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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 photon—
photon processes (developed by the author of this thesis) is also discussed. Finally,
a comparison of different Monte Carlo generators for two-photon reactions in proton—

proton 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.

Part III describes in details a measurement of exclusive two-photon production of lepton
pairs (electrons or muons) in proton—proton collisions at center-of-mass energy /s =
7 TeV with the ATLAS experiment at the Large Hadron Collider, performed completely

by the author. Using 4.6 fb~! of data, the fiducial cross sections for exclusive two-photon
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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

published. This thesis is based on the following scientific work:

e ATLAS Collaboration (G. Aad et al.), Measurement of exclusive vy — €74~ pro-
duction in proton—proton collisions at /s = T TeV with the ATLAS detector,
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e M. Dyndal and L. Schoeffel, The role of finite-size effects on the spectrum of equiv-
alent photons in proton—proton collisions at the LHC, Phys. Lett. B741 (2015) 66—
70.

e ATLAS Collaboration (G. Aad et al.), Technical Design Report for the ATLAS
Forward Proton Detector, CERN-LHCC-2015-009; ATLAS-TDR-024.
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ments with ATLAS, The XXII International Workshop High Energy Physics and
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2015-353.
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Theoretical motivation






Chapter 1

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 elec-
tromagnetic 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 rel-
ativity. At this moment, gravity is the only fundamental force not described by the SM;

there is currently no fully consistent quantum theory of gravity.

1.1 Standard Model particles

1.1.1 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

5
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Leptons (¢) Quarks
Particle g¢e Mass [GeV] Particle ge  Mass [GeV]
First electron (e*) +e 0.0005 down (d/d) :F%e 0.003
generation | neutrino (ve/v,) 0 <107Y up (u/u) +2e 0.005
Second muon (p%) +e 0.106 strange (s/5) Fie 0.1
generation | neutrino (v,/v,) 0 <1079 charm (c/c)  +2e 1.3
Third tau (7%) +e 1.78 bottom (b/b) Fie 4.5
generation | neutrino (v;/v;) 0 <1079 top (t/t) +2e 173

TABLE 1.1: The main properties of the Standard Model matter particles.

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—% 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 (%), and tau leptons (7F), all of which have electric
charge g = t+e. For each charged lepton generation, there is one electrically neutral
lepton neutrino partner (vy/7). The quarks with electric charge ¢, = :I:%e are the up
(u/w), charm (c/¢), and top (t/t) quarks, and those with electric charge g. = Fie are

the down (d/d), strange (s/5), 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 (), 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].

1.1.2 Composite particles

All the leptons in SM can be observed in nature as free particles, as they do not experi-
ence 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.
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Force Carrier Relative strength Range [m]
Strong gluons 1 ~ 1071
Electromagnetic ~ photon (v) ~ 1072 00
Weak Wt W, Z ~ 10713 ~ 10718
Gravitational ? ~ 10738 00

TABLE 1.2: The main properties of the Standard Model force carriers.

As an example, the lightest electrically charged meson, 7, 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/1 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 A baryons. These
look identical in composition to the nucleons. The difference lies in the way the spins
of the quarks are aligned. In the A(1232) baryons, all three quark spins are aligned,
while in protons and neutrons one of the three is always opposite the other two. The
A(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 ¢, 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.

1.2 Quantum electrodynamics

1.2.1 The Dirac Lagrangian

The Lagrangian for a free, spin-3 particle describes a field of a single fermion ¢(z*)

(so-called spinor field) with mass m. It follows the Dirac equation [6]:

ﬁDirac = &(Zf)ﬂau - m)dj <~ (Z‘fyuau - mW =0 ) (11)

where 1) denotes Dirac adjoint: ¥ = ¥4, The v* are the 4 x 4 Dirac matrices:

Y =8; v =Ba, (1.2)
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given that the arbitrary matrices a; and 3 satisfy the relations:
B2=1; af =1; a;f+ Ba; =0 (for all i); a;a; + ajo; =0 (for all i # 7). (1.3)

These relations are fulfilled by a certain set of 4 x 4 matrices, which can be constructed
e.g. from the Pauli matrices [6]. The matrix 4 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 Uy, i.e. under rotation of the field in a complex

plane:
w2 (@) = fp(at)
Bty L () = ety (1.4)

where 6 is an arbitrary real constant (the same over all space-time). This transformation
is referred to as U(1). It is unitary (UJUQ = 1), Abelian (Up, Uy, = Uy,Uy,) and by

definition global (since 6 is not a function of space-time coordinates z*).

1.2.2 QED interaction Lagrangian

The Dirac Lagrangian (1.1) describes a free spin—% particle, such as a free electron. An
electromagnetic field can be introduced in terms of the four-potential, A* = (gZ),/_f),

—

with the usual relations between the electromagnetic potentials and the electric (E) and
magnetic (B) fields:

oA
ot’

A non-relativistic particle of charge g. and mass m moving in an electromagnetic field

E=-V¢-— B=VxA. (1.5)

is described by the Hamiltonian:
1 -\ 2
H=_— (N + qu) + e - (1.6)
2m

One can see that the electromagnetic interaction follows the free particle wave equation

using the following substitutions:

. ‘ - 0 .0
iV — iV + g A; 5 — zﬁ—qe(ﬁ, (1.7)

which can be written using four-vector notation as

Oy = D, =0,+1g.A, . (1.8)
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The newly introduced operator D, 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):

[rQED = &(Z"}/Mau —m)y — qe@’y“wAu

= YDy —m)y
— ['Dirac + »Cint . (19)

The interaction Lagrangian, Ly = —qeqﬁfy“wAu, 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:

_ 1 , _
CQED = w(r}’uau - m)¢ - ZF/.U/FM - Qeq/}"YMwA,u
= Lo+ Lint (1.10)

where

E,, =0,A,—-0,A, (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 unifi-
cation of electricity and magnetism predicted the existence of electromagnetic waves,
which in QED act as a gauge boson mediator, identified with the photon. This sym-
metry is also connected with a conservation law, in this case it is the conservation of

electric charge ge.

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

iLint = —igey" A, (1.12)

as —igey*. For the electron or muon, g, = +e, so the vertex factor is Fiey*.
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Ay

iey!

FIGURE 1.1: The basic vertex of QED in which a charged fermion couples to a pho-

ton. 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 fermion—
antifermion pair.

1.2.3 QED gauge symmetry

The free fermion Lagrangian from Section (1.2.1) is invariant under a global phase trans-
formation. However, global phase transformations cannot affect any physical observable.
Consequently, the phase of ¢(z#) is without any physical meaning. One can redefine the
problem and require that the symmetry is a function of space-time, § = 6(z*) (i.e. mak-
ing 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, transforming
like:

Au(at) — A’#(x“) = Au(2") — Opa(at) . (1.13)

Indeed, the QED Lagrangian remains unchanged under these transformations. More-
over, 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

() LB, () = 0y () = 0 et (1.14)
where the constant ¢ is a dimensionless measure of the strength of the interaction: for-
mally referred to as the coupling parameter. In case of a quantum theory of electromag-
netism, the coupling parameter can be identified with the electric charge g = ¢., which is
the quantity preserved by the invariance with respect to the local gauge transformation

U(1)local One can also define the electromagnetic coupling constant:

62

Gem = 7~ (1.15)

which determines the strength of the electromagnetic force on an electron/muon.
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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 de-
scription 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.

1.2.4 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, eTe™ pairs. A negatively charged muon, for instance, surrounded by a cloud of
these eTe™ 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 pho-
ton 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? = —¢?, where @Q? is positive and represents the virtuality of the
photon. The larger Q2 (in GeV? unit), the more virtual is the photon. In particular, a

real photon corresponds trivially to Q% ~ 0.

The dependence of a.,, on the renormalization scale Q2 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:

Qe (0
Qe — Oéem(QQ) = 1_A04e(m)(Q2) s (1.16)
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e \/“(QQ:' e e e e e

FIGURE 1.2: Feynman diagrams contributing to eTe™ — eTe™ 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
a(Q?). Figure taken from [11].

where ae, (0) = 1/137.035999679(94) is the fine structure constant in the long-wavelength
Thomson limit [12], and the term Aae,(Q?) controls the evolution. Figure 1.3 shows
the evolution of the ae,, with Q2 determined from the ete™ — ete™ scattering mea-
surements at large momentum transfers [11]. This provides an impressive evidence of

the running of the electromagnetic coupling in the high-energy regime.

1.3 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.



