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Abstract

The dissertation presents measurements of diffractive dijet production in proton-proton
collisions at the centre-of-mass energy

p
B = 13 TeV. The measurements are based on data

with an integrated luminosity of 725 nb�1, which were collected with the ATLAS detector
in October 2015. The LHC was running with special beam conditions: high-V� optics (V�
= 90 m) and low average expected number of interactions (‘ = 0.1). Both single and
central diffraction processes are analysed, in which one or both protons remain intact and
can be measured by the ALFA forward detectors. This is the first measurement of dijet
production in single diffraction with proton tagging in the ATLAS experiment and the
first measurement of dijet production in central diffraction at the LHC.

The fiducial region of the measurements is limited by the ALFA detectors acceptance:
relative energy loss of protons is in the range 0�002 � b � 0�160 and the squared four-
momentum transfers are 0�02 GeV2 � jC j � 1�00 GeV2. In addition, the requirement of
high efficiency of the jet trigger imposes limits on jets: the transverse momentum and
pseudorapidity of the leading jet have to meet conditions ?LJ

T ¡ 30 GeV and j[LJ j � 3�0,
and in the case of the secondary jet they are ?SJ

T ¡ 20 GeV and j[SJ j � 4�0.
The measured total fiducial cross section for dijet production in single diffraction

is fSD
JJ = 57�2 � 0�8„stat” ‚9�6�8�7„syst” nb. The differential cross sections are measured in

terms of b, C, ?LJ
T , j[LJ j and the fraction VJJ of the Pomeron momentum carried by

jets. Results are compared with model predictions based on the Pythia 8 and EPOS
generators. Both models do not describe the data well. The ratio of single diffractive
to total inclusive dijet production cross sections in the fiducial region is estimated to be
’SD = 0�0238 � 0�0004„stat” ‚0�0063

�0�0028„syst”.
For central diffraction, the total cross section for dijet production is equal to fCD

JJ =
329� 59„stat” ‚61

�71„syst” pb. The differential cross sections are presented in terms of b and
?LJ

T , and are compared with models using Pythia 8, EPOS and Herwig generators. The
dissertation is complemented by the search for exclusive dijet production, a special case of
central diffraction, where the central state consists of only two jets without any Pomeron
remnants.



Streszczenie

W rozprawie doktorskiej przedstawiono wyniki pomiarów produkcji dżetów w proce-
sach dyfrakcyjnych w zderzeniach proton-proton przy energii

p
B = 13 TeV. Pomiary są

przeprowadzone na danych o scałkowanej świetlności 725 nb�1, zebranych przez detektor
ATLAS w październiku 2015 r. przy specjalnych warunkach: optyce V� = 90 m i niskiej
intensywności ‘ = 0.1. Analizowana jest zarówno pojedyncza jak i centralna dyfrakcja,
w których jeden lub dwa protony nie ulegają dysocjacji i mogą być mierzone przez detek-
tor do przodu ALFA. Jest to pierwszy pomiar produkcji dżetów w procesach pojedynczej
dyfrakcji z oznaczaniem protonu w eksperymencie ATLAS oraz pierwszy pomiar produkcji
dżetów w procesach centralnej dyfrakcji na akceleratorze LHC.

Pomiar jest ograniczony przez akceptancję geometryczną detektora ALFA: mierzone są
tylko protony o względnej stracie energii b w przedziale [0.002, 0.160] i kwadracie przekazu
czteropędu 0.02 GeV2 < jC j < 1.00 GeV2. Dodatkowo, wydajność zastosowanego trygera
jetowego L1_J12 narzuca ograniczenie na jety: pęd poprzeczny i pseudopospieszność
pierwszego jetu muszą spełniać warunki ?LJ

T > 30 GeV i j[LJ j < 3.0; dla drugiego jetu są
to odpowiednio ?SJ

T > 20 GeV i j[SJ j < 4.0.
Dla pojedynczej dyfrakcji zmierzono całkowity przekrój czynny na produkcję dżetów

równy fSD
JJ = 57�2�0�8 „stat” ‚9�6�8�7 „syst” nb. Dodatkowo wyznaczono różniczkowy przekrój

czynny w funkcji b, C, ?LJ
T , j[LJ j oraz VJJ, gdzie ostatnia zmienna odpowiada części pędu

wymienianego Pomeronu unoszonej przez dżety. Wyniki zostały porównane z przewidywa-
niami MC: Pythia 8 i EPOS, oba te modele nie wykazują zgodności z danymi. Oszacowano
także udział dyfrakcyjnej produkcji dżetów w odniesieniu do całkowitej produkcji dżetów
w procesach nieelastycznych na poziomie ’SD = 0�0238 � 0�0004 „stat” ‚0�0063

�0�0028 „syst”.
Dla centralnej dyfrakcji otrzymano całkowity przekrój czynny równy fCD

JJ = 329 �
59 „stat” ‚61

�71 „syst” pb. Różniczkowy przekrój czynny pokazano w funkcji b i ?LJ
T oraz

porównano go z przewidywaniami MC: Pythia 8, EPOS i Herwig. Pracę wieńczą wyniki
poszukiwania ekskluzywnej produkcji dżetów, które stanowią specjalny przypadek cen-
tralnej dyfrakcji gdzie stan centralny tworzą tylko dwa jety bez żadnych dodatkowych
cząstek.
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For from the greatness and beauty of created things
comes a corresponding perception of their Creator.

Book of Wisdom 13:5

Bo z wielko±ci i pi¦kna stworze«
poznaje si¦ przez podobie«stwo ich Stwórc¦.

Ksi¦ga M¡dro±ci 13,5





Introduction

From ancient times, people were amazed by the greatness and beauty of creations. They
followed the harmony of observed phenomena and constructed rules to describe the rela-
tions between each object. With time, the rules transformed to the equations, which make
up physics, the natural science that deals with the study of the most universal properties
of matter and energy. It has many branches, and one of them is particle physics, which is
focused on the smallest constituents of matter and the fundamental interactions between
them. Three of four fundamental forces: electromagnetic, weak and strong are covered
by the Standard Model, only gravity is not included in it. Quantum Chromodynamics
provides a description of strong forces in terms of the exchange of coloured gluons. Glu-
ons can interact with each other, which makes the QCD equations more complicated -
the perturbative calculations are limited to the processes characterised by a high momen-
tum transfer between the interacting partons. Lower transfers have to be described by
phenomenological theories.

