS, ECAL and HCAL. The reconstruction and identification of electrons and
photons in the calorimeter is performed by clustering algorithms that group
together hits from neighbouring cells. Clusters that cannot be matched to
tracks extrapolated to the ECAL or hits in the SPD are likely to come from

photons, whereas clusters that can be matched are interpreted as electrons.
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The ratio of deposited energy in the ECAL over the momentum of the matched
track, taken from the tracking system, gives a powerful discrimination between
electrons that deposit most of their energy in the ECAL and hadrons that
only leave small amounts in the ECAL and most of their energy in the HCAL.
Electrons that are bent in the magnetic field can also lose energy by radiating
bremsstrahlung photons that create clusters in the ECAL themselves. A
dedicated bremsstrahlung recovery algorithm is responsible for attaching these
clusters to reconstructed electron tracks to correct their measured momentum.

The SPD threshold is set so that only charged particles give a hit. The
PS, being located after a lead absorber, measures a sizable energy deposit for
electrons and photons. The ECAL fully absorbs the electromagnetic particles
(photons and electrons). The HCAL mainly absorbs the hadrons. There is
a lead converter, between the SPD and the PS, that allows to initiate the
electromagnetic showers so that electrons and photons deposit a sizable amount
of energy in the PS.

Charged particles leave in SPD a minimum ionising particle (mip) signal
which is detected while photons do not interact. Combining the SPD and
PS information with the cluster position reconstruction of the ECAL gives a
determination of the nature of the electromagnetic particle interacting with
the calorimeter system.

The calorimeter system is also crucial for the Level-0 (LO) hardware
trigger. The hit multiplicity in the SPD is used to discard events with large
track multiplicity that slow down the reconstruction in following software
triggers. The energy in the transverse plane ET provided by ECAL and HCAL
is used to trigger on interesting events containing high-ET electron, photon and
hadron events. The trigger system is discussed in more detail in the following

section.

3.23
Trigger and acquisition

The LHCb employs a trigger system, i.e a filtering system, in order
to reduce the amount of data to be permanently stored. The trigger system
operates at two levels. The firt one is a Level-0 (LO) hardware trigger followed
by a high-level software trigger (HLT) with two stages (HLT1 and HLT?2).
Fig.3.8 shows a schematic overview of the trigger stages as they were operated
in Run 2. The pp bunch crossing rate at LHCb corresponds to 40 MHz. This also
includes empty bunches so that the effective collision rate of visible interactions
is reduced. In Run 2 it corresponded to about 30 MHz. The amount of event

data resulting from colliding proton bunches at 30 MHz is by far too high
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to store every event. Moreover, many of the processes studied at LHCb are
rare, so that many other events are not of interest. Therefore, the three stages
of the trigger system are responsible for filtering out interesting events for
the physics studied at LHCb while discarding a large amount of uninteresting
events in order to decrease the rate down to 12.5 kHz. A set of trigger selection
requirements for a specific process or type of physics is usually referred to as

a trigger line in LHCb.

LHCDb Trigger Run 2
( Bunch crossing rate )

¥ 40 MHz

( L0 Hardware trigger )
high pr/Er signatures

1 MHz

( High Level Trigger 1 |

\partial event reconstruction
J

¥ 110kHz
Alignment &

Calibration
110kHz
[High Level Trigger 2 ]

Software trigger

full event reconstruction

12.5kHz
Storage

Figure 3.8: Stages of the LHCb trigger system and their event rates during
Run 2.

The LO trigger uses basic information collected from the calorimeter,
the muon chambers and the VELO to reduce the rate from 40 MHz to 1
MHz. Due to the large mass of the B meson, its decay products have a high
probability to have high transverse momentum or energy. Thus the L0 trigger is
a fast hardware trigger aiming at reconstructing the highest transverse energy
hadron, electron and photon clusters in the calorimeters as well as the two
highest transverse momentum muons in the muon chambers. Hadron, electron
and photon candidates are built based on their signature in the calorimeter
only. If the energy of the LOHadron, LOElectron or LOPhoton candidates or
the momentum of the LOMuon candidates is above a predefined threshold, the
corresponding trigger line is fired and the event is kept.

The High Level Trigger (HLT) applies a full event reconstruction, and
reduces the rate to a few kHz. The first stage HLT1 only uses part of the

full event data. The main purpose of HLT1 is to select beauty or charmed
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decays. Thus, using only information from the trackers and the VELO, the
HLT1 software performs a partial reconstruction of the tracks. Events are
then selected by making some requirements on track quality, momentum and
displaced vertices. The rate of events is thus reduced to a few tens of kHz. The
events which pass HLT1 then go to HLT2. This second step performs a full
reconstruction using the information from all subdetectors. Once the event is
fully reconstructed, HLT?2 fires when an event matches the requirements of one
of the HLT?2 lines.

The events which have fired the LO trigger in the first place and then
one or several HLT lines are then saved to disk. However, since these trigger
lines are very general, each physics analysis is only interested in some specific
decays and thus only uses a small fraction of the data collected at LHCb. To
prevent unnecessary disk usage (and costs) the datasets are further split in
several streams called stripping lines. Each stripping line corresponds to a lose

set of cuts to select events of a given type.

3.2.4
HeRSChel detector

HeRSCheL (High Rapidity Shower Counters for LHCb) [7] is a system of
Forward Shower Counters (FSCs) located in the LHC tunnel on both sides of
the LHCD interaction point. This detector, consisting of plastic scintillators
arranged in five stations (two forward and three backward), was designed
to enhance LHCb’s capabilities in diffractive physics, in particular Central
Exclusive Production (CEP) and Ultraperipheral collisions (UPC) analyses.

Each FSC comprises a quadrant of scintillator planes equipped with
photomultiplier tubes (PMTs) that are read out synchronously with the LHCb
spectrometer’s subdetectors. The planes are situated close to the beam pipe
and detect showers induced by very forward particles interacting in the beam
pipe or other machine elements. In this manner HeRSCheL provides sensitivity
to activity at higher rapidities (5 < |n| < 10) than is available from the other
sub-detectors of the experiment. This increased acceptance will be valuable
in the classification of different production processes in LHC collisions, for
example the isolation of CEP and UPC candidates.

