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Introduction

The Standard Model of particle physics (SM) is the theory that currently best describes
the elementary particles of which the matter is made of and their interactions. Since
its introduction in the second half of the 20th century, it has been tested and validated
numerous times, giving highly precise predictions of the existing experimental obser-
vations and providing predictions for the existence of new particles, leading to several
discoveries in the experimental particle physics �eld. An extremely important success
of the SM is the discovery of a new particle compatible with the SM Higgs boson, an-
nounced in 2012 by the ATLAS and CMS experiments at the Large Hadron Collider
(LHC). The Higgs boson was predicted in 1964 to explain the problem of the mass
generation of the SM fundamental particles, and it was not yet observed since then.
Its observation has opened a new era in understanding the nature of electroweak sym-
metry breaking, and now precision measurements of the properties of the Higgs boson
are very important to test the validity of the Brout-Englert-Higgs mechanism, the elec-
troweak theory and the SM theory itself. Higgs boson properties are largely studied by
both ATLAS and CMS experiments. Among these, the couplings between the Higgs
boson and the fundamental particles of the SM are of particular interest as their values
are predicted by the SM, given the measured values of the particle's masses and of the
vacuum expectation value of the Higgs potential. In the SM the Higgs boson has a self-
coupling, the trilinearl HHH coupling, which rules the interaction of the Higgs boson
with itself and controls the shape of the Higgs potential. The value of this particular
coupling can be directly accessed by studying the Higgs boson pair production process,
which is predicted by the SM and can happen via gluon-gluon fusion (ggF) through
top-quark loops, where an Higgs boson is �rst produced and then splits into an Higgs
boson pair. The SM cross section for the Higgs pair production via ggF in LHCpp
collision at a centre-of-mass energy of

p
s= 13 TeV iss (pp! HH) = 31:05 fb. This

value is about three orders of magnitude smaller than the single Higgs boson produc-
tion cross section, making the observation of this process particularly challenging with
the statistics collected so far by LHC experiments. Searches for Higgs pair production
process have been performed in several decay channels both by ATLAS and CMS us-
ing 2015 and 2016 collected data, corresponding to 36.1 and 35.9 fb� 1 respectively, at
a centre-of-mass energy of

p
s = 13 TeV. So far, the best observed (expected) upper

limit on HH cross section has been obtained by the statistical combination of ATLAS
searches and is equal to 6.9 (10) times the SM predicted cross section value. The cur-
rent sensitivity to this process is unlikely to bring to an observation with the available
statistics, for which the High Luminosity LHC program is needed. However, analysis
of such a rare process is nevertheless important for the development and the improve-
ment of analysis techniques in view of the future optimisation of the searches, and to
test the eventual presence of deviations from the SM predictions which may yield a hint
of physics beyond the SM (BSM).

This thesis presents a search for the SM Higgs boson pair production in the single-
leptonWWb̄b channel using the full Run 2 data ofpp collisions collected at a centre-
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of-mass energy of
p

s = 13 TeV with the ATLAS detector and corresponding to an
integrated luminosity of 139 fb� 1. TheWWb̄b channel has the second largest branching
fraction of 25%, exploiting the two leading Higgs decay channelsH ! bb̄ andH !
WW. This work focuses on the single-lepton �nal state, which is obtained requiring
oneW boson to decay hadronically and one to decay into a lepton and a neutrino.
The semi-leptonic �nal state is a compromise between signal ef�ciency, that is smaller
than the full hadronic �nal state but retains 30% of theHH ! bb̄WW events, and
background reduction of the QCD induced multijet processes which hugely affect the
hadronic �nal state. The dominant background of this analysis is thett̄ background,
which, having a �nal state equal to the signal one, is very dif�cult to reduce. In addition,
smaller background contributions come fromW=Z+jets, multijet and single top-quark
production processes. This channel has been already studied using 2015 and 2016 data,
corresponding to 36.1 fb� 1. The result of this previous analysis was an upper limit of
300 times the SM prediction, not comparable with the most sensitive analyses. The
aim of this thesis is the development of a new optimised analysis of the single-lepton
WWb̄b channel, exploiting machine learning techniques to improve the rejection of the
major backgrounds and the sensitivity of the analysis itself.

The thesis has the following structure. In Chapter 1 an introduction to the Standard
Model, with the description of the elctroweak model and of the Higgs mechanism,
as well as the basic concepts of proton-proton collisions, are presented. Moreover, a
detailed summary of single Higgs and di-Higgs production and decay processes at the
LHC, is reported in Chapter 1 as well as a brief description of the problems of the SM
and of possible BSM model predictions for resonant di-Higgs production.

Chapter 2 gives a description of the LHC accelerator complex and the ATLAS de-
tector, giving details on the reconstruction techniques of physics objects.

The state of the art of single Higgs and di-Higgs experimental measurements per-
formed at the LHC is reported in Chapter 3.

The main work of this thesis is described in detail in Chapter 4. First, an introduc-
tion to theWWb̄b channel is presented focusing on the single-lepton �nal state together
with a brief summary of the previous di-Higgs searches covering theWWb̄b channel.
Then the complete analysis of Higgs boson pair production in the single-leptonWWb̄b
channel is described. Data and simulated samples used, as well as the description of
the objects and event selection performed in this analysis are reported in detail. Then,
an introduction to machine learning techniques and a detailed description of the deep
neural network classi�er developed and used for a further optimisation of the analysis
event selection are presented. Background estimation and systematic uncertainties are
then reported before the description of the statistical analysis performed for the extrac-
tion of the �nal result of this work on the cross section of theHH ! bbWW� ! bblnqq
process.
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Summary of accomplishments and
innovations achievements

The personal contribution to the work described in this thesis is fully contained in Chap-
ter 4. A description of the theoretical framework and of the experimental apparatus
needed to introduce the description of this work are, instead, presented in Chapters 1
and 2 respectively, while the state of the art of the di-Higgs searches are presented in
Chapter 3.
My work has been devoted to the optimisation and the innovation of thebbWW� analy-
sis, with respect to its previous iteration, covering many aspects which are here brie�y
summarised:

� Development and maintenance of the analysis framework.

� Optimisation of the object selection (see Section 4.1).

� Optimisation of the event selection (see Section 4.2).

� Study and introduction of new discriminating variables: Higgsness and Topness
(see Section 4.2.5).

� Development of new Machine Learning models for the signal to background dis-
crimination; in particular the selection of the input features, the development and
the optimisation of a multi-class Deep Neural Network model (see Section 5).

� De�nition of the analysis regions (see Section 6.1).

� Normalisation of the background contribution (see Section 6.3).

� Evaluation of the systematic uncertainties affecting the analysis (see Section 7).

� Optimisation of the statistical analysis, developing the �t model for the compar-
ison of the observed data with the background-only hypothesis in a discovery �t
(see Section 8).

� Extraction of the upper limit on the Higgs pair production cross section and eval-
uation of the impact of the systematic uncertainties (see Section 9).

The studies of the MET triggers (see Appendix C) and the estimation of the multi-
jet background contribution (see Section 6.2) have been performed inside the analysis
group.
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Chapter 1

Theoretical Introduction

The Standard Model of particle physics (SM) is the theory that describes the elemen-
tary particles of which the matter is made of and their interactions. This theory has
been born and developed in the second half of the 20th century and it has been tested
and validated numerous times during this last 70 years. The SM gives highly precise
predictions of the existing experimental observations. Moreover, it has been capable of
providing predictions for the existence of new particles, leading to new discoveries in
the experimental particle physics �eld.
There are however some experimental observations done in particle physics and astro-
physics �elds for which the SM is not able to provide an explanation. These observa-
tions leads to the possibility of the existence of a physics beyond the SM (BSM).
This chapter gives the basis of the theoretical framework needed for the description of
this thesis work. A brief introduction to the SM is given in Section 1 together with
the description of the weak interactions and the Electroweak model in Section 1.1 and
the spontaneous symmetry breaking mechanism in Section 1.2. Section 2 brie�y sum-
marises the particle production in proton-proton interaction to prepare the �eld for a
deeper description of the Higgs boson in Section 3. An overview of the Higgs pro-
duction and decay modes is presented in Sections 3.1 and 3.2 respectively. Section 3.3
is dedicated to the description of the Higgs self-coupling and Section 3.4 contains the
description of the Higgs pairs production modes. Finally an overview of possible BSM
models linked to the subject of this thesis is given in Section 4.

1 Introduction to the Standard Model of Particle Physics

The Standard Model is currently the theory that better describes elementary particles
and their interactions. The elementary particles are classi�ed in two groups: fermions
and bosons. Fermions are half-integer spin particles that follow Fermi-Dirac statistics
and satisfy the Pauli exclusion principle, while bosons have integer spin and obey Bose-
Einstein statistics. Fermions are classi�ed in leptons and quarks, depending on the
force they are subject to: leptons and quarks interact via the electromagnetic and weak
force, while only quarks interact with the strong force. For this property they have an
additional quantum number with respect to leptons, related to the strong interaction, the
colour charge (often referred to red, green and blue). Leptons and quarks are further
divided into three doublets, called generations or families, of increasing mass:

�
e�

ne

� �
m�

nm

� �
t �

nt

� �
u
d

� �
c
s

� �
t
b

�
: (1.1)
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2 Chapter 1. Theoretical Introduction

Each lepton doublet has one negative charged lepton and one neutrino matching the
�avour of the corresponding lepton. The electron is the lightest charged lepton, fol-
lowed by the muon, while the tau is the heaviest. Neutrinos are considered to be mass-
less in the SM scenario, but there are experimental evidences of their oscillation [1,2],
for which it is required a neutrino mass different from zero. Quark are classi�ed in
quark-up like with +2/3 electric charge and quark-down like with -1/3 electric charge,
forming a doublet. According to the Dirac equation all these fermions have an associ-
ated anti-particle, having the same mass and opposite quantum numbers. In Table 1.1
are summarized the leptons and the quarks with their charge and their mass.

Table 1.1: ChargeQ, in units of electron chargee, and mass, in units of GeV, of leptons (a)
and quarks (b). For the neutrinos are reported the mass limits related to the �avour eigenstates
reported by [3].

(a) (b)
Leptons Q=e mass [GeV]

Electron (e) -1 0:511� 10� 3

Electron neutrino (ne) 0 < 2� 10� 9

Muon (m) -1 106� 10� 3

Muon neutrino (nm) 0 < 0:19� 10� 3

Tau (t ) -1 1:777
Tau neutrino (nt ) 0 < 18:2� 10� 3

Quarks Q=e mass [GeV]

Up (u) +2/3 2:2+ 0:5
� 0:3 � 10� 3

Down (d) -1/3 4:7+ 0:5
� 0:2 � 10� 3

Charm (d) +2/3 1:27� 0:02
Strange (s) -1/3 93+ 11

� 5 � 10� 3

Top (t) +2/3 172:9� 0:4
Bottom (b) -1/3 4:18+ 0:03

� 0:02

Quarks are not color singlets and for this reason they are not observable alone. Hadrons
are color singlet particles composed by quarks. They can be made of three quarks, in
this case they are called baryons and have half-integer spin. They can also be made of a
quark-antiquark pair and in this case they are called mesons and they have integer-spin.
Fermions interact through the exchange of mediators particles, called gauge bosons:

� photon (g), mediator of the electromagnetic interaction between charged particles;

� W� andZ bosons, mediators of the weak interaction, responsible of processes
like nuclear decays;

� gluons (g), mediators of the strong interaction, responsible of the attractive force
between the quarks in neutrons and protons, and between neutrons and protons
inside the atom's nucleus;

� graviton (G), theorized mediator of the gravitational interaction, not predicted by
the SM.

In Table 1.2 are reported the main properties of the gauge bosons.
In addition to all these particles there is the Higgs boson, which is a neutral fundamen-
tal scalar particle introduced in the Standard Model in order to generate the masses of
the gauge bosons and of all the other elementary particles. It will be better described in
Sections 1.2 and 3.

The Standard Model is a Quantum Field Theory (QFT), i.e. a theory having quantum
�elds as fundamental objects. The fundamental interactions are invariant under local
gauge transformations. In a Gauge Theory, the interactions are described by a La-
grangian, which is invariant under some group of transformations, called symmetries.
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Table 1.2: ChargeQ, in units of electron chargee, spin and mass, in units of GeV, of SM gauge
bosons [3].

