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Abstract: In proton-proton collisions, quasi-real photons can be emitted and their interaction can
produce various final states. However due to absorptive effects the exclusive cross-section is reduced.
This decrease is described by survival factor, which has to be studied in order to properly model
diphoton processes. The exclusive production of lepton pairs can be calculated in QED with small
uncertainty and since only two back-to-back leptons are present in the final state, the process can be
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TeV, performed with ATLAS detector. The measured cross-section in defined fiducial region is found
to be gezer = 3.30 + 0.07(stat.) £+ 0.013(syst.)pb.
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Introduction

At the lower energy region, photons interact only with charged particles. Whether it is the photoelectric
effect or pair production, we never observe photon interact with another photon. However, when we
move to the high energy region, as e.g. at the LHC at CERN, we can observe such process. It is of
course not direct interaction, since photon does not carry a electric charge, but is instead mediated by
a charged propagator. One example of such process is in Figure 1, where the propagator is lepton and
we can see two leptons in final state. This process is focus of the practical part of this thesis.

p p

N
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y T
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Figure 1: Feynman diagram of exclusive di-lepton production in proton-antiproton collision. Taken
from [1].

The LHC does not collide high-energy photons, but protons. Nevertheless, due to the relativistic
contractions the proton has significantly deformed electromagnetic field. The transverse component of
such field can be interpreted as a quasi-real photon - a photon with low value of virtuality Q2 = fPf.

Theoretical cross-section of a photon induced processes is reduced due to additional interactions
between the colliding protons. The difference between the theoretical o?*¢°"¥ and measured cross-
section o€ is quantized by so-called survival factor S :

O_measured =9. O_theory (1)

Production of the dilepton pair has biggest yield from the diphoton processes and since it contains
only two particles in the final state it is easily identifiable. Thus it can be used to study the survival
factor and serves as standard candle of photon physics on LHC.

Study of this factor was done at 7 TeV on both ATLAS and CMS experiment and their results will
be summarized later. Aside from new energies, current analysis plans to look into dependency of this
factor on several kinematic variables, for example rapidity of the di-muon system or its mass.

Difficulty of this measurement comes from the low cross-section of the photon-induced processes.
The dilepton final state is dominated by Drell-Yan process, which contribution must be reduced by
carefully chosen selection.



Chapter 1

Theoretical overview

1.1 Standard model

Though not giving a final picture of the universe, the Standard Model of physics is best modern
theory describing the fundamental forces and particles in the nature. It describes the three of the four
fundamental forces - the strong, weak and electromagnetic force. Only the gravitational force is not
implemented, though it is assumed to be carried by particle called graviton with spin 2. However this
deficiency does not concern us since gravity is by far the weakest of the forces and can be neglected.

The standard model represents our best understanding of physics on the lowest scale, but it is
known to be incomplete. For example it does not explain the mass of neutrinos or the dark matter.
There are many theories trying to explain those problems, as for example Super Symmetry, but none
of those have been experimentally confirmed.

1.1.1 Particles of the standard model

The elementary particles are divided between fermions with half-integer spin and bosons with integer
spin. The elementary fermions are further split into two groups, quarks and leptons:

Quarks are particles which e.g. build-up the protons and neutrons - fundamental particles of the
matter. They are divided in three generations and they have either charge +2/3 (up, strange and
top quark) or -1/3 (down, charm and beauty), with the corresponding anti-particle partners. The up
and down quarks are the lightest and are stable, unlike the heavier quarks which decay through weak
interaction. Quarks are the only elementary particles which interact through all four forces.

Lepton also have three generations, each consisting of charged particle (electron, muon and tauon)
and its corresponding neutrino. They interact through weak and electromagnetic interaction. Again,
only the lightest electron is stable, while the two heavier lepton decay trough the weak force.

The elementary gauge bosons are representations of the three forces:

Photon carries the electromagnetic force. It has no mass, spin 1 and does not have a charge.

Gluons are responsible for the strong interaction. They carry the colour charge and can therefore
self-interact. They are also massless.

Weak bosons are divided between one charged boson W with its corresponding anti-particle
W~ and one neutral boson Z. As their name suggest, the carry the weak force. Unlike the photons
or gluons they are massive (they are one of the heaviest elementary particles).

Finally, the Higgs boson is particle responsible for the mass of elementary particles. Its discovery
in 2012 marked a huge success of the standard model and the LHC project.

All the elementary particles are summarized in Figure 1.1.

Aside from the elementary particles, particle physics operates with composite particles. They are
exclusively composed of quarks, either of three (with most known examples being proton and neutron)
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Figure 1.1: Particles of the standard model. Taken from [0].

or two (e.g. pion). There is strong evidence suggesting composite particle with four or five quarks,
but this area is still not explored enough.

1.1.2 Quantum electrodynamics

Quantum electrodynamics (QED) is a quantum field theory of electromagnetic interaction - the inter-
action between charged particle. It has infinite range and is propagated by the masless photon. The
QED lagrangian is:

. 1 - |
»CQED = ¢(17Nau - m)¢ a1 Qe¢7u¢Au - ZFN F,um

where the first term is the Dirac Lagrangian of free 1/2-spin particle, second term describes the
interaction of the particle with a photon and the last term is free electromagnetic field, with F*¥ =
O AY — 9¥ A*. Basic vertex of the QED is:

It can represent e.g. particle annihilation or emission of photon by particle. Even this simple
vertex allows us to compute cross-section of the dilepton production in photon-photon collisions. It is
important to note that there is no self interaction between photons in the QED.

Strength of an interaction is often connected with a value of coupling constant. For electromagnetic
force in normal scale, the constant has value ae,, = e%/4r = 1/137. Thought it is called constant, its
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Figure 1.2: Comparison of predicted dependence of QED coupling constant on Q2 and data acquired
by LEP. Taken from [7].

value depends on scale in which we observe given process. The dependence on the virtuality Q2! (or
renormalization scale) is following:

aem(me) Qem (me)
Qem (Q%) = ~
( ) 1-— Aaem(QZ) 1-— 70467%5?16) log(f’iz)

in the first order of a perturbation theory. It diverges for Q2 — oc. The dependence is caused by
sea of virtual particles (primarily electron-positron pairs) surrounding the charged particle, effectively
screening its charge. Higher the transferred momentum, the closer to the charge we are and smaller
the screening is.

The scale dependence of the Quantum Electrodynamics was tested for example on the LEP exper-
iment at CERN and shows excellent agreement between theory and data[7]. The results are in Figure
1.2.

1.1.3 Electro-weak theory

The weak force, as the name suggests, is the weakest of the forces of the standard model. It is also
the only force concerning all of the elementary particles. Even though it has significantly different in
strength and processes from the electromagnetic interaction, it was found that they can be united in
the electro-weak theory, also known as Glashow-Salam- Weinberg model with SU(2) ® U(1) symmetry.

The theory works with one boson triplet WM, W2 WG and one iso-scalar boson B,,. By process
of spontanus symmetry breaking through scalar higgs boson the triplet bosons gain mass - those are
known as the charge W+ and Z boson - and one masless photon A, where the Z and A are connected
with the original wavefunction through Weinberg angle Oy :

Z =W® cosOn — Bsin Ow,A= W) cos Oy + Bsin O

1Virtuality is an negative value of four-momentum P of particle squared: Q2 = —P2. More off-shell this value is,
more virtual given particle is. It can be either time-like virtuality for P2 > m? ~ 0 or space-like for P? < m? ~ 0.
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while the charged W bosons are linear combination of the W) W)

— w® —_;w @ — w@ w2
V2 ’ V2

The Weinberg angle also connects the mass of Z and W bosons: M2 ~ MV2V / cos? Oy,
There is a large number of processes connected with weak and electroweak interaction, however
only three of them will be of particular interest to us:

__...__ _..,__.

First is simple emission of photon by a charged W boson, second is anomalous quadratic vertex
and third is annihilation of two fermions (leptons or quarks) to Z boson.

