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Introduction

In July 2012 the experiment ATLAS and CMS announced the discovery of a new particle with a
mass of approximately 125 GeV [11 [2] compatible with the Higgs boson. This discovery represents a
nodal piont in the understanding of electroweak symmetry breaking. Successive studies [3, [4 [5, [6]
have shown that the properties of the new particle are consistent with the expectations of the
Standard Model (SM) Higgs boson. Although, the current experimental results cannot exclude the
possibility that the new particle is part of an extended Higgs sector or other extensions of the SM.
Many of these models predict the existence of diboson resonances. In models with an extended
Higgs sector such as the two-Higgs-doublet model (2HDM) [7] and the electroweak-singlet (EWS)
model [8], a heavy spin-0 neutral Higgs boson can decay to a pair of Z bosons. In models with
warped extra dimensions [9] [10], a spin-2 graviton is expected to decay to ZZ.

My thesis work has been devoted to the search of heavy resonances decaying into a ZZ pair with
one of the two Z decaying to a pair of light charged leptons (electrons or muons, referred to as ¢),
Z — &ﬂ and the other decaying to a pair of quarks, Z — ¢gq. This leads to the ZZ — ¢lqq decay
mode. The analysis has been restricted in the diboson mass range 300 — 5000 GeV /c?, within the
context of Standard Model extensions with an extended Higgs sector (heavy spin-0 neutral Higgs
boson) and warped extra dimensions (spin-2 Randall-Sundrum graviton).

A heavy resonance will appear as a resonant structures in the invariant-mass distributions of the
llqq final state, thus this invariant mass is used as the final discriminant for the signal-background
separation. For the heavy scalar interpretations, the analysis has also been separated into Higgs
production modes (gluon-gluon fusion (ggF) and vector boson fusion (VBF)).

Both the ATLAS and CMS Collaborations have searched for heavy resonances in ZV (V = W, Z)
decays in the /s = 7 and 8 TeV datasets |11}, 12, 13|, 14, 15| and in the /s = 13 TeV datasets
[T, 16, 18] 19] but only with 2015 data.

For my thesis, I analyzed proton-proton collision data recorded during 2015 and the beginning of
2016 by the ATLAS experiment at LHC with a center of mass energy /s = 13 TeV. The integrated
luminosity used in this study has been 13.2 fb~!, larger then the previous ATLAS searches.

This thesis is organized as follows:

e Chapter 1: The first chapter gives an overview of the Standard Model and its extensions
(Beyond Standard Model (BSM)). In particular on overview of the Two-Higgs-Doublet model
and the Randall-Sundrum graviton model is presented.

e Chapter 2: The second chapter illustrates the characteristics of the LHC and of the ATLAS
apparatus. The present status of the data taking (Run-II) is also reported.

e Chapter 3: In the third chapter the particle identification and detection techniques used in
the ATLAS experiment are described. The reconstruction of leptons and jets are given with
more details as they have been widely used in this thesis.

e Chapter 4: In chapter 4 the analysis is presented. A discussion on the various background
and a full description of the categorization of events are given. The resulting invariant mass
distributions are showed and the determination of confidence levels for the exclusion of a
heavy Higgs boson and Randall-Sundrum graviton, over the full range of masses considered,
is discussed.

1To simplify the notations, antiparticles are not explicitly labelled.
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A summary of this thesis is given in the conclusive section (4.10]).



Chapter 1

The Standard Model and Beyond

The Standard Model (SM) of particle physics is a non-abelian gauge theory that describes the
strong and electroweak interaction.

Proposed at the end of the 60’s, it obtained many experimental confirmations and it is the
model used currently to study the high energy physics.

This chapter summarizes the relevant theoretical aspects used into the presented analyses.
It starts with an introduction, -particles and forces-, arriving to a description of the Standard
Model Higgs boson and the efforts to find it. Some models beyond Standard Model are also presented.

1.1 Elementary Particles

Nowadays the known physical world is described in a big proportion in terms of fundamental matter
particles and their interactions thanks to the SM. It describes all known particles and three of the
four known fundamental interactions, that is the electromagnetic, weak and strong interactions.
Within the SM the particles are classified by their spin as either:

e half-integer spin particles, called fermions, obeying Fermi-Dirac statistics. These form the
matter particles;

e integer spin particles called bosons. These particles obey Bose-Einstein statistics and their
exchange between the fermions describes the fundamental interactions.

1.1.1 The Fermions

The fermions are categorized into two types, the quarks and the leptons. The quarks are given
a baryon number B = 1/3. The leptons are assigned a lepton number L = 1 and do not interact
strongly. Fermions are categorized in three families or generations. Figure lists the quarks and
leptons and other basic properties [26]; both leptons and quarks families consists of a doublet of
particles.

The first generation of quarks consists of the up (u) quark with +2/3 electric charge (in units
of electron charge, e) and the down (d) quark with —1/3 electric charge. The 3 other generations
consist of a u-type and a d-type quark but are successively heavier than the first generation. The
second generation consists of the strange (s) and charm (¢) quarks while the third generation
consists of the bottom (b) and top (t) quarks. Quarks carry color charge and each of them comes in
three distinct color states (red, green or blue).

Each doublet of leptons is composed of an electrically charged lepton and its corresponding
neutral neutrino. As with quarks, the mass of the charged leptons in the doublet increases with
generation. The first generation consists of the electron (e) and its neutrino (v, ), the second the
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muon (p) and its neutrino (v,) and the third the tau (7) and its neutrino (v;). Each quark and
lepton have a corresponding anti-particle, denoted with a bar. Anti-particles have the same mass of
the corresponding particle but opposite quantum numbers (for example opposite electric charge).
In nature quarks are only found within composite hadrons, composed of either three quarks making
a baryon or in quark anti-quark states called mesons.

Three generations
of matter (fermions)

mass —| 2.4 MeV/c? 1.27 Gev/c? 171.2 GeV/c?
charge —| 24 2/ 2/4
spin - 15 u Ya C Y t
name - up charm top
4.8 MeV/c? 104 MeV/c’ 4.2 Gev/c?
" —1/3d —1/38 —1/3b
= | Y Y
Cj)’ down strange bottom

<2.2 eV/c? <15.5 MeV/c?

Y .V

wyYe VT
electron muon tau
neutrino neutrino neutrino

105.7 MeV/c?

<

Ya
muon

1.777 GeV/c?

1T

Y
tau

0.511 MeV/c?
4+ 6
2

electron

Gauge bosons

Leptons

Figure 1.1: Standard Model of Elementary Particles.

1.1.2 Forces and Carrier Particles: the Bosons

Interactions between the fermions are mediated by the absorption and emission of integer spin
particles called bosons. This gives rise to four fundamental forces, represented in the Figure
The electromagnetic force makes the electron bind to nuclei and more generally, molecule
formation underpinning Chemistry and it is mediated by the photon (7). The strong force is
responsible for holding nuclei together and is mediated by eight massless gluons (g). The weak
force explains decay and is mediated by exchange of W and Z bosons. Gravity is responsible
for galactic formation and it is the weakest of all the forces and is negligible at the energy scales
considered in particle physics. According to the present knowledge of modern physics all the
fundamental forces are described by a quantum field theory except for the gravity. Efforts in
this direction are performed and different models predicting a new particle describing the quan-
tum of this interaction, the gravition, exists; however, experimental evidences haven’t been found yet.
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Figure 1.2: Artistic representation of the fundamental forces in Nature.

1.2 The Standard Model

The SM is a theoretical framework of quantum field theory [27] in which the elementary particles
are the quanta of the underlying fields and the interactions are a consequence of the principle of
local gauge invariance. As yet attempts to incorporate gravity using this approach have failed.

The time-line of the SM becoming an unified theory of the forces that it describes started
with the development of the quantum field theory of electromagnetic interactions, called Quantum
Electrodynamics.

Subsequently in the 1960’s an electroweak theory was developed unifying the electromagnetic
and weak interactions.

Finally the electroweak theory was unified with the theory of the strong interactions (Quantum
Chromodynamics) giving what is understood as the SM today.

The first step to build a quantum field theory is doing the quantization of the fields; this
means that the field operators, that are function of the space-time coordinate, are wrote as linear
combination of operators that create or destroy a particle acting on a state vector of the system.
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These operators obey to dynamical equation descending from a Lagrangian L by a variational
principle.

Usually L is wrote as an integral over the space coordinate of a Lagrangian density L; this is a
function of the fields ¢;(z) and of their gradients %ﬁgﬂ) = 0,0, (x):

L(t,x) = L(9;(x), 0ud;(x)) - (1.1)

The dynamical equation for the fields are obtained from the Fuler-Lagrange equation:

oL 0 oL
— | —— | = i =1,2,... 1.2
O¢; Ozt 8(2&) 0 ¥ 02,.) (1.2)

that are a consequence of a variational principle. The interaction between the fields are introduced
requiring an invariance of the theory under a local gauge symmetry group; starting from the
Lagrangian L for the free fields, the request of the invariance for the total Lagrangian £ produce
the interaction term L'

L="Lo+L. (1.3)

Then a set of Feynman rules correspond to the particular Lagrangian of the theory; using system-
atically the Feynman rules is possible writing the matrix elements of the processes involving the
particle interactions.

So, under the construction of the Standard Model there is a symmetry principle; the gauge
invariance guarantees the mathematical coherence and the prediction of the theory, that is its
renormalizability.

The symmetry group used for the Stander Model is:

SUB)c®@SU12), @U(1)y, (1.4)
where:

e SU(3)¢ is the non-abelian group of the color symmetry, that describes the strong interactions
between quarks, through an octet of massless boson, the gluons, according to the rules of the

QCD;

e SU(2), ® U(1l)y is the gauge group of the weak isospin that describes the electroweak
interaction (EW), obtained starting from two gauge groups, SU(2), for the weak interaction,
and U(1)y for the electromagnetic interaction, as results in the Glashow, Weinberg and Salam
model. The electroweak interaction is mediated by four bosons, three of them with mass,
W=, Z°, and one massless, the photon 7.

The Standard Model Lagrangian can be written as the sum of two contributes: the contribute of
the quantum chromodynamics, that describes the strong interactions, and the contribute of the
electroweak model, that describes the electromagnetic and weak interactions:

Lsy = ﬁQCD + Lew. (1.5)

1.2.1 Quantum Electrodynamics (QED)

All quantum electromagnetic interactions consist of the interaction of charged fermions with the
quantum of the electromagnetic field, the photon. A basic form of this interaction is shown in Figure
It shows the interaction of charged fermions, a electron pair with a photon v to produce a
muon pair. As with all interactions, the strength is characterized by a coupling constant associated
to each vertex. The electromagnetic force couples to electric charge and so this defines the strength
of electromagnetic interactions. This vertex corresponds to the basic building block from which all
QED processes can be represented. Complete QED processes represented in this way are called



CHAPTER 1. THE STANDARD MODEL AND BEYOND 10

Feynman diagrams E| . Feynman diagrams with the smallest number of vertices for a given process
to occur are referred to as tree-level or leading-order whereas diagrams with a higher number of
vertices are called higher order diagrams. A detailed picture of any QED process can be obtained
by summing over all possible internal states and this corresponds to summing over all Feynman
diagrams of all orders.

Figure 1.3: Feynman diagram of a muon pair production with a v virtual mediator.

As said previously, it is convenient to use the Lagrangian formalism to describe the interactions
of fermions within the SM, whereby such interactions can be described in terms of an action
involving a Lagrangian acting on the fermion fields. The dynamics of non-interacting massive
fermion fields is described by the Dirac equation [28] and as such the relevant Lagrangian is the
Dirac Lagrangian:

£ = iy Bytp — mip, (1.6)
where:
b=yl (L7)
and v* are the Dirac matrix acting on the space 4 x 4 of the Dirac spinors, and they satisfy the
anticommutation algebra rules:

{72 = Ay Ayt =29 (1.8)
where g"” is the metric tensor.

In 1954 Yang and Mills [29] proposed a framework for theories involving the exchange of
vector bosons, such as those in QED. The Lagrangian in a Yang-Mills theory is invariant under
transformations that are a function of space and time. This local gauge symmetry provides an
accurate description of physical interactions and is therefore a desirable property of the SM theories.

A local gauge transformation in QED can be represented as a transformation under the symmetry
group U(1) corresponding to all unitary matrices of dimension 1 x 1. Therefor the local gauge
group of QED is called U(1). A generic transformation of this group can be written as:

P(x) — P (z) = P"@(a) (1.9)
P(z) — P(z) = e @ ().

LGiven a quantum field theory, represented by a Lagrangian as a function of one or more fields, each one different
by the others, it’s possible to expand the Green functions as a serie of infinite terms; each one of these terms is
composed by few types of elementary objects that are found at all of the orders; therefore, associating to these
elementary objects a "pictorial" representation, it’s possible build the terms of the infinite expansion in a very simple
way. The picture obtained at an assigned order is called Feynman diagram while the associations done between the
analytic terms and the pictorial representation are called Feynman rules and these characterizes completely the
theory. Finally, starting from the Green function, it’s possible calculate all the observables of the theory, such as
cross sections and decaying widths.
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Figure 1.4: Feynman rules for QED.

In order to ensure this symmetry is retained, a new massless vector field A,(x) must be
introduced which is identified as the photon field. The request of invariance for the Lagrangian so
implies the introduction of this new field and gives also its transformation rule:

Au(z) = Au(x) — 0,0(2) (1.10)
it’s then convenient introduce the covariant derivative:
D, =0, +iqA,(z) (1.11)

that is related to the presence of the interactions with the field A, (x). This gives rise to the QED
Lagrangian:

£ = i7" Dyt — mipt (1.12)
which is then observed to be invariant under transformations of the local gauge group U(1) and to
contain interaction terms. It’s important to observe that the invariance request implies the theory
introduces naturally the gauge field A,. Finally, the QED Lagrangian is completed adding the
kinetic energy term of the free field A,(x), that describes the free propagation of photons; this
term is local gauge invariant directly:

- - 1
£ = i Dyth — mabp — L F* F, = (1.13)
- - . 1_..
= 21;[}7“8#17/] - md)z/} - ]HA;L - ZFM F,ul/

where F*¥(x) is the electromagnetic tensor; in the last line the interaction term is put in evidence,
it represents the interaction between the Dirac particle and the classical electromagnetic field. Using
this Lagrangian the QED Feynman rules are obtained and these are shown in figure [I.4]

The requirement that the physical system remains invariant under local gauge transformations
results in the conservation of electron charge, as confirmed by experiment.

Using different symmetry groups, the same principle may be extended to the strong and weak
interactions.

1.2.2 Quantum Chromodynamics (QCD)

Quantum Chromodynamics (QCD) is the quantum field theory describing the strong interactions
between quarks and gluons inside the hadrons. The strong force couples to colour charge, so only
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the coloured gluons and quarks are involved in strong interactions. The most basic QCD interaction
vertex, involving the interaction of quarks ¢ with a gluon g is shown in Figure [I.5] The local gauge
group of QCD is SU(3)¢ corresponding to the unitary group of 3 x 3 matrices with determinant 1.
The three dimensional nature of this group is a consequence of there being three quark colours (C')
and as such the quark fields transforming in the vector space of colour. To preserve local gauge
invariance of the Dirac Lagrangian eight massless fields must be introduced which correspond to
the eight gluons. These fields are also vector fields because the gluons have an intrinsic colour charge.

Figure 1.5: The fundamental quark-gluon vertex of QCD.

The SU(3)¢ group is an example of a non-abelian group, because its generators do not commute.
This is a consequence of gluons carrying a colour charge and leads to self interaction terms in the
QCD Lagrangian. This behaviour gives rise to diagrams whereby gluons are coupling to other gluons.
This does not occur in QED as photons do not carry electric charge. Same further consequences
arise from this property, making QED and QCD intrinsically different.

In the QCD description the quarks take part as color triplet, that is three spinorial fields, zbj(m)
with j = 1,2, 3 color index, correspond to each flavor f:

()
Wi(a) = | i) | - (1.14)
§ ()
The QCD free Lagrangian is therefore:
6 —
£=3" 0 (i70, — my)'. (1.15)
f=1

A generic transformation of the local gauge group SU(3)¢ is:
v](@) = 9 (@) = oy @), (1.16)

where \; are the 8 Gell-Mann matrix and g5 = (47rozs)% is the strong coupling constant. Then
the invariance of the Lagrangian under transformations of SU(3)¢ is required; in order to obtain
this condition 8 gauge gloun field, GZ(x), are introduced and a covariant derivative related to this
interaction is defined:

Aa
Dy = 0, +ig. 3G, (1.17)

using this instead of the traditional derivative 9, the Lagrangian [I.I5] results gauge invariant.
Adding then the kinetic energy term for each gluon as finng”, where:

GZV = aﬂAg - auAZ - gsfabcAzA,c, (118)
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Figure 1.6: QCD rules.

the final QCD Lagrangian is:
IS (s A a )‘0« 1 a v
L= Efj W (190, = m)v! — g Y G (2) Tt | — S G (@)GE () (1.19)

where the index f =1,2,---,6 specifies the quark flavor and a = 1,2,--- , 8 the gluon fields.

The terms in the Lagrangian produce autointeractions between the gluon fields, generating
new vertices that doesn’t exist in QED, figure New aspects appear in the description of the
strong interaction, such as the asymptotic freedom and the color confinement, that make QED and
QCD intrinsically different.

Asymptotic freedom refers to the fact that the strength of the strong force (i.e. the coupling
strength) increases with increasing distance. This is because in QCD both quark anti-quark loops
and gluon-gluon loops contribute to the higher order processes. However, although quark anti-quark
loops, like loops in QED, lead to a net reduction in coupling strength with increasing distance the
opposite is true for gluon-gluon loops. Because there are more gluons than quarks, the effect from
the gluon-gluon loops outweighs that from the quark anti-quark loops and as such gives rise to a
net increase in coupling strength with increasing distance. A consequence of asymptotic freedom is
that no free quarks or gluons, unlike leptons and photons, are observed in nature and this is why
we only observe colourless hadrons in the form of baryons or mesons.

1.2.3 The Electroweak Theory

In analogy to QED and QCD, the quantum field theory of weak interactions is determined by
requiring local gauge invariance of the appropriate Lagrangian. The local gauge group of the
weak interaction under which the Lagrangian must be invariant is SU(2);, in the vector space
of weak isospin I, where the L subscript refers to the fact that the fermions whose interactions
the Lagrangian describes are left-handed (left-handed and right-handed are referred to states that
are engistates of the chirality). All left-handed fermions experience the weak interaction and
are arranged into pairs or fermion doublets. For the leptons these doublets consist of the same
generations shown in Figure corresponding to the physical (mass) eigenstates. The weak
interaction does not couple to the quark mass eigenstates, u,s,d, but instead, linear combinations
of them, v’,s’,d’, which are determined by the CKM matrix [30].

Flavour changing neutral current reactions are not allowed in the SM. In the original formulation
of the SM, neutrinos only experience the weak interaction and so are not predicted to have a
right-handed component. In 1968 Glashow, Salam and Weinberg [7, 8, 9] successfully extended the
theory of weak interactions to encompass the electromagnetic interaction by using the gauge group:

SUR2)L@U)y. (1.20)

Here Y is called weak hyper-charge and is related to electric charge @ by @ =Y + I3 where I3 is
the 3"% component of weak isospin. This showed that the electromagnetic and weak forces can be
viewed as two components of a single force, called the electroweak force at high energy. In this
case preserving local gauge invariance requires four massless fields be introduced. Mixing of these



CHAPTER 1. THE STANDARD MODEL AND BEYOND 14

four fields gives the electroweak bosons v, W+, W—, Z° E| . The non-abelian nature of the SU(2),
group gives rise to self interaction terms and allows W and Z bosons to couple to each other. The
U(1)y group is however abelian and as such the absence of photon-photon couplings in QED is
maintained.

All the fermions of the Standard Model are sensitive to the elctroweak interaction. The spinorial
fields of the fermions can be written as sum of left-handed and right-handed component using a
projection operator:

YL r= % (1F+°) 2. (1.21)

The experimental observations show that the weak interaction doesn’t preserve the parity. In
particular, only the left-handed component of the fundamental fermions take parts to the weak
charge-current process and, therefore, these are represented by doublet obeying to the weak isospin
symmetry. Whereas the neutral-current processes are related also to the right-handed component
of the fermions and these are represented by singlet.

The preserved charged associated to the subgroup U(1)y, as said, is the weak hypercharge Y.
The hypercharge Y and the isospin [ satisfies the Gell-Mann-Nishima relation, that related these
to the electric charge, that is a physical observable:

Q:13+§. (1.22)

The values of the quantum numbers of the fermions in the EW theory are reported in table
The generic transformation of the SU(2);, ® U(1)y group is:
br(e) — Pp(a) = e O TtBENY gy (1) (1.23)
Yr(z) = Vp(e) = POV p(a)

where a®(z) e B(x) are local phases and T, e Y are the generators of the SU(2); and U(1)
groups. Requiring the invariance for the Lagrangian, four new vectorial field are introduced and
the interactions terms are included in the covariant derivative defined as:

9a g
D, =, + iSWiTa +i5B,Y (1.24)

where g e ¢’ are the coupling costant of the two interactions. So, the invariant Lagrangian under
SU(2)L @ U(1)y group is:

4

-7 j -7 1 a v 1 v
L= il "Dyl + > iy Dyl — Wi W = BB (1.25)
j k
where the sums over j e k is on all doublet and singlet states written in table and:

W;Llu :8,U«W1{/1 - al/W/j - g/eachszlf (126)
B/Lu :ap,Bu - 8l/B/L- (127)

are the tensor associated to the four fields.

2The discovery of the W and Z bosons was considered a major success for CERN. First, in 1973, neutral current
interactions were observed with the huge Gargamelle bubble chamber. The discovery of the Wand Zbosons themselves
had to wait for the construction of a particle accelerator powerful enough to produce them. Build the Super Proton
Synchrotron, unambiguous signals of Whosons were seen in January 1983 during a series of experiments made
possible by Carlo Rubbia and Simon van der Meer. The actual experiments were called UA1 (led by Rubbia) and
UA2 (led by Pierre Darriulat), and were the collaborative effort of many people. Van der Meer was the driving
force on the accelerator end (stochastic cooling). UA1 and UA2 found the Zboson a few months later, in May 1983.
Rubbia and van der Meer were awarded the 1984 Nobel Prize in Physics.
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Generation ‘ Quantum numbers
1 2 3] 1 I3 Y Qle]
Ve v, vy 1/2 1/2 -1 0
Leptons e ), w) ), | 1/2 —1/2 -1 -1
en tpr TR 0 0 -2 -1
(u) (c) (t) 1/2 1/2 1/3 2/3
d s b 1/2 ~1/2 /3 —1/3
k L L L
Quarks | % © cr tr 0 0 4/3 2/3
dR SR bR 0 0 —2/3 ]./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.

1.3 Spontaneous Symmetry Breaking and the Higgs Mecha-
nism

A combination of the theories of the electroweak and strong interactions may be done to form a
unified theory of all the fundamental forces apart from gravity. The corresponding local gauge
group is SU(3)c ® SU(2)r, ® U(1)y and the associated Lagrangian, the SM Lagrangian. However
as with the individual theories, the fields which must be included in order to preserve local gauge
symmetry, these are identified with the v, WT, W~, Z and gluons, are each required to be massless.
The same is true for the fermions which under SU(2);, must be massless. Experimentally, however,
it has been shown that the W*, W~, Z and fermions are indeed massive. So, the Lagrangian
need new terms that haven’t disobey the gauge invariance in order to describe the massive contribute.

The mechanism of spontaneous electroweak symmetry breaking applied to a non-abelian theory
was introduced by Peter Higgs [31] in 1964, and independently by Robert Brout and Francoise
Englert [32], and Gerald Guralnik, C. R. Hagen, and Tom Kibble[33],[34]. It provides a solution to
the massless fields and it is commonly known as the Higgs mechanism.

The Higgs mechanism solve the problem of the masses giving mass terms that are invariant
under SU(2) group adding these to the Lagrangian. The basic idea is that while the Lagrangian
is gauge invariant the fundamental state isn’t invariant necessarily. The spontaneous symmetry
breaking of the fundamental state is a consequences of the existence of a new scalar field, the Higgs
field.