Gauge boson Q=e Spin mass [GeV]

Photon (g) 0 1 < 10� 27

W� � 1 1 80:379� 0:012
Z 0 1 91:1876� 0:0021

Gluons (g) 0 1 0 (theoretical value)
Graviton (G) 0 2 < 6� 10� 41

According to the Noether's Theorem [4], for each symmetry, the associated current
and charge are conserved. If the symmetry is local, the quantities are conserved at the
space-time point where the interaction occurs. In a QFT, in order to get the theory in-
variant under local transformations, vector boson �elds are introduced, interacting with
the fundamental �elds in a gauge invariant manner.

The SM, in particular, is based on the gauge symmetry SU(3)C 
 SU(2)L 
 U(1)Y.
The U(1) group has one gauge �eld and indicates the Quantum Electrodynamics (QED)
theory. This theory describes the interaction between electrically charged particles and
the mediator of the electromagnetic interaction, i.e. the gauge boson of this group, the
photon. The SU(2) group has three gauge bosons and indicates the Weak interactions.
In this case the gauge bosons are theW� andZ bosons. The SU(3)C group has eight
gauge bosons that are the gluons of the Quantum Chromodynamics (QCD) theory, the
non-abelian theory that describes the strong interactions between quarks and gluons.
The "C" pedix stands for the color charge that is exchanged in the strong interactions.
SU(2)L 
 U(1)Y indicates the electroweak symmetry group, which uni�es electromag-
netic and weak interactions in the so-called “electroweak theory”. This theory is further
described in Section 1.1.

1.1 Weak Interactions and Electroweak Model

The weak interactions have been proposed by Enrico Fermi in 1934 [5] to explain the
process of theb decay of the neutron:n ! p+ e� + n̄e. This interaction was char-
acterised by a smaller relative intensity compared to the electromagnetic and strong
interactions. This property is visible by looking at the much bigger lifetimes of the par-
ticles weakly decaying compared to electromagnetic and strong interaction lifetimes,
e.g. the weakly decaying charged pion with lifetime of O(10� 8) compared to the elec-
tromagnetic decaying neutral pion with lifetime of O(10� 16).

The original idea of Fermi was a point-like vectorial current (V) interaction between
the particles taking part in the process, visible in Figure 1.1.

Figure 1.1: Fermi point-like interaction between the four fermions of the neutronb decay.

This theory was a good approximation at low energy, but it did not explain the experi-
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mental observation that weak interactions violate parity. For this reason, Fermi's theory
was extended introducing to the model an axial (A) term which conserves its sign under
parity transformations. In this way the violation of parity comes from the combination
of the vectorial and axial currents with the form "V � A" [6,7].

Weak interactions involve only left-handed chiral particles and right-handed chi-
ral anti-particles. The weak �eld is invariant under SU(2)L transformations, where the
subscript "L" indicates that only left-handed particles participate to these interactions.
There are two types of weak interactions: the charged-current interaction mediated by
W+ or W� bosons, and the neutral-current mediated by theZ0 boson.

The Electroweak theory has been formulated in late 60's by Weinberg [8] and Salam
[9] to unify the electromagnetic and weak interactions. This theory is based on the
SU(2)L 
 U(1)Y symmetry group to describe the lepton and quark interactions with
photons and weak mediators.

The generators of SU(2) and U(1) are the weak isospin T and weak hypercharge
YW. The electric charge arises as a linear combination of Y and the T3 component of
weak isospin, that are invariant under gauge transformations:

Q = T3 +
1
2
YW (1.2)

The gauge bosons of the electroweak interaction arise from these generators. They are
organized in the weak isospin tripletW1, W2, andW3, and weak hypercharge singlet B,
and corresponds to theg, W� andZ bosons. The propagation of the weak boson �elds
de�nitions are the following:

Bmn= ¶mBn � ¶nBm (1.3)

Wa
mn= ¶mWa

n � ¶nWa
m � geabcWb

mWc
n (1.4)

whereg is the electroweak coupling andeabc is the Levi-Civita tensor.
The Lagrangian of the electroweak interaction consists of the kinetic part of both SU(2)
and U(1) and the interaction term between matter and �elds:

L EW =
3

å
j= 1

iȳ j (x)gmDmy j (x) �
1
4

BmnBmn�
1
4
Wa

mnW
mn
a (1.5)

wherey is the fermionic �eld,gmare the Dirac gamma matrices andDm is the covariant
derivative de�ned as:

Dm = ¶m+ ig0Y
2

Bm(x)+ ig
sa

2
Wa

m(x) (1.6)

wheresa are the Pauli spin matrices.
The observable vectors �elds are obtained with the following relations:

W� =
1

p
2

(W1
m � W2

m) (1.7)

Am = BmcosqW + W3
msinqW (1.8)

Zm = � BmsinqW + W3
mcosqW (1.9)
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TheB andW3 �elds are rotated by the Weinberg angleqW to generate the electromag-
netic vector potential and the neutral weak vector potential.

At this stage the theory describes all the gauge bosons as massless. Fermionic masses
are also forbidden, otherwise they would produce an explicit breaking of the gauge
symmetry. The mass terms can be put by hand, but this would make the theory not any-
more renormalizable. The experimental evidences of massive gauge bosons requires
the masses of the particles to be present also in the theory. This discrepancy is resolved
by the Higgs mechanism that introduces mass terms in the Standard Model Lagrangian,
that is described in Section 1.2.

1.2 Spontaneous Symmetry Breaking and Higgs Mechanism

The problem of the mass generation in the Standard Model was solved by Higgs, Brout
and Englert in 1964 [10, 11]. This new model proposed a spontaneus breaking of the
SU(2)L 
 U(1)Y symmetry by the introduction of a scalar �eld in the electroweak La-
grangian. This mechanism is known as "Higgs mechanism" and provides the generation
of the masses of the fundamental particles without breaking the gauge symmetry of the
theory. The new scalar �eld is described by a complex scalar SU(2)L spin-0 doublet:

f =
�

f +

f 0

�
=

�
f 1 + if 2

f 3 + if 4

�
(1.10)

The corresponding Higgs Lagrangian is then added to the electroweak Lagrangian:

L Higgs = ( Dmf )†(Dmf ) � V(f †f ) (1.11)

whereV(f †f ) is the Higgs potential:

V(f †f ) = m2f †f + l (f †f )2 ; l > 0 (1.12)

The shape of the potential in Equation 1.12 depends on the sign ofm2:

m2 � 0 :
¶V
¶ f

= 0 ! j f minj = 0 (1.13)

m2 < 0 :
¶V
¶f

= 0 ! j f minj =

r
� m2

2l
�

u
p

2
(1.14)

whereu is the vacuum expectation valueh0jf j0i .
In the case ofm2 � 0 the potential has a single point of minimum, or ground state.
The vacuum expectation value (vev) vanishes and there is no spontaneous symmetry
breaking. In the case ofm2 < 0 the minimum is degenerate along a circumference, as
shown in Figure1.2, and there are an in�nite number of ground states with a non-zero
vacuum expectation value.
The electroweak symmetry is then spontaneously broken by selecting one of these va-
cuum states. Since no positive charged permanent �eld is observed, the ground statef 0
takes the form:

f 0 =
1

p
2

�
0
u

�
(1.15)

According to the Goldstone theorem [13], the spontaneous breaking of a global sym-
metry must be accompanied by the appearance of new massless scalar particles, called
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Figure 1.2: Illustration of the Higgs potential shape in theRe(f ); Im(f ) space for the values of
m2 < 0 [12].

Nambu-Goldstone bosons. Expanding thef �eld by a perturbation around the vacuum
expectation value we obtain:

f (x) =
1

p
2

�
q1 + iq2

u + h(x)+ iq3

�
(1.16)

where theq1;2;3 are the three Goldstone bosons generated in the spontaneous symmetry
breaking, and theH(x) is the scalar �eld that represents the physical massive Higgs
boson. By a SU(2) transformation the threeq components can be removed, removing
three Goldstone bosons. Thus, the �nalf �eld becomes:

f (x) =
1

p
2

�
0

u + H(x)

�
(1.17)

The corresponding Higgs Lagrangian expressed by use of this new �eld is then:

L Higgs =
1
2

¶mH¶mH +
g2

4
(u + H)2

�
W†

mWm+
1

2cos2qW
ZmZm

�
� m2H2+

� l HHHuH3 �
l HHHH

4
H4

(1.18)

The result of the Higgs mechanism is thatW� andZ vector bosons have gained a mass,
while the photon is left massless. Moreover, a new scalar neutral bosonH has appeared
in the theory. The �rst three terms in the Equation 1.18 represent the kinetic and the
mass terms of theW andZ bosons, and the interaction between them and the Higgs
boson. The last two terms describe the trilinear and quartic couplings of the Higgs
scalar �eld, also known as self-interactions or self-couplings of the Higgs boson.
From the Higgs Lagrangian we can extract some interesting parameters of this model:

mW� =
gu
2

(1.19)

mZ =
gu

2cos2qW
(1.20)

u = (
p

2GF )
1
2 � 246 GeV (1.21)
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l HHH =
3m2

H
u

(1.22)

l HHHH =
3m2

H
u2 (1.23)

mH =
q

� 2m2 =
p

� 2lu (1.24)

The self-couplings is related to the mass of the Higgs boson, that is a free parameter of
the theory.
The masses of the fermions arises by adding mass terms via Yukawa couplings to the
Lagrangian:

L Yukawa= � å
f = `;q

yf [ȳ Lfy R+ ȳ Rfy L] (1.25)

whereyf are the Yukawa couplings matrices for leptons and quarks. After the sponta-
neous symmetry breaking, i.e. substituting thef �eld with the one in Equation 1.17,
the Yukawa Lagrangian becomes:

L leptons
Yukawa= �

y`p
2

�
u ¯̀L`R+ ¯̀L`RH

�
+ h:c: (1.26)

L quarks
Yukawa= �

1
p

2
u(ydd̄LdR+ ỹuūLuR) �

1
p

2
(ydd̄LdR+ ỹuūLuR)H + h:c: (1.27)

where, since for the quarks there are also right-handed down-type quarks, there is the
need of the conjugate component of the doublet that give rise to the ˜y couplings.
The fermion masses are given by the following relation with the Yukawa coupling:

mf =
yf up

2
(1.28)

Inverting the Equation 1.28, it can be seen that the Higgs coupling with the fermions is
proportional to the fermion mass.
The Yukawa couplings are free parameters of the theory and therefore also the fermion
masses are not predicted by the theory. The neutrinos, instead, remain massless, but
their masses can be added to the theory with a minimal extension of the SM.

The yf matrices can be diagonalised in order to get the eigenvalues of the fermion
masses. For the leptons this transformation has no effect due to the absence of right-
handed neutrinos. While for the quarks the rotation to the mass eigenstate basis pro-
vides a mixing among the quark �avours. This mixing is described by the Cabibbo-
Kobayashi-Maskawa (CKM) matrix:

VCKM =

0

@
Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

1

A (1.29)

that can be parametrised by three mixing angles, that control the mixing among each
generation pair, and one complex phase, responsible for CP-violating phenomena of
the electroweak interactions.
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As a result of the mixing between the �avour eigenstates, the charged-currentW� in-
teractions can provide the change of the �avour of the interacting quark. Moreover,
because of CKM matrix coupling depends on the quarks involved in the transition,
there are no more equal couplings for all weak interactions, and the universality of the
weak interactions is preserved requiring thatV is a unitary matrix.

2 Particle production in proton-proton interactions

As described in Section 1, hadrons, e.g. the protons, are composite particles made of
constituents called "partons". These constituents are the quarks and gluons, that behave
as free particles because of the QCD asymptotic freedom regime [14,15]. The structure
of hadrons and the way they interact in high energy physics are described by the "parton
model", introduced by Richard Feynman in the late 60's [16].

The constituents of the proton are three "valence" quarks, two up quarks and one
down quark,uud. The quarks are bound by exchanging gluons, that can temporarily
split into quark-antiquark pairs, called "sea" quarks. In proton-proton collisions the
fundamental interaction occurs between partons. Both valence quarks, sea quarks and
gluons take part in this interaction and they contribute carrying only a fractionxi of
the proton momentum. The center-of-mass energy of the partonic interacion

p
ŝ is

therefore smaller than the proton-proton center-of-mass energys:

p
ŝ=

p
x1x2s (1.30)

wherex1 andx2 are the momentum fractions of the interacting partons from the two
protons. The probability of �nding a parton with a particular momentum fractionxi
inside the proton is described by the parton distribution functions, usually referred to
PDFs. They depend on the parton type and on the momentum transfer scaleQ2 of the
collision, as visible in Figure 1.3. The PDFs can be evolved from aQ2 scale to any
otherQ2 scale by numerically solving the "DGLAP" equations [17–19], as done in the
calculations shown in Figure 1.3.

