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To my family



Phileas Fogg aveva dunque vinto le ventimila sterline, ma, poiché durante il viaggio ne aveva
speso circa dictannovemila, il risultato pecuniario era mediocre, anche se, come abbiamo detto,
l’eccentrico gentleman non aveva cercato, in quella scommessa, nient’altro che la
lotta, non la ricchezza. Inoltre, le mille sterline che rimanevano le sparti tra [’onesto
Gambalesta e il malaugurato Fix, cui non sapeva serbare rancore; solo che, per la regolarita,
defalco al suo servitore | ammontare delle millenovecentoventi ore di gas spese per colpa sua.

Sicché Phileas Fogg aveva vinto la scommessa: aveva compiuto in ottanta giorni quel viaggio
intorno al mondo. A tal fine aveva impiegato tutti i mezzi di trasporto: piroscafi, treni, carrozze,
yachts, navi mercantili, slitte, elefanti. In tale occasione [’eccentrico gentleman aveva palesato le

sue mirabili doti di sangue freddo e di precisione. FE poi? Che cosa aveva guadagnato da
quella serie di trasferimenti? Quale profitto aveva tratto da quel viaggio? Niente
direte. Ebbene, niente, tranne una moglie deliziosa, che - per quanto cid possa
sembrare inverosimile - fece di lui il piu felice degli uomini. Diciamo la verita: chi
di noi, per un compenso anche inferiore, non farebbe il Giro del Mondo?

1l giro del mondo in 80 giorni, cap XXXVII, 1873, Jules Verne
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Introduction

My Thesis work has been devoted to a Machine Learning approach to analyze diboson events (ZZ,
ZW or WW) in semi-leptonic decay channels. These final states could be used for searches of new
resonances and for measurements of the cross-section in the non-resonant interpretation.

Nowdays, the high energy particles physics is well described inside a theoretical model, known
as the Standard Model (SM) of particle physics [1], that describes three of the fundamental inter-
actions, strong, electromagnetic and weak. The success of the SM in describing the wide range of
precise experimental measurements is a remarkable achievement. The SM is constructed from a
number of beautiful and profound theoretical ideas put together in order to reproduce the experi-
mental data.

Several precision measurements, performed in the last decades of experiments, proved with a
remarkable level of precision all the SM predictions. The most recent confirmation has been the
discovery of a new particle with a mass of 125 GeV, announced on the 4*" July 2012. Following
results probed that this new particle is compatible with the Higgs boson theorised as the last brick
to complete the SM. Recently, one of the rarest SM process that can be produced and observed
at the LHC, has been claimed; this is the Vector Boson Scattering that is strictly related to the
presence of the Higgs boson and its role in the SM.

Despite this success there are many unanswered questions, motivating beyond SM (BSM)
searches. It is a widely held opinion within the scientific community that the SM is an effec-
tive theory which we currently probe at low energy, while a general theory will begin to become
accessible when the predictions of the SM start to become incorrect. Several theories beyond the
SM exist, these theoretically well motivated extensions include the Heavy Vector Triplet model or
the Randall-Sundrum models with warped extra dimensions. In particular, these theories are pre-
dicted to manifest themselves with the presence of heavy resonances decaying to vector boson pairs.

The diboson topology has been at the centre of this thesis work; the semi-leptonic decay channel
has been investigated to due the clean experimental signature of a boson decaying in leptons and
the sufficiently high decay rate of the other boson in hadrons. These decay channels permit
searches of new resonances and also measurements of the anomalous coupling and cross-section in
the non-resonant interpretation.

Depending on the assumed model, events with 2 extra jets in the final state coming from the
Vector Boson Fusion production mechanism in the resonant case and from Vector Boson Scattering
in the non-resonant one can be produced. The study of these topologies is a challenging topic for
probing new Physics. My work during this Thesis has been the study of these channels and the
increase of the sensitivity to observe them. My main contribution to these analyses has been the
definition of a Machine Learning approach to improve the efficiency in the identification of the
production mechanism of the dibosonic couple. Machine Learning algorithms and deep learning
show improvement in the classification problems that are faced up at the experiments, motivating
more efforts in the development of these techniques. In my Thesis, the new Recurrent Neural Net-
work is used as powerful tool for the identification and the selection of the production mechanism
of the new resonances predicted in BSM models, such as Vector Boson Fusion mechanism, while
a BDT has been used for the Vector Boson Scattering in the non-resonant channel. The analysis
described has the purpose to investigate a mass range coming from 300 GeV up to 5 TeV using
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data from proton-proton collisions at a center of mass energy of /s = 13 TeV, corresponding to
an integrated luminosity of 139 fb~! recorded with the ATLAS detector from 2015 to 2018 at the
Large Hadron Collider.

The Thesis consists of six chapters. Chapter 1 summarizes the key concepts and of the SM and
provides a description of the BSM models and of the main background processes that are tested
in this thesis. Chapter 2 presents the main characteristics of LHC and experiment. Chapter 3
gives a description of the main physics objects and of the reconstruction algorithms that bring
the information of the detectors to physics analyses. Chapter 4 shows an overview of Machine
Learning algorithms. Chapter 5 describes the analysis details focusing on the features of the
Machine Learning methods used. Finally, in Chapter 6 the results of the resonant search using the
full run-II dataset and of the cross section measurement of the non-resonant interpretation with a
partial dataset of the run-II are showed.



Chapter 1

The Standard Model and beyond

A general overview of the theoretical framework of particle physics is provided in this chapter.
The basic concepts of the Standard Model (SM) of elementary particles are given, from the gauge
invariance theories to the spontaneous symmetry breaking. Then, the attention will focus on the
main physics processes that occur at a hadron collider, moving, finally, to an overview of the
theoretical models of Physics beyond the SM.

1.1 Introduction

The aim of the particle physics is to described the fundamental components of matter and their in-

teractions. The SM of particle physics describes the electromagnetic, strong, and weak interactions

and provides the current best explanation of phenomena we observe in the high energy physics.
The formulation of the SM is based on three main ideas [1]:

e The parton model, proposed in the 1964 independently by Gell-Mann and Zweig [2]-[3], in
which hadrons are made of quarks and anti-quarks, combined within a non-dynamic model,
that allowed to describe the compositions of known hadrons and to predict the existence of
new ones. The idea was supported by the experiment carried out at SLAC in the 1968 [4]-[5];
the electron-proton scattering at large angles showed that the protons are made of point-like
particles.

e The gauge principle allowed Yang and Mills to construct a gauge theory of strong interaction
16].

e The spontaneously symmetry breaking exploited the possibility that there might be symme-
tries of a physics system that are not symmetries of the vacuum state of the system. This
is the key idea of the developing of the Higgs mechanism |7} |8] that predicts a new boson
particle, called the Higgs boson, finally observed in the 2012.

