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Abstract

An additional heavy Higgs boson is predicted by many models, such as the two-Higgs-
doublet model (2HDM). This thesis presents a data-driven method to estimate the
dominant ZZ background in the search for the decay of such a heavy scalar particle
to a pair of Z bosons in the ZZ — (T~ v (I = electrons, muons, ¥ = neutrinos)
final state. Currently, the ZZ — ("¢~ v background is estimated from simulated
Monte Carlo samples, and it contributes to the largest systematic uncertainties in
the analysis. The idea of the Zv method is to make use of the similarity of the ZZ
and Zv processes, especially in the regions where the mass difference between the 7
and the photon does not matter. The ZZ/Z~ cross-section ratio is calculated as a
function of the vv (or photon) transverse momentum by the MATRIX and SHERPA
generators. The ratio is then applied to the Z~ events in data, together with a
correction of the photon reconstruction efficiency to mimic the production of the ZZ
background. The systematic uncertainties on the estimate and comparisons of the
results of the method with the Monte-Carlo-based estimate are presented as well. In
such searches, the missing transverse momentum (E¥%) reconstruction is crucial.
Studies on the electron-jet overlap removal in the EXS algorithms reducing fake
Emiss are shown. The main experimental results presented use the full ATLAS Run-2
data sample (2015—2018) in proton-proton collisions at /s = 13 TeV centre-of-mass
energy, corresponding to 139 fb~!. No significant excess over the Standard Model
prediction is observed. Therefore, exclusion limits on the production cross-section
times the branching ratio of a heavy Higgs boson decaying to ZZ are set at a 95%
confidence level.
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Zusammenfassung

Ein zusétzliches schweres Higgs-Boson wird von vielen iiber das Standardmodell
hinausgehenden Theorien vorhergesagt, wie zum Beispiel dem Two-Higgs-Doublet-
Model (2HDM). Der dominante Untergrund in der Suche nach dem Zerfall eines
solchen schweren Higgs-Bosons im Zerfallskanal ZZ — (*¢~vv (I = Elektronen,
Myonen, v = Neutrinos) ist die Produktion eines Z-Boson Paares. Die in der
aktuellen ATLAS-Analyse verwendete Methode benutzt zur Abschitzung dieses
Untergrundes Monte Carlo generierte Datensétze. Die assoziierten Unsicherheiten
dominieren die systematischen Unsicherheiten der Suche. Diese Arbeit prisentiert
eine datenbasierte Methode, die Z~-Methode, um den ZZ-Untergrund abzuschétzen
und die systematischen Unsicherheiten zu reduzieren. Dafiir nutzt die Z~-Methode
die Ahnlichkeit zwischen den ZZ- und Z~v- Prozessen aus, besonders in Regionen, in
denen die Massendifferenz zwischen dem Z-Boson und dem Photon vernachlassigbar
ist. Das Verhéltnis der Wirkungsquerschnitte von ZZ/Z~ wird als Funktion des
Transversalimpuls des vv-Systems und des Photons mit Hilfe der Generatoren
MATRIX und SHERPA berechnet. Dieses Verhéltnis wird dann zusammen mit einer
Korrektur der Rekonstruktionseffizienz der Photonen auf die Z~-Ereignisse aus
den experimentellen Daten angewandt, um die Produktion des ZZ-Untergrunds zu
imitieren. Die systematischen Unsicherheiten der Zv-Methode werden préasentiert
und die Ergebnisse mit der Monte Carlo basierten Abschitzung des ZZ-Untergrunds
verglichen. Da fiir die diskutierte Analyse eine korrekte Rekonstruktion des fehlenden
Transversalimpulses E2 unerlisslich ist, werden ebenso Studien iiber den overlap
removal des EXss_Algorithmus, die falsch rekonstruierte EXS reduzieren, gezeigt.
Die experimentellen Ergebnisse beriicksichtigen die gesamten von ATLAS in Run-2
in Proton-Proton-Kollisionen bei /s = 13 TeV gesammelten Daten (2015—2018),
die einer integrierten Luminositit von 139 fb~! entsprechen. Es wird keine sig-
nifikante Abweichung von der Standardmodellvorhersage beobachtet. Es werden
Ausschlussgrenzen fiir den Produktionswirkungsquerschnitt mal der ZZ Zerfallsbreite
eines schweren Higgs-Bosons fiir ein Konfidenzlevel von 95% gezeigt.
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Chapter 1

Introduction

what is seen was not made out of what
was visible.

— Hebrews 11:3

Throughout history, people have tried to categorise what are the common principles of all
things, what are the smallest constituents of matter, and how to analyse them to simplify
this astonishingly complex world. In the classical Greek natural philosophy, there are four
fundamental elements, earth, water, air, and fire. The first milestone of the modern atomic
theory was set by J.J. Thomson’s electromagnetic tube in 1896. He measured the ratio of the
mass to the charge of the particle and discovered the first subatomic particle, the electron.
Soon after in 1909, Ernest Rutherford and his student set up a projectile experiment to
explore the structure of matter and found particles were scattered by a core at the centre of
the atom. Based on these experiments, Rutherford proposed a model describing the atom as
a tiny and heavy charged nucleus surrounded by electrons. The nucleus is made of protons,
which are oppositely charged with respect to electrons, and electrically neutral neutrons
(today, we understand the model of the atom better with modern quantum mechanics
in terms of electron shells and subshells where electrons reside around the nucleus). An
abundance of particles, sometimes referred to as zoo, was discovered in particle accelerators
starting in the 1940s. The new particles were given exotic names, such as pions, sigmas,
lambdas, and Latin letters when the Greek alphabet was exhausted. This taxonomy was
not more orderly or elegant than Mendeleev’s periodic table until Murray Gell-Mann and
George Zweig independently came up with the key insight, that the zoological particles
were made of smaller particles (quarks), which could be identified by looking at patterns in
terms of symmetries. The classification frames fundamental particles into three generations.
Nowadays, physicists are still trying to understand why they are arranged effectively in
these particular patterns.

Particle experiments can give a more profound insight into strong and electroweak forces.
Maxwell’s equations do not only describe that electricity and magnetism are intimately
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1. Introduction

connected but further demonstrate that the electric and magnetic fields travel through
space as waves. In 1933, Fermi published his landmark theory for beta decay, unveiling
the weak interaction and the existence of the neutrino. A few decades later in the 1960s,
the electromagnetic force and weak force were merged into a combined electroweak force.
Scientists are dreaming of a theory of everything that could go even further and unify
these forces including gravity into a single force. In 1905, Albert Einstein published a
paper about the photoelectric effect, picturing light as a stream of particles called photons.
Further force-carrying particles, such as the gluons were discovered at the electron-positron
collider PETRA at DESY in 1979, and W=, and Z bosons were discovered at the Super
Proton Synchrotron at CERN in 1983.

In 2012, the Higgs boson was discovered at the Large Hadron Collider, which finally
confirmed a critical aspect of the Standard Model. This discovery completes the Standard
Model describing elementary particles and their interactions. However, the Standard Model
cannot explain observations in the cosmos that suggest that ordinary matter makes up
only about 5% of the universe. Besides, it does not describe one of the four known forces,
namely gravity. There are many more open questions in particle physics. With increasing
intensity of the particle beams and a growing data set, the LHC might shed light on what
lies beyond the Standard Model.

Two models, the simplest extension of the electroweak Higgs sector and a warped-geometry
higher-dimensional model, are used to explore the fundamental laws of nature in this thesis.
The Standard Model and the theoretical structure of the Two-Higgs-Doublet model and
the Randall-Sundrum model are introduced in Chapter 2. Chapter 3 describes the LHC
and the ATLAS detector. Chapter 4 focuses on MC generators. Chapter 5 describes the
reconstruction and identification of particles in ATLAS. In Chapter 6, the search for an
additional heavy Higgs boson in the H — ZZ — (T ¢~ v final state is described (published in
Ref. [1]), including the event selection and background estimates. The dominant background
in the analysis is the SM ZZ production, with one Z decaying into two charged leptons and
the other into two neutrinos. A novel method to estimate the ZZ background is detailed
in Chapter 6 as well. The methodology is based on the substitution of a « with a Z-boson.
The ZZ estimate from Zv events and detailed systematics are presented. The summary of
my Ph.D. project is given in Chapter 7.

Author’s contribution

The author is part of ATLAS, a 3000 person collaboration, which built and operates
the ATLAS detector at the Large Hadron Collider. Members of the collaboration are in
charge of filtering, reconstructing and analysing the recorded data. Each study and result
performed as part of the collaboration has direct input from many other people. The main
contributions of the author are highlighted below.

Neutrinos and other particles that are invisible to the ATLAS detector can be reconstructed
through missing transverse momentum (ErTmSS). The Eﬁﬁniss calculation is challenging as
it depends on the reconstruction of all objects in the detector. The author studied one
particular challenging aspect of the Effmss calculation, which is how the algorithm deals
with jets and electrons that are nearby and can often not be separated unambiguously.
Treating these cases incorrectly can lead to fake Effmss, impacting the discovery potential
for searches for new invisible particles. In addition to evaluating the performance of the
E%‘iss reconstruction, using various metrics, the author’s studies on overlap removal and

improvements to the Ell?iss calculation based on particle flow jets lead to a significant
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reduction of this fake E%liss. The performed studies and improvements benefit all analyses
with E3* in the final states, including searches for supersymmetric particles.

The author contributed to the search for new physics in the £¢ + Er‘}’iss final state (where ¢
= electron or muon), which includes the search for X — ZZ — (T4~ v, Z + dark matter,
including the case where the dark matter could come from the decay of a Higgs boson. Of
these, only the first search was already made public, so the thesis focuses on it.

The author’s main contribution is the development of a new data-driven method to
estimate the dominant background in these searches, which comes from the Standard Model
production of two Z bosons, decaying into two charged leptons and two neutrinos. The
standard estimation of this background is based on Monte Carlo simulation and contributes
the leading systematic uncertainties to the searches. The author developed and performed
all experimental aspect of the new method, including the selection, data-MC comparisons
in the control region, closure checks and systematic uncertainties. She was only supported
by other people in the evaluation of the theoretical uncertainties.

While the resulting background estimate was not used in the published results, mainly due
to the dominant statistical uncertainties, it serves as an extremely important cross check of
the modelling of the ZZ background in the non-trivial phase space selected by the analysis.
The author also makes suggestion for alternative uses of the Z~ control region, for further
improvements and points out areas that need more study in the light of the requirement
for more and more precise background estimates for future searches.
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Chapter 2

Theoretical Overview

The Standard Model (SM) of particle physics describes the nature of fundamental forces and
particles, including the existence of the Higgs boson. In this chapter, Section 2.1 discusses
the SM. Section 2.1.1 covers the details of the electromagnetic and weak interactions. A
discussion of the Higgs mechanism and how it is incorporated in the electroweak (EW)
unification is given in Section 2.1.2. Section 2.2 quantifies the abundance of Higgs bosons
produced at the Large Hadron Collider. The SM is known to be incomplete as it does not
explain several observations and it suffers from theoretical issues, which are summarised
in Section 2.3. In the following sections, two possible theoretical extensions to address
the shortcomings of the SM are discussed. The Two-Higgs-doublet model (2HDM) which
extends the scalar sector to enrich the particle phenomenology is described in Section 2.4.
Section 2.5 introduces the Randall-Sundrum (RS) Model to address the problem of gravity,
the main missing puzzle piece in the SM.

2.1. The Standard Model Particles and Forces

In the SM, particles are divided into two categories, bosons and fermions, which can be
distinguished according to their spin, a quantum number describing the internal form of
angular momentum. Bosons have an integer multiple of spin, such as a spin 0 or 1. In
contrast, fermions possess half integers of spin, e.g., spin of 1/2, 3/2, 5/2. Both leptons
and quarks are spin 1/2 fermions, and they constitute the building blocks of matter. The
charged leptons are grouped into three generations with their corresponding neutrinos, (e,
ve), (i, v,) and (7, v7). There are six flavours of quarks, falling into three generations,
(up(w), down(d)), (charm(c), strange(s)), and (top(t), bottom(b)) as shown in Table 2.1.1.
Each particle has an associated antiparticle with the same mass but with opposite physical
charges.

The particles that act as carriers of forces have spin of 1 and therefore are called bosons as
shown in Table 2.1.2. The electromagnetic force is mediated by the photon () for charged
particles, which is described by Quantum Electrodynamics (QED). The W and Z bosons
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2. Theoretical Overview

are the mediators for the weak force acting on all leptons and quarks. The gluons are the
mediators of the strong force.

There is an additional force called gravity but the corresponding force carrier, the graviton,
has not been discovered. If a hypothetical graviton exists, it must have a spin of 2. More
about the graviton will be discussed in Section 2.5. The SM includes a Higgs boson and
the Higgs field is thought to give mass to the other particles. More details about the Higgs
boson are discussed in Section 2.1.3.

Fermion (spin 1/2)

Generation Leptons Quarks

particle charge | mass [MeV] particle | charge | mass [MeV]

L5t electron (e™) -1 0.5109 down (d) -2 4.7

e neutrino (ve) 0 <2x107° up (u) +2 2.2

ond muon (p~) -1 105.66 strange (s) —% 96
p neutrino (v,) 0 <2x107°% | charm (c) +2 1.28 x 103
grd tau (77) -1 1776.86 | bottom (b) | —% 4.18 x 10°
7 neutrino (v;) 0 <2x107° top (t) +2 | 173.1 x 10

Table 2.1.1.: The properties of leptons and quarks. See Ref. [2] for a discussion on the
definition of the quark masses.

Gauge Bosons (spin 1)

Forces particle charge | mass [GeV] | Range [m]
Strong gluon (g) 0 0 10~1
Electromagnetism photon () 0 0 00
Z boson (Z) 0 91.19 10718
Weak W boson (W*) | 41 80.39 10718
Scalar Bosons (spin 0)
Higgs boson (h) ‘ 0 ‘ 125.09 \

Table 2.1.2.: The properties of bosons [2].

Quarks and anti-quarks are arranged into groups to form composite particles. Quarks have
colour charges, but the composite particles made out of quarks are colour neutral. Using
a simplified picture, the quark model was proposed by Murray Gell-Mann and George
Zweig in the 1960s. Mesons contain a quark and an anti-quark adding up to an integer
spin, either +1 or 0 as integer spin bosons, while baryons contain three quarks with the
summed-up spin of £3/2 or +1/2 forming spin-half fermions. On 26 March 2019, LHCb
announced evidence for the existence of exotic baryons called pentaquark! consisting of
four quarks and one anti-quark [3] (see Section 4.1 for a discussion of the quark content of
hadrons, including valence and sea quarks).

Collections of identical bosons and fermions must satisfy the Spin-statistics theorem.
Bosons (symmetric wave function) obey Bose-Einstein statistics, which indicate that bosons
tend to occupy the same quantum state, while fermions (anti-symmetric wave function)
obey Fermi—Dirac statistics, which account for atomic orbitals as prescribed by the Pauli
exclusion principle.

!Each quark has a baryon number 1 /3 and anti-quark has a baryon number -1/3.
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2.1. The Standard Model Particles and Forces

Quantum Field Theory

Quantum Field Theory (QFT) is a theoretical framework that mathematically pictures all
subatomic particles as localized vibrations of the corresponding quantum fields. The idea
of QFT is that these fields, which fill out the ordinary space, can interact with one another.

In relativistic physics, particle trajectories are described by functions in space-time:

ot = (20,2, 2%, 23) = (¢, 2,9, 2). (2.1.1)

The path a particle takes minimises the action, S, in any physical system. This phenomenon
is called the principle of least action, for which the smallest sum of the Lagrangian for all
the points is along the chosen path. Calculating the action variation for a field configuration
(¢) via the partial integration becomes:

- oo 0.

/d4 [85 8M< oL >} 56 + oL 5¢tb
9¢ A(0u9) A(0u9)
where v is a 4-dim space-time volume that is of interest, £ is the Lagrangian density, d,
is a space-time derivative, and d¢ represents the small perturbation from the ‘true’ field.
The second term integrates to zero from the boundary conditions on d¢. In this case, the
variation of the fields at the boundary does not affect the local physics process. As the

perturbation of the action S should be zero (65 = 0) to minimize the action, the Lagrangian
yields the equation of motions, which is known as the Euler-Lagrange equation:

(2.1.2)

oL . oL

26 = ¥ 5(0,0) 1

Noether symmetries are transformations acting on the fields ¢ that leave the Lagrangian of
a system unchanged. For instance,

¢(z) = ¢'(z) = ¢(z) + aAd(), (2.1.4)

where « is an infinitesimal parameter, and A¢(x) describes the transformation. The key is
figuring out symmetric transformations that leave ¢ and thus the Lagrangian unchanged:

L— L+aAL. (2.1.5)

This a«AL can be obtained by varying the fields [4]:

oL oL
oL oL oL o
5 g 540) ) 86+ 0055 50, "

The first term is zero due to the Euler-Lagrange equation.
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2. Theoretical Overview

Noether’s theorem states that every differentiable symmetry of the action of a physical
system has a corresponding conservation law. Instead of stating that simple numbers of
some physical quantity - energy, momentum, etc. - do not vary over time, one can develop
a general form of conserved currents. The continuity equation, d,,J" = 0, represents the
conservation of mass or energy in dynamics. The conserved current J* is a vector with
the charge density and 3-dim current density. For the transformation to be symmetry, the
Lagrangian can be varied by 9,J#, so that AL = 9,J" = Bu(a(gif@Acb).

Electromagnetic Interaction

The QED Lagrangian for a spin-1/2 field interacting with the electromagnetic field is given
as:

. 1 v
Loep = Y (' Dy —m)p — ZFM,,F“ , (2.1.7)

where 1) is a 4 component fermion that carries an electric charge, and D, = 9, — ieA,, is
the gauge covariant derivative. A vector field A, must transform as A, — A, — O \(x)
to make the Lagrangian gauge invariant. Due to gauge invariance, a term like M ZAMA”
cannot appear in the Lagrangian, which means the A-field describes a massless particle,
namely the photon. e is the strength of the phase transformation, which can be interpreted
as a charge ¢ = -le|. F,, = 0,A, - 0,4, is the electromagnetic field tensor. m is the mass
of the electron or positron, and y* are the Dirac matrices.

The QED Lagrangian is invariant under a local U(1) phase transformation ¢(z) — e**®)q)(x).
The conserved Noether current for this transformation is j# = 1y, which consists of the
electromagnetic charge density and 3-dim current density. This conserved current can be
verified by:

ot = (81115)7“"‘? + @7“(6111/’) = imanp — imypp = 0, (2.1.8)
where i7*9,¢ = my and i9,0y" = —ma) is derived from the equations of motion [5].

Strong Interaction

Likewise, the gauge invariant QCD Lagrangian can be written as:

" . Q1] 7 1 a v
Locp = By (g™ [0:0, + ig(Gotd) | g5 — mibgithgi) — ZGWGQ : (2.1.9)

where 1, is a 4 component fermion that carries a colour index i (=red, green, blue). The
colour state can be rotated by 3 x 3 unitary matrices, t,, which are generators of the
SU(3) colour group. There are eight mediators in QCD: Gf is the 4-vector potential of
the gluons fields (o = 1,...8). The symbol G&” represents the gauge invariant gluon field
strength tensor. G = OHGY, - VG, - gf‘”ﬂVGgGTYw, foP7 are structure constants of the
SU(3) colour group, and g = \/4was corresponds to the strong coupling. The coupling
constant, «y, is an effective constant, which depends on four-momentum ? transferred
(see the running coupling paragraph for details in Section 4.1).
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2.1. The Standard Model Particles and Forces

2.1.1. Weak Interaction and Electroweak Theory

In 1933, Enrico Fermi formulated the first model of the weak interaction, known as Fermi’s
interaction. The interaction was formulated in terms of QFT. As illustration of the Fermi
interaction, in the following, the muon decay is discussed. Fermi’s Lagrangian density
describing four fermions fields by the product of four Dirac fields for the muon decay
po — e + v, + U is given as:

L= %%ﬂu(l - 75)%1%7“(1 —¥5) e (2.1.10)

where G is the interaction term of the Fermi Lagrangian with dimensions of mass to the
power -2, making it non-renormalisable. The ~, term is a 4 x 4 matrix, (1 — v3) is the
chirality operator, and it plays the role of projecting the Dirac field onto the left-handed
components. The weak force has a left-handed preference, which has been verified in the
experiment by Chien-Shiung Wu [6]. The muon lifetime given the Lagrangian density can
therefore be computed, and then be compared to the experimental measurement, which is
about 107 %s [7].

The weak interaction fermion couples to the weak force corresponding to a conserved
current, 0 J¢ = 0 where a = 1, 2, and 3, under the SU(2)., symmetry in which the muon
current is defined as:

Tp = Uiy, (2.1.11)

where 71 is a 2 x 2 matrix. Its hermitian conjugate 7, which is the transpose matrix of
7+, forms the second current, ;73.

The third current is expected from group theory, and it forms as:

«73 = E%VM[TJra Ty
o a (2.1.12)

= VL YuVr — FL Vel

These three currents, jul, Ji and jj’, appear as the consequence of SU(2). The first
two currents correspond to the charge currents and the third current is a neutral current.
However, there is no neutral current in the early phenomenology of the weak interaction
Fermi Lagrangian. The neutral current of electromagnetism does not fit in SU(2)1, because
jj involves only left-handed fermions and it contains the neutrino term. Enlarging the
gauge group to satisfy the current conservation and also to include the electroweak current

was then proposed:
SU22)@U)y. (2.1.13)

To build a gauge invariant theory, the recipe is to replace the ordinary derivative of the
fermion fields by covariant derivatives:

. Y
O = Dytp = Outp — igTA Wit — zg’qu, (2.1.14)

where g and ¢’ are the relevant coupling constants. T4 are the weak isospin operators, T
= % (i =1, 2, 3), where o; are the Pauli matrices. W;f‘ are the 3 real vector fields related
to SU(2). W, and W7 are two electrically charged bosons under SU(2). B, is the vector

boson related to U(1).
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2. Theoretical Overview

To identify the neutral electroweak current, Glashow-Weinberg jointly proposed replacing
B,, and W[Z’ by the linear combination of A# and Z* in 1968:

Bu\ _ [cosf, —sinfy,) (A*
<W3> B (Sian cos Oy, > <Zu> : (2.1.15)

The neutral current interaction then reads:

L = Yv,[gsin0,T5 + ¢ cos by, 5| A* (2.1.16)
+py,[g cos 0, T3 — ¢ sin 0, L] 2+, o
where A* represents the photon. For particles with different electric charge, the neutral
electromagnetic current can be written in units of the proton charge (e): T = ezﬁ'yqu
where @ is the electric charge. Comparing J;™ and Equation 2.1.16 with A, eQ) can be

written in the form of:

Y
eQ = gsin 6,13 + ¢’ cos OWE. (2.1.17)

After the mixing of the B and WY that produces the photon and the Z, the new quantum
number Y (hyper-charge) is introduced by setting gsinf,, = ¢’ cosf, =e, Q = T3 + %
This can be rearranged into the relation:

Y =2(Q —1Ty). (2.1.18)

The first evidence of the weak neutral currents was confirmed at the Gargamelle bubble
chamber at CERN in 1973 [8]. The Z boson was soon to been discovered at the SPS
accelerator at CERN in 1983. However, the mass term for the Z and W bosons is forbidden
by gauge invariance according to Yang-Mills theory. The Higgs field addresses the problem
of the origin of mass of SM particles and unitarises the W W scattering, which will be
discussed in Section 2.1.2 and 2.1.3.

2.1.2. The Goldstone Boson: Spontaneous Breakdown of Symmetry

The gauge vector field can acquire a mass term by introducing an additional scalar field.
This mechanism is know as the Goldstone theorem, which preserves gauge invariance by
defining a non-linear realization of a gauge transformation. The principle behind this
theorem is to define a different way of achieving a gauge transformation. The Lagrangian
for an U(1) gauge field A, coupling to a self-interacting complex scalar field ¢ is:

£ = Dul0)"D"(8) ~ V(6) = {FuF™ + Lorm, (2119

where Lapp is a Feynman gauge fixing term, which is needed to obtain an easier calculation
for the whole Lagrangian. The covariant derivative acting on the scalar field is:

DFo(x) = O p(x) —ie A (). (2.1.20)

The quantum numbers remain unchanged under the Nambu—Goldstone transformation:

10
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2.1. The Standard Model Particles and Forces

P(x) = N p(x), AP — AF 4+ M\ (x). (2.1.21)

The gauge invariance with respect to this gauge transformation can be seen by taking the
scalar field in quadrature. The potential associated with the phase is dropped using a
gauge transformation meaning a Goldstone mode is shifted into the gauge field A,. The
scalar potential has dimensions of the field to the fourth power, hence it is re-normalisable
in four dimensions as shown in the following equation:

V(¢) = No'|> + alo® + 0. (2.1.22)

Expanding the ¢ around the vacuum expectation value (VEV), where the minimum
of the potential meets the origin, one can rewrite the scalar field in a non-linear way:
¢ =(H+ v)ei% (H and G, which are referred to as the Higgs boson and the Goldstone
bosons, respectively, are real scalar fields without VEVs). The scalar potential becomes:

V(p) = N\H* + 2\’ H?. (2.1.23)

Substituting the scalar potential (Eq. 2.1.23) and covariant derivative (Eq. 2.1.20) back
into the Lagrangian (Eq. 2.1.19), the free Lagrangian density becomes:

Lo~ O,HOMH — 200°H*(z) + 0,GO'G — 9, A, 0" A" + e*v® A, AM, (2.1.24)

where 0, HO"H is the kinematic term for the Higgs boson, d,GO"G is the kinematic term
for the Goldstone bosons and 9,4, 0" A" is the kinematic term for the vector boson. The
shape of the propagators that represents the target particle moving between incoming and
outgoing particles show up in the Lagrangian. For example, the Feynman propagator for
the Higgs field in momentum space is m, and the 2\v? term corresponds to the
mass term, m%, Similarly, the propagator for the vector boson is #L:ZHE. Some terms,
such as A,0,G in Ly, are absorbed by the gauge choice, Lgry. The vector field has the
dimension of the mass (e?v?) as an expansion around the vacuum expectation. As a result,
the Ly is no longer invariant under the gauge transformation of the A, meaning a U(1)
symmetry is broken for perturbations around the VEV. The massive vector bosons can be
longitudinally polarized because the massless Goldstone bosons become the longitudinal

polarization of the massive vector fields.

2.1.3. The Higgs Boson

In order to be consistent with Fermi’s four-fermion interaction of the 8 decay, the vector
fields are required to be massive. The way out of this cul-de-sac is described in Section
2.1.2 using the concept of spontaneous breakdown involving Goldstone bosons where the
scalar field has a real and an imaginary component. In the SM, one can define the simplest

doublet scalar field as: N
¢ = <<§50> , (2.1.25)

where the superscripts + and 0 indicate the electric charge (Q) of the components. An
additional U(1) Y is needed in order to let only a neutral scalar field acquire a VEV. This

11
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2. Theoretical Overview

means electromagnetism is unbroken by the scalar VEV, and the scalar VEV yields the
breaking scheme as: SU(2)r, ® U(1)y — U(1)q.

The transformation for the scalar field can be written as follows:

+ A o an Y +
(boﬁ L | o e e 8@ ¢0¢+v , (2.1.26)
V2 V2

The symbol g is the weak interaction coupling strength, ¢’ is the coupling strength of the
hypercharge interaction, «(z) and 3(z) are the position parameter elements for the SU(2)
and U(1), respectively, and the matrices 7 are the Pauli matrices.

One can also parametrise the Higgs field with the Unitarity gauge?

7)o Lm0
(07 2) =55 (o) 212)

where H(x) is a real scalar field. The covariant derivative of ¢ is:
1
D¢ = (a” +igT' W), + i2g'Bu> 0, (2.1.28)

where W;; and By, are SU(2)r, and U(1)y gauge bosons, respectively (Wﬁ can be written

in terms of the generators: W, = WZLT B, T = %Z (7* are three Pauli matrices). The Higgs

potential V(¢) is required from re-normalisability and gauge invariance to take the form:

V(¢) = —12¢T ¢ + Mot 9)>. (2.1.29)

The X represents self-interactions among the Higgs fields, and it is positive. The quadratic

term 2 must be greater than zero to develop a non-zero VEV leading to a non-trivial

minimum qb% = g The vector boson mass terms show up by taking the square of the

covariant derivative, (D ¢)"(D,¢):
2
D ¢+ 1 U2
0, w 5
"\t

E24

[g* (W + WH(WH —iW'2) + (' By, — gW,)?]

(2.1.30)

2
v 1
€ Tl 456" + 62,27,

Equation 2.1.30 shows m, = %gzv2 and m% = %(92 + ¢')v? where g and ¢’ satisfy the

relation of gsinf,, = ¢’ cosf,, and so the weak mixing angle is:

tandy = L sing, = —9 9
g /gl+gl2 /92 +gl2

2Picking a Gauge is a mathematical procedure to remove unphysical fields, while adding additional degrees
of freedom in the field. The corresponding gauge fixing terms of the Feynman Lagrangian can be written
as:
L= —i(@MA“)
& =1 is for the Feynman—"t Hooft gauge.
¢ — oo is for the Unitarity gauge or Landau gauge.

, COS 0y = (2.1.31)

12
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2.2. Higgs Boson Hunting at the LHC

The Higgs mechanism successfully gives masses to the bosons, though a priori fermions
cannot receive their masses by the same process. A non-gauge interaction turns out to be
responsible for fermion mass generation.

The Yukawa interaction between the Higgs field and massless quark (with a prime sign)
and lepton fields in the SM Lagrangian reads:

Y e Phrepd+ —= + h.c.

V2 V2 V2

[y Wyl + By + G el + (2.1.32)

£Yulwwa = _(j/h/Dd/R(gb + ) + (?h;ulR((ﬁ +
_ v
V2

+ @ld hlydlg + ), Ky + 0 R €] + hc.,

/
where ¢/ is a doublet matrix representing a collection of left-handed quarks, q/ = (Z,i) , by
is a complex matrix that describes the so-called Yukawa couplings between the single Higgs
doublet and the down type quarks as a constant in the generation space, d’ is right-handed

down-type quarks, ¢ + % is a Higgs doublet where v = (2), u/y stands for right-handed

/

up-type quarks, (¢ + %)C forms charge conjugate objects (¢¢ = €¢*)3, ¢/ = <Z,L>, and eg
L

stands for a right-handed electron.

The first term related to the constant v (VEV) in Equation 2.1.32 can be diagonalized
using single value decomposition®:

/U - —_ -
ﬁ[d/LUjthdle + u'LUjhuVuu'R + K’LUZFhLVLejq]. (2.1.33)
New fields can be defined with a unitary rotation in space where the phase can be absorbed
into each quark field, such as: dp = Vydl, dr = Ugd}, ur = Vyuly, up = Uy}, bp = Vily
and /7, = Upl;. The remaining complex phases then cause CP violation. The diagonal
mass terms for each fermion can be seen as —%1/}1/) in Equation 2.1.34:

V2

The left-handed down-type quarks are rotated by the matrix U; and the left-handed up-type
quarks are rotated by the different matrix U,. This causes the charge current generation
mixing, which is described by the Cabibbo-Kobayashi-Maskawa (CKM) matrix.

[dphadr + uphyur + CLhlR). (2.1.34)

2.2. Higgs Boson Hunting at the LHC

The Higgs boson was discovered in 2012 by the ATLAS and CMS collaborations [9], and
the subsequent property measurements have not shown any deviations from the predictions

3¢ is an anti-symmetry matrix in 2-dimension for a doublet field:

(0 41
“=\l-1 o

4Factorized procedure: h' = UThV where U and V are 2 unitary matrices. UUT =T and VV T =T

13
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2. Theoretical Overview

E>|>> _""1 T LRI | T T T ]
2 | ATLAS Preliminary |
= E Vs=13TeV,245-139fb" z. 3
S E m,=12500GeV, |y, |<25,p,, =84% & 3
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<o T SM Higgs boson _|
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Figure 2.2.1.: The coupling of the Higgs boson to fermions (u, 7, b, t) and bosons (W,
Z) as a function of the particles’” mass. The diagonal line indicates the SM prediction.
The coupling modifiers are measured assuming no BSM contributions to the Higgs boson
decays, and the SM structure of loop processes. Image from Ref. [10].

of the SM. Figure 2.2.1 shows a significant test of the connection between the mass of
fermions and bosons and the Higgs field interactions with them. The measurement of the
coupling for each particle, assuming no BSM contributions to the Higgs boson decays and
the SM structure of loop processes, is consistent with the SM predictions with a p-value of
psy = 84% [10]. The ATLAS-CMS combined measured mass of the Higgs boson is 125.09
+0.24 GeV [11].

The Higgs boson can be produced through four main production channels in pp collisions
at the Large Hadron Collider. The signal contribution includes the gluon fusion (ggF)
production, vector boson fusion (VBF), the associated production of the Higgs boson with
a W or Z boson (VH), and the Higgs boson production in association with top-quarks
(ttH). Their Feynman diagrams as shown in Figure 2.2.2 indicate the different signatures
that can be used to identify the Higgs boson. This section will discuss the two production
processes with the largest predicted cross-sections, ggF and VBF.

In the SM, the gluon fusion production of the Higgs boson is the dominant process as
shown in Figure 2.2.3. Since gluons are massless, they do not couple directly to the Higgs
boson, hence a fermion loop is needed to connect gluons and the Higgs boson. Due to the
strong coupling of the Higgs boson to the top quark, a Higgs boson is mainly produced via
a top quark loop. Figure 2.2.2 (a) shows the tree level diagram of ggF'.

The vector boson fusion is the second leading production process. The VBF production
mechanism is a process by which either W or Z bosons fuse together to create the Higgs
boson. The W or Z boson is radiated by a quark via the weak interaction. Its signal has a
particular geometry: jets in the final state prefer to be forward in the detector, while the
Higgs and its decay products are expected to be in the central detector.

The Higgs boson is unstable, and decays into other fundamental particles almost immediately.

14



2.2. Higgs Boson Hunting at the LHC

3 “H g v € 1

() (d)

Figure 2.2.2.: The dominant Higgs boson production modes in proton-proton collisions.
(a) gluon-gluon fusion, (b) vector boson fusion, (c) W and Z associated production, (d) tt
associated production.
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Figure 2.2.3.: Higgs boson production cross sections for my = 125 GeV as a function of
the centre-of-mass energy /s. Image from Ref. [12].
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2. Theoretical Overview

Table 2.2.1 summarises the coupling constant g, which describes the Higgs boson coupling
to the fermions/bosons/itself. The coupling strength is proportional to the mass of fermions,
and to the square of the mass of bosons or itself.

Vertex Coupling Constant g | Representation
f
Higgs—Fermions my/v d
Higgs—Vector Bosons 2m%/ Jv b
H\ <V
Two Higgs bosons—Vector Bosons 2m%/ Jv? W v
HHH 3m v -7
HHHH 3m3, /v?

Table 2.2.1.: The couplings of the Higgs boson to fermions 9 yf, gauge bosons gpyv,
gugvy. Trilinear coupling gy pH, and quartic coupling ggypg are shown, as well.

The SM predictions for the Higgs boson decay modes and their corresponding branching
ratios are laid out in Table 2.2.2 for a Higgs boson mass of 125 GeV.