Gluons dominate the distribution at lowx. As a result, at low partonic
p

ŝ processes
initiated by a gluon-gluon interaction have a much larger cross section at high energy
hadron interaction, compared to the processes initiated by quark-quark interactions. In
particular, in the Large Hadron Collider, the collisions are then mainly gluon-gluon
fusions, i.e. hard scattering of two gluons.

The interactions in proton-proton collision can be split into the subsequent sub-
processes that occur during the interaction, as described by the factorisation theorem:

� the initial state, with the proton partons taking part in the interaction and the
"spectators" partons which do not contribute to the interaction;

� the hard scattering process between the interacting partons, that is described by
the matrix element (ME) of the interaction equation;

� the parton shower (PS), i.e. the cascades of radiation produced from QCD pro-
cesses and interactions, like emissions or splitting of gluons and quark-antiquark
pair production;

� the hadronisation, i.e. the formation of visible color neutral hadrons from the
quarks and gluons produced in the parton shower.

These steps are schematically shown in Figure 1.4.
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Figure 1.3: Parton distribution functions for protons forQ2 scales (m2 in the plots) of 10 GeV2

(left) and 104 GeV2 (right) [20].

Figure 1.4: Schematic illustration of the different steps of proton-proton collisions.

The spectator partons that do not take part in the hard scattering process, continue their
paths recombining themselves and hadronising. This secondary process is known as
the "underlying event" of the collision.

Particle interactions are commonly described by the use of the Feynman diagrams,
like the one represented in Figure 1.4. Both in the initial state and in the �nal state
there is the possibility of having an additional emission of particles, like photons and
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gluons. These processes are often referred to as initial state radiation and �nal state
radiation, and represent the "real" corrections to the SM processes, since these emitted
particles are visible in the event. In higher order of perturbation theory the diagrams
can also contain "virtual" corrections represented as loops of particles, where there is an
emission and an absorption of an elementary particle, like a boson or a quark. All these
phenomena are known as next-to-leading order (NLO) corrections, and are of primary
importance in the precise measurements of the Standard Model properties.

3 The Standard Model Higgs boson

The Higgs boson existence, as already described in Section 1.2, was predicted since the
Higgs mechanism formulation in 1964. After many years from its prediction it was the
only particle of the Standard Model not yet observed. Huge efforts has been made in
the search for this particle at LEP [21] and at Tevatron [22]. Finally, the observation
of a particle compatible with the SM Higgs boson with a mass of about 125 GeV was
made by ATLAS and CMS in July 2012 [23, 24]. After the discovery, much progress
has been made in the understanding and precision measurements and calculations of the
electroweak symmetry breaking process. The properties of this new particle need to be
studied in order to determine if they are in agreement with the predictions for the SM
Higgs boson. The current reference value for the mass of the Higgs boson comes from
the combination of the ATLAS and CMS results in the four leptons �nal state [25], and
it is:

mH = 125:09� 0:24 GeV (1.31)

An overview of the main properties of the Higgs boson will be shown in the following
sections. Starting with a description of the production and the decay modes for a single
Higgs boson production, and then concentrating on the Higgs self-coupling and the
processes of Higgs boson pair production that can make accessible the measure of
this particular coupling. The description of the state of the art of the Higgs boson
experimental measurements will be given instead in Chapter 3.

3.1 Production processes

The Feynman diagrams of the main production mechanisms of the Standard Model
Higgs bosons are shown in Figure 1.8. They are the gluon-gluon fusion (ggF), the
vector boson fusion (VBF), the associated production with a vector boson (VH, also
referred to asHiggs-strahlung) and the associated production with a top quark pair
(ttH). The cross sections of these processes depends both on the center-of-mass energy
of the collision and on the combination of partons that take part in the initial interaction.
In Figure 1.6a and 1.6b are shown the the cross sections for each production mode as
a function of the Higgs boson mass and as a function of the center-of-mass energy

p
s

respectively.
The gluon-gluon fusion is the most probable production mode of a Higgs boson. This
is due to the big quantity of gluon-gluon interactions that happens in the proton-proton
collisions at the energies of the Large Hadron Collider. In this process two gluons
interact via a loop of quarks and produce an Higgs boson exiting from the third vertex
of the triangle loop. Since the coupling between the Higgs boson and the quarks is
dependent to the mass of the quark, the loop is composed mainly by the heaviest quark
type, that is the top quark.
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Figure 1.5: Main Leading Order Feynman diagrams contributing to the Higgs production: in (a)
gluon-gluon fusion (ggF), (b) Vector-boson fusion (VBF), (c) Higgs-strahlung (or associated
production with a gauge boson,VH), (d) associated production with a pair of top quarks (ttH)
[3].

The vector boson fusion is the second largest production mode. In this process
a quark and an anti-quark from the initial protons interact through the exchange of a
virtualW or Z boson. The Higgs boson is then emitted by the exchanged vector boson.
In the �nal state there are, thus, the Higgs boson decay products and two energetic jets
in the forward regions of the detector, coming from the hadronisation of the quarks.

The Higgs-strahlung (VH) has the third largest cross section for the Higgs boson
production. In this process the Higgs is emitted from aW� or aZ boson that is produced
by the annihilation of a quark and an anti-quark. In the �nal state there are then the
Higgs boson and the vector boson decay products.

Last, the associated production with top quarks has the smallest cross section among
these production modes. The process shows in the �nal state two top quarks, that can
be tagged by their decay, and the Higgs boson decay products.

3.2 Decay modes

The branching ratio (BR), or branching fraction, of a �nal state is de�ned as the frac-
tion of times that a particle decays into this particular �nal state, among all the possible
�nal states. The Higgs boson has several decay modes with different branching frac-
tions, depending on the mass and on the couplings of the Higgs boson. The couplings
of the Higgs boson with vector bosons are proportional to the mass squared of the
vector boson, while the ones with the fermions are proportional to the fermion mass.
In principle, then, the preferred decays should involve vector bosons. However, since
these processes are not kinematically allowed due to the Higgs mass, these processes
are suppressed and the decays with fermions are preferred. In Figure 1.7 are shown
the branching ratios of the allowed Higgs boson �nal states as a function ofmH . It is
visible that for Higgs boson masses higher than the kinematic threshold ofWW pro-
duction, the decays would be mostly in pairs of vector bosons. The value of the Higgs
boson mass, instead, being in this particular region below this threshold, allows differ-
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(a) (b)

Figure 1.6: Standard Model Higgs boson production cross sections at
p

s= 13 TeV as a function
of Higgs boson mass (a) and as a function of the centre-of-mass-energies

p
s (b). TheVBF

process is indicated here asqqH [26].

ent decays with non negligible decay probabilities, making possible the measurements
of its couplings with several particles.

(a) (b)

Figure 1.7: The decay branching ratios for the main decays of the SM Higgs boson: (a) for dif-
ferent Higgs boson masses [27], and (b) for the Higgs boson masses nearmH = 125 GeV [26].

In Table 1.3 are reported the branching fractions for a SM Higgs boson with a mass
of mH = 125:09 GeV. More than half of the times an Higgs boson decays into a pair
of bottom quarks. The second largest BR belongs to theW+ W� �nal state, that ac-
counts for� 21% of the total decays. All the other �nal states have lower branching
fractions, but some of them have a cleaner �nal state, that can provide a more precise
measurement of the Higgs boson mass compared to the two leading decay channels.
These channels are in particularH ! ggandH ! ZZ, the second of which can provide
a very clean four lepton �nal state. InH ! gg, since the Higgs does not couple with
massless particles, the decay process happens via a quark loop, in the same way as the
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gluon-gluon fusion production process.

Decay channel Branching Ratio
H ! bb̄ 5:809� 10� 1

H ! W+ W� 2:152� 10� 1

H ! gg 8:180� 10� 2

H ! t + t � 6:256� 10� 2

H ! cc̄ 2:884� 10� 2

H ! ZZ 2:641� 10� 2

H ! gg 2:270� 10� 3

H ! Zg 1:541� 10� 3

H ! m+ m� 2:171� 10� 4

Table 1.3: Branching ratios for a Standard Model Higgs boson withmH = 125:09 GeV [26].

3.3 Higgs self-coupling

As seen in Section 1.2 the self-couplings of the Higgs boson arise from the expansion
of the Higgs potential around the ground state. These couplings, already introduced in
Equation 1.22 and 1.23, are:

l HHH = l 3 =
3m2

H
u

; l HHHH = l 4 =
3m2

H
u2 (1.32)

The self-couplings determine the shape of the Higgs potential, which is connected to
the phase transition of the early universe from the unbroken to the broken electroweak
symmetry. Large deviations of the trilinear and quartic couplings are possible in BSM
scenarios. For this reason a measurement of these particular couplings are important
both in the validation of the Standard Model predictions and in the possible searches for
new physics beyond the Standard Model. The trilinear Higgs self-coupling can be di-
rectly accessed in Higgs pair production processes, that will be described in Section 3.4,
and also in an indirect way via loop corrections to single-Higgs production processes.
The quartic self-coupling appears in triple-Higgs production processes; however, due
to the very small cross section of these processes, which are suppressed by a factor
u compared to the trilinear self-coupling, this parameter is not accessible at the Large
Hadron Colliders [28]. In the following the trilinear coupling will be referred using also
thek -framework notation, i.e. the notation in which the parameters are normalised to
their SM predicted value, askl :

kl =
l HHH

l SM
HHH

(1.33)

3.4 Higgs pair production

At hadron colliders, Higgs boson pairs are dominantly produced with the gluon-gluon
fusion mechanism, mainly mediated by top quark loops, in a similar way to the sin-
gle Higgs ggF production process. There are also other production modes with sub-
leading cross section compared to the gluon-gluon fusion's one. These processes are the
vector boson fusion (VBF), the double Higgs-strahlung (VHH) and the double Higgs
bremsstrahlung off top quarks (tt̄HH andt jHH). In Figure 1.8 are illustrated the Feyn-
man diagrams that contribute to the Higgs boson pair production, while in Table 1.4 are
summarised the cross sections for the main production modes.
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Figure 1.8: Diagrams contributing to Higgs pair production: (a) gluon fusion, (b) vector-boson
fusion, (c) double Higgs-strahlung and (d) double Higgs bremsstrahlung off top quarks. The
trilinear Higgs coupling contribution is marked in red [29].

Production mode Cross section [fb] + scale unc. PDF+as unc.

ggF HH 31:05+ 2:2%
� 5:0% � 3:0%

VBF HH 1:73+ 0:03%
� 0:04% � 2:1%

Z HH 0:363+ 3:4%
� 2:7% � 1:9%

W+ HH 0:329+ 0:32%
� 0:41% � 2:2%

W� HH 0:173+ 1:2%
� 1:3% � 2:8%

tt̄ HH 0:775+ 1:5%
� 4:3% � 3:2%

t j HH 0:0289+ 5:5%
� 3:6% � 4:7%

Table 1.4: Cross sections (in fb) of the main Higgs boson pair production processes for
mH = 125 GeV in proton-proton collisions at

p
s = 13 TeV. The QCD scale factorization

and renormalization scale uncertainties, togheter with the uncertainties on the PDFs and on the
as computation are also reported [29].
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The gluon-gluon fusion is the dominant Higgs boson pair production mechanism, which
accounts for more than 90% of the total cross section of the process. In Figure 1.8a are
visible two destructively interfering box and triangle diagrams, where only in the tri-
angle diagram appears the trilinear Higgs coupling. The interference between the two
diagrams leads to a cross section value three order of magnitude smaller than the one
of single Higgs production.

The vector boson fusion process is much less probable than the ggF one, but it is
important since it is particularly sensitive to the quartic coupling between the Higgs
bosons and vector bosonsc2V (also known ascVVHH). The other production processes
have a so little cross section that are not currently experimentally accessible.
The decay channels are similar to the single Higgs ones, with the only difference that
here there are two decaying Higgs bosons. In Table 1.5 are summarised the main decay
channels with their branching ratios.

Decay channel Branching ratio
HH ! bb̄bb̄ 3:37� 10� 1

HH ! bb̄W+ W� 2:50� 10� 1

HH ! bb̄t + t � 7:27� 10� 2

HH ! W+ W� W+ W� 4:63� 10� 2

HH ! bb̄gg 2:64� 10� 3

HH ! W+ W� gg 9:77� 10� 4

Table 1.5: Branching ratios for the main decay channels ofHH processes, considering an Higgs
boson withmH = 125:09 GeV.

