Mateusz Dyndal 
  
Laurent Schoeffel 
  
G Aad 
  
B Abbott 
  
J Abdallah 
  
O Abdinov 
  
R Aben 
  
M Abolins 
  
O S Abouzeid 
  
H Abramowicz 
  
H Abreu 
  
R Abreu 
  
Y Abulaiti 
  
B S Acharya 
  
L Adamczyk 
  
D L Adams 
  
J Adelman 
  
S Adomeit 
  
T Adye 
  
A A Affolder 
  
T Agatonovic-Jovin 
  
J Agricola 
  
J A Aguilar-Saavedra 
  
S P Ahlen 
  
F Ahmadov 
  
G Aielli 
  
H Akerstedt 
  
T P A Åkesson 
  
A V Akimov 
  
G L Alberghi 
  
J Albert 
  
S Albrand 
  
M J Alconada Verzini 
  
M Aleksa 
  
I N Aleksandrov 
  
C Alexa 
  
G Alexander 
  
T Alexopoulos 
  
M Alhroob 
  
G Alimonti 
  
L Alio 
  
J Alison 
  
S P Alkire 
  
B M M Allbrooke 
  
P P Allport 
  
A Aloisio 
  
A Alonso 
  
F Alonso 
  
C Alpigiani 
  
A Altheimer 
  
B Alvarez Gonzalez 
  
D Álvarez Piqueras 
  
M G Alviggi 
  
B T Amadio 
  
K Amako 
  
Y Amaral Coutinho 
  
C Amelung 
  
D Amidei 
  
S P Amor 
  
Dos Santos 
  
A Amorim 
  
S Amoroso 
  
N Amram 
  
G Amundsen 
  
C Anastopoulos 
  
L S Ancu 
  
N Andari 
  
T Andeen 
  
C F Anders 
  
G Anders 
  
J K Anders 
  
K J Anderson 
  
A Andreazza 
  
V Andrei 
  
S Angelidakis 
  
I Angelozzi 
  
P Anger 
  
A Angerami 
  
F Anghinolfi 
  
A V Anisenkov 
  
N Anjos 
  
A Annovi 
  
M Antonelli 
  
A Antonov 
  
J Antos 
  
F Anulli 
  
M Aoki 
  
L Aperio Bella 
  
G Arabidze 
  
Y Arai 
  
J P Araque 
  
A T H Arce 
  
F A Arduh 
  
J-F Arguin 
  
S Argyropoulos 
  
M Arik 
  
A J Armbruster 
  
O Arnaez 
  
V Arnal 
  
H Arnold 
  
M Arratia 
  
O Arslan 
  
A Artamonov 
  
G Artoni 
  
S Asai 
  
N Asbah 
  
A Ashkenazi 
  
B Åsman 
  
L Asquith 
  
K Assamagan 
  
The role of finite-size effects on the spectrum of equivalent photons in proton-proton collisions at the LHC

Keywords: photon wavelength, refractive index and absorption length for synthetic quartz

List of Figures 10.3 Additional control distributions of dimuon event variables for events passing the exclusivity veto together with the other selection criteria, and satisfying a cut on the dilepton acoplanarity (1 -|∆φ + -| /π < 0.008) . . 10.4 Control distributions of kinematic variables in the electron channel for events passing the exclusivity veto together with the other selection criteria, and satisfying a cut on the dilepton acoplanarity (1 -|∆φ + -| /π < 0.008) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10.5 Control distributions of the dielectron transverse momentum and the electron transverse momentum difference for events passing the exclusivity veto together with the other selection criteria, and passing a cut on the dilepton acoplanarity (1-|∆φ + -| /π < 0.008), instead of the total transverse momentum . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10.6 Additional control distributions of dielectron event variables for events passing the exclusivity veto together with the other selection criteria, and satisfying a cut on the dilepton acoplanarity (1 -|∆φ + -| /π < 0.008) . . 10.7 Event display for exclusive γγ → µ + µ -candidate . . . . . . . . . . . . . . 10.8 Event display for exclusive γγ → e + e -candidate . . . . . . . . . . . . . . 10.9 68% and 95% CL contour plots for the signal vs. single-dissociative yield scale factors in the fitted parameter plane, where the exclusive scale factors are corrected for proton absorptive effects . . . . . . . . . . . .

2.3

Schematic diagrams for exclusive, single proton-dissociative and double proton-dissociative two-photon production of central state in pp collisions 2.4 Leading-order diagrams for two-photon production of lepton pairs . . . .

2.5

Leading-order diagrams for two-photon production of W boson pairs . . .

2.6

Leading-order diagrams for two-photon production of Higgs boson . . . . 

Sketch of the original

2.12

The survival factor as a function of the energy fractions of the protons carried by the interacting photons . . . . . . . . . . . . . . . . . . . . . .

2.13

The survival factor at zero-rapidity as a function of the photon-photon center-of-mass energy . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

2.14

The survival factor for different photon-photon center-of-mass energies as a function of the rapidity of the two-photon system . . . . . . . . . . .

2.15

Higher-order diagrams for the O(α s ) corrections to the γq → q process . . 8.16 68% and 95% CL contour plots for the signal vs. single-dissociative yield scale factors in the fitted parameter plane for the electron channel . . . . 9.1 Comparison of reconstructed charged-particle track density originating from pile-up, d 2 N PU trk /dη dp T , between the data and MC simulations . . . 9.2 Reconstructed charged-particle track multiplicity associated with the vertex with closest distance to the dimuon vertex for events after preselection, and after full event selection . . . . . . . . . . . . . . . . . . . . . . . . . . 9.3 Transverse and longitudinal impact parameter distributions for additional reconstructed charged-particle track associated with the dimuon vertex . . 9.4 Best-fit acoplanatrity distribution for events with exactly one additional track associated with the dilepton vertex for muon and electron channels . 9.5 Average number of interactions per bunch crossing in data (muon channel) for events before and after 3 mm exclusivity veto is applied . . . . . . . . 9.6 Exclusivity veto efficiency extracted from the data as a function of average interactions per bunch crossing for µ + µ -and e + e -channels . . . . . . . . 

Introduction

A considerable fraction of proton-proton collisions at high energies involve reactions mediated by photons. This fraction is dominated by elastic scattering, with a single photon exchange. Quasi-real photons can also be emitted by both protons, with a variety of final states produced. In these processes the proton-proton collision can be then considered as a photon-photon collision. At the Large Hadron Collider, these reactions can be studied with good experimental precision. This work presents my contribution to the development of the current understanding of two-photon processes at high energies. This dissertation is divided between the three main parts and each part is followed by a separate bibliography.

Part I contains a theoretical introduction in the field of two-photon physics. It begins with a presentation of the Standard Model and introduces necessary definitions. Next, a theoretical framework related to the different photon-interaction types in proton-proton collisions is explained. A proton absorptive correction formalism for exclusive photonphoton processes (developed by the author of this thesis) is also discussed. Finally, a comparison of different Monte Carlo generators for two-photon reactions in protonproton collisions is presented.

Part II of the thesis briefly introduces the Large Hadron Collider, presenting the main points of its programme. A more detailed description of the ATLAS experiment is given, including sub-detectors, trigger and data processing. A large part is devoted to the ATLAS forward detectors, especially to the AFP project, which will extend the ATLAS forward physics programme by tagging scattered protons with non-zero energy losses.

For the qualification work required in the ATLAS collaboration, the author significantly developed the ATLAS+AFP simulation software.

production of lepton pairs have been measured and compared to the theory predictions corrected for proton absorptive effects.

The presented results are based on the work performed during the author's PhD studies.

The majority of the results were presented during conferences and workshops and are The Standard Model

The Standard Model (SM) of particle physics is the best and most sensible theory which summarizes our understanding of the basic components of matter and their interactions in an unified scheme. The fundamental forces described by the theory are the electromagnetic force, the weak force and the strong force. While the first two forces are collectively described by the unified electroweak theory (a part of the SM), they appear to be two separate forces at low energy. The SM is a relativistic quantum field theory:

it combines the fundamental principles of quantum mechanics with those of special relativity. At this moment, gravity is the only fundamental force not described by the SM;

there is currently no fully consistent quantum theory of gravity.

Standard Model particles 1.Elementary particles

Ordinary matter is built up of atoms, with negatively charged electrons attracted to the positively charged nucleus. The electrons are bounded with the nucleus by the electromagnetic force. The nucleus consists of the nucleons: the positively charged protons and the electrically neutral neutrons. These consist of quarks bound together by the strong force: the proton consists of two up (u) quarks and one down (d) quark, while the neutron consists of two d quarks and one u quark. Therefore, an ordinary matter consists only of three elementary matter particles: the electron, the u quark and the d quark. Together with the electron neutrino, the electron and the u and d quarks make up the first generation of the SM matter particles.

These four particles constitute a so-called first generation matter particles. There are also heavier versions of these particles, with exactly the same properties as the first generation particles, except for the mass, making up the second and third generations of matter particles. Each matter particle has its respective antiparticle, which has exactly the same mass, but opposite electric charge. All the elementary matter particles of the SM are spin-1 2 fermions, i.e. they obey to the Fermi-Dirac statistics. The fermionic elementary particle content of the SM is summarized in Table 1.1. The charged leptons are the electrons (e ± ), muons (µ ± ), and tau leptons (τ ± ), all of which have electric charge q e = ±e. For each charged lepton generation, there is one electrically neutral lepton neutrino partner (ν / ν ). The quarks with electric charge q e = ± 2 3 e are the up (u/ū), charm (c/c), and top (t/ t) quarks, and those with electric charge q e = ∓ 1 3 e are the down (d/ d), strange (s/s), and bottom (b/ b) quarks.

In addition to the matter particles the SM introduces force particles, spin-1 gauge bosons, mediating the interactions between them. The electromagnetic (EM) force is mediated by the photon (γ), which is the quantum of EM radiation. The weak force is mediated by the W ± and Z bosons, while the strong force is mediated by the gluons. While the photon and the gluons are massless, the W ± and Z bosons are massive, with masses of 80.4 and 91.2 GeV, respectively [1]. The force carrier content of the SM is presented in Table 1.2. Finally, the only SM particle which is neither a matter particle nor a force particle, is the spin-0 Higgs boson (H). The existence of the Higgs boson explains why the W ± and Z bosons, as well as the elementary fermions are massive (see Section 1.5 for details). Discovered in 2012 [2,3], it was the last particle of the SM to be observed in experiment, with the mass measured to be 125.1 GeV [4].

Composite particles

All the leptons in SM can be observed in nature as free particles, as they do not experience the strong force. On the other hand, quarks are confined by the strong force, and they form bound states called mesons (consisting of quark-antiquark pair) and baryons (three-quark states). The mesons and baryons are collectively referred to as hadrons. As an example, the lightest electrically charged meson, π + , consists of one up quark and one down antiquark. There are also other mesons with heavier quarks involved (charm, strange and bottom), in combination with lighter quarks as well as with each other.

The J/ψ meson is an example of charmonium, with one charm quark and one charm antiquark.

Examples of baryons are the nucleons (protons and neutrons) and the ∆ baryons. These look identical in composition to the nucleons. The difference lies in the way the spins of the quarks are aligned. In the ∆(1232) baryons, all three quark spins are aligned, while in protons and neutrons one of the three is always opposite the other two. The ∆(1232) baryons are unstable and quickly decay into a neutron or proton plus a pion of appropriate charge. A large number of baryons exist in the nature, with different relative numbers of c, s and b quarks involved.

The top quark, with a mass of 173 GeV [5], is the exception here. It is so heavy that it decays before it can form any bound state with the lighter quarks. The top quark decays almost entirely into W boson and b quark.

Quantum electrodynamics 1.2.1 The Dirac Lagrangian

The Lagrangian for a free, spin-1 2 particle describes a field of a single fermion ψ(x µ ) (so-called spinor field) with mass m. It follows the Dirac equation [6]:

L Dirac = ψ(iγ µ ∂ µ -m)ψ ⇐⇒ (iγ µ ∂ µ -m)ψ = 0 , (1.1) 
where ψ denotes Dirac adjoint: ψ = ψ † γ 0 . The γ µ are the 4 × 4 Dirac matrices:

γ 0 = β; γ µ = βα µ , (1.2) 
given that the arbitrary matrices α i and β satisfy the relations: β 2 = 1; α 2 i = 1; α i β + βα i = 0 (for all i); α i α j + α j α i = 0 (for all i = j) . (1.3) These relations are fulfilled by a certain set of 4 × 4 matrices, which can be constructed e.g. from the Pauli matrices [6]. The matrix γ 0 is included to ensure proper behavior in Lorentz transformations.

By studying the symmetries of Dirac Lagrangian, one can find that it is invariant under global transformation of the field phase U θ , i.e. under rotation of the field in a complex plane:

ψ(x µ ) U (1) 
---→ ψ (x µ ) = e iθ ψ(x µ ) ψ(x µ )

U

---→ ψ (x µ ) = e -iθ ψ(x µ ) , (1.4) where θ is an arbitrary real constant (the same over all space-time). This transformation is referred to as U (1). It is unitary (U † θ U θ = 1), Abelian (U θ 1 U θ 2 = U θ 2 U θ 1 ) and by definition global (since θ is not a function of space-time coordinates x µ ).

QED interaction Lagrangian

The Dirac Lagrangian (1.1) describes a free spin- 1 2 particle, such as a free electron. An electromagnetic field can be introduced in terms of the four-potential, A µ = (φ, A), with the usual relations between the electromagnetic potentials and the electric ( E) and magnetic ( B) fields:

E = -∇φ - ∂ A ∂t ; B = ∇ × A . (1.5) 
A non-relativistic particle of charge q e and mass m moving in an electromagnetic field is described by the Hamiltonian:

H = 1 2m i∇ + q e A 2
+ q e φ .

(1. 6) One can see that the electromagnetic interaction follows the free particle wave equation using the following substitutions:

i∇ → i∇ + q e A; i ∂ ∂t → i ∂ ∂t -q e φ , (1.7) 
which can be written using four-vector notation as

∂ µ → D µ ≡ ∂ µ + iq e A µ . (1.8) 
The newly introduced operator D µ is referred to as covariant derivative, which is defined as a derivative that transforms in such a way that Dirac equation remains unchanged.

Similar substitution can be used to introduce electromagnetic interactions also in the relativistic case. The electromagnetic Lagrangian can be constructed by including the free particle term from the Dirac equation (1.1):

L QED = ψ(iγ µ ∂ µ -m)ψ -q e ψγ µ ψA µ = ψ(iγ µ D µ -m)ψ = L Dirac + L int .
(1.9)

The interaction Lagrangian, L int = -q e ψγ µ ψA µ , describes the interaction between the charged particle and the electromagnetic field.

Finally, one can add in the Lagrangian a term describing the free electromagnetic field:

L QED = ψ(iγ µ ∂ µ -m)ψ - 1 4 F µν F µν -q e ψγ µ ψA µ = L 0 + L int , (1.10) 
where

F µν = ∂ ν A µ -∂ µ A ν (1.11)
is the electromagnetic field tensor.

The Lagrangian above describes a quantum field of electromagnetic interactions. This theoretical framework is called quantum electrodynamics (QED). Maxwell in his unification of electricity and magnetism predicted the existence of electromagnetic waves, which in QED act as a gauge boson mediator, identified with the photon. This symmetry is also connected with a conservation law, in this case it is the conservation of electric charge q e .

The so-called QED vertex, shown in Figure 1.1 can be associated with a particular vertex factor in the formula (see Section 1.6), when the Feynman diagram approach [6] is used to calculate a probability for a given process to occur. In the QED, one can obtain the vertex factor from iL int = -iq e ψγ µ ψA µ (1.12)

as -iq e γ µ . For the electron or muon, q e = ±e, so the vertex factor is ∓ieγ µ .

ieγ µ ψ(x µ ) A µ Figure 1.1:
The basic vertex of QED in which a charged fermion couples to a photon. The vertex can be oriented such as to represent a fermion emitting a photon, an antifermion emitting a photon, a fermion-antifermion annihilating into a photon, a fermion or an antifermion absorbing a photon, or a photon splitting into a fermionantifermion pair.

QED gauge symmetry

The free fermion Lagrangian from Section (1.2.1) is invariant under a global phase transformation. However, global phase transformations cannot affect any physical observable.

Consequently, the phase of ψ(x µ ) is without any physical meaning. One can redefine the problem and require that the symmetry is a function of space-time, θ = θ(x µ ) (i.e. making it local), but the Dirac Lagrangian is no longer invariant under such transformation. This is only possible if one add to this Lagrangian a spin-1 gauge field A µ , transforming like:

A µ (x µ ) → A µ (x µ ) = A µ (x µ ) -∂ µ α(x µ ) . (1.13)
Indeed, the QED Lagrangian remains unchanged under these transformations. Moreover, from the definition of the electromagnetic four-potential (1.5), it is clear that the transformation (1.13) leaves the electric and magnetic fields unchanged. The fermion field now undergoes the coupled transformation

ψ(x µ ) U (1) local em -----→ ψ (x µ ) = e iθ(x µ ) ψ(x µ ) = e igα(x µ ) ψ(x µ ) , (1.14) 
where the constant g is a dimensionless measure of the strength of the interaction: formally referred to as the coupling parameter. In case of a quantum theory of electromagnetism, the coupling parameter can be identified with the electric charge g ≡ q e , which is the quantity preserved by the invariance with respect to the local gauge transformation U (1) local em . One can also define the electromagnetic coupling constant:

α em = e 2 4π , (1.15) 
which determines the strength of the electromagnetic force on an electron/muon.

Finally, the QED gauge theory, as presented in (1.14), is the relativistic invariant way to describe the interactions mediated by massless spin-1 particles. Indeed, a massless spin-1 particle has only two physical polarizations. Then, the gauge invariance is a local symmetry that allows to remove the unphysical polarization of this spin-1 massless particle, while keeping Lorentz invariance explicit.

The QED created by Feynman [7,8], Schwinger [9] and Tomonaga [10] was the first quantum field theory that provided a consistent relativistic quantum mechanical description of electromagnetism. The principle of gauge invariance has become a powerful tool to understand electromagnetism and very useful in describing the strong and weak interactions mechanism.

Running QED coupling

In quantum electrodynamics, an electron or muon is not treated as a single free particle.

All particles with electric charge will emit a cloud of virtual photons around them.

A virtual photon can afterwards annihilate into a pair of virtual charged particles, for example, e + e -pairs. A negatively charged muon, for instance, surrounded by a cloud of these e + e -pairs will repel the e -particles and thus the e + particles will be preferentially closer to the muon. When probing such a structure from distance, the surrounding e + particles will screen the muon, what will affect the measured charge. A high-energy probe that manages to get closer to muon will see less effects from the virtual particles, so that the effective electric charge will increase.

A high-energy interactions can also explore so-called virtual-loop corrections to the photon propagator, as sketched in Figure 1.2. They can lead to the (unphysical) divergences when calculating physical processes in QED. To resolve the possible ultraviolet (i.e. high energy) divergences in QED, an arbitrary energy scale called the renormalization scale is introduced. For QED, the renormalization scale is defined as the minus of the four momentum squared, Q 2 = -q 2 , where Q 2 is positive and represents the virtuality of the photon. The larger Q 2 (in GeV 2 unit), the more virtual is the photon. In particular, a real photon corresponds trivially to Q 2 0.

The dependence of α em on the renormalization scale Q 2 is known as running of the constant coupling. Following from an all-orders resummation of vacuum polarization diagrams, the evolution of QED coupling is conventionally parametrized by: The sum of all diagrams including zero, one, two or more virtual loop corrections is denoted by the diagram with the double-wavy photon propagator, with an electromagnetic coupling α(Q 2 ). Figure taken from [11].

α em → α em (Q 2 ) = α em (0) 1 -∆α em (Q 2 ) , (1.16) 
where α em (0) = 1/137.035999679 [START_REF] Andersson | Parton Fragmentation and String Dynamics[END_REF] is the fine structure constant in the long-wavelength

Thomson limit [12], and the term ∆α em (Q 2 ) controls the evolution. Figure 1.3 shows the evolution of the α em with Q 2 determined from the e + e -→ e + e -scattering measurements at large momentum transfers [11]. This provides an impressive evidence of the running of the electromagnetic coupling in the high-energy regime.

Quantum chromodynamics

In quantum chromodynamics (QCD), the theory describing the strong interaction, quarks appear in color triplets. Such a property was needed for explaining e.g. how quarks can coexist inside some hadrons without violating the Pauli exclusion principle [13]. The colour plays the role of the charge for every particle which interacts strongly. Each quark can exist in one of three colour states, e.g. red, green, blue, or 1, 2, 3. The antiquarks have anticolors, so the mesons can be colorless by consisting of e.g. a red and an "antired" quark. Therefore, only colourless objects (colour singlets, like mesons, or baryons containing red, blue and green quarks) can exist in nature as a free particles.

This behavior is called colour confinement. Gluons, which represent the relevant spin-1 gauge field in QCD, carry both color and anticolor, e.g antired-blue or green-antiblue.
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QCD gauge symmetry

The QCD Lagrangian representation allows to arbitrarily mix the quarks by acting on a three vector of quark wave functions:

ψ =     ψ 1 ψ 2 ψ 3     , (1.17) 
where ψ i is a regular Dirac spinor for a quark of color i. The Lagrangian for a specificflavour free quark is:

L 0 = ψ(iγ µ ∂ µ -m)ψ . (1.18)
This Lagrangian is invariant under the non-Abelian SU (3) C transformations. Following the analogy to QED, the gauge invariant QCD Lagrangian for gluon field and a quark of the specific flavour is [14]:

L QCD = ψ(iγ µ ∂ µ -m)ψ - 1 4 G k µν G µν k - g s 2 ψγ µ λ k ψG k µ , (1.19) 
where the second term describes free gluon Lagrangian and the third term is responsible for quark-gluon interaction. The basic vertices describing QCD interactions are presented in Figure 1. 4. In QCD the coupling parameter g s acts on 8 vector fields1 

G µ = 1 2 λ i G i µ represented by the λ i (i = 1, ..., 8) generators called Gell-Mann matrices. These gluon fields can be expressed in terms of field strength tensor [14]:

G i µν = ∂ µ G i ν -∂ ν G i µ -g s f ijk G j µ G k ν , (1.20) 
where f ijk are the SU (3) structure constants that form a totally antisymmetric tensor.

-i 2 g s γ µ λ i ψ(x µ ) G i µ Figure 1.4:
The basic vertices describing QCD interactions. The vertex factor for the quark-gluon coupling is -i 2 g s γ µ λ i . The gluon self-coupling vertex factors are more complex and are not given explicitly.

Strong interaction coupling

In analogy to QED, the strong coupling constant α s can be defined only with respect to the given energy scale squared, labelled as µ2 below. This can be a hard scale (squared) involved in a reaction or the mass (squared) of a heavy particle. The dependence of a coupling constant on the energy-scale in QCD takes the form:

α s (µ 2 ) ≡ g 2 s (µ 2 ) 4π ≈ 1 
β 0 ln µ 2 Λ QCD , (1.21) 
where Λ QCD is the scale above which the effective QCD coupling becomes small and β 0 is the constant proposed and computed by Wilczek, Gross [15] and Politzer [16]. For values of µ 2 much larger than Λ QCD the effective coupling is small and the perturbative QCD (pQCD) calculations provide a good description of the strong interaction physics. From the Equation (1.21) it is clear, that with increasing µ 2 , the strong coupling becomes small for short distances. This means that quarks interact weaker at high energies, allowing perturbative calculations, and stronger at low energies, preventing the unbinding of baryons or mesons.

The parton model

In order to describe the internal structure of the proton, the parton model was proposed [17,18]. In this model, the proton is assumed to be composed of a number of point-like constituents, termed as partons, defined in a reference frame where the proton has infinite momentum. Thus, the motion of any partons is slowed down by time dilation, and the proton charge distribution is Lorentz-contracted, such that incoming particles will be scattered instantaneously and incoherently. The most important ideas in the parton model are that partons are point-like and asymptotically free. The parton model was successfully applied to electron-proton (ep) Deep Inelastic Scattering (DIS) experiments: see some recent results in [19][20][21][22], where partons are matched to quarks and gluons inside the proton.

The DIS data allowed to extract the Parton Density Functions (PDFs) of a proton. They represent the probability densities to find a parton carrying longitudinal momentum fraction x of the proton at given energy scale (squared) Q 2 . Here, Q 2 is the virtuality of the photon exchanged in the DIS ep collision. It can be noticed that the wavelength of the virtual photon is ∼1/Q, which means that the photon probes smaller distances in the proton for larger Q 2 values. The distribution of partons for Q 2 = 10 GeV 2 as a function of the longitudinal momentum fraction x carried by the parton is shown in Then, PDFs and DGLAP equations are the fundamental components to describe the large number of physical processes at the LHC.

Diffraction

In hadron-hadron collisions majority of collision events are due to strong interaction exchanges. In general, there are different types of these processes: By its name, the last three interactions are of diffractive nature. They occur when no quantum numbers are exchanged between the scattered objects and, e.g. the net colour is equal to zero. A diffractive interaction can be described in QCD at the lowest order by the exchange of two gluons that together form a colour singlet [26]. However, this simple description cannot describe the observed data. This is why the concept of Pomeron has been introduced [27].

Elastic scattering is the simplest process to consider. Here the final-state hadrons are the same as in the initial state, with some four momentum transfer (squared), usually labelled as t, in the reaction:

a + b → a + b . (1.22)
Depending on the value of t, scattering can occur in the Coulomb (photon exchange)

or nuclear (Pomeron exchange) region. There is also a Coulomb-nuclear interference region allowed.

Single diffraction occurs as the following process:

a + b → a + X , (1.23) 
where X represents any additional low-mass multi-particle state with the same quantum numbers as particle b. In single-diffractive processes, the particle a stays intact, whereas the other one dissociates into the state denoted by X. In analogy, the double diffraction is a process with:

a + b → X + Y , (1.24) 
where X and Y are the low-mass multi-particle states of the same quantum numbers as particles a and b, respectively. In other words, there is no quantum number exchange between a and b.

The above definitions of hadronic diffractive reactions are mainly experimental. This is what is needed in the following. However, this is interesting to discuss briefly the origin of hadronic diffraction and thus why one expects important contributions of these reactions in hadron-hadron collisions at high energies. In fact, the phenomenon of diffraction is well known from classical wave theory and has its origin in the coherence of classical waves. In Quantum Mechanics (QM), high-energy elementary particles are described by QM waves. This brings to the direct counterpart of classical diffraction in the case of elastic scattering (and only in this case). Inelastic hadronic diffraction is more complex.

In such processes, like in SD and DD, the internal structure of the interacting particle is probed. Then, one may consider a picture as follows: the incident hadron fluctuates into some basic states and then is scattered by the target hadron. Moreover, certain of these basic states will feel the strong interaction of the target (hadron) while other states will not. This is the large fluctuation in the absorption coefficients during the scattering process which is at the origin of the inelastic diffraction. 

The electroweak theory

The electromagnetic interaction occurs only between electrically charged particles. It is mediated by photons and has an infinite range. On the other hand, the weak interaction occurs between charged and uncharged leptons and quarks and has a very short range.

While the electromagnetic and weak interactions are different, they have been combined into a single theoretical framework, known as the Glashow-Salam-Weinberg (GSW) model [28][29][30] with a SU (2) L ⊗ U (1) Y symmetry [14].

In the electroweak theory, all fermions are arranged by flavour, so that each of the three generations is represented as a pair of particles, so called weak isospin doublets.

For leptons, each doublet consists of a charged lepton with a non-zero mass and a massless, neutral neutrino. One can define so-called left-handed (ψ L ) and right-handed (ψ R ) components of the fermion field ψ, using the chirality projection operators:

ψ L = Lψ; L = 1 2 (1 -γ 5 ) ψ R = Rψ; R = 1 2 (1 + γ 5 ) , (1.25) 
where

γ 5 = iγ 0 γ 1 γ 2 γ 3 γ 4 . (1.26)
The weak interaction only takes into account left-handed fermions (and right-handed antifermions). To take this into account, the Lagrangian describing e.g. the free lepton ( ) and lepton neutrino (ν ) can be decomposed in the weak doublet scheme [14]:

L 0 = χL iγ µ ∂ µ χ L + ψ R iγ µ ∂ µ ψ R + ψν R iγ µ ∂ µ ψ ν R , (1.27) 
where the masses of the fermions are neglected and

χ L = ψ ν L ψ L . (1.28)
The left-handed components of the fermion fields are now grouped in a weak isospin doublet (I 3 = ± 1 2 for ψ ν L or ψ L ), while all the right-handed components form weak isospin singlets (I 3 = 0). One can also introduce so-called weak hypercharge Y to each field, such that the electric charge can be expressed with the Gell-Mann-Nishijima relation: The physical gauge bosons of electroweak interaction are the photon (γ), the W ± and the Z, which do not correspond to the SU (2) L and U (1) Y representations given above.

q e = I 3 + Y 2 . ( 1 
The W 1 µ and W 2 µ fields can be identified with the physical charged vector bosons by making the following transformations [14]:

W + : W µ = 1 √ 2 W 1 µ -iW 2 µ W -: W † µ = 1 √ 2 W 1 µ + iW 2 µ . (1.30) 
When writing out the terms involving W 3 µ and B µ fields, one can define the physical photon A µ and Z boson Z µ [14]:

γ : A µ = cos θ W B µ + sin θ W W 3 µ Z : Z µ = -sin θ W B µ + cos θ W W 3 µ , (1.31) 
where θ W is the weak mixing angle or Weinberg angle [31] that relates to the amount of mixing in the rotation of the fields. To preserve the A µ couples to that electromagnetic current, one should have [14]: .32) This leads to the full electroweak Lagrangian, which takes the form (e.g. for charged lepton and its neutrino):

g sin θ W = g cos θ W = e . ( 1 
L EW = L 0 - g √ 2 ψν L γ µ ψ L W µ + ψ L γ µ ψ ν L W † µ - g 2 cos θ W χL γ µ τ 3 χ L + 2 sin 2 θ W ψ γ µ ψ Z µ + e ψ L γ µ ψ L A µ - 1 4 B µν B µν - 1 4 W k µν B µν k , (1.33) 
where

χL γ µ τ 3 χ L = ψν L γ µ ψ ν L -ψ L γ µ ψ L , (1.34) 
and the last two terms in L ew are the kinetic terms of the gauge bosons, where the field strength tensors have the form:

B µν = ∂ µ B ν -∂ ν B µ W i µν = ∂ µ W i ν -∂ ν W i µ -g ijk W j µ W k ν . (1.35)
Here ijk is the total antisymmetric tensor that builds the structure constant of the SU (2) L . The neutral gauge bosons couple to left-handed as well as to right-handed particles, while the charged gauge bosons of the electroweak interaction only couple to left-handed particles.

Within the electroweak theory, the physical gauge bosons can be introduced. However, the masses of these gauge bosons would have to be zero, as possible mass terms in the electroweak Lagrangian,

m 2 W W † µ W µ + 1 2 m 2 Z Z µ Z µ , (1.36) 
would not be locally gauge invariant [14]. The fermion mass terms have to be also neglected, because they are not gauge invariant when taking into account the left-right chirality mixing. The way weak gauge boson and fermion masses are incorporated into the Standard Model is due to the spontaneous symmetry breaking, that is related to the Brout-Englert-Higgs (BEH) mechanism [32,33].

The Brout-Englert-Higgs mechanism

To include the spontaneously broken symmetry into the electroweak theory, a scalar (Higgs) doublet Φ with hypercharge Y = 1 has to be introduced in the electroweak Lagrangian through the terms [14]:

L Higgs = (iD µ Φ) † (iD µ Φ) -V (Φ) = (iD µ Φ) † (iD µ Φ) -µ 2 Φ † Φ + λ Φ † Φ 2 .
(1.37)

The potential V (Φ) is invariant under local gauge transformation. It has a degenerate ground state with µ 2 < 0 and λ > 0:

Φ † Φ = - µ 2 λ 2 ≡ v 2 2 . (1.38)
By choosing the ground state to be:

Φ 0 = 1 √ 2 0 v , (1.39) 
the SU (2) L ⊗ U (1) Y symmetry is broken towards U (1) em and photon obtains no mass.

Performing an expansion around the ground state value Φ 0 , the Higgs doublet has the form:

Φ = 1 √ 2 0 v + H(x µ ) , (1.40) 
where H(x µ ) is the Higgs field. The other three degrees of freedom are absorbed by the weak gauge bosons and represent the degree of freedom of mass of these bosons.

Using the form (1.40) of the Higgs doublet Φ, one can perform the covariant derivative for the kinetic terms of L Higgs [14]: .41) This particular choice of the ground state and the parametrization of the mixing of the gauge fields lead to the mass terms:

D µ Φ = - ig 2 W 3 µ W 1 µ -iW 2 µ W 1 µ -iW 2 µ -W 3 µ + ig 2 B µ 1 √ 2 0 v + H . ( 1 
(iD µ Φ) † (iD µ Φ) = 1 2 (∂ µ H)(∂ µ H) + 1 4 (v + H) 2 g 2 W † µ W µ + 1 2 cos 2 θ W Z µ Z µ . (1.42)
The first term describes the Higgs boson. The remaining terms describe the interaction of the Higgs field with the electroweak bosons. The masses of the W ± and Z bosons can be directly read off as

m W = vg 2 ; m Z = vg 2 cos θ W . (1.43)
A coupling of the Higgs-doublet to the fermions is also needed to introduce gauge invariant fermion mass terms. This is described by the so-called Yukawa couplings. As an example, for the electrons, the mass term is:

L Yukawa = -G e χL Φψ e R + ψe R Φ † χ L , (1.44) 
where m e = Gev √ 2 . One should indicate that this relation is not a prediction of the BEH theory, as G e is a free parameter given by the experimentally measured electron mass.

However, the interaction of the electron with the Higgs boson gives rise to the vertex factor:

-iGe √ 2 = -ime v .
Therefore, the Higgs boson couples more strongly to heavier particles in the SM, which is also verified experimentally [34,35].

The QCD and electroweak part of the Lagrangian combined with Higgs and Yukawa terms form the full Lagrangian of the Standard Model:

L SM = L QCD + L EW + L Higgs + L Yukawa .
(1.45)

From Lagrangian to event rate

Theories can meet with experiments by providing some verifiable predictions, usually in terms of a measurable quantities. So-called Feynman rules [6], obtained from the SM Lagrangian L SM can be used to define a quantity expressing the likelihood of an interaction event between two particles, a cross section, σ:

σ = [Transition rate] • [Number of final states] [Initial particle flux] . (1.46) 
These rules describe the conversion of Feynman graphs into the matrix elements M of the corresponding processes. The matrix element is related with the differential cross section dσ using the relation:

dσ ∝ |M| 2 dΦ , (1.47) 
where dΦ denotes a differential volume of the phase-space.

The full matrix element is defined by the sum of all possible Feynman graphs with given initial and final states. For the full calculation also the processes of higher order in the perturbation series have to be taken into account. Since this is an infinite series with in general decreasing influence, calculations are initially performed at leading-order (LO).

This means only processes with the minimal number of vertex factors are considered.

Experimental verification of the Standard Model

The Standard Model has been examined by many experimental tests. All the elementary particles and their properties predicted by the SM are experimentally confirmed with good precision. Over the past 20 years before the Large Hadron Collider (LHC) era, the SM has been strongly constrained by precision measurements of e.g. the properties of W ± and Z bosons, and the top quark, all of which have been found to be in good agreement with theory [36].

At the LHC, apart of the discovery of the Higgs boson, many other measurements have been performed to test the compatibility with SM. These are summarized in Figure 1.7, where all the achieved measurements show no deviation from the theory predictions.

L dt [fb Chapter 2

Photon interactions at the LHC

This chapter is related to photon interaction properties at high energies. Firstly, the theoretical framework related to the different photon interaction types is explained in Sections 2.1-2.3. The experimental properties of photon-induced processes are explained in Section 2.4. Finally, the Monte Carlo (MC) event generators for photon-induced reactions are discussed in Section 2.5.

High-energy photon interactions

Photon interactions have been extensively studied at high-energy electron-proton (ep) collisions at Hadron-Electron Ring Accelerator (HERA) to test the hadronic structure of the proton [19], with the electron acting as a source of virtual photons. One can define k, k and p as the four-momenta of the incident electron, scattered electron and incident proton (respectively). It can be noticed that the measurements presented in [19] come from e -p or e + p collisions. However, this does not make any difference for the discussion below. As already mentioned in Section 1.3.3, the photon emitted by the incident electron during the Deep Inelastic Scattering (DIS) reaction can be characterized by its

virtuality Q 2 = -q 2 = -(k -k ) 2
, in terms of the four-momenta defined above. The invariant mass (squared) of the system produced in the reaction can be computed as

W 2 = (q + p) 2 .
Then, for small virtualities Q 2 compared to W 2 , the photon exchanged during the collision is quasi-real. This is schematically presented in Figure 2.1. When the initial proton stays intact after the interaction, the process is called elastic. The proton can be also excited (by the photon) to one of its resonant states, like ∆(1232) resonance. For larger photon virtualities and invariant masses W , a DIS process occurs.

This reaction is sensitive to the momentum distributions of quarks in the proton.
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Log(Q ) The photons can be radiated from both of the beam particles (electron and proton), and can produce a central state, like a pair of muons [39]. This state conserves the quantum numbers with respect to the net quantum numbers of initial two-photon system.

Similar phenomena have been observed in proton-antiproton (pp) collisions at the Tevatron [40,41] and in proton-proton (pp) collisions at the LHC [42][43][44]. Moreover, since the effective electromagnetic coupling increases with the charge of the colliding particle, nucleus-nucleus collisions are perfectly designed to induce the two-photon interaction.

Indeed, the two-photon production of lepton pairs have been observed in Au-Au collisions at the Relativistic Heavy Ion Collider (RHIC) [45,46] and in Pb-Pb collisions at the LHC [47].

Therefore, the LHC may be considered also as a photon collider, aiming to study a variety of photon-induced interactions.

Electron-muon elastic scattering

The electron-muon (eµ) elastic scattering is the simplest example to study high-energy photon interactions. In the lowest order perturbation theory the reaction is described by the one-photon exchange diagram, presented in Figure 2.2. Using appropriate Feynman rules for QED, based on Equation 1.12, the matrix element for eµ scattering follows the relation [48]:

M eµ→eµ = 1 q 2 e ψe γ ν ψ e e ψµ γ ν ψ µ , (2.1) 
where q µ is the electron four-momentum transfer and q 2 = q µ q µ is the electron fourmomentum transfer squared. It follows the approximation:

q 2 -4EE sin 2 (θ/2) < 0 . (2.2)
Here E is the energy of the incident relativistic electron, E is its final energy and θ is its scattering angle in the laboratory frame.

q γ e e µ µ Taking the modulus squared of the amplitude (2.1), multiplying by the appropriate phase-space and flux factors, one can find that the differential cross section for electron to be scattered in the solid angle dΩ in the laboratory frame is [48]:

dσ dΩ = α 2 em cos 2 (θ/2) 4E 2 sin 4 (θ/2) • E E • 1 - q 2 2m 2 µ tan 2 (θ/2) , (2.3) 
where α em = e 2 /4π is the electromagnetic coupling constant and m µ is the mass of the muon.

However, these simple results do not apply if the charge distribution of the target has some spatial extent (like in the proton).

Elastic ep scattering and proton form factors

In the lowest order perturbation theory of QED, the matrix element for the elastic ep scattering is very similar to eµ scattering. The only difference is that the relevant γp vertex factor is no longer point-like and should rather be given in the most general form possible for proton. In the case of elastic scattering from a fixed proton with a charge distribution, ρ p (r), the scattering amplitude is modified by a form factor (in the non-relativistic limit):

F (q 2 ) = d 3 r e -i q• r ρ p (r) , (2.4) 
which corresponds to the Fourier transform of the charge distribution of the proton at rest.

In general, for the ep → ep reaction, the relation (2.1) can be extended to the form [48]:

M ep→ep = 1
q 2 e ψe γ µ ψ e e ψp Γ µ ψ p .

(2.5)

In this relation, ψ e and ψ p are the electron and nucleon Dirac spinors respectively and

Γ µ = F 1 (q 2 )γ µ + κ p 2m p F 2 (q 2 )iσ µν q ν + F 3 (q 2 )q µ , (2.6) 
where

σ µν = i 2 [γ µ , γ ν ].
The functions F i (q 2 ) are the electromagnetic form factors of the proton. F 1 (q 2 ) and F 2 (q 2 ) are the Dirac and Pauli form factors, respectively, while F 3 (q 2 ) ≡ 0 in elastic ep scattering. 1 The mass of the proton is labelled as m p and κ p is the anomalous magnetic moment of the proton.