Di�raction is a good example of such a process for proton-proton collisions. It cor-
responds to events where one or both protons remain intact and are separated from the
central state, called single or central di�raction. The process is described by Regge the-
ory, which postulates that a colourless Pomeron is exchanged between protons. Di�ractive
processes are predominantly soft, but they do not allow one to determine the underly-
ing parton dynamics and composition of the Pomeron. This can be achieved with hard
di�raction processes, which are revealed by observation of jet production. This disser-
tation aims to measure this kind of process and provide a total and di�erential cross
sections for single or central di�raction. It exploits the data collected at energy

p
B= 13

TeV by the ATLAS experiment. Forward protons are measured by the ALFA detector,
which requires special beam conditions: opticsV� = 90 m and low intensity ` = 0.1. The
central state that includes jets is reconstructed with the ATLAS central detector.

This thesis consists of nine chapters. The �rst two give a short introduction to the
theoretical framework and experimental setup used in this analysis. The third provides
information about the ALFA detectors. Chapter 4 contains a full description of the fast
ALFA alignment procedure. Chapter 5 focuses on jet-based corrections. It includes the
dedicated jet calibration prepared by the author, as the standard procedure could not be
applied. The background contribution is estimated in Chapter 6. Chapter 7 describes
the event selections and the unfolding procedure. The systematic uncertainties are sum-
marised in Chapter 8. The results are presented in Chapter 9, including a comparison
between the data and the MC predictions.

The analysis presented in this dissertation is the original contribution of the author,
except for some common parts of software shared with other di�ractive analyses. Besides
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of dijet analysis, the author was responsible for the ALFA alignment for di�ractive runs,
which was used also in other analyses. It was developed as the ATLAS quali�cation
task. The results were presented at the LHCP2019 conference and were published in the
proceedings:

ˆ K. Janas, The track-based alignment of the ALFA Roman Pot detectors of the AT-
LAS experiment, 7th Annual Conference on Large Hadron Collider Physics, 20-25
May 2019, Puebla, Mexico, PoS(LHCP2019)060.

As a member of the ATLAS Collaboration, the author is also the co-author of 173 pub-
lications. The author was also a member of the AGH ATLAS group. The results of
this dissertation were presented and discussed in the ATLAS Soft QCD Working Group
meetings and in the ARP General Meetings. In addition, the author has spent in total
of about four months at CERN, including AFP detector beam tests and the LHC Run 2
data taking with the ALFA detector.
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Chapter 1

Theoretical Framework

The Standard Model provides the interpretation for most of the observed interactions
between particles. However, some processes are too complicated to be calculated directly.
Di�ractive events are good examples, where phenomenological Regge theory successfully
describes the interactions. The study of di�ractive dijet production, an example of hard
di�raction, can reveal the connection between the phenomenological approach and per-
turbative quantum chromodynamics.

This chapter provides a theoretical framework that can be used to interpret the results.
Throughout the thesis, the convention2 = \ = 1 is used. Mass, energy, and momentum
are usually expressed in MeV or GeV.

1.1 The Standard Model

1.1.1 Elementary particles and fundamental forces

Three of four fundamental forces: electromagnetic, weak and strong are described by the
Standard Model (SM) of particle physics [1]. Electromagnetic forces have an e�ect on the
electrically charged particles and are responsible for the existence of atoms and molecules.
Strong interactions bind coloured quarks into nucleons, and residual forces bind nucleons
into nuclei. The week interactions handle week decays. Only gravity is not included
in SM. The forces are explained in terms of Quantum Field Theory (QFT), where two
interacting objects exchange the corresponding particle.

Several classes of elementary particles can be distinguished, as shown in Fig. 1.1. The
most obvious separation comes from the spin:

ˆ fermions with half-integer spin that obey Fermi-Dirac statistics and follow the Pauli
exclusion principle;

ˆ bosons with integer spin that obey Bose-Einstein statistics.

The �rst group builds the whole visible matter and consists of quarks and leptons. The
up D, down 3, strange B, charm 2, bottom 1, and top Cquarks have colour charge and
interact strongly. Charged leptons: electron4, muon ` , and taon g have corresponding
neutral partners, almost massless neutrinos:a4, a` , ag. Quarks and charged leptons
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Figure 1.1: Particles of the Standard Model. Their mass, electric charge and spin are
displayed in the �gure. Values are from the Particle Physics Summary Tables (2022) [9].

interact electromagnetically; all fermions, including neutrinos, interact weekly. Quarks
up and down, electron and electron neutrino belong to the so-called �rst generation,
whereas other fermions belong to subsequent generations and are heavier and unstable.
The number of generations was con�rmed multiple times to be three, e.g., in measuring
the production of the / boson in the4¸ 4� collisions in LEP [2, 3]. Another con�rmation
comes from cosmology, based on the primordial nucleosynthesis1 [4]. The quarks and
leptons are accompanied by their antiparticles, which have the same mass but opposite
quantum numbers.

The second group of particles consists of bosons: photonW, gluon 6, bosons, � , boson
/ , and Higgs boson� . The �rst four are vector bosons with spin 1, known as the gauge
bosons, which carry fundamental forces: electromagnetic -W, week -, � and / , strong -
eight 6 with di�erent colour components. The scalar boson� is the quantum excitation
of the scalar Higgs �eld that generates the mass of the fermions and massive bosons [5, 6].
The mechanism was proposed in 1964, but evidence of the Higgs boson was provided in
2012 by two LHC detectors, ATLAS [7] and CMS [8].

1The production of nuclei other than those of the hydrogen1H during the early phases of the Universe.
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1.1.2 Strong interactions

Quantum Chromodynamics (QCD) provides a description of strong forces in the SM. It
is a quantum �eld theory with symmetry group SU(3), called a non-abelian gauge theory.
As the name suggests (gr.qrwµa [chroma] meanscolour), QCD has an analogy of electric
charge called colour, which is carried by quarks and gluons. However, instead of one,
there are three colours, usually denoted red' , green � , and blue � , accompanied by
their anti-colours: ' , � , � . There are eight generators in the SU(3) group, as well as
eight independent linear combinations of colours, that determine the presence of eight
gluons in QCD [1]:

61 = ' �– 62 = ' �– 63 = � '– 64 = � �– 65 = � '– 66 = � �–

67 = 1p
2
¹ ' ' � � � º– 68 = 1p

6
¹ ' ' ¸ � � � 2� � º•

(1.1)

Contrary to photons, gluons carry the colour charge, and they are also subject to strong
force. The self-interaction makes the QCD equations more complicated than quantum
electrodynamics, as a consequence of the non-abelian properties of the theory [10].