1.1.4 Quantum chromodynamics

Quantum Chromodynamics is the theory of strong interaction - interaction between quarks and gluons.
Similarly to electrodynamics, strong force has a charge. More precisely it has three charges, called
colours: red and anti-red (RR), green and anti-green (GG), and blue and anti-blue (BB). Colour was
first implemented as another degree of freedom, since A*TT would have a symmetrical wave function
even though it is a fermion. The number of colours was definitely determined from the ratio of cross-
section of ete™ — g7 and eTe™ — uTu~ processes.

Lagrangian of QCD is based on SU(3) group?. Its 9 linearly independent elements can be divided
between one singlet I(RR + GG + BB) invariant under SU(3) transformation and eight elements
affected by such transformation. For this reason QCD has 8 generators - gluons - as carriers of the
interactions. Unlike photons, the gluons carry a charge and therefore can emit additional gluons. This
small detail has large consequences and it is the main reason why strong interaction is stronger at
larger distances. The basic QCD vertices are:

The first one is a simple gluon emission by a fermion (similarly to QED and emission of photon),
while the second and third is self-interaction of three and four gluons - process not observed in the
QED.

The QCD is also not scale-independent and coupling constant of strong interaction s changes as
a function of Q? similarly to electromagnetic interaction. Nevertheless, here the similarity ends, since
the dependence on the momentum transfer is opposite. QCD is strongest at low Q2 as can be seen in
Figure 1.3.

2Unitary 3x3 matrices with determinant equal to 1.
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Figure 1.3: Dependence of coupling constant of strong interaction on Q2. Taken from [3].

The fact that strength of the interaction increases with distance leads to a confinement - quarks
are confined in baryons and mesons as colour singlets. For this reason colour cannot be observed
directly in low energy experiments. On the other hand, when energy is high, force acting on quarks is
weaker and they can move as if they were free. This is called asymptotic freedom. At energies around
10'® — 1017 GeV the strong interaction is as weak as the electromagnetic interaction. The fact that
coupling constant can have low values enables usage of the perturbative quantum field theory in higher
energy regions.

1.2 Classical photon interactions

First we shall review the classical photon interactions before delving into the more unusual photon-
photon interaction:

Photoelectric absorption is a interaction of photon with electron shell of an atom. The photon
is absorbed by the atomic shell, resulting in emission of electron. The threshold energy of such process
is the binding energy of the electron(s) and the cross-section is proportional to Z™/ E§'5, where 7 is
atomic number, E,, energy of the photon and n is ’constant’, which value varies between 4 and 5[4].

Compton scattering from classical point of view is process when photon interacts with an elec-
tron, transferring part of its energy in the process. Quantum electrodynamics views this process as
absorption of the photon by the electron followed by emission of new photon (Feynman diagram of
this process is in Figurel.4). The energy of the out-going photon depends on the scattering angle A:

meE.

B = T, (—cosey and the cross-section is described by Klein-Nishina formulal[5]:
2 7\ 2 ’
do _ o (ENTTE) By ey
o 2m2\E,) |B, " E

Normally the scattered photon loses energy. However the opposite process where high energy
electron transfers energy to the photon is also possible. It is called inverse Compton scattering
and it will come back in latter section of this chapter, since it is convenient source of high energy
photons.

The pair production, also known as the Bethe-Heitler process, has the same final state and also
uses similar process to the exclusive dilepton production. The conservation laws forbid single photon
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Figure 1.4: (a) Feynman diagrams of Compton scattering. (b) Feynman diagram of pair production
in proximity of a nucleus.

to decay into an electron-positron pair, however when another object (typically nuclei) is present,
such process becomes possible. The Feynman diagram is in Figure 1.4. The only difference from the
dilepton production is that one of the photons is not real, but virtual photon emitted by the nucleus.

There are many other common photon processes, but those are the most well known. All of
those processes however have one mutual property - the photon always interacts with another charged
particle. This is something we would expect, since photons do not carry electric charge and therefore
cannot interact with each other through electromagnetic force. However in reality there are indeed
interactions of two photons, with variety of final states.

1.3 Photon-photon interaction

Possibility of diphoton interactions was proposed as soon as in year 1934 in paper [9]. It described
possibility of production of a electron-positron pair in photo-photon interactions. The proper theory
however came much later with the QED and EW.

Diphoton processes were never observed by direct collision of two photons, but they can be measured
in collisions of ultra-relativistic charged particles. This will be discussed in detail in next chapter. Here
is review of the most important photon-photon processes:

1.3.1 Dilepton production

Dilepton production, in case of electrons called Breit-Wheeler pair production, is the most common of
the photon induced processes. The feynman diagram was already presented in Figure 1. In the lowest
order of the perturbation theory the cross-section of dilepton production takes form[11]:

2 2 4 2 2
O_'y'y~>l+l7 — dra 1+ 4ml _ 8&2111 ﬁ + S —1)] -1+ 4& 1-— 4& 6(5_4m12)7
s s 52 ? s §

2my 4m;

where m; is mass of the lepton (electron, muon or tauon) The s is the invariant mass of the system
and is equal to invariant mass of the lepton pair, which will be denoted my; (variable which will be
frequently used in later sections). The minimal energy of the system is - understandably - /s = 2m;.

It was found[12], that the production of electron-positron pairs from two photons is responsible for
cut-off in high energy gamma rays in cosmic rays. The absorbtion reaches maximum around 1 TeV.
It is also responsible for production of electron pairs in gamma ray burst[l3].
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1.3.2 W*TW~ production

The exclusive diphoton production of two weak bosons can happen in three channels:

v wt ¥ w % wt

(a) QGC vertex (b) t-channel (¢) u-channel

Especially the first one is the reason why is this process interesting, since it involves anomalous
quadratic gauge and thus it can be used for investigation of the Standard model. The unpolarized
cross-section (again in the Born approximation) is[14]:

6o M2 2M2 1+ Bcosby 1 M 163 cos 0.1
_ = 0cu — 472 1— w 1 cu - w cu
Tr-Wrw s f cos Beut s ( s ) o8 (1 — fcos cht> + (3 + s2 ) 1—p32cos0cus |’

where My is mass of the W boson,  is its velocity in center-of-mass system and 6 is a scattering
angle. As was the case for the dilepton production, there is a cut-off at 2my, for the invariant mass of
the dilepton system. For high invariant mass of the diphoton system the cross-section becomes almost

constant:

8ra?
Onmsw+w- — ——— ~ 80pb
el MI%V

and it is dominant process at high energies. Corrections to the first order of perturbation theory are
presented in the paper [14].

Analysis of this problem is problematic since the weak boson decays into additional particles.
It is usually measured in a final state containing two leptons (often electron and muon in order to
distinguish it from the dilepton processes). This process was studied on the CMS experiment at 7 TeV
[15], analysis with ATLAS at 7 TeV is not yet published. An measurement at 13 TeV on ATLAS is
also planned.

1.3.3 Light-by-light scattering

Perhaps the most counter-intuitive process is scattering of photon on photon. Since photons do not
have a charge and therefore cannot interact directly, this process is only possible through a charged
particle propagator. The most basic process of v scattering is through lepton box diagram:

This process was not yet observed, even though there have been limits on the cross-section. E.g.
for 0.8 ev photons it is 0.y, <1.5:1072% b. For this energy region the predicted cross-section is
7.3-10742 b[17, 18], so the result is still in agreement with Standard Model.

Measurement of this process is planned on the LHC, however the cross-section is small (12 fb, 26
pb, 35 nb in p — p,p — Pb, Pb — Pb collision). This equals to around 20 signal events per run[10].
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1.3.4 Additional photon-photon processes

Additional processes are e.g. production of quark pair (which does not have as clear background as the
lepton production since the quarks must hadronize). Further there is double lepton pair production
with following feynman diagram:

There are many other processes but those already mentioned are the most important.