The form factors F 1 (q 2 ) and F 2 (q 2 ) are defined such that for q 2 = 0, which corresponds to the proton interacting with a static electromagnetic field, one has:

F 1 (0) = 1 F 2 (0) = κ p .
(2.7)

Very often the linear combination of F 1 and F 2 is introduced, in terms of the Sachs form factors [49]:

G E (q 2 ) = F 1 (q 2 ) - q 2 4m 2 p F 2 (q 2 ) G M (q 2 ) = F 1 (q 2 ) + F 2 (q 2 ) . (2.8)
From these considerations the differential cross section for elastic ep scattering can be calculated in terms of the form factors. The result is known as the Rosenbluth formula [48]:

dσ dΩ = α 2 em cos 2 (θ/2) 4E 2 sin 4 (θ/2) • E E • F 2 1 + κ p Q 2 4m 2 p F 2 2 + Q 2 2m 2 p (F 1 + κ p F 2 ) 2 tan 2 (θ/2) , (2.9)
where θ is the scattering angle of the electron in the laboratory frame and E, E is its initial and final energy, respectively. Also, since q 2 is negative in the scattering region, it is common practice to use Q 2 = -q 2 > 0. Experimentally F 1 and F 2 (or equivalently [50][51][52][53][54][55][56][57]. They are found to drop very rapidly as Q 2 increases, following the behavior:

G E and G M ) have been studied from Q 2 0 to Q 2 10 GeV 2 [
G E (Q 2 ) ≈ G M (Q 2 ) κ p ≈ G D (Q 2 ) ≡ 1 1 + Q 2 /Q 2 0 2 , (2.10) 
the dipole parametrization with Q 2 0 = 0.71 GeV 2 parameter extracted from the measurements.

Form factors (or structure functions) exist as well for proton excitation processes, like ep → e∆(1232). However, all types of proton form factors are generally expected to decrease with four-momentum transfer, reflecting the spread in the charge and current distributions of the initial and final particles.

It is worth mentioning that in the general case, G E and G M , defined in Equations (2.7) and (2.10) cannot be expressed as the Fourier transforms of a charge density (in three dimensions of space). Indeed, it is known that the physical interpretation of the form factors is modified by some relativistic effects. This comes from the property that, in the relativistic quantum theory, an object of size R and mass m cannot be localized to a precision better than its Compton wavelength, ∼1/m. Any attempt to do so with an external potential results in creation of particle-antiparticle pairs. Therefore, the static size of this system cannot be defined to a precision better than 1/m. Moreover, when the probing wavelength is comparable to 1/m, the form factors are no longer determined by the internal structure alone. They contain, in addition, dynamical effects related with the Lorentz boost. The non-relativistic limit corresponds to R 1/m.

However, it can be noticed that it is possible to recover the interpretation of the form factors as Fourier transforms of the charge distribution, with respect to the distance in the transverse plane, in the infinite momentum frame of the proton. The transverse plane is then a plane transverse to the direction of flight of the proton [58].

Two-photon fusion processes

Photon-photon (γγ) interaction is the class of processes where photons are emitted from both colliding charged particles. The composed particle (like a proton) that emits a photon either survives and is scattered at small angle in case of elastic emission, or dissociates to some hadronic state in case of inelastic emission. This is shown in Figure 2.3. The colliding photons fuse to give a system of particles, X, which is centrally produced. In the proton-dissociative case, either one or both colliding protons may be scattered inelastically. This is referred to as a single or double proton-dissociative interaction, respectively. If both colliding protons are scattered elastically, the reaction is called exclusive.

Assuming that the initial photon kinematics in the reaction is apriori known, the cross section for the sub-process γγ → X can be calculated within the electroweak theory framework. 
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Lepton pair production

The simplest process to consider in two-photon fusion reactions is the production of charged lepton pairs. For the electromagnetic production of a lepton pair using unpolarized photons, the sub-process cross section in the lowest order in α em reads [59][60][61]:

σ γγ→ + -= 4πα 2 em W 2 γγ 1 + 4m 2 W 2 γγ - 8m 4 W 4 γγ 2 ln W γγ 2m + W 2 γγ 4m 2 -1 -1 + 4m 2 W 2 γγ 1 - 4m 2 W 2 γγ Θ W 2 γγ -4m 2 , (2.11)
where m is the mass of the lepton and W γγ is the invariant mass of the photon-photon system. The Heaviside (step) function Θ W2 γγ -4m 2 , guarantees that the charged lepton pair can only be produced, if the center-of-mass energy of the two photons is larger or equal to twice the lepton mass. For quasi-real photons, the relation W 2 γγ = 4ω 1 ω 2 holds, where ω 1 , ω 2 are the energies of colliding photons. One can also introduce the Lorentz-invariant, two-photon center-of-mass rapidity y γγ = ln (ω 1 /ω 2 ), which characterizes the scattering angle of the γγ system in high-energy limit (when ω 1,2 m ) as 2 :

y γγ -ln [tan (θ/2)] .
(2.12)

The formula (2.11) includes two leading-order diagrams shown in Figure 2.4, that had to be taken into account in the cross section calculation. Moreover, if the mass of the lepton is much larger than the invariant mass of the γγ system, and avoiding very forward and backward directions of lepton emissions 3 , the formula (2.11) takes the simplified form [62]:

σ γγ→ + - 4πα 2 em W 2 γγ ln 1 + cos θ cut 1 -cos θ cut -cos θ cut Θ W 2 γγ -4m 2 , (2.13) 
where the symmetric angular cut in the two-photon center-of-mass system

θ cut < θ < π -θ cut (2.14)
is imposed to avoid the limited detector acceptance in forward and backward regions.

In the high-energy limit (with large W γγ and fixed θ cut ) the cross section (2.13) drops like 1/W 2 γγ for θ cut > 0. 

W boson pair production

Charged W bosons are also produced in pairs when created in two-photon fusion process.

The elementary two-photon cross section for the photonic sub-process is given in lowest order (see Figure 2.5) by [61,63]:

σ γγ→W + W -= 6πα 2 em W 2 γγ 1 - 4m 2 W W 2 γγ 1 + 4m 2 W W 2 γγ - 4m 2 W W 2 γγ 1 - 2m 2 W W 2 γγ 2 ln W γγ 2m W + W 2 γγ 4m 2 W -1 1 + W 4 γγ 3m 4 W 4m 2 W W 2 γγ 1 + 4m 2 W W 2 γγ Θ W 2 γγ -4m 2 W , (2.15) 
where m W is the W boson mass and again, the step-function Θ W 2 γγ -4m 2 W guarantees that the W boson pair can only be produced if the center-of-mass energy of the two photons is larger or equal to twice the boson mass. Similarly as for the charged lepton pairs, the cross section (2.15) can be expressed in terms of the fixed angular cut imposed in the two-photon center-of-mass frame [63]:

σ γγ→W + W -= 6πα 2 em W 2 γγ β cos θ cut - 4m 2 W W 2 γγ 1 - 2m 2 W W 2 γγ ln 1 + β cos θ cut 1 -β cos θ cut + 1 3 + m 4 W W 4 γγ 16β cos θ cut 1 -β 2 cos 2 θ cut Θ W 2 γγ -4m 2 W , (2.16) 
where β = 1 -4m 2 W /W 2 γγ is the velocity of the W bosons in the γγ center-of-mass system. The cross section for γγ → W + W -production approach constant at highenergies (W 2 γγ m 2 W ) and θ cut = 0:

σ γγ→W + W - W 2 γγ →∞ -----→ 8πα 2 em m 2 W , (2.17) 
which makes the reaction dominant at high-energies, with respect to any other twophoton interaction process. 
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Higgs production

For the production of the Higgs boson one should notice that it can only be produced when the polarization vectors of the two photons are parallel to each other 4 . The twophoton production cross section of Higgs bosons is given by the following relation [61]:

σ γγ→H = 8π m H Γ H→γγ δ(W 2 γγ -m 2 H ) , (2.18) 
where m H is the mass of the Higgs boson, Γ H→γγ is its two-photon decay width and the δ(W 2 γγm 2 H ) function ensures the energy conservation. The relevant leading-order diagrams that have to be taken into account in the γγ → H cross section calculation are shown in Figure 2.6. The Higgs boson two-photon decay width, which enters into the elementary two-photon cross section is given by [61,64]:

Γ H→γγ = α 2 em g 2 64π 3 m 2 W m 3 H |A W + A f | 2 , (2.19)
where g is the weak coupling strength and the dimensionless quantities A W , A f reflects the contributions of W bosons, and fermions in the coupling between the Higgs boson and the two photons:

A W = 1 2 - m 2 W m 2 H g m 2 W m 2 H + 3m 2 W m 2 H + 2m 2 W m 2 H 2 - 3m 2 W m 2 H g m 2 W m 2 H A f = - f q 2 f m 2 f m 2 H 2 - 4m 2 f m 2 H -1 g m 2 f m 2 H , (2.20) 
where m f denotes the mass of a fermion and q f is its electric charge. The function g(x)

reads: 

g(x) =      2 arcsin 2 1 2 √ x x ≥ 1 4 π 2 2 -2 ln 2 1+ √ 1-4x 2 √ x + 2iπ ln 1+ √ 1-4x 2 √ x x < 1 4 . γ γ W W H γ γ W W H γ γ t t H

The Equivalent Photon Approximation

Electrically charged particle moving at nearly the speed of light emits almost transverse electromagnetic (EM) fields5 ; the electric and magnetic fields have the same absolute value and are perpendicular to each other. As a consequence, an observer in the laboratory frame cannot distinguish between the EM field of a relativistic charged particle and the transverse component of the EM field associated with equivalent photons. This is an original idea of Fermi [65], which is schematically sketched in Figure 2.7. The idea was extended by Weizsacker [66] and Williams [67] who independently proposed the introduction of an equivalent (real) photon spectrum to compute the cross sections for the interaction of charged particles in their relativistic motion. The Weiszacker-Williams flux method was then extended to include the treatment of photon virtualities [59,60]. The so-called Equivalent Photon Approximation (EPA) [61,68,69] is an approximative method to compute cross section of QED processes by considering them as interactions of fluxes of equivalent photons. The EPA can be successfully used to describe the majority of exclusive processes involving photon exchange, provided that the amplitude of a given process can be factorized into the photon exchange part and the process-dependent, photon interaction part:

σ EPA A 1 A 2 (γγ)→A 1 A 2 X = dω 1 dω 2 n 1 (ω 1 ) n 2 (ω 2 ) σ γγ→X (W γγ ) , (2.21) 
where the photons with energies ω 1 and ω 2 , produced by the charged particles A 1 and A 2 , can be described in terms of the equivalent photon spectrum, n(ω). In this approximation one should consider the photons as quasi-real and without polarization, which is valid only in the case of small-Q 2 photon exchange, where the condition

W 2 γγ Q 2
should be always satisfied. Consequently, the EPA can only be applied when the cross section (2.21) is not sensitive to the virtuality of the photon, e.g. in the case of exclusive two-photon production.

Impact parameter dependent equivalent photon method

The photon flux n(ω) represents the electromagnetic radiation field which can be associated with the charged particle. This approximation is based on the property that the electromagnetic field of the relativistic charged particle is similar to the field of a light wave. Indeed, for a fast moving particle, its electromagnetic field is minimum in the direction of motion, with

| E | = q e /z 2 (1 -v 2 /c 2 )
, and maximum in the orthogonal

(transverse) direction, with | E ⊥ | = q e /b 2 / (1 -v 2 /c 2 )
, where v is the constant speed of the particle, c the light velocity and z, b the distance to the charge q e in the direction of motion and in the orthogonal direction, respectively. Then, it is obvious that when v is increasing close to c, E is falling to zero while the field becomes mainly orthogonal (θ π/2) with an angular spread in θ of order (1v 2 /c 2 ).

The integrated equivalent photon distribution n(ω) indicates how many photons with energy ω are contained in the equivalent swarm of photons simulating the strong transverse electromagnetic fields of a charged particle moving with nearly the speed of light.

However, one has no information on how many photons with a given frequency do occur at a certain transverse distance from the straight trajectory of the particle. Deriving the expression of the equivalent photon distribution of the fast moving proton without neglecting the transverse distance (or impact parameter) dependence means that one should determine this distribution as a function of the energy of the photon and the distance | b| ≡ b to the charged particle trajectory.

By definition, the photon distribution is given by the norm of the Poynting vector [61]: In the first part of the derivation, one should assume that the projectile is point-like. This hypothesis will be relaxed in a second step. From the Coulomb's law for the EM field of a point charge, one can obtain immediately the transverse EM field of the fast moving point-like particle:

n( b, ω) = 1 πω E ⊥ ( b, ω) 2 , ( 2 
E ⊥ (b, t) = q e γ 2 b (t 2 + b 2 γ 2 ) 3/2 , ( 2.23) 
where t is time, q e is the electric charge of the particle and γ its Lorentz contraction factor. One can take the Fourier transform of this expression, in order to obtain the field as a function of the variables ( b, ω). It reads:

E ⊥ (b, ω) = q e γ 2 dω 2π e iωt b (t 2 + b 2 γ 2 ) 3/2 . (2.24)
Then, one can use a mathematical identity of Fourier integrals to rewrite Equation (2.24) in the form:

E ⊥ (b, ω) = q e d 2 q ⊥ (2π) 2 e -i b• q ⊥ (-i q ⊥ ) q 2 ⊥ + ω 2 γ 2 , (2.25) 
where q ⊥ is the transverse momentum of equivalent photons. From Equation (2.22), the relevant distribution of photons reads:

n(b, ω) = q 2 e πω d 2 q ⊥ (2π) 2 e -i b• q ⊥ (-i q ⊥ ) q 2 ⊥ + ω 2 γ 2 2 .
(2.26)

At this stage, the point-like hypothesis of the particle can be relaxed. Equation (2.26) becomes:

n(b, ω) = q 2 e πω d 2 q ⊥ (2π) 2 e -i b• q ⊥ q ⊥ F (q 2 ⊥ + ω 2 γ 2 ) q 2 ⊥ + ω 2 γ 2 2 , (2.27) 
where F (.) is the electromagnetic form factor of the source particle, that can be measured experimentally. Equation (2.27) can be simplified after writing d 2 q ⊥ as d 2 q ⊥ = q ⊥ dq ⊥ dφ.

The integral over the azimuthal angle φ can be computed independently from the integral on the modulus q ⊥ . For this, one needs to express q ⊥ as (q ⊥ cos φ, q ⊥ sin φ)

and then, one can use the definition of the modified Bessel's function of first order

J 1 (a) = 1 2π π
-π dφ e iφ e -ia sin φ . Altogether, the n(b, ω) reads [61]:

n(b, ω) = Z 2 α em π 2 ω dq ⊥ q 2 ⊥ F (q 2 ⊥ + ω 2 γ 2 ) q 2 ⊥ + ω 2 γ 2 J 1 (bq ⊥ ) 2 = Z 2 α em π 2 ω dq ⊥ q 2 ⊥ F (Q 2 ) Q 2 J 1 (bq ⊥ ) 2 , (2.28) 
where the Z is the electric charge of the colliding particle in the electron charge (e) units, and the virtuality of the photon is introduced:

Q 2 = -q 2 = q 2 ⊥ + ω 2 γ 2 = q 2 ⊥ + Q 2 min .
(2.29)

The minimum possible virtuality, Q 2 min , can be expressed as:

Q 2 min = m 2 p x 2 1 -x , (2.30) 
where m p is the mass of the proton and x is the energy fraction of the proton carried by the photon, x = 2ω/ √ s.

Equivalent photons of the proton

Using the form factor of the proton from Section 2.1.2, Equation (2.28) takes the form

n(b, ω) = α em π 2 ω dq ⊥ q 2 ⊥ G D (Q 2 ) Q 2 (1 -x) 4m 2 p + Q 2 κ 2 p 4m 2 p + Q 2 + 1 2 x 2 Q 2 q 2 ⊥ κ 2 p 1 2 J 1 (bq ⊥ ) 2 , (2.31) 
where the dipole parametrization of the proton electromagnetic form factors are used and

x is the energy fraction of the proton carried by the photon. It is worth to note that the electromagnetic coupling constant α em is taken as α em (Q 2 0) = 1/137.035 throughout the calculations, following the property that the photons entering the interaction are quasi-real.

The relation (2.31) for n(b, ω) corresponds to the equivalent photon distribution (for one proton) when the impact parameter dependence is taken into account. Equivalent photon distributions for 3.5 TeV proton are presented in √ s. The exclusive production of pairs of muons and pairs of W bosons have been generated using the Herwig++ generator [START_REF] Bähr | Herwig++ Physics and Manual[END_REF]. The exclusive production of the Higgs boson is computed according to Higgs Effective Field Theory (HEFT) [START_REF] Shifman | Low-Energy Theorems for Higgs Boson Couplings to Photons[END_REF][START_REF] Kniehl | Low-energy theorems in Higgs physics[END_REF][START_REF] Dawson | QCD corrections to Higgs boson production: nonleading terms in the heavy quark limit[END_REF][START_REF] Enterria | Study of Higgs boson production and its b anti-b decay in gamma-gamma processes in proton-nucleus collisions at the LHC[END_REF]. Obviously, this reaction appears as a point in Figure 2.9, representing the total cross section, at the Higgs mass of 125 GeV. Finally, the exclusive production of pairs of photons (so-called light-by-light scattering [START_REF] Bern | QCD and QED corrections to light by light scattering[END_REF]) has been generated using the FPMC generator [START_REF] Boonekamp | FPMC: A Generator for forward physics[END_REF] at large W γγ where the γγ → γγ sub-process cross section is dominated by one-loop diagrams involving W bosons [START_REF] Atag | Extra dimensions in γγ → γγ process at the CERN-LHC[END_REF].

Proton finite-size effects

The full expression as given in Equation (2.31) is necessary when one wants to take into account effects that depend directly on the transverse space variables of the reaction.

These effects occur e.g. when there are strong-interaction exchanges between the protons, in addition to the two-photon interaction. These extra contributions may alter the kinematic distributions of the final-state particles, and may also produce additional lowmomentum hadrons. Therefore, when the finite sizes of colliding protons is considered, one should perform the replacement:

n(ω 1 ) n(ω 2 ) → d 2 b 1 d 2 b 2 n(b 1 , ω 1 ) n(b 2 , ω 2 ) , (2.32) 
where the correlations between the transverse distances b 1 and b 2 prevent from performing the integrations independently. Indeed, there are important geometrical constraints to encode: the two photons need to interact at the same point outside the two protons, (2.32). In these conditions, the proton radius r p is the radius determined in the transverse plane, that is taken to be 0.64 fm, as measured by the H1 collaboration [START_REF] Aaron | Deeply Virtual Compton Scattering and its Beam Charge Asymmetry in e ± p Collisions at HERA[END_REF]. It is worth to notice that it would be possible to keep the factorization by imposing stronger constraints, like b 1,2 > 2r p .

However, this last condition prevents configurations where the two protons are very close and produce very energetic photon-photon collisions.

Equation (2.32) is a first step towards encoding proton finite size effects. They can be refined by including the so-called pp non-inelastic interaction probability [START_REF] Frankfurt | Generalized parton distributions and rapidity gap survival in exclusive diffractive pp scattering[END_REF], which depends explicitly on the transverse variables,

P non-inel (| b 1 -b 2 |). Then, Equation (2.32)
takes the form: effect of the function

n(ω 1 ) n(ω 2 ) → d 2 b 1 d 2 b 2 n(b 1 , ω 1 ) n(b 2 , ω 2 ) P non-inel (| b 1 -b 2 |) , ( 2 
P non-inel (| b 1 -b 2 |).
Indeed, this function represents the probability that there is no interaction (no overlap) between the two colliding protons in the impact parameter space. Following [START_REF] Frankfurt | Generalized parton distributions and rapidity gap survival in exclusive diffractive pp scattering[END_REF], one can make the natural assumption that a probabilistic approximation gives a reasonable estimate of the absorption effects. Then the pp non-inelastic interaction probability can be written as:

P non-inel (b) = 1 -exp -b 2 /(2B) 2 , (2.34) 
where the value of B = 19.7 GeV -2 is taken from a measurement at √ s = 7 TeV by the ATLAS experiment [START_REF]Measurement of the total cross section from elastic scattering in pp collisions at √ s = 7 TeV with the ATLAS detector[END_REF]. At √ s = 13 TeV, the extrapolated value B = 21 GeV -2 is used in the calculations. In Figure 2.11, the P non-inel (b) is compared with the step function Θ(b -2r p ), which is the first approximation that can be performed to quantify a non-overlapping condition between both colliding protons. One should observe that both functions are roughly comparable. However, one can expect some deviations when performing more accurate computations of cross sections using P non-inel (b) in Equation (2.33), and then in Equation (2.21).

The first important issue is to quantify the size of the correction when one can take into account the finite size of colliding protons. Therefore, the survival factor can be defined as:

S 2 γγ = b 1 >rp b 2 >rp d 2 b 1 d 2 b 2 n( b 1 , ω 1 )n( b 2 , ω 2 ) P non-inel (| b 1 -b 2 |) b 1 >0 b 2 >0 d 2 b 1 d 2 b 2 n( b 1 , ω 1 )n( b 2 , ω 2 ) , (2.35) 
where the numerator contains the finite size effects encoded in the function P non-inel (b) and dedicated bounds of the integrations over b 1 and b 2 , whereas the denominator represents the integral over all impact parameters with no constraint. Trivially, this factor will always be smaller than unity.

Then, the deviation with respect to unity will quantify the overestimation done when the finite size effects are neglected. This is first illustrated in Figure 2.12, where the two-dimensional dependence of S 2 γγ as a function of the energy fractions of the protons carried by the interacting photons, x 1 and x 2 , is presented. Then, the survival factor is displayed as a function of experimentally measurable variables in Figures 2. 13 when the photon-photon energy becomes larger and larger, this is understandable that the probability of no inelastic interaction becomes smaller and smaller. Figure 2.14 illustrates the behavior of the survival factor as a function of the rapidity of the photonphoton system, for different W γγ . Obviously, the same effect is observed, that when W γγ increases the survival factor decreases. In addition, this figure shows the small dependence as a function of the rapidity y γγ . However, for possible measurements at the LHC, the rapidity domain covered is close to zero. Therefore, the dependence in y γγ has a marginal effect.

Finally, one should notice that this formalism does not directly apply for the protondissociation processes, which are less well determined theoretically, and in particular require more significant corrections due to proton absorptive corrections. The survival factor as a function of the energy fractions of the protons carried by the interacting photons, x 1 and x 2 .

[GeV] 

Proton-dissociative reactions

For the inelastic case, in which the proton dissociates into a hadronic system N at low mass m N , in general below 20 GeV, the proton form factors need to be replaced by the inelastic proton structure function, F 2 (z, Q 2 ), where z represents the longitudinal momentum fraction of the proton carried by the struck parton, see Section 1.3.3. At first approximation, the Q 2 dependence of F 2 can be neglected in the kinematic range of interest presented here. Then, the inelastic photon spectrum, n i , reads [START_REF] Carimalo | γγ Background of the Drell-Yan Process[END_REF]:

n i (x) = α em πx 1 z min dz z F 2 (z) ∞ Q 2 min dQ 2 z 2 Q 2 z(1 - Q 2 min Q 2 )(1 -x) + x 2 2 , (2.36) 
where x is defined as in Section 2.2.2 as the energy fraction of the proton carried by the photon. In Equation (2.36), the bounds in Q 2 also depend on the z values, which means that the photon spectrum depends on the inelastic proton structure. Then, the simplest proton dissociation models rely on parametrizations of F 2 (z).

It can be noticed that the only difference between the elastic and the quasi-elastic processes is the treatment of the γp vertex. For proton excitation processes, where the low-multiplicity states are usually produced, the photon virtualities are usually below 5 GeV 2 . For example, the Brasse parametrization [START_REF] Brasse | Parametrization of the q 2 dependence of γ V p total cross sections in the resonance region[END_REF], based on fits to the experimental data on the measurement of the total γp cross sections, is valid for photon virtualities Q 2 < 5 GeV 2 and masses of the dissociating system m N < 2 GeV.

A more general expression can be written including also O(α s ) corrections, due to the quark-gluon interactions. Figure 2.15 shows four new diagrams which have to be considered at the O(α em ) proton vertex. This includes initial and final-state gluon radiation as well as the photon-gluon production of quark and antiquark pair (γg → q q). Also from Equation (2.36), it is clear that the dissociative scenario is more complex to handle than the elastic one. In particular, the inelastic structure of the proton built up by quarks and gluons enters in the photon spectrum. It is possible to incorporate this effect by treating the photon from the proton as a parton -and construct the relevant "photon parton distribution", or photon-PDFs, γ p (x, Q 2 ) [START_REF] Spiesberger | QED radiative corrections for parton distributions[END_REF]. Since the emitted photon in such approach carries away some of the quark's momentum, the normal DGLAP evolution equations are slightly modified.

The only way to find out γ p (x, Q 2 ) is to perform a full global parton distribution function analysis with QED corrections included, and to compare with the results of a standard QCD-only analysis. The first qualitative estimates of the effect on the evolution of parton distribution functions was made in [START_REF] Martin | Parton distributions incorporating QED contributions[END_REF] for MRST2004QED PDFs, and later in [22] that defines the NNPDF2.3QED PDF set. The latter includes the fit also to the LHC data when constructing the photon-PDFs, starting from the initial scale of µ 2 0 = 2 GeV 2 . However, since the fits are performed to the inclusive pp and ep data, the final PDF set is affected by sizeable uncertainties, typically of order 50%.

Experimental considerations

The two-photon exchange reactions in a pp collider experiment can be characterized by striking experimental signatures. Indeed, for exclusive two-photon production of object X, large regions of the detector are free of any hadronic activity between the central state and the outgoing protons. Additionally, due to the very low photon virualities involved, the central state X has a very small transverse momentum, defined as p T,X = p X sin θ, where p X is the total momentum of the object X.

For exclusive two-photon processes, each of the incoming proton survives, scattered at very small angle, and escapes undetected along the accelerator beamline. For a 7 TeV pp center-of-mass energy and two-photon invariant masses W γγ > 10 GeV, one can find that the average photon virtuality for the exclusive reactions is of the order of 0.01 GeV 2 , which corresponds to proton scattering angles of the order of 20 µrad. 6 Far away from the experiment interaction point (IP), some dedicated devices may detect such protons and tag the photon-exchange reactions with the precise mass reconstruction of the centrally produced system. Studies on the installation of such forward proton-tagging stations at 204 m and 212 m of the IP within the ATLAS-AFP project are discussed in Chapter 6.

Unless both outgoing protons are detected, the semi-exclusive two-photon production, involving single or double proton dissociation, becomes an irreducible background to the fully exclusive reaction. However, due to the different photon virtualities, the protondissociative processes have significantly different kinematic distributions compared to the pure exclusive case, allowing an effective separation of the signal from this background.

The experimental aspects related to the selection of exclusive events, based on the case of two-photon production of lepton pairs, are provided in Chapter 8.

The photon flux is proportional to the square of the colliding particle charge, so the photon fluxes can be enhanced by orders of magnitude when using nucleus-nucleus collisions for two-photon exclusive reactions. Considering Pb-Pb collisions at the LHC, this immediately leads to an enhancement factor of 10 7 in the total cross sections for two-photon exclusive processes in comparison to pp collisions. However, one should also consider the maximum available equivalent photon frequencies, which can be derived from the uncertainty principle [61]:

∆t • ∆E 1 =⇒ R γv • ω 1 v→c =⇒ ω max. γ R , (2.37) 
where ∆t is the collision time, γ is the Lorentz contraction factor, R denotes the nuclear radius and v the velocity of the nucleus. For the Pb-mode at LHC energies (γ nominal = 2750) photons appear with energies only up to about 80 GeV contained in the electromagnetic fields of the nuclei.

Photon-induced MC generators for pp collisions

In order to test the reliability of MC generators in regard of two-photon processes in pp collisions, extended MC studies are performed with muon pair production in the final state as an illustration. Photon-induced processes in pp collisions are already implemented in various MC generators. For the simulation of exclusive processes, one can use:

Lpair [START_REF] Vermaseren | Two Photon Processes at Very High-Energies[END_REF][START_REF] Baranov | LPAIR: A generator for lepton pair production[END_REF] -calculations include full leading-order QED process using specially developed algebraic form of the squared matrix element. The photon flux is implemented in the context of EPA. The vegas [START_REF] Lepage | A New Algorithm for Adaptive Multidimensional Integration[END_REF] algorithm is used for the cross section integration.

Herwig++ [START_REF] Bähr | Herwig++ Physics and Manual[END_REF] -appropriate photon flux is implemented in the BudnevPDF function from ThePEG [START_REF] Lonnblad | THEPEG: Toolkit for High Energy Physics event generation[END_REF] software. Default functions are used for the final integration.

fpmc [START_REF] Boonekamp | FPMC: A Generator for forward physics[END_REF] -this generator is based on the Herwig [START_REF] Corcella | HERWIG 6.5 release note[END_REF]. Default Herwig routines are used for the EPA photon flux and the final integration.

The proton-dissociative processes, both single-and double-dissociative are implemented in the Lpair program. This generator uses the proton structure functions for each of the dissociative protons to calculate the final cross section. The Brasse [START_REF] Brasse | Parametrization of the q 2 dependence of γ V p total cross sections in the resonance region[END_REF] and Suri-Yennie [START_REF] Suri | The space-time phenomenology of photon absorption and inelastic electron scattering[END_REF] structure functions for proton dissociation are used. For photon virtualities Q 2 < 5 GeV 2 and masses of the dissociating system, m N < 2 GeV, low-multiplicity states from the production and decays of ∆ resonances are usually created. For higher Q 2 or m N , the system decays to a variety of resonances, which produce a large number of forward particles. The Lpair package is interfaced to JetSet [START_REF] Sjöstrand | High-energy physics event generation with PYTHIA 5.7 and JETSET 7.4[END_REF], where the Lund [START_REF] Andersson | Parton Fragmentation and String Dynamics[END_REF] fragmentation model is implemented.

Apart from the structure functions approach in Lpair, one can use exact photon-PDFs in the proton. This feasibility is already implemented in Pythia 8 [START_REF] Sjöstrand | A Brief Introduction to PYTHIA 8.1[END_REF]. After choosing the relevant PDFs, namely NNPDF2.3QED [START_REF] Ball | Parton distributions with QED corrections[END_REF] or MRST2004QED 7 [START_REF] Martin | Parton distributions incorporating QED contributions[END_REF], Pythia 8 offers all machinery to simulate proton-dissociative processes. Depending on the multiplicity of the dissociating system, the default Pythia 8 string or mini-string fragmentation model is used for proton dissociation. All of these features should be valuable when exploring the new experimental regimes with two-photon processes at higher energy scales.

Unfortunately, Pythia 8 provides only the double-dissociative process simulation.

Exclusive reactions

In order to test the compatibility of the different MC generators with respect to the exclusive dilepton processes, 100 000 events at √ s = 7 TeV are generated for each generator. Furthermore, the kinematic cuts for leptons are imposed to account for the limited detector acceptance: only muons with p µ T > 10 GeV and |η µ | < 2.5 are considered. Moreover, additional requirement for dimuon invariant mass m µ + µ -> 20 GeV is applied. Figure 2.16 shows dimuon invariant mass distribution comparison between the different MC generators. All three generators agree with each other within statistical uncertainties of the simulated event samples. The same agreement is observed in leading muon (i.e. the muon with higher transverse momentum) kinematic distributions (Figure 2.17). The total cross section comparison in the phase-space region considered is presented in Table 2.1.

[GeV] In order to verify the kinematic properties of the dimuon system, one can define the variable

dimuon acoplanarity ≡ 1 - φ µ + -φ µ - π = 1 -|∆φ µ + µ -|/π , (2.38) 
which represents the difference between azimuthal angles of the muons. This variable clearly shows when the muons are emitted back-to-back (1

-|∆φ µ + µ -|/π = 0) or are collinear (1 -|∆φ µ + µ -|/π = 1
) in the transverse plane. Dimuon acoplanarity and transverse momentum difference (∆p

µ + µ - T = |p µ + T -p µ - T |
) comparisons are presented in Figure 2.18. As expected, the dimuon acoplanarity distribution tends to zero -since the photons entering to the exclusive reaction are quasi-real. One can also observe the disagreement between fpmc and the other tested generators. This can be related with some problems with the EPA photon flux calculations in fpmc.

To cross-check the dimuon kinematic properties with respect to the longitudinal plane, it is preferable to use the scattering angle, θ, defined in two-photon rest frame. It is also equivalent to the angle between the lepton pair direction and the beam axis in the dilepton rest frame. One can use the relation:

∆η ≡ |η µ + -η µ -| = ln 1 + | cos θ| 1 -| cos θ| , (2.39) 
to easily calculate | cos θ| function. Figure 2.19 shows the scattering angle distribution comparison for the three studied generators. A good agreement is observed. Since the elementary cross section for γγ → µ + µ -sub-process reads as a function of cos θ: 

dσ d cos θ ∝ 1 + cos 2 θ 1 -cos 2 θ , ( 2 

Proton-dissociative reactions

Using the same kinematic lepton cuts, additional MC event samples are generated for single-dissociative (Lpair) and double-dissociative (Lpair, Pythia 8) processes. In order to directly compare double-dissociative Lpair with Pythia 8, one can impose additional pseudorapidity cut on the additional particles produced in an event (|η particle | > 2.5). This allows for approximate separation of the reactions with deepinelastic photon-quark interactions. Figure 2.21 shows dimuon invariant mass distribution comparison for double-dissociative process modelling. Large incompatibility is observed between the Lpair (Pythia 8 interfaced with MRST2004QED PDFs) and Pythia 8 interfaced with NNPDF2.3QED PDFs. This discrepancy is even more visible in the dimuon transverse momentum distribution presented in Figure 2.22. This fact can be used in discriminating different proton-dissociative models with respect to the experimental data.

One can also confront the ratio of proton-dissociative processes to the fully exclusive case. Assuming the imposition of |η| > 2.5 cut on the additional particles produced in an event (except muons produced via γγ interaction), all three components: exclusive, single-and double-dissociative have the similar total cross sections: about 1 pb in the phase-space region considered.

[GeV] 

Comparison with Drell-Yan process

Photon-induced lepton production can become a non-negligible background to standard Drell-Yan (DY) processes [START_REF] Drell | Massive Lepton Pair Production in Hadron-Hadron Collisions at High-Energies[END_REF], where the quark and antiquark pair annihilate to Z/γ * boson. The latter decays to a pair of opposite charge, same flavour leptons. The DY process also dominates the inclusive spectrum of muon/electron pairs produced in pp collisions at the LHC. In order to simulate the contributions from DY processes, Pythia 8 with au2 mstw2008lo [START_REF]Summary of ATLAS Pythia 8 tunes[END_REF] set of tunable parameters is chosen with the same kinematic cuts for muons (m µ + µ -> 20 GeV, p µ T > 10 GeV and |η µ | < 2.5). No other specific selection is used. Figure 2.23 presents dimuon invariant mass distribution comparison between the DY and various photon-induced reactions. The ratio of all photon-induced processes to DY can reach 5% for the low dimuon invariant mass range. This comes mainly from the double-dissociative contribution (see the Table 2.2).

The contribution from photon-induced processes could be even higher if one would include single-dissociative process simulation using Pythia 8 with photon-PDFs approach.

Unfortunately, an exact implementation of such reactions is not yet available. Finally, Figure 2.25 presents the scattering angle distribution. One could expect quite different shape in the DY processes associated with spin-1 particle exchange. Indeed the dependence in cos θ of the leading-order cross section on Z/γ * → µ + µ -process is:

dσ d cos θ ∝ 1 + cos 2 θ , (2.41) 
which is, however, different from the expression (2.39). The differences occur mainly at high | cos θ| values, which are suppressed by the dimuon kinematic cuts.

2.5.4 e + e -and τ + τ -channels

As it is known that the QED calculations of the sub-process γγ → + -involve a dependence in the lepton mass (see Section 2.1.3), one can expect to observe some differences in the predictions with respect to the different lepton flavours involved. However, as shown in Table 2.3, predictions for exclusive γγ → + -production cross sections for all three lepton flavours are almost the same. This comes from the fact that the dilepton 

Leptons

e + e - µ + µ - τ + τ - Cross section 0.83 pb 0.83 pb 0.82 pb 

Chapter 3

The ATLAS experiment at the LHC This chapter gives an overview of the ATLAS experiment at the LHC. It is used to perform the data analysis described in this thesis. Section 3.1 describes the main features of the Large Hadron Collider. Section 3.2 outlines the ATLAS detector and its components, together with trigger systems. Finally, the ATLAS simulation infrastructure is presented in Section 3.3.

The Large Hadron Collider

The Large Hadron Collider (LHC) [1] is currently the world's largest and most powerful particle accelerator. It is located at the European Organization for Nuclear Research (CERN) near Geneva in the Franco-Swiss border area.

It is a circular proton-proton (pp) collider placed 40-170 m underground 1 , in the same tunnel of 27 km circumference originally built for its predecessor, the Large Electron-Positron collider (LEP) [2], operated from 1989 to 2000. The LHC is designed to provide pp collisions with up to √ s = 14 TeV center-of-mass energy at an instantaneous luminosity of 10 34 cm -2 s -1 . In addition to protons, the LHC can also collide lead-lead and asymmetric proton-lead beams. 1 The LHC tunnel has an inclination of 1.4%, leading to a variation of its altitude of about ±60 m 67

CERN accelerator complex

The LHC is the last element of the accelerator complex chain at CERN, which is presented in Figure 3.1. Each of the other pre-accelerators injects the particle beam into the next accelerator in the chain, which brings the beam to an even higher energy. In this way, the particles are increasingly accelerated at each stage of the accelerator complex before they reach the main accelerator ring, the LHC. The proton beams at the LHC travel in separate vacuum beam pipes and are maintained in a fixed orbit using 1232 superconducting dipole magnets that are cooled to 1.9 K using liquid helium. The dipoles provide magnetic field strengths of up to 8.33

T. The beams are also focused using 392 main superconducting quadrupole magnets.

Eight superconducting cavities operating at 400 MHz are generating the electric fields used for the particle acceleration. During the acceleration phase, each proton gain 485 keV energy per turn.

After accelerating up to the final energy, proton beams are brought to collision at four interaction points (IPs) along the LHC ring. Each of them is surrounded by an experiment:

ATLAS [5] and CMS [6] are two general purpose detectors. They both cover almost the full solid angle and aim for high luminosities to discover rare processes. The ALICE [7] experiment is focused on the analysis of heavy ion collisions. The LHCb that studies hadron interaction models used in cosmic ray analyses and TOTEM [11] for elastic and diffractive processes measurements.

LHC beam parameters

The instantaneous luminosity at the interaction points along the LHC can be determined by the beam parameters, using the formula:

L = f r N b n 2 p γ r 4 n β * • F (θ c ), (3.1) 
where f r is the LHC revolution frequency, N b is the number of bunches per beam, n p is the number of protons per bunch, γ r is the relativistic gamma factor and n is the normalized transverse beam emittance (spread of the beam in position and momentum). The number of collected events N i that corresponds to a given reaction i depends on the corresponding cross section σ i and the integrated luminosity L dt accumulated by the experiment:

N i = σ i L dt . (3.2) 
In order to observe rare processes, LHC can collide protons at higher center-of-mass energies, compared to previous hadron-hadron accelerators. Moreover, high integrated luminosity can be delivered by the LHC machine.

The increasing instantaneous luminosity is followed by a larger number of pp collisions per single bunch crossing, µ. The mean number of interactions per bunch crossing, µ , can be calculated from the instantaneous luminosity (per bunch), L bunch , as µ = L bunch × σ inel /f r , where σ inel is the inelastic pp cross section. This effect is commonly known as pile-up and is an inevitable consequence at any high-luminosity collider experiment.

Since the interactions can be treated as independent of one another, the probability that n proton-proton interactions occur in a single bunch crossing, in a fixed beam setup, follows a Poisson distribution with a mean µ .

While the mean number of simultaneous interactions, µ , at the Tevatron never exceeded 6 [13], the LHC with its detectors are designed to cope even with µ 40 [14].

Maximum mean number of interactions per bunch crossing reached µ = 4 in 2010, µ = 17 in 2011 and µ = 37 in 2012 pp data taking campaigns. The peak instantaneous luminosity together with a maximum mean number of interactions per bunch crossing, as delivered to the ATLAS experiment by the LHC, as a function of time over the LHC Run-1 pp data taking periods, is presented in Figure 3.2.
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The ATLAS detector

A Toroidal LHC ApparatuS (ATLAS) [5] is by volume the largest detector installed on the LHC ring. The unprecedented high energy and luminosity of the LHC, implying higher particle multiplicities and radiation doses, have set new standards for the design of particle detectors. Requirements for the ATLAS detector have also been defined to cover a wide range of signatures from possible new physics phenomena which could appear at the TeV-energy scale, and to allow precise measurements of SM processes.

The anatomy of the ATLAS detector is sketched in Figure 3.3. It is forward-backward symmetric and covers almost the entire 4π solid angle. Each sub-system of the ATLAS detector is disposed around the interaction point forming a leek-like structure. In order to reconstruct charged particle momenta, large volumes of intense magnetic flux density are required to generate Lorentz forces sufficient to bend the trajectory of high-energy charged particles as they traverse the detector. The ATLAS system of magnets includes a thin superconducting solenoid surrounding the tracking detectors, and three large superconducting toroids (one barrel and two end-caps) arranged around the calorimeters.

The following sections describe the individual sub-detectors in more detail.

ATLAS coordinate system

ATLAS uses a right-handed, orthogonal coordinate system with its origin at the nominal interaction point in the center of the detector. The z-axis points along the anticlockwise beam direction, the x-axis points towards the center of the LHC ring, and the y-axis points upwards. In the transverse (xy) plane, cylindrical coordinates are used, with r denoting the radius and φ the azimuthal angle around the beampipe. The azimuthal angle can be written in terms of Euclidean coordinates as

φ = arctan y x . (3.3) 
The polar angle θ is measured relative to the positive z-axis.

