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Abstract

Large Hadron Collider (LHC) is the world's largest and highest-energy particle collider.
LHCb is one of the four major experiments at the Large Hadron Collider (CERN). The
LHCb experiment has been designed to study CP violation in beauty and charm hadrons,
discovering exotic states, with a broad program covering also QCD, searches for long-lived
particles, and dark matter.

This thesis concerns a few topics revolving around a common issue related to radiation
damage in silicon sensors in one of the LHCb subdetectors, the Vertex Locator (VELO).
The analysis is performed with the use of various samples: particles generated in proton-
proton collisions at LHC energies with a stand-alone particle generator, events obtained
in the simulation within the LHCb detector, a real minimum-bias sample collected in
2018 by LHCb, and nally, special detector data registered in the LHCb VELO in 2024.

The current state-of-the-art method of monitoring and predicting radiation damage
is based on simulation. There are di erent physics models used in generators, and the
simulated particle uence varies between generators, especially when considering low-
momentum particles emitted at high rapidity. Therefore, this project's rst part deals
with comparing general-purpose event generatorBythia and Hemwig , with special
attention to parameters describing multiple parton interactions. A comparison of both
event generators with respect to LHCb data is also mentioned.

Since the increase in LHC energy, more discrepancies between data and simulation
have been observed among experiments, which gave rise to the necessity of an update in
the generators' parameters. Therefore, the second task of this thesis focuses on tuning
the campaign of the event generators, detailing the methodology and the software tools
developed for tuning, such aRivet and Professor . These are employed for estimating
the optimal parameter values of the event generators predominantly used at LHCb. The
tuning results indicate the necessity for further re nements to enhance agreement with
experimental observations at 13 TeV.



Abstract

The third section in this project takes into account the minimum-bias LHCb experi-
mental data from Run 2 (Run 3 data were not available during this time). The main
purpose of this analysis was to check whether one can use reconstructed and identi ed
charged hadrons to obtain a reliable prediction for the current level of radiation damage
in the VELO sensors. This analysis uses data from proton-proton collisions at a centre of
mass energy of 13 TeV taken during runs of the LHC in 2018, highlighting discrepancies
between data and MC predictions. This study explores the sources of these di erences
by analysing particle multiplicities and identifying regions where MC models require
improvements to better describe the data.

The last stage of the work describes an attempt to determine the particle uence
map in the new pixel detector VELO based on signals from individual sensors. Special
samples of detector data collected in the summer of 2024, in the rst months when all
subdetectors of the modernised LHCb experiment were included for the data taking.



Streszczenie

Wielki Zderzacz Hadronow (LHC) to najwijkszy na twiecie akcelerator czjstek przyspiesza-
jicy protony do najwy»szych energii. LHCb jest jednym z czterech g26wnych ekspery-
mentow na LHC, zaprojektowanym do badania parzystoxci CP w sektorze hadronéw
pitknych i powabnych, poszukiwa« standw egzotycznych, z szerokim programem obejmu-
jicym réwnie» QCD, poszukiwanie d2ugo»yciowych czjstek i ciemnej materii.

Przed@o»ona praca dotyczy kilku zagadnie« zwijzanych z przewidywaniami i mon-
itoringiem uszkodze« radiacyjnych w sensorach krzemowych jednego z poddetektorow
LHCb, detektora wierzcho?ka Vertex Locator (VELO). Analiza w ka»dym temacie wykony-
wana jest z wykorzystaniem dedykowanych zbioréw danych: czjstek wyprodukowanych
przez generatory ogolnego przeznaczenia, przypadkow symulowanych i poréwnaniu ich
z danymi rzeczywistymi zebranymi w roku 2018 (Run 2) przez eksperyment LHCD,
oraz specjalnych danych detektorowych zarejestrowanych w LHCb VELO w roku 2024
roku (Run 3). Celem przed2o»onej analizy jest sprawdzenie, jak mo»na wykorzysta¢
dane w czasie trwania eksperymentu do przewidzenia poziomu zniszcze« radiacyjnych w
krzemowym detektorze VELO.