In the following a discussion of the different Higgs boson decay channels is presented:

o H — bb:

largest branching ratio in the SM

large multi jet background when targeting the ggF and VBF production

discovery of this decay channel driven by VH production

probes the Higgs boson couplings to fermions

excellent channel to measure VH production
e H— 17

— challenging mass reconstruction: The identification of hadronically decaying 7
and the neutrinos in the final state deteriorate the resolution of m .

— probes the Higgs boson couplings to fermions and excellent channel to measure
VBF production: has higher pt Higgs boson recoiling against jets. A high-pp
Higgs boson typically has larger E2 and benefits from an improved resolution
on ErTniss, and thus on m,,.
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2.3. Open Questions and Beyond the Standard Model

Decay channel Branching ratio[%]
H — bb 58.2
H—» WW 21.4
H — gg 8.19
H — 11 6.27
H — cc 2.89
H —~ ZZ 2.62
H — ~vvy 0.227
H— Z~ 0.153
H — pp 0.022

Table 2.2.2.: The branching ratios for the SM Higgs boson for my = 125 GeV with I'yy ~ 4.1
£ 0.09 MeV.

o H - WW — (Tul~
— H — WW has largest branching ratio of bosonic decay channels
— complex and relatively large backgrounds
— neutrinos in the final state make it challenging to reconstruct my
— powerful channel to measure VBF and VH production

o H — v
— important channel for the Higgs boson discovery
— small branching ratio, but relatively good signal/background ratio

— background estimates under control

fully reconstructible final state with very good resolution

important for precision property measurements, including the Higgs boson mass
o H = ZZ — it
— important channel for the Higgs boson discovery

— golden channel: very small branching ratio due to requirement of Z decaying
into electrons or muons, but best signal /background ratio of all channels

— fully reconstructible final state with very good resolution

— important for precision property measurements, including the Higgs boson mass
(still statistics limited for rarer production modes)

2.3. Open Questions and Beyond the Standard Model

The scalar mass term 2\v? as shown in Equation 2.1.24 is associated with the Higgs boson:

17



550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

2. Theoretical Overview

my = V2 2 ~ VA x 350 [GeV], (2.3.1)

where the Higgs potential parameter v (vacuum expectation value) using Eq 2.1.30 and the
weak mixing angle in Eq. 2.1.31:

v= 2”;W ~ 250 [GeV] (2.3.2)

is measured at the LEP collider given the fine structure constant o (1/128), the Fermi
constant G (1.11637(1)x107° [GeV~2]), mz(91.1875(21) [GeV]), mu (80.426(34)) [GeV])
and sin? Ay [13]. Theoretically speaking, my > 350 [GeV] indicates that the Higgs self-
coupling is a strong coupling with A > 1, while my < 190 [GeV]| means the constant is
relatively weak A < 1. The discovered Higgs boson has a mass of about 125 GeV indicating
that a light Higgs is phenomenologically preferred.

A light boson raises the question of why the electroweak scale (O(100 GeV)) is so much
lower than the Planck scale which is around 10" GeV. This is also known as the hierarchy
problem of the SM. Looking at it from a different angle, the Higgs boson mass should
actually be much larger due to quantum corrections, unless there are fine-tuned cancellations.
Moreover, although the SM in principle fulfils Sakharov conditions [14] that generate a
matter-antimatter asymmetry, the phase transition is not sufficient to create enough baryon
asymmetry within the SM. Besides, questions like candidates for dark matter, and the
explanation for dark energy can not be answered within the SM. The SM does not explain
gravity, either.

There are many theoretical solutions beyond the SM that have been proposed to solve
these theoretical questions. One solution comes from the idea of two complex scalars which
can provide additional sources of CP violation, and help solve other problems of the SM in
the context of supersymmetric models. One of the well known solutions to the Planck-weak
hierarchy problem is provided by the Randall-Sundrum (RS) Model.

2.4. Extensions to the Standard Model: 2HDM

All postulated fermions and gauge bosons have been extremely well verified phenomeno-
logically. On the contrary, the scalar sector has not been fully explored yet. Any
phenomenologically viable extended Higgs sector must be compatible with the observed
1 2.2
297V
YR

n (n > 1) scalar fields ¢;, the p parameter is given by [15]:

electroweak parameter p = M3, /(MZcos*0y) = = 1. More generally, for

S L5+ 1) — 22y
o= STy 7 (2.4.1)
i=121; Vi

where I; is the weak isospin, Y; is the weak hypercharge, v; is the VEV. Both SU(2) singlets
with Y = 0 and SU(2) doublets with Y==1 give p = 1, and other scalars with larger SU(2)
multiplets are compatible with p = 1.

One of the simplest extensions is the two-Higgs-doublet model (2HDM), which contains
two CP even scalars (h and H), one CP odd scalar (or pseudoscalar) A and two charged
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2.4. Extensions to the Standard Model: 2HDM

Higgs bosons H*. There are three fields which are ‘eaten’ to give mass to the W= and
Z° gauge bosons. With two involved scalar fields, the structure of 2HDMs is very rich;
scalar potential for two doublets can have CP-conserving (Higgs self-couplings are real),
CP-violating (Higgs self-couplings contain complex term), and charge-violating minima.
The larger presence of complex phases may have consequences for theoretical models of
leptogenesis [16] which is a process of generating the matter-antimatter disparity. Moreover,
in the supersymmetric models, the second Higgs field has to be introduced to give mass to
up and down type quarks.

The scalar potential for two doublets ®; and ®5 with hypercharge +1 is [15]:

A A
V =m0l 0 + m3,0 0y — m2y(®1dy + d1d;) + 721 (®1d))2 + 722 (D1 d,)? o)
1Dy + By + \a®] By + Bhdy + 22 [(@1d)2 + (D)2 -
+ X3P Py + DLy + Ny P | Dy + PLDy (®]P2)° + (LD1)?|,

2

where mq1, mao, and mjo denote the mass matrix parameters, and Ai...\5 represent the
scalar Higgs self-couplings.

There are eight field components for each of the scalar SU(2) doublets:

_ ot )
a ((Ua + pa + ”7&)/&) , = 17 2, (243)

where v, (a = 1, 2) are the VEVSs of the ¢; o fields. The ratio of the two vacuum expectation
values is defined as tanf = % The physical scalars are a lighter h and a heavier H, which
are orthogonal combinations of p; and po:

h = p1sina — ps cos a, (2.4.4)

H = —pjcosa — pysina, (2.4.5)

where « is the mixing angle between the two CP-even scalars. The physical pseudoscalar is
defined by:
A=msinf —nycosp. (2.4.6)

In general, 2HDMs allow leading order diagrams with flavour changing neutral currents
(FCNC), which have not been observed in nature. The Paschos-Glashow—Weinberg theorem
[17, 18] addresses the FCNC issue. Fermions with the same quantum numbers coupling to
the same scalar (®) allow avoiding FCNC which leads to several possible configurations:
Type I, Type II, Type X (lepton specific) and Type Y (flipped model). Table 2.4.1
summarises the classification of which type of fermions couples to which Higgs doublet. In
Type I 2HDM, the charged fermions only couple to the second doublet. In the Type II
model, up- and down-type quarks couple to separate doublets. The Type I 2HDM in the
quark sector is identical to the lepton-specific model.

One can find a Zy symmetry to realize one of these four modes. At tree level, the Yukawa
coupling can be determined as follows [15]:

m — _ . _
LY = = Spmuait (6l Fh+ €l fH — i€ fr5A)

\/ivud \/ﬁm
v

¢l (2.4.7)
W(ma&4 P + mat Pr)dH" + #m RHY + He..
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2. Theoretical Overview

Model u% d% e’é
Type I CI)Q (I)Q (I)Q
Type 11 (I)Q (I)l (I)l
Lepton specific | &5 | &9 | §;
Flipped (132 (I)l (I)g

Table 2.4.1.: Models which lead to natural flavour conservation. The superscript 7 is a
generation index.

The coupling of the fermion f to the Higgs boson is my/v. The parameters 5,{, f{l, and
51]; are the couplings of up-type quarks (u), down-type quarks (d), charged leptons (1) to
the h, H, and A, which are summarised for the four different models in Table 2.4.2. Pr g
are projection operators for left-/right-handed fermions. Regardless of the 2HDM type,
the coupling of the Higgs bosons to the W and Z are the same: the coupling of the light
Higgs (h) is k) = sin(B - «), the coupling of the heavier Higgs (H) is k), = cos(B - a),
and the coupling of the derivative of pseudoscalar (A) to vector bosons vanishes due to
the conservation of parity, /ix = 0. As noted in the case of the alignment limit, when
cos(f - a) — 0, the lighter CP even Higgs boson h has exactly the same couplings as the
SM-Higgs boson. In a similar fashion, when sin(8 - « )— 0, the heavier CP even boson
(H) becomes SM-like, making the H boson state which can be identified as the observed
h(125) Higgs state.

Type 1 Type 11 Lepton specific Flipped
&' | cosa/sinf | cosa/sinf cosa/sin 3 cos o/ sin (3
€1 | cosa/sinB | -sina/ cos B cos a/ sin 8 -sin v/ cos
! | cosa/sinB | -sina/cosB | -sina/cosp cos o/ sin
¥ | sina/sinf | sina/sin sin a/ sin 3 sin av/ sin 3
5?{ sina/sin B | cosa/cos 3 sin o/ sin cosa/ cos 8
ﬁq sina/sinf | cosa/cosf cos o/ cos sin v/ sin 3
&Y cot 3 cot 3 cot 3 cot 3
51‘2 -cot 3 tan 3 -cot 3 tan 3
§ZA -cot 3 tan 3 tan 3 -cot 3

Table 2.4.2.: Yukawa couplings of u, d, [ to the neutral Higgs bosons h, H, A in the four
different models [15].

Higgs Decays

The model has seven free parameters: the Higgs boson masses (my, mpg, ma, mg+), the
ratio of the vacuum expectation values of the two doublets (tanf), the mixing angle between
the CP-even Higgs bosons (), and the potential parameter m?, that mixes the two Higgs
doublets. The branching ratios of heavy Higgs bosons decaying into lighter ones will not
depend exclusively on the masses but also on « and f for each (pseudo)scalar (h, H, A),
which are more complex.

In Type I 2HDM, the coupling of the light neutral Higgs (h) to fermions is the same as
in the SM but multiplied by a 5}{ (which is cos a/ sin [3), while its couplings to WW and
ZZ are multiplied by sin( — «). For tanf8 = 1, the branching ratios of the light Higgs
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2.4. Extensions to the Standard Model: 2HDM

have been plotted in Figure 2.4.1. It indicates that & = £ 7/2 is the fermiophobic limit
(the branching ratio to fermions vanishes), and that a = 3 is the gauge-phobic limit (the
branching ratios to WW and to ZZ vanish). The branching ratio to vy at the gauge-phobic
point is still there since there is a small contribution from top-quark loops. For larger values
of tanf, the coupling structure looks very similar, with slightly different slopes. Due to the
coupling relations discussed above and neglecting additional decay modes, Figure 2.4.1 can
also be used to describe the decays of the heavy Higgs boson H (with the given masses) if
the graph is shifted to the left by /2. The decay branching ratios of the pseudoscalar will
be independent of o and 3 because there are no couplings to a pair of vector bosons, and
all fermion couplings are scaled by the same factor cot(f3).

In Type II 2HDM, the coupling of the light neutral Higgs (h) to fermions depends on the
fermion charge. For example, the coupling of the up type quarks is the SM coupling times
&}, which is the same as in the Type I 2HDM, while the coupling of the down type quarks
and of the leptons is the SM coupling times -sina;/cos. This means that the couplings of
the down types quarks and of the leptons are larger in the Type II 2HDM when tan3 goes
higher. The Type II 2HDM has the same couplings to gauge bosons as the Type I 2HDM.
Figure 2.4.2 (a) shows the branching ratios of the light neutral Higgs for tanS= 1, which is
very similar to those of Type I 2HDM. However the branching ratio is strongly dependent
on tanf in the type II 2HDM case as shown in Figure 2.4.2 (b). Again, the couplings of
the heavier scalar (H) are identical to those of the h after a m/2 shift.

-

Branching Ratios
o
8
Branching Ratio
o
>

0.001

0.0001 - 0.0001

-0.4 0.2 0 02 0.4
(74

Figure 2.4.1.: The Type-I 2HDM light-Higgs branching ratios into W pairs, diphotons
and bb are plotted as a function of a for tan= 1 and for various values of the Higgs mass
[GeV]. In the left figure, the solid lines correspond to h — WW and the dashed lines to h
— 7. The branching ratio into Z pairs has the same ratio to the one into W pairs as in
the SM. Image from Ref. [15].

Higgs Production

In 2HDM Type I or lepton-specific, the production cross section of a light Higgs (h)
through gluon fusion would be calculated by multiplying the SM cross section by the factor
(cos a/sinB)?. Similarly in the Type 2HDM II or flipped, the contribution of the top quark
is multiplied by the same factor, while the contribution of the b-quark is multiplied by a
factor of -tanatanf since bottom Yukawa loop coupling becomes large at large tang.

The heavy neutral Higgs (H) has a similar production process. In the Type I or lepton-
specific 2HDM, the cross section would be calculated by multiplying the SM production by
the factor (sina/sin 3)2. In the Type II or flipped 2HDM, the factor is cotatans.

When calculating the limits at a given choice of cos(5 - ) and tanf, the relative rates
of ggF' and VBF production in the fit are set to the prediction of the 2HDM for that
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Figure 2.4.2.: The Type-II 2HDM light-Higgs branching ratios into W pairs, diphotons
and bb are plotted as a function of a for tan= 1 (a) and for tan= 6 (b) and for various
values of the Higgs mass [GeV]. In the left figure, the solid lines correspond to h — WW
and the dashed lines to h — 7. The branching ratio into Z pairs has the same ratio to
the one into W pairs as in the SM. Image from Ref. [15].
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2.5. Extra Dimensions and the Graviton: Randall-Sundrum Model

parameter choice. The cross-section times branching ratio depending on the values of «
and g for H — ZZ with mp = 200 GeV varies from 2.4 fb to 10 pb for Type-I and from
0.5 fb to 9.4 pb for Type-II [19]. (The analysis discussed in this thesis only considers 2HDM
Type-I and Type-II because the couplings to leptons do not matter in the context of H —
Z Z process.)

2.5. Extra Dimensions and the Graviton: Randall-
Sundrum Model

The answer to the question of the hierarchy between the electroweak scale (~100 GeV)
and the Planck scale (Mp; ~ 10! GeV) is still open. A plausible explanation to the
hierarchy problem comes from the existence of one or more extra dimensions. In 1687,
Sir Isaac Newton published his law of gravity, which describes that the gravitational field
strength decreases inversely with the square of the distance from the source. The surface of
a sphere is 47 x r? (r = the radius of the surface. It is the same as Newton’s radius). The
sphere is a 3 dimensional object, meaning the gravity goes into three dimensions. However,
Newton’s law of gravity has been only tested to a precision of 10™4, while the fine structure
constant ap is known to a precision of 10710, It is then conceived that gravity might
behave differently at small distances, and an extra dimension with its size below the current
experimental constraint can exist. This extra dimension can either have a flat space-time
geometry (such as the so-called Large Extra Dimension model [20]) or a ‘warped’ geometry.
This section will address the hierarchy problem by the warped space-time geometry in the
Randall-Sundrum (RS) model [21].

The RS Model provides a slice of the warped geometry, AdSs5, connecting the Planck scale
and the TeV scale. The 5d space-time interval is given by the following metric:

ds? = e_2krc¢77w,da?’“‘dx” + r2d¢?, (2.5.1)

where k is the curvature scale of order the Planck scale, z* are space-time coordinates in
4-dim, which are related to the five-dimensional input, r2d¢? refers to the fifth dimension,
r. indicates the size of the compactified radius, 0 < ¢ < 7 is the coordinate for an extra
dimension. Two branes are located at the endpoints (¢ = 0, 7).

The SM fields are assumed to be confined to the TeV brane but they are phenomenologically
allowed to propagate in the bulk if the extra dimensions are small enough, and this allows
to address the fermion mass hierarchy. The scale of the hierarchy can be generated through
the radius (r.) of the fifth dimension: TeV/Mp; ~ e *™¢; kr. ~ 11. The localization
mechanism is responsible for the observed mass hierarchies. It also suppresses FCNCs [22].

The discussed model is based on the Randall-Sundrum (RS1) framework with the scenario
that the graviton (zero-mode, Mmgrquiton = 0) is localized near the UV /Planck brane, and
the Higgs sector is localized near the IR/TeV brane where the energy is warped-down to
the order TeV. The Kaluza-Klein (KK) particles are the excitation modes of the fields in
the bulk. The masses of the fermions generated by Yukawa couplings interactions with
the Higgs are on the IR brane. One can localize the light fermions close to the UV brane
to make their effective Yukawa couplings hierarchically small. Hence, in this scenario,
couplings of KK gravitons to light fermions are highly suppressed resulting in the fact
that the gg production of gravitons at the LHC is negligible [21]. In contrast, the SM
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2. Theoretical Overview

gluons have no such constraints. The gg coupling to KK graviton is suppressed only by the
warp factor, which rescales gluon fields localised on the TeV brane. Thus, gg fusion is the
non-negligible KK graviton production mode at the LHC.

One feature of the model is that KK gravitons have a mass ~TeV and are localized near
the TeV brane so that KK graviton coupling to W, Z, top quark and Higgs is only ~TeV
suppressed (instead of Planck scale suppressed). The KK gravitons (spin-2 resonances)
can be reconstructed from their decay products. The graviton decays into longitudinal
gauge bosons W /Z are dominant compared to those of the transverse W /Z channels as
W1,/ Z1, are effectively the unphysical Goldstone bosons. The partial decay width given the
assumption of the Higgs localized on the TeV brane is:

a\2,..G
NG — 2,7,) ~ E0n) T (2.5.2)
4807

where c = k/Mp;, xg is a parameter that gives the masses of the KK graviton: mg =k

Couplings of KK Graviton

A general formula for couplings of the bulk fields (denoted by F) to the KK gravitons
(denoted by G) is:

1 o,V m,n
L6 = SmnaCrini 3" by ()T @) (2:5.3)

where hgqf; corresponds to the ¢* mode KK graviton interacting with the m!* and n'"
modes of the guage field. Mp ~ 2.4 x 10'® GeV is the reduced 4-dim Planck scale, 7 is
the 4-dim Minkowski metric, TF(LZZ’H) is the 4-dim energy-momentum tensor that includes
the contribution from the gluon and W/Z bosons. C£Z§ comes from the overlapping of
particles’ wave functions in the 5 dimension. By keeping the 5-dim dependence in Cfl’ﬁ”g,
the T}, represents as the usual 4-dim couplings. The production is dominated by gluon
fusion due to Yukawa-suppressed ¢g annihilation to KK graviton.

The relevant matrix elements for the process gg — VV, with V = W, Z via KK graviton
are [21]:

G
G b  AAG . —krR;Tn C\2 dab[Axi xorsna]
M/\l)\2)\3>\4 (gag — VV) = _C’OOn e (7177;7?) X Eng — m% —1{—;1_‘36‘;”7 (254)

where \; refer to initial and final state polarizations. a, b are colour factors. I'g is the
total decay width of KK graviton, which is 13(cz$)2m$ /9607. A is the amplitude of the
production.

Theoretical predictions of the graviton production cross-section times ZZ branching ratio
for the model used in the £¢ + ER search (assuming k/Mp; = 1) [1] are in the range
from around 1.3 pb to 1 fb for a graviton mass range of 600—2000 GeV [21].
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Chapter 3

The ATLAS Experiment at the LHC

The Large Hadron Collider (LHC) [23] is a particle accelerator, 27 kilometres in circum-
ference, located on the border of France and Switzerland near Geneva. In the LHC, two
beams move in opposite directions and are accelerated to near the speed of light. The
beams contain protons which are bundled in bunches, and each bunch contains around
100 billion protons. At four collision points, the beams cross and protons collide with
each other. To capture their collisions, there are four detectors which provide information
about the resultant particles including their trajectory, electrical charge, and energy. The
four detectors are called A Large Ion Collider Experiment (ALICE), A Toroidal LHC
ApparatuS (ATLAS), Compact Muon Solenoid (CMS) and LHCb which stands for LHC
beauty. However, in most collisions, the two protons beams pass through each other without
any significant outcome. To produce enough events of a certain process, one needs either
a large enough hadronic cross-section (by increasing the centre of mass energy), a large
luminosity, or both. To make a new heavy particle, highly energetic colliding particles are
required according to Einstein’s equation, E = mc?. The strategy in terms of increasing
energy is described in Section 3.1 and luminosity is described in Section 3.2, followed by the
ATLAS detector including different detecting subsystems in Section 3.3. The trigger which
selects the interesting collision events, and the data acquisition system which is responsible
for collecting the data recorded by the detectors is given in Section 3.4.

3.1. Accelerator

The LHC is a synchrotron designed to produce pp collisions at an energy of 7 TeV per
proton. The hydrogen atoms are first ionized in an electric field and pre-accelerated through
a series of accelerators: the linear accelerator (Linac 2), the Proton Synchrotron Booster
(PSB), Proton Synchrotron (PS), and the Super Proton Synchrotron (SPS). The proton
energy is increased to 450 GeV in the SPS and the beam is passed into the LHC main ring
as shown in Figure 3.1.1. The LHC’s radio-frequency (RF) cavities bring the energy of the
protons up to 6.5 TeV. The LHC was designed for a collision energy of 14 TeV, but it has
only reached 13 TeV, due to magnet limitations.
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Figure 3.1.1.: The LHC accelerator system. Image from Ref. [24].

Radiofrequency (RF) cavities take radio waves of all frequencies and amplify them into one
resonant frequency producing a strong electric field. This amplification is based on the
shape of the cavity. In the LHC, per round, each proton experiences a maximum voltage
of 16 mega-volts (MV) given eight cavities of 2 MV voltage each at a radio frequency of
400 MHz (frr). A particle synchronised with the RF is called a synchronous particle. All
the other particles in the accelerator will oscillate around this synchronous point. This
means the particles will ‘clumped’ around the synchronous particle in a bunch. The spacing
between proton bunches in the LHC is 25 ns, determined at the PS and SPS pre-acceleration
stages before injection into the LHC ring.

As the energy of the beam increases, the strength of the magnetic fields also has to increase
to make the beam travel in a circle. The main dipole magnets with 8.3 Tesla magnetic field
are used to bend the paths of the particles, and quadrupoles help focus the proton beam
with the aim of increasing the chance of proton-proton collisions. Figure 3.1.2 illustrates a
quadrupole magnet focusing in one plane and defocussing in the other. Pairs of quadrupole
magnets work together around the beam pipe to squeeze the beam both vertically and
horizontally.

3.2. Luminosity

The luminosity is used to describe the number of particles per meter squared per second in
a beam. The LHC instantaneous luminosity (£) can approximately be given by assuming
that the colliding beams follow Gaussian distributions in the x and y components. The
instantaneous luminosity depends on the number of protons in respective bunches (N; and
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3.2. Luminosity

Figure 3.1.2.: Quadrupole magnets. The positive particles (protons in LHC) come from
the right. The first quadrupole takes control of the beam width while the second one does
the same with the beam height [25].

N, as there can be a different number of protons per crossing bunch), the cross-sectional
size of the bunch (o) and the revolution frequency (frey):

Lo M el (3.2.1)
One of the beam properties used to describe the average spread of particles in position-and-
momentum phase space is called beam emittance (¢) with units of length (or length x angle).
Figure 3.2.1 shows the emittance as the area of an ellipse where each particle corresponds
to a pair of (z, ') values on the phase-space plot where 2 describes the position and
describes its angle w.r.t the central path of the proton. The beam dimension projected
onto the x-axis is 24/¢/3. The bunch cross-section is therefore determined by squaring the
beam dimension, 4¢3. The amplitude function, 3, is determined by the accelerator magnet
configuration (the S minima are at the collision point, and the [ is increased with the
distance depending on the quadrupole magnet arrangement). By comparing the bunch
cross-section, 4wo? and 4¢3, B can be expressed in terms of o and e:

8 = m* (3.2.2)

Apart from making high population bunches (N) of low emittance collide at high frequency,
squeezing the beam as much as possible before the interaction point will help increasing
the number of collisions. The value of the amplitude function at the interaction point (3*)
can be used to describe the LHC luminosity:

2
=Nl p (3.2.3)

where N is the number of particles per bunch, n; is the number of bunches per beam,
frev is the revolution frequency of the proton, v, is the relativistic gamma factor, €, is the
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3. The ATLAS Experiment at the LHC

normalized transverse beam emittance, 5* is the beta function at the collision point, and F
is the geometric luminosity reduction fraction due to the crossing angle at the interaction
point.

each point corresponds.
to (x,x7) values of a
single particle

(a)
Figure 3.2.1.: The emittance is the area (length = x angle 2’) of the ellipse [26].

The LHC design peak luminosity is 103* cm™2s™!. This number corresponds to §* =
0.55 m, €, = 3.75 pm, frep = 11.2 kHz, 2808 bunches per proton beam and 10'* protons per
bunch. The actual instantaneous luminosity that can be reached is larger, and it decreases
with time for each LHC fill. For example, the LHC reached a peak luminosity of 1.5 x 1034
in 2017 and 2 x 10! em~2s7! in 2018.

The integrated luminosity (L), which is directly related to the number of observed events
associated with a certain process over the sensitive time, i.e., excluding dead-time and
operational problems of a machine, is defined by integrating the instantaneous luminosity
over time:

L= [cat (3.2.4)

The integrated luminosity is shown in Figure 3.2.2. A total of 156 fb~! of data was delivered
to the ATLAS and CMS detectors for the full Run-2 (2015—2018). Of this, a total of 147
fb~! of data was recorded by ATLAS.

A large luminosity comes with a price as multiple pp interactions may occur simultaneously
per bunch crossing, this is called pile-up. The methods to mitigate pile-up effects are
described in Section 5.4.2.

The High-Luminosity Large Hadron Collider

The HL-LHC aims to increase the instantaneous luminosity and to produce ~3000 fb~! of
data between 2027 and 2037, increasing the potential for precision measurements of the
SM, including the Higgs boson and to find rare new processes. In order to do so, parts
of the LHC will have to be upgraded. To achieve the desired higher luminosity, one will

28



826

827

828

829

830

831

832

833

834

835

836

837

838

839

840

841

842

843

3.3. The ATLAS Detector

— 70p
=
%“ 60—
_g - 2017
£ S0~
= |
a C
B 40—
T B
o =
2 30
= i
20—
10—
O e
02-Mar 02-May 01-Jul 31-Aug 31-Oct 31-Dec

Figure 3.2.2.: Integrated luminosity delivered by the LHC machine to the ATLAS and
CMS detectors experiments during the 2011 to 2018 runs [27].

for example require a series of focusing magnets that are more powerful than the existing
LHC magnets. Improving the technology in the accelerator is not enough, the detectors
which were designed for the original LHC must also be upgraded. The original detectors
are not able to handle the increase in luminosity, therefore, the tracking system will have
to be replaced entirely, using different detector techniques to deal with the issues of high
occupancy and radiation damage.

3.3. The ATLAS Detector

The ATLAS detector (Figure 3.3.1) has a forward-backward symmetric, cylindrical geometry
around the interaction point. The detector is 44 meters long and 25 meters high and was
designed to probe particles produced at the centre of the detector. ATLAS uses a standard
right-handed coordinate system. The coordinate system is defined with the positive x-axis
pointing inward to the centre of the LHC, the y-axis is defined as pointing upwards, and
so the z-axis is along the beam direction. The polar angle 6 is measured from the z-axis
(0 < 6 < 7) while the azimuthal angle ¢ is measured from the x-axis in the x-y plane
(0 < ¢ < 27). Instead of the angle 6, usually the rapidity (or pseudo-rapidity) of an object
is used. This is because the shape of the rapidity (or pseudo-rapidity) distribution remains
unchanged under a longitudinal Lorentz boost. The definition of the rapidity is:

I ((EHP=
E_pz ’
3.3.1
o v/m? + p?+ pcosb ( )
V/m2+p? —pcosh |

At very high energy (p > m), the rapidity can be approximated as the pseudo-rapidity,

y:

N = N
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n=—In [tan(g)]. The tangent is defined by a transverse distance over a longitudinal
distance where the longitudinal distance gets a factor v under a Lorentz boost:

tan ~ % — tanf ~ — = ytanb. (3.3.2)

zr, Axr/y
The v factor will be cancelled out when taking the difference of pseudorapidity of two
particles, 1 — g = 77/1 — 77,2.
The angular distance AR between two particles is defined as AR = \/m The
transverse momentum is the component of the particle momentum vector in the x-y plane.
The vector sum of the transverse momenta is zero both initially and after collisions, so any
imbalance in pr is accounted as the missing transverse momentum.

25m h

Tile calorimeters

LAr hadronic end-cap and

§ forward calorimeters
Pixel detector \

LAr electromagnetic calorimeters

Toroid magnets

Muon chambers Solenoid magnet
Semiconductor fracker

(a)
Figure 3.3.1.: ATLAS detector. Image from Ref. [28].

Transition radiation fracker

The magnet configuration shapes the design of the detector consisting of a central solenoid,
two end-cap toroids, and a barrel toroid. The 2.6 T solenoidal magnet surrounds the
ATLAS tracking detector with the capability to bend the tracks of the charged particles
such that the momentum can be measured from their trajectories. The eight-fold toroidal
magnets generate approximately 0.5 and 1 T magnetic fields [29] for the muon detector in
the barrel (|n| < 1.05) and end-cap (1.4 < |n| < 2.7) regions, respectively. These magnets
are assembled around the calorimeters.

The ATLAS detector is designed in order to exploit two features. Charged particles ionize
the tracking system, and both neutral and charged particles interact with calorimeters
generating more particles in the form of particle showers. Figure 3.3.2 shows that electrons,
muons, and charged hadrons leave a track in the tracking system while photons, neutrinos
and neutral hadrons do not interact in this way. The tracking system will be explained in
Section 3.3.1. Electrons and photons induce particle showers over shorter distances while
hadrons penetrate deeply into the detector. The calorimeter system will be detailed in
Section 3.3.2. Muons ionize but they do not produce showers. The design of the muon
spectrometer is described in Section 3.3.3. Neutrinos neither ionize nor shower.
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Figure 3.3.2.: ATLAS detector with particle tracks and showers. Image from Ref. [30].

3.3.1. Tracking System

The ATLAS Inner Detector (ID) [31, 32] consists of the Pixel Detector (the Insertable
B-Layer (IBL) is part of it) which is the closest detector to the interaction point, the silicon
strip (SCT) detector which surrounds the Pixel Detector, and the transition radiation
tracker (TRT) which is outside the silicon detector as illustrated in Figure 3.3.3 with the
various radii for each layer. The ID provides charged particle tracking coverage in the range
of |n| < 2.5.

The binary (or ternary in some cases) signals, hits, in each detector are used to reconstruct
the tracks of charged particles. For clear pattern recognition, one wants either low detector
occupancy by having a highly granular detector, or large hit redundancy by giving a large
number of detecting layers.

Pixel Detector

The high granularity and fast response of the Pixel Detector are required in order to have
a precise and efficient measurement of the trajectories originating from the interaction
region. Moreover, radiation hard technologies and an efficient cooling system for high
power density are needed to handle the estimated charged particle fluxes.

The Pixel Detector is subdivided into three barrel layers at radii 50.8, 88.5 and 122.5 mm
(the IBL is placed at 33.25 mm), and three disks on either side for the forward direction at
a distance of 49.5, 58, and 65 cm.

The Pixel Detector is designed to provide three measurement points per track in the
pseudo-rapidity region || < 2. The pixel principle is to segment a diode in two dimensions
instead of strips measuring in one dimension. This allows for better pattern recognition. A
cross-sectional view of a pixel module is shown in Figure 3.3.4. The sensor is subdivided
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R =1082mm

TRT

R = 443mm

R =371mm

R =299mm

R =122.5mm
Pixels { R=88.5mm
R = 50.5mm
R = 33.25mm

R =0mm

Figure 3.3.3.: The beam pipe, the IBL, three Pixel layers, four cylindrical layers of the
SCT and the TRT are shown for the ID in the barrel region. Image from Ref. [33].

into 47,232 (328 x 144) pixels which are connected individually to 16 front-end (FE) chips
using bump bonding. The typical pixel size is ~50 x 400 pm? (50 x 600 um? pixels in
gaps between FE chips). The maximum occupancy is expected in the innermost barrel
layer, making pixel segmentation in this radial range mandatory. The achieved occupancy
is ~ 5 x 1074 per pixel.

The area of a single silicon sensor is approximately 2 x 6 cm?. The sensors are 250 pm
thick, using oxygenated n-type bulk material to enhance the radiation hardness combined
with readout pixels on the n"-implanted side of the detector to improve position resolution.
The advantage of the n™ — in — n sensors is that after irradiation with high particle fluxes
(the n-doped silicon becomes effectively p doped), the sensor’s depletion region grows from
the pixel electrode side into the sensor such that the drifting charge carriers are still seen
by the electrodes, which is not necessarily the case for p™ — in — n sensor types (it depends
on the applied depletion voltage).

Each FE chip is connected to 2880 pixels with a data transfer rate at about 40 - 160 MHz
depending on the layer. The 80 million readout channels are arranged into 67 million pixels
in three cylindrical barrel layers and 13 million in its end-cap disk layers.

Silicon Strip Tracker

The Semiconductor Tracker (SCT) is the middle layer of the ID. The SCT is made of
four barrel layers and nine end-cap disks on each side. The barrel layers are placed at
radii between 299 mm and 514 mm while the end-cap discs cover a tracking volume in the
range from 854 mm to 2720 mm in the |z| direction. The SCT modules use segmented
80 pm pitch strips in the barrel and 70-90 pm pitch strips in the end-cap disks. To
provide two-dimensional hit information, the silicon modules consist of pairs of micro-strip
sensors. The sensors are glued back-to-back at a 40 mrad stereo angle to build space-points.
Typically there are eight strip measurements corresponding to four space-points in the SCT
to provide the information of particles originating in the beam-interaction region.
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sensor backside metal

sensor pixel implant \

HV

R/O pixel

readout chip

(a)

Figure 3.3.4.: The sensor and electronics chip (readout chip) have pixels of the same size,
bonded to each other by means of bump contacts. Each read-out pixel corresponds to a
front-end channel. Image from Ref. [34].

Transition Radiation Tracker

At larger radii, the TRT comprises many layers of proportional drift tubes (‘straws’) with a
diameter of 4 mm interleaved with transition radiation material made from polypropylene
foils (end-cap) or fibres (barrel). A charged particle passing through the straw ionizes the
gas creating ionization clusters, and free electrons drift towards a wire at the centre of the
tube and cascade in the electric field, producing a signal that is used for tracking. The
space between the straws is filled with a material that can cause a charged relativistic
particle to radiate a photon. The photons can ionize the Xe in the gas mixture, resulting
in a larger signal. Lighter, more relativistic particles such as electrons radiate more energy
in the foil than heavier particles such as pions, allowing for electron-pion discrimination.
To exploit this effect, the readout defines both a low-level and high-level threshold in order
to identify the presence of more transition radiation in a straw.