As shown schematically in Fig.3.9, the HeRSCheL system comprises three
stations at negative z, known as “backward” or “B” stations, and two stations
at positive z, known as “forward” or “F” stations. The active element of each
station is a plastic scintillator plane with outer dimensions of 600 mm x 600
mm, centered around the beam line. The shape and dimensions of the inner

opening depend on the local vacuum chamber layout. Stations B0, B1, and F1
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have circular holes with radii of 47 mm (B0, B1) and 61 mm (F1), respectively.
For stations B2 and F2, the inner opening has a half-width of 115 mm in the
horizontal direction (to encompass the two vacuum chambers), and a half-

width of 54 mm in the vertical direction.
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Figure 3.9: Schematic view of the HeRSChel. stations around the LHCb
interaction point, where for illustration the HeRSChel. stations have been
magnified by a factor of 20 with respect to the rest of the LHCb detector. The
z-axis is not to scale. Image adapted from [7].

HeRSChelL variable
The variable used in this analysis for HeRSCheL. requirement is modeled

as In(x?), and is defined as

20 ADC — ; 2

iy = 3~ (AP0
i=1

where p; and o; are the mean and sigma of pedestal of the i-th HeRSChelL

(3-1)

0;

channel, in total 5 stations x 4 quadrants = 20 channels [57].



4
Analysis of ALP searches at LHCb during Run 2

This chapter presents the strategy and results of our analysis. We begin
by introducing key statistical concepts, with a particular focus on the CLs
method for setting upper limits. Then, we outline the key kinematic variables
and the selection criteria applied to distinguish signal from background. The
chapter concludes with the presentation of the expected exclusion limits,

emphasizing the blind nature of current stage of this analysis.

4.1
Analysis Strategy

Currently, no evidence of ALP production has been observed at the LHC
or any other experiment, and upper limits on ALP coupling constant have
been established, as discussed in the last section of Chapter 2. Interpreting
the results of searches for new particles and phenomena near the sensitivity
limits of an experiment is challenging due to factors like background levels and
experimental resolution.

Therefore, the goal of a search is either to exclude the existence of a signal
or confirm its presence, while ensuring that the probabilities of falsely excluding
a true signal or falsely discovering a non-existent one remain at or below
specified levels. To achieve this, various statistical methods are employed to
interpret experimental results, each offering a distinct approach to hypothesis
testing and the derivation of confidence intervals and upper limits. Common
methods include Bayesian approaches and pure frequentist ones [58]. Although
these methods are conceptually interconnected, we have chosen to use the CLs
method, also known as the modified frequentist approach, for our analysis due
to its suitability in handling small statistical samples [59].

Our strategy follows a blind analysis approach, meaning that the final
data sample is not inspected until the analysis has been fully validated and
reviewed by the LHCb collaboration. This ensures that the selection criteria
and statistical methods are applied impartially, without bias from the actual
data [60]. Similar to the analyses conducted by ATLAS and CMS [8,9], we
aim to select events with two reconstructed photons and an exclusive topology,
considering the main backgrounds to be the dielectron production from QED
processes and diphoton production from Light-by-Light (LbL) scattering, as
illustrated in Fig. 4.1. The main goal of our analysis is to set upper limits on the

ALP coupling constant using the CLs method. We achieve this by comparing
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the expected signal events from Monte Carlo simulations of ALPs with the

expected background events from dielectron and LbL simulations.
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Figure 4.1: Feynman diagrams for possible interactions in ultraperipheral PbPb
collisions at the LHCb. Left: diphoton production in a LbL scattering. Right:
QED dielectron production. A potential electromagnetic excitation of the
outgoing Pb ions is denoted by (x). Taken from [§].

4.1.1
Setting upper limits with the CLs method

Before presenting the C'Ls method, we need to define some statistical con-
cepts that will be important for understanding what follows. These definitions

are mostly based on Ref. [61].

e Null Hypothesis (Hy): Also known as the background-only hypothesis
(Hp). It represents the scenario where no discovery is made (i.e., there is
no deviation from the SM). The observed results are well described by
the SM.

e Alternative Hypothesis (Hy): Also known as the signal+background hy-
pothesis (H,p). This hypothesis is favored when the null hypothesis is
rejected to a sufficient degree. It represents the scenario where the ob-
served results are better described by a new model, rather than by the
SM alone.

o Test Statistic (()): A quantity calculated from the data sample that sum-
marizes the information needed to make a decision about the hypotheses
being tested. The test statistic is used to estimate how probable the ob-
served result is under the null hypothesis, which helps deciding whether
to reject the null hypothesis in favor of the alternative hypothesis.

e Confidence Interval: A range of values, derived from the data, that is
believed to contain the true value of an unknown parameter with a

specified probability.
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e Confidence Level (CL): Quantifies the degree of certainty associated with
the interval estimate. It is often expressed as a percentage (e.g., 95% CL,
99% CL) and indicates the degree of certainty that a measured parameter
(such as the mass of a particle or a cross-section of a process) lies within

a specified range.

e Confidence Limit: A boundary value within a confidence interval. There
are two types: the lower limit and the upper limit. These limits define
the range within which the true parameter value is expected to lie with
a certain CL. For example, if a measurement results in a confidence
interval of [10 GeV, 20 GeV] at a 95% CL, then 10 GeV and 20 GeV
are the lower and upper confidence limits, respectively. If no significant
signal is observed, an upper limit is set on the parameter of interest, such
as a particle’s cross-section or branching ratio, to indicate the maximum
value that is compatible with the observed data at a certain confidence

level.

The CLs method [62] is a statistical technique that can be used to set
upper limits on the parameter of interest, which in our case is the coupling
constant of ALPs for different masses (gq,). This method works by defining
a test statistic to compare the signal+background with the background-only
hypothesis. The observed test statistic is calculated based on our experimental
data. To draw conclusions from the observed test statistic, one needs the
probability density function (pdf) of the test statistic under both the null
and alternative hypotheses. While this pdf can sometimes be calculated
analytically, it can always be generated using Monte Carlo pseudo-experiments
[58].