Obecna jedynj metodj s2u»jcj do wyznaczenia uencji czjstek jest symulacja.
Wymaga ona stworzenia modelu detektora, co zwykle jest czasoch®onne. W dodatku
generatory przypadkoéw u»ywane w symulacjach stosujj modele zyczne, a symulowana
uencja ro»ni sil w zale»nozci od generatora, zw?aszcza jexli welmie sij pod uwag|
czjstki o niskim pjdzie, czy emitowane pod niewielkim kjtem w stosunku do osi wijzki.
Dlatego te» pierwsza cz|+¢ tego projektu dotyczy poréwnania generatoréw zdarze« ogol-
nego przeznaczeniaRythia i Hemwig , ze szczegllnym uwzglidnieniem parametrow
opisujjcych oddzia®ywania wielopartonowe. Poréwnanie danych symulowanych z danymi
doxwiadczalnymi, wykonane z u»yciem pakietoRivet oraz Professor , pozwala na
wyznaczenie optymalnych wartoxci parametrow generatorow przypadkow (tzw. tuning).

W drugiej czjtci pracy analizowane sj dane symulowane i rzeczywiste przypadki
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Streszczenie

zebrane w roku 2018 przez LHCb w celu wyznaczenia liczby na®adowanych hadronéw
przechodzjcych przez sensory VELO, z wykorzystaniem standardowych metod rekon-
strukcji zladow i identy kacji czjstek eksperymentu.

Ostatni etap pracy opisuje unikalnj prob} wyznaczenia mapy uencji czjstek w
nowym, pikselowym detektorze VELO w oparciu o sygna?y z poszczegoélnych sensorow.
Analizie poddano specjalne prébki danych detektorowych zebranych w lecie 2024 roku, w
pierwszych miesijcach, kiedy do totu pomiarowego w?jczone zosta?y wszystkie poddde-
tektory zmodernizowanego eksperymentu LHCDb.
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Chapter 1

Introduction to Standard Model of
Particle Physics

This chapter describes the Standard Model of particle physics, which is the most successful
and comprehensive framework in our quest to understand fundamental constituents of
the universe and forces that govern their interactions. It explores the complexities of the
Standard Model, o ering a conceptual journey into the subatomic realm. From quarks to
leptons and force-carrying bosons that mediate their interactions, this model encapsulates
the essential building blocks of matter and the underlying principles that shape our physical
reality.

1.1 Elementary particles and matter content

The Standard Model (SM) of particle physics describes the constituents of matter. It
consists of three generations of quarks and leptons. The interaction between quarks
and leptons takes place with the help of force-carrying particles (mediators), which are
referred to as "gauge bosons". Both the quarks and leptons are fermions (half-integer spin
particles) following Fermi-Dirac statistics and bosons are (integer spin particles) following
Bose-Einstein statistics. For all the particles, there are anti-particles which have similar
properties to the particles, except that they carry an opposite electric charge. Each
lepton family is composed of a charged lepton and a neutrino, whereas for the quarks,
there are six " avors". In total the SM has 24 fermion elds: 18 are quarks, 6 avors
("up", "down", "charm", "strange", "top", "bottom") times three colors ("red", "green”,

"blue"), six leptons, 3 charged (electrons, muons and tauons) and the corresponding

17



Introduction to Standard Model of Particle Physics

neutrinos. The up, charm, and top quarks carry a +2/3e charge, the down, strange, and
bottom quarks carry a -2/3e charge, the leptons (electrons) carry a -1e charge (e is an
elementary charge), whereas neutrinos carry no charge. Table 1.1 shows the three leptons

and quark generations, along with their constituent masses.

Generation 1st 2nd 3rd
Up (u) Charm (c) Top (t)
Quarks 336 MeV/c?, 1550 MeV/¢c?, 177,000 MeV/¢& ,
Down (d) Strange (s) Bottom (b)
340 MeV/c? 486 MeV/c? 4730 MeV/c
Electron(e ) Muon () Tau ()
Leptons 0.5 MeV/c?, 105 MeV/c?, 1776.8 MeV/2,
Electron Neutrino ( ¢) | Muon Neutrino () Tau Neutrino ()

Table 1.1: Three Generations of Quarks and Leptons along with their masses [1].