3.3.2. Calorimeter System

The ATLAS calorimeter system is designed to measure the energy of produced particles
including both charged and neutral particles. The produced particle interacts with dense
matter and produces a cascade of secondary particles with lower energies, which further
can produce more particles. Depending on the particle, the cascade processes form
electromagnetic and hadronic showers.

To fully stop these particles, the ATLAS calorimeters are built with large sampling, which
consists of alternating layers of absorbers and active materials with full ¢ symmetry and
coverage around the beam axis. The layout of the sampling calorimeters is shown in
Figure 3.3.5. The electromagnetic calorimeter (EMCal) surrounds the ID and covers the
region |n| < 1.475 and 1.375 < |n| < 3.2 for the electromagnetic interaction. The hadronic
calorimeter (HCal) is placed outside the EMCal. The HCal for measuring hadrons through
their strong interactions includes the tile calorimeter [35] in the central regions and extended
barrels. It also includes two liquid-argon (LAr) [36] hadronic end-cap calorimeters (HEC)
and the liquid-argon (LAr) forward calorimeter (FCal) in the end-caps. The information on
the particles’ direction can also be derived from the segmented structure of the calorimeters.

The generic parametrisation of relative energy resolution is given by (for both sampling
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LAr electromagnetic =
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(a)
Figure 3.3.5.: A view of the ATLAS calorimeter system [37].

and homogeneous calorimeters !):

o(Ep) a b
= — Ph —
Ey vV Eq Ey

& c (3.3.3)

where a, b and c represent the stochastic, noise and constant terms of the energy resolution,
respectively. It is assumed that the interaction with the active material (Ey o< Nyot) follows
a Poisson distribution with the relation of o(Ep) o< Nyot o v/ Niot.

Eq. 3.3.3 shows that the higher the particle’s energy, the better the energy resolution.

Electromagnetic Calorimeter

The main goal of an EMCal is to identify electromagnetic showers initiated by electrons or
photons and to measure their energy. There are two main types of interactions produced
via the electromagnetic force in the EMCal: pair production and bremsstrahlung.

For photons, the pair production is the dominant radiative process at high energy (above
O(10 MeV) in lead) [38] . If the photon interacts with an atomic nucleus, the remaining
energy of the photon can be converted into an electron-positron pair. Photons can also lose
their energy through Compton Scattering (v + e — +' + €’) or the photo-electric effect
(y+Z— Z*t + e7). Below O(1 MeV), the photo-electric effect is the dominant form of
interaction.

For electrons there are two dominant effects through which electrons lose energy in
the interaction with matter: ionization/excitation of atoms (Compton Scattering) or

"Homogeneous calorimeters are full absorption detectors, one single active medium for both energy
degradation and signal generation. Usually, sampling calorimeters are more compact and cost-effective
than homogeneous calorimeters.
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3.3. The ATLAS Detector

Bremsstrahlung. If an electron encounters an atomic nucleus, and its energy FE. is above
some critical energy FE., it will be deflected and produce electromagnetic radiation, which
is called Bremsstrahlung. On the other hand, electrons lose energy via ionization if F, <
E.. The critical energy E. for the electrons is approximated as:

800 MeV

i 3.3.4
<= Z 19 (3.34)

where Z is the atomic number of the interacting material. In the ATLAS EMCal the high
energy electrons and photons pass through several layers of active material creating large
showers before they are eventually stopped. The energy of electrons and photons decreases
exponentially:

E(x) = Ege /%o, (3.3.5)

where X is defined to quantify the radiation length where the number of particles double
and the energy half (if only pair production and bremsstrahlung are considered), x is the
distance that the particle travels and Ej is the particle’s original energy. An electron loses
about 2/3 of its original energy on average when emitting photons and photons have a
probability of 7/9 for pair production in one radiation length (Xy). For Z > 4, X can be
approximated using the following expression:

1

ho\? 1
— =4 < ) Z(Z 4+ 1)a’nglog( 83

Zl/g)?

(3.3.6)
Xo MeC

where Z is the atomic number, n, is the number density of the nucleus, & is the reduced
Planck constant, m,. is the electron rest mass, c the speed of light, and « is the fine structure

constant. In principle, photons and electrons are completely stopped in 20 X within the
EMCal.

Electrons and photons primarily interact in the lead absorber and the outgoing charged
particles ionize the LAr. Electrons then drift in the LAr gap and produce the signal
on the readout electrodes. To get a fast charge collection, the EMCal is designed in an
accordion-shape with the additional advantage of full coverage in ¢ without any cracks.
The central EMCal is made of two half-barrels, each half-barrel is made of 1024 accordion
shaped absorbers interleaved with readout electrodes. The total thickness is 24 radiation
lengths X in the barrel and 26 X in the end-caps.
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Figure 3.3.6.: A view of the EMCal module located at n = 0 in the barrel. Image from
Ref. [33].

The energy resolution (Equation 3.3.3) in the barrel has been studied as a function of
energy in the range from 10 to 245 GeV at n = 0.687. The values of a and ¢, after noise
subtraction (the noise term b is around 200 MeV), are obtained from the CERN SPS HS8
and H6 beam lines, using electrons and positrons, and the results are in agreement with
the Monte-Carlo simulations of the test-beam set-up [29]:

o(Ey)  10%
Ey Vv Eo
The EMCal is segmented in the (7, ¢) direction. The first layer is finely segmented in 7

as shown in Figure 3.3.6 in the 0 < n < 1.5 region, which can help to distinguish single
photons from pions decaying into two photons.

& 0.2% (3.3.7)

Hadronic Calorimeter

Hadronic showers are initiated by the hadrons (e.g., p, n, 7, K...) through various processes,
which make them more complex than electromagnetic cascades. The resulting showers
contain hadronic particles, nucleus fragments, secondary particles, such as electromagnetic
components generated from neutral pions, and invisible energy (neutrinos). The hadronic
shower development is parametrised in terms of nuclear interaction length, A (analogous to
Xy), which is given by:

A

NaOinel

A= (3.3.8)

where ojne; ~ 00A%7 indicates that the cross-section is independent of the energy of the
incident hadrons (e.g., n, 7, K...). 09 ~ 35 mb. A is the mass number of the nucleus. n, is
the number density of the nucleus.

Due to long interaction lengths (10A;n: ~1—2 m), hadronic calorimeters are always sampling,
otherwise the absorber would be too heavy. The sampling tile calorimeter is one of the HCal
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3.3. The ATLAS Detector

sub-detectors. It covers the region |n| < 1.7 and is located behind the LAr EMCal. The
tile calorimeter is divided into a central barrel region, 5.8 m in length, and two extended
barrels, each 2.6 m in length. The HEC sits in the pseudo-rapidity range of 1.5 < |n| < 3.2
and the FCal is located in the range of 3.1 < |n| < 4.9 as shown in Figure 3.3.5.

The barrel calorimeter uses steel as the absorber and a scintillator as the active material.
The HEC consists of two wheels in each end-cap, HEC1 and HEC2, and is a copper/LAr
sampling calorimeter. The FCal is segmented into three 45 cm radiation length modules,
FCall, FCal2, and FCal3. FCall uses copper (A = 63.55) as the absorber while FCal2
and FCal3 mainly use tungsten (A = 183.85). The FCal is important for detecting physics
processes with forward ‘jets’ (see Section 5.4) such as in VBF Higgs production. The HCal
has a coarser granularity than the EMCal.

It is important to have good pion measurements in the calorimeters for jets. The performance
of the fractional energy resolution expressed in Equation 3.3.3 for the combined barrel LAr
electromagnetic and tile calorimeter with electronic noise is [29]:

Ey vVEy  Ep

The stochastic and constant terms, after noise subtraction, for the HEC are [29]:

& 3% (3.3.9)

o(Eo) _ 70.6%
Ey VEy

For the FCal using a more sophisticated technique, the stochastic term and constant term
can be reduced to [29]:

@ 5.8% (3.3.10)

o(Ey) _ T0%
B~ VR 3% (3.3.11)

The expression of the resolution in Eq. 3.3.10 and 3.3.11 are based on test beam
measurements after noise subtraction.

3.3.3. Muon Spectrometer

Muons lose energy mainly via ionization (they do not produce showers) which is well-
described by the Bethe-Bloch equation [39]. Muons interact electromagnetically but they
only radiate a small fraction of their energy when passing through matter due to their
high mass. They are 200 times heavier and therefore radiate 40,000 times less energy than
electrons, which makes muons penetrating particles.

The muon systems [40] are placed in the outer part of the ATLAS detector and are designed
to detect tracks in the pseudo-rapidity range |n| < 2.7 in a magnetic field of around 2 T.
The chambers in the barrel are placed at three different radii of approximately 5, 7.5, and
10 m as illustrated in Figure 3.3.7. Muon chambers form large wheels in the two end-cap
regions that are located at distances of |z| ~ 7.4, 14, and 21.5 m from the interaction point.
The muon detectors trace a muon’s path by tracking its position through hits from the
passage of a muon in each station. This corresponds to a momentum measurement as
muons with more momentum bend less in the magnetic field.

The muon systems consist of two types of systems of precision-tracking chambers:
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Figure 3.3.7.: A schematic representation of the muon spectrometer in the z-y projections
[41].

1042 e Monitored Drift Tubes (MDTSs) consist of multiple layers of aluminium tubes and
1043 cover the region |n| < 2.7. (The coverage is limited up to |n| < 2.0 in the innermost
1044 end-cap tracking layer.)

1045 e Cathode Strip Chambers (CSCs) are multi-wire proportional chambers, which help

1046 with resolving multi-track ambiguities and are placed in the forward region of the
1047 inner-most tracking layer where the occupancy is relatively high. (The CSC covers
1048 the region 2 < |n| < 2.7.)

140 There also are two types of independent fast trigger chambers which can deliver track
1050 information within a few tens of nanoseconds:

1051 e Resistive Plate Chambers (RPCs) are in the barrel, in the region |n| < 1.05. RPCs

1052 are made out of two parallel electrode-plates separated by a spacing of 2 mm which
1053 is filled with a gas mixture.

1054 e Thin Gap Chambers (TGCs) are multi-wire proportional chambers which have better
105 resolution than RPCs and are located in the end-caps, in the region 1.05 < |n| < 2.4.

156 ' The chamber resolution and the intrinsic time in which the signal is converted into binary
1057 numbers are summarised in Table 3.3.1 [33].

] | Chamber resolution (RMS) in |

Type | Function Z/R 1) time
MDT | tracking | 35 pum (Z2) — —

CSC | tracking | 40 pm (R) | 5 mm 7 ns
RPC | trigger | 10 mm (Z) | 10 mm 1.5 ns
TGC | trigger | 2-6 mm (R) | 3-7 mm 4 ns

Table 3.3.1.: Parameters of the four sub-systems of the muon detector.
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3.4. Trigger and Data Acquisition

Due to the enormous amount of data taken by the ATLAS detector, it is impossible
to archive and then reprocess data offline with a rate of 40 MHz (LHC bunch crossing
frequency). Therefore, ATLAS has implemented a trigger and Data Acquisition (TDAQ)
system to receive and interpret sensor signals from the detector and convert them at a high
rate, together with event filters, into a dataset [42]. This dataset can then be analysed for
the diverse physics programs. The trigger system is designed to retain a high efficiency for
signals of interest, fast execution time, as well as achieve high rejection rates for pile-up,
detector noise, and low-pp QCD processes. Data acquisition systems must be robust
against varying data-taking conditions and detector problems while minimizing dead-time.
The sources of the dead-time come from computer or detector downtime, or operational
dead-time, such as starting/stopping data-taking periods and trigger vetoes.

Figure 3.4.1 shows the principal block diagram for the TDAQ system. The system consists
of a hardware-based first-level trigger (L1) and a software-based high-level trigger (HLT).
The first level trigger decision uses the L1 calorimeter (L1Calo), and L1 muon (L1Muon)
information to decide if the event is interesting enough to be read out. The decision time for
an L1 accept is 2.5 ps. If an incoming event passes L1 selection, the event gets transferred
to the ReadOut Drivers (RODs) and ReadOut System (ROS). Regions of Interest (ROIs)
are also defined at the L1 stage. The maximum L1 output rate of the data associated
with the event for all components of the detector is about 100 kHz. The HLT receives
information from L1 (either the Rol or the whole event) and it performs a simplified version
of the offline reconstruction algorithms, reducing the output rate to ~1 kHz.

Calorimeter detectors

TileCal| Muon detectors
Detector
Level-1 Calo Level-1 Muon Read-Out
Preprocessor Endcap Barrel
sector logic ‘ | sector logic s
(nMCM] | 1 :
l |—| ,—l P —_ —
CP (e,y,1) JEP (jet, E) L’ v ROD ROD
CMX ‘ CMX MUCTPI =
| 8
<
i
L1Topo °©
>
cTP g
CTPCORE
» | CTPOUT

Central Trigger 5

Level-1 2

[}

g Data Collection Network
Rol Fast TracKer +——
(FTK)

High Level Trigger

{HCT) Accept
Processors O(28k) II
Event

Data

Data Storage

‘ Tier-0 ‘

Figure 3.4.1.: Schematic overview of the ATLAS trigger and data acquisition system in
Run 2. Image from Ref. [43].

The information from muon detectors and calorimeters is typically used in L1 triggers
because they encounter low occupancy and have clear pattern recognition. Tracking
detectors, on the other hand, have large collections of hits and complex reconstruction
algorithms. Some particle identification can be done in L1; Jet Rols are required to have
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the sum of electromagnetic and hadronic energy (trigger towers) in a An x A¢ = 0.4 x 0.4
area above a given Ep threshold. Electron/photon ROIs use the electromagnetic energy
in a core area of An x A¢ = 0.2 x 0.2. Additionally, to reject hadrons, the energy in a
ring around the core can be required to be smaller than a certain value (isolation), and
the hadronic energy behind the electromagnetic core can be required to be small. The
summed-tower energies are used in the E%iss trigger. The Muon trigger uses a subset of
the muon spectrometer.

The HLT uses complex algorithms and full-granularity detector data, which results in
better energy and position resolutions than in the L1. For many objects, the HLT system
only deals with Rol input from the Level 1 trigger, and the reconstruction algorithms are
close to the offline ones [42] (see Chapter 5). The HLT processing time is longer than the
L1, allowing for more information to be extracted. The processing time for one event is
determined by the number of pile-up interactions. The more pile-up an event has, the
more processing time is required. The average HLT processing time per event is 230 ms at
5.2 x 103 em™2s71, <u> ~ 15 [44] (the definition of y is explained in Section 5.4).

Each physics signature defines a set of trigger chains where the event selections are
implemented at the L1 and HLT, i.e.‘€24_lhmedium_L1EM20VH’ where e stands for an
electron from the decision at the HLT, and EM stands for an electromagnetic element
formed at the L1. Chains require either full event building (EB) or partial EB with only
sub-detector information. An individual prescale factor of N can be given to each chain,
meaning 1 out of N passing events would be accepted. The collection of all signatures is
called the trigger menu. The menu consists of:

e Primary physics triggers: they are used for physics analyses, typically running
unprescaled.

e Support triggers: they are used for efficiency and performance measurements or
monitoring.

e Calibration and timing triggers: they are used for detector calibrations.

Recorded events are grouped into categories called data streams. The main physics streams
contain all triggers for physics analyses, such as Egamma, Muons, JetTauMET, MinBias
(minimal requirements), and B-physics. Figure 3.4.2 shows the HLT trigger rate of the main
physics streams as a function of time for a run acquired in 2018 with a peak luminosity of L
=2.0 x 10% cm™2s~! and a peak average number of interactions per crossing of <> = 56.
The HLT trigger rates decrease exponentially during a fill due to the luminosity decrease.
The dips are caused by dead time and spikes are the effects of detector noise.

The raw data which passed the HLT is sent to the Tier-0 (the CERN Data Centre), and
then it is distributed to the Tier-1. The Tier-1 consists of 13 computer centres around the
world that store the LHC data.
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ATLAS Trigger Operation -~ Main physics MET
2.5 HLT physics group rates (with overlaps) mem Combined = b-jet 1
pp data, September 2018, vs=13 TeV B-physics and LS mmm Jet
Photon Muon
2.0 e Tau s Electron -
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Figure 3.4.2.: HLT physics trigger group rates as a function of time in a fill taken in 2018
[45].

41






1121

1122

1123

1124

1125

1126

1127

1128

1129

1130

1131

1132

1133

1134

1135

1136

1137

1138

1139

1140

1141

1142

1143

1144

1145

1146

1147

Chapter 4

Monte Carlo Generators

This section discusses the generators that are used to describe the observable characteristics
of the physics processes of interest. Monte Carlo event generators give physicists the
capability to predict events and topologies, including the rate at which they occur. They
are used as a tool to optimize signal-to-background ratios, estimate detector acceptance
conditions, interpret the significance of observations, etc. Different Monte Carlo generators
perform calculations differently. Therefore it is desirable to make use of several generators
to simulate a given process. There are a number of different Monte Carlo event generators,
such as PYTHIA [46], HERWIG [47], and SHERPA [48].

Monte Carlo methods are used to generate hadronic events according to the relevant
probability distributions and obtain a list of all final-state particles. The final-state
particles can be passed through the simulation of the detectors [49]; this simulates how
particles bend in magnetic fields and interact with the detector if they interact at all. The
output of this simulation can be used in the physics analysis and compared to experimental
data.

This chapter is organized in three parts: Section 4.1 contains a description of the hadronic
event generators. Section 4.2 gives the Monte Carlo samples used in the analysis presented
in this thesis. Section 4.3 introduces the computational framework MATRIX, and presents
the derived theoretical uncertainties for the ZZ and Z~ processes.

4.1. Simulation of Hadronic Processes

Events are the different types of physics processes occurring in collisions. Event generators
consist of the main components listed below. The models used for the various generators
can be different, e.g., for the treatment of the soft and collinear radiation.

e Hard scattering The simulation is built around the hard scattering, and partonic
events are generated according to their matrix elements and phase space. The pro-
grams compute the hard-scattering cross-section at some given order in perturbation
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4. Monte Carlo Generators

theory. For example, the leading order (LO) has the lowest number of couplings
for which a process can occur. The calculations nowadays are usually performed at
next-to-leading-order (NLO), increasingly also at next-to-NLO (NNLO).

e Parton Density Function (PDF) The two incoming partons that enter the hard
interaction only carry a fraction of the momenta of the protons and the structure
functions are a measure of the probability to find a parton with a given momentum
fraction inside a proton probed at a squared energy scale Q2.

e Parton showers The QCD partons entering or exiting the hard scattering can radiate
gluons. The subsequent partons cascade because gluons produce quark—antiquark pairs
and gluons radiate gluons, generating showers. Programs often model this process
with approximate higher-order real-emission corrections to the hard scattering.

e Fragmentation and decay As the momentum scale of the event goes lower, to
the order of 1 GeV, non-perturbative effects and hadronisation become prominent.
Hadronisation is the formation of colourless hadrons out of coloured partons. A
rescaling of momenta is required to prevent violations of momentum conservation
from independent fragmentations after the hadronisation is completed. These hadrons
produced during hadronisation are mostly unstable, and therefore, they sequentially
decay into the experimentally observable particles.

o Underlying event Each hard interaction only considers two partons colliding head-
on from each incoming hadron, but it is possible to have more than one pair of
partons interacting with each other in a given hadron-hadron collision. All the other
partons acting to produce the beam jets found along the directions of the original
incoming hadrons are included in an underlying event.

Running Coupling

A hadron is composed of many point-like constituents, namely quarks and gluons, referred
to as partons. The strong interaction between quarks and gluons is described by QCD.
However, to make exact calculations in QCD is usually impossible in practice. At a short
distance, the effective strong coupling becomes small. Therefore, one can make an expansion
in powers of the coupling parameters and approximate it by a finite number of terms,
keeping only the dominant terms. A beta function is defined as:

a 2
@) = o = (o) + D) + o) (@

If one keeps the first contribution term of the beta function (fy) and integrates from energy
scale ,u?% to Q?, the strong coupling can be expressed by an approximate estimation of the
beta function:

os(p3), Q2 (4.1.2)
1 3 logg

A renormalisation pp is chosen, and variations (normally by factors of 1/2 or 2) are tried
out to probe how sensitive the result is to the choice of the pr. The coupling «y is
evaluated at scale Q% as shown in Figure 4.1.1. The strong coupling becomes small at
short distances (large momentum transfer). This is the regime where the perturbative
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4.1. Simulation of Hadronic Processes

approach is valid. As the energy goes to infinity, the coupling becomes zero. This is
known as asymptotic freedom. In contrast, the coupling increases with decreasing energy
scale meaning the coupling becomes large at low energies, and one can no longer rely
on perturbation theory. As the energy goes to zero, the coupling diverges. This is
called confinement. There is a cutoff Q? ~ A?, which indicates the boundary between
non-perturbative and perturbative energy ranges.

April 2016

v T decays (N’LO)
a DIS jets (NLO)
0 Heavy Quarkonia (NLO)

o e'e jets & shapes (res. NNLO) !
® ¢.w. precision fits (N*LO)

pp —> jets (NLO)

v pp —> tt (NNLO)

o (Q?)

0.3

<

0.1}

QCD ot5(M,) = 0.1181 + 0.0011
l 160 1000

Y Q1Gev]

Figure 4.1.1.: The QCD running coupling o as a function of the momentum transfer Q.
The shown numbers are based on the 7-decays from the ALEPH data using N°LO QCD, a
lattice calculation, the QCD interaction between two heavy quarks in quarkonium bound
state, ete™ hadronic event shape, a global fit to electroweak precision data, and CMS data
on the measurement of the jets cross-sections using NLO QCD and the measurement of
the ¢t cross-section using NNLO QCD [50].

Parton Distribution Functions and Cross-Sections

The total cross-section for a proton-proton collision is separated into two parts based on the
QCD factorization theorem: the universal parton distribution functions (not perturbatively
calculable) and the hard scattering cross-section (perturbatively-calculable).

The PDF is the parton distribution as a function of the longitudinal momentum fraction x
as illustrated for the proton in Figure 4.1.2. The valence up and down quark distributions
peak at x ~ 0.2 and sea quark and gluon distributions grow at small z. The typical
momentum transfer for Higgs boson production is at energy scale 10* GeV? with x ~1072
at 13 TeV. The kinematic constraint requires that f;(z) = 0 when = > 1 (i denotes a given
quark flavour (or flavour combination) or the gluon). To transform measurements obtained
at one scale to a different one, the renormalisation group equations of the PDFs (also called
the DGLAP equations) are essential.

Due to the non-perturbative nature of QCD at low energies, parton distribution functions
cannot be calculated analytically. PDFs are obtained from fitting observables (cross-sections)
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Figure 4.1.2.: The momentum probability densities z f;(x) are shown at low scale (10 GeV?)
on the left and at high scale (10* GeV?) on the right. Image from Ref. [51].

to experimental data combining information from different processes and scales. PDFs
are extracted from various data sets from hadron colliders and deep inelastic scattering
experiments, such as the electron-proton HERA collider. The LHAPDF [52] library provides
a unified interface to all major PDF sets, including uncertainties.

Considering the Drell-Yan process, one can measure the invariant mass of the final state
object (Mx) as an external probe to study the variation of parton densities. The di-lepton
final state gets the momentum fractions of the quark and anti-quark in the protons: z,
and xp at leading order. The partonic centre-of-mass energy (§) is related to the LHC
centre-of-mass energy (s) through the relations:

8= (pa+pp)? =p2+pi+2pa Do = 22,2pPs - Py = 1415, (4.1.3)

where p, and pp are the massless parton momenta.

The observable hadronic cross-sections are a convolution of a partonic cross-section
calculated with incoming quarks/gluons carrying the momentum fractions (z, and z3) and
the renormalisation (up) and factorisation (up) scales times the respective PDFs, which
depend on pp. Thus the total cross-section is given as:

Opp—X — 2a,b / dwad$bfa (xaa M%’)fb(xbv M%)a’ab—ﬁ( (waa Tp; As, /1327 M%«“)a (414)

where the PDFs f, and f; give the probability of finding the partons of type a and b in the
two incoming hadrons and 645, x is the cross-section for the short distance interaction of
the partons.

Matrix Element

The cross-section for the production of the final state X through the initial partons a and
b can be written as:
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4.1. Simulation of Hadronic Processes

. 1
Gurx = [ Mo P o ) (115)

where M is the ‘matrix element’ encoding the physics of the processes which can be
evaluated in different ways. The parton flux 1/(23) is 1/(2z4xps). d®,, is the differential
Lorentz-invariant phase space element over the n final-state particles, which also depends
on initial-state particles a and b:

d?’pi

de, = || m—==
(271')32E1'

= - (2m)* 8 (pa + pp — Ty i), (4.1.6)

i=1
where p, and p, are the initial-state momenta given by z,P, and x;P, from the fixed
hadron momenta, respectively. p; are the final state momenta and the index i goes over
the final state partons and the Dirac delta function ensures momentum conservation.

Parton Shower Based Programs v.s. Pure Matrix Element Based Programs

A 2 — 3 process might be described either in terms of a basic 2 — 3 matrix element, or
in the form of a 2 — 2 hard scattering followed by final state radiation. This leads to
two different approaches in the Monte Carlo program functionality, parton showers (PS)
and matrix elements (ME). It is desirable to combine higher order ME and PS. To avoid
double-counting when combining the different descriptions is technically challenging.

Parton shower (PS) programs take a fixed-order matrix element and add initial and final
state parton radiation to it. For LO and NLO matrix elements, adding a parton shower has
been implemented in a general way. For higher-order matrix elements (such as NNLO), this
has only been achieved for a few processes so far. The next stage of the PS simulation is to
consider that a parton may either split into two partons, or it may not. If two outcoming
partons (b and ¢) are adjacent in colour and collinear, they can be identified to originate
from the same parton a with p, = 2zp, and p. = (1 — z)p,. The differential cross-section of
n+1 splitting partons is:

dt  as(t, 2)

d0n+1 = dO’n X E(IE(],QTdZ o Paﬁbyc(zﬁ), (417)

where P, . is the probability of parton splitting for the splitting of partons b and ¢ from
the parton a. The splitting partons carry fraction z and (1-z) of the momentum of parton
a, respectively.

The PS formalism is approximate, but universal, which means the shower evolution is
not allowed to depend on the details of the hard scattering, but only on the energies and
flavours of incoming and outgoing partons, and an overall Q? scale for the hard scattering.
To mimic the events produced in a hadron collider, fragmentation and underlying event
can be added.

PS matching to higher order matrix elements is complicated. Therefore, going to predictions
with the highest available order, one often needs to rely on pure Matrix Element programs.
The matrix elements are at fixed order, which can lead to divergences in certain phase
space regions, unless some form of resummation is performed. The PS programs play the
role of numerical resummation. There are alternative analytical techniques, e.g., the QCD
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4. Monte Carlo Generators

perturbative prediction can be resummed to all orders in the framework of the so-called
leading-log QCD.

Overall, parton shower based programs are fairly easy to use to simulate a new postulated
physics process in sufficient detail to establish experimental feasibility. They generate more
inclusive event samples and later discard those events that do not satisfy the requirements.
On the other hand, the matrix element programs are useful for generating events at highest
available accuracy within very specific phase-space regions since selections on kinematic
variables can be included from the start.

4.2. Simulated Samples

This section describes the Monte Carlo samples and generators used to model background
and signal processes for the H — ZZ — ¢T¢~vv search [1]. The Z~ samples are used in the
Z~ method described in Chapter 6. Several processes can produce the same experimental
signature of 2-leptons plus missing transverse momentum.

Monte Carlo samples are analysed in a reduced format with respect to the original analysis
object data (xAOD), namely the ‘derivation’ or DxAOD. Derivations are produced centrally.
Their purpose is to reduce sample size, add new variables and selections, and apply new or
revised combined performance recommendations.

Monte Carlo samples are used to simulate background processes as well as signal processes.
All the samples were generated for a centre-of-mass energy of 13 TeV and passed through the
full GEANT4 [49] simulation of the ATLAS detector. The same reconstruction algorithms
are applied as in the data. All of the samples listed in this section have three datasets,
mcl6a (for 2015+2016 data), mcl6d (for 2017 data), and mcl6e (for 2018 data). Each
dataset corresponds to different pileup conditions during data-taking.

Monte Carlo samples have been centrally produced by the ATLAS Physics Modelling Group
(PMG), which also provides the cross-section value and the filter efficiency (for example,
putting a requirement on the lower pt for the partons to avoid generating unimportant
events). Whenever a higher-order cross-section computation is available, this is taken into
account with a K-factor which is used to adjust the cross-section when normalising the
sample to the integrated luminosity of the dataset [53]. Different Monte Carlo generators
interfaced with different parton showering programs were used.

Samples for the (T/~ v Analysis
Background Samples

Table 4.2.1 summarises the simulated background Monte Carlo samples used in the analysis
[54]. The details on the irreducible backgrounds samples can be found in Table 4.2.2. The
Z7 — 04~ vu process (I = e, u, 7) and EW production of qq — ¢4~ vvjj are simulated
using the SHERPA [48] event generator with NNPFD3.0NNLO PDF in the case of ¢qg and
gg initial state production. The gg — ZZ processes include a QCD K-factor of 1.7. This
factor is calculated by taking the ratio between NLO and LO gg — ZZ cross-sections at
13 TeV [55]. A factor of 1.5 is taken into account for the neutrino flavours, because the
simulation only contains processes where the neutrino flavour is different from the lepton
flavour, thus avoiding double counting the WW (lvilv) contribution. The WW process is
modelled with POWHEG (¢q) and SHERPA (gg).
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4.2. Simulated Samples

In the W Z process, two final states are important, fv¢™¢~ and qqg¢*¢~ (I = e, p, 7). The
NLO SHERPA samples are used because the jet distributions in control regions agree better
with data than in the POWHEG [56] simulation.

The production of three vector bosons is suppressed by the request of no more than two
leptons in the final state. The expected contribution from these samples is then very minor,
compared to that of the di-boson ones. Tri-boson production, VVV, with V=W Z is
simulated by the SHERPA event generator at NLO.

Events that involve the production of a single Z boson are largely rejected due to the
EMiss cut. Even though the contribution is small, the Z + jets background has significant
systematic uncertainties, as the modelling of the El}liss depends on the modelling of pile-up
interactions and on the jet energy response. Moreover, the Z + jets background enters in
many control regions defined to estimate other backgrounds, so its modelling is crucial in
these analyses, in particular that of the EITniss and transverse mass distribution. The Z
+ jets process is simulated using the SHERPA version 2.2.1 event generator. Studies have
shown that this version provides good agreement with data. The agreement is better than
the previously used MADGRAPH [57] generator, which does not model the Z pr distribution
well and required bin-by-bin reweighting of the Z pr distribution, affecting other variables
important for this analysis, like ARy. For this reason, SHERPA was chosen for Z + jets
process simulation. The SHERPA samples with 0, 1 or 2 jets at LO and 3 or 4 jets at LO
are considered.

Background samples for top-pair production, as well as single top and Wt production, are
simulated using POWHEG interfaced with PYTHIA 8 for parton shower. The ¢t sample is
filtered at the event generator level requiring at least one lepton originating from a W
boson with pr > 1 GeV. Single top production is considered in s-channel and t-channel.
For W-boson with single top associated production, inclusive samples have been used.

Background samples for top-pair production in association with one vector boson (W
or Z) are simulated with the MADGRAPH5_aMC@NLO generator [58] interfaced with
PyTHIA 8. Background samples for top-pair production in association with two W bosons
are simulated at LO with the MADGRAPH generator interfaced with PyTHIA 8. These
samples have a minor impact on the total background in the £¢ 4+ EsS final state.

Process Generator ME Order PDF Set PS/UE/MPI
wZz SHERPA 2.2.2 0,1jNLO + 2,3jLO NNPDF30NNLO SHERPA
qq — WW Powneg-Box NLO CT10 PyTHIA
g9 —> WW SHERPA 2.2.2 LO + 0,1j NNPDF20NNLO SHERPA
Tri-boson SHERPA 2.2.2 0jNLO + 1,2;L.O NNPDF30NNLO SHERPA
Z + jets SHERPA 2.2.1 0,1,2jNLO + 3,4jLO | NNPDF30NNLO SHERPA
Top-pair and single top POWHEG NLO CT10 PyTHIA
ttV and ttVV MADGRAPH5_aMC@QNLO NLO A14NNPDF23 PyTHIA

Table 4.2.1.: Summary of simulated Monte Carlo event samples used in the analyses. The
details are described in the text. PS/UE/MPI mean parton shower, underlying-event and
multi-parton interaction, respectively.
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4. Monte Carlo Generators

Signal Samples

Heavy Higgs boson production through gluon-gluon fusion is modelled with POWHEG-BoOx
v2. Gluon—gluon fusion and vector-boson fusion production modes are calculated separately
with ME up to NLO in QCD. POWHEG-B0OX v2 is interfaced to PYTHIA 8 for parton
showering and hadronisation and for decaying the heavy Higgs boson into /¢~ vir. The
LO CT10 PDF set is used to for the hard-scattering process. Monte Carlo samples are
generated for various Higgs masses ranging from 300 GeV to 2000 GeV.

The graviton samples (Spin-2 Kaluza—Klein gravitons from the bulk Randall-Sundrum
model) are produced with the MADGRAPH5_aMC@NLO generator at LO in QCD with the
NNPDF2.3 LO PDF set. It is interfaced to PYTHIA for parton showering and hadronisation
with the A14 set of tuned parameters and for decaying the heavy resonance boson. The
dimensionless coupling &/ Mpr, where Mp;r = Mpy / /87 is the reduced Planck scale and
k is the curvature scale of the extra dimension, is set to 1. The width of the resonance
is correlated with the coupling k/Mp; and in this configuration is around 6% of its mass.
Mass points between 600 GeV and 2 TeV with 200 GeV spacing are generated.

Samples for the Z~v Method

Table 4.2.2 summarises the simulated MC samples used in the Z+ method where the ~
is treated as the Eﬁ?iss. The dominant background to the Z~ signal is Z + jets, which
is estimated using a data-driven method. The background from top-quark production
is estimated from a simulated sample of tfy events with one or both of the top quarks
decaying semileptonically. Other backgrounds, such as (vll(W Z), L0el(ZZ), WW~ and
W Z~ productions contribute a negligible amount when the full analysis selection is applied.

The Z(¢¢)~ sample is generated with SHERPA 2.2.2 (NLO). For the photons, Frixione
isolation (see Eq. 4.3.10) with parameters € as 0.1, dp as 0.1 and n as 2 is used. The
gg — Z~ sample has a very small cross section and is not included. In addition to
the SHERPA simulation, a ME based MATRIX calculation [59] is also performed for the
(qq/g99)¢t ¢~ and (qq/g9)ZZ processes and used to calculate the cross-section ratio. This
calculation does not include the simulation of the ATLAS detector.