When describing the properties of a particle relative to the beam axis, it is convenient to construct a quantity with invariant properties under boosts along this axis. Such a quantity is the rapidity, defined as

y = 1 2 ln E + p z E -p z , (3.4) 
with E being the energy and p z the longitudinal momentum of the particle (along the z-axis). For cases where the particle is massless or E m, the rapidity can be approximated by the pseudorapidity, defined in terms of θ as

η = -ln tan θ 2 . (3.5)
The pseudorapidity is very useful in the context of experimental particle physics, since the particle production is approximately constant as a function of η.

Therefore, the cylindrical coordinate system used is given by (φ, η, z). In this coordinate system, angular distances between two objects are given by ∆R = (∆φ) 2 + (∆η) 2 .

The transverse momentum p T and the transverse energy E T are defined in the x-y plane.

Inner Detector

The ATLAS Inner Detector (ID) [16] is designed to provide efficient pattern recognition and good momentum resolution for charged particles in the range |η| < 2.5 down to a As part of the planned detector upgrades during the long shutdown of the LHC that started in 2013 (LS1), a new layer closest to the beam pipe has been recently put in place, the so-called insertable B-layer (IBL) [18]. It is located between the existing pixel detector and a new smaller radius beam pipe at a radius of only 3.3 cm. Faster readout chips and two different silicon sensor technologies (thin planar and 3D sensors) were developed for IBL, in order to cope with high radiation and higher particle occupancies.

The Semi-Conductor Tracker (SCT) is located outside of the pixel detector and covers radial range between 30 and 51 cm. It is similar to the pixel detector but instead of the pixels, it consists of long silicon microstrips with a size of 120 mm by 80 µm, that are placed parallel to the beam line in the barrel and radially in the end-cap regions.

Each SCT module consists of two arrays of strip sensors, off-set at a small stereo angle of 40 mrad to provide a z-position measurement in the barrel and r-position measurement in the end-cap. The silicon strip tracker is arranged in four concentric barrel cylinders and in six end-cap disks on both sides. The initial bias voltage of SCT strips is 150 V and is expected to rise to 350 V. The SCT, together with the Pixel, allows to reconstruct charged particle tracks with a momentum resolution of

σ p T /p T = 0.05% • p T [GeV] ⊕ 1%.
The Transition Radiation Tracker (TRT) detector is installed after the SCT. It is comprised of 4 mm diameter and 1.44 (0.37) m long in the barrel (end-caps) straw tubes filled with a gaseous mixture of xenon (70%), carbon dioxide (27%) and oxygen (3%).

The tubes form the cathodes of the system (operated at -1530 V) and each contains a grounded gold-plated tungsten anode. There are over 50 000 straw tubes in the barrel and 320 000 radial straws in the end-caps, with typically 30 TRT hits being registered on a well reconstructed track of a charged particle with p T > 0.5 GeV and |η| < 2. The space between the layers of straw tubes are filled with radiators (polypropylene foils or fibres). A charged particle travelling through the radiator leads to a transition radiation which is emitted when passing through the material with different dielectric constants [19]. The intensity of the emitted transition radiation depends on the Lorentz γ factor of the particle passing through the TRT. For a given momentum, this allows separating heavy from light particles (for example electrons and pions).

Calorimeters

Calorimeters in HEP experiments are primarily used to absorb electrons, photons and hadrons created in the interaction, measuring their energy. The ATLAS calorimeter system consists of electromagnetic and hadronic calorimeters [5], as shown in Figure 3.5. All ATLAS calorimetric systems are of sampling type, where regions of an active sampling medium are alternated with a dense absorber material which induces particle showers.

The calorimeters cover the range |η| < 4.9 with the variable granularity. Over the same η region as the inner detector, the calorimeters are also finely segmented to perform precision measurements of electrons and photons. The rest of the calorimeter is of coarser granularity.

The Electromagnetic Calorimeter (ECal) is optimized to measure the energy of electrons and photons. Also, it provides electron and photon identification. It consists of two identical half-barrels, separated by a small gap (4 mm) at z = 0, covering the region |η| < 1.475, and two end-cap coaxial wheels covering a pseudorapidity range of 1.375 < |η| < 2.5. Between the barrel and the end-cap regions, at 1.37 < |η| < 1.52, so-called crack region exists in order to accommodate instrumentation and cooling infrastructure of the Inner Detector. This adds additional fraction of dead material in front of the EM calorimeter leading to significant particle energy loss. The ECal uses liquid argon (LAr) as active material and lead/stainless steel as passive material and has about 180 000 readout channels. Its granularity in terms of cell dimension, ∆η × ∆φ, varies as a function of η between 0.025 × 0.025 and 0.1 × 0.1. The thickness of the ECal has been also optimized as a function of η to improve the EM calorimeter performance in energy resolution, which is given by σ

E /E = 10%/ E [GeV] ⊕ 0.7%.
The Hadronic Calorimeter (HCal) provides energy measurements of hadrons. The HCal uses two different construction techniques in the barrel and the end-cap parts.

Steel is used as absorber and scintillating2 tiles as active material for the barrel part. Forward Calorimeters (FCal) are the calorimeters placed in the forward region and due to the large radiation environment, they use LAr as an active material. As an absorber material, the first section of FCal uses copper and is optimized for EM showers.

The remaining two sections use tungsten in order to cope with significant energy fluxes from forward hadrons. The FCal covers the range of 3.1 < |η| < 4.9 and its energy resolution is given by σ

E /E = 100%/ E [GeV] ⊕ 10%

Muon system

The Muon Spectrometer (MS) [20] is located outside the calorimeters, where it provides identification and reconstruction of muons. A toroidal magnetic field is causing curvature of the muon trajectory, which allows an additional muon momentum measurement. The information from the MS is then combined with the information provided by the ID to get a combined muon track. The MS is designed in such a way that it can measure 

ATLAS trigger system

Proton-proton collision rates at the LHC are heavily dominated by inelastic QCD processes with large cross section, in contrast to the interesting physics processes rates.

Considering that one event has a size of about 1.5 MB, the collision rate provides too much data to store. Therefore, a fast and efficient selection procedure of physics events is designed to be able to keep approximately 1 GHz collision rate. 3The ATLAS trigger system [21] is divided into three levels: L1 [22], L2, and the event filter (EF). L2 and the EF are referred to collectively as the High-Level trigger (HLT) [23].

Each trigger level performs a stricter selection than the previous level. The hardwarebased L1 trigger is able to make a decision using a limited amount of the detector information in less than 2.5 µs, reducing the rate from the initial 1 GHz to ≈75 kHz. In the next stages, the event rate is reduced to ≈3.5 kHz in L2, and to ≈200 Hz after the EF. Compared to the ATLAS design rates, the actual output rate during LHC Run-1 was 400 Hz on average, as the trigger system was able to handle a The software-based L2 trigger uses the ROI information at full granularity and precision to reduce the amount of data to be transferred from the detector readout, needing on average approximately 40 ms to process an event. The final stage in the triggering is the EF, which is also software-based. The EF further reduces the event rate using offline analysis procedures, with the time budget of about 4 seconds/event, using additional information from the event that requires more advanced reconstruction algorithms. The HLT algorithms refine the trigger selection using not only the full information of the calorimeters and muon system data, but also information from the Inner Detector, enhancing the particle identification. For certain physics objects that ATLAS triggers on, the production rate might be too high to record every single event passing the trigger.

In such cases, prescaled triggers exist, which record only a certain fraction of the events that would normally pass the trigger, effectively reducing the recorded luminosity.

The ATLAS data acquisition system (DAQ) [23] receives and buffers the event data from each detector readout electronics (at the L1 trigger acceptance rate) over 1600 point-topoint readout links. It transmits the ROI data to the L2 trigger, and an event-building is performed for events passing the L2 selection criteria. These events are then received by the EF and, once accepted, moved to permanent event storage located at CERN. 

Data taking with ATLAS during LHC Run-1

As already mentioned in Section 3.1, the LHC Run-1 can be divided into three main data taking periods corresponding to the years 2010, 2011 and 2012. In 2010, the LHC delivered pp collisions at √ s = 7 TeV corresponding to a total integrated luminosity of 48 pb -1 . The ATLAS experiment was able to record approximately 45 pb -1 out of the total integrated luminosity delivered by the LHC in 2010 [25]. In 2011, the collision energy remained the same but the total delivered luminosity increased to 5.46 fb -1 .

The ATLAS detector recorded 5.08 fb -1 , which translates into a data taking efficiency of 93% [25]. In 2012, the pp collision energy was increased to √ s = 8 TeV and a total integrated luminosity of 21. ATLAS online data-taking can be divided into sub-periods. The time interval during which the luminosity is supposed to remain constant is called Luminosity Block (LB)

and is approximately 2 minutes long. A run is a collection of luminosity blocks and its duration depends on the beam conditions. Status and functionality of all sub-detectors are known for each LB in every run. Thus, each physics analysis is required to use data only from "good" luminosity blocks in each run. For this purpose, a Good Run List (GRL) is prepared and used to determine the integrated luminosity for a given physics analysis.

During the LHC Run-1 operation, few pp runs were dedicated to special data taking when the relevant detectors, like TOTEM [11] and ALFA [26], were allowed to be inserted into the LHC beampipe. Such runs were characterized by a large value of the beta-function and therefore are called high-β * runs. 4 It is worth to mention that the integrated luminosities collected during the dedicated runs are orders of magnitude smaller than the one gathered during nominal LHC Run-1 operation. This is related with large value of the beta-function (luminosity behaves like 1/β * ) and lower number of colliding bunches and smaller number of protons per bunch during these runs.

ATLAS simulation infrastructure

In order to study the detector response for a wide range of physics processes and scenarios, a detailed detector simulation is mandatory. The simulated events are generated and reconstructed into a format, which is identical to that of the true detector. All of these components come together under the ATLAS simulation infrastructure [27]. The simulation program is integrated into the ATLAS software framework, ATHENA [28],

and uses the GEANT4 simulation toolkit [29,30].

Simulation chain

The simulation chain is generally divided into four steps, with a common data format required before the last stage of data processing. The steps that constitute the full procedure to produce simulated events are: event generation, detector simulation, event digitization, and event reconstruction. The event generation step produces the events that result from the hard scattering process of the pp collisions. They are generated using a variety of Monte Carlo (MC)

generator programs and can be saved in standard HepMC format [31]. These generator programs are usually configured so as to produce one physics process, where all the necessary model parameters are set. The generation of an high-energy pp collision event,

where the QCD calculations are involved, can be factorized into different stages, as illustrated in Figure 3.10:

Hard scattering process, where the partons (quarks/gluons, but also the photons) are created and undergo the reaction. The process is calculated based on matrix element computations, using fixed-order perturbation theory.

Parton showering process, with multiple QCD bremsstrahlung in the initial (if the coloured partons are involved) and final state, evolving down to low momentum scales, until perturbation theory breaks down (called the theory scale).

Hadronization process, which confines a system of QCD partons into colourless primary hadrons by utilizing phenomenological fragmentation models. The unstable primary hadrons decay into stable particles, which are expected to propagate through a part of the detector. Underlying event (UE) process, where the secondary interactions between the proton remnants occur. It is based on parametrized phenomenological models, and typically produces additional soft hadrons throughout the event.

The distribution of partons within the incoming protons governs the probability of a particular interaction to take place. These distributions can be modelled by fitting parametrized functions, like the parton distribution functions (PDFs) or proton structure functions, to experimental data. These functions are then served as external inputs to the event generators. The details of the generated particles in the event, after all stages of event generation, are stored in what is called MC truth record.

The next step in the simulation chain is the simulation of the detector response to the particles created in the event generation. The detector simulation computes the paths of the particles while traversing the detector. Here, any kind of interaction with the detector material, or further possible decays of unstable particles are taken into account. In addition, the detector simulation computes the particle hits on sensitive Illustration of a two-photon interaction (yellow waves) event in a protonproton collision produced by an event generator. The hard scatter interaction (red blob) produces muon pair and is accompanied with additional QCD interactions (green springs) in the parton showering process, before the hadronization sets in (green blobs) and hadron decays (white blobs). The figure is prepared with MCViz [32].

detector elements. This information is stored in a dedicated output format, known as simulation HITS. The detector simulation usually ends when all particles are either stopped or left the detector volume.

After the detector simulation step, the simulation hits have to be translated into a data format which corresponds to a format retrieved from the detector during data-taking.

For the simulation chain, this translation is carried out by the digitization [33]. The digitization takes as input the simulated hits and emulates the detector and electronics response, taking into account the intrinsic resolution of each detector. The digitization transforms the primary interaction of a particle with the sensitive detector material into the measurable quantities, such as the charge drifted to the readout modules. Besides creating realistic detector output signals, the digitization is responsible for introducing the simulated event pile-up. This is done by overlaying the detector simulations of different MC events and merging them into one common RDO (Raw Data Object) output for a single, pile-up enriched, event. At this step, the RDO file is produced, with the same data format used to record detector measurements after bytestream conversion.

Then, events obtained from the previous simulation step (or from detector measurements) needs to be interpreted in terms of finding particle properties. The reconstruction step is responsible for transforming the information held by the digits to a physics objects. This is done with various offline reconstruction algorithms that perform pattern recognition, track fitting and energy measurements. The output of reconstruction step is what is commonly used for physics analyses. Several formats exist, depending on the specific requirements. The Event Summary Data (ESD) keeps extended information for the physics objects at the detector level and can be used for validation purposes and performance studies. The Analysis Object Data (AOD) is derived from the ESD, with a significantly smaller size, and contains proper physics objects for physics analyses and further studies. The final format is the Derived Physics Data (DPD), which forms even smaller version of the AOD.

Detector simulation

The particles produced by the event generator in the first step of the simulation chain are propagated through a full model of the ATLAS detector based on the GEANT4 toolkit (GEometry ANd Tracking) [29,30]. This allows to simulate the passage of particles through matter and their interactions with the detector material. The ATLAS detector geometry used in the simulations is built from databases containing the information describing the physical construction and conditions data. The model of the ATLAS detector prepared for simulations (so-called ATLAS GeoModel [34]) is shown in With GEANT4, it is possible to simulate interactions of particles with the matter over a wide range of particle energies. The toolkit is based on a number of physics models [35] describing many different kinds of particle -detector matter interactions. Physics models in GEANT4 are typically chosen as physics lists (e.g. the Quark-Gluon String Precompound model [36] and the Bertini Cascade model [37]). GEANT4 can also simulate the decays of unstable particles. The GEANT4-based simulation step is the standard and most accurate detector simulation scheme applied in the ATLAS. However, this comes with an immense demand for computing resources. Almost 80% of the full simulation time with GEANT4 is spent for the progression of particle showers in calorimeters, mainly caused by particles such as electrons and photons, which produce large secondary particle cascades in the ECal. In order to reduce the burden on computing resources (and/or to increase the MC event statistics), the ATLFAST-II simulation [27] is used to reduce the simulation time by more than one order of magnitude. The ATLFAST-II parametrizes the longitudinal and lateral energy profiles of electromagnetic and hadronic showers for the response of the calorimeters, when the full GEANT4 simulation is still used for the Inner Detector and Muon Spectrometer. The approach taken by ATLFAST-II is less accurate comparing to the full simulation, but the relevant parametrizations can be tuned to data.

ATHENA framework

ATHENA [28] is the ATLAS software framework based on the common Gaudi architecture [38], originally developed for LHCb. Major design principles of the ATHENA software are the clear separation of data and algorithms, and between transient (inmemory) and persistent (in-file) data. All levels of processing of ATLAS data, from high-level trigger to event simulation, reconstruction and analysis, take place within the ATHENA framework.

ATHENA releases are divided into several major projects [39], and all of the ATLAS simulation software (including event generation and digitization) resides in a single project.

Each project consists of many different packages to allow flexible development of a wide range of shared components (or classes). The whole infrastructure uses object-oriented scripting to configure and load variety of algorithms and objects [28]. ATHENA highly relies on the external libraries, like CLHEP library [40], which include utility classes particularly designed for use in high energy physics software.

The major components of the ATHENA architecture are [28]:

Algorithms provide the basic per-event processing capability of the framework.

Each Algorithm performs a well-defined (and configurable) operation on some input data, in many cases producing some output data.

Tools, in contrast to Algorithms, do not normally share a common interface so are more specialized in their manipulation, and they can be executed multiple times per event.

Services are similar to the ATHENA Tools. Services usually provide more general tasks, designed to support the needs of the physicist (for example the messagereporting system, random-number generators, etc.).

Converters are responsible for converting data from one representation to another. One example is the transformation of an object from its transient form to its persistent form.

Properties can modify the operation of the components. Typically these are basic types (single numerical number), but can also be specified as having upper and lower bounds.

For storing data, ATLAS has adopted a scheme for separating transient from persistent objects [41]. This scheme can manage the data objects stored in transient form. It can also steer the transient/persistent conversion of data and can provide a dictionary allowing to identify and retrieve data objects in memory.

Chapter 4

Forward detectors in ATLAS

This chapter describes additional detectors covering the forward region of ATLAS. The existing devices will be characterized, together with future AFP detectors, proposed for measurements of diffractively scattered protons.

Existing forward detectors

The ATLAS experiment has several sub-detectors located in the acceptance region of large pseudorapidities (ATLAS forward region), i.e. in the direction of flight of the incident protons. These detectors, dedicated to different tasks, are listed below and described in details in the following sections. Three of these detector systems are placed in the very forward region: the LUminosity measurement using Cherenkov Integrating Detector (LUCID) [42] is a Cherenkov detector used for relative luminosity monitoring, the Zero Degree Calorimeters (ZDCs) [43] primary goal is to detect forward neutrons in heavy-ion collisions, and the Absolute Luminosity For ATLAS (ALFA) [26] measures elastically scattered protons down to very small scattering angles. Other sub-detectors located in the forward region of ATLAS are: the Beam Conditions Monitor (BCM) [44] designed for monitoring the beam background conditions within the Inner Detector (ID), and the Minimum Bias Trigger Scintillators (MBTS) [45], which are used primarily to trigger minimum-bias events (i.e. those with at least minimum proton-proton collision activity). All ATLAS forward detectors are symmetric with respect to the interaction point (IP) and have the same components on both sides.

The pseudorapidity coverage of ATLAS central and forward sub-detectors is shown in 

ATLAS forward region

The ATLAS region of large pseudorapidities, where dedicated detectors are installed, consists mainly of LHC beampipe and magnetic elements.

The LHC collides two beams, which circulate in two horizontally displaced beam pipes.

The beam pipes join into a common one about 140 m away from the interaction points.

All insertion regions, where the main LHC experiments are located, have very similar designs. They consist of 13 main quadrupole magnets on both sides of the interaction point, out of which three on each side (so-called triplets) are situated in the common beamline and are used for final beam focusing. The triplet affects both beams, whereas the other quadrupoles will act on them independently.

The LHC region in vicinity of the ATLAS IP is shown in Besides forward detectors and magnets, there are few more LHC elements installed close to the ATLAS IP:

Target Absorber Secondaries (TAS) -absorber for particles which could reach the quadrupole triplet. The first one is located in front of Q1, whereas the second one before the Q3 quadrupole magnet.

Target Absorber Neutral (TAN) -absorber for neutral particles leaving the IP, located in front of the D1 dipole magnet on the side facing the ATLAS detector.

Target Collimators (TCL4 and TCL5) -protect the superconducting magnets from quenching. TCL4 is installed before the D2 dipole and TCL5 before the Q5 quadrupole magnet. 

MBTS

The MBTS [45] detectors are located between the ECal end-cap cryostats and the Inner Detector. They are positioned at ±365 cm from the interaction point, perpendicular to the beam direction. Its specific geometry can be seen in The MBTS detectors are used during dedicated low instantaneous luminosity pp runs (L < 10 32 cm -2 s -1 ) [45] and during heavy-ion collisions [47] to provide a trigger on minimum collision activity from charged particles.

BCM

The BCM system [44] comprises one detector station on each side of the ATLAS detector at η = ±4.2. The stations are located about 1.84 m away from the interaction point and are made up of four modules (two vertical and two horizontal), positioned less than 6 cm from the beam. Each module includes two radiation-hard diamond sensors, read out by very fast and radiation-tolerant electronics. The BCM is designed to detect beam accidents that might damage the Inner Detector.

Such accidents can arise, if several proton bunches hit the collimators in front of the detectors, producing enormous particle rates. In order to protect the ID, the BCM is included in the beam abort logic and can trigger a beam dump. The BCM detectors measure the difference in time-of-flight (ToF) between the two stations, distinguishing between background particles and particles from normal collisions at the IP. Therefore, another operational area of the BCM is bunch-by-bunch luminosity measurements.

LUCID

The LUCID [42] is a Cherenkov detector The benefit of a Cherenkov detector is that it is possible to determine the number of particles passing through a tube by measurement of the pulse height. The instantaneous luminosity can be measured from the rate of inelastic pp collisions as sampled by LUCID 1 see the Section 5.3.1 for details about the Cherenkov radiation mechanism in the forward region, under the principle that the number of detected particles is proportional to the number of inelastic interactions. LUCID provides also an independent trigger signal for use in the L1 trigger system.

ZDC

Two ZDCs [43] The ZDC detectors occupies an important region of phase space for heavy-ion collisions,

where it provides a measurement of the centrality2 of each collision, which is strongly correlated to the number of very forward neutrons. The detector is also used as the primary trigger of low-centrality (so-called ultra-peripheral) events during heavy-ion runs.

For pp collisions, the ZDC enhances the acceptance of ATLAS for minimum bias physics and also provides a minimum bias L1 trigger input.

ALFA

The ALFA experiment [26] aims to provide an independent measurement of the absolute luminosity and total pp cross section, in the Coulomb-nuclei interference region [48].

Since in this region, the four-momentum transfers between the interacting protons are small (|t| ≈ 0.001 GeV 2 ), the protons are scattered at micro-radian angles. This requires, apart of the special high-β * LHC optics, that the detectors have to be installed far away (typically hundreds of meters) from the interaction point and as close to the beam as possible. The measurement of the absolute luminosity is based on the relation of the elastic scattering rate to the total interaction rate. This is called the optical theorem and states that the total cross section, σ tot , is directly proportional to the imaginary part of the elastic-scattering amplitude at zero four-momentum transfer, |t|. To measure the total cross section, an independent measurement of the luminosity is required. This is needed to normalize the elastic cross section, σ el . An extrapolation of the elastic cross section to |t| → 0 gives the total cross section through the formula:

σ 2 tot = 16π 1 + ρ 2 dσ el d|t| |t|→0 , (4.1) 
where ρ represents a small correction arising from the ratio of the real to imaginary part of the elastic-scattering amplitude and is taken from theory.

It is worth to notice that, apart from the elastic measurement, ALFA can also detect diffractivelly scattered protons.

Roman Pots

The ALFA detector system consists of eight tracking detectors housed in so-called Roman Pots (RP). The RP technique was used the first time at the ISR at CERN [49]. The RP beam interface has been also adopted by the TOTEM experiment [11] at the LHC. The Roman Pot concept is based upon a detector volume (the pot) that is separated from the vacuum of the accelerator by a thin window and connected with bellows which allow the insertion into the beampipe. The ALFA RP design [26] assumes that the detectors could be moved as close as 1 mm to the beam in the vertical direction. A schematic view of the ALFA Roman Pot is shown in Figure 4.5.

The eight ALFA detectors are grouped into four stations, which are placed at z = ±237.4

m and z = ±241.5 m in the outgoing beams on both sides of the ATLAS IP. Each station consists of two RP (upper and lower) with tracking detectors approaching the beams in the vertical coordinate y.

Tracking detectors

The ALFA detectors are built using the scintillating fibre tracker technology. Since the ALFA detectors are planned to be used only during the special low instantaneous luminosity LHC runs, the applied technology is not radiation-hard. In the Main Detector (MD), traversing proton position is measured. In additional Overlap Detectors (OD), a measurement of the distance between upper and lower MDs is performed to align the detectors. Such a measurement is needed because the position of the movable RP with respect to the center of the beam is not fixed from one data-taking period to another. Both MD and OD are completed with trigger scintillator tiles providing a fast L1 trigger signal. These are used to select miscellaneous event topologies of e.g.

elastically or diffractively scattered protons. The theoretical resolution for reconstructed proton position using single detector plane with pixels of size d x in arbitrary x-direction can be calculated with the Root Mean Square (RMS) formula: µm. In practice, the resolution is worsened by imperfect staggering, noise, cross-talks and fibre inefficiencies. The actual resolution of ALFA detectors was measured to be between 30 µm and 40 µm [50].

dx/2 -dx/2 x 2 d dx = d x √ 12 . (4.2)

Geometrical acceptance

For all scattered proton measurements done using the ATLAS forward detectors, it is important to understand the connection between the proton four-momentum and its trajectory position in the detector. This dependence for various LHC optics is illustrated in This means that for the collision optics ALFA covers only small kinematic phase space region of diffractive interactions. In the case of elastically scattered protons, more and more particles with small transverse momentum values reach the detector as β * increase.

Therefore, a dedicated high-β * runs are crucial for ALFA elastic measurements.

The AFP project

The ATLAS Forward Proton (AFP) project [52] promises a significant extension of the physics reach of ATLAS by tagging and measuring the momentum and emission angle of diffractively scattered protons. This enables the observation and measurement of a range of processes where one or both protons remain intact and which otherwise would be difficult or impossible to study. Because diffractive processes generally have high cross sections, it is argued that significant diffractive physics results can be obtained with a few weeks of special runs in the LHC Run-2 period.

The installation of the AFP detectors is currently foreseen to occur in two phases: a first phase of a single-arm AFP ("0+2"), adequate for special low-luminosity running and the measurement of soft and hard single-diffractive (SD) physics. Installation may be attempted as early as during the scheduled 9-week long Winter 2015-2016 shutdown.

Whether or not that will be possible, the second arm or the full system ("2+2") will be installed during the 19-week shutdown planned for Winter 2016-2017.

AFP physics program

The initial AFP physics program for LHC Run-2 is the study of diffractive processes in special low-luminosity runs.

Among all reactions that can be measured with AFP, the SD processes have the highest cross sections. This translates to relatively small amounts of integrated luminosity and run time (∼1 pb -1 ) required. On the other hand, these measurements must be done in an experimentally very clean environment, thus the optimal pile-up condition is applicability of this factorization would be an interesting outcome of the AFP measurements. In particular, the presence of an additional contribution from other colourless exchanges can be studied. Good experimental precision will allow for comparison to theoretical predictions and differential measurements of the dependence of the survival factor on (for example) the mass of the central system. The other SD hard systems considered for AFP measurements in dedicated runs during LHC Run-2 are photons, photon+jet and electroweak bosons.

The AFP can be also very useful in measuring photon-induced reactions. In order to determine experimentally the nature of proton-dissociative processes, one can use single proton tagging to measure single-dissociative lepton pair production. With an integrated luminosity of the order of ∼10 pb -1 , this would give the access to e.g. the photon-PDFs in the proton: a quantities which are still poorly known at the LHC energies.

AFP detectors

The AFP detectors aim to measure protons that are emitted from a central interaction in the very forward directions. Protons suffering a moderate energy loss and emitted at µrad angles with respect to the beams will remain inside the beam pipe but separate from the beam axis because of the accumulated dispersion in the beam elements. At ∼200 m from the ATLAS interaction point (IP), they will be sufficiently separated from the nominal beam orbit so that they can be intercepted by detectors inserted into the beam pipe aperture. The deflection of the proton depends on the magnitude of the energy loss suffered, and also on the emission angle at the IP. 

Beam interface

The search for a suitable detector-beam interface for AFP started within the framework of the FP420 collaboration [53]. The initial beam interface of choice was the Hamburg Beam Pipe (HBP), a movable section of beam pipe with a thin "floor" and entry/exit windows that would allow the detectors to approach the LHC beam as close as 3 mm. The proposed HBP prototype is shown in Figure 4.9. This design was fully engineered and its radio-frequency (RF) impact on the LHC beam evaluated. With sloping entry and exit windows (similar to the sloping collimator jaws in use at the LHC), the HBP RF impact was shown to be equivalent to that of a Roman Pot. With the use of beryllium or aluminium windows, the interaction length of windows and floor was also shown to be acceptable. However, the HBP device has not been used previously at the LHC and is therefore considered more risky. Moreover, the cost of a single HBP station is estimated about three times that of a RP station. The RP beam interface has been already adopted by the ALFA [42] and TOTEM [11] collaborations and has shown to work reliably at the LHC. Hence, the AFP baseline beam interface chosen for the 210 m stations is the RP, with the parallel development of the HBP solution.

The AFP Roman Pot station contains the pot and the mechanics allowing it to enter the beam pipe aperture. The cylindrical pot orientation and its motion are horizontal, transverse to the beam direction. Since the present TOTEM horizontal station is perfectly suited for AFP, therefore it was decided to use TOTEM RP station design [11].

The design drawing of the AFP RP is shown in 

Tracking detectors

The AFP design foresees a high resolution pixelated silicon tracking system placed at 210 m from the ATLAS IP. Combined with the magnet systems of the LHC accelerator, the AFP Silicon Detector (SiD) system will provide the momentum measurement of the scattered protons. The full AFP SiD system will consist of four units (stations), each composed of many pixel sensor layers, 4 which will be placed in Roman Pots, two on each side of the ATLAS IP ("2+2"). However, for the first AFP phase ("0+2") the tracker will be reduced to two RPs at only one side of the ATLAS IP.

The needs for the AFP Silicon Detectors are as follows:

To ensure good proton momentum resolution, the AFP SiD is required to provide a high spatial resolution of ∼10 µm (∼30 µm) per station in horizontal (vertical) direction.

The AFP tracker must be able to approach the circulating beam closely, and therefore an "edgeless" device is required, i.e. the inactive region of the detector side facing the beam should have ∼200 µm.

While in the measurement position only a few mm away from the beam, the AFP SiD units have to withstand a highly non-uniform irradiation profile with a high maximum fluence along the line of diffractively scattered protons.

Because of the above requirements, the AFP baseline tracking device is the 3D silicon pixel tracker, used for the ATLAS Inner Detector insertable B-layer (IBL) [18,54]. The radiation environment for AFP is more benign than for the first layers of the ATLAS Inner Detector, but the irradiation varies strongly as function of the distance to the circulating beam. In addition, the choice of the 3D pixel sensor allows the use of the well-tested FE-I4b frontend chip [54] for readout. The chip operates with a 40 MHz externally supplied clock and provides readout for each pixel channel. Each channel contains an independent amplification stage, followed by a discriminator with adjustable threshold. The FE-I4b chip can also send a trigger signal, which is formed as the logical OR of all fired discriminators on the FE-I4b chip.

The AFP 3D pixel sensors for the first AFP phase were already fabricated [55] based on the p-type silicon wafers, with 230 µm thickness, and a very high resistivity (10 to 30 kW cm). The sensor design features an array of 336 × 80 pixels with a pixel size of 50 × 250 µm 2 . This gives the AFP SiD sensor active area of 16.8 mm wide in horizontal (x) direction and 20 mm wide in y (vertical, the long direction of the pixels). Each pixel consists of 2 n + -junction columns and 6 surrounding p + -ohmic columns. In order to fulfill the AFP-specific needs, the 3D pixel sensors are slimmed at the vertical edge, leaving 100 -200 µm remaining extension from the sensor edge to the most external pixel columns. Figure 4.11 shows details of the 3D pixel sensor layout.

The construction of the AFP SiD should allow its easy and relatively fast installation or removal directly in the LHC tunnel, where the access time is usually very limited.

In addition, the silicon sensors are rather fragile and they have to be protected against any mechanical stress. Therefore, the appropriate tracker holder has to be prepared. A preliminary design of the AFP SiD foresees a simple compact block of planes assembled together with a gap of about 10 mm between planes. Materials such as Si/Al alloy, aluminium nitride or a carbon fibre composite are considered as base materials for the manufacturing of the mechanical parts of the AFP SiD. These materials have a low thermal expansion coefficient which also provide high mechanical stiffness and overall stability of the tracker. The proposed AFP tracker assembly is shown in Figure 4.12.

The plates are 1 mm thick, with a window underneath the silicon chip modules, and are covered with a thin layer of high thermal-conductivity foil, providing a heat exchange between the sensors and dedicated cooling system.

(a) (b) 

Timing detectors

When the average number of pp interactions per bunch crossing, µ , increases, forward proton time-of-flight (ToF) information becomes necessary to reject backgrounds. The level where timing becomes needed depends on the process under study, but in general, the improved signal purity can be reached for any reaction with both intact protons tagged. The background mainly stems from protons (measured in the two AFP arms) that come from different single-diffractive interactions in the same bunch crossing.

Precision proton ToF measurements, t Right and t Left in the Right and Left AFP detector arms, permit the determination of the longitudinal origin (vertex) of the proton pair as Photon statistics (the mean number of photo-electrons is about 10) affect the signal amplitude but keep the shape precisely. Then, the goal of the fast electronics is to further preserve the signal shape information and derive the best possible timing of the signal, independent of the signal amplitude. The approach chosen by the AFP is based on low-noise amplification followed by constant fraction discrimination (CFD)

z AFP = c • t Left -t Right 2 , (4.3 
and high-precision time-to-digital converter (HPTDC) [57].

For the first AFP phase consisting in a single-arm two-station setup, the ToF system is of no great use except possibly for event triggering. However, installing a time-of-flight detector from the very beginning allows the characterization of the time profile of the protons from central interactions and from various background sources.

(a) (b) 

AFP detectors integration

The overall possible arrangement of individual AFP detectors is shown in 5 Nuclear interaction length is the mean distance travelled by a hadronic particle before undergoing an inelastic nuclear interaction Chapter 5

Simulation of AFP detectors

This chapter describes in details the AFP detectors simulation. The simulation contains the implementation of ATLAS forward region, AFP detectors-beam interface, AFP Silicon and Timing Detectors. The author of this thesis significantly contributed to the development of models for simulated event digitization and reconstruction, both for AFP Silicon Detector (SiD) and Timing Detector (TD), together with so-called Fast Cherenkov model for optical photon transportation.

ATLAS forward region simulation

The AFP setup is designed to measure protons emitted at a very small scattering angles.

Since the AFP sub-detectors (SiD and TD systems) have to be placed far away from the ATLAS interaction point, the protons are transported through several LHC magnets placed between the IP and AFP stations. The trajectory of the scattered protons deviates from the straight-line shape.

In order to simulate scattered proton positions and momenta at a given distance from the ATLAS IP, mapping tools are usually used [58,59]. Such tools take as an input generator-level particles and calculate the required positions and momenta using matrices that describe magnetic elements (or fields) in the ATLAS forward region. There is also a possibility to make a full simulation of particle motion through the accelerator magnetic lattice, including all physical processes, using GEANT4 functionality [29].

The full GEANT4-based simulation of particle interactions in the ATLAS forward region is prepared within the ATHENA software framework [28]. There are several advantages of such approach. First, the full simulation allows the simultaneous treatment of multiple ATLAS forward detectors (i.e. in addition to AFP also ZDC and ALFA). Next, 111 secondary particles emerging in the forward region are also taken into account. For example, showers developing on the beam screen 1 elements of magnets can be studied.

Additionally, it is possible to move and rotate magnets and vary their fields to study the effects of such modifications.

The model of the ATLAS forward region used in the simulation is shown in Figure 5.1.

It is prepared using ATLAS GeoModel framework [34] and consists of the LHC beam pipe elements, starting at 19.06 m (the end of ATLAS cavern), and describing it till behind the ALFA detector, up to a distance of 269 m. All magnetic fields are included, based on the dedicated calculations prepared using FLUKA software [61]. Except for the beam pipe (including beam screens and adjustable collimators), there is presently no other material included in the simulation of the ATLAS forward region. 

AFP geometry

The geometry of AFP for GEANT4 simulation (AFP GeoModel) consists of models of detector-beam interface, silicon tracker and ToF spectrometer. All models are prepared within the ATLAS GeoModel framework [34] and are parametrized, such that their spatial dimensions can be easily adjusted, based on the final project requirements.

1 Beam screen is a perforated co-axial liner, placed inside the beam pipe, that protects superconducting magnet against beam-induced heat and radiation. More details can be found in [60].

Beam interface

The AFP beam interface can be based either on Hamburg Beam Pipe solution, or Roman Pot configurations. In the simulation, models for both interfaces are implemented.

Based on the original model of the Hamburg Beam Pipe (HBP), the improved design of the HBP is considered, with tilted HBP entry/exit windows in order to minimize RF losses. The original HBP model is retained in the simulation and the tilted window is mimicked by the additional material -the HBP window thickness was changed to 300 µm / sin 11 • ≈ 1.57 mm). The default thickness of the HBP floor layer in the simulation is chosen to be 300 µm. 

AFP Silicon Detectors

An Based on the list of the energy deposits of the protons inside the silicon sensor (so-called GEANT4 hits [29]), the total deposited energy per pixel is calculated. For each hit, the following additional information is stored: the beginning and the end of the segment containing the hit and the physical properties of the particle, such as momentum and charge.

The AFP GeoModel tool allows parametrized staggering of silicon sensor planes in both horizontal and vertical directions, together with horizontal movement of AFP Silicon Detectors and their eventual vertical tuning. This should provide the required resolution and efficiency for the planned physics measurements and studies. Sensor planes with water cooling pipes are also visible.

AFP Timing Detectors

In the simulations the QUARTIC detectors [56] were initially implemented, in use with 

Fast Cherenkov algorithm

The simulation of Cherenkov light production is already taken into account in GEANT4.

Since GEANT4 is treating each simulated particle individually, the simulation of such processes is very time consuming. Especially, if the information about every single optical photon needs to be stored, which is a crucial point in simulating the high precision 

Cherenkov photons

When a particle of charge q e travels in a dispersive medium faster than the phase velocity of the light in that medium, it emits Cherenkov light. A particle travelling with a speed β = v/c emits Cherenkov photons in a characteristic cone with the opening angle θ ch , measured with respect to the particle momentum, and given by cos

θ ch = 1 β • n( ) , (5.1) 
where n( ) is the refractive index of the medium, which depends on the photon energy .

Approximated relation for the number of generated Cherernkov photons in that medium (covering spatial dimension of x) is given by the relation [64]:

dN = 370 • q 2 e photons eV • cm 1 - 1 β 2 • n 2 ( ) d dx . (5.2)
GEANT4 provides a method of generating Cherenkov photons based on the above formulas [65]. In particular, the total number of photons produced is calculated according to the Poissonian distribution, with a parameter

n = dN dx • G4StepLength , (5.3) 
where G4StepLength is a particle geometrical path length, simulated in GEANT4, where the interaction with matter (or transportation) occurs. The distribution of the photon energy (as well as the angle of emission) is sampled from the density function

g( ) = 1 - 1 β 2 • n 2 ( ) = sin 2 θ ch .
(5.4) In the realistic three-dimensional scenario one has to introduce another angle δ to uniquely describe the initial direction of the photon. This is shown in Figure 5.9. The bar is placed at the fixed angle with respect to the initial charged-particle momentum (shown as a red line). Interaction of the particle with the matter of the bar starts at P pre and ends at P post point. In P ch , the generation of a single Cherenkov photon occurs (blue line), which travels through the bar with multiple reflections (denoted as #) until the absorption point (marked with * ). In this case the Equation (5.5) takes the form

General formalism

L eff = y 0 cos α • cos δ , (5.6) 
where y 0 denotes the distance from P ch to the MCP-PMT, situated at the end of the bar. One should notice that L eff does not depend on the initial proton x-position at a given set of angles. 

Implementation in GEANT4

To implement the method in existing GEANT4 simulation code, it is preferred to perform calculations in the local coordinate system of hit bar. To do so, it is recommended to use appropriate GEANT4 class [66].

In order to generate the Cherenkov photons in the simulations, one can start with the randomization of the photon creation point, along the path of a charged particle. Knowing the initial and final particle positions inside the medium, the parametric equation of the line might be used: where rand is a random number generated in the [0, 1] range, while PreProton(X,Y,Z)

G4double rand = G4UniformRand 
and PostProton(X,Y,Z) are the coordinates of initial and final GEANT4 step position.

The initial Cherenkov photon momentum can be calculated in two steps:

1. Generation of random position of the photon on the cone surface, defined by θ ch , in the coordinate system with primary particle direction aligned with the z axis.

2. Rotation of the photon direction back to global reference system (using relevant GEANT4 method).

Having the initial photon generation point and its momentum, one can compute cos α and cos δ values. To do so, the scalar product can be used.

To account for the effect of absorption of photons inside the medium, the relevant probability needs to be determined:

p abs = 1 -exp (-µ abs ( ) • L eff ) , (5.7) 
where µ abs ( ) is the light attenuation coefficient of the radiator bar.

Since the transportation of the photons in QUARTIC bars is based on the total internal reflection, one can also specify the additional photon selection conditions. In the case of α and δ angles, defined in Equation (5.6), the conditions are

sin α cos δ < cos θ c sin δ < cos θ c , (5.8) 
where θ c is a critical angle (angle of incidence above which the total internal reflectance occurs). If a given simulated photon does not satisfy these conditions, it will be refracted or absorbed, at the surface of the medium. In order to determine the total internal reflection conditions inside the radiator bar, one needs to find the dependencies between the projection and reflection angles. This is schematically shown in Figure 5.10. Keeping the same convention for angles α and δ, one can write the identities:

cos θ r1 = sin α cos δ cos θ r2 = sin δ , (5.9) 
where θ r1 and θ r2 are the reflection angles in a planes denoted as x and y, respectively.

To fulfill the total internal reflection conditions, the angles θ r1 and θ r2 must satisfy the conditions:

θ r1 < θ c θ r2 < θ c , (5.10) 
which can be expressed in terms of α and δ:

sin α cos δ < cos θ c sin δ < cos θ c , (5.11) 
where θ c is a critical angle.