The quarks and leptons are point-like objects, i.e., they don't have any internal
structure, hence, they are called the fundamental particles. However, the quarks combine
and form hadrons, which are signi cantly larger as compared to quarks (10 ** cm).
There are two types of hadrons shown in Fig. 1.1:

" Baryons : comprising of three colorless quarks. They possess a distinctive attribute
known as baryon quantum number, denoted as B=1, and half-integer spin, which
makes them fermions. E.g. protons have twe-quarks and a singlel-quark (p = uud),
and neutrons have twod-quarks and a singleu-quark (n = udd).

Mesons: these are made up of a quark and an anti-quark, their baryon charge is
nil (B=0), and their spin is an integer that makes them bosons. E.g.°, *=ud

and =ud.

Beyond the conventional combination of quarks found in baryons and mesons, there
exist more complex forms known as exotic quarks, including tetra-quarks and penta-quarks
[3]. Tetra-quarks are made up of two quarks and two anti-quarks, while penta-quarks
consist of four quarks and one anti-quark. These unique quark combinations illustrate
the complex nature of the strong force. The identi cation and veri cation of these
particles, especially through experiments at the Large Hadron Collider (LHC), have been
instrumental in enhancing our understanding of quantum chromodynamics (QCD), the
theory that explains how quarks interact under the strong force [4].

18



Introduction to Standard Model of Particle Physics

Figure 1.1: Baryons consist of three quarks (red, green, and blue), and mesons contain
two quarks, namely a quark and an anti-quark. They are attracted to each other by
means of the strong gluon force [2].

1.2 Interactions

The vast variety of physical phenomena is determined by one of the following four types
of interactions: electromagnetic, weak, strong, and gravitational. The gauge bosons are
mediators of these fundamental interactions. The electromagnetic force is carried by a spin-
1 massless vector boson, the photon), and acts between electrically charged particles.
On the other hand, the weak interaction is 1®times weaker than the electromagnetic
force and is ruled by three gauge vector bosons, the Wand Z° bosons, which have large
masses and are spin 1 particles. The strong interactions are responsible for holding the
nuclei together and are roughly 100 times stronger than the electromagnetic force. The
gauge bosons for the strong force act between the quarks and the eight massless, spin-1
particles called gluons ¢). And lastly, the gravitational interaction appears between all
types of massive particles and is by far the weakest (the coupling constant is about?.0
times smaller than the electromagnetic); therefore, its e ect is negligible at the subatomic
scale. Graviton @G) is a hypothetical spin-2 massless gauge boson responsible for the
gravitational force. Table 1.2 shows all the gauge bosons with charges, masses, spin, and
the type of interactions they are responsible for.

There has been an e ort to unify all four fundamental interactions by expressing
them as di erent manifestations of a single fundamental interaction eld. The uni cation
is partially achieved by SM.

The high energies and the minute distances where the electroweak force and strong
force merge are beyond the reach of any current accelerator. For example, to be able to
probe a distance of 10°* m, one would require an energy of 0 GeV or beyond, which
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Gauge Boson| Involved particles | Q=e| Mass [GeV/’] | Spin Interaction
photon ( ) charged particles | 0O <10 % 1 | electromagnetic

W boson W) | leptons and quarks 1| 80.385 0.015 1 weak

Z boson ¢) | leptons and quarks| O | 91.1876 0.0023| 1 weak
gluon (g) hadrons 0 10 3 1 strong

graviton (G) all particles 0 <6 10# 2 gravitational

Table 1.2: Fundamental properties of six gauge bosons mediating the four fundamental
forces [5].

Figure 1.2: The relative strengths of the forces varying with distance plotted against
energies [GeV] scale [6]. EM stands for electromagnetic interaction, GUT stands for grand
uni ed theory, and TOE is the theory of everything.

is very far from the capacity of the LHC. Since these conditions are unexplored by the
existing experiments, which are essential for testing the Grand Uni ed Theories (GUTSs),
they remain ambiguous due to the lack of direct evidence.