Chapter 1. The Standard Model 13

135

~ 130

| O @ 2.10GeV?<-Q?%<6.25GeV?
125 | [ W 12.25GeV” <-Q’ < 3434GeV’
| [ ]  1800GeV? < -Q® < 21600GeV>
. — QED

1 10 10° 10° 10°
-Q? (GeV?)

FIGURE 1.3: Evolution of the electromagnetic coupling with Q? determined from the
measurements at large momentum transfers. The QED predictions are shown by the
solid line. Figure taken from [11].

1.3.1 QCD gauge symmetry

The QCD Lagrangian representation allows to arbitrarily mix the quarks by acting on

a three vector of quark wave functions:

(0
=192 |, (1.17)
Y3

where 1; is a regular Dirac spinor for a quark of color i. The Lagrangian for a specific-

flavour free quark is:

Lo =P 0 — m)p (1.18)



14 Chapter 1. The Standard Model

This Lagrangian is invariant under the non-Abelian SU(3)¢ transformations. Following
the analogy to QED, the gauge invariant QCD Lagrangian for gluon field and a quark
of the specific flavour is [14]:

. 1 Js —

Lqocep = P iy, — m)ap — ZG’;VG;‘” - gmuwcl’j , (1.19)
where the second term describes free gluon Lagrangian and the third term is respon-
sible for quark—gluon interaction. The basic vertices describing QCD interactions are
presented in Figure 1.4. In QCD the coupling parameter g, acts on 8 vector fields'

k2
These gluon fields can be expressed in terms of field strength tensor [14]:

G, = 1)30; represented by the \' (i = 1,..., 8) generators called Gell-Mann matrices.

G, = 0,G., — 0,G!, — 9. fijuGILGE (1.20)

where f;j;, are the SU(3) structure constants that form a totally antisymmetric tensor.

FI1GURE 1.4: The basic vertices describing QCD interactions. The vertex factor for
the quark-gluon coupling is —5gs7*A;. The gluon self-coupling vertex factors are more
complex and are not given explicitly.

1.3.2 Strong interaction coupling

In analogy to QED, the strong coupling constant «, can be defined only with respect to
the given energy scale squared, labelled as p? 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:

g2(1?) 1
~ , 1.21
i i () (1.21)

Aqcp

Qs (:UZ)

where Aqcp is the scale above which the effective QCD coupling becomes small and £y is
the constant proposed and computed by Wilczek, Gross [15] and Politzer [16]. For values
of 2 much larger than Aqcp the effective coupling is small and the perturbative QCD

'In QCD the presence of 8 gluon fields (gluons) is related with the N> — 1 = 3% — 1 = 8 generators
of SU(3) group
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(pQCD) calculations provide a good description of the strong interaction physics. From
the Equation (1.21) it is clear, that with increasing p?, 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.

1.3.3 The parton model

In order to describe the internal structure of the proton, the parton model was pro-
posed [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 pro-
ton 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 [19-22], 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 o of the proton at given energy scale (squared) Q?. Here, Q? 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? values. The distribution of partons for Q% = 10 GeV? as
a function of the longitudinal momentum fraction = carried by the parton is shown in
Figure 1.5. The valence quarks (zu, and xd,) dominate at values = > 0.2. Partons at
small z (z < 0.01) values are mostly composed of gluons (zg) and sea-quarks (z.5). At
the LHC energies, the energy scales in various reactions are usually much larger than
Q? = 10 GeV2. The evolution of the PDFs to larger values of Q? is achieved through
the Dokshitzer—Gribov-Lipatov-Alterelli-Parisi (DGLAP) [23-25] evolution equations.
Then, PDFs and DGLAP equations are the fundamental components to describe the
large number of physical processes at the LHC.

1.3.4 Diffraction

In hadron—hadron collisions majority of collision events are due to strong interaction

exchanges. In general, there are different types of these processes:
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FI1GURE 1.5: Distributions of partons in the proton as a function of longitudinal mo-
mentum fraction for Q2 = 10 GeV? from a combined fit of H1 and ZEUS data. Figure
taken from [19].

e inclusive (or non-diffractive) interaction,

elastic scattering,

single-diffractive (SD) interaction,

double-diffractive (DD) interaction.

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
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labelled as t, in the reaction:

atb—a+b. (1.22)

Depending on the value of ¢, 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.

By contrast, non-diffractive processes involve the exchange of coloured objects, leading
to the break-up of both interacting hadrons and particle production in the central and
mid-rapidity regions. Schematic diagrams of non-diffractive, elastic, single and double-

diffractive interactions are presented in Figure 1.6.
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FIGURE 1.6: Schematic diagrams of different scattering processes in hadron—hadron

collisions: (a) non-diffractive interaction, (b) elastic scattering, (c) single-diffractive pro-

cess and (d) double-diffractive process. The vertical double line represents the Pomeron
exchange.

1.4 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 [28-30] with a SU(2)r, ® 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 (1) and right-handed

(1»r) components of the fermion field v, using the chirality projection operators:

1
v = Ly; L=5(1-7)
1
vr = Ry; R=5(1+4%), (1.25)
where
v =iyt (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 (v¢) can be decomposed in the weak doublet scheme [14]:
Lo = X1V Ouxr + Vriy" Outn + VR iy Ouv (1.27)

where the masses of the fermions are neglected and

XL = (i@) . (1.28)
L
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The left-handed components of the fermion fields are now grouped in a weak isospin dou-
blet (I3 = :t% for ¢} or wé), while all the right-handed components form weak isospin
singlets (I3 = 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:

q Y
=13+ — . 1.2
e 3+2 (1.29)

To make the Lagrangian (1.27) invariant under U(1)%4! transformations, one should

introduce a new field B, which couples to weak hypercharge with coupling strength
denoted by ¢’. The SU(2)° symmetry gives rise to three fields Wﬁ (1 =1, 2, 3) which

couple to weak isospin with coupling strength g.

The physical gauge bosons of electroweak interaction are the photon (), the W* and
the Z, which do not correspond to the SU(2)r, and U(1)y representations given above.
The W[} and Wg fields can be identified with the physical charged vector bosons by

making the following transformations [14]:

Wt WM:\}i(WI}—iWIf)
W WTZL(W;HW,E) : (1.30)

When writing out the terms involving WE and B, fields, one can define the physical
photon A, and Z boson Z,, [14]:

v : A, =cosbwB, +sin HWWE
Z : Z,=—sinfyBy, +cosOwW; (1.31)

where Oy 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, couples to that electromagnetic

current, one should have [14]:

gsinfy = ¢’ cosbw = e . (1.32)
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This leads to the full electroweak Lagrangian, which takes the form (e.g. for charged

lepton and its neutrino):

9
V2
g — o : 2 YN NTN
—— |XeY'mx + 2sin” Ow Y| Z),

2 cos Oy
+ ey LA,

1 1
1 BB — 1W,{f,,B;;” , (1.33)

Lew =Ly — [I/GZZ’Y”I/J%W;L + &ﬁy“@bZZWﬂ

where
XLV TsxL = Pttt — Piaryl (1.34)

and the last two terms in Lq, are the kinetic terms of the gauge bosons, where the field

strength tensors have the form:

B, = ,B,—09,B,
Wi, = 0.W)—0,W)— gejWiwpr . (1.35)

Here ¢;;, is the total antisymmetric tensor that builds the structure constant of the
SU(2)r. 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,

miyy WiW* + %m%ZNZ” : (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].

1.5 The Brout—Englert—Higgs mechanism

To include the spontaneously broken symmetry into the electroweak theory, a scalar

(Higgs) doublet ® with hypercharge Y = 1 has to be introduced in the electroweak
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Lagrangian through the terms [14]:

Litiges = (iD"®)'(iD,®) — V(®)

= (iD*®)"(iD,®) - [M@“DH(@T@Y] : (1.37)

The potential V' (®) is invariant under local gauge transformation. It has a degenerate

ground state with p? < 0 and A > 0:

2 2
WX v
ofp= -2 = 1.
5 5 (1.38)

By choosing the ground state to be:

D) = \}5 (S) , (1.39)

the SU(2)r ® U(1)y symmetry is broken towards U(1),y, and photon obtains no mass.