For convenience, the test-statistic () is constructed to increase monoton-
ically for increasingly signal-like (decreasingly background-like) experiments.
This construction allows the confidence in the signal+background hypothesis
to be quantified by the probability that the test statistic is less than or equal

to the value observed in the experiment, Q) ps:

Qobs dPS
CLstp = Poip(Q < Qops) = /_OO dc;bdQ? (4-1)

is the pdf of the test-statistic for signal+background experiments.

dPy
dQ

Small values of C'L,,; indicate poor compatibility with the signal+background

where

hypothesis and favor the background only hypothesis. Similarly, the confidence
in the background hypothesis is given by the probability that the test-statistic

is less than or equal to the value observed in the experiment, () s:

CLy = Bp(Q < Qops) = /_QOBS ngQ (4-2)
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where ‘%’ is the pdf of the test-statistic for background-only experiments.
The CLs method simply normalizes the confidence level observed for the
signal+background hypothesis, CLg;, by the confidence level observed for the

background-only hypothesis, CLy:

CLs—i-b
CL, = )
CLy,

According to Ref. [62], this CLs procedure provides an approximation of

(4-3)

the confidence in the signal hypothesis, CL,, that one might have obtained if
the experiment had been conducted in the complete absence of background.
Because CL, is a ratio of confidence levels rather than a true confidence
level, the method is designed to be conservative. This means that the method
avoids making a claim about the presence of a signal unless there is strong
evidence for it, reducing the risk of incorrectly claiming a signal where there is
none. Additionally, the CL, also addresses the undesirable property of CLg.,
where two experiments with the same (small) expected signal rate but different
backgrounds might yield better expected performance for the experiment with
a larger background.!

For a counting experiment with observed number of events n.,, the test
statistic @) is often chosen as the likelihood ratio, which compares the likelihoods
of the signal4+-background and background-only hypotheses given some value
for the ngps:

Ls+b(nobs)

Q B Lb(nobs> ’
where Lg., and L, are the likelihoods under signal4+background and

(4-4)

background-only hypotheses, respectively. In this case, the likelihoods are typ-

ically Poisson distributions:

(S _|_ b)nobs e_(s+b)

Ls+b = nobs! 5 (4_5)
and Nobs p—b
b obs e
L, = 4-6
’ nobs! 7 ( )

where s is the expected number of signal events, and b is the expected number
of background events.
Thus, the likelihood ratio becomes:

Nobs —(S+b) Tobs
0- (8 + b)rovse _ (s—;)—b) - (47)

bnobs e_b

To find the distributions of (), we need to calculate the probability of ob-
serving ng,s under both signal+background and background-only hypotheses.
This will give CLgy, and CLy, and the ratio (CLg) can be computed:

'For further discussion on the advantages of the CLs method, see [62].
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obs +b)" —(s+b)
Ps—i—b(n S nobs) o ZZ:bO (eb)Te 77

CL, = - P 48
Pb(n S nobs) ZZ():};(@) bn;il_b ( )

To set upper limits on the parameter of interest, which in this case is
the expected number of signal events, s, we vary the parameter of interest and
compute CL, for each value. Then, we determine the value of s for which CL,
is equal to the desired CL (e.g., 0.05 for 95% CL). This involves solving for

the parameter value such that:

CL(5yp) = 0.05, (4-9)
the value s,, is what we call the upper limit on the parameter of interest (s)
at 95% CL.

To illustrate the method, let’s consider an example? where we observe
three events (n.s = 3) with an expected background of b = 3.40, and we
want to present the 95% CL upper limit on the number of signal events, s,,.
We need to calculate the probability of observing n.,s = 3 under both the
signal+background and background-only hypotheses. This involves summing
the probabilities for all possible n up to n.s = 3. For the confidence level in

the signal4+background hypothesis:

3 (54 b)re (1)

CLs+b = Ps+b(n S Nobs = 3) = Z " R (4—10)
n=0 '
factoring out the exponential term and expanding the sum, we get:
b)? b)3
CLoyy = ¢ ™ 11 4 (s +b) + (s +b) + (s +b) (4-11)

2 6
By computing the above equation for 1000 values of s 4+ b between 0

and 10, we obtain the CLg,; curve shown in Fig.4.2. This curve illustrates the
probability of observing three events or fewer for different values of s + b.

We can observe that when s + b is small, the probability of observing
three events or less is high, close to 1. This means that for small values of
s+ b, it is very likely that we would observe three events or fewer, indicating
good compatibility with the signal+background hypothesis. As the value of
s 4 b increases, this probability falls, and at s +b = 7.75, the probability of
observing three events or less is 5%. To find the upper limit on the signal events
s, we subtract the expected background (b = 3.40) from this value. Thus, the

upper limit on s is calculated as:

Sup = 1.75 — 3.40 = 4.35. (4-12)
Therefore, at 95% CL the upper limit on the number of signal events is
Sup = 4.35.

2This example was adapted from Ref. [61].
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Figure 4.2: The CLg,; curve for 1000 values of s + b between 0 and 10. At
s+ b= 17.75, the probability of observing n.,s = 3 events or less is 5%. At this
point, we can get the s,, from the subtraction of the given background.

As for the confidence level for the background-only hypothesis, we have:

3 3.40)™ —3.40
CLb = Pb(n S Nobs — 3) = Z %

n=0

- ~ 0.56. (4-13)

This calculation tells us that there is a 56% probability of observing three
events or fewer under the background-only hypothesis. Now, solving CLg for

s 4 b such that it satisfies the following equation:

—(s 5+b)2 (s+b)3
Ol _ L4 (s4 )+ B R (4-14)

CLj
CLy 0.56

we get the green curve in Fig.4.3, which is obtained by taking the blue curve
(CLg4p), normalizing it to have a maximum value of 1 in the physically sensible
region (where s must be non-negative), and dividing it by 0.56. As we increase
s + b, the value of CL, decreases. When s + b = 8.61, the probability falls to
5%, this point indicates that the upper limit on s + b is 8.61 at the 95% CL.
Subtracting the expected background b = 3.40 from this value:

Sup = 8.61 — 3.40 = 5.21. (4-15)

Thus, the upper limit on the number of signal events is s,, = 5.21 at

the 95% CL. This means that, based on our observations and the expected
background, we can be 95% confident that the true number of signal events
does not exceed 5.21. Comparing this value with the s,, = 4.35 found using

only CLg.y, we see that CL, provides a more conservative estimate.



Chapter 4. Analysis of ALP searches at LHCb during Run 2 46

_ 1
© = cL
0.9 R CL?D
= CL,
0.8— 95% CL
= s+b = 3.40 (s=0)
0.7
0.6—
0.5
0.4
0.3
0.2
0.1
O ‘
0 2

Figure 4.3: Confidence levels CLg;, and CLg for the observed number of events.

