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Resumo

Producgao associada do 1(25) e ¢ no regime difrativo
em colisoes proton-proton no experimento LHCb

Jeferson dos Santos Oliveira

Orientador: Murilo Santana Rangel

Coorientador: Bruno Souza de Paula

Resumo da Dissertacao de mestrado apresentada ao Programa de Pos-
Graduacgao em Fisica do Instituto de Fisica da Universidade Federal do Rio de
Janeiro - UFRJ, como parte dos requisitos necesséarios a obtencao do titulo de
Mestre em Ciéncias (Fisica).

Esse trabalho apresenta o primeiro estudo sobre a producao de pares de mésons
vetoriais 1/(2S5)¢ sem atividade adicional nos detectores do experimento LHCb. Os
dados utilizados foram obtidos em colisoes proton-préton com energia no centro
de massa de 13 TeV, registradas durante o Run 2 do LHC (2016-2018), com uma
luminosidade integrada de 1,73 fb~'. Os candidatos a 1(25)¢ sdo reconstruidos a
partir dos estados finais de decaimento do 1(25) e do ¢, correspondentes a pares de
muons e kaons, respectivamente, detectados na regiao de pseudorapidez 2 <n <5 e
com pr > 200 MeV. O numero de candidatos selecionados é 40. A secao de choque

fiducial da produgao ¥(25)(— ptp )o(— KTK™) ¢
(250 = 0.0723 £ 0.0117 pb (1)

onde a incerteza é estatistica. Além disso, esta dissertacao apresenta uma con-
tribuicao para a atualizagao da implementacao do gerador StarLight na simulacao

do experimento LHCDb.



Palavras-chave: Producao central exclusiva, Secao de choque, Mésons vetori-

ais, Cromodinamica quéantica, Difracao, Pomeron, LHCb, Fisica de altas energias.
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Abstract

Associated production of V(25) and ® in diffractive
proton-proton collisions at the LHCb experiment

Jeferson dos Santos Oliveira

Advisor: Murilo Santana Rangel

Coadvisor: Bruno Souza de Paula

Abstract da Dissertacao de mestrado apresentada ao Programa de Pos-
Graduacgao em Fisica do Instituto de Fisica da Universidade Federal do Rio de
Janeiro - UFRJ, como parte dos requisitos necesséarios a obtencao do titulo de
Mestre em Ciéncias (Fisica).

This dissertation presents the first study on the production of vector meson
pairs ¥(2S5)¢ without additional activity in the detectors of the LHCb experiment.
The data used were obtained from proton-proton collisions with a center-of-mass
energy of 13 TeV, recorded during LHC Run 2 (2016-2018), with an integrated
luminosity of 1.73 fb~'. The 1(25)¢ candidates are reconstructed from the final
decay states of the 1)(25) and ¢, corresponding to muon and kaon pairs, respectively,
detected in the pseudorapidity region 2 < 1 < 5 and with pr > 200 MeV. The
number of selected candidates is 40. The fiducial cross section for the production

$(28) (= ptpm)p(— KTK™) s
Tpas)6 = 0.0723 £ 0.0117 pb 2)

where the uncertainty is statistical. In addition, this dissertation presents a
contribution to the update of the STARIlight generator implementation within the

LHCb experiment simulation framework.
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Chapter 1

Introduction

The understanding of atomic structure has evolved significantly over time. The
earliest concepts date back to ancient Greece, when Democritus proposed that mat-
ter is composed of indivisible entities known as atoms. In 1808, John Dalton de-
veloped the atomic theory, suggesting that atoms are indivisible, solid spheres that
combine in fixed ratios to form matter.

In 1897, J.J. Thomson, through his cathode ray experiments, discovered the
electron, revealing that atoms are divisible and contain negatively charged particles.
This led to the "plum pudding" model, in which the atom is envisioned as a positively
charged sphere with embedded negatively charged electrons.

In 1909, Ernest Rutherford conducted the gold foil experiment, demonstrating
that atoms possess a small, dense, positively charged nucleus. This gave rise to the
nuclear model of the atom, where electrons orbit the nucleus similarly to planets
orbiting the Sun.

However, Rutherford’s model could not explain atomic stability or discrete spec-
tral lines. In 1913, Niels Bohr introduced the concept of quantized electron orbits,
giving rise to the Bohr model, which successfully explained the spectral lines of
hydrogen. Nevertheless, this model failed for atoms with more than one electron.

In the 1920s, the development of quantum mechanics, with Erwin Schrédinger’s
wave mechanics and Werner Heisenberg’s matrix mechanics, replaced the concept

of defined electron orbits with probabilistic distributions known as orbitals. This
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framework successfully explained atomic spectra and electron behavior, incorporat-

ing principles such as the Pauli exclusion principle and electron spin.

In 1932, James Chadwick discovered the neutron, leading to the understanding
that atomic nuclei are composed of protons and neutrons, bound by the strong
nuclear force. In the mid-20th century, the comprehension of interactions at atomic
scales advanced with the development of Quantum Electrodynamics (QED). As
numerous new particles were discovered, the Standard Model of Particle Physics
was formulated, describing matter in terms of quarks, leptons, and gauge bosons.
The discovery of the Higgs boson in 2012 confirmed the mechanism responsible for

mass generation.

Although the Standard Model successfully describes known particles and fun-
damental forces - except gravity - many questions remain unanswered, such as the
nature of dark matter, the origin of neutrino masses, and the search for physics
beyond the Standard Model. Experiments like those conducted at the LHC are
essential to deepen our understanding of matter and to search for new particles and

Interactions.

In the 1960s, Murray Gell-Mann and George Zweig proposed the quark model.
They suggested that hadrons are composed of quarks, where mesons are formed by
a quark-antiquark pair (¢g), and baryons are composed of three quarks (qqq). The
1(2S5) meson is an excited state of the J/1¢ meson, known as a charmonium state,
formed by a charm quark and a charm antiquark (c¢). On the other hand, the ¢

meson is composed of a strange quark and a strange antiquark (ss).

This dissertation focuses on the study of the associated production of these
mesons, ¥(25)¢, in a diffractive process known as Central Exclusive Production
(CEP). In CEP, the two incoming protons either remain intact or dissociate into
very low-mass systems, while the central system (in this case, the meson pair) is
produced through a colorless exchange, typically described by pomeron exchange.

A key characteristic of CEP events is the presence of large rapidity gaps between
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the centrally produced system and the outgoing protons; these regions are devoid
of hadronic activity and correspond to areas with no detector signals. This clean
experimental environment is ideal for studying meson production mechanisms, test-
ing Quantum Chromodynamics (QQCD) in the non-perturbative regime, and gaining
further insights into the nature of pomeron exchange.

In this work, 1(25)¢ candidate events with no additional activity in the LHCb
detector are investigated. In addition, contributions to the STARIight [1] simulation

are presented.
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Chapter 2

Theoretical Oveview

This chapter provides an overview of the theoretical concepts underlying the
1 (2S5)¢ data analysis presented in this dissertation. The Standard Model of particle
physics (SM) will be briefly introduced, highlighting its fundamental particles and
interactions, with special emphasis on the description of strong interactions and the
challenges posed by Quantum Chromodynamics in the non-perturbative regime. The
discussion is not intended to be exhaustive; rather, it focuses on the key aspects most
relevant to this analysis. For comprehensive treatments of the Standard Model, the
reader is referred to [2|, while for diffraction physics and Regge theory, the specialized
literature in [3] provides further details.

The associated production of 1(25)¢ in diffractive processes, specifically Cen-
tral Exclusive Production (CEP), will then be discussed, detailing the characteristic
features of CEP events, such as the presence of large rapidity gaps and the colorless
exchange mechanisms responsible for the exclusive production of the central sys-
tem. In addition, the theoretical framework of high-energy diffraction will be intro-
duced, including the basics of Regge theory, which provides an effective description

of diffraction processes through the exchange of trajectories like the pomeron.

Quantum Chromodynamics (QCD)

Quantum Chromodynamics is a theoretical model for the strong force, explain-

ing the interactions between quarks and gluons. In QCD, there are eight massless
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particles known as gluons, and six spin-1/2 fermions called quarks. QCD involves
changes in color charge, similar to the change of electric charge in Quantum Elec-
trodynamics. However, unlike QED, in QCD not only the fermions transfer charge
- both quarks and gluons change color charge. This difference arises because gluons
carry color charge, unlike the photon.

The mediators of the strong force are the gluons. There are a total of No = 3
color charges: blue, green, and red. There are three families, each containing two
types of quarks: up-type and down-type. Up-type quarks have a charge of +2/3,
and down-type quarks have a charge of -1/3. The positively charged quarks are
up (u), charm (c), and top (t), while the negatively charged quarks are down (d),
strange (s), and bottom or beauty (b).

The antiquark has the same mass and spin properties as the quark, but with
opposite quantum numbers. For example, a quark up has electric charge +2/3,
while an antiquark up has electric charge -2/3; a strange quark has strangeness —1,
and an anti-strange quark has strangeness +1 (see Table 2.1 for the quark quantum
numbers). If a quark has the color charge blue, the corresponding antiquark has
the anti-blue color charge. A quark-antiquark pair can form a meson, such as the

1(2S), which consists of a charm quark and an anti-charm quark (cc).

Quark u d C S t b
Electric charge (¢) +3 —3% +3 —3 +3 —3
Isospin (1) i3 0 0 0 0
Iy +1 -4 0 0 0 0
Strangeness (S) o 0 0 -1 0 0
Charm (C) o 0 41 0 0 O
Bottomness (B’) o o0 o0 o0 o0 -1
Topness (T) o 0 0o 0 +1 0

Table 2.1: Quarks up (u), down (d), charm (c), strange (s), top (t) and bottom or beauty
(b) and their quantum numbers: electric charge, isospin, I z-component, strangeness,
charm, bottomness, and topness.

QCD is a non-Abelian gauge theory based on the special unitary symmetry

group of degree three, SU(3)c. SU(3) refers to the group of complex 3x3 unitary
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matrices with determinant 1. This group has eight generators, corresponding to
the eight gauge bosons - the gluons - of the strong interaction. The subscript “C”
indicates that QCD applies only to particles that carry color charge.

Gluons carry both color and anti-color charges, enabling them to interact not
only with quarks but also with other gluons. This self-interaction property is a
distinctive feature of QCD and leads to the phenomenon of color confinement. As a
result, the strong interaction becomes stronger with increasing separation between
quarks, preventing their isolation and ensuring they remain bound within color-
neutral hadrons.

In QCD, every elementary particle is associated with a field that extends through-
out all space-time. If distinct configurations of these fields result in identical mea-
surements of observables, the field is said to be gauge invariant under that gauge
transformation. The Lagrangian density, £, governs the dynamics of the theory, i.e.,

how the fields evolve over time and interact with each other.