The differences between SHERPA and MATRIX are summarised as follows.
MATRIX

e fixed order NNLO

e includes NNLO virtual corrections
SHERPA

e NLOO jet, NLOLI jet, LO2, LO3

e includes parton shower

e processed through full ATLAS simulation

4.3. ZZ/Z~ Cross-Section Ratio Using the Matrix
Generator

The theoretical cross-section ratio of the ZZ and Z~ processes is a crucial ingredient to the
data-driven ZZ estimate from Z+ events and is presented in this section, as well as the
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4.3. ZZ/Z~ Cross-Section Ratio Using the MATRIX Generator

Process Generator ME Order PDF Set PS/UE/MPI
tty MADGRAPH5_aMCQ@NLO 2.2.3 NLO NNPDF2.3 LO PyTHIA
(aq)Zy — 0Ty SHERPA 2.2.2 NLO NNPDF30NNLO SHERPA
(ga/99)Z7Z — ¢t 0~ v SHERPA 2.2.2 g9(LO), ¢q(NLO) NNPDF30NNLO SHERPA
qq — lvvjj SHERPA 2.2.2 NLO NNPDF30NNLO SHERPA
(¢q/99)Zy —LFT e~ MATRIX g9(LO), qq(NNLO) | NNPDF30_lo_as_0118 -
(¢9/99)ZZ — (T4~ vi MATRIX 99(LO), ¢g(NNLO) | NNPDF30_lo_as 0118

Table 4.2.2.: List of Monte Carlo samples used for the Z~ method: the background process
(line 1) and ¢~ signal (line 2). ZZ Monte Carlos (line 3 and line 4) are used for the
closure checks in the Zv method. An alternative calculation using the MATRIX generator
for the ¢*¢~~ and ZZ — {T¢~ v processes is presented. PS/UE/MPI mean parton shower,
underlying-event and multi-parton interaction, respectively.

i related theoretical uncertainties. Within the MATRIX framework [59], ZZ (¢*¢~vv) and
s Z7y (L7~ ) theoretical predictions are fully differential at QCD next-to-next-to-leading
1373 order (NNLO) where the boson pairs are produced via quark annihilation [60, 61]. The
174 behaviour of EW corrections was investigated in Ref. [62].

175 This section presents the ZZ/Z~ cross section ratio and its uncertainties in two parts:
1376 results with preselection cuts applied are shown in Section 4.3.1, and a study with more
1377 additional cuts is shown in 4.3.2. The discussed uncertainties will be included in the Z~
1378 method as described in Section 6.3.

1379 Despite similar production mechanisms between the ZZ and Z~ at high vector boson pr,
1380 care has to be taken due to the Z and + mass difference. The production ratio of the ZZ
a1 and Zv as a function of the Z(vv) boson and the v pt will be shown first.

sz The notation at LO, NLO, and NNLO for the QCD prediction in a generic variable x (x =
1s3 pr) is:

d
4z O NELO QCD» (4.3.1)

1ss  with k = 0,1,2. The nominal predictions are provided at NNLO (k = 2) QCD. And the
1385 relative correction factors are defined as

d
4z O NELO qcp(p) = kaLO(%M)%UNkNALO QCD(M)- (4.3.2)

1ss  The knnro (or knro) factors reflect the ratio of NNLO/NLO (or NLO/LO) QCD predictions,
1357 which are used to correct the result obtained from the NLO (or LO) Monte Carlo. *

1ss  For the Z~ method, the K-factors are calculated for the production ratio of the ¢ or g¢ — ZZ / Z~
1ss  processes at NLO and NNLO. Note that the published cross-section of gg — ZZ(Z~) is
1o only available at NLO (LO) [63]. The gg — Z~ process at NLO is then approximated by
o1 applying the k{7 /1o factor from the ZZ process. The notations of the NNLO production
1302 for distinguishing between including ggr,0 and ggnr.o are onnyro and o, NNLO, Tespectively:

OaNNLO = ONnLo T OXLO-
IThe k factors depend on the choice of PDFs. Our choice is that all N*LO and LO cross-sections are
based on the same set of NNLO PDFs.

o1
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1303 Electroweak Corrections

1304+  Electroweak corrections cannot be neglected, especially in the tails of the distribution. The
1305 current results are LO in EW, but the calculations with high-order diagrams to improve
1396 the accuracy of the prediction are needed. The NLO EW contribution to pp — ¢T¢~vi is
1307 at O(a’). At this order both the ¢ and y7 channels (the latter contributes at higher order
130 in EW) receive EW corrections from two variants [62]:

1309 e Virtual EW corrections: coupling to weak bosons (in the ¢¢ channel) or coupling

1400 to a heavy-fermion loop (in the 7 channel).

1401 e Real EW corrections: real photon emission (in the ¢ channel) or photon bremsstrahlung
1402 (in the vy channel).

103 The impact of NLO EW corrections is calculated by combining the QCD corrections (Agcep)
1o and EW higher-order corrections (Agw), using both an additive and a multiplicative
uos approach, defined, respectively, as [62]:

donNLO QCeD+EW = doro(l 4+ Aqep + Agw) + do??,

4.3.4
donnLo QepxEw = doro(1 + Apw)(1 + Aqcep) + do??, ( )

1uos where do¥9 is the gg production. The prediction with EW corrections is then given by
o7 taking the average of the multiplicative and additive corrections. The difference between
uos one of the prescriptions and the average is taken as the EW correction uncertainty in the
1oy Z~ method.

1410 The event preselection is described in Table 4.3.1. Additionally the photon Frixione isolation
un is set to €, = 0.075, Rg = 0.2, and n=1. The calculation is performed using the MATRIX
12 computational framework at /s = 13 TeV with the CT14 PDF set.

Variable |  ZZ |  Zy
Niep 2

P > 30 GeV

P > 20 GeV

j8 > 60 GeV -

Py - > 60 GeV
AR(l,7) - > 04
Myy 76 < myy < 106 GeV

Table 4.3.1.: Event selection for ZZ (left column) and Zv (right column) events.

113 The resulting distribution of the ratio of the di-boson differential cross-section as a function
114 of the truth pr is shown in Figure 4.3.1. The predictions are calculated with EW corrections
s as well, and the EW corrections lead to a decrease in the cross-section ratio at high boson
116 pr by ~10%.

17 4.3.1. Uncertainties on the 77 /Z~ Cross-section Ratio: without applying
1418 any cuts beyond the Z mass requirement

1419 Because the cross-sections depend on the choice of PDFs, QCD scales, photon isolation,
120 ete, the theoretical uncertainties on the ratio are considered, which will then be propagated
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Figure 4.3.1.: The ratio of the ZZ and Z~ differential cross-section as a function of the
photon or Z (vv) pr. The NNLO QCD distributions is plotted (in green) along with both
the additive (NNLO QCD + EW in red), multiplicative (NNLO QCD x EW in blue) and
the average EW (in violet) prescriptions. The ratio of the distributions with respect to
NNLO QCD is presented in the lower panel [64].
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4. Monte Carlo Generators

through to the overall uncertainty on the Z+ method (see Section 6.3). The understanding
of the uncertainty of the relationship between the ZZ and Z~ processes will be presented
in this section.

QCD uncertainties

This paragraph will address the uncertainty, which is caused by uncalculated higher-order
(HO) terms in perturbative calculations [65]. The renormalisation and factorisation scales

of the ZZ and Zv processes are chosen to be the same with the form pgr p = /m% + p¥.

The uncertainties due to missing higher-orders are typically determined by varying factori-
sation and renormalisation scales, which are called seven-point variations. The nominal
prediction is used as the central value and related uncertainties are defined as the half-width
of the band resulting from the variations. The variation can be expressed in terms of
production cross-section and the ratio:

5scale

O'(.T) — (O_V,rnax(x) o O_V,min(l,)) ,

(4.3.5)

5scaleR(x) — (RV,max(x) . RV,min(x)) )

N =N =

where O.V,max’ O_V7In1n, RV,max’ and RV,mln

correspond to the maximal and minimal values
of seven-point variations on the cross-section and the ratio, respectively.

The scale variations tend to underestimate shape uncertainties, thus, for a reasonably
conservative estimate of shape uncertainties, an additional variation is introduced:

6shapea($) = Wahape (x)6shapeg(x)’

4.3.6
5shapeR(x) = Wehape (LU)(SShapeR(l‘), ( )

where §%2P¢  the standard scale uncertainty, is supplemented by a shape distortion Wshape ().
The function wgpape is defined as:

2 2
_ b —P1po
Pr+ 0ty

Wshape (PT) = tanh [lnm}
Pbro

(4.3.7)
where pOT is the reference transverse momentum, chosen to be in the middle of the range of
interest. For the Z+ method, 250 GeV is chosen.

The scale and shape uncertainties assume that the renormalisation and factorisation scales
of the Z~ and ZZ processes adopt the same behaviour. The scale in Equation 4.3.5 is
varied coherently for both processes, causing a partial cancellation, so that the uncertainty
on the ratio is smaller than that on either cross-section.

For the non-correlated part of the ZZ and Z~ QCD scale uncertainties, an additional higher
order (HO) correction uncertainty is estimated. The difference between the ZZ and Z~
K -factors is considered a conservative value to assess differences between the processes,
which is defined as 677€:

Z Z
5HOkn1¥7NLO(x) = kn]’\nyLO(w) - kg]%NLO(x)v (4.3.8)
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4.3. ZZ/Z~ Cross-Section Ratio Using the MATRIX Generator

where nNNLO indicates that the LO ggZZ and LO ggZ~ are replaced by the NLO version
to have a more accurate description.

The total uncertainty of the QCD is at the level of 2% in most bins as shown in the
ratio panel of Fig 4.3.2. The QCD uncertainty is calculated by adding scale, shape, and
higher-order uncertainties in quadrature.

20.04F ' e ! -
« = l ]
& 0.03 Y TR =
el - i

0.021— — =
0.01 gy =
OF -]
-0.01~ —— Scale uncertainty 5** |
_0_02;_ ok ““Shape‘unceﬂainty'ssh"“e' _;
~0.03f -~ HO uncertainty- 5"° =
—0.04 P I S =
20,04 : — 3

0 100 200 300 400 500 600 700 800 900 1000

pY [GeV]

Figure 4.3.2.: Relative scale, shape, and HO uncertainties on the ratio of ZZ and Z~
distributions at NNLO QCD. In the ratios panel, three uncertainty sources are combined
in quadrature [64].

PDF Uncertainties

The role of PDF uncertainties can be significant especially at high-pt, where PDF's tend
to be less precise. The PDFs are estimated using the 30 eigenvectors provided by the
PDF4LHC15_30 set [66]. This uncertainty is evaluated using NLO predictions with NNLO
PDFs on the cross-section and the ratio in the following way:

§PDF . _ \/lej:l(ak — 00)2,

439
PDF _ N k _ R0)2 ( )
SPPFR = /SN (RE - ROP2,

where N corresponds to the number of PDF sets (we have tested N=30). The ¢* (R¥) and
o? (R?) are the cross-sections (ratio) evaluated for each set and for the nominal PDF set
respectively.

The PDFs [66] uncertainty on the ratio of ZZ and Z~ contributes around 1% to 2 % in all
pT regions.
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4. Monte Carlo Generators

The Photon-isolation Prescription and Uncertainties

Due to the presence of ¢ — ¢y collinear singularities and the need to suppress them to

obtain a finite prediction in perturbation theory, the Frixione isolation approach is adopted

which is defined as:

1—cosR\"
> (4.3.10)

Ei:partcms/hadronspT,i@(‘R - ARVY) < €0PT,y (1—008]%0

where the sum runs over all quarks/gluons and hadrons within a cone of radius R. The
pr,i and pr ., represent the transverse momenta of partons/hadrons and the photon. The
pr-fraction €p, the cone size Ry, and n are free parameters that allow one to control the
amount of QCD radiation in the vicinity of the photon.

Varying the Frixione parameters shows that the ratio changes only within ~1%, so §%° =
1% is assigned as a conservative uncertainty.

In conclusion, the production ratio as a function of the photon or Z (vv) pr with breakdown
of associated uncertainties is shown in Figure 4.3.3. The largest contribution is from EW
corrections, which is about 3% for pp > 500 GeV.
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Figure 4.3.3.: Relative EW (red), QCD (blue), PDF (green) and photon isolation (violet)
uncertainties on the ratio ZZ and Z~ are shown. The bottom panel shows the combined
uncertainty with EW corrections (solid) and w/o EW corrections (dashed) [64].

4.3.2. Uncertainties on the ZZ/Z~ Cross-section Ratio: additional selec-
tion cuts

More event selections cuts are applied in the £¢ —i—ErTniSS searches to suppress backgrounds.
For a reliable estimate, these selection cuts need to be applied on the ZZ and Z~ events
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4.3. ZZ/Z~ Cross-Section Ratio Using the MATRIX Generator

and will affect the cross section ratio as well as its uncertainties. The additional cut list
(AR, A¢, and truth EF™ significance) is shown in Table 6.3.2.

At the time of this thesis, new studies indicate that the QCD uncertainty following the
current conservative methodology is significantly larger when selection cuts are applied,
while other uncertainties remain very similar. Cuts tend to increase the sensitivity to
additional radiation which increases the QCD scale uncertainty.

This section presents how the additional cuts affect the QCD uncertainties, which include
scale variations, shape, and higher-order uncertainties. As shown in Figure 4.3.4, the
uncertainties are dominated by the higher order uncertainty (~ 10% at low pr) (compared
to Figure 4.3.2). This HO uncertainty is estimated in a fairly conservative way through the
k-factor difference and future studies are needed to understand if it is possible to reduce it.

When the Zv estimate in Chapter 6 was performed, the QCD uncertainty numbers with
selection cuts were not available yet, so the preselection numbers were used.

scale

Scale uncertainty o
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Figure 4.3.4.: The ratio of ZZ and Z~ distributions at NNLO QCD with the additional
selection cuts for relative scale, shape and HO uncertainties are shown. In the ratio panel,
three uncertainty sources are combined in quadrature [64].
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Chapter 5

Object Reconstruction

In ATLAS, the electronic signals might be identified as physical objects (electrons, muons,
taus, photons) or physical processes such as jets. Moreover one can reconstruct invisible
processes, which are the absent signals, based on momentum conservation in an event. The
object reconstruction algorithms translate the detector responses into objects. Once the
objects are identified, their four-momentum is calibrated to correct for detector effects
before they are used in physics analyses. In this chapter, the algorithms for particle
reconstruction in the ATLAS detector are discussed.

The final state signature in the described analyses requires two charged leptons that are
identified as electrons or muons, as well as missing transverse momentum (ER). The
reconstruction algorithms, based on information from the tracking detectors, calorimeters,
and muon systems are developed by the ATLAS collaboration. The track and vertex
reconstruction for the charged particles in the Inner Detector (ID) is presented in Section
5.1. The algorithms for charged leptons are described in Section 5.2 and 5.3 for electrons
and muons, respectively. Reconstructed photons, used in the Z+v method for predicting the
ZZ background (see Section 6.3), are introduced in Section 5.2. The algorithms for the
jet reconstruction and calibration are described in Section 5.4. The E’fTniss reconstruction
algorithm and its performance are presented in Section 5.6.

5.1. Track and Vertex Reconstruction

The ATLAS ID provides the position measurements of charged particles along their tracks.
The momentum of charged particles can then be determined from their bending radius in
the magnetic field. The track reconstruction of the ID consists of several algorithms. This
section introduces the pattern recognition and identification of particle tracks from hits. It
is a very complex task especially with the rapidly increasing number of interactions per
bunch crossing [67]. Vertex reconstruction algorithms used to identify the hard scattering
process and suppress the pile-up contribution are described as well.
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5. Object Reconstruction

Tracks are reconstructed from hits in the ID using the inside-out algorithm, which is the
baseline algorithm, and then are combined with the results of the outside-in algorithm
which starts looking for tracks in the TRT and extends them inwards to add silicon hits
[68].

Track reconstruction with the inside-out algorithm starts by finding seeds, which are
combinations of three space points. Space points are the output of a clustering algorithm
run on the raw hits. Seeds are formed from combinations of three space points in the ID in
order of expected purity, with SCT-only combinations considered first, then pixel-only, and
finally mixed. Requirements are imposed on the momentum and impact parameter of the
seeds, which are calculated assuming a helical trajectory in a uniform magnetic field. A
Kalman filter is then used to build track candidates from the seeds that survive. Typically
20k seeds end up with 2k track candidates. Once track candidates are built, a dedicated
software module for resolving track overlaps and removing outlier hits from tracks is then
inserted as a reward/penalty scheme to find the best candidates. Figure 5.1.1 shows an
example, in which three built tracks a, b, and c share several hits. The ambiguity processor
is then used to select the best silicon-only tracks using a scoring function, which rewards
tracks for the presence of space points, low x?, and high momenta, and penalizes them for
the presence of holes (locations where hits are expected but not found), high x2, and low
momenta. The ambiguity processor can also assign hits that are shared between tracks to
one track, increasing its score and lowering the score of the others. The final step is the
extension of the tracks that survived the ambiguity resolution step in the silicon detector
to the outer TRT tracking system. The TRT hits are a pure extension, meaning the silicon
tracks are not modified.

X o sensor hit
a

AN

b
: ® hole
\ & ambiguous hit

2 module hit

Figure 5.1.1.: Inside-out track reconstruction in the SCT: seeding and track finding with
ambiguity solving. Image from Ref. [69].

The descriptions for the track reconstruction so far are mainly for reconstructing charged
particles from the interaction point. However, particles like electrons from photon
conversions are automatically lost in the procedure of the extension into the TRT if
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5.1. Track and Vertex Reconstruction

they do not have hits in the silicon detector. The outside-in sequence is then followed,
which starts at TRT segments and extrapolates back into the silicon detector (backtracking)
by associating any hits not already used for existing tracks from the inside-out stage.

Tracks are parametrized by five parameters (the geometry of the trajectory parameters is
illustrated in Figure 5.1.2):

(do, 20, ¢, 0, q/|P]) (5.1.1)

where dj is defined as the shortest distance between a track and the beam line in the
transverse plane. zg is defined as the distance in z between the primary vertex and the point
on the track used to evaluate dy. o(dp) and o(zp) denote the corresponding uncertainties,
¢ is measured in the transverse plane in (-, 7), and the polar angle 6 is measured w.r.t.
the z-axis in (0, 7). The right-handed coordinate system is used, as described in Section
3.3. q/| | is the ratio of the charge over momentum.

track

Figure 5.1.2.: Track parameterisation: A trajectory of a charged particle in a magnetic
field requires five track parameters. Image from Ref. [70].

The collection of reconstructed tracks are the input of the vertex reconstruction in the ID.
For the construction of a vertex, tracks must pass several requirements, such as where the
hits are and the maximal number of holes [71]:

o pr > 400 MeV

o || <25

e Number of silicon hit > 9 if || < 1.65
e Number of silicon hit > 11 if |p| > 1.65
e IBL hits + B-layer hits > 1

e A maximum of 1 shared module!

LClusters can be shared by no more than two tracks. A track can have no more than two shared clusters.
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5. Object Reconstruction

e Pixel holes = 0
e SCT holes <1

Different vertex topologies in a typical collision event are shown in Figure 5.1.3. The
reconstruction of primary vertices is crucial for pile-up rejection, flavour tagging, long-lived
particle searches, reconstruction of conversions, etc. Vertex seeds are collected from the
track z-positions along the beam-line and the one with the largest scalar pt sum of tracks
among several reconstructed vertexes is selected as the primary vertex. The number of
vertices increases with the number of interactions per bunch crossing <u>. The vertex
finding is challenging at high <p> once separation distance is less than the resolution on
the vertex position.

@ primary vertex

B pile up vertex

. secnndary vertex

decay chain

proton bunch proton bunch

Figure 5.1.3.: The topologies of primary vertex, pile-up vertex and secondary vertex. Image
from Ref. [72].

5.2. Electrons and Photons

The electron and photon energies are measured via shower production. As described in
Section 3.3.2, the EM showering of electrons and photons are similar processes. Thus, the
reconstruction of electron and photon energy deposits within the calorimeter follows the
same procedure. Nevertheless, an electron and a photon have a fundamental difference in
tracks where electrons are charged, while photons are neutral, leaving no hits except if they
convert into eTe™ leaving curved tracks in the ID. The TRT provides further discriminating
power between electrons and charged hadrons, such as 7+ mesons, based on transition
radiation as described in Section 3.3.1.

The first step in reconstructing an electron or photon is the construction of clusters of
calorimeter energy deposits [73]. The algorithm constructs the dynamic clusters, which
are called super-clusters, using pre-selected tracks and topo-clusters (see Section 5.4.2). In
most regions only the energy from the cells in the EMCal is used, and the energy fraction
in the EMCal is required to be larger than 0.5 [74]. These topo-clusters are matched to
ID tracks, which are re-fitted accounting for bremsstrahlung. The algorithm also builds
conversion vertices and matches them to the topo-clusters.

The super-clusters are built independently for electrons and photons (converted and uncon-
verted photons) as illustrated in Figure 5.2.1. The reconstruction algorithm starts with topo-
cluster sorting in the 4-2-0 scheme (see Section 5.4.2) for reducing cell noise from electronics
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5.2. FElectrons and Photons

and from pile-up. The super-cluster is composed of seed clusters and satellite cluster can-
didates, satisfying the selection criteria within a 3 x 5 window (dn x d¢ = 0.075 x 0.125)
around the seed cluster.

+ . .
All e*, y: Electrons only:
Add all clusters within 3 = 5 window Seed, secondary cluster
around seed cluster, match the same track.
. . Seed cluster
o O satelite
a8
=
™
5% 0.025

Converted photons only:

Add topo-clusters that have the same conversion  Add topo-clusters with a track mateh that is part of
vertex matched as the seed cluster. the conversion vertex maiched to the seed cluster,

- Z

Figure 5.2.1.: Diagram of the super-clustering algorithm for electrons and photons. Seed
clusters are shown in red. Satellite clusters in blue. Image from Ref. [73].

The electron super-cluster is built according to the following:

e A topo-cluster is considered as an electron super-cluster seed if it satisfies Er > 1 GeV.
e The seed must also be matched to a track with at least four hits in the ID.

e Clusters within dn x d¢ = 0.075 x 0.125 of the seed barycentre are considered satellite
clusters and added to the super-cluster.

e Clusters within én x d¢ = 0.125 x 0.3, whose best-matched track is also the best-
matched track of the seed, are also added as satellite clusters.

The unconverted photon super-cluster is constructed in the following way:

e The super-cluster seed has Er > 1.5 GeV and no matching track or conversion vertex.

e Clusters within 69 x d¢ = 0.075 x 0.125 of the seed barycentre are considered satellite
clusters and added to the super-cluster.

For converted photons:

e The super-cluster seed has Er > 1.5 GeV and has a matching track or conversion
vertex.

e A satellite cluster can be added if it matches to a track coming from the conversion
vertex associated to the seed cluster.

o A satellite cluster can be added if the conversion vertex belonging to the seed cluster
is matched to the satellite.
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5. Object Reconstruction

Once the electron and photon super-clusters are built, a sequence of calibration and position
corrections are applied, and tracks are matched to electron super-clusters and conversion
vertices to photon super-clusters. The pt of an electron is calculated using the energy from
the cluster and the direction of the track. It is possible that a seed cluster is consistent with
both an electron and photon hypothesis. Resolving these ambiguous cases is performed on
an analysis-by-analysis basis (if necessary).

The Selection of Electrons in the ¢/ + E%iss Analysis

In the scope of the Zv method (see Section 6.3) and the ¢/ + ER selections [1], the
baseline electrons are required to have transverse momentum pr larger than 7 GeV and
In| < 2.47. After overlap removal (see Section 5.5), electrons with pp > 20 GeV are selected.

Identification is performed using a likelihood, which is a discriminator built using one-
dimensional pdfs of signal and background distributions. The electron likelihood discrim-
inant is composed of shower shape distributions (e.g., ¢/~ results in a narrow width in
n compared to jets), ratio of E7 in the HCal to Er in the EMCal, and quantities that
combine both tracking and calorimeter information. Additional cuts on some of the track
quality distributions, as well as quantities related to whether the reconstructed electron is
consistent with a converted photon, are also applied. There are three working points for the
likelihood identification of electron candidates corresponding to different efficiencies and
fake rejection probabilities: Loose, Medium and Tight selections. The selection is tightened
by applying higher thresholds on the likelihood discriminant, in addition to stricter cuts on
the additional variables mentioned. The Medium working point (WP) is used for selecting
electrons in both Zv method and £ + ER* analyses. For the Medium WP operating point,
the identification efficiency varies from 80% at pr = 20 GeV to 94% at pr = 100 GeV.

The electron efficiency can be estimated directly from data using a tag-and-probe method.
This method exploits di-electron resonances like Z or J/i¢. The tag electron candidate is
required to pass a Tight WP identification and the probe definition is relaxed to include
all reconstructed electrons. The efficiency is then computed from the ratio of the passing
probes to the total probes after accounting for residual background contamination. The
differences observed between data and simulation arise from detector mismodelling, which
for example affects shower shapes in the simulation. For this reason, the scale factors (SF
= €pata/€Mmc) are calculated, and subsequently applied as a correction weight to MC.

To suppress the contribution from non-prompt electrons, which means electrons that are
not from the hard-scatter process, a cut on the impact parameter with respect to the
primary vertex is applied to the electron track in the ID. Specifically |dg significance| < 52
and |zp - sin(f)| < 0.5 mm are required (see the definition in Section 5.1).

In order to enhance prompt production as much as possible, electrons are required to be
isolated with respect to other tracks and calorimeter clusters. The isolation quantity is
measuring the amount of activity in the vicinity of the electron by summing the transverse
energies of clusters in the calorimeter or the transverse momenta of tracks in a cone of
radius AR = 0.2 or 0.3 (in some cases a varying cone size is used) [75]. Signals with
electrons at lower pt may favour tighter isolation requirements, and be willing to sacrifice
some signal in order to ensure high background rejection, whereas signals with electrons
at higher pr may instead favour looser requirements in order to maintain high signal
efficiency. The optimized working points differ in the ratio value of the electron Et and its

2the track impact parameter dO significance is defined as S = do /o (do), where o(dp) is the error on the
reconstructed dg.
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5.2. FElectrons and Photons

isolation quantities. In this analysis, a Loose working point is used for selecting isolated
electrons. The efficiency for electrons with Er = 40 GeV is approximately 90% for the
tightest operating points and nearly 99% for Loose.

Energy calibration and resolution smearing are calculated from data and simulated samples
using multivariate techniques. The calibration scale factor is applied as a correction to the
data to cover the calorimeter response affecting the data, while the difference in energy
resolution between data and simulation and the corresponding efficiency scale factor are
applied to the simulation to ensure that it matches the data.

In 201542016 data and the corresponding MC samples only, electrons which are affected by
an error in the e/ reconstruction code in the crack region of the EMCal are removed. This
is detailed in Section A.1. Table 5.2.1 gives a summary of the electron selection criteria.

Crack Veto exclude events if electrons are in the crack region for 15/16 data
(After OR)
Identification Likelihood Medium ID/Likelihood Loose ID
after
OR/baseline
Kinematic pr > 20 GeV/pr > 7 GeV and |n| < 2.47
cuts after
OR/baseline
Non-prompt |do significance| < 5
cuts
|z0 - sin(f)| < 0.5 mm
Isolation Loose Isolation

Table 5.2.1.: Summary of electron selections.

The Selection of Photons in the ¢/ + E{Fniss Analysis

NOTE: Photons are only used for the Zv method to estimate the ZZ background. The Z~vy
method is described in Chapter 6. The main idea of taking the photon to be a substitute
for the Z is that the photon is expected to have similar kinematics as a Z boson in the
high pr regions.

The photon selection is based on the EM cluster information. First, the photon is classified
as converted or unconverted depending on whether its cluster is associated with a track or a
vertex in the ID. The shower shapes and other discriminating variables are used to identify
between prompt photons and non-prompt photons originating from the decay of neutral
hadrons in jets. Prompt photons typically produce narrow energy deposits in the EMCal
and have minimal leakage in the HCal, while background photons from jets (70 — ) are
characterised by two separate local energy maxima in the finely segmented strips of the
EMCal first layer. The optimization of the photon identification process is used to define
two sets of cuts, Loose and Tight selections. The Tight working point is used for selecting
photons in the Z~ method.

To avoid selecting ‘fragmentation’ photons that are produced from jets during parton
showering, photons are required to be isolated with respect to calorimeter clusters and
tracks. A pp-dependent cone-based isolation is calculated based on the transverse energy
with angular size AR around the direction of the photon candidate. A Loose WP is adopted,
based on both the calorimeter isolation and the track isolation in a cone with AR = 0.2.
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5. Object Reconstruction

The photon identification efficiency is measured to account for the differences between
data and MC, due to detector mismodelling in the simulation. There are three methods to
measure the efficiency in data in bins of E and |n|:

o Radiative Z decays: The events required the presence of a photon candidate and an
opposite-charge pair of electron or muon candidates. A fit to data using signal and
background my;, templates obtained from simulation and a data control region
are used to extract the number of radiative Z events before and after photon
identification selections are applied: the efficiency is defined as the ratio Npass/Nai.
The computation is performed in the range up to Er = 100 GeV due limited statistics
of the Zv events.

e FElectron extrapolation: A sample of electron candidates are selected from Z — ee
decays by using a tag-and-probe method. Contributions from fake electrons are
identified using a template fit to the m., distribution and subtracted. The distributions
of the shower shape variables are modified to match the expected photon profiles
separately for converted and unconverted photons. The photon identification selection
cuts are then applied to the transformed electron shower shapes as if they were photon
candidates. The efficiency is then measured based on the number of the transformed
electron candidates that pass the selections.

e Inclusive photons: An inclusive photon sample is collected using single-photon triggers
over a wide kinematic range. A tight track isolation cut is used to select prompt
photons in the full sample and also in the sub-sample of photon candidates that pass
the tight identification selection. The efficiency is defined as the ratio of the latter to
the former; these terms, as well as the background contamination in the regions, are
determined using a matrix method.

The efficiency of the Tight identification criteria is measured using the three methods
outlined above. All measurements are performed for photons satisfying the loose isolation
selection. The identification efficiency reaches about 95-98% for E; > 70 GeV.

Table 5.2.2 summarises the photon selection for the Z+ method.

Identification Tight ID

Kinematic cuts || pt > 60 GeV (> 10 GeV for baseline)

In| < 1.37 or 1.52 < |n| < 2.37

Isolation Loose

Table 5.2.2.: Summary of photon selections.

5.3. Muons

The information used in the muon reconstruction comes mainly from the ID and the
muon spectrometer (MS). Tracks from muons are initially reconstructed in the ID and MS
independently. An inside-out reconstruction algorithm, in which ID tracks are matched
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5.3. Muons

to MS hits and then a combined fit is performed to reconstruct the so-called combined
muons (CB). Other muon reconstruction algorithms require different identification criteria
depending on which sub-detectors are used.

The Selection of Muons in the ¢/ + Efrniss Analysis

Several working points for muon identification are available, with different efficiencies
and fake rejection probabilities. In this analysis, the Loose WP is used as a baseline
and the Medium WP as nominal. The Medium identification is based on requirements
on the number of hits in the different ID and muon spectrometer sub-systems, and on
the compatibility between ID and muon spectrometer pr measurement to suppress the
contamination due to hadrons which are misidentified as muons. The Loose identification
has a high reconstruction efficiency (there is also VeryLoose with a maximal efficiency, but
there would be far too many fakes), while the Tight identification maximizes the purity of
muons with low muon reconstruction efficiency.

The baseline muons are required to have transverse momentum pr larger than 7 GeV. After
overlap removal, muons with pt greater than 20 GeV are used as signal muons.

To suppress the contribution from cosmic muons and non-prompt muons, a cut on the
impact parameters with respect to the primary vertex is applied to the muon track in the
ID, specifically dy significance < 3 and |2g - sin(f)| < 0.5 mm are required (see the definition
in Section 5.1). In order to avoid muons associated with jets and to additionally suppress
semi-leptonic decays of b hadrons, the candidates are required to be isolated. Isolation
is based on the activity observed in the calorimeter and in the ID both within a cone of
radius AR = 0.2 or 0.3 (in some cases a varying cone size is used) around the muon object.
A loose isolation selection is used for muons, which corresponds to an isolation efficiency of
> 99% for pr > 20 GeV muons.

Finally, to account for effects of detector resolution that are not well reproduced in MC
samples, the transverse momentum of the muons is smeared and weights are applied to
account for the difference in efficiency.

The muon selection is summarised in Table 5.3.1.

Identification || Combined muons with Medium/Loose quality
after
OR/baseline
Kinematic cuts pr > 20 GeV/pr > 7 GeV
after
OR/baseline
Cosmic cuts |do significance| < 3
|20 - sin(6)] < 0.5 mm
Isolation Loose

Table 5.3.1.: Summary of muon selections.
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5. Object Reconstruction

5.4. Jets

The ensemble of quarks and gluons produced from inelastic proton-proton collisions cannot
be isolated due to colour confinement, so they are measured as jets after they undergo
hadronisation in the ATLAS detector. In other words, reconstructed jets are a piece of
information of the detector response to represent the dynamics of the underlying process
formed by a hard-scatter parton.

Dealing with pile-up is a major challenge during jet reconstruction. These additional low
pr pp collisions are differentiated between in-time and out-of-time pile-up. In-time pile-up
refers to the additional pp interactions in the same bunch-crossing. An out-of-time pile-up
corresponds to the deposited energy in the calorimeter from the earlier or following bunch
crossing. In-time effects are related to the number of primary vertices in the bunch crossing,
Npy. Similarly, the out-of-time effects are parametrized in the average number of inelastic
pp interactions per bunch crossing <u> [76]. The p is the bunch pile-up parameter, which
is directly related to the instantaneous luminosity. The effect of out-of-time pile-up is
reduced in the calorimeters by a technique called optimal filter coefficients [77] based on
the different shaped signals of the detector pulse with respect to time [ns].

There exist many variants of jet algorithms that define a deterministic set of rules on how
final-state particles are combined into jets, meaning which particles belong to a jet depends
on the algorithm. Jet clustering algorithms will be discussed in Section 5.4.1. Specific to
ATLAS, topological-cluster (EMTopo) jets and particle-flow (PFlow) jets with jet energy
corrections are presented in Section 5.4.2. The details of jet energy calibration are described
in Section 5.4.3. Additionally, the algorithm developed to reduce pile-up in the event is
summarised in Section 5.4.6.

5.4.1. Reconstruction Algorithms

The definition of a jet is not unique, and there are several approaches in use for reconstructing
jets. Different types of sequential cone algorithms, including anti-k; and k; are described
in the following. These algorithms are specified by the definition of the distance measures:

Ay?j =+ A¢7,2j

dij = min(k,l', k) —"

. dig = kt?ip’ (5.4.1)

where d;; is the distance between two particles ¢ and j with Aygj = (y; — y;j)? and
Agb?j = (¢; — ¢j)2; ki, v, and ¢; are the transverse momentum, rapidity, and azimuth of
particle i, respectively; and R is the jet radius parameter that determines the jet size. The
free parameter p sets the power of the transverse momentum scale. The anti-k;, k;, and
Cambridge/Aachen algorithms correspond to p = -1, 1, and 0, respectively. The variable
d;p calculates the distance from the particle ¢ to the beam.