1.3 Theoretical foundations of the Standard Model

The SM of particle physics is a relativistic quantum eld theory (QFT) that describes the
electromagnetic, weak, and strong interactions, governed by the local SUC3) SU(2)L

U(1)y gauge symmetry. SU(3) represents the non-abelian gauge group, with 8 massless
gauge bosons (gluons) which are generators of the gauge group and hold quarks together
U(1)v
represents the electroweak symmetry group, which uni es the electromagnetic and weak

mediating strong force; the letter "C" in SU(3) stands for the color. SU(2)

interactions in the so-called "electroweak theory". The U(}) symmetry group involves
both the right and left-handed fermion elds. SU(2) and U(1)y are the components of
electroweak theory that are generated by weak isospiit | and weak hyperchargeY),
respectively. These two quantum numbers are related to the electric charg@)(by the
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Gell-Mann-Nishijima formula [7], which relates the baryon numberE), the strangeness
(S) and the third component of isospin [3) of quarks and hadrons to their electric charge:

Q=Isz+ %(B + S) (1.1)
_ Y
Q=Ts+ > (1.2)

where T3 is the third component of weak isospin.

Noether's theorem [8] implies that, if an action is invariant under some group of trans-
formations (symmetry), there exists one or several conserved quantities called "constants
of motion", which are associated with these transformations. This theorem establishes
that symmetries directly imply conservation laws: as a matter of fact, the invariance
under local gauge transformations of the group implies the dynamics itself, as evident in
quantum electrodynamics: the interaction between electron and photon naturally follows
from the gauge invariance under U(1). Local gauge symmetry transformations govern all
guantum eld theories, quantum electrodynamics, quantum chromodynamics, and SM
of electroweak interactions. These theories describe physical phenomena extremely well,
which is con rmed experimentally.

The particles are represented as quantum eld excitations. QFT describes particles as
mathematical elds, i.e., scalar (spin 0) eld, vector (spinl/2) eld, or fermions and spin
1 as bosons. The total SM Lagrangian comprises the kinetic term for bosons and fermions,
the coupling of the Higgs eld to the fermions and bosons, and also the interaction part.
The Lagrangian density of the SM can be written as the sum of the electroweak and
strong Lagrangians:

Lsm = Lew *+ Lgco (1.3)

whereL gy represents the Lagrange density of electroweak interactions, ah@cp is the
Lagrange density for strong interactions or quantum chromodynamics.

1.3.1 Electroweak interactions

The electroweak interactions can be written as the summation of two parts of the Higgs

boson couplings:

Lew=Ls+ Lu: (14)
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The Ls is the Lagrangian for the symmetry which involves only gauge bosons and
fermions, and the eld of quarks and leptons is represented by

S 1
Ls= = FAFA 21B B + (i D .+ ri D R (1.5)
A=1

where,

B =@B @B and F* = @W"= @W" ¢ asc WEWE: (1.6)

are the Dirac matricesB is the gauge eld which is associated witly (1) symmetry
and WA where A2 1,2,3 represents three gauge elds &U(2). The represents the
anti-symmetric tensor of SU(2) group. The couplings of the relevant gauge bosons to the
fermion elds are included in the covariant derivativeD . The fermion elds with their
left and right-handed chiral components are the projections of the chiral operators:

= %=2; % it (1.7)

The | and g behave dierently under the electroweak interactions. In the SM all the
fermion state r are singlets (ir;dr; r;€r) and all | are doublets.
0 1 0 1
Q=0"A;L =@"A (1.8)
d €L
The requirement of gauge invariance makes both fermions and gauge bosons massless,
which is in contradiction with experiments. Therefore, another component was added to
the Lagrangian -Ly, which is eventually responsible for the coupling of the Higgs eld
to the fermions, generating their masses in that way. The Lagrangian, which includes
additional potential acting on the scalar eld

Lu=(D )(D ) V(7 )+Ly (1.9)

V()= 2V it )% (1.10)

where ;  are constants. Once Y ) takes the minimal value, thej j is non-zero and
the symmetry of the Lagrangian is spontaneously broken. The variations around the
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minimum of V nally give mass to the fermions and to the eldB and W .
The mass term for the lepton is proportional to the Yukawa coupling’, and the
Higgs vacuum expectation value:

Ly = YJ + YY) + Y] + hg; (1.12)

where h.c. is the hermitian conjugate.