2.1 QCD Lagragian

The triplet form is used to interpret the quark (anti-quark) field ;(¢;).

tn [
1/12': wz and 77/):(: 1?; s (21)
s ¥3

and the numbers represent the three color charges. The gauge transformation of the

fermion wave function is given by

a

V() v/ (@) = 0T () (2:2)

where g, is the strong coupling constant, and the index a in 0%(x), with a =
{1,...,N& — 1 = 8}, corresponds to the eight possible gluons. The 0%(z) are eight
phase factors that depend on space-time coordinates, and T, denotes the generator
of the gauge group, referred to as the colour-charge matrix. The matrix T, is re-

lated to the Gell-Mann matrices A, (see equations 2.3-2.5), and is a Hermitian 3 x 3
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matrix (see equation 2.6). The Gell-Mann matrices are a set of eight 3 x 3 Hermi-
tian, traceless matrices that serve as the generators of the Lie algebra of SU(3), the

gauge group of QCD. They are the analogues of the Pauli matrices (which generate

SU(2)), but for SU(3).
010 0 —i 0 1 0 0
M=([100], =i 0 0, =0 -1 0 (2.3)
000 0 0 0 0 0 0
001 00 —i 000
M=o o0o0], =00 0o}, X=]001 (2.4)
1 00 i 00 010
00 0 10 0
Meloo =) =L o1 o (2.5)
0 i 0 V3\o 0 -2
1
T = —)\°. 2.
: (2.6)

Taking into account that the group generators do not commute, so the commu-

tation results

[T, T = i f*Te, (2.7)
and that means the group is non-Abelian. The colour structure constants, ¢, with
indices a, b, and ¢, which can take the value of any eight colour degrees of freedom,
are a factor of the commutator.

The gamma matrices are denoted by 7,', and the four-gradient is given by O* =
(8,,—V). To ensure local gauge invariance under SU(3)¢, it becomes necessary
to introduce a new gauge field, known as the gluon field, which has one time-like
and three space-like components. These components are organized into an octet
structure, A#, where a = 1,...,8 corresponds to the eight generators of the SU(3)
group. To preserve gauge invariance, the ordinary derivative 0* must be replaced

by the covariant derivative D*, which incorporates the gluon fields and maintains

the symmetry of the theory

Oy — Dy = 0, + ig, AT, (2.8)

!They appear in the Dirac equation, which describes relativistic spin-1/2 particles such as
electrons and quarks.
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where covariant derivative, denoted by D,,, modifies the ordinary derivative by in-

s
cluding the gluon fields, enabling the interaction between quarks and gluons. This
leads to the quark-quark-gluon interaction vertex, which represents a fundamental
point in Feynman diagrams where two quark lines and one gluon line meet, de-
scribing the exchange of color charge. Additionally, the gluon field strength tensor
F1 characterizes the dynamics of the gluon fields and their self-interactions. It is
defined by combining derivatives of the gluon fields and nonlinear terms involving

the gluon fields themselves, reflecting the non-Abelian nature of QCD and ensuring

the proper description of how gluons interact with each other and with quarks.
Fr =0orAY — 0" AL + gsf“bcAffAZ. (2.9)

Since gluons carry color charge and the generators of the SU(3) gauge group
do not commute, the gluon fields interact with each other. This self-interaction is
represented by the third term in the gluon field strength tensor, g, f® Al A. Unlike
photons in electromagnetism, which do not interact with themselves because the
U(1) group is Abelian (commutative), gluons in QCD exhibit nonlinear interactions.
These self-interactions give rise to additional vertices in Feynman diagrams: one
vertex involving three gluons and another involving four gluons. These multi-gluon
vertices are crucial for understanding the complex behavior of the strong force,

including phenomena such as gluon confinement and asymptotic freedom.

The QCD Lagrangian density gives the dynamics of quarks and gluons and is

writen as
T j 1 v 17a
Locp = Y U(in, D! —my)ih — T FE (2.10)
f

and the symbol of fermion masses is my. The gluons are massless, and it can be

seen by looking at the Lagrangian and realizing that there is no term of the format

m2A“A#.
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2.2 Color confinement

A gluon carrying two different color charges mediates the strong interaction
between two quarks. When the protons collide in LHCb, numerous jets of quarks
are produced, which subsequently hadronize - that is, the quarks form bound states
known as hadrons. A quark and an antiquark can hadronize into a meson; for
example, a charm quark ¢ can combine with an anti-charm quark ¢ to form a 1 (25)
meson.

As the distance between two quarks within a hadron increases, additional gluons
can interact among themselves via virtual gluons mediating the strong force, causing
the energy of the system to grow. When this energy becomes large enough, it can
create a new quark-antiquark pair. This explains why quarks cannot be observed in
isolation - a phenomenon known as color confinement. At a higher energy a quark-
antiquark pair can split multiple times, generating jets of different particles.

Hadrons are classified as mesons, consisting of quark-antiquark pairs (¢q), and
baryons, composed of three quarks (ggq) or three antiquarks (ggq), all of which
are color-neutral. Recently, exotic hadrons have been discovered, which can be

interpreted as tetraquark states (qqgq) or pentaquark states (qqqqq) (see Refs. [4,

5]).

2.3 Asymptotic freedom

The strong coupling constant, ay, expresses the strength of the strong interaction
between quarks and gluons. This constant has an effective value obtained exper-
imentally and varies with the energy scale - it becomes smaller at higher energies
due to asymptotic freedom. This effective value is different from the one used in
Feynman diagrams, which often adopt a standard value or a perturbative expansion

to simplify the calculations.

The fields of fermions and bosons are subject to quantum fluctuations, meaning
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that virtual quarks and gluons can momentarily emerge around a quark. These vir-
tual particles can interact with the probe quark, influencing its properties through
short-lived quantum effects. In this cloud of electric and color charge, quark-

antiquark pairs can be created, and the antiquark is closer to the probe quark.

This phenomenon is known as vacuum polarization. In quantum field theory, the
vacuum is not empty but filled with quantum fluctuations, allowing virtual particles
- such as quark-antiquark pairs and gluons - to temporarily emerge and interact.
These fluctuations modify the strength of the strong interaction, represented by the
coupling constant gs. At large distances (or low energies), virtual gluon interactions
enhance the effective value of g,, making the strong force more intense, whereas
at short distances (or high energies), gluon self-interactions reduce the effective
coupling, leading to asymptotic freedom, a key feature of QCD where quarks behave
almost as free particles when they are extremely close to each other. Empirically,
the four-momentum transfer Q? = —¢? increases as we probe smaller distances in
particle interactions, establishing a direct correlation between g, and the energy
scale: as Q? increases, the effective value of g, decreases (asymptotic freedom),
while at lower ? it increases, resulting in color confinement, the phenomenon that

prevents quarks from existing in isolation.

In a Feynman diagram, such as the scattering of two quarks mediated by a
gluon (see Figure 2.1), quantum corrections arise due to virtual particles and loop
processes. These corrections often lead to divergences in the calculations. To fix
this, a procedure called renormalization is applied, which systematically removes
these infinities by redefining the physical parameters of the theory, such as masses
and coupling constants. As a result, the strong coupling constant becomes scale-
dependent, leading to what is known as the running coupling constant. This means
that the effective strength of the strong interaction varies with the energy scale of

the process, decreasing at high energies (or short distances), a phenomenon known
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q 9

Figure 2.1: Scattering of two quarks mediated by a gluon. Extracted from [6].

as asymptotic freedom.

-1
as(Q?) = {%;Wf In (%)} : (2.11)

with N¢ representing the number of colour charges, which is 3, Ny is the quark
number, which is equal to 6, Q is the four-momentum transfer due to the interchange
of gluons, and A is the QCD energy scale parameter, and with that value it is possible

to know when a,(Q?) diverge asymptotically.

2.4 Pomeron

The pomeron is a theoretical construct used to describe high-energy hadronic in-
teractions where no quantum numbers are exchanged between the incoming and out-
going particles. It is interpreted as a colour-singlet state composed of two gluons [7],
carrying the same quantum numbers as the vacuum. Specifically, the pomeron is
characterized by having no electric charge, an isospin of I = 0, parity P = +1, and
charge conjugation C' = +1. The absence of electric charge implies that it does not
couple directly to photons. The isospin value I = 0 indicates that it is an isoscalar
state, exhibiting no preference between up and down quark components. The posi-
tive parity (P = +1) means that its wave function remains unchanged under spatial
inversion, while the positive charge conjugation (C' = +1) shows that the pomeron is
symmetric under the exchange of particles and antiparticles. As a result, processes
mediated by pomeron exchange do not alter the internal quantum numbers of the

interacting hadrons.
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The origin of the pomeron lies in Regge theory, which extends the concept of an-
gular momentum in quantum mechanics to complex values. This theoretical frame-
work was initially developed to model scattering amplitudes and was later success-
fully adapted to the relativistic regime, where it was applied to hadron-hadron and
photon-hadron collisions at high energies.

In Regge theory, the scattering amplitude is described in terms of Regge trajec-
tories, which are analytic functions relating the angular momentum J of a family
of particles to their squared masses m?. Each trajectory corresponds to a family of
hadronic resonances with similar properties. However, experimental data on total
cross-sections at high energies showed that they do not decrease with energy as ex-
pected from known trajectories. To resolve this discrepancy, a new Regge trajectory
was introduced - the pomeron trajectory. Unlike other trajectories, the pomeron
does not correspond to any known family of particles, but its inclusion is essential
to describe the observed slowly rising or constant behavior of total cross-sections in
high-energy hadronic scattering.

From a QCD perspective, the pomeron is often modeled as the exchange of
two or more gluons in a colorless configuration, making it compatible with the
observed color neutrality and the preservation of quantum numbers in the final
state. This interpretation connects Regge theory with both perturbative and non-
perturbative aspects of QCD, particularly in the context of diffractive processes and

central exclusive production.

2.5 Central exclusive production

When the protons scatter at small angles and keep intact, producing a system
with one or two particles, this is characterized as CEP. Where the system X is
located in the central region, at near-zero rapidity with respect to the initial protons,
and contains only the exclusive products of its own decays, with no other hadronic

interactions. Rapidity is a quantity that gives the information about the coverage
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of the detector and is useful because it is invariant under longitudinal relativistic

transformation and can be written as

1 E+p.c
— —qp [ ZPEC 2.12
v=1 “(E_pzc) (2.12)

where E is the energy of the produced particle, p, is the momentum projected on the
beamline, and c¢ is the speed of light in vacuum. If there is no momentum projected
on the beamline, the rapidity is zero, and it increases according to the growth of
the p,, as can be seen in eq 2.12. If the momentum is greater than the mass of the

particle, the rapidity approaches the pseudorapidity

0
n = —Intan (5) (2.13)
where 6 is the polar angle evaluated starting from the z-axis.
In LHCb, CEP events have two rapidity gaps, which are spaces of inactivity in
the detector and are symbolized by &, at the volume around the system of interesting
and outgoing protons

pLBpr— p3®X B s, (2.14)

where p; and p, are the colliding protons and p3 and p, are the scattering protons.
Therefore, there are two rapidity-gap criteria in CEP without pile-up or secondary
interactions. Thus, CEP affords a quietly empty habitat to analyze the signal with
special kinematic and dynamic constraints that are independent of the central sys-
tem, in a good approximation. Furthermore, it is possible to obtain physics informa-
tion like spin and parity quantum numbers that is hard to acquire through inelastic
events.