1.2 Gauge principle

The four fundamental interactions can be described in terms of gauge theories. Indeed, all are
derived from a principle, the gauge principle, introduced by H. Weyl in 1929 [9]. Often physics
theories describing dynamical systems can be derived using symmetry principles. A symmetry is a
mathematical transformation that, when applied to the equations that describes a physics system,
does not change the physics observables of the system.

When a Lagrangian is invariant under a symmetry transformation it is gauge invariant. The
"gauge" term indicates that the Lagrangian contains more degrees of freedom with respect to the
physics ones. A Lagrangian can have global and/or local gauge invariance. Global invariance is
referred to an invariance that does not depend on a particular space-time coordinate. A local
invariance of the transformation acts in different ways on different space-time coordinate. In

8



CHAPTER 1. THE STANDARD MODEL AND BEYOND 9

general, if the Lagrangian that describes a physics system is globally invariant is not necessarily
also locally invariant. Gauge invariance is discussed in the context of classical quantum mechanics
in the next Section.

1.2.1 Gauge invariance in quantum mechanics

The Schrédinger equation for a particle with charge ¢ and mass m moving in an electromagnetic
field is:

<21n(—iV—qu)2+qV>w(f7t) zi%. (1.1)

The general solution ¥(Z,t) of the equation completely describes the dynamics of the particle. As
general result of classical electro-magnetics fields, these potentials are not unique but they can
change under a gauge transformation:

_
ot (1.2)
A A=A+ Vx.

VoV =V

The resulting Maxwell equations for the physics fields E and B will not change. Applying a
gauge transformation to the electro-magnetics potentials, the new equation will have a solution
' (Z,t) # (&, t); this means that the equation is not gauge invariant unless a change in ),
Y'(Z,t) — (Z,t), is allowed when a gauge transformation is applied to the Maxwell potentials.
This is possible since the function 1 is not a direct observable but only the |1/|? is a real number
interpreted as the probability density of measuring a particle as being at a given place at a given
time or having a definite momentum. In this way the form of the equation after the transformation:

1 . A2 / /(= o _31/}'(7115)
<2m<—zv—qA> +qv>w<x,t>—zm (13)

is exactly the same, that means the "same physics" is described before and after the transforma-
tion. The form of the transformation for v can be derived from the gauge transformation of the
potentials:

V(&) = " XENY(F, ) (1.4)

where y is the same space-time dependent function that appears in the gauge transformation of
the potentials ??. This implies the equations:

—iD") = "X (—iD)1p

) 1.5
Z-D/Ow/ — €qu7:D0’¢ ( )
where the covariant derivative has been introduced:
D=vV- z'q/f
o} (1.6)
D= — +iqV
o +1q

With this transformations the gauge invariance of the Maxwell equations re-emerge as covariance
in quantum mechanics provided that the combined transformations of the potentials and of the
wave function are made. The Schrodinger equation is non-relativistic, but the prescriptions and
the conclusions showed here are applicable in the same way at the equations of quantum electro-
dynamics.
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1.2.2 Gauge principle for quantum electrodynamics (QED)

In the previous section, the Schrédinger equation for a charged particle in an electromagnetic field
was written and its gauge invariance under the combined transformations of the electromagnetic
potentials and of the wave function were shown. In this section, the argument will be reversed:
requiring that the theory is invariant under the space-time-dependent phase transformation (gauge
principle) it is possible to build the interaction theory of the electromagnetism starting from a free
particle theory.

The theory of free Fermi fields is described by the following Lagrangian density E| :

L =¢(x)(id — m)ip(z) (1.7)

it can be demonstrated that is invariant under a global U(1) transformation v (z) — e®¢(z) E| ,
where « is a constant parameter; this is true because the derivative term transforms as:

() — 0,1 () (1.8)
The same argument can not be applied if the U(1) transformation is required to be local, a = a(z):
Y(x) — () (1.9)

therefore:
Out(x) — 9, 1p(x) + i 9 a(x)(x) (1.10)

the gauge principle requires the local gauge invariance of the theory; this is possible introducing a
covariant derivative D, instead of the ,, such that:

D,(z) — @ Dy (x) (1.11)

this represent the only solution in order to guarantee the invariance of the theory under the chosen

group.
The form of the covariant derivative can be written in the generic form depending by the usual
derivative operator an a field A*(z):

D, =0, +igA,(x). (1.12)

The Lagrangian is invariant under the local transformation, so the gauge principle is satisfied, if
the introduced field A(x) transforms as:

1
Ay(x) — Ay(x) — ;(')Ma(x) (1.13)
In summary, requiring an invariance of the theory under a local U(1) symmetry has:

e promoted a free theory of fermions to an interacting theory between the particle field 1) and
the force field A,

o fixed the form of the interaction in terms of a new vector field A4,:
Liny = =gt (x) ) () A" () (1.14)

e 1no mass term A, A" is allowed by the symmetry.

n the following the x represents the space-time point in the Minkowski space with Lorentz metrics, R‘ll
2The unitary group of degree n, denoted U(n), is the group of n X n unitary matrices, with the group operation
of matrix multiplication.
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The last point is not a limitation of the theory if this concept is used to build the Quantum Elecro
Dynamics (QED) since the mediator of that force is massless.
Furthermore, a kinetic term could be added to the Lagrangian:

1
—ZF””(:U)FW with Fu = 0,A,(x) — 0, A,(x) (1.15)

that is invariant under the local transformation of U(1).

1.3 Standard Model of particle physics

The fundamental interactions observed in nature are four: strong, electromagnetic, weak and
gravitational.
The reduced strength of the gravitational interaction produces negligible effects on the be-
haviour of sub-atomic particles, and plays no role in determining the internal properties of matter.
The Quantum Field Theory represents the fundamental formal and conceptual framework of
the SM, a gauge theory that describes both particles and forces in term of quantum fields. The
fundamental particles are organised in two categories according to the spin, as shown in Table [T}

e the fermions are particles that obey to the Fermi-Dirac statistics; they are half-integer spin
particles and they are the elementary pieces of ordinary matter;

e the bosons are particles that obey to the Bose-Einstein statistics; they are integer spin par-
ticles and they are the particles that describes the fundamental forces according the quanti-
sation of the fields of the forces.