One of the most important conclusions of QCD, known as colour con�nement, states
that quarks and gluons cannot exist alone. It can be explained with the simpli�ed form
of the QCD potential +QCD , generated by the coloured quark at distanceA[11]:

+QCD = �
UB

A
¸ _A– _ ¡0• (1.2)

The potential can be split into two parts, Coulomb-like and linear. The former dominates
at short distances, typically below 0.2 fm, and the latter is relevant at larger distances.
The linear part corresponds to the gluon screening, which surrounds the coloured quark.
This means that the energy of pair of quarks increases with the distance between them.
The value of_ approximates 1 GeV/fm; therefore, the energy contained in the gluon �eld
is large enough to produce a new pair of quarks at a separation of less than 1 fm.

The factor � in the Coulomb-like term is a constant that can take discrete values
between -4/3 to 1/6, depending on the types and quarks' colours. The strong interacting
coupling constantUB, which is dimensionless, de�nes the strength of the force. It depends
on the energy scale& involved in the interaction [1]:

UB¹&2º =
12c

¹33� 2=5º ln
�
&2• � 2

QCD

� • (1.3)

The quantity =5 is the number of quark �avours that can contribute to the interaction,
namely those with a mass smaller than&. The � QCD scale parameter is approximately 0.2
GeV. A decreasing value ofUB with increasing energy is known as asymptotic freedom: at
the large energy scale (or small length scale), quarks act as if they were free, insensitive to
the strong force. It enables the applicability of perturbative calculations for hard processes
occurring at a large energy scale. Theoretical predictions and experimental measurements
of UB as a function of the energy scale& are presented in Fig. 1.2.
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Figure 1.2: Theoretical predictions and experimental measurements ofUB as a function of
the energy scale& [9].

1.1.3 Hadronisation

As the quarks cannot be free, all of them are parts of complex particles, i.e. hadrons:

ˆ mesons - made of the pair quark-antiquark, e.g. pions, kaons etc;

ˆ baryons - made of the three quarks, e.g. protonDD3or neutron D33.

Other combinations, e.g. pentaquarks, are very rare [12]. Aside from valence quarks that
are the core of mesons and baryons, particles contain a sea of gluons and quarks, which
materialise and annihilate continually.

Hadronisation corresponds to the process of transition between partons and hadrons.
When two or more coloured partons are created in the collision of the two protons, only
the colourless hadrons that are ultimately produced are observed experimentally. Due to
colour con�nement, the gluon or quark that leaves the interaction point starts to undergo
parton showering and a combination of the produced partons into hadrons. The process
cannot be examined perturbatively because the energy scale is relatively small. Instead,
the phenomenological string model created in Lund is mostly used to calculate or simulate
hadronisation.

The Lund string model assumes that the strong �eld between two partons forms a
narrow colour tube or a string [13]. According to Eq. (1.2), the potential energy of such a
string is proportional to the length (the Coulomb term is negligible for large distances).
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When the initial quarks start to move away, the energy is enough to create the new
pair of quark-antiquark and break the string into two - Fig. 1.3. The process is repeated
recursively until the energy of the string is not high enough to create new pairs. In the end,
all the quarks are bound inside the colourless mesons. The production of baryons can be
simulated by, e.g. replacing a pair of quark-antiquark with a pair of diquark-antidiquark.

Figure 1.3: Scheme of breaking a string between a pair of partons in Lund string model.
Red lines correspond to a gluon �eld. Grey dots represent a new pair of quark-antiquark.
The �gure is taken from [14].

1.1.4 Jets

The particles produced in the hadronisation share the momenta of the initial parton.
Because all of them tend to move in the same direction, they form a narrow cone of
particles. The ensemble of these objects is called a jet [15]. The pair of quark and
antiquark have a back-to-back topology, therefore, they produce dijets, i.e. two jets with
opposite directions. The example of a dijet signature can be seen in Fig. 1.4. The study
of jet properties can give insight into the original parton.

There is no optimal method for de�ning jets. Many jet de�nitions have been developed
and used over the last 40 years. A jet de�nition includes an input type, a recombina-
tion scheme and a jet algorithm [15]. Jets can be composed of di�erent constituents,
e.g. reconstructed tracks, clusters of calorimeter cells or truth plane particles. A typical
recombination scheme is the four-vector scheme, which expresses the four-momentum of
the jet as the sum of the constituents' four momenta. One of the most commonly used
algorithms for jet clustering is the anti-: Calgorithm [17]. It satis�es basic criteria such as
collinearity (collinear splitting should not change the jets) or infrared safety (soft emis-
sions should not change the jets). It is also minimally sensitive to the e�ects of underlying
events or pile-ups. In addition, the anti-: Calgorithm is quite simple and has good compu-
tational performance. It allows theoretical calculations to be compared with experimental
measurements because it has an identical procedure on parton and hadron levels.

The anti-: Calgorithm compiles a list of distances38 9and 38� , where38 9is the distance
between each pair of objects8and 9:

38 9= min
�
: � 2

C–8– :� 2
C– 9

�
�

�
� ' 8 9

'

� 2

– (1.4)

and 38� is the distance from the object8to the beam:

38� = : � 2
C–8• (1.5)
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Figure 1.4: The signature of the dijet event simulated in the CMS detector. Lines corre-
spond to the reconstructed tracks and bars show the amount of the measured energy in
terms of polar angle. The �gure is adapted from [16].

The variables : C–8– :C– 9denote the transverse momenta of objects8and 9 and � ' 8 9is the
distance in the ([ , q) plane according to Eq. (2.5). If the smallest entry in the compiled
list is 38 9, the objects8and 9 are combined, and the list is recalculated. Otherwise, the
object with the smallest 38� is considered a complete jet and is removed from the list.
The parameter R is set to constant and is known as the radius parameter. It determines
the size of the jets - anti-: Cproduces circular cone-shaped jets, as can be seen in Fig. 1.5b.
The most common value of' is 0.4, but 0.6 or 1.0 are also commonly used.

(a) Inclusive : C (b) Anti- : C

Figure 1.5: Comparison of two jet clustering algorithms: inclusive: Cand improved anti-: C
[17]. One of the advantages of the anti-: Cmethod is circular cone-shaped jets production.
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1.2 Di�ractive processes

1.2.1 Classi�cation of proton-proton interactions

Interactions between protons can be of an elastic and inelastic nature. Elastically scattered
protons have the same energy as the initials, with a small momentum transfer between
them. They are scattered at small angles and can be observed in the forward region, and
no new particles are produced in this kind of process. Inelastic events, on the contrary,
produce a bunch of new particles and protons are typically destroyed.