4 Beyond the Standard Model

The Standard Model of particle physics is a highly predictive theory, that has been
tested and validated with several experimental measurements that have con�rmed its
predictions. The discovery of the Higgs boson in 2012 by the ATLAS and CMS exper-
iments is the last example of the validity of this model. However the Standard Model
is known to be an incomplete theory. Some theoretical issues suggest that this theory is
not complete and that there should be a more fundamental theory. These are in particu-
lar the fact that the model has a not negligible number of free parameters that are only
determined by the experimental measurements. No prediction is made on these param-
eters by the SM, like the vacuum expectation value of the Higgs �eld and the Higgs
boson couplings to fermions (producing the fermion masses and the CKM matrix).

The main argument in support of an incomplete SM is the Hierarchy problem,
known also as naturalness of the Higgs mass. This problem arises from the relatively
small measured value of the Higgs boson mass. The electroweak symmetry breaking
scaleO(102 GeV) and the Planck scaleO(1019 GeV) are separated by many orders of
magnitude. The Higgs mass is set at Plank scale and then modi�ed by all higher order
radiative corrections, that determine the �nal Higgs mass. First order corrections to the
Higgs mass can be written as

dmH = �
l 2

f

16p2

�
2L 2 + O

�
m2

f ln
L
mf

��
(1.34)

wherel f is the Yukawa coupling andL is the cut-off energy scale at which the model
ceases to be valid. The mass correctiondmH is quadratically divergent inL , for this
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reason it is problematic if the SM is assumed to be valid up to the Plank scale. However,
this divergence does not represent an issue in the model when the mass correction is of
the same order of the mass itself, leading to a unnatural �ne tuned cancellation of terms.
In fact, in order to have an Higgs boson withmH = 125 GeV, these corrections must
balance the bare mass over sixteen orders of magnitude, requiring a particular �ne-
tuning of the parameters, that is possible, but extremely unlikely. The hierarchy prob-
lem would require new physics at the TeV scale, assuming a cut-off atL � O(1TeV),
or an extended theory to solve the divergence problem.

Beside theoretical issues, the incompleteness of the SM is also clear by phenomena
observed in nature that are not explained by this model. Some examples are here listed:

� Matter-antimatter asymmetry measured in cosmological and astrophysical obser-
vations is not explained by the too small CP violation in the electroweak interac-
tions. The huge imbalance between baryonic and antibaryonic matter, generated
in the Big Bang, should be then described by a new physical process, not de-
scribed in the SM.

� The matter described by the SM is only 5% of the total energy of the universe.
Cosmological and astrophysical observations have measured that the remaining
part is made by Dark Matter and Dark Energy, accounting for 27% and 68% of
the total energy respectively, whose nature is not described by the SM.

� In the SM, neutrinos are massless particles, the observation of neutrino oscilla-
tions require, instead, that neutrinos do have mass, although very small. Neutrino
mass terms can be added with a little extension of the SM.

� Gravitational interaction is not included in the SM. Thus a uni�ed description
of the four fundamental forces is missing, although the SM was never intended
to include gravity. However, embedding the SM in a more fundamental frame-
work is theoretically very appealing. The inclusion of gravity in the theory would
require its quantisation and an extension of the SM at the gravitational scales
O(1019 GeV), where it does not work at the current state.

To describe all these uncovered features, many beyond the Standard Model theories
have been proposed. In particular, some are related to the presence of additional heavier
Higgs bosons. The simplest way to include such a new particle in the SM, is by its
extension adding a new real singlet scalar �eld [30,31], heavier than the SM Higgs and
that can, therefore, decay via Higgs boson pair production processes. The new scalar
potential can be expressed like:

V(f ;S) = � m2f †f + l (f †f )2 +
a1

2
f †f S+

a2

2
f †f S2+

+ b1S+
b2

2
S2 +

b3

2
S3 +

b4

4
S4

(1.35)

where the �rst two terms are the Higgs potential in Equation 1.12,S= ( uS+ s)=
p

2 is
a gauge singlet scalar,uS is the vacuum expectation value ofS, ands is the new scalar
boson. After the electroweak symmetry breaking, the new scalar S and the Higgs mix,
resulting in two mass eigenstates with massesm1;2 andm2 � m1, where in our case
m1 = mH is the SM Higgs boson mass andm2 is the mass of the new scalar particle. If
the mass of the new scalarm2 > 2m1, the processh2 ! h1h1 of the production of two
on-shell Higgs bosons from the decay of the new havier scalar is allowed. If 2m1 >
m2 > m1, the on-shell production is not allowed but the process can still happen with
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one of the two produced Higgs produced off-shell:h2 ! h1h�
1. This BSM process

would then increase the cross section of the Higgs pair production processes, and any
deviation from the SM value with an enhanced cross section would be an indication of
a possible presence of such a new scalar particle.
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Chapter 2

The Large Hadron Collider and the
ATLAS Experiment

1 The Large Hadron Collider

The Large Hadron Collider (LHC) [32] is the largest and most powerful particle accel-
erator in the world. It is located at the CERN (Conseil Européen pour la Recherche
Nucléaire) in Geneva, near the border between France and Switzerland, and it is in
operation since 2008. It consists of a 27 km long ring, placed at 100 m of depth un-
derground. Inside the ring, there are two high energy beams of particles, travelling
in opposite directions with a speed close to the speed of light, in two separate pipes.
These tubes are kept in a ultra-high vacuum and they are placed inside the magnet
system of the accelerator. The accelerator is composed, in fact, by superconductive
magnets providing a magnetic �eld up to 8.33 T, needed to curve the trajectory of the
particles inside the beam pipes to follow the curvature of the ring. The acceleration of
the particles is provided by the use of intense electric �elds generated in the so called
radio-frequency cavities, that are placed along the ring length. For the magnets are used
coils of particular wires working in superconductive regime while maintained at very
low temperatures. For this scope, it is used a liquid helium cryogenic system, that keeps
the magnets at a stable temperature of' 2 K. The magnets used in the LHC ring have
different dimensions and type depending on their purpose. 1232 magnetic dipoles 15
meters long are used to curve the particle beams, and 392 magnetic quadrupoles, with a
length between 5 and 7 meters, are dedicated to the focusing of the beams. The focus-
ing is needed to reduce as much as possible the transverse dimensions of the beams, of
the order of some tens of microns, in the interaction points, to enhance the probabilities
of having a collision between the particles coming from the two beams. The collisions
occurs in four points of the ring, where the two beams are intercepted, that are called
interaction points (IP). In the same position, the caverns of the LHC's experiments are
placed in order to detect the products of the particle's collisions. These experiments are
ATLAS [33], CMS [34], LHCb [35] and ALICE [36].

1.1 The accelerator complex

The particles used in the LHC are protons or ions of heavy nuclei, like lead. The source
of the LHC's protons is a bottle of gaseous hydrogen. The electrons of the hydrogen are
removed by an electric �eld, allowing the injection of protons in the accelerator chain:

� Linear Accelerator 2 (Linac 2): linear accelerator made by radio-frequency cavi-
ties that brings the protons to an energy of 50 MeV;

19
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� Proton Synchrotron Booster (PSB): synchrotron that pushes the energy of the
protons up to 1.4 GeV;

� Proton Synchrotron (PS): 628 meters long synchrotron that accelerates again the
protons coming from the PSBoost up to an energy of 25 GeV. The PS can also
acceleratea particles, oxygen ions, electrons, positrons and anti-protons.

� Super Proton Synchrotron (SPS): synchrotron of about 7 Km of circumference,
that accelerates the proton beams up to 450 GeV and injects them in the two
LHC's beam pipes.

When entering in the LHC, the protons are separated in two beams travelling in opposite
directions. They are then accelerated to the maximum energy, that currently is 6.5 TeV,
but that will be elevated to 7 TeV in the next run of the machine. Along their travel in the
accelerators, protons are grouped in bunches to have an higher interaction probability
during the collision. In the LHC, when accelerated, the proton bunches are separated by
a time interval of 25 ns and can contain up to� 1011 protons. When these conditions
are reached and the protons are accelerated to their maximum energy, they are made
to collide. This collision happens between the two opposite-directed proton bunches,
giving rise the the so-called Bunch Crossing (BC) in the four experiment's caverns. In
the CERN accelerator complex are present also many smaller experiments. A schematic
view of it is shown in Figure 2.1.

Figure 2.1: The CERN accelerator complex. The LHC is the last ring (dark blue line) in a
complex chain of particle accelerators. The position of the four main experiments is shown on
the LHC ring [37].
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1.2 Luminosity and pile-up

The main work parameters of a particle accelerator are the center of mass energy and the
instantaneous luminosity. The instantaneous luminosityL is a quantity that depends
on the beam parameters of the accelerator. It is de�ned as:

L = nb frev
N1N2

4pSXSY
(2.1)

where nb is the number of proton bunches, N1 and N2 are the number of particles per
bunch, andfrev is the revolution frequency of the bunches in the LHC tunnel. The
maximum number of bunches is' 3560, that is the maximum number of positions
available in the LHC ring, having the bunches separated every 25 ns. Actually, some of
the bunches are empty for technical reasons, and the number of �lled bunches is usually
about nb ' 2500. The frequencyfrev, multiplied by the total number of �lled bunches,
gives the frequency of the collisions:fcoll = 40 MHz. SX eSY are, instead, parameters
related to the transverse dimensions of the beams. They are the width of the Gaussian
distributions of the particle's position inside the beam, in the two transverse directions.
The values of the beam parameters of the LHC machine during the Run 2 are shown in
Table 2.1.

Table 2.1: LHC beam parameters during the Run 2 [38].

The number of events produced per secondR(rate), for a process with cross sections ,
is proportional to the instantaneous luminosityL :

R= s � L (2.2)

Therefore, an higher luminosity allows to accumulate more statistics given a time in-
terval. This quantity is called integrated luminosityL, and it is related to the number of
events collectedN:

N = s � L = s �
Z

L dt (2.3)

The LHC was designed to be able to reach a center of mass energy of 14 TeV and an
instantaneous luminosity of about 1034 cm� 2 s� 1. It has started working from 2009
until the end of 2012 (Run 1), producing proton-proton collisions with a center of mass
energy of 7 TeV, then grown to 8 TeV, carrying to the discovery of the Higgs boson
in 2012 by the ATLAS and CMS experiments. Between 2013 and 2015, the opera-
tions have been suspended in order to carry some updates in the detectors. After this
shutdown, the collider has started a new data taking run, the Run 2, started in April
2015 with an higher beam energy of 6.5 TeV in order to have a center of mass energy
of 13 TeV, and ended in November 2018. The instantaneous luminosity has reached
its design value in 2016 and has arrived to the record value of 2:1� 1034 cm� 2 s� 1 in
2018. The integrated luminosity collected by the ATLAS detector in the different years
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of data taking and during the Run 2, describing the total amount of the statistics good
for physics analyses, are shown in Figure 2.2a and 2.2b respectively.

(a) (b)

Figure 2.2: Integrated luminosity collected in the different years of data taking by the ATLAS
detector (a) and during the Run 2 (b) [39].

In a bunch crossing, given the high density of the beam bunches and the high fre-
quency of collisions, many proton-proton interactions may occur simultaneously. In
this case several interaction points are produced, resulting in an higher number of par-
ticles emerging from the collision. This particular phenomenon is known as pileup and
it is dependant by the luminosity of the beams:

< m> =
L bunch� s inel

frev
(2.4)

whereL bunch is the instantaneous luminosity per bunch,s inel is the inelastic cross
section forppinteraction. The distribution of the mean number of interactions is shown
in Figure 2.3 for the data taking years of the Run 2. It corresponds to the mean of a
Poisson distribution of the number of interactions per bunch crossing calculated for
each bunch. As it is visible from Figure 2.3, in 2017 and 2018 the mean number of
interactions per bunch crossing has been higher, reaching values around 40 interactions
per collision, due to the increase of luminosity of the LHC machine.

Figure 2.3: Distribution of the mean number of interactions per crossing for thepp collision
data at 13 TeV centre-of-mass energy from 2015 to 2018 [39].
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2 The ATLAS Experiment at the LHC

The ATLAS experiment is one of the four main experiments of the Large Hadron Col-
lider. It is a general purpose particle detector with a cylindrical symmetry around the
beam pipes, designed to study thepp interactions occurring at its center. The dimen-
sions are large: it has a length of 44 m, a diameter of 25 m and a weight of 7000 tons,
which make it the largest particle detector ever built. Its layered structure and its di-
mensions are visible in Figure 2.4.

Figure 2.4: Illustration of the ATLAS detector. The dimensions and the several sub-systems are
also shown [33].