The matricesYy and Y, are complex matrices that represent the coupling between
di erent generators ij of quarks and, in general, contain o -diagonal terms, allowing
the mixing between families. In order to diagonalize them, mass matrices are unitary
transformed, what allows the introduction of Cabibo-Kobayashi-Maskawa matriXcky -

0 1
Vud Vus Vub

Vekm = Vi VoL = BVed Ves Vcb§; (1.12)
Vie Vs Vw

where each elemenV; expresses the coupling strength of the weak interaction between
the quarki and | and transforms the quarks from the mass ( avor) eigen-stated(s; b
into weak eigen-state ¢’;s’; b).

Due to the unitary condition, the CKM matrix contains four non-reducible parameters,
which in standard parametrisation are three magnitudes of quark transitions and a single
phase, which is responsible for the CP violation in the SM. This results in di erent
behavior of particles and anti-particles in weak interactions. The CKM elements can be

obtained from the measurements at LHCb [9].

1.3.2 Quantum chromodynamics (QCD)

Quantum Chromodynamics (QCD) describes strong interactions between quarks. The
symmetry of QCD is based on the non-abelian SU(3)group acting in a three-dimensional
space (represented by the colors) with eight generators. The QCD Lagrangian has the

form:

1 .
Locp = 2 FAFA + g D mgyjq; (1.13)
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whereq are the quark elds ofn; dierent avors with mass m; and F is the eld
strength. Covariant derivative in the case of non-abelian gauge theories takes the form:

X
D =@ igs TAG" (1.14)
A

In the equation above,gs is the gauge coupling of QCD. TheG* are the gluon elds
with A =1,...,.8 and T# are the SU(3). group generators in the triplet representation of
guarks. The generators o5U(3). group are often written in a standard basic:

1
TR=Z 2 1.1
5 (1.15)

with @ matrices (Gell-Mann matrices) of the form:

0 1 0 1
010 0 i 0 1 0 0
1=@1 0 0A; ,=@ji 0 0A; ;=@0 1 0A;
0000, 0oo_o1 00 09
000 00 | 000
.=@0 0 1A; s=@0 0 0A; s= @0 0 1A;
0010 hoo 010
00 0 10 0
;=@0 0 iA; 5=¢#@0 1 0A
0i 0 00 2

Because of the requirement of the local gauge invariance for the non-abelian group,
there are not only quark-gluon interactions, but also gluon-gluon couplings with three
or four gluons, which bring in a lot of new e ects, including glueballs and con nement.
Therefore, gauge elds in QCD carry color charge and interact strongly.

Figure 1.3: The QCD quark-gluon and gluon-gluon vertices [10].

Due to self-interactions of gluons as shown in Fig. 1.3, quarks (colored objects) are

always con ned to color singlet states and cannot propagate as free particles. Another
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aspect of gluons' self-interaction is that the coupling constants, which describes the
strength of the interactions, can be large.

QCD could be perturbative (pQCD) if the coupling constant were small, causing
higher-order diagrams to asymptotically vanish. This would result in the observation of
free quarks, which have not yet been proven.

The perturbative approach to the interaction of quarks is valid on the scale of very
small distances or very high energies. At shorter distances, quarks are asymptotically free,
and the e ective strong interaction constant becomes small. For low low-energy process,
PQCD is not a proper theory. The dependency of thes on the momentum transferQ?
became the main experimental proof that QCD is a renormalized eld theory [11].

The strong coupling constant, due to the gluon self-interaction, is not constant but is
parameterised as a function of the momentum transfe&p? between the particle and the

source:
g*=4

2
1+ sQOIn _Qh
QcD

s(Q%) = (1.16)

In equation 1.16, is a positive number, so s decreases as Qncreases, and this explains
the asymptotic freedom. It incorporates the renormalization of QCD, discovered by David
Gross, Frank Wilczek, and David Politzer [11] and introduces the second dimensional
parameter ocp. This remarkable parameter indicates the limit of perturbative QCD
at Q> = ocp. Here, s becomes innite, while ¢! 0asQ?! 1 . Small values
of Q? are associated with larger distances, andQéD is called the con nement length.
The value of qcp is around 300 MeV [12]. In this way, QCD is divided into a non-
perturbative low-energy regime, where calculations using perturbative expansions are
not possible, and a high-energy regime where perturbative theory can be e ective. At
Q > 100 GeV (LHC scale), s 0:1 and perturbative QCD (pQCD) can be used.
However, this value is not su ciently small to neglect higher-order corrections. For
this reason, QCD calculations for the LHC involve many diagrams and are always
calculated beyond the lowest (leading) order (LO), such as next-to-leading-order (NLO)

and next-to-next-to-leading-order (NNLO).