In the anti-k; algorithm, high-p particles are clustered first, while the k; algorithm clusters
soft particles first. The clustering algorithm works by iterative recombinations until all
particles are part of a jet within the radius R: merging particles ¢ and j by combining two
four-vectors if d;; < d;p, otherwise if d;; > d;p, then particle i is considered a complete
jet and removed from the list of particles. The algorithm repeats this procedure of all
combinations of d;; and d;p until no objects remain. Figure 5.4.1 illustrates the anti-k; and
k: algorithm with the same radius, R = 1. Larger-R is a preference for boosted topologies
while smaller-R is mostly used for QCD jets containing quarks/gluons.
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5.4. Jets

Figure 5.4.1.: Coloured areas represent clustered jets. An illustration of the anti-k; jet
reconstruction is shown on the left and k; algorithm is shown on the right. The preference
for hard radiation can be seen in the features of anti-k; jets [78].

The algorithms are also required to be infrared and collinear (IRC) safe. Collinear safety
means a collinear splitting does not affect the jet boundaries. Figure 5.4.2 (a) gives an
example of an algorithm that is not collinear safe. It shows a jet containing all three partons
while the splitting of the highest pr parton leads to a different jet clustering. Infrared
safety means the soft emission particle does not affect the clustering result drastically. The
soft emission should not change the jet multiplicity. Figure 5.4.2 (b) shows an infrared
unsafe case where the algorithm is sensitive to the soft particle resulting in the two jets
to be merged into one jet. Changing the jet multiplicity means changing the observed
physics. It is thus important to find a set of algorithms that ensure the jet boundaries are
insensitive to both IR and splitting particles in hadronic showers.

All Cambridge/Aachen, anti-k; and k; algorithms are IRC safe. The k; algorithm can
better approximate the stochastic evolution of hadronic showers, while the anti-k; algorithm
starting from the hardest particles is expected to miss some of the deposited energy.
However, the anti-k; algorithm has more benefits (fast, and IRC safe) than drawbacks
(missing energy) in collider environments. The missed energy can be fixed through jet
calibrations. Therefore, the anti-k; algorithm is the preferred one in studies involving jets
performed at the LHC.

5.4.2. EMTopo Jets and Particle Flow Jets
EMTopo Jets

ATLAS primarily uses topological cell clustering (topo-clustering) as the inputs to jet
reconstruction, which are designed to suppress noise effects by grouping cells in a 4-2-0
topo-cluster scheme:

e Seed cells: the energy deposits with & > 4. (see Figure 5.4.3 (a))

e Secondary cells: all neighbor cells or secondary cells with £ > 2. (see Figure 5.4.3

(b))

69



1818

1819

1820

1821

1822

1823

1824

1825

1826

1827

1828

1829

1830

1831

1832

1833

1834

1835

1836

1837

1838

1839

1840

1841

1842

5. Object Reconstruction

PV

(b)

Figure 5.4.2.: (a) Example of collinear unsafety. The jet is changed due to a collinear
splitting. (b) Example of infrared unsafety. Jets are merged after the emission of a soft
particle [79].

e Basic threshold: adding all calorimeter cells adjacent to the topo-cluster. (see
Figure 5.4.3 (c))

where ¢ is the ratio of measured energy divided by the average amount of noise (electronic
and pile-up) expected in the cell:

EM
EM __ Ecell
cell — _EM )
Unoise,cell (542)

g = \/(Uelectronic noise)2 + (Upile—up noise)Q-

Topo-clusters are grouped in three dimensions meaning adjacent cells can be in the same
layer of the same calorimeter, different layers of the same calorimeter, or a different
calorimeter. Topo-clusters can be calibrated at one of two scales: Electromagnetic (EM)
scale which corrects the calorimeter level energies to the electromagnetic scale and Local
cell weighted (LCW) scale which applies different weights to electromagnetic and hadronic
interactions in the calorimeters. The jet energy scale will be detailed in Section 5.4.4.

Origin Correction

The default 4-vector of topo-clusters points toward the centre of the detector. However, a
significant improvement in jet 1 resolution was seen after applying origin corrections. This
is achieved by modifying the jet 4-vector based on the assumption that jets are from the
position of the hard scattering (see Figure 5.4.4). The correction is done event-by-event to
every topo-cluster. The jet energy is unchanged but the jet’s direction is changed.

Particle Flow Jets

Formation of topo-clusters already suppresses some pile-up (primary goal of topo-clusters
is to reject noise). Pile-up suppression can be done not only at the level of an average
topo-cluster but also event-by-event. Several techniques have been developed (see Section
5.4.3, Section 5.4.6) as well as the alternative particle flow (PFlow) jet.

The PFlow approach uses measurements from the tracking system and calorimeters. The
advantage of each measurement is listed below:

Tracking detector:

e Pile-up suppression by requesting the tracks to come from the hard-scatter vertex.
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ATLAS simulation 2010 ATLAS simulation 2010
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Figure 5.4.3.: Building a 4-2-0 topo-cluster. Figure (a) shows the individual calorimeter
cells that are chosen if cells have £ > 4. Figure (b) shows the adjacent cells to the seed
when £ > 2 are added. Figure (c) shows the tertiary cells with £ > 0 [80].
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Figure 5.4.4.: The effect of the origin correction on the 7 resolution for R = 0.4 jets with
LCW scale. Image from Ref. [81].

e Better reconstruction efficiency and momentum resolution at low pr.
Calorimeters:

e Sensitive to both neutral and charged particles.

e Better energy resolution at high pr.

For a single charged pion in the centre of the detector, the design calorimeter energy
resolution is [82]:

o(Eo)  50% 1%
W -0 E® 3.4% (5.4.3)

The equation of the design track resolution shows that the momentum resolution of the
tracker is better than the energy resolution of the calorimeter for low-energy charged
particles [82]:

1
G(p*) -pr = 0.036% - pr @ 1.3% (5.4.4)
T

The PFlow algorithm subtracts the calorimeter cluster matching an extrapolated track.
Because about two-thirds of visible jet energy consist of charged pions, depositing energy in
the tracking detector, the PFlow algorithm uses the pion mass hypothesis for all tracks to
reconstruct jets. The subtraction flow is described in Figure 5.4.5, which can be summarised
into the following steps:

e Matching tracks to topo-clusters. The tracks matched to candidate electrons or
muons (with medium quality criteria, but no isolation requirements) are not selected.

e Evaluation of the expected deposited particle energy A particle with mea-

sured momentum p™* on average is given as: p'™ x the mean response estimated
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5.4. Jets

using single pion samples. The mean response is calculated by summing the energies
of topo-clusters (extrapolated to the second layer of the EMCal) around the track
position over the momentum.

e Recovering split showers. Each track can be matched to one topo-cluster or more.
The charged hadron particles, such as 7% have shower development and leave most
of their energy in the calorimeter detector. In Figure 5.4.6 (a), the track/topo-cluster
matching is shown on the left-hand side where the charged pion is matched to one
topo-cluster, and split shower recovery is shown on the right-hand side where the
charged pion is matched to two topo-clusters. The determination uses the information
from the second item.

e The subtraction procedure. The subtraction does cell-by-cell removal to avoid
taking off contributions from neutral hadrons as shown in Figure 5.4.6 (b). The
remnant energy from shower fluctuations is also removed (Figure 5.4.6 (c)).

Selected

Track
T T Match Track ¢ GO | — s Cell
@L)Isdw mks|—_4)| fo Cluster | > | TPEER i P subtraction [ 7‘ Track

Matched

Cluster Removal

Clust > | Add Clusters [— 2] compute £/ b Modified
e Unmatched > usters P ompute pl Clustors

Clusters Clusters
- Unch ange:

Unmatched Clusters
Clusters

Figure 5.4.5.: A flow chart shows how the neutral particle flow (nPFOs) and charge particle
flow (cPFOs) objects proceed. Image from Ref. [83].

The performance of EMTopo jets and PFlow jets used in the E%ﬁss algorithm is shown in
Section 5.6.5.

5.4.3. Jet Calibration

Particles pass through the sampling calorimeters and deposit their energy until they are
fully stopped. However, not all of the layers are active materials, and so some energy is
deposited in the passive layers, resulting in energy loss that is not recorded. The sampling
fraction of the electromagnetic barrel calorimeter in ATLAS is 18%, which is defined as:

Eactive
Eactive + Epassive

fsample = (545)

About 1/3 of hadronic processes result in neutral pions. Neutral pions decay almost
immediately into two photons, producing an electromagnetic component to the hadronic
shower. The remaining 2/3 include the production of charged hadrons (20%), fragments
of nuclei (30%), neutrons (10%), and invisible, mostly nuclear, processes (40%) [84]. In
other words, a significant fraction of the hadronic shower energy is undetectable. These
effects cause the reconstructed jet momentum to not be the same as the reconstruction
at the truth level. The way to include the missing energy is to calibrate the jets after
reconstruction.

The reconstructed jets are calibrated through a series of sequential steps to make their
energy and mass match the truth jet: area-based pile-up correction (jet ghost-area
subtraction method) with residual pile-up correction, absolute MC-based calibration,
a global sequential calibration (GSC), and in-situ calibration [85].
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Figure 5.4.6.: The shower subtraction procedure in PFlow algorithm dealing with different
cases as discussed in the text. The red cells associated to tracks represent charged hadrons,
while green cells without a track close by are recognized as a neutral hadron or the
photons. The dotted line means the boundaries of the selected cells by the algorithm.
Three electromagnetic calorimeter layers and two tile calorimeter layers are shown. Image
from Ref. [83].
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Area-based Pile-up Correction and Residual Pile-up Correction

The pile-up suppression is the first step of the calibration chain. The jet pr has a dependency
on Npy and p as the multiplicity is increased from both hard-scatter interaction and pile-up

sources. To remove the dependence of the jet pr on the pile-up, using the number of
corT

primary vertices Npy and the average number of interactions per crossing <u>, p7'" is
defined as the following equation correcting the pt of an individual jet:
pP =Y —pxA—ax (Npy —1)—Bxpu (5.4.6)

where jet area A is a measure of how much pile-up will be clustered into the jet (per jet).
The “ghosts” (infinitesimal energy that does not change the energy of the jet) are added
evenly throughout an event with pr density equal to p, which is the median of the jet pp
of R = 0.4 k; jets with |n| < 2 in an event:

p = median (%) . (5.4.7)

The “ghosts” are determined by using k; jets because the k; algorithm is sensitive to the
soft radiation. The p x A term is supposed to subtract the per-event pile-up contribution
to the pr of each jet according to its area. The third and the fourth terms are event specific
in-time pile-up corrections and subtract out-of-time pile-up dependence, respectively. The
coefficients a (-2 I ) and 3 (811?) in Equation 5.4.6 are determined from simulation in bins
of |n| as shown in Flgure 5.4.7 (a) and (b) respectively, and the factors are determined by
linear fits as a function of 7. The subtraction for each jet brings the jet energy scale closer
to the scale without pile-up.

T T T T T ] T ]
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Figure 5.4.7.: (a) In-time pile-up dependence. (b) Out-of-time pile-up dependence. Image
from Ref. [86].

Absolute MC-based Calibration

The absolute MC-based calibration is applied after pile-up corrections for non-compensating
calorimeter response, energy losses in dead material, leakage, truth/reconstructed jet
migration, and biases in the jet n reconstruction. The procedure corrects the reconstructed
jet to the particle level by calculating the average jet energy response (R) and the 7 response.
Isolated reconstructed jets are used and matched to truth jets within AR = 0.3 in the
calibration.
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The inverse of the ratio < % > is applied as an energy correction. The ratio is measured
in bins of B and 14 (the jet n pointing away from the geometric centre of the detector).
Additional correction is applied for the geometric differences in the pseudo-rapidity of
the jet, which is caused by the detector’s transition regions or cracks as shown in Figure
5.4.8. The barrel-endcap (|nget| ~ 1.4) and endcap-forward (|n4e¢| ~ 3.1) regions get higher
corrections. This step is able to bring the jet energy closer to the truth scale, often referred
to as the EM+JES.
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Figure 5.4.8.: The signed difference between the reconstructed and truth jet n, n"¢*° and
n'"¢. Each value is obtained from the corresponding parametrized function derived with
the PyTHIA MC sample, and only jets satisfying pr > 20 GeV are shown. Image from

Ref. [86].

Global Sequential Calibration

Global sequential calibration (GSC) mainly accounts for the jet energy scale (JES) flavour
dependence. For quark-initiated jets, they penetrate deeply into the calorimeter, while for
gluon-initiated jets, they consist of softer components that would lead to non-Gaussian
distribution of tails.

Residual in-situ Calibration

The final stage of the chain accounts for differences between data and MC. The correction
is applied to data to consider detector effects which are not captured by simulation. The
procedures are done by comparing data and MC in several well-known topologies and
consist of three steps in order :

e The 7 inter-calibration: using back-to-back dijet events to calibrate forward jets
(0.8 < |n| < 4.5) to the same energy scale as the central jets (|n| < 0.8).

e The V+jet calibration: Balancing the pr of a jet within |n|<0.8 against a Z or a
~ boson in the pt range 20—800 GeV. One can balance between the full hadronic
recoil in an event and the reference boson, that would be less sensitive to the jet
definition, radius parameter, pile-up and underlying activity.
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5.4. Jets

e The multi-jet calibration: jets can be calibrated in multijet events in the pr range
300 GeV—-2 TeV for large-R jets. A leading large-R jet is balanced against a system
that consists of multiple lower-pr jets (obtained from calibrated small-R anti-k; jets).

The remaining differences between data and MC after in-situ correction are taken as
uncertainties.

5.4.4. Jet Energy Scale Uncertainties

The JES calibration scheme is discussed in Section 5.4.3 including pile-up correction, Monte
Carlo jet energy scale calibration, flavour dependency, and different response in data and
MC. Thus the associated JES uncertainty sources include a set of 80 JES systematic
uncertainty terms. The majority (67) of uncertainties come from the Zv + jet and multi-
jet balance (MJB) in-situ calibrations and account for assumptions made in the event
topology, MC simulation, sample statistics, and propagated uncertainties of the electron,
muon, and photon energy scales. The remaining 13 uncertainties are derived from other
sources: four pile-up uncertainties (Npy, p, p, and pt dependence), three 7 inter-calibration
uncertainties (potential physics mismodelling, statistical uncertainties, and the method
non closure), three jet response uncertainties (quarks-gluons, b-quark, and gluon-initiated),
GSC punch-through correction, a high-pT jet uncertainty, and AFII ? modelling uncertainty.
AFII non-closure is applied only to AFII MC samples [85].

When constructing the full set of uncertainty sources, each component is generally treated
uncorrelated. But there are some exceptions, such as the electron and photon energy scale
measurement. The full combination of all uncertainties is shown in Figure 5.4.9 where
the JES uncertainty varies between 1—4.5% in the central region with n = 0 and the
uncertainty is quite independent on 7 and the largest value is about 2.5% for forward jets
with pt = 80 GeV.
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Figure 5.4.9.: Combined uncertainty in the JES of fully calibrated jets as a function of (a)
jet pr at n = 0. (b) n at pr = 80 GeV. Image from Ref. [85].

5.4.5. Jet Energy Resolution

The Jet Energy Resolution (JER) is an important quantity giving the peak width of the
Gaussian jet response distributions as a function of energy. The energy and momentum

3AFTI (Atlfast2) and AFIIF (Atlfast2F) are fast simulations. Some ways that can speed up simulation:
approximate geometry (only keep sensitive modules identical), approximate models, etc.
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5. Object Reconstruction

of the jets are calibrated to the electromagnetic scale by applying the mean of the ratio
of reconstructed energy and the truth distribution in bins of pt and |n| as described in
the JES calibration Section 5.4.3. The width quantifies how much of a spread remains; a
narrow jet energy width means the jet is being calibrated to the correct scale.

The jet energy resolution is parametrized as shown in Equation 3.3.3 including the noise
term (N), stochastic term (S), and a constant term (C). The noise term comes from
pile-up and electronics noise, the stochastic term arises from the sampling nature of the
calorimeters, and the constant term is a pp-independent term.

Techniques to determine the JER can be exploited by the pt balance in v + jet and Z + jet,
dijet, and multijet event. Using dijet events, one can calibrate the different response to
jets in different calorimeter regions as the two jets are expected to have the same pr. A
quantity for the momentum balance is defined by:

b ref
pr. —p
A= %7 (5.4.8)
Py
where prTef is the transverse momentum of a jet in a well-calibrated reference region (i.e.

0.2 < |n <0.7), Tmb is the pr of the jet in the calorimeter region under investigation (i.e.
0.7 < [n| < 2.0), and pj? = (P + pi7) /2.

The standard deviation of the probe jet pr is derived by:

Op b g
<i _pT >> = (szﬂo o << ITI‘:> .
PT / prov PT /ey (5.4.9)

The relative jet pr resolution of the reference region is defined by:

det
<UPT> =4 (5.4.10)
PT / pef \/5
det

o is measured by subtracting in quadrature the asymmetry width of truth-particle
quantity from that of observed quantity: ¢"f & of“th. The standard deviation of the
asymmetry distribution can be expressed as:

probe ref
Uﬂ«ob _ %7 (5.4.11)
Dy

where U%Obe and Uﬁf are the standard deviations of p?pre and p%ef , respectively. The

in-situ techniques are introduced to derive a data-to-MC ratio as systematic uncertainties.
The JER combined dijet results are fitted with an N, S and C parametrization as shown in
Figure 5.4.10. Particle flow jets show lower JER and smaller uncertainties at low pt than
EMTopo jets.

The total uncertainty and the sources of systematic uncertainty are shown in Figure 5.4.11.
The noise term uncertainties are important at low pr.
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Figure 5.4.10.: Jet energy resolution as a function of jet pp. Image from Ref. [87].
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Figure 5.4.11.: The uncertainty on the relative jet energy resolution as a function of pr for
anti-k; R = 0.4 PFlow jets. The uncertainty sources include the difference between data
and simulation when the nominal data resolution is superior (red), the noise term (green),
systematics (blue) and statistical (pink) uncertainty of the method in dijet events. Image
from Ref. [87].
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5. Object Reconstruction

5.4.6. (forward)Jet Vertex Tagger

Applying a jet pr threshold was found to substantially reduce the multiplicity of pile-up
jets. However, it does not remove pile-up overlapping with a jet from a primary vertex.
A Vertex Tagger (JVT) is developed for the local fluctuations in the pile-up activity. For
the central jets (|n| < 2.4) where the track system is located, a JVT is applied to separate
hard-scatter (HS) from pile-up. A JVT is built out of the combination of two quantities by
2-dimensional JVT likelihood fitting [88]; corrJVF (Equation 5.4.12) and RST (Equation
5.4.13).

Skpt (PVD) ( )
S 5.4.12
ElpflI{”kl(P‘/O) + %};U(%

trk

corrJVF =

where Ekpffrk’“ (PVp) is the scalar pr sum of the tracks that are associated with the jet

originating from a primary vertex. The term EnzlElpg,fk’ (PV,,) is considered the scalar pp
of tracks associated to any of the pile-up interactions, and it is divided by a correction of
the total number of pile-up tracks per event (nfrlkj) k in the formula is set to be 0.01. The
higher corrJVF, the higher chance of jet candidates coming from a hard-scatter as shown
in Figure 5.4.12 (a).

SRRk (PVy)
0 _ ~kPr 0
RpT_—pjet : (5.4.13)
T

where p%e " is the fully-calibrated jet pr. RgT at small values indicates jets with no or little
pr from hard-scatter tracks. The spread of the charged pr fraction <R2T) for hard-scatter
jets is larger than for pile-up jets as seen in Figure 5.4.12 (b).
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Figure 5.4.12.: (a) Distribution of corrJVF. (b) Distribution of RgT. Image from Ref. [88].

Another discriminating variable R;T is calculated with respect to any vertex as an extension
of the RST:
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i PFE(PV;)
Ry = Dok~

Py

QCD pile-up jets are expected to have a single pile-up vertex ending up with a larger AR,
(the difference between the highest and second highest values of R, computed w.r.t any
vertex ¢). Stochastic pile-up jets are from a random combination, and AR, turns out
smaller. Pile-up jets in the forward region can be reduced by applying an fJVT cut. The
fJVT algorithm computes the sum of QCD pile-up jets in the central region for each vertex:

(5.4.14)

miss __ ) jet track ] track
T — b)) JetePV; ?T +X tracks€ PV; ?T + 2tracks, jets fail R} cut?T ’ (5_4'15)
Pt >20Gev Pt <20Gev

where the first two components compute the vector sum of jet pr not coming from HS
central jets and the third term calculates the vector sum of QCD pile-up jet pr in the
central region discriminated by the AR, . cut. The energy of a forward QCD pile-up jet is
expected to be balanced by the central QCD pile-up jet leading to fJVT — 1:

miss fi
T ° FT,@'

T2

The recommended lower threshold of 0.5 on the JVT is used in the analyses to reject jets
with pr < 60 GeV and |n| < 2.4, which correspond to an efficiency of 92% and to an
observed fake rate of 2%. If such a jet passes the JVT cut, but is “bad” (not associated to
real energy deposits, such as an electrical spike, cosmic-ray shower, etc), then the whole
event is rejected. The forward jet is tagged as pile-up if its fJVT value is above 0.4 (0.5),
for the Tight (Loose) working point, in a jet pt range of 20 to 60 GeV.

fIVT; = , £JIVT = max; (FJVTY). (5.4.16)

Lastly, jets are retained in the analyses only if they pass the Loose selection criteria for
the Jet Cleaning [89], which is designed to provide an efficiency of selecting jets from
proton-proton collisions above 99.5% for pr > 20 GeV.

A veto on b-tagged jets with pp > 30 GeV and || < 2.5 is applied for the analyses in
Chapter 6 to reject the contributions from tt events. Jets are b-tagged as likely to contain
b-hadrons using the MV2¢10 algorithm [90]. It utilizes jet properties and variables based on
the reconstructed charged particle tracks. Together with the new reconstruction algorithm,
b-tagging performances in Run-2 benefit from the insertion of the Pixel Insertable B-
Layer, the IBL, which has significantly improved impact parameter resolution and the
reconstruction of secondary vertices. For the considered analyses, a jet is b-tagged if the
MV2c10 weight is larger than a cut value corresponding to approximately 85% b-tagging
efficiency for b-jets in tf events.

Table 5.4.1 summarises the jets selection used in the analyses in Chapter 6.
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Identification AntiKt4EMPFlow jets
Kinematic cuts pr > 30 GeV
In| < 4.5
Pile-up JVT > 0.5 for pp < 60 GeV, |n| < 2.4 jets
removal
Cleaning Loose jets accepted
b-tagging MV2c10 > 0.1758

Table 5.4.1.: Summary of jet selections.

5.5. Overlap Removals

An overlap removal procedure is carried out to resolve ambiguities and to avoid double
counting. Possible overlaps among the various objects are resolved following recommen-
dations from the ATLAS harmonisation group [91]. Table 5.5.1 summarises the standard
overlap removal strategy used in the analyses. The steps are performed in listed order where
only surviving objects participate in subsequent steps. Nearby objects can be removed
based on criteria of angular distance AR, the number of tracks, or pt ratio requirements.

Reference objects Criteria
electrons ARe_jet < 0.2
ARufjet < 0.2
Remove jets muons

photons AR_jet < 0.4 (used in the Zv method)
jets 0.2 < ARjet—e < 0.4
Remove electrons muons share the same ID track
electrons shared track, pr 1 < pr 2
jets 0.2 < ARjet—p < 0.4
Remove muons
electrons is calo-muon and shared ID track
electrons ARe—y < 0.4
Remove Photons
muons AR, < 0.4

Table 5.5.1.: Overlap removal criteria adopted in the £/ + ES analyses.
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5.6. Missing Transverse Momentum

5.6. Missing Transverse Momentum

The Missing Transverse Momentum (EXS5) signature [92] is key for many analyses
with neutrino final states as well as BSM, such as dark matter searches. There is no
transverse momentum to the beam-line in the initial state of the pp collision, so the
EIT]rliSS is reconstructed based on the momentum conservation law. The missing transverse
momentum is inferred from the existence of particles that cannot be measured using those
that can be measured. The E%‘iss is therefore defined as the negative vector sum of the pr
of all objects:

Errfniss _ _(Ep—%e + Eﬁ’y + Eﬁ‘r + EP—T)jet + EP—THL + Ep—%soft). (5.6.1)

In the E%liss calculation, the objects are further categorized into the hard and soft term.
The hard term is computed from high pr physics objects, such as leptons and photons.
They are analysis dependent (see brief descriptions for each term below). For the jets
the Ell?iss algorithm has its own selections based on a no-double-counting principle. The
algorithms for the soft term are presented in Section 5.6.1. One of the sources of fake
ErT]rliSS is overlapping objects, which will be described in Section 5.6.2, specifically jets and
e/~ ambiguity resolution. The E%liss significance is a powerful tool, which can help to
understand the impact on the EITIliSS coming from reconstruction resolution and inefficiencies.
More details about the EEFiSS significance will be presented in Section 5.6.3. Systematic
uncertainties of the soft term are shown in Section 5.6.4. The EXS performance, which
helps to understand how well the E%liss is reconstructed including EMTopo E%iss and
PFlow Eis is shown in Section 5.6.5.

Electron/Photon Term

In the current ATLAS software release 21, the electron/photon reconstruction algorithms
use super-clusters, as described in Section 5.2. In the older software release 20.7, which was
the version used for the electron-jet overlap removal study in Section 5.6.2, the electrons
were reconstructed using a sliding-window [93] cluster. This is a different type of calorimeter
cluster compared to the ones used in jets (topo-cluster). In release 20.7, the EEFiSS algorithm
considered the full amount of energy from the sliding window cluster for electrons. The

same treatment of overlap removal (OR) is used in both release 20.7 and release 21.

Muon Term

Muon candidates are identified by the selections described in Section 5.3. The muon in the
Effniss algorithm only undergoes track-based overlap removal in the context of the order
preference as shown in Figure 5.6.1. In general, the muon does not remove anything else
and it is not removed either. However, there are very rare exceptions. For example, the
muon deposits small amounts of energy when it enters the calorimeter, and the e-loss can
be misreconstructed as a jet which leads to double counting of the energy. In this case, the
El}liss has its specific treatment to remove jets overlapping with muons. The muon can lose
its energy by radiating hard photons at small angles, and they are not reconstructed as
photons. To address this, the E%liss algorithm treats the photon as a jet (the E%ﬁss uses
the EM scale of the jet because the energy is thought coming from an FSR photon from
the muon) if it passes some requirements and then puts it to the jet term of the E%iss.
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5. Object Reconstruction

Jet Term

Jets used in the E%liss have their selections depending on which working points is required
by the respective analysis. There are two common types of jets in ATLAS, EMTopo jets
and PFlow jets (see Section 5.4.2). Using EMTopo jets as input jets in the EXsS is called
EMTopo Eiss| likewise using PFlow jets as input jets in the ER® is called PFlow EMiss,
Several E%ﬂss working points are developed to deal with pile-up depending on the topology.
For example, the ¢/ + E%‘iss analysis uses the Tight PFlow working point which imposes
additional JVT > 0.5 on 20 GeV < pr < 60 GeV central jets (|n| < 2.4) and requires pr >

30 GeV for the forward jets (|n| > 2.4).

Soft Term

The soft term is composed of hard scatter tracks or energy deposits not associated with any
hard objects. The current recommended soft term reconstruction algorithm is track-based,
and is called TST in ATLAS. The TST algorithm was found to be less dependent on pile-up
in the ErTniSs resolution than the calorimeter based algorithm, but it misses soft neutral
particles. The algorithms are described in Section 5.6.1.

Fake Er‘}?‘iss Sources

The contribution of fake E%iss can come from miscalibration or mismeasurement of the
physics objects. Moreover, the contamination with pile-up jets would lead to miscalibration.
Because of the importance of pile-up suppression, the (f)JVT tool (detailed in Section
5.4.6) has been implemented in the jet reconstruction. A number of new pile-up mitigation
techniques have been developed, such as Voronoi Soft-killer (SK) [94] and Constituent
Subtraction (CS) [95], which would help to remove calorimeter clusters contaminated by
pile-up jets.

The cases where electrons, photons, or hadronically-decaying 7s have a jet close-by can give
rise to a large source of fake EF"®. The most common scenario is the overlap of electrons
and jets. The study of jets and electrons ambiguity resolution will be shown in Section
5.6.2.

5.6.1. MET Soft Term Algorithms

There are several algorithms to reconstruct the soft term. The calorimeter-based algorithm
(CST) was used in most analyses in the past [96, 97], while a track-based term (TST) is
used in most analyses these days, including everywhere in this thesis. A calorimeter-based
soft term is reconstructed mainly using energy deposits in the calorimeter, which are not
matched to the high pr objects. The CST keeps neutral particles, but there is no pile-up
suppression. On the other hand, the TST is purely reconstructed from the tracks, and it
allows good vertex matching which removes the pile-up contribution. However, it misses
the contribution from soft neutral particles. The selections for the tracks and vertex are
listed below [98]:

e pr > 0.5 GeV (0.4 GeV for vertex reconstruction and the calorimeter soft term)
o 9| <25

e Minimum number of hits in the ID.

These tracks are then matched to the PV by applying the following selections:
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5.6. Missing Transverse Momentum

e |do| < 1.5 mm (no requirement on dy for PFlow TST)
o |2 sin(f)| < 3.0 mm.

Additionally, tracks are excluded from the soft term if they are associated with the high-pr
object to avoid double counting particles. The T'ST does not include the forward region
where |7| is larger than 2.4. It has a more stable resolution with increasing number of
reconstructed vertices than the CST.

5.6.2. Overlap Removal

There is a significant fraction of hadronic jets depositing part of their energy in the
electromagnetic calorimeter from processes like 7% — 7. As explained in Section 5.4.2,
both electromagnetic and hadronic calorimeters information are used to estimate the jet
four-momentum as precisely as possible. Therefore, jets can include electron energy and
photon energy. Care must be taken that clusters are not counted twice as duplicated energy
leads to fake EMisS and results in large EXSS tails.

Figure 5.6.1 shows the general idea of overlap handling in the calculation of E. Once
objects have been identified, any jet close enough to the high-priority object is removed
from the event by using a AR matching. There is no outright order recommendation.
Changing the order of anything will result in differences.

order preference

Unselected
O Q- Q Electrons
[Q @) Photons ]
I
( (‘D l\ Taus )
‘.\ X‘

O Jets O |
I I

\

Miors O )

/ ‘x\ 7] 1]
[ é'éb % Clgtgr)s ] !

Figure 5.6.1.: Matching procedures used in the E%liss map to avoid double counting. Each
circle stands for a cluster. The solid circle in green, purple, and red means the cluster is
matched with the object. The cluster is then removed if it is associated with an object,
otherwise the cluster is recognized as a jet in blue. The lines link between clusters and
objects through a AR matching [99].

O ®

—O

—

However, the hard objects produced in the detector can deposit their energy in the same
clusters or have overlapping energy deposits with the close-by object. Figure 5.6.2 provides
the example of scenarios of electrons with close-by jets: keep the electron and the jet if they
both are real and overlapping, pile-up jets and fake electrons might lead to miscalibration
and double counting, the case of electrons creating jets in the calorimeter might lead to
double counting.

The treatments of assigning energy deposits to the electron or the jet that generated them to
identify the scenarios mentioned above will be discussed in this section. The old treatment
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fake e

e pile-up jet
. e
l% jet //' jet

Figure 5.6.2.: Overlapping leptons and jets. (a) Real jet close to real electron. (b) Jets
from pile-up or electrons faking jets in the calorimeter. (c) Real jet and fake electron.

and its problems will be discussed first and the developed discriminating variables that
could be used to understand the signal ambiguity will be shown later on. The studies were
done with topo-cluster jets in ATLAS release 20.7 software and the optimized parameters
are used in release 21 reconstruction as well. The updated treatment also has been tested
for PFlow jets.

Monte Carlo Samples

A sample list is given in Table 5.6.1 that is used for the jet-electron overlap removal studies.

[ Sample [ Z — [ tt [ 27 — vy |
Generator SHERPA 2.2.1 PowHEG-Box v2 | POWHEG-Box v2 + PYTHIA 8
ME PDF set NNPDF3.0NNLO CT10 CT10NLO
PS and Hadronization SHERPA 2.2.1 PyTHIA 6.428 PyTHIA 8.186
UE Model TUNE Default P2012[100] AZNLOJ[101]

Table 5.6.1.: Generators, PDF sets, and MC tunes used in the OR (electron, jet) analysis
for the E%iss.

The Old Overlap Removal and Issues

A variable called frac was used in the ErT]rliss algorithm to determine the unique jet pr
fraction:

jet_const_pt — electron_p

(5.6.2)

frac= g
get_const_pr

where jet_const_pt is the calorimeter jet pr at the EM scale. Figure 5.6.3 illustrates the old
treatment. The simplest case is shown in Figure 5.6.3(b) with only one electron without
jets. The E%liss algorithm removes the electron track. Figure (c¢) shows one event with one
electron and one jet without any jet tracks. (The jet energy is the sum of all two hadronic
clusters and an EM cluster.) The EXsS algorithm removes the electron track and hadronic
clusters if frac < 0.5. If frac > 0.5, the jet and the electron are considered to be real in the
EMiss algorithm, and only the electron track is removed. (d) The event has one electron
and one jet with jet tracks, the E%liss algorithm removes the electron track and hadronic
clusters if frac < 0.5 or removes the electron track and jet tracks if frac > 0.5. Jet tracks
are ghosts associated to the jet and roughly have AR(e, track) > 0.05. (“Ghost” means
adding the tracks to the calorimeter cluster during the jet reconstruction, not changing the
calorimeter ET measurement.)
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Hadronic
cluster
jet track
electron Full Situation MET uses
track
EM
cluster /‘ .
(a) (b)
frac < 0.5, MET uses frac < 0.5, MET uses
N L N L
Full Situation Full Situation %
Va L2
frac = 0.5, MET uses frac = 0.5, MET uses

!o [ =

(c) (d)

Figure 5.6.3.: Illustration of the old treatments used for the overlap removal in the EITniSS
calculation. (a) Legend. (b) Only one electron and no jet. (c¢) Only one electron and one
jet without jet tracks. (d) Only one electron and one jet with jet tracks.

87



2177

2178

2179

2180

2181

2182

2183

2184

2185

2186

2187

2188

2189

2190

2191

2192

2193

2194

2195
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A problem arises, if the jet is real, but the hadronic clusters are moved to the soft term,
and they are not built by the soft term algorithm (track based algorithm). This means
E%liss would completely miss the neutral components of this jet, which can lead to large
tails of fake ER. Therefore, adding back the real neutral jet that was being wrongly
removed is crucial.

The studies were done for electrons and jets with AR(e, jet) < 0.4 using Z — ee event
topology, where no significant real Emlss is expected. The Z — ee event selection criteria
are:

The events are required to have two same-flavour opposite-sign electrons passing
“Medium” identification.

No isolation cut is applied in release 20.7 reconstruction. (A Loose isolation cut is
applied in release 21.)

The leading and sub-leading electrons in the pair are required to have pp > 25 GeV.

The invariant mass of the selected two electrons is required to be within the range of
75 GeV < M < 116 GeV.

Figure 5.6.4 shows the EITniSS tails above 100 GeV are dominated by jets with frac < 0.5
indicating jet energy is being missed in the ESS reconstruction. frac = 1 is the case where
MET code does not think that the jet and the electron share any clusters and it is not
particularly dominant in the tails.

g L -+ |—— 05<frac<1
i _ — frac<0.5
i —|_ frac = 1
1E
107!