Figure show a picture of the puzzle of the fundamental particles, known nowdays.

Three Generations
of Matter (Fermions)

1.27 GeVfc’ 171.2 GeVfc’

]?‘Zt

mass —|2.4 MeVjc *
charge .| 24 24
aon | U [ C
up

name - charm

4.8 MeVjc* 104 MeV/c 4.2 GeVfc®
= P Y Y
=] down sirange bottom
o

<0.17 MeV/c’|

0
AUl
muon
neutrino

l<15.5 MeVjc*

0
AN

tau
neutrino

<2.2 eVc®
Y
» ¥ e
electron
neutrino

0.511 MeV/jc®
€
Y2

electron

105.7 Mevic® || |1.777 Gevfc’

i
v L
tau

Gauge Bosons

Leptons

Figure 1.1: Puzzle of the Standard Model particles.

The Standard Model is the model that describes the behaviour of the elementary particles and
of the weak, electromagnetic and strong interactions they are sensitive to; the SM is build starting
from the gauge principle, requiring the theory to be invariant for a local gauge symmetry group:

SU(3)eor @ SU(2), @ U(1)y. (1.16)
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Generation Quantum numbers
1 2 3 I I Y Qle]
Ve v, vy 1/2 1/2 -1 0
Leptons e ), v, ), | 1/2 —1/2 -1 -1
en 1 TR 0 0 -2 -1
(u> (c) <t> 1/2 1/2 1/3 2/3
d s b 12 -1/2  1/3  -1/3
k L L L
Quarks | % Ch th 0 0 4/3 2/3
dR SR bR 0 0 —2/3 1/3

Table 1.1: Overview on the quantum numbers of the Standard Model fermions in the GWS model.
The right-handed neutrinos don’t take part to the SM interaction and they are not considered
here.

This set of local transformations is a set of gauge transformations, meaning that to preserve
symmetry under a given transformation it requires the introduction of additional fields via the
application of the gauge principle ([1.2.2). These are spin 1 gauge fields in the Lagrangian, that
are associated with new particles. In particular, SU(3).. is a non abelian gauge symmetry group
which describes the strong interactions. The generators of the symmetry group are eight. This
geometrical relation reflects the fact that the strong interaction is carried by eight massless particles,
the gluons. In this interpretation the gluons are the mediators or the strong interaction and they
have a strong charge, known as "color". Gluons and quarks strong interactions are described
by the Quantum Cromodynamic (QCD) theory. SU(2); ® U(1)y is the weak isospin symmetry
group, introduced by Glashow-Weinberg-Salam (GWS) [10]-|11]-[12], which describes the unified
electromagnetic and weak (EWK) interactions. The mediators of the EWK interaction are three
massive vector bosons W+, W~ and Z°, plus the photon, 7.

The elementary particles are organised in multiplets of the fundamental groups that represents
the symmetry of the specific interaction. The leptons, interacting only via the electromagnetic (y
boson) and weak forces (W*/Z° bosons), are doublets of the SU(2); symmetry group, while the
quarks, interacting also via the strong force (gluons), are weak doublets with both components
being triplets of the SU(3). group:

(<), (i), =

1.3.1 Higgs sector

The Lagrangian of the unbroken SU(2);, ® U(1)y gauge theory of vector bosons and fermions
describes all the partilces of the SM as massless. The mediating particles (except for the photon)
neither the fermions in the electroweak sector are massless according to the experiments. It is
possible to introduce the mass terms in the theory via a mechanism that does not break the gauge
symmetry of the Lagrangian.

The mechanism of spontaneous electroweak symmetry breaking applied to a non-abelian theory
was introduced by Peter Higgs 7] in 1964, and independently by Robert Brout and Francoise
Englert [8], and Gerald Guralnik, C. R. Hagen, and Tom Kibble|13|,[14]. It provides a solution to
the massless fields and it is commonly known as the Higgs mechanism.

According to this mechanism, some additional fields are introduced with a potential which
causes the vacuum (the ground state) to break the symmetry spontaneously.

In the simple case of an abelian gauge theory with a vector field A, (x) coupled to one complex
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scalar field ¢(x) it is possible to introduce an interaction term through:

Ly = (D"9) Dy = V(9) = (D"$)* Dy — 1" — A" ) (1.18)
where the V(¢) is the know A¢* scalar theory and covariant derivative D, = d,, + igA*. This

lagrangian is invariant under the U(1) symmetry. Any mass term for the field A, would break the
U(1) gauge invariance. The introduced potential V' (¢) has functional shapes showed in Figure

’[2 <0 4 potential
=0 A=0

A=0

potential

Figure 1.2: Representation of the shape of the Higgs potential V(¢) in the case u? > 0 (a) and
2
<0 (b).

Two different cases are possible according to the sign of the parameter p?:

e 112>0: the theory describes the case of the electrodynamics of a mass-less photon (g = —e)
and a massive scalar field of mass p;

e 112<0: we have a theory in which both the scalar and the vector fields are massive once a
particular minima is chosen; in this case, the original U(1) symmetry of the lagrangian is
said to be spontaneously broken or hidden:

1 1 1 1
L= —F" By + 50" A A" £ 5(07610)% + 1263 + 5(0"02)° + guA, 0 (1.19)
where v is related to the value of the field at the minimum through ¢g = (—u?/20)"/? = v//2
and the ¢y /5 are the real and complex component of the field after the choice of the minimum:
1

d(x) = ¢o + ﬁ((’bl(x) + iga(z)) (1.20)

Usually, a more convenient parametrisation (unitary gauge) is used:

x(z)

g 1
T) = v+ H(x —_— —(v+ H(x 1.21
o) = "+ H@)) — L+ HE) (1.21)
the x degree of freedom represent a Goldstone boson and it "disappears" under the U(1) invariance
and the lagrangian become:

2,,2
1
L=Ca+ T AVA, + S (0" HOH + 207 H) + .. (1.22)

that now describes the dynamics of a system made of:
e a massive vector field A* with m? = g2v?;
e a real scalar field H of mass m?%, = —2u? = 2\v?, the Higgs field.