1.4 Limitations of Standard Model

Although the Standard Model (SM) has been highly successful in explaining the physics of
strong, weak, and electromagnetic interactions up to the TeV energy scale, with numerous
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Figure 1.4: Measurements of g, including recent LHC results, as a function of energy
scale Q [13].

experimental con rmations [13], it still has several notable shortcomings, such as:

A

It lacks an explanation of gravity. However, we do have a spin-2 particle, the
graviton, giving an e ective description of gravitational interactions [14].

The existence of the neutrino masses requires at least an addition of the state
in the Lagrangian. The non-zero mass of neutrinos has been measured in avor

oscillations [15].

Assuming that the Universe can be described by an e ective quantum eld theory
up to Planck energies, we can compute the value of the cosmological constant.
This determination is larger than what is observed by more than 120 orders of

magnitude [16].

It lacks a su cient explanation of matter and anti-matter asymmetry. They were
expected to be produced in equal amounts during the creation of the universe.
The fact that the present-day universe mostly consists of matter is an unexplained
phenomenon. The violation of CP in electroweak interactions is a known source of

baryon asymmetry, this is the main purpose of the LHCb experiment [17].

The absence of CP violation in the strong sector is another source of unexplained
ne-tuning in the SM that might be clari ed in SM extensions.
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~ Conclusive evidence supports the presence of non-luminous matter as the predom-
inant form in the Universe. The rst indications were drawn from measurements of
the galactic rotational speeds and orbital velocities within the clusters. Recently,
more advanced techniques like gravitational analysis of the cosmic microwave back-
ground radiation, primordial nucleosynthesis, and large-scale structures, proven the
existence of dark matter. The search for dark matter spans various theories, with
potential origins from the SM. The candidates are expected to be heavy, electrically
neutral, and weakly interacting; these attributes are labeled as Weakly Interacting
Massive Particles (WIMPs) [18].
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Chapter 2

Large Hadron Collider at CERN

Humanity's inherent curiosity and desire to understand the world have driven us to
explore the smallest components of matter the fundamental building blocks of everything
around us. To aid this pursuit, scientists have constructed massive machines, with one of
the most remarkable being the Large Hadron Collider (LHC). This extraordinary device
enables researchers to study these tiny particles by accelerating protons to incredibly high
energies and colliding them, revealing the secrets of the subatomic world.

2.1 About LHC

The Large Hadron Collider (LHC) [19] is the world's largest and highest-energy particle

accelerator located in the European Organisation for Nuclear Research, CERN, near
Geneva, Switzerland. The accelerator consists of a 27-kilometre-long tunnel situated on
both sides of the France-Swiss border. An overview of the accelerator is shown in Fig. 2.1.

CERN was founded in 1952 to establish a research organisation to explore fundamental
physics without any military application. Initially, the focus was to explore atom and
nuclear physics, but today the knowledge is far beyond and is now more leaned on the
fundamental constituents of matter and the forces that hold them together.

LHC Layout

The 27 km long tunnel consists of eight arcs, and the depth varies from 45 to 170 m.
Fig. 2.2 shows a schematic layout of the LHC. There are four intersection points (IP)
where the major experiments are located. The IP1, IP2, IP5 and IP8 are ATLAS [22],
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Figure 2.1: An overview of the LHC with its 4 main experiments [20].

ALICE [23], CMS [24] and LHCb [25] respectively. CMS and ATLAS are general-purpose
detectors with the physics program ranging from the study of the Standard Model to
physics beyond the Standard Model (BSM). ALICE and LHCb have speci ¢ physics
programmes. ALICE detector is designed for the study of strongly interacting matter at
extreme densities, whereas LHCb specialises in studying heavy avour physics and the
di erences between matter and anti-matter (CP asymmetry).