To translate the upper limit on the number of signal events (s,,) into an

upper limit on the coupling constant (g,,), we use

s=o0s-L, (4-16)
where o, is the signal cross-section, which depends on the coupling constant,
and L is the integrated luminosity of the data analyzed.

The signal cross-section o, is expected to be proportional to the square

of the coupling constant g:

o5 X g°. (4-17)
Given the upper limit on the number of signal events (s,,), we can find
the upper limit on the coupling constant g, by substituting the proportionality
4-17 into equation 4-16, resulting in
Sup
Gup X\ (4-18)
This formula provides the upper limit on the coupling constant based on the

upper limit on the number of signal events and the integrated luminosity.

4.1.2
Definition of variables

In order to understand the selection criteria of ALP candidates in our
analysis, we define the relevant variables here. These are primarily based on
the topological characteristics of the ALP decay (see Fig.4.4) and particle
identification. By analysing the distributions of these variables, we can better

distinguish signal from background events.
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The context for these variables lies in the nature of UPHIC. As discussed
in Chapter 2, in UPHIC two lead nuclei pass very close to each other
without directly colliding. Instead of strong hadronic interactions, their intense
electromagnetic fields interact, potentially producing ALPs through photon-
photon fusion (yy — a). The ALP then decays into two photons (a — 7).
For most ALP masses and lifetimes considered, this production and almost
immediate decay occur in the same region, typically within or very close to the
VELO. The photons resulting from the ALP decay are detected in the ECAL,
which is located further downstream from the VELO, as already explained in
Chapter 3. Since the final state of the interaction consists of these two photons
produced by the ALP decay, the relevant variables are related to the properties
of these final state photons.

Pb Pb(*)

Figure 4.4: Feynman diagram of ALP production and decay in ultraperipheral
PbPDb collisions [9)].

The key variables of the final state photons for our analysis are:

e M. . : Invariant mass combination of the two photon candidates;

e pr(7): Transverse momentum of the photon candidate, which is the

momentum perpendicular to the beam axis (z-axis). Its modulus is given

by
pr(y) = /P2 + P2, (4-19)

where p, and p, are the photon’s components of momentum along the
xr-axis and y-axis, respectively;
e 7)(7): Pseudorapidity (for photons is the same as the rapidity). It de-

scribes the angle of the photon candidate relative to the beam axis and

E+p.
E_pz 7

is defined as

o) = 5o (4-20)
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where F and p, are the photon’s energy and the component of mo-
mentum along the beam axis, respectively. This variable is essential for

understanding the spatial distribution of the photons;

e ¢,: Azimuthal angle of the photon’s momentum, which describes the

angle of the photon’s momentum in the transverse plane;

e A, Acoplanarity between the two photon candidates. It is defined as:
_ By

Ap=1
¢ ™

(4-21)

where A¢,, is the difference between the azimuthal angles of the two

photons in the transverse plane (zy);

e p%(77): Transverse momentum squared of the diphoton system.

By carefully selecting and analyzing these variables, we can optimize the
selection criteria for ALP candidates and enhance the sensitivity of our search

in the ultraperipheral PbPb collisions at the LHCb experiment.

4.2
Analysis samples and selection

4.2.1
Data sample

This analysis uses data from ultraperipheral PbPb collisions at a center-
of-mass energy of /s = 5.02 TeV, recorded by the LHCb experiment during
Run 2, between November and December 2018, corresponding to a integrated
luminosity of 0.216 £ 0.09 nb~!.

Trigger and Stripping lines

Two trigger lines at LO hardware trigger level are used: LOPhotonLowMult
and LOSoftCEP. The LOPhotonLowMult line, used in search studies, selects
events with low multiplicity in the SPD (Spd(Mult) < 50) and high transverse
energy photons (Photon(Er) > 40 ADC).®> The LOSoftCEP line, used to
determine the efficiency of LOPhotonLowMult, ensures some activity in the SPD
by requiring Spd(Mult) > 0, while also selecting events with a low multiplicity
of hits (Spd(Mult) < 50) and PU(Mult) < 255, thus reducing the number of
pile-up events.

Events that satisfy the LOPhotonLowMult criteria are collected without
any additional requirements in the HLT1 and HLT?2 stages. Meanwhile, events
that passed the LOSoftCEP are collected by requiring at least one VELO track
(nvELOtracks > 1) in HLT2 (H1t2SingleTrack).

3The ADC to Er conversion was set to be 24 MeV/ADC
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For additional refinement of event selection, the offline central production
line called StrippingHeavyIonTopologyGammaLowActivityLine is applied.
This line imposes some stringent criteria: it restricts the number of SPD hits
(nSPDhits) to fewer than 2000 to minimize background from high-multiplicity
events; it also limits the number of long tracks (nzongrracks), Which correspond
to fully reconstructed particle trajectories, to fewer than 20, and the number
of VELO tracks (ny growracks) to fewer than 11, ensuring the selection of events
with low vertex activity. These criteria collectively target low-activity events
typical of ultraperipheral collisions.

The requirements for each of these lines are summarized in Table 4.1.

Line Requirements

LOPhotonLowMult Photon(Er) > 40 & Spd(Mult) < 50

LOSoftCEP Spd(Mult) > 0 & Spd(Mult) < 50 & PU(Mult) <
255

GammaLowActivity NLongTracks < 20 & nSPDhits < 2000 & ny grotracks
< 11

Table 4.1: Trigger and stripping lines requirements

4.2.2
Monte Carlo simulation samples

Monte Carlo (MC) simulations are employed to model both the signal and
background processes. The simulations can be performed using two approaches:
Full Simulation and Generator Level Simulation. Full Simulation involves
generating events and then passing them through a detailed simulation of the
detector’s response. This includes modeling the interactions of particles with
the detector and the application of the same reconstruction algorithms used
for real data. Full Simulation provides a realistic representation of how the
detector would respond to the physical events. Generator Level Simulation, on
the other hand, only models the event generation process, without simulating
the detector response. The particles are generated according to the physics
process being studied, but their interactions with the detector and subsequent
reconstruction are not simulated. This approach is typically faster and is useful
for generating large datasets or for studying processes where the detector effects
are less critical.