1.3.5 Direct vy — eTe~ measurement

As was already mentioned, there is no measurement of a direct diphoton interaction from collisions
of photons. All current knowledge of this process comes from a collision of massive charged particles.
Since the diphoton cross-section increases with an energy, such measurement of direct photon collision
would require a high-energy high-intensity photon sources - something not available for a long time.
However in recent years, two propositions for such analysis appeared, one combining high energy
photons interacting with black body radiation[19] and second for collision of two laser beams[20].



Chapter 2

Dilepton production in collisions of
charged particles

As was explained in previous chapter, it is technically difficult to realize a photon collider with sufficient
energies and intensities to study a photon-photon interaction. However, collisions of charged particles
offer a way to study such processes.

For electron collisions, the description was done by S. J. Brodsky [10]. In such case the photons
are virtual. Even though the cross-section of those processes is rather low (mainly due to presence of
a large number of photon vertices), it becomes comparable to cross-section of single photon processes
in higher energy regions [10]. For hadrons the situation is more complicated since they have structure,
but it is still powerful tool for investigation of photon-photon processes.

2.1 Equivalent Photon Approximation

An ultra-relativistic particles have deformed electromagnetic field - due to the relativistic contraction.
Such field can be interpreted as quasi-real photons - photon with small virtuality (this concept is
displayed in picture 2.1). When the particles - whether it is proton or nucleus - either collide or
fly past each other, the photon fields can interact, in the same time leaving the colliding particles
intact. This processes is more significant for heavy nuclei, since intensity of the fields (and therefore
the equivalent photons) is proportional to the charge of the particle.

The motion of interpretation of the transverse field as photons is called Equivalent photon approz-
imation, a method first proposed by E. Fermi [22] and further developed by C. F. v. Weizécker and
J. Williams [23, 24]. Given a cross-section of some diphoton induced process, e.g. dilepton production
Oyysi+1- (My+- ), a total cross-section of such process in collision of two nuclei Ay, Ay can be written
as[3]

o A At = //P(xl)P(x2)‘777—>l+l—(mlﬂ—)dxldx%

where z; are fractions of energy of the proton carried by the photons, P are photon distributions given
by the EPA and m;+;- is invariant mass of the dilepton (and in same time of the diphoton) system.
The mass is connected to the x1,xo by simple formula ml2+l_ = x1x28, assuming there is no angle
between the photon trajectories.

Such method can be applied to most of the diphoton induced processes, if the virtuality of the
photons is small (which can be described by inequality W, >> Q?)[21]. The low virtuality also
means that the resulting leptons are emitted back-to-back.

It was found at the LHC (at energies /s = 7TeV that average virtuality of photons is of order
0.01 GeV?, satisfying this requirement for energies considered.

17
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Figure 2.1: Sketch describing Fermi’s idea of intepreting EM field of ultra-relativistic charged particles
as swarm of photons. Taken from [22].

For elastic collision (where both protons survive the interaction) can the photon distribution func-
tion been written as [25]:

Qras 402 2 22
=2 [ (1- L) (-0 e+ T2 Ru(@?).

where Fg(F)) are electromagnetic structure functions of the proton.

Situation is further complicated by several factors. The electromagnetic field is the strongest in
proximity of the nuclei and therefore close interaction of the protons will result in high-energy photon
collisions. However when they are close enough to interact by the strong force, the diphoton production
is obscured by additional processes. Furthermore, one or both nuclei may dissociate due to the photon
interaction. Such thing requires further explanation and is important in order to properly analyze the
dilepton process.

2.1.1 Impact parameter dependence

The dependence on the impact parameter is connected to term introduced in the introduction and that
is survival factor. Survival factor takes in an account the fact, that aside from the exclusive production,
additional proton-proton rescattering is possible. Even though the diphoton process is still present, it
is impossible to identify it in the underlaying event background.

Given the low transfered momentum the survival factor is part of the soft QCD (QCD with low
momentum transfers) and therefore cannot be computed through the perturbation theory. One of the
most recent approaches is summarized in [26](Appendix A) and in more detail in [27]. Basic idea is to
parametrize how is the amplitude of the process affected by the additional interaction.

First, consider the amplitude of the bare process in Figure 2. Qa) T(qlt,qQ ¢+). The rescattering

amplitude (in Figure 2.2b)) can be that defined as T"¢*(q1+, gat) f d? ktT; EDT (que + ke, gt — k).

82
Combining these two amplitudes one gets the average survival factor[ ]:

fd2Q1td2Q2t|T(Q1t, QQt) + TTES(Qltyqzt)\Q

< S?>=
[ d2q1:d%q2| T (q1e, q21) |

This formula can be rewritten in terms of the impact parameters by, bo; describing transverse separa-
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Figure 2.2: Feynman diagrams of dilepton production (a) without (b) with additional rescattering of
the protons. Taken from [27].

Figure 2.3: Definition of the impact parameter vectors. Taken from [21].
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(b)

Figure 2.4: Diagrams showing the three basic types of diphoton production: (a) elastic,(b) single
dissociative and (c) double dissociative. Taken from [21].
tion (vectors by, by are visualized in Figure 2.3) and distance between the protons by = \b;t - b;t|[ ]:

_ ] @2b14d2b3y|T (b, bar) | exp(—Q(s, br))
J d2b1¢d2boy| T (bre, bat) |2

<S%>

3

where Q(s, b;) is the proton opacity, which describes probability of no inelastic scattering. The sup-
pression of the exclusive production is bigger with smaller distance between the protons - behavior one
would expect.

In reality one cannot measure the impact factor, but it is still manifested in the dependence of the
survival factor on other variables. Study of those dependences (aside from measurement of the average
survival factor) is one of the motivations for this measurement.

2.1.2 Dissociative production

Even though the momentum transfers are usually small and proton emitting the photon is deflected
in a small angle, it can sometimes dissociate into additional partons, as is shown in Figure 2.4, where
either one or both protons break down. Thus we have three possible reactions: ezxclusive (or elastic),
where both protons survive, single dissociative (SDiss), where one of the protons survives and finally
double dissociative (DDiss)with both protons destroyed.

Since the dissociation is QCD processes, its computation is more complicated. It affects the final
state leptons and therefore the dilepton spectra are significantly different that in the elastic case [23].
The dissociative components represent another non-negligible background. Since the partons from the
dissociation are usually emitted in forward direction, they are often not detected and therefore such
event cannot be differentiated from the exclusive production.

2.2 Previous measurements

The exclusive dilepton production was already studied on several experiment, e.g. on Tevatron for
both electrons and muons on the CDF experiment[29, 30, 31], at HERA with the H1 detector[32] or at
RHIC on experiments STAR[33] and PHENIX[34]. All analyses were in agreement with the standard
model.

The survival factor was studied on ATLAS[3] and CMS[28] experiments at the LHC. Both measure-
ments were at the 7 TeV in proton-proton collisions for muons, ATLAS also included the production
of electron-positron pairs.

Both analyses used similar method to derive the survival factor and arrived to compatible results,
which are displayed in Figure 2.5. The survival factor was found to be around 80%. The ATLAS
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Figure 2.5: Survival factors derived in ATLAS and CMS for the dilepton production, compared to
theoretical prediction. Taken from [3].

analysis served as inspiration for current 13 TeV measurement. Due to the better statistics during
Run 2 on the LHC, much precise results are expected, allowing to study dependence of the survival
factor on various kinematic observables.

2.3 Monte Carlo

2.3.1 Overview of generators

In order to study the exclusive processes, one has to have good idea about the distributions of processes
with same final states. The dissociative components (SDiss and DDiss) were already mentioned.
Additional background is e.g. production of tauon pairs, which cannnot be measured directly, but may
decay into muons and electrons. Further, there is Drell-Yan contribution - two quarks annihilating
into either Z or v, which can further decay into either electron or muon pair. This process is dominant
background in both ee and pp channel and has significant peak at the mass of the Z boson. There
is also contribution from processes containing two top quarks decaying into two leptons and QCD
Multijet coming from mis-identification of bb and c¢ jets.

All background MC were already produced, while the diphoton processes had to be simulated,
which was first task of the analysis.