Studying CEP makes it possible to know quantum properties of the system,
know more about resonant and non-resonant states, and glueball?> and odderon® of
the Standard Model (SM). It is also possible to work in states beyond the standard

model.

2A glueball is a hypothetical bound state composed entirely of gluons, without valence quarks.

3The odderon is a theoretical Regge trajectory in QCD corresponding to the exchange of a
colorless state with negative charge conjugation parity (C=-1), typically modeled as three gluons
in a symmetric color-singlet configuration.
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P3
P1 Ps P1 P3 Pr

P2 Pa Do

P2 Py Pa

Figure 2.2: The Feynman diagrams for the s-channel, t-channel, and u-channel processes.
The u-channel diagram applies only when identical particles appear in the final state.
Extracted from [8].

2.6 CEP production mechanisms

In particle physics, the s-channel, t-channel, and u-channel are ways to classify
interaction processes based on the Mandelstam variables (see Fig.2.2). The s-channel
describes a process where two particles collide and form an intermediate resonance
that then decays into final products. It depends on the total energy squared s. The
t-channel involves the exchange of a virtual particle between an initial and a final
particle, related to momentum transfer t. It is common in scattering processes.
The u-channel is similar to the t-channel but involves a different particle exchange
configuration, associated with the variable u, often relevant when identical particles
are involved.

CEP occurs in the t-channel, where each proton can emit another particle that
is absorbed by the other proton, and that way the proton remains intact, which is
not viable in the s-channel and u-channel. Since there is no exchange of electric or
color charge in the t-channel, just color singlets (particles or systems with a total
color charge of zero) are emitted. As a result, the protons keep intact and conserve

the rapidity gap of the final state.

Double-photon exchange

CEP can occur with double-photon exchange, and this mechanism is explained by
quantum electrodynamics. In this process, both protons emit a quasi-real photon
(low-Q?), where q is the transference of four-momentum from the proton to the

photon. In this mechanism, it is viable to study non-resonant states like light-by-
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light (yy — 77) scattering, di-electron (yy — ete™), and di-muon (yy — ptu™).
Also, it is useful to investigate the boson pair production (yy — WTW ™), meson

production like vy — 7., and double-hadron (yy — hh).

Photo-production

Another mechanism of CEP is a production in which one proton emits a pomeron
and the other emits a photon. The odd-charge-conjugate of the photon with the
even-charge-conjugate of the pomeron makes it possible to investigate odd-charge-
conjugate entities, allowing the study of spin-1 vector meson final states (1) like
4P — p°. This aids the field of heavy-quarkonia states, c¢ and bb, such as yP —
J/1, (2S), and vP — T(1.5) mesons.

These states are in the field of pQCD* and are of use to examine small Bjorken-x,
that is, how much momentum from the proton the parton (quarks and gluons) keeps
for itself. Since the odderon-pomeron (OP — X)) can contribute to the cross-section
of vector meson CEP, quarkonium studies become valuable tools for investigating
the existence of the odderon, a hypothetical state with odd charge conjugation
(C = —1). Additionally, this framework allows for the exploration of heavier states,

such as the neutral Z° boson.

Double-pomeron exchange

CEP also can occur in double-pomeron interaction, where both of the protons
emit a pomeron. Since both pomerons are even-charge-conjugate, it is viable to
access even-charge-conjugate particles. There are some constraints in this CEP
process that permit just a specific number of particles, as those with J¢© = 0*+,
1T+, 2%+ ... and isospin I = 0. Furthermore, it is possible to study x. and

mesons.

CEP is useful to find out new particles, such as glueball candidates like fo(1500)(07)

4In energy regimes where the strong coupling « is small, theoretical calculations can be per-
formed using perturbative series expansions [9].
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and fo(1710)(0%"). Because, as predicted by lattice QCD, the lightest glueball state
must be low-mass ~ 1700 MeV and quantum number 07+ [10, 11, 12|, which makes
fo(1500)(07) and fo(1710)(0) good candidates.

The double pomeron exchange can decay in di-jet (PP — jj), thus it can produce

Higgs boson PP — H® — b[j]b[j], and regarding it is possible to know the value of

the spin in the central system, it is a great manner to test our Higgs boson results.

2.7 CEP kinematics and dynamics

2.7.1 Bjorken-x in deep inelastic scattering

In deep inelastic scattering, a high-energy charged particle collides with a nu-
cleon, probing its internal structure through the exchange of a virtual gauge boson

with four-momentum q. This process is characterized by a variable called Bjorken-
x [3]

Q2
2P -q

x (2.15)

the variable Q refers to the four-momentum of the gauge boson, in a manner that

Q* = ¢’ (2.16)

and P is the high-energy charged hadron that strikes the nucleon. The relation
between the wavelength of the virtual gauge boson and its four-momentum is given
by:

A= 2.17
’ (2.17)

where h is Planck’s constant. When (Q? is low, it is possible to probe the overall size
of the proton. At higher Q?, the associated wavelength becomes smaller, allowing
the internal structure of the proton to be resolved.

There is an independence between the structure functions’ dependence on Bjorken-x
and the resolution scale of the exchanged boson (i.e., the momentum transfer of the
probe particle), known as Bjorken scaling. This behavior suggests that the hadrons

are composed of point-like constituents called partons, such as quarks and gluons.



354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

17
Bjorken-x in double-pomeron exchange

The double pomeron exchange mechanism in CEP serves as a valuable probe
of different regimes of QCD. At high values of the momentum transfer squared
(Q?), corresponding to a large invariant mass of the central system (my) - such that
Q? > Aéc p» Where Agep is the QCD energy scale - and the strong coupling constant
as becomes small. This places the process within the domain of pQCD, where
theoretical predictions can be safely obtained using series expansions. However,
at low %, the interaction enters the non-perturbative regime, where pQCD is no
longer valid. In this domain, additional soft interactions - known as reinteraction or
rescattering corrections - may occur, filling the rapidity gaps with hadronic activity
and thus violating the defining signature of CEP. To describe such phenomena,
Regge theory becomes an appropriate framework, offering insight into low-energy
QCD processes. In particular, the behavior of parton distribution functions (PDFs),
especially those of gluons at small values of Bjorken-x and (2, becomes crucial.
These PDFs describe the probability of finding a parton carrying a fraction x of the
proton’s energy and are determined from global fits to experimental data, carry large
uncertainties in this phase-space region, impacting both Standard Model predictions
and searches for new physics. Consequently, double pomeron exchange provides a
unique opportunity to test QCD dynamics across a wide range of energy scales.

The square of the center-of-mass energy, s, is calculated by:

s = (p1+p2)? (2.18)

where p; and p, represent the momentum of the incoming protons. If the proton
masses are ignored, then the quark masses are also neglected, and the four-momenta

of the partons in the hadron center-of-mass frame are:

Do = g(ma, 0,0,z,) and p, = ?(xb, 0,0, —zy), (2.19)

In the double pomeron exchange approximation, z, and x; can be described as

fractions of the energies of the incoming protons, p; and ps. In this way, the mass
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of the central system, myx, can be expressed as:
my = (Do +1b)° = Ta1p5. (2.20)
Considering this approach, the rapidity of the central system can be written as:
() - R e

in which FE is the energy of the central system and p, is its longitudinal momentum.

The partons’ momenta can be written in terms of the center-of-mass energy, as well

as the mass and rapidity of the central system

Ty = X o+ and xp = X v, (2.22)

Vs Vs
The topology of LHCDb, covering the rapidity range of 2.0 < y < 4.5, is useful for

studying Bjorken-x at both low and high values. The phase space coverage in the x

vs. Q? plane is shown in the figure 2.3.

2.8 Typically low p? in CEP

The creation of a meson via the CEP process occurs through the exchange of a
colourless object in the t-channel. The differential cross-section of elastic pp scat-
tering, in terms of the momentum difference between the incoming and outgoing
protons (t), which is one of the three Mandelstam variables (s, t, and u), decreases

as [t| increases [14]. The squared momentum transfer is

t=(p1 —p3)® = (ps—p2), (2.23)

such that the four-momenta of the incoming and outgoing protons are py, po and ps,
P4, respectively. In elastic processes, as an initial approximation, the cross-section

can be written in terms of the Mandelstam variable t.

d
d—j oc e~berrlil (2.24)
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Figure 2.3: Kinematic coverage in the (x, Q%) phase space for proton-proton collisions at
Vs =13 TeV, compared to the coverage achieved by ATLAS, CMS, CDF /D0, HERA, and
fixed-target experiments. Extracted from [13].



396

397

398

399

400

401

402

403

404

405

407

408

409

410

411

412

413

20

where the validity of this expression is approximately for |t| < 0.5 GeV /¢, in which
bcep is the exponential slope. In the case of inelastic processes, the cross-section

exhibits a similar behavior, but the decay rate is lower

g (1 ¥ (%) !t\)_n, (2.25)

for which n is the exponent of the factor. If only low t values are considered, the

expression reduces to the previous one
— o e bt (2.26)

in which by, is the slope parameter of the exponential in the inelastic process.
Since |t| cannot be calculated empirically, the squared transverse momentum of

the central system, X, is computed in the laboratory frame.
t~ —pa(X). (2.27)

Inelastic scattering produces particles with high p%(X), causing one or both pro-
tons to break up. This is different from the CEP mechanism, which has a constraint
on the momentum transfer squared and provides a clean environment to distinguish
signal from background.

The study of the CEP production of J/1¢ at LHCD has already been conducted,
leading to the observation of exotic state production (see [15]). In this work, the
study of the 1/(2S5)¢ system is presented, where the 1/(2S5) decays into a muon pair
and the ¢ decays into a kaon pair. The 9(25) and ¢ are produced in a CEP process
of the photo-production type. The Feynman diagram illustrating an example of
double vector meson production is shown in Fig. 2.4.

/
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Figure 2.4: Feynman diagram illustrating an example of double vector meson production.
Extracted from [16].
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Chapter 3

LHCDb experiment

The Large Hadron Collider (LHC) is the world’s largest particle accelerator. It
is located about 100 m underground, within a tunnel previously used by the Large
Electron-Positron Collider (LEP). The LHC is located at CERN (the European
Organization for Nuclear Research) in Geneva and extends across the border between

Switzerland and France [17].

The LHC started its operation with proton-proton (pp) collisions at center-of-
mass energies of 7 TeV (2010) and 8 TeV (2012), and 2.76 TeV for lead-lead (PbPDb)
collisions. This data taking period is known as Run 1. After a two year shutdown
to increase the beam energy, Run 2 took place from 2015 to 2018, during which pro-
ton collisions reached 13 TeV and PbPb collisions 5.02 TeV. Following a three-year
shutdown for further upgrades, Run 3 began in 2022 with a center-of-mass energy of
13.6 TeV for pp collisions and 5.36 TeV for PbPh. There are four interaction points

where the four main LHC experiments are built: ATLAS, CMS, LHCb and ALICE.