Full Simulation

Events for the ALP signal production were generated using Starlight
event generator [63] for ALP masses (m,) ranging between 3 and 10 GeV
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with a mass spacing of 1 GeV. Each ALP mass sample was generated with
approximately 2 million events.
Exclusive dielectron pairs from the process Pb+Ph(yy) — Pb®*)4+Pb®*)

*Te~ are used as one of the background contributions for this analysis. The

e
process vy — eTe~ was also modelled using Starlight event generator, with
M., > 1 GeV. Approximately 4 million events were generated for this sample.

Generator Level Simulation

Events for the light-by-light scattering process, Pb+Pb(yy) —
Pb®)+Pb™ (vv), were generated using Superchic 4 [11] with M(yy) > 1
GeV. This sample is used as another background source for this analysis,
with 700 thousand events generated. However, the sample was only produced
at the generator level since Superchic 4 is not yet implemented in LHCb’s
simulation framework. To approximate the detector effects, a smearing process
was applied to the generator-level distributions, using parameters calculated
from ALP events. This approach limits the ability to generate all possible
distributions for the LbL background, apart from the diphoton mass, which is

the primary variable of interest in this analysis.

4.2.3
Selection

In this analysis, the focus is on events with a very clean topology, where
the expectation is to reconstruct only two photons and no VELO tracks.
Therefore, the signal region is well defined by these two criteria: npnotons =
2 and nygLomers = 0. To avoid any potential bias in identifying the signal,
this analysis is performed blinded in the signal region. This means that the
selection criteria are established without examining the data in the invariant
mass of the two photons, ensuring impartiality in the selection process [60].

To simplify the analysis, we initially considered only non-converted pho-
tons. Converted photons, which interact with the detector material to produce
an electron-positron pair, require additional reconstruction steps that involve
tracking these particles separately. This process introduces additional complex-
ity and potential sources of error. Non-converted photons, detected directly in
the electromagnetic calorimeter, avoid these complications. Additionally, since
the photon conversion rate is 25%, the loss of statistical power is small.

Given that the trigger efficiency increases with the photon pr and it is
reasonably uniform for pr(y) > 1300 MeV, this value is set as the minimum
pr requirement for the photons.

The azimuthal angle of the photons, ¢,, are also considered, as its dis-

tribution should be relatively uniform. Deviations from this expected distri-



Chapter 4. Analysis of ALP searches at LHCb during Run 2 51

bution can indicate the presence of electrons (from dielectron processes) that
are misidentified as photons. The SMOG (System for Measuring Overlap with
Gas) system [64,65] occasionally introduces gas into the VELO region, which
can cause deflections or scattering of particles. If the azimuthal angle distribu-
tion of photons is expected to be uniform, deviations could suggest that these
“photons” might actually be forward electrons scattered by the gas. To reduce
the influence of such background, a requirement is set to the azimuthal angle,
with |¢,| > 0.1.

With the above selection criteria, the distributions for the number
of photons (nphotons) and pseudorapidity, 7(7), for both the dielectron and
the 3 GeV ALP simulation samples are shown in Fig.4.5. Additionally, the
distributions for acoplanarity (A,) and the transverse momentum squared of
the diphoton system, p(y7), are presented for events with exactly two photons
(Nphotons = 2) and both photons within the pseudorapidity range 2 < n(y) <
4.

o000 7
PA) MeV?]

Figure 4.5: From top-left to bottom-right: number of photons, pseudorapidity,
acoplanarity and diphoton p% for dielectron (line-pink) and 3 GeV ALP (filled-
blue) simulation samples. The requirements are explained in the text.

Photons from ALP decays are expected to be emitted back-to-back in
the transverse plane, leading to low acoplanarity values. Therefore, to improve
the ALP selection, two additional requirements are applied to the diphoton
candidates. The value of p%(y7) is required to be less than 0.03 GeV? and the
acoplanarity less than 0.02. While these criteria are clearly effective for signal
selection, their validation across different ALP masses, not only for 3 GeV but
also for 4 to 10 GeV, was performed using the Punzi Figure of Merit (Punzi
FoM) [66].

The Punzi FoM is a measure designed to balance the trade-off between

signal efficiency and background rejection. It accounts for both the significance
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of the signal and the potential impact of background events. The figure of merit

is calculated using the expression 4-22.

PunziFoM = (4-22)

€
where € is the signal efficiency, B is the expected number of background events,
and a is a parameter that can be adjusted depending on the desired confidence
level. Common choices for a are 3 or 5, corresponding to a 30 or 5o confidence
level, respectively. In this analysis, both values of a were tested and it was
observed that the Punzi FoM values varied across different ALP masses, with
the optimal criteria differing slightly depending on the mass, as shown in
Fig.4.6. However, to ensure consistency across the analysis, a single set of cuts
was chosen, Ay < 0.02 and p%(77y) < 0.03 GeV2. By optimizing the Punzi FoM,
the analysis ensures that the cuts on A, and p3.(v7) are not only efficient for
signal selection but also in minimizing background contamination, providing

a comprehensive evaluation across all considered ALP masses.
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Figure 4.6: Punzi FoM for acoplanarity (A4) and diphoton transverse momen-
tum squared (p%(vy)) with a = 3 (top) and a =5 (bottom).

The signal efficiency for different selection values of acoplanarity and
diphoton transverse momentum squared are presented in Fig.4.7. The chosen
acoplanarity requirement (A4 < 0.02) shows high signal efficiency across all
ALP masses. On the other hand, while the selected p%(y7y) requirement (<
0.03 GeV?2) is not optimal for heavier ALP masses, it was chosen based on
a balance between signal efficiency and background suppression, as discussed
previously.