2.1 The ATLAS detector

The ATLAS detector [33] is structured in three concentric cylindrical sub-detector sys-
tems which surround the interaction point. Close to the beam pipe there is the Inner
Detector (ID), that allows to reconstruct the tracks and measure the momentum of all
the charged particles produced in collisions. It provides also the identi�cation of the
interaction vertices. The calorimeter system is placed around the ID and it is composed
by an electromagnetic calorimeter (ECAL), dedicated to the identi�cation of electro-
magnetic showers, and a hadronic calorimeter (HCAL), needed to identify and measure
the energy of hadronic jets. Finally, in the outermost part of the detector, there is the
Muon Spectrometer (MS), dedicated to the identi�cation and high precision measure-
ment of muons and their momentum. These sub-detectors are divided longitudinally in
three regions: the central part, called "barrel", and the two edges of the cylinder, called
"end-caps", resulting in a geometric acceptance close to 4p steradians in solid angle.

The particles needs to be curved in order to measure their momentum. For this
purpose in the ATLAS detector is present a complex magnetic system, composed by a
central solenoid that encloses the ID, and three large external toroids, one placed in the
barrel and one in each of the two end-caps.
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2.1.1 Coordinate system

In Figure 2.5 a picture of the ATLAS coordinate system is shown. It is axyzright-
handed reference system centered in the nominal interaction point of the beams. The
z-axis is oriented along the direction of the beams. The x-axis points the center of
the LHC ring, and forms, with the vertical y-axis, the transverse plane to the beam
direction.

Figure 2.5: The ATLAS coordinate system [33].

This reference system is usually de�ned by cylindrical coordinates: the azimuth angle
f , measured around the beam, and the polar angleq, measured with respect to the beam
axis. The radial distance measured from the origin in thex� y plane is denoted as R,
and the longitudinal asz.

In this coordinate system, useful kinematic variables can be de�ned to be invari-
ant for Lorentz boost along the longitudinal axis, as in hadron colliders the initial z-
momentum of the system is unknown. An example is the rapidity, which is de�ned
as:

y =
1
2

log
�

E + pz

E � pz

�
(2.5)

whereE is the energy of the particle andpz is its momentum along the z-axis. In
the limit where the particle is travelling close to the speed of light, or equivalently
in the approximation that the mass of the particle is negligible, the rapidity can be
approximated with the pseudorapidity, de�ned as:

h = � log
�
tan

�
q
2

��
(2.6)

In the following, the momentum of a particle in the transverse plane to the beam direc-
tion will be referred as topT = p sin(q). A commonly used quantity is also the angular
distance between objects in theh � f plane, de�ned as:

DR=
q

(Dh)2 + ( Df )2 (2.7)

2.1.2 Magnet system

The ATLAS magnet system [40] is made of four superconducting magnets. The central
solenoid is a 2.4 m superconductive coil that provides a 2 T axial magnetic �eld along
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the z-axis, to the inner detector. The three air-core toroids are composed by eight
superconductive rectangular coils each, and generate a toroidal magnetic �eld, with an
intensity between 0.1 and 3 T, for the Muon Spectrometer. In Figure 2.6 a schematic
picture of the ATLAS magnetic system is shown.

Figure 2.6: A schematic picture of the ATLAS magnetic system layout.

These magnetic �elds are needed to measure the momentum of the charged particles
that pass through the detectors. The trajectory of a particle with chargeq crossing a
magnetic �eld of intensityB with speedv is bent by the Lorentz force~FL = q~v� ~B.
The particle follows, then, a helical trajectory with a circumference of radiusR in the
plane orthogonal to~B. Thus, the momentum component of a charged track that is
perpendicular to a uniform magnetic �eld can be estimated by measuring its bending
radius in the magnetic �eld:

pT[GeV] ' 0:3 B[T] � R[m] (2.8)

The axial magnetic �eld along the z-axis curves the particles inside the solenoid in the
x� y transverse plane. The barrel toroid provides 1.5 to 5.5 Tm of bending power in the
pseudorapidity range 0< jh j < 1:4, with a magnetic �eld directed along the tangential
direction of the circumferences centered on the z-axis. The end-cap toroids are two
smaller toroids that provide a bending power of approximately 1 to 7.5 Tm in the region
1:6 < jh j < 2:7, with a magnetic �eld in theR� f plane. The bending power is lower
in the transition regions where the two magnets overlap, i.e. 1:4 < jh j < 1:6 [33].
Because of their design, all the three toroids curve the particle's trajectories in the
R� z plane. With this con�guration, the magnetic �eld is always perpendicular to the
particle's momentum, and this allows to measure their total momentump. Moreover,
in the barrel region, this con�guration provides a constant resolution of the transverse
momentum inh ; this because the �eld integral along the trajectory grows withh , thus
compensating for the samepT the larger impulse of the forward emitted particles.

2.1.3 Inner Detector

The Inner Detector [41,42] is the innermost sub-detector of the ATLAS experiment. It
is designed for the reconstruction of the tracks of charged particles produced in thepp
collisions, and for the identi�cation of the primary vertices of the interactions and of
possible secondary vertices generated from the decay of long-lived particles. The ID is
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placed inside the central solenoid, subject to a magnetic �eld of 2 T of intensity, which
allows to measure the momentum and the charge of the particles from the curvature of
their trajectory, reconstructed through high-resolution position measurements, usually
referred as hits. Its cylindrical structure, visible in Figure 2.7a, has a diameter of 2.1 m
and a length of 6.2 m, and it is composed by three different particle detectors: the pixel
detector and the Insertable B-Layer (IBL), the semiconductor tracker (SCT) and the
transition radiation tracker (TRT). The three sub-detectors, visible in Figure 2.7b, are
placed in multi-layer concentric cylinders around the beam pipes in the barrel region,
while in the forward region they are disposed in disks shaped layers perpendicular to the
z-axis. This con�guration allows to cover thejh j < 2:5 region around the interaction
point.

(a) (b)

Figure 2.7: Layout of the ATLAS Inner Detector (a) [43]. A zoomed view of the ATLAS Inner
Detector, describing its three sub-detectors: the pixel detector and the Insertable B-Layer (IBL),
the semiconductor tracker (SCT) and the transition radiation tracker (TRT) [44].

The inner detector provides accurate and ef�cient tracking for charged particles with
pT > 0:5 GeV withinjh j < 2:5, with a transverse momentum resolution of:

s pT

pT
= 0:05%pT � 1% (2.9)

In the following there is a more detailed description of the different technologies used
in the ID.

Pixel detector The silicon pixel detector is the sub-detector closest to the beam pipes.
It is composed of layers of silicon pixels in order to reach a very high granularity, that
is needed for resolving primary and secondary interaction vertices. In the barrel region,
it is made of three cylindrical layers positioned at the radial distances of 50.5, 88.5 and
122.5 mm. In the end-caps it is made of three disks perpendicular to the beams at the
longitudinal distances of 49.5, 58.0 and 65.0 mm from the nominal IP. An additional
pixel layer, the Insertable B-Layer (IBL), was installed in 2014 in the barrel region at
a radius of 33 mm from the beam axis. This new layer provides an additional point
of measurement very close to the interaction point, that, together with the B-Layer at
50.5 mm, allows a precise identi�cation of the secondary vertices of decaying particles,
improving the identi�cation of jets coming from b-quark hadronisation.

The pixel layers are segmented inR� f andzwith typically four pixel layers crossed
by each track. The pixel sensors have a minimal size inR� f � zof 50� 400mm2. This
results in a total of about 92 million pixels in the system, with an intrinsic resolution of
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10 mm in R� f , and 115mm in z in the barrel, and of 10mm in R� f and 115mm in
R in the end-caps.

Semiconductor tracker (SCT) The semiconductor tracker (SCT) is a detector made of
silicon strips. The structure of this sub-detector is analog to the one of the pixel detector,
with concentric cylinders around the beam axis in the barrel, and disks perpendicular
to the beam axis in the end-caps, covering the same region ofjh j < 2:5. In the SCT
eight layers of stereo strips with an average pitch of 80mm are used, that provide four
space points intercepted by the tracks. In the barrel region, one set of strips is parallel
to the beam axis, while the stereo strips are inclined by a small angle of 40 mrad. In
the end-cap region, the detectors have a set of strips running radially and a set of stereo
strips at an angle of 40 mrad. This con�guration allows to measure both the coordinates
with an intrinsic precision of 17mm in R� f , and 580mm in zandR.

Transition radiation tracker (TRT) Transition radiation tracker (TRT) is placed in the
outermost part of the ID. This detector is composed by straw tubes of 4 mm diameter,
�lled with a gas mixture of 70% Xe, 27% CO2, and 3% O2. In the centre of each tube
there is a gold-plated tungsten wire of 31mm diameter, at ground potential, acting as
a anode, while the walls are kept at a voltage of -1.5 kV. In this way each tube acts
as a small proportional counter, producing a low amplitude signal on the anode when
crossed by an ionising particle. Polypropylene �bers are also interleaved between the
drift tubes in order to provide the emission of transition radiation. This radiation is
absorbed by the Xenon present in the gas mixture, leading to a high amplitude signal
in the TRT electronics, that can be distinguished from low amplitude ionisation signal.
Particles emit transition radiation according to the speed they have passing through
several layers of material with different refraction indices. As a result, lighter particles,
that are high relativistic, have a higher probability of emitting transition photons, with
respect to heavier particles, allowing the TRT to identify the electrons.

In the barrel region, the straws are parallel to the beam axis and are 144 cm long,
with their wires divided into two halves, approximately ath = 0. In the end-cap region,
the 37 cm long straws are arranged radially in wheels. The total number of TRT readout
channels is approximately 351,000. With this con�guration, the TRT covers the region
jh j < 2:0 and providesR� f information, for which it has an intrinsic precision of
130mm per straw [33].

2.1.4 Calorimeter system

The ATLAS calorimeter system [45] is shown in Figure 2.8. It is composed by two
sub-systems: the electromagnetic calorimeter (EM) and the hadronic calorimeter. The
whole system is designed to be hermetic and with a �ne segmentation for the recon-
struction of photons, electrons and hadronic jets, as well as for the measure of the miss-
ing transverse energy (MET) needed to detect the neutrinos and other possible invisible
BSM particles.
The calorimeter is placed outside the ID and the central solenoid, and cover the region
jh j < 4:9. The system has a cylindrical shape, with the electromagnetic calorimeter,
designed to measure the energy of electron and photons, in the inner part, and the
hadronic calorimeter, dedicated to the energy measure of the hadrons, in the outer part.

The calorimeters are designed to provide a good containment of the electromagnetic
and hadronic showers, as well as to limit leakage of particles into the muon system.
Therefore, the total thickness of the EM calorimeter is> 22 radiation lengths (X0) in
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Figure 2.8: The ATLAS calorimeter system, with the description of the electromagnetic and
hadronic sub-systems [33].

the barrel and> 24 X0 in the end-caps, while the hadronic calorimeter has a thickness
of about 10 interaction lengths (l I).

Electromagnetic calorimeter The EM calorimeter is a sampling lead-liquid Argon (LAr)
calorimeter [46]. It is made by layers of lead absorber alternating with holes �lled with
LAr, with an accordion shape that provides completef symmetry without azimuthal
cracks. The calorimeter is divided into the barrel, that covers the regionjh j < 1:475,
and into the two end-caps, covering the region 1:375< jh j < 3:2. The barrel calorime-
ter is split in two halves with a small gap of 4 mm atz = 0, while the two end-cap
calorimeters are divided into two coaxial wheels, an external one covering the region
1:375< jh j < 2:5, and an internal one covering the region 2:5 < jh j < 3:2. Additional
material needed for the instrumentation and the cooling of the detector creates a “crack”
region at 1:375< jh j < 1:52, where the energy resolution is signi�cantly degraded. In
the radial direction, the EM calorimeter is segmented in three layers: a pre-sampler
with very high granularity inh , capable to reconstruct neutral pions decaying to two
photons and particles whose shower already started in the inner detector. After the
pre-sampler there are longer towers with high granularity for the detection of the bulk
of the EM showers, and allowing the measurements of theh andf coordinates. The
last layer detects showers generated from hadrons that start their shower inside the EM
calorimeter. The energy resolution of the ATLAS EM calorimeter is:

sE

E
=

10%
p

E
� 0:7% (2.10)

Hadronic calorimeter The ATLAS hadronic calorimeter is designed to measure the
energy and direction of hadrons produced by the hadronisation of quarks and gluons.
It surrounds the EM calorimeter and it is composed of three different typologies of
detectors:

1. Tile Calorimeter: it is a sampling calorimeter made by a steal absorber and tiles of
plastic scintillators used as active material. It is placed next to the EM calorimeter
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in the barrel and covers the regionjh j < 1 [47]. Its extensions in the end-caps
cover, instead the region 0:8 < jh j < 1:7.