The four main experiments have different purposes: ATLAS and CMS are general-
purpose experiments designed to collect data at high instantaneous luminosity in
order to study a wide range of phenomena, including the search for new particles,
the Higgs boson, extra dimensions, and potential dark matter candidates. LHCb
focuses on heavy-quark physics and operates at lower instantaneous luminosity, with
the goal of exploring flavor physics and CP violation. ALICE is dedicated to heavy-

ion collisions, investigating the quark-gluon plasma and the state of matter that
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Figure 3.1: CERN accelerator complex. Extracted from [22].

existed shortly after the Big Bang [18].

At the LHC, protons originate from hydrogen gas and pass through several ac-
celeration stages. First, LINAC, accelerates hydrogen ions (H™) to 160 MeV. These
ions are then sent to the Proton Synchrotron Booster which are accelerated to 2
GeV. Next, the protons enter the Proton Synchrotron (PS) and are accelerated to
26 GeV. They then proceed to the Super Proton Synchrotron (SPS), receiving a
further boost to 450 GeV. Finally, the protons are injected into the LHC and ac-
celerated to their maximum energy using radio-frequency cavities (see Figure 3.1).

The proton path is precisely guided by superconducting magnets [19, 20].

Collisions occur as follows: two beams of protons travel in opposite directions
inside separate beam pipes. Each beam consists of 2,808 bunches, each containing
approximately 10! protons. The bunches are spaced 25 nanoseconds apart, result-
ing in a bunch-crossing frequency of about 40 MHz and a bunch crossing rate of

approximately 30 MHz [21].



451

452

453

454

455

456

457

458

460

461

23

s B N
/)/ e \\ \\\
/ e N
// ’/ \\ \
/ // \\
/ /// \ \\\
/ / Eear, HoAL M5 \ O\
/ / SPD/PS NS \
M3 ——250mrad \

/ ’/ RICH2 Mg

Figure 3.2: LHCb Run 2. Extracted from [24]|. The z-axis is aligned along the beam pipe,
the perpendicular x-axis points toward the center of the LHC, and the y-axis, perpendicular
to both x- and z-axes, points upward.

3.1 LHCDb Experiment

LHCb focuses on CP violation and the study of rare decays of b and ¢ hadrons.
It is a single-arm forward spectrometer operating within a pseudorapidity range of

2 <n<5o.

The components along the beam line include: the Vertex Locator (VELO), the
first Ring Imaging Cherenkov detector (RICH1), the Trigger Tracker (TT), the
magnet, three tracking stations (T1, T2, T3), the second Ring Imaging Cherenkov
detector (RICH2), the first muon station (M1), the electromagnetic calorimeter
(ECAL), the hadronic calorimeter (HCAL), and four additional muon stations (M2,
M3, M4, M5). These elements can be classified into four subsystems: the magnet,
the tracking system, the particle identification system, and the trigger system [23].

Figure 3.2 shows a schematic description of the LHCb experiment.
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Figure 3.3: Tracking system. Extracted from [31].

3.1.1 Tracking System

A magnetic field of 4 T-m, generated by a dipole magnet [25], bends the trajec-
tories of particles in order to determine their mass, momentum, and to reconstruct
the positions of pp collisions and decay vertices. To achieve this, it is necessary
to combine information from the Vertex Locator (VELO) [26], the Trigger Tracker
(TT) |27], and the inner [28] and outer trackers [29, 30] (see Figure 3.3). The VELO
consists of silicon tracking stations surrounding the pp interaction region. The T'T
provides tracking information upstream of the magnet, while the inner and outer

tracking stations are located downstream of the magnet.

3.1.2 Magnet

The dipole magnet is positioned between the Trigger Tracker and the three down-
stream tracking stations. It was designed with an integrated magnetic field of 4 T-m,
operating over a track length of 10 meters. The magnetic field bends the trajectories
of charged particles within the tracking stations, allowing momentum to be mea-
sured based on the relationship between the deflection angle and the field strength.
Outside the tracking stations, the magnetic field remains below 2 mT to avoid in-

terference with particle identification in the RICH detector.

3.1.3 Ring Imaging Cherenkov

There are two Ring Imaging Cherenkov (RICH) detectors: one located on the

left side of the magnet and the other on the right. They are filled with a material
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such that, when a particle passes through, a cone of Cherenkov radiation is emitted
with a characteristic opening angle [32]

cosf. = % (3.1)

n

Here, [ is the particle’s velocity divided by the speed of light in vacuum, ¢, and
n is the refractive index of the traversed material. When the particle’s velocity
exceeds the speed of light in the medium, Cherenkov radiation is emitted, i.e., when
[ is greater than a threshold value equal to 1/n. The mass of the particle can be
determined from its momentum - obtained from the curvature of its trajectory - and

the Cherenkov angle [32]

m = ]—)\/nQ cos? . — 1. (3.2)

c

RICH1 is located upstream of the magnet, between the VELO and T'T stations.
It is filled with an aerogel solid radiator and a C,F;o gas radiator, allowing particle
identification in the momentum range of 1 to 60 GeV /c. RICH2 is positioned down-
stream of the magnet, between the last T-station and the first muon station (M1).
It contains a CF, gas radiator and covers a momentum range from 15 to 100 GeV /c.
The following figure (see Fig. 3.4) shows the relationship between Cherenkov angle

and momentum for the three radiator materials [32].

3.1.4 SPD/PS detector

Before the electromagnetic calorimeter (ECAL) and hadronic calorimeter (HCAL),
there is a double detector constructed from three parts: the Scintillator Pad Detector
(SPD), a 2.5 radiation-length lead wall, and the Preshower (PS). The SPD/PS sys-
tem aims to provide the calorimeter with good background rejection and acceptable
efficiency in photon detection, with sufficient precision to allow the reconstruction of
B-decay channels containing a prompt photon or 7, as well as for electron identifica-
tion. The SPD detector distinguishes electrons from photons by identifying charged

particles, while the Preshower detector identifies electromagnetic particles [33].
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Figure 3.4: Cherenkov angle versus particle momentum for the RICH radiators. Extracted
from [23].

3.1.5 Calorimeter

The calorimeter is used to measure the energy loss of particles by absorbing their
energy through interactions with the detector material. First comes the ECAL, fol-
lowed by the HCAL. A scintillator pad detector, located in front of the ECAL,
is used to detect charged particles and is placed directly in front of a preshower
detector. The ECAL is constructed using a scintillator/lead structure and is seg-
mented into three sections, each with appropriately sized cells to account for the
decreasing hit density with increasing distance from the beam pipe. The HCAL
consists of iron/scintillator tiles arranged parallel to the beam pipe. The scintil-
lation light is detected by photomultiplier tubes (PMTs) and transmitted through

optical fibers [34].

3.1.6 Muon System

The muon system [35] is capable of sending binary information to the data ac-

quisition (DAQ) system and to the hardware computations of the muon trigger
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(LOMU). Together with the calorimeter trigger, it forms the so-called first-level trig-
ger. The muon system consists of five stations, M1-Mb, positioned along the beam
pipe. Station M1 is located between RICH2 and the calorimeter to improve the
pr measurement in the trigger and to avoid hits caused by multiple scattering in
the absorber materials. The stations are designed with 276 multi-wire proportional
chambers, excluding the inner part of the first station - subject to the highest ra-
diation - which is composed of 12 Gas Electron Multiplier detectors. The LOMU
trigger performs muon track reconstruction, requiring hits in all five stations and

measuring the transverse momentum of the tracks.

3.1.7 Trigger

In Run 2, where the data used in this study was taken, the event rate was 40
MHz, but not all events are of interest. Therefore, the trigger system was used to
reduce this rate to ~ 12 kHz in Run 2 [36], which could then be stored. The trigger
system had three different levels; as events progress through these stages, the recon-
struction becomes increasingly sophisticated. The trigger workflow is illustrated in
the following figure 3.5.

The first stage of the trigger, L0, is a hardware system that partially reconstructs
the event based primarily on information from the calorimeters and the muon sys-
tem. The input rate to L0 is 40 MHz [38]. The LO level mainly performs selection
either per particle or based on overall event multiplicity, the latter primarily mea-
sured by the occupancy of the SPD (nSPDHits). At this stage, the preshower (PS)
detector helps distinguish photons from electrons. Events passing through LO are
sent to a CPU farm that executes the High Level Trigger (HLT), which is divided
into two stages: HLT1 and HLT2. HLT1 reconstructs tracks of charged particles
that traverse the entire detector, known as long tracks. These tracks are used to re-
construct the primary vertex (PV) and secondary vertices from particle decays. The

output rate from HLT1 is approximately 100 kHz. HLT2 processes events stored in
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LHCb 2015 Trigger Diagram

40 MHz bunch crossing rate

LO Hardware Trigger : 1 MHz
readout, high Er/Pr sighatures

450 kHz 400 kHz 150 kHz

. Software High Level Trigger

[ Partial event reconstruction, select ]

displaced tracks/vertices and dimuons

Buffer events to disk, perform online
detector calibration and alignment

Full offline-like event selection, mixture
of inclusive and exclusive triggers

L IF b

Figure 3.5: Diagram of the trigger system during Run 2. Extracted from [37].

the disk buffer, further reducing the output rate, and also performs detector cali-
bration and alignment for the next run. After this, the reconstruction of the events

is similar to that used in the offline criteria.

After the trigger selects the interesting events, they are stored for later analysis
in a process known as offline analysis. Before this offline step, the data typically
undergoes a process called a Stripping campaign, which performs a refined selection
according to specific physics channels of interest. In Run 2, a new technique called
Turbo [39] was introduced to allow certain event selections to be fully processed at
the trigger level. This is particularly useful for analyses with very high event rates,
as it reduces the need for extensive offline processing and storage. Additionally, a
small fraction of the trigger bandwidth is allocated to a stream called TurCal, which

operates similarly to Turbo but is specifically designed for calibration purposes.
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3.1.8 Low multiplicity triggers

The low multiplicity® triggers select events with a small number of particles in
the final state, i.e., events with few reconstructed tracks. Low multiplicity triggers
are useful for selecting rare and clean events, such as CEP with one or two particles
in the final state, heavy particle decays into two leptons (e.g., ¥(2S) — uTu™), or
exotic states with few decay products. They help reject events with characteristics of
typical hadronic collisions by discarding events with high multiplicity. Since millions
of collisions occur per second at the LHC, low multiplicity triggers help retain only
the interesting events, saving both disk space and analysis time.

The LHCD trigger system is divided into two levels: the hardware trigger (LO),
which uses fast signals from subdetectors (such as calorimeters and muon chambers)
to make rapid decisions; and the software trigger, split into HLT1 and HLT?2, which
perform partial and full event reconstruction and apply selection criteria such as
number of tracks, transverse momentum of particles, invariant mass, and event
topology. Low multiplicity triggers are mainly employed at the HLT stage, where
it is possible to reconstruct the number of particles in the event. For example, in
this analysis, there are four tracks in the final state, low activity in the HeRSCheL.
detector, a pair of muons within the mass window of the ¢(2S5) resonance, and a
pair of kaons within the mass window of the ¢ resonance - with no other hadronic

activity observed.