For precise photon timing simulations, one needs to specify the global time when photon is reaching the MCP-PMT region. An appropriate formula is given by

t = t pre + z 0 β • c + y 0 v g • cos α • cos δ , (5.12) 
where:

t pre -global time of the incoming particle at P pre point calculated with respect to the beginning of the simulated event, z 0 -distance between P pre and P ch points, v g -group velocity of light in the medium. For a single incoming particle, the whole procedure has to be repeated n times, where n is an integer generated from Poisson distribution with parameter given by Equation (5.3). For secondary particles, the analogous process must be also reiterated.

QUARTIC bar simulation

As an example of method usability, simulation of single QUARTIC bar was performed.

To reproduce the timing measurement of a single proton, complete GEANT4 simulation with default Cherenkov photons transportation was used as a default option. Then, the Fast Cherenkov model was implemented for the photons transportation. Comparing the CPU time-consumption of the method, it is over 100 times faster than the full simulation. This is a crucial aspect of usability of this model. 

AFP data model

The The structure of the AFP D3PD format reflects the content of the abovementioned collections, which are stored in the corresponding data objects. This information is completed by the MC truth data object for simulated events, that cover the information about any generated forward particle kinematics.

AFP digitization

The AFP digitization algorithm is prepared within the general ATLAS scheme, which includes the possibility to add pile-up events. Prior to the digitization stage, GEANT4 hits from pile-up are overlaid to simulate the expected bunch spacing and number of bunch crossings.

Digitization in the AFP Silicon Detectors

For reasons of speed and flexibility, each AFP silicon sensor is treated as a single sensitive volume and there is no physical splitting into pixels at this step. The start and end positions of each hit (in the global coordinate system of the ATLAS GeoModel) are transformed into local sensor coordinates. In the digitization step, the full track stub is split over corresponding pixels and for each pixel its coordinates (in pixel units: row and column numbers) and deposited energy are stored in the output data record. Since an electron-hole pair in silicon is produced for each 3.6 eV of deposited energy, the number of carrier pairs in each pixel is calculated in the AFP digitization algorithm. The pixel fires in case the number of pairs is higher than a pre-set threshold. At present, noise is not included in the AFP SiD digitization (and therefore no fake hits are generated).

However, the expected noise is much lower than the threshold; a fact confirmed by all existing test beam measurements. Nevertheless, noise (e.g. due to different conditions in the LHC tunnel) could be added in future. For each pixel, its coordinates (in pixel units) and deposited energy are stored, together with the numbers that identify the station, detector (sensor plane) and, for future purposes, pixel discriminator time. 

Digitization in the AFP Timing Detectors

AFP reconstruction

Silicon tracker reconstruction

For proton track reconstruction from silicon tracker hits, the Kalman filter [67,68] technique is employed. This approach minimizes the mean square estimation error, and is the optimal estimator of the state vector of a linear dynamical system. In case of the AFP SiD, a track pattern can be described by its 4-D state vector (straight-line motion), which can be parametrized as follows:

x = (x, dx/dz; y, dy/dz) T , (

where x, y and z are the spatial coordinates in the ATLAS coordinate system, and z is the direction along the beam. In its linear form, the evolution of the state vector is described by the discrete system of linear equations:

x(z k ) ≡ x k = F k-1 x k-1 + w k-1 , (5.14) 
where the matrix F k-1 relates the state at detector plane (step) k -1 to the state at step k. A random variable w describes the noise which can account, for example, for the effect of multiple scattering on the state vector. According to the AFP SiD track model, the matrix F k-1 has the form

F k-1 =        1 ∆z k 0 0 0 1 ∆z k 0 0 0 1 0 0 0 0 1        (5.15)
and ∆z k denotes the distance between detector layers k and k -1.

An example from a single event with reconstructed charged-particle track trajectories in AFP SiD is presented in Figure 5.15. Typically, there are 20 or fewer hits per tracker in an event. Therefore, to save disk space and CPU consumption, the track reconstruction algorithm is invoked only if there are fewer than 1000 hit pixels in a given AFP station -otherwise this is considered the signature of a particle shower. 

Time-of-flight detector reconstruction

dt dy = n c sin θ ch - 1 c tan θ ch ≈ 3.7 ps mm , (5.16) 
where n is the refractive index of quartz (≈1.46), c is the speed of light and θ ch is the Cherenkov angle (≈48 • for particles with v ≈ c). The size of the correction is extracted from the simulation by performing a linear fit to the distribution of average proton ToF reconstructed by AFP TD as a function of proton y-position from AFP SiD. This is presented in Figure 5.17. The best-fit value is dt dy = 4.3 ± 0.1 ps/mm, which is consistent with the expected value of 3.7 ps/mm. The most important quality criteria for the AFP measurement are the proton reconstruction efficiency and signal-to-background rate. The proton efficiency is defined as the fraction of primary protons that would have reached the AFP geometrical acceptance but are lost or badly measured. Intimately connected to this is the rate of background particles seen in the AFP detectors. In the following sections sources of backgrounds, proton inefficiency, and ambiguities in the AFP measurements are discussed.

Backgrounds

While the signal in AFP detectors consists of primary protons, the AFP background consists of particles (protons or other particles like electrons, pions, muons) detected in the AFP, but that do not directly originate in the interaction point. This background has multiple origins and can be categorized as follows.

Beam-halo consists of protons in the 'tails' of the beam profile distribution. The amount of halo intercepted is strongly dependent on the distance of closest approach of the bottom part of the AFP beam interface to the circulating beam. Beam-halo can be reduced via dedicated LHC collimators, but is subsequently replenished by electromagnetic beam-lattice scattering, intra-beam scattering, and beam-beam elastic scattering in the interaction regions. The halo density and its profile is strongly affected by the tune of the LHC machine [69].

Beam-gas background: Beam protons may interact with the residual gas inside the beam pipe producing scattered protons, or showers of particles, that may impact the AFP detectors. Primary scattering products may also interact with LHC collimator jaws, beam screens, beam pipe walls, and other material upstream of AFP that can cause secondary shower products that enter the detectors. Beam-gas background is typically only a small component of the total background when only the beam pipe region between the IP and AFP is considered. However, when integrated over the LHC circumference, the total contribution to the lifetime reduction of the machine is significant, although still sub-dominant [69]. Beam-halo and beam-gas interaction backgrounds are currently not implemented in the AFP simulation.

Secondary showers: High-energy primary particles produced in the IP in forward directions may cause interactions upstream of AFP, and the secondary particles (or secondaries) may reach the AFP detectors. Together with genuine (primary) protons from the IP, this is the dominant radiation source at the LHC and the elaborate LHC collimator hierarchy has been designed to deal with such radiation and protect the superconducting elements in the machine.

Back-scattering background: Already at µ = 2, the losses on Q6 magnet become unsustainable, especially with the AFP detectors inserted, such that a new collimator (TCL6) behind AFP is required for Q6 protection. In turn, TCL6 will cause some 'back-scattering' into the outer AFP stations. When AFP is operating, the possible upstream LHC collimator settings will have to be adapted not to obscure the AFP sensitive detector area.

Self-interaction background: Each AFP station is itself a target for particles inside the beam aperture and will cause interactions depending on the interaction length for traversing particles. Each inner station is also a potential source of showers that will be seen in the outer station.

Signal efficiency and proton survival

The signal for AFP is considered as a primary proton that is well measured in both AFP stations of a given arm. The proton inefficiency is defined as a fraction of these protons that would have reached the AFP geometric acceptance, but are lost or badly measured because of one of the two main effects.

Proton interactions in the AFP station: When the signal proton undergo an inelastic interaction in a station its tracker and/or ToF measurement may become unusable.

This effect depends on the total interaction length of the detector station and detector material upstream (and nearby downstream) of the measurement itself. For this reason, the total nuclear collision probability will be kept well under 2% for the single-station AFP beam interface. The nuclear collision probability of the AFP SiD is estimated to be ≈0.7% for a 4-layer tracker, and about 9% (18%) for the rows of 4 (8) quartz radiator bars of the AFP TD.

Signal overlap and ambiguities: Signal overlap inefficiency occurs when another intime particle, whether a genuine proton or a background, hits the same detector pixel as the signal and makes the proton signal unusable. Overlap particles are not considered a serious issue in the tracker, because of its high degree of pixelation. In the ToF detector, the in-time particle or shower background has the possibility to 'flood' the fast timeof-flight detectors, which have limited spatial pixelation. Overlap particles hitting the same ToF quartz bars as the signal proton, may deform the timing signal and give rise to an unreliable ToF measurement. The magnitude of the overlap inefficiency is dependent on the LHC optics, luminosity, machine lattice, upstream material and beam conditions, and is therefore inherently difficult to be precisely calculated.

Simulated AFP performance

To demonstrate the expected AFP performance using full GEANT4 simulation, the configuration listed below is used. This configuration does not completely correspond to the latest detector design configuration but is sufficiently close for the simulation to remain valid. In order to reconstruct the proton trajectory in AFP SiD, a number of quality cuts are introduced. A track is defined as a good one if the following criteria are fulfilled:

Reconstruction quality: trk quality > 6 (trk quality = N hits +

χ 2 max -χ 2 trk χ 2 max +1
, where χ 2 max is taken to be 2.0 and χ 2 trk is the output from Kalman filtering). This cut prevents considering tracks with too small number of pixels, N hits < 6, used for the reconstruction. Tracks originating from primary protons form sharp peaked structure around dx/dz = 0, where the showers form significantly wider structure.

For proton tracking-timing studies, a "good" event must also pass the following timing requirements:

The 

Geometrical acceptance

The geometrical acceptance is defined as the ratio of the number of protons with a relative energy loss, ξ p , transverse momentum, p p T and azimuthal angle φ p that reach the forward detectors to the total number of scattered protons having the same ξ p and p p T . The proton relative energy loss is defined with respect to the beam energy E p as:

ξ p = 1 - E p E p , (5.17) 
where E p is the energy of the scattered proton. Obviously, depending on ξ p , p p T and φ p , some scattered protons will not reach the forward detectors as they may be too close to the beam to be detected or hit an LHC element (collimator, beam pipe, magnet) upstream of the detector.

The geometrical acceptance for nominal LHC optics (β * = 0.55 m) of the first AFP station (located at 204 m from the ATLAS IP) is shown in Figure 5.21a. For the collision optics the region of high acceptance (>80%) is limited by p p T < 3 GeV and 0.02 < ξ p < 0.12. For comparison, the geometrical acceptance of ALFA detectors are shown in Figure 5.21b. This demonstrates the complementarity between the ALFA and AFP. As ALFA is designed to measure elastically scattered protons, its acceptance covers mainly the region around ξ p = 0 in dedicated high-β * runs. Unfortunately, this means that for the collision optics, ALFA covers only small kinematic phase-space region of 0.06 < ξ p < 0.12 and p p T < 0.3 GeV. This gap could be filled by using the AFP detectors, which can measure protons up to much smaller ξ p and larger p p T .

Detectors resolution

The difference between the true x position of the proton in the AFP station and a reconstructed track value is shown in Figure 5.22a. The obtained reconstruction resolution equals 14.8 µm (72 µm) in x (y). This is consistent with the values expected from the size of simulated pixels in a non-staggered set of tracking planes. In the final detector version the SiD planes will be staggered. Moreover, a better resolution per plane is expected for tracks reconstructed from the clusters, calculated using signal-charge interpolation [17]. Currently, a simple geometric mean is used to calculate the hit positions, if at least two adjacent pixels are hit in a single event. Staggering and charge-sharing interpolation techniques are expected to further improve the reconstruction resolution to 8 and 20 µm in x and y, respectively.

The reconstruction resolution of the ToF is evaluated using events satisfying selection criteria for both AFP arms (so-called double-tag events). The timing resolution is equal to 15 ps with the current implementation of AFP TD. This value translates to 2.3 mm vertex z-position reconstruction resolution, as can be seen in Figure 5.22b. 

Showers

As expected, not all forward protons can reach the AFP stations. If the energy lost by a proton is large enough (ξ p > 0.15), it will hit the LHC aperture before the AFP stations. In such case, a particle shower might be created, spoiling the measurement by populating the near or far AFP stations with a large number of tracks. A shower could also be produced inside the near station causing high multiplicity in the far station. This is shown in Figure 5.23a, where apart from protons, there are some tracks caused by showers. In order to clean the event from these, the selection criteria described above are applied. This removes almost all shower tracks in the sample as shown in Figure 5.23b. 

Proton reconstruction efficiency

To study the effect of pile-up interactions on the AFP proton reconstruction quality, simulated events with µ = 0, 1, 5 and 15 are considered. A robust set of SiD+ToF cuts is chosen in order to account for the reconstruction of additional primary protons arriving from pile-up interactions. Chapter 6

Analysis objects

In this part of the thesis details of the data analysis and especially the measurement of exclusive two-photon production of lepton pairs (electrons or muons) in proton-proton collisions at √ s = 7 TeV is discussed. The main physics objects used in this measurement are muons, electrons, tracks of charged particles and vertices. In the following sections, the identification and reconstruction of such objects will be explained.

Tracks and vertices

Tracks of charged particles play an important role in this analysis. They are used for vetoing the inclusive background, arising mainly from Drell-Yan-like events. Moreover, the reconstruction of vertices, i.e. the actual interaction points from which the primary interactions originate, is based on reconstructed trajectories of charged particles.

Track reconstruction algorithms are using the information from entire Inner Detector of the ATLAS experiment (Pixel, SCT, TRT). Tracks are identified based on so-called inside-out algorithm, which is implemented in a software called NEW Tracking (NEWT) [1]. Firstly, pattern recognition is performed, in order to identify information from a different hits (electronic signals registered by various Inner Detector modules). Here, a rough estimate of charged-particle trajectory is built. It is based on the creation of three-dimensional representation of the tracking detector measurements, which are then called SpacePoint objects, or space-points. While a single Pixel hit and the spatial coordinates of the pixel module surface form a space-point, the formation of a spacepoint from SCT information requires two hits in a single SCT module: one from the front and one from the back of the same module (as well as the spatial coordinates of the module itself). Combination of three of such space-points is then used to define a SpacePoint seeded track (seed). For each seed, a transverse momentum is calculated and checked whether it is above the threshold. The track reconstruction algorithm used for the 2011 pp data reprocessing had a default threshold of p T = 400 MeV.

The final identification of a track candidate is performed using a combinatorial Kalman filter [2,3]. The algorithm associates all compatible hits to the initial track seed, while iteratively updating the most probable trajectory of the charged particle. In this process, some ambiguities arise, leading to a very high number of track candidates. Many of these track candidates share hits, are incomplete or describe fake tracks, i.e. tracks where the majority of associated measurements do not originate from one single particle. Figure Tracks a, b and c have been found through the seeded track finding, but share several hits. Module hits (representing measurements on both sides of the SCT) result in a higher score than two single hits without associated backside module. If such a hit would be expected but is not found (hole) the track score receives a penalty. Figure taken from [1].

The next step is an extension of the accepted track candidates to the TRT detector.

The components of a track candidate extracted from Pixel and SCT layers are not modified any more. Instead, fitting algorithms are used to find TRT hits compatible with the initial track candidate. Finally, a Kalman filter is used to determine whether the extended or the initial (silicon based) track candidate will be used as the final track.

The obtained track parameters are used to define the charged-particle trajectory.

Track parameters

A track reconstructed in the Inner Detector can be approximated as a helix (according to charged-particle movement rules in a magnetic field) with its 5 parameters given with respect to some arbitrary reference point. In ATLAS, the reference point is usually the reconstructed vertex position, or the global origin of the coordinate system. Track parameters themselves are given in so-called perigee parametrization, which is one possible representation of a helix, where the perigee of a track is defined as a point of closest approach of the trajectory to the z-axis in a given reference frame.

The ATLAS perigee parameters, defined in [4] consist of: φ 0 : azimuthal angle of the track direction at the perigee, i.e. the angle with respect to the x-axis in the xy (transverse) plane, θ: polar angle of the track direction, i.e. the angle with respect to the z-axis in the rφz plane, d 0 : signed transverse impact parameter, closest distance to the z-axis in the transverse plane, z 0 : longitudinal impact parameter, z-coordinate of the track at closest distance in the transverse plane, q e p : charge over momentum of the track.

This convention is schematically presented in Figure 6.2. Here also a sign of the impact parameter d 0 is defined: it is positive if the angle between the vector --→ OP and direction of the track is +π/2, and negative if the angle is -π/2.

Vertices

Finding the common intersection points between sets of reconstructed tracks (vertices) allows to identify the pp interaction points, as well as the decay vertices of unstable particles produced in the collision. Identifying and reconstructing different vertices within one event relies on precise track reconstruction.

The reconstruction of vertices is performed using an iterative procedure based on all reconstructed tracks in a given event. The adaptive vertex fitting algorithm [5] which is based on a χ 2 minimization is used to determine the (primary) vertex position. The Most of the reconstructed tracks from a pp collision in ATLAS originate from the collision point, indicating the primary vertex of that collision. The beam spot (BS) defines in which region the pp collisions take place [6]. For 2011 data, it can be described by a three-dimensional Gaussian distribution with the standard deviation of 56 mm in the beam direction and 15 µm in both transverse directions. Beam spot position size (in z-coordinate) measured by ATLAS as function of time in 2011 pp runs is shown in Figure 6.3. Within this region, especially for high-luminosity runs of the LHC, more than one pp interaction per bunch crossing can take place.

Pile-up

Since the LHC physics programme is set out primarily to measure the electroweak symmetry breaking and to discover physics beyond the Standard Model, the processes of interest typically have very small cross sections, when compared to the total pp cross section. The design of the LHC is such that the luminosity is as large as technically possible, especially in terms of the properties of colliding beams (see Section 3.1.2).

Thus, a high spatial density of protons within bunches brought to collision at the LHC and their frequency can give rise to the phenomenon of more than one simultaneous pp interaction being overlaid in a reconstructed event (pile-up). The impact of these additional pp collisions, for any physics analysis, depend also on the total pp cross section, with its dominant inelastic component. A characteristic feature of those reactions is the production of charged hadrons -and therefore tracks in the reconstruction, that can overlay lepton tracks in the same vertex. 

Track and vertex selection

In this analysis charged-particle tracks are required to fulfill the following criteria: The statuscode and barcode requirements account for selection of stable primary particles produced by the event generator (not secondary particles produced by GEANT4).

p T > 400 
A particle is being considered stable when its proper lifetime, cτ > 10 mm.

Since this measurement is sensitive to the underlying event activity, tracks produced by the leptons originating from hard scattering process have to be removed from the collection of all charged-particle tracks in each event. Each selected track is probed whether it falls into the cone, with respect to the reconstructed lepton direction, by calculating the ∆R distance between the lepton and track three-momentum vectors:

∆R = (η -η trk ) 2 + (φ -φ trk ) 2 . (6.1)
The tracks from the reconstructed high-p T leptons are excluded from the track collection by removing any tracks with ∆R < 0.01 from the lepton. This results in removal of exactly two matched lepton tracks for 99.4% of events for e + e -and µ + µ -analysis channel and in both data and MC samples. If more than one track lies within the cone defined by ∆R requirement, track with highest p T is removed.

For vertices, a standard recommendation is to require each reconstructed vertex being consistent with the beam spot position (beam spot constraint is included in the data processing). For this analysis, each reconstructed vertex is required to have N trk ≥ 2 tracks attached to it. Dilepton vertex is defined as the vertex with two matched lepton tracks.

Muons

Muon candidates are reconstructed in the ATLAS experiment from track segments in the various layers of the Muon Spectrometer (MS), matched with tracks found in the Inner Detector (ID). Depending on the criteria used for the muon identification, different types of reconstructed muons are available [11]:

Stand-alone (SA): the muon trajectory is reconstructed only in the MS. SA muons allow to extend the acceptance range to 2.5 < |η| < 2.7, which is not covered by the ID.

Combined (CB): muon track reconstruction is performed independently in the ID

and MS; the ID and MS tracks are later combined into one track. This type provides the highest muon purity, in terms of possible background rejection.

Segment-tagged (ST): a track in the ID is classified as originating from muon if, once extrapolated to the MS, it is associated with at least one local track segment in the MDT or CSC muon chambers. This reconstruction technique is very useful in case of low p T muons.

Calorimeter-tagged (CaloTag): a track in the ID is classified as a muon, if it is associated to an energy deposit in the calorimeter compatible with a minimum ionising particle (MIP). This type has the lowest purity, but recovers acceptance regions with no MS coverage.

For the measurement presented in this thesis, CB muons are used.

There are several algorithms that implement the reconstruction strategies described above. Muons used in this analysis are reconstructed by so-called STACO algorithm, included in a dedicated algorithm chain [12]. The STACO algorithm is based on the statistical combination of independently measured tracks in the MS and ID which provides an improved momentum resolution and the possibility to reject muons from secondary interactions.

Inner Detector hits

Additionally, muon inner detector track must have a minimum number of hits in each silicon sub-detector:

at least 1 pixel hit in the B-layer (N BL hits ), unless the track passes from an uninstrumented or dead area of the B-layer, at least 1 hit in Pixel layers (N Pix hits ) including the number of crossed dead pixel sensors (N Pix dead ), at least 5 hits in the SCT (N SCT hits ) including the number of crossed dead sensors (N SCT dead ), less than 3 holes (no hit in a layer crossed by the track) in all silicon layers, Pixel (N Pix holes ) and SCT (N SCT holes ).

It is worth to mention that for all of those hit conditions, dead sensors count as observed hits, not as holes.

The muon reconstruction algorithm, when processing TRT information (pseudorapidity coverage |η| < 2.0) is unable to unambiguously assign a certain number of TRT hits to a muon track candidate. These hits are called outliers -in the sense they not necessarily contribute to the reconstruction of the muon track. For all muon candidates, the fraction of outliers is calculated as:

f outliers = N TRT outliers N TRT hits + N TRT outliers , (6.2) 
where N TRT outliers denotes the number of outliers and N TRT hits the number of TRT hits identified for the muon candidate. The requirements on TRT hits to be met by the muon candidate are based on its pseudorapidity. In the region of full TRT acceptance, 0.1 < |η µ | < 1.9, it is required to have N TRT hits + N TRT outliers > 5 and f outliers < 0.9.

Muon Selection

Object quality: Combined STACO muon Kinematic acceptance: p µ T > 10 GeV Geometrical acceptance:

|η µ | < 2.4
ID hits requirements:

N BL hits > 0 if expected N Pix hits + N Pix dead ≥ 1 N SCT hits + N SCT dead ≥ 5 N Pix holes + N SCT holes < 3 N TRT
hits + N TRT outliers > 5 and f outliers < 0.9 for 0.1 < |η µ | < 1.9

Impact parameter requirements:

Longitudinal impact parameter: |z 0 | < 10 mm

Transverse impact parameter: 

|d 0 | σ d 0 < 10 Isolation requirement: i p i T /p µ T < 0.1 in cone of ∆R < 0.2

Kinematic cuts

Selected muons are required to have transverse momentum, p µ T > 10 GeV and pseudorapidity, |η µ | < 2.4. In addition, kinematic cuts are applied to further reject muons coming from additional pile-up collisions and from multi-jet background. In particular, the ID track associated to the muon is required to originate from the primary reconstructed vertex. This requirement is implemented by requiring that each muon's flight path intersects the beam axis (z-axis) within 10 mm of the primary vertex and that the distance of closest approach to the dilepton vertex in the transverse plane |d 0 |, divided by its resolution (σ d 0 ), must be less than 10.

Finally, the ID track used in the CB muon must be isolated from other tracks to reject secondary muons from hadronic jets. The isolation requirement i p i T /p µ T < 0.1 is calculated using all reconstructed tracks i in a cone of ∆R = (η µη

i ) 2 + (φ µ -φ i ) 2 < 0.2.
Muons failing above isolation requirement are used to estimate multi-jet background, as described in Section 7.4.2.

A complete list of requirements, applied for each of the reconstructed muon is summarized in Table 6.1.

Electrons

The reconstruction of electrons in the central pseudorapidity region, |η| < 2.47, is based on electromagnetic calorimeter (ECal) clusters (energy deposits) which are associated to charged-particle tracks reconstructed in the ID. The electron reconstruction process consists of three steps [13,14]:

Cluster reconstruction: the basic building blocks for the reconstruction of electromagnetic clusters are longitudinal calorimeter towers of size 0.025 × 0.025 in ηφ plane, corresponding to the granularity of the middle layer of the electromagnetic calorimeter. A so-called sliding-window algorithm forms seed clusters of energy deposits in the ECal, with a minimum total transverse energy of 2.5 GeV within a window of size of 3 × 5 calorimeter towers.

Track association: the electron track candidates are identified in the ID using the standard ATLAS track reconstruction algorithms. The tracks are extrapolated to the middle layer of the electromagnetic calorimeter and loosely matched to the seed clusters. This is done by requiring the angular distance between the extrapolated track and the electromagnetic cluster: |∆η| < 0.05 and |∆φ| < 0.1 in the bending direction of the track (to account for bremsstrahlung losses), as well as |∆φ| < 0.05 in the opposite direction. If more than one track is matched to a seed cluster, track with the smallest value of ∆R = (η trkη cluster ) 2 + (φ trkφ cluster ) 2 is preferred.

Electron candidate reconstruction: the reconstructed electron energy is determined from the sum of the energy deposits in the cluster cells, corrected for the energy loss upstream of the calorimeter, a swell as lateral and longitudinal energy depositions in and beyond the electromagnetic calorimeter (lateral and longitudinal leakage).

The electron direction, in terms of η and φ angles, is determined from the direction of the reconstructed ID track.

The behavior of high-energy electrons in the ID is dominated by radiative energy losses (bremsstrahlung) as they traverse detector material. This results in a significant inefficiencies, especially during the electron trajectory reconstruction. To improve the estimated electron track parameters, electron tracks are refitted using Gaussian Sum Filter (GSF) algorithm [15,16]. The GSF algorithm is a non-linear generalization of the Kalman Filters, which allows to take into account the effect of bremsstrahlung in the electron trajectory reconstruction. This results in a much better azimuthal angle reconstruction resolution, compared to the default algorithm. This is shown in Figure 6.5. 

Loose and medium electrons

In the next step, identification criteria are applied to reconstructed electrons to increase the fraction of true signal electrons and reject background (fake) electrons from photon conversions and pion decays as well as hadronic jets. The electron identification sets base on the original classification into loose, medium and tight electrons in the order of decreasing efficiency and increasing purity [13,14]. The tightened and more pile-up robust "++"-scheme defines loose++, medium++, and tight++ selections and is used for the data taking periods in 2011.

The electron candidates selected in this analysis are required to fulfill a set of medium++ cuts. For the estimation of QCD multi-jet background, a second set with less strict criteria (loose++) is used, see the Section 7.5.2.

loose++ electrons

Electrons deposit most of their energy in the ECal, with some leakage into the adjacent hadronic calorimeter (HCal). For electrons reconstructed with |η cluster | < 0.8 or

|η cluster | > 1.
37, the hadronic leakage, R had1 , can be introduced. It is defined as the ratio of the transverse energy deposit in the first layer of the HCal and the EM cluster transverse energy. For 0.8 < |η cluster | < 1.37 the hadronic leakage, R had , is calculated as the ratio of the total transverse energy deposit in the HCal and the EM cluster transverse energy. The cuts applied to these variables depend on the electron kinematics [14] and are designed to reject the potential selection of jets faking electrons.

The shape of the EM shower is then used to refine the electron selection. This shape can be characterized using the variable R η . It is defined as a ratio of the energy in 3 × 7 cells over the energy in 7 × 7 cells, centered at the electron cluster position. The actual cut used also depends on the transverse energy and pseudorapidity of the electron [14]. Also the lateral shower width in the middle layer of the ECal, w η2 , defined as the standard deviation of an energy-weighted distribution of the pseudorapidity of calorimeter cells, is used to check the quality of electrons:

w η2 = i E i η 2 i i E i - i E i η i i E i 2 , (6.3) 
where E i is the energy and η i is the pseudorapidity of cell i and the sum is calculated within a window of 3 × 5 cells. The cuts typically require w η2 < 0.02 [14]. The width of the shower in the first (strip) layer of EM calorimeter:

w s,tot = i E i (i -i max ) i E i , (6.4) 
is also used to purify the electron selection. Here i runs over all calorimeter strips of energy E i and i max is the index of the highest-energy strip. Moreover, a requirement on the energy of the the largest and second largest energy depositions in the first layer of the ECal, E max1 and E max2 , is used, requiring the:

E ratio = E max1 -E max2 E max1 -E max2 , (6.5) 
to be close to unity.

A more robust (comparing to the initial selection) track-cluster match is required for electron passing the loose++ criteria: |η eη cluster | < 0.015. The associated track is also required to have at least one Pixel hit and at least seven hits in all silicon layers.

medium++ electrons

The medium++ selection contains all the cuts made for loose++ electrons, with more tight cut values for R had1 , R had , R η , w η2 , w s,tot and E ratio [14].

The track-cluster match is also required to be tighter: |η eη cluster | < 0.005. In addition to the ID hit criteria in loose++ selection, electron track is further required to have at least one B-layer hit for |η e | < 2.01 (to reject electrons from photon conversions).

The minimum number of Pixel hits is now required to be at least two for |η e | > 2.01.

To reject charged-hadron background, transition radiation in the TRT is required to be identified with respect to the electron track. Finally, a cut on the transverse impact parameter of the electron track of |d 0 | < 5 mm is imposed. This is done to suppress the background from electrons originating from heavy flavour quark decays, which tend to have larger values of |d 0 |.

Object quality cuts

To avoid problems with the front-end boards of the liquid argon calorimeter (or other data quality issues), the electron candidates are required to pass the object quality cut:

el OQ&1446 == 0. The bitmask used, 1446, defines a bad electron and indicates that its cluster is affected by at least one of these three conditions: the presence of a dead frontend board in the first or second sampling layer, a dead region affecting the three samplings, or a masked cell in the core.

Kinematic cuts

As already mentioned, the energy of the electron candidate is taken from the calorimeter measurement, while the η e and φ e are taken from the tracker. Using the electron transverse energy defined in this way,

E e T = E cluster / cosh η e , (6.6) 
electron candidates are required to have E e T > 12 GeV. To select well measured electrons, i.e. to ensure the presence of ID tracking coverage and to avoid the transition region between the barrel and end-cap EM calorimeters (where the energy is not well measured), the electrons must be reconstructed using a cluster with |η cluster | < 1.37 or 1.52 < |η cluster | < 2.47 in the absolute detector coordinate system. For compatibility with muons, additional requirement is imposed on the reconstructed electron pseudorapidity,

|η e | < 2.4.
All electron selection criteria are summarized in Table 6.2.

Trigger

As detailed in Section 3.2.5, the ATLAS trigger system consists of three stages: the hardware-based Level 1 (L1) trigger and the software-based Level 2 (L2) and Event Filter (EF) triggers.

Electron Selection

Object quality: el OQ&1446 == 0 Identification criteria: medium++ Kinematic acceptance: E e T > 12 GeV

Geometrical acceptance: The L1 muon trigger utilises a measurement of particle trajectories made by two parts of the Muon Spectrometer (MS): the Resistive Plate Chambers (RPCs) in the barrel region and the Thin Gap Chambers (TGCs) in the end-cap region [17]. For events with electromagnetic clusters, the E T is measured at L1 by trigger towers in a region of 0.1 × 0.1 in ηφ plane [17]. At L2 and EF steps, muons are reconstructed using Inner Detector (ID) and MS information [18]. Further requirements on the eT are also made at L2 and EF steps and additional quality criteria are imposed to the electron candidates [18].

|η cluster | < 2.
Candidate events with dilepton final states are recorded with single-or dilepton (muon or electron) triggers. HCal and dead material corrections were applied. Similarly, for the dielectron case, the EF_2e12_medium trigger is used. The electron triggers used in the analysis are summarized in Table 6.4.

The trigger efficiencies determined with the signal MC events after preselection, except the trigger requirement, are all close to (or above) 99% in both analysis channels [11,14].

Chapter 7

Event reconstruction, preselection and background estimation

This chapter provides the informations about the reconstruction of general event properties as well as criteria requested to obtain basic data selection. In Section 7.1 the data event samples as well as the MC sets are introduced. Specific corrections applied to MC events in order to cover small differences from data are discussed throughout the Sections 7.3-7.5. In Sections 7.4 and 7.5, details concerning the background processes estimation are also provided. Finally, a common preselection criteria are applied to all data and MC events, before dividing further by specific exclusive event selection.

Data and Monte Carlo samples 7.1.1 Collision data

An analysis of collision data with a center-of-mass energy of √ s = 7 TeV collected between February 28th and October 31st, 2011 is presented. A total integrated luminosity of 5.61 fb -1 was delivered by the LHC at a peak instantaneous luminosity of 3.65×10 33 cm -2 s -1 , while an integrated luminosity of 5.25 fb -1 was recorded by the ATLAS experiment. The data collection was separated into periods, in which the trigger conditions remained stable, and the different 2011 data-taking periods are labelled A through M. Data-taking periods B-M are used in the analysis, as presented in The total integrated luminosity for the sample after GRL requirement is calculated to be Ldt = 4.59 fb -1 and the uncertainty associated with the luminosity measurement is 1.8% [19]. The calibration of the LHC luminosity was performed using dedicated beam-separation scans, also known as van der Meer (vdM) scans, where the absolute luminosity can be inferred from direct measurements of the beam parameter [20,21].

Monte Carlo samples

Simulated event samples are generated in order to estimate the background and to correct the signal yields for detector effects. All Monte Carlo (MC) samples were provided by the official (MC11) campaigns of the ATLAS Production Group.

The signal event samples for exclusive γγ → + -production are generated using Her-wig++ 2.5.1 [22] event generator, which implements the EPA formalism in pp collisions.

The dominant background samples for photon-induced single proton-dissociative dilepton production are generated using Lpair 4.0 [23,24] with the Suri-Yennie [25] and

Brasse [26] structure functions for proton dissociation. The Lpair package is interfaced to JetSet 7.408 [27], where the Lund [28] fragmentation model is implemented. The Herwig++ and Lpair generators do not include any corrections to account for proton absorptive effects.

For the double-dissociative reactions, Pythia 8.175 [29] is used with the NNPDF2.3QED [30] photon-PDFs as a default option. Such modelling of this background contribution is chosen, since it provides the best description of the dilepton transverse momentum distribution observed in data, after event selection cuts are imposed (see Section 8.1.4).

The absorptive effects in double-dissociative MC events are taken into account using the default multi-parton interactions model in Pythia 8 [31].

The Powheg 1.0 [32][33][34] MC generator is used with the CT10 [35] Pythia 6.425 [36] using the CTEQ6L1 [37] PDF set and the AUET2B [38] values of the tunable parameters to simulate the parton shower and the underlying event (UE).

These samples are referred to as Powheg+Pythia. The DY Z/γ * → τ + τ -process is generated using Pythia 6.425 together with the MRST LO* [39] PDFs.

The production of top-quark pair (t t) events is modelled using MC@NLO 3.42 [40,41] and diboson (W + W -, W ± Z, ZZ) processes are simulated using Herwig 6.520 [42].

The event generators used to model Z/γ * , t t and diboson reactions are interfaced to Photos 3.0 [43] to simulate QED final-state radiation (FSR) corrections.

For the DY background processes, i.e. Z/γ * → + -( = e, µ, τ ), the samples are normalized to the perturbative QCD (pQCD) next-to-next-to-leading-order (NNLO) cross sections as provided by the fewz 3.1 [44,45] program with MSTW2008 [46] PDFs.

The theory uncertainties on those cross sections arise from the choice of PDFs (3%), from factorization and renormalization scale dependence, and the size of the correction from NLO and NNLO (4%). The t t cross section, is also scaled to pQCD NNLO accuracy, following calculations in [47][48][49]. The inclusive diboson samples are normalized to their respective NLO cross sections calculated with MCFM 5.8 [50] with MSTW2008

PDFs.

Details about the signal and all background MC samples used in the analysis are presented in Tables 7.2-7.5.

Finally, the passage of particles through the ATLAS detector is modelled using geant4, as described in Section 3.3.2. The simulated events are reconstructed and selected using the same software chain as for data. 

MCID

Drell-Yan pair p T reweighting

The description of the transverse momentum spectrum of the Z/γ * boson by the Powheg +Pythia generator shows a consistent deficit of events in the low-p T range [51]. Therefore, for this analysis the p + -T spectrum is reweighted to the pQCD NNLO Resbos

[52] prediction using CT10 PDFs, which models the data within 5% [51,53,54]. The differences between these MC generators are presented in Figure 7.1. 

Reconstructed vertices and pile-up correction

Multiple interactions per bunch crossing (pile-up) are accounted for by overlaying simulated minimum-bias events, generated with Pythia 6.425 using the AUET2B tune and CTEQ6L1 PDFs. The variations in pile-up conditions in 2011 are included in the simulation of MC events in order to match the different running conditions and the pile-up distribution observed in data.

Residual differences in the pile-up between data and MC simulation have been corrected by reweighting the Monte Carlo events to reproduce the average number of interactions per bunch crossing, µ , observed in data. This reweighting of the MC samples is performed using the official ATLAS tool from the ATHENA software framework. The distribution of the number of primary vertices and the µ distribution in data and MC simulation after the pile-up reweighting are shown in Figure 7.2. It can be observed that the reweighted MC simulation accurately describes the distribution seen in the data.

Distribution of the z coordinate of the primary vertices has a quite large difference between data and MC simulations used in the analysis. The vertex z-coordinate position shape in MC events should be reweighted in order to match the distribution observed in data. The official ATHENA tool is used to perform this reweighting. The vertex z-coordinate position shape in MC simulation (dimuon vertices) before and after reweighting is shown in Figure 7.3 and compared to the shape observed in data. after applying the vertex position reweighting procedure.

Event preselection in µ + µ -channel

Dimuon events are preselected by requiring two oppositely charged same-flavour muons, as defined in Section 6.2. Only events that pass the muon trigger requirements from Section 6.4 are considered. Moreover, the dilepton invariant mass is required to be m µ + µ -> 20 GeV.

Corrections to the Monte Carlo modelling

A list of corrections is applied to the MC simulation in order to improve its agreement with data. Official tools from the relevant ATHENA software packages are used.

Muon momentum scale and resolution. Before the reconstruction efficiency can be calculated, a correction must first be applied to the MC simulation to take into account the mis-modelling of the resolution response and momentum scale of the muon reconstruction. Previous ATLAS studies have been performed using so-called tag-and-probe (T&P) method with muons from Z boson decays in order to measure the difference in reconstructed muon momentum scale and momentum resolution between MC simulation and data [11]. Smearing factors, which can be applied to simulated muons, are provided by the software packages that employ the T&P procedure. Figure 7.4 shows the effect of the smearing on the p T of the muons for the signal MC events. The error bars represent the RMS spread of the difference in p µ T before and after smearing correction is applied. Muon reconstruction efficiency. The data-driven efficiency of the STACO muon reconstruction algorithm has been studied elsewhere in ATLAS using a T&P method with Z/γ * → µ + µ -decays from data [11]. The results from this study are provided as another software tool within the ATHENA framework, which can be used to retrieve a scale factor to correct for the measured discrepancy between data and MC simulation.

The tool provides a p T -, η-and φ-dependent scale factor for each reconstructed muon (calculated after the p T smearing has been applied). These factors are calculated for both muons in an event, and are multiplied together to give a single MC event weight associated with muon reconstruction correction. Figure 7.5 shows the muon reconstruction scale factor in bins of muon p T and η, applied to the signal MC events. Muon trigger efficiency. Trigger scale factors correcting for the mis-modelling of triggers in the MC simulation are also applied using the official dedicated tool as detailed in [11,55]. Moreover, the dimuon trigger efficiency scale factors for EF_2mu10_loose are obtained from the product of each single muon EF_mu10_loose efficiency scale factors. 

Backgrounds

Backgrounds for the µ + µ -channel can be divided in three categories: photon-induced, electroweak (EW) and QCD multi-jet backgrounds.

Photon-induced backgrounds. Single-and double-dissociative background reactions are estimated using MC simulations. Detailed MC generator studies for photoninduced processes are summarized in Section 2.5.

Electroweak backgrounds. EW backgrounds contain high transverse momenta muons from the weak boson decays. Significant contributions are Z/γ * → µ + µ -and Z/γ * → τ + τ -processes. In addition, the diboson (W + W -, W ± Z, ZZ) decays are considered, as well as t t pair production, where either one or both produced W ± bosons decay into an muon. The contribution of these background processes to the final selection is estimated from the MC simulations.

QCD backgrounds. QCD background arises mostly from mis-identification of jets from b b and cc decaying to muon pairs. The predictions for these backgrounds suffer from dominated by large uncertainties and the available statistics is too low for the precision required in this analysis. Therefore, a data-driven technique has been adopted

to estimate these processes, similarly as in [54,56].