The requirements applied are: nppotons = 2, non-converted photons with
pr(y) > 1300 MeV and 2 < n(y) < 4.
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Figure 4.7: Signal efficiencies for different selection values of acoplanarity (left),
diphoton transverse momentum squared (middle), and the combination of both
(right)

Finally, Fig.4.8 presents distributions of the number of VELO tracks
(nVELOtracks), the transverse momentum of each photon, pr(y1) and pr(ys),
and the invariant mass of the diphoton system (M,,) for candidates meeting
all the selection criteria outlined (see Table 4.2). It is clear that applying the
NVELOtacks = 0 requirement completely eliminates the dielectron simulation
sample events. Although this criterion was expected to reduce the dielectron
background, applying nyerowacks = 0 does not provide meaningful results due
to the insufficient statistics of the dielectron sample. Additionally, as will be
shown in the next section, the shape of the dielectron mass distribution appears
to be independent of the number of VELO tracks. Therefore, in the absence
of events with no tracks, the shape obtained from events with nygromecks > 0

can be utilized to predict the background shape in the signal region.
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Figure 4.8: From top-left to bottom-right: nvgrotuers, diphoton mass, pho-
ton’s pr distributions for dielectron (line-pink) and 3 GeV ALP (filled-blue)
simulation samples. The requirements are explained in the text.
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Summary Selection

Non-converted photons
Nphotons = 2
pr(y) > 1300 MeV
2<n(y) <4
6, > 0.1
p2(77y) < 0.03 GeV?
Ay < 0.02

Table 4.2: Selection criteria for the diphoton candidates

4.2.4
Trigger and HeRSChel Efficiencies

The trigger efficiency was determined using the tag-and-probe method,
a data-driven technique for measuring particle detection efficiencies based on
the decays of known resonances to pairs of the particles being studied. In this
analysis, these particles are photons (v7), and the n and 7° resonances are
used. The efficiency (¢) is calculated by comparing the number of diphoton
candidates that pass the LO trigger selection (n?) to the total number of
candidates, which includes both those that pass and those that fail the selection
(nP+nl): e = np’:‘:nf.

For photons originating from 1 and 7° decays, the trigger efficiency

reaches a plateau for pr > 1300 MeV, as shown in Fig.4.9 where the combined
efficiency for these photons is found to be 58.6 & 0.4%.
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Figure 4.9: Efficiency results as a function of transverse momentum using the
tag-and-probe method based on the decays of n and 7° resonances to pairs of
photons.
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To account for the fact that the analysis involves selecting events with
two photons, the overall trigger efficiency used is given by:

The HeRSCheL. detector can be used to effectively suppress high multi-
plicity background at very forward region. A requirement on the HeRSChel
variable, log(x%rc) < 8.35 (Fig.4.10), has been applied to eliminate almost
100% of these background while maintaining a signal efficiency of approxi-
mately 90%. As detailed in Ref. [57] this specific cut results in an estimated

efficiency of:

errro(log(Xire) < 8.35) = (90.1 £ 1.2)%. (4-23)
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Figure 4.10: Distribution for the HeRSChel variable for data, log(x%rc). The
green line represents the cut in 8.35 considered for calculate the HeRSChel
efficiency. The selection criteria for this sample is the same as in table 4.2,
including the LOPhotonLowMult trigger requirements and nygromacks > 1.

4.3
Signal and Background estimations

43.1
MC ALP signal yield

The expected number of ALP events, ne,,, is determined by

Nexp = Nsel X Walp, (4_24)
where n is the number of ALP events remaining after applying all the selec-
tion criteria described in the previous section (Table 4.2, including nvgrowacks

= 0), and the weight factor wy, is calculated as follows

2
L X 0oysa—syy X €trig X €HRC _ JALProrm (4-25)

Walp =
“r Ngen,ALP (1073)2 ’
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where £ = 0.216 nb~! is the integrated luminosity, Oyy—a—yy is the predicted
cross-section for an ALP mass hypothesis with g4zp = 1073, Etrigger AN € RC
are the trigger and HeRSChel efficiencies provided by Eq.?? and Eq.4-23,
respectively. ngen arp is the number of generated events for that ALP mass,
and garpnorm 18 @ normalization factor that accounts for the fact that the ALP
cross-section, 0.y—q—~y, 1S calculated with garp = 1073.

For instance, for an ALP mass hypothesis of 3 GeV, 2,036,652 events were
generated (ngen arp), with a predicted cross-section of 0.4y, = 1.27 x 10*
nb [11]. This results in a weight factor of wg, = 1.01 x 107°. After applying the
selection criteria, 37,262 events remain (ng), leading to an expected number
of 3 GeV ALP events of:

Neap(3 GeV) = 37,262 x 1.01 x 107 ~ 0.38. (4-26)
Similarly, the expected number of ALP events for each of the studied

mass hypotheses has been calculated and are summarized in Table 4.3.

mass [GeV] | 0yy—qyy [DD] | Ngen arp Nsel | Neap
3 1.27 x 10* 2,036,652 | 37,262 | 0.38
4 8.73 x 103 2,713,257 | 49,082 | 0.26
5 7.17 x 103 2,293,087 | 34,476 | 0.17
6 7.17 x 103 2,055,123 | 25,375 | 0.14
7 6.21 x 103 2,237,143 | 23,073 | 0.10
8 5.44 x 103 2,204,730 | 18,556 | 0.07
9 4.82 x 10° 2,205,091 | 15,732 | 0.06
10 431 x10° | 2,164,133 | 12,860 | 0.04

Table 4.3: Expected number of ALP candidates (n,,) for different mass
hypotheses, after applying the selection criteria. The table also shows the
predicted cross-sections (0.,y—q-yy) [11], the number of generated events
(Ngen,arp), and the number of events remaining after the selection ().

4.3.2
Light-by-Light background

Light-by-Light (LbL) scattering, where two photons interact and produce
another pair of photons, is a process that can mimic the signal of ALPs in
ultraperipheral PbPb collisions. This process can produce events that are
indistinguishable from ALP decays in the detector, making it a potentially
significant background in the search for ALPs.

The predicted cross-section for LbL scattering with M., > 1 GeV is
Ooysny = 1.37 x 10* mb [11], corresponding to 2,964 expected events in the
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data set used for this analysis, based on the integrated luminosity (£ = 0.216
nb 7).

As previously discussed, 700,000 events were generated (ngenror) at
generator level. Within the LHCb acceptance, 23.46 events (ng) from the
simulation pass the requirements of the signal region (Table 4.2, including

Ny ELOtracks = 0). The weight factor, wryy, is then calculated as:

Wrpr = £ X Ty X Earig X nre ~ 0.003 (4-27)
Ngen,LbL

Resulting in nezp = nse X wrpr, = 0.07 expected events for the LbL background.

4.3.3
Dielectron background

The dielectron background arises when two electrons produced in ultra-
peripheral collisions are misidentified as photons, with no VELO tracks recon-
structed. Although the high VELO tracking efficiency significantly suppresses
this background, the dielectron production cross-section is much larger than
the ALP signal, estimated to be 0., e+~ = 2.68 x 10° nb [11] for an invari-
ant mass greater than 1 GeV. This results in approximately 580,000 dielectron
events for the 2018 PbPb data. After generating ngen dgieiectron = 4 X 10% dielec-
tron events using the Starlight generator and applying the selection criteria
in Table 4.2, 211 events remain. However, as shown in Fig.4.8, no dielectron
candidates survive after imposing the nygrowaeks = 0 requirement.