Performing an expansion around the ground state value ®, the Higgs doublet has the

form:

1 0
RN (v + H(m”)) ’ (1.40)

where H(z*) 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 ®, one can perform the covariant derivative

for the kinetic terms of Lpiges [14]:

; 3 1 1172 s !
ig w W, —iW ig 1 0
Dy =— || U B : (1.41)
Wi—iw?2 W3 V2 \v+H

This particular choice of the ground state and the parametrization of the mixing of the

gauge fields lead to the mass terms:

1 1 1
. . _ 1 : 2,2 T R
(D) (iD,P) = 2(8#H)(8“H) + 4(11 + H)“g [WMW“ + 5 cos? by Z“Z“] . (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

(1.43)
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A coupling of the Higgs-doublet to the fermions is also needed to introduce gauge in-
variant fermion mass terms. This is described by the so-called Yukawa couplings. As an

example, for the electrons, the mass term is:

£Yukawa = _Ge ()ZL‘IW% + &%QTXL> ) (144)

where m, = G\/%“ One should indicate that this relation is not a prediction of the BEH

theory, as G, 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
_iGe _ iMme

s T T Therefore, the Higgs boson couples more strongly to heavier

particles in the SM, which is also verified experimentally [34, 35].

factor:

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

ESM = EQCD + EEW + £Higgs + EYukawa . (145)

1.6 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 Lgy can be used to define a quantity expressing the likelihood of an

interaction event between two particles, a cross section, o:

[Transition rate] - [Number of final states] (1.46)
o= . .
[Initial particle flux]

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 do using the relation:

do o IM2d® | (1.47)

where d® 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.
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1.7 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.

Standard Model Production Cross Section Measurements  sius: varch 2015[%_1;
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pPp . ) 81078 Nucl Phys. 8
— ATLAS Preliminary
Je‘E‘sdIE:D.A 0.1<pr<2TeV ¢ 45 axviat08857 fheper]
Dijets r=0.4 Run1 +/s=7,8TeV 03<m;<5Tev b 45
w ¢ 0.035
Z 6 0.035
T ] 4.6
"2 A 20.3
te- o 4.6
t-chan A 20.3
wWwW o 4.6
total A 20.3
I:d;}::?a,! § 4.9
Le] 2.0
we A 203
[e] .
Vryralz A 13.0
zZ [o} 4.6
total A LHC pp Vs=7TeV 20.3
Wy
fiducial ¢ - Theory 46
WM\QIC;,WZ ‘I - ggserved 4.6
nuﬁg/r ¢ s%aLsyst 46
tfyy 20.3
ota
P R e —— B- -~ 95%CL upperiimit LHC pp V5=8TeV 47
ot el " 20.3
el b Obizrz/ed e
M i
T e g B . 20.3
H—
/lducr'a?’y h 203
fiducial, ZE{D E“ 20.3
WEW*jiewk | gy 20.3
fiducial
te  fpmmmmmmmm e e — = ] | 95% CL upper imit 0.7
S chan . (= = — =l ] 95% CLupperlimit ) | | L L L 20.3

W L
0% 102 100! 1 10! 10> 10° 10* 10° 10% 10' 05 1 15 2
o [pb] observed/theory

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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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.

2.1 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, kK’ 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? = —¢?> = —(k — k'), 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)?. Then, for small virtualities Q? compared to W2, 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 A(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.

25
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FI1GURE 2.1: Different kinematic regions describing photon interaction with the proton.
Figure taken from [38].

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 Teva-
tron [40, 41] and in proton—proton (pp) collisions at the LHC [42-44]. 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 colli-
sions 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.

2.1.1 Electron—muon elastic scattering

The electron—muon (ep) 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 ey scattering follows the
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relation [48]: .
Me,u%e,u = ? (ed_}e,}/ud}e) (67[}“71/9&”) ) (21)

where ¢ is the electron four-momentum transfer and ¢? = quq" is the electron four-

momentum transfer squared. It follows the approximation:
¢* ~ —4EFE'sin? (6/2) < 0 . (2.2)

Here E is the energy of the incident relativistic electron, E’ is its final energy and 6 is

its scattering angle in the laboratory frame.

FIGURE 2.2: Leading-order, single-photon exchange diagram for electron—-muon scat-
tering.

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 d€? in the laboratory frame is [48]:

do a2, cos®(0/2) B q°

— = 1— —— tan®(6/2 2.3
dQ ~ 4E?sin? (0)2) E 2m? an”(6/2)| (23)

where ae,, = €?/47 is the electromagnetic coupling constant and m,, 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).

2.1.2 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 ey scattering. The only difference is that the relevant vp
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
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charge distribution, p,(r), the scattering amplitude is modified by a form factor (in the
non-relativistic limit):

F(&) = [ & Ty, (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]:
1 /.€ e s
Mep—>ep - qﬁ (61/] 7“1/} ) (edjpr;ﬂ/}p) . (25)

In this relation, 1¢ and ¥P are the electron and nucleon Dirac spinors respectively and

.

AN v 2
2mpF2(q )Zapuq + F3(q )Q,LL ) (2'6)

Iy = Fi(¢*)v. +

where 0, = %[y, 7). The functions F;(¢?) are the electromagnetic form factors of
the proton. Fy(q?) and Fy(q?) are the Dirac and Pauli form factors, respectively, while
F3(¢?) = 0 in elastic ep scattering.! The mass of the proton is labelled as m, and &, is

the anomalous magnetic moment of the proton.

The form factors F(q?) and Fy(g?) are defined such that for ¢> = 0, which corresponds

to the proton interacting with a static electromagnetic field, one has:

Fi(0) = 1

F0) = kyp. (2.7)
Very often the linear combination of £} and F5 is introduced, in terms of the Sachs form
factors [49]:

2

Cel®) = Fi(@)— s Pal@)
Gu(e®) = P&+ R(d). (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 for-
mula [48]:

do a2, cos? (0/2) E'
dQ  4E2?sin*(/2) E

/inQ F2 N Q2

o (Fy + kpFy)* tan® (0/2)| ,  (2.9)
p

FZ 4+ 5
p

The Fs type form factor appears when dealing with neutrino scattering
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where 6 is the scattering angle of the electron in the laboratory frame and E, E’ is its
initial and final energy, respectively. Also, since ¢? is negative in the scattering region,
it is common practice to use Q* = —¢? > 0. Experimentally F; and Fy (or equivalently
G and G7) have been studied from Q% ~ 0 to Q2 ~ 10 GeV? [50-57]. They are found
to drop very rapidly as Q? increases, following the behavior:

Gu(Q?)

1
Gp(Q® )~ L 2 Gp(QY) = ———M
E( ) Fop D( ) (1 g2/;2(2))2

(2.10)

the dipole parametrization with Q% = 0.71 GeV? parameter extracted from the measure-

ments.

Form factors (or structure functions) exist as well for proton excitation processes, like
ep — eA(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, Gg and G, 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].

2.1.3 Two-photon fusion processes

Photon-photon () 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
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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 ezclusive.

Assuming that the initial photon kinematics in the reaction is apriori known, the cross

section for the sub-process vy — X can be calculated within the electroweak theory

framework.

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.

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 unpo-

larized photons, the sub-process cross section in the lowest order in o, reads [59-61]:

dma? 4m?  8mj Wry W2,
Oyt o= = W;m [(1—|—VV2—VV4>QIH TW+ m—l

Y Y 7Y
<1 + 4m’%> 4m’%] O (W2, — 4m?) (2.11)
- —=t — —4mg) .
W3, W3, "

where my is the mass of the lepton and W, is the invariant mass of the photon-photon
system. The Heaviside (step) function © (W% — 4m§), guarantees that the charged lep-
ton 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% = 4dwiwy
holds, where wy, we are the energies of colliding photons. One can also introduce the
Lorentz-invariant, two-photon center-of-mass rapidity ¢,y = In (w1 /wz), which charac-

terizes the scattering angle of the vy system in high-energy limit (when w2 > my)
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Yyy =~ —Inftan (6/2)] . (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 v+ system, and avoiding very forward
and backward directions of lepton emissions®, the formula (2.11) takes the simplified
form [62]:

4o 1 + cos Ocut
Oyt ™2 W;m [111 (1 =~ eﬁﬁt — o8Oyt | © (W2, — 4mj) | (2.13)
Y

where the symmetric angular cut in the two-photon center-of-mass system

Ocut < 0 < — Oeug (214)

is imposed to avoid the limited detector acceptance in forward and backward regions.
In the high-energy limit (with large W, and fixed ..) the cross section (2.13) drops
like 1/ W% for Oyt > 0.

FIGURE 2.4: Leading-order diagrams for two-photon production of lepton pairs.