The exclusive component is simulated using Herwig++ Monte Carlo generator. It uses the
EPA formalism and does not include the survival factor. The dominant background is the Single-
dissociative dilepton production, which is simulated using LPair MC. It uses Suri-Yenni and Brasse
Fragmenation models, where for low Q2 values, mostly low-multiplicity states are created together with
products of A decay, while for the high Q? there is large number of various final states [3] through
various resonances with large activity at forward regions. It also does not include the survival factor
effects.

The double-dissociative background is generated using Pythia 8.212 with photon distribution
functions NNPDF 2.3 QED, using LO, NLO and NNLO perturbative expansion, starting at Q% = 2
GeV. It uses default string fragmentation model of Pythia 8 and also includes absorptive effects, which
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employ the default multi-parton model.

The Drell-Yan samples are generated using the PowHeg v2 generator and further interfaced with
Pythia 8 to include parton showers. Finally, the ¢t processes are produced using the PowHeg with
with CT10 PDF, using the Pythia 6 to simulate additional evolution of the system.

Pile-up is simulated using minimum bias events from Pythia, which is then reweighted to match
data. The simulation of passage through the ATLAS detector is done in Geant 4.

2.3.2 Double-dissociative production

The double-dissociative production allows for various modifications and setting, whose effects had to
be studied to determine the best configuration for the generation.

First test was whether the distributions are significantly affected by choice of the order of pertur-
bative expansion. Pythia allows to use only the leading order, next-to-leading order and next-to-next-
to-leading order. As can be seen from Figure 2.6 a), the difference can be quite significant and it is
necessary to use the highest order available.

Pythia further allows to choose from three values of the strong constant oy = 0.117,0.118,0.119
(since dissociation is strong process and therefore is affected by such choice). Again, the effect is
displayed in Figure 2.6 and is found to be smaller than < 1%.
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Figure 2.6: Comparison of M,,+,- distributions, (a) for three different levels of perturbation order and
(b) for three different values of a



Chapter 3

Experiment ATLAS

This chapter describes the experiment ATLAS, in which this measurement takes place, starting with
description of the Large Hadron Collider, which supplies ATLAS with collisions, and ending with a
description of individual sub-detectors.

3.1 Large Hadron Collider

Large Hadron Collider (LHC) is a circular proton-proton collider situated at CERN near Geneva,
Switzerland. It collides protons with the largest center-of-mass energy in the world, with a maximal
planned energy of 14 TeV and current energy of 13 TeV. The high energies enable to study problems
on and beyond borders of modern science. For example in the year 2012 both the ATLAS and CMS,
the general purpose experiments of the LHC, were able to confirm Higgs boson, a missing particle of
the Standard Model [35]. Experiment ALICE on the other hand studies e.g. Quark Gluon Plasma,
theorized state of matter present at earliest moments of the universe. The last experiment LHCb
focuses on the study of b-hadrons and CP symmetry breaking.

The tunnel of the LHC is around 27 km long, with additional smaller accelerators providing injecting
energy of 900 GeV'. There are approximately 2800 bunches at the same time along the ring, with
approximately 10!! protons present in each bunch. Bunches flow through two separate magnetic
channels, which only intersect in four places, where the four experiments are situated. Magnets need
to be cooled down to -271.3°C, which is ensured by a large amount of a liquid helium. In order to
minimize a loss of particles, an ultra-high vacuum must be created in the tubes with the beam particles.
The protons currently collide 40-10° times per second. Number of colliding particles and the frequency
of their collisions can be summed in luminosity, which is a proportionality factor between cross-section
of some process and number of events in which this process occurred.

3.2 ATLAS detector overview

ATLAS, A Toroidal LHC Apparatus, is a cylindrical detector consisting of a main barrel and two discs
(end-caps). It is 42 m long, has diameter of 22 meters and weights around 7000 tons. The detector
consists of four main parts - Inner Detector, Electromagnetic Calorimeter, Hadronic Calorimeter and
Muon Spectrometer. The Inner Detector is surrounded by a 2T solenoid superconducting magnet,
with additional eight 0.5T super-conducting toroidal magnets placed symmetrically around the beam
pipe and two additional 1T in the end-caps. Schematic view of the detector is in Figure (3.1).
Coordinates in the ATLAS are defined as follows: origin point is in the center of the detector with
z axis parallel with the beam pipe. x coordinate points directly to the center of the LHC ring and y is

IThe protons are injected from the CERN accelerator complex, containing for example accelerators Super Proton
Synchrotron, Proton Synchrotron or PS Booster
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Figure 3.1: Overview of main parts of ATLAS - Inner Detector, Hadronic and Electromagnetic
Calorimeters and Muon Detector, taken from [30].

perpendicular to both x, z and points upwards. However, the z, y, z coordinates are not commonly used
and are replaced by cylindrical (or spherical) coordinates ¢, r, z (¢, r, 8), where ¢ = 0 points in direction
of z axis (and 6=0 points along the z axis). Another important parameter is pseudorapidity 1 defined
asn = —log % and rapidity y defined as y = % log gf—gii. An advantage of rapidity is that it is additive
under the Lorenz transformation, whereas pseudorapidity is easier to determine, since it only depends
on angle 6. Both are equal for m = 0 and they are popular in particle physics, since distribution
of particles is almost constant when expressed in terms of y,7n. Sometimes, for simplifications, term

forward (central) region will be used for high (low) values of |n]|.

3.2.1 ATLAS triggers

The ATLAS computing would not be able to process and save all the collisions due to high rate of
events. In order to reduced, there is large number of triggers implemented. They are set up in such
way, that they focus on interesting events. One example can be the HLT,,u6 trigger (used later in
this analysis), which fires when there is one muon with py > 6 GeV detected. The triggers are often
prescaled, meaning only every n-th event is saved, in order to further reduce the event rate.

First level of trigger is purely hardware. A part of the detector serves as Level 1 (L1) trigger,
which reduces maximal 40 MHz rate of events to only 75 kHz. It searches e.g. for high pr leptons or
jets. The event rate is further lowered by the high-level trigger (HLT) to optimal frequency 1kHz. In
this analysis, only dimuon triggers are used, which require events with two leptons with some minimal
transverse momentum.
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Figure 3.2: Overview of Inner Detector - barrel and end-cap, consisting of Pixel, SCT and TRT
sub-detectors, copyright by ATLAS Experiment (©2014 CERN .

3.3 Inner detector

As can be seen in Figure 3.2, Inner Detector (ID) consists of three sub-detectors (Pixel, SCT and
TRT) and two parts - barrel and end-caps. It is surrounded by a toroidal magnet with induction of
2T, which is shorter than the inner detector, resulting in a non-uniform field in the forward regions.
Magnetic field causes deflection of charged particles in zy plane which is further used to determine pr.
The resolution of transverse momentum is % = 0.04%p7 + 2%, where pr is in GeV.

Main purpose of the Inner Detector is a reconstruction of tracks - the trajectories of particles -
and vertices - the points of either collision of particles or of their decays. In the case of the ATLAS,
it is possible to reconstruct a particle with pr as low as 100 MeV. However, in most cases minimal
pr of the reconstruction is set to 400 MeV, with an exception of e.g. minimum bias studies. In order
to minimize energy loses and maximize efficiencies, material in the detector is minimized as much as
possible [38]. ID covers whole ¢ region and |n| < 2.5.

Tracks are connected to another set of variables. Impact parameters define the distance of track’s
point of closest approach to the vertex. The ATLAS uses two - longitudinal zy coordinate, which is
the distance alongside the z axis, and transverse impact parameter dg, which is distance in the zy
plane. Both definitions of impact parameters are illustrated in Figure 3.3. Transverse momentum
pr, part of momentum perpendicular to the z axis, is usually used instead of whole momentum, since
it is invariant under Lorenz transformation and is directly determined from the curvature of particle
trajectory. Another commonly used parameter is distance in ¢,n plane: R = \/A¢? + An?, which is
used for example in fitting of the tracks.