The QCD multi-jet sample has been selected requiring the same cuts as adopted for the signal selection but requiring same-charge muon pairs. This requirement strongly reduces the contamination of the sample from any EW process producing muon pair, and enhances QCD multi-jet contributions. Similar technique is used e.g. in the transverse momentum distribution of After all preselection requirements the QCD-enriched sample counts 150 000 same-sign muon pairs in the invariant mass range m µ ± µ ± > 20 GeV. This is shown in Figure 7.7. The contamination of this sample has been investigated using signal and EW background MC events. It is estimated to be only ≈1% in the range

m µ ± µ ± > 20 GeV.
After selecting the QCD multi-jet sample from data, the expected fraction of QCD multi-jet events in the signal region is estimated using a template fit method. Maximum likelihood fit to the m µ ± µ ± distribution has been performed to extract the QCD multijet normalization factor. DY MC events have been used to prepare the dominant EW event template, adding to it the other EW processes, P(DY + EW other ). The samesign dimuon sample has been used as a template for the QCD multi-jet background, P(QCD), that is assumed to follow the relation:

P(data) p 0 • P(DY + EW other ) + p 1 • P(QCD) , (7.1) 
where P(data) denotes the events observed in data. The p i (i = 0, 1) parameters of Equation 7.1 have been extracted from the fit, where p 0 is expected to be > 0.9 and p 1 is the QCD multi-jet normalization factor. The QCD multi-jet background fraction is found to be 4% in the range m µ ± µ ± > 20 GeV, comparing to all other expected contributions after the preselection step.

[GeV] 

Preselection results and control distributions

After applying all preselection requirements, the 2 422 745 dimuon candidate events are observed in data, for a total number of predicted events of 2 423 810. The total number of observed candidate events is therefore in excellent agreement with the sum of predictions for the different contributing processes. The individual contributions of different background processes are detailed in Table 7.6.

Kinematic distributions of observed preselected event candidates are compared to the prediction from the MC simulations in Figure 7.8. Figure 7.8a shows dimuon invariant mass, 7.8b transverse momentum of positively charged muon, 7.8c dimuon rapidity, 7.8d pseudorapidity of positively charged muon, 7.8e transverse momentum of the dimuon system, and 7.8f dimuon acoplanartity. The MC predictions for all distributions are found to be in good agreement with the data. 

t - µ + µ → * γ Z/ - µ + µ → γ γ Double-diss. Multi-jet - µ + µ → γ γ Single-diss. Diboson - µ + µ → γ γ Exclusive - τ + τ → * γ Z/ Baseline selection (f)

Event preselection in e + e -channel

Dielectron events are preselected by requiring two oppositely charged same-flavour electrons, as defined in Section 6.3, with the dielectron invariant mass required to be m e + e -> 20 GeV. Events passing the electron trigger requirements from Section 6.4 are considered.

Corrections to the Monte Carlo modelling

Various corrections are applied to correct for remaining mis-calibrations or mis-modelling of the electrons in MC simulations, as compared to data. Reweighting procedure applied to the MC events takes into account all corrections for electrons: including trigger efficiency correction, reconstruction and identification efficiency correction, energy scale and resolution corrections. Only official tools from the relevant ATHENA software packages are used.

Electron energy scale. The electromagnetic calorimeter energy scale is derived using full 2011 data set [57]. Corrections for the reconstructed electron energy scale are applied on an event by event basis and propagated trough the full analysis chain.

Electron energy resolution. Another correction that is applied on MC events is the reconstructed electron energy smearing [57]. The effect of electron energy resolution correction on the E T of electrons in MC events is shown in Figure 7.9. The error bars show the RMS spread of the difference in E T before and after scaling.

Electron trigger efficiency. The electron trigger efficiency in MC simulation does not match exactly the trigger efficiency observed in data. This difference can be corrected by applying relevant trigger efficiency scale factors on the MC events. The T&P method is also used to calculate the scale factors for the trigger requirements on the electrons [14]. The effect of this correction is shown in Electron reconstruction and identification efficiency. The electron efficiency was studied using the T&P method, as described in [14]. This correction needs to be applied on MC events in order to describe the electron efficiencies measured in data. The appropriate scaling factor distributions are shown in Figure 7.11.

Backgrounds

Backgrounds for the e + e -channel can be divided in three categories: photon-induced, EW and QCD multi-jet backgrounds. Photon-induced backgrounds. Single and double dissociative background reactions are estimated using MC events. Detailed MC generator studies for photon-induced processes are summarized in Section 2.5.

Electroweak backgrounds. EW backgrounds contain real high transverse momenta

electrons from the weak boson decays. Significant contributions are Z/γ * → e + e -and Z/γ * → τ + τ -processes. In addition the diboson decays (W + W -, W ± Z, ZZ) are considered, as well as t t pair production, where either one or both W ± bosons decay into an electron. The contribution of these background processes to the final selection is estimated from the MC simulations.

QCD backgrounds. In order to calculate a contribution from QCD multi-jet events in the electron channel, a template fit method is used -similarly as for muons. The normalization factor is estimated using a maximum likelihood fit to the dielectron invariant mass distribution for events satisfying the preselection requirements.

In order to select QCD multi-jet template sample in the dielectron channel, the standard preselection is modified to enhance the QCD background. In this selection, the same trigger and electron kinematic requirements are used (except charge requirement), and events with two electrons failing medium++ and passing loose++ selection criteria are considered.

The dielectron invariant mass distribution for selected QCD multi-jet background events is shown in Figure 7.12. To check the possible contamination from signal events in the selected multi-jet sample, events with same-sign electron pairs are considered. No difference in various dielectron kinematic distributions is observed, comparing to the QCD multi-jet sample extracted using the default selection requirements.

[GeV] 

Preselection results and control distributions

After applying all preselection requirements, the 1 572 271 candidate events in the electron channel are observed in data, for a total number of predicted events of 1 559 431.

The total number of observed candidates is in agreement with the sum of predictions for the different contributing processes. The individual contributions of different background processes are detailed in Table 7.7.

Typical kinematic distributions of observed preselected dielectron candidates are compared to the prediction from the MC simulations in Figure 7.13. Figure 7.13a shows dielectron invariant mass, 7.13b transverse energy of positively charged electron, 7.13c dielectron rapidity, 7.13d pseudorapidity of positively charged electron, 7.13e transverse momentum of the dielectron system, and 7.13f dielectron acoplanartity. The MC predictions for all distributions are found to be in agreement with the data. In order to find the relevant weight for Z/γ * MC events, Z-peak region (70 GeV < m + -< 105 GeV) is used. This guarantees that the other sources of background are negligible comparing to the DY processes. Firstly, the reconstructed charged-particle multiplicity in data is unfolded to the particle-level. The correction procedure accounts for both on the effect of tracks originating from pile-up and ATLAS Inner Detector reconstruction inefficiency.

To correct the detector-level track multiplicity distribution for the presence of pile-up tracks, the same procedure is applied as in [10]. This procedure relies on the simple probabilistic approach for the pile-up track multiplicity description in the hard scattering vertex. One can express the probability to observe N tracks associated with this vertex as a sum of probability to have K reconstructed charged particles produced in the hard process and N -K pile-up tracks occasionally satisfying tracking selection cuts:

P reco (N ) = N K=0 P PU (N -K)P hard (K) . (8.1)
This problem can be inverted by constructing the relevant matrix:

P hard (N ) = K U -1 N K P reco (K) , (8.2) 
where U N K = P PU (N -K) for N ≥ K and 0 otherwise. The matrix U -1 N K extracted from the Z/γ * MC events is shown in Figure 8.2a.

The charged-particle multiplicity correction for track reconstruction inefficiency is taken care of in the Bayesian unfolding procedure, where the RooUnfold [58] package is used.

Using the Z/γ * MC events, the relevant response matrix is created. It is presented in Figure 8.2b. Then, the unfolding procedure with k = 4 number of iterations is applied for the multiplicity distribution already corrected for pile-up contamination.

Charged-particle multiplicity distributions in Z-peak region before and after pile-up and track reconstruction inefficiency corrections are shown in Figure 8.3. The closure test performed on MC events shows a good agreement between the particle-level multiplicity distribution and the one obtained from simulated detector-level via pile-up removal and the correction for track reconstruction inefficiency. This procedure is repeated for data events in order to reweight the charged-particle multiplicity distribution in Z/γ * MC events. A weight extracted from the corrected data distribution is shown in 

t - µ + µ → * γ Z/ - µ + µ → γ γ Double-diss. Multi-jet - µ + µ → γ γ Single-diss. Diboson - µ + µ → γ γ Exclusive - τ + τ → * γ Z/ Baseline selection (b)

Optimization of exclusivity veto region size

Standard tracking cuts defined in Section 6.1 ensure that there are no additional chargedparticle tracks with a longitudinal distance ∆z 1.5 mm to the dilepton vertex. However, it is expected (for inclusive background events) that there might be some additional objects (tracks or vertices) at higher isolation distance values. Figure 8.6 shows the correlation between the dimuon vertex isolation distance and reconstructed charged-particle track multiplicity in the vertex with a closest distance to the dimuon vertex. Here the events with no additional tracks associated with the dimuon vertex are shown. In spite of the standard pile-up vertices pattern (isolation distance > 5 mm), a region with increased activity at low (< 5 mm) isolation distance values is present. This is due to the reconstruction of additional vertex built from the underlying event tracks in inclusive

Z/γ * → + -reactions.
This effect is fully reproduced by the MC simulation. Moreover, it is present only for the background-dominant inclusive DY events, where additional event activity in the dilepton vertex is expected. Dilepton vertex isolation distance distribution is shown in Figure 8.7. Indeed, the lower isolation distance region is dominated by the Z/γ * → +processes. In order to further remove this inclusive contribution, a cut on the vertex isolation distance is imposed. To maximize the sensitivity with respect to the exclusive γγ → + -signal reactions, additional optimization studies are prepared. The idea relies on the maximization of signal significance in reference to the DY background part. It is defined as:

signif icance = S √ S + B = N excl. √ N excl. + N s-diss. + N d-diss. + N DY , (8.3) 
where N excl. , N DY denote the number of exclusive signal and Drell-Yan events, and N s-diss. , N d-diss. number of single-and double-dissociative events accordingly.

Figure 8.8 presents the signal significance as a function of minimum dilepton vertex isolation distance requirement. Both µ + µ -and e + e -distributions peak at ∆z 3 mm and this value of cut is chosen for both analysis channels. One can also notice a lower averaged significance values for electrons. This is due to the lower statistics of data available in this channel. It is related with higher electron trigger thresholds in 2011 data in comparison with the muons.

The single-and double-dissociative γγ → + -background contributions are irreducible using the vertex isolation distance cut. This is because the forward-particle states from proton dissociation are usually created in this reactions, which are produced outside the kinematic acceptance of the ATLAS Inner Detector. Therefore, the event topology for single-and double-dissociative backgrounds is very often similar to the exclusive signal process (no additional tracks attached to the dilepton vertex). 

Exclusivity veto efficiency

Exclusive selection results and control distributions

After exclusivity veto, 7940 events for µ + µ -channel and 5410 events for e + e -channel are selected from data. Figures 8.10 and 8.11 present the control distributions for events after the veto in muon and electron channels, respectively. Good agreement between the data and MC simulation of various kinematic distributions is observed, both in the Z-peak region (70 GeV < m + -< 105 GeV) and outside of this region. Also, the Z region provides a cross-check of the residual inclusive DY contamination in the further event selection process. Some small disagreement observed in the electron channel can be covered by the systematic uncertainties. Here the uncertainties do not include NNPDF2.3QED PDFs uncertainty in double-dissociative part, simulated by Pythia 8.

Moreover, the relevant structure functions uncertainty for single-dissociative reactions using Lpair are not available, where they will further increase the total size of the systematic uncertainty related with the background modelling.

Exclusive cross section extraction

In order to suppress further the proton-dissociative and DY backgrounds, additional set of kinematic cuts should be imposed. At the same time, they enhance the relative contribution from exclusive (elastic) signal processes. .2: Effect of sequential selection requirements on the number of events selected in data, compared to the number of expected signal and background events for electron channel. The multi-jet background is estimated using data-driven methods, whereas the other contributions are obtained from MC simulations. As an illustration, on the top of the elastic selection, the acoplanarity cut is used to further enrich the sample in elastic events.

Maximum likelihood fit

After all selection criteria are applied, 2124 events remain for the muon channel, and 869 events are selected in the electron channel. From simulations, approximately half are expected to originate from exclusive production. The number of selected events in the data is below the expectation from the simulation, with an observed yield that is approximately 80% of the sum of simulated signal and background processes (see the Tables 8.1 and 8.2). This suppression is interpreted as due to proton absorptive effects, in which strong interactions between the protons can produce additional hadronic activity.

These effects are not included in the MC generators used to model exclusive and singledissociative processes, hence more MC events than expected pass the exclusivity veto and elastic selection requirements.

The exclusive γγ → + -contribution is extracted from the data by performing a binned maximum-likelihood fit to the dilepton acoplanarity distribution for events passing the exclusivity veto and elastic selection. Templates obtained using MC events are used to model the exclusive signal, DY, single-and double-dissociative processes.

The fit includes two free parameters: the scale factors for exclusive (f excl. ) and singledissociative (f s-diss. ) event yields. The double-dissociative and DY contributions are fixed in the fit procedure. Small contributions from other background processes (Z/γ * → τ + τ -, γγ → τ + τ -, γγ → W + W -) are neglected. The statistical asymmetric uncertainties for the yields are computed with Minos [59].

Muon channel. Figure 8.13 presents the best-fit to the data dimuon acoplanarity distribution. The individual signal and background yields from the fit are summarized in Table 8.3. The ratios of data to MC predictions (scale factors) for exclusive and single-dissociative contributions are also shown. This scale factor corresponds to the survival factor defined in Section 2.2.3 that quantifies the effect of proton absorptive suppression. Its deviation from unity can be interpreted as a direct consequence of the proton finite-size effects that impact photon-photon interactions in pp collisions.

For the exclusive process, it is measured to be f excl. γγ→µ + µ -= 0.791 +0.041 -0.040 (stat.), in good agreement with value of 0.801 calculated using phenomenological model described in Section 2.2.3. A comparable value, within the uncertainties, is obtained for the singledissociative processes. Finally, a 68% and 95% confidence level (CL) contours in the (f excl.f s-diss. ) fit variable space are displayed in Figure 8 and background yields from the fit, together with the scale factors to MC predictions for exclusive and single-dissociative contributions. Here again, the scaling factor for the exclusive signal yield, f excl.

γγ→e + e -= 0.863 +0.070 -0.069 (stat.), is found to be in a good agreement with the the predicted value of 0.798, using calculations from Section 2.2.3. Figure 8.16 presents 68% and 95% CL contours in the fit variable space for the electron channel. Chapter 9

Systematic uncertainties and cross-checks

This chapter describes the procedure of estimating the statistical and systematic uncertainties associated with the analysis of exclusive γγ → + -production. It is very important to estimate any possible systematic uncertainties which are those arising, for example, from the limited knowledge of the reconstructed physics objects, or the precision of the background processes control. The overall systematic uncertainty is obtained by adding in quadrature uncertainties from different sources.

Muon-related systematic uncertainties

The systematic uncertainties attributed to the muons originate from different sources: muon reconstruction efficiency, momentum scale and smearing, and muon trigger efficiency. The contributions are quantified by varying each systematic effect within its associated uncertainty and observing the fractional change in the number of events passing the signal extraction procedure.

Muon reconstruction efficiency. The uncertainty due to the muon reconstruction efficiency stems from the finite precision to which the MC scale factors for the muon reconstruction are determined [11]. The impact on the analysis is evaluated by varying scale factors within their uncertainties. The uncertainties are taken from the official ATHENA tool. A description of the calculation of this uncertainty can be found in [60].

The varied scale factors are applied to the analysis resulting in an altered signal yield.

Muon momentum scale and resolution. The determination of the p T of the muon is affected by both the momentum scale and resolution uncertainties. In order to evaluate 199 Source Value Muon reconstruction efficiency 0.2% Muon kinematics 0.5% Muon trigger efficiency 0.6% the resolution uncertainty, the transverse momentum of the muon is varied through a dedicated tool, which is based on the measurements from [11].

Muon trigger efficiency. The systematic uncertainty on the efficiency of singleand dimuon triggers is calculated using the official tool, prepared based on the studies from [11,55]. Variations of the trigger efficiency are applied on an event-by-event basis and propagated trough the full analysis chain up to the normalized cross section using exclusive γγ → µ + µ -MC events.

Table 9.1 summarizes the muon-related systematic uncertainties. The overall contribution of these uncertainties on the exclusive cross section measurement is 0.8%.

Electron-related systematic uncertainties

The contribution of the systematic effects related with the electron reconstruction modelling is also determined. This contribution is evaluated by taking into account the uncertainties associated with the electron reconstruction and identification efficiency, energy scale and smearing, and electron trigger efficiency. The systematic uncertainties on the expected signal event yields are estimated as follows.

Electron reconstruction and identification efficiency. The differences observed in the reconstruction and identification efficiencies between the data and MC simulation are taken into account by weighting the simulation by the relevant scale factors [14].

The systematic uncertainty is then determined by varying the scale factors within their quoted uncertainties. The uncertainties on the scale factors are added in quadrature to obtain the combined electron reconstruction and identification uncertainty.

Electron energy scale and resolution. The uncertainty associated to the electron energy scale is obtained using the official tool that is based on [57]. A ±1σ variations of the electron energy scale are applied on an event-by-event basis and propagated through the full analysis chain. The uncertainty associated to the description of the electron energy resolution by the MC simulation is calculated in a similar way.

Source

Value Electron reconstruction and identification efficiency 1.9% Electron scale 1.0% Electron smearing 0.9% Electron trigger efficiency 0.7% Electron trigger efficiency. The systematic uncertainty on the efficiency of single-and dielectron triggers is calculated using the official tool that is built on results from [14].

Correlated variations of ±1σ of the trigger efficiency are applied on an event-by-event basis and propagated through the full analysis chain up to the exclusive cross section calculation using signal MC events.

Table 9.2 summarizes the electron-related systematic uncertainties. An overall contribution of these uncertainties to the exclusive cross section measurement is below 3%.

Pile-up description

A possible systematic effect due to the pile-up description in MC events is studied by comparing the p T -and η-dependent distribution of charged-particle tracks originating from pile-up, measured at sufficiently large distances from the dilepton vertex. The same technique as in [10] is used. The tracks are selected as described in Section 6.1, with the only exclusion that instead of the standard impact parameter cuts, tracks are required to have d BS 0 < 1.5 mm and |z trk 0z vtx | > 20 mm. The first requirement selects tracks of charged particles produced in interactions on the beam spot (BS), and the second one suppresses the contribution of particles produced in the hard process. A comparison of d 2 N trk /dη dp T distributions between the data and MC for pile-up tracks is shown in Figure 9.1. Good data-to-simulation agreement (below 5%) is observed for charged-particle tracks with p T < 1 GeV. For p T > 1 GeV, |η| < 2.3 MC simulation underestimates the spectrum by ≈10%, whereas for The ratio of similar distributions for events after exclusive selection is shown in (d). 0.5 < p T < 10 GeV, |η| < 2.3 to 7% at 0.5 < p T < 10 GeV, |2.3 < η| < 2.5 and 10% at p T > 10 GeV. These numbers are consistent with the differences observed between the data and MC simulations.

p T > 1 GeV, 2.3 < |η| < 2.
To estimate the effect of this uncertainty on the final results, the loss of the efficiency is simulated by randomly removing (or adding) from 2% to 20% of reconstructed pileup tracks in the signal MC sample. This results in a maximum of 0.5% change of the exclusive signal yield values in both channels, which is taken as a systematic uncertainty.

As discussed in Section 7.3, MC events are corrected using the pile-up reweighting procedure, in order to reproduce the average number of interactions per bunch crossing, µ , observed in data. A good agreement between the data and MC simulation for µ distributions is observed, but not for the number of reconstructed vertices in the high vertex-multiplicity region. In order to estimate the systematic uncertainty from the pile-up reweighting, on top of the event selection, the reweighting that use the number of reconstructed vertices is applied. The ratio between the data and MC simulation in the number of reconstructed vertices is used as an additional weight for the signal MC events. The difference in the exclusive cross section with and without applying the additional vertex weight is below 0.1% for both analysis channels. Therefore, this effect is considered negligible.

µ + µ → * γ Z/ - µ + µ → γ γ Double-diss. Multi-jet - µ + µ → γ γ Single-diss. Diboson - µ + µ → γ γ Exclusive - τ + τ → * γ Z/ Baseline selection (a)
µ + µ → γ γ Exclusive - µ + µ → γ γ Single-diss. - µ + µ → γ γ Double-diss. - µ + µ → * γ Z/ - τ + τ → * γ Z/ (b)
As an additional check, events with exactly one additional track attached to the dilepton vertex are used to extract the exclusive event scale factor. Since this region is dominated by the Drell-Yan (DY) events, p

+ - T < 1 
GeV cut is imposed and the Z region (70 GeV < m + -< 105 GeV) is removed. Figure 9.3 presents the transverse and longitudinal impact parameter distributions for muon channel after these selection criteria are applied. One can observe that the exclusive events contribute with a track that has uniformly distributed z 0 component. This component reflects the random association of a pile-up track to the purely exclusive dilepton vertex. On the other hand, track from the Z/γ * event originates essentially from the hard interaction vertex, which creates a peaked structure. Therefore, the DY events can be further suppressed requiring |z 0 sin θ| > 0.5 for the additional track.

With the tightened event selection described in the preceding paragraph, exclusive event yield is extracted by performing a binned log-likelihood fit to the dilepton acoplanarity distribution. Best-fit distributions are shown in Figure 9.4. The extracted exclusive signal scale factors, f excl. γγ→µ + µ -= 0.832 +0.192 -0.184 (stat.) and f excl.

γγ→e + e -= 0.852 +0.275 -0.301 (stat.), are in a good agreement with the values obtained when using events passing the default event selection requirements.
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µ + µ → γ γ Exclusive - µ + µ → γ γ Single-diss. - µ + µ → γ γ Double-diss. - µ + µ → * γ Z/ - τ + τ → * γ Z/ (b)

Exclusivity veto efficiency

The 3 mm exclusivity veto efficiency (described in Section 8.1.3) as a function of pile-up intensity can be extracted directly from data and compared with MC simulations. This can be done by analysing relevant distribution shapes (like µ , e.g. in Figure 7.2a) before and after exclusivity veto is applied. This is presented in Figure 9.5. Each distribution is normalized to the respective total number of events. It is expected that the presence of additional pile-up tracks will decrease the exclusivity veto efficiency. The effect is strongest for high pile-up intensities, thus changing the initial µ distribution shape. for events before and after 3 mm exclusivity veto is applied. Each distribution is normalized to the respective total number of events.

Taking the ratios of data distributions shown in The normalization factor is given by the probability to have no tracks (or vertices) within 3 mm from the point z i , which has the same z BS distribution, as the dilepton vertex. This probability is calculated as follows. Firstly, the point z i is randomly generated from the gaussian distribution, with a parameters corresponding to the 2011 beam spot conditions: σ z BS = 56.7 mm and z BS = -7.9 mm. For each event, the random generation procedure is repeated until z i will pass the minimum distance from the dilepton vertex requirement (|z iz +vtx | > 20 mm). Then, the relevant probability is calculated, by taking the ratio of events having no tracks (or vertices) within 3 mm from the point z i , to the total number of events. The extracted probability using this type of random sampling for 3 mm veto size is p data = 0.713 and p MC = 0.722 for data and MC events, respectively. Good agreement between the data and simulation shapes is observed.

A comparison of exclusive selection efficiency (extracted using random sampling procedure) as a function of z-coordinate of the reference point for 3 mm veto size is shown in Figure 9.7a. In Figure 9.7b the same efficiency is presented as a function of different exclusivity veto sizes. Here, a systematic discrepancy is observed, with a maximum deviation of 1.2%. Therefore, this 1.2% difference is taken as a systematic uncertainty for the exclusivity veto efficiency. Comparison with MC simulation is also shown (red and blue markers, respectively). Data distributions are built according to the differences in shape between the events passing preselection and 3 mm veto selection cuts. For data, additional normalization factor is also applied, using random sampling procedure. 

Background estimation

The maximum-likelihood fit procedure fixes the yields of the double-dissociative and DY events. In order to estimate the systematic effect related with the background modelling, the fit is repeated with each of these background contributions varied independently.

e + e -and µ + µ -Drell-Yan. DY background contamination is well controlled by checking the lepton kinematic distributions in the Z region. Figure 9.8 shows the dimuon acoplanarity distribution for events in the Z-peak region after 3 mm exclusivity veto.

MC simulation gives a perfect agreement in the entire kinematic range.

An uncertainty of 20% on the contribution of DY background processes is assumed.

This value is considered conservative and accounts for the uncertainties coming from the data/MC simulation disagreement, related with the track multiplicity (≈10%) and Double-dissociative γγ → + -. The default photon-PDF set used in doubledissociative γγ → + -Pythia 8 sample is NNPDF2.3QED. It is found that this set describes very well the kinematic distributions of the lepton pairs. In order to estimate the double-dissociative background uncertainty on the measurement, the 68% confidence level (CL) range for the photon-PDFs are built. This is done using the standard set of N = 100 replicas available. The photon-PDFs are affected by sizeable uncertainties, typically of order 50% [30]. This is shown in Figure 9.9, where the PDFs are shown, together with the 68% CL ranges at typical values of Q 2 . The maximum fit variation for the double-dissociative background uncertainty obtained in this way is 1.7% for the muon and 1.9% for the electron channel, which is considered as a systematic effect.

Additional systematic checks using MRST2004QED PDFs with Pythia 8 double-dissociative events, as well as the predictions from Lpair MC generator agrees within the 68% CL range of NNPDF2.3QED PDF set. Therefore, no additional systematic effect is assigned for double-dissociative background uncertainty. The non-zero crossing angle of the LHC beams in the ATLAS interaction point leads to a boost of the dilepton system in the y-direction. As a result, the kinematic distributions of the lepton pairs in MC simulation should undergo additional smearing effect. A proper Lorentz boost for collisions in the yz plane can be expressed as:

       E p x p y p z        =        cos -1 (θ c /2) 0 tan (θ c /2) 0 0 1 0 0 sin (θ c /2) 0 1 -sin (θ c /2) sin (θ c /2) tan (θ c /2) 0 tan (θ c /2) cos (θ c /2)        ×        E p x p y p z        , (9.1) 
where θ c /2 is the half-crossing angle in the yz plane. Using a half-angle of 142 µrad and approximating Equations (9.1) to the linear terms, the smearing is equivalent to the set of equations: The effect is estimated by applying a correction for the Lorentz boost to truth-level lepton kinematics in the exclusive signal sample. Figure 9.10 shows the effect of beam crossing for truth dliepton transverse momentum distribution. As a result, the fitted value of the exclusive scale factors change by 0.3% from nominal fit value after applying this correction.

E = E + 2.
[GeV] 

Template shapes

The uncertainty arising from the choice of the template acoplanarity shapes in the signal extraction procedure is evaluated by refitting the data with different template distributions.

Various elastic electron-proton scattering experiments report a small deviation of proton elastic form factors from the standard dipole parametrization. This is presented in Fig-

ure 9.
12, where the world data from proton elastic form factors measurements is fitted to the model with QCD corrections [65]. The model curves differ form the standard dipole by 1% at Q 2 = 0.2 GeV 2 and the effect is smaller for lower Q 2 , where the density of equivalent photons is highest, following the exclusive cross section formula. The impact of this effect on the exclusive cross section measurements is evaluated by reweighting the equivalent photon spectra in signal MC events, according to the model predictions.

Figure 9.13 shows the difference in dilepton acoplanarity signal shape when, instead of the standard dipole, a best-fit parametrized functions from Figure 9.12 are applied. A small proton elastic form factors deviation from the standard dipole parametrization used in the simulations has a 0.2% effect on the exclusive cross sections.

The impact of possible mis-modelling of acoplanarity shape in single-dissociative template distribution is evaluated using reweighted single-dissociative MC events. So-called exponential modification factor is applied to the shape of the p for the muon and a e + e -= 0.01 ± 0.02 GeV -2 for the electron channel. In order to estimate the effect of QED FSR on the lepton efficiencies, Z/γ * MC events are used with two standard reference points. Bare reference point is using the lepton momenta after QED FSR. On the other hand, the dressed level includes also the momenta of all FSR photons with E > 10 MeV, which are radiated off the lepton in a cone of ∆R < 0.1 around the bare lepton direction.

A possible bias of QED FSR on the electron efficiencies is studied by comparing electron pair reconstruction efficiency in Z/γ * MC events for nominal scenario and the events with no QED FSR photon being emitted. This is presented in Figure 9.14. Electron pair efficiency accounts for the trigger, reconstruction and identification efficiencies of both electrons, as well as for the LAr crack removal procedure. The efficiency is calculated for m e + e -> 24 GeV, p e T > 12 GeV, |η e | < 2.4 truth-level requirements applied on QED Born level. One can observe from Figure 9.14 that the effect is strongest in the vicinity of the Z-peak region, where the interference effects are present. However, since the Z region (70 GeV < m + -< 105 GeV) is not used in the exclusive cross section determination procedure, the overall impact of this effect is relatively small. Indeed, when convoluting the differences in the electron pair reconstruction efficiency with the exclusive signal events, this results in a 0.8% change in the signal yield. This is taken as a systematic uncertainty.

To check the size of this effect on a fitted acoplanarity distribution, bare and dressed reference points in Z/γ * MC are compared in the lepton track azimuthal resolution, with a presence of at least one QED FSR photon. This is shown in Figure 9.15. Generally, the QED FSR is the source of additional smearing also for the track-based observables. The effect is estimated by applying additional smearing to one of the reconstructed lepton azimuthal angle for 0.7% randomly chosen signal events. A relative change below 0.1% in the fitted signal yield is observed in both analysis channels. Moreover, the result of this effect is partially included by varying lepton angular resolution (see the Sec. 9.7).

Finally, the effect of higher-order virtual EW corrections is considered. It is also estimated in [67]. For exclusive lepton pair production the weak corrections are negligible below the weak bosons scale ( 2m W ).

Luminosity

Systematic uncertainties on the absolute luminosity calibration have been evaluated in [19]. For the 2011 proton-proton runs, the uncertainty is dominated by the accuracy of the vdM calibration procedure. The total systematic uncertainty for the luminosity determination in 2011 is 1.8%. momentum difference of the lepton pairs. Detailed description for each set of requirements is summarized in Table 9.3. The scale factor predictions for exclusive and single dissociative contributions are also shown. Good agreement for the fitted yields is observed for all control regions. For each elastic region definition, the best-fit curve and exclusive signal yield are consistent with the default fit procedure within the statistical uncertainties. For electrons, the smearing in the energy (transverse momentum) is much higher than for the muons and the shapes of the exclusive and single-dissociative distributions are thus very similar. This results in large uncertainties from the fit procedure.

Since all of these variations are strongly correlated with the statistical uncertainties, no additional systematic uncertainties are assigned in this case. Chapter 10

Summary of systematic uncertainties

Results

The exclusive γγ → + -cross sections are restricted to the fiducial regions defined in Table 10.1. The fitted value of exclusive fraction, f excl. , for muon and electron channels, are converted to a fiducial cross section defined as:

σ excl. = f excl. • σ EPA (10.1)
where σ EPA is a cross section predicted by Herwig++ in the phase-space region considered: σ EPA γγ→e + e -= 0.496 ± 0.008 pb and σ EPA γγ→µ + µ -= 0.794 ± 0.013 pb. The uncertainties in both theoretical values include uncertainties related with proton elastic form factors (1.6%), and those originating from the higher order electroweak corrections [67] not included in the calculations (0.7%). The proton form factors uncertainty is evaluated using parametrizations from [65] that include QCD corrections in the calculations. The uncertainty is estimated by reweighting the equivalent photon spectra in signal MC events, according to the form factors uncertainty band. It is found that the -1σ line gives the maximum deviation of exclusive cross sections (1.6%) and it is taken as a theory uncertainty related with proton elastic form factors. This procedure covers small form factors deviation from the standard dipole formula. It is also found that the uncertainties on the proton magnetic form factor have no impact on the theory cross section uncertainty. This is due to the fact that the proton magnetic form factor contributes to the 10% of the total exclusive cross section in the fiducial regions 

Exclusive cross sections

The resulting visible exclusive cross section for the muon channel is measured to be σ excl. γγ→µ + µ -= 0.628 ± 0.032 (stat.)1 ± 0.021 (syst.) pb for m µ + µ -> 20 GeV, p µ T > 10 GeV, |η µ | < 2.4. This value can be compared with the theoretical predictions, including correction for proton absorptive effects: σ EPA, corr.

γγ→µ + µ -= 0.638 ± 0.013 pb. For the electron channel, the visible cross section is measured to be σ excl.

γγ→e + e -= 0.428 ± 0.035 (stat.) ± 0.018 (syst.) pb for electrons with m e + e -> 24 GeV, p e T > 12 GeV and |η e | < 2.4. This measured value can be compared with the theoretical predictions containing proton survival factor: σ EPA, corr.

γγ→e + e -= 0.398 ± 0.007 pb. The uncertainty of each corrected prediction includes an additional 0.8% uncertainty related to the modelling of proton absorptive corrections.

It is evaluated by varying the effective transverse size of the proton by 3%, according to [68]. 

Control distributions

Comparison with CMS results

Exclusive two-photon production of muon pairs have been recently studied by the CMS experiment in pp collisions at √ s = 7 TeV. For muon pairs with invariant mass greater than 11.5 GeV, transverse momentum p T > 4 GeV and pseudorapidity |η| < 2.1 the exclusive cross section is measured and compared with the Lpair predictions. In particular, the CMS exclusive signal yield ratio is 0.83 +0.14 -0.13 (stat.). However, one cannot compare the results directly, before imposing the correction due to the finite-size effects of the proton. Indeed, the CMS dimuon exclusive yield scale factor is measured in much lower invariant mass range, where the proton absorptive effects are smaller.

The ratio of measured exclusive signal scale factor (f excl ) to predicted proton survival factor (S2 γγ ) is directly related with the ratio of measured (σ excl. ) to predicted (σ EPA, corr. ) exclusive cross section: Results for the muon and electron channels are also compared with a similar CMS measurement [70]. The inner red error bar represents the statistical error, and the blue bar represents the total error on each measurement. The yellow band represents the theoretical uncertainty of 1.8% (1.7%) on the predicted (uncorrected EPA) cross sections, assumed to be uniform in the phase space of the measurements.

σ excl. / σ EPA, corr. = f excl / S 2 γγ . (10.2) 

Unfolded acoplanarity distributions

In order to allow comparison of data with the external single-dissociative models, relevant acoplanarity distributions have to be corrected for detector effects. Due to the detector resolution in lepton azimuthal-angle reconstruction, the measured acoplanarity spectrum is slightly smeared causing migrations between the bins with respect to the generator-level spectrum. Figure 10.11 shows distributions of true acoplanarity over the reconstructed acoplanarity bins due to detector resolution effects. They are called the response matrices. Acoplanarity bins purity, defined as a fraction of the reconstructed MC events that originate from the same acoplanarity bins at the generator-level, is

shown in Figure 10.12. One can observe that the effect of bin migrations is very small. The RooUnfold [58] package is used to perform the unfolding of acoplanarity distribution for detector resolution effects. In the unfolding procedure both exclusive and single-dissociative MC distributions are added together according to the scaling factors obtained from the fit procedure. Drell-Yan and double-dissociative γγ → + -contributions are treated as the background processes and are subtracted from the data. Figure 10.13 shows unfolded data acoplanarity distributions, corrected also for the lepton pair trigger, reconstruction and identification efficiencies. One can notice that it is impossible to further unfold these distributions from the effect of exclusivity veto efficiency. This is related with the precise knowledge of underlying nature of single-dissociative reactions, that remains still unknown. Obviously, to determine experimentally the detailed nature of proton-dissociative processes, one can use single-proton tagging to measure accurately the single-dissociative part. This would also give the access to the photon-PDFs of the proton -a quantities that are still poorly known at the LHC energies.

For additional information, the exclusivity veto efficiencies for signal and single-dissociative MC events are provided as a function of dilepton invariant mass m + -and rapidity As a significant part of the thesis, measurement of exclusive γγ → + -( = e, µ)

production in proton-proton collisions at a center-of-mass energy of 7 TeV is presented using 4.6 fb -1 of data collected by the ATLAS experiment at the LHC. The exclusive production of lepton pairs represents an essential class of reactions at the LHC, mediated through photon-photon interactions. The interest of such processes is due to their wellknown initial conditions and simple final state. For these reactions, it is known that the proton absorptive corrections have a sizeable impact on the predicted cross sections, encoded in what one can call the survival factor. The effect is larger when the dilepton invariant mass becomes larger. A better experimental understanding of such effects is essential for all photon-photon interactions in proton-proton collisions at the LHC energies. This is the main conclusion of the measurement detailed in this thesis.

The resulting fiducial cross section for exclusive two-photon production of muon pairs is measured to be σ excl. γγ→µ + µ -= 0.628 ± 0.032 (stat.) ± 0.021 (syst.) pb , for m µ + µ -> 20 GeV, p µ T > 10 GeV and |η µ | < 2.4. This value is found to be in good agreement with the theoretical predictions, including proton absorptive corrections: σ EPA, corr.

γγ→µ + µ -= 0.638 ± 0.013 pb. For the electron channel, the fiducial cross section is measured to be σ excl.

γγ→e + e -= 0.428 ± 0.035 (stat.) ± 0.018 (syst.) pb ,

with m e + e -> 24 GeV, p e T > 12 GeV, |η e | < 2.4. A direct comparison to the theory predictions with absorptive corrections gives also a reasonable agreement with the uncertainties: σ EPA, corr.

γγ→e + e -= 0.398 ± 0.007 pb. In addition, these results are in good agreement with previous measurement of exclusive γγ → µ + µ -production in pp collisions realized by the CMS collaboration. Ce travail de thèse présente ma contribution dans le développement de la compréhension des processus photon-photon à haute énergie en utilisant les données du LHC. La thèse est divisée en trois grandes parties. Ce document est une synthèse en langue française, évidemment courte, qui reprend les résultats importants du travail de thèse.

Les différentes étapes des analyses n'y sont que brièvement mentionnées. L'ensemble du travail est décrit beaucoup plus largement dans la thèse originale en langue anglaise.

La partie 1 décrit le LHC et ses principales caractéristiques. Je détaille particulièrement les détecteurs dits à l'avant, en particulier le projet AFP (ATLAS forward protons).

Ces détecteurs permettent de mesurer la trajectoire des protons issus de la collision (primaire) proton-proton lorsque ceux-ci ressortent quasiment intacts de cette collision.

C'est le cas lorsque les deux protons émettent des photons, lesquels interagissent ensuite dans une réaction photon-photon. Mon travail de qualification en tant qu'auteur de ALTAS a consisté dans l'écriture du code de simulation pour les détecteurs AFP. Mon travail de qualification en tant qu'auteur de ATLAS a été dédié à la simulation d'un groupe de ces détecteurs à l'avant, le projet AFP (ATLAS Forward Proton) [9], dont l'installation est prévue à la fin de l'année 2015 pour une première prise de données en 

Eléments théoriques

Le Modèle Standard Les réactions les plus simples dans les catégories ci-dessus concernent la production de paires de leptons chargés (électrons ou muons) [3][4][5]. On peut écrire leurs sections efficaces comme: Alors, la section efficace ci-dessus (2.1) doit être modifiée. En pratique, cela revient à la multiplier par un terme (dit de suppression) qui s'écrit comme suit en fonction des nombres de photons équivalents pour chaque proton: Une fois la sélection d'événements exclusifs réalisées dans les canaux en muons et en électrons, il est possible d'en déduire la mesure de la la section efficace exclusive. Lorsque la paire de leptons est une paire de muons, on trouve:

Interactions photon-photon au LHC

σ(γγ → + -) = 4πα 2 em W 2 γγ 1 + 4m 2 W 2 γγ - 8m 4 W 4 γγ 2 ln W γγ 2m + W 2 γγ 4m 2 -1 -1 + 4m 2 W 2 γγ 1 - 4m 2 W 2 γγ Θ W 2 γγ -4m 2 , ( 2 
S 2 γγ = b 1 >rp b 2 >rp d 2 b 1 d 2 b 2 n( b 1 , ω 1 )n( b 2 , ω 2 ) P non-inel (| b 1 -b 2 |) b 1 >0 b 2 >0 d 2 b 1 d 2 b 2 n( b 1 , ω 1 )n( b 2 , ω 2 ) , (2.2 
σ excl.
γγ→µ + µ -= 0.628 ± 0.032 (stat.) ± 0.021 (syst.) pb pour le domaine cinématique suivant: 

m µ + µ -> 20 

Introduction

A significant fraction of proton-proton collisions at large energies involves quasi-real photon interactions. This fraction is dominated by elastic scattering, with a single Born-level photon exchange. The photons can also be emitted by both protons, where a variety of central final states can be produced. The proton-proton collision is then transformed into a photon-photon interaction and the protons are deflected at small angles. At the LHC, these reactions can be measured at the energies well beyond the electroweak energy scale. This offers an interesting field of research linked to photon-photon interactions, where the available effective luminosity is small, relative to parton-parton interactions, but is compensated by better known initial conditions and usually simpler final states. Indeed, for high energetic proton-proton collisions, at a center of mass energy s, the idea is to search for the exclusive production of a final state X through the reaction p + p → p + p + X . Therefore, the initial state formed by both photons is well-defined, while the final state formed by X with no other hadronic activity is much simpler than in a standard inelastic proton-proton interaction. In the following, we write this reaction as pp(γ γ ) → pp X . * Corresponding author. E-mail address: laurent.schoeffel@cea.fr (L. Schoeffel).