3.1.9 Herschel

The LHCb experiment started its data-taking in 2010 during Run 1, while the
HeRSCheL detector was installed and commissioned in 2015, at the beginning of Run
2. The HeRSCheL detector (High Rapidity Shower Counters for LHCbD), present in
the LHCb experiment, is primarily used to detect activity in high pseudorapidity

regions, i.e., in the forward regions relative to the center of the detector. It is

"Multiplicity refers to the number of charged particles - e.g., muons, pions, protons, etc. -
detected in an event.
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mainly used to identify whether an event is a CEP or not. In a CEP process, a final
state is produced in the central region of the detector, such as ¥(25)¢, and no other
particles are produced - the protons may remain intact or break up. To confirm that
the event is truly exclusive, it is necessary to verify that there is no extra activity in
the detectors - especially in the blind regions of LHCb. To achieve this, HeRSCheL
was positioned in such a way that it monitors the regions with 5 < |n| < 10. Non-
exclusive events produce particles in all directions. If HeRSCheL. detects signals, it
is an indication that the event is not exclusive and can be discarded. This improves

the purity of the sample.

HeRSCheL has five plates positioned at different distances relative to the in-
teraction point (see figure 3.6); three of these are backward stations, known as B
stations, located in the negative z direction, and two are forward stations, known as

F stations, located in the positive z direction.

The B0, B1, and B2 stations are located at approximately z ~ —7.5m, z &~ —19.5
m, and z ~ —114 m, respectively, while the F1 and F2 stations are positioned at
approximately z &~ 20 m and z ~ 114 m. The B2 and F2 plates are near the point

where the vacuum splits into two separate chambers, one for each beam.

The plates are made of plastic scintillator with outer dimensions of 600 mm x 600
mm, centered around the beam pipe. Due to the layout of the vacuum chamber, the
stations have different inner openings. The B0, B1, and F1 stations have circular
holes with diameters of 47 mm (B0, B1) and 61 mm (F1), respectively. For B2
and F2, the half-widths are 115 mm (due to the size of the vacuum chambers)

horizontally and 54 mm vertically [40].

Each plane has four counters, so the five planes of HeRSChel. have a total of
twenty counters. The main method to combine the activity from all HeRSCheL
detectors is through a quantity called x?, denoted as ezrc. When this quantity
is close to zero, it indicates almost no activity in the HeRSCheL. counters, which

corresponds to the CEP process. Conversely, higher values of this quantity indicate
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Figure 3.6: Schematic of HeRSCheL. Extracted from [40].

a3 increased activity in the counters, corresponding to non-CEP processes [40].

« 3.2 Data processing framework

615

There is a larger project called Gaudi that encompasses the software used by

as LHCD to process data [41]. This framework was developed for use at LHCb and
sz integrates different applications. The main ones are:

618

619

620

e GAUSS [42]: A simulation framework that brings together different particle
decay generators and simulates their interaction with the detector.
621

622 data.

e BOOLE [43]: Completes the simulation stage by reproducing the detector’s
electronic response. The output is then processed by BRUNEL, just like real

623

624

625

e MOORE [43]: Defines and applies the trigger algorithms during the software
phase.

e BRUNEL [44]: Performs the reconstruction of the events.
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Figure 3.7: Data flow in LHCb. Extracted from [46].

e DaVinci [45]: Handles data analysis, working with the reconstructed content

to select and analyze the kinematics of the particles.

In Fig. 3.7, there is a schematization of the data processing flow including the
simulation applications. The information read is saved in RAW files.

BRUNEL is responsible for reading this data, reconstructing the events, and
saving them in Data Summary Tape (DST) files, which integrated both the raw
events and the content from the reconstruction phase. The data then goes through
a process called “stripping”, in order to make it more accessible to the final user
by reducing the file size. There are many stripping lines, each one corresponding
to a specific physical process. After that, the stripped data can be further divided
into streams, which are organized according to more specific physics processes. The
stripped data is stored in DST or micro-DST files with reduced size, making the

analysis more accessible and faster.

3.3 Simulation

Besides the real data, simulated samples are also generated to analyze the detec-
tor response and to compare experimental results with theoretical predictions. The
simulation provides an idea of what happens in real life. For example, simulated
events reproduce the particles produced in the LHCb environment in such a way

that it is possible to model the signal decays. The production of all particles in
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the simulation process allows for the estimation of quantities such as the detector
efficiency. The simulation production [47] can be divided into three phases.

Event Generation: The production of particles in collision events such as pp or
pPb is simulated using theoretical models. There are multiple generators available,
such as Pythia [48], used to simulate pp collisions, or EPOS [49] and StarLight for
other collision types..

Decay Simulation: The resonance ¢ (25) can decay into different final-state
particles, each with a certain probability. This can also occur with other unsta-
ble particles. The software responsible for simulating these decays is called EVT-
GEN [50].

Propagation through the detector: After the particles are produced, they
propagate and interact with the detector material. This process is simulated using
the GEANT4 [51] software.

The process selection for the simulation is the same as for the real data. The
trigger selection decides which simulated events must be stored or rejected, in accor-
dance with the selection criteria. The particles generated by the simulation, before
interacting with the detector or decaying, are saved separately. This allows for the
estimation of selection efficiencies and helps to better understand the experimental
effects and how they are connected to measured quantities, which contributes to a

clearer understanding of the detector effects in the final analysis.



665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

34

Chapter 4

(29)¢ analysis results

4.1 Objective

The ¢(25)¢ CEP cross-section is calculated in proton-proton collisions at /s =
13 TeV. CEP is a diffractive process in which protons interact quasi-elastically,
resulting in the production of an exclusive system X. The interaction is mediated by
propagators such as photons and pomerons. Due to the distinct features of CEP, it
can be studied experimentally with reduced background noise, allowing for a more
precise understanding of the production mechanism.

Studies of CEP within the LHCb detector can enhance our understanding of the
pomeron, improve predictions from perturbative QCD, and contribute to constrain-
ing gluon parton distribution functions (PDFs) at low momentum fractions. The
LHCbD collaboration has already investigated CEP involving charmonia and muon
pairs [52].

The analysis is based on data collected at a center-of-mass energy of 13 TeV
during Run 2 at LHCb, corresponding to an integrated luminosity of 1.73 fb~'.
The reconstruction was performed using ¥(25) decays into muon pairs and ¢ mesons
decaying into kaon pairs, within the pseudorapidity range 2 < n < 5 and a transverse
momentum threshold of pr > 200 MeV. 40 candidate events are selected. The

measured cross-section is found to be

Ty2sys = 0.0723 £ 0.0117 (stat.) pb. (4.1)
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The cross-section is calculated according to the following expression:

p-N
E-ﬁeff

(4.2)

g =

here, p represents the sample purity, N is the number of selected events, € denotes

the selection efficiency, and L.g refers to the effective integrated luminosity.

4.2 Data sample characteristic

The data were collected from 2016 to 2018 during Run 2 at the LHC, with a
center-of-mass energy of 13 TeV. The integrated luminosity (1747 £34.94) pb~* was
calculated in Ref. [15] according to the method described in [53].

The pp decay channel of the (2S) was chosen over the ee channel due to
the frequent misidentification of electron pairs, although electrons can be identified
by LHCb. Furthermore, electrons lose significant energy through bremsstrahlung,
resulting in poorer mass resolution [15].

The muon Particle ID (PID) and trigger efficiencies are obtained from a separate
study that used additional samples based on low-multiplicity J/¢ production. The
same approach is applied to the kaon PID efficiency, which is computed using a low-
multiplicity ¢ production sample. Furthermore, the L.g for CEP is derived from a

NoBias! sample.

4.3 Luminosity adjustment

Only bunches with proton-proton interactions are retained due to the require-
ment of a threshold of four tracks. As a result, only a fraction f, of the integrated
luminosity L;,; is actually usable. Consequently, the effective integrated luminosity

can be determined as follows [15]:

L8 = o Lins. (4.3)

int

Tt refers to data taken randomly without any additional criteria.
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This effective luminosity is calculated following the methods described in Ref. [53].
The luminosity must account for pile-up vetoes? and the bias due to variations in
the number of pp collisions per bunch crossing. Thus, the f, factor is calculated
taking these effects into account.

At this point, it is important to specify what constitutes a visible event in relation
to the average number of visible interactions per bunch crossing p. According to the
LHCb Luminosity Group, a visible event is defined as one with a reconstructable
primary vertex within the luminous region, specifically at z = (0£50mm). However,
reconstructing the primary vertex requires at least five VELO tracks. Since this
analysis involves only four tracks, that definition is not applicable [15].

In this case, the veto is applied based on the number of VELO tracks (nVelo-
Tracks) rather than on additional reconstructed primary vertices. Therefore, the

definition must be adjusted to fit this approach [15]
Visible = (nVeloTracks > 0). (4.4)

Therefore, the correct effective integrated luminosity, considering the above def-
inition and the fraction of empty events, fy, which is calculated per polarity using
the NoBias sample., is

£eff(corr) — fo . Eint (45>

int

This equation does not consider the effects discussed in [53], but incorporates

eff(corr)
int

them as systematic uncertainties. The uncertainty in £ is evaluated using the

following equation [15]:

2 2
eff(corr o OLins
0 e = L )-\/ (f—f)) + (f—) +(1%)? (4.6)

where o en denotes the uncertainty in the uncorrected effective luminosity, and oy,

represents the statistical error on fy. The first term inside the square root is negligi-

ble compared to the second, which is dominant. This is because % is approximately

2The method used to identify and reject results affected by multiple interactions.
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O reff
1% of lf;;‘f‘, while the uncertainty in the uncorrected luminosity is about 3% [15].

The 1% accounts for effects discussed in reference [53]. Although luminosity-related
effects, such as the spread of the average number of pp interactions per bunch cross-
ing and beam-gas corrections, can introduce a bias of about 1% in the effective

luminosity for CEP analyses, these corrections are not included in the present work.

4.4 J/1¢ simulation sample

A simulated sample of J/v¢ from Ref. [15] was used to compute tracking effi-
ciencies, acceptances, and mass resolution. This sample was privately generated by
modifying the decay process in SuperChic3 [54] from J/¢(— ptp™)J/v(— ptup™)
to J/Y(—= putu)o(— KTK™) and by adjusting the mass of one of the J/¢ mesons.
The events generated by SuperChic3 were processed through the full simulation
chain, including Gauss v49r15p1, Boole v30r4, Moore v25r4, and Brunel v50r5. The
framework also incorporates EvtGen for particle decays and Geant4 for simulating

particle interactions with the detector.

4.5 J/v simulation sample

The J/1 simulation sample used in [15] was employed to compute the sample
purity and the efficiency of the mass requirements. This simulation was generated
using the decay J/¢(— p*p~) with SuperChic2, rather than SuperChic3, because
the sample was already centrally produced within LHCb. Although SuperChic3
includes enhancements specific to heavy-ion interactions, these are not relevant for

this analysis.

4.6 Event Selection

To improve the signal and reduce background noise, events that are consistent

with 1(25)¢ must be selected, while those that are not should be excluded. This is
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achieved using the trigger system and by setting thresholds on the variable properties

of the particles present in the event.

4.6.1 Trigger system

It is unfeasible to store all events that occur in LHCb, so a trigger system is
implemented to select only the most relevant ones. The trigger system is divided
into two parts: LO and HLT. LO operates with hardware components, verifying
raw kinematic information. In Run 2, the HLT is further divided into two stages:
HLT1 and HLT2. HLT1 performs partial reconstruction, while HLT2 performs full
reconstruction. When an event passes through all required stages, it is said to satisfy

a trigger line.