3.3.1 Pixel detector

Being closest to the beam and therefore to the collision, the pixel detector must have a large granularity
to distinguish between large number of tracks and has to be able to resist great radiation. In R/¢ it has
resolution of 12 pum and in the z direction it has 110 ym [38]. The area of the detector is approximately
1.7 m? and it consists of three layers in both end-cap and barrel for Run 1. For Run 2, new layer -
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Figure 3.3: Definition of impact parameters dy and zg, taken from [39].

Insertable Beam Layer (IBL) - is added. This layer is only 3.3 cm from the center of the detector and
has full ¢ and |n| < 2.5 coverage. Basis of the Pixel detector are 1744 identical sensors, where each
is composed of 47233 pixels. Most pixels have proportions 50x400 um?, only 10% are 50x600 pm?.
Optimal temperature is -7°C and voltage 600 V, but it is operational also at room temperature and
with only 150 V [37]. In case of the IBL, the size of the pixels was reduced from 50 x 400 pum? to
50 x 250 pm? [40].

3.3.2 SCT detector

SCT (Semi Conductor Tracker) has a barrel and an end-cap, where barrel covers |n| < 1.4 and consists
of four layers, end-caps cover 1.4 < |n| < 2.5 and consists of nine layers on each side. There are
15912 silicon sensors, which operate on minimal voltage 150 V and optimal voltage 250-350 V [37].
Resolution is 9 pm [38].

Each layer consists of two back-to-back layers, which are necessary, since SCT is strip detector. In
order to properly define hit, there needs to be signal in each layer and strips in those layers must not
be parallel. There are two ways to approach this. They may be perpendicular, which ensures the most
precise coordinates, but it may result in ghost hits. Other possibility, used in ATLAS, is to have a
small angle between strips (in case of ATLAS it is &~ 10°), which leads to smaller precision, but lowers
chance of false hits [39].

3.3.3 TRT detector

Transition Radiation Tracker (TRT) is the outer-most detector of the inner detector. Again, it consists
of barrel (|n| < 2) and end-caps (1 < |n| < 2.5). Basic unit is a straw, which is parallel to the beam
pipe for barrel and perpendicular for end-caps. This leads (for barrel) to good resolution in zy and
consequently to poor resolution of z coordinate.

Straws of the TRT detector have a diameter of 4 mm and are composed of thin wire in gas (70%
Xe, 27% COq, 3% O2). The gas gets excited and ionized by passing particle. Due to electrical field,
electrons and ions create a current, which can be measured. With this information, distance of the
trajectory from the wire can be determined from the drift time.

TRT detector has also another function - it can distinguish between electrons and other particles.
The space between straws is filled with a radiative material. When a particle passes the border of
this material, X-rays are emitted (due to transition radiation, hence the name). Since this radiation is
proportional to E/m, it is by far strongest for electrons. The emitted photons cause another excitation
in the straws. For this reason, TRT has two thresholds, one for the measurement of passage of particle
and one for the electron identification.
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Figure 3.4: Schematic of the ATLAS calorimeter system, taken from [37].

3.4 Calorimeters

Calorimeters are used mainly to find out energy of particles by stopping them and measuring deposited
energy. They usually have absorber part, which stops the particle, and sampling material, which
measures the signal. The calorimeter system is displayed in figure 3.4. All information is taken from
[37].

Electromagnetic calorimeter - main goal is to measure and identify the electrons and photons.
It has lead absorber and liquid argon for sampling. It covers the whole ¢ region and is composed of a
barrel and two end-caps with total coverage |n| < 3.2. The barrel is divided in two parts with a small
gap in z=0. The detector has an accordion geometry which provides a full ¢ coverage.

In order to ensure most of the energy is contained within the EM calorimeter, its thickness is >
22 radiation lengths? in the barrel and > 24 in the end-caps. The resolution in energy is AE/E =
11.5%/VE + 0.5% and for ¢, A¢ = 50/+/E mrad, where in both cases energy is in GeV [34].

Hadronic calorimeter is placed around EM calorimeter and has 3 parts. First is the Tile
calorimeter. It consists of a central barel (]n| < 1) and two extended barels (0.8 < |n| < 1.7). It uses
a steel absorber and scintillator as sampling material. It has thickness of 9.7 interaction lengths®

Further there is a LAr hadronic end-cap placed behind the the EM calorimeter end-caps and
covers 1.5 < |n| < 3.2 and whole ¢. Similarly to EM calorimeter, it uses liquid argon as sampling
material, with copper as the absorber. The jet resolution of tile and hadronic end-cap calorimeter is
AE/E = 50%/VE + 3%, where E is in GeV([34].

Finally, the LAr forward calorimeter is placed around the beam pipe, covering angles up to
|n| = 4.9. It is 10 interaction lengths long and has three moduls: first with copper absorber for
electromagnetic measurement and two made of tungsten for hadrons.

2Radiation length is a distance on which electron or photon loses 1/e of its energy.
3Interaction length is, similarly to radiation length, a path after which hadron loses a 1/e of its energy.
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Figure 3.5: Schematic of the ATLAS muon system, taken from [37].

3.5 Muon spectrometer

As its name suggests, the muon spectrometer measures only muons (strictly speaking high pz muons,
which travel far enough to reach it). It consists of 3 barrel layers in 5, 7.5 and 10 meters from the
beam pipe and 2x3 end-caps at £7.9,£14, £21.5 meters, as can be seen in Figure 3.5. There is also
the barrel toroid magnet for |n| < 1.4, while for 1.6 < |n| < 2.7 there are two smaller end-cap magnets.

There are four sub-detectors in the muon spectrometer. The Monitored Drift Tubes (MDT)
cover the whole 7 range and measure track coordinates. They are made of aluminum tubes of 30mm
diameter with a cathode wire in the middle, where a position of the particle is determined from the
drift time of the particle. Further there is Cathode Strip Chamber (CSC), a multiwire proportional
chamber, which covers the most forward regions 2 < |n| < 2.7 and is more radiation resistive and can
therefore operate in a high radiation present near the beam pipe.

The trigger system consists of Resistive Plate Chambers (RPC), situated around the barrel,
and Thin Gap Chambers (TGC), which are located in the end-cap regions. Together they cover
[n| < 2.4. The RPC consists of two strip layers orthogonal to each other, with a gap between them
filled with a gas. The TGC is a multi-wire proportional chamber with a quick drift time and is designed
to provide a fast estimate of pr of the muon.

3.6 Lepton measurement

Since the goal of the measurement is to measure two leptons in the final state, it is important to know,
how they are identified by the ATLAS. Both electrons and muons are charged particles and therefore
are detected by the inner detector.

3.6.1 Muons

Muons are the most penetrating particles and therefore pass trough both calorimeters and leave track
in the muon spectrometer. Thus there are two tracks per muon, one in ID and one in MS. Based on the
amount of information, there are four types of reconstructed muons in ATLAS. A stand-alone muon
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is reconstructed only by the MS and can therefore also have 2.5 < |n| < 2.7, out-side the ID coverage.
The lowest background is found in combined muons, which are found by creating two independent
tracks in the ID and MS and then combining them.

Sometimes, for example when it has a low pr, the muon leave only a segment of a track in the
SM. If a ID track can be extrapolated to the segment, than it is identified as a segment-tagged muon.
Finally it is possible to identify a muon from ID track and the small amount of energy left behind in
the calorimeter. Such muon is called calorimeter-tagged and has the biggest background[21]. In this
analysis, the combined muons are used.

3.6.2 Electrons

Unlike the muons, electrons are usually stopped by the electromagnetic calorimeter, leaving behind
a cluster. Such cluster can be also left by photon. It is a electron, when it can be connected with a
track from the inner detector. Its energy is then determined from the energy deposited in the cluster,
while the momentum and direction is determined from the ID information. Electrons have worse
reconstruction efficiency than muons, because they suffer significant radiative losses.