during the spontaneous symmetry breaking procedure the number of degree of freedom has been
preserved. Indeed, the theory had four degree of freedom, given by the two coming from the vector
mass-less field and the two coming from the massive complex scalar field, after the symmetry
breaking there are still four degrees of freedom, three from the massive vector field and one from
the scalar and real field.
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In the specific case of the SM, in which there are several vector fields AZ(SC), it is convenient to
use several real and scalar fields ¢;(x). This time the interactive term between the scalar field and
the vector fields, that will generate the mass terms after the spontaneous symmetry breaking, are:

1 1
5(Dm)2 — .+ ng(T“gb)i(Tbgb)iAZAb’“ +.. (1.23)
1
mj e igz(T“qSo)i(Tbgﬁo)iAZAb’“ + ... (124)

the matrix g2(T%¢);(T®do); represents the mass terms introduced after the breaking of the sym-
metry; in particular:

o T%py # 0: massive vector boson + Goldstone boson;

e T%py = 0: massless vector boson -+ massive scalar field.

A new particle with mass ~ 125 GeV has been observed during the Run-I data taking of the
LHC from both ATLAS and CMS collaboration with the announcement given on the July 4" 2012.
All the studies done show the compatibility of that new particle with the SM Higgs booson. The
"discoveries" plots with the full Run-II statistics are showed in Figures [1.3
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Figure 1.3: Invariant mass distribution of the Higgs boson observed in the H — 4l and H — ~v
decay channel with the full Run-II dataset.

1.3.2 Electroweak Symmetry Breaking phenomena at LHC

In the SM physics the aim of the theoretical and experimental searches is to probe the Electro Weak
Symmetry Breaking (EWSB) with precision physics measurement at the energy frontier of the LHC.
Precision is intrinsic to having a predictive theory like the Standard Model could be. Precision is
effective when both theory and experiments have a way to reach comparable accuracy and improve
it systematically. Particle physics has a very successful history of constraining new physics through
precision measurements like precision fits of electro-weak observables (LEP, SLD, Tevatron, LHC),
and the indirectly constrained on the Higgs mass [15]. Before the Higgs boson discovery, the EW
fit already gave a very good prediction on the Higgs boson mass using the measurement on the all
the other EW observable; the constraint on the Higgs boson mass was mpy < 152 GeV.
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The fit of the EW precision observable (EWPO) represent a fully stress-testing of the SM con-
sistency . The current results show a very good agreement between indirect determination
of EWPO and experimental measurements, also perspective to the HighLumi-LHC program is
computed; this represents a strong constraint on any physics beyond the SM.
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Figure 1.4: EWPO fit in different scenario; in particular the HL-LHC projection is also computed.

From Run 1 to Run 2 and beyond, a crucial point has been to develop the LHC Higgs precision
program, in terms of precision measurement of Higgs properties (mass, couplings, width) and in
terms of constraints on anomalous interactions. A general aim is to explore indirect evidence of
new physics while searching for direct one and perform precision measurements. This has been
one the aim of this thesis performing the cross section measurement of diboson process production
via the Vector Boson Scattering (VBS), that will be introduced in Section [1.4.4} this process arises
from the spontaneous symmetry breaking mechanism described in Section [I.3.1]

The measurement of the Higgs boson mass in Runl and improved in Run2 promoted the
SM parameter My to be an EW precision observable to be used in the global EW fit. Effects
of New Physics can now be more clearly disentangled in both EW observables and Higgs-boson
couplings, probing EWSB. Moreover, from decays H — V'V and H — ff it is possible to constrain
more the spin and the parity of the Higgs boson.
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1.4 SM processes at hadron colliders

When a proton to proton collision occurs several processes are allowed within the SM. The quarks
interacts via the electromagnetic, strong and weak forces, foreseen final states with a large set of
particles and production cross sections that vary on a very large range, as showed in Figure [1.5
Following the main processes that occur at pp collisions and that have been subject of this thesis
will be introduced.
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Figure 1.5: Summary of several Standard Model total and fiducial production cross section mea-
surements, corrected for branching fractions, compared to the corresponding theoretical expecta-
tions.

1.4.1 V+ jets

The production of a Z/W boson in association with jets is the most SM processes that involves
EW boson that occurs at the pp colliders [17]. The measurement of the production of this process
constitutes a powerful test of perturbative quantum chromodynamics (QCD) |18} [19]. The large
production cross section and easily identifiable decays of the Z boson to charged leptonic final
states offer clean experimental signatures which can be precisely measured. Such processes also
constitute a non-negligible background for studies of the Higgs boson and in searches for new
phenomena; typically in these studies, the multiplicity and kinematics of the jets are exploited to
achieve a separation of the signal of interest from the SM V + jets process. These quantities are
often measured in control regions and subsequently extrapolated to the signal region with the use
of Monte Carlo (MC) generators, which are themselves subject to systematic uncertainty and must
be tuned and validated using data. Predictions from the most recent generators combine next-
to-leading-order (NLO) multi-leg matrix elements with a parton shower(PS) and a hadronisation
model. Fixed-order parton-level predictions for V+jets production at next-to-next-to-leading order
(NNLO) are also available |20 [21].
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1.4.2 SM Diboson

The SM d-boson production at the pp colliders foresees the combination of the two EW gauge
bosons, W+, Z0, so, three different flavours di-boson states are possible, ZZ, WZ and WW. The
study of W¥*/Z° diboson production is an important test of the Standard Model (SM) for its
sensitivity to gauge boson self-interactions, related to the non-Abelian structure of the electroweak
interaction [22[; this channel is also used to measure the boson polarization.

In pp collisions at a center-of-mass energy of /s = 13 TeV, ZZ production |23| is dominated by
quark—antiquark (¢q) interactions, with an O(10%) contribution from loop-induced gluon—gluon
(gg) interactions |24l 25]. The SM ZZ production can proceed via a Higgs boson propagator,
although this contribution is suppressed in the region where both Z bosons are produced on-shell.
As such, non-Higgs ZZ production is an important background in studies of the Higgs boson [26].
It is also a background in searches for new physics producing pairs of Z bosons at high invariant
mass [27] and sensitive to triple neutral-gauge-boson couplings, which are not allowed in the SM
[28].