1.3.1 The spontaneous symmetry breaking: a complex field

The basic idea behind spontaneous symmetry breaking is discussed in the following by means of
adding to the theory a scalar field.
Consider, firstly, a real scalar field ¢(z) with the Lagrangian equation m

1 1
L=T-V(6) = (0,0)(0°0) ~ 5us* — 7o' (1.28)
where V(¢) is a self-interaction potential of the field ¢, represented in ﬁgure and p and \ are
two free parameters. In order for this Lagrangian to be invariant under global gauge transformations
(the associated gauge group is U(1)), i.e. symmetric under ¢ — —¢, and there to exist a vacuum
state with positive and finite energy, A must be positive. Imposing A > 0, two solutions for u? exist:

e 112 > 0 describes a scalar field with mass p. ¢ is a self-interacting field with coupling A. The
ground state vacuum expectation value here is ¢ = 0; satisfying mirror symmetry.



CHAPTER 1. THE STANDARD MODEL AND BEYOND 16

e 112 < 0 describes a case where the mass term has the wrong sign for ¢ since the relative sign
between the kinematic and the potential energy is now positive.

The potential has two minima which satisfy equation [I.28] that are:
¢ =0 (1.29)
and:

— H
o=+/5 (1.30)

¢ =tv where v = \/E (1.31)

Perturbative expansion about the minimum allows to write ¢ like:

that can be written as:

o(x) = v+ n(x) (1.32)
where n(x) represents quantum fluctuations and the field has been translated to ¢ = +v. The
configuration ¢ = —v is easily achieved through mirror symmetry.

Doing the corresponding substitution into the mentioned Lagrangian, we have:

1 1
L= 5(81,77)(8”77) —M?n? — don? — 1)\7)4 + const. (1.33)
Now the mass term of the field n has a correct sing,

my = V2 v? = /=22 (1.34)

The higher order terms (1® and %) correspond to the self-interactions in 7, similar to ¢* in m
This new Lagrangian gives us an accurate picture of physics for scalar particles. It now has a mass
term because of the way it was generated, i.e. ¢ was expand as a function of 1 around the ¢ = +wv.

uw>0,A>0 W <0,A>0

V(o)
V(o)

Figure 1.7: The potential V(¢) = %u2¢2 + i)\czb‘l for 2 > 0, and for u? < 0 where A > 0 in both cases.
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Spontaneous symmetry breaking corresponds to the choice in selecting the ground state ¢ = +wv.
In physics, spontaneous symmetry breaking occurs when a system belonging to a particular symme-
try group goes into a vacuum state that is not symmetric.

Taking into account the previous statement, a look into the spontaneous breaking of a global
symmetry is going to be useful in order to describe a Lagrangian for which the mass of gauge bosons
can be generated.

Repeating the above procedure for a complex scalar field:

_ $1(x) +iga(x)
— 5

which is invariant under the phase transformation ¢ — e*®¢, the Lagrangian is:
L= (0,0)"(0"¢) — u’¢*¢ — A¢" ). (1.36)
By substituting the field ¢ = %(gbl +i¢?) into equation becomes

o(x) (1.35)

L= 20,60 + L (0,02 + L12(6% + 63, (137)

the potential V(¢) in this case is represented in figure After minimizing the potential, we
can look at the cases A > 0, u? < 0. The minima for v(¢) exist in a plane ¢1, ¢, with radius v

such that:
v? = o] + 63 (1.38)

2
where v2 = —4-, that translates ¢ to a minimum energy position.

In a simple case, the particular choise of the fundamental state could be:

b0 (1.39)

then it’s possible expanding the Lagrangian about the vacuum in terms of the fields n and e:

o(z) = \/;(ern(x) +ie(z)) (1.40)
that if it is included into the equation [I.36] becomes:
L= %(81,6)2 + %(81,77)2 + p?n? 4 const + higherorders (1.41)
where the third term has the form of a mass term for n with a mass of:
my = \/—2p2. (1.42)

As for € there is not apparent mass term, the theory classifies it as a massless scalar Goldstone bo-
son [35] [36], B7], that are bosons that appear in modes which exhibit spontaneous symmetry breaking.

The request that the Lagrangian must be invariant under U(1) gauge transformations in ¢ can

be satisfied by transforming: 4
(z) — e Wo(x) (1.43)

and replacing 0,, with a covariant derivative, D, = d,, —ieA,. The gauge field A, transforms as:
1

Ay — A+ -0, (1.44)
e

where A, couples to the Dirac particle charge —e. Then, the Lagrangian is written as

1
L= Du(b*puﬁb - M2¢*¢ - /\((b*(b)Q - ZF;WF#U (1'45)
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now, acting the spontaneous symmetry breaking choosing the fundamental state as before and
expanding the field around this, the Lagrangian becomes:

1 1
L :58,178”17 —\in? + iayea"e — evA, 0t et
1 1 (1.46)
+ 562U2AM4H — ZF‘WFW + interaction terms
where v = + —"72.
So, from spontaneous symmetry breaking we have a massless Goldstone boson €, a massive
scalar 1 and a massive vector A, with their masses:

me = 0,
my = V22, (1.47)
ma = ev.

By having generated a mass for the gauge field, we still need to solve de problem relative to the
generation of a massless Goldstone boson. Giving mass to A, the number of degrees of freedom is
taking from four, two scalar field and a massless vector field, to five, two scalar field and a vector
field with mass, requiring that we deduce that all the fields must not correspond to distinct particles.

Approximating ¢ to the lowest order in ¢, that is:

ce(x)

¢@):$%@+n@%+k@D%;%w+W@Dé“

(1.48)

and substituting different fields h, 0, A,, where h is real obviously:

6 (x)

1
¢(r) — \/;(v + h(z))e ™ ; (1.49)
that gives to the Lagrangian the following form:

1 |
L ==(0,h)* — M?h? — Mh® — ~Ah*+

2 4
1 1 1 (1.50)

2,2 42 24272 2 42

+ 56 v Au + 56 Aﬂh + ve Auh — ZF’“'FW
It is possible to see that the Goldstone boson does not appear in the equation and the extra
degree of freedom corresponds to the ability to make gauge transformations. The Lagrangian
describes two interactive massive particles A, and h. A, is a vector gauge boson and h is a massive
scalar known as the Higgs particle. With this mathematical computation, the Goldstone boson
now represents a longitudinal polarization for the massive gauge boson, this is known as the Higgs

Mechanism.

1.3.2 The Higgs field
The Higgs field is composed by a weak isospin doublet of complex scalar fields with hypercharge

Y=1 N )
¢ ) <¢1 + i¢2)
= = . 1.51
¢ (w 72 \6s + io (L51)
so it contains four real scalar fields ¢;. This fields is sentive to the potential:
V(g) = ?¢To+ Mo'9)” = p?¢* + Mg, (1.52)

the Lagrangian of the Higgs sector is then:

Ly = (D.¢) (D"¢) - V(¢) (1.53)



CHAPTER 1. THE STANDARD MODEL AND BEYOND 19

;£2 <) potential

=0
A=0

potential

Figure 1.8: Schematic representation of the Higgs potential V' (¢). The interesting case is with the conditions
A>0epu?<0.

where D,,is defined by the equation [T.24]

Choosing the conditions A > 0, that is an essential condition for the vacuum stability, and
u? < 0, the potential drawn in figure is obtained. There is an infinity of generate states with
the minimal energy satisfying the condition:

2

2_ M _ 9
o5 = 2)\_1) (1.54)

where v is theoretical unknown and experimental fixed to the value 246 GeV'; then it’s possible to
choose one of these degenerate states as solution:
12
1 =2 =¢s =0, ¢§=—ﬁ = v (1.55)

Then the fluctuations of ¢ around the selected vacuum state:

b0 = <S> (1.56)

¢ = (;5 @EH(@)) (1.57)

acting the spontaneous symmetry breaking mechanism with this particular fundamental state the
mass terms wanted are obtained.

can be written as:

1.3.3 Gauge boson masses

The Lagrangian after the electroweak gauge invariance request is:

L= (D) (D) — V(6) ~ (W WY — 1 BB (158)

Considering the kinetic part, it’s possible reconstructing the physical fields, the fields W+ are
defined as:

1
WE=—
V2

while the neutral Z field anf the photon field are orthogonal:

(W, FiW;) (1.59)

_g'Wi—gB,

Z, (1.60)
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and: R
_ 9 W, + 9By

A . (1.61)
K g2 + g2
introducing the weak mizring angle Oy :
/
cos Oy = \/%,
g°+yg
1.62
sin Oy = ——2 )
w g/2 _|_92
the Z and A field are written as:
Z, = —B, sinfy + W?3cosb
" pEEIWE T TR IW (1.63)

A, = B, cosOw + Wg sin Gy .
The boson masses are represented by the quadratic terms that come from the Lagrangian [[.58}

_9v
T2

v
Mz = 5\/9/2"'92

while the photon is still massless. The boson masses and the mixing angle are related by the
equation:

My
(1.64)

M,
F‘Z = cos Oy (1.65)

1.3.4 Fermion masses

The last step is to add the fermion masses that is still out of the theory. Fermion mass terms could
be added considering the interaction between the scalar field ¢ and the fermions. Considering the
Lagrangian for the Yukawa terms:

Lyukawa = —GY Ly o3, — G QY pdl, — G QY ety + hec. (1.66)

where L% e Q% represented the isospin doublet of the leptons and quarks and 83%, dg%, u% the singlet
for the leptons and the up and down states of the quarks. In the third term:

pc =io29" (1.67)

is the conjugate doublet in the sense of SU(2), of the doublet ¢.

The matrix G/, G}j e G% define the coupling constant and the mixing of the quarks generation,
infact the weak interaction engistates are overlaps of the masses engistates. Acting the spontaneous
symmetry breaking and substituting the value of ¢ as written in the fermion mass values are
obtained. For instance, the mass term for the electron field is reported:

G G
L.=——Sv(érer +érer) — — (érerp + éper) H = 1.68
\/5 (LR RL) \/i(LR RL) ( )
= —meée — e el (1.69)
v

where m, = (\;/%“ is the electron mass. The coupling constant G, is not fixed and the actual electron

mass isn’t predicted. The Lagrangian has also an interaction term that couples the Higgs field to
the electron field and this term is proportional to the electron mass.

The masses of the other fermions are generated in the same way except for the neutrinos that
are considered massless according to the Standard Model.

In particular, about quarks, the coupling isn’t diagonal considering the fields, this implies that
the masses matrix aren’t diagonal and the no-diagonal condition remain after the spontaneous
symmetry breaking; to obtain diagonal matrix id need to act four unitary transformations, that
transform the interaction engistate in the mass engistates. These transformations have effect in
the current; in the case of charge current, these transformations put in evidence a violation of the
charge conjugation symmetry and of the parity symmetry (CP).
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1.4 Higgs boson mass constrains

In the Standard Model there are four types of gauge vector bosons, W, Z, photon v and gluon,
and twelve types of fermions, six quarks and six leptons [22] 23], [24] [25]. These particles have been
observed experimentally. At present, all the data obtained from the many experiments in particle
physics are in agreement with the SM. We already know that the Higgs boson, according to the SM,
is the responsible for giving masses to all the particles. In this sense the Higgs particle occupies
a unique position. But the theory itself does not predict the Higgs boson mass, so, in order to
understand how the Higgs’s search have been perform during the last decades, lets make a review
of the theoretical and experimental constrains to such a value, including the most recent LHC’s
results, where the discovery of a new Higgs-like boson have boosted this already exciting research.

1.4.1 Theoretical Constrains

As mentioned earlier, the Higgs boson mass is not predicted by the SM, nevertheless there are
several theoretical ways to define boundaries to the Higgs mass value. Such a constrains have been
classified as follow:

Unitarity

Define as the requirement that the total scattering probability for a process, obtained from
integrating over all contributing Feynman diagrams, remains less than 1.The theory of electroweak

interaction of Fermi violates unitarity at the electroweak scale /s = G;% because it assumes
point-like interactions. The introduction of massive intermediate bosons resolves the problem for
low energy. However, certain processes involving the longitudinal components of the vector bosons
are expected to violate unitarity at tree-level. An example of such a process is WTW ™~ — WTW ™
longitudinal scattering (figure which gets contributions from Z and +, leading to its cross
section increasing at high energy in proportion to the square of the centre of mass energy or /s[41].
Unitarity can be restored by adding Higgs exchange diagrams, establishing an upper bound on the
Higgs mass of 2v/7 = 800 GeV.

%% W= H I
I

W= w+

Figure 1.9: Some Feynman dyagrams that contribute to the W W~ — WTW ™ scattering.

Triviality

Referring to section the mass of the Higgs boson is given by mj, = /—2u2 = vv/2\. This
represents the leading order expression and will be modified once higher order corrections are
accounted for, examples of which are shown in figure [[.10] These corrections give rise to divergences
which can be accounted for using a renormalisation procedure. After applying this renormalisation
it becomes evident that the Higgs self-coupling A diverges with increasing energy scale. Assuming
the Higgs self-coupling is larger than the top quark Yukawa coupling, it varies with energy like
A2In(Q?). Since it is assumed that the SM is valid at all energies, A must be zero. This implies
that the SM is valid up to a cut-off energy scale (A) at which new physics will begin to appear. In
order that it produces meaningful predictions at energies below this cut-off the perturbativity of
the SM theory must be maintained and as such the Higgs self coupling must remain finite (figure
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. Since the Higgs coupling is proportional to the square of the Higgs mass, an upper limit on
its value is predicted, depending on A. This is called the triviality bound on the mass of the Higgs
boson. Like an example, a cut-off energy of 10 TeV the upper limit imposed by this constraint gives
a my ~ 500 GeV.

~ H H - - e~ . N y
~ - ~ o - S o .= ,’ N z
~ -
SO L7 I‘z.: ~ ’/ \ - . LY
pC I + P+ » * + o
’ ~ ~a 7 - 4 -\
s ~ ,"‘\ - \\_/ \\ /”
’ ~ - ~ o ’ ~ 7z '\
7’ \
s H H ~ - ~ - ~ \\ ,

Figure 1.10: Feynmann dyagramms for the three level of the self-intereracion at one loop of the Higgs
boson.

Vacuum stability

A lower constraint on the Higgs boson mass is derived by assuming the top quark Yukawa coupling
is larger than the Higgs self-coupling. This implies low Higgs masses, my, < m;, where the coupling
to top and weak bosons becomes large. In this scenario, the Higgs potential will develop a global
minimum at large energy scales, thereby creating an unstable vacuum and preventing spontaneous
symmetry breaking. Imposing the same cut-off energy scale A at which the SM is valid to, a lower
constraint on the Higgs boson mass is imposed in order to maintain vacuum stability. For a cut-off
energy scale of the electroweak scale (A = 10%) my, ~ 70 GeV.

The combined effect of the triviality and vacuum stability requirements is shown in figure [[.11]
showing the allowed Higgs mass window as a function of the cut-off energy scale A[38|, where the
bands represent the upper and lower limit theoretical uncertainties and enclose the allowed Higgs
boson mass. The limits were derived assuming a top mass m; = 175 + 6 GeV and strong coupling
constant oy = 0.118 £ 0.002.
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Figure 1.11: Theoretical upper and lower limits on the mass of the Higgs boson as a function of cut-off
energy scale A. The upper limits are provided by the triviality bound and the lower limits by
the vacuum stability bound.

1.4.2 Experimental Constrains before LHC

Experimental constrains on the SM Higgs mass have been established in two ways, in form of
limits coming from direct Higgs searches performed at colliders like LEP at CERN and TeVatron at
Fermilab, and indirect limits, arising from precision measurements of the electroweak parameters.

The LEP machine was an ee™ collider which was operative at CERN from 1989 to 2000. In
the first phase of its operations (LEP I) it provided collision at 89 < /s < 93 GeV to perform
precision studies on the recently discovered Z boson, while in the second phase (LEP II) the search
for the Higgs boson became one of its main goals, and collision where recorded at increasing energy
up to /s = 210 GeV. The LEP machine provided data to four detector experiments: ALEPH [79],
DELPHI [80], L3 [81] and OPAL [82].

The main Higgs production mechanism at LEP was the Higgs-strahlung processes, in which
an Higgs boson is radiated by a virtual Z boson: ete™ — Z* — ZH. And all the possible
detectable decay modes of H and Z have been used in the search.

While some initial hints of a Higgs signal with mass around 115 GeV was seen, in the final
combined result of the search for the Higgs boson performed by the four experiments didn’t
show any relevant excess, and the final result is shown in Figure the test statistics was
—2In@ = —2In %Z, where £, and L are the likelihood of the background only and signal plus
background hypotheses respectively. From Figure [[.12 one can deduce that up to a Higgs mass of
114.4 GeV the observed data are consistent with the background only hypothesis.

The TeVatron is a proton-antiproton collider operating in the so called RUN II at a center of
mass energy of 1.96 T'eV and it has been taking data up to 2011 providing data to two detector
experiments: CDF [83] and DO [84].
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Figure 1.12: Combined results of the direct Higgs search preformed by the four experiments at LEP.

The main Higgs production mechanism at the TeVatron collider was the associate production
including also the W boson (pp — VH,V = W, Z), while the main decay channels include also
the decay to pairs of vector bosons (H — ZZ* and H — WTW ™) because of the wider mass
range accessible at the TeVatron. The results of the combined search of CDF and DO are shown in
Figure [85]: the 95% confidence level upper limit on the ratio of the Higgs boson production
to the SM expectation is shown as a function of the Higgs boson mass.

As can be seen the observed limit goes below unity in the interval 147 < mpy < 180 GeV and
therefore the presence of the Higgs boson is excluded in this mass range with a 95% confidence
level.

With only Higgs boson as the missing piece of the SM predictions, it is obvious to attend to
predict its mass by fitting all data within the SM framework, having it as one of the free parameters.
The variations of the y? of this fit to the data collected by the LEP, TeVatron and SLC accelerators
are shown in Figure The main result of this fit is that the low mass region (compatible with
LEP and TeVatron results) is favoured, but also the high-mass region is not excluded.
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Figure 1.13: Combined results of the Higgs searches by the CDF and DO collaborations.
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Figure 1.14: Variation of the x? of the electroweak fit as a function of the Higgs boson mass.
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1.4.3 Search and discovery of the Higgs boson at LHC

There are essentially four mechanics for the single production of the SM Higgs boson at hadron
collider[39]. A Higgs boson could be produced starting from gluons with production of fermions
toward strong interaction, such as in the gluon-gluon fusion and ttfusion, or starting from quarks
with production of weak boson, such as in the Higgs-strahlung and vector boson fusion. the Feynman
diagrams of these mechanism are shown in the Figure [[.15]

The total cross sections are displayed in Figure for the LHC at two different center of mass
energies: /s = 8TeV and /s = 14TeV as a function of the Higgs mass. Lets summarised below
the main features of each production channel:

1. Gluon-gluon fusion g9 — H:

This is the dominant production process at the LHC, up to masses My ~ 1TeV. The most
promising detection channels are[d0] H — vy for My < 130 GeV and slightly above this mas
value, H — ZZ* — 41* and H — WW* — llvv with | = e, u, for masses below 2My and
2M respectively. For higher masses, My > 2M, it is the golden channel H — ZZ — 4I*,
witch from My > 500 GeV can be complemented by H — ZZ — vvltl~, H — WW — 41F
and —our dissertation analysis— H — ZZ — [Tl qq to increase statistics.

2. Vector boson WW/ZZ fusion:

This process has the second largest cross section at the LHC. For several reasons, the interest in
this process has grown: it has a large enough cross section an one can use cuts, forward-jet tagging,
mini-jet veto for low luminosity as well as triggering on the central Higgs decay products[42] which
render the background comparable to the signal, therefore allowing precision measurements.

3. Associated production with a vector boson (Higgs-strahlung) ¢4 — HV:

The associated production with gauge bosons, with H — bb and possibly H — WW* — [Tvjj,
is the most relevant mechanism at TeVatron[dl] (99 — H — WW — lvlv being important for
Higgs masses close to 160 GeV'). At the LHC, this process plays only a marginal role; however, the
channels HW — lvyy and eventually lvbb could be useful for the measurement of Higgs couplings.

4. Associated production with ¢t (t¢ fusion) pp — ttH

Higgs boson production in association with top quarks, with H — v or bb, can be observed at the
LHC and direct measurement of the top Yukawa coupling, as well as an unambiguous determination
of the CP violation of the Higgs boson can be possible, in spite that pp — t¢H — ttbb may be
subject to a too large jet background[43].

The discovery of this new particle has been made public with a press conference held at CERN
on July 4th 2012, and it is based on the analysis and the combination of both the 2011 and 2012
datasets, studied independently by the two collaborations (ATLAS and CMS).



CHAPTER 1. THE STANDARD MODEL AND BEYOND 27

gg Fusion tt Fusion

Higgs-Strahlung

Figure 1.15: The most important processes for Higgs production at hadron colliders. Gluon fusion, vector
boson fusion, Associative production with W and an example of the diagrams having associative
production with a top pair.
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(b) Production cross sections at /s = 14 TeV.

Figure 1.16: Standard Model Higgs boson production cross sections at (a) v/s = 8 TeV and (b) /s =
14 TeV. Transition for VBF at M H = 300 GeV at 8 TeV is due to change from ZWA to
complex-pole-scheme.

Figure shows the evolution of the p-value El of the combined Higgs search in the ATLAS
experiment as a function of time (i.e. available integrated luminosity): the dashed lines stand for
the expected p-value distributions while the solid lines represent the observed ones.

The p-value is basically the probability that, given a certain hypothesis (e.g. the background-
only hypothesis), the data have fluctuations greater than the observed ones. The aim of such a
measurement is to exclude at 50 the background-only hypothesis.

3Given a null hypothesis, the p-value represents the probability of getting the results observed considering the
null hypothesis true. According to the scientific community an observation characterized by a p-value less then
5 stgma can be referred as a discovery.
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Figure 1.17: Evolution of the p-value measured in the combined Higgs boson search by the ATLAS
experiment as a function of time. 2012 results include the full 2011 data sample combined
with the amount of data collected in 2012 (at /s =8 TeV) up to the closure for the reference
public document.
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Figure 1.18: Likelihood curves for the ratio uVBF + V H/uggF + ttH from the H — vy, H — ZZ* — 4l
and H — 777~ channels and their combination for a Higgs boson mass hypothesis of
mpyg = 125.5 GeV. The branching ratios and possible non-SM effects coming from the
branching ratios cancel in uV BF + V H/uggF + ttH, hence the different measurements from
all three channels can be compared and combined.



CHAPTER 1. THE STANDARD MODEL AND BEYOND 30

In March 2013 such a observation of a new particle in the search for the Standard Model
(SM) Higgs boson at the LHC, reported by the ATLAS[I] and CMS|2] Collaborations, has been
update into a combined signal strength value for low mass resolution channels H — WW* — [viv,
H — 77~ and H — bb[d4]. The mass, signal strength and couplings measurements have been
updated using up to 4.8fb~! of pp collision data at \/s =7 TeV and about 21fb~! at \/s =8 TeV
for the two channels H — yy[45] and H — ZZ* — 4i[46]. The Figure shows the Likelihood
curves for the ratio different channels and their combination for a Higgs boson mass hypothesis of
myg = 125.5 GeV.
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1.5 Beyond the Standard Model

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

e no dark matter candidate is provided by the SM;
e it 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. Perhaps
one of the most popular is supersymmetry which suggests a new symmetry between fermions
and bosons and provides solutions to a number of the problems associated with SM. This model
commonly provides a dark matter candidate and it also provides a solution to divergences in the
Higgs sector.

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. Below a description of a subset of the models predicting a heavy
diboson resonance is given.

1.5.2 Heavy Higgs bosons/Scalar resonances

The Standard Model of particle physics was made consistent by the introduction of the Higgs
mechanism, which gave a theoretical explanation for the fact that the elementary particles can be
massive while preserving the gauge invariance of the theory itself. The Higgs mechanism implied
the existence of a new scalar particle, the Higgs boson. After decades of searching, a new particle
was discovered in 2012 that seems to be consistent with the expected Higgs boson. However, a
single Higgs boson is only the simplest possible theoretical model. Since the original proposal of
the Higgs mechanism, numerous extensions have been proposed that can be tested at the LHC, like
the electroweak singlet model [110] and the 2 Higgs-doublet model [I11]. All these models predict
the existence of additional bosons beyond the single one required by the minimal Higgs mechanism.
The analysis, in which my work takes part, tests basic extensions of the Standard Model which
introduce an additional Standard-Model-like neutral CP-even spin-0 resonance in the mass range
300 GeV/c? < mpy < 1000 GeV/c? with either: a narrow width, similar to its lightweight analogue,
and thus its experimental signature will be dictated by the resolution of the detector; or a large
width, tested with values of 5%, 10%, and 15% of the mass of the resonance. Interference effects
between the signal and the ZZ background as well as the Higgs at 125 GeV are neglected in this
search for the ZZ background (which is small) and the signal shapes and cross sections. Interference
effects are model dependent and, in the EWS, neglecting them weakens the given limits [I12].
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(a) (b)

Figure 1.19: Higgs production mode: (a) gluon-gluon fusion (ggF) and (b) vector boson fusion (VBF).