Apart from the larger experiments, there are also three small experiments situated in
the close vicinity of the main experiments at the LHC. TOTEM [26] is an experiment
dedicated to the measurement of proton-protonpf) interaction cross-sections and in-
depth studies of the structure of protons. The location of TOTEM is at IP5 on either
side of the CMS. LHCf [27] aims to study the neutral particle production cross-section in
the forward region ofpp and heavy ion collisions, which is located at IP1 next to the
ATLAS experiment. Lastly, MOEDAL [28] is an experiment that searches for magnetic
monopoles and is located in front of the LHCb experiment at IP8.

Protons' journey through LHC Accelerators

In the LHC, beams of protons and ions are accelerated. The proton source is the bottle
of hydrogen gas, which is injected at the starting point of the linear accelerator (LINAC
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Figure 2.2: Geometry of LHC with eight arcs [21]. The two beams intersect at IP1, IP2,
IP5 and IP8.

2), where the electrons are stripped o with the electric eld. At the end, the remaining
protons reach an energy of 50 MeV. The protons are then accelerated further up to 1.4
GeV in the proton booster. To further increase the energy, the protons are fed to the
proton synchrotron (PS), which boosts the energy up to 25 GeV and packs them into
25-ns bunches. Protons are further led to the super proton synchrotron (SPS), where
they gain an energy of 450 GeV. Finally, the protons enter the LHC ring, where the
energy is increased to almost 7 TeV. The schematic image of the accelerating system is
shown in Fig. 2.3.

Apart from the protons, ions are also accelerated and collide at the LHC. The ion
source is lead, which is evaporated in the oven. The lead gas then loses electrons by
passing through the plasma. The ions are rst accelerated in the LINAC 3 and further
injected into the low-energy ion ring (LEIR), which accelerates them, and then follow
the same chain as protons. Therefore, the particles are initially injected into the PS and
subsequently into the SPS, as illustrated in Fig. 2.3.

30



Large Hadron Collider at CERN

Figure 2.3: CERN accelerator complex with LINAC, PS, SPS, and LHC [29].

2.2 LHCb Experiment

LHCDb [25] is one of the four main experiments located at LHC. It is a single arm forward
spectrometer, with 20 m length and 10 m height and width. This experiment is dedicated
to studying decays of particles containind and c quarks. Fig. 2.4 shows the schematic
overview of the LHCb detector. The LHCb experiment has a unique pseudorapidity
coverage of 2 < 4.5, unlike other experiments of LHC, as shown in Fig. 2.5. The
detector geometry originates from the fact thato and b quarks are produced in pairs
in the forward or backwards direction, and the geometry of the detector allows a large
fraction of b-hadrons to be reconstructed by covering a small solid angle.

The LHCb experiment has now broadened its physics program. It includes: the
study of electroweak gauge bosons in the forward region, since this is the region that is
unexplored by the other detectors, measurements of newly discovered exotic particles
and their properties, lepton- avour-violating decays of Higgs-like bosons [32].

The ppcollisions in the forward region are dominated by the high particle multiplicities,
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Figure 2.4: Upgraded LHCb detector at LHC [30].

which result in the high occupancy of the detector elements. Hence, it is very challenging
to separate the primary and secondary vertices and to reconstruct the tracks that are
important for analyses. LHCb has high quality particle identi cation system that could

di erentiate the primary from secondary vertices and also precisely track the trajectories
of the particles. LHCb is optimised for an average luminosity & 10°? cn? s %, which

is 100 times smaller than CMS and ATLAS.

In 2011, LHCb collected data at luminosity of 3.5 10*? cn? s * with = 1.5 at
s=7TeV,andin 2012 at4 102 cm?s 'with =1.7 at P 5= 8 Tev. An integrated
luminosity of 3.19 fb ! was accumulated in Run 1 alp s= 7 TeV, and 5.6 additional
fo 1 were collected atp s= 13 TeV at the end of Run 2. Fig. 2.6 shows the integrated
luminosity accumulated by the LHCb experiment during the Run 1 (2011-2012) and Run
2 (2015-2018). After the break in data taking, LHCb started taking data in 2022 with

a modernised detector (Upgrade 1), with the plan to upgrade the "Upgrade I1I" during

P

LHC High-Luminosity Runs. LHCb detector is supposed to collect data that corresponds
to the integrated luminosity of 300 fb ! by the end of 2040,
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Figure 2.5: The pseudorapidity coverage of the LHCb experiment as compared to other
detectors [31].