LI Illlq

1072 +

LI llllq

l

.J.Jll.ll.ll—l—A|‘i:.l.

50 100 150 200 250 300_ 350 400
TSTMET [GeV]

1073

UL

=}

Figure 5.6.4.: Comparison of the E%ﬂss (TST MET = track-based algorithm is used for the
soft term) with 3 different frac ranges where the events are required to have E%liss > 100 GeV,
Njet = 1, and AR(e, jet) < 0.4.
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5.6. Missing Transverse Momentum

Kinematics

The kinematics for the case of the jet with a close-by electron are studied by requiring an
angular distance (ARf(e, jet) < 0.4). The plots are categorized into different frac, which
was the quantity used to decide the amount of a jet’s unique energy. Figure 5.6.5 (a) shows
jets are mostly at around 0.2 away from the electrons, which means jet clusters are just
next to the electron clusters, in case of 0.5 < frac < 1. Figure 5.6.5 (b) shows that for frac
<0.5, jets tend to be closer to AR(e, jet) ~ 0.4 rather than 0, which means the jets are
probably real and should be included. Figure 5.6.5 (c) and Figure 5.6.5 (d) indicate real
electrons are inside jets in both cases. As stated above, in the old treatment, in case of
frac > 0.5, the jet was included in the EEFiSS reconstruction, and its energy was scaled by
the frac. In case of frac < 0.5, the jet was assigned to the soft term, and only the tracks

associated with the jet were included in the E%ﬁss calculation.

As larger tails were seen in the frac < 0.5 cases, we introduced an alternative cut on the
absolute difference in the jet and electron pr: pr dif f = jet_const_pt - ele_pt. The studies
were done by scanning jet pp frac from 0.0 (no frac criteria), 0.1, 0.15, 0.2, 0.25, 0.3, 0.4,
and 0.5 and then combining with jet_const_pt - ele_pt > 10, 20, and 30 GeV. For example,
the jet is assigned to the soft term if it satisfies the discriminating combination of frac <
0.5 criteria and jet_const_pt - ele_pt < 10 GeV. The scan of pt differences of the jet with
no frac criteria is shown in Table 5.6.2, including the mean and RMS of the EEFiSS and the
E%iss tails (the integral of E%‘iss > 200 GeV). For comparison, the scan with jet pr frac >
0.5 is shown in Table 5.6.3. The E%iss tails are smaller in the no frac criteria treatment.
The study is performed with data (6 fb=!) as well.

The recommended treatment in release 20.7, dropping the frac criteria and defining a jet
as real if jet_const_pt - ele_pt > 20 GeV, improved the E%ﬁss calculation in the tails by
30% as shown in Figure 5.6.6. In other words, if jets with a close-by electron meet the
criteria of jet_const_pt - ele_pt > 20 GeV, the jets go into the jet term. Interestingly, the
new treatment and the old treatment performed similarly in release 21.

5.6.3. MET Significance

The Ell?iss Significance (METSig) is another useful variable, which is basically calculated
by dividing the reconstructed E%ﬁss by the resolution of all objects. The ideal momentum
distribution of each object is Gaussian. The width of the momentum measurement is
deteriorated by the pile-up and detector effects, e.g., the sampling of the calorimeter. The
METSig is useful for signal-background discrimination because measured Effniss coming
from a resolution effect has small METSig.

METSig is defined by the log-likelihood function with a pf}“’ parameter (representing
invisible particles’ momentum) and has a form as [102]:

maxpi%b”#oﬁ(ﬁ?m’??v)

maz,ino_g E(E$iss|7?}w)

52 = 2In — (Emiss\T (s,v;)"VEmiss, (5.6.3)

where ﬁ?iss is the reconstructed Elfliss measured event by event. V; is the covariance
matrix per object given the measurements of the pr; and the azimuthal angle ¢;, which is:

2
%z(gl(’)ﬂ 0 ) (5.6.4)

2 2
Pri%g,
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5. Object Reconstruction
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Figure 5.6.5.: The angular distance between the electron and the jet with (a) 0.5 < frac < 1
and (b) frac < 0.5 for Z — ee MC events. AR(e, jet) < 0.4 is required. The ratio of
reconstructed electrons and the truth electrons within AR(e, jet) < 0.4 in the case of (c)
0.5 < frac < 1 and (d) frac < 0.5. The reconstructed electron is matched with the truth
electron requiring AR < 0.2.
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5.6. Missing Transverse Momentum
Z — ee [ MET [ pr diff > 10 GeV | pr diff > 20 GeV [ pr diff > 30 GeV |
Mean MET (GeV) 17.55 17.85 17.57 17.55
RMS MET (GeV) 13.47 1357 13.47 13.46
Integral MET > 200 GeV 5.35 3.69 3.62 3.64
Z — pp [ MET | pr diff > 10 GeV | pr diff > 20 GeV | pr diff > 30 GeV |
Mean MET (GeV) 1829 18.29 18.29 18.30
RMS MET (GeV) 14.09 14.08 14.08 14.09
Integral MET > 200 GeV 251 2.12 2.12 2.14
tt [ MET [ pr diff > 10 GeV [ pr diff > 20 GeV [ pr diff > 30 GeV ]
Mean MET (GeV) 5.49 5.37 5.40 5.47
RMS MET (GeV) 24.38 23.81 24.03 24.31
Integral [MET-truth MET| > 100 GeV | 360.36 269.93 275.25 286.51
[ Z7Z — Uvv [ MET [ pr diff > 10 GeV [ pr diff > 20 GeV [ pr diff > 30 GeV ]
Mean MET (GeV) 2.85 3.40 2.92 2.83
RMS MET (GeV) 18.63 18.62 18.50 1851
Integral [MET-truth MET| > 100 GeV | 0.56 0.49 0.49 0.46
[ data [ MET | pr diff > 10 GeV | pr diff > 20 GeV | pr diff > 30 GeV |
Mean MET (GeV) 38.15 35.06 35.82 36.67
RMS MET (GeV) 39.67 36.58 36.78 37.11
Integral MET > 200 GeV 88.0 76.0 75.0 75.0

Table 5.6.2.: EIT]rliSS tails studies with no criteria on frac. The jet is treated as a real jet if
pr diff is larger than a threshold. About 30% and 24% reduction in the E%’iss tails for
Z — ee and tt when requiring jet_const_pt - ele_pt > 20 GeV. The mean and RMS are
relatively unaffected.

Z — ee [ MET [ pr diff > 10 GeV [ pr diff > 20 GeV [ pr diff > 30 GeV ]
Mean MET (GeV) 17.55 17.55 17.55 17.55
RMS MET (GeV) 13.47 13.47 13.48 13.48
Integral MET > 200 GeV 5.35 5.35 5.35 5.36
Z — pp [ MET [ pr diff > 10 GeV [ pr diff > 20 GeV [ pr diff > 30 GeV ]
Mean MET (GeV) 18.29 18.30 18.30 18.30
RMS MET (GeV) 14.09 14.09 14.10 14.10
Integral MET > 200 GeV 2.51 2.52 2.51 2.54
[ tt [ MET [ pr diff > 10 GeV [ pr diff > 20 GeV [ pr diff > 30 GeV ]
Mean MET (GeV) 5.49 5.49 5.52 5.57
RMS MET (GeV) 24.38 24.39 24.50 24.67
Integral [MET-truth MET| > 100 GeV | 360.36 360.42 363.17 369.45
[ Z7Z — Uvv [ MET [ pr diff > 10 GeV [ pr diff > 20 GeV [ pr diff > 30 GeV ]
Mean MET (GeV) 2.85 2.84 2.81 2.80
RMS MET (GeV) 18.63 18.63 18.63 18.63
Integral [MET-truth MET| > 100 GeV 0.56 0.56 0.55 0.55
[ data [ MET | pr diff > 10 GeV | pr diff > 20 GeV | pr diff > 30 GeV |
Mean MET (GeV) 38.15 38.18 38.46 38.77
RMS MET (GeV) 39.67 39.66 39.70 39.82
Integral MET > 200 GeV 88.0 89.0 87.0 86.0

Table 5.6.3.: E%iss tails studies. The scan was performed using selection criteria on frac > 0.5
(the old treatment) with three different pp diff. The jet is treated as a real jet and put
into the jet term if frac > 0.5 or pr diff is larger than a threshold.
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5. Object Reconstruction
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Figure 5.6.6.: Comparison of the EXsS performance between old (red) and new (blue) jet
and electron/photon/hadronically decaying 7-lepton overlap removal (OR) procedure in
Z — ee simulation. The Ell?iss tails are diminished with the new technique, indicating fake
Emiss has been reduced. The studies were performed in release 20.7 [92].
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5.6. Missing Transverse Momentum

The resolution of each object (op,,) is assumed to have a Gaussian shape. oy, is the
variance in ¢ per object. The o, and oy, are considered uncorrelated. After a ¢; rotation
to make each object have the same direction in the basis of (x, y), the covariance becomes:

2 2
vy — (% Oay
Vay = SV <U§y E ) . (5.6.5)

One can then rotate the (x,y) system to the longitudinal and transverse (L,T) system by
rotating such that the total pp resolution is split into components parallel and transverse
to the Effniss. The covariance matrix is given by the rotation in the angle of the total
reconstructed E?issz

Vir = R @V R0 Bo) = (000 O (5.6.6)

The METSig is rewritten in the (L,T) system as:

) 2 2 -1 miss
S% = (Emiss () (OUZL (;LZT> <E7E) > . (5.6.7)
LT T

where the calculation of the covariance is:

(5.6.8)
2 2
010l — oL \"0Lr 9L
With the above calculations, the object-based METSig can be cast in the form:
1 . 2 2 mMiss
5% = 2 2 1 (E:?msao)< 0:5 U2LT> (ET >7
0507 — 01 p —Orr 9L 0
_ oy
 ojof — oy
2 Emiss 2 (569)
_ op(EF)
) 2 2 2
Or9L — PLTOLOT
(E%m'ss)Z
Coi(L-piy)

where O'%T = prroror. o and or are the variances in the longitudinal and transverse
directions to the E%liss, respectively. prr is the correlation factor of the longitudinal L and
the transverse T measurement. The object-based METSig provides good discriminating

power against fake Ell?iss in many analyses.
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5. Object Reconstruction

soft
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Figure 5.6.7.: Sketch of the track-based soft term projection with respect to p}%ard. Image
from Ref. [92].

aus 5.6.4. Soft Term Systematic Uncertainty

249  For the El}liss systematics, the uncertainties on the hard term come from the recommenda-
2250 tions of the object (p.ex. muon) groups, which are propagated to the E%‘iss. The MET
»s1 group evaluates the modelling uncertainties of the soft term in events by measuring the
252 degree of balance between the soft term and the hard term in the transverse plane. This is
253 measured in Z — ee or Z — up events, which ideally have no truth EXS. Figure 5.6.7

254 illustrates the projections of p%‘?ft along pl%ard.
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5.6. Missing Transverse Momentum

Three projected quantities are studied, and the largest disagreement between simulation
and data is used as the systematic uncertainty in the soft term:

e Mean of the soft E;"Hiss. This is the scale of the soft E%liss that is parallel to the hard
term

e Resolution of the soft E%liss that is parallel to the hard term

e Resolution of the soft EEE“SS that is transverse to the hard term

To account for the effect on different topologies, the systematic is additionally split into jet
inclusive and 0-jet selections. The maximal data/MC discrepancy is derived from these
two cases as the systematic envelope.

5.6.5. MET Performance

The Ell?iss algorithm can be tested, e.g. with W — [v events to reveal how well the
algorithm reconstructs intrinsic £ and with Z — ¢/ events to reveal how much fake
E%liss the algorithm reconstructs. A set of variables are constructed in order to understand
if the EIsS algorithm is performing well: resolution, scale, tails, Data/MC..., etc.

Resolution

Due to non-Gaussian tails of the EX_ the resolution is calculated by taking the root-mean-
square (RMS) of the EX in the z and y directions. The information of the tails would
get lost if the resolution is only taken from a Gaussian fit over the core of the distribution.
The width is measured:

MS(E"8S) — (y) z(y)
RMS( z(y) ) RMS(E{T 2$) Z — 00 sample.

, { RMS(E;”ZSS — EMBSIUY Wy ey or tf sample. (5.6.10)
)

Figure 5.6.8 shows the E%‘iss resolution in 2017 data. The resolution gets worse with more
pile-up. Increasing the jet pr threshold from 20 GeV (Loose operating point) to 30 GeV
(Tight operating point) in the forward region produces a smaller dependence on pile-up
as shown in 5.6.8 (a). Figure 5.6.8 (b) indicates most of the pile-up dependence comes
from forward jets. The improved PFlow E%liss performance compared with EMTopo ErTniss
in terms of resolution is shown in 5.6.8 (c¢). Figure 5.6.8 (d) shows data 2017 and MCs
(SHERPA and POWHEG) agree in the EXSS resolution with respect to the average number
of interactions per bunch crossing <p> (similar results for EMTopo and PFlow).

Tails
The Effmss tail is defined as:

J‘OO dEmiss dN
@ T d Emiss
flz) = A

00 miss _dIN
fU dET dE%liss

7 (5.6.11)

where z refers to a certain EEFiSS threshold, normally taking 150 GeV or 200 GeV. The
fraction of the Effmss in tails represents an important quantity of event-by-event fluctuations
in terms of detection of overlapping objects in the E?iss reconstruction. Appendix A.1l is a
good example of how incorrect overlap removal affects the E%‘iss calculation resulting in

miss

larger E4"*° in tails.
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Figure 5.6.8.: The ER resolution determined in 2017 data for (a) EMTopo Jets with
inclusive jets for Loose and Tight working points with respect to <u>. (b) EMTopo jets
with inclusive jets and exclusive jets with pt > 20 GeV (Nje = 0) in the forward region
(In] > 2.4) and the whole n region. (c¢) Tight working point with EMTopo v.s. PFlow. (d)
Data v.s. SHERPA and POWHEG comparison for EMTopo jets.
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5.6. Missing Transverse Momentum

Scale

For events without intrinsic EX (Z — ¢¢ decays), ideally the calibrated ER is 0, and
the degree of balance is estimated by projecting E}'** onto the Z boson direction:

< Emiss . 4, > (5.6.12)
where A is defined as:

o e
Ay =n TP (5.6.13)
IpTet + prt|

The projection being close to 0 is preferred, which means the recoil is well reconstructed.
Figure 5.6.9 displays the scale comparison between full Run-2 data and MCs with PFlow
jets in the Z — pp events. he scale ends up being different from 0 mostly because the soft
term misses the neutral components. One can also compare events with and without jets
which allows distinction between the jet and soft term responses.
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Figure 5.6.9.: ENisS projection. The ER scale as a function of the pr of the Z boson.
Image from Ref. [103].

In events that have intrinsic R (W — uv) the scale is measured using linearity:

(5.6.14)

E?iss . E?iss,truth>

linearity = < Emiss,truth
T

The ideal linearity is expected to be toward zero if the calibrated E%“iss is equal to the
truth Elf«liss.
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Data/MC

The modelling of the E%‘iss distributions in a Z — ee selection with full Run-2 data is
shown in Figure 5.6.10. Data is well described by the lovv—E'%liSS and high—ElFiSS samples,
especially below 400 GeV.

L o T T T

5 107= ATLAS Preliminary ~+-Data
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Figure 5.6.10.: Modelling of PFlow E%ﬂss. The Z — ee sample is produced with POWHEG.
Diboson samples include: WW — lviv, WZ — Ivil, and ZZ — llvv. Image from: Ref.
[103].
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Chapter 6

Heavy Higgs Search

A search is performed for an additional heavy Higgs boson in the H — ZZ — (T4 v
final state using the Run-2 data-set taken in 2015—2018 in 13 TeV pp collisions [1]. The
(T4~ v signal region is split into VBF and ggF categories targeting the Higgs production
processes as shown in Figure 6.0.1. The SM ZZ process is the dominant background and
the largest source of systematic uncertainty in this search. A novel method to estimate the
Z Z background based on boson substitution using Zv events in data, aiming to reduce
significant systematic uncertainties, is developed and presented in this chapter. The Z~
method can also be used to measure the (dominant) SM ZZ background in other searches:
a single Z boson recoiling against missing transverse momentum (mono-Z2) including the
specific case of SM Higgs bosons (h) decaying into invisible particles, produced in association
with a leptonically decaying Z boson (£ +EX5). The mono-Z and Zh(inv) channels are
only discussed in this chapter in the context of the Zv to ZZ estimate. For the Zv to ZZ
estimate for these analyses, ErTniSS is assumed as the discriminating variable, but since the
analyses are not finalised yet, no details or results are given.

q I
I q
A Vv Z _
& q H I _H [
v -
g 7 q V ’ 7
v q v

Figure 6.0.1.: Feynman diagrams for the leading production modes ggF (a), and VBF (b),
where the heavy Higgs decays to Z(¢0)Z(vv).

The studied experimental signature of the heavy Higgs boson production is a pair of leptons
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6. Heavy Higgs Search

and the E%liss. This final state contributes complementary sensitivity to other channels
such as H — ZZ — Wl, H — ZZ — llqq and H — ZZ — vvqq. The ££0¢ channel
dominates the sensitivity at low mpy (< 500 GeV) due to its better mass resolution and
smaller background yields. Despite the larger backgrounds of the ZZ — (*¢ v, (lqq,
and vvqq decay modes compared to the ZZ — 00— +¢~ final state, the larger branching
ratios for these channels allow them to improve the sensitivity at high my. Because the
neutrinos in the final state are not experimentally accessible, it is not possible to use the
conservation of four-momentum to fully reconstruct the invariant mass of the two Z bosons.
The transverse mass, mr, is then used to discriminate between the high mass Higgs boson
and the background expectation from SM processes. The mr is defined as:

. 2 > 2
m3 = ng [P+ \fm + mmﬂ - [P ] (6.0.1)

95% C.L. upper limits on the production cross-section of an additional heavy Higgs boson
are determined in the case that no significant deviation from the SM is observed. The
results of the analysis are also interpreted in terms of 2HDM and Randall-Sundrum graviton
models (the theoretical motivation is given in Sections 2.4 and 2.5). The data and MC
samples used in this analysis are described in Chapter 4. The object selections are detailed
in Chapter 5. This chapter is organized as follows: Section 6.1 introduces the event
selections for the £¢ +ER final state. Section 6.2 gives an overview of the background
contributions in the analysis. Section 6.3 details the ZZ estimation method using Z~y
events and its associated systematic uncertainties. The kinematic distributions in the signal
region showing data and the comparison with the predicted SM background can be found
in Section 6.4. In Section 6.5, the limit setting and signal scans are discussed, and the
results are presented.

6.1. Event Selection

The event selections for the £¢ +ER final state for the separate analyses are given in
this section: the search for the heavy Higgs with ¢/ +Em* final state (high mass (HM)
search) and the search for a Higgs boson through associated production Zh(—inv) with ¢4
+ERss final state (low mass (LM) search). While both analyses differ in their optimization
studies and the interpretation of their results, the common experimental signature of
two charged leptons from a Z boson plus some appreciable Eﬁ?iss allows for a common
baseline event selection and the same strategy for background estimation. The optimal
thresholds are determined based on a standard Poisson counting experiment with and
without background uncertainties. The expected significance without taking into account
background uncertainties is estimated with:

Z:\/Z (S+an[1+g]—s>, (6.1.1)

where S and B are the signal and background yields, respectively. This number is degraded
in the presence of a systematic uncertainty on the background. The expected significance
including background uncertainties is calculated with [104, 105]:
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6.1. Event Selection

Z = 2erf 1(1 - 2p),
e*NbNg
il

1=Ngata )

p= A/ db G(b; Np; 0 Np) 252
0

) (6.1.2)

e_NbNg B

A= [/ db G (b: Ny SNp) £
0 1.

The summation term from data (Ngq, = the number of background events N + the
number of signal events Ny) to infinity is the probability of observing i data events taken
from a Poisson distribution with an expected Np. The p-value (p) is the probability that
the background fluctuates up to give as many or more than ¢ data events. The symbol A is
a normalisation factor. The 0N} is the size of the systematic uncertainty of the background,
and G is a Gaussian function. The p-value is converted into a sensitivity, Z, where erf(z)
is the error function. The selection criteria are chosen such that the highest expected
significance is achieved [106].

The data used in the analyses are collected with single lepton triggers (electron or muon).
The trigger menu used is reported in Table 6.1.1.

Trigger selection

Single Muon mu20_iloose_L1MU15 OR mu50 (2015)

mu26_ivarmedium OR mu50 (2016,2017,2018)

Single Electron €24 lhmedium_L1EM20VH OR e60_lhmedium OR e120_lhloose (2015)

€26_lhtight_nod0_ivarloose OR e60_lhmedium_nod0 OR e140_lhloose_nod0 (2016, 2017, 2018)

Table 6.1.1.: Trigger requirement in £¢ + E%rliss analyses in 2015—2018 data periods. The
single lepton triggers are all un-prescaled in the 2015—2018 data taking period, and require
that low pr electrons/muons pass isolation requirements.

A high trigger efficiency with a sharp turn-on curve for the electron pr is shown in Figure
6.1.1. The performance of the single electron triggers is evaluated exploiting a tag-and-probe
method using Z — ee events. HLT efficiencies for pr thresholds of 140 GeV, 60 GeV,
and 26 GeV with an additional tight isolation requirement are measured. Above a certain
pr threshold, meaning above the turn-on curve, the HLT efficiency is about 90—95%.
The agreement is within 2—4% above 30 GeV in pr between data and MC. The residual
differences are corrected with a data/MC scale factor.

Since the triggers are operating in LHC collisions with increasing instantaneous luminosity,
the trigger selections are adjusted according to the year. The trigger selections attain high
signal efficiency for the full Run-2 data taking period. Due to the sharp turn-on curve of
single lepton trigger efficiencies, a pr > 30 GeV selection on the leading lepton is applied.

All data events are required to pass the Good Runs List (GRL) to exclude events in
problematic conditions. A set of quality checks on data events are applied, following
the recommendations of the data preparation group. In particular, events affected by
detector /read-out problems are removed [108].

This analysis uses a set of data events collected by the ATLAS detector in pp collisions based
on the full 2015—2018 (Run-2) dataset, which corresponds to 139 fb=! at a centre-of-mass
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Figure 6.1.1.: Efficiency of the lowest un-prescaled single electron trigger

combination (logical OR of HLT_e26_lhtight_nod0_ivarloose, HLT_e60_lhmedium_nod0
and HLT_e140_lhloose_nod0) in 2018 data, compared to Z — ee POWHEG +PyTHIA Monte
Carlo (a) as a function of the offline electron transverse energy, (b) as a function of the
offline electron pseudorapidity. The offline electron fulfills a tight offline identification
requirement. Image from Ref. [107].

energy of 13 TeV. The uncertainty on the combined 2015—2018 integrated luminosity is 1.7%
[109], obtained from the LUCID-2 detector [110] for the primary luminosity measurements.

A set of Jet Cleaning criteria is applied to remove jets originating from non-collision events,
such as hardware problems, cosmic-ray showers or beam related backgrounds. These jets
can give rise to fake missing transverse momentum that results in an increased tail of the
E%iss distribution. Events with poor quality jets, defined as pr > 20 GeV jets not passing
the Loose selection criteria for the Jet Cleaning [89], are rejected.

The event selection is summarised in Table 6.1.2. Events are required to contain exactly
two same flavour and oppositely charged electrons or muons that pass the object selections
described in Sections 5.2 and 5.3. Certain backgrounds are reduced by the event selections,
which are shown in the table as well. For example:

e Events with a third lepton are vetoed to reduce background from ZZ — ¢00¢ (with
two unidentified leptons) and W Z — ¢vf*{~ events. The pr thresholds and selection
criteria for the third lepton are shown in Tables 5.2.1 and 5.3.1. The pt threshold is
set to be 7 GeV as baseline selection with a looser lepton quality.

e The invariant mass of the selected two leptons is required to be within the range of
76 GeV < My, < 106 GeV. This requirement significantly reduces events which don’t
include a Z boson, for example tt, WW — {Tvl~ i, etc.

e Other common selections are applied, which exploit the topology and kinematics of
the signal events. In both analyses, a lower threshold is set on the E%liss variable,
which helps selecting signal events while rejecting the inclusive Z production. Due to
different signal topologies for HM and LM searches, the EXSS threshold requirements
differ accordingly.

e A heavy Higgs boson decays into a pair of boosted Z bosons, which implies the two
decay leptons are close in the space. An upper threshold on the distance ARy, is
therefore applied.
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6.1. Event Selection

e As the heavy Higgs is expected to be produced at rest, the two Zs are expected to
be back-to-back, and so the E%‘iss should be back-to-back with the observed Z boson.
Therefore, A ¢(Z, ER) is required to be above a certain threshold.

e High mp Drell-Yan events that pass the above selection criteria usually have high pr
jets, a boosted Z boson, and large Effniss, which originates from the mismeasurement of
high pr jets. To reduce this background, the minimum azimuthal angular separation
between the E2 and all jets with pr > 100 GeV in the event (Ag¢(jet, ER)) must
be larger than a certain value. Background sources arising from fake Ell?iss are further
reduced by requiring a E%ﬁss significance cut.

e A veto on any b-tagged jets is applied to reduce heavy flavour background, such as
events including top quarks.

Due to its non-negligible production cross-section and unique signature, the vector boson
fusion process is also considered. The vector boson fusion topology in the heavy Higgs search
is targeted by applying stringent requirements on the invariant mass (1;;) and separation
(|Anj;|) of the two leading jets (both are required to have pr of at least 30 GeV, which
allows reducing pile-up effects) in the event. These selections reduce ggF contamination in
the VBF signal region and reduce backgrounds. (The description of the VBF topology can
be found in Section 2.2.) All events that do not fulfil the VBF criteria are collected in the
ggF category.

Event Pre-Selection
All_Good GRL events
Vertex with > 2 tracks with ppr > 1 GeV
Single lepton trigger as in Table 6.1.1

Event Selection Targeted background
High mass ‘ Low mass —
Two same flavour opposite-sign leptons (eTe™ OR p*u™)
Veto of any additional lepton with Loose ID and pr > 7 GeV 77 — e, W7
76 < My, < 106 GeV Non-resonant ¢1¢~
ET™ > 120 GeV \ ET3™ > 90 GeV Z + jets
ARy < 1.8 Z + jets, Non-resonant £7¢~
A¢p(Z, ERss) > 2.5 | A¢(Z, EF) > 2.7 | Z + jets, Non-resonant (*(~
b-jet Veto Single top, tt
ET' significance > 10 ET' significance > 9 fake EX'*° sources
Ag(jet(pr > 100 GeV), ERs) > 0.4 — Z + jets

High Mass VBF —

At least 2 jets with pp > 30 GeV —
Mj]‘ > 550 GeV —

‘A’I]jj| > 4.4 —

Table 6.1.2.: List of selections applied at the event selection level for high mass (heavy
Higgs) and low mass (mono-Z, Zh(inv)) analyses. For the Zh(inv) analysis, a boosted
decision tree (BDT) is currently studied which could replace the current discriminating
variable FMss,
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6. Heavy Higgs Search

6.2. Background Estimates

This section describes how the main backgrounds in the £/ + E%iss final state are estimated.
The backgrounds are divided into two main categories:

e Irreducible Backgrounds: processes with a true ¢/ + EX final state.

e Reducible Backgrounds: processes with an #¢ + E%iss final state arising from
fake or missing leptons, and/or fake EEFiSS.

Some backgrounds remain even after applying event selections. The dominant irreducible
background in the £¢ + Eﬁ?iss final state is the Standard Model ZZ — ¢T¢~vi process
(~ 60%), since it has two genuine leptons from a Z-boson plus two neutrinos giving missing
transverse momentum. Due to its similarity to the signal events, the signal region selections
are unable to significantly reduce this background, and it remains the dominant analysis
background. The second leading background is WZ — fvé™ ¢~ (~ 30%), despite the higher
cross-section w.r.t the ZZ — ¢/~ v process, as it can be reduced by vetoing the presence
of a third lepton in the event. Other reducible backgrounds include the non-resonant ¢¢
production (~ 5%), Z + jets (~ 4%), and the remaining contribution from VVV and ¢tV
(~ 1%).

Control regions (CR) are defined to be orthogonal to the signal region (SR) by inverting
one or more of the SR selections. Each CR aims to preferentially select specific categories
of background events. Whenever possible, the estimation of each background is extracted
directly from the data sample. Otherwise, MC based estimates verified in data are used
and scaled accordingly.

Background Estimation Methods and Uncertainties

e ZZ — ("0~ vi is the leading background in the £/ + EW analyses. It consists
of contributions from three production modes, the q¢ — 27, g9 — ZZ, and EW
qG— Z7Z processes. The shape of the m%Z distribution is provided by the MC
simulation. MC sample production for the ZZ background is discussed in Section
4.1. The ZZ MC uncertainties consider both the theoretical uncertainties and
the experimental uncertainties. The experimental uncertainties are provided by
the Combined Performance (CP) groups and include efficiency uncertainties for
triggering, the reconstruction and identification of physics objects, as well as the
energy scale and resolution of leptons, jets and EXS. The theoretical uncertainties
from parton-density-functions (PDF's), missing higher-order QCD scales, and parton
showers (PS) are estimated. The PDF uncertainty is deduced from the envelope of
bands of different PDF choices and its internal PDF error sets. The largest variation
of varying the factorization and renormalisation scales by half or double is taken
as the QCD uncertainty. More explanations of these uncertainties can be found
in Section 4.1. Additionally, the parton shower uncertainty is obtained by varying
shower-related parameters in SHERPA. Matrix element matching scale (CKKW),
resummation scale (QSF), and parton shower recoil scheme (CSSKIN) are varied
using truth samples. The CKKW scale is used to resolve the overlap between jets
from the matrix element and the parton shower. The QSF scale is used for the
resummation of soft gluon emissions. The CSSKIN scale is used for the subtraction
scheme that covers soft limits, and collinear limits, etc. For illustration, the theoretical
uncertainties are propagated to the MC-based estimation on the total yield. The
size of each uncertainty is summarised in Table 6.2.1. The large value of the QCD
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6.2. Background Estimates

Inclusive
PDF | QCD | PS
gell | 1.7 | 53 | 38
VBF 1.7 16.0 | 16.3
ggH 1.8 | 40.7 | 3.8
VBF 2.0 45.2 | 11.2
| eeH | 1.9 | 5.3
22N NBF [ 27 | 97

Percentage(%)

qqZ7Z

8eZZ

Table 6.2.1.: Theory uncertainties on the total yield of the different ZZ processes in the
ggF and the VBF categories, due to PDF, QCD, and PS variations.

2475 uncertainty on the ggZZ process is due to the fact that the simulation is only leading
2476 order in QCD.
2477 Moreover, NLO EW corrections have been considered [62], which are calculated in
2478 two schemes, additive and multiplicative with NLO QCD, and the central value of
2479 the corrections is the average. Above 1 TeV, the EW corrections reduce the expected
2480 event yield by about 20%. The uncertainty on the EW correction (less than 1% in
2481 low mass region and ~ 10% in the high mass region) is taken from the difference of
2482 the average w.r.t the additive/multiplicative schemes.
2483 In the H — ZZ — {74~ v analysis, the shape of the mt distribution is estimated
2484 using the MC simulation, but the predicted ZZ yield is scaled by a floating normal-
2485 ization factor, which is derived in a simultaneous likelihood fit to the signal-region
2486 data. Therefore, the normalisation uncertainties only enter the relative yield of gqZZ
2487 and ggZ Z processes.
2488 An alternative estimation method, the Z~ method, will be discussed in Section 6.3
2489 and it is used as a cross-check especially of the shape.
2490 o WZ — fuftl~ is the subleading background. The shapes of m%Z distributions are
2401 estimated using NLO QCD MC samples. The normalization factor with respect to
2402 NLO is obtained by comparing the MC and data in a three-lepton CR, which is
2403 dominated by WZ — [vll events. The selections are based on the transverse mass
2494 of the W boson and the E}"° significance. The mlﬁ/ is reconstructed by the E3",
2495 the transverse momentum of the third lepton péf, and the azimuthal opening angle
2496 between the two leptons:

m¥ = \/ZplTErTniSS(l — cosAg). (6.2.1)
2497 The CR selection is shown in Table 6.2.2.

mrp (W) > 60 GeV

Emiss significance > 3

b-jet Veto

Table 6.2.2.: 3] CR selection, which is applied on top of the modified pre-selections (purity
> 90%).
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6. Heavy Higgs Search

2498 The WZ yield in data in the SR (N#5R, . ) is derived by the number of data events in
2499 the 31 CR (N§{/,.,) times the MC ratio of 2 SR (Nj{77yc) and 31 CR (N3 ¢):
Ni 2o
2ISR 3ICR )
NW7Z data = NWZdata X 73101 (6.2.2)
N
WZMC
2500 The uncertainties considered are experimental systematics measured by CP recom-
2501 mendations and PDF and QCD scale uncertainties from theory. The total uncertainty
2502 from all sources is about 4% in ggF and 25% in VBF. The dominant experimental
2503 uncertainties come from the jet energy scale and jet energy resolution.
2504 e The non-resonant-£¢ contributions include top, Wt, WW, and Z — 77 events. They
2505 are estimated by studying ey + ER events from data. A CR is defined with the
2506 standard event selection except for the requirement of an opposite sign eu pair. The
2507 final background contribution is estimated in both yield and shape by using the
2508 ratio between di-lepton final states, ee : pp : e = 1:1: 2, and the differences in
2500 reconstruction efficiencies of electrons and muons:
SR. 1 data,sub
Ngeee = 5 x € x N ™™™,
2 (6.2.3)
Niﬁuu — 5 N Ngzta,sub’
€
2510 where € (¢2 = §=) is a pr and 1) dependent efficiency for the number of electrons (e)
2511 and muons (1), and it is calculated as:
Nel 62
62(]3T,77) _ (prsn) ~(pm) ) (6.2.4)
M(lpTvn)M%PT!”ﬁ
2512 Ngﬁta’SUb is the number of ey data events after non-epr MC has been subtracted off in
2513 the CR, Ngi**"? = Ndata - NMC_ |
2514 The estimation of the non-resonant-#¢ in the VBF-enriched signal region is obtained
2515 by a CR with a looser selection on the jets compared to the SR due to the limited
2516 size of the data sample. The estimate is then scaled by a MC-based transfer factor to
2517 extrapolate to the SR.
2518 The total systematic uncertainty on the estimated W Z yield in the ggF category is
2519 about 4%, and in the VBF category is about 40%. The total statistical uncertainty
2520 in the ggF category is about 10%, and in the VBF category is about 30%.
2521 e The Z + jets background is estimated by a sideband technique. This method defines
2522 a CR with a single reversed cut to enhance the background. The E%iss significance
2523 variable is used because it provides good separation between Z + jets events and
2524 events with intrinsic X5, The Ag(jet, E2S) selection is removed to increase
2525 statistics in the CR. The 1D sideband estimate is calculated as
Nest _ Ndata,sub Ng/[rf
St OR N (6.2.5)
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6.3. Introduction to the Z~ Method

where the CR selection is defined in Table 6.2.3. The Z + jets prediction uses both
the corrected yield and the shape from the sideband. The systematic uncertainty
is ~ 40 % for the ggF category and ~ 80 % for the VBF category. Dominant
uncertainties come from jet related uncertainties (38% for ee and 30% for pu).

without A¢(jet(pr > 100 GeV), Emiss)

E%iss significance < 9

Table 6.2.3.: Z + jets CR selection (purity ~ 70-80%)

An alternative method using v+ jets is performed and serves as a cross-check of
the sideband technique. This method relies on the similarity between Z + jet and
v+ jets event topologies to estimate the SR Z 4+ jets background from single-photon
events.