1.4.3 Top quark

The top quark is the heaviest elementary particle in the Standard Model (SM), with a mass m; of
around 172.5 GeV [29], which is close to the electroweak symmetry breaking scale. At the LHC,
top quarks are primarily produced in quark-antiquark pairs (¢t), and the precise prediction of the
corresponding inclusive cross-section presents a substantial test for perturbative QCD calculation
techniques. The t¢ production rate may also be modified due to Beyond the Standard Model (BSM)
physics. Theoretical predictions of the ¢t cross-section are available at next-to-next-to leading order
(NNLO) in QCD including the resummation of the next-to-next-to-leading logarithmic (NNLL)
soft-gluon terms [30, 31]. Measurements of oy at 7, 8 and 13 TeV in pp collisions have been
performed by both ATLAS (32} 33|, [34] and CMS |35 [36] collaborations. Additionally, the CMS
Collaboration measured the t¢ cross-section at /s = 5.02 TeV [37].

1.4.4 Vector Boson Scattering

After the discovery of the Higgs boson, the scrutiny of the electroweak symmetry breaking (EWSB)
becomes a main focus at the LHC. In addition to direct measurements of Higgs boson properties,
the study of massive vector-boson scattering (VBS) offers another key avenue to probe the EWSB
[38, 139, 40]. In the Standard Model (SM), the Higgs boson acts rigorously to prevent longitudinal
VBS amplitudes from violating unitarity at the TeV scale [38]; therefore, the study of high-energy
behaviours of VBS is crucial to understand the nature of the EWSB. Many new physics scenarios,
such as Supersymmetry and Little Higgs models |41], offer alternative EWSB mechanisms, which
can manifest themselves as appearance of heavy particles or modifications of Higgs couplings in the
accessible energy regime. These new phenomena could manifest themselves in rises of amplitudes
or resonant structures in the TeV range and thereby alter the way of delicate cancellations at high
energies.

While no VBS processes were established prior to the LHC era, the LHC provides an unprece-
dented opportunity to study them, owing to its high collision energies and luminosities. At the
LHC, VBS is typically produced as two vector bosons radiated from initial-state quarks and then
scattering into another pair of vector bosons. The detector signature of VBS contains decay prod-
ucts of the pair of outgoing bosons and a pair of hadronic jets, hereafter denoted as V'V jj. The
most promising channel to measure VBS is therefore the electroweak (EW) production of V'V jj
(EWVV3jj), which has no quantum chromodynamics (QCD) vertices at leading order (LO). The
QCD production of VVjj contains two QCD vertices at the lowest order (denoted as QCDV'Vjj
processes) and constitutes an irreducible background to the searches for EWVVjj production.
The characteristics of EW V'V jj production include a large separation in rapidity between the two
jets (Ay(jj)) as well as a significant invariant mass of the jet pair (m;;), which are often utilized
to improve the signal-to-background ratio.
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Figure 1.6: Observed and expected mzz (a) and multivariate discriminant distributions after the
statistical fit in the CRs. The error bands include the experimental and theoretical uncertainties.
The error bars on the data points show the statistical uncertainty on data.

The search for electroweak production of two Z boson in association with two jets in the full
leptonic final state, [lll, vvil, with the full run-II dataset of the ATLAS collaboration gives the
first observation of this process . The reached significance in the background-only hypothesis
has been of 5.50. The measured cross-section for electroweak production in the fiducial region
is 0.82 £+ 0.21 fb, corresponding to a signal strength of 1.35 + 0.34, in agreement with the SM
prediction.

1.5 Beyond the Standard Model

The SM suffers from several theoretical problems, despite being able to explain with high precision
most of the experimental data that has been produced until now:

e no dark matter candidate is provided by the SM;
e does not explain the gravitational interaction;

e the level of CP violation is not sufficient to explain the matter anti-matter asymmetry seen
in the universe;

e it does not explain the hierarchy problem, i.e. why gravity is so weak compared to the other
interactions;

e fine tuning is required to deal with divergences in the Higgs sector.

Because of these reasons and indeed others not discussed, it is a widely held opinion within the
scientific community that the SM is an effective theory which we currently probe at low energy.
The general theory will begin to become accessible when the predictions of the SM start to become
incorrect. More precise determination of the free parameters of the SM will allow the scale at
which this happens to be better understood. Several beyond the SM theories exist which describe
the SM predictions at low energy.

1.5.1 New heavy particle decaying into diboson final states

Many models beyond the Standard Model of particle physics predict heavy particles that could
decay into diboson final states. Production through gluon—gluon fusion (ggF), Drell-Yan (DY)
and vector-boson fusion (VBF) processes are considered, depending on the assumed model. Rep-
resentative Feynman diagrams of these processes are shown in Figure Below I will describe a
subset of the models predicting a heavy diboson resonance.
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Figure 1.7: Representative Feynman diagrams for the production of heavy resonances X with their
decays into a pair of vector boson.

1.5.2 Heavy Vector Triplet model

In the Heavy Vector Triplet model (HVT), couplings of new heavy particles to quarks, leptons, SM
gauge and Higgs bosons are present, further the new triplet has zero hypercharge.

The phenomenological features of such a triplet can be concisely described within the HVT
setup introduced in Ref. [43]. An HVT consists of two essentially degenerate states: an electrically
charged, V¥ (also denoted as W), and a neutral one, V° (Z’). The couplings of the HVT to
all SM particles are given in terms of the new coupling gy, which parameterises the interaction
strength between the heavy vectors. This makes the setup extremely versatile since it can capture
the features of many, weakly and strongly coupled, concrete models. For illustration, two explicit
models are chosen as benchmarks, First, an extended gauge symmetry discussed in Ref. [44] is
used as a benchmark of a weakly coupled model, referred to as model A in the following. The
value of the coupling gy is small, of order one, in these models. Second, we consider the strongly
interacting Minimal Composite Higgs Model [45], referred to as model B in the following, which
is valid for larger values of gy. Values within the range 1 < gy < 47 are acceptable. However,
since the width of the HVT grows with gy in model B, large values of gy do not produce a narrow
resonance. In this search we focus on narrow resonances and therefore consider values of gy in the
range 1 < gy < 6 for which T'/M never exceeds around 10%.