An interesting subgroup of inelastic processes is di�raction2. It is characterised by the
exchange of Pomeron that exhibit only vacuum quantum numbers [18]. The colourless
interaction produces no gluon radiation, which results in a region of the detector (in
terms of rapidity - Section 1.2.2) without hadronic activity. This area is known as a
Large Rapidity Gap (LRG), which can be used to distinguish the di�raction from other
events. The topology of the outgoing state helps to divide di�ractive processes: in single
di�raction (SD), one proton dissociates into the central di�ractive state - and the second
proton remains intact and can be observed in the forward detector. In double di�raction
(DD), both protons dissociate into states- and . , with visible separation between them.
Central di�raction (CD) describes a special kind of interaction, where both protons remain
intact, but there is also a central state- , which is produced from the exchange of two
Pomerons. Therefore, it is also known as the Double Pomeron Exchange (DPE). The
processes schemas are shown on Fig. 1.6.

Non-di�ractive events (ND) are based on the coloured exchange between partons,
which gives a continuous distribution of produced particles. Large rapidity gaps may also
occur in ND events because of �uctuations in particle production distributions. However,
the size of the gap� [ is distributed according to the Poisson statistics, related to the
density of particlesd:

%¹� [ º = 4� d� [ – (1.6)

and the larger gap sizes are exponentially suppressed.
Previous ATLAS measurements show that di�ractive events represent about 30% of

the inelastic interactions [19], with cross section ratios approximately:

f (� : f � � : f � � = 6 : 4 : 1• (1.7)

1.2.2 Kinematic variables

Transverse momentum ?T and pseudorapidity [

The symmetry of the particle detectors makes cylindrical coordinates useful. The con-
version is standard: the azimuthal angleq is speci�ed in the -. plane, and the polar
angle \ is de�ned as the angle with the/ axis. The momentum of the particles can be
decomposed into transverse and longitudinal momenta with respect to the/ axis. Taking

2Sometimes, the elastic scattering is also included in di�raction, because of similar properties and the
mechanism of Pomeron exchange, contrary to non-di�ractive events, see Section 1.2.3.
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(a) Elastic scattering (EL) (b) Non-di�ractive event (ND)

(c) Single di�raction (SD) (d) Double di�raction (DD) (e) Central di�raction (CD)

Figure 1.6: Feynman diagrams for types of proton-proton interactions. Red lines marked
with P symbol correspond to the exchanged Pomeron, and blue lines are di�ractive states.

? as the magnitude of the momentum, the values are as follows:

?T = ? sin\ ? Z = ? cos\• (1.8)

Rapidity is commonly used to express the relativistic velocity, and corresponds to
velocity E by following de�nition 3:

H= arctanhE• (1.9)

This de�nition has additive properties; hence, the pseudorapidity di�erence is invari-
ant under Lorentz boost along the/ -axis [20]. In particle physics, the rapidity can be
expressed with an equivalent equation in terms of particle energy and longitudinal mo-
mentum:

H=
1
2

ln
� ¸ ?Z

� � ?Z
• (1.10)

Instead of the polar angle or rapidity, the pseudorapidity[ , de�ned as

[ = � ln tan
\
2

– (1.11)

is more useful in analyses, because it approximates rapidity in the ultra-relativistic limit
(?2 � < 2) and is quite simple to calculate. The distributions of rapidity (or pseudo-
rapidity) can be compared in experiments with di�erent energies. Furthermore, particle
production is almost constant as a function of[ , unlike \ . The large gap in the distribution
of particles [ in a single event is a manifestation of a di�ractive process.

3This de�nition follows the convention of 2 = 1.
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Squared four-momentum transfer: C

In two-body scattering: ?1 ¸ ?2 ! ?3 ¸ ?4, kinematics can be expressed with three
Mandelstam variables, de�ned by

B = ¹?1 ¸ ?2º2 = ¹?3 ¸ ?4º2

C = ¹?1 � ?3º2 = ¹?2 � ?4º2

D = ¹?1 � ?4º2 = ¹?2 � ?3º2
– (1.12)

where?1 and ?2 correspond to the four-momenta of the incoming particles,?3 and ?4 are
the four-momenta of the outgoing particles. Mandelstam variables are Lorentz invariant.
They are not independent, and it is easy to show that:

B¸ Ç D= < 2
1 ¸ < 2

2 ¸ < 2
3 ¸ < 2

4– (1.13)

where< 1, < 2, < 3, < 4 denote the masses of interacting particles [1].

Figure 1.7: Scheme of interaction between two particles?1 ¸ ?2 ! ?3 ¸ ?4.

By de�nition, the mass of the system of both colliding particles is equal to
p

B, and it
is also the energy in the centre-of-mass frame. If the energy of the particles is the same,
then: p

B= 2� 140<– (1.14)

where � 140< denotes the energy of the particles in the collision beams. TheCchannel
represents the exchange of an intermediate particle between two initial-state particles
Fig. 1.7. In that case,Cis called the square of the four-momentum transfer carried out by
an intermediate particle.

Relative energy loss: b

For single di�raction processes:?1 ¸ ?2 ! ?3 ¸ - , the invariant mass of the dissociated
system" - is equal to:

" 2
- = ?2

- = ¹?1 ¸ ?2 � ?3º2 = ¹� 1 ¸ � 2 � � 3º2 � ¹ p1 ¸ p2 � p3º2• (1.15)

With two protons colliding in the CM frame, the � 1 = � 2 and p1 = � p2. Assuming
that the outgoing proton energy is much greater than the proton mass, the momentum is
approximately equal to the energy:jp3j � � 3. Then

" 2
- � 4� 2

1 � 4� 1� 3 = 4� 2
1

�
1 �

� 3

� 1

�
• (1.16)
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The expression in brackets is called a relative energy loss of a scattered proton:

b = 1 �
� 3

� 1
– (1.17)

where � 1 is the beam energy and� 3 is the scattered proton energy. The analysis of SD
processes is usually performed in terms ofb. Recalling that 4� 2

1 = B, the relative energy
lossb is related to the invariant mass of the dissociated system" - :

b �
" 2

-

B
• (1.18)

Therefore, the value of variableb can also be estimated from the dissociated system
mass" - . However, due to recoil, some of the particles from the- system may fall out
of the detector acceptance. This leads to information loss. The e�ect can be minimised
by using an alternative expression. Assuming that the energy of the outgoing proton is
signi�cantly greater than the proton traverse momentum and mass," 2

- can be expressed
with energies� 8 and longitudinal momenta ?8

I of particles composing- :

" 2
- �

p
B

�
� - � ?I–-

�
=

p
B

Õ

8

�
� 8 � ?8

I–-

�
– (1.19)

where the sign is determined by the direction of the proton: positive for the proton in
line with the / -axis or negative otherwise. It can also be expressed in terms of particles'
transverse momenta?8

T and rapidities H8:

" 2
- �

p
B

Õ

8

?8
T 4� H8

• (1.20)

The bene�t of Eq. (1.20) comes from the exponentially suppressed contribution to the
mass of particles in the dissociated system travelling in very forward regions opposite to
the proton (large rapidity). Therefore, the approximation is more sensitive to the particles
in detector acceptance. However, for highb, some particles can escape the detector on
the same side as the proton, and the mass will be reduced. Using the index� for positive
side and� for negative side (the ATLAS experiment convention, see Section 2.3.1),b can
be approximated by the following formulas:

~bXA =
1

p
B

Õ

8

?8
T 4H8

– ~bXC =
1

p
B

Õ

8

?8
T 4� H8

• (1.21)

The sums run over the true particles or calorimeter clusters, tracks, jets, etc. depending
on the context. The notation ~bX is used if a side distinction is unnecessary. Theb
reconstructed from proton energy with Eq. (1.17) will be denoted asbP. When the side
distinction is required, then the corresponding index is added:bPA or bPC.

The relation for central di�raction looks di�erent. The mass of the dissociated system
" - in the reaction ?1 ¸ ?2 ! ?3 ¸ ?4 ¸ - is given by the following:

" 2
- = ?2

- = ¹?1 ¸ ?2 � ?3 � ?4º2 = ¹� 1 ¸ � 2 � � 3 � � 4º2 � ¹ p1 ¸ p2 � p3 � p4º2• (1.22)
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Recalling that p1 = � p2, the momentum part can be rewritten as:

¹p1 ¸ p2 � p3 � p4º2 = ¹p3 ¸ p4º2 = jp3j2 ¸ j p4j2 ¸ 2jp3j jp4j coso– (1.23)

whereo is the angle betweenp3 and p4. Approximating the momenta with energies and
extracting 4� 2

1, the mass" - can be expressed as follows:

" 2
- = 4� 2

1

�
1 �

� 3

� 1
�

� 4

� 1
¸

1 � coso
2

�
� 3

� 1
�

� 4

� 1

�
(1.24)

The outgoing protons are scattered in approximately the opposite directions andcoso �
� 1; therefore, the invariant mass can be expressed as a product of the relative energy
losses de�ned with Eq. (1.17):

" 2
- � B b3 b4– (1.25)

where b3 and b4 are the relative energy losses of the protons reconstructed on opposite
sides of the interaction point (particles 3 and 4).

In central di�raction, bPP denotes the product of the relative energy losses of the
protons reconstructed on sides A and C. Then, the Eq. (1.25) transforms to:

" 2
- � B bPA bPC = B bPP (1.26)

It can be compared to thebX calculated directly from the mass of the central system:

bX =
" 2

-

B
� bPP (1.27)

The measurement ful�ls the above relation only for a well-reconstructed small" - , with
all components detected by the central detector. Otherwise,bX is signi�cantly lower than
bPP . Similar conclusions are correct for the second formula that bindsbPA and bPC and
the rapidity H- of the central state - :

H- =
1
2

ln
bPA

bPC
(1.28)

However, it should be noted that the relationship between~bXA and bPA , as well as~bXC

and bPC, de�ned for SD processes, is still valid for CD analysis. This conclusion can be
derived for the four-vector?- 0, which is the sum of?- and ?4. With this de�nition, the
square of?- 0 is identical to Eq. (1.15), and the contribution of?4 to the ~bX in Eq. (1.21)
is exponentially suppressed. It turns out that the combination:

~bXA Ÿ bPA ^ ~bXC Ÿ bPC (1.29)

allows one to separate the signal and the accidental background a little better than
Eq. (1.27) and Eq. (1.28) for relatively highb events observed in this analysis.
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Fraction of the Pomeron momentum carried by jets: VJJ

The fraction of the proton momentum carried by the interacting parton in di�ractive dijet
production can be calculated as the ratio between the squared mass of the dijet system
" 2

JJ and squared mass of the di�ractive system" 2
- :

VJJ =
" 2

JJ

" 2
-

• (1.30)

The mass of the central state can be calculated from protons (bP for SD and bPP for
CD). The mass of dijets in SD events can be approximated with Eq. (1.20), where the
summation is over the leading and secondary jets, and an additional third jet, if present.
Using an expression:

~bX
JJ =

1
p

B

Õ

94CB

?9
T 4� H9

– (1.31)

with the sign determined by the direction of the proton, the value ofVJJ from Eq. (1.30)
can be expressed as:

VJJ �
~bX
JJ

b
• (1.32)

Rapidity gap: � [

The large rapidity gap characterises most of the di�ractive events due to the colourless
nature of the Pomeron exchange. It can be shown that for SD processes, the di�erence
between the rapidity of the proton and the closest particle of the dissociated state is
related to the fractional energy of the intact proton:

� [ � � ln b• (1.33)

A detailed derivation of the above formula can be found in [18]. Fluctuations that can
break this relationship are exponentially suppressed.

Rapidity Gap Survival Probability ( 2

The amount of measured di�ractive event is usually less than predicted by models. The
di�erence can be explained by introducing the concept of gap survival [21]. In some
events, the di�ractive production is followed by additional interaction between the central
state and the outgoing protons. The large rapidity gap is then destroyed, populated by
additionally produced particles, and the spectating proton can dissociate. The survival
probability of a rapidity gap, denoted as( 2 is de�ned as the fraction of events for which
the di�ractive topology of the event is preserved.

With increasing
p

B, ( 2 decreases, since the interactions between the remnants of the
particles become stronger and tend to �ll the gap. This has been con�rmed by calculating
the gap survival factor based on a perturbative QCD multiple interaction model [22]. The
order of ( 2 is estimated to be 5-10% on the TeV scale [21, 23].
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Figure 1.8: The Chew-Frautschi plot with the resonances in the function ofCthat lie on
the line U¹Cº = 0•5 ¸ 0•9C. Plot taken from [24].

1.2.3 Regge theory

Pomeron, mentioned in the previous section, is a particle exchanged between protons and
postulated with Regge theory. It is the most commonly adopted theory of di�ractive
interactions that cannot be described simply with QCD equations. In this theory, the
particles exchanged between protons represent families of similar particles, i.e. resonances
with all the same quantum numbers but the spin, and all of them provide input to the
total cross section [24]. These particles are in the linear trajectories dependent onC, which
can be expressed with interceptU¹0º and slopeU0:

U¹Cº = U¹0º ¸ U0C• (1.34)

The intercept of the trajectory is very important in the Regge theory. According to the
optical theorem, the total cross section depends on the energy [25]:

f C>C/ BU¹0º� 1• (1.35)

The trajectory with U¹0º � 0•5 describes quite well the data for low energies, i.e.
p

B. 10
GeV. The corresponding particles are presented on the Fig. 1.8. According to Eq. (1.35), a
Reggeon intercept smaller than one means thatf C>Cshould be a monotonically decreasing
function of B. It remains in contradiction with the experiments at higher energies, which
shows an increasef C>Cwith increasing energies, Fig. 1.9.