The two main Higgs production modes, gluon-gluon fusion (ggF) and vector boson fusion (VBF),
are considered in this work. The corresponding Feynman diagrams are shown in Figure [[.19]
The relative ratio of production rate between these two modes are model dependent, and some
typical cross sections for a SM-like narrow width Higgs at different masses are shown in Table
Given that these two production modes lead to distinct features of kinematics, especially the jet
multiplicities, dedicated event selection categorizations are defined for ggF and VBF separately.

Table 1.2: Higgs production rates for ggF and VBF, calculated from PowhegBox [120].

mpy (GeV) | o49r (pb) | over (Pb)
300 6.65 1.22
500 3.08 0.47
1000 0.089 0.085

1.5.3 Two-Higgs-Doublet models (2HDM)

In this form the SM, the Higgs mechanism constitutes only a minimal configuration to implement
the breaking of the electroweak symmetry and the generation of particle masses. A simple extension
of the SM Higgs sector is given by the addition of a second complex Higgs doublet, giving rise to
five Higgs bosons:

e two CP-even scalar fields h and H,
e one pseudoscalar A (CP-odd),
e and two charged fields H*.

These Two-Higgs-Doublet models (2HDM) are phenomenologically interesting since they can explain
the generation of the baryon asymmetry in the universe [8] and are an important ingredient of
axiom models that are designed to explain the dark matter content of the universe [96].

Finally, the minimal supersymmetric SM [97] contains two Higgs doublets as well. Four different
types of 2HDMs can be distinguished, depending on the different coupling of the two scalar fields
h and H to fermions and weak gauge bosons. In type-I models all quarks couple to just one of
the Higgs doublets, while in type-II models the right-handed up-type quarks couple to one Higgs
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doublet and the right-handed down-type quarks to the other doublet. Type-III and type-IV models
differ only from type-I and type-II models in their couplings to the leptons.

Recent detailed reviews on 2HDMs can be found in Refs. [98, 09]. Since the discovery of
the new boson at the LHC, 2HDMs have attracted much attention in phenomenological studies
[100L [TOT, 102 T03, [104], which provide a strong incentive for dedicated experimental investigations
in this direction. Searches for generic 2HDMs have been performed by the CDF collaboration at
the TeVatron[I05, [T06]. The rate of the Higgs-like boson at 125 GeV in the two-photon channel
provides also constraints on 2HDMs [I07], mainly reducing the parameter space of type-IT models.
The analysis presented investigates the possibility that the boson observed by the ATLAS and
CMS experiments at a mass of 125 GeV originates from a Higgs boson that is part of a 2HDM. In
particular, it is assumed that the observed particle is the low mass Higgs h of the 2HDM.

1.5.4 Heavy Vector Triplet

Searches for heavy vector particles are theoretically well-motivated since the existence of these new
particles is predicted by many extensions of the SM. In order to obtain as much information as
possible about such new particles, their couplings to quarks, leptons, SM gauge and Higgs bosons
have to be investigated. All of these couplings are present, and in principle sizeable, for a colourless
electroweak triplet heavy vector with zero hypercharge, which we refer to as HVT, and we thus
choose this as a motivated representative to study. The phenomenological features of such a triplet
can be concisely described within the HVT setup introduced in Ref. [I13]. An HVT consists of two
essentially degenerate states: an electrically charged, V*, and a neutral one, V9. The couplings of
the HVT to all SM particles are given in terms of the new coupling gy, which parameterizes 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.

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 under consideration is a simplified version with an universal coupling C'r of V
to fermions. The coupling of the HVT to fermions scales as g?/gycr, where g is the SM SU(2) 1,
gauge coupling and cp is a free parameter which can be fixed in each explicit model. 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. Moreover, couplings to identical neutral bosons are absent — in the case of ZZ the
coupling is not included, in the case of HH the coupling is forbidden. Contrary to the coupling
to fermions, the HVT coupling to SM bosons scales as gy cy. The parameter cy, analogously to
cr, has to be fixed in each individual model and takes values of order one. In a very large class of
explicit models of heavy vectors, the parameters cy and cg can be computed and the result test
the compatibility of the concrete model with the experimental search.

Diboson final states, both neutral W+ W ~, 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 gy cg, 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). (1.70)

Other neutral diboson final states are either suppressed or forbidden.

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. For more details on the theory, please refer to the literature (Ref [113]).

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
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£¢ 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 [1.70]is true in general.

1.5.5 Bulk Randall-Sundrum Model

The Randall-Sundrum (RS1) framework [1I4] attempts to explain the hierarchy problem by
introducing 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 (G*) [115].

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
(99) 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 localized. The bulk RS model avoids the constraints on other RS
scenarios arising from flavor physics and electroweak precision tests, at the cost of suppressing
the couplings of the G* to light fermions, which leads to significantly reduced production rates
from qq fusion and lower branching fractions to leptons and photons. The gg fusion production
mode therefore dominates in the bulk RS model, with the G*-gluon coupling suppressed by a factor
k/ Mpianck, where k is the curvature scale of the extra dimension and Mpianck is the reduced Planck
mass. The value of k/Mpianex is typically of order 1, and along with the mass of the G* is the only
free parameter in this simplified model. The decays of the G* in this scenario are dominated by
G* — tt, G* — HH, and G* — V1V, with branching fractions that depend on mass.
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CERN, the LHC and the ATLAS
Experiment

Founded in 1954, the CERN laboratory 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 derived
from the acronym for the French Conseil Européen pour la Recherche Nucléaire, or European
Council for Nuclear Research, a provisional body founded in 1952 with the mandate of establishing
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 physi-
cists 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. Accelera-
tors 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 and the Run-I

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 .

The first beams were circulated successfully on 10** September 2008. Unfortunately on 19"
September a serious fault developed damaging a number of superconducting magnets. The repair re-
quired 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 commis-
sioning. The 2011 was the first production year with 5 fb=! delivered to both ATLAS and CMS.
The 2012 started with over 6 fb~! delivered by the time of the summer conferences. Data that
allowed for the announcement of the discovery of a Higgs-like particle on 4" July 2012 mentioned
in the previous chapter (section .

35
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It is a proton-proton (pp) collider, and the collision were delivered at /s = 7TeV in 2010 and
2011, while they are being collected at /s = 8 TeV during 2012. One of the crucial parameters for
the discovery power of a particle collider is the instantaneous luminosity, L, since it is proportional
to the event rate %:

dN

—=L-0 2.1

o (2.1)
where o is the cross section of the considered process. The instantaneous luminosity of a particle

accelerator depends on its intrinsic features:
2
[ Ny fk
47 R?

where NN, 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.

(2.2)

The instantaneous luminosity delivered by the LHC in 2011 reached the value of 3,65 -
1033 em~2s~1 at its maximum, where the design peak luminosity was 103* em~2s~1. This high
luminosity is reached with 1380 (2808 from the design) bunches per beam, each of them containing
10'! protons. The bunches have very small transverse spread, about 15um in the transverse
direction, and the longitudinal length is about 7cm. In the design of the LHC the bunches should
have crossed every 25ns, giving a collision rate of 40 M H z, while the actual bunch spacing reached
in 2011 and 2012 is of 50ns. These parameters achieved in 2011 and 2012 allowed an integrated
luminosity showed in Figure
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Figure 2.1: The integrated luminosity as a function of time delivered by LHC (green) and recorded by
ATLAS (yellow) in 2011 and 2012.

Part of the acceleration chain and the different positions of the LHC’s experiments are showed
in Figure 2.2} 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) or 4TeV (2012) per
beam.

Since LHC accelerates two beams of same sign particles, two separate accelerating cavities and
two different magnetic fields are needed: LHC is equipped with 1232 superconducting magnets and
16 radiofrequency cavities which bend and accelerate the proton beams in the two parallel beam
lines in the machine. The magnetic field used to bend such energetic proton beams is of 8.37 and
to reach such a magnetic fields the superconducting magnets are cooled down to 1.9 K and a 13kA
current circulates inside them.

The LHC provides collisions in four collision points along its circumference where detector
experiments located:
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Feature design value | actual value
beam energy [TeV| 7 4
bunch spacing [ns] 25 50
peak luminosity |[cm=2s71] 1034 8 x 1033
mean number of interaction per bunch crossing 23 20
number of bunches 2808 1380
protons per bunch 1.15 x 10! 1.67 x 10!
bunch transverse dimensions [pm] 15 ~ 30

Table 2.1: Main features of the LHC. The first column contains the values as in the LHC design, the
second column contains the actual value of the features. The actual features include both 2011
and 2012 runs

Point 5

Point 6

Projects Overview link

LHC 'B'

Figure 2.2: The LHC particles accelerator, in which it is possible to see the SPS and the different beam’s
collision points with their corresponding experiment.

ALICE (A Large Ion ColliderExperiment),

ATLAS (A Toroidal Lhe Apparatus),
e CMS (Compact Muon Solenoid),
e LHCb (Large Hadron Collider beauty).

ATLAS and CMS are multi-purpose detectors, while ALICE and LHCb are focused on more specific
studies: (See Figure ALICE focuses on the quark-gluon plasma produced in heavy-ions colli-
sionsﬂ while LHCD focuses on the study of CP violation processes occurring in b and ¢ hadron decays.

IThe LHC is able to accelerate and collide lead ions at /s = 2.76 TeV per nucleon, and ions collisions are foreseen
each year in the LHC program. Not part of our actual studies.
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2.1.1 LHC: the Run-II

During the 2015 a second phase of event production at LHC, called Run-II, started. During the
Run-IT the LHC will reach its design energy collision, 14 TeV, and the purpose of the program is to
collect data corresponding about to 100 fb~! during 2015 — 2018. The Run-II started in May 2015.
An initial phase of collision with 50 ns 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 25 ns bunch-spacing, circulated in
the accelerator and produced collisions at /s = 13 TeV with a peak luminosity of 5,0-1033cm =25~ 1.

Also during the 2016 LHC produced collisions and the collection of data is going on again.
The energy is still /s = 13TeV while the peak luminosity was 12,1 -10%3cm~2s71. The figures
and [2.5D] represent the peak luminosity as a function of the day of running during 2015 and
2016. The total integrated luminosity as a function of the days of running during 2015 and 2016
are represented in figures and up to the end of September 2016 the total integrated
luminosity is 4,2 fb~! for 2015 data and 29,7 fb~! for 2016 data. At the end of June, beams were
maintained in the accelerator for a record 37 consecutive hours. But the main indicator of success
for the operators is luminosity, the measurement of the number of potential collisions in a given
time period. On 29 June, peak luminosity exceeded 1034 cm~2s~!. This represents a success for
the LHC operators because it corresponds to the ultimate objective defined by those who originally
designed the LHC machine.

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

bunch spacing [ns] 25 25

peak luminosity [em =257} 1034 em=2s71 | 12,1-10%3em 2571
mean number of interaction per bunch crossing 19 23
number of bunches 2808 2220
protons per bunch 1,15 - 10" 1,18 - 10"
bunch transverse dimensions [pm] 16 um pwm

Table 2.2: 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.
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Figure 2.4: The run-II integrated luminosity as a function of time delivered by LHC (green) and recorded

by ATLAS (yellow) in 2015 and 2016.
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Figure 2.5: The LHC luminosity during run-II.
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2.2

The ATLAS Detector

The ATLAS detector is one of the four main experiments recording the collisions provided by the
LHC. It is 20m tall and 45m long and weights more than 7000 tons.

Muon Detectors Tile Calorimeter Liquid Argon Calorimeter

Toroid Magnets Solenoid Magnet SCT Tracker Pixel Detector TRT Tracker

Figure 2.6: The ATLAS Detector: all the subdetectors it is composed of are shown.

The structure has a cylindrical shape centred at the interaction point with its axis along the
beam line, and it is composed of several concentric subdeterctors which measure different features
of the particles generated in the pp collision as they fly from the center of the detector to the outer
part, as shown in Figure 2.7 From the innermost to the outermost layer, the ATLAS experiment is
composed of (see Figure :

An inner tracking system to detect charged particles and measure their momentum and
direction.

A solenoidal superconducting magnet providing a uniform magnetic field along the beam axis
in which the inner detector is immersed.

An electromagnetic calorimeter to measure the energy deposited by electrons and photons.
An hadronic calorimeter to measure the energy deposited by hadrons.

A muon spectrometer, that is a tracking system for the measurement of muons as they travel
throughout all the detector and are the only particles reaching the outer part.

An air-cored superconducting toroidal magnet system which provide the magnetic field to the
muon spectrometer.

In the following sections details about the structure of the subdetectors are be given, as well as
some insight about how they work and their performances.
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Figure 2.7: Schema of the detection of the particles produced in a proton collision while they travel through
the several layers of the ATLAS detector.

2.2.1 ATLAS Coordinate System

The ATLAS coordinate system is a cartesian right-handed coordinate system, with the nominal
collision point as the origin (Figure , the z axis is along the beam line and the z — y plane is
the plane perpendicular to the beam line.

The x axis points to the center of the LHC ring, while the y axis goes upwards. The azimuthal
angle ¢ is defined around the beam axis, while the polar angle 6 is the angle from the z axis in the
y — z plane. The 6 variable is not invariant under boosts along the z axis, and so instead of the

angle the pseudorapidity EI 7 is used:
0
7= —1In [tan VIR (2.3)

Since at an hadronic collider the real colliding particles are the partons inside the protons, we
can say that the actual center of mass energy in unknown in each collision:

S§=x1-T9-8 (2.4)

where § is the effective collision energy, x1 and x5 are the fractions of momentum carried by the two
colliding partons and s is the colliding energy of the two protons. Because of this, the total momen-
tum along the beam axis before the collision is unknown, while the total momentum in the transverse
plane (i.e. the x —y plane) is known to be zero and hence we can apply the momentum and energy
conservation laws only on the transverse plane (because we know what is the initial total momentum).

2 Actually the real boost-invariant variable is the rapidity y: y = %ln %. In the ultra-relativistic limit the

rapidity y can be substituted with the pseudorapidity 7.
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Figure 2.8: Reference system used in ATLAS.

For this reason transverse quantities are considered, and they will be denoted with the "T"
subscript (e.g. pr stands for transverse momentum, that is the projection of the momentum on the
x — y plane).

2.2.2 ATLAS Magnets

The ATLAS detector is equipped with two magnetic systems: a superconducting solenoid [87],
providing a magnetic field to the inner tracking system, and a system of air-core superconducting
toroidal magnets [88], [89] located in the outer part of the detector as shown in Figure

The solenoid covers the central region region of the detector, provides an uniform magnetic field
of approximately 27T along the z axis bending tracks of the particles in the transverse plane in
order to let the inner tracking system measure their transverse momentum.

The solenoid is located between the inner detector and the electromagnetic calorimeter and its
dimensions (its width, particularly) have been optimized in order to minimize the amount of dead
material (only 0.83 radiation lengths) in front of the calorimetric system.

The toroid is one of the peculiarities of the ATLAS detector: it is located outside of the
calorimetric system covers the region |n| < 3 (considering all its subparts), and provides a magnetic
field whose peak intensities are 3.97 in the central region of the detector and 4.1 T in the forward
region.

The aim of such a toroid is to have a large lever arm to improve the measurement of the muon
transverse momentum, and it is built "in air" in order to minimize the muon multiple scattering
within the detector.

The ATLAS double magnetic system has been designed to provide two independent measurements
of the muon transverse momentum in the inner detector and in the muon spectrometer, thus ensuring
good muon momentum resolution from few GeV up to the TeV scale.
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Figure 2.9: The magnetic system of the ATLAS detector: the inner cylinder is the superconducting solenoid,
while the external parts are the coils of the toroid.

2.2.3 The Inner Detector

The ATLAS Inner Detector tracker (ID), shown in Figure is composed by three concentric
cylindrical subdetectors. Its axis is centred on the z axis and it is approximately 6 m long and its
diameter 2.30m, covering the region (|n| < 2.5).

The three sub-detector into the ID are:

e Pixel Detector: it is composed of three layers of silicon pixels. It provides high-precision
track measurement, since the spatial resolution on the single hit is ~ 10 um in the ¢ coordinate
and ~ 115 pum along the z coordinate.

e Semiconductor Tracker (SCT): it is the second high-precision detector of the ATLAS
inner tracker. It is composed of eight layers of silicon strips with a spatial resolution on the
single hit of 17 ym in ¢ and 580 um along z. The Pixel Detector and the Semiconductor
Tracker together provide on average eight high-precision hits per track.

e Trasition Radiation Tracker (TRT): it is composed of straw tubes chambers. The
resolution of such a detector is lower than the previous one (~ 130 um per straw), but it is
compensated by the high number of points per track (36 on average) that it can provide.

The aim of the ATLAS ID is to measure the tracks of the charged particles produced in the pp
collision and all the related features: pr, 7, ¢, the eventual secondary vertexes due to long-lived
particles.

The momentum is measured by measuring the track curvature in the magnetic field provided by
the superconducting solenoid described in the previous section. To estimate the expected resolution
the sagitta method can be used: the magnetic field bends the trajectory of the charged particles in
the ¢ coordinate because of Lorentz’s force:
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Figure 2.10: The ATLAS Inner Detector tracker: the three subdetectors (the Pixel Detector, the Semi-
conductor Tracker and the Transition Radiation Tracker) are shown as well as their radial
dimensions.

Figure 2.11: The sagitta of a track is the maximum distance between the track itself (that is an arc of a
circle) and the straight segment having the same starting and ending points.

Fr,=qix B (2.5)

where ¢ is the charge of the particle, v is its velocity and B is the magnetic field. The resolution
of the momentum measurement depends on many detector-related parameters:
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where B is the magnetic field expressed in Tesla, L is the lenght of the reconstructed track
expressed in meters, while As is (see Figure [2.11)):

e [ 720

where N is the number of measured points on the track and e is the resolution on the measure-
ment of the points.

From formulas [2.7] and [2.6] it is possible to see how it is crucial to have a strong magnetic filed,
an high number of points per track and a good spatial resolution on these points in order to have a
good resolution on the track pr.

2.2.4 The Calorimetric System

In an high-energy physics experiment the calorimeters are used to measure the energy of photons,
electrons (the electromagnetic calorimeter), hadronic jets (hadronic calorimeter) and the missing
Ep (due to undetected particles like neutrinos) which is measured thanks to the tightness of the
calorimetric system.

The ATLAS calorimeter has a cylindrical shape centered around the interaction point with its
axis lying on the ATLAS 7z axis. It is long about 13m and the external radii of the electromagnetic
and hadronic calorimeters are 2.25 and 4.25 m respectively.

The ATLAS calorimeters are represented in Figure and the absorption lengths as a function
of n are shown in Figure

Tile barrel Tile extended barrel

LAr hadronic
end-cap (HEC)

LAr eleciromagnetic 7
end-cap (EMEC)

LAr eleciromagnetic
barrel

Figure 2.12: The ATLAS calorimetric system: the electromagnetic calorimeter made of liquid Argon and
Lead and the hadronic caloimeter, whose composition varies as a function of 7.
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Figure 2.13: Amount of material in terms of absorption length in the ATLAS calorimetric system as a
function of n.

The Electromagnetic Calorimeter

The Electromagnetic Calorimeter of the ATLAS experiment covers the region up to |n| < 3.2. The
structure of the Electromagnetic Calorimeter has a special feature, how you can see in Figure
it has an accordion structure made of lead (whose thickness varies as a function of 7 in order to
maximise the energy resolution) which is immersed in liquid Argon, which is the active material of
the calorimeter. This structure confers to the calorimeter very high acceptance and symmetry in
the ¢ coordinate.

In the central region |n| < 2.5 the radial coordinate the electromagnetic calorimeter has three
sampling channels in order to maximize particle identification power (see Figure .

The calorimeter is segmented in cells of variable dimensions as a function of n as well as its
thickness (> 24X, in the central region and > 26X, in the forward region): in the central region
the segmentation is An x A¢ = 0.025 x 0.025.

The ATLAS EM calorimeter energy resolution is parametrized as:
AFE 10%

— =0 1% 2.8

E E[Gv] 28)

Where 10% is the sampling term and 1% is the constant inter-calibration term. The n resolution
is:

40 mrad

VE[GeV]

(2.9)

The Hadronic Calorimeter

The Hadronic Calorimeter covers the region |n| < 4.5, and it is realized with a variety of techniques
as a function of 7 like it is possible to check in Figure [2.12

The central region (|| < 1.7) it is made of alternating layers of iron (used as absorber) and
scintillating tiles as active material, and its thickness offers about 10 interactions lengths A at n = 0.
It is segmented in An x A¢ = 0.1 x 0.1 pseudo-projective towers pointing to the interaction point.
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Figure 2.14: The accordion structure of the electromagnetic calorimeter and its radial segmentation.

The "endcap" region (1.7 < |n| < 3.1) is equipped with a liquid Argon and lead, as the Electro-
magnetic Calorimeter, while the forward region (3.1 < |n| < 4.5) is equipped with liquid Argon, but
the accordion structure is replaced by a concentric rods and tubes made of copper. This variety of
materials and structures is due to the different radiation hardness required in the different parts of
the detector.

2.2.5 The Muon Spectrometer

The ATLAS Muon Spectrometer (MS) is instrumented with both trigger and high-precision cham-
bers immersed in the magnetic field provided by the toroidal magnets which bends the particles
along the 7 coordinate, and it allows to measure the muons pr in the region |n| < 2.7 using the
sagitta method described in section [2.2.3] Here the lenght of the lever arm plays a leading role on
the pr resolution. The MS is shown in Figure [2.15

The chambers used to reconstruct the muon track are of several types depending on the 7
region, in order to face the different rate conditions present in the different parts of the detector.
In the central region (|n| < 2) Monitored Drift Tubes (MDTs) are used. The MTD chambers are
composed of aluminium tubes of 30 mm diameter and 400 pm thickness, with a 50 pym diameter
central wire. The tubes are filled with a mixture of Argon and COs at high pressure (3 bars), and
each tube has a spatial resolution of 80 pm.

At higher pseudo-rapidity (2 < |n| < 2.7) the higher granularity of the Cathode Strip Chambers
(CSC) are used. CSC chambers are multiwire proportional chambers in which the readout is
performed using strips forming a grid on the cathode plane in both orthogonal and parallel direction
with respect to the wire. The spatial resolution of the CSC is about 60 pm.

As shown in Figure 2:15] in the central region the MS is arranged on a three layer —or stations—
cylindrical structure which radii are 5, 7.5 and 10 m; while in the forward region the detectors are
arranged vertically, forming four disks at 7, 10, 14 and 21 — 23'm from the interaction point.
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Figure 2.15: The ATLAS Muon Spectrometer.

The other chambers installed on the spectrometer are used for the trigger (see next section
for details). The chambers used for the muon trigger are Resistive Plate Chambers (RPC) in the
central region (|n| < 1.05) and Thin Gas Chambers (TGC) in the forward region.

These detectors provide very high time resolution (O(ns)) even if the spatial resolution is not so
high (O(cm)).

The spectrometer has been designed to measure the muon pp up to 1TeV with an error of less
then 10%; this feature was required to optimize the Higgs boson discovery potential.

2.2.6 The ATLAS Trigger

The LHC is designed to provide collisions at a frequency of 40 M H z and, since the average dimension
of an ATLAS event is ~ 1.5 M B, a recording rate of ~ 60T B per second would be needed, while
the current technology allows to record data at about 300 M B/s. To deal with this environment
and knowing that the interesting physics at LHC occurs at very low rate, as shown in Figure
the events to be recorded can be selected without loosing the relevant information.

This selection is performed on-line by the ATLAS trigger and data acquisition system [90]. The
ATLAS trigger is designed to rapidly inspect the events detected by the ATLAS detector and
choose whether record or discard the event after having compared its main features with a set of
predefined thresholds contained in the trigger menu. In case that the trigger decides to discard an
event, then the event is not recorded and lost forever.