6.3. Introduction to the Zv Method

The Z~ method is a way to estimate the ZZ — ¢/~ v background from data, using events
with a Z and a photon. Z(¢¢)y production is very similar to ZZ — ¢t¢~vi as shown
in Figure 6.3.1, but occurs at a higher rate, which reduces the statistical uncertainties.
The processes of v and Z(— vv) are kinematically similar especially at high pr, where
the mass difference between the photon and the Z boson becomes insignificant, so many
of the uncertainties on the cross-section will cancel in the ratio, reducing the theoretical
uncertainties.

The basic idea of the method is to correct the measured mt distribution in Zv events with
the calculated cross-section ratio. This cross-section ratio is calculated as a function of Z
or photon truth pr. The Zv events are additionally corrected for the photon reconstruction
efficiency €,, again as a function of photon pr. These two factors are applied on an
event-by-event basis to the m distribution in data Z~ events where the photon pr is added
to the missing transverse momentum of the event to mimic the production of ZZ — ¢/~ vi
background as illustrated by the following formula:

1 ozz

reco truth

27 = Z7} Fpmiss X “reco/th X R(UZW ),YPT . (6.3.1)
¥

The Z~ method is not fully a data-driven method, as the formula shows that it still depends
on the theory calculations of the ratio and the MC simulation for the efficiency term. No
attempt is currently made in the Zv method to split the signal region into ggF and VBF
parts, instead an inclusive signal region is considered. The discussion of each ingredient in
the formula is organized as follows: the EITniss calculation, where the photon is treated as
Emiss (in data events), the photon efficiency calculation, where the photon is extrapolated
from the truth to the reconstructed level (in MC events), and the determination of the
cross-section ratio of ZZ and Z+ events at the truth level are shown in Subsection 6.3.1,
6.3.2 and 6.3.3, respectively. The validation of the method using a closure test on ZZ MC
is presented in Subsection 6.3.4. To use Z7v events in data, one must think about what
other backgrounds are going to fall into the Zv CR. The calculation for these backgrounds
is described in Subsection 6.3.5. The data/MC agreement in the Zy CR is shown in
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Figure 6.3.1.: Leading order Feynman diagrams for ZZ/Z~ production through the ¢g and
gg initial state.

Subsection 6.3.6. The sources of systematic uncertainty that affect the ZZ prediction are
investigated in Subsection 6.3.7. The comparison between the finalized prediction of the ZZ
distribution using the Z~ method and the ZZ prediction from MC is given in Subsection
6.3.8.

6.3.1. Ingredient Discussion: EF'* Reconstruction

Z~ events have no intrinsic E%iss at LO in QCD. One ingredient in the Z+ method is
treating the highest pt photon as invisible, thus contributing to the existing ErTniSS, which
is dominantly caused by reconstruction effects and referred to as fake E%liss in the following.
The photon is treated as an invisible particle by using a tool in the E%liss software, which
corresponds to the E%liss obtained by calculating the sum of the photon and missing energy
4-vectors, as shown in Figure 6.3.2.

6.3.2. Ingredient Discussion: Photon Efficiency

The baseline selections for photons are found in Table 5.2.2. Additional requirements are
placed on the separation of photons from other objects in the event. Photons are rejected
if they have AR < 0.4 with any electrons or muons in the event, and jets are removed if
they have AR < 0.4 with a photon. Each event is required to have at least one photon
with pt > 70 GeV. The truth photon used to calculate the photon efficiency must be the
same as the truth photon in the ratio R to allow the extrapolation from reconstruction to
truth level. The truth photon selections are shown in Table 6.3.1.

Events are rejected if the photon comes from hadron decays or the final state radiation
(FSR). The selection criteria on reconstructed photons are the same as those used in the
ATLAS Z~ production cross-section measurement [111]. The photon efficiency for truth
photons to pass identification and isolation selection criteria is computed as a function of
transverse energy using SHERPA samples at NLO. The efficiency is obtained by applying
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TST_MET (ZGamma Sherpa Samples)

Z')’cho

amiss
Y= E7

Events
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Figure 6.3.2.: Sanity check for the E%iss calculation in the Z~ events. The black EIT]rliSS
distribution shows the EF"® calculation treating the photon as an invisible particle using
miss

the EIT]niSS tool, which is exactly the same as the vector sum of the fake Ef"*° and the photon
pr, shown in red.

Table 6.3.1.: Truth photon selections used to calculate the cross section ratio R and the
photon efficiency.

Stable particles (lifetime ctyp > 10 mm)

Prompt or lepton-associated photons (pdgID=22, not from hadrons or 7s)
pT > 70 GeV

In| < 2.5

all the event selections up to the AR(¢¢) < 1.8 selection. The efficiency curves compared
to case without the AR(¢/) < 1.8 cut are shown in Figure 6.3.3. A dependence is seen
on this cut, especially at lower photon pt. The efficiency is similar at high pt with and
without the AR(¢¢) cut. More cuts were not applied, because no statistically significant
difference was seen, and it would reduce the available MC statistics. The efficiencies for
high pr photons go up to about 80% as shown in Figure 6.3.4. The increasing trend is
because boosted photons are more likely to pass the shower shape criteria, which are part
of the photon identification, as they have narrower energy deposits.

6.3.3. Ingredient Discussion: Production Ratio of the ZZ and Zv Pro-
cesses

The different production rate between the Zv and ZZ processes is taken into account
with pr dependent ratios. The cross-sections are calculated at NNLO using the MATRIX
program. The ratio R has also been calculated for closure checks with SHERPA samples
at NLO. The event selection used in the calculation of the ratio R can be found in Table
6.3.2.
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Figure 6.3.3.: The efficiency for a truth photon to pass the reconstruction selection criteria
is shown as a function of the reconstructed photon transverse energy. The photon is
required to pass tight identification criteria and the loose isolation selection. The simulated
samples were produced using SHERPA generator, and MC campaigns correspond to the full

Run-2 dataset.
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Figure 6.3.4.: Efficiency of the tight identification and loose isolation criteria as a function
of the reconstructed photon transverse energy. The comparison is shown between years
where mcl6a, mcl6d, and mcl6e corresponding to the dataset in 2015/2016, 2017 and
2018, respectively.
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6.3. Introduction to the Z~ Method

Table 6.3.2.: Event selection at truth-level for ZZ — ¢*¢~vv and Zv — €74~ used to
calculate the cross section ratio R.

Variable z7Z Z~
Niep =2

p?l > 30 GeV

pgﬁ > 20 GeV

My 76 < my < 106 GeV

pr > 60 GeV -

pr - > 60 GeV
In| - <25
AR(@l,gg) < 1.8

AP(Z,7) - > 2.5(HM) or >2.7(LM)
A¢(Z, Emiss) > 2.5(HM) or >2.7(LM) -
truth EIsS significance >9(HM) or >8(LM)

It was found to be important to mimic the analysis cuts as closely as possible when
calculating the cross-section ratio as shown in Figure 6.3.5. The Er’l?iss significance cut, in
particular, affects ZZ and Z~ events differently, as Z~ has more jet activity at low v pp
than ZZ. Since the Efl’liss significance variable is a reconstruction-level variable, a truth
level variable which can mimic the E%liss significance is therefore defined, and a selection on
it is applied for the calculation of the truth production ratio R. The truth Elfiiss significance
for ZZ events is defined as:

pTvv

)
/ 4 jet
\/p : p|2 Z :l pJ !

truth EX significance = (6.3.2)

where the truth jet selection is summarised in Table 6.3.3. For the Z~ events, the numerator
in Eq. 6.3.2 would be replaced by photon pr.

Identification AntiKt4TruthWZ jets!
Kinematic cuts pr > 20 GeV
In| < 4.5
dR(jet, 61/62/"}/) > 04

Table 6.3.3.: Summary of truth jet selections.

Figure 6.3.6 shows the correlation between the truth-level and reco-level Errf}iss significance
obtained from SHERPA MC samples. The reco ER significance cut is mapped to the
truth E%liss significance cut, which is then applied when calculating the ratio R in the Z~vy
method. The truth Effniss significance cut value is obtained by taking the peak value of
the truth E%liss significance distribution corresponding to a range of reco E%liss significance
values around the target value, as illustrated in Figure 6.3.7. Applying the truth ErT]rliSS
significance cut changes the production ratio R up to 30% in low pr regions as shown in
Figure 6.3.5. An uncertainty is applied to account for the slight miscorrelation between the

tanti-k; jet with radius 0.4. Muons and electrons from W /Z/H /T are not included.
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Figure 6.3.5.: Production ratio R as a function of the truth photon (or neutrinos) transverse
energy with different analysis cuts applied (without EW corrections). The simulated samples
were produced using the SHERPA generator.

truth E%liss significance and reco Ef}“iss significance variables (more detailed calculations
are shown in Section 6.3.7).

Two generators are used to investigate the production ratio. The MATRIX R is calculated
as the fraction of (gg+qq)ZZ and (gg+qq)Z~y, which is the one chosen as the central value
for the data-driven method. The precision of the MATRIX calculation was chosen to be
at permille level. There is no ggZ~ SHERPA sample, but the impact is expected to be
small from MATRIX studies. Figures 6.3.8 (a) and (b) show the agreement between the R
obtained from SHERPA in red and MATRIX in cyan (ggZ+ is included in the denominator,
which gives a complete calculation). The differences are due to differences in MATRIX and
SHERPA calculations (see details in Section 4.2).

Figure 6.3.9 shows R with EW corrections is in general lower, which is expected. (The EW
corrections were produced by the authors of Ref. [62] for both ZZ and Z~.)

6.3.4. Closure Checks

Closure checks are done using Z+ MC as input instead of data and trying to reproduce
the ZZ MC. Reco closure checks using SHERPA NLO samples also for the production ratio
R have been performed with and without EW corrections applied to the truth R, ZZ
MC, and Z~ MC. Figure 6.3.10 shows closure within a couple of percent reproducing the
mr distribution using the HM selections with the exception of one bin, which is likely a
statistical outlier. We have also checked the closure without applying the AR(¢¢), Agp,
b-jet veto, and EITniSS significance cuts, which can be found in Appendix B. Closure checks
on the E%liss distribution, used in the LM analysis, are shown in Figure 6.3.11. The
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Z~ events (right). Z mass window, AR(¢/), A¢ and b-jet veto cuts are applied.
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Figure 6.3.7.: Truth ER significance distributions in a range of 8.5 to 9.5 of reco ERiss
significance for (a) ZZ events and (b) Z7 events for the LM search, which uses a reco ERiss
significance threshold of 9. Truth E¥S significance distributions in a range of 9.5 to 10.5
of reco EIsS significance for (c) ZZ events and (d) Zv events for the HM search, which
uses a reco E%niSS significance threshold of 10. Z mass window, AR(¢(), A¢ and b-jet veto
cuts are applied. The chosen truth EEFiSS significance cut values are 8 for the LM search
and 9 for the HM search.
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Figure 6.3.8.: Production ratio R as a function of the truth photon (or Z — vv) transverse
energy with full analysis cuts and without EW corrections. The Ratio calculated by SHERPA
is in red, MATRIX with ggZ~ is in cyan, and MATRIX without ggZ~ is in yellow. (a) Full
analysis selections are applied. (b) Selections are applied up to the Z mass window cut.
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Figure 6.3.9.: Production ratio R as a function of the truth photon (or neutrinos) transverse
energy with full analysis cuts applied with and w/o EW corrections. The Rs are made
using SHERPA NLO MC.

remaining differences between ZZ MC and ZZ predictions are taken into account as a
closure uncertainty described in Section 6.3.7.
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Figure 6.3.10.: Transverse mass closure checks without EW corrections (left) and with
EW corrections (right). The ZZ estimate and the ZZ MC have correlated statistical
uncertainties, as the same sample is used both for the prediction and the production ratio.
The HM selections are used here.

6.3.5. Z + Jets Background Estimate

To use the Z~ method in data, one must consider backgrounds. The Standard Model
backgrounds that contribute to the Z+ spectrum can be divided into three distinct categories:

115



2644

2645

2646

2647

2648

2649

2650

2651

2652

2653

2654

2655

2656

2657

2658

2659

2660

2661

2662

2663

2664

2665

2666

2667

2668

6. Heavy Higgs Search

E o ® g~ ZZ@NLO + gg— ZZ@LO Sherpa E oo .
E = ®  ZyiMO).y = E"™, roweighting ©E - .
E —-— E ——
- — '3 —
:_ MCl6a+d+e ;7 MC1l6a+d+e
N . - g L i
N.: R e ._.+_.% E i Siiiiiay TS 4|‘
= | 0.8
“b 100 200 300 400 500 600 700 800 9001000 O 100200300 400 500 600 700 800 9001000

E?iss [GeV] E-TISS [GEV]
Figure 6.3.11.: EXsS closure checks without EW corrections (left) and with EW corrections
(right). The ZZ estimate and the ZZ MC have correlated statistical uncertainties, as the
same sample is used both for the prediction and the production ratio. The LM selections
are used here.

e 7 + jets - this is the main background that contributes to the Z~ spectrum, where the
jet is misidentified as a photon. This background is estimated using the data-driven
method developed in the context of the SM Z+ cross-section measurement [111]. This
category contributes 6% of the events with photon transverse energy above 90 GeV.

o tty, Z~v — 777, and WW+ - these processes contain genuine prompt photons. ttvy
events account for about 1% of the total background at the Z mass cut level, and it
is negligible with the full analysis applied. The tty contribution is estimated using
MC simulation.

o WZ — tvtt¢~ and H — ZZ — £00(- if one electron is misidentified as a photon. The
background contribution in this category is also negligible (less than 1%).

In the SM Z~ cross-section measurement, the photon purity is evaluated using an ABCD
method. The method relies on two discriminating variables: the photon isolation and the
photon identification based on shower shape variables. Four ABCD? regions are defined in
which the signal photon selections are relaxed, forming three background-enriched regions.
Assuming that there is no correlation between the four regions for background photon
candidates, the predicted Z + jets background in the signal region is derived by:

Nf+]ets Nngjets (6 ; 3)
Z+jets — nrZ-+jets” e
NB ND

In each region, the number of Z + jets events can be defined as Nyqtq - Npackground - Nz,
where Ngqq is the total number of events in data and Npgckground is the number of events
from processes that are not Z + jets or Z+, taken from MC. The signal leakage in each CR
is also obtained from MC, allowing to solve for the number of signal events in signal region
(A). The leakage parameters are defined as the ratio of the N4 in each CR to the Ny, in
the SR.

The final result can be expressed in terms of the photon purity in the signal region, which
is defined as:

2The four ABCD regions are the signal region, A, and three background-enriched regions in which one or
both of the signal photon selections are reversed.
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Nz,

Ndata - Nbackground

photon purity = (6.3.4)

The correlation between the four regions is considered when calculating the purity, and
three signal leakage parameters are taken into account for the case of signal leakage into
the CR. The purity in bins of the photon transverse energy is shown in Figure 6.3.12 where
the photon purity is up to 94% in the region above 70 GeV. The photon purity results are
taken directly from Ref. [111], which is possible because the photon selection was chosen
to be exactly the same in the Z+ method. In the Zv method, only the ¢t background is
non-negligible. Therefore, the number of Z + jets background events is determined by
subtracting the ¢ty events from data, and multiplying this number by (1 - purity = 0.06).
This number of Z +jets background events per bin is associated with a systematic error of
4%, which is propagated to the Zv uncertainty. Details are presented in Section 6.3.7.
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Figure 6.3.12.: Signal purity measured as a function of the photon transverse momentum.
Different cross checks from varying the definitions of the ABCD CR are shown in different
colour curves. Figure from Ref. [112].

6.3.6. Data/MC in the Zv Control Region

The photon pr distribution measured in Z+v events in data is one of the ingredients used
in the Z+ method. The nominal Z~ event samples are produced using SHERPA (2.2.2)
at NLO generator with the NNPDF3.0 NNLO PDF set. The ¢ty event samples are
produced using MADGRAPH5_aMC@NLO with the NNPDF23 PDF set at LO. The tty
distribution includes the systematic uncertainty, which is calculated by taking a 30% of the
ttry cross-section [112]. A NLO K-factor of 1.44 is applied on the ¢ty samples [113]. The Z
+ jets distributions are estimated as described in Section 6.3.5.

Photon pr distributions with the analysis selection criteria applied cumulatively are shown
in Figure 6.3.13 (no EW corrections are applied for these figures).

Comparison for E%‘iss in data and simulation with and without EW corrections are shown
in Figures 6.3.14. As discussed above, the photon pr is added to the intrinsic EITniSS of
the Zv events. It can be seen that EW corrections on the Zy MC decrease the data/MC
differences in the ErTniSS > 200 GeV region when full analysis cuts are applied. However the
agreement is worse at the Z mass cut level. It appears as if QCD mismodelling affecting
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Figure 6.3.13.: The photon pr distribution as measured in the Z+ CR. Data points
represent collected data from 2015—2018 and are compared with the predicted Standard
Model background contributions in stacked histograms. The Z+v process is measured from
SHERPA at NLO (without EW corrections). (a) with Z mass window cut applied, (b) with
Z mass and AR cuts applied, (c) with Z mass, AR, and A¢ cuts applied, (d) with Z mass,
AR, A¢, and b-jet veto cuts applied, (e) with full analysis cuts applied. The Stat-+Syst
band includes the statistical and systematic uncertainties of both Z + jets and tty, and
statistical uncertainty from the Z~v MC. The HM selections are used here.
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2605 the analysis selection efficiencies and EW mismodelling cancel each other for the high E%iss
206 range. The discrepancy in the region of 90—120 GeV stays similar w.r.t the Ef"* without
2607 EW corrections.
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Figure 6.3.14.: The EITniSS distribution as measured in the Zv CR. The photon pr is added

miss

to the intrinsic E3"** of the Zv events. Data points represent collected data from 2015—2018
and are compared with the predicted Standard Model background contributions in stacked
histograms. The Zv process is predicted by SHERPA at NLO, with EW corrections (a, c,
e) and without EW corrections (b, d, f) applied. (a) and (b) show the distributions with
the Z mass window cut applied, (c¢) and (d) with Z mass, AR cuts applied, (e) and (f)
with full analysis cuts applied. The Stat+Syst band includes the statistical and systematic
uncertainties of both Z + jets and tt, and statistical uncertainty from the Z~v MC. The
LM selections are used here.
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6. Heavy Higgs Search

Comparison for mt distributions in data and simulation with and without EW corrections
are shown in Figure 6.3.15. Because there is an E%ﬂss cut of 120 GeV applied in the HM
analysis, the region with the worst data/MC agreement from Figure 6.3.14 is cut out, and
a better data/MC agreement is seen in this case, especially after full selection cuts are
applied.

6.3.7. Systematic Uncertainties on the Zvy Method

Sources of systematic uncertainty taken into account in the Z+ method arise from
uncertainties in the ratio R (including the difference in R between SHERPA and MATRIX),
photon reconstruction, closure, truth E3"° significance, backgrounds in the Zv CR.

The cross-section ratio R is estimated from MATRIX NNLO [59, 65] and it is currently
assigned a systematic uncertainty of 2.5% (plus EW uncertainties), which is obtained
without applying any cuts beyond the Z Mass requirement. Detailed studies are shown in
Section 4.3.1. The following uncertainties are considered:

e Uncertainties due to higher order QCD corrections, §2€P. These are estimated by
varying the renormalisation and factorisation scales (6°°?¢), by an additional shape-
factor (6°"%P¢) and by comparing the NNLO/NLO K-factors of the two processes
(5HO). The quadratic sum of these three components gives the QCD uncertainty,

dqQep.-
e Uncertainties due to photon isolation treatment (§°).

e Uncertainties on the parton distribution functions (6°PF).

e Uncertainties due to higher order electroweak corrections (65WVK).

The total uncertainty on R(pr) is the quadratic sum of these individual uncertainties:

5R(pT) — 5HO ® 5scale ® (5shape ® 5150 ® 5PDF @ 5EWK (635)

The background uncertainty to the Z~ is assigned a conservative number, 4% (94% purity
x 0.04 relative uncertainty for photon pr > 70 GeV). The number is estimated based on a
study from the Z+ cross-measurement [111]. The estimation from the SM Z~ analysis is
summarised in Figure 6.3.16 showing the uncertainties on the three signal leakage fractions
(blue), event yields in the ABCD regions (pink) and the total (black). The relative total
uncertainties on the purity in bins of photon pr are calculated by varying each source +1
o independently and adding the deviations in the nominal purity value in quadrature:

(6.3.6)

The truth ER significance uncertainty is shown in Figure 6.3.17 (a). The transverse
mass distribution is produced using the nominal truth E%liss significance cut and a cut
that is varied by 0.5, and the largest difference w.r.t the nominal distribution (truth E%ﬁss
significance cut applied at 9 as the nominal in HM search) is taken as the truth Efrniss
significance uncertainty. The truth EEFiSS significance uncertainty is correlated with the
closure uncertainty as the closure result depends on the choice of the truth E%‘iss significance.
Therefore, the uncertainty is determined by the largest one out of the two sources. The
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Figure 6.3.15.: The mt distribution as measured in the Zv CR. The photon pr is added to

the intrinsic E%liss of the Z~ events. Data points represent collected data from 2015—2018
and are compared with the predicted Standard Model background contributions in stacked
histograms. The Z~ process is predicted by SHERPA at NLO, with EW corrections (a, c,
e) and without EW corrections (b, d, f) applied. (a) and (b) show the distributions with
the Z mass window cut applied, (c¢) and (d) with Z mass, AR cuts applied, (e) and (f)
with full analysis cuts applied. The Stat+Syst band includes the statistical and systematic
uncertainties of both Z + jets and ttv, and statistical uncertainty from the Z~v MC. The

HM selections are used here, including EEFiSS > 120 GeV.

121



2734

2735

2736

2737

2738

2739

2740

2741

2742

2743

2744

2745

6. Heavy Higgs Search

> F T T T T T 3
= - -
gg 0.2 = =
o 0.18F -
2 = =
S5 0.16 =
(0] - 3
2 0141 —
()] C 3
E) 0.12 — — Total —
- Correlation 3

0.1 = —— Signal Leakage =
0.08} Nao Ny, N, N, =
0.06 —
0.04 —
0.02F - — —

E [ R | 1 ! L l 3

9

()]
N
o
W
o
H
o
(4]
o
2]
o
(o]
o

100 120 150 1200
E; [GeV]
Figure 6.3.16.: Relative uncertainties on the purity as a function of photon pr. Figure from

Ref. [112).

transverse mass distribution with the photon efficiency varied up and down based on CP
recommendations for photons is shown in Figure 6.3.17 (b), and the largest difference with
respect to the nominal is taken.

2y Reweighting (cut: MZ+dR+dPhi>2.5+bVeto+METSig>10+dPhiJ100met>0.4) Zy Reweighting (cut: MZ+dR+dPhi>2.5+bVeto+METSig>10+dPhiJ100met>0.4)
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Figure 6.3.17.: (a) The mt distribution with truth E%iss significance cut in the R applied
at 9.5 in red, at 8.5 in blue, at 9 (the nominal cut) in black. (b) The mt distribution
with the photon efficiency varied up is in red, with the down variation is in blue, and the
nominal one is in black.

The uncertainty based on the difference between SHERPA and MATRIX (detailed in Section
4.2) is calculated by taking the differences of the ZZ prediction using the SHERPA R and
using the MATRIX R.

The total uncertainty on the Z+ method is the sum of all sources in quadrature. The
results for E%liss and mt are shown with EW corrections in Figure 6.3.18 and Figure
6.3.19, respectively. These uncertainties are compared to the total experimental and theory
uncertainties of the ZZ MC estimate (yields and shape), and they are of a similar magnitude
for the medium mt range. In most bins, the data statistical uncertainty is the dominant
uncertainty (about 3% to 16% in total). To reach 10% statistic uncertainty for the largest
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uncertainty bin (compared to 16% now), the luminosity needs to be increased to about 2.5
times the luminosity of Run-2.
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Figure 6.3.18.: The total uncertainty in bins of the E¥ with EW corrections. The
theoretical uncertainty on the ratio is obtained without applying any cuts beyond the Z
mass requirement. New studies indicate that theoretical uncertainty is underestimated for
the case where more analysis cuts are applied (detailed in Section 4.3).

However, the statistical uncertainty depends on the chosen binning. Table 6.3.4 shows the
relative data statistical uncertainty using the binning chosen for the presented estimate,
which is coarser than the HM analysis binning. This choice was made to keep the statistical
uncertainties under control, and still allows to validate the shape.

6.3.8. Resulting ZZ Prediction and Comparison

The nominal data-driven ZZ estimate is performed using the MATRIX R. Figure 6.3.20
shows the comparison of this estimate with the Sherpa ZZ simulation, which is used in
the analysis currently with EW corrections/uncertainties. Figure 6.3.21 shows the results
of the data-driven ZZ estimate using MATRIX R without EW corrections applied on R
or the SHERPA ZZ simulation. It also shows the results using the SHERPA R with and
w/o EW corrections. The transverse mass distributions agree with the MC prediction
within the total uncertainties. The biggest deviation is in the bins of 300—400 GeV and the
corresponding pull is ~2.29 ¢. This good agreement constitutes an important cross-check
of the MC-based ZZ estimate currently used in the heavy Higgs search, especially the
shape of the distribution.

Comparing the data-driven estimate with MATRIX R in bins of EXS is shown in Figure
6.3.22. The differences between the distributions are covered by the systematics except
in the low E%liss regions. If no EW corrections are applied on the MATRIX R or the
SHERPA ZZ simulation, the ratio between the data-driven and the MC estimate drops more
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Figure 6.3.19.: The total uncertainty in bins of the transverse mass with EW corrections.
The theoretical uncertainty on the ratio is obtained without applying any cuts beyond the
Z mass requirement. New studies indicate that theoretical uncertainty is underestimated
for the case where more analysis cuts are applied (detailed in Section 4.3). The total
experimental and theoretical uncertainty for MC ZZ production is shown in black (including

shape and yield uncertainties).

300 400 500 600 700 800 900 1000

m; [GeV]

myp range [GeV] | relative uncertainty (%] | Nevents

250 - 300 7.67 171
300 - 350 3.08 1054
350 - 400 3.8 670
400 - 450 5.3 348
450 - 500 6.71 222
500 - 600 6.69 223
600 - 700 10.9 84

700 - 800 14.1 50

800 - 1000 16 39

Table 6.3.4.: Data statistical uncertainty in the Z+ CR using the binning chosen for the

presented estimate.
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Figure 6.3.20.: Comparison of the data-driven estimate with MATRIX R and ZZ MC
prediction in the mr distribution for electron and muon channel combined with EW
corrections. The uncertainty in the red band shows the theoretical and experimental
uncertainties on the ZZ MC-based estimate (including shape and yield uncertainties).
The black error bar in the top panel include all systematic uncertainties except the data
statistics. The blue band includes all the uncertainties sources from the Z~v method except
data statistics. The lower panel shows the ratio of the data-driven method to the ZZ MC
prediction, the error bars in black show the statistical and systematic uncertainties on
the data-driven method, and the band shows the systematic uncertainty on the ZZ MC
prediction.

125



6. Heavy Higgs Search

Zy Reweighting (cut: MZ+dR<1.8+dPhi>2.5+bVeto+METSig>10+dPhiJ100met>0.4)
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Figure 6.3.21.: Comparison of the data-driven estimate with MATRIX R and ZZ MC
prediction in the mr distribution (a) without EW corrections for electron and muon channel
combined. Comparison of the data-driven estimate with SHERPA R and ZZ MC prediction
in the mr distribution (b) with EW corrections, (c) without EW corrections for electron
and muon channel combined. The uncertainty in the red band shows the theoretical
and experimental uncertainties on the ZZ MC-based estimate (including shape and yield
uncertainties). The black error bar in the top panel include all systematic uncertainties
except the data statistics. The blue band includes all the uncertainties sources from the Z~
method except data statistics. The lower panel shows the ratio of the data-driven method
to the ZZ MC prediction, the error bars in black show the statistical and systematic
uncertainties on the data-driven method, and the band shows the systematic uncertainty
on the ZZ MC prediction.
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strongly with higher E as shown in Figure 6.3.23 (a). This is seen in the Zv data/MC
comparison in Figure 6.3.14 as well. Likewise, the data-driven estimates with SHERPA R
with EW corrections and without EW corrections are shown in Figure 6.3.23 (b) and (c),
respectively. The data-driven background estimate using the MATRIX R is higher than
the MC prediction in the low EEFiSS region. This arises partially because MATRIX’s truth
production ratio R is higher than SHERPA as shown in Figure 6.3.8.
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Figure 6.3.22.: Comparison of the data-driven estimate with MATRIX R and ZZ MC
prediction in the ErT]rliss distribution for electron and muon channel combined with EW
corrections. The uncertainty in the red band shows the theoretical and experimental
uncertainties on the ZZ MC-based estimate (including shape and yield uncertainties). The
blue band includes all the uncertainties sources from the Z~v method except data statistics.
The lower panel shows the ratio of the data-driven method to the ZZ MC prediction ratios,
the error bars in black show the statistical and systematic uncertainties on the data-driven
method, and the band shows the systematic uncertainty on the ZZ MC prediction.

As stated above, EW corrections improve the agreement in the tails between the MC and
the data-driven estimate. Figure 6.3.24 shows the ratio between the data-driven and the
MC-based estimate is flatter if EW corrections are applied. This seems to indicate that
applying EW corrections is a better way to go when using the MC-based estimate.

The total uncertainty (yields and shape) in the MC ZZ prediction with EW corrections
is similar to the total uncertainty in the Z~v method’s prediction in the chosen binning.
However, as described in Section 6.2, in the H — ZZ — {4/~ vi search, only the ZZ
background shape taken is from SHERPA, while the normalisation is fitted, thus reducing
the MC-driven systematic uncertainties from what is shown in this section. Subsection
6.3.7 shows that the largest source of uncertainties in the Z+ method comes from the
data statistic. The statistical uncertainties arise from random fluctuations described by a
Poisson distribution, which might be preferable over other systematic uncertainties.
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Zy Reweighting (cut: MZ+dPhi(y,Z)+bjet+Sig>9)
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Figure 6.3.23.: Comparison of the data-driven estimate with MATRIX R and ZZ MC
prediction in the B distribution (a) without EW corrections for electron and muon
channel combined. Comparison of the data-driven estimate with SHERPA R and ZZ MC
prediction in the ERs* distribution (b) with EW corrections and (c) without EW corrections
for electron and muon channel combined. The uncertainty in the red band shows the
theoretical and experimental uncertainties on the ZZ MC-based estimate (including shape
and yield uncertainties). The blue band includes all the uncertainties sources from the Z~
method except data statistics. The lower panel shows the ratio of the data-driven method
to the ZZ MC prediction ratios, the error bars in black show the statistical and systematic
uncertainties on the data-driven method, and the band shows the systematic uncertainty
on the ZZ MC prediction.
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Figure 6.3.24.: The ratio between data-driven estimate and the MC ZZ estimate. The ratio
with EW corrections is in cyan, without EW corrections is in orange. For illustration, the
ratio with EW corrections is shifted down to match the ratio without EW corrections in
the first point, this corresponds to the green points.

6.3.9. Possible Improvements for the Future

The statistical uncertainties on the Z+ data sample are still fairly large with the current
luminosity. However, more data will help reduce these. One thing to keep in mind is that
the statistical uncertainty is dependent on the binning.

The m distribution estimated with the Z~ method agrees quite well with the MC prediction.
The largest discrepancy can be found in the bins of 300-400 GeV, and the combined pull of
these two bins is ~ 2.29. As a cross-check, it would be interesting to see the results from
the ZZ — (T4~ £+{'~ CR where two leptons are treated as the E2. This CR is closer to
the ZZ — (¢~ v process than the Zv CR, but it runs out of statistics at EIsS larger
than O(100 GeV), so a combination of the two methods would be beneficial.

It seems like EW corrections allow for a better agreement of the MC shape with the
data-driven estimate, but they might be over-correcting in normalization (this is already
visible in the Z+v control region). Further investigation on the EW corrections and a
differential cross-section measurement of the cut variables and other observables in the Zv
process, to also better understand the QCD modelling will be helpful. This should also
help improve the theory calculation as well.

Further work is needed in terms of the ratio uncertainty when selection cuts are applied, and
in terms of the uncertainty correlation between the ZZ and Z+~ as described in Section 4.3.2.

In the current Z+v method, the production ratio of the ZZ and Z+ processes is measured
from the truth-level information. Although the cuts made at the truth-level are kept
as close as possible to the cuts at the reconstruction-level, the correspondence between
them is particularly concerning for the truth El}liss significance. Figure 6.3.25 presents the
measured cross-section as a function of mt in events predicted by the MC, the Zv method
prediction reweighted by SHERPA ratio in bins of pt v, and the prediction reweighted
by the reconstruction ratio of the ZZ and Z~ events in bins of m . The predictions are
similar to each other, which is reassuring as it confirms the extrapolation of the phase
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6. Heavy Higgs Search

space. One of the advantages of using reweighing with reconstruction-level distributions is,
that it could help with more complicated signal regions and discriminants, such as a BDT.
However, one would need to evaluate full experimental uncertainties on the reconstruction
ratio and need a strategy for theory uncertainties.

Another strategy is to provide the Z~ control region as an input into a simultaneous signal
region and control region fit, which helps reduce systematic uncertainty with nuisance
parameters constrained by the data. One should consider the extrapolation uncertainty
from the Z~ phase space to the signal phase space.

10
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Figure 6.3.25.: Comparison of finalized ZZ prediction as a function of mt without EW
corrections. The ZZ MC prediction is shown in blue, the standard Z+ method with the
truth ratio applied in bins of v pr is shown in red, and the prediction using a ratio based on
reconstruction-level m1 distributions is shown in black. The black and red curves include
the MC statistical uncertainties only.

6.4. Data/MC

This section shows the comparison of the pre-fit MC predictions to data in the ZZ — (T4~ vi
signal region. The background estimation and the corresponding uncertainties are described
in Section 6.2. The WZ, Z + jets, and non-resonant backgrounds have yields measured
by data-driven methods. The ZZ background (qqZZ, g9Z Z, and ZZ (EW)) is predicted
purely from MC in the pre-fit case. The Z+ method is not used mainly because the
statistical uncertainties on the Z~ are still fairly large, but it is important as a cross-check.
The expected background events and data are given in Table 6.4.1 for the ggF and VBF
productions.

The pre-fit mt distributions in the ggF category after the final selection are shown in
Figure 6.4.1 for ee and pp channels. The pre-fit mt distributions in the VBF category
after the final selection are shown in Figure 6.4.2 for ee and pp channels.