The relevant parameter space of an HVT with a given mass is two-dimensional consisting of
two parameter combinations which describe its couplings to fermions and to SM gauge bosons.
The HVT model considered in this work is a simplified version with an universal coupling Cr of
V to fermions. The coupling of the HVT to fermions scales as gr = g?cr /gy, where g is the SM
SU(2)r, gauge coupling and cr is a free parameter which can be fixed in each explicit model. In both
benchmark models A and B, cg is expected to be of order one. The HVT coupling to fermions in
strongly interacting models is thus g2 /gy suppressed with respect to weakly coupled models. Thus,
in general, a large coupling gy corresponds to a small Drell-Yan production rate and, similarly, a
small branching ratio into fermionic final states. Concerning the HVT coupling to SM bosons, note
that it couples dominantly to the longitudinal components of the gauge bosons and to the Higgs,
while the coupling to transverse gauge bosons is generally suppressed. Contrary to the coupling
to fermions, the HVT coupling to SM bosons scales as parameter the gy, with gy = gycy. The
parameter cg, analogously to cg, has to be fixed in each individual model and takes values of order
one in models A and B. Here we have the reversed situation, that a small value of gy in weakly
coupled extensions of the SM leads to a small branching fraction into gauge bosons, while strongly
coupled theories predict an enhanced branching ratio. Thus strongly and weakly interacting heavy
vectors are expected to have a very different phenomenology: weakly coupled vectors are produced
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copiously, decay predominantly into two leptons or jets and have a small branching ratio into gauge
bosons; strongly interacting vectors are produces less, decay predominantly into gauge bosons and
two-fermion final states can be extremely rare. The results can be presented as contours in the
parameter space (gm,gr) which allow for a broad interpretation, going beyond the benchmark
models A and B. In a very large class of explicit models of heavy vectors, the parameters cy
and cp can be computed and the result compared with the aforementioned contours to asses the
compatibility of the concrete model with the experimental search.

The two benchmark models, A and B, are predominately produced via quark-anti-quark anni-
hilation. To study the rare process of vector-boson-fusion a third model, model C, is designed to
focus on this production mode. In this model the couplings are set to gy = 1 and gr = 0.

Diboson final states, both neutral W+tW—, ZH, and charged W*Z, W+ H, where H is the SM
Higgs boson, are particularly interesting in strongly coupled models where the branching ratio into
diboson final states is enhanced. Note that the HVT coupling to two SM bosons comes from a
gauge invariant coupling to the electroweak triplet Higgs current, with strength gz, and thus all
the couplings to the aforementioned final states are expected to be equal. In particular the HVT
framework predicts the same branching ratios for the four processes:

BR(V* - W*Z) =BR(V* - W*H) =BR(V® - W*W*) = BR(V® = ZH). (1.25)

Other neutral diboson final states are either suppressed or forbidden. The decay of a spin-1
vector into H H is forbidden by momentum and angular momentum conservation (and consequently
Lorentz invariance). This is true to all orders, so no higher dimensional operator can appear. ZZ
is accidentally not present at dimension four. While operators can appear at dimension six and
higher, they are highly suppressed and therefore not considered.

This relation is of primary importance in the HVT framework since it allows us to gain a
higher sensitivity by combining not only neutral and charged channels, but also eventually channels
involving the Higgs boson (|43]).

Note that the branching ratios of W’ and Z’ into bosons are the same. The reason is that the
HVT W'/Z' both couple to the Higgs current from which the widths and branching ratios into
SM gauge bosons are derived. These couplings are parametrically the same. Hence the widths
into WW, WH and ZH are the same up to finite mass effects. These finite mass effects go as
m(W)/m(V) and are thus small in the relevant parameter space.

The HVT also couples to fermions. Here it is important to note that the triplet couples to the
fermionic current. Therefore, what needs to be compared is the sum of the widths (or equivalently
the sum of the BRs) of all quark and lepton final states. For example, the sum of the widths into
0¢ and vv is the same as the width into fv. For the quark sector, the mixing has to be taken into
account and the sum of all charged quark final states is equal to the sum of all neutral quark final
states. Hence equation [1.25]is true in general.

1.5.3 Randal-Sundrum model

The Randall-Sundrum (RS1) framework [46] attempts to explain the hierarchy problem by in-
troducing large extra dimensions in which SM fields can propagate. This leads to a tower of
Kaluza-Klein (KK) excitations of SM fields, notably including KK excitations of the gravitational
field that appear as TeV — scale spin-2 Gravitons (Gxx) [47]

In some RS1 models the graviton has sizable couplings to all SM fields, which do not propagate
significantly into the extra dimension (bulk). This leads to large production rates in both gluon-
gluon (gg) and quark-quark (gq) fusion modes, and substantial decay rates to diphotons and
dileptons. In the "bulk RS" scenario considered here, however, the SM fields are permitted to
propagate into the bulk, where they are localised. The bulk RS model avoids the constraints
on other RS scenarios arising from flavour physics and electroweak precision tests, at the cost
of suppressing the couplings of the Gk to light fermions, which leads to significantly reduced
production rates from gq fusion and lower branching fractions to leptons and photons. The gg
fusion production mode therefore dominates in the bulk RS model, with the Gi x-gluon coupling
suppressed by a factor M pianck, where k is the curvature scale of the extra dimension and M pianck
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is the reduced Planck mass. The value of M pianck is typically of order 1, and along with the mass of
the G ki is the only free parameter in this simplified model. The decays of the Gk i in this scenario
are dominated by Gxx — tt, Gxx — HH, and Gxx — Vi VL, (V1 is the longitudinally-polarized
W and Z boson), with branching fractions that depend on mass.

1.5.4 Radion model and Heavy Higgs

In the RS1 framework the gravitational fluctuations in the usual 4-dimensional space can be viewed
as the tensor fluctuations of the graviton field, while the fluctuation in the extra dimension cor-
respond to scalar fields, known as the radion, which are massless in the simplest scenario. A
fundamental problem in the original RS1 framework described above is that it lacks a mechanism
to stabilise the radius of the compactified extra dimension, r.. One possible mechanism to achieve
this is to introduce an additional bulk scalar, which has its interactions localised on the two ends of
the extra dimension [48| 49]. This cause the radion field to acquire a mass term, which is typically
much smaller than the first KK excitation mass.