Chapter 4

Strategy behind the current
measurement

The diphoton processes have in comparison to the QCD interactions significantly smaller cross-section.
Therefore it is not suprising that the exclusive processes make up only a small portion of the events
with dilepton pair in the final state, the Drell-Yan process being predominant background. Numerous
cuts have to be therefore applied in order to properly study the survival factor.

In this analysis only the muon pairs were considered, with possible expansion to electron pairs
later. First, the general preselection of muon pairs will be discussed, which reduces fake muons and
ensures clean sample. Then exclusive selection is explained, which significantly reduces background.
Finally, various corrections applied are introduced.

4.1 Preselection

4.1.1 Muon selection

First, muons are required to pass the requirements of the Combined Muon, which was explained in
the previous chapter. Specifically, there is requirement on the ID track:

e Number of pixel hits+number of crossed dead pixel sensors > 0
e Number of SCT hits+number of crossed dead SCT sensors > 4
e Number of pixel holes + number of SCT holes < 3.

e A successful TRT extension where expected

Furthermore, the muon has to have transverse momentum py > 6 GeV and |n| < 2.4, where the
kinematic range is selected based on detector and trigger acceptance. In order to ensure the muon

does not originate from a jet background, there is cut on dy significance, which is defined as % and
0

has to be smaller than 3.

Finally, there is a isolation requirement in order to reduce multi-jet background, where sum of
transverse momentum of additional particles in proximity of the muon has to be significantly smaller
than the muon pp. This is done by dedicated tool, which enables several modes of isolation.

4.1.2 Track selection

In order to select isolated muon pairs, the number of tracks in the proximity of the primary vertex
needs to be determine. For this reason the track particles need to be properly defined. First, the

30



4.1. PRESELECTION 31

T

L e e

> T 8 10 T T L
[} _ - 2 10 _: -
O 4 Vs=13TeV, L = 3.21 fo', p*p g Vs=13TeV, L = 3.21 fo™, uu
w ATLAS Internal = Data 2015 £ 10° ATLAS Internal = Data 2015
,g . Excl. yy - ppt g e EXCl. Yy - ppt
¢ 10 === SD yy-up o 10° = SDyy-pp
& = DD yy - ppt = DD yy—pp
o Zly -1t 107 Zly -1t
10 = EXcl. yy - 11 —— Excl. yy - 11
s DD Yy - TT 10° = DD yy - TT
10° - t
QCD multijet QCD multijet
— Zly-pu Z/y

12 T T T T T T T T -
1.1 —

Ratio
Ratio

3 E
T s
0.8 =

20 40 60 80 100 120 140 160 180 200 0 005 01 015 02 025 03 035 04
M [GeV] 1-|A @/

(a) (b)

Figure 4.1: (a) Invariant mass my; and (b) acoplanarity distributions after preselection.

two selected muons are excluded from the track definition. Furthermore, there is a cut on ppy > 400
MeV, which is a standard ATLAS pr cut, since tracks with lower transverse momentum have small
reconstruction efficiency.

Similarly to muon selection, there is a number of cuts on detector hits:
1. Number of silic hits >= 9 (11) if || <= 1.65(|n| > 1.65)
2. Number of IBL hits + B-Layer hits > 0

3. Number of pixel hole = 0

4.1.3 Event selection

Since not all data acquired by the ATLAS are useful for an analysis, there is a preselection by requiring
only events in so called Good Run List(GRL), which excludes e.g. events with parts of detector not
functional.

For both Monte Carlo samples and data there is a requirement of several muon triggers, the basic
one being trigger requiring two muons with py > 10 GeV (HLT), which is used for events with my > 30
GeV. Further, dimuon triggers with pr > 6 GeV were used to expand the kinematic region to lower
values and are used for mass region 10 < my < 30 GeV. Trigger with pr > 4 GeV, was also considered
but its contribution was negligible and it was therefore omitted. Finally, two muons, as defined in
section 4.1.1, with opposite charge are required. Those do not have to be necessarily the same muons
identified with the triggers.

Distributions of data and all the considered MC are displayed in Figure 4.1. Aside from the fact
that the Monte Carlos are in good correspondence with data, one can also notice a concentration of
exclusive events in lower values of acoplanarity thanks to the fact that the two leptons are back-to
back as expected. Also it is obvious the exclusive events form only negligible portion of the events and
careful selection needs to be implemented in order to be able to determine the survival factor.
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Figure 4.2: Dependence of the significance (as defined by Equation 4.1) on value of the Azy cut.
Courtesy to Mateusz Dyndal.

4.2 Exclusive selection

4.2.1 Dimuon vertex isolation

In contrast to the background processes, the exclusive dilepton production contains only two leptons in
final state. Therefore first step in isolating the signal from the background is logically to require only
two particles in the final state. However there are many collisions in one beam crossing on ATLAS
and therefore additional particles are produced. Requiring events with only two muons would lead to
practically zero yield.

This complication can be bypassed by concentrating only on a region around the dimuon vertex.
This is done by requiring no additional particles in Azg < 1 mm around the vertex. The value of the
cut is determined from Monte Carlo by searching for best value of so-called significance:

NEXCL

signi ficance = —F— (4.1)

/Ntot ’
NC’U

where NEXCL is number of exclusive events and N2t is total number of events. Dependence of this
value on the Azy cut can be found in Figure 4.2. Distribution of the events after the selection as
function of my; can be found in Figure 4.3a). The fact that the Monte Carlo does not match data is
caused by the absence of the survival factor. While on preselection level the photon processes were
negligible and it did not have effect, it is significant on this level of selection.

4.2.2 Additional selection

Another useful property of the exclusive dilepton production is that the leptons are usually back-to-
back. Therefore additional selection can be done by requiring cut either on transverse momentum of
the dilepton system: pry < 1.5 GeV, or on acoplanarity aco. = 1 — |A¢y|/m < 0.008, which results in
similar isolation of the signal, where the former one was taken in our case. The effect of this selection
can be found in Figure 4.3b).

The background is now dominated only by the single-dissociative component, with exception of the
Drell-Yan contribution in the Z mass region. It is therefore useful to exclude region 70 < my; < 105
GeV from the events, making the Drell-Yan contribution negligible. The single dissociative component
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Figure 4.3: Invariant mass my and after (a) exclusive veto and (b) cut on pr .

is however non-reducible background. Most of the components of the proton dissociation are outside
the kinematic range of the ATLAS detector and from the standpoint of the experiment is the SD
identical to the exclusive component.

The number of events in all stages of selection process can be found Table 4.1.

Selection Data Signal S-diss. D-diss. Zy/—pu'p- QCD tH—pu'p”
Initial preselection 2933384 5605 8431 7667 2268000 590000 122000

1 mm exclusivity veto 14759 4451 6671 293 3900 50 0

7 region removed 12630 4351 6395 271 2000 50 0
prup < 1.5 GeV 8014 4291 3477 58 690 15 0

Table 4.1: Approximate number of events in the data and most of the Monte Carlo samples after all
stages of selection process.

4.3 Correction to Monte Carlo

Precision of the deduced cross-section is directly connected to the ability to properly generate events
and simulate their propagation through the detector. Various scale factors accounting for difference
between data and Monte Carlo need to be applied. Example of this is scale factor for difference in track
reconstruction efficiency, trigger efficiency, there is also smearing tool which corrects for modeling of
impact parameter. Other correction is for mis-modeling of momentum resolution.

There are however still some corrections which had to be dedicated by analysis group. First, two
examples of correction - Drell-Yan particle multiplicity and beam effects - will be presented, followed
by more detailed description of derivation of trigger scale factor, where I contributed the most.

Drell-Yan particle multiplicity

The exclusive selection in essential at separating the Drell-Yan background. However as can be
seen from Figure 4.4a), the particle multiplicity (dominated by the Drell-Yan sample) is mismodeled
and in contrast to e.g. mass distribution it does not match the data. In order to correct this effect,
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Figure 4.4: (a) The track multiplicity on preselection level, (b) acoplanarity distribution with and
without beam crossing angle correction. Courtesy to Mateusz Dyndal.

the data are unfolded® from reconstructed to particle level. Fraction of this truth level distribution of
data and Monte Carlo is taken as a weight used on Monte Carlo.