Given the absence of dielectron candidates in the signal region, requesting
additional simulation events could theoretically improve the estimate. How-
ever, the number of events required to obtain a statistically meaningful dis-
tribution would be unreasonably high. Therefore, an alternative method is
proposed to estimate both the background yield and the shape of the M.,
distribution. If the shape of the dielectron M., distribution is independent of
NVELOtracks; WE can use the shape obtained from events with tracks to predict
the distribution for the nygromaecks = 0 case. As indicated in Fig.4.8, most di-
electron events contain two VELO tracks. To verify whether this background

sample accurately describes the data, a control sample was defined.

43.3.1
Dielectron control sample

To validate the simulation modeling of the dielectron background, a
dielectron-enriched control sample is defined. This control sample is selected
using the same criteria as in Table 4.2, with the additional requirement of

NveLowacks = 2. In the data, events in the control sample must also pass the
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LOPhotonLowMult trigger, with at least one of the photons satisfying this
trigger. The HeRSCheL. variable is constrained by log(x4rc) < 8.35 and the
simulation is corrected to account for the HeRSChel. and trigger efficiencies.

For this control sample, 15 events are observed in the data. After applying
the selection criteria to the dielectron simulation sample, 201 events remain,

resulting in an expected number of events, ne,,, calculated as:

Nexp = 201 X wgjetectron = 21.7, (4_28)

where the weight factor wgieiectron 1S given by:

L x Oyy—ete— X €irig X €pre

Wdielectron = ~ 0.108. (4—29)

Ngen,dielectron
The distributions of nveLotracks and Nppotons in the data are well described

by the simulation, as shown in Fig.4.11.
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Figure 4.11: Distribution of the number of VELO tracks (left) and the number
of photons (right) for the dielectron control sample.

The distributions of the diphoton invariant mass, photon ps, diphoton
acoplanarity, diphoton p%, photon pseudorapidity, and azimuthal angles (Fig-
ures: 4.12, 4.13, 4.14, 4.15) are also compared and found to be reasonably
described by simulation. For these distributions, the figures also show the
corresponding distributions without the npnoons = 2 requirement to enhance
statistics. Overall, the good agreement between data and simulation suggests

that the dielectron background is accurately modeled.



Chapter 4. Analysis of ALP searches at LHCb during Run 2 59

Events

— Ditectron yy -~ ee) — Dietectron yy -~ e

i
Ll bl

N e e e o o
et
L

I I o o T PII
1000 2000 3000 4000 5000 6000 7000 8000 000 10000

\ s e L
- N N N
(1) MeV] (NV2 and NP2) P (v,) [MeV] (NV2 and NP2) M, [MeV] (NV2 and NP2)
2% w E 2 w | 2 T
£ E El s E 3 g
9o tow E 4o Fom 3 8o +om 3
= —Dekcron(y e 3 E — Delecton(y - e E — oelecton gy 0] 3
of E o E o E
£ E o E o E
pa E £ E £ E
£ 3 £ E £ E
. 3 £ E £ E
£ E 3 : E 3 E
L L T e L | E L L 0 A | ala L d L L L L TS el L |
T RS T s 1355™303" 300400 3000~ 8000" 700" 8500 800" 1000
P,(v) MeV] (NV2) P01, IMeV] (NV2) My [MeV] (NV2)

Figure 4.12: Distributions of the photon transverse momentum (pr) for both
photons, and the diphoton invariant mass (top right) in the dielectron control
sample. The bottom row shows the same distributions without the npnotons =
2 requirement.
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The bottom row shows the same distributions without the npnotons = 2
requirement.
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Figure 4.14: Distributions of the pseudorapidity for the leading photon (left)
and subleading photon (right) in the dielectron control sample. The bottom
row shows the same distributions without the npnotons = 2 requirement.
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and subleading photon (right) in the dielectron control sample. The bottom
row shows the same distributions without the nppotons = 2 requirement.
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4.3.3.2
Dielectron shape

Since, in simulation, there is no dielectron events in the signal region
(with nyvELowacks = 0), it is necessary to study the dielectron mass distribution
to demonstrate that its shape does not depend on the number of VELO tracks.
This is important because, without dielectron events in the signal region, we
must rely on events from other regions (with different numbers of VELO tracks)
to model the dielectron background shape.

To validate this, the dielectron mass distribution is compared for events
with nveLomecks = 2 and those with nyeromecs = 1, 3, or 4. As shown in
Fig.4.16, the distribution for nygromeers = 1, 3, or 4 has limited statistics.
To improve the statistical significance, the requirements on n,pet0ns = 2 and
p3(vy) > 0.03 GeV? were relaxed (Fig.4.16, right). These distributions are
consistent, indicating that the shape of the dielectron mass distribution seems
to be independent of the number of VELO tracks.
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Figure 4.16: Shape comparison between two different selections for the di-
electron simulation. As explained in the text, nyeLomacks = 1 or 3 or 4 (blue
points) and nyvgLowacks = 2 (filled-green) have similar shapes. The bottom plot
exclude the npnotons = 2 and pa(y7y) > 0.03 GeV? criteria in order to enhance
the statistics.

This allows us to estimate the expected number of dielectron events in
the signal region by using the dielectron M., shape that satisfies all other
selection criteria except for the requirement of nygrotrecks = 0. Since the upper
limit on the number of events is 3 when no events are observed, the shape is
scaled to have ng; = 3. The expected number of dielectron background events,

Nep, 15 then calculated as:

Negp = 3 X Wdielectron = 0.32. (4_3())
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4.4
Results and Discussion

This section presents the expected CLs limits on the ALP-photon cou-
pling constant, gq,, for ALPs with masses ranging from 3 to 10 GeV. The
search for the vy — a — 7 process is conducted using the diphoton invariant
mass distribution, with LbL scattering and dielectron processes considered as

the main background contributions.

4.4.1
Expected CLs limits

The estimated number of background events in the signal region is 0.07
for the LbL and 0.32 for the dielectron. The ALP signal, generated using Monte
Carlo simulations with Starlight generator, models masses between 3 and 10
GeV. The expected number of ALP signal events for each mass hypothesis is
summarized in Table 4.3.