6.4.1. Another View of the Signal Region

The comparison of the data-driven ZZ estimate from Z~ and the data after subtracting
other backgrounds (WZ, Z + jets, eu, and Others) is shown in Figure 6.4.3 together with
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Process ggF-enriched categories VBF-enriched categories
ete~channel p*u~channel | etechannel pu*u~ channel

qq — 47 671 + 6.1 768 + 33 2.7+ 0.2 3.24+0.2
99 — 27 81 + 21 90.41 + 24 0.9 +1.5 0.8 £+ 1.08
ZZ (EW) 7+0.2 6.99 £ 0.20 0.8 +£0.2 0.9 +0.2
Wz 413 + 23 454.44 + 15 2.5 4+0.9 2.6 +£4.7
Z + jets 40 £ 9 55.61 £+ 14 0.2 +£0.2 0.3 +0.3
non-resonant-£¢ 66 £ 6 == 0.3 £0.2 0.3 £0.2
Others 5.88 + 0.03 6 £+ 0.08 0.08 £0.04 | 0.04 + 0.02
Data 1323 1542 8 10
Total backgrounds 1284 1459 7 8

Table 6.4.1.: The number of predicted (pre-fit) background and data events (corresponding
to 139 tb=1) in ee and pu signal regions after full ggF and VBF event selections. The
errors represent the systematic uncertainty [114].
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Figure 6.4.1.: Pre-fit m distributions in the ggF SR. EW corrections are applied to qqZ Z.
The uncertainty includes stat+syst. The small background contribution from VVV and ttV
is categorized into Others. The last bin includes overflow [114].
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Figure 6.4.2.: Pre-fit mt distributions in the VBF SR. EW corrections applied to qqZ Z.
The uncertainty includes stat+syst. The small background contribution from VV'V and ¢tV
is categorized into Others. The last bin includes overflow [114].

the ZZ MC estimate. The my distributions are made in the inclusive category (ggF and
VBF) with combined ee and pp channels. EW corrections are applied to the ¢q¢ZZ MC and
the Z~v method in the ratio. There is good agreement between all distributions above mr
~400 GeV. Interestingly, both the data and the data-driven ZZ estimate favour slightly
higher event yields at lower m.

Zy Rewelghting (cut: MZ+dR<1.8+dPhi>2.5+bVeto+METSIg>10+dPhiJ100met>0.4) Zy Reweighting (cut: MZ+dR<1.8+dPhi>2.5+bVeto+METSig>10+dPhi100met>0.4)
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L 2ZZ MCs prediiction L 22 MCs prediction
e ZZ theo + exp Unc. - 77 theo + exp Unc.
E Vs=13TeV, 139" E V/5=13TeV, 130"
* e+ uu - ee + uu
S | J N — 4 v PRSP S—" L
- 300 400 500 600 700 800 900 1000 "7300 400 500 600 700 800 900 1000
m, [GeV] m; [GeV]
(a) (b)

Figure 6.4.3.: Comparison between the data-driven Zv method in black and the data after
subtraction (all the background predictions are subtracted from data except the ZZ MCs)
in pink. The ZZ MC prediction is shown in red. The lower panel shows the ratio of each
distribution with respect to the ZZ MC prediction. The red band in the ratio panel shows
theoretical and experimental uncertainties in the ZZ MC. The black bars in the ratio panel
indicate the statistical and systematic uncertainties from the Z~ method. (a) The ZZ
prediction is estimated using the Zv method with the MATRIX ratio of the ZZ and Z~
cross-sections. (b) The ZZ prediction is estimated using the Z~y method with the SHERPA
ratio of the ZZ and Z+~ cross-sections.
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6.5. Limit Setting

As there is no significant excess seen in the data compared to the background expectation
as shown in Figure 6.4.1, limits on the o x BR of the S — ZZ process will be set (S can
be interpreted as the heavy Higgs or the graviton). The method for the limit calculation is
commonly used in the CMS and ATLAS experiments. A global binned likelihood function
[115] is built as:

L(nlu,0) = T] Pnile- Si(8) + Bi(6)), (6.5.1)

i€bins

where P is the Poisson distribution. The symbol n; is the number of observed events,
is the ‘signal strength’ parameter. S; and B; are the number of predicted signal events
and the number of predicted background events in bin i, respectively. The signal and
background predictions depend on parameters: parameters of interest (POI) corresponding
to the actual quantities that are to be estimated, such as signal strength (), and a set of
‘nuisance’ parameters (NPs) representing potential sources of systematic biases collectively
denoted with 6.

The profile likelihood ratio is used to test a hypothesized value of u. The profile likelihood
ratio is defined as:

D>

Ap) = £, ),Where 0<i<u, (6.5.2)

L(,9)

D>

where 0 is the value of 6 maximizing £ for the assumed p. The parameters i and g are the
parameters under which the likelihood reaches its global maximum.

A test statistic is defined based on the profile likelihood ratio to compare the compatibility
of the data with the background-only and background-plus-signal hypotheses. The data
refers to the actual experimental observation or pseudo-data (toys) used to construct
sampling distributions. The signal strength p = 0 corresponds to the background-only
hypothesis. This test statistic extracts the information on the signal strength from fitting
to the data. In large statistics data samples, the distribution of the test statistic is known
as a x? distribution according to Wilks’ theorem.

The p-value, p,,, is defined to quantify the level of disagreement of the data with a particular
signal strength hypothesis:

b= [ falnda,, (653)
'}

where qff’s is the value of the test statistic observed in data, and f(g,|u) is the probability
distribution function of ¢, for the given signal strength hypothesis.

The modified frequentist method, C'Lg, inspired by the Neyman—Pearson lemma is defined

as:

CLg
(:71;5 (ll) = (:jl;z;b’

(6.5.4)
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6. Heavy Higgs Search

where C'Ly is calculated by fqﬁs f(qu|n=0)dq, in the background-only hypothesis, and
i

CLgyy is calculated by fqo(,?)s f(qu|p)dgy. The corresponding p is excluded if C'Ly is less than
o
5%.

Expected limits will be compared with the results obtained from the fit to the real data.
By using the Asimov (pseudo-data) representative data set instead, one can easily derive
the median expected limits under a given background-only hypothesis and +10 (68%) and
+20 (95%) error bands.

Upon computing the quantity g, = -2InA(x) for g = 0 (null hypothesis) given the actually
observed data, a p-value can be determined and then translated into a significance level 3.

The original likelihood is modified to have two different components to deal with nuisance
parameters:

L(11,0) = L,,(1,0)L4(0,0). (6.5.5)

For a fixed value of p, the likelihood is maximized with respect to the nuisance parameters
6. The Ly(0,0) is constructed from a probability density function, pdf, p(f) and some
external measurements, :

L9(0,0) =] r;(010). (6.5.6)
J

The product, [] ; Tuns over all sources of the systematic uncertainties. The systematic error

pdfs p(0]9) reflect the degree of belief on what the true value of # might be. One can turn
the probability around with a prior, mp(6), as given by Bayes’ theorem to compute the
posterior (p(0]0)):

p(018) ~ p(619) - mo(6), (6.5.7)

where p(9~ |0) represents the probability density function of the measurements 6 given a
true 6, and it is usually assumed to be Gaussian:

pi(0]0) = ! exp [—(6_9)2] . (6.5.8)

2ro

Each measurement is given a Gaussian probability that is centred on 6, which is the true
value with a width o;, and then the multiple measurements are multiplied together into the
Likelihood as shown in Eq. 6.5.6. Using this approach, the initial estimate 6 can be used
to constrain the likelihood of the main parameter of interest. The prior to the nuisance
probability density function is chosen to be flat. The systematic uncertainties on NPs

3The p-value can be computed as p = qtf:f f(q|u=0)dq. A significance is defined as Zo=0¢(z) (1 — po)
where ¢ is the distribution of the test hypothesis. In case the search is performed without knowing the
position of the peak, the formula above gives only a local p-value for a given signal hypothesis. The
global p-value quantifies the probability that a background fluctuation at any mass value gives a value of
the test statistic greater than the observed one. A signal with a significance Z of at least 3 (30 level)
is claimed as the evidence, which corresponds to a p-value of 1.35 x 1072 or less. One can claim the
observation when significance exceeds 5 (50 level corresponds to the p-value = 2.9 x 1077),
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affecting the total signal or background are called normalization factors (NF's), and those
affecting the corresponding pdf are called shape uncertainties. Their respective systematics
act as constrained NPs in the fit using Gaussian functions. The limited number of MC
events are considered as independent uncertainties (MC stat.) in each bin.

The profile likelihood fit can change the background prediction when the best-fit § values
are different from . It can reduce the uncertainty on backgrounds through constraints on
NPs and correlations between NPs.

The modelling of the m distribution for signal is based on templates derived from fully-
simulated events as given in Section 4.2. Figure 6.5.1 shows the mt distributions of all ggF
and VBF signals. The simulated signal events are used to determine the signal acceptance
including the respective theoretical and experimental uncertainties as well. Contributions
from background sources including systematic uncertainties are described in Section 6.4.
The ZZ normalization factor is obtained in the fit, in order to avoid depending on the theory
prediction and to reduce systematic uncertainties for the ZZ yields. Three parameters of
interest (signal strength of ggF and VBF and the ZZ normalisation factor) are used in the
fit.

£ 9GH300 2 9gH300
g 0.16 — ggH400 g ~—— ggH400
[ — ggH500 o 0.14] — ggH500
k- — ggH600 5 — ggH600
5§ 0.14 ~— ggH700 13 ~— ggH700
2 0HB00 5 o2 agH80o
T ggHs00 T gH900

L 012 2aH1000 o ggH1000

— ggH1200 0.1 — ggH1200

0.1 ~— ggH1400 ~— ggH1400

— ggH1600 — ggH1600

— ggH1800
— ggH2000

o o
5 =
S @

TI [T T[T T [ T[T I [T [TTT[TTT]T
a
=1
I
g

- : " " L n
500 1000 1500 2000 2500

3000 500 1000 1500 2000 2500 3000
m; in GeV my in GeV
(a) ggF category, ete™ channel (b) ggF category, u*u~ channel

g 0.16? VBF300 .;f C VBF300

3 C —— VBF400 S 014 —— VBF400

hd = e VBF500 o = w— VBF500

T 014 = VBF600 ) C — VBF600

é - s VBF700 % 0.12— = VBF700

= - VBF800 - VBF800

& oz varoco g F veroo

C VBF1000 01— VBF1000

01— e VBF1200 = — VBF1200

C —— VEBF1400 C —— VBF1400

008 ZVara 0081 Vo

C — VBF2000 : — VBF2000
0.06/— 0.06—
o0 0.04—
0_02:_ 0.02—

£ 1 | C el I
K 500 1000 1500 2000 2500 3000 00 500 1000 1500 2000 2500 3000
my in GeV my in GeV
(c) VBF category, ete™ channel (d) VBF category, utu~ channel

Figure 6.5.1.: m7 distributions from the NWA signal samples in the ggF (top) and VBF
SR (bottom) for ee and pu channels [114].

The post-fit expected and observed numbers of events and their statistical and systematic
uncertainties are presented in Table 6.5.1 for both ggF and VBF categories.

Figure 6.5.2 shows the post-fit mr distributions in the ggF' SR. The MC ZZ is scaled by
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Process ggF-enriched categories VBF-enriched categories
ete~channel p*p~channel | eTe™channel u™pu~ channel

q — 27 714 + 38 817 £+ 44 294+ 0.2 3.5+ 0.2
g9 — L7 94 + 29 105 4+ 32 1+0.5 1+04
Z7Z (EW) 6.6 = 0.5 7.0+ 0.5 0.8 +0.1 0.9 +0.1
Wz 412 £ 14 455 £+ 12 25+ 0.5 3.0+ 1.5
Z + jets 43 + 13 60 + 22 0.3 +£0.2 0.4+ 0.3
non-resonant-£¢ 66 + 6 == 0.2 £0.2 0.3 £0.2
Others 59 + 0.4 59+ 0.4 0.09 £0.02 | 0.04 &+ 0.01
Total backgrounds | 1342 + 52 1527 £ 60 7.8+ 0.8 9+16
Observed 1323 1542 8 10

Table 6.5.1.: The observed and MC expected yields (corresponding to 139 fb~!) in ee
and pp signal regions after full ggF and VBF event selections. The expected number of
events and errors are obtained from a likelihood fit to the data under the background-only
hypothesis. The ZZ yields have the post-fit normalization scaling applied. The uncertainty
on the ZZ normalisation factor, yizz = 1.07 & 0.05 is taken into account [1].

2913

the normalization factor uzz = 1.07 derived from the fit for both ggF and VBF. Likewise,

2014

mr distributions in the VBF SR post-fit are shown in Figure 6.5.3.
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Figure 6.5.2.: Post-fit mt distributions in the (a) ee (b) pp channel for the ggF SR. The
Z 7 is scaled by the floating normalization factor. The uncertainty includes stat+syst. The
last bin includes overflow [1].

The number of signal events (N) is translated into cross-section (o) x Branching Ratio
(BR) through the formula, N = ¢ x BR x Acc x Luminosity. Acc is the signal acceptance,
which is defined by the number of events in the signal region over the total number of
generated events in the respective sample. Figure 6.5.4 shows the signal acceptances at
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Figure 6.5.3.: Post-fit mt distributions in the (a) ee (b) pp channel for the VBF SR. The
Z 7 is scaled by the floating normalization factor. The uncertainty includes stat+syst. The
last bin includes overflow [1].

each mass point.

The signal strength is varied until a 95% confidence level is reached. Figure 6.5.5 (a)
presents the expected and observed 95% CL limits on o xBR(H —ZZ) for an additional
heavy Higgs boson (narrow width*, with mass varying from 300 GeV to 2 TeV in 100 GeV
step) produced through gluon fusion using the ee and pp combined channels. Limit lines
between each mass are linearly interpolated based on a logarithmic scale on the y-axis.
Similarly, the limits for the VBF category can be found in Figure 6.5.5 (b). In the ggF
production mode, the exclusion limits go down a range from around 395 fb (expected)
and 305 fb (observed) at a signal mass of 300 GeV to 4-5 fb for signals above 1.4 TeV. In
the VBF category, they range from roughly 555 fb (expected) and 400 fb (observed) at
300 GeV to 3-4 fb above 1.4 TeV. There is no significant excess observed.

Understanding each NP and their correlations with each other is important. The NP
ranking as shown in Figure 6.5.6 indicates the impact of systematics from individual NP on
the parameter of interest (p) for the ¢*¢~vi channel. The plots are made for my = 1 TeV.
The ranking is derived from a fit to the observed data in which the ZZ yield is floating.
The impact of each nuisance parameter, Ay, is computed by comparing the nominal best-fit
value of o with the result of the fit re-done with this NP fixed to its +/- 1 o value. In spite
of the normalisation to data, the theoretical uncertainties on the ZZ background rank very
highly, showing the possible advantage of a data-driven estimate. The dominant systematic
uncertainty comes from the EW correction uncertainty on the qqZZ prediction for the ggF

4The ‘narrow-width assumption’ (NWA) describes a total width of the resonant particle that is much
smaller than their mass. In contrast, the ‘large-width approximation’ (LWA) study, not shown here,
assuming widths of 1%, 5%, 10% and 15% of the resonance mass, considers the interference between the
heavy scalar (H) and the SM Higgs boson (h) as well as between the heavy Higgs and the gg — ZZ
continuum background.
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Figure 6.5.4.: The signal acceptances for the (a) ggF signals in the ggF categories and (b)
VBF signals in the VBF categories derived in both ee and pu channels for a heavy Higgs
boson [114].
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Figure 6.5.5.: 95% C.L. limits on e xBR(H —ZZ) for a narrow width heavy Higgs boson
produced in (a) ggF and (b) VBF as a function of its mass. The limits are derived using
events in both ee and pp combined channels of the ¢T¢~vv final state [114].
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category and VBF category. Figure 6.5.7 shows the correlations between each POI and NP,
again for my = 1 TeV. It can be seen that the correlations between NP are generally very
small. The strongest anti-correlation can be found between the fitted muyzz and the ZZ
QCD scale uncertainty.
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Figure 6.5.6.: Ranking of the nuisance parameters showing the impact of systematic
uncertainties on the measured signal strength p in the H — ZZ — {T¢~ v search. The
mass point my = 1 TeV is chosen and both the ggF (left) and VBF (right) cases are shown.
The 15 most highly ranked parameters are displayed. Nuisance parameters corresponding
to MC statistical uncertainties are not included here. The empty blue boxes correspond
to the pre-fit impact on u and the filled blue ones correspond to the post-fit impact on u.
The black points represent (é — 0y)/Af. The error bars are the post-fit errors of the fit
parameter [114].

Nevertheless, one should keep in mind that the dominant uncertainties are due to the
limited size of the data sets, and the effects of systematic uncertainties are subdominant in
this analysis.

The £T¢~ v results are combined with results from the H — ZZ — £4¢¢ decay channel.
Both ¢T¢~vi and £¢¢¢ channels introduced a floating normalization factor to model the
Z 7 backgrounds yield by data. Studies showed negligible effects, so the two normalisation
factors are treated as uncorrelated [1, 114].

The ¢T¢~vi channel is more sensitive than the ££¢¢ channel in the high mass region, due
to the higher branching ratio. The ¢£¢¢ channel is more powerful in the low mass region
due to better resolution and signal/background, but loses statistics fast for higher masses.
For the mass region from 200 GeV to 300 GeV, only the ££¢¢ channel is considered, and
a 5 GeV scan step is used. For masses above 300 GeV, both £¢¢¢ and ¢T¢~ v channels
are taken into account. A 20 GeV mass step is adopted from 300 GeV to 1 TeV, and a
100 GeV mass step is adopted from masses above 1 TeV.

Limits on the cross-section times branching ratio from the combination of ££¢¢ and ¢ ¢~ v
channels are shown in Figure 6.5.8. In the mass range considered for this search the 95%

139



. Heavy Higgs Search

alpha_ATLAS_JET_JER_EfiectiveNP_1

alpha ATLAS_JET JER_EffectiveNP_2

alpha_ATLAS_JET_JER_EffectiveNP_5

alpha_ATLAS_JET_JER_EffectiveNP_6

alpha_ATLAS_Shape_Shower_PS_qqZZ

alpha_ATLAS_WZ_ScaleFactor

alpha_ATLAS_WZ_Scale_QCDuncert

alpha_ATLAS_WZ_Scale_ThirdLepInEff

alpha_ATLAS_ZZ_Scale_QCD

alpha_ATLAS_ZZ_Scale_Shower

alpha_ATLAS_Zjets_1Dsb_Stat

alpha_ATLAS_Zjets_1Dsb_Sys

alpha_ATLAS_emu_Scale.stat

alpha_ATLAS_qaZZ_EW_Corr

muzz
mu_VBF
mu_ggF
-1
e 2 h: ook et 0 ot s ey ¢ of §
N E“we“?a\gc\“’"“? o v‘sf“"fww“ o o 5caw/°° a\eﬁ“"“\ oo \05"5"’ s et o o
AT R R E R et sw"'k e o £od®- oy e “psjl s SN C MU’S e guﬁ‘ \).sﬂ‘
o2 pe e T pe e S ws/ (\-P" “}S LA o et ot et
K K I\ P“)‘ A X Bl 2" Pl El
AT e g g g

Figure 6.5.7.: Correlation matrix of the data fit for a signal mass point of my = 1 TeV in

the H — ZZ — (T4~ vi search [114].
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at myg = 1800 GeV in the VBF channel.
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CL upper limits for heavy Higgs boson production vary between 200 fb at my = 240 GeV
and 2.6 fb at my = 2000 GeV in the ggF channel and 87 fb at my = 250 GeV and 1.9 fb
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5.8.: 95% C.L. limits on o xBR(H —ZZ) for a narrow width heavy Higgs boson
combination of £0¢¢ and ¢ ¢~ v channels produced in (a) ggF and (b) VBF as a

function of the heavy resonance mass my. The solid black line and points indicate the
observed limit. The dashed black line indicates the expected limit and the bands represent
the +10 and +20 uncertainty ranges in the expected limit. The dashed coloured lines
indicate the expected limits obtained from the individual searches [1].

2962

The NWA model limits presented above are converted in 2HDM exclusion contours in

2063 the tanf versus cos(f - «) and tanf versus mpy for Type-I and Type-IT 2HDMs. It is
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found that the limits have non-trivial dependence on the ggF and VBF production, so the
relative rates of the two productions in the fit are set to the prediction of the 2HDM when
calculating the limits.

Figure 6.5.9 shows exclusion limits in the tanf versus cos(f - «) for a heavy Higgs boson
with mass mpy = 220 GeV, based on the ££¢¢ cross section limits. The white regions in the
exclusion plots indicate regions of parameter space not excluded by the present analysis; in
these regions, the cross-section predicted by the 2HDM is below the experimental sensitivity.
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Figure 6.5.9.: 95% CL exclusion contours in the 2HDM (a) Type-I and (b) Type-II models
for mp = 220 GeV, as a function of the parameters cos(f - ) and tanf. The shaded area
shows the observed exclusion, with the black line denoting the edge of the excluded region.
The blue line represents the expected exclusion contour and the shaded bands represent
the +£10 and 420 uncertainties on the expectation. The limit cos(S - o) — 0 corresponds
to the decoupling limit [1].

Figure 6.5.10 shows exclusion limits as a function of the heavy Higgs boson mass my and
the parameter tanf3 for 41 and £/~ v combined channels with cos(8 - ) = -0.1.

The analysis results in terms of upper limits are interpreted in terms of the production
cross-section of a Randall-Sundrum graviton as well. Only ggF category is considered,
and uncorrelated ZZ normalization factors are used in £££¢ and ¢T¢~ v channels for the
combination. The limit setting procedure is very similar to the heavy Higgs search. Figure
6.5.11 gives the predicted and observed limits. Limit lines between each mass are linearly
interpolated based on a logarithmic scale on the y-axis. The limits are derived for mass
points between 600 GeV and 2 TeV with a 200 GeV interval. The limits span from 25 fb
(expected) and 30 fb (observed) at 600 GeV, to approximately 3 fb at the high end of
the search range. There is no significant derivation. For this specific model [21], masses
m(Gk k) below 1750 GeV are excluded.

The limit on a graviton signal is better than on the NWA heavy Higgs. There are some possi-
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6. Heavy Higgs Search
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Figure 6.5.10.: 95% CL exclusion contours in the 2HDM (a) Type-I and (b) Type-II models
for cos (5 - a) = -0.1 as a function of the heavy Higgs boson mass my and the parameter
tanf. The shaded area shows the observed exclusion, with the black line denoting the edge
of the excluded region. The blue line represents the expected exclusion contour and the
shaded bands represent the +1¢ and +20 uncertainties on the expectation [1].
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Figure 6.5.11.: 95% C.L. limits on og+« xBR(Gxr—ZZ) for a KK graviton produced with
k/Mp; = 1 as a function of m(G k). The limits are derived using events in both ee and
ppt combined channels. The predicted production cross-section times branching ratio as
a function of the Gk x mass m(Ggr) is shown by the red solid line [21]. The black line
indicates the observed limit [1].
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6.5. Limit Setting

ble reasons to get lower limits: higher signal acceptance and efficiency (o = Ng;q / Acc x eff x L),
a smaller number of background events, smaller systematic uncertainties. The first two
points are discussed. Firstly, Table 6.5.2 gives the signal acceptances at each mass point
compared between graviton and NWA heavy Higgs, but the largest difference is only 2%.
Secondly, the key component is from the signal mt shape and its resolution. The graviton
signals exhibit a better mT resolution with smaller tails and narrower peaks, which can
explain that the graviton signal shapes can be distinguished better from the backgrounds
resulting in better limits [114].

Signal acceptances [%)]

ete” channel T~ channel
Signal mass [GeV] | NWA Higgs | Graviton | NWA Higgs | Graviton
600 14.60 15.20 14.83 15.63
800 16.24 17.48 16.33 16.52
1000 17.12 18.12 16.68 17.18
1200 17.61 19.80 16.59 17.22
1400 17.71 19.80 16.59 17.22
1600 17.62 19.31 16.13 15.86
1800 16.50 16.87 15.36 14.67
2000 13.66 12.65 12.76 11.17

Table 6.5.2.: Comparison of signal acceptances between NWA heavy Higgs and Graviton
signals.
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Chapter 7

Conclusion

A search for heavy resonances decaying into a pair of Z bosons using the /¢~ v final state
is performed using proton-proton collision data collected at /s = 13 TeV by the ATLAS
experiment during 2015—2018 at the LHC. No excess has been observed above expected SM
backgrounds. A combination of the results obtained using the ¢£¢¢ and ¢*/¢~ v final states
is shown, and combined 95% confidence-level upper limits are set on the cross-section times
branching ratio of a scalar resonance. Additionally, the results are interpreted in the context
of a CP-conserving 2HDM and the Randall-Sundrum model. The 2HDM model predicts
the existence of a heavy Higgs boson, trying to explain the observed matter-antimatter
asymmetry of the universe. The RS model predicts the existence of gravitons, and it can
help solve the hierarchy problem as well.

This thesis shows the development of the Zv method for the estimate of the background
contribution from the ZZ process in the £T¢~ v channel. Currently the shape of this
background is estimated from MC simulation: in addition to the desirability of a more
data-driven estimate, the related uncertainties are the dominant systematic uncertainties
in the analysis. The Z~ method utilizes the fact that at high boson pr, the two processes
have very similar kinematics and the cross-sections differ mainly due to the boson couplings.
The MATRIX and SHERPA generators are used to investigate effects on the cross-section
ratio R(ZZ/Z~) associated with certain event selections. The estimate and the ZZ MC
prediction agree within uncertainties. This constitutes an important check of the ZZ MC
prediction, in particular the shape.

The systematic uncertainties on the Z~ method are also evaluated. A detailed theoretical
uncertainty is evaluated by using MATRIX, which is based on a NNLO QCD prediction.
However, there remains room for improvement. Certain selection cuts are sensitive
to radiation, which increases the theoretical uncertainty. Further investigation of the
calculation of the higher-order uncertainties and the correlations between the ZZ and Z~
processes are needed.

The statistical uncertainties are currently quite large, which is the main reason why the
Z 7 estimate from the Z~v method was only used as a cross-check of the ZZ MC prediction
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7. Conclusion

in the heavy Higgs search. More data will help reduce the statistical uncertainty, which of
course also depends on the chosen bin widths.

A couple of possible improvements to the Z+ method are considered. For example, Z~
events in data could be reweighted by a ratio obtained from reconstructed MC events,
which could help with more complicated signal regions and discriminants. The selected
Z~ events can be used in the future as a control region in a simultaneous fit of signal and
background, together with ZZ — ¢T¢=¢'*¢'~ to constrain the systematic uncertainties on
the ZZ estimate. The method also can be used for other analyses with the same final state,
like the Zh(inv) search.

The thesis also includes a discussion of improvements to the measurement of E"** in cases

when a jet and an electron are close-by. Overlap removal is crucial as failing to account
correctly for overlapping objects in the EF" calculation would cause large tails of fake
E%ﬁss, which adversely affects the sensitivity of many analyses.

Scheduled to start in 2027, the HL-LHC will collect an integrated luminosity of 3 ab=! of
data in pp collisions. This will enhance the probability to find rare production and decay
processes. With growing statistics, precise predictions of the SM backgrounds will become
even more crucial for BSM searches, and data-driven methods, like the Z+ method studied
in this thesis, could play an important role.
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Appendix A

MET Calculation Issue: crack elec-
trons

A.1. Crack Veto Issues

A larger EMTopo ErTniSS than EMPFlow EITniss in tails was noticed when comparing the
Emiss performance for the (7¢~ v final state analysis. The issue was traced down to an
issue in the software that when forming an e/~ super-cluster, satellite topological clusters
were erroneously matched with A®(seed, satellite) instead of the absolute value of A®(seed,
satellite). Therefore, there are mismatches between the electron and electron cluster
positions in the PFlow E%ﬁss map. PFlow EEFiSS having larger tails is due to inefficient
overlap removal with jets. The impact on the E%ﬂss is described in this section.

In the MC16a sample, PFlow Ell?iss had larger Effliss tails than Topo E%iss, which was not
expected as shown in Figure A.1.1 (a). The performance between these two was expected
to be similar or better in PFlow E}"%. The information for these two types of the E}'*
was:

(EMTopo EWis5) RMS : 11.98 GeV, Integral > 150 GeV : 454.5 + 45.09.

. A1l
(EMPFlow ET™) RMS : 11.74 GeV, Integral > 150 GeV : 827.3 £+ 60.1. ( )

The impact of the problem can be seen also in Figure A.1.1 (b), where the electron term is
expected to be identical, but the discrepancies were observed in the MC16a PFlow E3".

We developed a work-around for it by applying a crack veto, the EITniSS tails become similar
between EMTopo and EMPFlow as shown in Figure A.1.2 (a). The tails ratio of PFlow
and Topo is reduced to 1.4 from 1.82. This significantly reduced the excess when crack
veto is applied as shown in Figure A.1.2 (b). Both the geometric crack veto (1.37 < |n|
< 1.52) and the refined selection (the number of calosampling and satellite > 0 and the
maximum of dR > 0.15 between its seed and satellite) are removing problematic electrons.
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A. MET Calculation Issue: crack electrons

TST_MET (Z+Jet Sherpa Samples) EMTopo, MC16a, HIGG2D1
EMPFlow, MC16a, HIGG2D1
EMPFlow, MC16a, JETM3
EMTopo, MC16d, HIGG2D1
EMPFlow, MC16d, HIGG2D1

et

I

AN AR

D 100 200 300 400 500 600 700 800 9001000  °T 100 200 300 400 500 600 700 800 9001000
TST_MET RefEle_ MET

(a) (b)

Figure A.1.1.: E%liss distributions with PFlow jets and Topo jets are shown. The Z + jets
samples with the Z (ee) selection are applied. (a) Total E&isS. (b) Electron term. Events
are required to have E%‘iss > 150 GeV. Different colors represent the distributions were
made by using different sample formats.

The remaining tails were expected from the pile-up contamination in the PFlow ErTniSS
reconstruction. It was expected to be reduced by another developing technique. There
were about 9% events loss if applying a geometric crack veto, while about 0.6% events loss
if applying refined selection.

TSTMET "¢ EMTopo (geometric veto)

§ . Ee EMPFlow (roveloappld) EMPFlow (geometric veto)
i 01 - EMTopo (ggomemcvem) U ‘[W"‘ EMPFlow (refined selection)
o ** * M“!l
«0‘5— 9 W
- e o' L -
0" g lm ”
THI 1 L
il 5_ 1 1 1 '} 1 1 1 1 1 1 1 1 I | ' L 1 '
g’ et I 1 JF 1 ST TR
£ (0 100 200 300 400 500 600 700 800 9001000 0 100 200 300 400 500 600 700 800 9001000
TST MET RefEle
(a) (b)

Figure A.1.2.: ErT]rliSS distributions with PFlow jets and Topo jets. Electrons are applied
either a geometric veto or a refined selection. (a) Total ER. (b) Electron term with
ET'* > 150 GeV cut.

We proposed two ways to solve this crack issue, and the second one is chosen in the analysis
in the end:

e veto events which have any electron that would be given to the MET calculation and
satisfies 1.37 < | el->caloCluster()->etaBE(2) | < 1.52. This veto has an inefficiency

of about 9% for Z-like events with two electrons.
e veto events which have any electron that would be given to the EXS calculation.
This veto has a negligible inefficiency, but new derivations need to be produced.
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Appendix B

The 7+ Method Up to a Z Mass
Cut Applied

As a part of the Zv study, we applied a set of cuts (AR, A¢, and truth EITniSS significance)
to both ZZ and Z~ events in the truth ratio, and for this reason, this section shows the
data-driven method with the cuts are applied up to the Z mass window on the truth R
and Z~ data events as well.

Figure B.0.1 shows the data/MC comparison in the Zvy CR. EW corrections applied to
Z~ MC modeling. The data/MC discrepancies had been observed with the Z mass cut, in
particular, ~10% lower data in the mr tails. Figure B.0.2 shows the method validation by
comparing the ZZ prediction and the Zv method calculation with Zv MC. There are about
10% that show Z~ method overestimation in the my 400-600 GeV region. Bad agreements
are seen by about 5-10% in the low pr region in the E%liss distribution with and w/o EW
corrections.

Figure B.0.3 shows the result compared to ZZ MC with the R is applied cuts up to the Z
mass window. The EW corrections are considered here. The good agreement between Z+y
data estimate and ZZ MCs is observed. To understand it further, investigations on cut
effects and EW corrections would be good.
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B. The Z~ Method Up to a Z Mass Cut Applied

cuts: MET>120, ZMass

% E 0 (LO) tty * 1.44

% - B ZJet

g L I (NLO) Zy

u = e data15+16+17+18

3 1.2

S R

* 100 200 300 400 500 600 700 800 9001000
my [GeV]

Figure B.0.1.: The mt distribution in the Z~ control region with cuts up to the Z mass
window. Data points represent collected data from 2015 to 2018 and compared with the
predicted Standard Model background contributions in stacked histograms.
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Figure B.0.2.: Closure checks measured by SHERPA at NLO when applying cuts up to the
ZMass in R as well as the ZZ (a) with and (b) without EW corrections applied to Zvy MC
as a fucntion of my. ZZ MCs prediction is in blue, and the Z+v prediction is in red. (c)
with EW (d) without EW corrections to Zv MC as a function of ER are shown. Caveat:

fully correlated in statistics between blue and red.
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B. The Z~ Method Up to a Z Mass Cut Applied
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Figure B.0.3.: Comparison of data-driven method with SHERPA R and ZZ MC prediction
in the E3" distribution with EW corrections. The cut in the ratio R and event selections
are applied up to ZMass level.
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Appendix C

The Z~v Method: inclusive result

This section shows the inclusive results for comparisons between the data-driven method
and ZZ MC prediction. The normalization factor (NF) is derived by the ratio of the
production from the Z+ method and ZZ MC inclusively in the MET distribution:

NF = Ndata—driven (C.0.1)
Nye

Both the number of events are studied with and without EW corrections as shown in Tables
C.0.1 and C.0.2 for HM and LM, respectively. The corresponding uncertainties are not
evaluated. The Zv method in SHERPA and MATRIX calculations are shown as well. In
the search for the heavy Higgs boson, the normalisation factor for the ZZ background is
determined from fitting to data. Inclusive studies here indicate the normalisation factor
between the Zv CR extrapolated to ZZ and the ZZ MC. With EW corrections, the Z~
prediction with HM selections is about 7% greater than the ZZ MC, while without EW
corrections, the Zv normalization factor is about 2% smaller than the ZZ MC. The inclusive
normalisation estimate for 4] CR would be more compatible due to less extrapolation.

153



C. The Z~ Method: inclusive result

NF

SHERPA R without EW correction | 0.98

SHERPA R with EW correction 1.06

MATRIX R without EW correction | 0.99

MATRIX R with EW correction 1.07

Table C.0.1.: NF of the Zv method and ZZ MC prediction with HM selections for the
inclusive study.

NF

SHERPA R without EW correction | 0.99

SHERPA R with EW correction 1.06

MATRIX R without EW correction | 1.02

MATRIX R with EW correction 1.09

Table C.0.2.: NF of the Zv method and ZZ MC prediction with LM selections for the
inclusive study.
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