The ATLAS trigger system has a three level structure: each level refines the measurements
of the previous level introducing also new selection criteria and combining the information from
different subdetectors, as shown in Figure [2.16
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Figure 2.16: Main structure of the ATLAS trigger system: it is made of three levels, each improving the
measurement of the previous levels also combining informations from different subdetectors.

The first level of the ATLAS trigger (L1 or LVL1) is completely hardware-based and it makes
use of only the data collected by the calorimetric system and the muon spectrometer: the L1 trigger
only looks for high-pt muons candidates or calorimetric objects (electrons/, jets) by means of fast
and rough measurements performed by ad-hoc detectors in the Muon Spectrometer (RPC, TGC)
and simplified object identification in the calorimeter.

Event rate and decision stages
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Figure 2.17: The event rate at which interesting physics occur —referred to LHC design parameters— and
the processing time of each trigger level.
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The L1 is designed to take a decision on the event in 2.5 us and its output is a list of so-called
Regions of Interest (Rol), which are  — ¢ regions of the detector in which interesting activity has
been detected, and the output rate is about 100 kH z.

The second level of the ATLAS trigger (L2 or LVL2) is completely software-based. It takes as
input the Rols provided by the L1, and refines the measurement into these regions: data of the
precision chambers are used in the Muon Spectrometer (MDT, CSC) as well as the data from the
ID, while the measurement of the calorimetric objects is refined using higher level algorithms.

Moreover the data of the different subdetectors are combined together in order to obtained better
object reconstruction/identification (e.g. the ID and the MS tracks are combined for the muons, ID
and calorimetric informations are combined to discriminate between electrons and photons). The
L2 takes its decision in O(10ms) and its output rate is about 3 kH z.

The third level of the ATLAS trigger (Event Filter, EF) is completely software-based and forms,
together with the L2, the High Level Trigger (HLT). At this stage a full reconstruction of the
detector is performed (the measurement is not restricted to the Rols), and the algorithms run at
the EF are mostly the off-line reconstruction algorithms adapted to the on-line environment. The
decision of the EF is taken in O(1s) and the output rate is about 400 Hz.
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Figure 2.18: Total trigger rates at each level of the ATLAS trigger.
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Figure 2.19: The L1 trigger for calorimetric objects in the Electromagnetic Calorimeter: the green area
represents the Rol cluster, the yellow area is the region used for the isolation requirements,
and the pink area is the region used for the hadronic isolation.

Figure shows the total trigger rate for all the three levels as a function of the instantaneous
luminosity: how can be seen the trigger rates are kept stable. This happens thanks to changes
in the prescales and in the trigger menu —on-line into the ATLAS Control Room—, where higher
thresholds or quality criteria on the trigger objects are required as the luminosity increases.

Electron Trigger

The electron trigger follows the three level ATLAS trigger structure, in which the measurements
and the selections are refined at each stage. At the first level the electron trigger makes use
only of the calorimeters, and hence no distinction between electrons and photons is possible since
they are both identified as "calorimetric objects". In particular the L1 trigger measurement is
areal calorimetric measurement even if it is done with reduced granularity, represented in Figure[2.19

Once a relevant amount of energy is detected, the total energy in a little 2 x 2 cluster is measured
(green area), and the isolation with respect to electromagnetic (yellow area) and hadronic activity
(pink area, e.g. due to electrons coming from heavy quark decay) is computed. If the these three
parameters (Er, electromagnetic and hadronic isolation) fulfil the requirements, then the elec-
tromagnetic calorimeter is accepted as a good calorimetric object and its Rol is propagated to the L2.

The L2 trigger basically refines the calorimetric measurement, accessing the full granularity of
the calorimeters and studying the shape of the energy deposit (e.g. 7/~ separation), and includes
the data of the inner tracking system. At this level a "calorimetric object" may become an electron
if an ID track consistent with it is found. Since the measurements are more precise at this level,
tighter conditions on the quality and the kinematic features of the electron candidates can be
required.
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At the end of the chain the EF further refines the measurements performed at the L2 on the
electron candidates, running algorithms very similar to the off-line ones and having access to the
data of all the subdetectors with full granularity.
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Figure 2.20: E'/p distribution found by the HLT and the off-line for the electron trigger. The distributions
are shown for L2 and EF separately.

The distribution of the difference between the off-line and the value measured at different
trigger levels of the E/p variables for electrons is showed in Figure This shows how the EF
measurement (blue line) is better than the L2 measurement (red line), since the former is allowed
to use reconstruction algorithms very similar to the off-line ones thanks to the large processing
time available (see Figure [2.17)), while the latter has to rely on simplified algorithms.

Muon Trigger

The L1 muon trigger relies on the temporal and geometric correlation of the hits left by a muon on
the different layers of RPC detectors installed in the muon spectrometer, as shown in Figure

When a muon coming from the interaction point crosses the RPC detectors, it leaves hits on
each of them: starting from the hit on the central station (also known as pivot plane, RPC2 in
Figure a "correlation window" (several windows are opened for several pr thresholds) is
opened on the RPCI1 layer.

If a good hit (i.e. hits in both  and ¢ and in time with the hit on the pivot plane) is found
on the RPC1 layer then a low-pr muon candidate is found. The same algorithm is applied using
the RPC3 plane to look for high-pr muon candidates. Once a muon candidate is found, the Rol is
propagated to the L2.

At the L2 the muon track is reconstructed for the first time: there are algorithms which
reconstruct the muon tracks in the ID and in the MS separately and then combine them in order to
determine of pr, 7 and ¢. At this level the pr measurement is not done by a fit, but look-up tables
are used: the pr estimation is done starting from the relation

1
; e AO - pT J'_ Al (2.10)
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Figure 2.21: L1 muon trigger algorithm: a muon coming from the interaction point leaves hits on the three
layers of RPC detectors installed in the muon spectrometer. The position of the different hits
is correlated as a function of the muon pr.

where s is the sagitta of the muon track and Ag and A; are two constant values needed to take
into account the magnetic field and the energy loss in the calorimeters respectively. A look-up table
is basically a table whose columns and rows represent the 17— ¢ segmentation of the ATLAS detector,
and in each cell a (Ag, A1) pair is contained. For each muon candidate, given 7, ¢ and s, a fast
estimation of the pr is possible. This method is used since at the L2 there is not enough time to per-
form a real fit to precisely measure the track pr. Once the full track is reconstructed (from the ID to
the MS), the calorimetric activity around it is measured, in order to apply the isolation requirements.

At the EF the muon reconstruction algorithms perform again the operations performed by the
L2 algorithms, but now the full detector with its full granularity can be accessed, and a real fit of
the muon track is performed.
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Figure 2.22: Correlation between the muon pr reconstructed at several trigger levels (level 2 in (a) and
event filter in (b)) and the off-line reconstruction.

Figure 2:22] shows the correlation between the muon pr reconstructed at different trigger levels
and the off-line reconstruction: in Figure 2:22a] the correlation between the L2 stand alone pr is
shown, while in Figure the correlation between the EF combined pr measurement and the
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off-line one is shown.

As can be seen the EF measurement is much more accurate and precise compared to the one
performed at L2. The corresponding plot for L1 is not shown since at L1 the muon pr is not really
measured, but, as explained above, only a threshold is available.

2.2.7 Monte Carlo Generators in ATLAS Event Simulation

Adding to the real events recorded by the ATLAS detector, the use of the Monte Carlo simulations
is essential for the different physics programs.

During the preparation phase of an experiment, simulation provides the environment to develop
and understand the detector, to develop analysis strategies, to estimate the sensitivity to different
physics processes, to develop and validate object reconstruction algorithms, to optimize the trigger
menus, and so on. During the running phase of an experiment, simulation is used to compare
predictions of theoretical models against the real data. The event simulation and reconstruction is
performed in the Athena frame-work[52], who is in charge of the following processes:

e Fvent generation: corresponds to the phase of proton-proton (pp) collision events generation.
It takes care of the production and decay of particles in a given process. Several event
generators are available.

e Detector simulation: is the simulation of interactions between the generated particles and the
detector.

e Digitization: corresponds to the simulation of the detector readout, or better says, the
conversion of energy deposited in the detector to times, currents and voltages for readout
electronics. The output format of the simulation is identical to the real detector output
format.

e Reconstruction: in this step a set of object reconstruction algorithms are applied. These
algorithms are applied to both simulation and real data in exactly the same way. This phase
is better described in Chapter 77.

There are two kinds of Monte Carlo (MC) generators, the so-called multi-propuse MC generators
which handle all the event generation steps, and the specialized MC' generators that handle only
some specific steps of the MC generation chain.

The kinematic distributions for a given process may differ between different Monte Carlo
generators. Depending on the problem under study, one generator may be more suitable than
others and the comparison between different generators is always encouraged.

The Monte Carlo generators used into this Higgs search analysis are listed below, together with
their main characteristics.

e Pythia: is a multi-purpose Monte Carlo generator for event simulation in pp, ete™ and ep
colliders. Pythia simulates non-diffractive proton-proton collisions using a 2 — n (n < 3)
matrix element at LO to model the hard subprocess, and uses pr-ordered parton showers
to model additional radiation in the leading-logarithmic approximation. The hadronisation
model used is the Lund string model. MPIs are also simulated[48].

e Herwig: is a general purpose Monte Carlo generator, which uses a LO 2 — 2 matrix element
supplemented with angular-ordered parton showers in the leading-logarithm approximation.
The cluster model is used for the hadronisation. The underline is modelled using an external
package called Jimmy [49, 50] 51].
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e Herwig++: is based on the event generator Herwig, but redesigned in the C++ programming
language (Herwig is programmed in Fortran). The generator contains a few modelling
improvements. It also uses angular-ordered parton showers, but with an updated evolution
variable and a better phase space treatment. The cluster model is also used for hadronisation.
The UE are described using a multiple partonic interactions model[53] [54].

e Alpgen: is a specialized tree matrix-element generator for hard multi-parton processes 2 — n
(n <9) in hadronic collisions. It is interfaced to Herwig to produce angular-ordered parton
showers in leading-logarithmic approximation or Pythia to produce pr-ordered parton showers.
Parton showers are matched to the matrix element with the MLM matching scheme. The
hadronisation process is simulated with Herwig, using the cluster model. MPIs are modelled
using Jimmy[55].

e MC@NLO: is a Fortran package which allows to match NLO QCD matrix elements consistently
into a parton shower framework. In order to reproduce the NLO corrections fully, some of
the configurations have negative weights. The shower and hadronization can be implemented
using Herwig or Herwig++. The NLO expansion of the hard emissions needs to be evaluated
for each showering program used[56}, [57].

e Powheg: is a parton-level Monte Carlo generator. It allows to interface NLO calculations
with a parton shower framework. It generates the hardest emission first, with NLO accuracy
independently of the parton shower generator used. It can be interfaced with several parton
shower generators as Herwig, Pythia, etc|[58].



Chapter 3

Physiscs Objects Reconstruction in
ATLAS

The outputs of the digitization process of the detector signals generated by the particles produced
in real/simulated pp collisions are processed by a serie of algorithms in order to built physics objects
up. This step is not done in real time and thus is known as off-line event reconstruction. The result
is a set of physics objects with four-momenta that can be used directly in physics analyses. The
reconstruction of tracks, primary vertices, electrons, muons, neutrinos and jets as well as the trigger
chains used in the different analyses of this thesis will be described in the following sections.

3.1 Data quality

The events where some of the relevant ATLAS subdetectors were not properly operational can not
be used for physics analyses. In ATLAS, each subsystem is in charge of setting its own data quality
and integrity flags for each Luminosity Block (LB) [H This information can be used to create a list
of LB usable for analyses, called Good Runs List (GRL). Each analysis uses a GRL to reject those
events affected by issues in the relevant subdetectors.

A special case during the 2011 created an exception in the data quality assessment was the
LAr hole issue. The information of six front end boards in the LAr calorimeter was lost due to
a problem with their controller board. It created a "hole" in the detector data collection that
affected approximately 948.6 pb~! of data. In release 16 of the ATLAS software, this issue was not
modelled in the simulation. Instead of removing all the events affected, as would have been the
procedure using a GRL, it was decided to remove only those events where the object reconstruction
was affected by the issue. In release 17 of the ATLAS software, the issue was simulated in the
Monte Carlo samples used. Therefore, no correction for the acceptance loss was needed.

3.2 1ID Tracks

Tracks represent the trajectory of charged particles inside the detector. They are reconstructed
using information from the ID, documented in Section A precise track reconstruction is
important to achieve a high vertex reconstruction efficiency and high precision in the particle
momentum measurement.

In ATLAS, tracks are parametrized by five parameters defined at the track’s trajectory point
closest (unless otherwise stated) to the center of the beam-spot: dy, and zg (radial and longitudinal

impact parameters), ¢ and 6 (azimuthal and polar angle) and SigTri(Q) (Figure . The beam spot

LA luminosity block is the unit of time for data-taking and lasts about two minutes.

o7



CHAPTER 3. PHYSISCS OBJECTS RECONSTRUCTION IN ATLAS 58

track

Figure 3.1: A track can be parametrized at one given point by its position, transverse momentum and
charge. The position at any other point can be calculated if the magnetic field and the detector
material is known.

is the region where both beams interact, which does not correspond exactly to the geometrical
center of the ATLAS detector.

Lets summarized the three main steps of the track reconstruction|59]:

e Track finding: assignment of ID hits to track candidates.

e Track fit: determination of track parameters and their errors. Provides track’s fit quality
variables.

e Test of track hypothesis: check the track candidate quality and the overlap with others
tracks candidates.
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In ATLAS the track finding and fit steps are merged. The hits from the pixel detector and the
SCT are transformed into three-dimensional space points. Just after, the inside-out algorithm[60]
take action. It consists in adding the three-dimensional space points one by one moving away from
the interaction point to form a "road". It uses a combinatorial Kalman filter[6I]. The Kalman
filter algorithm adds three-dimensional space points iteratively and fits simultaneously the track
candidate. Cuts on the quality of the fit are applied to eliminate poor quality tracks and to avoid
overlaps with others tracks candidates. The selected tracks are extended into the TRT and fitted
again to get the final values of the track parameters.

The mean energy loss in the detector material, the multiple scattering, the Bremsstrahlung effect
and the changes in the magnetic field along the track trajectory are taken into account during the
track fitting process. The inside-out algorithm provides the best reconstruction efficiency of primary
charged particles directly produced in a pp collision or from decays or interaction of particles with
a short lifetime (< 3 x 107 !s).

In order to better reconstruct secondary charged particles, produced in the interaction of
primaries (with a lifetime > 3 x 107!!s), or conversion candidates an additional track finding
algorithm, called outside-in, is applied. The track finding process starts with TRT segments not
used by the inside-out algorithm. They are then extended to the SCT and pixel detector.

During 2011 data taking the detector occupancy increased significantly. Under these conditions
the possibility of having incorrect hits assignments and more fake tracks from random hit combina-
tions increase. The performance of the track reconstruction at ATLAS has been recently studied in
the 2011 high pile-up environment[61].

The efficiency remains almost unchanged. However, the fraction of combinatorial fake tracks
increases with the average number of pp collisions per bunch crossing at the time of the recorded
event < p >. The figure 3.2 shows the comparison of the mean number of interactions during Run-I
and Run-II operations.
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Figure 3.2: Shown is the luminosity-weighted distribution of the mean number of interactions per crossing
for the (a) Run-I and (b) Run-II pp collision data recorded.
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Figure 3.3: (a) 2012 data and simulation comparison of Pixel hits vs 1, (b) 2012 data and simulation
comparison of SCT hits vs n and (c¢) the number of pixel, SCT and TRT hits as a function of n
for tracks with 2011 data.

3.3 Primary vertices

Two different kinds of vertices can be present in an event:

e the primary vertices (PV) which correspond to the collision point of beam particles. They
are characterized by having many associated tracks-particle, thus a high track multiplicity.
In a selected event usually there is one hard-scatter PV, while the rest are associated, by
conventions, to pile-up interactions.

e the secondary vertices correspond to decay of short-lived particles, which decay at a
measurable distance from the PVs. The track multiplicity for secondary vertices is lower.

In general, the PV reconstruction is done in three steps:

e vertex finding: assignment of reconstructed tracks to PV candidates.
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e vertex fit: reconstruction of the PV position, calculation of its error matrix, estimation of
the fit quality and optional refit of the associated track’s parameters to constrain them to
originate from the corresponding PV and not from the beam spot.

e est of vertex hypothesis: check the vertex candidate quality and the overlaps with others
vertices candidates.

Into the ATLAS experiment, the PV reconstruction is done using an iterative vertex finding
algorithm|[62]. First, a vertex seed is found by looking for the maximum of the zy tracks distribution.
An iterative y? fit is used to fit the seed and the surrounding tracks. The matrix errors of the tracks
are properly taken into account during the vertex fit. Tracks incompatible with the PV candidate
(displaced by more than 7o from the vertex) are used to seed a new PV. This procedure is repeated
until no unassociated tracks are left or no additional vertex can be found. PVs are required to have
at least two associated tracks. The same track can be associated to multiple vertices. The PV with
the largest sum of squared transverse momenta Y p7 of the tracks is chosen as the hard-scatter
PV. Figures 3.3 and [3:4] show the performance of ATLAS relative to reconstructions tracks, pixel
and vertex detector-variables.

In high pile-up environment, the increasing number of fake tracks increases the probability to
reconstruct a fake vertex. Furthermore, the common presence of nearby interactions increases the
probability of reconstructing only one vertex out of several. Studies using 2011 data have shown
that the PV efficiency reconstruction decreases with increasing < p >[61]. Some quality criteria
are applied to the tracks used in the PV reconstruction process. They vary from one analysis to
the other.
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Figure 3.4: (a) The impact parameter distributions with respect to the primary vertex of tracks and the
corresponding simulation sample, (b) the impact parameter distributions with respect to the
primary vertex of tracks and the corresponding simulation sample. The simulation in each of
the plots has been reweighted to match the pr spectrum of the data.



CHAPTER 3. PHYSISCS OBJECTS RECONSTRUCTION IN ATLAS 62

3.4 Electrons

3.4.1 Electron reconstruction

The distinguishing signature of an electron is a curved track in the inner detector and a narrow
shower in the EM calorimeter. Electrons can be produced in the hard-scatter interaction, but also
inside jets or in photon conversions. Then, there is a probability of misclassifying narrow jets or
photons as electrons. During the electron reconstruction and identification, several criteria are
applied to determine if a given energy deposit and associated track were produced in the hard-scatter
interaction or not. The electrons in the central region (|n| < 2.47) are reconstructed using an
algorithm that combines the information from the EM calorimeter and the ID. Other algorithms
reconstruct electrons in the forward region using only information from the EM calorimeter. In
this thesis only electrons in the central region will be used[63]. Therefore, the reconstruction of
electrons in the forward region will not be discussed[64].

Electron reconstruction in ATLAS in the central region is done using the sliding-window
algorithm[65]. It searches for clusters in the middle layer of the EM calorimeter with a total
Er > 2.5 GeV. The window used to defined the clusters has a size of 3 x 5 in middle layer cell
units (An x A¢ = 0.025 x 0.025). If the seeded cluster is matched to a pair of tracks originating
from a reconstructed photon conversion vertex, it is tagged as a converted photon. Otherwise, if the
algorithm is able to match a track from the ID with the seeded cluster, it is tagged as an electron
candidate.

The matching is done in an An x A¢ window of 0.05 x 0.10, to account for bremsstrahlung losses.
The track momentum is required to be compatible with the cluster energy. In case that several
tracks are matched to the EM cluster, the tracks with hits in the silicon detectors are preferred and
the closest in AR is chosen. In addition, information from the TRT can be used to enhance the
separation of electron candidates from pions. The final clusters are built around the seeded clusters
matched with a track, by including all cells from different EM calorimeter layers located inside a
rectangle centred on the seed position. The rectangle size depends on the position in the calorimeter
of the seeded clusters (barrel or endcap). The energy of the cluster is calibrated to the EM energy
scale, which was derived from MC based corrections to account for energy loss in passive material,
test-beam measurements, and measurements of Z — ee decays for final calibration[66], [67].

3.4.2 Electron identification

Electrons can be distinguished from hadrons since EM showers deposit most of their energy in the
second layer of the EM calorimeter. The width of electron showers is narrower than for hadrons.
The ratio of the transverse energy reconstructed in the first layer of the hadronic calorimeter to
the transverse energy reconstructed in the EM calorimeter, known as hadronic leakage or Rj,q4,
is smaller for electrons than for hadrons. Also the ratio of the energy reconstructed in the EM

calorimeter to the track momentum £ can be used as a discriminant variable, since it is smaller for

charged hadrons (Figure [3.5).

The most difficult task is to distinguish electrons from 7%’s and n’s. They decay into two photons
which form two close EM showers indistinguishable in the second EM calorimeter layer. In this
case, the first layer of the EM calorimeter can be used due to its high granularity, to identify the
two maximum in the 7° or  shower corresponding to the two photons.

In ATLAS, there are six different series of cuts used in the electron identification process that
provide good separation between electrons and jets faking electrons: loose, loose++, medium,
medium++, tight and tight++[65].

In general, each cut adds to the previous some additional requirements. The "++" menu was
incorporated starting from release 17, in order to accomplish the trigger bandwidth restrictions for
high luminosity. The discriminating variables used are defined using calorimeter and ID information.
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Figure 3.5: Example of some electron identification variables: (a) "hadronic leakage" Rpad, (b) ratio of the

energy reconstructed in the EM calorimeter to the track momentum %

Loose: is based on calorimeter information only. It requires electron candidates with
|n| < 2.47 with low hadronic leakage and cuts on shower shape variables, derived from the
energy deposits in the second layer of the EM calorimeter. The loose criteria provides a
high identification efficiency (close to 95%). But the expected background rejection (the jet
rejection), is low, about 500, i.e. one in 500 jets will pass the Loose selection.

Loose++: adds additional cuts to the loose selection. It adds requirements related to the
matched track: at least 1 hit in the pixel detector, at least 7 hits from both the pixel and
SCT and the distance in |n| between the cluster and the extrapolated track in the first EM
layer has to be smaller than 0.015. Its efficiency, measured in Z — ee events, is close to the
loose one (93% — 95%) with a higher expected rejection of about 5000[68].

Medium: adds additional criteria related to the shower shape calculated using the first EM
layer and to the deviation in the energies of the largest and second largest deposits in this
layer, allowing discrimination against 7%’s and 7’s. In addition, the absolute value of the
transverse impact parameter of the track, |dy|, is required to be lower than 5mm and the
distance in |n| between the cluster and the extrapolated track in the first EM layer lower than
0.01. Tts efficiency is of about 88%[68] and has a rejection higher than the one achieved by
the loose++ selection.

Medium-+-+: requires at least one hit in the B-layer (first pixel detector layer) to reject
electrons from photon conversions. Tracks having a low fraction of high-threshold TRT hits
are rejected to decrease the contamination from charged hadrons. |An| between the cluster
and extrapolated track in the first EM layer is lowered to 0.005. It has an efficiency of around
85%, with a expected rejection closer to 50000.

Tight: requires that |A¢| and |An| between the cluster and the matched track has to be less
than 0.02 and 0.005, respectively. A requirement on % is introduced. The |dg| requirement is
tightened (to be less than 1 mm), as well as the fraction of high-threshold TRT hits. The
identification efficiency is around 75%, with a rejection higher than the medium-++ one.

Tight++: only adds asymmetric A¢ track-cluster matching cuts. It has an efficiency slightly
better than the one for tight selection and a slightly better rejection too.
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To suppress the background due to non-prompt leptons, e.g. from decays of hadrons (including
heavy flavour) produced in jets, the leptons in the event are usually required to be isolated. A
calorimeter isolation, a track isolation or both can be applied. The calorimeter isolation is estimated
using the energy in a cone of R = 0.2 centred around the electron after the subtraction of the
energy associated with the electron itself (EtCone20).

Track isolation is calculated using the scalar sum of tracks pr in a cone of AR = 0.3 centred
around the electron without including the electron pp itself (PtCone30). The calorimeter isolation
variables usually include a correction for the increase in the energy of the electron in the isolation
cone with electron pr (transverse shower leakage) and for additional energy deposits from pile-up
events.