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]:

2See the Section 3.2.1 for more details
31n this case the leptons escape into the accelerator beam pipe and avoid detection
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Oyy—mWH+w—- =
6ma’,, [ - 4m3, (1 4m12/v)
2 2 2
W'Y'Y W’Y'Y W'Y'Y

74m12/v o 2m12/V Woy W’%’Y _
W1- W) 21 4y — 1
VVW VVW 2myy dmyy,
4
(1 N W,ZY ) 4m12,v (1 N 4m%,V)
3myy, W727 WWQW

where myy is the W boson mass and again, the step-function © (W% — 4m12/v) guarantees

e (W2, —4miy) , (2.15)

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]:

67Ta§m Am 2my L+ 5 008 out
L 0. _ w1 _ W - P EEeTeut
O'fyfy—>W+W ng’y ﬂ COS Ucut ng'y W’%’Y n 1-— /8 COSs acut

1 myy, 163 cos Ocut, 2 2
" <3 * Wffy) 1 — 52 cos? Oeut O (W3, —4myy) . (2.16)

where 8 = /1 — 4m‘2,v / WWZ,Y is the velocity of the W bosons in the vy center-of-mass
system. The cross section for vy — WTW ™ production approach constant at high-
energies (VVVQ7 > m%v) and Oy = 0:

W2 —oo 8l

O SWHW— 5 (217)
vy m12/V

which makes the reaction dominant at high-energies, with respect to any other two-

photon interaction process.

FI1GURE 2.5: Leading-order diagrams for two-photon production of W boson pairs.
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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?. The two-
photon production cross section of Higgs bosons is given by the following relation [61]:

8T
Oyy—H = miHFH—}’Y’Y(S(Wq%y —my) (2.18)

where my is the mass of the Higgs boson, I'y_,, is its two-photon decay width and
the (I/Vﬂ%Y —m?,) function ensures the energy conservation. The relevant leading-order
diagrams that have to be taken into account in the vy — 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]:

2 2
Xem

i A+ Al (219

THoqy =
where g is the weak coupling strength and the dimensionless quantities Ay, Ay reflects
the contributions of W bosons, and fermions in the coupling between the Higgs boson

and the two photons:

2 2 2 2 2 2
A _ L omy (myy n 3my, n 2miy, 9 _ 3my, miy
WoT T 2 m?2 m?2 m2 |7 \'m?
H H H H H H
2,2 2 2
qsm 4m m
Ay = =Y L -1)g( )] (2.20)
7 H My My
where my denotes the mass of a fermion and ¢y is its electric charge. The function g(z)
reads:
in2 (1 > 1
g(:c) _ 2 arcsin (2\/5) x> g .
%2 — 21n? (1—1-27 V\E“) + 2imIn (1-1-27 V\If:m) < i

FIGURE 2.6: Leading-order diagrams for two-photon production of Higgs boson.

4Higgs boson is a scalar, spin-0 particle
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2.2 The Equivalent Photon Approximation

Electrically charged particle moving at nearly the speed of light emits almost transverse
electromagnetic (EM) fields®; the electric and magnetic fields have the same absolute
value and are perpendicular to each other. As a consequence, an observer in the labo-
ratory 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.

F1cURE 2.7: Sketch of the original Fermi’s idea leading to the Equivalent Photon Ap-

proximation. As the velocity of the charge approaches the speed of light, its electromag-

netic field becomes Lorentz-contracted and similar to a parallel-moving photon-cloud.
Figure taken from [61].

The Weiszacker—Williams flur 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 consid-
ering 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:

O-x]::lll)ﬁz(WW)—)AlA2X = // dwy dwa n1(wr) na(w2) oyy—sx(Way) (2.21)

®This condition also includes the particles with non-zero magnetic moment, which can induce the
EM fields
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where the photons with energies w; and ws, produced by the charged particles A; and
Asg, can be described in terms of the equivalent photon spectrum, n(w). In this approx-
imation one should consider the photons as quasi-real and without polarization, which
is valid only in the case of small-Q? photon exchange, where the condition Wfﬁ/ > Q?
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.

2.2.1 Impact parameter dependent equivalent photon method

The photon flux n(w) represents the electromagnetic radiation field which can be as-
sociated 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./2*(1 —v?/c?), and maximum in the orthogonal
(transverse) direction, with |E || = g./b%/ /(1 —v2/c?), where v is the constant speed
of the particle, ¢ the light velocity and z, b the distance to the charge ¢, 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

(0 ~ 7/2) with an angular spread in 6 of order /(1 — v2/c?).

The integrated equivalent photon distribution n(w) indicates how many photons with
energy w are contained in the equivalent swarm of photons simulating the strong trans-
verse 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]:
, (2.22)

This expression describes the number of photons (per transverse area dQE) of energy w
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, w) = n(b,w).
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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:

—

o e b

V(2 + 5)32
where t is time, ¢. is the electric charge of the particle and « 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,w). It reads:

- Qe dw ;¢ b
E (b == [ — _— 2.24
1(b0) ok / o (t? 3227)3/2 ( )

Then, one can use a mathematical identity of Fourier integrals to rewrite Equation (2.24)

in the form:

= ?qL e (—iqL
B (bw) :qe/ e B3 q(2 +w)2 7 (2.25)
1+

where ¢ is the transverse momentum of equivalent photons. From Equation (2.22), the

relevant distribution of photons reads:

2 d2 — - -
n(b,w) = e / QL -ibq, (Z19L) (2.26)
mw | (2m)? ¢+

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

becomes: )
- 2 2
b — ig qui —ibqy F(qJ- + %) 297
n( 70‘)) - 9 5€ 17 w2 ) ( : )
TW (2m) 0+

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?¢| as d?¢, = ¢, dq,d¢.
The integral over the azimuthal angle ¢ can be computed independently from the in-
tegral on the modulus ¢;. For this, one needs to express ¢ as (g cos¢,q, sin¢)
and then, one can use the definition of the modified Bessel’s function of first order
Ji(a) = 5= [T _d¢ ePeisin?_ Altogether, the n(b,w) reads [61]:

Z%a
Qem dQLqLﬁJl(bQL)

Z% 0, F(Q?
- S|t

2 4w
n(b,w) = / s UL+ 52)

, (2.28)
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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:

2

w
Q’=-=q + == ¢t + Qhin: (2.29)
The minimum possible virtuality, ?nin, can be expressed as:
2,.2
9 maix
min — 1 i 7’ (230)

where m,, is the mass of the proton and z is the energy fraction of the proton carried
by the photon, z = 2w/4/s.

2.2.2 Equivalent photons of the proton

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

2 2,2
) = 25| [ agy g2 E2F) [<1x>4mp+wp w2 han)|

1 ,Q? ?

12w QLQLT 4m2 + Q2 97 73_
(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 a, is taken as ciep, (Q? ~ 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,w) 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 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,w) behaves asymptotically as
%6_2‘“1’/ 7. 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(w;) by the integral of n(b;, w;) for

all by, and similarly for the second photon variables independently.

Previous studies have been done using Equation (2.21) in order to compute cross sections
at LHC energies for various exclusive two-photon processes in pp collisions, pp(yy) —
ppX, corresponding to different final states X [70, 71]. The EPA applied to pp collisions
can be efficiently and conveniently used with Monte Carlo techniques. Some results

obtained in this way are displayed in Figure 2.9 for different pp center-of-mass energies,
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FIGURE 2.8: Equivalent photon distributions of the fast moving proton, with mo-
mentum of 3.5 TeV, for different energies of the photon, as function of the transverse
distance b.

V8. The exclusive production of pairs of muons and pairs of W bosons have been
generated using the HERWIG++ generator [72]. The exclusive production of the Higgs
boson is computed according to Higgs Effective Field Theory (HEFT) [73-76]. 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 [77]) has been generated using the FPMC generator [78] at large
W, where the vy — 77 sub-process cross section is dominated by one-loop diagrams

involving W bosons [79].