The coupling of the radion field to SM fields scale inversely proportional to the model parameter

Agr = \/(g) X ke hmre \/% where Mj is the 5-dimensional Plank mass, which has been extensively
studies in the literature[50, |51, |52]. The size of the extra dimension defined as knr, is another
parameter of the model. The couplings of the radion to fermions is proportional to the mass
of the fermion while it is proportional to the square of the mass for bosonic fields. This lead
to the dominant decay mode for the radion to be to pairs of bosons when the radion mass above
~ 1 TeV. Both the production cross-sections for the radions and the total width scale like ~ 1/A%.
Phenomenologically, the radion has very similar couplings and production cross-sections as a heavy
Higgs, but with much smaller widths. As shown in Figures Radion signals have
the same angular distributions as NWA Higgs and the mass width is smaller than the detector
resolution (Breit-Wigner width is about 3% at 3 TeV).

0.5 0.5

Events
Events

--- NWA Higgs --- NWA Higgs
— Radion — Radion

0.4 0.4

0.

w

0.3

0.2 0.

S}

0.

0.

o

19 I . VT I IR A | N R A il A N
500 1000 1500 2000 2500 3000 3500 4000 4500 _ 5000 500 1000 1500 2000 2500 3000 3500 4000 4500 _ 5000
myy [TeV] myy [TeV]

(a) ggF (b) VBF

Figure 1.8: Truth mV'V distributions for spin-0 models, solid line for Radions and dashed lines for
the Heavy Higgs.
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Figure [[.12] shows the expected cross sections, the decay Branching Ratio, and the relative
width over the mass for the several benchmark signals and for a couple of mass hypotheses. As
examples, Table shows the theoretical cross sections, the diboson decay branching ratios, and
the total widths of the resonances for two different mass values.

Cross section [fb]

HVT (model A) Z— WW
HVT (model A) W— WZ
HVT (model B) Z— WW
HVT (model B) W WZ
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Figure 1.12: Cross section of the signal models used as benchmark in the resonant analysis.

Model Spin m = 800 GeV m=3TeV
t o [pb] BR T'/m o [fb] BR T/m
Radion (knr. =35, | R — WW o |05A(LIx10%) 043 , o T8 (55X 10 0) 04 o
Ag =3 TeV) R 27 inggF (VBF) 021 in ggF (VBF)  0.22 :
Wr— W2z 53 0.024 79 .
Model A 1 WW 26 0.023 0.026 36 0.020 0.025
, Wr— w2z 1.6 0.43 5.5
HVT Model B TS WW 1 0.86 0.41 0.040 25 0.47 0.031
Model C | Wi— WZ 10x10°7 0.50 S 16x 107 ,3
(VBF) 71— WW 27x10% 049 °0x10 1.0 x 1073 0-50 3.3 > 10
Bulk RS Grx G > WW |, 1.9 (geF) 028 | oa 0.47 (ggF) 020 02
(/Mpianek = 1.0) | Grx — 22 0.050 (VBF)  0.14 : 1.6 x 102 (VBF)  0.10 :

Table 1.2: List of benchmark signal models. Predictions of cross-section o, branching ratio BR
into WW, WZ, or ZZ, and intrinsic width divided by the resonance mass I'/m, for the given
hypothetical new particle at m = 800 GeV and 3 TeV are summarised.
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1.6 Diboson processes and VBF/VBS production mechanism

The final goal of this thesis has been the improvement of the sensitivity of new physics searches
in di-boson final states. In particular, the di-boson system is looked for in the semi-leptonic decay
channels, in which one boson decays leptonically and the other one hadronically. The decays that

have been studied in this analysis are:

o / — v,

o W — v,

o 7 — i, with [ = electron or muon
* 7 —qq,

o W — qq'.

The decay branching ratios of the two weak boson considered are reported in table [I.3]

channel ‘ Branching ratio
Z =1l | 10,1%
Z — v ‘ 20, 0%
Z —qq ‘ 69, 9%
W — v ‘ 32,4%
W — qq ‘ 67,6%

Table 1.3: Branching ratios of the SM Weak bosons.
According to all the possible decay channels of the Z, W bosons, several di-boson final states
are foreseen:
e 0 leptons channel: ZZ — vvqq and ZW — vvqq';
e 1 lepton channel: WZ — lvqg and WW — lvqq’
e 2 leptons channel: ZZ — llqg and ZW — llqq’

the global branching ratio are reported in the table[T.4] My work involved all the possible channel
even if the most focus has been devoted to the 2 leptons channel.

‘Z—)ll‘Z—>VV‘Z—>qq“W—>lV‘W—>qq’
Z =1 | 1,02% | 2,02% | 7,07% | 3,28% | 6,83%

Z—=wv | - | 4,0% | 13,9% | 6,5% | 13,5%
Z—qq | - | - | 48,7% | 22,6% | 47,3%
Wi | - - - | 10,5% | 21,9%
W-=q' | - | - | - | - | 4,7%

Table 1.4: Branching ratios of the SM di-boson final states.

The semi-leptonic decay channels offer a good environment in which signals of new physics
could be found:
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e the requirement of leptons in the final state allows to clean the background environment,
especially reducing completely the QCD background;

e the hadronic V decays increases the Branching Ratio (BR) of the entire final state of a factor
around 10 respect a search with full leptonic final state (Table .

All the three leptons channels have been considered in this thesis but the main attention has
been focused on the 2 leptons channel. The different di-boson system could allow different spin
hypotheses of the new resonce model, as discussed in Section [1.5.1

One important point of this work has been the study and the identification of a particular
experimental signature of two processes involving di-boson production: Vector Boson Fusion and
Vector Boson Scattering, introduced respectively in Sections The first process foresees
the production of a boson particle trough the fusion of two weak boson scattered from two initial
quark coming from the pp initial state. The second one foresees the production of two boson not
trough a new particle but trough the scattering of two weak boson (Figure [1.7)). Both the two
processes are characterised by the presence of two additional quark in the final state that means the
presence of two extra jets in experimental signature. Figures [[.13]show the kinematic distribution
of the two truth quark coming from the VBF/VBS topology. Figures show the kinematic
distributions of the di-quarks system, built using the two VBF/VBS quarks.
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Figure 1.13: 7 and energy distributions of the two VBF/VBS quarks for the VBS signal (blue)
and for three signal mass for the VBF signal, 300 GeV (magenta), 1000 GeV (red) and 3000 GeV
(orange).