3.4.3 Electron scale factors and energy corrections

The smearing or scaling of the reconstructed objects at the analysis level is a common procedure.
They are used to match the object energy in simulation to the one in data, to match the object
energy to a known quantity or to implement an uncertainty in the analysis. The smearing process
consists in changing the object energy distribution using random numbers from a given distribution,
usually a Gaussian. In the case of electrons, the EM electron cluster energy in data was corrected
by applying energy scales as a function of 1, ¢ and Er to match the Z boson peak mass. They
were obtained from Z — ee, J/¥ — ee or £ studies using isolated electrons from W — ev. The
cluster energy was smeared in Monte Carlo samples to match the energy resolution in data and to
adjust the width of the Z peak.
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Loose
Middle-layer shower shapes: R,, wa
Hadronic leakage: Rpaq1 (Rhaa for 0.8 < 7| < 1.37)
Loose++
Shower Shapes: R’r]a Rhadl (Rhad); w2, Eratioy Ws tot
Track quality
|An| < 0.015
Medium
Pass Loose selection
Strip-layer shower shapes: ws tot, Eratio
Track quality
|An| < 0.01
|do| < 5mm
Medium++
Shower shapes as Loose++, but at tighter values
Track quality
|An| < 0.005
Npp, > 1 for |7]‘ < 2.01
Npi, > 1 for |n| > 2.01
Loose TRT HT fraction cuts
|do| < 5mm
Tight
Pass Medium selection |An| < 0.005
|d(]‘ < Imm
Track matching: |A¢| and E/p
High TRT HT fraction
Npr >1
Pass conversion bit
Tight++
Shower shapes as Medium++, but at tighter values Track quality |An| < 0.005
Npr > 1forall n
Npiz > 1 for |n| > 2.01
Tighter TRT HT fraction cuts
|do| < 1mm
E/p requirement
|A¢| requirement
Conversion bit

Table 3.1: Summary of the variables used in the Loose, Loose++, Medium, Medium++, Tight and Tight++
operating points[69].

3.5 Muons

3.5.1 Muon reconstruction and identification

Muon reconstruction has been uploaded during Run-II [I08]. Muon reconstruction is first performed
independently in the ID and MS. The information from individual subdetectors is then combined
to form the muon tracks that are used in physics analyses.

Muon reconstruction in the MS starts with a search for hit patterns inside each muon chamber
to form segments. In each MDT chamber and nearby trigger chamber, a Hough transform is used
to search for hits aligned on a trajectory in the bending plane of the detector. The MDT segments
are reconstructed by performing a straight-line fit to the hits found in each layer. The RPC or
TGC hits measure the coordinate orthogonal to the bending plane. Segments in the CSC detectors
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are built using a separate combinatorial search in the n and ¢ detector planes.

Muon track candidates are then built by fitting together hits from segments in different layers.
The algorithm used for this task performs a segment-seeded combinatorial search that starts by
using as seeds the segments generated in the middle layers of the detector where more trigger hits
are available. The search is then extended to use the segments from the outer and inner layers as
seeds. The segments are selected using criteria based on hit multiplicity and fit quality and are
matched using their relative positions and angles.

The hits associated with each track candidate are fitted using a global x? fit. A track candidate
is accepted if the x? of the fit satisfies the selection criteria.

The combined ID-MS muon reconstruction is performed according to various algorithms based
on the information provided by the ID, MS, and calorimeters. Four muon types are defined
depending on which subdetectors are used in reconstruction:

e Combined (CB) muon: track reconstruction is performed independently in the ID and MS,
and a combined track is formed with a global refit that uses the hits from both the ID and MS
subdetectors. Most muons are reconstructed following an outside-in pattern recognition, in
which the muons are first reconstructed in the MS and then extrapolated inward and matched
to an ID track. An inside-out combined reconstruction, in which ID tracks are extrapolated
outward and matched to MS tracks, is used as a complementary approach.

e Segment-tagged (ST) muons: a track in the ID is classified as a muon if, once extrapolated to
the MS, it is associated with at least one local track segment in the MDT or CSC chambers.
ST muons are used when muons cross only one layer of MS chambers, either because of their
low pr or because they fall in regions with reduced MS acceptance.

e Calorimeter-tagged (CT) muons: a track in the ID is identified as a muon if it can be matched
to an energy deposit in the calorimeter compatible with a minimum-ionizing particle. This
type has the lowest purity of all the muon types but it recovers acceptance in the region
where the ATLAS muon spectrometer is only partially instrumented to allow for cabling and
services to the calorimeters and inner detector. The identification criteria for CT muons are
optimized for that region (|n| < 0.1 and a momentum range of 15 < pr < 100 GeV

e Extrapolated (ME) muons: the muon trajectory is reconstructed based only on the MS track
and a loose requirement on compatibility with originating from the IP. The parameters of the
muon track are defined at the interaction point, taking into account the estimated energy
loss of the muon in the calorimeters. In general, the muon is required to traverse at least two
layers of MS chambers to provide a track measurement, but three layers are required in the
forward region. ME muons are mainly used to extend the acceptance for muon reconstruction
into the region 2.5 < |n| < 2,7, which is not covered by the ID.

Muon identification is performed by applying quality requirements that suppress background,
mainly from pion and kaon decays, while selecting prompt muons with high efficiency and/or
guaranteeing a robust momentum measurement. Several variables offering good discrimination
between prompt muons and background muon candidates are studied.

For CB tracks, the variables used in muon identification are:

e q/psignificance, defined as the absolute value of the difference between the ratio of the
charge and momentum of the muons measured in the ID and MS divided by the sum in
quadrature of the corresponding uncertainties;

e p defined as the absolute value of the difference between the transverse momentum measure-
ments in the ID and MS divided by the pr of the combined track;

e normalized x? of the combined track fit.
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Four muon identification selections (Medium, Loose, Tight and High-pr) are provided to address
the specific needs of different physics analyses. Loose, Medium and Tight are inclusive categories in
that muons identified with tighter requirements are also included in the looser categories.

Medium muons The Medium identification criteria provide the default selection for muons in
ATLAS. This selection minimizes the systematic uncertainties associated with muon reconstruction
and calibration. Only CB and ME tracks are used. The former are required to have > 3 hits in
at least two MDT layers, except for tracks in the |n| < 0,1 region, where tracks with at least one
MDT layer but no more than one MDT hole layer are allowed. The latter are required to have at
least three MDT/CSC layers, and are employed only in the 2.5 < |n| < 2,7 region to extend the
acceptance outside the ID geometrical coverage. A loose selection on the compatibility between
ID and MS momentum measurements is applied to suppress the contamination due to hadrons
misidentified as muons.

Loose muons The Loose identification criteria are designed to maximise the reconstruction
efficiency while providing good-quality muon tracks. They are specifically optimized for reconstruct-
ing Higgs boson candidates in the four-lepton final state . All muon types are used. All CB and
ME muons satisfying the Medium requirements are included in the Loose selection. CT and ST
muons are restricted to the || < 0,1 region. In the region |n| < 2,5 about 97.5% of the Loose
muons are combined muons, approximately 1.5% are CT and the remaining 1% are reconstructed
as ST muons.

Tight muons Tight muons are selected to maximize the purity of muons at the cost of some
efficiency. Only CB muons with hits in at least two stations of the MS and satisfying the Medium
selection criteria are considered. The normalized x? of the combined track fit is required to be
< 8 to remove pathological tracks. A two-dimensional cut in the p and ¢/p significance variables
is performed as a function of the muon pr to ensure stronger background rejection for momenta
below 20 GeV where the misidentification probability is higher.

High-p;r muons The High-pr selection aims to maximize the momentum resolution for tracks
with transverse momentum above 100 GeV'. The selection is optimized for searches for high-mass
7’ and W’ resonances. CB muons passing the Medium selection and having at least three hits in
three MS stations are selected. Specific regions of the MS where the alignment is suboptimal are
vetoed as a precaution. Requiring three MS stations, while reducing the reconstruction efficiency
by about 20%, improves the pr resolution of muons above 1.5TeV by approximately 30%.
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Figure 3.6: Muon reconstruction efficiency as a function of n measured in Z — pu with pr > 10 GeV
shown for (a) Medium, (b) Tight and (c) High-pr muon selection. In addition, the (a) plot
also shows the efficiency of the Loose selection (squares).

3.6 Jets

At high energy pp collisions the presence of partons is overwhelming. Due to colour confinement
the partons hadronize. While the resulting bunch of particles passes through the ATLAS detector,
they produce tracks in the ID and energy deposits inside the calorimeters. These detector signals
allow the reconstruction of track jets (reconstructed using track information) and calorimeter
jets (reconstructed using calorimeter information). This section will then focus in explaining the
jet reconstruction process for calorimeter jets only. It consists in three steps: the definition of
calorimeter signals, the use of a jet reconstruction algorithm to group the calorimeter signals and
finally the jet calibration which corrects the jet energy and momentum for the effects of ATLAS
calorimeters non-compensation, dead material, leakage, out of cone and other thresholds effects.
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Figure 3.7: Representation of how cells may build a topological cluster (left) and how noise suppressed
towers are built from those cells (right).

3.6.1 Jet reconstruction
Inputs to calorimeter jet reconstruction

In a first step, calorimeter cells are combined and the resulting clusters will be used as inputs for
the jet reconstruction algorithm. ATLAS provides two different cells clustering algorithms and
therefore two types of inputs to jet reconstruction:

e Topological clusters or topoclusters are a dynamically formed combination of cells
around seed cells that exceed a given signal-to-noise ratio threshold. The seeds are defined
to be the cells with |Ecell/age‘}§se| > 4, where E.; is the cell energy and afjﬁse is the RMS
of the cell noise distribution. Subsequently, their neighbouring cells are included if their

signal-to-noise ratio exceeds a second threshold |E e /o79i%¢| > 2|70).

Finally all cells neighbouring the formed topoclusters are added to the topocluster. Topoclus-
ters are defined as massless. Their energy is obtained summing up the energy of all the
cells included. Their direction is calculated from weighted averages of the pseudorapidity
and azimuthal angles of the constituent cells relative to the nominal ATLAS coordinate
system. The weight used is the absolute cell energy. Because of calorimeter noise fluctuations
cluster can have a negative energy. Negative energy clusters are rejected entirely from the jet
reconstruction since they do not have physical meaning.

e Noise Suppressed Towers are constructed by projecting calorimeter cells onto a grid with
tower bin size An x A¢ = 0.1 x 0.1. When cells larger than 0.1 exist, like in the third layer of
the tile calorimeter, they are splitted between towers, and so is their energy, in a proportional
manner. The towers are built using only cells belonging to topological clusters. Therefore,
the same noise suppression is used in both cases. Towers are also defined to be massless and
their energy and direction are calculated in the same way as for topoclusters. Negative energy
towers are rejected entirely from the jet reconstruction[70]. The difference between towers
and clusters is illustrated in Figure
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Jet reconstruction algorithms

Jet reconstruction algorithms allow to associate the energy deposits in the calorimeters to a jet. A
good jet algorithm should give a stable and precise description of QCD interactions during the pp
collision and therefore has to fulfill certain conditions:

e Collinear safety, which means that the splitting of one particle into two collinear particles has
no effect on the reconstruction.

e Infrared safety, which means that the presence of additional soft particles between jet
components does not affect the jet reconstruction.

e Effects of resolution and other detector effects (e.g. noise) should affect the jet reconstruction
as little as possible.

e Invariance under Lorentz boosts along z coordinate.
e Minimum computer resources used.

The jet reconstruction algorithm used in this analysis is called the anti-kr algorithm[7T], which
is a sequential recombination algorithm. Sequential recombination algorithms take topoclusters or
towers as input and combines them to form jets according to a distance parameter defined below.
For all inputs i, and pairs ij two different distances are defined:

) AR2.
dij = mzn(pQTIji,p?j) R;J (3.1)
& = 12, (3.2)
where pr is the transverse momentum of the input i,
ARij = \/(yi —y;)* + (¢ — ¢5)? (3.3)

is the distance between a pair of inputs in the y — ¢ space, y is the rapidity and R and p are
parameters of the algorithm. d;; represent the distance between a pair of inputs ¢ and j, while
d; the distance between the input ¢ and the beam axis in the momentum space. The algorithm
calculates min(d;, d;;). If min(d;,d;;) = d;, the input i is said to form a jet and is removed from
the list of inputs. If min(d;,d;;) = d;;, the inputs ¢ and j are combined into one single input using
the E-scheme (sum of four-momentum of each input). The combined input is put into the list of
possible inputs, while ¢ and j are removed. The algorithm proceeds until no inputs are left, which
means that all inputs in the event will end in a jet. The parameter p defines the kind of algorithm

(Figure [3.8):
e p = 1: kp algorithm[72]
e p = 0 : Cambridge/Aachen algorithm[73]
e p = -1: anti-ky algorithm|71]

While R characterizes the size of the jet in the y — ¢ space. The anti-kp algorithm works in
the inverse transverse momentum space and has three main advantages. First, it clusters nearby
particles, ensuring infrared safety. Second, soft inputs prefer to cluster with hard inputs instead of
clustering with other soft particles. Third, the anti-kp algorithm is seedless and all hard inputs
within AR;; < R will be combined into one jet, ensuring the collinear safety. In this analysis, the
ratio parameter R = 0.4 was used.

The topoclusters and towers are defined massless. However, their distribution inside the
reconstructed jet leads the jet to have a given mass. In Monte Carlo simulations track jets and
calorimeter jets are reconstructed as in real data. In addition, two other kinds of jets can be defined
in simulation:
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Figure 3.8: Shape output of the different reconstruction jet algorithms for the same event.

e Parton jet refers to the parton at the matrix-element level which causes the particle shower
due to the fragmentation process.

e Particle or truth jet which is reconstructed from stable particles (particles with a lifetime
greater than 10 ps) produced by the hadronization models of the different Monte Carlo
generators, before any detector simulation. This mainly includes electrons, photons, pions,
kaons, protons and neutrons and their antiparticles. Neutrinos and muons are not included,
since they do not leave any significant signal in the calorimeter.

A schematic view of the different types of jets is shown in Figure [3.9] The jet reconstruction
efficiencies were determined from data with a tag-and-probe method, using track jets, where the
efficiency was defined as the fraction of probe track jets matching a corresponding calorimeter
jet[74]. The difference between data and simulation is found to be small and within the uncertainties.
Therefore, no scale factors were needed.

3.6.2 Jet calibration

The energy of the reconstructed jets does not correspond to the initial energy carried by the
particles. Reconstructed jets need therefore to be calibrated to the correct energy scale. In general,
the reference scale in the jet calibration process is given by the truth jets. Jets are initially
reconstructed at the electromagnetic (EM) scale, which is the basic calorimeter signal scale for the
ATLAS calorimeters. This means that the calorimeter signals are calibrated to properly reproduce
the energy lost in the calorimeter by an electron, if the energy deposit came from an electron. The
EM scale was obtained using test-beam measurements for electrons in the barrel[66l (67, [75] and the
endcap calorimeters|76]. It has been validated using muons from test-beams and in cosmic-rays.

The energy scale of the electromagnetic calorimeters has been corrected using the invariant mass of
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Figure 3.9: Schematic view of the different types of jets. Colorful particles, produced at the interaction
point, create a bunch of colorless particles due to fragmentation. These particles will produce
detector signals in the Inner Detector and Calorimeter, which can be reconstructed as track
and calorimeter jets.

Z — ee events[65]. This EM scale calibration provides a very good description for energy deposits
produced by electrons and photons, but not for deposits from hadronic particles like protons,
neutrons, pions or kaons. This difference results from the fact that the EM scale calibration does
not account for various detector effects:

e Calorimeters non-compensation: partial measurement of the energy deposited by hadrons.
e Dead material: energy losses in inactive or non instrumented regions of the detector.
e Leakage: energy deposits from particles which are not totally contained in the calorimeters.

e Out of cone: loss of energy deposits from particles inside the particle jet that are not included
in the reconstructed jet.

e Thresholds effects: signal losses due to inefficiencies in calorimeter clustering and jet recon-
struction.

ATLAS has developed several calibration schemes with different levels of complexity and different
sensitivity to systematic effects[70], which made them complementary in the way they contribute
to the understanding of the jet energy scale measurement:

e EM-JES calibration is a Monte Carlo-derived jet calibration scheme used in ATLAS for the
first analyses. EM+JES applies a simple jet-by-jet correction that restores the reconstructed
jet energy to the particle jet energy. In this scheme each jet at the EM scale is scaled by a
correction factor which is a function of the reconstructed jet energy and 7. In addition to this
energy correction a pile-up and a jet origin correction are also applied[70].

e Global Sequential (GS) Calibration is a Monte Carlo-derived jet calibration, which
uses longitudinal and transverse properties of the jet structure sequentially to improve the
resolution, while leaving the jet energy scale unchanged. In this scheme jets are found from
clusters or towers, then the EM+JES calibration is applied and finally they are scaled by
a jet-by-jet correction factor which depends on the jet pr, n and several longitudinal and
transverse jet properties.

e Global Cell Energy-Density Weighting Calibration (GCW) attempts to compensate
for the different calorimeter response to hadrons and electromagnetic particles by weighting
each jet constituent cell. The weights, which depend on the cell energy density and the
calorimeter layer only, are determined by minimizing the energy fluctuations between the
reconstructed and particle jets in Monte Carlo simulation. Jets are found from topoclusters
or towers at the EM scale, then cells are weighted and a final jet energy scale correction is
applied to ensure that good linearity response is achieved[77].
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Figure 3.10: Jet quality selection efficiency for anti-kr jets with R = 0.4 as a function of pr in two n
example-ranges, for the four sets of selection criteria.

e Local Cluster Weighting Calibration (LCW) uses properties of topoclusters (such as
their energy, depth in the calorimeter, cell energy density, fractional energy deposited in
the calorimeter layer and energy measured around it) to calibrate them individually before
applying jet reconstruction. These weights are determined from Monte Carlo simulations of
charged and neutral pions. Similarly to the GCW scheme, a final correction of the jet energy
is applied[77].

The EM+JES calibration is used for first physics analysis, due to its simplicity. The others
calibration schemes are presently commissioned by ATLAS. The corrections applied by each
calibration schemes as well as the inputs used have been validated using data from pp collision at a
center-of-mass energy of \/s =7 TeV[70].

3.6.3 Jet selection

In ATLAS jets can be reconstructed with different quality criteria: Looser, Loose, Medium and
Tight [91].

Since the noisy channels of the calorimeter and its electronics can lead to fake energy deposits
not due to particles going through the calorimeter (which can be reconstructed as fake jets), many
quality criteria on the features of the recorded pulse are applied in order to discriminate between
real and fake jets candidates. The four jet categories differ for the cuts applied on the calorimetric
variables of the signal.

The Looser selection was designed to provide an efficiency above 99.8% with a fake rejection
as high as possible while the Tight selection was designed to provide a much higher fake rate jet
rejection with an inefficiency not larger than a few percent. The two other sets of cuts correspond to
intermediate fake rejections and jet selection efficiencies. Efficiencies of the four jet reconstruction
categories are shown in Figure as a function of the jet pr.

As explained above the jets in ATLAS are reconstructed using solely the calorimeter, however
tracks reconstructed in the ID can be associated to a jet. Tracks are associated to jets using a
simple geometrical matching criterion: the radial distance:
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AR = /Ry = na? + (65 — 0F Y )? (3.4)

is calculated for each track, where 77}2’ and QS}ZY are the pseudorapidity and the azimuthal angle

of the jet with respect to the primary vertex, and ntY,, and ¢LY , are the pseudorapidity and the
azimuthal angle of the track at the perigeeﬂ with respect to the PV.

Any track for which the condition AR < 0.4 is satisfied are considered as matching the jet, and
therefore are associated to it.

3.6.4 Jet energy resolution

The procedure adopted to measure the jet energy resolution is explained in detail in [92]. It basically
relies on the assumption that in events containing only two jets, the pr’s of the two jets shall
be balanced because of the momentum conservation in the transverse plane. Starting from this
assumption the jet energy resolution can be measured studying the asymmetry observed between
the jet pr’s in such a configuration. To perform this measurement, jets in the same rapidity y
region are chosen in order to minimize additional detector effects that may introduce secondary
effects. The jet energy resolution is thus obtained in pt x 1 bins. Given the above, the fractional
jet energy resolution can be parametrized as (following the parametrization of the energy resolution
for the calorimeter):

P PN (3.5)
pr  pr  +/PT
Where N, S, and C' are the noise, stochastic and constant terms respectively. Once the mea-
surement according to the method mentioned above is performed (and validated with Monte Carlo
simulations), the distribution of the results can be built in each 7 bin and a fit with the functional
form in equation [3.5] can be done. Some results of such a measurement is shown in Figure [3.11] for
a specific rapidity bin.

In the rapidity bin 0.0 < |y| < 0.8 shown in Figure a o(pt)/pr of about 15% is reached for
jets having pr =40 GeV, while at pt = 500 GeV o(pt)/pr ~ 7%. Once a measurement of the jet
energy resolution is obtained, it is possible to link any measured jet falling in a given n — pr region
to its corresponding resolution.

2The perigee of a track is defined as point of closest approach to the beam axis
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Figure 3.11: Fractional jet pr resolutions, measured in data for anti-kt jets with R = 0.4 and for four jet
calibration schemes: EM+JES, EM+JES+TBJC, LCW-+JES and LCW+JES+TBJC. The
lower panel of the figure shows the relative improvement for the EM+JES+TBJC, LCW+JES
and LCW+JES+TBJC calibrations with respect to the EM-+JES jet calibration scheme, used
as reference (dotted line). The errors shown are only statistical.

3.7 b—tagging

The performance of the current ATLAS b-tagging algorithms has been optimized ahead of the
2016 Run-2 data taking. The inputs to the b-tagging algorithms are the trajectories of charged
particles (tracks) reconstructed in the Inner Detector (ID). In order to have better track and
vertex reconstruction performance at the higher luminosities expected during Run 2, a fourth pixel
layer, the insertable B-layer (IBL), has been added to ATLAS. This inclusion leads to significantly
improved b-tagging performance, mostly in the low and medium jet pr region, compared to that
achieved at Run 1.

3.7.1 b—tagging algorithms

The B hadron formed by the bottom quark has a relatively long lifetime of about 1 x 10725
and can travel around 3mm before decaying. The identification of b—jets is very important for
example in the discrimination of top quark analysis backgrounds with only light jets in the final
state. b—tagging algorithms exploit the fact that a certain number of tracks point to a secondary
vertex instead of pointing to the reconstructed primary vertices as shown in Figure and that
impact parameters of these tracks are large. Thus b—tagging relies on the ID track reconstruction
and for such reason it can be only applied to jets with |n| < 2.5. Moreover ID tracks are required
to pass some quality criteria that depend on the different b—tagging algorithms.

Various b—tagging algorithms can be defined, based on these discriminating variables, on sec-
ondary vertex properties and on the presence of leptons within b-jets, and for each jet they usually
give as output a weight reflecting the probability that the input jet originates from a b—quark.
There are basically three kinds of b—tagging algorithms|[78]. The one used in this analysis is based
on the measurement of the impact parameter (see Figure and on the reconstruction of the
secondary vertex.

The transverse impact parameter dg is the distance in the transverse plane x — y between the
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Figure 3.12: Schematic representation of a b-hadron decay and definition of the impact parameter.
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Figure 3.13: Real collision view of a b—jet candidate. The event display shows a b—jet candidate recon-
structed with the anti—kr algorithm, where the primary vertex is shown in the yellow circle
and the secondary vertex in the dashed red box.

point of closest approach of a track and primary vertex, while the longitudinal impact parameter is
the z—coordinate of this point (zg). The b—tagging algorithm used in these analyses is called MV2
(multiVariate tagger) [109]: it is based on a neural network and takes as input the output weights

of three simpler tagging algorithms:
e IP3D [93], based on the dj significance;
e SV1 [93], based on the reconstruction of secondary vertexes;

o JetFitterCombNN [93], which performs a fit on the flight direction of the b—hadrons and then
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combines the result with the output weights of IP3D and SV1.

The output of these b-tagging algorithms are combined in a multivariate discriminant, MV2, that
is the output of the default algorithm used by ATLAS which provides the best separation between
the different jet flavours.