2. LAr Hadronic End-cap Calorimeter (HEC): it is composed of layers of copper
absorber alternating with liquid Argon gaps used as active material. Its struc-
ture is made of two independent wheels for each end-cap, placed next to the EM
calorimeter end-caps, covering the region 1:5 < jh j < 3:2, with a little overlap
with the Tile calorimeter.

3. LAr Forward Calorimeter (FCal): it covers the region 3:1 < jh j < 4:9 and it
is about 10 X0 deep. It is composed of three modules. The �rst uses copper
as absorber and LAr as active material, and it is optimized for electromagnetic
measurements. The other two modules are designed for hadronic measurements.
They have tungsten as a passive material, chosen for its high density to provide
containment and minimise the lateral spread of hadronic showers.

The energy resolution of the ATLAS hadronic calorimeter in the barrel and in the end-
caps is:

sE

E
=

50%
p

E
� 3% (2.11)

while in the forward region it is:

sE

E
=

100%
p

E
� 10% (2.12)

2.1.5 Muon Spectrometer

The Muon Spectrometer (MS) [48] is the outermost part of the ATLAS detector. It is
dedicated to the identi�cation and the measurement of the momentum of the particles
that escape the calorimeters.

The MS covers the region injh j < 2:7 and provides the trigger of the muons in the
regionjh j < 2:4. The structure of the Muon Spectrometer is shown in Figure 2.9. It
is divided in the barrel region, de�ned byjh j < 1:0, and in the two end-cap regions, in
1:0< jh j < 2:7. In the region 1:0< jh j < 1:4, known as transition region, the magnetic
de�ection is provided by the combination of the �elds of the toroids in the barrel and
in the end-caps. This con�guration of the magnets allows to have the magnetic �eld
always orthogonal to the muon's trajectories, minimizing the effect of the multiple
scattering which would degrade the resolution.

The MS is composed by two groups of detectors. One group is designed to measure
the position of the muons with high precision in the plane where the muon is de�ected
by the magnetic �eld. These precision is needed to allow an accurate measurement of
the muon momentum. These detectors are the Monitored Drift Tubes (MDT) and the
Cathode Strip Chambers (CSC), and are called tracking chambers or precision cham-
bers. The other group of detectors is dedicated to the trigger system. These detectors
have a high timing resolution and allow to identify the collision of the detected muon.
They are the Resistive Plate Chambers (RPC) and the Thin gap Chambers (TGC), called
also trigger chambers.

In Figure 2.9 is visible the disposition of the detectors. In the barrel, the RPC and
the MDT chambers are placed before, after and inside the eight toroid coils, disposed
in three layers at 5.5 m, 7.5 m and 10 m from the z-axis. In the end-caps, the detectors
are placed in three wheels orthogonal to the z-axis, the Small Wheel before the end-cap
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toroids, the Big Wheel after the toroids, and the Outer Wheel at� 6 m after the Big
Wheel. The wheel structure is made by eightf sectors, each one of those is composed
by a small sector and a large sector, which have a little overlap inf to minimize the
acceptance holes. In the three wheels, the MDT chambers are installed for the precision
measurement of the position along the radial coordinate. The TGC chambers are placed
in the Large Wheel and, from 2015, in the Small Wheel, and provide, instead, the
trigger and the measurement of thef coordinate. In the Small Wheel are present also
the CSC for the precision measurement of the tracks emitted in the region 2:0 < jh j <
2:7. In this region of the Small Wheel, the particle rate is much higher than the MDT
recommended value, 150 Hz=cm2, and therefore the CSC are used, since they are able
to work with rates up to 1000 Hz=cm2.

Figure 2.9: Cut-away view of the ATLAS Muon Spectrometer [33].

A brief description of the four types of detectors used in the MS is reported in the
following.

Monitored Drift Tubes The MDT are gaseous detectors made of aluminium tubes with
3 cm of diameter and a length ranging from 1 to 6 m. The gas mixture used is 93%
- 7% Argon-CO2 at a pressure of 3 bar. At the center of the tube, there is a 50mm
wide tungsten wire, acting as a anode, put at an high-voltage of 3080 V. The tubes,
instead, are grounded; due to this value of potential difference between wire and tube,
the detector works in the proportional regime. The tubes are disposed to measure the
precision coordinatesh in the barrel andR in the end-caps.

The MDT signal is mainly given by the ions produced in the ionization occurring
inside the tube at the passing of a charged particle. This signal is too slow to identify the
BC of collision, not allowing their use in a L1 trigger. From the drift of the electrons to
the anode, instead, it is possible to measure very precisely the position of the passage of
the particle, that is the main purpose of these detectors. The average position resolution
is 80mm per single tube, while it is 50mm for a chamber made by 3+3 or 4+4 tubes.
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Catode Strip Chambers The CSC are multi-wire proportional chambers with a seg-
meted cathode made of strips. The wires are disposed in radial direction, while the
strips are orthogonal to the wires on one cathode, and parallel to the wires on the other
cathode. This structure allows to measure both the coordinates from the distribution of
the charged induced on the strips, with a resolution of 60mm.

Resistive Plate Chambers The RPC is the detector used in the ATLAS barrel trigger.
They are gaseous detectors made of two parallel resistive plates with a gap of 2 mm
�lled with the gas mixture 97%-3%-0.3% C2H2F4-C4H10-SF6 at atmospheric pressure.
The plates work as anode and cathode with a uniform high-voltage of' 10 KV. Two
planes of orthogonal strips, with average pitch of 30 mm, are placed on each chamber
in order to measure both theh and thef coordinates. The detector works in avalanche
regime, where the electrons produced in the ionization are accelerated by the electric
�eld producing showers on the anode. The signal is very fast, since it is induced on
the strips by the drift of the electrons in the gap and their deposit on the plates. The
RPC have a timing resolution of 1.5 ns, and can therefore identify the BC of the event,
allowing their use in the trigger system. The spatial resolution is determined by the
pitch of the strips and it is of the order of 1 cm.

Thin Gap Chambers In the MS end-caps, due to the high rate of particles, the RPC
chambers are substituted by the Thing Gap Chambers. The TGC are multi-wire cham-
bers with resistive cathode. The distance between the anode wire and the cathode
(1.4 mm) is smaller than the wire-wire distance (1.8 mm), with the wires having a
diameter of� 50 mm. The TGC are �lled with a gaseous mixture made of 55% of CO2
and 45% of n-C5H12). The electric �eld con�guration and the little distance between
the wires allow an excellent timing resolution. The TCG are, in fact, used for the trig-
ger in the end-cap region of the MS. Moreover, they provide the measurement of the
azimuth coordinate, that is not measured by the MDT cambers.

2.1.6 Trigger system

The Trigger and Data Acquisition (TDAQ) system [49] is an essential component of
the ATLAS experiment. It has the crucial task of deciding in real time whether to
record data from a given collision, resulting in a huge impact on the datasets available
in physics analyses. This reduction of the recorded data is needed due to the limitation
in the data storage and the impressive event rate of the LHC collisions, happening
every 25 ns. Fortunately, most of the produced data are not of interest for the ATLAS
physics program, as the rate is dominated by low-pT inelastic and diffractive collisions.
However, the ATLAS trigger system must provide high ef�ciency in the selection of
interesting physics data. The whole system is then designed to �nd a balance between
these requirements.

The ATLAS Run-2 TDAQ system is built on two levels of online selection, as shown
in Figure 2.10: a �rst hardware-based level (L1), for a coarse reduction of the event rate,
and a second software-based level (HLT), where the �nal decision on the selection of
the event is made.

L1 trigger The hardware L1 trigger uses only a small fraction of the information de-
livered by the detector to take its decision in less than 2.5ms. It exploits data with
reduced granularity coming from custom electronics of the calorimeters and the muon
detectors, in dedicated regions of interest (RoI). The calorimeters provide information
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about clusters of energy deposits and missing transverse energy calculations, while the
MS provides information from trigger chambers about transverse momentum and track
position. The L1 trigger decision can reduce in this way the event rate of 40 MHz up to
100 kHz.

HLT trigger The high level trigger re�nes the decisions taken in the L1 trigger, inte-
grating the RoI data with the full detector information. It is a software level that runs
complex trigger algorithms to decide whether to select the events, with a two steps pro-
cedure. In the �rst step, called Level 2, dedicated fast trigger algorithms are used to
provide early rejection, in which partial ID information, only inside identi�ed RoI at
L1, is incorporated in the trigger. Each L1 muon candidate is integrated with MDT data
preforming a track �t extrapolated to the ID. Raw calorimetric informations are recon-
structed by fast algorithms into cluster and cell objects. The second step, called Event
Filter, consists in more precise and more CPU-intensive algorithms, similar to those
used for of�ine reconstruction, to reconstruct the objects in jet, electron, and photon
candidates, and perform the �nal selection. The HLT has a processing time of 200 ms
and reduces the event rate up to 1 kHz.

Figure 2.10: Trigger and data acquisition scheme of the Run 2 of the ATLAS detector [49].

2.2 Physics objects de�nition and reconstruction

Standard object de�nitions are usually recommended by the ATLAS collaboration to
be used in physics analyses, and the analysis described in this work follow these rec-
ommendations. In this section are, therefore, described the de�nitions and the recon-
struction techniques of the different physics objects in the ATLAS detector. The recon-
struction is a complex process designed to identify the particles produced in the event
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starting from track and cluster information, built using all the sub-detectors signals. The
charged tracks emerging from the collisions are reconstructed together with the primary
and secondary vertices of interaction, as described in Section 2.2.1. The reconstruc-
tion and identi�cation of electrons, muons and taus are given in Section 2.2.2, 2.2.3
and 2.2.4, respectively. The hadronic jets reconstruction is presented in Section 2.2.5
together with the description of the b-tagging identi�cation algorithm. Finally, the
building method of the missing transverse energy is described in Section 2.2.6, while
the overlap removal criteria between the different reconstructed objects is discussed in
Section 2.2.7.

2.2.1 Tracks and vertices

As described in Section 2.1.3, charged particles leave several hits in the different sub-
detectors of the ID during their passage, that are used to reconstruct the tracks. Track
reconstruction in ATLAS [50] is performed in two stages: a loose track candidate is
searched from combination of cluster of hits, then, a stringent ambiguity-solver algo-
rithm compares and rates the individual tracks by assigning a relative track score to
each track, selecting the best candidates.

The hits are �rst grouped in clusters for each pixel and SCT detector layer. From
these clusters, three-dimensional space-points are created, representing the point where
the charged particle has passed. Three space-points de�ne a track seed. The seed, in-
tegrated with additional space-points from the remaining layers of the pixel and SCT
detectors which are compatible with the preliminary trajectory, is used from a combi-
natorial Kalman �lter [51] to build a track candidate. Some track candidates may share
some of their space-points. This situation is solved by the ambiguity solver algorithm.
Here, track candidates are processed individually in descending order of a track score,
that is higher for tracks that more likely correctly represent the trajectory of a charged
primary particle, selecting candidates with the largest score. This score is assigned de-
pending on the track quality, looking at the momentum, cluster multiplicity, holes and
c 2 of the track �t. Track candidates are rejected if they fail to meet basic quality crite-
ria, and, �nally, the tracks are extended into the TRT. By the use of the full information
of the three detectors, the tracks are �tted once again with a high-resolution �t to extract
the �nal track parameters.

The �nal reconstructed tracks are described by �ve parameters:

� the impact parameterd0, de�ned as the distance of closest approach in the trans-
verse plane of the track to the primary vertex;

� thezcoordinate of the point where the track is closest to the interaction regionz0;

� h andf of the outgoing particle;

� the track momentum or curvatureq=pT.