2.2.3 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 pro-
tons, 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 low-
momentum hadrons. Therefore, when the finite sizes of colliding protons is considered,

one should perform the replacement:
n(wr) n(ws) — // 2 byd%by n(by,wi) n(bg,ws) (2.32)

where the correlations between the transverse distances by and by prevent from perform-
ing 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,
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FIGURE 2.9: Differential cross sections for various processes pp(yy) — 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, where the cross section is dominated by one-loop diagrams involving W
bosouns.

of radii 7, while the proton halos do not overlap. This implies minimally that by > 7},
by > 7, and b1 — bo| > 27, (see the Figure 2.10). The last condition clearly breaks the
factorization in the variables by and by of the integral (2.32). In these conditions, the
proton radius 7, is the radius determined in the transverse plane, that is taken to be
0.64 fm, as measured by the H1 collaboration [80]. It is worth to notice that it would
be possible to keep the factorization by imposing stronger constraints, like by o > 27,,.
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 [81], which
depends explicitly on the transverse variables, Pnon_ine1(|51 — gg |). Then, Equation (2.32)

takes the form:

n(wy) n(ws) — / / A2y d%by n(b1,wi) n(bz, ws) Paon-inel(|b1 — ba|) | (2.33)

where the bounds of integrations are still by > rp,, by > r,. The non-overlapping con-

dition, |51 - 52| > 27y, is not needed any longer. It follows as a consequence of the
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FIGURE 2.10: Schematic view of the two protons and the transverse distances by and by.
The difference b = b1 — b2 is also pictured. It is clear from this view that the geometrical
non-overlapping condition of the two protons corresponds to |b1 — b2| > 27,

effect of the function Pnon_inel(\gl — 52]) Indeed, this function represents the probability
that there is no interaction (no overlap) between the two colliding protons in the impact
parameter space. Following [81], one can make the natural assumption that a proba-
bilistic approximation gives a reasonable estimate of the absorption effects. Then the

pp non-inelastic interaction probability can be written as:
2 2
Poon-ine1(b) = |1 —exp [-b*/(2B)]|" , (2.34)

where the value of B = 19.7 GeV~2 is taken from a measurement at /s = 7 TeV by
the ATLAS experiment [82]. At /s = 13 TeV, the extrapolated value B = 21 GeV 2
is used in the calculations. In Figure 2.11, the Pyon.inel(b) is compared with the step
function ©(b — 2r,), 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 Pponinel(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:
fb1>rp fb2>7«p d?b1d%by n(by, w1 )n(be, w2) Pron-inel(|b1 — b2])

fb1>0 fb2>0 d251d252 "(517 wl)”(g% w2)

where the numerator contains the finite size effects encoded in the function Ppop.inel(b)

2
S2, , (2.35)

and dedicated bounds of the integrations over 51 and 52, whereas the denominator rep-
resents 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,%,Y as a function of the energy fractions of the protons
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FIGURE 2.11: Function Phon.ine(b) = |1 — F(b)|2 compared with the step function
O(b—2R). P(b) representing the probability for no inelastic interaction in pp collision
at impact parameter b.

carried by the interacting photons, x; and xo9, is presented. Then, the survival factor is
displayed as a function of experimentally measurable variables in Figures 2.13 and 2.14.
Figure 2.13 presents the behavior of the survival factor as a function of the center-of-
mass energy of the photon—photon system (W) 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, to reach values of ~0.3 at W, = 1 TeV for /s = 7 TeV or 8 TeV
and ~0.4 at W,, = 1 TeV for /s = 13 TeV. This is a large effect, due to the fact
that for larger values of W,,, smaller values of b = ]51 — 52| are probed, and thus
the integral at the numerator of the survival factor (2.35) 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. Figure 2.14
illustrates the behavior of the survival factor as a function of the rapidity of the photon—
photon system, for different W,,. Obviously, the same effect is observed, that when
W, increases the survival factor decreases. In addition, this figure shows the small
dependence as a function of the rapidity y,,. However, for possible measurements at
the LHC, the rapidity domain covered is close to zero. Therefore, the dependence in .,

has a marginal effect.

Finally, one should notice that this formalism does not directly apply for the proton-
dissociation processes, which are less well determined theoretically, and in particular

require more significant corrections due to proton absorptive corrections.
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FIGURE 2.12: The survival factor as a function of the energy fractions of the protons
carried by the interacting photons, 1 and zs.
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F1GURE 2.13: The survival factor at zero-rapidity as a function of the photon—photon
center-of-mass energy.

2.3 Proton-dissociative reactions

For the inelastic case, in which the proton dissociates into a hadronic system N at low
mass my, in general below 20 GeV, the proton form factors need to be replaced by
the inelastic proton structure function, Fh(z, Q?), where z represents the longitudinal
momentum fraction of the proton carried by the struck parton, see Section 1.3.3. At

first approximation, the @ dependence of Fy can be neglected in the kinematic range
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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.

of interest presented here. Then, the inelastic photon spectrum, n;, reads [83]:

em ! d > sz I2nin 2
mi(x) = % /m “Re) /Qm T <z(1 - )1 -0) + ’;) O (2.36)

where z 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? 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 Fy(z).

It can be noticed that the only difference between the elastic and the quasi-elastic
processes is the treatment of the vp vertex. For proton excitation processes, where the
low-multiplicity states are usually produced, the photon virtualities are usually below
5 GeV2. For example, the Brasse parametrization [84], based on fits to the experimental
data on the measurement of the total «vp cross sections, is valid for photon virtualities

Q? < 5 GeV? and masses of the dissociating system my < 2 GeV.

A more general expression can be written including also O(«s) corrections, due to the
quark—gluon interactions. Figure 2.15 shows four new diagrams which have to be con-
sidered at the O(aen,) proton vertex. This includes initial and final-state gluon radiation

as well as the photon—gluon production of quark and antiquark pair (yg — ¢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, vP(z,Q?) [85]. Since the emitted photon in such
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= o< X

FIGURE 2 15: Higher-order dlagrams for the O(ay) corrections to the Yq — q pro-
cess: (a) initial-state radiation, (b) final-state radiation, (c) quark pair production with
interchange.

approach carries away some of the quark’s momentum, the normal DGLAP evolution

equations are slightly modified.

The only way to find out 7”7 (x, Q?) 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 [86] 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
,u% = 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%.

2.4 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 pt x = px sin#,

where px 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,, > 10 GeV, one can find that
the average photon virtuality for the exclusive reactions is of the order of 0.01 GeV?,
which corresponds to proton scattering angles of the order of 20 prad.® 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.

5This also validates the low photon virtuality approximation needed in the EPA approach
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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 proton-
dissociative 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 107 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]:

R
At-AE:lﬁ—-w:lgwmax:l

- 5 (2.37)

where At is the collision time, « is the Lorentz contraction factor, R denotes the nuclear
radius and v the velocity of the nucleus. For the Pb-mode at LHC energies (Vnominal =
2750) photons appear with energies only up to about 80 GeV contained in the electro-

magnetic fields of the nuclei.

2.5 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:

e LPAIR [87, 88] - calculations include full leading-order QED process using specially
developed algebraic form of the squared matrix element. The photon flux is im-
plemented in the context of EPA. The VEGAS [89] algorithm is used for the cross

section integration.

e HERWIGH+ [72] - appropriate photon flux is implemented in the BudnevPDF func-

tion from ThePEG [90] software. Default functions are used for the final integration.
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e FPMC [78] - this generator is based on the HERWIG [91]. 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 [84] and Suri-
Yennie [92] structure functions for proton dissociation are used. For photon virtualities
Q? < 5 GeV? and masses of the dissociating system, my < 2 GeV, low-multiplicity
states from the production and decays of A resonances are usually created. For higher
Q? or my, the system decays to a variety of resonances, which produce a large number of
forward particles. The LPAIR package is interfaced to JETSET [93], where the LUND [94]

fragmentation model is implemented.

Apart from the structure functions approach in LPAIR, one can use exact photon-PDF's in
the proton. This feasibility is already implemented in PYTHIA 8 [95]. After choosing the
relevant PDFs, namely NNPDF2.3QED [96] or MRST2004QED? [86], 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 ex-
ploring the new experimental regimes with two-photon processes at higher energy scales.

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

2.5.1 Exclusive reactions

In order to test the compatibility of the different MC generators with respect to the
exclusive dilepton processes, 100000 events at /s = 7 TeV are generated for each gen-
erator. Furthermore, the kinematic cuts for leptons are imposed to account for the
limited detector acceptance: only muons with pf. > 10 GeV and |n*| < 2.5 are consid-
ptp— > 20 GeV

is applied. Figure 2.16 shows dimuon invariant mass distribution comparison between

ered. Moreover, additional requirement for dimuon invariant mass m

the different MC generators. All three generators agree with each other within statis-
tical 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.

"There are currently no other photon-PDFs available for this type of reactions
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FIGURE 2.16: Dimuon invariant mass distribution comparison between HER-
wiG++ (red line), FPMC (blue) and LPAIR (green) event generators for exclusive
vy — ptp~ production in pp collisions. Distributions are normalized to 1 fb~!. The
ratios of FPMC (blue markers) and LPAIR (green) to HERWIG++ are also shown with
statistical error bars.

Generator HerwiG++ FPMC  LpPAIR
Cross section 0.83 pb 0.84 pb  0.83 pb

TABLE 2.1: Total cross section comparison for exclusive vy — p+u~ processes in pp
collisions between various MC generators. For the muons, invariant mass cut, m,+,- >
20 GeV, with pf. > 10 GeV and |n*| < 2.5 are used.