Three MV2 variants are released, MV2c00, MV2c10 and MV2c20, where the names of the
taggers indicate the c-jet fraction in the training; e.g. in MV2c20, the background sample is
composed of 20% (80%) c- (light-flavour) jets. It is possible to modify the light versus c-jet rejection
performance by changing the fraction of c-jets in the training. Given that the majority of physics
analyses are presently more limited by the c-jets rather than the light-flavour jet rejection, the
c-jet background fraction in the training has been chosen in such a way to enhance the charm
rejection by keeping a similar light-flavour jet rejection compared to the previous approach. The
c-jet fraction of the training for MV2c10 is therefore set at 7% such that the training is performed
assigning b-jets as signal and a mixture of 93% light-flavour jets and 7% c-jets as background. In
a second variant, denoted MV2c20, the c-jet fraction used is 15%; lastly, no c-jet contribution is
present in the training is used for MV2c00.

The output of the MV2 tagger is a continuous value wjsy2, and it is possible to choose
a threshold value w to tag a jet as a b—jet: if wpsyo > w then the jet will be considered a
b—jet, otherwise it will be considered a light-flavor jet. The choice of the value of w depends
on the desired b—tagging efficiency and on the desired mis-tag rate one wants to have in the analysis.

The data-Monte Carlo comparison on the output of the MV2c10 algorithm is shown in Figure
The figure shows the distribution of the MV2c10 multivariate discriminant applied to
jets in a tt-dominated sample of events selected by requiring an opposite-sign e-mu pair and at least
two jets. The data is shown by the points with error bars and the simulation by the filled areas,
divided into contributions from b (red), ¢ (green) and light (purple) flavoured jets, and normalized
to the same number of jets as the data. As can be seen the data-Monte Carlo agreement is good
for the considered taggers. In particular the output weight of the MV2 tagger clusters to 0 for light
jets, while assumes values near to 1 for b—jets.
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Figure 3.14: Multivariate MV2c10 discriminant used in Run-II for b-tagging.

The figures [3.15] shows the light-flavour jet and ¢ jet rejection vs b jet efficiency curves obtained
by simulation; the choose of the working point on this curve determines the b jet efficiency selection
and the contamination of the the light-flavour and c jet in the analysis.
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Figure 3.15: The light-flavour (a) and c-jet (b) rejection versus b-jet efficiency for the MV2c20 (red) and
MV2c00 (blue) b-tagging algorithms in ¢ — ¢ events.

As previously said, the b-tagging performances reached in Run 2 data taking are improved in
comparison with the Run 1 and this is put in evidence in figures
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The light-flavour jet rejection (a) and c-jet rejection (b) in bins of jet pr for the MVlc

b-tagging algorithm using the Run-1 detector and reconstruction software (blue) compared to
the MV2c20 b-tagging algorithm using the Run-2 setup (red). In each pr bin the b-tagging
cut value has been chosen in such a way to yield a constant b-jet efficiency of 70%.
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dicating the combined statistical and systematic
uncertainty are shown.

Figure 3.17: b-tagging efficiency for the Mv2c20 b-tagging algorithm at the 85% working point as a function
of jet pr.

3.8 Missing transverse energy

The missing transverse energy, EX'* in a collider experiment is the energy imbalance in the trans-
verse plane, where the energy conservation is expected. The physical source of such an imbalance
typically is the presence of unseen particles such as neutrinos which go through all the detector
without leaving any signal, and it is measured thanks to the tightness of the calorimetric system.

In addition many detector-related effect (such as mismeasurements of energy) can give rise
to EMIsS. The E¥'S reconstruction algorithm starts from all the calorimetric cells belonging to
topological clusters (see section in the |n| < 4.9 range, considering their energy and also their
position in # and ¢, as shown in equation [3.9

The final Elfiiss calculation is defined as:

E{II‘niss _ \/(EgliSS)Q + (Ezr/niss)Z (36)

where the E;‘z’ys)s contain contribution from both calorimetric energy deposits and corrections for
the muons in the event in each transverse direction x and y:

miss __ miss, Calo miss, Muon
2) = Fa) P (37)
where:
) Ncell
Emiss, Calo _ _ Z E; sin6; cos ¢; (3.8)
=1
) Ncell
E;nlss, Calo — _ Z E'L' sin 91' sin ¢z (39)
=1

and the E;‘Elys)s » Muon 4 okes into account the energy muon energy deposit as it goes through the

. . is 1
calorimetric system. The F™iss ¢ale

(1) terms contain all the energy deposits in the calorimeter: all
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Figure 3.18: Distribution of E¥'* measured in Z — puTp~ (a) and W — ev (b) events for data and Monte

Carlo.

the energy deposits associated to reconstructed physics objects (electrons, photons, taus, jets) are
considered as well as those that are not associate to any reconstructed object. This last contribution
may suffer of contamination from noisy channels, but this is avoided by means of quality requirement
on any energy deposit contributing to the EXs calculation [94].

Figure shows the reconstruction of EWiss in Z — utp~ (Figure[3.18a)) and W — ev (Figure
3.18b|) for both data and Monte Carlo.
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Figure 3.19: E'* resolution as a function of the number of reconstructed primary vertexes (i.e. as a
function of the pileup). The effect of the pileup suppression is shown too.

In figure the Eiss resolution as a function of the number of reconstructed primary vertexes
in each event is shown. This points out how pileup affects calorimetric measurements and the effect

of pileup suppression methods.



Chapter 4

Search for diboson resonances in the
llqq final state

4.1 Introduction

In July 2012 the experiment ATLAS and CMS announced the discovery of a new particle with a
mass of approximately 125 GeV [11 2] compatible with the expectations of the Standard Model (SM)
Higgs boson. This discovery represents a milestone in the understanding of electroweak symmetry
breaking.

Although, the current experimental results cannot exclude the possibility that the new particle
is part of an extended Higgs sector or other extensions of the SM. Many of these models predict the
existence of diboson resonances. In models with an extended Higgs sector such as the two-Higgs-
doublet model (2HDM) [7] and the electroweak-singlet (EWS) model [8], a heavy spin-0 neutral
Higgs boson can decay to a pair of Z bosons. In models with warped extra dimensions [9, [10], a
spin-2 graviton is expected to decay to ZZ.

Both the ATLAS and CMS Collaborations have searched for heavy resonances in ZV (V =
W, Z) decays in the /s = 7 and 8 TeV datasets [11, 12, 13, [14, 15] and in the /s = 13 TeV
datasets [17} [16] 18 19] but only with 2015 data.

This thesis work has been focused on the search of heavy resonances decaying into a ZZ with
one of the two Z decaying to a pair of light charged leptons (electrons or muons, referred to as
0, 7 — Eéﬂ and the other decaying to a pair of quarks, Z — ¢q. This leads to the ZZ — llqq
decay mode. The analysis has been restricted in the diboson mass range 300 — 6500 GeV /c?, within
the context of Standard Model extensions with an extended Higgs sector (heavy spin-0 neutral
Higgs boson) and warped extra dimensions (spin-2 Randall-Sundrum graviton). For my thesis,
I analysed proton-proton collision data recorded during 2015 and the beginning of 2016 by the
ATLAS experiment at LHC with a center of mass energy /s = 13 TeV. The integrated luminosity
used in this study has been 13.2 fb~1.

The reconstruction of the Z — gq decay proceeds in two different ways. The resolved recon-
struction attempts to identify two separate small-radius jets (small-R jet, or j) of hadrons from
the Z — gq decay, while the merged reconstruction uses jet-substructure techniques to identify the
7 — qq decay reconstructed as a single large-radius jet (large-R jet, or simply J). The latter is
expected when the resonance mass is significantly higher than the Z boson mass. In this case, the
qq pair from the Z boson decay can be collimated; hadrons from the two quarks overlap in the
detector and are more efficiently reconstructed as a single large-R jet (“merged selection"). In this
analysis I used both reconstructions of the Z — ¢q.

Production of heavy resonances will manifest themselves as resonant structures in the invariant-
mass distributions of the ¢{qq final state. Thus for this decay mode, the invariant masses of
the ¢4J system (mygey) and of the £45j system (my;;) are used as the final discriminants for the
signal-background separations for the merged and resolved reconstructions of the Z — qq decays,

ITo simplify the notations, antiparticles are not explicitly labelled.
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respectively. The main background in this analysis is from Z + jets events, with smaller backgrounds
arising from top quark production, diboson (ZZ/W Z) production, and multi-jet production.

The results of the search are interpreted for a narrow width "Standard Model-like" Higgs boson.
In addition limits are set using simulated Randall-Sundrum graviton samples (spin-2).

Events from the VBF Higgs boson production possess unique topologies, and hence are selected
from the H — ZZ — {lqq candidates by applying additional criteria.

My work has been mostly devoted to the optimization of the event selection and on the
characterization of the VBF component and it has been part of a more general analysis for the
searches of heavy resonances in diboson decays [20].

4.2 Data and MonteCarlo samples

This analysis uses data collected during the 2015 and 2016 LHC Run-2 period in pp collisions,
corresponding to an integrated luminosity of 3.2 fb=! in 2015 and 10.0 f6—! in 2016.

Events used in the ZZ — ¢ search were recorded with a combination of multiple single-
electron or single-muon triggers with varying Er (electron) and pr (muon), quality, and isolation
requirements. The minimum FE7 threshold for electrons is 24 GeV', while the minimum p7 threshold
for muons is 20 GeV. These triggers are complemented by triggers with higher thresholds with no
isolation requirement (60 GeV or 120 GeV for electrons and 50 GeV for muons).

Monte Carlo simulated events are used for the evaluation of background modelling and signal
acceptance, optimisation of event selection, estimation of systematic uncertainties and the statistical
analysis. They are produced using ATLAS approved event generator settings and processed with
the simulation of the ATLAS detector and trigger.

Samples are processed through the full ATLAS detector simulation [117] based onGEANT4 [I18].

Background processes include Z + jets, tt, single top and diboson (W Z, ZZ). Events containing
Z bosons with associated jets are simulated using the Sherpa 2.2 [I19] generator. The Z + jets
events are normalized to the NNLO cross sections and they are sliced by both the pr ranges of Z
boson (from 0 GeV to the center-of-mass energy) and the number of b and ¢ quarks in the final
state.

The generation of ¢tevents is done with the Powheg-Box v2 [120] generator with the CT10 PDF
sets in the matrix element calculation. The top quarks are decayed using MadSpin [I21] preserving
all spin correlations, while for all processes the parton shower, fragmentation, and the underlying
event are simulated using Pythia 6.428 [122] with the CTEQ6L1 PDF sets and the corresponding
Perugia 2012 tune (P2012) [I23]. The top mass is set to 172.5 GeV. The cross section of ¢t is
known to NNLO in QCD including re-summation of next-to-next-to-leading logarithmic (NNLL)
soft gluon terms, and the reference value used in ATLAS is calculated using Top++ 2.0 [124].

The generation of single top-quark events in the Wt- and s-channels is also done with Powheg-
Box v2 with the CT10 PDF set. The decay of the top quarks and subsequent parton shower is
performed in the same way as the ttevents.

The diboson processes (W Z and ZZ) are generated with POWHEG-BoX v2 interfaced to PYTHIA
8.186[123].

Signal samples for high mass Higgs models using the narrow width approximation (NWA) are
generated at NLO for both gluon-gluon fusion (ggF) and vector boson fusion (VBF) production
modes with POWHEG-BoOX v2 interfaced to PYTHIA 8.186. In addition, samples for Higgs models
using various, larger widths (LWA) are generated to probe BSM Higgs sector models. Widths of
5%, 10%, and 15% of the Higgs mass are generated. These MC samples are made at NLO using
AMCATNLO to generate the larger width Higgs, which is subsequently decayed with MADSPIN,
and finally interfaced to PyTHIA 8.186. Higgs masses of NWA and LWA Higgs samples range from
300 GeV to 1TeV .

Signal samples for the RS Graviton and HVT are generated with MADGRAPH5-2.2.2 (MG5) [126]
interfaced to PyTHIA 8.186. The RS Graviton samples are generated with &/ Mpiancc=1.

Additional pp collisions generated with PYTHIA 8.186 are overlaid to model the effect of the
pileup for all MC events. All simulated events are processed with the same reconstruction algorithm
as the data.
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4.3 Object definition: particle reconstruction and identifica-
tion

Electrons are reconstructed from isolated energy clusters in the electromagnetic calorimeter matched
to ID tracks, within the fiducial region of transverse energy Er > 25 GeV and pseudorapidity
[n| < 2.47. Electrons are identified using the likelihood identification criteria described in Ref.
[L38], which is based on shapes of the showers in the electromagnetic calorimeter, track quality
requirements and the distributions of the track cluster matching. The levels of identification are
categorized to "LooseLH", "MediumLH", and "Tight LH" corresponding to 96%, 94% and 88% of
identification efficiencies to signal electrons at Er = 100 GeV, respectively. Candidate electrons
are also required to be isolated.
Electron candidates are first pre-selected by requiring the following cuts:

e Kinematic cuts: pr > 7 GeV and || < 2.47
e Identification:
— "LooseLH" identification, which includes hit requirements on the tracks: 2 hits in the

Pixel detector, 7 hits in Pixel or Silicon detector.

— Requirement of a hit in the b-layer (IBL)
e Isolation: "LooseTrackOnly" isolation
e Impact parameter significance: |dg/o(dp)| < 5 and |zg * sin 6] < 0.5 mm.

Muons are reconstructed by fitting the ID and MS tracks together, and are required to have
pr > 25 GeV and |n| < 2.5. Muons must pass identification requirements, based on the number of
hits in the different ID and MS subsystems, and the significance of the difference |q/pyvs—q/pip| [121],
where ¢ is the charge and pygs (pip) is the momentum of the muon measured in the muon spectrometer
(inner detector). Similar to electrons, muons are also classified as either "loose" or "medium",
following the criteria of Refs. [128] [127].

Four identification quality levels are predefined in this tool, namely "VeryLoose", "Loose",
"Medium" and "Tight", which are defined as:

e "VeryLoose": including all muons.
e "Loose": including segment tagged and calo tagged muons with |n| < 0.1.
e "Medium": including

1. stand alone muons with |n| > 2.5 and at least three hits at precision layers;

2. combined muons with ¢/p significance of less than 7 and at least two hits at precision
layers. If muon || < 0.1, the candidates with g/p significance of less than 7, exactly
one hit at precision layers and at most one hole at precision layers are also accepted as
“Medium" muon.

e "Tight" : requiring the muon to be a combined muon which satisfies ¢/p significance of less
than 5, at least two hits at precision layers and x?/ndf of the combination of less than 8.

The cuts imposed on the inner detector track quality (where available) are: at least 1 pixel hits,
crossed dead pixel sensors are counted as hits; at least 5 SCT hits, crossed dead SCT sensors are
counted as hits; less than 3 silicon holes; a successful TRT extension if the track is inside TRT
acceptance.

Candidate muons are pre-selected requiring:

e Kinematic cuts: pr > 7 GeV and || < 2.5

e Identification: "Loose" quality
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e Isolation: "LooseTrackOnly" isolation
e Impact parameter significance: |dg/o(dp)| < 3 and |zg * siné] < 0.5 mm.

All electrons and muons are required to be isolated using selections on the sum of track pr in a
variable-size cone around their directions (excluding the track associated to the lepton); the cone size
depends on the lepton pr. The isolation selection criteria are designed to produce a flat efficiency
of 99% in the pt — n plane for reconstructed leptons from Z — £¢ decays in Z+jets events, and to
minimize efficiency loss for highly boosted Z bosons in the relevant kinematic range. Furthermore,
to reject leptons not originating from the primary vertex the product of the longitudinal impact
parameter zo and the sine of the polar angle of the candidates () must satisfy |z sin(f)| < 0.5 mm.
In addition, the ratio of the transverse impact parameter dy to its uncertainty o4, must be less
than five for electrons and less than three for muons. Muon and electron are labelled as "signal" if
their pr > 25 GeV.

Small-R jets are built from topological clusters, formed from calorimeter cell deposits, and
calibrated to the electromagnetic (EM) scale. They are reconstructed using the anti-kt algorithm
with a distance parameter of R = 0.4. The jet four vector is then corrected for the beamspot and
a jet energy scale calibration is performed. Energy- and n-dependent correction factors derived
from MC simulations are applied to correct jets back to the particle level [129]. Jets are required
to have pr > 30 GeV and |n| < 4.5 and those with || < 2.5 are called ‘signal’ jets. To suppress
contributions from pileup interactions, jets with pr < 60 GeV and within the acceptance of the
inner tracker (|n] < 2.4) must have a value of the jet vertex tagger, based on tracking and vertexing
information [I30], above 59%.

The ‘signal’ jets containing b-hadrons are identified using a multivariate algorithm (b-tagging) [131],
which combines information such as the explicit reconstruction of secondary decay vertices and
track impact-parameter significances. The chosen b-tagging algorithm has an efficiency of 70% for
b-quark jets in the simulated tf events, with a light-flavour jet rejection factor of about 380 and a
c-jet rejection of about 12. For this analysis, we consider our "signal" jets to be those with |n| < 2.5.

Jets in ATLAS are assigned a score from a multivariate selector to determine whether they
are b-jets. The selector is known as MV2c10, along with various working points corresponding to
tighter or looser selection. For this analysis, we use the 70% working point.

Hadronically decaying Z bosons can sometimes be boosted such that their constituents are no
longer reconstructed as two distinct small-R jets. To make up for the loss in selection efficiency,
large-R jets are considered, with additional requirements placed on them to select ones likely coming
from boson decays. The jet collection used for boson tagging is anti-k; jet [132] with a distance
parameter of R = 1.0. The jets are found using topological clusters, formed from calorimeter cell
deposits, as the input. The jet’s total four-vector is evaluated by summing the four-vectors of the
massless constituents.

Jet grooming refers to a series of techniques selecting a subset of a jet’s constituents, with
the aim of removing contributions to the jet from the underlying event or pile-up. In Run-2 the
pre-recommended grooming technique is the trimming algorithm. Trimming takes the original
constituents of the jet, in this case the anti-k; R = 1.0 jet, and reclusters them using the k;
algorithm with a smaller distance parameter. Here, we use Rgubjer = 0.2, to produce a collection of
sub-jets. These subjets are then discarded if they carry less than a specific fraction of the original
jets pr, feus. The optimised selection is to keep a subject if feuy > 5%.

Jets are required to have pr > 200 GeV and |n| < 2.0, to select high transverse momentum,
central jets with a good overlap between the ID tracking and the calorimeter information.

Boson tagging is applied to the large-R jets to select those from Z — qq decays. The tagging is

performed through a two-step process [133] [134]. A pr-dependent requirement is applied to the jet
(B=1)

substructure variable D, , which is a ratio of energy correlation functions of subjets [135] [136]:
DAl — ey~ Yicjekes PTPT PT R Rij R Ry, (4.1)
? (e5=1)3 Yi<jes PT.apT, Rij .

where the sums are taken over the set of subjets in the large-R jet after trimming. In general,
lower Déﬂ =Y vValues are indicative of two-prong large-R jets.
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The Z boson jets are then selected by requiring the large-R jet mass m; to be in the £15 GeV
window centered around the expected value of the boson mass from simulations. This boson tagging
is approximately 50% efficient for the signals studied.

A concise summary of the key object selections used in the analysis are showed in table

Object Kinematics Type, Quality Additional
pr >7 GeV "LooseLH” B-layer (IBL)
Electrons In| < 2.47 do/o(do) <5 hit requirement
|z0sin @] < 0.5
"LooseTrackOnly" isolation (e ~99%)
pr >7 GeV Loose quality
Muons |T]| <25 do/o’(do) <3
|zosinf| < 0.5
"LooseTrackOnly" isolation (¢ ~99%)
pr >200 GeV anti-kr+ R =1.0
|n] < 2.0 LCTopo
Large-R Jets Trimmed
(Rsubjet = 02, fcut - 5%)
pr >30 GeV anti-kr R =0.4 JVT >0.59
Small-R Jets In| < 4.5 EMTopo if pr <60 GeV,|n| < 2.4

Table 4.1: A concise summary of the key object selections used in the analysis.

4.3.1 Overlap removal

At the end of the object selection an overlap removal procedure is applied when two or more selected
analysis objects are believed to represent the same particle. Two types of overlap removal are
considered:

e Overlap removal between electrons, muons, and jets;

e Overlap removal between large-R jets and leptons: Large-R jets are removed within a cone
size of 1.0 around a selected loose lepton. Two close-by electrons from a boosted Z boson
can fake a hadronic large-R jet while still maintaining individually reconstructed electron
constituents, so these large-R jets are removed to avoid double counting.

4.4 77 — llqq channel: the event selection

This section describes the event selection. My work has been mostly devoted to optimize the
selection of the events in order to maximize the expected significance of the signal over background.
A set of preselection cuts are applied first, including trigger requirements and a dilepton system
compatible with Z — ¢¢ process. Then the signal region is defined with two small-R jets or one
boosted boson jet.

4.4.1 Trigger

The unprescaled single lepton triggers with the lowest momentum threshold are used in this analysis
and are summarized in Table[4:2] The efficiencies of the isolated triggers are slightly lower than
the non-isolated triggers. The efficiencies at the plateau of the single lepton triggers is about
95%. Figures and show the trigger efficiency relative to the leptons selected for analysis
(as described in sec. as a function of pr for the logical OR of the single lepton triggers for
data taken in run 297730. We require either lepton to pass the single lepton triggers. The lowest
unprescaled single lepton triggers have the py threshold at 26 GeV.
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Period Electron triggers Muon triggers
2015 HLT e24 lhmedium LI1IEM20VH | HLT mu20 iloose L1MU15
HLT €60 lhmedium HLT mu50
HLT €120 lhloose
2016 HLT e24 lhtight nodO ivarloose HLT mu24 iloose
HLT €60 lhmedium nod0 HLT mu24 ivarloose
HLT e60 medium HLT mu40
HLT €140 lhloose nod0 HLT mub0

HLT mu24 ivarmedium
HLT mu24 imedium

Figure 4.1:

Figure 4.2:

Table 4.2: The list of triggers used in the analysis.
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Figure 4.3: 20 bound of fit to dimuon mass for H signal and SR cut window over the mass range of the
search (to be updated). Signal PDFs are shown at bottom in the pr(ll) distribution.

4.4.2 7 — Ul preselection

Events are retained for analysis if they were recorded with all detector systems operating normally
and pass event- and jet-level cleaning requirements [I37]. Event vertices are formed from tracks
with pr > 400 MeV. If an event contains more than one vertex candidate, the one with the highest
> p3 of its associated tracks is selected as the primary vertex. All events are required to have one
primary vertex with at least two associated tracks.

The ZZ — llqq event selection begins with the identification of the Z — ¢¢ candidate. The
7 — Y¢ candidate is selected by requiring two "loose" same flavor leptons, with at least one
of them satisfying the "medium" requirement. If the event consists of two muons, they are
required to have opposite charge. No such requirement, however, is applied for two electrons to
minimize efficiency loss due to charge mismeasurements. The dilepton invariant mass is required
to be in the range of 83 — 99 GeV for electrons and fall within a pp(ll)-dependent window,
—0.0117pr (1) + 85.63 < m(ll) < .0185pr(Il) + 94.00 GeV for muons. Both windows are consistent
with the Z boson mass, drawn in Figs. and showing the signal PDFs in pr(ll) and quantile
functions in m(ll) used for easy validation of the windows over the dilepton pr-spectrum of the
search.

The increasing mass window for muons is to ensure high selection efficiency for high pr Z bosons
as the momentum resolution of the muons from these Z boson decays is significantly degraded. The
effect of widening the mass window is a gain of acceptance of about 3% for a gluon-fusion signal
with my = 700 GeV and about 5% for a gluon-fusion signal with my = 2200 GeV.

4.4.3 7 — qq selection

The reconstruction of the Z — qq decay is split into two categories: the resolved and the merged
category. The resolved category contain events with two separate small-radius jets (small-R jet, or
j) of hadrons from a Z, while the merged category uses jet-substructure techniques to identify the
7 — qq decay reconstructed as a single large-radius jet (large-R jet, or simply J). The merged
category events is expected when the resonance mass is significantly higher than the Z boson mass.
In this case, the Z boson is boosted and the gq pair from its decay can be collimated and they are
more efficiently reconstructed as a single large-R jet.
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Figure 4.4: 20 bound of fit to dielectron mass for H signal over the mass range of the search (to be updated),
well within cut chosen.

Resolved category

Over most of the mass range considered in this analysis (mx < 700 GeV/c?), the Z — ¢ decay
results in two well-separated jets that can be individually resolved. For this category, events are
selected containing at least two jets as defined in @l with a pr > 25 GeV in addition to the Z — ¢
candidate described above.