In this study, the trigger line described in Ref. [15] was used. The trigger line
includes the following requirements: one of the muons must have pr > 200 MeV and

fewer than 20 hits in the SPD, as part of the L0 trigger line LOMuon,lowMult.

On the other hand, HLT1 has the following requirements for data taken before
2016 (corresponding to run numbers less than 178960): fewer than 100 reconstructed
VELO tracks and fewer than 100 hits in the SPD. This is referred to as the trigger

line HLT1LowMultVeloCut_Leptons.

After 2016, the HLT1 requirements were updated to include: fewer than 10
reconstructed VELO tracks, fewer than 100 hits in the SPD, a track identified as a
muon with pr > 500 MeV /c, and a x? per degree of freedom must be less than 5.
This quantity, x?/ndf, is computed by matching the L0 tracks to the HLT1 VELO
track candidates [55]. This is referred to as the trigger line HLT1LowMultMuon. After

2016, HLT1LowMultVeloCut_Leptons was replaced by HLT1LowMultMuon.

HLT2 has the additional requirements of fewer than 8 reconstructed VELO
tracks, identification of a muon with pr > 400 MeV /c, and no backward tracks,

as part of the HLT2LowMultMuon trigger line (see table 4.1).



778

779

780

781

782

783

784

785

786

787

788

789

790

791

792

39

Level Trigger Line Requirements
Nspp < 20
Lo LOMuon, loultult Muon with py > 200 MeV/c
HLT1 (< 178960) | HLT1LowMultVeloCut_Leptons Nspp < 100
--°P nVeloTracks < 100
Ngpp < 100

nVeloTracks < 10

HLT1 (> 178960) HLT1LowMultMuon Muon with pr > 500 MeV /e
x?/ndf < 5
nVeloTracks < 8
HLT?2 HLT2LowMultMuon nBackTracks < 1

Muon with pr > 400 MeV/c

Table 4.1: The triggers criteria, where the HLT1 depend on the data taking period. Table

extracted from [15].

4.6.2 Offline selection

There is an initial step involving a trigger system that significantly reduces the

data volume, known as online selection. After this, offline selection is performed,

which includes further analysis and refinement of the data. During this stage, cuts

are applied to events involving the decay of the ¢(2S) into a muon pair and the

decay of the ¢ into a kaon pair, as can be seen in the following lines?.

e Pseudorapidity: can also be understood in terms of acceptance and requires

the presence of at least four tracks within the range 2 < n < 5.

e Exclusivity: No backward tracks are allowed. Exactly four VELO and long

tracks must be selected.

e pr: Each of the four tracks must have pr > 200 MeV /c.

e TOS and Muon ID: The trigger conditions require selecting four tracks, two

of which must be identified as muons. Additionally, one of these muons must

pass through all trigger stages (L0, HLT1, and HLT2). This requirement is

known as TOS (Triggered On Signal) and applies to all trigger stages.

3The selection cuts were optimized by Ref. [15].
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e Kaon ID: The tracks forming the di-kaon pair must satisfy the condition PIDK

> 0.

e The masses of the reconstructed puu and K K systems must satisfy the criteria:
3566 < M,,,/MeV < 3806 for the p system, and 1005 < Mg /MeV < 1035

for the K K system.

The TOS particles are identified using an algorithm called TupleTool TISTOS,
which retains particles that triggered the event. During the offline analysis, these
stored trigger signals are compared with the selected candidates to ensure that the
candidates fired the trigger. TupleTool TISTOS performs this comparison, and if the
overlap is 70% or greater, the candidates are considered a match. This method is
especially effective for determining whether a muon is TOS (Triggered On Signal)
and, using this information, calculating the trigger efficiency. To facilitate particle
identification, discriminating variables such as IsMuon and PIDK are applied. The
PIDK variable compares the likelihood of a particle being a kaon versus a pion; a
positive PIDK value indicates a higher probability that the particle is a kaon. The
muonlD is a Boolean variable based on muon system information; if true, it indicates
that the track has passed through the muon stations [15].

Figures 4.1-4.11 show the distributions obtained from the data, which corre-
spond to a total of 40 selected events. The invariant mass distributions for KK~
and ptp~ are shown in Figures 4.1a and 4.1b. The invariant mass distribution
for K™K~ pp~ and the transverse momentum squared distributions of KK~ and
wtp~ are shown in Figures 4.2a and 4.2b, respectively. The transverse momentum
distributions of K~ and K, as well as of 4~ and ™, are presented in Figures 4.3a
and 4.3b. The ¢ distributions of K~ and K, and of = and u™, are shown in Fig-
ures 4.4a and 4.4b, while their n distributions are displayed in Figures 4.5a and 4.5b.
The KK~ mass versus transverse momentum squared and the transverse momen-

tum squared of K+K~ versus that of u™pu~ are shown in Figures 4.6a and 4.6b.
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Figure 4.1: Distribution of the invariant mass.
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Figure 4.2: Distribution of the K™K~ pu*u~ invariant mass (left) and distribution of the
p% of the KT K~ system versus the p2 of the uTu~ system (right).

The K*K~ versus pu*p~ invariant mass and the photon multiplicity are shown in
Figures 4.7a and 4.7b.

The mass distributions of p*pu~ K™ and pu*p~ K~ are shown in Figures 4.8a
and 4.8b, respectively. The corresponding transverse momentum distributions are
presented in Figures 4.9a and 4.9b, the ¢ distributions in Figures 4.10a and 4.10b,

and the n distributions in Figures 4.11a and 4.11b.

4.7 Purity Determination

It is common for events studied in nature to have similar occurrences that are
not of interest, referred to as backgrounds, and this principle also applies in particle
physics. In this analysis, certain particles may mimic the signal; for example, an

electron can be misidentified as a kaon, or the mass of muon pairs may fall within
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and transverse momentum balance in 1(25)¢ Central Exclusive Production events.
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the 1(2S5) mass window without actually being a 1(2S5). Therefore, it is necessary
to calculate the sample purity to quantify the proportion of true signal events in the
sample.

The non-resonant background was calculated using a simultaneous (2D) un-
binned maximum likelihood fit applied to the mass distributions of the (25)
and ¢ over extended mass ranges: 3566 < M,,, (MeV/c?) < 3806 and 1005 <
Mgk, (MeV/c?) < 1035.

For the pp mass spectrum, the ¥(2S5) signal is modeled using a Gaussian func-
tion. In contrast, the J/1 signal is described by a Double-Sided Crystal Ball func-
tion, implemented via the RooCrystalBall package in ROOT v6.24.08. The non-
resonant background is fitted using an exponential distribution. Although it is
possible to model the (25) signal with a Double-Sided Crystal Ball function - as
done for the J/v - this does not yield a significant improvement due to the limited
data available. Therefore, a Gaussian function is preferred for modeling the 1(25)
signal, as it simplifies the parameter-setting process. The tail parameters of the
Double-Sided Crystal Ball function are fixed using simulation, based on the sample
shown in Sec. 4.5.

The K K mass spectrum includes a non-resonant background, which is modeled
using a uniform function. However, this is not physically accurate, as the background
is expected to decay exponentially at higher masses. Nevertheless the presence of
misidentified electrons further complicates the background modeling. Thus, a uni-
form background was chosen for simplicity and because it is sufficient to model the
background within the fitting range. The ¢ signal is modeled using a modified Voigt
profile, which combines a relativistic Breit-Wigner function with a mass-dependent
width, convoluted with a Gaussian to account for resolution effects.

A relativistic Breit-Wigner function is used to model the ¢ component
Mg gD
(MR g — p3)? + pgl?

in this equation, ji, represents the mass of the ¢ meson, and I' is the mass-dependent

BW(MKK; K, F¢>) = (4-7)
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width, written as

r—r, e (Q(MKK)>2L+1 <M)2 (4.8)
“Mrx \ a(us) Fr(pg,m0)
where I'y is the Breit-Wigner width, L = 1 is the spin of the ¢, Fi(q,79) = L

is the Blatt-Weisskopf form factor for L = 1, and ry is the meson radius (set to 1

fm or 5.1 GeV™!). The quantity ¢(m) = /™ — M% is the kaon momentum in the

¢ rest frame.

The next step is to construct the modified Voigt profile by convolution of the

Breit-Wigner function, BW (Mg f; e, I'y), with a Gaussian.

V(Mg phg, 04, Ty) = G(Mkk; 0,04) * BW (Mg g, T'g) (4.9)

The BW width T'y is fixed according to the ¢ width from the PDG (4.249
MeV/c?), and the Gaussian mean is set to zero, assuming no bias. The PDFs of the

mass spectrum distributions are composed of partial PDFs, as previously mentioned.

F(Myuis t3pp5 0370) = J1 - G(Myup; iy 2s) Ty(2s)) (4.10)
+f3 - CB(Myus app, 0p9) + (1= f1 = f3) - BExp(Mysp; cyp4) (4.11)
f(Mkw;pg,04) = 1 V(Mkk; pg,04) + (1= 1) - Cy (4.12)

G(M; i, 0) represents the gaussian modeling the signal for ¢(25), CB(M; u,0)
represents the Crystall Ball function modeling the background for J/, and Exp(M;c) =
e~“M denotes the exponential background for J/v. Additionally, V (M;u, o) and
Cy represent the modified Voigt profile with Breit-Wigner mean p and Gaussian

width ¢ modeling the signal and uniform function modeling the background for the
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¢, respectively. The product of these shapes results in the 2D extended model

J(Myy, Mgk ) = Ng X G(Mu; fip2s), Opas)) X V(IMgks ptg, 0p)  (4.13)
+Np X [fi - G(Myuy; pro2s), 0u2s)) - Co - (4.14)

+(1 = f1) - fo - CB(Myuy; pyjg: 0g0) - Co (4.15)

(1= f1) - (L= fo) - fs - OB(Mpuys sy 05pp) - V(Mkic; g, 09) - (4.16)
(1= f1) - (L= fo) - (1= f3) - fa- Bxp(Muy; capp) - V(Mik; po, 0g) (417

+(1 = f1) (L= fo) - (1= f3) - (L= fa) - Exp(Myu;cipp) - Cgl  (4.18)

Ny corresponds to the signal yield of ¥(25)¢, and Np corresponds to the back-
ground yield. The fraction f; represents the non-resonant K K background; (1—f;) f2
corresponds to the fraction of events with a resonant i pair and non-resonant K K;
(1 — f1)(1 — f2)f3 corresponds to events with both KK and pp resonant pairs;
(1= f1)(1 = fo)(1 — f3) f4 represents the fraction with non-resonant uu and resonant
KK; and finally, (1 — f1)(1 — fo)(1 — f3)(1 — f4) corresponds to fully non-resonant

KK and pp backgrounds.

4.7.1 Purity determination

An unbinned fit is performed for both ¥ (2S) and ¢, as shown in Figures 4.12
and 4.13. These figures show the projections of the fit result over the extended mass
range. The results of the fit parameters are shown in the Table 4.2.