In order to compute the cross section for the process pp(γ γ ) → pp X , we need to consider that each of the two incoming protons emits a quasi-real photon which fuse to give a centrally produced final state X (γ + γ → X ). This calculation relies on the so-called equivalent photon approximation (EPA) [1][2][3][4][5]. The EPA is based on the property that the electromagnetic (EM) field of a charged particle, here a proton, moving at high velocities becomes more and more transverse with respect to the direction of propagation. As a consequence, an observer in the laboratory frame cannot distinguish between the EM field of the relativistic proton and its transverse component, which can be labeled as the transverse EM field of equivalent photons. This implies that the total cross section of the reaction pp(γ γ ) → pp X can be approximately described as a photon-photon fusion cross section (γ γ → X ) folded with the equivalent photon distributions f (.) for the two protons

σ (p + p → p + p + X) = f (ω 1 ) f (ω 2 )σ γ γ →X (ω 1 , ω 2 ) dω 1 ω 1 dω 2 ω 2 , ( 1 
)
where ω 1,2 represent the energies of the photons and are integrated over. For each photon, the maximum energy is obviously the energy of the incident proton √ s/2. However, there is also the constraint that the highest available energy for one photon is of the order of the inverse Lorentz contracted radius of the proton, γ /r p , where r p represents the proton radius. Let us note that the two photon center-of-mass energy squared is W 2 γ γ = 4ω 1 ω 2 , and the rapidity of the two photons system is defined as y γ γ = 0.5 ln[ω 1 /ω 2 ].

In Eq. ( 1), the photon distributions f (.) are already integrated over the virtuality ( Q 2 1,2 ) of the photons. As this dependence is of the order of 1/Q 2 1,2 , this justifies the approximation that both photons are quasi-real.

We can remark that for practical issues, the situation may be more complex. Indeed, each proton can either survive and, then, is scattered at a small angle, as considered above. This is the case of elastic emission. Elastic two-photon processes yield very clean event topologies at the LHC: two very forward protons measured away from the interaction point and a few centrally produced particles (forming the final state X ). But, it is also possible that one or both protons dissociate into a hadronic state. This is the case of inelastic emission. In this paper, we restrict the discussion to the elastic case.

Let us note also that the calculations presented in this paper are commonly used for heavy-ion collisions, where the EPA approximation can be applied similarly. Only the charges and the radii of the incident particles are modified in this case.

Previous studies have been done using Eq. ( 1) in order to compute cross sections at LHC energies for various photon-photon processes in proton-proton collisions, pp(γ γ ) → pp X , corresponding to different final states X [6,7]. Some results are displayed in Fig. 1. The exclusive production of pairs of muons and pairs of W bosons have been generated using the Herwig++ generator [8]. The exclusive production of pairs of photons has been generated using the FPMC generator [9] at large W γ γ where the γ γ → γ γ cross section is dominated by one-loop diagrams involving W bosons [10]. Finally, the exclusive production of the Higgs boson is computed according to higgs effective field theory (HEFT) [11]. Obviously, this last reaction appears as a point in Fig. 1, representing the total cross section, at the Higgs mass.

In this paper, our purpose is to generalize Eq. ( 1) to the physics case where the impact parameter dependence of the interaction cannot be neglected [12]. In particular, we show that this approach is needed when we take in consideration the finite size of colliding protons (or heavy-ions) in the calculations. This is not new in the sense that these finite size effects have already been encoded in the Starlight Monte Carlo [13] dedicated to heavy-ion collisions. Let us note that Starlight is not restricted to photon-photon interactions but can also be used in photon-Pomeron configurations, as it is done at LHCb [14]. However, Starlight is focused mainly on the low invariant mass domain around the mass of the J /Ψ , which justifies some approximations made for example by neglecting the magnetic form factors.

In the following we develop some calculations that are valid also for the exclusive production of high masses final states in proton-proton collisions, like the production of a pair of W bosons or the Higgs boson. Therefore, our purpose in this paper is to propose a complete treatment of the finite size effects of incident protons irrespective of the mass range explored in the collision. In Section 2, these calculations are presented extensively. Then, results are discussed in Section 3 and compared to existing measurements.

Impact parameter dependent equivalent photon method

Deriving the expression of the equivalent photon distribution of the fast moving proton without neglecting the impact parameter dependence means that we determine this distribution as a function of the energy of the photon and the distance b to the proton trajectory. This distance is defined in the plane transverse to the proton trajectory. Therefore we speak of transverse distance. This last dependence is not present in the approach based on formula (1). Following calculations presented in [15,16], the general equivalent photon distribution read

n(b, ω) = α EM π 2 ω dk ⊥ k 2 ⊥ F k 2 ⊥ + ω 2 γ 2 k 2 ⊥ + ω 2 γ 2 J 1 (bk ⊥ ) 2 ( 2 
)
where γ is the Lorentz contraction factor, ω and k ⊥ represent the energy and transverse momentum of photons respectively. In this expression, F (.) is the proton form factor, electric and magnetic, that we develop explicitly below. Let us note that n(b, ω) depends only on the modulus of the impact parameter as obviously this quantity does not depend on the orientation of b. We can introduce the virtuality of the photon

Q 2 = -k 2 = k 2 ⊥ + ω 2 γ 2 . Then, expression (2) becomes n(b, ω) = α EM π 2 ω dk ⊥ k 2 ⊥ F (Q 2 ) Q 2 J 1 (bk ⊥ ) 2 , (3) 
After developing the complete expression of the form factor F (.),

we get n(b, ω) = α EM π 2 ω dk ⊥ k 2 ⊥ G E (Q 2 ) Q 2 × (1 -x) 4m 2 p + Q 2 μ 2 p 4m 2 p + Q 2 + 1 2 x 2 Q 2 k 2 ⊥ μ 2 p 1 2 J 1 (bk ⊥ ) 2 , ( 4 
)
where x is the energy fraction of the proton carried by the photon,

given by x = 2ω/ √ s. Let us note that the electromagnetic coupling strength α EM is taken to be α EM (Q 2 0 GeV 2 ) = 1/137.036 throughout our calculations, following the property that the photons entering the interaction are quasi-real (see Section 1).

The relation (4) for n(b, ω) corresponds to the equivalent photon distribution (for one proton) when the impact parameter dependence is taken into account. Equivalent photon distributions are presented in Fig. 2, as a function of the impact parameter for different energies of the photon. The overall shapes of these distributions can be understood easily. At very large b values, n(b, ω)

behaves asymptotically as 1 b e -2ωb/γ for what concerns its b dependence. At very small b values, the photon distributions are damped due to the effects of form factors and finite size of the proton. We can remark that Eq. ( 1) can be re-derived from expression (4) after replacing f (ω 1 ) by the integral of n( b 1 , ω 1 ) for all b 1 , and similarly for the second photon variables independently. Indeed

f (ω) = e 2 πω d 2 k ⊥ (2π ) 2 F k 2 ⊥ + ω 2 γ 2 k 2 ⊥ + ω 2 γ 2 2 | k ⊥ | 2 ,
where we have used the generic expression for the form factor of the proton, as in Eq. ( 2).

The full expression ( 4) is necessary when we want to take into account effects that depend directly on the transverse space variables of the reaction. Therefore, when we consider the finite sizes of colliding protons, we need to do the replacement

f (ω 1 ) f (ω 2 ) → n( b 1 , ω 1 )n( b 2 , ω 2 )d 2 b 1 d 2 b 2 , ( 5 
)
where the bounds of integrations on the transverse distances b 1 and b 2 prevent from performing the integrations independently. Indeed, there are important geometrical constraints to encode: the two photons need to interact at the same point outside the two protons, of radii r p , while the proton-halos do not overlap.

This implies minimally that b

1 > r p , b 2 > r p and | b 1 -b 2 | > 2r p
(see Fig. 3). The last condition clearly breaks the factorization in the variables b 1 and b 2 of the integral (5). In these conditions, the proton radius r p is the two-dimensional radius, determined in the transverse plane, that will be taken to be 0.64 ± 0.02, as measured in the H1 experiment [17]. Let us note that it would be possible to keep the factorization by imposing stronger constraints, like b 1,2 > 2r p . However, this last condition prevents configurations where the two protons are very close and produce very energetic photon-photon collisions. This is not what we want. The difference b = b1 -b2 is also pictured. This is clear from this view that the geometrical non-overlapping condition of the two protons corresponds to | b1 -b2| > 2rp . ). Indeed, this function represents the probability that there is no interaction (no overlap) between the two colliding protons in impact parameter space. Following [18], we make the natural assumption that a probabilistic approximation gives a reasonable estimate of the absorption effects. Then, we can write [18] P non-inel (b) = 1exp -b 2 /(2B) 2 ,

where the value of B = 19.7 GeV -2 is taken from a measurement at √ s = 7 TeV by the ATLAS experiment [19] (see Fig. 4). At √ s = 13 TeV, we will use the extrapolated value B = 21 GeV -2 . In Fig. 4, we compare P non-inel (b) with the step function Θ(b -2r p ), which is the first approximation that we have described above to quantify a non-overlapping condition between both protons. We see that both functions are roughly comparable. However, we can expect some deviations when performing more accurate computations of cross sections using P non-inel (b) in Eq. ( 6), and then in Eq. (1).

Results

Following the previous section, the first important issue is to quantify the size of the correction when we take into account the finite size of colliding protons. We define the survival factor as Trivially, this factor will always be smaller than unity. Then, the deviation with respect to unity will quantify the overestimation done when the finite size effects are neglected. This is first illustrated in Fig. 5, where we present the two-dimensional dependence of S 2 γ γ as a function of x 1 and x 2 , the energy fractions of the protons carried by the interacting photons. Then, the survival factor is displayed as a function of experimentally measurable variables in Figs. 6 and7. Fig. 6 presents the behavior of the survival factor as a function of the center of mass energy of the photon-photon system (W γ γ ) at zero rapidity. Different curves are displayed corresponding to the different center of mass energies for the proton-proton collision. We observe a common feature. For all curves, the survival factor is decreasing as a function of ator of the survival factor (7) becomes smaller. Indeed, when the photon-photon energy becomes larger and larger, this is understandable that the probability of no inelastic interaction becomes smaller and smaller. Fig. 6 illustrates the behavior of the survival factor as a function of the rapidity of the photon-photon system, for different W γ γ . Obviously, we observe the same effect as in Fig. 6, that when W γ γ increases the survival factor decreases. In addition, this figure shows the small dependence as a function of the rapidity y γ γ . Let us note that for possible measurements at the LHC, the rapidity domain covered is close to zero. Therefore, the dependence in y γ γ is a marginal effect. As a second step, we can compute cross sections for various processes pp(γ γ ) → pp X taking correctly into account the finite size effects of incident protons and thus the survival factor. As discussed in the previous section, this requires Eq. ( 1) with the replacement (6). A set of predictions is presented in Table 1, where total cross sections are shown, cumulative in W γ γ above the bounds indicated in Table 1. For the exclusive production of pairs of W bosons, this is the natural bound which applies of 2M W . Finally, we can compare our results with the experimental measurements available. Recently, the CMS experiment has measured exclusive pair of muons production [20] and has reported the value of S 2 γ γ to be 0.83 ± 0.15 for invariant masses of the photon-photon system above 11.5 GeV. This is consistent with our expectations from Fig. 6, which, convoluted with the elementary cross section in this kinematic range, gives a survival factor of 0.84. In addition, in the analysis of the exclusive production of pairs of W bosons by the CMS experiment [21], using exclusive muons production as a benchmark, the measured survival factor S 2 γ γ is found to be about 10% smaller that the one above for invariant masses above 40 GeV. This is also consistent with our expectations (S 2 γ γ = 0.76 in this kinematic domain).

Conclusion

The exclusive production of a final state X , pp(γ γ ) → pp X , represents an essential class of reactions at the LHC, mediated through photon-photon interactions. The interest of such processes is due to their well-known initial conditions and simple final state. In this paper, we have presented a complete treatment of finite size effects of colliding protons, needed to compute the corresponding cross sections for these reactions. We have derived a survival factor that quantifies the deviation of the complete treatment with respect to no size effect.

We have shown that the survival factor is decreasing as a function of mass of the photon-photon system (W γ γ ), to reach values of 0.3 at W γ γ = 1 TeV for √ s = 7 or 8 TeV and 0.43 at W γ γ = 1 TeV for √ s = 13 TeV. This is a large effect, due to the fact that for larger values of W γ γ , the probability of no inelastic interaction becomes smaller and smaller and so the survival factor. The key point of our approach is that it is valid for the full spectrum of invariant masses produced in the final state, and thus for high masses final states, like the production of a pair of W bosons or the Higgs boson. This allows a direct comparison with experimental results already obtained at the LHC beyond the electroweak scale, where a very good agreement has been observed between our expectations and the measurements. Finally, we remind that these calculations are commonly used for the physics case of heavy-ion collisions. For example, this already exists with some approximations in the Starlight Monte Carlo, mainly focused on the low invariant mass domain around the mass of the J /Ψ . A complication, properly taken into account in Starlight, arises in such collisions, due to the large value of the charges of the ions. Then, photon-photon interactions may be accompanied by additional electromagnetic reactions, such as photo-nuclear interactions, and the ions that come out from the collisions may be produced with some neutrons. the event). Unless both outgoing protons are detected, the proton dissociative events form an irreducible background to the fully elastic production. Such photon-induced reactions, in particular exclusive γγ → + -production, require significant corrections due to proton absorptive effects. These effects are mainly related to pp strong-interaction exchanges that accompany the two-photon interaction and that lead to the production of additional hadrons in the final state. Recent phenomenological studies suggest that the exclusive γγ → + -cross-section is suppressed by a factor that depends on the mass and rapidity of the system produced [10]. For the kinematic range relevant for this measurement the suppression factor is about 20%. This factor includes both the strong pp absorptive correction (∼8% suppression) and the photon-proton (γp) coherence condition (b γp > r p , where b γp is the γp impact parameter and r p the transverse size of the proton).

Simulated event samples are generated in order to estimate the background and to correct the signal yields for detector effects. The signal event samples for exclusive γγ → + -production are generated using the Herwig++ 2.6.3 [25] Monte Carlo (MC) event generator, which implements the EPA formalism in pp collisions. The dominant background, photon-induced single-dissociative dilepton production, is simulated using Lpair 4.0 [26] with the Brasse [27] and Suri-Yennie [28] structure functions for proton dissociation. For photon virtualities Q 2 < 5 GeV 2 and masses of the dissociating system, m N < 2 GeV, low-multiplicity states from the production and decays of ∆ resonances are usually created. For higher Q 2 or m N , the system decays to a variety of resonances, which produce a large number of forward particles. The Lpair package is interfaced to JetSet 7.408 [29], where the Lund [30] fragmentation model is implemented. The Herwig++ and Lpair generators do not include any corrections to account for proton absorptive effects.

For double-dissociative reactions, Pythia 8.175 [31] is used with the NNPDF2.3QED [32] parton distribution functions (PDF). The NNPDF2.3QED set uses LO QED and next-to-next-to-leading-order (NNLO) QCD perturbative calculations to construct the photon PDF, starting from the initial scale Q 2 0 = 2 GeV 2 . Depending on the multiplicity of the dissociating system, the default Pythia 8 string or mini-string fragmentation model is used for proton dissociation. The absorptive effects in double-dissociative MC events are taken into account using the default multi-parton interactions model in Pythia 8 [33].

The Powheg 1.0 [34][35][36] MC generator is used with the CT10 [37] PDF to generate both the DY Z/γ * → e + e -and Z/γ * → µ + µ -events. It is interfaced with Pythia 6.425 [38] using the CTEQ6L1 [39] PDF set and the AUET2B [40] values of the tunable parameters to simulate the parton shower and the underlying event (UE). These samples are referred to as Powheg+Pythia. The DY Z/γ * → τ + τ -process is generated using Pythia 6.425 together with the MRST LO* [41] PDF. The transverse momentum of lepton pairs in Powheg+Pythia samples is reweighted to a Resbos [42] prediction, which is found to yield good agreement with the transverse momentum distribution of Z bosons observed in data [43,44]. The production of top-quark pair (t t) events is modelled using MC@NLO 3.42 [45,46] and diboson (W + W -, W ± Z, ZZ) processes are simulated using Herwig 6.520 [47]. The event generators used to model Z/γ * , t t and diboson reactions are interfaced to Photos 3.0 [48] to simulate QED final-state radiation (FSR) corrections.

Multiple interactions per bunch crossing (pile-up) are accounted for by overlaying simulated minimumbias events, generated with Pythia 6.425 using the AUET2B tune and CTEQ6L1 PDF, and reweighting the distribution of the average number of interactions per bunch crossing in MC simulation to that observed in data. Furthermore, the simulated samples are weighted such that the z-position distribution of reconstructed pp interaction vertices matches the distribution observed in data. The ATLAS detector response is modelled using the GEANT4 toolkit [49,50] and the same event reconstruction as that used for data is performed.

Event reconstruction, preselection and background estimation

The data used in this analysis were collected during the 2011 LHC pp run at a centre-of-mass energy of √ s = 7 TeV. After application of data-quality requirements, the total integrated luminosity is 4.6 fb -1 with an uncertainty of 1.8% [51]. Events from these pp collisions are selected by requiring at least one collision vertex with at least two charged-particle tracks with p T > 400 MeV. Events are then required to have at least two lepton candidates (electrons or muons), as defined below.

Events in the electron channel were selected online by requiring a single-electron or di-electron trigger. For the single-electron trigger, the transverse momentum threshold was increased during data-taking from 20 GeV to 22 GeV in response to the increased LHC instantaneous luminosity. The di-electron trigger required a minimum transverse momentum of 12 GeV for each electron candidate. Electron candidates are reconstructed from energy deposits in the calorimeter matched to ID tracks. Electron reconstruction uses track refitting with a Gaussian-sum filter to be less sensitive to bremsstrahlung losses and improve the estimates of the electron track parameters [52,53]. The electrons are required to have a transverse momentum p e T > 12 GeV and pseudorapidity |η e | < 2.4 with the calorimeter barrel/end-cap transition region 1.37 < |η e | < 1.52 excluded. Electron candidates are required to meet "medium" identification criteria based on shower shape and track-quality variables [54].

Events in the muon channel were selected online by a single-muon or di-muon trigger, with a transverse momentum threshold of 18 GeV or 10 GeV, respectively. Muon candidates are identified by matching complete tracks in the MS to tracks in the ID [55], and are required to have p µ T > 10 GeV and |η µ | < 2.4. Only isolated muons are selected by requiring the scalar sum of the p T of the tracks with p T > 1 GeV in a ∆R = 0.2 cone around the muon to be less than 10% of the muon p T .

Di-electron (di-muon) events are selected by requiring two oppositely charged same-flavour leptons with an invariant mass m e + e -> 24 GeV for the electron channel and m µ + µ -> 20 GeV for the muon channel. After these preselection requirements 1.57 × 10 6 di-electron and 2.42 × 10 6 di-muon candidate events are found in the data.

The background to the exclusive signal includes contributions from single-and double-proton dissociative γγ → + -production, as well as Z/γ * , diboson, t t and multi-jet production. The contribution from γγ → W + W -and γγ → τ + τ -processes is considered negligible. Single-and double-dissociative background contributions are estimated using MC simulations. The electroweak (Z/γ * , diboson) and top-quark pair background contributions are also estimated from simulations and normalised to the respective inclusive cross-sections calculated at high orders in perturbative QCD (pQCD), as in Ref. [56]. Scale factors are applied to the simulated samples to correct for the small differences from data in the trigger, reconstruction and identification efficiencies for electrons and muons [54][55][56]. MC events are also corrected to take into account differences from data in lepton energy, momentum scale and resolution [55,57].

The multi-jet background is determined using data-driven methods, similarly to Refs. [44,58]. For the e + e -channel, the multi-jet sample is obtained by applying the full nominal preselection but requiring the electron candidates to not satisfy the medium identification criteria. For the µ + µ -channel, it is extracted using same-charge muon pairs that satisfy the remaining preselection criteria. The normalisation of the multi-jet background is determined by fitting the invariant mass spectrum of the electron (muon) pair in the data to a sum of expected contributions, including MC predictions of the signal and the other backgrounds.

Exclusive event selection and signal extraction

In order to select exclusive γγ → + -candidates, a veto on additional charged-particle track activity is applied. This exclusivity veto requires that no additional charged-particle tracks with p T > 400 MeV be associated with the dilepton vertex, and that no additional tracks or vertices be found within a 3 mm longitudinal isolation distance, ∆z iso vtx , from the dilepton vertex. These conditions are primarily motivated by the rejection of the Z/γ * and multi-jet events, which typically have many tracks originating from the same vertex.

The charged-particle multiplicity distribution in Z/γ * MC events is reweighted to match the UE observed in data, following the same procedure as in Ref. [59]. Uncorrected Z/γ * MC models overestimate the charged-particle multiplicity distributions observed in data by 50% for low-multiplicity events. In order to estimate the relevant weight, the events in the Z-peak region, defined as 70 GeV < m + -< 105 GeV, are used. This region is expected to include a large DY component. The correction procedure also accounts for the effect of tracks originating from pile-up and ID track reconstruction inefficiency. The requirement of no additional tracks associated with the dilepton vertex completely removes multi-jet, t t, and diboson backgrounds.

The ∆z iso vtx distribution for events with no additional tracks at the dilepton vertex is presented in Figure 1(a). The structure observed at small ∆z iso vtx values is due to the vertex finding algorithm, which identifies the vertex as two close vertices in high-multiplicity DY events: the two-track vertex formed from the lepton tracks and the vertex from the UE tracks. The 3 mm cut significantly suppresses the DY background, at the cost of a 26% reduction in signal yield. The inefficiency is related to tracks and vertices originating from additional pp interactions.

Contributions from the DY e + e -and µ + µ -processes can be further reduced by excluding events with a dilepton invariant mass in the Z-peak region. The invariant mass distribution of muon pairs for events satisfying the exclusivity veto (exactly two tracks at the dilepton vertex, ∆z iso vtx > 3 mm) is presented in Figure 1(b) (where the excluded Z-peak region is indicated by dashed lines). The figure shows that the MC description of the m µ + µ -distribution is satisfactory. To further suppress the proton dissociative backgrounds, the lepton pair is required to have small total transverse momentum (p + -T < 1.5 GeV). This is shown in Figure 1(c), which displays the di-muon transverse momentum distribution for events outside the Z region that satisfy the exclusivity veto. The p + -T resolution below 1.5 GeV is approximately 0.3 GeV for the electron channel and 0.2 GeV for the muon channel.

The result of each step of the exclusive selection applied to the data, signal and background samples is shown in Table 1. After all selection criteria are applied, 869 events remain for the electron channel, and 2124 events are selected in the muon channel. From simulations, approximately half are expected to originate from exclusive production. The number of selected events in the data is below the expectation from the simulation, with an observed yield that is approximately 80% of the sum of simulated signal and background processes (see discussion in Section 7).

After the final exclusive event selection, there is still a significant contamination from DY, single-and double-dissociative processes. Scaling factors for signal and background processes are estimated by a binned maximum-likelihood fit of the sum of the simulated distributions contained in the MC templates Table 1: Effect of sequential selection requirements on the number of events selected in data, compared to the number of predicted signal and background events for electron and muon channels. Predictions for exclusive and single-dissociative event yields do not take into account proton absorptive corrections. The central values and statistical uncertainties on R excl. are strongly correlated with the central values and uncertainties on R s-diss. , respectively.

Systematic uncertainties and cross-checks

The different contributions to the systematic uncertainties are described below. The dominant sources of systematic uncertainty for both the electron and muon channels are related to background modelling.

The uncertainty on the electron and muon selection includes uncertainties on the electron energy or muon momentum scale and resolution, as well as uncertainties on the scale factors applied to the simulation in order to reproduce the trigger, reconstruction and identification efficiencies for electrons or muons measured in the data. The lepton energy or momentum scale correction uncertainties are obtained from a comparison of the Z boson invariant mass distribution in data and simulation, while the uncertainties on the scale factors are derived from a comparison of tag-and-probe results in data and simulations [54][55][56][57]. The overall effect on the exclusive γγ → + -cross-sections is approximately 1-3%, where the dominant electron uncertainties originate from the electron reconstruction and identification and the dominant muon uncertainty originates from the trigger.

The uncertainty on the contribution of DY processes mainly accounts for disagreements between data and simulations which are related to the reweighting procedures of the charged-particle multiplicity (10%) and p + -T (5%) distributions. It also includes a 5% contribution for the PDF and scale uncertainties in modelling DY processes, as well as a 5% statistical uncertainty on the Z/γ * MC samples after event selection. An overall normalisation uncertainty of 20% is assigned to cover all these effects. Because of the similar shapes of the DY and single-proton dissociative γγ → + -components in the fitted acoplanarity distribution, this uncertainty on the DY normalisation is partly absorbed by the single-dissociative contribution. The 20% uncertainly has a 1.2% effect on the exclusive cross-section for the electron channel and 1% for the muon channel.

In order to estimate the double-proton dissociative γγ → + -uncertainty, this contribution is varied according to the photon PDF uncertainties, defined at 68% confidence level and evaluated using NNPDF2.3QED replicas [32]. The photon PDF are affected by sizeable uncertainties, typically of the order of 50%. The resulting uncertainty on the exclusive cross-sections related to double-dissociative background uncertainty is 1.9% for the electron channel and 1.7% for the muon channel.

The uncertainty arising from the choice of acoplanarity shapes in the fit procedure is evaluated by refitting the data with different template distributions. A small deviation of the proton elastic form-factors [60] from the standard dipole parameterisation used in the simulations has a 0.2% effect on the exclusive cross-sections. This effect is estimated by reweighting the equivalent photon spectra in signal MC events to agree with the model predictions. The impact of the shape uncertainty in the single-dissociative template is evaluated by reweighting the corresponding MC events with an exponential modification factor ∝ exp -a(p + -T ) 2 . A value of a = 0.05 GeV -2 is extracted from the data (before the p + -T < 1.5 GeV selection) to improve the shape agreement with the simulation, shown in Figure 1(c). Propagating these weights to the acoplanarity distribution and the signal extraction results in a 0.9% change of signal yields.

Possible mis-modelling of the angular resolution of the tracking detectors [61] measuring the lepton tracks could also distort the shape of the signal template, and leads to uncertainties of up to 0.3% (0.2%) in the electron (muon) channel.

The systematic effect related to the pile-up description is estimated from data-to-MC comparisons of the p T -and η-dependent density of tracks originating from pile-up, as in Ref. [59]. The resulting uncertainty on the cross-sections is 0.5%.

The dilepton vertex isolation efficiency is studied by comparing the spatial distribution of tracks originating from pile-up in MC simulations and in data. The effect of mis-modelling of the vertex isolation efficiency is determined by comparing the efficiency in data and simulations for different ∆z iso vtx values (varied between 2 mm and 5 mm, where the sensitivity of the measurements to the level of background is maximal). The relative variations between the data and simulations are found to be at most 1.2%, which is taken as a systematic uncertainty.

The LHC beam energy uncertainty is evaluated to be 0.7%, following Ref. [62]. This affects the exclusive cross-sections by 0.4% and is considered as a systematic effect. The impact of the non-zero crossing angles of the LHC beams at the ATLAS interaction point is estimated by applying a relevant Lorentz transformation to generator-level lepton kinematics for signal MC events. This results in a 0.3% variation and is taken as a systematic uncertainty.

The effect of QED FSR is predicted to be small (below 1%) in exclusive γγ → + -reactions [63]. However, as experimental corrections for electrons are derived from Z/γ * → e + e -and W → eν processes including significant QED FSR effects, these corrections may not be directly applicable to the exclusive dilepton signal MC events without QED FSR simulation. A possible bias in the electron efficiencies is studied by comparing DY e + e -MC events with and without QED FSR photons being emitted. The observed difference in the efficiency to trigger, reconstruct and identify electron pairs is 0.8%, which is taken as a systematic uncertainty.

Additional tests of the maximum-likelihood fit stability are performed by comparing different bin widths and fit ranges. Starting from the nominal number of 30 bins in the fit range 0 ≤ 1 -|∆φ + -| /π ≤ 0.06, variations of the bin width (0.002 ± 0.001) and fit range from [0, 0.03] to [0, 0.09] produce relative changes of at most 0.9%. Since these variations are strongly correlated with the statistical uncertainties, no additional systematic uncertainty is assigned in this case.

Table 2 summarises the contributions to the systematic uncertainty on the exclusive cross-sections from the different sources. The total systematic uncertainty is formed by adding the individual contributions in quadrature for each analysis channel, including the uncertainty on the integrated luminosity. Control distributions of the dilepton transverse momentum for events satisfying the selection criteria listed in Table 1 are shown in Figure 3, with the exclusive and single-dissociative yields normalised according to the fit results. Here an additional cut on the dilepton acoplanarity (1 -|∆φ + -| /π < 0.008) is used, instead of the cut on total transverse momentum (p + -T < 1.5 GeV). The MC predictions for the shapes of dilepton distributions are found to be in good agreement with the data. 

Results and comparison to theory

The exclusive γγ → + -cross-sections reported in this article are restricted to the fiducial regions defined in Table 3. The event selection results in an acceptance times efficiency of 19% for the electron channel and 32% for the muon channel. The fiducial cross-sections are given by the product of the measured signal scale factors by the exclusive cross-sections predicted, in the fiducial region considered, by the EPA calculation:

σ excl. γγ→ + -= R excl. γγ→ + -• σ EPA γγ→ + -.
For the e + e -channel,

R excl.
γγ→e + e -= 0.863 ± 0.070 (stat.) ± 0.037 (syst.) ± 0.015 (theor.) , σ EPA γγ→e + e -= 0.496 ± 0.008 (theor.) pb .

The theoretical uncertainties are fully correlated between R excl. γγ→e + e -and σ EPA γγ→e + e -, and cancel each other in the cross-section extraction procedure. They are related to the proton elastic form-factors (1.6%) and to the higher-order electroweak corrections [63] not included in the calculations (0.7%). The proton formfactor uncertainty is conservatively estimated by taking the full difference between the calculations using the standard dipole form-factors and the improved model parameterisation including pQCD corrections from Ref. [60]. The latter includes a fit uncertainty and the prediction furthest away from the dipole form-factors is chosen.

Similarly, for the µ + µ -channel, R excl. γγ→µ + µ -= 0.791 ± 0.041 (stat.) ± 0.026 (syst.) ± 0.013 (theor.) , σ EPA γγ→µ + µ -= 0.794 ± 0.013 (theor.) pb .

The resulting fiducial cross-section for the electron channel is measured to be σ excl.

γγ→e + e -= 0.428 ± 0.035 (stat.) ± 0.018 (syst.) pb .

This value can be compared to the theoretical prediction, including absorptive corrections to account for the finite size of the proton [10]:

σ EPA, corr.

γγ→e + e -= 0.398 ± 0.007 (theor.) pb . For the muon channel, the fiducial cross-section is measured to be σ excl.

γγ→µ + µ -= 0.628 ± 0.032 (stat.) ± 0.021 (syst.) pb , to be compared with [10]: σ EPA, corr. γγ→µ + µ -= 0.638 ± 0.011 (theor.) pb . The uncertainty of each prediction includes an additional 0.8% uncertainty related to the modelling of proton absorptive corrections. It is evaluated by varying the effective transverse size of the proton by 3%, according to Ref. [64]. Figure 4 shows the ratios of the measured cross-sections to the EPA calculations and to the prediction with the inclusion of absorptive corrections. The measurements are in agreement with the predicted values corrected for proton absorptive effects. The figure includes a similar CMS cross-section measurement [18]. Results for the muon and electron channels are also compared with a similar CMS measurement [18]. The inner red error bar represents the statistical error, and the blue bar represents the total error on each measurement. The yellow band represents the theoretical uncertainty of 1.8% (1.7%) on the predicted (uncorrected EPA) cross-sections, assumed to be uniform in the phase space of the measurements. are consistent with the recent CMS measurement and indicate a suppression of the exclusive production mechanism in data with respect to EPA prediction. The observed cross-sections are about 20% below the nominal EPA prediction, and consistent with the suppression expected due to proton absorption contributions. The MC predictions for the shapes of the dilepton kinematic distributions, including both the exclusive signal and the background dominated by two-photon production of lepton pairs with singleproton dissociation, are also found to be in good agreement with the data. With its improved statistical precision compared to previous measurements, this analysis provides a better understanding of the physics of two-photon interactions at hadron colliders. and Geneva, Switzerland; NSC, Taiwan; TAEK, Turkey; STFC, the Royal Society and Leverhulme Trust, United Kingdom; DOE and NSF, United States of America.
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 12 Figure 1.2: Feynman diagrams contributing to e + e -→ e + e -scattering. The sum of all diagrams including zero, one, two or more virtual loop corrections is denoted by the diagram with the double-wavy photon propagator, with an electromagnetic coupling α(Q 2 ). Figure taken from [11].
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 13 Figure 1.3: Evolution of the electromagnetic coupling with Q 2 determined from the measurements at large momentum transfers. The QED predictions are shown by the solid line. Figure taken from [11].
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 15 Figure 1.5. The valence quarks (xu v and xd v ) dominate at values x > 0.2. Partons at small x (x < 0.01) values are mostly composed of gluons (xg) and sea-quarks (xS). At the LHC energies, the energy scales in various reactions are usually much larger than Q 2 = 10 GeV 2 . The evolution of the PDFs to larger values of Q 2 is achieved through the Dokshitzer-Gribov-Lipatov-Alterelli-Parisi (DGLAP) [23-25] evolution equations.
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 15 Figure 1.5: Distributions of partons in the proton as a function of longitudinal momentum fraction for Q 2 = 10 GeV 2 from a combined fit of H1 and ZEUS data. Figure taken from [19].
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 16 Figure 1.6: Schematic diagrams of different scattering processes in hadron-hadron collisions: (a) non-diffractive interaction, (b) elastic scattering, (c) single-diffractive process and (d) double-diffractive process. The vertical double line represents the Pomeron exchange.
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 29 To make the Lagrangian(1.27) invariant under U (1) local Y transformations, one should introduce a new field B µ , which couples to weak hypercharge with coupling strength denoted by g . The SU (2) local L symmetry gives rise to three fields W i µ (i = 1, 2, 3) which couple to weak isospin with coupling strength g.
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 1117 Figure 1.7: Detailed summary of several Standard Model measurements by the AT-LAS experiment at the LHC, compared to the corresponding theoretical expectations.Figure taken from[37].
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 21 Photoproduction Region
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 22 Figure 2.2: Leading-order, single-photon exchange diagram for electron-muon scattering.
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 23 Figure 2.3: Schematic diagrams for (a) exclusive, (b) single proton-dissociative and (c) double proton-dissociative two-photon production of central state X in pp collisions.
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 24 Figure 2.4: Leading-order diagrams for two-photon production of lepton pairs.
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 25 Figure 2.5: Leading-order diagrams for two-photon production of W boson pairs.
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 26 Figure 2.6: Leading-order diagrams for two-photon production of Higgs boson.
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 27 Figure 2.7: Sketch of the original Fermi's idea leading to the Equivalent Photon Approximation. As the velocity of the charge approaches the speed of light, its electromagnetic field becomes Lorentz-contracted and similar to a parallel-moving photon-cloud. Figure taken from [61].
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 22 This expression describes the number of photons (per transverse area d 2 b) of energy ω existing at a transverse distance b from the center of the charged particle. Obviously, this number does not depend on the orientation of b in the transverse plane, which implies n( b, ω) = n(b, ω).
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 2828 photon distributions for 3.5 TeV proton are presented in Figure 2.8, as a function of the impact parameter for different photon energies. The overall shapes of these distributions can be easily understood. At very large b values, n(b, ω) behaves asymptotically as 1 b e -2ωb/γ . At very small b values, the photon distributions are damped due to the effects of form factors and finite size of the proton. One can remark that Equation (2.21) can be re-derived from expression (2.31) after replacing n(ω 1 ) by the integral of n(b 1 , ω 1 ) for all b 1 , and similarly for the second photon variables independently.
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 29 Figure 2.9: Differential cross sections for various processes pp(γγ) → ppX at √ s = 13 TeV generated using EPA formalism. For the exclusive Higgs production, the total cross section is shown. The exclusive production of pairs of photons has been generated at large W γγ where the cross section is dominated by one-loop diagrams involving W bosons.
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 33 where the bounds of integrations are still b 1 > r p , b 2 > r p . The non-overlapping condition, | b 1b 2 | > 2r p , is not needed any longer. It follows as a consequence of the
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 210 Figure 2.10: Schematic view of the two protons and the transverse distances b 1 and b 2 . The difference b = b 1b 2 is also pictured. It is clear from this view that the geometrical non-overlapping condition of the two protons corresponds to | b 1b 2 | > 2r p .
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 211 Figure 2.11: Function P non-inel (b) = |1 -Γ(b)| 2 compared with the step function Θ(b -2R). P (b) representing the probability for no inelastic interaction in pp collision at impact parameter b.

  and 2.14.
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 2 Figure 2.13 presents the behavior of the survival factor as a function of the center-ofmass energy of the photon-photon system (W γγ ) at zero-rapidity. Different curves are displayed corresponding to the different center-of-mass energies, √ s, for the pp collision. A common feature is observed. For all curves, the survival factor is decreasing as a function of W γγ , to reach values of ∼0.3 at W γγ = 1 TeV for √ s = 7 TeV or 8 TeV and ∼0.4 at W γγ = 1 TeV for √ s = 13 TeV. This is a large effect, due to the fact that for larger values of W γγ , smaller values of b = | b 1b 2 | are probed, and thus the integral at the numerator of the survival factor (2.35) becomes smaller. Indeed,
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 2 Figure 2.12: The survival factor as a function of the energy fractions of the protons carried by the interacting photons, x 1 and x 2 .
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 213 Figure 2.13: The survival factor at zero-rapidity as a function of the photon-photon center-of-mass energy.
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 214 Figure 2.14: The survival factor for different photon-photon center-of-mass energies displayed as a function of the rapidity of the two-photon system.
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 215 Figure 2.15: Higher-order diagrams for the O(α s ) corrections to the γq → q process: (a) initial-state radiation, (b) final-state radiation, (c) quark pair production with interchange.
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 216 Figure 2.16: Dimuon invariant mass distribution comparison between Her-wig++ (red line), fpmc (blue) and Lpair (green) event generators for exclusive γγ → µ + µ -production in pp collisions. Distributions are normalized to 1 fb -1 . The ratios of fpmc (blue markers) and Lpair (green) to Herwig++ are also shown with statistical error bars.
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 2 Figure 2.17: (a) Leading muon transverse momentum and (b) pseudorapidity distributions for different MC generators for exclusive γγ → µ + µ -production in pp collisions: Herwig++, fpmc and Lpair. Distributions are normalized to 1 fb -1 .
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 218 Figure 2.18: (a) Dimuon acoplanarity and (b) muons transverse momentum difference distributions comparison between Herwig++, fpmc and Lpair generators for exclusive γγ → µ + µ -production in pp collisions. Distributions are normalized to 1 fb -1 .
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 40 one could anticipate much narrowed behavior when | cos θ| → 1. Since the pseudorapidity requirement is imposed on both muons, this results in the cross section suppression for | cos θ| > 0.7.
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 219 Figure 2.19: Comparison of scattering angle distribution between Herwig++, fpmc and Lpair event generators for exclusive γγ → µ + µ -production in pp collisions. Distributions are normalized to 1 fb -1 .
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 2 Figure 2.20 presents the pseudorapidity distribution of particles after the hadronization step 8 (excluding final-state muons from the hard γγ interaction). In case of the Lpair generator, these particles are dominated by the resonances (proton beam remnants), which are emitted mostly in the region of large pseudorapidities. On the other
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 220 Figure 2.20: Pseudorapidity distribution of particles produced after hadronization step for double-dissociative γγ → µ + µ -processes in pp collisions for (a) Lpair and (b) Pythia 8 (interfaced with MRST2004QED PDFs) generators.

Figure 2 . 21 :

 221 Figure 2.21: Dimuon invariant mass distribution comparison for various modelling of double-dissociative γγ reactions in pp collisions: events simulated with Lpair (filled histogram), Pythia 8 interfaced with MRST2004QED (solid line) and Pythia 8 interfaced with NNPDF2.3QED (dashed line) are presented. Distributions are normalized to 1 fb -1 .

Figure 2 . 22 :

 222 Figure 2.22: Dimuon transverse momentum distribution for various modelling of double-dissociative γγ → µ + µ -reactions: events simulated with Lpair (filled histogram), Pythia 8 interfaced with MRST2004QED (solid line) and Pythia 8 interfaced with NNPDF2.3QED (dashed line) are presented. Distributions are normalized to 1 fb -1 .

Figure 2 . 23 :

 223 Figure 2.23: Dimuon invariant mass distribution comparison between the DY (blue line) and photon-induced processes (magenta line). Different contributions to γγ processes: exclusive (Herwig++ in red), single-dissociative (Lpair in green) and doubledissociative (Pythia 8 interfaced with MRST2004QED PDFs in yellow) are also shown. Distributions are normalized to 1 fb -1 .
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 224225 Figure 2.24: Dimuon (a) acoplanarity and (b) transverse momentum distributions comparison between the DY and photon-induced processes. Distributions are normalized to 1 fb -1 .
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 23 Total cross section comparison for exclusive γγ → + -processes in pp collisions between different lepton flavours. Default Herwig++ generator is used with m + -> 20 GeV, p T > 10 GeV and |η | < 2.5 cuts. invariant mass considered is much above the tau lepton mass. Moreover, lepton pseudorapidity requirement ensures relatively large values of scattering angles, whereas the lepton mass dependence is expected only for very small scattering angles. A similar universality is observed in the dilepton invariant mass and leading lepton p T distributions (Figure 2.26).
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 226 Figure 2.26: (a) Dilepton invariant mass and (b) leading lepton transverse momentum distributions comparison for exclusive γγ → + -production between e + e -(red), µ + µ -(blue) and τ + τ -(green) channels. Default Herwig++ generator is used with m µ + µ -> 20 GeV, p µ T > 10 GeV and |η µ | < 2.5 cuts. Distributions are normalized to 1 fb -1 .