In 1992, Donnachie and Landsho� introduced the description of the total cross section
[27]. They obtained an agreement with all the data available at that time, �tting di�erent
processes with only two main trajectories:

f C>C= -B0•0808 ¸ .B� 0•4525– (1.36)

where - and . are parameters that depend on the process. The �rst term corresponds
to the Pomeron trajectory P with intercept UP¹0º = 1.0808, while the second represents
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Figure 1.9: Compilation of the total f C>C(red), elastic f 4; (green) and inelasticf 8=4;(red)
cross section measurement in the?? and ?? collisions in function of

p
B[26].

the Reggeon trajectoryR with UR¹0º = 0.5475. The Pomeron is responsible for the e�ect
of rising f C>Cas a function of

p
B and has been used to describe elastic and di�ractive

scattering. It does not have any charge - it has the quantum numbers of the vacuum. The
nature of Pomeron is still not known; however, it is assumed to be a colourless multi-gluon
exchange [28].

The Regge theory predicts di�erential cross sections in terms ofb and C[29]:

3f
3b

/
�
1
b

� 2U0
P� UP¹0º

and
3f
3C

/ 4� � jCj– (1.37)

where � is a constant that is proportional to the obstacle size in the scattering process.

1.2.4 Di�ractive dijets production

Di�ractive processes are predominantly soft, but they do not allow one to determine the
underlying parton dynamics and composition of the Pomeron. This can be achieved with
hard di�raction processes, which are revealed by observation of jet production. It was
�rst proposed by Ingelman and Schlein in 1985 [30]. Within this framework, the Pomeron
manifests a partonic structure and can be represented by two gluons or similar. The state
can be calculated perturbatively, providing information about proton Di�ractive Parton
Distribution Functions (DPDFs).

The cross section for the hard process can be calculated as a convolution of the DPDF
and the cross section of the parton-parton interaction:

3f = 5� ¹VJJ– &2– b– Cº 
 f hard ¹VJJ– &2º– (1.38)

where VJJ is a fraction of the Pomeron momentum carried by jets and&2 is the scale of
the hard process. The DPDFs can be further decomposed into Pomeron �ux component
qP¹b– Cº, and the term 5P¹VJJ– &2º, which describes the Pomeron partonic structure [31].
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In the end, the cross section can be described by the following equation:

3f = ( 2 qP¹b– Cº 5P¹VJJ– &2º 
 f hard ¹VJJ– &2º– (1.39)

where( 2 is the rapidity gap survival probability.
Fig. 1.10 shows the Feynman diagrams for di�ractive dijets production. The �rst two

correspond to the SD and inclusive CD processes, where the central state contains two
jets and additional remnants of protons or Pomerons. The special case of CD dijets is
presented in Fig. 1.10c, which shows the exclusive production of two jets. In this case,
no additional remnants are observed; therefore, the correlations between protons and jets
are fully preserved. The parameterVJJ is equal to 1 by de�nition. These kinds of events
provide the best source of information about the Pomeron structure. Unfortunately, the
cross section is drastically low and it is di�cult to distinguish the signal and background.
Interactions between jets and spectating protons further decrease the probability of ex-
clusivity observation.

(a) Single di�raction (b) Central di�raction (c) Exclusive production

Figure 1.10: Faynman diagrams for di�ractive dijet production.

1.3 Monte Carlo models

This analysis exploits simulated data generated with three types of Monte Carlo phe-
nomenological models: PYTHIA 8, EPOS and HERWIG. They are compared with the
results obtained with the experimental data. In addition, simulation can be useful for
preparing corrections that involve detector e�ects, including unfolding (Section 7.6).

PYTHIA 8 is a standalone multipurpose event generator that serves as the main
MC generator in most modern experiments. It handles collisions between hadrons or
leptons and evolution from a few-body-hard process to complex multihadronic �nal state
[32, 33]. For that, it comprises a coherent set of physics models in order to describe
soft and hard processes, including but not limited to multiple parton-parton interactions,
hadronisation, particle decays, beam remnants, and initial and �nal parton showers. By
default, hadronisation is based on the Lund string model [34]. Besides non-di�ractive
processes, it provides support for di�ractive ones (SD, CD and DD), for which it follows
the Regge formalism. The generator implementation contains many parameters. In order
to simplify the con�guration, there are some prepared tunes, in which groups of parameters
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are adjusted to deliver a sensible description of experimental data. In addition, the tune
is often characterised by speci�c PDFs. For example, this analysis uses ATLAS tune A3
of PYTHIA 8 [35] and NNPDF23LO PDFs [36].

EPOS is an MC event generator originally used for the simulation of cosmic-ray air
showers [37, 38]. It does not have parameter tunes that can be set by users; instead, a
global set is used for all energies and systems. In this model, hadron-hadron interactions
are described as a parton ladder from the projectile to the target, shown on Fig. 1.11.
The parton ladder has two components: hard (partons) and soft (Pomerons), the latter is
parameterised in the Regge pole fashion [39]. Additional particles come from two remnants
of the shell, shown in Fig. 1.11. The mathematical formulation for EPOS is based on the
simultaneous description of the hard and soft interactions, provided by the Gribov-Regge
theory [40].

Figure 1.11: The parton ladder between hadrons, used in EPOS simulation [39].

EPOS does not have an implemented high-mass di�raction model, which is described
by perturbative QCD in PYTHIA 8 [41]. Therefore, it almost does not provide the
production of SD dijets explicitly. However, EPOS predicts many nondi�ractive events
with forward-scattered protons, which are well separated in rapidity from other �nal-state
particles. In that event, the protons remnants turn out to be just low mass excitation (1
< GeV), which leads to hadronisation of them back to proton [42]. This model is very
unique in EPOS compared to other string models, e.g. in PYTHIA 8. Events with this
signature are separated from other ND events and are denoted as SD0.

The last, the HERWIG event generator [43, 44], is similar to PYTHIA 8. However,
there are two major di�erences between these two generators. First, the multi-peripheral
particle production model is used to evaluate the kinematics of the soft particles from
the dissociation state [45]. Second, HERWIG places special emphasis on an accurate
description of the multiple parton-parton interactions and �nal particle hadronisation,
based on the cluster model [46].