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

dimuon acoplanarity =1 —

Put — Pu-

’“ﬂ“ =1—|A¢y+,-|/m, (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 — [A¢,+,-|/7 = 0) or are
collinear (1 — [A¢,+,-|/m = 1) in the transverse plane. Dimuon acoplanarity and
transverse momentum difference (Ap‘g“’ = ]p%+ — pli |) 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, 8, defined in two-photon rest frame. It is

also equivalent to the angle between the lepton pair direction and the beam axis in the
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butions for different MC generators for exclusive vy — T~ production in pp collisions:
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FIGURE 2.18: (a) Dimuon acoplanarity and (b) muons transverse momentum differ-

ence distributions comparison between HERWIG++, FPMC and LPAIR generators for

exclusive 7y — p*u~ production in pp collisions. Distributions are normalized to 1
b1,
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dilepton rest frame. One can use the relation:

1+ ]cos@|> (2.39)

An = —n,-| =1
n = e = - 1q<1—|cos€|

to easily calculate | cosf| 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 vy — u™pu~ sub-process reads as a function of cos 0:

do 1+ cos?0
x
dcosf 1 —cos260’

(2.40)

one could anticipate much narrowed behavior when | cos 8| — 1. Since the pseudorapidity
requirement is imposed on both muons, this results in the cross section suppression for

|cosf| > 0.7.
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FiGURE 2.19: Comparison of scattering angle distribution between HERWIGH+,
FPMC and LPAIR event generators for exclusive vy — uTu~ production in pp colli-
sions. Distributions are normalized to 1 fb~1.

2.5.2 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.
Figure 2.20 presents the pseudorapidity distribution of particles after the hadroniza-
tion step® (excluding final-state muons from the hard ~7 interaction). In case of the
LPAIR generator, these particles are dominated by the resonances (proton beam rem-

nants), which are emitted mostly in the region of large pseudorapidities. On the other

8See the Section 3.3.1 for more details about the hadronization process in MC generators
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Generator LPAIR LrAIR 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 vy — u™u~ pro-

cesses in pp collisions between various MC generators and photon-PDFs. For muons,

invariant mass cut, m,+,- > 20 GeV, with Pt > 10 GeV and |n#| < 2.5 requirements
are used.

m

hand, in PYTHIA 8 generator, photons are able to couple directly with quarks (see Sec-
tion 2.3). Together with O(as) 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.
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FIGURE 2.20: Pseudorapidity distribution of particles produced after hadronization
step for double-dissociative vy — p ™ processes in pp collisions for (a) LPAIR and (b)
PyTHIA 8 (interfaced with MRST2004QED PDFs) generators.

In order to directly compare double-dissociative LPAIR with PYTHIA 8, one can im-
pose additional pseudorapidity cut on the additional particles produced in an event
(|pPrticle| > 2.5). This allows for approximate separation of the reactions with deep-
inelastic photon-quark interactions. Figure 2.21 shows dimuon invariant mass distri-
bution comparison for double-dissociative process modelling. Large incompatibility is
observed between the LPAIR (PyYTHIA 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 |n| > 2.5 cut on the additional particles produced in

an event (except muons produced via 77y interaction), all three components: exclusive,
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single- and double-dissociative have the similar total cross sections: about 1 pb in the

phase-space region considered.
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FIGURE 2.21: Dimuon invariant mass distribution comparison for various modelling
of double-dissociative 7y reactions in pp collisions: events simulated with LPAIR (filled
histogram), PYTHIA 8 interfaced with MRST2004QED (solid line) and PYTHIA 8 inter-
faced with NNPDF2.3QED (dashed line) are presented. Distributions are normalized
to 1 fb=1L.

2.5.3 Comparison with Drell-Yan process

Photon-induced lepton production can become a non-negligible background to stan-
dard Drell-Yan (DY) processes [97], where the quark and antiquark pair annihilate to
Z/~* 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 [98] set of tunable parameters is chosen with the
- > 20 GeV, pf. > 10 GeV and |n#| < 2.5). No

other specific selection is used. Figure 2.23 presents dimuon invariant mass distribu-

same kinematic cuts for muons (m,+,
tion 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 in-
clude single-dissociative process simulation using PYTHIA 8 with photon-PDF's approach.

Unfortunately, an exact implementation of such reactions is not yet available.
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FIGURE 2.22: Dimuon transverse momentum distribution for various modelling of

double-dissociative vy — puTu~ reactions: events simulated with LpPAIR (filled his-

togram), PYTHIA 8 interfaced with MRST2004QED (solid line) and PyTHIA 8 inter-

faced with NNPDF2.3QED (dashed line) are presented. Distributions are normalized
to 1 fb=1.

Dimuon acoplanarity and transverse momentum distributions are presented in Fig-
ure 2.24. The peaked shape of the exclusive distribution allows to distinguish this part

both from the DY and proton-dissociative processes.

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 6 of the leading-order cross section on Z/v* — u*u~ process is:

do
dcos@

o 14 cos? 6 , (2.41)

which is, however, different from the expression (2.39). The differences occur mainly at

high | cos 0| values, which are suppressed by the dimuon kinematic cuts.

2.5.4 ete"and 777 channels

As it is known that the QED calculations of the sub-process vy — 7/~ involve a depen-
dence 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 vy — £7¢~ production cross sections for all

three lepton flavours are almost the same. This comes from the fact that the dilepton
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FIGURE 2.23: Dimuon invariant mass distribution comparison between the DY (blue

line) and photon-induced processes (magenta line). Different contributions to v pro-

cesses: exclusive (HERWIGH+ in red), single-dissociative (LPAIR in green) and double-

dissociative (PyTHIA 8 interfaced with MRST2004QED PDFs in yellow) are also
shown. Distributions are normalized to 1 fb~1.
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FIGURE 2.24: Dimuon (a) acoplanarity and (b) transverse momentum distributions
comparison between the DY and photon-induced processes. Distributions are normal-
ized to 1 fb=1.
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FIGURE 2.25: Scattering angle distribution comparison between the DY and photon-
induced muon pair production. Distributions are normalized to 1 fb~".

Leptons ete” purpT o T

Cross section 0.83 pb  0.83 pb  0.82 pb

TABLE 2.3: Total cross section comparison for exclusive vy — £T¢~ processes in pp
collisions between different lepton flavours. Default HERWIG++ generator is used with
my+- > 20 GeV, ph > 10 GeV and |nf| < 2.5 cuts.

invariant mass considered is much above the tau lepton mass. Moreover, lepton pseu-
dorapidity requirement ensures relatively large values of scattering angles, whereas the
lepton mass dependence is expected only for very small scattering angles. A similar uni-
versality is observed in the dilepton invariant mass and leading lepton pr distributions

(Figure 2.26).
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Chapter 3

The ATLAS experiment at the
LHC

This chapter gives an overview of the ATLAS experiment at the LHC. It is used to per-
form 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 compo-
nents, together with trigger systems. Finally, the ATLAS simulation infrastructure is

presented in Section 3.3.

3.1 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 Furopean 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!, 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 lumi-
nosity of 1034 cm=2s~!. In addition to protons, the LHC can also collide lead-lead and

asymmetric proton—lead beams.

!The LHC tunnel has an inclination of 1.4%, leading to a variation of its altitude of about +60 m
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3.1.1 CERN accelerator complex

The LHC is the last element of the accelerator complex chain at CERN, which is pre-
sented 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.

LHC

SPS

V neutrinos
Cch‘\

ERl Gran Sasso

1ISOLDE

East Area

—

PS

m-

LINAC 2

Leir

LINAC 3
lons

» ion » neutrons  » P (antiproton) —H— /antiproton conversion » neutrinos  » electron

LHC Large Hadron Collider SPS  Super Proton Synchrotron PSS Proton Synchrotron

AD Antiproton Decelerator CTF=3 Clic Test Facility CNGS Cern Neutrinos to Gran Sasso  ISOLDE  Isotope Separator OnlLine DEvice
LEIR LowEnergylon Ring ULINAC LINear ACcelerator n-TorF Neutrons Time Of Flight

FI1GURE 3.1: Schematic drawing of the CERN accelerator complex. Figure taken from

[3].

Protons used in the LHC are obtained via the ionization process of hydrogen atoms
using the Duoplasmatron source [4]. Protons are initially accelerated up to 50 MeV in
the first accelerator of the complex, the linear accelerator LINAC 2. The protons are
then injected into the PS Booster (PSB, 1.4 GeV) and then into the Proton Synchrotron
(PS, 25 GeV). At this point, protons are injected to the Super Proton Synchrotron (SPS,
450 GeV). With this energy, protons are injected into two transfer lines of the LHC,
resulting in two proton beams travelling in opposite directions inside the LHC beam
pipes. 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



Chapter 3. The ATLAS experiment at the LHC 69

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 in-
teraction 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 [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 pseu-
dorapidity. 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]
that studies hadron interaction models used in cosmic ray analyses and TOTEM [11] for

elastic and diffractive processes measurements.