The characteristics of these quarks are:

e produced in the forward region, n ~ 2 — 3 for the VBS and n ~ 3 — 5 for the VBF case
depending on the signal mass of the produced resonance.
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Figure 1.14: Invariant mass (a), n separation and ¢ separation of the di-quark system for the VBS
signal (blue) and for three signal mass for the VBF signal, 300 GeV (magenta), 1000 GeV (red)
and 3000 GeV (orange).

e the pair of the quarks have high angular separation and have high invariant mass.

These features are expected to be found also in the jets coming from those quarks. In general
these features are used to identify these specific topology. As the 7 distributions show (Figures
in the case of the VBF production the single quark could have 7 greater than the ATLAS
acceptance (Section while the VBS case has for ~ 99% of the case both of the two quark
produced inside the ATLAS detector.

Figure [[.15] shows the acceptance of the VBF process, varying the mass of the produced reso-
nance, in the case of one VBF quark inside the ATLAS detector (green curve), in the case in which
both the two VBF quark are in the ATLAS acceptance (orange) and, finally, in the case a cut on
the angular separation and invariant mass are applied (magenta), these particular value are taken
from the previous ATLAS publication for which a cut-based selection on the variables are applied

53].
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Efficiency

Figure 1.15: Truth acceptance of the two VBF quarks as
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Chapter 2

The LHC accelerator and the
ATLAS experiment

Founded in 1954, the CERN Ilaboratory is located on the Franco-Swiss border near Geneva. It
was one of Europe’s first joint ventures and now has 20 member states. The name CERN is de-
rived from the acronym for the French Conseil Furopéen pour la Recherche Nucléaire, or European
Council for Nuclear Research, a provisional body founded in 1952 with the mandate of establish-
ing a world-class fundamental physics research organization in Europe. At that time, pure physics
research concentrated on understanding the inside of the atom, hence the word "nuclear". At this
moment, the understanding of matter goes much deeper than the nucleus, and the main area of
research at CERN is particle physics — the study of the fundamental constituents of matter and
the forces acting between them.

At CERN, the European Organization for Nuclear Research, physicists and engineers are prob-
ing the fundamental structure of the universe. They use the world’s largest and most complex
particle accelerator to study the basic constituents of matter or the fundamental particles. The
particles are made to collide together at close to the speed of light. The process gives the physicists
clues about how the particles interact, and provides insights into the fundamental laws of nature.

The instruments used at CERN are purpose-built particle accelerators and detectors. Accel-
erators boost beams of particles to high energies before the beams are made to collide with each
other. Detectors —like ATLAS— observe and record the results of these collisions.

2.1 The Large Hadron Collider

The Large Hadron Collider (LHC), conceptualised around a quarter of century back, is built in a
circular tunnel 27 km in circumference. The tunnel is buried around 50 m to 175 m underground.
It located between the Swiss and French borders.

It is a proton-proton (pp) collider, and the collision were delivered at /s = 7 — 8 TeV during
the Run-I (2010-2012) while they are being collected at /s = 13 TeV during Run-II (2015-2018).

The first beams were circulated successfully on 102" September 2008. Unfortunately on 19"
September a serious fault developed damaging a number of superconducting magnets. The re-
pair required a long technical intervention. The LHC beam did not see beam again before
November 2009. First collisions took place on 30" March 2010 with the rest of the year mainly
devoted to commissioning. The 2011 was the first production year with 5 fb=! delivered to both
ATLAS and CMS with a center mass energy of /7 TeV. The 2012 started with over 6 fb~! de-
livered by the time of the summer conferences and it was ended with around 20 fb~! and with a
center mass energy of /8 TeV.

28
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Data that allowed for the announcement of the discovery of a Higgs-like particle on 4** July 2012
mentioned in the previous chapter (Section [1.3.1)).

During the 2015 a second phase of event production at LHC, called Run-II, started. During
the Run-II the LHC reached an energy collision of 137eV and the purpose of the program was
to collect data corresponding to more than 100 fb~! and it has been reached with the 140 fbo—!
collected during 2015 — 2018. The Run-II started in May 2015. An initial phase of collision with
50ns bunch spacing and 1 fb~! in luminosity took place; the data collected were dedicated to
control the performances of the magnet and of the alignment of the spectrometer.

Just after the commitioning phase the beams, characterized by 25ns bunch-spacing, circu-
lated in the accelerator and produced collisions at /s = 13TeV with a peak luminosity of
5,0-1033cm 2571

One of the crucial parameters for the discovery power of a particle collider is the instantaneous

dN

luminosity, L, since it is proportional to the event rate %

AN
o 2.1
prl (2.1)

where o is the cross section of the considered process. The instantaneous luminosity of a particle
accelerator depends on its intrinsic features:

_ N2k
47 R?

(2.2)

where N, is the number of protons in each bunch, f is the revolution frequency of the protons in
the accelerating ring, k is the number of bunches circulating in the beam and R is the mean radius
of the proton distribution on the plane orthogonal to the beam direction.

The instantaneous luminosity delivered by the LHC reached the value of 21.0 - 1033 em =251
at its maximum (Figure , where the design peak luminosity was 10%* ¢m~=2s~!. This high
luminosity is reached with 2220 (2808 from the design) bunches per beam, each of them contain-
ing 10'! protons. The bunches have very small transverse spread, about 15 um in the transverse
direction, and the longitudinal length is about ??? ¢m. As in the design of the LHC the bunches
crossed every 25ns during the run-II, giving a collision rate of 40 M Hz. This setting implies a
mean number of interaction per bunch crossing between 20 — 50 as showed in Figure 2.1l These
parameters achieved allowed an integrated luminosity showed in Figure

Feature design value actual value
beam energy [TeV] 7 6,5

bunch spacing [ns] 25 25

peak luminosity [cm =257 1034em=2s71 | 12,1-10%3em 2571
mean number of interaction per bunch crossing 19 33
number of bunches 2808 2220
protons per bunch 1,15- 10" 1,18 - 101!
bunch transverse dimensions [um)] 16 um 4 pm

Table 2.1: Capabilities of the LHC during the Run-II. The first column contains the values as in
the LHC design, the second column contains the actual value of the features.

Part of the acceleration chain and the different positions of the LHC’s experiments are showed
in Figure after their production and an of 1.4 GeV, the Super Proton Synchrotron raises their
energy up to 450 GeV before injecting them into the LHC. Ones there, the protons are accelerated
in the two opposite directions up to the colliding energy of 3.5TeV (2011), 4TeV (2012) and
6,5 TeV (2015/18) per beam.
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