Figure 2.6: Integrated luminosity collected by the LHCb experiment by the end of Run
2 [33].

33



Large Hadron Collider at CERN

Figure 2.7: Schematic representation of VELO. There are 52 detection modules arranged
in two retractable sides. The interaction region is populated with the highest density of
modules [37].

2.3 LHCb sub-detectors

The LHCb spectrometer is composed of several sub-detectors, which have di erent
purposes. These are detectors for tracking, particle identi cation, and calorimeters. Part
of the devices are also used for the triggering. The following sections provide details of
these sub-detectors.

2.3.1 Tracking

The tracking system of the LHCb spectrometer consists of three sub-detectors: pixel
Vertex Locator (VELO) [34], silicon strip Upstream Tracker (UT) [35], and three stations
of scintillating bres (SciFi) [36] which are placed almost 8 m from thepinteraction point
(IP). Due to this geometric con guration, not all traversing particles can be reconstructed
in every tracking station.

VELO

The VErtex LOcator (VELO) is the closest detector to the collision point and consists of

a series of vertically oriented pixel sensors arranged in stations along the beam-line as
shown in Fig. 2.7. VELO pixels provide the x-y coordinates, whereas the position of the
station gives the z coordinate of the track element. The collisions occur in a 5 cm long
region along the z-axis. The VELO is placed upstream of the dipole magnet, in a region
practically free from the magnetic eld, which makes the tracks in the VELO straight
lines. Further details on tracking are mentioned in section 2.6.
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(@) (b)

Figure 2.8: Vertex Locators (VELO) arranged in a row [34] (a) and the rst half of
Upstream Tracker (UT) (b) ready for deployment [38].

uT

The Upstream Tracker (UT) is situated between the rst identi cation detector (RICH1)
and the magnet. It is used for the tracking of charged particles. It consists of four planes
of silicon strip detectors, which are divided into two stations with a beam pipe hole in the
centre. The detectors are arranged in vertical units known as staves within the plane. The
initial station consists of two planes: one with vertical strips and the other with stereo
strips tilted at 5 degrees. Conversely, the second station follows a similar con guration,
but with the stereo layer tilted in the opposite direction. In the rst station, both layers
are composed of 16 strips, while in the second station, there are 18 strips in each layer.
Every component of the detector has been designed with minimal thickness to reduce
the exposure of particles to materials. Fig. 2.8 (b) shows the rst half of the UT tracker
ready for deployment.

SciFl

The former tracking stations, including the gas straw tube tracker and silicon tracker, are
now replaced by the scintillating bre (SciFi) tracker. It is situated downstream of the
magnetic dipole and serves the purpose of tracking charged particles and measuring their
momentum. This high-resolution detector spans approximately 340%vand employs 0.25
mm diameter scintillating bers for its construction, with readout facilitated by silicon
photo-multipliers (siPMs). Comprising three stations, each equipped with four detector
planes, the module consists of eight bre mats, each 2.4 m long, housing six layers of
tightly packed blue-emitting scintillating bres. Fig. 2.9 shows the tracker aligned and
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Figure 2.9: The C-frames of the SciFi tracker aligned and fully closed around the beam
pipe [39].

fully closed around the beam pipe.

2.3.2 Magnet

The LHCb magnet is a dipole magnet that is placed between the tracking stations and
uses non-superconducting technology. It operates at a magnetic eld of around 4 Tm.
The magnet can switch polarities, which is crucial for understanding the systematic
asymmetries of the detector for the examination of factors that might have an impact on
the CP-violation measurements. The magnetic eld tends to bend the charged particles
in the x-direction. Fig. 2.10 shows the complete installation of the LHCb dipole magnet.

2.3.3 Particle identi cation detectors

Particle identi cation (PID) is based on the classi cation of particles according to their
masses. For the identi cation of stable particles, there are three sub-detectors at LHCb:
two RICH detectors, calorimeters, and the muon system. The information from these
sub-detectors is integrated into a combined likelihood probability function to maximise
the identi cation e ciency. The three sub-detectors used for identi cation are brie 'y
discussed below.
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