Interaction vertices can be reconstructed after track reconstruction [52]. The recon-
struction of primary vertices is done in two steps. Reconstructed tracks are used to �nd
a vertex candidate from their crossing point by the primary vertex �nding algorithm.
Then, the vertex position is reconstructed an adaptive vertex �tting algorithm [53],
which takes as input the seed position and the tracks around it. Tracks incompatible
with the vertex are used to seed a new vertex and the procedure is repeated until all
tracks are associated of no additional vertex can be found. Among all the reconstructed
vertices in a event, the vertex with the highestå tracks

�
ptrack

T

� 2
is selected as the primary

vertex.
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2.2.2 Electrons

The characteristic signature of electrons consists in a track in the ID together with a
narrow shower in the EM calorimeter. An electron is, therefore, de�ned as an object
consisting of a cluster built from energy deposits in the calorimeter and a matched
track (or tracks) [54]. Tracks are reconstructed according to the procedure described in
Section 2.2.1, while energy deposit clusters are formed from topologically connected
EM and hadronic calorimeter cells using a cluster based algorithm. The algorithm �rst
removes the cells not passing some noise thresholds, and then iteratively merges the
neighbouring cells in the so called topo-clusters. Electron reconstruction only uses the
energy from cells in the EM calorimeter, called EM energy, except in the transition
region of 1:37 < jh j < 1:63, where the energy measured in the hadronic calorimeter
is considered. The EM fraction (fEM) is de�ned as the ratio of the EM energy to the
total cluster energy. Clusters with less than 400 MeV are discarded and a preselection
requirement of fEM > 0.5 is applied, as it rejects� 60% of pile-up clusters without
affecting the selection ef�ciency of true electron topo-clusters. The ID tracks are then
re-�tted accounting for additional energy loss to improve the estimation of the track
parameters, and then matched to the selected clusters, called EM topo-clusters. The
algorithm also builds conversion vertices using the tracks with the higher probability to
be electron tracks as determined by the TRT. Two-trackg ! e+ e� conversion vertices
are reconstructed from two opposite-charge tracks forming a vertex consistent with
that of a massless particle, while single-track vertices are essentially tracks without hits
in the innermost sensitive layers [54]. The reconstructed conversion vertices are then
matched to the EM topo-clusters.

The �nal electron object is based on dynamic, variable-size clusters, called su-
perclusters. EM topo-clusters are used as seed cluster candidates; the neighbouring
EM topo-clusters are identi�ed as satellite cluster candidates, which may emerge from
bremsstrahlung radiation or topo-cluster splitting, and added to the seed candidates to
the �nal superclusters. Finally the electron objects to be used for analyses are built.
The four-momentum of the electrons is computed using information from both the �nal
calibrated energy supercluster and the best track matched to the original seed cluster.
The energy is given by the �nal calibrated supercluster, while thef andh directions
are taken from the corresponding track parameters with respect to the beam-line.

The reconstructed electron candidates contain a high contamination of electrons
from photon conversions, non-isolated electrons from in-jets decays and jets faking
electrons. To identify prompt electrons, a multivariate likelihood-based discriminant is
used. The discriminating variables used by the likelihood identi�cation are the longi-
tudinal and transverse shower pro�les, the track quality, the track and cluster positions
to match inh andf and the presence of high-threshold TRT hits. From cuts applied to
the discriminator output, three levels of identi�cation are provided in order of increas-
ing electron purity and decreasing electron ef�ciency, labelled as Loose, Medium and
Tight. The ef�ciencies for the three working points are shown in Figure 2.11.

An isolation criterion is also de�ned for the reconstructed electrons to further sup-
press the mis-identi�cation, quantifying the energy of the particles produced around the
electron candidate. The isolation variable used for reconstructed electrons is a track-
based isolation,pvarcone30

T , de�ned as the sum ofpT of all tracks, satisfying quality
requirements, within a cone ofDR= min(0:3;10 GeV=pT) around the candidate elec-
tron track. A calorimeter-based isolation variable is also used,Econe20

T . It is de�ned
as the sum of the transverse energy of topological clusters in a cone of sizeDR= 0:2
around the electron, after subtracting the contribution from the energy deposit of the
electron itself and correcting for pile-up effects. Five isolation working points, listed in
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Figure 2.11: The electron identi�cation ef�ciency inZ ! eeevents in data as a function ofET

(left) and as a function ofh (right) for the Loose, Medium and Tight operating points [54].

Table 2.2 are de�ned using these two variables.

Isolation WP Calorimeter isolation Track isolation
HighPtCaloOnly Econe20

T < max(0.015� pT , 3.5 GeV) -
TightTrackOnly_VarRad - pvarcone30

T;TTVA =pT < 0.06
TightTrackOnly_FixedRad - pvarcone30

T;TTVA =pT < 0.06 ( if < 50 GeV)
pcone20

T;TTVA =pT < 0.06 ( if � 50 GeV)
Tight_VarRad Econe20

T =pT < 0.06 pvarcone30
T;TTVA =pT < 0.06

Loose_VarRad Econe20
T =pT < 0.2 pvarcone30

T;TTVA =pT < 0.15

Table 2.2: De�nition of the electron isolation working points. The pedix "TTVA" stands for
track-to-vertex association and indicates that the track was used in the vertex �t, or satis�es
jDz0jsinq < 3 mm.

2.2.3 Muons

Muons give a characteristic clean track in the ID and in the MS, while deposit a small
amount of energy in the calorimeter system.

The muon reconstruction is �rst done independently in the ID and in the MS. In
the ID, muons are reconstructed like any other charged particle as described in Sec-
tion 2.2.1. In the MS, the reconstruction starts with the "segment" �nding, i.e. a short
straight-line track, in the two precision sub-detectors, MDT and CSC, using a Hough
Transform [55] to search for hits aligned on a trajectory in the bending plane of the
detector. The second coordinate is provided to MDT segments by RPC or TGC hits.
Muon track candidates are then built by �tting together hits from segments in different
layers. A track candidate is accepted if thec 2 of the �t satis�es the selection criteria.
Hits providing large contributions to thec 2 are removed and the track �t is repeated. A
hit recovery procedure is also performed looking for additional hits consistent with the
candidate trajectory, and the �t is repeated if additional hits are found.

At this stage, the segments from the ID and the MS are combined, using also
calorimeter information. Depending on the type of combination, four muon types are
de�ned:

� Extrapolated muons (ME): muons reconstructed exclusively from hits in the MS.
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� Combined muons: muons reconstructed with a global re�t of the hits from both
the ID and MS subdetectors, used to reconstruct independently tracks in the ID
and MS. During the global �t procedure, MS hits may be added to or removed
from the track to improve the �t quality. The standard procedure follows an
outside-in pattern recognition, in which the muons are �rst reconstructed in the
MS and then extrapolated inward and matched to an ID track. An inside-out com-
bined reconstruction, in which ID tracks are extrapolated outward and matched
to MS tracks, is used as a complementary approach [56]. This alternative ap-
proach has advantages for muons with lowpT, which loose a signi�cant part of
their energy in the calorimeter and cannot be reconstructed in the MS because of
small number of hits or big deviation of the track due to energy loss and multi-
ple scattering. This approach is also advantageous where the muon spectrometer
coverage is incomplete because of layout issues or malfunctioning chambers [57].
The combined muons are the muons with the best quality, but are available only
in the regionjh j < 2:5.

� Segment-tagged muons: ID tracks are extrapolated outwards to the precision
plane of the muon segments. Then, a matching is performed using position and
angle in the precisionrz-plane and the position in thexy-plane. Finally, additional
cuts on the quality of the segments are applied to reduce the contribution of fake
muons.

� Calorimeter-tagged muons: the algorithm search for a match between ID tracks
and energy deposits compatible with muons in the calorimeter. If the match is
found, a cut is applied to de�ne the ID track as a muon.

After reconstruction, high-quality muon candidates are selected by a set of require-
ments on the number of hits in the different ID and MS sub-detectors stations, the track
�t properties, and the match between the individual measurements in the two detec-
tor systems [58]. Five muon identi�cation working points are then de�ned for use in
physics analyses:

� Loose: maximizes the reconstruction ef�ciency while providing good quality
muon tracks. All muon types are used.

� Medium: mininimizes the systematic uncertainties associated with muon recon-
struction and calibration. Only combined and extrapolated tracks are used, with
some selection criteria on the number of hits in the tracks [58].

� Tight: maximises the purity of muons at the expenses of the ef�ciency. Only
CB muons with hits in at least two stations of the MS and satisfying the Medium
selection criteria are considered.

� High-pT: provides the best momentum measurement for thepT range of hundreds
of GeV up to several TeV.

� Low-pT: maximizes the ef�ciency for muons down topT = 3 GeV while main-
taining a reasonable fake rate.

The ef�ciencies for Medium and Tight muons are shown in Figure 2.12.
Isolation requirements on the muons are necessary to select muons originating from

the decay of heavy particles, such asW, Z, or Higgs bosons, while rejecting muons
coming from semileptonic decays, which are embedded in jets. The muon isolation
variables,pvarcone30

T andEtopocone20
T , are de�ned in a similar way to the electron isolation
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(a) (b)

Figure 2.12: Muon reconstruction ef�ciency as a function ofh measured inZ ! mmevents
for Medium (a) and Tight (b) muon working points. The plot (a) also shows the ef�ciency of
the Loose WP in the regionjh j < 0:1 where the Loose and Medium selections differ signi�-
cantly [56].

variables. An additional particle-�ow based variable is de�ned as the transverse energy
of neutral particle-�ow objects in a cone of sizeDR= 0:2 around the muon, labelled as
Ene�ow20

T . Five isolation working points, listed in Table 2.3 are de�ned using these two
variables.

Isolation WP De�nition Track pT requirement
P�owLoose* (pvarcone30

T + 0:4� Ene�ow20
T ) < 0:16� pm

T pT > 500 MeV
P�owTight* (pvarcone30

T + 0:4� Ene�ow20
T ) < 0:045� pm

T pT > 500 MeV
Loose* pvarcone30

T < 0:15� pm
T ; Etopocone20

T ) < 0:3� pm
T pT > 1 GeV

Tight* pvarcone30
T < 0:04� pm

T ; Etopocone20
T ) < 0:15� pm

T pT > 1 GeV
HighPtTrackOnly pcone20

T < 1:25 GeV pT > 1 GeV
TightTrackOnly* pvarcone30

T < 0:06� pm
T pT > 1 GeV

Table 2.3: De�nitions of the muon isolation WPs. The criteria used are listed in the second
column, while the requirement on the minimal trackpT is shown in the third column. WPs
marked with * exist in two variants: one with the coneDR parameter shrinking following
min(10 GeV/pm

T , 0.3) for anypm
T , the other remaining constant atDR = 0:2 for pm

T > 50 GeV
[58].

2.2.4 Taus

The reconstruction of hadronic tau candidates (t vis
had) is described in detail in Ref. [59].

The candidates are seeded by jets formed using the anti-kt clustering algorithm [60],
with a distance parameter of 0.4. A set of boosted decision trees is used to classify all
tracks within R = 0.4 of thet vis

had axis into core and isolation tracks, depending on their
pT, the number of hits in the tracking detectors and their transverse and longitudinal
impact parameters with respect to the tau vertex.

Dedicated algorithms are used to identify the visible decay products of hadronic tau
decays, and, due to the distinct signatures of 1- and 3-prong hadronic tau decays, the
tau identi�cation is split into dedicated algorithms for 1- and 3-trackt vis

had. In particular
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a recurrent neural network (RNN) classi�er is used [61]. Depending on cuts on RNN
score, four working points with increasing background rejection (Very loose, Loose,
Medium and Tight) are de�ned to be used by physics analyses. The corresponding
signal selection ef�ciencies and rejection powers are given in Table 2.4.

Signal ef�ciency Background rejection RNN
Working point 1-prong 3-prong 1-prong 3-prong

Tight 60% 45% 70 700
Medium 75% 60% 35 240
Loose 85% 75% 21 90

Very loose 95% 95% 9.9 16

Table 2.4: List of tau identi�cation working points with �xed truet vis
had selection ef�ciencies

and the corresponding background rejection factors for misidenti�edt vis
had in dijet events for the

RNN classi�er, both for 1-prong and 3-prong selections [61].

2.2.5 Hadronic Jets

At hadron colliders, quarks and gluons are also produced in the collisions. Due to the
QCD colour con�nement, quarks and gluons, which are colored, hadronise and produce
collimated showers of particles, called hadronic jets.