1.4 Objectives of the research

Studies of di�ractive dijet production, for example of the hard di�raction process, can
connect the predictions of pQCD and Regge theory. It improves phenomenological theories
and probes the nature of Pomeron. The distributions received in this thesis will be helpful
to tune the MC models that simulate di�ractive interactions. This analysis is the �rst
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that utilises proton tagging in ATLAS di�ractive dijet measurement, which signi�cantly
improves selections compared to the LRG analysis [47].

The main objective of this research is to present the di�erential cross sections for
di�ractive dijet production in ?? collisions, based on the analysis of events with the
ALFA proton tagging. The data are compared with the MC predictions. In addition,
the total cross sectionsf SD

JJ and f CD
JJ for the SD and CD processes in the �ducial range

are estimated. They are compared to the total cross section of inclusive dijet production
f incl

JJ , i.e. all dijets produced in SD, CD, DD and ND events.
The SD analysis focuses on the di�erential cross-sections in the following terms:

ˆ relative energy loss:3f (�

3b ;

ˆ squared four-momentum transfer:3f (�

3C ;

ˆ transverse momentum of leading jet3f (�

3?LJ
T

;

ˆ pseudorapidity of leading jet3f (�

3[ LJ ;

ˆ fraction of the Pomeron momentum carried by jets 3f (�

3 log10 VJJ .

The last three distributions are also analysed in three regions ofb: small, middle, and
large. The middle region overlaps with the acceptance of the AFP detector Section 2.3.6.
This can be helpful for a possible comparison of the AFP and ALFA analyses.

The CD analysis focuses on the measurement of the following cross-sections:

ˆ relative energy loss: 3f � �

3 log10 bPP ;

ˆ transverse momentum of leading jet3f � �

3?LJ
T

.

1.5 Overview of associated analysis

The di�ractive dijet production has been an interest of particle physics since 1985 with
Ingelman and Schlein analysis [30]. After that, experiments were carried out by di�erent
collaborations, e.g. H1 Collaboration at HERA [48], which analysed the di�raction in
electron-proton collisions. Fermilab Tevatron provided data from proton-antiproton colli-
sions, which was exploited by CDS collaboration [49, 50] or D0 collaboration [51], with a
collision energy of 600 GeV, 1800 GeV and 1960 GeV. This section focuses on other three
papers which describe the di�ractive dijet production at the LHC energies.

The di�ractive dijet production analysis was performed in the ATLAS Experiment
in

p
B= 7 TeV proton-proton collisions with an integrated luminosity of 6.75 nb� 1 [47].

The trigger involved a combination of a minimum bias trigger and a single jet trigger.
Forward protons were not exploited in this analysis. Therefore, the di�ractive selection
involves the large rapidity gap observed in the central detector. The �ducial cuts included
two jets with ?T > 20 GeV, reconstructed with the anti-: Calgorithm with sizes ' = 0•4
and ' = 0•6. The cross section was presented with respect to the rapidity gap� [ �
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and fractional momentum loss of the proton~b� , shown in Fig. 1.12 for' = 0•6. The
measurement shows a signi�cant amount of ND events in the data. The reason is a small
e�ciency of large rapidity gap selection. This justi�es the new analysis with a proton
tagged by a forward detector.

Figure 1.12: The di�erential cross sections in function of� [ � and ~b� at
p

B = 7 GeV,
compared with the particle level PYTHIA8 predictions [47]. The error bars on the data
and MC models indicate their respective statistical uncertainties, while the yellow bands
show the total uncertainties in the data.

The proton tagging analysis of SD dijet production was carried out using data collected
simultaneously from CMS and TOTEM experiments with energies at 8 TeV [52]. In prin-
ciple, current analysis is quite similar to TOTEM analysis, but it uses di�erent detectors
and energies. TOTEM provides cross sections as functions ofb and C, in the �ducial region
de�ned by b Ÿ 0•1, 0•03 Ÿ jCj Ÿ 1•00 GeV2 and dijets with ?T ¡ 40 GeV and j[ j Ÿ 4•4 -
Fig. 1.13. The measured cross section wasf ?-

jj = 22•6� 1•0 ¹statº ¸ 3•1
� 3•4 ¹systº� 0•9 ¹lumiº nb.

The last analysis was performed by Patrycja Malinowska as her Bachelor of Engineer-
ing thesis [53]. It contains the newest PYTHIA 8 predictions with the same �ducial region
as the current analysis, obtained with the RIVET framework [54]. The di�erential cross
sections forb and ?T are presented on Fig. 1.14. Four types of processes were analysed,
denoted assampleType:

ˆ sampleType 1: an inclusive sample of both di�ractive and non-di�ractive hard pro-
cesses with additional multiparton interactions included;

ˆ sampleType 2: an inclusive sample of both di�ractive and non-di�ractive hard pro-
cesses without additional multiparton interactions included;

ˆ sampleType 3: an exclusive di�ractive sample with additional multiparton interac-
tions included;

ˆ sampleType 4: an exclusive di�ractive sample without additional multiparton in-
teractions included.

The results are similar to the previous version in terms of distribution shape, but it
predicts a signi�cantly larger total cross section.
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Figure 1.13: Di�erential cross sections as functions ofCand b at
p

B= 8 GeV, compared
with the MC predictions [52]. The POMWIG predictions are shown without (( 2 = 1)
and with (( 2 = 7•4%) the correction for the rapidity gap survival probability. The error
bars on the data indicate statistical uncertainties, while the yellow bands show the total
uncertainties.

Figure 1.14: The di�erential cross section for SD dijet production predicted by the newest
Pythia 8 generator [53], obtained with the RIVET framework [54]. The meaning of
sampleTypeis described in the text.



Chapter 2

Experimental Setup

The ATLAS experiment is a general-purpose detector and is one of the four major ex-
periments at the LHC. The central part consists of many complex subsystems, such as
the Inner Detector and calorimeter system. They can record jets produced in di�ractive
dijets production. Furthermore, one of its forward detectors, the ALFA spectrometer,
allows protons scattered at small angles to be measured in which process.

2.1 Basics of accelerator physics

In circular colliding beam accelerators, two beams of particles move in opposite directions
and collide with each other at the Interaction Point (IP). The beams are not homogeneous,
but the particles are grouped in bunches. The distance between two bunches is called the
bunch separation and is often expressed as the time between consecutive collisions. If the
two beams occupy the same axis, the bunches with small separations will meet outside
the nominal IP. To avoid parasitic collisions, their trajectories must be separated by a
crossing angle\ 2 - Fig. 2.1.

Figure 2.1: Collision of two LHC beams with crossing angle\ 2 [55].