For Z — g, a relatively large fraction (21%) of signal events contains b-jets, coming from
Z — bb, while those are rare in the Z + jets process that forms the dominant background. This
feature is exploited by dividing the two leptons plus two jets sample into a "tagged" subchannel,
containing events with two b-tags, and an "untagged" subchannel, containing events with less than
two b-tags. Any events with more than two b-tags are rejected.

The two jets that are selected for the rest of the analysis differ by subchannel. For events with
exactly two b-tagged jets, i.e. those in the "tagged" subchannel, the two b-tagged jets are chosen
to reconstruct the hadronic Z. For events in the "untagged" subchannel with 1 b-tagged jet, the
b-tagged jet and the non-b-tagged jet with the highest pr are selected; while for events with 0
b-tagged jet, the two jets with the highest pr are selected, regardless of their b-tagged status.

After selecting the two jets of interest, the leading jet of the two is required to have pt > 60 GeV.
Various distributions of the kinematics of the two leading jets after this requirement are shown in
Figs. 4.5 and

In addition, a topological cut on the momentum balance of the system is introduced to select
events with two recoiling bosons. The ratio

p7 () + p7.(jJ)
m(lljj)

is required to have a value > 0.5 for both W Z and ZZ signal region. This cut is dropped for
the "tagged" subchannel in ZZ signal region to boost data and Monte Carlo statistics. The effect
on the significance for that subchannel is minimal. Fig. [£.7] shows the distribution of this ratio.

The final cut is placed on the dijet mass. To select events that are consistent with a hadronically
decaying Z (W) boson, we require 70(62) < m;; < 105(97) GeV. The m;; range is larger than the
myge range because the jet energy resolution is worse than that of leptons.

The resulting resolution of my;;; in the gluon-fusion signal samples is found to be about 4%
of the resonance mass. This is slightly larger in the ZZ "tagged" subchannel due to worse b-jet
resolution.

(4.2)
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Figure 4.9: The pr and 7 distributions for the leading large-R jet after requiring at least one large-R jet
in the merged selection (inclusive, no categorization applied). The shaded area (hatching)
in the bottom ratio plots represents the total uncertainty (statistical + systematic) on the
distribution.

Merged category

For large resonance masses, namely mx > 700 GeV /c?, the hadronic W/Z bosons can also often be
reconstructed as a large-R jet, as explained in . For this category, events are selected containing
at least one large-R jet on top of event and Z — £¢ preselection. Various distributions of the
kinematics of the leading large-R jet are shown in Fig.

The leading large-R jet is selected for consideration in the rest of the analysis. After selecting
this jet, we make a similar momentum balance selection as in the resolved analysis. We require the
ratio

min[pr (1), pr(J)]
m(ILJ)
to have a value > 0.3 for spin-0 signals, and > 0.35 for spin-1 and spin-2 signals. Fig. shows
the distribution of this ratio.
Events are then subject to the boson tagging.

(4.3)

High purity and low purity merged category

To enhance sensitivity of the analysis, two signal regions (or categories) are considered to distinguish
backgrounds in boosted topologies at high mass based on the energy correlation function Dy (see
details in section |4.3):

e high-purity signal region: leading large-R jet passes Dy(J) cut

e low-purity signal region: leading large-R jet fails Do(J) cut.

The distributions of the tagging variables, Déﬁ =Y variable and the leading large-R jet mass, are

shown in Fig. As expected, the large-R jet mass of the signal events are clustered around the
mass of the vector boson while the background events have largely smooth distributions. Since
we are only considering signal coming from Z bosons, we apply the Z boson trained cuts (for the
boson tagging see section for the ZZ signal region respectively.



CHAPTER 4. SEARCH FOR DIBOSON RESONANCES IN THE LLQQ FINAL STATE 92

2 T T T
S10°L  ATLAS Internal + Data

“ Vs=13TeV, 1321 1 ggF H 1600 GeV
105 Merged Preselection 3 Z+jets

[ SM Diboson
[ Top Quarks ]
vz, Stat.@ Syst. Uncert.

102 L

]
NN
1

o ////{sz

05 & T - __% -

0.8 1.0
min(p{f, pf)/m(tcJ)

Figure 4.10: The topological ratio distribution for the leading large-R jet after requiring at least one large-R
jet in the merged selection (inclusive, no categorization applied). Note that the data/MC
disagreement region is the region in which the evens are not selected. The shaded area
(hatching) in the bottom ratio plots represents the total uncertainty (statistical + systematic)
on the distribution.

@108 T T T T >10F T T 7]
g ATLAS Internal + Data & ATLAS Internal + Data
|.u105_ Va=13TeV, 132" [ ggF H 1600 GeV 3105_ Je=13TeV, 132 1 ggF H 1600 GeV 1
C Z+jets 2 [ Z+jets
104 [ SM Diboson uEJ [ SM Diboson
ok =3 Top Quarks 3 104k 1 Top Quarks E

vz Stat.@ Syst. Uncert.

vz Stat.@ Syst. Uncert.

10°

102 1 1 1 1 1 102 1 1
c71.5--------------------------------//---? T e
EmyWWW%WAW/%W %1.0 #WWW‘% W
e - g p— e -
0 1 2 3 4 5 0 50 100 150 200
Dy m(J) [GeV]
(a) (b)
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in the bottom ratio plots represents the total uncertainty (statistical + systematic) on the
distribution.



CHAPTER 4. SEARCH FOR DIBOSON RESONANCES IN THE LLQQ FINAL STATE 93

Since the Z boson tagging efficiency is only 50%, signal acceptance drops significantly after
applying this cut. To recover the loss of signal acceptance and without degrading the search
sensitivity, a low purity merged category is introduced. The low purity category is defined as events
failing the Dgﬂ =Y cut but passing the Z boson mass cut.

Although it is expected that sensitivity of the analysis is dominated by the high-purity region,
the low-purity one is nevertheless retained because for a heavy resonance it provides improved signal
efficiency with moderate background contamination (mostly Z-+jets in this analysis). By adding
the low-purity signal region, a clear improvement in the sensitivity of the experiment is observed as
shown in Fig The improvement is about 10% quantitatively in terms of significance in the
next section.
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Figure 4.12: Comparison of the expected limits with and without the addition of low-purity signal region
for NWA Higgs (left) and G™ (right).

Unlike in the resolved category, the merged analysis does not split events into subchannels based
on the number of b-tagged jets.

The resulting resolution of my;; in the gluon-fusion Higgs signal samples is found to be about
4% of the resonance mass, as in the "untagged" resolved subchannel.

4.4.4 Mass constraint

To improve the dilepton mass resolution, especially for the pp channel events, the pr of the dilepton
system are scaled event-by-event by a single multiplicative factor to set the dilepton invariant mass
myee to the mass of the PDG Z boson (myz). This improves the my; resolution by about 30% at
2 TeV.

To improve the dijet mass resolution for the resolved signal region, a similar approach as for
Z — {0 mass constraint is applied to the dijet system. For ZZ signal region, m;; is set to mz.

4.5 Vector boson fusion process: a dedicated selection

An important contribution to the production of scalar signals is the vector boson fusion process
(VBF). In this process, two vector bosons are radiated from quarks in the colliding protons, which
then produce a heavy particle through their normal interaction vertex. For the Standard Model
Higgs boson, VBF production accounts for roughly 10% of the total production cross section.
VBF production is characterized by extra jets in the event. These jets are usually in the forward
section of the detector, and will have a large separation in pseudorapidity between them. The two
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Figure 4.13: Selection optimization on the two VBF variables using signal efficiency times background

rejection. The optimal cut values are found at m??g =630 GeV and |An§?g| =31

tag

variables used in this analysis to select VBF jets are the invariant mass of the jet pair m,;*, and

the absolute value of the difference between their pseudorapidities |An§?g|. After having identified
the two small-R or one large-R jet from the boson decay, the VBF jets are selected as the pair of
remaining small-R jets that have opposite pseudorapidity signs and have the highest invariant mass.
If the event has been categorized as a merged event, the two VBF jets are required to be outside of
|AR| < 1.5 of the large-R jet selected for the merged analysis. This value is chosen to ensure that
there is no double counting of the jet energy between the large-R jet and the VBF jet.

The selection on VBF jets are:

® Mjjtag > 630 GeV,
] A’I’}jj,tag > 3.1.

Detailed optimization study on VBF jet selection is documented in next section.
Events failing the VBF selection are categorized as ggF, and the splitting of VBF and ggF
categoires is done after the final event selection described above.

4.5.1 VBF selection optimization

One of the most important task of my work has been the study on the characterization of the VBF
component. Optimizations on the VBF variables were performed in two ways. The first is based
on optimizing the selection efficiency of VBF signal samples times the background rejection of all
backgrounds after cutting on these variables. The second is based on optimizing the estimated
significance after cutting on these variables, calculated using the asymptotic formula and summed
in quadrature over 50 GeVbins in the final invariant mass spectra. Values were scanned between

500 < mg?g < 1000 GeV in steps of 10 GeV and 3 < |An§?g| < 7 in steps of 0.1. This procedure

was performed for all VBF signal samples between signal mass of 300 GeV and 2000 GeV, then
averaged together. Results from this optimization can be seen in Figs[4.13] and
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4.6 Background

This section introduces the various background in this analysis. Control regions are introduced for
the major backgrounds (Z + jets and top processes), which are designed to constrain the overall
contribution of the background in our signal regions. Additional, smaller backgrounds are estimated
directly from Monte Carlo. One of my tasks was to study the Z + jets background bor both merged
and resolved regime.

4.6.1 Z control region

To estimate the contribution of the dominant Z + jets background, we use a control region where
an event passes the nominal signal region selection but fails the di-jet mass cut. In particular, for
the resolved analysis, we require 50 GeV < m;; < 70 GeV or 105 GeV < m;; < 150 GeV. For the
merged analysis, the leading large-R jet must pass the substructure cut, but fail the mass cut, both
of which vary based on the pr of the jet in consideration, for the high purity category, and to fail
both mass and substructure cuts for the low purity category. We call this region the Z control
region, or "ZCR".

The normalization of the Z + jets is taken from a fit to the data in the control region, which
defines a global scale factor to be applied to the signal region. In addition, the resolved Z + jets
background is split into six separate categories based on the truth classification of the two selected
jets for the final discriminant. The categories used are:

e two truth b jets, or Z + bb;

e one truth b jet and one truth c jet, or Z + bc;

e one truth b jet and one truth light jet, or Z + bl;
e two truth c jets, or Z + cc;

e one truth c jet and one truth light jet, or Z + cl;

e two truth light jets, or Z + 1.

The "tagged" subchannel has been designed such that it is predominantly coming from the
Z + bb background. As such, the "tagged" Z control region will largely be used for constraining
this scale factor, while the "untagged" Z control region will be used for constraining the Z + [
contribution.
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The shape of the Z + jets background in the merged category and the "untagged" subchannel
are taken directly from Monte Carlo in both the Z control region and the signal region. Due to the
powerful discrimination of the MV2c10 tagger against non-b-jets, truth tagging is therefore used in
"tagged" subchannel for events in which either of the selected jets is not a truth-matched b-jet to
ensure reasonable statistics.

Plots of the Z control region are located in section [£.7] after the description of the event
categorization.

Z+jets MC smoothing

The Z+jets Monte Carlo background estimation suffers from low statistics in the tails of the signal
region. To smooth the tails of the Z-+jets distributions, we use a functional form fit of the shape.
Tests were performed fitting the Z+jets background with different functional forms, and the chosen
function was the di-jet function, which yielded the lowest x2. The di-jet function is defined by

equation [4.4}

P1
1 — [ mees
[)p2fps\l/;g()7r:!@4J/\/§) (4.4)

f(mues) = po

mees

s

where /s is the centre of mass energy, pg, p1, p2 and p3 are free parameters, and my.; is expressed
in GeV.

The fitting range used varies according to the region the distributions are being fitted, due to
stability and goodness of the fits. It varies between 400 to 4000 GeV.

Figure shows the fit for the merged high purity signal region in the scalar ggF selection, as
well as the residue and pull plots. We can see that the functional form can describe well the shape
trend in the tails.

After the fit is performed, we use the functional form to fill the histogram in the corresponding
signal region. The final smoothed histogram will take the Monte Carlo values as they are up to
400-1000 GeV (signal region dependent), where the residue of the functions start being smaller.
From the chosen threshold onwards, the functional form is used to set the bin content, by taking
the integral of the functional form in the range corresponding to the lower and upper values of the
bin, and dividing by the bin width. We can see the resulting background in Fig.
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Figure 4.17: Top: Fit of the Z+jets Monte Carlo in the merged high purity ggF spin 0 signal region.
Bottom: Fitting of the Z+jets Monte Carlo in the merged high purity ggF spin 0 signal region
(left), the residues (centre) and pull plots (right).

2107
& E
g E
a E

10 —— Smooth MC SR

E —— MCSR

1=

107

107

10° =

107 =

10°

. L

107g ‘mHHmH‘\HH\HHMHH\H

0 1000 2000 3000 4000 5000 6000

m, [GeV]

Figure 4.18: The comparison between the smoothed histogram (red) and the original MC distribution
(black points), for the Z+jets signal region in the merged high purity ggF spin 0 category.



CHAPTER 4. SEARCH FOR DIBOSON RESONANCES IN THE LLQQ FINAL STATE 99

Data-driven Z-jets estimation

The Z+jets control region can also be used to estimate the background in the signal region, using

the « ratio method. The data in the Z+jets control region is compared to the MC in the same

control region, to check for good agreement (Fig. 4.19). Then the data in the CR is multiplied by

the « ratio, defined as the ratio of the MC yields in the signal and the control region (Figs. b)):

MC(SR)
= = 4.5

a(mees) MC(CR) (4.5)

The CR data corrected by the « ratio (blue dots in Fig. [4.19| (¢)) is then the data-driven

background estimation of the signal region. We can then compare that estimation with the MC in
the signal region.
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Figure 4.19: The comparison of MC in the Z+jets signal and control region (a), the «a ratio (b), and the
data driven background taken from the Z+jets control region compared to the MC in the ZZ
signal region (c). All plots are done for the merged high purity ggF spin 0 category.

There are several advantages in using the differential ratio a/(mygy) for the background modeling
of the myy; distributions:

e The larger statistics available in the Z-+jets control region;

e The background estimation gets insensitive to several systematic effects (e.g. the luminosity
of the collected sample, pile-up corrections, etc) which cancel out in the a(myy) ratio;

e The a(myey) ratio is less sensitive to mismodeling of the matrix element calculation for the
background and to theory systematics (e.g. normalization and factorization scale, PDFs, etc.)
since the background composition is similar in the two regions.

For the W + jets I see very small contamination in the regions of interest so I neglected it.
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Figure 4.20: The my;;; distribution in the Top control region.

4.6.2 Top control region

The subdominant background comes from single ¢ and ¢t production, as leptonic W decays coming
from ¢ decays can cause events with the same final state as a diboson ZZ event. To estimate the
contribution of these background, we use a control region of events with a different flavor lepton pair,
namely ep. This simple requirement causes this control region to be very pure in t backgrounds. To
help increase statistics in this control region, the cut on the dilepton mass is relaxed to be within
the range of 76 GeV < my; < 106 GeV. In addition, this control region is required to be in the
"tagged" subchannel, as the top quark predominantly decays to a bottom quark. No requirement
is made on the dijet mass of the event. Fig. shows the distribution of m;;; in the final Top
control region.

The normalization of the ¢ backgrounds is taken from a fit to the data in the control region,
and the shape is taken from Monte Carlo.

4.6.3 Diboson backgrounds

The next largest background is from diboson WW, W Z, and ZZ production. ZZ /W Z contributes
as an irreducible background in the exact final state of our signal, however is subject to a much
smaller cross section than Z + jets production. WW cannot have the same final state, and as such
is almost completely outside of our signal and control regions.

The normalizations of these backgrounds are estimated completely from Monte Carlo. The
shapes of these backgrounds for the "untagged" subchannel and the merged channel are taken from
Monte Carlo directly. Similar to the Z + jets background, truth tagging method is used for all the
events to obtain the shape of my.;; distribution in the tagged subchannel. However, the tagged
distribution is normalized to the yield obtained with the direct tagging.

4.7 Event Categorization

The event selections before ggF and VBF splitting are summarized in Table and 4] for resolved
and merged respectively. The signal region SR) and the control region (CR) definitions are included
in the tables.

Each event used by this analysis is placed into one of 14 + 1 categories, where the 14 are best
understood as the result of 4 roughly binary classifications and the last is the top control region.
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Events are classified according to the following four criteria:

Z — qq jet mass window (SR and ZCR)

b-tagging (tagged and untagged) for small-R jets and W/Z-tagging (merged and low-purity)
for large-R jets

VBEF jet selection criteria

one large-R jet (merged) vs. two small-R jets (resolved)

This categorization fails to fully describe the selection process with regard to two key points: the
overlapping reconstruction of calorimeter activity as two small-R jets and a single large-R jet, and
the proirity of small-R jet usage in the Z-mass window criteria and the VBF selection criteria.
The precise details regarding the prioritization of the above selections is discussed in the following
subsections in addition to the specific VBF selection criteria. The details of b-tagging of small-R
jets and W/Z-tagging of large-R jets have already been discussed in Sec. m The signal and
control regions schematic representations are shown in Figs. for spins 0 and 2 signal
hypothesis, respectively.

Resolved
Selection SR [ CR
. Single lepton triggers
Preselection exactly 2 loose leptons, > 1 medium lepton
83 < Mee <99 GeV
Z — U

—0.01170p1* + 85.63 < M., < 0.01850pr* + 94.00 GeV
For pp channel only
At least two small-R central jets
Leading jet pr > 60 GeV
Subleading jet pt > 30 GeV

Opposite sign

Signal jets

= —
pr ratio W > 0.4 (0.5) for spin-0 (2) in untagged regions

Z —qq 70 < mjj < 105 GeV 3 By

W qd 62 < m <07 Gey | 0 < i < 62 GeV or 105 < m; < 150 GeV

b-tagging (ZZ only)

"tagged": 2 b-jets

"untagged": 0 or 1 b-jet

Table 4.3: Event selection summary for resolved analysis.

Merged
Selection High purity Low purity
SR [ CR SR [ CR
. Single lepton triggers
Preselection exactly 2 loose leptons, > 1 medium lepton
83 < Mee < 99 GeV
Z —

—0.01170p1* + 85.63 < M., < 0.01850pr* + 94.00 GeV
For pp channel only
At least one large-R jet
Leading jet pr > 200 GeV

Opposite sign

Signal jets

pr ratio W > 0.3(0.35) for spin-0 (2) signal
Z —qq DYV (2)&&em(2) | D= (Z)&&!m(2) | DYV (2)&&em(Z) | \DF="(Z)\m(2)

Table 4.4: Event selection summary for merged analysis. For Z boson tagging, it’s divided into two separate
cuts: substructure (DY"=") cut and mass (m) cut. D= (Z) means D*=" cut for Z boson,
while !Déﬁzl)(Z) means the large-R jets should fail. Similar nomenclature applies to the mass (m)
cut.
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Figure 4.21: The event categories in the spin 0 analysis: the events are separate in ggF or VBF production
modes. The ggF has 8 regions: 2 merged signal regions (high and low purity), 2 merged control
regions (high and low purity), 2 resolved signal regions (untagged and tagged), 2 resolved
control regions (untagged and tagged). The VBF has 6 regions: 2 merged signal regions (high
and low purity), 2 merged control regions (high and low purity), 1 resolved signal region and
1 resolved control region (both inclusive in b-tag categories). Additionally, there is one top

control region.
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Figure 4.22: The event categories in the spin 2 analysis: There are 9 regions in total: 2 merged signal
regions (high and low purity), 2 merged control regions (high and low purity), 2 resolved signal
regions (untagged and tagged), 2 resolved control regions (untagged and tagged). Additionally,

there is one top control region.
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4.7.1 Event Prioritization and Recycling

For events which satisfy both the small-R jet preselection for the resolved regime and the large-R
jet preselection for the merged regime the following is used to classify events with respect to jet
regime, region, and signal category. When an event fails a given selection it is tested on the next
according to its priority; this is termed “recycling”. Only upon failing all selections is an event
discarded. The order of selections is as follows:

e Merged SR

e Low Purity SR
e Resolved SR

e Merged ZCR

e Low Purity ZCR
e Resolved ZCR.

The phase space considered in this search where the recycling strategy is most important
is roughly in the transition region from 500 < mpy < 800 GeV. Above and below these signal
masses hadronic decays of the Z — ¢ are reconstructed primarily as either merged or resolved,
respectively, but small differences in signal to background significance are found over the full mass
range. The recycling strategy is considered to be superior to a fixed cut strategy on the basis of
saving more signal events, no matter the cut optimization. The placing of merged prior to resolved
was determined by studies using signal to background optimization, see section [£.7.2] and confirmed
with the 2015 expected limits under each.

For the scalar signal benchmark, when the VBF regions are also present, the events will first be
tested if they pass the VBF selection criteria, and added to the ggF region otherwise. The order of
selection inside each of the VBF and ggF regions follows the same order described above.

4.7.2 Details of event categorization

Another important part of my work has been the study of the event categorization and in particular
to define the optimal order of all the selections. A first study has been made in categorizing an
event as either ggF or VBF. Selecting ggF or VBF one must consider the order in which you select
the jets that come from the Z — ¢g from the resonance decay and the jets that come from the
valence quarks in the colliding protons. In the categorization scheme for this analysis, the decision
to first find the reconstructed Z boson, then to select the VBF jets was made for two reasons:

e the expected limits from selecting the VBF jets second was shown to be 10% stronger than
the other order, and

e selecting the VBF jets second allows for the Z — g selection to be consistent for all signal
selections, including those which do not have a ggF/VBF split.

Moreover the event categorization is important at intermediate masses of the signals where
boosted and resolved topologies overlap. Studies have been performed to maximize both signal
acceptance and the sensitivity using different designs of event “recycling” methods. These three
schemes can be summarized as:

1. MLR: events are first passed through merged selections of high-purity signal region and
subsequently those of low-purity signal region should they fail the previous one; they are
then considered for the resolved selections. This “recycling” method can be represented by an
arrow diagram: high-purity — low-purity — resolved.

2. MRL: Following the above example, the “MRL” scheme corresponds to: high-purity — resolved
— low-purity where resolved signal regions are given higher priority than the low-purity one.
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3. RML: resolved — high-purity — low-purity.

Spin-0 and spin-2 models were all subjected to the three “recycling” methods in an attempt to
arrive at the same strategy that can be used for simplicity. Scatter plots comparing the acceptance
and significance of these methods can be found for NWA Higgs and G* models in Figs. m and
4.24]
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Figure 4.23: Comparison of the significance (left) and acceptance (right) assuming three different methods
of event categorization for NWA Higgs samples. The significance calculated in the left plot is
relative to the significane for “MRT” method at each signal mass point.

Significances were calculated as a bin-by-bin (50 GeV per bin) quadratic sum of the Asimov
approximation for median significance with the uncertainties of background taken into account:

Y (I ] N [ TR ) L

Ototal = ,Z 0'7;2 (47)

where oy, is the variance of the background. In the calculations, statistical fluctuations of backgrounds
were considered as part of the uncertainty and a flat dummy systematic uncertainty of 10% was
also added independently to reflect the impact of systematic uncertainties to some degree. In the
end, similar sensitivities were found in resolved and low-purity signal regions but inferior to the
sensitivity of high-purity signal region due to the fact that it has a substructure cut for the leading
large-R jet. The sequential steps (high-purity — low-purity — resolved) are finally chosen as the
“recycling” method for event categorization.

4.7.3 Data-MC comparison by Region

The final binning is determined as a balance of communication of results to the reader, signal width,
fit speed and stability, MC statistics available, and consistency between regimes. For fit stability,
speed and legibility a minimimum bin width of 20 GeV is chosen in all regimes and regions. In the
high mass range the binning is harmonized in all plots. The binning in the range above 1500 GeV
is chosen to roughly contain 90% of the narrow width higgs signal.
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Figure 4.24: Comparison of the significance (left) and acceptance (right) assuming three different methods
of event categorization for G* samples. The significance calculated in the left plot is relative
to the significane for “MRT” method at each signal mass point.
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Figure [£:25] shows the signal resolution in all categories for the 4 signal types considered in this

analysis.

The final binning was determined as a compromise of several factor including the optimization
of limit, signal width, statistics, and experimental resolution.