Beam angle effect

In Monte Carlo proton beams are usually modeled as being parallel. In reality there is however a
small angle between the beams, which leads to Lorentzian boost in y direction and change in the final
results by 0.3% in previous analysis. Correction is done by simply applying Lorentzian Boost do the
truth spectra. The impact of this correction is however small, as can be seen from Figure 4.4b).

4.3.1 Trigger scale-factor

Another significant difference between data and Monte Carlo is efficiency of triggers. While correction
for the high pr trigger was availabe, in case of the low—pr triggers the difference - scale factor - had
to be derived.

Standard procedure is to determine efficiency of a muon being detected by the trigger € qic, . (P1, q1)
(where ¢ is a charge of the muon) and trigger efficiency of a dimuon triggers is then defined as:

€trig,dimuon = fmatch#(pT,ly q1771) : fmatch,p,(pT,Qy anz) -C

where C' is correlation factor describing how the two muons affect each other. For muons separated
by some significant distance this factor is simply 1. Since in this analysis the muons are back-to-back
this is a reasonable approximation. The scale-factor, which later applied to data, is defined as a ratio
of efficiencies for data and Monte Carlo.

For this study, a tool made by Dai Kobayashi was used (more information can be found in [412])
and the efficiency was derived for HLT mu6 (which requires one muon with pr > 6GeV). The tool
uses a Tag&Probe method, which in order to minimize trigger bias and number of fake muons? uses

decay products of some particle (usually Z boson or J/¥) and control trigger (e.g. HLT mud, which

1 Bayesian unfolding is iterative method, which is used to determine original (truth) particle spectra from reconstructed
distributions. More on this in reference [11].

2Where fake muon (or track in general) is muon not connected to any real particle, often reconstructed from random
hits which incidently form a track.
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Figure 4.5: Trigger efficiency of HLT mu6 as function of n derived using Monte Carlo for (a) 6 <
pr < 6.5 GeV and (b) 7 < pr < 7.5 GeV.

requires one muon with pp > 4GeV'). When the control trigger is fired, muon associated with it, called
tag muon, is found. Next, all muons in event are combined with the tag muon and if their invariant
mass is in some range around the studied parent particle, this second particle is taken as probe.

Next step is to find out, whether the probe muon corresponds to some trigger object of the studied
trigger. The efficiency, taken as a function of muon ppr and ¢n, is then fraction of those matched
probe muons and all probe muons. The whole process is slightly complicated by the fact that for large
energies of the parent particle (e.g. J/v) the resulting muons are really close to each other and in
order to eliminate correlation when information from both particles is overlayed (which is situation
which will is not applicable to our analysis, where the muons are required to be almost back-to-back),

a cut on distance AR = y/An? + A¢? is introduced.

In our case, the T&P method for employed for J/¢ and v decays. The motivation for v is that due
to its bigger mass it is not that boosted for same values of pr of the muons as for J/¢ and therefore
there is not such problem with separation of the trigger objects. The efficiencies has to be the same
for both parent particles, only with difference in number of events.

The method was employed for two types of tag triggers. First was already mentioned - the
HLT mud trigger - which gives the best statistics for Monte Carlo and therefore was used for it.
Further there are two high pr single muon triggers dedicated explicitly to .J/¢ and v triggering, which
will be for simplicity labeled as mul8. This trigger is more useful in data, where the J/¢ or v are
more sparse.

Comparison of both parent particles for Monte Carlo can be found in Figure 4.5, while for data it
is
The resulting efficiency Monte Carlo is in Figure 4.7a). Usage of several tag and probe methods

serves as first validation of the efficiencies.

In order to validate the efficiency, closure test needs to be performed in the Monte Carlo. Finally,
ratio of data- and MC-trigger efficiency gives the necessary scale factor, which can be found in figure
4.7b).
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Figure 4.6: Trigger efficiency of HLT mu6 as function of 7 derived using data for (a) 6 < pr < 6.5
GeV and (b) 7 < pr < 7.5 GeV. Courtesy to Mateusz Dyndal.

Source Variation from nominal yield
Muon reconstruction efficiency 1.3%

Muon momentum scale and resolution 0.3%

Muon trigger efficiency 3% (will be improved)
Pile-up description 0.5%
Exclusivity veto modelling 1.2%
Backgrounds 0.8%

LHC beam energy 0.4%
Template shapes 1.1%
Luminosity 2.1%

Total systematic uncertainty 4%
Statistical uncertainty 2.1%

Table 4.2: Summary of different contributions to the systematic uncertainty in the measurement.
Courtesy to Mateusz Dyndal.

4.4 Systematic uncertainties

Detailed description of the systematic uncertainties is beyond the scope of this thesis. There is internal
note being made which will include such description, but it will be available for members only. It is
therefore appropriate to at least offer a short overview. The description is divided in two categories.
First, muon-related systematics concerning for example the muon trigger efficiency. The secondy
category summarizes the rest of the systematics.

All systematic uncertainties are determined by modifying the nominal distribution by changing one
of the parameters - for example taking value of some efficiency modified by some factor (coming for
example from statistical uncertainty). This way one gets set of modified distributions (usually there is
one where the distribution is scaled up and one down). The difference between nominal and modified
distribution is then summed in quadrature for each bin and square root is then taken as the systematic
uncertainty.

All current systematic uncertainties are summarized in Table 4.2.
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Figure 4.7: Trigger efficiency of HLT mu6 derived using (a) Monte Carlo, (b) data. (c) scale factor,
taken as ratio of data and Monte Carlo trigger efficiencies.

4.4.1 Muon-related systematics

There are several systematics related to muons:

e Reconstruction efficiency - here the uncertainty comes from a statistical error of the scale
factor. The nominal value is scaled up or down according to the uncertainty and thus one gets
the UP and DOWN versions of the distribution. The total unc. is around 1.3%.

e Momentum resolution and scale - here are two separate uncertainties, one from the Inner
Detector and one from the Muon Spectrometer, plus one uncertainty from momentum scale.
Both resolution and scale uncertainties are found to be around 0.2%.

e Trigger efficiency uncertainty again comes from statistical uncertainty of the scale factor, whose
derivation was described in previous section. Currently this uncertainty is dominant (= 3%),
however steps to significant reduction have been already taken (e.g. larger MC samples).

e Isolation efficiency is studied by using different mode of isolation and comparing the resulting
distributions with nominal. The effect is however smaller than 0.2% and is considered negligible.
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4.4.2 Additional systematics

Pile-up description is studied using pr,n distribution of pile-up particles far from the dimuon
vertex. Ratio of such distribution for data and MC is then used to randomly add or remove
tracks and effect on final distribution is studied. The effect is taken as systematic uncertainty
and is found to be around 0.4 %.

Exclusivity veto efficiency takes again difference between data and Monte Carlo in efficiency
of the exclusivity veto. The effect is found to be 1.1%.

Background uncertainty is determined differently for all background samples, but basic idea is
to find how badly is the Monte Carlo simulated (by comparing data and MC or using different
PDF set in simulation) and then considering effect on the final result. In total the uncertainty
is 0.8%.

LHC beam energy uncertainty was not studied for Fpeq, = 6.5 GeV, hence value from Fpeqm =
4 GeV is taken. The effect on final result is found to be 0.4%.

Template is done by refitting with different acoplanarity template shapes and the uncertainty
is around 1.1%.

Luminosity uncertainty is produced by dedicated group and is found to be 2.1%.



Chapter 5

Fitting and results

As was mentioned before, the survival factor is found using a likelihood fit of the exclusive and single-
dissociative components on data. First, a quick overview of the likelihood fit is presented, followed
by description of error estimation. Then a practical implementation is described. Finally, method of
systematic propagation is presented, together with a overview of systematic uncertainties.