The diphoton invariant mass distribution for two representative ALP
mass hypotheses, 3 GeV and 5 GeV, including both background contributions
are shown in Fig.4.17. These distributions provide a comparison basis for the

observed data after unblinding.
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Figure 4.17: Diphoton invariant mass distribution for the ALP signal with
mass hypotheses of 3 GeV (left) and 5 GeV (right). The distributions combine
the expected ALP signal with background contributions.

In order to set upper limits in the ALP-photon coupling constant,
we assume that no data events are observed in the signal region, ngs =
0. The 95% confidence level (CL) upper limits on g,, are calculated using
the CLs method, implemented via the TLimit [67] class from the ROOT
framework. The implementation involves iterating over a range of g,, values,
scaling the ALP signal accordingly (proportionally to ¢?), and using the
TLimitDataSource class to pass the signal and background histograms to
the TLimit.ComputeLimit method. This method returns the expected CLs
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value for each g4, which is then used to generate the CLs curves, as shown
in Fig.4.18 for 3 GeV and 5 GeV mass hypotheses. Although TLimit is
considered legacy code, it effectively serves this analysis needs. For future
work, especially when incorporating systematic uncertainties, more recent tools
such as HistFactory [68], RooFit [69], and RooStats [70] could offer enhanced

flexibility and accuracy.
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Figure 4.18: CLs limits for ALP mass hypotheses of 3 GeV (left) and 5 GeV
(right) using the TLimit class from the ROOT framework. These curves show

the expected exclusion limits for the ALP-photon coupling constant at 95%
CL (light pink dashed line).

The upper limits on gq, for all tested mass hypotheses are summarized
in Table 4.4.

mass [GeV] | upper limit in g,, [TeV™!]
0.28
0.34
0.42
0.46
0.54
0.64
0.73
10 0.85

O[O0 ||| O | W

Table 4.4: Upper limits on the ALP-photon coupling constant g, for different
ALP mass hypotheses, calculated using the CLs method. These limits do not
account for systematic uncertainties.

44.2
Exclusion Region

The limits in table 4.4 are then used to construct an expected exclusion

region in the (g,,, m) parameter space, shown in Fig.4.19.
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Figure 4.19: Exclusion region in the g,, versus ALP mass plane, representing
the values excluded at 95% CL for the tested mass range, compared with the
exclusion limits obtained by ATLAS [9] and CMS [8] experiments.

This exclusion region illustrates the 95% CL excluded values of g, across
the ALP mass range of 3 to 10 GeV. For higher masses, the sensitivity of the
analysis decreases, leading to less stringent exlusions for g,,. For instance, for
a 3 GeV ALP, the upper limit on g, is 0.28 TeV !, excluding all values above
that, while for a 10 GeV ALP, the upper limit is less stringent, excluding
values above 0.85 TeV~!. To provide context, our results are compared with
the exclusion limits obtained by the ATLAS [9] and CMS [8]. Notably, our

analysis yields stronger constraints for ALP masses m, <5 GeV.



5
Conclusions and Future Prospects

This dissertation reported the analysis on the search for ALPs in ul-
traperipheral PbPb collisions using data collected by the LHCb experiment
during Run 2 (2018). The analysis focused on ALPs that couple exclusively
to photons, investigating the process: Pb 4+ Pb (y7) — a — Pb®*) 4+ Pb®*).
Ultraperipheral heavy ion collisions (UPHIC) were selected for their favorable
conditions in studying ALPs that couple exclusively to photons. The aim of
this work was to set expected upper limits on the ALP-photon couplings, ga,
for ALP masses ranging from 3 to 10 GeV—a mass range challenging for other
detectors.

This analysis was performed blinded to prevent bias, ensuring that the
selection of data in the signal region was not influenced by the data itself.
The results presented serve as a strategic framework for the analysis that, if
approved by the collaboration, will be applied to unblinded data to obtain the
final results.

The expected number of signal events for each ALP mass hypothesis was
estimated using full simulation. Two sources of background were considered
for this analysis: light-by-light (LbL) scattering and dielectron processes. The
LbL background was estimated from generator level simulations, while the
dielectron background was modeled using full simulation. The shape of the
dielectron mass distribution from events with VELO tracks was employed
to predict the background in the signal region, defined by events with no
VELO tracks. Additionally, a dielectron control sample was used to validate
the simulation modeling of this background.

The analysis covered an ALP mass range from 3 to 10 GeV and g, values
from 0.28 TeV~! to 0.85 TeV ! in the (g,,, m) parameter space. Although the
exclusion region identified is relatively small, this is the first investigation of
its kind at LHCb focusing on ALPs in ultraperipheral PbPb collisions. The
results highlight LHCDb’s potential to contribute to ALP searches in future
runs, particularly with the increased data in Run 3.

This work also contributed to the study of the software trigger imple-
mented in Run 3 (2023), which outperforms the hardware trigger used in Run
2. The comparison between the acoplanarity distribution is shown in Fig.5.1-
left, where one can see that 2023 data has higher purity for UPC diphoton
production. The photon Ep distribution is shown in Fig.5.1-right with a clear
observation that in 2023 data, the trigger had higher efficiency for low- E pho-
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tons which means that studies of low-mass resonances can now be performed

with this new data set.
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Figure 5.1: Left: Acoplanarity of the photon pairs. Right: Leading photon Er
photon pairs. Both for data taken in 2018 and 2023. In 2018, the photon pairs
are selected with a hardware trigger while for 2023 data set, they are selected
with a software trigger implemented in GPUs. Taken from ref [10]

Next steps

The next steps in this analysis involve the inclusion of systematic
uncertainties, which are critical for accurately interpreting the results and
setting robust exclusion limits. Additionally, the contribution from the gg —
~v7v background will be incorporated. This background arises from the exclusive
diphoton final state produced via strong interaction through a quark loop in
the exchange of two gluons. Although this background is not expected to have a
significant impact, its inclusion will provide a more comprehensive estimation.
Further, a study of other possible sources of background will be undertaken
to ensure all relevant contributions are accounted for in the analysis. The
CLs calculations, currently performed using the TLimit class from the ROOT
framework, will be updated using more modern tools such as HistFactory,
RooFit, and RooStats. The final task will be to complete the analysis note.
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