3.1.2 LHC beam parameters

The instantaneous luminosity at the interaction points along the LHC can be determined

by the beam parameters, using the formula:

. erbn?;Vr

L= F(0) (3.1)

where f; is the LHC revolution frequency, Ny, is the number of bunches per beam, n,
is the number of protons per bunch, ~; is the relativistic gamma factor and e, is the
normalized transverse beam emittance (spread of the beam in position and momentum).
B* 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'(6.) is the geometric luminosity reduction

factor due to crossing angle of the beams, 6., 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 x 10! 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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Parameter 2010 2011 2012 Nominal
Vs [TeV] 7 7 8 14
Maximum N, 348 1380 1380 2808

n, [x101] 1.2 15 1.6 1.15

€n [1m] 24-4 1924 2225 3.75

B* [m] 35 151 06 0.55

0. [prad] 200 240 290 285
Bunch spacing [ns] 150  75-50 50 25
Maximum £ [x10%* em~2s7!] 0.02 0.4 0.76 1

TABLE 3.1: 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.

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.

The number of collected events N; that corresponds to a given reaction i depends on
the corresponding cross section o; and the integrated luminosity [ £ d¢ accumulated by

the experiment:

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 colli-
sions per single bunch crossing, p. The mean number of interactions per bunch cross-
ing, (1), can be calculated from the instantaneous luminosity (per bunch), Lyounch, as
(1) = Lbunch X Oinel/ fr, Wwhere gy is the inelastic pp cross section. This effect is com-
monly 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 (u).

While the mean number of simultaneous interactions, (u), at the Tevatron never ex-
ceeded 6 [13], the LHC with its detectors are designed to cope even with (u) ~ 40 [14].
Maximum mean number of interactions per bunch crossing reached (u) = 4 in 2010,
(u) = 17 in 2011 and (u) = 37 in 2012 pp data taking campaigns. The peak instan-

taneous luminosity together with a maximum mean number of interactions per bunch
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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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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].

3.2 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 47 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
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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.

3.2.1 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 z-axis points towards the center of the LHC ring, and the y-axis
points upwards. In the transverse (z — y) plane, cylindrical coordinates are used, with
r denoting the radius and ¢ the azimuthal angle around the beampipe. The azimuthal

angle can be written in terms of Euclidean coordinates as

¢ = arctan (g) . (3.3)
x
The polar angle € 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

1 E+p,
=1 4
y=1 n(Ep) , (3.4)

with E being the energy and p, the longitudinal momentum of the particle (along
the z-axis). For cases where the particle is massless or F > m, the rapidity can be

approximated by the pseudorapidity, defined in terms of 6 as

n=—In (tan g) . (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 7.

Therefore, the cylindrical coordinate system used is given by (¢, 7, z). In this coordinate
system, angular distances between two objects are given by AR = /(A¢)? + (An)2.

The transverse momentum pr and the transverse energy ET are defined in the x—y plane.

3.2.2 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 |n| < 2.5 down to a
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pr of 100 MeV. The ID is primarily used to reconstruct the positions of pp interaction
vertices and to identify secondary decay vertices associated with relatively long lived
states such as b-hadrons or 7 leptons. The ID provides also additional electron identi-
fication capacity for |n| < 2 and 0.5 GeV < pr < 150 GeV. The sub-detectors of the
inner tracking detector in Figure 3.4, are the closest to the interaction point. The entire
ID is enclosed in a solenoidal magnetic field of 2 T and its overall dimensions are 2.1 m

in diameter and 6.2 m in length.

The Pixel Detector (Pixel) is the innermost tracking sub-detector [17] and therefore
must be highly resistant to radiation damage. It consists of three concentric cylinders
(barrel layers) and three disks in each end-cap, perpendicular to the beam axis. Every
layer comprises of Pixel sensors: a 16.4 x 60.8 mm? wafers of silicon with 46 080 pixels,
50 x 400 pm? each. With over 80 million pixels, it has ~90% of the total number of
ATLAS readout channels. The Pixel operates at the initial bias voltage of 150 V, but it

is expected to rise to up to 600 V to maintain a good charge collection efficiency.

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 pm, 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 o, /pr = 0.05% - pr [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 50000 straw tubes in the barrel
and 320000 radial straws in the end-caps, with typically 30 TRT hits being registered
on a well reconstructed track of a charged particle with p > 0.5 GeV and |n| < 2. The
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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 high-
energy particle (red line). Figure taken from [5].
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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 ~ factor
of the particle passing through the TRT. For a given momentum, this allows separating

heavy from light particles (for example electrons and pions).

3.2.3 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 |n| < 4.9 with the variable granularity. Over the same
1 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 |n| < 1.475, and two end-cap coaxial wheels covering a pseudorapidity range
of 1.375 < |n| < 2.5. Between the barrel and the end-cap regions, at 1.37 < |n| <
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, An x A,
varies as a function of 1 between 0.025 x 0.025 and 0.1 x 0.1. The thickness of the ECal
has been also optimized as a function of n to improve the EM calorimeter performance
in energy resolution, which is given by op/E = 10%/+/FE [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 scintillating? tiles as active material for the barrel part.

2A scintillator is a material that exhibits the property of luminescence when excited by ionizing
radiation
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FI1GURE 3.5: Schematic view of the ATLAS calorimeter system, showing the electro-
magnetic and hadronic calorimeters. Figure taken from [5].

It covers the region up to |n| < 1.7. In contrast, the Hadronic End-Cap (HEC) uses a
LAr/copper combination and extends the HCal to |n| < 3.2. The granularity is chosen
to be mostly An x A¢ = 0.1 x 0.1. The hadronic calorimeter was designed to provide
an energy resolution of op/F = 50%/+/E [GeV] @ 3%.

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 < |n| < 4.9 and its energy
resolution is given by op/E = 100%/+/E [GeV] ® 10%

3.2.4 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
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FIGURE 3.6: Schematic view of the ATLAS muon system. Figure taken from [5].

muon momenta from 3 GeV up to 3 TeV with good momentum resolution and charge

identification.

The layout of the MS with its sub-detectors is shown in Figure 3.6. The MS is comprised
of two main parts: a barrel region with the pseudorapidity coverage of |n| < 1.0 and
the end-cap region covering 1.0 < |n| < 2.7. A barrel toroid and two end-cap toroids
produce a toroidal magnetic field of approximately 0.5 T and 1 T for the muon detectors

in the central and end-cap regions, respectively.

Different experimental techniques are used in the MS. Monitored drift tubes (MDTs) are
adopted for precision muon tracking in both the barrel and end-cap parts of the MS.
The end-cap tracking is also supported by additional Cathode strip chambers (CSCs)
with a high granularity in the pseudorapidity region of 2.0 < |n| < 2.7 to cope with
high particle fluxes. For muon triggering, Resistive plate chambers (RPCs) are used for
the barrel and Thin-gap chambers (TGCs) for the end-cap part. The RPCs and TGCs
provide also a secondary tracking information. The trigger muon systems have coverage
up to |n| < 2.4. The whole MS provides about one million channels and a total resolution

of o, /pr = 10% for mouns with energy of 1 TeV.
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3.2.5 ATLAS trigger system

Proton—proton collision rates at the LHC are heavily dominated by inelastic QCD pro-
cesses 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.?

The 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 hardware-
based L1 trigger is able to make a decision using a limited amount of the detector
information in less than 2.5 ps, 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 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 re-
duced 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 trig-
ger 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 (¢,7n) 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.

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, en-

hancing the particle identification. For certain physics objects that ATLAS triggers on,

3 Assuming pp bunch spacing of 25 ns and approximately 20 interactions per bunch crossing
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F1GURE 3.7: Schematic overview of the trigger and data acquisition systems in ATTLAS.
The specified rates should only be considered as orders of magnitudes. Figure taken
from [24].

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-to-
point 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.

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

chain.