Figures 4.14a and 4.14b show the projections of the fit over the selection mass
range. The resonant contribution to the background arises from events in which
only one particle pair is resonant.

The fitted mass values for the J/1, ¥(2S), and ¢ mesons are summarized in
Table 4.3 and compared with the corresponding PDG averages.

The ratio of signal events to the total number of events within the selection range
is referred to as the sample purity

Ns

= —. 4.19

p
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Figure 4.12: 2D unbinned fit to the ¥(2S) invariant mass spectrum over an extended
range. The solid line is the full model, and the dashed line means the background, where

the peak is caused by events where the pair pup is background.
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Figure 4.13: 2D unbinned fit to the ¢ invariant mass spectrum over an extended range.
The solid line is the full model, and the dashed line means the background, where the peak

is caused by events where the pair K K is background.
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Parameters Values
Iy /o 3099.0 £ 0.4
o/ 14.7+£04
ar 44.18 (fixed)
aR 77.53 (fixed)
n, 95.93 (fixed)
ng 88.69 (fixed)
f15(25) 3687743
T (29) 144+ 2
CJ /o 88.31
Lo 1019.45 £ 0.08
op) 1.3£0.1
f 0.0008*56603
fa 0.061 £ 0.004
f3 0.161 £ 0.005
fa 0.244 £ 0.008
Ng 37ts
Np (727 +£9) x 10

Table 4.2: Parameters for the simultaneous fit to the 1(25) and ¢. The parameters f1, {2,
f3 and f4 are in the text. The parameter py represent the Breit-Wigner mean and oy is
the Gaussian width.

T T e  aa S SI E

> L 1 > 8F =
[) L o =
= 8 4 = 75
© o
< [ S 6F
I of I sk
[ 1 m 3
N
| 5 G 11

3600 3650 3700 3750 3800
M, (MeV) M (MeV)
(a) ¥(2S) range. (b) ¢ range.

Figure 4.14: 2D unbinned fit of the ¢(2S) and ¢ invariant mass distributions in the selection
range. The solid line is the full model, and the dashed line means the background.
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Fit PDG average
My (MeV) 3099.0 £ 0.4  3096.900 + 0.006
Myes) (MeV)  3687.7+2.4  3686.097 & 0.010
M, (MeV) 1019.45 £ 0.08 1019.460 4+ 0.016

Table 4.3: Masses obtained from the fit compared with the PDG average values.

The purity is estimated to be approximately 79.72%. The systematic uncertainty
is computed by propagating the fit uncertainties to the ratio, taking into account

the correlations between the fit parameters.

4.8 Selection efficiencies

In Sec. 4.7, it was shown that some background events can be selected, making
it important to calculate the sample purity as previously discussed. The purity, p,
allows the determination of the true signal yield as p- NV, where N is the total number
of events. Conversely, another important consideration is the efficiency of identifying
signal events, as some signal events may be discarded. In this case, the signal yield
can be quantified by the expression %, where € is the total efficiency. The total
efficiency for a single event is given by the factorization of all individual efficiencies
considered, such as: SPD efficiency (espp), VELO efficiency (eygro), reconstruction
efficiency (€,.), muon chamber acceptance (€,,4cc), muon PID efficiency (€7spruon),
trigger efficiency (€4), kaon PID efficiency (exqonip), and mass selection efficiency
(Emass):

€ = €SPD " €VELO * €rec * EmuAce * €IsMuon * €trig * €kaonID * €mass (4.20)

All these efficiencies were obtained from histograms used in the work of Ref. [15].

Obtained efficiencies

To measure the trigger and PID efficiencies, a data-driven method known as
Tag&Probe is used. This method is useful because it does not require simulation,
relying solely on data. In the case of J/1) — pu decays, the procedure involves three

steps: First, a muon is selected using strict trigger requirements to ensure it is a
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genuine muon (the “Tag”). Second, another track is selected as a muon candidate
under looser trigger criteria (the “Probe”). Third, the invariant mass of the dimuon
system is calculated, and if it matches the J/1) mass, the Probe track is confirmed
as a real muon. This method allows the efficiency to be quantified as:

o NProbe passing (4 21)
NTotal Probes

The efficiency of the SPD cut is determined based on Ref. [56]. The distribution
of the number of SPD hits without any selection is modeled using both simulation
and data, as described in Ref. [57]. The efficiency is calculated as the ratio of events
with fewer than 20 SPD hits to the total number of events. This is obtained by
integrating the SPD hit distribution up to 20 hits and dividing by the integral over
all events, yielding the probability for an event to pass the SPD hit cut.

When the criterion of no additional VELO tracks is applied, not only back-
ground events are removed but also a fraction of the signal is lost. The efficiency
accounts for this loss. It is calculated by selecting events with exactly four tracks
originating from the same production vertex, and these particles must pass through
the entire tracking system (VELO + TT + T stations). Due to ghost tracks and
interactions with detector material, approximately 3% of events have more than four
reconstructed tracks. Therefore, the efficiency is defined as the fraction of events
that have exactly four VELO tracks reconstructed.

The reconstruction efficiency is calculated using the J/1¢ sample shown in sec-
tion 4.4. It is computed as the fraction of particles reconstructed as long tracks over
the total number of charged particles produced within the LHCb angular acceptance
(2.0 < n < 5.0). The reconstruction efficiency is assumed to be factorized for each

particle and depends on the variables n and pr

+ - + - + +
eI (R R T i) = B (R T x BT KT (4.22)

+ - + - - - ut
e (ph ) = € (ph ) x D (e T (4.23)
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- - +
such that éfc ), 67(5;), e,(féc ), and egféc) represent the reconstruction efficiencies per

track. Therefore, the total reconstruction efficiency is given by:

Eree = €)% ) (4.24)

rec rec

The muon chamber acceptance is computed as the fraction of tracks that cross
the muon chambers over the number of muons reconstructed as long tracks within
the fiducial region (2.0 < 1 < 5.0). It is assumed that the muon chamber acceptance

is factorized for each muon candidate

- - + +
€mudce = EfﬁiAcc(p% 777“ ) X Eir/’fiAcc(pl’I{ 77nu ) (425)

in this expression, €,,,4..(pr,n) represents the muon chamber acceptance for a single
muon, which depends on pr and 7.

The muon PID efficiency is calculated as the ratio between the number of muons
reconstructed as long tracks and identified by the muon chambers, and the number
of muons reconstructed as long tracks within the muon chamber acceptance. Once

again, the efficiency is assumed to be factorized

- - + +
€muonID = efnuonID(p% 777“ ) X 6Mmuon[D(p% 777# ) (426)

such that € . (pr,n) represents the muon ID efficiency for a single muon. A
sample of low-multiplicity J/1¢» — p*pu~ events [15] was used to study the IsMuon
efficiency.

The IsMuon efficiency is computed using the Tag&Probe method [15] to ob-
tain Npgssea(Pr, 1), the number of muons recognized by the muon chambers, and
Ntqitea(pr,m), the number of muons not recognized. Thus, the efficiency for each

bin is estimated as:

N, assed(pT 77)
6# 7 _ P ) 427
muonl D (pT n) Npassed(pT7 77) + Nfailed(pT> 77) ( )

The muon trigger efficiency is computed as the ratio of the number of muon long

tracks with a positive IsMuon identification that fire the trigger to the total number
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of muon long tracks with positive [sMuon in the sample. Since both muons must be
correctly identified or at least one must fire the trigger for the event to be selected,
the efficiency of the complete event is not simply the individual efficiency of each

muon but rather a combination of the efficiencies of both muons.

- - + +
€rig =1 — [1—epri (0 0" )] ¥ [1 =€l (0 )] (4.28)

where €;.4(pr,n) denotes the trigger efficiency for a single muon. The same data
sample used for the IsMuon efficiency is employed again. The Tag&Probe method

is also applied, with a few modifications, yielding:

N(LSSS p 777
€trig (P 1) = 5 passed (P17 (4.29)

passed(PT: M) + Niaited(PT, M)
with Npgssea(pr, 1) being the number of muons that fired the trigger, and Nyqiea(pr, 1)
the number of muons that did not fire the trigger.

The kaon PID efficiency is determined by the fraction of kaon long tracks iden-
tified by the PIDK criterion over the total number of kaon long tracks. Considering
that both kaons must satisfy PIDK > 0, the event kaon PID efficiency is factorized
as:

- - + +
€kaonID = Ek’Kaon]D(pYIS 777K ) X EiiwnID(pYIS 777K ) (430)

such that €X - (pr,n) denotes the kaon ID efficiency for a single kaon. The kaon
identification efficiency was calculated using a sample of low-multiplicity ¢ — KK~
events. The same Tag&Probe method employed for the IsMuon efficiency is used

here, but in this case, it is applied to kaons

K passed Y
aon ’ d pl fa
Ek [D(pl ’I’]) ]Vpasse ( ’77) + N iled(pl 777)

(4.31)
the Npgssea(pr,n) corresponds to the number of kaons correctly identified by the
PIDK > 0 criterion, while Nygcq(pr,n) represents the number of kaons that were
misidentified (missed kaons).

To calculate the mass window requirement efficiency, it is necessary to account

for events that fall outside the dimuon mass window (3566-3806 MeV/c?) and
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dikaon mass window (1005-1035 MeV/c?) to estimate the fraction of 1(25)(—
ptp")o(— KTK™) events not contained within these windows. The fit described
in Section 4.7 is used to compute this efficiency by taking N, the fit integral
over the selection range, and Ny, the fit integral over the extended mass range
(1500 < M,,./(MeV/c?) < 4500 and 990 < Myx/(MeV/c*) < 1190 MeV). The
efficiency is then estimated as the ratio Nye/Nyotar-

The total efficiency is used to correct the signal distributions. This correction is
applied by assigning a weight w to each event, where w is the inverse of the efficiency

€.

4.9 Results

When the selection criteria were applied in Sec. 4.6, 40 ¥(2S5)¢ candidates were
selected. The sample purity was found to be p = (79.72 4+ 3.54)%, and the effective

single-interaction integrated luminosity is £5/7”) = (1.73 £ 0.05) fb~1.

int
4.9.1 Cross-check of J/¢¥¢ and ¥(25)¢ cross-section

Using the same methods employed in Ref. [15], and the same dataset with an
integrated luminosity of 1.73 fb~!, the same selection cuts were applied: pr > 200
MeV, pseudorapidity 2 < 1 < 5 for each muon and kaon, and a veto on m(J/¢¢) <
6000 MeV /c2. With these considerations, it is possible to reproduce the same result
and calculate the cross-section of J/¢(— ptu~)d(— KTK™), as a way to validate
that the methods were correctly applied. The cross-section value for J/1¢ under

these same conditions is found to be
0y/pe = 2.51 £0.08 (stat.) & 0.12 (syst.) = 0.05 (lumi.) pb. (4.32)

This result is consistent with Ref. [58], and the same efficiencies (see Tab. 4.4)
were reproduced (see Tab. 4.5), indicating that the techniques are valid and can be

used to determine the cross-section of ¥(2S)¢.
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Source

Efficiency (%)

SPD (E(SPD))
VELO (E(VELO))
K Reconstruction (67(5;)0)

Mu Reconstruction/acceptance

Muon ID (€nyacc)
Trigger (srig)
Kaon ID (€xgonin)
Mass cut (€mass)

86.2£1.3
97.25£0.05

442+1.3
77.53 £0.08
95.93 £0.10
88.693 £ 0.030
95.19 £ 0.14
88.31 £0.04

Table 4.4: The average efficiencies per event for the J/1¢ data sample in [59]. Although
this ANA note is only accessible to the LHCb collaboration, we decided to include it in

the dissertation for bookkeeping purposes.