The jet reconstruction has the goal to combine these produced particles into a
physics object that gives information about the initial parton. The jet reconstruction
in ATLAS can be performed in two ways: using only calorimeter information, or via a
more recent method that combines calorimeter and ID informations. The �rst method
produces the so called electromagnetic topological jets (EMTopoJets). Calorimeter
cells are grouped by a three-dimensional topological clustering algorithm in the so
called topological clusters (topo-clusters) of energy deposits. The topo-clusters are used
as inputs to a jet �nding algorithm that reconstructs the EMTopoJets using the anti-kt
algorithm [60] with a distance parameterR= 0:4. The anti-kt clustering algorithm se-
quentially combines topo-clusters into larger objects based on the momentum-weighted
distance between two clusters, given by:

di; j = min
�

k2p
ti ;k2p

t j

� D2
i j

R2 (2.13)

and the momentum-weighted distance between a cluster and the beam, given by:

di;B = k2p
ti (2.14)

whereD2
i j = ( yi � y j )2 + ( f i � f j )2 andyi andf i are respectively the rapidity and the

azimuth of particlei, while kti is the transverse momentum.R is distance radius pa-
rameter andp is a parameter of the anti-kt algorithm that is set to -1. The algorithm
identi�es the minimum distance betweendi j anddiB, starting from the entityi with the
highest momentum as seed. Ifdi j < diB, i and j are combined into a single pseudo-
jet. Otherwise,i is considered as a �nal state and is removed from the list of entities.
The distances are then recalculated between the objects in the new updated list, and the
procedure is repeated until no entities are left. For construction, this algorithm tends
to cluster soft particles with hard objects before clustering soft particles together. The
algorithm is therefore sensitive only to hard particles proximity at disadvantage of soft
radiation, resulting in conical-shape jets, as visible in Figure 2.13.
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Figure 2.13: Illustration of the active catchment areas of the resulting hard jets clustered with
the anti-kt clustering algorithm [60].

The second reconstruction method used in ATLAS is based on particle-�ow tech-
niques [62]. The ID tracking system provides more precise measurements of charged
particle energies and positions, while at high energies, the calorimeter's energy reso-
lution is superior to the tracker's momentum resolution. This technique combines the
ID tracking information for charged particles with the calorimeter information for both
charged and neutral particles for an optimal event reconstruction. Both the hadronic
jets and the soft activity, i.e. additional hadronic activity below the threshold used in jet
reconstruction, reconstruction is performed with this combination. Outside the geomet-
rical acceptance of the ID, only the calorimeter information is available and therefore
only topo-clusters are used as inputs to the particle �ow jet reconstruction. In the re-
gion jh j < 2:5 the energy of the charged particle is double-counted. To avoid this, the
charged track's signal in the calorimeter is identi�ed and subtracted on a cell-based ba-
sis, ideally leaving only a calorimeter measurement of the electrically neutral particles.
This procedure is done only for well reconstructed ID tracks, satisfying stringent re-
quirements on the number of hits in the reconstructed track. The main challenge of this
technique, for which it is optimised, is to accurately subtract all track's energy, without
removing any energy deposited by any other particle.

Jet objects are then calibrated in the energy scale using truth simulated jets. The
calibration, known as Jet Energy Scale (JES), is needed to correct for non-linearities,
energy loss in inactive areas, leakage, mis-reconstruction and different energy scales
in the electromagnetic and hadronic calorimeters. A correction due to pile-up is also
applied, since the energy deposition in jets is affected by the presence of multiplepp
collisions in the same bunch crossing as well as residual signals from other bunch cross-
ings.

Moreover, the Jet Vertex Tagger (JVT) tool is used in ATLAS for additional pile-up
suppression [63]. This technique uses a multivariate combination of pile-up sensitive
track information to discriminate between pile-up jets and jets originating from the
primary vetex.

b-tagging The identi�cation of jets produced byb-quark hadronisation, known asb-
jets, is of high importance in order to discriminate these particular jets from the larger
background of jets containing other quark �avours. Many physics processes of interest
contain in their signature a b-jet, like the decay of the Higgs boson into bottom quark
pairs, or the decay of a top quark into a bottom quark and a W that is present in many
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SM and BSM processes.
b-hadrons have lifetimes of the order of 1.6 ps, which allows the hadron to have a

small but signi�cant mean �ight length in the detector before the decay. This length is of
the order of 2-3 mm from the primary vertex and it is followed by the b-hadron decay
vertex, usually referred to as secondary vertex. The secondary vertex and the tracks
arising from it can be detected in the �rst layers of the inner detector. The distance
between the secondary and the primary vertex, the mass of the particles associated to
the vertex and the impact parameterd0 of the tracks are useful quantities used for the
identi�cation of b-jets. A schematic view of decay of a b-hadron into a jet is shown in
Figure 2.14.

Figure 2.14: Schematic view of a b-hadron decay inside a jet resulting in a secondary vertex
with three charged particle tracks. The track impact parameterd0 and two additional light-jets
are also shown.

In ATLAS several algorithms are used to perform the identi�cation of the b-jets and
the rejection of c-jets and light-jets, known as �avour tagging algorithms [64]. There
are two types of �avor tagging algorithms: the low level algorithms and the high level
algorithms. The low level algorithms use information coming from low level recon-
structed objects, such as tracks and ID hits clusters. The high level taggers use the low
level tagger outputs, such as reconstructed secondary vertices or jet �avor probabilities,
to decide if a given jet is a b, c or light-�avor jet.

The high level algorithms are two, MV2 and DL1, and differ mainly on their archi-
tecture. MV2 is based on a boosted decision tree, while DL1 is based on a deep neural
network and provides an output with three different probabilities (pb, pc and pu) that
are combined to de�ne a �nal discriminant:

dDL1 = log
pb

fc � pc + ( 1� fc) � pu
(2.15)

wherefc controls the importance of c-jets discrimination in the tagger and is optimized
to improve the performance for both light and c-jets rejection. DL1r is a variant of
DL1, that contains an additional low level algorithm as input. This provides, as visi-
ble in Figure 2.15, a better rejection of c-jets and light-jets compared to the other two
taggers.
Several working points based on the ef�ciency in b-jet identi�cation are provided for
each b-tagging algorithm. Usually these working point are de�ned to provide 60%,
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(a) (b)

(c)

Figure 2.15: (a) Ef�ciency of identifying b-jets as a function of jetpT for an inclusiveeb =
77% ef�ciency requirement, for MV2, DL1 and DL1r algorithms. Rate of (b) c-jets and (c)
light-�avor jets rejection (1/ec;u) as a function of jetpT for an inclusiveeb = 77% ef�ciency
requirement, for MV2, DL1 and DL1r algorithms.

70%, 77% and 85% b-tagging ef�ciency. Jets passing the selected b-tagging algorithm
working point are commonly called b-tagged jets, while if not passing the cut are called
light-jets.

2.2.6 Missing Transverse Energy

Since neutrinos, or other invisible particles, are not directly detectable, they appears
only as an imbalance in transverse momentum, known as missing transverse momen-
tum (MET, or Emiss

T ). The initial state of LHC collisions is well de�ned only in the
transverse plane. Since the proton beams are aligned with the longitudinal axis, the
transverse momentum of the partons inside the proton is negligible. For this reason the
initial state transverse momentum can be approximated with zero. For the longitudi-
nal momentum this is not true since the momentum fraction x1 and x2 carried by the
two interacting partons is unknown. The momentum conservation of all the produced
particles, then, can be imposed only in the transverse plane. TheEmiss

T is de�ned as:

� Emiss
T = å pe

T + å pm
T + å pg

T + å pt
T + å p jet

T + å pso f t
T (2.16)

Emiss
T is computed by using all the objects passing a baseline, usually loose, selection,

depending on the speci�c analysis. Fully calibrated electrons, muons, photons, hadron-
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ically decayingt -leptons, and jets reconstructed from calorimeter energy deposits and
charged-particle tracks are used in the MET reconstruction [65]. These are combined
with the so called MET soft-term, that is the soft hadronic activity measured by recon-
structed charged-particle tracks matched to the primary vertex not associated with the
already counted reconstructed objects. Possible double counting of contributions from
reconstructed charged-particle tracks from the ID, energy deposits in the calorimeter,
and reconstructed muons from the MS is avoided by applying a signal ambiguity reso-
lution procedure which rejects already used signals when combining the variousEmiss

T
contributions.

2.2.7 Overlap Removal

In order to uniquely identify the physics objects, overlapping objects are removed ac-
cording to the so called overlap removal procedure. This procedure is a standard pro-
cedure performed in ATLAS analyses and it is here described:

1. Electron-Muon overlap :
If a muon is calo-tagged and shares an ID track with an electron, the muon is
removed. While, if the muon is not calo-tagged, the electron is removed.

2. Jet-Electron overlap : Jet Removal
If a surviving electron and a jet overlap within aDR(calo-jet;electron) < 0.2, the
jet is removed.

3. Jet-Electron overlap : Electron Removal
If an electron and a jet overlap within aDR(electron;calo-jet) < 0.4, the electron
is removed.

4. Jet-Muon overlap : Jet Removal
If a muon and a jet overlap withDR(calo-jet;muon) < 0.2, the jet is removed,
unless it passes any of the following criteria:

� the number of tracks in the jet are more than two;

� the jet is b-tagged.

5. Jet-Muon overlap : Muon Removal
If a muon and a jet overlap withDR(muon;calo-jet) < 0.4, the muon is removed.



Chapter 3

Higgs boson at the Large Hadron
Collider

In this Chapter the state of the art of single Higgs and Higgs pair measurements is
presented. These measurements are among the most important in the physics program
of the LHC experiments both during Run 1 and Run 2 periods. An overview of the
Higgs boson discovery in the main decay channels is given in Section 1, together with
a summary of the latest measurements of mass, width and cross section of the SM Higgs
boson. The state of the art of the Higgs pair searches, with a brief description of the
analysis strategies performed in the different decay channels, is reported in Section 2.

1 Discovery and measurements

The discovery of the Higgs boson has been the main result of the LHC Run 1. On
4th July 2012, the discovery of a particle compatible with the SM Higgs boson has
been announced by the ATLAS and CMS experiments. The new particle was observed
using LHC pp collisions data at a centre-of-mass energy of

p
s = 7 TeV in 2011 andp

s = 8 TeV in 2012. The ATLAS experiment observation was given by the combi-
nation of the decay channelsH ! ZZ� ! 4l , H ! ggandH ! WW� ! lnln with a
signi�cance of 5:9 s [23]. The CMS experiment observation was obtained with the
combination of the decay channelsH ! ZZ� ! 4l , H ! ggandH ! WW� ! lnln,
H ! bb̄ andH ! t + t � with a signi�cance of 5:0 s [24]. These measurements were
obtained evaluating the cross sections of the Higgs production process via gluon-gluon
fusion (ggF), performing cuts on kinematic variables to select the desired �nal state
for each channel. The invariant mass distributions of the main discovery decay chan-
nels for ATLAS and CMS are shown in Figure 3.1 and 3.2 respectively. The mass
of the observed particle was measured usingH ! ZZ� ! 4l andH ! gg channels,
which provide a high mass resolution of 1-2% and a high sensitivity. The combined
ATLAS+CMS Run 1 measured mass is currently the reference value of the Higgs bo-
son mass, and it is:

mH = 125:09� 0:24 GeV (3.1)

where the total, statistical plus systematic, uncertainty is indicated.
The discovery was followed by a detailed exploration of properties of the Higgs

boson during both Run 1 and Run 2 of the LHC. A summary of several measurements
of the mass of the Higgs boson performed by ATLAS and CMS in different periods of
data taking is reported in Figure 3.3.

43
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(a)
(b)

(c)

Figure 3.1: The distributions of the four-lepton invariant massm4l (a), of the invariant mass of
diphoton candidatesmgg (b), and of the transverse massmT of theem=me channels combined
(c), after all the selections for the combined 7 TeV and 8 TeV data sample [23]. The two
channels of theH ! WW analysis differs for thepT ordering of the leptons: in theemchannel
the leading-pT lepton is the electron, while the opposite is for themechannel.

In the SM, the Higgs boson width is very precisely predicted once the Higgs boson
mass is known. For a mass of 125.1 GeV, the Higgs boson has a very narrow width
of 4.2 MeV. It is dominated by the fermionic decays partial width at approximately
75%, while the vector boson modes are suppressed and contribute 25% only [3]. Direct
on-shell measurements of the Higgs-boson width are limited by detector resolution that
brings a mass resolution of 1-2 GeV, much larger than the expected SM Higgs boson
width. Also indirect width measurements are possible, exploiting off-shell production
of the Higgs boson, for which vector bosons and top-quark decay products become
on-shell. A combination of on- and off-shell measurements allows to obtain the best
limits on the Higgs boson width, and it has been performed both by ATLAS and CMS.
ATLAS, usingZZ ! 4l¸ andZZ ! 2l2n �nal states and data corresponding to an inte-
grated luminosity of 36.1 fb� 1, has put a limit on the Higgs boson width [66] of:

GH < 14:4 MeV at 95% CL (3.2)

The CMS limit at 95% CL for the Higgs-boson width from on-shell and off-shell
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