Luminosity is a measure of the number of particle interactions at the IP. The ratio
of the rate of those interactions to the cross section is called instantaneous luminosity.
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It does not depend on particle interaction processes, but can be expressed by the beam
properties [55]:

L = 5 =
# 1# 2

4cf Gf H
�– (2.1)

and is proportional to the frequency of beam revolution5 and the number of bunches
per beam=, proportional to the number of protons in both the crossing bunches# 1 and
# 2, and inversely proportional to the transverse area of the bunch4cf Gf H, wheref G and
f H describe the horizontal and vertical size of the bunch. The luminosity is reduced by a
factor � due to the crossing angle\ 2:

� =

 

1 ¸
�
\ 2f I

2f G

� 2
! � 1•2

– (2.2)

where f I describes the longitudinal bunch size. The luminosity integrated over time
bounds the cross sectionf and the number of events# for a given process [1]:

# = f
¹

L 3C (2.3)

The bunches are squeezed close to the collision to increase the luminosity. The betatron
function in the IP denotes the distance from the IP where the beam size is doubled. It is
known asV� .

The number of particle interactions can be di�erent for each bunch crossing due to
statistical �uctuations. The average number of inelastic collisions per bunch crossing is
denoted as` :

` =
f 8=4;0BC82

¯
L 3C

=1
(2.4)

wheref 8=4;0BC82is the total inelastic cross section and=1 is the number of colliding bunches.
Pileup is a situation where more than one pair of protons interact during a single bunch
crossing. During the motion of proton bunches, some particles might also interact with
the LHC instruments or with residual gas in the vacuum chambers. These processes
create the beam halo - particles that stray from the bunch structure of the beam but still
circulate inside the LHC beam pipe.

2.2 Large Hadron Colider

The biggest accelerator in the world, the Large Hadron Collider (LHC), is located on
the border of Switzerland and France near Geneva [56]. It accelerates two beams of
protons or heavy ions and collides them to study interactions at previously inaccessible
energies. The highest designed centre of mass energy for proton collisions is 14 TeV, but
the data analysed in this thesis were collected at

p
B= 13 TeV. The LHC is located in

the tunnel previously occupied by the Large Electron-Positron collider, about 100 metres
underground and 27 kilometres in circumference. There are 1232 dipole superconducting
magnets that keep protons in a circular orbit. The beam focusing is performed by 392
quadrupole superconducting magnets.

23



Figure 2.2: The CERN accelerators complex [57].

Particle acceleration consists of several stages. The LHC protons injection chain starts
by stripping the hydrogen gas of its electrons in a machine called a duoplasmatron [56].
After that, protons are accelerated with several devices: Liniac 2, Proton Synchrotron
Booster (PSB), Proton Synchrotron (PS), and Super Proton Synchrotron (SPS) - each
of them accelerates protons to higher energy, they are presented on Fig. 2.2. In the �nal
stage, protons reach their nominal energy with the LHC radio-frequency cavities. Each
LHC �ll has its own number. It can be divided into separate runs for each experiment,
where a run is a discrete interval of data taking. Usually, a run number changes after some
changes in the detector itself, such as trigger con�guration or the subdetector turning on.

The LHC ring is divided into octants: in the middle of each octant is a straight sector
and the ring arcs with dipole magnets between them. Four of the points are houses
for beam management systems: two for cleaning, one with radio-frequency cavities, and
one for beam dump. At the remaining points, the beams intersect, and collisions are
studied by four main experiments. The ATLAS and CMS are general-purpose detectors,
dedicated to precise measurements of Standard Model properties and search for physics
beyond SM. The LHCb focuses on the�% -violation and rare � decays. The last one, the
ALICE experiment, studies the properties of quark-gluon plasma in heavy-ion collisions.
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2.3 ALTAS experiment

The largest particle detector ever constructed -A T oroidal LHC A pparatuS (ATLAS) -
is a general-purpose detector located at the LHC. It has approximate cylindrical symme-
try and is 44 m long and 25 m in diameter. The Interaction Point is located at the centre
and is surrounded by multiple layers that form subdetectors designed to measure di�er-
ent characteristics of the outgoing particles. Fig. 2.3 shows an overview of the ATLAS
detector.

The Inner Detector is in charge of tracking the charged particles, reconstructing their
momenta and �nding the vertices' positions. The Calorimeter System measures the en-
ergy of the neutral and charged particles, except for muons and neutrinos. The former
are detected by the dedicated Muon Spectrometer covering the outermost layers. The
subdetectors are enclosed in a magnetic �eld: the solenoidal magnet around the Inner
Detector provides a uniform �eld of 2 T, whereas the barrel and two smaller air-toroidal
magnets located in the end caps outside the calorimeters produce a magnetic �eld varying
between 1 and 8 Tm [58]. Additional forward detectors outside the ATLAS cavern can
measure particles at very small angles.

Figure 2.3: Cut-away view of the ATLAS detector [58].

The ATLAS detector participated in the discovery of the Higgs boson together with
CMS [7, 8]. It also provides possibilities for precise measurement of other Standard Model
particles, such as W and Z bosons or top and bottom quarks. The design of the detector
aims to observe phenomena not observable earlier and to provide hints of physics beyond
the Standard Model.
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2.3.1 ATLAS coordinate system

The ATLAS system is designed with the nominal interaction point at the centre of the
detector, which de�nes the origin of the ATLAS coordinate system. Three Cartesian axes
are de�ned as a right-handed system: the- -axis points to the centre of the LHC ring, the
. -axis is directed upward, and the/ -axis is along the beamline, counterclockwise. The
axes are shown in Fig. 2.4. Due to the general tilt of the LHC tunnel, the. -axis is tilted
with respect to vertical by 0.704° [59]. Two sides of the ALTAS detector are known as
the A and C sides, with positive and negativeI coordinates, respectively.

Figure 2.4: Coordinate system for the ATLAS detector [59]. The. -axis is a bit di�erent
from the vertical due to the general tilt of the LHC tunnel.

The symmetry of the detector makes spherical coordinates useful. The conversion is
standard: the azimuthal angleq is speci�ed in the -. plane, and the polar angle\ is
de�ned as the angle with the / -axis. Instead of the polar angle, the pseudorapidity[
de�ned in Section 1.2.2 is exploited. Particle production is almost constant as a function
of [ , unlike \ . Therefore, matching between objects in the ATLAS central detector is
usually performed in the pseudorapidity - azimuthal angle space¹[– qº. The distance
between objects with coordinates¹[ � – q� º and ¹[ � � – q� � º is de�ned as� ' :

� ' =
q �

[ � � [ � �
� 2 ¸

�
q� � q� �

� 2• (2.5)
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