The eight ZCRs in the analysis are shown in Fig. [£.26] and Fig. [£:27] Figure holds both
merged and resolved ZCRs for ggF anlaysis and Fig. [£.27) shows the corresponding regions passing
the additional VBF selection criteria. The agreement between data and Monte Carlo prediction is
good within the statistical and systematic uncertainties. Event yields are shown in Table

[ High P. [ Low P. [ VBF High P. [ VBF Low P. | Untagged [ VBF Resolv. ]| Tagged
Top 3.52 £+ 0.69 5.90 £+ 1.04 0.11 £ 0.04 0.02 £ 0.04 291.09 £ 28.29 8.85 £ 1.77 130.92 + 5.57
Diboson 49.40 + 6.58 51.19 4+ 4.59 1.28 + 0.39 3.13 £ 0.87 668.26 + 39.18 13.90 £+ 1.31 54.27 + 5.67
A 576.44 £+ 21.58 1230.49 + 32.72 18.11 + 2.06 53.77 + 6.56 19903.21 + 136.56 230.26 £+ 14.67 408.97 + 17.89
Zl - - - - 15093.58 £ 594.19 - 0.80 £+ 0.23
Zbb - - - - 169.38 + 27.25 - 356.25 + 19.91
Zbe - - - - 117.08 + 16.56 - 20.88 + 4.12
Zbl - - - - 1641.33 + 242.42 — 23.53 + 12.31
Zce - - - - 392.04 + 117.36 — 6.28 + 2.54
Zcl — — — — 2489.81 + 564.98 — 1.23 + 1.33
Total | 620.36 & 22.00 | 1287.57 £ 33.95 | 1951 & 2.12 | 56.92 & 6.58 | 20862.71 & 137.36 | 253.01 & 14.50 | 594.16 & 17.53
Data | 606 [ 1270 [ %5 [ 59 [ 20857 [ 246 [ 608

Table 4.5: Best-fit values of the global yields for the Standard Model backgrounds from the background-only
(1 = 0) fit, as well as the total number of data candidates in all Z-control regions.
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Figure 4.26: Untagged and tagged my;;; distributions in the resolved regime (top) and Z-tagged and
low-purity my;; distributions in the merged regime (bottom) in the Z control region after full
ggF selection and categorization.



CHAPTER 4. SEARCH FOR DIBOSON RESONANCES IN THE LLQQ FINAL STATE 108

> T T

i3 -
§ 19°F ATLAS Internal + Data
& Va=13TeV, 132" 3 Z+jets
S102F  Resolved ZCR, VBF [ Top Quarks ]
w 1 SM Diboson

7777 Stat.@ Syst. Uncert.

a
,///‘

400 600 800 1000 1200 1400 1600 1800 2000
m(ttjj) [GeV]

% T T T T T % T T T T T
8 ATLAS Internal + Data é ATLAS Internal + Data
2 VE=13TeV, 13.2 b C Z+jets 2 b E-1aTev, 1321 £ Zajets
€ 10 Morged high-purity ZOR, VBF =S SM Diboson E S10%E terged low-purity ZOR, VBF 1 SMDiboson 3
w [ Top Quarks w [ Top Quarks
777 Stat.@ Syst. Uncert. 777 Stat.@ Syst. Uncert.
10k 4
1.0F E

- AR o FI=1 M A O !
. .
. . % 00-5"."+‘""{."" .A ; ;
500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
m(eed) [GeV] m(ted) [GeV]

Figure 4.27: my;;; distributions in the resolved regime (top) and Z-tagged and low-purity my; s distributions
in the merged regime (bottom) in the Z control region satisfying VBF criteria in addition to
full selection and categorization.
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4.8 Systematics

This section describes the sources of systematic uncertainty considered in the analysis. These
uncertainties are divided into three categories: experimental uncertainties, uncertainties on the
background estimation, and theoretical uncertainties on the signal processes. In the statistical
analysis each systematic uncertainty is treated as a nuisance parameter the names of which are
defined below. These systematic variations are estimated on the final discriminant, the four- or
three-body invariant mass.

4.8.1 Experimental uncertainties

Each reconstructed object has several sources of uncertainties, each of which is evaluated separately.
Experimental systematics are applied on both signal and background Monte Carlo events. The
leading instrumental uncertainty for all channels is the uncertainty on the jet energy scale (JES).

Luminosity

The uncertainty on the integrated luminosity is 2.1% for 2015 dataset and 3.7% for 2016 dataset.
The combined luminosity uncertainty of 2.8% is applied to those backgrounds estimated from
simulation and signal samples.

Trigger

Systematic uncertainties on the efliciency of the electron or muon triggers are evaluated using the
tag and probe method [I38], and are applied to those backgrounds estimated from simulation and
signal samples.

Leptons

The following systematic uncertainties are applied to electrons and muons:

e Energy and momentum scales: these are also measured with Z mass line shape.

e Identification and reconstruction efficiency: the efficiencies are measured with the tag and
probe method using the Z mass peak.

e Isolation: isolation requirements at the object selection level are evaluated using the leptonic
Z mass peak.

e Track-to-vertex association efficiency for muons.

Figs and show the effect of the systematic variations on the electron energy and muon
momentum scales and resolutions for the spin-0 signal sample at 1.2 TeV.

Jets

The jet energy scale and resolution are measured in situ by calculating the difference between
Monte Carlo and data in various bins of kinematic phase space.

The small-R jets have a total of 19 nuisance parameters and 5 different correlation schemes,
the tightest of which reduces the total number of nuisance parameters to 3. The large-R jets have
3 different correlation schemes available. Since we found that all of the schemes give equivalent
results, we decided to use the tightest small-R jet scheme and the medium large-R jet scheme.

In addition to the correlations that are made between the systematics for the individual types
of jets, additional correlations can be made between the small-R and large-R jet energy scale
systematics. Three different schemes have been tested and they were shown to have minimal effect
on the fits to the data. As such, a fully uncorrelated scheme has been kept between the two sets of
systematics.
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Figure 4.28: Impact of electron energy scale (a) and resolution (b) uncertainites on my;; distribution in
the merged high purity signal region for spin-0 signal samples.

Figure and show the effect of systematic variations on small-R jet energy scale and
resolution uncertainties for spin-0 signal sample at 1.2 TeV in the resolved signal region. Figure
[4:32] and [4:33] show the effect of systematic variations on large-R jet energy scale and resolution
uncertainties for spin-0 signal sample at 1.2 TeV in the merged high purity signal region.

The small-R jets are also susceptible to uncertainties from the b-tagging calibration.This
analysis uses the tightest b-tagging systematic scheme, which assumes correlations between most
of the b-tagging variables. This is due to studies that showed the looser schemes did not have
enough constraining power on all of the relevant nuisance parameters, and many of them were
underconstrained. All of the schemes yielded very similar expected results.
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Figure 4.29: Impact of muon momentum scale (a), ID track resolution (b) and MS track resolution (c)
uncertainites on my;; distribution in the merged high purity signal region for spin-0 signal

samples.
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Figure 4.30: The my;; distribution
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varied up and down for small-R jet energy scale uncertainties:

(a) JET_SR1_JET_GroupedNP_1 (b) JET_SR1_JET_GroupedNP_2 (C) JET_SR1_JET_GroupedNP_3.
Spin-0 signal sample at 1.2 TeV in the resolved signal region is shown here.
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Figure 4.31: The my;; distribution varied up and down for small-R jet energy resolution uncertainty.
Spin-0 signal sample at 1.2 TeV in the resolved signal region is shown here.
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Figure 4.33: The my;; distribution varied up and down for large-R jet resolution uncertainties: (a)
substructure DgBZl) resolution (b) jet energy resolution (c) jet mass resolution. Spin-0 signal
sample at 1.2 TeV in the merged high purity signal region is shown here.
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4.8.2 Background Modeling Uncertainties

Several systematics have been evaluated to take into account the uncertainties on the modeling of
backgrounds. These uncertainties were derived by looking at the same background processes from
different Monte Carlo generators. These systematics are taken as shape variations on the nominal
miijj and myg shapes.

The Z+jets modelling uncertainty will be taken into consideration using the data driven
background estimation method described in Section

The data-drives estimations of the Z control region is then fitted with a functional form, in a
procedure very similar to the smoothing of the Z+jets background explained in section The
reduced y? obtained for each channel is very close to 1.

After the fit is performed, we use the functional form to fill the histogram in the corresponding
signal region. The final smoothed histogram will take directly the data driven estimate points
values as they are up to the mass, signal region dependant, where the residue of the functions start
being smaller. From that threshold onwards, the functional form is used to set the bin content, by
taking the integral of the functional form in the range corresponding to the lower and upper values
of the bin, and dividing by the bin width. The distribution which we get using this procedure
can be seen in Fig. [£:34] as the blue line. The black line in the same figure is the smoothed
Z+jets background based on the MC. To get the red variation in Fig. a symmetrisation of the
uncertainty is performed: bin by bin of the mys; distribution, we take the difference between the
nominal distribution and the data-driven estimate, and apply in the opposite direction with respect
to the nominal distribution. In this way, we can get a symmetric uncertainty envelope around the
nominal Z-+jets background estimation.

— SR HP Nominal

—— SR HP Modelling down
—— SR HP Modelling up

L1l ‘ | ‘ L1111 ‘ L1111 ‘ | ‘ L T
1000 2000 3000 4000 5000 6000
m,, [GeV]

Figure 4.34: The Monte Carlo nominal Z-+jets estimation (black line), and the data driven derived
modelling systematics (blue and red lines), for the merged high purity signal region, in the
ggF spin 0 category.

4.8.3 Signal uncertainties

Additional systematics are introduced due to modeling differences between various signal Monte
Carlo generators. The PDF uncertainties are estimated by taking the acceptance difference due to
PDF error sets and the difference between choice of PDF sets.

The uncertainties due to ISR/FSR are also estimated by varying relevant parameters in PYTHIA 8.
A flat uncertainty of 3% for Higgs signals and 5% for Graviton signals are used in this analysis.
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4.8.4 Summary of uncertainties

The impact of systematic uncertainties on the signal presence has been evaluated individually for
each uncertainty and in logical groups organized by physics object (e.g. muons, electrons, jets,
etc.) for three signal mass points, myw g = 400, 700, and 1600, where each has been injected with
a cross section of o = 20 fb. Table [1.6] shows a brief summary of leading groups of systematic
uncertainty on the determination of u, the magnitude of expected signal evaluated for a narrow
width scaler of signal mass of 700 GeV with a cross section of o = 20fb. The total uncertainty on
1 is found to be £7 fb for the 700 GeV signal.

Uncertaities on u, ggF my = 700 GeV
Large-R Jet Resolution 18%
Large-R Jet Scale 13%
Alpha Modeling 9%
Background Normalization 6%
E/y 6%
Muons 6%

Table 4.6: The dominant uncertainties on the ggF scalar signal hypothesis, Mg = 700 GeV. The numbers
represent the uncertainty relative to the total uncertainties on the determination of signal cross
section, p.

4.9 Statistic procedure: the profile likelihood fit

The statistical treatment of this analysis uses a combined profile likelihood fit to binned discriminants
in all categories and regions simultaneously based on the framework described in Refs. [139] 140} [141].
The binned likelihood function is constructed as the product of Poisson probability terms,

n [U/Sig + kag
Pois (n|uS + B) L LR (4.8)
bebins ’uS +B

where p, a signal strength parameter, multiplies the expected signal yield Vsig in each histogram
bin b, and V}fkg represents the background content for bin b. The dependence of the signal
and background predictions on the systematic uncertainties is described by a set of nuisance
parameters (NP) 0, which are parameterized by Gaussian or log-normal priors; the latter are used
for normalization uncertainties in order to maintain a positive likelihood. The expected numbers of
signal and background events in each bin are functions of  and parameterized such that the rates
in each category are log-normally distributed for a normally distributed 6.

The priors act to constrain the NPs to their nominal values within their assigned uncertainties.
They are implemented via so-called penalty or auxiliary measurements added to the likelihood
which will always increase when any nuisance parameter is shifted from the nominal value. The
likelihood function, £(u,#), is therefore a function of p and 6.

The nominal fit result in terms of 1 and o, is obtained by maximising the likelihood function
with respect to all parameters. This is referred to as the maximised log-likelihood value, MLL. The

test statistic g, is then constructed according to the profile likelihood: g, = 21In(L(u,6,,)/L(j, 0)),
where i and 6 are the parameters that maximise the likelihood (with the constraint 0 < i < p),
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and éu are the nuisance parameter values that maximise the likelihood for a given p. This test
statistic is used to measure the compatibility of the background-only model with the observed data
and for exclusion intervals derived with the CLg method [142, [143]. The limit set on y is then
translated into a limit on the signal cross section times branching ratio, o x BR(H — ZZ — llqq),
using the theoretical cross section and branching ratio for the given signal model.

The analysis discriminating distributions are arranged as the outer product of category, region,
regime, and subregime. Here category refers to the selection for VBF or ggF signal, region refers to
signal (SR) and control regions (CR), regime refers to the merged and resolved jet analysis objects
used in selection, and subregime refers to 01-tag and 2-tag split for regular jets and W /Z-tagged vs.
low-purity selection for large-R jets. For each of these selections, the input to the likelihood is the
final ZZ invariant mass distribution: myg;; in the resolved regime and mg¢; in the merged regime.

The overarching principle of the analysis design is to provide a Z control region from the two-jet
mass side bands of each signal region in order to normalize the backgrounds in the fit. This strategy
serves the analysis well with the addition of a top CR made from the tagged subregime but requiring
an ep-pair instead of a matching lepton pair. Minor backgrounds are taken from MC simulation,
normalized to the cross-sections, whereas the primary backgrounds Z+jets and top are constrained
entirely by the fit.

The complete list of regions used in the fit is shown in Table [£.7]

llqq channel
Cat. | Region Resolved Merged
untagged | tagged | W/Z tagged | low purity
SR Mgy Mygj Merg Merg
ggF ZCR Mg Myejj Mo Mg
TOpCR — Myejj — -
VBF SR M) Merg Merg
ZCR M) Mg Mg

Table 4.7: Summary of the regions entering the likelihood fit and the distribution used in each. Rows with
“—" indicate that the region is not included in the fit. “SR” stands for the signal regions and
“CR” for the control regions.

A number of fit strategies have been compared to determine the correlation scheme of the
floating parameters. The fit values obtained from 4 schemes are shown in Table

Nominal Fit Split Z Split VBF | Single ttbar
Resolved Z 0.99+0.05 | 0.99£0.05 | 1.00+0.03 | 0.99 £ 0.05

Z+b 1.20+0.11 | 1.194+0.11 | 1.19£0.09 | 1.20£0.11
Merged Z 1.10 £ 0.04 — 1.08 £0.05 | 1.104+0.04

tthar 1.16 £0.06 | 1.16 +£0.06 | 1.16 £0.05 | 1.16 £ 0.06
VBF-ggF ratio 0.80 £0.06 | 0.82+£0.06 — 0.80 £ 0.06

Low Purity Z 1.06 £ 0.04 —

High Purity Z — 1.06 +0.06 — —
VBF Merged Z — — 0.87 +0.06 —
VBF Resolved Z — — 0.95+0.11 —

Table 4.8: Best-fit values of the global normalization factors from the fit to all of the regions in the analysis
for various normalization schemes.

All systematic uncertainties enter the profile likelihood fit as nuisance parameters (NPs). Two
different types of nuisance parameters are used: floating parameters and parameters with priors.

For the most significant backgrounds, those which the analysis is designed to constrain, no prioir
probability distribution is assigned to the normalization and the contribution are therefore floating.
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The fit contains four freely-floating normalization parameters that are constrained by the signal
and control regions described above:

Signal: Signal strength.
Background: The following scale factors are used for background in different categories:

Zresolved Normalization for Z+jets in the resolved regimes.
Zb Normalization for Z + bb in the resolved regimes.

Zmerged Overall Z boson production normalization. Note: since the merged category selects
a very different phase space, the normalization is separate from the resolved case.

Top Top normalization.

VBF-ggF Single floating ratio between all Z+jets normalization in the merged and resolved
regimes.

A nuisance parameter with a prior corresponds to a systematic uncertainty where there is
a prior constraint on the value of the parameter from designated studies. The fit contains XX
nuisance parameters from experimentally-derived uncertainties (see ) and 7 nuisance parameters
from alpha modeling uncertainties (see ), in addition to the floating normalization parameters.
Nuisance parameters from signal acceptance uncertainties, due to PDF and ISR/FSR, are also
included in the fit. A ranking of NPs according to impact on the parameter of interest is shown in
Fig.

The normalizations of the Z + jets background components that are not floating in the fit are
taken from Monte Carlo, where an uncertainty has been assigned to the ratio of their normalizations
to the normalization of the Z + bb component for the case of Z +bx. For Z + cx the prior uncertainty
is applied to absolute normalization. These priors are assigned the following values:

o Z +bc/Z + bb ratio: 12%
o Z +bl/Z + bb ratio: 12%
o 7+ cc: 30%
o Z+cl: 30%

The statistical uncertainties for the background MC samples are taken into account in the
profile likelihood using a light weight version of the Barlow-Beeston method as implemented in
HistFactory [I44]. This adds an extra nuisance parameter representing the statistical uncertainty
on the total MC background in each bin, which is completely uncorrelated across bins. These
nuisance parameters are not added to all bins but only those bins where the relative statistical
uncertainty in the bin is above the threshold of 5%.

4.10 Results

This section describes the results of the analysis. Figs.[£.36H4.43|show the invariant mass distributions
in all regions after the unconditional fit has been applied. Table shows the yields of the
Standard Model background and data in the signal regions. The observed distributions of the
final discriminants, my.; for the merged analysis and my;; for the resolved analysis, of the four
signal regions of the ggF H — ZZ search are compared with the background expectation in Fig.
[E37HA39 4 41H4.42] The data distributions are reasonably well reproduced by the background
contributions in all these distributions. The distributions for the graviton search are similar. The
largest deviations are an excess at approximately 500 GeV in the my;; distribution of the untagged
category of the resolved analysis. The excess is estimated to have a significance of 2.75¢ local and
1.40 global. No such excess is seen in other categories. The largest deficit is at approximately
850 GeV with a global significance of 2.80.
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Figure 4.35: Ranking of NPs according to impact on the parameter of interest for narrow width scalar with
mass of 1600 GeV.

In the absence of a signal, constraints on the production of a heavy resonance decaying to ZZ
pairs are derived. The exclusion limits are calculated with a modified frequentist method [145],
also known as CLg, using the g, test statistic in the asymptotic approximation [142, [146].

The observed and expected 95% confidence level (CL) upper limits on o x BR as functions of
the resonance mass are shown in Fig. [£.44]in the mass range between 300 — 5000 GeV for H — ZZ
of ggF and VBF processes and between 500 — 5000 GeV for HVT W’ — ZW and RS graviton
G* — ZZ production.

The observed limit on o x BR varies from 1.28 (0.6) pb at 300 GeV to 6.2 (5.2) fb at 3000 GeV for
geF (VBF) H — ZZ and from 730 fb at 500 GeV to 6.7 fb at 5000 GeV for RS graviton G* — ZZ.
These limits are considerably tighter than those of early searches [I'7, [I16]. Theoretical predictions
for o x BR of the RS graviton G* — ZZ are overlaid in Fig. @ The observed (expected) limits
exclude the RS graviton lighter than 1035 (1045) GeV.
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Conclusions

Many models predict the existence of a heavy spin-0 neutral Higgs boson (two-Higgs-doublet
model (2HDM) [7] and the electroweak-singlet (EWS) model) or a spin-2 graviton (warped extra
dimensions model [9, [10]) that can decay to a pair of Z bosons.

My thesis has been dedicated to the search for an extra heavy resonance in the ZZ — flqq
(¢ = e, u) decay channels, for a diboson mass in the range between 300 and 5000 GeV. The searches
have been performed using proton-proton collision data produced at /s = 13 TeV and recorded by
the ATLAS detector at the LHC in the 2015 and 2016 data-taking corresponding to a combined
integrated luminosity of 13.2 fb~!. The results of the search have been interpreted for a narrow
width "Standard Model-like" Higgs boson and for a Randall-Sundrum graviton model (spin-2).

In my analysis I studied final states with one Z boson decaying either to a pair of charged
leptons and the other Z boson decaying to a pair of quarks, identified either as two separate jets or
as one large-radius jet. The resolved reconstruction attempts to identify two separate small-radius
jets (small-R jet, or j) of hadrons from the Z — gq decay, while the so called merged reconstruction
uses advanced jet-substructure techniques to identify the Z — gq decay reconstructed as a single
large-radius jet (large-R jet, or simply J). The latter is expected when the resonance mass is
significantly higher than the Z boson mass. In this case, the gg pair from the Z boson decay can
be collimated and hadrons from the two quarks overlap in the detector. For this reason they are
more efficiently reconstructed as a single large-R jet (“merged selection").

An important contribution to the production of scalar signals is the vector boson fusion process
(VBF). In this process, two vector bosons are radiated from quarks in the colliding protons, which
then produce a heavy particle through their normal interaction vertex. For the Standard Model
Higgs boson, VBF production accounts for roughly 10% of the total production cross section.

My thesis has been focused on the optimization of the event selection and on the characterization
of the VBF component and it has been part of a more general analysis for the searches of heavy
resonances in diboson decays [20]. VBF production is characterized by extra jets in the event:
usually jets in the forward section of the detector and with a large separation in pseudorapidity
between them. To select VBF jets, I decided to use only two variables: the invariant mass of the jet

pair m;ﬁ.?g, and the absolute value of the difference between their pseudorapidities |An§?g|. After
having identified the two small-R or one large-R jet from the boson decay, the VBF jets are selected
as the pair of remaining small-R jets that have opposite pseudorapidity signs and have the highest
invariant mass. One of my main tasks for this thesis have been the optimization of the VBF jet
selection that has been documented in 5l

My work on the optimization of the event selection consisted of a detailed study to the event
categorization and also the event prioritization. A first study has been made in categorizing an
event as either ggF or VBF. Selecting ggF or VBF one must consider the order in which you select
the jets that come from the Z — ¢ from the resonance decay and the jets that come from the
valence quarks in the colliding protons. In the categorization scheme for this analysis, the decision
to first find the reconstructed Z boson, then to select the VBF jets was made for two reasons: the
expected limits from selecting the VBF jets second was shown to be 10% stronger than the other
order, and, selecting the VBF jets second allows for the Z — ¢q selection to be consistent for all
signal selections, including those which do not have a ggF /VBF split.

The prioritization of the events is important in particular at intermediate masses of the signals
(500 < mpy < 800 GeV) where boosted and resolved topologies overlap. Above and below these
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signal masses hadronic decays of the Z — ¢g are reconstructed primarily as either merged or
resolved, respectively, but small differences in signal to background significance are found over
the full mass range. Studies have been performed to maximize both signal acceptance and the
sensitivity using different designs of event "recycling” methods (see section . The recycling
strategy is considered to be superior to a fixed cut strategy on the basis of saving more signal
events, no matter the cut optimization. Spin-0 and spin-2 models were all subjected to the three
"recycling” methods in an attempt to arrive at the same strategy that can be used for simplicity.

A profile-likelihood-ratio test statistic is used to measure the compatibility of the background-
only hypothesis with the observed data and to test the hypothesis of a heavy resonance, with its
production cross section times branching ratio to ZZ, 0 x BR, as the parameter of interest. A
maximum likelihood fit is made to the observed binned distributions of the final discriminants,
Mgeg O Mygjj, in the signal categories and control regions simultaneously.

The data are found to be consistent with the background expectations and no evidence for heavy
resonance production is observed. In the absence of a signal, constraints on the production of a
heavy resonance decaying to ZZ pairs are derived. Upper limits at 95% CL on the production cross
section times branching ratio as a function of the resonance mass are derived for H — ZZ in models
with an extended Higgs sector and for G* — ZZ in the context of the bulk Randall-Sundrum
model of warped extra dimensions. The observed limit on ¢ x BR varies from 1.28 (0.6) pb at
300 GeV to 6.2 (5.2) fb at 3000 GeV for ggF (VBF) H — ZZ and from 730 fb at 500 GeV to
6.7 fb at 5000 GeV for RS graviton G* — ZZ. These limits are considerably tighter than those
of early searches [I7, [IT6]. The observed (expected) limits exclude the RS graviton lighter than
1035 (1045) GeV.
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