3.2.6 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
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48 pb~!. The ATLAS experiment was able to record approximately 45 pb~! 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=!.
The ATLAS detector recorded 5.08 fb~!, 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 21.3 fb~! was recorded by ATLAS out of the LHC delivered
22.8 fb~!. 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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£ 35C ATLAS Online Luminosity E 2 [ ATLAS
z 30F 2010 pp \'s = 7 TeV = 2 25FPreliminary 2012, \s =8 TeV &
g Fo——2mee \/\/E: 7Tev 7 § C LHC Delivered Delivered: 22.8 fb" ]
€ 050 = 2012pp s =8 TeV E € oo Recorded: 213 fb" ]
3 ] % 0L [JATLAS Recorded ]
8 20F 3 9 C ]
o = 1 s 15c -
5 15F 4 o [ 201,Ns=7TeV ]
[ L - [0} L 4
= E B £ 10 Delivered: 5.46 b -
10 - = F Recorded: 5.08 fb" ]
C 7 o = -
C | [ - —
5 = 5: f ]
ob— 1 ] C:\\\ 1
Yo pot W oct a0t ot W oct gat pot g odt

Month in Year Month in Year

(a) (b)

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].

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-f* runs.* 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

18* = 90 m and 1000 m were used, to be compared with the nominal value of 8* = 0.55 m for
high-luminosity pp runs
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value of the beta-function (luminosity behaves like 1/4*) and lower number of colliding

bunches and smaller number of protons per bunch during these runs.

3.3 ATLAS simulation infrastructure

In order to study the detector response for a wide range of physics processes and sce-
narios, 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].

3.3.1 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. Figure 3.9 gives an overview of the standard

simulation chain used in ATLAS.

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:

e 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.

e 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).

e Hadronization process, which confines a system of QCD partons into colourless
primary hadrons by utilizing phenomenological fragmentation models. The unsta-
ble primary hadrons decay into stable particles, which are expected to propagate

through a part of the detector.
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F1GURE 3.9: Overview of the standard simulation chain used in ATLAS. Elliptical-
shaped boxes represent persistent data objects (or event collections), whereas rectan-
gular boxes sets of algorithms applied.

e Underlying event (UE) process, where the secondary interactions between the pro-
ton 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
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FIGURE 3.10: Illustration of a two-photon interaction (yellow waves) event in a proton-

proton 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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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 measure-
ments) needs to be interpreted in terms of finding particle properties. The reconstruc-
tion 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.

3.3.2 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 par-
ticles through matter and their interactions with the detector material. The ATLAS
detector geometry used in the simulations is built from databases containing the in-

formation describing the physical construction and conditions data. The model of the
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ATLAS detector prepared for simulations (so-called ATLAS GeoModel [34]) is shown in
Figure 3.11.

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 Precom-
pound model [36] and the Bertini Cascade model [37]). GEANT4 can also simulate the

decays of unstable particles.

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].

The GEANT4-based simulation step is the standard and most accurate detector simu-
lation 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
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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.

3.3.3 ATHENA framework

ATHENA [28] is the ATLAS software framework based on the common Gaudi archi-
tecture [38], originally developed for LHCb. Major design principles of the ATHENA
software are the clear separation of data and algorithms, and between transient (in-
memory) 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 sim-
ulation 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]:

e 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.

e 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.

e Services are similar to the ATHENA Tools. Services usually provide more general
tasks, designed to support the needs of the physicist (for example the message-

reporting system, random-number generators, etc.).

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

its persistent form.
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e 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.
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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.

4.1 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

Figure 4.1.

89
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F1GURE 4.1: Pseudorapidity coverage of different ATLAS sub-detectors. The coverage
of ZDC extends to n = +oo.

4.1.1 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 Figure 4.2. 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.

Besides forward detectors and magnets, there are few more LHC elements installed close
to the ATLAS IP:

o 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.

o 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.
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e 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.

|
[
140 m
w TCL4 TCL5
TAS Q1 Q2 Q3 D1 TAN l D2 Q4 1 Q5 Q6
IP Beam 1
— — |/
‘ Beam 2 J

LUCID ZDC ALFA RP Stations
[

237 m 4m

FI1GURE 4.2: The LHC region in vicinity of the ATLAS IP: locations of forward de-
tectors, dipole magnets (D), quadrupole magnets (Q), target collimators (TCL) and
absorber systems (TAS, TAN) are shown. Figure taken from [46].

4.1.2 MBTS

The MBTS [45] detectors are located between the ECal end-cap cryostats and the Inner
Detector. They are positioned at 4365 cm from the interaction point, perpendicular to
the beam direction. Its specific geometry can be seen in Figure 4.3. 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 < |n| < 3.85. The rings themselves are organized into eight independent sectors in
¢. 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.

The MBTS detectors are used during dedicated low instantaneous luminosity pp runs
(£ < 103 cm~2s7!) [45] and during heavy-ion collisions [47] to provide a trigger on

minimum collision activity from charged particles.

4.1.3 BCM

The BCM system [44] comprises one detector station on each side of the ATLAS detector
at n = +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.
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FIGURE 4.3: MBTS disk configuration. Figure taken from [45].

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.

4.1.4 LUCID

The LUCID [42] is a Cherenkov detector! 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 C4F1¢ 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 (|n| ~ 5.8). Cherenkov light is read out by a PMT at the end of

each tube.

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

Isee the Section 5.3.1 for details about the Cherenkov radiation mechanism
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in the forward region, under the principle that the number of detected particles is pro-
portional to the number of inelastic interactions. LUCID provides also an independent

trigger signal for use in the L1 trigger system.

4.1.5 ZDC

Two ZDCs [43] 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 < |n| < 00)
neutral particles produced in the interaction. The ZDC is comprised of four modules,
one electromagnetic and three hadronic (see Figure 4.4). The EM modules consist of
tungsten plates as absorber, extended by steel plates, traversed by quartz rods forming
an 8 X 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.

The ZDC detectors occupies an important region of phase space for heavy-ion collisions,
where it provides a measurement of the centrality’ of each collision, which is strongly
correlated to the number of very forward neutrons. The detector is also used as the pri-
mary trigger of low-centrality (so-called wltra-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.

4.1.6 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 (|| ~ 0.001 GeV?), the protons are scattered at micro-radian angles. This requires,
apart of the special high-5* 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.

2The elliptical cross-sectional overlap of the colliding nuclei
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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].

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, oy, 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, ge. An extrapolation of the elastic cross section

to [t| — 0 gives the total cross section through the formula:

o2 167 dog
LT+ p2 dt| t]=0

(4.1)

where p 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



Chapter 4. Forward detectors in ATLAS 95

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 Owverlap 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. Figure 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 pm, thus the effective area of the detector
is approximately 32 x 32 mm?. 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 pm, which corresponds to the base
diameter of the fibres and gives an effective size of d,, = 500/ sin (45°) pm = 707 pm

in the z — y plane.

The theoretical resolution for reconstructed proton position using single detector plane
with pixels of size d, in arbitrary z-direction can be calculated with the Root Mean
Square (RMS) formula:

dz/2 .2
/ AR (4.2)
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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 front-
end boards. Figure taken from [26].
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FIGURE 4.6: Layout of ALFA MD and OD with trigger counters with respect to the
nominal beam position. Figure taken from [48].

This gives approximately 144 pm resolution for single ALFA fibre layer in both x and
y directions. To further improve the resolution, fibre layers in the individual plates
are staggered by multiples of 1/10 of the fibre size. The staggering procedure makes the
effective ALFA pixel size ten times smaller, which results in theoretical resolution of 14.4
pm. 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 pm and 40 pm [50].

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 Figure 4.7. 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
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scattered protons have negative value of z and positive values of y> and they mostly
fly outside the ALFA detector acceptance for nominal 5* = 0.55 m (collision) optics.
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 5* increase.

Therefore, a dedicated high-5* runs are crucial for ALFA elastic measurements.

4.2 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+42”), 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.

4.2.1 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 high-
est cross sections. This translates to relatively small amounts of integrated luminosity
and run time (~1 pb™!) required. On the other hand, these measurements must be
done in an experimentally very clean environment, thus the optimal pile-up condition is
(u) around 1. By studying single-diffractive jet production, one can probe the idea of
Pomeron universality between ep and pp colliders, i.e. if the same object is mediating
diffractive interactions at HERA and the LHC. Another interesting measurement is the

measurement of diffractive gap survival probability factor. A detailed study into the

3Due to the non-zero beam crossing angle at the IP
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FIGURE 4.7: Proton positions with different relative energy loss (£,) and transverse

momentum (p4) at the first ALFA station for the different LHC optics settings: (a)

B* = 0.55 m, (b) f* =90 m, (¢) f* = 1000 m and (d) 8* = 2625 m. The solid lines
represent the ALFA detector active area. Figure taken from [51].
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applicability of this factorization would be an interesting outcome of the AFP measure-
ments. 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™!, 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.

4.2.2 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
prad 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.

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 Figure 4.8 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.

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.
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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
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