Source

Efficiency (%)

SPD (E(SPD))
VELO <€(VELO))

K Reconstruction (e'ag)
Mu Reconstruction/acceptance
Muon ID (€myace)
Trigger (€rig)

Kaon ID (GkaonID)

Mass cut (€mass)

86.2+ 1.3
97.25+£0.05

442 £0.1
77.53 £0.08
95.93 £ 0.10

88.693 £ 0.030
95.19 £ 0.14
88.31 £ 0.04

Table 4.5: The average efficiencies per event for the J/i¢¢ data sample were reobtained

using the same methods as in [58|.
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Source Efficiency (%)
SPD (esppy) 86.2+ 1.3
K Reconstruction 46.0 £0.1
Mu Reconstruction/acceptance | 84.78 £ 0.10
Muon ID (€nyacc) 96.04 +0.16
Trigger (€ug) 92.022 4+ 0.082
Kaon ID (€xgonin) 96.31 £0.15
Mass cut (€mass) 88.91 £0.01

Table 4.6: Average efficiencies per event for 1(25)¢ data sample.

The cross-section for the ¥(2S5)¢ pair is found to be
G250 = 0.0723 £ 0.0117 (stat.) pb. (4.33)

The efficiencies were calculated using the method described in Ref. [15]. The
first step involved recalculating the J/1¢ efficiencies to perform a cross-check with
the results in Ref. [15], ensuring that the procedure was functioning correctly. Sub-
sequently, the 1(2S5)¢ efficiencies were determined. The results are presented in

Table 4.6.

4.9.2 Cross-section ratio

The cross-section ratio between 1(2S5)¢ and J/1¢ will be calculated in order to
compare it with the result of Ref. [60], and to analyze whether there is any correlation

with the cross-section ratio of ¥(2S5) to J/¢. The value of the cross-section ratio

between 1(25)¢ and J/v¢ is

TVENY _ ().030 + 0.005 (stat.) (4.34)
O/

where the statistical uncertainty is calculated because the samples are uncorrelated;
the systematic uncertainty was not calculated because it involves correlated compo-
nents; and the luminosity uncertainty cancels out because the luminosity uncertain-
ties are fully correlated.
The ratio %;Z:’ is significantly lower than the value
Ty(25)
91/

= 0.1763 & 0.0029 (stat.) = 0.0008 (syst.) = 0.0039 (lumi.), (4.35)
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w0 reported in the Ref. [60]. The discrepancy between the values may arise from the
w21 mass difference between the two final states, since diffractive processes are sup-

w2 pressed for higher masses.
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Chapter 5

Contributions to the LHCb

One of the event generators used by LHCb is StarLight [61], a Monte Carlo
event generator designed to model ultra-peripheral collisions (UPCs) and photon-
induced interactions in hadronic colliders. Initially, StarLight was developed for
heavy-ion physics, simulating processes where electromagnetic interactions domi-
nate and hadronic interactions are suppressed. In these interactions, the intense
electromagnetic fields of highly charged ions or protons act as sources of quasi-real

photons, enabling photon-photon and photon-hadron interactions at high energies.

StarLight has the advantage of being able to simulate exclusive vector meson
production. In this process, a photon emitted by one of the hadrons interacts with
another hadron, resulting in the exclusive production of a vector meson, while the
hadrons remain intact or dissociate into very low-mass systems. These types of pro-
cesses are important for probing the gluon distribution in hadrons at small Bjorken-z
values, which is the region where gluon saturation effects may start to become sig-

nificant.

Although StarLight was originally designed for heavy-ion collisions, its flexibil-
ity allows it to be applied to proton-proton (pp) collisions, enabling the study of
diffractive processes such as CEP. In CEP, the central system - in this dissertation,
the ¥(2S5)¢ meson pair - is produced via colorless exchanges (photons or pomerons),
with the requirement of two large rapidity gaps. This results in a clean environment

to study the signal signature, as there is minimal hadronic activity in the detector.
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The idea is to to compare theoretical predictions with experimental data, esti-
mate acceptances, and validate event selection criteria in analyses involving diffrac-
tive or photon-induced processes. Furthermore, StarLight can be extended to model
rare processes, such as the associated production of ¥(25)¢ mesons, assisting in the

search for new phenomena and in testing QCD in the non-perturbative regime.

During my master’s program, I had the opportunity to work for two months
onsite at the LHC. I worked under the supervision of Gloria Corti to integrate the

StarLight generator into the upgraded GAUSS framework [62].

There is more than one version of StarLight implementation in GAUSS, such as
Sim09 (designed for Run 2), Sim10 (designed for Run 3), and Sim11 (designed for
Run 3 and Run 4). The last one is an upgraded version for Run 3. In my work, I
used Sim10. It was necessary to adapt Sim09 to Sim10 because of a change in how
Gauss reads other event generators, which caused StarLight to stop working. This

made it necessary to migrate StarLight from Sim09 to Sim10.

When employing the more recent Sim10-v1 simulation cycle, a significant com-
putational improvement was achieved. Specifically, the simulation time was reduced
by a factor of two compared to the Sim09 cycle, for both Run 2 and Run 3 detector
configurations and conditions [63]. I continued a project that had previously started

to implement StarLight for the Run 2 version of Gauss.

The native version of STARIight refers to the direct execution of the standalone
C++ code, available from the official website or repository, without integration
into simulation frameworks such as GAuss (LHCb), CMSSW (CMS), or Athena
(ATLAS). This approach offers greater flexibility for parameter tuning and rapid
testing, while avoiding the additional computational overhead of full framework
integration. In order to cross-check the Sim10 StarLight implementation, a native

version was used to generate distributions for comparison.

The combined analysis of invariant mass, rapidity, and the pseudorapidities of

decay products provides a comprehensive understanding of particle production and
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decay kinematics. The invariant mass distribution enables clear identification of
resonant states, separating signal from background. Rapidity offers information
about the longitudinal momentum and spatial distribution of the particle within the
collision frame. Meanwhile, the pseudorapidities of the decay products characterize
their angular distribution relative to the detector acceptance, which is essential for
studying detector efficiency and possible asymmetries. Together, these variables
allow for detailed investigations of production mechanisms, polarization effects, and
effective background suppression, improving the overall precision of the analysis.

In Figs. 5.1 and 5.2, we compare the distributions for UPC production of p and
J/1 mesons in PbPb collisions at /s = 5.02 TeV. There is a slight deviation in
mass, which does not appear in rapidity due to the symmetry. In Figs. 5.3 and 5.4,
we compare the distributions for UPC production of p and J/i mesons in pPb
collisions at /s = 8.16 TeV. Now it is possible to observe a slight deviation in
rapidity due to the asymmetry. In Figs. 5.5 and 5.6, we compare the distributions
for UPC production of p and J/v mesons in Pbp collisions at /s = 8.16 TeV, where
the slight deviation in rapidity due to the asymmetry is also visible. One can see
that the GAUSsS StarLight implementation of Sim10 shows similar distributions to
the native version. A small discrepancy in the mass distribution of the resonances
is reflected in the pseudorapidity distribution and requires further investigation for
the impact of these differences in the future data analysis.

In conclusion, the implementation of StarLight on the upgraded simulation cycle
Sim10 at LHCb was successfull for pPb, Pbp and PbPDb collisions. As a next step, one
needs to work on the implementation for fixed-target mode since it requires different

beam settings conditions which are not working for the current implementation.
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Figure 5.1: Simulation of p production in PbPb collisions using StarLight, compared with
the native version. The black line represents the STARlight simulation within the Gauss
framework, while the red line corresponds to the native version.
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Figure 5.2: Simulation of J/v production in PbPb collisions using StarLight, compared
with the native version. The black line represents the STARlight simulation within the
Gauss framework, while the red line corresponds to the native version.



#Events

600

500

— Gauss

Native version

#Events

250

200

63

Gauss

Native version

400

300

200

100

S0 000 1500

Mass(p)-pPb
(a) Mass distribution of the p mesons pro-
duced in StarLight simulation of pPb colli-
sions.

— Gauss

o]
un
S

----- Native version

#Events

[S3
o
o

—
un
S

—_
o
=]

T S i
-5 0 5
Eta(m*)-pPb

N
Lo =]
o R R R R R

(c) Pseudorapidity distribution of the 7+
mesons produced in StarLight simulation of
p production in pPb collisions.

150

100

50

[ |:"-:'-
0 -5 0 5

Rapidity(p)-pPb
(b) Rapidity distribution of the p mesons
produced in StarLight simulation of pPb col-
lisions.

— Gauss

------ Native version

#Events
[Se)
i
(=]

55
=}
=

W
=]
5‘ L L L B L B L R

150

100

P R R |
-5 0 5
Eta(m)-pPb

| ©

(d) Pseudorapidity distribution of the 7~
mesons produced in StarLight simulation of
p production in pPb collisions.

Figure 5.3: Simulation of p production in pPb collisions using StarLight, compared with
the native version. The black line represents the STARlight simulation within the Gauss
framework, while the red line corresponds to the native version.
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Figure 5.4: Simulation of J/v production in pPb collisions using StarLight, compared with
the native version. The black line represents the STARlight simulation within the Gauss
framework, while the red line corresponds to the native version.
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Figure 5.5: Simulation of p production in Pbp collisions using StarLight, compared with
the native version. The black line represents the STARlight simulation within the Gauss
framework, while the red line corresponds to the native version.
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Chapter 6

Conclusion

This dissertation presents the first study on the production of vector meson
pairs 1(25)¢ in diffractive events in the LHCb experiment. After applying the
trigger requirements in Section 4.6, 40 1(2S)¢ candidates were selected within a
pseudorapidity range of 2 < n < 5 and transverse momentum pr > 200 MeV for
each of the four final-state particles, corresponding to an integrated luminosity of
(1747 £ 34.94) pb~'. This yields a cross-section of oy(g), = 0.0723 £ 0.0117 pb~".
The ratio between the 1)(25)¢ and .J/¢¢ cross-sections was found to be Z£29¢ —

9I/v¢

0.030 £ 0.005.

The ratio J(;"J(/;iij’ was compared with the ratio %ji) reported in Ref. [60], and a
slight discrepancy between the values was observed. The discrepancy between the
values may be attributed to the mass difference between the two final states, as
diffractive processes tend to be suppressed for heavier masses.

In addition, the implementation of STARIlight in the upgraded Sim10 simulation
cycle at LHCb was performed successfully for pPb, Pbp, and PbPb collisions. The
next step involves working on the implementation for the fixed-target mode, as it

requires different beam setting conditions that are not compatible with the current

implementation.
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