Figure 3 . 1 :

 31 Figure 3.1: Schematic drawing of the CERN accelerator complex. Figure taken from [3].

  [8] experiment studies with great precision the decay of b-hadrons to investigate Charge-Parity (CP) symmetry violation. It is asymmetric and covers only a part of the phase space in pseudorapidity. Next to the four big experiments, several smaller ones are located close to the interaction points, such as MoEDAL[9] searching for magnetic monopoles, LHCf[10] 

β

  * is called the beta-function at the collision point. It is a measure of how much the beam is squeezed towards the interaction point. F (θ c ) is the geometric luminosity reduction factor due to crossing angle of the beams, θ c , at the interaction point. The nominal revolution frequency of the LHC is 40.08 MHz. The LHC is also designed to circulate up to 2808 bunches per beam, each consisting of 1.15 × 10 11 protons and separated by a time interval (bunch spacing) of 25 ns. In 2010, 2011 and 2012, during the first LHC run (Run-1) [12], bunch spacing of 50 ns was used for the largest part of pp data taking, reaching 1380 bunches circulating the LHC ring -which is the maximum number of bunches for such bunch spacing. During Run-1 protons are collided with 7 TeV center-of-mass energy during the year 2010-2011 and 8 TeV in 2012. During Run-2 (2015-2018), it is expected to reach the designed center-of-mass energy of √ s = 14 TeV.
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 32 Figure 3.2: (a) Peak instantaneous luminosity and (b) maximum mean number of interactions per bunch crossing as delivered to the ATLAS experiment by the LHC during pp runs in 2010, 2011 and 2012. Figure taken from [15].

Figure 3 . 3 :

 33 Figure 3.3: Schematic view of the ATLAS detector. The detector is approximately 25 high, 44 m long and weighs 7000 tonnes. Figure taken from [5].
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 34 Figure 3.4: (a) Cut-away image of the ATLAS Inner Detector with sub-detectors labelled. (b) Scheme of the ATLAS Inner Detector barrel being crossed by a highenergy particle (red line). Figure taken from [5].

Figure 3 . 5 :

 35 Figure 3.5: Schematic view of the ATLAS calorimeter system, showing the electromagnetic and hadronic calorimeters. Figure taken from [5].

Figure 3 . 6 :

 36 Figure 3.6: Schematic view of the ATLAS muon system. Figure taken from [5].

  5 orders of magnitude change of LHC instantaneous luminosity in 2010-2011, and its further increase of a factor 2 in 2012. The L1 trigger electronics are located in the ATLAS cavern in order to reduce the latency in the trigger decision. Calorimeters and muon detectors (RPCs/TGCs) at reduced granularity are used to search for high momentum objects like electrons, photons, muons and jets. The results from the L1 triggers are processed by the central trigger processor (CTP), where information from different object types is combined. The CTP processes this information and forms on up to 256 distinct L1 triggers. The L1 trigger also defines Regions-of-Interest (ROIs) in each event: the (φ, η) coordinates of detector regions defined as interesting by the trigger selection procedure, where possible physics objects have been identified by L1. If an event is accepted, it is passed on to the second-level (L2) trigger.
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 37 Figure 3.7: Schematic overview of the trigger and data acquisition systems in ATLAS.The specified rates should only be considered as orders of magnitudes. Figuretakenfrom[24].

Figure 3 .

 3 Figure 3.7 summarizes the flow of data through the ATLAS trigger and data acquisition chain.

  3 fb -1 was recorded by ATLAS out of the LHC delivered 22.8 fb -1 . Total integrated luminosity versus day delivered to and recorded by ATLAS during LHC Run-1 pp collisions is presented in Figure 3.8.
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 38 Figure 3.8: (a) Total integrated luminosity versus day delivered to ATLAS during LHC Run-1 pp collisions. (b) Cumulative luminosity versus time delivered to and recorded by ATLAS in 2011 and 2012 pp collisions. Figures taken from [15].

Figure 3 .

 3 9 gives an overview of the standard simulation chain used in ATLAS.
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 39 Figure 3.9: Overview of the standard simulation chain used in ATLAS. Ellipticalshaped boxes represent persistent data objects (or event collections), whereas rectangular boxes sets of algorithms applied.

Figure 3 .

 3 Figure3.10: Illustration of a two-photon interaction (yellow waves) event in a protonproton collision produced by an event generator. The hard scatter interaction (red blob) produces muon pair and is accompanied with additional QCD interactions (green springs) in the parton showering process, before the hadronization sets in (green blobs) and hadron decays (white blobs). The figure is prepared with MCViz[32].
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 3 Figure 3.11.
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 311 Figure 3.11: An example of the layout of the ATLAS detector used in the simulations. The calorimeter end-caps are shown in purple and the muon end-caps in green. The barrel toroid magnets are shown in yellow and the Inner Detector in blue. Figure taken from [27].
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 4 Figure 4.1.

Figure 4 . 1 :

 41 Figure 4.1: Pseudorapidity coverage of different ATLAS sub-detectors. The coverage of ZDC extends to η = ±∞.

Figure 4 . 2 .

 42 The final focusing triplet (Q1, Q2 and Q3) is positioned approximately 40 m from ATLAS IP. In addition, there are three more quadrupoles: Q4, Q5 and Q6, installed at the distances of 160 m, 190 m and 220 m, respectively. Between IP and 240 m two dipole magnets are installed: D1 at 70 m and D2 at 150 m away from the ATLAS IP. They are used for beam separation.

Figure 4 . 2 :

 42 Figure 4.2: The LHC region in vicinity of the ATLAS IP: locations of forward detectors, dipole magnets (D), quadrupole magnets (Q), target collimators (TCL) and absorber systems (TAS, TAN) are shown. Figure taken from [46].

Figure 4 . 3 .

 43 The MBTS consist of 16 scintillator paddles per side (2 cm thick) organized into two disks. Each disk is divided into an inner and outer rings, which together cover the pseudorapidity region of 2.12 < |η| < 3.85. The rings themselves are organized into eight independent sectors in φ. Light emitted by each scintillator segment is collected by wavelength-shifting (WLS) optical fibres and guided to photo-multiplier tubes (PMTs). Readout is done through fast electronics used in the ECal, which also communicate the MBTS response to the L1 trigger system.

Figure 4 . 3 :

 43 Figure 4.3: MBTS disk configuration. Figure taken from [45].

  1 and provides ATLAS with on-line monitoring of the instantaneous luminosity. Two detectors are located at a distance of z = ±17 m from the ATLAS IP on each side. They consist of 1.5 m long aluminium tubes of 15 mm diameter filled with C 4 F 10 gas, resulting in a Cherenkov threshold of 2.8 GeV for pions and 10 MeV for electrons. There are 20 tubes per side and they surround the beam pipe at a radius of 10 cm (|η| ≈ 5.8). Cherenkov light is read out by a PMT at the end of each tube.

  are installed at ATLAS, ±140 m from the interaction point, where the beam pipe splits from being a single tube through ATLAS to an individual tube for each beam. Each ZDC sits in slots inside the TAN and detects very forward (8.3 < |η| < ∞) neutral particles produced in the interaction. The ZDC is comprised of four modules, one electromagnetic and three hadronic (see Figure4.4). The EM modules consist of tungsten plates as absorber, extended by steel plates, traversed by quartz rods forming an 8 × 12 matrix perpendicular to the beam axis. On the front of each module the rods are bent upwards and read out at the top by multi-anode PMTs. Therefore, the Cherenkov light induced by particle showers traversing the module provides both position and energy measurements. In order to get an improved measurement of the incident particle energy over that based on the position measuring rods, quartz strips are installed between the plates and read out from the top by PMTs. The hadronic modules are similar but in contrast to the EM modules the position-sensitive quartz rods are mapped in clusters of four into individual PMTs. Furthermore, only one out of three modules on each side is equipped with the position-sensitive rods.

Figure 4 . 4 :

 44 Figure 4.4: (a) Transparent view of the TAN showing the beam pipe and location of ZDC modules. (b) ZDC modules as situated in TAN. Figure taken from [43].

Figure 4 .

 4 6 shows the layout of the ALFA scintillating fibres and trigger counters in the single-station MD and ODs of the upper and lower detector, and their position with respect to the nominal beam trajectory. The Main Detector consists of ten double-sided modules with 64 squared scintillating fibres in each. The fibres have a diameter of 500 µm, thus the effective area of the detector is approximately 32 × 32 mm 2 . The fibres in each module are made of plastic and are glued on both sides of support plates made of titanium. The fibres are aluminized to reduce the light losses and optical cross-talk. At the front and back side of the plates the fibres are arranged at an angle of 45 • to the vertical coordinate and are perpendicular to each other. The fibres are also arranged after each other in the direction of the beam, which results in a pattern of 10 alternating fibre layers which form "pixels". For a single plane the resulting pixels have a size of d = 500 µm, which corresponds to the base diameter of the fibres and gives an effective size of d x,y = 500/ sin (45 • ) µm = 707 µm in the xy plane.
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 45 Figure 4.5: Schematic layout of the ALFA detector in the Roman Pot showing the scintillating fibres of tracker, the fibre connectors, the multi-anode PMTs and the frontend boards. Figure taken from [26].
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 46 Figure 4.6: Layout of ALFA MD and OD with trigger counters with respect to the nominal beam position. Figure taken from [48].
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 47 This figure shows the positions of elastically and diffractively scattered protons with various transverse momenta in the ALFA detector plane at the nominal detector location. One can observe that the elastically scattered protons with very small transverse momentum do not reach the ALFA detector active area. Also, diffractively scattered protons have negative value of x and positive values of y 3 and they mostly fly outside the ALFA detector acceptance for nominal β * = 0.55 m (collision) optics.

µ around 1 .Figure 4 . 7 :

 147 Figure 4.7: Proton positions with different relative energy loss (ξ p ) and transverse momentum (p p T ) at the first ALFA station for the different LHC optics settings: (a) β * = 0.55 m, (b) β * = 90 m, (c) β * = 1000 m and (d) β * = 2625 m. The solid lines represent the ALFA detector active area. Figure taken from [51].

  The locations available to AFP are at distances along the beam line of 204 m and 212 m from the ATLAS IP on both sides. They are shown in Figure4.8 and lie between the Q5 and Q6 quadrupoles. The ALFA stations are located behind the Q6 quadrupole, at locations around 240 m. The chosen AFP locations are selected because they are available (i.e. empty of essential beam elements and instrumentation), and because they are located at positions of sufficient integral dispersion to make interception and measurement viable.
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 48 Figure 4.8: The locations of the AFP stations in the LHC lattice near the ATLAS interaction point. Only the positive-z arm of AFP is shown; the negative-z arm of AFP is nearly identical. The ALFA detector stations with vertical pots are located at about 240 m. Figure taken from [52].

Figure 4 . 10 .

 410 The most significant difference between AFP and TOTEM RP designs is that the AFP requires more flat area on the RP bottom. This is due to the generally larger size of detectors used. The material of the pot, as for many LHC beam elements, is a low-carbon, nitrogen-enhanced version of Type 316 molybdenum-bearing austenitic stainless steel. (a) (b)

Figure 4 . 9 :

 49 Figure 4.9: Hamburg Beam Pipe prototypes: (a) view of a 200 mm long pocket and (b) 600 mm long pocket. Figure taken from [53].

Figure 4 . 10 :

 410 Figure 4.10: The AFP Roman Pot design: (a) the drawing of the bottom "cup" of the Roman Pot and (b) the 3D visualization of the pot, including the cup, tubular section, and the vacuum flange. Figure taken from [52].
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 411 Figure 4.11: (a) Sketch of a corner of a 3D pixel sensor and (b) a picture of a sensor after a diamond-saw cut. The cut lines for the AFP slim-edge prototypes are also indicated. Figure taken from [55].

Figure 4 . 12 :

 412 Figure 4.12: The proposed AFP tracker assembly: (a) the bare tracker assembly of four planes and (b) the tracker assembled with sensors (gold), high thermal-conductivity foils (dark blue) and flex (green) interconnects. Figure taken from [52].

  ) where c is the speed of light. The idea is that the matching of z AFP with interaction vertices reconstructed by the ATLAS Inner Detector provides rejection of pile-up vertices if the time-of-flight resolution is sufficiently small. At high LHC instantaneous luminosity, where the average number of interactions per bunch crossing can exceed 40 ( µ > 40), the AFP Timing Detector (TD) system should have the following characteristics: 10 ps or better timing resolution, corresponding to ∼2.3 mm z AFP position resolution geometrical acceptance that fully covers the 16.8×20 mm 2 active region of tracking detectors high efficiency to reconstruct the signal for diffractive protons (>90%) horizontal (x) segmentation in for multi-proton timing measurements L1 trigger capability radiation hard or tolerant for high integrated luminosity LHC runsThe original design of Timing Detectors for AFP relies on the measurement of Cherenkov light, emitted by the high-energy protons when passing through the dedicated radiator volume. Cherenkov light is prompt and therefore ideal for fast timing measurement, although the amount of light is small compared with scintillator. The design is based on QUARtz TIming Cherenkov (QUARTIC) detectors[56], proposed by FP420[53] and further optimized by AFP for use with a Hamburg (movable) beam pipe.

Figure 4 .

 4 Figure 4.13 shows the concept and layout of QUARTIC. The detector consists of straight synthetic quartz bars (Qbars) positioned at the Cherenkov angle with respect to the proton flight direction, and functioning both as a radiator producing Cherenkov light, and as a light-guide that funnels the light to the microchannel-plate photo-multiplier (MCP-PMT). MCP-PMT consists of a quartz faceplate and a photo-cathode followed

Figure 4 . 13 :

 413 Figure 4.13: Conceptual drawings of a QUARTIC detector, showing the proton passing through eight bars of one row in horizontal (x) direction, providing eight measurements of the proton time. The 8 × 4 layout of QUARTIC bars is also shown. Figure taken from [53].

Figure 4 .

 4 Figure 4.14 shows a drawing of the LQbar-based AFP TD concept, and a picture of the prototype implemented for the AFP beam tests. It contains 4 × 2 array of LQbars with

Figure 4 .

 4 Figure 4.14: (a) Drawing of a prototype of the LQbar-based AFP TD containing 4 rows of 2 bars. The straight line represents a diffractive proton trajectory. (b) The LQbar TD prototype installed in the beam test. Two 3D SiD planes are also visible. Figure taken from [52].
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 415415 Figure 4.15: Sketch of the AFP detectors, at 204 m from the ATLAS IP inside an old-design HBP-based beam interface (a), and at 212 m with new-design RP-based stations (b). The sketch of the layout of the AFP stations at ±204 and ±212 m is also shown (c). The inner (±204 m) stations contain only SiD, where the outer (±212 m) both SiD and TD. Figure taken from [52].
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 51 Figure 5.1: Simulation model of the ATLAS forward region containing different LHC beam pipe elements (including TCL and splitting section). The positions of ATLAS forward detectors are also shown. The figure is prepared using VP1 software [62].

  Figure 5.2 shows the visualization of the implemented HBP geometry. Two different versions of the AFP HBP are prepared. The short HBP, placed at ±204 m from the ATLAS IP, is designed to contain the inner AFP Silicon Detectors. The long HBP hold AFP SiD, together with the AFP Qbar-based TD, and is placed at ±212 m .
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 5253 Figure 5.2: Simulation model of the short and long AFP Hamburg Beam Pipes. The length of the short and long pipes measured between the entrance and exit windows is 60 mm and 360 mm, respectively.

  initial simulated model of the AFP SiD has been prepared for usage with the Hamburg Beam Pipe interface. It includes 6 silicon sensor layers per HBP station. Each layer is mounted on a dedicated assembly with water sensor cooling implemented, as presented in Figure 5.4. The AFP SiD model was later changed to become close to the newly elaborated design, where the water cooling is no longer used. The final RP-based version of the detector will consist of 4 pixel sensor layers for each Roman Pot station. Individual pixel sensor is simulated as a 250 µm thick silicon layer, with the area of 16.8 × 20 mm 2 . The array of 336 × 80 pixels of size 50 × 250 µm is also considered.

Figure 5 . 4 :

 54 Figure 5.4: Simulation model of the AFP Silicon Detector for the HBP interface.Sensor planes with water cooling pipes are also visible.

  HBP-based configuration. The material properties of quartz radiators used in the simulations are summarized in Table5.1. A full parametrization of the QUARTIC detectors allows various functions, e.g. to change number of simulated bars, their dimensions and relative spacing. An example of such configuration, designed for HBP interface is shown in Figure 5.5. A default HBP-based AFP simulation setup consists of two arrays of 8 × 4 Qbars per station, placed after each other in the beam direction. The rows of bars in the horizontal direction are separated by 4 mm and two detectors in a single HBP are placed with a relative 4 mm offset in the horizontal direction. The Qbar row segmentation is higher for bars placed closest to the beam axis and lower for more external bars. A cross section of the most internal bars in the row is 2 mm × 6 mm for detector placed closer to the ATLAS IP and 4 mm × 6 mm for detector placed further from the IP. For the external bars the cross section is 6 mm × 6 mm. This configuration provides a better geometrical acceptance of the AFP TD system, comparing to the original QUARTIC design, where the rows of bars are not separated. Because of the adoption of the Roman Pot beam interface for AFP, a new LQBar timing radiator shape was devised. Each LQbar is geometrically divided into a radiator arm

(

  photons are then propagated by total internal reflection, through the bars, to the MCP-PMT. The microchannel-plate is simulated as a thin (1 mm) layer of silicon, with the same cross section as a corresponding bar. Since the simulation of optical processes in GEANT4 is very time consuming, a Fast Cherenkov model has been implemented, which significantly speeds up the simulation step for AFP Timing Detectors. The formalism is implemented for the QUARTIC bar geometry, however, it can be extended for the LQbar detector geometry.
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 55 Figure 5.5: Simulation model of the AFP Timing Detectors for the HBP interface at ±212 m. Default setup consists of two detectors with a separated rows of bars, placed with a relative offset. AFP Silicon Detector planes are also shown.
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 56 Figure 5.6: Simulation model of the AFP Silicon and Timing Detectors for the Roman Pot interface at ±212 m. Each Roman Pot at ±212 m includes AFP SiD consisting of 4 pixel sensor planes and the AFP TD formed with two arrays of 4 × 2 LQbars.
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 57 Figure 5.7: Simulated Cherenkov photons induced by 7 TeV proton when crossing two LQbars. For each bar, the number of generated photons is approximately 400.

FastFigure 5 . 8 :

 58 Figure 5.8: Example of a single photon transportation scheme for the QUARTIC bar of length L. Photon is generated at the angle α calculated with respect to L.

Figure 5 . 9 :

 59 Figure 5.9: Schematic view of a single QUARTIC detector bar in (a) yz and (b)xz plane. Details are explained in the text.

  (); G4double PhotonX = PreProtonX + (PostProtonX-PreProtonX)*rand; G4double PhotonY = PreProtonY + (PostProtonY-PreProtonY)*rand; G4double PhotonZ = PreProtonZ + (PostProtonZ-PreProtonZ)*rand;
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 2510 Figure 5.10: Cut projection of a single photon (red line) inside the Cherenkov detector bar. Details are explained in the text.
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 511 Figure 5.12.

Figure 5 .

 5 Figure 5.13 shows comparison between the wavelength distributions of generated photons. As expected, Fast Cherenkov method fully reproduces the default GEANT4 Cherenkov photons energy spectra from the full simulation.
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  AFP data model is implemented in the ATHENA framework and provides simulation hit collections and a corresponding digitization output, coming from both the AFP SiD and the AFP TD. Hit collections store information about the hit position, time, deposited energy, and other parameters needed to resolve affected detector, such as the detector identification number or pixel position in the SiD plane. There is one hit/digitization/reconstruction collection per detector type. The digitization collection for the AFP SiD stores the identification number of the station, the sensor planes and the hit pixels. The AFP TD collection contains station, detector and the bar identification numbers, together with the amplitude of the signal and the constant fraction discriminator time. The reconstructed information from AFP SiD, stored in the corresponding collection, contains values of proton track positions, detector identification numbers, the number of hits and gaps used for track reconstruction, and the quality of the reconstructed track candidate. Similarly, the reconstructed ToF detector information consists of the detector and quartz bar row identification number, reconstructed time for a given row of radiator bars, the number of bars used in the proton ToF reconstruction, and possible pulse height saturation information of the bars.

For

  the AFP time-of-flight detectors, the number of Cherenkov photons and their arrival times is collected. The response of the photo-multiplier tube (MCP-PMT) to the Cherenkov photons is used to calculate the MCP-PMT output signal shape, and the signal is subsequently processed with a constant fraction discriminator function to obtain a digital representation of the pulse time (measured by HPTDC). A digital representation of the pulse amplitude is also recorded.Each photon is allowed to convert to a photo-electron with a probability which is the product of two factors: a wavelength-independent geometrical collection efficiency (60%) and a wavelength-dependent quantum efficiency of the MCP-PMT photo-cathode (< 25%). The conversion of a single photon to an electron is simulated by introducing an appropriate time-smearing (40 ps RMS)3 and by adding a delay of 200 ps to the signal start time. In the next step, each electron is a source of a cascade of a Poisson-distributed number of electrons (a relatively small gain of 5 × 10 4 is assumed) which form a pulse with rise time of 400 ps and fall time of 400 ps. The pulse peak value is calculated as the highest number of electrons per 5 ps time bin observed in the pulse. The time recorded by HPTDC is calculated as the time when the pulse surpasses a constant fraction (50%) of its peak value as shown in Figure5.14. All parameters in the digitization algorithm can be changed via dedicated ATHENA control file.During the reconstruction step, all MCP-PMT sensors with the amplitude above the threshold that are placed in a single row of AFP quartz radiator bars are used to estimate the arrival time of a proton track candidate. In the simulation, the bars are considered as a fully independent sub-detectors, with no bar-to-bar cross-talks being implemented.

Figure 5 . 14 :

 514 Figure 5.14: A typical simulated signal from a single AFP quartz bar in an event. The vertical line indicates the time (recorded by HPTDC) when the pulse passes a fixed fraction of its maximum amplitude. Figure taken from [52].

  In order to reconstruct a time from the AFP ToF detectors, only radiator bars with at least 10 effective photo-electrons are considered. The ToF track is formed from a single row of bars above threshold. The time associated with the ToF track is calculated as an average of times measured with unsaturated bars in the ToF track. Corrections for the different z-positions of the bars are applied (1 ps between adjacent bars). Finally, a proton ToF correction for the y-position of the proton track is applied. This correction is considered only if the x-position of the reconstructed AFP SiD track matches the position of the reconstructed ToF track. The source of the correction is schematically shown in Figure 5.16. The size of this improvement is proportional to the proton y-position:
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 515516 Figure 5.15: An example of reconstructed charged-particle trajectories in AFP SiD. The projections in (a) xz and (b) yz planes show the reconstructed proton trajectory (black solid lines) and additional tracks from showers (green dashed lines).Reconstructed tracks are formed using hit pixels (red markers) from the silicon planes (dashed magenta lines).
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 517 Figure 5.17: (a) Correlation between the proton y-position reconstructed by AFP SiD and proton ToF from AFP TD. (b) Same but averaged over different ToF, with a linear fit performed to extract the relevant time correction.

5. 7

 7 Background simulations and expected AFP performanceAFP detectors aim to measure protons originating from primary interactions at the ATLAS IP. In that sense, real primary protons from soft or pile-up interactions form part of the genuine physics signal and are, for low-luminosity runs, an interesting component of the AFP physics program. For the high-luminosity program during the second AFP phase, which is not the main part of the first phase program, protons originating from pile-up interactions form a physics background that must be rejected by fast time-offlight detectors and additional kinematic cuts.

  Two HBP-based AFP stations per ATLAS side (arm) placed at z = ±204 m (AFP 204) and z = ±212 m (AFP 212) from the IP. The thickness of the front window is set to 300 µm. Each station contains one SiD, the outer stations (at 212 m) contain a QUARTICbased ToF detector in addition. Single SiD includes six silicon planes, separated by 10 mm (with a 13 • tilt in the xz plane). Each Si layer has a sensor thickness of 250 µm and contains an array of 336 × 80 pixels of size 50 × 250 µm 2 . Single ToF detector includes an array of 4 × 8 quartz bars (in xz plane), as described in Section 5.2.3. All AFP detectors are placed at d = 1.8 mm from the beam center (relatively to the edge of the active region of each detector).
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 518 Figure 5.18: Reconstructed track slope (dx/dz) distribution for AFP SiD tracks satisfying reconstruction quality requirement for (a) inner and (b) outer AFP stations.Tracks originating from primary protons form sharp peaked structure around dx/dz = 0, where the showers form significantly wider structure.
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 519 Figure 5.19: Reconstructed track multiplicity in AFP SiD for (a) inner and (b) outer station before the track matching is included. Events are generated without any cut on the proton kinematics (i.e. ξ p < 1). Approximately 50% of protons in the sample do not enter the AFP acceptance region (0.015 < ξ p < 0.15) which results in no reconstructed track. Different pile-up scenarios are presented.
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 520 Figure 5.20: Correlation between the (a) x and (b) y track positions reconstructed in inner and outer AFP station. Events passing the remaining selection criteria are shown.
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 521522 Figure 5.21: Geometrical acceptance of the (a) AFP and (b) ALFA detectors as a function of the proton relative energy loss (ξ p ) and its transverse momentum (p p T ) for nominal LHC optics settings. Figure (b) taken from [51].
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 523 Figure 5.23: xy track positions hitmap for the outer AFP SiD (a) before and (b) after track segment matching is required. Positions are calculated in the ATLAS Coordinate System (beam center is shifted). Tracks matched between inner and outer AFP stations are considered.
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 5524525 Figure 5.24: Proton track reconstruction efficiency for single-arm AFP SiD for different pile-up scenarios as a function of relative proton energy loss, ξ p . Only tracks with segments matched between the inner (AFP 204) and outer (AFP 212) stations are included.

6. 1 Figure 6 . 1 :

 161 Figure 6.1: Simplified model of the ambiguity solving process, illustrated in the SCT. Tracks a, b and c have been found through the seeded track finding, but share several hits. Module hits (representing measurements on both sides of the SCT) result in a higher score than two single hits without associated backside module. If such a hit would be expected but is not found (hole) the track score receives a penalty. Figure taken from[1].

Figure 6 . 2 :

 62 Figure 6.2: Definition of the ATLAS perigee parameters. The transverse and longitudinal impact parameters, d 0 and z 0 are determined using projections of the point of closest approach P of a track helix to the reference point O in the x-y and rφ-z plane, respectively. The point R in the left hand plot represents the center of a track circle in the xy plane. For this track example, d 0 is positively signed.
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 63 Figure 6.3: Beam spot size σ zBS in ATLAS over the course of pp running in 2011. The data points are the result of a maximum likelihood fit to the spatial distribution of primary vertices. Figure taken from [7].

Figure 6 .

 6 Figure 6.4 shows a distribution of the mean number of interactions per bunch crossing, µ , for 2011 pp runs considered in the analysis. During that period, the averaged mean number of pp collisions per bunch crossing increased from 6 to 12 (with the averaged number of 9 for all 2011 pp runs).

Figure 6 . 4 :

 64 Figure 6.4: Luminosity-weighted distribution of the mean number of interactions per bunch crossing for 2011 pp runs. The plot is shown for data taken before and after the September Technical Stop where the collider beta function, β * , was reduced from 1.5 m to 1.0 m. The integrated luminosity and the average µ values are also given. Figure taken from [8].

  MeV -a default threshold of track reconstruction algorithm used for the 2011 pp data reprocessing. |η| < 2.5 to match geometrical acceptance of Inner Detector. A minimum of one Pixel hit and six SCT hits are required. A hit in the innermost Pixel layer (the B-layer) is required if the corresponding pixel module was active. The transverse and weighted-longitudinal impact parameters with respect to the vertex of association are required to be |d 0 | < 1.5 mm and |z 0 sin (θ)| < 1.5 mm. A χ 2 probability of track fit, p > 0.01 is required for tracks with p T > 10 GeV, to remove mis-measured tracks (low momentum particles being reconstructed as having very high p T ) originating from the combination of a long non-Gaussian tail in the track momentum resolution with the steeply falling p T spectrum. The track selections are equivalent to the ones used in the underlying event in Z boson and jet events analyses [9, 10]. For MC truth selection of charged particles, for comparison to track observables, the following requirements are applied: p T > 400 MeV |η| < 2.5 Non-zero electric charge Stable (statuscode = 1) 0 < barcode < 200000

Figure 6 . 5 :

 65 Figure 6.5: Comparison of (a) azimuthal angle and (b) pseudorapidity reconstruction resolution for standard and GSF electron track reconstruction algorithms.

  For single-muon trigger, different trigger sequences were used during the particular data-taking periods (labelled A-M for 2011 pp runs): EF_mu18MG or EF_mu18MG_medium, depending on the period, where the transverse momentum threshold of the muon was set to p T = 18 GeV. The term MG denotes an inside-out trigger, i.e. the trigger algorithm at the EF level that starts from the ID muon track and extrapolates it to the MS to produce a combined muon track. The dimuon trigger used in the analysis is EF_2mu10_loose. It requires two muons with minimum p T = 10 GeV, and is seeded at L1 by 2L1MU0 (indicated by the term loose in the chain name). The muon triggers used in the analysis are detailed in

Figure 7 . 1 :

 71 Figure 7.1: Truth transverse momentum of the dilepton system distribution for Powheg+Pythia (black) and Resbos (blue) MC generators. Events satisfying m + -> 20 GeV, p T > 10 GeV and |η | < 2.4 requirements are shown.
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 7273 Figure 7.2: Control distributions (a) of the average number of interactions per bunchcrossing µ and (b) of the number of reconstructed primary vertices for µ + µ -analysis channel after application of the pile-up reweighting. All MC expectations are scaled to the integrated luminosity of the data using the predicted cross sections.

Figure 7 . 4 :

 74 Figure 7.4: Size of the p T smearing and momentum scale corrections for muons. The smearing and scale shifts are accounted for together. The error bars represent the RMS in each bin.

Figure 7 . 5 :

 75 Figure 7.5: Average muon reconstruction efficiency scale factor, in bins of (a) muon p T and (b) muon η. The total uncertainties on the muon reconstruction efficiencies are also shown.

Figure 7 .

 7 Figure 7.6 shows the EF_mu10_loose trigger corrections as a function of the p T and η of the reconstructed muons. As an effect, these corrections decrease the MC predictions by about 0.5%.

Figure 7 . 6 :

 76 Figure 7.6: Scale factors for EF mu10 loose trigger efficiency as a function of muon η and p T for (a) positively and (b) negatively charged muons.

Figure 7 . 7 :

 77 Figure 7.7: Invariant mass distribution of two same-sign muons for 20 < m µ ± µ ± < 200 GeV used to extract the QCD multi-jet background contribution.

Figure 7 . 8 :

 78 Figure 7.8: Control distributions of kinematic variables of the dimuons candidate after preselection citeria are applied. Data (black dots) are compared to the MC simulation (histograms). The error bars on the ratio take into account statistical uncertainties of the data and MC samples.
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 779710 Figure 7.9: Size of the electron energy smearing in E T for the exclusive signal MC events. The error bars represent the RMS in each bin.

Figure 7 . 11 :

 711 Figure 7.11: Scale factors for (a) electron reconstruction and (b) identification efficiencies as a function of E T and η of electrons.

Figure 7 . 12 :

 712 Figure 7.12: Invariant mass distribution of two electrons failing medium++ selection criteria for 24 < m ee < 200 GeV used to extract the QCD multi-jet background contribution.

Figure 7 . 13 :

 713 Figure 7.13: Control distributions of kinematic variables of the dielectron candidates after preselection citeria are applied. Data (black dots) are compared to the MC simulation (histograms). The error bars on the ratio take into account statistical uncertainties of the data and MC samples.

8. 1 . 1 Figure 8 . 1

 1181 Figure 8.1 shows the distribution of the number of additional charged-particle tracks associated with the dilepton vertex for both analysis channels. The exclusive γγ → + -MC events are peaked at low-multiplicity region (N trk 0), with additional smearing caused by the pile-up-induced tracks. One can also find that all other chargedparticle track multiplicity regions are dominated by the Z/γ * → + -processes. Due to the mis-modelling of this distribution by the Z/γ * MC events, the specific reweighting procedure is applied.

Figure 8 . 1 :

 81 Figure 8.1: Detector-level distribution of the number of charged-particle tracks for (a) µ + µ -and (b) e + e -analysis channels. Data (black dots) are compared to the MC simulations (histograms).

Figure 8 . 2 :

 82 Figure 8.2: (a) Matrix U -1 N K constructed for pile-up unfolding procedure. (b) Response matrix for Bayesian unfolding for charged-particle track reconstruction inefficiency.

Figure 8 . 4 .

 84 The reweighting procedure is validated on both Z-peak region and invariant mass range with Z region removed. Detector-level distributions with corrected Z/γ * MC events, including other background contributions are shown in Figure8.5. Good agreement within ±10% is observed in the invariant mass range outside the Z-peak region. The small disagreement is caused by other background sources, especially QCD multi-jet events, with less precisely known underlying event topologies.

Figure 8 . 3 :

 83 Figure 8.3: (a) Z/γ * MC distribution of the number of charged-particle tracks at the detector level, after pile-up removal and the track inefficiency correction to particlelevel (solid lines), compared to the truth-level distribution (red markers). (b) Same but applied for data distribution (solid lines). For comparison, the truth-level distribution for Z/γ * MC (red markers) is also shown -to be compared with the fully unfolded data (green line).

Figure 8 . 4 :

 84 Figure 8.4: Weight applied for Z/γ * MC events for charged-particle multiplicity correction. The weight is obtained by taking the ratio of unfolded data with truth-level distribution obtained from Z/γ * MC events (See the Figure 8.3b)

Figure 8 . 5 :

 85 Figure 8.5: Detector-level distributions of the number of charged-particle tracks after the charged-particle multiplicity reweighting procedure is applied to the DY MC events. (a) Z-peak region and (b) invariant mass range with Z region removed are shown. Data (black dots) are compared to the MC simulations (histograms).

Figure 8 . 6 :

 86 Figure 8.6: Correlation between the isolation distance of the dimuon vertex and the number of charged-particle tracks associated with the secondary vertex that is closest to the dimuon vertex. (a) Data and (b) Z/γ * → µ + µ -MC distributions are shown for events with no additional tracks attached to the dimuon vertex.
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 8788 Figure 8.7: Dilepton vertex isolation distance distribution for (a) muon and (b) electron channels for events with no additional tracks associated with the dilepton vertex.

Figure 8 .

 8 Figure 8.9 shows the signal selection efficiency for the exclusivity veto defined in Section 8.1 (no additional tracks or vertices within ∆z = 3 mm of the dilepton vertex), as a function of average number of interactions per bunch crossing. For both electrons and muons, the averaged efficiency is 74%, where it can reach 90% for µ = 3 and is above 60% for µ = 16, which is almost the highest value of number of interactions per bunch crossing in 2011 pp collisions.

Figure 8 . 9 :

 89 Figure 8.9: Exclusivity veto efficiency for signal MC events as a function of average interactions per bunch crossing for (a) µ + µ -and (b) e + e -analysis channels.

Figure 8 . 11 :

 811 Figure 8.11: Control distributions for events passing the exclusivity veto in the electron channel. (a) Dielectron invariant mass, (b) transverse energy of the positively charged electron, (c) dielectron transverse momentum and (d) dielectron acoplanarity distributions are presented. Systematic uncertainties are shown as a shaded area. Exclusive and single-dissociative event yields are extracted in the region p + -T < 1.5 GeV, as discussed in Section 8.2.2.
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 81281 Figure 8.12: Distribution of the invariant mass of lepton pairs for events after exclusivity veto and elastic selection for (a) µ + µ -and (b) e + e -analysis channels. Exclusive and single-dissociative event yields are extracted using fit procedure, as discussed in Section 8.2.2.

. 14 .Figure 8 . 13 :Figure 8 . 14 :

 14813814 Figure 8.13: Dimuon acoplanarity distribution for the sample after full event selection. Data are shown as points with statistical error bars. The stacked histograms, in topto-bottom order, represent the simulated exclusive signal, and the single-dissociative, double-dissociative and DY backgrounds. The exclusive and single-dissociative yields are determined from the fit described in the text.
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 815816 Figure 8.15: Dielectron acoplanarity distribution for the sample after full event selection. Data are shown as points with statistical error bars. The stacked histograms, in top-to-bottom order, represent the simulated exclusive signal, and the single-dissociative, double-dissociative and DY backgrounds. The exclusive and singledissociative yields are determined from the fit described in the text.

  5 a disagreement is reaching 20%. The same effect is observed for the integrated pile-up track density distribution. Figure 9.2 shows pile-up track multiplicity in the vertex with closest distance to the dimuon vertex. A distribution in MC simulation is slightly shifted comparing to data, which results in the underestimation of mean pile-up track density per event. Pile-up descriptionin MC is affected by the systematic uncertainty related with the track reconstruction inefficiency, originating mainly from uncertainties in detector material description in MC simulations. This was estimated in[61] to be from 2% for charged particles with

Figure 9 . 1 :

 91 Figure 9.1: Comparison of reconstructed charged-particle track density originating from pile-up, d 2 N trk /dη dp T , between the (a) data and (b) MC simulations for events satisfying preselection criteria. The ratio of (a) and (b) distributions is shown in (c).The ratio of similar distributions for events after exclusive selection is shown in (d).

Figure 9 . 2 :

 92 Figure 9.2: Reconstructed charged-particle track multiplicity associated with the vertex with closest distance to the dimuon vertex for events (a) after preselection, and (b) after full event selection.

Figure 9 . 3 :T< 1 Figure 9 . 4 :

 93194 Figure 9.3: (a) Transverse and (b) longitudinal impact parameter distributions for additional reconstructed charged-particle track associated with the dimuon vertex. Events with exactly one additional reconstructed track are considered. To enhance the relative signal contribution, p + -T

Figure 9 . 5 :

 95 Figure 9.5: Average number of interactions per bunch crossing in data (muon channel) for events before and after 3 mm exclusivity veto is applied. Each distribution is normalized to the respective total number of events.

Figure 9 . 5 ,

 95 it is possible to recover the shape of the exclusivity veto efficiency distribution as a function of pile-up intensity. A missing normalization factor can be also extracted from data. Information about the density of pile-up tracks at a random point z i with the minimum distance |z iz +vtx | > 20 mm from the dilepton vertex is used. This requirement suppresses the contribution of charged particles produced in the hard process and only pile-up tracks are counted.

Figure 9 .

 9 Figure 9.6 shows the comparison of exclusive selection efficiency as a function of the average interactions per bunch crossing, µ , extracted from the data and MC simulations.

Figure 9 . 6 :

 96 Figure 9.6: Exclusivity veto efficiency extracted from the data (black points) as a function of average interactions per bunch crossing for (a) µ + µ -and (b) e + e -channels.Comparison with MC simulation is also shown (red and blue markers, respectively). Data distributions are built according to the differences in shape between the events passing preselection and 3 mm veto selection cuts. For data, additional normalization factor is also applied, using random sampling procedure.

Figure 9 . 7 :

 97 Figure 9.7: Exclusivity veto efficiency extracted from the data (black points) and MC simulations (red points) as a function of (a) z-coordinate of the reference point for 3 mm exclusivity veto size and (b) as a function of different exclusivity veto size.

Figure 9 . 8 :

 98 Figure 9.8: Acoplanarity of the dimuon system in the Z region after 3 mm exclusivity veto being imposed.

Figure 9 . 9 :

 99 Figure 9.9: The NNPDF2.3QED photon-PDFs at different energy scales: (a) µ 2 = 10 GeV 2 and (b) µ 2 = 50 GeV 2 , presented as a function of the proton energy fraction carried by the photon. The 100 replicas are shown, along with the mean and the 68% CL ranges.

Figure 9 . 10 :

 910 Figure 9.10: Truth-level dilepton transverse momentum distribution for exclusive γγ → + -MC events. Comparison between the default setup and the one with the beam crossing angle enabled is shown.

3 )< 5

 35 reweighted single-dissociative events are used in the signal extraction procedure. The exponential modification factor is characterized by the parameter a, using the expression: e The modification parameter accounts for possible absorptive effects not included in the single-dissociative process simulation. It is extracted by fitting the shape of p + -T distribution to data using single-dissociative MC distribution. The binned maximumlikelihood fit is performed for events satisfying exclusive selection criteria, except for p GeV, where the contribution from singledissociative processes is dominant. The best-fit results are: a µ + µ -= 0.05 ± 0.01 GeV-2 

Figure 9 . 11 showsT< 1 . 5

 91115 the comparison between the default and exponentially modified modelling of the p + -T distribution for the muon channel. The maximum p + -T shape deviation can be obtained using exponential modification factor with a µ + µ -parameter, which is then applied as a weight for single-dissociative MC events in both analysis channels. For single-dissociative events after p + -GeV cut, this weight modifies the shape of the acoplanarity distribution by at most 2%. This results in a 0.9% change of the exclusive
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 912913 Figure 9.12: The proton elastic form factors extracted from the world data and compared to the model with QCD corrections. The solid line represents the best-fit to the data, while the dashed lines indicate the 1σ error band. Figure taken from [65].