5.1 Likelihood fit

Whole section is based on reference [43].
When some parameter a of a probability distribution f(z,«) is unknown (as for example normal-
ization as in our case), it can be studied using a likelihood:

L(a) = f(.’l? = Tdata; Oé)

The estimator of the parameter « is such value of the parameter for which the likelihood is the biggest.
For convenience a minus logarithm of the likelihood is often used and the minimum is required instead.
Practically we then search for ay, %|a=ao = (0. The variance of the parameter can be estimated using
Rao-Cramer-Frechet inequality leading to:

N d?InL
o(a) ~ (dag> )
which can be interpreted as a value of ¢ for which In L(p &+ o) = In L5, — % when considering the
Gauss distribution.
The maximal likelihood method has an advantage that it is unbiased for a large number of data
points N (meaning < a >= a, where « is true value of the parameter) and efficient (< (o — ap)? >

is small for large N).
Disadvantage of the maximal likelihood is that its value does not hold any information about

goodness-of-fit. In order to test the result of a fit, x? test is usually used, where x2 = > (L@a)),

[er3
where y; is value of data measured at z;. It can be shown that value of x? approaches number of
degrees of freedom N and probability follows distribution:

27N/2

p(x*, N) = F(N/Q)XN*Qexp(ﬂcz/?)

The goodness of the fit can therefore be estimated by probability of resulting x?. Number of degrees
of freedom when considering histogram is N = Nyins — Nparam.

39
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Figure 5.1: Comparison of error estimation through HESSE and MINOS errors. Taken from [44].

5.2 Practical implementation

5.2.1 MINUIT

MINUIT[46] is a common tool for likelihood or x? fit used in High Energy Physics. Since most
likelihood problems cannot be computed analytically, such tool is a necessity in order to perform
numerical computation of the likelihood minimization. Since more local minimums can exist, it is
useful and almost neccessary to estimate initial values of the parameters. This could in our case be
result from previous analyses or theoretical prediction.

The MINUIT uses function MIGRAD to find the minimum. There are then two ways to estimate
errors. First is HESSE, which produces symmetric errors through parabolic extrapolation at minimum
and is based on the Rao-Cramer-Frechet inequality. The second method is MINOS, which searches
for points where In L(p + o) = In Ly + % The second method is slower but more precise and can
produced asymmetric error. Example of situation where this can lead to significant difference is in
Figure 5.1. The tool also computes correlation coefficient and allows for multidimensional fits.

5.2.2 Survival factor fit

The survival factor was computed in ROOT[45] using a RooFit[17] package, which implements MI-
NUIT. The survival factor concerns only the diphoton processes and it is already implemented into
the double dissociative component. The fit is therefore done as a normalization fit of the exclusive
and single-dissociative component. The fit is done in acoplanarity. The input distributions, fitted
distributions and plot showing the best value and its errors can be found in Figure 5.2.

In order to check the results of fit, it was repeated for various fit regions for acoplanarity between
0 and 0.6. Those fits give similar results, mainly those with best y? values tend to focus around value
90.8%. As a fit used in final results was used fit with x?/n closest to one. This fit leads to values

Serel — 0.9086 + 0.0212 — 0.02104 (stat.)
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Figure 5.2: Figures depicting effect and results of the fit for the pry cut: 1) The raw distributions
before the fit, 2) Distributions with exclusive and single-dissociative component fitted to data, c) the
value of best fit of fraction of the distributions together with a statistical error.



42 CHAPTER 5. FITTING AND RESULTS

In order to study dependence of the impact parameter on various observables, fits in multiple slices
of e.g. yy; or my; are planned. Since this will lower the number of events used in fits, it will lead to
less precise results, but will allow to study the survival factor in more detail (something what has no
yet been done).

5.3 Results

The 2015 run at the LHC presents first opportunity for physicist to study collisions at record center-
of-mass energies /s = 13 TeV. This means possible new physics, more precise results but at first
determination of new efficiencies and corrections. Large number of studies are therefore repeated. On
of them is the exclusive dilepton measurement.

The full sample from the new energies has integrated luminosity 3.21 fb~! with uncertainty around
5%, comparable to statistic available at 7 TeV. However by inclusion of the low p muon triggers 3 times
more events are observed, resulting in more precise results and possibility to study kinematic properties
of the survival factor. It was also studied how many events are lost by the trigger requirement, but it
was found to be smaller than 10%.

Total survival factor was measured by a likelihood fit currently only for the phase-space identified
by the pry cut, where the fit is done in acoplanarity. As was already mentioned, the survival factor
was found to be:

Serel — 0.9086 4 0.0212 — 0.0210 (stat.)

pPr,u
This result is optimistic since it is close to preliminary theoretical prediction (0.87 + 0.02). The fit is
also not significantly affected by choice of fitting region and the x2/N is found to be 0.9, close to the
ideal value 1.
It can be therefore concluded that the analysis is heading in right direction. Preliminary results
show that there will not be any large deviations from expected values. Further steps include for
example the 2D fits.

5.3.1 Cross-section

The measured cross-section is defined in region divided in two kinematic sub-regions, where first is for
invariant mass of the dilepton system 12 GeV < my < 30 GeV, with pr,, > 6 GeV, |n| < 2.4 and
high mass region 12 GeV < my;, with prm. > 10 GeV, |n] < 2.4. The pr selection is mainly driven
by the triggers, while the 7 is limited by geometry of the detector.

The cross-section for given fiducial region can be determined using following formula:

Nobs - kag
AN el GEZCl .o

Oexcl Lins
where Nyps in number of observed events, Nyyg is number of background events (estimated from MC,
both after application of survival factor), the L;,; represents the integrated luminosity. e** stands
for efficiency of reconstruction of the dimuon pair and it accounts for muon reconstruction efficiency,
trigger efficiency etc. The €l accounts for reduction of events due to exclusive selection and c** is
the same but for the remaining selection (Z mass peak removal, pp;; < 1.5 GeV).

In our case those values are L;,; = 3.1940.07 b=, e## = 0395+ 0.013, €*°! = 0.79440.012, ¢"* =
0.964, leading to cross-section:

Oezel = 3.30 £ 0.07(stat.) & 0.013(syst.)pb

5.3.2 Control plots

Control plots are used to check the survival factor by applying it to the Monte Carlo and checking how
well are the additional distributions now described. In Figure 5.3 few such plots are shown, showing
clearly good agreement between MC and data.
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Figure 5.3: Control plots with MC corrected by survival factor, (a) for muon 7,(b) for muon pr, (c)
for dimuon mass, all three after complete selection. (d) is for dimuon transverse momentum without
the pr i cut.



Summary

Study of dilepton production and more importantly of the survival factor is important in order to
study other, more rare, exclusive processes, as is for example light-by-light scattering or double W
boson production. First, necessary theoretical background was presented in the first chapter, focusing
on standard model and photon processes. This was followed in chapter two by description of equivalent
photon approximation, which allows to study photon-photon processes in collisions of charged particles.
It also reviewed previous measurements of the dilepton production and Monte Carlo used in the current
analysis.

In the third chapter, the ATLAS detector is described in detail, together with a short description of
the lepton reconstruction strategy. The details of the analysis, with focus on selection, are presented.
This includes mainly requirement on no charged particle activity near the dilepton vertex and cut on
dilepton transverse momentum. Currently the analysis is only for muon pairs, with possible inclusion
of electrons in future. Further the corrections of Monte Carlo are presented, with focus on low—pr
trigger scale factor. The fifth chapter is focused on derivation of the survival factor. First, likelihood
fit is explained, together with software used to perform it.

Finally, at the end of the fifth chapter, current results are presented, where the total survival factor
is found to be ¢! = 0.9086 + 0.0212 — 0.0210 (stat.), value compatible with preliminary theoretical
prediction Sthe°ry = (.87 4 0.02 (theory). This leads to cross-section of exclusive dimuon production
Oezel = 3.30 £ 0.07(stat.) £ 0.013(syst.)pb.
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