Figure 9 . 14 :

 914 Figure 9.14: Electron pair reconstruction efficiency as a function of truth invariant mass of the dielectron system. Default scenario is compared to the events with no QED FSR photon being emitted. For details, see the text.

Figure 9 . 15 :

 915 Figure 9.15: Lepton track azimuthal resolution for events with at least one QED FSR photon emitted for (a) electrons and (b) muons. Z/γ * MC events are used to calculate the effective smearing (difference between the bare and dressed reference points).

9. 10

 10 Additional cross-checks Additional checks of the maximum-likelihood fit stability are performed by comparing different bin widths and fit ranges. Starting from the nominal number of 30 bins in the fit range 0 ≤ 1 -|∆φ + -| /π ≤ 0.06, variations in the bin width (0.002 ± 0.001) and fit range ([0 -0.03], [0 -0.09]) show relative deviations by at most 0.9% with respect to the nominal exclusive yield. As an alternative set of elastic cuts, for systematic cross-checks, several configurations are studied. They include various types of requirements for acoplanarity and transverse Cut Definition Fitted distribution f excl. f s-diss.

  Kinematic distributions for muons after all cuts and best fit procedure are shown in Figures 10.1, 10.2 and 10.3. Here the additional acoplanarity requirement, 1-|∆φ + -| /π < 0.008, is also applied. This is done for additional cross-check and for illustration how to further enrich the sample in elastic events. Similar plots for the electrons are presented in Figures 10.4, 10.5 and 10.6. For distributions from Figures 10.2 and 10.5, the acoplanarity requirement is imposed, instead of standard elastic selection. A very good agreement between the data and MC simulations is observed for each kinematic variable.
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 104105 Figure 10.4: Control distributions of kinematic variables in the electron channel for events passing the exclusivity veto together with the other selection criteria, and satisfying a cut on the dilepton acoplanarity (1 -|∆φ + -| /π < 0.008). Data are shown as points with statistical error bars, while the histograms represent the simulated exclusive signal (solid red line), and the single-dissociative (green dashed line), double-dissociative (orange) and DY (blue) backgrounds. Systematic uncertainties on the signal events are shown by the black-hashed regions. The exclusive and single-dissociative yields are determined from the fit described in the text.

Figure 10 . 6 :

 106 Figure 10.6: Additional control distributions of dielectron event variables for events passing the exclusivity veto together with the other selection criteria, and satisfying a cut on the dilepton acoplanarity (1 -|∆φ + -| /π < 0.008). Data are shown as points with statistical error bars, while the histograms represent the simulated exclusive signal (solid red line), and the single-dissociative (green dashed line), double-dissociative (orange) and DY (blue) backgrounds. Systematic uncertainties on the signal events are shown by the black-hashed regions. The exclusive and single-dissociative yields are determined from the fit described in the text.

10. 3 Figure 10 . 8 .

 3108 Figure 10.7 shows a reconstructed candidate for exclusive γγ → µ + µ -event in data with the overlaid model of the ATLAS detector prepared using the VP1 event display software[69]. Two back-to-back muons with reconstructed invariant mass of 25.6 GeV have no additional charged-particle tracks associated with its vertex. Tracks and vertices originating from pile-up interactions are also visible.Similar visualization prepared for exclusive γγ → e + e -event candidate is presented in Figure 10.8. Here the energy deposits in the ATLAS Electromagnetic Calorimeter are visualized as yellow boxes.

Figure 10 .

 10 Figure 10.9 shows a comparison between the scale factors for both analysis channels and the CMS measurement after imposing the proton absorptive correction for the exclusive event scale factor. Here the corrected exclusive and uncorrected 2 single-dissociative scale factors are presented.

Figure 10 .

 10 Figure 10.10 presents the ratios of the measured and predicted cross sections to the uncorrected EPA calculations. The measurements are in agreement with the predicted values corrected for absorptive effects. The figure also includes a similar CMS cross section measurement.

Figure 10 . 7 :

 107 Figure 10.7: Event display for exclusive γγ → µ + µcandidate. Event 94526500 from run 183081 recorded on 2011.06.05 at 16:37:10 is shown. Two back-to-back muons with an invariant mass of 25.6 GeV have no additional charged-particle tracks associated with its vertex. Tracks and vertices originating from pile-up interactions are also visible. The figure is prepared using VP1 [69].

Figure 10 . 8 :

 108 Figure 10.8: Event display for exclusive γγ → e + e -candidate. Event 51422085 from run 190644 recorded on 2011.10.09 at 16:29:20 is shown.Two back-to-back electrons with an invariant mass of 150.7 GeV have no additional charged-particle tracks associated with its vertex. Tracks and vertices originating from pile-up interactions are also visible. The figure is prepared using VP1[69].

Figure 10 . 9 :

 109 Figure 10.9: 68% and 95% CL contour plots for the signal vs. single-dissociative yield scale factors in the fitted parameter plane. The contours represent the statistical uncertainties on the measurement and the points indicate the best-fit values. Results for muon and electron channels are compared with the similar CMS measurement after imposing the proton absorptive correction for exclusive yield scale factor.

Figure 10 . 10 :

 1010 Figure 10.10: Comparison of the ratios of measured (red points) and predicted (solid green lines) cross sections to the uncorrected EPA calculations (black dashed lines).Results for the muon and electron channels are also compared with a similar CMS measurement[70]. The inner red error bar represents the statistical error, and the blue bar represents the total error on each measurement. The yellow band represents the theoretical uncertainty of 1.8% (1.7%) on the predicted (uncorrected EPA) cross sections, assumed to be uniform in the phase space of the measurements.
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 10111012 Figure 10.11: Detector response matrix for the acoplanarity variable for (a) the muon and (b) the electron channel. The exclusive and single-dissociative MC events after all selection criteria applied are used to extract the matrices.
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 101310141015 Figure 10.13: Acoplanarity distributions for the selected data sample unfolded for detector resolution, and lepton pair trigger, reconstruction and identification efficiencies for (a) the muon and (b) the electron channel. Drell-Yan and double-dissociative background events are subtracted from the data. Statistical uncertainties are shown as bars and systematic uncertainties as dark regions.

235 Introduction

 235 Une fraction importante des collisions proton-proton à haute énergie au LHC (Large Hadron Collider) impliquent des réactions médiées par des photons. Cette fraction est dominée par des collisions élastiques avec un seul photon échangé lors de la réaction proton-proton. Des photons quasi-réels peuvent aussi être émis par chacun des deux protons. Ces photons peuvent ensuite interagir pour générer une large variété d'états finals. Pour ces processus, les collisions proton-proton peuvent ainsi être considérées comme des collisions photon-photon. Au LHC, ce type de réactions peut être étudiée expérimentalement avec une bonne précision.

La partie 2 1 L

 21 photon-photon en collisions proton-proton est expliqué. En particulier, un aspect délicat est discuté en détail: il concerne les effets de taille finie du proton (autrement appelées corrections d'absorption). Cette étude a constitué l'une de mes contributions à cette physique au travers d'une publication théorique.
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  figure 2.4, lors d'une mesure au LHC, on s'attend à une réduction d'environ 20 % de la section efficace par rapport à celle prédite par la théorie. Et ceci, du fait des effets de taille finie du proton. C'est ce que l'analyse expérimentale qui va suivre (chapitre 3) nous permettra de vérifier.
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 3738 Figure 3.7

Fig. 1 .

 1 Fig.1. Cross sections of various processes pp(γ γ ) → pp X , differential in the photon-photon center of mass energy. For the exclusive Higgs production, the total cross section is shown. The exclusive production of pairs of photons has been generated at large W γ γ where the cross section is dominated by one-loop diagrams involving W bosons.

Fig. 2 .

 2 Fig. 2. Equivalent photon distributions of the fast moving proton for different energies of the photon, as function of the transverse distance b (see text).

Fig. 3 .

 3 Fig. 3. Schematic view of the two protons and the transverse distances b1 and b2.

Fig. 4 .

 4 Fig. 4. Function P non-inel (b) = |1 -Γ (b)| 2 compared with the step function Θ(b -2R). P (b) represents the probability for no inelastic interaction in a protonproton collision at impact parameter b.Eq. (5) is a first step towards encoding finite size effects. It can be refined by including the proton-proton interaction probability, which depends explicitly on the transverse variables, P non-inel (| b 1b 2 |). Then, Eq. (5) becomes f (ω 1 ) f (ω 2 ) →

Fig. 5 .

 5 Fig. 5. The survival factor as a function of the energy fractions of the protons carried by the interacting photons, x1 and x2.

2 , ( 7 )

 27 b1>rp b2>rp n( b 1 , ω 1 )n( b 2 , ω 2 )P non-inel (| b 1b 2 |)d 2 b 1 d 2 b 2 b1>0 b2>0 n( b 1 , ω 1 )n( b 2 , ω 2 )d 2 b 1 d 2 bwhere the numerator contains the finite size effects encoded in the function P non-inel (b) and dedicated bounds of the integrations over b 1 and b 2 , whereas the denominator represents the integral over all impact parameters with no constraint.
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  γ γ , to reach values of 0.3 at W γ γ = 1 TeV for √ s = 7 or 8 TeV and 0.43 at W γ γ = 1 TeV for √ s = 13 TeV. This is a large effect, due to the fact that for larger values of W γ γ , smaller values of b = | b 1b 2 | are probed, and thus the integral at the numer-

Fig. 6 .

 6 Fig. 6. The survival factor at zero rapidity as a function of the photon-photon center of mass energy.

Fig. 7 .

 7 Fig. 7. The survival factor for different the photon-photon center of mass energies displayed as a function of the rapidity of the photon-photon system.

Figure 2 :

 2 Figure 2: (a) Di-electron and (b) di-muon acoplanarity distributions for the selected sample after exclusivity requirements. Data are shown as points with statistical error bars. The stacked histograms, in top-to-bottom order, represent the simulated exclusive signal, and the single-dissociative, double-dissociative and DY backgrounds. The exclusive and single-dissociative yields are determined from the fit described in the text.

Figure 3 :

 3 Figure 3: Control distributions of (a) the di-electron and (b) the di-muon transverse momentum for events passing the exclusivity veto together with the other selection criteria described in Section 5, and passing a cut on the dilepton acoplanarity (1 -|∆φ + -| /π < 0.008), instead of the total transverse momentum. Data are shown as points with statistical error bars, while the histograms, in top-to-bottom order, represent the simulated exclusive signal, and the single-dissociative, double-dissociative and DY backgrounds. Systematic uncertainties on the signal events are shown by the black-hashed regions. The exclusive and single-dissociative yields are determined from the fit described in the text.

Using 4 .

 4 6 fb -1 of data from pp collisions at a centre-of-mass energy of 7 TeV the fiducial cross-sections for exclusive γγ → + -( = e, µ) reactions have been measured with the ATLAS detector at the LHC. Comparisons are made to the theory predictions based on EPA calculations, as included in the Her-wig++ MC generator. The corresponding data-to-EPA signal ratios for the electron and muon channels

Figure 4 :

 4 Figure4: Comparison of the ratios of measured (red points) and predicted (solid green lines) cross-sections to the uncorrected EPA calculations (black dashed line). Results for the muon and electron channels are also compared with a similar CMS measurement[18]. The inner red error bar represents the statistical error, and the blue bar represents the total error on each measurement. The yellow band represents the theoretical uncertainty of 1.8% (1.7%) on the predicted (uncorrected EPA) cross-sections, assumed to be uniform in the phase space of the measurements.

  

  

  

  

Table 1 . 1 :

 11 The main properties of the Standard Model matter particles.

		Leptons ( )			Quarks
	Particle	q e Mass [GeV] Particle	q e	Mass [GeV]
	First generation neutrino (ν e / νe ) electron (e ± ) Second muon (µ ± ) generation neutrino (ν µ / νµ ) 0 ±e 0 ±e Third tau (τ ± ) ±e generation neutrino (ν τ / ντ ) 0	0.0005 < 10 -9 0.106 < 10 -9 1.78 < 10 -9	down (d/ d) up (u/ū) strange (s/s) ∓ 1 ∓ 1 3 e ± 2 3 e 3 e charm (c/c) ± 2 3 e bottom (b/ b) ∓ 1 3 e top (t/ t) ± 2 3 e	0.003 0.005 0.1 1.3 4.5 173

Table 1 . 2 :

 12 The main properties of the Standard Model force carriers.

	Force	Carrier	Relative strength Range [m]
	Strong Electromagnetic photon (γ) gluons Weak W + , W -, Z Gravitational ?	1 ∼ 10 -2 ∼ 10 -13 ∼ 10 -38	∼ 10 -15 ∞ ∼ 10 -18 ∞

  -1 ] 

				Reference
	Wγ fiducial		4.6	PRD 87, 112003 (2013) arXiv:1407.1618 [hep-ph]
	WW+WZ fiducial		4.6	JHEP 01, 049 (2015)
	Zγ fiducial		4.6	PRD 87, 112003 (2013) arXiv:1407.1618 [hep-ph]
	ttZ total ttW total	95% CL upper limit	20.3 4.7 20.3	ATLAS-CONF-2012-126 ATLAS-CONF-2014-038 ATLAS-CONF-2014-038
	ttγ fiducial		4.6	arXiv:1502.00586 [hep-ex]
	Zjj EWK fiducial		20.3	JHEP 04, 031 (2014)
	H→γγ fiducial		20.3	Preliminary
	Wγγ fiducial, njet=0		20.3	arXiv:1503.03243 [hep-ex]
	ts-chan total W ± W ± jj EWK fiducial	95% CL upper limit 95% CL upper limit	20.3 0.7 20.3	ATLAS-CONF-2011-118 arXiv:1410.0647 [hep-ex] PRL 113, 141803 (2014)

Table 2 . 1 :

 21 Total cross section comparison for exclusive γγ → µ + µ -processes in pp collisions between various MC generators. For the muons, invariant mass cut, m µ + µ -> 20 GeV, with p µ T > 10 GeV and |η µ | < 2.5 are used.

8

  See the Section 3.3.1 for more details about the hadronization process in MC generators

		Generator			Lpair		Lpair	Pythia 8			Pythia 8	
		Process type	single-diss. double-diss.	double-diss.			double-diss.	
		Photon-PDFs		-			-	NNPDF2.3QED MRST2004QED
		Cross section		0.87 pb		1.0 pb		3.7 pb				7.7 pb	
		Table 2.2: Total cross section comparison for proton-dissociative γγ → µ + µ -pro-cesses in pp collisions between various MC generators and photon-PDFs. For muons, invariant mass cut, m µ + µ -> 20 GeV, with p µ T > 10 GeV and |η µ | < 2.5 requirements are used.
	hand, in Pythia 8 generator, photons are able to couple directly with quarks (see Sec-
	tion 2.3). Together with O(α s ) corrections, this results in emission of additional hadrons
	in the region of small rapidities. This leads also to the total cross section enhancement,
	as presented in Table 2.2.												
	η dN/d	0.07								η dN/d	0.25							
	ev 1/N	0.06								ev 1/N	0.2							
		0.05																
		0.04									0.15							
					LPair (double diss.)							Pythia8 (double diss.)		
		0.03									0.1							
		0.02																
		0.01									0.05							
		-8 0	-6	-4	-2	0	2	4	6	η 8	-8 0	-6	-4	-2	0	2	4	6	η 8
						(a)												

Table 3 . 1 :

 31 Summary of the most important LHC beam parameters during the 2010, 2011 and 2012 pp data taking campaigns. The nominal values of the design configuration are also shown.

	Parameter √ s [TeV]	2010 2011 7 7	2012 8	Nominal 14
	Maximum N b	348	1380	1380	2808
	n p [×10 11 ]	1.2	1.5	1.6	1.15
	n [µm]	2.4-4 1.9-2.4 2.2-2.5 3.75
	β * [m]	3.5	1.5-1	0.6	0.55
	θ c [µrad]	200	240	290	285
	Bunch spacing [ns]	150	75-50	50	25
	Maximum L [×10 34 cm -2 s -1 ] 0.02	0.4	0.76	1

The list of the most important LHC beam parameters is presented in Table

3

.1. Since all parameter values gradually improved during the LHC Run-1, the actual values for 2010, 2011 and 2012 data taking periods are shown, together with the nominal configuration.

Table 5 . 1 :

 51 Relation between photon wavelength, refractive index and absorption length for synthetic quartz. Table taken from[56].

	Photon wavelength [nm] Refractive index Absorption length [cm]
	200	1.541	83
	250	1.510	95
	300	1.488	104
	350	1.475	111
	400	1.470	120
	450	1.465	122
	500	1.462	125
	550	1.460	128
	600	1.458	130
	650	1.456	130
	700	1.455	130
	750	1.450	130

Table 6 .
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1: Reconstructed muon definition used in the analysis.

Table 6 .

 6 47, outside crack region 1.37 ≤ |η cluster | ≤ 1.52

	|η e | < 2.4
	ID hits requirements:
	N BL hits > 0 if expected and for |η e | < 2.01 N Pix hits ≥ 1; N Pix hits > 1 for |η e | > 2.01 N Pix hits + N SCT hits ≥ 7
	Impact parameter requirement:
	Transverse impact parameter: |d 0 | < 5 mm

2: Reconstructed electron definition used in the analysis.

Table 6

 6 

	Single-muon trigger Dimuon trigger 2011 period
	EF_mu18MG	EF_2mu10_loose	B -K
	EF_mu18MG_medium EF_2mu10_loose	L -M

.4.

For single-electron trigger, there are EF_e20_medium, EF_e22_medium or EF_e22vh_medium1 triggers used, where the vh denotes that additional corrections for hadronic leakage in

Table 6 . 3 :

 63 Muon triggers used in the different 2011 data-taking periods in pp LHC runs.

	Single-electron trigger Dielectron trigger 2011 period
	EF_2e12_medium	EF_e20_medium	B -J
	EF_2e12_medium	EF_e22_medium	K
	EF_2e12_medium	EF_e22vh_medium1	L -M

Table 6 . 4 :

 64 Electron triggers used in the different 2011 data-taking periods in pp LHC runs.

Table 7

 7 

	.1.

A Good Run List (GRL) consists of a list of run numbers in which the LHC is circulating stable colliding beams and all critical ATLAS detector components are functioning properly. The data sample is selected using the official ATLAS GRL with configuration versions DetStatus-v36-pro10, CoolRunQuery-00-04-08 and WZjets allchannels.

Table 7 . 1 :

 71 Run ranges and luminosities for each data-taking period in 2011 for pp LHC runs as collected by the ATLAS experiment.

Table 7 . 2 :

 72 Exclusive γγ → + -signal production processes, cross sections σ and numbers of fully simulated MC events. The generators used to produce the MC events are also indicated with the appropriate identification numbers (MCID).

	MCID	Process	Generator	Mass range [GeV] Events σ [pb]
	185334 γγ → e + e -Herwig++ 185335 γγ → e + e -Herwig++ 185336 γγ → e + e -Herwig++ 185337 γγ → µ + µ -Herwig++ 185338 γγ → µ + µ -Herwig++ 185339 γγ → µ + µ -Herwig++	20<m + -<60 60<m + -<200 200<M 20<m + -<60 60<m + -<200 200<m + -	500 000 25.322 200 000 1.275 100 000 0.032 500 000 12.409 200 000 0.692 100 000 0.018

PDFs to generate both the Drell-Yan (DY) Z/γ * → e + e -and Z/γ * → µ + µ -events. It is interfaced with

Table 7 . 3 :

 73 Process Generator Mass range [GeV] Events σ [pb] 185343 γγ → e + e - Single proton-dissociative γγ → + -MC samples. + e -Pythia 8 200<m + -<600 0.1031 129661 γγ → µ + µ -Pythia 8 20<m + -<60 24.49 129662 γγ → µ + µ -Pythia 8 60<m + -<200 2.413 129663 γγ → µ + µ -Pythia 8 200<m + -<600 0.1033

	185344 γγ → e + e -185345 γγ → e + e -185346 γγ → µ + µ -185347 γγ → µ + µ -185348 γγ → µ + µ -	Lpair Lpair Lpair Lpair Lpair Lpair	20<m + -<60 60<m + -<200 200<m + -20<m + -<60 60<m + -<200 200<M	000 5.146 000 0.838 000 0.035 000 4.644 000 0.777 000 0.033
	MCID	Process	Generator Mass range [GeV] Events σ [pb]
	185349 γγ → e + e -185350 γγ → e + e -185351 γγ → e + e -185352 γγ → µ + µ -185353 γγ → µ + µ -185354 γγ → µ + µ -129651 γγ → e + e -Pythia 8 Lpair Lpair Lpair Lpair Lpair Lpair 129652 γγ → e + e -Pythia 8 129663 γγ → e	20<m + -<60 60<m + -<200 200<m + -20<m + -<60 60<m + -<200 200<m + -20<m + -<60 60<m + -<200	2.878 0.569 0.030 2.905 0.569 0.030 24.54 2.412

Table 7 . 4 :

 74 Double proton-dissociative γγ → + -MC samples.

	MCID	Process	Generator	Mass range [GeV]	Events σ [pb]
	108303 Z/γ * → e + e -Powheg+Pythia 129806 Z/γ * → e + e -Powheg+Pythia 38<m + -<53.5 53.5<m + -185606 Z/γ * → e + e -Powheg+Pythia 20<m + -<38 108304 Z/γ * → µ + µ -Powheg+Pythia 53.5<m + -129807 Z/γ * → µ + µ -Powheg+Pythia 38<m + -<53.5 185607 Z/γ * → µ + µ -Powheg+Pythia 20<m + -<38 106052 Z/γ * → τ + τ -Pythia 60<m + -105200 t t MC@NLO -	20 000 000 3 000 000 3 000 000 20 000 000 3 000 000 3 000 000 500000 15 000 000	968 84.0 601 968 84.0 601 835 177
	105985	W + W -	Herwig	-	2 500 000	389
	105986	ZZ	Herwig	-	250 000	4.69
	105987	W ± Z	Herwig	-	1 000 000 12.01

Table 7 . 5 :

 75 Electroweak background MC samples.

Table 7 . 6 :

 76 . γγ → µ + µ -S-diss. γγ → µ + µ -Exclusive γγ → µ + µ - Number of µ + µ -channel candidates after all preselection criteria in data, compared to the number of expected signal and background events. The multi-jet background is estimated using data-driven methods, whereas the other contributions are obtained from MC simulations.

	MC total Events 2 422 745 2 423 810 2 298 767 97 727 Z/γ * Multi-Data → µ + µ -jet	Z/γ * → τ + τ -7606	Di-boson 6708 2870 t t
	D-dissEvents	4394	3964		1774

Table 7 . 7

 77 γγ → e + e -S-diss. γγ → e + e -Exclusive γγ → e + e -

	MC total Events 1 572 271 1 559 431 1 460 867 83 183 Z/γ * Multi-Data → e + e -jet	Z/γ * → τ + τ -3758	Di-boson 4612 1945 t t
	D-diss. Events	2072	2096		898

: Number of e + e -channel candidates after all preselection criteria in data, compared to the number of expected signal and background events. The multi-jet background is estimated using data-driven methods, whereas the other contributions are obtained from MC simulations.

Table 8 . 3 :

 83 Data/MC excl. Data/MC s-diss. Yield excl. Yield s-diss. Yield d-diss. Yield DY Binned maximum-likelihood fit results for the muon channel.Data/MC excl. Data/MC s-diss. Yield excl. Yield s-diss. Yield d-diss. Yield DY

	0.791 +0.041 -0.040	0.762 +0.049 -0.048	927 ± 47	826 ± 53	160	211
	0.863 +0.070 -0.069	0.759 +0.080 -0.078	378 ± 31	314 ± 32	75	103

Table 8 . 4 :

 84 Binned maximum-likelihood fit results for the electron channel.

Table 9 . 1 :

 91 Summary of the muon-related systematic uncertainties on the expected exclusive event yields.

Table 9 . 2 :

 92 Summary of systematic uncertainties on the expected exclusive event yields related with electrons.

  5 • 10 -6 p y , p x = p x , p y = 2.5 • 10 -6 E + p y -2.5 • 10 -6 p z , p z = 2.5 • 10 -6 p y + p z .

	(9.2)

Table 9 . 3 :

 93 Elastic cut definitions used for additional cross-checks. First cut is used as a default option. Fit results for the muon and electron channels are also shown, with the corresponding statistical uncertainties.

Table 9 .
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	4 summarizes the contributions from different sources of systematic uncertainties
	to the measured exclusive cross section for the muon and electron channels. A total
	systematic uncertainty, including contribution from luminosity determination, is 3.3%
	for the muon and 4.3% for the electron channel.

Table 9 . 4 :

 94 Summary of systematic uncertainties on the exclusive cross section measurements for the muon and electron channels. The data statistical uncertainties are also given for comparison.

Table 10 . 1 :

 101 Definition of the electron and muon channel fiducial regions for which the exclusive cross sections are evaluated.

	considered.
	219

  GeV, p µ T > 10 GeV, |η µ | < 2.4.Cette valeur doit être comparée aux prédictions théoriques (de la partie précédente), qui incluent les effets de taille finie des protons: σ EPA, corr.γγ→µ + µ -= 0.638 ± 0.013 pb.

	Lorsque la paire de leptons est une paire d'électrons, nous avons obtenu: σ excl. γγ→e + e -= 0.428 ± 0.035 (stat.) ± 0.018 (syst.) pb de ATLAS. Conclusion Si maintenant nous calculons le rapport entre les sections efficaces exclusives mesurées (en canal muons ou en canal électrons) et les prédictions théoriques nominales (sans prendre en compte les effets de taille finie des protons), nous devrions obtenir environ un résultat d'environ 0.8. En effet, si la théorie du chapitre 2 est correcte, on devrait ob-server que le rapport entre la section efficace exclusive mesurée et la prédiction nominale est proche du facteur de suppression (S 2 γγ ) introduit au chapitre précédent. Soit: nominal EPA σ / σ 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 = 7 TeV s ATLAS pour m e La figure 3.8 montre un exemple d'événement exclusif tel qu'enregistré par les détecteurs -1 , 40 pb

+ e -> 24 GeV, p e T > 12 GeV and |η e | < 2.4. La prédiction théorique (corrigée des effets de taille finie des protons) étant: σ EPA, corr.

γγ→e + e -= 0.398 ± 0.007 pb.

σ excl.,mesure / σ EPA,nominale S 2 γγ . Avec les valeurs expérimentales obtenues plus haut, nous avons tout ce qui est nécessaire pour cette vérification. Les résultats sont présentés sur la figure 3.7. Cette figure confirme que la mesure que nous avons brièvement décrite dans ce chapitre 3 est en accord avec ce que l'on attend de la théorie que nous avons développée au chapitre 2. Cette figure 3.7 inclut également les résultat de l'expérience CMS en canal muons. Enfin, un événement exclusif tel qu'enregistré dans les différents détecteurs de ATLAS est illustré sur la figure 3.8.

Table 1

 1 Comparison of total cross sections at √

	Process	σtot	σtot ⊗ S 2 γ γ	S 2 γ γ
	γ γ → H (M H = 125 GeV) γ γ → μ + μ -(W γ γ > 40 GeV) γ γ → μ + μ -(W γ γ > 160 GeV) γ γ → W + W -	0.15 fb 12 pb 36 fb 82 fb	0.11 fb 10 pb 25 fb 53 fb	0.74 0.8 0.7 0.65
	γ γ → γ γ (W γ γ > 200 GeV)	0.06 fb	0.04 fb	0.64

s = 13 TeV for different processes pp(γ γ ) → pp X with and without proton survival factor applied.

Table 2 :

 2 Summary of systematic uncertainties on the exclusive cross-section measurement for the electron and muon channels. The data statistical uncertainties are also given for comparison.

		Uncertainty [%]
	Source of uncertainty Electron reconstruction	γγ → e + e -γγ → µ + µ -
	and identification efficiency	1.9	-
	Electron energy scale		
	and resolution	1.4	-
	Electron trigger efficiency	0.7	-
	Muon reconstruction efficiency	-	0.2
	Muon momentum scale		
	and resolution	-	0.5
	Muon trigger efficiency	-	0.6
	Backgrounds	2.3	2.0
	Template shapes	1.0	0.9
	Pile-up description	0.5	0.5
	Vertex isolation efficiency	1.2	1.2
	LHC beam effects	0.5	0.5
	QED FSR in DY e + e -	0.8	-
	Luminosity	1.8	1.8
	Total systematic uncertainty	4.3	3.3
	Data statistical uncertainty	8.2	5.1

Table 3 :

 3 Definition of the electron and muon channel fiducial regions for which the exclusive cross-sections are evaluated.

	Variable Electron channel Muon channel
	p T |η | m + -	> 12 GeV < 2.4 > 24 GeV	> 10 GeV < 2.4 > 20 GeV

In QCD the presence of 8 gluon fields (gluons) is related with the N

-1 =

2 -1 = 8 generators of SU (3) group

See the Section

3.2.1 for more details3 In this case the leptons escape into the accelerator beam pipe and avoid detection

Higgs boson is a scalar, spin-0 particle

This condition also includes the particles with non-zero magnetic moment, which can induce the EM fields

A scintillator is a material that exhibits the property of luminescence when excited by ionizing radiation

Assuming pp bunch spacing of 25 ns and approximately 20 interactions per bunch crossing

β * = 90 m and 1000 m were used, to be compared with the nominal value of β * = 0.55 m for high-luminosity pp runs

The elliptical cross-sectional overlap of the colliding nuclei

The smearing by

ps covers the effect of the MCP-PMT transit time jitter only. Contributions from the pre-amplifier, CFD and HPTDC are not yet implemented.

The statistical uncertainties on the measured exclusive cross sections are symmetrized with respect to the uncertainties on the exclusive scale factors

There are currently no theoretical models of absorptive corrections available for single-dissociative reactions

Tech. Rep. CERN-LHCC-2015-009, ATLAS-TDR-024, 2015.
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Exclusive event selection and signal extraction

In this chapter, detailed cut-based event selection for γγ → µ + µ -and γγ → e + e -analysis channels is given. Section 8.1 discusses exclusive selection criteria used to obtain a high signal-purity event sample. Section 8.2 provides the detailed information about the method used to extract the exclusive signal fractions in the selected data sample.

Exclusivity selection

In order to select exclusive γγ → + -candidates, a veto on additional track activity at and near the dilepton vertex is applied. It relies both on a charged-particle track multiplicity requirement at the primary vertex, and on the isolation of this vertex from nearby pile-up induced vertices and/or tracks. Specifically, the exclusivity veto require that no additional charged-particle tracks (as defined in Section 6.1) be associated with the dilepton vertex, and that no additional tracks or vertices be found within longitudinal distance ∆z = ±3 mm of the dilepton vertex.

These conditions are required to reject of Drell-Yan (DY) background, the impact of which is evaluated after correcting for data-simulation differences in the reconstructed charged-particle multiplicity distribution (Section 8. 

Elastic selection

Because of the very low photon virtualities in exclusive γγ → + -reactions, the outgoing signal leptons are produced back-to-back in the transverse plane. Therefore, the selected lepton pairs are required to be balanced in their transverse momentum.

As a default option, requirement on the transverse momentum of the dilepton system is chosen. The value of p

GeV is found to be sufficient to further reduce the background and almost not reduce the signal process. The distribution of invariant mass of the leptons after this requirement is shown in Figure 8.12. Clearly, the contribution from the Z/γ * → + -and proton-dissociative processes is suppressed. However, the Exclusive γγ → W + W -. A cross section for exclusive W pair production is estimated to be 41 fb using Herwig++ generator. Including the branching fraction to e + e -or µ + µ -final states gives 1. FPMC prediction for the cross section is 2 pb for SPE Z/γ * → e + e -(µ + µ -) production, after including the assumed 3% gap survival probability [63] and using standard requirements on lepton kinematics. However, in SPE processes, only one intact proton is produced, where on the other side the standard (inclusive) proton-remnant hadronization occurs. This effect produces additional charged particles in the central detector acceptance region. A requirement vetoing the events with additional charged particles with |η| < 2.5 and p T > 400 MeV reduces the SPE DY cross section to the values below 0.5 fb.

For DPE Z/γ * → e + e -(µ + µ -) events, the predicted cross section is 1.2 pb for leptons with standard kinematic cuts applied at the preselection step. However, the effective cross section (when multiplied by the gap survival probability and including the elastic selection) is below 1 fb. Therefore, the contributions from SPE/DPE DY processes is considered as negligible.

Cosmic background. The possible contamination of cosmic-ray muons is also studied.

Those may fake a signal, since they will not be correlated with other charged-particle tracks in the event. A possible contamination from cosmic muons is studied by comparing the vertex position and three-dimensional opening angle, θ 3D , in data and simulation.

The cut θ 3D > 0.95π, which requires almost collinear back-to-back muons, is used to enhance the relative cosmic-ray contribution. No difference between the vertex position distributions is observed between the events passing (or failing) θ 3D cut. Therefore, this effect is considered negligible.

LHC beam effects

The LHC beam energy uncertainty is evaluated in [64] to be 0.7%. This affects the exclusive cross sections by 0.4% and is considered as a systematic effect. yields in the signal extraction procedure. As an additional cross-check, the modification factor is extracted with DY and double-dissociative template distributions simultaneously varied by ±1σ. The maximal value of the modification parameter obtained in that way is observed for muon channel and +1σ check: a µ + µ -= 0.06 ± 0.01 GeV -2 .

[GeV] The effect of a possible mis-description of the detector resolution [66] on the measurements of η and φ angles has been also studied. The resolution in the MC simulations on both angles is enlarged by 20% and the impact on the measured exclusive cross section calculated. A change of the resolution on η has no impact on the signal shape and measured cross section. On the other hand, a change of the resolution on φ has an impact on the measured cross section of 0.2% for the muon and 0.3% for the electron channel.

QED FSR and other NLO effects

Although the effect of QED final-state radiation (FSR) -and the other NLO contributions -is predicted to be small in γγ → + -reactions [67], it may be a source of potential experimental issue, affecting e.g. lepton efficiencies and dilepton acoplanarity resolution. Here it is worth to mention that the Herwig++ used to generate signal events, does not include NLO QED+EW effects. For the kinematic cuts used in the analysis, the effect of QED FSR is at the level of 0.8% and does not depend on the dilepton invariant mass (for details, see [67]). 

Events / 0.2 

Events / 0.2 A possible future improvement of the analysis can be reached using dedicated, very forward proton taggers. The AFP project promises a significant extension to the physics reach of ATLAS by tagging and measuring the momentum and emission angle of very forward protons during nominal LHC runs. This enables even more precise measurement of a range of (photon-induced) processes, where one or both protons remain intact.

Here the significant work has been made in order to simulate the performance of fully integrated ATLAS+AFP detector setup. The results of theses studies were crucial for approval of the AFP project as an official ATLAS upgrade.

Appendix A 

Summary in French

Phenomenological paper

Here follow the phenomenological studies presented in this thesis as published in Phys. Lett. B741 (2015) 66-70.

Experimental paper

Here follow the experimental studies presented in this thesis as published in Measurement of exclusive γγ → + -production in proton-proton collisions at √ s = 7 TeV with the ATLAS detector

The ATLAS Collaboration

Abstract

This Letter reports a measurement of the exclusive γγ → + -( = e, µ) cross-section in proton-proton collisions at a centre-of-mass energy of 7 TeV by the ATLAS experiment at the LHC, based on an integrated luminosity of 4.6 fb -1 . For the electron or muon pairs satisfying exclusive selection criteria, a fit to the dilepton acoplanarity distribution is used to extract the fiducial cross-sections. The cross-section in the electron channel is determined to be σ excl.

γγ→e + e -= 0.428 ± 0.035 (stat.) ± 0.018 (syst.) pb for a phase-space region with invariant mass of the electron pairs greater than 24 GeV, in which both electrons have transverse momentum p T > 12 GeV and pseudorapidity |η| < 2.4. For muon pairs with invariant mass greater than 20 GeV, muon transverse momentum p T > 10 GeV and pseudorapidity |η| < 2.4, the cross-section is determined to be σ excl.

γγ→µ + µ -= 0.628 ± 0.032 (stat.) ± 0.021 (syst.) pb. When proton absorptive effects due to the finite size of the proton are taken into account in the theory calculation, the measured cross-sections are found to be consistent with the theory prediction. c 2015 CERN for the benefit of the ATLAS Collaboration. Reproduction of this article or parts of it is allowed as specified in the CC-BY-3.0 license. A considerable fraction of proton-proton (pp) collisions at high energies involve reactions mediated by photons. This fraction is dominated by elastic scattering, with a single photon exchange. Quasi-real photons can also be emitted by both protons, with a variety of final states produced. In these processes the pp collision can be then considered as a photon-photon (γγ) collision. At the LHC, these reactions can be studied at energies well beyond the electroweak energy scale [1]. The cross-section of the pp(γγ) → + -X process has been predicted to increase with energy [2] and constitutes a non-negligible background to Drell-Yan (DY) reactions [3].

The exclusive two-photon production of lepton pairs (pp(γγ) → + -pp, referred to as exclusive γγ → + -) can be calculated in the framework of quantum electrodynamics (QED) [4,5], within uncertainties of less than 2% associated with the proton elastic form-factors. Exclusive dilepton events have a clean signature that helps discriminate them from background: there are only two identified muons or electrons, without any other activity in the central detectors, and the leptons are back-to-back in azimuthal angle. Furthermore, due to the very small photon virtualities involved, the incident protons are scattered at almost zero-degree angles. Consequently, the measurement of exclusive γγ → + -reactions was proposed for precise absolute luminosity measurement at hadron colliders [5][6][7][8]. However, this process requires significant corrections (of the order of 20%) due to additional interactions between the elastically scattered protons [9,10].

At hadron colliders exclusive γγ → + -events have been observed in ep collisions at HERA [11], in p p collisions at the Tevatron [12][13][14] and in nucleus-nucleus collisions at RHIC [15,16] and the LHC [17]. The exclusive two-photon production of lepton pairs in pp collisions at the LHC was studied recently by the CMS collaboration [18,19]. This Letter reports a measurement of exclusive dilepton production in pp collisions at √ s = 7 TeV. The measurement of exclusive dilepton production cross-section is compared to the QED-based prediction with and without proton absorptive corrections.

The ATLAS detector

The ATLAS experiment [20] at the LHC is a multi-purpose particle detector with a forward-backward symmetric cylindrical geometry and nearly 4π coverage in solid angle. 1 A three-level trigger system is used to select interesting events. The first level is implemented in custom electronics and is followed by two software-based trigger levels, referred to collectively as the High-Level Trigger.

Theoretical background and event simulation

Calculations of the cross-section for exclusive two-photon production of lepton pairs in pp collisions are based on the Equivalent Photon Approximation (EPA) [4,5,[21][22][23][24]. The EPA relies on the property that the EM field of a charged particle, here a proton, moving at high velocity becomes more and more transverse with respect to the direction of propagation. As a consequence, an observer in the laboratory frame cannot distinguish between the EM field of a relativistic proton and the transverse component of the EM field associated with equivalent photons. Therefore, using the EPA, the cross-section for the reaction above can be written as

where P(x 1 ) and P(x 2 ) are the equivalent photon spectra for the protons, x 1 and x 2 are the fractions of the proton energy carried away by the emitted photons and m + -is the invariant mass of the lepton pair. These variables are related by m 2 + -/s = x 1 x 2 where s is the pp centre-of-mass energy squared. The symbol σ γγ→ + -refers to the cross-section for the QED sub-process. As discussed previously, the photons are quasi-real, which means that their virtuality Q 2 is very small compared to m 2 + -. In this kinematic region the EPA gives the same predictions as full leading-order (LO) QED calculations [4,5].

In the reaction pp(γγ) → + -X the protons scattering can be: elastic, X = pp; single-dissociative, X = pX ; or double-dissociative, X = X X (the symbols X , X denote any additional final state produced in 1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the centre of the detector and the z-axis coinciding with the axis of the beam pipe. The x-axis points from the interaction point to the centre of the LHC ring, and the y-axis points upward. The pseudorapidity is defined in terms of the polar angle θ as η = -ln tan(θ/2), and φ is the azimuthal angle around the beam pipe with respect to the x-axis. The angular distance is defined as ∆R = (∆η) 2 + (∆φ) 2 . The transverse momentum is defined relative to the beam axis. for the various processes, to the measured dilepton acoplanarity (1 -|∆φ + -| /π) distribution. The fit determines two scaling factors, defined as the ratios of the number of observed to the number of expected events based on the MC predictions, for the exclusive (R excl. ) and single-dissociative (R s-diss. ) templates. The double-dissociative and DY contributions are fixed to the MC predictions in the fit procedure. Contributions from other background processes are found to be negligible.

Figure 2 shows the e + e -and µ + µ -acoplanarity distributions in data overlaid with the result of the fit to the shapes from MC simulations for events satisfying all selection requirements. The results from the best fit to the data for the electron channel are: R excl.

γγ→e + e -= 0.863 ± 0.070 (stat.) for the signal scaling factor and R s-diss.

γγ→e + e -= 0.759 ± 0.080 (stat.) for the single-dissociative scaling factor. Similarly, for the muon channel the results are: R excl.

γγ→µ + µ -= 0.791 ± 0.041 (stat.) and R s-diss. γγ→µ + µ -= 0.762 ± 0.049 (stat.).